


PIERCE’S DISEASE CONTROL PROGRAM

Pierce’s Disease Research Symposium
December 5-7, 2001

Coronado Island Marriott Resort

CALIFORNIA DEPARTMENT OF FOOD & AGRICULTURE





Organized by:
California Department of Food and Agriculture

Proceedings of the

Pierce’s Disease
Research Symposium

December 5-7, 2001
Coronado Island Marriot Resort
San Diego, California



Proceedings compiled by M. Athar Tariq, Stacie Oswalt, and Tom Esser

Cover Design:
Jay Van Rein

Printing:
Copeland Printing
Sacramento, CA

To order additional copies of this publication, contact:
California Department of Food and Agriculture
Pierce’s Disease Control Program
2014 Capitol Avenue, Suite 109
Sacramento, CA  95814
Telephone: (916) 322-2804
Fax:  (916) 322-3924

Web site: http://www.cdfa.ca.gov/phpps/pdcp
E-mail: atariq@cdfa.ca.gov

Note:  Progress reports in this publication have not been subject to independent scientific review.
The California Department of Food and Agriculture makes no warranty, expressed or implied, and
assumes no legal liability for the information in this publication.  The publication of the proceedings
by CDFA does not constitute a recommendation or endorsement of products mentioned.

The following agencies and organizations provided funding for the research activities reported in these Proceedings:

Almond Board of California  (Almond)
American Vineyard Foundation  (AVF)
California Citrus Nursery Advisory Board (CA Citrus Nursery)
California Competitive Grant Program for Research in Viticulture/Enology  (CCGPRVE)
California Department of Food and Agriculture – Assembly Bill 1232  (CDFA AB 1232)
California Department of Food and Agriculture  (CDFA)
California Department of Transportation  (Cal Trans)
California Raisin Marketing Board  (Raisin)
California Table Grape Commission (Table)
Citrus Research Board  (Citrus Board)
City of Temecula  (Temecula)
County of Riverside  (Riverside)
Kern/Tulare GWSS Task Force  (Kern/Tulare)
UC Pierce’s Disease Integrated Pest Management Program  (UC - IPM)
UC Pierce’s Disease Grant Program  (UC - PD)
United States Department of Agriculture  (USDA)
USDA - Animal Plant Health Inspection Service  (USDA-APHIS)
USDA - Agricultural Research Service (USDA-ARS)
USDA - Community Credit Corporation (USDA-CCC)
USDA - Cooperative State Research Education & Extension Service (USDA-CSREES)
Viticulture Consortium  (VC)



i

TABLE OF CONTENTS

Welcome Letter from Secretary William (Bill) J. Lyons, Jr. ….................................................................................  v

Identification of Molecular Markers in the Grapevine’s Response to Infection by Xylella fastidiosa
Adams, D. O. ….………………………………………………………………………………………………….…..  1

Sharpshooter Feeding Behavior in Relation to Transmission of Pierce’s Disease Bacterium
Backus, E. ………………………………………………………………………………………………………….....  3

Sampling, Seasonal Abundance, and Comparative Dispersal of Glassy-winged Sharpshooter in Citrus and Grapes
Blackmer, J. L., S. J. Castle, J. R. Hagler, S. E. Naranjo, N. C. Toscano ….………………………………….....  5

Impact of Sub-lethal Doses of Neonicotinoids on Glassy-winged Sharpshooter Feeding and Transmission
of Pierce’s Disease
Blua, M. J., R. Redak ………………………………………………………………………………………………..  8

Epidemiology of Xylella fastidiosa Diseases in California
Civerolo, E. L. ……………………………………………………………………………………………................  11

Development of an Artificial Diet for the Glassy-winged Sharpshooter
Cohen, A. C.  ............................................................................................................................................................  14

Functional Genomics of the Grape-Xylella Interaction:  Towards the Identification of Host Resistance
Determinants
Cook, D. R. et al. ...……………………………………………………………………....................…………...… 15

Biological Control of Pierce’s Disease with Non-pathogenic Strains of Xylella fastidiosa
Cooksey, D. A.  ……………………………………………………………………………………………................  17

Epidemiology of Pierce’s Disease in Southern California:  Identifying Inoculum Sources and Transmission
Pathways
Cooksey, D. A. ..........................................................................................................................................................  19

Control of Pierce’s Disease Through Degradation of Xanthan Gum
Cooksey, D. A.  .........................................................................................................................................................  21

Impact of Multiple-Strain Infections of Xylella fastidiosa on Acquisition and Transmission by the Glassy-winged
Sharpshooter
Costa, H. S., D. A. Cooksey, C. Gispert  .................................................................................................................  23

Rootstock Variety Influence on Pierce’s Disease Symptoms in Grafted Chardonnay (Vitis vinifera L.) Grapevines
Cousins, P., J. Lu  .....................................................................................................................................................  25

Genome Sequence of a Strain of Xylella fastidiosa Associated with Pierce’s Disease in California
FAPESP/USDA-ARS (E. Civerolo)  ........................................................................................................................  27

Application of Agrobacterium rhizogenes-Mediated Transformation Strategies for a) Rapid High Through
Put Screen for Genetic Resistance to Pierce’s Disease in Grape That Maintains Clonal Integrity of the
Recipient Host, and b) Rapid Screening for Virulence Determinants in Xylella fastidiosa
Gilchrist, D.  et al.  ...................................................................................................................................................  29



ii

Efficacy of InsecticidesUsed for Glassy-winged Sharpshooter Control in Citrus
Grafton-Cardwell, E., C. Kallsen  .........................................................................................................................  32

Evaluation of Efficacy of Sevin Treatments in Porterville Glassy-winged Sharpshooter Infestation
Grafton-Cardwell, E.  .............................................................................................................................................  35

A Monoclonal Antibody Specific to Glassy-winged Sharpshooter Egg Protein:  A Tool for Predator Gut
Analysis and Early Detection of Pest Infestation
Hagler, J., K. Daane, H. Costa   .............................................................................................................................  37

Isolation and Characterization of Glassy-winged Sharpshooter Pathogenic Viruses
Hammock, B. D., S. G. Kamita  .............................................................................................................................  40

Potential of Conventional and Biorational Insecticides for Glassy-winged Sharpshooter Control
Henneberry, T. J., D. H. Akey, M. Blua ................................................................................................................  42

Development of Trapping Systems to Trap the Glassy-winged Sharpshooter, Homalodisca coagulata Adults
and Nymphs in Grape
Hix, R. L.  ................................................................................................................................................................  45

Mating Behavior of the Glassy-winged Sharpshooter, Homalodisca coagulata
Hunt, R. E.  ..............................................................................................................................................................  48

Classical Biological Control of Glassy-winged Sharpshooter
Jones, W.  .................................................................................................................................................................  50

Biological, Cultural, and Chemical Management of Pierce’s Disease
Kirkpatrick, B., A. H. Purcell, E. A. Weber, M. A. Walker, P. C. Andersen ......................................................  52

The Development of Pierce’s Disease in Xylem:  The Roles of Vessel Cavitation, Cell Wall Metabolism
and Vessel Occlusion
Labavitch, J. M., M. A. Matthews, T. Rost  .........................................................................................................  58

A Survey of Insect Vectors of Pierce’s Disease (PD) and PD-Infected Plants for the Presence of Bacteriophage
That Infect Xylella fastidiosa
Lauzon, C. R.  .......................................................................................................................................................... 62

Developing a Novel Detection and Monitoring System for the Glassy-winged Sharpshooter
Leal, W. S., F. G. Zalom .........................................................................................................................................  63

Cold Storage of Parasitized and Unparasitized Eggs of Glassy-winged Sharpshooter, Homalodisca coagulata
Leopold, R. A., G. Yocum  .....................................................................................................................................  65

The Role of Cell-Cell Signaling in Host Colonization by Xylella fastidiosa
Lindow, S. E.  ..........................................................................................................................................................  66

Role of Xylella fastidiosa Attachment on Pathogenicity
Lindow, S. E.  ..........................................................................................................................................................  69

Spatial and Temporal Relations Between Glassy-winged Sharpshooter Survival and Movement, Xylem
Flux Patterns and Xylem Chemistry in Different Host Plants
Luck, R., M. Hoddle  ............................................................................................................................................... 72

Seasonal Changes in the Glassy-winged Sharpshooter’s Age Structure, Abundance, Host Plant Use and Dispersal
Luck R., R. Redak  .................................................................................................................................................  74



iii

Genetic Transformation to Improve the Pierce’s Disease Resistance of Existing Grape Varieties
Meredith, C., A. Dandekar  .................................................................................................................................... 76

Insect-Symbiotic Bacteria Inhibitory to Xylella fastidiosa in Sharpshooters
Miller, T., J. Peloquin, C. Lauzon, D. Lampe, D. Cooksey  .................................................................................  78

Keys to Management of Glassy-winged Sharpshooter:  Interactions Between Host Plants, Malnutrition and
Natural Enemies
Mizell, III, R. F., P. Anderson  ................................................................................................................................  81

Host Selection Behavior and Improved Detection for Glassy-winged Sharpshooter, Homalodisca
coagulata (Say)
Mizell, III, R. F., P. Anderson  ................................................................................................................................  85

Sharpshooter-Associated Bacteria that May Inhibit Pierce’s Disease
Peloquin, J. J.  .........................................................................................................................................................  87

Reproductive Biology and Physiology of the Glassy-winged Sharpshooter
Peng, C., F. G. Zalom ..............................................................................................................................................  89

Epidemiology of Pierce’s Disease in the Coachella Valley
Perring, T. M., C. Gispert  ......................................................................................................................................  93

Survey of Egg Parasitoids of Glassy-winged Sharpshooter in California
Phillips, P., M. Hoddle, S. Triapitsyn  ....................................................................................................................  95

Xylella fastidiosa Bacterial Polysaccharides with a Potential Role in Pierce’s Disease of Grapes
Price, N. P.  ..............................................................................................................................................................  96

Pruning for Control of Pierce’s Disease
Purcell, A. H. …………………………………………………………………………………............………....… 100

Transmission of Xylella fastidiosa to Almonds by the Glassy-winged Sharpshooter
Purcell, A. H.  .......................................................................................................................................................... 102

Characterization and Studies on the Fundamental Mechanisms of Xylella fastidiosa Transmission to
Grapevines by the Glassy-winged Sharpshooter
Purcell, A. H.  .......................................................................................................................................................... 104

Alternatives to Conventional Chemical Insecticides for Control of Glassy-winged Sharpshooter
Puterka G.  .............................................................................................................................................................. 107

Impact of Layering Control Tactics on the Spread of Pierce’s Disease by the Glassy-winged Sharpshooter
Redak, R. A., M. J. Blua  ....................................................................................................................................... 109

Economic Impact of Pierce’s Disease on the California Grape Industry
Siebert, J.  ................................................................................................................................................................ 111

Surrogate Genetics for Xylella fastidiosa: Regulation of Exopolysaccharide and Type IV Pilus Gene Expression
Stewart, V.  .............................................................................................................................................................. 117

Chemical Control of Glassy-winged Sharpshooter: Establishment of Baseline Toxicity and Development of
Monitoring Techniques for Detection of Early Resistance to Insecticides
Toscano, N. et al.  .................................................................................................................................................... 119



iv

Laboratory and Field Evaluations of Imidacloprid and Thiamethoxam Against Glassy-winged Sharpshooter
on Citrus and Grapes
Toscano, N., S. Castle  .............................................................................................................................................. 121

Area-Wide Management of the Glassy-winged Sharpshooter in the Temecula Valley
Toscano, N., R. Redak, M. Blua, R. Hix  ................................................................................................................ 123

The Genetics of Resistance to Pierce’s Disease
Walker, A.  ................................................................................................................................................................ 125

Breeding Pierce’s Disease Resistant Table and Raisin Grapes
Walker, A., A. Tenscher, D. Ramming  ................................................................................................................... 127

ADDITIONAL SUBMISSIONS

Virulence Analysis of the Pierce’s Disease Agent Xylella fastidiosa
Bruening, G. ……………………………………………………………………………………………................... 129

Effects on Vertebrates of Riparian Woodland  Management for Control of Pierce’s Disease
Dahlsten, D.  ............................................................................................................................................................. 131

Search for and Collect Egg Parasitoids of Glassy-winged Sharpshooter in Southeastern USA  and
Northeastern Mexico
Hoddle, M., S. Triapitsyn ........................................................................................................................................ 133

Egg Age Preference and “Window of Susceptibility” of Homalodisca coagulata Eggs to Attack by Gonatocerus
ashmeadi and G. triguttatus
Irvin N., M. Hoddle ................................................................................................................................................. 135

Elevation’s Effect on Survival of Glassy-winged Sharpshooter in Kern County
Luvisi, D.   ................................................................................................................................................................ 137

The Evolution and Historical Ecology of the Proconiini Sharpshooters
Rakitov, R., C. Dietrich  ......................................................................................................................................... 139

PROGRESS REPORTS NOT INCLUDED

List of Projects ........................................................................................................................................................... 141



v

Dear Attendees,

Welcome to the Pierce’s Disease Control Program’s Research Symposium.  The
California Department of Food and Agriculture (CDFA), the agriculture community and
the many other stakeholders in this program have made significant progress in the
statewide effort to control the glassy-winged sharpshooter and find a cure for Pierce’s
disease.  Our long-term success in this program depends, to a very large degree, on
research.  CDFA is hosting this symposium to give all interested parties an opportunity
to hear firsthand from the researchers who have conducted the “first wave” of projects
for this program.  These progress reports will help provide the information we need to
assess our current roster of projects and to focus our future efforts on the most
promising areas.

Thank you for attending this event.  Our statewide program has enjoyed strong support
and early success.  Your continued dedication to this effort will help us stay on the right
track.

Sincerely,

William (Bill) J. Lyons, Jr.





IDENTIFICATION OF MOLECULAR MARKERS IN THE GRAPEVINE’S RESPONSE TO INFECTION BY
XYLELLA FASTIDIOSA

Project Leader: Cooperator:
Douglas O. Adams M. Andrew Walker
Department of Viticulture & Enology Department of Viticulture & Enology
University of California University of California
Davis, CA  95616 Davis, CA

INTRODUCTION

For the past three years we have had a project aimed at developing a functional genomics approach to grape berry ripening
and defense.  During the 1999 season we identified numerous genes that will be important in physiological and biochemical
approaches to understanding ripening, but we also found many genes related to plant defense.  Although the defense-
related genes were isolated from fruit tissue, it is likely that some of them could prove useful for characterizing the grapevine’s
response to infection by Xylella fastidiosa.

Many of the ripening-related expressed sequence tags (ESTs) we found were associated with cellular housekeeping functions
such as protein synthesis, protein processing and turnover, and enzymes of primary and secondary metabolism.  Another
distinct set of genes is expressed under water stress conditions in other plants, or related to abscisic acid (ABA) responses
and water transport (aquaporins).  The ones of interest in this proposal are antimicrobial proteins (AMPs) that include
pathogenesis related (PR) proteins and non-specific lipid transfer proteins (nsLTP).  We propose to focus on the AMPs and
determine if any of them are expressed in grapevine stems infected with X. fastidiosa. By comparing susceptible and
resistant grape varieties we hope to identify molecular markers that will be useful in characterizing the grapevine’s response
to infection by the pathogen that causes Pierce’s disease.

OBJECTIVES

1. Complete the sequencing of genes from our EST collection that code for AMPs (PR proteins and nsLTP) so that
these can be used as probes for characterizing the grapevine’s response to Pierce’s disease.

2. Determine if genes that code for grape PR proteins and nsLTP are expressed in grapevine stems inoculated with
Xylella fastidiosa.

3. Determine if expression of PR protein and nsLTP genes differ in grape varieties that show different susceptibility
to Pierce’s disease.

RESULTS AND CONCLUSIONS

We have completed the sequencing of several genes from our EST collection that code for antimicrobial proteins.  They
include a pathogenesis-related (PR) protein (EST 433) that is highly homologous to a PR protein (PR3) from rice (Oryza
sativa) and a lipid transfer protein (LTP, EST 429) that is homologous to LTP GH3 from cotton (Gossypium hirsutum).
The full-length sequence of EST 433 is 47% identical and 62% similar to the PR3 from rice and EST 429 is 75% identical
and 86% similar to a lipid transfer protein from cotton.

Primers for PCR have been designed for each of the genes.  These primers will be suitable for determining if the genes are
expressed in grapevine stems inoculated with X. fastidiosa.

In order to evaluate the expression of the genes we have selected, it is necessary to obtain RNA that can be reverse
transcribed successfully.  We have conducted a series of RNA isolations using grape tissue.  We tried several different
published protocols, and the best RNA preparations are being tested to determine if we can get good reverse transcription.
We surveyed numerous methods for isolating RNA from ‘difficult’ tissues – tissues and species seen as containing high
amounts of contaminating coprecipitating materials such as polysaccharides and polyphenols–including hot borate,
perchlorate, Loulekakis et al. (grape), TRIzol, GITC, CTAB, and compilations of several.  We found that most methods
produced some RNA yield, however UV ratios indicated that the RNA contained contaminants. Some examples of typical
ratios seen can be found in Table 1.
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Table 1.  Examples of typical RNA isolation ratios.

Method
Hot borate

260/280
1.1

260/230
0.3

Loulekakis et al 1.5 1.1
Perchlorate 1.0 1.2
Compilation A
Compilation B
Compilation C
GITC

1.3
1.5
1.8
1.7

0.7
1.4
1.0
not measured

These ratios are fairly low.  Ideal  260/280 ratios are in the 1.8 to 2.0 range, while 260/230s are good above about 2.3.
Some of the protocols we tried gave low yields or resulted in degraded RNA. We are currently using the GITC and CTAB
protocol (Compilation C) for RNA isolation.  Testing of the RNA is currently underway.

In addition to running RNA gels, we will test the best RNA preparations with a reverse transcription kit, using a simple
one-step RT-PCR and gene-specific primers.  Once a PCR product of the correct size is observed, we will use the SYBR
Green two-step RT-PCR kit to compare a control gene with expression of the PR3 and the LTP gene in inoculated and
uninoculated plant material.  Taqman RT-PCR will be contrasted with the less sensitive SYBR Green system, in the hope
of using the Taqman system for each of the genes we proposed.

When the tests to determine the quality of RNA are complete we will isolate RNA from grapevine stems inoculated with
Xylella.  The inoculated plant material is being provided by the cooperator (M. Andrew Walker) and inoculation of the
plants is currently underway.  These plants will be available in the next few weeks for RNA isolation and evaluation of gene
expression.  By comparing unwounded stem tissue with wounded (uninoculated) and inoculated stems we will be able to
differentiate between genes that are simply induced by wounding and those that are actually up-regulated when the plant is
inoculated with X. fastidiosa.  The experiments to determine if expression of PR protein and nsLTP genes differ in grape
varieties that show different susceptibility to PD will be carried out after we have had the opportunity to evaluate the results
from the second objective.
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SHARPSHOOTER FEEDING BEHAVIOR IN RELATION TO TRANSMISSION
OF PIERCE’S DISEASE BACTERIUM

Project Leader: Cooperators:
Elaine Backus Alexander Purcell Matthew Blua and Gregory Walker
Department of Entomology Division of Insect Biology Department of Entomology
University of Missouri University of California University of California
Columbia, MO 65211 Berkeley, CA Riverside, CA

INTRODUCTION

The establishment in California of the non-native glassy-winged sharpshooter (GWSS), Homalodisca coagulata, a vector
of Pierce’s disease (PD) bacterium, Xylella fastidiosa, has transformed the previously low-level problem of PD into a
potential disaster for California agriculture.  Almost nothing is known of the exact feeding behaviors of GWSS and how
they interact with the behavior of X. fastidiosa, (within the sharpshooter’s foregut) to facilitate transmission to grapevine.
The Backus project will combine all three of the most important and successful methods of studying leafhopper-feeding
behavior (i.e. histology of fed-upon plant tissues, videotaping of feeding on transparent diets, and electro-penetration
graph [EPG] monitoring) to definitively identify all details of feeding.  Both AC and DC EPG monitoring will be performed.
All recorded waveforms will be thoroughly correlated with stylet activities, cell types within the host plant in which
activities occur, and presence or movement of X. fastidiosa in and out of the stylets.  Thus, our research also will provide
crucial baseline information for the present projects of collaborators.

Understanding the role of feeding behavior in the mechanism and efficiency of X. fastidiosa transmission will allow the
development of a rapid, EPG-based screening tool for behaviors associated with inoculation (an “inoculation-behavior
detection method”).  Such a tool would have a direct impact on the grape industry by making many future, applied studies
possible.  For example, the detection method could be used to screen for differences in vector feeding or inoculation
behavior among grape varieties, or formulations of artificial diet, or between infected vs. uninfected plants, or infective vs.
uninfective vectors.

OBJECTIVES

1. To identify and quantify all feeding behaviors of GWSS on grapevine, and correlate them with location of mouthparts
(stylets) in the plant and presence/population size of X. fastidiosa in the foregut.

2. To identify the role of specific stylet activities in X. fastidiosa transmission, including both the mechanisms of
acquisition and inoculation, and their efficiency.

3. To develop a simple, rapid method to assess feeding, or detect the likelihood of X. fastidiosa transmission (an
“inoculation-behavior detection method”), for future studies.

RESULTS AND CONCLUSIONS

In the four months since this project began, we have made the following significant achievements in training personnel,
upgrading facilities and purchasing equipment, to prepare for performing the research in earnest.

A. Backus organized and taught an intensive, hands-on, five-day workshop on EPG monitoring (28 July – 2 August
2001), which was attended by 13 researchers from all over the world.  Two of these researchers were Rodrigo Almeida and
Keiko Okano, doctoral graduate students from Alex Purcell’s lab at UC Berkeley, who will apply EPG technology to parts
of their dissertation research.  Okano returned to Berkeley directly after the course, and will use her new skills at UC
Riverside in spring 2002 to perform most of the research for the Blua & Walker collaborative project.  Almeida continued
working in the Backus lab for three more weeks after the short course, studying the feeding behavior of the blue-green
sharpshooter (BGSS; USDA importation permit no. 53604).  During this time, we began and completed data collection of
AC waveforms using 20-hour access periods, fine-tuned procedures for in situ staining of salivary sheaths in grape tissues,
and used that technique to perform preliminary tissue correlations of putative ingestion waveforms (Figure 1).  Almeida is
measuring and analyzing his waveforms in Berkeley, with advice from Backus via email.  We suspect that AC waveforms
of GWSS will be similar to those of BGSS.  Preliminary results support unique appearances for xylem- and mesophyll-
ingesting waveforms (the latter not shown in Figure 1).
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B. Backus worked with Campus
Facilities electrical engineers to install,
test and ground a new, copper-screen
Faraday cage for total elimination of
in-line and external electrical noise.
The cage is wired to an exterior earth
ground and all EPG equipment is
powered through a trans-former-
cleaned, dedicated electrical main.
Construction was completed before
Almeida’s research.  Waveforms from
his project were cleaner than any
previously seen, making possible the
detection of fine-structure waveforms
(i.e. B1 in Figure 1) that will be crucial
for the GWSS project.

C. The position of the post-doc
who will perform the bulk of the
research was advertised.  An offer was
made to an outstanding candidate and
accepted, but hiring will depend upon
receipt of an appropriate visa.
Advertising continues, in case the visa
is unavailable.  The target start-date is
1 January 2002.

D. Backus applied for and received the USDA-APHIS-PPQ permit for importation of GWSS into Missouri (permit no.
54181).  Also, while Almeida was in the lab, he instructed lab personnel in care and rearing of grapevine test plants, as well
as the suggested GWSS rearing hosts, mugwort, basil and okra.  We also acquired and fine-tuned the rearing of glabrous
soybean (per the suggestion of R. Mizell, University of Florida), and rented extra greenhouse space.

E. We are modifying our existing insectary to handle the special needs of GWSS colonies, according to advice provided
by Almeida and collaborator Matthew Blua.  We are designing and building new rearing cages, and working with engineers
at Campus Facilities to plan a renovation of two under-utilized, walk-in rearing rooms in the department.  Renovation will
provide better lighting, temperature and humidity control, drip-irrigation system for plant watering, as well as air locks and
airflow requirements for quarantined insects.  Backus wrote a campus grant proposal for $37,000 to match $30,000 in
department and unit funds for this renovation.

F. We have purchased (or are in the final stages of purchasing) most of the supplies and equipment budgeted in the
proposal (e.g. new optical fiber lamps, plant and insect rearing supplies, Windaq and Observer hardware and software, and
computer).  We have tested demonstration models of microtomes in our lab, and are about to order one.  We expect to
purchase other pieces of equipment in October and November.  Backus is also working with her consulting electronics
technician, Bill Bennett, to design and build the new AC-DC EPG monitor.  Preliminary prototypes have been tested, and
a final design is nearing completion.  Construction will begin in November.

In conclusion, Backus and her co-workers are successfully implementing sweeping changes to her lab personnel, equipment
and infrastructure, in preparation for the GWSS research.  This includes purchasing supplies and equipment, designing and
building EPG monitors, renovating electrical wiring and rearing rooms, applying for and receiving permits and visas, and
hiring a post-doc.  We are on target to begin the main research effort in January 2002.

REFERENCES

Blua, M. and G. Walker.  Impact of sub-lethal doses of neonicotinoids on glassy-winged sharpshooter feeding and
transmission of Pierce’s disease.  Funded UC PD grant proposal.

Purcell, A.  Characterization and studies on the fundamental mechanisms of Xylella fastidiosa transmission to
grapevines by the GWSS.  Funded CDFA grant proposal.
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Figure 1. AC waveforms for the beginning of a representative stylet probe
by BGSS on ‘Cabernet Sauvignon’ grapevine.  Z = non-probing, A1 = high
amplitude pathway activities, probably secretion of most of the salivary
sheath (esp. spikes), A2 = descending-voltage pathway activities, B1 = high-
frequency pre-ingestion activities, perhaps sap-sampling, A3 = variable
amplitude pathway activities, C1 = xylem ingestion (correlated with watery
excretion). (Provided by R. Almeida.)
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SAMPLING, SEASONAL ABUNDANCE, AND COMPARATIVE DISPERSAL OF GLASSY-WINGED
SHARPSHOOTERS IN CITRUS AND GRAPES

Project Leaders:
Jacquelyn L. Blackmer, Steve J. Castle, James R. Hagler , Steve Naranjo Nick C. Toscano
WCRL-USDA-ARS Department of Entomology
Phoenix, AZ  85040 University of California
(in alphabetical order) Riverside, CA

Cooperators:
Ed Civerolo Frank Byrne
USDA-ARS Department of Entomology
Davis, CA Riverside, CA

INTRODUCTION

The glassy-winged sharpshooter (GWSS) was first detected in California in 1990 (Sorenson and Gill 1996), and has since
spread throughout southern California and into parts of Kern County (Blua et al. 1999).  This insect feeds on a variety of
ornamental and crop plants, some of which are susceptible to the bacterium, Xylella fastidiosa. Management of this pest
will require a robust sampling plan for estimating population densities, as well as a better understanding of the factors that
influence its dispersal and subsequent spread of Pierce’s disease (PD).

OBJECTIVES

1.   Develop, test and deliver a statistically-sound sampling plan for estimating density and inoculum potential of GWSS
for research and management application.

2.   Compare rates of movement between GWSS and the native smoke-tree sharpshooter (STSS) to better understand
changes in the spread of PD.

3.   Correlate the effects of crowding, sex ratio, reproductive status, host-plant quality and environmental variables with
population dynamics and movement of GWSS as an aid to predicting insect and disease spread.

RESULTS AND CONCLUSIONS

An effective sampling method maximizes precision while minimizing time and costs.  Four sampling tools are currently
under evaluation in citrus orchards.  The tools include bucket (5 gallon plastic bucket attached to an extendable pole), beat
net (sweep net to collect dislodged insects), and A-Vac and D-Vac samplers (gasoline-powered suction devices).  Although
data is still being gathered that will ultimately support a recommendation for an optimal sampling tool, a number of
preliminary observations can be made concerning the practical aspects of each candidate device.  Both the bucket sampler
and the beat net are easy to use as simple hand-held devices.  Each one effectively captures GWSS nymphs and adults.  The
bucket sampler, however, is more efficient at funneling the captured insects into the collecting jar while leaving leaves and
other debris behind in the bucket, whereas all contents in the beat net end up in the sample container and lead to more
sorting time.  The A-Vac and D-Vac require considerably more effort and preparation to acquire samples from citrus trees.
The D-Vac is more sensitive than the A-Vac at detecting GWSS at lower densities by virtue of its much larger diameter
suction tube.

During the past 6 months, the bucket sampler has been used to monitor population densities of GWSS in Riverside citrus
orchards.  It has proven sensitive to changes in population densities as nymphal stages during the spring months transformed
into adults beginning in June (Figure 1A).  The coefficient of variation for these data has remained relatively constant
throughout the sampling period, ranging between 28 and 70 (Figure1B).

We also have established the validity of using an immunoglobulin protein marker (IgG) (Hagler et al. 1992, Hagler 1997,
Hagler and Jackson 2001) for GWSS dispersal studies.  Field trials indicated that the marker remained effective for a
minimum of 19 days, with no significant effect on mortality relative to controls.  Additionally, in our mark-release-recapture
(MRR) studies, four concentrations (0.04, 0.2, 1 and 5 mg/mL) and two different IgG markers (chicken and rabbit) were
found to be equally effective for marking sharpshooters.  Our MRR studies were conducted from late July through the end
of August, with releases ranging from approximately 10,000 to 20,000 insects (Table 1).  Approximately 95% of the marked
insects took flight within 3 hr after release.  Takeoff rates were influenced by temperature and windspeed.  Temperatures
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Figure 1. Mean densities (± SEM) of GWSS in Riverside, CA
Valencia orange groves (A) using a bucket sampler.  Also
presented are the corresponding coefficients of variations for the
mean densities of GWSS for each date (B).

A

Figure 2. Percentage of male and female glassy-winged
(GW) and smoke tree (ST) sharpshooters recaptured
relative to A) distance and B) trap height and distance.
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above 17º C were correlated with an increased number of take offs, and windspeeds more than 5 mph were correlated with
a decline in take-off activity.  Recapture rates were determined after 3 to 24 hr, and it was determined that a 5-6 hr release
was sufficient for the setting in which these trials were conducted (abandoned alfalfa field).  Trials run over a 24-hr period
only led to a 1.2% increase in the number of sharpshooters recaptured.  The majority of sharpshooters (72-78% for GWSS
and 55-57% for STSS) were recaptured 10 m from the release site on the three lowest traps (0, 1.4 and 2.8 m).  However, a
smaller percentage of both species were recaptured at the furthest traps (90 m), and up to 7 m in height (Figure 2A).  As a
percentage of those released, STSS were more likely to be recaptured at 50, 70 and 90 m than GWSS.  At the 70 and 90 m
annuli, the vertical distribution of both species was more evenly distributed than in the 10 to 50 m annuli (Figure 2B).  Based
on sex ratios before and after the releases, females were initiating flights more often than males.  Females that remained on
the host plants weighed significantly more than females that initiated flight, and although these studies have not been com-
pleted, we suspect that these females may have a higher egg load.

These findings suggest that the increased incidence of PD that has been attributed to GWSS, cannot be directly attributed to
an increased capacity to disperse relative to the native STSS.   It is more likely that their expanded host range, and higher
densities are more important in explaining the increased incidence of PD.  These studies have provided some evidence that
gender, reproductive status, and species, as well as environmental parameters, are important in understanding the movement
of sharpshooters.

Table 1. Parameters for mark-release-recapture trials, Moreno Valley, CA, 2001

Trial Date Released (#) Recaptured (%) Remained on Host (%)
1
2
3
4

7-26
8-10
8-17
8-30

13800 GW/ 5000 ST
13300 GW/ 7700 ST
11600 GW/ 4500 ST
8500 GW/ 1200 ST

11.5 GW/ 8.4 ST
14.8 GW/ 5.5 ST
5.2 GW/ 6.1 ST
14.2 GW/ 32.4 ST

4.3 GW/ 0.5 ST
3.9 GW/ 1.7 ST
10.2 GW/ 6.9 ST
2.7 GW/ 4.6 ST
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IMPACT OF SUB-LETHAL DOSES OF NEONICOTINOIDS ON GLASSY-WINGED SHARPSHOOTER
FEEDING AND TRANSMISSION OF PIERCE’S DISEASE

Project Leaders:
Matthew J. Blua Rick Redak
Department of Entomology Department of Entomology
University of California University of California
Riverside, CA  92521 Riverside, CA

INTRODUCTION

The current epidemic of Pierce’s disease (PD) of grapevines spread by the glassy-winged sharpshooter (GWSS), Homalodisca
coagulata, has characteristics that are remarkably different from outbreaks previously known in California since the 1880s
(Gardner and Hewitt 1974).  At the crux of this difference is the remarkable speed of these epidemics, and the distance of
disease spread from the edge of the vineyard (Perring et al, 2001).  The most important aspects of the GWSS that account for
the rapid epidemic of PD are twofold:  (1) the GWSS has a propensity to fly long distances into a vineyard, thus spreading
PD far and affecting a large percentage of grapevines, in contrast to the traditional spread of PD to the first several rows of
a vineyard, and (2) GWSS can feed on woody grapevine branches, accounting for what appears to be vine-to-vine spread of
PD in California, a phenomenon previously unknown.

Management of PD that is spread by the GWSS is lacking a fundamental strategy and solid tactics.  Although grape
growing in areas with “traditional” California vectors (e.g. blue-green, red-headed, and green sharpshooters) is possible
and practical, growing in the presence of high populations of the GWSS is not.  Moreover, the GWSS is currently spreading
throughout California, and will without doubt spread PD in other areas, thus putting grape-growing areas in the entire state
at risk (Calif. Dept Food Agric. 2000).  Scientists are exploring avenues that attack the plant-pathogen interface (B.
Kirkpatrick & E. Civerolo, UC Davis, D. Cooksey, UC Riverside), yet currently there are no therapies available to “cure”
infected plants.  This makes vector control not only helpful but also imperative.  An important goal to minimize PD spread
by the GWSS will include reducing GWSS population densities in vineyards with insecticides.  Removing diseased vines
will be an important way of minimizing acquisition of the PD bacterium by the GWSS, but chemicals that reduce vector
feeding may also keep infectivity of vectors at a low level.

OBJECTIVES

In experiments that examined the impact of neonicotinoids on GWSS mortality through time after treatment, we noticed
little or no GWSS excreta on sleeve cages containing the sharpshooters on experimental plants treated versus those not
treated, even if mortality was not induced.  This provided impetus to ask the question:  Can sublethal doses of neonicotinoids
keep the GWSS from feeding and thus inhibit the PD epidemic? The objective of this ongoing project is to ascertain the
degree to which neonicotinoids inhibit the spread of Pierce’s disease by influencing GWSS feeding, and thus the acquisition
and transmission of X. fastidiosa.

RESULTS AND CONCLUSIONS

In an experiment conducted at the University of California, Riverside, from August through September 2000, sharpshooters
were caged for 2 hours on field-grown grapevines treated with neonicotinoids or left untreated.  These neonicotinoids
included soil-applied formulations of imidacloprid (Admire 2F, Bayer, Inc.) at full label rate (561 g AI/Ha) applied to
plants in September 1999 or August 2000, and one-half label rate (280 g AI/Ha) applied in August 2000; acetamiprid
(Assail 70 WP, Aventis, Inc.) applied as a foliar spray at full label rate (56 g AI/Ha) in August 2000; and thiamethoxam
(Platinum 2SC, Syngentia, Inc.) applied to the soil at full label rate (289 g AI/Ha) in August 2000.  Sharpshooters on
neonicotinoid-treated grapevines generated substantially less excreta than sharpshooters on plants that were not treated at
both 2 and 6 weeks after the August 2000 insecticide applications (Figure 1).

Most striking is our observation that imidacloprid applied to grapevines in September 1999 had a substantial impact on
GWSS feeding almost a year later (Figure 1).  This may, in fact, be more important to protecting plants from X. fastidiosa-
carrying sharpshooters than inducing mortality.
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We have not documented the impact of neonicotinoids on acquisition or inoculation of the PD bacterium.  Yet our greenhouse 
experiments with the strain of X. fastidiosa that induces oleander leaf scorch show that transmission of X. fastidiosa by the 
GWSS was blocked by applications of foliar-applied acetamiprid, soil-applied imidacloprid, and thiamethoxam (Bethke et 
al. In press). 

Insecticides to control GWSS population densities and disease spread in vineyards will undoubtedly be part of a management 
strategy to control outbreaks of PD. Two aspects of insecticides are necessary:  (1) they must affect GWSS immediately 
after they arrive on a vine; and (2) they must remain efficacious for a long time.  Since 1998, we have experimented with 
insecticides to reduce GWSS population densities (Blua et al. 2000). Future experiments will examine in more detail the 
impact of neonicotinoids on GWSS feeding behavior and the acquisition and transmission of X. fastidiosa. 

Figure 1. Volume of excreta produced by GWSS on grapevines treated with various neonicotinoids relative 
to untreated control vines 2 and 6 weeks after August 2000 treatments. 
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EPIDEMIOLOGY OF XYLELLA FASTIDIOSA DISEASES IN CALIFORNIA

Project Leader:
Edwin L. Civerolo
USDA-ARS
Davis, CA  95616

Cooperators:
Kayimbi Tubajika Donald Warkentin Gary Puterka
USDA-ARS USDA-ARS USDA-ARS
Bakersfield, CA Riverside, CA Kearneysville, WV

Jennifer Hashim
UC Cooperative Extension
Bakersfield, CA

INTRODUCTION

Several diseases of agronomic, horticultural, and landscape ornamental plants in California are caused by Xylella fastidiosa
(Xf) (Purcell and Hopkins, 1996, Purcell et al. 1999).  Effective disease management strategies are dependent upon knowledge
of inoculum sources, biology and ecology of Xf insect vectors (e.g., glassy-winged sharpshooter [GWSS]) and natural
enemies, and characteristics of disease progress.  In the short term, commercially available materials may be useful in
vineyards to reduce Xf transmission by the GWSS (e.g., Surround, containing 95% Kaolin), and to prevent Xf infection of
grapevines and Pierce’s disease (PD) development (e.g., systemic acquired resistance inducers, such as Messenger, containing
3% harpin).

OBJECTIVES

1. Determine the incidence and severity of PD in the Area-wide GWSS Management Pilot Project area to determine the
temporal and spatial rate of disease increase.

2. Monitor the incidence and severity of PD in untreated and particle film barrier (Surround) treated vines.
3. Initiate evaluation of induced systemic acquired resistance with a commercially available harpin-containing product

(Messenger).
4. Determine the oviposition host preferences of GWSS in citrus in Southern California, and determine the geographic

distribution of GWSS oviposition in citrus throughout Southern California.
5. Survey the extent of GWSS egg parasitism and predation in Southern California.

RESULTS AND CONCLUSIONS

The incidence of PD in the different vineyards in the Area-wide GWSS Management Pilot Project Area ranged from 2% to
80% and the disease severity ratings ranged from 1 (less than 25% of the canopy exhibiting PD symptoms) to 4 (dead).

The spatial and temporal development of PD in Red Globe (3 plots) and Flame Seedless (1 plot) was monitored from May
15 to September 15, 2001, in two commercial vineyards naturally infested with Xf, and the data were analyzed as described
by Campbell and Madden, 1990; Tubajika et al. 1999.  Incidence and severity were regressed on time without transformation
and after Gompertz [Y= -1n(-1n(-1n(y))], Logistic [Y=1n(y/1-y), monomolecular [Y=1n(1/(1-y))], and Logarithmic [Y=
1n(y)] transformations as previously described (Campbell and Madden, 1990; Tubajika et al. 1999). Similarly, PD incidence
and severity were regressed on distance without transformation and after logit(y)-log(x), log(y)-log(x), log(y)- linear (x),
and logit(y) - linear(x) models.  Coefficient of determination, the standard error of Y-estimate, and significance of estimate
slope parameter, the mean square errors, and the patterns of residuals versus predicted values were used to evaluate the
goodness-of-fit of data and to choose the regression model. No disease gradients were discernible in any of the plots. A
theoretical model of disease progress in time based on the Gompertz model for time adequately described several epidemics
of PD during all experiments (Table 1).
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Table 1.  Average parameters of five models for regression of transformed
Pierce’s disease incidence in three plots in a commercial vineyard over time.

Model Intercept Slope R2 SEE
Gompertz -12.287 0.061 0.945 0.478
Logarithmic -12.574 0.052 0.558 1.505
Logistic -20.694 0.095 0.833 1.392
Monomolecular         -8.120 0.044 0.911 0.443
Linear -1.995 0.012 0.925 0.109

Because of low PD incidence and severity of PD in plot C37, data on incidence and severity of PD were not used.  There
was a clustering of diseased vines in the center of plot 2 and a random distribution of diseased vines away from the
center—that is, there did not seem to be any directionality to the increase in PD incidence from the presumed focus in
2001. Disease spread tended to be greater within rows than across rows and disease spread quickly and unilaterally down
rows. A clustering of diseased vines observed in the center could have been due to the presence of young vines in the area.

Three grapevine varieties (Flame Seedless, Thompson Seedless, and Chenin Blanc)  in four blocks were treated three times
beginning March 30, 2001, with Surround.  Overall  PD incidence in Surround-treated plots was 30% lower than in un-
treated plots.  PD incidence was less in Thompson Seedless (1%) than in Flame Seedless (8%) and Chenin Blanc (9%).
There was no difference in PD incidence between Surround treated and untreated Thompson Seedless plots.

A field trial was established in a vineyard in Tulare County to determine the effect(s) of Messenger on PD incidence using
three rates (2.25, 4.50 and 6.50 oz/50 gal) of the material.  Treatments were arranged in a randomized complete block
design with 5 replications.  The incidence of PD in grapevines was 16%, 2% and 9% in grapevines treated with 2.25, 4.50
and 6.50 oz Messenger/50 gal, respectively. PD incidence in untreated control vines was 27%.  The highest rate (6.50 oz
Messenger/50 gal) did not affect the development of PD. This may be explained by the presence of Xf –infected vines
before the trial was established.

Field surveys were conducted in citrus groves (oranges, grapefruits, lemons, tangerines) in Southern California (San Marcos,
Fallbrook, Pala, Temecula, Riverside, Redlands, Indio) of GWSS oviposition preferences and the extent of egg parasitism
and predation.   GWSS egg masses left leaf scars that remained on citrus trees for up to several years, because citrus trees
retain their leaves for years and the scars do not heal.  GWSS oviposition activity in the citrus groves surveyed was highest
in Pala, followed by Riverside, Redlands, Temecula and San Marcos, with Fallbrook and Indio having the lowest level of
GWSS oviposition activity.  In the surveyed trees, GWSS preferred to oviposit in grapefruit, followed by orange, lemon,
and tangerine (Table 3).

Table 2. Geographic distribution of GWSS Table 3.  Host preference for GWSS oviposition in citrus
in citrus groves in Southern California. groves in Southern California.

Avg. No. GWSS Egg Avg. No. GWSS Egg
Location Mass Scars per Tree Citrus Mass Scars per Tree

(N=240) Type (N=240)
Pala 73.0 Grapefruit 46.8
Riverside 55.5 Orange 27.1
Redlands 29.3 Lemon 9.0
Temecula 10.0 Tangerine 2.3
San Marcos 6.0
Fallbrook 4.0
Indio 4.0
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Based on examination of leaf scars, when eggs successfully hatched there were exit holes only at the margins of the egg
masses.  Parasitoid wasps left exit holes in the middle of the egg masses.  The size of wasp exit holes also could be used to
determine the species of parasitic wasps.  When eggs were eaten by predators, the entire leaf epidermal surface above the
egg masses was removed.
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DEVELOPMENT OF AN ARTIFICIAL DIET FOR THE GLASSY-WINGED SHARPSHOOTER

Project Leader:
Allen C. Cohen
Biological Control and Mass Rearing Research Unit
USDA, ARS, MSA
Mississippi State, MS  39762

INTRODUCTION

The glassy-winged sharpshooter (GWSS) (Homalodisca coagulata) is a serious pest of grapes and a number of other
crops.  Its most destructive characteristic is that it is an efficient vector of the bacterium that causes Pierce’s disease
(Xylella fastidiosa).  The management of this pest will, in all likelihood, require a multilateral set of approaches.  Several
of these approaches would be enhanced if the GWSS could be reared on a large-scale basis, especially with an artificial
diet.  Development of such a diet presents challenging barriers, including formulation of a liquid diet that closely simulates
the xylem sap that is the target of GWSS.  Understanding the feeding biology of this pest is complicated by the fact that it
has cosmopolitan selection of hosts:  i.e., it is a promiscuous feeder.  However, formulation of a suitable diet is complicated
by the fact that this species, which is a strict xylem sap-feeder, must be accommodated with a diet presentation system that
simulates the vascular system of plants.  Because the development of the diet and the feeding system must be done
simultaneously, the probability of success of the entire project is reduced.

The approaches to be taken to increase the chances of complete success include the analysis of xylem sap from several host
plants, modeling the diets to be bioassayed after those analyses, attempting to use non-flowing and flowing systems of diet
delivery, and microscopic studies of the feeding choices made by GWSS when using their natural hosts.  Should all of these
approaches work suitably, the need for an oviposition system will be born, and it will become a further aim of this project
to develop an in vitro-based system that will allow harvesting of GWSS eggs with maximum efficiency.

OBJECTIVES

1. Development of an artificial diet that will permit complete development of GWSS and reproduction of continuous
generations of healthy individuals.

2. Development of a feeding system that will allow efficient delivery of diet to the GWSS.

3. Development of an oviposition system for in vitro egg production and efficient harvesting of the eggs.

RESULTS AND CONCLUSIONS

At the time that this report is being written, the funds have just been put in place, so there has been no research progress.
We have set up our greenhouse, gotten the permit to have the GWSS shipped, and we have set up our analytical equipment
to do the required amino acid and carbohydrate analyses.
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FUNCTIONAL GENOMICS OF THE GRAPE-XYLELLA INTERACTION: TOWARDS THE
IDENTIFICATION OF HOST RESISTANCE DETERMINANTS

Project Leaders:
Douglas R. Cook, Francisco Goes da Silva, Hyunju Lim, Dongjim Kim
Department of Plant Pathology
University of California
Davis, CA   95616

Cooperator:
M. Andrew Walker
Department of Viticulture and Enology
University of California, Davis

INTRODUCTION

Pierce’s disease (PD), caused by Xylella fastidiosa (Xf), is one of the most important diseases of grapevines (Purcell and
Hopkins, 1996).  Currently, the development of resistant varieties through classical breeding is limited by the absence of
resistant phenotypes in Vitis vinifera.  On the other hand, several wild grape species, not suitable for wine production, are
known to either resist or tolerate infection by Xf. Therefore, an alternative approach for the development of resistance in
cultivated grapes is to identify transcriptional pathways correlated with susceptible or resistant interactions in Vitis species.
In principle, comparison of these two distinct interactions will reveal functional elements of the host resistance response,
or conversely host functions that confer susceptibility (Cummings and Relman, 2000).

The experimental strategies outlined below will use genomics technology to identify genes in Vitis species that may be
causal to host susceptibility (in the case of V. vinifera) or resistance/tolerance (in the case of native Vitis species).  Such
information will considerably increase our knowledge of the Xylella-grape interaction, and potentially provide the basis
for developing resistance to the PD pathogen in V. vinifera.

OBJECTIVES

1.  Construction of cDNA libraries from infected and non-infected grape plants of both susceptible V. vinifera and tolerant/
resistant Vitis species (e.g., V. shuttleworthii or V. aestivalis complex).

2.  A total of 30,000 DNA sequencing reactions will be completed in the first year of the project from cDNA products of
the above libraries.  The resulting sequence information (i.e., Expressed Sequence Tags (ESTs) [Marra et al., 1998])
will be submitted to the National Center for Biotechnology Information (NCBI) in a simple annotated format.

3.  An online relational database will be developed in Oracle 8 to distill relationships within the data, and in particular to
estimate a minimum gene set expressed during Xylella-grape interactions.  A Web-based interface to the project database
will make the results of this project available to all Pierce’s disease researchers, with the intent of stimulating interaction
among scientists and accelerating progress towards control of the Xylella pathogen in cultivated grapes.

4.  Subsequent to EST sequencing and electronic data mining, we will employ functional genomics strategies to first verify
and then dissect host gene expression in both susceptible and tolerant/resistant grape genotypes.

RESULTS AND CONCLUSIONS

In the first phase of the project, a total of 120 individuals from both Chardonnay and Cabernet plants (60 plants for each
variety) in the Napa Valley of California were randomly selected.  For each grape variety, 30 plants were selected located
close to riparian areas with a previous history of PD infection and 30 plants were selected located distally from the riparian
areas without previous PD infection.  At two-week intervals, plants were analyzed for PD using a PCR-based approach
with Xylella-specific primers (Kim et al., In Preparation).  By early July the first symptoms of PD infection were observed,
and PCR analysis confirmed that two Chardonnay and three Cabernet plants were infected by Xylella.  Leaves and petioles
from these plants were collected and stored at –80 °C until further use for cDNA library construction.  These same plants
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gave positive PCR results in subsequent weeks, thus confirming the original diagnosis.  By late September the frequency
and severity of PD symptoms had increased, and tissue was again sampled for cDNA library construction immediately
prior to the grape harvest.  cDNA libraries are being constructed from these infected and non-infected plants, at time
points corresponding to early and late disease development (i.e., early July and late September).  DNA sequencing reactions
are being carried out at the UC Davis College of Agricultural and Environmental Sciences Core Genome Facility (http://
cgf.ucdavis.edu).  By March 2002 a total of 30,000 cDNAs will be sequenced and analyzed.  These data, corresponding to
differences in the transcriptional profiles between infected and non-infected plants, are expected to include host resistance
and susceptibility factors.  Thus, they will provide the basis for new lines of experimental inquiry focused on testing the
efficacy of specific host genes for PD resistance.
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BIOLOGICAL CONTROL OF PIERCE’S DISEASE WITH NON-PATHOGENIC STRAINS OF
XYLELLA FASTIDIOSA

Project Leader:
Donald A. Cooksey
Department of Plant Pathology
University of California
Riverside, CA  92521

INTRODUCTION

Competitive exclusion of plant pathogens with nonpathogenic or less virulent strains has been demonstrated for a number
of bacterial, fungal, and viral pathogens.  Many nonpathogenic mutants retain the ability to colonize either external or
internal plant tissues, and if established first, can effectively compete for colonization and establishment of pathogenic
strains.  One advantage of this approach for biological control is that the biocontrol agent and target pathogen occupy the
same niche and have similar requirements for growth and survival.  In addition, the specificity of the biocontrol interaction
reduces the possibility of undesirable non-target effects.  We propose to construct several nonpathogenic derivatives of
Xylella fastidiosa (Xf) and test them for preemptive competitive exclusion of pathogenic strains in grape.  In practice, such
strains could be established in plants at the nursery level or potentially inoculated to mature vines.  To construct nonpathogenic
mutants, we are taking advantage of the completed genome sequence of the citrus variegated chlorosis (CVC) strain of Xf
and the rough genome sequence of the almond leaf scorch strain, which is closely related to the PD strains.  We predict that
genes that are likely to be required for pathogenicity can be identified through comparison of these sequences with known
pathogenicity gene sequences from its nearest relative, Xanthomonas campestris, or other plant or animal pathogens.  PCR
methods are being used to amplify these genes from the Pierce’s disease strain of Xf. Deletions are being created in the
genes, and homologous recombination will be used to introduce each deletion independently into the Pierce’s disease
strain.  Each mutant will be tested for virulence and systemic colonization of grapevines, as well as the ability to competitively
reduce populations of a pathogenic strain and reduce expression of symptoms.

OBJECTIVES

1. Construct deletion mutations in putative virulence genes of Xylella fastidiosa.
2. Test mutant strains for virulence in grapevines.
3. Test mutant strains for biological control of pathogenic strains in grapevines.

RESULTS AND CONCLUSIONS

In our first year, we have cloned a number of putative virulence genes that were identified from the full genome sequence
of the CVC strain of Xf and from additional sequence information for an oleander and an almond leaf scorch strain available
from the DOE-JGI.  The genes we have amplified or cloned (in bold) and others we intend to target are as follows:

Genes encoding potential adhesins:
• pil genes encoding type IV pili
• Three large genes encoding hemagglutinin-like proteins, most closely related to pspA in Neisseria meningitidis
• Other afimbrial ahesin genes similar to: hsf and hia from Hemophilus influenzae; uspA1 from Moraxella

catarrhalis.

Xanthan gum biosynthesis genes:
• The entire xanthan gum biosynthetic operon (9 gum genes)
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Regulatory genes known to control virulence in Xanthomonas or other pathogens:
• gacA
• rpfB, rpfF
• rsmA
• sphIM (Dam methylase)

Mutations have been constructed in several of the cloned genes, and we are attempting to insert them into a wild-type strain
by electroporation and homologous recombination.  Our initial attempts at transformation with standard plasmid vector
systems were not successful.  However, we have recently achieved stable transformation of Xylella with the vector pCL1920.
We also had success with the transformation and mutagenesis system that Dr. Bruce Kirkpatrick at UC Davis recently
published.  We are therefore confident that our strategy will yield the desired mutants during this next year.  These will then
be tested for virulence and colonization of grapevines.
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EPIDEMIOLOGY OF PIERCE’S DISEASE IN SOUTHERN CALIFORNIA:  IDENTIFYING
INOCULUM SOURCES AND TRANSMISSION PATHWAYS

Project Leaders:
Donald A. Cooksey Heather S. Costa
Department of Plant Pathology Department of Entomology
University of California University of California
Riverside, CA   92521 Riverside, CA   92521

INTRODUCTION

Previous studies on the epidemiology of Pierce’s disease (PD) of grape in Northern California have described systems
dealing with different primary vector species and different alternate host plants than those that are found in the Southern
California systems.  Understanding the role that other plant species in the Temecula area may play in spread of Pierce’s
disease of grapes could be critical to management decisions.  In addition to dealing with different host plants, the feeding
habits and host range of the primary vector of the pathogen in Southern California differ from other primary vector species
in Northern California.  Studies with the insect vector species present in Northern California suggest that the pathogen was
primarily spread by vectors moving into vineyards from outside habitats, rather than spreading from vine to vine.  There is
little information available on the relative ability of the glassy-winged sharpshooter to acquire or transmit the Pierce’s
disease pathogen from vine to vine, or from alternate hosts to grape. Because in many cases the vineyards of the Temecula
area are in close proximity to citrus groves, it is critical to know the relative inoculum pressure that citrus and other plant
hosts may provide in that area.  Knowledge of the source of disease inoculum from vectors, whether from inside or outside
the vineyard, will be critical to development of management strategies for disease control, such as the choice and management
of plant species surrounding vineyards. Results of these studies, combined with data on seasonal fluctuations of sharpshooter
populations, will also allow us to estimate the time of year and the regions where pathogen pressure is the greatest, and
management strategies can be adjusted appropriately.

OBJECTIVES

1. Determine which plant species near vineyards harbor Xylella fastidiosa (Xf) and serve as potential reservoirs of
inoculum for the spread of Pierce’s disease to grapes.

2. Measure the ability of the glassy-winged sharpshooter to acquire and transmit Xf to and from grape, citrus, almond,
and other plant species identified as potential hosts and sources of inoculum for the spread of Pierce’s disease.

3. Comparison of the sensitivity and specificity of various methods to screen large numbers of plant and insect
samples for the presence of Pierce’s disease.

RESULTS AND CONCLUSIONS

Detection of Xylella fastidiosa in various plant species. Our regular sampling of over 60 plant species at 10 sites in the
Temecula area is continuing.  Samples are macerated in buffer and plated on selective media for Xf. All samples are also
processed for serological (ELISA) and/or DNA-based (PCR) detection.   Thus far we have detected Xf in several plant
species in Temecula, including grapevine, almond, oleander, and Spanish broom.  For these hosts, positive results were
found using ELISA, PCR, and culture methods.  Detection in mirror plant by ELISA was supported by PCR results, but we
were not able to culture Xylella from these samples due to culture contamination.  Spanish broom gave consistently strong
ELISA reactions comparable to that of symptomatic grapevines, suggesting that the bacterium achieves a high titer in this
new host.  Weak positive results using ELISA were sporadically found with wild mustard, coyote brush, and elderberry;
however, we were not able to confirm these results with other methods, suggesting that they could have been false positives.

Transmission studies. We have initiated greenhouse transmission studies testing the relative ability of Xylella to infect
grape, citrus, almond, oleander, blackberry, bougainvillea, Vinca sp., toyon, coyote brush, Brassica nigra, brittlebush,
mule fat, sage, California buckwheat, sugar bush, and laurel sumac.  Our preliminary results suggest that grape-to-grape
transmission can occur, as was suspected based on the observed widespread occurrence of PD in Temecula vineyards.  We
can now rapidly and reliably assay the glassy-winged sharpshooter for the presence of the pathogen, so we can follow it
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during each step of the transmission process. We have also initiated experiments testing the ability of insects to transmit
Xylella from Spanish broom to grape.

Evaluation of detection methods. We are continuing to evaluate the effectiveness of various methods for detecting
Xylella in plants and in the insect vector.  Immunocapture PCR is now incorporated into our regular screening procedures.
We also have had success in developing strain-specific detection that allows us to differentiate between infections with
either the Pierce’s disease or oleander leaf scorch strains of Xylella.  This was done by designing a new set of PCR primers
to amplify a gene involved in xanthan gum biosynthesis that is present in all Xylella strains characterized (based on
comparative genomic analysis).  However, the sequence of the gum gene differs slightly between strains, and this can be
easily detected by digesting the amplified gene with specific restriction endonucleases.  Amplification of the gum gene
from a sample indicates that Xylella was present, and subsequent digestion of the amplified product and gel electrophoresis
yields two bands for the grape strain and one band for the oleander strain, or vice versa, depending on which one of two
restriction endonucleases are chosen.  This ability to detect which plants and insects are truly infected with the Pierce’s
disease strain will be essential for interpretation of our survey results in the Temecula area.
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CONTROL OF PIERCE’S DISEASE THROUGH DEGRADATION OF XANTHAN GUM

Project Leader: Cooperator:
Donald A. Cooksey Neal L. Schiller
Department of Plant Pathology Division of Biomedical Sciences
University of California University of California
Riverside, CA  92521 Riverside, CA

INTRODUCTION

Pierce’s disease of grapevine and other leaf scorch diseases caused by Xylella fastidiosa are associated with aggregation of
the bacteria in xylem vessels, formation of a gummy matrix, and subsequent blockage of water uptake.  In the closely
related pathogen, Xanthomonas campestris, xanthan gum is known to be an important virulence factor, probably contributing
to bacterial adhesion, aggregation, and plugging of xylem.  The recently published genome sequence of the citrus variegated
chlorosis (CVC) strain of X. fastidiosa revealed that this pathogen also has genes for xanthan gum production. This project
is to identify bacteria that produce xanthan-degrading enzymes to target this specific virulence factor of X. fastidiosa.  This
approach has the potential to significantly reduce damage caused by Pierce’s disease in grapes and potentially in other
hosts of X. fastidiosa, such as almonds and oleander.  If xanthan gum is important in the aggregation of the pathogen in the
insect vector, then our approach may also reduce the efficiency of transmission of Pierce’s disease.  Our first approach will
be to develop endophytic bacteria that produce these enzymes in the xylem of grapevines, but another approach is to
engineer grape plants to produce these enzymes.  Through the cloning and characterization of genes encoding xanthases
and xanthan lyases, we will facilitate possible efforts to transform grapevines to produce these enzymes.

OBJECTIVES

1. Characterize xanthan-degrading enzymes from endophytic bacteria isolated from grape.
2. Explore applications of naturally occurring endophytic bacteria that produce xanthan-degrading enzymes for

reduction of Pierce’s disease and insect transmission.
3. Clone and characterize genes encoding xanthan-degrading enzymes for enzyme overproduction and construction of

transgenic endophytes and plants.

RESULTS AND CONCLUSIONS

Comparative genomics for investigation of xanthan production in different strains. To determine whether the xanthan
gum from the Pierce’s disease strain of X. fastidiosa is likely to be structured as we have predicted from the CVC strain
sequence, we compared the available genomic sequences of the closely related almond leaf scorch strain and the more
distantly related oleander leaf scorch strain.  All of these Xylella strains have the same nine gum genes conserved, and they
all lack gumG, gumI, and gumL that are found in Xanthomonas.  In Xanthomonas, gumI is thought to add the terminal
mannose residue on the sugar side chains of the xanthan polymer. gumG and gumL add acetylate and pyruvate to the
terminal mannose.  The lack of these three genes in Xylella suggests that its xanthan gum lacks the terminal mannose on the
side chains, which is predicted to reduce its viscosity slightly.

Initial isolation of xanthan-degrading bacteria. We predicted that a potential source of bacteria that degrade xanthan
gum would be in natural settings where xanthan gum is present, such as plants infected with Xanthomonas campestris or X.
fastidiosa.  Following the techniques used by industrial microbiologists studying xanthan degradation, we found that both
grapevines infected with Pierce’s disease and oleanders infected with oleander leaf scorch contain bacteria that are capable
of degrading xanthan gum.  These were obtained through enrichment in minimal broth media containing commercial
xanthan gum as the only carbon source.  After two serial transfers into fresh media, we plated these cultures on an agar
medium containing xanthan and have obtained pure cultures of bacteria that grow on xanthan gum as the sole carbon
source and clear the turbidity that the xanthan produces in the medium.  We have several different types of bacterial
xanthan degraders from these initial attempts.  However, these bacteria were selected for degradation of commercial
xanthan gum, which is produced from Xanthomonas.  Therefore, we needed to repeat these isolations using xanthan gum
from Xylella, which is predicted to differ chemically.
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Enzymatic activity against xanthan from Xylella. Purifying significant quantities of xanthan from the slow-growing X.
fastidiosa is not practical.  Therefore, we have constructed a mutant of Xanthomonas campestris lacking the gumI gene
that is responsible for adding the terminal mannose.  A large section of the gum operon was cloned from Xanthomonas, and
an antibiotic resistance cassette was inserted into a deletion in the gumI gene.  This construction was used to introduce the
mutation into wild-type X. campestris by homologous recombination.  We are confirming that this strain produces xanthan
that is chemically similar to that from Xylella.  Viscosimetric assays are also being conducted to compare the viscosity of
Xylella and Xanthomonas xanthan, as well as to provide a quantitative measurement for the activity of xanthan-degrading
enzymes.  Using this new source of modified xanthan gum, we are in the process of sampling symptomatic grapevines from
diverse sources to develop a broad collection of xanthan-degrading bacteria.  Other tests will be performed to characterize
the nature of xanthan-degrading enzymes from these bacteria.  We anticipate that we will recover both xanthanases that
break the cellulosic backbone of the xanthan polymer, and xanthan lyases that cleave the sugar side chains.
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IMPACT OF MULTIPLE-STRAIN INFECTIONS OF XYLELLA FASTIDIOSA ON ACQUISITION AND
TRANSMISSION BY THE GLASSY-WINGED SHARPSHOOTER

Project Leaders:
Heather S. Costa Donald A. Cooksey
Department of Entomology Department of Plant Pathology
University of California University of California
Riverside, CA  92521 Riverside, CA  92521

Carmen Gispert
UCCE Riverside/San Diego/San Bernardino Counties
Indio, CA

INTRODUCTION

Xylella fastidiosa (Xf) is a xylem-limited bacterium that causes a number of plant diseases such as Pierce’s disease (PD) of
grapevines, almond leaf scorch, alfalfa dwarf, citrus variegated chlorosis, leaf scorch of live oak, pear leaf scorch, and
oleander leaf scorch (OLS).  Recent studies by Purcell et al. have shown that oleander leaf scorch is caused by a different
strain of Xf than the strain that causes PD.  Thus far, two strains of Xf have been identified in Southern California; one that
causes Pierce’s disease of grapevines and almond leaf scorch, and another one that causes oleander leaf scorch (OLS).  The
strain that infects oleander does not appear to infect grape, and the strain that infects grape does not appear to infect
oleander.

We are interested in documenting the ability of glassy-winged sharpshooter (GWSS) to acquire and transmit more than one
strain of Xylella at a time, and to determine the effects of a previous infection with one given strain of Xf on the subsequent
acquisition and/or transmission of a second strain.  We will document important aspects of the transmission process to
determine 1) if the insects can only acquire and transmit one strain of the pathogen at a time, or if they are capable of
transmitting more than one strain at a time, and 2) if the order of exposure is important to acquisition or transmission.  This
type of information is critical to the development of management strategies, particularly those that attempt to utilize
mechanisms involving competitive less virulent strains of bacteria, or other methods of control that interfere with vector
competence.

OBJECTIVE

Assess the ability of glassy-winged sharpshooter inoculated with multiple strains of Xylella fastidiosa to transmit any
strain of the pathogen.

RESULTS AND CONCLUSIONS

Establishment of plants. A supply of healthy grape and oleander plants was obtained and established for use as test plants
in transmission studies.  All plants were confirmed negative for Xylella using ELISA. We also established a supply of grape
plants (Vitis spp.) infected with the PD strain of Xf, and oleander plants (Nerium oleander) infected with the OLS strain as
sources of inoculum.  Repeated sampling of plant tissue has been done in source plants to confirm that they are positive by
ELISA.

Large numbers of GWSS adults from the first generation were collected in the field and caged on plants in the greenhouses
to allow oviposition.  Eggs from these insects were collected just prior to hatching and moved to new cages with a variety
of clean plants.   The offspring were allowed to develop until adulthood.  These insects were considered to be “clean,” as
they were never exposed to sources of Xylella. High mortality rates of insects occurred during development from the egg-
to-adult stage in these colonies, resulting in low numbers of available clean adults. Thus, field collected insects were also
used in some experiments to get preliminary data.
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Transmission studies. Studies are being conducted in a series of experiments where groups of 25-100 GWSS adults are
caged for 2 days on OLS infected oleander plants.  These same insects are collected and subsequently moved to PD
infected grape plants to feed for 2 days.  Conversely, other groups of insects are first caged on PD infected grape plants,
and subsequently caged on OLS infected oleander plants.

Sub-samples of these insects were removed after exposure to both species of plants and frozen for future analysis for the
presence of either or both strains of the pathogen using culturing and PCR methods.  We have demonstrated that the
immunocapture and PCR methods we use can detect Xf in individual insects that fed on infected plants. In addition, digestion
of positive PCR products with restriction endonucleases, followed by resolution by agarose gel electrophoresis, allows clear
differentiation between the PD and OLS strains.

Additional sub-samples of insects from infected plants are transferred individually to healthy recipient oleander and grape
test plants in a biological assay to test the ability of insects to transmit the pathogens to new hosts.  Insects are allowed to feed
on test plants for 4-5 days, then are removed and frozen for analysis by PCR.

Recipient test plants are maintained in the greenhouse, observed for symptom development, and tested periodically for the
presence of Xylella using ELISA.  Tissue from two sets of test plants has been sampled at two months after inoculation.  Thus
far, two grape plants and one oleander plant have already tested positive. It is expected that more plants will test positive on
future sampling dates, since it is common for plants to take longer than two months to become systemically infected and test
positive.  All plants will be repeatedly tested for infection for up to one year after inoculation.  Plants that test positive with
ELISA will be subsequently tested with PCR to determine the strain(s) of Xylella present.

Summary of First Year Progress:

• Established a supply of healthy and infected plants for transmission studies, and confirmed status with ELISA.
• Initiated acquisition and transmission studies.
• PCR methods were developed to differentiate strains of Xylella in individual insects and plants.
• Thus far, two grape plants and one oleander test plant have already tested positive with ELISA.  It is expected that

more plants will test positive on future sampling dates, since it is common for plants to take longer than two
months to become systemically infected and test positive.
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ROOTSTOCK VARIETY INFLUENCE ON PIERCE’S DISEASE SYMPTOMS IN GRAFTED
CHARDONNAY (VITIS VINIFERA L.) GRAPEVINES

Project Leaders:
Peter Cousins Jiang Lu
Plant Genetic Resources Unit, USDA-ARS Center for Viticulture
New York State Agricultural Experiment Station Florida A&M University
Geneva, NY  14456 Tallahassee, FL

INTRODUCTION

Rootstocks are already widely in use in viticulture to manage damage from soil-borne pests and provide adaptation to
particular soils.  Grape rootstocks can impact the symptom expression of diseased scions in at least one disease (fanleaf
degeneration).  In other crops, rootstock variety has been reported to impact expression of Xylella fastidiosa diseases in
scions (Gould et al. 1991).  Pierce (1905) reported that rootstock variety affected expression of “California vine disease”
(now known as Pierce’s disease) in grape.  Grape rootstock trials in Mississippi showed a large effect of rootstock trial on
vine longevity in a region recognized for high Pierce’s disease pressure (Magoon and Magness 1937, Loomis 1952, 1965).
If grape rootstocks could contribute Pierce’s disease resistance or tolerance to their scions, this would be a major benefit to
viticulture in Pierce’s disease prone areas.  Elite wine, juice, and table grape varieties could be grown in areas where
viticulture is currently restricted to Pierce’s disease resistant and tolerant varieties whose consumer appeal is low.

OBJECTIVES

1. To evaluate the impact of rootstock variety on expression of Pierce’s disease symptoms in the scion.
2. To assess any relationship between Pierce’s disease symptoms on ungrafted rootstocks and the expression of

Pierce’s disease on susceptible scions grafted to those rootstocks.

RESULTS AND CONCLUSIONS

Chardonnay (Vitis vinifera) vines grafted on nine rootstocks and own-rooted Chardonnay vines were planted in Tallahassee,
Florida in the vineyard of the Center for Viticulture, Florida A&M University in the spring 2001 planting season (Table 1).
Ungrafted vines of the same nine rootstocks plus St. George were planted at the same location.  The vineyard site has a high
incidence of Pierce’s disease and glassy-winged sharpshooters inhabit the site.

Pierce’s disease (PD) symptoms were evaluated on September 5, October 5, and October 26, 2001 for Chardonnay vines
and September 5 and October 26, 2001 for ungrafted rootstocks.  Symptoms on leaves were assessed and vines given a
numerical score from 0 to 5, with 0 representing no symptoms, 1 = minor symptoms up to 15% of leaves with marginal
necrosis (MN), 2 = 15-30% of leaves with MN, 3 = 30-50% of leaves with MN, 4 = 50-75% of leaves with MN, 5 = over
75% of leaves with MN or vine dead.  There were four replicates.  Each replicate consisted of two vines of the same
treatment, either grafted to the same rootstock or the same rootstock variety ungrafted.  The mean score of the two vines is
recorded as the score for that replicate.

Chardonnay vines showed symptoms on all rootstocks (Table 1).  Every Chardonnay vine showed symptoms at some level.
It is premature to make conclusions about the longer-term impact of rootstock on scion health, however.  At the experimental
vineyard site, PD pressure is sufficiently high that even some muscadine grapevines (Vitis rotundifolia) show PD symptoms.
However, these muscadine vines do not succumb to PD, but recover.  Additional scoring of symptoms in the grafted vines
will be needed to determine if there is an effect of rootstock variety.  Symptom evaluation will occur in the spring and fall
of subsequent growing seasons.

Ungrafted vines of rootstock varieties exhibited a range of symptom levels (Table 1).  Some O39-16 vines did not display
symptoms of Pierce’s disease, and this rootstock characteristically had less severe PD symptom expression.  In contrast,
Ramsey and St. George showed more severe PD symptoms.  Interestingly, St. George has been considered to be PD
tolerant under some conditions.  The population of bacteria, level of inoculation, or cultural or climatic conditions could be
impacting the PD symptom expression in St. George in this situation.  The low level of symptom expression in O39-16 is
consistent with the parentage of this rootstock.  O39-16 is a V. vinifera x V. rotundifolia cross and may have derived its
resistance to PD from V. rotundifolia, which is often regarded as being highly resistant to PD.  Loomis (1952, 1965)
reported that a different rootstock with V. vinifera and V. rotundifolia parentage extended the life of susceptible scions in
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Mississippi.  Correlations of symptom expression in ungrafted rootstocks and scions on those same rootstocks would be
premature at this time.

Additional experiments are planned to further investigate the possible influence of rootstock on PD expression in susceptible
scion varieties.  More rootstocks will be grafted to Chardonnay, including Dog Ridge, 161-49C, Lenoir, Tampa, Florilush,
Blue Lake, Lake Emerald, MidSouth, Daytona, and Miss Blanc.  Dog Ridge and 161-49C have been reported as increasing
vine longevity in areas of high PD pressure (Loomis 1952, 1965).  Lenoir was suggested by Pierce (1905) as a rootstock to
manage this disease.  Tampa and Florilush are rootstocks developed in Florida, which are known to survive ungrafted in the
face of high PD pressure.  Blue Lake, Lake Emerald, MidSouth, Daytona, and Miss Blanc are scion varieties developed in
the southern U.S. that are tolerant or resistant to PD.  In addition to Chardonnay on these rootstocks, Cabernet Sauvignon
will be grafted on all twenty rootstock varieties.  The additional rootstock varieties will also be planted ungrafted to
evaluate correlation of symptom expression in grafted scions and ungrafted rootstocks.

Table 1.  Symptom expression in grafted Chardonnay scions,  own-rooted Chardonnay, and ungrafted rootstocks.
0 = absence of symptoms, 5 = 75-100% of leaf area symptomatic.

Grafted Chardonnay,
by rootstock variety

Mean Symptom Expression Ungrafted
rootstocks,
by variety

Mean Symptom Expression

Screening date (2001) Sept 5         Oct 5        Oct 26 Sept 5         Oct 26
44-53M
5C
3309C
O39-16
110R
Ramsey
Freedom
Own-rooted
5BB
101-14

2.0              3.7            4.5
2.0              2.5            3.9
2.3              2.6            3.6
2.3              2.4            3.7
2.3              3.3            4.3
2.4              3.1            4.0
2.5              2.8            4.2
2.6              3.7            4.4
2.9              2.4            4.0
2.9              3.4            4.5

O39-16
5C
Freedom
3309C
5BB
101-14
44-53M
110R
St. George
Ramsey

1.13            1.6
1.3              1.4
1.4              2.8
1.5              2.3
1.8              2.3
1.8              2.2
1.9              2.7
2.3              3.1
2.4              1.9
2.7              2.9
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GENOME SEQUENCE OF A STRAIN OF XYLELLA FASTIDIOSA ASSOCIATED WITH PIERCE’S
DISEASE IN CALIFORNIA

Project Leader:
Edwin L. Civerolo
USDA, ARS
Davis, CA  95615

Cooperators:
Marie-Anne van Sluys Mariana C. Oliveira Joao Paulo Kitajima
Instituto de Biociencias Instituto de Biociencias Laboratorio de Bioinformatica
Sao Paulo, Brazil Sao Paulo, Brazil Campinas, Brazil

FAPESP, ONSA
Agronomical and Environmental Genomics
Sao Paulo, Brazil

INTRODUCTION

Several economically important diseases of agronomic and horticultural crops, as well as landscape and forest trees, are
caused by different strains or pathogenic variants of Xylella fastidiosa (Xf).  In California, these include (but are not
necessarily limited to)  alfalfa dwarf, almond leaf scorch, oleander leaf scorch, and Pierce’s disease (PD).  Other Xf-caused
diseases that are potential threats to California agriculture are citrus variegated chlorosis (CVC), phony peach, and plum
leaf scald.  Recently, the complete genome sequence of Xf strain 9a5c, which causes CVC in Brazil, was determined (3).
Such information is useful for increased understanding of Xf-host interactions in order to develop new disease management
strategies.  However, the nature of, and mechanism(s) involved in, differing host ranges of Xf strains are not completely
understood.  Therefore, comparative information about the genome structure, specifically the complete genome sequence,
of another Xf strain (besides Xf-CVC strain 9a5c) could contribute to elucidation of Xf-host and Xf-insect vector interactions.
Accordingly, the complete genome sequence of a strain of Xf associated with PD in California was determined through a
cooperative project between the USDA-ARS (including AVF and CDFA) and FAPESP.

OBJECTIVE

Determine the complete genome sequence of a Xylella fastidiosa strain associated with Pierce’s disease in California.

RESULTS AND CONCLUSIONS

Genome assembly of a strain of Xf associated with PD in California (Xf-PD [Temecula1]) was achieved through shotgun
and cosmid sequencing by the AEG network from the ONSA-FAPESP program. The draft generated so far has 2,507,178
bp, which corresponds to 93.6 % of the previously sequenced Xf strain associated with citrus variegated chlorosis (Xf-
CVC).  In addition, only a miniplasmid consisting of 1.345 bp was found in the Xf-PD (Temecula1) genome.  This plasmid
is similar to the previously described miniplasmid in the genomes of other Xf strains.

Xf-PD v1.0 draft genome assembly was obtained after using “Scaffold” program (2) on our database consisting of 191
contigs generated from shotgun reads and cosmid ends. From the scaffolded genome, 14 cosmids and 2 plasmids were
selected for further sequencing in order to close the genome. The overall base quality achieved for this genome is phred
quality above 50 for 99.7 % of the nucleotide bases. Low quality regions are being screened to determine regions to have
base quality improved.

The Xf-PD genome harbors large rearrangements compared to the Xf-CVC genome.  These rearrangements include some
translocation events as well as insertion/deletion (INDEL) events.  INDEL events can either be represented by single
missing or inserted gene or sets of genes, most being related to phage sequences. These structural differences were first
identified by cross match analysis and the genes involved in these rearrangements are now being identified by the annotation
of the genome.
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Open reading frames (ORFs) were identified in the genome using the “GeneMark” program (1) and subsequently analyzed
by a group of 40 annotators. Annotation is being carried in a first set of 1,935 identified ORFs.  From these, 6.0% are
exclusively ORFs from the Xf-PD genome while the Xf-CVC genome has 25% exclusive ORFs. Both the Xf-PD and Xf-CVC
genomes have similar distributions of mobile genetic elements, which include phage, transposon and plasmid-related se-
quences.

There are ORFs in the Xf-PD genome that are present in more copies than in the Xf-CVC genome.  Also, there are missing
genes in the Xf-CVC genome that are missing in the Xf-PD genome. These are being carefully analyzed and the final
description is dependent upon completion of the annotation process.  Interestingly, there is a region in the Xf-CVC genome,
which is missing in the Xf-PD genome.  This region encompasses 76 genes corresponding to at least a deletion of 70,000 bp.
Also, no group II intron was detected in the Xf-PD genome. On the other hand, there is at least one new phage insertion in the
Xf-PD genome not described in Xf-CVC genome. These comparative analyses will help target specific genes in either strain
to be studied as well as common genes that enable these bacteria to live in the plant xylem and in the insect foregut.
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APPLICATION OF AGROBACTERIUM RHIZOGENES-MEDIATED TRANSFORMATION STRATEGIES
FOR (A) RAPID HIGH THROUGH PUT SCREEN FOR GENETIC RESISTANCE TO PIERCE’S DISEASE
IN GRAPE THAT MAINTAINS THE CLONAL INTEGRITY OF THE RECIPIENT HOST, AND (B) RAPID

SCREENING FOR VIRULENCE DETERMINANTS IN XYLELLA FASTIDIOSA

Principal Leaders:
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Funds for this project were received 1 August 2001.

This brief report will summarize the results that have been accomplished for the two-month period August 1 to October 1,
2001 dating from the receipt of funds.

INTRODUCTION

The goal of this project is to identify novel genes from either grape or heterologous plants that, when expressed in grape,
will lead to disruption of infection or spread of the xylem-limited bacteria, Xylella fastidiosa. There is no useful genetic
resistance in commercially used grape clones, and introgression of resistance from grape relatives by sexual crossing
introduces substantial genetic variation.  Introgression of resistance would be most useful if it were introduced directly into
vegetative tissue without requiring recurrent selection to attempt to return to the original host genotype.  We have developed
a functional screen for cDNAs that block either bacterial multiplication, movement or symptom expression using an A.
rhizogenes mediated transformation strategy that also enables the direct introgression of cloned resistance genes into a
susceptible host plant while maintaining the clonal integrity of the recipient plant following transformation.

OBJECTIVES

The research plan includes (a) a rapid functional screen for genes that confer resistance to Pierce’s disease (PD) in transformed
grape tissue and (b) an analysis of potential pathogenicity factors of the PD causative agent, the bacterium X. fastidiosa.
Approximately 85% of the research effort is devoted to sub-objective (a) and 15% to sub-objective (b).

Sub-objective (a):  Screening for resistance genes in Agrobacterium rhizogenes-induced X. fastidiosa-infected
hairy root cultures. (85% effort)

The goal is to rapidly identify resistance genes in grape genotypes that block any one of several required steps in the
infection and spread of X. fastidiosa in the xylem.

RESULTS AND CONCLUSIONS

Transformation with A. rhizogenes
The method of delivery of the cDNA libraries into grape is now established in our laboratory.  In the pasts two months we
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have confirmed that grape is readily transformed by A. rhizogenes and that foreign genes (green fluorescent protein, GFP),
including our new cDNA libraries, can be expressed readily in grape by this method.  In the case of the roots expressing GFP
driven by the 35S promoter, all roots were highly fluorescent when viewed under a fluorescence microscope.

Transformation of infected grape with A. rhizogenes
We have established Xylella infections in the xylem of V. vinifera (Chardonnay) and transformed test genes into roots
derived from infected stem sections by A. rhizogenes.  Transformed root induction occurred equally well on both infected
and healthy stem sections. Interestingly, and perhaps fortuitously, the roots from the healthy stem sections remain alive and
growing after 2 months, however the roots that emerged from the infected stem sections appeared normal for about two
weeks but then they stopped growing and eventually died. We have now repeated this result and believe it constitutes a direct
assay for genes from the resistant background that block movement into or accumulation of bacteria in the very young roots
that leads to root stress and eventually death.  If this works, as now visualized, we will be able to screen the cDNA libraries
without the GFP-transformed X. fastidiosa.

Construction of cDNA libraries
Isolation of grape mRNA proved to be a considerable challenge, not only for us but also for Dr. Cook’s research group who
have similar needs for clean RNA preparations from grape. In the past two months we have developed a procedure that now
enables high yields of high quality RNA from grape. Dr. Cook’s group now uses the procedure successfully; details of the
procedure can be obtained by email. We have now begun the library construction from both healthy and infected grape
tissue.  The mRNA is being converted into cDNA and cloned into a binary plant transformation vector, a derivative of
pBIN19, with the CaMV 35S promoter for high level, constitutive expression.  Libraries are being made from Vitis vinifera
(Chardonnay), Muscadinia rotundifolia (Cowart), and Vitis shuttleworthii (Hanes City) as indicated in the original proposal.
These materials are being used in Dr. Walker’s research and the libraries will be available to his group. The first screens will
be done with the Cowart cDNA library with susceptible Chardonnay as a recipient host.

Transformation of X. fastidiosa with the green fluorescent protein (GFP)
Using the technique developed by Zhang et al. (2000), Guilhabert and Kirkpatrick introduced a kanamycin resistance gene
into X. fastidiosa; by electroporating a Kan cartridge with inverted repeats and a bound transposase that catalyzes the
insertion of the Kan resistance gene.  However, our current results indicate that this method, although effective at generating
very low level Kan resistance, is not effective in introducing GFP with expression at a level necessary to visualize the
bacteria in the xylem of grape. We have now constructed a modified transposon that expresses Kan resistance and GFP from
T7 RNA polymerase promoters.  Also present at the very end of the transposon is a promoter-less T7 RNA polymerase gene.
Following electroporation, we expect random insertions into the genome some of which will have integrated in a manner
whereby a low level of T7 RNA polymerase (higher levels are toxic) is expressed, resulting in a large amount of Kan
resistance and GFP expression.  This method is currently being tested in E. coli.

Sub-objective (b) Identification of virulence genes in X. fastidiosa (15% effort)

Objective (b) is designed to identify those genes of the Xylella fastidiosa bacterium whose products are essential for
virulence. The research described under objective b is directed by Dr. Bruening.

RESULTS AND CONCLUSIONS

A program aimed at recovering X. fastidiosa mutants requires a rapid simple assay for such mutants.  Beginning in July of
2000, we developed an assay for biological activity of X. fastidiosa that requires only two days. Cell suspensions (0.1 to
0.4 A600 turbidity) are pressure infiltrated into inter-vein panels of 3-5 cm long leaves of Chenopodium quinoa. A chlorosis
with small yellow to white spots, limited to the infiltrated area, develops in about 40 hr. Some tested Xanthomas species,
which are closely related to Xylella, evoked no reaction on C. quinoa, whereas a few caused chlorosis or late necrosis
(observations of Dr. Edwin Civerolo). Pseudomonads evoked necrosis.  All six of the virulent X. fastidiosa strains tested to
date induce chlorosis with spots on C. quinoa. More than 500 X. fastidiosa transposon mutants from the laboratory of Dr.
Bruce Kirkpatrick were tested. None of these mutants failed to give chlorosis, suggesting that no transposon mutant tested
has an insert in any region of the bacterial genome needed for chlorosis induction or that the factor(s) needed for chlorosis
induction are essential to X. fastidiosa.
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We observed that the chlorosis-inducing activity survived being heated to 100°C for 6 min or being incubated in detergent
solution at 65°C for 30 min. These results suggested that the activity does not require a protein but might, for example, be
due to a polysaccharide.  However, incubation with any of three proteases eliminated or nearly eliminated the activity,
suggesting that a protein component of unusual stability to heating and detergent contributes to the chlorosis-inducing
activity.  Experiments designed to identify the putative protein component of the X. fastidiosa-derived activity are in
progress and will take advantage of genomic information available. Other research in progress explores the possible
biological relationships between chlorosis on C. quinoa and the leaf inter-veinal chlorosis that is one of the symptoms of
Pierce’s disease in grape.

31



EFFICACY OF INSECTICIDES USED FOR GLASSY-WINGED SHARPSHOOTER CONTROL IN CITRUS

Project Leaders:
Elizabeth E. Grafton-Cardwell Craig Kallsen
Department of Entomology UC Cooperative Extension
University of California Kern, CA
Riverside, CA  92521
(Stationed at the Kearney Agricultural Center)

Cooperators:
Chris Reagan Marjie Bartels
Department of Entomology UC Cooperative Extension
University of California Kern, CA
Riverside, CA

INTRODUCTION

Glassy-winged sharpshooter (GWSS), Homalodisca coagulata, is currently infesting more than 130 square miles of grapes,
citrus, and urban landscapes in Kern County.  Citrus is a preferred oviposition host for GWSS, thereby acting as a source
of adults that move into grapes and potentially vector Pierce’s disease (PD).  The incidence of PD in Kern County was
thought to be very low, however, after 4+ years of heavy GWSS densities in the General Beal Road area, the incidence is
beginning to escalate.  Kern County grape growers are aggressively treating their vineyards with pesticides and requesting
that neighboring citrus growers treat their orchards as well.  Research is needed to understand how efficacious citrus
insecticides are against GWSS and how these additional treatments will disrupt citrus IPM.  While vector control is not the
long-term solution to the PD problem, it will be important in the short-term to slow the spread of the disease in Kern
County and help delay the advance of GWSS into other agricultural areas of the San Joaquin Valley.

OBJECTIVE

1. Conduct pesticide trials in commercial citrus in Kern County to determine the efficacy of various registered
insecticides against glassy-winged sharpshooter.

RESULTS AND CONCLUSIONS

A group of 10 citrus orchards in Kern County were periodically surveyed by UC Cooperative Extension personnel for pests
and beneficials during 2000 and 2001 as a part of an IPM Demonstration program.  The sampling method consisted of using
a sweep net in the winter months and conducting a 2-minute visual search in the spring-fall months of 20 trees per orchard.
Yellow sticky cards were monitored monthly to measure densities of Gonatocerus ashmeadi.  Glassy-winged sharpshooter
was present in all orchards during early 2000 and so we were able to observe how the standard insecticide practices, as well
as sprays targeting GWSS, affected their populations.

Table 1 shows the GWSS egg mass and adults+nymphs counts for 2000.  Citrus thrips insecticide treatments are generally
applied late April and early May.  Blocks 1-8 applied selective insecticides for thrips (Veratran , Success , and Agri-
Mek ) and these insecticides had little or no effect on GWSS.  Blocks 9 and 10 applied broad spectrum carbamate (Carzol )
or pyrethroid (Baythroid ) insecticides for citrus thrips and these treatments were effective against GWSS for one-two
months.  Treatments of Admire for GWSS were applied to blocks 1, 4, 7, and 8.  The Admire helped to reduce GWSS
throughout the summer months, but began to break down by November when harvest was beginning.  Growers that wanted
to ship to packinghouses in uninfested areas were forced to treat with Lannate (blocks 8 and 9) to disinfest their crop.
These treatments helped to reduce the winter population of GWSS in those two blocks, however, by the following April the
populations of GWSS were increasing again (Table 2).  California red scale was treated with either Esteem (blocks 1, 9,
and 10) or Lorsban (block 8).  Neither insecticide was very effective in reducing GWSS.

Table 2 shows the GWSS densities during 2001.  Block 1 conducted an aggressive and successful program to eliminate
GWSS by treating with Lannate in April followed by Admire in May.  Blocks 2, 3, 4, 7 and 8 continued to use a very
soft pesticide for citrus thrips (Success , Agri-Mek or Veratran ) and these insecticides did not reduce GWSS.   Blocks
5, 6, 9, and 10 applied broad spectrum pyrethroid insecticides (Baythroid and Danitol ) for thrips control in May and
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these were effective in reducing GWSS initially, but these residues began to break down and GWSS began to increase in
July.  Block 3 applied Provado (foliar imidacloprid) for citricola scale control in July and it reduced but did not eliminate
GWSS.   Sites 6 & 8 used Esteem for red scale and these insecticides had no effect on GWSS.  All sites that applied
Admire (Blocks 1, 4, and 7) were successful in reducing GWSS to very low levels.  Block 8 applied Evergreen (pyrethrin
+ piperonyl butoxide) for GWSS and only partially reduced the population.

To summarize, the best suppression of GWSS in citrus has been through the use of a foliar broad spectrum pesticide (pyre-
throid or carbamate) in the spring to reduce overwintering adults, followed by a systemic Admire treatment to reduce their
numbers in the summer.  No treatment program has prevented GWSS from returning to the citrus in the fall and overwinter-
ing in that crop.  Insecticide treatments applied specifically for in-season or preharvest reduction of GWSS have increased
grower applications from an average of 1.4 to 2.0 treatments per orchard in 2000 and an average of 1.7 to 2.4 in 2001.  This
increase of 0.6-0.7 treatments per orchard of course has a direct economic cost to the citrus grower, but it also has a long-
term cost.  The insecticides that work well to control GWSS are not compatible with vedalia beetles.  Thus, we are likely to
see outbreaks of cottony cushion scale develop in Kern County that will then require treatment with additional broad spec-
trum insecticides such as Malathion and Supracide.  This, in turn, will disrupt attempts to control citrus thrips, red scale, and
mites with natural enemies.  Eventually, GWSS and other pests will develop resistance to these insecticides because of
repeated use and we will see outbreaks of other pests.  Because of the seriousness of the GWSS as a vector of disease, a
number of growers in Kern County have abandoned an excellent IPM program and stepped back onto a pesticide treadmill.

Table 1.  Densities of GWSS in Kern County IPM demonstration orchards – 2000.

Site Apr May May Jun Jun Jul Jul Aug Sep Nov Pre- Dec
23 7 21 11 25 9 23 13 3 5 harvest    17

1 *1/0 4/1 1/4* 0/4 1/0 4/0 0/0 0/0 0/5* 0/9 0/16
2 0/0 0/0 0/0* 0/29 43/28 23/0 8/10 0/38 0/136 0/21 0/24
3 6/0* 1/3 2/0 0/32 49/21 40/5 6/12 6/24 3/12 0/7 0/14
4 0/0** 0/1 0/0 0/9 1/2 1/0 1/0 0/0 0/0 0/1 0/1
5 0/0* 0/0 0/0 0/0 0/3 3/2 21/12 14/1 4/5 0/16 0/30
6 0/0* 0/0 0/0* 0/0 0/0 11/0 4/0 1/0 5/1 0/28 0/12
7 *1/3* 0/3 1/1 0/2 1/0 0/0 1/0 0/0 0/0 0/8 0/5
8 2/3* 0/1* 2/0 0/0 0/0 11/2 9/0 1/0 0/2* 0/10 * 0/0
9 1/0* 3/0 0/0 0/0 2/0* 4/0 7/0 0/0 1/0 0/1 * 0/1
10 0/0* 0/0* 0/0 0/0 0/0 17/9 17/1 16/3 10/32 0/10 0/21

2000 Pesticide Treatments (* Indicates when treatment occurred)
Site 1: (April 21) Admire for GWSS, (May 31) Veratran for citrus thrips, (Sept 29) Esteem +oil for red scale
Site 2: (May 24) Success + oil for citrus thrips
Site 3: (May 2) 1/2 Success and 1/2 Agri-Mek + oil for citrus thrips
Site 4: (April 25) Admire for GWSS, (May 4) Success for citrus thrips and katydid
Site 5: (May 4) Success + oil for citrus thrips
Site 6: (April 27) Agri-Mek + oil and (June 7) Veratran + molasses for citrus thrips
Site 7: (April 19) Admire for GWSS, (Apr 29) Success + oil for citrus thrips
Site 8: (Apr 26) Admire for GWSS, (May 6) Agri-mek + oil for citrus thrips, (Sept 24) Lorsban for red scale,

Lannate (Nov) for GWSS
Site 9: (May 1) Baythroid for citrus thrips, (July 6) Esteem + oil for red scale, Lannate (Nov) for GWSS
Site 10: (Apr 27) Carzol for citrus thrips + Lorsban for katydid and GWSS and (May 20) Esteem for California red

scale
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Table 2.  Densities of GWSS in Kern County IPM demonstration orchards – 2001.

Adults Egg masses/Nymphs+Adults

Site Jan Feb Apr Apr May May Jun Jun Jul Jul Aug Sep
15 19 2 23 7 21 4 28 9 30 13 3

1 5 1 9/0* 10/12 0/0* 0/1 0/0 0/0 0/0 0/0 0/0 0/0
2 17 19 12/4 8/14 2/1* 2/8 3/17 38/33 32/26 *0/0 1/0 2/0
3 5 19 3/2 5/0 5/0* 3/5 2/29 38/44 18/17 7/11 2/17 4/15
4 2 0 0/0 1/0* 3/2** 2/0 1/0 0/0* 1/2 0/0 0/0* 0/0
5 1 0 0/0 1/0* 0/0 0/0 0/0 0/0 0/0 1/0 1/0 5/0
6 0 2 9/0 1/0* 3/2 0/0** 0/0* 0/0 0/1 6/2 3/0 6/0
7 7 5* 0/2 0/0 0/0* 0/0 0/0 0/0 0/0 0/0 0/0 0/0
8 1 0 8/4 18/1 12/2* 5/0* 2/0 1/0 14/7* 20/1 9/1 6/0
9 0 0 2/1 4/0 2/0* 1/0 0/0* 0/0 0/0 2/0 0/0* 5/2
10 0 1 9/0 6/0 1/0* 1/0 0/0 2/0 7/7 6/0 9/2 22/5

2001 Pesticide Treatments (*Indicates when treatment occurred)
Site 1: Lannate for GWSS (Apr 8), Admire for GWSS (May 7)
Site 2: Success + 0.8% 440 oil (May 16) for thrips and katydid, Provado (Jul 16) for citricola scale
Site 3: Success +0.6% oil (May 20) for thrips
Site 4: Veratran +Molasses for thrips (May 3) + Kryocide for katydids, 1/2 rate of Admire for GWSS (May 8),

Success for thrips (May 12), 1/2 rate of Admire for GWSS (July 6), Esteem (Aug 24) for red scale
Site 5: Success + Baythroid + 1% oil for thrips & katydids (May 4)
Site 6: Success + Baythroid + 1% oil for thrips & katydids (May 4), Success +1% oil (May 23) for thrips,

Veratran + Molasses (Jun 1) for thrips, Esteem +Latron B1956 (Jun 11) for California red scale
Site 7: Admire for GWSS (Mar 29), Success + .8% oil for thrips (May 4)
Site 8: Agri-Mek + 1.6% oil for thrips (May 7), Esteem + Cygon (May 25) for red scale and thrips, Evergreen

(Jul 23) for GWSS
Site 9: Baythroid + .5% oil for thrips (May 7), 1/2 block Baythroid + 1/2 block Success (June 8), 1/2 block

Esteem (Aug 29) for California red scale
Site 10: Danitol for thrips, worms, katydid and GWSS (May 15)
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EVALUATION OF EFFICACY OF SEVIN   TREATMENTS IN PORTERVILLE GWSS INFESTATION

Project Leader: Cooperator:
Elizabeth E. Grafton-Cardwell Dennis Haines
Department of Entomology Tulare County Agricultural Commissioner’s Office
University of California Tulare, CA
Riverside, CA  92521
(Stationed at the Kearney Agricultural Center)

INTRODUCTION

In 1999, the agricultural community in Temecula, California became aware that glassy-winged sharpshooter (GWSS) was
a serious problem with regard to transmitting the bacterium Xylella fastidiosa and was causing epidemics of Pierce’s
Disease in grapes.  This discovery spawned a search for GWSS in other areas of California during 2000.  On May 16, 2000
yellow panel traps revealed an infestation in the Porterville area that was surveyed by Tulare County Agricultural
Commissioner/Sealer’s Office (TCAC) staff, with the assistance of the California Conservation Corp (CCC).  It was
determined that a 9-square- mile urban area of Porterville was infested with GWSS.  After much discussion and examination
of insecticide options, the TCAC decided to treat GWSS-infested residential yards with carbaryl (Sevin ) because it was
registered for both food and ornamental plants.  The purpose of the treatment program was to prevent the pest from
spreading into additional nearby communities, and commercial citrus and grapes.  The effectiveness of this treatment had
not been previously studied.

OBJECTIVE

1. Study the effectiveness of multiple treatments of Sevin for suppression of GWSS in two neighborhoods in the
Porterville area.

RESULTS AND CONCLUSIONS

The Tulare County Agricultural Commissioner’s office staff and the California Conservation Corp conducted visual surveys
of 600 yards during early June of 2000 (ultimately 16,500 properties were surveyed).  Treatments of Sevin were applied
only to yards that had visual signs of GWSS (egg masses, nymphs or adults).  During the period of June 20-26, 2000, a
commercial Pest Control Operator applied Sevin to approximately 300 properties.  A team of entomologists from the
Kearney Agricultural Center sampled 30 residential properties on July 17 (approximately one month after treatments) in
two different neighborhoods to measure densities of GWSS and determine efficacy of the insecticide treatments.  We found
evidence of GWSS (cast skins, old or new egg masses, and live individuals) in all 30 residences, yet only 50% of these
residences were sprayed in June.  This suggests that the California Conservation Corp crews were about 50% effective in
finding evidence of GWSS when they first began surveying.  As a result of this finding Tulare County Agricultural
Commissioner’s office and California Conservation Corp conducted another full survey to identify additional infested
properties.  Egg masses were found on Canna, calla lily, Camellia, ivy, tree-of-heaven, citrus, four o’clocks, Viola, grape,
Agapanthus, ash, pear, redbud, apricot, privet, Euonymus, tiger lily, Hibiscus, crape myrtle and apples.  Nymphs were
found on fruitless mulberry, four o’clocks and apples.  Adults were found on fruitless mulberry and grapes.  On July 17th,
approximately one month after the first treatment of Sevin , there were fewer properties and fewer live GWSS found in
the 14 yards that had been treated compared to the 16 yards that had not been treated.  Since many yards were not treated,
and coverage was not complete (tall trees), it is not surprising that the GWSS were not eliminated from these neighborhoods
with one treatment of Sevin (Table 1).

Sevin was applied to over 1,000 Porterville yards during mid to late July.  A survey of the two study neighborhoods in
August revealed very few live stages of GWSS in untreated yards and yards that had received only one treatment, and no
GWSS were found in yards that received two treatments of Sevin .  We found egg masses on apricot, Citrus, Camellia and
four o’clocks.  We found nymphs on grapes, and adults on fruitless mulberry trees and oleander.  At this time of year, it was
difficult to find any live stages of GWSS.  This may have been because the pesticides effectively reduced their numbers,
and/or because the majority of the GWSS were in the adult stage and adults are difficult to see.  Where we did find GWSS
in yards that were treated only once, the finds tended to be next to yards that were untreated.  These data suggest that where
coverage was good and applications of Sevin were repeated, the program successfully suppressed GWSS.
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In five locations, a total of 111 GWSS egg masses were enclosed in mesh bags immediately after treatment with Sevin .
We examined the bags weekly for four weeks and found no survival of nymphs.  This suggests that if the egg masses are
treated directly, the nymphs are very susceptible to carbaryl.  Evidence of parasitism by Gonatocerus ashmeadi was found
at each location.  No live parasites were found suggesting that Sevin was also toxic to this parasite.

In April of 2001, Tulare County Agricultural Commissioner’s office staff re-surveyed all of the Porterville neighborhoods
and treated only 474 properties.  They treated both infested (213) and adjacent (261) properties.  They found that the
GWSS population had not expanded beyond the original 9 square miles of neighborhoods and far fewer properties had
infestations than in 2000.  These data suggest that multiple treatments with Sevin in the urban area helped to contain
GWSS.

Table 1. Surveys for GWSS in two Porterville neighborhoods after first (late June) and second (late July) sprays of
Sevin  .

Treatment Total properties No. of GWSS Infested Live Stages of GWSS
properties

July 17 survey
Unsprayed 16 14 131
Sprayed once 14 9 49

Aug 24 survey
Unsprayed 10 2 3
Sprayed once 6 2 8
Sprayed twice 14 0 0
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A MONOCLONAL ANTIBODY SPECIFIC TO GLASSY-WINGED SHARPSHOOTER EGG PROTEIN:
A TOOL FOR PREDATOR GUT ANALYSIS AND EARLY DETECTION OF PEST INFESTATION

Project Leaders:
James Hagler Kent Daane
USDA-ARS, Western Cotton Research Laboratory Department of Entomology
4135 E. Broadway Road University of California
Phoenix, AZ 85040 Berkeley, CA

Heather Costa
Department of Entomology
University of California
Riverside, CA

INTRODUCTION

Effective control of glassy-winged sharpshooter (GWSS), Homalodisca coagulata, will require an integrated pest
management approach.  A major component of true integrated pest management is the exploitation of the pest’s natural
enemies, which, when utilized to their greatest potential, can increase the effectiveness of other control tactics.  Unfortunately,
very little information exists on GWSS natural enemies (Triapitsyn et al., 1998).  This is especially true for their predaceous
natural enemies. Evidence of predation of GWSS eggs has been observed in the field; however, the composition of the
predator complex, and the relative impact of each predator on GWSS mortality are unknown.

In the past, we have developed a library of monoclonal antibodies (MAbs) specific to the egg stage of Lygus hesperus,
Pectinophora gossypiella, and Bemisia argentifolii (Hagler et al., 1991, 1993, 1994) for use in studying predation in the
field (Hagler et al., 1992; Hagler & Naranjo, 1994a,b).  MAbs provide an avenue to qualitatively assess the impact of
predator species on populations of key insect pests; provide a quick, efficient, and cost effective technique for screening
numerous predators in a conservation biological control program (Hagler & Naranjo, 1994a,b); and provide a method to
compare the efficacy of in vitro-reared predators with that of their wild counterparts in an augmentative biological control
program (Hagler & Naranjo, 1996).

Attempts to monitor GWSS populations and their natural enemies in Southern California are complicated by the presence
of a native species of sharpshooter, the smoke tree sharpshooter, Homalodisca lacerta.  The eggs of this species are
virtually indistinguishable from those of H. coagulata with the naked eye.  Thus it is difficult to separate the relative rates
of predation and parasitism of GWSS and smoke tree sharpshooter in areas where these two species overlap.  The similarity
also prohibits positive identification of GWSS eggs intercepted during quarantine inspections of plant shipments.  A pest-
specific MAb can be used to accurately identify pests that are difficult to differentiate by the naked eye (Greenstone 1995).
A MAb specific to GWSS egg would be an invaluable tool for early monitoring of pest infestation and decision-making in
pesticide application.

OBJECTIVES

1. Develop a monoclonal antibody specific to GWSS egg protein to use in an enzyme-linked immunoassay
(ELISA) to:
a) identify key predators of GWSS by analyzing their gut contents for GWSS remains.
b) differentiate GWSS eggs from taxonomically and visually similar species.

RESULTS AND CONCLUSIONS

Antibody Production
Five BALB/cByJ female mice were immunized 4 times between June 8 to August 31, 2001 by intraperitoneal injection of
100-µl of a 1:1 emulsion of Freund’s Complete adjuvant and phosphate buffered saline containing 100-µg of crude GWSS
egg protein.  Mouse serum (i.e., polyclonal antibody) was collected 3 days after the final immunization and the titer of each
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mouse for the presence of anti-GWSS egg antibodies was determined by ELISA.  All 5 mice had a strong positive response
to the GWSS (Fig. 1).  The titer of each mouse for GWSS egg antigen will be tested again in mid October.  The mouse with
the strongest positive response at a 1:1250 dilution will be selected for fusion.  The fusion of anti-GWSS egg antibody
producing cells with myeloma cells will be identical to that described by Hagler et al. (1991, 1993, 1994).  Hybridoma cell
lines will then be monitored daily to observe for the emergence of hybridoma clones.  Selected hybridoma cell lines will
then be mass screened by ELISA for recognition of molecules within other insect species (e.g., predators, several sharpshooter
species, etc.).  After screening hybridoma cell lines, cells secreting only GWSS-specific antibody will be harvested for
mass production.

Mouse 1
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Mouse 3
Mouse 4
Mouse 5
Negative Mouse

1:50 1:250 1:1250 1:6250 1:32K 1:156K

Serum Dilution

EL
IS

A 
R

es
po

ns
e 

@
 4

50
 n

m

0.0

0.5

1.0

Figure 1. ELISA reactivity of mouse antisera to GWSS.
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ISOLATION AND CHARACTERIZATION OF GWSS PATHOGENIC VIRUSES

Project Leaders:
Bruce D. Hammock Shizuo G. Kamita
Department of Entomology Department of Entomology
University of California University of California
Davis, CA  95616 Davis, CA  95616

Cooperators:
Sarjeet S. Gill David Morgan
Department of Entomology California Department of Food and Agriculture
University of California Riverside, CA
Riverside, CA

INTRODUCTION

Insect pathogens such as insect-selective viruses often cause natural epizootics in the field and can be used as a biological
control agent or vector for carrying plant or crop protection agent.  In order to identify an epizootic, scientists have
classically waited for an outbreak of disease and then tried to isolate the causative agent from diseased insects.  Alternatively,
one can take advantage of the fact that in any population there are multiple infective agents and look for these agents using
biochemical and molecular methods.  At present there are no known viral epizootics of GWSS.  In this project, we are
attempting to isolate and characterize viral pathogens of the GWSS using a new approach we call ‘virus mining”.  In this
approach we assume that GWSS pathogenic viruses will be found and can be isolated from any given population as long as
the population examined is sufficiently large.  Additionally, we are attempting to establish continuous GWSS cell lines that
can efficiently support the replication of the GWSS viruses that we isolate.  A susceptible cell line is a key to the further
characterization and manipulation of a virus and will be beneficial in other areas of GWSS study.

OBJECTIVES

1. Isolate and characterize viruses infective against GWSS.
2. Establish continuous cell lines from embryonic GWSS tissues.

RESULTS AND CONCLUSIONS (April-September of 2001)

GWSS adults (Objective 1) and egg masses (Objective 2) were field-collected during two outings, one on April 25-26
(Filmore, CA) and the other on August 15-17 (Riverside, CA) of 2001.  Adults from the April collection consisted of insects
that had overwintered whereas those collected during August were the progeny of the overwintering insects.  At present the
effect of overwintering on virus ecology is unknown.  GWSS showing unusual behavior or morphology indicative of virus
infection were not observed.  Egg masses from the April collection generally contained from 10-16 eggs whereas the egg
masses from August contained significantly less, generally only 4-8.  Interestingly, although an attempt was made in the field
to select egg masses that were not parasitized by wasps (i.e., masses with any dark-colored eggs, eggs with holes, etc. were
not collected), roughly 40% of the primary cultures showed wasp larvae (Figure 1A), pupae (Figure 1B) or adults (Figure
1C).  This suggested that parasitization of one or more egg per mass occurs at significantly higher levels in the field.
Additionally, during the August outing, female GWSS bearing white spots on their forewings were collected for oviposition
in rearing cages.  White wing spots are an indicator of oviposition within 3 minutes to 36 hours (Hix, 2001).  Egg masses
were stored at 5ºC under humidity for less than 48 h prior to processing for the generation of primary cultures.

In preliminary experiments to isolate a GWSS pathogenic virus (Objective 1), approximately 1000 GWSS adults were
homogenized and resuspended in PBS buffer.  The average adult weighed 31.3±6.8 mg.  Following ultracentrifugation
through a 20-50% sucrose gradient at least 7 distinct major and minor bands were observed.  Three very minor bands were
collected, resuspended in PBS, and pelleted.  Following phenol and chloroform extractions, the bands were found to contain
nucleic acid.  Endonuclease and ribonuclease treatments and agarose gel electrophoresis indicated that the bands contained
RNA of approximately 800 nucleotides.  Extractions were performed with three additional batches of approximately 1000
adults each and similar results were obtained.  Since all of the experiments produced similar results, we don’t believe that the
isolated RNAs are of virus origin.  It appeared that the bands were composed of ribosomes and polyribosomes on the basis
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of abundance, density, and size of the RNAs.  We are currently processing larger numbers of adults (approx. 3,000-5,000)
per batch and will use the currently identified bands as markers.  We will also subject potentially virus-containing bands to
scanning electron microscopy.

Egg masses from both collection trips were surface sterilized and dissociated in culture medium in order to generate primary
cultures (Objective 2).  Three out of 17 primary cultures established from the April egg masses and 1 of 11 primary cultures
from the August egg masses have survived and are proliferating.  The lower survival rate of the primary cultures from the
egg masses collected in August may be partly due to the reduced amount of embryonic tissue (resulting from fewer eggs per
egg mass).  The following parameters appear to be the best for the establishment of GWSS primary cultures:  the egg mass
should contain at least 10 eggs (per 1.5 ml of medium) at an early stage of development (see Fig. 1A of Hirumi and
Maramorosch, 1971); 30 second sterilization with 70% ethanol; aseptic dissociation with forceps in ExCell 401 medium
(JRH Biosciences) supplemented with 20% fetal bovine serum (FBS) followed by gentle pipeting, and culture at 28ºC in
darkness.  Sterilization with formaldehyde (2%) and mild trypsinization (0.01%) appeared to be detrimental.  LH, TC-100,
IPL-41 and TNM-FH media each supplemented with 20% FBS were less optimal.  At present, the GWSS primary cultures
are mainly composed of fibroblast-like (Figure 2A), round (Figure 2B), and epithelial (Figure 2C) cells with a doubling time
of 2-3 week.
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POTENTIAL OF CONVENTIONAL AND BIORATIONAL INSECTICIDES FOR GLASSY-WINGED
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INTRODUCTION

The glassy-winged sharpshooter (GWSS) is a primary vector of Xylella fastidiosa Wells et al., the causative agent of
Pierce’s disease (PD) in grapevines.  The incidence of PD has increased with serious fruit and vine losses as GWSS
numbers have increased in southern California (Blua et al. 1999).  With continuing spread of GWSS, Purcell et al. (1999)
suggested that diseases caused by X. fastidiosa are likely to become more prevalent.  There is an urgent need to develop
short- and long-term GWSS management that is economically, ecologically and socially acceptable.  The essential cultural
and biological components of developing integrated pest management (IPM) strategies for the short-term, at least, will
need an efficacious GWSS chemical control component with attendant insecticide resistance management (IRM), and
integrated crop management (ICM) inputs.

OBJECTIVES

The current studies were conducted to identify selective, conventional and biorational insecticides against immatures as
potential components of GWSS management programs and evaluate their effectiveness for control.  Previously, we studied
insecticides for control of adult GWSS in grapes (Akey et al. 2001).

RESULTS AND CONCLUSIONS

We conducted a series of field trials using natural GWSS populations (eggs to nymphs to adults during a 6-mo. period in
the spring/summer of 2001).  Trials were conducted on small citrus, 2-m ht. orange trees.  Experiments were conducted in
a 3-replicate randomized complete block design at University of California, Agricultural Operations, Riverside, California.
Plots were 0.114 ac in size; 25 by 22 ft, 3 trees per plot with guard rows on each side.  Counts were made weekly following
insecticide applications..  Mean separation tests were made following significant F values by analyses of variance.

Treatments were made with a windmill blast-type sprayer (John Bean Div., FMC) (compliant with Good Lab Practices,
GLP).  Spray delivery was at 180-200 psi at 300 gal/ac with 5 swivel-nozzle bodies (Tee Jet) on one side; 10 nozzles, each
had a core 23, disc 6, and slotted strainer.  Insecticide trade and generic names, chemistry classes, formulations, product
amounts, AI/ac, and source companies are given in Table 1.  An adjuvant, Silwet L 77, (Loveland Ind.) was used in all
formulations.  Spray penetration was estimated using water sensitive paper (Spray Systems, Inc).

Esteem showed 100% control of egg masses and may be a true ovicide for GWSS (unpublished data).  This needs more
investigation.  Pyrethroids, neonicotinoids, and the IGR Applaud (buprofezin) were highly effective against nymphs of
GWSS.  Future studies should be conducted on rates of Applaud application for GWSS control.  Neem products were
slowly (accumulatively) effective against large nymph production (neem products had no efficacy or repellency on GWSS
adults on grapes; unpublished data, summer/fall 2000).

Our previous experience, and that of many others, in pest insect crop protection using chemical control has shown that
different insecticides, within the same chemical class, often have different qualities that contribute to their usefulness when
applied alone or in tank mixes with another insecticide in a different or even in the same class.  Analyses of the impact on
the total pest and beneficial arthropod populations present in vineyards and associated ecosystems and selection of the
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best-fitting insecticides is a formidable challenge for implementation of ecologically oriented control programs.  Such
insecticide selections have been very useful in other emergency insect outbreak control efforts (Akey et al.1997, Ellsworth
et al. 1997). Grower options that can accommodate management needs in different areas that may vary in climate, pest
complex, and environmental and economic variables are essential, but require extensive research to develop.

Table 1.  Trade names, chemistry classes, formulations and rates per acre of foliar insecticides evaluated for immature
and adult glassy-winged sharpshooter control in Citrus, Riverside, CA, 2001.

Name Chemistry Per acre
Trade Generic Class Formulation† Product        lb AI        Company

Conventional Insecticides

Capture bifenthrin Pyrethroid 2 EC 6.4 fl oz 0.100 FMC

Baythroid cyfluthrin 2 E 3.2 fl oz 0.040 Bayer
1.6 fl oz. 0.020

Fujimite fenpyroxi- Oxime 5 EC 4.0 pt 0.200 Nichino
mate America

Assail acetamiprid Neonicotinoid 70 WP 1.2 oz 0.050 Bayer

Provado imidacloprid 75 WP 10.0    oz 0.460 Bayer

Biorational Insecticides

Trilogy, Neem products 70% 5.0 gal 27.3 Certis USA
clarified
extract of
Neem oil (no
Azadirachtin)

Agroneem neem extract 15.0% 4.0 qt 1.100 AgroLogistics
azadirachtin 0.15% 4.0 qt 0.110

Neemix azadirachtin 4.5% 16.0 fl oz. 0.046 Certis USA

Applaud buprofezin chitin inhibitor 70 WP 2.86 lb 0.200 Nichino
America

Esteem pyriproxyfen JH analog 0.86 EC 16.0 fl oz 0.054 Valent USA

† EC-Emulsifiable Concentrate, SP-Soluble Powder, W or WP-Wettable Powder, SC-Soluble Concentrate.
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DEVELOPMENT OF TRAPPING SYSTEMS TO TRAP THE GLASSY-WINGED SHARPSHOOTER
HOMALODISCA COAGULATA ADULTS AND NYMPHS IN GRAPE (AVF V107)
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INTRODUCTION

The glassy-winged sharpshooter (GWSS) Homalodisca coagulata is native to the southeastern United States where it is a
known vector of various strains of the bacterium Xylella fastidiosa. Since its introduction into California, it has become
established in large numbers in certain areas.  Pierce’s disease has been a problem in California for more than 100 years,
but the GWSS is a more efficient vector of X. fastidiosa because it is a stronger flier than native California sharpshooters,
and it can feed on the xylem of seemingly dormant woody stems.

The wine industry in Temecula, CA has been seriously impacted by Pierce’s disease (PD) losing about 30% of its vineyards
to date.  The combination of PD and GWSS in California poses a serious threat to the grape industries.  About 98,000 acres
of table grapes are currently cultivated in California with 14,000 acres of table grapes in the Coachella Valley (Riverside
County).  The Coachella Valley has a history of PD and there is currently a high population of glassy-winged sharpshooters.
The combination of the bacterium and new vector creates a serious disease threat to grape in the area.  A similar situation
has occurred in Kern County, California as well.

One of the crucial components and cornerstones of integrated pest management is the monitoring for the presence and
density of a pest.  Proper detection methods allow for optimum integration of biological, cultural, physical, chemical and
regulatory measures to manage a pest.  Yellow sticky traps have been used extensively in the southeastern U.S. for monitor-
ing leafhoppers including GWSS in peach (Ball, 1979) and citrus (Timmer et al., 1982).  However, the reliability of these
methods to detect the GWSS in California is questionable, and traps specifically designed for GWSS do not currently exist.
To compound the situation, current methods are not standardized.  For example, different sizes and shades of yellow sticky
traps are being used in monitoring programs. The AM designation on certain traps actually refers to the apple maggot for
which the trap was designed.  Furthermore, the relationship of trap catches to actual populations of GWSS in grape or citrus
are currently unknown.

Trap designs based on the behavior and biology of the insect in question have a much higher chance of success than relying
on trial and error of traps designed to monitor other insects.  Female GWSS secrete and deposit brochosomes on the
forewings just prior to egg laying (Hix, 2001).  These spots are then scraped off during egg laying.  Furthermore, white
spots are secreted before each egg mass is laid, and female GWSS can only produce rod shaped brochosomes after mating.
It is therefore feasible to relate preovipositional females with white spots and residues to egg masses in associated vegetation
analysis.  The white spots are very visible on females caught in traps (Hix, 2001).  Many leafhopper species produce
brochosomes, but only females are known to produce the rod shaped brochosomes.

OBJECTIVES

This research addresses: 1) which hue of yellow is the most attractive to GWSS; 2) what is the field longevity of a trap
before weather and photo degradation impact trap reliability; 3) how does trap catch relate to populations of GWSS in
citrus and grape; 4) GWSS spectral sensitivity; 5) how does temperature affect trap catch; 6) the feasibility of using certain
wavelengths of light to enhance trap catch of GWSS in vineyards and associated orchards; 7) develop and evaluate sticky
barriers to trap and detect GWSS nymphs within a vine or tree canopy.

RESULTS AND CONCLUSIONS

Three trap types were field tested in 2001.  Traps were deployed in citrus groves and grape vineyards with known high
populations in addition to groves and vineyards with low populations.  Trap types tested included flight intercept traps (5
colors), plates (11 colors), and nymph traps (3 colors).  Traps were checked weekly and visual count of egg masses, nymphs,
and adults were made.  Trapped GWSS were sexed, and females with forewing spots of brochosomes or residue were noted.
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The data from the intercept traps and colored plates clearly indicated that GWSS are attracted to yellow as well as orange.
Attraction to these colors was statistically significant and demonstrated that even though the AM type trap may have reliabil-
ity issues, it is clearly not a “blunder trap.”

The yellow and orange colored plates were very successful in catching adult GWSS.  Yellow plates caught statistically more
GWSS than AM traps while orange traps usually caught more than the AM traps (Figure 1).  The interesting thing is that the
yellow plates were more reliable at catching GWSS at low population levels than the AM traps.  The nymph traps reliably
caught 1st through 5th instar nymphs in moderate to low populations.  These traps are easy to deploy in grape canes in
situations where it could take hours of searching to locate nymphs.  Low populations of GWSS nymphs in a vineyard may
pose threats of moving X. fastidiosa from vine to vine within trellises.  The fluorescent yellow and canary yellow intercept
traps attracted large numbers but the collection mechanism only caught about 15% of the bugs that encountered the panels,
which made the traps unreliable.  However, intercept traps were capable of catching live insects.

Additional progress was made in determining that adult and nymphs are attracted to upper UV, and certain wavelengths in
the yellow and orange ranges.  The preliminary data indicated relationships between the number of ovipositional females
trapped and egg laying in associated vegetation.
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MATING BEHAVIOR OF THE GLASSY-WINGED SHARPSHOOTER, HOMALODISCA COAGULATA
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INTRODUCTION

Mating behavior in leafhoppers is mediated by vibrational signals transmitted through plants (Claridge and de Vrijer
1994).  Leafhopper calls are species-specific and have proven useful in resolving taxonomic problems.  Furthermore,
analysis of intra- and interspecific variation in male calls has provided clues about speciation processes.  However, little is
known about mate-finding tactics at the habitat level or the specific cues used by males to locate females after mate
recognition.  Theoretical and some experimental research on leafhoppers and planthoppers clearly indicate that seasonal
patterns of abundance and dispersal are intimately linked to a species mating system (Ott 1993).  Thus, determining rules
that govern mating behavior may ultimately contribute an understanding of population and community level processes.
Also, the application of basic knowledge of leafhopper mating behavior to an applied problem such as developing a novel
monitoring device for the glassy-winged sharpshooter is unexplored.

OBJECTIVES

1. Determine the role of vibrational signals in mate recognition, attraction, courtship, and copulation.  This objective
will be accomplished by describing variation in vibrational signals associated with mate recognition, attraction,
courtship, and copulation and by quantifying behavioral transitions that lead to mating.  Playback experiments
will be done to confirm the involvement of observed signals in mediating the above behaviors.

2. Assess the feasibility of developing improved monitoring traps by using vibrational signals to attract adults.  This
objective will be accomplished by determining the effect of sticky traps augmented with vibrational signals on the
capture of glassy-winged sharpshooters.

RESULTS AND CONCLUSION

Research was initiated July 2001.  Calls emitted by males have been recorded and are being characterized (Figure 1).
Further progress will be reported in the symposium.
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Figure 1. Oscillogram of a signal emitted by a male H. coagulata
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INTRODUCTION

The leafhopper tribe Proconiini composes the “sharpshooters”.  There are 54 described genera and hundreds of species
within this specific taxonomic group (Young, 1968).  All are confined to the New World.  The genus Homalodisca is found
from the United States to Brazil and Argentina.  Outside California, the glassy-winged sharpshooter (GWSS), Homalodisca
coagulata, is known to occur from the southeastern and south central United States into northeastern Mexico.  The exact
limits of its range are known primarily through label data in insect collections.

A collaborative program to collect natural enemies from its area of origin in the United States and Mexico has been
underway since at least 1999, initiated by the California Department of Food and Agriculture, and in cooperation with the
University of California, Riverside, USDA-APHIS, and USDA-ARS and Mexico.  These efforts have led to the successful
collection and release in California of a number of native parasitoids of the GWSS.  In south Texas, GWSS is rare.  A
survey of local egg parasitoids during the past two years has demonstrated that the eggs are heavily attacked by Gonatocerus
triguttatus throughout the sharpshooter’s breeding season and appears most responsible for the low population levels of
GWSS in the area.  This parasitoid was only recently identified from GWSS (Triapitsyn and Phillips, 2000).  No nymphal
parasitoids were detected.

It is not known if parasitoids from other sharpshooter genera and species will attack GWSS eggs.  However, many genera
within the Proconiini are very closely related to Homalodisca and possess similar habits. Homalodisca is among at least
10 leafhopper species that transmit citrus variegated chlorosis in South America.  It is felt that parasitoids of eggs, and
possibly other stages of sharpshooters from similar climate and habitat types from South America, may possess the ability
to also attack GWSS because (1) they can be collected from areas that allow them to be pre-adapted to California climate
conditions, and (2) they may be able to search for and successfully attack GWSS eggs in micro-habitats such as citrus.
Thus, contacts were made and a plan was formulated to explore for and collect sharpshooter parasitoids from South
America and import them into quarantine for identification and evaluation for their potential against GWSS.  Additionally,
a project was initiated to conduct a survey of insect collections to determine the historical range of the GWSS.

OBJECTIVES

The program will encompass the total array of activities available for classical biological control from:
1. Climate matching.
2. Taxonomic review.
3. Foreign exploration.
4. Quarantine evaluation.
5. Release and post-release evaluation.
6. It is also proposed to support collections in South America, provide technical support for insect and host plant

colonization, quarantine evaluation of parasitoids, and in release and evaluation in California.
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RESULTS AND CONCLUSIONS

During 2000-2001, the initial survey year, parasitoids would be collected for identification only, with shipments of live
material beginning during the 2001-2002 season.  Parallel with initial sampling, climate matching will be conducted to
identify areas in South America that match subclimate types where grapes are grown in California.

In cooperation with USDA-APHIS, Mission Plant Protection Center, Mission, TX, a collaborative project was developed
with the USDA-ARS South American Biological Control Laboratory (SABCL), Hurlingham, Argentina, to collect natural
enemies for identification and importation for evaluation in US quarantine.  More recently, a cooperative agreement was
developed with Dr. Mark Hoddle, University of California, Riverside, to share responsibility for receipt, identification,
evaluation and possible non-target effects of imported material.  The USDA-ARS Systematic Entomology Laboratory
would collect label data from GWSS in museum collections to provide information for an accurate distribution map of
GWSS.

The survey of data label information from insect collection is still underway.  A survey of egg parasitoids of the sharpshooter
Tapajosa rubromarginata (Signoret) in northern Argentina was conducted.  This genus is most closely related to
Oncometopia. T. rubromarginata possesses a wide host range including citrus.  Adults were caged over small potted citrus
plants and transported to several sites, including citrus.  From about 220 specimens shipped in alcohol to Dr. Serguei
Triapitsyn, about 10 were species of Gonatocerus, all belonging to the subgroup that attack GWSS in the United States.
The most common species closely resembles G. triguttatus.  Among the trichogrammatids were species in the genera
Oligosita and Zagella.

The examination of Klammadiagrams and a review of the CLIMEX program (Sutherst et al. 1999) resulted in the identification
of areas in the country of Chile that possess identical subclimate types as those where grapes are grown in California.  Also,
areas in northern Argentina matched much of the climate of the southeastern United States where GWSS is considered to
be indigenous.

Permits to import live parasitoids into quarantine facilities in California (Riverside) and Texas (Mission) have been submitted
to USDA-APHIS-PPQ.  Exploration for egg and nymphal parasitoids in Argentina and Chile by USDA-ARS personnel
located in Argentina was initiated again in September, 2001 with the goal of shipping live parasitoids for evaluation
pending receipt of permits.
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INTRODUCTION

The systemic movement of Xylella fastidiosa (Xf) within the plant xylem system is essential to this bacterium’s ability to
cause disease and probably for its indefinite survival in natural environments.  Numerous microscopic studies of plants
affected by Pierce’s disease revealed high concentrations of bacteria in some xylem cells, but it is notable that in all of these
studies, adjacent xylem elements are often devoid of bacteria.  The important basic question of how the bacteria move from
cell to cell is still unanswered.

Our initial hypothesis is that bacterial multiplication is an important requisite for cell-to-cell movement.  Do Xf populations
in nonsystemic hosts reach high or low densities within infected cells?  Do Xf populations in systemic hosts with low
populations of Xf (as determined by dilution plating) attain high populations in few cells or lower populations in many
cells?  We will examine the behavior of Xf in nonsystemic hosts such as willow and mugwort and in plants with low, but
systemic populations, such as blackberry.  The occlusion of xylem cells with Xf in willow, for example, would illustrate that
bacterial aggregates that completely fill xylem cells is not sufficient for systemic movement.

The Xf oleander strain is not systemic in grape and vice versa (A.H. Purcell et al., unpublished data).  The typical fate of Xf
in most woody plant species is to multiply without systemic movement (A.H. Purcell, unpublished).  We will investigate if
this is true for the oleander strain in grape and the grape strain in oleander.  Both of these strains are systemic in their
pathological hosts but not in the opposite host.  We will seek to identify whether oleander strains multiply in grape using
dilution plating on solid culture medium (PW) and confocal fluorescent microscopy.

A recent development that aids the study of bacterial movements in plants is the emergence of scanning confocal laser
microscopy (SCLM).  The new techniques to study bacterial biofilms could provide valuable information on the distribution
of Xf within xylem tissue.  The application of the SCLM coupled with image analysis techniques permits the study of
living, fully hydrated microbial biofilms.

Success in introducing novel genes into Xf (objective 4) to create new but grape-virulent strains with reporter gene constructs
allowing easy Xf detection in grape tissues would greatly facilitate studies of Xf movement in plants.  Such a system could
enable Xf detection with SCLM in plants without fixing, dehydrating, staining, or otherwise preparing plant specimens.
Thus the same tissues could be examined repeatedly to follow Xf movements, especially those events associated with the
cell to cell movements that are critical to disease.  If Xf can be genetically engineered to express the green fluorescent
protein (GFP) gene, the movement of bacteria could be followed through the plant similar to the methods used in studies on
the movement of Erwinia amylovora in apple.  Our use of GFP-mutants for histological studies of movements or of biofilm
formation will depend upon success of objective 4.

An understanding of biofilms may also help explain Xf movement and pathogenicity.  A biofilm is an aggregate of attached
cells produced when bacteria adhere to a surface, initiate glycocalyx (exopolysaccharide) production and form microcolonies.
Xf appears to produce biofilms that are unique compared to other documented biofilms in that they are inhabited only by a
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single bacterial species and occur within plant xylem and insect guts.  Others have speculated the matrix material surrounding
aggregations of Xf within plants improves the bacterium’s extraction of nutrients and provide physical protection. We
suspect that biofilm formation is also critical to Xf’s movement from cell to cell within plants and necessary for its survival
within the vector foregut, from which it is transmitted to plants by insects.  We examine Xf’s occurrence within a spectrum
of host plants - from those in which it multiplies rapidly but does not exhibit systemic spread (willow), to those in which it
multiplies and moves but does not reach high enough levels to cause disease, to pathological hosts such as grape.  We will
also develop methods to produce and examine biofilms under in vitro conditions so as to be able to experimentally manipulate
environmental conditions and determine their effects on biofilm formation.  If we are successful in developing Xf
transformation protocols (objective 4), we should be able to provide conclusive genetic evidence for the potential role of
biofilms in plant pathogenesis or insect transmission by knocking out biofilm biosynthesis gene(s) using transposon
mutagenesis.

OBJECTIVES

1. Understand how Xf moves, and the patterns of its movement, in systemic (grape, blackberry) and non-systemic
(willow) plant hosts using microscopy. (AHP, PCA, BCK)

2. Understand how temperature influences the movement and survival of Xf and the incidence and/or severity of
PD. (AHP)

3. Determine whether vegetation barriers between riparian areas and vineyards and/or insecticide-treated “trap
crops” at the vineyard edge can reduce the incidence of PD. (AHP, EAW, BCK, MAW)

4. Develop transformation / transposon mutagenesis systems for Xf using existing or novel bacterial
transformation vectors.  Use Xf mutants to identify bacterial genes that mediate plant pathogenicity, movement,
or insect attachment. (BCK)

5. Isolate and identify endophytic bacteria that systemically colonize grapevine.  Develop methods to genetically
transform grape endophytes to express anti-Xf peptides.  (BCK)

6. Develop a genetic map to Xf resistance using V. vinifera x (V. rupestris x M. rotundifolia) seedling populations
and AFLP (amplified fragment length polymorphism) markers, identifying resistance markers, and possible
identification of resistance genes.  Utilize DNA markers for resistance to rapidly introgress Xf resistance into
several V. vinifera winegrapes and/or utilize genetic engineering procedures (when available) to move above
identified Xf resistance genes into winegrapes. (AW)

7. The purpose of this objective is to:
a. Determine the resistance of 10 grape genotypes to PD after mechanical inoculation and natural infection with

Xf. Elucidate the xylem chemistry of these grape genotypes and statistically correlate both chemical profiles
and specific molecular markers to PD resistance. (PCA, MAW)

b. Determine the resistance of common host plants (willow, resistant; blackberry, susceptible) to Xf and   discern
the relationship of specific chemical profiles to resistance.  Utilize these techniques to examine resistance
mechanisms of resistant seedlings identified in 6a. (PCA, AHP)

c. Validate the influence of chemical profiles and specific chemical markers on the growth and survival of Xf by
tests in in-vitro culture. (PCA)

RESULTS AND CONCLUSIONS

Objective 1: Understand how Xylella fastidiosa moves, and the patterns of its movement, in systemic (grape,
blackberry) and non-systemic (willow) plant hosts using microscopy (Purcell)

Confocal microscopy of red willow noculated with Xf showed that Xf can multiply to very high levels within individual
xylem elements but does not move to adjacent cells in non-systemic hosts.  Thus, the low populations of Xf recovered from
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willow by culturing represent many Xf cells within a very few colonized cells rather than fewer numbers of Xf in a larger
number of cells.  High magnification scanning electron microscope and modified staining methods of Xf in grape revealed
“tentacle-like” structures (fimbriae) at the narrow ends and division plane of dividing Xf cells collected from expressed
xylem sap of infected grape but not when collected from cultured Xf cells from PW medium. Xf aggregated on the surface
of xylem vessels in PD-infected grape petioles as well as dormant infected grape tissue (green and woody stem pieces)
early or late in colonization of grape xylem.  The bacteria were embedded in a matrix of fibers that covered them in a net-
like fashion.  This matrix of Xf cells and extracellular materials (a biofilm) adhered to the xylem cell walls.  The fimbriae
of attached Xf connected only in contact with plant tissues. Biofilm formation appears to be a consistent feature of colonization
of grape by Xf. Cells of Xf grown in a new culture provided by Brazilian collaborators produced abundant extracellular
fibrils but not fimbriae, and these cells attached strongly to glass, unlike cells grown in traditional Xf media (PW).  Our
findings suggest that Xf produces attachment structures only under specific environmental cues.

Objective 2.  Understand how temperature influences the movement and survival of Xylella fastidiosa and the
incidence and/or severity of PD (Purcell)

Field inoculations of grape at different times of the year at Oakville (1997), Davis (1997-98), Fresno (1998-99) and
Hopland (1999) consistently confirmed that infections during April through May and to a much lesser in June resulted in
persistent infections of Xf the following year; whereas most June, July or August inoculations resulted in non-persistent
infections unless the base of canes were inoculated.  At the Hopland site, recovery of early-season infected vines was the
first evidence of possible climate-mediated recovery of PD-infected vines that was not explainable by pruning eliminating
the Xf infections.  Inoculations of vines during April 2000 in San Luis Obispo County and Santa Barbara County suggest
that cool temperatures (not exceeding 16 0C) following inoculation may not allow systemic infection by Xf. The highest
populations of Xf occurred at the bases of symptomatic canes and decreased towards the tip of sampled canes in experimentally
inoculated or naturally infected vines.

Experimental freezing of dormant, PD-infected potted vines cured the plants of PD at rates of 0 to 70% after exposures to
temperatures ranging from -2 to -10 0C for 3 successive freezing exposures.  Cane segments treated identically at the same
time never recovered, suggesting that some aspect of plant physiology, rather than the direct action of freezing alone, kills
Xf by freezing in grape xylem.  The survival of Xf after freezing in various liquid media further supports this view.

Objective 3:  Determine whether vegetation barriers or trap crops can reduce the incidence of PD in riparian
areas. (Weber)

Two trap crop trials have been established on either side of a large vineyard in Napa.  One trial borders the Napa River, the
other Milliken Creek.  Vines are spaced 9 feet (rows) by 5 feet (in-row).  In each trial, St. George rootstock is planted at the
ends of adjacent rows to create the trap crop treatments.  Trap crop treatments include the first 6 vines in 12 adjacent rows.
In each trial, there are three replicate trap crop planting and three control plantings where Chardonnay or Pinot Noir are
planted to the end of the row.   The vineyard was planted in May 1999.  By October 2000, trap crop vines along the Napa
River had reached the upper trellis wire and had filled in well.  They were pruned in December along with the rest of the
vineyard leaving wood on the “fruiting” wire.  On the Milliken Creek side, deer did considerable grazing damage throughout
the year and the vines did not develop as well.

Admire (soil-applied imidacloprid) was applied to trap crop vines in November 1999.  Due to concerns about its efficacy,
this will be replaced with a spring 2001 treatment of Provado (foliar-applied imidacloprid).  BGSS were monitored in 2000
in both trials using yellow sticky cards placed at the ends of rows.  BGSS were detected in all treatments, although counts
were relatively low.  Per-trap catch totals ranged from 2 to 23 BGSS for the trapping period March-October.  A PD disease
survey was conducted in both trials in Sept. 2000 extending approximately 40 vines into the vineyard.  Only 5 vines were
found showing PD symptoms.  Monitoring and mapping will continue in 2001.

Objective 4:  Develop transformation and transposon mutagenesis for Xylella fastidiosa (Kirkpatrick)

Procedures were developed to successfully introduce the transposon, Tn5, into two different strains of Xf. Electroporation
conditions that were similar to those that have been used to electroporate DNA into several Xanthomonas species were
found to be efficacious for electroporating DNA into Xf. Several attempts to transpose Xf with two different Tn5 and two
Tn10 suicide constructs failed to produce transposed Xf cells. However, using identical electroporation conditions, we
obtained several hundred Tn5 mutants of both the Fetzer and Temecula Xf strains using a “transposome” complex composed

54



of a transposase protein/DNA complex containing Tn5. Southern blot analysis showed these were random, single, Tn5
inserts throughout the Xf genome. Sequence analysis of Xf genomic DNA that flanked the Tn5 insertion identified several
genes that were found in the CVC strain of Xf. We now have approximately 500 Tn5 mutants stored at –80; inoculation of
grapevines and other analyses of the mutants will begin in a few months after several thousand mutants have been obtained.

Three, 1.8 kb Xf plasmids were cloned and sequenced from the UCLA Xf strain. The largest open reading frame (ORF) on
these small Xf plasmids had significant homology with another phage replicase gene, suggesting this Xf ORF encodes a
plasmid replicase gene.  Initial cloning of these plasmids probably interrupted the promoter for this ORF and we have since
recloned these plasmids at another location on the plasmid. We are now introducing the KanR gene from the Tn5 construct
described above, which we know is expressed in Xf, into the cloned Xf plasmids. In this manner we hope to construct an Xf/
E. coli shuttle vector that will greatly facilitate molecular genetic analyses of Xf.

Objective 5:  Isolate and identify endophytic bacteria that systemically colonize grapevine xylem.  Identify
natural, or genetically engineer, endophytes to be antagonist to Xylella fastidiosa (Kirkpatrick)

Several hundred bacterial isolates were obtained from both healthy and Xf-infected grapevines located in Napa and Yolo
counties.  Specific grapevines of two cultivars were sampled bimonthly during 1999 and 2000. In addition, healthy appearing
grapevines that were growing in the middle of vineyards that were decimated by PD were also randomly sampled.  Four
different media were used to cultivate the bacteria, however no significant differences in the types or numbers of bacteria
were observed using the different media.  Gram stains were performed on all of the isolates so that the appropriate Biolog
plates can be used to initially identify the isolates, at least to the genus level.  Beginning in the spring these isolates will be
pin-prick inoculated into grapevines growing in the greenhouse.  After several weeks, attempts will be made to recover the
bacteria from sections of xylem that are 2 or 3cm from the point of inoculation.  Any bacteria that are found to systemically
colonize grapevine xylem in reasonable concentrations will be tested for natural antagonism towards Xf. We are now
screening a random peptide library for synthetic peptides that are inhibitory to Xf. If these peptides are identified, attempts
will be made to genetically engineer grape endophytes to express these peptides within grapevine xylem.

Objective 6:  Genetics of Resistance to Xylella fastidiosa (Walker)

A Design II mating design with a set of 6 females by a set of 6 male parents, from which we will select sets of seedlings to
study the inheritance of Xf resistance, is completed.  The mean expression of resistance within a given female across all
males and similar comparisons of males across females will allow us to draw conclusions about the inheritance of Xf
resistance.

We define Xf resistance as the ability of a genotype to limit the movement of Xf, particularly in a downward direction, and
have tested a set of resistant and susceptible individuals to determine whether this definition is valid.  The known susceptible
genotypes were V. rupestris ‘A. de Serres’ (the female parent of the 89 population), Chardonnay and the V. rupestris x M
rotundifolia genotype 8909-19, potentially resistant genotypes were 8909-04 and 8909-11, and the resistant genotypes
were 890915 and 890917.  After 4 weeks, Xf was easily detected in the three susceptible genotypes.  By 16 weeks, the
differences among resistant and susceptible genotypes are very clear in terms of both symptom expression in leaves and
unevenly lignified stems and ELISA readings. ELISA is cheaper, faster, quantifiable and more simple than PCR detection
of Xf, and can reliably detect 10,000 cfu/ml of Xf in ground plant sap.  150 samples with duplicate readings can be
processed in a day at a material cost of $0.28 per plant sample.  IC-PCR detection is 10 more sensitive, but is not quantifiable
and costs about $1.44 per sample.  Nested PCR gave very good results and is 100 times more sensitive than IC-PCR, but
few samples can be run per day, and the cost of materials and labor is high ($2.88 per sample).  We also examined spot-
PCR which would allow several hundred samples to be run per day, but the sensitivity is equivalent to ELISA and cost
$2.70 per sample.  (All costs exclude labor).

We are mapping Xf resistance in the V. rupestris X M. rotundifolia 9621 population (previously used for Xiphinema index
resistance).  We have AFLP marker data on about 70 of the 150 individuals and are testing 4 replicates from each of these
150. Xf resistance data from 70 individuals are complete and the others are due for analysis in about 4 months.  We plan to
place Xf resistance on our existing AFLP based map.  If the resistance trait does not place on the existing map, we have
seeds for a second mapping population based on a cross of the 8909-15 X 8909-19, a resistant by susceptible genotype
which will allow greater power in mapping the resistance genes.  However, this seedling population will have to be grown
out from seed, propagated and screened for resistance and marker information.  We also have (8909-08 and 8909-23) to
Chardonnay, which should also segregate widely.
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We bench-grafted Chardonnay on each of the following rootstocks: AXR#1, St. George, 3309C, 101-14Mgt, Schwarzmann,
44-53 Malegue, Riparia Gloire, 1616C, Lenoir, 5BB, 5C, Börner, 110R, 1103P, Harmony, Freedom, and Ramsey, and
Chardonnay (control), Riesling, Sylvaner, Chenin blanc, and Colombard.  Own-rooted Chardonnay, Riesling, Sylvaner,
Chenin blanc and Colombard were also inoculated.  We have evaluated all three reps for PD expression and ELISA
sampling to determine the extent of downward movement is continuing.  The vines were cut back to basal buds, are now re-
growing and will once again be evaluated for symptoms and by ELISA.

Objective 7:  Determine whether xylem chemical composition is involved with PD resistance or susceptiblity in
grape varieties and common Xylella fastidiosa plant hosts (Andersen)

In an effort to determine whether xylem fluid chemistry is related to resistance to Xylella we investigated the chemistry of
Vitis genotypes covering a wide range of resistance/tolerance.  Xylem fluid chemistry of 10 grape genotypes belonging to 5
species has been characterized, although only the amino acid data was presented.  Total amino acids varied over 4-fold, and
many amino acids only occurred in less than 10uM or trace quantities.  A complete correlation with resistance will await
compilation of organic acid and sugar data.  Total amino acids in xylem fluid collected from Chardonnay grafted on 4
different rootstocks showed an effect of rootstock and of infection with Xf. Xylem fluid of Chardonnay on 3309 rootstock
tended to be most dilute of the rootstocks and Xf infection increased total amino acids in xylem fluid of Chardonnay on all
rootstocks except SO4.  Arginine was the amino acid that showed the biggest increase in amino acids with Xf infection.  A
more complete analysis of the effect of xylem chemistry of grape genotypes on resistance to Xf and the change in chemistry
with Xf infection awaits further research.

An investigation is underway to determine whether resistance to Xf is influenced by xylem fluid chemistry across plant
species common to both Florida and California. Xylem fluid chemistry of 32 host plants species/cultivars was analyzed
and natural Xf (resistant/susceptible) was noted by PCR analysis.  About 50% of the plant species/cultivars were Xylella
negative.  Those that were Xylella-negative were mechanically inoculated with Xf during the fall of 1999.  After 4 weeks
only one species was positive, Vitis rotundifolia (wild grape). Each of the Xylella negative species/cultivars have also been
sampled fall 2000 and are currently being analyzed via PCR.  Those species that still do not harbor Xylella may be
inoculated with different strains for confirmation of resistance to multiple Xylella strains.

In vitro nutrient requirements of Xylella have been studied for 3 months without much success.  A UCLA strain of Xf was
subjected to 3 months of experimentation using Chang and Donaldson’s chemically defined media.  This UCLA strain
grew well on PD or PW+ but did not grow on the chemically defined media.  We switched strains to ATCC 35881 and
tested this strain on all the media.  The result was that it grew well on all the media and it even grew slowly on a media
consisting of glutamine as the only amino acid source.  Thus, nutritional fastidiousness is extremely strain dependent.
Additional experiments will be performed with a different strain (probably the Temecula strain) after consultation with B.
Kirkpatrick, S. Purcell and A. Walker.

Lytic peptides were extremely effective against Xylella.  They act by disrupting cell membrane integrity of bacteria but not
eucaryotic cells of higher animals.  Cecropins were one to three orders more effective than tetracycline. Xf incubated with
Cecropin A and B at 1 uM resulted in 100% inhibition of growth; incubation with Xylella at 0.1 uM resulted in 95%
inhibition.  Indolicidin was a fairly strong inhibitor of Xf with 100% inhibition at 9.5 uM.  Magainin II was followed by
Magainin I in potency.  For tetracycline 100% inhibition was achieved at 112 uM.  These compounds may serve as a potent
naturally occurring pesticide against Xylella.

CDFA Objective 1: Determine the effects of lethal and sub-lethal doses of insecticides on insect transmission of
Xylella fastidiosa to plants (Purcell)

Preliminary transmission tests to characterize GWSS’ transmission of Xf to grape suggested that some adult GWSS were
very poor transmitters.  We are investigating several unidentified bacteria isolated from plants and sharpshooters as possible
antagonists to Xf transmission by GWSS. Experiments confirmed the prediction that molting stops GWSS’ transmission of
Xf. GWSS experimentally transmitted Xf to woody stems (scaly bark) of grapevines at rates estimated at 6% per insect per
day, while GWSS exposed to green shoots of the same aged vines transmitted at rates of about 7%.

Doses of the systemic insecticide imidacloprid applied to soil (AdmireR) that killed from 40% to 60% of GWSS on potted
grape within 24 hours or smaller, “sub-lethal dosages” drastically reduced sharpshooter feeding and movements.  The
efficacy of all dosages mimicking field rates of Admire peaked 3 weeks after application, then decreased.  Lab experiments
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with GWSS having a choice or no-choice of treated or untreated grape produced no evidence that imidacloprid repelled
GWSS, except at perhaps extremely high doses not attained with full label rates of application.  Sub-lethal or slightly toxic
doses prolonged GWSS survival compared to untreated controls but greatly reduced the ability of GWSS to jump or fly.
Experiments to test the effects of Admire treatments on GWSS of Xf were inconclusive because of low rates of transmission
of Xf to untreated controls.

CDFA Objective 2:  Evaluate potential Xylella fastidiosa bactericides and developments to introduce these
materials into grapevines  (Kirkpatrick)

Plant microelements such as zinc, copper, manganese and iron, as well as three antibiotics were tested for inhibition against
Xf in vitro.  Tetracycline was the most effective antibiotic and zinc was the most toxic microelement.  Both prophylactic
and therapeutic field plots were established in Napa and Temecula vineyards during 1999 and 2000.  Prophylactic materials
being evaluated included 3 inducers of systemic acquired resistance (SAR) and 4 microelement formulations. Therapeutic
materials include several formulations of microelements and 2 antibiotics. All prophylactic field plots were mapped for PD
each fall, however no new infections were found in either the treated or control vines in 2000.  Bactericides were applied
as foliar sprays, as materials packed into hollow nylon DP screws or in drilled holes packed with bactericides that were
suspended in agarose and the ends of the holes were sealed with DP screws.  Several of the drilled through/DP screw
treated vines did not show any PD symptoms following treatment, however these vines were also severely pruned following
treatment.  We know from Purcell’s work that severe pruning can produce vigorous growth in the season following pruning
but many of these vines later develop PD in the second year.  Thus final assessment of the efficacy of these bactericide
treated vines will be made in the summer of 2001.  An injection machine that is widely used for injecting avocado trees was
found to work well for injecting vines in the spring but less effective in the fall.  Several potted plant experiments were
performed using soil drenches of microelements as therapeutic or prophylactic bactericides.  Although significant phytoxicity
occurred with some of the materials, managanese and zinc treatments may have some potential.  A custom-made pressure
bomb was purchased and used to express xylem sap from 1-meter long grapevine canes that were treated with various
microelements.  The expressed xylem sap was analyzed for microelement concentrations with the assistance of Peter
Andersen.  Surprisingly high concentrations of zinc and managanese were found in the xylem sap of grapevines treated
with amino acid chelates of these elements.  Additional experiments are now being done to determine whether the xylem
sap is actually toxic to Xf or if the ions are too tightly bound.
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INTRODUCTION

This proposal is directed toward discovering the plant responses to infection that are fundamental to the progression of
Pierce’s Disease (PD) in grapevine.  The disease is caused by the growth of the bacterium Xylella fastidiosa (Xf) in the
xylem vessels of stems, petioles and leaf blades.  The disease progresses rapidly, causing severe water deficits in infected
shoots and vine death–often within two years.  However the progression of the disease and the mechanism(s) by which the
disease produces water deficits and death in infected tissues have not been well established.

The prevailing notion is that vessels become occluded with bacteria or products of metabolism.  However, it is unclear how
the bacterium moves among vessels, whether vessels cavitate upon introduction of the bacterium by the insect vector or
during artificial inoculation, and whether the bacterium must enter vessels in order to cause disease symptoms.  The
bacterium is reported to be larger than the openings in pit pore “membranes”.  Thus, it is likely that cell wall digestion is
necessary for movement of the bacteria through the vine.  This digestion may be a key component of disease progression.

Based on work that we have done (VanderMolen et al., 1983) with the Fusarium oxysporum vascular wilt pathogen that
also causes blockage of its plant host’s vascular system, we anticipate a linkage between cell wall metabolism, xylem
occlusion, vine water stress and leaf abscission.  If the disease develops in a manner similar to fusarium wilt, the plant may
respond to oligosaccharide “signals” (Melotto et al., 1994; Ryan and Farmer, 1991) produced upon digestion of its own
cell walls and, consequently, vessels that have not been infected with bacteria may nevertheless become occluded. Therefore
the “occluding” material could be of grapevine origin and component of the plant defense responses to infection.  There
also is reason to suspect that each vessel cavitates upon bacterial entry, rendering the vessel unable to transport water
(Schultz and Matthews, 1986 and 1993; Zimmerman, 1983).  Thus cavitation may be the fundamental cause of impaired
water transport and leaf death.  The proposed work will establish whether the vessels become occluded with material of
bacterial or Vitis origin.  It will also determine the role of vessel occlusion and cavitation on the progression of PD.

OBJECTIVES

1. Determine the impact of infection by Xylella on the water status of grapevines using both destructive and
non-destructive measurements of stem and leaf water potential and water conductivity.

2. Determine the chemical nature of the xylem-occluding material.
3. Determine the nature of the grape cell wall degradation that is caused by Xylella:  What cell wall compo-

nents are digested and what wall-digesting enzymes do the bacteria make or cause the grapevine to make?
4. Determine if oligosaccharide signals influence the progression of the disease.
5. Determine whether the plant hormone ethylene is produced when the bacterium infects grapevines and, if so,

whether grape responses to the ethylene influence the development of xylem occlusions and other PD
symptoms.
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RESULTS AND CONCLUSIONS

We began our efforts on July 1, 2001. The approach we have taken in the first part of the study is to determine which
technical approaches will be most useful to test individual components of our hypothesis about how PD progresses following
infection with Xf. Our “model” for PD development is:

Xf introduction to vessels—>vessel cavitation—> initial water deficit—> Xf population increase—>
production of enzymes by Xf (signals ?) —> cell wall digestion —> oligosaccharide signals —>

ethylene synthesis rise—> a “wave” of vessel occlusion beyond the infection site —>
global collapse of vine water transport—> leaf abscission—>vine death

Thus far we have performed one large scale inoculation test in which a population of Merlot vines was infected with Xf
using the pinprick technique (Purcell and Saunders, 1999).  Infection rate was low and PD symptom development was slow
(little disease after 10 weeks) but we were able to make several important observations and test techniques. Initially we
have used immunocapture PCR (Smart et al., 1998) to determine Xf presence in inoculated vines.  Vines were sampled
every two weeks and tissues (internodes, nodes and leaves at, above, and below the point of inoculation) were tested for Xf
presence.  In addition, water conductance through stem segments was measured.  PD symptoms were clear in a few vines
sampled 8 weeks after inoculation. At this time, PCR revealed a substantial bacterial population in the internodes that had
been inoculated, but bacterial DNA was not found in extracts of other vine tissues.  We have done tests of the PCR system’s
sensitivity and know that a few hundred bacteria can be readily detected.  We also have shown that the inoculation technique
efficiently introduces a large Xf population to the interior of the vine (i.e., bacteria are not removed from the inoculation
site by scrubbing with detergent).  Therefore we conclude that bacteria were introduced during inoculation, that the number
of bacteria that moved from the site was quite low, and that at least one PD symptom (reduced water movement) can be
detected (Figure 1) in the absence of a large Xf population. We have begun a second inoculation trial with a population of
young Merlot vines and hope to have greater success in promoting PD development.

Among the approaches we will use to enhance PD development is controlled water stressing of the vines and alternative
approaches to vine inoculation.  We have found that mock pinprick inoculation using water-soluble dyes instead of bacteria
leads to rapid movement of dye both up and down the cane.  Thus the introduced dye (and presumably also a suspension of
Xf) has access to the vascular system and at least some vessels remain functional.  However, we have used PCR to show that
Xf that has been introduced by pinprick does not spread out of the inoculated internode within 20 hours of inoculation.  We
presume that because the bacteria are particulate and in suspension (rather than in solution like the dye) they are not readily
taken into the xylem and that vessels near the pinprick will have cavitated and be non-functional, at least for a time.  On the
other hand, bacteria introduced directly into the xylem by the sharpshooter insect vector may be more immediately mobile
if damage to water-conducting elements is not extensive.

We have carried out a trial where bacteria were introduced to young canes by cutting the stems under water and placing
them in an Xf suspension.  In this situation, we were able to detect Xf with PCR at least four internodes above the cut
internode within three hours.  We will use a more quantitative PCR approach to determine the relative concentrations of Xf
in each of the internodes, but it is clear that bacteria can move relatively freely through functional vessels.  In a parallel test,
dye moved to the top of the canes (>12 internodes) within minutes.  This experiment also indicated that some continuous
xylem vessels extend through several grapevine internodes or that the pit membranes that allow one vessel to pass water to
its neighbors are not barriers to Xf movement.  We will examine this point further because one tenet of our hypothesis is that
cell wall degradation, of pit membranes within the xylem, is an important factor in bacterial movement.  One difficulty that
all researchers of PD must face is the slow progress of the disease.  Our tests with introduction of Xf via cut stem ends
makes clear that a substantial inoculum can be introduced into the xylem.  Therefore we will begin testing an infection
technique that utilizes direct “xylem feeding” of bacteria into vines.  We have experience with xylem feeding of compounds
into woody stems of almond.  We should be able to seal grape stem flaps through which bacteria are introduced and the
wounds may heal.  This approach could allow more rapid testing of aspects of our PD model (above) that are downstream
of the proposed “Xf population increase” stage.

An important aspect of our model is the idea that the bacteria produce enzymes which digest the primary cell wall present
in pit membranes and that this facilitates systemic Xf spread and generates oligosaccharide signals that cause grapevine
responses leading to vessel blockage and reduced water transport.  We have evidence that cell wall digestion occurs in
canes that contain substantial Xf populations and show PD symptoms.  Graduate student Caroline Roper and Dr. Carl
Greve have found that low molecular weight sugars of the sort found in the secondary cell walls of vessels (particularly
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xylose) are found in the small amount of xylem sap that is expressed from infected stems and that the amount of xylose in
the cell walls of these stems is also reduced.  Presumably xylan polysaccharides are being digested in these stems.  One
problem with this analysis is that severely infected tissue may support growth of microbes other than Xf and so the digestion
we see may not be due to the PD causal agent.  The work with inoculation by stem feeding may make clearer both that wall
digestion occurs and Xf is responsible.  We have also looked for cell wall-digesting enzymes in the medium of bacterial
cultures.  Thus far we have not identified any activities.  However, bacterial wall-digesting enzymes are generally under
close control and we do not have a good minimal medium for Xf growth to which we can add possible inducers of wall-
modifying enzymes (generally wall digestion products).  We hope to obtain guidance from other PD researchers so that we
can mimic in culture the environment the bacterium would experience in vivo and test the potential for Xf to digest grapevine
walls.

Many aspects of our work require that we correlate in vivo the presence of Xf and obstructions in the xylem.  Work in other
labs is attempting to introduce genes encoding green fluorescent protein into the Xf genome.  This will greatly facilitate
histological screening for Xf. However, undergraduate Phillip Bates, working with Rost and Greve has developed a number
of techniques to enhance our examination of vine vascular system anatomy.  The primary antibody used in our immunocapture
PCR (above) recognizes and binds to a surface component of Xf. We have obtained a second antibody that is tagged to the
histochemical dye Texas red.  When this dye-antibody conjugate is used in conjunction with the primary antibody we can
stain Xf bacteria in tissue sections (Figure 2).  Additional histochemical approaches have allowed us to see tyloses (cellular
“balloons” protruding through pit membranes from adjacent parenchyma cells into vessels, Figure 3) and gel-like vessel
occlusions in PD-infected stems (Figure 4).  Because these gels stain with both the non-specific stain methylene blue as
well as the pectin-specific stain ruthenium red, we presume that they are of grape plant, rather than Xf origin and are like the
vessel-occluding gels we identified in Fusarium-infected tissues several years ago. (VanderMolen et al. 1986).
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Figure 1. Water transport is reduced in infected grape
stems sampled 8 weeks after inoculation.  Water
transport increased as stems grew (weeks 2-6). The
symptomatic week 8 sample showed reduced water
transport.  Week 11 samples did not show symptoms.

Figure 2. This section of an inoculated  young grape stem
cuts across three water-conducting vessels.  One of the
three contains Xylella fastidiosa cells which are seen as
the red fluorescent ring revealed by immunostaining with
the Texas red-anti-rabbit antibody conjugate.
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Our work began in July and so we have only limited findings to describe in this report.  However, we anticipate results from
our second large inoculation trial and several of the specific approaches described above by the time of the December
meeting.  We also hope to report on results from experiments testing links between Xf presence, ethylene production in
vines, and altered vessel anatomy and water transport.  We anticipate also results from preliminary work aimed at
understanding further the chemical nature of vessel occlusions.
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Figure 3.  The longitudinal section across the xylem of a
heavily infected grape stem reveals several tyloses.  The
section is stained with periodic acid-Schiff’s reagent and
the tyloses are seen as membrane surrounded “bubbles”.

Figure 4.  This section across the xylem of a heavily
infected grape stem is stained with methylene blue.  Tyloses
are seen in section and grazing cut in some vessels and
occluding “gels” are seen as amorphous stained bodies in
other vessels.
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A SURVEY OF INSECT VECTORS OF PIERCE’S DISEASE (PD) AND PD-INFECTED PLANTS
FOR THE PRESENCE OF BACTERIOPHAGE THAT INFECT XYLELLA FASTIDIOSA

Project Leader: Cooperator:
Carol R. Lauzon Thomas A. Miller
Department of Biological Sciences Department of Entomology
California State University-Hayward University of California-Riverside
Hayward, CA  94542 Riverside, CA

INTRODUCTION

Pierce’s disease (PD) is an incurable disease of grapevine caused by strains of Xylella fastidiosa.  The bacterium gains
entrance into the grapevine through the feeding activities of the blue-green sharpshooter, Graphocephala atropunctata
(Purcell, 1975)and the glassy-winged sharpshooter, Homalodisca coagulata (Purcell, 1979).  PD is endemic to California,
however, with the recent detection of the glassy-winged sharpshooter (GWSS) in California, patterns of PD distribution
are likely to change and host plant infection and/or associated plant death rates are likely to soar (Purcell, Personal
Communication).

Bacteriophage (phage) therapy is considered an unconventional pathogen countermeasure where viruses are used to kill
specific bacteria, primarily pathogens.  Recent successful endeavors using phage to control Lactococcus garvieaea infection
in yellowtail (Natai et al., 1999) and the discovery that the natural antibiotic in dog saliva is a bacteriophage (Matzinger,
and Arnheiter, 2000) lend momentum toward the exploration and use of novel ways to control many different bacterial
infections.  Our proposal addresses the possibility that phage exist in nature that infect X. fastidiosa and that these phage
may be useful for PD control or management.

OBJECTIVES

1. To screen wild Graphocephala atropunctata, Homalodisca coagulata, and plants with PD for the presence of
bacteriophage.

2. To test any/all acquired bacteriophage for its/their ability to infect and destroy Xylella fastidiosa.

RESULTS AND CONCLUSIONS

X. fastidiosa isolated from grapevine with PD were found to be infected with what we believe to be two different
bacteriophage.  One phage type possesses a shape and size resembling phage in the family Microviridae, while the size and
shape of the second phage resemble those in the family Podoviridae.  Bacteriophage in the Podoviridae are known to infect
Xanthomonas spp. which are bacterial relatives of X. fastidiosa.  Currently, we are attempting to isolate these phage.  Once
isolated, we will attempt to infect a pure culture of X. fastidiosa to monitor and describe the destructive nature of the
viruses.
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DEVELOPING A NOVEL DETECTION AND MONITORING SYSTEM FOR THE GLASSY-WINGED
SHARPSHOOTER

Project Leaders:
Walter S. Leal Frank G. Zalom
Department of Entomology UC Statewide IPM Project and Department of Entomology
University of California University of California
Davis, CA  95616 Davis, CA

Cooperator:
Phil A. Phillip
UC Cooperative Extension
Ventura, CA

INTRODUCTION

Pheromones and other semiochemicals are invaluable tools for quarantine and monitoring insect populations.  Attractants
are critically needed to detect early invasions of the glassy-winged sharpshooter (GWSS).  Once detected using current
technologies, their population densities may be too high to achieve eradication or effective control.  Although it is unlikely
that chemical communication is the major means of sex recruitment in the GWSS, plant-derived chemical signals are
utilized for host location.  The primary objective of this project is to develop attractants for detection and monitoring of the
glassy-winged sharpshooter, Homalodisca coagulata. The goal is going to be pursued by the extraction, isolation,
identification and synthesis of leaf compounds from plants that attract sharpshooters and other leafhoppers.  Synthetic
compounds, originally identified in plants, as well as other candidate compounds, will be tested in the field in order to
evaluate their potential for monitoring population levels of the GWSS.

OBJECTIVES

1. The primary objective of this project is to develop attractants for detection and monitoring of the glassy-winged
sharpshooter, Homalodisca coagulata.

2. One approach (strategy I) is based on the extraction, isolation, identification and synthesis of leaf compounds
from plants that attract sharpshooters and other leafhoppers.

3. The other potential attractants will be screened by a binding assay with an olfactory protein, odourant-binding
protein (OBP), involved in the filtering of chemical signals in the insect antennae.  Initially, OBP(s) from the
GWSS will be isolated, cloned and expressed in bacteria.

RESULTS AND CONCLUSIONS

Plants that attract sharpshooters and other leafhoppers were extracted and fractionated (chromatographic separations).
Identification of the active constituents was carried out by gas chromatography-mass spectrometry, vapor-phase infrared
spectroscopy and by chemical derivatizations.  Based on these data, chemical structures of the compounds were proposed
and confirmed by synthesis of the authentic compounds.

Candidate compounds were incorporated in release-controlling plastic pellets (Leal et al., 1996) and evaluated as baits
with yellow sticky traps in randomized blocks (Leal, 1999). Field bioassays are being conducted in Ventura County.  This
is an excellent location to test attractants because the area has well established populations (among the first identified in
California) which are not heavily treated as they must be in locations such as Riverside and Kern counties where transmission
of Xylella fastidiosa to grapes is of primary concern.

Field observations indicated that sharpshooters lay eggs in non-host plants and that location of these oviposition sites is
chemically mediated.  This prompted us to characterize potential attractants from plants preferred for oviposition.  Plants
were extracted either in Ventura County or other locations where field ecology of sharpshooters have been studied.  Chemical
analysis of the plant extracts led us to the characterization of semiochemicals of potential application in monitoring the
GWSS (Figure 1).
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Figure 1. Gas chromatography-mass spectrometry (GC-MS) analysis of an extract from a
plant preferred by GWSS for oviposition.  The major constituents of the extract were identi-
fied and synthetic compounds are being tested as potential attractants for GWSS.  To date,
combinations of compounds A, B, C, D, and E have been tested.

Field evaluations of these semiochemicals and other potential attractants are underway.  Tests of known pheromones were
unrewarding.  Among the plant formulations tested so far, traps baited with combinations of compounds A, B, C, D, and E
(Figure 1) showed initially more catches than control traps, but the effect of trap position (false positive) could not be
completely ruled out.  Further experiments with randomized blocks and perhaps greater replication will be carried out when
the adult populations once again reach higher densities.  Screening of additional compounds from host plant extracts will
also be carried out.
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COLD STORAGE OF PARASITIZED AND UNPARASITIZED EGGS OF THE GLASSY-WINGED
SHARPSHOOTER, HOMALODISCA COAGULATA

Project Leaders:
Roger A. Leopold George D. Yocum
USDA-ARS USDA-ARS
Biosciences Research Laboratory Biosciences Research Laboratory
Fargo, ND  58105 Fargo, ND 58105

Cooperator:
David J. W. Morgan
California Department of Food & Agriculture
Mt. Rubidoux Field Station
Riverside, CA

INTRODUCTION

The egg parasitoid, G. ashmeadi, is a mymarid wasp that accounts for 95% of the observed parasitism of the glassy-winged
sharpshooter (GWSS) in California. This has stimulated researchers to try to develop methods for rearing large quantities
of this parasite for release in areas where augmentation is needed or where other control measures cannot be used.  In the
absence of techniques for propagating G. ashmeadi via artificial means, rearing this insect in large quantities also requires
that the GWSS or another acceptable host be cultured to provide the eggs for this parasite.  Protocols designed for efficient
mass-rearing generally include techniques which enable the production managers to hold their insects for varying periods
of time to synchronize various aspects of the rearing procedure and for distribution to the release site when needed.  Having
the capability to hold a particular life stage or stages in abeyance during mass-rearing is especially important when
synchronizing the life cycles of two insects such as in a parasite-host relationship.  Low temperature storage is an integral
part of the process of mass-rearing insects for use in agricultural pest control programs. It is the practical application of
information provided by researchers studying arthropod cryobiology, dormancy, host-prey interactions, and mass-rearing
methods.  Storage of parasitoids of the GWSS will allow insect production managers to gain flexibility and enables them
to supply a purely biological product on demand.  The effectiveness of any biological agent used for pest control purposes
depends on being released at the proper time.  Unforeseeable environmental influences such as those impacting on pest
migration, population fluctuations, and plant growth amplify the need for precise timing, especially when releases of
insects are to be integrated into multi-disciplinary control programs.  Thus, this project is designed to yield information to
aid in the mass-rearing and timely release of egg parasitoids of the GWSS.

OBJECTIVES

1. Determine the cold tolerance of G. ashmeadi within host eggs of GWSS under specific environmental and
developmental parameters.  Assess whether chilling has latent effects on the quality of the adult parasitoid.

2. Determine the most effective method for cold storage of unparasitized GWSS eggs by examining post-storage
acceptability by the parasitoid, parasite survival, reproduction, and host-seeking behavior.

3. Determine the efficacy of extending the shelf-life of unparasitized eggs by pre-conditioning the female GWSS
through altering the environmental and/or nutritional standards prior to cold storage.

RESULTS AND CONCLUSIONS

This research project was only recently begun because funding was received in September of this year.
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THE ROLE OF CELL-CELL SIGNALING IN HOST COLONIZATION BY XYLELLA FASTIDIOSA

Project Leader:
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Cooperators:
Alexander Purcell Karyn Lynn Newman
Department of Environmental Science Policy & Management Department Plant and Microbial Biology
University of California University of California
Berkeley, CA Berkeley, CA

INTRODUCTION

Endophytic bacteria such as Xylella fastidiosa (Xf) colonize the internal tissues of the host, forming a structure very similar
to a fixed biofilm inside the plant.  Cells secrete extracellular polysaccharides that may serve to enhance surface attachment,
to protect the cells from host defenses or to serve as a matrix to concentrate nutrient ions (Denny, 1995).  But what happens
when the local environment can no longer support further population growth?  A key determinant of success for an endophyte
is the ability to move within the plant, sending out “scouts” to colonize new areas within the host.  For a xylem-restricted
species such as Xf, movement must be from vessel to vessel, which would require degrading and traversing the pit membranes
connecting them.  We expect activities such as degradation of a pit membrane to be most successful when carried out by a
community of cells since individual cells may be incapable of completing the feat on their own and may be detected and
easily eliminated by the host.  Therefore, cells must have a means by which to assess the size of their local population, and
to coordinately regulate the expression of genes required for such processes only at the appropriate time.  Our study aims
to investigate cell-cell communication in Xf to determine its role in colonization and pathogenicity in grapevine.

Xf shares sequence similarity with the plant pathogen s. Xanthomonas campestris pathovar campestris (Xcc). In Xcc, the
expression of pathogenicity genes is controlled by the Rpf system of cell-cell communication, enabling a population of
cells to launch a pathogenic attack in a coordinated manner (Barber et al., 1997).  The rpf (regulation of pathogenicity
factors) genes of Xcc encode the components of a cell-cell communication system.  Two of the Rpf proteins work to
produce a diffusible signal factor (DSF; Barber et al., 1997).  As the population grows, the local concentration of DSF
increases.  Other Rpf proteins are thought to sense the increase in DSF concentration and transduce a signal, resulting in
expression of pathogenicity factors (Slater et al., 2000).

The Xf genome not only contains homologs of the rpf genes most essential for cell-cell signaling in Xcc, but also exhibits
striking colinearity in the arrangement of these genes on the chromosome.  Furthermore, the Xf genome

Arrangement of rpf genes on the chromosome of Xcc (top) and Xf (bottom). Numbers in parentheses
indicate amino acid identity. Slashes mark a break in continuity.

lacks homologs of the luxI/luxR genes and other genes shown to be involved in production and perception of AHLs (Dow
and Daniels, 2000).  Thus it is likely that Xf employs a cell-cell signaling apparatus similar to that of Xcc. Based on our
knowledge of density-dependent gene regulation in other species, we predict the targets of Rpf regulation would be genes
necessary for colonizing the xylem and spreading from vessel to vessel.  For example, expression of extracellular
polysaccharides, cellulases, proteases and pectinases might be induced by the signal.  Similarly, we would expect the
density-dependent genes to be expressed during the time when a population of Xf is ready to move into uncolonized areas
of the plant.

rpfA rpfB rpfF rpfC rpfH rpfG rpfDprfBlysS orf rpfIorforf recJ greArpfE

rpfA rpfB rpfF rpfC rpfG rpfE//orforf lysS prfB recJ greA

76% 70% 66% 58% 76% 55%
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It is conceivable that cell-cell signal interference may be used by other organisms to inhibit density-dependent behaviors,
such as pathogenicity or spreading through the habitat.  Several recent studies indicate that other organisms can disrupt or
manipulate the cell-cell signaling system of bacteria (Leadbetter and Greenberg, 2000; Manefield et al., 1999).  Examination
of Xf population size in plants where Xf lives as an endophyte versus those in which Xf causes the xylem blockage symptoms
of Pierce’s disease demonstrates a positive relationship between population size and symptom development (Fry and
Milholland, 1990).  We hypothesize that an interaction between Xf and other organisms, such as another endophyte or the
host plant itself, may modulate density-dependent behaviors in Xf by interfering with cell-cell signaling.

OBJECTIVES

1. To determine the chemical identity of the signal used in cell-cell signaling in Xf.

2. To investigate which behaviors are controlled by signaling factors.

3. To isolate other strains of bacteria that are capable of interfering with cell-cell signaling in Xf.

RESULTS AND CONCLUSIONS

Objective 1.  We have obtained and are in the process of testing “signal sensing” strains of Xcc to determine whether Xf
uses the same butyrolactone signal as Xcc. These strains carry a reporter gene under the control of a promoter that is up-
regulated in response to the butyrolactone signal factor produced by Xanthomonas.  We are also in the process of constructing
plasmids for generating signal sensing strains of Xf using a reporter gene fused to promoters of genes we believe should be
up-regulated in response to the signal in Xf.

Objective 2.  We are in the process of constructing strains of Xf in which the rpfB gene, which is required for production of
the signal in Xcc is knocked out.  These will be subjected to phenotypic analysis and tested for their ability to infect and
move within host plants.  We are also determining the patterns of transcriptional regulation of genes in the rpf operon as
well as other genes that are mostly likely involved in pathogenicity such as cellulases and polygalacturonases.  The regulation
of the genes is being assessed by producing fusions of these genes upstream from a promoterless gfp reporter gene.  The
gene fusions are being introduced into the chromosome via the use of integrative plasmids of partial stability that allow
gene replacement in Xf. The plasmids that we are developing for this purpose possess features that should allow integrative
recombination into target genes in the chromosome of Xf but also permit sensitive estimation of target genes by use of
reporter gene fusions protected by transcription terminators.

Objective 3.  We have collected grapevines from Pierce’s Disease affected vineyards.  We are in the process of recovering
bacteria that grow inside these vines by 4 different methods to generate a comprehensive collection of grapevine endophytes.
These endophytes are being cultured on 5% TSA.  The each strain will be tested for the ability to interfere with cell-cell
signaling in Xcc and Xf in an agar assay using diffusible factor-regulated genes using the signal sensing strains from
objective 1.
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ROLE OF XYLELLA FASTIDIOSA ATTACHMENT ON PATHOGENICITY
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Cooperator:
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INTRODUCTION

Xylella fastidiosa is a gram negative bacterium which causes serious diseases of plants such as Pierce’s disease (PD), citrus
variegated chlorosis (CVC), or almond leaf scorch and inhabits many other insect and plant host (Purcell 1997).  The
control of plant diseases caused by this bacterium will ultimately require treating plants with chemical or biological methods,
or manipulating plants genetically.  In this proposal, we propose to identify inhibitors to the attachment and colonization
processes of X. fastidiosa.  A striking feature of X. fastidiosa is its polar attachment via the production of fimbriae (Kitajima
et al. 1975, Purcell et al. 1979, Davis et al. 1981, Backus 1985, Purcell and Suslow 1988, H. Feil unpublished data).  This
is an adhesion mechanism that appears to be unique to X. fastidiosa and clearly requires traits special to this organism.
This suggests the existence of either compounds or conditions that would prevent X. fastidiosa to form this polar fimbriae
bundle and to attach to its host might confer disease resistance.  A method of controlling X. fastidiosa would be to target
these special traits that allow X. fastidiosa to adhere to its host.  By interfering with the binding of X. fastidiosa to its host,
these inhibitors would reduce X. fastidiosa virulence and therefore prevent the bacterium from establishing and causing
disease.

OBJECTIVES

1. Determine the effects of targeted mutations of selected attachment genes (i.e. fimA, pilH, pilS and related
genes) on X. fastidiosa attachment.

2. Determine differences in pathogenicity between X. fastidiosa attachment-deficient mutants and wild type PD
strains.

3. Identify specific plant chemicals, pH, and various compounds that either promote or inhibit X. fastidiosa
attachment in vitro and in plants.

RESULTS AND CONCLUSIONS

To achieve Objective 1, we produced site-specific mutants of X. fastidiosa (Xf) attachment gene.  We improved on the
method described in the transformation of the CVC strain of Xf to kanamycin resistance with plasmid p16Kori (Monteiro
et al. 2001).  In a similar fashion we disrupted the fimA gene of the Xf grape strain Temecula with the kanamycin resistant
gene via homologous recombination (Figure 1).  We are currently adding the gfp (green-fluorescent protein) gene to the
vector plasmid to use it as a reporter gene for the fimA promoter.  We were successful in producing fimA-disrupted
transformants.  It is the first time that a site directed transformation of a grape strain of X. fastidiosa has been demonstrated.
The transformation efficiency was approximately 40 transformants per mg of plasmid DNA (pVector).  Figures 2 and 3
indicate that the transformants appear to be the result of a double crossing over event.  The size of the fimA in the transformant
corresponds to the size of the fimA gene to which was added the size of the Kanamycin gene.  We are confirming the results
using southern blot hybridization.
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Figure 1:  Schematic representation of the double cross over between the disrupted fimA gene of pVector and the
fimA chromosomal gene via homologous recombination.

Figure 2: Agarose gel of PCR products using FimA primers
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Figure 3: Agarose gel of PCR products using Kan primers

We are in the process of testing the fimA- transformants for pathogenicity by inoculation of grape plants.  The nature of the
fimA product is also investigated using SDS-PAGE of the supernatant of an agitated cell suspension of either wild type or
fimA- mutants.
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SPATIAL AND TEMPORAL RELATIONS BETWEEN GLASSY-WINGED SHARPSHOOTER SURVIVAL
AND MOVEMENT, XYLEM FLUX PATTERNS AND XYLEM CHEMISTRY IN DIFFERENT HOST PLANTS

Principal Investigators:
Robert F. Luck Mark Hoddle
Department of Entomology Department of Entomology
University of California University of California
Riverside, CA  92521 Riverside, CA  92521

Cooperators:
Carlos Coviella Peter Andersen
Department of Entomology North Florida Research Center
University of California University of Florida
Riverside, CA Monticello, FL

INTRODUCTION

The glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say) (Homoptera: Cicadellidae), has been identified as
the principal vector for the xylem restricted bacterium, Xylella fastidiosa, the causal agent of Pierce’s and other related
diseases.  Pierce’s disease is threatening California’s wine and grape industry, and has already inflicted heavy damage to
certain areas of the state. Our project seeks to identify those aspects in the GWSS-host plant interaction that explain varia-
tions in GWSS density and performance (i.e., immature survival and adult reproduction), that is, its population dynamics.
Following a species’ population dynamics requires a reliable and accurate method of estimating its field densities. Currently,
such estimates rely mainly on yellow sticky traps or net beatings with subsequent insect counts. We lack a means of calibrat-
ing these density estimates. Thus, as a first step in our study, we have developed a method of estimating GWSS populations
in a tree using an “absolute” sampling method.  Using a parachute to cover a citrus tree, we fog it to recover from it all GWSS
stadia except eggs. We correlate GWSS densities from this method with those using the standard yellow sticky traps and net
beatings for adult GWSS.  We will present data on density estimates for this insect, in regions of the state heavily infested
with GWSS.

A second aspect of our research seeks to determine host plant choice and the density of GWSS on the host plant.  We will use
a specially designed Schölander bomb to measure xylem fluid pressure and to extract xylem fluid for chemical analyses.  We
will use this technique to explore possible correlations between changes in GWSS density and reproduction on a host plant
and its relationship to physical and chemical properties of that plant.  These techniques will give us insight into host plant
choice by GWSS.

OBJECTIVES

1. Quantify xylem flux patterns and characterize xylem fluid chemistry to determine potential correlations with
GWSS movement from surrounding alternate host plants into vineyards.

2. Quantify egg production, nymphal survival, and adult production and movements in different host plants with
xylem flux and chemistry.

RESULTS AND CONCLUSIONS

As a first step in this project, we have developed a system to obtain “absolute” samples of all but the egg stage of GWSS.  We
will sample the egg stage separately.  The “absolute method” was first developed in collaboration with Dr. David Akey and
Dr. Mathew Blua, using small citrus trees.  After refining this method, we scaled it up to obtain samples from commercial-
sized orange trees.  We use a surplus military parachute to cover an entire tree and then fog the tree to recover all the insects.
We then count all of the GWSS in the sample.  Our sampling indicates we recover 80 to 90% of the GWSS present in these
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trees. At this point, the method is being used to sample the GWSS present in orange trees at two locations: one in an orange
grove in the Bena Road area, near Bakersfield, Kern County, and second in a mixed orange/lemon grove in an Agricultural
Operations field, Citrus Experiment Station, UC Riverside.  We intend to use this method over two complete years, to follow
GWSS population dynamics, and to correlate the changing GWSS densities over time with our characterization of xylem
flux and xylem chemistry.

We have begun our xylem pressure measurements and extractions of xylem fluid for chemical analyses at both the Bena
Road area in Kern County and the Citrus Experiment Station, at UCR.  In the near future, we intend to expand these xylem
studies to other host plants, initially focusing on grapevines.
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SEASONAL CHANGES IN THE GLASSY-WINGED SHARPSHOOTER’S AGE, STRUCTURE,
ABUNDANCE, HOST PLANT USE AND DISPERSAL

Principal Investigators:
Robert F. Luck Rick Redak
Department of Entomology Department of Entomology
University of California University of California
Riverside, CA  92521 Riverside, CA  92521

Cooperators:
Juliana G. Workman Carlos Coviella
Department of Entomology Department of Entomology
University of California University of California
Riverside, CA Riverside, CA

INTRODUCTION

The glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say) (Homoptera: Cicadellidae) is an exotic insect in
California, likely introduced from southeastern United States in the late 1980’s.  In California, it reportedly feeds on 73
plant species in 35 families and has the ability to spread Xylella fastidiosa, plant-pathogenic bacteria with differing pathovars
each of which infects one or more economically important plant species.  GWSS vectors Pierce’s disease (in grapevines),
phony peach disease, almond leaf scorch and oleander leaf scorch.  Moreover, the vector is very mobile and occurs
throughout the year; thus, to understand the epidemiology of these diseases, it is crucial that we are able to track GWSS’
movements among its various hosts.  To accomplish this end, we have developed a mark-recapture technique to track field
movements of adult GWSS using fluorescent colored dust as a marker.  Greenhouse trials show no significant difference in
mortality and longevity of marked versus unmarked (=control) adults.  We also monitored spatial movements of adult
GWSS in 1) a citrus grove east of Bakersfield, California, 2) between a citrus grove and adjacent vineyards east of Bakersfield,
California, 3) in a barren field in southern California and 4) in a lemon/Valencia orange grove interface on the Citrus
Experiment Station at UC Riverside.

OBJECTIVES:

1. Develop a technique for marking adult glassy-winged sharpshooters rapidly and for releasing and
recapturing them.

2. Develop a sampling system for glassy-winged sharpshooters eggs and monitor sharpshooter egg density
initially on citrus.

3. Monitor field movements of adult glassy-winged sharpshooters.

RESULTS AND CONCLUSIONS

The use of several colors of dust to mark GWSS has proven to be a reliable and cost effective technique.  In greenhouse
studies, mortality was unaffected by the marking technique.  No differences in mortality between marked and control
insects were observed over a 60-day period.  In the field, we recovered insects with recognizable marking 28 days after
release.  We concluded that this method could be used to mark and track GWSS field movements.

We conducted an experiment to track adult GWSS movements within a non-chemically treated citrus grove in the Bena
Road area, near Bakersfield, Kern County.  Weekly, from June through August 2001, we marked and released adult GWSS
into a grove from which they were initially captured.  A different colored marker was used each week to identify the date
on which a GWSS had been released.  A total of 44 yellow sticky traps were placed at increasing distances around the
release point in the grove and the total number of GWSS and the number of recaptured (marked) GWSS on the traps were
counted weekly.  Over the course of the experiment, a total of 3,050 insects were marked.  We recaptured 40 marked
individuals out of the 10,311 GWSS captured on the sticky traps (1.3% of total GWSS marked).  None of the marked
insects was recaptured more than 40 meters from the release point.
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In a choice experiment to determine GWSS’ preference for Valencia versus lemon, we released marked insects in the
interface between a lemon and a Valencia orange grove.  Between July and August 2001, we marked a total of 8,330 adult
GWSS with different colors of florescent dust each week.  A total of 120 yellow sticky traps were placed on all the trees
surrounding the release point up to 40 meters distance from the point.  Preliminary results from this experiment suggest
that, in the absence of disturbance, most adult GWSS do not move over long distances.

A barren field experiment was designed to test the dispersal behavior of marked versus unmarked adult GWSS in the
absence of suitable host plants.  We placed a total of 107 yellow sticky traps in concentric circles with each trap placed at
17 meters equidistant from the two adjacent traps on that circle.  The concentric circles were 10, 20, 40, 60, 80 and 100
meters distance from the release point.  Between July and September 2001, we released a total of 20,350 adult GWSS, half
of which were marked with florescent dust. Traps were checked 24 hours after each release and every adult GWSS was
counted. We recover a total of 327 insects  (1.61% of the total released).  Our results show that marked individuals are
equally likely to be captured as unmarked individuals and that adult GWSS are able to fly at least the 100 meters over
which the traps were placed in the absence host plants within the first hour of release.
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GENETIC TRANSFORMATION TO IMPROVE THE PIERCE’S DISEASE RESISTANCE
OF EXISTING GRAPE VARIETIES

Project Leaders:
Carole Meredith Abhaya Dandekar
Department of Viticulture and Enology Department of Pomology
University of California University of California
Davis, CA  95616 Davis, CA  95616

Cooperators:
Bruce Kirkpatrick John Labavitch
Department of Plant Pathology Department of Pomology
University of California University of California
Davis, CA Davis, CA

INTRODUCTION

Genetic engineering offers the possibility of introducing a gene that will confer increased Pierce’s disease (PD) tolerance
to existing grape varieties.  If other research strategies being considered for PD management are not sufficiently successful,
genetic engineering may be the only viable alternative.

In many crops, disease resistance is achieved by identifying sources of resistance within the crop species or its wild
relatives and then moving the resistance to the crop by several cycles of conventional breeding.  This approach produces
entirely new varieties.  In California, new varieties of table grapes and raisins are readily accepted but new winegrape
varieties are not.  As in Europe, the California wine industry is based on the classic wine cultivars and wines are identified
by the grape cultivar name.  Thus new wine cultivars are incompatible with the way wine is marketed and there is little
interest in them in the California wine industry.

We are investigating the use of genetic engineering to alter the disease response of existing grape varieties without otherwise
changing their viticultural or enological characteristics.  Legal authorities in Europe and the U.S. have expressed the
opinion that a genetically engineered winegrape produced by the addition of a gene to a traditional wine variety may be
permitted to retain the original variety name if it is indistinguishable from the original version in appearance and flavor.

Genetic engineering methods are now well established for many major crops-thousands of field trials of transgenic crops
have already been conducted and many such plants have now been commercialized.  Many of these transgenic crop plants
carry introduced genes for disease resistance.  Perhaps the most dramatic example is that of the papaya industry in Hawaii,
the state’s second largest fruit crop.  Papaya producers were faced with the complete devastation of their industry by
papaya ringspot virus disease.  A genetically engineered resistant papaya was developed (Luis et al., 1997) and is now the
predominant papaya variety in Hawaii, well accepted by both growers and consumers alike.  The Hawaiian papaya industry
has been rescued by genetic engineering.

The xylem vessels of PD-infected grapevines are blocked by a polysaccharide substance that may be a product of cell wall
breakdown.  The origin and composition of this substance are the subjects of other research projects.  Plant cell wall
degradation is an early step in the development of many plant diseases and, of several cell-wall-degrading enzymes produced
by pathogens, the best known are the polygalacturonases (PGs).  Many plants have polygalacturonase inhibiting proteins
(PGIPs) that inhibit pathogen PG enzymes and enhance plant defense response.  The expression of a pear PGIP gene in
tomato has been shown to reduce the development of fungal disease (Powell et al., 2000).  The discovery that the Xylella
fastidiosa genome appears to encode a polygalacturonase and several other cell wall degrading enzymes (Simpson et al.,
2000), suggests that PGIP might reduce vascular plugging in PD-affected grapevines or otherwise restrict the development
of the disease. We are studying the Pierce’s disease response of transgenic grapevines expressing pear PGIP.

OBJECTIVES

1. Evaluate the effect of an introduced polygalacturonase inhibitory protein (PGIP) gene on the development of
Pierce’s disease in transgenic grapevines.

2. Evaluate the effect of promoters and signal sequences on the targeting of transgene products to xylem tissue.
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RESULTS AND CONCLUSIONS

Proembryogenic cultures of Vitis vinifera cvs. Chardonnay and Thompson Seedless were transformed with Agrobacterium
tumefaciens containing a pear PGIP gene construct under the control of the CaMV 35S promoter.  Fifty-nine independent
putatively transformed lines were obtained and plants were regenerated.  Plants from 37 of these lines have been transferred
to the greenhouse.  Of 25 lines that have been tested to date, 18 are positive for PGIP activity. PGIP activity was not
detected in untransformed controls. Western blot analysis demonstrated the presence of the protein in roots, leaves and
young stems of the transgenic plants but not in untransformed controls. The post-translational glycosylation of the enzyme
is apparently similar to that of the endogenous PGIP in pear fruit.  Plants from some lines have been inoculated with Xylella
fastidiosa and will be evaluated for Pierce’s disease symptoms.

New gene constructs are being made that combine the pear PGIP gene with regulatory sequences from a cucumber gene
that encodes a xylem-specific protein.  These will be used in a new round of transformation experiments to determine
whether the cucumber sequences enhance the presence of PGIP in the xylem of transgenic grapevines.

REFERENCES

Luis S., R. M. Manshardt, M. M. Fitch, J. L. Slightom, J. C. Sanford and D. Gonsalves.  1997.  Pathogen-derived
resistance provides papaya with effective protection against papaya ringspot virus. Molecular Breeding 3:161-
168.

Powell, A. L. T., J. van Kan, A. ten Have, J. Viser, L. C. Greve, A. B. Bennett and J. M. Labavitch.  2000.  Transgenic
expression of pear PGIP in tomato limits fungal colonization. Molecular Plant Microbe Interactions 13:932-
950.

Simpson, A. J. G., F. C. Reinach, P. Arruda, F. A. Abreu et al.  2000.  The genome sequence of the plant pathogen
Xylella fastidiosa. Nature 406:151-159.

77



INSECT-SYMBIOTIC BACTERIA INHIBITORY TO XYLELLA FASTIDIOSA IN SHARPSHOOTERS

Project Director:
Thomas A. Miller
Department of Entomology
University of California
Riverside, CA  92521

Project Leaders:
Donald Cooksey David Lampe
Department of Plant Pathology Department of Biological Sciences
University of California Duquesne University
Riverside, CA Pittsburgh, PA

Carol Lauzon John Peloquin
Department of Biological Sciences Department of Entomology
Cal State University Hayward University of California
Hayward, CA Riverside, CA

INTRODUCTION

The appearance of Pierce’s disease vectored by a relative newcomer to California, the glassy-winged sharpshooter,
Homalodisca coagulata, has lead to the project outlined here.  We hope to develop a new strategy to combat the spread of
Pierce’s disease by delivering anti-disease strategies aimed at neutralizing the disease organism, the bacterium Xylella
fastidiosa, its production of a form of xanthan gum that clogs the xylem spaces of the plants or disrupts connection of the
pathogen to the mouthparts of the vector insect.  The use of bacteria associated with insects to disrupt disease transmission
is itself a new approach to disease control. The main principle, paratransgenesis, which is the genetic alteration of bacteria
carried by insects, was originally designed by Frank Richards to disrupt the transmission of Chagas disease by Triatomine
bugs. The possible use of paratransgenesis for preventing Pierce’s disease was seen to be feasible when Carol Lauzon and
John Peloquin in a preliminary study showed that the vector insect was cycling typical plant bacteria through the midgut.
The project then is to exploit this initial finding by seeking ways to deliver anti-Pierce’s strategies via one of the innocuous
bacteria found common to the host plant. This approach calls for expertise in environmental microbiology, plant pathology,
molecular biology, entomology and microbiology.  The research leaders listed above have the proper credentials to make
this strategy function.

OBJECTIVES

1. Culture, identify, then genetically transform insect-associated bacteria, especially gut bacteria, from glassy-
winged sharpshooter, Homalodisca coagulata (GWSS).

2. Find gene products that inhibit or kill Xylella fastidiosa, or disrupt its attachment in GWSS.
3. Work out transformation systems for the bacteria identified in No. 1 above.
4. Study the movement of plant bacteria between the vector and host plants.
5. Set up disease cycles in the greenhouse to test anti-Pierce’s strategies.
6. Test the application of anti-Pierce’s agents.

Realistic application of the strategies described above will require permits to release transgenic bacteria. It is obvious that
studies on the effects of such organisms on the environment are called for. We are working on such permits now for use in
other projects.

RESULTS AND CONCLUSIONS

The first six months of this project (initiated in March of 2001) was spent recruiting participants.  Blake Bextine will join
the project in mid-November.  For his Ph.D., Blake worked out an artificial system to study transmission of the Yellow
Vine disease of cucurbits by the squash bug, Anasa tristis. That disease is also caused by a bacterial pathogen identified as
Serratia marcescens. We feel Dr. Bextine is the ideal person to work out a disease transmission protocols to test anti-
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Pierce’s strategies. He will work directly with Dr. Lauzon and Dr. Peloquin. Early in the project Donald Cooksey hired
Ludmila Kuzina as a postdoctoral to work on rearing the pathogenic bacterium, Xylella fastidiosa. We were already well
aware of how difficult this rearing is and are fortunate to find a young scientist willing to accept the challenge. Dr. Kuzina
is testing the various anti-Pierce’s gene products and agents that are identified. Dr. Lampe secured the services of a trusted
technician early in the project and has been working on transformation protocols in cooperation with John Peloquin. Dr.
Cooksey’s other related projects are a good match to his desire to find methods of alleviating the Pierce’s disease symptoms
in the affected plants.

Specific research progress:

Methods of collection and isolation.  Field collections of GWSS were done by trapping the insects by hand directly from
vegetation in clean, fresh unused Ziploc polyethylene baggies. This was compared to the more efficient sweep net collection
to determine any possible source of contamination. We went to some trouble to ensure that gut samples of bacteria were not
contaminated with surface bacteria. Initial studies established that samples were indeed from the gut alone. The gut and
contents were plated on nutrient agar. The inoculated agar was incubated until bacterial colonies arose. Whereupon these
colonies were isolated, purified by restreaking and subsequently analyzed through biochemical and nucleic acid analysis to
establish the identity of the bacteria. Subsequent to discovery of bacteria in the gut, collections of GWSS were made
throughout the year to establish whether or not these bacteria were always found in GWSS as a part of the normal gut flora.
In the case of at least Alcaligenes xylosoxidans denitrificans, this appears to be so. Besides A. x. denitrificans, a number of
other gut bacteria were identified.

The most recent analysis of GWSS gut bacteria have included three yet to be fully characterized bacteria. Ralstonia was
formerly known as Alcaligenes and it has similar biochemical characteristics to this genus. Further biochemical
characterization should allow us to identify it to species.  The Arthrobacter sp. and Bacillus sp. are Gram-positive bacteria.
A great deal known about the biology of Bacillus, and a number of dependable expression vectors are known. Arthrobacter
species are considerably less well understood. The distribution and frequency of occurrence of these other bacteria must be
further studied to understand how they may be used in a program to control Pierce’s disease and/or the GWSS. Unlike
Alcaligenes xylosoxidans denitrificans, Chryseomonas luteola has been very slow growing on typical laboratory media
and is quite difficult to culture.

The Alcaligenes have thus far been found in all the GWSS collections. This suggests a possible symbiotic relationship with
GWSS that also needs to be further investigated. We have been concentrating on culture and transformation of Alcaligenes
xylosoxidans denitrificans because of ease of its laboratory culture and the observation that it has been found in all the
GWSS so far collected. Additionally, the biochemical characteristics (such as especially good growth in low nutrient
conditions) of these GWSS bacterial isolates suggest a plant affiliation or origin for these bacteria. We speculate that the
GWSS may be picking up these bacteria from their host plants. As GWSS feeds solely on xylem, the source of these
bacteria may very well be plant xylem. Investigation continues.

Alcaligenes xylosoxidans denitrificans strains have been characterized biochemically. The 16S rRNA sequence of JP134,
Alcaligenes xylosoxidans denitrificans from GWSS was determined. The closest sequence to this 16S rRNA sequence
matched in GenBank by BlastN was an uncharacterized Pseudomonas sp. In keeping with the need to study this possible
aspect of the biology of these bacteria, Bruce Kirkpatrick has made arrangements with us to follow the movement (if any)
of GWSS gut bacteria in plants. We hope to have a genetically marked (EGFP or similar fluorescent protein) available for
him to use in his studies soon.

Transformation vectors and attempts. [pEGFP/Zeo]. This plasmid was originally used to successfully transform Gram
negative endosymbionts of Tephritid gut (Peloquin, et al., 2000). An electroporation protocol developed for Psuedomonas
aerogenosa and Alcaligenes eutrophus was used in attempts to transform Alcaligenes xylosoxidans denitrificans with this
plasmid using Zeocin, a derivative of bleomycin/phleomycin as the selective antibiotic. We encountered some problems
with Zeocin and are testing alternative selective antibiotics to which our isolates of Alcaligenes xylosoxidans denitrificans
were susceptible. Kanamycin was found to be a good selective agent in disc diffusion assays. Fortunately, the GWSS
bacteria grew well on the Mueller Hinton agar used for this assay.

Derivatives of pBBRMCS2.  We found that our Alcaligenes xylosoxidans denitrificans were also susceptible to kanamycin
and derivatives by growth studies on plates supplemented with this antibiotic at standard concentrations as above with
Zeocin. Additionally, an analysis of Alcaligenes xylosoxidans denitrificans 16S rRNA sequence suggested that the closest
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relatives to this bacterial ribosomal RNA in the genetic data bank were that of a Psuedomonas species.  We then investigated
alternative vectors with origins of replication and promoters different from those usually used in Enterobacteriaceae in a
hope that an alternate origin of replication and antibiotic selection other than Zeocin might have better selection properties
and stronger expression of transgenes. The plasmid we are developing is a derivative of the previously published pBBRMCS
plasmids. We successfully transformed Alcaligenes xylosoxidans denitrificans isolates with plasmids derived from these
elements. We hope to next engineer these plasmids so that they express useful genes for pest control. At first we will use
fluorescent proteins like DsRed and EGFP. Immediately, these fluorescent protein markers can be used to trace the movements
and behavior of the transformed bacteria and later to produce substances that reduce or eliminate the vector potential of
GWSS infected with the transformed bacteria similarly to work done in other systems.

Endogenous mariners of the GWSS.  We screened the genome of the GWSS for the presence of mariner transposable
elements by PCR using fully degenerate primers designed against highly conserved motifs of mariner family transposases
(Robertson 1993).  PCR products were obtained with one set of the primers and the products cloned and sequenced. The
GWSS contains a mariner that falls into the irritans subfamily of mariner transposons.  All of the copies we sequenced
contained multiple frame shifts indicating they were inactive. These copies are derived from a very divergent irritans
subfamily element.

We know that the possibilities for interactions between the endogenous mariners of the GWSS and those we intend to use
in the gut symbionts are likely to be non-existent for several reasons.  First, there is no known way for the elements in the
cells of the GWSS to interact with those inside the bacteria.  Second, even if such an interaction were possible, the elements
in the GWSS are inactive.  Finally, the elements in the GWSS are extremely divergent in comparison to the elements
proposed for use in GWSS symbionts and as such could not interact with them (Lampe et al. 2001).

A transgenic system for GWSS bacterial symbionts. We are constructing two genetic transformation systems based on the
mariner family elements, Famar1 and Himar1. The final constructs that will be used to make stable insertions into Alcaligenes
are described below. The plasmids have several features that help it fulfill the requirements that meet our purposes. They
have an RP4 origin of transfer so they can be mated from E. coli to Alcaligenes. They also have a R6K origin of replication
so that they can only replicate in special strains of E. coli.  The drug marker is carried between two FRT sites, the sequences
that are used by the FLP recombinase of yeast.  Thus, once insertions of the Famar1 transposon are obtained, the drug
marker can be removed by recombination. Since the transposase gene lies outside the inverted terminal repeats (ITRs), the
insertions will be stable after the plasmids are lost.  Using this system we should be able to obtain insertions at random
positions in the chromosome of Alcaligenes that are completely stable.  These systems are currently being tested in
Alcaligenes.
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KEYS TO MANAGEMENT OF GLASSY-WINGED SHARPSHOOTER: INTERACTIONS BETWEEN HOST
PLANTS, MALNUTRITION AND NATURAL ENEMIES

Project Leaders:
Russell F. Mizell, III Peter C. Andersen
University of Florida University of Florida
Monticello, FL  32344 Quincy, FL  32351

INTRODUCTION

Leafhopper vectors of Xylella fastidiosa (including GWSS) behave very differently from most herbivorous insects.  GWSS
and other xylophagous leafhoppers have evolved many unusual adaptations such as host switching to maximize nutrient
uptake, unprecedented assimilation efficiency of nutrients, and excretion of ammonia that enable GWSS to subsist on
xylem fluid.  The physiology and behavior of GWSS that make it an efficient vector also make it less amenable to conventional
management tactics.  Adult GWSS may feed on hundreds of different host species, are long lived and exceptionally mobile
and fecund.  Natural seasonal fluctuations in plant xylem chemistry determine the seasonal use of host plants by GWSS
adults.  Xylem chemistry can be affected and/or manipulated by environmental factors, culture and management practices
(fertilizer, water, pruning, rootstock) and weather extremes.  Xylem fluid has the most dilute concentrations of dietary
nitrogen and carbon of any plant tissue.  Malnutrition is a primary source of mortality of immature GWSS.  The nutrient
requirements of immature GWSS are different and much more restricted than those of adults such that successful development
might often require host switching.  Whereas adult GWSS utilize many different host species, early instar nymphs survive
and develop on only a few.  GWSS females select both feeding hosts and ovipositional hosts, yet the interactions between
these two choices may be complex and conflicting.  We have established that adults prefer to feed on xylem fluid with
specific chemical characteristics (high amide concentrations). However, nymphs develop poorly on these high amide diets.
Nymphs develop more successfully on xylem fluid with low amide concentrations and proportionally higher concentrations
of many of the more dilute amino acids that are deemed essential for the development of most insects.  We have also
established the physiological basis for this phenomenon: adults can efficiently use nitrogen and carbon from high amide
concentrations, whereas young developing nymphs cannot.  Females can consume more nutrients (thus, produce more
eggs) on high amide diets, yet oviposition on these same hosts will result in up to 100% nymphal mortality (from malnutrition).
Oviposition (as it affects parasitism rate) and survivorship of nymphs (malnutrition) are key mortality factors for GWSS
with potential for manipulation to suppress leafhopper populations and X. fastidiosa diseases.  It is these important key
interactions and identification of the host plant species important in mediating such interactions that must be elucidated to
manage GWSS in any geographical location.

OBJECTIVES

1. To determine the effects of host plant assemblages and host plant chemistry on distribution, performance and
behavior of Homalodisca coagulata, glassy-winged sharpshooter (GWSS) and its natural enemies.

2. To determine the relationship of host plant xylem chemistry, and leaf morphology on host selection, feeding
and ovipositional behavior of GWSS and its parasites.
a.   Assess host plant acceptance and subsequent feeding rate, host plant selection and acceptance for

oviposition and the survival and performance of early and late instar nymphs as a function of host plant
species.

b.   Quantify the impact of these plant variables on the behavior and parasitism rate of eggs by Gonatocerus
ashmeadi.

RESULTS AND CONCLUSIONS

GWSS oviposits in many plant species, yet the majority of GWSS egg masses tend to be concentrated on a lower number of
select host species that apparently offer the quality of xylem fluid (food) required for survival of nymphs. Food quality for
nymphs appears to be an important factor affecting the population increase of GWSS. In this first year we concentrated on
developing field methods and data towards determining the host selection behavior and use for oviposition of known host
plants preferred for feeding by the adult GWSS.
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Two experimental sites were established near Monticello, Florida. In north Florida, crape myrtle, Lagerstroemia indica, is
an abundant and high quality host for GWSS adult feeding, but is clearly not a host species frequently used for oviposition.
Therefore, one of the sites chosen was a uniform stand - ca. 10-15 acres - of crape myrtle as the adult feeding host. Four
different species of host plants: holly (Ilex sp.), Euonymus sp., Pyracantha sp. and Bradford pear (Pyrus sp.) were chosen
as potential oviposition hosts for the GWSS.  Twenty trees of each species (a total of 80) were mixed and sorted into10
islands that were randomly distributed within the large block of crape myrtle to establish oviposition ‘islands’ for GWSS.
Plants were fertilized and maintained under overhead irrigation that was supplemented by hand watering.  Each plant on
the islands and the surrounding crape myrtle were examined for the presence of GWSS adults and nymphs weekly.  Every
leaf on the plants was carefully examined every two weeks and GWSS egg masses found were counted, marked and dated,
and left undisturbed.  The experiment was established on 21 June and sampling continued until late September 2000.
Yellow sticky traps were placed at each island to monitor flight and presence of GWSS adults near the islands.

The second site was also located at NFREC- Monticello. The experiment was established in a ca. 3-acre open turf-covered
field surrounded on 3 sides by pecan and a forest on the other.  Sampling began 14 June 2000 and was continued as described
above until 28 September 2000.  Ten different species of known GWSS host plants in pots and maintained as described
above were grouped in 9 plant “islands”.  Each plant island contained several species of host plants in an effort to simulate
the natural aggregated distribution of host plants as found in nature. A total of 149 trees were distributed among the 9
islands.  All plants had drip irrigation.  Because the islands were located in open grassland without other feeding hosts, crape
myrtles were included in each island as food for GWSS adults.  The plant islands were separated ca. 75m from each other.
Yellow traps were placed as above to monitor GWSS adult presence and flight periodicity.

Results from both sites indicated a statistically significant preference of GWSS for laying eggs on holly plants over all
other plant species offered as oviposition hosts. The second host most frequently used by GWSS for oviposition was
Bradford pear. A few egg masses were also found on other hosts. Pyracantha was chosen as oviposition host only very
early in the summer and in the fall. Parasites were able to utilize the GWSS eggs on all hosts.

To complement the small assemblages of mixed hosts blocks in Monticello-FL, a single large plot “epicenter” was constructed
in Quincy, FL to test assemblages of hosts for oviposition and adult GWSS on a larger scale.  A circular plot (500 m
circumference) was constructed in an isolated grass-covered field in late June 2000.  Eighteen ovipositional hosts (12
Euonymus sp. and 6 Pyracantha sp.) in containers were centered in the middle of the plot, and crape myrtle cv.  Natchez in
containers were arranged in concentric rings at 10, 20, 40, and 80 m away from the ovipositional hosts.  The crape myrtles
were arranged at 10 m intervals along the concentric rings.  GWSS adults and nymphs were counted twice weekly from 1
July until leaves began to senesce (15 October).  Remains of egg clutches were counted just prior to leaf senescence in mid-
October on both the adult and ovipositional hosts.  All plants were maintained by drip irrigation.

Common host species of GWSS were also established by in-ground planting in solid blocks in Quincy to provide data on
seasonal fluctuations on a variety of host species.  Host species established included peach, plum, apple, grape, holly,
Pyracantha sp., citrus, Euonymus sp. and Eucalyptus sp. and also were maintained on drip irrigation.  The grape planting
included 21 cultivars of grapes (minimum of 6 reps per cultivar) to examine varietal selection within Vitis spp.  Visual
counts of all stages of GWSS were made one to two times weekly during the peak season (July through October) and once
every one to two weeks after that to identify potential overwintering hosts.

Preliminary analysis of GWSS populations within the epicenter (circular grid) showed leafhopper aggregation, as is often
noted for GWSS populations.  However, aggregation patterns varied within the grid throughout the season and were not
consistently related to distance from the center (ovipositional hosts). The most noticeable effect in the epicenter as compared
to the contiguous blocks was that GWSS populations persisted on the potted crape myrtle well into the autumn. Populations
in the solid blocks of crape myrtle declined by mid to late August, as we have previously documented on crape myrtle.  In
the epicenter, however, populations remained high (>50 % of peak populations) into October when crape myrtle leaves
began to senesce. Counts of egg masses indicated that more egg masses were present on the 18 ovipositional hosts (Pyracantha
and Euonymus) than on all 96 crape myrtle.  Presumably, nymphs developing on ovipositional hosts may have supplied
new adults in late summer that dispersed to the surrounding crape myrtle. Alternatively, the phenology and/or physiology
of the potted plants was changed relative to the in-ground plants which maintained them attractive to GWSS for the
extended time period. Exposure of these plants to GWSS was ca. 2 months longer than typically noted on crape myrtle.
This suggests that proximity of adult and ovipositional hosts may greatly increase exposure of adult hosts to GWSS.
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Counts of GWSS within solid blocks established that crape myrtle, apple and Eucalyptus were the predominant hosts
throughout the summer. Eucalyptus was of particular interest as both nymphs and adults were present throughout the
season. We note that in this initial year of planting, plant size of young plants may also have been a factor. Citrus seedlings,
for instance, were not utilized as much as expected based on our previous examination of more mature citrus in our region.
Similarly, grape was not used as frequently as expected by adult GWSS, but this may have (in part) reflected the size of first
year plantings.

GWSS Rearing and Host Plant Parameters:
Our first-year efforts focused on standardizing and quantifying methodology for rearing GWSS.  This methodology is
essential for all research groups attempting to study GWSS development and nutrition, as well as for research on GWSS
parasitoids.  We have previously had good success in rearing GWSS, yet procedures need to be further standardized to
allow year-round mass rearing of GWSS.

We have consistently achieved the highest success rates in rearing GWSS on glabrous Glycine max.  This is not a naturally
occurring host, as typically G. max has trichomes that inhibit feeding by GWSS (particularly by nymphs).  Glabrous lines
are, however, excellent and consistent rearing hosts.  We have manipulated xylem nutrients by a variety of inoculation and
fertilization techniques.  Glabrous G. max grown under a variety of cultural conditions will support GWSS development.
We have obtained best results if seeds are Rhizobium inoculated prior to planting, and only urea fertilizers are applied to
soil.  Recently we established that a variety of glabrous lines will support GWSS development, although there is some
variation in developmental success with genotype.  While some developmental success is noted for a variety of G. max
genotypes and cultural conditions, combinations that result in comparatively low developmental rates often have a highly
skewed sex ratio with a paucity of successfully developing females.

The biggest problem in rearing GWSS year round is strict attention to lighting conditions.  In north Florida, GWSS that are
field collected later than mid-September will diapause, whereas individuals collected in summer or reared under long day
length conditions will continue to oviposit throughout the year as long as proper light conditions are maintained.  When
diapause occurs, we have recently established that we can break diapause if three weeks of short daylength are followed by
long daylength (we employ 16:8 light:dark regime) so long as the proper ovipositional hosts are present.

Glabrous G. max can be grown in the greenhouse year-round, and is relatively pest free.  Growth of G. max is slow under
greenhouse/cage conditions and plants can be maintained for the length of a GWSS generation (ca. 35-50) days without
having to replace within cages.  While glabrous G. max is not a typical host of GWSS, they have provided excellent (and
consistent) baseline data on developmental rates, instar durations, growth rates, consumption rates and other measurements
on developing GWSS (we have also used these hosts to establish specific nutritional requirements of developing GWSS).

We initiated the second phase of this experiment, which is to assess these same insect measurements on California relevant
host species. We have collected xylem chemistry data on the host plants used in the field plots and these are ready for
analyses. We are currently investigating Chardonnay grapes, Navel oranges, Spanish Pink Lemon and Crape Myrtle.  Data
from these hosts will be compared to rates of development on G. max in order to assess the value of each of these species
as developmental hosts for GWSS.  Upon completion, other California relevant hosts will be examined with a similar
protocol.  These quantitative results are essential, as the California host list for GWSS continues to expand.  Quantitative
analysis is needed to prioritize the role of each potential host for implementation of GWSS control measures.

Natural Enemies:
By exposing GWSS eggs to parasite adults, we determined the duration of the susceptibility of GWSS eggs to the parasites
Gonatocerus ashmeadi and Gonatocerus morrilli. It was determined that parasitoids can successfully parasitize 100% of
GWSS eggs for at least 7 days after oviposition. We also made observations on the relative phenology of parasite species
and investigated their mating and oviposition behavior. Parasitism on GWSS egg masses by these two parasitoids has been
studied on egg masses of different age during the development period range (9-10 days at summer temperatures). Parasitoids
were able to effectively parasitize 100% of the egg masses laid on holly plant leaves from the first day after being laid until
the day before sharpshooter emergence. Emergence of parasitoids from parasitized egg masses 8-10 days old was somehow
limited due to leaves hardening because of age.

Beginning in July at Monticello Florida, 99% of field collected GWSS egg masses on 5-gallon potted experimental plants
of Hollies, Pyracantha, Euonymus, Citrus, Bradford pear, and Crape Myrtle were found with 100% of eggs parasitized.
Parasitism rate remained at this high rate for the rest of the season until the end of the oviposition period, which in
Monticello was the second week of November.
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Parasitoid distribution and survival may be affected by available alternative food sources such as nectar and pollen, espe-
cially at times during low host density of hosts.  We initiated experiments looking at overwintering behavior and require-
ments of GWSS and its parasitoids. In a greenhouse kept with open screens allowing parasitoids in an out but without heat
of any kind, the last GWSS egg masses where oviposited the second week of November when parasitoids were still active.
Those egg masses were a total of seven, 4 and 3 oviposited respectively on two 1-gallon holly plants (Ilex opaca var.
cornuta).  Overwintering Gonatocerus sp. parasitoids emerged from 2 of the 7 egg masses on February 11th, 2001 and
GWSS nymphs emerged from the other 5 egg masses.  This indicates for the first time in the U.S. that GWSS as eggs and
Gonatocerus sp. within parasitized egg masses can overwinter at north Florida winter temperatures.

Laboratory experiments showed that adult parasitoids preferred whitefly honeydew to 50% honey solution and that parasi-
toids fed honeydew provided from excised leaves with live whiteflies lived twice as long as those fed simple honey solution.
Parasitoids may need food sources to sustain them and the low numbers of parasitoids and parasitism of GWSS eggs
observed in California in early season may be related to this need.  Perhaps parasitoid abundance could be enhanced by
providing alternative food sources.  It was also found at Monticello, Florida, that an earwig, Doru taeniatum, and tree cricket
species appear to be important predators of GWSS egg masses particularly early in the season. Because California has native
earwig species and early season impact from parasitoids is low, earwigs deserve more research attention for their potential
impact on GWSS.
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HOST SELECTION BEHAVIOR AND IMPROVED DETECTION FOR GLASSY-WINGED
SHARPSHOOTER, HOMALODISCA COAGULATA (SAY)

Project Leaders:
Russell F. Mizell, III Peter C. Andersen
University of Florida University of Florida
Monticello, FL  32344 Quincy, FL  32351

INTRODUCTION

The glassy-winged sharpshooter (GWSS), Homalodisca coagulata, a major leafhopper vector of Pierce’s disease, Xylel
fastidiosa, in the Southeast, has recently colonized many locations in California with devastating results.  Better and mo
effective monitoring tools are needed to detect GWSS presence at very low population levels for regulatory and quaranti
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purposes and to accurately estimate local GWSS population density.   Other than direct observation or sweep net collection,
the only available survey and detection tool is a yellow sticky trap.  CDFA is presently using the Pherocon AM yellow trap
configured in two dimensions to capture GWSS adults.  Yellow traps capture significantly more GWSS than other colors.
Other data suggests that GWSS behavior is driven primarily by vision, and while GWSS apparently can visually discriminate
between host plants and other objects, GWSS does not appear to use plant volatiles in host finding.  No research has been
directed towards improving the yellow trap or to evaluate trap precision at detecting GWSS relative to GWSS population
density.  We are investigating trap size, shape, and spectral reflectance pattern along with placement parameters (height,
background, proximity to vegetation) to optimize a field detection method for GWSS.  We are also investigating GWSS
behavior during host plant searching and selection.

OBJECTIVES

1. To improve and optimize a trapping method(s) (size, configuration, spectral reflectance pattern, field placement,
etc.) to detect and monitor GWSS.

2. To determine the mechanisms used by GWSS in host plant finding and selection.

RESULTS AND CONCLUSIONS

Local populations of GWSS in Florida are usually much lower than populations observed in California under most host
plant-habitat situations.  We attribute this to the higher plant diversity present in Florida that allows GWSS to feed on many
host plant species without intense aggregation on irrigated crops, such as citrus and grapes present in the dry areas of
California.  As a result, local GWSS populations in Florida more closely approximate founding GWSS populations that
may occur in California during early colonization of new locations.

Adult GWSS may feed on hundreds of different host species and are long-lived and exceptionally mobile.  Mark-recapture
experiments indicate that GWSS is capable of moving away from a release point at least 200 m in less than 2 hours.
Natural seasonal fluctuations in plant xylem chemistry determine the seasonal use of host plants by GWSS adults.  GWSS
move in short flights from plant to plant but also appear to move over longer distances using extended flights.  As a result,
caution must be followed in any interpretation of trap catch relative to estimation of the potential numbers of GWSS in the
proximal and distal surrounding vegetation.

Current Trapping:
CDFA is using the yellow Pherocon AM trap which provides a two dimensional surface that is 18 x 22 cm or 396 cm2.
These traps are inexpensive and easy to use because the stickem is already applied to the trap.  Trap size facilitates
shipment, handing and storage.  Any new trap configuration must balance the need for ease of use and cost versus improved
detection and monitoring.  Therefore, our goal was to evaluate trap configurations that would improve detection and
monitoring but be practical to use in large numbers.

Trap Color:
In previous and present research we have found that GWSS are only captured in significant numbers in traps yellow in
color.  We have found that bright yellow hues that have little or no reflectance below wavelengths of 500 nm (blue-violet-
UV) are preferred by GWSS.  As little as 20% reflectance in the wavelengths below 500 nm decrease trap captures.
Experiments using traps with a range of colors and intensities of gray support these conclusions.



Trap Shape and Size:
We have found that traps of 3-dimensional cylinders perform better then rectangles and other two dimensional configurations
and provide at least 3x increase in trap catch over the regular Pherocon AM.  We have found that trap size affects trap
capture. Trap capture increases with trap surface area without regard to shape.  By testing combinations of shape and size
we have found that larger traps (plastic pots as large as 30 x 30 cm) perform better than smaller traps and that cylinders
perform better than two dimensional traps. Trap capture increases proportionally as cylinder diameter increases from
5 - 7.6 -10.7 cm and cylinder length increases from 15.2 - 30.5 - 61 cm.

Trap Placement (background and contrast):
We have found that trap placement relative to host plants and other landscape structures is very important.  Placement of
two dimensional traps in the open increased trap capture rate by 2x over captures by traps placed against tree foliage or in
the interior of host plants.  Traps placed at heights near the top or just above the vegetation captured more GWSS than traps
placed surrounded by vegetation or near the ground.

Practicality and Recommendations:
Given our results and recognizing the needs of regulatory for large numbers of cost-effective and biologically effective
traps, we suggest that detection and monitoring can be significantly improved.  Until further experimentation is complete,
the Pherocon AM trap as presently configured can be used more effectively if a cylinder-shaped trap (7-8 cm diameter x
30-40 cm length) is made from two Pherocon AM traps.  This can be accomplished easily using a stapler to attach the traps
together, but would require the use of rubber gloves to avoid the stickem.   Several alternatives could be easily developed.
Mailing tubes 15 x 30 cm painted Glidden Safety yellow would perform better than the current Pherocon AM trap but
would require more space to ship and handle.  A cylinder trap could be configured in the field using the appropriately
sized, prefabricated yellow rectangles with stickem that could be shipped and handled by placing the sticky sides of two
traps together.  With either of the alternative traps, cost and effort would remain relatively the same as required for the
Pherocon AM trap, however, trap capture would be improved by a factor of 2-4.
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SHARPSHOOTER ASSOCIATED BACTERIA THAT MAY INHIBIT PIERCE’S DISEASE

Principal Investigator:
John J. Peloquin
Department of Entomology
University of California
Riverside, CA  92506

INTRODUCTION

Xylella fastidiosa is the etiological agent of Pierce’s disease, an important disease of grapes in the United States.  This
disease limits viticulture in Florida and the rest of the southeastern US.  It was observed in the Temecula Valley of California
in 1997.  Though this disease had been known in southern California (California Vine Disease, Anaheim Disease) since the
1880’s, it had not been reported before in the Temecula Valley wine grape area.  The appearance of Pierce’s disease in
Temecula coincided with increased populations of the glassy-winged sharpshooter (GWSS), Homalodisca coagulata.  Be-
cause of the mobility and vector capacity of this insect, Pierce’s disease has become a cause for great concern to wine
industry in California.

We plan to culture, identify, then select or genetically transform insect-associated bacteria, especially gut bacteria, from
glassy-winged sharpshooter to produce substances that inhibit or kill X. fastidiosa. We also intend to use bacterial-plasmids
derived from gram-negative bacteria and the novel himar transposon/transposases-mediated system derived from the mari-
ner insect transposon.

OBJECTIVES

1. Identify insect associated bacteria in GWSS and related insects in Southern California or other areas where the
vector insects are endemic.

2. Evaluate identified bacteria for the production of antibiotics inhibitory to Xylella for potential hazards to plants
animals and humans and for their potential for genetic manipulation through techniques for genetic transformation.
Those that can be genetically transformed will be investigated for their ability to express transgenes that produce
substances that inhibit, attack, destroy, or prevent the transmission of X. fastidiosa.

3. Evaluate various peptide antibiotics demonstrating effective inhibition of X. fastidiosa that could be candidates for
introduction and production in the GWSS-associated bacteria.

RESULTS AND CONCLUSIONS

Methods of collection and isolation of GWSS was simplified.  At the beginning of our work on GWSS gut bacteria, the
prevailing thoughts were that the propensity for GWSS to promiscuously acquire environmental bacteria was represented as
very high— these insects would pick up practically anything.  On further study, it was found that this propensity referred to
surface contamination, not gut bacteria. That is, a wide range of bacteria of environmental nature could be cultured from the
surface of unsterilized GWSS but not necessarily from solely their internal structures.  However, the previous studies of
GWSS bacterial flora had been performed to detect any bacteria associated with GWSS and were not necessarily performed
with an eye to the exclusion of surface contamination.  Our investigations of gut bacteria had been done after having taken
especial pains not to destroy bacteria in the gut or other internal organs of this insect.

The thought that GWSS indiscriminately picks up environmental bacteria guided our original collections of this insect.
Because of concern over casual contamination of collected GWSS, field collections of GWSS were done by trapping the
insects by hand directly from vegetation and placing them in clean, unused Ziploc polyethylene baggies.  These baggies are
quite clean if not sterile.  We were working with the concern that GWSS could pick up environmental bacteria from surfaces,
particularly that of a sweep net, which could contaminate the gut flora.  The time needed for this hypothetical contamination
of GWSS gut to happen was completely unknown so we erred on the side of caution in our initial collection procedure.  We
wanted to collect uncontaminated insects so as to be certain of the origin of the bacteria we isolated from their guts.  This
method of collection was used for several collection cycles in the Southern California area. However it was extremely
laborious and it was very difficult indeed to capture these very active and alert insects in a plastic baggie, sometimes an
entire afternoon was used in pursuit of a single GWSS where populations of GWSS were low (vineyards).
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Hence, in an effort to determine the necessity of such elaborate and inefficient collection measures, an experimental collec-
tion was made in which 10 insects were captured with the baggies and 10 were collected in a sweep net at the same site on
University of California, Riverside’s campus agricultural research lands.  If the contamination of the gut was rapid, we
would expect to see differences between the gut flora of the insects collected with the baggies and those with the net.
Subsequent microbiological study of both groups of insects revealed no differences in the gut flora.  Therefore, subsequent
GWSS collections for purposes of obtaining gut bacteria were made with the much more efficient sweep net.

In retrospect, this discovery makes sense.  The initial assumption that GWSS picked up environmental bacteria promiscuously
was based on previous surveys in which the unsterilized insects were rolled over the surface of a petri dish and the resulting
bacterial colonies were then isolated, purified, and identified.  In contrast, our studies were performed on insects which
were collected in the field, first by grabbing the insects with clean baggies, and then storing them for a short time in clean
fresh baggies with a sprig of host plant material as food for the GWSS until further processing.  Within two hours of
collection, GWSS were removed from the baggies with sterile instruments, then they were cooled to 4 0C to reduce their
mobility.  They were then placed with sterile instruments in sterile mineral oil at about 20 0C and frozen at -80 0C.  The
mineral oil sealed in the contents of the gut at both the anus and mouth and prevented any bacteria from subsequently
entering the GWSS during storage or transit.  For gut bacteria isolation, the frozen insects were removed from the oil, and
then exhaustively surface-sterilized in 70% ethanol/3% sodium hypochlorite solution for five minutes.  The surface sterilized
(and quite dead) GWSS were then transferred to sterile insect Ringer’s solution and aseptically dissected to remove the gut.
The gut and contents were plated on nutrient agar and incubated for the growth of bacterial colonies.  These colonies were
purified by restreaking and analyzed through biochemical and nucleic acid analysis to establish the identity of the bacteria.
Subsequent to discovery of bacteria in the gut, collections of GWSS were made throughout the year to establish whether
these bacteria were always found in GWSS as a part of the normal gut flora.  In the case of at least Alcaligenes xylosoxidans
denitrificans, this appears to be so.

Various bacteria like Alcaligenes xylosoxidans denitrificans, Chryseomonas luteola, Arthrobacter sp., Bacillus sp. and
Ralstonia sp.are reported.  The most recent analysis of GWSS gut bacteria have included three yet to be fully characterized
bacteria. Ralstonia was formerly known as Alcaligene and it has similar biochemical characteristics to this genus.  Further
biochemical characterization should allow us to identify it to species.  The Arthrobacter sp. and Bacillus sp. are gram-
positive bacteria.  Since there is a great deal known about the biology of Bacillus, and a number of dependable expression
vectors for transformation of this bacteria, this particular bacterium may have promise as a vehicle for production of
substances inhibitory to X. fastidiosa within either the plant or GWSS, or to actively destroy the GWSS through engineering
of this Bacillus to produce a toxin detrimental to GWSS.  Perhaps some sort of Bacillus thuringiensis toxin might be
employed in this fashion. Arthrobacter species are considerably less understood.  The distribution and frequency of
occurrence of these bacteria must be further studied to understand how they may be used in a program to control Pierce’s
disease and/or the GWSS.

The Alcaligenes have thus far been found in all the GWSS collections.  This suggests a potential symbiotic relationship
with GWSS that also needs to be further investigated. Unlike Alcaligenes xylosoxidans denitrificans, Chryseomonas
luteola has been very slow growing on typical laboratory media and is quite difficult to culture.  We have been concentrating
on culture and transformation of Alcaligenes xylosoxidans denitrificans because of ease of its laboratory culture and the
observation that it has been found in all the GWSS so far collected.  Additionally, the biochemical characteristics (such as
especially good growth in low nutrient conditions) of these GWSS bacterial isolates suggest a plant affiliation or origin for
these bacteria.  We speculate that the GWSS may be picking up these bacteria from their host plants.  As GWSS feeds
solely on xylem, the source of these bacteria may very well be plant xylem.  Further study is needed to investigate this.
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REPRODUCTIVE BIOLOGY AND PHYSIOLOGY OF GLASSY-WINGED SHARPSHOOTER

Principal Investigators:
Frank G. Zalom Christine Y. S. Peng
Department of Entomology Department of Entomology
University of California University of California
Davis, CA  95616 Davis, CA  95616

Cooperator: Research Assistant:
Nick C. Toscano Natalie Hummel
Department of Entomology Department of Entomology
University of California University of California
Riverside, CA Davis, CA

INTRODUCTION

Glassy-winged sharpshooter, Homalodisca coagulata (Say) (Homoptera: Cicadellidae), is a vector of Pierce’s disease of
grape.  Glassy-winged sharpshooter (GWSS) also vectors other diseases, including phony peach, alfalfa dwarf, almond
leaf scorch and oleander leaf scorch.  All these diseases are caused by various strains of the bacterium, Xylella fastidiosa
(Wells) (Purcell and Hopkins, 1996).

Although GWSS is an important vector of plant diseases, little is known about its reproductive biology.  It has been
reported that GWSS has two generations per year in Southern California (Blua et al., 1999).  Oviposition occurs in late
winter to early spring, and again in mid-to-late summer.  Adult females live several months and lay small eggs side by side
in groups of about 10, ranging from 1 to 27 (Turner and Pollard, 1959).  The greenish, sausage-shaped eggs are deposited
in the leaf epidermis of the host plants.

The morphology and anatomy of GWSS reproductive system has not been described.  The first part of our research project
is to study the structure and function of the female reproductive system.

OBJECTIVES

1. Collect and prepare GWSS specimens for studying the morphology and anatomy of female GWSS.
2. Study and describe the female genitalia focusing on the structure of the ovipositor.
3. Study the gross anatomy of the female reproductive organs.

RESULTS AND CONCLUSIONS

Female and male GWSS were collected in June, July, and August 2001. The total numbers of male and female GWSS
collected were recorded (Figure 1).  A subsample of female specimens were taken, dissected and examined under a
stereomicroscope to study their reproductive system.  Some dissected specimens were further treated with KOH and
stained to observe the detailed structures.

The abdomen of the GWSS contains 11 segments.  The first two and last two segments are reduced.  Dorsally, the 1st
abdominal tergum is folded beneath the 2nd and both of the 1st and 2nd tergites are hidden under the presternum.  The 3rd
tergum is clearly visible and is followed sequentially by the 4th through the 9th tergites.  The 9th tergum is modified to
form a pygofer.  The pygofer extends ventrally to enclose the genitalia.  Following the 9th tergum are the greatly reduced
10th and 11th tergites (Figure 2 a).  Ventrally, the 1st and 2nd sternites are reduced in width.  The 1st is hidden beneath the
2nd and both sternites are tucked into a fold at the base of the abdomen.  The 3rd through 6th sternites follow sequentially
after the 2nd sternum (Figures 2 b and c).

Modification of the genitalia begins with the 7th sternum, which is extended over the base of the ovipositor concealing it
from view externally (Figures 2 b and c).  The 7th sternum extends with v-shaped, tooth-like projections over the genital
capsule and a part of the pygofer (Figures 2 b).  The 8th sternum is reduced to a lip-like fold (Figure 2c).  The genital
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capsule appears to arise from the intersegmental membrane between the 7th and 8th sternites  (Snodgrass, 1933; Tsai and
Perrier, 1996).  The valvulae arise from the intersegmental membranes between the 7th and 8th, and 8th and 9th sternites.

The 1st valvula articulates with the 1st valvifers.  The 1st valvula is long and strap-like in appearance with a distinct tapering
point at the posterior end (Figure 3).  The pair of the 1st valvulae is connected anteriorly and become separated approxi-
mately one third down their length.  The 2nd pair of valvulae is found internal to the 1st pair of valvulae.  They articulate
with the 2nd valvifers at one ramus.  The articulation of the 2nd valvula with its valvifer is very close to that of the 1st
valvula, and as a consequence, they lie very close to each other.  The two pairs of valvulae are held together by a ridge.
About a third down its length dorsally, the 2nd valvula takes the shape of a saw blade with approximately 35 teeth.  The distal
end of the 2nd valvula is somewhat rounded.  The 3rd pair of valvulae is fused together by a membrane on the dorsal edge
to enclose the 1st and 2nd valvulae.  The 3rd valvula articulates with the 2nd valvifer anteriorly at a ramus opposite to that
of the 2nd valvula.  The 3rd valvula is darkly pigmented posteriorly and ventrally. Anteriorly and dorsally, it is membranous
and connects to the pygofer.  The pygofer is the outermost apparatus of the female genitalia.  It is almost a ring-like structure
and encloses the 3rd, 1st and 2nd valvulae in that order.  Dorsally, it appears as one continuous tergum, but ventrally, it splits
at a middle line exposing the ovipositor (1st and 2nd valvulae) and the 3rd valvulae.  Ventrally, the pygofer articulates with
the 2nd valvifers at one ramus.

The internal reproductive organs consist of a pair of ovaries (each consists of ca. 10 ovarioles/ovary), two lateral oviducts,
a common oviduct, a spermatheca, accessory gland(s), and the genital chamber (Figure 4).

Currently, we are studying the morphology and anatomy of the male reproductive system.  More research will be carried
out to study oogenesis and spermatogenesis by histological and cytological methods.
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Figure 1. Total Number of specimens of Glassy-winged sharpshooter collected on citrus at
UCR in the summer of 2001.
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Figure 2. a. Dorsal view of the abdomen of a female GWSS. b. Ventral view.  c. Lateral view to show the ovipositor.

Figure 3.  The ovipositor of a female GWSS. Figure 4. The reproductive organ of a female GWSS.
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EPIDEMIOLOGY OF PIERCE’S DISEASE IN THE COACHELLA VALLEY

Project Leaders:
Thomas M. Perring Carmen Gispert
Department of Entomology Viticulture Farm Advisor
University of California UC Cooperative Extension  Riverside County
Riverside, CA  92521 Riverside, CA  92521

Cooperator:
Charles Farrar
Department of Entomology
University of California
Riverside, CA

INTRODUCTION

The table grape industry in the Coachella Valley is represented by 14,400 acres of producing vines (California Department
of Food and Agriculture 1999), which generated grapes valued at $131 million in 1998 (Jose Aguiar, Riverside County
Farm Advisor, personal communication).  In the past, Pierce’s disease (PD), a disease caused by the xylem-limited bacteria,
Xylella fastidiosa Wells et al., has occurred in the Valley, but incidence has been limited to fields bordering weedy areas.
X. fastidiosa is transmitted from infected to healthy plants by sharpshooters, a group of insects in the family Cicadellidae.

In 1997, PD was documented in the wine grape-growing region of the Temecula Valley in southern California.  Unlike the
Coachella Valley and other areas in the state where PD is known to exist, the Temecula growers suffered devastating losses.
A survey of 8 Temecula vineyards, conducted in September 2000 found plant decline or death due to PD ranging from
51%-87% (Perring et al. 2001).  The most plausible explanation for the swiftness and severity of the PD epidemic in
Temecula is the unique epidemiology created when the glassy-winged sharpshooter (GWSS), Homalodisca coagulata
(Say) is introduced into an area with endemic PD sources (Purcell and Saunders 1999).  When this occurred in Temecula,
the epidemic mimicked the southeastern US, where GWSS-transmitted PD is the major factor limiting grape production.

The glassy-winged sharpshooter was identified in the Coachella Valley in the early 1990’s (Blua et al. 1999).  There are no
apparent biological or climatological factors that will limit the spread of PD in grapes in the Coachella Valley.  Our work
reported here was designed to document the current levels of PD in the Coachella Valley and to describe the seasonal cycle
of the GWSS.  This will allow us to identify characteristics of vineyards with high and low disease incidence for the
purpose of designing strategies to minimize PD spread.

OBJECTIVES

During the first year of our project, we focused on two objectives.
1. Determine the incidence and distribution of Pierce’s disease (PD) in the Coachella Valley.
2. Describe the spatial and temporal abundance of GWSS in the Coachella Valley and determine site characteristics

that may be contributing to GWSS abundance.

RESULTS AND CONCLUSIONS

PD Incidence: Sampling for PD was done in two ways.  Growers and their field workers were invited to attend one of a
series of workshops where they were exposed to PD symptomatology.  Each attendee was given a PD booklet (Varela et al.
2001) to take to their vineyards to help further train their workers.  As suspect plants were found, growers contacted us and
we traveled to the vineyard, confirmed their visual detection, and collected tissue for ELISA analyses.  No PD was detected
in any of the samples.

The second sampling method involved the selection of 25 vineyards distributed throughout the Coachella Valley.  At each
vineyard, we intensively sampled 3 blocks of approximately 100 vines per block.  Trained researchers conducted the visual
surveys of these approximately 7,500 plants, and tissue was collected from plants suspected of having the disease.  Approxi-
mately 180 samples were collected and subjected to ELISA and bacterial plating.  None of the samples were positive with
both techniques.
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GWSS Abundance: For this study, we placed traps every square mile throughout the Coachella Valley.  These 163 traps 
were changed each week and the numbers of GWSS and the related smoke-tree sharpshooter (STSS), Homalodisca lacerta 
(Fowler) were counted. Sampling started on May 14, 2001 (Julian date 134). Counts showed that average numbers of 
GWSS were low throughout the Valley and over the time period that we have sampled.  The average number/trap/day ranged 
between 0.01 and 0.16, and as expected, count data were quite variable (Figure 1). This reflects the fact that many of the 
traps had no sharpshooters on them. Also, there was no difference between sharpshooter numbers found on the north versus 
the south sides of traps, therefore a wind-driven component to sharpshooter flight is not suspected at this time (data not 
shown). 

There were substantially more GWSS than STSS on most dates (Figure 1). An interesting decline occurred in GWSS 
numbers between dates 197 - 204 (July 16 - 23), and we are looking at weather patterns to determine if GWSS was respond-
ing to any particular condition. When we looked at vegetation and ecological types surrounding the traps, we found some 
interesting relationships. Three are described here. We determined that traps next to urban landscapes (residences, edge of 
communities, etc.) had similar numbers of sharpshooters as did traps not adjacent to these areas. Second, we found that traps 
adjacent to grapes had no more sharpshooters than did traps not adjacent to grapes, thus it does not appear that vineyards are 
contributing to sharpshooter numbers at this time. Third, we found that traps adjacent to citrus caught significantly higher 
numbers of sharpshooters than traps not adjacent to citrus (Figure 2). This suggests that citrus contributed to the sharp-
shooter abundance in the Coachella Valley.  Recent work has determined a relationship between citrus and PD incidence in 
the Temecula Valley (Perring et al. 2001), and there are aggressive campaigns to treat large areas of citrus elsewhere in the 
state. Our data do not support such action in the Coachella Valley.  In our trapping studies, we found that only 33% of the 
traps adjacent to citrus caught GWSS while the other 64% of the traps next to citrus did not catch any GWSS (Figure 3). 
Thus our recommendation at this time is to monitor citrus carefully, and implement management strategies only where 
sharpshooters reach high numbers. 
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SURVEY OF EGG PARASITOIDS OF GLASSY-WINGED SHARPSHOOTER IN CALIFORNIA

Project Leaders:
Mark S. Hoddle (coordinator) Phil Phillips (collecting)
Department of Entomology UC Cooperative Extension
University of California Ventura County
Riverside, CA  92521

Serguei Triapitsyn (curation/identification)
Department of Entomology
University of California
Riverside, CA

INTRODUCTION

Collections over the past year of fresh glassy-winged sharpshooter (GWSS) egg masses have been made from Kern (on
citrus), Los Angeles, Santa Barbara, and Ventura (on avocado, citrus, laurel sumac, and macadamia) Counties. No novel
parasitoids have been encountered, all parasitoids belonged to the genus Gonatocerus (Mymaridae).

OBJECTIVE

1. Survey GWSS egg masses in California to determine indigenous parasitoid fauna.

RESULTS & CONCLUSIONS

Leaves with GWSS egg masses were collected from pre-selected survey sites and host plants and held in the laboratory
for parasitoid emergence by Dr. Phillips. Parasitoids were preserved in 75% ethanol and identified to species by Dr.
Triapitsyn.

Ventura County (Fillmore): G. ashmeadi (Girault) was the prevalent parasitoid in all samples collected from March through
August (about 95-97% of specimens), sometimes mixed with a few G. morrilli (Howard) (3-5% of the specimens).  In
three samples G. morrilli was the only parasitoid.  Generally, collections of G. morrilli have continued to increase in
Ventura Co. during late May, June and early July relative to 2 years ago.  One sample (5/3/2001 on laurel sumac) had one
specimen of G. novifasciatus Girault.

Kern County (Bena Rd.): parasitoid numbers have increased significantly during 2001 in Kern County from what they
were a year ago in 2000, with many collections during late spring and summer resulting in 100% parasitism rates.  Only
one parasitoid species, G. ashmeadi, was present in the samples taken from March through August.  The number of specimens
collected was very low in March-April samples compared with the samples collected during the summer.

Riverside County (collections were made by various individuals with no relation to this project and submitted for
identification): G. ashmeadi has been by far the dominant parasitoid but the occurrence of other species such as G.
novifasciatus, G. incomptus Huber as well as Ufens spp. (Trichogrammatidae) was greater than in Ventura County.  The
same species, along with G. morrilli, were reared from eggs of smoke tree sharpshooter.
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XYLELLA FASTIDIOSA BACTERIAL POLYSACCHARIDES WITH A POTENTIAL ROLE IN PIERCE’S
DISEASE OF GRAPES

Project Leader: Cooperator:
Neil P. Price Bruce Kirkpatrick
Department of Chemistry Department of Plant Pathology
State University of New York, SUNY-ESF University of California
Syracuse, NY  13210 Davis, CA

INTRODUCTION

Pierce’s disease (PD) causes symptoms of leaf scorch and fruit cluster wilt on wine, table and raisin grapes, and is caused by
the bacterial pathogen Xylella fastidiosa.  These fastidious, gram-negative bacteria occur only in the xylem of infected plants
and are transmitted by xylem-feeding insects; leafhoppers and sharpshooters.  The close association of plants with bacteria,
either pathogenic or symbiotic, is often mediated by cell surface polysaccharides that may become modified during the
infection process (Price, 1999). Xylella has 9 genes homologous to the gum genes of Xanthomonas campestris that direct
the synthesis of a highly viscous exopolysaccharide gum (EPS).  The biosynthesis and secretion of EPS is often tightly
regulated either by the availability of nutrients or of specific small-molecule inducers in plant exudates.  In addition, Xylella
undergo developmental changes from rippled to smooth cell walls during the infection process (Huang et al., 1986), impli-
cating a possible involvement of cell surface lipopolysaccharides (LPS).  LPS consists of membrane-anchored lipid A, a
core oligosaccharide, and a carbohydrate O-antigen repeat that typically contains phosphorylated, acetylated or methylated
sugars that can profoundly affect its physical properties.  Since it forms the outermost bacterial surface, the Xylella LPS may
be an important factor in mediating interactions such as recognition and adhesion between the bacteria and host plant, or the
bacteria and the insect vector.

OBJECTIVES

The stated hypothesis of our research is that bacterial polysaccharides produced by X. fastidiosa, particularly cell wall
lipopolysaccharides and an exopolysaccharide analogous to xanthan gum, may be causative agents of Pierce’s disease on
grapes. The prioritized research objectives were stated as:

1. Characterize structurally the bacterial exopolysaccharide(s) from the xylem sap of PD-infected and non-infected
vines (using two grape varieties, Chardonnay and Carbernet), and to ascertain its potential involvement in
Pierce’s disease.

2. Characterize structurally the lipopolysaccharide O-antigen from Xylella fastidiosa grape pathovar. isolated from
the xylem of PD-infected and non-infected vines (two varieties, Chardonnay and Cabernet).

3. Characterize structurally the exopolysaccharides and O-antigen from Xylella fastidiosa grown in culture, and to
assess potential changes in response to changing growth conditions and/or cultures additives.

RESULTS AND CONCLUSIONS

Carbohydrate and Genomic Analysis

Sequence data from the Xylella fastidiosa clone 9a5c (Simpson, 2000), a causative agent of citrus variegated chlorosis,
indicated that this strain has 9 genes with close homology to the xanthan gum biosynthetic cluster of Xanthomonas campestris,
i.e. gumBCDEFHJKM, but lacked gumGIL.  In Xanthomonas the gum genes direct the synthesis of a highly viscous
exopolysaccharide gum (xanthan) that is widely used in the food industry as a thickening agent.  The production of a
comparable gum by Xylella in the xylem of infected vines would likely block the plants’ water uptake system and produce
Pierce-type pathogenic symptoms.  For the citrus pathovar (CVC clone 9a5c) these gum genes are clustered on a single
operon.  Examination of the preliminary genomic data from X. fastidiosa grape, oleander and almond pathovars. (at the time
of writing these data are not yet published) identified similar components of gum genes, suggesting the exopolysaccharide
(EPS) production is common to all four pathovar. strains.  Hence the EPS may be symptomatic of Xylella-induced plant
diseases, but is unlikely to be a determinant of host-pathovar. specificity.
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Biochemical studies have shown that in Xanthomonas the first nine gum genes encode enzymes involved in the biosynthesis
of the xanthan gum tetrasaccharide repeat unit, D-GlcA-(beta-1,2)-6-O-acetyl-D-Man-(alpha-1,3)-D-Glc-(beta-1,4)-D-Glc,
while gumGIL encode for a terminal mannosyl transferase (GumI) and for two enzymes involved in decorating the mannosyl
residue, the acetyltransferase GumG and the pyruvate ligase GumL.  Hence the overall structure of xanthan gum is a cellu-
losic backbone that is branched at the 3-position on every other Glc residue with a 4,6-pyruvyl-O-acetyl-Man-GlcA-6-O-
acetyl-Man side chain.  The lack of gumGIL in the Xylella genome suggested that its exopolysaccharide should be closely
analogous to xanthan gum, but lacking the terminal 4,6-puyruvyl-O-acetylmannose residue.  Our initial aim was to deter-
mine whether xanthan lacking this outermost sugar residue would still form a viscous polymerized gum likely to clog xylem
vessels, or whether the intrinsic viscosity would be lost.

Xanthan gum forms a very stable gel in aqueous solution that retains its gel-state even after centrifugation.  The gel assume
a double stranded conformation that is stabilized by high concentration of metal ions, whereas denatured, single-stranded
forms exist at low ion strength or elevated temperature.  Hence, the presence of metal ions such as Mg2+ or Ca2+ tend to
stabilize the ordered, double-stranded conformation of xanthan, and thereby stabilize the gel-like properties.  Acid treatment
of xanthan to selectively cleave the outermost mannose residue, leaves a polysaccharide directly analogous to the proposed
Xylella gum.  We report that the gel viscosity was apparently unaffected by this treatment.  After dialysis, the diasylate
contained a single monosaccharide identified by thin layer chromatography (TLC) after methanolic-H2SO4 charring as D-
mannose.  The lyophilized residual gel was rehydrated to 0.5% w/v and gave a stable gel indistinguishable to the hydrated
xanthan.  These data suggest that the outermost β-Man is not necessary in maintaining the ordered conformation of the
predicted Xylella gum which is therefore likely to have physical properties very similar to xanthan.  If produced in the
xylem of vine plants, even at relatively low concentration (0.5% w/v), it would therefore likely occlude them, blocking the
plants’ water uptake system and leading to the water-stress damage symptomatic of Pierce’s disease.

Hydrolysis/Methanolysis

Polysaccharide analysis generally requires hydrolysis (or methanolysis) to the component monosaccharides
(methylglycosides) prior to compositional analysis.  Controlled acid hydrolysis of the predicted Xylella gum would produce
D-glucose and D-mannose plus a characteristic disaccharide, D-GlcA-(beta-1,2)-D-Man arising from the extra stability of
the glucuronic acid (GlcA) glycosidic bond.  Xanthan gel was still viscous after acid hydrolysis in TFA or 1% aq. sulfuric
and gave a streak at the origin on TLC plates.  In 10% aqueous sulfuric the gel-form was denatured, and a single spot was
observed on the TLC plates probably corresponding to co-eluting component monosaccharides.  Methanolysis at
concentrations less than 1 M HCl were not viscous (in methanol) but the majority of the polysaccharide was undissolved.
In 1 M methanolic HCl 80-90% of the xanthan dissolved to a non-viscous clear solution containing the predicted D-Man,
D-Glc, and GlcA-β1,2-Man, plus free GlcA as a minor component.  The GlcA-β1,2-Man disaccharide should therefore be
characteristic of this type of polysaccharide gum and might be useful as a “fingerprint” diagnostic of the Xylella EPS in
xylem exudates or vine cuttings.

Genomic Analyis of Xylella Lipopolysaccharide (LPS) Biosynthesis

An initiative of the American Vineyard Foundation and California Dept. Food and Agriculture to sequence the grape
pathovar. genome is presently in progress, and X. fastidiosa pathovars. of citrus, almond and oleander are completed.
These genomic data are invaluable to understanding comparative polysaccharide biosynthesis by Xylella, particularly for
predictions of diverse or pathovar-specific carbohydrate structures, such as LPS O-antigen.  Our sequence analysis of the
published genome of Xylella clone 9a5c (CVC strain) (Simpson , 2000) indicates that the gram-negative Xylella has the
full genetic compliment required for lipid A biosynthesis (lpxABCDK), but is unique in having multiple copies of several
of these genes (Table 1).  Four copies of the N-acyltransferase gene (lpxD) are present instead of the usual single copy, and
there are two copies of the O-acyltransferase gene (lpxA). One lpxA/lpxD pair is linked (XF1043 and XF1045) and is also
associated with the disaccharide synthase gene (lpxB, XF1042).  However, the 4’-kinase (lpxK, XF1082) and deacetylase
(lpxC, XF0803) genes are positioned elsewhere on the genome, as are the repeat copies of lpxA and lpxD.  The multiple
copies of the acyltransferases may indicate the Xylella has the ability to hyper-acylate its lipid A under certain conditions,
thereby increasing its lipophilic character. Alternatively, there may be specific LpxA and LpxD proteins expressed to
transfer specialized lipid motifs, such as the C28:27-OH fatty acid found on Rhizobium lipid A (Simpson, 2000).
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Table 1: Genes implicated in Xylella LPS and Surface Antigen Biosynthesis.
XF1289 44 %    2-dehydro-3-deoxyphosphooctonate aldolase (KDSA) {Escherichia coli}
XF0105 44 %    3-deoxy-D-manno-octulosonic acid transferase (KDTA) {Escherichia coli}
XF2299 50 %    3-deoxy-manno-octulosonate cytidylyltransferase (KDSB) {E. coli}
XF1419 26 %    acetyltransferase (LPXD OR FIRA OR OMSA) {Escherichia coli}
XF0918 32 %    acyl-[ACP]-UDP-N-acetylglucosamine (LPXA OR AQ_604) {Aquifex aeolicus}
XF1994 29 %    beta 1,4 glucosyltransferase (HI0653) {Haemophilus influenzae}
XF0612 24 %    dolichol-phosphate mannosyltransferase (dmt) {Aquifex aeolicus}
XF1638 34 %    dolichyl-phosphate mannose synthase related protein {Pyrococcus abyssi}
XF0257 75 %    dTDP-4-dehydrorhamnose 3,5-epimerase (rfbD) {Xanthomonas campestris}
XF0258 54 %    dTDP-4-keto-L-rhamnose reductase (rfbC) {Xanthomonas campestris}
XF0255 76 %    dTDP-glucose 4,6-dehydratase (RFBB) {Xanthomonas campestris}
XF0611 63 %    dTDP-glucose 4-6-dehydratase (rfbB) {Synechocystis sp.}
XF1637 29 %    glycosyl transferase (spsQ) {Sphingomonas sp. S88}
XF1082 38 %    lipid A 4'-kinase (LPXK OR HI0059) {Haemophilus influenzae}
XF0104 40 %    lipid A lauroyl acyltransferase (HTRB OR WAAM) {Escherichia coli}
XF1348 26 %    lipid A lauroyl acyltransferase (HTRB OR WAAM) {Escherichia coli}
XF1042 45 %    lipid A disaccharide synthase (LPXB OR PGSB) {Escherichia coli}
XF0879 26 %    lipopolysaccharide biosynthesis protein (rfbU) {Escherichia coli}
XF2434 37 %    lipopolysaccharide core biosynthesis(rfb303) {Pseudomonas aeruginosa}
XF0980 56 %    lipopolysaccharide synthesis enzyme (kdtB) {Serratia marcescens}
XF0778 26 %    O-antigen acetylase (oafA) {Salmonella typhimurium}
XF1413 45 %    polysialic acid capsule expression protein (kpsF) {Aquifex aeolicus}
XF2154 73 %    saccharide regulatory protein (opsX) {Xanthomonas campestris}
XF0176 43 %    sugar transferase (SC4A2.10c) {Streptomyces coelicolor A3(2)}
XF1045 41 %    UDP-3-O-(R-3-hydroxymyristoyl)-GlcN-acyltransferase (LPXD) {Salmonella}
XF1646 28 %    UDP-3-O-(R-3-hydroxymyristoyl)-GlcN-acyltransferase (LPXD){Rickettsia}
XF0486 31 %    UDP-3-O-[3-hydroxymyristoyl] GlcN-acyltransferase (lpxD) {Chlamydia}
XF0803 59 %    UDP-3-O-[3-acyl] GlcNAc deacetylase (lpxC) {Pseudomonas aeruginosa}
XF1043 44 %    UDP-N-acetylglucosamine acyltransferase (LPXA) {Escherichia coli}

Rfa-type genes involved in core assembly are also present, as are kds/kdt genes involved in CMP-KDO biosynthesis.  We
have identified both ADP-heptose synthetase (rfaD) and two heptosyltransferase (rfaC, rfaF) genes suggesting that Xylella
has a conserved inner core structure α Hep-1,3-α Hep-1,5-α KDO-2,6-lipidA, similar to E. coli or Salmonella. Rfb-type
genes that are likely to encode for synthesis of the outermost carbohydrate portion (the O-antigen) are also present on the
genome of the Xylella.  Structurally O-antigen tends to be very diverse, perhaps reflecting adaptation to particular
environments and in this respect it is noticeable that several of the Xylella rfb genes are also conserved in Xanthomonas
campestris.  For example, the rfbBCD cluster (XF0255, XF0258 and XF0257) are probably involved in the synthesis of
dTDP-L-rhamnose, a sugar known to be part of Xanthomonas LPS. As stated earlier, Xanthomonas LPS has been implicated
in adhesion to its plant host.

SDS-PAGE Analysis of Xylella Lipopolysaccharide (LPS)

Kb     Kb     OleS Oled GrS Grd XG Kb Xylella grape-strain LPS

A.                                                             B.

Figure 1. SDS-PAGE analysis of Silver-Alcian Blue stained LPS from Xylella fastidiosa grape (Gr) and oleander (Ole)
pathovars. Klebsiella LPS (Kb) is included as a standard, and XG is xanthan gum.  A. 18% continuous; B. 5%, 18%
discontinuous.



X. fastidiosa undergoes developmental changes from rippled to intermediate to smooth walled during the course of Pierce’s
disease indicating a possible involvement of LPS, although Xylella LPS has never been identified previously.  High molecular
weight LPS typically consists of repeating units which are resolved into ladders by gel electrophoresis.  SDS-treated LPS
extracts of Xylella grape strain and oleander strain behaved very differently on 18% SDS-PAGE gels, indicating gross
structural differences.  On continuous gels LPS from the oleander strain (Oles and Oled) ran as a single low M.wt. band
indicative of “rough” LPS lacking significant O-antigen (Figure 1A).  In contrast, grape-strain Xylella LPS (Grs and Grd)
comprised a ladder series of highly acidic (Alcian blue binding) O-antigen forms most readily resolved on discontinuous
gels (Figure 1B).  These data represent the first evidence of LPS production by Xylella species, and the first indication that
diverse LPS structures may be host-pathovar. specific.

The Xylella LPS may be important in mediating interaction such as recognition and adhesion between the bacteria and host
plant, or the bacteria and the insect vector, while EPS “xanthan” gum production is likely common to all strains.  Our
findings indicate that the EPS gum is not produced constituitively by Xylella but may be up-regulated during the development
of the disease.  In addition, SDS-PAGE analysis of cell wall extracts demonstrates the presence of Xylella LPS for the first
time, and highlights considerable differences between LPS from oleander- and grape-specific Xylella strains.  These structural
differences may be potential determinants of the Xylella host-pathogen specificity and may provide a fuller understanding
of Pierce’s disease at the molecular level.  Our present aims are therefore: 1.  To investigate the in planta production of
Xylella EPS gum during the later stages of the vine growing season; and 2. to chemically characterize Xylella LPS, and to
compare cultured Xylella LPS with that from Xylella grown on grape xylem exudate or in planta.
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PRUNING FOR CONTROL OF PIERCE’S DISEASE

Project Leader: Cooperator:
Alexander H. Purcell Ed Weber
Division of Insect Biology UC Cooperative Extension
University of California, 1710 Soscol Avenue #4
Berkeley CA  94720 Napa, CA

INTRODUCTION

Because there are no practical therapeutic measures for grapevines with Pierce’s disease (PD), we tested the effects of
drastic pruning as a method of rapidly regenerating healthy vines from vines with PD symptoms.  If such a practice were to
be successful, it could speed the replacement of affected vines by preserving an established root system to support vigorous
regrowth.  Our studies are designed to provide useful information for growers even if our pruning experiments do not
produce methods that eliminate the disease from infected vines.  Some growers have experimented with pruning practices
against PD and claim worthwhile successes but have not compared their results to negative controls.  These efforts may be
a waste of money for labor and lost time in vine replacement.  Our goals were to determine either that pruning would reduce
the time required to restore a diseased vine to productivity or that such practices are not worthwhile.  Finally, the results of
our proposed experiments would provide new data on the distribution and overwinter survival of Xylella fastidiosa relative
to PD symptoms.

Preliminary pruning trials in 1977 discouraged further testing of pruning to eradicate PD from individual vines.  The
incidence of PD symptoms was mapped in a plot within a commercial vineyard of ‘Ruby Cabernet’ in Fresno County.
Vines that had only a single cordon with PD symptoms were noted and the diseased cordon was sawed off of every other
such vine during October. In the fall of 1978, about 35% of the marked vines had no PD symptoms, but pruning had no
influence on the likelihood of recovery.  The same percentages of vines recovered regardless of severe pruning.

In another pilot experiment begun in late October 1996, we mapped the occurrence of PD in about 1000 Cabernet Sauvignon
vines in Napa Valley.  We marked, photographed, and took samples of symptomatic leaves from vines that had very early
symptoms of PD only on one or several canes in these quadrilateral-trained vines (4 cordons).  The samples were stored
frozen at -70 C to process with PCR at a later date to confirm our diagnosis of PD.  We then immediately removed all canes
with symptoms from half of the vines.  The following fall, 12 of 19 of the early-pruned vines showed no symptoms of PD.
However there were no disease symptoms in 16 of the 18 unpruned control vines.  We concluded that removing canes with
light symptoms was not a promising method to eliminate PD from infected vines.

Some growers in Napa and Sonoma county have claimed to have eliminated PD from about 60% of the vines by cutting the
trunk of the vine near the ground and retraining a new shoot to form a new trunk.  None of these growers left similarly
diseased vines as unpruned controls, so the effectiveness of their drastic pruning to control PD could not be assessed.  If
this pruning practice were to be adopted on a widespread basis without further critical evaluation, it is possible that a lot of
expense may be incurred with no real economic return.

OBJECTIVE

1. Determine if severe pruning can eliminate Pierce’s disease from grapevines with symptoms of the disease.

RESULTS AND CONCLUSIONS

Severe pruning (just above the graft union) in the winter of 1998-99 successfully regenerated healthy grapevines from
trellised vines in Napa Valley that had severe symptoms of PD during fall, 1998.  Grape varieties used were Cabernet
sauvignon, Merlot, Pinot noir, Chardonnay, and Cabernet franc.  Vine ages were from 2 to over 8 years.  Recovery rates
ranged from 87 to 100% for vines with the least severe symptoms; from 71 to 95% for vines in the “moderate” severity
category; and from 38 to 85% for the most severe category. For the least severe disease category, rates of recovery for
pruned vines were not substantially or significantly greater than normal dormant pruning in some plots.  Visual ratings of
PD agreed with results from using a sensitive molecular diagnostic test (Polymerase Chain Reaction, PCR) for PD for 79%
of the least severe category, 80% of the moderate category, and 97% of the severe category.  These results appeared to
demonstrate that it is feasible to regenerate healthy vines from vines with PD more quickly by severe pruning than by
pulling and replanting the vines, but the results for the following year drastically changed this conclusion.
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To test pruning as a PD control tool, we established as many plots in commercial Napa Valley vineyards as possible during
fall, 1998.  We defined three disease severity categories, based on the severity (extent) of PD symptoms from (1) light PD
symptoms on one to a few leaves, (2) moderate PD symptoms on only one side of the vine, or (3) moderate to severe
symptoms on both sides of the vine and with some fruit rasining.  We photographed each vine in the experiment and pruned
half of the vines in each category, leaving the remaining vines as controls for normal dormant pruning.  In the fall of 1999
we evaluated the PD status of all vines in our plots.  Two growers in three of our plots pruned most of our designated
control vines, so we did not re-map PD in one of these and got limited information from two other plots.

The results for the first year were very promising (Weber et al. 2000), with recovery rates of 87% to 100% for light PD
symptoms (category 1), 71-95% (category 2), and 38-85% (category 3) (Table 1).  However, the second year (2000), most
of these same vines in categories 2 and 3 had PD symptoms.  It is possible that severe pruning in summer months may be
a more effective approach, but this has yet to be tested.  The success of severe pruning in eliminating PD probably is
influenced heavily by grape variety.  More susceptible varieties support faster movement of the causal bacterium (Purcell
1981).  Pruning may also be more successful in climates in which the bacteria moves more slowly and has lower overwinter
survival rates.

Based on our results, we conclude that severe pruning will not eliminate PD from the remaining vine at rates that are more
profitable than removing and replanting.  Severe pruning of category one vines (light symptoms) eliminates production for
2 years from all the severely pruned vines, over half of which will recover with normal dormant pruning.  Severe pruning
is not reliable or effective enough for programs that aim to reduce the amount of inoculum for vine-to vine spread of PD.
Removing suspect vines as soon as possible is currently the only method to reduce PD inoculum levels in grape.

Table 1. First and Second Year Results for Regenerated Vines After Severe Pruning (Pr.) and for Controls (Check)
of 1998 Symptoms in Five Vineyards. Pruning was in the winter of 1998-99.

Number (No.) mapped in 1998 and percentage recovery  (%) in three disease categories at
the end of two growing seasons.

Treat-

      

Cultivar _____Category One____ ____Category Two____ ____Category Three____
ment No. in % in % in No. in % in % in No. in % in % in

1998 1999 2000 1998 1999 2000 1998 1999 2000

Pruned Cabernet 32 97 47 32 84 31 32 38 0
Sauvignon

Check 32 81 78 32 31 25 28 0 0

Pruned Cabernet 30 87 70 10 80 30 9 55 0
Franc

Check 30 63 53 10 0 0 9 0 0

Pruned Pinot 30 97 47 14 71 42 62 85 0
Noir

Check 30 90 63 14 29 29 38 0 0

Pruned Cabernet 14 100 64 20 95 60 17 70 13
Sauvignon

Check 20 70 55 26 19 12 17 1 0

Pruned  Chardonnay 6 100 83 25 84 8 13 85 17

Check 6 50 50 19 16 16 13 0 0
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TRANSMISSION OF XYLELLA FASTIDIOSA TO ALMONDS BY THE GLASSY-WINGED
SHARPSHOOTER

Project Leader:
Alexander H. Purcell
Div. of Insect Biology
University of California
Berkeley, CA  94720

INTRODUCTION

The glassy-winged sharpshooter or GWSS (Homalodisca coagulata) is a newly introduced vector of Xylella fastidiosa,
the causal agent of almond leaf scorch (ALS) and Pierce’s disease (PD) of grapes (Blua et al. 1999, Purcell and Saunders
1999).  GWSS and ALS now occur in Kern, Tulare, and Fresno counties.  The introduction of GWSS is expected to
dramatically increase ALS from its very low levels currently in the southern Central Valley over the coming years.  Our
experiments are designed to determine the efficiency of transmission (acquisition and inoculation) of X. fastidiosa to
almond by GWSS to new growth and to mature (> 1 year) woody tissues of almond and to estimate natural populations of
this bacterium within almonds at different times during the growing season.  Population densities of X. fastidiosa are
important in how efficiently vectors of X. fastidiosa can acquire the bacterium from plants.

Pruning branches on trees with early symptoms was promising for control of ALS (Mircetich et al., unpublished progress
reports to Almond Board in 1970s), but feeding of GWSS on larger branches may defeat the effectiveness of pruning and
increase the importance of almond to almond transmission of X. fastidiosa (Purcell and Saunders, 1999).

OBJECTIVES

1. Determine the efficiencies of acquisition and inoculation of Xylella fastidiosa by the GWSS to almonds.
2. Quantify populations of Xylella fastidiosa in infected almonds in the field throughout a season.
3. Determine the ability of the GWSS to inoculate and acquire Xylella fastidiosa from mature (> 2 years) woody

tissues of almond.

RESULTS AND CONCLUSIONS

In our transmission experiments, we exposed GWSS adults to almonds with ALS symptoms for 4 days and then transferred
them in groups of 4 GWSS per plant for 1, 2, or 4 days to Peerless almonds in the lab. Infection was assessed after 3-6
months by culturing X. fastidiosa (Hill and Purcell 1995). Transmission rates of X. fastidiosa from almond to almond for
these groups were 13% (3 of 24 test plants) for one day, 29% (6/21) for 2 days, and 67% (14/21) after 4 days access feeding
on test plants.  Test plants from experiments on acquisition rates from almond and inoculation rates from grape (a better
source of the bacterium) to almond have not yet been diagnosed for X. fastidiosa.  The rates of transmission from almond
to almond are lower than those we have found for grape, using the same experimental methods, but transmission of X.
fastidiosa to plants in experiments with GWSS tend to be more variable than with other vectors.  Our results for both
almond and grape suggest that some GWSS are not capable of efficient transmission, and we will investigate possibilities
that other, competing microbes limit transmission by GWSS.

Experiments to determine if GWSS can inoculate X. fastidiosa into mature woody tissues of almond plants in the greenhouse
resulted in transmission to both green shoots and older than one year trunks of almond seedlings in the greenhouse, but
final results are still pending diagnosis by culture assays.  We plan to test the ability of GWSS to transmit X. fastidiosa to
dormant almond plants during the winter of 2002.  The possibility of a year-round inoculation cycle would increase the
spread of ALS by increasing the time during which infection of almond could occur more inoculation events would occur
during the year.  For grapes, this may be one of the main factors explaining why GWSS can create such devastating rates of
increase of Pierce’s disease in vineyards (Purcell and Saunders 1999).

We estimated the population sizes of X. fastidiosa per gram of plant tissue using dilution plating (Hill and Purcell 1995b)
from plants with ALS at Davis, California in April, June, and September.  Populations were low in April: log 10 (10,000)
cells per gram.  Populations in June and September averaged about log 6 (one million) colony-forming cells of X. fastidiosa
per gram.  The higher population levels in summer and early fall would promote higher rates of vector acquisition.  Population
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levels of log 4 are marginal for vector acquisition in grape (Hill and Purcell 1995a), suggesting that summer and fall
months should be more efficient for almond to almond transmission.  However, GWSS has been observed to occur most
frequently in Kern County almonds in February.
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CHARACTERIZATION AND STUDIES ON THE FUNDAMENTAL MECHANISMS OF XYLELLA
FASTIDIOSA TRANSMISSION TO GRAPEVINES BY THE GLASSY-WINGED SHARPSHOOTER

Project Leader:
Alexander H. Purcell
Division of Insect Biology
University of California
Berkeley, CA  94720

INTRODUCTION

Much remains to be discovered about the vector transmission of Xylella fastidiosa, and an understanding of this process
may be essential in using methods that attempt to control X. fastidiosa diseases by reducing vector exposure to crops
(insecticides, repellents, barriers, biological control).  Information is needed to relate the numbers and activity of GWSS to
disease spread in order to establish guidelines for vector control.  A better understanding of the transmission process might
provide new ideas for limiting disease spread by reducing X. fastidiosa transmission from plant to plant.

Some of the important characteristics of transmission of X. fastidiosa by GWSS have not been described or estimated
because so far there have been few studies of its transmission efficiency to grape or almond (Purcell and Saunders 1999).
It has been suggested that the rapid impact of the GWSS in spreading Pierce’s disease (PD) may have been due to GWSS’
distinctive behavior of feeding on woody tissues and dormant plants rather than its abundance during the growing season.
Transmission to woody tissues could increase the rate of chronic infection by X. fastidiosa if summer infections of the
bases of grape canes or older wood establish chronic infections.  Currently, it is thought that summer infections of the canes
by traditional vectors in California do not often survive through the winter, explaining the lack of evidence to date for vine-
to-vine spread of X. fastidiosa in California vineyards (Purcell 1981, unpublished data).  If GWSS can infect dormant vines
or acquire X. fastidiosa from or transmit X. fastidiosa to dormant vines, this would extend the period during which vineyards
should be protected from GWSS. Reducing the number of vectors does not necessarily reduce the amount of transmission
of X. fastidiosa proportionally (Purcell 1981).  We intend to fill research gaps of information on vector transmission
efficiency and better understand how physical and biological factors affect transmission and perhaps how to interrupt
vector transmission.

The population levels of X. fastidiosa assessed by culturing bacteria from the head of the blue-green sharpshooter (BGSS)
did not correlate with transmission (Hill and Purcell 1995).  BGSS with levels of X. fastidiosa that were below a detection
threshold of 100 cells per insect transmitted X. fastidiosa about as well as did BGSS with much higher populations of
cultivable X. fastidiosa.  The saturation of transmission efficiency by small numbers of X. fastidiosa implies that the active
region in the vector from which the bacterium is transmitted is small.  Understanding the efficiency and limitations of
methods to detect X. fastidiosa is important, because estimates of what percentage of GWSS are capable of transmitting X.
fastidiosa can otherwise only be made by transmission assays, which require special facilities and 6-10 weeks of incubation.

The observations that (i) sharpshooter vectors stop transmitting X. fastidiosa after molting until they are again fed on an
infected plant and (ii) there is no latent period between acquisition of X. fastidiosa from infected plants and its inoculation
into healthy plants (Purcell and Finlay 1979a) imply that the bacteria are transmitted from the vector’s foregut.  Although
X. fastidiosa has been observed in the foregut of vectors (Purcell et al. 1979c; Brlansky et al. 1983), the location of X.
fastidiosa within the vector’s foregut from which the bacterium is transmitted has not been proven.  GWSS and other
sharpshooters in the tribe Proconiini seem to transmit X. fastidiosa less efficiently than members of the Cicadellini.  The
two tribes of sharpshooters differ greatly in morphology and some behaviors, so it is possible that GWSS may differ
significantly in behavior or morphology in ways that affect its transmission of X. fastidiosa.  We seek to determine the
location(s) of X. fastidiosa within the foregut that are critical for transmission.  We hypothesize that X. fastidiosa may be
transmitted in a similar manner to non-persistent viruses (Gray and Banerjee 1999), but with X. fastidiosa persisting by
multiplication.  Our efforts to identify the site within the vector foregut will test this hypothesis.  We are planning with
others (Backus, Walker, Blua, as described in other reports) to use electronic penetration graphics (EPG) to monitor the
insect’s feeding activities, while identifying several phases of feeding such as ingestion and salivation and to identify
critical phases of feeding during which inoculation of X. fastidiosa occurs.
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An in vitro assay for studies of the transmission of X. fastidiosa is essential to many related areas of research, such as tests
of the transmissibility of mutants of X. fastidiosa and efficiency of transmission of different strains of X. fastidiosa. Such
methods would allow experimental control over the acquisition of X. fastidiosa by the vector.  Unfortunately, such a system
has not been developed yet.  Davis et al. (1978) tested the possibility of in vitro acquisition of X. fastidiosa, but the
sharpshooters tested did not transmit. Purcell and Finlay (1979b) used the same approach to study sharpshooter transmission
of bacteria other than Xylella.  The development of an efficient in vitro system will enable experiments to determine what
characteristics make X. fastidiosa vector transmissible.

Understanding the transmission mechanisms of X. fastidiosa may also help develop biological control strategies for X.
fastidiosa transmission.  Microbes that occur on plant surfaces and can attach to the foregut surface of sharpshooters may
compete with X. fastidiosa for a specific attachment site (or sites) in the GWSS foregut.  This competition could exclude
one of the microbes from this essential region in the vector’s mouthparts, and the first microorganism to colonize it would
in principle be the successful one.  Our preliminary experimental data (unpublished) suggests that some GWSS are not able
to transmit X. fastidiosa. Specifically; GWSS’ acquisition of X. fastidiosa does not asymptotically approach 100% as does
the BGSS, but rather 10-70%, with high variability among different groups of GWSS.  We seek to confirm and understand
this phenomenon, including the possibility that other microbes can compete with X. fastidiosa for an attachment site on the
GWSS’ foregut.  We have isolated miscellaneous bacteria and yeast from the surface-sterilized heads of non-transmitting
GWSS and from test plants fed upon by these insects in transmission tests.  Our approach will be to look for reduced
transmission after GWSS access to plants sprayed (or naturally infected) with different bacteria and fungi obtained from
various sources (GWSS head, grapevine leaf surface and internal tissues).

OBJECTIVES

1. Characterize the transmission of Xylella fastidiosa to grapes by the glassy-winged sharpshooter (GWSS).
2. Develop in vitro assays to assess vector transmission of Xylella fastidiosa.
3. Test the possibility of biological control of Xylella fastidiosa transmission through competition for attachment

site in vector’s foregut.  (No results in this report)

RESULTS AND CONCLUSIONS

GWSS transmission to and from grapes
Adult GWSS acquisition of X. fastidiosa was fairly efficient with short periods of time, but the rates did not increase after
24 hours of acquisition access period (AAP).  Transmission during a 4 day period on healthy test plants for single GWSS
were 14% for 1 hour AAP, 34% for 6 hours, 13% for 12 hours, 44% for 24 hours, 28% for 48 hours, and 32% for 96 hours.
Inoculation efficiency of GWSS fed on diseased grape for 4 days was 2% after a 1 hour inoculation access period, 23%
after 6 hours, 4% after 12 hours, 20% after 24 hours, 33% after 48 hours, and 35% after 96 hours (n=46 to 56 for each
period).  These data suggest that some GWSS (approximately 60%) are not able to transmit X. fastidiosa and that this level
of vector competence varies among different groups of GWSS.  We seek to confirm and understand this phenomenon.

GWSS transmission into woody tissues and acquisition of X. fastidiosa from dormant plants
Grapevines kept in a cold box (4oC) during the winter were tested for positive root pressure (sap exudation from plant after
pin-prick).  GWSS usually did not survive on plants that did not bleed. Inoculations with 4 GWSS per plant in a growth
chamber with controlled temperature (18oC) for 4 days, after an AAP of 4 days on a source plant, resulted in transmission
to some dormant plants, even after returning the plants to outdoor conditions during February, 2001.  Twenty eight of 48
groups of GWSS caged on green plants at the same times became infected with X. fastidiosa, identifying groups of insects
that could transmit the pathogen under the experimental conditions. These 28 infective groups inoculated a total of 58
dormant plants, of which 10 developed PD, a total of 17% of the plants. Our analysis of test plants has not yet been
completed.

For acquisiton tests from formant plants, we first had to test if the adults collected from the field (Bakersfield, CA) already
had X. fastidiosa or not, this was done by letting the insects feed on green (non-dormant) plants for 4 days (pre-test).  After
this period, the insects were caged on PD plants that were dormant (same conditions as dormant plants in objective 4) for
4 days.  Only one group of GWSS out of hundreds of tested GWSS inoculated X. fastidiosa into a pre-test plant.  A total of
30 infected dormant plants were tested as sources of X. fastidiosa, with 30 groups of 4 GWSS.  After the subsequent IAP
on green plants, a total of 5 plants become infected with X. fastidiosa. We are repeating these experiments in 2002.
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Other characteristics of GWSS transmission
Our experiments have established that GWSS loses its ability to transmit after molting (data not shown).  Experiments are
still in progress to determine if transmission capability persists for months after initial acquisition by adults and if there are
day/night differences in transmission rates.

Our data demonstrated that BGSS and RHSS (red-headed sharpshooter) acquired X. fastidiosa from feeding on suspensions
in sterile xylem sap of cultured X. fastidiosa cells but did not inoculate X. fastidiosa to grapes (Almeida and Purcell,
unpublished).  We believe that the planktonic X. fastidiosa cells did not attach to the foregut.

In vitro acquisition attempts
We conclude that GWSS does not differ in its transmission of X. fastidiosa to grape from other well-characterized vectors
(like BGSS) in its retention of infectivity, lack of a definitive latent period, and loss of infectivity after molting.  It differs by
having lower and more variable transmission efficiency than BGSS.  We plan to repeat these trials with GWSS.  A better
understanding of what conditions induce X. fastidiosa attachment is needed to progress in our objective of understanding
how X. fastidiosa attaches to the vector foregut.

Effects of imidacloprid insecticide on GWSS’ transmission of X. fastidiosa
In a separate project not covered in this conference, we found that the systemic insecticide imidacloprid (Admire®) reduced
both visible feeding by GWSS and transmission of X. fastidiosa to grape.  In 3 separate experiments, dosages of Admire
applied to the soil of potted grapevines that killed about half of the GWSS confined on them after 24 hours (a typical field
rate of mortality to this insecticide) reduced feeding by more than 95%.  However, the reduction in transmission of X.
fastidiosa was less than the reduction in either survival or feeding.  Two- to four-fold smaller dosages of Admire still reduced
feeding but did not reduce mortality or transmission in the same proportion.  It is not clear if the reduction in transmission is
caused entirely by mortality or by changes in feeding behavior.  Further EPG studies (Walker, Blua project leaders) will be
made of how imidacloprid changes feeding behavior and how these changes relate (or don’t relate) to transmission.
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INTRODUCTION

Glassy-winged sharpshooter (GWSS) is a major pest of grape because it vectors a serious grape disease called Pierce’s
disease.  Successful control of GWSS requires disinfestation of vineyards, citrus orchards, and plant nurseries in both
agricultural and urban areas.  Although there are conventional chemical insecticides that could be used to disinfest grape
vineyards before harvest or treat urban areas for GWSS, there are concerns over public and environmental safety.  Use of
organically approved materials or insecticide chemistries safe to human health and the environment would be desirable,
especially in GWSS control situations near urban areas.  Currently, there are only a few organically approved insecticides
(Surround WP, plant oils, and insecticidal soap) and information on how effective these materials are against GWSS is
lacking.

ARS and industry partners have developed two new insecticidal chemistries that offer significant insect control properties
with improved safety to human health and the environment.  Particle film technology (Surround WP) is based on the inert
mineral, kaolin.  Surround WP is exempt from tolerance, can be applied up to the day of harvest, has a 4 hour re-entry
period, virtually no mammalian toxicity, and is listed as an approved organic production material.  Surround WP is unique
among insecticides in that it has the ability to repel insects from plants and prevents insect oviposition and feeding which
could prevent transmission of Pierce’s disease.  It has proven to be as effective as imidacloprid in controlling GWSS in
citrus in recent small block tests in California.  Sucrose octanoate is nearing EPA registration, made of food grade materials,
is exempt from tolerance, and has also shown levels of control of GWSS that is as good or better than many of the soft
pesticides currently available (M-Pede, Valero).

OBJECTIVES

1. Effect of alternative insecticide chemistries on all life stages on GWSS;
2. Efficacy of alternative insecticide chemistries for quick knock-down kill of GWSS in the field;
3. Prevention of GWSS infestations with season-long and timed spray applications of Surround WP.

What was accomplished the first year of this grant was the completion of objective 3 and the partial completion of
objective 1.

RESULTS AND CONCLUSIONS

Prevention of GWSS Infestation with Season-long Applications of Surround WP

In the 2000 season, research was initiated at 3 vineyard sites north of Temecula, California.  Treatments of Surround WP
and an untreated control were applied to 1–2 acre blocks of wine grapes with three replications at Luttgens, (Cabernet
Sauvignon) Mt. Palomar (Reisling) and Calloway (Chardonnay) vineyards.  Treatments were applied about every 2 weeks
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from April to September using a rate of 50 lb. Surround/100 gal of water applied at 50 to 100 gpa.  GWSS and leafhopper
adults were monitored biweekly using yellow sticky traps.  Direct counts of GWSS adults and nymphs were also conducted
on 16 ft of vine row in both treatments.  In addition, the percentage of grape leaves damaged by leafhoppers was assessed
in July, August, and September.  All vines in these studies were rated for Pierce’s disease (PD) symptoms in May and
September, 2000 and again in September 2001 by Ed Civerolo’s group to determine treatment effects.

Early Season Applications of Surround as a Barrier to GWSS Movement from Citrus into Grape
In March of 2001, research was initiated at 3 vineyard sites bordering citrus near Bakersfield, California.  In these studies,
we examined the effect of a 600 ft and 800 ft Surround WP barrier treatments on GWSS adult movement from citrus into
grape.  Treatments of Surround WP were compared to a conventional chemical control program at 3 vineyard test sites
using 4–12 acre plots/ treatment with 3 replications.  Surround treatments of 50 lb Surround WP/100 gal was applied at 50
to 70 gpa on March 13, March 30 and April 14 at three test sites.  In Test Site 1 (12 acre treatment blocks), yellow sticky
traps were place in 2 transects per block and spaced every 100 feet that began where grape interfaced citrus and extended
1300 ft into the treatment blocks that went approximately 500 ft beyond the treated areas.  In addition, the trap transects
were extended into adjacent citrus groves for 100 ft.  Test Sites 2 and 3 were similar to Test Site 1 except there were 4
replications and only 1 trap transect per treatment block.  Data were only analyzed for Test Site 1 because GWSS control
efforts in citrus adjacent to Test Sites 2 and 3 drove GWSS counts to levels too low to effectively sample.

Effect of Surround WP Applications on Nymphal Behavior
A series of studies were conducted on GWSS nymphs in free-choice and no-choice environments where they were offered
Surround WP treated and untreated lemon foliage.  The objectives of these studies were to determine if Surround treatments
affected feeding preference and survival of GWSS nymphs.  In a free-choice study, twenty GWSS nymphs were release at
the base of a lemon seedling with one limb treated with Surround WP and one limb left untreated.  Nymphs per limb were
recorded 1 and 2 days after treatment.  This experiment was replicated 6 times in field cages during July, 2001.  In a no-
choice study, twenty GWSS nymphs were released at the base of a lemon seedling that was treated with Surround or left
untreated.  Numbers of nymphs per seedling were recorded daily for 4 days after initiation of the study.  This experiment was
replicated 6 times in field cages during July, 2001.

Response of GWSS Adults to Different Colored Traps
A study was conducted to determine the response of GWSS adults to different colored sticky traps.  Although it is known
that GWSS adults are attracted to yellow, it is not known what other colors they are attracted to or if this attraction is
temporal.  Directly related to our Surround studies was the need to determine how GWSS adults respond to the color white
because Surround turns plant foliage white.  Round plastic colored targets 10 inches in diameter and coated with Tangle Foot
sticky polymer were attached to bamboo poles 6 ft. above the ground.  The colored traps were then placed within citrus
groves at 3 sites beginning in April, 2001 and were sampled year-around.  There were 9 colors with 4 replications per site.

Research on the different application strategies to control GWSS in grape and the studies on GWSS behavior have
shown:
1) Bi-weekly Surround WP applications performed better than weekly applications of conventional  insecticides in

early spring.
2) Surround WP applied as an 800 ft barrier bi-weekly along heavily infested citrus performed better than weekly

conventional insecticide treatments in preventing GWSS oviposition both within and beyond the barrier treat
ment.

3) Bioassays determined that GWSS nymphs will not move to Surround treated foliage and if forced to stay on
treated foliage they will eventually die.

4) GWSS adults orient to yellow and to a lesser degree orange.  They did not orient to white, indicating that white
Surround WP treated plants could be difficult for GWSS to locate.

This research, plus other independent studies conducted by other researchers in California have shown that Surround WP
is an effective alternative for the control of GWSS in both citrus and grapes.
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INTRODUCTION

Solutions to managing and controlling Pierce’s disease of grapes are often conceptualized as ways of breaking at least one
two-way interaction among the insect, plant, and bacteria components that are required for successful disease spread and
propagation.  Hypothetical solutions may also involve altering the abiotic and biotic environment within which these
interactions take place.  On the basis of our understanding of Pierce’s disease epidemics, as well as other insect transmitted
plant pathogen systems, one single control tactic (especially focused upon the insect) will not be sufficient to substantially
reduce vector populations such that the incidence of disease is below an economically acceptable level.  One management
and control strategy that potentially may be utilized to limit the damage brought about by Pierce’s disease involves layering
separate vector and disease management tactics together such that vector population densities are reduced, their interactions
with grapevines are inhibited or disrupted, and the interface between grapevines and the disease organism, X. fastidiosa, is
disrupted.  Here we report on our efforts to simultaneously implement (i.e. “layer”) various control strategies currently
available to limit the spread of Pierce’s disease transmitted by the glassy-winged sharpshooter, Homalodisca coagulata.
Specifically we are investigating the efficacy in controlling Pierce’s disease by simultaneously (1) applying systemic
insecticides aimed at reducing the number of sharpshooters invading vineyards (functioning as deterrents and inducing
mortality prior to feeding);  (2) applying foliar barriers (application of kaolin) such that sharpshooter landing and feeding
behavior on grapevines is disrupted; (4) rapidly killing sharpshooters that actually initiate feeding on grapevines; and (5)
using chemotherapy (application of metalosate) on grapevines as a prophylactic to reduce establishment of X. fastidiosa.
All of these control tactics are to be employed against a “backdrop” of region-wide biological control of glassy-winged
sharpshooters.

OBJECTIVES

Our specific objectives are to determine the ability of a variety of treatment and treatment combinations on 1) their ability to
reduce glassy-winged sharpshooter density and feeding and 2) their ability to reduce the rate of spread of Pierce’s disease in
newly planted vineyards. Treatment and treatment combinations to be evaluated are applied 1) imidacloprid at full rate, 2)
imidacloprid at 1/2 rate, 3) a combination of imidacloprid (in the Spring) plus acetamiprid (in the Fall), 4) metalosate, 5)
kaolin, 6) imidacloprid-acetamiprid combination PLUS kaolin, 7) imidacloprid-acetamiprid combination PLUS metalosate,
8) metalosate + kaolin, 9) imidacloprid-acetamiprid combination PLUS kaolin PLUS metalosate, and 10) control (water
only).

RESULTS AND CONCLUSIONS (to date October 1, 2001)

Project Status
In April of 2001, a research site was selected at the Agricultural Operations facility located on the campus of the University
of California, Riverside.  The dimensions of this site are approximately 800 ft X 150 ft.  During April and early May the site
was cultivated, and prepared for planting.  Drip irrigation was installed.  One thousand grape vines were acquired from
SunRidge Nursery in early May and planted on May 16, 2001.  The variety utilized in this study is Chardonnay 04 on S04
rootstock.  Vines were planted with 6 ft spacing between plants and 12 ft spacing between rows.  A total of 10 rows of 100
vines per row was planted.  Experimental treatments were initiated in August of 2001.

Treatments were applied using a randomized complete block design utilizing 10 experimental blocks.  A block consists of
10 sections of vine-rows comprised of 10 plants per row.  Treatments are applied individually to each plant within an entire
row section.  As rows will receive the treatment, rows will be considered as the replicate and plants nested within row.  The
following treatments will be applied 1) imidacloprid at full label rate, 2) imidacloprid at one-half label rate, 3) a combination
of imidacloprid (applied in August) plus acetamiprid (in the Spring), 4) metalosate, 5) kaolin, 6) imidacloprid-acetamiprid
combination PLUS kaolin, 7) imidacloprid-acetamiprid combination PLUS metalosate, 8) metalosate + kaolin, 9) imidacloprid-
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acetamiprid combination PLUS kaolin PLUS metalosate, and 10) control (water only).  One month following initial treat-
ment application and every 2 weeks thereafter, the total number of sharpshooters found on each treated row will be deter-
mined.   The impact of treatment on sharpshooter numbers is subsequently determined by repeated measures analysis of
variance; the preliminary results showing the impact of treatment on sharpshooter numbers for the first six weeks following
treatment application are presented below.

Additionally, for each treatment combination, sharpshooter feeding and behavior trials are conducted to evaluate the impact
of treatments on feeding biology and host acceptance of the sharpshooter.  The first set of these trials is currently underway
and we hope to have preliminary results by December 2001.  Similar trials will be conducted for each treatment every six
months for the duration of the experiment (2.5 years).

Finally, in the fall of each year (beginning in 2002) of the experiment, an evaluation as to the efficacy of treatments to
prevent the development of Pierce’s disease will be made based on visual observations and sampling for X. fastidiosa within
selected plants within each treated row.

Results from the repeated measures ANOVA indicated that there was a significant difference among treatments with respect
to the number of sharpshooters found on experimental plants (F5,52=6.93, P<0.0001).  As replicates involving acetamiprid
have not as of yet (Oct. 2001) received these treatments, these treatments have not been included in this analysis.  As
expected plants treated with metalosate (a potential prophylactic treatment for Pierce’s disease) supported similar numbers
of sharpshooters as untreated control plants (see figure below).  The efficacy of metalosate for the prevention of Pierce’s
disease will be evaluated during the annual estimate of Pierce’s disease incidence in test plants.  Overall plants treated with
kaolin demonstrated reduced numbers of sharpshooters relative to the untreated controls, and plants treated with imidacloprid
exhibited the lowest numbers of sharpshooters.  There were no significant differences in the numbers of sharpshooters
found on plants treated with kaolin as compared to the numbers found on insecticide treated plants.  No experimental
treatment resulted in complete protection from sharpshooters; consequently, all treated plants are at risk of exposure to X.
fastidiosa.
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ECONOMIC IMPACT OF PIERCE’S DISEASE ON THE CALIFORNIA GRAPE INDUSTRY

Project Leader:
Jerome Siebert
University of California
Berkeley, CA  94720-5940

This report provides estimates of the economic impact of Pierce’s disease on the California grape industry.  It is the result
of a study funded by the California Department of Food and Agriculture (CDFA).  The report reviews both the current
situation and provides estimates of future economic impacts if a new vector, the glassy-winged sharpshooter (GWSS),
becomes established.

BACKGROUND

Pierce’s disease (PD) is not new to California.  It was first observed and recorded in the 1880s when it was responsible for
destroying more than 40,000 acres of grapevines in the Los Angeles basin.1 Localized infections of the disease have
occurred in the Napa Valley since the 1880s.  There have also been periodic epidemics over the last century where the
disease has reached a higher incidence and become more widespread in the grape growing regions of the state.  In the early
1990s, growers in Napa and Sonoma counties again began reporting symptoms of PD.  The spread of PD into North Coast
vineyards, while widespread, is mostly confined to riparian areas and near irrigated landscapes.  The blue-green sharpshooter
(BGSS) is the principal insect vector spreading the disease from the riparian habitats.  Under BGSS, vine-to-vine spread is
minimal, even though the disease is present in the vineyard.  This is due to the nature of BGSS, which does not travel far
and has a limited ability to transmit the disease due to the small size of its mouth.  In addition, much of PD infection is
eliminated through the pruning process.  Small vineyards planted next to BGSS habitat traditionally have had the highest
risk due to infestations from the habitat.  The disease basically has an edge effect of about 300 feet; hence, if the vineyard
is 600x600 feet, then it is all edge.2 Since 1994, more than 1,000 acres of Napa and Sonoma county grapevines have been
pulled and replanted (total 1999 bearing acreage equaled 66,700 acres) due to Pierce’s disease with an estimated cost to
growers of over $30 million in lost income, production, and replanting expense.

Up until the late 1990s, PD was known as a disease mostly prevalent in the North Coast grape growing areas.  However,
according to Bill Peacock, University of California of California Farm Advisor, Tulare County has battled PD since the
1930s.  He claims the outbreak has been as severe as that in Napa, but the problem doesn’t receive as much attention since
it doesn’t have the high profile that Napa does.  The problem would be exacerbated with the introduction of a more
efficient vector than the traditional blue-green, green, and red-headed sharpshooters which are not aggressive in their
travel and eating habits.  Enter the glassy-winged sharpshooter (GWSS), which recently became established in California
and is a serious threat to vineyards since it moves faster and farther into vineyards than other species.

Since the early 1990s, GWSS has been seen in high numbers in citrus along the Southern California coast.  During the past
few years, it has become more abundant farther inland in Riverside and San Diego counties.  In 1998 and 1999, high
populations on citrus and adjacent vineyards were seen in southern Kern County.   GWSS is expected to spread north into
the citrus belt of the Central Valley and become a permanent resident of various habitats throughout northern California.3

Temecula Experience
In the summer of 1999, wine grape growers in Temecula, Riverside County, experienced the sudden die-back of grapevines
confirmed to be caused by PD.  It has been reported that more than 200 acres (out of a total of over 2,100) were lost to PD.

The economic impact of the loss in production from 1998 to 1999 can be seen in Table 1.  As can be seen from this table,
11,113 tons of wine grapes (not counting raisin or table grape varieties) from District 16 (Riverside and San Diego counties)
were crushed in 1998.  This amount had decreased to 7,255 in 1999, or 35 percent.  The value of this tonnage had
decreased from over $9.8 million in 1998 to $6.3 million in 1999, a loss of $3.5 million in gross agricultural income, or a
decrease of 36 percent!   This lost production also has an impact on other economic variables such as employment and
regional and state income.  The lost production, if realized, would have been made into wine, which would have been sold
into retail channels.  It is estimated that, on average, the wine valued at the producer level has a multiplier of 4.3 to convert
it to a value at the winery level.4 This calculation results in a value of this lost production of $15.2 million at the winery
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level.  The impact of this lost production on California state income, using a multiplier of 2.55, is estimated to be $37.9
million (Total California income in 1997, the latest data available, was $846 billion).

Table 1.  Wine Grape Statistics for District 16, 1998-99.

1998 1999 2000
Bearing Acres White Wine 1,578 1,598 1,280
Bearing Acres Red Wine 572 547 534
Total Bearing Acres 2,150 2,145 1,814
Tons Crushed White Wine 7,109 4,173 5,230
Tons Crushed Red Wine 4,004 2,543 3,820
Total Tons Crushed 11,113 7,255 9,050
Grower Return White Wine ($/ton) 961 860 1,005
Grower Return Red Wine ($/ton) 746 882 846
Gross Grower Return White ($) 6,833,740 4,051,846 5,256,150
Gross Grower Return Red ($) 2,988,225 2,242,826 3,231,720
Total Gross Grower Return ($) 9,821,965 6,294,672 8,487,870

Total CA Wine Tons Crushed 2,527,056 2,616,831 3,318,507

Source: Grape Crush Report, California Department of Food and Agriculture, Sacramento.

Comparisons of 2000 crush data for District 16 to 1998 data temper the impact from 1998 to 1999.  Wine grape gross
income for District 16 still decreases, but by $1.334 million, or 13.6 percent, still a significant amount.  Much of this
improvement can be attributed to increases in tonnage in 2000 over 1999 and increased wine grape prices.  A comparison
of bearing acreage from 1998 to 2000 reflects more of the actual situation.  Bearing acreage has declined by 336 acres, or
15.6 percent. Growers are reluctant to plant additional acres or replace vines until some strategy for dealing with PD is
found.

While Temecula is a relatively small grape growing area compared to the rest of California (District 16 wine grape production
accounted for 0.3 percent of the total crush in 2000), the lessons to be learned from this situation are valuable in estimating
the economic losses from the introduction of GWSS.  Growers in Temecula have no plans to replant grapevines until a
remedy is found for PD.  A major problem in Temecula is the presence of large numbers of citrus in close proximity to
vineyards.  Before GWSS, this situation was not a serious threat.  However, citrus serves as a host for GWSS, which moves
from it to grapevines.  In Southern California, the large numbers of GWSS coupled with their aggressive habits laid the
groundwork for the current disaster.

Of concern is the large numbers of citrus in the Southern San Joaquin Valley that are in close proximity to vineyards.
However, there are a large number of additional hosts that pose danger to grapevines if GWSS is established on them as
well.6 Data on the establishment of GWSS is speculative at this time (data on the incidence of PD throughout California is
also not well documented and anecdotal in many cases).  Estimation of potential impacts will have to rely on scenarios
synthesized from observable occurrences where data exists (Temecula) or surveys such as the Napa Valley Pierce’s Disease
Task Force Report.

Overview of the California Grape Industry
Statistics on the California grape industry are contained in Table 2.  This table provides acres harvested and gross farm value
for raisin, table, and wine grapes for 2000.  Table 2.  Harvested Acres and Gross Farm Value, California Grapes, 2000.

Acres Gross Farm Value
Raisin Grapes 280,000 $489,384,000
Table Grapes 89,000 $438,280,000
Wine Grapes 458,000 $1,908,649,000
Total California Grapes 827,000 $2,836,313,000
Total California Agriculture 8,306,200 $26,243,717,000
Source: California Agricultural Statistics Service.

Table 2.  Harvested Acres and Gross
Farm Value, California Grapes, 2000.
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As can be seen from Table 2, the California grape industry accounts for $2.8 billion in gross farm value (nearly 11 percent
of the California state total and growing rapidly with wine grapes the leader).  Wine grapes is the largest sector at  $1.9
billion (68 percent) followed by raisin grapes (17 percent) and table grapes (15 percent).  While not shown here, wine grapes
have been the fastest growing sector over the past 10 years with a growth rate at the producer income level of over 15 percent
per year.  In addition, exports of California wines have grown at an impressive rate of over 10 percent per year since 1995
and now rank second in state exports at $498.5 million (1999 value).7 In terms of acreage, the California grape industry
accounts for 827,000 harvested acres, or ten percent of the state total.  Grape acreage has increased over 10 percent from
1998 to 2000.

Statistics of grape acreage, gross farm value, and citrus/avocado acreage by county can be found in Table 3.  Citrus and
Avocado acreage is displayed with grape acreage to show which areas are at greatest risk from the presence of large citrus
and avocado acreage.  Also, counties are roughly grouped into geographical areas.  First, grapes are grown in a large
geographical area.  However the top five counties in terms of acreage (Fresno, Madera, San Joaquin, Tulare, and Kern)
account for nearly 71 percent of the total grape acreage in California and 63 percent of the grape gross farm value.  Three of
these counties (Fresno, Kern, and Tulare) have large concentrations of citrus and avocados.

Table 3. California County Grape Acreage, Grape Gross Farm Value, and Citrus/Avocado Acreage, 1999.

County Acres, Grapes Grape Farm Value Acres, Citrus/Avocados
Alameda 2,018 8,523,000
Contra Costa 1,580 6,978,000
Glenn 835 2,273,000 714
Napa 30,506 221,852,000
Sacramento 22,630 90,409,000
San Joaquin 83,000 291,197,000
San Mateo 40 130,000
Solano 3,390 14,130,000
Sonoma 42,227 269,271,000
Yolo 8,704 35,431,000
Fresno 228,430 605,214,000 28,737
Kern 88,283 491,269,000 43,531
Kings 5,178 20,523,000
Madera 92,230 228,567,000 600
Merced 16,200 46,090,000
Stanislaus 13,900 35,420,000
Tulare 81,334 442,652,000 115,697
Monterey 34,187 157,926,000 1,020
San Benito 2,494 13,455,000
Santa Clara 1,600 12,531,000
Santa Cruz 200 1,513,000
San Luis Obispo 16,272 83,601,000 2,536
Santa Barbara 14,064 60,117,792 10,186
Los Angeles 79 348,000
Riverside 16,349 146,739,000 38,225
San Bernardino 1,210 2,726,000 6,139
San Diego 189 161,154 42,293

Source: California At A Glance, Published by California Farmer, August 1999.  Data taken from County Agricultural
Commissioners’ Reports.

Economic Impacts
The economic impacts from PD take on different dimensions and will vary by location, age of vine, and variety.  Impacts are
derived from replanting entire vineyards, vineyard management which includes monitoring, replacement of diseased vines,
and training new growth, vector management which includes monitoring vectors and application of vector controls (in many
cases pesticides), and sharpshooter host and riparian management (where appropriate).  All of these tasks involve costs; all
substantial that will increase the cost structure of producing grapes in California.  Appendix Table 1 contains an overview of
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wine grape production cost estimates by University of California of California Farm Advisors.  Table 4 below contains
University of California Farm Advisor estimates of establishing a vineyard (minus land costs), amortized cost contribution
to annual costs, and replanting costs.

Table 4.  Vineyard Establishment and Replanting Cost Estimates

      Area, Variety Establish Cost per Amortized  Vines per Replant
Cost/Acre Vine Cost/Acre Acre Cost/%

San Joaquin Valley Wine $4,105 $7.27 $621 565 $18/2%
Lodi Cabernet $5,949 $9.56 $381 622 $31/2%
Sierra Nevada Zinfandel $10,173 $17.22 $1,013 622 $105/5%
Sonoma Chardonnay $13,369 $14.72 $1,227 908 $103/4%
Lake Sauvignon Blanc $8,640 $15.27 $834 566 $47/2%
Santa Maria Chardonnay $11,985 $11.01 $736 1,089 $256/5%
San Luis Obispo Cabernet Sauvignon $9,526 $10.94 $585 871 $64/2%
San Joaquin Valley Thompson Seedless $3,839 $7.40 $378 519 $22/5%

Source: University of California Farm Advisor Sample Costs to Establish A Vineyard and Produce Wine Grapes.

As can be seen from Table 4, costs vary widely by location and variety.  However, they give a good guide on the costs of
replacing a vineyard and replanting vines within a vineyard.  The last column deserves explanation.  It presents the cost of
replanting a percentage of the vines in a vineyard; hence, for the San Joaquin Valley Wine estimates, the cost is $18 to replant
2 percent of the vineyard (which in the case presented is 2 percent of 565 vines per acre).

The replacement of a vineyard due to PD involves more than just the replacement cost.  It also involves lost yield and
revenue in addition to the cost.  A hypothetical example using the costs for Sonoma Chardonnay is contained in Table 5
below.  It is assumed that the vineyard will suffer a 50 percent loss in yield the year prior to removing the vines.  It also
assumes a 7-ton per acre yield at the vineyard’s maturity and a price of $1,060/Ton.

Table 5.  Hypothetical Cost and Revenue Scenario of Vineyard Replacement.

  

   
      

                  
   

Year 0 Year 1    Year 2     Year 3  Year 4
Yield (tons/acre) 3.5 0 0 3 7
Revenue $3,710 0 0 $3,180  $7,420
Revenue w/o PD $7,420 $7,420  $7,420     $7,420  $7,420
Revenue Difference  -$3,710  -$7,420  -$7,420  -$4,420  $0
Replant Cost -$1,227   -$1,227  -$1,227  -$1,227

In this example, the establishment of a new vineyard would cost $13,369 but be amortized over 22 years; the yearly cost
would be $1,227.  Not reflected in this example is a case where the vineyard being replaced was not completely amortized
resulting in additional cost than reflected here.  In this case, the total cost plus lost revenue over a five-year period is $27,878
per acre, a substantial and significant cost.  In addition, replanting a vineyard is no assurance that the vineyard will not be re-
infected, especially since the scientific literature states that younger vines are more susceptible (giving credence to the
argument that Napa is especially vulnerable since it has replanted a significant amount of acreage due to Phylloxera.

Other costs involve the replacement of vines infected by PD and training new growth.  Table 4 provides some estimates of
this cost, which varies widely by location, variety, and percentage of vines to be replaced.  An accurate assessment of this
cost on California vineyards is dependent on assumptions relating to the percentage of vines infected each year and needing
to be replaced.  At this time, more information is needed.

Another cost is controlling the vector.  This cost will involve the placement of traps or sweeping the edges of a vineyard with
a net to determine infestations of sharpshooters.  Control of vectors is detailed in the University of California Pest Manage-
ment Guidelines.  A combination of trapping and monitoring is recommended.  Information needs to be developed on the
density and number of traps to be used, and labor cost of monitoring.
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Three materials are recommended for an IPM program to control sharpshooters based on their usefulness taking into ac-
count their efficacy and impact on natural enemies.  The first is IMIDACLOPRID, which is a foliar product that gives a fast
kill of sharpshooters but lasts only about two weeks.  It is applied at the rate of 0.75 ounces per acre, but is limited to 2
ounces per acre per year.  The commercial cost of this product is $32 per ounce; hence the cost per application is about $44
per acre assuming a $20 cost to apply it.

Another material is a drip system variation of IMIDACLOPRID and is applied through the irrigation drip system at a rate
of 16 ounces per acre.  Cost is $4.80 per ounce resulting in a cost of  $76,80 per acre per application. Another material is
DIMETHOATE, which is suggested for BGSS in coastal areas.  Use of this material is under a special needs registration
and cost data has not been obtained on it.

Scenarios for Estimating PD Economic Impacts

Since the introduction of GWSS as a new vector for the transmission of PD, a whole new set of dynamics have been
introduced into the estimation of the economic impacts of PD.  Previously, the impact has been estimated through surveys (in
the case of the North Coast wine grape industry).  These surveys are based on actual experience with the disease.  In the case
of GWSS, a number of assumptions will have to be made.  The following scenarios suggest themselves:

1. All of California will be infected uniformly and to the same degree.  This scenario assumes the PD does not
vary by location and variety.  There is evidence to suggest otherwise and this scenario is, in all probability,
not realistic.

2. Separate the geographical areas and make assumptions based on the likelihood of PD being spread by
vectors.  Assumptions can be drawn from survey information and data presented in the Temecula case.  In
this scenario, the southern San Joaquin Valley would be treated as the spread of the disease in Temecula due
to its exposure to substantial amounts of citrus and the rest of the state treated according to other hosts such
as riparian areas.

Other scenarios may suggest themselves.  However, economic analysis probably will be more accurate under the second
scenario.  Under this scenario, a greater impact will likely take place in the Southern San Joaquin Valley due to the proximity
of other hosts such as citrus and approach the levels seen in Temecula.  Under any scenario, control costs will be escalated
for all areas.  Producers will need to develop strategies for detection, control, and management of the disease, all of which
will add significantly to costs of production.  Currently, returns to grape producers, especially in the Southern San Joaquin
Valley, are under great pressure due to overproduction.  It is likely that many producers will not be able to survive an
intensive outbreak of PD, which will significantly add to production costs and capital costs of replanting vineyards.  While
some of these producers may have been forced out of production in any event, an outbreak of PD will hasten their decline
and exit from the industry.
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Appendix Table 1.  Summary of Farm Advisor Cost Studies for Wine Grapes.

Lodi             SJV          Sierra/Nv    Sonoma           Lake          S.Maria/S.B.  S.L.Obispo
Cost Item SJV Wine      Cabernet    Thompson     Zinfandel  Chardonnay  Sauvignon Bl.  Chardonnay    Cabernet

Prune & Tie 130 185 209 141 486 314 261 392
Suckering 49 38 60 90 85
Leaf Removal 202 150 150
Frost Protection 59 68 54
Weed Control 96 56 51 46 78 41 29 21
Mildew Control 106 44 82 106 296 71 202 95
Pest Control-vertebrates 14 36 5 31 16
Pest Control-insect 28 73 85 53 37 59 56
Birds 82
Irrigate 207 40 190 33 161 61 78 143
Fertilize 16 31 39 327 7 48 26
Green Tie/Shoot Thin 102 141 141
Move Wires 338 48
Pickup 34 13 31 393 187 45 17 17
Miscellaneous 48 9 34 46 143 13 12
Total Cultural 679 602 721 949 2396 1072 973 945
Operating Capital Int. 34 30 38 40 91 53 42 46
Harvest 450 280 281 441 418 812 825 1425
Total Operating 1163 912 1040 1430 2905 1937 1840 2416
Cash Overhead 221 469 240 879 1635 603 749 771
Total Cash 1384 1381 1280 2309 4540 2540 2589 3187
Amortized Overhead 819 507 498 2247 2070 1436 1066 1359
Total Costs w/o land 2203 1888 1778 4556 6610 3976 3655 4546
Amortized Land 387 305 186 378 2590 669 392 289
Total Costs with Land 2590 2193 1964 4934 9200 4645 4047 4835
Land Value 10,500          8,000 4,500         5,000 35,000 7,500        10,000 7,000
Study Year 1997 1994 1997 1996 1999 1998 1996 1996
Farm Acreage 120 200 120 5 30 40 95 18

Source: University of California, Cooperative Extension.  Sample Costs to Establish a Vineyard and Produce Wine Grapes.

1 The material in this section is largely taken from the University of California’s Pierce’s Disease Research and
Emergency Response Task Force Report.

2 As reported by Professor of Entomology Alexander Purcell, University of California, Berkeley.
3 Source: University of California Statewide Integrated Pest Management Project, UC Pest Management Guidelines,

Grape, Pierce’s Disease, Updated 12/99.
4 This estimate is taken from data contained “Economic Impact of California Wine”, An MKF Research Report,

Sponsored by the Wine Institute and California Association of Wine Grape Growers, January 2000.
5 Figure supplied by University of California sources using IMPLAN.
6 For a list of sharpshooter hosts, see “Pierce’s Disease in the North Coast”, University of California Cooperative

Extension and Statewide IPM Project.
7 Source: California Department of Food and Agriculture.
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SURROGATE GENETICS FOR XYLELLA FASTIDIOSA: REGULATION OF
EXOPOLYSACCHARIDE AND TYPE IV PILUS GENE EXPRESSION

Project Leader:
Valley Stewart
Section of Microbiology
Division of Biological Sciences
University of California
Davis, CA  95616

Cooperator:
Bruce Kirkpatrick
Department of Plant Pathology
College of Agricultural & Environmental Sciences
University of California
Davis, CA

INTRODUCTION

Xylella fastidiosa presents a formidable challenge to the molecular geneticist.  There are no published methods available
for the basic operations of genetic exchange, mutant isolation, and complementation.  The slow generation time, poor
plating efficiency and requirement for complex culture media are further complications.  Surrogate genetics (Maloy &
Zahrt, 2000) provides a means to at least partially bypass these challenges.  Here, one creates a hybrid organism, transplanting
genes of interest from the poorly-studied species (e.g., Xyella fastidiosa) into a well-studied surrogate host (e.g., Escherichia
coli).  Given sufficiently related hosts, one expects the transplanted genes to function in the surrogate essentially as they do
in the original.  One may then exploit the advantageous properties of the surrogate to perform a large number of experiments,
making and discarding hypotheses to define various aspects of gene function.  Once gene function in the surrogate has been
thoroughly explored, one can perform a focused set of experiments, informed by the results from the surrogate, to examine
function in the native host.  The use of E. coli as a surrogate host for studying gene regulation would open a range of
experimental approaches that are currently unavailable in X. fastidiosa, and lead to more rapid advances in understanding
the control of key pathogenicity determinants.  We are analyzing the transcriptional regulation determinants for genes
whose products may be involved in pathogenesis (e. g., gum genes, encoding exopolysaccharide; and pil genes, encoding
type IV pili) as well as “housekeeping” genes involved in central metabolism (e.g., amino acid biosynthesis).  During
infection, X. fastidiosa produces an extracellular matrix that is hypothesized to contribute significantly to disease symptoms
(see Bevan, 2000).  The X. fastidiosa 9a5c genome encodes a gumBCDEFHJK operon homologous to the corresponding
Xanthomonas campestris operon (Simpson et al., 2000).  Note however that Xan. campestris pv. campestris gum null
mutants exhibit at most a 50% reduction in virulence index when assayed on cabbage (Katzen et al., 1998).    Type IV pili
are responsible for twitching motility, natural transformation, and adherence in various species.  The X. fastidiosa 9a5c
genome encodes the various pil genes necessary for synthesis, secretion and assembly of type IV pili (Simpson et al.,
2000).

OBJECTIVES

1. Apply bioinformatics to evaluate transcription control signals in silico for X. fastidiosa 9a5c
2. Construct and characterize a Φ (gumB-lacZ) operon fusion in E. coli
3. Construct and characterize a Φ (pilA-lacZ) operon fusion in E. coli

RESULTS AND CONCLUSIONS

A first approach to defining transcriptional regulatory mechanisms in X. fastidiosa is to visually examine the upstream
nucleotide sequences of genes whose regulation has been well studied in other organisms.  Common features in the sequences
will reveal common regulatory strategies.  Our initial analysis has focused on the trp and his operon transcription attenuation
control regions which in enterobacteria and other species contain easily-recognized sequence features: regulatory leader
peptide coding regions that are rich in codons for the regulatory aminoacyl-tRNA; stem-loop structures that serve as
factor-independent transcription terminators; and alternative stem-loop antiterminator structures.  However, the X. fastidiosa
hisGDCBHAFI biosynthetic operon upstream regulatory sequence exhibits no leader peptide or terminator structures.
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Therefore, his operon expression in X. fastidiosa is regulated by a mechanism other than transcription attenuation.  The X.
fastidiosa trp biosynthetic genes are not organized in a single trpE(G)DC(F)BA operon as in E. coli, but rather in three
noncontiguous operons: trpEGDC, trpF, and trpBA, in an arrangement mimicking that of Pseudomonas aeruginosa.  Again,
however, the X. fastidiosa trp gene upstream regions do not contain apparent regulatory regions similar to those for controlling
trp gene expression in either E. coli or P. aeruginosa.  Thus, regulation of these amino acid biosynthetic pathways must
occur through other mechanisms in X. fastidiosa.

Environmental and genetic controls of exopolysaccharide (EPS) biosynthesis remain largely undefined (reviewed by Becker
et al., 1998).  The laboratory of Michael Daniels (John Innes Centre) has identified a cluster of linked Xan. campestris pv.
campestris regulatory genes, mutations in which affect production of several extracellular enzymes, including endoglucanases
and proteases, along with EPS.  The rpfC and rpfG genes (Slater et al., 1999) were thought to likely encode direct transcriptional
regulators of pathogenicity gene expression.  However, more recent analysis indicates that the RpfG protein is probably not
a direct (DNA-binding) regulator of gum gene expression (Slater et al., 2000).  We constructed a Φ (gumB-lacZ) operon
fusion in E. coli, in order to use LacZ expression as a measure of gumB promoter activity.  However, this construct
expressed only low levels of LacZ enzyme.  Given the uncertain nature of gum operon regulation, we elected to turn our
immediate attention to study genes whose expression is more readily predicted from sequence inspection.

We chose therefore to study the regulation of pil gene expression.  These genes control the formation of type IV pili in a
variety of organisms, and the regulatory mechanisms have been studied in P. aeruginosa (Mattick et al., 1996) among
others.   It is hypothesized that these pili (fimbriae) are involved in adhesion to the gut and mouthparts of the insect vector
(Bevan, 2000).  Expression of pilA structural genes requires a specialized RNA polymerase specificity determinant (σ 54),
which recognizes a strongly conserved -12/-24 nucleotide sequence.  One of two pilA homologs (XF2542) in X. fastidiosa
contains a σ 54-dependent promoter.  We constructed a Φ (pilA-lacZ) operon fusion in E. coli, and observed that it expressed
detectable levels of LacZ enzyme.  We also cloned the regulatory pilSR genes (XF 2546-2545) from X. fastidiosa.  The
presence of these genes resulted in an approximately twofold increase in LacZ expression, suggesting that they may have
activated the pilA promoter.  Our current experiments are designed (1) to demonstrate that Φ (pilA-lacZ) expression
requires σ 54; and (2) to optimize the expression of the pilSR genes in E. coli.  Our goal is to observe a significant PilR-
dependent stimulation of Φ (pilA-lacZ) expression.  If this is successful, we can then employ surrogate genetics to better
understand the control of type IV pilin synthesis.
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CHEMICAL CONTROL OF GLASSY-WINGED SHARPSHOOTER:  ESTABLISHMENT
OF BASELINE TOXICITY AND DEVELOPMENT OF MONITORING TECHNIQUES

FOR DETECTION OF EARLY RESISTANCE TO INSECTICIDES

Project Leaders:
Nick Toscano, Nilima Prabhaker, Frank J. Byrne Steven J. Castle
Department of Entomology USDA, ARS
University of California 4135 E. Broadway Road
Riverside, CA 92521 Phoenix, AZ 85040

INTRODUCTION

Among the control practices used against the glassy-winged sharpshooter (GWSS) that spreads Pierce’s disease, chemical
control offers an immediate remedial option against this pest.  Insecticides were not used extensively until recently to
control this pest and therefore efficacy of insecticides should be evaluated and monitored.  Our present challenge is to
study the effectiveness of selected insecticides representing various chemistries against the GWSS and to establish baseline
toxicity of various insecticides.  Knowledge of baseline toxicities would facilitate the selection of the most effective
products for use in GWSS management.  The results of tests conducted in the laboratory under controlled conditions can
provide practical guidance to individual growers without conducting expensive large-scale trials to determine the suitability
of an insecticide.  Conventional bioassays provide rapid and field-based information to establish baseline toxicity data.

In order to establish baseline susceptibility data to various insecticides against the GWSS, evaluation and development of
simple and suitable bioassay techniques to detect toxicological responses of the insects to various insecticides is critical.
Ideally, bioassay techniques should require less handling of insects and also be sensitive enough to allow early detection of
changes in an insect’s response to insecticides over time.  Changes in the toxicological response of a population to an
insecticide is usually the first indication of resistance development.  Hence, the priority of our project was to evaluate and
standardize 3 bioassay techniques at the present time with the possibility of developing 2 more techniques in the future.

The purpose of the report is to describe three techniques, a petri-dish and a leaf-dip bioassay technique used for testing the
relative susceptibilities of GWSS to a number of contact insecticides, and a systemic-uptake bioassay method for systemic
insecticides.  The baseline data obtained so far to selected insecticides against the GWSS can be useful for future studies
on resistance monitoring and management of this pest.  The availability of these three techniques will allow us to also
examine various strategies of management with chemicals to avoid or delay insecticide resistance.  Testing various chemical
application strategies to manage GWSS populations will be critical to understand the evolution of resistance in GWSS.

OBJECTIVES

1. Develop reliable bioassay technique(s) to evaluate baseline toxicity of insecticides from major classes of
insecticides against all life stages of GWSS.

2. Monitor all life stages of the GWSS populations collected from insecticide-treated citrus orchards and vineyards
in Riverside, Redlands, San Joaquin Valley and Temecula to determine baseline susceptibility to various
insecticides.

3. Investigate the rate of development of resistance to a selected OP, pyrethroid and a neonicotinoid by artificial
selection in the greenhouse.

4. Develop electrophoretic techniques to identify esterase profiles in individual GWSS of all life stages including
eggs.

RESULTS AND CONCLUSIONS

Petri-dish Bioassay:  Petri dishes of 60 mm were used for this assay.  Agar beds were prepared in the petri dishes for
maintenance of citrus leaves for up to a week.  Excised citrus leaf discs of the same size as the petri dish were dipped for
30 sec in five concentrations of each insecticide and allowed to dry for an hour.  The dried leaf discs were placed on the
agar bed in each petri dish.  Tests were conducted using 10 contact insecticides and one systemic:  esfenvalerate, cyfluthrin,
bifenthrin, and fenpropathrin (pyrethroids), chlorpyrifos and dimethoate (organophosphates), endosulfan (cyclodiene),
acetamiprid, imidacloprid, thiamethoxam (neonicotinoids), and pymetrozine.  Five GWSS were exposed to the treated
leaves in each petri dish covered with a plastic top.  Each test was replicated 6 times and included water-only dipped
controls.  Mortality was assessed after 24, 48 and 96 h.  In the case of acetamiprid and thiamethoxam, mortality was
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assessed after only 4 and 16 h followed by 24 h because of their potency to the insects.  No condensation was observed in
the petri dishes while maintaining insects for exposure to the treated leaves even over a week.

Leaf-dip Bioassay:  Leaf-dip bioassays of attached leaves on citrus plants were conducted in the greenhouse.  Five serial
dilutions of each of the 9 insecticides were used for dipping of the attached leaves and allowed to dry for an hour.  Five
adults or immatures were placed in clip cages and attached to the treated leaves.  Mortality assessment was similar to that
of the petri-dish bioassays.

For both the petri-dish and the leaf-dip technique, toxicity was determined based on the effects of exposure time and
location effect (Table 1).  Initial tests with GWSS were limited to populations collected from citrus orchards in Riverside.
Tests on populations from citrus orchards in Redlands were initiated during late summer and compared with the Riverside
populations.  Considerable variation in susceptibility to insecticides was observed with both techniques.  The petri-dish
technique provided stable LC50s with no or low control mortality in 24 h.  Mortality increased in the controls over time.
Monitoring data for chlorpyrifos indicated a difference of 13- and 15-fold between the two techniques in 24 and 48 h
respectively.  Toxicity of chlorpyrifos appears to be similar to both Riverside and Redlands populations.  No significant
differences in LC50s were observed to fenpropathrin using the petri-dish technique between the two locations (LC50 = 0.019
to 0.042 ppm).  However, a significant difference in LC50 was observed to esfenvalerate with the petri-dish test.  Esfenvalerate
was more potent to GWSS from Redlands (LC50 = 0.00003 ppm) compared to the insects from Riverside (LC50 = 0.002
ppm) showing a significant difference of 90-fold.  Similarly, acetamiprid was also quite toxic to GWSS from Redlands with
an LC50 of 0.003 ppm compared to 0.01 ppm for the Riverside insects using the petri-dish technique.  Also the GWSS from
Redlands were more susceptible to cyfluthrin (LC50=0.004 ppm) indicating a 10-fold difference compared to Riverside
insects (LC50=0.038 ppm).  In all tests, mortality increased with time, higher at 48 h compared to 24 h.

Systemic Bioassay:  To assess the toxicity of imidacloprid action systemically, the leaf-dip method was modified to
accommodate a system that allows excised leaves to take up imidacloprid through the petioles.  The uptake and systemic
translocation of imidacloprid through the leaf closely approximates the exposure pattern of GWSSs in an agricultural
setting.  The excised leaves were placed in serial dilutions of imidacloprid in aquapiks for 24 h.  After 24 h uptake of
imidacloprid, exposed leaves were placed in aquapiks containing water only.  Exposure time of the insects to imidacloprid
is similar to that of the other insecticides.  Mortality was checked after 24, 48 and 96 h.  Results as shown by LC50s indicate
that susceptibility to imidacloprid was not significantly different in 24 h between the Riverside and Redlands insects.
However, with longer exposure time, a significant difference was observed between the responses of GWSS from the two
locations (LC50 =0.0008 ppm for Redlands insects vs. 0.015 ppm for Riverside insects).

In general, GWSS are quite susceptible to all insecticides tested so far.  However, insects from Redlands appear to be more
susceptible to most compounds than the Riverside populations.  Techniques were sensitive enough to detect even small
differences in LC50s between locations and exposure time.  Monitoring results of GWSS also demonstrated seasonal variations
in their responses to various insecticides.

Table 1.  Susceptibility of glassy-winged sharpshooter from 2 locations to selected insecticides using 2 techniques.
LC50 (ppm)

Insecticide Class Insecticide Field Location Petri Dish Leaf Dip
Neonicotinoid Acetamiprid Riverside

Redlands
0.01
0.003

0.09
0.008

Imidacloprid Riverside
Redlands

1.646
0.612

—
—

Thiamethoxam Riverside 0.0037 —
Redlands 0.0004 —

Pyrethroid Cyfluthrin Riverside
Redlands

0.038
0.004

—
—

Esfenvalerate Riverside 0.0027 0.022
Redlands 0.00003 0.00004

Fenpropathrin Riverside
Redlands

0.042
0.019

0.168
0.012

Organophosphate Chlorpyrifos Riverside
Redlands

0.001
0.001

0.013
0.015

Cyclodiene Endosulfan Riverside
Redlands

0.006
0.003

—
—

120



LABORATORY AND FIELD EVALUATIONS OF IMIDACLOPRID AND THIAMETHOXAM
AGAINST GWSS ON CITRUS AND GRAPES

Project Leaders:
Nick Toscano Steven J. Castle
Department of Entomology USDA-ARS
University of California Phoenix, AZ
Riverside, CA  92521

Cooperators:
Jianlong Bi, Frank Byrne, Nilima Prabhaker
Department of Entomology
University of California
Riverside, CA  92521

INTRODUCTION

The development of the neonicotinoid class of insecticides represents a powerful addition to our pest management capabili-
ties.  They are safer and more effective insecticides (Casida and Quistad, 1997) due to their lower mammalian toxicities, yet
they exhibit higher toxicities against target insects.  This permits their use at comparatively low rates and helps to limit
environmental contamination.  As systemic insecticides, they are more target-specific than conventional broadcast insecti-
cides.  This is because soil-applied neonicotinoid insecticides are taken up by plant roots and translocated throughout a
plant.  Thus, their toxic activity is by and large restricted to plant-feeding insects only.  With their putative lower impact on
beneficial insects relative to conventional insecticides, the neonicotinoids should be good candidates for incorporation into
IPM programs for glassy-winged sharpshooter.

The potential of neonicotinoids to protect citrus and grapes and other perennial crops against glassy-winged sharpshooter is
only beginning to be tested.  Worldwide, imidacloprid has proven highly effective against a range of insects, but with
especially strong performance against sap-feeding insects in both annual and perennial crops.  The more recent products
such as thiamethoxam and acetamiprid have also shown strong performance against homopterans and other taxa.  For each
of these insecticides, clearer understanding of their activities against targeted insect pests will lead to more proficient usage.

The overriding goal of research addressed by this project is to better understand the activity of neonicotinoid insecticides
against glassy-winged sharpshooter in citrus and grapes.  Direct effects on GWSS such as mortality and anti-feedant over
the course of a treatment application need to be quantified.  These are in turn dependent on the uptake and distribution
dynamics within a tree or grapevine over the effective period of the treatment application.  Knowledge of the duration and
quality of protection afforded to large and complex plants such as mature citrus trees or grapevines is essential to optimizing
the performance of neonicotinoid insecticides.

OBJECTIVES

1. Evaluate the titre and distribution of imidacloprid and thiamethoxam within citrus trees and grapevines over
time.

2. Develop and conduct bioassays of GWSS on field-treated citrus trees and grapevines tissue and relate mortality
to plant titres of imidacloprid and thiamethoxam.

3. Evaluate the behavior of GWSS adults and nymphs of citrus and grapevines treated with neonicotinoid
insecticides.

4. Determine the impact of neonicotinoid insecticides on GWSS populations.

RESULTS

Two varieties of mature citrus, lemons and Valencia oranges, were treated with imidacloprid on 10 April 2001 at UC
Riverside.  Imidacloprid (Admire®) was applied through the irrigation system equipped with microjet emitters at a rate of
32 oz. per acre to 36 orange trees and 22 lemon trees.  Beginning 25 April, GWSS samples were collected weekly with a
bucket sampler from 12 each of treated and untreated orange trees, and from 7 each of treated and untreated lemon trees.
Collections were sorted by nymphal stage and adult sex (for brevity, presented as nymphs and adults) and used to compare
treatment densities (Fig. 1).  Populations of GWSS consisted almost entirely of nymphs until mid-June in both citrus
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varieties.  There was little obvious treatment effect until 6 weeks post application, 25 May, when a significant drop in mean
nymphal densities occurred relative to the untreated trees and to earlier samples from treated trees (Figure 1).  Thereafter,
nymphal densities declined progressively and at a greater rate compared to the untreated trees where conversion to adults
also contributed to lower nymphal densities.  Densities of GWSS adults in oranges begin to increase in mid-June as the
earliest of the spring generation of GWSS completed their development (Figure 1).  Initially, similar densities of GWSS
adults occurred in both treated and untreated trees as much flight activity and movement between trees was observed
orchard-wide.  By mid-July, however, a significant drop in adult densities on treated oranges occurred and has been
sustained ever since (Figure 1).  The phenology of GWSS in lemon in terms of nymphal and adult occurrences was similar
to that observed in orange (Figure 2).  However, there was little obvious impact of the imidacloprid treatment on nymphal
densities relative to the untreated lemon trees.  In part, this could be due to slower uptake of the imidacloprid by lemon
trees because of rootstock incompatibility (Cockeram, per. com.).  The most obvious manifestation of this incompatibility
is the general state of decline afflicting the lemon trees orchard-wide.  But the impact of imidacloprid treatment became
apparent by late July as adult densities increased on untreated lemon trees while remaining static on treated trees (Fig. 2).

In another study, colonization rates of GWSS on young Valencia orange trees treated with imidacloprid, thiamethoxam,
dimethoate, or left untreated were monitored through summer, 2001.  The young nursery trees were transported to a
greenhouse, randomly assigned and divided into the 4 treatment groups, then treated using the appropriate rates for container
plants for each insecticide.  After 2 weeks in the greenhouse following treatment, the young trees were transplanted 18 May
2001 into 12 groups of 4 trees within a mature citrus orchard heavily infested with GWSS.  Visual counts of GWSS on each
tree began 1 June and continued each week through mid-August.  Beginning 15 June, the number of dead GWSS beneath
each tree was assessed.  Although there was much variability among the 12 groups, densities of GWSS adults were consistently
highest on thiamethoxam-treated trees and lowest on imidacloprid-treated trees (Figure 2a).  This difference in relative
densities between the 2 treatments was also apparent with the greater number of dead adults found beneath thiamethoxam-
treated trees (Figure 2b).

Figure 1. Densities of GWSS nymphs and adults on imidacloprid
treated and untreated Valencia orange (a) and lemon (b) trees. Figure 2. Live (a) and dead (b) GWSS adult
densities on young citrus trees treated with 1 of 3 systemic

insecticides.
GWSS Densities on Orange

a)
a)

b)

b)

REFERENCE
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AREA-WIDE MANAGEMENT OF THE GLASSY-WINGED SHARPSHOOTER IN THE TEMECULA
VALLEY

Project Leaders:
Raymond Hix, Nick Toscano, Rick Redak, and Matthew Blua
University of California
Riverside, CA  92521

INTRODUCTION

The Temecula viticultural area was the first in California to be seriously impacted by the glassy-winged sharpshooter
(GWSS) Homalodisca coagulata and the spread of Xylella fastidiosa, the causative agent for Pierce’s disease (PD).  While
PD problems were first identified in 1996, it was realized by 1999 that the situation was dire.  As a result, this ongoing
cooperative demonstration project was initiated in 2000 to examine the impact of area-wide management strategies on
GWSS populations and PD incidences in the Temecula Valley.  The Temecula advisory committee consists of representatives
from wine grape growers, citrus growers, University of California-Riverside, USDA, CDFA and the Riverside County
Agricultural Commissioner’s Office.

Based on grower surveys, there were approximately 2800 acres of wine grapes in production in 1996 in the Temecula
viticultural area.  About 800 acres were removed due to PD by fall 2000 with 200 acres estimated for fall 2001 (RLH).
The area encompasses about 2800 acres of wine grapes and 1600 acres of citrus.

The key strategy is to reduce and limit the vector (GWSS) and remove the reservoirs (infected vines).  Another strategy in
conjunction with the Riverside Agricultural Commissioner’s Office was to facilitate the removal of abandoned citrus and
vineyards in Temecula.

In the 2000 season, the opportunity to treat nearly the entire commercial citrus in the Temecula viticultural area was seized
upon in an effort to destroy a substantial portion of the regional GWSS population.  The emergency treatment of 1300 acres
of citrus in Temecula, California with Admire (imidacloprid) during April and May 2000 represented a pivotal shift toward
an area-wide management of GWSS.  In March and April 2001, 269 acres of citrus were treated with Admire and an
additional 319 acres were treated with foliar applications of Baythroid on an “as needed” basis.  Many grape growers treated
their grapes with Admire or made foliar applications of Baythroid, Provado, or Danitol.  Recommendations were made to
remove sick vines in order to remove bacterial reservoirs.  Though response was slow initially, growers are aggressively
removing sick vines.

Although wine grapes are the most vulnerable due to the risk of PD, other crops were scrutinized for contributions to
GWSS population growth.  Citrus was the most important year long reproductive host of GWSS in Temecula.  Citrus also
seemed to concentrate GWSS over the winter months when grapes and most ornamental hosts were dormant.

OBJECTIVES

1. Determine the impact of the 2000 area-wide management program on GWSS populations in citrus, grapes, and
other plant hosts in the ecosystem in the 2001 season.

2. Determine the impact of the area-wide program on GWSS adult oviposition and nymphal development.

3. Determine the impact of the GWSS program on beneficial citrus insects, pest upsets and GWSS parasitism.

4. Evaluate the biological and economic effectiveness of an area-wide insecticide program of GWSS.

RESULTS AND CONCLUSIONS

GWSS populations were monitored weekly in citrus and grapes from March 2000 to December 2000 by trapping (500
traps), visual counts (adults, nymphs, egg masses), beats in citrus, and A-vacuuming in grapes.  Although good in most
cases, Admire was not 100% efficacious on citrus in 2000.  Improper application of Admire or weak trees will affect
uptake by citrus trees preventing it from reaching the target site.  Lorsban was used in 2000 in areas where Admire failed
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to provide adequate control of GWSS in citrus.  GWSS populations tended to be clumped, with high numbers often found
on weak trees.  The results from the 2000 project indicated that every tree or acre does not need to be treated.  GWSS
numbers remained low in Admire treated citrus (Figure 1) during 2001.

Troublesome areas or hot spots were identified from the 2000 project and by early monitoring during January-April 2001.
This led to the treatment of 269 acres of citrus with Admire in March and April 2001.  An additional 319 acres of citrus were
treated as needed with foliar applications of Baythroid (a pyrethroid) between May 21 and August 15, 2001.  A helicopter
was used to make Baythroid applications to all but 45 acres.  An additional 106 acres of organic lemons received treatments
of Gavacide C (440 oils are allowed by CCOF and OMRI).  Two small abandoned vineyards with absentee owners and high
incidences of PD and GWSS were treated with Danitol by helicopter.  Several grape growers treated grapes with Admire or
as needed with foliar applications of Danitol, Baythroid, or Provado.

Organic citrus groves were the problematic areas and populations remained high in these groves until August 2001 treat-
ments were made with 440 oils.  In April 2001, Surround (kaolin clay), 1.2% Gavacide C (a 440 oil) and 1.4% Gavacide C
were applied to certified organic lemon (4 replicates of 3 acres each).  The Gavacide C was promising with the lack of other
alternatives in organic situations, and two organic lemon groves (30 and 52 acres) were treated with 1.25% Gavacide C on
August 4, 2001 (750 gallons per acre).  The oil resulted in a 62% and 71% reduction in adult populations in these groves.
About 50% of the egg masses contacted by the oil were killed and subsequent oviposition was reduced.  About 99% of wasps
from oil-treated parasitized egg masses emerged compared to only 2% compared to Baythroid treated egg masses.  Follow-
up treatments will be made in these organic groves in Mar 2002 with 1.25% Gavacide C and Pyganic.  This marked the first
time that GWSS populations were impacted in organic situations.

The current situation in Temecula is serious, but cautious optimism prevails.  First, GWSS populations are currently the
lowest in Riverside County citrus.  Second, 2001 grape vine removal due to PD was the lowest in the past three years.
Temecula wine grape growers experienced record yields in 2000, and the 2001 crush may prove to be Temecula’s finest to
date.  There will be some replanting in 2002 (2% or less) especially in high visibility areas for both aesthetic reasons and
to explore the feasibility of reestablishing lost vineyards at this time.
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Figure 1. Seasonal Trends of Adult GWSS based on Pherocon AM trap data in organic lemons and Admire treated
lemon.  Treatment 440 oil was applied to organic lemons on August 7, 2001 as indicated by arrow.  Bars represent ±SE.
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THE GENETICS OF RESISTANCE TO PIERCE’S DISEASE

Project Leader:
Andrew Walker
Department of Viticulture and Enology
University of California
Davis, CA  95616-8749

Personnel:
Alan Krivanek
Nihal Buzkan
Shannon Reis

INTRODUCTION

This project is part of the American Vineyard Foundation Long Term Project on Pierce’s Disease.  My component of this
project focuses on understanding the genetics of resistance to Xylella fastidiosa, the causal agent of Pierce’s disease (PD).

OBJECTIVES

1. Complete analysis of a series of crosses (Design II mating scheme) allowing the quantitative inheritance of X.
fastidiosa resistance to be evaluated.

2. Complete a genetic map of a Vitis rupestris x Muscadinia rotundifolia seedling population using AFLP (amplified
fragment length polymorphism) markers to allow the identification of DNA markers to X. fastidiosa resistance
and eventual identification of X. fastidiosa resistance genes and their genetic engineering into vinifera cultivars.

3. Utilize genetic markers to X. fastidiosa resistance to accelerate the introgression of X. fastidiosa resistance into
table, raisin and wine grapes.

4. Develop DNA markers from resistance sources other than M. rotundifolia for use in breeding table, raisin and
wine grapes through the development of additional mapping populations and the bulk segregant analysis of DNA
markers.

RESULTS AND CONCLUSIONS

Accomplishments to date have occurred in the following areas:

A. Inheritance studies of Xylella fastidiosa resistance in a Muscadinia rotundifolia background. Alan Krivanek, a
PhD student, is studying the inheritance of X. fastidiosa resistance in M. rotundifolia.  He has completed a broad series of
crosses among 12 siblings from an F1 population of Vitis rupestris x M. rotundifolia, with 6 males crossed to each of 6
females.  He will test a 4 x 4 mating scheme and evaluate a portion of the seedlings from each of the 16 possible seedling
populations for resistance to X. fastidiosa by using needle inoculation followed by symptom evaluation and ELISA to
determine the extent of X. fastidiosa movement.  The results of this research will give estimates for the number of genes
involved in resistance.  Evaluation of the seedling populations has begun and will be completed over the coming year.

B. Defining Xylella fastidiosa resistance. We are defining X. fastidiosa resistance as the ability of a genotype to limit the
movement of X. fastidiosa, particularly in a downward direction.  A set of resistant and susceptible individuals to determine
whether lack of movement is a valid resistance indicator has been tested.  These tests used known susceptible, potentially
resistant and known resistant genotypes.  The known susceptible genotypes were V. rupestris ‘A. de Serres’ (the female
parent of the 89 population), Chardonnay and the V. rupestris x M rotundifolia genotype 8909-19.  The potentially resistant
genotypes were 8909-04 and 8909-11 and the resistant genotypes were 8909-15 and 8909-17.  A time course study with 4
replicates of these genotypes was sampled over 4, 8 and 16 weeks using greenhouse grown potted vines.  The presence of
X. fastidiosa was determined with optimized ELISA (see below) at the point of inoculation (poi), 10 cm above and below,
and 20 cm above and below the poi.  To allow quantification of the ELISA reading a three-fold dilution of X. fastidiosa in
healthy plant sap – 1.8 x 106 cfu/ml; 1.8 x 105 cfu/ml and 1.8 x 104 cfu/ml was used.  The ELISA reading threshold for a
positive reaction was 0.100 at 450 OD, which corresponds to about 10,000 cfu/ml.
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After 4 weeks, X. fastidiosa was easily detectable in the three susceptible genotypes.  There was limited upward movement
at this time, although movement seems greatest in 8909-19.  At 8 weeks after inoculation downward movement in the
susceptible genotypes was easily detected at 10 cm below the point of inoculation, and X. fastidiosa seemed to move most
readily in V. rupestris ‘A. de Serres’.  By 16 weeks the differences among resistant and susceptible genotypes are very clear
in terms of both symptom expression in leaves and unevenly lignified stems and ELISA readings.  All three susceptible
genotypes had mean ELISA values well above the OD 0.1 or 10,000 cfu/ml threshold at positions both above and below
the point of inoculation.  We are evaluating resistance after 16 weeks.

C. Optimizing detection of X. fastidiosa to better define resistance. We have optimized the sensitivity and reproducibility
of ELISA for X. fastidiosa detection and can now reliably detect 10,000 cfu/ml of ground plant sap in 150 samples with
duplicate readings, over the course of one day and at a cost of $0.28 per sample.  Our definition of resistance depends upon
a very accurate measure of the extent to which X. fastidiosa moves in the stem.  We are using various PCR techniques
(standard, IC-, and quantitative) to best evaluate movement.  These efforts are being spearheaded by Nihal Buzkan, (post-
doc).  We are working towards a blot hybridization technique that will allow sensitive, rapid and inexpensive evaluation of
movement in the hundreds of seedlings we must process.  Nested IC-PCR techniques are able to detect 10 –20 cfu/ml of
plant sap.  However, the cost is 10X higher than ELISA and the throughput is 10X lower.

D. Developing a genetic map and markers for X. fastidiosa resistance. We are now finalizing a genetic map created from
a cross of two V. rupestris x M. rotundifolia siblings (8909-15 x 8909-17).  This map was initiated about 2 years ago and
is now being completed with the addition of about 200 AFLP, SSR and ISSR markers, bring the total number of markers to
about 500.  This map was constructed to develop markers for resistance to the dagger nematode (Xiphinema index) and to
enable the identification of the gene responsible for this resistance.  Alan Krivanek tested about 50 individuals from the
8909 and 8913 populations and found strong resistance to X. fastidiosa in several including 8909-08, 89-15 and 8909-17.
He was also able to document a wide range of responses from very susceptible to very resistant.  Although the 8909-15 x
8909-17 seedling population is a cross of two resistant individuals, its progeny segregate widely for X. fastidiosa resistance.
About 120 members of this sibling generated F2 have been evaluated for X. fastidiosa resistance and the character will be
soon be mapped.  Previous examinations of X. fastidiosa resistance in southeastern US grape species have found that at lest
three genes are involved, and preliminary results from Alan also suggest that more than one gene is involved in X. fastidiosa
resistance from M. rotundifolia.  However, it may be possible to find markers very tightly associated with X. fastidiosa
resistance, and preliminary analysis found that X. fastidiosa resistance does map in the 8909-15 x 809-17 population.

We are also examining several other populations that contain X. fastidiosa resistance from V. rupestris x M. rotundifolia
selections.  Alan Krivanek will be testing a population from 8909-15 x B90-116 (a larger berried seedless V. vinifera table
grape from David Ramming) and then use Bulked Segregant Analysis (BSA) and AFLP markers to develop DNA markers
for resistance.  These will be compared to resistance markers developed with the mapping population.  Resistance markers
from the 8909-15 x B90-116 population may be easier to develop because of the much greater genetic difference between
the two parents than in the mapping population and therefore greater segregation and genetic polymorphism.  Shannon
Reis, MS student, will also be using BSA to examine 8909-08 (another V. rupestris x M. rotundifolia X. fastidiosa resistant
selection) x three Ramming V. vinifera seedless grapes.  Her study will verify the existence and utility of the markers for X.
fastidiosa resistance.
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BREEDING PIERCE’S DISEASE RESISTANT TABLE AND RAISIN GRAPES

Project Leaders:
Andrew Walker and Alan Tenscher
Department of Viticulture and Enology
University of California
Davis, CA  95616

David Ramming
Agricultural Research Service
U.S. Dept. Agriculture
Fresno, CA 93727

INTRODUCTION

This project is jointly funded through the California Table Grape Commission and the California Raisin Marketing Board
and the CDFA/APHIS Pierce’s disease program.  It is a collaborative effort between UC Davis and the USDA/ARS-
Fresno, and is focused on breeding new PD resistant cultivars of table and raisin grapes.  This project also builds off the
Walker lab portion of the AVF Long Range Project on PD, which focuses on identification of DNA markers for Xylella
fastidiosa resistance and the mapping of X. fastidiosa resistance leading to identification of resistance genes.  Success in
the AVF PD project will expedite progress in PD resistant table/raisin grape breeding by accelerating the selection process,
fine-tuning parent selection, and allowing future resistance gene transformation efforts.

OBJECTIVE

Develop Pierce’s disease resistant table and raisin grapes by crossing a variety of Xylella fastidiosa resistance sources with
large berried and seedless V. vinifera table and raisin grapes.

RESULTS AND CONCLUSIONS

In 2000, we began a two-pronged approach for introducing PD resistance into our crosses.  First resistance derived from
Muscadinia rotundifolia via V. rupestris x M. rotundifolia selections that greatly suppress X. fastidiosa development.  The
second approach utilizes resistance derived from field resistant Vitis cultivars from various historic breeding programs in
the Southeastern United States (SEUS).  Fruit quality is better in these resistant sources, but still needs improving to meet
commercially acceptable quality in California.  We now have about 50 PD resistant cultivars at UCD and 13 at USDA-
Fresno for use as breeding parents.  There are also additional selections with high powdery mildew resistance.  Fruit
quality is coming from advanced seedless tablegrape genotypes at the USDA-Fresno.

Last year, about 180 embryo rescue seedlings resulted from crosses of a male V. rupestris x M. rotundifolia resistance
source (8909-08) with advanced tablegrape genotypes; these were done at the USDA-Fresno.  The seedlings were planted
in Fresno and copies were given to UCD for X. fastidiosa resistance screening.  To date, more than 100 of these have been
screened for X. fastidiosa resistance.  Genotypes that do not allow appreciable X. fastidiosa movement have been identified.
Currently the Bulked Segregant Analysis (BSA) technique is being used to develop a genetic marker for this source of
resistance.  This marker will dramatically speed our work in selecting resistant seedlings.

Similarly, in mid-summer of this year, copies were made from about 130 seedlings in the UCD vineyard resulting from the
2000 cross of an advanced table grape cultivar onto a female V. rupestris x M. rotundifolia resistance source (8909-15).
This population is also being screened and the BSA technique utilized to develop a genetic marker for resistance.  Seedlings
from both the male and female resistance source are expected to fruit in 2002 and crosses will be made onto them.

In the past year, over 35 of the SEUS field PD - resistant Vitis cultivars and accessions were subjected to the greenhouse PD
screen.  All were found to harbor ELISA – detectable levels of X. fastidiosa after two months of plant growth.  A wide
range of PD levels in this field resistant material were observed: from barely detectable, to levels equal to susceptible
vinifera cultivars.  Until a better definition of resistance is developed, we will use parents that allow the lowest levels of X.
fastidiosa development.  We have also established a field trial in a PD hotspot in northern California using 13 different
SEUS genotypes that allow various X. fastidiosa titers in their xylem.  Nine resistant and seven susceptible selections from
the V. rupestris x M. rotundifolia population were also included.
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In Spring 2000, 1,667 seedlings from PD crosses made using our two strategies were planted at UCD.  Plants were derived
from both embryo rescue and from seed.  From the V. rupestris x M. rotundifolia resistance source strategy, 5 advanced
seedless tablegrape selections were crossed onto a resistant female and a resistant male was crossed unto one seeded and
one seedless tablegrape cultivar with 606 seedlings planted to the field.  Within the Vitis source resistance strategy, 16
different female sources of resistance were used and 7 different male sources resulting in 43 different cross combinations
and 1061 seedlings planted to the field.  This wide diversity was chosen to allow for multiple trait selection as well as likely
alternative PD defense mechanisms, and insure a broad base to the breeding program.  Vineyard establishment of these
plants has been excellent and most are large enough to fruit in 2002.  Seedlings were also field established at the USDA-
Fresno.  These include the above mentioned embryo rescued seedlings (about 180), and 439 seedlings (pre-screened for
powdery mildew resistance) from crosses of two Vitis resistance sources and one V. rupestris x M. rotundifolia selection.

2001 Crosses
At UCD, 6 different resistant females were crossed with 9 different advanced tablegrape selections creating 24 different
cross combinations and yielding more than 6,100 seeds.  Seven clusters of crosses of an advanced tablegrape female by
resistant SEUS males and 3 shipments of resistant pollen from a number of the SEUS resistant vines were sent to USDA-
Fresno for their crosses.

At USDA-Fresno, 16 resistant males were crossed to 8 seedless tablegrape selections to continue the embryo rescue Xf
resistant program.  These efforts produced 1,186 embryos.  Ten PD resistant males onto 3 seeded tablegrape females to
incorporate large berry size with PD resistance, and produced about 500 seeds.
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VIRULENCE ANALYSIS OF THE PIERCE’S DISEASE AGENT
XYLELLA FASTIDIOSA

Project Leader:
George Bruening
Department of Plant Pathology
University of California
Davis, CA  95616

Cooperators:
Edwin Civerolo Bruce Kirkpatrick David Gilchrist
USDA/ARS Department of Plant Pathology Department of Plant Pathology
University of California University of California University of California
Davis, CA Davis, CA Davis, CA

INTRODUCTION

The glassy-winged sharpshooter, Homolodisca coagulata, spreads the causative agent of Pierce’s disease, the bacterium
Xylella fastidiosa (Xf). Depending on whether the glassy-winged sharpshooter can establish itself in Northern California,
Pierce’s disease may represent a multi-billion dollar threat to the grape and wine industry and the associated tourist trade.
The symptoms of Pierce’s disease include a yellowing and gradual necrosis (scorching) of grapevine leaf edges, stunting of
cane growth, and, particularly in the spring for vines infected for two or more seasons, inter-veinal chlorosis of leaves
(Hewitt, 1970). (Lee et al., 1982) reported that detached grape leaves from grape cultivars that are particularly sensitive to
Pierce’s disease, showed typical marginal yellowing and scorching in less that 12 hr after petiole uptake of cell-free
washing from Xf cells grown on agar plates. The activity did not survive autoclaving or multiple freezing and thawing and
was not inactivated by incubation with proteinase K. No activity was observed for washings of uninoculated agar plates.

Applying the conditions of (Lee et al., 1982), (Goodwin et al., 1988) also observed phytotoxicity after petiole uptake of
cell-free washing, but from both Xf-populated and uninoculated agar plates. Further, (Goodwin et al., 1988) found a
correlation between increased midday stomatal resistance and symptom development on leaf margins and an approximately
six-fold increase in leaf proline content (fresh-weight basis) associated with Pierce’s disease. They discounted phytotoxins
as significant contributors to Pierce’s disease symptoms and state that “The biophysical and biochemical changes observed
for diseased vines indicate that marginal leaf necrosis occurs when water stress develops. Diseased leaves are apparently
water stressed because of vascular dysfunction which, when prolonged, may result in accelerated leaf senescence.” (Goodwin
et al., 1988) also found that higher stomatal resistance was associated with spring inter-veinal chlorosis but was not as
pronounced as the stomatal resistance increase observed for leaves showing symptoms first at the margin.

OBJECTIVE

The objective of this project is to identify gene product(s) and gene(s) of Xf that contribute to its virulence.

RESULTS AND CONCLUSIONS

Experimental infection of grape to induce disease generally requires weeks or months to the appearance of symptoms. We
wondered whether other plants might exhibit more rapid symptom development upon exposure to Xf, particularly to Xf
infiltrated directly into the leaf lamella. A survey of plant species and lines commonly used as experimental hosts for plant
pathogens revealed that Chenopodium quinoa (Cq) developed chlorosis corresponding to the infiltrated area within 48 hr
of infiltration of 108 to 106 cfu/ml suspensions of Xf cells. Light microscope cytological studies carried out by Prof. Judy
Jernstedt, UC Davis Agronomy and Range Sciences Department, revealed that the observed chlorosis of Cq leaves infiltrated
with Xf is the result of chlorophyll loss from chloroplasts in all photosynthetic cell types without other observable effect.
Xanthomonads are considered to be closely related to Xylella spp., and Xanthomonas campestris pv. Vesicatoria and some
other, but not all, Xanthomonas spp. induce a similar chlorosis in Cq leaves. Xanthomonas campestris pv. campestris
induced necrosis 3-4 days after infiltration. Currently we are testing the effects of petiole-feeding of grape leaves with Xf
and fractions (see below) derived from Xf.

Chlorosis development varied significantly from leaf to leaf on a Cq plant and from plant to plant. However, comparisons
of infiltrated opposite leaf halves appear to provide valid measures of the relative potency of Xf-derived preparations and
forms the basis for a semi-quantitative assay used here. Xf cells from liquid culture had a slightly greater specific chlorosis-
inducing (CI) activity than Xf cells from agar plates. However, the yield of Xf cells from plates was greater, and results
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reported here are from plate-derived Xf cells. The CI activity was associated with cells, not washings of cells. Heating Xf
cells at 100°C for 6 min slightly enhanced the CI activity. Treatment with sodium dodecyl sulfate (SDS) at 25°C or 65°C
did not destroy the CI activity. Most proteins will not survive in active form after treatment at high temperatures or with
SDS, but the CI activity was greatly reduced or destroyed by incubation with protease K, trypsin or chymotrypsin. Treatment
with acetic acid or chloroform also was inactivating, but incubation with periodate, lysozyme, or ethanol did not reduce CI
activity.

The results described above are consistent with an essential role for an unusually stable protein in whatever constitutes CI
activity. Fig. 1 presents an analysis of proteins collected as a precipitate after treatment of Xf cells at 100°C or with SDS at
25°C and centrifugation at 50,000 rpm for 30 min. Fig. 2 is a flow chart showing treatment at 100°C and collection of
insoluble material, which then was treated with SDS at 65°C. A single vertical line represents supernatant; a double
vertical line represents precipitate. Bars show the relative CI activity of four fractions. Even after treatment with SDS at
elevated temperature, most of the material remained insoluble. However, exposure to SDS and mercaptoethanol solubilized
proteins for gel electrophoresis. As indicated by Fig. 1 and Fig. 3, elevated temperature and SDS removed the bulk of the
protein without destruction of CI activity. Lane numbers in Fig. 3 correspond to sample numbers in Fig. 2. Current effort is
aimed at correlating CI activity with a specific protein band(s), identification of the corresponding protein, with aid of Xf
genome sequences (Simpson et al., 2000), and testing of Xf-derived, CI fractions for their effects on grape.

Fig. 1                                    Fig. 2 Fig. 3

1   2   3

64K

50K

148K
98K

36K

1 2 3

1. Xf cells
2. 100o, 6 min
3. SDS RT, 30

min

100°C    6 min
50K rpm    30 min

SDS 65o 20 min
50K rpm    30 min

1

3 2
1   2   3

REFERENCES
Goodwin, P. H., J. E. DeVay, and C. P. Meredith. 1988. Roles of water stress and phytotoxins in the development of

Pierce’s disease of the grapevine. Physiological and Molecular Plant Pathology 32, 1-15.
Hewitt, W. B. 1970.  Pierce’s disease of Vitis species. In Virus Diseases of Small Fruits and Grapevines, pp. 196-200.

Edited by N. w. Grazier, J. P. Fulton, J. M. Thresh, R. H. Converse, E. H. Varney & W. B. Hewitt. Berkeley,
California: University of California Press.

Lee, R. F., B. C. Raju, and A. C. Goheen.  1982.  Phytotoxin(s) produced in culture by the Pierce’s disease bacterium.
Phytopathology 72, 886-888.

Simpson, A. J. G., F. C. Reinach, P. Arruda, et al. 2000. The genome sequence of the plant pathogen Xylella fastidiosa.
Nature (London) 406, 151-157.

12.5% SDS-
PAGE, Coomassie

blue stain

1. Xf cells, 100 deg 6 min, high speed pellet
2. #1 + SDS 65 deg 20 min, high speed pellet
3. #1 + SDS 65 deg 20 min, high speed supernatant

12.5% SDS-PAGE
Coomassie blue stain

130



EFFECTS ON VERTEBRATES OF RIPARIAN WOODLAND MANAGEMENT FOR CONTROL OF
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Project Leader:
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Division. of Insect Biology, ESPM
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INTRODUCTION

It is vital to the wine industry to be aware of the potential effects of control programs for disease, insects and other pests that
might affect wildlife in riparian zones, as the health of these zones is important to properly functioning ecosystems as well as
to the public and regulatory agencies.  This study undertook to evaluate the effects on a variety of vertebrates of the removal
of vegetation as well as planting of non-disease reservoir plants in riparian zones to control or reduce the incidence of
Pierce’s disease.  Studies were initiated in 1997 with the establishment of eight plots, three on Conn Creek (open, managed,
and not managed), and three on the Napa River (Ecological Reserve, managed, and not managed) in Napa County, and two
(managed and not managed) on Maacama Creek in Sonoma County.

OBJECTIVES

1. Determine what influence habitat manipulation for Pierce’s disease control will have on birds, mammals,
reptiles and amphibians in riparian zones.

RESULTS AND CONCLUSIONS

Five sampling procedures were used per plot as follows:
i. Two Trailmaster bait stations once per month for 7 days (1997-1999)

ii. Fifteen Sherman live traps for small mammals one night per month (1997-1999)
iii. Three point census plots for birds once per week during the breeding season (spring-early summer 1998 and

1999)
iv. Eight nesting boxes for birds (Dahlsten and Copper 1979) checked weekly during the breeding season

(1998 and 1999) and
v. Six 4-square foot reptile boards checked approximately twice per month (1998 season).

The bait stations showed the most common mammal to be the opossum, followed by squirrels, raccoons, rats, and foxes.
Larger mammal activity was lowest in the open grassy plot, and highest in the Maacama Creek managed plot and the
Ecological Reserve unmanaged plot.  There were no significant differences in totals of all species between the managed
and unmanaged pairs of plots.  The most common mammal in the live traps was the deer mouse, Peromyscus spp.  Activity
was highest in the open unmanaged plot and lowest in the Conn Creek unmanaged plot, with no significant differences
between the managed and unmanaged paired plots.  The most common species in order were swallow species, European
starling and American robin.  Out of 66 and 72 species identified on the study plots during 1998 and 1999 respectively,
with plots averaging about 38 species each.  Numbers of birds did not vary significantly between treated and untreated plot
pairs except for one pair in 1999 (plots 2 and 3).  Numbers decreased significantly overall from 1998 and 1999, especially
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in plots 4 and 5.  Eight species of birds used the nest boxes and the highest occupancy rate was in the unmanaged area on
the Napa River, followed by the managed area at Conn Creek.  The Reserve area had the lowest occupancy rate.  No
patterns were evident in use between pairs of managed and unmanaged plots.  The reptile boards were used by four species
of lizards, two species of snakes, the Pacific tree frog, western toad, and a salamander.  The most common organism was
the western fence lizard.  The highest use was in the managed plot on Conn Creek; with the other plots being similar to each
other, with no significant differences in total numbers between managed and unmanaged plot pairs.

Analyses of our data support the hypothesis that the vegetation management used in this study does not affect numbers of
mammals, birds, and reptiles significantly in these riparian areas.  Significant overstory differences (plots without many
large trees vs. all others with large trees) do show effects with some mammals and birds, and there are also some differences
between the Napa Valley plots and the Sonoma plots.
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SEARCH FOR AND COLLECT EGG PARASITOIDS OF GLASSY-WINGED SHARPSHOOTER IN
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INTRODUCTION

Observations in northeastern Mexico and Texas in 1999 and 2000 revealed presence of Homalodisca coagulata (Say)
(GWSS) there, but in extremely low densities during winter and spring months (Coronado-Blanco et al. 2000; Triapitsyn &
Phillips 2000; Triapitsyn et al. in press).  Almost all egg masses of GWSS and other related sharpshooters, such as Oncometopia
spp., were heavily parasitized.  The climate in central part of Tamaulipas, Mexico, is very similar to one in the valleys of
southern California, particularly Temecula.  Earlier surveys in Florida and Louisiana revealed several species of GWSS egg
parasitoids there; some of those species do not occur in California (Triapitsyn et al. 1998).

As a result of the collections made in northeastern Mexico during 2000, quarantine and insectary colonies of three species,
Gonatocerus ashmeadi Girault, G. morrilli (Howard), and G. triguttatus Girault (Mymaridae), were established in UC
Riverside quarantine and insectary (Morgan et al. 2000; Triapitsyn et al. in press) and later propagated and released against
GWSS in California by the California Department of Food and Agriculture (CDFA).  Unfortunately, due to unavailability of
the host material (i.e., GWSS eggs) during the winter of 2000-2001, the California colonies of G. triguttatus and other exotic
parasitoids were discontinued.

OBJECTIVES

1. Recollect the target species of GWSS egg parasitoids, particularly G. triguttatus Girault, in northeastern Mexico
and Texas, clear them through UCR quarantine, and reestablish their cultures (maintained by our cooperators
from the CDFA) in southern California for a large-scale classical biological control program against GWSS in
California.

2. Search for and collect additional biological control agents, among others Gonatocerus atriclavus Girault, G.
fasciatus Girault, and Ufens spiritus Girault (Trichogrammatidae, also known as Zagella sp., see Triapitsyn et al.
1998), in the home range of GWSS (southeastern USA and northeastern Mexico) for introduction into California
and establishing cultures in UCR quarantine.
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RESULTS AND CONCLUSIONS

Two trips were made to date: 1) to Nuevo León, Tamaulipas, San Luis Potosí and Veracruz, Mexico, in February 2001 (D.
Morgan, S. Myartseva, G. Simmons, S. Triapitsyn, and D. Yanega) and 2) to Florida, from Miami to Monticello and
Quincy (M. Hoddle and S. Triapitsyn) and College Station, Texas (S. Triapitsyn and V. Berezovskiy) in August 2001.  One
more trip to Tamaulipas is planned for November 2001.  In addition, several shipments of adult egg parasitoids, mainly G.
triguttatus and G. morrilli, were sent to UCR quarantine by W. Jones (material reared from GWSS egg masses in and in the
vicinity of Weslaco, TX) as well as extensive material from the exploratory trip to northeastern Mexico in March 2001 by
D. Morgan and Ch. Pickett (CDFA) was processed in UCR quarantine.  Getting the material from Tamaulipas and Texas
early in the season helped in re-establishing a colony of G. triguttatus first in UCR quarantine and insectary and then at the
CDFA facility in Riverside (D. Morgan).

The following species of egg parasitoids were collected during 2001 and propagated at UCR (if applicable):

Genus and species of Originally from: Original host Propagated on GWSS
egg parasitoid (State, location) at UCR quarantine (yes/no)

Gonatocerus ashmeadi Tamaulipas H. coagulata, Yes
Oncometopia clarior

Texas (Weslaco) H. coagulata Yes
Florida H. coagulata Yes

Gonatocerus atriclavus San Luis Potosí, Oncometopia spp. No (failed)
Tamaulipas, Veracruz including O. clarior

Gonatocerus morrilli Tamaulipas Homalodisca sp. Yes
and Oncometopia spp.

Florida (Apopka) Oncometopia nigricans Yes
Florida (Quincy) H. coagulata Yes
Texas (Weslaco, H. coagulata Yes
College Station)

Gonatocerus triguttatus Tamaulipas H. coagulata, Yes
Oncometopia sp.

Texas (Weslaco) H. coagulata Yes
Texas (College Station) H. coagulata Yes
Florida (Apopka) Oncometopia nigricans Yes

Acmopolynema sema Florida (Belle Glade) Homalodisca insolita Yes
Ufens spiritus (=Zagella) Florida (Quincy) H. coagulata No (failed)
Ufens n. sp. Tamaulipas Oncometopia sp. No (failed)
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EGG AGE PREFERENCE AND “WINDOW OF SUSCEPTIBILITY” OF HOMALODISCA COAGULATA
EGGS TO ATTACK BY GONATOCERUS ASHMEADI AND G. TRIGUTTATUS

Project Leaders:
Nic Irvin
Department of Entomology
University of California
Riverside, CA  92521

Mark Hoddle
Department of Entomology
University of California
Riverside, CA  92521

INTRODUCTION

Understanding the reproductive biology of natural enemies is essential if observed outcomes in the field are to be explained
accurately. Gonatocerus ashmeadi Girault and G. triguttatus Girault both attack glassy-winged sharpshooter (GWSS),
Homalodisca coagulata [Say] eggs, however it is not known whether they compete for host eggs of the same age, what egg
ages are most preferred by females of each species, and which species would be most beneficial for GWSS control. G.
triguttatus is associated with GWSS in Mexico and Texas and is now being released in limited numbers in Riverside
County and elsewhere in California to combat GWSS. G. ashmeadi is  native to California. Determining the egg age
preference of this species will also be valuable in maximizing production for parasitoid releases.  Therefore, the following
experiments were conducted to determine GWSS egg age preference and the ‘window of susceptibility’ of eggs to attack
by G. ashmeadi and G. triguttatus.  Results presented here are for G. ashmeadi and are for egg age categories 1, 5 and 10
days of age.  Replicates for 2, 3, 4, 6, 7, 8 and 9 days of age have been set up for both species, however, data is still being
collected and analyzed.  This will be completed and presented at the December 2001 Pierce’s Disease Control Program
Symposium.

OBJECTIVES

1. To determine the “window of susceptibility” or vulnerability in days of GWSS eggs to attack by G. ashmeadi and
G. triguttatus.

2. To determine G. ashmeadi preference for young, medium and old GWSS eggs.

MATERIALS AND METHODS

For Objective 1, five leaves with 15 GWSS eggs of known age laid on Eureka lemon leaves were placed into a 3 inch
ventilated vial cage and exposed to one mated female G. ashmeadi (~ 24 hrs of age) for two hours at 25oC.  This experiment
was replicated ten times for GWSS eggs 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 days of age and repeated for G. triguttatus. The
number of parasitoids that emerged from GWSS egg masses of each age and the sex ratio of emerged progeny was recorded.

Three egg ages (1, 3 and 5 days of age) were selected for Objective 2 to represent young, medium and old GWSS eggs.  Ten
eggs of each age category were presented simultaneously to each of one female G. ashmeadi for one hour.  At this time the
egg age that the parasitoid was found on was recorded, the parasitoid was removed, and the vials were kept at 25oC. The
number of parasitoids that emerged from eggs in each age category was recorded after three weeks.

RESULTS AND CONCLUSIONS

Preliminary results showed that approximately 73% of one-day-old GWSS eggs and 26% of 5-day-old eggs were successfully
parasitized by G. ashmeadi.  Lower parasitism rates of 5 day old eggs may have resulted because GWSS embryos in eggs
of this age had developed beyond a stage that most G. ashmeadi larvae were able to use after hatching, or higher rates of
encapsulation were experienced post-oviposition, or venom injected at time of oviposition was not sufficient to halt GWSS
embryo development and facilitate wasp development. Furthermore, Eidmann (1934) suggested that success in parasitizing
host eggs that are close to terminal development depends on whether the parasitoid egg is oviposited directly into the
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embryo, thereby killing it.  If Eidmann (1934) is correct, then 26% of ovipositions by G. ashmeadi into GWSS eggs 5 days
of age may have killed the embryo allowing the parasitoid to develop successfully.

G. ashmeadi successfully parasitised five day old GWSS eggs which indicates that this species has a wide host age preference.
This is favorable for GWSS control because the period of vulnerability to attack by this parasitoid is long, therefore
increasing the probability that an egg will be parasitised before it hatches.

Exposure of GWSS eggs 10 days of age to G. ashmeadi resulted in 0% parasitism as nymphs were emerging from egg
masses of this age at 25oC.  Data for the entire ‘window of susceptibility’ for G. ashmeadi and G. triguttatus are still being
collected.  Once this has been completed the results will be analyzed to determine if different egg age preferences exist
between these two species.

Results also showed that regardless of egg age and of how many of the 15 eggs were parasitized, female G. ashmeadi
generally allocated two males to an egg mass and the remaining progeny were female.  This is consistent with Stern and
Bowen (1963) fixed sex allocation findings.

Results from Objective 2 showed that parasitism was slightly lower for eggs of 5 days of age compared with 3 days of age
(Table 1), thereby supporting the results from Objective 1.  However, the number of times the parasitoid was found on each
treatment did not significantly differ between the three egg ages (Table 1).  Also, parasitism did not significantly differ
between eggs of 1 and 5 days of age (Table 1).  This may suggest that this parasitoid species does not directly select
between host age when all the age categories are able to be parasitised.  However, other egg parasitoids, such as Trichogramma
sp. have been found to distinguish between favorable and unfavorable eggs for parasitism and tend to prefer younger eggs
(Pak, 1986; Hintz and Andow, 1990; Godin and Boivin, 1994).  Therefore, this choice experiment will be repeated next
season using the three egg age categories 1, 4 and 8 days of age to determine whether G. ashmeadi can differentiate
between favorable and unfavorable eggs for parasitism.

Table 1. Percentage parasitism of 1, 3 and 5 days of age GWSS eggs by G. ashmeadi.

Egg age treatment Parasitism Number of times the parasitoid was found on each treatment after one hour
1 22.7% 5
3 27.9% 6
5 20.2% 5
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ELEVATION’S EFFECT ON SURVIVAL OF GLASSY-WINGED SHARPSHOOTER IN KERN COUNTY

Project Leader: Cooperator:
Don Luvisi Franklin Bedard
UC Cooperative Extension Kern County UC Cooperative Extension  Kern County
Bakersfield, CA  93307 Bakersfield, CA

INTRODUCTION

The ability of glassy-winged sharpshooter (GWSS) to successfully over-winter within various crops in Kern County, Cali-
fornia is of paramount interest to those seeking to control this pest.  The eastern edge of the San Joaquin Valley is heavily
planted with citrus, a preferred host plant for feeding and oviposition.  This belt of host plants located within a suspected
over-wintering survival zone could create a “highway” for rapid northern dispersal of GWSS.  These extensive citrus plantings
are located at various elevations along a thermal belt that experiences warmer winter temperatures than the valley floor.  In
addition, the valley floor is subjected to fog and continuous temperatures in the range of 3-5° C.

OBJECTIVE

1. Evaluate the effect of elevation and temperature on the winter survival of glassy-winged sharpshooter in Kern
County.

RESULTS

GWSS were placed into replicated field cages at ten different elevations on December 8, 2000.  Field cages were framed
with PVC pipe (40”x40”x60”) and covered with a fine mesh material, trade name Econet B.  Four cages were erected at each
site.  Three different host plants were placed inside each cage at all locations.  The type and size of host plants were: parent
navel citrus, 5 gal. Established tree, oleander, 1 gal. and gardenia, 1 gal.  Between 200 and 300 GWSS field collected adults
were placed inside each cage.  No attempt was made to determine age or sex of GWSS at the time of collection.  The primary
objective is to determine if there are areas where GWSS will not survive the winter in Kern County.  Temperature and
humidity measurements are collected at fifteen-minute intervals for each site.  The test will run until the end of April or until
new egg masses are found within the cages.

Table 1 summarizes the 10 test site locations, elevation above sea level and hours at or below 0°C.  All cages and the plant
material within them were retrieved from the ten test locations.  All plant and cage material was inspected for GWSS egg
masses, nymphs and adults and observations on GWSS survival were made.  The results about the survival of GWSS in the
cages are provided in Table 2.

Observations and counts suggest that GWSS may experience severe over-wintering mortality at the lower elevation test
sites.  It is not known what influences test techniques might have had on GWSS survival.  Improvements to the study could
include the use of larger potted plants.  Beefwood trees (Casuarina spp.) could make an excellent addition to the host plants
within any future GWSS study.  This study will be repeated in 2001-02 with additional emphasis on elevations between 350-
500 feet.
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Table 1. Test site locations and elevations.

Location Elevation Hours 0-°C*

UCCE Farm Advisors Office, S. Mount Vernon Ave. 371’. 140
Fairfax and Panama Rd. 404’. 191
Panama Rd. 449’. 180.5
AEWSD Ponds, Tejon Hwy. 497’. 37
USDA trailer, Vineland and Edison. 514’. 58.3
Rockpile Rd. and Panama Rd. 579’. 70.8
AEWSD plant, Redbank and Malaga. 606’. 19.0
AEWSD plant, Neumarkle Rd. 712’. 98.5
AEWSD plant, General Beale Rd. 834’. 2.8
Nuemarkle and Bena Rd. 902’. 9.8
Hours at 0° C from Dec. 4, 2000 - April 2, 2001

Table 2. Observations on GWSS survival in the cages.

Site # Observation

1 No GWSS eggs, nymphs or adults found in any of the test cages.
Last recorded sighting of a live GWSS in these cages, 1/02/01.

2 No GWSS eggs, nymphs or adults found within any test cage.
Last recorded sighting of a live GWSS in these cages, 1/18/01.

3 No GWSS eggs, nymphs or adults found within any test cage.
Last recorded sighting of a live GWSS in these cages, 1/18/01.

4 GWSS egg masses found on citrus in cages No. 3 & 4, 4/02/01.
No GWSS found in cages No. 1 & 2.

5 GWSS egg masses found on citrus in cages No. 1 & 3, and
one adult GWSS female recovered in cage No. 3, 4/12/01.  No GWSS
Found in cages No. 2 or 4.

6 No GWSS eggs, nymphs or adults found in any of the test cages.
Last recorded sighting of a live GWSS in these cages, 2/28/01.
Site over-sprayed by a dormant application to almond trees next to test cages.

7 GWSS egg masses found on citrus in all four cages.
GWSS egg masses found on gardenias in cages No. 1,2 & 4.
Two females and one male GWSS found in cage No. 1.

8 GWSS egg masses found on citrus in cages No. 1 & 3.
No GWSS found in cages No. 2 &4.

9 No GWSS eggs, nymphs or adults found within any test cage.
Last recorded sighting of a live GWSS in these cages, 3/14/01.
This site was exposed to the East non-cropped desert area

10 GWSS egg masses found on citrus in cages No. 1, 2 & 3.
GWSS egg mass found on gardenia in cage No. 2.
Three females and one male found in cage No.1.
Two females and one male found in cage No. 3.
No GWSS found in cage # 4.

*All cages were inoculated with 200 – 300 field collected GWSS adults on Dec. 8, 2000.
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EVOLUTION AND HISTORICAL ECOLOGY OF THE PROCONIINI SHARPSHOOTERS

Project Leaders:
Roman Rakitov & Christopher Dietrich
Center for Biodiversity
Illinois Natural History Survey
Champaign, IL

INTRODUCTION

The tribes Proconiini and Cicadellini, commonly referred to as sharpshooters (Cicadellinae sensu Young 1968), together
form the largest group of xylem-feeding leafhoppers and include most of the known vectors of xylem-born phytopathogenic
organisms.  Proconiini is a strictly New World group with most of its diversity confined to the tropical regions.  Among ca.
350 described proconiine species, currently grouped into 56 genera, less than 10% (4 genera) occur north of Mexico, and
only one genus (Cuerna) has substantially radiated in the temperate parts of the U.S. and Canada.  In spite of its largely
tropical distribution, the group is of significant economic importance in the U.S. because several Homalodisca, Oncometopia,
and Cuerna species are able to transmit Xylella fastidiosa (Xf) (Nielson 1968), and two of them recently invaded new areas
in the southern U.S. (Pollard et al. 1959; Sorensen & Gill 1996).  Species of Oncometopia and Acrogonia are also principal
vectors of Xf causing the citrus variegated chlorosis in South America (Gravena et al. 1998).  Except for a few economically
important species, the data on the ecology and bionomics of proconiines are virtually absent, although this picture is
beginning to change.  In particular, recent studies suggest that in at least 13 proconiine genera females display a unique
type of maternal care by powdering their egg nests with brochosomes, specific Malpighian tubule products unique to
leafhoppers (Rakitov 1999, 2000, and unpublished; Hix 2001).  Although the exact adaptive significance of this behavior
is not yet clear, its occurrence in several of the most speciose proconiine genera, including Homalodisca, Oncometopia,
and Acrogonia , which contain principal vectors of Xf, suggests that its advantages may have facilitated speciation and
contributed to the pest status of some species, perhaps by increasing their capability to colonize a wide range of vegetation.
Building a robust estimate of the evolutionary relationships among Proconiini is important to provide a framework in
which ecological and bionomical features, and the patterns of distribution of the group can be better understood.  In the
absence of fossil evidence this can be achieved by the phylogenetic analysis of the distribution of morphological, molecular,
and other characters among modern species.  Unfortunately, the only such analysis of Proconiini performed so far (Mejdalani
2000) focused on only one group of presumably related genera and therefore has not completely elucidated the relationships
within the tribe.

OBJECTIVES

1.  To assess phylogenetic relationships among proconiine leafhoppers, using morphological and DNA sequence data.
2.  To study the evolution of “egg nest powdering”, and its role in the diversification of the tribe.

RESULTS AND CONCLUSIONS

Our preliminary morphology- and sequence-based analyses both indicated that Proconiini are derived from within Cicadellini.
This result is consistent with biogeographical evidence, which suggests that the tribe is younger than the Cosmopolitan
Cicadellini and apparently arose in South America after its separation from Africa (Nielson & Knight 2000).  A much
broader sampling is, however, needed to pinpoint a particular cicadelline group that might have given rise to Proconiini.
Our morphological dataset strongly indicated that the Neotropical genera Pamplona and Pamplonoidea, previously placed
in Cicadellini (Young 1977), and a small Neotropical group previously classified as subfamily Phereurhininae (Kramer
1976) should be placed in Proconiini, and that Homalodisca, as currently defined, includes certain species that should be
placed in other genera.  These results, which emphasize the need of a reclassification of the Proconiini, were largely
congruent with an estimate based on the mitochondrial DNA sequences (Figure 1).  Because of the small size of the
molecular dataset, which included representatives of only 27% of the proconiine genera, the presented tree should be
interpreted with caution.  The analysis grouped the species into two major lineages, one of which included all of the known
vectors of Xf The habit of coating egg nests with brochosomes appears to have arisen early in the evolution of this lineage;
its origin and the vector status of some of the lineage’s members may both be related to certain changes in the ecology of
the group.  This behavior has apparently been independently lost in several taxa.  Comparative studies of the egg-laying
ecology in such taxa (e.g., Cuerna, Phera) and other proconiines may shed light onto its adaptive significance.  Our future
goals include building a more robust phylogenetic estimate by increasing both the taxon and character sampling, collecting
more data on the ecology and bionomics of the group through field work and collaboration with sharpshooter researchers
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in other countries, and performing more diverse analyses of the historical ecology, bionomics, and patterns of distribution
of the Proconiini.
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Figure 1.  Preliminary estimate of phylogenetic
relationships among the species of Proconiini,
based on combined partial 12S, 16S, COI, and
COII mitochondrial DNA sequences (ca 2000
base pairs) obtained for 21 proconiine and 2
outgroup species.  The tree shown is a single
maximum parsimonious tree; the length of
branches is proportional to the number of
nucleotide changes along each branch.  The
numbers above and under branches are
bootstrap scores (shown only if greater than
50%) and decay indices, respectively; higher
values indicate better support for the clade.
Asterisks (*) indicate species using
brochosomes in egg laying.  The gain of this
trait is shown by a closed circle, and three
independent losses by open circles.
Exclamation points (!) indicate known vectors
of Xylella fastidiosa.
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Reporting Period: The results reported below derive from work conducted from November 1, 2001 to October 31, 2002.

INTRODUCTION
The bacterium, Xylella fastidiosa (Xf), is accepted as the causative agent of Pierce’s disease of grape.  In our survey of plants
for their reaction to Xf cell suspensions pressure infiltrated into leaves, we found that Chenopodium quinoa (Cq) developed a
chlorosis in 24-48hr that conformed to the area infiltrated with suspensions of 106 to 108 Xf cells/mL.  Comparisons of
infiltrated opposite leaf halves for the intensity of the developed chlorosis provided a useful semi-quantitative assessment of
the relative potency of Xf-derived preparations.  The chlorosis-inducing activity was associated with Xf cells, not washings of
cells, and heating Xf cells at 100°C for 6 min slightly enhanced the activity. We observed that the chlorosis-inducing activity
survived treatment with sodium dodecyl sulfate (SDS).  Although the indicated stabilities do not suggest a protein as the
active agent, the chlorosis-inducing activity was sensitive to each of three proteases and was lost after treatment with
chloroform or acetic acid. These results suggested that Xf possesses a protein elicitor that is recognized in the intercellular
spaces of Cq plants even when the protein is in a denatured state.  Presumably metabolic events of Cq, subsequent to
recognition, result in chlorosis.

Chenopodium ambrosioides (Ca) is known to be a natural host of Xf and a source of Xf inoculum that can be transmitted to
grape under experimental conditions (Freitag 1951).  We were able to infect Ca with Xf after inoculation by petiole injection.
However, infiltrated leaves of Ca failed to develop chlorosis or other reaction.  In contrast, Cq, which developed chlorosis
after infiltration, did not become detectably infected after inoculation with Xf. In several systems, a pathogen protein that acts
as an elicitor in one species may act as a virulence factor in a closely or distantly related line or species (De Wit, Joosten et al.
1994; van't Slot and Knogge 2002).  Therefore, the Xf elictor of Cq chlorosis may be a virulence factor in other, susceptible
plant species, e.g., Ca and Vitis vinifera.

OBJECTIVES
1. Identify gene product(s) and gene(s) of Xf that contribute to its virulence.
2. Exploit knowledge of Xf virulence factor(s) in strategies for control of Pierce’s disease.

RESULTS AND CONCLUSIONS
A precipitate was collected by high speed centrifugation after incubating washed and suspended Xf cells for 30 min at 30˚C in
Tris-buffered sodium dodecyl sulfate (SDS) solution at pH approx. 8.6.  Compared to intact Xf cells, the precipitate after SDS
extraction presented a greatly simplified pattern of proteins after SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
Extracts of gel regions were assayed by infiltration into Cq leaves.  The bulk of the chlorosis-inducing activity was associated
with material with mobility corresponding to molecular weight of about 40K.  A prominent band (Coomassie blue stained)
from the region was excised and subjected to digestion with trypsin and analysis by mass spectrometry (Young Moo Lee, UC
Davis Molecular Structure Facility).  Peptides were identified that correspond to about 40% of the Xf outer membrane protein
mopB.  The pyroglutaminyl-terminated peptide pyro-QEFDDR mapped to the mopB gene sequence (Simpson, Reinach et al.
2000) to predict a mopB protein of molecular weight 38.5K.  Results from other experiments suggest that the pyroglutaminyl
residue is the natural end of mature Xf mopB protein and is not created as an artifact of our analysis by cyclization of an
amino-terminal glutamine residue. Edman degradation gave in very low yield the sequence MKKKILT…, consistent with a
mopB protein of molecular weight 40.7K as a minor component.  The 22 amino acid residue sequence at the amino end of the
minor 40.7K protein, and not present in the abundant 38.5K protein, has the characteristics of a signal peptide.  We conclude
from the above results that the translation product of the Xf mopB gene is the 40.7K protein and that release of its 22 residue
signal peptide results in insertion of the 38.5K mopB protein so tightly into the Xf outer membrane that it remains insoluble
during a SDS treatment that releases most other Xf proteins.

translated mop B: MKKKILTAALLGGIAIIQVASAQEFDDRWYLAGSTG…  40.7K
mature mop B: pyro-QEFDDRWYLAGSTG…  38.5K
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The Xf mopB amino acid sequence differs from the citrus strain Xf mopB at only seven sites.  The next most similar proteins
in databases form a group of more than 15 “ompA” proteins of Gram-negative bacteria.  The ompA proteins show close to
30% similarity to Xf mopB, confined mostly to the carboxyl terminal region.  The Pseudomonas fluorescens ompA protein
OprF and Xf mopB, unlike most other ompA proteins, have a proline-rich region preceding the carboxyl end region of
similarity. P. fluorescens competes against certain root-pathogenic fungi because of its ability to colonize root surfaces.  De
Mot and Vanderleyden (1991) purified OprF, a major outer membrane protein, and demonstrated that OprF binds tightly to
roots and probably is responsible for some aspect of the root-adhesion capabilities of P. fluorescens, a supposition also
consistent with mutational studies (Deflaun, Marshall et al. 1994).  Therefore, we postulate that mopB may contribute to Xf
virulence by adhering to xylem element interior surfaces.

The insoluble fraction obtained after 30˚C SDS extraction of Xf cells was solubilized in hot SDS and chromatographed on 6%
agarose beads.  As indicated in the figure, fractions (lanes 2-10) were analyzed by SDS-PAGE to identify those showing
greatest purity of Xf mopB. Pooled fractions were concentrated for production of rabbit anti-mopB.  Attempts at cloning Xf
mopB in E. coli, using constructions that encompassed the entire Xf mopB gene, including its putative promoter, were not
successful.  Therefore, the Xf mopB open reading frame (ORF) was placed under control of a bacteriophage T7 RNA
polymerase promoter in E. coli strain BL21(DE3)pLysS, which bears a a Lac promoter-driven T7 RNA polymerase gene, as
well as a T7 lysozyme gene to prevent accumulation of active T7 RNA polymerase prior to induction of the Lac promoter.
Induction of cultures with IPTG resulted in appearance of a new band with Xf mopB mobility as detected by immunoblotting
(lanes 11,12; work of Paul Feldstein), but not to levels readily detected by staining with Coomassie blue.  That is, Xf mopB
accumulation may sicken E. coli. A band (lane 11), from uninduced culture and reacting with anti-Xf mopB antibody, may be
due to cross reaction with the E. coli outer membrane protein ompA, which is slightly smaller than Xf mopB.

Purification of Xf mopB and expression of
Xf mopB in E. coli. Analyses were by 12.5%
SDS-PAGE. Insoluble material (lane 1) was
recovered after extraction of Xf cells with SDS
solution at 30°C.  Lanes 2-10: aliquots from
sequential 1mL fractions from a 120mL bed
volume column of 6% agarose beads
(Superose 6) receiving the lane 1 sample and
eluted with buffered 1mg/mL SDS.  Fractions for
lanes 5-7 were pooled and concentrated.
Lanes 11 and 12 are from a 1sec exposure of an
immunoblot (anti-Xf mopB serum, 1:5000) of
30°C SDS extract from E. coli BL21(DE3)pLysS
cells transformed with a plasmid bearing a T7
promoter and the Xf mopB ORF.  Cells were
incubated without (lane 11) or with (lane 12)
IPTG.

1        2    3    4   5    6    7   8    9   10     11   12
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INTRODUCTION
Pierce’s disease (PD), caused by the bacterial pathogen Xylella fastidiosa (Xf), is one of the most destructive diseases of
grapevines (Purcell and Hopkins, 1996).  All genotypes of Vitis vinifera are susceptible to the PD pathogen and only certain
non-vinifera species (e.g., V. shuttleworthii and Muscadinia rotundifolia), typically not suitable for wine production, are able
to resist or tolerate this pathogen.  Development of resistant varieties through classical breeding is complicated by the desire
to retain varietal phenotypes in cultivated species, and by the generally poor agronomic properties (e.g., fruit quality) of these
non-vinifera species.  An alternative approach for developing disease resistant germplasm is to characterize the molecular
basis of resistance and susceptibility in Vitis species, and to use this information to design rational strategies for crop
protection.  In this project we are pursuing a genomics approach to identify transcriptional pathways that are correlated with
susceptible or resistant interactions in Vitis and Muscadinia species.  The comparison of these two distinct interactions should
reveal functional elements of the host resistance response, or conversely host functions that confer susceptibility.

The experimental strategies outlined below use genomics technology (e.g., cDNA sequencing to create Expressed Sequence
Tags [ESTs] and transcriptional profiling using micro arrays) to identify genes in Vitis species that may be causal to host
susceptibility (in the case of V. vinifera) or resistance/tolerance (in the case of M. rotundifolia).  Such information will
considerably increase our knowledge of the grape-Xylella interaction and potentially provide the basis for developing
resistance to the PD pathogen in V. vinifera.  A side benefit of these activities will be derivative information, such as a public
database of grape ESTs, information for molecular marker development (e.g., SSR and SNP information), and anticipated
public access to a grape oligonucleotide microarray.

OBJECTIVES
1. cDNA libraries will be produced from infected and non-infected grape genotypes. Library construction will focus on

susceptible V. vinifera and related species (e.g., a Vitis rupestris x Muscadinia rotundifolia cross) that are
tolerant/resistant to Xylella infection.

2. Sequencing reactions will be completed for a total of 60,000 cDNA clones obtained from the above libraries (30,000
from V. vinifera and 30,000 from the V. rupestris x M. rotundifolia cross).  The resulting sequence information (i.e.,
Expressed Sequence Tags (ESTs)) will be submitted to the National Center for Biotechnology Information (NCBI).

3. An analysis pipeline and web-accessible database will be developed for the grape transcriptome.  The initial focus of the
database will be on the minimum gene set expressed during the grape-Xylella interactions.

4. Transcriptional profiling will be conducted to characterize host gene expression in susceptible and resistant/tolerant
grape-Xylella interactions.

RESULTS AND CONCLUSIONS
We are taking an EST sequencing and transcriptional profiling approach to develop a detailed picture of the molecular events
that underlie host susceptibility and host resistance to the pathogen Xylella fastidiosa in Vitis species.  Currently we have
constructed eight cDNA leaf libraries from infected and non-infected plants of Vitis vinifera at host developmental stages
corresponding to key steps in disease development and in excess of 100,000 clones have been picked and archived for further
analysis.  DNA sequencing reactions are being completed and analyzed for a total of 30,000 cDNA products from these
pathogen-related libraries. A similar strategy is being implemented to sequence and characterize an additional 30,000 cDNA
sequences from related species of grapes that are resistant to Xylella infection.  In collaboration with Dr. Andrew Walker, we
will characterize PD-resistant progeny from a cross between V. rupestris and M. rotundifolia.  In association with the
National Center for Genome Resources (NCGR) we are implementing an online relational database (the X-Genome
Initiative, XGI) as a means to organize and annotate the EST information resulting from the projects.  As a temporary
measure, we have established an in-house data analysis pipeline, consisting of EST contig assembly by means of the
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PHRED/PHRAP algorithm, and BLASTN analysis against the entire Arabidopsis coding sequence and all publicly available
sequences from V. vinifera.  BLAST reports are stored on line and provide a simple homology-based analysis of the grape
EST dataset.  Subsequent to cDNA sequencing and electronic data mining we will employ a functional genomics strategy to
monitor host gene expression during grape development using oligonucleotide microarrays.  This work will be done in
collaboration with the Department of Biochemistry, University of Nevada, Reno (as part of an NSF Plant Genome grant).
The two projects are coordinating an international effort to develop a 70-mer oligonucleotide microarray. For purposes of this
project, the array will provide a means to analyze the expression of thousands of grape genes during the grape-Xylella
interaction.  We anticipate that the strategies outlined above will define the transcriptional response of susceptible and
resistant Vitis and Muscadinia species to infection by Xylella fastidiosa.  This information will significantly advance our
knowledge of grape-Xylella interactions, and it may reveal transcriptional pathways that are causal to host susceptibility or
resistance/tolerance.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service, and the CDFA Pierce’s
Disease and Glassy-winged Sharpshooter Board.
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INTRODUCTION
This project was part of the American Vineyard Foundation Long Term Project on Pierce’s Disease.  Our component of this
project focuses on understanding the genetics of resistance to Xylella fastidiosa (Xf), the causal agent of Pierce’s disease
(PD).  The studies include understanding the inheritance of resistance to Xf in Vitis rupestris x Muscadinia rotundifolia and
developing genetic markers for Xf resistance.  It integrates into two other projects – a fine-scale mapping project for Xf
resistance, and the breeding of PD resistant table and raisin grapes.

These Xf resistance studies are being carried out on potted and replicated plants under greenhouse conditions using needle
inoculation with the 'Stag's Leap' strain of Xf. The plants are grown for 12 to 16 weeks and then evaluated for the presence of
Xf and irregular shoot lignification symptoms.  ELISA is used to test stem samples from 10 cm above and 10 below and at the
point of inoculation.  This system has proved to be highly reliable, efficient and quantifiable.

OBJECTIVES
1. Complete analysis of a series of crosses (Design II mating scheme) allowing the quantitative inheritance of Xf resistance

to be evaluated.
2. Complete a genetic map of a Vitis rupestris x Muscadinia rotundifolia seedling population using AFLP (amplified

fragment length polymorphism) markers to allow the identification of DNA markers to Xf resistance and eventual
identification of Xf resistance genes and their genetic engineering into vinifera cultivars.

3. Develop and utilize genetic markers to assist and accelerate the introgression of Xf resistance into table, raisin and wine
grapes.

RESULTS AND CONCLUSIONS
Inheritance studies of Xf resistance in a M. rotundifolia background:
Last year, Alan Krivanek (PhD student) completed a broad series of crosses within a Design II mating scheme among
siblings from the 8909 (V. rupestris x M. rotundifolia) population.  From among those families he is currently screening a
total of 2,100 plants for Xf resistance under a randomized complete block design using our greenhouse evaluation system.
The crosses include 9 Resistant x Resistant families, 3 Susceptible x R families, 3 R x S families and 1 S x S family.  From
these crosses 3-4 cuttings from 20-38 seedlings from each of the 16 families have been propagated potted and inoculated
twice with the ‘Stags Leap’ Xf isolate.  Parents of the 4x4 Design II were chosen as follows:  Females – 8909-02 R, 8909-07
S, 8909-15 R, 8909-16 R?;  Males – 8909-01 R, 8909-08 R, 8909-19 S, 8909-26 R.

Genetic mapping of a V. rupestris x M. rotundifolia population (9621 – 8909-15 x 8909-17):
A genetic map of V. rupestris x M. rotundifolia has been completed and submitted for publication (M. Doucleff, Y. Jin, F.
Gao and M.A. Walker.  A Genetic Linkage Map of Vitis rupestris x Muscadinia rotundifolia.  Submitted to Theoretical and
Applied Genetics).  This map is now being expanded and fine scale mapping undertaken to better localize Xf resistance genes
and markers linked to them (Please see the report on this project by Walker and Riaz within these Proceedings).

Development of genetic markers for Xf resistance:
This study is being carried out in the 9621 mapping population (8909-15 x 8909-17, both Xf resistant).  To date, about 70
primer combinations have been evaluated out of a goal of 150 to 200 primer combinations.  It is expected that 2-4 markers
flanking the Xf resistance gene within a 2-cM window will be identified.  Several candidate markers liked to resistance in the
male parent and the female parent have been identified. Candidate markers will be confirmed by separately evaluating
marker patterns on each individual within the bulk.  SCAR primers will be developed from the tightly flanking markers and
run on the 145 genotypes previously screened for resistance.  A total of 145 genotypes with marker data should yield a
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mapping resolution of approximately 2cM.  This resolution will be used to confirm the order and distance of the SCAR
markers around the resistance locus on its linkage group.

Susceptible bulk: 9621-025, 9621-034, 9621-039, 9621-045, 9621-062, 9621-094, 9621-116, 9621-118, 9621-167, 9621-219,
and 9621-277.

Bulked segregant analysis (BSA) was also carried out on a population composed of four different populations.  The male in
all four was 8909-08 (V. rupestris x M. rotundifolia).  The females were advanced seedless V. vinifera table grape selections
from D. Ramming:  B90-116 (population 501), C63-83 (502), C33-30 (503), and P79-101 (504).  A total of 120 plants were
tested for Xf resistance under our greenhouse screen and evaluated with ELISA. From these, 14 were used in a resistant bulk
and 16 were used in a susceptible bulk. These bulks were screened with 114 different AFLP primer combinations.  Out of
these 114, 11 were primer combinations that had already been mapped (see above) in a related cross (8909-15 x 8909-17).
These primer combinations were from Group 15 of this map, as is Xf resistance.  None of these 11 markers were close
enough to show up in the BSA analysis.

Results from eight of the 114 markers tested suggest that they are candidate markers.  These markers linked with Xf
resistance in the bulk analysis, and need to be further tested on the individual genotypes.  Most of these candidate markers
were faint bands, indicating that they may not be present in all of the resistant genotypes, and therefore recombination events
prevented tighter linkages.

Genetic markers were also sought in the 0023 population (8909-15 R x B90-116 S (advanced seedless selection from D.
Ramming)).  One hundred and eight seedlings were inoculated under our greenhouse system in a randomized block design.
Plants were inoculated twice.  After 16 weeks the plants were evaluated for Xf resistance based on cane lignification ELISA.
Fifty-four of the 108 seedlings had mean bacteria numbers of less than 500,000 cfu/ml which in other populations is the cut
off point for resistance.  The genotypes: 0023-19, 0023-54, 0023-63, 0023-98 had stem bacteria numbers of less than 60,000
cfu/ml and were crossed to advanced table grape selections in order to establish a large breeding population.  Approximately
1,800 seeds have been collected.  Markers linked to resistance in the mapping and BSA portions of this project will be used
on this population.  Correlation of the markers with Xf resistance will be confirmed and calculated if different from the
original mapping population.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board, and the USDA
Animal and Plant Health Inspection Service.
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AN EXPANDED GENETIC MAP OF VITIS RUPESTRIS X MUSCADINIA ROTUNDIFOLIA FOR FINE SCALE
MAPPING AND CHARACTERIZATION OF PIERCE'S DISEASE RESISTANCE

Project Leaders:
Andrew Walker and Summaira Riaz
Department of Viticulture and Enology
University of California
Davis, CA  95616

Reporting Period: The results reported here are from work conducted from June 1, 2002 to November 1, 2002.

INTRODUCTION
This project is funded by the UC Pierce's Disease Grant Program. It expands a genetic mapping effort originally funded by
the California Grape Rootstock Improvement Commission, the Fruit tree, Nut tree and Grapevine Improvement Advisory
Board, the California Table Grape Commission and the AVF.  That study examined the genetics of resistance to the dagger
nematode and found that this resistance segregated within several V. rupestris x M. rotundifolia F1 populations.  A resistant
and a susceptible sibling were selected from one of these populations, 8909, and they were crossed to produce the 9621 "F2"
population (8909-15 x 8909-17).  The 8909 and 9621 populations also segregate for resistance to Xylella fastidiosa (Xf).  A
genetic map of 116 individuals from the 9621 population was created primarily with AFLP markers.  The work proposed
here will increase the mapping population to 188 individuals and add at least 100 SSR markers.  The addition of SSR markers
will help to link the V. rupestris x M. rotundifolia map to other mapping efforts around the world through their universally
comparable nature.  This is a new project with funding finalized in September 2002.

OBJECTIVES
1. Expand an existing genetic map created within V. rupestris x M. rotundifolia focused on resistance to Xf by adding 100

more individuals and 100 SSR and 20 EST markers.

Completion of this objective will allow further identification of DNA markers that are tightly linked to Xf resistance so that
marker-assisted selection strategies can be employed in the breeding program.  It will also more fully support efforts to locate
and identify the gene(s) responsible for Xf resistance.

RESULTS AND CONCLUSIONS
A genetic map of the 9621 population was completed and submitted for publication (M. Doucleff, Y. Jin, F. Gao and M.A.
Walker.  A Genetic Linkage Map of Vitis rupestris x Muscadinia rotundifolia.  Submitted to Theoretical and Applied
Genetics).  This map was initiated several years ago, was based on the pseudo-testcross strategy, and used primarily AFLP
markers.  Over the past two years we have used 15 new AFLP primers, 7 new ISSR primers, and 9 new SSR primers to score
over 200 additional molecular markers for 116 F2 individuals in the 9621 population.  Ambiguous genotypes were rerun or
left as unknown.  After scoring and rechecking each marker, approximately 10% of the markers were discarded because they
were not consistently scored.  Chi-square tests found that about 20% of the markers had significantly distorted (P < 0.05)
genotype ratios.  The remaining markers with P > 0.05 (100 AFLP, 32 ISSR, and 18 SSR) combined with the existing 275
AFLP and 25 RAPD markers were used to create a framework map for each F1 parent using MapMaker UNIX 3.0 and
PGRI.

A total of 474 polymorphic markers were scored with 298 segregating 1:1 and 176 segregating 3:1.  Approximately 7.5% of
the bands displayed skewed segregation ratios (Table 1).  Of the 298 1:1 markers, 158 were heterozygous in the female
(8909-15) and 140 were heterozygous in the male (8909-17).  Overall linkages were robust with p ≤ 0.3 and X2 ≥ 0.001
(equivalent to LOD score ≥ 3).  At X2 = 0.00001 and p ≤ 0.25, 16 linkage groups were formed for 8909-15 and 20 linkage
groups for 8909-17 (Table 2).  A framework map for each parent was constructed based on a 90% confidence level for
correct order using a PGRI bootstrapping algorithm.  Markers not ordered with a confidence level ≥ 90% were added to the
framework maps as accessory markers.  Together the two framework maps covered 1630 cM. This map was based on 116
individuals with 375 AFLP, 32 ISSR, 25 RAPD and 18 SSR markers.  Two measures of Xf resistance (ELISA values
indicating limited Xf movement beyond the point of inoculation; and the uneven lignification) both map to the same general
area on the same Linkage Group.
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Table 1. Data on mapping markers within the 8909-15 x 8909-17 mapping population.
1:1 8909-15 1:1 8909-17 Male

Marker Information Female Markers Markers 3:1 Markers
Total markers scored 158 140 176
Percent distorted 10.8 3.6 7.4

AFLP markers 125 111 160
ISSR, RAPD markers 25 21 14
Microsatellite markers 8 8 2
Framework markers 90 101 NA
Accessory markers 51 30 NA
Missing data % 3.8 5.4 4.0

Table 2. Data on linkage groups on the genetic maps
Framework Map Linkage Group Information 8909-15 Female Parent 8909-17 Male Parent
Total number of groups 16 20
Total size (cM) 730 900
Avg. group size (cM) 45.6 45.6
Avg. distance between markers (cM) 11.0 8.8
Avg. PCO 91.6 ± 4.7 95.5 ± 4.0

Before efficient efforts to locate Xf resistance genes can be undertaken, more individuals and markers are needed on the map.
We are now in the process of adding this data.  Thus far, DNA has been extracted from 188 individuals and we have
produced the some marker data (Table 3).

Table 3. Data on number of markers tested and useful for the 8909-15 x 8909-17 mapping population.
Markers Tested Amplified Useful for Map
SSR 111 92 65
EST (D. Adams) 20 14
Total 131 79

We are continuing to add SSR markers and are preparing to retest the entire population for AFLP markers.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board, and the
University of California Pierce's Disease Grant Program.
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APPLICATION OF AGROBACTERIUM RHIZOGENES-MEDIATED TRANSFORMATION STRATEGIES FOR A
RAPID HIGH THROUGHPUT SCREEN FOR GENETIC RESISTANCE TO PIERCE’S DISEASE IN GRAPE

THAT MAINTAINS THE CLONAL INTEGRITY OF THE RECIPIENT HOST

Project Leader:
David Gilchrist
Department of Plant Pathology
University of California
Davis, CA 95616

Cooperators:
James E. Lincoln
Department of Plant Pathology
University of California
Davis, CA

Andrew Walker
Department of Viticulture and Enology
University of California
Davis, CA

Bruce Kirkpatrick
Department of Plant Pathology
University of California
Davis, CA

Reporting Period: The results reported here are from work conducted from April 2002 through November 2002.

INTRODUCTION
The goal of this project is to identify novel genes from either grape or heterologous plants that, when expressed in grape, will
lead to disruption of infection, spread or symptom development of the xylem-limited bacteria, Xylella fastidiosa. There is no
useful genetic resistance in commercially preferred grape clones, and introgression of resistance from grape relatives by
sexual crossing introduces substantial genetic variation. Introgression of resistance would be most useful if it were introduced
directly into vegetative tissue without requiring recurrent selection to attempt to return to the original host genotype.  We
have developed a functional screen for cDNAs that block either bacterial multiplication, movement or symptom expression
using an Agrobacterium rhizogenes mediated transformation strategy.  This system enables the direct introgression of cloned
resistance genes into a susceptible host plant while maintaining the clonal integrity of the recipient plant following
transformation. In working with symptomatic grape leaf tissue for isolation of RNA for development of cDNA libraries, we
examined the pattern and form of symptom development cytologically.  The cytological pattern of symptom development
suggested a similarity to tissue death in other plant systems that we have been studying for several years.  As a consequence
of our preliminary cytological studies we concluded that the death that was occurring in the pre-symptomatic and
symptomatic areas of leaves on infected plants borne changes that we associate with the activation of a programmed cell
death process that exhibits the morphological hallmarks of apoptosis, a widely studied gene mediated fundamental process of
development and disease in animals and in plants.  We have therefore included as a second objective an examination of the
molecular basis of cell death in pre-symptomatic and symptomatic tissues along with the immediate assessment of the effect
of expressing anti-apoptotic transgenes in Pierce’s disease (PD) infected tissues on the development of death related
symptoms in grape.  The research plan includes a rapid functional screen for genes that confer resistance to PD in
transformed grape tissue.  The goal is to rapidly identify resistance genes in grape genotypes that block any one of several
required steps in the infection and spread of X. fastidiosa in the xylem.

OBJECTIVES
1. Transformation of grape with Agrobacterium rhizogenes for cDNA library screening.
2. Construction of a series of cDNA libraries from healthy and infected grape tissues exhibiting foliar symptoms.
3. Examine the morphological and cytological features of cell death in symptomatic leaves.
4. Investigate the potential of blocking PD symptom expression with anti-apoptotic transgenes.

RESULTS AND CONCLUSIONS
Transformation of healthy grape with A. rhizogenes:
The method of delivery of the cDNA libraries into grape is now established in our laboratory.  We have confirmed that grape
is readily transformed by A. rhizogenes and that foreign genes (e.g. GFP) and our new cDNA libraries, can be expressed
readily in grape by this method.  The proof of concept in the case of the roots expressing GFP driven by the 35S promoter, all
roots were highly fluorescent when viewed under a fluorescence microscope.

Transformation of infected grape with A. rhizogenes:
We have established Xylella infections in the xylem of V. vinifera (Chardonnay) and transformed the GFP gene into roots
derived from infected stem sections by A. rhizogenes.  Transformed root induction occurred equally well on both infected and
healthy stem sections.  Interestingly, and perhaps fortuitously, the roots from the healthy stem sections remain alive and
growing after 2 months, however the roots that emerged from the infected stem sections appeared normal for 10 days but
then they stopped growing and eventually died with the death beginning at the root tip.  We have now repeated this result
numerous times and conclude that it constitutes a direct assay for genes from the resistant background that block movement
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into or accumulation of bacteria in the very young roots that leads to root death, due either to signals from the bacteria or
plant-expressed signals triggered by the presence of the bacteria in the vascular system of the root.

The pattern of death in the root tips is identical to the pattern we have observed and have published on in several host-
pathogen systems that is characteristic of pathogen and toxin-induced death.  This observation, which we believe is highly
significant, suggests that the mechanism of cell death in PD is a form of programmed cell death with morphological features
of apoptosis.  We also have found in several other systems that we can simultaneously block this programmed cell death and
disease using both anti-apoptotic transgenes and cell permeable chemicals (Richael et al. 2001). These results are described
in two recent reports.  The first report deals with anti-apoptotic chemicals (Richael et al. 2001), and the second report of this
approach using an anti-apoptotic transgene to engineered broad spectrum disease resistance was published recently in the
Proceeding of the National Academy of Sciences (Lincoln et al. 2002).

Construction of cDNA libraries:
The construction of a grape cDNA library proved much more difficult than originally assumed.  We have to date constructed
approximately 150,000 independent grape cDNAs cloned into a plant transformation binary vector, CB404, which is a
derivative of pBIN19 and uses the CaMV 35S promoter for high level, constitutive expression.  We will proceed to generate
the 500,000 independent grape cDNAs needed for our complete screen.  We have begun to move the cDNA library into
Agrobacterium rhizogenes to transform infected grape explants for the purpose of finding cDNAs that will block the death of
infected tissues.  We intend to screen small batches of the library at first in order to ensure that the entire procedure is as
efficient as possible.  The first library constructed is from both healthy and infected Vitis vinifera (Chardonnay) grape leaves.
Libraries are being made from Muscadinia rotundifolia (Cowart) and V.  shuttleworthii (Hanes City) as indicated in the
original proposal.  These resistant source plant materials are being used in Dr. Walker’s research and the libraries will be
available to his group.

Transformation of the baculovirus anti-apoptotic gene p35 gene into infected grape:
In order to test the hypothesis that programmed cell death (PCD) mechanisms are responsible for the death that occurs in
roots from Xylella infected grape stems, we directly transformed the baculovirus p35 gene into infected grape tissue explants
in a manner similar to that reported by Lincoln et al (2002).  Expression of p35 transgene in PD infected tissue explants
blocked the Xylella induced root death, which indicates that signals directly from the bacterium or from the plant but induced
by the presence of the bacterium trigged the root death which can be blocked by anti-apoptotic transgenes.  Based on
previous screens of cDNA libraries of tomato for endogenous anti-apoptotic genes we have 15 potential genes from tomato to
test immediately in the A. rhizogenes transformed grape systems.  Homologues of the tomato genes are currently being
cloned from grape so that we will have the authentic grape genes to use also in the very near future.

REFERENCES
Lincoln J.E., C. Richael, B. Overduin, K. Smith, B.D. Hall, R.M. Bostock, and D.G. Gilchrist. 2002. Expression of the anti-

apoptotic baculovirus p35 gene in tomato results in inhibition of cell death and a decreased susceptibility to a variety of
pathogens. Proc. Natl. Acad. Sci. (Online Early Edition, 25 October, 2002).

Richael, C., J.E. Lincoln, R. Bostock and D.G. Gilchrist. 2001. Caspase inhibitors reduce symptom development in
compatible plant-pathogen interactions and limit pathogen multiplication in planta. Physiol. Mol. Plant Pathol. 59: 213-
221.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service.
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CHARACTERIZATION OF FIMBRIAE PRODUCTION AND ATTACHMENT OF FIMA- AND FIMF-

MUTANTS OF XYLELLA FASTIDIOSA IN VITRO

Project Leader:
Steven E. Lindow
Department of Plant and Microbial Biology
University of California
Berkeley, CA 94720

Cooperator:
Alexander H. Purcell
Department of Environmental Science, Policy, and
Management, University of California
Berkeley, CA

Post-doctoral Researcher:
Helene Feil
Department of Plant and Microbial Biology,
University of California
Berkeley, CA

Reporting Period: The results reported here are from work conducted from February 1, 2002 to October 30, 2002.

INTRODUCTION
Xylella fastidiosa is a Gram-negative bacterium which causes serious diseases of plants such as Pierce’s disease (PD) of
grape (Vitis vinifera L.), citrus variegated chlorosis (CVC), and almond leaf scorch and colonizes many other plant hosts as
well as insect vectors (Purcell 1997).  The complete genome sequences of several strains of this organism are now available
and provide the base material to study the function of most genes in this organism. X. fastidiosa is known to produce
fimbriae to attach unipolarly to cell surfaces (Purcell et al. 1979, Feil et al. 2002).  The fimbrial genes are clustered in an
operon containing 6 open reading frames (ORFs) (Bhattacharyya et al. 2002).  Several of these ORFs have been identified to
have homology with genes of other organisms that were shown to be involved in the production of fimbriae (Bhattacharyya
et al. 2002).  Fimbriae- and pili-mediated attachment of bacteria to host tissues is important for bacterial colonization and
pathogenicity (Hultgren et al. 1996).  We investigated the role of fimbriae and adhesins in the virulence of X. fastidiosa to
plants such as grape.  The aim of this study was to determine the importance of fimbriae on the attachment of X. fastidiosa to
xylem vessels.  Two fimbrial mutants, FimA- and FimF- (a homolog to the adhesin MrkD) were produced and further
characterized (Feil et al. 2002).  Pathogenicity test showed that the mutants were still virulent in grapes.  Research is still
underway to determine to what extent the process of colonization of plants is altered in FimA- and FimF- mutants.  We expect
that the speed with which the cells move through the plant and the time before symptom development is altered in the
mutants; detailed measures of pathogen populations of the wild-type and mutant strains is underway in inoculated plants to
determine these features.  We described here the results of several attachment assays used to further characterize the
attachment of these mutants compared to the attachment of the wild type to various substrates.

OBJECTIVES
1. Determine the role of fimbriae in the attachment of Xylella fastidiosa to grape xylem vessels.
2. Identify compounds that either enhance or inhibit the production of fimbriae.

RESULTS AND CONCLUSIONS
The large majority of site-directed mutants in X. fastidiosa obtained after introducing FimA or FimF genes modified to
contain an insertion of a kanamycin resistance marker gene into the Temecula strain using a pUC18-based suicide plasmid
have been the result of double recombination events.  While this is a very fortuitous result given that we obtain a very high
frequency of gene knockouts in our mutagenesis strategy, such results are unexpected given that in most other bacteria gene
replacement occurs via a process that first generated single recombination events leading to cis-merodiploid strains.  We are
currently testing whether the high frequency of apparently simultaneous double recombination events is due to a linearization
of the in-coming plasmid DNA.

To further characterize the attachment of the fimbrial mutants, FimA- and FimF- we chose glass and balsa wood as substrates
for the assays.  The attachment of the mutants to these substrates was compared with the attachment of the wild-type parental
strain.  Several media were also compared to determine if attachment to substrates was dependent on the nature of aqueous
medium in which the cells were suspended.  Fluorescence microscopy revealed that adhesion to glass and aggregate
formation was greatly reduced for the mutants compared to the wild-type cells.  Wild-type cells formed aggregates of large
size at occasional sites on both glass slides and on wood surfaces. Most of the attached cells were found within such
aggregates; very few cells were attached as solitary cells to the surfaces.  In contrast, almost no cell aggregates were observed
in the FimA- and FimF- mutant strains, and few solitary cells also had adhered to the surfaces.  To determine the amounts of
cells remaining attached to glass or wood, we quantified the amount of protein as an estimate of the number of cells present
in a sample.  The greatest reduction of attachment using this assay was found when FimA- cells were grown in a low nutrient
medium, whereas in the PW medium the attachment was similar for the mutants and wild-type cells.  These results suggest
that pili play an important role in attachment of X. fastidiosa cells to each other to form aggregates, and that pili may play
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little role in attachment to other surfaces.  Since cell masses are a main feature of X. fastidiosa-infected xylem vessels, the
self-aggregation of the pathogen conferred by pili may be an important virulence factor.  The self-association of cells of X.
fastidiosa should also influence the extent to which cells move through the plant and contribute to blockage of water
movement, thus influencing symptom development.

When scanning electron microscopy (SEM) was used to examine wild-type and FimA- and FimF- mutants, we observed that
fimbriae production between the cells and the balsa wood for the wild type cells was enhanced when cells were grown in a
low nutrient medium. Examination of the FimA- mutant with SEM showed that fimbriae production was rare and that the
fimbriae length was much reduced from that of wild-type cells grown under similar conditions.

REFERENCES
Bhattacharyya, A, S. Stilwagen, N. Ivanova, M. D’Souza, A. Bernal, A. Lykidis, V. Kapatral, I. Anderson, N. Larsen, L.

Tamara, G. Reznik, E. Selkov, T. Walunas, H. Feil, W.S. Feil, A.H. Purcell, T. Hawkins, R. Haselkorn, R. Overbeek,
P.F. Predki and N.C. Kyrpides.  2002.  Whole-genome comparative analysis of three phytopathogenic Xylella fastidiosa
strains.  Proc. Natl. Acad. Sci.  99:12403-12408.

Feil, H., W.S. Feil, J.C. Detter, A.H. Purcell and S.E. Lindow.  2002.  Site-directed disruption of the fimA and fimF fimbrial
genes of Xylella fastidiosa.  Phytopathology. In Press

Hultgren, S. J., C.H. Jones and S. Normark.  1996.  Bacterial adhesions and their assembly.  In:  Neidhardt F. C. et al. (eds)
Escherichia coli and Salmonella typhiurium Cellular and Molecular Biology.  ASM Press, Washington, DC, pp 2730-
2756.

Purcell, A.H.  1997. Xylella fastidiosa, a regional problem or global threat?  J. Plant Path. 79:99-105.
Purcell, A.H., A.H. Finlay and D.L. McClean.  1979.  Pierce's disease bacterium: Mechanism of transmission by leafhopper

vectors. Science  206: 839-841.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.
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THE XYLELLA FASTIDIOSA CELL SURFACE

Project Leader:
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Cooperators:
Bruce Kirkpatrick
Dept of Plant Pathology
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Reporting Period: This project was funded with a start date of September 1, 2002.  Thus, the report will constitute our plans
and goals.

INTRODUCTION
Pierce’s disease is caused by the Gram-negative bacterium Xylella fastidiosa, which has been classified as a member of the
gamma subgroup of the Proteobacteria and is phylogenically related to the Xanthomonads. X. fastidiosa is highly specialized
and occupies two very different environmental niches.  Specifically, the bacteria are capable of multiplying in both the
foregut of xylem-feeding insects, such as the glassy-winged sharpshooter and in the xylem system of the host plant.  The
ability of X. fastidiosa to thrive in both the insect foregut and the xylem suggests that the bacterium has evolved regulatory
mechanisms that help it to cope with the unique stresses experienced in these two very different ecological niches.

A common response of Gram-negative bacteria to such stresses is to change the composition of their cell surface, particularly
the protein composition of their outer membrane.  The outer membrane is the outermost continuous structure on the bacterial
cell surface and serves as a selective barrier between the cell and the external environment. Changes in the protein
composition of the outer membrane are known to have a profound effect on the sensitivity of Gram-negative bacteria to
detergents, antibiotics, and bacteriophages. Therefore, in order to develop effective methods for controlling the spread of X.
fastidiosa, it is important to obtain information concerning the protein composition of the X. fastidiosa outer membrane in
general and how the composition of this membrane changes in response to environmental signals.  The overall goal of this
proposal is to identify the major outer membrane proteins of X. fastidiosa, to assign the individual proteins to specific genes
on X. fastidiosa chromosome, and to determine how the relative abundance of these proteins changes in response to
environmental signals.

OBJECTIVES
1. Identify the major outer membrane proteins of Xylella fastidiosa and assign them to a specific gene on the Xylella

fastidiosa chromosome.
2. Determine how the protein composition of the Xylella fastidiosa outer membrane is influenced by environmental signals

and signals from the infected grapevine.

RESULTS AND CONCLUSIONS
We have just received the funding for this project (October 2002).

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce's Disease Grant Program.
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UNDERSTANDING XYLELLA FASTIDIOSA COLONIZATION AND COMMUNICATION IN XYLEM LUMINA

Project Leaders: Cooperator:
Harvey C. Hoch and Thomas J. Burr James N. Turner
Department of Plant Pathology New York State Department of Health
Cornell University Cornell University
NYSAES NYSAES
Geneva, New York 14456 Albany, NY

Reporting Period: This project was funded with a start date of October 1, 2002.  Thus, the report will constitute our plans
and goals.

INTRODUCTION
Symptoms of Pierce’s disease of grape caused by Xylella fastidiosa are generally recognized as being caused by restricted sap
flow and resultant water stress due to plugging of xylem elements (Goodwin et al. 1988; Purcell and Hopkins 1996;
Mollenhauer and Hopkins 1974).  Such blockage is the result of massive bacterial aggregates and associated mucilage.  It is
not clear whether the extracellular polymeric mucilage is of bacterial and/or plant origin. Based on the analysis of the
complete genome sequence of X. fastidiosa, gums produced by the X. fastidiosa are similar to the ‘xanthan gums’ produced
by Xanthomonas campestris pv campestris, although they may be less viscous (Simpson et al. 2000).  In addition, tylose
development in xylem vessels in response to the presence of the bacterium further restricts sap flow (Mollenhauer and
Hopkins 1976.  These general concepts X. fastidiosa pathogenicity are readily recognized, although it is not understood how
the bacterium becomes established in the turbulent habitat of a ‘fluid conduit’ i.e., xylem vessels and tracheae.  Bacterial
spread through xylem elements is also poorly understood, albeit enzymatic degradation of pit membranes is thought to be
involved (Mollenhauer and Hopkins 1976).  Colony formation is likely to be influenced by the physical constraints of the
xylem element surface much like the formation of bacterial biofilms is influenced by surface characteristics
(microtopography, chemistry, etc.) in other aqueous and fluid environments such as medical stints and prostheses, food
handling equipment, and water supply systems (Ridgway and Olson 1981; LeChevallier et al. 1987; Caldwell and Lawrence
1988; Sternberg et al. 1999).  Surface microtopography of these environments influence the temporal and spatial aspects of
bacterial colonization (Bremer et al. 1992; Gorman et al. 1993; Korber et al. 1997; Arnold 1999).  Surfaces become colonized
as cells (in this case bacteria) attach initially via physio-chemical forces, and ultimately with extracellular polysaccharides or
ligand-mediated interactions.  The end result is the establishment of biofilms consisting of bacteria in a polysaccharide matrix
that provide a protective habitat that is conducive for continued cell growth and colony formation.

The recently completed sequencing of the X. fastidiosa genome has revealed several open reading frames with putative
functions that may be associated with bacterial colonization of xylem vessels and disease (Simpson et al. 2000).  For
example, at least one ORF with homology to the luxR family of transcriptional regulators has been identified (GenBank
accession AAF83782).  Such genes encode proteins (LuxR homologs) that when bound by acyl-homoserine lactone
autoinducer molecules (AI), regulate transcription of diverse types of genes (Fuqua et al. 1996).  Autoinducers are
synthesized by enzymes that are encoded by luxI gene homologs.  The luxI – luxR regulatory system was first discovered in
the marine bacterium Vibrio fischeri, however now related systems have been discovered in diverse species of bacteria
including plant and animal pathogens (Cha et al. 1998).  Autoinducers diffuse bi-directionally across bacterial membranes
and reach concentrations for efficient activation of LuxR regulators in environments of high bacterial density.  Thus the
ability of AI to activate the LuxR regulators is a cell density-dependent response referred to as quorum-sensing or
autoinduction.  The discovery of luxR homologs in X. fastidiosa strongly suggests that the bacterium produces AI and
regulates genes in a density-dependent manner.  This finding is intriguing because it suggests that a luxI-luxR type quorum-
sensing regulatory system may be functioning in X. fastidiosa biofilm communities in xylem vessels.

The overall goal of the proposed research is to identify factors that affect colonization and plugging of grape xylem elements
by X. fastidiosa and to use this information for development of effective control strategies for Pierce’s disease.  Our approach
is to determine physical and chemical factors that influence X. fastidiosa attachment and colony development using an in
vitro system, and to establish whether genes associated with these activities are regulated by quorum-sensing.  The in vitro
system that we propose has several advantages.  It will allow the direct observation of bacterial community development in
‘artificial’ vessels microfabricated to possess topographies and chemistries similar to ‘real’ in planta vessels.  We will be able
to determine how physical and in some cases biological parameters affect biofilm formation and plugging induced by virulent
and avirulent or weakly virulent strains.  Furthermore, it will be possible to differentiate between plant-induced responses and
those induced specifically by the pathogen.
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OBJECTIVES
1. Understand how the physical parameters of xylem tracheae and vessels influence Xylella fastidiosa colonization.

Toward this, we will evaluate colony formation, mucilage production, biofilm development and  flow rate during and
following colonization

2. Determine whether X. fastidiosa produces acyl-homoserine lactone autoinducer molecules that are involved in regulation
of genes associated with ability to cause Pierce’s disease.

RESULTS AND CONCLUSIONS
We have just received the funding for this project (October 2002).
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INTRODUCTION
Endophytic bacteria such as Xylella fastidiosa (Xf) colonize the internal tissues of the host, forming a structure very similar to
a fixed biofilm inside the plant.  A key determinant of success for an endophyte is the ability to move within the plant,
sending out “scouts” to colonize new areas within the host.  We expect activities required for movement to be most
successful when carried out by a community of cells since individual cells may be incapable of completing the feat on their
own and may be detected and easily eliminated by the host.  Cells assess the size of their local population via cell-cell
communication and coordinately regulate the expression of genes required for such processes.  Our study aims to investigate
cell-cell communication in Xf to determine its role in colonization and pathogenicity in grapevines.

Xf shares sequence similarity with the plant pathogen Xanthomonas campestris pathovar campestris (Xcc). In Xcc, the
expression of pathogenicity genes is controlled by the Rpf system of cell-cell communication, enabling a population of cells
to launch a pathogenic attack in a coordinated manner (Barber et al. 1997).  Two of the Rpf proteins, RpfB and RpfF, work to
produce a diffusible signal factor (DSF; Barber et al. 1997).  As the population grows, the local concentration of DSF
increases.  Other Rpf proteins are thought to sense the increase in DSF concentration and transduce a signal, resulting in
expression of pathogenicity factors (Slater et al. 2000).

The Xf genome not only contains homologs of the rpf genes most essential for cell-cell signaling in Xcc, but also exhibits
striking colinearity in the arrangement of these genes on the chromosome (Dow and Daniels 2000).  Thus Xf likely employs a
cell-cell signaling apparatus similar to that of Xcc. Based on our knowledge of density-dependent gene regulation in other
species, we predict the targets of Rpf regulation would be genes necessary for colonizing the xylem and spreading from
vessel to vessel.  For example, expression of extracellular polysaccharides, cellulases, proteases and pectinases might be
induced by the signal.  Similarly, we would expect the density-dependent genes to be expressed during the time when a
population of Xf is ready to move into uncolonized areas.

It is conceivable that cell-cell signal interference may be used by other organisms to inhibit density-dependent behaviors,
such as pathogenicity or spreading through the habitat.  Several recent studies indicate that other organisms can disrupt or
manipulate the cell-cell signaling system of bacteria (Leadbetter and Greenberg 2000; Manefield et al. 1999).  Examination
of Xf population size in plants where Xf lives as an endophyte versus those in which Xf causes the xylem blockage symptoms
of Pierce’s disease demonstrates a positive relationship between population size and symptom development (Fry and
Milholland 1990).  We hypothesize that an interaction between Xf and other organisms, such as another endophyte or the host
plant itself, may modulate density-dependent behaviors in Xf by interfering with cell-cell signaling.

OBJECTIVES
1. Characterize cell-cell signaling factors in Xylella fastidiosa.
2. Determine role of signaling factors on virulence and transmissibility of Xylella fastidiosa.
3. Identify degraders of signaling factors of Xylella fastidiosa.
4. Identify inhibitory analogs of signaling factors of Xylella fastidiosa.

RESULTS AND CONCLUSIONS
Objective 1.  We have constructed “signal-sensing” strains of Xcc to determine whether Xf uses the same butyrolactone signal
as Xcc (Figure 1). These strains carry a green fluorescent protein (gfp) gene under the control of a promoter that is up-
regulated in response to the signal.  We have successfully detected a signal from Xf using this system, however the response
is much weaker than that of Xcc (Figure 2). We conclude that Xf may make high concentrations of the signal only under
specific conditions, such as in planta. A second possibility is that the Xf signal differs slightly from the Xcc signal and cannot
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fully activate the Xcc signal sensor except at high concentrations.  To distinguish between these hypotheses, we are
constructing signal-sensing strains of Xf using a gfp gene fused to promoters of Xf genes we believe should be up-regulated in
response to the signal. These strains can be examined in planta as well as in culture to sort out the above-mentioned
possibilities.

Figure 1. Signal sensor strain overlaid on a wild-type
Xcc colony (left) or rpfB (center) or rpfF mutants. Figure 2. Signal sensor growing to the left of PWG extract

(left) or Xf extract. Green fluorescence indicates signal.
presence.

Objective 2.  We have constructed strains of Xf Temecula in which the rpfB and rpfF genes, which are each required for
production of the signal in Xcc, are knocked out.  These mutants were constructed using exchange of the wild-type allele for a
deleted copy carrying an antibiotic resistance gene on a suicide plasmid (Figure 3).  In contrast to other reports of
recombination into the Xf genome, we obtain almost exclusively double recombinants in the primary transformants after only
7 days of incubation on plates.  We are testing rpfB and rpfF mutant strains for their ability to infect and move within host
plants and to cause Pierce’s disease symptoms.  Our preliminary evidence indicates that neither of these genes is strictly
required for virulence as mutant strains cause symptoms similarly to the wild type.  However, these genes may play a role in
modulating disease progress because the timing of symptom development differs between mutant and wild-type strains.
Further characterization of infected plants is underway to investigate the mechanism behind these differences.  We are in the
process of testing transmissibility of the mutant strains by an insect vector.  In addition, we are testing the mutants for signal
production using the Xcc signal sensor.  To better direct our analyses, we have constructed a strain of Xf that constitutively
expresses Gfp in order to bring the in planta growth habit of Xf during symptom formation into sharper focus (Figure 4).  By
observing differences in colonization between symptomatic and asymptomatic samples we will have a clearer image of the
mechanism of symptom formation and the best strategies for preventing it.

Figure 3. Gene knockout strategy using allelic
exchange.

Figure 4. Gfp-labeled Xf viewed inside the live petiole of a
grapevine by confocal microscopy.  Large arrow indicates a large
aggregate of cells.  Small arrows point to individual cells or small
groups.  Red color is due to auto-fluorescence of the grapevine.

Objectives 3 and 4.  We have collected grapevines from vineyards affected by Pierce’s disease as well as tomato and
cruciferous crop plants infected with the signal-producing pathogens Xanthomonas campestris pv vessicatoria and Xcc,
respectively.  We have recovered bacteria from inside these samples to generate a comprehensive collection of endophytes
that grew in contact with the signal molecule.  These endophytes are being tested for the ability to interfere with cell-cell
signaling in Xf in an assay using the signal-sensing strains from Objective 1.  We have thus far isolated several strains that are
weakly inhibitory and are through about one-third of our collection.
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INTRODUCTION
Competitive exclusion of plant pathogenic bacteria with nonpathogenic strains has been demonstrated in other systems where
pathogens were excluded from either plant surfaces or vascular tissues.  The ideal situation is where the nonpathogenic
bacteria are stable derivatives of the pathogen itself, so that nutritional and other growth requirements are identical and thus
facilitate successful competition for colonization.  Our project is to construct such mutants from the Pierce’s disease (PD)
pathogen, Xylella fastidiosa, through a systematic process of identifying which virulence genes are important for disease
expression but not essential for colonization of plants in a nonpathogenic state.  We are utilizing knowledge from
comparative genomic sequence analysis with mutational studies to identify important virulence genes.  This year, we have
begun to employ an additional strategy (DNA macro/microarrays) based on analysis of differential gene expression between
the bacterium grown in culture vs. during infection of plants.

OBJECTIVES
1. Construct deletion mutations in putative virulence genes of Xylella fastidiosa.
2. Test mutant strains for virulence in grapevines.
3. Test mutant strains for biological control of pathogenic strains in grapevines.

RESULTS AND CONCLUSIONS
Macro/microarray analysis of the expression profile of select candidate pathogenicity genes in Xf:
A procedure for macroarray analysis of about 100 genes selected as possible virulence genes based on comparative sequence
analysis was developed, and this was reported at the Annual Meeting of the American Phytopathological Society in July 2002
(Hernandez-Martinez et al., 2002). To identify genes involved in pathogenicity in the PD strain, the sequence of the CVC
strain was used to select open reading frames specifying putative pathogenicity and virulence factors.  DNA fragments of
these genes were obtained by PCR amplification from the genome of the PD strain I03.  In this preliminary study, we
constructed macroarrays for the analysis of the expression profile of select candidate pathogenicity genes of Xf and to study
their expression in PD3 medium.  We have shown that these genes are expressed to varying degrees ranging from none to
very high.  These arrays are being used to analyze the gene expression profile of different Xylella strains in planta and in
vitro.  This work is following the hypothesis that genes important in virulence and symptom expression are up-regulated in
the plant.  This will help us to refine the potential target genes for construction of non-pathogenic derivatives for biological
control.

Mutational analysis of virulence genes:
Construction of several virulence gene mutants of X. fastidiosa has been done using the EZTN transposon or by insertional
cloning of antibiotic resistance cassettes to create disruptive insertions into cloned genes that were amplified by PCR based
on genomic sequence.  The mutated clones have been subcloned into pUC129 for gene knockout experiments.  Among

Figure 1. Autoradiograph of nylon filter
macroarray probed with label cDNA
from Xylella fastidiosa.
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virulence genes included in mutational studies are those of the gum operon, for which we have recently constructed
successful knockout mutations in Xylella.  Other genes we are manipulating include a number of regulatory genes that likely
control other virulence factors, such as RsmA.

We are also working to develop a more efficient transposon delivery system for Xylella especially for the analysis of the
genes of unknown functions.  Because of the high price of the EZTN system, we have cloned the 16S rRNA promoter of Xf
to drive the transposase gene in a self-cloning modular transposon, pTnModOKm (Dennis and Zylstra, 1998).  We expect
this to significantly increase the transposition efficiency, since the low level of transposase expression has often been given
as the reason for the low efficiency.  If this improves the efficiency of the transposon, we will clone a promoter-less reporter
within the transposon to be used as a measure of gene expression level of the genes to be inactivated.

Tissue culture of grape to develop in vitro inoculation system for Xylella pathogenesis:
We are working with grape tissue cultures, as well as other potential host plants that would show rapid symptoms, such as
mustard, to develop rapid assays for analysis of virulence.  The tissue culture system should also be useful in our
macro/microarray work, where gene expression profiles of the bacterium with and without contact with grape cell cultures
can be accomplished in a more controlled and sterile environment than whole plants.
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INTRODUCTION
Pierce’s disease of grapevine and other leaf scorch diseases caused by Xylella fastidiosa are associated with aggregation of
the bacteria in xylem vessels, formation of a gummy matrix, and subsequent blockage of water uptake.  In the closely related
pathogen, Xanthomonas campestris, xanthan gum is known to be an important virulence factor, probably contributing to
bacterial adhesion, aggregation, and plugging of xylem.  The recently published genome sequence of the citrus strain of X.
fastidiosa revealed that this pathogen also has genes for xanthan gum production. This project is to identify bacteria that
produce xanthan-degrading enzymes to target this specific virulence factor of X. fastidiosa.  This approach has the potential
to significantly reduce damage caused by Pierce’s disease in grapes and potentially in other hosts of X. fastidiosa, such as
almonds and oleander.  If xanthan gum is important in the aggregation of the pathogen in the insect vector, then our approach
may also reduce the efficiency of transmission of Pierce’s disease.  Our first approach will be to develop endophytic bacteria
that produce these enzymes in the xylem of grapevines, but another approach is to engineer grape plants to produce these
enzymes.  Through the cloning and characterization of genes encoding xanthases and xanthan lyases, we will facilitate
possible efforts to transform grapevines to produce these enzymes.

OBJECTIVES
1. Characterize xanthan-degrading enzymes from endophytic bacteria isolated from grape
2. Explore applications of naturally-occurring endophytic bacteria that produce xanthan-degrading enzymes for reduction of

Pierce’s disease and insect transmission
3. Clone and characterize genes encoding xanthan-degrading enzymes for enzyme overproduction and construction of

transgenic endophytes and plants

RESULTS AND CONCLUSIONS
Production of xanthan gum for enrichment of xanthan-degrading bacteria:
The sequence of the xanthan gum biosynthetic operon in the genome sequence of the agent of Pierce’s disease, Xylella
fastidiosa, is different than the bacterium from which commercial xanthan gum is prepared, Xanthomonas campestris.  This
suggests that Xylella xanthan gum is chemically different, and we therefore wished to produce xanthan gum from Xylella for
our enrichment studies.  However, as described in our original proposal, it is not feasible to produce enough xanthan gum for
our studies from the slow-growing Xylella fastidiosa.  As proposed, we instead genetically modified a strain of the fast-
growing Xanthomonas campestris to produce xanthan gum with the same chemical structure as that from Xylella.  This was
accomplished by deleting the gumI gene from the biosynthetic operon.  Our genetic construction was confirmed, and we have
produced significant quantities of xanthan gum from this mutant strain.  The modified gum is still viscous, but has a
measurable decrease in viscosity compared with gum isolated from the wild-type strain of Xanthomonas.

Enrichment for bacteria that degrade xanthan gum:
We used the modified xanthan gum from the Xanthomonas mutant described above as the sole carbon source for enrichment
culture from Pierce’s disease infected grapevines.  To isolate the endophytic bacteria, we collected 200 grapevine samples
infected with Pierce’s disease in Temecula and Bakersfield and 100 oleander samples infected with leaf scorch disease in
Riverside.  Individual tissue segments were placed into sterile test tubes with 10 ml of 1% NaOCl solution with 0.1% tween
20.  Surface-disinfected pieces were aseptically transferred through three washes of 10 ml of sterile PBS (phosphate buffered
saline).  To check for surface contamination, 0.1ml of the third wash for each sample is transferred to 5ml of Tryptic soy
broth medium and incubated at room temperature on a rotary shaker for 2 days.  Surface-disinfected pieces were macerated
with PBS with 0.1% tween 20 using mortars and pestles.  Suspensions were transferred to minimal media with xanthan gum
as the sole carbon source and incubated at room temperature on rotary shaker for 7 days.  Cultures were centrifuged, and the
viscosity of their supernatant was measured.  Cultures that had a decreased viscosity were transferred to fresh media and
incubated for 3 days.  This enrichment step was repeated twice.  Cultures were finally spread on solid media with xanthan
gum as the sole carbon source, and individual colonies were streaked to purity on fresh plates.  Pure cultures were tested for
reduction of viscosity of xanthan gum as measured with an Ostwald capillary viscosimeter.  Over 100 bacterial strains were
initially recovered from these enrichment experiments, and 11 were subsequently confirmed to effectively degrade xanthan
gum.  These strains were then tested for cellulase activity. Degradation of the cellulosic backbone of the xanthan polymer
would be desirable, but we do not want enzymes that recognize and degrade plant cellulose.   Six of the strains had low or
non-detectable cellulase activity and will be further tested for biological control efficacy in plants.
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Expression of the xanthan gum operon in Xylella fastidiosa:
To support our hypothesis that xanthan gum is produced in infected plants, we have initially tested whether the xanthan gum
operon is expressed.  RT-PCR was performed with primers directed toward the first gene of the xanthan gum biosynthetic
operon, gumB, with RNA extracted from different strains of Xylella fastidiosa. gumB mRNA was detected from some, but
not all, strains of X. fastidiosa grown in vitro.  Xanthan gum and other virulence factors may be produced at high levels only
in plants when bacterial populations have reached a high density.  Extraction of RNA from infected plants is in progress to
study expression of the xanthan gum operon in planta.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service.

gumB mRNA detected by RT-PCR
from Xylella fastidiosa culture
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INTRODUCTION
The Glassy-Winged Sharpshooter (GWSS) is the principal vector of Xylella fastidiosa, the causative agent of Pierce's disease,
in the California wine country.  One strategy to control the spread of Xylella by the GWSS is to make the insect refractory to
transmission of the bacterium. One can imagine at least two ways this can be done.  The first is to genetically engineer the
population of sharpshooters directly to become refractory.  This transgenic method is being seriously discussed by biologists
wishing to halt the spread of malaria in Africa, via the direct genetic manipulation of Anopheles gambiae populations
(Kiszewski and Spielman 1998).  This method is fraught with potential difficulties of many sorts and, in any case, has not
been tried to date.

The second method is to manipulate the insect vector indirectly by manipulating its gut flora.  This technique is termed
paratransgenesis and has many potential advantages over the direct transgenic approach.  First, bacteria are far easier to
manipulate genetically.  Secondly, bacteria can be made to secrete or carry very specific agents of control, like single chain
antibodies.  Paratransgenesis has been attempted to control Chagas' disease in S. America (Beard et al. 2001) and a form of it
is being developed to deliver therapeutic agents in mouse models of human disease, for eventual applications for humans
(Beninati et al. 2000).

In attempting to create transgenic gut symbionts of the GWSS several problems present themselves immediately.  The final
transgenic strain will need to be stable (i.e., the exogenous DNA not contained in a virus or bacterial transposon), the
exogenous DNA should be incorporated into the chromosome and not borne on a plasmid, no drug markers should be left in
the strain, and as little exogenous DNA should be transferred as possible.  We have developed a genetic modification system
that meets those requirements based on the mariner family of eukaryotic transposable elements.  These elements are active in
all domains of life when appropriately manipulated, but do not occur naturally in prokaryotes.  Thus stable strains of GWSS
gut symbionts can be created that should be suitable for release into the wild for the control of X. fastidiosa.

OBJECTIVES
1. Construct a genetic DNA insertion system for Alcaligenes sp. and Chryseomonas luteola based on mariner family

transposable elements.
2. Identify single chain antibodies that bind specifically to the surface of Xylella fastidiosa and express these on the

surface of one or more gut symbiotic bacteria of the GWSS as agents of control.

RESULTS AND CONCLUSIONS
A genetic manipulation system for GWSS endosymbionts:
We have constructed a matable transformation system for two GWSS bacterial symbionts based on the mariner transposable
element, Himar1.  Below is a figure illustrating the features of the system that help it fulfill the requirements set out in the
introduction.  All of the necessary requirements are borne on a single suicide plasmid.  The plasmid  has an RP4 origin of
transfer so it can be mated from E. coli to Alcaligenes or Chryseomonas.  It also contains a R6K origin of replication so that it
can only replicate in special strains of E. coli.  The drug marker is carried between two FRT sites, the sequences that are used
by the FLP recombinase of yeast.  Thus, once insertions of the transposon are obtained, the drug marker can be removed by
recombination.  Since the transposase gene lies outside the inverted terminal repeats (ITRs) the insertions are stable after the
plasmids are lost.

Using this system we obtained insertions at random positions in the chromosome of Alcaligenes and Chryseomonas.  Genetic
and Southern evidence showed that only the transposon inserted and not any part of the plasmid backbone.  Furthermore, we
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were able to remove the drug marker by FLP-mediated excision.  These systems were used to introduce fluorescent protein
genes into each of these species for microbial ecology studies.

Specific modifications to gut symbionts:
The goal of paratransgenesis is to indirectly modify the phenotype of the vector (or host plant) through the modification of a
symbiotic organism.  There are many traits that could be added to the symbiont, including secreted enzymes, toxins,
antibacterial peptides, or single chain antibodies (scFv's).  An alternative to secreting a factor is to express it in the outer
membrane.  We are currently screening phage display scFv libraries to identify scFv's that can bind specifically to the surface
of Xylella fastidiosa with high affinity.  Candidate scFv's will be expressed as OmpA-scFv fusions (inserted into the
chromosome with the mariner transformation system described above) that will allow the transgenic bacteria to adhere
tightly to the surface of Xylella, either preventing infection or slowing its spread.  Although we have targeted the entire
surface of Xylella initially, specific outer membrane targets identified from Xylella genome project can also be targeted
individually, particularly those that are associated with pathogenesis.

Figure 1. pSP17, a matable suicide plasmid designed to create stable transgenic gut symbiotic bacteria from the glassy-
winged sharpshooter.
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Reporting Period: The results reported here are from work conducted from December 1, 2001 to December 1, 2002.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is the principal vector of the xylem-limited bacterium Xylella fastidiosa (Xf), which
causes Pierce’s disease (PD) in grapes and oleander leaf scorch.  Limiting the spread of this pathogen by rendering GWSS
incapable of pathogen transmission is a promising method of pathogen control.

Paratransgenic approaches to pathogen control are currently being developed to deliver single-stranded antibodies to disrupt
Triatomid transmission of Trypanosoma cruzi (Beard et al. 2002), and to prevent colitis in mammals (Beninati 2000; Steidler,
2002).  Candidate paratransgenic bacterial agents must thrive in the cibarial/foregut area where they will be in close
proximity to the pathogen, Xf for a paratransgenic strategy to be applicable to the Xf/GWSS system.

Alcaligenes xylosoxidans denitrificans (Ax) was cultured and identified from the cibarium and foregut regions of GWSS’s
alimentary canal several times throughout the growing season indicating that it is a consistent symbiotic organism (Lauzon,
in preparation). Ax has been described as a non-pathogenic plant endophyte and a non-pathogenic soil-borne microbe
(Meade et al. 2001, Yang et al. 1999). This bacterium was genetically transformed with exogenous DNA being incorporated
into the chromosome to express fluorescent markers (Lampe, in preparation).  My project was to set up a disease cycle,
which would offer evaluation of paratransgenic delivery.  To do this it was important to improve detection of Xf.

OBJECTIVES
1. Develop a delivery system to re-introduce paratransgenic bacteria to GWSS and introduce Xf to GWSS to improve the

disease cycle in the laboratory.
2. Improve detection of Xf in plants and insect vectors.

RESULTS AND CONCLUSIONS
Cycling of dsRed Alcaligenes xylosoxidans denitrificans in GWSS:
I have developed a plant-based bacterial delivery system for GWSS that allows bacteria to be available for consumption by
the insect vector.  Earlier attempts to feed GWSS on varied sucrose solutions from membrane sachets were unsuccessful
because GWSS did not probe and died within 24 hr.  GWSS probed from a flowing feeding system but would not sustain
feeding and died within 24 hr.  The manipulation of the chrysanthemum xylem fluid by forcing a bacterial suspension
through a cut stem allowed a GWSS to feed on a concentrated bacterial suspension and was successful in maintaining GWSS
for up to 5 days.

GWSS were exposed to the bacterial delivery system that contained dsRed Ax (OD600=2.85) for 48 hr. then removed and
placed on “clean” chrysanthemum plants for an indefinite period of time.  At 0, 7, 14, 21, 28, and 35 days post-exposure,
GWSS were collected and inspected by fluorescence microscopy for presence of dsRed Ax.  Samples from day 0 had
individual Ax in the cibarium and foregut.  GWSS sampled at 7 days and beyond had “clumps” of Ax, indicating colonization
of the cibarium and foregut. Ax was present on all dates sampled and was independent of sex.

Evidence of horizontal transmission was also collected by introducing a single dsRed Ax-fed GWSS into a population of 10
“clean” GWSS for 14 days caged on a single chrysanthemum. Ax was detected in the cibarium or foregut of 17 of 42 GWSS
that survived to the end of the trial.
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Creating the PD disease cycle in the lab: bacterial delivery system for introduction of Xf to GWSS:
After 48 hours exposure to Xf offered through the bacterial delivery system, 100% of GWSS heads from exposed insects
tested positive by PCR for the presence of Xf.

The Scholander pressure bomb is used to extract xylem fluid from a plant (Hallmann et al. 1997), allowing collection large
amounts of fluid (Guo et al. 2001).  The use of the pressure bomb technique for detection of Xf in oleander was less sensitive
then traditional sample collection when used in conjunction with ELISA and PCR.  Attempts at culturing Xf from xylem fluid
collected using the pressure bomb was more prone to contamination then from traditionally collected samples.  The
consistency of the oleander pressure bomb xylem fluid was semi-solid making use with DNA extraction for PCR, ELISA,
and culturing difficult.  Therefore, pressure bomb collection of xylem fluid as a technique for early detection of Xf was
discontinued.

Use of the pressure bomb for improving Xf detection in grape plants was more successful.  By ELISA and PCR, pressure
bomb fluid collections almost doubled the level of detection when compared to traditional sample collection.  However, as
with oleander culturing of Xf from xylem fluid collected with the pressure bomb was prone to contamination.

Development of the Pierce’s disease cycle in the laboratory and the improvements in Xf detection provides a dependable
system to test candidate paratransgenic bacteria identified by Carol Lauzon and genetically altered by David Lampe with
toxins provided by Don Cooksey.
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INTRODUCTION
Homalodisca coagulata Say, the glassy-winged sharpshooter (GWSS) is known to transmit the etiological agent of Pierce’s
disease, Xylella fastidiosa.  A paratransgenic approach designed to disrupt the ability of the insect vector to transmit the
pathogen involves finding bacterial candidates that possess some degree of intimacy either within the insect and/or host plant
xylem.  Once a candidate(s) is/are found, then avenues open for finding strategies aimed at controlling X. fastidiosa infection
and/or transmission, such as paratransgenesis.  This report details the survey for, and isolation and identify of candidate
bacteria for use in a paratransgenic strategy to control Pierce’s disease.  It also includes information about the possible
relationship internal extracellular bacteria have with GWSS.

OBJECTIVES
1. Identify bacterial candidates for use in a paratransgenic strategy for control of Pierce’s disease.
2. Understand the relationship(s) between and among bacteria in sharpshooters and their host plant xylem.

RESULTS AND CONCLUSIONS
Glassy-winged sharpshooters, captured in nature, were aseptically dissected for their alimentary canal organs, particularly,
cibarial pumps, fore- and midguts.  Bacterial inhabitants were retrieved using dilute nutrient media held at 22-24oC.  The
lower concentration of nutrients in bacteriological media mitigated the typical problems associated with growing endophytic
bacteria under laboratory conditions (Bell et al. 1995).  Isolates were identified using standard biochemical tests and
morphological methods.  Three primary bacterial species were isolated and identified from the cibarial region and fore-and
midguts as (in order of dominance): Alcaligenes xylosoxidans denitrificans, Chryseomonas luteola, and Ralstonia pickettii.
These bacteria are typical of plants (endophytes), soil, and water (Holt and Krieg, 1992).  Two Bacillus spp., Bacillus
coagulans and Bacillus brevis were infrequently isolated from midgut samples.  Another isolate, tentatively identified as
Sporosarcina sp., and a yeast-like organism were also infrequently isolated from pump samples.

Twenty-four biochemical tests were performed on the three primary isolates.  The data suggest that these bacteria may be
participating in nitrogen and hydrogen cycling within GWSS.  To begin to determine the extent of nitrogen and hydrogen
activity within the gut of GWSS and the possible contribution of bacteria with these activities, we performed a cytochemical
assay using transmission electron microscopy (McLean et al. 1985).  We found that nitrogenous compounds are concentrated
within the midgut of GWSS  (Figure 1) and that where bacteria were present, they participated in nitrogen catabolism within
the insect gut (Figure 2).  Metabolism of nitrogenous and/or other organic compounds by sharpshooters has been examined
(i.e. Anderson et al. 1989; Brodbeck et al. 1993, 1995, 1996, 1999), however, the contribution of bacteria in xylem and/or in
sharpshooters to these processes has not been addressed.

The mouthparts and guts of wild-captured GWSS were also examined for microorganisms using fluorescent techniques.
Dissection and transection of GWSS tissues were stained using the ViaGramTM Red+ Bacterial Gram Stain and Viability Kit
(Molecular Probes Inc., Eugene, OR).  Images were obtained using fluorescent and confocal laser scanning microscopes and
revealed the presence of stationary and motile viable bacteria within the mouthparts and gut regions of GWSS samples.  In
addition, the yeast-like microorganism was found within mouthpart samples. Similar images were acquired using scanning
electron microscopy of GWSS samples.

The three primary bacterial isolates, Alcaligenes sp., Chryseomonas sp., and Ralstonia sp., were screened for their response
to a battery of antibiotics in preparation for genetic manipulation experiments performed by Dr. D. Lampe (the reader is
referred to the report presented by D. Lampe for details). Subsequently, we received numerous GWSS from Dr. B. Bextine.
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Dr. Bextine used his plant-based delivery system (the reader is referred to the report presented by B. Bextine for details) for
the introduction of DsRed Alcaligenes xylosoxidans denitrificans (RAX) to both GWSS and plants.  In both cases, we often
detected (typically in 40% of samples) RAX in treated samples with no detection of RAX in controls.  Therefore, RAX was
found to cycle from plants to GWSS and additionally, from GWSS containing RAX to plants.

We are currently engaged in experimentation designed to determine the physiological parameters that facilitate optimal
establishment and cycling of RAX in plant and insect samples.  We are working toward determining the accuracy of our
detection level of RAX in insect and plants, i.e. is our current detection methodology using fluorescent microscopy an
underestimate of the actual presence of cells within the samples?  Concurrently, we are attempting to determine the optimal
delivery dose and physiological state of RAX necessary for use in an effective paratransgenic strategy.  We aim to conduct
similar experiments using the transformed Chryseomonas sp. in the near future.

Figure 1. Midgut from a wild GWSS after partial treatment
for detection of nitrogenous compounds. Dark areas reveal
the presence of localized nitrogen.

Figure 2. Transmission Electron micrograph showing
bacteria in the same wild GWSS midgut participating in
nitrogen catabolism. Dark areas are indicative of nitrogen
catabolism and nitrogenous products.
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INTRODUCTION
Xylella fastidiosa presents a formidable challenge to the molecular geneticist.  Methods for the basic operations of genetic
exchange, mutant isolation, and complementation are in early stages of development.  The slow generation time, poor plating
efficiency and requirement for complex culture media are further complications.  Surrogate genetics (Maloy and Zahrt 2000)
provides a means to at least partially bypass these challenges.  Here, one creates a hybrid organism, transplanting genes of
interest from the poorly-studied species (e.g., Xylella fastidiosa) into a well-studied surrogate host (e.g., Escherichia coli).
Given sufficiently related hosts, one expects the transplanted genes to function in the surrogate essentially as they do in the
original.  One may then exploit the advantageous properties of the surrogate to perform a large number of experiments,
making and discarding hypotheses to define various aspects of gene function.  Once gene function in the surrogate has been
thoroughly explored, one can perform a focused set of experiments, informed by the results from the surrogate, to examine
function in the native host.  The use of E. coli as a surrogate host for studying gene regulation would open a range of
experimental approaches that are currently unavailable in X. fastidiosa, and lead to more rapid advances in understanding the
control of key pathogenicity determinants.  We are analyzing the transcriptional regulation determinants for genes whose
products may be involved in pathogenesis (e.g., pil genes, encoding type IV pili) as well as "housekeeping" genes involved in
central metabolism (e.g., amino acid biosynthesis).

OBJECTIVES
1. Apply bioinformatics to evaluate transcription control signals in silico for X. fastidiosa 9a5c
2. Construct and characterize a Φ(pilA-lacZ) operon fusion in E. coli
3. Construct and characterize a Φ(glnA-lacZ) operon fusion in E. coli

RESULTS AND CONCLUSIONS
A first approach to defining transcriptional regulatory mechanisms in X. fastidiosa is to examine visually the upstream
nucleotide sequences of genes whose regulation has been well-studied in other organisms.  Common regulatory strategies
will be revealed by common features in the sequences.  Our initial analysis has focused on the trp and his operon
transcription attenuation control regions which in enterobacteria and other species contain easily-recognized sequence
features: regulatory leader peptide coding regions that are rich in codons for the regulatory aminoacyl-tRNA; stem-loop
structures that serve as factor-independent transcription terminators; and alternative stem-loop antiterminator structures.
However, as revealed by the genome sequence of X. fastidiosa strain 9a5c (Simpson et al. 2000), the X. fastidiosa
hisGDCBHAFI biosynthetic operon upstream regulatory sequence exhibits no leader peptide or terminator structures.
Therefore, his operon expression in X. fastidiosa is regulated by a mechanism other than transcription attenuation.  The X.
fastidiosa trp biosynthetic genes are not organized in a single trpE(G)DC(F)BA operon as in E. coli, but rather in three
noncontiguous operons: trpEGDC, trpF, and trpBA, in an arrangement mimicking that of Pseudomonas aeruginosa.  Again,
however, the X. fastidiosa trp gene upstream regions do not contain apparent regulatory regions similar to those for
controlling trp gene expression in either E. coli or P. aeruginosa.  Thus, regulation of these amino acid biosynthetic pathways
must occur through other mechanisms in X. fastidiosa.

Environmental and genetic controls of exopolysaccharide (EPS) biosynthesis remain largely undefined (Rodrigues da Silva et
al. 2001).  The laboratory of Michael Daniels (John Innes Centre) has identified a cluster of linked Xan. campestris pv.
campestris regulatory genes, mutations in which affect production of several extracellular enzymes, including endoglucanases
and proteases, along with EPS.  The rpfC and rpfG genes initially were thought most likely to encode direct transcriptional
regulators of pathogenicity gene expression.  However, more recent analysis indicates that the RpfG protein is probably not a
direct (DNA-binding) regulator of gum gene expression (Slater et al. 2000).  We constructed a Φ(gumB-lacZ) operon fusion
in E. coli, in order to use LacZ expression as a measure of gumB promoter activity.  However, this construct expressed only
low levels of LacZ enzyme.  Given the uncertain nature of gum operon regulation, we elected to turn our immediate attention
to study genes whose expression is more readily predicted from sequence inspection.
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We therefore chose to study the regulation of pil gene expression.  These genes control the formation of type IV pili in a
variety of organisms, and are required for gliding motility, adhesion and pathogenesis (Winther-Larsen and Koomey 2002;
Shi and Sun, 2002).  Expression of pilA structural genes requires a specialized RNA polymerase specificity determinant (σ54))
which recognizes a strongly-conserved -12/-24 nucleotide sequence.  One of two pilA homologs (XF2542) in X. fastidiosa
contains a σ54-dependent promoter.  We constructed a Ф(pilA-lacZ) operon fusion in E. coli, and observed that it expressed
detectable levels of LacZ enzyme.  We also cloned the regulatory pilSR genes (XF2546 and XF2545) from X. fastidiosa.
However, we have not yet observed a pilR-dependent increase in LacZ synthesis, indicating that the PilSR regulators may not
function well in E. coli.

Unpublished work of others indicates that σ54-dependent activators from other species do not function well with E. coli RNA
polymerase.  To approach this question directly, we are currently studying expression of the glnA gene encoding glutamine
synthetase (XF1842).  This is the best-studied σ54-dependent gene in E. coli, and the X. fastidiosa glnA upstream regulatory
region is similar to that of E. coli.  Furthermore, X. fastidiosa encodes the NtrB-NtrC sensor-regulator system for controlling
glnA gene expression (XF1849 and XF1848).  Because E. coli also encodes NtrB-NtrC, we will be able to evaluate glnA
expression in response to both the X. fastidiosa and the E. coli regulatory proteins.
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INTRODUCTION
Genetic engineering offers the possibility of introducing genes that will improve tolerance to Pierce’s disease in existing
grape varieties without otherwise changing their viticultural or enological characteristics.

One of our target genes is a pear pgip cloned in the Labavitch lab (Stotz et al. 1993).  PGIPs are proteins containing a leucine-
rich repeat domain that are targeted to the plant cell wall and that specifically inhibit fungal polygalacturonases (PGs).  By
inhibiting PGs, PGIPs directly interfere with host cell wall degradation and may thus prevent degradation of pectic oligomeric
elicitors that are inducers of the plant defense response.  Their role in plant defense response suggests that they may be useful
for engineering transgenic plants resistant to pathogen infection.  Powell et al. (2000) showed that transgenic tomato plants
transformed with the pear pgip gene exhibited reduced susceptibility to infection with Botrytis cinerea. The fact that Xylella
fastidiosa, the causal agent of Pierce’s disease (PD) in grapevines, has genes putatively encoding PG and other cell wall-
degrading enzymes (Simpson et al. 2000) led us to hypothesize that PGIP could confer tolerance against Xylella in grapes. In
order to test this hypothesis, proembryogenic calluses originating from anthers of Vitis vinifera cvs. Thompson Seedless and
Chardonnay were co-cultivated with Agrobacterium tumefaciens strain EHA 101 harboring binary plasmid pDU94.0928 that
contains the pear pgip gene under the control of the CaMV 35S promoter.

We are also investigating the targeting of transgene products to xylem tissue.  Because X. fastidiosa is xylem limited, it will
be essential that any anti-Xylella gene product be present in the xylem in an effective concentration.  We have obtained a
xylem-specific gene from cucumber, XSP30, from colleagues in Japan (Masuda et al. 1999).  We have fused its leader
sequence to a GFP marker gene, the expression of which is readily detectable in the laboratory (Maximova et al. 1998), in
order to study its ability to target the expression of marker gene products to the xylem stream of grapevines.

OBJECTIVES
1. Evaluate the effect of PGIPs on the development of Pierce’s disease in transgenic grapevines.
2. Evaluate the effect of several signal sequences on the targeting of transgene products to the xylem.

RESULTS AND CONCLUSIONS
Effect of PGIPs on the development of Pierce’s disease in transgenic grapevines
We have produced 50 transgenic lines that have been transferred successfully to the greenhouse, all from independent
transformation events.  The presence of the gene and the protein has been confirmed by PCR and Western blotts respectively,
and high levels of enzyme activity have been found in crude extracts from leaves.

A group of lines has been tested against X. fastidiosa. Five to seven plants of each line were mechanically inoculated with the
Temecula strain of this pathogen.  Additional plants were inoculated with Xylella-free buffer or left untreated. Untransformed
plants were subjected to the same treatments.  The development of Pierce's disease symptoms was delayed in some lines by
several weeks (Figure 1).  These lines are currently being evaluated for bacterial growth by ELISA and hydraulic
conductance. Infection experiments on the rest of the lines are underway.

In addition we have found PGIP activity in the xylem sap of the transgenic plants but not in untransformed controls.  These
results suggest that the presence of PGIP in the xylem might interfere with cell wall degradation, preventing vascular
occlusion and bacteria movement and/or favoring the accumulation of elicitor-active molecules. We will carry out grafting
experiments to determine the transmissibility of the gene product in scion xylem sap.
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Effect of several signal sequences on the targeting of transgene products to the xylem:
A fusion between the leader sequence of a Cucumis sativus xylem sap protein (XSP30) and GFP was done in the Dandekar
lab. Proembryogenic calluses of cvs. Chardonnay and Thompson Seedless were transformed in May 2002 and are being
cultured in germination medium.  The strong fluorescence detected in germinating embryos and their periphery (Figure 2)
indicates high levels of enzyme synthesis and suggests that GFP is being secreted but additional analysis is needed to
determine its subcellular localization.
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Figure 1a (left). Thompson Seedless vines 3 months after
inoculation with Xylella fastidiosa.  Vine on right is
untransformed and has lost all of its leaves. Center vine is
a transgenic vine expressing pear PGIP.  Vine on left is
untransformed and was inoculated with buffer only.

Figure 1b (top). Thompson Seedless leaves 3 months after
inoculation with Xylella fastidiosa.  Leaf on right is from
an untransformed control vine.  Leaf on left is from a
transgenic vine expressing pear PGIP.

Control XS30-GFP

Figure 2. GFP fluorescence of
embryos of ‘Thompson Seedless’
transformed with 35S-XS30-gfp.
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INTRODUCTION
One of our projects involved the development of a transformation and transposon mutagenesis systems for the bacterium that
causes Pierce's disease (PD), Xylella fastidiosa (Xf).  We now have a random transposon mutagenesis system working for Xf
(Guilhabert, et al. 2001) and recently we have developed an E. coli/Xf plasmid shuttle vector.  We are currently assessing the
stability of the E.coli/Xf plasmid shuttle vector in Xf without antibiotic selection.  The results of these experiments will let us
know whether this plasmid will be stably maintained in Xf cells that are inoculated in plants, something that will be essential
for evaluating genes in planta.

Understanding the complex interactions between the plant, pathogen, and insect vector is imperative for the development of
effective disease controls. Recently, the complete genome sequence of a citrus strain of Xf was determined (Simpson et al.,
2000) and the complete sequence of a grape-infecting Xf strain (Temecula) is nearly complete.  Earlier analysis of the CVC
genome revealed important information on potential plant pathogenicity and insect transmission genes.  However, more than
half (53%) of the identified ORFs in Xf CVC encode proteins with no assignable function.  In addition, some of the putative
gene functions assigned on the basis of sequence homology with other prokaryotes may be incorrect. In order to identify and
understand the function of Xf genes, it is imperative to develop techniques to knock out and complement putative
pathogenicity or transmission genes.

OBJECTIVES
1. Development of transformation and marker-exchange systems for Xylella fastidiosa.
2. Screen Xylella fastidiosa Tn5 mutants for their ability to move and cause Pierce's disease in chardonnay grapevines

RESULTS AND CONCLUSIONS
Development of a transformation system for Xf with plasmid DNA:
The Tn903 kan-2 cassette, which we know is expressed in Xf (Guilhabert et al. 2001), was cloned in four broad host range
plasmids, pUFR027, pLAFR3, RSF1010 and pMMB622 a derivative of RSF1010, forming the plasmids pXF002, pXF003,
pXF004 and pXF005, respectively.  Plasmids pXF002 and pXF003 failed to transform the Temecula strain of Xf. However,
electroporation of Xf cells with 500 ng of pXF004 and pXF005 plasmid DNA produced an average of 131 and 208 Xf KanR

clones respectively when selected on PD3 plates supplemented with 5 µg/mL of kanamycin.  Plasmids pXF004 and pXF005
were found to be present as autonomous, structurally unchanged DNA molecules when propagated in Xf. However, neither
pXF004 nor pXF005 were stably maintained in Xf after 5 passages without antibiotic selection.  We are currently in the
process of reproducing the same experiment with one, two and three passages without antibiotic pressure.  When plasmid
DNAs were isolated from Xf or plasmid DNAs isolated from E. coli were supplemented with a TypeOneTM Inhibitor, TRI, the
frequency of transformation was increased by 13 or 5 fold, respectively.  Plasmid pXF005 was also used to transform an
additional grapevine strain of Xf.

Development of a marker exchange system for Xf:
The gene rpfF is required, together with the rpfB gene, for the production of a diffusible molecule, termed DSF, that may
represent a novel cell density-dependent signaling factor in Xanthomonas campestris pv. campestris (Barber et al. 1997).
The rpfF gene was PCR amplified from the Temecula strain, cloned and disrupted with the Tn903 Kan-2 cassette.
Replacement of the wild-type gene in the genome of the Temecula strain by the disrupted rpfF gene was accomplished by a
double crossing over event.  The disrupted rpfF Xf mutant was inoculated into Chardonnay grapevines using a pinprick
method (Hill and Purcell 1995; Purcell and Saunders 1999).  The parental Temecula wild type strain served as a positive
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control, and a water inoculation served as a negative control. The vines were observed for symptom development 16 weeks
after inoculation. No difference was noted in the symptom development of vines inoculated with the rpfF Xf mutant
compared to the plants inoculated with the parental Temecula wild strain.  The presence of the rpfF Xf mutant in the
symptomatic tissues was confirmed by immunocapture PCR (Smart et al. 1997) using the oligonucleotide primers used to
amplify the rpfF gene.  The population, systemic colonization, as well as the insect transmissibility of the rpfF Xf mutant, is
currently being determined.

Testing of Tn5 mutant strain:
The bacterial cultures were inoculated into PD3 medium and adjusted to a concentration of 108 cells/mL.  Approximately
1,000 random Tn5 mutants were inoculated each into two canes of Chardonnay grapevines using a standard pinprick method
using 20 ul of the adjusted bacterial culture (Hill and Purcell 1995; Purcell and Saunders 1999).  The parental wild type strain
served as a positive control, and a buffer inoculation served as a negative control.  The vines were observed for symptoms
development for 16 weeks.  After 16 weeks, each inoculated grapevine was sampled (0.5 g of cane tissue) 10 inches above
the point of inoculation. Xf-specific IgG was purified from Xf antiserum and conjugated with peroxidase using procedures
developed in the Walker lab.  The same ELISA procedure used by the Walker laboratory has been used to analyze each
inoculated grapevine.  The tissue was ground in ELISA buffer and approximately 300 inoculated grapevine samples have
been sampled and frozen to date.  Any mutants that seems to show altered virulence, multiplication, survival or movement
will be retested in a similar manner on 6 canes growing on 3 separate grapevines.
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INTRODUCTION
Xylella fastidiosa (Xf) causes economically important diseases of agronomic, horticultural and landscape plants (Freitag
1951; Hopkins 1989; Purcell and Hopkins 1996).  In addition to a wide diversity of Xf -host plant relationships, diseases such
as Pierce’s disease (PD) of grapevines and citrus variegated chlorosis (CVC) exhibit distinct symptoms and have different
geographical distributions.  In the previous reporting period, essentially the complete genomic sequence of an Xf strain
associated with Pierce’s disease in California was determined to help elucidate the molecular basis of Xf pathogenicity.  Here
we report the comparative analyses of the complete genome sequences and annotations of Xf-PD and Xf-CVC to provide
further insight into Xf-plant host interactions and the relationships among Xf strains.

OBJECTIVES
1. Complete the sequencing of the genome of a Xylella fastidiosa strain associated with Pierce’s disease (PD) in California.
2. Comparatively analyze the genome sequences and annotations of Xylella fastidiosa strains associated with PD in

California and CVC in Brazil.

RESULTS AND CONCLUSIONS
The Xf-PD genome is composed of a single circular chromosome (2,519,802 bp) and a small plasmid (1,345 bp) similar to
that reported in other Xf strains (Hendson et al. 2001).  The major differences between the genomes of Xf-PD and Xf-CVC
strains are the (1) 159,503 bp smaller size of the Xf-PD chromosome and (2) absence of the large pXF51 plasmid in the Xf-
PD strain.  Of the 2,066 protein coding genes annotated in Xf-PD, 2025 (98%) are also present in the Xf-CVC strain.  The
average amino acid identity of the ORF’s in both strains is 95.7%.  The most conserved Xf-PD genes include those that
determine the basic metabolism and cellular functions of the bacterium, and, we conclude, are mostly identical to those of the
Xf-CVC described previously (Simpson et al. 2000).  Genomic structural/organizational differences between these two strains
are associated with phage-mediated chromosomal rearrangements and deletions that also account for strain specific genes
present in each genome (Figure 1).  All of the rearrangements are flanked at one border by a putative phage-related integrase.
Two genomic islands (gi), one specific to each genome, are characterized by regions with marked decreases in protein
identities, different GC content and codon bias.  In Xf-PD, giPD1 is 15.7 kb long with 61.2% GC content and harbors an extra
copy of a hemagglutinin gene with a phage related integrase at one end.  In Xf-CVC, giCVC1 is 67 kb long with 63.3% GC
content and is inserted with tRNA Gly-2.  The presence or absence of giPD1 and giCVC1 was associated with different
groups of Xf strains.  Essentially, all of the differences between the genomes of these two strains can be accounted for by the
number and relative position of clusters of phage-related genes and insertion/deletion events, including giPD1 and giCVC1.
We propose that the evolutionary divergence of these two Xf strains is due mainly to the lateral gene transfer mediated mostly
by phage.  Despite the genome rearrangements, most of the genes in these two strains are highly conserved including not only
those concerned with basic cellular house keeping but also those likely to have a direct role in pathogenicity.  This suggests
that diseases caused by different Xf pathotypes most probably rely on the expression of a common set of bacterial genes to
become established in planta (i.e., plant colonization, pathogenesis) permitting convergence of functional genomic strategies.
Knowledge acquired from the comparison of the complete genomes of both Xf-PD and Xf-CVC strains has numerous
applications, including designing strain specific primers for Xf detection and differentiation to screen germplasm and in
clinical field samples to control pathogen dissemination.
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Figure 1. Chromosome alignment between Xf-PD Temecula and Xf-CVC 9a5c. Light blue dash represents colinear genes and
dark blue dash represents rearranged genes in Xf-PD and Xf-CVC genome while yellow and red dashes represent
strain specific genes some of which are highlighted.
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INTRODUCTION
The influence of xylem chemistry on the establishment, colonization and movement of Xylella fastidiosa (Xf) can be tested at
various levels.  The chemistry of xylem fluid is relatively simple compared to other plant tissues.  Xylem fluid consists of
over 98% water, and the major chemical entities monomeric (amino acids, organic acids and sugars) and inorganic ions.
Few secondary compounds are present in appreciable quantities in xylem fluid, although peroxidases are often detected in
low concentration.  We feel the contribution of plant nutrient status is an undervalued component of plant resistance.

Some research areas that we hope to make contributions including: 1) to define the chemical basis of establishment,
multiplication and spread of Xf in grape genotypes and other plant species; 2) the creation the development of a vastly
simplified chemically defined medium; 3) the elucidation of factors that promote Xf aggregation and biofilm formation; 4)
the determination of the antibacterial properties of lytic peptides; 5) the determination of the presence of peroxidases in
xylem fluid and to establish the promotion/inhibition of Xf in vitro.

OBJECTIVES
The all-encompassing objective was to establish the role of xylem chemistry on resistance/susceptibility of Vitis genotypes to
Xylella fastidiosa (Xf) and Pierce’s disease (PD).  The objectives are to determine:
1. the resistance of 10 grape genotypes to PD after mechanical inoculation with Xf and discern the relationship between

chemical profiles of xylem fluid and resistance. (Dr. Andrew Walker, cooperator);
2. the mechanism of resistance to PD of host plants that are common in riparian habitats in California. (Dr. Alexander

Purcell, cooperator);
3. validate the influence of specific chemical profiles on the growth and survival of Xf by tests in-vitro culture;
4. the naturally occurring antimicrobial peptides in in vitro experiments for efficacy against Xf and study the stability of

these peptide compounds in buffer and in xylem fluid, and;
5. the concentrations of peroxidases in xylem fluid of 10 grape genotypes.

RESULTS AND CONCLUSIONS
In  2002, we have analyzed the xylem chemistry of 10 Vitis genotypes that expressed differential rates of Xf susceptibility.
The primary organic compounds (amino acids, organic acids and sugars) and inorganic ions were genotype dependent.
Xylem chemistry was influenced by geographic location (California and Florida) and season of the year (dormant and
growing season). Very unbalanced chemical profiles occurred.  For example, in one study the concentration of glutamine
varied between 46% (Chardonnay) and 70% (Dogridge) of the total amino acids in xylem fluid.  Chemical profiles among
Vitis genotypes varied greatly when xylem fluid was collected during the dormant season. Biofilm formation is considered an
important component of colony formation of Xf and is likely involved in pathogenesis. The relationships of chemical profiles
and specific chemical entities to Xf colonization, spread and biofilm formation are being investigated. (Biofilm was
quantified in vitro by the crystal violet/ethanol elution method).

A short-term exposure to xylem fluid from grapevine genotypes caused the development of differential colony numbers and
colony size of Xf UCLA PD strain when grown on agar culture.  In most cases the effect of xylem fluid on colony number
was not greatly altered by increasing incubation time from 1 to 24 hours suggesting that the effects on Xf are rapid.
Anomalous results were obtained showing that colony number decreased with exposure to xylem fluid from PD-susceptible
genotypes of V. vinifera (Chenin blanc and Chardonnay); however these genotypes formed significantly larger colonies than
PD-resistant genotypes.  The formation of large colonies may be critical to expression of Xf virulence in-planta, in that Xf
may typically survive and persist in PD-resistant Vitis genotypes; colonies simply do not form that adhere to xylem walls and
occlude vessels.  We investigated this phenomenon again in an effort to quantify biofilm formation using Xf UCLA and STL
strains in liquid culture. Xf was incubated for 96 hours in xylem fluid of V. rotundifolia Noble and V. vinifera Chardonnay.
Xylem fluid was collected from dormant, field-grown and screen house grown vines. Xf strain and xylem fluid treatment had
a highly significant effect on subsequent colony numbers. Biofilm formation varied greatly with xylem fluid treatment.  The
highest amount of biofilm and the highest ratio of biofilm to colony numbers in solution occurred for V. vinifera Chardonnay.
These data taken collectively show that the chemistry of xylem fluid can have a profound effect on Xf colony number and
biofilm formation, and the highest tendency toward biofilm formation occurred for PD-susceptible species.
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We examined xylem chemistry throughout the year on a large variety of alternative (non-Vitis) host plants and compared
these to rates of Xf infection.  The best statistical correlation was found for percentage of plants infected and the
concentration of total amino acids when sampled during the dormant season.  This will further our knowledge of resistance
mechanisms are the same for other host species as for Vitis, and to further our knowledge of alternative hosts that may be
important in the spread of Xf.

In 2002, we completed the formulated of new chemically-defined media for Xf. Several aspects contributed to the
completion of this phase.  Several alternative methodologies were implemented to assure the complete evaluation of these
new formulated diets.  New media were evaluated on the basis of agar culture, liquid culture and biofilm formation.  The
most simple medium that was successful consisted of 4 organic compounds and 3 inorganic salts.  Other chemically defined
media were based on the chemistry of Chardonnay (a susceptible grape genotype to Xf).  The performance of Xf in different
media was dependent on the strain, the media composition and the strain X media interactions. These results support the
contention that xylem chemistry may be critical in determining pathogenesis.

The antimicrobial activity of naturally occurring lytic peptides (cecropin A, cecropin B, magainin I, magainin II, indilocidin,
lysozyme) has been investigated.  The cecropins were the most lethal to Xf. The minimum inhibitory concentration for 100%
Xf mortality in PW+ medium was as follows: cecropin A 1 µM, cecropin B 1 µM, indolicidin 10 µM, magainin II 80 µM,
magainin I 80 µM, tetracycline 100 µM, lysozyme > 1000 µM. The persistence of lytic peptides in xylem fluid V. rotundifolia
was investigated.  Xylem fluid plus cecropin  A (10 or 20 µM) and cecropin B (2, 10, 20 µM) resulted in 100% Xf (UCLA
strain) mortality for 5 hours or less of incubation. Xylem fluid of V. rotundifolia Noble and V. vinifera Chardonnay incubated
with Xf UCLA strain plus cecropin B (1 µM) resulted in high colony counts and low biofilm production for Noble, but low
colony counts and high biofilm production for Chardonnay.  A timecourse of cecropin B (1, 10, 50 and 100 µM) activity in
xylem fluid of V. rotundifolia Noble and V. vinifera Chardonnay was followed by SDS Page gel electrophoresis.  Cecropin B
showed reduced activity from 1 to 96 hours, although at a concentration of 100 µM the cecropin B band did not disappear
entirely.  The cecropin bands disappeared at lower concentrations of cecropin B indicating a loss of stability probably as a
result of proteolytic breakdown.  Lytic peptides may eventually be incorporated in control strategies for Xf via genetic
engineering or direct application of compounds into xylem fluid.

Proteins and specifically peroxidases were detected in low concentrations in xylem fluid of all 10 grape genotypes. Protein
content and total peroxidase activities varied with genotype. SDS-PAGE gels of peroxidases from the 10 grape genotypes
show a different banding pattern and banding intensities indicating that different isozyme exist in different genotypes and
also that concentrations vary with genotype.  There is ample justification for continuing this work as we feel that proteins,
and specifically peroxidase activity is important to redox reactions at the xylem vessel/bacterium interface, and as such may
be involved in some of the earlier responses of plants to PD-infection.  In addition, we feel that enzymes are involved in the
proteolytic breakdown of lytic peptides.

In conclusion, we have found that xylem fluid chemistry varies greatly with genotype, location (i.e. edaphic conditions), and
season of the year.  Even a short-term exposure to Xf to different growth media altered Xf colony number.  Exposure of Xf to
different xylem fluid or to chemically defined media can also induce biofilm formation.  The development of a 4 organic
compound based chemically defined media will now allow us to delineate the role of specific compounds in Xf colony
formation and biofilm formation.  The biological parameters of naturally occurring lytic peptides have been quantified.  We
have detected the presence of proteins (in very low concentration) in xylem fluid of all grape genotypes.  We have also
quantified peroxidase isoenzymes in xylem fluid of all genotypes by gel electrophoresis.  The role of peroxidase in early
stages of Xf colonization in planta needs to be evaluated.
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INTRODUCTION
Xylella fastidiosa is not only a bacterium that causes Pierce's disease (PD) of grapevines. It also has a number of genetically
distinct host strains (see Hopkins 1989).  These strains show varying levels of cross-host pathogenicity. For example, PD
strains do not infect peach, and phony peach disease strains do not infect grapevines. Similarly, the strains causing oleander
leaf scorch (OLS) do not cause PD in grapevines or cause infectious symptoms in a number of other species (Purcell et al.
1999).  The lack of cross-host infection means that genetic differences among the strains must encode the causes of host-
specific pathogenicity.  Identifying the genes responsible for host-specific effects is an important step in understanding how
infection might be controlled.

The genetic differences determining host-specific adaptations are probably only a small fraction of the total genetic
differences between the strains.  To facilitate identifying host-specificity candidate genes, we need some initial filter that
selects those genes most likely to be involved in host adaptation from among the approximately 2700 genes carried by X.
fastidiosa.  To this end, genomic research provides us with some extraordinarily powerful new tools for solving this kind of
applied problem.

It is self-evident that adaptive evolution depends upon changes in specific genes.  In some cases, a single base substitution in
a gene may be sufficient; however, such simple changes recur repeatedly in bacterial populations.  The apparent separation of
X. fastidiosa into stable host strains suggests host adaptations involve more complex changes.  For this reason, we believe
that the genes involved in host adaptation will be among those exhibiting the most rapid evolutionary change.

OBJECTIVES
The identification of the rapidly evolving genes in the Xylella fastidiosa genome.  This is the first step towards achieving our
four primary objectives. These are:
1. Develop a systematic multigenic method for identifying host strains of X. fastidiosa. Our objective is to develop a

method that unambiguously identifies the known host strains, and that allows researchers to efficiently recognize the
invasion of new strains.

2. Identify plant-host specificity candidate genes.  We will use our database of rapidly evolving proteins to test for evidence
of strong natural selection and for statistical links between the rapid genetic divergence of host strains and specific
biochemical functions.

3. Measurement of clonal variation within host strains.  Our objective is to assess within-strain genetic variability at rapidly
evolving gene loci and to use these results to assess the evidence that all members of a given host strain share common
ancestry.

4. Estimate the frequency of recombination.  Our objective is to look for evidence of both within- and between-strain
genetic transfer. Genetic transfer can dramatically increase the rate of evolution, and potentially can increase the rate at
which new host strains arise.

RESULTS AND CONCLUSIONS
There are estimated to be about 2700 genes in the genome of the CVC (citrus) strain of X. fastidiosa; however, many of these
genes are of unknown function.  In the first phase of this project, we have screened just over 1000 genes of known function
from the genomes of the OLS (oleander), ALS (almond) and CVC (citrus) strains.  Using a modified relative rate test (with
CVC as the outgroup), we have examined the evolutionary pattern of these genes in the OLS and ALS lineage.
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Results so far suggest that the rate of gene evolution is generally higher in the OLS strain, with 15% of the genes showing
significantly higher rates of change in OLS and 5% in the ALS strain. Since this includes synonymous (silent) and non-
synonymous (replacement) base pair substitutions, it is possible (and probable) that the bias is due to a shorter generation
time in the OLS strain.  On the other hand, we have found a slight trend for faster protein evolution in the ALS strain.  After
correcting for the underlying rate differences, we find that almost exactly 10% of the 1070 genes screened show unequal rates
of protein evolution between OLS and ALS.  Of these 106 genes, 75% show faster evolution in ALS, and 25% in OLS.
These genes are the initial candidates for being involved in host adaptation.  However, since we have done 1070 tests, we can
expect about 53 type 1 statistical errors (i.e. 5% of 1070), so that a conservative estimate is that only about 50% of our
candidate genes are "real".  However, even with this correction, it appears that more than 50 genes in our sample are likely to
be involved in adaptive differences between the OLS and ALS strains.
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INTRODUCTION
This project investigated the fate of the Pierce’s disease bacterium Xylella fastidiosa (Xf) in alternate hosts from which
sharpshooters might acquire Xf by feeding.  We identified additional bacterial hosts among vineyard weeds, cover crops, field
crops and adjacent vegetation common to vineyards in California’s San Joaquin Valley. Field studies conducted at the Kern
County Agricultural Center in Bakersfield tested the survival of Xf in field conditions for five weed and cover crop species
known to be systemic hosts of Xf.

The rapid and striking emergence of Pierce’s disease of grape in the General Beale Road project area in Bakersfield during
summer 2001 showed the damage that can be done by the glassy-winged sharpshooter (GWSS).  Identification and
eradication of plants that are bacterial hosts is important where the insect vector has large populations and feeds on many
different plants. Xf survives and multiplies in an unusually large number of plants (Freitag 1951; Hopkins 1988), and
sharpshooters collected distant from agricultural habitats can be infectious with Xf (Freitag and Frazier 1954).  Previous
studies of Xf in four plant species established that Xf multiplies in plants at the inoculation site but moves systemically within
the plant in only some plant species (Hill and Purcell 1995b).  Lab and field studies of Xf in 33 species of riparian plants
commonly found in Napa Valley revealed that most plants were propagative but non-systemic hosts of the bacterium and
suggested that Xylella eventually disappears from non-systemic hosts (Purcell and Saunders 1999).

Research during 2000 and 2001 (funded by Kern-Tulare Glassy-winged Sharpshooter-Pierce’s Disease Task Force),
identified 7 species of weeds as systemic high- and mid-population hosts of Xf and that 12 other weed species were
infrequently infected, supported low Xf populations, or had limited bacterial movement beyond the site of insect feeding.  We
tested 13 additional plant species as hosts of Xf this year.  Recent studies of the effects of temperature on Xf growth in culture
or in grapevines indicated that Xf slowly dies instead of multiplying at temperatures below 10oC or above 34oC (Feil and
Purcell 2001).  To determine how well field plants support the growth of Xf during winter and summer, we followed the
population changes of Xf in systemic weed or cover crop hosts of Xf grown in Kern County in a protective cage (to exclude
vector transmission) in two cool season and two warm season trials.

OBJECTIVES
Evaluate the fate of Xylella fastidiosa in Central Valley weeds.

RESULTS AND CONCLUSIONS
We continued investigations into the fate of Xf in 13 previously untested species of weeds, field and cover crops, and
vegetation commonly found adjacent to San Joaquin valley vineyards.  We inoculated plants with blue-green sharpshooters
(BGSS) or mechanically, and tested for the presence of Xf at 1, 3 and 9 weeks after inoculation.  Culture on semi-selective
medium (PWG) estimated bacterial populations (log10 colony-forming-units [cfu] per gram) and systemic movement of the
bacteria throughout the plant beyond the inoculation site.

Recent tests showed that ‘Ace’ tomato, ‘Violeta lunga’ eggplant, black nightshade and red gum (mechanical inoculation
only) consistently developed Xf infections with populations over log106/cfu/g. Quinoa, field bindweed, yellow nutsedge, and
blue gum had high Xf populations (between log105 and log107) in plant tissue at the inoculation site but rarely developed
systemic infections in the greenhouse.  Plants with fewer than 10% of their sites infected, or that supported populations at or
below log103 cfu/g were: johnsongrass, jojoba, prostrate pigweed, annual sowthistle, southwestern cupgrass, whitestem
filaree, and watergrass.  These plants also had systemic infections at less than 10% of their inoculation sites.  Three species of
recently tested weeds: cheeseweed, sacred datura, and red gum, frequently developed infections when mechanically
inoculated but not when inoculated by insects.  Jojoba developed infections after exposure to BGSS but not after needle
inoculation. Systemic populations of Xf over log5 and especially over log 6 are most likely to be significant sources of Xf for
sharpshooters that feed on them, but this needs to be tested for representative weed species.

Bacterial survival in field conditions was tested with five species of common vineyard weeds that previously had been
identified as systemic hosts of Xf. Cocklebur, wild sunflower, and prickly lettuce were tested from July to November 2002.
Prickly lettuce, poison hemlock, and ‘Aquadulce’ fava bean (used in cover crops) were grown from November 2001 to
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March 2002.  After inoculation in the greenhouse, half the plants remained in the greenhouse, and half were planted in a
vector-proof cage outside at the Kern County Cooperative Extension office.  We sampled plants by culturing 1, 3, and 9
weeks after inoculation to estimate bacterial populations and systemic movement.

We recovered Xf less frequently and in lower populations from field-grown plants when compared to greenhouse-grown
plants during the first three weeks. In all four trials comparing Xf infections in the field and greenhouse, fewer infections
became established in field-grown plants, bacterial populations were lower, and fewer infections moved systemically beyond
the inoculation site to colonize the entire plant.  For tests done in cool weather from November 2001 to March 2002, Xf was
recovered from 26% of field-grown plants (31 of 134) and 46% of greenhouse-grown plants (50 of 109 inoculation sites). For
tests with summer weeds from July to November 2002, we recovered Xf from 35% of greenhouse-grown weeds (56 of 158
sites) and 21% (27 of 127) of field-grown weeds.  Field-grown plants also had fewer systemic infections and lower bacterial
populations.  We conclude that Xf multiplies and survives more poorly under field conditions than in ideal growth
temperatures (26-29 °C) maintained in greenhouse studies. This confirms our initial assumption that lab tests were more
suitable for initial screens of plants' abilities to support the multiplication of Xf, and is consistent with our predictions that Xf
would grow more slowly under fluctuating field temperatures that exceed or fall below permissive growth temperatures.
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INTRODUCTION
Where the blue-green sharpshooter (BGSS), Graphocephala atropunctata, is the primary vector of Xylella fastidiosa (Xf),
Pierce’s disease (PD) generally occurs near the edges of vineyards.  The distribution of diseased vines matches the springtime
movement of sharpshooters from overwintering habitats into vineyards (Varela, Smith and Philips 2001).  Attempts to
manage PD often include late winter or early spring insecticide applications to the edge of the overwintering habitat in order
to limit the springtime movement of sharpshooters.  This practice may reduce PD incidence, but often fails due to limitations
in available insecticides, difficulty in timing sprays to coincide with vector movement, differences in PD susceptibility due to
variety (Purcell 1979) or vine age, and regulatory issues that prevent treatment of the overwintering habitat.

Another possible control strategy is growing a buffer of plants that are not damaged by Xf and treating them with persistent,
systemic insecticides to impede the movement of BGSS vectors into the vineyard.

We initiated this project in 1999 to examine the effects of an insecticide-treated grapevine trap crop on the incidence of PD.
We selected St. George rootstock (Vitis rupestris) for the trap crop because it buds out early in the spring, is attractive to
BGSS and is not killed by PD.  We planned to treat trap crop vines during fall or winter with soil-applied imidacloprid
(Admire, Bayer Corporation).  At the time, we believed that adult BGSSs feeding on treated trap crop vines would quickly
acquire a lethal dose of imidacloprid.

OBJECTIVES
1. Determine if insecticide treated trap crops at the ends of rows can reduce the incidence of PD.

RESULTS AND CONCLUSIONS
We established two trap crop trials in 1999 on opposite sides of a large vineyard.  Each side is bordered by riparian habitat
and has a history of PD.  One trial borders the Napa River, the other Milliken Creek.  The entire vineyard was planted in
1999, so our trap crop vines developed at a similar pace to the producing vines.

In each trial, there are three replications of trap crop plantings and controls.  Vine spacing is 9 feet between rows and 5 feet
between vines.  St. George vines are planted at the ends of adjacent rows to create the trap crop treatments.  Each replicate
trap crop planting includes the first 6 vines in 12 adjacent rows (approximately 30 feet deep by 108 feet wide).  In the control
treatments, Chardonnay or Pinot Noir vines extend to the end of the rows.  Trap crop vines have been trained up into the
trellis to produce large “hedges” in the vine row.

We selected St. George for the trap crop plantings in part because we believed it would begin to grow earlier in the spring
than the rest of the vineyard.  If it did, it would be a more effective trap crop because BGSS would likely move to it to feed
while the other vines were still dormant or just budding out.  In these trials, this has not been the case.  The St. George vines
initiate growth at about the same time as the rest of the vineyard, which is planted to Chardonnay and Pinot Noir – both early-
growing varieties.  The entire vineyard is pruned early each winter (December), which further hastens budbreak.

Admire was applied to trap crop vines in early November 2000.  Subsequent studies showed that BGSS do not readily
acquire lethal doses of imidacloprid from treated vines.  In cage studies (Purcell 2000, unpublished), BGSS greatly reduced
their feeding rate and lived for a considerable time period.  There was no rapid kill.  Therefore, our treated trap crops were
not likely to kill insects landing upon them.  We hypothesized that Admire-treated trap crops could actually increase
dispersion of BGSS if after initial probing they flew away from that vine rather than continuing to feed.  We therefore
abandoned plans for further Admire treatments.  In 2001 and 2002, trap crops vines were sprayed with imidacloprid
(Provado, Bayer Corporation) in April and May, respectively. We recognize that foliar treatments are likely to have limited
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effectiveness for a trap crop program because they are not fully systemic and actively growing vines will have untreated
tissue much of the time.

BGSS activity was monitored from 2000-2002 using yellow sticky cards placed between the riparian habitat and the end vine
of the vineyard.  Two cards were used in each replicate and were monitored weekly from March-October.  BGSS were
present in all replicates each year.

PD incidence was determined by visual assessment in September or October 2000-2002.  The first 30-40 vines in each row
were rated on a 1-3 scale, with 3 being the highest severity. In control treatments, diseased vines in the first six positions are
not considered, as these positions correlate to the trap crop vines.  In the Milliken Creek trial, only 1 vine has displayed PD
symptoms to date.   In the Napa River trial, PD has appeared only in the third replicate, in both control and trap crop
treatments.  There were more PD vines in the control treatment (Table 1), however, that plot also had more BGSS, as
determined by trap catches (Table 2).

Table 1: PD vines in Napa River trial (rep 3)
2000 2001 2002

Trap Crop 0 1 6
Control 0 3 11

Due to the small number of diseased vines, no conclusions can be drawn regarding the effectiveness of treated trap crops at
this time.  However, the lack of an effective systemic insecticide that will kill BGSS immediately upon feeding makes the
outlook for this being a successful control strategy much less likely.
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Table 2: BGSS trap counts* in Napa River trial (rep 3)
2000 2001 2002

Trap Crop 3 6 1
Control 14 23 5
* March - June
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INTRODUCTION
Past research (Purcell, 1976, 1981) has demonstrated the direct relationship between incidence of Pierce's disease (PD) in
grapevines and proximity to riparian plants bordering vineyards in the North Coastal grape-growing region of California.
Vineyard rows closest to riparian plants experience the heaviest losses, but the concentration of diseased vines decreases with
increasing distance away from riparian plants.  Riparian habitats adjacent to vineyards contain host plants that serve as
feeding and breeding hosts for Graphocephala atropunctata (blue-green sharpshooter, BGSS), the most efficient vector of
PD in the Napa Valley (Hewitt et al. 1949; Purcell 1975).  Not only do many riparian plant species provide habitat for BGSS,
but some also serve as reservoir hosts of the causal agent of PD, Xylella fastidiosa (Xf) (Freitag 1951).  A variety of common
riparian plants, including native and non-native trees, shrubs, and herbaceous annuals, are capable of maintaining Xf
infections without expressing disease symptoms.  The ability of Xf to multiply and spread within a plant host, once it has
been infected, varies from species to species.  The efficiency of Xf acquisition and transmission by vectors is influenced by
the concentration of Xf in the plant host during feeding; the higher the concentration of Xf in a host plant, the higher the
probability of BGSS acquiring Xf (Hill and Purcell 1997).  Purcell and Saunders (1999) found that Xf populations are,
generally, lower in riparian hosts than in grape.  After screening several breeding hosts of BGSS for systemic movement of
Xf, Hill and Purcell (1995) found that only two, Rubus discolor (Himalayan blackberry) and Vitis vinifera (grapevine),
supported systemic Xf populations.  These results imply that some riparian plant species are likely more important than others
as reservoirs for the spread of Xf to grapevines.

A replicated field experiment was initiated at three commercial vineyards in Napa County, CA, to measure Xf populations in
five riparian plant species: Vitis californica (California grape), Rubus ursinus (California blackberry), Rubus discolor
(Himalayan blackberry), Sambucus mexicana (blue elderberry), and Vinca major (periwinkle).  All five species are breeding
hosts of BGSS and systemic hosts of Xf (Purcell and Saunders 1999). Xf could potentially overwinter in systemic hosts.
Overwintering hosts of Xf likely play an important role in the epidemiology of PD in providing a source of bacteria for spring
infections, especially near vineyards where infective adult BGSS do not survive the winter.  BGSS transmission of Xf from
riparian plants to grapevines in spring is more likely than mid- or late-season infections to result in chronic disease (Purcell
1981).  By measuring seasonal populations of Xf in riparian plants adjacent to vineyards, we will determine if and when
concentrations are high enough for acquisition by BGSS.

OBJECTIVES
Determine the epidemiological role of seasonal fluctuations of Xylella fastidiosa populations in riparian host plants of North
Coastal California.

RESULTS AND CONCLUSIONS
Populations of Xf reached detectable levels in California blackberry, blue elderberry, and California grape by mid summer
and increased by early fall (Table 1). Xf was not detected in periwinkle until early fall, when populations were found to be as
high as that of California blackberry, blue elderberry, and California grape (105-106 CFU/g of petiole tissue). Xf populations
of at least 104-105 CFU/g of plant tissue are required for acquisition by BGSS (Hill and Purcell 1997).  Estimated Xf
populations in California blackberry and California grape in mid summer and blue elderberry and periwinkle in early fall are
sufficient for acquisition by BGSS.  Our two culture attempts coincided with the emergence and increased flight activity of
young adult BGSS, which peaks in mid summer and remains high through early fall (Feil et al. 2000).  Assuming BGSS
feeds on California blackberry, California grape, blue elderberry, and periwinkle in early fall, Xf may be transmitted from
infected riparian plants to adjacent vineyards before the end of the growing season. Late season infections of grapevines are
unlikely to result in chronic disease and infected canes are pruned out during the winter (Purcell 1981).  However, young
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adult BGSSs that acquire Xf in mid summer to early fall and survive the winter are still capable of transmitting Xf the
following spring after budbreak.

Our inoculations resulted in a lower then expected number of infected plants.  Past research (Hill and Purcell 1995, 1997;
Purcell and Saunders 1999) on populations of Xf in four of the five riparian species we inoculated showed higher inoculation
success (higher number of plants that developed infections out of total plants inoculated).  Differences in inoculation method
(insect versus mechanical), Xf strain (YVPD versus STL), and/or environment (greenhouse versus field) may explain
differences in inoculation success.

None of the inoculated Himalayan blackberry individuals developed infections.  Insect inoculation of Himalayan blackberry
with the YVPD strain of Xf in the greenhouse showed that Xf populations can reach 107 CFU/g of plant tissue at 32 days after
inoculation (Hill and Purcell 1995, 1997).  Again, this difference may be due to our inoculation method, the strain of Xf we
used, and/or the fact that our experiment was carried out in the field.

Table 1. Culture of Xylella fastidiosa from riparian plants in the field following mechanical inoculation.

Species
Number

Inoculated a
Number
Infected

Number
Not infected

Number
Contaminated CFU/g b

Incubation
(days) c

Himalayan blackberry 29 0 11 18 0 41-54
Himalayan blackberry 26 0 4 22 0 119-124
California blackberry 35 2 11 22 log 3-4 41-54
California blackberry 35 8 5 22 log 4-6 119-124
Blue elderberry 30 1 11 18 log 2 41-54
Blue elderberry 18 1 1 16 log 6 119-124
Periwinkle 31 0 8 23 0 41-54
Periwinkle 30 1 2 27 log 5 119-124
California grape 27 2 11 14 log 2-5 41-54
California grape 25 1 3 21 log 6 119-124
a Plants were mechanically inoculated with STL strain of X. fastidiosa on 7, 13, and 18 June 2001.
b Colony forming units per gram of plant tissue (log scale).
c Number of days between inoculation and two culture attempts.  The first culture attempt was at 41 to 54 days after
inoculation (July 24 to August 8, 2001).  The second attempt was from the same plants, but from different petioles, at 119-
124 days after inoculation (October 9 to October 15, 2001).
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INTRODUCTION
This project is a collaborative effort between UC Davis and the USDA/ARS- Fresno, and is focused on breeding new PD
resistant cultivars of table and raisin grapes.  The project also integrates efforts to develop genetic maps for resistance to
Xylella fastidiosa (Xf) in segregating populations containing resistance from Muscadinia rotundifolia and from southeastern
US (SEUS) Vitis species.  The preliminary goal of these mapping efforts is the development of strongly linked DNA markers
to expedite breeding and the eventual goal is characterization and location of Xf resistance genes leading to genetic
transformation efforts.

OBJECTIVES
1. Develop PD resistant table and raisin grapes by crossing a variety of Xylella fastidiosa resistance sources with large

berried and seedless V. vinifera table and raisin grapes.

RESULTS AND CONCLUSIONS
Greenhouse Evaluations of Xf resistance:
There are now 60 PD resistant cultivars from the southeastern US (SEUS) at UCD and 13 at the USDA-Fresno.  We tested
and added 10 new accessions this year after finding them to be highly resistant to Xf. Sixty-five F1 progeny from SEUS
resistance sources by Ramming advanced seedless vinifera were screened.  Seven of these seedlings were backcrossed to
advanced seedless table grapes in 2002.  This winter we will be testing SEUS germplasm from Fresno and include promising
selections from their disease resistant table grape program (focused on powdery mildew) with potentially PD resistant
parentage.

During summer 2001, replicated cuttings from 130 seedlings were made from a 2000 cross of a female Xf resistant V.
rupestris x M. rotundifolia (8909-15) x B90-116 (Ramming advanced seedless selection) – population 0023.  This population
is being used for the mapping of both genetic markers and phenotypic traits.  The most resistant of these F1 progeny were
used in the crosses this year described below.

2002 Crosses:
UCD – Twelve crosses were made with 4 F1 V. rupestris x M. rotundifolia (rup-rot) selections with excellent Xf resistance by
5 USDA table and raisin parents to produce 1,613 seeds.  Twenty-five crosses were made using 10 SEUS (5 newly evaluated)
Xf resistant parents x advanced Xf resistant and vinifera parents to produce 33,306 seeds.  Two other crosses were made to
expand the two mapping populations that are based on a seedless female parent – one from a SEUS resistance source (5025),
and the other on rup-rot (5014).  Embryo rescue techniques at Fresno obtained 92 and 68 ovules respectively.

USDA-Fresno – Crosses were made to seedless vinifera parents in 2002.  Twenty-nine crosses were made with 19 advanced
seedless table and raisin grape selections using 16 Xf resistance sources, most of which were F1 selections from advanced
seedless vinifera x rup-rot selections.  6,171 ovules were extracted from these crosses and 1,198 embryos are establishing.
This material will make great advances towards commercial quality.

2002 Plantings and Evaluations:
UCD – 2,145 seedlings were planted from crosses made in 2001.  These seedlings were produced by crossing 6 SEUS
resistance sources with 9 advanced USDA seedless table and raisin grape selections.  Based on the early planting date,
excellent growth (virtually all have produced a short 75 cm cordon on the wire), and the success we had this year pushing the
2000 seedlings, we expect many of these to flower in 2003.

About 20% of the 1,150 seedlings from SEUS resistance sources produced from the 2000 crosses and planted in 2001 were
evaluated for fruit quality and 15 with good quality were greenhouse screened for PD resistance.  The best of these will be
crossed to advanced vinifera selections in 2003.  The quality of the 2000 seedlings was better than expected.  Some of the
seedlings have fruit that is partially seedless, with firm flesh, and markedly improved berry size and skin thickness.
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USDA-Fresno:
In 2001, 14 crosses were made with 3 seeded female parents (2 vinifera and 1 SEUS PD resistant) by 10 males (most SEUS
PD resistant selections).  Fifty-eight seedlings were planted. The majority of the 2001 crosses were to seedless female
parents and the progeny were embryo rescued.  There were 27 crosses with 9 advanced seedless females x 17 different
sources of PD resistance from the SEUS.  About 3,345 ovules were cultured, 1,220 embryos were rescued and 415 seedlings
were planted in the field.  These progeny are expected to start blooming in 2003 and should make excellent progress towards
our goal of PD resistance in a high quality vinifera table and raisin grape background.

PD Field Trial:
In 2001, we established a replicated field trial at a PD infected vineyard in Yountville using 13 SEUS PD resistant selections

and 9 resistant and 7 susceptible rup-rot selections.  Each plant was inoculated in May and June 2002 by needle inoculation.
The SEUS selections were chosen because most displayed severe PD symptoms after greenhouse testing, although they are
considered highly resistant in the SEUS.  Observations of leaf scorch, cane lignification and impact on vigor were made in
Fall 2002.  The observed range of responses correlated well with Xf titer results from previous greenhouse testing.  The plants
will be evaluated Spring 2003, to determine whether Xf is lost over winter due to lack of downward spread followed by
pruning, and to determine the extent of PD symptoms.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board, the USDA
Animal and Plant Health Inspection Service, the California Raisin Marketing Board, and the California Table Grape
Commission.
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TRANSMISSION TO GRAPEVINES BY THE GLASSY-WINGED SHARPSHOOTER
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Reporting Period: The results reported here are from work conducted from November 30, 2001 to October 30, 2002.

INTRODUCTION
Current attempts to reduce the economic impact of the glassy-winged sharpshooter, Homalodisca coagulata, (GWSS) to
important crops in California have focused on GWSS or the causal pathogen, Xylella fastidiosa,(Xf), but little attention has
been given to an essential step of Xf-diseases: the transmission of the pathogen by its insect vector. Xf has been causing
diseases in California for a long time, but GWSS is apparently a more effective vector than other sharpshooters previously
involved in California.  Our objectives are to characterize Xf transmission by GWSS to grapevines, since this is a vital but
understudied area of PD.  Because of space limits, this report emphasizes objective #1.

OBJECTIVES
1. Characterize the transmission of Xylella fastidiosa to grapes by the glassy-winged sharpshooter.
2. Develop in vitro assays to assess vector transmission of Xylella fastidiosa.
3. Test the possibility of biological control of Xylella fastidiosa transmission through competition for attachment site in

vector’s foregut.

RESULTS AND CONCLUSIONS
GWSS transmission of Xf to grapes:
The basic characteristics for Xf transmission determined for other vectors were also found for GWSS.  Transmission i)
occurred without latent period, ii) was persistent over time, iii) unless molting occurred (no transtadial transmission), iv)
nymphs and adults were vectors.  GWSS transmitted Xf to 2-year-old woody tissue of grapevine cuttings with similar
efficiency as that to green shoots.  Transmission by nymphs had efficiency of approximately 70% (2 days inoculation access
period - IAP).  Inoculation efficiency increased with longer IAP, but even with 96h IAP efficiency was approximately 35%, a
value lower than that obtained for an efficient Xf vector, the blue green sharpshooter (BGSS, Graphocephala atropunctata).
Acquisition efficiency did not increase with longer acquisition access periods (AAP) after 6 hours.  Overall transmission
efficiency was 15-20% per insect per day, with large variability in transmission rates among experimental repetitions.
Comparable transmission efficiency by BGSS is over 90% (Hill and Purcell 1997). Using the culture detection method for
Xf, we found no association between Xf detection in the heads of GWSS and individual transmission of the pathogen to
plants, similar to the findings of Hill and Purcell (1997) for BGSS.  Further studies using other detection methods based on
PCR may prove to be better predictors of vector infectiousness.  In general, GWSS transmission of Xf had the same
characteristics observed for other vector species, but had much lower and more variable transmission efficiency among
experiments.  GWSS inoculation of 2-year-old wood of grapevines in the lab suggested that summer and fall inoculations in
the field may occur, and that these infections may become chronic disease because plant tissues where inoculation occurred
will not be removed during regular winter pruning.

GWSS transmission of Xf to dormant grapes in the field:
Because GWSS has been found to feed on dormant vines during the winter, we tested the possibility of GWSS inoculating Xf
into dormant vines in the field.  We previously reported that GWSS transmitted Xf to dormant grapes under laboratory.  Our
field experiment with dormant plants was done in a screen cage built in Bakersfield, Kern Co. Grape ‘Pinot noir’ cuttings
were planted within the cage in September 2001, and standard cultural practices used for the plants. In February 2002, 3 sets
of inoculations were done with groups of GWSS taken on plants to Bakersfield.  Briefly, adults had 4 d AAP on source
plant,; we later transferred these GWSS (groups of 4) in the greenhouse to green seedlings for 4 d IAP, which served as
indicators of group infectivity.  Plants with insects were taken to Bakersfield and transferred to dormant plants for a 1 week
IAP, seedlings returned to Berkeley for symptom development. One inoculation was done in May, as a positive control to
test GWSS survival under similar conditions and transmission to green plants growing in the field.  We inoculated 64
dormant plants during three dates in February, 13 on May, and left 16 un-inoculated.  We verified transmission to dormant
plants in the field with efficiency not much lower than that to green seedlings in the greenhouse.  No negative control plants
were positive for Xf or showed any PD symptoms.  Survival of insects in the field was high (47-90% for all insects in
different dates). Figure 1 summarizes the results obtained.
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Figure 1. Percentages of dormant (in the field) and green (in the greenhouse) vines infected with Xf by GWSS.

Association of Xf in vectors’ foregut and its transmission to grapes:
We used scanning electron microscopy to observe Xf cells attached to the foregut of GWSS and BGSS. We found the
expected structures in the pre-cibarium (sensilla, pre-cibarial valve).  Even though GWSS has low and variable transmission
efficiency (see above), we tested if Xf could be found in the foregut of insects that had 4 d AAP followed by ~1 week of
incubation period.  We found Xf cells in only 1 out of 35 insects, and then decided to do a similar test with an efficient vector
(BGSS). In this test, 14 BGSS had 4 d AAP on source plants, ~2 weeks on mugwort and 4 d IAP on healthy grape.  All
insects that transmitted to plants had large amounts of Xf in the pre-cibarium. Similar pictures have already been reported
(Purcell et al. 1979 and Brlansky et al. 1983).  In vitro assays of sharpshooter feeding through a membrane on suspensions of
Xf in sterile xylem sap revealed that sharpshooters picked up Xf in larger numbers than from Xf-infected plants but did not
subsequently transmit the bacterium to grape.  We have isolated numerous bacteria from the surface-sterilized heads of
GWSS fed on PD-grape but that failed to transmit Xf. Continuing studies will attempt to assess these bacteria as possible
antagonists to GWSS transmission of Xf to grape.  So far have not recovered any of the isolates that we sprayed onto foliage
in greenhouse experiments.

Electronic monitoring of BGSS:
Because we found that GWSS general Xf characteristics are the same as those for other vector species,and that it has lower
and more variable transmission efficiency than BGSS, we have used BGSS as a model vector to start a study on feeding
behavior and Xf transmission.  This work was done in cooperation with Dr. Elaine Backus (University of Missouri,
Columbia).  Although BGSS probing behavior has already been studied electronically (Crane 1970), we found that
waveforms previously observed were not comparable to the system we used, mostly due to technological advances. We
characterized various waveforms for BGSS probing behavior, and found that insects feed on xylem and mesophyll (may be
phloem too, but data inconclusive).
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MECHANISMS OF PIERCE’S DISEASE TRANSMISSION IN GRAPEVINES: AN ANALYSIS OF THE
MOVEMENT OF XYLELLA FASTIDIOSA IN XYLEM PATHWAYS

Project Leaders:
Thomas L. Rost
Section of Plant Biology
University of California
Davis, CA 95616

Mark A. Matthews
Dept of Viticulture and Enology
University of California
Davis, CA

Joshua Stevenson
Section of Plant Biology
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Reporting Period: The results reported here are from work conducted from June 15, 2002 to October 15, 2002.

INTRODUCTION
Pierce’s disease (PD) is a consequence of the spread of xylem-limited bacteria, bacterial products, or plant responses to either
leading to blockage of water movement within the grape’s hydraulic network (Hopkins and Mollenhauer 1973).  The
progression of symptoms and movement of PD pathogens from the point of inoculation into the hydraulic network is poorly
understood.  The development of xylem blockage from the inoculation point to distal or basal organs and the pathways for
movement of bacteria within grapevines needs to be determined.

The general vegetative anatomy and the primary vascularization of grapevine have been summarized (Pratt 1974, Mullins et
al. 1992, Fournioux 1982) and anatomical symptoms of PD have been documented (Esau 1948, Tyson et al. 1985).  Although
a general pattern of grapevine hydraulic architecture has been proposed, the vascular arrangement within grapevine must be
studied in the context of the spread of PD within the plant from the site of inoculation to a systemic presence.  It is unknown
whether the mechanisms of pathenogenesis of PD are a direct result of xylem blockage by the bacteria (Hopkins 1981),
phytotoxins produced by the bacteria (Lee et al. 1982), resultant gums and tyloses produced by the plant (Esau 1948), or a
combination of these factors.

OBJECTIVES
Through an analysis of the vascular system of grape shoots correlate the progression of PD from inoculation to infected
organs with the movement of Xylella bacteria, the development of tyloses and gums, and the loss of water transport.

RESULTS AND CONCLUSIONS
Grapevines were inoculated with Xylella in one of the two shoots per plant.  Six weeks following inoculation, symptoms
consistent with PD were observed on the leaves (marginal leaf necrosis) and the stem (incomplete cork formation on stem) of
the inoculated shoot, but the opposite, non-inoculated shoot was asymptomatic.  Anatomical examination of stem, petiole,
and midrib xylem with both light and electron microscopy revealed the internal progression of PD corresponding to external
symptoms.  The petioles and midribs of leaves displaying external PD symptoms contained tracheary elements with abundant
gummosis and accumulation of bacteria, but few tyloses (Figures 1-3).  Bacteria observed in symptomatic leaf midrib xylem,
and to a lesser extent in petiole xylem, were embedded within a globular matrix (Figures 5-6).   Stem xylem proximal to
leaves showing PD symptoms included tracheary elements with abundant tyloses, but little gum formation (Figure 4).
Bacteria were rare in the proximal stem and bacterial cells were not contained within a matrix.  Observations of fully
expanded asymptomatic leaves and stem tissue distal to the inoculation site showed similar anatomical pathology to nearby
symptomatic leaves. Consequently, internal progression of PD appears to precede external symptoms.  Six weeks following
inoculation, no anatomical symptoms of PD were found in the basal main shoot subtending the inoculated shoot, nor in the
opposite non-inoculated shoot.  Eight weeks following inoculation, PD symptoms manifested in the opposite, non-inoculated,
shoots.  Anatomical examination showed the same pathology as was observed two weeks earlier in the inoculated shoot,
including the accumulation of bacteria and embedding matrix in the xylem vessel members of leaf midribs and petioles.

Following these observations, a working hypothesis of the progression of PD within a young grapevine shoot can be
proposed. Xylella inoculation of stem xylem precedes a relatively rapid movement of bacteria through the hydraulic network
to distal stem regions, petioles, and leaf vascular tissue.  The rapid movement is potentially facilitated by one, or a
combination, of three mechanisms:

1. Grapevine vessels are long and few vessel-vessel transitions are needed to reach distal tissues,
2. Pit membranes of grapevine are frequently damaged, either in development, or as a result of frequent

cavitation/refilling cycles, or
3. Bacteria are able to quickly digest pit membranes of terminal vessel elements.

Once bacteria moving in the transpirational stream enter regions of the hydraulic network that contain many narrow tracheary
elements and more frequent terminal tracheary elements (i.e. shorter vessels in petioles and leaves), bacteria are ‘filtered out’
and accumulate, and become embedded in a surrounding matrix which effectively blocks water flow in that conduit.  It is
unknown whether this matrix is secreted from the bacteria itself, from the plant either as a defense reaction or responding to
bacterial stimulus, or a combination of the two.  Tylose formation in the stem coincides with bacterial infection, but at least
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initially, is not present to such a degree that bacterial movement is prevented or that the water supply to distal tissues is
restricted to levels causing visual symptoms.  Additionally, bacteria can move from an inoculated shoot to another shoot via
the subtending trunk relatively quickly.  Consequently, in can be proposed that the PD symptoms observed in multiple shoots
of a grapevine are not a symptom of a whole-plant response to a localized infection, but rather are an indication of a systemic
Xylella presence.  For this to occur, bacteria must move basipetally from the site of inoculation, into the basal stem and then
acropetally into the opposite shoot.  Whether bacteria are moving against the transpirational stream in an intact water column,
or whether the downward bacterial movement is facilitated by the release of tension in a cavitated water column is unknown.

Figures 1-3. Light micrographs of grapevine stem, petiole, and leaf midrib (l-r) six weeks after inoculation.  Tyloses are
frequent in vessels of stem sections, whereas xylem is occluded by gums in petioles and midribs.

Figure 4-6. Scanning electron micrographs of grapevine stem, petiole, and leaf midrib (l-r) six weeks after inoculation.
Symptoms of PD in stem xylem were typically tyloses, whereas petioles and midrib symptoms were associated with an
abundance of bacteria and surrounding matrix increasing from petiole to leaf.
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THE DEVELOPMENT OF PIERCE’S DISEASE IN XYLEM: THE ROLES OF VESSEL CAVITATION, CELL
WALL METABOLISM, AND VESSEL OCCLUSION
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Reporting period: The results reported here are from work conducted from January 1, 2002 to October 31, 2002

INTRODUCTION
This proposal is directed toward discovering the plant responses to infection that are fundamental to the progression of
Pierce's disease (PD) in grapevine.  The disease is caused by the growth of the bacterium Xylella fastidiosa (X.f.) in the xylem
vessels of stems, petioles and leaf blades.  The disease progresses rapidly, causing severe water deficits in infected shoots and
vine death–often within two years.  However the progression of the disease and the mechanism(s) by which the disease
produces water deficits and death in infected tissues have not been well established.

The prevailing notion is that vessels become occluded with bacteria or products of metabolism.  However, it is unclear how
the bacterium moves through and between vessels, whether vessels cavitate upon introduction of the bacterium by the insect
vector or artificial inoculation, and whether PD symptoms can be found in tissues at a distance from local concentrations of
bacteria. The bacterium is reported to be larger than the openings in pit pore "membranes."  Thus, it is likely that cell wall
digestion is necessary for movement of the bacteria through the vine.  This digestion may be a key component of disease
progression.  The studies in our project are designed to test the following hypothetical “model” of the events contributing to
the development of PD.

X.f. introduction to vessels—>vessel cavitation—> initial water deficit—> X.f. population increase—> production of
enzymes by X.f. (signals ?) —> cell wall digestion —> oligosaccharide signals —>

ethylene synthesis rise—> a "wave" of vessel occlusion beyond the infection site —>
global collapse of vine water transport—> leaf abscission—>vine death

OBJECTIVES
For this research period, the work in our project has been closely coordinated with work in the new project led by Rost and
Matthews.  Our project follows several aspects of PD development following introduction of Xylella fastidiosa (Xf) to
grapevines by hypodermic injection to basal stem internodes.  The focus of our effort in this period has been on factors that
limit systemic spread of the Xf population and contribute to reduced water movement in the xylem.
1. Determine the “porosity” of the pit membranes that regulate movement from one xylem vessel to the next.
2. Determine whether digestion of cell wall polysaccharides in the pit membrane is required for passage  of Xf through the

xylem.
3. Determine how quickly, post-inoculation with Xf obstructions occur in the xylem.

RESULTS AND CONCLUSIONS
Factors limiting movement of bacteria and water in grapevines:
Using PCR-based detection of bacterial DNA sequences, we observed the rapid (within 14 days) spread of Xf up inoculated
shoots of small grapevines (30 – 40 cm in height).  This raised the possibility that the bacteria were moving unimpeded
through the xylem.  This could occur because a significant population of the vessels was sufficiently long that bacteria could
be swept along in the transpirational stream without encountering a vessel end and, hence bordered pit.  Alternatively, the pits
might not offer the expected restriction to bacterial movement among vessels.  Analysis to determine the length of the longest
vessels in shoots of other experimental material (80 - 100 cm shoots) has indicated a 30 - 50 cm maximum, with a mean of 34
±12 cm .  By comparing the air flow rates through stems from which apical segments were repeatedly excised, it is possible
to observe the relative distribution of vessel lengths.  This analysis indicated that most vessels were less than 15 cm long
(Figure 1).  Thus, there appear to be very few paths longer than about 10 – 15 cm that do not include a vessel end.   However,
we have not performed the same analysis on the shorter stems used in the experiment showing rapid systemic spread of Xf
(above).

Electron micrographs published by others have given the impression that Xf size is too large to pass through the cell wall
meshwork in the xylem "pit membranes" that fill the pit passageway from one water-conducting xylem element to the next.
Xf dimensions appear to be ca. 0.5 by 1.5 µm while the gaps between the cell wall elements that comprise the pit membrane
appear to be no larger than 0.3 µm in size.  It was important that we be certain that the pit membrane "pores" would block
bacterial passage.  Our hypothesis is that passage through pits could occur only if bacterial wall-degrading enzymes were able
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to digest a pathway through the polysaccharides of the pit membrane.  That would be unnecessary if its normal pore size did
not limit Xf movement.

The distal cut end of an explanted stem of a healthy vine was attached to a vacuum pump that was adjusted to apply a
negative pressure of 0.5 atmospheres.  The proximal cut end was then placed in a flask containing water plus various test
materials. We first followed water movement through the stem for a set period of time by measuring the volume of water that
exited the distal end.  After drawing water for a time, the proximal end was placed in 10 mM KCl in water.  When a steady
state of flow was reached, the water movement was measured again.  The test was repeated using a 50 mM KCl solution.
With each increase in salt concentration, the volume of water moved increased.  This result reflects earlier reports that
concluded that the increasing ion concentration had reduced the water shell around the polysaccharides in the pit membrane
and this, in turn, had decreased the resistance of the membrane to water flow.

The experiment was repeated, this time with red-stained polystyrene beads of defined dimensions.  The idea was that the
beads would serve as useful surrogates for the non-motile Xf cells that had been introduced to grapevines by the glassy-
winged sharpshooter or the "needle stab" inoculation technique we were using.  We used beads of 1.0, 0.5, 0.3 and 0.029 µm
average diameter.  No beads of any size were moved the length of the stem segments tested, no matter which test solution
was used (Figure 2). These experiments were conducted with shoots that were longer than the longest vessel in the test
shoots, so a bead would have had to pass through at least one pit membrane on its path from one end of the stem explant to
the other.  This test was repeated using soluble, naturally colored proteins of known molecular weight and predictable,
average molecular diameters. Cytochrome c (MWt of 14.8 kD, diameter of 0.005 µm) was not drawn up the stems when it
was dissolved in water; it did move slowly when it was in 10 mM KCl and more quickly when it was in 50 mM KCl.
Hemoglobin (MWt of 64 kD, diameter of 0.088 µm) was drawn up the xylem only when it was dissolved in 50 mM KCl and
the rate of movement was quite slow compared to that for cytochrome c.

The beads of 0.029 µm diameter represent less than 2% of the estimated volume of a Xf cell and have a diameter that is less
than 10% of the bacterial “width.” Therefore, these experiments confirm that the cell wall mesh of the pit membrane
represents a substantial barrier to the movement of Xf from one vessel to the next as long as it is intact.  The experiments also
indicate that the pit membrane mesh provides much smaller pores than had been suggested in some earlier reports and that
the chemistry of the xylem fluid can have an effect on the resistance to water flow in the xylem.

Do bacterial populations spread systemically because they produce enzymes that digest pit membranes?
The Xf genome contains DNA sequences that are predicted to encode cell wall-degrading enzymes like polygalacturonase
(PG, a cell wall pectin-digesting enzyme) and endo-β-1,4-glucanase (EGase, sometimes called cellulase).  Graduate student
Caroline Roper has cloned the PG-like sequence of the PD-causing bacterium and is now attempting to get the cloned gene to
be expressed in E. coli.  Once the protein is isolated, we will confirm its activity and then introduce it into explanted stems to
see if it opens the xylem to passage of beads or killed Xf cells, presumably by breaking the pit membrane cell wall mesh.
Currently we have a few non-Xf PGs to use in the same sort of test.  The experiment is made more complicated because the
PG protein is too large to pass the intact pit membrane “barrier.” The result of this test may be available by the time of the
Symposium.

Xf-induced xylem obstructions:
Last year, we reported on microscope-assisted observations that showed both tyloses and plant cell wall-derived "gels"
obstructing many of the vessels in PD-infected grapevines.  We have observed tyloses in vessels of Xf-inoculated grapevines
as early as 4 weeks after introduction of an aliquot of bacterial suspension (Figure 3).  Dr. Josh Stevenson (in the
Rost/Matthews project) has developed these investigations further and will report additional details about observations of
tyloses and gels in the vessels of stems and leaf petioles and midribs of PD-infected vines.  Briefly, reduced hydraulic
conductance in petioles is correlated with the accumulation of bacteria and gums in the petiole.  Data in Table 1 indicate the
correlation of PD leaf symptoms with reduced hydraulic conductance following stem inoculation with Xf. A related study,
focusing on Xf's impact on grapevine water movement is focusing on the hypothetical production, by Xf, of exo-
polysaccharides in xylem vessels.  Based on Dr. Stevenson's observations, we are now using a direct extraction and chemical
analysis approach to determine whether the amorphous gels occluding vessels in petioles and leaves of infected vines contain
bacterial polysaccharides like those predicted to be produced by Xf, based on gene sequences identified in its genome.  Our
interest is in coincident microscopic observation of gels and chemical measurement of bacterial polysaccharide component
sugars.

In stems, few bacteria and little gum has been found to accumulate.  There is an increased frequency of tyloses in stems of
PD-infected and symptomatic vines.  Our hydraulic conductance measurements have seldom revealed reduced water
transport in stem segments.  However, our samples may have been of young tissue not yet competent for extensive tylose
development.  Also, our hydraulic assay methods could have repaired cavitated vessels.  Therefore we are developing other
approaches to quantify cavitation, including a pneumatic assay that should prevent refilling, ultrasonic acoustic emissions,
and the imaging technique described below.
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Attempts to "see" points of reduced water flow in intact grapevines:
Typical tests of grapevine water-conducting capacity require that the stem be explanted and then tested.  The
decommissioned McClellan Air Force base in Sacramento houses a nuclear reactor that is a source of fast neutrons.  This
source is being made available for use in fundamental research.  It may provide an opportunity for visualizing water flow
through intact grapevines.  Preliminary tests using well-watered and water-stressed vines confirmed that images (analogous
to X-rays) can show differences in water moving through the stems.  We are continuing pilot studies, working with the very
cooperative McClellan staff scientists in attempts to enhance contrast in the photographic images that constitute the data
record of these experiments. Our hope is to use the observation of points of reduced water flow in intact healthy and diseased
vines to guide us in the “destructive” sampling for bacterial presence and observations of xylem obstructions.  Consistent
observations of obstructions in regions of reduced water transport, whether or not significant populations of Xf are co-
localized, will be of importance in developing our ideas about progression of PD symptoms and Xf populations in the xylem.

Preliminary conclusions:
The picture that is emerging is that PD leaf symptoms are seen in inoculated vines at times when bacterial populations are
small and that reductions in water flow may occur when no bacteria are detected.  This seems to suggest that PD symptoms
can develop in advance of the systemic spread of Xf because of the acropetal movement of thus far undefined signals that
trigger responses in the xylem.  We continue to address questions that are relevant to this preliminary conclusion, a
conclusion that is at the center of the hypothetical PD "model" that formed the core of our proposal.

Table 1. Estimated hydraulic conductance (Kh), presence or absence of PD symptoms, and presence or absence of Xf for
petioles of leaves from PD-infected and control plants. Kh was determined as flow rate through excised petioles at pressures
of 0.8 – 1.6 bars.  Presence of bacteria was determined from SEM micrographs of similar and adjacent leaves.

Treatment Kh (ml/bar/sec)
n = 3 or 4

+/- presence of Xf. +/- leaf chlorosis
symptoms

- PD Control 0.53 – 0.83 - -

+ PD Inoculated* 0.74 – 1.53 not assayed -
+ PD Inoculated** 0.13 – 0.17 + -
+ PD Inoculated 0.01 – 0.1 + +

*These leaves were located (6 – 14) nodes acropetal to the symptomatic leaves.
**These leaves were located 1 or 2 nodes acropetal to the symptomatic leaves.

Figure 1. Rate of air flow through stem segments of varying length.   Air was supplied to basal internode at pressures of 0.4
– 0.6 bar, and its rate of escape from the apical end was recorded after repeated excision of stem segments from the apical
end of the shoot.  The low pressure should not have passed pit pore membranes.  Therefore, the flow rate should reflect the
number of open vessels present.

0

5

10

15

20

25

30

35

0 20 40 60 80 100

Stem length (cm)

Fl
ow

 R
at

e 
(m

l/m
in

)

Chardonnay
Ratio of Longest Open Vessel to Stem Length= 40%



-64-

Figure 2. Polystyrene beads in a
grapevine xylem vessel.

Figure 3. Sections through the stems of young grapevines reveal extensive
xylem blockage in vessels of all developmental ages.  While tyloses are
occasionally seen in uninoculated vines, introduction of Xf substantially
increases their appearance.

Red polystyrene beads (0.3 µm
diam.) filling one vessel in this light
microscope view of a cross-section
of a grapevine stem.  Note that there
are many other “open” vessels which
contain no beads.  This suggests that
the other vessels in this view did not
extend all the way to the basal, cut
end of the stem where beads were
introduced.

Light microscopy examination of a
section through the stem of an
uninoculated grapevine.  Vessels are
seen to be unobstructed.

Light microscopy examination of a
section through the stem of a
grapevine 4 weeks after inoculation
with Xf. Most of the vessels are
obstructed by one or many tyloses.
PCR analysis of other individuals in
this set of test plants showed Xf
throughout the vine.  Typical PD
leaf symptoms did not appear in
these vines for 4 more weeks.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service.
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EPIDEMIOLOGY OF PIERCE’S DISEASE IN SOUTHERN CALIFORNIA:  IDENTIFYING INOCULUM
SOURCES AND TRANSMISSION PATHWAYS

Project Leaders:
Donald A. Cooksey Heather S. Costa
Department of Plant Pathology Department of Entomology
University of California University of California
Riverside, CA 92521 Riverside, CA

Reporting Period: The results reported here are from work conducted from November 1, 2001 to October 31, 2002.

INTRODUCTION
Knowledge of the source of disease inoculum from vectors, whether from inside or outside the vineyard, is critical to
development of management strategies for disease control, such as the choice and management of plant species surrounding
vineyards.  In addition, there is little information available on the relative ability of the glassy-winged sharpshooter to acquire
or transmit the Pierce’s disease pathogen from vine to vine, or from alternate hosts to grape.  Because in many cases the
vineyards of the Temecula area are in close proximity to citrus groves, it is critical to know the relative inoculum pressure
that citrus and other plant hosts may provide in that area.

OBJECTIVES
1. Determine which plant species near vineyards harbor Xylella fastidiosa and serve as potential reservoirs of inoculum for

the spread of Pierce’s disease to grapes.
2. Measure the ability of the glassy-winged sharpshooter to acquire and transmit Xylella fastidiosa to and from grape,

citrus, almond, and other plant species identified as potential hosts and sources of inoculum for the spread of Pierce’s
disease.

3. Comparison of the sensitivity and specificity of various methods to screen large numbers of plant and insect samples for
the presence of Pierce’s disease.

RESULTS AND CONCLUSIONS
Detection of Xylella fastidiosa in various plant species:
We are completing our third and final season of plant host sampling.  We are still consistently getting positive detection of X.
fastidiosa in several plant species in Temecula, including grapevine, oleander, Spanish broom and the few almond trees that
remain.  We also detected the presence of X. fastidiosa in Brassica nigra (wild mustard) by ELISA and PCR, but have not yet
been able to culture it from this host.  We increased the sampling of Brassica nigra, coyote brush, and elderberry and other
weed and ornamental hosts that either appear symptomatic, or that have occasionally tested weakly positive with ELISA in
previous years.  We were never able to confirm positive results for coyote brush or elderberry with other methods, suggesting
that they could have been false positives.

In other areas of Riverside, San Bernardino and Orange Counties some symptomatic landscape plants have tested positive for
X. fastidiosa. Thus far, liquidamber, olive, mirror plant, and ornamental plum all tested positive by ELISA and PCR.  We
have also obtained cultures of X. fastidiosa from several samples of ornamental plum, but so far, have only been able to
obtain one culture from olive samples.  Several landscape plants, including olive and liquidamber, were repeatedly tested in
the Temecula valley, but thus far, these species have not tested positive for X. fastidiosa in that area.   The detection of X.
fastidiosa does not necessarily mean that the bacterium is causing disease in these hosts; other pathogens or abiotic factors
may be causing the observed symptoms.  Additional studies will need to be conducted to determine if X. fastidiosa alone can
cause disease in these species.

We are in the process of sequencing amplification products to identify the strains of X. fastidiosa that are infecting these new
hosts.

Transmission studies:
Studies were initiated last year to test the ability of GWSS to transmit Xylella from infected grape to several species of host
plants including: grape, lemon, grapefruit, orange, almond, oleander, blackberry, bougainvillea, toyon, coyote brush, B.
nigra, brittlebush, mule fat, sage, California buckwheat, sugar bush, laurel sumac, tree tobacco, elderberry, alfalfa, peach, and
coast live oak.  One year after inoculation, sampling of test plants with ELISA and PCR found that transmission occurred
only from infected grape to grape, and from infected grape to B. nigra plants.  None of the other hosts have been confirmed
positive thus far.  Transmission experiments were also conducted to see if GWSS could transmit the pathogen from field-
infected Spanish broom into grape test plants.  In that study, 9/26 grape plants tested positive for the pathogen, indicating that
Spanish broom may serve as a source of inoculum for Pierce’s disease.  Similar studies testing GWSS from greenhouse-
infected B. nigra plants to grape found 1/9 grape plants became infected.  This year, addition replicates of these species and



-66-

11 additional species (including Spanish broom) were initiated.  Sampling two months after inoculation found only 1 grape
plant tested positive so far.

Evaluation of detection methods:
We are continuing to evaluate the effectiveness of various methods for detecting X. fastidiosa in plants and in the insect
vector. Both ELISA and immunocapture-PCR methods work well for plant samples.  An additional method of extracting
bacterial DNA from plants and insects using a commercially available kit was successful. This type of extraction can provide
enough material for multiple PCR reactions to allow sequencing of DNA products.  Strain specific primers have also been
identified that can detect the OLS and PD strains of the pathogen.  One primer set amplifies the PD but not the OLS strain,
the other amplifies the OLS but not the PD strain.  Although these primers pairs can be used to distinguish between these two
strains, these primer pairs alone cannot necessarily distinguish these strains from all other strains that might be present in the
environment.

FUNDING AGENCIES
Funding for this project was provided by the California Department of Food and Agriculture and the American Vineyard
Foundation.
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SHARPSHOOTER FEEDING BEHAVIOR IN RELATION TO TRANSMISSION
OF PIERCE’S DISEASE BACTERIUM

Project Leader: Personnel:
Elaine Backus Fengming Yan Javad Habibi William Bennett
Department of Entomology College of Life Sciences Department of Entomology Private consultant
University of Missouri Peking University University of Missouri 744 Elktown Rd.
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Cooperators:
Matthew Blua Alexander Purcell Edwin Civerolo
Department of Entomology Division of Insect Biology USDA-ARS, PWA
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Reporting Period: The results reported here are from work conducted from November 1, 2001 to October 31, 2002.

INTRODUCTION
Almost nothing is known of the stylet penetration (probing) behaviors of the glassy-winged sharpshooter (GWSS),
Homalodisca coagulata, and how they interact with populations of Pierce’s disease (PD) bacterium, Xylella fastidiosa, to
facilitate transmission to grapevine. The Backus project is combining the three most successful methods of studying
leafhopper feeding (i.e. histology of fed-upon plant tissues, videotaping of feeding on transparent diets, and
electropenetration graph [EPG] monitoring) to definitively identify all details of feeding.  Both AC and DC EPG monitoring
are being performed.  All recorded waveforms will be correlated with stylet activities, cell types within the host plant in
which activities occur, and presence or movement of X. fastidiosa in and out of the stylets.  This research will provide crucial
baseline information for the present projects of collaborators, as well as the future development of a Stylet Penetration Index
for PD inoculation behavior, for screening differences among grapevine varieties and other uses.

OBJECTIVES
1. Identify and quantify all feeding behaviors of GWSS on grapevine, and correlate them with location of mouthparts

(stylets) in the plant and presence/ population size of Xylella fastidiosa in the foregut.
2. Identify the role of specific stylet activities in Xylella fastidiosa transmission, including both the mechanisms of

acquisition and inoculation, and their efficiency.  Emphasis is on inoculation.
3. Develop a simple, rapid method to assess feeding, or detect the likelihood of Xylella fastidiosa transmission (an

“inoculation-behavior detection method”), for future studies.

RESULTS AND CONCLUSIONS
We spent the first 4 months of this year completing the purchase of equipment, upgrading facilities, establishing plantings,
and hiring personnel, as described in last year’s progress report.  Unforeseen delays in acquiring a post-doc visa were finally
overcome in early February 2003, when Dr. Fengming Yan, Associate Professor, Peking University, arrived.  Research was
begun in March 2003, and has continued for 8 months.  Work this year supported Objectives 1 and 2.

Objective 1
A.  Adult GWSS were collected on citrus in Riverside, California by Cooperator Matt Blua, who express-mailed them to
Missouri every 2-4 weeks from mid-February to mid-October 2002.  Sharpshooters were maintained on chrysanthemum and
basil under quarantine, but conditioned for 48 hours on grapevine, cv. ‘Cabernet Sauvignon’ (from FPMS, UC Davis) prior to
testing on grape.

B.  For Experiment 1, Yan and Backus EPG-monitored a total of 242 male and female sharpshooters feeding on
chrysanthemum or grapevine, for access periods ranging from 4 to 20 hrs.  Both AC and DC EPG monitors were used, each
with separate insects.  We used these results to identify, characterize and label waveform phases, families and types, after the
now-standard conventions used for EPG (Reese et al. 2000, Cline and Backus 2002).  The most common categories of AC
waveforms and their characterizations are described in Table 1; representative appearances are pictured in Figure 1A and B.
In general, AC and DC recordings looked quite different, but were dividable into the same 3 phases, designated: pathway,
ingestion and interruption (Figure 1A).  Both AC and DC waveforms were very complicated at the most expanded (fine-
structure) level of characterization (termed waveform types) (Figure 1B).  In the interest of time, we characterized the DC
waveforms only to phase, while concentrating on more in-depth characterization of the AC waveform types, until we perfect
the AC-DC correlation monitor (see D below).  Preliminary analysis suggests that there are no differences in AC waveform
types between males and females, or among insects feeding on chrysanthemum or grapevine.  Selected traces will be
quantified and descriptive statistics applied for a preliminary publication.
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C.  In September 2002, Bennett completed the building and, with Backus, the testing of a prototype AC-DC correlation
monitor, whose design was based on suggestions kindly provided by W.F. Tjallingii (of Wageningen University, The
Netherlands; pers. comm. and Tjallingii 2000), with modifications by Bennett (ms. in prep).  This monitor allowed, for the
first time ever, display of two simultaneous signals from the same feeding insect, one AC and the other DC.  Its only
drawback was that the two views were not absolutely identical to those of normal AC and DC monitors.  However, they were
very similar and interpretable, and further minor adjustments may make them closer to normal.  This new monitor will
facilitate future correlation of DC waveforms with existing AC waveform categories.

D.  For Experiment 2, Yan and Backus developed protocols to: 1) rapidly terminate the feeding of wired sharpshooters, to
produce short EPG excerpts ending in a certain waveform type, and 2) mark the feeding site on grapevine petiole, for
excision of the plant tissue containing the salivary sheath.  Yan then performed 98 such waveform terminations, with
matching excised petioles fixed for histological examination of sheaths.  Habibi is preparing, sectioning and examining these
tissues, locating salivary sheaths and producing digital micrographs.  To date, a total of 36 salivary sheaths have been
correlated with the 6 presently identified AC waveform types (Table 1), i.e. 4 to 7 for each type.  Results from preliminary
analysis by Backus and Yan are summarized in Table 1.  In short, we found that sheaths from pathway waveforms indeed lie
along a path to the xylem.  However, not all sheaths from ingestion-containing excerpts terminate in mature xylem elements.
Some also terminate in proto-xylem or xylem sclerenchyma, as well as pith cells or interfascicular bundle sheath cells.  In
several cases of multi-branched sheaths, we could assign some branches to a certain waveform event by comparing degree of
hollowness of each branch.  Preliminary analysis suggests that the shortest-duration events occur in immature or non-xylem
cells, while the longest-duration events occur in mature tracheary elements.  However, this conclusion must be verified.

E.  For Experiment 3, Yan used AC EPG and videomicrography to record sharpshooter feeding on Parafilm sachets
containing expressed grape xylem sap (provided by Collaborator Purcell).  Preliminary analysis shows that sharpshooters
performed all of the pathway waveform types on such diet.  However, ingestion waveforms were abnormal and their duration
was very brief; even the hungriest insects terminated probing after only a few minutes.  Sheath salivation was easily visible,
although protocol modification will be necessary before watery salivation can be detected.  Further recordings and frame-by-
frame analysis will allow many correlations of waveform fine structure with stylet activities.

Objective 2
A.  For Experiment 4, Yan and Habibi used the same waveform excerpting and plant techniques for a study correlating
waveforms and salivary sheathes with inoculation of Xylella to healthy grapevine.  In addition, all sharpshooter heads were
excised and fixed for later scanning EM, to allow additional correlation with size and appearance of Xylella colonies inside
the precibarium and cibarium.  Eight treatments were performed, using a 2x4 factorial, randomized complete block design
with 10 replicates of each treatment.  The treatments were composed of two waveform excerpt treatments ([1] pathway only,
or [2] pathway + 1 hr of ingestion [including any interruptions]) and four Xylella detection methods ([1 and 2] plants held in
the greenhouse for 6 weeks, then fed-upon tissues tested via PCR [by Collaborator Civerolo] or bacterial culturing [by
Collaborator Purcell]; [3] plants held for three months, then assessed for PD symptom development; or [4] plants held for 5 d,
then the fed-upon petiole histologically prepared for immunocytochemical detection of both salivary sheaths and Xylella).
This experiment is still in progress.
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Table 1. Proposed categories, their characteristics and meanings, for the most common AC waveforms of the GWSS.

Phase Waveform Proposed Biological Meaning
Name Name Waveform Characteristics Plant Tissue/Cell Insect Activity

Non-probing Z Irregular, small waveforms; Plant surface Walking on plant surface,
amplitude and frequency vary moving around, labial dabbing

Pathway A1 Highest amplitude, ascending Parenchyma or Breakage of plant surface,
waveform at beginning of probe bundle sheath secretion of salivary sheath
w/ or w/o spikes at the top and/or watery saliva

A2 Medium amplitude, declining slope;  Parenchyma or Lengthening and/or hardening
irregular high frequency bundle sheath of salivary sheath

A3 Medium amplitude, relatively flat Parench., bundle Further sheath salivation
irregular high frequency sheath or xylem

B Regular, high frequency, short Vascular or inter- Stylet tip fluttering?
(4~5 s), with distinct phrases fascicular tissue possibly w/ sheath salivation?

Ingestion C (to be   Regular, low frequency Usually  xylem, but  Ingestion (watery excretory
subdivided)   with distinct phrases sometimes pith droplets correlated)

Interruption N Irregular, appears A-like, but occurs  Vascular or inter- Salivary sheath extension
during C; ave. duration 16 sec fascicular tissue or branching

Figure 1. Representative AC
waveforms of the GWSS.
A. Compressed view of a
typical recording, with
pathway, ingestion and
interruption phases labeled.
Inset box, expansion of
ingestion waveform. B.
Expanded view of the first
5.5 minutes of the recording
(boxed in part A), labeling
the specific waveforms that
occurred.

ingestion interruptionpathway
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EPIDEMIOLOGY OF PIERCE'S DISEASE IN THE COACHELLA VALLEY

Project Leaders:
Thomas M. Perring
Department of Entomology
University of California
Riverside, CA 92521

Carmen Gispert
Viticulture Farm Advisor
UC Cooperative Extension, Riverside County
Riverside, CA

Cooperator:
Charles A. Farrar
Department of Entomology
University of California
Riverside, CA

Reporting Period: The results reported here are from work conducted from May 1, 2001 through September 30, 2002.

INTRODUCTION
The table grape industry in the Coachella Valley is represented by 10,465 acres of producing vines, which generated grapes
valued at $108.5 million in 2001 (Riverside County Agricultural Commissioner, 2001).  The glassy-winged sharpshooter was
identified in the Coachella Valley in the early 1990's (Blua et al. 1999), and we have documented increases in the numbers of
this efficient PD vector over the past 17 months.  In July 2002, we confirmed the occurrence of X. fastidiosa (PD strain) in 13
vines from 2 adjacent vineyards in the southeastern part of the Valley.  With this discovery, and the increasing numbers of
GWSS, the CDFA Pierce's Disease Program in concert with the Riverside County Agricultural Commissioner's Office is
developing an area-wide vector suppression program.  The data gathered in our epidemiological studies provide fundamental
information that are valuable for this program.

OBJECTIVES
The goal of our epidemiological studies in the Coachella Valley is to discover characteristics that are unique to geographic
areas with and without PD, and to use this information to design management strategies to reduce disease spread.

Two objectives are pertinent to this report:
1. Determine the incidence and distribution of Pierce's disease (PD) in the Coachella Valley.
2. Describe the spatial and temporal abundance of GWSS in the Coachella Valley and determine site characteristics that

contribute to GWSS abundance.

RESULTS AND CONCLUSIONS
PD incidence and distribution:
For the past 2 grape growing seasons, we have surveyed the Coachella Valley in search for PD.  In the summer of 2001, we
visually inspected 300 plants in each of 25 vineyards and all vines in a 60-acre vineyard proximal to an area that had PD in
1985.  We collected 233 suspected samples and analyzed them with ELISA.  None of these plants were positive for X.
fastidiosa.  In 2002, we visually sampled 300 plants in each of 25 vineyards, and visually inspected 35,000 vines randomly
distributed throughout the Valley.  We analyzed (by ELISA) 268 plants from these surveys and found 13 vines with X.
fastidiosa.  Bacteria were confirmed in these plants with selective-media plating and PCR, amplifying for PD-specific DNA.
These 13 vines were in 2 consecutive vineyards, located in the southeast part of the Coachella Valley.  The vines were
removed and the fields were treated with Admire.  Several surrounding vineyards also were treated with Admire.

Spatial and temporal abundance of GWSS:
We used yellow sticky traps distributed uniformly at one-mile intervals throughout the Coachella Valley to monitor the
seasonal cycle of adult sharpshooter activity.  GWSS catches rose into the summer of 2001, were depressed for 3 weeks in
late July, peaked again in mid-August, and then declined into the fall (Figure 1).  Numbers were extremely low until a period
of increased activity, presumably by overwintering adults, in January and February, after which counts declined again until
May 2002.  Average counts in the summer of 2002 were higher than in 2001, suggesting a trend toward generally higher
levels in the Valley.

Our project is particularly interested in the effect of the presence of citrus on sharpshooter numbers.  Among the area-wide
traps, those adjacent to citrus caught more GWSS than those not adjacent to citrus (Figure 2).  However, the presence of
citrus did not always result in elevated GWSS catches; fewer than 35 percent of the traps adjacent to citrus caught GWSS on
any given week (Figure 3).  This indicates that vector control strategies should be targeted at citrus, but all citrus groves in
the Coachella Valley do not need treatment at this time.  We also conducted extensive studies at 25 citrus/grape interface
study sites.  At each site, traps were placed in 4 plots: along the citrus border, within the vineyard adjacent to the citrus
(designated "Grapes-Near," Figure 4), 500 ft from the citrus (Grapes-Medium), and 1000 ft from the citrus (Grapes-Far).
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Traps near citrus consistently caught more GWSS than traps within the vineyards, and there were significant differences in
GWSS catches among the plots on 27 of the 42 trapping dates (P<0.05, Tukey-Kramer).  During each of the 6 weeks of
GWSS catches in January/February (data not shown), traps along the citrus border caught significantly more GWSS than did
those within the vineyards, and there were no significant differences in catches among the traps within the vineyard (P>0.05,
Tukey-Kramer).  In the most recent 7 trapping dates, GWSS catches in citrus were significantly higher than catches on the
Medium and Far vineyard traps, however there were no differences between catches within citrus and catches on the Near
vineyard traps (P<0.05, Tukey-Kramer).  The effect on PD epidemiology of these decreases in GWSS with distance from
citrus are not clear, but practices to reduce vector pressure should be focussed on the citrus and the grapes immediately
adjacent to the citrus.  Our data suggest that area-wide insecticide applications in vineyards that are not close to citrus are
unwarranted.  We shall continue to monitor this relationship to get a clearer picture of GWSS activity in the vicinity of its
reproductive hosts.

Figure 1 . Figure 2.
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Figure 3. Figure 4.
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ROLE OF TYPE I SECRETION IN PIERCE’S DISEASE

Project Leader: Cooperator:
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Gainesville, FL 32611 Lake Alfred, FL

Reporting Period:  The results reported here are from work conducted from November 8, 2001 to October 31, 2002.

INTRODUCTION
Xylella fastidiosa (Xf) is a xylem-inhabiting Gram-negative bacterium that causes serious diseases in a wide range of plant
species (Purcell and Hopkins 1996).  Two of the most serious of these are Pierce’s disease (PD) of grape and Citrus
Variegated Chlorosis (CVC).  The entire genomes of both PD and CVC have been sequenced (Simpson et al. 2000).
Availability of the complete genomic DNA sequence of both a PD and a CVC strain of Xf should allow rapid determination
of the roles played by genes suspected of conditioning pathogenicity of CVC and/or PD.  For example, analyses of the CVC
and PD genomes showed that there was no type III secretion system, but there were at least two complete type I secretion
systems present, together with multiple genes encoding type I effectors in the RTX (repeats in toxin) family of protein toxins,
including bacteriocins and hemolysins.  RTX proteins form pores in lipid bilayers of many prokaryotic and eukaryotic
species and cell types; at least one is associated with pathogenicity in plants.  However, lack of useful DNA cloning vectors
and/or techniques for working with either CVC or PD strains have impeded progress in functional genomics analyses.

There have been only three reports of transformation of Xf; one with a commercial transposase-transposon complex
(Guilhabert et al. 2002) and two others with narrow host range plasmids that utilize origins of replication derived from Xf.
One plasmid is an integrative vector that carries the CVC chromosomal origin of replication that provides a brief period of
unstable replication in Xf (Monteiro et al. 2001).  The second is a replicative shuttle vector that carries the pUC origin for
replication in Escherichia coli and a rolling circle replicon derived from a cryptic CVC plasmid (Quin and Hartung 2001).
However, this plasmid proved unstable in the absence of antibiotic selection.

We describe here the transformation of two Xf /PD strains using the small, stable, broad host range shuttle vector, pUFR047
(De Feyter et al. 1993).  This vector is one of a series of well characterized conjugational shuttle vectors based on repW and
is widely used to shuttle DNA fragments from E. coli to various species and strains of Xanthomonas, where the vector is
stabilized in the absence of antibiotic selection by the parA locus (De Feyter et al.1990).  This is the first report of stable
transformation of any Xf strain using a broad host range cloning vector.

OBJECTIVES
This is a two year proposal with three objectives: 1) develop an effective functional genomics tool kit for efficient
transformation and gene knock-out experiments in a PD strain (Year 1); 2) determine culture conditions for activation of type
I secretion (Year 2), and 3) determine the effect of type I secretion gene knockout experiments on pathogenicity of a PD
strain on grape (Year 2).

RESULTS AND CONCLUSIONS
PD strains of X. fastidiosa, PD-A (Hopkins 1985) and Temecula, ( Guilhabert et al. 2001), were grown in PD3 (Davis et al.
1981)medium supplemented with MOPS (3-4[morphomino] propane sulfonic acid), (Gabriel et al. 1989)  Both strains were
confirmed to be pathogenic on Madagascar periwinkle.  Symptoms appeared after 3 months.  pUFR047 was transferred from
E. coli DH5 to the spontaneous Rif resistant PD-1R strain by triparental conjugation.  Selection was on PW-H containing
gentamycin (Gm), 1.5 mg/L, and Rif, 75 mg/L.  Transfer by conjugation was very inefficient and difficult to reproduce due to
overgrowth of E. coli donor and/or helper colonies resistant to rifamycin; only a few PD-1 exconjugants were rescued from
the selection plates.  Presence of pUFR047 in the transformants was confirmed by agarose gel electrophoresis of alkaline
lysis minipreps of the PD-1 exconjugants, transformation of E. coli with these minipreps followed by detection of pUFR047
in the transformants, and PCR using IncW repA-specific primers and miniprep DNA. In Figure 1A is shown the results of an
alkaline lysis miniprep of a PD-1 transformant.  By contrast with conjugal transfer, pUFR047, with and without a 3 kb DNA
insert, was readily transferred by electroporation into both the PD-1 and Temecula at a frequency of ca. 50 transformants/
microgram DNA.  PD cells were harvested by centrifugation, washed twice and resuspended in 0.3 ml of 10% glycerol.  The
cells were electroporated with 0.5-1 g of plasmid DNA at 1.8 kV to generate a pulse of 5.8 to 6.0 ms.  Cells were then
incubated at 28oC for 24 h with constant shaking at 100 rpm and then selected by plating on PD3 agar medium supplemented
with 2 mg/L Gm.
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Maintenance of pUFR047 was measured in the absence of antibiotic selection for 30 generations.  Cultures sampled at the
beginning of each cycle were plated on both selective and nonselective medium by serial 10-fold dilutions in MOPS buffer,
pH 6.2, containing 0.001% Silwet L-77 to disperse clumps. Use of Silwet L-77 greatly facilitated reproducibility in the cell
counts, and did not appear to be toxic to either PD strain at concentrations used (data not shown).  After 30 generations of
growth, 48% of the cells retained the plasmid in the absence of antibiotic selection (Figure 2).

Figure 1.  Transformation of PD-1using
pUFR047.  A.  Plasmid DNA extracted from a
single colony of PD-1 after transformation with
pUFR047. Lanes: 1) undigested; 2) digested
with BglII, 3) Lambda digested with HindIII.
B.  PCR product amplified by X. fastidiosa-
specific primers RST31 and RST33 1) 100 bp
DNA ladder; 2) PD-A; 3) PD-A /pUFR047.

Figure 2.  Plasmid maintenance in PD-1 in broth culture.
Cultures were grown with antibiotic to late-exponential-growth
phase, and diluted 1/1000 into fresh broth in the absence of
antibiotic.  Growth was continued to late-exponential phase, and
the dilution growth procedure repeated for three cycles.
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THE EPIDEMIOLOGY OF PIERCE’S DISEASE
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California Department of Food and Agriculture UC Cooperative Extension, Kern County
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Division of Insect Biology
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Reporting Period: The results reported here are from work conducted from July 2002 through November 2002.

INTRODUCTION
The epidemiology of Pierce’s disease (PD) changed dramatically in California with the arrival of the glassy-winged
sharpshooter (GWSS) about 15 years ago.  Before that time infections that persisted and resulted in vine death were the result
of primary spread, i.e. from inoculum sources outside the vineyard.   The disease caused losses, but the spread was linear, not
logarithmic, and the damage was a gradual linear accumulation resulting in the loss of a small percentage of vines.   With the
exception of some traditional “hotspot” areas, losses from PD were important but not severe enough to preclude grape
production.  With the arrival of the GWSS, however, the transmission of the causal bacterium appears to be both primary and
secondary (from vine to vine) and subsequent disease spread has become logarithmic, such that entire vineyards can be
destroyed in as little as 3 to 5 years (Perring et al. 2001; Blua, Phillips et al. 1999; Purcell and Saunders 1999).  To cope with
this development there have been extensive field studies to determine methods to control the glassy-winged sharpshooter.
However characterization of the changes in the epidemiology of PD when the causal bacterium is transmitted by GWSS has
been based largely on anecdotal information and general observations with limited actual field data.   These two coordinated
projects propose to use field data from large numbers of vineyards to assess the impact of the glassy-winged sharpshooter on
the epidemiology of Pierce’s disease.  This is the first year of a proposed 5 year project.  The resulting improved
understanding of PD epidemiology may also enable UC Cooperative Extension to propose some preliminary
recommendations for disease-based control strategies that growers can implement.

Two critical issues are how much economic loss can be expected where GWSS occurs or when the insect moves into new
viticulture areas, and what disease-based control methods can be employed in areas already infested with GWSS.  The
current economic loss models for GWSS are not based on empirical data but on arbitrary projections.  Empirical mapping and
disease tracking data that enables the comparison of various epidemiological factors (such as cultivar and susceptibility,
vineyard age, proximity to GWSS hosts, cultural and control practices in grapes and other crops, etc.) are needed to make
better informed projections.  Current epidemiological models based on other native sharpshooter vectors (Purcell 1981) are
not adequate to account for vine-to-vine spread when GWSS is the vector. Historically, mapping the incidence and vine
locations of PD and tracking the spread over a few consecutive years has led to key conclusions regarding the sources of PD
spread (Hewitt and Houston 1941, Purcell 1974) and the effectiveness of various control methods (Purcell 1979, Hewitt,
Frazier et al. 1949).  For example, these previous efforts paid off in identifying the highest risk areas to be avoided with new
grape plantings.

OBJECTIVES
1. Develop a model for PD epidemiology when Xylella fastidiosa is vectored by GWSS, that evaluates the importance of

epidemiological factors such as GWSS population size, vine age, cultivar susceptibility, control practices, and GWSS
control treatments in vineyards and nearby GWSS hosts or habitat.

2. Develop PD identification and management strategies for use by growers to reduce risk and damage.  Update and
provide educational materials to assist vineyard managers, pest control advisors, and county, state, and federal staff
involved in advising growers and area-wide management plans.

3. Create a central data processing facility to compile the data from these projects in a GIS format.  Share the resulting data,
maps, and information with collaborating plant pathologists, statistical analysts, agricultural economists, and other
legitimate researchers.

RESULTS AND CONCLUSIONS
Two projects with shared methods and objectives were pursued cooperatively to avoid duplication and make the most
efficient use of management and field personnel, equipment and other resources.  Field surveys were conducted between
early August and November 18, 2002, after which the data compilation began.  A field crew composed of CDFA and UC
people was trained, and the surveys were done using all terrain vehicles.  Another project using identical methods and funded
by private sources was conducted by Gisela Wittenborn, and her data were made available to the overall project.  Every vine
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displaying possible PD symptoms was identified, tagged, mapped, and a sample was taken and sent to the CDFA diagnostic
laboratory in Sacramento and tested by ELISA for X. fastidiosa.  In all more than 250 blocks (> 6000 acres total) in Kern
County and more than 60 blocks (>3000 acres total) in Tulare County were surveyed and mapped.  More than 30 growers
participated in the project.  As the data are compiled these participants will be provided with mapped survey results for their
vineyards to assist in disease control.  The following cultivars were included in the study:  Red varieties include Christmas
Rose, Crimson Seedless, Flame Seedless, Redglobe, Ruby Seedless.  White varieties include Calmeria, French Columbard
(wine), Jade Seedless, Muscat, Perlette, Thompson Seedless, Superior Seedless.  Purple varieties include Autumn Royal,
Black Emerald, Fantasy Seedless.  A data center at the Center for the Assessment and Monitoring of Forest and
Environmental Resources (CAMFER) at University of California, Berkeley is beginning to compile the data and create a GIS
based data set that will be used in these projects and made available to other legitimate researchers.   The sites that were
surveyed were selected to enable a wide range of comparisons within the data set to enable the evaluation of epidemiological
variables, projection of disease progression over time, and the effectiveness of disease control practices.

REFERENCES
Blua, M.J., P.A. Phillips and R.A. Redak.  1999.  A new sharpshooter threatens both crops and ornamentals. Calif. Agric. 53:

22-25.
Hewitt, W.B., N.W. Frazier and J.H. Freitag.  1949.  Pierce's disease investigations. Hilgardia 19: 207-264.
Hewitt, W.B. and B.R. Houston.  1941.  Association of Pierce's disease and alfalfa dwarf in California. Plant Dis. Rep.  25:

475-476.
Perring, T.M., C.A. Farrar and M.J. Blua.  2001.  Proximity to citrus influences Pierce's disease in Temecula Valley

vineyards. Calif. Agric.  55: 13-18.
Purcell, A.H.  1974.  Spatial patterns of Pierce's disease in Napa Valley.  Amer. J. Enol. Viticul. 25: 162-167.
Purcell, A.H.  1979.  Control of the blue-green sharpshooter and effects on the spread of Pierce's disease of grapevines.  J.

Econ. Entomol.  72: 887-892.
Purcell, A. H.  1981.  Vector preference and inoculation efficiency as components of resistance to Pierce's disease in

European grape cultivars.  Phytopathology  71: 429-435.
Purcell, A. H. and S.R. Saunders.  1999.  Glassy-winged sharpshooters expected to increase plant disease.  Calif. Agric.  53:

26-27.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board and the
California Competitive Grant Program for Research in Viticulture and Enology.



-76-



-77-

Biological Control
of the

Glassy-winged
Sharpshooter



-78-



-79-

PROGRESS ON THE DEVELOPMENT OF A MONOCLONAL ANTIBODY SPECIFIC TO GLASSY-WINGED
SHARPSHOOTER EGG PROTEIN:  A TOOL FOR PREDATOR GUT ANALYSIS AND

EARLY DETECTION OF PEST INFESTATION
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Reporting Period: The results reported here are from work conducted from January 1, 2002 to November 1, 2002.

INTRODUCTION
Effective control of glassy-winged sharpshooter (GWSS) will require an integrated pest management approach.  A major
component of true integrated pest management is the exploitation of the pest’s natural enemies, which, when utilized to their
greatest potential, can also increase the effectiveness of chemical, mechanical, and cultural control.  Unfortunately, very little
information exists on predaceous enemies of GWSS.  Evidence of predation on GWSS has been observed in the field (JRH,
pers. obs.); however, the GWSS predator complex and its impact on GWSS mortality are unknown. A useful technique for
identifying a pest’s natural enemy complex is through the use of predator gut content immunoassays employing pest-specific
antibodies (Greenstone 1996).

Over the past decade we have developed a library of MAbs specific to the egg stage of Lygus hesperus, Pectinophora
gossypiella, and Bemisia argentifolii (Hagler et al. 1991, 1993, 1994) for use in studying egg and adult female predation in
the field (Hagler et al. 1992; Hagler and Naranjo 1994a,b).  Our MAb library provided an avenue to qualitatively identify and
assess the impact of over a dozen predator species on populations of key insect pests; provided a quick, efficient, and cost
effective technique for screening numerous predators in a conservation biological control program (Hagler & Naranjo,
1994a,b; Hagler, 2002); and provided a method to compare the efficacy of in vitro-reared predators with that of their wild
counterparts in an augmentative biological control program (Hagler and Naranjo 1996).

Attempts to monitor GWSS populations and their natural enemies in Southern California are complicated by the presence of
a native species of sharpshooter, the smoke tree sharpshooter (STSS), Homalodisca lacerta.  The eggs of this species are
virtually indistinguishable by the naked eye from GWSS eggs.  Thus it is difficult to separate the relative rates of predation
and parasitism of GWSS and STSS in areas where these two species overlap.  The similarity also prohibits positive
identification of GWSS eggs intercepted during quarantine inspections of plant shipments.  A pest-specific MAb can be used
to accurately identify pests that are difficult to differentiate visually. For example, Greenstone (1995) developed an egg-
specific MAb diagnostic test that differentiates Heliothis virescens from H. zea.  Pest control advisors have used this MAb in
a squashblot immunoassay to rapidly and positively screen field collected eggs.  Early detection of H. virescens infestations
is critical for effective and environmentally sound pest management.  A MAb specific to GWSS egg would be an invaluable
tool for early monitoring of pest infestation and decision-making in pesticide application.  To date, we have developed a
series of antibodies specific to GWSS. In this report we describe the antibodies that are currently available for mass
screening the GWSS predator complex.

OBJECTIVES
1. Develop a GWSS monoclonal antibody based enzyme-linked immunosorbent assay (ELISA) to:

a) Identify key predators of GWSS by analyzing their gut contents for GWSS remains.
b) Differentiate GWSS eggs from taxonomically and visually similar species.

RESULTS AND CONCLUSIONS
Parental Hybridoma Cell Lines:
Over a dozen parental GWSS hybridoma cell lines were screened by ELISA for reactivity against GWSS and STSS eggs,
nymphs and adults as well as the adult or larval (lepidopterans) stage of 15 other insect species.  The majority of cell lines
were reactive to the GWSS and STSS egg stage.  Additionally, 3 of the cell lines showed reactivity to the GWSS and STSS
adult female lifestage.  None of the hybridoma cell lines reacted to the other 15 insect species tested (Figure 1).

From the original GWSS hybridoma cell lines examined, 3 hybridomas were selected for additional cloning.  The cell lines
selected were 1D4, 6C4, and 6D5.  These 3 cell lines were selected because: 1D4 only responded to the GWSS and STSS egg
stage; 6C4 only responded to the GWSS and STSS egg and adult female stages; and 6D5 had a stronger reaction to the STSS
egg stage than the GWSS egg stage (Figure 1).  Additionally, each cell line yielded a weak response to the other insects
tested.  Sub-cloned cell lines 1D4-1D8 and 6D5-2H1 have been mass-produced and are now ready for use for screening
potential predators of GWSS and STSS.  We collected predators every other week (June through October) from three
different locations in California.  This winter we will assay them by sandwich ELISA for the presence of GWSS egg antigen.
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The fact that these antibodies react to the egg stage of both species should not affect our predator evaluations because the
sites we collected from did not contain STSS (see Objective 1).  However, these antibodies will help us fulfill our second
goal, that is, a MAb capable of differentiating GWSS from STSS.  Next year we will select other potential parental cell lines
(Figure 1) and clone them to try to obtain an antibody specific only to GWSS.
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Figure 1. Parental
hybridoma cell lines
screened for reactivity
against GWSS (top),
STSS (middle), and
other insect species
(bottom).  Those cell
lines marked with an
asterisk below them
have been sub-cloned,
screened for reactivity,
and mass-produced.
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BIOLOGICAL CONTROL OF THE GLASSY-WINGED SHARPSHOOTER IN KERN COUNTY, CALIFORNIA
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Reporting Period: The results reported here are from work conducted from May 2002 through December 2002.

INTRODUCTION
Throughout 2001, a technique to rear the glassy-winged sharpshooter was developed at the USDA-APHIS, GWSS facility
located in Mission, Texas.  Series of observations and experiments were carried out, in particular to select suitable host plants
for feeding and oviposition and determine optimum environmental conditions.  Difficulties experienced during the fall and
winter of 2000 related to this insect’s development and reproductive behavior were largely overcome and a self-sustaining
glassy-winged sharpshooter colony with continuous egg production was finally achieved.  We now find ourselves nearly
independent of having to perform repeated field collections, with the exception of limited collections intended to increase the
genetic diversity of our colony.  From March 2001 to present, rearing personnel in Mission have produced 11 consecutive
generations of glassy-winged sharpshooters, about 55,000 insects in 2001 and three times that many in 2002.  This has
allowed us to start rearing and studying several glassy-winged sharpshooter parasitoids during 2002.  Since April, 20
generations of 3 parasitoid species, Gonatocerus ashmeadi, G. triguttatus and G. morrilli (Hymenoptera: Mymaridae)
isolated from 7 geographically diverse sites have been produced at our laboratory, with a total production of over 50,000
parasitoids to date.  In addition, several cultures of non-target sharpshooter species are being maintained for parasitoid host
range studies (Homalodisca insolita, H. lacerta and Oncometopia sp.).  Finally, several species of exotic parasitoids from
Argentina are maintained within the USDA-APHIS quarantine facility and studied in a collaborative effort with Walker Jones
(USDA-ARS).

Concomitantly, the Kern County Glassy-winged Sharpshooter Pilot Project developed several chemical-based management
strategies to control this insect pest in an area-wide fashion (see report by L. Wendel and M. Ciomperlik).  Initial goals
established in this program called for the testing and integration of biological control methods with those chemical control
methods that would be shown effective.  Information gathered from laboratory observations, field testing and improvements
to mass rearing of parasitoids indicate that area-wide integrated pest management for glassy-winged sharpshooter may be
feasible in the immediate future.  Classical biological control of glassy-winged sharpshooter may ultimately prove successful
in the long term; however, augmentative approaches that follow area-wide population control programs, such as those in
Bakersfield and Temecula, warrant further study.  Large scale field testing in the 3700 acres of citrus in the Kern Pilot
Project, comparing the efficacy of 3-4 species of Gonatocerus is planned in 2003.

Although very reliable, current rearing techniques must be further improved to where they become highly efficient and
economical and allow to produce high numbers of natural enemies for field releases in the biological control and area-wide
integrated pest management programs.  The challenge: the glassy-winged sharpshooter develops rather slowly to adulthood,
its development rate being dependent upon plant quality and host species selected for rearing, exhibits a reproductive
diapause under unsuitable natural environmental conditions, a moderate fecundity otherwise, and usually, high mortality rates
in captivity.  Based on our current knowledge of GWSS insect biology, an experiment was designed to study the effect of
rearing densities on the development and reproductive biology of GWSS under greenhouse conditions, using conditions
matching as much as possible with its rearing activities.

OBJECTIVES
1. Study the development and reproductive biology of the glassy-winged sharpshooter under semi-controlled conditions.
2. Determine the effect of increasing the density of glassy-winged sharpshooters per plant on its reproductive potential.
3. Optimize current rearing techniques accordingly.  Increase current glassy-winged sharpshooter egg production by a

factor of 10-15.
4. Continue studying the biology and behavior of several glassy-winged sharpshooter parasitoid species under laboratory,

semi-controlled and field conditions.
5. Evaluate field efficacy of 3-4 Gonatocerus species in citrus using parasitoid inoculated plants.
6. Participate in collaborative studies relating to chemical control, classical biological control (exotic parasitoids), DNA

analyses, cold storage and development of an artificial diet.

RESULTS AND CONCLUSIONS
In an ongoing experiment initiated in May 2002, four densities were tested: 50, 100, 150 and 200 first instar nymphs per
cage, equivalent to 2, 4, 6 and 8 nymphs per plant, respectively.  Each density was replicated 16 times.  Glassy-winged
sharpshooter nymphs were provided 25 potted pea plants replaced twice a month and nymphs were monitored daily for
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development to adulthood.  Slightly different methodologies were used to handle the cages to allow for determination of
development time (8 replicates), size of resulting adults (4 replicates and partial data), total egg production (12 replicates),
nymphal mortality (8 replicates and partial data) and, as precisely as possible, adult mortality over time (12 replicates).

Preliminary observations and analyses showed a significant effect of density on the growth and development of the glassy-
winged sharpshooter.  At the two lowest densities tested, individuals developed in 34 to 36 days as compared to 38 to 41 days
at the highest densities.  The size of resulting adults decreased significantly when reared at 200 nymphs per cage.  Males were
significantly smaller than females at all densities.  Nymphal mortality averaged 35% and did not vary significantly with
increasing density.  Total egg production did not vary significantly with increasing rearing density.  This indicates an indirect
negative impact of high rearing densities on glassy-winged sharpshooter females’ reproductive potential, possibly due to
nutritional requirements.  In addition, significantly higher premature adult mortality was recorded at the highest densities
studied.  Females produced an average of 1800 eggs per cage. Finally, it appears that the optimum rearing density is no more
than 5-6 glassy-winged sharpshooter per plant, given the type of plants selected for this experiment.  Based on these
observations, multiple steps are being taken to modify all current production activities in such a way that glassy-winged
sharpshooter production per space unit increases consistently.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service.
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Reporting period: The results reported here are from work conducted from October 1, 2001 through October 1, 2002

INTRODUCTION
This work is directed at the development of an artificial diet and a diet-based rearing system for Homalodisca coagulata.
The approach taken to this work is to analyze the feeding mechanism and feeding dynamics of H. coagulata in order to use
this information as a guide to the feeding needs of this insect.  The assumptions behind this work are that the profile of
components in xylem sap used by H. coagulata will be an optimal or at least suitable diet for this species, and details of the
feeding biology of this insect (such as knowledge of specific feeding strategies and digestive enzymes) will help identify its
dietary needs (Cohen 2003).  Towards this end, studies were undertaken to pinpoint the details of feeding biology of this
species, including how the insect may impact changes in the plant’s sap profile.

OBJECTIVES
1. Develop an artificial diet for H. coagulata.
2. Develop an understanding of the morphology of the feeding system of this insect.
3. Develop an understanding of the digestive processes used by H. coagulata in handling its food.
4. Develop an understanding of the interactions between H. coagulata and its host plants to determine whether or not the

insect is a passive feeder that simply ingests whatever the plant offers or an active feeder that manipulates or affects the
plant’s xylem sap composition.

RESULTS AND CONCLUSIONS
A series of diets has been formulated, and tests of these diets are underway.  It has been demonstrated that the insects will
feed on artificial diet presented through a membrane.  Currently, feeding stimulants and profiles are being refined to
maximize feeding rates.  Mixtures that contain combinations of free amino acids and peptides are being tested now in light of
the findings on the digestive physiology and biochemistry of H. coagulata.

The gross anatomy, fine anatomy, and utrastructure of the feeding system of Homalodisca coagulata (Say) (Homoptera
Cicadéllidae) were studied with light (Figures 1-a, 1-b) (bright field, differential interference, fluorescence) and electron
microscopy (cryofracture-based scanning and transmission).  The mouthparts of H. coagulata (including the labium, labrum,
and stylets) are relatively short in comparison with those of other Homoptera in relation to the ratio of these structures and
the insect’s body length.  The bristles herein referred to as stylets, contain lateral, paired mandibular stylets, which have a
dentition consistent with plant penetrating function.  Typical of the Homoptera, H. coagulata produces a salivary sheath that
extends from the exterior of the plant surface into the stem tissues terminating in the xylem elements.  The sheath substance
is produced by the paired salivary glands, which lie ventrally between the head and the prothorax.  The sheath material
fluoresces (Figure 2-a) when excited by various visible and UV wavelengths and can be localized within the plant tissues
easily with fluorescence microscopy.  Examination of 100 salivary sheaths by light and electron microscopy revealed that
these structures are characteristically straight leading directly from the plant surface to the xylem bundles with no evidence of
meandering or branching as is seen in aphids and whiteflies.  The conspicuous clypeus lies on the anterior and ventral part of
the head and marks the region of attachment of the powerful cibarial (sucking) pump muscles, which permit the ingestion of
remarkable amounts of xylem sap (which is under negative pressure in the plant’s vascular system).

Once xylem sap is ingested, it passes through the food meatus, mouth, and esophagus and empties into the anterior portion of
the midgut (mg1).  After the sap enters the midgut, it passes through the filter chamber (fc), where it is confined to a tubule
that is proximate to a series of four Malpighian tubules and a length of the posterior midgut (MG2).  The filter chamber is
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extremely active in peristaltic movements that evidently increase the efficiency of concentration of the sap and removal of
water to the Malpighian tubules, which remove the water and carry it directly into the hindgut where the water is stored in a
bladder-like expansion of the hindgut until it can be discharged.  The concentrated sap is processed by the midgut where the
final nutrient products are absorbed by microvilli that are on the surface of a highly convoluted series of tubles.

Digestive processes:
We tested for activities of aminopeptidase and general peptidase in the salivary glands (Figure 2-b), filter chamber (Figures
3-a, 3-b), anterior midgut, posterior midgut, and Malpighian tubules of the glassy winged sharpshooter, Homalodisca
coagulata (Say) (Homoptera Cicadéllidae), and of the salivary glands anterior midgut, posterior midgut, and Malpighian
tubules of the western tarnished plant bug, Lygus hesperus Knight (Heteroptera: Miridae). Both of these are fluid-ingesting
species; however, H. coagulata is strictly a xylem sap feeder, and L. hesperus feeds on slurries of plant materials extracted
from protein-rich tissues after pre-digesting plant tissues using extra-oral digestion.  As a xylem sap feeder, H. coagulata was
expected to lack ability to digest peptides because xylem sap is not known to contain substantial amounts of peptides or
proteins.  However, we found very high activities of aminopeptidase and general peptidase in the midgut of H. coagulata.  In
fact, the aminopeptidase activity from H. coagulata exceeded the activity of that enzyme from comparable regions of L.
hesperus by several fold (Figures 4-a, 4-b).  Given the fact that L. hesperus is known to ingest protein-rich foods, this finding
provides a basis for re-examining our understanding of the H. coagulata-plant interaction.

Interactions between H. coagulata and host plants:
The profiles of free amino acids in the xylem sap in infested and uninfested sweet potato plants reflects an increase in the
concentrations of most amino acids in the xylem sap from infested plants.  Also, the concentration of ninhydrin positive
substances was significantly higher in the sap from infested plants than it was for the uninfested counterpart.  Most
interestingly, when the xylem sap samples were filtered through molecular weight filters of 3 kDa and 30 kDa, there were
higher concentrations of ninhydrin positive substances in the samples that ranged from 3-30 kDa in saps from infested plants
than from uninfested plants.  This supported the hypothesis that the feeding of H. coagulata impacted an increase in the
available nitrogenous substances.  This finding is in accord with the demonstration of an extremely active aminopeptidase in
the midgut of this insect.

Artificial Diet: Preliminary Trials:
Based on the above findings about complex peptides as part of the feeding profile, a diet was devised to reflect the ability of
the H. coaglulata to use such peptides.  The following diet is currently being tested and is stimulating feeding response:

Proteose peptone 1.0 g
Asparagine 0.25 g
Glucose 0.010 g
Fructose 0.025 g
Citric acid (anhydrous) 0.050 g
L-ascorbic acid 0.020 g
Wesson salts 0.020 g

Cholesterol 0.0012* (*soluble at 0.0002 g/100 mL water)
β-sitosterol 0.0004
Water 200 mL
Stir until all components are dissolved.
Filter through 0.22 µm filter
Final pH is 4.65.

The diet is being presented in small Petri dishes covered with stretched Parafilm, and only a fraction of the nymphs are
attempting to feed on the diet in the current presentation format.  The mortality is still over 90% of the 1st instar nymphs
placed on this diet, but those nymphs that feed last for at least one week and undergo a molt during that time.

Figures 1-a. GWSS surrounded by dissected gut, 1 b complete gut, intact.
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Figures 2a and 2b: Fluorescent feeding sheath in soy petiole and pair of salivary glands.

Figures 3a and 3b: Fluorescent image of filter chamber (100x) and close-up of filter chamber showing arrangement of
Malpighian tubules.

Figures 4a and 4b: Kinetics of amino peptidase activity from GWSS posterior mid-gut (upper three lines) compared to
activity from posterior midgut of tarnished plant bug (lower three lines), and chromatogram showing destruction of leucyl-
glycine by GWSS posterior midgut extract.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service.
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Reporting Period: The results reported here are from work conducted from March 2002 to October 2002.

INTRODUCTION
We are currently studying the competitive behavior of two GWSS egg parasitoids, Gonatocerus ashmeadi Girault and G.
triguttatus Girault (both Hymenoptera: Mymaridae), to determine which one shows the most potential as a classical
biological control agent for GWSS.  A better understanding of the interactions between these two parasitoids may provide an
insight into predicting and interpreting field outcomes following the establishment and proliferation of G. triguttatus in
California as it competes with the precinctive G. ashmeadi.  Therefore, the following investigations were conducted to
investigate which parasitoid species is most competitive using two different experimental designs representing high and low
GWSS egg mass densities.

OBJECTIVES
1. To investigate interspecific competition between G. ashmeadi and G. triguttatus for GWSS egg masses.

MATERIALS AND METHODS
Two experimental designs were used to represent low and high GWSS egg mass densities.  The first involved exposing
approximately 45 GWSS eggs (egg masses were 1, 3 and 5 days of age) to one mated female G. ashmeadi and G. triguttatus
(~24 hrs of age) for 24 hours in a 3 inch ventilated vial cage at 25oC.  The second involved exposing one egg mass (4-8 eggs)
to both species (see previous description) for one hour in a 2 inch Petri-dish lined with moist filter paper at 25oC.  Visual
observations for aggressive behavior were made every 5 minutes during the second experiment and both experiments were
replicated 20 times.  The number of G. ashmeadi and G. triguttatus offspring produced per vial or egg mass was recorded.

RESULTS AND CONCLUSIONS
Exposing approximately 45 GWSS eggs (high density situation) to one mated female G. ashmeadi and G. triguttatus
simultaneously produced 45% more G. ashmeadi offspring compared to G. triguttatus (Figure 1).  This may suggest that G.
ashmeadi is more ‘aggressive’ than G. triguttatus and therefore shows more potential as a biological control agent for GWSS.
It also may indicate that G. ashmeadi could out compete G. triguttatus in the field and prevent its successful establishment
and dispersal in California. However, exposing one GWSS egg mass to one mated female G. ashmeadi and G. triguttatus
simultaneously produced 53% more G. triguttatus compared to G. ashmeadi (Figure 2).  The result from the low egg mass
density experiment apparently contradicts previous results.  This might be due to the differences in GWSS densities between
studies and may indicate that G. ashmeadi is more efficient at parasitising at high GWSS egg mass densities, whereas when
resources are scarce G. triguttatus becomes more efficient at excluding competitors.  In fact, two observations of G.
triguttatus aggressively chasing G. ashmeadi off the egg mass were recorded during the second study.  Furthermore, Lauziere
et al. (1999) has shown that at low host densities oogenesis in the parasitoid Cephalonomia stephanoderis Betrem
(Bethylidae) was delayed and the pre-oviposition phase was extended.  Therefore, the lower numbers of G. ashmeadi
offspring produced in the second study where GWSS egg mass density was low, may be due to G. ashmeadi females
requiring a longer pre-oviposition period compared to G. triguttatus under these conditions.

Alternatively, the difference between results may be a factor of parasitoid age.  The first study exposed egg masses to
parasitoids that were ~ 24 hrs of age for 24 hours, whereas the second study involved similarly aged parasitoids being
exposed to egg masses for just one hour. Therefore, parasitoids were respectively, 48 hours and 25 hours old by the
conclusion of the experiments.  This may account for differences in competitive behavior between studies because both
species may have different pre- oviposition periods or may vary in their response to host interaction and oviposition
experience.  This may occur because female G. ashmeadi and G. triguttatus may emerge with complements of undeveloped
eggs and, the pre-oviposition period post-emergence during which oocytes develop may differ between these two species.
For example, G. triguttatus may have a shorter pre-oviposition period allowing superiority at low GWSS density studies;
however, it may have a more limiting daily fecundity than G. ashmeadi, therefore limiting its efficiency at higher density
studies. Gonatocerus ashmeadi may require a higher degree of host interaction and oviposition experience compared to G.
triguttatus to maximize its parasitization efficiency.  This would enable G. ashmeadi to out compete G. triguttatus in the first
study because it involved high GWSS densities, a longer exposure time, and a greater potential for host encounters, and
subsequent experience. However, to accurately hypothesize about the mechanisms behind why results were contradictory in
these two studies, and to determine which species shows more potential as a biological control agent for GWSS, trials
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investigating parasitoid pre-oviposition periods, longevity, daily and lifetime fecundity, and field-based competition studies
are required.
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Figure 1.: Mean number of G. ashmeadi and G.
triguttatus offspring produced from exposing
100 GWSS eggs in a vial to one mated female
of both species

Figure 2.: Mean number of G. ashmeadi and
G. triguttatus offspring produced from
exposing one GWSS egg mass to one mated
female of both species

Funding for developing mass rearing techniques for biological control programs is limited and results presented here raise the
important question: how do we decide which parasitoid species shows the most potential as a biological control agent?
Depending on the experimental design used, results can favor a different parasitoid species. It may be beneficial to determine
which design is more realistic of a field situation.  The first study may be representative of high GWSS egg densities that
occur in summer; whereas the second study may be representative of low densities that occur in spring, or could occur year
round as a result of a successful biological control program against GWSS. Therefore, experimental designs that simulate low
GWSS densities may be more realistic at determining which parasitoid species shows the greatest over all potential for
suppressing GWSS population recruitment from the egg stage. Results presented here suggest that as GWSS biological
control progresses in California there may be a shift in species dominance from G. ashmeadi to G. triguttatus as GWSS
populations diminish.

REFERENCES
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BIOLOGICAL CONTROL OF HOMALODISCA COAGULATA
(revised report; submitted April 15, 2003)

Project Leader:
Walker A. Jones
Beneficial Insects Research Unit
USDA- ARS, Kika de la Garza Subtropical Agricultural Research Center
Weslaco, TX 78596

Reporting Period: The results reported here are from work conducted from October 1, 2000 to October 31, 2002.

INTRODUCTION
Although the glassy-winged sharpshooter (GWSS), Homolodisca coagulata (Say), occurs throughout the Lower Rio Grande
Valley (LRGV) of Texas, it is never abundant and is usually difficult to locate.  Although there is an extensive local citrus
industry, eggs are only occasionally found in orchards.  This insect appears to be most evident in urban areas.  Earlier,
informal surveys were conducted to collect egg parasitoids for shipment to California for release.  Following extensive
examination of various plant species, it was found that oviposition occurred during two fairly distinct generations, most
abundantly on the native leguminous tree, Texas mountain laurel, Sophora secundiflora (Ortega) Lag. ex D.C.
(Leguminoseae) and varieties of crape myrtle, Lagerstroemia indica L. (Lythraceae). Once their favorite oviposition hosts
were indentified in 2000, a survey was begun to assess the impact of parasitism and predation of egg masses.  Also, a
qualitative survey of breeding hosts was made.

OBJECTIVES
1. Determine the seasonal impact of egg parasitoids.
2. Determine breeding host plants in the Lower Rio Grande Valley of Texas.
3. Record biological and behavioral attributes of the most important parasitoids.

RESULTS AND CONCLUSIONS
During two years of the survey, 993 and 1,153  egg masses were sampled during 2001 and 2002, respectively.  Most were
collected from S. secundiflora (March-May) and L. indica (late May through summer and fall) in Weslaco, TX. All
parasitism was by wasps in the genus Gonatocerus (Mymaridae).   In 2001, 86% of all egg masses on S. secundiflora were
parasitized, 7% were predated, nymphs emerged from 12%, with 1% unknown (n = 125 masses).  On L. indica, 85% were
parasitized, 8% predated, with 11.4% nymphal emergence (n = 993 masses).  During 2002, egg masses on S. secundiflora
leaves showed 74% of the egg masses were parasitized, 4% incurred some predation and 27% indicated at least some
nymphal emergence (n = 285 masses).  For L. indica, 89% were parasitized, 8% predated, with 8% nymphal emergence (n =
691 masses).  Most, but not all parasitized masses were completely parasitized. Gonatocerus morrilli Howard, G. ashmeadi
Girault and G. triguttatus Girault were recovered. G. triguttatus was the most important species, with the other two species
generally only appearing at the very beginning and very end of the seasons.

Mature adult GWSS were seldom seen on trees bearing eggs. Nymphs were observed on a very wide variety of plants,
almost always on new growth.  Spiders were often observed with captured nymphs and adults.

Observations were made on biological and behavioral attributes of G. triguttatus.  At 27oC, development from egg to
emergence was 12.8 d for males (n = 111); 13.3 d for females (n = 70).  Males lived 6.6 d; females lived 6.0 d, when
provided pure honey for food.  Sibling mating took place on or in the vicinity of the egg mass within confinement of Petri
dishes.  Unparasitized GWSS eggs eclosed after 7.6 d.

Female parasitoids antennated the egg mass prior to ovipositing but did not oviposit in linear sequence. Nevertheless, they
almost always parasitized the complete mass.  However, the brochosomes significantly hindered oviposition time.
Brochosome particles quickly accumulated on tarsi and antennae, and resisted preening attempts to remove them.
Frequently, the parasitoid would leave the mass to spend several minutes preening.

Overall, egg parasitism of GWSS was high throughout the year in the LRGV of Texas, primarily by G. triguttatus, but G.
ashmeadi and G. morrilli also occur, though in much lower numbers.  A sample of over 50 egg masses in San Antonio, TX
during the summer of 2002 yielded only G. ashmeadi.  Triapitsyn and Phillips (2000) reported G. triguttatus from NE
Mexico and Weslaco, TX, and although Tripitsyn et al. (1998) didn’t report this species in collections from elsewhere, it was
recently reported from another sharpshooter host in Apopka, FL (Triapitsyn et al. In press).  Thus, the range of G. triguttatus
may be confined to extremely southern areas only.

The purpose of the white powdery brochosomes that female GWSS place around the egg masses has been a matter of
conjecture (Hix 2001, Rakitov 2002).  While the material may serve multiple purposes, it clearly slows down the time G.
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triguttatus is able to complete oviposition of GWSS egg masses.  Nevertheless, the high discovery rate of egg masses by
parasitoids clearly demonstrates that parasitoids possess efficient host location mechanisms and are important natural
enemies of GWSS in south Texas.
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Triapitsyn, S. V., and P. A. Phillips. 2000. First record of Gonatocerus triguttatus (Hymenoptera: Mymaridae) from eggs of

Homalodisca coagulata (Homoptera: Cicadellidae) with notes on the distribution of the host. Fla. Entomol. 83: 200-203.

FUNDING AGENCIES
Funding for this project was provided by the USDA Agricultural Research Service.



-90-

HOST SELECTION AND LOW TEMPERATURE STORAGE OF THE GLASSY-WINGED SHARPSHOOTER,
HOMALODISCA COAGULATA
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Reporting Period: The results reported here are from work conducted from July 1, 2002 to November 1, 2002.

INTRODUCTION
The egg parasitoid, Gonatocerus ashmeadi, is a mymarid wasp that accounts for most of the observed parasitism in
California on the glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say), a vector for Pierce’s disease.  In the
absence of techniques for propagating the wasp via artificial methods, it is very important to mass-rear the GWSS to provide
host eggs for this parasite to be used in bio-control programs.  Low temperature storage is an integral part of the process of
mass-rearing insects for use in agricultural pest control programs (Leopold 1998).  Through cold storage, parasitized and
unparasitized GWSS eggs may be accumulated and held for later use in rearing and releasing parasitoids. Although Al-
Wahaibi and Morse (2002, submitted) reported that the development of GWSS eggs held at 11.5 °C was retarded and aborted
during early stages of eye spot formation, data regarding the effect of low temperature throughout the development of the
GWSS and that of the egg parasitoid are lacking.

Further, choosing suitable host plants, which are amenable to cold storage, will be very critical for establishing and
maintaining the leafhopper colony and for obtaining large numbers of leafhopper eggs.  The sharpshooter is a highly
polyphagous leafhopper having over 100 known host plants in Florida (Adlerz 1979). Recent observation shows that the
leafhopper can feed on at least 72 plant species in 37 families (Hoddle at al. 2002, submitted), and 73 plant species in 35
families (Blua et al. 1999).  Although feeding is apparently limited to xylem vessels on all host plants (Anderson et al. 1989),
some studies have shown that the leafhopper exhibits host-plant preference (Adlerz 1979; Mizell and French 1987), and that
the amide concentrations in host plants may potentially cause an oviposition preference by the leafhopper (Andersen et al.
1992).  Some field observations have indicated the preference for different plant species varied with different times of the
year (Adlerz 1979; Mizell and French 1987; Brodbeck et al. 1990).  However, little quantitative data are available so far on
host plant preference of feeding adult males and females under laboratory or mass-rearing conditions.

OBJECTIVES
1. Examine feeding behavior of GWSS adults on various host plants and determine the effects of cold storage tolerant host

plants on size of the egg masses, egg hatch, nymphal development.
2. Determine the cold tolerance of GWSS eggs and parasitized eggs during development.
3. Determine the most effective method for cold storage of GWSS eggs and parasitoids.

RESULTS AND CONCLUSIONS
Host Selection:
The experiments were conducted in USDA-ARS, Biosciences Research Laboratory, Fargo, from July through October 2002.
These studies showed that adult female sharpshooters (fourth generation from parents collected in Riverside, California) had
a significant host preference when given a choice of 12 plant species at 25˚C, RH 65% and L 14: D 10 photoperiod. The test
plants included corn (Zea mays), sorghum (Sorghum aethiopicum), millet (Milium effusum), euonymus (Euonymus spp.),
mums (Chrysanthemum spp.), hibiscus (Hibiscus spp.), sunflower (Helianthus annuus), eggplant (Solanum spp.), cantaloupe
(Cucumis melo), cotton (Gossypium hirsutum), wild grape (Parthenocissus quinquefolia) and a plant of Lamiaceae family.
The percentages of feeding females varied significantly among different plant species at time intervals examined between 6
to 48 hours (Table 1).  A majority of the female adults preferred feeding on sunflower while less than 6% females were
observed feeding on millet, corn, sorghum, cantaloupe, wild grape and the Lamiacae plant.  For males, no significantly
different feeding preferences were observed, although at the end of the test almost 40% of the insects were found on just 3
plants: egg plant, hibiscus and sunflower (Table 1).  The sharpshooter deposited eggs on leaves of 7 of the 12 plant species,
which were corn, sorghum, millet, euonymus, chrysanthemum, hibiscus and sunflower.  Our data indicate that plant species
had no significant influence on the size of egg mass (the average number of eggs per mass) but egg hatch was affected
(Table 2).  Although sunflower was one of preferred host plants, egg hatch was significantly lower on it than the other plants.
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Approximately 68% of the sunflower leaves bearing eggs died or wilted from desiccation while still attached to the plant
and this consequently caused many of the eggs to die.  In addition, our observations indicate that the sharpshooters from the
colony shipped to us from the APHIS facility in Texas readily oviposit on eggplant while it is not preferred by our colony
females.

Low Temperature Storage:
In a comparison with hibiscus, chrysanthemum and sunflower plants, euonymus cuttings and leaves remain viable the longest
in incubators set at either 2, 5, 7, 10, or 12°C.  The leaves of hibiscus cuttings or whole plants begin to wilt when stored at
2°C for 24 hr while chrysanthemum remains fresh for 3-4 weeks. Euonymus cuttings placed in nutrient solution remain fresh
and viable for rooting after nearly 60 days at 10°C.  We collected sharpshooter eggs by using euonymus plants and placed the
0-1 day-old embryos into incubators.  After storage at 10°C for 1-6 days, the eggs could hatch in part or all (Figure 1).
Furthermore, these embryos had a similar developmental time to hatching as the controls after they were taken out of cold
storage (Figure 2).  However, no eggs hatched after cold storage for 8 or 10 days at 10°C.  The embryos placed at 2°C for 2
or 4 h could hatch within 8-9 days and hatching was 67% and 62%, respectively.  After storing 0-1 day-old eggs at 5°C for 6
days, up to 63 % of the embryos emerged as nymphs.  No eggs stored at 5ΕC for more than 8 days would hatch.  At 12°C,
embryonic development proceeded very slowly and we found that 24% of the eggs could hatch after storage for 20 days.
However, because of the low number of egg masses obtained (some of the points on Figures. 1 and 2 had < 10 egg masses),
these experiments will be repeated again.  Finally, Gonatocerus ashmeadi parasitoids within 1-2 day-old sharpshooter eggs
on euonymus leaves could completely emerge in the 5°C incubator within 20 days.  Furthermore, we found that on the
chrysanthemum leaves the parasitoids within 1-2 day-old sharpshooter eggs could emerge after storage at 2°C for 6 days.
Further studies are planned to identify the threshold for development for the parasitoid and which developmental stage is the
most tolerant to cold storage.

Table 1. Mean (± SE)% of total number of H. coagulata adults on different host plants at different time intervals
Plants Sex Per cent adults on plants at time intervala

6h 12h 24h 36h 48h
Purple millet 4.6 ± 2.9 b 5.9 ± 3.2 b 5.0 ± 0.9 b 6.0 ± 3.9 b 4.9 ± 2.9 b
Euonymus 6.4 ± 3.2 b 9.4 ± 5.3 b 6.4 ± 3.2 b 9.4 ± 5.3 b 9.4 ± 5.3 b
Egg plant 10.8 ± 3.5 b 13.8 ± 1.6 b 12.3 ± 2.6 b 12.2 ± 3.4 b 12.2 ± 4.0 b
Hibiscus
Cotton male

10.3 ± 4.4 b
9.1 ± 2.9 b

9.5 ± 5.4 b
9.1 ± 2.9 b

7.2 ± 4.3 b
7.6 ± 2.0 b

8.4 ± 5.4 b
7.5 ± 3.9 b

10.9 ± 7.8 b
9.0 ± 4.5 b

Corn 4.1 ± 2.7 b 2.6 ± 1.4 b 2.6 ± 1.4 b 2.6 ± 1.4 b 2.6 ± 1.4 b
Sunflower 10.7 ± 6.4 b 12.3 ± 5.2 b 12.3 ± 5.2 b 16.1 ± 5.1 b 16.1 ± 5.1 b
Sorghum 1.5 ± 1.5 b 1.5 ± 1.5 b 1.5 ± 1.5 b 2.7 ± 1.4 b 2.8 ± 1.4 b
Cantaloupe 10.7 ± 5.5 b 9.2 ± 5.3 b 10.7 ± 5.5 b 11.0 ± 5.6 b 9.5 ± 4.8 b
Chrysanthemum 5.0 ± 0.9 b 7.4 ± 1.9 b 9.0 ± 1.3 b 9.4 ± 3.1 b 9.4 ± 3.1 b
Lamiacea 0 b 2.2 ± 2.2 b 2.2 ± 2.2 b 3.5 ± 1.9 b 3.5 ± 1.9 b
Wild grape 2.6 ± 1.4 b 7.6 ± 2.0 b 7.7 ± 0.7 b 7.4 ± 1.9 b 6.2 ± 0.9 b

Purple millet *
Euonymus*
Egg plant
Hibiscus*
Cotton
Corn*
Sunflower*
Sorghum*
Cantaloupe
Chrysanthemum*
Lamiacea
Wild grape

female

1.2 ± 1.2 c
5.8 ± 4.1 bc

11.0 ± 4.4 ab
4.9 ± 3.3 bc
8.3 ± 2.9 abc
4.8 ± 2.4 bc

15.6 ± 2.3 a
1.2 ± 1.2 c
2.4 ± 1.2 c
2.4 ± 1.2 c

0 c
2.4 ± 1.2 c

4.9 ± 1.3 bc
10.7 ± 3.9 bc

8.6 ± 3.3 bc
7.2 ± 2.1 bc

13.3 ± 2.6 b
3.6 ± 2.1 bc

25.2 ± 7.1 a
3.7 ± 2.1 bc
3.6 ± 1.1 bc
4.8 ± 1.1 bc
1.1 ± 1.1 c
2.4 ± 1.2 c

3.6 ± 0.1 bcd
10.7± 5.4  bcd
11.0 ± 4.4 bc

7.2 ± 2.1 bcd
13.3 ± 2.6 ab
3.5 ± 2.0  cd

21.5 ± 4.7 a
3.7 ± 2.1 bcd
4.9 ± 1.3 bcd
6.0 ± 1.2 bcd
1.1 ± 1.1 d
2.4 ± 1.2 cd

2.5 ± 1.2 b
11.8 ± 6.2 b
11.0 ± 4.4 b
9.6 ± 3.2 b
9.8 ± 3.4 b
2.5 ± 2.5 b

22.7 ± 5.2 a
3.7 ± 2.1 b
5.9 ± 2.2 b
2.5 ± 1.2 b
1.1 ± 1.1 b
3.5 ± 2.0 b

2.4 ± 1.1 b
11.8 ± 6.2 b
11.0 ± 4.4 b
13.0 ± 5.1 b
8.6 ± 5.4 b
2.5 ± 2.5 b

26.3 ± 4.6 a
3.7 ± 3.7 b
5.9 ± 2.2 b
2.5 ± 1.2 b
2.3 ± 1.2 b
2.4 ± 1.2 b

a One-way ANOVA – means were separated by Duncan’s Multiple Range Test
* Denotes plants on which oviposition occurred.
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Figure1. Percentage egg hatch at
different cold storage times at
10ΕC

Figure 2. Egg stage of H.
coagulata eggs stored at 10ΕC

Table 2. Egg mass size and hatching related to host plants
Plants No. of eggs/mass

(range) a
Per cent egg hatcha

Euonymus 16.8 ± 1.6 (10~37)  b 81.8 ± 9.1 ab
Chrysanthemu
m

15.0 ± 3.1 (  9~23)  b 72.8 ± 16.1 ab

Hibiscus 12.0 ± 2.7 (  6~19)  b 81.3 ± 12.0 ab
Sunflower 11.1 ± 1.9 (  2~31)  b 24.7 ± 9.9   c
Sorghum 11.5 ± 1.5 (10~13)  b 100.0 ± 0.0 a
Corn 15.0 ± 2.0 (13~17)  b 94.1 ± 5.9 a
Purple millet 14.0 ± 3.0 (11~17)  b 95.5 ± 4.5 a

aValues followed by different letters in each column were significantly
different (P<0.05)
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IS THE GLASSY-WINGED SHARPSHOOTER PARASITOID
GONATOCERUS ASHMEADI (HYMENOPTERA: MYMARIDAE) ONE SPECIES

OR A COMPLEX OF MORPHOLOGICALLY INDISTINGUISHABLE SIBLING SPECIES?
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Reporting Period: The results reported here are from work conducted from mid-September 2002 to November 1, 2002.

INTRODUCTION
Gonatocerus ashmeadi Girault is a common and seemingly widespread egg parasitoid of glassy-winged sharpshooter
(GWSS).  Location records for G. ashmeadi indicate its natural range to be Florida, Louisiana, northeastern Mexico,
Mississippi, North Carolina, eastern Texas (which coincides with the presumed native range of GWSS), and southern and
central California (the adventive range of GWSS). Gonatocerus ashmeadi was collected from eggs of the native smoke-tree
sharpshooter, Homalodisca lacerta (Fowler), as well as from GWSS eggs before G. ashmeadi releases began as part of an
organized biological control program in CA. Gonatocerus ashmeadi is currently being imported from different areas within
the natural range of GWSS and released in California with the assumption that this is one species and not a complex of
morphologically indistinct sibling species.  Species identifications have been made using light microscopy to determine the
presence of key morphological features for G. ashmeadi. Light microscopy has failed to reveal any differences between
different G. ashmeadi populations except for some specimens from central and southern Tamaulipas and San Luis Potosí,
Mexico (Triapitsyn et al. 2002). Due to the minute size of adult Gonatocerus parasitoids (1.2-1.7 mm in length), their
taxonomic identification is very difficult without careful and costly preparation, which involves mounting on microscopic
slides.  The morphological characters that are used for differentiating between closely related Gonatocerus spp. can be
variable and thus species limits are often difficult to assess without supporting data from biological and molecular data.  The
purpose of work proposed here is to determine whether G. ashmeadi in the native range of GWSS is one species or a
complex of cryptic species that can’t be separated on the basis of currently employed morphological characters.  We intend to
use three approaches to determine the species identity of different G. ashmeadi populations.

OBJECTIVES
1. Reassessment of key morphological features using scanning electron microscopy (SEM) to determine if subtle

morphological differences exist between G. ashmeadi populations which could possibly indicate species differences.
2. Conduct mating compatibility studies to determine if different populations of G. ashmeadi are reproductively isolated, or

if mating occurs, whether offspring are viable thereby defining species groups on the basis of successful interbreeding.
3. To determine if molecular differences exist between G. ashmeadi populations collected from different regions by

comparing mitochondrial and ribosomal DNA sequences.  Molecular dissimilarities of key regions could potentially
indicate the existence of different species.

RESULTS AND CONCLUSIONS
Results from these three areas (morphology, behavior, and molecular) are currently under investigation and will be evaluated
together to determine whether G. ashmeadi as it is currently viewed is a valid species or whether it is an aggregate of
morphologically indistinguishable cryptic species.
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Project Leaders:
Serguei V. Triapitsyn and Mark S. Hoddle
Department of Entomology
University of California
Riverside, CA, 92521

Cooperators:
David J. W. Morgan
CDFA
Riverside, CA

Walker A. Jones
USDA-ARS
Weslaco, TX

Svetlana N. Myartseva
and Enrique Ruíz Cancino
Universidad Autónoma de Tamaulipas
Ciudad Victoria, Tamaulipas, Mexico

Dmitry V. Chouljenko, Christopher E. Carlton,
Victoria L. Moseley, and Linda M. Hooper-Bùi
Louisiana State University
Baton Rouge, LA

Vladimir V. Berezovskiy and Douglas Yanega
Department of Entomology
University of California
Riverside, CA

Daniel Muñoz
Casa Madero, S.A.
Hacienda San Lorenzo
Parras, Coahuila, Mexico

Reporting Period: The results reported here are from work conducted from January 1, 2002 to November 1, 2002.

INTRODUCTION
Observations in northeastern Mexico and Texas, USA, during the past three years revealed presence of Homalodisca
coagulata (Say) (GWSS) there, but in very low densities (Coronado-Blanco et al. 2000, Triapitsyn and Phillips 2000).
Almost all egg masses of GWSS and other related sharpshooters, such as Oncometopia spp., were heavily parasitized.  The
climate in the central part of Tamaulipas, Mexico, is very similar to the climate in the valleys of southern California.  Earlier
surveys in Florida and Louisiana revealed several species of GWSS egg parasitoids there; some of those species do not occur
in California (Triapitsyn et al. 1998; Triapitsyn in review; Triapitsyn et al. in press) and thus are promising biological control
agents.  As a result of the collections made in northeastern Mexico during 2000 and 2001, colonies of three species,
Gonatocerus ashmeadi Girault, G. morrilli (Howard), and G. triguttatus Girault (Hymenoptera: Mymaridae), were
established in UCR quarantine and insectary (Triapitsyn and Hoddle 2001; Triapitsyn et al. 2002) and later propagated and
released against GWSS in California by CDFA and USDA researchers.

OBJECTIVES
1. Search for and collect additional egg parasitoids of GWSS, particularly G. fasciatus and Ufens spiritus Girault

(Hymenoptera: Trichogrammatidae, also known as Zagella sp., see Triapitsyn et al. 1998), in the home range of GWSS
(southeastern USA and northeastern Mexico) for introduction into California, establishment of cultures in UCR
quarantine, and a following evaluation.

2. Recollect the target species of GWSS egg parasitoids, particularly G. triguttatus, in northeastern Mexico and clear them
through UCR quarantine to be used for preventing inbreeding in the cultures maintained by our cooperators from the
CDFA for a large-scale classical biological control program against GWSS in California.

RESULTS AND CONCLUSIONS
Three exploratory trips were made during 2002: 1) to the States of Cuahuila (Parras and San Lorenzo, where we found
numerous egg masses of GWSS which were not parasitized, apparently due to an unusually cold weather), Nuevo León, and
Tamaulipas, Mexico, in March 2002 (S. Triapitsyn, V. Berezovskiy, and S. Myartseva); 2) to Cuahuila, Nuevo León,
Tamaulipas, San Luis Potosí and Queretaro, Mexico, in April 2002 (D. Yanega and S. Myartseva); and 3) to Louisiana in
April 2002 (M. Hoddle and S. Triapitsyn).  Material from a trip to Jackson, Mississippi, in March 2002 by D. Morgan was
also processed in UC Riverside quarantine as part of this project.

A survey of egg parasitoids of GWSS was undertaken in Baton Rouge, Louisiana, during April and May 2002.  It was
conducted initially by M. Hoddle and S. Triapitsyn during the first week of April 2002 and was continued after our departure
by D. Chouljenko, using sentinel egg masses of GWSS on various plants following Triapitsyn et al. (1998).  The fairyfly
wasp G. fasciatus was reared on numerous occasions from egg masses of GWSS, laid in leaves of several different plants,
and shipped under an appropriate permit to UCR quarantine.  A colony of G. fasciatus was successfully established in
quarantine on H. coagulata eggs laid in leaves of Euonymus japonica.  Observations on the biological traits of G. fasciatus
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revealed that this species has a gregarious habit, with two or more wasps developing per each egg of the host, unlike other
common North American parasitoid species of H. coagulata from the same genus, such as G. ashmeadi, G. morrilli, or G.
triguttatus, which are solitary parasitoids (Triapitsyn et al. in review).  Besides the obvious advantages in mass-rearing of a
gregarious parasitoid, G. fasciatus may be also considered a promising biological control agent for control of GWSS in
central and northern California (if GWSS becomes established there) because its native range includes Illinois; thus, G.
fasciatus must be better adapted to colder climates than any other known mymarid egg parasitoid of GWSS.  The species of
exotic egg parasitoids collected during 2002 and propagated at UC Riverside (if applicable) are listed in Table 1.

Table 1. The species of exotic egg parasitoids collected during 2002 and propagated at UC Riverside.
Genus and species of egg
parasitoid

Originally from:
(country and state)

Original host Propagated on GWSS at
UCR quarantine (yes/no)

Gonatocerus ashmeadi USA: Louisiana Homalodisca coagulata Yes
Gonatocerus fasciatus USA: Louisiana Homalodisca coagulata Yes
Gonatocerus triguttatus Mexico: Tamaulipas Oncometopia ?clarior Yes
Ufens spiritus
(= Zagella)

USA: Louisiana
USA: Mississippi

Homalodisca coagulata
Homalodisca coagulata

No (failed)
No (failed)

Ufens n. sp. Mexico: Tamaulipas Oncometopia ?clarior No (died)
Ufens sp. USA: Mississippi Homalodisca coagulata No (failed)
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Reporting Period: The results reported here are from work conducted from November 1, 2001 to November 1, 2002.

INTRODUCTION
Table, raisin, and wine grapes grown in the San Joaquin Valley (SJV) comprise some of California’s largest and
economically productive agricultural commodities.  Their commercial existence is now threatened by presence of both the
glassy-winged sharpshooters (GWSS), Homalodisca coagulata, in the SJV (Phillips 1998, Blua et al. 1999) and the bacterial
pathogen, Xylella fastidiosa, which is the causal agent of Pierce’s disease (PD) (Purcell and Sanders 1999a).  GWSS may not
be a more “efficient” vector than the native California sharpshooters (Purcell and Saunders 1999a), but it is certainly more
important.  While initial control efforts will most certainly be directed at chemical suppression or spot eradication, there are a
number of questions on GWSS biology and ecology in the SJV that should be addressed in order to improve control
programs and/or increase control options.  The primary focus of this research is the description of GWSS preference, egg
deposition, age structure, population dynamics and levels of natural regulation on different host plants in urban / agricultural
interface in the SJV where untreated populations serve as an inoculum source for nearby vineyards and citrus.  We will also
test sampled GWSS, from selected host plants and ecosystems, for the presence of X. fastidiosa.

OBJECTIVES
1. Determine glassy-winged sharpshooter (GWSS) biology and ecology throughout the season, particularly its age structure

on and utilization of the different host plants that represent common breeding or dispersion refuges for GWSS in the San
Joaquin Valley.

2. Determine the presence of Xylella fastidiosa in GWSS collected from different host plant species and in selected
ecosystems in the San Joaquin Valley.

3. Begin to evaluate predator release as an additional suppression tactic.

RESULTS AND CONCLUSIONS
We began to categorize GWSS age structure, ecology, and resident natural enemies (particularly predators) on different host
plants common in the SJV in spring 2002.  Our initial methodology relied on field samples taken over a series of dates and on
different host plant in untreated urban and agricultural regions in Fresno County.  The search and spray program in that
region was so effective that new GWSS sightings were treated within days or, if left untreated, the GWSS population density
was too low to sample for our purposes.  For these reasons, we adjusted our methodology and region sampled.  Studies were
moved to Bakersfield and host plant preference studies using potted host plant were included to manipulate the availability of
same-aged and same-condition (e.g., irrigation and fertilization amounts) host plants to natural GWSS and natural enemy
populations.

Host preference studies were conducted in unsprayed, GWSS infested areas (a citrus orchard and a residential area) in
Bakersfield, California.  Potted (6.6 liter) ivy, photinia, citrus, gardenia, privet, euonymous, hibiscus, agapanthus (lily of the
Nile), grapevine, crape myrtle, eucalyptus, and oleander were set in a randomized block design (3 blocks in the citrus orchard
and 4 in residential areas).  GWSS eggs, nymphs and adults and GWSS predators and parasitoids were counted weekly from
July through October.  Initial results confirm field surveys from the Temecula and Riverside infestations that GWSS
populations dynamics are influenced by host plants.  There was a significant (P < 0.1) oviposition preference for some host
plants, with more GWSS egg masses on crape myrtle, privet, grape, gardenia, and citrus than other plants (Figure 1).  No or
few egg masses were found on oleander and ivy.  Interestingly, GWSS egg mass density was not related to adults or nymphs
density (F=0.16, df=1,82, P=0.68, r2=0.002; F=0.03, df=1,82, P=0.86, r2=0.001, respectively).  For example, GWSS nymphs
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were significantly more common on oleander, which had no GWSS egg masses, than citrus, which had the most egg masses
(Figure 2). There was no treatment difference in the number of adults observed (Figure 3); still, it is difficult to accurately
measure adult densities through visual counts.  The potted plants were in contact with each other and, therefore nymphs could
move between plants, suggesting that oviposition preference may be different from nymph feeding preference.

Another possibility is disparate egg and nymph mortality among treatments, which may be suggested by both a significant
treatment difference in the number of predators observed on the potted plants (Figure 4) and significant relationship between
predators and GWSS egg masses (F=8.52, df=1,82, P=0.005, r2=0.09).  There was no relationship between predator and
GWSS nymph densities, although GWSS population dynamics showed a clear reduction in nymph density after oviposition
(Figure 5), which may have reduced predators during the very small sampling window.  Furthermore, a significant
relationship between observed parasitoids foraging on plants and GWSS egg masses (F=16.2, df=1,82, P<0.001, r2=0.16)
suggest many nymphs did not emerge (these data are not yet analyzed). In the unsprayed citrus block, we found a season-long
“egg mass” parasitism rate of 68.2 ± 0.02%; when an egg mass was attacked most of the eggs were parasitized, resulting in a
season-long “egg” parasitism rate of 51.8 ± 1.8% (there were 11.6 ±0.2 eggs per egg mass).  Late-season parasitism was
>90%, as has been reported in previous studies.  A subsample of emerged parasitoids has found only Gonatocerus ashmeadi
present (Triapitsyn et al. 1998).  The results from the potted plant experiment suggest GWSS adults have host oviposition
preferences that may be different from the nymph feeding preference (see Brodbeck et al. 1995, 1996).  Results also suggest
that parasitoid and predator densities tract GWSS density.  Abiotic and biotic mortality factors accounts for a reduction of ca.
35 eggs per plant to ca. 0.15 large GWSS nymphs per plant.

The experimental use of potted plants presents potential bias.  For example, in the citrus block the resident GWSS and
parasitoids may have been preconditions to citrus, resulting in both greater GWSS and parasitoid densities on that treatment.
Surveys of urban areas were made to determine GWSS and natural enemy host plant relationships.  Results are still being
processed.  Figure 6 provides an example from one survey.  The information shows GWSS host plant preference in urban
settings.  Observations indicate that host plant condition between surveyed regions may be as important as host plant species,
with plant vigor (typically fertilization, age or irrigation amounts) being the primary factor.  During the GWSS surveys, egg
masses are collected to determine parasitoid species composition and activity.  Similarly, predator species and density are
recorded.  Predators are collected and stored at -80ºC for later processing by Dr. James Hagler with immunologically-based
assays that employ pest-specific monoclonal antibodies (MAbs) that can be used in an ELISA to identify the key predators of
GWSS (Hagler et al. 2001).  To date, samples have been taken (Bakersfield, Porterville Fresno and Ventura, CA) and will
soon be processed.

A description of GWSS biology and ecology on host plants in urban areas of the SJV will help understand GWSS seasonal
movement and infestation foci.  For example, information on the abundance, host plant use, and seasonal dispersal patterns of
resident sharpshooters (e.g., blue-green sharpshooter) (Goodwin and Purcell 1992, Perring et al. 2001).  The same critical
information for GWSS is lacking for the SJV.  This work will provide a needed baseline on resident natural enemies of
GWSS in the SJV and their contribution to GWSS mortality. Information on GWSS movement and host plant succession in
the SJV may be useful for modification of surrounding vegetation or traps crops can potentially suppress GWSS movement
into a vineyard.

Research has not yet begun on identifying the incidence of X. fastidiosa in GWSS adults collected from different habitats in
different geographic regions, which will aid researchers currently mapping out PD and X. fastidiosa sources in the SJV, and
on the augmentation of selected natural enemy species.
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Figure 1. Average densities (sum ± SEM) of GWSS egg
masses on potted plants shows a significant oviposition
preference for some host plants or avoidance of other plants.
Letters above each mean are significantly different, Fisher’s
LSD at P < 0.1.

Figure 2. Average densities (sum ± SEM) of GWSS
nymphs on potted plants shows wide discrepancy
between egg mass density (Figure 1) and GWSS nymph
density. Letters above each mean are significantly
different, Fisher’s LSD at P < 0.1.
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Figure 3. Average densities (sum ± SEM) of adults observed
resting or feeding on potted plants shows no significant
different among treatments.  These data were collected
during last adult flight (July to October 2002). Letters above
each mean are significantly different, Fisher’s LSD at P <
0.1.

Figure 4. Average densities (sum ± SEM) of predators
observed on potted plants shows a significant different
among treatments. Predators were spiders (82.9%),
lacewings (11%), preying mantids (3.6%) and assassin
bugs (2.4%). Letters above each mean are significantly
different, Fisher’s LSD at P < 0.1.
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Figure 5. Average densities (sum ± SEM) of GWSS life
stages found on potted plants shows a significant density
reduction for each grouping of life stages.  These data were
collected during last adult flight (July to October 2002).
Letters above each mean are significantly different, Tukeys’
LSD test at P < 0.05.

Figure 6. Example of survey information on GWSS life
stages found in one sample of host plants on a residential
street in Bakersfield, CA (July 10, 2002). During this
survey, GWSS were not found on eucalyptus, pecan, pine,
ornamental plum, persimmon, oleander, fig, Opuntia spp.
or acacia.
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Reporting Period: The results reported are from work conducted from November 2001 to November 2002.

INTRODUCTION
We need to know what impact the glassy-winged sharpshooter (GWSS), Homalodisca coagulata, has on fruit yield, size and
quality as well as tree vigor.  The goals of this project are to determine the usefulness of management of GWSS to prevent
yield loss, fruit size reduction, and degraded fruit quality.  This information is paramount before we can even begin to
incorporate these into conventional IPM programs.  First we have to know what impact GWSS has on citrus, and second we
need to know how to use the materials against the GWSS in IPM programs to prevent potential losses.  Prior to this study,
efforts to manage GWSS in citrus were primarily to suppress populations to limit the spread of Xylella fastidiosa.

The primary goal of the first year of this project was to properly set up the three experiments in this project.  First, the
research sites had to be evaluated for suitability.  Second, high and low populations of glassy-winged sharpshooters had to be
established at a site with Valencia oranges and a site with Navel oranges.

OBJECTIVES
This research was initiated to:
1. Address the impact of GWSS on fruit yield, and distribution of fruit size when GWSS are controlled compared to

untreated blocks of Valencia oranges, ‘Washington’ navel oranges, and grapefruit
2. Evaluate the effects of high GWSS populations have on fruit quality (sugar/acid ratios, peel thickness, sugar/acid ratio,

juice quality, peel texture and firmness, susceptibility to post-harvest disorders) in Valencia and Navel oranges;
3. Evaluate the effects of large GWSS populations have on water stress, nutrient loss (Ca etc.), metabolite loss (amino

acids, xylem translocated PGRs) due to xylem feeding and fruit drop and fruit quality, and fruit drop
4. Determine if Admire enhances fruit size, tree health and vigor in the absence of GWSS.

RESULTS AND DISCUSSION
A Valencia Experiment (Experiment 1) was established at a site near Newhall (Ventura County).  The site has 6 replications
of 6 40-tree rows plus a 7th spare replicate with low GWSS populations and high GWSS populations.  The low population
treatment was established by applying Admire 2F to all 6 rows (4 guard rows + 2 harvest rows, May and August) in each low
population replication.  Four rows serve as “guard” rows in each replicate with 2 center rows serving as harvest rows.  Insects
were monitored weekly by trapping, and visually counting adults, nymphs and egg masses.  Efforts to establish differential
populations were successful.  On 8 August 2002, visual searches revealed 6.0adults/3 min search/tree (± 1.0 SEM) in the high
population trees verses 0.7/3 min search/tree (± 0.4 SEM) in the low population trees.  The high and low population trees had
2.7 (± 0.6 SEM) and 0.9 (± 0.2 SEM) egg masses/25 leaf turns respectively.

One of the harvest rows was harvested in May the other in August.  The fruit was sent to Filmore-Piru Packing House for
packout and evaluation.  Two cartons from 2 sizes (113 and 138) and 2 grades (Choice and Export) from each block and
treatment (total of 96 cartons) were selected.  Trans-Pacific shipment was simulated by storing the 96 cartons from at the
packinghouse for 21 days at 2.8°C (37°F) after which time the fruit was sent to KAC for storage at 20°C (68°F) for 4 days
followed by 12.8°C (55° F) for 5 days.  The procedure was followed for the May and August harvest rows.  For post-harvest
evaluation at harvest, initial measurements of general appearance, pitting, puff and crease, peel firmness, thickness, color,
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TA, TSS, and % juice were taken from a 20 fruit sub-sample.  Fruit was evaluated for general appearance, rind pitting, and
decay following simulated shipment.  The size distribution for the Valencia Experiment was not statistically significant for
the high population and low population trees, which is not surprising since this fruit was harvested within a few weeks of
Admire treatment.  This demonstrated that the trees were similar at the beginning of the experiment.

At the May Valencia harvest, 10 oranges were taken from 5 trees per replication and evaluated for pitting and signs of
potential GWSS ovipositor wounding on the fruit surface.  Only 3.1% of the fruit had pitting.  There were no signs of
attempted oviposition on the remaining 96.9% of the oranges.  Also, when the initial fruit evaluation was compared to final
evaluation, significantly more fruit had pitting (Figure 1).  The pitting is seemingly a postharvest disorder and is not caused
by direct damage of the GWSS.  The preliminary information suggests a physiological problem possibly a result of GWSS
xylem feeding behavior.  Research plans for 2002-03 have been modified to address these issues.

A similar experiment was initiated on 21 August 2001 for ‘Washington’ Navel oranges.  A site was established in Mentone
with a completely random design with 5 replications with high and low GWSS populations.  Each population level has three
rows of 43 trees (2 guard rows and 1 central harvest row).  The low populations were established by applying 32 oz of
Admire 2 via drip irrigation 21 Aug 2001 and 7 May 2002.  The central harvest rows of the low population rows were
subsequently treated with 3.2 oz of Baythroid (cyfluthrin, a pyrethroid) to minimize encroachment from adult GWSS flying
into these rows from heavily infested neighboring groves.  However, this encroachment was desired in the high population
reps.   Baythroid was chosen because it has excellent knockdown of adults and nymphs and kills nymph hatching from eggs
up to 21 days following application.  Furthermore, pyrethroids tend to repel GWSS.

Preliminary data was collected from the harvest trees on 21 January 2002.  This was not enough time to have complete effect
on the treated trees, since fruit set had occurred at least 4 months prior to the first Admire treatment.  Thirty oranges were
randomly collected from each tree in the harvest rows and hand ringed for size, weighed, and total soluble solids (TSS)
determined.  Size distributions, average orange weight, and TSS for the high and low population trees were not significantly
different.
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Figure 1. Comparison of initial evaluation verses final evaluation after simulated trans-Pacific shipment of May harvested
Valencia oranges.  More fruit had Pitting following the storage regime of 21 days at 2.8°C (37°F), the fruit was sent to KAC
for storage at 20°C (68°F) for 4 days followed by 12.8°C (55°F) for 5 days.

FUNDING AGENCIES
Funding for this project was provided by the California Citrus Research Board and the University of California Pierce’s
Disease Grant Program.
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SEASONAL CHANGES IN THE GLASSY-WINGED SHARPSHOOTER’SAGE STRUCTURE, ABUNDANCE,
HOST PLANT USE, AND DISPERSAL

Project Leaders:
Robert F. Luck
Department of Entomology
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Riverside CA 92521

Richard Redak
Department of Entomology
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Riverside CA

Cooperators:
Carlos E. Coviella
Department of Entomology
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Riverside, CA

Juliana Garcia
Department of Entomology
University of California
Riverside, CA

Reporting Period: The results reported here are from work conducted from November 2001 to October 2002.

OBJECTIVES
1. Develop a technique to rapidly mark adult GWSS for release-recapture studies.
2. Develop a sampling system for eggs of GWSS and monitor GWSS egg density on citrus.
3. Monitor adult movements of GWSS.

RESULTS AND CONCLUSIONS
We have completed our laboratory and field experiments verifying the stability of fluorescent dust as a method for marking
the glassy-winged sharpshooter.  We know that the marks will last for at least 30 days and for as long as 80 days under field
conditions.  Adults captured during the summer months readily survived the capture and marking process. In contrast, the
few adult GWSS we captured at the UCR Agricultural Operations citrus groves during the winter months survived poorly
after we marked them, probably from age and the stress of being captured and marked.  However, Figures 1 and 2 show that
the marked and unmarked control GWSS survived equally well.  This was true for newly emerged adults collected during
summer (Figure 1), and for over wintering adults (Figure 2).

Figure 1.  Mean survival of adult GWSS with standard error bars.  Insects were collected during July and August.

Figure 2. Mean survival of adult GWSS with standard error bars. Insects were collected during January.

Both marked and unmarked control insects released in a barren field were equally able to fly at least 100 meters from the
release point within the first five minutes of their release.  This field experiment (Figure 3) showed that the drop in recapture
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over distance did not differ between marked and unmarked insects.  Also, the slope of the line describing the relationship
between the numbers of GWSS adults recaptured versus distance did not differ between the marked and unmarked
individuals.  The barren field experiment also showed a clear-cut affect due to wind speed. At wind speeds above 5 m/s, the
efficiency of the yellow sticky cards to capture adult GWSS suddenly dropped (Figure 4) suggesting that the insects cannot
steer into the traps or they are simply blown away.
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Figure 3. Mean recapture of marked and control insects.  Standard error bars and trend lines shown.

Figure 4. Mean recapture of GWSS with increasing wind speeds.

We now have focused on sampling adult and nymphal GWSS in citrus to estimate changes in their densities over time on a
whole tree basis.  We began sampling GWSS weekly at the Citrus Experiment Station, Agricultural Operations (UCR) 19
October 2001 and sampled three randomly selected trees per week.  We alternated sampling the lemon trees and Valencia
trees biweekly using two parachutes to cover each sample tree and confine the Pyronyl Crop Spray® (a natural pyrethrum
product).  We used the spray to fog the tree canopy beneath the parachute tent.  On May 17, 2002 we initiated sampling at a
new site in Kern County east of Bakersfield after obtaining authorization to apply pyrethrum in Kern County.  The sites we
had previously sampled in the Bena Road area beginning in July 2001 were treated October 2001, consequently the GWSS
populations at these sites were too sparse to estimate GWSS densities, age structure and survival during the winter spring
2001-2002 period.  Adult GWSS densities were too low at both the Agricultural Operations and Kern County sites to track
their movements during winter and spring.  By fogging Valencia and Lemons trees at Agricultural Operations, UCR, and
navel orange trees at a Kern Count grove in 2002, we estimated adult GWSS densities, their sex ratios, the onset of
oviposition, and nymphal development.  During the last months of this project, we are developing methods of detecting the
presence of GWSS in riparian vegetation and, once detected, to estimate their densities, objectives three and four. We
propose to test a system based on coated paper that will allow us to detect the ammonia in GWSS excreta and to test it against
known GWSS densities.  We are currently analyzing the data from these studies statistically and preparing manuscript based
on these analyses.

FUNDING AGENCIES
Funding for this project was provided by the California Department of Food and Agriculture.
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SPATIAL AND TEMPORAL RELATIONS BETWEEN GLASSY-WINGED SHARPSHOOTER SURVIVAL AND
MOVEMENT, XYLEM FLUX PATTERNS, AND XYLEM CHEMISTRY IN DIFFERENT HOST PLANTS

Project Leaders:
Robert F. Luck
Department of Entomology
University of California
Riverside, CA 92521

Mark Hoddle
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Reporting Period: The results reported here are from work conducted from November 2001 through October 2002.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say) (Homoptera: Cicadellidae), has been identified as
the main vector for the xylem restricted bacterium Xylella fastidiosa, the causal agent of Pierce’s disease.  Our project aims to
identify those aspects in the GWSS-host plants interaction that may explain variations in GWSS performance and population
dynamics of this vector.  Following the field population dynamics of a species requires a reliable method for accurately
estimating real field densities.  Current methods used to estimate GWSS densities in the field, rely mainly on yellow sticky
traps or net beatings and insect counts.  We have developed a method to take absolute samples of the GWSS to recover all the
GWSS stadia except eggs.  We will then explore possible correlations between GWSS changes in population densities and
performance, with xylem physical and chemical parameters in different host plants.

OBJECTIVES
1. Quantify xylem flux patterns and to characterize xylem fluid chemistry to determine potential correlations with GWSS

movement from surrounding alternate host plants into vineyards.
2. Quantify egg production, nymphal survival, and adult production and movements in different host plants and to correlate

GWSS demographic statistics with xylem flux and chemistry.

METHODOLOGY
Our sampling system uses military parachutes to cover entire trees and then, by fogging the trees, we recover all the insects.
To estimate accurately the recovery rate, we collect adult GWSS in trees surrounding the ones to be sampled and mark the
GWSS with a dye.  After the randomly selected sample trees are tented, we release 100 marked GWSS in each of them.  The
amount of marked insects recovered is an estimate of the recovery rate of the population on each of the trees.  We then use
this number as a correction factor for each tree.  The average recovery rate of marked GWSS on these commercially sized
citrus trees is 89%. We count all the adult and nymph GWSS in the sample.  We also use a specially designed Schölander
bomb to measure xylem fluid pressure and to extract xylem fluid for chemical analyses.

RESULTS AND CONCLUSIONS
At this point, the method is being used in orange and lemon trees at three different locations.  One is a mixed orange/lemon
grove at Agricultural Operations, UC Riverside, and the other two consist of an orange and a lemon grove, in Temecula,
California.  We also did some limited work at an orange grove in Kern County, and in the Coachella Valley, California.  We
intend to use this method to follow GWSS population dynamics for two complete years, and to correlate changing GWSS
densities over time in different host plants with xylem flux and xylem chemistry over the same time period with the same
trees.  Our results show that several thousand glassy-winged sharpshooter adults occur per tree too (Figure 1).  We also found
that adult GWSS densities differ between lemon and Valencia trees at certain times of the year whereas they are similar
significantly between Valencia oranges and lemon over the entire year, adult GWSS switch from Valencia to lemon trees
starting in mid-January.  By the end of February, when the first egg-masses appear, 99.51% of the adult GWSS population
can be found on lemon trees.

The results shown here are in agreement with indirect density measurements in the same and other areas.  Data from a mark-
recapture method used in our other studies, allowed us to use the Lincoln index to estimate GWSS adult population densities.
Summer estimations for adult GWSS ranged between 6,000 to more than 8,000 adult GWSS per tree (ca. 600,000 to
800,000/acre) in both Agricultural Operations, UC Riverside and a non-treated orange grove in the Bena Road area of Kern
County.  We are also counting all nymphal stages and estimating nymph densities.  These results for this first year of
sampling will also be presented.
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Figure 1. Monthly mean of adult GWSS on lemon trees (dotted line) and orange trees (solid line).

With these data, we have also estimated GWSS sex ratios.  Based on the coloration of newly emerged adult GWSS, we
estimated the proportion of new adults per sampling date.  All these data will be used to calculate recruitment, and mortality
for each age and for each generation on both citrus host plants, and therefore, to build a picture of the GWSS population
dynamics over time.  We are using the Scholander bomb for xylem fluid extraction on the same trees that are sampled for
GWSS for subsequent chemical analyses.  We are in the process of collecting the samples in both places at UC Riverside and
Bakersfield area.  We intend to expand this xylem studies to different host plants, namely grapefruit, tangerines, and
grapevines during the second year of the project.  The chemistry of the xylem samples for the first year is being analyzed, and
we will test for possible correlations between fluctuations in xylem chemistry and in GWSS performance that might explain
changes in GWSS densities over time.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service.
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KEYS TO MANAGEMENT OF GLASSY-WINGED SHARPSHOOTER: INTERACTIONS BETWEEN HOST
PLANTS, MALNUTRITION, AND NATURAL ENEMIES

Project Leaders:
Russell F. Mizell, III and Peter C. Andersen
University of Florida,
North Florida Research and Education Center, Quincy
Quincy, FL 32351

Reporting Period: The results reported are from work conducted from 2001-2002.

INTRODUCTION
Leafhopper vectors of Xylella fastidiosa (including GWSS) behave very differently than most herbivorous insects. GWSS has
evolved many unusual adaptations that enable subsistence on xylem fluid.  Adult GWSS may feed on hundreds of different
host species, are long lived and exceptionally mobile and fecund.  Nutrition affects GWSS female fecundity and longevity,
and malnutrition is a primary source of mortality of immatures.  We have established that adults prefer to feed on xylem fluid
with specific chemical characteristics (high amide concentrations).  Nymphs develop more successfully on xylem fluid with
low amide concentrations and proportionally higher concentrations of many of the more dilute amino acids that are deemed
essential for the development of most insects.  We have also established the physiological basis for this phenomenon: adults
can more efficiently use nitrogen and carbon from high amide concentrations than can young developing nymphs cannot.
Given the pivotal status of host plant nutrition on GWSS behavior and survival, we are investigating GWSS behavior and that
of its parasitoids in field and laboratory experiments to elucidate how the underlying feeding and oviposition behavioral
mechanisms relate to host plant quality.  The behaviors involved in host selection can be divided into two extremes. In the
first, selection takes place after insects contact the host, the second extreme implies that the insect perceives plant
characteristics at a distance and select hosts based on these perceptions.  These two extremes can be described as host-plant
recognition and host-plant finding.  Host plant recognition is less well known in the literature, but our research is addressing
behaviors involved in both categories.

OBJECTIVES
1. Determine the effects of host plant assemblages and host plant chemistry on distribution, performance and behavior of

Homalodisca coagulata, glassy-winged sharpshooter (GWSS) and its natural enemies.
2. Determine the relationship of host plant xylem chemistry on host selection, feeding and ovipositional behavior of GWSS

and its parasites.
a. assess host plant acceptance and subsequent feeding rate, host plant selection and acceptance for oviposition

and the survival and performance of early and late instar nymphs as a function of host plant species.
b. quantify the impact of these plant variables on the behavior and parasitism rate of eggs by Gonatocerus

ashmeadi.

RESULTS AND CONCLUSIONS
We examined GWSS host utilization with a series of choice and no-choice tests in cages containing example hosts most
relevant to California (Navel orange, Spanish Pink lemon, and Vitis sp. - > Chardonnay = grapes).  Glabrous soybean as a
standard was also included as soy is one of the few hosts on which immature GWSS consistently develop.  Cages with adult
GWSS (two types run separately - diapausing (late autumn), and reproducing (mid-summer)), and one plant of all 4 species
or with 4 plants of each species separately were used to assess host selection, consumption rates, oviposition, nymphal
development, growth and survivorship.  In choice-tests, Navel oranges were consistently the preferred hosts, 40-65% of
GWSS remained on Navel when examined for 10-22 day intervals.  Selection of other hosts was dependent on time of year;
Spanish Lemon was selected moderately by diapausing insects (25-40%) and Vitis and soy were not preferred (<20%).
Reproductively-active GWSS also preferred Navel 45-65%, followed by soy (20-30%), with Vitis and Lemon lowest (<20%).
Despite high selection of Navel (and lemon by diapausing leafhoppers), the two citrus hosts consistently had the lowest
consumption rates by adult GWSS.  Consumption rates were consistently 1-2 mL/day on Citrus while they were 4-7 mL/day
on the less preferred Vitis and soybean.  Consumption was not significantly different between diapausing and reproducing
GWSS suggesting that diapausing GWSS are still active in accumulating nutrients, albeit for storage of nutrients for
successful overwintering rather than egg production.  Navel oranges received the highest rates of oviposition, with Vitis also
receiving moderate levels of egg deposition.  Lemon and soy received very little oviposition.  Neonate nymphs (less than 24
hrs) introduced from neutral hosts quickly rejected both Vitis and Lemon (<5% remained on hosts after 5 days), and were
only able to develop to second instar on Lemon and fourth instar on grape.  In contrast, roughly 30% of neonates placed on
Navel remained for 5 days; however, these developed slowly and all perished before completion of the second instar.  On the
soy standard, ca. 35% successfully developed to adults.  Preferential selection of Navel thus appears related to reproductive
behavior (including oviposition and development of very young nymphs) rather than consumption rates.  Navel selection
occurred by diapausing as well as reproducing GWSS, indicating that generalized cues in Navel may be operative even when
GWSS is not seeking ovipositional sites.  We noted a decrease in preference (60 to 40%) for Navel over time by diapausing
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GWSS, suggesting that leafhoppers were very gradually shifting to better feeding hosts; for reproductively active GWSS,
choice of Navel actually increased with time.

Field evaluation of Vitis selection by GWSS:
We examined seasonal trends in GWSS abundance on 12 cultivars of Vitis.  These included the economically important Vitis
vinifera (cv.  Chardonnay, Chenin Blanc and Exotic), and rootstock species including V. champinii (cvs. Dog Ridge and
Ramsey), V. rupestris (cvs. St. George and Constancia), and V. simpsoni (cv. Pixialla).  We also examined 4 Southeastern
muscadine genotypes from V. rotundifolia (cvs. Carlos, Noble, Early Fry, Regale).  Vines (4-8 per genotype) were counted at
least once a week from late May until the present (late October).  GWSS populations on Vitis peaked in June with
abundances being greater on V. champinii, V. rupestris, and V. simpsoni (13-18 adult GWSS per vine).  Abundances were
significantly lower on V. vinifera (7.5 per vine) and V. rotundifolia was significantly lower than all other species (2.2 per
vine).  Populations on Vitis declined in mid-summer but these trends in selection continued until August, at which time
GWSS counts on V. vinifera rose to approximate those found on V. champinii, V. rupestris, and V. simpsoni.  Increased
selection of V. vinifera persisted until late season, when GWSS populations in Florida decline.  Selection of muscadine
grapes V. rotundifolia was always significantly less than all other Vitis species.  High suitability of V. champinii, V. rupestris,
and V. simpsoni for GWSS may be of interest as these species are often used as rootstocks.  We have previously established
that rootstocks largely determine xylem composition, and have shown in Florida that selection of rootstock can be used to
alter the preference of GWSS for cultivars of Prunus.  Rootstocks may be a tool for establishing grapes less suitable for
GWSS.

One of our primary objectives is to identify plant nutritional variables that may be operational in determining host
acceptance, consumption rates, ovipositional preference, etc.  Choice experiments were repeated using important host plants
from the leafhoppers home range including yaupon holly, burford holly, crape myrtle and soy.   Preliminary results of
chemical analyses from both sets of choice experiments indicate general trends we have found on Florida hosts previously.
Specifically, Navel has proportionally very low amide concentrations.  This is consistent with what we have found for other
hosts that are poor feeding hosts, but good ovipositional hosts.  In a field experiment we evaluated GWSS oviposition rate in
response to plant nutritional quality. There were some significant differences in host acceptance and oviposition rate.  We
also examined oviposition in no-choice experiments (cages with 4 plants of one host species rather a mix of four host
species). There were some significant differences in host acceptance and consumption rates indicating that feeding history
should be considered in future experiments and can impact GWSS host selection.  Completion of our analyses and further
experimentation should delineate chemical cues related to ovipositional selection.

Understanding the determinant mechanisms involved in parasitoid plant and host egg finding and recognition (selection and
acceptance) is also an objective.  We conducted experiments in the field and laboratory to elucidate the cues produced by the
plant, the vector or its eggs that parasitoids may be exploiting.  We have ostensibly eliminated many possibilities including
components of GWSS excreta, but to date we have not positively identified any specific cues directing parasitoid behavior.
More candidate cues both chemical and visual need to be evaluated while this work continues.

Understanding the mechanisms involved in adult GWSS host plant finding and recognition is also the subject of several
experiments. We have determined that the host plant appears to provide cues that GWSS may recognize in the air prior to
landing.  Other results suggest that host acceptance is determined by taste at the xylem tissue level.  We are presently
validating experimental methodologies to further tests hypotheses generated from current field results.

FUNDING AGENCIES
Funding for this project was provided by the American Vineyard Foundation and the University of California Pierce’s
Disease Grant Program.
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Reporting period:  The results reported here are from work conducted from April 2002 to November 2002.

INTRODUCTION
Mating behavior in leafhoppers is mediated by vibrational signals transmitted through plants (Claridge and de Vrijer 1994).
Leafhopper calls are species-specific and have proven useful in resolving taxonomic problems.  Furthermore, analysis of
intra- and interspecific variation in male calls has provided clues about speciation processes.  However, little is known about
mate-finding tactics at the habitat level or the specific cues used by males to locate females after mate recognition.
Theoretical and some experimental research on leafhoppers and planthoppers clearly indicates that seasonal patterns of
abundance and dispersal are intimately linked to a species mating system (Ott 1993).  Thus, determining rules that govern
mating behavior may ultimately contribute an understanding of population and community level processes.  Also, the
application of basic knowledge of leafhopper mating behavior to an applied problem such as developing a novel monitoring
device for the glassy-winged sharpshooter is virtually unexplored.

OBJECTIVES
1. Determine the role of vibrational signals in mate recognition, attraction, courtship, and copulation.  This objective will be

accomplished by describing variation in vibrational signals associated with mate recognition, attraction, courtship, and
copulation and by quantifying behavioral transitions that lead to mating.  Playback experiments will be done to confirm
the involvement of observed signals in mediating the above behaviors.

2.  Assess the feasibility of developing improved monitoring traps by using vibrational signals to attract adults.  This
objective will be accomplished by determining the effect of sticky traps augmented with vibrational signals on the
capture of glassy-winged sharpshooters.

RESULTS AND CONCLUSIONS
Laboratory observations and experiments are being conducted in an arena that provides a uniform background and both
reduced airborne noise and observer interference.  The arena is a 1.1 m x 0.7 m x 0.9 m box that is positioned on a vibration
isolation table.  The laser and vibrator (see below) are located inside the box.

We recorded vibrational signals using a laser Doppler vibrometer (LDV) (Polytec: model OFV 353 sensor; model OFV 2602
controller, 1.0 mm/s/volt setting) connected to a Macintosh computer equipped with a 16-bit Audiomedia III (Digidesign)
sound card.  The card was controlled using Peak 3.0 (BIAS) software.  Signals were digitized at a sample rate of 44,100 s-1

and stored on the hard drive of the computer.  Temporal and frequency features were measured using Canary 1.2.4 (Cornell
Laboratory of Ornithology) software.  The filter bandwidth for all frequency measurements was set at 43.71 Hz.  Calls
emitted by males have been recorded and characterized (Figure 1 and Table 1).  The male call consists of a long duration
whine that rises in frequency followed by a series of pulses.  Current efforts on male calling behavior focus on determining
daily patterns of calling activity.

At present I am investigating male/female interactions and male search behavior. Females respond to calls emitted by males
or to recordings of these signals by emitting a whine-like call that is similar in structure to the male call.  Males search in
response to female calls in a manner typical of other leafhoppers.  Results of this ongoing work will be used to plan specific
studies under objective 2.
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Figure 1. Sonogram (upper panel) and oscillogram (lower panel) of a typical call emitted by a male Homalodisca coagulata.
Male calls have two distinct sections.  Section one consists of a whine that increases in frequency.  Section 2 consists of a
series of pulses.  Refer to Table 1.

Table 1. Analysis of calls emitted by first generation males (N = 15) reared from adults collected on the UC Riverside
campus.
_________________________________________________________________________________________________________________________________________

Call Features Mean + SD
________________________________________________________________________________________________________________________________________

Section 1 duration (s)  1.71   + 0.167

Section 2 duration (s)  0.68  + 0.164

Section 1 initial frequency  75.20  + 9.871

Section 1 end frequency  115.60  + 19.036

Section 2 initial frequency  65.60  + 14.136

Section 2 end frequency  66.20  + 8.446

Number of pulses in section 2 6.4  + 1.789
________________________________________________________________________________________________________________________________________

All frequency (Hz) measurements are based on the fundamental frequency (i.e. the lowest high energy band).  Refer to Figure
1.

REFERENCES
Claridge, M.F. and P.W.F. de Vrijer.  1994.  Reproductive behavior: the role of acoustic signals in species recognition and

speciation.  In: The Planthoppers: Their Ecology and Management R.F. Denno and T.J. Perfect, (eds.),  pp. 216-233.
Chapman and Hall,  New York.

Ott, J.R.  1994.  An ecological framework for the study of planthopper mating systems.  In The Planthoppers: Their Ecology
and Management R.F. Denno and T.J. Perfect, (eds.),  pp. 234-254.  Chapman and Hall, New York.

Thornhill, R. and J. Alcock,.  1983.  The Evolution of Insect Mating Systems.  Harvard University.
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-113-
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INTRODUCTION
The glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say), is a serious pest of many tree and vine crops
(Turner and Pollard 1959, Nielson 1968).  The main concern of the presence of the GWSS in California is that this insect is
an efficient vector of the bacterium, Xylella fastidiosa, which causes vascular disease in multiple crops, including grapes,
citrus, and almonds, along with horticultural plants, including oleander and mulberries (Meadows 2001, Hopkins 1989,
Purcell and Hopkins 1996).  An adult GWSS need only encounter the Pierce’s disease causing bacterium, X. fastidiosa, once
while feeding on an infected plant and it will then be a vector of X. fastidiosa for the rest of its life (Frazier 1965, Purcell
1979, and Severin 1949).

Little is known about the reproductive biology of the GWSS.  It has been reported that GWSS has two generations per year in
Southern California (Blua et al. 1999).  Oviposition occurs in late winter to early spring, and again in mid-to-late summer.
Adult females live several months and lay small eggs side by side in groups of about 10, ranging from 1 to 27 (Tuner and
Pollard 1959).  The greenish, sausage-shaped eggs are deposited in the leaf epidermis of the host plants.  Our research is
focused on the reproductive morphology and physiology of the GWSS.  We are examining the seasonal differences in female
and male GWSS reproduction between summer and overwintering populations by studying oögenesis and spermatogenesis
cycles.  This knowledge is important in determining how GWSS might choose plant hosts in the landscape, which and why
these host plants are particularly suitable for GWSS ovarian development, and finally how control measures might best be
implemented based upon season and stage of reproductive development.  Better knowledge of reproductive biology might
also lead to better decision support including improved choices of chemical or non-chemical approaches to GWSS control.

OBJECTIVES
1. Collect and prepare GWSS specimens for studying the morphology and anatomy of female GWSS.
2. Study and describe the musculature associated with the female ovipositor.
3. Characterize the reproductive cycle of female GWSS.
4. Study effects of location on female GWSS reproductive cycle.
5.  Study effect of host plant type on female GWSS fecundity.

RESULTS AND CONCLUSIONS
Female and male GWSS were collected from June 2001 to October 2001.  Due to some problems with specimen
preservation, only specimens collected after September 2001 were useful for dissection purposes.  Samples were taken on
monthly or bimonthly intervals, and a random subsample of 10 females per month were dissected to determine ovarian
development of the specimens.  The stages of ovarian development were arbitrarily set from 1 to 8, with 1 being the least
developed stage associated with youngest adult females and 8 being the fully developed stage associated with the oldest adult
females.  Stage 1 has 2 small oöcytes per ovariole and no corpus luteum present.  Stage 2 has 3 small oöcytes per ovariole
and no corpus luteum.  Stage 3 has 2 small oöcytes per ovariole and one large ova per ovariole.  Stage 4 has 1 small and 1
medium oöcyte, and 1 large ova per ovariole.  Stage 5 has 2 small oöcytes per ovariole with a corpus luteum present.  Stage 6
has 1 small oöcyte and 1 large ova per ovariole with, or without, a corpus luteum present.  Stage 7 has 1 small oöcyte per
ovariole with a corpus luteum present.  In stage 8 there are only large ova present.  Stage 1 and 2 are previtellogenic.  Stages
3 to 8 are reproductively active females who are in the process of oviposition (Stages 3, 4, 6 and 8), or have already
oviposited at least once (Stages 5 and 7).  The average ovary rank per sampling date from October 2001 to June 2002 is
plotted in Figure 1.  We are still attempting to determine which generations are present on each sampling date.  The presence
of two generations of insects at most times of the year has led to variation in the ovarian development among the dissected
specimens and we are planning to dissect 10 additional specimens for each sampling date.  This will result in a total of 20
specimens dissected per sampling date.
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The oögenesis and spermatogenesis cycles will be further studied using histological and cytochemical methods as well as
transmission electron microscopy (TEM).  This study has recently been expanded to include a site in Ventura County, CA to
examine possible location effects in California.

Muscles of Ovipositor:
Musculature of the female ovipositor was determined using gross dissection techniques and drawings (Figure 2).  Muscle 1 is
a dilator, it originates on the VIII tergite (T) and inserts on the common oviduct.  Muscle 2, a retractor, connects the pygofer
to the VIII T.  Muscle 3, a depressor, originates on the VIII T and inserts on the first valvifers (vlf).  Muscle 4, a dilator,
originates on the pygofer and inserts on the third valvula (vl).  Muscle 5, also a dilator, originates on dorsal-posterior portion
of the first vlf and inserts on dorsal portion of second vlf.  Muscle 6, a retractor, originates on the apodeme of the pygofer and
inserts on the dorsal-most portion of second vlf.  This muscle consists of two portions: 6a, which originates on the posterior
edge of the pygofer apodeme; and 6b, which inserts on the apodeme ridge.  Finally, muscle 7 is a protractor, it originates on
the dorsal-posterior portion of the pygofer and inserts on the ventral-most portion of the second vlf.  The other muscles
illustrated are associated with movement of the abdominal segments and are not directly associated with oviposition.

The hypothesized sequence of muscle action during oviposition is described as follows.  1) The contraction of muscle 2
retracts the pygofer by pulling it toward the body and away from the tip of the ovipositor.  2) By the contraction of muscle 4,
the paired third valvulae are dilated ventrally to further expose the ovipositor (to reduce friction with the body).  3) Muscle 3
contracts to pull the first vlf dorsally and subsequently causes the first vl to depress and tilt away from body.  4) a. Muscle 7
contracts causing the second vl to protract away from the body, and b. simultaneous contraction of muscles 3 and 7 result in
the ovipositor being pushed away from the body.  5) Muscle 6a contracts pulling the second vl toward the body.  6) Muscle
6b contracts resulting in the rotation of the ovipositor.  7) Muscles 3 and 7 will relax as muscle 6a contracts causing the
ovipositor to move toward the body again, thus beginning the sawing motion. Muscles 3 and 7 will contract once again, and
the seesawing action continues.  When muscles 6 and 7 work oppositely, the second vl. – sawing portion – will move toward
and away from the body.  The simultaneous contraction of muscles 3 and 7 will accentuate the seesawing action of the
ovipositor (second vl. slides on a groove in the first  vl.).  8) Once a slit has been made in the leaf, muscles 1 and 5 contract
causing the opening up of the paired second valvifers, which expands the genital chamber to allow an egg to pass or for
copulation.  9) Once the orifice of the common oviduct into the genital chamber has been dilated, the egg will be deposited
into the genital chamber and further slide through the opening now present between the paired second valvifers.  The egg will
then slide down the middle groove of the ovipositor that is present between the paired first and second valvulae.

Oögenesis study:
The details of reproductive cycle of the female GWSS are still not clear based on our limited data.  Our data suggest that
from October to February, there is a gradual decrease in mean ovarian development rank, indicating that there is probably a
shift toward a higher proportion of younger insects in the population during the period.  The ovarian rank begins ascending in
March, indicating that the population largely consists of older female GWSS (Figure 1).

Host Plant Study:
The greenhouse study conducted this summer has shed light on differences in female fecundity reared on different host
plants.  In this study adult female and male GWSS were caged on citrus, grape, or oleander and allowed to mate and oviposit
on the plants.  We were successful in obtaining oviposition and in rearing GWSS from egg stage to adult stage on all three
types of host plants.  Data are still being collected, and have yet to be summarized for analysis.
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Figure 2. Lateral view of the musculature associated with the female Homalodisca coagulata ovipositor.
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INTRODUCTION
Despite the major research efforts presently underway to minimize the significant economic losses caused by the glassy-
winged sharpshooter and Pierces’s disease there are major gaps in our understanding of the basic biology of this insect and its
interactions with host plants.  There is little current literature dealing with the structure of mouth parts of the glassy-winged
sharpshooter.  Understanding the structure of the mouths parts and their interaction with host plant cells is essential to
determining how the insect transfers the bacterium from plant to plant.  Details of the mouth parts and feeding behavior may
also provide the information necessary to determine why some sharpshooters can feed on infected plants but not transfer the
bacteria to healthy plants on subsequent feedings.  There is speculation as to why the cavitation does not occur in the xylem
tissue despite the large water loss associated with sharpshooter feeding.  Preliminary evidence from our laboratory
demonstrates that both immature and adult insects probe leaf blades and petioles but never actually penetrate the xylem tissue
of the veins.  Are these insects actually feeding on cells outside of the xylem tissue?  The research outlined in this report will
contribute significantly to a greater understanding of glassy-winged sharpshooter feeding and its relationship to Pierces’s
disease.

OBJECTIVES
1. Describe the morphology and ultrastructure of the glassy-winged sharpshooter mouthparts.
2. Describe the process of stylet penetration and the function of each stylet pair during feeding.
3. Ascertain the path of the mouth parts from the epidermal layer to the vascular tissue of the host plant and to ascertain if

the sharpshooter has fed in parenchymatous or phloem tissue en route to xylem tissue.
4. Determine the ultrastructure of the salivary sheath and its association with all plant tissues encountered from the

epidermal layer to the xylem tissue.

RESULTS AND CONCLUSIONS
Glassy-winged sharpshooters (GWSS), Homalodisca coagulata, were field collected from citrus and eucalyptus in Ventura,
California, July 2002.  Additional insects and plants were obtained from the Oswald Street Biological Control Station,
Bakersfield California.  Light and electron micrographic studies were used to describe the sharpshooter mouth parts (Figures.
1-5) which consist of a labrum, labium, and stylet fascicle.  The three-segmented labium contains the fascicle bundle
composed of two external mandibular stylets and two internal maxillary stylets.  The stylets are capable of rapidly
penetrating leaf tissue or woody stems.

The crescent-shaped mandibular stylets taper to sharp points at their tips (Figure 2) and have elaborate sculpturing along their
borders (Figure 3).  Each stylet is manipulated by retractor and protractor muscles that allow independent movement of the
stylets.  On the medial surface of each stylet is a series of cup-shaped flanges that are more prominent near the tip of the
stylet.  The two mandibular stylets are morphologically distinct.

The maxillary stylets (Figure 4) are longer than the mandibular stylets and are semicircular in cross sectional view (Figure 5).
These stylets are interlocked along their entire length with the exception of the very tip.  They interlock similar to a mortise
and tenon type of joint forming a smooth central tubular food canal and salivary canal (Figure 5).  Dendritic canals are
evident in both the mandibular and maxillary stylets.

Sharpshooters can relocate from one feeding position to another and be producing exudate within thirty seconds.  Many of
the salivary sheaths formed are highly branched.  Although the sharpshooter is considered to be an exclusive xylem feeder, a
high proportion of the salivary sheath branches do not terminate in the xylem tissue (Figure 6).
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Figure 1. Mandibular and maxillary stylets extended beyond the tip of the labium.
Figure 2. Mandibular stylet tips of a nymph.
Figure 3. Dorsal view of an adult mandibular stylet.
Figure 4. Tips of the maxillary stylets of an adult.
Figure 5. Cross sectional view of the stylet fascicle.
Figure 6. Cross sections of  sunflower stems showing salivary sheaths.
Cc - cortex, Dc - dendritic canal, Fc - food canal, Lb - labium, Lg - labial groove, Pi - pith, Md - mandibular stylet, Mx -

maxillary stylet, Sc - salivary canal, Ss - salivary sheath, Xy - xylem.
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INTRODUCTION
Most of our knowledge of the dispersion of Homalodisca coagulata (glassy-winged sharpshooter, GWSS) has been obtained
with relative sampling methods in vineyards and citrus orchards (Blackmer et al. 2001, Blua et al 2001, Puterka 2001).
Currently, sampling methods are being used to determine timing of pesticide treatments and to judge their efficacy (Blua and
Redak 2001, Henneberry et al. 2001).  This use implies that the sampling method used relates in a known way to population
density.  Unfortunately, this is not the case, and some important questions are raised.  If a given treatment against GWSS
results in “zero counts” by beat sampling, does that necessarily indicate that there are no GWSS in the area due to the
treatments, or could some GWSS be left alive but at density below the detection threshold of the monitoring tool?  Could an
unknown low density of GWSS be enough to vector PD within or between treated areas?  Does the relationship between
population sampling precision and accuracy change seasonally?  To answer these questions it is imperative to develop a
fundamental understanding between actual (=absolute) GWSS density in the field and any relative density estimates derived
from various sampling procedures.

OBJECTIVES
The overall goal of our research is to correlate the numbers of GWSS obtained by various sampling methods currently used
in population monitoring in citrus with their population density.  Part of this goal involves developing and testing sampling
methods.  Sampling methods chosen for examination were yellow sticky-card monitoring, beat-net sampling, and timed
counts.  Total sampling involved covering trees with tents, killing all GWSS inside with pyrethrum canisters, and counting
dead sharpshooters on cloth under the trees.

RESULTS AND CONCLUSIONS
To determine the efficiency of yellow sticky-card sampling we examined numbers of GWSS caught on the cards as a
function of the number of GWSS placed on the card before it was deployed in the field.  Mean numbers (and SE) of GWSS
caught on cards on which we placed 0, 25, 50, 100, and 200 GWSS was 45 (6.9), 38.4 (4.1), 39.4 (2.0), 30.8 (5.6) and 8.4
(3.3), respectively.  We detected a significant (p < 0.001) relationship between numbers of GWSS placed on the card and
numbers of GWSS caught (Figure 1).  This relationship should be considered depending on the use of yellow sticky-cards in
GWSS monitoring.

Because this project was initiated in mid July 2002, we have collected and analyzed sampling and total count data for only 7
dates.  Thus far, for adult and total GWSS no significant correlations were detected between absolute counts and beat-net
samples, timed counts, or sticky-card samples.  For adults, GWSS sticky-card samples did not significantly correlate with any
other sampling method.   For juvenile GWSS, absolute counts correlated significantly (p = 0.035) with timed samples.
Finally, for juveniles, adults, and total GWSS, beat-net samples correlated significantly (p < 0.01) with timed counts.
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Figure 1: GWSS capture as a function of the number of individuals placed on the yellow sticky card before
field deployment. Equation for line is Y = -8E-0.05X2 – 0.0022X + 6.5844, R2 = 0.708.
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INTRODUCTION
In spite of recent advances to reduce the spread and impact of Pierce’s disease spread, few advances have been made in
diagnostics of the pathogen, Xylella fastidiosa.  This is in part due to a perceived lack of need for better diagnostics.
Commercial and government laboratories routinely determine the presence of X. fastidiosa in plant tissue using serological
assays (i.e. ELISA), polymerase chain reaction (PCR), and culturing techniques.  Each of these techniques is valuable, the
choice depending on the circumstances surrounding their use.

Unfortunately, none of these techniques have been developed to routinely detect X. fastidiosa in sharpshooter vectors that are
known to spread X. fastidiosa.  Several laboratories have detected the bacterium in Homalodisca coagulata, including
laboratories under the supervision of D. Cook, D. Cooksey, H. Costa, T. Miller, A. Purcell, and R. Redak of the University of
California.  Thus far, the detection limit of X. fastidiosa in sharpshooter vectors is not established for any technique.  Nor is
the relationship between detection in H. coagulata and inoculation probability.

Why is it important to detect X fastidiosa in sharpshooter vectors?  Precisely so we can define the window of time during
which grapevines are most susceptible to an inoculation event leading to chronic/terminal infection.  An awareness of this
window of time will allow new and promising plant protection tactics to be deployed optimally.  Currently, we know that
systemic neonicotinoid insecticides not only induce GWSS mortality for several weeks after treatment, but also inhibit
feeding for much longer (Blua and Redak 2001, Bethke et al 2001).  This later characteristic may be more important to
reducing disease spread than the former.  If the sharpshooter does not feed, it cannot inoculate the pathogen into a non-
infected plant or acquire it from an infected plant.  In experiments that optimized X. fastidiosa transmission by the GWSS,
inoculation efficiency jumped from 2% after 1 hour of inoculation access time to 23% after 6 hours (A. Purcell, personal
communication).  Substances that limit feeding to seconds or minutes could reduce transmission efficiency to the point of
essentially blocking the spread of X. fastidiosa. Unfortunately, restraints on the use of neonicotinyl insecticides in grapevines
do not allow adequate protection throughout the year.  Thus, we need to determine when their use would have the greatest
impact on infectious GWSS. These arguments can be applied to other plant-protection tactics including the use of substances
that disrupt GWSS behavioral cues, and others that inhibit establishment of X. fastidiosa in grapevines.

OBJECTIVES
Our long-term goal is to identify the window of time during which grapevines are most susceptible to inoculation by glassy-
winged sharpshooters (GWSS) carrying the Pierce’s disease bacterium, Xylella fastidiosa.  In support of this goal we propose
first to generate a method of detecting X. fastidiosa in glassy-winged sharpshooter vectors that maximizes sensitivity, and is
amenable to large sample sizes.

RESULTS AND CONCLUSIONS
Several commercially available PCR preparation kits are useful in detecting X. fastidiosa.  These kits use different
combinations of cell lysing agents and DNA capture methods.  All kits we examined were relatively cheep, easy to manage,
and amenable to a large number of samples (Table 1).

All of the kits and procedures detected X. fastidiosa from pure culture with the exception of Cell Lytic from Sigma (Table 2).
A liquid nitrogen extract of H. coagulata heads interfered with Dneasy (Qiagen), FTA genecard (Whatman), and the Single
Fly procedure, even though DNA was detected from all extracts.  None of the kits detected X. fastidiosa from liquid nitrogen-
extracted H. coagulata heads that were collected from citrus at U.C. Riverside.  In a more extensive examination of the
gDNA Blood Mini Kit (Eppendorf) our lower detection limit was 9 x 102 CFU with a sharpshooter head background.

Our preliminary attempts to detect X. fastidiosa in H. coagulata that were allowed to feed on infected grapevines have shown
inconsistent results (Table 2).  Several issues need to be explored.  First, bacterial titer in H. coagulata that have acquired it
frequently may be lower than our detection limits.  Second, bacteria may be “trapped” in areas of H. coagulata mouthparts or
foregut in ways that inhibit extraction.  Third, interfering substances in the insect may inhibit extraction or PCR.  Further
studies will focus on these possibilities to optimize detection of X. fastidiosa in H. coagulata.
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Table 1: Aspects of PCR kits examined for the detection of Xylella fastidiosa.

Kit/Procedure Company LYSIS DNA Capture Time
(24 preps)

Cost
/sample

GeneClean Bio 101 SDS-Detergent Silica Glassmilk 1.0 hr $1.00
Dneasy tissue Qiagen Proteinase K Silica Gel Membrane 1.0 hr $2.00
DNAzol MRC Inc. guanidine-detergent Phase Separation 1.5 hr <$1.00
FTA genecard Whatman Chemical2 None <20 min <$1.00
gDNA Blood mini Eppendorf SDS/Proteinase K Silica Gel Membrane 1.0 hr $1.00
DNA extraction Fermentus Chemical2 Silica glass beads 1.5 hr $1.00
Cell Lytic Sigma Lysozyme/SDS/Chemical None 1.5 hr <$1.00
Single Fly1 N/A Proteinase K None 1.0hr <$1.00
Phenol Extract N/A Phenol Phase Separation Varies <$1.00

1Procedure that uses proteinase K for lysis and directly to PCR
2Proprietary information

Table 2: Detection of DNA and Xylella fastidiosa (X.f.) by PCR kits examined.

Method Company
Cultured

X. fastidiosa
Cultured X.f. +

H. coagulata
Field Collected
H. coagulata

X.f. from
H. coagulata

DNA X.f. DNA X.f. DNA X.f. DNA X.f.
GeneClean Bio 101 Yes + Yes + Yes - Yes -
Dneasy tissue Qiagen Yes + Yes - Yes - Yes -
DNAzol MRC Inc. Yes + Yes + Yes - Yes -
FTA genecard Whatman Yes + Yes - Yes - Yes -
gDNA Blood mini Eppendorf Yes + Yes + Yes - Yes -
DNA extraction Fermentus Yes + Yes + Yes - Yes +
Cell Lytic Sigma No - No - No - No -
Single Fly N/A Yes + Yes - Yes - Yes -
Phenol Extract N/A Yes + Yes + Yes - Yes -

Samples were from cultured X. fastidiosa (n=4), cultured X. fastidiosa with Homalodisca coagulata adult heads extracted
with liquid nitrogen (n=8), H. coagulata heads from adults collected in citrus and extracted as above (n=4), and heads
extracted as above from H. coagulata adults allowed to feed for 4 days on grapevines infected with X. fastidiosa (n=4).  PCR
used primers set 31 and 33 (Minsavage et al. 1994).
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INTRODUCTION
The glassy-winged sharpshooter (GWSS), the leafhopper principally responsible for the spread of Pierce’s disease on grape
in California, is the species Homalodisca coagulata.  This special capacity relates to the tissue upon which all sharpshooters
(leafhopper subfamily Cicadellinae) feed: xylem, and the invasive status of the GWSS in California.  It is noteworthy that of
the19 species in the genus, only one other species occurs in California and 18 species occur outside the USA (6 of these also
occur in the USA).  The genus is common in Mexico and also occurs southward through Central America, northern South
America, and southeastern Brazil and Paraguay.  That is, most species of Homalodisca, were they to reach California, have a
destructive potential equal to the GWSS regarding the grape industry.  The genus Homalodisca contains two other species
that are already known to vector phytopathogens and it is practically expected that all species in the genus have the capacity
to be, or become, serious vectors.  Clearly, in a situation like this, we need to be clear about which species we are studying.
The genus has never been revised.

Words are the tools of efficient communication and taxonomy is the vocabulary of species.  By linking information to genus
and species names, a classification of species becomes at once a very efficient system for storage and retrieval of information,
and hence for meaningful communication, and a predictive tool, provided that classification is sound.  Linking that
information to species names that may be based on misidentifications, or belong to entirely different genera, will only add
confusion to vector studies.  In order to communicate effectively about the GWSS and its congeners, it is essential that
everybody use the same names for the same species.

Access to all information on any group of organisms, including Homalodisca, is severely impeded by arbitrary generic limits,
multiple names for some species and no name for others, or the absence of authoritative identification tools, or all three
factors.  The status of Homalodisca in this regard is below acceptable levels for a group of such economic importance.

OBJECTIVES
Broadly, the objective of the proposed research is to stabilize the classification of the genus Homalodisca so that all other
information gathered (host plants, ecology, physiology, genomics, etc., which are all identified as priorities in the PD
reasearch program) can be linked to the correct names for meaningful communication.  This will be accomplished through
three major objectives:
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1. Establish the limits of the genus Homalodisca though comparison to closely related genera, and the limits of all species
in the genus, determine their valid names, and describe new species as necessary.

2. Characterization of brochosome structure and related behavior to allow identification of egg masses and females for most
species.

3. Provide authoritative and electronically accessible identification aids and distribution data for all species, in addition to a
hardcopy publication of the Homalodisca revision.

Also important for a revision is determining the relationship of Homalodisca to closely related genera.  This is presently
being addressed by a Ph.D. student and proposal cooperator Daniela Takiya, with outside funding for four years and is
consequently not a major objective of this project.

RESULTS AND CONCLUSIONS
This is an incipient, two-year project involving both lab and field work.  The revision of Homalodisca (Objective 1) has
begun.  In addition to the specimens held by the National Museum of Natural History, over 1,000 specimens have been
borrowed from about one dozen institutions, locality data has been extracted and converted to decimal degree geographic
coordinates for 1,500 specimens, and characterization of species and intra- and interspecific variation has begun.  The closest
genera to Homalodisca are Phera, Pseudophera, and Oncometopia (which also contain known phytopathogen vectors), but
the distinctions are not satisfactorily established.  At present there are 26 names in the genus Homalodisca, thought to pertain
to 19 species.  The most comprehensive study of Homalodisca to date was by Young (1968) and was limited to the seven
species occurring in the United States.  As noted above, however, the genus is more common in Mexico and further south,
including Central America, northern South America, southeastern Brazil and Paraguay.  The morphology of Homalodisca
species, incorporating characters of the head, thorax (including wings and legs), abdomen, male and female genitalia, and
integumental fine-structure are being analyzed.

To allow identification of egg masses and females (Objective 2), brochosome structure and related behavior is being
characterized for as many species as possible, at present for six species.  Brochosomes are hydrophobic secretions of
malpighian tubules that are found only in leafhoppers.  At moulting, nymphs and adults spread the brochosomes over their
bodies, presumably to stay dry in wet conditions.  In Homalodisca and a few related genera, females coat egg masses with
these brochosomes, which vary in structure among species. This objective is most important for quarantine purposes,
especially with regard to the grape crops.

For Objective 3, an on-line, image-driven key will be produced and placed on the USDA/ARS Systematic Entomology
Laboratory server to maximize access and utility.  A traditional key to species will accompany the hardcopy generic revision.

Foreign expeditions to support all three objectives are being planned for Mexico, Costa Rica, and Venezuela and will consist
of examining existing collections (at the Universidad Nacional Autónoma de México, Instituto Nacional de Biodiversidad,
and Museo del Instituto Agrícola, Maracay, respectively), making new collections of Homalodisca and associated organisms,
such as host plants or natural enemies, and observing oviposition behavior in additional species.  All expedition team
members are leafhopper specialists with ample fieldwork experience.  Collecting in Mexico and Venezuela may reveal males
for two of the three Homalodisca species presently known only from females (the third species, H. ignota, occurs only in
Brazil) and will undoubtedly yield new locality records.  Obtaining more complete geographic coverage may result in
revealing additional variation, which would impact species delimitation, or even new species.  Specimens will be shared with
collaborating foreign institutions in accordance with host country regulations; all specimens brought to the United States will
be deposited in the National Museum of Natural History, Smithsonian Institution.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.
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Reporting Period: The results reported here are from work conducted from September 2001 to September 2002.

INTRODUCTION
Although some of the American native Vitis species, particularly those originated from the southeastern United States have
been known for resistance to the Pierce’s disease (Lu 2000; Lu and Ren 2002), their resistant status against the glassy-
winged sharpshooter, Homalodisca coagulata (Say), GWSS, the vector transmitting Pierce’s disease (PD) pathogen (Xylella
fastidiosa), have not been reported.  It would be interesting to know if there is any correlation between resistance to the
disease and resistance to the insect vector transmitting the disease.  In addition, understanding the mechanism of host
resistance to the GWSS, and the insect/plant interactions will add new dimension to control the insect vector in addition to
the existed measures. In this connection, a study to survey the GWSS feeding preference on grapevines with different
genetic background was conducted at Florida A&M University, Tallahassee, Florida.  Our preliminary study indicated that
GWSS has feeding preference for certain grapevines.  Since one recommendation to manage the GWSS is establishing
riparian vegetation surrounding a vineyard, understanding the GWSS feeding habit on different grapes will also enable us to
select resistant grape materials against GWSS.  The long term goal of this project is to understand the mechanism of feeding
preference (or host resistance) among resistant and susceptible grapevines, and the genetic basis of the host resistance to the
GWSS.

OBJECTIVES
1. Determine the feeding preferences of GWSS on different grape species and cultivars.
2. Investigate the mechanisms of host plant resistance to GWSS.
3. Understand the interaction between GWSS feeding preferences and physiological responses of the host plant to feeding,

and the genetic basis of the host plant resistance to GWSS.

RESULTS AND CONCLUSIONS
The feeding preference of GWSS on different species/cultivars was evaluated in two different ways: 1) count the number of
GWSS feeding on grapevines of different species / cultivars in the field; 2) determine the feeding preference by measuring
the excretion of the GWSS feeding on difference grape species /cultivars.  For the field-count of GWSS on individual
grapevines, two separate investigations were conducted during last two seasons.  The first survey was conducted on highly
susceptible V. vinifera cultivars 'Chardonnay,' 'Cabernet Sauvignon', 'Thompson Seedless,’ and V. labrusca cultivars
'Concord' and 'Niagara', with muscadine grape as a resistant control.  One-year old vines grafted on muscadine rootstocks
(Ren and Lu, 1999) were used for this investigation.  The actual numbers of GWSS feeding on these grape cultivars were
counted on a daily basis between 10:00 and 12:00 in the morning from late June to the end of August.  As shown in Table 1,
the PD resistant grape cultivar V. rotundifolia (muscadine grape) had significantly fewer visits by GWSS than did the
susceptible grape cultivars ‘Chardonnay,’ ‘Cabernet Sauvignon,’ and ‘Thompson Seedless.’  The frequency of GWSS visits
to V. labrusca cultivars ‘Concord’ and ‘Niagara’, the native American grape susceptible to PD, was intermediate between
those found on V. rotundifolia and V. vinifera.

Table 1: Average number of GWSS on different grape cultivars.
_____________________________________________________________________________________________

Cultivars Average numbers of GWSS per vine per observation
_____________________________________________________________________________________________

6/25-30   7/1-10   7/11-20   7/21-31   8/1-10   8/11-20   8/21-31

Chardonnay 1.3 1.0 2.9 0.6 0.0 0.0 0.0
Thompson Seedless 1.1 3.4 5.1 4.1 1.7 1.4 0.3
Cabernet Sauvignon 3.3 6.0 6.6 3.8 1.6 0.8 0.3
Concord 1.3 1.4 1.1 0.3 0.1 0.0 0.0
Niagara 0.4 0.4 0.1 <0.1 0.0 0.0 0.0
Muscadine 0.3 <0.1 0.2 0.0 0.0 0.0 0.0
_____________________________________________________________________________________________
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For the second investigation, adults and nymphs of GWSS were assessed by weekly counts during the period when GWSS
were observed in the vineyard in 2002 (from June to October).  More than 100 accessions, including pure species and
complex hybrids, were included in this investigation.  However, only a representative of eight accessions / cultivars (Table 2)
was included in this report while the rest of the data are being dissected and analyzed.  Similar to the first investigation, the
PD resistant muscadine vines received very few visits of GWSS, while PD susceptible grape ‘Niagara’ received high GWSS
counts in the same vineyard.  PD tolerant Florida hybrid bunch grapes had an intermediate count of GWSS.  As expected, the
PD resistant Vitis species shuttleworthii and mustangensis had very low counts of GWSS. Interestingly, the PD tolerant V.
cineria accession had very high counts of GWSS.

Table 2: GWSS population on selected vines during the 2002 growing season.
_____________________________________________________________________________________________

Ssp. /cvs.                                  June July August September        October
Vitis rotundifolia

Fry    0.1+0.4  0.03+0.6  0.04+0.05 0 0
Carlos   0.1+0.4 0 0 0 0

Florida hybrid bunch grapes
Blanc du Bois        4.2+3.2  1.2+1.3  3.5+2.6  1.0+1.0 0
Suwannee         1.8+1.7  2.6+0.9  1.5+2.4  0.7+1.6 0

Vitis labrusca
Niagara 6.8+3.6 0.2+0.5 0.8+0.1 0.7+0.6 0

Vitis shuttleworthii (JL 2001) 0.5+0.6  0.2+0.4 0 0 0
Vitis mustangensis (DVIT 2232) 0.8+0.5  0.6+0.5  0.5+0.6 0 0
Vitis cineria (DVIT 2380)      14.8+7.1  2.8+3.1  1.8+1.3 0 0

The feeding preference was also measured on selected grapes, including resistant, tolerant and susceptible grape cultivars, by
collecting the excretion of the GWSS.  Two GWSS were introduced and confined in a 50-ml plastic tube in which a shoot was
running through for the GWSS feeding. Excretion was collected and used for determining the feeding preference.  The
experiment was repeated three times (June 24, July 15 and July 22) and two vines were used for each cultivar in each
experiment.  The data in Table 3 are the average excretion per tube (from two GWSS) collected two days after the GWSS
were introduced to the confined tube.  In general, more excretion was collected from the bunch grapes than from the
muscadine grapes.  Among the bunch grape cultivars, more excretion was obtained from the PD susceptible cultivars
(‘Chardonnay’, ‘Concord’, and ‘Niagara’) than PD tolerant cultivars (‘Blanc du Bois’ and ‘Blue Lake’) and PD resistant
cultivar (‘Champanelle’).

Table 3: Average excretion per tube collected two days after two GWSS were confined in a 50 mL tube with one shoot.
____________________________________
Cultivars Excretion
Muscadine Grapes
Carlos 0.34
Fry 1.83
Jumbo 0.49
Bunch Grapes
Blanc du Bois 0.50
Blue Lake 0.50
Orlando Seedless 1.80
Champanelle 0.45
Chardonnay 3.30
Concord 2.69
Niagara   1.33

REFERENCES
Lu, J. 2000. Pierce's disease resistant grapes in the southeast United States. 50th ASEV Annual Meeting., Seattle, WA.

(Abstract)
Lu, J. and Z. Ren.  2002.  Evaluation for Pierce’s disease among muscadine grapes.  Acta Horticulturae.  (In Press)
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Directors Meeting. Washington D.C. (Abstract).
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Reporting period: The results reported here are from work conducted from December 1, 2001 to December 1, 2002.

INTRODUCTION
Insect dispersal can be influenced by numerous factors, such as increasing population densities, reproductive status, biased
sex ratios, host breadth, declining host quality and changing environmental conditions (Denno 1979, 1985; Taylor 1985,
Denno et al. 1991, Blackmer and Phelan 1991, Blackmer and Byrne 1993a,b, 1999; Blackmer and Cross 2001).  A better
understanding of how these various factors influence the movement of the glassy-winged sharpshooter will be crucial in the
management of this pest and the spread of Pierce’s disease (PD).

OBJECTIVES
1. Compare rates of movement between glassy-winged sharpshooters (GWSS) and native smoke-tree sharpshooters (STSS)

to better understand changes in the spread of PD.
2. Correlate the effects of crowding, sex ratio, reproductive status, host-plant quality and environmental variables with

population dynamics and movement of GWSS as an aid to predicting insect and disease spread.

RESULTS AND CONCLUSIONS
Mark-release-recapture (MRR) studies with GWSS and STSS were conducted in 2001 in Moreno Valley in an abandoned
alfalfa field, and in 2002 additional releases of GWSS were carried out in an 11-ha Valencia orchard in Fillmore, California.
Temperature, relative humidity, barometric pressure, wind speed, and wind direction were monitored at the center of each
release site with a portable weather station.  Physiological parameters, such as egg load, weight and sex ratio were also
measured.  Recapture data generated from these studies were fit to a diffusion model (Turchin and Thoeny 1993) and model
results were used to estimate dispersal distances for each species in each habitat.  This model has been shown to accurately
describe the movement of numerous insect species (Kareiva 1983, Plant and Cunningham 1991, Turchin and Thoeny 1993,
Corbett and Rosenheim 1996, Rudd and McEvoy 1996).  At the Fillmore site, sharpshooters were collected and doubly
marked with an IgG protein solution (Hagler et al. 1992, Hagler 1997) and a light application of fluorescent pigment.  Four
colored pigments were used consecutively, which allowed us to separate released sharpshooters from the background
population, as well as track sharpshooters for up to 6 wks.  Sharpshooters were recaptured on cylindrical yellow sticky traps
that were attached at ground, mid-canopy (2-3m) and upper-canopy level (6-7m) to 7-m tall telescoping poles.  In a separate
study, at the Fillmore location, movement of GWSS was measured relative to time of day, environmental parameters, and
xylem flux.  Sticky traps were changed and xylem sap was collected at four-hour intervals from 0600 to 2200 hours (N=5).

Linear regressions of recapture data with the diffusion model provided significant fits to the data with high coefficients of
determination (R2) for all of the GWSS and 3 of the 4 STSS releases in 2001, and for 5 of the 6 releases in 2002 (Table 1).  In
2001, calculations of dispersal distances using the diffusion model showed that 50 and 95% of the GWSS moved 30 and 90
m in 5-6 hr, respectively, while 50 and 95% of the STSS moved 47 and 155 m, respectively (Table 2).  Approximately 7% of
the GWSS and 21% of the STSS flew beyond our most distance annuli (90m) in the 2001 releases.  In 2002, more than
83,000 GWSS were marked and released between July and early October.  Calculations of dispersal distances for these
releases showed that 50 and 95% of the GWSS moved 30 and 99 m in 72 hr, respectively (Table 2).  Parameters estimated in
these trials will be used in further experiments and modeling efforts to determine absolute rates of movement for GWSS.

In separate stepwise regression analyses, trap distance from the release site was the best predictor of trap catch (R2 = 0.38,
P<0.0001 for GWSS and R2 = 0.31, P<0.0001 for STSS in 2001; R2 = 0.23, P<0.0001 in 2002).  In 2001, the addition of trap
height, release date, height and distance interaction accounted for an additional 20-31% of the variability in trap catch.  In
2002, the addition of trap height, release date and cardinal position only accounted for an additional 10% of the variability in
trap catch.  Recapture rates were considerably lower in the citrus orchard as compared to the open field setting (1.6% in 72
hours vs. 12% in 6 hours).  Similar to 2001, more sharpshooters were recaptured on the two lower traps (below 3m) than on
the upper traps (P<0.05) for all six releases in 2002.  Egg loads were fairly even in July and August (3.77 ± 0.38; mean ±
SD), but declined in September and October to 0.65 ± 0.33 per female.  Weights for male and female sharpshooters
fluctuated little throughout the study (0.036 ± 0.003 g for females; 0.027 ± 0.002 g for males), even after egg loads declined.
A female biased sex ratio (0.72:1.0; male:female) was evident in the first two releases (in July), but thereafter, a male biased
sex ratio (1.2:1.0) was observed.
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In a separate study, that measured sharpshooter movement relative to time of day, environmental parameters and xylem flux,
we found that sharpshooters were most active, in terms of flight activity, between 1000 and 1400 hours (Figure 1).  Of the
environmental parameters tested, only temperature explained a significant amount of the variability in trap catch in 2002 (R2

= 0.58, P< 0.0001).   Sharpshooters were rarely trapped when temperatures fell below 18°C.
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Figure 1.  Number of female and male H. coagulata trapped
relative to time of day.

Table 1. Parameter estimation of diffusion model fit to glassy-winged sharpshooter (GWSS) and smoke tree sharpshooter
(STSS) dispersal data for 2001 in Moreno Valley and 2002 in Fillmore, CA.

GWSS – 2001 STSS – 2001 GWSS - 2002
Parameter Estimates

Trial A           B          P          R2 A        B       P      R2 A      B     P R2

1         134.71   26.98    0.022    0.86       27.45    47.71    0.076    0.70      106.27    37.03    0.011    0.69
2         186.42   26.76    0.017    0.89       27.79    48.29    0.002    0.97      108.01    23.05    0.002    0.88
3          60.60    21.65    0.012    0.91       23.27    30.96    0.009    0.92      136.58    26.33    0.009    0.78
4         107.23   25.26    0.014    0.90       32.63    31.88    0.005    0.95      323.32    17.61    0.0001  0.99
5 179.12    23.36    0.002    0.87
6          8.16        40.18    0.21      0.29
.Data for 2001 are recaptures at 6 hour intervals; data for 2002 are recaptures at 72 hr intervals.

Table 2. Estimates of the radius of a circle enclosing various proportions of dispersal distances for GWSS and STSS after
point release in an alfalfa field in 2001, and in a mature orange grove in 2002.

Proportion Estimated Radius (m) Estimated Radius (m) Estimated Radius (m)
Enclosed for GWSS-2001 for STSS-2001 for GWSS-2002

0.50 30 47 30
0.67 43 68 44
0.95 90 155 99
0.99 99 220 145
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INTRODUCTION
The management of Pierce’s disease (PD) spread by Homalodisca coagulata, the glassy-winged sharpshooter (GWSS) is
lacking a fundamental strategy and solid tactics.  Among tactics under development is the use of insecticides to minimize
numbers of GWSS and inhibit their feeding to reduce their ability to acquire the bacterium from infected vines and to
inoculate uninfected vines. Two aspects of insecticides are necessary for this tactic to be successful:  (1) they must affect
GWSS immediately after they arrive on a vine; and (2) they must remain efficacious for a long time.  Since 1998, we have
examined the impact of insecticides on grapevines against the GWSS (Blua et al 2000, Redak and Blua 2001).  We chose to
study insecticides of the chemical class known as neonicotinoids because of their reputed inhibition of feeding by sucking-
insects, and their long residual activity.

Anti-feedant qualities are one of the important aspects of neonicotinoids.  In a 1999 experiment conducted at the University
of California, Riverside, GWSS caged on field-grown grapevines treated with Admire (imidacloprid, Bayer Inc) did not feed
enough to generate visible amounts of excreta, which they normally produce in copious quantities.  In contrast, GWSS on
untreated vines generated a substantial volume of excreta.  We concluded that Admire inhibits feeding by the GWSS.  Our
most recent experiments showed this effect for other neonicotinoids, including soil-applied Actara (thiamethoxam)
(Syngenta, Inc) and foliar-applied Assail (acetamiprid) (Aventis, Inc) (Bethke et al 2001, Redak and Blua 2001).  Most
striking is our observation that neonicotinoids applied to grapevines in September of 1999 had a substantial impact on GWSS
feeding almost a year later.  This may, in fact, be more important to protecting plants from infectious sharpshooters then
inducing mortality.

OBJECTIVES
The overall goal of our research is to determine the impact of sub-lethal doses of neonicotinoids on the spread of Xylella
fastidiosa, the Pierce’s disease bacterium, to or from grapevines by the GWSS.  In support of this goal, we are examining the
impact of sub-lethal doses of Admire on GWSS feeding using electronic monitoring methods under development in the
laboratory of E. Backus (2001).

RESULTS AND CONCLUSIONS
Thus far, we have examined the relationship between the amount of Admire applied to potted grapevine seedlings and GWSS
mortality after a 24h exposure period.   We used these data to select a sub-lethal dose (3.75 mg Admire/pot) for our feeding
studies (Figure 1).  Ten days after treatment, this amount of Admire induced ca 50% GWSS mortality (Figure 1).

Our investigation of the impact of sub-lethal doses of Admire on GWSS feeding used a factorial experiment with two factors,
each with two levels.  The first factor was grapevines treatment with Admire or not, and the second factor was grapevines
infected with Pierce’s disease or not.  Feeding behaviors of GWSS on experimental grapevines were recorded with electronic
monitoring (Backus 2001).  This experiment has been completed and the data are currently being analyzed.



-132-

Figure 1. Mortality of Homalodisca coagulata as a function of Admire (Bayer, Inc) treatment of potted grapevines.
Grapevine seedlings in 700ml pots were treated with 0.00, 0.94, 1.88, 3.75, and 7.50 mg Admire 10 d before H. coagulata
adults were caged on plants.  Mortality was measured 24h after exposure to plants.  Points represent means + SE (N=17).
Regression equation:  y = 0.099x + 0.143.
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INTRODUCTION
Pierce’s disease, caused by Xylella fastidiosa has become an increasingly important factor in grape production in California
since 1996.  The glassy-winged sharpshooter (GWSS) is a primary X. fastidiosa vector.  Serious grape and vine losses have
increased as GWSS numbers have increased in southern California (Blua et al. 1999).  Purcell et al. (1999) suggested that
diseases caused by X. fastidiosa are likely to become more prevalent with increased numbers and spread of GWSS.
Management methods are urgently needed for GWSS that are economically, ecologically and socially acceptable.  Cultural
and biological components of developing integrated pest management (IPM) strategies need to be melded with efficacious
GWSS chemical control and insecticide resistance management (IRM), and integrated crop management (ICM) inputs.  In
2000, we studied GWSS adulticides in grapes (Akey et al., 2001a).  Our objectives in the two-year trials (2001-2002) were to
identify selective, conventional and biorational insecticides that were efficacious for control of immature and adult GWSS in
citrus.

OBJECTIVES
1. Identify selective, conventional and biorational insecticides that were efficacious for control of immature and adult

GWSS in citrus.

RESULTS AND CONCLUSIONS
Experiments were conducted with naturally occurring GWSS populations during egg to nymph to adult development during a
4-mo.period (April-July), on 6-7 foot tall orange trees.  The experimental designs were two - 3 replicate randomized complete
blocks at University of California, Agricultural Operations, Riverside, CA.  Plots were 0.114ac in size; 25 by 22ft, 3 trees per
plot with guard rows on each side (except for Surround that had plots 3 times larger).  GWSS counts were made weekly
following applications of treatments (table 1) made with a windmill blast-type sprayer (John Bean Div., FMC) (compliant
with Good Lab Practices, GLP).  Spray delivery was at 200 psi at 300 gal/ac with 5 swivel-nozzle bodies (Tee Jet) on one
side.  There were 10 nozzles, each had a core 23, disc 6, and slotted strainer.  An adjuvant, Silwet L 77, (Loveland Ind.) was
used in all applications (except Surround).  Spray penetration was studied previously (Akey et al. 2001a,b).  LSD mean
separation tests were made if there were significant F values by analyses of variance.  Data were transformed by √(x + ½) to
adjust zeros in data sets.

Efficacies of materials evaluated for control are shown in table 2.  The pyrethroids, Baythroid, Capture and Danitol and
the neonicotinoids, Provado and Assail were highly effective against GWSS. Also, the insect growth regulator (IGR),
Applaud (1 application 0.9333 lb AI/ac), was highly effective against GWSS nymphs.  That Applaud rate was ca. half-
label and unlikely to affect beneficial insects (study needed).  Neem products (5 applications) were efficacious against
development of GWSS to large nymphs (neem products had no efficacy or repellency on GWSS adults on grapes;
unpublished data, summer/fall 2000).  GWSS nymphal control in 2002 (Table 2) with Applaud, Agroneem and Neemix,
and Baythroid confirmed our first-year results (Table 2, Akey et al. 2001b).  Novaluron (benzoylphenylurea group), a
chitin blocker, was more effective against nymphs than Micromite (also a chitin blocker), diflubenzuron (1 application of
each).  Sucrose octanoate had minimal efficacy (3 applications).  The repellant, Surround, significantly decreased numbers
of immature and adult GWSS (3 applications).

In summary, Applaud is a prime candidate for IPM programs on GWSS. Pyrethroids are effective conventional agents
against GWSS.  Neem products may have a place as one tool, combined with others, in organic programs against GWSS.
The biorational agents evaluated here will probably be more efficacious in area-wide programs.
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Table 2. Mean numbers (± SE) and insecticidal efficacy percentages following applications of selected chemicals
for glassy-wing sharpshooter control in citrus at Riverside, CA , 2001 and 2002.

2001 Treatments1,2 Small nymphs Large nymphs Adults
x 3 %4 x % x %

Baythroid 1 0.1 ± 0.1 99 d5 0.3 ± 0.1 95 e 4.3 ± 1.2 67 efg
Baythroid 2 0.1 ± 0.1 99 d 0.0 ± 0.0 100 e 2.7 ± 0.9 79 g
Capture 0.0 ± 0.0 100 d 0.0 ± 0.0 100 e 2.5 ± 0.9 81 g
Provado 0.2 ± 0.1 96 d 0.2 ± 0.1 97 e 3.4 ± 1.1 74 fg
Assail 0.1 ± 0.1 99 d 0.1 ± 0.1 99 e 2.8 ± 0.8 79 g
Fujimite 3.6 ± 1.0 45 bc 2.3 ± 0.6 68 d 4.7 ± 1.3 64 def
Applaud6 0.7 ± 0.5 90 d 0.0 ± 0.0 100 e 5.9 ± 2.3 55 cde
Esteem 6.7 ± 2.0 a 4.9 ± 1.3 31 bc 5.4 ± 1.4 59 cde
Agroneem 6.8 ± 1.8 a 5.3 ± 1.9 26 b 7.1 ± 1.9 39 bc
Neemix 5.6 ± 1.8 15 ab 3.0 ± 0.8 58 d 6.3 ± 1.4 52 bcd
Trilogy 2.3 ± 0.7 65 cd 3.4 ± 1.2 52 cd 7.9 ± 1.9 39 b
Control 6.6 ± 1.9 -- a 7.1 ± 1.7 -- a 13.1 ± 3.4 -- a

Table 1. Trade names, chemistry classes, formulations and rates per acre of foliar insecticides evaluated for
immature and adult glassy-wing sharpshooter control in citrus, Riverside, CA, 2001 and 2002.

Name Chemistry Per Acre
Year Trade              Generic Class       Formulation Product       lb AI Company

Conventional Insecticides
2001 Capture bifenthrin pyrethroid 2    EC 6.4 fl oz 0.50 FMC
2002 Danitol fenpropathrin pyrethroid 2.4 EC 21.0 fl oz 0.40 Valent USA
2001 Baythroid cyfluthrin pyrethroid 2    E 1.6 fl oz 0.010 Bayer Crop Sc
2001, 02 Baythroid cyfluthrin pyrethroid 2    E 3.2 fl oz 0.020 Bayer Crop Sc
2001 Fujimite fenpyroximate oxime 5    EC 4.0 pt 0.0933 Nichino Amer
2001 Assail acetamiprid neonicotinoids 70  WP 1.2 oz 0.0233 Bayer Crop Sc
2001 Provado imidacloprid neonicotinoids 75  WP 10.0 oz 0.2147 Bayer Crop Sc

Biorational Insecticides and Repellants
2002 Surround Kaolin clay surface film 100 WP 50.0 lb 50.0 Engelhard
2002 Aza-Direct azadirachtin neem IGR 1.2% wt 1.3 qt 0.0324 Gowan
2001, 02 Agroneem neem extract

& azadirachtin
neem IGR 15.0  %

0.15%
4.0 qt
4.0 qt

1.100
0.110

Agro Logistics

2002 Neemix azadirachtin neem IGR 4.5  % 1.0 qt 0.46 Certis USA
2001 Trilogy neem without

azadirachtin
neem IGR 70     % 5 gal 12.74 Certis USA

2002 Applaud buprofezin chitin inhibitor 70  WP 0.2 lb 0.1633 Nichino Amer
2002 Applaud buprofezin chitin inhibitor 70  WP 1.0 lb 0.7000 Nichino Amer
2001, 02 Applaud buprofezin chitin inhibitor 70  WP 1.3 lb 0.9333 Nichino Amer
2001 Esteem pyriproxyfen JH analog 0.86 EC 0.5 qt 0.03
2002 AVAChem

Sucrose
Octanoate

sucrose
octanoate

bio-soap 40  % 0.8%v/v 7.9 lb Ava Chemical
Ventures

2002 AVAChem
Sucrose
Octanoate

sucrose
octanoate

bio-soap 4  % 1.2% v/v 11.9 lb  Ava Chemical
Ventures

2002 Micromite diflubenzuron chitin inhibitor 80  WG 6.3 fl oz 0.3125 Uniroyal Chem

2002 Novaluron benzoylphenyl
urea group

chitin inhibitor 2.4  EC 4.2 lb 0.3125 Uniroyal Chem
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2002 Treatments Small nymphs Large nymphs Adults
n2 x % n x % n x %

Baythroid 12 0.1 ± 0.1 99 b5 18 0.1 ± 0.1 99 b 21 1.8 ± 0.7 71 b
Danitol 12 0.0 ± 0.0 100 b 18 0.0 ± 0.0 100 b 21 1.0 ± 0.4 85 b
Control 12 7.3 ± 3.8 -- a 18 15.2 ± 4.2 -- a 21 6.1 ± 1.6 -- a

Novaluron 12 6.8 ±2.3 56 b 18 2.1 ± 0.6 86 c 18 5.4 ± 1.7 22 a
Micromite 12 12.3 ± 1.8 20 a 18 5.6 ± 0.8 63 b 18 7.5 ± 1.6 -- a
Control 12 15.3 ± 3.2 -- a 18 15.2 ± 4.2 -- a 18 7.0 ± 1.8 -- a

Applaud7 21 6.3 ± 1.2 60 b 18 3.7 ± 1.0 78 b 18 2.1 ± 0.7 49 b
Applaud 21 5.4 ± 1.6 66 bc 18 2.4 ± 0.8 85 bc 18 0.8 ± 0.3 81 c
Applaud 21 2.3 ± 1.2 86 c 18 0.0 ± 0.0 100 c 18 1.2 ± 0.4 71 bc
Control 21 15.8 ± 2.6 -- a 18 16.8 ± 4.8 -- a 18 4.2 ± 1.3 -- a

Sucrose8 21 20.7 ± 3.6 -- a 15 10.0 ± 2.1 44 a 12 4.5 ± 1.7 -- a
Sucrose 21 8.2 ± 1.3 26 a 15 3.5 ± 0.7 80 b 12 2.1 ± 0.7 48 a
Control 21 11.2 ± 2.5 -- a 15 18.0 ± 4.7 -- a 12 4.0 ± 1.6 -- a

Surround 9 5.3 ± 1.4 65 b 9 2.1 ± 0.6 89 b 9 19.4 ± 5.9 -- a
Control 9 15.0 ± 4.0 -- a 9 19.4 ± 5.9 -- a 9 2.0 ± 0.9 -- a

Agroneem 12 12.0 ± 2.8 33 a 12 8.8 ± 2.8 68 b 12 20.3 ± 3.9 16 ab
Aza-Direct 12 9.3 ± 2.0 48 a 12 7.6 ± 2.1 72 b 12 15.3 ± 2.8 37 bc
Neemix 12 17.2 ± 5.7 41 a 12 10.3 ± 3.2 62 a 12 12.2 ± 2.4 50 c
Control 12 18.0 ± 4.7 -- a 12 27.2 ± 6.8 -- a 12 24.2 ± 5.4 -- a
1 Number of applications applied were:  one for Baythroid, Capture, Danitol, Assail, Provado, Applaud,

Novaluron, and Micromite; two for Fujimite, three for AVA Chem, Sucrose Octanoate, Surround; Agroneem
Neemix, and Trilogy, 2001, five for Agroneem, Aza-Direct and Neemix, 2002.

2 n = 3 replicates of each treatment times number of analyzed dates in which the life stage was present post
application(s); n 2001 was 21.

3 Means of 3 replicates of each treatment.
4 % efficacy = percent reduction from control.
5 Means in columns by group(s) with different letters, are significantly different by ANOVA and LSD at P ≤ 0.05,

analyses were based on  transformed data, √(x + ½ ) to adjust zeros in data sets.
6 2001, 0.93 lb AI/ac
7 2002, 0.16, 0.70 and 0.93 lb AI/ac, respectively.
8 0.8 and 1.2%, respectively.
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Reporting Period: The results reported here are from work conducted from March 2001 through August 2002.

INTRODUCTION
ARS and industry partners have developed two new insecticidal chemistries that offer significant insect control properties
with improved safety to human health and the environment.  Particle film technology (Surround WP, Engelhard Corp, Iselin,
NJ) is based on the inert mineral, kaolin, that forms a film that protects plants from insects and some diseases.  Surround WP
is exempt from tolerance, can be applied up to the day of harvest, has a 4 hour re-entry period, has virtually no mammalian
toxicity, and is listed as an approved organic production material.  Surround WP is unique among insecticides in that it has
the ability to repel insects from plants and prevents insect oviposition and feeding which could prevent transmission of
Pierce’s disease.  It has proven to be as effective as imidacloprid in controlling GWSS in citrus in recent small block tests in
California.  Sucrose octanoate received EPA registration in 2002, is made of food grade materials, is exempt from tolerance,
and has also shown levels of control of GWSS that is as good as other conventional insecticides.  The objectives of this
research were to determine how effective these materials were in controlling GWSS in lab and field experiments.

OBJECTIVES
1. Evaluation of particle film, Surround WP, effects on GWSS biology.
2. Efficacy of sugar esters a quick knock-down agents for GWSS control.
3. Prevention of GWSS infestations with season-long and timed spray applications of Surround WP.

RESULTS AND CONCLUSIONS
Effect of surround WP applications on nymphal behavior:
A series of studies were conducted on GWSS nymphs in free-choice and no-choice environments where they were offered
Surround WP treated and untreated lemon foliage.  The objectives of these studies were to determine if  Surround treatments
affected feeding preference and survival of GWSS nymphs.  In a free-choice study, twenty GWSS nymphs were release at the
base of a lemon seedling with one limb treated with Surround WP and one limb left untreated.  Nymphs per limb were
recorded 1 and 2 days after treatment.  This experiment was replicated 6 times in field cages during July, 2001.  In a no-
choice study, 20 GWSS nymphs were released at the base of a lemon seedling that was treated with Surround or left
untreated.  Numbers of nymphs per seedling were recorded daily for 4 days after initiation of the study.  This experiment was
replicated 6 times in field cages during July, 2001.

GWSS nymphs and adults refused to settle on Surround treated foliage when given a choice (Figure 1).  When given a no
choice, all adults and most nymphs refused to stay on Surround treated plants and cling to the cages until they died.  These
studies show that Surround is highly repellent to both GWSS nymphs and adults.
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Figure 1. Number of glassy-winged sharpshooter nymphs (n=20) and adults
(n=50) after being released in cages containing either a lemon tree treated
with Surround WP or left untreated in a no-choice test (right) or given a
choice between one limb treated with Surround WP and the other left
untreated (left).

Figure 2. Mean response of glassy-winged sharpshooter adults to 25.4 cm
plastic discs painted a spectrum of colors, coated with Tangle Foot™ (Grand
Rapids, MI), and placed at a height of 2.0 m in two citrus groves bordering
grape, Kern Co., CA.

Surround WP or left untreated in a no-choice test (right) or given a choice between one limb treated with Surround WP and
the other left untreated (left).

Response of GWSS adults to different colored traps:
A study was conducted to determine the response of GWSS adults to different colored sticky traps.  Although it is known that
GWSS adults are attracted to yellow, it is not known what other colors attract GWSS adults or if this attraction is temporal.
Directly related to our Surround studies was the need to determine how GWSS adults respond to the color white because
Surround turns plant foliage white.  Round plastic colored targets 10 inches in diameter and coated with Tangle Foot sticky
polymer were attached to bamboo poles 6 ft. above the ground.  The colored traps were then placed within citrus groves at 3
sites beginning in April, 2001 and were sampled year-around.  There were 9 colors with 4 replications per site.

Results during the 2001 season showed that yellow was the most preferred color followed by orange and that white was
among the least preferred colors we examined (Figure 2).  There was also evidence that GWSS adults responded more to
brown in the spring and orange in September while their response to yellow was consistent over the sample period.

Early season applications of Surround as a barrier to GWSS
movement from citrus into grape:
In March of 2001, research was initiated at 3 vineyard sites bordering
citrus near Bakersfield, CA, but only Site 1 produced enough GWSS
numbers for study. In this study, we examined the effect of a 247.5 m
Surround WP barrier treatment on grape to prevent GWSS adult
movement from citrus into grape.  Site 1 had treatment blocks 164.6 m
wide by 365.7 m long (6.5 ha) replicated 3 times in a mixed block of
table and wine grape.  Surround treatments only extended 247.5 m into
each block with the remaining 152.4 m left untreated while
conventional chemical treatments extended the entire 365.7 m distance
of the block in order to determine the effect of a 247.5 m treatment
barrier.  Yellow sticky traps were place in 2 transects per block and
spaced every 100 feet that began where grape interfaced citrus and
extended 396 m into the treatment blocks that went approximately 500
ft beyond the treated areas.  In addition, the trap transects were
extended into adjacent citrus groves for 100 ft.  Effects of the
treatments on oviposition was examined on May 4 by visually
sampling 25 leaves/vine every 30.5 m along the trap transects.  Three
bi-weekly treatments of Surround WP were compared to six
conventional chemical control program that applied various contact
insecticides weekly.  Surround treatments of 50 lb Surround WP/100
gal was applied at 50 to 70 gpa on March 13, March 30 and April 14.
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Surround treatments significantly reduced average GWSS trap
numbers in the 396 m transects in comparison to conventional
insecticides on 22 March and 6 April (Figure. 3).  At the grape-
citrus interface, Surround treatments reduced GWSS number
significantly more than the conventional treatments from 22
March to 6 April (Figure 3.).  Surround WP treatments also
significantly reduced GWSS to nearly zero in comparison to the
conventional treatment almost 3 weeks after the last Surround
application (Figure 4).  The strong repellency of Surround WP
treated plant foliage minimizes the chance of GWSS to vector
Pierce’s disease in grape.  In 2001, ARS plant pathologists (Ed
Civerolo and K. Tubajika, USDA, Parlier, CA) found Surround
treated blocks had 60% less Pierce’s disease than the
conventional blocks.  Based on these studies Surround WP offers
better protection against GWSS infestations than conventional
insecticides.

Sugar esters for control of GWSS adults:
Two sugar ester materials that are produced by AVA Chemical Ventures (Portsmouth, MA) were evaluated for efficacy
against GWSS adults in a field trial in Ventura Co., CA.  A range of concentrations were examined in comparison to another
soft insecticide, M-Pede insecticidal soap.  Applications were made in late-July, 2002 to 2.0 m citrus trees heavily infested
with GWSS.  Trees were caged in early morning and treatments were applied using a hand-gun sprayer.  Sucrose octantoate
was more effective than sorbitol octanoate and M-Pede at lower doses (Table 1).  Sorbitol octanoate and M-Pede performed
similarly.   There was recovery of GWSS adults over time in the sorbitol octanoate treatment which was not as evident for the
sucrose octanoate and M-Pede materials making sorbitol octanoate less than desirable for GWSS control.  However, further
evaluations of sucrose octanoate would be worthwhile.  Sucrose octanoate recently became registered as an insecticide with
the U.S. EPA as Sucrose Octanoate Esters and which is a new class of insecticide that is safe to humans and the environment.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service.

Tab le 1.  Comp arison of glassywinged s harps hoote r adult mortalities afte r
tre atme nt with  dif fere nt  of s ugar esters and ins ecticidal soap ap plie d to
oran ge tre es, Ve ntura Coun ty, CA, July, 2002.

M ortality over Tim e (±  std  err.)

Treatm ent Conc. 5 m in. 30  m in. 60 m in.

Sucrose O ctanoate 0.8% 93.0 ±  4.0a 79.0 ±  6.4bcd 69.0  ± 7.4cd

Sucrose O ctanoate 1.0% 89.0 ±  4.0a 86.0 ±  4.8abc 77.0  ± 6.6bc

Sucrose O ctanoate 1.2% 98.0 ±  1.2a 96.0 ±  1.8a 97.0  ± 1.2a

Sucrose O ctanoate 1.5% 98.0 ±  1.2a 98.0 ±  1.2a 97.0  ± 1.2a

Sorbito l Octanoate 0.8% 38.0 ±  7.8c 25.0 ±  7.5g 17.0  ± 4.6g

Sorbito l Octanoate 1.0% 76.0 ±  2.9b 55 .0±  7.9ef 37.0  ± 5.1f

Sorbito l Octanoate 1.2% 95.0 ±  1.5a 74 .0±  7.6cd 59.0  ± 9.2de

Sorbito l Octanoate 1.5% 91.0 ±  4.5a 91.0 ±  4.5ab 88.0  ± 5.8ab

M -Pede 0.6% 42.0 ±  9.7c 50.0 ±  10 .3f 49.0  ± 9.9ef

M -Pede 0.8% 64.0 ±  5.1b 69.0 ±  2.9de 65.0  ± 5.4cd

M -Pede 1.0% 74.0 ±  4.0b 76.0 ±  7.6bcd 77.0  ± 6.0bc

M -Pede 1.2% 99.0 ±  1.0a 97.0 ±  97 .0a 96.0  ± 1.8a

W ater 100% 0.0 ±  0d 0.0 ±  0.0h 0.0  ± 0.0h
M eans fo llowed by the same let ter within a co lum n are not s ignif icant, RE GWQ, P = 0.05

Figure 4. Mean number of glassy-winged sharpshooter eggs on
25 leaves/vine in the first grape vines in a vineyard bordering
citrus (Interface) and from samples taken every 30.5 m into each
treatment zone in Site 1, Kern Co., CA.
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CHEMICAL CONTROL OF GLASSY-WINGED SHARPSHOOTER:  ESTABLISHMENT OF BASELINE
TOXICITY AND DEVELOPMENT OF MONITORING TECHNIQUES FOR DETECTION OF EARLY

RESISTANCE TO INSECTICIDES

Project Leaders:
Nick Toscano, Nilima Prabhaker and Frank J. Byrne Steven J. Castle
Department of Entomology USDA, ARS
University of California Phoenix, AZ
Riverside, CA 92521

Reporting Period: The results reported are from work conducted from December 2001 through November 2002.

INTRODUCTION
The possibility of resistance development when insecticides are used necessitates the development of an effective resistance-
monitoring program that enables early detection of even low-frequency resistance alleles in natural populations.  The initial
step for monitoring of resistance is through development of appropriate bioassay techniques that can establish baseline
susceptibility data among populations.  Our goal for the first year was to study the effectiveness of selected insecticides that
represent various chemistries against GWSS and determine regional comparisons of GWSS responses to these insecticides.
Simple and suitable bioassay techniques were developed to detect toxicological responses and to establish baseline
susceptibility data of GWSS to various insecticides.  Three techniques, petri-dish, leaf-dip and systemic bioassays were
described in the previous report (Toscano et al. 2001).  Evaluation continued during the second season to assess any changes
in responses of GWSS to a wide range of chemistry.  The present report compares the toxicological responses of GWSS for a
period of two years.

Resistance does not evolve at the same rate for all pests that come under selection pressure.  Many factors influence the rate
at which resistance develops in a pest.  In the case of GWSS, we have no information on the potential for resistance
development in this species.  One method to estimate the potential for resistance risk is to artificially select resistant strains
under greenhouse conditions.

In addition to conventional bioassay methods, we have completed our development of a biochemical assay that measures the
levels of sensitivity of sharpshooter acetylcholinesterases (AChEs) to inhibition by organophosphate (OP) insecticides.
Insensitivity of the AChE target-site can seriously impair the effectiveness of the OPs in control programs.  The assay can be
used on all nymphal instars and adults, and is an excellent tool for monitoring the frequencies of AChE variants in
populations because it provides inhibition data for individual insects.  Monitoring populations of GWSS and smoke-tree
sharpshooter that have been exposed, either directly or indirectly, to OPs such as chlorpyrifos will enable us to detect
resistant AChE alleles should they arise.

OBJECTIVES
1. Develop reliable bioassay technique(s) to evaluate baseline toxicity of insecticides from major classes of insecticides

against all life stages of GWSS.
2. Monitor all life stages of GWSS populations collected from insecticide-treated citrus orchards and vineyards in

Riverside, Redlands, San Joaquin Valley and Temecula to determine baseline susceptibility to various insecticides.
3. Investigate the rate of development of resistance to a selected organophosphate (OP), pyrethroid and a neonicotinoid by

artificial selection in the greenhouse.
4. Develop electrophoretic techniques to identify esterase profiles in individual GWSS of all life stages including eggs.

RESULTS AND CONCLUSIONS
Results showing a two-year comparison of toxicity data to various insecticides using the three techniques are presented in
Table 1.  In general, GWSS populations are quite susceptible to most insecticides tested.  The LC50 values indicate
considerable variation in susceptibility to insecticides by both techniques.  Mortality increased in the treatments over time.
Monitoring data for chlorpyrifos and dimethoate indicated a difference of 10- and 15-fold between the two techniques.  No
significant changes in responses of GWSS to chlorpyrifos were observed from year to year.  A slight shift is observed to
esfenvalerate towards lower sensitivity.  Insects from Redlands appear to be more sensitive than other populations.  Similarly,
acetamiprid was also quite toxic to GWSS from Redlands with a lower LC50 compared to the Riverside or Ventura
populations.  Among the neonicotinoids, thiamethoxam appears to be slightly less toxic to GWSS populations in 2002 with
insects from Redlands showing more sensitivity to acetamiprid than the previous year.  No significant differences in
responses of GWSS from various locations to endosulfan are observed.  In conclusion, two-year comparison of toxicity
studies shows that GWSS are still quite susceptible to all insecticides tested so far with small variations between populations
from different regions.
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Table 1. A two year comparison of toxicological responses of GWSS to various insecticides.
2001 2002

Insecticide
Class Insecticides Sample

Location LC50
Petri dish

LC50
Leaf dip

LC50
Petri dish

LC50
Leaf dip

Riverside 0.001 0.013 0.0038 0.0124
Redlands 0.001 0.015 0.0067 0.0562Chlorpyrifos
Ventura 0.005 0.032 0.00208 0.045
Riverside 0.0091 0.038
Redlands 0.0176 0.0932Dimethoate
Ventura 0.0298 0.0699
Riverside 0.038 0.0023 0.0019
Redlands 0.004 0.0221 0.252Cyfluthrin
Ventura 0.0043 0.338
Riverside 0.0027 0.022 0.006 0.010
Redlands 0.00003 0.00004 0.0009 0.0042Esfenvalerate
Ventura 0.009 0.034
Riverside 0.042 0.168 0.044 0.551
Redlands 0.019 0.012 0.0812 0.376

Organophosphates

Fenpropathrin
Ventura 0.0202 0.1431
Riverside 0.006 0.00832 0.0723
Redlands 0.003 0.00349 0.0195Cyclodiene Endosulfan
Ventura 0.00104 0.0089
Riverside 0.01 0.091 0.005 0.072
Redlands 0.003 0.008 0.0009 0.014Acetamiprid
Ventura 0.04 0.097 0.025 0.074
Riverside 1.64 0.08
Redlands 0.61 0.034Imidacloprid
Ventura 1.92 0.121
Riverside 0.0037 0.0085 0.003 0.004
Redlands 0.0004 0.0012 0.002 0.008

Neonicotinoids

Thiamethoxam
Ventura 0.0052 0.0093 0.009 0.020

Figure 1. Inhibition of sharpshooter acetylcholinesterase activity by OP insecticides.  The response of both the GWSS and
the STSS was the same for each OP.  Inhibition at lower concentrations indicates greater sensitivity of the target enzyme.
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In a comparison of AChEs in the GWSS and the STSS, we found a similar response to a wide range of OP insecticides.  The
enzyme activity in both species was especially sensitive to chlorpyrifos, and was least affected by omethoate, the active form
of dimethoate.  Using a diagnostic concentration of 10µM paraoxon, we assayed insects from Riverside, Redlands and
Ventura citrus orchards.  We found that the AChE activity in insects from these areas was sensitive to this concentration,
thereby providing encouraging evidence for the absence of OP resistance based on insensitivity of the target site.

Selected strains of GWSS:
Selection of GWSS strains that are tolerant to an OP, a pyrethroid and a neonicotinoid is underway and will be maintained
under selection for a few more generations for further studies.
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LABORATORY AND FIELD EVALUATIONS OF IMIDACLOPRID AND THIAMETHOXAM
AGAINST GWSS ON CITRUS AND GRAPES

Project Leaders:
Nick Toscano
Department of Entomology
University of California
Riverside, CA 92521

Steve Castle
USDA-ARS
Phoenix, AZ

Cooperators:
Frank Byrne, Jian Bi and Nilima Prabhaker
Department of Entomology
University of California
Riverside, CA

Mac Learned
Bayer Corporation
Paso Robles, CA

Reporting Period: The results reported here are from work conducted from April 2002 to October 2002.

INTRODUCTION
Much evidence has accumulated over the past few years pointing to the significant role played by imidacloprid (Admire®) in
reducing GWSS populations.  In regions of California where imidacloprid has been used in area-wide control programs,
populations of GWSS have declined substantially relative to their pre-action levels.  For example, remnant GWSS
infestations in Temecula appear to be associated primarily with untreated tracts of vegetation such as organic citrus, while
their densities in conventional orchards and vineyards are extremely low.  Similarly, GWSS population densities have been
substantially reduced in southern Kern County as an outcome of the General Beale Road project. In contrast, other areas with
high populations of GWSS such as Ventura/Fillmore and Riverside/Redlands that have not yet participated in area-wide
control programs still retain high GWSS populations.  The significant reduction of GWSS densities in only those regions
where concerted action has been mounted is persuasive, even if it is only indirect evidence of the role that imidacloprid
treatments have played in curtailing GWSS populations.

By measuring temporal and spatial dynamics of imidacloprid uptake and distribution in mature citrus trees and grapevines,
then relating these data to GWSS densities on treated trees and grapevines relative to untreated ones, we have demonstrated
the capacity of a single imidacloprid treatment per season to reduce GWSS populations.  Questions that initially arose
following the first large-scale applications in Temecula in Spring, 2000 concerning the quantity, distribution, and persistence
of imidacloprid in citrus trees have now been addressed with the results from our studies.  Information that will derive from
this project should help optimize future GWSS control efforts.

OBJECTIVES
1. Evaluate the titer and distribution of imidacloprid and thiamethoxam within citrus trees and grapevines over time.
2. Develop and conduct bioassays of GWSS on field-treated citrus trees and grapevines tissue and relate mortality to plant

titers of imidacloprid and thiamethoxam.
3. Evaluate the behavior of GWSS adults and nymphs of citrus and grapevines treated with neonicotinoid insecticides.
4. Determine the impact of neonicotinoid insecticides on GWSS populations.

RESULTS AND CONCLUSIONS
Imidacloprid was applied to Valencia oranges in Riverside through an irrigation system equipped with microjet emitters at 32
oz. per acre on April 10 and April 4, 2001 and 2002, respectively.  Xylem samples were collected every two weeks thereafter
with a pressure bomb device and analyzed for imidacloprid concentrations using a commercial ELISA detection kit
(Envirologix, ME).  Consistently higher titers were observed in 2002 compared to the previous year (Figure 1).  By 16 May
2002, the mean titer had increased to above 20 ppb, then remained above 15 ppb until 25 July before declining.  In contrast,
mean imidacloprid titers in 2001 never exceeded 15 ppb, but remained between 10-15 ppb from 07 June through 20 July
(Figure 1).  Within-tree distributions of imidacloprid varied insignificantly among the four quadrants and two elevations from
which xylem samples were collected (Figure 2).  The near-uniform distribution of imidacloprid to all parts of the mature
orange trees had a severe impact on GWSS nymphs and adults (Figure 3).  Weekly samples collected from treated and
untreated trees revealed a sharp decline in nymphal densities approximately 6 weeks post-treatment that persisted through the
end of the nymph developmental season.  The emergence of adults in late June and early July coupled with a frenzy of flight
activity tended to mask any differences between treated and untreated trees save for the large numbers of dead adults that
were observed beneath treated trees.  By late July, however, adult densities decreased on treated trees and remained
significantly lower than untreated trees through the remainder of the year (Figure 3).
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Figure 1. Temporal pattern of imidacloprid titers in Valencia orange trees
during 2001 and 2002.  Each sampling date gives a scatter of points
representing titers of individual trees with the range of imidacloprid titers
identified by the vertical lines.  The mean titer for each date is defined by
the intersection of the traversing line with each vertical line.

Figure 2.  Within-tree distributions of imidacloprid in Valencia oranges
according to height (a) or directional location (b).  (Explanatory details for
this figure are the same as Figure 1).

Figure 3. Comparison of GWSS nymphal (top) and adult (bottom)
densities on imidacloprid-treated and untreated Valencia oranges. b)

Figure 4. an (±SEM) titers of imidacloprid in Cabernet grapevines in
Temecula treated with either 16 oz/16 oz (01 May and 26 July) or 32 oz  on
01 May 2002.  Note the higher titers in grapes compared to oranges as well
as the difference between 16 oz and 32 oz rates.

Figure 5. Imidacloprid titers in 1-year-old grapevines treated at 3 rates
and measured 8 weeks post-application.

The uptake and distribution of imidacloprid applied to grapevines at 16, 20, and 32 oz/acre were assessed for Cabernet
Sauvignon (Figure 4) and Syrah (Figure 5) varieties in Temecula vineyards from 01 May until 31 October 2002.  Uptake into
vines was rapid, reaching levels above 100 ppb within 10 days. This is in contrast to the uptake dynamics in citrus where
maximum levels were only reached at about 6 weeks post-treatment.  In particular, the persistence of imidacloprid in trees
and vines treated with the 32oz/acre rate was impressive, and gave a clear indication as to why this insecticide has proven to
be so successful in area-wide management programs.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service, the California Department
of Food and Agriculture, and the Bayer Corporation.
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EFFICACY OF INSECTICIDES USED FOR GLASSY-WINGED SHARPSHOOTER CONTROL
IN CITRUS NURSERY STOCK

Project Leader:
Elizabeth E. Grafton-Cardwell
Department of Entomology
University of California
Riverside, CA 92521
(Stationed at the Kearney Agricultural Center)

Cooperators:
Mark Campbell
Willits and Newcomb Nursery
Arvin, CA

Chris Reagan and Yuling Ouyang
Department of Entomology
University of California
Riverside, CA

Reporting Period: The results reported here are from work conducted from January 1, 2001 through December 31, 2002.

INTRODUCTION
Citrus nurseries located in glassy-winged sharpshooter (GWSS), Homalodisca coagulata, infested areas must ensure that the
plants that they ship to uninfested areas of California are free of GWSS.  Nurserymen accomplish this by treating the citrus
trees with pesticides and by careful visual inspection of leaves for signs of GWSS prior to shipment.  All stages of GWSS
could potentially be transported.  Experiments were conducted to determine the efficacy of various pesticides against adult
GWSS and their ability to deposit eggs, and against the nymphs as they attempt to emerge from egg masses.

OBJECTIVES
1. Evaluate the residuality and efficacy of various insecticides against adult GWSS.
2. Evaluate the efficacy of various insecticides against GWSS nymphs hatching from egg masses.

RESULTS AND CONCLUSIONS
Adult GWSS tests:
A combination of 66 lemon and 66 orange citrus trees (15 gallon potted plants) were treated with commercial rates of various
insecticides.  GWSS adults were collected from an untreated citrus orchard using sweep nets at weekly intervals and caged on
the treated trees.  The number of live adults after 24 hours and the number of egg masses deposited after 7 days were
recorded each week for 11 weeks after treatments were applied.

Residues began to break down as evidenced by survival of adults 2 weeks after treatments were applied for the
organophosphate Lorsban (chlorpyrifos), at 3 weeks for the carbamate Sevin (carbaryl), and at 3-4 weeks for the foliar
neonicotinoids Assail (acetamiprid) and Marathon (imidacloprid).  The systemic neonicotinoids Admire (imidacloprid)
caused high mortality for 8 weeks and Platinum (thiomethoxam, unregistered) caused complete mortality of adults for 11
weeks.  The pyrethroids Tame (fenpropathrin) and Talstar (bifenthrin) were highly effective, Talstar allowed only one adult
to survive 24 h and Tame allowed no adults to survive over the 11 week test period.

In this same experiment, GWSS were able to deposit egg masses one week after application in the Lorsban and Marathon
treatments, during week 2 in the Sevin treatment.  The foliar neonicotinoids Assail and Marathon prevented egg laying for 4-
5 weeks.  The Tame treatment allowed 1 egg mass to be deposited during week 4.  The other treatments (Admire, Platinum,
and Talstar) did not allow a single egg to be deposited during the 8 weeks of the experiment.

Overhead irrigation was applied for 30 minutes 3x per week to half of the trees and significant reduction in residuality of the
insecticides was observed for Sevin, Assail, Marathon and Tame.

Emergence of GWSS from egg masses:
In the second experiment, GWSS adults were collected from an unsprayed citrus orchard in Kern County and caged for one
week on nursery citrus (15 gallon potted lemons and oranges). The adults were removed, and trees treated with commercial
rates of various insecticides to determine if nymphs could successfully emerge from the egg cases.  Successful emergence
was defined as completely emerged and with fully developed wings.

Provado, Assail, and Sevin did not allow any nymphs to successfully emerge from the egg masses.  Actara, Talstar, and
Tame allowed 20-40% of the nymphs to successfully emerge, although all died shortly after emerging.  The insect growth
regulator Applaud (buprofezin) did not have any effect on nymphal emergence.
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In summary, these experiments suggest that pyrethroids and the systemically applied neonicotinoids are most effective
against adult GWSS and the carbamate Sevin and several of the foliar neonicotinoids are most effective against nymphs
attempting to emerge from the egg masses.  Based on these experiments, I would recommend that citrus nurserymen apply a
systemic neonicotinoid (imidacloprid is the only one registered at this time) 2-8 weeks before shipment is expected.
Immediately before shipment, a pyrethroid such as Tame or Talstar should be applied to ensure that the foliage is disinfested
of nymphs and adults.  In addition, Sevin, Assail, or Provado should be applied just prior to shipment to prevent nymphs
from emerging from egg masses.  Bethke and Redak (2001, 2002a, 2002b) and Bethke et al. (2001) demonstrated similar
efficacy of systemic neonicotinoids and pyrethroids against adult GWSS and efficacy of carbaryl against emerging nymphs
for ornamentals.

REFERENCES
Bethke, J. A. and R. A. Redak.  2001.  Control of adult sharpshooters on Poinsettia under greenhouse conditions, summer

2000.  Arthropod Management Tests, Vol. 26, G51.
Bethke J.A., M. J. Blua and R. A. Redak. 2001. Effect of selected insecticides on Homalodisca coagulata (Homoptera:

Cicadellidae) and transmission of oleander leaf scorch in a greenhouse study. J. Econ Entomol. 94: 1031-1036.
Bethke, J. A. and R. A. Redak.  2002a.  Control of glassy-winged sharpshooter egg masses on Chrysanthemum under

greenhouse conditions using selected pesticides, summer 2001.  Arthropod Management Tests, Vol. 27, G29.
Bethke, J. A. and R. A. Redak.  2002b.  Control of adult glassy-winged sharpshooters on liquidambar under greenhouse

conditions, summer 2001.  Arthropod Management Tests, Vol. 27, G51.
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ROOTSTOCK VARIETY INFLUENCE ON PIERCE’S DISEASE SYMPTOMS IN GRAFTED CHARDONNAY
(VITIS VINIFERA L.) GRAPEVINES

Project Leaders:
Peter Cousins
Plant Genetic Resources Unit, USDA-ARS
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Jiang Lu
Center for Viticulture
Florida A&M University
Tallahassee, FL

Reporting Period: The results reported here are for work conducted from November 1, 2001 to October 31, 2002.

INTRODUCTION
Rootstocks are already widely in use in viticulture to manage damage from soil-borne pests and provide adaptation to
particular soils.  Grape rootstocks can impact the symptom expression of diseased scions in at least one disease (fanleaf
degeneration).  In other crops, rootstock variety has been reported to impact expression of Xylella fastidiosa diseases in
scions (He et al. 2000, Gould et al. 1991). Pierce (1905) reported that rootstock variety affected expression of "California
vine disease" (now known as Pierce's disease) in grape.  Grape rootstock trials in Mississippi showed a large effect of
rootstock trial on vine longevity in a region recognized for high Pierce’s disease pressure (Loomis 1965, 1952, Magoon and
Magness 1937).  If grape rootstocks could contribute Pierce’s disease resistance or tolerance to their scions, this would be a
major benefit to viticulture in Pierce’s disease prone areas.  Elite wine, juice, and table grape varieties could be grown in
areas where viticulture is currently restricted to Pierce’s disease resistant and tolerant varieties whose consumer appeal is
low.

OBJECTIVES
1. Evaluate the impact of rootstock variety on expression of Pierce's disease symptoms in the scion.
2. Assess any relationship between Pierce's disease symptoms on ungrafted rootstocks and the expression of Pierce's disease

on susceptible scions grafted to those rootstocks.

RESULTS AND CONCLUSIONS
Chardonnay (Vitis vinifera) vines grafted on nine rootstocks and own-rooted Chardonnay vines were planted in Tallahassee,
Florida in the vineyard of the Center for Viticulture, Florida A&M University in the spring 2001 planting season (Table 1).
Ungrafted vines of the same nine rootstocks plus St. George were planted at the same location.  The vineyard site has a high
incidence of Pierce's disease and glassy-winged sharpshooters inhabit the site.  Pierce's disease (PD) symptoms were
evaluated on August 6 and October 25, 2002 for Chardonnay vines and August 6, September 9, and October 10, 2002 for
ungrafted rootstocks.  Symptoms on leaves were assessed and vines given a numerical score from 0 to 5, with 0 representing
no symptoms, 1 = minor symptoms up to 15% of leaves with marginal necrosis (MN), 2 = 15-30% of leaves with MN, 3 =
30-50% of leaves with MN, 4 = 50-75% of leaves with MN, 5 = over 75% of leaves with MN or vine dead.  There were four
replicates for grafted vines and five replicates for ungrafted rootstocks.  Each replicate consisted of two vines of the same
treatment, either grafted to the same rootstock or the same rootstock variety ungrafted.  The mean score of the two vines is
recorded as the score for that replicate.

Chardonnay vines showed symptoms on all rootstocks (Table 1).  Every Chardonnay vine showed symptoms at some level.
Symptoms were more severe than in 2001 and increased in average severity from the first to the second screening regardless
of the rootstock.  Apparent vine death was widespread by October 25.  It is likely that Xylella fastidiosa established in these
vines in 2001, with initial PD symptoms in that year and more severe symptoms in 2002 as PD progressed.  The preliminary
results indicate that none of the rootstocks evaluated provides amelioration of symptoms sufficient for fruit production under
these conditions.

Ungrafted vines of rootstock varieties exhibited a range of symptom levels (Table 1).  Ramsey and St. George showed the
fewest PD symptoms overall.  Although the first screening found other rootstock varieties had less severe symptoms than
Ramsey and St. George, those varieties showed a marked increase in symptoms as the season progressed.  In 2001 Ramsey
and St. George showed relatively more severe PD symptoms; it may be that these varieties are more susceptible when young
and increase in resistance with plant age.  O39-16 vines showed relatively few PD symptoms in 2001, reflective of the highly
PD resistant Vitis rotundifolia parentage in this variety.  In contrast, in 2002 O39-16 showed severe PD symptoms.  The
population of bacteria, level of inoculation, or cultural or climatic conditions could be impacting the PD symptom expression
in O39-16.  At the experimental vineyard site, PD pressure is sufficiently high that even some muscadine grapevines (Vitis
rotundifolia) show PD symptoms.  However, these muscadine vines do not succumb to PD, but recover.  It may be that the
O39-16 vines will recover in a similar manner.  Loomis (1952, 1965) reported that a different rootstock with V. vinifera and
V. rotundifolia parentage extended the life of susceptible scions in Mississippi, but even Chardonnay on O39-16 showed
severe PD symptoms in this trial.
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Additional rootstocks grafted to Chardonnay and Cabernet Sauvignon were planted in spring 2002 to further investigate the
possible influence of rootstock on PD expression.  The rootstocks Dog Ridge, 161-49C, and Lenoir are of special interest.
Dog Ridge and 161-49C have been reported as increasing vine longevity in areas of high PD pressure (Loomis 1952, 1965).
Pierce (1905) suggested Lenoir as a rootstock to manage this disease.

Table 1. Symptom expression in grafted Chardonnay scions, own-rooted Chardonnay, and ungrafted rootstocks.  0 =
absence of symptoms, 5 = 75-100% of leaf area symptomatic.

Grafted Chardonnay,
by rootstock variety

Mean Symptom Expression Ungrafted
rootstocks,
by variety

Mean Symptom Expression

Screening date (2002) Aug 6 Oct 25 Sum Aug 6 Sep 9 Oct 10 Sum
O39-16 3.4 4.9 8.3 Ramsey 1.6 1.0 1.3 3.9
5BB 3.8 4.6 8.4 St. George 1.2 1.3 1.6 4.1
3309C 3.8 4.8 8.6 101-14 0.7 1.7 2.8 5.2
Ramsey 3.9 4.9 8.8 5C 1.4 1.5 2.9 5.8
5C 3.9 4.9 8.8 110R 1.6 1.5 2.8 5.9
101-14 4.0 5.0 9.0 5BB 1.0 1.8 3.5 6.3
Own-rooted 4.6 5.0 9.6 44-53M 2.0 1.8 3.3 7.1
44-53M 4.6 5.0 9.6 O39-16 1.1 2.7 3.4 7.2
Freedom 4.6 5.0 9.6 Freedom 2.6 2.8 4.3 9.7
110R 4.8 4.9 9.7 3309C 2.6 3.1 4.1 9.8
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Mississippi.  Proc. Amer. Soc. Hort. Sci. 52:125-132.
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SAMPLING, SEASONAL ABUNDANCE, AND COMPARATIVE DISPERSAL OF GLASSY-WINGED
SHARPSHOOTERS IN CITRUS AND GRAPES:  SAMPLING PROGRESS REPORT
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Reporting Period: The results reported here are from work conducted from October 2001 to October 2002.

INTRODUCTION
Decision-making in knowledge-based pest management depends upon sampling methods that provide reliable information on
pest densities and distributions.  Practical sampling methodology must balance sample precision with simple and cost-
effective collection techniques.  Four methods are currently being evaluated in citrus orchards as part of our effort to develop
a sampling program for glassy-winged sharpshooter (GWSS).  These include both hand (bucket and beat net) and gasoline-
powered (D-Vac and A-Vac) samplers.  In addition, yellow-sticky traps have been used simultaneously to determine the level
of correlation between the foliage samplers and commonly used yellow-sticky traps.  Data sets for each device will be
analyzed for mean-variance relationships according to Taylor’s power law and sample-size estimates generated according to
fixed levels of precision.  Ultimately, sequential and binomial sampling plans will be developed for the precise estimation or
classification of population density of GWSS for research and pest management application.

It is well recognized that the major threat of GWSS populations is the potential for vectoring Xylella fastidosa to uninfected
plant hosts, in particular grapevines in commercial vineyards.  One practical application of a sampling plan would be to
precisely estimate densities of GWSS within an orchard or vineyard and then determine what proportion are positive for X.
fastidiosa.  Accurate identification of individuals positive for X. fastidiosa is an essential part of an overall appraisal of the
risk constituted by a particular population.  Work began in April exploring ELISA, PCR, and culturing techniques for the
detection of X. fastidiosa in GWSS.  Sampling and evaluation of the proportion-positive among various southern California
populations of GWSS is continuing.

OBJECTIVES
1. Develop, test and deliver statistically-sound sampling plans for estimating density and inoculum potential of GWSS for

research and management applications.

RESULTS AND CONCLUSIONS
Evaluation of the four sampling devices continued in citrus orchards in Riverside, CA with the onset of the spring generation
of GWSS nymphs in April, 2002.  To date, a total of 500 Valencia orange trees have been sampled with each of the four
devices to generate 25 data points (n=20 per point) that describe the respective mean-variance relationship for each device.
The bucket sampler is the most versatile and easiest to use with its extendable pole allowing access to foliage 15-20 ft above
ground.  Samples obtained with the bucket sampler are also cleaner than those obtained with the beat net, the other hand-
operated device, and therefore require less handling during sample processing.  The mechanical devices are more expensive
to purchase, more cumbersome to use, and do not yield superior results to the hand-operated devices.  The range and mean
counts of GWSS adults collected with the bucket sampler closely matched the counts obtained with the D-Vac sampler while
generally exceeding those obtained with either the A-Vac or beat net samplers (Figure 1).  Regressions of log variance upon
log mean for each device (Figure 2 - two devices only) yielded the regression parameters a and b (Table 1) that will be
incorporated into Taylor’s power law (S2=amb ).  The results presented here are for adults, but similar processing and data
development towards a final sampling plan will be completed for GWSS nymphs as well.
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Figure 1. Range (defined by vertical lines spanning each set of points) and mean (intersection of the vertical and traversing
lines) counts of GWSS adults collected by each of four sampling devices in Riverside, CA during 2002.

Figure 2: Mean-variance relationships for GWSS adults Table 1: Slope and intercept parameters generated
collected by the bucket (a) and D-Vac (b) samplers. by the regression of log variance on log mean for

our sampling devices.
a) Bucket Sampler                 b) D-Vac Sampler

Samples of GWSS adults and nymphs were collected every two weeks from the sampling orchards and frozen for subsequent
testing for X. fastidiosa.  Various methods are being explored to determine the most effective detection system for X.
fastidiosa in GWSS individuals.  For ELISA detection using Agdia, Inc. (Indiana) reagents, different extraction buffers have
been examined to determine which one controls nonspecific binding best without suppressing IgG binding to X. fastidiosa.
When GWSS adult populations from Piru and Riverside were tested by ELISA using either grape extract or NsS buffers,
lower optical density readings were obtained for negative controls using NsS buffer.  There appeared to be no suppression of
positive readings as a similar number of positives were obtained with the NsS buffer and the grape extract buffer (Fig. 3).  A
higher proportion of the population from Piru tested as strong ELISA positives for X. fastidiosa compared to the Riverside
population (Fig. 3).

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program, and the USDA
Agricultural Research Service.

Device Parameter
a

Parameter
b R2

A-Vac 1.18 1.15 0.98
Bucket 1.35 1.28 0.97

D-Vac 1.28 1.36 0.97
Beat Net 1.17 1.35 0.98
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DEVELOPMENT OF TRAPPING SYSTEMS TO TRAP GLASSY-WINGED SHARPSHOOTER
(HOMALODISCA COAGULATA) ADULTS AND NYMPHS IN GRAPE
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Reporting Period: The results reported are from work conducted from January 2002 to November 2002.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) Homalodisca coagulata is native to the southeastern United States (Young 1958)
where it is a known vector of various strains of the bacterium Xylella fastidiosa. Since its introduction into California, it has
become established in large numbers in certain areas.  PD has been a problem in California for more than 100 years, but the
GWSS is a more effective vector of X. fastidiosa because it can feed on the xylem of seemingly dormant woody stems.
Unlike sharpshooters native to California, GWSS can reproduce in grape.

One of the crucial components and cornerstones of integrated pest management is the monitoring for the presence and density
of a pest.  Proper detection methods allow for optimum integration of biological, cultural, physical, chemical and regulatory
measures to manage a pest.  Yellow sticky traps have been used extensively in the southeastern U.S. for monitoring
leafhoppers including GWSS in peach (Ball 1979) and citrus (Timmer et al. 1982).  However, the reliability of these methods
to detect the GWSS in California is questionable, and traps specifically designed for GWSS do not currently exist.  To
compound the situation, current methods are not standardized.  For example, different sizes and shades of yellow sticky traps
are being used in monitoring programs. The AM designation on certain traps actually refers to the apple maggot for which
the trap was designed.  Furthermore, the relationship of trap catches to actual populations of GWSS in grape or citrus are
currently unknown.

Trap designs based on the behavior and biology of the insect in question have a much higher chance of success than relying
on trial and error of traps designed to monitor other insects.  Female GWSS secrete and deposit brochosomes on the
forewings just prior to egg laying (Hix 2001a).  These spots are then scraped off during egg lying.  Furthermore, white spots
are secreted before each egg mass is laid, and female GWSS can only produce rod shaped brochosomes after mating.  It is
therefore feasible to relate preovipositional females with white spots and residues to egg masses in associated vegetation
analysis.  The white spots are very visible on females caught in traps (Hix 2001a).  Many leafhopper species produce
brochosomes, but only females are known to produce the rod shaped brochosomes (Rakitov 2000).  As reported here in 2001,
data from the intercept traps and colored plates clearly indicated that GWSS are attracted to yellow as well as orange.
Attraction to these colors was statistically significant (Hix 2001b) and demonstrated that even though the AM type trap may
have reliability issues, it is clearly not a “blunder trap.”

OBJECTIVES
This research addresses: 1) which hue of yellow is the most attractive to GWSS; 2) what is the field longevity of a trap before
weather and photo degradation impact trap reliability; 3) how does trap catch relate to populations of GWSS in citrus and
grape; 4) GWSS spectral sensitivity; 5) how does temperature affect trap catch; 6) the feasibility of using certain wavelengths
of light to enhance trap catch of GWSS in vineyards and associated orchards; 7) develop and evaluate sticky barriers to trap
and detect GWSS nymphs within a vine or tree canopy.

RESULTS AND CONCLUSIONS
Traps were deployed in wine grape vineyards in Temecula with known high populations in addition to vineyards with lower
populations.  These vineyards were either under organic farming practices or were minimally farmed.  Trap types tested
included plates, commercially available yellow sticky cards (6), and nymph traps (3 colors).   Traps were checked weekly and
visual count of egg masses, nymphs, and adults were made.  GWSS were sexed, and females with forewing spots of
brochosomes or residue were noted.

The data indicated relationships between the number of females trapped and oviposition in associated vegetation.  The
number of females trapped in July August and September 2002 showed a strong relationship to the number of nymphs found
in searches.  A search consisted of 3 sets of 25 vines near a designated trap.  Analysis of the data from the vineyards provided
the expression y = 3.4X - 2.4 where y = number of nymphs per search and X is the number of females captured per trap (R2 =
0.97, F = 378.7, P =0.003).  This expression is only valid in situations where vineyards have not been treated for GWSS.

Yellow plates caught statistically more GWSS than commercially available sticky traps while orange traps usually caught
more than the commercial traps.  The nymph traps caught first to fifth instar nymphs in moderate populations.  These traps
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are easy to deploy in grape canes in situations where it could take hours of searching to locate nymphs.  Low populations of
GWSS nymphs in a vineyard may pose threats of moving X. fastidiosa from vine to vine within trellises.  Two of the
vineyards studied had high populations of GWSS nymphs.  GWSS phenology in wine grapes was determined (Figure 1).
Moderate GWSS populations can clearly establish and reproduce in vineyards when it is not managed even if nearby GWSS
populations are low.

GWSS Phenology in Grape
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Figure 1. Glassy-winged sharpshooter phenology in wine grapes as determined from vine searches in 5 commercial
vineyards in Temecula during the 2001-02 seasons.  A search consisted of thorough examination of 3 sets of 25 vines.
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INTRODUCTION
The glassy-winged sharpshooter (GWSS) is an invasive species that is threatening California agriculture.  GWSS live on
many different host plants, but the main concern is their potential to vector Pierce’s disease in grapes.  Pierce’s disease can
kill susceptible grape vines within 2 years after infection (Varela et al. 2001).  An area-wide management program is
underway in Kern County to manage outbreak populations of GWSS and slow their northward spread in the San Joaquin
valley.  To be successful, large scale regional insect management programs require an accurate assessment of pest density
and distribution to provide decision support for program managers (Liebhold et al. 1993, Roberts et al. 1993).  This report
details program activity aimed at understanding the spatial distribution of GWSS populations in Kern County.

OBJECTIVES
1. Determine the spatial distribution and density of GWSS in a diverse agricultural setting.
2. Determine the within field distribution of GWSS and movement between citrus and other perennial host crops.
3. Determine the correlation between yellow sticky trap data and direct observations taken in the field.

RESULTS AND CONCLUSIONS
A trapping program was initiated to provide pest location and density information.  Sticky trap data was collected from a
pilot project area consisting of 1457ha (3600ac) of citrus, 1255ha (3100ac) of grapes, and 688ha (1700ac) of other perennial
hosts including almond, blueberries, cherries, nectarines, peaches, and pistachios.  GWSS adults are highly visually oriented
in searching for hosts.  Recent work (Hix et al. 2001, Puterka et al. (submitted)) demonstrated that yellow is the most
attractive color for trapping.  Yellow sticky traps with 36cm2 of trapping surface from Seabright Laboratories (Emeryville,
CA) were placed throughout the area in a 402m (¼ mile) grid and serviced weekly by CDFA.  Traps are placed on 2m
bamboo poles to standardize the height of trapping across the entire grid.  Within citrus groves and other tree fruits, traps
were placed within the row between 2 trees near the corners of the field.  Traps in grapes were placed within the trellis 0.1m
above the canopy on bamboo poles near the corners of the field.  The trapping grid has been expanded from the original pilot
project area to include most of the grape/citrus producing areas in Kern County.  Over 4000 traps in citrus and grape are
serviced on a weekly basis to provide managers detailed information on GWSS locations and density.

In addition to the standard grid, yellow sticky traps were set up in an intensive grid at 11 sites within the pilot project to look
at GWSS movement at crop interfaces. Citrus was the common crop at each site.  The other crops included 4 grape
vineyards, 4 cherry orchards, 2 peach/nectarine orchards, and 1 almond orchard.  Trapping grids consisted of 3 transects of
traps.  Each transect was comprised of 16 traps with 8 traps located in each crop.  The traps extended 200m into the crop
away from the interface and were approximately 24 m apart.  Traps were checked weekly as part of the regular trapping
program run by CDFA.  Data collection began at the end of February with the first reporting date on March 1, 2001.

When averaged across all sites, the overall trapping pattern for each crop was similar for the entire year, with a few
exceptions (see Figure).  Early in the season GWSS adult were trapped in the highest numbers in citrus prior to the foliar and
systemic treatments in citrus that were applied as the management strategy.  Levels in citrus remained low all season due to
these treatments.  From July to October most GWSS trap captures occurred in grape and cherry.  The highest numbers
occurred in the site with organic grapes. Late in the year numbers peaked in traps of one peach/nectarine orchard as the
grower was pruning the trees and putting on a dormant oil / insecticide treatment.  This winter activity points to the need to
trap continuously through out the year to detect populations in areas where they may be overwintering.
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Direct observations in the pilot project were made on a monthly cycle with all citrus orchards being sampled at a rate of 10
observations per 40 acres. Grapes and other host crops were sampled at the interface sites where trapping occurred.  Two
different sampling methods were used in each crop, and these varied based on differences in plant morphology between
crops.  In citrus, visual counts and beat net sampling methods were used.  Two minute visual counts were made of the
number of adult GWSS on the terminal growth on approximately ½ of the tree to a height of 2m, and then recorded onto a
data sheet.  Then, the terminal foliage is beat with a 2.5cm dowel rod to dislodge GWSS into a 62.5cm canvass net.  This
sample is then transferred to a labeled sealed plastic bag for counting at the laboratory.  In the case of grapes, ten equally
spaced visual counts are conducted on 4.3 linear meters of canes and recorded.  When grape foliage is present, it is swept 20
times with a 37.5cm canvass net over an equivalent area as the visual count.  Visual count and beat net sampling methods are
used in tree crops, while visual and sweep net sampling methods are used in vine and shrub crops (i.e., blueberries).  Finally,
each sample unit (tree, vine, etc.) is recorded with a unique GPS coordinate.  These results are being mapped and correlations
made with sticky trap captures.
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Hix, R.L., M.R. McGuire and G.J. Puterka.  2001. Development of trapping systems to trap the glassy-winged sharpshooter

Homalodisca coagulata adults and nymphs in grape. Proceedings Pierce’s Disease Research Symposium, (eds. M. Athar
Tariq, Stacie Oswalt and Tom Esser). California Department of Food and Agriculture, Sacramento, California.  pp. 45-
47.

Liebhold, A.M., R.R., Rossi and W.P. Kemp. 1993. Geostatistics and geographic information systems in applied insect
ecology.  Annu. Rev. Entomol. 38: 303-327.

Puterka, G.J., M. Reinke, D. Luvisi, M.A. Ciomperlik, D.W. Bartels, L.E. Wendel and D.M. Glenn 2002. Particle film,
Surround WP, effects on glassy-winged sharpshooter behavior and its utility as a barrier to sharpshooter infestations in
grape.  Plant Health Progress. (Submitted).

Roberts, E.A., F.W. Ravlin and S.J. Fleischer. 1993. Spatial data representation for integrated pest management programs.
Amer. Entomol. 39: 92-107.

Varela, L.G., R.J. Smith and P.A. Phillips. 2001. Pierce’s Disease. University of California Agricultural and Natural
Resources Publication 21600.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service and the California
Department of Food and Agriculture.



-155-

PLANT-GWSS INTERACTIONS: PHYSIOLOGICAL AND BIOCHEMICAL MECHANISMS INVOLVED IN
HOST PLANT SELECTION WITH PARTICULAR REFERENCE TO LEMON AND ORANGE TREES

Project Leaders:
Nick Toscano, Jian Bi and Frank Byrne
Dept of Entomology
University of California
Riverside, CA 92521

Steven Castle
USDA-ARS
Phoenix, AZ

Reporting Period:

INTRODUCTION
The glassy-winged sharpshooter (GWSS) Homalodisca coagulata is an exotic insect in California and is an important vector
of Xylella fastidiosa that causes Pierce’s disease (PD) in grapes.  Citrus is a favored host of GWSS throughout the year, and it
has been well documented from studies of the Temecula PD epidemic that the proximity of citrus groves to vineyards has
influenced the incidence and severity of PD in grapes.  It is imperative that effective control strategies be implemented to
curb the spread of the vector-vital to this would be establishing the host plant range of the GWSS and determining the
physiological and biochemical mechanisms for host selection.  One of the key factors contributing to the successful
establishment of the GWSS in California has been its ability to utilize more breeding habitats and plant hosts than native PD
vectors.  Although a comprehensive list of suitable hosts has been identified, comprising 75 plant species in 35 families, little
is known about the physiological and biochemical mechanisms involved in host selection of GWSS in California.
Elucidation of the physiological and biochemical mechanisms may be usable for developing host plant resistance as a
sustainable component of integrated pest management program.

Dietary nitrogen and carbohydrates are important nutritional indices impacting survival, growth and reproduction of
phytophagous insects.  These nutrients are particularly limited for xylophagous insects, such as GWSS, because xylem fluid
consists of over 95% water and is the most dilute food source for herbivores.  There are two ways in which the GWSS could
compensate for the poor nutrient quality of the xylem fluid.  Firstly, they could feed for extended periods of time.  This is, in
fact, known to be the case, as those of us who have witnessed the sharpshooter rain at first hand will attest.  Indeed, it has
been estimated that GWSS can process up to 10 ml of xylem fluid per day.  Secondly, efficient assimilation of available
nutrients during prolonged feeding periods would enhance the nutritional value of xylem.  Different host plants may contain
different levels of dietary nitrogen and carbohydrate during the year and the differences could play a role in GWSS host
selection.

OBJECTIVES
1. Investigate the seasonal population dynamics of GWSS on orange and lemon trees.
2. Study the relationship between densities of GWSS on orange and lemon trees and the nutritional quality of the xylem

fluid upon which the insects feed.

RESULTS AND CONCLUSIONS
A lemon and orange mix-planted orchard was used for the experiment.  Three blocks of 30 orange and 30 lemon trees were
used.  Five trees of lemon or orange were randomly selected from each block to monitor the GWSS population dynamics and
to extract xylem fluid.  A bucket-sampling device was used to sample both immature and adult GWSS.  Population dynamics
of both adult and immature GWSS was monitored on a weekly basis throughout the season.  Xylem fluid in one-year old
stems from each of the trees was collected bi-weekly to determine levels of free amino acids, soluble proteins and
carbohydrates.

Adult GWSS numbers on oranges were highest from late June to late November 2001 and a smaller peak was observed from
early March to early April 2002 (Figure 1).  The adult numbers on lemons peaked from mid-July 2001 to late January 2002.
The adult numbers were 0.4- to 4.9-fold higher from late June to late July on oranges in comparison with those on lemons,
whereas the adult numbers were up to 10.7-fold higher from early August 2001 to late February 2002 on lemons than on
oranges.  The numbers were 8.7- to 16.4-fold higher from early March to early April 2002 on oranges than on lemons.

Peak immature counts on oranges occurred between late April and early July 2001 and the numbers gradually reached to zero
the rest of the year (Figure 1).  Peak immature densities on lemons were observed from mid-May to late June 2001.  The
immature counts were 0.9- to 3.9- fold higher on oranges than on lemons from late April to mid-May 2001.  Despite the
higher adult counts on lemons between November 2001 and January 2002, nymph counts in the following months were still
higher on oranges.  The mini-peak of adult numbers that appeared on oranges after January 2002 suggests that the adults had
migrated from the lemons to the oranges to reproduce.
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Throughout the experimental season, glucose and fructose levels were generally higher in xylem fluid from lemons (Figure
2).  Sucrose levels were generally higher in lemon xylem fluid except during the period of early December 2001 to mid-
February 2002 when orange xylem fluid had higher levels.  During August 2001, levels of xylem asparagine, glutamine,
tyrosine, phenelalanine, isoleucine, valine, threonine, histidine, methionine and lysine were generally higher in lemons
whereas from February to April 2002, levels of these xylem amino acids were higher in oranges, in correspondence with the
higher adult GWSS numbers on these trees (Figure 3).

In summary, from early spring to mid summer adult GWSS numbers were generally higher on oranges and from belatedly
summer to late winter the numbers were higher on lemons.  Levels of some xylem amino acids were in positive
correspondence with the higher GWSS numbers.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.

Figure 1: Seasonal population dynamics
of GWSS on orange and lemon trees

Figure 2: Seasonal variation of soluble sugar levels
in the xylem fluid of orange and lemon trees

Figure 3: Seasonal variation of some amino acid
levels in the xylem fluid of orange and lemon.
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INTRODUCTION
The Temecula viticultural area was the first in California to be seriously impacted by the glassy-winged sharpshooter
(GWSS) Homalodisca coagulata and the spread of Xylella fastidiosa, the causative agent for Pierce’s disease (PD).  While
PD problems were first identified in 1996, it was realized by 1999 that the situation was dire.  As a result, this ongoing
cooperative demonstration project was initiated in 2000 to examine the impact of area-wide management strategies on GWSS
populations and PD incidences in the Temecula Valley.  The Temecula advisory committee consists of representatives from
wine grape growers, citrus growers, University of California-Riverside, USDA, CDFA and the Riverside County Agricultural
Commissioner’s Office.

The key strategy is to reduce and limit the vector (GWSS) and remove the reservoirs (infected vines).  Another strategy in
conjunction with the Riverside Agricultural Commissioner’s Office was to facilitate the removal of abandoned citrus and
vineyards in Temecula.

In the 2000 season, the opportunity to treat nearly the entire commercial citrus in the Temecula viticultural area was seized
upon in an effort to destroy a substantial portion of the regional GWSS population.  The emergency treatment of 1300 acres
of citrus in Temecula, CA with Admire® (imidacloprid) during Apr and May 2000 represented a pivotal shift toward an area-
wide management of GWSS.  In Mar and Apr 2001, 269 acres of citrus were treated with Admire and an additional 319 acres
were treated with foliar applications of Baythroid® on an “as needed” basis.  Many grape growers treated their grapes with
Admire and/or made foliar applications of Provado®, or Danitol® in 2002.  Recommendations were made to remove sick
vines in order to remove bacterial reservoirs.  Though response was slow initially, growers are aggressively removing sick
vines.

Although wine grapes are the most vulnerable due to the risk of PD, other crops were scrutinized for contributions to GWSS
population growth.  Citrus was the most important year long reproductive host of GWSS in Temecula.  Citrus also seemed to
concentrate GWSS over the winter months when grapes and most ornamental hosts were dormant.

OBJECTIVES
1. Determine the impact of the 2000 area-wide management program on GWSS populations in citrus, grapes, and other

plant hosts in the ecosystem in the 2001 season.
2. Determine the impact of the area-wide program on GWSS adult oviposition and nymphal development.
3. Determine the impact of the GWSS program on beneficial citrus insects, pest upsets and GWSS parasitism.
4. Evaluate the biological and economic effectiveness of an area-wide insecticide program of GWSS.

RESULTS AND CONCLUSIONS
GWSS weekly monitoring in citrus and grapes began in March 2000 and has been continued to December 2002 by trapping
(500 traps), visual counts (adults, nymphs, egg masses), beats in citrus, and A-vacuuming in grapes.  This monitoring will
continue through at least 30 June 2003.  Although good in most cases, Admire was not 100% efficacious on citrus in 2000.
Improper application of Admire or weak trees will affect uptake by citrus trees preventing it from reaching the target site.
The results from the 2000 project indicated that every tree or acre does not need to be treated.  GWSS numbers remained low
in citrus treated with Admire in 2001.  The populations also remained low in citrus treated with Admire in early 2000, but
GWSS were observed at low numbers in some of these groves in July and August 2002.

Troublesome areas or hot spots were identified during early monitoring in January-April 2002.  This led to the treatment of
137 acres of citrus with Admire in April 2002.  An additional 95 acres of citrus were treated as needed with foliar
applications of Assail between July 21 and August 15, 2002. A helicopter was used to make Assail applications to 49 acres
with 46 acres treated by speed sprayer. Gavacide C 440 oil was applied to 148 acres of organic citrus in 2002.  As in previous
years, grape growers were responsible for treatments to grape.  Several grape growers treated grapes with Admire or as
needed with foliar applications of Danitol, Baythroid, or Provado.

Organic citrus groves and grape vineyards were the problematic areas and populations remained highest in these groves
(Figure 1).  The results from Gavacide C treatments were promising in 2001, and with the lack of other alternatives in
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organic situations, additional treatments were made with 1.25% Gavacide C and water on August 7, 2002 (750 gallons per
acre) by speed sprayer to 109 acres of organic citrus.  Gavacide C was applied on October 23, 2002 by helicopter to an
additional 42 acres that were inaccessible by speed sprayer.  The rate applied by helicopter was 15 gallons Gavacide C in 85
gallons water per acre.  CCOF and OMRI currently allow the use of most 415 and 440 oils for organic use.

During July and August 2002, it became apparent that some citrus treated with Admire in early 2000 has become re-infested
with GWSS.  As a result, Admire or Assail treatments are planned for 500-600 acres of citrus in 2003.  Based on the success
of the program over 2000, 2001, and 2002, it would seem that this level of treatment in citrus every 3 years would keep
GWSS populations suppressed in the Temecula viticultural area. This would be coupled with GWSS management within
vineyards throughout the valley on a yearly basis.

Some vineyard replanting occurred in 2002 (2% or less) especially in high visibility areas for both aesthetic reasons and to
explore the feasibility of reestablishing lost vineyards.  Based on a survey of 5 Temecula wineries, 2001 wine grape
production ranged from 47% to 77% of what it was in 1995 with production ranging from 3.7 to 7.8 tons per acre in 1995 to
4.3 to 6.0 tons per acre in 2001.  However, Temecula is providing few wine grapes to other areas due to economic forces.  As
a result, the 2000 and 2001 harvests were more than adequate to sustain the Temecula wineries with substantial surplus.  In
the future, Temecula will likely concentrate on producing quality wine grapes for Temecula’s wineries.
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Figure 1.  Comparison of GWSS (left to right) trapped in untreated organic citrus, 440 oil treated
Organic citrus, Admire treated citrus, organic grape, Admire treated grape, Danitol treated grape
Adjacent to oil treated organic citrus.  Bars = ± SEM.   N = 15 to 20.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service, the California Department
of Food and Agriculture, Riverside County, and the City of Temecula.
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IMPACT OF LAYERING CONTROL TACTICS ON THE SPREAD OF PIERCE'S DISEASE BY
THE GLASSY-WINGED SHARPSHOOTER

Project Leaders:
Rick Redak and Matthew Blua
Department of Entomology
University of California
Riverside, CA 92521

Reporting Period: The results reported here are from work conducted from June 2001 through October 2002.

INTRODUCTION
Solutions to managing and controlling Pierce's disease of grapes are often conceptualized as ways of breaking at least one
two-way interaction among the insect, plant, and bacteria components that are required for successful disease spread and
propagation.  Hypothetical solutions may also involve altering the abiotic and biotic environment within which these
interactions take place.  On the basis of our understanding of Pierce's disease epidemics, as well as other insect transmitted
plant pathogen systems, one single control tactic (especially focused upon the insect) will not be sufficient to substantially
reduce vector populations such that the incidence of disease is below an economically acceptable level.  One management
and control strategy that potentially may be utilized to limit the damage brought about by Pierce's disease involves layering
separate vector and disease management tactics together such that vector population densities are reduced, their interactions
with grapevines are inhibited or disrupted, and the interface between grapevines and the disease organism, Xylella fastidiosa,
is disrupted.  Here we report on our efforts to simultaneously implement (i.e. "layer") various control strategies currently
available to limit the spread of Pierce's disease transmitted by the glassy-winged sharpshooter, Homalodisca coagula.

OBJECTIVES
Our specific objectives are to determine the ability of a variety of treatment and treatment combinations on 1) their ability to
reduce glassy-winged sharpshooter density and feeding and 2) their ability to reduce the rate of spread of Pierce's disease in
newly planted vineyards.

RESULTS AND CONCLUSIONS
The research site was established in April of 2001 at the Agricultural Operations facility located on the campus of the
University of California, Riverside.  One thousand grape vines were acquired from SunRidge Nursery in early may and
planted on May 16, 2001.  The variety utilized in this study is Chardonnay 04 on S04 rootstock.  Vines were planted with 6 ft
spacing between plants and 12 ft spacing between rows and watered with drip irrigation.  At total of 10 rows of 100 vines per
row was planted.  Treatment and treatment combinations evaluated are 1) imidacloprid at full rate, 2) imidacloprid at 1/2 rate,
3) a combination of imidacloprid plus acetamiprid, 4) metalosate, 5) kaolin, 6) imidacloprid-acetamiprid combination plus
kaolin, 7) imidacloprid-acetamiprid combination plus metalosate, 8) metalosate plus kaolin, 9) imidacloprid-acetamiprid
combination plus kaolin plus metalosate, and 10) control (water only).  Treatments involving acetamiprid could not be
evaluated until Fall of 2002.

Results indicated that there was a significant difference among treatments with respect to the number of sharpshooters found
on experimental plants for both 2001 and 2002 (2001: F8,91 =17.14, P<0.0001, 2002: F9,90 =20.74, P<0.001, Figure 1).  As
replicates involving acetamiprid are only included in the 2002.  As expected plants treated only with metalosate (a potential
prophylactic treatment for Pierce’s disease) supported similar numbers of sharpshooters as untreated control plants.  Overall
plants treated with kaolin demonstrated reduced numbers of sharpshooters relative to the untreated controls, and plants
treated with imidacloprid exhibited the lowest numbers of sharpshooters.  There were no significant differences in the
numbers of sharpshooters found on plants treated with kaolin as compared to the numbers found on insecticide treated plants.
These patterns have been maintained for the duration of the experiment thus far.  No experimental treatment has yet resulted
in complete protection from sharpshooters; consequently, all treated plants remain at risk of exposure to X. fastidiosa. With
the exception of metalosate, all treatments were reasonably effective in reducing sharpshooter numbers throughout the fall
season.  Differences among treatments were lost as sharpshooter numbers naturally declined at the end of fall.  A
combination of imidacloprid, acetamiprid and kaolin was most effective at reducing overall sharpshooter numbers; however,
it should be noted that a significant number of sharpshooters was found on all treated plants throughout the growing season.

Results of our latest feeding trials demonstrated that imidacloprid, imidacloprid-acetamiprid, and imidacloprid at half-rate
applied per twice year significantly reduced sharpshooter feeding (Figure 2).  Regardless of treatment type, imidacloprid
reduced sharpshooter feeding by approximately 95%.  Treating with imidacloprid at half-rate twice a year or combining full
rate imidacloprid with acetamiprid did not significantly reduce feeding any further than a single application of imidacloprid at
the full label rate.
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As of September 2002, several treatments have significantly reduced the incidence of Pierce's disease symptoms in
experimental plants.  Imidacloprid at full rate, kaolin, kaolin plus metalosate imidacloprid-acetamiprid-kaolin, imidacloprid-
acetamiprid-metalosate, imidacloprid plus acetamiprid plus kaolin plus metalosate all significantly reduced the incidence of
Pierce's disease relative to untreated controls.  Other treatments and treatment combinations (including just metalosate) did
not significantly reduce the incidence of PD.  Unfortunately, while the above treatments did reduced the incidence of PD
relative to controls, they still suffered an approximate average of 30% infections (30% of the treated plants showed
symptoms after 1.5 years).  Control treated plants displayed an average of 69% infection.

Figure 1: Effect of
treatments on numbers of
glassy-winged
sharpshooters detected in
grape plants.

Figure 2: Effect of
treatment on feeding rate
of glassy-winged
sharpshooter on grapes

FUNDING AGENCIES
Funding for this project was provided by the California Department of Food and Agriculture.

Date

17-Aug 31-Aug 14-Sep 28-Sep 12-Oct 26-Oct 8-Nov 26-Nov 20-Dec 25-Apr 9-May 23-May 6-June 21-June 3-July 18-July 2-Aug 16-Aug 30-Aug 13-Sept26-Sept

N
um

be
r o

f G
W

SS
 (a

rc
si

ne
(s

qr
t(#

))

0.0

0.5

1.0

1.5

2.0 CONTROL
METALOSATE
KAOLIN
MET+KAOLIN
IMIDACLOPRID
IMIDACLOPRID-1/2
MET-IMID-ACET
KAOLIN-IMID-ACET
MET-KAOLIN-IMID-ACET
IMID+ACETA

2001 2002

Treatment
Control Imidacloprid Imida+Aceta Imida-1/2 Kaolin

Ex
cr

et
io

ns
 (3

 G
W

SS
/2

hr
)

0.00

0.05

0.10

0.15

0.20

0.25



-161-

MYCOPATHOGENS AND THEIR EXOTOXINS INFECTING GLASSY-WINGED SHARPSHOOTER:
SURVEY, EVALUATION, AND STORAGE

Project Leaders:
Russell F. Mizell, III
University of Florida. NFREC-Quincy
Quincy, FL 32351

Drion G. Boucias
Department of Entomology and Nematology
University of Florida
Gainesville FL

Cooperators:
Peter C. Andersen
Department of Horticultural Sciences
University of Florida

Serguei Triapitsyn,
Department of Entomology
University of California
Riverside, CA

Shi-Yih Hung
University of Florida

Reporting Period:  The results reported here are from work conducted in 2002.

INTRODUCTION
Excluding the observations reported by Turner and Pollard (1959), we know of no studies that have examined the
entomopathogens associated with GWSS populations.  In general, the lack of pathogens (viral, bacterial, or protozoa) in
leafhopper populations may be related to their piercing-sucking feeding behavior.  In most cases, these pathogen groups are
transmitted orally and would likely need to inhabit the xylem tissue to infect leafhoppers. Pathogens that are transmitted per
os are typically affiliated with insects with chewing mouthparts.  Thus, entomopathogenic fungi, which do not need to be
ingested in order to infect insects, are considered to contain the primary pathogens of sucking insects.

Based on a preliminary survey of GWSS (Boucias and Mizell, unpublished 2001) and 20 years of field experience, we expect
that the proposed multi-seasonal collections will yield an array of novel mycopathogens that are active against GWSS.  This
study, will provide a source of mycopathogens with potential for GWSS biological control along with a GWSS microbe
collection that will be screened for novel metabolites (exotoxins). In collaboration with an industrial partner, broth filtrates
will be screened against an array of eukaryotes and prokaryotes.  Of particular interest are the Hirsutella spp. isolates
affiliated with this insect (Boucias and Mizell, unpublished 2001).

OBJECTIVES
This research will investigate the disease complex associated with glassy-winged sharpshooters in the Southeastern United
States.  Specific objectives include to:
1. Identify and archive all the major pathogens affiliated with GWSS populations.
2. Estimate the distribution, frequency and seasonality of the major diseases of GWSS.
3. Screen the pathogens for exotoxins with potential toxicity to GWSS and other arthropods.
4. Confirm infectivity of the isolates and the exotoxins and determine which if any pathogens may serve as microbial

controls of GWSS and other leafhopper vectors.

RESULTS AND CONCLUSIONS
We have not received final approval of the contract for this grant and cannot proceed full speed until we do.  However, we
have completed surveys of entompathogens in field populations of GWSS in north and central Florida with some success.
During summer 2002, populations of Homalodisca coagulata were sampled at sites in Gainesville and Quincy, Florida, and
Cairo, Georgia.  Insects were collected and held in sleeve cages on crape myrtle for 2-4 weeks for the detection of pathogens.
Sharpshooter cadavers were collected and incubated in a warm, moist environment and observed for fungal and bacterial
growth.  Populations in Gainesville were observed in low densities on red crape myrtle.  There was no indication of fungal
infection in these insect populations.  Sharpshooter populations in Quincy, Florida were observed in much higher densities on
citrus, crape myrtle, and holly, among other hosts plants. Sharpshooters collected in late June experienced a rapid die-off but
displayed no signs of fungal infection.  The die-off seemed instead to be associated with a bacterial infection, the nature of
which has yet to be determined.  Cultures of bacteria and fungus associated with the cadavers from this collection are
awaiting further identification.  In southern Georgia, sharpshooters were sampled on hollies at two different nursery sites.
One site yielded a great many mycosed cadavers, whereas the other site yielded only healthy insects.  Mycosed cadavers
collected from hollies at the infected site were incorporated into a preliminary transmission study.  In this experiment,
mycosed cadavers were placed on crape myrtle with the live sharpshooters collected from both infected and uninfected areas.
Horizontal transmission did not appear to occur within the two week exposure period.  Only samples taken from the infected
area showed signs of fungal infection.  Cultures of the fungi associated with these specimens were examined under SEM and
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were identified as a Hirsutella spp.  Currently selected ribosomal genes are being sequenced to confirm identification of this
fastidious fungus.

Some initial work has been done on the composition and function of brochosomes, a unique excretion of GWSS that is used
to cover the integument and eggs.  Brochosomes may play a role in preventing infection, and are therefore of interest as to
how they may interact with fungi or bacteria.  Also of interest is the presence of internal parasites in a closely-related
sharpshooter, Ocometopia spp.  Strepsipterans were observed in ca. 20% of Oncometopia spp. adults collected in north
Florida and south Georgia.  No data have shown that the strepsipterans found in the Oncometopia spp. can infect H.
coagulata as well, but more study is needed.

REFERENCES
Turner, W.F. and H.N. Pollard 1959. Life histories and behavior of five insect vectors of phony peach disease. USDA

Technical Bulletin 1188.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.
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EXPLORATION FOR FACULTATIVE ENDOSYMBIONTS OF SHARPSHOOTERS

Project Leader:
Alexander H. Purcell
Division of Insect Biology
University of California
Berkeley, CA 94720

Cooperators:
Russell Mizell, III
University of Florida
Quincy, FL

Chris Carlton
Louisiana State University
Baton Rouge, LA

Reporting period:  The results reported are from work conducted from July 1, 2002 to November 1, 2002.

INTRODUCTION
Improved biological control of the glassy-winged sharpshooter (GWSS), Homalodisca coagulata, in California has been a
major objective of research attempts to lower the incidence of this vector of Xylella fastidiodsa (Xf), a bacterial pathogen of
grapes, almonds, alfalfa (in California), citrus, coffee (in Brazil) and a variety of other plants (Purcell and Feil 2001).  So far,
the most promising biological control approaches have been to seek new parasitic wasp species that attack the eggs of GWSS
and to discover ways to enhance their effectiveness (Triapitsyn et al. 1998).  Pathogens of GWSS have not been employed to
date largely because none are known, although recent research is directed towards discovering viruses of GWSS.

Endosymbiotic bacterial associates of leafhoppers are little-understood and unexploited components of their biology that we
believe could make a significant contribution to control of these pests.  The gravity of the threat posed by GWSS justifies
research into this unexplored aspect of its biology.  Biological control by itself is unlikely to provide a solution to the
GWSS/PD dilemma, but hopefully will serve as a cornerstone to an integrated approach by lowering populations of GWSS to
the point where combinations of other control methods such as insecticides, repellents, and habitat management can lower the
numbers of infective GWSS in affected crops to manageable levels.

Of particular interest to us are bacterial associates that are facultative (also referred to as “secondary”), i.e., that occur in some
individuals or populations but not others, and that could be introduced into, or augmented in pest populations.  We use the
term symbiont here in the biological sense of ‘living together” and do not imply mutual benefit (Douglas 1994).  Facultative
bacterial associates have been described in a variety of Homoptera including leafhoppers (Swezy and Severin 1930,
Schwemmler 1974, McCoy et al. 1978, Purcell et al. 1986).  The only leafhopper facultative symbiont studied in some depth
is BEV, a bacterium that occurs in Euscelidius variegatus in France, but apparently not in California (Purcell et al. 1986).
Uninfected females of E. variegatus inoculated with cultures of BEV transmitted the bacteria transovarially to their offspring.
Subsequently, infected leafhoppers had drastically reduced fecundity (by 80%), slowed development (double the normal
development time), and increased mortality, relative to uninfected controls (Purcell et al. 1986, Purcell and Suslow 1987).
They also transmitted phytoplasma bacteria at drastically reduced rates, but we do not anticipate this would occur with Xf.

It is clear from our studies of facultative bacteria in aphids (Chen et al. 2000, Montllor et al. 2002) as well as from the study
of BEV, that endosymbiotic associations are complex and have critically important effects, both positive and negative, on the
physiology, population biology and vector potential of their hosts.  Any component of leafhopper behavior, physiology, or
ecology that affects their ability to vector plant pathogens can have major implications for the spread of plant diseases.  The
most likely impacts that facultative symbionts might have on the control of GWSS involve their potential ability to:

• decrease populations of GWSS to lower equilibrium levels (may be temperature dependent)
• change (+ or -) the rate of successful parasitization by biological control agents
• decrease GWSS fecundity
• facilitate production of GWSS parasitoids (if discovered to be limited by bacterial symbionts)

OBJECTIVES
1. Survey glassy-winged sharpshooter and other sharpshooters in California and the Southeastern U.S. for facultative

bacterial endosymbionts.
2. Determine by DNA sequencing the identity of any bacteria discovered.
3. Depending on type of microorganism and relative frequency in surveyed insects, select candidate symbionts to (a) attempt

to culture, (b) determine whether they can be transmitted by injection of hemolymph from infected to uninfected GWSS
or to other sharpshooter species, (c) determine whether they are transovarially transmitted, (d) determine whether they can
be horizontally transmitted through plants and (e) determine whether any are beneficial or pathogenic to GWSS in terms
of life history traits (growth, fecundity, longevity, parasitism).
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RESULTS AND CONCLUSIONS
Glassy-winged sharpshooters have been collected in Louisiana, Florida and California (two locations) in spring and summer
2002.  Four other species of sharpshooters have also been collected in California in summer 2002.  DNA has been extracted
from hemolymph samples of 170 insects.  To date, the 16s ribosomal DNA from 88 of these samples has been amplified with
universal eubacterial primers.  About 60% of the samples contained enough amplified DNA to detect by electrophoresis,
indicating either that some insects do not have detectable bacteria in the hemolymph, or that the hemolymph sample collected
was too small.  Eubacterial DNA from 25 individual GWSS from Florida, Louisiana and California was digested with the
endonuclease Hinf l as an initial screen for differences in the amplified bacterial DNA.  These digests have been analyzed by
electrophoresis, yielding distinct band patterns.  Five different digest patterns have been found to date in these GWSS, and at
least two band patterns have been documented from each locality.  There appears to be overlap in band patterns among the
three localities (i.e., common patterns in insects from the three areas), though this is not yet certain.  The presence of a variety
of band patterns indicates that several types of bacteria are present in our samples.  Although great care has been taken to
avoid contamination of hemolymph samples, we do not yet know whether some of the bacterial DNA in our samples might
come from an exogenous source.  We have also extracted DNA from the primary symbionts of GWSS, which occur in
structures called bacteriomes, and which can easily be dissected out of the insect, and from BEV-infected leafhoppers, for
comparative purposes.
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INTRODUCTION
The year 2002 marks the second of a proposed three year study to develop and demonstrate the Areawide Management of
Glassy-winged Sharpshooter (GWSS) in Kern County, CA.  The first year successfully demonstrated the areawide concept as
a strategy that will reduce GWSS to very low population densities in a robust multi-crop perennial growing system.  Critical
to this success is a well organized and coordinated delivery system that growers can adapt to their present pest management
programs.  The strategy in 2001 was to treat citrus using an action threshold of greater than one GWSS/tree which resulted in
1830 acres out of 3600 receiving a foliar, knockdown, insecticide.  All citrus received a single systemic application of
Admire ® following the foliar treatments.  All acreage, approximately 13,000 acres, is monitored utilizing a combination of
direct observations and sticky traps arrayed in a ¼ mile grid.

Grower interest in the results of the pilot study in 2001 culminated in a request to initiate an areawide program in Kern
County.  An expanded program was implemented in the county.  This areawide program utilized the strategies developed in
the first year of the pilot study.

OBJECTIVES
1. Adjust management strategies based on current GWSS population levels.
2. Test compatibility of selected insecticides and biological control agents.
3. Develop and implement biological control based strategies. (See Report by Isabelle Lauziere)
4. Implement an area-wide pest management program in Kern County.

RESULTS AND CONCLUSIONS
Results from the monitoring program suggested that in 2002 three of the groves treated last year in the pilot study required
treatment with a systemic insecticide.  Four groves required only a foliar treatment. Although the GWSS populations in these
groves were below the action threshold used in 2001, the decision was made to treat these as hot spots and prevent the
possible reinfestation of adjacent groves.  Monitoring data indicates that the groves still infested in 2002 were adjacent to
eucalyptus windbreaks that border the groves.  The windbreaks were initially treated with a foliar insecticide treatment but
did not receive a systemic treatment to prevent recurring populations of GWSS.  We are currently waiting for an approved
label to treat these windbreaks.

GWSS population monitoring in the pilot project study area during 2002 indicates very low levels of infestation.  Insecticide
inputs during the second year of the study were minimal, suggesting that the area-wide approach to treatment may provide
adequate control of the pest over multiple years.  The addition of natural enemies in the form of augmentative releases of egg
parasitoids may extend this control, potentially building in a long-term sustainable regulating component into the area-wide
program.

Limited fiscal resources for an expanded area-wide program in Kern County required the county to be divided into zones that
could be effectively managed with available funds.  Four zones have been established and are monitored for GWSS
populations using a trapping grid of one trap/per 32 acres.  The Northern Zone, Edison area, has historically been troubled
with large populations of GWSS.  This is the first zone to be treated.  The management strategy followed the established
protocol from the pilot study.  The current population of GWSS has been reduced to almost non-detectable levels in citrus.
Since Pierce’s disease is known to occur in this area of the county, vineyards that continued to have GWSS after harvest were
treated to prevent their return into citrus.  Hot spot treatments for GWSS in grapes have reduced this population to similar
levels as seen in the citrus.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service.
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INTRODUCTION
Pierce’s disease (PD), caused by the bacterium Xylella fastidiosa, is a killer of grapevines.  Significant vine loss from PD has
occurred in southern California, north coast regions and portions of the southern San Joaquin Valley such as Tulare and
Fresno counties over the last 100 years.  Native sharpshooters, including the blue-green sharpshooter and the red-headed and
green sharpshooters have been largely responsible for PD spread.  With the arrival of the glassy-winged sharpshooter
(GWSS), a more effective vector, the transmission of the bacterium and subsequent disease threatens Kern County, a major
grape production area of the state with more than 87,000 bearing acres and a farm gate value of approximately $438 million
dollars.

Approaches to disease management have changed in Kern County, due largely to an increase in the incidence of disease
where PD had not known to exist prior to the introduction of GWSS.  To date growers have tried to control the insect and the
disease with a combination approach of using both soil-applied and foliar pesticides and roguing out vines expressing PD-
like symptoms during the summer.  However, there is no data to support whether these strategies will be successful to combat
the spread of PD.  Many management decisions are currently being made based on anecdotal evidence, testimony and
projections.  The county provides a unique environment in which to map the incidence of PD, track the spread of the disease
over time and investigate the interaction between the insect and the disease, given that both inoculum and the insects are
present.  Such information would be useful to determine the economic impact of GWSS on California agriculture as well as
provide fundamental data on epidemiological factors including but not limited to, host susceptibility to disease, GWSS
presence, proximity to preferred hosts of GWSS, proximity to alternative hosts of Xylella and individual grower insecticide
and disease management programs.

OBJECTIVES
1. Estimate the incidence of PD over time in both GWSS infested regions as defined by the Kern County Agricultural

Commissioner’s Office and detection efforts by the CDFA and USDA and in areas with no GWSS finds.  Data will be
collected by mapping case study vineyards for PD in order to determine the quantitative relationships of recorded
variables to disease incidence over time.

2. Provide individual support to growers and pest control advisors to ensure that they are aware of the critical nature of PD
in the presence of GWSS.  The key to this objective is getting grower support to develop their own field monitoring
programs and control strategies.  This includes individual field meetings if there are questions regarding symptom
identification, encouragement of tissue sampling, collecting and shipping samples to the CDFA diagnostic lab,
communicating results, providing information on PD management and follow up support.

RESULTS AND CONCLUSIONS
This study focuses on vineyards in Kern County because of its importance as a major grape production area and its short
history of GWSS infestation.  This situation enables the project to follow the epidemiology and progression of the disease
beginning with the arrival of the insect vector, particularly in the northern area of the county (Delano and Highway 65).  A
number of vineyard blocks throughout the county were selected as case studies for the project (Table 1.).  The acreage
surveyed within the project represents roughly 5% of the total bearing grape acreage in the county.  A profile was created for
each vineyard and the variables recorded include: GPS coordinates, cultivar, vine age/plant date, row x vine spacing, pruning
and trellising system, weed index, proximity to other host crops of GWSS and Xylella fastidiosa, pesticide use information
when available and presence and population levels of GWSS.  Fifteen cultivars of varying ages were examined during the
project and the levels of tolerance to PD are presented in Table 2.  All data will be sent to the Center for the Assessment and
Monitoring of Forest and Environmental Resources (CAMFER) at University of California at Berkeley under the direction of
Barry Hill and Sandy Purcell.  The center will compile the data and create a GIS based data set.  The resulting data, maps,
and information will be shared with collaborating plant pathologists, statistical analysts, agricultural economists, and other
legitimate researchers to maximize the opportunity to understand the changed epidemiology of PD, to manage the disease,
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and to generate projections for potential economic consequences and risk assessment.   Information from this project will be
useful in the future in those viticulture areas of the state where the GWSS may become established.

Table 1. Summary of the Pierce’s disease survey effort in Kern County.
Areas surveyed for

Pierce’s disease
Total number of
blocks surveyed

Total number of
acres surveyed

Number of tissue
samples collected

Number of PD +
samples

General Beale Pilot Area 42 888.2 1976 908
North:  Edison/Bena 7 234 145 109

South A:  Arvin 22 314.4 39 6
South B:  Arvin 28 259 84 9
Central:  Arvin 2 32 0 0
West:  Hwy 166 32 801 56 6

Hwy 65 and Delano 83 1586.8 In progress In progress
Total 216 4115.4

Table 2. Cultivars included in the study and their respective tolerances to Pierce’s disease.

Cultivar

Vine susceptibility
Most susceptible=3
Less Susceptible=2

Most tolerant=1
Resistant=0

Green                            Calmeria 3
French Columbard 2

Jade Seedless 3
Muscat N/A
Perlette N/A

Thompson Seedless 1
Superior Seedless N/A

Red Christmas Rose N/A
Crimson Seedless 2
Flame Seedless 2

Redglobe 3
Ruby Seedless 2

Purple Autumn Royal N/A
Black Emerald N/A

Fantasy Seedless N/A

All V. vinifera cultivars are susceptible to Pierce’s disease.   Levels of tolerance were assigned based on the rate of spread of
bacteria within the plant.  Relative tolerances are adapted from Pierce’s disease, UCANR Pub. 21600, Varela et al.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.
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DETECTION OF DNA POLYMORPHISMS IN GLASSY-WINGED SHARPSHOOTERS
(HOMALODISCA COAGULATA) BY PCR-BASED DNA FINGERPRINTING METHODS

Project Leaders:
Jesús H. de León and Walker A. Jones
USDA-ARS, Beneficial Insects Research Unit
Subtropical Agricultural Research Center
Weslaco, TX 78596

Reporting Period: The results presented here are from work conducted from FY2001 to FY2002.

INTRODUCTION
The glassy-winged sharpshooter Homalodisca coagulata (Say) (Homoptera: Cicadellidae), is a xylem feeding leafhopper that
is a serious pest because it vectors a strain of Xylella fastidiosa, a bacterium that causes Pierce’s disease of grapevines (Turner
and Pollard 1959; Nielsen 1968).  DNA markers have proved to be valuable tools for population genetic studies.  DNA
fingerprinting methods that do not require prior knowledge of genome sequences include ISSR-PCR (Inter-Simple Sequence
Repeat-Polymerase Chain Reaction), RAMP (Randomly Amplified Microsatellite Polymorphisms), SAMPL (Selective
Amplification of Microsatellite Polymorphic Loci) and RAPD (Random Amplification of Polymorphic DNA). RAPDs
produce dominant markers, whereas ISSR-PCR, RAMP, and SAMPL incorporate Simple Sequence Repeats (SSR) and are
capable of identifying co-dominant markers if utilizing 5’-anchored or compound ISSR primers (reviewed in Karp and
Edwards 1997), but without known family relationships (segregation/backcrosses) these markers are scored as dominant.

OBJECTIVES
Develop molecular genetic markers for the glassy-winged sharpshooter by the following methods ISSR-PCR, RAMP,
SAMPL, and RAPD to estimate the most sensitive and efficient procedure.  Screening of the methods was initiated with a
small number of insects (3).  Identification of DNA polymorphisms (POPGENE software) in natural populations was
determined with 10-30 insects with the various DNA fingerprinting methods.

RESULTS AND CONCLUSIONS
Initially, one insect was utilized to screen with the four DNA fingerprinting methods, than three insects (Weslaco, TX) per
primer or primer pair (pp) (46 total) were used to estimate the sensitivity and efficiency of each method.  The results of this
small scale screening procedure are presented in Table 1.  A total of 205 polymorphic markers were generated with the four
methods, with ISSR-PCR, pp-ISSR-PCR, RAMP, SAMPL, and pp-RAPD producing 34, 41, 58, 32, and 40 polymorphic
markers, respectively.  The Efficiency Ratio (number of polymorphic markers/number of primers amplified) of each method
was as follows: 6.83 (pp-ISSR-PCR), 6.80 (ISSR-PCR), 4.83 (RAMP), 3.33 (pp-RAPD), and 2.91 (SAMPL).  The Screening
Efficiency (number of polymorphic markers/number of primers screened) indicated that both pp-ISSR-PCR (2.41) and ISSR-
PCR (2.27) were the most efficient methods.  To test the utility of some of these DNA fingerprinting methods on identifying
DNA polymorphisms in a natural population of glassy-winged sharpshooters (Weslaco, TX), 10-30 insects were employed
(Table 2).  Depending on the sample size, the number of polymorphic loci ranged from 5 (pp-RAPD, reaction #6) to 32 [ISSR
compound primer 13, A(CA)7(TA)2T] and percentage polymorphic loci was 100% for most primers or primer pairs.  Gene
diversity ranged from 0.095 to 0.263 for ISSR compound primer 10, G(TG)4(AG)4A and pp-RAPD reaction #6, respectively.
A small-scale geographic or multi-populations analysis was conducted with ten insects each from Weslaco, TX and
Bakersfield and Riverside, California and RAMP (reaction #54).  A dendrogram based on Nei’s genetic distance by the
method of UPGMA and the multi-populations genetic variation statistics are demonstrated on Figure 1.  The two California
cities, Bakersfield and Riverside formed a cluster that was separated from Weslaco, Texas.  The Weslaco population
demonstrated the greatest genetic diversity (0.20).  Geographic specific markers may also be an indication of subdivided
populations.  The present results confirmed the utility of the DNA fingerprinting screening procedure and demonstrated
extensive genetic variation in natural populations of glassy-winged sharpshooters by the four PCR-based DNA fingerprinting
methods.

REFERENCES
Karp, A. and J. Edwards.  1997.  DNA markers: a global overview. In: DNA markers- protocols, applications, and overviews,

G. Caetano-Anolles and P.M. Gresshoff (eds.).  Wiley-Liss, Inc., New York, NY. pp. 140-150
Nielson, M. W.  1968.  The leafhopper vectors of phytopathogenic viruses (Homoptera, Cicadellidae) taxonomy, biology, and

virus transmission.  USDA Tech. Bull. 1382, 81-84.
Turner, W.F. and H.N. Pollard.  1959. Life histories and behavior of five insect vectors of phony peach disease.  USDA
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Table 1. Summary of the DNA fingerprinting methods screening procedure.  pp, methods incorporating primer pairs.
________________________________________________________________________________________________

No. Primers No. Primers No. Polym. Efficiency Screening
Method Screened Amplified Markers Ratio Efficiency
________________________________________________________________________________________________

ISSR-PCR 15 5 34 6.80 2.27
pp-ISSR-PCR 17 6 41 6.83 2.41
RAMP 93 12 58 4.83 0.62
SAMPL 40 11 32 2.91 0.80
pp-RAPD 45 12 40 3.33 0.88

Total 210 46 205
________________________________________________________________________________________________

Table 2. Summary of selected results from the various DNA fingerprinting methods.  P, polymorphic loci; %P, percentage
polymorphic loci; G. D., gene diversity.
_________________________________________________________________________________________________

Reaction (#) Sample
Method or primer (p) Primer(s) Tm Size Loci P %P G. D. (SD)
_________________________________________________________________________________________________

ISSR-PCR p-9 CCAG(GT)7 52° 30 28 28 100 0.147 (0.124)
ISSR-PCR p-10 G(TG)4(AG)4A 41° 30 25 25 100 0.095 (0.097)
ISSR-PCR p-13 A(CA)7(TA)2T 54° 30 32 32 100 0.121 (0.091)
pp-ISSR-PCR #7 KKVRVRV(TG)6 47° 10 15 14 93.3 0.171 (0.116)

C(CT)4(GT)4G
RAMP #54 G(TG)4(AG)4A 43° 10 15 15 100 0.231 (0.117)

OPM-02
RAMP #75 C(AC)4(AG)4A 41° 30 21 21 100 0.197 (0.153)

OPV-14
SAMPL #34 E + AGC 58° 30 14 14 100 0.102 (0.074)

C(AC)4(AG)4A
pp-RAPD #1 OPA-03/A-10 36° 10 11 10 90.9 0.194 (0.165)
pp-RAPD #6 OPA-03/M-02 36° 30 5 5 100 0.263 (0.155)
pp-RAPD #17 OPA-10/V-14 36° 30 15 15 100 0.165 (0.158)
_____________________________________________________________________________________________________

Figure 1. Small-scale geographic populations genetic analysis.   High molecular weight genomic DNA from ten insects from
each location was amplified by RAMP with reaction #54.  GSM, number of geographic specific markers.
______________________________________________________________________________________

_______________________________________________________________________________________

+-------------- Bakersfield, CA 10       55.6 0.16 (0.19) 0
+---------------1

--2                +-------------- Riverside, CA 10       44.4 0.11 (0.15) 1
!
+------------------------------ Weslaco, TX 15       83.3 0.20 (0.14) 6

Multi-populations: 18     100.0 0.17 (0.12)

P %P G. D. GSM0.26               0.52               0.78
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AC AND DC EPG WAVEFORMS OF GLASSY-WINGED SHARPSHOOTERS
ON CHRYSANTHEMUM AND GRAPE

Fengming Yan1,2, Javad Habibi1, Elaine A. Backus1

1Department of Entomology, University of Missouri-Columbia, MO 65211
2College of Life Sciences, Peking University, Beijing 100871, China

Glassy-winged sharpshooter, Homalodisca coagulata (Homoptera: Cicadellidae), is a new vector of Piece’s disease
bacterium, Xylella fastidiosa, threatening  production of grape and other fruits in California.  Long-term management of this
disease will rely on host plant resistance, which will be (could be approached) aided by a complete understanding of the
vector’s feeding behaviors associated with bacterial transmission.  EPG (electrical penetration graph) monitoring is a
powerful tool to investigate feeding behaviors of sucking insects on plants. Both AC and DC EPG were used for the first time
to study recorded feeding behaviors of sharpshooters on Chrysanthemum and grape. The waveforms were categorized into
pathway, xylem ingestion and interruption phases, and were correlated and verified with feeding sites on the plant, insect
body postures, watery excretory droplets, and histological observation of salivary sheaths within plant tissues.

USE OF A TRIPARENTAL MATING SYSTEM TO INTRODUCE GREEN FLUORESCENT PROTEIN MARKED
TRANSPOSON INSERTIONS IN THE PLANT PATHOGEN XYLELLA FASTIDIOSA

Xiaoting Qin, Wenbin Li, and John S. Hartung
United States Department of Agriculture, Agricultural Research Service, Fruit Laboratory,
10300 Baltimore Avenue, Beltsville, Maryland, USA.

Xylella fastidiosa causes many serious diseases of fruit trees in North America, particularly Pierce’s Disease of grapevine and
‘Phony’ disease of peach.  In South America the pathogen causes the recently described Citrus Variegated Chlorosis and
Coffee Leaf Scorch diseases, both of which are widespread in Brazil.  The magnitude of the disease problems caused by this
bacterium led to the organization of a consortium in Brazil, which has determined the complete nucleotide sequence of the
genome of a citrus strain of the pathogen.  Teams in the United States and Brazil have  subsequently sequenced the genomes
of grapevine, oleander and almond strains of the pathogen. However in order to exploit the genomic sequence data to enable
effective disease control, systems for genetic manipulation of the pathogen are necessary, but have thus far been completely
lacking.  We report the introduction of foreign DNA into a citrus strain of Xylella fastidiosa by use of a triparental mating
system.  With this system we have introduced a mini-Tn5 transposon that encodes a Green Fluorescent Protein (GFP) gene
optimized for expression in bacteria.  The mini-Tn5 derivative was inserted into different sites of the genome in independent
transconjugants as determined by Southern blotting.  The position of the insertions was determined by reference to the
genomic sequence data. The GFP gene was also expressed well in Xylella fastidiosa, and to different levels in different
transconjugants.  Four independent transconjugants were separately used to inoculate sweet orange and tobacco seedlings.
The transconjugants were able to colonize the plants and were subsequently re-isolated from points distal to the inoculation
sites.  When the relative fluorescence of the transconjugants that had been passed through either tobacco or sweet orange was
compared to that of the same transconjugant maintained continuously in vitro, we observed that passage through either plant
host significantly increased the level of expression of the GFP.  The increased level of expression of GFP was transient, and
was lost upon further culture in vitro.  We have developed a system for the introduction of marked mutations which will be
useful for both in vitro and in planta analysis of gene expression of Xylella fastidiosa.
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CITRUS AND COFFEE STRAINS OF XYLELLA FASTIDIOSA INDUCE PIERCE’S DISEASE IN GRAPEVINE

W.-B Li, C.-H Zhou, USDA-ARS Beltsville, MD 20705
W. D. Pria, Jr., D. C. Teixeira, V. S. Miranda, E. O. Pereira, A. J. Ayres
Fundecitrus, Araraquara, 14807-040, SP, Brazil
C.-X He, P. I. Costa, Institute of Chemistry, UNESP, Araraquara, SP, Brazil
J. S. Hartung, USDA-ARS Beltsville, MD 20705.

Xylella fastidiosa causes citrus variegated chlorosis disease in Brazil and Pierce’s disease of grapevines in the United States.
Both of these diseases cause significant production problems in the respective industries.  The recent establishment of the
glassy-winged sharpshooter in California has radically increased the threat posed by Pierce’s disease to California viticulture.
Populations of this insect reach very high levels in citrus groves in California, and move from the orchards into the vineyards,
where they acquire inoculum and spread Pierce’s disease in the vineyards. We now show that strains of Xylella fastidiosa
isolated from diseased citrus and coffee in Brazil can incite symptoms of Pierce’s disease after mechanical inoculation into
seven commercial Vitis vinifera L varieties grown in Brazil and California.  Thus any future introduction of the CVC strains
of X. fastidiosa into the United States would pose a threat to both the sweet orange and grapevine industries. Previous work
has clearly shown that the strains of X. fastidiosa isolated from Pierce’s disease and citrus variegated chlorosis affected plants
are the most distantly related of all strains in the diverse taxon X. fastidiosa.  The ability of citrus strains of X. fastidiosa to
incite disease in grapevine is therefore surprising, and creates an experimental system with which to dissect mechanisms used
by X. fastidiosa in plant colonization and disease development using the full genome sequence data that has recently become
available for both the citrus and grapevine strains of this pathogen.

ULTRASTRUCTURE OF THE BACTERIOME-ASSOCIATED ENDOSYMBIONTS OF THE GLASSY-WINGED
SHARPSHOOTER, HOMALODISCA COAGULATA (HOMOPTERA: CICADELLIDAE)

Rosemarie C. Rosell1 and Heather S. Costa2

1Biology Department, University of St. Thomas, 3800 Montrose Blvd.  Houston, TX  77006
2Entomology Department, University of California, Riverside, CA  92507

Light and transmission electron microscopy were used to examine the intracellular endosymbionts of the glassy-winged
sharpshooter, Homalodisca coagulata.  The organisms described are contained within bacteriocytes, forming organs referred
to as bacteriomes.  In glassy-winged sharpshooter, bacteriomes consisted of paired reddish organs associated with yellow
glandular-like structures located in the ventro-lateral anterior portion of the abdomen.  Three morphologically distinct
bacteria-like organisms were observed.  One spherical in shape, one rod shaped, and one larger, highly pleomorphic organism
that often appeared elongated.  The red portion of the bacteriome appeared to contain only the spherical organisms, while
sections of the yellow portion contained all morphological forms.  In some cases individual cells in the yellow portion
contained more than one type of organism.
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EPIDEMIOLOGY OF XYLELLA FASTIDIOSA DISEASES IN CALIFORNIA

K.M. Tubajika and E.L. Civerolo, USDA-ARS, Parlier, CA
G.J. Puterka, USDA-ARS, Kearneysville, WV
D. Bartels, USDA-APHIS, Mission, TX
J.M. Hashim and D. Luvisi, UCCE, Bakersfield, CA
G. Wittenborn, Sunview Vineyards, CA

Incidence of Pierce’s disease (PD), caused by Xylella fastidiosa, continues to increase in many grape varieties in California
due to the establishment and spread of the vector, the glassy winged sharpshooter, Homalodisca coagulata. Eleven vineyards
were surveyed during the 2001 and 2002 production seasons. Each vineyard was assessed visually for PD symptoms and
geo-referenced using GPS technology.  Commercially available materials [e.g., Particle film barrier (Surround WP)
containing 95% kaolin and systemic acquired resistance inducer (Messenger) containing 3% harpin] were also evaluated  for
their effects on reducing X. fastidiosa transmission, and preventing X. fastidiosa infections and PD development.  The spatial
patterns of Pierce’s disease epidemics in grower-managed vineyards naturally affected by PD were analyzed by ordinary
runs, indices of dispersion, and two-dimensional distance class analyses.  Disease incidence ranged from < 1% to 80%. The
spatial disease gradient analyses consistently described the non-randomness of the patterns of diseased vines, and an increase
in the degree of clustering of diseased vines as disease incidence increased. Three grapevine varieties (Flames Seedless,
Chenin Blanc, and Thompson Seedless) in four blocks were treated on March 13, March 30, and April14, 2001, with
Surround WP.  During the 2-year study, PD development was lower (6%) in Surround treated plots than in conventional
insecticide treated plots (14%). No Surround by grapevine variety interaction was observed in either year.  PD incidence
among grapevines in a commercial field in Tulare County was 13%, 7%, and 6% with 2.25, 4.50 and 6.50 oz Messenger,
respectively. PD incidence in untreated control vines was 18%.  Based on these results, effective PD management is likely to
be based on practices that reduce initial inoculum and use of resistant varieties.  Also, X. fastidiosa-infected vine removal and
monitoring of surrounding vines for new X. fastidiosa- infections should be practiced. A greenhouse study to determine the
effects of Surround, Admire and Messenger on X. fastidiosa transmission and PD development is currently in progress.
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INTRODUCTION
Xylella fastidiosa (Xf) is a Gram-negative xylem-limited bacterium that causes Pierce’s disease (PD), plum leaf scald, almond
leaf scorch, phony peach disease and many other diseases. For many plant species there is no resistant germplasm.  Xylem
vessels may be filled with exopolysaccharides produced by the bacterium, and pectins, gums and tyloses produced by the
plant.  There has been considerable interest in the production of exopolysaccharides as a component of disease
symptomatology, whereas the formation of gums and tyloses has sometimes been considered an adaptive host plant response
to infection (Fry and Milholland 1990).  The resultant plant/bacterium interaction between bacterium and plants results in
xylem dysfunction, water stress and leaf necrosis, which are characteristic of PD.

Cell multiplication, formation of aggregates and biofilm may be early components of PD. The stimuli for cell multiplication
and the formation of aggregates and biofilm may involve specific plant/bacterium interactions and may involve the plant
nutrient status of xylem fluid.  With the recent development of simple chemically-defined media for Xf, it is possible to study
the effects of nutrition in vitro.  We have found that certain chemically-defined media (3G10R and CHARD2) developed in
our laboratory promote the development of aggregates and biofilm.  The chemistry of xylem fluid typically consists of 95-
98% water; amino acids, organic acids, sugars and inorganic ions are the major components of total osmolality.  Chemical
profiles developed from xylem chemistry of Vitis spp. are also being used to test whether xylem chemistry, and specifically
xylem nutrient status is related to PD-resistance/tolerance.  The chemistry of xylem fluid may be a function of temperature,
fertilization and diurnal/temporal alterations (Andersen and Brodbeck 1989 a b, 1991, Andersen et al., 1995).  The
manipulation of xylem chemistry, whether it is based on the primary compounds or proteins in xylem fluid, is one possible
method to affect PD-resistance.  An alternative would be the development of transgenic plants with genes encoding for the
production of lytic peptides. Transgenic V. vinifera cv. Thompson Seedless grapevines have been developed (Scorza et al.
1996) and the technology for the production of these plants has been patented (Scorza and Gray 2001).

A hypothetical model was proposed to explain how Xf adheres to xylem vessels (Leite et al., 2002).  In this model, a
presumed negatively charged surface of Xf could be attributed to the presence of sulfur in outer membrane proteins (OMPs).
Interaction between bacteria and the formation of aggregates can be facilitated by the formation of disulfide bonds between
OMPs.  Adhesion may occur between the bacterial cell surface and the negatively charged entities of the xylem vessel wall.
Adhesion, in this hypothetical model, may possibly result from the interaction of this negatively charged xylem walls to
negatively charged bacterial cell surface via calcium and magnesium bridges (Leite et al., 2002).  The presence of Xf OMPs
with sulfur-containing amino acids (cysteine and methionine) residues with domains localized in the outer membrane region,
are being investigated.

OBJECTIVES
1. Determine the relationship between xylem chemistry and resistance of grape Vitis spp genotypes to PD after

mechanical inoculation with Xf.
2. Examine the influence of nutrients on colony number, optical density, aggregation and biofilm formation of Xf.
3. In-vitro experiments with cecropin B to evaluate the efficacy against Xf and study of stability of this lytic peptide in

artificial media and in xylem fluid.
4. Determine the influence of Xf cell surface chemistry during the early stages of Xf aggregation and biofilm formation.

RESULTS AND CONCLUSIONS
Mechanical inoculation of vines with Xf UCLA PD strain during the summer of 2002 produced an average 62 % inoculation
efficiency as determined by PCR.  Inoculation efficiency varied between 40 and 89% on ten different grape genotypes;
however there was no consistent relationship between the known susceptibility of each grape genotype to Xf and percentage
inoculation success. The percentage of plants positive for Xf was much reduced (0 to 43 %) after the winter 2002/2003,
perhaps as a result of low winter temperatures (15-20 F).  The percentage PCR positive was highest for V. vinifera cv. Chenin
blanc.  We have sampled xylem fluid to test whether or not chemistry is affected by the presence of Xf.

Chemically-defined media were developed from the chemistry of xylem fluid (CHARD2 and 3G10-R) (Figure 1). The utility
of these xylem chemistry-based media was examined for the PD strains UCLA and STL.  All new media were compared to
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XF-26 (Chang and Donaldson, 1993) and two genomics-based media (Lemos et al., 2003).  The formulation of CHARD2 and
3G10-R were based on the chemistry of the xylem fluid of a PD-susceptible grape genotype Vitis vinifera cv. Chardonnay.
We have found that growth of Xf requires only one amino acid and a much smaller number of compounds than in currently
available chemically-defined media. Aggregation, colony size and biofilm formation of Xf was mediated by nutrients in the
growth media.  Our results support the contention that the chemistry of media (or xylem fluid) can greatly affect the behavior
of Xf. Liquid media of CHARD2 and 3G10-R increased the capacity of Xf to form cell aggregates and biofilm, reducing the
number of cells in the planktonic state (Figure 1).

Colony growth of two strains of Xf (UCLA-PD and STL-PD) after 48 hours of incubation in xylem fluid was determined for
V. rotundifolia (Michx).  cv. Noble (PD-resistant) and V. vinifera L. cv. Chardonnay (PD-susceptible).  The concentration of
total amino acids in xylem fluid was 3.1 to 3.7, and 1.0 to 1.8 mM for V. rotundifolia cv. Noble and V. vinifera cv.
Chardonnay, respectively; glutamine generally accounted for more than 80 % of the profile for both species.  Number of Xf
colony forming units was promoted or inhibited depending on the interaction of Xf strain Vitis species, source of xylem fluid.
Since no treatment completely inhibited colony growth, the bacteriocidal effect of xylem fluid plus lytic peptide was tested.
The minimum inhibitory concentration (MIC) for 100% inhibition of Xf in agar culture was: cecropin A or B ≤ 1 µM,
indolicidin 9.5-47.0 µM, magainin II > 80 µM, tetracycline ≤ 100 µM and lysozyme > 1000 µM.  The activity of cecropin B
in xylem fluid of V. rotundifolia cv. Noble was progressively reduced with time.  There was a substantial amount of bacterial
growth at 2 or 10 µM concentrations of cecropin A and cecropin B only after 24 hour duration of cecropin and xylem fluid;
shorter time intervals did not degrade the cercopins and kill the bacteria. Cecropin B was less efficient in killing large-sized
colonies compared to small colonies (Figure 2).  This result suggested that Xf cell aggregates may serve as a protective
mechanism, whereby external cells are attacked by cecropin B while the internal cells are protected. Tricine SDS-PAGE gel
electrophoresis of cecropin B (10 µM) in xylem fluid of V. vinifera cv. Chardonnay showed that cecropin B degraded
substantially and completely after 96 hours in xylem fluid (Figure 3).  Similar result was obtained when cecropin B was
exposed to protein phase of xylem fluid. Treatments with cecropin B (10 µM) with the filtrate phase did not show a reduction
in the intensity of the cecropin B band after 24 hours, and it was still detected after 96 hours. No degradation of cecropin B
was observed (even after 96 hours) when mixed with xylem fluid that had been previously boiled (100 ºC) suggesting that
xylem fluid proteins were denatured.

The presence of OMPs of Xf with sulfur-containing amino acids was investigated.  We verified the presence of OMPs with
sulfur-containing amino acids by SDS-PAGE gel using specific dye for thiol groups, 5-iodoacetamidofluorescein (IAF)
(Figure 4).  Different strains of Xf from different hosts showed distinct patterns of OMPs with sulfur-containing amino acids.
The results indicate the presence of thiol groups in several OMPs of Xf. In this SDS-PAGE gel, serum bovine albumin and
the molecular mass marker were not labeled by IAF, indicating the specificity of dye by sulfur residues.
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ABSTRACT
The goal of this research is to evaluate the significance of riparian hosts in the epidemiology of Pierce’s disease (PD) in the
North Coast grape-growing region of California.  Our first objective is to examine the epidemiological role of seasonal
Xylella fastidiosa (Xf) concentration fluctuations in riparian hosts in the field, where plants are subject to seasonal
temperature changes.  Among systemic riparian hosts, differences in seasonal Xf concentrations and Graphocephala
atropunctata (blue-green sharpshooter, BGSS) feeding preference affect their importance as Xf reservoirs.  Temperature
affects Xf concentrations in plant hosts and, in turn, Xf concentrations affect the probability of a BGSS acquiring Xf while
feeding on an infected plant.  We focused on Xf concentrations in five systemic hosts: Rubus discolor (Himalayan
blackberry), R. ursinus (California blackberry), Sambucus mexicana (blue elderberry), Vinca major (periwinkle), and Vitis
californica (California grapevine).  We needle inoculated potted plants of California grape, California blackberry, Himalayan
blackberry, blue elderberry, and periwinkle in the greenhouse.  After confirming infection with PCR, we transferred infected
plants to two sites in the North Coast (Napa County and Mendocino County).  Populations of Xf reached detectable levels in
all five riparian hosts located at our Napa County site in October 2003.  Every replicate plant of periwinkle and California
grapevine showed typical leaf scorch symptoms of PD, which is not surprising given the high concentrations of Xf detected
among them.  The fact that none of the Himalayan blackberry showed symptoms, despite high Xf concentrations, suggests
that Himalayan blackberry is more tolerant of Xf infection.  Assuming our results reflect that of naturally-established riparian
hosts in the field, Xf concentrations in California grapevine, Himalayan blackberry, and periwinkle are still sufficient for
acquisition by BGSS in autumn.  Dilution plating results have not yet been obtained from our Mendocino County site and
real-time PCR reactions have not been completed for plants from either site.  We will continue to estimate Xf concentrations
in plants at both sites using dilution plating and real-time PCR on a seasonal basis. Xf concentration estimates from each
plant species at each site will be averaged among replicate plants.  The effects of plant species, season, and location on mean
Xf concentration will be determined using an analysis of variance.  Results obtained using the two quantitation techniques
will be analyzed separately.

INTRODUCTION
Past research (Purcell 1976, 1981) demonstrated the direct relationship between incidence of Pierce's Disease (PD) in Vitis
vinifera and proximity to riparian plants bordering vineyards in the North Coastal grape-growing region of California.
Vineyard rows closest to riparian plants that occupy the banks of rivers and streams experience the heaviest losses, but rows
have fewer diseased vines with increasing distance away from riparian plants.  Riparian habitat adjacent to vineyards contains
plant species that serve as feeding and breeding hosts for Graphocephala atropunctata (blue-green sharpshooter, BGSS), the
most efficient vector of PD in the Napa Valley (Hewitt et al 1949, Purcell 1975).  Not only do many riparian plant species
provide habitat for BGSS, but some also serve as reservoir hosts of the PD strain of Xylella fastidiosa (Xf) (Freitag 1951).  A
variety of common riparian plants, including native and non-native trees, shrubs, and herbaceous annuals, are capable of
maintaining Xf infections without expressing disease symptoms.  Purcell and Saunders (1999) found that Xf populations are,
generally, lower in riparian hosts than in grapevines.  The ability of Xf to multiply and spread within a plant host varies from
species to species.  After screening several breeding hosts of BGSS for systemic movement of Xf, Hill and Purcell (1995)
found that only two, Rubus discolor (Himalayan blackberry) and Vitis vinifera (grapevine), supported systemic Xf
populations.  These results imply that some riparian hosts are likely more important than others as reservoirs for the spread of
Xf to grapevines.

Interactions among BGSS, Xf, and their host plants are likely to vary from season to season.  Aside from the obvious effects
of season on BGSS breeding, seasonal changes in BGSS flight activity have been documented (Feil et al 2000).  Seasonally
variable levels of plant hormones (Hopkins 1985) and changes in temperature (Feil and Purcell 2001) can have major effects
on Xf concentrations in host plants. Xf concentrations change on a seasonal basis in Vitis labrusca (Hopkins and Thompson
1984) and they are lower in V. vinifera grown at cooler temperatures (Feil and Purcell 2001).  The efficiency of Xf acquisition
and transmission by BGSS is influenced by the concentration of Xf in the plant host; the higher the concentration of Xf, the
higher the probability of BGSS acquiring Xf while feeding (Hill & Purcell, 1997). Therefore, we might expect that in
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riparian hosts, seasonal fluctuations of Xf concentrations may influence the spread of PD to grapevines by affecting the
proportion of BGSS that acquire Xf when feeding on riparian hosts.

OBJECTIVES
The goal of this research is to evaluate the significance of riparian hosts in the epidemiology of PD in the North Coast.
Among systemic riparian hosts, differences in seasonal Xf concentrations and vector feeding preference affect their
importance as Xf reservoirs.  Temperature affects Xf concentrations in plant hosts. Xf concentrations affect the probability of
a BGSS acquiring Xf while feeding on an infected plant.  Probability of Xf acquisition is also influenced by how attractive a
host is to BGSS; a systemic riparian host that is fed upon more frequently by BGSS will likely serve as a more significant
source of Xf. The first objective is to examine the epidemiological role of seasonal Xf concentration fluctuations in riparian
hosts in the field, where plants are subject to seasonal temperature changes.  By measuring seasonal concentrations of Xf in
riparian plants, we will determine if and when concentrations are high enough for acquisition by BGSS.  We will focus on
five systemic hosts of Xf: Rubus discolor (Himalayan blackberry), Rubus ursinus (California blackberry), Sambucus
mexicana (blue elderberry), Vinca major (periwinkle), and Vitis californica (California grapevine).  Future research will
focus on BGSS feeding preference for these five riparian hosts.

We will test the hypothesis that Xf concentrations are the same among five riparian hosts at two sites in the North Coast
(Napa Co. & Mendocino Co.).  In October 2002, we propagated California grape, California blackberry, Himalayan
blackberry, blue elderberry, and periwinkle (100 plants/species) in our greenhouse at UC Davis.  In February 2003, we
mechanically inoculated all plants with the STL strain of Xf (a strain isolated from PD-symptomatic vines near Yountville,
CA) in the greenhouse, where there are more uniform environmental conditions for infection development than in the field.
In June 2003, we used PCR to confirm infection using PCR primers of Minsavage et al (1994) and Pooler et al (1995).  In
July 2003, we transferred infected plants from the greenhouse to two sites in the North Coast (50 replicate potted plants x five
plant species = 250 plants/site).  Plants are in 3-gallon pots and are surrounded by a fine-mesh screen enclosure.  On a
seasonal basis (except during the dormant season), Xf concentrations are estimated from petioles located distal to the stem
inoculation site using dilution plating and real-time PCR. Xf concentration estimates from each plant species at each site are
averaged among replicate plants.  The effects of plant species, season, and location on mean Xf concentration is determined
using an analysis of variance.  Results obtained using the two quantitation techniques will be analyzed separately.

RESULTS
We inoculated 100 plants per riparian host in the greenhouse.  Using PCR, we confirmed the following numbers of infected
plants/species: Himalayan blackberry, 40; California blackberry, 12; blue elderberry, 78; periwinkle, 68; California
grapevine, 37.  Among infected plants, half were transferred to our Napa County site and the remaining half were transferred
to our Mendocino County site.

To date, we collected our first set of petioles for Xf quantitation from plants at both sites.  Table 1 contains culture attempt
results from the Napa County site.  (Plates are still incubating from Mendocino County site and real-time PCR reactions from
both sites have not yet been completed).  Results discussed will focus on autumn Xf concentrations in riparian hosts located at
our Napa County site as obtained from dilution plating.

Populations of Xf reached detectable levels in all five riparian hosts located at our Napa County site in October 2003 (Table
1).  Every replicate plant of periwinkle and California grapevine showed typical leaf scorch symptoms of PD, which is not
surprising given the high concentrations of Xf detected among them.  The fact that none of the Himalayan blackberry showed
symptoms, despite high Xf concentrations, suggests that Himalayan blackberry is more tolerant of Xf infection.
Xf concentrations of at least 104-105 CFU/g of plant tissue are required for acquisition by BGSS (Hill and Purcell 1997).
Assuming our results reflect that of naturally-established riparian hosts in the field, estimated Xf concentrations in California
grapevine, Himalayan blackberry, and periwinkle are sufficient for acquisition by BGSS in early autumn.  Our autumn
culture attempt coincided with the increased flight activity of young adult BGSS, which peaks in mid summer and remains
high through early autumn (Feil et al 2000).  Assuming BGSS feeds on California grapevine, Himalayan blackberry, and
periwinkle in early autumn, Xf may be transmitted from infected riparian plants to adjacent vineyards before the end of the
growing season. Late season infections of grapevines are unlikely to result in chronic disease and infected canes are pruned
out during the dormant season (Purcell 1981).  However, young adult BGSSs that acquire Xf in mid summer to early autumn
and survive the winter are still capable of transmitting Xf the following spring after budbreak.
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Table 1.  Culture of Xylella fastidiosa from riparian hosts in the field following mechanical inoculation.

Species
Number
Infected

Number
Contaminated

Mean
CFU/g a

Range
CFU/g Incubation(days) b

Himalayan blackberry 9 0 6 x 105 6.7 x 101 to 2.9 x 106 210
California blackberry 3 0 2 x 102 2 x 102 210
Blue elderberry 1 0 2 x 102 2 x 102 210
Periwinkle 30 0 1.3 x 107 6.6 x 103 to 8.0 x 107 210
California grapevine 5 0 6.6 x 106 6.4 x 103 to 9.7 x 106 210

a Colony forming units per gram of petiole tissue.
b Number of days between inoculation in spring 2003 and culture attempt in autumn 2003.

CONCLUSIONS
Riparian Revegetation Management is a method of PD control that focuses on removal of host plants of BGSS and Xf (host
plants other than grapevines), followed by revegetation with native, non-host plants.  This method of PD control has been
shown to reduce local populations of BGSS (unpublished research, Alexander H. Purcell, Division of Insect Biology, UC
Berkeley), but its impact on the riparian area as a reservoir of Xf has not been quantified.  To obtain approval for a Lake and
Streambed Alteration Agreement (1600 permit) from the California Department of Fish and Game, grape-growers interested
in pursuing this method of PD control develop a management plan that includes characterizing the plant community in the
riparian area, targeting individual plants for removal, and selecting replacement plant species that will provide a similar
habitat for wildlife, as a source of shelter, food, and nesting sites.  This method of PD control has some positive aspects.
With lower BGSS populations, fewer insecticide applications are used in the vineyard.  Some of the plants targeted for
removal, such as Himalayan blackberry and periwinkle, are invasive weeds.  However, removal of large sections of riparian
vegetation is very disruptive to wildlife, it increases the probability of streambank erosion, and some of the riparian hosts are
extremely difficult to eradicate.

We only have general knowledge of the role of riparian hosts in the epidemiology of PD.  Overwintering hosts of Xf likely
play an important role in the epidemiology of PD in providing a source of bacteria for spring infections, especially near
vineyards where infective adult BGSS do not survive the winter (Purcell and Saunders 1999).  BGSS transmission of Xf from
riparian plants to grapevines in spring is more likely than mid- or late-season infections to result in chronic disease (Purcell
1981).  Based on the results of this past research, we anticipate that removal of overwintering hosts from riparian habitat
adjacent to vineyards will decrease disease incidence.  However, not all of these hosts are known to attain adequate Xf
concentrations for acquisition early in the growing season.

The fewer riparian plants removed before revegetation, the less disruption to wildlife habitat. The success of revegetation
management depends on a thorough understanding of how riparian hosts contribute to the spread of PD.  We know which
plants are Xf hosts.  We don’t know if or when these hosts attain high enough concentrations of Xf for acquisition (104 colony
forming units/g of plant tissue) by BGSS in the field. Some hosts may not attain acquisition concentrations of Xf until late
summer.  Late summer transmission of Xf to grapevines is thought to result in local infections of short sections of canes that
go dormant (and are then pruned off) before Xf has a chance to establish a systemic infection.  Systemic infection leads to
permanent disease, while local infections, if pruned out, do not.  If the results of this research reveal that only a few of the
riparian hosts recommended for removal serve as major sources of Xf in spring, grape-growers can concentrate on removing
fewer riparian plants, thereby reducing the total amount of riparian habitat disruption.
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INTRODUCTION
Pierce’s disease (PD), caused by the bacterial pathogen Xylella fastidiosa (Xf), is one of the most destructive diseases of
grapevines (Purcell and Hopkins, 1996). All genotypes of Vitis vinifera are susceptible to the PD pathogen and only certain
non-vinifera species (e.g., V. arizonica), typically not suitable for wine production, are able to resist or tolerate this pathogen.
Development of resistant varieties through classical breeding is complicated by the desire to retain varietal phenotypes in
cultivated species, and by the generally poor agronomic properties (e.g., fruit quality) of these non-vinifera species. An
alternative approach for developing disease resistant germplasm is to characterize the molecular basis of resistance and
susceptibility in Vitis species, and to use this information to design rational strategies for crop protection.
In this project we are pursuing a genomics approach to identify transcriptional pathways that are correlated with susceptible
or resistant interactions in Vitis species. The comparison of these two distinct interactions should reveal functional elements
of the host resistance response, or conversely host functions that confer susceptibility.  Such information will considerably
increase our knowledge of the grape-Xylella interaction and potentially provide the basis for developing resistance to the PD
pathogen in V. vinifera.  A side benefit of these activities will be information that is either of direct relevance to Pierce's
Disease (e.g., identification of novel Xylella-responsive promoters for gene regulation, improved molecular markers for
traditional breeding of PD resistance, and alternative diagnostic methods based on host gene expression), or that is enabling
to grape improvement generally (public EST databases, genome-wide molecular markers (e.g., SSR and SNPs), and a public
grape oligonucleotide microarray).

OBJECTIVES
1. Construct and archive cDNA libraries from (a) infected and non-infected grape genotypes representing both

susceptible V. vinifera and resistant/tolerant Vitis spp., and (b) a range of tissues and developmental stages to increase
gene discovery.

2. Conduct sequencing reactions for 60,000 cDNA clones and submit cleaned, high quality sequence reads to the
National Center for Biotechnology Information (NCBI).

3. Develop an analysis pipeline and web-accessible relational database for the grape transcriptome, including an
annotated unigene set and the identification of candidate Xylella-induced genes.

4. Conduct transcriptional profiling to characterize host gene expression in susceptible and resistant/tolerant grape-
Xylella interactions.

RESULTS AND CONCLUSIONS
A. EST sequencing
Susceptible Vitis vinifera.  120 plants of Cabernet Sauvignon were sampled over a six month period to identify infected and
non-infected individuals.  Tissue collected from these plants was subject to mRNA extraction, cDNA library construction,
and sequencing of Expressed Sequence Tags (ESTs).  Because symptom development in Vitis vinifera is a function of both
bacterial infection and plant development, we sequenced cDNAs from plants collected early in the growing season when the
pathogen could be detected but symptoms were not evident, as well as late in the growing season when symptoms were
evident on infected plants.  Eight cDNA libraries and >30,000 sequence reads were generated by the project.

Resistant Vitis germplasm
Working with Dr. Andrew Walker of the Department of Viticulture and Enology at UC Davis, we obtained tissue from
resistant progeny of a cross between Vitis rupestris and Vitis arizonica.  Two cDNA libraries were prepared, picked into 384-
well plates, and archived at -80°C.  10,000 cDNA sequences were obtained and analyzed to assess variation between the
rupestris/arizonica cross and the more extensive dataset of Vitis vinifera (see below).
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Continued sequencing in Vitis vinifera
Nine additional cDNA libraries were constructed from Vitis vinifera, with the goal of expanding the number of characterized
genes available for development of an oligonucleotide microarray.  In total, 46,493 sequencing reactions were completed
from these cDNA libraries, resulting in the submission of 36,966 sequences to the National Center for Biotechnology
Information EST database.

Table 1. Overview of the UC Davis Vitis sequencing project: 2001-2003.
Tissue Total Submitted Funding
infected leaves 13206 9590 APHIS
healthy leaves 12764 8114 APHIS
berries* 21170 15237 ARS
cmpd bud 4992 4362 ARS
flower** 9984 8176 APHIS/CDFA
stem 5355 4700 CDFA
petiole 4992 4491 CDFA
Vitis spp 10752 6533 CDFA
Total 83215 61203

*Berry libraries: Pre-veraison, Stage I; Pre-veraison, Stage II; Veraison; Post-veraison.
**Flower libraries: pre-anthesis and post anthesis.

B. Bioinformatics
We developed a laboratory information management system (LIMS) database in Oracle 8 to organize sequence information.
The associated chromatogram pipeline downloads information from our ABI 3730XL sequencer nightly, processes
chromatograms through a standard QC pipeline consisting of the PHRED and X-match algorithms, and generates NCBI
submission files.  Cleaned and trimmed FASTA format files are submitted to the NCBI GenBank EST database.  We
subsequently retrieve NCBI accession numbers and store the hyperlink in our Oracle database so that chromatograms can be
automatically traced to the public record.

We have also developed an on-line Oracle relational database for analysis of the complete set of public Vitis vinifera EST
data.  The database begins with a contig assembly pipeline consisting of MegaBLAST and CAP3.  The following analyses
are performed on all EST singletons and contigs: (1) BLASTX against the NCBI non-redundant database to assess protein-
coding similarity, (2) BLASTN against all Vitis data to identify close homologs (potential orthologs) from other Vitis species,
and (3) identification of potential polymorphic sites as simple sequence repeats, including automated oligonucleotide primer
design for genetic mapping.  We have developed a controlled vocabulary that organizes genes according to three ontologies:
(I) genotype (cultivar or species), (II) development (e.g., berries pre-veraison, or flower pre-anthesis), and (III) stress (e.g.,
biotic Xylella fastidiosa, or abiotic drought).  A related query tool permits users to query the data for genes expressed in
grape under specific conditions of genotype, development or stress.  For example, one can construct a search to identify
genes whose expression is enhanced in Xylella-infected tissue, or expressed in Stage II of berry development, or in pre-
anthesis flowers.  The database can also be queried based on unique identifiers (e.g., GenBank accession numbers), key
words (e.g., chalcone synthase), at the nucleotide level based on BLASTn, or for specific simple sequence repeat motifs.

Because it is important to view all Vitis data simultaneously, we routinely download public Vitis data and incorporate them
into our assemblies.  As of October 15, 2003, the NCBI dbEST contains 135,601 V. vinifera sequences.   The current Vitis
unigene set consists of >25,000 predicted transcripts, including ~12,500 contigs.  An important feature of many of these
contigs is that they contain paired end reads from single clones, where sequence reads overlap.  This feature of paired end
reads is a consequence of our strategy to sequence both ends of every cDNA clone.  The results of this strategy are (1)
accurate 3' data to facilitate design of microarray oligonucleotides, and (2) experimental validation of transcript structure,
with rapid identification of full-length or near-full length cDNA clones.

The current version of our Vitis EST database (http://cgf.ucdavis.edu) is based on the analysis of ~84K sequences available as
of May 1, 2003.  Our programmers are in the process of analyzing the October 1, 2003 data freeze that will constitute the
basis of the Affymetrix microarrays.  This new build of the database will include ESTs from the following species: 135K
ESTs from V. vinifera, 6,500 ESTs from a genetic cross of V. arizonica x V. rupestris, and several thousand ESTs from a
range of related Vitis species.

C. Genetic variation in Vitis:  Analysis of diversity at the sequence level
One question that was raised by reviewers of our original proposal was whether EST data obtained from one variety of grape
would be sufficiently representative of V. vinifera to develop a common microarray for use across the species.  Similarly,
reviewers questioned whether sequence from V. vinifera would be suitable for developing microarrays that would function in
other Vitis species, in particular those with "resistance" to Pierce's Disease.  To address these questions, we conducted
sequence similarity analyses both within V. vinifera (between varieties) and between V. vinifera and other Vitis species.
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Variation between Vitis vinifera varieties
We analyzed the public data available as of May 13, 2003, composed of 37,902 ESTs from Cabernet Sauvignon (this
project), 40,437 ESTs from Chardonnay, ESTs from 8,191 Shiraz, and 1,157 ESTs from other Vitis vinifera varieties.  The
genome of all grapes is highly heterozygous, and therefore allelic variation is common even within a single variety.  To
quantify allelic variation we conducted multiple sequence alignment of the public ESTs to give us the first detailed glimpse
of genetic variation at the species level.  In particular, we analyzed the structure of contigs that contained sequences from at
least two different varieties, and where each variety was represented by multiple sequences within the contig.  This practice
allowed us to distinguish random sequencing error from systematic base pair variation (i.e., variation present in multiple
sequences within a contig).  Such systematic sequence variation is presumed to represent single nucleotide polymorphism
(SNP), the most frequent type of natural genetic variation found within species.  Two general themes emerged from this
analysis.  First, the majority of sequences from Cabernet Sauvignon, Chardonnay and Shiraz are 100% identical, and (when
present) the level of allelic variation observed within a varietal genome is not substantially higher than variation between
genomes (typically >99% identity).

Variation between Vitis species
To address the issue of DNA sequence variation between V. vinifera and other Vitis species, we compared the following data
sets:
V. vinifera x V. aestivalis. On a contract basis, the CA&ES Genomics Facility sequenced 2,500 cDNAs of Vitis aestivalis.
These data were deposited at NCBI and were therefore available for comparison of sequence conservation with the much
deeper collection of Vitis vinifera sequence information.  BLASTn analyses and the corresponding pairwise alignments for
these two species revealed that the vast majority of sequences possess identity in the range of 98-100%, indicating that the
transcripts of these two genomes are remarkably well conserved.

Vitis vinifera and V. arizonica/V. rupestris. A similar analysis was conducted on the contig information generated by our V.
arizonica X V. rupestris sequencing effort.  The vast majority of comparisons to Vitis vinifera have e-values of zero and
sequence identities in the range of 98-100%.

The high levels of sequence similarity between V. vinifera and other Vitis species suggests that it will be possible to produce
oligonucleotide arrays with comparable specificity for all of these genomes, using the Vitis vinifera data as the reference.
Such cross-species use of oligonucleotide arrays are not uncommon in the genomics community, as recently applied in the
comparison of human-chimps-monkeys and mice.

Identification of single nucleotide polymorphisms (SNPs) and simple sequence repeats (SSRs) in the grape genome(s)
Allelic variation is the basis of many types of genetic studies, including association genetics and genetic mapping, and a
methodical listing of allelic variation should have utility for current projects that aim to map traits for PD resistance.  The
Vitis vinifera GeneIndex contains a SNP (single nucleotide polymorphism) link for all contigs where SNPs have been
identified, and technologies such allele specific oligonucleotide (ASO) primer extension can be used to rapidly convert this
information into gene-specific genetic markers.  Equally useful, however, is a class of genetic variation termed Simple
Sequence Repeat (SSR) markers.  Thus, we have implemented an SSR identification pipeline to mine the grape unigene set
for SSR motifs.  The data is organized in an Oracle database, and is accessible via the "http://cgf.ucdavis.edu" web site.  Both
of these data types are collateral benefits of our funded EST project and should impact many areas of grape improvement,
including the genetic analysis of PD resistance.

D. Analysis of the grape transcriptional response to pathogen challenge
The analyses described below are based on the analysis of combined data sets generated under this project and that of our
collaborators at the University of Nevada-Reno, and other members of the grape genomics community.  In total, 40% of the
135K V. vinifera ESTs and 100% of the sequencing focused on Pierce's Disease originated from this project.

Identification of Xylella-induced genes in Vitis vinifera.
We have identified several (~35 in total) genes that appear to be up-regulated in response to infection by X. fastidiosa (see
table below). The most abundant contig (1007061) shares homology with a stress-related RNA from Arabidopsis, although
the function is unknown in any system.  Interestingly, this gene is upregulated in infected plants, prior to symptom
development, making it a top candidate for an early and sensitive marker of Pierce's Disease.  Some genes in the list have
homology to proteins implicated in signaling during disease resistance, while others have been identified as pathogen
responsive, or have been implicated in plant-insect interactions. After confirmation of the Xylella-specific transcription of
such contigs (see below) we are poised to isolate the promoters from these genes from genomic DNA libraries.  The potential
application of such promoters to drive Xyella-induced and/or tissue specific expression of transgenes is planned as a topic of
a future grant proposal.

Development of Real-Time reverse transcriptase PCR for gene expression analyses and improved diagnostic tools for
pathogen detection
Ultimately, detailed analysis of transcriptional responses will require methodical analysis by means of microarray studies, to
be initiated in 2004.  At the same time, the current list of putatively Xylella-induced genes may provide leads for further
analysis by means of real time reverse transcriptase PCR.  We are particularly interested in developing host transcripts that
can serve as markers of Xylella infection; such markers may be more sensitive (e.g., expressed systemically in locally-
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infected plants) than pathogen-based PCR primers for diagnosis of Pierce's Disease.  This strategy has been referred as
"transcriptional fingerprinting", and is considered to hold great potential for diagnostic analyses.

We have generated primers and probes for real-time reverse transcriptase PCR analysis of 20 candidate Xylella-induced
transcripts.  These primers and probes are being used to monitor gene expression of infected and non-infected plant samples
collected from the Napa Valley of California in the months of July and September, 2003 and ultimately from plants grown in
growth chamber conditions (a more controlled environment).   Results from these analyses will be presented.

Transcriptional profiling
In grapes the development of transcriptional profiling tools that function broadly across all species of interest (i.e.,
susceptible Vitis vinifera and resistant Vitis spp.) has the potential to impact grape improvement on multiple fronts.  In the
case of Pierce’s Disease we can anticipate the following outcomes: (1) transcriptional fingerprints for diseased plants may
facilitate more reliable diagnosis, e.g., by detecting systemic responses in the host, (2) critical evaluation of the physiology of
the host during symptom expression, examining long-standing but untested hypotheses such as (a) the relationship between
water stress and disease, (b) the relationship between host development and disease symptom expression, or (c) how source-
sink relationships change in infected versus healthy plants during fruit development, and (3) identifying transcriptional
response pathways that are correlated with disease resistance, tolerance or susceptibility. Many of the genes induced in
resistant interactions may be causal to resistance, for example the induction of insecticidal or anti-bacterial proteins and
peptides, or the induction of host secondary metabolic pathways leading to anti-bacterial or insecticidal compounds, would be
prime candidates for the development of resistance to Xylella fastidiosa in Vitis vinifera.

We anticipate having Affymetrix microarrays available in February 2004.  Using the Affy arrays, we will initiate experiments
to address the following questions: (1) which host genes are induced during resistant, tolerant and susceptible interactions
with Xylella fastidiosa; (2) what is the relationship between water stress (drought) and infection by Xylella fastidiosa?

Genome-wide identification of transcripts in Vitis vinifera
As a preliminary effort towards transcriptional profiling we have used statistical tools to analyze gene expression in the
public grape EST datasets.  Our initial analysis focused on the 84,000 ESTs available in the National Center for
Biotechnology Information (NCBI) EST database (DbEST) as of May 2003.  These expressed sequence tags (ESTs) were
representative of different cultivars, different stages of plant development, and tissue exposed to biotic (e.g., infection by
Xylella fastidiosa) and abiotic (e.g., drought, salt and cold) stress factors.  Correlation analysis was used to select 2821
contigs (preidcted genes) for clustering based on Euclidian Distance and Principal Component Analysis.  As expected, both
types of analyses revealed that gene expression profiles were highly predictive of plant development.  Thus, gene expression
profiles resolved leaves, from roots, from berries.  Moreover, developmental stage was also highly correlated with gene
expression, such that young leaves clustered together and separate from old leaves, while pre-veraison berries from Stage I
and Stage II had were more similar to one another than to veraison or post veraison berries, etc.

In terms of Pierce's Disease, there are three potentially important trends in the data.  First, the statistical analysis confirmed
our previous selection of genes correlated with Pierce’s Disease (described above and in the Figure below).  Second,
transcripts that cluster with putative Xylella-induced transcripts become strong candidates for further study, now involving
dozens of transcripts.  Third, principal component analysis (data not shown) suggests that on infected plants late in the season
(when fruit would normally be maturing) there is a significant shift in gene expression, such that they are more similar to
young leaves.   This change may reflect a shift in source-sink relationships brought as a consequence of aborted berry
development in infected individuals.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service, the USDA Agricultural
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ABSTRACT
Chardonnay and Cabernet Sauvignon are Vitis vinifera scion varieties that are susceptible to Pierce’s disease (PD).  We
evaluated the effect of rootstock variety on PD symptom expression in these varieties grown in a vineyard with high natural
PD pressure and abundant vectors.  No rootstock completely eliminates PD symptoms in the susceptible scions.  However,
rootstocks differ in the level of PD symptoms in the susceptible scions grafted to them and the percentage of vines bearing
fruit varies with rootstock variety.  Rootstocks appear to contribute to PD management in susceptible scion varieties, but are
not independently capable of rescuing susceptible scions.  Evaluation of PD management practices should emphasize
vineyard testing to encourage the efficient identification and development of field suitable techniques and methods.

INTRODUCTION
Rootstocks are already widely in use in viticulture to manage damage from soil-borne pests and provide adaptation to
particular soils.  Grape rootstocks can impact the symptom expression of diseased scions in at least one disease (fanleaf
degeneration).  In other crops, rootstock variety has been reported to impact expression of Xylella fastidiosa (Xf) diseases in
scions (He et al. 2000, Gould et al. 1991).  Pierce (1905) reported that rootstock variety affected expression of "California
vine disease" (now known as Pierce's disease) in grape.  Grape rootstock trials in Mississippi showed a large effect of
rootstock trial on vine longevity in a region recognized for high Pierce’s disease pressure (Loomis 1965, 1952, Magoon and
Magness 1937).  If grape rootstocks could contribute Pierce’s disease resistance or tolerance to their scions, this would be a
major benefit to viticulture in Pierce’s disease prone areas.  Elite wine, juice, and table grape varieties could be grown in
areas where viticulture is currently restricted to Pierce’s disease resistant and tolerant varieties whose consumer appeal is
low.

OBJECTIVES
Evaluate the impact of rootstock variety on expression of Pierce's disease symptoms in naturally infected PD susceptible Vitis
vinifera scion varieties Chardonnay and Cabernet Sauvignon.

RESULTS AND CONCLUSIONS
Chardonnay (Vitis vinifera) vines grafted on nine rootstocks and own-rooted Chardonnay vines were planted in Tallahassee,
Florida in the vineyard of the Center for Viticulture, Florida A&M University in the spring 2001 planting season (Table 1).
The vineyard site has a high incidence of Pierce's disease and glassy-winged sharpshooters inhabit the site.  Fruiting and vine
vigor observations were made on June 19, Pierce's disease (PD) symptoms were evaluated on July 19, and survival
observations were made in early October, 2003.  PD symptoms on leaves were assessed and vines given a numerical score
from 0 to 5, with 0 representing no symptoms, 1 = minor symptoms up to 15% of leaves with marginal necrosis (MN), 2 =
15-30% of leaves with MN, 3 = 30-50% of leaves with MN, 4 = 50-75% of leaves with MN, 5 = over 75% of leaves with
MN or vine dead.  There were four replicates for grafted vines with each replicate consisted of two vines of the same
treatment (eight vines total per stion).  The mean score of the two vines is recorded as the score for that replicate.

2003 is the first year in which the percent of vines fruiting was recorded.  Chardonnay vines demonstrated substantial
variation in number of vines that fruited (Table 1).  Own rooted vines were almost all dead and no fruiting was observed on
surviving vines.  In contrast, half of the surviving vines grafted on O39-16 fruited, and more than a third of the original vines
grafted on 5BB fruited (no vines grafted on 5BB have died to date).  Impact on fruit yield is the critical feature of PD-foliar
and cane symptoms, while severe in a given season, may not necessarily prevent fruit set and maturation.  At the
experimental vineyard site, PD pressure is sufficiently high that even some muscadine grapevines (Vitis rotundifolia) show
PD symptoms.  However, these muscadine vines do not succumb to PD, but recover.  It may be that vines on selected
rootstocks are recovering in a similar manner.  Thus reduction in PD symptoms per se may not be as critical as promotion of
regular bearing, since the experience with muscadines is that symptoms do not tell the entire story.  Loomis (1952, 1965)
reported that a rootstock with V. vinifera and V. rotundifolia parentage extended the life of susceptible scions in Mississippi,
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but even Chardonnay on O39-16 showed severe PD symptoms in this trial-although note that the fraction of surviving vines
in fruit was fairly high, at 40%, and that the best rootstock for promoting vine survival and fruiting was 5BB (vines grafted
on 3309C had higher vigor, but lower fruiting percentage).

At the end of the 2002 season we observed high PD symptom scores in Chardonnay vines across all rootstocks.  The recovery
and fruiting of vines on selected rootstocks indicates that while reduction in PD symptoms may be occurring, regrowth or
survival following infection may be more important for promoting and sustaining yield.

Cabernet Sauvignon grapevines grafted to nine rootstocks were planted in spring, 2002 and PD symptoms were scored on
July 18, 2003.  Vines grafted on 110R showed the fewest symptoms, while vines grafted on Freedom showed the most severe
symptoms (Table 2).  No Cabernet Sauvignon vines fruited this year.

Additional rootstocks grafted to Chardonnay and Cabernet Sauvignon were planted in spring 2002 to further investigate the
possible influence of rootstock on PD expression.  The rootstocks Dog Ridge, 161-49C, and Lenoir are of special interest.
Dog Ridge and 161-49C have been reported as increasing vine longevity in areas of high PD pressure (Loomis 1952, 1965).
Pierce (1905) suggested Lenoir as a rootstock to manage this disease.

No rootstock has produced 100% fruiting vines at the end of the third season of growth.  However, all eight of the vines
grafted on 5BB are still alive and three of these fruited this season.  In contrast, only one quarter of the own-rooted vines are
still alive (2 of 8) and neither of them fruited.  Rootstock variety appears to have an impact on the survival and yield potential
of susceptible scion varieties, judging from this limited study.  Chardonnay and Cabernet Sauvignon grafted to additional
rootstocks are in cultivation and will provide more information in coming years.

Rootstocks do not appear capable of completely rescuing or preventing PD infection of and damage to susceptible Vitis
vinifera scion varieties (here Chardonnay and Cabernet Sauvignon).  However, some rootstocks appear to enhance vine
survival and fruiting-echoing the results of (Loomis (1965, 1952) and Magoon and Magness (1937).  Combinations of
particular rootstocks with other management strategies may be one way to enhance individual techniques which used alone
are not wholly satisfactory.

This study testifies to the importance of field and vineyard studies and natural infection when investigating Pierce’s disease
management strategies and techniques.  The study described here relies on high natural populations of vectors and abundant
Xf populations, which are found at the test vineyard in Florida. In contrast, artificial inoculation may introduce unnaturally
high levels of bacteria to the plant, obscuring potentially useful results by an overly strenuous test.   Greenhouse and
laboratory screening is expensive and typically requires constant plant care and maintenance, with daily care often necessary.
In contrast, our grapevines in the vineyard in Florida are managed according to standard viticultural practices, including
natural rainfall in place of artificial irrigation or individual pot watering, and consequently the cost for care of individual
plants is quite low.  Vineyard testing of management practices in a naturally infective environment is an efficient and
effective approach to evaluating PD control strategies.

Table 1. PD symptom scores and vine survival, fruiting, and vigor ratings of Chardonnay grapevines.

Rootstock Number of
surviving vines

Percent vines
fruiting

PD symptom
score

Vine
vigor

Survival
index

O39-16 5 40 4.0 2.8 1.8
101-14 Mgt 7 14.3 3.5 3.7 3.3
110R 4 25 4.4 3.8 1.9
3309C 7 28.6 3.3 4.5 3.9
44-53M 4 25 4.0 3.4 1.7
5BB 8 37.5 3.5 3.5 3.3
5C 6 50 3.6 4.5 3.3
Freedom 3 33.3 4.0 4.2 1.8
Own-rooted 2 0 4.6 1.7 0.4
Ramsey 6 50 3.8 4.0 3.0

Vine vigor ratings:
1 = shoot growth below 1/2 main trunk
2 = shoot growth between 1/2 to 2/3 of the main trunk
3 = shoot growth between 2/3 to the top of trellis wire
4 = 1 cordon with shoots
5 = 2 cordons with shoots
Survival index = % vine survival x vine vigor (calculated from means)
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Table 2.  Pierce’s disease rating of Cabernet Sauvignon grapevines.

Rootstock Number
of vines

PD symptom
score

Freedom 7 4.4 a
101-14 Mgt 7 4.0 ab
Ramsey 7 4.0 ab
44-53M 8 3.6 ab
5BB 8 3.1 ab
5C 8 3.1 ab
O39-16 6 3.0 ab
3309C 8 2.9 ab
110R 8 2.7 b
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ABSTRACT
The goal of the project is to characterize the molecular events in the grape / Xylella fastidiosa (Xf) interaction.  We are
developing a genomic approach to identify transcriptional pathways correlated with susceptibility and resistance.  Highly
resistant and susceptible genotypes were selected from a Vitis rupestris x V. arizonica population.  Reciprocal suppression
subtractive hybridization (SSH) cDNA libraries for both resistant and susceptible genotypes that represent the complete
spectrum of gene expression profiles in response to the Xf infection are being constructed.  This strategy is efficient for
cloning and identifying differentially expressed genes associated with signal recognition/transduction and potentially
regulated interactions between pathogens and host plants.  Based on annotation results, a subset of candidate genes will be
selected for cDNA microarray expression analysis.  The information derived from this study will help reveal the details of
metabolic pathways of host responses and molecular mechanism(s) of grape resistance and susceptibility to Xf.

INTRODUCTION
The Pierce’s disease (PD) threat to the California viticulture industry has been exacerbated by the recent introduction and
establishment of the glassy-winged sharpshooter.  Host plant resistance is critical component of integrated crop management
and molecular genetic techniques are now available to optimize the development of Xf resistant plants.  The sequences of four
Xf strains from citrus, grape, almond and oleander are now available on Genebank (Simpson et al., 2000; Van Sluys et al.,
2003) and provide new insights into all aspects of PD research. Information derived from the sequences allows us to
understand the molecular basis of the bacterial pathogenicity.  Characterization of host responses to Xf infection at the
molecular level is an important step toward understanding mechanisms of host pathogenicity and resistance.  It is clear that
PD resistance exists in grape plants (Mortensen; 1967, 1977). Genetic breeding strongly supports inheritable PD resistance.
Molecular mapping has linked DNA markers to Xf resistance (see Reports from Walker’s grape breeding projects).  However,
details regarding how the genetic information transfers from DNA to RNA and eventually to functional gene products, and
details on the molecular basis of pathogen recognition and subsequent activation of defense response in grape plants are very
limited.

SSH (suppression subtractive hybridization) is a powerful tool that enables researchers to compare two populations of mRNA
and obtain clones of genes that are expressed in one population, but not in the other (e.g. resistant genotypes vs. susceptible
genotypes, infected vs. control).  By using this molecular technique, we are able to selectively enrich these differentially
expressed genes and clone them.  There are several advantages of using this technique:

1. This approach is capable of removing most housekeeping genes during library construction and therefore increases the
efficiency of cloning pathogen-induced genes.

2. The system works well with paired comparisons between segregated genotypes.  In the case of PD, we used highly
resistant and susceptible sibling progenies from a V. rupestris x V. arizonica cross.  Thus the differences in gene
expression patterns between genotypes and between experimental treatments likely reflect the molecular basis of
resistance and susceptibility.

3. The SSH cDNA libraries approach normalizes expressed cDNAs during library construction and therefore
significantly increases the chance of cloning expressed genes that are in low abundance.  This is particularly important
because many pathogen-related genes are expressed at low abundance, and limited to particular tissues or cell types
(Caturla et al., 2002).  Some of these genes are less likely to be cloned if a standard EST cloning method is used.

We will perform BLAST (Basic Local Alignment Search Tool) search from publicly available grape ESTs resources, and
orthologous analysis against Arabidopsis and other plant databases, to annotate sequence information derived from SSH
cDNA libraries.  Differentially expressed genes associated with Xf resistance will be selected and analyzed using cDNA
microarray technology.  This high throughput process allows the parallel assessment of gene expression for thousands of
genes.  Combining SSH, cDNA microarray, and bioinformatic tools is an innovative way to effectively dissect gene
expression profiles of grape plants in response to Xf. These gene expression patterns underlying metabolic pathways can help
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to elucidate possible mechanisms involved in resistance and pathogenicity (Gu and Martin, 1998).  This project is in
conjunction with the PD resistance breeding/mapping program. We will also develop DNA molecular markers from
resistance genes, which will help accelerate the PD resistance breeding program.

OBJECTIVES
1. Construct tissue-specific reciprocal Suppression Subtractive Hybridization (SSH) cDNA libraries from two sets of

plants (resistant genotype vs. susceptible genotype; infected tissue vs. non-infected tissue).
2. Sequence and annotate expressed genes. Identify differentially expressed genes associated with disease development

and resistance. Submit annotated sequenced genes to public domain.
3. Expression gene profile analysis using cDNA Microarrary technology. Identify genes associated with pathogenicity

and genes linked to Xf resistance. Elucidate metabolic pathways involved in the pathogenicity and resistance
mechanism(s).

RESULTS AND CONCLUSIONS
The project was funded in May 2003.  Research is under way. Currently, we have completed green house experiment and
working toward cDNA library construction.
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ABSTRACT
To understand the adaptation of grape rootstocks commonly used in major grape production areas worldwide to Florida,
where Pierce’s dsease (PD) is the primary limiting factor in grape production, ten important grape rootstocks were cultivated
at the experimental vineyard, Florida A&M University, Tallahassee, Florida.  Disease resistance and symptoms and growing
performance were evaluated.  PD symptoms were scored in September and October 2002 and 2003, with leaf symptoms the
basis of scoring.  None of the grape rootstocks was completely resistant to PD and the severity of PD varied with rootstock
cultivar.  Ramsey and St George showed least PD symptoms, while Freedom and 3309C had the highest PD scores.  Vine
vigor was evaluated in the fall of 2002 and 2003, and varied among the rootstocks as evidenced by trunk diameter, annual
shoot length, annual shoot node number, internode length, and shoot diameter.  Shoot death rate in 2002 ranged from 7% to
56%, with Freedom the highest and O39-16 the lowest.  The overall growth performance suggested that St George and
Ramsey are the most suitable rootstocks in northern Florida environment where natural infection by PD is very high and
vectors and inoculum are abundant.

INTRODUCTION
Rootstocks are used widely in viticulture to provide resistance against soil pests and pathogens and improve scion
performance.  Choice of rootstock depends on pest populations, soil, and growing conditions.  The grape rootstocks in
common use world wide are deployed primarily to provide phylloxera and nematode protection (Bouquet 1980, Einset and
Pratt 1975, Winkler et al 1974).  In contrast, Pierce’s disease (PD), caused by gram-negative bacterium Xylella fastidiosa
(Wells et al), is the primary limiting factor of growing Euvitis grape in the southeast United States (Lu and Ren 2002, Chen et
al 2001).  Pierce (1905) reported that rootstock variety affected expression of "California vine disease" (now known as
Pierce’s disease) in grape.  Grape rootstock trials in Mississippi showed a large effect of rootstock trial on vine longevity in a
region recognized for high Pierce’s disease pressure (Loomis 1965, 1952, Magoon and Magness 1937).  In humid and hot
regions of the United States, such as Florida, bunch grapes often are highly susceptible to pests and diseases (Olien and
Hegwood 1990).  When the Florida hybrid bunch grape cultivar Blanc du Bois was grafted on to muscadine, which is
relatively tolerant or resistant to the bunch grape pests and diseases common in North America, the scion showed a reduction
in both PD and anthracnose symptoms and fruiting improved (Ren and Lu 2003).  Growing conditions in Florida are harsh-
successful rootstock for grape industry in that area must be tolerant to PD and adapted to the environment.  Evaluation of
rootstock performance and survival in Florida would provide useful information on rootstocks performance for humid
tropical and subtropical environments, especially where PD is prevalent. Greenhouse screening has been used to investigate
the PD resistance, tolerance, and susceptibility of grape cultivars.  However, field screening is more applicable, since
conditions closely match those in a commercial vineyard.  When relying on natural infection in the vineyard, there is no need
to inoculate vines or maintain colonies of Xf or insect vectors.  Field screening is cheap, requires no specialized equipment
and can be accomplished quickly, with symptom expression being used as the main criterion.  Northern Florida is an ideal
test environment due to heavy PD pressure, with abundant vectors, including glassy-winged sharpshooter, and inoculum, in
contrast to many other locations, especially California, which demonstrate substantial cycling of PD incidence.

OBJECTIVES
Evaluate the response of grape rootstocks to natural field infection by Pierce’s disease.

RESULTS AND CONCLUSIONS
Ten grape rootstocks (five replicates of two vines each, ten vines total per rootstock cultivar) were planted in the spring of
2001.  Vines were bilaterally cordon trained and spur pruned.  Pierce’s disease (PD) symptoms were scored in 2002 and
2003, with symptoms on leaves assessed in a numerical scale from 0 to 5. For PD, 0 represented no symptoms, 1 = minor
symptoms up to 15% of leaves with marginal necrosis (MN), 2 = 15-30% of leaves with MN, 3 = 30-50% of leaves with MN,
4 = 50-75% of leaves with MN, 5 = over 75% of leaves with MN or vine dead.  Vine vigor was surveyed later fall in 2002.
The annual shoot and node growth was recorded from ten randomly sampled shoots per plant, and shoot diameter was taken
in the middle of 4th node.  Node length was calculated with total node numbers and the length of each shoot.  Twenty (4 x 5)
random shoots were investigated for shoot death rate from each vine: 5 shoots in each canopy quadrant area divided by the
main trunk and trellis wire.   shoot was considered as dead if more than half of the shoot had died.  Trunk diameters were
measured 50 cm above the ground in fall 2003.
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All rootstock vines developed PD symptoms, although the severity varied.  The least severe PD scores were seen on Ramsey
and St George, with average PD scores of 1.1 to 1.4 in 2002, and 1.0 to 1.7 in 2003.  Freedom (3.7 – 5.0), 3309C (3.6 - 4.2)
and O39-16 (3.1 - 3.8) had the most severe PD symptoms, and 5C (2.2 – 1.9), 5BB (2.7 – 1.6), 44-53 (2.6 – 2.3), 110R (2.2 –
1.8) and 101-14 (2.2 – 2.4) showed a moderate PD syndrome in the 2 year period (Table 1).  The PD score of these rootstocks
might be considered as light to severe.  These preliminary evaluation data suggested that some of the rootstocks, such as
Ramsey and St George, could be used as PD resistant rootstocks in the southeast United States. Interestingly, the muscadine
/ Euvitis hybrid O39-16 showed relatively high PD score.  After three growing seasons in Floridas harsh environment, the
survival rate was very different among the rootstocks.  101-14, 5BB, Ramsey and St. George showed 100% survival, while
Freedom had 10% vine survival (Table 3).  It is noted that the vines greatly deteriorated in the third growing season.  For
example, from 2002 to 2003, the vine losses of Freedom, 44-53 and 3309C were 87%, 70%, and 50%, respectively.  Shoot
death rate varied significantly among cultivars.  Very little shoot death was observed on O39-16, while the shoot death rate of
Freedom and 44-53 was as high as 56%.  For the remaining rootstocks, shoot death rate ranged from 13% (St George) to
around 40% (5BB and 3309C) (Figure 2).

Trunk diameters were different after three growing season.  The largest trunks were found in St George, O39-16 and 3309C,
with diameters averaging 3.1-3.9 cm.  The smallest trunks were found in 44-53, at 1.9cm (Table 2).  Annual shoot growth
ranged from 66 cm (Ramsey) to 230 cm (5BB) (Table 2). 5BB and 5C grew significantly longer annual shoots than the rest
of rootstocks tested, while Ramsey, St George and O39-16 had significantly shorter shoots.  Node numbers per shoot differed
among the rootstocks, with node numbers of 5BB (27.9 per shoot) and 5C (27.7 per shoot) about 70% more than Ramsey
(Table 2).  Shoot length is a factor of node numbers and internode length.  Here longer shoots generally resulted from more
nodes, although internode length did vary (Table 2).  Shoot diameters varied among the cultivars. The larger shoot diameters
were found in 5BB and 5C, and 3309C, while Ramsey had the smallest shoots (Table 2).  In general, higher PD scores
coincided with higher shoot death rate and vine death, except 039-16, which showed higher PD scores, but had the lowest
shoot death rate (Figure 2).  Severe PD symptoms typically related to significant numbers of dead shoots.  Similarly, the
overall vine survival was correlated to PD severity; rootstocks demonstrating high survival rates had lower PD scores, while
the lower survival percentage rootstocks had higher PD ratings (Figure 1).

Rootstock performance in north Florida primarily is a factor of PD response.  Cultivars differed in their performance and
some were markedly superior—these should be further investigated for their influence on scions.  The evaluation of rootstock
cultivars in PD limited viticultural regions is important—much PD management research is focusing on augmenting PD
resistance and or tolerance in scions, but rootstocks are a critical component of viticulture.  As demonstrated here, several
rootstocks have substantial levels of PD resistance that should permit their cultivation in PD prone regions, allowing
concentration of effort on scion improvement.  Field evaluation of PD resistance in Florida is easy due to high PD pressure
resulting from high populations of vectors and bacteria in the area and should be continued as a technique to test PD
management strategies and screen plant material.

REFERENCES
Bouquet, A. 1980. Vitis x Muscadina hybridization: a new way in grape breeding for disease resistance in France. Proc. 3rd

Intl. Symp. On Grape Breeding. p 177-197.
Chen, J., W.E. Copes, R.M. Walker, and O. Lamikanra. 2001 Diseases. p189-239. In: Basiouny, F.M. and D.G. Himelrick,

(eds). Muscadine Grapes. ASHS Press, Alexandria, Virginia.
Einset, J., and C. Pratt. 1975. Grapes. p 130-153. In: Janick, J. and J.N. Moore (eds). Advances in fruit breeding. Purdue

University Press, West Lafayette, Indiana.
Loomis, N.H. 1952. Effect of fourteen rootstocks on yield, vigor, and longevity of twelve varieties of grapes at Meridian,

Mississippi. Proceedings of the American Society for Horticultural Science. 52: 125-132.
Loomis, N.H. 1965. Further trials of grape rootstocks in Mississippi. Proceedings of the American Society for Horticultural

Science 86: 326-328.
Lu, J., and Z. Ren. 2002. Evaluation for Pierce’s disease among Muscadine grapes. XXVIth International Horticultural

Congress. p 173.
Magoon, C.A., and J.R. Magness. 1937. Investigations on the adaptability of grape root stocks to Gulf Coast conditions.

Proceedings of the American Society for Horticultural Science 35: 466-470.
Olien, W.C. and C.P. Hegwood. 1990. Muscadine—a classic southeastern fruit. HortScience, 25(7): 726
Pierce, N.B. 1905. The Vineyard: Mr. Pierce and the Lenoir. Pacific Rural Press, 69: 79.
Ren, Z., and J. Lu. 2003. Muscadine rootstock increased the resistance of Florida hybrid bunch grape cv. Blanc du Bois to

Pierce and Anthracnose diseases. Proc. Fla. State Hort. Soc. 115 (in press).
Winkler, A.J., J.A. Cook, W.M. Kliewer, and L.A. Lider. 1974. General Viticulture. University of California Press, Berkeley.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.  Special thanks to
California Grapevine Nursery for supplying the grapevines used in this experiment.



-21-

Table 1.  PD symptom scores of the ten grape
rootstocks during the 2nd and 3rd growing seasons.

Rootstock PD score
2002 2003

O39-16 3.1bc 3.8b
101-14 2.2d 2.4c
110R 2.2d 1.8cd
3309C 3.6b 4.2ab
44-53 2.6cd 2.3c
5BB 2.7cd 1.6cd
5C 2.2d 1.9cd
Freedom 3.7b 5.0a
Ramsey 1.1e 1.0d
St. George 1.4e 1.7cd

Table 2. Vine vigor, means of 2002 and 2003 growing seasons.

Rootstock shootz trunk diametery

(cm)
length (cm) node # diameter (cm) internode (cm)

O39-16 67.2e 23.4b 56.9abc 2.9f 3.4ab
101-14 99.1cd 20.8bc 54.7bcde 4.9c 2.6c
110R 75.7e 19.4bc 54.7bcde 3.9e 2.6c
3309C 81.0de 19.3bc 47.2cde 4.2de 3.1bc
44-53 120.2c 23.6b 53.2bcde 5.1c 1.9d
5BB 230.8a 27.9a 66.1a 8.1a 2.9bc
5C 176.5b 27.7a 60.3ab 6.2b 2.8bc
Freedom 99.5c 21.4bc 54.6bcde 4.7dc 2.9bc
Ramsey 66.1e 17.4c 45.9de 3.8e 2.6c
St. George 83.2de 20.7bc 55.0bcd 4.1e 3.9a

z. measured in the end of 2002 growing season y. measured in fall of 2003

Table 3. Vine survival of the ten grape rootstocks after three growing seasons.
Rootstock Number of living vines Survival %

2001 2002 2003 2003
O39-16 9 9 6 67
101-14 10 10 10 100
110R 10 10 9 90
3309C 10 10 5 50
44-53 10 10 3 30
5BB 10 10 10 100
5C 10 10 9 90
Freedom 10 8 1 10
Ramsey 8 8 8 100
St. George 10 9 9 90
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ABSTRACT
The purpose of this research was to transform Vitis vinifera cultivars with the pear polygalacturonase inhibiting protein
(PGIP) gene in order to analyze its effect in developing resistance to PD in transgenic plants.  A second goal was the
transformation of grapevine with several green fluorescence protein (GFP) constructs carrying sequences expected to
enhance secretion from the cell to evaluate the effect of signal sequences on the targeting of transgene products to xylem
tissue.  Some of the transgenic lines expressing pgip exhibited reduced PD symptoms, which suggests that Xyllela
polygalaturonase might be inhibited in transgenic plants.  Tests will be conducted in the future to evaluate the development of
PD in the field. We also found that the pear PGIP was secreted into the xylem.  This is relevant to PD because X. fastidiosa is
a xylem-limited bacteria.  It is also very important that the transgene product was observed to move through the graft union
and thus is transmitted to the scion, implying that a few transgenic rootstocks could be used with any scion variety.
Fluorescence in plants transformed with GFP fused to the signal peptide sequences of tricosanthin and XSP30 was only
detected inside the cells.  The absence of fluorescence in the apoplast could be related to GFP expression itself instead of
failure of TCS and XSP30 signal peptides.

INTRODUCTION
Genetic engineering offers the possibility of introducing genes that will improve tolerance to Pierce’s disease in existing
grape varieties without otherwise changing their viticultural or enological characteristics.

One of our targets is a gene coding for a pear PGIP cloned in the Labavitch lab (Stotz et al. 1993). PGIP’s are plant cell wall
proteins that specifically inhibit fungal polygalacturonases (PG).  By inhibiting PGs, PGIP’s interfere directly with host cell
wall degradation and may prevent degradation of pectic oligomeric elicitors that are inducers of the plant defense response.
Their role in plant defense suggests that they may be useful for engineering transgenic plants resistant to pathogen infection.
Powell et al. (2000) showed that transgenic tomato plants transformed with the pear PGIP gene exhibited reduced
susceptibility to infection with Botrytis cinerea.  The fact that Xylella fastidiosa, the causal agent of PD in grapevines, has
genes putatively encoding PG and other cell wall-degrading enzymes (Simpson et al., 2000) led us to hypothesize that PGIP
could confer tolerance against Xylella in grapes. In order to test this hypothesis, pre-embryogenic calluses originating from
anthers of Vitis vinifera cvs. ‘Thompson Seedless’ and ‘Chardonnay’ were cultivated with Agrobacterium tumefaciens
harboring binary plasmid pDU94.0928, that contains the pear PGIP gene under the control of the CaMV 35S promoter.

We are also investigating the targeting of transgene products to xylem tissue.  Because X. fastidiosa is xylem limited, it will
be essential that any anti-Xylella gene product be present in the xylem in an effective concentration.  In order to study protein
secretion in grape, pre-embryogenic calli originating from anthers of Vitis vinifera cvs. ‘Thompson Seedless’ and
‘Chardonnay’ were cultivated with Agrobacterium tumefaciens carrying three gene constructs that included the coding
sequence for a synthetic GFP (Maximova et al 1998) and GFP fused with amino-terminal of the secreted protein tricosanthin
(TCS) (Krishnan 2000) or the xylem specific protein XSP30 (Masuda et al, 1999), all under the control of the Ca MV 35S
promoter.

OBJECTIVES
1. Characterize the role of the transgene in the delayed development of PD in transgenic grapevines that express the pear

PGIP.
2. Measure the abundance of marker gene product in the xylem sap of transgenic plants and non-transgenic scions

grafted into transgenic rootstocks.
3. Evaluate the effect of signal sequences on the targeting of transgene products to xylem tissue.
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RESULTS AND CONCLUSIONS
Effect of PGIPs on the development of PD in transgenic grapevines
Active PGIP was found in leaves, roots and stems of transgenic plants obtained from independent transformation events but
not in untransformed controls. Secretion of the protein was confirmed with the presence of active PGIP in the xylem sap of
transgenic plants and untransformed scions of ‘Chardonnay’ and ‘Thompson Seedless’ grafted on transgenic rootstocks. PG
inhibition remained high in 10x diluted xylem sap (Figure 1).  Five to seven plants of each line were mechanically inoculated
with the Temecula strain of X. fastidiosa. The development of PD was delayed in some transgenic lines with high PGIP
activity, which exhibited reduced leaf scorching, lower Xylella titers and better re-growth after pruning than the
untransformed controls.

Effect of signal sequences on the targeting of transgene products to xylem tissue
Strong fluorescence was found in embryos, roots, stems and leaves of plants transformed with gfp and xsp30-gfp but the
levels of fluorescence observed in tcs-gfp transformants were very low. In all cases fluorescence was detected only inside the
cells.

CONCLUSIONS
Although all lines tested were susceptible to X. fastidiosa, the development of PD was delayed in some transgenic lines with
high PGIP activity.  Whether these results can be attributed to the inhibition of Xylella PG is unclear.  The improved growth
of PD transgenic grapevines might account for a delay of PD movement along the stem but more information is needed to
explain these results.  Also it will be important to determine whether the transgenic plants grown in the field exhibit the same
characteristics.  We are currently growing at least 20 plants per line in the greenhouse to be transplanted to the field this
coming spring.  Nevertheless, the expression of PGIP has provided useful data regarding the control of the disease. First, our
results showed that the pear PGIP is secreted and reaches the xylem.  This is relevant to PD because X. fastidiosa is xylem-
limited and any anti-Xylella gene product must be present in the xylem. Second, the signal peptide of the pear PGIP could be
used to direct other anti-Xylella products to the xylem.  And third, the fact that the transgene product moves through the graft
union and is transmitted to the scion implies that a few transgenic rootstocks could be used with any scion variety provided
that the anti-Xylella compound is synthesized in effective concentration in the roots.

Fluorescence in plants with GFP fused to the leader sequences of TCS and XSP30 was detected only inside the cells.  The
simplest explanation is that these signal peptides were not recognized by the grape secretory machinery but other
interpretations are also likely.  Alternative possibilities are that the protein was secreted but was not folded properly, or that it
is less stable in the apoplast or that it was retained in the ER/Golgi compartments.  Consequently more analysis is needed,

PG 100% PG 50% PG 25% PG 10%

U-s/T-r   U-s/T-r   T-s/U-r    U-s/U-r   T-s/T-r

Boiled xylem sap →

Undiluted xylem sap →

2x diluted xylem sap →

4x diluted xylem sap →

10x diluted xylem sap →

Figure 1. PGIP activity in xylem sap obtained from different graft combinations. A clear zone is
indicative of PGs degrading the glycosydic bonds present in the polygalacturonic substrate.  First
row corresponds to 100, 50, 25 and 10% PG dilutions. Second row are 100% PG with boiled xylem
sap samples, rest of the rows correspond to 100% PG with different dilutions of xylem sap. First
and second column of treatments are replicate plants. U is untransformed, T is Thompson Seedless
transgenic line 77, s is scion and r is rootstock.
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e.g., Western blotting of apoplastic fluid, before ruling out the use of the TCS and XSP30 signal peptides for the delivery of
anti-Xyllela compounds to the xylem.
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INTRODUCTION
Genomic research provides an extraordinarily powerful new tool for solving applied problems. It can be extremely effective
at resolving evolutionary relationships and can be used to extend earlier work defining the interrelationships of the plant-host
strains of Xylella fastidiosa (see Hendson et al. 2001).  Similarly, it can provide effective methods for identifying these host
strains.  Unambiguous identification is of considerable importance for understanding the epidemiology of Pierce’s disease
and the other plant diseases caused by this bacterium.  This has been approached using a variety of DNA based methods
(Banks et al. 1999; Hendson et al. 2001; Rodrigues et al. 2003; Meinhardt et al. 2003;); however, an effective methodology
for identifying the plant-host strains, including when they are mixed together, has yet to be developed.

The availability of sequenced genomes allows us to analyze the evolutionary history of not just one or two genes, but of all of
the genes that make up this bacterium.  In particular, evolutionary genomic techniques developed to detect the action of
natural selection (Yang 1998) provide a new approach to identifying genes important in plant-host specificity.

The bacterium X. fastidiosa is generally assumed to be clonal.  However, horizontal transfer of genes must occur given the
presence of unique regions of DNA in the different host strains (Van Sluys et al. 2003).  Such transfers are assumed to be
virally mediated.  The possibility of direct inter-strain genetic transfer is more difficult to detect, but needs to be investigated
for two important reasons. First, bacteria from different strains are expected to mix at high density within the insect vector,
and second, if such transfer does occur, it could lead to the very rapid evolution of novel pathogenic forms.  Studying the
details of sequence evolution across many genes provides information on the past occurrence of such events and hence their
future likelihood.

OBJECTIVES
1. The identification of the rapidly evolving genes in the Xylella fastidiosa genome.  This is the first step towards

achieving our four primary objectives. These are:
2. Develop a systematic multigenic method for identifying host strains of X. fastidiosa.  Our objective is to develop a

method that unambiguously identifies the known host strains, and that allows an efficient recognition of the invasion
of new strains.

3. Identify plant-host specificity candidate genes.  We will use our database of rapidly evolving proteins to test for
evidence of strong natural selection and for links between the rapid genetic divergence of host strains and specific
biochemical functions.

4. Measurement of clonal variation within host strains.  Our objective is to assess within-strain genetic variability at
rapidly evolving gene loci and to use these results to assess the evidence that all members of a given host strain share
common ancestry.

5. Estimate the frequency of recombination.  Our objective is to look for evidence of both within- and between-strain
genetic transfer. Genetic transfer can dramatically increase the rate of evolution, and potentially can increase the rate
at which new -more virulent- host strains arise.

RESULTS
Objectives 1 and 3
We completed our gene-specific database of the four plant-host Xylella fastidiosa genomes, PD (Pierce’s disease), OLS
(Oleander Leaf Scorch), ALS (Almond Leaf Scorch), and CVC (Citrus Variegated Chlorosis). This database identifies all
genes that occur in all four genomes, and enables us to compare the evolutionary characteristics of these genes.  The genome-
wide analysis is ongoing; however, we identified 11 genes to use in the detailed investigation of plant-host strain
relationships, based on their significant shifts in Ka/Ks ratio within the phylogeny, and their distribution throughout the
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genome (Table 1).  Specifically, we measured shifts in this ratio of non-synonymous (Ka) to synonymous (Ks) substitutions
between the OLS and ALS branches of the phylogeny.  A significant shift indicates a change in the nature of the selection
acting on the gene, and may indicate that these genes are important in plant-host adaptation.

Table 1. Xylella fastidiosa genes used for strain identification.
Gene ID Name χ2 Value for shift in Ka/Ks

XF0136 holC DNA polymerase III holoenzyme chi subunit 4.58
XF0257 rfbD dTDP-4-dehydrorhamnose 3,5 epimerase 6.60
XF0316 nuoL NADH-ubiquinone oxidoreductase, NQO12 subunit 5.95
XF0318 nuoN NADH-ubiquinone oxidoreductase, NQO14 subunit 8.82
XF0656 gltT glutamate symport protein 4.58
XF0832 cysG siroheme synthase 4.71
XF0910 petC ubiquinol cytochrome C oxidoreductase, cytochrome C1 3.88
XF1291 eno enolase 5.29
XF1632 pilU twitching motility protein 8.88
XF1818 leuA 2-isopropylmalate synthase 6.35
XF2447 lacF ABC transporter sugar permease 4.28

Objectives 2 and 4
We have so far sequenced 9 of the 11 target genes (a total of 11014 bases) in 13 strains of Xylella fastidiosa.  Strains have
(and will continue to be) selected to represent the geographic distribution of the infections, with a goal of regional replication
to enable tests of geographical hypotheses (Table 2).

Table 2. Xylella fastidiosa strains so far examined.

Strain Host Location Strain
Identification**

1* Temecula Grape Temecula PD
2* Ann-1 Oleander Palm Springs OLS
3* Dixon Almond Solarno ALS
4 STL Grape Napa PD
5 Tulare Almond Tulare PD
6 Conn Creek Grape Napa PD
7 Traver Grape Tulare PD
8 Texas Oleander Texas OLS
9 Riverside Oleander Riverside OLS
10 I03 Grape Temecula PD
11 237 Almond Temecula PD
12 276 Almond Temecula ALS (?)
13 187 Almond Temecula ALS
* Strains 1,2 and 3 were the strains used for the PD, OLS and ALS genomes.
** See Table 3

The sequences for 9 of the genes have been compared for the 13 strains using Multi-Locus Sequence Typing (Maiden et al.
1998).  Any difference in a sequence results in the assignment of a new type (letter) for that gene (Table 3).  All the PD
strains except Traver in gene XF1632 were identical to the genome sequence for PD strain #1 (and scored the maximum of
100 in the row labeled “Score PD type”).  The strain #11 (237) was isolated from almond but was identical to the “type”
Temecula PD strain #1.  Similarly #5 Tulare, also isolated from almond, showed only a single base difference with the #1 PD
strain.  The oleander strains showed more variation.  The Riverside strain (#9) differed from the Ann-1 genome sequence (#2)
at two genes, XF0832 and XF1632.  Almond strains had the most variation.  Dixon (#3) and 187 (#13) were identical except
for one gene, XF0257.  Strain #12 (276) had differences from Dixon in nearly all the genes, but still had more in common
with Dixon and 187 than with any other strain.

We can also look at the MLST pattern from the perspective of the genes (i.e. rows in Table 3).  For the design of efficient and
effective strain identification it is important to note that the genes in the first 4 rows show identical patterns (and hence the
same information).  Similarly, the genes in the next 2 rows have an identical pattern.
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Table 3. Multi-Locus Sequence Typing (MLST) for Xylella fastidiosa
Strain

Gene 1 4 6 10 11 5 7 2 8 9 3 13 12
XF0136 a a a a a a a b b b c c d
XF0656 a a a a a a a b b b c c d
XF1818 a a a a a a a b b b c c d
XF2447 a a a a a a a b b b c c d
XF0318 a a a a a a a b b b c c c
XF0910 a a a a a a a b b b c c c
XF0257 a a a a a a a b b b c d d
XF0832 a a a a a a a b b d c c e
XF1632 a a a a a d e b b d c c e
% Score PD type 100 100 100 100 100 89 89 0 0 0 0 0 0
% Score OLS type 0 0 0 0 0 0 0 100 100 78 0 0 0
% Score ALS type 0 0 0 0 0 0 0 0 0 0 100 89 22

Using the sequence data from the 13 strains provides a large dataset to construct a phylogenetic tree showing the
interrelationships of the strains.  There are several techniques that are used for the construction of phylogenetic trees,
principally maximum likelihood, parsimony, and distance methods.  All of these methods gave the same overall relationships
among PD, OLS, and ALS strains (using CVC to root the tree).  The maximum likelihood tree shown (Figure 1) was derived
using the software package PAUP.  The tree shows 3 well-defined clades, PD, OLS and ALS.  These three clades are
statistically very robust, with 100% bootstrap support for PD and OLS, and 98% for ALS.  The PD strain’s closest relative is
always the OLS strain.

The PD clade includes strains isolated from almond, but the ALS clade does not include strains isolated from grapes.
Furthermore, both the OLS and PD strains show surprisingly little variability in our sample so far, and these sequences of
over 10K bases show no geographical structure.  For example, the cluster of PD strains (1,4,6,10 and 11) derive from Napa
and Temecula.  Similarly the geographically separated OLS strains 2 and 8, from Palm Springs and Texas (site unknown), are
identical across the sequenced genes.

The finding of little variation within our present strain sample simplifies strain identification, if the pattern holds when more
strains are added.  Using some of the 11 sequenced genes we have developed and tested 9 gene/restriction enzyme reactions.
Each reaction identifies one strain (3 PD, 3 ALS, 3 OLS), thus appropriate combinations of three reactions allow
unambiguous positive identification of the three strains.  One promising combination involves three PCR reactions (genes
XF0136, XF0257, and XF0832) using the same restriction enzyme. We are currently testing mixtures of DNA from different
strains as a first step to establishing how effective the method is for detecting a mixture, when one strain is rare.

Objective 5
We did not anticipate finding any indication of recombination at this early stage; however  examination of the ALS strain #12
revealed strong (though preliminary) evidence of genetic exchange between strains.  When the strains are compared on a
gene-by-gene basis, the three ALS strains typically cluster very closely.  However, in two genes the #12 sequence clusters
closely with OLS and in one gene it clusters closely with PD.

CONCLUSIONS
1. In broad agreement with previous work, we have found that PD, OLS, and ALS strains of X. fastidiosa form robust

clades, with PD being most closely related to the OLS strain.
2. It appears that the PD strain can infect almond, but there is no evidence that the ALS strains can infect grape.
3. We find no evidence of geographical differences within the PD and OLS strains. In particular, the PD strains from

Temecula and Napa are extremely similar.
4. The simple technique of multi-locus sequence typing (MLST) is effective at identifying the three strains.
5. We have developed a simple method to uniquely identify the PD, OLS, and ALS strains by looking for characteristic

restriction fragments following PCR of targeted genes. We are currently testing the sensitivity of the method in
detecting a rare strain in mixtures of DNA.

6. One strain (#12) provides preliminary support for recombination among strains. The importance of this result is that it
raises the possibility that recombination can rapidly generate novel pathotypes.
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Figure 1: Phylogenetic relationships among 13 strains of X. fastidiosa
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ABSTRACT
Numerous genes involved in plant disease defense have been isolated and when introduced and expressed in transgenic
plants, fungal and bacterial diseases have been greatly reduced. This strategy is especially appropriate for grapevines, where
the industry is rooted in traditional European grapes with strong name recognition and very high disease susceptibility.  Our
laboratory has developed a set of transformed grapevines harboring genes that produce anti-microbial peptides (AMPs).
Seventy-six ‘Chardonnay’ lines transformed with the magainin-type genes, mag-2 and MSI99, and with a PGL class gene,
were produced.  Some are now growing in tissue culture, in the greenhouse, and in the field (Vidal et al. 2003).  AMPs are
particularly effective against bacteria, and act by disrupting the cell membranes.  The primary goal of this project is to study
the potential resistance to Pierce’s disease (PD) of magainin and PGL-producing vines.  In doing so, it becomes important to
characterize the expression of these genes in each line.  We are also studying whether AMPs can move from a transgenic
rootstock to a non-transgenic scion.  If so, it might be possible for engineered rootstocks to be used as a means to affect
disease development in a range of scion varieties.  Our data to date show that between 1 and 4 copies of the foreign gene can
be found in each line studied, and that the inserted genes were correctly transcribed in 46 of 76 lines tested (via RT-PCR).
An antibody was produced that can detect the presence of both mag-2 and MSI99 peptides.  Using this antibody, AMP
production was verified in leaf extracts of in vitro vines harboring mag-2 and MSI99 genes.  Studies of PD resistance and
movement of transgenic proteins from rootstocks to scions are at a very early stage in this newly funded project.

INTRODUCTION
Numerous genes involved in plant disease defense have been isolated (Punja 2001; Mourges et al. 1998).  When disease
resistance genes are introduced and expressed in transgenic plants, fungal and bacterial diseases have been greatly reduced
(Mourges et al. 1998; Punja 2001; Van der Biezen 2001).  This disease control strategy is especially appropriate for clonally-
propagated crops, such as grapevines, where the industry is rooted in traditional European grapes with strong name
recognition and very high disease susceptibility.  Moreover, cross-breeding cannot produce disease resistant forms of elite
varieties because other characteristics would be altered and varietal identity would be lost.

Our laboratory has developed a set of transformed grapevines in which we have determined that anti-microbial peptides
(AMPs) are transcribed.  Seventy-six ‘Chardonnay’ lines transformed with the magainin-type genes, mag-2 and MSI99, and
with a PGL class gene, were produced (Vidal et al. 2003).  These are now growing in tissue culture in the greenhouse, and in
the field.  Magainins are small peptides with strong inhibitory activity against numerous bacteria and fungi (DeGray et al.
2001; Zasloff et al. 1988; Smith et al. 1998; Smith et al. 2001).  The MSI99 peptide expressed in tobacco and banana was
recently shown to be highly effective against several pathogens (Chakrabarti et al. 2003).  In studies conducted in 2002 and
2003, we determined that some AMP-transgenic lines of ‘Chardonnay’ are significantly more resistant to tumorigenic strains
of crown gall (Agrobacterium vitis).  It is logical to think that these plants might have improved resistance to other bacterial
diseases as well.

Some AMP producing genes such as Shiva-1 are effective against Pierce’s disease (PD), according to a recently issued patent
(Scorza and Gray 2001) but the subject warrants further study. Scorza and Gray described a trial of two lines of ‘Thompson
Seedless’ expressing the Shiva-1 peptide; both eventually succumbed to PD, but one showed milder symptoms, which did not
include the typical signs of marginal leaf burn when compared to the non-transformed control plant.  Based on this data, the
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above-mentioned patent was issued covering the usage of all AMP genes in the development of Xylella fastidiosa (Xf)
resistant transgenic vines.  However, data are not available in the literature to determine if mag-2, PGL, and MSI99 peptides
are effective in planta against Xf. It is the purpose of this proposal to study the potential resistance of our magainin and PGL-
producing ‘Chardonnay’ vines to PD.

OBJECTIVES
1. Quantify the expression of AMPs (anti-microbial peptides) in transgenic ‘Chardonnay’ vines.
2. Evaluate resistance to Pierce’s disease among these transgenic vines.
3. Determine the extent to which an AMP transgenic rootstock can confer PD resistance to the scion.

RESULTS
Objective 1:  Because AMPs are very small (~2.7 kD) and easily degraded by host proteases, expression was studied by RT-
PCR (for detection of mRNA products from the inserted gene sequences) and ELISA (for direct detection of the presence of
peptides).  Out of 76 transgenic lines tested by RT-PCR, 46 lines (11 mag-2, 11 MSI99, 8 PGL and 16 mag-2 + PGL) were
positive for transcription of the expected mRNA.  For mag-2 (23 amino acids) and MSI99 (22 amino acids) peptides, an
antibody was developed (by Sigma-Genosys) that recognizes an antigenic sequence common to both peptides.  In a series of
preliminary ELISA tests using leaf extract from in vitro plants, the peptide could be detected in a number of lines, in
agreement with the RT-PCR results.  However we were unable to detect the peptide consistently, suggesting the methodology
requires some improvement. To improve the ELISA procedure, young leaves from actively growing greenhouse plants will
be used immediately after collection.

Objective 2:  In a preliminary study, 31 transgenic lines (4 plants/line) were inoculated with two different Agrobacterium
vitis strains to test for resistance to crown gall disease.  Among these lines, 6 harboring mag-2, 5 with MSI99, 5 with PGL
and 5 with the combination of mag-2 + PGL showed statistically significant gall size reductions (P<0.05) compared to non-
transformed controls.  From among these crown gall resistant lines, the most promising 16 (4 lines per gene construct) were
selected and sent in early October, 2003, to Dr. Walker for PD resistance testing. These are currently being grown in an
isolated greenhouse at U.C. Davis awaiting sufficient growth to begin inoculations with Xf. PD symptoms are expected to
appear 8 weeks after inoculation, and stem and leaf symptoms will be recorded 12 and 16 weeks following inoculation.

Objective 3:  Plans are to test the hypothesis that rootstocks can transmit peptides to the scion in late winter or early spring,
2004. In the case of the mag-2 and MSI99 transformants, the AMP gene was fused to a signal peptide to allow product
secretion into intercellular spaces.  These products are likely to be xylem mobile and may have the ability to move upwards
in the plant.  Their small molecular size may further facilitate movement within the plant.  These transgenic ‘Chardonnay’ are
not being considered for use as commercial rootstocks.  However, if they are capable of suppressing PD, efforts to engineer
appropriate grape rootstocks would then be justified.

To test this hypothesis, transgenic ‘Chardonnay’ vines will be used as rootstocks with non-transgenic ‘Chardonnay’ as scions.
Since we will be using young potted plants, approach grafting will be used to connect the plants. Transgenic and normal
‘Chardonnay’ plants will be planted in the same 15 cm pot, and, after about 4 weeks, there will be enough shoot growth to
produce a tongued approach graft and connect the two plants. The unions will heal in about 4 weeks and the non-transgenic
‘Chardonnay’ stems will be cut so that they become scions on the transgenic ‘Chardonnay’ rootstock. Shoot growth on the
scion ‘Chardonnay’ should be ready for Xf inoculation in about 4 weeks and the scions will be needle inoculated with the
Stag’s Leap Xf strain. Symptom expression will be evaluated as above.  We will also culture Xf from stem pieces to further
quantify the levels of Xf in the ‘Chardonnay’ scions.  ELISA techniques will be used to detect the presence of the rootstock-
produced AMP in the leaves and stems of the scions.  If an effect is detected, it will be very important to carry out
rootstock/scion tests using hardwood cuttings and under field conditions.

CONCLUSIONS
This project is at a very early stage, yet it is progressing very well.  We are developing an ELISA technique to detect
magainin-like peptides in young tissues, with promising results to date.  PD resistance studies are about to get underway, and
studies regarding the concept that a rootstock can be used to transmit disease-fighting substances to the scion are planned to
take place in the coming months.  If successful, this project could result in the development of transgenic versions of
important cultivars that resist Pierce’s disease while maintaining all their important varietal characteristics.  In addition, we
hope to learn whether rootstocks could be used to improve the resistance of the scion.
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Reporting Period: The results reported here are from work conducted from October 1, 2002 to October 1, 2003. (Note:
Funding for the project was not received until September 11, 2003, but work had begun with other funding)

INTRODUCTION
Results from PD research programs led by Matthews, Rost and Labavitch (reported in 2001 and 2002 in San Diego) have
provided substantial support for the idea that obstructions in the vine's water-transporting xylem tissue develop rapidly post-
inoculation, before an appreciable bacterial population has been established.  The results also strongly suggest that these
obstructions, and likely other aspects of the Pierce’s disease (PD) "syndrome", result from the grapevine's active responses to
the presence of X. fastidiosa (Xf), rather than to direct "action" by the bacterium.  Thus, careful analysis of the timing of
changes in xylem element anatomy and function relative to Xf introduction, as well as to external symptoms of disease
development, is important for establishing reliable indicators of the "stage" of PD development.  The analyses done thus far
have been based on destructive tissue sampling.  While the Matthews and Labavitch project continues to test a model of PD
development, sampling of infected vines is essentially blind and must, therefore, be destructive.  This is particularly so since
it has become clear that important internal responses to the bacterium are correlated with the presence of rather few bacteria
in the tissues, at a time, post-inoculation, that is well before external PD symptoms are in evidence.

Perez and Walton have has carried out a number of pilot studies aimed at "observing" the development of xylem vessel
obstructions in infected vines without damaging the plants.  The value of the work is that periodic examinations can be done
on each of several vines over a number of weeks (reported in 2002).  The NMR images provided clear evidence of the
progressive, localized deterioration of water movement capacity in treated vines.  The data provide spatial information about
where, around the circumference of a vine as well as along its length, obstructions are present.  This information should
provide specific guidance for eventual destructive sampling to assess the presence and nature of xylem obstructions.
Optimization of the analytical approach (our Objective 1) in order to maximize the signal to noise ratio by reducing the noise
component will add considerably to the value of the technique.  This will lead to studies aimed at addressing whether the
vessels cavitate (i.e., air “embolisms” develop) when the glassy-winged sharpshooter feeds on vines and non-destructive
testing of the impacts of Xf cell wall-degrading enzymes, pectin-derived oligosaccharides, and ethylene on vine water
transport, as discussed in the Matthews and Labavitch PD development model (Figure 2, below).

OBJECTIVES
1. Optimize the use of MRI (Magnetic Resonance Imaging) and to spatially visualize altered water movement in

grapevines.
2. Test correlations of observed vascular system obstructions (based on grapevine dissection and microscopy techniques)

with predictions based on MRI data.
3. Use MRI to follow the development of grapevine obstructions over time in vines infected with X. fastidiosa or treated

with ethylene, bacterial wall-degrading enzymes or plant cell wall oligosaccharides, all of which may be important
intermediates in regulating the vine’s response to infection and the eventual development of PD symptoms.

4. Use NMR imaging to determine whether localized xylem cavitation occurs at the site and time of X. fastidiosa
inoculation or introduction by the glassy-winged sharpshooter.

RESULTS
Optimization of the use of MRI for visualizing water transport deficiencies in PD-infected grapevines
Progress on this Objective has been delayed because a supplier for a key electronic element of the new MRI probe that has
been designed for use with grapevines no longer provides the key part.  We are proceeding with the testing of aspects of the
PD model using the NMR instrument in its more conventional configuration.
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MRI will show non-functional sections in the xylem of a PD-infected grapevine stem
Usually the techniques to evaluate xylem function are destructive. Magnetic Resonance Imaging (MRI) allows us to visualize
vessels that are functional and full of movable water.  Functional vessels appear as bright spots in an MRI view of the stem
cross-section, non-functional vessels lack water and appear as dark spots in the area of the stem where water-conducting cells
are found. Figures 1a and 1b show the difference in the distributions of functional vessels in an infected vine at a point where
leaf symptoms of PD are apparent (Figure 1a) and nearer to the stem apex at a point where the leaves show no sign of PD
symptoms (Figure 1b).  Compare these images with that for a healthy vine (Figure 3a).  Because the MRI analysis is non-
destructive, this technique allows periodic examinations on each of several vines over a number of weeks.  These features
make MRI an excellent tool to study the time course progression of xylem disruption in PD-infected vines.

We can use MRI to visualize air embolisms in grapevines
The PD model (Figure 2) predicts that air embolisms may occur when the glassy-winged sharpshooter feeds and/or as pit
membranes between xylem vessels are digested. Cavitations can be easily observed with MRI (Figure 2).  When there are
dark spots in the center region of the stem where vessels are located, the dark spots indicate that vessels are non-functional.
The loss of vessel function can result from cavitation or obstruction with bacteria or polysaccharide gels that have been
observed in infected vines.  If dark spots in an image are the result of air embolism, then we should be able to refill the
vessels by forcing pressurized water through the stem.  That this approach is valid was demonstrated in an experiment in
which the image of a shoot in a healthy, well hydrated vine was made (Figure 3a) and compared to another image that was
taken after a section of stem through ca. 80% of the stem’s cross section was removed, allowing air to embolize the vessels
above the cut (where the Figure 3b images were taken).  Later the stem segment that contained the embolisms was excised
and refilled with pressurized water.  A new image that confirmed the refilling of the vessels was taken (Figure 3c).  This
experiment also demonstrated the more general principle that the dark spots seen in the MRIs of xylem correspond to non-
functional vessels.

Figure 1. MRI of a PD-infected stem in a basal internode (a), and closer to the apex (b). Bright spots between the
central pith (dark) and the ring of vascular cambium show functional vessels (compare to a healthy stem in Fig. 3a).
Tyloses (cellular-physical blockages of the vessels) are often associated with dark spots in MRIs of infected xylem,
as shown by optic microscopy in (c).

a b c

Figure 2. Hypothetical model for PD development. PD
starts with a local infection caused by the glassy-winged
sharpshooter’s introduction of Xf locally (i.e., into one or a
few vessels).  Once Xf is in the xylem the bacteria become
systemic, which implies that Xf must be able to cross (digest
away?) the cell wall in the pit membranes that separate two
neighboring vessels.  The digestion of the cell wall by
bacterial enzymes would generate transient oligosaccharides
with biological activity. The presence of these
oligosaccharides is detected by the plant  triggering a series
of defensive responses, including a raise in ethylene
production.  Ethylene has been shown to induce tylose
formation. Cavitation of vessels may be also important for
the disruption  of  water  transport in the plant. Cavitations
may happen during insect feeding or during PD progression.
The “bottom line” of our thinking is that PD is primarily
caused by the grapevine’s responses (local and systemic) to
Xf presence.
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CONCLUSIONS
MRI will be a powerful adjunct to other, more conventional approaches for characterizing the changes that occur in grapevine
xylem following introduction of Xf.
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Figure 3. (a) MRI of an intact stem segment
in a healthy shoot. (b) Image of the same
stem portion after an important part of the
cross section has been removed below it,
thus causing cavitation of many vessels. (c)
The same stem segment after it has been
refilled with water.
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BREEDING OF PIERCE’S DISEASE RESISTANT GRAPES
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Reporting Period: The results reported here are from work conducted from July 2003 to October 2003.  Funding for this
project was received in October 2003.  Research on this project was initiated under the “Genetics of Resistance to Pierce’s
Disease” of the Long-term American Vineyard Foundation Pierce’s Disease project.

ABSTRACT
Efforts at identifying genetic markers tightly linked to Xylella fastidiosa (Xf) resistance are continuing.  These efforts are
primarily focused on the 9621 mapping population (D8909-15 x F8909-17) and are in cooperation with fine-scale mapping
efforts discussed in our report “Map based identification and positional cloning of Xylella fastidiosa resistance genes from
known sources of Pierce’s disease resistance in grape.”  This project is adding 200 SSR markers to the 9621 map and has
positioned Xf resistance from the male parent F8909-17 on the lower arm of linkage group 14, where Xf resistance is flanked
by multiple markers.  Resistance from the female parent D8909-15 maps as a quantitative trait locus.  The addition of
additional SSR marker is expected to reduce the distance between SSR markers and Xf resistance to about 2 cM and lead to
the development and utilization of very specific sequence characterized amplified region (SCAR) primers.  These markers
will be applied to populations in the breeding program derived from D8909-15 and F8909-17 and tested for effectiveness in
Xf resistance backgrounds derived from other species.

INTRODUCTION
Marker Assisted Selection (MAS) is the process whereby indirect selection on a trait of interest (such as disease resistance) is
made by screening for the presence of a DNA marker allele tightly linked to the trait.  MAS for disease resistance can be used
to eliminate susceptible genotypes in a breeding population early in the selection process, which allows for evaluation of
much larger effective populations.  Larger effective population sizes increase the opportunity to identify genotypes with high
disease resistance and high horticultural qualities (such as good fruit size, color, texture etc.).  Other key aspects of the MAS
process is that confounding environmental effects on the trait phenotype can be avoided and progress in breeding programs
can be accelerated while saving space and time, allowing for more efficient use of resources (Paterson et al. 1991, Kelly
1995).  Rapid screening time is particularly valuable when applied to perennial crops such as grape with relatively long
generation times (Alleweldt 1988, Striem et al. 1994).

Markers linked to grape resistance genes of other diseases have been published.  AFLP and RAPD markers tightly linked to
powdery mildew resistance (Dalbo et al. 2001, Pauquet et al. 2001) and downy mildew resistance (Luo et al. 2001) are some
examples.  To effectively use such linked markers in MAS only requires that the markers be highly reproducible, linked in
coupling phase i.e. on the same homologous chromosome, and within 5 cM (cM = centimorgan, a mapping unit
representative of the distance between two loci or genes) of the resistance locus (Kelly 1995).   Conversion of AFLP and
RAPD markers to SCAR primers allows for a more reproducible marker system and identifying tightly linked markers is a
direct function of numbers of markers screened.  In the case of powdery mildew resistance MAS has already been
successfully utilized for screening a grape breeding population (Dalbo et al. 2001) and it is expected that this project will
have a high chance of success for developing a functional MAS system for screening PD resistant genotypes.  Markers tightly
linked to PD resistance should have immediate benefits toward accelerating the breeding of PD resistant wine, table and
raisin cultivars.

OBJECTIVES
1. Refine localization of primary QTL’s associated with PD resistance derived from Vitis arizonica.
2. Saturate regions of primary QTL’s with AFLP markers via Bulk Segregant Analysis (BSA).
3. Identify tightly linked flanking markers around PD resistance QTL’s and convert to SCAR primers.
4. Confirm candidate marker linkage to resistance within a (8909 x V. vinifera table grape) family.
5. Utilize resistance markers to eliminate susceptible progeny within a (8909 x V. vinifera) x V. vinifera table grape

backcross generation and future generations of the continuing UCD/USDA collaborative PD resistance breeding
program.

RESULTS AND CONCLUSIONS
Objective 1.  This proposal expands upon a portion of a project funded by the AVF and last year by the CDFA entitled “The
Genetics of Resistance to PD”.  That project developed a genetic map in a Vitis rupestris x V. arizonica population (9621 =
D8909-15 x F8909-17;  see Walker, Tenscher, Ramming Progress Report in this proceedings for more detail on this
population) segregating for Xylella fastidiosa (Xf) resistance and was based on about 500 DNA markers.  The parents of this
cross were half siblings sharing a common V. rupestris parent which is susceptible to PD.  The progeny D8909-15 is a female
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vine and derives its PD resistance from a V. arizonica collected in Baja California. The progeny F8909-17 is a male vine and
derives its PD resistance from an apparent V arizonica / V. champinii hybrid collected in northern Mexico west of Monterrey.
PD resistance from the F8909-17 male vine has been localized to the lower arm of a single linkage group when resistance is
mapped as a single dominant trait.  PD resistance for the D8909-15 female parent cannot be localized on the map when
scoring PD resistance as a single dominant trait.  When scoring PD resistance in a quantitative manner, preliminary results
indicate that this resistance is localized at multiple positions (i.e. QTL’s within the D8909-15 genome).

Progress has been made on expanding this map with additional individuals and developing a framework map based on highly
reproducible SSR markers.  The map now includes 188 individuals with SSR marker data and 140 individuals that have PD
resistance data.  To date, approximately 310 SSR markers have been tested and 165 of them proved to be useful within the
9621 mapping population. Our objective is place a total of 200 SSR markers on the framework map such that each linkage
group will have 8-10 highly reproducible markers.  Markers will be selected for even spacing across the genome at distances
of 5-7cM, which will allow good coverage for refined QTL mapping.

Objective 2. Thus far we have identified one SSR marker and 2 AFLP markers linked in coupling phase within ~ 10cM of
the primary Xf resistance locus of F8909-17. Following accurate placement of the F8909-17 locus and D8909-15 Xf
resistance QTL’s on the framework map in Objective 1, Bulk Segregant Analysis (BSA) (Michelmore et al. 1991) will be
used to saturate regions of resistance loci with AFLP markers.   We have arrangements to use a PE 3100 sequencer for large
scale marker screening.  A goal of 200 primer combinations should lead to identification of 2-4 markers flanking the Xf
resistance gene within a 2-cM window.  Utilization of SSR markers to link the 9621 map other genetic maps should also lead
to selective placement of a variety of markers around primary Xf resistance QTL’s.

Objective 3.  Candidate AFLP markers linked to Xf resistance identified in Objective 2 will be confirmed by separately
evaluating marker patterns on each individual within the DNA bulks.  The framework 9621 population will be used to
precisely localize all confirmed resistance markers, after which Sequence Characterized Amplified Region (SCAR) primers
will be developed from the tightly flanking markers.

Objective 4. A family derived from an D8909-15 x vinifera table grape (0023) has been evaluated for PD symptoms based
on cane maturation, and Xf bacteria numbers in stem tissue based on ELISA data at 16 weeks post inoculation.  DNA has
been extracted from these screened genotypes and each will be tested for the presence or absence of resistance markers
identified in Objective 3, so as to confirm the correlation with the resistance phenotype.  Correlation of the markers with
resistance will be recalculated if different from the original mapping population.

Objective 5.  A backcross population (D8909-15 x vinifera table grape) x an advanced seedless vinifera table grape was made
in the spring of 2002 and 2003.  Highly resistant genotypes: 0023-19, 0023-54, 0023-63, 0023-98 (stem bacteria numbers of
less than 60,000 cells/ml) were backcrossed to several advanced table grape selections in order to establish a large advanced
breeding population.  From the 2002 crosses 1,693seeds were collected and 654 seedlings were planted in the field the
summer of 2003.  Markers shown to be linked to resistance in Objectives 1-4 will be used on this population to identify
candidate resistant and susceptible genotypes to confirm the effectiveness and economics of the MAS relative to our
greenhouse screening procedure.

REFERENCES
Alleweldt, G., and J.V. Possingham. 1988. Progress in grapevine breeding. Theor. Appl. Genet. 75: 669-673.
Dalbo, M.A., G.N. Ye, N.F. Weeden, W.F. Wilcox, and B.I. Reisch. 2001, Marker-assisted selection for powdery mildew

resistance in grapes. J. Am. Soc. Hort. Sci. 126: 83-89.
Kelly, J.D. 1995. Use of random amplified polymorphic DNA markers in breeding for major gene resistance to plant

pathogen. HortScience 30: 461-465.
Lahogue, F., P. This, and A. Bouquet. 1998. Identification of a codominant SCAR marker linker to the seedlessness character

in grapevine. Theor. Appl. Genet. 97: 950-959.
Luo, S.L., P.C. He, P. Zhou, and X.G. Zheng. 2001. Identification of molecular genetic markers tightly linked to downy

mildew resistant genes in grape. Acta Genet. Sinica 28: 76-82.
Michelmore R.W., I. Paran , R.V. Kesseli. 1991. Identification of markers linked to disease-resistance genes by bulked

segregant analysis: a rapid method to detect markers in specific genomic regions by using segregating populations. Proc
Natl Acad Sci USA 88: 9828-9832.

Paterson, A.H., S.D. Tanksley, and M.E. Sorrells. 1991. DNA markers in plant improvement. Adv. Agr. 46: 39-90.
Pauquet, J., A. Bouquet, P. This, and A-F Adam-Blondon. 2001. Establishment of a local map of AFLP markers around the

powdery mildew resistance gene Run1 in grapevine and assessment of their usefulness for marker assisted selection.
Theor. Appl. Genet. 103: 1201-1210.

Striem, M.J., G. Ben-Hayyim, and P. Spiegel-Roy. 1994. Developing molecular genetic markers for grape breeding, using
polymerase chain reaction procedures. Vitis 33: 53-54.



-38-

FUNDING AGENCIES
Funding for this research was received in mid October 2003. This proposal was not submitted to other funding agencies.
However it is linked to the Walker/Tenscher/Ramming Pierce’s disease resistance breeding project funded by the CDFA
Pierce’s Disease and Glassy-winged Sharpshooter Board, California Table Grape Commission, California Raisin Advisory
Board, and the Walker/Riaz Mapping project.  This project was initiated through funding by the American Vineyard
Foundation and California Department of Food and Agriculture on the Genetics of Resistance to Pierce’s Disease, a project
that developed a framework map for the 9621 population. Funding from the Louis P. Martini Endowed Chair in Viticulture
has also supported Pierce’s disease mapping and marker development projects.
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ABSTRACT
Genetic mapping efforts continue in the 9621 population (D8909-15 x F8909-17). Xylella fastidiosa (Xf) resistance is
segregating in this population both the Vitis arizonica and a V. arizonica/V. champinii are resistant.  We have increased the
mapping population size from 116 to 188 individuals, thus increasing recombination frequencies and taking advantage of 96-
well plate based techniques.  We are adding the original 375 AFLP markers to the additional 72 individuals.  Three hundred
and ten SSR markers have been tested of which 192 amplified and 165 were polymorphic in the population – these have been
added to the map.  Fourteen of 20 EST markers from Doug Adams’ lab were also added.  We have also added 16 EST
derived SSR markers from Doug Cook’s database of ESTs with the goal of adding 100 to 150 more by June. Xf resistance
maps to linkage group 14.  There are two flanking SSR markers on one side and an SSR and AFLP marker on the other side
of the Xf resistance locus derived from F8909-17.

INTRODUCTION
This project expands upon and continues a genetic mapping effort that has also received funding from the California Grape
Rootstock Improvement Commission, the Fruit tree, Nut tree and Grapevine Improvement Advisory Board, the California
Table Grape Commission and the American Vineyard Foundation.  Last year’s CDFA GWSS/PD Research Board proposal
was entitled “An Expanded Genetic Map of Vitis rupestris x Muscadinia rotundifolia for Fine Scale Mapping and
Characterization of Pierce's Disease Resistance”.  The name was changed to reflect current knowledge of the mapping
population’s true parentage.  The project has been mapping resistance to Xiphinema index, the dagger nematode, and Xylella
fastidiosa (Xf) in an “F2” population made from “siblings” selected from an F1 V. rupestris x M. rotundifolia population
generated by Dr. Olmo in 1988.  We have recently discovered that these crosses were largely contaminated by pollen other
than the applied M. rotundifolia (more details are included in “The genetics of and breeding for Pierce’s disease resistant
grapes” project summary).  The 9621 mapping population is a cross of D8909-15 (V. rupestris x V. arizonica) x F8909-17 (V.
rupestris x a V. arizonica/V. champinii type). Because of this population’s segregation for, and presence of high resistance to,
X. index and Xf it is an extremely valuable asset for map based positional cloning of these resistance genes.

A genetic map of 116 individuals from the 9621 population was created primarily with AFLP markers.  The AFLP marker
system is very robust, however, dominant inheritance of markers can cause limitations with highly heterozygous crops like
grape.  We began using more informative markers, such as microsatellites or simple sequence repeats (SSR) for two main
reasons. First, a framework genetic map with SSR markers provides essential infrastructure for targeted physical mapping of
candidate genes and quantitative trait loci (QTLs). Secondly, SSR markers tightly linked to resistance and phenotypic traits
of interest are ideal for marker-assisted selection due to their applicability across different genetic backgrounds.  The grape
genetic research community formed the International Grape Genome Program (IGGP) to increase coordination and
cooperation and to enhance knowledge of the grape genome.  Use of the SSR marker system is common among the different
research groups so that our mapping efforts can be linked to others.  Integrating the 9621 genetic linkage map to other
mapping populations will facilitate targeting genomic regions that harbor quantitative trait loci. Comparison to other maps
will allow us to identify more markers that are tightly linked to Xf resistance and optimize marker-assisted selection strategies
in the breeding program (see the “Optimizing marker-aided selection (MAS) for Xylella fastidiosa resistance to accelerate the
breeding of PD resistant grapes” progress report).  It will also more fully support efforts to locate and identify the gene(s)
responsible for Xf resistance.

OBJECTIVES
1. Increase the core mapping population size from 116 to 188 individuals (more recombinants reduce the distance

between markers).
2. Use genomic SSR and ESTP (expressed sequence tag polymorphism) markers as the core marker system and increase

the number of SSR markers on the genetic linkage map to 200 (initial efforts were only 100 SSR markers).
3. Screen an additional 100-150 EST derived SSR markers for which functions are known after their comparison to

homologues in available EST databases.
4. Develop the core framework map with an average distance of 2-5 cM between markers.
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RESULTS AND CONCLUSIONS
Objective 1. The starting material for this project was a complete AFLP marker based genetic map of the 9621 population.
This map was initiated several years ago and was based on 116 individuals with 375 AFLP, 32 ISSR, 25 RAPD and 9 SSR
markers. We expanded the core set of individuals from the 9621 to 188 individuals and have extracted the complete set of
DNA.

Objective 2. The SSR markers used included some that have been previously published and many that were developed by
Vitis Microsatellite Consortium. All markers were tested on a small set of 8 DNA samples including both parents and run on
6 % polyacrylamide gels. DNA on the gels was visualized by silver staining with a commercial kit (Promega). Only
informative markers were used on the entire set of 188 genotypes. We have tested and used all available informative genomic
microsatellite markers for 9621 population. (Table 1).

To develop ESTP markers, sequences of grape cDNA were obtained from Dr. Doug Adams (Department of Viticulture and
Enology, UC Davis).  Potential PCR primers were designed using the computer program PRIMER 0.5.  Primers were
selected to have similar properties to facilitate standard conditions for PCR reactions. Primers are 20 to 23 nucleotides long
with GC contents of 50-60% and melting temperature ranging from 59-64°C. Amplification and polymorphism for each EST
was tested on 2% agarose gels.  If length base polymorphism were not revealed, then a set of 10 different restriction enzymes
(HindIII, EcoRI, Ava II, BstNI, DraI, Hae III, Hinf1, Msp I, EcoRV, Rsa I) were tested to find restriction site based
polymorphism among parents D89090-15 and F8909-17. Polymorphic ESTP markers were added on entire progeny of 188
genotypes.

Table 1. Data on number of markers tested and useful for the D8909-15 x F8909-17 mapping population.
Markers Tested Amplified Useful for Map
SSR 310 192 165
EST (D. Adams) 20 14
Total 330 179

We are in the process of developing a collaboration with researchers at INRA (Montpellier, France) to gain access to more
SSR markers based on the comparisons with their genetic linkage map of Syrah x Grenache.

Objective 3. There are now a large number of EST derived SSR markers available, in addition to the genomic SSR markers
from the Vitis Microsatellite Consortium.  The EST derived SSR markers are more valuable if the cDNA sequence from
which the EST was derived has a know function as determined by comparisons with homologs from other EST databases.
We plan on selecting EST-SSR that show homology to resistance genes to different pathogens and genes that control other
important morphological, physiological and agronomic traits.  Dr. Doug Cook developed a database with a large number of
EST derived SSR markers.  Our goal is to screen 100-150 EST-SSR markers with putative known function by June 2004.
Thus far, we obtained sequences for 50 markers from the http://cfg.ucdavis.edu/ web site.  Twenty-five markers have been
screened and 16 were polymorphic in the 9621 population.  We are in the process adding them to the genetic linkage map.

Objective 4. Preliminary linkage analysis for each parent was carried out with MAPMAKER 2.0. Each segregating locus was
paired with a “dummy” locus, resulting in a doubled data set.  Linkage groups obtained from the doubled data set were then
divided into two symmetrical sets of groups and one set was chosen for further detailed.  The "first order" and "compare"
commands were used to determine the probable order of all markers in each linkage group.  The integrated linkage analysis to
obtain the sex-average map was performed with JOINMAP 2.0. (LOD 5.0 and recombination frequency 0.45).  Using the fixed
sequence command the order of markers was determined relative to the established order obtained from the initial MAPMAKER
analysis. Map units in centimorgans (cM) were derived from the Kosambi (K) mapping function.  The integrated consensus map
analysis was carried out with JOINMAP 3.0.  The consensus linkage map was developed with 156 markers (141 SSR
markers, 14 ESTP markers and the Pierce’s disease resistance locus).  A total of 153 markers fall in 20 linkage groups and
only 3 markers were unlinked.  Total map length is 935 cM with average distance between markers of 6.19 cM. All markers
were evenly distributed.  The largest linkage group was comprised of 13 markers (105cM) and smallest group consisted of 4
markers (17cM).  The locus for Pierce’s disease resistance mapped to linkage group 14 with two flanking markers on each
side.  We continue to add markers - an additional 24 were added to the entire population, but not included in the above
analysis. Our goal is to reduce the distance between markers from 6 cM to 2-5 cM; the required distance to initiate the map
based positional cloning of genes.

CONCLUSIONS
We are continuing to optimize our genetic linkage map and shorten the distances between markers linked to Xf resistance.
We are preparing to begin map-based positional cloning.  More individuals need to be put on the map and tested for Xf
resistance to increase the recombination frequency and shorten map distances. We have about 2,000 9621 seedlings in the
field to allow these efforts.  This project is greatly benefiting our marker-assisted selection project (“Optimizing marker-aided
selection (MAS) for Xylella fastidiosa resistance to accelerate the breeding of PD resistant grapes”) by fine-tuning makers.
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FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.  Funding from
previous mapping efforts upon which this research is based was received from the American Vineyard Foundation and the
California Grape Rootstock Improvement Commission.  Funding from the Louis P. Martini Endowed Chair in Viticulture is
also supporting this project.
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THE GENETICS OF AND BREEDING FOR PIERCE’S DISEASE RESISTANT GRAPES

Project Leaders:
Andrew Walker & Alan Tenscher
Department of Viticulture and Enology
University of California
Davis, CA 95616

David Ramming
USDA-ARS
9611 South Riverbend Ave.
Parlier, CA 93648

Reporting Period: The results reported here are from work conducted from November 2002 through October 2003.

ABSTRACT
We continue to make many crosses, produce thousands of seeds and embryos, and about four thousand plants in the field
each year.  We have been increasing the number of seedlings and high fruit quality selections we test under our greenhouse
screen.  This screening is very severe, but material that passes the screen is reliably resistant and dramatically restricts Xylella
fastidiosa movement.  We are also co-screening for powdery mildew resistance.  The heritability of Xf resistance from a
range of resistant Southeast US (SEUS) cultivar and species parents is not consistent – some parents produce few resistant
offspring, while others produce a large percentage – making careful parental screening very important.  We have been able to
expand our Xf screening this year and are currently testing 178 potential parents (selected backcross progeny, new SEUS
parents, and Olmo VR hybrids) and will have resistance results before the 2004 pollination season so that crosses can be
optimized.  The USDA embryo rescue process has produced a large number of progeny from crosses of resistant males to
seedless females including 265 plants from second generation backcrosses.  Culture efforts this year (2,702 ovules) produced
484 embryos that are now germinating.  Crosses continue to be made with SEUS resistant wine grape selections to vinifera
wine grapes including Merlot, Syrah, and Olmo selections.  Rootstock crosses are also being made and seedlings evaluated
and will be used in joint efforts to examine possible inducible tolerance to PD via rootstocks.

INTRODUCTION
This project is a collaborative effort between UC Davis and the USDA/ARS –Parlier, and is focused on breeding new PD
resistant cultivars of table, raisin and wine grapes.  The project integrates with efforts to develop genetic maps for resistance
to Xylella fastidiosa (Xf) in segregating populations containing resistance from Vitis arizonica and a number of southeastern
US (SEUS) Vitis species and cultivars.  The goal of these mapping efforts is the development of strongly linked DNA
markers to expedite breeding with the long term goal of characterizing and localizing Xf resistance genes leading to genetic
transformation efforts.

A noteworthy discovery this year involved our Vitis rupestris x Muscadinia rotundifolia selections.  These selections were
produced from crosses made by Dr. H.P. Olmo and the seedlings were raised and evaluated in the Walker lab.  The Walker
lab has been evaluating these selections for Xf and nematode resistance and using progeny from them in mapping efforts for
over 13 years.  The mapping efforts have focused on a cross of two siblings from Olmo’s V. rupestris ‘A. de Serres’ x M.
rotundifolia ‘Cowart’ – D8909-15 x F8909-17 which generated the 9621 mapping population.  Mapping efforts with this
population are the basis of the Walker/Riaz proposal "Map-based Identification and Positional Cloning of X. fastidiosa
Resistance Genes from Known Sources of Pierce’s Disease Resistance in Grape".  This year simple sequence repeat (SSR)
DNA markers were placed on the map to allow comparisons with other maps being created within the lab and internationally.
SSR markers are also ideal for parentage analysis, and once they were applied it became clear that D8909-15 and F8909-17
were not full siblings and that the male parents were incorrect. It is now clear that this cross was contaminated by wind-
blown pollen from five male vines in addition to the applied M. rotundifolia ‘Cowart’ pollen.  D8909-15 is a cross of V.
rupestris ‘A. de Serres’ x V. arizonica and F8909-17 is a cross of the same female by what appears to be a hybrid of V.
arizonica x V. champinii.  F8909-08 is a true sibling of F8909-17 and the resistance source for a number of crosses in the
breeding program.

This discovery has many positive implications for PD breeding.  The Xf resistance of these V. arizonica hybrids is
remarkably strong (as good as selections of M. rotundifolia) and has been integrated into a large number of V. vinifera grapes
and is now in the third backcross (BC) generation.  The Walker lab has reported on the resistance of these selections to both
Xf and Xiphinema index (Walker and Jin 1998 Acta Hort 473:113-120., Krivanek and Walker 2003 Acta Hort 603:429-432).
The horticultural characteristics of V. arizonica are far preferable to M. rotundifolia and include relatively neutral flavors,
normal clusters with fruit that does not abscise when ripe and reasonable rooting ability, although its berry size is small.
Most importantly there are no genetic barriers to breeding because V. arizonica’s chromosome number is the same as V.
vinifera, as opposed to M. rotundifolia.

OBJECTIVES
1. Develop PD resistant table and raisin grapes by crossing a variety of Xf resistance sources with large berried and

seedless V. vinifera table and raisin grapes.
2. Evaluate existing PD resistant wine-type cultivars for suitability in PD hotspots in California.
3. Breed PD resistant wine-type cultivars by crossing a selected number of Xf resistance sources with traditional wine

varieties.
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4. Investigate the potential of inducing Xf resistance by using various Xf resistant selections as rootstocks.

RESULTS AND CONCLUSIONS
Resistant Table/Raisin Varieties
We completed the screening of 126 additional genotypes in the last year: 102 were recent crosses of SEUS types backcrossed
to advanced vinifera table and raisin types; 16 were from the USDA disease resistant table grape program (focused on
powdery mildew); and 8 were new SEUS resistant sources added to our collections.  In the first group, several resistant
genotypes were identified as seedless (small hollow seed traces approaching commercial acceptability).  Several others were
resistant seeded genotypes with high quality fruit characteristics. Some resistant lines were also powdery mildew resistant.
Interestingly, only two of the 16 USDA powdery mildew crosses were resistant to Xf. These were both first generation
crosses from SEUS Xf resistant types, but Xf resistance does not seem to be correlated to powdery mildew resistance, which
reemphasizes the need pre-screen for Xf resistance.

When crossed to vinifera, different SEUS resistance sources produce very different ratios of resistant (R) to susceptible (S)
progeny.  For example, screening data from this year produced the following R:S ratios: Calinda x Daytona 2:3 (n=25), C33-
30 x DC1-39 1:3 (n=60), C33-30 x BD5-117 2:1 (n=21).  Although n is small, it is clear that resistance is not inherited in the
same manner among different parents, which emphasizes the importance of careful progeny testing.

We currently have 178 additional genotypes inoculated in our greenhouse screen.  One hundred of these genotypes are
progeny from four different resistance sources (V. champinii, Roucaneuf, Zehnder, and 0023-019 (D8909-15 x USDA
seedless table grape)) backcrossed to USDA advanced seedless types.  Early testing is being done so that we can select
parents that produce the highest percentage of resistant progeny for next year’s crosses.  The remaining 55 genotypes in
testing are progeny of SEUS-type resistant sources crossed to vinifera and that were selected for fruit quality this year.  We
are also testing 23 genotypes from the Olmo VR (vinifera x rotundifolia) collection consisting of F1 VR hybrids, VR
intercrosses and VR backcrosses to vinifera. These have excellent powdery mildew resistance and many are expected to be Xf
resistant.

This year’s increased funding was directed at expanding greenhouse screening efforts as well as increasing the number of
crosses, progeny and embryo rescued progeny we generate.  It is critical to expand and accelerate screening efforts so that
results on seedlings that fruited the year before are available to guide the following year crosses.  In addition to the genotypes
under testing above, 200 genotypes (split equally from USDA-Parlier and UCD) evaluated for fruit quality are being prepared
for testing.  Results are due before the breeding season 2004. We plan to test about 1,000 genotypes per year with this
increased funding.

At UCD we planted 2070 seedlings from crosses made in 2002.  About 32% were second generation BC of the arizonica
resistance source hybrids to high quality vinifera, 17% were intercrosses of first generation resistant types, 35% were first
generation vinifera crosses to a champinii resistance source, and 16% were first generation crosses of vinifera to two different
SEUS Xf resistant selections.

From the crosses made and embryos cultured in 2002 at the USDA, 265 plants were produced from 20 BC1 combinations
(D8909-08 resistance source) with table and raisin grape selections (13 table grape crosses = 181 plants in field and 7 raisin
crosses = 84 plants in the field).  An additional 74 plants were planted in the field from SEUS cultivars and selections crossed
with table grape selections.  Finally, 70 plants were planted in the field from table grape (1), raisin (1) and wine (2) varieties
crossed to a selected VR hybrid.  This year a large portion of the seedlings from the 2000 and 2001 seedlings produced fruit
at Fresno and were evaluated.  It is interesting to note that of the three selections from VR hybrids tested for PD resistance in
the greenhouse, one was resistant.  An additional 14 seedlings have been selected from VR crosses with improved fruit
quality.  One mildew resistant selection made from a cross with Suwanee was found to have intermediate Xf resistance in
greenhouse tests.  This selection is a white seedless (med to large trace) selection with 2.6 gram berries and will be used as a
parent with table and raisin grapes.  In the seedlings from crosses with SEUS cultivars and selections with table and raisin
selections, 74 selections were made this year of which 42 were seedless.  In crosses from other SEUS breeder’s selections by
table and raisin selections, 47 selections were made of which 31 were seedless.  Many of these selections from SEUS
material had seedless berries as large as 13-15/16 inch in diameter with firmness rated 6 (5 = average) and one rated 7 (=
firm).  The fruit quality in many was also rated good (7).

Twenty different cross combinations were made at UCD in 2003.  Eight were second generation BCs of the arizonica
resistance source to vinifera; five involved resistant selections from crosses made in 1999 and 2000; six used two promising
SEUS selections (one that has previously shown a high percentage of resistant progeny and another that looks very good in
our PD field trial); and one cross with a VR hybrid.  One of the 5 crosses with our resistant selections was directed at
combining resistance from shuttleworthii and smalliana with vinifera.  Four additional crosses were made onto female
seedless vinifera table grapes involving the same two promising SEUS selections used above.  A total of 18 clusters were
produced and shipped to USDA-Parlier for embryo rescue.

This year (2003) USDA-Parlier cultured ovules from 8 crosses.  Three of these were backcrosses of 0023 seedlings with high
quality table and raisin grapes.  The rest were SEUS selections crossed to high quality table and raisin grape selections.  A
total of 2,702 seedless ovules were cultured and resulted in 484 embryos, which are now germinating.
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Screening existing Xf resistant wine grape cultivars.
We are currently screening 8 Xf resistant wine grape selections from Zehnder, a private breeder in North Carolina.  A number
of the SEUS field resistant cultivars at our PD field trial in Yountville are wine grapes.  As an adjunct to that trial,
approximately 90 vines of Blanc du Bois were planted in 2001. The vines were harvested this year for small lot winemaking.
USDA-Parlier has crossed  Zehnder’s selections to Merlot and is evaluating for flavor, pH, and TA. Seedlings of SEUS
breeder’s selections by wine cultivars were evaluated and 36 selections were made.  The cluster sizes ranged from small to
large and sugars reached 26°B by the first of October.  These selections were also screened for leaf, stem and berry resistance
to mildew.

Breeding new Xf resistant wine-types.
In 2000 we made 2 wine grape crosses of the highly Xf resistant F8909-08 (arizonica-champinii type) onto vinifera wine
grapes to produce 3,227 seeds.  These crosses were repeated this year and about 1,000 of these seedlings will be planted next
spring.  We also made crosses of SEUS cultivars onto Syrah, producing 2,150 seeds.  Marker-assisted selection (see
Walker/Krivanek/Riaz project) will be used to pre-screen these seedlings before fruit or Xf resistance evaluations.

PD resistant rootstock breeding.
We have about 500 seedlings in the field from crosses of D8909-15 and F8909-8 with 101-14 Mgt and 1616C rootstocks.
These crosses were repeated this year to produce about 2,500 seeds.  Genetic markers for resistance will be used to pre-screen
these plants and their evaluation will be tied to research projects in collaboration with Hong Lin (USDA-Parlier) exploring
biochemical resistance mechanisms that might be inducible via a resistant rootstock.

PD Field Trial
We expanded our PD field trail in Yountville this year with assistance from Beringer/Blass.  Two additional blocks of plants
were added.  One contained replicated genotypes of recent crosses with varying degrees of Xf resistance as measured in our
GH screen as well as some additional SEUS field resistant types. A second block was planted to 18 conventional rootstocks
(101-14, 3309C, Schwarzmann, Gravesac, SO4, 5, 420A, 161-49C, St. George, 110R, 1103P, 44-53, 039-16, Riparia Gloire,
Fercal, Freedom, Ramsey and Dog Ridge), and is destined for field budding to a field resistant SEUS cultivar to evaluate
rootstock vulnerability to PD under California conditions. These grafted plants will be inoculated with Xf to evaluate the
impact an infected, but resistant, scion has on rootstocks.  Both the 2001 and 2003 plantings were inoculated with Xf again
this year and ELISA and disease symptom expression data were taken in October.

CONCLUSIONS
Collaboration between UCD and the USDA-Parlier is excellent and this program is closely integrated with the other Walker
lab projects and those of Lin at the USDA-Parlier. Fruit quality is advancing quickly in many backgrounds (see Figures 1 &
2).  Aggressive training is allowing fruit evaluation in year 2 after planting, thus shortening generation times to 3 years.
Raisin grape types should be ready for field testing within several generations, as will wine grapes.  Table grapes will take
longer to achieve large seedless berries with crisp texture, but we are very encouraged with our progress.

FUNDING AGENCIES
Funding for this project was provided by the California Table Grape Commission and the CDFA Pierce’s Disease and
Glassy-winged Sharpshooter Board.  Funding in the past has also been received from the California Raisin Marketing Board
and the USDA Animal and Plant Health Inspection Service.
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Figure 1. An example of the rapid progress being made breeding Xf resistant table grapes.  From left to right first generation
progeny from V. vinifera B90-116 x V. shuttleworthii F902:  F902, 0070-12, 0070-14, 0070-28 and Redglobe (for size
comparison).

Figure 2. An example of wine grape types being used in crosses.  Clockwise from the upper left:  F2-7 (Carignane x
Cabernet Sauvignon); Blanc du Bois; F2-36 (same cross as F2-7); Cabernet Sauvignon; Chardonnay; D8909-15; Zehnder 71-
50-1; Lenoir (Jacquez or Black Spanish).
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REAL TIME PCR FOR CLINICAL DETECTION AND DIFFERENTIATION OF
XYLELLA FASTIDOSA STRAINS
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Department of Plant Pathology
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San Joaquin Valley Agriculture Science Center
Parlier, CA 93648

ABSTRACT
The overall goal of this work is to develop reliable protocols for the clinical detection and identification of Xylella fastidiosa
(Xf) strains.  The objectives are to (1) apply PCR-based methods to detect low populations of Xf strains causing the Pierce’s
disease of grapevines infected grape tissue; and (2) to distinguish different Xf strains in naturally-occurring single or mixed
infections in different hosts, as well as in insect vectors. A major problem is the presence of PCR inhibitors in the grape
tissue extracts that result in false negative results.  A simplified method for the isolation of grape tissue DNA, using a single
tube for grinding and extraction, was developed.  Two real time PCR systems were developed for the generic detection of Xf
strains and the specific detection of the Xf-PD strain or pathotype based on the currently available genomic sequences of four
Xf strains.  One system, based on a set of primers, designated HL5/HL6, and a probe labeled with FAM (HL5/HL6-FAM) as
a fluorescent dye, detected four Xf strains (PD, almond leaf scorch (ALS), oleander leaf scorch (OLS)) and citrus variegated
chlorosis (CVC) DNA.  The specificity of the primers was tested against several other plant pathogenic bacteria and
endophytic bacteria isolated from grape, no amplification products were obtained using 103-104 cells/reaction.  The Xf-
specific amplification product was 221 bp.  As few as 5 bacteria per reaction were detected using this system.  Standard
curves were obtained with intact bacteria in water and in preparations containing grape leaf petiole DNA from the equivalent
of 1 mg of fresh grape tissue per reaction. The Ct values ranged from 20 cycles for 105 bacteria per reaction to 36 cycles for
5 bacteria per reaction (r2 > 0.9).  A second system, based on a set of Xf-PD specific primers, designated HL7/HL8, and a
probe labeled with TET (HL7/HL8-TET) as a fluorescent dye, was developed.  The Xf-specific product in this case was
302bp.  This set of primers specifically distinguished Xf-PD from Xf-ALS and Xf-OLS, as well as from Xf-CVC DNA.  The
use of these two systems permits the detection of the Xf strains and the specific detection of Xf-PD, and could be used to
detect as few as 5 bacteria per reaction.

USE OF FLUORESCENT RECOMBINANT ANTIBODIES FOR IDENTIFICATION OF XYLELLA FASTIDIOSA

S.E.M Silva-Valdés
Universidad Autónoma de Baja California, México
Km 103 carretera Tijuana-Ensenada
Ensenada, B.C. México

J.L. Stephano-Hornedo
Universidad Autónoma de Baja California, México
Km 103 carretera Tijuana-Ensenada
Ensenada, B.C. México

A. Portillo-López
Universidad Autónoma de Baja California, México
Km 103 carretera Tijuana-Ensenada
Ensenada, B.C. México

M. Gould
Universidad Autónoma de Baja California, México
Km 103 carretera Tijuana-Ensenada
Ensenada, B.C. México

ABSTRACT
A library of recombinant antibodies ScFv was produced by phage display following immunization of a chicken with Xylella
fastidiosa.  Using ELISA, a clone in the vector pComb3X was selected from this library.  The clone produces soluble
antibody also carries 6His and HA epitope tags.  Currently we are trying to develop a fluorescent immunocytochemical
method with this antibody that will be able to detect Xylella in a plant or insect.
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Section 2A:
Xylella fastidiosa Genetics

and Eco-Physiology
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ABSTRACT
This project is to develop and evaluate a microarray-PCR-based system for accurate and quick identification of Xylella
fastidiosa strains from in vitro culture.  Attempts will also be made to use this system to detect X. fastidiosa strains from their
hosts.  A particular emphasis is on strains of grape Pierce’s disease, almond leaf scorch disease and oleander leaf scorch
disease, which are currently important in California.

INTRODUCTION
Traditionally, Xylella fastidiosa is identified by cultivation on complex media, serological tests and pathogenicity tests.  From
the genetic standpoint, these traditional methodologies target the expressions and regulations of multiple genes characteristic
to the pathogen.  However, there are many drawbacks associated with the traditional multi-locus test methodology.  The
nutritional fastidiousness of X. fastidiosa poses the major challenge for the use of media-based identification scheme.  A
direct implication from this challenge is the difficulty in establish a taxonomy system under the species level, leading to, in
many cases, the uncertainty of a newly isolated X. fastidiosa strain.  This further affects the control of Xylella diseases.
Serological tests have an advantage of being simple and fast.  They, however, suffer from cross antibody-antigen reactions
from different pathotypes.  Pathgenicity tests are of high economical value, but such tests are laborious and time-consuming.
Current pathogen regulation policy also hinders the large scale usage of this method.

Theoretically, PCR allows the amplification of characteristic gene or DNA sequences from a single DNA molecule. For this
reason, PCR has recently been the most common technique for X. fastidiosa identification.  There are, however, technical
problems limiting the application of PCR. Specific primers may fail to amplify DNA from a particular isolate if there is a
spontaneous mutation(s) in the primer-binding site, leading to a false negative result.  Non-specific amplicons may occur
which complicate the interpretation of the electroporesis data and may result in a false positive conclusion.  The sensitivity
and specificity of PCR amplification tend to be inversely related.

A combination of PCR with DNA-DNA hybridization can improve the detection specificity and maintain high sensitivity.
While traditional DNA-DNA hybridization assays are laborious and time-consuming, microarray technology provides a
solution.  DNA microarrays have been widely used for gene expression studies.  This technology is also a powerful tool in
pathogen identification and detection.  Unlike other hybridization tools, such as microplates or dot blots for DNA-DNA
hybridization with membrane-bound probes, miniature glass microarrays are capable of containing DNA probes specific to
thousands of individual target DNAs.  Potentially, microarray technology allows the rapid determination of thousands of
genetic characters of a microorganism in one hybridization experiment.  This mimics the multi-genic methodology, but
microarray is superior in that the genes or DNA sequences in test can be manipulated, testing time is much shorter, and test
accuracy and efficiency are much greater.

OBJECTIVES
The primary objective of this project is to develop and evaluate a microarray-PCR-based system for accurate and quick
identification of Xylella fastidiosa strains from in vitro culture.  Attempts will also be made to use this system to detect X.
fastidiosa strains from their hosts.  A particular emphasis is on strains of grape Pierce’s disease, almond leaf scorch disease
and oleander leaf scorch disease, which are currently important in California.  Two specific objectives are: 1) using the
complete and annotated genome sequence of X. fastidiosa Temecula strain as a guide, select appropriate DNA sequences and
evaluate their potential for pathotype / genotype identification.  Design and construct a DNA microarray with PCR
amplicons; and 2) evaluate the effectiveness of the constructed microarray through hybridization experiment.  Using the
microarray as a reference, analyze genomic variation of different pathotypes with multiple strains collected from broad
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geographical areas and hosts.  Attempt will be made to develop a genovar system to substitute the pathotype or pathovar
system which is by far un-standardized and difficult to test.

RESULTS AND CONCLUSIONS
We believe that the proposed project has a high probability of success.  There have been two reports regarding the use of
microarray analysis focused on the transcriptome of CVC strain of X. fastidiosa (Costa de Oliveira et al., 2002; Nune et al.,
2003).  This proposed project will explore the application perspective of microarray in X. fastidiosa identification.
Objective 1 of this proposal addresses the utilization of genome DNA sequence information. Complete genome sequences of
four X. fastidiosa strains are publicly available.  Unitization of the bioinformation implied by these sequences is the goal of
genome sequencing and we have just begun this effort.  Objective 2 links the X. fastidiosa genome research from laboratory
to the field.  A large number of field isolates will be incorporated into genome comparisons, leading to a better and faster
characterization of this nutritionally fastidious prokaryote.  Efforts to extensively collect strains of X. fastidiosa are currently
underway.

REFERENCES
Costa de Oliveira, R., G.M. Yanai, N.H. Muto, D.B. Leite, A.A. de Souza, H.D. Coletta-Filho, M.A. Machado, and L.R.

Nunes. 2002. Competitive hybridization on spotted microarrays as a tool to conduct comparative genomic analyses of
Xylella fastidiosa strains. FEMS Microbiol Lett 216: 15-21.

Nunes, L.R., Y.B. Rosato, N.H. Muto, G.M. Yanai, V.S. da Silva, D.B. Leite, E.R. Goncalves, A.A. de Souza, H.D. Coletta-
Filho, M.A. Machado, S.A. Lopes, and R. Costa de Oliveira. 2003. Microarray analyses of Xylella fastidiosa provide
evidence of coordinated transcription control of laterally transferred elements. Genome Res. 13: 570-578

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce's Disease Grant Program.
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ABSTRACT
The identification of genetic factors that enable Xylella fastidiosa to express Pierce’s disease symptoms is essential to the
further development of several disease control strategies.  One such control strategy is to use non-pathogenic derivatives of
the Pierce’s disease pathogen itself to competitively exclude pathogenic strains in grapevines.  We have made progress in the
development of genetic tools for this purpose and in identifying several putative virulence genes through comparative
genome and mutational analyses.  However, with over 50% of the X. fastidiosa genome consisting of genes with no known
function, a more comprehensive approach is needed to identify genes that are important for virulence of the Pierce’s disease
strain of X. fastidiosa.  This new project is using a DNA microarray approach for this purpose.

INTRODUCTION
The DNA microarray approach to identifying bacterial virulence genes follows the hypothesis that many virulence genes are
differentially expressed (up-regulated or down-regulated) during infection of the host.  This hypothesis has been proven over
and over for numerous virulence genes in both plant and animal pathogens (Handfield and Levesque, 1999).  With the full
genome sequence now available (Bhattacharyya, A., et al. 2002; Simpson et al., 2000; Van Sluys et al., 2003), a complete
DNA microarray of the genome of the Pierce’s disease strain of Xylella fastidiosa is feasible to produce.  The major
advantage of this approach is that, unlike conventional reporter gene or hybridization strategies, microarrays can
simultaneously produce relative expression data for thousands of genes in the target organism, and no prior knowledge of the
genes and their function or regulation is required.  Microarrays therefore represent an appealing approach to identifying
bacterial gene sets that are up-regulated or down-regulated by growth in specific environments, and are attractive for studying
gene expression by pathogenic bacteria in their hosts because of the large number of genes involved.

We previously conducted a preliminary study with a DNA macroarray of about 100 genes from the Xyella fastidiosa genome
arrayed on a filter (Hernandez-Martinez et al., 2002).  This study showed strong evidence of differential expression of several
genes that were identified as possible virulence factors from the original genome sequence annotation.  Using techniques
similar to our work on the functional genomics of another plant pathogen, Erwinia chrysanthemi (Okinaka et al., 2002; Yang
et al., 2003), we have just begun conducting a comprehensive DNA microarray/mutational approach to identify genes that are
important for virulence of the Pierce’s disease strain of Xylella fastidiosa.

OBJECTIVES
1. Conduct DNA microarray analysis of gene expression patterns in Xylella fastidiosa during infection of plants vs.

growth in other conditions.
2. Mutate putative virulence genes and characterize virulence defects.

RESULTS AND CONCLUSIONS
Results
Research during the first three months of this project have been directed toward the development of effective RNA extraction
methods for infected grapevines and in designing a full-genome DNA microarray.
Conclusions
This work will contribute significantly to fundamental information on the genetics and pathogenicity of Xylella fastidiosa and
will benefit researchers pursuing various strategies of management of Pierce’s disease.  As mentioned above, this information
is essential for our continuation of the strategy to use non-pathogenic strains for biological control of Pierce’s disease.
Identification of virulence genes can also lead to recognition of new unforeseen targets for management strategies.  In
addition, the construction of a DNA microarray for this pathogen, and identification of genes differentially expressed during
infection, will complement work by others on differential expression of grapevine genes during infection.  This will open the
door to “interactive genomic” studies that will enhance our understanding of the bacterial-plant interaction that leads to
Pierce’s disease, and in the future, studies of interactions with its insect vectors.
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ABSTRACT
Flow cells that emulate xylem vessels have been microfabricated in silicon and in polydimethylsiloxane. Xylella cells in
these artificial vessels are being studied for colonization and biofilm development.

INTRODUCTION
Pierce’s disease of grape is caused by Xylella fastidiosa.  Symptoms are generally recognized as being caused by restricted
sap flow and resultant water stress due to plugging of xylem elements by live bacterial aggregates and associated mucilage
(Goodwin et al., 1988; Purcell and Hopkins, 1996; Mollenhauer and Hopkins, 1974).  It is not clear whether the extracellular
polymeric mucilage is of bacterial and/or plant origin. Based on the analysis of the complete genome sequence of X.
fastidiosa, gums produced by the X. fastidiosa are similar to the ‘xanthan gums’ produced by Xanthomonas campestris pv
campestris, although they may be less viscous (Simpson et al., 2000).  In addition, tylose development in xylem vessels in
response to the presence of the bacterium further restricts sap flow (Mollenhauer and Hopkins, 1976).  These general
concepts X. fastidiosa pathogenicity are readily recognized, although it is not understood how the bacterium becomes
established in the turbulent habitat of a ‘fluid conduit’ i.e.,  xylem vessels and tracheae.  Bacterial spread through xylem
elements is also poorly understood, albeit enzymatic degradation of pit membranes is thought to be involved (Mollenhauer
and Hopkins, 1976).  Colony formation is likely to be influenced by the physical constraints of the xylem element surface
much like the formation of bacterial biofilms is influenced by surface characteristics (microtopography, chemistry, etc.) in
other aqueous and fluid environments such as medical stints and prostheses, food handling equipment, and water supply
systems (Ridgway and Olson, 1981; LeChevallier et al., 1987; Caldwell and Lawrence, 1988; Sternberg et al., 1999).
Surface microtopography of these environments influence the temporal and spatial aspects of bacterial colonization (Bremer
et al., 1992; Gorman et al., 1993; Korber et al., 1997; Arnold, 1999).  Surfaces become colonized as cells (in this case
bacteria) attach initially via physio-chemical forces, and ultimately with extracellular polysaccharides or ligand-mediated
interactions.  The end result is the establishment of biofilms consisting of bacteria in a polysaccharide matrix that provide a
protective habitat that is conducive for continued cell growth and colony formation.  The recently completed sequencing of
the X. fastidiosa genome has revealed several open reading frames with putative functions that may be associated with
bacterial colonization of xylem vessels and disease (Simpson et al., 2000).  For example, at least one ORF with homology to
the luxR family of transcriptional regulators has been identified (GenBank accession AAF83782).  Such genes encode
proteins (LuxR homologs) that when bound by acyl-homoserine lactone autoinducer molecules (AI), regulate transcription of
diverse types of genes (Fuqua et al., 1996).  Autoinducers are synthesized by enzymes that are encoded by luxI homologs or
other synthase genes.  The luxI – luxR regulatory system was first discovered in the marine bacterium Vibrio fischeri,
however now related systems have been discovered in diverse species of bacteria including plant and animal pathogens (Cha
et al., 1998).  Autoinducers diffuse bi-directionally across bacterial membranes and reach concentrations for efficient
activation of LuxR regulators in environments of high bacterial density.  Thus the ability of AI to activate the LuxR
regulators is a cell density-dependent response referred to as quorum-sensing or autoinduction.  The discovery of luxR
homologs in X. fastidiosa suggests that the bacterium produces AI or related signal molecules that may regulate genes that
are associated with biofilm production in a density-dependent manner. This finding is intriguing because it suggests that a
quorum-sensing regulatory system may be functioning in X. fastidiosa biofilm communities in xylem vessels.
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Table 1.  Attachment of Xylella cells to various substrata
Substratum Attached cells
polydimethylsiloxane ++++
muffled glass +
dialysis membrane +
bis(2-hydroxyethyl)-3-aminopropyltriethoxysilane +
3-aminopropyltriethoxysilane + ½
diphenyldichlorosilane ++
n-octadecyltrichlorosilane +++
dimethyldichlorosilane +++

OBJECTIVES
1. To understand how the physical parameters of xylem tracheae and vessels influence Xylella fastidiosa colonization.

Toward this, we will evaluate colony formation, mucilage production, biofilm development, and evaluate flow rate
during and following colonization.  Our approach will be to use microfabricated ‘artificial’ vessels that mimic
topologies and chemistries of ‘real’ in planta vessels.

2. Determine whether X. fastidiosa produces acyl-homoserine lactone autoinducer molecules that are involved in
regulation of genes associated with ability to cause Pierce’s Disease.

RESULTS AND CONCLUSIONS
Results
Development of artificial xylem vessels (flow chambers). Flow chambers of four different size dimensions have been
designed and microfabricated.  Positive masters for the chambers were either fabricated directly in semiconductor grade
silicon wafers using photolithography and reactive ion etching procedures or as negative masters on similar silicon wafers

with patterned SU-8 photoresist providing the relief pattern from which subsequent chambers were fabricated.  In either
instance, the final chambers were made of polydimethylsiloxane (PDMS) which when sealed with a cover glass after plasma
etching constituted a complete flow chamber (Figs. 1, 2).  Chamber dimensions varied from 4-14 cm in length, 100 µm deep,
and 50, 100, and 1000 µm in width.  Introduction of media and Xylella cells into the chambers was controlled with a syringe
pump.  Once cell attachment to the pre-chamber surface was complete, non-attached cells were flushed from the chamber and
sterile media was pulled continuously through to emulate plant xylem fluid flow.  Temporal and spatial changes in Xylella
cell distribution, colony development, and morphology are being assessed.

Adhesion and attachment of Xylella to inert surfaces. A
range of surface treatments were examined for adhesion and
attachment of Xylella cells in preparation for use in the
xylem flow chambers.  Glass cover slips were treated with
various silanes to create surface chemistries of specific
affinities (Table 1).  In addition PDMS and cellulose were
also examined. Xylella cells adhered to and colonized best
to diphenyldichlorosilane, and dimethyldichlorosilane.
PDMS was also very efficiently colonized (Fig. 3).
Temporally, attachment of Xylella cells occurred nearly as
soon as contact with the surfaces were made.  Attachment
was either at the polar ends or along the length of the cells appeared, in the short term at least, to be secure and irreversible.
Highest concentrations of cells appeared at the air-liquid interface, although a significant number of cells attached submerged
in the growth media as well.

Figure 3.  Xylella cells colonizing PDMS
(LM and SEM images)

Figure .2.  Schematic of 14 cmFigure 1.  PDMS ‘flow chamber’
mounted on microscope stage with
connected media supply tubing.
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Biofilm development dependency on initial cell concentration.  Colonization and biofilm development (as determined by
crystal violet staining) occurred on inert polyproplylene and polystyrene surfaces over a period of one week.  Biofilms
density was affected by the initial concentration of cells that were added to the medium.  For example, cultures initiated from
a cell suspension of OD600= 0.1 had a significantly denser biofilm than from those initiated from OD600 = 0.7.

Assays to select adhesion-deficient mutants are currently being done.

Conclusions
The results of this investigation will result in understanding temporal and spatial aspects of Xylella colonization and
movement to new sites.
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ABSTRACT
The Gram-negative bacterium Xylella fastidiosa is the causative agent of Pierce’s disease of grapevines. Many of the
strategies proposed to control the spread of this bacterium are dependent on the ability of a particular compound to get into
the cell by crossing the outer membrane. The goal of our project is to identify the outer membrane proteins of X. fastidiosa
and to examine how different physiological and environmental signals influence the protein composition of the outer
membrane. Our strategy has been to isolate the outer membrane fraction and to analyze the proteins in this fraction using one-
and two-dimensional gel electrophoresis.  Comparisons of the outer membrane protein profiles for cells grown under
different environmental and physiological conditions will increase our understanding of the X. fastidiosa cell surface as well
as provide important information concerning the role of the outer membrane proteins of X. fastidiosa in the development of
Pierce’s disease.

INTRODUCTION
The causative agent of Pierce’s disease is the Gram-negative bacterium Xylella fastidiosa, which is a member of the gamma
subgroup of the Proteobacteria and is phylogenically related to the Xanthomonads (for a review, see Hopkins and Purcell,
2002). X. fastidiosa is highly specialized and is capable of multiplying in both the foregut of xylem-feeding insects, such as
the glassy-winged sharpshooter and in the xylem system of the host plant.  The ability of X. fastidiosa to thrive in both the
insect foregut and the xylem suggests that the bacterium has evolved regulatory mechanisms that help it to cope with the
unique stresses experienced in these two very different ecological niches.

A common response of Gram-negative bacteria to any stress is to change the composition of their cell surface, particularly
the protein composition of their outer membrane.  The outer membrane is the outermost continuous structure on the bacterial
cell surface and serves as a selective barrier between the cell and the external environment. Changes in the protein
composition of the outer membrane are known to have a profound effect on the sensitivity of Gram-negative bacteria to
detergents, antibiotics, and bacteriophages.  Therefore, in order to develop effective methods for controlling the spread of X.
fastidiosa, it is important to obtain information concerning the protein composition of the X. fastidiosa outer membrane and
how the composition of this membrane changes in response to environmental signals.

OBJECTIVES
The overall goal of this proposal is to analyze the outer membrane proteome of X. fastidiosa and to determine how the
proteome profile changes in response to various physiological and environmental conditions.  This project will focus on the
following two objectives:

1. Identify the major outer membrane proteins of X. fastidiosa and assign them to a specific gene on the X.fastidiosa
chromosome.

2. Determine how the protein composition of the X. fastidiosa outer membrane is influenced by environmental signals and
signals from the infected grapevine.

RESULTS
Identifying the major outer membrane proteins of X. fastidiosa.
Our strategy for analyzing the X. fastidiosa outer membrane is similar to the strategy that was successfully used to analyze
the outer membrane proteome of Caulobacter crescentus (Phadke et al. 2001).  For this analysis, we used two strains:  the
strain Temecula 1 provided by B. Kirkpatrick and the strain Stags Leap provided by A. Walker.  Both strains were still
virulent based on assays performed in these laboratories.  We grew the two strains in 1.0 liter of PD3 media for 7-10 days at
28oC.  The cells were harvested and broken using a French pressure cell.  The outer membrane fractions were isolated by
sucrose density gradient centrifugation and then the proteins in this fraction were analyzed using one- and two-dimensional
gel electrophoresis.
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In our initial experiments, the outer membrane fractions were analyzed using 1-D SDS-polyacrylamide gels.  These gels
allowed us to quantitate the amount of the different proteins in the outer membrane for the two strains and to predict the sizes
of the proteins based on their migration in the gels.  These experiments revealed that there were between 8-10 major proteins
and 16-18 minor proteins in the X. fastidiosa outer membrane.  The sizes of these proteins range from 130 kD to 18 kD.
(Proteins smaller than 18 kD would not have been detected in this series of experiments.)  Our comparison of the outer
membrane profiles of the Temecula and Stags Leap strains indicated that the protein composition of their outer membranes is
very similar.  We did observe slight differences in the amounts of some of the minor outer membrane proteins for the two
strains.  This may reflect slight variations in how these two strains respond to environmental conditions.  However, a more
detailed analysis is needed before we can draw any conclusions about these differences.

Although our initial analysis of the outer membrane fractions using 1-D gels provided valuable information about the X.
fastidiosa outer membrane, it was not possible to completely separate all of the proteins using this method.  Recently, we
have begun to analyze our outer membrane fractions using 2-D gel electrophoresis. This technique separates proteins based
on their isoelectric points (pI) and their apparent molecular weights.  In our first series of experiments, we identified over 40
well-separated spots.  We are currently in the process of analyzing our 2-D gels using Phoretix proteome analysis software.
This software will allow us to make a tentative assignment of molecular weights and isoelectric points to the predominant
proteins.  The 2-D gels will also allow us to determine the relative abundance of each of the outer membrane proteins.
Finally, these gels will provide us with an outer membrane protein map for X. fastidiosa Temecula 1 that can be compared to
the published whole-cell protein map for X. fastidiosa CVC (Smolka et al. 2003).

Assigning the outer membrane proteins to specific genes on the X .fastidiosa chromosome
Our analysis of the proteins present in the outer membrane fraction has provided us with important information concerning
the molecular weights and isoelectric points of these proteins. The next step has been to assign these proteins to specific
genes on the X. fastidiosa chromosome.  This step has been greatly facilitated by the recent sequencing and annotation of the
X. fastidiosa Temecula 1 genome (Van Sluys et al., 2003) and by the availability of the published whole-cell protein map for
X. fastidiosa CVC (Smolka et al., 2003).  The use of these resources has allowed us to tentatively assign many of our outer
membrane proteins to specific genes on the X. fastidiosa Temecula 1 chromosome.

To confirm the identification of some of the ambiguous spots, we are using mass spectrometry. Using this technique, we
have successfully assigned one of our outer membrane proteins to a specific gene on the X. fastidiosa chromosome.  For this
analysis, we ran the outer membrane fraction on a preparative SDS-polyacrylamide gel and excised one of the distinct bands
from the gel.  The protein in this band was then subjected to trypsin digestion and the resulting fragments were analyzed by
MALDI-TOF-MS at the UC Davis Molecular Structure Facility.  Based on this analysis, we were able to assign this protein
to a specific gene on the X. fastidiosa chromosome. Given our success with this protein, it should be possible for us to begin
assigning other proteins to specific genes.

Determining how the protein composition of the X. fastidiosa outer membrane is influenced by different environmental
and physiological signals
We have also begun to look at the outer membrane profiles of X. fastidiosa grown under different environmental and
physiological conditions in the laboratory.  To date, we have used 1-D gels to compare the outer membrane profiles when the
strains were grown: (1) in rich versus defined medium, (2) in liquid medium versus on plates, (3) to exponential phase versus
stationary phase.  Our results indicate that the abundance of some outer membrane proteins does not change.  This is
particularly true of proteins that are predicted to have a structural role in maintaining cell surface integrity.  However, the
abundance of other proteins is more sensitive to changes in the growth conditions.  It is highly likely that some of these
changes will have profound effect on cell permeability and on the sensitivity of X. fastidiosa to detergents, antibiotics, and
bacteriophages.

CONCLUSIONS
Proteins on the bacterial cell surface play an important role in the ability of pathogenic bacteria to induce the disease state.
During the past year, we have focused on developing methods for studying the protein composition of the X.fastidiosa outer
membrane and have begun to examine how different physiological and environmental signals affect the relative abundance of
these proteins.  We are now in the position to examine how changes in the abundance of specific proteins correlate to changes
in virulence.  This information should provide insights into the role of the outer membrane proteins in X. fastidiosa virulence
and identify potential new targets that may help in the development of effective strategies for controlling the spread of
Pierce’s disease.
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ABSTRACT
We have developed an autonomously replicating Xylella fastidiosa (Xf)/E. coli plasmid that efficiently transforms Xf;
unfortunately this plasmid was not stably maintained in Xf cells en planta or without antibiotic selection in vitro.  Another
plasmid, containing an Xf native plasmid, a KanR cassette and cloned in pUC18 was also constructed and shown to be
unstable without antibiotic selection.  1000 random Tn5 mutants were again screened for virulence in grapevines growing in
the greenhouse.  An expectedly high percentage (35%) did not develop typical pierce’s disease (PD) symptoms; the insertion
sites of the Tn5 in these apparently avirulent mutants are being sequenced. Approximately 3% of the random mutants were
hypervirulent as compared to the wild type parental strain.  Insertion sites of Tn5 in these mutants showed 2 were in putative
LPS genes and 1 was in a hemagglutinin-like gene.  The phenotype of these putative hypervirulent mutants is being
confirmed in a second round of grapevine inoculations.

INTRODUCTION
During the past 4 years one of the objectives of our research on Pierce's disease (PD) has involved the development of
transformation and transposon mutagenesis systems for the bacterium that causes PD, Xylella fastidiosa (Xf).  We developed
a random transposon based mutagenesis system for Xf in 2001 (Guilhabert et. al., 2001). Recently, we developed an E.coli/Xf
plasmid shuttle vector based on the plasmid RSF1010 that replicates autonomously in Xf (Guilhabert and Kirkpatrick, 2003),
however this plasmid is only stably maintained in Xf cells that are kept under selection using the antibiotic, kanamycin.
Therefore, this shuttle vector will be useful for in vitro studies of Xf gene function; however it cannot be used to study the
function of Xf genes in the plant host.  We continue to evaluate other plasmids that can be stably maintained in Xf cells
inoculated into plant hosts.

The complete genome sequence of a citrus (Simpson et al., 2000) and a grape (Van Sluys, et al., 2002) strain of Xf have been
determined.  Analysis of their genomes revealed important information on potential plant pathogenicity and insect
transmission genes.  However, approximately one-half of the putative ORFs that were identified in Xf encode proteins with no
assignable function. In addition, some of the putative gene functions assigned on the basis of sequence homology with other
prokaryotes may be incorrect.  For these reasons we felt that it was important to develop and assess the pathogenicity of a
library of random Tn5 mutants in order to identify any gene that may influence or mediate Xf pathogenicity.  Our group, as
well as other PD researchers, is also evaluating specific mutants in Xf genes that are speculated, based on homology with
other gene sequences in the database, to be involved with pathogenicity.  However, screening a random transposon (Tn)
library of Xf, a strategy that has led to the identification of important pathogenicity genes in other plant pathogenic bacteria,
may identify other novel genes, especially those that regulate the expression of pathogenicity/attachment genes that will be
important in the disease process.  Using Tn5 mutagenesis, there is a high probability that we can knock out and subsequently
identify Xf genes that mediate plant pathogenesis.  Proof that a particular gene is indeed mediating pathogenicity and/or
insect transmission would be established by re-introducing a cloned wild type gene back into the Xf genome by homologous
recombination, or more ideally, introduce the wild type gene back into Xf on the plant stable shuttle vector we propose to
develop.

OBJECTIVES
1. Develop a Xylella fastidiosa (Xf)/E. coli plasmid shuttle vector that is stable en planta.
2. Screen a library of Xf transposon mutants for Xf mutants with altered pathogenicity, movement or attachment properties.

RESULTS AND CONCLUSION
Objective 1
We are cloning the RSF1010 origin of replication into pUC18, creating a plasmid harboring a polylinker, a LacZ selection
and expressing the pUC18 antibiotic cassette, carbenicillin that was showed to be expressed in an Xf background (Qin and
Hartung, 2001).  Such vector will allow selection for plasmid maintenance using an antibiotic that is different from the
kanamycin resistance gene carried on the transposome that we use to create Tn5 Xf mutants and provide the necessary tool to
complement and prove the function of a Tn-tagged Xf gene.

Another approach to create an Xf plasmid shuttle vector is to modify native Xf plasmids with a selectable marker. Such a
strategy was successful in developing a stable plasmid vector for citrus (CVC) infecting strains of Xf (Qin and Hartung, 2001)
however this plasmid (pER10) did not replicate in grape strains of Xf (Guilhabert and Kirkpatrick, 2003).  A 1.3 kb size
plasmid from a PD Xf strain was cloned in pUC18 and sequenced. Nucleotide and amino acid sequence analysis revealed
conserved sequences that are typical of initiator (Rep) proteins involved in rolling-circle type DNA replication as well as a
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putative origin of replication (Guilhabert and Kirkpatrick 2000).  The kanamycin resistance cassette carried by the
transposome was cloned into the multiple cloning site of the pUC18, creating plasmid pXF001.  Plasmid DNA was
electroporated in Xf in the presence of a TypeOneTM Inhibitor (Epicentre Technologies, Madison, WI) and Xf transformants
were obtained using the Fetzer, Traver and Temecula strains.  Plasmid DNAs were extracted from KanR Xf colonies and no
plasmid DNAs were visualized on a gel after electrophoresis on a gel. The plasmid DNA extracted from KanR Xf cells was
used to transform E. coli cells. Plasmid DNAs of same size as the original pXF001 were visualized on a gel (Figure1).
These results indicate the ability of the pXF001 to replicate autonomously in Xf. Maintenance of pXF001 in Xf was
measured in absence of antibiotic selection. As showed in Table 1, pXF001 is not stably maintained in Fetzer, Temecula or
Traver strains without antibiotic selection.  However, stability in Xf strains harboring other plasmids (Traver) seems higher
than in the strain harboring no plasmid (Fetzer). We are currently evaluating the UCLA strain harboring 4 plasmids (Hendson
et al., 2001) for transformation with pXF001 and maintenance without antibiotic selection.

Objective 2
Using the transposome technology previously described, we obtained 2000+ Xf Tn5 mutants, which should represent fairly
random mutagenesis events throughout the Xf genome.  During the spring and summer 2002, we inoculated 1,000
chardonnay plants growing in pots in this greenhouse with the Xf Tn5 mutants. Four month after inoculation, we noticed an
unexpectedly high percentage (35%) of inoculated vines that did not develop typical PD symptoms.  One might have
expected no more than 5% or so of the mutants to be non pathogenic. We will sequence the Xf DNA that flanks the Tn5
element in order to determine the specific location of the Tn5 insertion in each mutant that we plan to further characterize.
Insertions in open reading frames (ORFs) that code for proteins that have possible roles in plant colonization or ORFs with
no known function will be further characterized, while Tn5 insertions in known “house-keeping” genes will not be
immediately screened further.

Three percent of the inoculated vines showed hypervirulence when compared to the vines inoculated with wild type Xf cells.
The insertion sites of 9 of 13 mutants were sequenced and the result is summarized in Table 2. The hypervirulent mutants
will be further characterized for bacterial populations in grapevines and in vitro attachment to glass, cellulose and chitin
substrates.

Table 1. Maintenance of pXF001 plasmid in Xf strains under
non-selective conditions of growtha

Xf strains

Xylella fastidiosa
Number of passages 1 3

Fetzer 1 0
Traver 66 NDb

aExpressed as the percentage of Kan resistant clones after 1 or 3  generations
bNot done

5,012 bp

10,102 bp

1 2 3

5,012 bp5,012 bp

10,102 bp

1 2 3

Figure 1. Gel electrophoresis of pXf001
DNA isolated from E. coli. and Xf.

Table 2. Sequence analysis & putative function of Xf DNA flanking Tn5 transposon insertions in hypervirulent Xf mutants.

Tn5 ORF Map location
Clone designationa of Xf PD strainb Putative gene functionc

02.18. B3 1771.2 267360-267914 O-antigen lipopolysaccharides synthesis
02.18. F7 13981.2 1788832-1787882 O-antigen lipopolysaccharides synthesis
04.03. C4 19301.2 2512329-2501959 hemagglutinin-like secreted protein
03.06A C8 6371.2 852374-854482 dipeptidyl aminopeptidase
02.30. G4 11011.2 1394890-1397307 ferric enterobacyin receptor
02.30 C9 22291.2 1087319-1085869 hypothetical protein
03.06A B10 23541.2 1446631-1446398 hypothetical protein
03.06A B4 -d -d hypothetical protein in CVC
02.08 E10 -d -d hypothetical protein in CVC
02.15 B1 ND ND ND
03.06A E3 ND ND ND
03.06A G2 ND ND ND
02.30 B7    ND     ND      ND                              .
a Identification number of open reading frame (ORF) in PD strain of Xf
b Numbers indicate the position of the Tn5 transposon in the genomic sequence of PD strain of X
c Putative function of ORF based on homology with other gene sequences
d No corresponding ORF in the PD strain. However, ORFs were found in the CVC strain
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ABSTRACT
Xylella fastidiosa (Xf) is an endophyte that is restricted to the xylem, a network of vessels for water transport, in which it
forms an aggregated biofilm.  It is transmitted from plant to plant by xylem sap-feeding insects, and forms a polar biofilm in
these insects’ foreguts.  In other systems, biofilms are characterized by community behavior under the control of cell density-
dependent gene expression, which requires cell-cell signaling. Xf has homologs of the cell-cell signaling genes found in the
important plant pathogen Xanthomonas campestris pathovar campestris (Xcc) and probably shares a similar means of
coordinating gene expression in a community (2, 7).  Using the Xcc paradigm as a guide, we have investigated cell-cell
signaling in Xf with the aim of developing cell-cell signaling disruption as a means of controlling Pierce’s disease.  We have
determined that Xf produces a cell-cell signal and that the rpfF gene is necessary and sufficient for signal synthesis. We
compared rpfF mutants to the wild type and found they are hypervirulent and non-transmissible.  Lack of transmissibility was
linked to an inability of the rpfF mutant to form a biofilm in the insect foregut.  We are in the process of investigating the
mechanism of hypervirulence.  To further elucidate the behavior of Xf in planta, we created a green fluorescent strain of Xf
and used confocal laser scanning microscopy to observe this strain of Xf within the xylem of plants.  We found that vessel
plugging is the colonization feature most tightly correlated with disease symptom expression, providing strong evidence that
vessel plugging causes disease.  We screened several collections of bacterial strains isolated from plants and identified
bacterial strains that can interfere with Xf signaling.  We are in the process of testing how these strains interact with Xf in the
xylem, identifying to which species they belong and isolating the genes responsible for signal interference activity.

INTRODUCTION
Endophytic bacteria such as Xylella fastidiosa (Xf) colonize the internal tissues of the host, forming a biofilm inside the plant.
A key determinant of success for an endophyte is the ability to move within the plant, sending out “scouts” to colonize new
areas within the host.  We expect activities required for movement to be most successful when carried out by a community of
cells since individual cells may be incapable of completing the feat on their own.  Cells assess the size of their local
population via cell-cell communication and coordinately regulate the expression of genes required for such processes.  Our
study aims to investigate cell-cell communication in Xf to determine its role in colonization and pathogenicity in grapevines
and transmission by the insect vector.

Xf shares sequence similarity with the plant pathogen Xanthomonas campestris pathovar campestris (Xcc) (7). In Xcc,
expression of pathogenicity genes is controlled by the Rpf system of cell-cell communication, enabling a population of cells
to launch a pathogenic attack in a coordinated manner (1).  Two of the Rpf proteins, RpfB and RpfF, work to produce a
diffusible signal factor (DSF) (1).  As the population grows, the local concentration of DSF increases.  Other Rpf proteins are
thought to sense the increase in DSF concentration and transduce a signal, resulting in expression of pathogenicity factors (8).

The Xf genome not only contains homologs of the rpf genes most essential for cell-cell signaling in Xcc, but also exhibits
striking colinearity in the arrangement of these genes on the chromosome (2).  Thus Xf likely employs a cell-cell signaling
apparatus similar to that of Xcc. Based on our knowledge of density-dependent gene regulation in other species, we predict
the targets of Rpf regulation would be genes necessary for colonizing the xylem and spreading from vessel to vessel.  For
example, expression of extracellular polysaccharides, cellulases, proteases and pectinases might be induced by the signal.
Similarly, we would expect the density-dependent genes to be expressed during the time when a population of Xf is ready to
move into uncolonized areas.

It is conceivable that cell-cell signal interference may be used by other organisms to interfere with density-dependent
behaviors, such as pathogenicity or spreading through the habitat.  Several recent studies indicate that other organisms can
disrupt or manipulate the cell-cell signaling system of bacteria (4, 5).  Examination of Xf population size in plants where Xf
lives as an endophyte versus those in which Xf causes the xylem blockage symptoms of Pierce’s disease demonstrates a
positive relationship between population size and symptom development (3).  We hypothesize that an interaction between Xf
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and other organisms, such as another endophyte or the host plant itself, may modulate density-dependent behaviors in Xf by
interfering with cell-cell signaling.

OBJECTIVES
1. Characterize cell-cell signaling factors in Xf.
2. Determine role of signaling factors on virulence and transmissibility of Xf.
3. Identify degraders of signaling factors of Xf.
4. Identify inhibitory analogs of signaling factors of Xf.

RESULTS
Objective 1.  We have constructed “signal-sensing” strains of Xcc to determine whether Xf uses the same butyrolactone signal
as Xcc. These strains carry a green fluorescent protein (gfp) gene under the control of a promoter that is up-regulated in
response to the signal.  We have successfully detected a signal from Xf using this system (Figure 1a,b), however the response
is much weaker than that of Xcc. We conclude that Xf may make high concentrations of the signal only under specific
conditions, such as in planta. A second possibility is that the Xf signal differs slightly from the Xcc signal and cannot fully
activate the Xcc signal sensor except at high concentrations.  To further investigate the ability of Xf to make DSF, we cloned
the Xf rpfF gene, which is predicted to function as the signal synthase, into an Xcc rpfF mutant and determined that it could
restore DSF production to the Xcc strain (Figure 1h).  Interestingly, the Xf gene could not achieve the same level of rescue as
the Xcc gene (Figure 1g), further suggesting that the Xf signal may have a slightly different structure that the Xcc signal.

Objective 2.  We have constructed strains of Xf Temecula in which the rpfB and rpfF genes, which are each required for
production of the signal in Xcc, are knocked out.  These mutants were constructed using exchange of the wild-type allele for a
deleted copy carrying an antibiotic resistance gene on a suicide plasmid.  We tested Xf rpfB and rpfF mutants for DSF
production.  Although rpfB mutants are still able to make DSF (data not shown), rpfF mutants can no longer make the signal
(Figure 1b,c). rpfB and rpfF mutant strains were tested for their ability to infect and move within host plants and to cause
Pierce’s disease symptoms.  Neither of these genes is strictly required for virulence as mutant strains cause symptoms
similarly to the wild type.  However, the rpfF gene appears to play a role in modulating disease progress because the timing
and severity of symptom development are greatly exacerbated in grapevines infected with rpfF mutants when compared to
the wild type.  We have investigated the mechanism behind these differences.  We have found no detectable difference in
populations or movement between the wild type and rpfF mutants, although our sampling methods would not be able to
detect small differences if they existed.  We observed colonies in planta via scanning electron microscopy and again found
no obvious differences.  We hypothesize that rpfF mutants may be causing increased vessel blockage in the grapevine,
leading to increased symptom expression.  We are in the process of creating a green fluorescent rpfF mutant to investigate the
pattern of colonization by the mutant and compare it to that of the wild type.

We have tested transmissibility of the mutant strains by an insect vector.  While the rpfB mutant was transmitted with equal
frequency as the wild type by blue-green sharpshooter leafhoppers, the rpfF mutant was virtually untransmissible.  This
defect in transmissibility by the signaling-deficient mutant was unexpected and reveals the importance of cell-cell signaling
in insect transmission.  Leafhoppers fed on rpfF-infected plants ingested rpfF cells but were able to rapidly clear themselves
of the mutant whereas the wild type is never cleared from leafhoppers without molting (6).  Scanning electron micrographs of
leafhopper foreguts revealed that the rpfF mutants are unable to form the characteristic polar biofilm in the precibarium
(Figure 2).

Figure 1. Detection of DSF from X. fastidiosa and
Xanthomonas strains.  (a-d) DSF-reporter strain grown
to the left of concentrated X. fastidiosa culture extracts
of the wild-type strain Temecula (a), sterile medium
(b), or rpfF mutant strains KLN61 (c) and KLN62 (d).
(e-i)  DSF-reporter strain sprayed over colonies of
Xanthomonas wild type (e), Xanthomonas rpfF mutant
(f), Xanthomonas rpfF rescue strain (g), X. fastidiosa
rpfF rescue strain (h), empty vector control strain (i).
Green fluorescence indicates detection of DSF that
has diffused from the culture extract or colony.
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To better direct our analyses, we have constructed a strain of Xf that constitutively expresses Gfp in order to bring the in
planta growth habit of Xf during symptom formation into sharper focus.  By observing differences in colonization between
symptomatic and asymptomatic samples we have developed a clearer image of the mechanism of symptom development and
the best strategies for preventing it.  We found that symptomatic leaves had a forty-fold higher frequency of plugged vessels
that asymptomatic leaves and that vessel plugging was the colonization feature most highly correlated with symptom
expression (Figure 3a, b, d).  By contrast, the frequency of colonized vessels was only five-fold higher in symptomatic leaves
than asymptomatic leaves. (Figure 3c)  This observation suggests that it is unlikely that bacterial toxins or plant-initiated
vessel failure lead to disease symptoms. We also found evidence for Xf movement into adjacent xylem vessels via the
bordered pits (Figure 3e), supporting the current hypothesis that this bacterium uses extracellular enzymes to digest through
the pit membranes and gain access to new habitat.

Objectives 3 and 4.  We have collected grapevines from vineyards affected by Pierce’s disease as well as tomato and
cruciferous crop plants infected with the signal-producing pathogens Xanthomonas campestris pv. vessicatoria and Xcc,
respectively.  We have recovered bacteria from these samples to generate a comprehensive collection of bacterial strains that
grew in contact with the signal molecule.  These strains have been tested for the ability to interfere with cell-cell signaling in
Xf in an assay using the signal-sensing strains from Objective 1.  We have isolated several strains that inhibit or activate cell-
cell signaling.  We have introduced these strains, along with Xf, into greenhouse-grown grapevines to monitor their effect on
Pierce’s disease development.  We are sequencing 16S rRNA gene sequences from these strains to determine their species
identity.  Candidates from the interfering strains are being chosen for mutational analysis of the interfering activity.  We
expect this analysis to reveal the identity of the gene responsible for the interfering activity.  This gene can then be introduced
into other organisms, such as plants.  To test the ability of bacteria that alter Xf signaling to alter the process of disease in
plants, we co-inoculated grapevines with Xf and strains that either inhibit or activate cell-cell signaling in greenhouse studies.
The timing and severity of disease is currently being monitored.

CONCLUSIONS
We have investigated cell-cell signaling in Xf with the aim of developing cell-cell signaling disruption as a means of
controlling Pierce’s disease.  In this vein we have found that Xf indeed produces a cell-cell signal.  We have shown that the
rpfF gene is necessary and sufficient for synthesis of Xf’s cell-cell signal. We found that Xf strains that cannot signal are also
not transmissible by an efficient insect vector.  We show that this lack of transmissibility stems from the rpfF mutant being
unable to form a biofilm in the insect foregut.  This result reveals an important and previously unappreciated connection

Figure 2. Formation of polar biofilm in insect
foreguts.  Scanning electron micrographs of the
precibarium epipharynx (a,c) and hypopharynx (b,d)
of blue-green sharpshooter leafhoppers fed on
grapevines infected with the wild-type strain
Temecula (a,b,e) or the rpfF mutant KLN61 (c,d).
Xylem sap enters the precibarium from the top and
runs through the canal, which is coated with a biofilm
by wild-type cells (a,b) but not rpfF mutant cells (c,d).
(e) High magnification of polar biofilm that has
slightly detached from cuticle (c) during fixation
revealing a mat-like structure at the attachment site
(arrow).  Bar = 10 µ (a-d) and 5 µ (e).

Figure 3. Analysis of xylem colonization using a
gfp-marked strain.  Confocal laser scanning
micrograph of representative xylem bundles from
asymptomatic (a) and symptomatic (b) leaf
petioles.  Arrows mark plugged vessels.
Histograms comparing the frequency of vessels
colonized (c) or plugged (d) in a ~0.9 micron
section of asymptomatic leaves (grey bars) versus
symptomatic leaves (black bars).  Deconvolution
micrograph of Xf cells gaining access to a new
vessel (right side) from an adjacent vessel (left
side) through the bordered pits (e.g., arrow).
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between cell-cell signaling and transmission as well as the requirement for biofilm formation for transmission.  These new
findings will be helpful for those interested in targeting transmission as a means of disease control.  We also found that
mutants unable to signal are hypervirulent.  While we are still in the process of investigating the mechanism of
hypervirulence, this finding suggests that cell-cell signaling is used by Xf to control virulence to the plant.  If such a
hypothesis is correct, it may be more efficient to elucidate and target Xf’s colonization strategies rather than traits predicted to
contribute to virulence based on studies of other plant pathogens.  To that end, we characterized the behavior of Xf in planta
using confocal laser scanning microscopy to observe a green fluorescent strain of Xf within the xylem of grapevines.  Our
analysis showed tight correlation between vessel plugging and symptom development, providing strong evidence that vessel
plugging causes disease.  This finding will be helpful in designing strategies to reduce disease by indicating, for example,
that treatments that reduce vessel plugging may diminish disease symptoms.  We have identified bacterial strains that can
interfere with Xf signaling.  These strains may be useful as protective agents for grapevines exposed to Xf. Alternatively,
when we isolate the gene conferring the interfering activity, we may be able to directly introduce the protective trait into the
plant itself.
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ABSTRACT
Xylella fastidiosa causes Pierce's disease, a serious disease of grape, citrus variegated chlorosis, almond and oleander leaf
scorches, and many other similar diseases.  Although the complete genome sequences of several strains of this organism are
now available, the function of most genes in this organism, especially those conferring virulence, is lacking.  We are
elucidating the role of fimbriae and adhesins in the pathogenicity of X. fastidiosa to grape, in the attachment to grape or to
insect mouthparts, and in the transmissibility of the bacteria to grape via insects.  We are also investigating the role of the
non-fimbrial adhesins (HecA, B, C, and XadA) in the attachment process because we believe that these genes are important
in the early steps of adhesion in bacterial cell-host cell’s surface attachment. We were successful in producing XadA-
mutants of X. fastidiosa strains ‘Temecula’ and ‘STL’ and conducted various adhesion assays comparing wild-type to XadA-
mutant cells’ phenotypes.  Polymerase chain reaction and southern blot analyses of the mutants indicated that a double
crossover event had occurred exclusively within the xadA gene, replacing the chromosomal gene with the disrupted gene and
abolishing production of the corresponding protein, XadA.  Scanning electron microscopy revealed that attachment to glass
was inhibited for the XadA- mutants of X. fastidiosa when compared with the parental strain.  XadA- mutants of X. fastidiosa
remained pathogenic to grapevines, but further characterization of virulence and insect transmissibility are underway.

INTRODUCTION
Adhesion is a well-known strategy for phytobacteria to begin colonizing their plant hosts and a precursor step to invasion
(Romantschuk et al. 1994).  Electron micrograph studies described X. fastidiosa attached to grape xylem vessels or to the
cuticle lining the foregut in insect vectors (Purcell et al. 1979).  Within the grape xylem vessels, X. fastidiosa also appeared to
be embedded in a filamentous matrix  (H. Feil unpublished).  The fibril-like structures were said to be analogous to fimbriae
or pili in other bacteria (Hopkins 1977). Xylella fastidiosa possesses many genes involved in attachment or adhesion.
Simpson et al. (2000) identified 26 genes encoding proteins involved in the biogenesis and function of Type 4 fimbriae
filaments (pilA, B, C…).  We have focused on the fimbrial operon, which is composed of 6 genes (fimA, ecdD, fimC, D, E,
and F).  It was shown that X. fastidiosa contains only one chaperone/usher-dependent fimbrial operon compared with enteric
bacteria that contain 10 to 15 such operons (Bhattacharyya et al. 2002).  Even though the fimbrial mutants remained virulent
to grape, we observed phenotypic differences in vitro between mutants and wild-type cells.  Scanning electron microscopy
(SEM) revealed that fimbriae size and number and cell aggregation were reduced for the FimA− or FimF− mutants of X.
fastidiosa when compared to the parental strain suggesting that fimbriae probably play an essential role in self-aggregation of
X. fastidiosa cells.  Several questions remained to be answered:

1. How do the fimbrial mutants of X. fastidiosa behave in grape?
2. Are the fimbrial mutant cells still transmissible to grape via the insect vector?
3. If fimbriae are key components of the self-aggregation of X. fastidiosa cells, what genes contribute to the initial

attachment of X. fastidiosa to grape vessels?

One reason that could explain why the fimbrial mutants remained virulent is that since the mutant cells don’t aggregate so
well they are freer to move within the xylem vessels of grape and colonize other vessels more rapidly than the wild-type
cells; such cells might prove to be hypervirulent.  We hypothesized that the lack of fimbriae in the mutants may reduce the
adhesion capacity of the cells to plant tissue and/or to insect mouthpart thereby diminishing the transmissibility of the
bacteria to plants via the insect.  We propose to further investigate the attachment of the mutants to grape and to insect by
conducting inoculation and acquisition/transmission experiments with the BGSS, the mutant and wild-type X. fastidiosa.

Even though the fimbrial mutant cells had less fimbriae than the wild type cells as seen in scanning electron micrographs, the
cells seemed to still be able to attach to surface by another mechanism (Feil et al. 2003).  This suggests that fimbriae are more
important in cell-to-cell adhesion than in cell to surface adhesion.  We hypothesized that the afimbrial adhesins are
responsible for early attachment of X. fastidiosa to grape xylem vessels.  The cartoon below depicts our proposed diagram of
the steps in the adhesion of X. fastidiosa to xylem vessels:
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In step 1, upon first contact to the host cell’s surface, the X. fastidiosa cells stick to the surface via non-fimbrial adhesins.
These adhesins allow the bacteria to stick to the surface by binding the xylem vessel’s surface.  Step 2 represents the
secondary contact via more adhesins.  These adhesins form a matrix around the cells allowing for more binding between the
bacterial surface and the host cell’s surface.  In step 3, fimbriae are formed between bacterial cells to enhance cell-to-cell
attachment.  Finally, step 4 depicts bacterial cells aggregated to one another via fimbriae and fibrils to form a mass of cells
within the xylem vessel.  Fimbriae appear to be more important for cell-to-cell aggregation and therefore enter late in the
adhesion process.

Because we think the early steps in adhesion are crucial to successful colonization of grape xylem vessels by Xylella
fastidiosa, we are directing our research towards the investigation of the role of other adhesin genes, which have been shown
to reduce virulence in other bacterial system. Different strains of X. fastidiosa were shown to have different afimbrial
adhesins suggesting a role for these genes in host specificity (Bhattacharyya et al. 2002).  Other host specific adhesin may
include the hia gene, homolog of the major adhesin of Haemophilus influenzae.  Other adhesins present in the X. fastidiosa
genome are HecA, B, and C. hecA, a hemagglutinin homolog in Erwinia chrysanthemi, the causal agent of soft-rot disease of
chrysanthemum, played a role in the attachment, aggregation, cell killing, and virulence of this organism to tobacco seedlings
(Rojas et al. 2002).  Epifluorescence and confocal laser-scanning microscopy revealed that this mutant was reduced in its
ability to attach, to form aggregates and to kill epidermal plant cells.  The genome of X. fastidiosa has three hemaglutinins
(hecA, B, and C) genes with similarity to hecA and to a Neisseria meningitidis secreted protein (Tettelin et al. 2000). These
genes are large (over 10 Kb each) and distributed within the genome at least 400 Kb apart.  They share high homology
especially in the upstream sequence of the gene.  The downstream third of their sequence has less identity to the other two
sequences.  This suggests that their respective specificity resides in the expression of the 3’ end of their sequences.  We are
targeting the 3’ end of each of these genes in producing mutants to study their role in attachment and pathogenicity.

Another adhesin, XadA, an outer membrane protein found in Xanthomonas oryzae pv oryzae and in Xanthomonas campestris
pv. vesicatoria, has been implicated in virulence for these two organisms.  XdaA-deficient mutants of the rice pathogen,
Xanthomonas oryzae pv oryzae are less virulent (i.e. cause smaller lesion on rice than that of the wild-type cells) and altered
colony morphology (Suvendra et al. 2002).  Recently xadA has been found in Xanthomonas campestris pv. campestris and in
Xanthomonas axonopodisis pv. citri (Da Silva et al. 2002).  The genome of X. fastidiosa also has a xadA-homolog suggesting
that this conserved gene may have a general importance in pathogenicity for the plant pathogens.  We disrupted this gene
using the same site-directed method used for the fimbrial mutant and are determining the role of this gene in attachment and
pathogenicity.

We have investigated the role of several fimbrial genes in pathogenicity (Feil et al. 2003) and propose to further elucidate the
role of fimbriae and adhesins in the pathogenicity of X. fastidiosa to grape, in the attachment to grape or to insect mouthparts,
and in the transmissibility of the bacteria to grape via insects.  However since fimbriae are important in cell-to-cell
attachment, which is probably relatively late in the adhesion process, we also investigated the role of the non-fimbrial
adhesins (HecA, B, C, and XadA) in the attachment process.  We believe that these genes are important in the early steps of
adhesion in bacterial cell-host cell’s surface attachment.  We also chose these particular non-fimbrial adhesins because they
were found to play a significant role in virulence for other plant bacterial pathogens.  A better understanding of this important
aspect of the biology of Pierce’s disease should allow potential new ways to control this serious plant pathogen to be
developed and will elucidate the processes that occur during colonization of both grape as well as sharpshooter vectors.

OBJECTIVES
1. To further characterize the behavior of the fimbrial mutants of Xylella fastidiosa in grape.
2. To determine if these mutants can attach to the insect vector and be transmitted to grape.
3. To determine the role of adhesins other than those found in the fimbrial operon, in particular of the hemagglutinins and

the adhesin XadA in the attachment and virulence of X. fastidiosa in grape.
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RESULTS AND CONCLUSIONS
Objective 1: We have infected grape tissue with mutants of FimA, FimF, and XadA or wild-type cells of the ‘Temecula’
grape strain.  Sampling for presence of bacteria in sections at several point in time following inoculation are underway.
Disease symptoms are being followed over time to ascertain the hyper or decreased virulence of these mutants.  Microscopic
observation of these tissue sections are being done to visualize X. fastidiosa in plants and to compare the extent of
colonization between mutant and wild X. fastidiosa strains.

Objective 2: With a similar approach than for objective 1, we are determining the role of the fimA, fimF, and xadA genes in
attachment to insects (blue-green sharpshooter and glassy-winged sharpshooter).  Plants infected with the FimA, FimF, and
XadA mutants are being used as source plants for insect transmission.  The efficiency of transmission of these mutants will
be compared with that of the wild-type strain in greenhouse feeding studies.

Objective 3:  We constructed vectors to disrupt the hemagglutinin genes (hecA, B, and C) and the adhesin gene (xadA) of X.
fastidiosa.  We were successful in producing XadA- mutants of the ‘Temecula’ and ‘STL’ strains of X. fastidiosa.  We are in
the process of making hemagglutinin mutants.  We further characterized the Xada- mutants by PCR (Figure1), southern blot
(Figure 2), and sequencing.

ladders  1    2    3    4   5   6    7    8   ladders
Figure 1. PCR of wild-type vs. XadA- DNA

1. Wild-type (WT) DNA/primers outside xadA
2. XadA- mutant DNA/primers outside xadA
3. Wild-type (WT) DNA/ xadA primers
4. XadA- mutant DNA/ xadA primers
5. Wild-type (WT) DNA/ kan primers
6. XadA- mutant DNA/ kan primers
7. Wild-type (WT) DNA/xadA forward-kan

reverse primers
8. XadA- mutant DNA/ xadA forward-kan reverse

primers

ladder    XadA   WT XadA   WT  ladder
Figure 2. Southern blot of wild-type vs. XadA DNA.  The
probe was the xadA gene.  The larger size of the XadA digest
indicates insertion of the kan gene within xadA

We tested how different the adhesion of the Xada- mutants was as compared to the adhesion of wild-type cells on various
substrates (balsa wood, glass, silicon chip). We also tested if adhesion of the mutant or wild-type cells was affected by
various media (PW broth, Fructose broth, xylem sap).  We observed that a thick ring of cells formed around the glass flasks
for wild-type cells whereas no ring was detected using the Xada- cells (Figure 3).

Figure 3. Wild-type (WT) vs.
XadA- mutant cells growing in
flasks in fructose broth for 10
days.  A thick ring can be seen
around the flask with the wild-
type cells whereas no ring is
observed for the XadA- cells.

This is the first phenotypic difference observed between wild-type and XadA- cells and it suggests that adhesion to host
surfaces may be impaired in the XadA- cells.
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ABSTRACT
The genomic sequence of several Xylella fastidiosa (Xf) strains, including one pathogenic to grape (strain ‘Temecula1’) have
been determined.  While these strains share most genes, the difference in host range that they exhibit is presumably due at
least in part to unique traits that each pathovar possesses.  Some of these strains originating from host plants other than grape
do not sustain viable populations or are not virulent in grape.  Using microarray technology and Xf ‘Temecula1’ as the
reference strain, those genes present in the grape strain but not in strains that are unable to grow in grape can be determined
through subtractive analysis.  A 70-mer-oligonucleotide microarray representing 2543 of the 2574 predicted ORFs of Xf
‘Temecula1’ was designed. Xf ‘Temecula1’ genes identified as putative host-specificity genes of will be subjected to further
analysis.  Identifying host-specific genes of the grape strain will allow us to target those genes in gene-knockout studies and
determine their contribution to virulence in grape.

INTRODUCTION
Some strains of Xylella fastidiosa originating from host plants other than grape do not sustain viable populations or are not
virulent in grape.  In particular, many of the almond strains of X. fastidiosa do not infect grape (Almeida and Purcell,
unpublished).  Cross inoculation greenhouse studies showed that the OLS and PD strains of X. fastidiosa were not pathogenic
to citrus and that the ALS strain was not pathogenic to oleander (Feil et al. unpublished).  Other cross-inoculation studies
provide evidence for host specificity variation among strains of X. fastidiosa.  Recently, the CVC strain of X. fastidiosa was
found to be pathogenic to coffee and grape (Li et al. 2001) and these authors are now inoculating citrus with the coffee leaf
scorch strain to determine if it is pathogenic to citrus.

Other studies provide evidence for host specificity among the X. fastidiosa strains. Grape strains of Xylella fastidiosa were
found to cluster together away from oak, plum, mulberry, and periwinkle strains using RFLP data (Chen et al. 1992, Chen et
al. 1995).  Pooler and Hartung (1995) divided the X. fastidiosa into 5 groups (citrus, plum, grape-ragweed, almond, and
mulberry) based on RAPD-PCR data.  Most almond strains clustered away from the grape strains but a few clustered within
the grape strains group whereas oleander, peach, and oak strains were distinct from other strains using RAPD-PCR, CHEF
gel electrophoresis, and 16S-23S rRNA sequence analysis (Hendson et al.  2001).  In Brazil, CVC strains were found to
cluster together away from the coffee and grape strains of X. fastidiosa using RAPD (Lacava et al. 2001).  At best, the
previous studies were able to group the relative strains into groups. The limitations of these earlier studies were that only a
small portion of the genome was sampled, and therefore many of the virulence determinants were likely to be missed.  The
loci they studied may or may not have been related to virulence.   In this study we are looking at all of the genes of the
genome.

We believe that microarray technology is a good technique to study host specificity between different strains of the same
bacteria.  The main reason is that the entire genome is represented on a chip to give an immediate global comparison tool.
Many studies have shown that microarray technology can differentiate bacterial strains.  Microarray analysis of 22 strains of
Salmonella revealed that approximately 400 genes (out of 4,596) were unique to the reference strain (Porwollick et al. 2002).
Another microarray study showed that one serovar of Salmonella (serovar Arizona) had a more distant relationship to the
subspecies I serovars (Chan et al. 2003).  Microarray analysis of 50 strains of Listeria monocytogenes relative to a reference
array made with sheared DNA from 10 different strains revealed that a number of the polymorphic probes identified in the
study are important in the virulence of their respective strain (Call et al. 2003).  Strain-specific virulence genes were
identified for Helicobacter pylori using whole-genome microarray technology (Salama et al. 2000).  These authors found that
22% of the H. pylori genome was dispensable in other strains and they defined a minimal functional core of 1281 genes but
more importantly a differentiating section of the genome referred to as pathogenicity island made of 362 strain-specific
genes. Similarly, we will use a X. fastidiosa 70-mer-oligonucleotides microarray using the grape strain to do global
comparison between the grape strain relative to other strains non-pathogenic to grape.

Comparative analysis of curated pathways and their components present in the finished sequence of the citrus strain of X.
fastidiosa genome relative to the draft-genomes of the almond and oleander strains of X. fastidiosa were described
(Bhattacharyya et al. 2002).  Based on this analysis, we estimate that ca. 4% of the whole genome of the oleander was unique
to that strain.  We hypothesized that the grape strain also possesses ca. 4% of unique genes in comparison to other strains that
do not infect grape (the CVC strain does infect grape and is thus not helpful in finding host-specificity genes).  This means
that approximately 100-200 genes are unique to the grape strain.  However probably not all 100 to 200 genes will be of



-71-

interest and related to virulence, and we can expect that only 20 to 30 will be virulence determinants.  To identify these
genes, we will use the grape strain microarray as a reference and perform pairwise comparison via hybridization experiments
using each X. fastidiosa strain that is non-pathogenic to grape.

The cartoon below depicts the procedure:

The three fragments on the bottom of the cartoon represent the unique genes found in the grape strain but not in the other four
non-pathogenic strains.  The more non-grape pathogens and grape pathogens that can be compared in this process, the more
selective such a “filter’ will be for those genes that are in common only to grape pathogens.  In this process we will eliminate
the many housekeeping genes and genes involved in general virulence attributes that all xylem colonists would have, and
identify specifically those genes that distinguish grape pathogens from all others.  High-density arrays will be generated using
70-mer oligonucleotides that will be designed based on the coding sequence of the >2500 annotated genes from the grape X.
fastidiosa genome ‘Temecula1’ (http://integratedgenomics.com).  DNA extraction, labeling, hybridization and data analysis
will be conducted as described (Salama et al. 2000).  Using the subtractive method described above we will identify the
unique virulence genes for the X. fastidiosa grape strain ‘Temecula1’ and we will perform site-directed mutagenesis and
grape inoculation experiments to investigate their pathogenicity.

OBJECTIVES
1. To identify host-specific virulence determinants of the X. fastidiosa grape strain ‘Temecula1’.
2. To investigate the role of host specificity genes identified in objective 1 in virulence.

RESULTS
Oligonucleotide and Array Design. 70-mer oligodeoxynucleotides were designed using ‘ArrayOligoSelector’ software
(http://arrayoligosel.sourceforge.net) based on the coding sequence of 2543 of the 2574 predicted ORFs of Xf ‘Temecula1’.
These oligos were generated with a 5’ amino linker that will allow for covalent binding to aldehyde or epoxy coated slides.
Oligos are in the process of being printed onto glass slides using a GMS 417 Arrayer.  The total number of genes represented
by gene-specific oligodeoxynucleotides on the arrays will be 2555 including negative and positive controls.

ArrayOligoSelector did not design oligos for the 48 ORFs listed in Table 1.  The list includes 19 ORFs which were less than
70 bp in length, and 12 ORFs that were greater than 70 bp but less than 300 bp.  The remaining ORFs were from duplicated
regions, and the program could not determine a unique sequence for those ORFs.  We will manually design 70-mer
oligodeoxynucleotides for ORFs greater than 300 bp in length, but only one oligo will be used to represent duplicated ORFs.
The remaining oligos that will be included on the array will include 8 negative and 4 positive controls.  We are now
optimizing the experimental conditions for the printing and hybridization steps of the microarray.

CONCLUSION
We are comparing the genomes of several strains of X. fastidiosa that do not sustain viable colonies or are non-pathogenic to
grape (i.e several almond, oleander, oak, peach, etc…) to the genome of the grape strain ‘Temecula1’ by performing
hybridization experiments using a microarray representing the whole genome of the grape reference strain ‘Temecula1’.  In a
process of elimination those genes that are in common to all grape strains but missing from other pathovars will be identified
as putative host-specificity genes.  Their contribution to virulence to grape will be verified by using site-specific gene
knockouts of each of the candidate genes in inoculation trials. We are confident that by comparing the genome of the grape
strain to many other strains that are non-virulent to grape, we will identify genes unique to the grape strain.  The list of
putative host-specificity genes will be examined for their contribution to pathogenicity and virulence in subsequent
mutagenesis experiments in objective 2.  Methodologies for gene knock-outs are working well in our lab, and we expect no
problem in being able to disrupt candidate genes as they are identified in objective 1.

Xf
grape
Non-pathogen #1

Non-pathogen #2

Non-pathogen #3

Non-pathogen #4

Potential Xf
grape
virulence genes

11 1
2

1
3

14 15 161
0

98 7 6 5 4 3 21

Gene #

11 145
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Table 1.  List of ORFs for which oligonucleotides were not designed by ArrayOligoSelector.

ORF # Annotation Length (bp)
RXFZ00021 Hypothetical 192
RXFZ00036 Hypothetical 69
RXFZ00075 Hypothetical membrane

spanning protein
840

RXFZ00178 Hypothetical 178
RXFZ00179 Formamidopyrimidine-

DNA glycosylase
813

RXFZ00282 Hypothetical 57
RXFZ00404 Hypothetical 60
RXFZ00413 Hypothetical 57
RXFZ00415 Hypothetical 54
RXFZ00595 Hypothetical 282
RXFZ00627 hypothetical 57
RXFZ00643 hypothetical 63
RXFZ00724 hypothetical 60
RXFZ00815 hypothetical 57
RXFZ01099 hypothetical 63
RXFZ01239 hypothetical 222
RXFZ01318 hypothetical 75
RXFZ01429 Tail protein I 567
RXFZ01430 Baseplate assembly

protein J
891

RXFZ01438 hypothetical 519
RXFZ01439 hypothetical 324
RXFZ01440 hypothetical 258
RXFZ01476 Phage-related protein 564
RXFZ01480 Phage-related protein 387

ORF # Annotation Length (bp)
RXFZ01532 Phage-related protein 558
RXFZ01537 Phage-related protein 639
RXFZ01538 Phage-related protein 828
RXFZ01539 Hypothetical 315
RXFZ01557 Phage-related DNA

helicase
1416

RXFZ01558 Hypothetical 168
RXFZ01590 Hypothetical 201
RXFZ01812 Hypothetical 60
RXFZ01834 Hypothetical 60
RXFZ02159 Hypothetical 57
RXFZ02169 Hypothetical 96
RXFZ02255 Hypothetical 60
RXFZ02281 Hypothetical 195
RXFZ02282 Hypothetical cytosolic

protein
258

RXFZ02283 Phage-related protein 1275
RXFZ02285 Antirepressor 1599
RXFZ02286 AhpD protein 2178
RXFZ02287 Phage-related protein 276
RXFZ02289 Phage-related DNA

helicase
1416

RXFZ02297 Hypothetical 69
RXFZ02461 Hypothetical 63
RXFZ02612 Hypothetical 60
RXFZ02696 Hypothetical 66
RXFZ02698 Hypothetical 60
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ABSTRACT
Our long-term goal is to understand the specificity determinants that govern transcription initiation in Xylella fastidiosa (X.
fastidiosa).  Our approach is to use Escherichia coli as a surrogate host for reconstituting regulated transcriptional control
circuits.  This allows us to identify and focus on X. fastidiosa-specific features.  Our initial studies are aimed at understanding
the transcriptional regulation of type IV pilus synthesis.

INTRODUCTION
Xylella fastidiosa presents a formidable challenge to the molecular geneticist.  Methods for the basic operations of genetic
exchange, mutant isolation, and complementation are in early stages of development.  The slow generation time and poor
plating efficiency are further complications.  Surrogate genetics (Maloy & Zahrt, 2000) provides a means to at least partially
bypass these challenges.  Here, one creates a hybrid organism, transplanting genes of interest from the poorly-studied species
(e.g., X. fastidiosa) into a well-studied surrogate host (e.g., E. coli).  Given sufficiently related hosts, one expects the
transplanted genes to function in the surrogate essentially as they do in the original.  One may then exploit the advantageous
properties of the surrogate to perform a large number of experiments, making and discarding hypotheses to define various
aspects of gene function.  Once gene function in the surrogate has been thoroughly explored, one can perform a focused set of
experiments, informed by the results from the surrogate, to examine function in the native host.  The use of E. coli as a
surrogate host for studying gene regulation would open a range of experimental approaches that are currently unavailable in
X. fastidiosa, and lead to more rapid advances in understanding the control of key pathogenicity determinants.  We are
analyzing the transcriptional regulation determinants for genes whose products may be involved in pathogenesis (e.g., type
IV pili) as well as "housekeeping" genes involved in central metabolism (e.g., glutamine synthetase, involved in amino acid
biosynthesis and nitrogen assimilation).

OBJECTIVES
1. Reconstitute regulated Φ(glnA-lacZ) expression in E. coli.
2. Reconstitute regulated Φ(pilA-lacZ) expression in E. coli.
3. Begin analyzing housekeeping gene promoter structure in X. fastidiosa.

RESULTS
We chose first to study the regulation of pil gene expression from X. fastidiosa Temecula (Van Sluys et al., 2003).  These
genes control the formation of type IV pili in a variety of organisms, where they are required for gliding motility, adhesion,
transformation and pathogenesis (Winther-Larsen & Koomey, 2002; Shi & Sun, 2002).  Expression of pilA structural genes
requires a specialized RNA polymerase specificity determinant (σ54), which recognizes a strongly conserved -12/-24
nucleotide sequence.  One of two pilA homologs (XF2542) in X. fastidiosa contains a σ54-dependent promoter.  We
constructed a Φ(pilA-lacZ) operon fusion in E. coli, and observed that it expressed detectable levels of LacZ enzyme.  We
also cloned the regulatory pilSR genes (XF2546 and XF2545) from X. fastidiosa.  However, we have not yet observed a pilR-
dependent increase in LacZ synthesis, indicating that the PilSR regulators may not function well in E. coli.

Recent work of others indicates that a σ54-dependent activator from another species does not function well with E. coli RNA
polymerase (Richard et al., 2003).  To approach this question directly, we are currently studying expression of the glnA gene
encoding glutamine synthetase (XF1842).  This is the best-studied σ54-dependent gene in E. coli, and the X. fastidiosa glnA
upstream regulatory region is similar to that of E. coli.  Furthermore, X. fastidiosa encodes the NtrB-NtrC sensor-regulator
system for controlling glnA gene expression (XF1849 and XF1848).  Because E. coli also encodes NtrB-NtrC, we are able to
evaluate glnA expression in response to both the X. fastidiosa and the E. coli regulatory proteins.  We found that the X.
fastidiosa glnA promoter functions well in E. coli when activated by the E. coli NtrB-NtrC proteins.  This confirms the
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identity of this promoter, and establishes its mode of regulation.  However, the X. fastidiosa NtrB-NtrC proteins did not
activate this promoter in E. coli.  We hypothesize that the NtrC protein must make a species-specific contact with RNA
polymerase, perhaps via the σ54-subunit.  Experiments to evaluate this idea are under way.

CONCLUSIONS
We know little about the specificity determinants for regulated transcription initiation in X. fastidiosa.  RNA polymerase
interactions with transcriptional activators such as the NtrC and PilR proteins may involve species-specific protein-protein
interactions.  Furthermore, the structure of general "housekeeping gene" promoters is not known.  Our studies to define these
specificity determinants will allow more insightful predictions of gene expression and function.
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ABSTRACT
A permit was obtained from EPA in late spring to conduct field trials in covered grapevines at three commercial vineyards
and one experiment station in California. Alcaligenes xylosoxidans denitrificans (Axd) bacteria, modified to produce a
fluorescent protein, were applied to grapevines by needle inoculation, foliar spray application, and soil drench. The plants
were covered with insect-free screening, to exclude arthropods from test plants. Samples were taken throughout the growing
season and are currently being processed.  Grapevines at the Riverside field site were exposed to glassy-winged
sharpshooters to test the affect of insect feeding on the translocation of Axd in grapevines.  Samples from these plots are
being analyzed. The results are too preliminary to report at this meeting.

INTRODUCTION
Paratransgenesis employs symbiotic bacteria to deliver anti-disease compounds to target pathogens of plants to make vector
insects unable to harbor the pathogen or to prevent a pathogen from being transmitted to healthy plants. Alcaligenes
xylosoxidans denitrificans (Axd) was selected for further study and genetically altered with a fluorescent marker.  We propose
to follow the movement of Axd in grapevines and in the vector insect, the glassy-winged sharpshooter (GWSS), Homalodisca
coagulata.

Regulatory and industry confidence in this approach require knowing the fate of Axd in various locations, various plant types
and the spread at different locations and in plants at different times of the year.  Our current detection methods employ PCR
(polymerase chain reaction) and fluorescence microscopy. RT-PCR provides a quantitative measure of bacteria in the
samples, which is missing from existing methods.  This is important because it relates to determining optimum dose and
timing for application and expression of the anti-Xylella compound.

Fluorescent protein gene markers are now commonly used in genetics and are not considered an environmental danger since
they are based on natural compounds.  The bacterial transformation cassette was inserted with so-called jumping genes
(mobile or transposable elements) originally identified in Drosophila mauritiana and called mariners.  The mariner elements
have had their jump mechanism removed (so the inserted gene will not be mobilized) and all antibiotic genes used for
selection have been removed (so no antibiotic factors can be moved inadvertently to other bacteria).  Our results confirm that
the transgenic strains are very stable and grow readily in culture.

Since the marker genes were placed next to an open reading site that is designed to contain the future anti-Xylella compound,
the bacteria we are using now are nearly complete.  In other words it is as close to the final product as we can get without
actually using the compound itself.  Thus, we can study the biology of the vehicle bacterium, Axd, and its behavior in the
vineyard ecosystem.

We prefer to do this in vineyards because we feel that laboratory experiments will not be subject to natural forces that will be
present in actual crops, and therefore might not be fully indicative of natural fate.  It will also be important to choose widely
separate locations across the grape growing regions in California for similar reasons.  We need to determine now if the
transgenic endophyte will travel to the fruit of the grape plant and to learn of its fate during harvesting operations.  Our
intention is to design a control method that will be considered safe to consumers. Greenhouse experiments will not provide
rigorous enough conditions.  Therefore it is necessary to obtain field data.
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OBJECTIVES
1. Track the movement of Alcaligenes xylosoxidans (Axd) within plants with or without insect involvement and track

movement in the environment.
2. Characterize transmission of Axd by glassy-winged sharpshooter (GWSS, Homalodisca coagulata).
3. Develop an application method for transgenic Axd into the xylem of grape plants for delivery of an anti-Xylella strategy.

RESULTS AND CONCLUSIONS
In July, field sites were established at four locations in the state of California:  Napa, Bakersfield, Temecula, and Riverside.
At the Napa, Bakersfield, and Temecula sites, Axd was applied to grapevines using three inoculation techniques; needle
inoculation, foliar spray application, and soil drench.  These plants were covered with insect-free screening, to exclude
arthropods from test plants.  Samples were taken throughout the growing season and are currently being processed.
Grapevines at the Riverside field site were needle inoculated with Axd and three concentrations of GWSS (0, 10, and 50)
were placed on the plants to test the affect of GWSS feeding pressure on the translocation of Axd in grapevines.  We collected
mature grapes and plant parts for analysis from grapevines at all four field sites.  We are analyzing whole grapes as well as
are dissecting out and surface sterilizing different tissues of the grapes to determine if Axd colonizes these tissues.
Preliminary results suggest the Axd is not present in the fruit of the grape, but samples have not been fully analyzed yet.
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ABSTRACT
This project is to construct and test nonpathogenic strains of X. fastidiosa derived from a pathogenic Pierce’s disease strain
for competitive exclusion of the pathogen in grapevines.  Potential virulence genes were selected from comparative genome
sequence analyses as well as DNA macroarray studies of differential gene expression.  A more comprehensive analysis of
differential gene expression with a DNA microarray approach is an outcome of this project and is funded under a new grant.
Disruption of xanthan gum production by mutations in gumD and gumH resulted in less of a slime layer and fewer adhering
cells than the wild-type strain on plastic and wood surfaces. However, when biofilm formation was quantitatively measured
in polystyrene microtiter plates, both gumD and gumH mutants formed significantly more biofilm than the wild-type X.
fastidiosa.  In addition, the disruption of rsmA resulted in significantly more biofilm that the parent strain.  Virulence assays
in grapevine are still in progress, but gum mutants showed fewer symptoms than the parent strain in an alternative host assay.
The analysis of potential virulence genes has also had side benefits for epidemiological work on Xylella by providing new
primer sets for differentiate certain host strains of X. fastidiosa.

INTRODUCTION
A general approach that is being considered to manage Pierce’s disease is biological control of the bacterial pathogen.
Specific biological control approaches include the use of antagonistic endophytic bacteria isolated from the xylem of grape,
bacteriophages, and interference with bacterial intercellular signaling.  Another approach is the possible use of a
nonpathogenic strain of X. fastidiosa derived from a pathogenic Pierce’s disease strain for competitive exclusion of the
pathogen in grapevines.  This concept has certain advantages over other biological control approaches and considerable
precedent in bacterial, fungal, and viral systems, including the biological control of xylem-inhabiting bacterial pathogens.

Colonization and protection of plants with less virulent or completely nonpathogenic strains of plant pathogens has been
demonstrated in a number of bacterial (Wilson and Lindow, 1993), fungal (Sneh, 1998), and viral systems (Fulton, 1986).
Some studies relied on naturally occurring avirulent strains, while other researchers have developed defined nonpathogenic
mutants of pathogenic strains for this purpose, following the expectation that they would have the same ecological
requirements for growth and are therefore ideal competitors (Wilson and Lindow, 1993).  Another advantage of this approach
is the specificity of the interaction, which reduces or eliminates possible deleterious effects on non-target organisms (Cook et
al., 1996).  This concept has also been demonstrated for the xylem-inhabiting vascular wilt pathogen, Ralstonia
(Pseudomonas) solanacearum (Frey et al., 1994).  Nonpathogenic mutants of this pathogen still colonized vascular tissues
and resulted in high protection rates against the pathogenic strain.  Our goal is to test this concept of competitive exclusion
with nonpathogenic, or reduced virulence mutants, of the xylem-inhabiting Xylella fastidiosa for biological control of
Pierce’s disease.

OBJECTIVES
1. Construct deletion mutations in putative virulence genes of
2. Test mutant strains for virulence in grapevines.
3. Test mutant strains for biological control of pathogenic strains in grapevines.

RESULTS AND CONCLUSIONS
Results
Selection of candidate virulence genes
We have utilized the full genome sequences of Xylella fastidiosa strains (Bhattacharyya, A., et al. 2002; Simpson et al., 2000;
Van Sluys et al., 2003) to select open reading frames specifying putative pathogenicity and virulence factors.  In addition, we
constructed a DNA macroarray with about 100 of these genes to analyze their expression in different Xylella strains in planta
and in vitro (Hernandez-Martinez et al., 2002).  This work follows the hypothesis that many genes important in virulence and
symptom will be differentially expressed in the bacterium grown in culture vs. during infection of plants.  We have shown
that these genes are expressed to varying degrees ranging from none to very high.  However, since over 50% of the Xylella
fastidiosa genome consists of genes with no known function, a more comprehensive approach toward the identification of
virulence genes is necessary.  We have recently obtained funding from the CDFA in a separate project to continue this work
through the use of full genome microarrays.
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Mutational analysis of virulence genes
Construction of several virulence gene mutants of has been done using the EZTN transposon or by insertional cloning of
antibiotic resistance cassettes to create disruptive insertions into cloned genes that were amplified by PCR based on genomic
sequence.  The mutated clones have been subcloned into pUC129 and gene knockouts were constructed through homologous
recombination in Xylella fastidiosa.  Among virulence genes included in mutational studies are those of the gum operon, for
which we have recently constructed successful knockout mutations.in Xylella. Other genes we are manipulating include a
number of regulatory genes that likely control other virulence factors, such as RsmA.

Disruption of xanthan gum production by mutations in gumD and gumH resulted in less of a slime layer and fewer adhering
cells than the wild-type strain on plastic and wood surfaces.

However, when biofilm formation was quantitatively measured in polystyrene microtiter plates (Espinosa-Urgel et al., 2000;
O’Toole and Kolter, 1998), both gumD and gumH mutants formed significantly more biofilm than the wild-type X.
fastidiosa.  In addition, the disruption of rsmA resulted in significantly more biofilm that the parent strain.

Virulence assays on grapevine have not been consistent in our laboratory, so assessment of the effects of these mutations on
virulence of Xylella is still underway.  We are also working to develop more rapid virulence assays with other hosts.
Chorotic and necrotic symptoms were obtained by infiltration of Chenopodium leaves with wild-type Pierce’s disease strains
of X. fastidiosa, but the gum mutants appeared to cause fewer or no symptoms on this host.  The rsmA mutant caused similar
symptoms to the wild-type strain.  Since RsmA is a global regulator, the effects of the rsmA mutation are being studied at a
broader level using macroarray/microarrays to determine the expression profiles of other genes in Xylella in the rsmA mutant
vs. wild type.

Additional findings from the project. The analysis of potential virulence genes has also had side benefits for
epidemiological work on Xylella.  We previously reported that while the gumB gene was conserved in all Xylella strains
tested, we could digest the PCR product of this gene with frequent-cutting restriction endonucleases and differentiate certain
host strains of X. fastidiosa.  This was particularly important in our project on assessing inoculum sources of the grape strain
in southern California, where we needed to differentiate grape strains from the oleander strain that is also present but not a
threat to vineyards.  We subsequently found that a number of our primer sets that we had designed for the macroarray project
above were able to differentially amplify DNA from different host strains.  We now have the ability to rapidly differentiate
strains by PCR amplification with differential primers from cultures or often directly from infected tissues.  We also used
these primers to detect whether individual glassy-winged sharpshooters can carry and transmit multiple strains of X.
fasidiosa.

CONCLUSIONS
We have not yet achieved the original goal of this project, to produce nonpathogenic mutants and test them for biological
control of Pierce’s disease.  However, we have made progress in identifying potential virulence genes and in genetically
modifying this difficult bacterium. Xanthan gum genes appear to play a role in colonization of abiotic surfaces and affected
virulence in at least one plant assay.  Our new project that involves a much comprehensive approach toward the identification
of virulence genes using a DNA microarray approach will greatly enhance our ability to achieve the goals of this biological
control project.  Mutants generated in that study will continue to be assessed for virulence and tested for the ability to reduce
Pierce’s disease symptoms through competitive exclusion.
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ABSTRACT
Xylella fastidiosa can cause a number of plant diseases in a variety of plant hosts including Pierce’s disease of grapevines,
almond leaf scorch disease, alfalfa dwarf, citrus variegated chlorosis, leaf scorch of live oak, pear leaf scorch, and oleander
leaf scorch.  In Southern California, the primary insect vector of concern is the glassy-winged sharpshooter, Homalodisca
coagulata (Say).  Previous studies of Xylella fastidiosa-induced diseases have described systems dealing with different
primary vector species and different alternate host plants than those that are found in the Southern California systems.   In
this project, a variety of plant species found near a severe outbreak of Pierce’s disease in vineyards in the Temecula valley of
California were tested to identify potential sources of inoculum in the area.  Plants were tested though three summer seasons
using ELISA, culture on specialized media, and PCR methods to monitor for the presence of the pathogen.  Plant species
from the field that consistently tested positive for a grape strain of X. fastidiosa were the previously known hosts grape and
almond, and two new hosts, Spanish broom, Spartium junceum and wild mustard, Brassica spp. Samples of oleander, Nerium
oleander, also tested positive, however the strain of X. fastidiosa that infects oleander differs from the grape strain and does
not appear to infect grape plants.  Greenhouse transmission studies indicate that the glassy-winged sharpshooter was able to
transmit a grape strain of the pathogen to Spartium junceum, Brassica nigra and other hosts.

INTRODUCTION
Diseases caused by Xylella fastidiosa threaten some of California’s largest agricultural commodities, including the grape and
wine industries, nursery, almond, and alfalfa production (Hopkins and Purcell 2002).  Thus far, strains of X. fastidiosa that
cause Pierce’s disease of grapevines , almond leaf scorch, alfalfa dwarf, and oleander leaf scorch have been identified in
California.  The Pierce’s disease (PD) strain and oleander leaf scorch (OLS) strain have caused devastating losses of
grapevines and oleander plants respectively in California (Blua et al. 1999, Perring et al. 2001, Feil and Purcell, 2001).  These
two strains are genetically distinct (Hendson et al. 2001), and the strain of the pathogen that infects oleander does not infect
grape, and vice versa (Purcell et al. 1999). The grape strain appears to have a broader host range than the oleander strain.
However, the complete host range of each strain is not completely known (Hopkins and Purcell 2002).

In Southern California, the primary insect vector is the glassy-winged sharpshooter, Homalodisca coagulata (Say), a recent
introduction from the southeastern U.S. (Sorensen and Gill, 1996; Blua et al., 1999).  This insect feeds on xylem tissue, and is
reported to feed on over 75 species of plants in 35 families (Turner and Pollard, 1959).  The feeding habits and host range of
GWSS differ from other vector species in California that have previously been associated with this pathogen.  Studies in
Northern California suggest that the PD pathogen is primarily spread by leafhopper vectors that move into vineyards from
outside habitats (Purcell, 1981; Purcell and Saunders, 1999).  Thus, studies of alternative plant hosts and inoculum sources of
X. fastidiosa conducted in Northern California concentrated on plants in riparian habitats surrounding vineyards (Purcell and
Saunders, 1999).  However, in grape- growing regions of Southern California, the habitats and plant hosts that surround the
vineyards are much different than those found in Northern California.  In addition to naturally occurring vegetation,
vineyards in Southern California are frequently adjacent to citrus groves and suburban landscapes.  Because X. fastidiosa has
a broad host range and in some cases can be present in plant tissue without causing noticeable symptoms (Purcell and
Saunders 1999), it is not always easy to identify plants that serve as alternate hosts and potential sources of inoculum.

Knowledge of the source of disease inoculum is essential to the development of effective disease management strategies. The
objective of this study was to determine which plant species in Southern California are hosts of Xylella fastidiosa and serve
as potential sources of inoculum for PD infection of grapevine.  In addition, because more than one strain of X. fastidiosa is
could be present in our sampling area, it was necessary to identify the strain of the pathogen that was present in positive
samples to determine if they were PD strains that would be considered a threat to grapevines in the area.  For example, a
plant that tested positive for the oleander strain of X. fastidiosa would not be a threat to vineyards, since it does not infect
grape.

OBJECTIVES
1. Determine which plant species near vineyards harbor Xylella fastidiosa and serve as potential reservoirs of inoculum for

the spread of Pierce’s disease to grapes.
2. Measure the ability of the glassy-winged sharpshooter to acquire and transmit X. fastidiosa to and from grape, citrus,

almond, and other plant species identified as potential hosts and sources of inoculum for the spread of Pierce’s disease.
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3. Comparison of the sensitivity and specificity of various methods to screen large numbers of plant and insect samples for
the presence of Pierce’s disease.

RESULTS AND CONCLUSIONS
Results
Field Samples
Over 60 species of plants, and more than 5000 samples were processed.  Of the species tested in the Temecula valley, only
grape, (Vitis vinifera), almond (Prunus spp.), Spanish broom (Spartium junceum), wild mustard (Brassica spp.) and oleander
(Nerium oleander) consistently tested positive by two or more methods.  Of these, wild mustard and Spanish broom were not
previously reported as hosts for Xylella fastidiosa. Brassica plants tested positive by both ELISA and PCR, but we were
unable to culture X. fastidiosa isolates from field samples for unknown reasons.  We were, however, able to culture X.
fastidiosa from B. nigra plants used in greenhouse transmission studies.  Coyote brush, elderberry, citrus, and a few other
samples occasionally tested positive with ELISA, however we were not able confirm those results with PCR or culture.
Coyote brush and elderberry have previous been reported as hosts of X. fastidiosa when inoculated by insects under
greenhouse conditions but tested negatively in field experiments (Purcell and Saunders 1999).

We were unable to detect the pathogen in grape and almond using ELISA in early spring.  However, some samples of
Spanish broom and oleander tested positive all year.  Wild mustard plants tested positive in mid summer, and were generally
not present in the field during the winter months.

Comparison of ELISA and IC/PCR for early season detection
n the first collection of grape samples in Spring (May), 15/25 samples from symptomatic field grapes, and 0/10 of the non-
symptomatic plants tested positive by ELISA.  Immunocapture PCR (IC/PCR) of the same plants did not detect any infected
grape at that time.  Both methods did detect infected oleander plants used as positive controls.  In samples collected five
weeks later (June), 5/21 symptomatic grape plants positive with ELISA, and these same plants also tested positive with IC-
PCR.  In this case,  analysis of samples with IC/PCR early in the season did not help to detect any additional infected plants.
Because ELISA was easier, less expensive and less time consuming, it was the best method we had for screening for the
presence of Xylella fastidiosa in numerous plant samples.  Samples testing positive could subsequently be confirmed with
PCR.

Transmission Studies
Studies testing the ability of the GWSS to transmit X. fastidiosa from grape to 30 species of host plants found transmission of
a PD strain to grape, black mustard, Spanish broom, almond, black sage, and Mexican elderberry.  Previous studies have
demonstrated that transmission of the grape strain to oleander did not occur (Purcell and Saunders 1999; Purcell et al. 1999).
Similarly, in our studies no transmission from infected grape to oleander was observed.

Conclusions
Overall, few plant species could be documented as alternate host plants for the PD strain of X. fastidiosa in the Temecula
valley.   In the Temecula valley, it appears that infected grapevines, almond trees, Spanish broom, and wild mustard likely
serve as major sources of PD inoculum.  Thus, in addition to removing infected grapevines and almond trees, growers were
advised to remove Spanish broom and wild mustard from areas surrounding the vineyards.

Citrus is a favored host of the GWSS, and is the most important year-long reproductive host in the Temecula valley (Perring
et al. 2001, Hix et al. 2002).  Although citrus plants were repeatedly sampled in the field, and exposed to infected insects in
experimental transmission tests, we could never document infection in citrus in the field or in transmission test plants.
Although citrus samples collected from the field occasionally tested weakly positive by ELISA, they could never be
confirmed with PCR or culture.  It is not clear if this is the result of occasional low levels of infection in citrus that are
difficult to detect, or falsely positive ELISA results.

In our studies, we found that ELISA testing of plant samples appeared to be just as effective in detecting the pathogen in
plant tissue as other method we used (PCR, media culture, IC/PCR).  Thus, this method of analysis will continue to be
extremely important when screening large numbers of plant samples.  However, additional analysis of positive plants samples
with other methods was necessary to eliminate the possibility of false positives with ELISA, and to identify the strain of the
pathogen that was present.  The strain-specific primers used were effective in giving a preliminary identification of X.
fastidiosa strains.  Comparative analysis using the 16-23s spacer region sequence was consistent with PCR results using the
strain-specific primers.  Additional strain-specific primer pairs could be designed to differentiate other strains of this
pathogen that may be present in different geographic areas.

Some species of plants that tested positive for X. fastidiosa in field surveys and greenhouse transmission experiments in
northern California (Raju et al 1983, Purcell and Saunders 1999) were never confirmed positive in samples collected in the
Temecula valley even though they were present near infected grape plants.   This could be a reflection of differences in the
species of insect vectors present, the types of plant materials that dominate, or differences in host range of the X. fastidiosa
isolates present in each location. Previous examination of strains of X. fastidiosa strains revealed genetic difference
between northern and southern California strains of X. fastidiosa from grape (Hendson et al. 2001).  More detailed testing is
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being done to better characterize the PD strains of X. fastidiosa present in the host plants identified in the Temecula valley
to determine if they differ from those found in other geographic areas.
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INTRODUCTION
Globally, one-fifth of potential crop yields is lost due to plant diseases primarily of bacterial origin. Xf is a devastating
bacterial pathogen that causes PD in grapevines, citrus variegated chlorosis (CVC) in citrus, and leaf scorch disease in
numerous other agriculturally significant plants including almonds in California (http://danr.ucop.edu/news/speeches).  Since
the glassy-winged sharpshooter (an insect vector) efficiently transmits PD, a great deal of effort has been focused on using
insecticides to localize and eliminate the spread of this disease.  However, the availability of the whole genome sequences of
PD and CVC strains of Xf offer new avenues to directly target and inactivate the pathogen.  In this project, we propose a
structure-based approach to develop chimeric anti-microbial proteins for rapid destruction of Xf. The strategy is based upon
the fundamental principle of innate immunity that plants recognize and clear pathogens in rapid manner (Cohn et al., 2001;
Magor and Magor, 2001).  Pathogen clearance by innate immunity occurs in three sequential steps: pathogen recognition,
activation of anti-microbial processes, and finally pathogen destruction by anti-microbial processes.  Different sets of plant
factors are involved in different steps of innate immunity.  Our strategy of combining the pathogen recognition element
(SRD) and the pathogen killing element (defensin) in the chimeric molecule is a novel concept and has several short and long
term impacts.

ABSTRACT
Xylella fastidiosa, a gram-negative xylem-limited bacterium is a causative agent of Pierce’s disease (PD) in California
grapevines.  During very early stages of Xylella fastidiosa (Xf) infection, specific proteins/carbohydrates/lipids on the outer
membrane of Xf interact with plant cells and are important for virulence (Pieters, 2001).  Design of a protein inhibitor that
interrupts this step of the plant-Xf interaction will be useful in combating virulence and controlling PD.  Traditionally,
antibiotics are prescribed as a preferred therapy.  Antibiotics target the enzymes involved in the biogenesis of the bacterial
outer membrane and diminish pathogen viability.  However, a pathogen often develops antibiotic resistance without the
corresponding loss of virulence and pathogenicity (Baquero and Blazquez, 1997).  In this UC/LANL project, we offer a novel
countermeasure against Xf as a viable alternative to antibiotic therapy. We propose to develop chimeric anti-microbial
proteins with two functional domains. One domain (referred hereafter as the surface recognition domain or SRD) will be
designed to target either a protein or a carbohydrate moiety on the outer membrane whereas the other (a defensin molecule)
will be designed to insert and lyse the Xf lipid membrane.  For protein binding, the SRD will contain either an elastase or a
single chain full-length variable region (scFv) antibody targeted against the newly discovered Xf outer membrane protein,
mopB (Bruening et al., 2002).  For carbohydrate binding, the SRD will contain the carbohydrate recognition domain (CRD)
of a lectin (Barre et al, 2001; Feinberg et al., 2001; Sharma and Surolia, 1997) to specifically bind to the carbohydrate on the
lipid head or on the Xylella surface.  The defensin molecule will be chosen from group IV plant defensins that exhibit strong
anti-bacterial activity (Segura et al., 1998).

OBJECTIVES
1. Design of SRDs (15-20KDa) and defensins (5 KDa) by utilizing the literature data on Xylella lipids, surface

carbohydrates, or outer membrane proteins.
2. Expression of SRDs and defensins in insect and plant cells.
3. In vitro testing of Xylella binding by SRD and anti-Xylella activity by defensins.
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RESULTS AND CONCLUSIONS
The focus of our experiments will be objectives 1, 2 and 3 respectively.  We will begin by examining the potential of the 218
amino acid residue long Leukocyte elastase a human neutrophil granular protein in order to target surface proteins (Sinha et
al., 1987).  Neutrophils contain a variety of proteins that enable the cells to migrate toward and eliminate microbial pathogens
(Elsbach and Weiss, 1988).  Until 1991, no specific antibacterial activity had been ascribed to Elastase (Wasiluk et al., 1991).
However recent research has established that Elastase is the only human neutrophil protein, which is capable of individually
killing Borrelia burgdorferi, the causative agent of Lyme disease (Garcia et al., 1998; Lusitani et al., 2002). Furthermore, it is
known that Elastase can augment the cidal properties of other active proteins.  This has been proven to be the case for C.
sputigena, where very high concentrations of Azurocidin, an antimicrobal granule protein, became cidal upon addition of
Elastase (Miyasaki and Bodeau, 1991).  Currently, we are studying the efficacy of Leuckocyte Elastase and antibacterial
peptides Cecropin and Defensin HNP-2 in killing X. fastidiosa.  Their killing capability will be tested by establishing kill-
curves, which show the number of colony forming units remaining after bacterium was exposed to these proteins individually
or in combination.  We will also define the protein on the bacterial surface that is a target for elastase activity. We will begin
culturing grape embryo cultures as well as callus cultures expressing PGIP using membrane bioreactors CELLine 350
(Integra Biosciences, Inc.).  In this bioreactor the plant cells are contained in a relatively low volume, rectangular chamber (5
mL) bounded by an oxygen-permeable membrane on one side and a protein-impermeable, 10kD molecular weight cut-off
membrane on the other side that separates the cell compartment from a much larger nutrient medium compartment (350 mL).
The use of a bioreactor will serve several important purposes.  First, it will enable us to develop and optimize strategies for
growing transgenic grape cell cultures.  Second, it will allow us to monitor the total protein concentration in the cell chamber
as a function of time and to characterize the proteins secreted into the medium in the cell chamber using SDS-PAGE.  Third,
we will be able to replace the entire contents of the medium compartment under sterile conditions.  We will be using these
bioreactors to express SRDs and Defensins. and to study the effects of environmental conditions (nutrient medium
composition, temperature, pH, oxygen, light etc) on biomass growth, sucrose consumption, total protein concentration in the
extracellular medium and recombinant protein production.
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ABSTRACT
In an effort to make knockout mutations of a TolC homologue, marker interruption was attempted using two different
vectors, one of them newly constructed for the purpose.  Although these vectors worked well in Xanthomonas, repeated
efforts to obtain such mutants in X. fastidiosa failed.  In an attempt to utilize splice-overlap PCR to obtain marker eviction
and generate marker-free exconjugants, a marker-eviction vector was constructed.  Again, although the vector and method
worked well in Xanthomonas, the method failed in X. fastidiosa. Marker exchange experiments are currently underway.

INTRODUCTION
Xylella fastidiosa (Xf) is a xylem-inhabiting Gram-negative bacterium that causes serious diseases in a wide range of plant
species (Purcell and Hopkins, 1996).  Two of the most serious of these are Pierce’s Disease (PD) of grape and Citrus
Variegated Chlorosis (CVC).  The entire genomes of both PD and CVC have been sequenced (Simpson et al., 2000).
Availability of the complete genomic DNA sequence of both a PD and a CVC strain of Xf should allow rapid determination
of the roles played by genes suspected of conditioning pathogenicity of CVC and/or PD.  For example, analyses of the CVC
and PD genomes showed that there was no type III secretion system, but there were at least two complete type I secretion
systems present, together with multiple genes encoding type I effectors in the RTX (repeats in toxin) family of protein toxins,
including bacteriocins and hemolysins.  RTX proteins form pores in lipid bilayers of many prokaryotic and eukaryotic
species and cell types; at least one is associated with pathogenicity in plants.  However, lack of useful DNA cloning vectors
and/or techniques for working with either CVC or PD strains have impeded progress in functional genomics analyses.

Last year we described the transformation of two X.f PD strains using the small, stable, broad host range shuttle vector,
pUFR047 (De Feyter et al., 1993).  Both the vector and the transformed PD strains are available upon request.  The vector is
relatively stable in both PD strains.

This year we have focused on attempts to perform marker-interruption in the PD strains using various suicide vectors and
techniques.  Although marker-interruption using suicide vectors is normally an efficient, single crossover event in many
bacteria, repeated marker-interruption attempts with X. fastidiosa in our lab and in others have failed (Feil et al., 2003;
Monteiro et al., 2001; Guilhabert et al., 2001).  We report here that attempts to use three different suicide plasmid constructs
that we have successfully used for marker interruption or marker-eviction in Xanthomonas have all failed, despite repeated
attempts.  Since marker-exchange has now been reported to be successful with X. fastidiosa (Feil et al., 2003), we recently
turned to this method.

OBJECTIVES
This is a two year proposal with three objectives:

1. Develop an effective functional genomics tool kit for efficient transformation and gene knock-out experiments in a PD
strain (Year 1).

2. Determine culture conditions for activation of type I secretion (Year 2).
3. Determine the effect of type I secretion gene knockout experiments on pathogenicity of a PD strain on grape (Year 2).

RESULTS AND CONCLUSIONS
PD strains of X. fastidiosa, PD-A (Hopkins, 1985) and Temecula (Guilhabert, 2001), were grown in PD3 (Davis et al., 1981)
medium supplemented with MOPS (3-4[morphomino] propane sulfonic acid; (Gabriel et al., 1989).  Both strains were
confirmed to be pathogenic on Madagascar periwinkle.  Symptoms appeared after 3 months.  Because of reports that others
had problems with electroporation of pUFR047 into PD strains, we again confirmed  transfer from E. coli DH5∀ to the
spontaneous Rif resistant PD-1R strain by electroporation.

We attempted knockout mutagenesis on TolC, indicated below from CVC as XF2586, and also found in the PD strain as
PD1964.  We constructed marker-interruption plasmids using an internal fragment of PD1964 cloned by PCR in pUFR012,
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which we had used for exactly the same purposes in Xanthomonas (Kingsley et al., 1993).  Initial experiments failed.  We
then tried to knockout fimA using the same method.  Marker-exchange had been reported for fimA at last year's symposium
(Feil et al., 2003).  These experiments also failed.  We thought it might have to do with our level of kanamycin resistance, so
we obtained the same nptII gene as had been used by Feil et al (2003) and created pAC3 (see Figures 1-3 below).  pAC3
differs from pUFR012 principally by having the nptII gene transcribed in the same direction as lacZ (thus giving somewhat
higher levels of resistance to kanamycin).
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Figure 1.  Type I Secretion system, including ABC
(ATP binding cassette), MFP (membrane fusion
protein) and OMF (outer membrane factor).

Hind III - Sph I - Pst I - Sal I - Xba I - BamH I - Sma I - Kpn I -
Sac I - EcoR I

Figure 2. Suicide vector pAC3, with enhanced kanamycin
resistance.

Again, we could not obtain marker-interruption mutants of either gene target.  Simultaneously, we created another vector in
order to attempt splice-overlap PCR deletions (marker eviction) of the target.  This method involves constructing a gene
deletion in vitro using splice-overlap extension PCR to generate and then fusing two ~500 bp flanking DNA fragments
(Horton, 1995), and then site-specifically inserting the deletion into the genome in place of the wild-type gene using a two-
step, SacB-assisted, marker-eviction mutagenesis (Hoang et al., 1998; Reyrat, 1998).   We constructed pUFR080 for the
purpose.  Again, although the method works well in our hands in several different xanthomonads (unpublished), the method
requires initial formation of a cis-merodiploid, and it failed in the PD strains we used.
Hind III - Sph I - Pst I - Sal I - Xba I - BamH I - Sma I - Kpn I - Sac I - EcoR I

Figure 3. Suicide vector pUFR080, with enhanced kanamycin resistance and
levan sucrase gene, used for marker eviction mutagenesis.

The reasons for the failure of marker-interruption are unknown, but speculation centers on the possibility that the origin of
replication (pUC) of the suicide vectors may interfere with chromosomal replication (Feil et al, 2003).  We have since turned
to marker-exchange mutagenesis, and have obtained a no cost extension on the project to complete the objectives.

CONCLUSIONS
Despite our expectations to the contrary, our repeated efforts to obtain marker interruption and marker eviction mutants
failed.  Both methods required the formation of cis-mero diploids using a pUC based vector, and confirm recently published
observations of others.  We have repeated electroporation of our repW based vector, pUFR047, and have a relatively stable
vector that should useful for complementation.
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ABSTRACT
The overall goal of this project is enhance our present understanding of the epidemiology of Pierce’s disease (PD) in the
central San Joaquin Valley (SJV) of California by elucidating factors that influence its geographical distribution and
movement.  The objective of this research will be to characterize the seasonal abundance and dispersal biology of the glassy-
winged sharpshooter (GWSS), a primary vector of Xylella fastidiosa (Xf), to identify where the vector(s) acquire the
pathogen, to determine when vectors move into vineyards and transmit the pathogen to grapes, and to genetically characterize
the populations of Xf isolated from GWSS collected in different perennial cultivated and non-cultivated plant species
compared to strains present in PD- affected vineyards.  Based on preliminary results of seasonal plant utilization by GWSS,
we conclude that host plant species can significantly influence GWSS population biology. GWSS adult, nymph, and egg
mass densities varied among perennial, cultivated crop plant species and non-cultivated weed species examined in this study
including sweet cherry, navel, lemon, olive, avocado, plum, pomegranate, pistachio, and grape.  Temporal patterns of GWSS
capture, representing dispersal activity of both overwintered and first generation adult GWSS, varied among the perennial
crop species examined. Moreover, patterns of adult GWSS capture among the distances sampled along linear transects
extending into perennial crops were dissimilar among perennial crops.

INTRODUCTION
The glassy winged sharpshooter (GWSS, Homalodisca coagulata) was introduced into Southern California around 1990 and
first identified in 1994 (1).  This sharpshooter has continued to expand its range in the state and is expected to affect the
overall increase in plant diseases caused by Xylella fastidiosa (Xf) (5). Xylella fastidiosa has an extensive and diverse host
range including many common cultivated crop and ornamental plant species as well as numerous, non-cultivated, wild host
species. Xylella fastidiosa strains have a complex pathogenic relationship with a diverse host range including monocots and
dicots (7).  Analyses of the genetic diversity of Xf have elucidated differences between many of the strains and a conclusion
emerging from some studies is that strains of Xylella cluster within groups based upon host association.  Knowledge of the
genetic diversity of strains that comprise the population of Xf in the central San Joaquin Valley (SJV) of California will help
in devising effective strategies for managing Pierce’s disease (PD), as well as other diseases caused by this bacterium.

X. fastidiosa is transmitted by xylem feeding sharpshooters (Cicadellidae) and spittlebugs (Cercopidae) (4).  In California,
there are at least 20 species capable of transmitting the pathogen (2), although only four species are considered to be
epidemiologically important for PD in grapes (6).  Knowledge of which vector species transmit Xf in the central SJV, where
they acquire the pathogen, when they move into vineyards, and when they spread the pathogen to grapes is critical to
understanding and managing the spread of PD in this area.  This overall goal of this project is to further our understanding of
the epidemiology of PD in the central SJV of California with a focus on the identification of factors that influence its
geographical distribution and movement.

OBJECTIVES
1. Identify and characterize the seasonal abundance and dispersal biology of GWSS, a primary vector of Xylella fastidiosa,

and their patterns of host plant utilization within and among perennial, cultivated and non-cultivated plant species in
agricultural production systems.

2. Compare the genetic structure of Xylella fastidiosa strains isolated from GWSS in different perennial, cultivated and
non-cultivated plant species to those strains present in PD-affected vineyards.

RESULTS
The seasonal plant host utilization of GWSS within and among a variety of perennial, cultivated crop plants including sweet
cherry, navel, lemon, olive, avocado, plum, pomegranate, pistachio, and grape are being sampled in GWSS-infested areas at
each of three locations for each crop type in Tulare County in central California. Additionally, non-cultivated annual and
perennial weed species occurring within and surrounding GWSS-infested perennial tree crops were sampled for GWSS
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populations.  Host utilization was assessed monthly at each of three locations for each crop type based on sweep/beat-net
sampling for adult and immature GWSS and visual inspections for GWSS egg masses through the interval May to October,
2003. Based on preliminary results, host plant species can influence GWSS population biology.  The largest mean number of
adult GWSS (Figure 1a) were collected from citrus (navel and lemon), pomegranate, olive, avocado, and non-crop weed
species whereas mean nymphal population densities (Figure 1b) were greatest from citrus and pomegranate with fewer
nymphs collected from cherry, plum, and non-crop weed species. Non-crop plant species upon which adult GWSS were
collected included red-root pigweed, prickly lettuce, annual sowthistle, little mallow, lambsquarters, field bindweed, blue
morning glory, curly dock, evening primrose, johnsongrass, and ground cherry. The greatest mean number of GWSS egg
masses (Figure 1c) was collected from citrus, pomegranate, and cherry whereas no egg masses were collected from non-crop
weed species. The absence of detectable GWSS life stages in grapes and pistachio are not a true reflection of host utilization
in these studies, as the only available experimental locations for these crops were just outside of the active GWSS-infested
area.

Seasonal dispersal of adult GWSS was monitored within and among the variety of previously indicated perennial crop plant
species.  Beginning March, 2003, yellow sticky traps (approx.15 X 30 cm) were suspended 2 m above the ground between
tree canopies along 4 linear transects (20 per crop type) at distances of 0, 5, 10, 50, and 100 m at each of 3 experimental
locations for each crop sampled. All traps were collected and replaced weekly to capture adults dispersing within and moving
among different crop types and the surrounding vegetation.  Through October, 2003, a total of 27,264 adult GWSS, 18 green
sharpshooters (GSS, Draeculacephala minerva), and 588 unidentified spittlebugs (Cercopidae) were captured on yellow
sticky cards.  Temporal patterns of GWSS capture, represented by plotting mean proportions of adult GWSS captured over
time, were similar in citrus and pomegranate (Figure 2a) throughout the sampling interval (March – August) representing
dispersal of both overwintered and first generation adult GWSS. Seasonal patterns of GWSS capture in olive, avocado, and
plum were dissimilar to that of either citrus or pomegranate with only minor dispersal of overwintered adult GWSS in the
early season and a delay of approximately 8-12 days in the periods of peak capture of first generation adult GWSS (Figure
2b). Patterns of adult GWSS capture among the distances sampled along linear transects also varied among the crop types
examined throughout the emergence of first generation adult GWSS.  Specifically, uniform mean trap captures across all
distances were observed within GWSS-reproductive hosts navel and lemon compared to avocado and olive where highest
mean trap captures were detected along only the margins of crops and declined with distance into the field.

In addition, to maximize our ability to identify actual vectors of Xf, the presence of the pathogen in a subsample of vectors
captured on yellow cards from perennial and non-crop species will be determined initially through PCR (3).  Based on
genomic information, strain specific primers will subsequently be used to investigate the pathotype profile.  Research has yet
to begin on this objective to identify the incidence and pathotype profile of Xf infectious GWSS collected at different times
throughout the season and from different specific habitats or perennial crop plant types.

CONCLUSIONS
We believe that this project will generate significant new information regarding the epidemiology of Pierce’s disease in the
central SJV of California and in providing practical guidance towards management of this pathosystem.  This information
may be useful in understanding the epidemiology of other economically important diseases caused by Xf. Both objectives
address gaps in our present understanding that must be filled in order to develop PD and GWSS management strategies.  This
research will expand on previous work by documenting the relative importance of potential vector species that transmit Xf in
the central SJV, where they acquire the pathogen, when they move into vineyards, and when they spread the pathogen to
susceptible crops in the agricultural landscape of the central San Joaquin Valley of California. Knowledge of the genetic
diversity of strains that comprise the population of Xf in detected from potentially infectious GWSS will help in devising
effective strategies for managing Pierce’s disease , as well as other diseases caused by this bacterium.
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Figure 1.  Mean (±SEM) number of adult (a), nymphal (b), and egg mass lifestages (c)of GWSS collected through
sweep and beat-net sampling through the sampling interval May-September, 2003 at experimental locations in
Tulare County, California.

Figure 2.  Mean proportion of adult GWSS captured on yellow sticky cards March-August, 2003 in navel, lemon,
and pomegranate (a) as well as avocado, olive, and plum (b). Temporal patterns of capture represent both early-
season dispersal of overwintering adults and 1st generation adult GWSS.
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ABSTRACT
Vineyards in seven grape production areas of Kern County’s area wide management project for 2002-2003 were surveyed for
PD.  Incidence of Pierce’s disease (PD) in the highly affected areas (General Beale and North) peaked in 2002, and declined
in 2003.  Treatments to reduce glassy-winged sharpshooter (GWSS) and identify and remove PD infected vines each year
were associated with these dramatic reductions.  A representative General Beale vineyard is mapped for years 2001 – 2003.
An epidemiology data processing center was established at Center for the Assessment and Monitoring of Forest and
Environmental Resources (CAMFER) at University of California, Berkeley.

INTRODUCTION:
These two projects have complimentary objectives and methods, and were thus pursued and are being reported here
cooperatively.  This combination of people and resources has resulted in synergistic efficiency.

The epidemiology of Pierce’s disease (PD) changed dramatically in California with the arrival of the glassy-winged
sharpshooter (GWSS) about 15 years ago.  Before that time the disease caused losses, but the damage accumulated gradually
resulting in the loss of a small percentage of vines.   With the arrival of the GWSS, however, PD spread has increased
logarithmically, such that entire vineyards were destroyed in as little as 3 to 5 years.  In Kern County where the disease was
previously inconsequential, PD may now threaten more than 88,000 acres of grape production.  To cope with this
development there have been extensive field studies to determine effective methods to control the insect vector, the GWSS.
However, our understanding of how to control the disease (goal of project 1) and the characterization of the changes in the
epidemiology of PD when the causal bacterium is transmitted by GWSS (goal of project 2) has been based on limited field
data.

The cooperative area-wide pest management of the GWSS project has defined seven distinct grape growing areas in Kern
County.  These areas represent various  “stages” in the PD epidemic, ranging from the General Beale area--where GWSS was
first observed in 1997 and where the epidemic occurred first and has been most severe--to the Highway 65-Delano area
where GWSS was first observed in 2002 and where there is still very little PD.  This variation among growing areas in
combination with the significant accumulation of field data about these areas makes Kern County an ideal area to locate
epidemiological projects.  Extensive data have been obtained about GWSS populations and the effectiveness of various
treatments in controlling GWSS.  These two projects are obtaining data about the incidence of PD over time in each area, and
the control measures and possible epidemiological factors that may affect the epidemic.

OBJECTIVES
Project 1:  Monitoring and Control Measures For Pierce’s Disease In Kern County.

1. Determine changes in the incidence of PD over time in seven distinct grape-growing areas in Kern County.
2. Develop PD monitoring and management techniques and strategies for use by growers to reduce risk and damage.

Update and provide educational materials to assist vineyard managers, pest control advisors, other researchers and
government agencies involved in advising growers in the area-wide pest management of the GWSS project.

Project 2:  Epidemiological assessments of Pierce’s Disease.
Evaluate the importance of epidemiological factors such as GWSS population size, vine age, cultivar susceptibility, control
practices, and GWSS control treatments in vineyards, and nearby GWSS hosts or habitat.
Create a central data processing facility at the Center for the Assessment and Monitoring of Forest and Environmental
Resources (CAMFER) on the University of California, Berkeley campus to compile the data from this project in a GIS
format.  Share the resulting data, maps, and information with collaborating plant pathologists, statistical analysts, agricultural
economists, and other legitimate researchers.
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RESULTS AND CONCLUSIONS
Vineyards were monitored by visually inspecting each vine for PD symptoms and collecting and testing (by ELISA) samples
from symptomatic vines.  Tables 2 and 3 summarize the results for the 7 grape growing areas in Kern County.  About 5% of
Kern county’s grape production acreage was monitored.  The General Beale, north, central, south, and west areas have had
GWSS since about 1997.  In the General Beale and north areas the GWSS populations reached very high numbers in 2000-
2001 (see Figure. 1), and the south, central, and west areas have had much lower but persistent populations.  GWSS was
detected in 2002 in the Hwy 65-Delano area.  More than 10 vineyards in the General Beale area and more than two vineyards
in the north area were severely impacted by PD in 2001 and 2002, with infection rates between 2% to more than 50%.  Many
of these were not included in this survey because sampling and testing the high number of infected vines would require more
resources than was available.  However Figure. 2 presents the progression of the epidemic in a representative Redglobe
vineyard.  The high infection rate in 2002 probably represents infections that were established in 2000 and 2001.  The
dramatic reduction apparent in 2003 is associated with a management program of area-wide GWSS reduction combined with
roguing PD vines and replanting.  This project also demonstrated that monitoring vineyards for PD, testing, removing
infected vines, and replanting is very inexpensive when PD incidence is low, in the order of less than $5 per acre per year.

All PD survey data from this project has been compiled in GIS and database formats by CAMFER at University of
California, Berkeley.  This is the second in a projected five year project.  In addition to the vineyards shown in tables 2 and 3,
about 3000 additional acres in Kern and Tulare counties have been monitored.  The data and the information from GWSS
trapping surveys are being added to the data set at CAMFER.  The resulting data, maps, and information will be made
available to other scientists, government, and industry people involved in the management of PD in California.

A profile was created for each vineyard and the variables recorded include: GPS coordinates, cultivar, vine age/plant date,
row and vine spacing, pruning and trellising system, weed index, proximity to other host crops of GWSS, and confirmed
presence of Xylella fastidiosa, pesticide use information when available, and presence and population levels of GWSS.
Fifteen cultivars of varying ages were examined during the project to correlate respective tolerances to PD (Table 1.).
Analysis of temporal and spatial PD patterns and comparisons among the vineyards over time should lead to better models of
PD epidemiology, a with quantitative estimates of how epidemiological variables, such as the incidence of PD combined with
sampled populations of GWSS affect the further spread of PD. This understanding should lead to better control and
management practices.

Table 1. Cultivars monitored in 2002-2003 for Pierce’s disease.
Vine susceptibility: 1=most tolerant, 2=less susceptible, 3=most susceptible, NA=unknown.

Green Red Purple/Black
Calmeria                      3 Christmas Rose         NA Autumn Royal            NA
French Colombard       2 Crimson Seedless      2 Black Emerald            NA
Jade Seedless               3 Flame Seedless          2 Fantasy Seedless         NA
Muscat                         NA Redglobe                   3
Perlette                         NA Ruby Seedless           2
Thompson Seedless      1
Superior Seedless         NA

Table 2.  Summary of the Monitoring for Pierce’s disease in 2002.
Number of acres/ Number of Number of PD + vinesAreas surveyed for PD Number of

vineyards Number of vines vines tested Number PD+ vines per 1000
General Beale Pilot Area 41 849 ac        450991v. 2095 1238 PD+ *        2.75 +v./1000

North:  Edison/Bena 7 159 ac          80769v. 159 116                      1.44
South A:  Arvin 21 304 ac        154208v. 46 9                          0.058
South B:  Arvin 28 261 ac        131247v. 74 7                          0.053
Central:  Arvin 5 55   ac          32631v. 5 0                          0.0
West:  Hwy 166 32 797 ac         375671v. 57 6                          0.016

Hwy 65 and Delano 83 1636ac       790181v. 243 0                          0
Total 216 4060ac     2015698v. 2543 1376 0.68

*  98.8% (1224 of 1238) of the PD positive vines in the General Beale area were in 2 out of 6 varieties, Redglobe
and Crimson, on 113.4 acres and 40 acres respectively.



-97-

Table 3.  Summary of the Pierce’s disease survey effort in Kern County in 2003.

Areas surveyed for PD Number of
vineyards Number of acres Number of

vines tested
Number of PD + vines

Number PD+ vines per 1000
General Beale Pilot Area 41 849 326 188 PD+*            0.42 +v./1000

North:  Edison/Bena 7 159 108 82                        1.03
South A:  Arvin 21 304 28 2                          0.013
South B:  Arvin 28 261 36 9                          0.069
Central:  Arvin 5 55 5  0                          0.0
West:  Hwy 166 32 797 99 22                        0.065

Hwy 65 and Delano 83 1636 127 3                          0.0038
Total 208 3958.63 729 306                      0.152

*  96.8% (182 of 188) of the PD positive vines in the General Beale area were in the same 153.4 acres of  Redglobe
and Crimson as in 2002.

Figure 1.  PD locations* and total GWSS trap captures in the General Beale Pilot Project area in 2001.

* PD locations are where PD vines were observed but not in all cases mapped nor the incidence quantified.

Figure 2. Three years results of vineyard survey in General Beale area.
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FUNDING AGENCIES
Funding for these projects was provided by the University of California Pierce’s Disease Grant Program, and the CDFA
Pierce’s Disease and Glassy-winged Sharpshooter Board.
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CHARACTERIZE AND ASSESS THE BIOCONTROL POTENTIAL OF BACTERIAL ENDOPHYTES OF
GRAPEVINES IN CALIFORNIA

Project Leader:
Bruce Kirkpatrick,
Department of Plant Pathology
University of California
Davis, CA 95616

Cooperators:
Dawna-Darjean Jones Edwin Civerolo A.H. Purcell
Department of Plant Pathology USDA-ARS-PWA Division of Insect Biology
University of California, Davis SJV Agriculture Science Center University of California
Davis, CA 95616 Parlier, CA Berkeley, CA 94720

Reporting Period: The results reported here are from the worked conducted from January 2003 to November 2003.

ABSTRACT
Over 1000 putative bacterial endophytes were isolated from healthy, PD-affected and “escape” (apparently healthy
grapevines growing in a vineyard with high incidence of Pierces disease) grapevines growing in Napa and Davis, California
from 2000 to 2002.  There were no differences in total populations of endophytes isolated in Napa versus Davis, however
higher populations of endophytes were recovered from PD-affected versus healthy vines.  The endophytes were identified by
RFLP and sequence analysis of a portion of the 16S rDNA.  Sixty six RFLP groups were determined and sequence analysis
showed a diversity of bacterial genera were recovered from grapevines; the most predominant genus was Bacillus.  Nineteen
of the isolates completely inhibited the growth of Xylella fastidiosa (Xf) in an in vitro plate assay.  Approximately 80 of 138
isolates that were tested were classified as grapevine colonists because they could be recovered in high populations more that
6cm from the point where they were inoculated into grapevines.  Thirteen of the endophytes were classified as both Xf-
antagonists and grapevine colonizers. Five of these isolates were pin-prick inoculated into grapevines growing in the
greenhouse.  These vines were then challenged by Xf-infectious sharpshooters in the insectary at University of California,
Berkeley.  None of the endophyte-inoculated vines prevented infection by Xf or decreased the severity of PD that developed
in these vines.

INTRODUCTION
Many higher plants contain internal populations of bacteria that apparently cause no damage to the plant.  Some of these
endophytic bacteria can colonize the xylem of plants; the same unique niche that Xylella fastidiosa (Xf)occupies.  There has
only been one published study on bacterial endophytes of grapevines and this study was undertaken in Nova Scotia, a climate
significantly different from California.  We undertook this study to determine the diversity and relative seasonal abundance
of bacterial grapevines endophytes in California.  We also wanted to determine whether any of these bacteria exhibited any
antagonism towards Xf growing on petri dishes in the lab and whether isolates that exhibited Xf antagonism in vitro might
colonize and protect grapevines from Xf infection.  This effort comprised the PhD. research of Dawna Darjean-Jones who is
now in the processing of writing her thesis.  We will present a very brief overview of her results here.

OBJECTIVES
1. Isolation and identification of endophytes colonizing grapevines in California:

i. Determine quantitative and qualitative differences in endophytic populations of grapevines between areas that
support natural infections of PD (Napa) and areas where no natural infection of PD has been observed (Davis).

ii. Determine whether endophytic populations vary quantitatively and qualitatively due to seasonal changes.
iii. Compare endophytic populations of healthy grapevines with grapevines infected by X. fastidiosa
iv. Compare endophytic populations of “escaped” grapevines (healthy grapevines growing among many infected

vines that appear to have escaped disease) with that of healthy grapevines.
2. Determine if any grapevine isolates are antagonistic to or can prevent infection by X. fastidiosa.

RESULTS AND CONCLUSIONS
Isolation and identification of endophytes colonizing grapevines in California
Healthy established grapevines from two vineyards in the Davis area and two vineyards in the Napa area, as well as diseased
and PD-escape vines from the Napa area were sampled periodically in 1999-2000.   These same vines (when possible;
diseased vines were sometimes removed without notification) were sampled continuously every other month beginning in
September 2001 through December 2002. Xylem sap was expressed from shoots using a pressure chamber.  Aliquots of
xylem fluid were plated onto 3 microbiological media.  Colonies were quantified, streaked to purity, then frozen at -80 oC
until they identified.  Using universal primers for the 16S rRNA gene, a PCR product was generated for each isolate.The
PCR product was double-digested with restriction enzymes to generate a restriction fragment length polymorphism (RFLP)
pattern for each strain.  To reduce the redundancy in the identification process, the RFLP patterns of the strains were
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subjected to computer analysis using the GelCompar program to avoid sequencing numerous isolates with the same RFLP
pattern.  16S PCR products of representatives of each unique RFLP group were sequenced to identify the unknown bacteria.

A total of 1018 endophytes were collected from healthy and PD-affected grapevines during the 3-year study.  The total
numbers of endophytes, both qualitatively and quantitatively, were similar in Davis and Napa healthy vines.  Population of
endophytes in PD-affected vines were slightly higher than healthy vines growing in Napa or Davis and more endophytes
were isolated in the spring and fall than during the summer. Analysis using the GelCompar program has identified 66 RFLP
groups of strains, thus reducing the number that had to be sequenced For examples, several Bacillus spp. have been collected
from vines classified as healthy, diseased or escapes.  Endophytes identified thus far include species from the following
genera: Bacillus, Pseudomonas, Agrobacterium, Erwinia, Streptomyces, Cellulomonas, Pantoea, and Paenibacillus.

Identification of grapevine endophytes that are natural antagonists to Xf and capable of systemic movement in grapevine
A total of 138 endophyte isolates from 50 of the 66 RFLP groups were pinprick inoculated into greenhouse grown grapevines
to assess potential movement within grapevine.  Each endophyte was inoculated into two shoots from the same vine.

After 4 weeks sterilized razor blades were used to divide the surface sterilized stem into seven sections.  Each sample was
ground in 2 mL of buffer and 100 µl of ground plant suspension was plated onto isolation medium.  Resulting colonies were
visually compared to the original isolate, sub-cultured, PCR-amplified and the RFLP pattern was compared to the database
pattern for the endophyte.  Endophytes moving 6 or more cm from the point of inoculation were considered to be potential
systemic colonizers of grapevines.
Thirty six of 138 isolates were not recovered from the point of inoculation or any area of the plant sampled.  80 of of the
isolates multiplied and were recovered in numbers of at least 7X104 / gram of tissue, i.e. more than 1000/100 ul of sap. About
58 of endophytes were recovered 6cm or more from the point of inoculation and were provisionally classified as systemic
colonizers of grapevines.

Bacterial suspensions of Xf were spread plated onto solid PD3 medium to form a “lawn.”  Cultures were incubated for 3 days
at 28oC.  Three, 5 µl droplets of overnight endophyte culture were placed onto the previously inoculated Xf plates and
allowed to dry.  Cultures were returned to the incubator for an additional 7 days.  Growth of Xf and the endophyte were
scored.  Endophytes inhibiting the growth of Xf within a 1-3 mm zone were considered weakly antagonistic.  Those inhibiting
growth more than 3 mm were considered antagonistic.

Of the 125 grapevine endophytes that were tested for in vitro antagonism to the growth of Xf, 24 exhibited positive inhibitory
activity and 19 isolates completely inhibited the growth of Xf. Of the 24 that were inhibitory, 13 isolates were classified as
systemic colonizers of grapevines as described previously.  Among the antagonists/colonizers were members of 6 Bacillus
RFLP groups, a Cellulomonas sp., a Rahnella sp. and a bacterium belonging to the genus Streptomyces.

Five of the 13 antagonist/colonizer endophytes were pin-prick inoculated into each of 10 grapevines growing in pots in the
greenhouse and allowed to colonize the plants for 1 month.  With the generous assistance of the Purcell lab at UC Berkeley,
the 50 endophyte-inoculated plants, plus a set of 10 non-inoculated control vines, were exposed to Xf-infectious blue green
sharpshooters (BGSS) in the insectary.  The vines were exposed to 5 BGSS for 48 hours and the insects were then removed.
The vines were monitored for symptoms of PD for 5 months following exposure to BGSS.  The vines were then rated on a
scale of 0 (healthy) to 4 (dead vine) and all vines were tested for Xf by IC-PCR.

At least 60% of all the endophyte-inoculated vines and the non-inoculated controls developed symptoms of PD and tested
positive for Xf using IC-PCR.  There was no apparent reduction in the severity of disease in the endophyte-inoculated vines.
Thus it appears that none of these 5 isolates has the ability to prevent Xf infection of grapevines, however this assay will be
repeated and next time the endophytes will be given 2 months to colonize the vines before being challenged with Xf. The 8
other antagonist/colonizing endophytes will also be evaluated. We hope to identify xylem-colonizing bacteria that will
decrease the ability of Xf to multiply to high populations and cause Pierce’s disease.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board, and the
University of California Pierce’s Disease Grant Program.
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Reporting Period: The results reported here are from work conducted from January to November 2003.

ABSTRACT
For the past four years we have been evaluating plant micronutrients and inducers of systemic acquired resistance as
prophylactic agents to protect grapevines against infection by Xylella fastidiosa (Xf) or as therapeutic agents to cure Pierce’s
disease (PD) affected grapevines. To date, none of the plant micronutrients containing zinc, copper or manganese or
compounds that induce systemic acquired resistance in plants such as ActiguardR, MessengerR, or ResistR showed efficacy
when used as prophylactic agents to prevent infection of Xf in healthy grapevines, both in field trials and, for some materials,
greenhouse evaluations of materials applied to potted grapevines that were then exposed to Xf-infectious sharpshooter
vectors.

Evaluation of plant micronutrients and two antibiotics as therapeutic agents for curing, or at least causing a remission of
symptoms in PD-affected grapevines, were more encouraging.  Many of the PD-affected Merlot grapevines that were injected
with zinc or streptomycin in Fall, 1999 and Spring, 2000 remained free of PD symptoms 3 years following treatment,
whereas nearly all of the untreated control vines were dead. However, inspection and evaluation performed in October 2003
revealed that some of the vines that were symptomless in 2002 have now developed some early symptoms of PD.  These
symptoms may be the result of residual Xf populations that were not killed by the bactericide treatment finally multiplying to
levels where they induced disease symptoms or these early infections may be the result of recent inoculation of treated vines
by infectious-PD vectors.  Field evaluation of a citrus terpene-based bactericide in Fall, 2002 did not reduce Xf populations in
treated vines and all of these treated vines had progressed symptoms of PD in Fall, 2003.

INTRODUCTION
Bactericides such as fixed coppers, zinc, and antibiotics have been used with some degree of success in preventing some
plant diseases.  However, except for some phloem-limited pathogens such as phytoplasmas, all of the bacterial diseases in
which bactericides have been of some value involve bacterial pathogens that reside on the surface of plants.  Pierce’s disease
is caused by a xylem-limited bacterium, Xylella fastidiosa (Xf) which, to date, has not been successfully managed with
bactericides.  Although Xf is quite sensitive to a number of common bactericides that have been used on agricultural crops
(Jones and Kirkpatrick, 2000) the major impediment to treating grapevines prophylactically to prevent infection by Xf or
therapeutically to cure PD-affected vines has been the inability to introduce bactericides into grapevine xylem.  If methods
could be developed to effectively deliver prophylactic or therapeutic bactericides into grapevines, this could provide a
comparatively straightforward solution to a very complex disease problem.  Although genetic resistance to PD is probably the
ultimate solution the ability to produce PD-resistant, commercially acceptable, multiple varieties and clones of Vitis vinifera
will be a challenge.  The development of a successful bactericide solution, particularly a prophylactic approach that would
prevent infection of healthy vines, could be used as a viable interim solution to PD until more desirable approaches are
developed to manage or prevent PD.

OBJECTIVES
1. Determine the efficacy of plant micronutrients and antibiotics as potential therapeutic bactericides for eliminating

Xylella fastidiosa (Xf) in grapevines.
2. Determine the efficacy of plant micronutrients and systemic acquired resistance inducers to provide prophylactic

protection against Xf infection of grapevines.

RESULTS AND CONCLUSIONS
Prophylactic Trials
Previously established prophylactic trials in Napa, Temecula, and Santa Cruz received three consecutive treatment
applications this spring as opposed to the two treatments applied in previous years.  Numbers of treated and control vines that
subsequently developed Pierce’s disease (PD) were still low in most of the trials; subsequently, these trials have not provided
useful information at this time.  However, two of the prophylactic trials, a White Riesling and a Merlot vineyard in Napa
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experienced higher levels of infection and provided some insight into the potential efficacy of some treatments, especially
those that appeared to offer little or no protection against Xf infection (Table 1).

Therapeutic Trials
Disease rating data from two Merlot trials in Napa was evaluated for efficacy following the final disease rating taken on
September 11, 2002.  Data for treatments that provided statistically significant benefit for suppressing PD symptoms,
compared to the untreated controls for two Merlot trials, one vineyard rated 3 years after treatment and the second vineyard
rated 2 years after treatment, is presented in Tables 2a, 2b.  The results suggest that the most effective method for delivering
the bactericides was the drill-through agar injection method and that zinc and streptomycin were two materials that provided
significant positive results in both vineyards.  The 2003 results were similar to rating data obtained in 2002.  The 2001 results
lead to the establishment of a third therapeutic trial in Fall, 2001 which tested the five best therapeutic injection treatments
and one new treatment, phosphorous acid, in one of the previously used Merlot vineyards.  It is too early to differentiate the
beneficial effects of severe pruning, which was used in combination with all of the bactericide treatments, from the any effect
of the applied bactericide in this plot.  In Fall, 2002 two new therapeutic trials were established, one trial in Napa and one in
Sonoma.  A Sauvignon Blanc vineyard with mild to severe symptomatic vines was chosen in Napa, and four agarose
injection treatments including copper sulfate, zinc sulfate, streptomycin, and phosphorous acid were applied.  Each treatment
was replicated on 15 vines and 15 untreated control vines were marked.  The same treatment regime was repeated in the
Sonoma Chardonnay vineyard with equally symptomatic vines.  All bactericide treatments were applied in October of 2002.

A new root drench treatment was also tested in these two vineyards.  The root drench product containing citrus terpenes was
applied to 90 diseased vines in Napa at a rate of 1 gallon per vine with a second application one week after the first
application.  In addition, 20 diseased vines received a single 2-gallon dose with no additional applications.  Untreated
diseased vines were established as controls.  A similar design was established in Sonoma using only the 1X rate.  Petioles
from treated vines were processed and evaluated for viable Xf cells. All of the treated vines still contained viable Xf cells at
populations that were similar to untreated, diseased vines.  This result was confirmed by a colleague in Georgia.  The treated
vines also had delayed shoot growth that was typical of a PD-infected vine and in October 2003 all of the terpene treated
vines in Napa and Sonoma had typical symptoms of PD. These results indicate that the terpene had no beneficial effect in
treated Xf-infected vines in Northern California.

Table 1.  Percentage of vines in each disease-rating category for two prophylactic trials located in a White Riesling and a
Merlot vineyard located in Napa, CC.  Data reflects total amount of disease that occurred in 2001 through 2003. Disease
Ratings = 0) healthy, 1) 1 or a few PD canes, 2) symptomatic canes throughout canopy, 3) cordon dieback, 4) dead vine.

Percentage of healthy and PD vines as per  10/20/2003

0 1 2 3 4

60 10 5  25
65 5 30
45 55
60 40
65 10 25
70 5 5 20
70 30
60 40
65 10 25

Vineyard Treatment Reps

White Riesling ZincAA 20
MnAA 20
Rezist 2% + Stabilizer 2% 20
Actigard 20
Messenger 20
Manganese Carbonate (4X) 20
Zinc 50 (4X) 20
Zn sulfate –soil applied 20
Untreated Control 20

  

Merlot ZnAA 20
MnAA 20
Rezist 2% + Stabilizer 2% 20
Actigard 1X 20
Messenger 20
Manganese Carbonate (4X) 20
Zinc 50 (4X) 20
Zn sulfate – soil applied 20
Untreated Control 20

60 15 25
75 5 20
60 15 10 15
80 10 10
65 5 30
60 25 15
65 5 10 20
50 5 5 40
70 10 5 15
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Table 2a. Results of Cumulative Logit Model for disease rating in Merlot Vineyard A THREE years after initial treatment.
Only treatments that were positively significant at 90% level are presented.

Treatment Application Method p Parameter Estimate Std. Error Odds Ratio
Manganese Injection 0.01 2.28 1.00 9.77
Streptomycin Injection 0.004 2.86 1.08 17.54
Zinc sulfate Injection 0.002 2.91 1.07 18.27
Zn/Mn Foliar spray 0.01 2.88 1.3 17.81
Zn sulfate Foliar spray 0.02 2.71 1.26 15.04

Table 2b. Results of Cumulative Logit Model for disease rating in Merlot Vineyard B TWO years after initial treatment.
Only treatments that were positively significant at 90% level are presented.

Treatment Application Method p Parameter Estimate Std. Error Odds Ratio
Zinc sulfate Injection 0.06 1.45 0.79 4.26
Streptomycin Injection 0.01 1.25 0.78 3.5
Tetracycline Injection 0.01 1.25 0.78 3.5
Zn sulfate Soil applied 0.05 2.71 1.26 15.04

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board, and the
University of California Pierce’s Disease Grant Program.
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ABSTRACT
The current treatment threshold for the glassy-winged sharpshooter (GWSS) as a vector of Pierce’s disease (PD) is one insect
per tree in citrus.  We developed a model to evaluate how the threshold might change in relation to various biological and
ecological factors.  The model was designed to determine the number of GWSS required to cause a single PD infection in
grape.  The primary model parameters were the proportion of GWSS carrying PD, GWSS transmission efficiency of PD,
proportion of GWSS that will move from citrus to grape, the number of grapevines that a single GWSS will visit, grape
varietal susceptibility, and the probability of an infection event resulting in disease.  As these factors varied in the model, the
GWSS treatment threshold changed.  A major limitation of implementing treatment thresholds calculated from the model is
that key data for some parameters are lacking.  The model is a useful tool for identifying research areas that are needed to
further refine a GWSS treatment threshold.

INTRODUCTION
The current treatment threshold recommended to prevent glassy-winged sharpshooter (GWSS) transmission of Pierce’s
disease (PD) is one GWSS per tree in citrus.  This threshold was implemented in Kern County, and was reported to
successfully reduce GWSS densities (Wendel et al. 2002).  In winter 2003, this threshold directed treatment of almost all
citrus acreage in the Temecula and Coachella Valleys.  The initial threshold has provided a good start towards refining
management criteria for GWSS.  However, in the current California budget crisis, it is doubtful that funds will be available to
sustain the level of areawide insecticide applications required to respond to this low action threshold.  We believe that field-
specific thresholds can be developed and we have begun work on a model for this purpose.

In refining the GWSS treatment threshold, the primary question becomes, what is the relationship between insect density and
disease incidence?  If we can develop this relationship, then we have a much better reference for developing a treatment
threshold that will prevent disease transmission.  The challenge is that the number of insects required to cause disease will
change under different circumstances, therefore, a model is a helpful tool for estimating a threshold number based on key
parameters.

In our approach to establishing treatment thresholds we are developing a model that incorporates biological and ecological
data.  It is common in entomology to calculate a treatment threshold based on the economic injury level (EIL).  In a
traditional EIL, injury is defined as the amount of injury per pest and is typically expressed in terms of amount of plant tissue
consumed per insect (Higley and Pedigo 1996).  In a system where an insect transmits a pathogen, injury can be interpreted
as the number of plants infected per insect vector.
Currently, there is no tolerance for GWSS-transmitted PD.  Therefore, we must assume that the treatment threshold is the
number of GWSS required to cause a single PD infection. However, as more information is gained about the GWSS/PD
relationship in California, we are learning that the likelihood of GWSS successful transmission of PD will vary under
different conditions and therefore the threshold should vary as well.

OBJECTIVES
1. Develop a model to describe the epidemiology of GWSS transmission of PD to provide a framework for organizing

data and examining relationships between data from different research projects.
2. Use the model to develop field-specific treatment thresholds to prevent GWSS transmission of PD.

RESULTS AND CONCLUSIONS
Model Components:
The first challenge in developing the model was to identify the primary parameters affecting the number of insects required to
cause a single PD infection.  We identified a list of these primary factors and they are listed in Table 1.
The assumption



-105-

Table 1. Components of the model for a treatment threshold of an insect vector of plant disease.

Symbol Description Parameter Value Range Reference
Tv number of insects  required to cause a single infection calculated from model none
C proportion insects carrying  pathogen 0.00–1.00 none
R insect transmission efficiency of pathogen 0.01–0.35 Almeida and Purcell 2003
M proportion insects that will move from sample area to

feed on host plant of interest 0.00–1.00 none

P number of plants a single insect will visit 5–15 none, values estimated
S plant varietal susceptibility to disease expressed as a

proportion 0.04–1.00 Raju and Goheen 1981

E probability of infection event resulting in disease 0.00–1.00 none

Model Assumptions:
The following assumptions were made for the model:
• GWSS will be monitored by sticky traps in citrus.
• Treatment of GWSS will be applied to citrus.
• The relationship between sticky-trap catches and an absolute population estimate of GWSS is known.

Model Design:
A discrete, dynamic, deterministic model was developed using the model variables described in Table 1.  The mathematical
relationship between the primary model variables was arranged to yield a threshold result of the number of vectors required
to cause a single PD infection:

Tv ESPMRC ×××××
=

1

Model Simulation:
In a model simulation run, we varied two parameters across a range of values from 0.00–1.00 to examine the effect on the
GWSS treatment threshold (Figure 1).  In this simulation, as the proportions of GWSS carrying PD and moving to grape
increased, the threshold decreased.  As expected, the threshold was greater than one when these proportions were lower.  For
example, when the proportions GWSS carrying PD and moving to grape were approximately 0.25 and each GWSS visited
five vines (Figure 1A); the treatment threshold was at least 10.  When the proportions were very low (<0.05), the threshold
increased greatly to over 3,000 GWSS (Figure 1A).  The thresholds remained lower over a greater range of proportions when
the number of grapevines visited per GWSS was increased to 15 (Figure 1B).

Figure 1. Glassy-winged sharpshooter treatment threshold at varying proportions of GWSS moving to grape and GWSS
carrying PD at two different levels of grapevines visited per GWSS: A) 5, and B) 15.  Other model parameters were constant:
transmission efficiency = 0.35, varietal susceptibility = 0.80, and probability of infection event resulting in disease = 1.00.

The initial threshold model is a useful tool for exploring the effect of various epidemiological parameters on the relationship
between GWSS density and PD incidence.  However, the primary limitation to implementing treatment thresholds based on
the model is that key data are lacking.  The model has helped to identify several areas where more research is needed
including:
• The relationship between sticky-trap catches and an absolute population estimate of GWSS.
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• Methods for determining the percentage of GWSS carrying PD in the field.
• Preference of GWSS to move from citrus to grape.
• Grape varietal susceptibility to PD for common cultivars, especially table grapes.
• Various data on phenological and environmental circumstances under which a Xylella fastidiosa infection event leads to

PD development.
We will continue to refine the model as additional simulation runs are performed.  Additional parameters may be added to the
model and others removed if their importance is found to be negligible.  Some mathematical relationships may change as
more data become available.  Realistic model parameters will be evaluated in the model as they become available through
current research.
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ABSTRACT
In 2001, no Pierce's disease (PD) was detected in the Coachella Valley.  However in June 2002, one diseased grapevine was
found in each of two adjacent vineyards.  A subsequent census of those vineyards revealed the presence of 13 infected vines.
Each of the infections was confirmed with ELISA and bacterial culturing, and PCR was used to confirm the presence of the
grape strain of Xylella fastidiosa (i.e. Pierce's disease).  Surveys in June 2003 identified two additional fields with infected
vines, bringing the total number of locations in the valley to three.

Yellow sticky traps have been used to show the seasonal trend of glassy-winged sharpshooter (GWSS) adults.  Average
counts in the summer of 2002 were higher than in the summer of 2001.  Similarly, winter traps in 2003 showed higher
densities than winter traps in 2002, suggesting an increasing GWSS population density throughout the valley.  However,
spring and summer 2003 traps were nearly zero at all locations, indicating successful control of GWSS by the CDFA
sponsored vector control program implemented by the Riverside County Agricultural Commissioner's office.  Through this
study, traps adjacent to citrus groves caught more GWSS than traps not near citrus, however fewer than 35 percent of the
traps near citrus caught GWSS on any given week.  GWSS count data were managed in a GIS format and this enabled us to
place relative importance to citrus groves based on various densities of GWSS caught near the groves.  This information
could be used to target sites for vector reduction treatments.

INTRODUCTION
Pierce’s disease (PD) has been in California for over 100 years (Purcell 1981), but the recent introduction of the glassy-
winged sharpshooter (GWSS), Homalodisca coagulata, into the state (Sorenson and Gill 1996) has radically changed the
epidemiology of this devastating disease.  Since 1994, at least 1,500 vineyard acres have been lost to the disease in
California, and in the Temecula Valley alone, losses have been estimated at $13 million (Wine Institute 2001).  The
California grape industry is estimated to contribute $33 billion to the state economy (Wine Institute 2001), and GWSS
transmission of PD threatens to destroy one of the state's most valuable commodities.

The rapid losses caused by GWSS-transmitted PD in Temecula suggest that areas where GWSS becomes established
experience rapid PD spread and vine decline.  We conducted a PD survey of eight vineyards in Temecula and found plant
decline or death from PD ranging from 51–87% (Perring et al. 2001).  The most plausible explanation for the swiftness and
severity of the PD epidemic in Temecula is the unique epidemiology created when GWSS is introduced into an area with
endemic PD sources (Purcell and Saunders 1999).  In Temecula, the epidemic has mimicked that of grape growing regions in
the U.S. where GWSS is endemic.  In the southeastern U.S., GWSS-transmitted PD is the major factor limiting grape
production (Purcell 1981).

The table grape industry in the Coachella Valley is represented by 10,465 acres of producing vines, which generated grapes
valued at $108.5 million in 2001 (Riverside County Agricultural Commissioner, 2001).  Pierce's disease (PD) was identified
in the Valley in 1983 (Goheen 1984), but until the arrival of the glassy-winged sharpshooter in the early 1990's (Blua et al.
1999), PD was of little concern.  In May 2001, we began a study in this desert valley, with the goal of discovering
characteristics unique to GWSS-vectored PD epidemics.

OBJECTIVES
The goal of our epidemiological studies in the Coachella Valley is to describe the epidemiology of PD when the primary
vector is GWSS, and to use this information to design management strategies to reduce disease spread.
Three objectives are pertinent to this report:

1. Determine the incidence and distribution of PD in the Coachella Valley.
2. Describe the spatial and temporal abundance of GWSS in the Coachella Valley.
3. Determine the relationship of citrus to the abundance of GWSS in vineyards.
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RESULTS AND CONCLUSIONS
Results
PD incidence and distribution: For the past three grape growing seasons, we have surveyed the Coachella Valley in search
for PD.  In 2001, we visually inspected 300 plants in each of 25 vineyards and all vines in a 60-acre vineyard proximal to an
area that had PD in 1983.  We collected 233 suspected samples and analyzed them with ELISA.  None of these plants were
positive for X. fastidiosa.  In 2002, we visually sampled 300 plants in each of 25 vineyards, and visually inspected 35,000
vines randomly distributed throughout the Valley.  We analyzed (by ELISA) 268 plants from this survey and found 13 vines
with X. fastidiosa.  Bacteria were confirmed in these plants with selective-media plating and PCR, amplifying for PD-specific
DNA.  This was the first post-GWSS PD finds in the Valley.  This past summer (2003) we visually inspected an estimated
616,400 vines and 478 vines with suspected PD were subjected to ELISA.  Five of these 478 vines were positive for PD.
Four of these vines were at one field site and the fifth vine was at another site.  This brings the number of fields at which PD
has been detected in the Coachella Valley to three (Figure 1). We are in the process of characterizing these three fields to
determine the extent and patterns of infection in them.

Spatial and temporal abundance of GWSS: We used yellow sticky traps distributed uniformly at one-mile intervals
throughout the Coachella Valley to monitor the seasonal cycle of adult sharpshooter activity.  GWSS catches rose into the
summer of 2001, declined in late July, peaked again in mid-August, and then declined into the fall and winter (Figure 2).
Numbers were extremely low until a period of increased activity, presumably by overwintering adults, in January and
February 2002, after which counts declined again until May 2002.  Average counts in the summer of 2002 were higher than
in 2001, suggesting an increasing trend of GWSS numbers in the Coachella Valley.  GWSS adult catches in the fall of 2002
were very low (similar to fall 2001) until January 2003.  At this time there was a peak in adult activity that was greater than
trap catch densities at the same time of the year in 2002.  In February 2003, the Riverside County Agricultural
Commissioner's Office, with support from CDFA, initiated a GWSS reduction program by treating citrus in the Coachella
Valley.  From our trapping data, this action appears to have reduced GWSS adults to a very low level that has been
maintained this year (Figure 2).

Figure 1.  Vineyards (red) and sites (green) inCoachella at which
PD has been found. Figure 2. Sharpshooter trap catches, 2001-2003.

Relationship of citrus to the abundance of GWSS in vineyards: Numerous studies have shown citrus to be a key host for
GWSS and we studied the contribution of citrus proximity to GWSS densities in grapes near citrus.  Prior to the vector
reduction program in the February 2003, we found that traps adjacent to citrus caught more GWSS than those not adjacent to
citrus (Figure 3).  However, the presence of citrus did not always result in elevated GWSS catches; fewer than 35 percent of
the traps adjacent to citrus caught GWSS on any given week (Figure 4).  This indicates that vector control strategies should
be targeted at citrus, but all citrus groves in the Coachella Valley do not need treatment at this time.  We also conducted
extensive studies at 25 citrus/grape interface study sites.  At each site, traps were placed in 4 plots: along the citrus border,
within the vineyard adjacent to the citrus (designated "Grapes-Near", Figure 5), 500 ft from the citrus (Grapes-Medium), and
1000 ft from the citrus (Grapes-Far).  When GWSS were caught (on 31 of 90 weeks, no GWSS were trapped in the Valley),
traps near citrus consistently caught the most GWSS than traps within the vineyards, statistically different on 20 weeks
(P<0.05, Tukey-Kramer).  The effect on PD epidemiology of these decreases in GWSS with distance from citrus are not
clear, but Perring et al. (2001) showed PD incidence was higher, on average, in vines next to citrus compared to vines distant
from citrus.  Our Coachella Valley data support the practice of focusing vector control on citrus and grapes immediately
adjacent to the citrus.  At the same time, the data indicate that area-wide insecticide applications in vineyards that are not
close to citrus are unwarranted in the Coachella Valley.

Sharpshooter Trap Catches, 2001-2003
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TITLE

Figure 3 Figure 4 Figure 5

CONCLUSIONS
This year we identified two additional fields in the Coachella Valley with PD, bringing the total to three fields.  In each of
these fields, many of the vines show severe disease, suggesting they have been infected for some time.  Some of the vines
show less-severe symptoms that may indicate more recent infections.  While we currently have no basis for linking symptom
severity to length of infection in mature vines, we are interested in this relationship because it may provide information on
primary and secondary spread of PD by GWSS.

Early in our research program, we established a geographic information system (GIS) in which we have managed 90 weeks
of data from 156 traps.  This provides a powerful tool for data manipulation and allows us to link GWSS densities to spatial
information, and use these relationships to identify sites that should be targeted for vector reduction.  For example, we can
display the traps that have caught more than 0 GWSS per week (or conversely identify traps that have never caught a GWSS)
through the course of the study (Figure 6A).  Similarly, the GIS can be used to display traps with varying densities of GWSS,
(>5, Figure 6B or >20, Figure 6C).

A B C

Figure 6. Trap locations (green) and those traps (in blue) that caught greater than (GT) 0 GWSS, GT 5
GWSS, or GT 20 GWSS per week through the course of this study (May 2001 - October 2003).

If we specify a certain distance around each of the traps (we used 500 ft. for this analysis), we can identify citrus blocks near
traps with various GWSS densities.  From this exercise, we identified the groves within 500 ft. of traps that have caught five
or more GWSS/week (Figure 7A) and groves near traps that have caught one or more GWSS/week (Figure 7B) at anytime
from May 2001 - October 2003.  Using five GWSS/week as a threshold, treatment would be necessary on 4822 acres, while a
threshold of one GWSS would result in 8192 acres needing treatment.  Depending on resources available for vector
reduction, these types of analyses can be extremely useful to prioritize citrus groves for application.

A B

Proportion of Traps Near Citrus which Caught GWSS
2001-2003

0

5

10

15

20

25

30

35

13
-M

ay

24
-J

un

5-
A

ug

16
-S

ep

28
-O

ct

9-
D

ec

3-
Fe

b

17
-M

ar

19
-M

ay

7-
Ju

l

18
-A

ug

29
-S

ep

1-
D

ec

19
-J

an

2-
M

ar

13
-A

pr

25
-M

ay

13
-J

ul

14
-S

ep

Date

N
on

-z
er

o 
Tr

ap
s 

(%
)

Mean GWSS by Proximity to Citrus 2001-2003

0

3

6

9

12

6-
Se

p

5-
N

ov

4-
Ja

n

5-
M

ar

4-
M

ay

3-
Ju

l

1-
Se

p

31
-O

ct

30
-D

ec

28
-F

eb

29
-A

pr

28
-J

un

27
-A

ug

Date

A
ve

. N
o.

 G
W

SS
 / 

W
ee

k

Citrus
Grapes-Near
Grapes-Medium
Grapes-Far

Area-wide GWSS Trap Catches With and Without Citrus
2001-2003

0

0.5

1

1.5

2

2.5

3

9-
M

ay

8-
Ju

l

6-
Se

p

5-
N

ov

4-
Ja

n

5-
M

ar

4-
M

ay

3-
Ju

l

1-
Se

p

31
-O

ct

30
-D

ec

28
-F

eb

29
-A

pr

28
-J

un

27
-A

ug

Date

G
W

SS
 / 

W
ee

k

By Citrus
No Citrus

# #

#####

#
# # #

#
#

#

##

# # # # # #

##
#

###

# # # # # # # #

#########

# # # # # # # # # #

############

# # # # # # # # # # # #

##########

# # # # # # # # # #

#########

# # # # # # # # # # # # # #

#
#####

# # # #

####

# # #

###

# # # #

###

#

#

#

#
#

#

#

#

#

#

#

#

#

#
##

#

#
#

#

#

#
#

#
#

#
#

#

#
#

#
#

#
###

#

#
#

#

#

#

# #

#####

#
# # #

#
#

#

##

# # # # # #

##
#

###

# # # # # # # #

#########

# # # # # # # # # #

############

# # # # # # # # # # # #

##########

# # # # # # # # # #

#########

# # # # # # # # # # # # # #

#
#####

# # # #

####

# # #

###

# # # #

###

#

#

#
#

#

#

#

#

#

#

#

#

#
##

#

#

#

#

#
#

#
#

#
#

#

#
#

#

#
###

#

#
#

#

#

#

W
hitewater River

I-10

E
xpressw

ay

State
Hwy 111

State H
w

y 86

State Hwy 111

Salton Sea

12,186 total citrus acres
Threshold 1/trap/week = 8192 acres
(3994 Not Treated)

####

#

#

#

#

#

#

#

#

#

#

#

#

# #

##

#

#

###

##

#

###

# # #

#

#

###

# #

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

# #

#####
#

# # #

##

#

##

# # # # # #

##
#

###

# # # # # # # #

#########

# # # # # # # # # #

############

# # # # # # # # # # # #

##########

# # # # # # # # # #

#########

# # # # # # # # # # # # # #

#
#####

# # # #

####

# # #

###

# # # #

###

#

#

#
#

#

#

#

#

#

#

#

#

#
##

#

#

#

#

#
#

#
##
#

#

#
#

#

####

#

#
#

#

#

#

W
hitewater Ri ver I-10

E
xpressw

ay

State
Hwy 111

State Hwy 86

State H
w

y 86

State Hwy 111

Salton Sea

12,186 total citrus acres
Threshold 5/trap/week = 4822 acres

GWSS Traps GT 0

####

#

#

#

#

#

#

#

#

#

#

#

#

# #

##

#

#

###

##

#

###

# # #

#

#

###

# #

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

# #

#####
#

# # #

#
#

#

##

# # # # # #

##
#

###

# # # # # # # #

#########

# # # # # # # # # #

############

# # # # # # # # # # # #

##########

# # # # # # # # # #

#########

# # # # # # # # # # # # # #

#
#####

# # # #

####

# # #

###

# # # #

###

#

#

#

#
#

#

#

#

#

#

#

#

#

#
##

#

#
#

#

#

#
#

#
#

#
#

#

#
#

#
#

####

#

#
#

#

#

#

# #

#####
#

# # #

#
#

#

##

# # # # # #

##
#

###

# # # # # # # #

#########

# # # # # # # # # #

############

# # # # # # # # # # # #

##########

# # # # # # # # # #

#########

# # # # # # # # # # # # # #

#
#####

# # # #

####

# # #

###

# # # #

###

#

#

#
#

#

#

#

#

#

#

#

#

#
##

#

#

#

#

#
#

#
#

#
#

#

#
#

#

####

#

#
#

#

#

#

W
hit ewater River

I-10

Expressway

State Hwy 111

State Hwy 86

State H
wy 86

State Hwy 111

Salton Sea

GWSS Traps GT 5

####

#

#

#

#

#

#

#

#

#

#

#

#

# #

##

#

#

###

##

#

###

# # #

#

#

###

# #

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

# #

#####
#

# # #

##

#

##

# # # # # #

##
#

###

# # # # # # # #

#########

# # # # # # # # # #

############

# # # # # # # # # # # #

##########

# # # # # # # # # #

#########

# # # # # # # # # # # # # #

#
#####

# # # #

####

# # #

###

# # # #

###

#

#

#

#
#

#

#

#

#

#

#

#

#

#
##

#

#
#

#

#

#
#

#
#

#
#

#

#
#

#
#

####

#

##

#

#

#

# #

#####
#

# # #

##

#

##

# # # # # #

##
#

###

# # # # # # # #

#########

# # # # # # # # # #

############

# # # # # # # # # # # #

##########

# # # # # # # # # #

#########

# # # # # # # # # # # # # #

#
#####

# # # #

####

# # #

###

# # # #

###

#

#

#
#

#

#

#

#

#

#

#

#

#
##

#

#

#

#

#
#

#
#

#
#

#

#
#

#

####

#

##

#

#

#

W
hitewater River

I-10

E
xpressway

State Hwy 111

State Hwy 86

S
tate H

w
y 86

State Hwy 111

Salton Sea

GWSS Traps GT 20

####

#

#

#

#

#

#

#

#

#

#

#

#

# #

##

#

#

###

##

#

###

# # #

#

#

###

# #

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

# #

#####
#

# # #

#
#

#

##

# # # # # #

##
#

###

# # # # # # # #

#########

# # # # # # # # # #

############

# # # # # # # # # # # #

##########

# # # # # # # # # #

#########

# # # # # # # # # # # # # #

#
#####

# # # #

####

# # #

###

# # # #

###

#

#

#

#
#

#

#

#

#

#

#

#

#

#
##

#

#
#

#

#

#
#

#
#

#
#

#

#
#

#
#

####

#

##

#

#

#

# #

#####
#

# # #

#
#

#

##

# # # # # #

##
#

###

# # # # # # # #

#########

# # # # # # # # # #

############

# # # # # # # # # # # #

##########

# # # # # # # # # #

#########

# # # # # # # # # # # # # #

#
#####

# # # #

####

# # #

###

# # # #

###

#

#

#
#

#

#

#

#

#

#

#

#

#
##

#

#

#

#

#
#

#
#

#
#

#

#
#

#

####

#

##

#

#

#

Whitewater River

I-10

Expressway

Stat e
Hwy

111

State Hwy 86

S
tate H

wy 86

State Hwy 111

Salton Sea

Figure 7. Trap locations (green), citrus groves (orange) and groves within 500 ft. of sticky trap (purple) that caught at
least 5 GWSS/week (A) or at least 1 GWSS/week (B) during any week between May 2001 and October 2003.
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ABSTRACT
Investigations of the fate of the Pierce’s disease bacterium Xylella fastidiosa (Xf) in alternate hosts from which sharpshooters
might acquire Xf identified bacterial hosts among vineyard weeds, cover crops, field crops and adjacent vegetation common
to vineyards in California’s San Joaquin Valley.  Work for the past year focused on completing additional replications of 15
high-priority weeds to compare mechanical and insect vector inoculation efficiencies, and to determine the fate of bacterial
populations over a nine-week period after inoculation with Xf. Four things are required for a plant to be a good source of
Xylella for vector acquisition: it must be an attractive food host to sharpshooters, develop Xylella infections frequently when
fed on by infective insects, allow systemic growth of the bacteria beyond the inoculation site, and support population growth
above 1,000,000 cfu of Xf per gram of plant tissue.  Although insect survival varied considerably between replications, it
averaged 77% on all plants for two days.  Ten of the 35 weed species examined were colonized by Xf more than 50% of the
time in greenhouse studies when plants were maintained in ideal conditions for bacterial growth.  Sixteen species supported
Xylella populations above 1,000,000 cfu/g, thirteen had populations between 1,000,000 and 10,000 cfu/g, and three had
populations below 10,000 cfu/g.  Finally, 13 species had Xf recovery immediately distal to the inoculation site in greater than
half of successfully inoculated plants.  The plants that had greater than 60% insect survival during inoculation, more than
50% of sites inoculation sites infected in greenhouse tests, that supported bacterial populations of 1,000,000 cfu/g or larger,
and had systemic Xf movement beyond the inoculation site in more than half the infected inoculation sites were: black
nightshade, common sunflower, annual bur-sage, morning glory, poison hemlock and fava bean.

INTRODUCTION
Understanding the fate of Xylella fastidiosa in its various hosts is important because of the wide range of plants that the insect
vectors feed on (Adlerz, 1980; Purcell, 1976 and unpublished data).  Additionally, the bacteria itself survives and multiplies
in an unusually large number of plants (Freitag, 1951; Raju et al. 1983; Hopkins, 1988). Studies of the fate of Xf in four plant
species highly preferred by various insect vectors revealed that blackberry, mugwort, and watergrass were propagative hosts
but only blackberry allowed systemic movement (within-plant spread) of Xf (Hill and Purcell, 1995). In grape and two other
hosts, vector transmission occurred only from plants with population densities exceeding 10,000 cells per gram, with efficient
transmission occurring only near 10,000,000 (log 7) Xf cells per gram.  Further studies of the fate of Xf in 33 species of
riparian plants commonly found in Napa valley revealed that most species were propagative but non-systemic hosts (infected
only the inoculated plant cells) of the bacteria and suggested that Xylella eventually disappeared from non-systemic hosts
(Purcell and Saunders, 1999).  Previously reported (Wistrom and Purcell, 2002) data in this study identified 9 alternate hosts
that developed Xf infections greater then 50% of the time. Seven species supported Xf populations over 1,000,000 colony-
forming units [cfu] per gram of plant tissue.  Bacterial survival in field conditions was tested with 5 previously identified
alternate hosts in summer and winter field studies. Xylella was recovered less frequently (at 26% of inoculation sites
compared to 46% in winter, and 35% of inoculation sites compared to 21% in the summer) and at approximately 10-fold
lower populations from field-grown plants from Bakersfield, CA, as compared to greenhouse-grown plants, in ideal
conditions for Xf growth (Feil and Purcell, 2001) during the first three weeks after inoculation.  In general, most non-systemic
hosts of Xf developed highest populations within 1 to 3 weeks that thereafter decreased, while Xf populations in systemic
hosts continued to increase or remain at the highest densities attainable in a particular host.

OBJECTIVES
Evaluate the fate of Xylella fastidiosa in Central Valley weeds and other crops of interest.

RESULTS
Experiments in the past year focused on repeating inoculations of 15 high-priority weeds to obtain larger sample sizes and
comparisons of inoculation efficiency between glassy-winged sharpshooters, blue-green sharpshooters, and mechanical
inoculation.  Three new host species were tested; curly dock, lambsquarters, ‘Moapa’ alfalfa.  To date, 35 species of common
vineyard weeds, crops and other plants have been evaluated.  All plants were inoculated with STL, a Pierce’s disease strain of
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Xf originally isolated from Napa valley.  Plants were inoculated with Xf-carrying sharpshooters by confining groups of 2 to 4
infective sharpshooters to a 3-cm length of stem, petiole or leaf (depending on plant morphology) in a foam-and-mesh cage
for 2 days.  Only results from sharpshooter groups capable of successfully transmitting Xf were used.  Plants were
mechanically inoculated by placing 5 µl of turbid (8 to 9 log10 cfu/ml) Xf cell suspension in SCP buffer on the stem, leaf or
petiole of the plant, which was probed with a #2 insect pin until drawn into the plant.  Inoculations were performed on sunny
days to maximize uptake of the Xf suspension via transpiration.  Plants were assayed for presence and population of Xf by
culture on semi-selective PWG media using the techniques of Davis (1983) and Hill (1995).

Host range experiments with plants inoculated in the greenhouse identified 10 species of weeds that were infected greater
than 50% of the time with Xf. These were black nightshade, common sunflower, common cocklebur, annual bur-sage,
morning glory, marestail, silverleaf nightshade, sacred datura, poison hemlock and fava bean.  Another 18 species become
infected 20 to 50% of the time when inoculated with Xf; johnsongrass, cheeseweed, field bindweed, yellow nutsedge, purple
nutsedge, prickly lettuce, southwestern cupgrass, whitestem filaree, curly dock, common purslane, California burclover,
black mustard, quinoa, tree tobacco, red gum, ‘Ace’ tomato, ‘Violeta Lunga’ eggplant, and ‘Moapa’ alfalfa.  Plants that
became infected less than 20% of the time in greenhouse tests were: jojoba, annual sowthistle, prostrate pigweed, watergrass,
and blue gum.  Only white clover (0 of 3 sites) and red clover (0 of 5) had no Xf recovery from any inoculation sites tested.
A total of 54 and 74 sites were tested respectively, but either were contaminated with bacteria other than Xf or inoculated
with non-infective sharpshooters.  California burclover, black mustard and alfalfa did not have infections move beyond
inoculation sites, however the three species had small sample sizes due to contamination and poor transmission of the
sharpshooters.  Johnsongrass had Xf populations of log105 cfu/g at the inoculation site, but only developed systemic infections
at 2 of 14 infected sites.  Other species with fewer than 20% of infections moving beyond the inoculation site were annual
sowthistle and yellow nutsedge.

Populations of Xf in alternate hosts followed three main patterns, either increasing over nine weeks, remaining steady over
the sampling period, and decreasing. Xf populations increased in 6 plants, including fava bean, field bindweed, and annual
morning glory.  Seven plant species had steady populations of Xf at 3 and 9 weeks after inoculation. Xf populations
decreased in 3 species, johnsongrass, sowthistle, and eggplant population from three weeks after inoculation.  Species with
populations less than 10,000 cfu/ gram of plant material were cheeseweed, jojoba, annual sowthistle, and whitestem filaree.
Sharpshooters cannot acquire Xf from plants with populations lower than 10,000 cfu/g (Hill and Purcell, 1997).

Some plants other than white clover had a large proportion of contaminated inoculation sites.  This appeared to be a function
of the plant rather than deficiencies in technique, as contamination problems were consistent across replications and other
species tested on the same day were not contaminated.  Black nightshade was tested three times, but all samples were
contaminated in two replications.  Prostrate pigweed had 10 of 19 sites contaminated, and red clover had 10 of 11 sites
contaminated.  Other complications were low infectivity (poor acquisition of Xf) of blue-green sharpshooters used in
experiments from October 2002 to February 2003.  Only 30% (46 of 152 groups) were infective compared to 94% (119 of
126 groups) from April to July 2003.  This was not the case the previous winter (November 2001 to January 2002), where
122 of 128 (95%) of sharpshooter groups transmitted Xf. Probable causes for the drop were the condition of the Pierce’s
disease-infected plants from which the sharpshooters acquired Xf, or reduced feeding by sharpshooters.

Five of the 6 plant species that had been inoculated both with blue-green sharpshooters and mechanically had a greater
percentage of sites became infected with Xf when the plants were insect-inoculated.  Poison hemlock was the sole exception
(Table 1).  Most notably, annual morning glory had 93% (28 of 30 stems) become infected with Xf when fed on by infective
insects, but 0 of 20 when mechanically inoculated.  It is unclear why this is the case; however, it is not due to the disruption
of Xf infection by excretion of protective latex as results for prickly lettuce show that Xf can be mechanically introduced into
plants that produce latex (12 of 53 sites infected).

Four other plants had varying results when mechanically inoculated as compared to infected with glassy-winged
sharpshooters (GWSS).  Cheeseweed developed infections in 29 of 57 (51%) needle-inoculated sites but only in 1 of 12 (8%)
insect-inoculations.  Similar results were seen for sacred datura (needle inoculation: 43 of 56, compared with 1 of 7 for GW),
and red gum (needle inoculation: 12 of 33; 0 of 5 for GW). In previous tests, 30% of GWSS groups transmitted bacteria to
seedling grapes, compared to 96% of blue-green sharpshooter groups.  It appeared that GWSS were even less efficient at
transmitting Xf to alternate hosts than they were to grapes.
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Table 1.  Comparison of insect (BG: blue-green sharpshooter) and mechanical (NI: needle) inoculation.

Plant Inoc.
Sites
Infected

% Sites w/
Xf

Median
[Xf]

Systemic
Infections

% Sys w/
Xf

Systemic
[Xf]

jojoba BG 5/41 12 log 4 1/5 20 log 4
jojoba NI 3/74 4 log 6 2/3 67 log 6

prickly lettuce BG 35/56 63 log 6 8/33 24 log 3
prickly lettuce NI 13/54 24 log 6 7/13 54 log 6

cocklebur BG 54/71 76 log 5 33/54 61 log 4
cocklebur NI 11/32 34 log 4 7/11 64 log 6

ann. bur-sage BG 21/27 78 log 6 17/21 81 log 6
ann. bur-sage NI 10/19 53 log 5 9/10 90 log 4

m. glory BG 36/43 84 log 5 19/36 84 log 4
m. glory NI 12/51 24 log 5 7/17 42 log 4

hemlock BG 14/22 64 log 6 11/14 79 log 6
hemlock NI 10/15 67 log 4 5/10 50 log 5

quinoa BG 12/24 50 log 5 2/12 17 log 4
quinoa NI 13/49 27 log 3 6/13 46 log 4
Sites infected are the Xylella fastidiosa (Xf)-infected sites over total number inoculated. Median Xf population is in log10
colony-forming-units per gram of plant material (cfu/g) as determined by culture. Systemic infections are Xf infections distal
to the inoculation site, over number of sites infected, showing the tendency for Xf to colonize the plant. Systemic [Xf] is the
population of Xf at distal to the inoculation site in log10 cfu/g.

CONCLUSIONS
For a plant to be a good source from which sharpshooters can acquire Xf, the plant must be an attractive food host to
sharpshooters, capable of being inoculated with Xf, allow the spread of the bacteria beyond the inoculation site, and support
population growth above well 10,000 cfu of Xf per gram of plant tissue, the threshold for bacterial acquisition by
sharpshooters when feeding on a host plant.  While most of the plants examined supported some degree of bacterial growth,
few have all the traits that are needed to play a role in the propagation of Pierce’s disease by serving as inoculum sources for
large numbers of sharpshooters.

Although insect survival varied considerably between replications, it averaged 77% on all plants for two days, confined to a
small foam-and-mesh cage.  All plants studied had insect survival above 60% for all insect-inoculated replications except for
southwestern cupgrass, marestail, purslane, sacred datura, tree tobacco and blue gum.  Even in this artificial situation,
sharpshooters fed on a wide range of plants and potentially exposed them to Xylella.

Ten of the 35 weed species examined were inoculated more than 50% of the time in greenhouse studies.  Plants were
maintained in ideal conditions for bacterial growth in the greenhouse following the two-day inoculation access period with 2
to 4 insects per inoculation site.  When similarly inoculated plants were placed outside for the nine-week evaluation period in
the previous years’ field study, many fewer Xf infections survived.  As noted in the introduction, 20% fewer infections
developed field-grown plants in winter, and 14% less in the summer.  Thus it is unlikely that the plant species that had low
inoculation efficiencies in the greenhouse will develop infections in the field.

Study results will assist researchers by identifying the biology of Xf in various hosts, while grape growers may use this
information to determine which types of vegetation are potential inoculum sources, and when to eliminate them.
Sixteen species supported Xylella populations above 1,000,000 cfu/g, thirteen had populations between 1,000,000 and 10,000
cfu/g, and three had populations below 10,000 cfu/g.  Since acquisition efficiency by sharpshooters increases with the
bacterial population in the host plant (Hill 1997), plants with bacterial populations below 1,000,000 cfu/g are unlikely to be
major inoculum sources.  Finally, the bacteria must move beyond the inoculation site throughout the plant to colonize it.  The
plants that had all the traits; greater than 60% insect survival during inoculation, were infected greater than 50% of the time
in greenhouse tests, supported bacterial populations of 1,000,000 cfu/g or larger, and had systemic Xf movement beyond the
inoculation site at more than 50% of plants where Xylella was recovered at the inoculation site, were black nightshade,
common sunflower, annual bur-sage, morning glory, poison hemlock and fava bean.
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ABSTRACT
The transmission of Xf to dormant grape by the glassy-winged sharpshooter (GWSS) was confirmed for a second year in
outdoor cage trials in Bakersfield in January 2003, but at lower rates than in February 2002.  Attempts to transmit Xf with
GWSS from dormant grape and almond did not result in transmission.  Sharpshooters fed on suspensions of Xf in xylem sap
acquired Xf as determined by culture assays, but all failed to transmit Xf from suspensions to grape, suggesting that vector
transmission requires a plant factor or environmental conditions not present in cultured cells.

INTRODUCTION
In attempts to reduce the economic impact of the glassy-winged sharpshooter (GWSS, Homalodisca coagulata), it is essential
to better understand and evaluate GWSS's transmission of the pathogen Xylella fastidiosa (Xf). Xf has been causing diseases
in California for a long time, but GWSS is apparently a more effective vector than other sharpshooters previously present in
California in the field spread of Pierce's disease. We previously documented that GWSS transmits Xf with similar
characteristics as other vectors (Purcell 2002).  There is no or a very short (minutes) latent period; insects acquire and
inoculate Xf with only 1 h of plant access period, although efficiency increases with larger access periods.  Nymphs were as
or more efficient vectors than adults, both for pathogen acquisition and inoculation, but lost infectivity after molting
(Almeida and Purcell 2003). Overall, GWSS was at least 50% to 75% less efficient as a vector of Xf compared to the blue-
green sharpshooter (BGSS) (Purcell and Finlay 1979). One difference in the feeding behavior or GWSS compared to
traditional California vectors such as BGSS was that adults transmitted Xf with similar efficiency to green tissues as to 2-year
old wood of grapevines.  Similar to previous results for BGSS (Hill and Purcell 1995), we found no correlation between the
amount of the pathogen detection in the head of GWSS by culture and its transmission to plants.  Our objectives for the past
year were to further characterize Xf transmission by GWSS to grapevines and to develop methods by which GWSS could
transmit Xf from artificial diets so as to be able to better control and experimentally manipulate bacterial acquisition.  The
final (#3) objective of the project was addressed without success the previous year; no bacterial isolates from GWSS proved
to be taken up by GWSS from surface sprays of the bacterial isolates.

OBJECTIVES
1. Characterize the transmission of Xf to grapes by GWSS.
2. Develop in vitro assays to assess vector transmission of Xf.
3. Test the possibility of biological control of Xf transmission through competition for attachment site in vector’s foregut.

RESULTS
GWSS transmission of Xf to dormant grapevines
In a repeat of experiments conducted in an outdoor cage in Bakersfield in 2002, we confirmed that GWSS can transmit Xf to
dormant grapevines, although rates were much lower than in 2002.  We first confined GWSS on PD-grape source plants
(strain STL) for 4 days in the greenhouse, then we caged groups of 4 adult GWSS per plant on grape seedlings.  We
transported 15 of these groups (60 insects total) on grape test plants and transferred one group per vine to a small mesh sleeve
cage on field-grown Pinot Noir vines planted in an outdoor cage in Bakersfield, CA. We inoculated 15 field vines each on
January 23 and 30, 2003 and removed the insects after one week. We diagnosed all plants after more than 3 months for PD
symptoms and for Xf by culture assays (Hill and Purcell 1995) and/or by ELISA (Minsavage et al. 1994) in the CDFA
Diagnostics Lab in Sacramento, using leaf petioles for diagnoses. Transmission rates in the greenhouse trials were 3 of 15
for January 19-23 inoculations and 4 of 15 for Jan. 26-30 inoculations in the lab on green vines.  Only one of the 30 total
groups of 4 GWSS transmitted to dormant grape in the field; this same group had also transmitted to a green grape test plant
on which the insects were caged before exposure to field test plants.  This rate of transmission (3%) was much lower than the
20-30% transmission achieved in identical experiments in February 2002.  As we noted in our lab experiments over the
previous three years, GWSS transmission to grape is quite variable among experiments (Almeida and Purcell 2003).
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Electronic monitoring of sharpshooter probing behavior
This work was conducted together with Dr. Elaine Backus (USDA-ARS, Parlier CA).  We used the blue-green sharpshooter
(BGSS, Graphocephala atropunctata) as our model insect because it is more efficient than the GWSS in transmitting Xf.
Our results were presented last year (Purcell 2002) and have been submitted for publication.  Information from this work
establishes benchmarks for future research addressing the mechanisms of Xf transmission and sharpshooter ecology.

Develop in vitro assays to assess vector transmission of Xf
Results have been already discussed in a previous report.  In summary, we have demonstrated that sharpshooters can acquire
planktonic Xf suspended in filter-sterilized grape xylem sap kept in sachets of thin flexible membranes (Parafilm MR).  But
these insects did not transmit the pathogen to plants afterwards.  During Spring 2003, we used BGSS that had been lab-reared
on basil with frequent changes to eliminate any Xf attached to the foreguts of the insects.  These BGSS were screened on pre-
test grape plants to test for infective BGSS before using them in acquisition-feeding experiments.  We suspended log106
cells/ml in filter-sterilized grape sap and fed about 20 µl of suspension through a thinly stretched ParafilmR membrane to
individual BGSS adults.  After a 6-8 hour access to feeding on Xf suspensions between membranes, we transferred the insects
to grape test plants for 4 days, after which we cultured from the heads and bodies of the surviving insects.  Unfortunately,
half of the pre-test plants became infective, indicating that probably about 20% of the BGSS used were infective before the
experiment.  Of the BGSS that did not transmit to a pre-test plant, only one of over 30 BGSS transmitted after feeding on
sachets of bacterial suspensions, indicating that either the insect(s) picked up Xf from the cell suspension or (more probably)
that it was already infective but did not transmit to the pre-test plant.  We recovered Xf from all of the BGSS we cultured
except for those where contaminating bacteria made detection of Xf impossible.  The results suggested that cultured Xf cells
are not genetically activated in sterile xylem sap to attach to vector foreguts from which they can later be transmitted, or that
plant factors not present in cultured cells are required for attachment to the vector.

Biological control of Xf transmission through competition for attachment site in vector’s foregut
Our results on these experiments have been previously reported (Purcell 2002).

Microscopy of sharpshooter foreguts
We examined BGSS adults foreguts for Xf after caging them on PD-vines for 4 days, followed by at least 14 days on grape
test plants.  Of 19 such BGSS that were adequately dissected for SEM, we found “carpet-like” mats of Xf attached to all 10
BGSS examined in scanning electron microscopy that transmitted Xf to grape (Figure 1).  We did not observe attached Xf in
any of the 9 insects that did not transmit to grape.  Not many cells of Xf are required for efficient transmission of Xf, but
evidently heavy biofilms of Xf in the foregut also permit efficient transmission.  Our previous reports (Purcell 2002)
described similar findings of Xf biofilms in the foreguts (precibarium) of GWSS (Brlansky et al. 1983).  The general
distribution of Xf in the foregut of BGSS (Figure 1) in this transmission experiment was similar to that we described earlier
(Purcell 2002).

Figure 1. Mats of Xylella fastidiosa colonizing the precibarial groove (in hypopharynx) of blue-green
sharpshooter 14 days after start of acquisition period on grape with Pierce’s disease.  Sucking pump
chamber is at upper left.
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CONCLUSIONS
We confirmed for a second year that GWSS can transmit Xf to dormant grapevines in the field.  This implies that it is
important to minimize GWSS populations feeding on vineyards in winter months as well as the growing season.  Our efforts
to develop a system to deliver planktonic Xf cells to insects were successful, but the ingested cells were not transmitted to
plants afterwards, suggesting that either Xf responds to environmental signals to activate genes necessary for attachment or
that the bacterium requires plant-derived factors for transmission.
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ABSTRACT
The acquisition of Xylella fastidiosa (Xf) from dormant almond by the glassy-winged sharpshooter (GWSS) was attempted in
January 2003 near Bakersfield with 16 groups of 4 adult GWSS per group caged on branches of almond trees with ALS
symptoms and confirmed by culturing as having Xf infections.  None of the surviving GWSS transmitted Xf to 16 Non-pareil
almond test plants.  Culture assays for Xf in naturally-infected field almonds and greenhouse plants documented densities of
about 1,000,000 to 10, 000,000 live Xf per gram of leaf vein.  These are 10 to 100 times lower than in grapes with PD
symptoms and may explain in part why vector acquisition of Xf from almond is lower than from grape.  In other experiments,
we found that previously reported, genetically-determined groupings of Xf strains from almond (Groups I and II) and grape or
almond (typed as “Grape” strains) had distinctive biological characteristics that corresponded to the genetic groupings.  All
strains mechanically inoculated into grape and almond caused almond leaf scorch (ALS), but only grape strains caused
Pierce's disease.  Almond Group I strains did not grow on PD3 medium, but Almond Group II strains and Grape strains did.
Almond strains of Xf survived winter dormancy in almond at Berkeley better than did grape strains, but the reverse was true
in grape.

INTRODUCTION
One of the unknown but feared impacts of the glassy-winged sharpshooter (GWSS, Homalodisca coagulata) in the San
Joaquin Valley of California is its role in the spread of almond leaf scorch disease (ALS).  GWSS includes numerous species
of trees among its favored plant hosts (Turner and Pollard 1959a) and is considered to be one of the most important vectors
for the phony peach disease (Turner and Pollard 1959b), so it should be expected to feed on almond.  We previously reported
that GWSS transmits Xf to almond less efficiently than to grape, with insect numbers per plant and days of exposure
approximately equal in influence on transmission probability (Purcell 2002; Purcell and Almeida 2002).  We also found that
GWSS transmitted Xf to dormant almond trees in greenhouse experiments.  Our objectives for the past year were to
determine if GWSS could acquire Xf from dormant almond in the field, what populations of Xf occurred in ALS-symptomatic
plants in the field, and to determine if both grape and almond strains colonized and caused disease in both almond and grape.
Some of the results re-summarized here were recently published (Almeida and Purcell 2003b).

OBJECTIVES
1. Determine the efficiencies of acquisition and inoculation of Xf by the GWSS to almonds.
2. Quantify populations of Xf in infected almonds in the field throughout a season.
3. Determine the ability of the GWSS to inoculate Xf to mature (> 1 year) and dormant woody tissues of almond.

RESULTS
GWSS transmission of Xf to almond
Objectives 1 and 3 were completed and the results reported last year (Purcell 2002) and in a publication (Almeida and Purcell
2003b).  To briefly summarize: GWSS acquired and inoculated Xf from/to almonds with an acquisition efficiency of ~7% per
insect per day, and inoculation of 4% per insect per day.  This is less than half of GWSS transmission rates to grape (Almeida
and Purcell 2003a).  GWSS transmitted Xf to 1-year old woody tissue of almonds with equal efficiency as to green tissue, and
survived about the same on both types of plant tissues.  Because of concerns regarding transmission of Xf from grape to
almonds, we did a transmission experiment using two grape strains (one from Napa Valley, another from Bakersfield), and
found that both were transmitted to both grape and almonds.  Napa Valley strains were slightly more virulent (more severe
symptoms) in grape than were Bakersfield strains.

We tested the ability of GWSS to acquire Xf from dormant almonds in the field.  In experiments in a commercial ‘Non-pareil’
almond orchard north of Bakersfield, we caged lab-reared, non-infective GWSS adults.  The insects first were tested for four
days on grape seedlings to insure that they were Xf-free and then transferred in the field to almond branches that had
previously tested as positive for ALS symptoms and Xf populations by culturing. After one week on dormant almonds we
transferred the 16 surviving GWSS (of the initial 64 used) to almond test plants (Non-pareil on Lovell rootstock) in the
greenhouse.  Almost all of these GWSS survived in the lab, but there was no transmission of Xf to almond, as determined by
culturing assays (Hill and Purcell 1995).

Populations of Xf in infected almonds in the field and greenhouse
Xf bacterial populations within plants have been correlated with vector transmission efficiency (Hill and Purcell 1997).
Following that assumption, we quantified Xf from infected almonds in the field growing in 3 different areas of California and
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in the laboratory.  Details about our experiments have been published (Almeida and Purcell 2003b).  We found that bacterial
populations were 10- to 100-fold lower in almond than in grapes.  We also surveyed bacterial populations in an infected
orchard at UC Davis over 4 years (1997-99, and 2001-02).  Bacterial populations were low in April, reached 106 CFU/g of
tissue in June and 107 CFU/g in September (Almeida and Purcell 2003b, Almeida and Purcell in press).  These low
populations suggest that GWSS transmission of Xf to almonds during spring and early summer is most likely to occur with
infective insects migrating from grape or other plants.  During late summer, when bacterial populations increase,
transmission from infected to healthy almonds might become important within orchards, but the overwinter survival of Xf
infections established in August is unknown.

A significant finding from our field inoculations of almond at Davis and Parlier that is important for growers is that first year
infections (needle inoculation) are almost certain not to be noticed in visual surveys for ALS symptoms.  Further, about half
of infections established in early spring die out during the subsequent winter, with even further substantial die-out of
infections during the second winter (Almeida and Purcell 2003 in press).  Moreover, ALS symptoms from two-year-old
infections were not pronounced and would likely be overlooked the second year as well. This means that growers cannot
reliably assess the effects of vector control for ALS control on the same or following year’s ALS incidence based on ALS
symptoms.  Extensive ALS symptoms that are noticed for the first time probably result from infections established at least 3
or more years before.  In general, ALS symptoms (and presumably Xf) spread within trees more rapidly in the more
susceptible varieties (e.g., Peerless, Non-pareil) than in less susceptible varieties (e. g., Mission, Carmel), as well as occurring
at a higher incidence in the more susceptible varieties (unpublished data).

Biological characteristics of grape and almond Xf strains
PD and ALS have long been considered to be caused by the same strain of Xf, but recent genetic studies revealed differences
among Xf isolated from these host plants (Hendson et al. 2001).  We tested the hypothesis that ALS is caused by PD and ALS
strains in the field, and found that both groups of Xf caused ALS and over wintered within almonds after mechanical
inoculation.  Under greenhouse conditions, all isolates caused ALS, and all grape isolates caused PD.  However, isolates
belonging to almond genetic groupings did not cause PD in inoculated grape but systemically infected grape with lower
frequency and much lower populations than grape strains.  Isolates able to cause both PD and ALS developed 10-fold higher
concentrations of Xf in grape than in almond. In the laboratory, grape isolates over wintered with higher efficiency in grapes
than in almonds; almond isolates over wintered significantly better in almonds than in grapes (results reported in Almeida
and Purcell in press).

Based on our Xf collection, we never recovered Almond strain isolates from PD grapevines, but have recovered Grape strain
isolates from infected almonds.  We assigned almond strains into groups I and II based on their genetic characteristics,
growth on PD3 solid medium (Davis et al. 1981), and bacterial populations within inoculated grapevines.  Our results show
that genetically distinct grape and almond strains differ in population behavior and pathogenicity in grape and ability to grow
on two different media.  Details about the genetic grouping of the various Xf strains in California are reported in Hendson et
al. (2001).

CONCLUSIONS
In summary, we found that GWSS is a less efficient vector of Xf to or from almond in field and lab tests than vectors such as
the blue-green sharpshooter and less efficient than in transmitting to grape.  GWSS did not acquire Xf from or survive well on
dormant almond in the field, but transmitted Xf to dormant almond in lab tests.  This does not mean that GWSS is not a threat
for spreading ALS where populations of Xf-infective GWSS enter almond orchards. Other factors such as GWSS population
levels, infectivity rates, and residence times in orchards, and plant-to-plant movement rates can be as important as
transmission efficiency.

The populations of Xf in almond were generally 10 to 100-fold less than in comparable weights of leaf veins of PD-grape.
This may explain in part why vector transmission of Xf from almond is lower than from grape.  Growers should be aware that
ALS symptoms progress slowly from a single point of infection the same year of infection and most are not noticeable even
the second year of infection.  Thus most ALS foliar symptoms will not be noticed until the third year or later after infection.

Our finding that grape and almond strain groupings based on genetic characteristics are biologically distinct explains at least
in part why PD does not occur near hotspots of ALS.  However, our findings cannot explain the reverse situation:  "Why
doesn't ALS occur near PD hot spots?"  The lower rates of overwinter survival of grape strains in almond can only partly
explain this anomaly.
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ABSTRACT
The xylem-limited bacterial pathogen Xylella fastidiosa causes a number of diseases in a wide range of hosts including
Pierce’s disease of grapevine and leaf scorch of oleander.  Recently, the presence of the bacteria has been documented in a
number of landscape ornamentals in southern California have showing symptoms typical of those caused by the pathogen.
Plants such as sweet gum (liquidambar), olive and ornamental plum have been identified as susceptible hosts of the pathogen.
During surveys conducted in the summer of 2003, over 500 samples from plants showing symptoms typical of X. fastidiosa
infection from five cities in southern California were tested for the presence of the pathogen.  Seventy-eight host species were
represented in the samplings.  Plants from 26 of the species represented tested positive for the presence of the pathogen by
ELISA.  Current work is focusing on the confirmation of the presence of the pathogen by PCR amplification and the
collection of bacterial isolates from these suspected hosts for both genetic and host range characterization.

INTRODUCTION
Xylella fastidiosa is a bacterial plant pathogen that causes a variety of diseases in a broad range of plant hosts including
Pierce’s disease of grapevines, almond leaf scorch, alfalfa dwarf, citrus variegated chlorosis, leaf scorch of live oak, pear leaf
scorch, and oleander leaf scorch (Hopkins 1989; Hartung et al. 1994; Purcell and Hopkins, 1996; Purcell et al., 1999).
Multiple strains of X. fastidiosa with different host ranges have been identified (Chen et al 1992, da Costa et al. 2000,
Henderson et al. 2001), but little is known about the diversity of these populations in the urban landscape and their ability to
cause loss in both plants of horticultural and agronomic importance.

Until recently, losses of ornamental plants resulting from X. fastidiosa-induced diseases were primarily limited to oleander.
Since the symptoms of X. fastidiosa often mimic those caused by other pathogens or abiotic stresses, problems caused by this
bacterium may have been frequently misdiagnosed in the urban environment.  However, during recent surveys of potential
alternate host plants of PD in southern California; liquidambar, olive, and ornamental plum were found to have symptoms of
leaf scorch and tested positive for X. fastidiosa using ELISA and PCR analysis of plant tissue. None of these species have
been reported as hosts of this pathogen before.  In some areas, scorch symptoms were very common on these plants, i.e. in
olive plantings in Riverside County, up to 33% of the trees exhibited symptoms. X. fastidiosa was isolated from each of
these species on specialized media for genetic characterization.  Preliminary studies of X. fastidiosa isolates from these hosts
indicate that the strain(s) present differ from the PD and OLS strains found in grape and oleander respectively (D. Cooksey,
unpublished data), however, their exact relationship to other previously identified strains, and the host range of these isolates,
remains unknown.  In order to develop strategies to manage this pathogen, it is essential to determine the potential of these
strains to infect other host plants, particularly agricultural crops such as grape, almond, olive and citrus.

The broad host range of this pathogen, and its potential threat to California landscapes, agricultural and forestry crops makes
it critical to document and characterize the strains of the pathogen that are present throughout California, and determine the
plant host range of each of these strains. The result of this project will provide knowledge base of crop hosts that may be at
risk of infection with new strains and will provide a database of ornamental species that can serve as inoculum sources of X.
fastidiosa. This information is necessary to develop management practices that target the removal of infected plants and
sources of inoculum near susceptible crops.
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OBJECTIVES
1. Use laboratory methods to identify landscape host species that are infected with X. fastidiosa.
2. Secure isolates from these hosts to document infection and provide material for genetic characterization of the X.

fastidiosa strain(s) involved.
3. Genetically characterize the strains of pathogen in landscape plant species.
4. Confirm pathogenic infection through inoculation studies with specific isolates.
5. Test ability of new strains to infect agricultural crops including grape, olive, and almond.

RESULTS AND CONCLUSIONS
Objective 1
Over 500 samples from landscape plants showing symptoms of wilt, dieback or scorch were taken from five cities in distinct
locations in southern California.  Sampling locations consisted of areas several city blocks in size, from which both suspected
host species and plants symptomatic of disease were taken (Table 1).

Originally, only 24 species of possible host plants were to be examined, but it was decided after an initial survey of plants
showing symptoms typical of X. fastidiosa infection that all plants showing typical symptoms would be sampled.  Thus, over
78 distinct landscape ornamental species were sampled in the survey.

A large number of plant samples indicated the presence of X. fastidiosa based upon ELISA results only (Table 2).  Plants
from 26 of the 78 species sampled tested positive.  Within a tested species, the number of individual samples testing positive
was variable, which was not unexpected.  For example, 16 of 23 samples from Agapanthus africanus tested positive, while
only 3 of 10 samples of Jacaranda mimosifolia tested positive.  At this time, PCR confirmation using the RST31/RST33
primer pair (Minsavage et al. 1994, Pooler et al. 1997) for general amplification of X. fastidiosa has only been successfully
completed for a small subset of these samples.  Likewise, in only a few cases has the bacteria been successfully cultured on
PD3 or PW agar.

Table 1.  Origin of samples collected as of October 15, 2003.

City County Samples Species
Representeda

Filmore Ventura 105 45
San Diego San Diego 102 32
Redlands San Bernardino 117 37
Riverside Riverside 97 40
Tustin Orange 118 29

Total 539 78
a Actual number of plant species sampled per location.  Some species sampled in multiple locations, depending of
the presence of symptomatic specimens in the sampling area.

Table 2. Partial listing of plant species confirmed or likely to be hosts of X. fastidiosa in southern California urban
landscapes.

Species Common Name ELISAa PCRb Culturec

Agapanthus africanus Lily of the Nile + --- ---
Alibiza julibrissin Silk Tree + --- ---
Cinnamonum  camphora Camphor Tree + --- ---
Gingko biloba Gingko + --- +
Impatiens spp. Impatiens + --- ---
Jacaranda mimosifolia Jacaranda + --- ---
Justica spicigera Mexican Honeysuckle + --- ---
Liquidambar styraciflua Sweet Gum + + ---
Morus spp. Mulberry + + ---
Nerium oleander Oleander + + +
Olea europa Olive + + ---
Photina fraseri Frasier Photina + + ---
Prunus dulcis Almond  +  +  +
(+) indicates a positive test result, while (---) indicates a negative or inconclusive result.
a Positive reactions using a commercially available ELISA kit (Agdia )
b Amplification of product using RST31/RST33 primer set
c Isolation of X. fastidiosa from plant extracts on PD3 or PW media

Objective 2
So far, isolates available for characterization include those from Gingko, Oleander, and Sweet Plum.  No additional work will
be performed until a larger number of isolates becomes available.
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The current focus of the work is to continue to collect and identify hosts of X. fastidiosa in landscape hosts, confirm the
presence of the pathogen using the RTS31/RST33 PCR primers and obtain isolates of the bacterium from these hosts.

Objectives 3, 4 and 5
To be completed upon the successful collection of additional X. fastidiosa isolates.

REFERENCES
Chen, J., C.J. Chang, R.L. Jarret, and N. Gawel. 1992. Genetic variation among Xylella fastidiosa strains. Phytopath. 82: 973-

977.
da Costa, P.I., C.F. Franco, S. Vicente, S. Miranda, D.C. Teixeira, and J.S. Hartung. 2000. Strains of Xylella fastidiosa

rapidly distinguished by arbitrarily primed-PCR. Curr. Microbio. 40: 279-282.
Hartung, J.S., M.J.G. Beretta, R.H. Brlansky, J. Spisso, and R.F. Lee. 1994. Citrus variegated chlorosis bacterium: Axenic

culture, pathogenicity, and serological relationships with other strains of Xylella fastidiosa. Phytopath. 84: 591-597.
Hendson, M., A.H. Purcell, D. Chen, C. Smart, M. Guilhabert, and B. Kirkpatrick. 2001. Genetic diversity of Pierce’s

Disease strains and other pathotypes of Xylella fastidiosa. App. and Env. Microbio. 67: 895-903.
Hopkins, D.L. 1989. Xylella fastidiosa xylem-limited bacterial pathogen of plants. Ann. Rev. Phytopath. 27: 271-290.
Minsavage, G.V., C.M. Thompson, D.L. Hopkins, R.M.V.B.C. Leite, and R.E. Stall. 1994. Development of a polymerase

chain reaction protocol for detection of Xylella fastidiosa in plant tissue. Phytopath. 84: 456-461.
Pooler, M.R., I.S. Myung, J. Bentz, J. Sherald, and J.S. Hartung. 1997. Detection of Xylella fastidiosa in potential insect

vectors by immunomagnetic separation and nested polymerase chain reaction. Lett. App. Microbio. 25: 123-126.
Purcell, A.H., and D.L. Hopkins. 1996. Fastidious xylem-limited bacterial plant pathogens. Annu. Rev. Phytopath. 34: 131-

151.
Purcell, A.H., S.R. Saunders, M. Hendson, M.E. Grebus, and M.J. Henry. 1999. Causal role of Xylella fastidiosa in oleander

leaf scorch. Phytopath. 89:53-58.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.



-124-



-125-

Section 4A:
Bacteria-Insect and

Bacteria-Plant Interactions



-126-



-127-

SHARPSHOOTER FEEDING BEHAVIOR IN RELATION TO TRANSMISSION
OF THE PIERCE’S DISEASE BACTERIUM

Project Leader: Personnel:
Elaine Backus Fengming Yan Javad Habibi William Bennett
USDA-ARS-PWA College of Life Sciences  Department of Entomology Private consultant
Exotic & Invasive Dis. & Pests Peking University University of Missouri 744 Elktown Rd.
Parlier, CA  93648 Beijing, China Columbia, MO  65211 Otterville,MO 65348

Cooperators:
Matthew Blua Alexander Purcell Edwin Civerolo
Department of Entomology Division of Insect Biology USDA-ARS-PWA
University of California University of California Exotic & Invasive Diseases & Pests
Riverside, CA  92521 Berkeley, CA  92521 Parlier, CA  93648

Reporting Period: The results reported here are from work conducted from November 1, 2002 to September 30, 2003.

ABSTRACT
Backus is studying the stylet penetration (probing) behaviors of the glassy-winged sharpshooter (GWSS), and how they
interact with populations of Xylella fastidiosa (Xf) to facilitate transmission to grape.  Electropenetration graph (EPG)
monitoring is combined with videotaping of stylet movements in artificial diet and histology of fed-upon plant tissues.  For
Objective 1, AC EPG waveforms have been identified, characterized, and correlated with salivary sheath formation, stylet
advancement, ingestion, and sheath terminations in various cell types in grape.  Results show that most probes are very long
(>8 hrs), and sustained ingestion events longer than 2 min generally occur in xylem.  For Objective 2, a 2 x 4 factorial test
was performed, using 2 probing treatments (short probe [pathway + < 1 min ingestion] or long probe [pathway + 1 hr
sustained ingestion]) and 4 bacterial detection methods (PCR, culturing, immunocytochemistry and symptoms).  Results
show that Xf inoculation can be PCR-detected from both short and long probes, and thus it occurs during pathway or the first
minute of ingestion.  Durations for waveforms B1, C and N were significantly different between PCR-positive and PCR-
negative plants, for long probes only.  This suggests that inoculation occurs when B1 is coupled with stylet tips in xylem. The
bacterial detection methods compared have differential sensitivities; immunocytochemistry is the most sensitive, PCR is
intermediate and culturing is the least sensitive.  The more sensitive the test, the earlier and more frequently the bacteria were
detected.  Present results support the following inoculation hypothesis. Xf bacteria exit the stylets during brief stylet activities
represented by the B1 waveform, probably within seconds of the first puncture of a penetrated cell, either along the path or in
the xylem.  Proper placement of the bacteria appears to be crucial; placement in xylem leads to growth of the bacteria
sufficient for detection by less sensitive methods.  Further analysis will test this hypothesis, and also associate this behavior
with appearance of bacteria in the head. This research provides crucial baseline data for future development of a Stylet
Penetration Index for inoculation behavior.

INTRODUCTION
Almost nothing was known, until this work, about the stylet penetration (probing) behaviors of the glassy-winged
sharpshooter (GWSS), and how they interact with populations of Xylella fastidiosa (Xf) to facilitate transmission to
grapevine.  This project is combining the three most successful methods of studying leafhopper feeding (i.e. histology of fed-
upon plant tissues, videotaping of feeding on transparent diets, and electrical penetration graph [EPG] monitoring) to identify
most details of feeding.  This research will provide crucial baseline data for the present projects of collaborators, as well as
for the future development of a Stylet Penetration Index for PD inoculation behavior to be used to screen differences among
grape varieties and other uses.

OBJECTIVES
1. Identify and quantify all feeding behaviors of GWSS on grapevine, and correlate them with location of mouthparts

(stylets) in the plant and presence/ population size of Xf in the foregut.
2. Identify the role of specific stylet activities in Xf transmission, including both the mechanisms of acquisition and

inoculation, and their efficiency.  This project’s emphasis is on inoculation.
3. Begin to develop a simple, rapid method to assess feeding, or detect the likelihood of X. fastidiosa transmission (an

“inoculation-behavior detection method”), for future studies.

RESULTS
The first 5 months of this year were spent moving the entire project from the University of Missouri to Backus’s new
employer, the USDA-ARS in Parlier, California.  Yan spent one month in California completing the lab work for one
experiment, then moved to other employment after one year of work on this project.  Habibi was able to continue his
histology work.
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Objective 1 - Waveform Correlations:
BGSS Study:  Backus worked with Almeida (former student of Purcell) to complete and submit their publication on
waveform correlations of blue-green sharpshooter (BGSS), Graphocephala atropunctata (Almeida & Backus, in revision).
GWSS Experiments 1, 2 and 3:  1) Backus and Bennett completed the development of the new AC/DC monitor and used it to
preliminarily record GWSS waveforms; work is continuing.  2) Habibi completed histological preparation and micrography
of the 98 correlation probes discussed last year.  3) Yan completed the artificial diet videomicrography.  Synthesis of all
correlation data is underway, for a detailed manuscript on AC waveforms correlations (in prep).  Current AC waveform
interpretations from these results are shown in Figure 1 and Table 1.

Objective 2 - Inoculation Behavior
GWSS Experiment 4 – EPG Waveforms.  Design and Methods.  We used now-standard waveform interrupting and plant
techniques to correlate waveforms and salivary sheathes with inoculation of Xylella to healthy grapevine petioles.  Eight
treatments were performed, using a 2 x 4 factorial, randomized complete block design with 10 replicates.  The treatment
levels were two types of probes and four Xf detection methods, as follows:

Types of probes:
1) 3 EPG-monitored probes each containing pathway + < 1 minute of ingestion, or
2) 1 EPG-monitored probe containing pathway + 1 hr of ingestion (including any interruptions)
NOTE:  Correlation results (e.g. Figure 1) suggest that during long durations (>7-10 min) of ingestion the stylet tips are

in xylem; short durations (0.5-2 min) are often performed in other cell types.
Xf detection methods:      Probed plants were held in the greenhouse, then the 2-mm length of petiole immediately around

the probe site was excised and tested via:  1) PCR (by Civerolo), after 6 week holding time, or   2) bacterial culturing (by
Purcell), after 6 week holding time, or   3) symptoms, after 3 month holding time, or   4) immunocytochemical detection of
both salivary sheaths and Xylella (by Habibi), after 5 d holding time.

Results to date:  PCR and culture tests are complete for both probing treatments (Table 2; Figure 2).
Immunocytochemistry is complete for long probes (Figure 3); work is in progress for the short probes.  Symptoms proved
unreliable.

Probing Treatment PCR Culture Immunocyt.
3 short probes 5/10 0/10 n/a
1 long probe 4/10 1/8 6/8

Table 2:  Number of grape samples containing identified GWSS
probes that was positive out of the total number tested, using each
of the three bacterial detection methods.

PCR successfully detected Xf amplicons inoculated by
both short and long probes (Table 2).  There was no
significant difference (Proc CATMOD) between the probe
treatments (p = 0.9807). Therefore, success of PCR
recovery from identified probes was 45%.  This far
exceeded the recovery via culture (5.6%).

Figure. 2. Mean durations for each uninterrupted occurrence (= waveform event) of a
waveform type, compared (ANOVA and LSD) between short and long probe treatments.

There were distinct differences
in waveform durations among
probe and bacterial detection
treatments (Figure. 2).  Long
probes showed significant
differences between PCR-
positive and PCR-negative
plants.  Positive probes had:  1)
shorter B1 pathway, 2) shorter
N interruption, and 3) longer C
ingestion activities.  Short
probes displayed no significant
differences in waveform
durations between positives and
negatives.
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Figure 1. Waveform trace from an
interrupted grape probe, with its
correlated salivary sheath.  The
insect’s stylets were pulled out after <
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abruptly, the salivary sheath is left
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Figure 4. Confocal laser scanning micrographs of the unstained salivary sheath in grape tissue, as in Figure 3.  Tissue is from Expt. 6, after
10 days holding time (see text). Xf aggregations are very bright (arrows); less bright signal is probably autofluroescence.

Figure 5. Confocal laser scanning micrograph of bacteria  as in Fig.ure 4, but in a section some distance from the section
with the salivary sheath (sheath not shown).  Tissue is from Expt. 6 but after 40 days holding time. Xf aggregations are very
bright (arrows); less bright signal is probably autofluroescence.

Xf bacteria

Sheath
saliva

Xf bacteria

At 10 days after a
probe, the size of the
Xf aggregation is
larger than at 5 days
(Figure 3).  Bacteria
lie relatively close to
salivary sheath.

At 40 days after the
probe, Xf aggregations
are seen much more
frequently, in sections
further away from the
probe.  Size of aggre-
gations is also larger.

Figure 3. Confocal laser scanning micrographs of an unstained salivary sheath in grape tissue from Expt. 4, after 5 days holding time (see
text).  Transmitted light view (left) is overlaid with half of the pixels of the laser-excited fluorescent image (right). Xf aggregations are very
bright (arrows, right); less bright signal is probably autofluroescence of cell walls and sheath saliva.

Sheath
saliva

Xf bacteria

Numerous
aggregations of what
appear to be bacteria
are visible in the
transmitted light
view (left).  But,
only a few
aggregations clearly
fluoresce, indicating
binding with the Xf
antibody.  Size of
aggregation and
degree of fluores-
cence is low at 5
days.
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We confirm findings of Almeida and Purcell (2002) that adult GWSS can inoculate a healthy grapevine plant in less than 1
hr.  However, our results improve upon theirs, which showed only a 19.6% individual inoculation rate; ours was 45% via
PCR and 75% via immunocytochemistry.  Thus, exact knowledge of the duration and location of a 1-hr probe, via EPG,
increases the likelihood of subsequent detection.   Inoculation by short probes, however, is not as easily detectable via PCR
as inoculation by long probes; 3 times as many short probes had to be made into the same petiole for the same detection
efficiency as 1 long probe.  Also, the large difference between PCR and culturing results suggests that few insect inoculations
inject sufficient quantity or quality of Xf for later culturing. This could be due to: 1) very few bacteria injected, 2) bacteria
injected into non-xylem cells or 3) killed in the process of inoculation or 4) transported away from the site of injection, or 5)
insufficient holding time for bacterial colony growth.  Any combination of these is also possible.

Experiment 5 – Single Probes:  To test the inoculation efficiency of single, short probes, we repeated Expt. 4 with only 1
short probe instead of 3, and used only PCR for detection. Two of the 8 probes performed (25%) were PCR-positive.

Experiment 6 – Sheath Time Course:  We also tested how long a GWSS salivary sheath remains intact in a grape plant, and
the location and spread of Xf in relation to salivary sheaths of identified probes.  We repeated Expt. 4 using only immunocyt-
ochemistry to detect bacteria but varying holding times (10, 20, 40 and 80 days).  We found that salivary sheaths were
completely intact up to 40 days after probing; only at 80 days were the sheaths slightly dissolved and diffuse.  At 10 days,
fluorescently labeled Xf aggregations were detectable in xylem cells adjoining the salivary sheath (Figure 4), while at 20 (data
not shown) and 40 days (Figure 5), Xf aggregations were visible in xylem cells several sections above and below, and several
cell layers lateral to, the sheath.  Thus, Xf can move laterally in the plant within 20-40 days after insect inoculation.

Interpretation of Overall Results
Xf inoculation can occur during both short and long probes.  Thus, bacteria must exit the stylets during pathway or the first
few seconds of ingestion (the phases common to both probe lengths).  But there is a higher probability of detecting Xf
inoculation during long probes than during short ones.  The detection methods compared have differential sensitivities;
immunocytochemistry is the most sensitive, PCR is intermediate and culturing is the least sensitive.  Only long probes had
waveform durations that were significantly different among PCR-positive and PCR-negative probes.  The longer the duration
of the C (ingestion) waveform (therefore the shorter the duration of N [interruption]), the greater was the likelihood that
inoculated Xf could be detected later. We believe this is because the longer the C, the more likely the stylets were in xylem.
Thus, the greatest likelihood of PCR detection of inoculation (in the vicinity of the probe) is when certain pathway activities
are performed in xylem cells.  Inoculating, xylem-ingestion probes have shorter durations of B1 pathway than non-xylem-
ingestion probes.

CONCLUSIONS
Results to date, taken together, support the following hypothesis. Xf bacteria exit the stylets during brief stylet activities
represented by the B1 waveform, probably within seconds of the first puncture of any penetrated cell along the path to xylem.
Proper placement of the bacteria appears to be crucial; placement in xylem leads to growth of the bacteria sufficient for
detection by the less sensitive methods.  The more sensitive the test, the earlier the bacteria can be detected.  Further analysis
will test this hypothesis, and also associate waveforms with appearance of bacteria in the head.

These findings will help solve the PD/GWSS problem by providing:
• The first means of empirically tracking in real-time the entire insect inoculation process, to accurately pinpoint the timing

and site of bacterial injection.  Because the protocol is now standardized and repeatable, it can be used to document timing
of transmission and other insect-bacteria-plant interactions, e.g. 1) time course studies to trace the movement of insect-
inoculated (as opposed to mechanically inoculated) Xf through the plant, and 2) studies to explain Purcell’s
epidemiological concept of how many “bug visits” to a plant are required to develop a chronic PD infection.

• The first accurate knowledge of GWSS feeding behavior, at the real-time instant it occurs.  This knowledge and protocol
can be used for numerous future studies of feeding, e.g. testing the acceptability of artificial diet mixtures, or of various
host and non-host plants.

• The first findings that EPG waveforms differ among inoculating and non-inoculating probes.  Therefore, we now have
evidence that we can develop a Stylet Penetration Index that would speed the testing of resistant varieties of grape and
other host crops.  Completing development of such an Index will be a major goal of future work.

• Crucial EPG waveform correlations and better protocols for the next studies on Xf transmission mechanisms.
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Table 1.  Current definitions of the AC EPG waveform phases, families and types of glassy-winged sharpshooter.
Waveform Waveform Waveform Proposed Biological Meaning

Phase Family Type Waveform Characteristics Plant Tissue/Cell Insect Activity

Pathway A A1 Highest amplitude, hump-like Parenchyma or
Major salivary sheath
formation,

waveform at beginning of probe mesophyll deep extension/retraction of
usually w/ spikes at the top stylets, some watery salivation

A2 Medium amplitude, variable slope; Parenchyma or Lengthening and/or hardening
irregular high frequency with

occasional mesophyll
of salivary sheath; some

watery
'trenches' and/or potential drops salivation

B B1 Short, single- or multi-peak 'bursts'
Xylem,
parenchyma Minor sheath additions, watery

w/in irregular, wave-like sections or pith
salivation, tip fluttering;

internal

B2
Extremely regular, stereotypical
pattern

Xylem,
parenchyma muscle and/or valve/pump

(4~5 s), with distinct phrases or pith movement?

Ingestion C C (to be Regular, low frequency
Xylem,
parenchyma Ingestion (watery excretory

subdivided) with distinct phrases or pith droplets correlated)

Interruption N N (to be Irregular, appears A-like, but occurs
Xylem,
parenchyma Salivary sheath extension

subdivided) during C; ave. duration 16 sec or pith or branching
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ABSTRACT
Xylella fastidiosa (Xf), which causes Pierce’s disease (PD) in grapevines, is transmitted by the glassy-winged sharpshooter
(GWSS).  Paratransgenesis employs symbiotic bacteria to deliver anti-Xf compounds to disrupt transmission of the pathogen
to new host plants. Alcaligenes xylosoxidans denitrificans (Axd) was identified as a potential agent for paratransgenesis
because it inhabits the foregut of GWSS, as does Xf, and the xylem of plants. In this report, we describe the interaction of Axd
with plants, GWSS predators, and alternate Xf-vectors and report preliminary data on inhibition of transmission by anti-Xf
factors. Axd colonized and traveled within 6 host plants, reaching the highest titers in lemon. Axd colonized the foregut
region of two alternate Xf-vectors, the blue green and smoke tree sharpshooters, and was not identified in predatory
arthropods that fed on Axd-positive GWSS.  Disruption of Xf-transmission by GWSS was demonstrated using two reagents, a
single chained antibody fragment and an antibiotic peptide.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is the principle vector of the xylem-limited bacterium Xylella fastidiosa (Xf), which
causes Pierce’s disease (PD) in grapevines.  Limiting the spread of this pathogen by rendering GWSS incapable of pathogen
transmission would control the disease.

Paratransgenic approaches to pathogen control are currently being developed to deliver anti-pathogen strategies to disrupt
Triatomid transmission of Trypanosoma cruzi (1), to prevent colitis in mammals (2, 7), and to interfere with transmission of
HIV(4).  Candidate microbes that live in close proximity to the pathogen in the vector insects and in host plant tissues would
by ideal vehicles to control Xf.

Alcaligenes xylosoxidans denitrificans (Axd), originally isolated from the cibarium of GWSS, has been described as a non-
pathogenic plant endophyte and a non-pathogenic soil-borne microbe (5, 8). Axd, genetically marked with DsRed or EGFP
protein, colonized the cibarium of GWSS for up to 35 days, the longest period tested (3).

Two categories anti-pathogen reagents, single-chained antibodies (scFV) and antibiotic peptides, were tested for activity
against Xf. Screening of scFV uncovered an antibody fragment that was specific to Xf and may be specific to the PD-causing
strain of Xf. Four toxic peptides were identified that inhibited the growth of Xf, but did not inhibit the growth of Axd.

OBJECTIVES
1. Identify environmental endpoints of Axd in plants, GWSS predators, and alternate insect vectors.
2. Test the ability of anti-pathogens to disrupt Xf disease cycle.

RESULTS
Axd movement within and colonization of six host plants.
Plants treated with Axd showed no abnormalities (stunting, chlorosis, necrosis, etc.) two weeks after inoculation, despite
relatively high titers in several hosts as compared to control plants.  The melting temperature of the 199 bp Axd EGFP insert
sequence is 92.1°C.  Comparing PCR product melting temperature to that of the primer dimer (80.6°C), conformations were
made by increasing the temperature from 72 to 99°C at a rate of 1°C/45s and measuring fluorescence every 45s, then plotting
results on the melting curve.  A standard curve and a regression line (R=0.983, R2=0.967, efficiency=0.73, M=0.239,
B=10.362) was constructed based the amplification of known standards with plant background.  Standards were tested in the
presence of each host plant and no significant differences were found, therefore differences in quantification were not
attributed to deleterious plant effects on PCR.

Axd was found most consistently (44 of 45) and in the highest concentrations in lemon plants in both replications (Table 1).
In both replications, lemon plants were found to have greater than 3 million Axd cells per 2 cm of tissue, almost one order of
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magnitude higher than in other hosts tested.  While all inoculated sweet orange plants (25 of 25) were positive with relatively
high titers (943,305 cells/2 cm) of Axd in the first replication, only 13 of 20 were positive in replication 2 with a lower mean
titer (19,458 cells/2 cm).  Grapevine, periwinkle, and crepe myrtle had lower numbers of positive plants and fewer cells per 2
cm cut.  Chrysanthemum was only replicated once and 19 of 20 plants were positive with a relatively high titer of Axd
(151,108 cells/2 cm).

Table 1. Axd populations per 2 cm stem tissue (5 cm from inoculation point) in different host plants determined by
QRT-PCR (2 wks post inoculation).
Host Plant Replication 1 Replication 2

Number of cells
per positive plant Positive hosts

Number of cells
per positive plant Positive hosts

Lemon 3,591,427 25/25 3,034,792 19/20
Sweet Orange 943,305 25/25 19,458 13/20
Crepe Myrtle 884,770 8/25 29,235 2/20
Periwinkle 304,820 10/25 284,164 16/20
Grape 18,225 24/25 71,982 6/20
Chrysanthemum NA NA 151,108 19/20
*All negative controls were negative.

Acquisition of Axd by GWSS predators
Using a plant-based artificial feeding system (AFS) (3), GWSS adults were fed Axd marked with a dsRed protein.  After
feeding from the AFS, GWSS were maintained on chrysanthemum, and fed to predators over a 2 week period. Samples
GWSS from this colony all tested positive for the presence of dsRed-Axd. Predators tested negative for the presence of Axd; 3
arachnid species (n=5), 1 Mantidae species (n=5), and 1 Reduviidae species (n=5) by fluorescent microscopy.

Acquisition of Axd by alternate Xf-vectors
In replication one, blue green sharpshooters were offered dsRed Axd through an artificial membrane (6) and smoke tree
sharpshooters were offered dsRed Axd through the plant-based AFS (3).  The foreguts of all dsRed Axd-fed insects were
viewed under fluorescent microscopy and were positive at 1d, 7d, and 14d post-exposure, while all control (non-dsRed Axd-
fed) insects were negative.  In replication two, both blue green and smoke tree sharpshooters were offered dsRed Axd through
the plant-based AFS and tested positive by fluorescent microscopy on all dates.

Axd in California vineyards
In July of 2003, we received a permit from the EPA to test for the environmental endpoint of Axd when inoculated into
grapevines by needle inoculation, foliar application, and soil drench.  We are currently analyzing samples from these
experiments, which were conducted in Riverside, Bakersfield, Temecula, and Napa. In these caged field trials, our goal is to
determine if Axd colonized different tissues of these grapevines, especially fruit.

Interruption of PD cycle
In a preliminary experiment, transmission of Xf from infected grapevine to healthy grapevine by GWSS was blocked by
feeding GWSS on the plant-based AFS containing an Xf-specific antibody fragment (scFV S1) expressed in the coat of a
M13 bacteriophage, between a 5 d acquisition access period (AAP) and the 5 d inoculation access period (IAP).  At two
concentrations of phage/antibody (1014 and 1015) transmission of Xf was 0% (n=10 and n=13, respectfully), compared to 50%
transmission in the control group (n=8).  Transmission of Xf was reduced when GWSS were fed Indolicidin (American
Peptide Company, Inc., Sunnyvale, CA) between the AAP and IAP from 50% in the control group to 35% (n=14) at
100µg/ml and 7% (n=X14) at 500µg/ml.  These experiments are being replicated.

CONCLUSIONS
Genetically-marked Axd colonizes several host plants.  This suggests that genetic modification does not interfere with the
biology of Axd, which should enter into the insect-plant cycle and be transmitted along with the pathogenic bacteria target.
While GWSS is the vector of greatest interest at this time, two other native sharpshooters also transmit the vehicle bacterium,
Axd and several plants can serve as hosts.

Movement of Axd beyond grapevines is an issue that has to be addressed, not just for permitting purposes, but also to gain
acceptance from the producers and consumers. Predatory arthropods feed GWSS containing high titers of Axd did not acquire
the marked bacteria.

In the laboratory, inhibition of Xf-transmission by GWSS was demonstrated using two different categories of reagents, a
surface antibody fragment and an antibiotic peptide (Indolicidin).  The antibody fragment was specific to Xf. In our trials the
antibody fragment was being expressed in the coat of a phage, so the effects on transmission might be greater when the
antibody fragment is expressed on the surface of Axd. Indolicidin inhibited Xf growth in vitro, but did not affect growth of
Axd. Transformation of Axd to produce each/or both of these reagents is currently under way.
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ABSTRACT
This work derives from a preliminary experiment by Civerolo and Bruening in which Chenopodium quinoa (Cq) was found
to develop a localized chlorosis 24-48 hr after leaves were infiltrated with a suspension of live or heat-killed Xylella
fastidiosa (Xf) cells. Excised electrophoresis gel regions were assayed for chlorosis-inducing activity, which was associated
with a protein band with mobility corresponding to an estimated mass of 40K. Mass spectrometry of material the gel band
revealed peptides corresponding to about 40% of the peptides predicted for the mopB gene. Xf mopB is an ompA protein.
Members of the ompA group are located in the outer membrane of Gram-negative bacteria. The mopB translation product,
signal peptide, and mature mopB protein were identified. In the present period, we showed that fluorescent anti-mopB IgG
binds to intact Xf cells grown in liquid culture, confirming the location of mopB on the Xf cell surface. Previously we found
that Xf cells extracted with SDS under specific conditions are depleted in most non-mopB proteins. This observation was
extended by solubilizing mopB from the SDS-extracted cells at a slightly elevated pH, at 30°C in the presence of SDS and
sodium perchlorate. Only traces of other proteins contaminated the mopB preparation. We postulate that mopB, as the major
outer membrane protein of Xf, may participate in an interaction between Xf and the xylem sites at which colonization of the
plant by Xf is initiated. Understanding a mopB-xylem interaction could direct strategies for interfering with Xf infection of
grape and other Xf hosts. We demonstrated that thin balsa wood squares are able to absorb mopB from a mixture of mopB
with other proteins, in the presence of non-ionic detergents known to be effective in solubilizing integral membrane proteins.
Cellulose, in the form of washed filter paper, was similarly selective. These results support, but do not prove, our hypothesis
about a role for mopB in Xf infection, possibly acting to bind Xf to the xylem interior. It may be possible to exploit mopB as a
target for controlling Pierce’s disease.

INTRODUCTION
The bacterium, Xylella fastidiosa (Xf), is the causative agent of Pierce’s disease of grape. We reported previously the
observation that untreated or heat-killed suspensions of 106 to 108 Xf cells/ml, pressure infiltrated into leaves of
Chenopodium quinoa (Cq), induced a chlorosis in 24-48hr that conformed to the infiltrated area. The chlorosis reaction was
the basis semi-quantitative assay for potency of Xf-derived preparations. The chlorosis-inducing activity survived treatment
with the protein-denaturing detergent sodium dodecyl sulfate (SDS). Nevertheless, proteases inactivated the chlorosis-
inducing activity. Extraction of Xf suspensions with SDS under mild conditions (30˚C, pH approx. 8.5 buffer) removed many
Xf proteins (analysis by gel electrophoresis, SDS-PAGE) from the insoluble fraction, but the chlorosis-inducing activity
remained insoluble. Guided by stained bands in an SDS-PAGE gel, unstained gel segments were extracted, concentrated and
tested by infiltration of Cq leaves. The bulk of the chlorosis-inducing activity was associated with material with mobility
corresponding to molecular weight of about 40K. Analysis of tryptic digests by mass spectrometry revealed peptides derived
from the Xf outer membrane protein mopB. The abundance of Xf mopB suggests that it is the major outer membrane protein
of the bacterium. Although a minor contaminant of the mopB preparations could be responsible for the Cq chlorosis, most
likely the chlorosis inducing agent is mopB itself. We identified the likely start of translation for the mopB gene,
MKKKILT…(corresponding to a 40.7K translation product), recognized a candidate 22 amino acid residue signal peptide,
and determined that the pyroglutaminyl-terminated peptide pyro-QEFDDR in tryptic digests mapped to the mopB gene
sequence (Simpson, Reinach et al. 2000). Results from other experiments suggest that the pyroglutaminyl residue is the
natural amino-terminal end of mature Xf mopB protein, predicted molecular weight 38.5, and is not created as an artifact of
our analysis by cyclization of an amino-terminal glutamine residue.

Xf mopB was further purified by solubilizing the insoluble fraction (from 30˚C SDS extraction of Xf cells) with hot SDS
solution and chromatographing on 6% agarose beads. Pooled fractions were concentrated and used to raise polyclonal
antibody. Attempts at cloning Xf mopB in E. coli, using constructions that encompassed the entire Xf mopB gene, including
its putative promoter, were not successful. However, an inducible bacteriophage T7 RNA polymerase and T7 promoter
system was adapted to create E. coli cultures that, when induced with IPTG, generated, at low levels, a protein with the
mobility and immunological properties of mopB (work of Paul Feldstein). Xf mopB accumulation may sicken E. coli,
accounting for the low level accumulation and requiring another approach for mopB production in E. coli.
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OBJECTIVES
1. Identify specific Xylella fastidiosa (Xf) protein(s) and determine their roles in virulence, particularly major outer

membrane protein mopB
2. Develop strategies for interfering with Xf infection of grape and/or with development of Pierce’s disease

RESULTS AND CONCLUSIONS
Xf mopB appears to be accessible on the outside of intact Xf cells

Figure 1. Fluorescent immuno-staining of Xf cells IgG from polyclonal
antiserum against mopB and IgG prepared from the corresponding pre-
immune serum each were labeled with Alexa 488 (fluorescein
succinimidyl ester). Xf cells grown in liquid culture were exposed to the
labeled IgG, diluted with SCP, washed twice with SCP, and examined in
an epifluorescence microscope. Labeled Xf cells were observed (image at
left) for the anti-mopB IgG, whereas the field for cells exposed to pre-
immune IgG was dark (not shown). These results are consistent with
mopB being accessible on the outside of the Xf cells. We have found Xf
cells grown on agar plates (PD3 medium) to be a more suitable source for

purification of  mopB than cells grown in liquid PD3 culture. However, our attempts to label even very extensively washed
cells from solid medium with fluorescent IgG against mopB were not successful (photomicrographs by Steve A. Wilson). It
is possible that Xf cells grown on solid medium are encapsulated sufficiently to prevent access of the labeled IgG. We also
observed that Xf cells from solid medium adhered readily to plastic surfaces, whereas Xf cells from liquid culture did not.

Purification of Xf mopB in soluble form
The methods we previously developed allowed us to purify Xf mopB in a soluble form, but only after heating, and
presumably denaturing, mopB in SDS solution. Membrane-bound proteins such as mopB are notoriously difficult to coax
into a soluble, purified form under mild conditions. Our starting material for trials of solubilization procedures was the
insoluble fraction, enriched in mopB, that was obtained as described above by extraction of Xf cells with SDS at pH 8.5 and
30°C. We found, by testing a variety of conditions, that increasing the pH to 8.8 and including NaClO4 in the extraction
medium efficiently solubilized mopB at 30°C, whereas most of the other remaining Xf proteins remained in the insoluble
fraction. Centrifugal filtration allowed us to remove excess SDS and NaClO4, creating a very finely divided suspension that
appears to dissolve in certain non-ionic detergent solutions. Analysis by SDS-PAGE suggests that the mopB is as pure as
mopB recovered after solubilization in hot SDS and chromatography on 6% agaraose beads, but, of course, more likely to be
biologically active (work of Jamal Buzayan).

A functional assay for Xf mopB and its implications
The Introduction, above, reports our observation of chlorosis-inducing activity of Xf mopB and our characterization of the
mopB protein in the context of that activity. Little was revealed about functions of mopB in the context of Pierce’s disease.
Part of the work conducted in the past year was devoted to identifying possible mopB functions in the initiation of infections.
The Pseudomonas fluorescens ompA-group, major out membrane protein OprF and the Xf mopB protein, unlike most other
ompA proteins, have a proline-rich region preceding the carboxyl end region of similarity generally shared by ompA
proteins. P. fluorescens competes against certain root-pathogenic fungi because of its ability to colonize root surfaces. De
Mot and Vanderleyden (1991) purified OprF and demonstrated that OprF binds tightly to roots and probably is responsible
for some aspect of the root-adhesion capabilities of P. fluorescens. This supposition also is consistent with mutational studies
(Deflaun, Marshall et al. 1994). Therefore, we postulated that mopB may contribute to Xf virulence by adhering to xylem
element interior surfaces. We selected balsa wood as a model for grape xylem because balsa wood is highly porous and
readily available. The figure below reveals specific absorption of mopB to balsa wood in the presence of two other proteins,
bovine serum albumin and ovalbumin. Absorption was not observed for mopB exposed to SDS at an elevated temperature,
validating the new mopB purification method, based on solubilization in SDS and NaClO4, as an improved approach to
obtain functional mopB. We believe that absorption to balsa wood, which is composed largely of xylem, constitutes a
functional assay for mopB that may have implications for strategies designed to interfere with Xf infection.
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Figure 2. Binding of Xf mopB to balsa wood and to filter
paper. Binding of Xf mopB to balsa wood and to filter paper.
Lanes 1 and 2: Partially purified Xf mopB (migration position
indicated by “M” on the right) was mixed with bovine serum
albumin (BSA, “B”) and ovalbumin (“O”). 1 mL of the mixture
was exposed to a 2.5 x 2.5cm piece of 1.3mm thick balsa wood
for 90min at room temperature with orbital shaking at 100rpm
in SCP (succinate, citrate, phosphate) buffer containing 2mg/mL
NP-40 non-ionic detergent. The liquid was combined with two
0.5mL rinses of the balsa wood (free fraction “F” lane 1). The
balsa wood was eluted at 65°C with pH9 Tris-buffered 8mg/mL
SDS, 10mg/mL mercaptoethanol  (absorbed fraction “A” lane
2). The F and A fractions were concentrated by centrifugation
over a 30K cut-off filter. Results show that part of the mopB
protein but little or none of the BSA and ovalbumin (broad band)
was absorbed by balsa wood. Lanes 3 through 7: Conditions were
as for lanes 1 and 2 except that the reaction volume was 0.25mL,
the sample contained transferring (T), BSA (B), glyceraldehydes
phosphate dehydrogenase (G) and carboxyanhydrase (C) in addition
to mopB (M), and the absorbent was two 8mm disks of Whatman
3MM paper. Lanes 5 and 6 analyze the F and A fractions and show
selective absorption of mopB from the protein mixture. Lane 3
received the sample only; lane 4 corresponds to lane 5, except no
filter paper was placed in the vial. Lane 7 corresponds to lane 6
except that the filter paper received no sample.

1       2          3       4       5       6       7

F       A        R       V        F       A     P
Vial                        Vial with
with                  3MM filter paper
balsa
wood

Cellulose is a principal component of xylem. The figure, just above, reveals that cellulose, in the form of washed Whatman
3MM filter paper, also selectively binds mopB in the presence of other proteins. The mopB band is diminished in intensity in
lane 5 compared to lane 4, and the “missing” mopB was recovered in lane 6 as material eluted from the paper with hot,
alkaline SDS solution.

Subsequently, we have shown that Xf cells bind tightly to 3MM filter paper, and that the proteins eluted from the paper by hot
SDS include a protein with the mobility of mopB. Although additional experiments will be needed to demonstrate that the
binding by cellulose of Xf cells is the result of mopB binding to cellulose, our results suggest that mopB may be an essential
factor in the attachment of Xf cells to cellulose in the interior of xylem elements.

The proposed role of mopB in binding of Xf cells to the interior of xylem elements suggests potential transgenic and chemical
strategies for interfering with Xf infection of grape. Transgenic approaches would involve a grape transgene, encoding a
mopB-binding protein, a mopB-inactivating protein, or a hybrid protein capable to binding to mopB and inactivating Xf
bacterial cells (this last approach being taken by Dandekar and Gupta) expressed in rootstock or scion and targeted to xylem.
The expressed transgene protein presumably could overcome the small dose of GWSS-injected Xf inoculum and prevent or
reduce the incidence of Pierce’s disease development. Similarly, a chemical that is capable of being taken up by the
grapevine and that interfered with mopB binding to cellulose could be applied as a prophylactic when survey information
indicated invasion into the vineyard area of Xf-bearing GWSS.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board, and the USDA
Agricultural Research Service.
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ABSTRACT
Endophytic xanthan gum-degrading bacteria isolated by enrichment culture were characterized for their mode and dynamics
of xanthan degradation, colonization of plants, and interactions with Xylella fastidiosa.  In vitro, growth and biofilm
production by the endophytic xanthan degrader from oleander, Acinetobacter johnsonii GX123, was enhanced by xanthan
gum as a substrate and by cells of X. fastidiosa added to a minimal medium.  Xanthan gum was degraded rapidly during log-
phase growth the this endophyte, and viscosity was reduced almost to non-detectable levels.  GX123 colonized stems and
leaves of oleander systemically, and systemic colonization was enhanced by co-inoculation with X. fastidiosa.  Its effects on
symptom expression are still under investigation.

INTRODUCTION
Pierce’s disease of grapevine and other leaf scorch diseases caused by Xylella fastidiosa are associated with aggregation of
the bacteria in xylem vessels, formation of a gummy matrix, and subsequent blockage of water uptake.  In the closely-related
pathogen, Xanthomonas campestris, xanthan gum is known to be an important virulence factor (Katzen et al, 1998), probably
contributing to bacterial adhesion, aggregation, and plugging of xylem.  The published genome sequence of X. fastidiosa
(Simpson et al., 2000; Bhattacharyya, A., et al. 2002; Van Sluys et al., 2003) revealed that this pathogen also has genes for
xanthan gum production. In Pierce’s disease, xanthan gum is likely to contribute to plugging of the grapevine xylem (Keen
et al., 2000) and possibly to the aggregation of the bacterium in the mouthparts of the glassy-winged sharpshooter.  Because
of its importance as an industrial thickener and emulsifier, xanthan gum synthesis and degradation has been studied
extensively (Becker et al., 1998).  Bacteria that produce xanthan-degrading enzymes have been isolated from soils by several
researchers, using enrichment techniques with xanthan gum as the sole carbon source (Sutherland, 1987; Ruijssenaars et al.,
2000).

This project is to identify bacteria that produce xanthan-degrading enzymes to target this specific virulence factor of X.
fastidiosa.  This approach has the potential to significantly reduce damage caused by Pierce’s disease in grapes and
potentially in other hosts of X. fastidiosa, such as almonds and oleander.  If xanthan gum is important in the aggregation of
the pathogen in the insect vector, then our approach may also reduce the efficiency of transmission of Pierce’s disease.  Our
first approach will be to develop endophytic bacteria that produce these enzymes in the xylem of grapevines, but another
approach is to engineer grape plants to produce these enzymes.  Through the cloning and characterization of genes encoding
xanthases and xanthan lyases, we will facilitate possible efforts to transform grapevines to produce these enzymes.

Previously, we used modified xanthan gum that mimicks Xylella xanthan from a Xanthomonas mutant as the sole carbon
source for enrichment culture from Pierce’s disease infected grapevines.  The xanthan gum biosynthetic operon in the Xylella
genome is different than the bacterium from which commercial xanthan gum is prepared, Xanthomonas campestris.
However, it is not feasible to produce enough xanthan gum for our studies from the slow-growing Xylella fastidiosa, so we
genetically modified a strain of the fast-growing Xanthomonas campestris to produce a modified xanthan gum that is
predicted to have the same chemical structure as that from Xylella.  This was accomplished by deleting the gumI gene from
the biosynthetic operon.  We reported last year that over 100 bacterial strains were initially recovered from enrichment
experiments, and 11 were subsequently confirmed to effectively degrade xanthan gum.  These strains were then tested for
cellulase activity.  Degradation of the cellulosic backbone of the xanthan polymer would be desirable, but we do not want
enzymes that recognize and degrade plant cellulose.  Six of the strains had low or non-detectable cellulase activity and were
further characterized.

OBJECTIVES
1. Characterize xanthan-degrading enzymes from endophytic bacteria isolated from grape
2. Explore applications of naturally-occurring endophytic bacteria that produce xanthan-degrading enzymes for reduction

of Pierce’s disease and insect transmission
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3. Clone and characterize genes encoding xanthan-degrading enzymes for enzyme overproduction and construction of
transgenic endophytes and plants

RESULTS
Characterization of endophytic bacteria that degrade xanthan gum
The xanthan-degrading bacteria included both gram-negative and gram-positive bacteria, as identified by fatty acid methyl
ester analysis and 16S rDNA sequencing.  One particular strain (GX123) with high xanthan-degrading activity but no
cellulase activity that was isolated from oleander was identified as Acinetobacter johnsonii and was characterized in more
detail.  In batch culture, addition of 0.02% xanthan gum to a minimal medium allowed growth of GX123 in vitro and greatly
enhanced biofilm formation by this strain.  The measured relative viscosity of xanthan gum rapidly decreased during log-
phase growth of GX123 from a value of 7.6 to 2.3 over 24 hours and to 0.2 by 56 hours.  Addition of cells of Xylella
fastidiosa instead of xanthan gum also greatly enhanced both growth and biofilm formation by strain GX123.

Colonization of oleander plants by Acinetobacter johnsonii GX123 was examined with and without coinoculations with
Xylella fastidiosa.  In single inoculations, the endophyte spread several centimeters upward from stem inoculation points to
achieve populations of 3 X 103 CFU/g after 7 days and 4 X 105 CFU/g after 21 days.   It also spread to the first leaf above the
inoculation point in each inoculated plant by 7 days (3.2 X 103 CFU/g) and was up to 2 X 105 CFU/g by 21 days in the first
leaf.  GX123 was not detectable 4 cm below the inoculation point 7 days after inoculation, but after 21 days, it was present at
3.2 X 104 CFU/g at this distance below the inoculation point.  However, it was never detected as far as 8 cm below the
inoculation point in the single inoculations, even after following populations for 105 days.   In co-inoculations with X.
fastidiosa, the endophyte generally reached higher populations levels in stems and leaves above the inoculation points and
spread downward further and more quickly.  Unfortunately, Pierce’s disease symptoms have not yet developed in these
plants, so that the effect of the endophyte on disease expression has not yet been determined.

CONCLUSIONS
The xanthan gum-degrading endophyte Acinetobacter johnsonii GX123 is a good candidate as a possible biocontrol agent for
Pierce’s disease, since it effectively degrades xanthan gum and successfully colonized plants above and below inoculation
points, including systemic leaves.  The enhancement of growth of this endophyte in vitro, as well as in plants, when X.
fastidiosa was co-inoculated suggests that it benefits from the presence of this bacterium, possibly growing on the xanthan
gum present on and released from X. fastidiosa cells.  Its effects on symptom expression are still under investigation.
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ABSTRACT
Culture-independent, nucleic acid-based methods of assessing microbial diversity in natural environments have revealed far
greater microbial diversity than previously known through traditional plating methods. If true for grapevines, then this has
important consequences for Pierce’s disease management strategies that involve the establishment of introduced bacteria
systemically in the grapevine xylem.  Such establishment will likely be influenced by the presence of yet uncharacterized
microorganisms, and knowledge of endophytic communities and their dynamics will therefore be important to the successful
implementation of these strategies.  In addition, analysis of microbial community composition in different hosts and
conditions could lead to the identification of new biological control agents.  We are employing a novel method, called
oligonucleotide fingerprinting of rRNA genes (OFRG), that was recently developed by the Co-PI for analyzing microbial
community composition in environmental samples.

INTRODUCTION
In recent years, culture-independent, nucleic acid-based methods of assessing microbial diversity in natural environments
have revealed far greater microbial diversity than previously known through traditional plating methods (Amann et al., 1995).
This is true for water, soil, the plant rhizosphere, and the plant leaf surface (Yang et al. 2001).  A recent culture-independent
analysis of bacterial populations inside of citrus plants in relation to Xylella fastidiosa also suggested that bacterial
endophytic populations are much more diverse than previously realized (Araújo et al., 2002).  If true for grapevines, then this
has important consequences for Pierce’s disease management strategies.  Several strategies are being investigated to
biologically control Xylella fastidiosa in grapevines, including the use of antibiotic-producing endophytes (Kirkpatrick et al.,
2001), endophytes that disrupt cell-to-cell signaling by the pathogen (Lindow, 2002), endophytes that degrade xanthan gum
(Cooksey, 2002a), and the use of nonpathogenic strains of Xylella for competitive exclusion of pathogenic strains (Cooksey,
2002b).  These strategies have in common the need to establish an introduced strain systemically in the grapevine xylem.
Such establishment will likely be influenced by the presence of yet uncharacterized microorganisms, and knowledge of
endophytic communities and their dynamics will therefore be important to the successful implementation of these strategies.
In addition, analysis of microbial community composition in different hosts and conditions could lead to the identification of
new biological control agents.

We are employing a novel method that was recently developed by the Co-PI for analyzing microbial community composition
in environmental samples.  This method can be used to characterize both bacterial and fungal communities (Valinsky et al.,
2002a; 2002b).  Previous culture-independent methods, such as denaturing gradient gel electrophoresis (DGGE), generate
only superficial descriptions of microbial community composition (Araújo et al., 2002).  A far more complete view of total
microbial community composition can be achieved by amplifying, cloning, and sequencing of conserved rRNA genes from
the hundreds or thousands of microorganisms present in an environmental sample, but this is prohibitively expensive for any
significant number of experiments.  The new methodology, called oligonucleotide fingerprinting of rRNA genes (OFRG),
represents a significant advance in providing a cost-effective means to extensively analyze microbial communities.  The
method involves the construction of clone libraries of rDNA molecules that are PCR amplified from environmental DNA,
arraying of the rDNA clones onto nylon membranes or specially-coated glass slides, and subjecting the arrays to a series of
hybridization experiments using 27 different end-labeled DNA oligonucleotide discriminating probes (Borneman et al.,
2001).  The process generates a hybridization fingerprint and identification for each clone that is essentially like sequencing
the individual clones.

The state of knowledge of the relationship between Xylella fastidiosa and the resident endophytic flora of grapevines is at a
very early stage.  Work to date has been limited to the culturing of endophytes from grapevines, but even this has led to the
realization that grapevine xylem sap contains a complex community of microorganisms.  Bell et al. (1995) cultured over 800
bacterial strains from grapevine xylem fluid in Nova Scotia.  Dr. Bruce Kirkpatrick has also isolated several hundred
bacterial strains from grapevine xylem fluid in two counties of California (Kirkpatrick et al., 2001).  In citrus, the culture-
independent DGGE method of microbial community analysis was compared with culturing of endophytes in relation to the
citrus variegated chlorosis strain of X. fastidiosa (Araújo et al., 2002).  It was found that DGGE detected the major bacteria
that were cultured from citrus xylem, but it also detected other bacterial species that had not been cultured.  In addition, this
method showed differences in microbial communities in different plant varieties, and most importantly, between citrus that
was infected vs. non-infected with X. fastidiosa.  This provides support to our hypothesis that there are likely to be important
interactions between Xylella and indigenous microflora in grapevines. With the greater resolving power of the
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oligonucleotide fingerprinting technique proposed in our study, we expect to make considerable advances in our knowledge
of grapevine microbial communities and their interactions with Xylella or with other endophytes being considered for
establishment as biological control agents.

OBJECTIVES
1. Characterize the diversity and community structure of endophytic microorganisms in healthy and infected grapevines.
2. Compare endophytic microbial populations in different susceptible and tolerant grapevine cultivars, in different hosts

that support high or low populations of Xylella, and in plants grown under different conditions.
3. Characterize the potential interactions of endophytic populations with Xylella and introduced biological control agents

through experimental manipulations.

RESULTS
During the first three months of this project, we have extracted DNA from replicated samples of healthy and Xylella-infected
grapevines, amplified rRNA genes from these extracts, and are in the process of cloning and constructing arrays of these
genes from each sample.  Preliminary experiments will determine how many random clones we should expect to include for a
library representative of the majority of microorganisms present in a grapevine sample.

CONCLUSIONS
This work will contribute significantly to fundamental information on microbial communities in the grapevine xylem, in
which Xylella fastidiosa multiplies and causes vascular occlusions.  Researchers working on biological control of the
pathogen, as well as disease resistance in grapevine cultivars, will benefit from the information gained in this work.  The
work should enhance discovery of potential biological control agents for Pierce’s disease and the implementation of
biological control efforts underway.

REFERENCES
Amann, R. Il, W. Ludwig, and K.H. Schleifer. 1995. Phylogenetic identification and in situ detection of individual microbial

cells without cultivation. Microbiol. Rev. 59: 143-169.
Araújo, W.L., J. Marcon, W. Maccheroni, J.D. van Elsas, J.W.L. van Vuurde, and J.L. Azevedo. 2002. Diversity of

endophytic bacterial populations and their interaction with Xylella fastidiosa in citrus plants. Appl. Environ. Microbiol.
68: 4906-4914.

Bell, C.R., Dickie, G.A., and JW.Y.F. Chan. 1995. Variable response of bacteria isolated from grapevine xylem to control
grape crown gall disease in planta. Am. J. Enol. Vit.46: 499-508 1995.

Borneman, J., M. Chrobak, G. Della Vedova, A. Figueroa, and T. Jiang. 2001. Probe selection algorithms with applications in
the analysis of microbial communities. Bioinformatics 17(Suppl. 1): S39-S48.

Cooksey, D.A. 2002a. Biological control of Pierce’s disease through degradation of xanthan gum. Pages 25-26 IN:
Proceedings of the Pierce’s Disease Research Symposium, December 15-18, 2002, San Diego, CA, California
Department of Food and Agriculture.

Cooksey, D.A. 2002b. Biological control of Pierce’s disease with non-pathogenic strains of Xylella fastidiosa. Pages 23-24
IN: Proceedings of the Pierce’s Disease Research Symposium, December 15-18, 2002, San Diego, CA, California
Department of Food and Agriculture.

Kirkpatrick, B., E.A. Weber, P.C. Andersen, A.H. Purcell, and M.A. Walker. 2001. Biological, cultural, and chemical
management of Pierce’s disease. Pages 52-57 IN: Proceedings of the Pierce’s Disease Research Symposium, December
5-7, 2001, San Diego, CA, California Department of Food and Agriculture.

Lindow, S.E. 2002. Management of Pierce’s disease of grape by interfering with cell-cell communication in Xylella
fastidiosa. Pages 20-22 IN: Proceedings of the Pierce’s Disease Research Symposium, December 15-18, 2002, San
Diego, CA, California Department of Food and Agriculture.

Valinsky, L., G. Della Vedova, A.J. Scupham, S. Alvey, A. Figueroa, B. Yin, J. Hartin, M. Chrobak, D.E. Crowley, T. Jiang,
and J. Borneman. 2002a. Analysis of bacterial community composition by oligonucleotide fingerprinting of rRNA genes.
Appl. Environ. Microbiol. 68: 3243-3250.

Valinsky, L., G. Della Vedova, T. Jiang, and J. Borneman. 2002b. Oligonucleotide fingerprinting of rRNA genes for analysis
of fungal community composition. Appl. Environ. Microbiol. 68: 5999-6004.

Yang, C.H., D.E. Crowley, J. Borneman, and N.T. 2001. Microbial phyllosphere populations are more complex than
previously realized. Proc. Natl. Acad. Sci. USA 98: 3889-3894.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program, and the University of
California Agricultural Experiment Station.



-142-

INSECT-SYMBIOTIC BACTERIA INHIBITORY TO XYLELLA FASTIDIOSA IN SHARPSHOOTERS:
TOXIC PEPTIDES AGAINST XYLELLA

Project Leader: Project Director:
Donald A. Cooksey Thomas Miller
Department of Plant Pathology Department of Entomology
University of California University of California
Riverside, CA 92521 Riverside, CA 92521

Collaborators:
David Lampe
Biology Department
Duquesne University
Pittsburgh, PA 19219

Carol Lauzon
Dept. of Biological Sciences
California state University
Hayward, CA 94542

Blake Bextine
Dept. of Entomology
University of California
Riverside, 92521

Reporting Period: The results reported here are from work conducted from September 1, 2002 to October 17, 2003.

ABSTRACT
Eleven strains of the pathogen, Xylella fastidiosa, and the glassy-winged sharpshooter (GWSS) gut bacterium, Alcaligenes
xylosoxidans denitrificans, were screened for sensitivity to 41antimicrobial peptides (in addition to 18 screened previously),
and more detailed studies of effective inhibitory concentrations of these peptides were conducted.  Of 28 additional peptides
found to have toxicity toward X. fastidiosa, 25 were also toxic to Alcaligenes, leaving three as additional candidates for
engineering of this GWSS gut bacterium in addition to one found last year.  Genes encoding these peptides are being
designed and constructed with appropriate promoters and signal peptides for expression and secretion by Alcaligenes.
Another 89 antimicrobial peptides derived from a combinatorial peptide library were also recently obtained and will be tested
against Xylella and Alcaligenes xylosoxidans denitrificans.  The results support the idea that this glassy-winged sharpshooter
gut bacterium could be engineered to produce a peptide with toxicity toward the Pierce’s disease pathogen.

INTRODUCTION
The destructive potential of Xylella fastidiosa in grapevine and other hosts has been greatly increased by the appearance and
rapid spread of the glassy-winged sharpshooter (GWSS) in California.  This insect vector acquires and carries the pathogen in
its mouthparts and transmits the disease to other plants during subsequent feeding.  In addition to control measures directed
toward reducing populations of the insect, a reduction of the ability of the insect to acquire, maintain, and transmit the
pathogen could greatly enhance control.  The overall goal of this project is to genetically transform glassy-winged
sharpshooter endosymbionts to produce toxic substances that would inhibit or kill Xylella fastidiosa and reduce disease
transmission.  In our component of the project, we have been screening antimicrobial substances against Xylella, as well as
against the endosymbionts that have been selected for transformation.

Antimicrobial peptides represent one of the most widely distributed forms of natural defense against bacteria and fungi and
are now being developed for a variety of medical and agricultural applications.  Examples of their use against bacterial
pathogens of plants include the transformation of a synthetic cecropin gene into tobacco plants to produce the cecropin
peptide in planta in an attempt to provide resistance to the leaf pathogen P.  syringae pv. tabaci (Hightower et al., 1994).
Harakava et al. (1999) infected tobacco plants with a PD strain of X. fastidiosa and used this host pathogen system as a model
for testing expression of cloned genes that may give resistance to X. fastidiosa. Two antibacterial peptides, cecropins A and B
effectively killed a PD strain in an in vitro assay.   A preliminary study also reported sensitivity of X. fastidiosa to Magainin 2
(Momol et al., 2000).

OBJECTIVES
1. Identify toxic peptides effective against Xylella fastidiosa but non-toxic to selected endosymbiotic bacteria.
2. Design and construct genes encoding antimicrobial peptides to be expressed and secreted by endosymbiotic bacteria.

RESULTS
Last year, we reported that six strains of X. fastidiosa from grape and almond had been used in screening 18 antimicrobial
peptides, with four peptides found to be toxic to all strains.  One of these was non-toxic to A. xylosoxidans denitrificans, one
of the natural gut bacteria from the glassy-winged sharpshooter that we are targeting for genetic transformation.  During this
past year, more extensive studies of antimicrobial peptide sensitivity of 11 strains of the pathogen, X. fastidiosa, and of the
GWSS gut bacterium, A. xylosoxidans denitrificans were conducted, including 41 additional antimicrobial peptides and more
detailed studies of effective inhibitory concentrations of these peptides.  Of 28 additional peptides with toxicity toward X.
fastidiosa, 25 were also toxic to Alcaligenes, leaving three as additional candidates for engineering of this GWSS gut
bacterium.  Genes encoding these peptides are being designed and constructed with appropriate promoters and signal
peptides for expression and secretion by Alcaligenes.
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Another 89 antimicrobial peptides derived from a combinatorial peptide library were also recently obtained and will be tested
against Xylella and A. xylosoxidans denitrificans.

CONCLUSIONS
Several antimicrobial peptides were found with toxicity toward X. fastidiosa but not against the glassy-winged sharpshooter
gut bacterium, A. xylosoxidans denitrificans, suggesting that this bacterium could be engineered to produce a peptide with
toxicity toward the Pierce’s disease pathogen.
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ABSTRACT
In this project, studies were conducted to 1) develop a method to detect and differentiate multiple strains of Xylella fastidiosa
in individual glassy-winged sharpshooters (GWSS,) and 2) determine the relative ability of an individual GWSS to
simultaneously retain or transmit two strains of X. fastidiosa. Strain-specific primers were developed that can detect and
differentiate the Pierce’s disease strain (PD) and the oleander strain (OLS) present in extracts from individual insects fed on
X. fastidiosa-infected grape and oleander plants.  After feeding on infected grape and oleander source plants for one day each,
76% of surviving adults tested positive for one or both strains of X. fastidiosa. The majority of individuals tested positive for
only one strain of the pathogen (29% PD, 41% OLS), and only 7% tested positive for both strains; 24 % tested negative.
Overall, individual insects transmitted the pathogen 39% of the time (13% PD, 26%OLS).  Thus, only about half the insects
that tested positive for X. fastidiosa actually transmitted the pathogen to a susceptible host.  Although each individual used in
transmission studies was exposed to both strains of the pathogen and both types of test plants, in all cases an individual insect
transmitted only one strain of the pathogen, never both.

OBJECTIVES
Assess the ability of glassy-winged sharpshooter exposed to two strains of X. fastidiosa to transmit either strain of the
pathogen.

INTRODUCTION
Xylella fastidiosa is a bacterial plant pathogen that causes a variety of diseases in a broad range of plant hosts including
Pierce’s disease of grapevines, almond leaf scorch, alfalfa dwarf, citrus variegated chlorosis, leaf scorch of live oak, pear leaf
scorch, and oleander leaf scorch (Brlansky et al., 1982; Hopkins, 1989; Hartung et al., 1994; Purcell and Hopkins, 1996;
Purcell et al., 1999).  The genetic diversity of additional strains has been examined (Pooler and Hartung, 1995; Albibi et al.,
1998; Chen et al., 1992; da Costa et al. 2000; Hendson et al. 2001).

Two strains of this pathogen that are presently causing severe economic losses in California are the Pierce’s disease (PD)
strain that infects grape and other hosts, and the oleander leaf scorch (OLS) strain that infects oleander (Blua et al., 1999;
Purcell and Saunders, 1999, Purcell et al., 1999).   The PD strain does not infect oleander and the OLS strain does not infect
grape.  The grape strain appears to have a broader host range than the oleander strain, however the complete host range of
each strain is not really known.

The pathogen is spread from plant to plant by leafhoppers.  Several leafhopper vectors transmit this pathogen, but the
dominant vector in Southern California is the glassy-winged sharpshooter, Homalodisca coagulata (Say) (Blua et al., 1999;
Sorensen and Gill, 1996, Purcell and Saunders 1999).  This insect feeds on a very broad range of plant hosts and is capable of
transmitting both the grape and oleander strain of the pathogen (Purcell, 1990; Purcell et al., 1999; Costa et al. 2000).  The
high mobility of this insect, and its utilization of large number of host plants provide this vector with a great opportunity to be
exposed to more than one strain of the Xylella pathogen in its lifetime.  In this project, studies were conducted to determine
the relative ability of an individual glassy-winged sharpshooter to simultaneously retain or transmit two different strains of X.
fastidiosa.

RESULTS
DNA extraction and amplification
Both the commercial DNA extraction kit and immunocapture techniques we used effectively extracted enough bacterial DNA
from plant and insect tissue to allow detection by PCR, however, the commercial kit extraction method was preferred because
it was faster and less complicated than the immunocapture techniques.  The mixing of strain specific primers in a single
reaction minimized the number of samples needed and amount of handling required to get a strain specific identification.
The use of the mesh-lined sample homogenization bags for extraction also greatly increased the speed of processing samples
compared to using liquid nitrogen or grinding in microcentrifuge tubes.  In addition, the use of the Ready-To-Go beads
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simplified and standardized the reagents required to perform PCR.  Thus the processing of samples could be performed
quickly, with relatively little specialized training if personnel had basic laboratory skills and the necessary equipment was
available.

Use of strain specific primers on insects
Strain-specific primer sets were developed to detect and differentiate the PD and OLS strains in individual insects.
Extractions of individual insects fed on X. fastidiosa-infected oleander that were amplified with a mixture of the PD and OLS
specific primer pairs produced only a 638 bp band, which is the size of the oleander-specific product. When extracts from
individual insects that fed on infected grapevine were amplified with the same mixture of primers, only a 412 bp band was
produced, which is the size of the PD specific product.  In some cases, when individual insects were allowed to sequentially
feed on both infected grapevine and infected oleander, the products of both primers pairs were produced.

Transmission experiments
Mortality rates of insects feeding on infected plants were higher than expected (57%).  Few insects managed to survive
exposure to both infected source plants and subsequent exposure to test plants, likely because of repeated handling during the
course of the experiments.  Only insects that were alive at the end of the experiment were analyzed.  After feeding on
infected grape and oleander source plants for one day each, 76% of surviving adults tested positive for one or both strains of
X. fastidiosa. The majority of individuals tested positive for only one strain of the pathogen (29% with PD, 41% OLS), 7%
tested positive for both strains, and 24 % tested negative.  Overall, surviving insects transmitted one the pathogen 39% of the
time (PD 13%, OLS 26%).  Thus, only about half the insects that tested positive for X fastidiosa actually transmitted the
pathogen to a susceptible host.  No individual insect transmitted both strains of the pathogen.

CONCLUSIONS
The strain-specific detection method we have described is a practical tool that can be used to differentiate strains of X.
fastidiosa when multiple strains are being used in controlled experiments.  In addition, it will also be useful to screen field-
collected insects to determine which strains of the pathogen local populations are carrying. Although false negatives may
occur, this method can still provide an indication that infected insects are present in an area, and provide an estimate of the
relative numbers that are infected with each strain.  Additional strain-specific primer pairs could be designed to detect
additional strains of this pathogen that may be present in different geographic areas.

In our studies, the detection of the pathogen in an individual insect using PCR did not always indicate the propensity to
transmit the pathogen to a test plant; many insects that tested positive did not transmit the pathogen.  The reasons for this are
not known.  Other studies using media culture to isolate bacteria from insects also found that neither the detection of bacteria
in insect heads, nor the estimated numbers of bacteria present, predicted the propensity of the insect to transmit X. fastidiosa
(Hill and Purcell 1995, Almeida and Purcell 2003).  One of the more interesting results observed was that although all
surviving individuals were exposed to both strains of the pathogen, and both types of susceptible test plants, in no case did a
single individual transmit both strains of the pathogen.    Thus, there must be other factors that are contributing to an
individual’s ability to successfully retain and transmit the pathogen after exposure.
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ABSTRACT
Our overall objective is to identify novel genes from cDNA libraries of either grape or heterologous plants that, when
expressed in grape, will disrupt infection, spread or symptom development of the xylem-limited bacteria, Xylella fastidiosa
(Xf).  Furthermore, we are specifically characterizing the effect of the genetic disruption of Pierce’s disease (PD) symptoms
on the movement and establishment of the bacterium in the xylem of susceptible grape plants. Specific objectives are to: a)
create cDNA libraries from several different grape backgrounds, including two with PD resistance; b) develop a functional A.
rhizogenes-based cDNA screen in grape; c) examine the morphological and cytological features of cell death in symptomatic
tissues; and d) investigate the potential of blocking PD symptom expression and disease impact with anti-apoptotic
transgenes. To date we have developed a Agrobacterium. rhizogenes-based transformation procedure that results in the
induction of transformed roots from infected or healthy vegetative tissue sections following co-cultivation with the
transforming bacteria.  Each emerging root is an independent transformation event. We then used this technique to develop a
functional cDNA library screen (each root contains a different cDNA library member) for genes that block either bacterial
multiplication, movement, or symptom expression.  The only genes that will be identified will be those that directly affect the
ability of the pathogen to cause disease and is not dependent on DNA sequence relationships.  We have made excellent
progress in creating an extensive library of full-length cDNAs from several resistant sources as well as susceptible
Chardonnay and conducting initial screens of the libraries.

INTRODUCTION
The goal of this project is to identify novel genes from cDNA libraries of either grape or heterologous plants that, when
expressed in grape, will disrupt infection, spread or symptom development of the xylem-limited bacteria, Xylella fastidiosa
(X.f.).  Recent published information from our laboratory confirms that specific transgenes from homologous or heterologous
hosts, as well as chemical inhibitors of apoptotic proteases (3) that block programmed cell death (PCD) (1) during plant
disease development (4), can arrest both symptom development and microbial growth in planta in a range of plant-microbe
interactions (3, 4, 5). PCD is now well established as a key pathway involving many gene products in numerous diseases of
animals and plants.  Since our previous work (4, 5) established that the p35 gene (a gene encoded by an animal virus to block
PCD in infected host cells) could block growth of several bacterial and fungal pathogens in infected tissue of several plant
species, we transformed grape tissue with the p35 transgene and observed that the infected tissue remained asymptomatic.
We are now assessing the effect of the p35 transgene on X.f. movement or growth in transformed grape tissues using the
GFP-transformed X.f., provided by Dr. Lindow.  A corollary to this observation is that the .X.f -triggered death observed in
PD occurs in the absence of apparent water stress and can be observed in young tissues before pronounced symptoms
develop.  This conserved genetically determined PCD process can be studied by biochemical, cytological and genetic
techniques and can be transgenically manipulated by techniques developed in our laboratory (3,4).  We believe that
examination of the molecular basis of cell death in pre-symptomatic and symptomatic tissues, along with the immediate
assessment of the effect of expressing anti-apoptotic transgenes in PD infected tissues on the development of death-related
symptoms in grape, will be very informative in the short run in terms of PD biology and physiology.  In a longer time frame
these data will likely yield genetic strategies for protection of grape against infection by X.f. in years not decades.  The
immediate goal is to rapidly identify novel resistance genes in grape that block any one of several required steps in the
infection and spread of Xf in the xylem.

OBJECTIVES
1. Construct cDNA libraries from several different grape backgrounds from infected and uninfected grape tissue, including

libraries from lines with PD resistance;
2. Develop a functional A. rhizogenes-based cDNA screen in grape;
3. Examine the morphological and cytological features of cell death in symptomatic tissues using Dr. Lindow’s GFP

transformed X.f;
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4. Investigate the potential of blocking PD symptom expression with anti-apoptotic transgenes.

RESULTS
Construction of  cDNA libraries
The construction of a grape cDNA library initially proved much more difficult than we had experienced in making libraries
from 4 other plant species. Isolation of mRNA was not difficult but the grape tissue contains high levels of phenolic
compounds in an oxidative environment that contaminate the RNA, rendering it difficult to reverse transcribe.  However, we
now have an efficient protocol for generating full-length cDNA libraries from grape using an antioxidant cocktail during
homogenization and CsCl gradient purification of RNA. The libraries have an average insert size of 1000bp and sequence
analysis of random inserts reveals that the cDNAs appear full-length. The goal is to create libraries each containing a
minimum of 500,000 cDNAs from PD susceptible Vitis vinifera (Chardonnay), and resistant sources, Muscadinia rotundifolia
(Cowart), and Vitis shuttleworthii (Hanes City).  These libraries will be immediately available to all grape researchers in this
program and will represent the largest available source of full-length cDNAs.  We have to date constructed approximately
150,000 independent grape cDNAs derived from healthy and Xf infected Chardonnay and then ligated into a plant
transformation binary vector, CB5, which is a derivative of pBIN19 and uses the CaMV 35S promoter for high level,
constitutive expression.  We have generated approximately 100,000 independent grape cDNAs each from M. rotundifolia
(Cowart) and V. shuttleworthii (Hanes City).  The susceptible Chardonnay will be used as a recipient host to screen cDNA
libraries of Chardonnay, Cowart and Hanes City that express differing levels or forms of resistance to PD. Cowart and Hanes
City are two primary sources of resistance being used in Dr. Walker’s genetics program.  As potential cloned resistance genes
become available they also will be used in attempts to identify homologues from the Chardonnay cDNA library that may
provide resistance by simple alteration in expression level within the homologous host.

Screening of cDNA libraries
The cDNA library has been moved into A. rhizogenes in preparation of transformation of infected grape explants for the
purpose of finding cDNAs that will block the death of infected tissues.  The library will be screened in sets of 50,000 cDNAs
to improve the efficiency in terms of handling numbers of symptom blocking cDNAs. However, based on previous
experience with tomato, we expect that less than 0.01% of the cDNAs will effectively protect against PCD and/or the disease
development.  This underscores the need for a highly effective functional screen. In order to provide sufficient X f–infected
tissue for transformation, we developed a micro-propagation technique for producing clones of sterile grape plants in small
plastic boxes that can be inoculated with Xf under sterile conditions. The micro-propagated plants are much more efficiently
transformed than the greenhouse-derived tissue, which tends to be more highly lignified and produces fewer transformed
roots. As a means of fast tracking the cDNA screen while perfecting the grape transformation procedure, we have screened
approximately 30,000 members of the Chardonnay cDNA library by A. rhizogenes transformation of tomato cotyledons.  The
resulting roots were subject to PCD induction by treatment with the mycotoxin FB1.  PCR was used to amplify the
Chardonnay cDNA insertion from the surviving tomato roots.  The cDNA inserts were then cloned and sequenced.  Using this
analysis of the Chardonnay cDNA library, we so far have found several grape full-length cDNAs (encoding open reading
frames) that protect tomato from PCD.  These positive grape genes will be tested individually in Chardonnay.  Lastly, this
analysis of the Chardonnay cDNA library in tomato demonstrates that the cDNA library is functional in transformation and
expression. It is important to emphasize that this screen is not dependent on the presence or role of PCD in PD but will, in
fact, detect any gene that affects the integrity of the bacterium in the infected tissue or the ability of the bacterium to elicit
symptoms of PD, regardless of whether the step being affected is strictly dependent on the induction of PCD.

Evaluation of the effect of blocking PD symptoms on bacterial growth and movement
We have begun to evaluate the effect of experimental transgenes on grape tissue bearing X.f in xylem elements with various
cell death markers and GFP-marked bacteria. By using the GFP-tagged Xf, this is a direct functional assay for genes that block
bacterial movement or accumulation in the xylem of newly differentiated grape tissue (6).  Previously we developed a yeast-
based surrogate screen for endogenous anti-PCD plant genes from a tomato cDNA library.  We obtained 12 genes from
tomato from more than 500,000 cDNAs screened in yeast that also block PCD in the A. rhizogenes-tomato root functional
disease assay. In order to jump-start the functional assay in grape we will immediately test these genes in the A. rhizogenes-
transformed PD-infected grape system. Homologues of the tomato genes can be cloned from grape to provide authentic grape
genes to use in the very near future; the focus being on any grape homologues of tomato genes that block PD in grape. Of
particular interest is the possibility that PD blocking signals initiated with transgenes will move systemically through the
vascular system from transformed rootstocks to upper regions of grafted cultivated grape tissue affording protection against
systemic movement or activity of Xf without genetically engineering the cultivated grape.

Plant transformation with putative resistance genes and whole plant regeneration
Two approaches are being taken.  In the first approach, transformed test plants will be obtained by standard A. tumefaciens
methods by the UC Davis Plant Transformation Facility which now performs grape transformations.  To this end, we have
initiated transformations of Chardonnay with the baculovirus p35 gene as well as a tomato gene that protects tomato roots
from PCD induced by the fungal mycotoxin FB1.  In the second approach, we also will pursue regeneration of whole plants
from transformed grape roots as a means of direct introgression of cloned resistance genes into a susceptible host plant while
maintaining the clonal integrity of the recipient plant following transformation.  While derived from basic molecular genetic
research, our immediate goal is to rapidly identify resistance genes in grape genotypes that block any one of several required
steps in the infection and spread of X.f in the xylem and get these into the hands of breeders and viticulturists for immediate
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evaluation.  As indicated earlier, regeneration in this manner will permit the direct establishment of a propagative plant that
will maintain the clonal integrity of the untransformed parental material. More than 120 plants have been transformed by A.
rhizogenes.  Regeneration from transformed roots has been reported from 31 with no indication of unusual difficulties.  We
do not expect that regeneration will be trivial but are optimistic that, with systematic examination of growth conditions and
hormonal regulation of development, regeneration will be possible. However, the first approach will ensure that we have
adequate transformed test plants to evaluate under controlled glasshouse conditions in the shortest time possible.

CONCLUSIONS:
We are currently adding monthly an additional 50,000 cDNA inserts each of Cowart, Hanes City and Resistant tester line
8909-15 cloned into the binary vector CB5 (for direct transformation into the A. rhizogenes functional screen in
Chardonnay).  The tissue source for these library sets is from field grown plants.  The average insert size is 1000 bases. We
anticipate the development of libraries of each of the resistant source with 500,000 members within 12 months.  Additional
library subsets are being constructed from X. fastidiosa-infected tissue that we have developed from micro-propagated sterile
cultured plants grown in individual plastic boxes and infected under sterile conditions.  This to ensure that the only biotic
stress these plants will have experienced is from X.f and would, therefore, contain Xf specifically induced genes, without
confounding by other biotic stress induction as would likely occur in the field or greenhouse grown plants.  Plants produced
under these same conditions also are the source of Xf infected stem sections used for transformation in the A. rhizogenes
functional screen.

The first grape library has been pre-tested by screening the grape cDNAs in tomato to determine if the library contains anti-
PCD genes.  Additional considerations that are part of the critical requirements for a comprehensive library from grape lines
are that these or other genes will block the development of the bacterium or the symptoms associated with the disease in
grape. Hence, we screened 30,000 members of a grape cDNA library by A. rhizogenes transformation of tomato cotyledons.
Toxin-induced PCD resistant tomato roots were isolated; the protecting grape cDNA insert was recovered by PCR, and
sequenced. These genes have now been re-cloned and are being tested in grape against PD-infected stem sections. Based on
the pre-test in tomato, a limited number of grape genes appear to effectively protect against PCD as was observed earlier with
the screen of tomato libraries in tomato for anti-PCD (disease protecting) genes. Two strongly protecting open reading frames
(ORFs) share sequence homology to respectively, glutathione-S-transferase (a protein that has been reported to be involved
in disease resistance) and an unidentified expressed plant protein. The fact that a small percentage of the cDNAs appear to
protect is encouraging in that we expect that the genome of grape will contain only a few genes that can effectively protect
plant cells against pathogen-secreted signaling molecules that lead to disease development.  We fully expect to have several
novel genes identified within the first year of funding and will proceed to study their mode of action as proposed.
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INTRODUCTION
This proposal is directed toward discovering the plant responses to infection that are fundamental to the progression of
Pierce's disease (PD) in grapevine.  The disease is caused by the growth of the bacterium Xylella fastidiosa (X.f.) in the xylem
vessels of stems, petioles and leaf blades. The disease progresses rapidly, causing severe water deficits in infected shoots
(Goodwin et al., 1988) and vine death-often within two years.  However the progression of the disease and the mechanism(s)
by which the disease produces water deficits and death in infected tissues have not been well established.

The prevailing notion has been that vessels become occluded with bacteria or products of metabolism.  However, we have
shown that PD symptoms appear in grapevines prior to the development of a large Xf population.  However, how the
bacterium moves through and between vessels, whether vessels cavitate upon introduction of the bacterium by the insect
vector or artificial inoculation, the nature and origin of the materials that occlude the vessels of infected vines, and the nature
of the plant regulators that influence the vine’s response to Xf are not known.  We have continued our work testing the model
(below) that proposes answers to these important questions about the development and progression of PD symptoms in
grapevines.

X.f.  introduction to vessels—>vessel cavitation—> initial water deficit—> X.f.  population increase—> production of enzymes by
X.f.  (signals ?) —> cell wall digestion —> oligosaccharide signals —>

ethylene synthesis rise—> a "wave" of vessel occlusion beyond the infection site —>
global collapse of vine water transport—> leaf abscission—>vine death

OBJECTIVES
For this research period we have addressed a number of the elements of the PD development model.

1. What is the nature of the occlusions found in vessels of infected vines?
2. What is the impact of a vine’s “water status” on the development of disease symptoms?
3. What is the evidence that Xf produces cell wall-degrading enzymes to facilitate the systemic spread of the bacterial

population?
4. What is the role of ethylene in the development of vine responses to Xf presence?
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RESULTS AND CONCLUSIONS
What is the nature of the xylem occlusions found in infected vines?
In prior reports we have reported that “gels” isolated from infected stems have sugar compositions suggesting that they are
products of both Xf and plant metabolism.  We have continued these studies, but it is difficult to isolate these occluding
materials without co-isolation of bacterial and plant polysaccharides.  Therefore, we have begun testing of
immunohistochemical approaches for biochemical characterization of the occlusions.  We have used anti-pectin antibodies
linked to a fluorescent tag to “light up” the cell walls of tyloses in infected stems (Figure 1a).  We have previously reported
that tyloses form relatively early following vine inoculations with Xf. It is not a surprise that the tylose wall reacts; pectin is
known to be an important polysaccharide in higher plant cell walls.  Figure 1b shows that the same tagged antibody reacts
with gels that occlude vessels and that the pectin gels co-localize with bacteria that are revealed by the use of an additional
tagged antibody (Figure 1c).

The sequence of the Xf genome “predicts” that the bacterium can produce an extra-cellular polysaccharide with a structure
very much like that of the bacterium Xanthomonas campestris (Figure 2a).  Our analysis of polysaccharides extracted from
infected grape stems suggests the presence of material containing the sugars of the predicted “fastidian gum” (Figure 2b).
We are now using specific chemical and biochemical procedures to modify commercially available xanthan gum so that it
has a structure like that predicted for the Xf gum.  This will be used for the generation of antibodies that can be tagged (as
above) and used to determine whether the occlusions in vessels of infected vines contain polysaccharides of bacterial origin.

What is the impact of a vine’s “water status” on the development of disease symptoms?
In order to test the effect of a vine’s relative water status on the development of PD symptoms, we subjected ‘Chardonnay’
(PD-susceptible) vines to three levels of water status (well-watered, moderately-stressed, and severely-stressed) by
manipulating the watering schedules in the greenhouse.  Vines were inoculated with Xf and standard physiological
measurements of water stress were taken (to verify that the watering regimes had led to differing degrees of water stress) at
intervals along with making visual assessments of PD leaf scorch symptoms.  (At the end of the experiment we took stem and
petiole samples of all of the vines.  These will be tested for Xf presence soon.)  The first indications of leaf scorch were seen
48 d after inoculation (Figure 3).  Evaluations of symptoms were also made 77d and 91d after inoculation.  The data indicate
that the greater the water stress a vine experiences the quicker PD symptoms develop.  Even after 91d, one-third of the well-
watered vines showed no leaf symptoms.  A poster at the 2003 PD Symposium will show additional data describing standard
physiological measurements describing the vine stress caused by our watering regimes.

What is the evidence that Xf produces cell wall-degrading enzymes to facilitate the systemic spread of the bacterial
population?
We have already reported that the “porosity” of the primary cell walls of the pit membranes that “separate” one vessel from
its neighbors is much too small to permit passage of Xf from one vessel to the next, unless the pit membrane is damaged.
Thus, systemic spread of bacteria introduced to a few vessels requires pit membrane degradation.  Our model suggests that
this is caused by cell wall-degrading enzymes, presumably produced by Xf. This idea is supported by the observation that the
genome of the Brazilian and Temecula strains contain sequences that are similar to sequences known to encode the cell wall
polysaccharide-degrading enzymes polygalacturonase (PG) and ß-1,4-glucanase.  The idea is also supported by the report
from the Meredith, Dandekar and Aguero PD project, that transgenic introduction of a PG Inhibitor Protein (PGIP) from pear
fruits into grapevines reduced their susceptibility to PD.

Accordingly, these Xf DNA sequences have been cloned.  We are currently attempting to express these sequences in the
bacterium E. coli.  When we have expressed the glucanase and/or PG this will confirm that the bacterial sequences encode
these enzymes and provide a source (the Xf gene-expressing E. coli cultures) of the enzymes for testing of other aspects of the
cell wall model.  Figure 4 describes the cloning and gene expression strategies we are testing.

What is the role of ethylene in the development of vine responses to Xf presence?
We have previously reported that treatment of grapevines with ethylene will trigger the occlusion of vessels with tyloses, just
as occurs in PD-infected vines.  Additional data supporting this point is provided in a poster presented at the 2003 PD
Symposium from the Shackel and Labavitch, CDFA-funded project.  We have developed chambers that will be used to
monitor emanation of ethylene from healthy and infected vines.  We will first test these chambers by measuring ethylene
production by vines manipulated to force them to produce ethylene.  We will then test them with inoculated vines.  Our PD
model places ethylene at a key point for the regulation of PD symptom development. If the model is accurate on this point,
we will then examine the development of symptoms on inoculated vines that have been treated so that they are not able to
respond to ethylene.

CONCLUSION
Continuing testing supports the proposed model of PD development in grapevines.  Some steps predicted by the model have
not yet been tested and confirmatory experiments are still necessary.  Even without that work, however, it seems clear that a
great deal of the problems caused in vines by introduction of Xf is caused by a vine response to the bacterium, rather than
something specifically done to the vine by the bacterium.
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a                                                         b                                                                c
Figure 1. Specific fluorescent antibodies that “light up”  cell wall pectins were used to demonstrate the presence of pectin at
the surface (e.g., cell wall) of expanding tyloses (1a) and in the gels that accumulate in vessels of PD-infected grapevines
(1b).  A second antibody (recognizing Xf) lights up an accumulation of bacteria in a vessel of an infected vine.

Figure 2. Chemical analysis of xanthan gum shows it to have a polymer backbone made up of ß-1,4-linked glucosyl
residues and a “unit” structure consisting of 2 backbone residues, one of which bears a side chain of a terminal, pyruvylated
mannosyll residue linked to a galacturonosyl residue linled to and acetylated mannosyl residue (2a).  Analysis of the genes in
the Xf genome suggests that the PD pathogen will make a polysaccharide (dubbed “fastidian” gum) lacking the terminal
modified mannosyl residue.  Our intent is to remove the terminal residue of xanthan gum and then raise antibodies to the
modified polymer.

Figure 3. ‘Chardonnay’ and ‘Cowart’ grapevines in pots were watered according to three regimes, two of which were
designed to cause the vines to experience water stress. Well-watered (ww) plants had an average leaf water potential of –0.6
MPa, moderately water-stressed vines (moderate) averaged –1.0 MPa, and the most water-stressed (severe) plants were –1.4
MPa.  Vines were needle-inoculated with Xf and monitored at intervals (48, 77 and 91 d after inoculation) to determine the
percent of vines showing leaf scorching and matchsticks.  ‘Cowart’ vines showed no symptoms.
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Novagen, EMD Biosciences, Inc.

Figure 4. The pET-20b (+) vector contains an N-terminal pelB signal sequence that directs the expressed protein to the
periplasmic space, which increases the chances of proper folding. The pET-20b (+) vector also contains a C-terminal
histidine tag that can be used in purifying the recombinant protein. This expression system is driven by the strong T7
promoter and controlled by IPTG (isopropyl-β-D-thiogalactopyranoside) induction.
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ABSTRACT
We have used a two methods to attempt to isolate single-chain antibodies (scFv) specific for the surface of the Temecula
strain of Xylella fastidiosa.  A method using whole X. fastidosa cells to pan a phage display scFv library was successful and
we recovered one very specific scFv that strongly interacts with Temecula and less so with the Tulare strain of X. fastidiosa.
A method using a purified surface protein (mopB) from Temecula yielded two scFvs that interacted with that protein, but
failed to interact with intact cells.  Intended uses for these scFvs in a paratransgenesis method to control Pierce’s disease will
be discussed.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is the principle vector of the xylem-limited bacterium Xylella fastidiosa (Xf), which
causes Pierce’s disease (PD) in grapes.  Limiting the spread of this pathogen by rendering GWSS incapable of pathogen
transmission (paratransgenesis) is a promising method of pathogen control.  Paratransgenesis seeks to modify the phenotype
of an organism indirectly, by modifying its symbiotic bacteria to confer vector-incompetence

Paratransgenic approaches to disrupt pathogen infection of humans are being developed by several groups.  These include
interference with the ability of triatomid bugs to transmit pathogens causing Chagas’ disease (Beard, Dotson et al. 2001),
interference with HIV attachment to its target cells in the reproductive tracts of humans (Chang, Chang et al. 2003), and the
elimination of persistent Candida infections from biofilms in chronically infected patients (Beninati, Oggioni et al. 2000).
Paratransgenesis has also been applied to deliver cytokines mammalian guts to relieve colitis (Steidler, Hans et al. 2000;
Steidler 2001).  Thus, the method has wide applicability.

Alcaligenes xylosoxidans denitrificans (Axd) is bacterial species that can colonize the GWSS foregut and cibarium, as well as
various plant tissues, including xylem.  It is non-pathogenic in insects and plants and is not known to be a pathogen in healthy
humans.  Given these characteristics, Axd has become the focus of our paratransgenesis efforts to control PD in grapes.  Over
the past two years we developed the technology to stably modify Axd by inserting genes into its chromosome.  We have
recently turned our attention to isolating factors that can specifically inhibit the transmission of Xf from GWSS.

We report here the isolation of a single chain antibody phage that is specific for the surface of Xf and appears to have some
strain specificity.  Other tests have shown that this antibody phage can inhibit the transmission of PD by sharpshooters under
experimental conditions.

OBJECTIVES
1. Isolate single chain antibody (scFv) clones capable of binding to the surface of Xylella fastidiosa with high specificity

either though the use of intact cells or purified surface proteins.
2. Test the strain specificity of these scFvs.

RESULTS
A. Single-chain antibodies (scFvs) as specific control agents of Xylella fastidiosa
We have spent the past year designing and implementing a strategy to isolate factors that are specifically targeted at Xf for
use in a paratransgenesis approach to controlling PD.  The greatest degree of specificity against PD is likely to be obtained
using synthetic antibody constructs called single-chain antibodies, or scFvs.  An scFv is composed of a single gene consisting
of the variable regions of an antibody heavy chain and light chain fused together with a synthetic linker sequence.  Genes for
these scFvs are randomized at certain codons and are constructed in large libraries that can be “panned” with an antigen of
interest to obtain specific binders.
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B. Use of whole X. fastidiosa pv. Temecula to pan scFv libraries
Our target is the surface of Xf pv Temecula, therefore it made sense to use whole Xf to pan scFv libraries.  We panned a
commercially-available scFv phage library and obtained one very specific scFv that we call S1.  This scFv does not interact
with Axd or Chryseomonas luteola, two bacterial species that live in the gut of the GWSS and bacterial species that might be
utilized in paratransgenesis.  Interestingly, this particular scFv lacks a heavy chain region, thus the specificity is mediated
only by the light chain.  We do not yet know what structure or protein is bound by S1.  S1 has been tested by Blake Bextine
in GWSSs for its effect on disrupting the transmission of Xf to plants.

C. Use of genomic data and purified surface proteins
The S1 phage scFv was the only specific binder we obtained by screening whole cells, yet we would like to isolate multiple
different scFvs in order to target different structures.  This is possible by taking advantage of the available genomic and
proteomic data for Xf to target specific surface proteins.  The genomes of both the citrus variegated chlorosis (CVC) and
Temecula (PD) strain of Xf have been sequenced (Simpson, Reinach et al. 2000; Bhattacharyya, Stilwagen et al. 2002).   In
addition, proteomic data is available for the CVC strain that documents which proteins are abundant and surface-exposed
(Smolka, Martins et al. 2003).  We targeted 5 surface exposed proteins (PilT, Type IV fimbriae, PilY1, hsf adhesin, and
mopB) and used the Temecula genome sequence to identify homologues of them compared to the CVC strain.

We attempted to clone full-length genes for each target in E. coli fused to a maltose binding protein gene in order to aid in
affinity purification.  Only one of these constructs could be cloned (encoding mopB), probably because expression of the
remainder of these are toxic in E. coli.  A screen of the scFv library with purified Temecula mopB protein led to the isolation
of two specific scFv clones.  Neither of these, however, was able to bind to the surface of whole Xf pv Temecula cells in an
ELISA, perhaps because the antigen that each scFv bound to was not exposed in whole cells.  This remains a viable
approach, but steps will be needed to express only parts of surface proteins that are actually surface-exposed in whole cells.

D. Strain specificity of scFvs.
We tested the S1 phage for its degree of strain-specificity.  Below is a table based on a comparative ELISA using S1 and
different Xf strains.  Interestingly, some strain specificity appears to be present, which may reflect the known diversity of
some Xf surface proteins (Bhattacharyya, Stilwagen et al. 2002).

CONCLUSIONS
We have isolated a scFv that has high specificity for the surface of the Temecula strain of Xf. This scFv is capable of
interfering with the transmission of PD from GWSS to naïve host plants (pers. comm. B. Bextine).  We are now working to
move this scFv into candidate bacterial species for use in a paratransgenesis approach to controlling PD.
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ABSTRACT
Characteristics of Alcaligenes xylosoxidans denitrificans (Axd), a bacterium associated with Homalodisca coagulata (Say)
and several host plants of this sharpshooter, were examined because this bacterium is being considered for use as a
paratransgenic vehicle for control of Xylella fastidiosa (Xf). Axd established in sharpshooter vectors of Xf but was not found
in predators that Axd-fed sharpshooters. Axd did not establish on or within table grapes, or in a variety of red and white
wines.  The bacterium also did not establish in soil samples. Axd catabolized a variety of nitrogen substrates but did not
produce certain extracellular enzymes considered to be virulence factors.  An auxotrophic subpopulation of Axd that requires
cysteine was isolated.

INTRODUCTION
Homalodisca coagulata (Say), the glassy-winged sharpshooter (GWSS), acquires and transmits the causative agent of
Pierce’s disease (PD), Xylella fastidiosa (Xf).  While much attention has been put forth to characterize, describe, and
understand the establishment of Xf within the sharpshooter, little effort has been directed toward the isolation of other
microbial inhabitants within the alimentary canal of GWSS. If GWSS do possess a normal microbiota, or harbor transient
microorganisms for some time period, then these microorganisms may inhibit or possibly facilitate the attachment of Xf with
the sharpshooter.  Determination of either scenario would add to what is currently known about PD transmission and could be
useful for the implementation of a paratransgenic strategy to control PD.
Alcaligenes xylosoxidans denitrificans (Axd) is one bacterium that has been isolated routinely from GWSS  Here we report on
research over the past year that examines the use of Axd as a paratransgenic candidate for management of PD.

OBJECTIVES
1. Characterize the establishment of Axd in GWSS, blue green, and smoke tree sharpshooters.
2. Determine the survival and growth of Axd in fruits and wine.
3. Determine if Axd is passed horizontally to predators of GWSS.
4. Monitor the growth and survival of Axd in soil.
5. Survey Axd for auxotrophic subpopulations.

RESULTS
GWSS, captured in nature, were aseptically dissected for their alimentary canal organs, particularly, cibarial pumps, fore- and
midguts. Axd, was the most frequently isolated bacterial species and subsequently was chosen as the first candidate for use in
a paratransgenic strategy.  We have spent the last year monitoring the activities of Axd and transformed strains of Axd,
spanning the behavior and biology of Axd in host plants (both field and laboratory experiments), in sharpshooters, in
predators that fed on sharpshooters and under different culture conditions. In summary, we have found that Axd and
transformed strains of Axd establish in plant xylem of a variety of host plants and sharpshooters that feed on these plants.
Axd and strains thereof do not, however, grow or grow well in soil with established microbial communities.  Similarly, Axd
and strains thereof do not grow in a variety of grapes or wines. Axd strains were also not found in predators that fed on
sharpshooters. Axd strains lack the expression of typical virulence factors, such as extracellular enzymes and β- hemolysin.
A cys- population of Axd was isolated and this population, if deemed fit, would not establish in environments lacking
cysteine.

CONCLUSIONS
Axd is a promising candidate for a paratransgenic approach to prevent, control, and/or manage Pierce’s disease. Axd
establishes well in vectors of Xf and host plant xylem but does not establish well in non-target environments that we have
surveyed.  If Axd cys- are shown to be fit, the use of this strain would reduce and/or eliminate certain concerns associated with
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the release of a genetically augmented bacterium in the environment.  Nevertheless, it appears that the spread of Axd strains is
limited by biotic and abiotic conditions associated with the host plant environment of Pierce’s disease susceptible plants.
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ABSTRACT
Understanding and utilizing natural defense mechanisms is a critical component of crop improvement.  The ultimate solution
to Pierce’s disease (PD) problems likely relies on host resistance.  This research proposal focuses on examining PD resistance
in several grape species.  Although some of resistant species have been tested, the mechanisms involving resistance are not
well understood.  It appears that PD resistance mechanisms vary.  Some resistance mechanisms may be related to anatomical
characteristics while others may be due to defense chemicals. The strategy that we are developing for this project will
provide research tools to investigate PD resistance mechanisms.

INTRODUCTION
Pierce’s disease (PD) caused by the Xylella fastidiosa (Xf) bacterium is a major disease problem in California.  The extent to
which PD affects the California grape industry has been dramatically increased by the recent introduction and establishment
of a more effective vector, the glassy-winged sharpshooter (Homalodisca coagulata).  Host plant resistance is a critical
component of integrated crop management.  Understanding the nature or basis of resistance mechanisms and utilizing
resistance resources from native grape species offers a direct approach to combating PD.

Resistance to PD had been tested in many grape species (Mortensen et al., 1967, 1977) but the mechanisms involving in PD
resistance have not been well characterized, hence, are not well understood.  Given the fact that these species were derived
from various genetic backgrounds and different origins, it is expected that the mechanisms of PD resistance may be different
among grape species.

The hypothesis of this research proposal is that the mechanisms of PD resistance are due to chemical compounds (e.g. anti-
microbial activity) present in xylem sap that suppress Xf or due to anatomical features of the xylem (e.g. pit membrane) that
restricts Xf’s mobility or both. Plants produce a vast array of natural defense compounds.  Most of these natural products are
derived from secondary metabolic pathways.  Compounds such as the isoprenoid, phenylpropanoid, alkaloid or fatty
acid/polyketide, are continuously expressed in many plants that have proven effective against microbial attacks and
insect/animal predation.  Other types of compounds that are synthesized de novo in response to pathogen attack are known as
phytoalexins.  Stilbenes are examples of such compounds with low molecular weight phenolics occurring in a number of
plant species including grape (Sparvoli et al., 1994).  In grape, they act like phytoalexins, in response to against pathogens
such as Botrytis cinerea (Jeandet et al., 1995), and Rhizopus stolonifer (Sarig et al., 1997).

One of the underlining aspects of this study is to determine if Xf resistance is confirmed by antimicrobial substances in the
xylem sap, thus providing a new approach to controlling PD.  Grafting with resistant rootstocks is commonly used to
overcome pest and disease problems and nutrients and growth regulators move from the rootstock to the scion.  Therefore,
identifying and screening xylem antimicrobial compounds, and using these PD resistant plants as rootstocks may provide a
unique opportunity for enhancing the expression of PD resistance without genetically modifying the scion.  This last point is
critical because it will be very difficult to produce economically competitive wine grape cultivars through classical breeding
or genetic engineering, because of the conservative and international wine industry.  If a rootstock that can confer PD
resistance is produced the integrity of wine grape cultivars will be maintained.

OBJECTIVES
1. Evaluate if any structurally related factors are associated with PD resistance.  Develop a novel multiple grafting

technique to examine the correlation between pathogen movement and the features of anatomical structures.  A
quantitative PCR-based assay (Xf-specific Taq-Man PCR) will be used to measure the mobility of Xf and the size of the
pathogen population in tissues.  Scanning electron microscopy will be used to determine the comparative the anatomical
structure of resistant and susceptible plants.

2. To characterize the chemical composition of xylem and identify the substances that may contribute to antimicrobial
effects which prevent / suppress Xf colonization / multiplication. In vitro bioassay and chemical analysis will be used to
determine the roles of these compounds.

3. To evaluate the transmissibility of the antimicrobial compounds from resistant plants and evaluate the performance of
susceptible scions grafted on these resistant rootstocks.
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RESULTS AND CONCLUSIONS
This project was funded in June, 2003. We selected 10 grape species (Vitis aestivalis, V. candicans, V. champinii, V.
labrusca, Muscadinia munsoniana, V. riparia, M. rotundifolia, V. rufotomentosa, V. shuttleworthii, V. simpsonii, V.
smalliana, V. tiliifolia, and V. vulpina) from different genetic backgrounds representing a wide range of resistance to PD.
Currently, we are propagating these plants in greenhouse for later experiments.
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ABSTRACT
Although many studies have addressed systemic movement of Xylella fastidiosa in the plant (4), we still lack a basic
understanding of the mechanism by which X. fastidiosa cells, which initially are inoculated into relatively few xylem vessels,
are able to spread throughout the xylem network of the host plant.  Furthermore, we lack an understanding of why systemic
movement by X. fastidiosa occurs in some host plant species but not in others.  In other plant pathogens, including
Xanthomonas campestris, which is closely related to X. fastidiosa, the expression of virulence genes such as those encoding
gum synthesis, endoglucanase and pectinase activities, is required for systemic movement in planta.  The genomic
similarities between X. fastidiosa and Xanthomonas strongly suggest that similar virulence genes are required by X. fastidiosa
for symptom formation in the plant (2).  In some plant pathogens expression of virulence genes is dependent on certain plant
factors.  In this study we aim to determine the expression pattern of these virulence genes by X. fastidiosa during colonization
of grapevines susceptible and resistant to Pierce’s disease.  Reporter genes will be placed under the control of regulatory
regions of the genes to be studied, and these promoter-reporter constructs will be integrated into the X. fastidiosa genome to
allow their stable expression in planta.  Reporter gene expression will be monitored during different phases of disease
progress to elucidate when expression of each gene occurs during disease progression.  These data will enable us to construct
a fairly accurate description of the course of virulence events leading to Pierce’s disease after infection and to detect plant
factors that affect virulence of X. fastidiosa.

INTRODUCTION
Traits in bacteria that contribute to virulence are often expressed only in the presence of a susceptible plant.  In a variety of
bacterial species, genes such as hrp genes involved in secreting virulence effector proteins into plant cells as well as those
conferring the production of extracellular toxins or enzymes important in the disease process are not expressed in culture, but
are rapidly expressed when bacterial cells are introduced into plants (1, 15).  Similarly, many genes in the symbiotic nitrogen
fixing bacterium Rhizobium are not expressed in culture but are expressed during the process of infection of roots, often in
response to compounds leaked from the plant itself (12).  While in many cases the plant factors that are involved in inducing
expression of bacterial genes are unknown (5, 13), in several instances those plant compounds that modulate expression of
bacterial virulence genes have been identified.  For example flavanol glucosides such as quercetin and kaempferol as well as
arbutin induce the expression of the syrB gene of Pseudomonas syringae that is required for production of the phytotoxin
syringomycin (10, 14).  Likewise, shikimic and quinic acids were found to induce production of toxin gene expression in P.
syringae pv. syringae (7).  Importantly, higher levels of plant-inducible gene expression were observed in those plant species
that were most susceptible to these pathogens (6, 7).  For example, the highest induction of syrB was found in extracts from
the bark of the most susceptible cherry trees (6) and coronatine biosynthetic genes were induced to much higher levels when
bacteria were introduced into host plants compared to non-host plants (7).  Thus it seems clear that virulence genes are not
constitutively expressed in plant pathogenic bacteria and that plants often inadvertently induce expression of such genes in
the pathogens.

There is strong circumstantial evidence that X. fastidiosa expresses many of its virulence genes only when in plants.  For
example, polysaccharides that surround bacterial cells in xylem vessels are a prominent feature of Pierce’s disease infections
in grape, and the X. fastidiosa genome contains gum genes for the production of extracellular polysaccharide.  However, such
materials are produced in only VERY small amount in culture.  This suggests that if, as is commonly thought, the
polysaccharide in plants is of bacterial origin, than the gum genes must be induced when cells are in the plant.  Likewise,
there is little evidence of production of cellulases or other extracellular enzymes in X. fastidiosa cultures (J. Labovitch,
personal communication).  Preliminary studies have been made of gene expression in X. fastidiosa using DNA microarrays
on membrane filters to assay the abundance of mRNAs corresponding to virulence genes (3).  These expression arrays
revealed that most of the several likely virulence genes such as those conferring production of cellulases, xylanases,
pectinases, as well as regulators of other virulence factors were all expressed at a very low level in X. fastidiosa cultures (3).
These results are consistent with the lack of evidence for virulence factors detected in cultured cells.  At this time it is
impossible to use such hybridization techniques to assess gene expression of bacteria while in plants.  Instead it is possible to
assess gene expression in planta using powerful and sensitive reporter genes such as inaZ, conferring production of ice
nucleation protein, which is easily detected in “dirty” biological systems such as within plants, and when bacterial cell
numbers are low.  The thrust of this proposal will be to obtain direct estimates of virulence gene expression in planta.
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One important question is whether resistance to Pierce’s disease by certain plant hosts is due to X. fastidiosa’s virulence
strategy being unsuccessful in resistant plants or is attributable to the plant's ability to modify the behavior of the bacteria via
host-specific induction of virulence genes.  We hypothesize that in resistant plant hosts, X. fastidiosa is not expressing these
virulence genes.  Alternatively, X. fastidiosa may express virulence genes to the same extent in resistant and susceptible hosts
but host plant anatomy may differ in its ability to resist the effects of X. fastidiosa-generated enzyme activity.  This
distinction will be important in developing resistant cultivars of grapevines.

To distinguish between these possibilities, we aim to use the genomic sequence of X. fastidiosa to identify the regulatory
regions of putative virulence genes and to fuse these regions to reporter genes.  We will monitor expression of the reporters in
tolerant and susceptible grapevine cultivars and resistant alternate hosts as a measure of virulence gene expression.  By
comparing the level of expression of putative virulence genes by X. fastidiosa in resistant and susceptible plants we will learn
whether resistance is a function of plant structure or X. fastidiosa behavior in different plants.  In addition, we will gain an
understanding of the pattern of expression of these genes during colonization.  This work’s contribution to a basic
understanding of the mechanisms of X. fastidiosa systemic movement and plant resistance will be very useful for researchers
attempting to find strategies for controlling disease in important agricultural plants.  If, as we hypothesize, plant factors are
involved in regulating virulence in a cultivar-specific or species-specific manner, it should be possible to target the
production of such “inducers” of virulence in breeding programs or in transgenic plants in order to yield resistant grapevines.

OBJECTIVES
1. Construct Xylella fastidiosa strains that will report expression of putative virulence genes. This will be accomplished by

fusing regulatory regions of putative virulence genes to the reporter genes inaZ and gfp and inserting these expression
cassettes into a suicide vector, then integrating these constructs into the X. fastidiosa genome.

2. Determine putative virulence gene expression in planta and determine whether any correlations exist between
expression and symptom development and/or population size. This will be accomplished by introducing the reporter
strains into tolerant and susceptible grapevines and resistant alternate hosts and monitoring symptom development, X.
fastidiosa populations and expression of InaZ activity (which will represent expression of putative virulence genes) in
plant macerates at various times post-inoculation.

3. Obtain fine scale spatial information about virulence gene expression and determine whether there is a correlation
between expression and colony size by using confocal laser scanning microscopy to locate X. fastidiosa colonies in
planta, to measure their size and to monitor Gfp expression (which will represent expression of putative virulence
genes) during timepoints determined to be critical in Objective 2.

RESULTS
Objective 1. Regulatory sequences of the putative virulence genes gumB, engXCA, and pg have been obtained by amplifying
the 200-300 bp region upstream of the start codon from the X. fastidiosa Temecula genome by polymerase chain reaction.
The promoters have been fused to two reporter genes, InaZ and gfp[ASV].

The InaZ gene encodes a protein that nucleates ice formation in super-cooled water and is an excellent reporter system for
monitoring gene expression in plant pathogenic bacteria (8).  Advantages of this reporter are its ease of use (plant macerates
are directly tested in a quick, simple, inexpensive ice nucleation assay), its extreme sensitivity (gene expression can be
measured in as few as 10 cells) and the ability to quantify levels of gene expression.  This sensitivity is crucial because
virulence genes may be expressed only at very low levels or at specific times during colonization and sensitivity ensures that
we will be able to detect even very low expression in a plant macerate.  Likewise, we know populations are low in resistant
plants and we need to monitor gene expression in such low populations.  One drawback to this system is that only macerated
tissue can be examined, however it will be ideal for elucidating overall gene expression characteristics, such as when
expression occurs in relation to inoculation, what population levels are correlated with expression, and whether expression
differs between resistant and susceptible hosts.

Figure 1. X. fastidiosa expressing green
fluorescent protein observed in an
unperturbed xylem vessel by CSLM.

The gfp[ASV] gene encodes an unstable variant of the green fluorescent protein.  The unstable nature of the gfp will enable us
to achieve the most accurate data on promoter activation conditions (9). X. fastidiosa has been successfully engineered to
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express a green fluorescent protein constitutively (11).  Fluorescent X. fastidiosa cells can be directly visualized in the plant
using confocal laser scanning microscopy (CSLM).  This type of microscopy captures images from deep within a sample,
allowing visualization of unperturbed X. fastidiosa cells in intact xylem vessels (Figure 1).  In addition, no fixation, washing
or staining are needed and sample dissection is minimal, eliminating the potential for artifacts that plagues other types of
microscopy used for in planta analysis of X. fastidiosa.  This gfp expression is stable in planta and disease symptom
formation and growth in the plant are the same for the gfp-expressing X. fastidiosa as for the wild type (11).  In this study, X.
fastidiosa will be engineered to express a green fluorescent protein under the control of virulence gene regulatory sequences.
CSLM will be used to visualize X. fastidiosa cells in the plant and determine the pattern of virulence gene expression (which
will correspond to green fluorescence).  We will be able to visualize directly any cultivar-specific differences that were found
using the InaZ system.  This will be important for verifying whether differences detected are correlated with different patterns
of growth in those plants or are due to a difference in host-specific gene induction.

These promoter-reporter cassettes have been introduced into plasmids designed to integrate into the X. fastidiosa
chromosome (Figure 2).  These plasmids have been electroporated into X. fastidiosa and we are currently screening

transformants for correct insertions.  Since the project has only just recently started, we are performing initial aspects of the
proposed work.  The studies are proceeding according to schedule.  The completion of this objective will result in the strains
listed in Table 1.

Table 1. X. fastidiosa strains to be constructed
Strain Promoter Reporter Markers Putative virulence activity
Pg-ice pg Ice nucleation Kan-2 pectinase

Pg-gfp pg Green fluorescence Kan-2 pectinase

Eng-ice engXCA Ice nucleation Kan-2 cellulase

Eng-gfp engXCA Green fluorescence Kan-2 cellulase

Gum-ice gumB Ice nucleation Kan-2 extracellular polysaccharides

Gum-gfp gumB Green fluorescence Kan-2 extracellular polysaccharides

Objectives 2 and 3. These objectives will be addressed after the completion of Objective 1.

CONCLUSIONS
Conclusions will be drawn from future data that will be obtained during fulfillment of Objectives 2 and 3.
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ABSTRACT
Glassy-winged sharpshooters (GWSS) were collected in California and several states in the southeastern US in 2002 and
2003 to search for pathogenic or beneficial bacteria of GWSS. Various tissues were examined for the presence of bacteria by
PCR: hemolymph, eggs, and bacteriomes.  Hemolymph could contain primary and secondary symbionts, either resident in
hemolymph or in transit to other tissues.  Eggs were expected to contain any transovarially transmitted microorganisms,
described or otherwise, and bacteriomes were expected to contain at least the primary symbionts.  A small subset of
hemolymph and egg samples were cloned and sequenced based on unique digest patterns of their extracted 16s DNA.
Cloned sequences were identified as belonging to the primary symbiont Baumannia (in eggs and hemolymph) and
Acinetobacter and Stenotrophomonas (in hemolymph). Wolbachia was also cloned from hemolymph, and subsequently
found in 62% (24/39) of egg, 8% (5/66) of hemolymph, and 76% (31/41) of bacteriome samples by PCR.

INTRODUCTION
Most Homoptera so far examined, including the leafhoppers (Cicadellidae), are hosts to endosymbiotic bacteria that live
within the body cavity of the host insect (Buchner 1965; Douglas 1994; Moran and Baumann 2000).  Some endosymbionts
(“primary” symbionts), have a mutually obligate association with their host: they are housed in specialized host cells,
bacteriocytes (= mycetocytes) within a bacteriome (collection of bacteriocytes); are transovarially (i.e., vertically) transmitted
from mother to offspring, and cannot be cultivated outside of the host.  In aphids, the primary symbionts (Buchnera) have
been shown to provide the host with essential nutrients and are necessary for the proper development of the host (e.g.,
Douglas 1998).  Little is known about the specific role of leafhopper primary symbionts.  Suggestions include roles in
osmoregulation, respiration, circadian rhythms (Schwemmler 1980) and nutrition (Douglas 1988).  Recent work on the
bacteriome-associated symbionts of GWSS described two bacteria, one of which has been partially sequenced and placed in
the γ-Proteobacteria, (named Baumannia cicadellinicola), the second being a Flavobacteria (Moran et al. 2003).

Primary symbionts are of great interest in terms of their effects on their hosts.  However, of interest for this work are bacterial
associates that are facultative (also referred to as “secondary”), i.e., that occur in some individuals or populations but not
others, and that could be introduced into, or be augmented in, pest populations.  Facultative bacterial associates have been
described in a variety of Homoptera such as mealybugs (Fukatsu and Nikoh 2000), psyllids (Thao et al. 2000), aphids
(Buchner 1965, Chen et al. 1996, Fukatsu et al. 2000, 2001, Sandstrom et al. 2001) and leafhoppers (Swezy and Severin
1930, Schwemmler 1974, McCoy et al. 1978, Purcell et al. 1986).  The potential importance of these long-unrecognized
microbial associates has become increasing clear from recent studies with aphids, where the effects of facultative symbionts
varied from positive to negative, and affected host plant suitability (Chen et al. 2000, Leonardo and Muiru 2003),
susceptibility to high temperatures (Chen et al. 2000, Montllor et al. 2002) and to parasitism (Oliver et al. 2003), often at
dramatic levels.

We assume that similar bacterial symbionts and associated bacteria in leafhoppers such as sharpshooters are likely to be as
common as in aphids and also to have large and important effects on the population biology of their hosts. Molecular tools
have recently made their detection and characterization more feasible (Moran et al. 2003). A cultivable, facultative symbiont
(called BEV) that occurs in the leafhopper Euscelidius variegatus was transmitted transovarially from mother to offspring
(Purcell et al. 1986). BEV reduced fecundity by 80%, doubled development time, and increased mortality of its host (Purcell
et al. 1986, Purcell and Suslow 1987). In addition to being transovarially transmitted, BEV was transmitted efficiently among
E. variegatus leafhoppers (i.e., “horizontally”) via feeding within plant tissues (Purcell et al. 1994).

Facultative symbionts could be convenient agents for introducing genetic materials into leafhopper populations. Advances in
molecular biology have made the prospects of identifying, isolating, and manipulating even non-cultivable symbionts
realistic.  Essentially, symbionts that have a high rate of maternal transmission represent a type of cytoplasmically-inherited
genome that may be more amenable to molecular manipulations than leafhopper chromosomal genes.  Therefore it is of
major importance to better understand these potentially useful bacteria in GWSS and related leafhoppers.
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OBJECTIVES
1. Survey glassy-winged sharpshooter and other sharpshooters in California and the southeastern U.S. for facultative

bacterial endosymbionts.
2. Determine by DNA sequencing the identity of any bacteria discovered.
3. Depending on type of microorganism and relative frequency in surveyed insects, select candidate symbionts to (a)

attempt to culture, (b) determine whether they can be transmitted by injection of hemolymph from infected to
uninfected GWSS or to other sharpshooter species, (c) determine whether they are transovarially transmitted, (d)
determine whether they can be horizontally transmitted through plants and (e) determine whether any are beneficial or
pathogenic to GWSS in terms of life history traits (growth, fecundity, longevity, parasitism).

RESULTS AND CONCLUSIONS
GWSS hemolymph samples from California and the southeast collected in 2002 and 2003 were extracted and examined by
PCR for eubacterial 16s ribosomal DNA (Table 1).

Table 1. GWSS tissues sampled for bacterial DNA—collection location and date.
LOCALITY DATE TISSUES1 (NO. OF SAMPLES) TOTAL NO. EXTRACTS
Bakersfield CA Apr 2002

Aug 2002
June 2003

H (2) , B (3)
H (25), B (14), E (10)
H (18)

72

Riverside CA Apr 2002
Oct 2002

H (3), B (5)
H (9), B (2)

19

Baton Rouge LA May 2002
Sept 2002

H (39), B (20), E (14)
H (5), B (4)

82

Pearl River LA June 2003 H (15), B (5),E (5) 25
Quincy FL May 2002

Aug 2002
H (25), B (9), E (7)
H (18)

59

Crestview FL June 2003 H (24), B (8),E (19) 51
Tallahassee FL June 2003 H (9), E (3) 12

Dothan AL June 2003 H (9), E (3) 12

State Line AL June 2003 H (6) 6

Martinville MS June 2003 H (8), E (1) 9

McComb MS June 2003 H (6), E (3) 9
1H=hemolymph, B=bacteriocytes, E=eggs

Forty-three percent of hemolymph samples from all localities tested positive for eubacterial 16sDNA by PCR. Twenty-six
individuals of another four species of sharpshooters from California were also tested for bacteria in hemolymph, of which
five (19%) were positive by PCR. DNA from a total of 12 GWSS tissue samples was chosen for cloning, and four produced
multiple transformed E. coli colonies with 16s rDNA inserts. DNA from 11 of these colonies was chosen for sequencing. The
most common sequence was identical to that of Baumannia, a recently described bacteriome-associated symbiont of the
GWSS (Moran et al. 2003), which was cloned from hemolymph and eggs of GWSS from Louisiana and Florida (Table 2).
Like other bacteriome inhabitants, Baumannia is presumably transovarially transmitted from mother to offspring via
hemolymph (Buchner 1965). Wolbachia, a commonly found facultative symbiont of many insects, including GWSS (Moran
et al. 2003), was also cloned from hemolymph of a California GWSS.

Table 2. Cloned bacterial DNA from GWSS tissue samples.

COLLECTION LOCATION
(SAMPLE / NO. CLONES SEQUENCED)

GWSS TISSUE 16S RDNA SEQUENCE IDENTITY
OF INSERTS

Bakersfield (UC2/ 2) hemolymph Wolbachia, Acinetobacter
Louisiana State Univ (L20-8/ 5) hemolymph Baumannia, Stenotrophomonas
Crestview FL (CF7/ 2) eggs Baumannia
Pearl River LA (PRE/ 2) eggs Baumannia

DNAs from two additional bacteria not previously described from GWSS were also cloned from our samples (Table 2):
Acinetobacter and Stenotrophomonas are aerobic γ-Proteobacteria, and not uncommon as environmental contaminants and
nosocomial pathogens (e.g., Towner et al. 1991, Ribbeck et al. 2003).  However, both have also been isolated from ticks and
fleas (Murrell et al. 2003); and Stenotrophomonas, among other bacteria, was isolated from the guts of ants, where it was
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presumed to provide nutrients and to be passed to offspring (Jaffe et al. 2001). Stenotrophomonas was also described as an
endosymbiont of a fly (Otitidae), which failed to develop properly without its complement of bacteria (Wozniak and Hinz
1995).

After isolating Wolbachia from GWSS, we surveyed 146 of our extracts by PCR and detected this bacterium in 62% (24/39)
of egg, 8% (5/66) of hemolymph, and 76% (31/41) of bacteriome samples by PCR.  We will assess the frequency of the other
bacteria we have detected in GWSS samples to date, and continue to look for additional facultative symbionts in extracted
material and new collections.  Finding a facultative symbiont of GWSS could impact the biological control of GWSS if such
symbionts could be manipulated or eliminated from populations of GWSS.
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ABSTRACT
Although it is known that Xylella fastidiosa (Xf) is located on the foregut of infected insects (infective nymphs loose
transmissibility after molting and there is no latent period required for transmission), the exact location in the foregut from
which the bacterium Xf is transmitted by sharpshooter leafhoppers is not known.  We examined the spatial distribution of Xf
in the precibarium of vectors that had been fed on infected grapevines. Xf cells attached on end to the insect’s cuticle and
were distributed throughout the precibarium, with few exceptions, on both pharynges. Xf was not present on top of the
precibarial valve, but interestingly cells were observed within the valve’s pit.  In a transmission experiment with long
inoculation access period, all infective insects transmitted Xf to healthy grapevines; individuals free of Xf on the precibarium
did not vector the pathogen.  An ancillary objective was to determine if the relatively low transmission rates (5-15% daily) by
the glassy-winged sharpshooter (GWSS) were influenced by the plant tissue inoculated: stem or leaf. On grape, adult GWSS
feed mainly on stems.  In an initial experiment with low transmission rates (less than 7% per GWSS adult) there were no
differences among treatments (stem only, leaf only, stem and leaf).  This will be repeated with more insects per plant and
longer exposure for inoculation, but these initial results suggest that feeding site on green tissues are not a major factor.

INTRODUCTION
The vector transmission of the bacterium Xylella fastidiosa (Xf) to plants is an essential step in the spread of Pierce’s disease
(PD).  The process of transmission would seem to be simple.  Virtually any xylem sap-feeding insect can be vector (Frazier
1966).  There is no – or at most 30-60 minutes -- latent period, the time required between acquisition and inoculation.
Because vectors stop transmitting immediately after molting, the bacteria must be transmitted from the foregut, whose lining
is shed with molting (Purcell and Finlay 1979).   The hypothetical model for transmission is that the bacteria attach to the
foregut during feeding on Xf-infected plants, and some bacteria are detached during later feeding to inoculate other plants
(Purcell et al. 1979).

But this simple view is deceptive. First of all, very few live cells of Xf -- certainly less than 200 per insect -- are needed for
efficient transmission by the blue-green sharpshooter (BGSS) (Hill and Purcell 1995) or the glassy-winged sharpshooter
(GWSS) (Almeida and Purcell 2003).  This makes determination of the infective status of insect vectors very difficult
because even highly sensitive methods for Xf detection do not detect the bacterium in all transmitting insects.  The small
number of Xf needed for efficient transmission implies that the area of the foregut involved in transmission is very small, thus
saturated by small numbers of Xf, which implies that large mats of Xf often seen in transmitting sharpshooters are superfluous
for transmission.

The attachment (and subsequent detachment) of Xf to the vector foregut is thought to be a key in its vector transmission to
plants (Purcell et al. 1979) and has provided an incentive to better understand this phenomenon.  How these tiny bacteria
remain attached to the insect foregut in such a fast-moving fluid environment of 5 to 10 cm/second is still unknown. The use
of the cell signaling mutants (Newman and Lindow, in this Proceedings) has opened new ways to examine experimentally the
vector transmission process.  Although not an objective of this related project, it is important to learn why cell-cell signaling
by Xf is so important to transmission.

A second transmission phenomenon we propose to evaluate using GWSS is whether access to leaf petioles, young stems, or
the bases of stems affects vector transmission efficiency in grape.  GWSS adults prefer feeding on stems of grape test plants,
but nymphs and young adults tested on leaves (including leaf petiole) were much more efficient at transmitting than were
adults (Almeida and Purcell 2003).  Leaf age had a relatively small but statistically significant effect on transmission by
BGSS (Purcell 1981).  The procedures to test this are simple and straightforward.  It is important to know how various
locations on grape affect transmission performance in order to incorporate vector transmission rates in estimates of economic
thresholds for control of GWSS.
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OBJECTIVES
1. Determine the association of Xf transmission and its location in the vector’s precibarium and cibarium.
2. Determine the effects of within-plant location on vector transmission efficiency.

RESULTS
The morphology of the precibarium (a canal between the food canal of the stylets and the sucking pump formed by the
combined pharynges) of BGSS has been previously described (Backus and McLean 1983, Brlansky et al. 1983, Purcell et al.
1979).  The channel was divided into distal and proximal regions by A flap-like valve located on the epipharynx.  On the
epipharynx we observed the 10 D-sensilla and 8 P-sensilla first identified by Backus and McLean (1983). The 2 H-sensilla
were also observed.  The proximal section of the precibarium, posterior to the valve, had sutures on the epipharynx that were
not present on the hypopharynx.

Xf cells were observed on both pharynges, always attached to the insect’s cuticle at each bacterium’s narrow end. Probably
because of the long incubation period given to insects after pathogen acquisition, we observed only cell mats rather than
isolated cells/colonies.  The hypopharynx had homogenous mats, with only one area always free of Xf (Figure 1).  Based on
measurements of both pharynges, this is the area where the precibarial valve or pit probably interlocks with the hypopharynx.
In some cases, cells were observed only proximally to the precibarial valve; if present distally, they were always observed
proximally.  Cells were never found on top of the precibarial valve or the area on the epipharynx with sutures (Figure 2).
Cells were often found within the precibarial valve’s pit.  The proximal end of the precibarium was also a location where Xf
attached. Xf was also observed in the groove at the distal end of the cibarium.  We also dissected 15 GWSS adults that had 4
days acquisition access period on infected plants and were transferred as a group to mugwort for 2 weeks.  Only one
individual was observed with Xf, distributed in the same manner as on GWSS.

Nineteen of the 25 insects used in our transmission experiment were adequately dissected to evaluate presence or absence of
Xf on the precibarium. Ten insects were positive, and all of them transmitted the bacterium to grapevines. The other 9
individuals were Xf-free and did not transmit to plants. Location of Xf was the same as described above. Because of the long
incubation period used, we cannot infer the location where Xf probably detached to inoculate the healthy plants. Xf
transmission does not require a latent period, thus no bacterial multiplication is required for transmission. Transmission
experiments using short acquisition and inoculation access periods are being conducted to determine if we can consistently
locate initial Xf colonization areas in the foregut of transmitting insects.

CONCLUSIONS
1. Using long acquisition and inoculation access periods, we found a good correlation between vector transmission to plants
and the occurrence of Xf on the precibarium of an efficient vector (BGSS).

2. There are specific areas on the precibarium of both pharynges where Xf is absent in Xf-colonized sharpshooters.  One of
these is on the distal extremity of the precibarial valve.  Another is where the valve should seat against the hypopharynx.  A
third is the medial region of the proximal precibarium on the epipharynx.  These areas might represent areas where the
detachment of Xf cells occurs during the inoculation phase of vector transmission so that the bacteria can be expelled during
feeding.

Figure 1. Hypopharynx of BGSS with Xf cell mat. Arrow
indicates region where Xf was always absent.
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Figure 2. Epipharynx of BGSS with Xf cell mat. Arrows: a) precibarial
valve, with no Xf attached on top of the flap-like structure; b) proximal
region of precibarium canal free of Xf.
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ABSTRACT
The arrangement of vascular tissue within the nodes of Chardonnay grapevine (Vitis vinifera) shoots was studied as an
investigation of potential pathways of infection for the bacterium that causes Pierce’s disease (Xylella fastidiosa).  Grapevine
stem anatomy of the current year’s growth was observed with both light and scanning electron microscopy and xylem
conductance was observed by following traces of stains within the vascular tissue.  The pattern of vascular divergence to
lateral organs is described and implications for the spread of Pierce’s disease within the grapevine shoot are discussed.

INTRODUCTION
The spread of Xylella fastidiosa (Xf) bacteria or bacterial products within the grapevine likely leads to Pierce’s disease
(Hopkins and Mollenhauer 1973).  A thorough understanding of the hydraulic architecture is necessary to predict both the
effect of localized xylem blockage on distal or basal organs and the pathways for movement of  bacteria or phytotoxins
within grapevine shoots.  The general vegetative anatomy and the primary vascularization of grapevine have been
summarized (Fournioux and Bessis 1973, Pratt 1974, Fournioux and Bessis 1974, Fournioux and Bessis 1979, Mullins et al.
1992).  Although patterns of grapevine hydraulic architecture have been proposed, confirmation of this descriptive work is
needed.

OBJECTIVE
Analyze the vascular arrangement of the grapevine in the context of the spread of Pierce’s disease within the plant from the
site of inoculation to a systemic presence.

RESULTS
Grapevine nodes were serially sectioned (Figure 1).  In the most basal section below the node, a complete ring of secondary
xylem (wood) is present bounding a regular parenchymatous pith.  At this location, less than a centimeter from the node
proper, there are no visually distinct leaf traces.  In the next distal section, five leaf traces are distinct and have begun to
diverge from the stele; two dorsal traces, two ventral traces, and a lateral trace (Figure 1B).  The number of leaf traces at each
node was variable; ranging from four to eight traces, with five being the most common.  Anastomosis of leaf traces may
begin while the trace is still in the stem cortex before it enters the petiole.  As a consequence of leaf trace divergence from the
stele a leaf gap in the vascular cylinder is created.  Once the leaf traces have diverged from the stele in an axial orientation,
their pathway quickly bends perpendicular from the vertical axis and they become radially oriented.  Within a few
millimeters after the leaf traces have diverged into the petiole, the parenchymatous gaps in the stele are no longer present and
no leaf traces are distinct for further distal nodes.  Large portions of the lateral regions of the node are void of conductive
tissue (gap) due to vascular divergence into the tendril on one side and to the developing summer lateral shoot and compound
bud on the other side (Figure 1E).  Within one lateral gap, vascular differentiation occurs between the developing summer
lateral shoot and each of the compound buds to the existing axial hydraulic network.  Integration of the developing xylem of
the summer lateral shoot to the axial system occurs through differentiated branch traces connecting the base of the summer
lateral to the xylem of the main shoot (Figure 1F).  The common summer lateral shoot and compound bud gap and the tendril
gap close in the stele within a few millimeters distal to these respective organs  (Figure 1H).  Additionally, a sclerified
parenchymatous diaphragm present in the node has been replaced by a regular unsclerified parenchymatous pith.   Acropetal
to the node, the stele is again complete with no gaps in the stele or distinct traces present.
A transverse section through the shoot shows an early stage of leaf trace divergence similar to that depicted in Figure 1B
(Figure 2).  There is a difference in vessel diameter between the lateral and dorsiventral sectors of the grapevine stem;
laterally sectored vessels typically have narrow diameters and dorsiventral vessels have wider diameters.  From this particular
sample, the dorsi-ventral sector vessel diameters were 65 ± 21 microns (mean ± sd), whereas lateral sector vessel diameters
were 31 ± 12 microns.  In this case there are five leaf traces; two in the dorsal sector, two in the ventral sector, and one in a
lateral sector.  The leaf traces are identifiable by tracheary elements of a comparatively narrow diameter.  The leaf traces each
originate from a single lamella, and as with all the lamellae of the stem, are delimited by very tall rays.  The exact lammelar
location of trace origin is variable for all traces from node to node, with the lateral trace(s) sometimes originating nearly from
the ventral side. The leaf traces diverge into the petiole at nearly a right angle to the axial system. Each pair of dorsal and
ventral leaf traces may appear to fuse (Figure 2 upper right) or remain distinct (Figure 2 lower right).
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Figure 1. Representative images from serially sectioned node (left). Images B, E, F, and H correspond to sections through
locations (D1, D2–dorsal traces, V1, V2-ventral traces, L-lateral trace, TG-tendril gap, CG-common lateral shoot and
compound bud gap, T-tendril, P-petiole, Pi-unsclerified pith, SL-summer lateral, arrow in F indicates branch traces, arrow in
H indicates closing lateral gap).

Figure 2. Cross sections displaying diverging leaf traces, stem vessel dimorphism, and subjective fusion of traces (D1, D2–
dorsal traces, V1, V2-ventral traces, L-lateral trace, w-dorsal sector with wide vessels, n-lateral sector with narrow vessels,
FT-dorsal traces that appear fused, P-petiole)

Multiple stains were used as tracers to follow potential pathways of water and bacterial movement through the node allowing
each set of dorsiventral traces and subsequent anastamoses to be followed independently (Figure 3).  As the stains moved
through the node region, no stains were observed across the sclerified parenchyma diaphragm indicating an absence of
medullary vascular connections.  The stains also allowed visualization of trace divergence from the stele over a distance of
roughly a millimeter and the leaf gap that was created.

Figure 3. Stain tracer initiated in stem tissue following the conductive stream within leaf traces into the petiole (left).  Model
of leaf trace divergence into petiole based on serial sectioning and stain tracers (right).   Arrow indicates distinct leaf trace.

Tissue macerations were made of samples dissected from a stem internode (wood and pith), stem node (wood and
diaphragm), leaf trace, petiole, young summer lateral, and tendril.  Vessel elements in the stem typically had scalariform
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lateral wall pitting and simple perforation plates verified by resin casting and electron microscopy (Figure 4).  Vessel
elements with helical secondary walls and simple perforation plates were predominant in the leaf trace and petiole
macerations, but were also visible in all other samples likely representing the primary xylem component of these tissues.
Narrow tracheary elements commonly bordered wide vessels and are likely vasicentric tracheids (Metcalf and Chalk 1950).
These vasicentric cells possessed tracheid-like qualities including delicate spiral thickenings and bordered pits, however,
absence of perforations could not be verified.

CONCLUSIONS
Examination of the vascular structure of the node of Vitis vinifera Chardonnay grapevine confirmed many aspects of prior
investigations, however, no evidence was found that the traces of each leaf are distinct for four internodes before they leave
the stele (Fournioux and Bessis 1979), or that trace fusion necessarily occurs between pairs of dorsal and ventral leaf traces
(Fournioux and Bessis 1974).  Additionally, variability in number of leaf traces present at each node presented here was not
suggested in previous published reports (Fournioux and Bessis 1979).

No distinct traces were observed in serial sections either immediately before a node, or immediately after a node.  Leaf traces
of fully expanded leaves were visibly and conductively distinct only a few millimeters before divergence from the stele.  Leaf
gaps closed within a few millimeters of trace divergence, and after gap closure no distinct traces for successive nodes were
observed.  If traces are not visibly distinct across even one node, there is little support for the idea that traces are distinct for
four nodes of mature tissues.  This is a significant finding for the study of the spread of Pierce’s disease within a grapevine as
bacteria must move through leaf traces to colonize the leaf lamina and vice versa.  If leaf traces are distinct for four nodes
then Xf present in a specific leaf would have to be directly inoculated, inoculated within a trace that supplies that leaf, or enter
a trace four nodes basal to a leaf from adjacent stem xylem. If leaf traces are only distinct for a short length many more
sources of inoculation are possible.

Fusion between mature traces is subjective based on the juxtaposition of two or more adjacent traces.  Dorsal and ventral
traces were observed from the point of single traces diverging from the stele and progressing into the base of the petiole in
both transverse and tangential planes.  Frequently these traces did not appear to fuse at all, and when the case for fusion could
be argued it was likely that traces were simply juxtaposed with little or no ground tissue between them.  If leaf trace fusion
does not, or rarely occurs then bacterial colonization of the petiole and perhaps subsequently the leaf lamina may be
segregated depending on the location of the source of bacteria from the stem.  If specific leaf traces supply specific regions of
the leaf lamina then a lack of fusion between traces may make a uniform dispersion of bacteria throughout the leaf unlikely.

The stem of the grapevine can be described as sectored based on the consistent location of large parenchymatous gaps,
separate from leaf gaps, in the vascular cylinder.  These gaps are created by the regular divergence of xylem into the tendril
on one side, and into the summer lateral shoot and compound bud on the other.  The result of the regular repeating gap
pattern creates 4 sectors in the stem; a dorsal sector, a ventral sector, and two opposite lateral sectors (Figure 4).  The
consequence of having the large gaps lacking vascular tissue in the lateral sector(s) of each node is that long distance
conductance beyond one internode may only occur in the dorsal and ventral sectors of the stem.  Consequently, depending on
the location of sharpshooter feeding, bacteria introduced within dorsal and ventral sectors would be more likely to move to
distal regions of the shoot than bacteria introduced to lateral sectors.  Additionally, the wider vessels of the dorsi-ventral
sectors would provide a lower resistance pathway for long distance movement of bacterial aggregations.

Figure 4. Resin-casts of the interior surface of vessel elements showing frequent scalariform pitting (left) and proposed stem
sectoring based on regular patterns of lateral vascular divergence.  SP-scalariform pit, P-simple perforation, D-dorsal sector,
V-ventral sector, L-lateral sectors.

The characteristics of the tracheary elements within grapevine wood and primary tissues may contribute to the level of
susceptibility to PD.  The relatively wide vessels found within stem wood possess simple perforation plates with scalariform
intervascular pitting (Metcalf and Chalk 1950).  Simple perforation plates likely provide a low resistance pathway for
bacterial cells between consecutive vessel elements allowing the bacteria to move relatively unimpeded through a single
vessel.  Resistance to bacterial movement would occur at the end of a vessel within the terminal vessel element.  The very
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wide scalariform lateral wall pits (Figure 4) within the terminal vessel elements create a large pit membrane surface area
which may be weaker and susceptible to bacterial breach by digestion, or physical damage due to the physical stress of
cavitation and refilling cycles within the vessel.  The combination of these traits may allow bacteria to move through the stem
system very quickly until the vessel lamellae in which they are located diverges into a lateral organ.  Once bacteria are in a
leaf trace or petiole, much narrower and shorter vessels and tracheids may act to filter bacteria from the conductive stream.
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ABSTRACT
Muscadinia rotundifolia is a wild grape native to the Southeast U.S.  In field trials, as well as in the wild, this species exhibits
strong resistance to Pierce’s disease (PD).  Incorporating this resistance into Vitis vinifera production systems in California
will require identifying prime breeding material and increasing our understanding of the mechanism of resistance.  The first
objective of this study was to determine if resistance to Xylella fastidiosa (Xf) and PD varies among wild M. rotundifolia
populations across a natural gradient of disease pressure.  Greenhouse trials are underway using material collected in Florida,
Georgia and Tennessee.  The second objective was to test the common belief that some M. rotundifolia cultivars are more Xf
resistant than others are.  Again, trials are currently underway.  Thirdly, we want to test if Xf resistance in M. rotundifolia is
consistent when challenged with different Xf strains from Florida and California.  Lastly, we want to examine the potential
for conferring Xf and PD resistance to V. vinifera scions by grafting them to resistant M. rotundifolia rootstocks.  This project
is ongoing and only very preliminary results are available now.  One such result is that even the least resistant M. rotundifolia
selections are much more resistant than the Vitis vinifera cultivars.  We have also confirmed that supposed graft
incompatibility between the two species can be overcome using green grafting techniques.  These grafted plants are entering
disease trials now.

INTRODUCTION
Use of resistant plant material is a proven approach to solving crop pest and disease problems.  This approach can provide a
robust solution that, among other advantages, avoids the potential negative environmental impacts associated with a chemical
control strategy.  Unfortunately, in the case of Pierce’s disease, it appears that all the common cultivars of V. vinifera are
susceptible to the disease (Raju and Goheen 1981).  Historically, breeders and researchers have looked to the wild grape
species of the southeastern U.S. for potential sources of PD resistance (Loomis 1958, Mortensen et al. 1978).  PD pressure is
very high in this region and many of the local species are indeed resistant or tolerant.  In particular, M. rotundifolia appears to
have exceptional resistance and is planted extensively in Florida (Loomis 1958, Hopkins et al. 1974).  Efforts have been
made to create PD resistant bunch grapes by crossing M. rotundifolia with V. vinifera.  Initial success was limited because of
genetic incompatibility, but efforts continue and some fertile hybrids are available (Lu et al. 2000).  Such hybrids are also
being used in work aimed at identifying the genes responsible for the resistance (Krivanek and Walker 1999, 2000).  The
current project is aimed at increasing our understanding of how PD resistance (or tolerance) functions in M. rotundifolia with
the thought that such knowledge will improve our chances of incorporating resistance into V. vinifera.  We will also explore
the potential for conferring this resistance to V. vinifera via grafting.

OBJECTIVES
1. Determine if resistance to Xylella fastidiosa (Xf) and Pierce’s disease varies among wild M. rotundifolia populations

across a natural north/south gradient of disease pressure.
2. Test the common belief that some M. rotundifolia cultivars are more Xf resistant than others.
3. Determine if Xf resistance in M. rotundifolia is consistent when challenged with different Xf strains from Florida and

California.
4. Determine if there is any potential for conferring Xf and PD resistance to V. vinifera scions by grafting them to resistant

M. rotundifolia rootstocks.

RESULT
Variation in resistance in wild M. rotundifolia
We completed a collection trip in June 2003 that covered the range of PD pressure from Florida (high) to Tennessee (low).
Replicated potted cuttings from 11 collection sites are now in a resistance trial in the greenhouse (n = 138, including
controls).  This experiment serves as an indirect test of the hypothesis that Xf resistance in M. rotundifolia reflects an evolved
response to the disease.  Results indicating that resistance tracks disease pressure would suggest that resistance did evolve in
response to the disease.  We would therefore expect the mechanism to be something specific such as an induced defense that
results from some chemical elicitor.  If resistance does not appear to be an evolutionary response, we might expect a more
general mechanism such as basic differences in xylem structure or xylem sap composition.
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Variation in resistance in M. rotundifolia cultivars
Past research and ‘common knowledge’ suggest that some M. rotundifolia cultivars are actually quite susceptible to PD
(Hopkins et al. 1974, Mortensen et al. 1977).  Unfortunately, the studies cited suffered from poor experimental design lacking
proper replicates and controls.  In another greenhouse trial, we are examining Xf resistance in 2 reportedly susceptible
cultivars (‘Pride’ and ‘Lucida’) and two reportedly resistant cultivars (‘Southland’ and ‘Carlos’).  This trial is comprised of
47 potted vines.  For comparison, we included the highly susceptible V. vinifera (‘Chardonnay’) and the less susceptible V.
vinifera (‘Chenin Blanc’).  Meeting this objective will help us narrow our search for the mechanism of resistance by
identifying candidates for comparisons of resistant and susceptible genotypes within M. rotundifolia.  Preliminary results
indicate that even the least resistant M. rotundifolia are much more resistant than both V. vinifera cultivars.

Resistance to different Xf strains
Xylella fastidiosa and PD are widespread across the warm regions of the Americas and occur in a vast number of host plants
including many crops.  Genetic work has shown that the Xf strains that cause diseases in different crops differ genetically
(Chen et al. 1992, Hendson et al. 2001).  We also know that different Xf strains differ in their ability to produce PD
symptoms in grape (Hopkins 1985).  We would like to know how the resistance in M. rotundifolia holds up across a number
of different strains.  Identifying selections with broad and robust resistance will be of obvious benefit to the breeding
programs aimed at producing resistant grape varieties.  This objective is on hold while we await the approval of our APHIS
permit application to import Xf.

Xf resistance from rootstocks?
The wine grape industry would prefer a solution that allows them to keep pure V. vinifera scions.  Thus, positive
experimental results with this objective would have obvious practical implications and indicate that resistance may be derived
from some mobile secondary metabolite. In fact, success with this approach will depend entirely on the mechanism of
resistance.  Some reasons to be hopeful include two other cases of rootstocks conferring disease resistance/tolerance to scions
in grapes: with crown gall (Sule and Burr 1998) and with fanleaf virus (Walker et al. 1991).  Furthermore, rootstock choice
has been shown to affect xylem chemistry, leafhopper feeding, and the concentrations of Xf in peach (Gould et al. 1991).
This past summer, we used green-grafting techniques to produce replicated combinations of M. rotundifolia selections and V.
vinifera var. ‘Chardonnay’ (n = 27 potted vines).  To increase the chance of success with this objective, we also created a
number of grafts using other Xf resistant species such as V. girdiana and V. arizonica as rootstocks (n = 16 potted vines).
These plants will enter a resistance trial including inoculation with Xf in November.

CONCLUSIONS
The results of this study will increase our understanding of the mechanism of PD resistance in wild grapes.  On a more
applied level, the project will identify prime material to be incorporated into breeding programs.  Furthermore, testing for
graft-conferred resistance from rootstocks could lead to a novel solution to the PD problem in wine grape viticulture.
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ABSTRACT
Xylella fastidiosa is the xylem-limited bacterium that causes Pierce’s disease of grapevine and oleander leaf scorch.
Detection of this pathogen prior to symptom development is critical for improved management of the pathogen.  ELISA and
PCR are currently used for routine detection of the pathogen; however, both detection methods are limited by low titer or
patchy distribution of the bacterium within a host plant.  In the study reported here, we directly compared X. fastidiosa
detection in whole-tissue samples to xylem fluid samples from grapevine and oleander.  Collection of xylem fluid samples
improved sensitivity of pathogen detection by ELISA (41.0%) compared to whole-tissue samples (20.5%) in asymptomatic
grapevine.  Additionally, pathogen detection in asymptomatic grapevine by PCR was also improved when xylem samples
were tested (66.7%) compared to whole-tissue samples (23.1%). There were no differences in frequency of detection of X.
fastidiosa in symptomatic grapevines by ELISA or PCR dependent upon sample collection method.  Assays of xylem fluid
samples did not improve detection of X. fastidiosa in symptomatic or asymptomatic oleander compared to assays of whole
tissue.  Finally, in a direct comparison of ELISA and PCR, we found no significant differences in frequencies of positive
grapevine or oleander samples detected.

INTRODUCTION
The xylem-limited bacterium, Xylella fastidiosa, has been identified as the causal organism of several economically
important diseases in California (Freitag 1951). Pierce’s disease of grapes, the most notable of these diseases, is caused when
the pathogen interrupts the translocation of water and nutrients through the xylem of affected plants (Purcell 1997). X.
fastidiosa also causes leaf scorch and declines in elm, sycamore, oak, maple, oleander, and almond (Purcell and Hopkins
1996).

X. fastidiosa collection methods hamper all detection techniques used for pathogen management and study. The most
common method of collection, extraction of the bacterium directly from tissue (leaves, shoots, or stems) has several
limitations, such as low cell numbers collected and high amounts of plant DNA and organic matter that can interfere with
ELISA or PCR, hindering early detection and often resulting in false negatives (Blua, personal communication).  Improving
the consistency of detection will enhance the study of the interaction between host plants and the pathogen.  A better bacterial
collection technique would benefit commonly used sensitive detection techniques.  Several techniques have been used to
collect xylem sap for identification of bacteria.  Vacuum extraction has been used to identify bacteria in xylem sap of
grapevine (Bell et al. 1995, Guo and Lu 2001).

Using the pressure bomb technique, we hoped to increase the consistency of X. fastidiosa detection in plants. This improved
technology would allow pathogen diagnostics to be quantified and will improve the detection techniques already being used
by concentrating the titer of bacteria being detected. Our intent was to improve bacterial detection in plants used for
transmission tests; however, pressure chamber extraction of xylem fluid is applicable to detection of other endophytic
bacteria in other plants. We plan to expand the method to detect other bacteria, those with anti-Xylella properties, in the
vascular tissues of plants that can be used for paratransgenesis.

OBJECTIVES
The goal of the research proposed was to improve the efficiency and consistency of bacterial detection in plants. The
technique developed in this research study will be applicable to other plant/pathogen systems, improving detection of
pathogens in a simple and cost effective manner. The specific objectives of this work were to:

1. Improve Xylella fastidiosa detection methods in oleander and grapevine by extracting DNA from xylem fluid samples
rather than whole tissue samples.

2. Develop assay for extraction of bacteria to improve sensitive molecular techniques currently being used for detection
of pathogens and endophytic bacteria.
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RESULTS AND CONCLUSIONS
Grapevine xylem was relatively easy to collect under pressure from a Scholander pressure bomb with a pipette.  It exuded
from the cut stem as a clear fluid.  In contrast, the collection of xylem fluid from oleander was relatively more difficult to
collect using the Scholander pressure bomb because it exuded as a froth, making collection difficult to keep sterile.  The froth
indicated cell collapse within the stem; therefore samples collected were most likely not pure xylem fluid.

Use of the Scholander pressure bomb to collect samples was more efficient than whole-tissue samples for detecting X.
fastidiosa in asymptomatic grapevines.  Both whole-tissue and xylem fluid samples were collected from 30 grapevines to be
tested by ELISA and PCR on August 27, 2002 (10 visually symptomatic and 20 visually asymptomatic) and an additional 30
grapevines were sampled on October 23, 2002 (11 visually symptomatic and 19 asymptomatic).  For data analysis, results
from these two collection dates were pooled.  Statistical analysis of samples pooled across dates did not reveal differences
between collection technique in symptomatic plants detection using ELISA (0.099=2א df=1, p value=0.7530) or PCR
,df=1 1.867=2א) p value=0.1718).  However, X. fastidiosa detection in xylem fluid samples of asymptomatic plants was
significantly better than whole-tissue extract by ELISA (12.045=2א df=1, p value=0.0005) and PCR (14.978=2א df=1, p
value=0.0001).

Use of the Scholander pressure bomb to collected samples was not more efficient then whole-tissue samples when analyzed
by ELISA or PCR.  Ninety-four oleanders were sampled on April 22, 2002, 56 symptomatic and 38 asymptomatic, and 30
oleander samples were taken on November 8, 2002, 15 symptomatic and 15 asymptomatic.  As in the grapevine samples,
results from these two collection dates were pooled for data analysis.  In symptomatic plants detection by ELISA using either
collection method was not significantly different (0.201=2א df=1, p value=0.6539).  In symptomatic plants tested by PCR,
whole-tissue extraction was significantly more sensitive than xylem fluid samples (10.327=2א df=1, p value=0.0013).  In
asymptomatic plants there was no significant differences between collection methods by ELISA (1.941=2א df=1, p
value=0.1630) or PCR (2.192=2א df=1, p value=0.1387).

There were no significant differences between the ELISA or PCR method of detection in grapevine (1.35=2א df=1, p
value=0.245) or oleander (0.115=2א df=1, p value=0.734).
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ABSTRACT
Dependable detection of Xylella fastidiosa (Xf) in glassy-winged sharpshooters (GWSS) is imperative for understanding Xf
epidemiology and optimizing grapevine protection strategies.  In this study, we have developed methods for extracting Xf
DNA from GWSS vectors and optimized a SYBR green I based real-time PCR detection protocol that is fast, consistent, and
inexpensive.  The Qiagen DNeasy Tissue kit (Qiagen Inc., Hercules, CA, USA) was the most efficient kit tested in our
studies, having a lower detection limit of 500 cells in the presence of insect tissue.  The considerably faster pre-extraction
method of repeatedly flushing the foregut with lytic buffer with vacuum pressure prior to extraction using Qiagen DNeasy
Tissue kit was not significantly different than whole-tissue maceration. Storage of GWSS samples at -4°C did not
compromise Xf-detection capabilities.

INTRODUCTION
New epidemics of Pierce’s disease of grapevine induced by Xylella fastidiosa (Xf) in southern California are associated with
the invasive vector species Homalodisca coagulata, the glassy-winged sharpshooter (GWSS).  These epidemics have
stimulated investigations of plant protection tactics that depend on reducing the interaction between infectious GWSS and
grapevines.  Deployment of these tactics would be optimized by the ability to monitor the dispersion of Xf in infectious
GWSS.  The ability to detect Xf in GWSS vectors would also allow us to describe its movement in time and space at both
local and regional levels.

PCR protocols have been developed to detect Xylella fastidiosa (Xf) in plants (Minsavage et al. 1993, Oliveira et al.  2002,
Schaad et al. 2002).  Unfortunately, when methods are adapted for insects they tend to be inconsistent.  Extraction of DNA
from Xf in insect vectors may be difficult for several reasons. First, Xf exists at low titers in vectors (Nome et al. 1980).  The
large amount of insect DNA present in the extract could interfere with extraction of Xf DNA by saturating the capacity of the
extracting process, thus diluting the DNA of interest.  Second, the bacterium adheres to sites in the foregut of the insect. This
region of the insect’s alimentary canal is chitonized and may be difficult to expose to DNA extraction.  Third, potential DNA
inhibitors are commonly found in insects. It has been suggested that pigments contained in the insect’s eyes might inhibit
PCR, and removal of the eyes prior to extraction has improved detection (Gispert, unpublished data).  Removal of the eyes is
tedious and time consuming and therefore not suitable for extracting DNA from large numbers of GWSS samples.

The selection of a DNA extraction protocol depends on the system in which it is being applied. Because no one extraction
protocol fits every detection system, factors such as performance of the kit, price, time investment, and maximum number of
samples extracted must be considered. In our recent studies, we compared three standard methods and 11 commercially
available kits for relative efficiency of Xf DNA extraction in the presence of insect tissue.  All of the protocols tested were
proficient at extracting DNA from pure bacterial culture (1x105 cells) and all but one protocol successfully extracted
sufficient bacterial DNA when in the presence of insect tissue. DNA extraction kits were found to be amenable to large
sample sizes by being relatively inexpensive and time-efficient.

OBJECTIVES
The over-all goal of this project is to develop a method of detecting Xf in GWSS that would allow us to conduct
epidemiological studies and optimize plant protection. To this end, our objectives are:

1. Develop a DNA extraction protocol that is optimal for Xf DNA recovery from GWSS.
2. Develop a real-time PCR-based detection system that is sensitive, rapid, and cost-efficient.

RESULTS
Extraction kit comparison
The Qiagen DNeasy Tissue kit detected Xf 50 cells without insect tissue present (Table 1).  When the sample dilution series
was tested with insect tissue, 500 cells was the lowest concentration detected (a 10-fold decrease).  Although the
immunomagnetic separation method returned similar results without insect tissue, it only allowed detection of Xf at >1600
cells with insect tissue (Table 1).  The Fermentus DNA Purification kit only detected the concentration of 1600 cells without
insect tissue and did not detect any dilution with insect tissue present.
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Table 1. Comparison of three DNA extraction methods by PCR results from samples spikes with dilutions
of X. fastidiosa culture with or without insect background. n=5 for each kit and sample combination

cells/ml
DNeasy Tissue kit

(Qiagen Inc.)
Immunomagnetic

separationa
Genomic DNA purification

kit (Fermentus Inc.)
With GWSSb Without

GWSSc
With GWSSb Without

GWSSc
With GWSSb Without

GWSSc

5000 ++++ ++++ +++ +++++ - ++
1600 ++ +++ + ++++ - L
500 L ++ - ++ - -
50 - L - L - -
0 - - - - - -

PCR + control ++++ ++++ ++++
PCR – control - - -
*The density of the PCR products on the agarose gels was related to the relative intensities of the bands
compared to one another.  The number of + illustrated the relative brightness of the band, L indicates a very
faint band, and - indicates no PCR product.
aImmunomagenetic separation (Dynal Biotech and Agdia Inc.).
bExtract of one GWSS head added to sample.
cNo insect background in sample.

Real-time (RT) PCR (Sybr Green I)
Real-time PCR was performed in a Rotor Gene 3000 (Corbett Research, Australia) using iQ SYBR Green Supermix
(Bio-Rad Laboratories Inc., Hercules, CA) in 20µl reactions with 5µl of extracted DNA in H2O.  For detection of Xf,
we used the Xf-ITS primer set (Schaad et al. 2002), which was originally designed to by used with a molecular probe
system; XfF1 (5’ AAA AAT CGC CAA CAT AAA CCC A 3’) AND XfR1 (5’ CCA GGC GTC CTC ACA AGT
TAC 3’).  After an initial denaturing step of 3m at 95°C, the reactions were cycled 40 times under the following
parameters: 95°C for 20s, 53°C for 20s, 72°C for 20s. At the end of the PCR, temperature was increased from 72 to
99°C at a rate of 1°C/45s, and fluorescence was measured every 45s to construct the melting curve.  PCR product
produced in positive samples had a specific melting temperature of 86.1° compared to the melting temperature of the
primer/dimmer (80.9°), so the Xf-positive samples were easy to separate from negative samples (Figure 1).  A non-
template control (NTC) was run with each assay and the negative control.

Figure 1. Melting curve analysis with two amplicons produced by Xf positive or  primer/dimmer.  The
melting peaks separate by size similar to bands on an electrophoresis gel.

Vacuum infiltration as a pre-extraction method for detecting Xf in GWSS. We developed a method of extruding Xf from
GWSS that does not require maceration of insect tissue, the most tedious step in the DNA extraction process. Using a method
of repeatedly flushing the foregut with lytic buffer by changing vacuum pressure, Xf DNA was sufficiently collected for
detection by RT-PCR. In a direct comparison, the proportion of Xf-positive GWSS was not significantly different using the
vacuum extraction method (71.2%, n=139), compared to whole-tissue maceration (76.3, n=139) (chi-square=0.91).  We
believe this method works well for several reasons.  First, because insect tissue is not macerated, less insect DNA and PCR
inhibitors should be released.  Second, by repeatedly applying vacuum pressure and releasing it, lytic buffer is continually
flushed through the foregut of the insect allowing for better recovery of Xf. Vacuum extraction was amenable to large
numbers of samples.  Using a 96-well plate, 96 samples can be processed at the same time, compared to one sample at a time
with maceration.
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Effects of freezing on detection of Xf from GWSS
Storing GWSS samples at -4° for 10 d prior to extraction and RT-PCR detection did not affect Xf detection (ANOVA, LSD,
p=0.001). In a direct comparison, 85.1% of GWSS having DNA extracted immediately after removal from Xf-infected plants
(n=48) tested positive, compared to 77.1% of GWSS stored at -4° for 10 d and 81.3% of GWSS that were stored in mineral
oil at -4° for 10 d.

CONCLUSIONS
We have made substantial progress in our goal of developing an efficient and sensitive method to detect Xf in GWSS vectors.
First, we have successfully used a commercially available DNA extraction kit to detect a lower detection limit of 50 Xf cells
without a GWSS head background and 500 Xf cells with a background.  This kit is consistent with our goal of making our
method cost-efficient and amenable to a large sample size.  Second, we have developed the used of RT PCR technique to
simultaneously detect and quantify Xf DNA.  Third, we have developed a means of rapidly extracting multiple samples
simultaneously.

Our future research directions will focus on lowering detection limits by examining additional primer sets, and crude
dissections of GWSS head to reduce interfering DNA and PCR inhibitors.  After optimizing our detection method we will
examine the relationship between grapevine inoculation by individual GWSS and the ability to detect Xf in them.
Understanding that relationship will allow us to study details of Xf epidemiology and optimize plant protection.
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ABSTRACT
We seek to understand the way in which commonly used sampling methods work, in relation with real population densities.
We used short citrus experimental trees and commercial-size ones, in order to encompass most of the size range of plants that
are important hosts to GWSS. At the University of California, Agricultural Operations, Riverside, California, we conducted
two series of experiments in citrus with natural GWSS populations.  The trees were 2 m tall navel oranges that have been
blocked, shaped, and skirted for uniformity within the block, as well as commercial-sized citrus trees.  We compared visual
counts (adults and nymphs), beat-net (adults, early nymphs and late nymphs), and yellow sticky cards (adults), with the
absolute GWSS density for each tree using the tent-fogging methodology.  We used fluorescent colored dust to mark 100
GWSS released inside the tents to determine the percentage recovery. These surveys were conducted every other week from
June 2002 through September 2003. The results showed significant correlations between the methods and real population
densities, with R2 values that ranged from 0.19 to 0.84. The results how that correlations are better from small trees and
bushes, but also that for commercial-size trees most of the methods can explain close to 50% of the real population size. We
seek now to include temperature, wind, rain, and cloud coverage data to a multivariate analysis in order to explore whether
that would improve the correlations, and thus to better assess the predictive value of the most commonly used sampling
methods for GWSS.

INTRODUCTION
Most of our knowledge of GWSS dispersion has been obtained with relative sampling methods in vineyards and citrus
orchards.  Currently, sampling methods are being used to determine timing of pesticide treatments and to judge their efficacy
(e.g., General Beale project, Bakersfield).  This use implies that the sampling method used relates in a known way to
population density.  Unfortunately, this is not the case, and some important questions are raised.  If a given treatment against
GWSS results in “zero counts” by beat sampling, does that necessarily indicate that there are no GWSS in the area due to the
treatments, or could some GWSS be left alive but at density below the detection threshold of the monitoring tool?  Could an
unknown low density of GWSS be enough to vector PD within or between treated areas?   Does the relationship between
population sampling precision and accuracy change seasonally?

OBJECTIVES
The goal of our research is to correlate the numbers of Homalodisca coagulata (glassy-winged sharpshooter, GWSS)
obtained by various sampling methods currently used in GWSS population monitoring with the population density of GWSS
in the flora sampled.

RESULTS
We ran the regressions for both datasets separately. The aim was to see whether the dataset from small trees, which are a
good model for bushes, show similar correlations that those of commercial-sized trees, for these two extremes in size
encompass most of the types of GWSS hosts.

Obtaining relative estimates and absolute counts from short experimental trees.
The dataset analyzed covers from July 2002 through September 2003 (21 dates). Nymph data from small experimental trees
showed significant correlations between total counts and beat net and timed visual counts. These regressions had an R2 =
0.82, and 0.84 respectively (Table 1).  Adult data from the same small experimental trees showed significant correlations
between all the methods tested. The regression of sticky card data on total counts, for instance, explains close to 50% of the
variance of sticky card data. Beat net and visual counts are less accurate when compared with actual population densities per
tree (Table 2).
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Table 1. P-values and R2 (in parenthesis) data  for the regressions for juvenile GWSS counts from data from short
experimental citrus trees.

Juvenile GWSS Total counts Sticky card Beat net Timed counts

Total counts ---

Sticky card X ---

Beat net < 0.0001
(0.82) X ---

Timed counts
(visual)

< 0.0001
(0.84) X <0.0001

(0.71) ---

X: No nymph data was collected from sticky traps.

Table 2. P-values and R2 (in parenthesis) data for the regressions for adult GWSS counts from data from short
experimental citrus trees.

Adult GWSS Total counts Sticky card Beat net Timed counts

Total counts ---

Sticky card 0.0002
(0.50) ---

Beat net < 0.0001
(0.48)

0.0001
(0.57) ---

Timed counts
(visual)

< 0.0001
(0.35)

0.01
(0.26)

< 0.0001
(0.73) ---

Obtaining sampling and total counts from commercial-sized citrus
The dataset analyzed from commercially-sized citrus trees covers from April through July 2003 (13 dates). For these citrus
trees, there was no correlation between any of the methods tested for juvenile GWSS. Only the data from beat net samplings
supported analysis. Data from timed counts returned zeros for most dates and could not be analyzed. No nymph data was
collected from sticky traps. The adult dataset showed significant correlations, but very low R-squared values (Table 4). This
results suggest that the prediction value of all this methods seems thus to be low in terms of real adult GWSS densities per
tree.

Table 3. P-values and R2 (in parenthesis) data for the regressions for adult counts from data from
commercially-sized trees.

Adult GWSS Total counts Sticky card Beat net Timed counts

Total counts ---

Sticky card 0.0052
(0.48) ---

Beat net < 0.0001
(0.46)

0.002
(0.59) ---

Timed counts
(visual)

0.0056
(0.19)

0.0070
(0.49)

0.0036
(0.20) ---

CONCLUSIONS
These results show that the sampling systems commonly used to measure GWSS populations can explain close to 50% of the
adult GWSS field population density on commercial citrus trees. The estimations based on smaller host plants are in excess
of 80%. Beat net and visual counts seem to be reliable methods to assess juvenile GWSS densities at least in small trees and
bushes. It is interesting that particularly for adult GWSS, when tested against total counts all the methods showed very close
results for small experimental trees and commercial-size trees. These methods will continue to be the basis for GWSS
population assessment, but some caution should be kept in mind, when drawing conclusions beyond the accuracy of the
measurements. In particular, sticky trap data seems to be constrained not only by whether conditions, but also by the traps’
insect load, that reduces trap efficiency (see project’s last year report). We are seeking to improve our estimations of the
methods’ accuracy, by including wind speed, temperature, rain and clod cover in a multivariate model.
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ABSTRACT
Egg-specific monoclonal antibodies (MAbs) have been developed to the glassy-winged sharpshooter (GWSS).  Younger
GWSS eggs yield stronger ELISA reactions than older eggs. The indirect ELISA format was not effective for detecting
GWSS egg antigen in whole body or gut dissected earwig specimens.  Further ELISA optimization tests are underway to
increase the efficiency of the ELISA procedure.  A survey of the predator complex inhabiting citrus in Riverside, CA
indicates that the earwig, Forficula auricularia is the most common predator.

INTRODUCTION
Effective control of the glassy-winged sharpshooter (GWSS) will require an areawide integrated pest management approach
(AW-IPM).  A major component of AW-IPM is the exploitation of the pest’s natural enemies, which, when utilized to their
greatest potential, can increase the effectiveness of other control tactics.  Unfortunately, very little information exists on
GWSS’s predaceous natural enemies.  Evidence of predation of GWSS eggs and adults has been observed in the field (JH
pers. obs.); however, the composition of the predator complex, and the relative impact of each predator on GWSS mortality is
unknown. A major obstacle is the difficulty of studying predators in their natural environment.  Unlike parasitoids, predators
rarely leave evidence of attack.  Laboratory experiments can be used to evaluate the suitability of particular prey and the rates
of predation.  However, lab studies seldom translate to field situations.  Direct field observations are sometimes used to
identify predators of key pests, but the small size and cryptic nature of predators and GWSS make direct observations
difficult.  Furthermore, direct field observations are time consuming, labor intensive, and disruptive to the normal predator
foraging process.  Microscopic analysis of predator gut contents have been used but the process is not suitable for predators
that liquefy prey contents for consumption.  These difficulties have resulted in a deficiency of information on the impact that
predators have on suppressing key insect pests.  A proven “indirect” technique for measuring predation is use of protein-
based immunological assays employing pest-specific monoclonal antibodies (MAbs) (Hagler et al. 1992, Hagler and Naranjo
1994-a,b). To this end, we have developed egg-specific MAbs to GWSS (Hagler et al. 2002). The MAb assays provide an
avenue to qualitatively assess the impact of predator species on populations of GWSS eggs.

OBJECTIVES
Our ultimate goal is to identify the composition of the GWSS predator complex and to identify the relative impact each
predator species has on GWSS using a pest-specific ELISA.  Prior to examining the gut contents field-collected predators for
GWSS remains, a few ELISA optimization studies are needed. Here we report on tests conducted to determine GWSS-
specific ELISA responses to: (1) individual GWSS eggs of known age, and (2) predators that have consumed GWSS eggs.
These studies are needed prior to conducting ELISAs on field-collected predators. We also report on the abundance of
potential GWSS predators found in citrus.

RESULTS
ELISA response to GWSS eggs of known age
GWSS eggs were assayed by the egg-specific indirect ELISA described by Hagler et al. (2002).  Data indicate that the
ELISA reactions were greater for younger eggs than older eggs. (Figure 1).
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Immunoreactivity of a Single GWSS Egg
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Figure 1. Mean (±SD) ELISA reaction yielded by two GWSS egg-specific MAbs to a single egg of known
age. The numbers in parenthesis below the x-axis are the sample sizes for each time interval.

ELISA response to earwigs that consumed GWSS eggs
Individual adult earwigs, Forficula auricularia (Dermaptera: Forficulidae) were placed in Petri dishes with a single GWSS
egg mass.  An individual earwig was allowed to feed continuously on the egg mass.  Once an individual ceased feeding it was
removed from the Petri dish and frozen.  Each earwig was then analyzed by ELISA for the presence of GWSS egg antigen.
Two groups of earwigs were examined by ELISA: (1) whole-body specimens, and (2) gut dissected specimens.  Data indicate
that none of the whole-body specimens and only 10% of the gut dissected specimens yielded a positive ELISA reaction
(Figure 2).  Previous work with other insect species has shown that the indirect ELISA format is less sensitive than the
sandwich ELISA format for detecting prey remains in large predators (Hagler et al. 1997, Hagler and Naranjo 1997, Hagler
1998).  We are developing a sandwich ELISA for use in detecting GWSS remains in earwig guts.  Additionally, we are
testing the indirect ELISA on other predator species (e.g., Chrysoperla carnea, Collops vittatus, Hippodamia convergens,
etc.).
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Figure 2. Mean (±SD) response of the GWSS-specific ELISA to earwigs that consumed one or more GWSS eggs.  The
number above each error bar is the percentage of individuals from each treatment that yielded a positive ELISA reaction for
the presence of GWSS egg antigen. The numbers in parenthesis below the x-axis are the sample sizes for each treatment.
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Arthropods collected from citrus
Total counts of arthropod species inhabiting the citrus canopy in Riverside, CA were obtained from whole-tree samples
collected by D. Akey (pers. comm.). Briefly, 3 entire trees were sampled every other week during GWSS outbreaks.  The
area under each tree was covered by ground cloth and the tree canopy was covered with a waterproof tent.  Each tree was
fogged with pyrethrum and PIP.  After 3 h, the tent was removed, the tree was shaken for 5 min, and the arthropods on the
ground cloth were counted.  The densities of GWSS nymphs and adults are reported by Akey et al. in this volume.  The
abundance of the other arthropods collected from trees is given in Figure 3.  By far, the most abundant predator species
encountered was the earwig, F. auricularia.  Laboratory feeding trials are underway to determine earwig feeding activity on
GWSS eggs (egg consumption rate, handling time, etc.).  Various species of beetles, ants, and spiders were also collected
from the citrus trees.  Gut content ELISAs will be performed on each predator as soon as the ELISA procedure has been
optimized.
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Figure 3. The cumulative population of arthropods collected from citrus trees in Riverside, CA.

CONCLUSIONS
An understanding of the key natural enemies of GWSS will contribute to an areawide IPM approach for GWSS control.
Once key predators are identified they can be better exploited for conservation and augmentative biological control programs.
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INTRODUCTION
The glassy-winged sharpshooter (GWSS) Homalodisca coagulata is native to the southeastern United States (Young 1958)
where it is a known vector of various strains of the bacterium Xylella fastidiosa. Since its introduction into California, it has
become established in large numbers in certain areas.  Pierce’s disease (PD) has been a problem in California for more than
100 years, but the GWSS is a more efficient vector of X. fastidiosa because it is a stronger flier than native California
sharpshooters, and it can feed on the xylem of seemingly dormant woody stems.

The wine industry in Temecula, California has been seriously impacted by PD losing about 30% of its vineyards to date.  The
combination of PD and GWSS in California poses a serious threat to the grape industries.  About 98,000 acres of table grapes
are currently cultivated in California with 11,000 acres of table grapes in the Coachella Valley (Riverside County).  The
Coachella Valley has a history of PD and there is currently a high population of glassy-winged sharpshooters.  The
combination of the bacterium and new vector creates a serious disease threat to grape in the area.  A similar situation has
occurred in Kern County, California as well.

One of the crucial components and cornerstones of integrated pest management is the monitoring for the presence and density
of a pest.  Proper detection methods allow for optimum integration of biological, cultural, physical, chemical and regulatory
measures to manage a pest.  Yellow sticky traps have been used extensively in the southeastern U.S. for monitoring
leafhoppers including GWSS in peach (Ball 1979) and citrus (Timmer et al. 1982).  However, the reliability of these methods
to detect the GWSS in California is questionable, and traps specifically designed for GWSS do not currently exist.  To
compound the situation, current methods are not standardized.  For example, different sizes and shades of yellow sticky traps
are being used in monitoring programs.  The AM designation on certain traps actually refers to the apple maggot for which
the trap was designed.  Furthermore, the relationship of trap catches to actual populations of GWSS in grape or citrus are
currently unknown.

Trap designs based on the behavior and biology of the insect in question have a much higher chance of success than relying
on trial and error of traps designed to monitor other insects.  Female GWSS secrete and deposit brochosomes on the
forewings just prior to egg laying (Hix 2001).  These spots are then scraped off during egg lying.  Furthermore, white spots
are secreted before each egg mass is laid, and female GWSS can only produce rod shaped brochosomes after mating.  It is
therefore feasible to relate preovipositional females with white spots and residues to egg masses in associated vegetation
analysis.  The white spots are very visible on females caught in traps (Hix 2001).  Many leafhopper species produce
brochosomes, but only females are known to produce the rod shaped brochosomes (Rakitov 2000).  As reported here in 2001,
data from the intercept traps and colored plates clearly indicated that GWSS are attracted to yellow as well as orange.
Attraction to these colors was statistically significant and demonstrated that even though the AM type trap may have a
reliability issue, it is clearly not a “blunder trap.”

OBJECTIVES
This research addresses:

1. Which hue of yellow is the most attractive to GWSS;
2. What is the field longevity of a trap before weather and photo degradation impact trap reliability;
3. How does trap catch relate to populations of GWSS in citrus and grape;
4. GWSS spectral sensitivity;
5. How does temperature affect trap catch;
6. The feasibility of using certain wavelengths of light to enhance trap catch of GWSS in vineyards and associated

orchards;
7. Develop and evaluate sticky barriers to trap and detect GWSS nymphs within a vine or tree canopy.
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RESULTS AND CONCLUSIONS
Ten trap colors were field tested in 2002 to repeat tests from 2001.  Colored Solo® plates and Seabright™ yellow panel traps
(a Pherocon® AM clone) were deployed in citrus groves with known high GWSS populations.  Traps were checked weekly
and visual count of egg masses, nymphs, and adults were made.  The yellow and orange Solo plates were very successful in
catching adult GWSS.  Yellow plates caught statistically more GWSS than Seabright yellow panel traps while orange traps
usually caught more than the Seabright yellow panel traps (Figure 1).  The interesting thing is that the yellow plates were
more reliable at catching GWSS at low population levels than the Seabright yellow panel traps. Square and circle traps were
made using the same yellow material and glue (Stickem Special™ Hold Fast formulation) to test GWSS response to 2-
dimensional shapes to determine if that is why plate routinely catches more GWSS.  On 1 August 2003 the square trap mean
was 139.9 (± 33.8 SEM) compared to the circle trap mean 151.3 (± 22.8 SEM).  Since the difference wasn’t due to shape, two
glue types (Stickem Special Regular and Stickem Special Hold Fast formulations) were tested on Seabright yellow panel
traps and Solo yellow plates.  The Solo yellow plates caught significantly more GWSS than the Seabright yellow panel
regardless of glue type (Figure 2).  In addition, four trap sizes made from the same material and glue were evaluated.  The
larger traps caught more GWSS than traps of smaller area (Fig.ure3), but the 499 cm2 trap caught more GWSS per cm2 than
the larger and smaller traps.  In summary, size and color are the two most important factors in sticky trap design as long as a
suitable glue is used.  The two stickiest glues available were used in the study.  Stickem Special Regular and Stickem Special
Hold Fast formulation glues are currently in use in the GWSS monitoring components of the various areawide management
programs in California.  Apparently, an attribute of color other than hue-angle is responsible for the differences in trap
catches for the Solo yellow plate, the Seabright yellow panel traps, or Pherocon AM traps.

Figure 1. Mean Number (± SEM) of GWSS Trapped on Colored Solo® Plate Traps (one side of plate) at the Peak
Trap date of 17 Aug 2002. .  There were 5 of each trap color.
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Figure 2. Means (± SEM) for Seabright yellow panel traps and Solo yellow plates (one side only) with Stickem
Special™ Regular (N) and Stickem Special Hold Fast  (HF) formulations.  Reps = 5.
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ABSTRACT
The spatial distribution of nymphal and adult glassy-winged sharpshooter (GWSS) was studied in citrus orchards in
Riverside, CA using a bucket sampling method.  On average, about 2.4 times as many GWSS were collected in the upper half
of the tree canopy compared with the lower half and about 1.6 times as many were collected on the south side of trees
compared with the north side.  The coefficient of variation (CV=SD/mean) was nearly 2 times lower in samples taken from
the upper half of the canopy compared with the lower half, but there were no differences in the CVs among different compass
directions.  These findings were used to refine the sample unit for sampling GWSS in citrus. Sticky trap catches of GWSS
adults were highly correlated with on-plant GWSS populations within a given year but the relationship was variable between
years.  Based on the bucket sampling method we present density-dependent sample size and sample cost estimates and a
preliminary sequential sampling plan for estimating relative population density of GWSS in citrus.  We have applied this
sampling program towards estimating the incidence of Xylella fastidiosa in GWSS adults.  A progressive increase in the
proportion of adults positive for X. fastidiosa occurred from the time of adult emergence in late June, 2002 through April,
2003.  The mean titer of X. fastidiosa in heads and thoraxes also increased progressively through this period, suggesting that
the potential for vectoring X. fastidiosa may rise as the spring generation of adults ages.

INTRODUCTION
Decision-making in knowledge-based pest management depends upon sampling methods that provide reliable information on
pest densities and distributions.  Practical sampling methodology must balance sampling precision with simple and cost-
effective collection techniques.  In 2001 and 2002 four glassy-winged sharpshooter (GWSS) sampling methods were
evaluated in citrus orchards.  These included hand (bucket and beat net) and gasoline-powered (D-Vac and A-Vac) samplers.
The bucket sampler was the most versatile and easiest to use with its extendable pole allowing access to foliage 4-6 m above
ground.  Samples obtained with the bucket sampler were also cleaner than those obtained with other methods and therefore
required less handling during sample processing. All methods showed similar patterns of population change over time, but
based on quantitative analyses the bucket sampler and the beat net were generally the least costly over the largest range of
densities of both nymphal and adult stages.  Studies in 2003 focused on quantifying the spatial distribution of GWSS nymphs
and adults within citrus tree using the bucket sampler.  These studies will help refine the sample unit and further reduce the
cost of sampling. A preliminary sequential sampling plan is presented for the precise estimation of relative population density
of GWSS.  We also continued to examine the relationship between the abundance of GWSS on plants to adult GWSS capture
on yellow sticky traps placed within orchards.  Such studies will help define the utility of commonly used sticky traps as a
method for monitoring GWSS abundance.
It is well recognized that the major threat of GWSS populations is the potential for vectoring X. fastidosa to uninfected
grapevines in commercial vineyards. One practical application of a sampling plan would be to precisely estimate densities of
GWSS within an orchard or vineyard and then determine what proportion are positive for X. fastidiosa. Accurate
identification of individuals positive for X. fastidiosa is an essential part of an overall appraisal of the risk posed by a
particular population. Work began in April, 2002 exploring ELISA, PCR, and culturing techniques for the detection of X.
fastidiosa in GWSS. Sampling and evaluation of the proportion-positive among southern California populations of GWSS
has been concentrated thus far in Riverside, owing to resident populations that remain sufficiently large year-round for
continuous sampling. A temporal profile of the incidence of X. fastidosa in GWSS populations will provide information on
when titers of X. fastidiosa are highest, and perhaps when dispersing adults are most inoculative. This approach, when
integrated into an efficient sampling program providing reliable estimates of GWSS densities, may help to protect grape
vineyards and other susceptible crops by recognizing when they are most vulnerable to transmission of X. fastidiosa by
GWSS.

OBJECTIVES
The overall objective of the research project is to develop statistically-sound sampling methods and plans for estimating
density and inoculum potential of GWSS for research and management applications.

RESULTS
Spatial distribution and sampling. To better define the spatial distribution of GWSS nymphs and adults in citrus trees we
used the bucket sampler to draw sample units from 8 distinct locations on the tree corresponding to upper and lower halves of
the canopy at each of four compass directions (NE, NW, SE, SW). The sample unit consisted of 10 thrusts of a bucket
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sampler (a 5 gallon plastic bucket attached to an extendable pole and fitted with a funnel at the bottom that directed insects
into a collection cup) into the tree canopy at the specified location. Samples were collected from 14 sites in 2003 that
consisted of 6 orchards, each sampled on several dates between early June and late August. Within each orchard sample units
from each of the 8 locations on the tree were collected at 20 sites. To minimize disruption, we collected only 2 sample units
on opposite sides of any single tree (e.g. SE-upper and NW-lower). All samples were collected at UC-Agricultural
Operations, Riverside, California. Analyses of each site individually and all sites pooled indicated clear directional and
canopy height patterns in the distribution of both nymphal and adult GWSS (Figure 1). On average about 2.4 times as many
GWSS were collected in the upper half of the tree canopy compared with the lower half and about 1.6 times as many were
collected on the south side of trees compared with the north side. These patterns held when samples were collected in the
afternoon. More importantly from a sampling perspective, the relative variation in counts also showed clear patterns (Figure
2). The coefficient of variation (CV=SD/mean) was nearly 2 times lower in samples taken from the upper half of the canopy
compared with the lower half. There were no significant differences in the CVs among the different compass directions.
These overall results suggest that samples should be taken from the upper half of the canopy. Based on coefficients variation,
there is no particular advantage relative to compass direction; however, population densities would be expected to be
different between the northern and southern portions of the tree and one or the other position should be used to standardize
sample collection.
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Figure 1. Spatial distribution of nymphal and adult GWSS on citrus trees based on pooled data from 14 sites during
2003. P-values denote the results of mixed-model ANOVA.

On 6 sampling dates in 2002 and 8 dates in 2003 we placed yellow sticky traps (Pherocon AM, 22.8 x 27.9 cm) within
orchards to capture GWSS adults. Traps were attached to 1 m wooden stakes, placed between rows, and left exposed for 72
hours. We estimated on-plant densities of GWSS (mainly adults) with the bucket method in these same orchards at the time
of trap placement. On-plant counts were highly correlated with trap catches in each year; however, regression analyses
indicated that the relationships between plant densities and trap counts were very different between years. Samples in both
years were collected between late June and early October in the same orchards. These preliminary findings suggest that the
prediction of field populations of GWSS from trap catches may be problematic. A similar problem was demonstrated by
Naranjo et al. (1995) using sticky traps to predict population densities of sweetpotato whitefly in the cotton system.
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Figure 2. Relative variation (CV = SD/mean) of GWSS counts (nymph + adult) from samples on different portions
of citrus trees based on pooled data from 14 sites during 2003. P-values denote the results of mixed-model ANOVA.
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Based on bucket sampling data collected from 2001 to 2003 we calculated density-dependent sample size and sampling cost
curves for two levels of statistical precision (Figure 3).  The sample size curve is given by n = amb-2/D2, where n is sample
size, D is statistical precision (SE/mean), m is mean density, and a and b are parameters from the Taylor power law (Taylor
1961) relating the sample variance to the sample mean. Sample cost was estimated as the product of the total time need to
collect and process a single sample unit and sample size.  Sample size and sample cost increase with higher levels of
precision and decline as density increases. For example, at a precision of 0.25 less than 10 sample units would be needed to
estimate relative densities over 10 GWSS per bucket.  Sample costs plateau regardless of precision because of the increased
time required to count increasing numbers of GWSS.  Because population density is unknown at the time of sampling, we
formulated a preliminary sequential sampling plan (Figure 3) using the method of Green (1970).  In a sequential plan the
need for additional sample information is assessed following the collection of each sample unit so that no more sample units
than necessary are collected.
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Figure 3. Sample size, sample cost, and a preliminary sequential sampling plan for the bucket method at two levels of
statistical precision (SE/mean).

Incidence of X. fastidiosa in GWSS populations. Primary spread of X. fastidiosa in grapevines occurs when vectors such as
GWSS move into vineyards and transmit X. fastidiosa at some unknown level.  To estimate what proportion are positive for
X. fastidiosa and possibly inoculative, GWSS adults were collected periodically from the sampling orchards and frozen for
detection of X. fastidiosa.  PCR, ELISA and media culturing techniques were employed, but quantitative ELISA conducted
with negative controls and GWSS-based standards provided the most informative results.  A greenhouse colony of GWSS
started from eggs and maintained on X. fastidiosa-free plants served as the source of negative controls (Figure 4a) and
“clean” adults that, when homogenized in known concentrations of X. fastidiosa, provided a standard curve (Figure 4b) for
estimating X. fastidiosa titers in field-
collected GWSS (Figure 5).

a) b)

Figure 4. ELISA results for (a) GWSS adults (n=6) reared from eggs on X. fastidiosa-free plants grown in a
greenhouse. The mean response for each set of points is indicated by the horizontal dash near the midpoints of the
vertical lines (range).  Absorbance490 values for the head and thorax only were not significantly different from the
PBS buffer control.  A standard curve using X. fastidiosa-free GWSS adults was produced (b) and used to estimate
the concentration of X. fastidiosa in field-collected GWSS adults represented in Figure 5.
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Figure 5. Progressive incidence of X. fastidiosa in GWSS adults collected in Riverside, California between June
’02 and April ’03.  An identical pattern of increasing mean titers (represented by the traversing line) of X. fastidiosa
in both head and thorax segments can be observed, but with consistently higher mean levels in the head.

CONCLUSIONS
Sampling is a fundamental component of the study of population dynamics and central to the development of robust
strategies for pest management.  The results of our research have focused on the development of an efficient method for
estimating densities of GWSS in citrus.  Based on considerations of precision and cost we have identified a bucket sampler as
an efficient sampling method.  Further study of the spatial distribution of GWSS within citrus trees has helped to refine the
sample unit and further reduce sampling costs.  We present a preliminary sequential sampling plan that will enable
researchers and pest managers to precisely estimate the relative density of GWSS at a minimal cost.  Further work will be
needed to independently test the validity of this sampling plan.  For pest management, additional research will be needed to
define problematic population densities requiring control. Coupling information on the incidence of X. fastidiosa in GWSS
will provide better definition of threshold densities.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.
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Cooperator:
John Labavitch
Department of Pomology
University of California
Davis, CA 95616

Reporting Period: This report summarizes the goals of this project.  Funding for this project initiated October 1, 2003.

ABSTRACT
This report summarizes the goal of a new project focused on bioluminescent quantification and imaging as an approach to
monitor Xylella fastidiosa infection of grapevine.  This research will be applied to addressing how X. fastidiosa grows within
and spreads through xylem tissue of infected plants.

INTRODUCTION
Xylella fastidiosa has a sophisticated biphasic lifestyle that defines the Pierce’s disease infectious cycle; it lives exclusively
within the xylem tissue of susceptible plants and in the foregut of insect vectors (2, 3).  The complex nature of bacterial-host
interactions that take place during the Pierce’s disease infectious cycle precludes a standard dogmatic approach to rapidly
investigate preventative measures to control this devastating disease.  Current approaches toward understanding the
progression of Pierce’s disease are limited by the length of time required to evaluate disease progression.  Symptoms of
Pierce’s disease often appear only after many weeks or months of grapevine infection with X. fastidiosa (2, 3). At earlier
stages of infection, in planta observations of infection are limited to procedures that are quite time consuming, often are
destructive and necessitate large sample sizes to correlate experimental observations with disease pathology.  Our goal is to
develop a new approach to probe host-pathogen interactions that take place during Pierce’s disease of grapevines.

Procedures currently used to detect X. fastidiosa infection of grapevine include bacteriological isolation of bacteria from
infected plant tissue, the detection of bacterial antigens in plant tissue by ELISA and detection of X. fastidiosa nucleic acids
by PCR.  Each of these techniques provides valuable information, but are limited because they are somewhat expensive, time
consuming and require significant numbers of samples to provide statistically significant results.  The goal of this study is to
develop bioluminescent techniques to extend the current limits of Pierce’s disease investigation.  The use of bioluminescent
technology can overcome many of the current experimental limitations faced by researchers and has some additional benefits.
First, strains of X. fastidiosa engineered to be bioluminescent can be monitored directly and their numbers can be quantified
with the use of a luminometer or a photon sensitive camera coupled to a computer.  This time-efficient and cost-effective
method of monitoring X. fastidiosa infection of grapevines will provide valuable information about the progression of
Pierce’s disease at pre-symptomatic stages of infection and may reduce the number of plants that need to be infected to
complete an experiment. Second, the use of bioluminescent strains of X. fastidiosa may allow quantification of growth and
spread of bacteria in host tissues.  We will evaluate the potential use of in vivo bioluminescent imaging (IBI) of whole plants
as a non-destructive approach to monitor X. fastidiosa growth and spread during infection of grapes. IBI has previously been
used to monitor cellular activities in plants and is a proven concept that has already been used by plant physiologists (1, 4).
In this project, we present the application as a novel approach to analyze Pierce’s disease. When used to its full potential, IBI
represents a nondestructive approach that can provide insight at multiple time points over the course of hours, days and
weeks from the point of X. fastidiosa entry into the plant through systemic spread of the bacteria in xylem tissue. If
successful, IBI can be further exploited to rapidly evaluate protective methods and intervention procedures to limit Pierce’s
disease. In addition, this experimental approach may allow us to rapidly evaluate current and newly developed cultivars of
grapes for resistance to X. fastidiosa infection.

IBI measures light emitted by specially engineered strains of X. fastidiosa from sources within living tissues. The emission of
light by the bacteria does not cause any deleterious effects to biological samples (1).  Thus biolminescent strains of X.
fastidiosa offer us the opportunity to take a novel approach that will impact our understanding of Pierce’s disease.  The
success of this research project should help expedite the treatment discovery and development process, thereby offering
partners vested in the Pierce’s Disease Program the potential to save both time and money in taking prevention strategies into
the field. In addition, IBI provides sensitive spatial resolution of the location of infecting bacteria within the plant providing
insight on the development of plant infection not achievable with other approaches. Imaging of bacterial infections within
living plants provides the opportunity to further our understanding of the processes leading to symptoms of Pierce’s disease.
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OBJECTIVES
The primary goal of this research project is to use bioluminescent quantification and imaging as an approach to monitor
Xylella fastidiosa infection of grapevine.  This research will be applied to addressing how X. fastidiosa grows within and
spreads through xylem tissue of infected plants. More specifically, this approach will allow us to evaluate the hypothesis that
X. fastidiosa growth within xylem tissue coincides with the restriction of xylem fluid transport.

1. Engineer virulent strains of X. fastidiosa that produce luciferase.
2. Monitor bioluminescence of Lux+ strains of X. fastidiosa during in vitro growth in a defined medium and xylem fluid.
3. Examine growth and spread of bioluminescent X. fastidiosa during infection of grapevines.

RESULTS AND CONCLUSIONS
This is a new project that received funding in October of 2003. Results from this project will be available during this next
year.

REFERENCES
1.   Greer III, L.F., and A.A. Szalay. 2002. Imaging of light emission from the expression of luciferases in living cells and

organisms: a review. Luminesence 17: 43-74.
2.   Hopkins, D.L. 1989. Xylella fastidiosa: xylem-limited bacterial pathogen of plants. Annu. Rev. Phytopathol. 27: 271-

290.
3    Purcell, A.H. 1997. Xylella fastidiosa, a regional problem or global threat? J. Plant Pathol. 79: 99-105.
4.   Scheel, D., and N. Nass. 2001. Enahanced luciferin entry causes wound-induced light emission in plants expressing high

levels of luciferase. Planta 212: 149-154.
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Glassy-winged Sharpshooter
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Insect Interactions
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SAMPLING, SEASONAL ABUNDANCE, AND COMPARATIVE DISPERSAL OF GLASSY-WINGED
SHARPSHOOTERS IN CITRUS AND GRAPES:  DISPERSAL PROGRESS REPORT

Project Leaders:
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Phoenix, AZ  85040

Reporting Period The results reported here are from work conducted from December 1, 2002 to November 4, 2003.

ABSTRACT
Environmental variables and host-plant quality influence insect population dynamics and the timing and extent of their
dispersal.  An understanding of how these factors influence glassy-winged sharpshooter (GWSS) development and
movement is needed to better predict the spread of Pierce’s disease and to aid area-wide management strategies.  We
investigated how plant factors (i.e., amino acids, osmolality, xylem pressure) and environmental parameters (i.e., wind speed,
temperature, relative humidity, barometric pressure) influenced sharpshooter population dynamics and movement in a citrus
grove setting.  Number of egg masses and adults were counted on branches that were sampled for xylem sap.  Collection
date, tree, and cardinal direction were noted, and xylem pressure, and amino acids (total, essential and amides) were
measured.  In conjunction with xylem sap collections, movement of sharpshooters was monitored with yellow and clear
sticky traps at 4-h intervals during the day and throughout the night.  During replicated sampling periods, 40 times more
sharpshooters were trapped on yellow sticky traps in comparison to clear sticky traps and the majority, regardless of sex,
were trapped between 1000 and 1400 h.  Higher trap catches were associated with increasing temperatures above 18ºC, but
were not significantly associated with changes in wind speed, relative humidity or barometric pressure. Trap catches varied
significantly over the trapping season, but did not differ due to trap location, indicating that there was no strong edge effect
for GWSS.  Relative to xylem sap collections, xylem pressure and amides varied due to collection date and time of day, and
xylem pressure was positively correlated with trap catches. Osmolality, total amino acids, essential amino acids, and percent
amides had no apparent relationship with trap catch.  GWSS egg counts varied significantly due to collection date and
cardinal direction, with the majority of eggs observed on the east and south sides of the trees.

INTRODUCTION
Insect dispersal can be influenced by numerous factors, such as increasing population densities, reproductive status, biased
sex ratios, host breadth, declining host quality and changing environmental conditions (Denno 1979, 1985; Taylor 1985;
Denno et al. 1991; Blackmer and Phelan 1991; Blackmer and Byrne 1993a,b, 1999; Blackmer and Cross 2001).  A better
understanding of how these factors influence the movement of GWSS will be crucial in the management of this pest and the
spread of Pierce’s disease (PD).

OBJECTIVE
Determine the effects of host-plant quality and environmental variables on GWSS movement as an aid to predicting insect
and disease spread.

RESULTS
In Fillmore, CA movement of GWSS in a citrus orchard was measured relative to time of day, environmental parameters, and
xylem flux.  Temperature, relative humidity, barometric pressure, wind speed, and wind direction were monitored at the
center of the site with a portable weather station.  Sticky traps were changed and xylem sap was collected at 4-h intervals
from 0600 to 2200 h (8 samples per time interval on five collection dates).  Xylem sap was extracted from 25-cm-long orange
stems with a pressure chamber (Scholander et al. 1965).  An equal number of samples were taken from the four cardinal
directions from each of four trees for each sampling interval for a total of 200 samples.  We used a Fiske Model 110 micro-
sample osmometer to determine osmolality of the xylem sap, and a Beckman 7300 Analyzer to detect amino acids.

Trap Catch
Significantly more sharpshooters were trapped between 1000-1400 h than at any other time interval during the 24-h-sampling
periods; very few sharpshooters were trapped at night (F=14.36; df=4, 128; P<0.0001).  Yellow traps captured significantly
more sharpshooters than the clear control traps (85.6 ± 24.3 versus 2.1 ± 0.88, respectively).  However, the patterns of
recapture relative to time of day and week were similar regardless of trap color (R2=0.44, P<0.0005).  Equivalent numbers of
males and females were captured relative to collection date, time of day, and trap color.  Trap catch varied over the five
weeks of the sampling period, and was higher from mid-July to early August when compared to collections made in late
August to early September (F=16.82; df=4, 44; P<0.0001).  Trap catch relative to position in the field was not significantly
different (P=0.34), indicating that there was no strong edge effect.  Of the environmental parameters monitored, only
temperature explained a significant amount of the variability in trap catch in the citrus setting (R2=0.58, P< 0.0001).
Sharpshooters were rarely trapped when temperatures fell below 18°C.
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Xylem Collections
Twenty amino acids were detected, with aspartic acid, serine, asparagine, glutamic acid, arginine, and proline being
predominant (comprising 80-90% of the samples).  Total amino acids, essential amino acids, percent amides, xylem pressure,
and osmolality varied significantly due to collection date (P< 0.005 for each).  Total amino acids, percent amides and xylem
pressure also varied significantly due to time of day (P< 0.005), but only xylem pressure and percent amides varied in a
consistent manner from week-to-week (Figure 1).  Xylem pressure and percent amides peaked at approximately 1400 h.
Cardinal direction from which the samples were taken had no effect on amino acid concentrations, or xylem pressure, and
only a slight effect on osmolality (P< 0.05); highest readings were on the eastern side of the trees.
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Figure 1. Weekly and mean (± SE) xylem pressure and amides (% ± SE) from orange cuttings relative to time of day,
Fillmore, CA.
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orange grove, Fillmore, CA.
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Xylem Dynamics and Insect Movement
The number of adults and eggs found on the sampled orange branches varied significantly due to collection dates (P<
0.0001); number of eggs also varied due to cardinal direction (P< 0.0001).  Fewer egg masses were found in mid-July than on
other collection dates, and most egg massees were found on the east (x = 12.4) or south (x = 10.2) sides rather than the west
(x = 6.5) or north (x =5.2) sides of the trees.  The number of egg masses was not associated with the number of adults, and
was only weakly associated with osmolality (R=0.16; df= 1,198; P=0.025) and essential amino acids (R=0.2; df=1,198;
P=0.003).  The number of adults trapped on yellow sticky traps was only associated significantly with xylem pressure
readings (R = 0.77; df=1,23; P<0.001; Figure 2).

CONCLUSIONS
• Trap catch was influenced by trap color, collection date, and time of day.  In the citrus setting, trap catch increased

with temperatures above 18ºC.  Previously, we found that in a more open setting, flight activity was suppressed by
temperatures below 17ºC and by wind speeds above 3 m s-1 (Blackmer et al.  in press).

• Xylem parameters varied considerably due to collection date, and total amino acids, percent amides and xylem
pressure varied due to time of day.  However, the number of adults trapped on yellow sticky traps was only
associated with xylem pressure.  Higher pressures at midday may limit the insects feeding efficiency and lead to
opportunistic movements that result in the exploitation of alternate hosts.

• The east and south sides of the citrus trees were preferred sites for oviposition as indicated by higher numbers of egg
masses.  This preference was weakly associated with higher osmolality and a greater concentration of essential
amino acids.
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ABSTRACT
In this project we are testing the effects of feeding substrate on the acquisition and retention of Xylella fastidiosa.  We are
using two strains of X. fastidiosa that are present in California: a Piece’s disease (PD) strain that infects grape, and an
oleander leaf scorch (OLS) strain that infects oleander.  For the initial phase of this project, we began by comparing the
relative proportion of insects that tested positive after acquisition of a given strain of X. fastidiosa when they were maintained
on a plant species that was either a host or non-host of that strain. We are now in the process of testing individual insects
using strain-specific PCR methods to detect the presence the pathogen.  In the first three replicates using the OLS strain, the
proportion of insects testing positive after acquisition was similar regardless of whether the insects were fed on a host or a
non-host of the OLS strain.  Analysis of samples that have been collected in additional replicates will allow us to determine if
this pattern is consistent, and whether or not the same type of pattern is observed with insects carrying the PD strain.
Additional experiment will be conducted to test the effects of varying the feeding substrate on transmission rates of each
strain.

INTRODUCTION
Several genetically distinct strains of the bacterial plant pathogen, Xylella fastidiosa, have been identified in the United
States. Some of these strains infect grapevines and cause symptoms of Piece’s disease, while others do not infect grape
(Hopkins et al. 1989, Chen et al 1992, da Costa et al. 2000, Henderson et al. 2001).  The key factors that contribute to host
plant specificity of X. fastidiosa strains are not known, however, it is likely that differences in xylem nutritional content
among plant species, and differences in the nutritional requirements of each strain, play some role in host plant specificity.
This concept is supported by the fact that the strains grow at different rates when cultured in vitro on media with different
nutritional contents (Davis et al. 1980, 1981, Hartung et al. 1994, Yonce and Chang 1987).

The glassy-winged sharpshooter is capable of acquiring and transmitting several different strains of X. fastidiosa from a
variety of host plants (Purcell and Hopkins, 1996, Purcell et al. 1999, Costa et al. 2000). It has been assumed that X.
fastidiosa present in the mouthparts of the insect vector obtain nutrition from the host plant xylem as it passes through the
insect. Thus, one might expect that the ability of a X. fastidiosa strain to survive in the insect’s mouthparts, and be
successfully transmitted, would be dependant on the xylem content of the plant host on which the insect feeds.

In this project, we are using two strains of the pathogen that are present in California to test the effects of feeding substrate on
the acquisition and retention of X. fastidiosa: a Piece’s disease (PD) strain that infects grape, and an oleander leaf scorch
(OLS) strain that infects oleander (Purcell and Hopkins 1996, Blua et al. 1999, Purcell et al. 1999).  These two strains have
different host ranges; the PD strain does not infect oleander, and the OLS strain does not infect grape.   Thus, one might
expect an OLS strain of X. fastidiosa would be retained longer in insects feeding on oleander than in insects feeding on a non-
host of the oleander strain.  Likewise, a PD strain would be retained longer in insects feeding on grapevines than they would
on a non-host of the grape strain.

OBJECTIVES
1. Compare retention times of Xylella fastidiosa when infected glassy-winged sharpshooter (GWSS) are subsequently fed

on plants that are either hosts or non-hosts of the strain they carry.
2. Compare acquisition and transmission efficiency of insects fed on infected plants to those fed on media-grown cultures

delivered through cut stems.
3. Compare retention times of two strains of X. fastidiosa in GWSS when simultaneously acquired through cut stems, then

subsequently fed on either (a) a non-host of both strains, (b) on a host of only one strain, or (c) alternating hosts of each
strain.
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4. Test the effects of antibacterial materials on acquisition and transmission of X. fastidiosa by GWSS.
5. Test the effects of variation in substrate pH and free ion availability on the acquisition and transmission of X. fastidiosa

by GWSS.

RESULTS AND CONCLUSIONS
Progress on Objective 1
We are still in the early stages of this project, and are reporting here on progress made on Objectives 1 and 2 during the first 3
months of study.  For the initial phase of this project, we began by comparing the relative proportion of insects that tested
positive after acquisition of a given strain of X. fastidiosa when they were maintained on a plant species that was either a host
or non-host of that strain.

Grape plants (Vitis spp.) infected with a Pierce’s disease strain of X. fastidiosa, and oleander plants (Nerium oleander)
infected with an oleander leaf scorch strain were used as sources of inoculum.  The strain of X. fastidiosa infecting plants was
confirmed by PCR.  Groups of GWSS adults were caged on either an OLS infected oleander plant, or a PD infected
grapevine for 2 days.  Samples of insects from infected source plants were tested using PCR to determine the initial
proportion of insects that tested positive for the respective strains. Insects from each source plant species were split into two
groups, and moved to an uninfected plant of the same species as the source plant (oleander or grape), or to a non-host of
either strain (chrysanthemum) (Figure 1).  Samples of insects were collected at 1, 3, and 7 days (or longer if adults remained)
after transfer to uninfected hosts and frozen.

Figure 1. Diagram of experimental design for testing retention times of the OLS and
PD strains of X. fastidiosa when insects were maintained on a either a host or non-host
plant of each strain after acquisition.
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The experiment was replicated multiple times with oleander and grape strains until at least 30 insects in each test category
were collected.  The first 4 replicates of the experiment did not have enough insects surviving to 7 days or longer to allow
adequate comparison, thus, an additional 4 replicates for each strain were done until adequate numbers survived 7 days or
longer.

We are now in the process of testing individual insects that were collected using strain-specific PCR methods to detect the
pathogen.  We extracted X. fastidiosa DNA from individual insects using a commercially available DNA extraction kit (e.g.
Qiagen DNeasy Tissue Kit).  All samples were macerated in disposable, mesh-lined sample bags (Agdia, Inc.) that allowed
straining before processing to remove large particles of insect material.  Individuals were placed in bags with 200 µl of PBS,
and homogenized using a ceramic pestle on the outside of bags resting on a hard surface.  Strained liquid (180 µl) was
transferred from the bag to a 1.5 mL microcentrifuge tube, and the kit directions for insect DNA extraction from the DNeasy
Tissue Kit handbook supplied with the kit were followed.
Amplification was performed using XF1968-L/XF1968-R or XF2542-L/XF2542-R primers to specifically amplify the target
strain (Cooksey et al. unpublished).  These primer sets produce different sized bands for OLS and PD strains of the pathogen.

An example of results from three replicates of experiments using the OLS strain from oleander (210 insects tested) is shown
below (Figure 2).  In the first three replicates using the OLS strain, the proportion of insects testing positive after acquisition
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was similar regardless of whether the insects were fed on a host or a non-host of this strain. Analysis of samples collected
from the additional replicates will allow us to determine if this pattern is consistent, and whether or not the same type of
pattern is found with insects carrying the PD strain.
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Figure 2. Graph summarizing three replicates of experiments testing retention of the OLS strain of X. fastidiosa by the
GWSS when insects were maintained on a host (oleander) or a non-host (Chrysanthemum) of the OLS strain after acquisition
from oleander.

Progress on Objective 2
To test if substrate can influence the ability of insects to acquire or retain a particular strain of X. fastidiosa more directly, we
will use a pathogen delivery system that will allow us to either maintain or manipulate the feeding substrate as desired.  We
have just begun the process of culturing each isolate we will be using, and building up sufficient cultured material to allow us
to begin experiments of Objective 2.  In these trials, isolates of each strain will be delivered to insects through a cut stem
delivery system developed by Bextine et al. (2002) that will allow us to manipulate the substrate carrying the pathogen as
desired.

CONCLUSIONS
The first objective of this proposal was to compare retention times of X. fastidiosa when infected glassy-winged sharpshooter
(GWSS) were subsequently fed on plants that were either hosts or non-hosts of the strain they carried.  We are still in the
process of analyzing the results of these experiments, however, if we should continue to see a pattern where the retention of a
host-specific strain does not decline in insects feeding on a non-host of that strain (as observed in initial studies with the OLS
strain), this could mean that xylem content of the feeding substrate is not critical in determining which strains of the pathogen
are retained by insects.  If on the other hand, we begin to find that retention of a X. fastidiosa strain decreases when insects
feed on non-host of that strain, this could suggest that the xylem content of the feeding substrate plays a significant role in
determining which strains of the pathogen are retained by insects.  Additional studies will be conducted to test the effects of
varying insect feeding substrate on the transmission rates of each strain, because the frequency of detection of the pathogen in
insects may not always indicate the frequency of transmission.
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ABSTRACT
In the present study compound Inter-Simple Sequence Repeat (ISSR) primers containing CA/GT-repeat motifs in their
sequences were utilized to estimate the population genetic structure of Homalodisca coagulata (Say). Eighteen populations
from throughout the U. S. and a population from Tahiti, French Polynesia were analyzed.  The eighteen U. S. populations
were arbitrarily assigned to three regions- southeastern (SE), southwestern (SW) (Texas), and western (W) (California)
regions.  A total of 62 and 91 neutral polymorphic markers were identified with p-15 and p-13, respectively.  Exact tests for
population differentiation indicated significant differences in marker frequencies among the 18 populations; in addition,
significant differences were also observed within each region.  Analyses of molecular variance (AMOVA) showed a
significant partitioning of gene diversity among regions, 11% with p-15 and a lower value of 3% with p-13.  The majority of
the variance, however, was distributed within populations, 83% and 88% with p-15 and p-13, respectively.  Values of GST (8-
11%) and θ (7-10%) for among region variation were of comparable magnitudes to the AMOVA results.  A dendrogram
based on Reynolds coancestry distance performed with p-15 clustered the U. S. populations into two main groups, with the
southeastern populations in one cluster and the southwestern and western populations in another cluster.  Within the western
region, dendrograms performed with p-13 and p-15 showed in both cases that the Edison and Bakersfield populations
clustered as outliers.  The present results estimate, for the first time, the population genetic structure of H. coagulata and
suggest that a subset of insects in California may have their origins in the southwestern region (Texas); furthermore, these
results are suggestive of more than one founding event in California.

INTRODUCTION
The glassy-winged sharpshooter, Homalodisca coagulata (Say) (Homoptera: Cicadellidae), is a large xylem feeding
leafhopper that is a serious pest because it vectors a strain of Xylella fastidiosa, a bacterium that causes Pierce’s disease in
grapevines (Vitis vinifera and V. labrusca) (Hopkins and Mollenbauer 1973). H. coagulata are native to the southern United
States, from Florida to Texas and they are also distributed in Northern Mexico (Turner and Pollard 1959, Nielsen 1968,
Brlansky et al. 1983).  Within the last 10 years, H. coagulata have established in southern California where they pose a
serious threat to the wine and table grape industry (Sorensen and Gill 1996).  Recently, we developed DNA markers for H.
coagulata for the purpose of estimating genetic variation in natural populations (de León and Walker 2003).  These DNA
fingerprinting procedures permit detection of DNA variation in Simple Sequence Repeats (SSR) without the need to isolate
and sequence specific DNA fragments (reviewed in Karp and Edwards 1997).  Many classes of microsatellite repeat motifs
have been identified, though the class most abundant in eukaryotic genomes is the CA-repeat. The presence of these repeat
motifs in high copy number and their dispersion throughout the genome of all eukaryotes tested has been demonstrated by
earlier studies (Tóth et al. 2000).  Therefore, because of their high density, oligonucleotides complementary to these CA-
repeat motifs can be used as single primers to target a significant portion of the genome and reveal highly polymorphic
banding patterns (Zietkiewicz et al. 1994).

OBJECTIVES
The objectives of the present study were to:

1. Estimate genetic variation within and among populations
2. Estimate the population genetic structure
3. Ascertain if our method was sensitive enough to determine the origin of H. coagulata present in California.

RESULTS AND CONCLUSIONS
ISSR-PCR was utilized and we demonstrated and compared the ability of two compound ISSR primers p-13, A(CA)7(TA)2T
and p-15, T(GT)7(AT)2 to generate polymorphic markers and to estimate geographic variation in 18 natural populations (529
individuals) of H. coagulata from the U. S. and a population from Tahiti, French Polynesia (15 individuals).  Different
approaches to estimate population differentiation- Exact tests (Raymond and Rousset 1995), ΦST (Excoffier at al. 1992),
GST (Nei 1987), θ (Weir 1990, 1996), and dendrograms based on genetic distance (Reynolds et al. 1983) (UPGMA method)
were than applied and compared.
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A total of 62 and 91 neutral polymorphic markers were identified with compound ISSR primers p-15 and p-13, respectively
in the 19 populations of H. coagulata (Table 1).  Within the U. S., percentage polymorphic loci was 100% for each region
with both ISSR primers and the highest polymorphic ratio (number of polymorphic loci per number of insects) was seen in
the southwestern populations.  Exact tests for population differentiation indicated that significant differences in marker
frequencies existed among the 18 populations from the U. S. (χ2 = 664; df = 138; P = 0.0000; p-15 and 1,279; df = 202; P =
0.0000; p-13) and in addition, exact tests showed marker frequency differences within regions, with the western populations
showing the highest values with both primers.

Tables 2 and 3 present results from different approaches used to apportion variation into within- and among-population
levels.  AMOVA analyses showed a statistically significant partitioning of gene diversity among regions, 11% (ΦCT = 0.114;
df = 2; P = 0.001) with p-15 and a lower value of 3% (ΦCT = 0.027; df = 2; P = 0.001) with p-13 (Table 2).  Significant
differentiation was also distributed among populations within regions, 6% (ΦSC = 0.064; df = 15; P = 0.001) with p-15 and
9% (ΦSC = 0.088; df = 15; P = 0.001) with p-13.  The majority of the variance, however, was distributed within populations,
83% (ΦST = 0.171; df = 511; P = 0.001) with p-15 and 88% (ΦST = 0.113; df = 511; P = 0.001) with p-13.  Table 3 shows a
comparison of other genetic differentiation estimates, GST and θ.  Excellent agreement was seen between GST and θ values for
the within population variances, 89.0 and 90.1% and 92.0 and 93.0% with p-15 and p-13, respectively.  Within each region,
little genetic differentiation was seen with GST and θ results with either primer, though the western region populations
demonstrated slightly higher GST (0.0492; p-15 and 0.0843; p-13) and θ (0.0403; p-15 and 0.0631; p-13) values; furthermore,
the indirect estimate of gene flow, Nm based on GST, demonstrated slightly lower values (9.66; p-15 and 5.43; p-13) with
both primers, indicating that the western region was slightly more differentiated, in accord with the Exact tests above.
Overall, gene flow was greater among populations within regions than among regions.  Taken together though, these overall
results indicate moderate genetic differentiation of H. coagulata populations from the U. S., but the fact that most of the
genetic variation is distributed within populations may be an indication of strong microgeographical differentiation.

A dendrogram based on Reynolds et al. (1983) coancestry distance performed with p-15 is shown on Fig. 1A.  Two main
clusters were formed with the southeastern region populations (cluster B) separated from the southwestern and western
region populations (cluster A).  Within cluster A, clusters or subgroups are formed with Edison and Bakersfield populations
forming the second separate cluster (d).  Two more clusters are seen within cluster c.  Western or California populations are
distributed within three separate clusters within the main cluster A.  Southeastern populations formed two clusters within
cluster B, with Tifton and Cairo, GA residing in one subgroup.  Results performed with p-13 showed a similar pattern of
clustering but with some variation, in that case Weslaco and Monte Alto, TX populations were clustered within the
southeastern populations, though the western and southeastern region populations were still clustered separately (data not
shown).  In order to see a clearer picture of the western region populations, analyses were performed separately from the rest
of the U. S. populations with p-15 and p-13 and are demonstrated on Figs. 1B and 1C, respectively.  With both ISSR primers
two main clusters (A and B) were formed.  Some variation in clustering of the populations is seen within cluster A between
the two primers; however, results show that in both cases, the Edison and Bakersfield populations were clustered (B) as
outliers from the rest of the California populations.   In the western region, Edison and Bakersfield are more geographically
isolated from the rest of the western populations and appear to be more differentiated.

Table 1.  Analyses of H. coagulata from the U. S. analyzed by region.
No. P, number of polymorphic loci; Polymorphic ratio (number of polymorphic loci per number of insects);
%P, percent polymorphic loci (POPGENE program); Exact tests (χ2) (results over loci) (TPFGA program)
for population differentiation (Raymond and Rousset 1995).  Marker frequencies were based on Lynch and
Milligan’s (1994) Taylor expansion estimate.  df = degrees of freedom (for Exact tests);  ***, P = 0.0000
(overall P-value).

___________________________________________________________________

No. Polym.
Region Insects No. P ratio %P χ2 df
___________________________________________________________________

p-15:
SE 169 34 0.20 100 201.90    *** 72
SW 120 54 0.45 100 178.83    *** 112
W 240 46 0.19 100 311.76    *** 102
All 529 62 0.12 100 664.39    *** 138

p-13:
SE 169 67 0.40 100 415.92    *** 126
SW 120 84 0.70 100 403.77    *** 178
W 240 83 0.35 100 640.83    *** 174
All 529 91 0.17 100 1,279.04 *** 202
___________________________________________________________________
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Table 2. Analyses of molecular variance (AMOVA) (GenAlEx program) for H. coagulata populations from the U. S.
Statistics include: df, degrees of freedom; SS, sum of squares; MS, mean squares; Est. var., estimated variance; and %D,
distribution of total variance.  **, P = 0.001.

_______________________________________________________________

Source df SS MS Est. var. Φ- statistics %D
_______________________________________________________________

p-15:
amg regions 2 93.43 46.71 0.244 ΦCT = 0.114 ** 11
amg pops./regions 15 80.24 5.35 0.122 ΦSC = 0.064 ** 6
within pops 511 904.0 1.77 1.769 ΦST = 0.171 ** 83

p-13:
amg regions 2 75.28 37.64 0.128 ΦCT = 0.027 ** 3
amg pops./regions 15 239.7 15.98 0.403 ΦSC = 0.088 ** 9
within pops 511 2124.3 4.16 4.157 ΦST = 0.113 ** 88
________________________________________________________________

Table 3. Estimates and comparison of GST (POPGENE) and θ (TFPGA) values for H. coagulata populations from the three
regions of the U. S.  GST (mean), coefficient of gene differentiation; θ (mean), theta is analogous to FST; and Nm, gene flow
(POPGENE).

_____________________________________________________________________________

Region GST θ (SD) Nm Region GST θ (SD) Nm
_____________________________________________________________________________

p-15: p-13:
SE 0.0426 0.0321 (0.008) 11.24 SE 0.0615 0.0551 (0.008) 7.63
SW 0.0426 0.0376 (0.014) 11.22 SW 0.0465 0.0449 (0.010) 10.25
W 0.0492 0.0403 (0.016) 9.66 W 0.0843 0.0631 (0.026) 5.43
All 0.1101 0.0989 (0.048) 4.04 All 0.0799 0.0668 (0.012) 5.75
_____________________________________________________________________________

Figure 1.  Dendrograms based on Reynolds coancestry distance (TFPGA). Relationships showing the 19 geographic
populations of H. coagulata performed with p-15 (A). Oncometopia nigricans (23) are included as an outgroup.  Western
region (California) populations were analyzed separately with p-15 (B) and p-13 (C).  Genetic distances are indicated above
the dendrograms and bootstrap support values (greater than 40%) are indicated at the nodes.
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ABSTRACT
A variety of microscopic techniques including light microscopy, confocal scanning light microscopy, transmission electron
microscopy, and scanning electron microscopy are helping to elucidate the structure and function of the mouthparts and the
salivary sheath of the glassy-winged sharpshooter, a vector of Pierce’s disease.

OBJECTIVES
1. To describe the morphology and ultrastructure of the glassy-winged sharpshooter mouthparts.
2. To describe stylet penetration and the function of each stylet pair during feeding.
3. To ascertain the path of mouthparts from the epidermal layer to the vascular tissue of the host plant, and to ascertain if

the sharpshooter has fed in parenchymatous or phloem tissue en route to xylem tissue.
4. To determine the ultrastructure of the salivary sheath and its association with all plant tissues encountered from the

epidermal layer to the xylem tissue.

RESULTS
Ultrastructural studies have contributed to a more complete morphological understanding of the mouthparts of the glassy-
winged sharpshooter (Homalodisca coagulata).  Our first objective, mouthpart description, has been met.  We have identified
and described the morphology of specific sharpshooter mouthpart structures important for understanding stylet movement
and penetration.  A detailed description of these structures can be found in Leopold et al., 2003.

Mechanosensory-like sensilla cover most of the terminal segment of the labium, and are found along the margin of the labial
groove in all three labial segments.  A pair of short sensilla, located at the very tip of the labium, is often found in contact
with the extended stylets (Figure 1).  Triangular spines occur singly, in straight-line clusters, or in palmate patterns on the
exposed labial surface (Figures 1, 2).  The unexposed surfaces of the labial groove lateral and basal to the stylets are covered
with numerous multi-lobed palmate structures (Figure 3) that appear to be in constant contact with the mandibular stylets.
Larger palmate structures are located at the terminal end of the labial groove (Figure 4).  These structures are located below
the stylets, with only the tips of the palmate lobes apparent when the stylets are extended.

Mandibular stylet morphology varies somewhat with stage of development (Leopold et al., 2003; Freeman et al., 2002).  A
series of cup-shaped flanges are located along the medial surface of these stylets, with small papillae located between the
flanges.  Slender fingerlike projections with pointed tips are found on the ventral side near the tip of adult mandibular stylets.
The projections become flattened and tab-like proximally.  Each mandibular stylet has a single unbranched dendritic canal
from base to tip (Figure 5).

The paired maxillary stylets interlock with each other along their length (Figure 5), except for a short distance at the apex
(Figure 6).  These joints, similar to mortise-and-tenon joints, keep the stylets together, forming a food canal and salivary
canal, and also allow extension of either stylet individually (Figure 6).  A single dendritic canal in the base of each maxillary
stylet (Figure 6) branches toward the tip of the stylet (Figure 7), with neurons (Figure 8)

reaching the short row of small dentitions along the edge of each maxillary stylet (Figures 6, 9) and extending further to the
very tip of the stylet.

Fractured stems reveal the course of the sheath from the flange on the outer epidermal wall well into the host-plant tissues
(Figure 10).  These sheaths can be dissected out of stem or leaf tissue more or less intact and examined using scanning
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electron microscopy (Figures 11, 12).  Ultrastructural changes related to stylet penetration of individual cells are difficult to
determine.  Stylet penetration ruptures cell walls, with the salivary sheath material masking much of the ultrastructure of
damaged cells.  The length of the sheath, the density of the sheath material, and the requirement for ultrathin sections make
transmission electron microscopy arduous. Confocal scanning light microscopy provides an opportunity to examine intact
salivary sheaths and assess cellular damage using optical sections and 3D reconstruction.

Salivary sheaths (Figures 13-18) formed by all developmental stages from newly hatched sharpshooter nymphs to adults were
examined from 14 different host plants.  Sheaths varied from unbranched (Figures 13, 16) to highly branched (Figures 13-
15), and terminated in various host-plant tissues.  Approximately 65% of salivary sheaths formed by adult sharpshooters
terminated in host-plant xylem tissue.  Parenchymal cells of the cortex or medullary ray were the next most frequent location
for termination.  Only a few sheaths terminated in phloem tissues or in the pith of host plants.  Nymphs and second instars,
with shorter stylets, preferred to feed on the mid- and lateral veins of leaves, or on very small vascular bundles along the leaf
margins, rather than on stems.

Salivary sheaths commonly were found in very close proximity to one another (Figures 13, 14).  It has yet to be determined
whether these multiple sheaths are formed by a single sharpshooter, moving only slightly from one feeding position to
another; or if each sheath is formed by a different individual.  Branched salivary sheaths were found in both vascular and
parenchymatous tissues.  It is unclear if branched salivary sheaths represent failed attempts to locate vessel elements in the
xylem tissue, or if penetrated parenchyma cells provide a nutritive advantage to the sharpshooter.  Preliminary studies have
shown that the sharpshooters may produce drops of exudate even without reaching the water-conducting vessel elements,
suggesting that parenchymatous cell contents may be ingested.

Salivary sheaths have been found in contact with vessel elements with no indication of actual cell-wall penetration (Figure
16), and without salivary sheath material in the cell lumen.  It may be possible for the sharpshooter to remove water from the
vessel through the pits in the wall without actually penetrating the cell wall.  However, there is clear evidence that more
commonly the wall of the vessel element is ruptured by the penetrating stylets (Figures 17, 18).  The large volume of salivary
sheath material in the lumen of many vessel elements (Figures 15, 17, 18) is sufficient to restrict or block completely the
translocation of xylem fluid within a single vessel element. The occlusion of numerous vessel elements could result in the
deterioration or death of the plant even in the absence of pathogenic bacteria.

CONCLUSIONS
This ultrastructural study has provided and will continue to provide data necessary to completely understand the anatomy and
morphology of the sharpshooter related to stylet penetration, salivary sheath formation, feeding behavior, transfer of the
bacterium Xylella fastidiosa, and the nature of Pierce’s disease.
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Figure 1. Sensilla (arrows) at the tip of the labium in contact with the mandibular stylets.
Figure 2. Peg-like spines in straight line row on the exposed surface of the labium.
Figure 3. Multi-lobed structures located on the unexposed surface of labium.
Figure 4. Palmately lobed structures found at the apex of labium.
Figure 5. Cross-sectional view of the interlocked maxillary stylets and dendritic canals (*).
Figure 6. Tips of the maxillary stylets showing row of denticles (arrows).
Figure 7. TEM section of maxillary stylets each with a pair of dendritic canals.
Figure 8. Dendritic canal with neurons near the tip of a maxillary stylet.
Figure 9. Section through a denticle at the tip of the maxillary stylet.
Figure 10. SEM micrograph showing a flange and salivary sheath within the host plant.
Figure 11. Salivary sheath dissected out of a host plant.
Figure 12. External surface of a salivary sheath removed from a host plant.
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Figure 13. Cross-section of stem with multiple salivary sheaths.
Figure 14. Overlapping branched salivary sheaths in a plant host stem.
Figure 15. Two branches of a salivary sheath terminate in vessel elements of the xylem.
Figure 16. Salivary sheath terminated at the edge of a vessel element without penetration.
Figure 17. Vessel element with the wall ruptured by sharpshooter stylets.
Figure 18. Vessel element plugged with salivary sheath material.
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INTRODUCTION
It is currently unknown what impact the glassy-winged sharpshooter (GWSS), Homalodisca coagulata, has on fruit yield,
size and quality as well as tree vigor.  The goals of this project are to determine the usefulness of management of GWSS to
prevent yield loss, fruit size reduction, and degraded fruit quality.  This information is paramount before we can even begin
to incorporate these into conventional IPM programs.  First we have to know what impact GWSS has on citrus, and second
we need to know how to use the currently available materials against the GWSS in IPM programs to prevent potential losses
without disrupting citrus IPM programs.  Prior to this study, efforts to manage GWSS in citrus were primarily to suppress
populations to limit the spread of Xylella fastidiosa in areawide management programs.

OBJECTIVES
This research was initiated to:

1. Address the impact of GWSS on fruit yield, and distribution of fruit size when GWSS are controlled compared to
untreated blocks of Valencia oranges, ‘Washington’ navel oranges, and grapefruit.

2. Evaluate the effects of high GWSS populations have on fruit quality (sugar/acid ratios, peel thickness, sugar/acid ratio,
juice quality, peel texture and firmness, susceptibility to post-harvest disorders) in Valencia and Navel oranges.

3. Evaluate the effects of large GWSS populations have on water stress, nutrient loss (Ca etc.) metabolite loss (amino
acids, xylem translocated PGRs) due to xylem feeding and fruit drop and fruit quality, and fruit drop

4. Determine if Admire enhances fruit size, tree health and vigor in the absence of GWSS.

RESULTS AND CONCLUSIONS
Objective 1
The Navel orange experiment was initiated on 21 Aug 2001 for ‘Washington’ Navel oranges.  A site was established in
Mentone with a completely random design with 5 replications with high and low GWSS populations.  Each population level
has three rows of 43 trees (2 guard rows and 1 central harvest row).  The low populations (as close to ‘0’ as possible) were
established by applying 32 oz of Admire 2F via drip irrigation 21 August 2001, 7 April 2002, and 6 May 2003. Insects were
monitored weekly by trapping, and visually counting adults, nymphs & egg masses.  Efforts to establish differential
populations were successful.  On 3 July 2003, visual searches revealed 139.6 adults/3 min search/tree (± 3.7 SEM) in the high
population trees verses 3.0/3 min search/tree (± 0.5 SEM) in the low population trees (Figure 1).  The adult peak for 2002
occurred on 25 June with 104.6 GWSS/3 min count (± 6.5 SEM).  The high and low population trees had 2.7 (± 0.6 SEM)
and 0.9 (± 0.2 SEM) egg masses/25 leaf turns respectively.  One tree from a guard row was tented and fumigated for absolute
counts on 27 August 2002.  The absolute counts ranged from 1149-4999 GWSS/tree in the high population trees and 10-
21GWSS/tree in the low population trees.  The size distribution for the Valencia Experiment was statistically significant for
the high population and low population trees.  Significantly more oranges cartons of sizes 72, 88, 113, 138 were packed from
the low GWSS population trees than the high population trees (Figure 2).   When taking into account oranges rejected to the
juice line, the overall yield by weight was also higher for the low population trees (Figure 3).

Objective 2
Navel oranges were harvested from 37 trees within the harvest rows 21 January 2003 and sent to the Blue Banner Packing
House in Riverside for packout and evaluation.  Two cartons from 2 sizes (88 and 113) and two grades (Choice and Export)
from each replication (total of 96 cartons) were selected.  Trans-Pacific shipment was simulated by storing the 96 cartons
from at the packinghouse for 21 days at 37° F after which time the fruit was sent to Kearney Agricultural Center (KAC) for
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storage at 68° F for 4 days followed by 55° F for 5 days.  For post-harvest evaluation at harvest, initial measurements of
general appearance, pitting, puff and crease, peel firmness, thickness, color, TA, TSS, and % juice were taken from a 20 fruit
sub-sample.  Fruit was evaluated for general appearance, rind pitting, and decay following simulated shipment.

The rind pitting is seemingly a postharvest disorder and is not caused by direct damage of the GWSS.  Pitting was clearly a
problem in the May 2003harvested Newhall Valencia’s but there were no significant differences in the treated (i.e. low
population trees) and the untreated (high population trees) (F= 0.361, P=0.550).  The low population trees had 34.4% pitting
(± 1.23 SEM) while the high trees had 36.5% pitting (± 1.2 SEM) following simulated trans-Pacific shipping as described
above.  Navel pitting on the Jan 2003 harvest following simulated trans-Pacific shipment was 3.9% (±0.3 SEM) for the
untreated trees (high populations) and 4.1% (±0.5 SEM) on the treated (low or 0 population trees).  Pre-shipment simulation
pitting on the navels was 0.03% and 0.01% respectively.  The preliminary information suggests a postharvest physiological
problem that’s not result of GWSS xylem feeding behavior.   However, this xylem feeding behavior may be contributing to
significant stress factors summarized below.

Objective 3
The results of year one provide significant evidence that (1) the peel nutrient status of navel and oranges is reduced in a
manner related to GWSS population density and (2) peel metabolite concentrations indicative of stress also change in a
manner related to GWSS population density.

The peel nutrient status of navel orange fruit collected from the high and low GWSS treatments at Mentone during a period
of low population density in July 2002 were not significantly different.  At this site the GWSS population density increased
on approximately August 8 and remained high through the end of August-early September.  Peels from navel oranges
collected at the time of intensive GWSS feeding on shoots in the high GWSS treatment had significantly lower
concentrations of the Ca, Mg and NO3 than peels of fruit collected from the low GWSS treatment.  The results are consistent
with reports in the literature that high concentrations of Ca and Mg are found in GWSS excretions.  In addition, peel samples
of fruit collected from trees with high populations of GWSS tended to have a 10% and 12% less Mn and Mo, respectively.
However, these differences were not statistically significant. For fruit samples collected from the high GWSS treatment on 11
August 2002 just 3 days after the GWSS populations began to increase, the two contrasting population densities had no
significant effect on peel arginine concentration.  However, for navel orange fruit collected during the period of high GWSS
populations (20 August 2002), peel arginine concentration was significantly greater for fruit from the high GWSS treatment
than the low GWSS treatment.  It is worth noting that arginine tends to accumulate in parallel with the build up of the GWSS
population over time.  Elevated arginine concentrations are indicative of biotic and abiotic stress conditions.  The
accumulation of arginine in navel orange peels in response to increasing GWSS population density also paralleled the
increase in peel putrescine concentration.  Arginine is the immediate precursor for the biosynthesis of putrescine, which is
also known to accumulate under stress conditions.  Depending on the regulation found in different plant species,
concentrations of spermidine increase, decrease or remain the same during stress. Spermine, which is typically found in lower
concentrations than putrescine and spermidine, is usually unaffected by stress.  These results strongly suggest that high
population of GWSS cause significant stress.  Proline concentrations decrease under stress when carbohydrates become
limiting.  Whereas peel proline concentrations tended to be lower for fruit collected from the high GWSS treatment, there
was no significant difference in peel proline concentration between the two GWSS population densities.  For both GWSS
populations, the proline concentration decreased with time.

Yield (kg/tree) for the individual navel orange trees sampled for fruit peel analyses was similar to the whole row harvest (37
trees/row) data obtained at Mentone.  Trees in the high GWSS populations tended to have fewer commercially valuable large
size fruit.

Objective 4: Woodlake Experiment – Valencia
One half of a Valencia orchard in Woodlake CA was treated 27 June 2002 and June 2003 with 32 oz of Admire per acre
through the irrigation system.  The treated and untreated areas were 5 rows wide by 79 trees long and replicated 3 times each.
Twenty fruit of size 56 were randomly selected from each of the plots for analysis at the LREC fruit quality lab.  Ten fruit
were used to determine average length, width, and rind thickness. Ten additional fruit were processed whole through the
Sunkist juicer to determine % juice, sugar/acid ratio, and percent soluble solids. These measurements were done on 27 May
2002 and on 14 May 2003 before the first and second treatments were applied.

There were no significant differences in any parameter before treatments were applied.  In the post treatment samples
conducted on 27 May 2002, approximately 1 year after treatment, very little difference in fruit quality, size, or quantity was
found between treated and untreated areas.  There was a significant difference only in the in sugar/acid ratio being slightly
higher in the Admire treated areas.
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LREC Experiment – Navels
The ground around 45 individual trees of block 23 at the Lindcove Field Station were treated by backpack sprayer with the
equivalent of 32 oz of Admire per acre on 30 Apr 2002 and 20 Jun 2003.  An equal number of trees were left untreated.
Before treatment, the 90 trees were chosen based on similar yields (1 March 2002).  After the first treatment (11 February
2003), fruit were harvested and evaluated for number, size and quality.  There were no significant differences in any of the
parameters tested for the treated and untreated trees.

Figure 1. Means are based on nondestructive 3 min counts from 6 trees/replication/week.
Each replication had 1 Seabright yellow panel trap.  N = 5 ± SEM.
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Figure 2. Mean numbers of export and choice cartons packed fresh between the high and low GWSS
populations for the Jan 2003 Navels. Low population (virtually 0 GWSS) trees were treated on 7 April
2002.  5 reps (Each rep = 37 trees) ± SEM.
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Gross Navel Orange Yield
by Weight (2003)
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Figure 3. The low population trees produced more gross weight of navels than the high
population trees.  N = 5 ± SEM.  1 replication = 37 trees.
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ABSTRACT
Excised leaves and cuttings of the Euonymus japonica plant were tested for cold tolerance over time at 2, 5, and 10° C in the
dark for purposes of developing a protocol that would be favorable to cold storage of parasitized and unparasitized GWSS
egg masses oviposited on the leaves of this plant.  Cuttings generally survived longer than individual leaves at all
temperatures tested, some as long as 165 days.  The two lower temperatures were best for storage of the cuttings while 5°C
was best for the individual leaves.  Successful parasitism of GWSS eggs stored on euonymus cuttings for 20days at 13°C for
both Gonatocerus ashmeadi and G. triguttatus was similar to control levels while parasitism steadily declined with longer
storage periods.  The threshold temperature for development of GWSS embryos appears to be approximately 12°C and,
depending upon the age of the embryos when placed at 13°C, hatching can be as high as 36% after 40 days storage.  We
previously observed that G. ashmeadi within GWSS eggs stored for 7 days at 2°C were able to survive, however, our recent
tests showed that neither Gonatocerus species were able to survive 20 days at this temperature.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say), has become a serious economic problem in
California as a vector of the xylem-inhabiting bacterium, Xylella fastidosa Wells (Sorensen and Gill 1996).  Classical
biological control typically relies on techniques of mass production of natural enemies to amass large quantities of
individuals for eventual release and establishment of field populations (Miller 1995).  Parasitoids in the families Mymaridae
and Trichogramattidae are the most common natural enemies of GWSS in its native range (Turner and Pollard 1959) and in
California (Phillips 1998).  Three egg parasitoids, Gonatocerus ashmeadi Griault, G. triguttatus Girault, and G. morrilli
Howard, are among the more important species being studied as agents for control of GWSS.  Cold storage of insects during
the rearing process of insects has proved to be a valuable aid to bio-control when implementing an IPM program.  Low
temperature storage of immature parasites within host eggs and storage of host eggs for later use have been extensively
investigated (Leopold 1998).  During the process of rearing and maintaining the GWSS and parasitoid colonies, it would be
desirable to be able to store the GWSS egg masses and parasitized eggs for use at a later date.

In the absence of an effective artificial diet and ovipositional rearing system for H. coagulata, current rearing methods all
require a constant supply of living plant materials.  The GWSS females mostly deposit eggs into the lower epidermis of host
plant leaves (Blua et al. 1999).  Thus, the physiological status of these egg-bearing leaves has a direct impact on cold storage
of GWSS eggs.  Some host plants preferred for oviposition by the GWSS do not survive when placed under low temperature
non-freezing conditions and subsequently, the developing insects also die (Leopold et al. 2002).  While some of the intact
host plant species survive cold storage relatively well, the space required for storing whole plants, each bearing a few egg
masses, would be impractical when rearing large numbers of insects.  Thus, many of the parameters that ensure vigor of the
host plant leaves or cuttings during cold storage are yet to be defined.

Previous studies on short-term cold storage of GWSS eggs showed that the GWSS eggs could hatch in part or all after
storage at 10º C for 1-6 days, but no eggs hatched after cold storage for more then 8 days at 10º C (Leopold et al. 2002).
Another preliminary experiment conducted by Andress at al. (2000) indicated 67%, 16 % and 1% survived after 1, 2, 3, days
respectively at 1ºC.  Also, it has been suggested that GWSS eggs collected from different seasons may have different cold
tolerance capabilities (Andress at al. 2000).  However, data regarding seasonal changes and the effect of long-term cold
storage on the development of the GWSS still remain unknown.

Although cold storage has been studied in many insects, there is still much to be learned about the effects of low temperatures
on insect parasitoids (River et al. 2000).  Two parasitoid wasps, G. ashmeadi and G. triguttatus, oviposit into GWSS eggs
and their wasp progeny emerge within 15-20 days at 22º C. In the absence of practical techniques for propagation the wasps
via artificial methods, the parasitoid wasps are mainly dependent on the provision of GWSS eggs collected in laboratory.
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Apart from the internal factors controlling development of the parasitoids, other conditions including the developmental stage
or age of the host, storage temperature, and humidity and lighting regimes may affect their development and/or survival.
Preliminary experiments were conducted at 2 and 5ºC in fully dark environment in 2002 using a relatively low number of
parasitized GWSS eggs (Leopold et al. 2002).  This report presents current progress on investigations determining the cold
tolerance of an ovipositional host plant and of parasitized and unparasitized eggs.

OBJECTIVES
1. Determine the effect of low temperatures on excised leaves and plant cuttings of host plants preferred by the GWSS for

oviposition.
2. Determine the cold tolerance of GWSS eggs over time and parasitism by wasps on eggs that have experienced storage.
3. Determine effect of cold storage and age of GWSS egg on the emergence rate of egg parasitoids.

RESULTS AND CONCLUSIONS
Objective 1. Effect of low temperatures on excised leaves and cuttings of host plants
Excised leaves and cuttings of euonymus plants (Euonymus spp.) were examined for cold tolerance in constant temperature

incubators set at 2, 5 and 10º C in the absence of light.  Leaves were placed into slits cut into a water-soaked sponge, while
all cuttings were placed vertically into plastic containers filled with water.  About 50% of the excised leaves stored at 5º C
survived for over 90 days, significantly longer than those stored at 2 or 10º C (Table 1).  After 2 months, >42% of the leaves
appeared chlorotic when stored at 2 ºC, 25% at 5º C and 75% at 10º C.  Further, many excised leaves stored at 10º C died
from the fungal or microbial infections. Euonymus cuttings generally lived longer than excised leaves.  The LT50 for the
cuttings ranged from 81 days stored at 10º C to nearly 100 days when stored at 5º C.  Some even survived for more than 160
days.  Cuttings stored at 10º C started to shed leaves after 7 weeks and were infected by bacteria or fungi after four weeks in
storage. When stored at 13 and 14º C, the leaves of euonymus cuttings containing GWSS eggs were mostly covered by
mildew after 30-35 days and were subsequently shed.  Currently we are testing the effects of low level light administered to
cold-stored cuttings and leaves using a short day photoperiod. We are also testing mildew retardants on cuttings placed in
cold storage.

Table 1. Survival time of Euonymus leaves and cuttings exposed to low temperatures.

Excised leaves Cuttings
Temp. N LT50

(days)*
Survival time

(Mean ± SE)**
Range

(days)
N LT 50

(days)*
Survival time
(Mean ± SE)**

Range
(days)

2 ºC 26 61.2 76.9 ± 3.0 a 64~112 20 84.5 96.3 ± 10.4  a 36~147
5 ºC 19 89.5 94.7 ± 6.1 b 64~134 15 99.1 104. 8 ± 9.9 a 40~165
10 ºC 16 60.0  74.4 ± 5.1 a   40~115  22  81.2 87.4 ± 4.4    b 48~110

* LT50 represented the storage time caused to kill 50% of the leaves or cuttings at a given temperature.
**Values followed by different letters in each column were significantly different (P < 0.05)

Objective 2. Cold tolerance of GWSS eggs over time and parasitism by wasps
To determine the effect of low temperature on the GWSS hatching and parasitism by the two parasitoids, GWSS egg masses
deposited on euonymus cuttings were stored at 12, 13 or 14ºC for varying lengths of time at 1-2 days post oviposition. After
being taken out of incubators, the egg masses were then exposed to either of the two wasps, G. triguttatus or G. ashmeadi, for
2 days at room temperature (22 ºC) and under a L 10: D 14 photoperiod.  Before statistical analysis, all data were square-root
transformed to correct non-normality because the number of eggs/mass size was not constant.  Of the GWSS eggs stored at
13º C for 20, 30, 35 or 40 days, eggs stored for 20 days had approximately 85% successful parasitism (Successful parasitism
is defined as the number of wasp offspring ×100 / the number of the GWSS eggs) (Figure 1).  The parasitism of the eggs
stored for 30 and 35 days was significantly lower than that of the control and those stored for 20 days.  Only 23% GWSS
eggs stored for 40 days were parasitized by G. triguttatus.  The percentage parasitism was negatively correlated to the storage
times of the GWSS eggs at 13º C (Figure 2).  The wasp, G. triguttatus, successfully parasitized nearly 42% and 39% of
GWSS eggs stored at 12 ºC for 30 and 40 days, respectively and only 2% for those eggs stored for 80 days (Figure 3).  After
storage at 14 ºC for 20 days, up to 89% GWSS eggs was parasitzed by G. triguttatus, significantly higher than those eggs for
40 days (29%) (Figure 4).
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Figure 1. Parasitism of G. triguttatus on GWSS eggs
submitted to different storage times at 13 ºC. Bars marked
by different letters represent significant difference (P <
0.05)

Figure 2. Relationship of the per cent emergence of G.
tiguttatus to storage time of the GWSS eggs at 13ºC
(F=61.1; df = 1, 70; P < 0.001)

Approximately 65% and 44% of the GWSS eggs stored at 14º C for 20 and 40 days, respectively, were parasitized by G.
ashmeadi (Figure 5) as compared to 92% for the control.  However, no wasp offspring emerged from those GWSS eggs
stored at 14º C for 55 days. After storage for 30 days, the parasitism of the GWSS eggs at 12º C was nearly 49%, and 29%
for 13 ºC (Figure 6).

During the process of stockpiling the GWSS eggs, we found that the eggs start to hatch in the incubator set at 14 ºC after 25
days. Within 30 days, approximately 65% eggs hatched (N= 169), and 84% (N = 74) after 40 days.  Nearly 36% of the 5-8
day-old eggs when placed in storage (N = 128) hatch within 40 days at 13º C, but only 2% of the 1-3 day-old eggs hatch after
storage for 50 days.  Since GWSS hatching occurs while in storage at 13º C and the parasitism rate and/or wasp progeny
emergence is low when GWSS eggs are held at 12º C, periods of 20 to 30 days may be reaching the limit for storage of viable
unparasitized eggs because of certain factors that are not evident at this time.
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Figure 3. Parasitism by G. triguttatus on GWSS eggs
submitted to different storage times at 12 ºC.  Bars
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Figure 4. Parasitism by G. triguttatus on GWSS eggs
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Figure 5. Parasitism by G. ashmeadi on GWSS eggs
submitted to different storage times at 14 ºC. Bars marked
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Figure 6. Parasitism by G. ashmeadi on GWSS eggs
stored at 12 and 13 ºC for 30 days.

Objective 3. Cold tolerance of GWSS eggs over time and parasitism by wasps
Based on the results of short-term storage (< 6 days) at 2 ºC conducted last year, we attempted to lengthen storage time of
parasitized eggs.  After storage for 20 days (N = 63) and 30 days (N = 299) at 2º C, the eggs parasitized by G. ashmeadi did
not emerge. Further, the eggs (N = 302) parasitized by G. triguttatus also did not emerge after storage for 30 days at 2º C.
Additional studies will be focused on testing temperatures between 4 and 6º C for storage of the parasitized eggs.
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INTRODUCTION
Parasitoid wasps in the families Mymaridae and Trichogramattidae are the most common natural enemies of the glassy-
winged sharpshooter (GWSS), Homalodisca coagulata (Say), in its native range (Turner and Pollard 1959) and in California
(Phillips 1998).  Among its natural enemies, three egg parasitoids, Gonatocerus ashmeadi, G. triguttatus, and G. morrilli are
important species being widely studied.  The egg parasitoid, G. ashmeadi, is a mymarid wasp that accounts for 80-95% of the
observed parasitism on the sharpshooter eggs in California (Phillips 2000).  In Texas, GWSS eggs were highly parasitized by
G. triguttatus throughout the year, but G. ashmeadi and G. morrilli were present in much lower numbers (Jones 2002).
Classical biological control typically relies on propagation of natural enemies via mass-rearing to accumulate large quantities
of beneficials for eventual release and establishment of field populations (Miller 1995).  In the absence of practical
techniques for propagation of the wasps via artificial methods, mass-rearing of these parasitoids mainly depends on a supply
of host eggs also produced by a mass-rearing system.

When mass-rearing and releasing parasitoids, such as G. triguttatus and G. ashmeadi, it is very important to understand the
fundamental biological characteristics of the insects including reproduction, development, and host-wasp interaction.  An
investigation by Jones (2002) showed that egg parasitism by Gonatocerus ssp. on GWSS eggs varied with respect to type of
plant the sharpshooters used as their ovipositional host in the field.  Furthermore, microscopic particles called brochosomes
are placed by the female GWSS around its egg masses Hix (2001), Rakitov  (2002).  Jones (2002) observed that these
brochosomes clearly slowed down the time that G. triguttatus spends in completing its oviposition on GWSS egg masses.
Irvin and Hoddle (2001) investigated egg age preference of  single G. triguttatus and G. ashmeadi females to GWSS eggs for
a period of 2 hours.  The interspecific competition for oviposition between these two wasps was also observed in laboratory
by Hoddle and Irvin (2002).  Other than these studies, little is known about the reproductive behavior of these species, the
development of these two wasps within the GWSS eggs parasitized at different ages, and effects of host plants and
brochosomes on wasp ovipositional behavior.  Further investigation on the behavior of these two wasps will be valuable in
maximizing their production for release as bio-control agents.

OBJECTIVES
1. Determine host-age preference of two parasitic wasps, G. triguttatus and G. ashmeadi for the GWSS eggs and to

investigate developmental time of two wasps within host eggs of different ages.
2. Determine the effects of host plants and brochosomes on the oviposition behavior of the two wasps.
3. Determine daily and lifetime fecundity of G. triguttatus and G. ashmeadi.

RESULTS AND CONCLUSIONS
Objective 1.  Host-age preference of two parasitic wasps
Multiple choice tests were employed to determine whether there is a host-age preference of G. triguttatus and G. ashmeadi
when given an array of GWSS egg masses from 0 to 5 days of age. Euonymus cuttings bearing the GWSS eggs were
collected daily and placed at room temperature (24 ºC) before the experiments began.  The egg masses representing the
different age groups were exposed to the caged (BioQuip-Bug Dorm) 2-5 day-old wasp colonies (230-250 individuals, sex
ratio unknown) for 48 hours at 24 ºC.  Our preliminary data on parasitism and wasp progeny emergence (Defined here as: the
number of parasitoids emerged from the GWSS eggs × 100/ the number of the GWSS eggs) shows that the two wasp species
had no host-age preference and that all ages of GWSS supported development of the wasp progeny (Table 1).  More than
91% the eggs of all ages, except for the 3-day old (72%), were parasitized by G. ashmeadi and produced wasp progeny.  For
G. triguttatus, the wasps parasitized >93% of 2-and 3-day-old eggs, and approximately 68% and 55% of 4-and 5-day-old
eggs, respectively.  Although the successful parasitism of the older eggs was lower, the extensive variation within a limited
number of egg masses showed no significant differences.  The data from a separate choice test further showed that G.
triguttatus and G. ashmeadi had no parasitism preference for the GWSS eggs of 6 or 7 days of age (Table 2).  More than 98%
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6-and 7-day-old eggs were parasitized by G. triguttatus and produced progeny.  Further, G. ashmeadi parasitzed
approximately 90% of 6-day-old and 72% of 7-day-old eggs.  That the two wasps successfully parasitized even 6-and 7-day
old GWSS eggs indicated the species had relatively wide range of host ages under laboratory conditions where the wasps out
number the available egg masses.  Interestingly, Table 3 shows that the developmental time of both species of wasps within
the GWSS eggs was significantly influenced by the age of GWSS egg at the time it used for oviposition by the wasp female.
Both wasp species took a significantly longer time to develop from egg to adult in young GWSS eggs (0 and 1day of age)
than within the older ones (4 and 5 days of age).  The results suggest that certain physiological and/or nutritional factors
within the older GWSS embryos may facilitate wasp development.

Objective 2. Effects of host plants and brochosomes on the oviposition behavior of wasps
Although the white powdery-appearing brochosomes clearly slowed down the time of G. triguttatus to complete oviposition
of GWSS egg masses (Jones 2002), our experiments found G. triguttatus didn’t show a clear choice when the brochosomes
were present or when they were physically removed from the GWSS eggs and then simultaneously exposed to ca. 230 wasps
for 48 hours (T-test, P= 0.772) (Figure 1). Approximately 94% eggs without brochosomes and 90% of the brochosome-
covered eggs were successfully parasitized.  Like G. triguttatus, G. ashmeadi also had no ovipostional preference for non-
brochosome- vs. brochosome-covered the GWSS egg masses within a colony of ca. 130 wasps (P= 0.624).  Further,  the
ovipositional host plants of the GWSS also had no impact on parasitism by the two wasps on the GWSS eggs (Figure 2).
There were no significant differences for preference in parasitism of eggs by G. triguttatus (P= 0.713) or by G. ashmeadi (P=
0.598) when  they were offered the choice of egg masses on either euonymus or chrysanthemum leaves.

Objective 3.  Daily and lifetime fecundity of G. triguttatus and G. ashmeadi
To determine the daily and lifetime fecundity of G. triguttatus females, we provided fresh GWSS egg masses on euonymus
leaves for wasp parasitism every day.  We found total life span of an ovipositing female was 25.0 ± 0.9 days (N=6), ranging
from 22 to 27 days.  It was observed that the female wasps essentially deposited eggs throughout their lifetimes (Figure 3).
The number of eggs produced by a female during her lifetime was 99.3 ± 5.6 (N = 6) and ranged from 83 to 120.  In the first
and second day, the each species of females laid nearly 15 and 14 eggs, respectively. From the third day on, the number of
eggs/day sharply plummeted, ranging from 2 to 6. The parasitism of the GWSS eggs within 3 days was higher than the other
days (Fig. 4).  Approximately 82% of  the available GWSS eggs (n =110) were parasitized in the first day, 76% of eggs (n =
102) in the second day, and 47% of eggs (n = 66) in the third day.  Parasitism during the rest of the days fluctuated between
1.4% and 29.4%.

Table 1. Parasitism by the two wasps, G. ashmeadi and G. triguttatus, on GWSS egg masses of different ages (Mean ± SE)
G. ashmeadi G. triguttatus

Age
(day)

No. of
egg

masses

No. of
eggs

%
Parasitism*

Range No. of
egg

masses

No. of
eggs

%
Parasitism *

Range

0 d 8 77 92.5 ± 3.0 77.5-100 5 49 71.7 ± 19.2 0.0-100
1 d 9 107 90.8 ± 5.4 51.6-100 7 92 84.1 ± 9.6 40.0-100
2 d 8 88 98.1 ± 1.3 91.3-100 3 57 94.4 ± 3.7 87.5-100
3 d 9 95 71.5 ± 14.2 0.0-100 6 113 93.2 ± 5.4 66.7-100
4 d 3 42 96.1 ± 4.0 88.2-100 5 52 68.3 ± 19.4 0.0-100
5 d 3 24 93.2 ± 3.5 88.9-100  4 67   55.0 ± 17.8    23.8-91.3

*Means were analyzed using one-way analysis of variance (ANOVA). Data were square-root transformed before
analysis. No difference was detected at the level of  0.05.

Table2. Parasitism by the two wasps, G. ashmeadi and G. triguttatus, on 6 day- and 7 day-old GWSS eggs  (Mean ± SE)
G. ashmeadi G. triguttatus

Age
(day)

No. of
egg

masses

No.
of

eggs

%
Parasitism *

Range No. of
egg

masses

No.
of

eggs

%
Parasitism *

Range

6d 5 67 90.4 ± 4.6 76.9-100 13 155 98.9 ± 7.7 90.9-100
7d 10 73   72.0 ±11.8   0.0-100   5  46 100  ± 0.0 -
*Means were analyzed using independent sample T test. Data were square-root transformed before analysis. No
difference was detected at the significant level of 0.05.
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Table 3. Developmental time of G. ashmeadi and G. triguttatus within GWSS eggs of different ages (Mean ± SE)

G. triguttatus G. ashmeadi
Age
(day)

n Developmental
time (day)

Range n Developmental
time (day)

Range

0d 205 18.0 ± 0.1 a 16 - 22 138 17.9 ± 0.2 a 13 - 21
1 d 327 17.7 ± 0.1 a 15 - 22 121 17.5 ± 1.3 ab 16 - 22
2 d 127 16.7 ± 0.1 bc 15 - 21 206 17.8  ± 0.1 abc 16- 23
3 d 108 16.6 ± 0.1 bc 16 - 19 205 17.2 ± 0.1 bc 14 - 21
4 d 34 16.7 ± 0.2 b 16 - 20 40 17.1 ± 0.1 c 15 - 19
5 d 40 16.4 ± 0.1 c 16 - 20 19 16.3 ± 0.1 d 15 - 17

F = 36.01 F = 6.69
df=5, 835 df =5, 723
P < 0.0001 P < 0.001

Means within a column followed by different letters are significantly different (P < 0.05, GLM in ANOVA (LSD).
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Figure 1. Parasitism of G. triguttatus and G.
ashmeadi on GWSS eggs covered with brochosomes
(blank) and no brochosomes (black).

Figure 2. Parasitism of G. triguttatus and G.
ashmeadi on GWSS eggs on euonymus (black) vs.
chrysanthemum leaves (blank).
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Figure 3. Oviposition (circles) and survivorship (solid line)
of G. triguttatus.

Figure 4.   Successful parasitism  by G.
triguttatus females on the GWSS eggs over their
lifetimes.
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INTRODUCTION
The glassy-winged sharpshooter (GWSS), the leafhopper principally responsible for the spread of Pierce’s disease on grape
in California, is the species Homalodisca coagulata.   This special capacity relates to the tissue upon which all sharpshooters
(leafhopper subfamily Cicadellinae) feed: xylem, and the invasive status of the GWSS in California. It is noteworthy that of
the 19 species in the genus, only one other species occurs in California and 18 species occur outside the USA (6 of these also
occur in the USA).  The genus is common in Mexico and also occurs southward through Central America, northern South
America, and southeastern Brazil and Paraguay.  That is, most species of Homalodisca, were they to reach California, have a
destructive potential equal to the GWSS regarding the grape industry.  The genus Homalodisca contains two other species
that are already known to vector phytopathogens and it is practically expected that all species in the genus have the capacity
to be, or become, serious vectors.  Clearly, in a situation like this, we need to be clear about which species we are studying.
The genus has never been revised.

Words are the tools of efficient communication and taxonomy is the vocabulary of species.  By linking information to genus
and species names, a classification of species becomes at once a very efficient system for storage and retrieval of information,
and hence for meaningful communication, and a predictive tool, provided that classification is sound.  Linking that
information to species names that may be based on misidentifications, or belong to entirely different genera, will only add
confusion to vector studies.  In order to communicate effectively about the GWSS and its congeners, it is essential that
everybody use the same names for the same species.

Access to all information on any group of organisms, including Homalodisca, is severely impeded by arbitrary generic limits,
multiple names for some species and no name for others, or the absence of authoritative identification tools, or all three
factors. The status of Homalodisca in this regard is below acceptable levels for a group of such economic importance.

OBJECTIVES
Broadly, the objective of the proposed research is to stabilize the classification of the genus Homalodisca so that all other
information gathered (host plants, ecology, physiology, genomics, etc., which are all identified as priorities in the PD
research program) can be linked to the correct names for meaningful communication.  This will be accomplished through
three major objectives:

1. Establish the limits of the genus Homalodisca though comparison to closely related genera, and the limits of all
species in the genus, determine their valid names, and describe new species as necessary.

2. Characterization of brochosome structure and related behavior to allow identification of egg masses and females for
most species.

3. Provide authoritative and electronically accessible identification aids and distribution data for all species, in addition
to a hardcopy publication of the Homalodisca revision.
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Also important for a revision is determining the relationship of Homalodisca to closely related genera.  This is presently
being addressed by Ph.D. student and proposal cooperator Daniela Takiya, with outside funding for four years and is
consequently not a major objective of this project.

RESULTS AND CONCLUSIONS
Objective 1. About 1,000 specimens of Homalodisca have been examined in detail and locality data has been extracted and
converted to decimal degree geographic coordinates for about 1,500 specimens.  Morphological comparison among
populations and species of Homalodisca has yielded a preliminary data matrix that will, when completed, be used to estimate
relationships among species.  At present, the species H. insolita appears to warrant its own genus, and the description of the
type species of Homalodisca appears to refer to the genus Propetes, and not congeneric with other species currently in
Homalodisca.  As international rules of nomenclature require that a genus name must remain linked to its type species, there
is a possibility that a new generic name may be needed to refer to the glassy-winged sharpshooter and its congeners. In June
2002, the first expedition of the project was conducted, in Costa Rica.  It was an enormous success, yielding two species of
Homalodisca with host and distribution data, oviposition behavior (recorded on film), and samples of egg masses for both.

This has enabled accurate illustration of color patterns (Figures 1, 2) which darken over time in
preserved specimens, fresh material for molecular analyses of Homalodisca, and more progress
in Objective 2.

Figure 1. Homalodisca icthyocephala, colors based on freshly captured specimen in Costa Rica.

Additionally, fresh specimens, hosts, oviposition behavior, egg samples, and two likely
parasitoids were obtained for several close relatives of Homalodisca.  These additional
collections will facilitate development of a more predictive classification and improve quarantine
efforts.

Figure 2. Homalodisca insolita, colors based on freshly captured specimen in Costa Rica.

Objective 2.  In Homalodisca and a few related genera, females coat egg masses with brochosomes, minute, hydrophobic
secretions of the Malphigian tubules that are only found in leafhoppers.  These egg-brochosomes differ markedly from
cuticular brochosomes and vary in structure among species. Postdoctoral fellow Roman Rakitov has now characterized the
brochosomes and brochosome-related behavior of seven species of Homalodisca and several of its close relatives,
particularly as a result of the team expedition to Costa Rica.

Objective 3. The identification aids and published revision of Homalodisca necessarily follow completion of Objectives 1
and 2.  An on-line, image-driven key will be produced and placed on the USDA/ARS Systematic Entomology Laboratory
server to maximize access and utility.  A traditional key to species will accompany the hardcopy generic revision.

Delimitation of the genus and its relationship to other genera presently is being conducted by Ph.D. student Daniela Takiya.
Because her analysis is based on molecules and morphology, obtaining fresh specimens of many sharpshooter genera is
crucial for this facet of understanding Homalodisca.  The fieldwork in Costa Rica has provided many specimens for her
study, including fresh material of Homalodisca and several close relatives, even new species and one new genus in the
process of being described.

FUNDING AGENCIES
Funding for this project was provided by the USDA Agricultural Research Service, Systematic Entomology Laboratory, and
the University of California Pierce’s Disease Grant Program.
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ABSTRACT
This study will examine the effect of host plant tolerance on the epidemiology of Pierce’s disease (PD), specifically on the
ability of the insect vectors to acquire Xylella fastidiosa (Xf) from plants considered tolerant to PD.  The examination of Xf
population and distribution in tolerant and susceptible plants, and its relationship to xylem anatomy, symptom development,
and bacterial acquisition by sharpshooters, may reveal what traits of a plant are important in the overall spread of PD.  Since
host plant resistance is an important component in the long-term goal of curing PD, it will be important to know how this
resistance affects the spread of PD in areas permanently infested with sharpshooter vectors.  This research will also assist
with the short-term goal of controlling the spread of PD by enabling growers to evaluate grape cultivars on their ability to
provide inoculum for vine-to-vine spread of Pierce’s disease. We will examine host plant resistance and its effect on the
ability of insects to be vectors of Pierce’s disease with two tools, GFP-expressing Xf and insect transmission of the pathogen.
Due to the short time available for experimentation, there are no substantive results available yet.

INTRODUCTION
The GFP-Xf retains typical virulence in grape, continually glows green when illuminated with blue light (Figure 1) and
allows examination of plant tissues without the extensive fixation required with electron microscopy (8). Alternate hosts of Xf
selected for their different patterns of Xf colonization following vector inoculation, lack of stem lignification, and absence of
green autofluorescence under blue light (Figure 2) are annual morning glory (Ipomoea purpurea ‘Grandpa Ott’), mugwort
(Artemisia douglasiana), sunflower (Helianthus annuus) and annual bur-sage (Ambrosia acanthicarpa) (6, 15). Grape
cultivars with varying tolerance to PD selected for evaluation are tolerant ‘Sylvaner’, moderately susceptible ‘Cabernet
Sauvignon’ and highly susceptible ‘Chardonnay’ cultivars of Vitis vinifera (11, 12). Both highly efficient blue green
sharpshooters (BG) and glassy-winged sharpshooters (GW) will be used to infect plants and assess the efficiency of insect
acquisition of Xf (1, 5, 10).

Anatomical comparisons between alternate hosts and grape cultivars will include measurements of vessel length and number,
and vascular bundle number and distribution based on the techniques of Tyson et al. (14), utilizing confocal rather than
electron microscopy, and Ewers and Fischer, modified to infuse the pigment via 100kPa pressure applied to the proximal end
of the cutting (4, 9).  We will evaluate primary vegetative growth rather than secondary xylem due to the difficulties in
sectioning, culturing from, and feeding BGSS on partially lignified stems.  GFP-Xf inoculation and colonization of all plants
will be measured similarly in all plants: groups of four GFP-Xf carrying sharpshooters will inoculate a 3-cm stem section, and
the plants will be evaluated for the presence of GFP-Xf approximately 8 weeks after inoculation.  Colonized vessels will be
counted, and populations estimated by culture on PWG media (2, 6).

We will evaluate GFP-Xf acquisition by sharpshooters from the alternate hosts and grape cultivars after completion of
anatomical characterization.  Insects will be caged on GFP-Xf inoculated sites for 4 days to acquire the bacteria, and then be
placed on another grape seedling for 2 days to determine their acquisition efficiency. Immediately following sharpshooter
feeding, the stem site will be examined with confocal microscopy and tested with culture.  Three stem cross-sections and
three 1-cm long longitudinal sections per site will be sectioned and suspended in 50% glycerol on a depression slide.  When
illuminated with blue or ultraviolet light, both GFP-Xf and the individual vessels are visible, and it is possible to determine
the proportion of vessels colonized, the extent of bacterial colonization inside them, and the distribution of colonized bundles.
Bacterial populations will be determined from remaining plant material of the same site, and symptom development and
severity will be assessed. Data analysis will include comparisons between species for the number, length and distribution of
xylem elements.  Since acquisition efficiency has been related to bacterial populations (7), we must separate the effects of
bacterial distribution and proportion of colonized vessels from the effect of bacterial population.  The number of plants we
can evaluate in a confocal microscopy session is a limiting factor.  A maximum of 90 observations per experiment will allow
examination of 5 inoculation sites for each of three species or cultivars.  Based on an average of 20.3 bundles per stem (in
annual bur-sage), we will be able to detect at least a 20% difference in Xf colonization with α = 0.05 and β = 0.10 (13).
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OBJECTIVES
1. Determine the relationship between the pattern of colonization of a plant by Xylella fastidiosa (Xf) and the ability of

that plant to be a source for bacterial acquisition by sharpshooter vectors.
2. Describe the bacterial colonization of asymptomatic weed species and grape varieties of varying tolerance to Pierce’s

disease using an Xf strain that continuously expresses green fluorescent protein.

RESULTS
We have just started work on the project, but have obtained the plants and equipment required for anatomical comparisons of
the various grape cultivars and alternate hosts.  Preliminary examinations of vascular tissue from mugwort and annual bur-
sage revealed typical primary vascular bundle anatomy in with wide interfasicular regions (3).  Initial observations showed
annual bur-sage (average 20.3, n = 4, SE = 1.1) and mugwort (average 17.8, n = 4, SE = 1.5) to have the approximately the
same number of vascular bundles, but different numbers of large elements within those bundles. Bur sage had an average of
21.4 vessels per bundle (n = 32, SE = 2.2) and mugwort had an average of 12.2 vessels per bundle (n = 20, SE = 1.2).
‘Cabernet Sauvignon’ grape and annual morning glory had continuous vascular cambium typical of dicotyledonous vines (3).
Annual morning glory had large vessels distributed evenly along the cambium and grapes had rays dividing the cambium, an
average of 48.4 rays per stem cross section (n = 4, SE = 1.2).  There were an average 5.9 large vessels per ray (n = 29, SE =
0.6).

CONCLUSIONS
Three things are required for the development of Pierce’s disease in grape: the pathogen Xylella, a sharpshooter insect vector,
and a susceptible plant host.  Using GFP-Xf, this research will systematically examine the interactions between plants and the
pathogen, and the role that host resistance plays in the ability of the vector to acquire Xf and spread Pierce’s disease.  Electron
and confocal microscopy with in situ DNA hybridization has shown Xf densely packed in individual vessels, with adjacent
vessels empty. Alternate hosts or tolerant grape cultivars with low overall populations may have just a few vessels
completely colonized with bacteria, so acquisition would be highly variable and dependant upon sharpshooters encountering
the few colonized vessels while feeding.  Research by Hill and Purcell (7) indicated that Xf acquisition by sharpshooters
increased along with bacterial populations in infected grapes.  If the proportion if colonized vessels has a similar positive
relationship to insect acquisition of Xylella, a relationship as in Figure 3 is expected.
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Figure 3: Proposed relationship between colonized vessels and Xf acquisition.
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Figure 1. GFP Xylella fastidiosa (green) inside
Inside vessels (red) of a grape petiole.

Figure 2. Longitudinal quinoa petiole
section showing xylem structure with UV
illumination.
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ABSTRACT
Glassy-winged sharpshooter (GWSS) population dynamics on young (5 years old) and old (20 years old) orange trees and
related biochemical mechanisms were investigated in a field experiment.  The numbers of GWSS were much higher on the
young trees compared to those on the old trees.  Levels of xylem asparagine, glutamine, threonine, valine, phenylalanine,
tyrosine, isoleucine, leucine, lysine, methionine and histidine were also higher in the young trees in comparison with those in
the old trees.  These results suggest that particular amino acids play critical roles in GWSS host selection.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) Homalodisca coagulata is an exotic insect pest in California and is an important
vector of Xylella fastidiosa that causes Pierce’s disease (PD) in grapes.  In California, citrus is an important host of GWSS
and the proximity of citrus groves to vineyards influences the incidence and severity of PD in grapes.  It is imperative that
effective control strategies be implemented to curb the spread of the vector – vital to this would be to establish the host plant
range of the GWSS and to determine the physiological and biochemical mechanisms for host selection.  We previously
reported GWSS host selection between lemons and oranges and related plant xylem chemistry.  Here we report GWSS host
selection between young and old orange trees and the potential role of amino acids in the host xylem fluid in host selection.

OBJECTIVES
1. Investigate the seasonal population dynamics of GWSS on young and old orange trees.
2. Determine amino acid levels of the xylem fluid upon which the insects feed.

RESULTS
An orange grove at Newhall Ranch, Piru, Ventura county was used for the experiment.  Young and old orange trees (cv.
Valencia grafted on Carrizo) in neighboring blocks were used.  The young trees were planted in 1997 while the old trees were
planted in 1973.  Twenty trees were randomly selected from each block to monitor GWSS population dynamics and fifteen of
them were used to extract xylem fluid.  A bucket-sampling device was used to sample both immature and adult GWSS.
Population dynamics of both adult and immature GWSS was monitored on a bi-weekly basis throughout the season.  Xylem
fluid in one-year old stems from each of the trees was collected bi-weekly to determine levels of free amino acids.

Adult GWSS numbers on young oranges were highest during October 2002 and a smaller peak was observed from mid-
November 2002 to mid-February 2003 (Figure 1).  The numbers were near zero after March 2003.  The adult numbers on old
oranges peaked from early-September to late October 2002. The adult numbers were up to 6.53-fold higher during peak
population period on young trees in comparison with those on old trees.  Peak immature GWSS counts on young trees
occurred in early September 2002 and dropped to zero after late-October 2002, whereas the immature numbers on old trees
were very low during this same interval (Figure 1).  Throughout the experimental season, levels of xylem asparagine,
glutamine, threonine, valine, phenylalanine, tyrosine, isoleucine, leucine, lysine, methionine and histidine were consistently
higher in the young trees.  In contrast, the levels of other protein amino acids such as proline, glycine, serine, arginine,
alanine, cysteine, glutamate and aspartate did not show a similar consistent difference in the young and old trees (Figures 2a
and 2b).  These results are consistent with our previous findings of GWSS host selection between lemons and oranges.

CONCLUSIONS
In an orange grove in Ventura county with both young and old trees growing together in adjacent blocks, more GWSS adults
and immatures occurred on young trees than on old trees.  Levels of the amino acid asparagine, glutamine, threonine, valine,
phenylalanine, tyrosine, isoleucine, leucine, lysine, methionine and histidine were consistently higher in the xylem fluid of
young trees and possibly play important roles in GWSS host selection.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.
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REPRODUCTIVE BIOLOGY AND PHYSIOLOGY OF FEMALE HOMALODISCA COAGULATA

Project Leaders:
Frank G. Zalom Christine Y.S. Peng
Department of Entomology Department of Entomology
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Department of Entomology Department of Entomology
University of California University of California
Riverside, CA 92521 Davis, CA 95616

Reporting Period: The results reported here are from work conducted from January 2003 to October 2003.

ABSTRACT
Female and male GWSS have been collected from July 2001 to October 2003, at monthly or bimonthly intervals, from citrus
hosts at UC Riverside Ag Operations.  A sub-sample of 10 females per month was dissected to determine ovary rank of the
specimens collected.  Dissections of these female specimens revealed repeated patterns related to the proportion of
previtellogenic females in the field.  These patterns indicated 2 distinct generations each year with a possible third generation
late in the season.  The results are currently being compared to patterns observed in samples from Tulare County, California.
A host plant study, completed in the summer 2002 in which adult male and female Homalodisca coagulata were caged on
grape, citrus, and oleander, has suggested differences in female fecundity and offspring survival.  SEM and TEM studies are
in progress in order to describe both sensory structures on the ovipositor and the process of vitellogenesis.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say), is a serious pest of many trees and vine crops
(Turner and Pollard 1959, Nielson 1968).  The GWSS is of primary concern to California growers because of its capacity to
vector the bacterium, Xylella fastidiosa, which causes vascular disease in a number of crops, including grapes, citrus and
almonds, and landscape plants, including oleander and mulberries (Meadows 2001, Hopkins 1989, Purcell and Hopkins
1996).  An adult GWSS need only acquire X. fastidiosa once while feeding on an infected plant to then become a vector of X.
fastidiosa for the remainder of its life (Frazier 1965, Purcell 1979, and Severin 1949).

Little is known about the reproductive biology of the GWSS.  It has been reported that GWSS has two generations per year in
Southern California (Blua et al. 1999).  Oviposition occurs in late winter to early spring, and again in mid-to-late summer.
Adult females can live several months and lay their eggs side by side in groups of about 10, ranging from 1 to 27 (Turner and
Pollard 1959).  The greenish, sausage-shaped eggs are inserted into the leaf epidermis of the host plants.

Our research is focused on the reproductive morphology and physiology of the GWSS.  We are examining the seasonal
differences in female GWSS reproduction between summer and overwintering populations by studying oögenesis cycles.
This knowledge is important in determining how GWSS might choose plant hosts in the landscape, which and why these host
plants are particularly good for GWSS ovarian development, and finally how control measures might best be implemented
based upon season and stage of reproductive development.  Better knowledge of reproductive biology might also lead to
better decision support including improved choices and timing of chemical or non-chemical approaches to GWSS control.

OBJECTIVES
1. Collect and prepare GWSS specimens for studying the morphology and anatomy of females.
2. Study and describe the sensory structures located on the female ovipositor.
3. Characterize the reproductive cycle of female GWSS in Riverside, California.
4. Study effects of location on female GWSS reproductive cycle.
5. Study effect of host plant type of female GWSS fecundity.

RESULTS AND CONCLUSIONS
Oögenesis Study
Female and male GWSS have been collected from July 2001 to October 2003.  Samples were taken on monthly or bimonthly
intervals.  Dissections of female specimens collected from citrus hosts at UCR Agricultural Operations have revealed
repeated patterns related to the proportion of previtellogenic females in the field (Figure 1).  Dissected specimens were
ranked according to ovary development state (stages 0-8) and then these categories were grouped to determine the proportion
of previtellogenic, vitellogenic, and postvitellogenic females in the field.  Patterns in the proportion of previtellogenic
females indicate two distinct generations each year with a possible third generation late in the season.  In 2001, an upward
trend in the proportion of previtellogenic females was observed to begin in September with a peak in the proportion of



previtellogenic females occurring in October.  In 2002, peaks in the number of previtellogenic females were observed in June
and October with a slight peak appearing in December.  In 2003, we have observed one distinct peak in the proportion of
previtellogenic adults in June and are currently observing an increase in the proportion of previtellogenic adults in our
September 2003 samples. Currently, 10 specimens have been dissected for each sampling date, and we are dissecting 10
additional specimens from each sampling date to expand our sample size to a total of 20 specimens per sampling date
(Figure 2).  Histological studies of the specimens from the female oögenesis study are being investigated to verify the data
collected from the dissections.

Effect of Location on Number of Generations Per Year
Specimens were collected from October 2002 to May 2003 in Piru (Ventura County), California.  The insect population
unexpectedly disappeared in June 2003, and has since failed to reappear in our weekly sampling.  Samples are now being
taken at an alternate field site in Porterville (Tulare County), California, with sampling beginning in October, 2003.

Host Plant Study
The preliminary data of our host plant study in summer, 2002 suggested a potential difference in female fecundity on the
different plant species. For this study, adult female and male GWSS were caged on citrus, grape, or oleander, and allowed to
mate and oviposit on the plants.  We were successful in promoting oviposition and in rearing GWSS from egg to adult stage
on all three host plant types.  A preliminary analysis of these data indicated a significant difference in the number of egg
masses produced on each of these host plants, with citrus hosting the most oviposition, followed by grapes and then oleanders
(Figure 3).  The total number of offspring successfully maturing to the adult stage was greatest on citrus and lowest on grape
(Figure 4).  The sex ratio of the offspring that survived to become adults (Figure 4) differed by plant type.  The proportion of
male and female offspring was significantly different on oleander, while remaining nearly 50:50 on citrus and grapes.  This
experiment is currently being repeated on the late summer, overwintering generation of GWSS in citrus.  This experiment
will also be repeated in the spring using first generation adults.  We hope to determine if oviposition preferences change, and
if production of male versus female offspring is variable in the different generations.

Electron Microscopy Studies
A TEM study will be performed using insects reared at a site to be determined.  This study will be initiated in February of
2004.  Specimens will be reared on two different host plants (citrus and basil), and subsamples will be taken daily for the
purpose of TEM study.  This will result in a detailed study of the vitellogenesis cycle of the female GWSS.

SEM study of the ovipositor has been carried out since September 2003.  The initial SEM sessions have revealed sensory
structures on the first, second, and third valvulae of the ovipositor.  A number of sensory hairs are also located on the pygofer
of the female.  TEM is necessary to determine the exact type of sensilla present.  The external morphology suggests that these
structures include various types of mechanoreceptors and chemoreceptors.

In conclusion, our study of the oögenesis cycle will provide better definition of the timing and number of generations of H.
coagulata in California.  Together with our study on the effect of host plant on female fecundity and sex ratio of offspring,
resulting data will contribute to the available knowledge base on environmental and host plant influences on female
development and reproductive success.  Ultimately, this will lead to a greater understanding of factors important to successful
control of H. coagulata populations by chemical and biological means.
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Figure 1. Proportion of previtellogenic (green), vitellogenic (yellow), and postvitellogenic (red) adult female H.
coagulata per month, according to dissections (July 2001 to September 2003), collected from citrus plants located at
the University of California, Riverside, Agricultural Operations.
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Figure 2. Number of dissections completed per month (July 2001 to September 2003) of female H. coagulata
collected from citrus plants at the University of California, Riverside, Agricultural Operations.
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Figure 3. Mean number of egg masses per plant, obtained from female H. coagulata collected from citrus at UCR
Agricultural Operations and reared in the greenhouse on grape, oleander, or citrus (3 July 2002 to 7 November
2002).

Figure 4. Total number of adults per each host plant type (totaled over all replicates), hatched from egg masses of
female H. coagulata collected from citrus at UCR Agricultural Operations and reared in the greenhouse on grape,
citrus, and oleander (3 July 2002 to 7 November 2002).
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IDENTIFYING GENETIC TARGETS FOR GLASSY-WINGED SHARPSHOOTER CONTROL:
AVAILABLE GENETIC DATASETS FOR THE GLASSY-WINGED SHARPSHOOTER

Project Leaders:
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U.S. Horticultural Research Lab
Ft. Pierce, FL  34945

ABSTRACT
Genes identified from the glassy-winged sharpshooter, GWSS, (Homalodisca coagulata) are available on NCBI, ESTdb.
Posted by Dr. Wayne Hunter at the U.S. Horticultural Research Laboratory, Ft. Pierce, FL.  More genes are scheduled to be
released by March 2004.  Examples of the data construction, protocols, and BLAST results are presented.  One set of genes
identified was “Heat Shock Proteins”.  Eight unique genes for hsp20.8, hsp70, hsp90, hsp83, and others had a significant
identity to heat shock proteins described from Drosophila, and other insects.  The assembled sequences averaged just over
1,100 base pairs, with the longest being 1,361 bases.  The identification of genes being expressed in adult GWSS and their
putative functions in relation to stress, adverse environmental conditions, biology and development were categorized using
the Gene Ontology classification resulting in genes for  Cell communication, cell adhesion, cell signaling, cell death, cell
differentiation, cell growth/maintenance.  Developmental genes- Aging, cell differentiation, larval development,
morphogenesis, Organs- eye, gut, heart, imaginal disc development, muscle, nerves, and tracheal system.  Reproduction.
Carbohydrate utilization and metabolism, transport, enzymatic pathways, cuticle biosynthesis and others.  These cDNA
libraries provide important information on thousands of potential genetic targets which may be used to develop methods
aimed at reducing GWSS populations, and will increase our understanding of sharpshooter biology.

EXPANDING THE GENETIC TARGETS FOR SHARPSHOOTER CONTROL:
GENETIC DATASETS FOR SHARPSHOOTERS THAT TRANSMIT PIERCE’S DISEASE

Project Leaders:
W.B. Hunter
U.S. Horticultural Research Lab
Ft. Pierce, FL  34945

P.M. Dang
U.S. Horticultural Research Lab
Ft. Pierce, FL 34945

C. Tipping
U.S. Horticultural Research Lab
Ft. Pierce, FL, 34945

R. Mizell
University of Florida
North Florida Research and Education Center
Quincy, FL  32351

ABSTRACT
Identification of genes and proteins isolated from the sharpshooter, Oncometopia nigricans are aiding our understanding of
important genetic variations between leafhopper species which spread Pierce’s disease.  Presently 13,124 expressed
sequences, culminating into the identification of ~4,649 unigenes for sharpshooters, O. nigricans and GWSS.  These were
represented in 1,229 assembled gene clusters, with 659 gene clusters being made up of sequences from both species leaving
~53% displaying specie uniqueness.  Of the remaining 3,420 singlets. ~67% of the sequences belonged to the GWSS and ~33
% to O. nigricans.  Gene frequency comparisons are now being completed and are being used to examine genetic similarities
and differences between sharpshooters.  Through gene frequency analysis it may be possible to determine important
differences in the biology of sharpshooters to better understand their developmental biology, feeding and host plant
utilization, as well as specific pathogen interactions.  With this broad approach to sharpshooter management and
understanding, new and more specific methods of control may be developed and implemented against these important
economic insect pests to reduce the impact of Pierce’s disease.
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UNDERSTANDING GLASSY-WINGED SHARPSHOOTER FEEDING:  GENE EXPRESSION
IN GLASSY-WINGED SHARPSHOOTER SALIVARY GLANDS AND MIDGUTS

Project Leaders:
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P.M. Dang
U.S. Horticultural Research Lab
Ft. Pierce, FL  34945

E. Backus
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Department of Entomology
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D. Morgan
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ABSTRACT
To better understand the dynamics of sharpshooter feeding, a gene expression library was made from specific tissues isolated
from adult glassy-winged sharpshooter, GWSS, (Homalodisca coagulata) salivary glands and midguts.  The putative proteins
identified from these tissues are listed in the following table:‘GWSS Salivary Gland library.’

A list of some of the “Matches”  Significant identity by BlastX search:
Carbonic Anhydrase CDC-like Kinase ADP/ATP translocase
Ferritin ATPase Apolipoprotein
Stretchin Insecticyanin Form A, B Aliphatic lipid binding protein
Gluthione transferase Lysosomal thiol reductase Laccase 1
Catalase FingerProteins Serine Protease
Biliverdin (Lipocalin) Chitinase
Protein Kinase Initiation factor Fibromodulan
Phosphopyruvate (enolase) Histone Defensin A, C
Aldose 1-epimerase Proline oxidase (dehydrogenase) Polyubiquitin Protein
Lysine-deficient Kinase Cytochrome P450 Inositol polyphosphate phosphatase
Lipase NEFA interacting Nuclear Protein Zuotin related Factor 1
α-2 platein precursor NADH-dehyerogenase Troponin-C
Transposase Glutaredoxin Amino Acid Transporter
Proprotein Convertase Juvenile hormone esterase Splicing Factor, Sfrs7
Deoxyribonuclease Synaptic Nuclear Envelope 1 Cytochrome oxidase
_______________________________________________________________________________

Some of the identified genes and their putative protein functions are discussed.
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GLASSY-WINGED SHARPSHOOTER’S POPULATION DYNAMICS AS A TOOL FOR
ERADICATING GLASSY-WINGED SHARPSHOOTER POPULATIONS
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Riverside, CA 92521

Peter Andersen
Southern Region Pest Management Center
University of Florida
Quincy, FL 32351

Reporting Period: The results reported here are from work conducted from September 2003 through November 2003.

ABSTRACT
Unlike other insect pests, the glassy-winged sharpshooter (GWSS) threat is associated with its ability to vector a variety of
Xylella fastidiosa strains, one of which causes PD in grapes.  That GWSS feeds on xylem fluids is probably the reason why
adult GWSS are able to feed on a remarkable range of host plant species: they avoid secondary plant compounds, and
develop dense populations, particularly on several Citrus species.  The insect’s high mobility contributes to the efficiency in
vectoring X. fastidiosa.  The insect is likely to establish generally in the State and transmit several forms of X. fastidiosa that
affect other important perennial crops, e.g., almonds, olives, and stone fruits.  These characteristics imply that to disrupt X.
fastidiosa transmission and prevent X. fastidiosa epidemics, GWSS population densities need to be driven to be exceedingly
scarce (Redak, 2001).  Commonly accepted control measures, albeit useful in slowing the spread of such epidemics, are
unlikely to drive GWSS densities low enough to completely disrupt transmission.  This study will provide the information to
determine whether it is possible to devise a control tactic and strategy along with its temporal and spatial scale that, when
applied at the scarcest density of GWSS population i.e., its weakest point in the annual cycle, has the potential to eradicate
local GWSS populations.

OBJECTIVES
This project seeks to provide information about GWSS’ spatial and temporal dynamics involving its annual population cycle
on its dominant host species.  We seek to identify periods in this cycle during which selective control measures appropriately
applied might drive the GWSS population below its critical density, thus leading to its local extinction.  To fulfill this goal,
we propose the following objectives:

1. Expand our current studies to follow GWSS population dynamics at a landscape level, including urban areas, using
our whole host plant sampling technique.

2. Determine the relative contribution of the principal host plants to the adult GWSS production in each generation.
3. Determine whether correlations exist between GWSS’ population dynamics on a host and the host’s xylem chemistry

that explain GWSS’ variable performance seasonally on different host plants.
4. Use this information to identify critical periods during GWSS’ annual cycle where selective control strategies might

drive its local populations nearly extinct.

RESULTS AND CONCLUSIONS
Our current work suggests that a period exists during GWSS’ annual cycle where its populations are likely to be close to their
minimum viable population size (MVP).  In particular, on citrus and in California, GWSS appears to have a single (effective)
generation per year.  A second generation, albeit present at high densities during the egg stage (Figure 1), contributes very
few nymphs Figure 2) and adults to the population.  Approximately 1.3% of the total annual adult production arises from
these eggs (Figure 3).  Although the source of this egg and nymphal loss still needs to be explored, we have measured egg
parasitism ranging from 78% to 92% of the eggs during the second half of the year.  It is at this point that the population’s
annual cycle is vulnerable to a selective control measure tailored to drive the GWSS population below its MVP, and possibly
leading to its’ local eradication.  We are in the first stages of field data collection and results are not available to be presented
at the time of this report.
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Figure 1: Egg densities per tree on orange trees (orange) and lemon trees (yellow).
Data from Ali Al-Wahaibi and Joseph Morse.
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Figure 2: Nymphal production per tree (all stages) on orange trees (orange) and lemon trees (yellow).
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Figure 3: Adult production per tree on orange trees (orange) and lemon trees (yellow).
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INTRODUCTION
The primary focus of this research is the description of glassy-winged sharpshooter (GWSS) preference, egg deposition, age
structure, population dynamics and levels of natural regulation on different host plants in urban / agricultural interface in the
SJV where untreated populations serve as an inoculum source for nearby vineyards and citrus.  We will also test sampled
GWSS, from selected host plants and ecosystems, for the presence of Xylella fastidiosa.  This work will aid researchers
currently mapping out PD and X. fastidiosa sources in the San Joaquin Valley.

A description of GWSS biology and ecology on host plants in urban areas of the SJV will help understand GWSS seasonal
movement and infestation foci.  For example, information on the abundance, host plant use, and seasonal dispersal patterns of
resident sharpshooters (e.g., blue-green sharpshooter) (Goodwin & Purcell 1992, Perring et al. 2001).  The same critical
information for GWSS is lacking for the SJV.  This work will provide a needed baseline on resident natural enemies of
GWSS in the SJV and their contribution to GWSS mortality.  Information on GWSS movement and host plant succession in
the SJV may also be useful for modification of surrounding vegetation or traps crops can potentially suppress GWSS
movement into a vineyard.

OBJECTIVES
1. Determine glassy-winged sharpshooter (GWSS) biology and ecology throughout the season, particularly its age

structure on and utilization of the different host plants that represent common breeding or dispersion refuges for GWSS
in the San Joaquin Valley.

2. Determine the presence of Xyella fastidiosa in GWSS collected from different host plant species and in selected
ecosystems in the San Joaquin Valley.

3. Begin to evaluate predator release as an additional suppression tactic.

RESULTS AND CONCLUSIONS
We categorized GWSS age structure, ecology, and resident natural enemies (particularly predators) on different host plants
common in the SJV from spring through winter 2003.  Our methodologies included a controlled experiment using potted host
plants to test the preference of resident GWSS and natural enemy populations to different host species, and field surveys for
GWSS of different host plants in untreated urban regions in Kern County.  Potted (6.6 L) plants were used to provide a
replicated array of similarly-conditioned (e.g., age, size, irrigation) GWSS host species.  These preference studies were
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conducted in an unsprayed, GWSS infested citrus orchard, and two unsprayed residential areas in Bakersfield, California.
Perennial species included ivy, photinia, citrus, gardenia, privet, euonymus, hibiscus, agapanthus (lily of the Nile), grapevine,
crape myrtle, eucalyptus, and oleander.  Annual (or weed) species included prickly lettuce, little mallow, annual sowthistle,
coast fiddleneck, common groundsel, London rocket, fox tail brome, lambsquarters, blue grass, and shepperd purse.  Both
perennial and annual species were set in a randomized block design (3 blocks each in the citrus orchard and residential area),
with data analysis separate within each category.  GWSS eggs, nymphs and adults and GWSS predators and parasitoids were
counted weekly from late-March through October 2003.

Results show GWSS seasonal-long densities were influenced by host plant species, with a significant difference (ANOVA, P
< 0.001) among host plants, for both perennial and annual categories, in the numbers of GWSS adults, egg masses, nymphs
and natural enemies.  Results are provided for perennial host plants in the citrus orchard, which had the highest GWSS
densities and provided the best data on host plant preference. Figure 1 shows a 20-fold difference in the number of GWSS on
ivy, the least preferred host planted tested, and grape, the most preferred.  The data show a similar pattern for GWSS adults
(Figure 2) and nymphs (Figure 4).  These data represent seasonal averages, and, therefore, the host plant densities are biased
towards those host species that were preferred in June and July, when GWSS densities were the highest in this plot.
Interestingly, GWSS egg mass density (Figure 3) was not related to adult or nymph density (P=0.25, r2=0.03; P=0.35,
r2=0.01, respectively).  We conclude that GWSS adults have oviposition preferences that may be different from the nymph
feeding preference.  For example, GWSS nymphs were significantly more common on oleander, which had few GWSS egg
masses, than citrus, which had the most GWSS egg masses.  We believe this difference is a result of both GWSS adults and
nymphs switching among host plants for better food resources throughout the season (e.g., Luck et al. 2001), and to a
disparate level of predator and parasitoid activity.

Within each array of potted host plant species, plants were close enough to each other that GWSS adults could fly and
nymphs hop between adjacent host plants.  Citrus was the more preferred overwintering host plant, however, during the
summer months there was a clear preference for crape myrtle for egg deposition and feeding.  The most obvious differences
between egg deposition and nymph abundance were with oleander, which had few eggs masses (Figure 3) and many nymphs
(Figure 4), and euonymus or Photinia, which had the opposite abundance pattern.

Another possibility is disparate egg and nymph mortality among treatments.  Support is found in the significantly positive
relationship between the number of spiders found, the most common predator group, and the number of GWSS egg masses
(P < 0.001, r2=0.28); in contrast, there was no relationship between the density of egg masses and either GWSS nymphs (P =
0.20, r2=0.014) or adults (P = 0.78, r2=0.001).  These results suggest that natural enemies of eggs (Triapitsyn et al. 1998) and
small nymphs significantly reduced the GWSS population between the egg to the nymphal stage.  On the potted host plants,
we found a season-long “egg mass” parasitism rate of 44%; when an egg mass was attacked most of the eggs were
parasitized (there were an average 13.8 eggs per egg mass).  A subsample of emerged parasitoids shows Gonatocerus
ashmeadi and G. triguttatus present.  Results also suggest that parasitoid and predator densities tract GWSS density. Abiotic
and biotic mortality factors accounts for a reduction of ca. 3.9 eggs to 0.22 large GWSS nymphs per plant.

Similar data were collected for the described replicated blocks of perennial and annual host plants at three locations.  These
data have not yet been analyzed; however, GWSS densities at these sites were low and it is unlikely that clear separation of
GWSS host plant preferences will be found.

Surveys of three urban areas in Bakersfield, CA were made to determine GWSS and natural enemy host plant relationships.
Data are still being processed.  Initial observations show GWSS host plant preference in urban settings followed a similar
pattern as in our controlled experiment, with GWSS preference for carpe myrtle, euonymus, photinia, crab apple and
Xylosma.  GWSS nymphs were commonly found on all these species, as well as oleander.  During the GWSS surveys, egg
masses are collected to determine parasitoid species composition and activity.  Similarly, predator species and density are
recorded.  During the urban survey, more than 800 predators were collected, identified to family or genus, and stored at -
80ºC.  These specimens are currently being processed by Dr. James Hagler with immunologically-based assays that employ
pest-specific monoclonal antibodies (MAbs) that can be used in an ELISA to identify the key predators of GWSS (Hagler et
al. 2001).

During the urban surveys, we collected plant material (e.g., potential vector host plants) and potential insect vectors to
determine the incidence of X. fastidiosa in different geographic regions.  This material is being stored at either -80ºC (plant
material) or in acetone (insects).  Before we begin to process this material, we have practiced extraction techniques on
infected almond and grape plant material and sharpshooters that were exposed for 2-3 days to infected plant material.  These
“known” positives were analyzed for X. fastidiosa presence using immunocapture DNA extraction procedures, developed by
the Purcell (UC Berkeley), Kirkpatrick (UC Davis), and Blua (UC Riverside) laboratories, and their help is gratefully
acknowledged.  Initial results show nearly 100% of positive plant material was found to be positive for X. fastidiosa DNA;
>50% of the positive insect material was found to be positive for X. fastidiosa presence.  Results suggest that our initial
proposal of identifying levels of infected GWSS from different host plant species may require 1000s of insect samples.  For
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this reason, we will change methodologies in 2003 to determine first X. fastidiosa presence in resident host plants, and then
cage and collect GWSS on these plants.
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Figure 1. Average densities (± SEM) of GWSS (nymphs
and adults) were significantly different among perennial
host plants, Tukey’s HSD at P < 0.05.

Figure 2. Average densities (± SEM) of GWSS adults
were significantly different among perennial host plants,
Tukey’s HSD at P < 0.05.
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Figure 3. Average densities (± SEM) of GWSS egg
masses were significantly different among perennial host
plants, Tukey’s HSD at P < 0.05.

Figure 4. Average densities (± SEM) of GWSS nymphs
were significantly different among perennial host plants,
Tukey’s HSD at P < 0.05.
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Figure 5. Average densities (± SEM) of GWSS separated
by development stages, Tukey’s HSD at P < 0.05.

Figure 6. Average densities (± SEM) of spiders were
significantly different among perennial host plants, Tukey’s
HSD at P < 0.05.
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Project Leader:
Mark Hoddle
Department of Entomology
University of California
Riverside, CA 92521

Cooperator:
Nic Irvin
Department of Entomology
University of California
Riverside, CA 92521

Reporting Period: The results reported here are from work conducted from March 2003 to October 2003.

ABSTRACT
Interspecific competition between G. ashmeadi, G. triguttatus and G. fasciatus for GWSS egg masses was investigated in the
laboratory using three experimental designs. Overall parasitism by G. ashmeadi was consistently higher (up to 76.0%)
compared with G. triguttatus and G. fasciatus, for all three experimental designs.  Exposing females to individual egg ages
(1, 3 or 5 days) showed that G. ashmeadi parasitized a significantly higher (48.1%) proportion of GWSS eggs compared with
G. triguttatus, whereas when females were exposed to all egg ages simultaneously, parasitism by G. ashmeadi and G.
triguttatus was equivalent.  Results from visual observations showed that G. triguttatus allocated a significantly higher (up to
36.4% and 22.9%, respectively) proportion of time to resting/grooming, compared with G. ashmeadi and G. fasciatus.
Gonatocerus fasciatus spent a greater (19.6% and 9.6%, respectively) proportion of time off leaves with GWSS egg masses
compared with G. ashmeadi and G. triguttatus. Gonatocerus triguttatus parasitized a significantly higher proportion (25%)
of GWSS eggs compared with G. fasciatus, whereas time allocated to oviposition by each species was equivalent.
Gonatocerus ashmeadi and G. triguttatus demonstrated aggressive behavior towards congeneric competitors for GWSS egg
masses, whereas no aggressive behaviors were observed for G. fasciatus.  The implications of these results for interspecific
competition and biological control of GWSS by these three mymarid parasitoids are discussed.

INTRODUCTION
Gonatocerus ashmeadi has been resident in California since 1978 and genetic studies indicate it is native to the southeast
U.S.A. and probably accompanied H. coagulata from its home range in the southeast U.S.A. Gonatocerus triguttatus has
been imported from eastern Texas and released in California since 2001, while G. fasciatus was liberated in 2002 (CDFA,
2003).  All three Gonatocerus species are mymarid parasitoids that attack GWSS eggs.  The introduction of more than a
single natural enemy to control a target pest as part of a classical biological control program may induce interspecific
competition and result in either competitive exclusion or coexistence (Zwolfer, 1971; Myers et al., 1989).  Coexistence of
natural enemies can potentially lead to the disruption of biological control because interspecific competition can result in
lower densities of the more efficient parasitoid which causes pest populations to be higher than what would occur with the
more efficient species acting alone on the target population (Briggs, 1993; Rosenheim et al, 1995). A better understanding of
the competitive interactions between G. ashmeadi, G. triguttatus and G. fasciatus for GWSS egg masses may provide insight
into predicting and interpreting field outcomes following the establishment and proliferation of G. triguttatus and G. fasciatus
in California, as they compete with the already well established and widely distributed G. ashmeadi.  Irvin and Hoddle (2002)
demonstrated that competition outcomes from laboratory studies can be contradictory and results greatly varied depending on
the experimental designs used and the questions being addressed. Therefore, the following investigations were conducted to
investigate which Gonatocerus parasitoid species is most competitive using three different experimental designs that varied
GWSS egg age and egg density available for attack.

OBJECTIVES
Investigate interspecific competition between G. ashmeadi, G. triguttatus and G. fasciatus for GWSS egg masses of varying
age and density.

RESULTS
Three experimental designs were used: the first involved exposing approximately 30 GWSS eggs of known age to one mated
female G. ashmeadi, G. triguttatus and G. fasciatus (~24 hrs of age) for 24 hours in a 3 inch ventilated vial cage at 25oC.
This was repeated for eggs one, three and five days of age.  The second experiment involved the above procedure, but
exposed approximately 15 GWSS eggs of each age category (total of ~ 45 eggs), simultaneously to one mated female of each
species. The third experiment involved exposing one egg mass (3-6 eggs and 24-48 hours of age) simultaneously to one
mated female of each species searching together for one hour in a single 2 inch Petri-dish lined with moist filter paper.
Visual observations for aggressive behavior were made every 5 minutes during the third experiment and behaviors at the
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observation point were recorded for each female.  All experiments were replicated 20 times.  The proportion of GWSS eggs
parasitized by G. ashmeadi, G. triguttatus and G. fasciatus was calculated for each experiment and compared between
species using Friedman’s Chi-Square.

Overall parasitism by G. ashmeadi was consistently higher (up to 76.0%) compared with G. triguttatus and G. fasciatus for
all three experimental designs (Figures 1-4).  These results suggest that female G. ashmeadi may be more ‘aggressive’ than
G. triguttatus and G. fasciatus, and therefore show greater potential as a biological control agent of GWSS.  Results from
laboratory studies presented here indicate that G. ashmeadi could out compete G. triguttatus and G. fasciatus in the field and
hinder their successful establishment and impact in California.  Previous studies have shown that G. ashmeadi, G. triguttatus
and G. fasciatus demonstrate strong preferences for GWSS eggs aged two, three and four days, respectively (Irvin and
Hoddle, in preparation), suggesting that field interspecific competition for egg masses may be less prevalent, compared with
laboratory no choice situations when populations of GWSS of varying age are naturally co-occurring in field situations.
Competitive advantages between parasitoid species are most likely to become important when host densities are low.  It is
possible that as GWSS biological control progresses in California, and GWSS populations diminish and egg masses become
increasingly scarce, there may be a shift in parasitoid species dominance to the more competitively superior species at low
egg mass densities.
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Figure 1. Proportion of GWSS eggs parasitized by Figure 2. Over all proportion of GWSS eggs
G. ashmeadi, G. triguttatus and G fasciatus for eggs one, (combining one, three and five days of age)
three and five days of age (different letters (x, y, z) indicate parasitized by G. ashmeadi, G. triguttatus and G
significant (p < 0.05) differences within species, different fasciatus (different letters indicate significant
letters (a, b, c) indicate significant (p < 0.05) differences (p < 0.05) differences between species).
between species).

When female G. ashmeadi, G. triguttatus and G. fasciatus were exposed to eggs one, three or five days of age concurrently in
individual vials (experiment 1) the proportion of eggs parasitized by G. triguttatus increased from 17.8% for eggs one day of
age, to 36.6% for eggs five days of age (Figure 1).  This result was significant (F = 3.14, df = 2, p = 0.053) and supports
previous research that showed under no choice conditions G. triguttatus demonstrated a preference for older hosts, by
parasitizing a higher proportion of eggs three-six days of age (Irvin and Hoddle, in preparation).  In the current study,
parasitism by G. ashmeadi was 63.6% and 58.2% higher than G. triguttatus, when females were exposed to eggs one and
three days of age, respectively.  Whereas for eggs five days of age, there was no significant difference in parasitism between
these two species. This indicates that G. triguttatus larvae, resulting from eggs deposited in GWSS eggs five days of age,
were more able to compete with G. ashmeadi larvae because this more preferred GWSS egg age may have provided a highly
favorable environment for G. triguttatus development.  Alternatively, G. triguttatus females aggressively defended eggs from
G. ashmeadi and prevented multiparasitism from occurring.  In contrast, the proportion of eggs parasitized did not
significantly vary between egg ages for G. ashmeadi (F = 2.62, df = 2, p = 0.08) and G. fasciatus (χ2 = 1.93, df = 2, p = 0.38)
(Figure 1), whereas previous studies have shown that G. ashmeadi and G. fasciatus demonstrate strong preferences for eggs
one and three days of age, respectively (Irvin and Hoddle, in preparation). Parasitism by G. fasciatus may not have been
significant between egg ages in the current study, because interspecific competition and potential mutual interference caused
extremely low parasitism rates (0.3-2.7%) (Figure 1). Gonatocerus ashmeadi may not have demonstrated a preference for
GWSS eggs three days of age in the current study because exposure time was higher for the current study (24 hours
compared with 2 hours in the previous study), perhaps causing higher rates of parasitism at less preferred egg ages, or the
presence of competitors in the current study may have initiated G. ashmeadi aggressiveness and oviposition.
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Figure 3. Percentage of GWSS eggs parasitized by G. ashmeadi, G. triguttatus,and G fasciatus
when eggs one three and five days of  age are presented simultaneously to one female of each
species (see Figure 2).

Irvin and Hoddle (2002) showed that competition outcomes between G. ashmeadi and G. triguttatus varied greatly depending
on the experimental design and GWSS egg density used.  In the current research, pooling results from exposing females to
individual egg ages showed that G. ashmeadi parasitized a significantly higher (48.1%) proportion of GWSS eggs compared
with G. triguttatus (Figure 2), whereas when females were exposed to all egg ages simultaneously, parasitism by G.
ashmeadi and G. triguttatus was equivalent (Figure 3).  This may be due to G. ashmeadi out competing G. triguttatus when
females were only provided eggs one or three days of age, since these ages are more favorable for G. ashmeadi development,
and G. triguttatus prefers older hosts (Irvin and Hoddle, in preparation).  We speculate that when G. ashmeadi and G.
triguttatus were exposed simultaneously to eggs one, three and five days of age, females parasitized egg ages most preferred
by each species, thereby decreasing interspecific competition and resulting in equivalent parasitism rates between species.
These results may have important implications for the field environment, where a range of host ages are present at one time,
and may suggest that G. ashmeadi and G. triguttatus can coexist in California without significant interference.

Parasitism by G. fasciatus was consistently significantly lower (17.4-76.0% lower) than both G. ashmeadi and G. triguttatus
for all three experimental studies (Figures 1-4). Gonatocerus fasciatus may have performed poorly because exposure to
GWSS eggs was restricted to one or 24 hours in these studies, and G. fasciatus being smaller may require a longer period of
time for each individual host handling, and lay fewer eggs at each oviposition event compared with G. ashmeadi and G.
triguttatus.  Lifetime fecundity, longevity or offspring production was not investigated in the current studies so it is unknown
whether G. fasciatus may perform more effectively in the field, over many generations.  However, female G. fasciatus are
capable of producing two or more offspring per H. coagulata egg and gregarious reproduction may be advantageous early in
the spring when GWSS egg masses are relatively rare and parasitism levels are low (Triapitsyn et al., 2003).

There are many factors that influence the competitive ability of female Hymenoptera. Extrinsic competition refers to the
exploitation of the host population (Zwolfer, 1971) and involves factors associated with host finding efficiency, host
discrimination between parasitized and unparasitized hosts, aggressive behavior between adult parasitoids, reproductive
capacity of female parasitoids, host developmental stage attacked, sex ratio, and phenological synchronization with the host
(Lewis et al., 1990; Tumlinson et al., 1993).  When multiparasitism does occur, intrinsic competition refers to the interaction
between immature parasitoids and involves larval combat or physiological suppression (Chow and Mackauer, 1984;
Lawrence, 1988; DeMoraes et al., 1999).  The competitive inferiority of G. fasciatus shown in these studies may be attributed
to poor competitive ability of G. fasciatus larvae. Firstly, eggs oviposited by female G. fasciatus are conceivably smaller than
G. ashmeadi and G. triguttatus, due to comparative differences in female size between species (Triapitsyn et al., 2003) .
Larvae that emerge from larger eggs may potentially give rise to larger parasitoid larvae, which may tend to be better
competitors, especially if they hatch earlier (Collier and Hunter, 2001). Secondly, G. fasciatus larvae probably do not
participate in larval combat, since gregarious larvae often frequently contact one another under normal development (Salt,
1961), and therefore such species may be at an intrinsic disadvantage against congeneric species cohabiting a resource.

Alternatively, the competitive inferiority of G. fasciatus may simply be due to subordinate aggressiveness when competing
for egg masses with congenerics.  For example, in one hour egg age choice experiments where oviposition was required,
Irvin and Hoddle (in preparation) showed that 115% and 65% additional female G. fasciatus were required to obtain
sufficient replication when compared with G. ashmeadi and G. triguttatus, respectively. Results from the observation study
(experiment 3) presented here showed that G. fasciatus allocated a significantly higher proportion (31.5%) of time to
resting/grooming, compared with oviposition, whereas female G. ashmeadi allocated equal time to both activities (Figure 5).
Results from both studies may suggest that female G. fasciatus are less aggressive than G. ashmeadi and G. triguttatus, or
under the experimental conditions used oviposition motivation was diminished.  Furthermore, 39.6% of time allocated by
female G. fasciatus was spent off leaves with GWSS egg masses (Figure 5), and it was observed that G. ashmeadi and G.
triguttatus often aggressively protected the GWSS egg mass, sometimes excluding access by G. fasciatus. Also, female G.
fasciatus are smaller than G. ashmeadi and G. triguttatus (Triapitsyn et al., 2003).  Together these observations may explain
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why G. fasciatus spent significantly (9.6-19.6%) more time off the egg mass compared with both G. ashmeadi and G.
triguttatus (Figure 5).
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Figure 4. Percentage of eggs parasitized by Figure 5. Proportion of time spent in each quantified behavior for
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(See Figure 2).

In the Petri-dish observation trial (experiment 3), parasitism by G. triguttatus was significantly (39.6%) lower compared with
G. ashmeadi (Figure 4).  This contradicts a similar study that showed that parasitism by G. triguttatus was 53% higher
compared to G. ashmeadi (Irvin and Hoddle, 2002) and iterates the question raised by Irvin and Hoddle (2002), of which
experimental designs should be used to decide which parasitoid species shows the most potential as a classical biological
control agent for GWSS. Gonatocerus triguttatus may have performed differently in the current study because an additional
species (G. fasciatus) was incorporated into the design. Data from the current study showed that 62.9% of behavioral
observations for G. triguttatus were resting/grooming, which was significantly higher (36.4% and 58.9%, respectively), when
compared with G. ashmeadi and G. fasciatus (Figure 5).  This suggests that female G. triguttatus may have a longer pre-
oviposition period and require more time resting before ovipositing, or that when three parasitoid species are present
concurrently, the assertiveness of female G. triguttatus declines.

In Experiment 3 (visual observations in Peri dishes), G. triguttatus parasitized a significantly higher proportion (25%) of
GWSS eggs compared with G. fasciatus (Figure4), whereas time allocated to oviposition by each species was equivalent
(Figure 5).  This may indicate that G. triguttatus is more competitive when ovipositing or its larvae are more aggressive
towards congeneric species. Scanning electron microscopy of G. triguttatus larvae four days of age has revealed that G.
triguttatus larvae possess anterior tusk-like appendages, that could possibly be used in larval combat for host procurement
(Irvin and Hoddle, in preparation).  Irvin and Hoddle (in preparation) conducted a study that involved exposing one GWSS
egg mass to one female G. triguttatus for one hour, and one hour following the removal of G. triguttatus, the same egg mass
was exposed to one female G. ashmeadi for one hour. Parasitoid emergence data from egg masses in which ovipositor
insertion of both species was observed were analyzed.  Results showed that the proportion of G. triguttatus offspring
emergence was 88%, compared with 12% for G. ashmeadi when G. triguttatus oviposited first (Irvin andHoddle, in
preparation).  However, when the sequence of species introduction was reversed, the proportion of G. ashmeadi emergence
was 49%, compared with 51% for G. triguttatus.  With a four-hour intermission between introducing G. triguttatus to the
previously parasitized egg mass the proportion of G. ashmeadi offspring were not significantly higher than G. triguttatus.
Only with a 24-hour intermission between female introductions, did G. ashmeadi produce significantly more offspring (64%)
than G. triguttatus (36%) (Irvin and Hoddle, in preparation).  These results support the theory that G. triguttatus larvae may
be superior competitors when multiparasitism of GWSS egg masses occurs.

Zwolfer (1971) proposed that due to life history trade-offs, parasitoid species that are intrinsically inferior should win in
extrinsic competition, and vice versa. Therefore it is possible, that while G. fasciatus performed poorly in the current studies,
females may be extrinsically superior in the field due to potentially higher reproduction rates (gregarious reproduction),
oviposition preference for young GWSS egg masses, and greater host finding efficiency at low host densities. A previous
study investigating percentage parasitism and offspring emergence of each species showed that parasitism by G. fasciatus
was up to 15.9% lower than G. ashmeadi and G. triguttatus.  But because of the gregarious reproduction habit, G. fasciatus
offspring emergence was 77.2% and 82.9% higher compared with G. ashmeadi and G. triguttatus, respectively (Irvin and
Hoddle, in preparation).
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CONCLUSIONS
• Overall parasitism by G. ashmeadi was consistently higher (up to 76.0%) compared with G. triguttatus and G. fasciatus

for all three experimental designs suggesting that G. ashmeadi may show greater potential as a biological control agent
of GWSS and could out compete G. triguttatus and G. fasciatus in the field.

• The aggressive behavior demonstrated by G. ashmeadi and G. triguttatus, towards other females, may give these
species a competitive advantage over G. fasciatus which does not display similar aggressive tendencies.

• Parasitism by G. fasciatus was consistently significantly lower (17.4-76.0%) than both G. ashmeadi and G. triguttatus
for all three experimental studies, suggesting that this species may be an inferior competitor under laboratory
conditions. However G. fasciatus may be superior in the field, due to potentially higher reproduction rates, younger host
age attacked and greater host finding efficiency.
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Reporting Period: The study is scheduled to commence in February 2004.

INTRODUCTION
Glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say) (Hemiptera: Cicadellidae), is an exotic insect pest in
California that vectors a phytopathogenic xylem-dwelling bacterium, Xylella fastidiosa.  This bacterium causes serious
scorch-like maladies in a variety of economically important plants including grapes {Pierce’s disease (PD), almonds (almond
leaf scorch), and oleanders (oleander leaf scorch)}.  Pesticide use has increased dramatically in citrus orchards (major crop
reservoir of GWSS) adjacent to vine yards as sprays are applied to suppress populations of migratory GWSS into grapes in
spring.  Increased use of broad-spectrum insecticides to control GWSS has severely disrupted citrus IPM in southern
California, in particular, Temecula in Riverside County.  A similar situation of preemptive spraying in citrus has developed in
the Central Valley, especially in Tulare County.to mitigate GWSS migration into grapes.  Consequently, pesticide usage has
increased substantially in vineyards to kill invading GWSS that survived citrus sprays or migrated in from untreated
wilderness and residential areas. GWSS is the subject of a major classical biological control program in California.  Mymarid
egg parasitoids from the home range of GWSS in southeastern USA are being imported and released in California in an
attempt to control inordinate pest densities.

Two new parasitoid species previously lacking in California have been imported over the last two years – Gonatocerus
triguttatus from Texas and G. fasciatus from Louisiana.  It is likely that G. triguttatus has established in southern California,
as this parasitoid has been recovered from different release sites several times.  It is unknown whether G. fasciatus, which
was released last year, has established. These two parasitoids join the resident G. ashmeadi, a parasitoid with a geographic
range that includes Florida through eastern Texas. G. ashmeadi is most likely not native to California and was probably
introduced with GWSS in the early 1990’s and may have established on eggs of H. liturata, a native California sharpshooter.

The research proposed in this grant is essential for the long-term management of the GWSS-PD epidemic because imported
biological control agents are expected to play a fundamental role in the permanent suppression of GWSS populations that
vector PD.  Consequently, management decisions for GWSS that are reliant on combined components of biological, cultural,
or chemical control strategies as part of an IPM program will require information on the basic biology, ecology, and behavior
of imported Gonatocerus spp.  Maximal exploitation of imported natural enemies, effective management, conservation, and
mass rearing of mymarid parasitoids for GWSS suppression will require information that can only be attained if
comprehensive studies of the biology, behavior, and impact of the three Gonatocerus spp. alone and in combination are
made.  Therefore we aim to achieve as quickly as possible a thorough understanding of what we consider to be the most
important aspects of Gonatocerus spp. ecology, biology and behavior to maximize the role of biological control for GWSS
suppression.  Our research objectives have been designed to achieve this rapid understanding.

OBJECTIVES
1. Address competition between the three mymarid species under conditions of high and low host densities, and simple

and complex environments.  These studies are very important as they provide the necessary mechanistic understanding
to explain the observed dominance of particular species under varying GWSS densities and habitats and may provide
insights into which species could be the most effective parasitoid thereby focusing mass rearing and establishment
efforts on this species.

2. Investigate factors affecting sex allocation and subsequent ratios of males to females.  This objective is fundamental to
our understanding of factors influencing the production of females, especially in mass rearing situations where males
tend to dominate and this reduces the rate at which colonies can grow and produce wasps for liberation. G. fasciatus is a
gregarious species (this was unknown until we reared this parasitoid) unlike the other two Gonatocerus spp. that are
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solitary parasitoids.  Consequently, we know nothing about factors influencing sex allocation of G. fasciatus and factors
affecting its subsequent population growth.

3. The most fundamental aspects of the developmental and reproductive biology of the three mymarid parasitoids have not
been studied and this is a serious impediment to our understanding of these natural enemies.  We know nothing about
pre-oviposition periods, fecundity, developmental times, longevity, and survivorship rates at different temperatures.
Attaining this basic knowledge will greatly improve decisions on colony management, interpretation of field results,
and will allow construction of degree-day models to predict potential parasitoid impact through the range GWSS
occupies.

4. Laboratory assays have clearly demonstrated that floral resources can enhance parasitoid vigor.  Field evaluation in
citrus orchards of understorey plantings is necessary to determine if survivorship of over wintering parasitoids can be
enhanced through resource provisioning.  This cultural control strategy may significantly enhance mortality of the
spring GWSS generation (a major weakness of G. ashmeadi is the low level of attack on the spring generation of GWSS
eggs) because of increased parasitoid survivorship.  We envision the following short-term benefits from this research:
a. Improved understanding of biological and behavioral factors affecting mass rearing of mymarid parasitoids

resulting in more cost effective management protocols and enhanced production.
b. Mechanistic understandings of factors affecting parasitoid establishment, impact, and spread under varying

sharpshooter densities, habitats, and climatic zones.
c. Empirical assessment of the feasibility and magnitude of parasitoid impact on spring and summer GWSS

populations resulting from habitat manipulations designed to provision parasitoids with resources that enhance
their vigor.

RESULTS AND CONCLUSIONS
This work has not been commenced.  We are currently recruiting a new postgraduate researcher to fill this position

FUNDING AGENCIES
Funding for this project was provided in part by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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IS THE GLASSY-WINGED SHARPSHOOTER PARASITOID GONATOCERUS ASHMEADI
(HYMENOPTERA: MYMARIDAE) ONE SPECIES OR A COMPLEX OF MORPHOLOGICALLY

INDISTINGUISHABLE SIBLING SPECIES?
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ABSTRACT
Gonatocerus ashmeadi Girault (Hymenoptera: Mymaridae) is a common and seemingly widespread egg parasitoid of glassy-
winged sharpshooter (GWSS).  Location records for G. ashmeadi indicate its natural range to be the southeastern USA and
northeastern Mexico (which coincides with the presumed native range of GWSS), and possibly southern and central
California (the adventive range of GWSS). G. ashmeadi was collected in California from eggs of the native smoke-tree
sharpshooter, Homalodisca literata Ball, as well as from GWSS eggs before G. ashmeadi releases began as part of an
organized biological control program and was therefore thought to be native to California.  However, the earliest G.
ashmeadi specimen from California that we found after a search of the Entomology Museums at UC Davis, Berkley and
Riverside, the San Diego Natural History Museum, California Department of Food and Agriculture, USNM and the
California Academy of Sciences sources, is from Riverside County in 1978 (first identified by Huber 1988).  The purpose of
our work is to determine whether G. ashmeadi in the USA and northeastern Mexico is one species or a complex of cryptic
species that can’t be separated on the basis of currently employed morphological characters.  We used three approaches to
determine the species identity of different G. ashmeadi populations:  (1) reassessment of key morphological features using
scanning electron microscopy (SEM) to determine if subtle morphological differences exist between G. ashmeadi
populations which could indicate species differences; (2) mating compatibility studies to determine if different populations of
G. ashmeadi are reproductively isolated, or if mating occurs, whether offspring are viable thereby defining species groups on
the basis of successful interbreeding; (3) to determine if molecular differences exist between G. ashmeadi populations
collected from different regions by comparing mitochondrial and ribosomal DNA sequences.  Results from these three areas
(morphology, behavior, and DNA sequences) have been evaluated together, leading us to the conclusion that G. ashmeadi as
it is currently viewed is a valid species and not an aggregate of morphologically indistinguishable cryptic species.

INTRODUCTION
A classical biological control program is currently underway for glassy-winged sharpshooter (GWSS), which is an exotic
pest in California.  The native range of GWSS is the southeastern USA and northeastern Mexico (Triapitsyn and Phillips,
2000).  GWSS is thought to have invaded California around 1990 as egg masses that were accidentally imported on
ornamental plants from Florida. Species of GWSS egg parasitoids, not present in California, are currently being prospected
for in the native range of GWSS.  Promising candidate natural enemy species that attack eggs are being imported and
released in CA for GWSS control (Triapitsyn et al., 1998; Triapitsyn and Hoddle, 2001).  Interestingly, one species of egg
parasitoid associated naturally with GWSS in California, Gonatocerus ashmeadi Girault (Hymenoptera: Mymaridae), is also
widely distributed in the home range of GWSS, but at the time of its initial discovery in California, G. ashmeadi had not been
intentionally released here and was thought to be native to California.  However, it is a possibility that G. ashmeadi is not
native to California and was unintentionally introduced to southern California and became established.  A potential host for
G. ashmeadi in California prior to the arrival of GWSS could have been the native Homalodisca liturata which has had
unidentified Gonatocerus spp. reared from its egg masses collected in the San Diego area (Powers, 1973).  Later, Huber
(1988) identified several species of Gonatocerus, including G. ashmeadi, from eggs of H. liturata in Riverside Co. in
California collected in 1978 and later.  After a search of the Entomology Museums at UC Davis, Berkley and Riverside, the
San Diego Natural History Museum, California Department of Food and Agriculture, USNM and the California Academy of
Sciences sources, this 1978 specimen is the earliest we have found.

G. ashmeadi is the key natural enemy of GWSS egg masses in California (Blua et al., 1999).  Over summer, parasitism levels
of GWSS egg masses and individual eggs in masses by G. ashmeadi approaches 100% but parasitism levels of the spring
generation of GWSS are substantially lower (Triapitsyn and Phillips, 2000).  The success and failure of a number of



   
 

 

 
 

  
   

    

 
 

 
   

  

  
  

  

 
 

   

 

      
 

    

 
    

  
  

   
 

Riverside, California Riverside, California Louisiana, Baton Rouge Florida, Quincy Mexico, Tamaulipas, Ciudad Victoria
male female female female female

biological control projects against insect pests and weeds has hinged on the correct taxonomic identification of the target and 
its natural enemies (Gordh and Beardsley, 1999). Incorrect understanding of the taxonomy and subsequent interrelationships 
between the target and its natural enemy guild are serious impediments to an efficacious biological control program.  For 
example, Trichogramma minutum and T. platneri are important commercially available biological control agents that are 
morphologically indistinguishable but reproductively incompatible (Nagarkatti, 1975). Experimental work and subsequent 
modeling with these two species of Trichogramma has indicated that because pre-mating isolation mechanisms are absent 
(e.g., pre-mating courtship behaviors that prevent coupling of males and females from different species) severe negative 
effects on biological control can occur. Negative effects manifest themselves because females that mate with males from 
different species fail to produce female offspring.  This occurs because Trichogramma like Gonatocerus are haploid-diploid 
parasitic Hymenoptera. In this haplo-diploid system, fertilized eggs produce female offspring and unfertilized eggs produce 
male offspring. In situations where incompatible interspecies matings are occurring both species fail to produce females and 
the potential population growth of both parasitoid species is reduced to levels below the growth rate expected for either 
species in the absence of the other (Stouthamer et al., 2000). 

If different populations of morphologically indistinguishable G. ashmeadi from California, northeastern Mexico and the 
southeastern USA are indeed valid species that lack pre-mating isolation mechanisms, then the current biological control 
program against GWSS in California that is attempting to establish these new agents may reduce the current level of control 
achieved by the indigenous population of G. ashmeadi in California. This could occur because of male-biased offspring 
production resulting from incompatible matings across species. The rationale for introducing new strains or races of G. 
ashmeadi into CA is based on the idea that different biotypes of this parasitoid may exist and fill niches not currently 
occupied by the strain of G. ashmeadi already present in California. 

OBJECTIVES 
1. Reassessment of key morphological features using scanning electron microscopy (SEM) to determine if subtle 

morphological differences exist between G. ashmeadi populations which could possibly indicate species differences. 
2. Mating compatibility studies to determine if different populations of G. ashmeadi are reproductively isolated, or if 

mating occurs, whether offspring are viable thereby defining species groups on the basis of successful interbreeding. 
3. Studies to determine if molecular differences exist between G. ashmeadi populations collected from different regions by 

comparing mitochondrial and ribosomal DNA sequences. Molecular dissimilarities of key regions could potentially 
indicate the existence of different species. 

RESULTS 
Objective 1. Reassessment of key morphological features
Morphological studies entailed using scanning electron micrographs (SEM), as well as point-mounted and slide-mounted 
specimens. Examination of key morphological characters including head, antennal and mesosomal morphology (Figure 1) 
did not result in a differentiation between insects from several populations. However, specimens from San Luis Potosí, 
Mexico (not shown here) will be re-evaluated for possible morphological distinctions. 
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Figure 1. SEM photos showing the propodeum of G. ashmeadi from several locations. 

Objective 2. Mating compatibility studies
Live insects were obtained from collaborators in Texas, Louisiana and Florida. The California insects were collected in areas 
where other biotypes had not been released.  We were unable to obtain live insects from Mexico for use in mating crosses. 
We carefully orchestrated paired mating crosses of isofemale lines from within each geographical area in order to establish 
the regional compatibility of these lines. A single isofemale line (regional standard) was then used to cross the California 
isofemale line with Texas, Louisiana, and Florida. The mating protocol of 10 replicates each was as follows:  1) female line 
A and male line B; 2) female line B and male line A; 3) female line A and male line A (control cross); 4) female line B and 
male line B (control cross); 5) virgin females of line A; 6) virgin females of line B. The virgin females controls were done to 
assure that the females used in the crosses were 1) indeed virgins and 2) do not produce daughters through parthenogenetic 
reproduction. Offspring were reared out and sexed.  Production of female offspring indicated sexual compatibility between 
individuals of the same species and production of males only indicated sexual incompatibility between different populations 
of G. ashmeadi. This experimental set up allowed us to estimate the relative compatibility by comparing offspring sex ratios 
of all crosses with each other (females/ females + males). No significant differences were found between crosses (Figure 2; 
Kruskal-Wallis, H = 4.343, df = 9, P = 0.888). 
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Figure 2. Mating compatibility of isofemale line crosses within and between populations, shown here as
the sex ratio (females/ females + males).

Objective 3. Studies to determine if molecular differences
Using the polymerase chain reaction (PCR) we have amplified and sequenced the mitochondrial genes COI and COII for 7
populations (Tamaulipas Mexico, Louisiana, Texas, Florida, Georgia, South Carolina and California).  In addition, the
ribosomal genes ITS1 and ITS2 have been amplified for all 7 populations using PCR.  Since ribosomal genes are known to
occur as multiple copies within an individual, these gene regions have been cloned, and 4 clones from one individual per
population have been sequenced for the ITS regions.  Sequences of 4 additional Gonatocerus species have been used as a
comparison of the variation between species.  Molecular sequences of the COI, COII, ITS1 and ITS2 regions do not
demonstrate sufficient variation between populations that could identify any one population as different from the others
(Figure 3).

Figure 3. Percent difference from the CA biotype in basepairs of the ITS1 gene region for G. ashmeadi
biotypes and related species.  A similar trend was observed for other sequenced gene regions.

CONCLUSIONS
Results from these three areas (morphology, behavior, and DNA sequences) have been evaluated together, leading us to the
conclusion that G. ashmeadi as it is currently viewed is a valid species and not an aggregate of morphologically
indistinguishable cryptic species.  Further investigations should determine if releasing different biotypes of this parasitoid
may be beneficial if they fill niches not currently occupied by the biotype of G. ashmeadi already present in California.
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INTRODUCTION
Presence of the proconiine sharpshooters Homalodisca coagulata (Say) (GWSS - the Glassy-winged Sharpshooter) and its
close relative Oncometopia orbona (Fabricius) (the Broad-headed Sharpshooter) in their native range in central and eastern
United States justifies conducting a survey of their principal natural enemies, egg parasitoids in the families Mymaridae and
Trichogrammatidae.  No such surveys have ever been conducted North of Georgia, Alabama, Mississippi, Louisiana, and
Texas. Prior research showed presence of the mymarid Gonatocerus fasciatus Girault there (Triapitsyn et al. 2003).  In
addition, a number of trichogrammatid genera and species have been recognized in central and eastern USA (Table 1).

Table 1. The following species of trichogrammatid egg parasitoids were identified from eggs of proconiine
sharpshooters in central and eastern USA (Triapitsyn 2003):

Genus and species of egg
parasitoid (family
Trichogrammatidae)

Known records from:
(state) Host(s)

Oligosita ?americana Georgia Homalodisca insolita

Paracentrobia sp. Florida, Georgia Cuerna costalis, Homalodisca insolita,
?H. coagulata

Ufens niger Georgia, Indiana, Maryland,
Washington, D.C Cuerna costalis

Ufens new species Florida Homalodisca coagulata

Zagella spirita Florida, Georgia, Louisiana,
Maryland, Mississippi Homalodisca coagulata, Oncometopia orbona

OBJECTIVES
1. Exploratory work - Search for and collect egg parasitoids of proconiine sharpshooters in the northern- and eastern-

most home range of GWSS, Oncometopia spp., and Cuerna spp. (Arkansas, Illinois, Kentucky, Missouri, Oklahoma,
northern Texas, Virginia, etc.) for introduction into California, establishment of cultures in UCR quarantine, and a
following evaluation.  Several short exploratory trips will be made during spring-summer 2004 to those states and
parasitized egg masses of the sharpshooters will be collected there and sent to UCR quarantine facility under a permit.
Where possible, local collaborators will be employed to collect adult sharpshooters to obtain and expose sentinel egg
masses.

2. Curatorial work – It is expected that hundreds of collected voucher specimens of mymarid and trichogrammatid egg
parasitoids will require appropriate curation as a result of the proposed exploratory work; these will need to be
critically point-dried from ethanol, point- or card-mounted, labeled, and identified to genera and species.  Then
representatives of each species (of both sexes) will be selected, dissected, and slide-mounted.  The specimens will be
deposited in the collections of Entomology Research Museum, UC Riverside, as well as in the California State
Arthropod Collection, California Department of Food and Agriculture, Sacramento, California.
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RESULTS
One exploratory trip was made to Kentucky and Tennessee by S. Triapitsyn in July 2003.  Adults of Cuerna costalis
(Fabricius) were collected on Johnson grass in central Tennessee, but no egg masses were found.  An old egg mass of O.
orbona was also found on a holly leaf.  The late availability of funding made it difficult for us to conduct any further
exploratory work during 2003 as the collecting season was over, so we will concentrate our efforts during next spring and
summer.

Our collaborator, Roman A. Rakitov, attempted to obtain egg parasitoids of O. orbona in Illinois using sentinel eggs, but no
parasitoids emerged.  Further attempts will be made next year.

CONCLUSIONS
This is the next step in the development of a “classical” biological control program for the reduction of glassy-winged
sharpshooter (GWSS) densities in California as a cornerstone for an IPM program to manage GWSS.  During 2002 we
searched for and collected egg parasitoids of GWSS in southeastern USA, mainly Louisiana, where the target species for
importation into California was Gonatocerus fasciatus Girault (Triapitsyn et al. 2003) and also in northeastern Mexico.  The
result of our introductions, Gonatocerus fasciatus has been already mass-reared and released in California by the CDFA
researchers.
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INTRODUCTION
The glassy-winged sharpshooter (GWSS), Homalodisca coagulata, is a threat to the grape industry because it is an efficient,
mobile vector of the bacterium, Xylella fastidiosa, the causal agent of Pierce’s disease. GWSS is native to the southeastern
USA and has been established in southern California for more than a decade.  As this insect moves and establishes in new
areas, without its natural complement of natural enemies, control measures are needed.  Although chemical insecticides are
available, there are environmental and human health concerns with their use. Moreover, chemical insecticides can be
disruptive in IPM programs where insect parasitoids and predators effectively control other pests.  Thus, alternative control
approaches are needed.  One of these approaches is microbial control and we are examining the potential of utilizing
entomopathogenic fungi to control GWSS.  Entomopathogenic fungi may be effective against this insect with piercing-
sucking mouthparts because fungi can infect directly through the integument whereas other pathogens require ingestion to
cause infections.

Entomopathogenic fungi offer promise as control agents because they have been recovered from GWSS and its close
relatives.  Mizell and Boucias (2002) found mycosed (Hirsutella spp.)  GWSS cadavers from Florida and Georgia.  In
addition, a number of entomopathogenic fungi have been reported from related leafhopper species.  These fungi include
Erynia spp.  (Matsui et al. 1998; Sierotzki et al. 2000), Torrubiella hemipterigena (Hywel-Jones et al., 1997), Zoophthora
radicans (McGuire et al. 1987 a, b; Galaini-Wraight et al. 1991, 1992; Magalhaes et al. 1991) and Beauveria bassiana (Lane
et al. 1991).  In California, McGuire et al (2001) and McGuire (2002) have isolated B. bassiana from the Lygus bug from
alfalfa fields.  In one field more than 65% of the Lygus bugs were infected with B. bassiana.  These reports indicate that a
number of fungal species infect plant bugs, leafhoppers and sharpshooters and could be used as biological control agents.

OBJECTIVES
1. Conduct an extensive survey for entomopathogenic fungi infecting GWSS in natural populations in California.
2. Culture the fungi and assay them against susceptible stages of the GWSS.
3. Evaluate California isolates of fungi from insects closely related to GWSS.
4. Conduct small-scale tests against overwintering adults in citrus groves.

RESULTS AND CONCLUSIONS
We have only recently initiated our project, and therefore, we have not accumulated much data.  However, for objective 1, we
have isolated a fungus tentatively identified as Beauveria sp. from an adult GWSS from a citrus grove in Riverside County.
The Beauveria sp. was cultured on selective medium and tested against adult GWSS but preliminary results indicate that it
was not highly pathogenic.  Although a number of other dead individuals have been found, they have not yielded any
entomopathogenic fungi.  For objective 3, we are in the process of evaluating several entomopathogenic fungal isolates from
Lygus bugs collected in California.  Those that are pathogenic to GWSS will be tested further.
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ABSTRACT
This proposal seeks to improve the use of Gonatocerus spp. (Hymenoptera: Mymaridae) i.e., egg parasitoids, in urban and
riparian habitats where it is a politically accepted tactic for suppressing glassy-winged sharpshooter, Homalodisca coagulata
(Say) (Homoptera: Cicadellidae) (GWSS). Such releases are part of an area wide pest management strategy for suppression
of GWSS. This proposal has two general objectives: 1) to determine the relative importance of volatile cues (host plant
versus host egg-mass) for Gonatocerus spp. to locate and parasitize GWSS egg masses, and 2) to determine whether
Gonatocerus spp released in an urban or riparian environment is equally successful in locating egg-masses in the variety of
host plants utilized by GWSS as oviposition sites in these habitats. To fulfill these objectives, olfactometer techniques will be
used to study the long-range host location behavior of G. ashmeadi to determine whether it a) is innately attracted via
chemical cues to GWSS egg masses, b) learns these cues after attacking an egg mass in a particular host plant species or
emerging from an egg-mass in a particular host plant species, or c) gains experience by attacking an egg-mass located in a
particular host plant species that modifies its innate host location behavior for egg masses laid in other host plant species.
Host location-host selection information will identify host plant species with GWSS egg-masses preferred by Gonatocerus
spp for parasitization and identify those that are not recognized or readily recognized by these parasitoids.  These results will
then be used to compare the host finding behavior of the other Gonatocerus spp.

INTRODUCTION
Several of the important habitats in which GWSS populations thrive, i.e., the urban and riparian habitats, are not amenable to
chemical suppression from a practically or politically perspective. It is these habitats to which the release of natural enemies
is most suited and the single most important tactic available to reduce GWSS populations in these habitats.  This proposal
addresses optimizing the utilization of this tactic in these habitats (i.e., the release of biological control agents for the
suppression of glassy winged sharpshooter egg-masses).

Currently, biological control agents are being released against GWSS and principally involve mymarid egg parasitoids
belonging to the genus, Gonatocerus.  Several of these species are being mass-reared and released by the California
Department of Food and Agriculture. These parasitoids attack GWSS eggs and are the focus of this proposal. We propose to
use olfactometer techniques to identify and assess the variation and relative importance of both host-plant and egg-mass
associated cues that allow Gonatocerus species to locate GWSS egg-masses. Information on host-location selection will
identify host plant species preferred by these parasitoids for oviposition and identify those that are not recognized or readily
recognized by Gonatocerus species.

Successful parasitoid-host associations depend on a parasitoid’s ability to locate its hosts in a complex and heterogeneous
environment and to produce offspring from those hosts it locates and accepts (Vet and Dicke, 1992). Host location is
frequently mediated by volatile infochemicals arising from the host, the host plant, and/or from an interaction between the
two (Vinson 1976, Vet and Dicke 1992). Such infochemicals may also provide an estimate of the local environment’s
profitability (i.e., the number of hosts present and their quality) (Vet and Dicke 1992). Recently, Ives (1995) and Vet (1999,
2001) have argued that the sequence of steps describing the host parasitoid association also forms the link between parasitoid
behavior, i.e., the variability in parasitism rates among host patches, and the coupled dynamics between the host and the
parasitoid population.  Since biological control, or the lack of it, is the parasitoid population’s collective effect on the host’s
population dynamics (Vet 2001), the sequence of steps involved in host location and acceptance becomes a means of
assessing a parasitoid’s potential efficacy as a biological control agent (=natural enemy).

Furthermore, it has been shown that parasitoids can modify their searching behavior on the basis of prior experience (Vet and
Dicke, 1992; Turlings et al, 1993; Vet et al, 1995). This associative learning can be exploited to prime the parasitoid (i.e., to
imprint it with the cues of a particular host and/or host plant species, thus improving its ability to suppress GWSS by
increasing its parasitization rate of GWSS egg-masses). Such a parasitoid is expected to locate its host more efficiently (see
for e.g. Hare, 1996). Thus, this project will provide important information to improve mass rearing and release techniques for
this parasitoid that can increase parasitization rates of GWSS egg-masses in urban and riparian environments.
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OBJECTIVES
1. To determine whether chemical cues are used in long-range host finding by G. ashmeadi, and to determine the source(s)

from which these chemical cues emanate (i.e., from an egg mass, a host plant in which the egg-mass is laid, or as an
interaction between the two).

2. To assess whether the success of G. ashmeadi in locating its’ host innately varies among the different host plant species
in which GWSS lays its egg-masses.

3 To determine if egg-mass density affects the success of G. ashmeadi in locating GWSS egg-masses.
4. To assess whether emergence from or experience with an egg-mass on a specific host plant species affects the success

with which G. ashmeadi subsequently finds additional egg-masses on this or other host plant species.

RESULTS AND CONCLUSIONS
Funding for this project was approved on August 2003.  We are currently in the process of buying the necessary equipment.
Mr. Kapranas, which will be in charge of the experimental part of the project is training with the software that will be used
with the equipment. No data are yet available at the time of this report.
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ABSTRACT
We use weekly whole tree samplings on commercial size citrus trees to quantify actual GWSS population densities and to
follow its population dynamics. The dataset presented includes data taken from oranges and lemons, and we recently started
the same sampling on tangerines and grapefruit. The results for the whole period from October 2001 through September 2001
show no significant difference between oranges and lemons. However there are significant differences at different times of
the year. There is also a clear decline in population density from the averages detected in 2001/2 and the averages for 2003.
We will continue sampling through at least 2004 to assess whether this trend continues. At the moment of this report, the
results from the xylem chemistry 2002 dataset as well as the recruitment of nymphs and adults for 2003 are being processed,
and will be shown at the meeting.

INTRODUCTION
As stated in our original proposal, we seek to identify those aspects in the GWSS-host plant interaction that explain GWSS’
variation in reproductive performance and population dynamics.  Following a species’ population dynamics in the field
requires a reliable method of estimating its densities. Currently, yellow sticky traps, net beatings and/or visual counts of
GWSS are the principal methods used to estimate its field densities. We also continue to use a specially designed Schölander
bomb to extract xylem fluid for chemical analyses.  The physical and chemical properties of xylem collected from different
host plants throughout the season will be correlated with changes in GWSS’ densities and reproductive performance.

OBJECTIVES
1. Quantify xylem flux patterns and characterize xylem fluid chemistry to determine potential correlations with GWSS

movement from surrounding alternate host plants into vineyards
2. Quantify egg production, nymphal survival, and adult production and movements in different host plants and correlate

GWSS demographic statistics with xylem flux and chemistry.

RESULTS
During the third year of this project, we continue to use our insect sampling and xylem extraction methods we developed
during the first year of this project.  On average, we recover 89% of the GWSS in a commercial-sized citrus tree. We use this
number as a correction factor for each tree. We currently use this to estimate GWSS densities in orange and lemon trees at a
mixed orange/lemon grove, Agricultural Operations, UC Riverside. In 2003 we started sampling Tangerines and Grapefruit at
the same location to get a better picture of the overall GWSS dynamics on its most important hosts. To follow GWSS’
population dynamics, and to correlate its changes in densities over time in different host plants, we will characterize xylem
flux and xylem chemistry over time obtained from the same sampled trees.  We plan to continue the whole tree sampling and
the sampling of xylem fluid during the third year of this grant. This will provide a 2.5-year database of GWSS dynamics and
xylem chemistry profiles for two citrus varieties (Oranges and Lemons) and 1.5 years for two other varieties (Tangerines and
Grapefruit). We expect that by the end of the third year, this database will enable us to explain some of the patterns involved
in GWSS’ host plant selection, oviposition, and overall changes in population densities, which is one of the critical aspects
governing the dynamics of Pierce’s disease epidemics in California.

Our results show that adult GWSS densities vary seasonally, depending on plant host. Three patterns appear to characterize
these changes.  First, adult GWSS densities on orange and lemon trees do not differ significantly during most of the winter
and early spring, that is until they begin ovipositing in the spring. Secondly, they are significantly denser on oranges during
late spring and most of the summer, and are significantly denser on lemon trees during late summer, fall and early winter.
Thirdly, the results this year suggest a decline of these populations, both in lemons and oranges (Figure1)
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Also our results for the year 2002 suggested that one (effective) generation per year occurred on citrus at UCR’s Ag Ops even
though a second period of egg laying occurred in late summer early fall.  This second egg-laying period however contributed
very few nymphs and adults to the total annual production of adult GWSS (approximately 1.3%; Figure 6). At the time of this
report, we are still analyzing the results for 2003 to assess whether the same results occurred in late summer early fall 2003.

Figure 1: Total number of adult GWSS per sampling date on oranges (orange) and lemons (yellow). Standard error
bars and trend-lines are shown.

Although the causes of egg mortality still need further exploration, egg parasitism is substantial and ranged from 78% to 92%
during the second generation (eggs) in 2002. These results suggest, that after the period egg parasitism on citrus in late
summer-early fall, GWSS populations may be vulnerable to a control measure that are tailored to drive the GWSS
populations to densities below those necessary to maintain its local population.

We are using Turner and Pollard’s estimations, as well as data gently provided by Dr. Isabel Lauziere on the duration of each
nymphal instar to calculate adult GWSS recruitment from our field data.  Newly emerged adults have a distinctive bright red
coloration in their wings. This coloration fades over time but it is obvious for the first 15 days after emergence. We are using
this coloration to calculate the proportion of newly molted adults comprising the adult GWSS on each sampling date and
thus, to calculate GWSS adult recruitment on a monthly basis (Figure6).

CONCLUSIONS
The partial results presented here, continue to support last’s year result that the total annual GWSS density on lemons and
oranges do not differ significantly, whereas, significant differences in the GWSS densities on these to hosts do occur at
different times during the year. The results also show a decline in GWSS densities during the two years. It is important to
note that the sampling was performed on a citrus grove that is not being treated, (and that any decline in density would likely
be due to the decline in GWSS populations elsewhere? I don’t understand this point). The third field season next year will
provide information on whether this decline is a significant trend, and whether GWSS populations in untreated areas are
steadily declining.

FUNDING AGENCIES
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ABSTRACT
This project concerns the important behavioral and physiological mechanisms of glassy-winged sharpshooter (GWSS) and its
parasite, Gonatocerus spp. that affect overwintering survival and determine geographical range potential.  An understanding
of these mechanisms would enable researchers to predict the host range of GWSS during the dormant season, the potential
for colonization by GWSS and Gonatocerus spp. of specific geographical locations in relation to ecological and climate and
weather factors, and the potential survivorship of GWSS under specific weather conditions.

INTRODUCTION
Little is known about the overwintering and diapausing biology of GWSS.  In north Florida, GWSS populations vary greatly
from year to year; abundance may be greatly impacted by the success of the late-summer generation of GWSS that mature to
adults in August of the previous year.  Overall fecundity rates of GWSS begin to decline as early as July, but reproductive
variability is great and we have noted some individuals ovipositing as late as November.  We have documented that GWSS
may overwinter as eggs as well as adults.  Since GWSS are active in north Florida for a relatively short period (ca. 4 months),
overwintering and diapause play a critical role in population dynamics of these insects.  Understanding cues for diapause and
overwintering is also essential for researchers attempting to rear these insects throughout the year.

We addressed the reproductive biology of this second generation of GWSS by detailed dissection and examination of fat
body, ovariole and egg development.  Typically, fat body development precedes ovariole development as vitogellins are
synthesized in fat bodies and are required for ovariole and ova development.  Thus, examining the sequence of fat body,
ovariole and ova development allows us to characterize the reproductive state of leafhoppers.  We note, however, that
advanced fat body development does not necessarily infer ovariole development, in diapausing insects, nutrients from the fat
bodies can remain stored or be utilized for non-reproductive functions.

OBJECTIVES
Determine the interactive effects of late season and dormant season host quality, temperature, and light regimes on GWSS
physiology, behavior, and survivorship and the survivorship of its egg parasite.

RESULTS
We assessed the normal pattern of reproductive development of the late generation of GWSS and determined if host plant
selection contributed to the noted variability in leafhopper reproductive development.  Late summer populations of newly
maturing adults on holly were collected at adult maturation in early August.  Individuals from these populations were
collected and dissected weekly through autumn.  At two week-intervals, subsets of these insects were collected and confined
to five different host species to determine the effects of host plants on reproductive development. Lastly, in greenhouse
experiments, newly eclosed adults reared in the laboratory were confined on six different hosts for ten days to determine host
effects on the reproductive biology of recently matured females.  Quantification of reproductive development of the late-
summer generation of GWSS collected on a weekly basis indicated that fat body development began slowly, increased
substantially after several weeks and continued to increase at a moderate rate into autumn.  Ovariole development increased
within the first week, and increased again in September.  Dissections in late September showed fully developed ovarioles in
most insects that contained no eggs.  The presence of eggs (ova development) was sporadic throughout August with ca. 25-
30% of developing females having some ova development.  In September egg production had almost ceased entirely; only 3
on the 40 females dissected had any sign of ova development.

The reproductive status of leafhoppers confined to specific hosts also showed strong effects of host species.  This experiment
was replicated three times.  Initially, forty late instar nymphs were confined on each of five host species and allowed to
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develop for two weeks.  In the two subsequent experiments, twenty female and five to ten males were sleeved on each of the
hosts (four replicates per host), and reproductive status was assessed by dissection after two weeks.  For each of the
experimental periods, host species significantly impacted fat body development.  Ovariole development was significantly
affected by host species in mid-August and September. Egg development was sporadic, although egg development for insects
feeding on crape myrtle was significantly greater than on other host species in mid-August.  Consumption rates and xylem
chemistry were also determined on each host.  As expected, consumption rates were in general correlated with fat body
development (GWSS that ingested more nutrients appeared to store more nutrients).  Ovariole development, however,
appeared to be time or leafhopper age-dependent.  In mid-August, the preferred feeding hosts crape myrtle and Vitis
supported greater ovariole development, but development on these hosts ceased in September.  In contrast, ovariole
development on citrus and sycamore appeared slow initially (through mid-August) but development consistently increased
and these hosts exhibited the highest ovariole development by September.

Lastly, newly eclosed females reared on soybean in our laboratory that were less than 24 hours old were caged for 10 days on
five different host plants in August.  Typically, during late June and early July, GWSS reared in our greenhouses on soybean
will begin to oviposit 10-14 days after maturation.  Results from this experiment showed that reproductive development had
slowed immensely by August; no females had any signs of ova development.  However, even within this ten day period,
development of fat body and ovarioles varied as a function of host species.  Females feeding on citrus, crape myrtle and
soybean had significantly higher ovariole development than leafhoppers feeding on two common host species of holly, and
fat body development on crape myrtle exceeded that on any other host.

CONCLUSIONS
Our data substantiate that fat body and ovariole development are significantly affected by host, but the relationship between
development of these organelles merits further investigation. Host selection can have profound effects on reproductive
development, even at the earliest stages of adult development. Ovariole development, appeared to be time or leafhopper age-
dependent.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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ABSTRACT
Our previous work has shown that glassy-winged sharpshooter (GWSS) eggs and nymphs face two primary mortality agents:
egg parasitism and malnutrition.  Female GWSS chose the host plants for oviposition and consequently the habitat that
exposes the eggs to parasitism and also the potential host plant nutrition immediately available to the nymphs.  We have
developed a conceptual model of these behaviors, choices and tradeoffs facing female GWSS and are interested in the
behaviors and cues used by GWSS in making these choices.  The effects of host plant assemblages and host plant chemistry
on the distribution, performance and behavior of GWSS and its natural enemies are keys to understanding the system.
Categorizing host species as to their importance to GWSS life stages is necessary to direct any plant manipulations aimed at
population suppression or manipulation.  Research in this proposal addressed several aspects of these interactions

INTRODUCTION
Our research in North Florida has documented that different host species are utilized by GWSS for different purposes.
Within our region, adult GWSS are most conspicuous on adult feeding hosts (i.e. Prunus in early summer, crape myrtle in
mid-summer).  Confining GWSS on specific hosts has shown that these same hosts may be poor ovipositional hosts or
inadequate for the development of immature GWSS.  Larger numbers of egg masses are often found on hosts where GWSS
adults are only occasionally observed.  We have also quantified the nutritional basis for adequacies as adult feeding hosts
versus developmental hosts; our understanding of ovipositional preference is much less complete.  Conflicting nutritional
needs throughout the GWSS life cycle suggest that multiple host usage is required for optimal population growth of GWSS.
Quantifying how the life stages of GWSS utilize each host species and elucidating the behaviors and important behavioral
cues provides the background data necessary for formulating strategies to disrupt the life cycle of GWSS.

OBJECTIVES
1. Determine the relationship of host plant xylem chemistry on host selection, feeding and ovipositional behavior of

GWSS and its parasites.
2. Assess host plant acceptance and subsequent feeding rate, host plant selection and acceptance for oviposition and the

survival and performance of early and late instar nymphs as a function of host plant species.
3. Quantify the impact of these plant variables on the behavior and parasitism rate of eggs by Gonatocerus ashmeadi.

RESULTS
The survival and movement behavior under field and laboratory conditions of nymphs of GWSS and two other leafhopper
species was determined. We investigated the visual acuity of the nymphal stages of three leafhopper species: Homalodisca
coagulata, H. insolita, and Oncometopia nigricans.  Under laboratory conditions, the nymphs of H. coagulata and O.
nigricans could discriminate spectra and were highly attracted to hues of yellow with safety yellow being the most attractive.
The nymphs of H. insolita were also attracted to yellow hues, but were more attracted to cream yellow.  In the laboratory,
maximum jumping distance of third instar H. coagulata, H. insolita, and O. nigricans was 68.0, 49.7, and 39.2 cm
respectively, when provided with a target.  The fifth instars of H. coagulata, H. insolita, and O. nigricans had a maximum
jumping distance of 78.8, 29.2, and 45.5 cm, respectively.  GWSS nymphs were able to walk at least 30 m in less than two
hours indoors using a tile floor as a substrate,.  Additionally, all nymphal stages of H. coagulata dispersed up to 10 meters
after three days under field conditions when released into an outdoor grass-covered arena.  The neonates of H. coagulata, H.
insolita, and O. nigricans survived on average, 83.5, 70.5, and 83.0 hours without plant feeding, respectively.
We investigated the effects of soybean genotype on GWSS development, and if nutritional changes of xylem fluid affected
developmental success.  Three glabrous isolines (D90-9216, D88-5320 and D88-5328) and one pubescent genotype (Hagood)
were examined.  All three glabrous genotypes proved suitable developmental hosts, yielding sixty to two hundred
successfully matured adults in cages originally loaded with 8 mating pairs of leafhoppers.  Minor variations in life history
characteristics (growth rates, success and time of development) suggest that the genotype D88-5328 was marginally superior
as a developmental host.  Chemical analyses of xylem fluid showed that this genotype provided higher dietary nitrogen in the
form of amides and ureides as leafhoppers approached maturation.  The pubescent genotype Hagood was a much less suitable
host.  Chemical analyses of xylem fluid showed that Hagood was not nutritionally deficient; thus, we conclude that trichomes
of pubescent soybean were a deterrent to leafhopper feeding and development.
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While all three glabrous isolines consistently produced matured  GWSS, developmental times were extended in several
instances.  Chemical analyses of xylem fluid showed that under conditions of heavy leafhopper feeding, nutrients in xylem
fluid began to decline over time which may have further contributed to slow leafhopper development.  In these experiments
only pre-plant slow release fertilizer was applied.  Our results suggest that supplemental nitrogen may be necessary to
consistently develop GWSS with minimal developmental periods.

We quantified the relationship between host selection, consumption rates, ovipositional preference and developmental
suitability for several of the host species most utilized in California (Navel oranges, Spanish Pink Lemon and Chardonnay
grapes).  Experiments were repeated with several of the hosts most important in Florida (crape myrtle, oak leaf holly and the
native yaupon holly) to determine if utilization patterns were the same for both sets of hosts.  No-choice tests were run
simultaneously on each host species (4 plants of only one host species per cage as opposed to one plant from each host
species combined in each cage) to determine performance on individual hosts.  Since GWSS is in a non-reproductive state the
majority of the year, tests were run on both non-reproducing (autumn) and producing (summer) cohorts of insects.  In the
initial experiment of non-reproducing GWSS we also compared the response of field collected GWSS to those reared and
maintained on soybean to examine if feeding history impacted insect behavior or performance.

Choice tests were conducted by releasing 12 male and 12 female GWSS into cages containing the three host species and
glabrous soybean.  Soybean was included for comparative purposes as it is one of the few hosts that we have found that is a
consistent developmental host.  Host selection was visually assessed 1 to 2 times daily for 10-22 days.  At the termination of
the experiment, surviving leafhoppers were counted and weighed. All leaves in each cage were examined and eggs were
counted.  Individual GWSS were then confined on each host plant in feeding assemblies for determination of consumption
rates.  Xylem fluid was collected from half of the plants of each species for subsequent chemical analyses.  Thirty to forty
neonates were placed on each of the remaining hosts and checked daily to determine developmental suitability of each host.

In the first choice test (Navel, Spanish Pink Lemon, Chardonnay and Soy), abundances of both reproducing and non-
reproducing adults were highest on Navel.  Subsequent tests of consumption rates and immature development showed Navel
to be a very poor feeding and developmental host.  It was, however, the preferred host for oviposition.  One of the most
surprising results was that GWSS remained on Navel when not reproductively active (experiments run in autumn), even
though consumption rates were low.  Tests for non-reproducing GWSS were run for over three weeks; those of reproducing
GWSS had to be terminated after ten days so that eggs could be quantified.  During the latter portion of the three week period
of selection, abundances of GWSS eventually began to decline on Navel with very gradual shifts to the superior feeding
hosts.

Trends in the second choice test (crape myrtle, yaupon holly, oak-leaf holly and soy were very different.  For field collected
GWSS in autumn (non-reproducing) crape myrtle and yaupon holly had the highest abundances.  For reproducing adults, the
vast majority of GWSS remained on crape myrtle, which was also the superior feeding host during this time period.
Oviposition and development on crape myrtle were not significantly different than the two holly species.

Two other trends in the data are noteworthy.  Soy reared GWSS were significantly different than field collected GWSS in
terms of host selection and consumption rates.  The data suggest that it is important to be aware of feeding history when
assessing GWSS behavior.  Secondly, soy was a very poorly selected host (both abundance and oviposition) despite being the
superior rearing host in both sets of experiments, and an adequate feeding host.  Our previous research has documented that
GWSS does very well when confined on glabrous soybean.  The inability of GWSS to recognize soybean (and perhaps other
legumes) as a suitable host merits further investigation.

Chemical analysis of xylem fluid of all plants used in the experiments has recently been completed.  Statistical analyses of
how nutrients relate to GWSS utilization are currently being performed.  Some trends are already obvious.  In our selection
experiments, Spanish Pink Lemon was rarely selected by GWSS. Chemical analyses showed that xylem of lemon used in
these experiments was extremely deficient in nutrients, containing ca. 30% of the organic nitrogen of Navel.  These results
contrast xylem fluid of Navel and lemon that we have analyzed from California (in collaboration with Carlos Coviella), in
which field grown lemon have organic nitrogen 30-50% higher than Navel and nearly ten-fold higher than our potted plant
material.  Both the chemical data from the field in California and data from our greenhouse show consistent relationships
between xylem nutrients and host selection (higher amino acids resulting in higher selection).  The failure of Spanish Pink
Lemon to remain vigorous under greenhouse conditions highlights the need to assess GWSS host utilization in conjunction
with chemical data and available field data.

CONCLUSIONS
Leafhopper nymphs are capable of surviving without a plant food source for in excess of three days and also are able to move
relatively long distances from plant to plant and on the ground. This information is highly relative to the determination of
potential female ovipositional strategies.  If nymphs are highly mobile and capable of finding suitable host plants on their
own, then female choice of host plants for oviposition may be less critical.  This in turn may indicate that oviposition is
affected by factors other than host plant chemistry relative to the special requirements of nymphs.
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The nutritional experiments indicate how we can assess GWSS host utilization, and also highlight some of the biggest
remaining questions in understanding the life cycle of GWSS.  Results to date are consistent with what we know about how
xylem nutrients impact adult consumption rates and the development of immature GWSS.  The clearest gap in our knowledge
is in our understanding of how GWSS selects hosts for oviposition, and how these same cues may even be impacting non-
reproducing GWSS.  To address this question we are currently examining and comparing different genotypes of Citrus and
other preferred ovipositional hosts relevant to California.  We have shown that glabrous genotypes of soybean are suitable
developmental hosts, yielding sixty to two hundred successfully matured adults in cages originally loaded with 8 mating pairs
of leafhoppers.
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ABSTRACT
To date, the fungi isolated from field-collected mycosed glassy-winged sharpshooter (GWSS) includes a combination of
potential pathogens in the genera Verticillium, Paecilomyces, and Hirsutella and other saprobic fungi (Fusarium, Apergillus,
Acremonium, etc).  We have identified a primary pathogen, Hirsutella sp. developed a laboratory culturing method for it and
identified a unique metabolite from the organism.  We are developing a genetic profile of the pathogen and evaluating it for
pathgenicity against several species of leafhoppers.  The pathogen appears to be a good candidate for release into California
as a classical biological control.

INTRODUCTION
We are not aware of any studies that have examined the entomopathogens associated with glassy-winged sharpshooter
(GWSS) populations. In general, the lack of  pathogens (viral, bacterial, or protozoa) in leafhopper populations may be
related to their piercing-sucking feeding behavior.  In most cases, these pathogen groups are transmitted orally and would
likely need to inhabit the xylem tissue to infect leafhoppers.  Pathogens that are transmitted per os are typically affiliated
with insects with chewing mouthparts.  Thus, entomopathogenic fungi, which do not need to be ingested in order to infect
insects, are considered to contain the primary pathogens of sucking insects. Indeed, the primary pathogens operating against
insects such as whiteflies, scales, aphids, spittlebugs, plant hoppers, and leafhoppers are insect fungi (for listing see USDA-
ARS Collection of Entomopathogenic Fungal Cultures at http://www.ppru.cornell.edu/mycology/catalogs/catalog.).  We
commonly observe all mobile stages of GWSS exhibiting  mycoses in north Florida and we are identifying them and
assessing their impact.

OBJECTIVES
1. Identify and archive all the major pathogens affiliated with GWSS populations.
2. Estimate the distribution, frequency and seasonality of the major diseases of  GWSS.
3. Screen the pathogens for exotoxins with potential toxicity to GWSS and other arthropods.
4. Confirm infectivity of the isolates and the exotoxins and determine which if any pathogens may serve as microbial

controls of GWSS and other leafhopper vectors.

RESULTS
In the past field season we surveyed GWSS populations in the Southeast.  The purpose of this survey was twofold: first, to
piece together a better picture of the distribution of the glassy-winged sharpshooter in the area.  Secondly, it gave us the
opportunity to investigate the varieties and incidence of fungal pathogens associated with this host. The survey area
encompassed three states.  Relatively intensive sampling was done in Florida and Georgia, from the Orlando area north to
Cairo, Georgia, and west to Defuniak Springs, Florida.  This was coupled with a collecting trip through much of Georgia and
South Carolina.  In total, 41 sites were sampled, 34 of which harbored insect populations.  After the first few weeks, it
became apparent that crape myrtles were the preferred host plant for our sampling purposes. While we did not restrict our
search to crape myrtle, it did comprise the bulk of what is included in the aforementioned sites.  Crape myrtle is prevalent in
both nurseries and landscaping in the South, and was therefore easily accessed.  It is also possible to locate the insects
through visual means, and to collect them with a gentle beating method that minimizes damage to the plant.

Pathogen Detection and Isolation
As mentioned above, concurrent with the insect populations, we also found a patchwork population of fungal pathogens.  Of
the 41 collection sites, six yielded fungi. Classical culturing methods met with limited success, although we were able to
isolate and grow colonies of Sporothrix sp., Acremonium sp and Pseudogibellula sp.  These were the less common fungi that
were found.  By far, the most prevalent pathogen found on dead GWSS was a Hirsutella-like organism.  It proved to be
extremely fastidious, and could not be grown on any media when taken directly from the mycosed insect samples.  We also
were not able to isolate it from any of the plant material or affiliated lichens.

We initiated a survey of microbes harbored by live GWSS from areas hosting epizootics of Hirsutella.  Approximately one
third of hemolymph samples examined from these insects contained hyphal bodies. Importantly, samples collected from the
hemolymph grew in insect tissue culture.  Parallel inoculations of these hemolymph samples onto various mycological
substrates failed to produce colonies.  These results demonstrate the fastidious nature of this pathogen.  Significantly, all
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cultures produced conidiophores that were identical to the Hirsutella species identified from cadavers collected over the past
two seasons.  It appears that the causal agent of the epizootics in the Southeast is due to this fastidious fungus.  Five
independent isolates of this pathogen are being maintained on tissue culture media.

Bioassay and Transmission of Isolated Fungi
Attempts to transmit or observe the disease life cycle in the laboratory have proven problematic.  Spores harvested from
mycosed insects and/or available cultures were applied topically to second instar nymphs from the greenhouse colonies with
no effect.  It should be noted that until recently we did not have the available Hirsutella cultures for bioassay. It should also
be noted that this season hundreds of live insects were collected from an area with heavy pathogen populations and were
monitored in the greenhouse over a seven-day period.  None of these sharpshooters died of mycosis. In all of the sampling
that we have done, covering much of the southeastern U.S. and thousands of individual host plants, the vast majority of
mycosed insects were affiliated with crape myrtle.  As mentioned above, the majority of our sampling focused on crape
myrtle, but we did include other plants, often adjacent to infested stands of crape myrtle.  Mycosed GWSS have been
observed on a broad range of host plants and the number found on crape myrtle is indicative of the high numbers of GWSS
that use crape myrtle for feeding.

CONCLUSIONS
We have identified and have in culture several isolates of a primary pathogen and potential GWSS biological control agent,
Hirsutella sp.  In addition we have identified an important metabolite of the fungus.  Other potential primary pathogens exist
and we are also working with them.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.
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ABSTRACT
To fully support decision making and to supplement what is observed in the field, we need to develop a glassy-winged
sharpshooter (GWSS) performance database on the host plant species that are identified as truly critical to GWSS survival
(particularly for immature GWSS).  There are no quantitative data available on the relative suitability of single or multiple
hosts most relevant in California to GWSS growth and development.  This proposal will not only provide this baseline
information, but also identify host plant limitations at different life stages and identify key nutrients responsible for this
phenomenon.

INTRODUCTION
The project aims to predict ecological events (including possible establishment of GWSS throughout much of the grape
growing regions of CA) and to target control tactics (including potential manipulations of host plants and leafhoppers) for
different regions of California.  Understanding the seasonal occurrence of ecological events as they are affected by climatic
variables is critical for management decision making. Also, there is tremendous utility in understanding the underlying
mechanisms responsible for GWSS/Pierce’s disease scenarios from both predictive and control perspectives.

OBJECTIVES
Determine the relative phenology (timing of biological events as influenced by the environment and intrinsic biological
phenomena) of:

1. Host plants used by the glassy-winged sharpshooter;
2. Other leafhopper vectors and
3. Their natural enemies, as well as
4. Xylella fastidiosa in host plants and vectors in key California locations at three different latitudes: South Coast

(Ventura), Central Valley (Kern County), and North (between Visalia and Sacramento).

RESULTS AND CONCLUSIONS
Personnel have been hired in California and they are currently setting up the experimental plots.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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ABSTRACT
We conducted a pyrethrum synergism study for organic control of GWSS that evaluated rosemary oil, or cinnamon oil (as
cinnamic aldehyde) as piperonyl butoxide PIP (synergist) substitutes.  Pyrethrum, alone or combined with PIP, was not
consistent in efficacy against GWSS.  Pyrethrum, and pyrethrum with PIP, gave effective GWSS control in a June 2003 trial
but not in two September trials (2002, 2003).  Efficacy of PIP alone was not significant from controls in any of the trials.  No
significant synergism occurred between pyrethrum and PIP.  Neither Hexacide® nor Cinnacure® alone controlled GWSS in
this study; nor did they synergize pyrethrum.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is a newly introduced, now common, pest insect in southern and central California
(Purcell et al., 1999; Blua et al. 2000). There, GWSS is a primary vector of Xylella fastidiosa, the causal agent of Pierce’s
disease (PD).  PD is an important factor in grape production (wine and table) and nursery stock in California with the
occurrence of serious grape and vine losses; and added inspection costs to the nursery and citrus industries (Blua et al. 1999).
Earlier, we reported studies that identified effective conventional and biorational insecticides for control of GWSS in grapes
and citrus (Akey et al., 2001a,b; 2002).  Also, management methods are being developed for GWSS that are economically,
ecologically, and socially acceptable (Akey et al, 2002; Blua, et al. 2000).  But a concern is the limited number of resources
available to organic growers for control of GWSS.  This concern should not be restricted only to organic producers.  Organic
production may be (or perceived to be) “nurseries” for GWSS.  Organically-approved pyrethrum insecticide is one agent that
may be used.  In conventional use, usually, this insecticide is combined with the synthetic synergist, piperonyl butoxide (PIP,
aka PBO).  PIP acts as a synergist by inhibiting the detoxifying p-450 cytochrome/mixed function oxidases and that allows
the insecticide a longer presence in cell tissue.  Here, we report a pyrethrum study for organic control of GWSS that tested
rosemary oil (an octopamine inhibitor), or cinnamon oil (as cinnamic aldehyde) as PIP substitutes.

OBJECTIVES
Discover organically-approvable agents that can be substituted effectively for piperonyl butoxide (PIP).

RESULTS AND CONCLUSIONS
Experiments were conducted with naturally occurring GWSS populations on 6-7 foot tall orange trees during egg-to- nymph-
to-adult development September through October, 2002, and June through September, 2003.  The experimental design was a
3-replicate completely randomized block (four treatments including control, table 1) at University of California, Riverside,
Agricultural Operations.  Plots were 0.114 acre in size; 25 by 66 ft, 3 trees / plot with guard rows on each side.  Pretreatment
count of GWSS was made in all plots.  Post-application counts were made 1-7 days (varied), (table 2, 3, and 4).  Applications
were made by windmill blast-type sprayer (John Bean Div., FMC) that delivered 200 psi at 300 gal/ac with 5 swivel-nozzle
bodies (Tee Jet) on one side (10 nozzles, each had a core 23, disc 6, and slotted strainer). An “organically-certifiable”
adjuvant, Nu-Film-17 (Miller Chemical & Fertilizer Corp.) was used.  Spray penetration was studied previously (Akey et al.
2001a, b).  LSD mean separation tests were made if F values were significant by ANOVA.  For analysis, data were
transformed by √(x +  ½) to adjust zeros in data sets.  Efficacies of materials evaluated for control are shown in tables 2, 3,
and 4.

Pyrethrum, alone and combined with PIP, was not consistent in efficacy against GWSS.  The pyrethrum (with PIP) trial in
June of 2003 had suitable efficacy but not in the two September trials (2002, 2003) (see tables 2 and 4).  Efficacy of PIP
alone was not significant from controls in any of the trials (tables 2-4).  No significant synergism occurred with pyrethrum
and PIP (tables 2-4).  Neither Hexacide® nor Cinnacure® alone controlled GWSS in this study; nor did they synergize
pyrethrum combined in sprays (table 2).  This area of study will require more work to determine under what conditions
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pyrethrum may be effective (if any).  Candidate insecticides for organic GWSS IPM programs need to be identified and
evaluated.  It is likely that such insecticides may be less effective than conventional insecticides but may have a place in
organic IPM programs adjacent to or embedded within conventional area-wide programs.

Table 1. Trade names, chemistry classes, formulations and rates per acre of foliar biorational insecticides evaluated
for glassy-winged sharpshooter control in citrus, Riverside, CA, 2002 and 2003.

Name Chemistry Per Acre
Year Trade Generic Class Formulation Product lb AI Company

2002,03 Pyganic® pyrethrins1 Cyclo-propane
compound

EC 1.4 64.0 fl oz 0.06 McLaughlin,
G.K. Com.

2002, Pyronyl®62 pyrethrins as above EC 6 16.0 fl 0z 0.06 Prentiss, Inc.
2002,03 Incite C/A Piperonyl

butoxide PIP
Methylene
dioxyphenyl

91.3 8.8 fl oz 0.53 Loveland
Industries, Inc.

2003 Hexacide® Rosemary
oil

octopamine
inhibitor

5 3.0 gal 0.42 Eco Smart
Tech. Ind.

2003 Cinnacure® Cinnamon
oil

Cinnamic
aldehyde

30 F 3.0 gal 7.56 ProGuard, Inc.

1 Pyrethrum is a naturally-occurring group of insecticides from chrysanthemum flowers.  Pyrethrum has six active
insecticides; two are pyrethrins from which similar mode-of-action synthetics (pyrethroids) were developed.

2 Pyronyl® 6% without PIP was prepared by Prentiss Inc.; commercial product is Prentox® Pyronyl® 60-6 EC

Table 2. Mean numbers (± SE) and percentage mortalities (beat sample data) following one application of chemical(s)
for adult glassy-winged sharpshooter control in citrus at Riverside, CA, 2003.

Post application day
Treatment 1 2 5 or 61

x 2 %3 x % x %
Pyganic 1.7 ± 0.9 81 b4 2.0 ± 1.5 54 a 3.0 ± 1.0 85 b
Incite 8.0 ± 1.5 8 a 9.7 ± 0.9 ---- a5 12.7 ± 3.3 37 a
Pyganic + Incite 1.0 ± 0.6 88 b 4.3 ± 4.3 ---- a 4.7 ± 1.2 77 b
Control 8.7 ± 2.4 ---- a 4.3 ± 2.4 ---- a 20.0 ± 4.6 ---- a

Pyganic 13.3 ± 13.3 ----- a 9.3 ± 6.3 ---- a 4.7 ± 1.2 ---- a
Hexacide 20.0 ± 3.6 ------a 9.3 ± 2.3 ---- a 5.0 ± 1.5 ---- a
Pyganic  + Hexacide 6.0 ± 5.5 38 a 11.3 ± 6.9 ---- a 3.3 ± 0.7 9  a
Control 9.7 ± 5.4 ---    a 7.3 ± 3.2 ---- a 3.7 ± 1.8 ---  a

Pyganic 2.0 ± 1.0 74 a 6.3 ± 0.7 24a 5.0 ± 1.0 29 b
Cinnacure 5.3 ± 1.2 31 a 8.3 ± 1.8 ---- a 10.3 ± 0.9 a
Pyganic + Cinnacure 3.0 ± 2.1 61 a 5.3 ± 3.0 36a 6.0 ± 1.0 14 b
Control 7.7 ± 0.9 ---- a 8.3 ± 2.2 ---- a 7.0 ± 0.6 ----  ab
1 Post-application sample day: Pyganic/Hexacide and Pyganic/Cinnacure – day 5;  Pyganic/Incite – day 6.
2 Means of 3 replicates of each treatment.
3 % efficacy = percent reduction from control.
4 Means in columns by group(s) with different letters, are significantly different by ANOVA and LSD at P ≤ 0.05,

analyses were based on transformed data, √(x + ½ ) to adjust zeros in data sets.
5 Numbers equal to or greater than control, i.e. no % reductions from control.
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Table 3.  Mean numbers (± se) and percentage mortalities (beat sample data) following one application of chemical(s) for
glassy-winged sharpshooter nymph control in citrus at Riverside, CA, 2003.
Treatments Post application day

1 2 5 or 61

Small nymphs2 x 3 %4 x % x %
Pyganic 2.0 ± 1.0 75 a5 2.3 ± 0.9 63 a 1.3 ± 0.9 84 a
Incite 2.7 ± 1.8 67 a 3.7 ± 1.5 42 a 3.3 ± 2.4 60 a
Pyganic + Incite 3.0± 0.6 63 a 1.7 ± 1.2 74 a 1.3 ± 0.3 84 a
Control 8.0 ± 3.2 ---- a 6.3 ± 3.2 --- a 8.3 ± 3.8 ---- a

Large nymphs
Pyganic 0.7 ± 0.3 85  a 0.3 ± 0.3 80 a 0.0 ± 0.0 100 a
Incite 2.7 ± 0.9 38 a 1.0 ± 0.6 40 a 0.7 ± 0.7 33 a
Pyganic + Incite 2.3 ± 0.3 46 a 2.3 ± 1.3 ---  a6 0.0 ± 0.0 100 a
Control 4.3 ± 2.4 ---- a 1.7 ± 0.3 ---a 1.0 ± 0.6 ---- a

1 Post-application sample day: Pyganic/Hexacide and Pyganic/Cinnacure – day 5;  Pyganic/Incite – day 6.
2 Nymphs were grouped by instars: small, instars 1 – 3;  and large, instars 4 – 5.
3 Means of 3 replicates of each treatment.
4 % efficacy = percent reduction from control.
5 Means in columns by group(s) with different letters, are significantly different by ANOVA and LSD at P ≤ 0.05;

there was no significance, analyses were based on transformed data, √(x + ½ ) to adjust zeros in data sets.
6 Numbers equal to or greater than control, i.e. no % reductions from control.

Table 4.  Mean numbers (± se) and percentage mortalities (beat sample data) following one application of pyrethrum
and/or piperonyl butoxide for adult glassy-winged sharpshooter control in citrus at Riverside, CA, 2002-2003.
Treatments Trial Post application day 6 or 71

no.,           month  year x 2 %3

Pyronyl6 1             Sept.   2002 15.7 ± 4.2 24 a4

Incite 16.0 ± 1.5 23 a
Pyronyl6+ Incite 14.7± 2.4 29 a
Control 20.7 ±4.9 --- a

Pyganic 2             June    2003 3.0 ± 1.0 85 a
Incite 12.7 ± 3.3 37 a
Pyganic + Incite 4.7± 1.2 77 a
Control 20.0± 4.6 --- a

Pyganic 3             Sept.   2003 7.7 ± 2.2 36 a
Incite 6.0 ± 1.0 50 a
Pyganic + Incite 8.0 ± 3.1 33 a
Control 12.0 ± 2.5 --- a
1  Post-application sample day: June and Sept. 2003 –day 6; Sept. 2002 –day 7.
2  Means of 3 replicates of each treatment.
3  % efficacy = percent reduction from control.
4  Means in columns by group(s) with different letters, are significantly different by ANOVA and LSD at P ≤ 0.05;

there was no significance, analyses were based on transformed data, √(x + ½ ) to adjust zeros in data sets.
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ABSTRACT
We are seeking unique tactics to curtail the movement of Homalodisca coagulata, the glassy-winged sharpshooter (GWSS),
on nursery stock to non-infested areas of California.  On the basis of our prior experiment that examined the height of GWSS
flight out of citrus, we tested the potential of 5 m high screen barriers to reduce the influx of GWSS into a nursery yard from
surrounding citrus and native vegetation. We also examined GWSS flight direction and behavior when placed near or on a
barrier.  We found two distinct periods of GWSS incursion into the nursery yard: the first of the year and in mid-summer.  In
sticky traps set a 1, 3, 5, and 7 m high, more than 99% of all GWSS were caught at 5 m or less.  Although more GWSS were
caught immediately inside areas where 5 m high barriers were constructed than areas without barriers,  fewer GWSS were
caught inside barriers than outside barriers.  When released midway between the barrier and adjacent vegetation fewer GWSS
flew in the direction of the barrier than away from the barrier.

INTRODUCTION
Strict regulations have been imposed on the nursery industry to curtail movement of Homalodisca coagulata, the glassy-
winged sharpshooter (GWSS) via nursery stock transported to non-infested counties.  These regulations require that potted
plants destine for transport be thoroughly inspected for any stage of the GWSS, and treated with an insecticide if warranted.
GWSS egg masses are particularly difficult to find and treat with insecticides.  Inspections and treatments are labor-intensive
and time consuming, resulting in additional costs to growers and county agricultural commissioners’ offices.   Some growers
in GWSS infested areas have stopped shipping product to non-infested areas rather than risking a shipment of nursery stock
being rejected after transit. This reveals the need for a means to reduce the GWSS population density in nursery yards.

The best GWSS management strategy we can bring to bear on this problem involves integrating two or more management
tactics.  The circumstances surrounding wholesale nurseries lends itself well to a management strategy that combines
isolation from GWSS infestation, and the judicious use of insecticides to induce mortality and curtail oviposition.
Our experiments investigating GWSS flight height indicate a possibility that screen barriers could be constructed to reduce
movement of GWSS from vegetation that supports reproduction and high population densities, into crop plants that require
protection. In a prior experiment in which we monitored GWSS entering a vineyard from citrus or native vegetation at 1, 3, 5,
and 7 m above the ground, we found that through the period of peak flight activity, 97% of all H. coagulata adults were
trapped at an altitude of 5 m or lower (Blua and Morgan 2003).

OBJECTIVES
The primary objective of this study is to determine the impact of screen barriers on GWSS movement into a nursery yard, and
their impact on GWSS flight behavior and movement.

RESULTS AND CONCLUSIONS
GWSS trap catches
Since our experiment was initiated on December 12 2002, we have examined weekly catches of GWSS on yellow sticky

traps set at 1, 3, 5, and 7m above the ground.  These traps were set inside and outside the border of a nursery yard where we
placed 5 m high barriers, and at untreated control areas in a blocked experiment with three blocks at Valley Crest Tree
Company (VCTC) in Fillmore, CA.  Below we report GWSS catches from December 12 2002 to September 25 2003.  Data
are analyzed as weekly GWSS catches, and catches by treatment (barrier vs. no barrier) and trap height (1, 3, 5, and 7 m).
All statistical analyses were carried out using chi-square after appropriate transformation of data.

We detected significant differences in the numbers of GWSS caught through time (χ
2

= 2399, df=41, P<10-4).  Catches
peaked in January and generally declined afterwards with another peak begging in July 2003, declining in August (Figure 1).
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Figure 1. Glassy-winged sharpshooters trapped from December 12 2002 through August 25 2003
at Valley Crest Tree Co.  Numbers represent Least Square Means + SE across treatments and trap
height.

We detected significant differences in the numbers of GWSS caught among trap heights (χ
2

=1643, df=3, P<10-4).  Over 99%
of trapped GWSS were collected at 5 m (barrier height) or less, with the single greatest number caught at 3 m (45%), then
1 m (38%) and 5 m (17%) (Figure 2).  Less than 1% of the GWSS were caught on traps set at 7 m above the ground. We
caught significantly fewer GWSS inside vs. outside of the barrier treatment (χ

2
= 446.2, df=9, P<10-4), even those the fewest

GWSS were caught on sticky traps where there were no barriers (Figure 3).

Figure 2. Glassy-winged sharpshooters trapped by height from December 12 2002 through May 29
2003 at Valley Crest Tree Co. Numbers represent Least Square Means + SE across treatment
collection date.
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Figure 3. Glassy-winged sharpshooters trapped from December 12 2002 through May 29 2003 at
Valley Crest Tree Co on untreated control areas (NO BARRIER) and on the inside and outside of
the barrier treatment. Numbers are Least Square Means + SE across trap height and collection
date.

Impact of Barrier on GWSS Flight Behavior
We conducted an experiment to assess the impact of the barrier on GWSS flight direction.  In this experiment, GWSS adults
were placed on a 1.5 m high platform midway between the barrier and vegetation surrounding the outside of the barrier
(citrus or native riparian vegetation), ca 8 m in each direction. Flight direction relative to a clock was noted with 12:00
directly toward the barrier and 6:00 directly away from the barrier.   The number of experimental GWSS that flew over the
barrier was also noted.  We also conducted an experiment to determine the likelyhood that a GWSS making contact with the
barrier will either walk or fly over it. In this experiment GWSS were placed on the barrier 1 m above the ground, and we
observed the direction of it movement, and if they went over the barrier.

Significantly more GWSS flew away from the barrier (70.5%) than towards it (29.5%) (Figure 4).  Only 7.5% of the GWSS
released from the platform flew over the barrier (Figure 5), which was 23% of those that flew towards the barrier.  GWSS
placed on the barrier walked an average of 0.1 m upwards before flying.  Ninety four percent of the GWSS placed on the
barrier flew away from it, while 6% of GWSS placed on the barrier flew over it.

Figure 4. Experimental layout and numbers of glassy-winged sharpshooters observed flying from
a 1.5 m high platform in directions relative to a clock.  Equal numbers of GWSS were placed on
the platform headed towards the barrier and towards vegetation.
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Figure 5. Percentage of GWSS released from a platform (see Figure 5) that flew over the barrier
or not.

CONCLUSIONS
The most important effect we observed in this study is the difference in GWSS trap catches on either side of the barrier. This
indicates that the barrier is functioning as a means of reducing the influx of GWSS.  Other observations support this
conclusion.  First, we observe over 99% of all GWSS were caught on sticky traps at 5 m or lower, the barrier height, with the
largest proportion getting caught at 3 m traps (45%).  Second, we observe that when making contact with the barrier, GWSS
rarely flew over the barrier, and never walked up more than a few cm.  Finally, our studies show that GWSS were either not
stimulated to fly in the direction of the barrier, or were repelled by it.

An examination of sticky-trap catches of GWSS show that more were caught on traps at either the outside or inside of the
barriers than on traps at the untreated control areas (Figure 3). This is unexpected, but may be an experimental artifact due to
placement of barriers in areas of greatest GWSS infestation, or the barrier restraining GWSS movement, and concentrating
them in the area of the barrier traps instead of allowing them to fly away from traps.  In addition, high rates and distances of
GWSS dispersion relative to the length of the barrier and the distance across the nursery yard may further reduce the impact
of the barrier on GWSS trap catches in this experiment.

The barrier tactic at ca. $18.00 per linear foot (labor and materials) has a large initial cost relative to other management
tactics to reduce the influx of GWSS into a nursery yard.  However, the screen material we used (Vineyards NZ LTD, New
Zeland) has a 10-year warranty against damage due to the absorption of ultra violet light, and the structure to support the
barrier is permanent.  In addition, this GWSS management tactic is completely compatible with other tactics, including
biocontrol and the use of insecticides.
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ABSTRACT
The toxicities of important plant metabolites of the neonicotinoid insecticide imidacloprid were assessed against the glassy-
winged sharpshooter in topical application bioassays.  The olefin and 5-hydroxy metabolites were only slightly less toxic than
the parent material, whereas the diol and desnitro derivatives exhibited no toxicity.  The formation of active imidacloprid
metabolites within plants could potentially extend the protective period of imidacloprid applications if the metabolites are
formed at the insect feeding sites.

INTRODUCTION
The primary means of controlling the spread of Pierce’s disease (PD) in California vineyards is through the elimination of its
vector using insecticides.  The glassy-winged sharpshooter (GWSS) Homalodisca coagulata feeds directly from the plant
xylem system and, therefore, systemic insecticides are currently being evaluated on both citrus and grapes.  Of the various
classes of insecticide under consideration, the neonicotinoids, especially imidacloprid, have proven to be the most effective at
suppressing GWSS populations.  Imidacloprid (1-[(6-chloro-3-pyridinyl)methyl]-4,5-dihydro-N-nitro-1H-imidazol-2-amine)
is a nicotinic acetylcholine receptor agonist that combines high potency with low mammalian toxicity and favorable
persistence.  As a systemic, seed, soil or foliar treatment, it has proved to be especially effective against a wide range of
homopterous insect pests, including the GWSS.  The success of imidacloprid in controlling GWSS is due largely to its
excellent systemic properties.  Systemic applications exploit the xylophagous feeding behavior of the insect, and thereby
disrupt the transmission of PD and other Xylella fastidiosa-related diseases.

One of the important features of imidacloprid is the toxicological profile of some of its key plant metabolites.  Some of these
metabolites are closely related to imidacloprid and have been shown to have insecticidal activity against aphids and
whiteflies.  The most potent of these arises from the oxidative conversion of the parent compound to mono-hydroxy and
olefin derivatives (Nauen et al., 1998, 1999).  In some cases, the activity of the metabolites exceeds that of the parent
compound.

The aims of this study are to determine the extent to which metabolites of imidacloprid are formed in citrus trees and
grapevines, and to determine their toxicological significance towards GWSS.  The presence of insecticidal metabolites in
xylem sap could contribute to the excellent persistence of imidacloprid treatments against sharpshooters.  As well as
maintaining the toxic pressure of the initial application, the metabolism of imidacloprid to yield equally or more toxic
metabolites may also account for the stability of imidacloprid to resistance.  From a global standpoint, imidacloprid is used to
control a wide range of agricultural and veterinary pests.  Despite its widespread use, the compound has remained relatively
resilient to the pressures of resistance, a feature rarely seen with the more conventional insecticides when used in a similar
manner.  Certainly, the success of imidacloprid treatments against the GWSS owes much to its excellent systemic and
residual properties as well as to its inherent toxicity; however, it is unknown whether imidacloprid metabolites contribute to
this success or not.

OBJECTIVES
1. Determine the metabolic fate of imidacloprid within citrus trees and grapevines;
2. Determine the relative toxicities of imidacloprid and its metabolites to the GWSS.

RESULTS AND CONCLUSIONS
The toxicity of four imidacloprid metabolites to GWSS adults was assessed in topical application bioassays (Table 1).  The
diol and desnitro derivatives of imidacloprid did not induce a toxic response at the highest dose tested.  In contrast, the olefin
and 5-OH metabolites were highly toxic, although neither was more toxic than imidacloprid.  The olefin had a 2-fold lower
toxicity than imidacloprid, while the 5-OH metabolite retained toxicity at a level that was 5-fold lower than the parent
compound.
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Figure 1. Topical application of imidacloprid
to the abdomens of GWSS adults.

These data concur with those of Nauen et al. (1998, 1999), who showed that the olefin
and 5-OH metabolites were toxic to both aphids and whiteflies.  In the aphid study, the
toxicity of the metabolites was confirmed by both oral ingestion and topical bioassays,
while in our study we utilized a topical application bioassay only (Figure 1).  It is not
surprising that all compounds, including imidacloprid itself, were more toxic when
delivered via the oral route, as this eliminates any pharmacokinetic effects that might
occur with a contact bioassay.

Table 1.  Toxicity of imidacloprid and its metabolites to the GWSS in topical application bioassays.

Compound LD50 (ng a.i. per insect) 95% FL Slope No. of insects
Imidacloprid 3 1-8 1.0 ±0.2 250
Imidacloprid
Olefin

6 3-10 1.4 ±0.3 200

Imidacloprid
5-OH

15 10-21 1.5 ±0.3 200

Imidacloprid
Diol

No mortality detected at
highest dose tested (100ng)

- - 200

Imidacloprid
DesNitro

No mortality detected at
highest dose tested (100ng)

-  200

In this study, confirmation that imidacloprid metabolites are toxic to GWSS by contact assay probably indicates that these
materials would be even more toxic if encountered by the insects while feeding on the xylem sap.  We are currently
evaluating the stability of imidacloprid within xylem sap, and determining the potential for the development of metabolites.
It is not known whether there is any metabolism of this insecticide within the xylem system.  Should imidacloprid
metabolites be found, particularly the olefin or mono-hydroxy derivatives, it will indicate one of the important factors
contributing to the overall success of imidacloprid applications against the GWSS.
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ABSTRACT
Transgenic insecticidal crops have been developed and deployed to control major chewing insect pests such as caterpillars
and beetles, but not for economically important xylem-feeding sucking insect pests like the glassy-winged sharpshooter,
Homalodisca coagulata (GWSS).  Our goal is to develop novel, highly specific insecticidal proteins derived from the
variable binding domains of immunoglobulin molecules.  These mimetic peptides are being targeted to bind to the exposed
active domains of transport proteins on the surface of the midgut microvillar membrane, enzymes found in GWSS saliva, and
proteins associated with Xylella fastidiosa acquisition and transmission.  Identifying target GWSS proteins is being
accomplished through a genomics approach utilizing PCR amplification and cDNA microarray screening to identify, clone,
and characterize the GWSS genes encoding these proteins.  Targeting these proteins with antibody based mimetic peptides
offers a potentially powerful means for controlling Pierce’s disease that is environmentally friendly and could reduce crop
loss due to GWSS feeding and transmission of X. fastidiosa.

INTRODUCTION
Very little is known of the gene expression changes that occur in insects during acquisition and transmission of the pathogens
they vector.  However, it is unlikely that insect vectors act simply as passive syringes in the process of inoculating their host
plants.  It has been shown that the acquisition and transmission of some plant pathogens afford distinct advantages to their
vectors.  Virus acquisition by immature aphids has a profound effect on their viability by affording aphids protection from
parasitism.  This protection is due to a virus induced alteration of the carbohydrate balance of the host plant that impacts the
feeding aphid, making it less attractive as a parasite host (Christiansen-Weniger et al., 1998).  Essentially nothing is known of
the changes in gene expression that occur in GWSS after acquiring X. fastidiosa.  We propose to characterize glassy-winged
sharpshooter genes associated with X. fastidiosa acquisition and transmission.  This will be accomplished by screening a
GWSS normalized cDNA microarray with probes derived from RNA isolated from X. fastidiosa acquiring and transmitting
insects.  Once identified the gene products will be synthesized and used as antigens for antibody production.  Antibody
libraries will be screened to identify the mimetic peptides that bind most efficiently to GWSS proteins.  These peptides will
be used in feeding studies to identify those which block X. fastidiosa acquisition and transmission.  Thus far, mimetic
technology has been used most extensively and successfully in medicine (Clemens, 1996).  Examples of medical uses include
inactivation of disease-related enzymes (Burke et al., 2001), blockage of metabolic receptors important to disease (Berezov et
al., 2000), and the use of antibodies against disease constituents (Moe et al., 1999).  In these applications mimetic technology
has been used to treat human cancers (Monzayi-Karbassi and Keiber-Emmons, 2001), diabetes (Deghenghi, 1998), and heart
disease (Lincoff et al., 2000).  While application of this technology will be new to agriculture, antibody proteins have already
been synthesized in plants for the purpose of producing antibodies to be used in medical applications (Larrick et al. 2001;
Stoger et al., 2002).  Producing transformed lines of crop plants in which the antibody peptides can be synthesized in a tissue-
specific manner is also straightforward, since promoters, which will direct expression to the cell wall and vascular structures
of plants, have been isolated by other researchers (Shi et al., 1994; Springer, 2000).  However, this is of little use in the
application of this technology to existing vineyards.  While replacement of producing vines by transgenic plants may
represent a long-term solution to the problems presented by GWSS and Pierce’s disease, it does nothing to relieve the
immediate impact of this pathogen-vector system on an important industry in California.  Clearly, there is need for the
development of alternative methods for introducing such materials to mature plants.  One such system would utilize the
bacteria, which live as endophytes inside grape xylem.  Most endophytic plant bacteria have not been studied extensively,
and yet, due to the ease of bacterial transformation, and plant inoculation, these organisms represent ideal candidates for such
applications.  We are developing such an endophytic bacterial system for grape.
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OBJECTIVES
1. Screen a glassy-winged sharpshooter normalized cDNA microarray for genes encoding proteins related to Xylella

fastidiosa-acquisition and transmission.
2. Identify functional domain peptides using bioinformatics, synthesize them, and utilize them for antibody production.
3. Clone single-chain fragment variable (ScFv) antibody genes into recombinant phage libraries and screen the libraries.
4. Conduct feeding studies to identify mimetic peptides effective in killing or deterring GWSS feeding.
5. Develop an endophytic bacterial system for insecticidal peptide delivery to mature grape xylem.

RESULTS
We are currently funded by the Exotic Pests and Diseases Research Program to construct and screen a GWSS normalized
cDNA microarray.  The targets of these screening experiments are genes encoding proteins specific for the salivary gland and
midgut epithelium.  We think these are good candidates for development of mimetic insecticidal peptides.  However,
although the peptides developed to block the activities of the salivary and midgut proteins should impact the GWSS’s ability
to transmit Xylella, it will be advantageous to identify and target proteins that are specifically involved in the GWSS-Xylella
interaction.  Thus far we have isolated portions of the five genes described in Table 1 from GWSS using degenerate PCR.
An alignment of the protein sequence predicted from the V-ATPaseA clone with the protein sequences of V-ATPase A
subunits from Manduca sexta and Aedes aegypti is illustrated below (Figure 1) showing the conserved membrane spanning
regions and the extracellular exposed loop (Gamba et al., 1998).  Depending on in situ hybridization study results, we will
use this region for the synthesis of our first mimetic peptide

Table 1. Examples of genes identified and partially cloned from GWSS along with the functions of the proteins they
encode
_________________________________________________________________________________

Gene Function
V-ATPase A subunit pH balance
V-ATPase c subunit pH balance
Mal1 (maltase-like) sugar degradation
LhP1 (trypsin-like) protein degradation

HCMT1 membrane transport

81 16090 100 110 120 130 140 150(81)
----------IRFPGSWAHFDGIQRPLKDINELPHSIYIPKGVNVPALSRTATWEFNPLNIKTGSYITGGDIYGIVHENTHcVA (1)
LRTGKPLSVELGPGILGSIFDGIQRPLKDINELTQSIYIPKGVNVPSLAREVDWEFNPLNVKVGSHITGGDLYGIVHENTMsVA (81)
----------IRFPGSWAHFDGIQRPLKDINELPHSIYIPKGVNVPALSRTATWEFNPLNIKTGSYITGGDIYGIVHENTAaVA (1)

IRFPGSWAHFDGIQRPLKDINELPHSIYIPKGVNVPALSRTATWEFNPLNIKTGSYITGGDIYGIVHENTConsensus (81)

161 240170 180 190 200 210 220 230(161)
LVKHKMLLPPRAKGTVTYIASPGNYTVDDVVLETEFDGEKSKYAMLQVWPVRQPRPVTEKLPANHPLLTGQRVLDSLFPCHcVA (71)
LVKHKMLMPPRAKGTVTYIAPAGNYKVTDVVLETEFDGEKAQYTMLQVWPVRQPRPVTEKLPANHPLLTGQRVLDSLFPCMsVA(161)
LVKHKMLLPPRAKGTVTYIASPGNYTVDDVVLETEFDGEKSKYAMLQVWPVRQPRPVTEKLPANHPLLTGQRVLDSLFPCAaVA (71)
LVKHKMLLPPRAKGTVTYIASPGNYTVDDVVLETEFDGEKSKYAMLQVWPVRQPRPVTEKLPANHPLLTGQRVLDSLFPCConsensus(161)

241 320250 260 270 280 290 300 310(241)
VQGGTTAIPGAFGRGKTVISQALSKYSNSDVIIYVGCGERGNEMSEVLQDFPELSVEIDGVTESIMKRTALVANTSNMPVHcVA(151)
VQGGTTAIPGAFGCGKTVISQALSKYSNSDVIIYVGCGERGNEMSEVLRDFPELTVEIEGVTESIMKRTALVANTSNMPVMsVA(241)
VQGGTTAIPGAFGRGKTVISQALSKYSNSDVIIYVGCGERGNEMSEVLQDFPELSVEIDGVTESIMKRTALVANTSNMPVAaVA(151)
VQGGTTAIPGAFGRGKTVISQALSKYSNSDVIIYVGCGERGNEMSEVLQDFPELSVEIDGVTESIMKRTALVANTSNMPVConsensus(241)

321 400330 340 350 360 370 380 390(321)
AAREASIYTGITLSEYFRDMGYNVSMMADSTSRWAEALXEISGRLAXMPAXSGYPAYLGARLAS----------------HcVA(231)
AAREASIYTGITLSEYFRDMGYNVSMMADSTSRWAEALREISGRLAEMPADSGYPAYLGARLASFYERAGRVKCLGNPDRMsVA(321)
AAREASIYTGITLSEYFRDMGYNVSMMADSTSRWAEALXEISGRLAXMPAXSGYPAYLGARLAS----------------AaVA(231)
AAREASIYTGITLSEYFRDMGYNVSMMADSTSRWAEALXEISGRLAXMPAXSGYPAYLGARLASConsensus(321)

Figure 1. VA = ATPase A, Hc = Homalodisca coagulata, Ms  = Manduca sexta, Aa = Aedes aegypti
Membrane-spanning regions Conserved exposed loop

In addition we have constructed a normalized cDNA library from total RNA isolated from whole GWSS of both sexes, all
life stages, and GWSS that had been allowed to feed on grape infected with X. fastidiosa.  We are currently assembling a
microarray of 10,000 cDNA clones, and dissecting gut, salivary gland, and mouthpart tissues from both clean and X.
fastidiosa transmitting GWSS for RNA isolation and probe synthesis.  We are developing in situ hybridization techniques for
localization of gene expression studies and have dissected and identified all of the components of the GWSS alimentary canal
and initiated ultrastructural studies of these tissues (Figure 2).
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CONCLUSIONS
This approach to vector and pathogen control have clear advantages.  Chemical insecticides, which target receptors or
enzymes in the insect’s nervous, hormonal, or cuticular systems, are currently the main agents used for GWSS control.  Such
insecticides are broad-spectrum and kill beneficial insects as well as the target pest, and represent an environmental hazard as
well.  Insecticides that will target the insect in such a way as to limit its impact to the

Figure 2. Lateral views of the GWSS alimentary canal. 1. Oesophagus, 2. “Crop-like food storage
organ, 3. Upper filter chamber, 4. Caeca, 5. Central filter chamber, 6. Descending midgut,

7. Malpighian tubule, 8. Rectum,  9.Filter chamber microvillar brush border, 10. Descending
midgut microvillar brush border membrane.

specific insect pest, and which are readily biodegradable, are very attractive alternatives.  In addition to the obvious applied
benefits associated with the development of such plant protection technologies, is the tremendous amount of basic biological
information such genomics studies acquire.  The importance of the accumulation of this information and the genomics tools
developed cannot be over estimated.  The impact of human genomics projects on the development of new medical
technologies gives some indication of what could be in the future for agriculture.
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Reporting Period: The results reported here are from work conducted from December 2002 to October 2003.

INTRODUCTION
Riverside County has two general areas where citrus interfaces with grape:  1) the Coachella Valley with about 14,000 acres
of table grapes and 12,000 acres of citrus; and 2) the Temecula valley with 1800 acres of wine grapes in proximity to 1600
acres of citrus. Xylella fastidiosa was recently recovered from the Coachella Valley (Perring and Gispert, unpublished), and
the glassy-winged sharpshooter (GWSS) is very abundant.  In Riverside County, table and wine grapes are the most
vulnerable crops to GWSS as a vector of the bacterium Xylella fastidiosa, the causal agent of Pierce’s disease (PD).  Perhaps
more than any other source, citrus is viewed as an important year round reproductive host of GWSS, but also one that
concentrates GWSS populations over the winter months during the time that grapes and many ornamental hosts are dormant.

Temecula. The Temecula viticultural area was the first in California to be seriously impacted by the glassy-winged
sharpshooter (GWSS) Homalodisca coagulata and the spread of X. fastidiosa, the causative agent for PD.  While PD
problems were first identified in 1996, it was realized by 1999 that the situation was dire.   As a result, this ongoing
cooperative demonstration project was initiated in 2000 to examine the impact of area-wide management strategies on GWSS
populations and PD incidences in the Temecula Valley.  The Temecula advisory committee consists of representatives from
wine grape growers, citrus growers, University of California-Riverside, USDA, California Department of Food and
Agriculture (CDFA) and the Riverside County Agricultural Commissioner’s Office.

In the 2000 season, the opportunity to treat nearly the entire commercial citrus in the Temecula viticultural area was seized
upon in an effort to destroy a substantial portion of the regional GWSS population.  The emergency treatment of 1300 acres
of citrus in Temecula, CA with Admire® (imidacloprid) during Apr and May 2000 represented a pivotal shift toward an area-
wide management of GWSS.  In March and April 2001, 269 acres of citrus were treated with Admire and an additional 319
acres were treated with foliar applications of Baythroid® on an “as needed” basis.  Many grape growers treated their grapes
with Admire and/or made foliar applications of Provado®, or Danitol® in 2002.  Recommendations were made to remove sick
vines in order to remove bacterial reservoirs.  Though response was slow initially, growers are aggressively removing sick
vines.

Although wine and table grapes are the most vulnerable due to the risk of PD, other crops were scrutinized for contributions
to GWSS population growth.  Citrus was the most important year long reproductive host of GWSS in Temecula.  Citrus also
seemed to concentrate GWSS over the winter months when grapes and most ornamental hosts were dormant.

Coachella. The table grape industry in the Coachella Valley is represented by 10,465 acres of producing vines, which
generated grapes valued at $108.5 million in 2001.  GWSS was identified in the Coachella Valley in the early 1990's, and
increases in the numbers of this efficient PD vector over the past 15 months have been documented.  In July 2002, the
occurrence of X. fastidiosa (PD strain) in 13 vines from 2 adjacent vineyards in the southeastern part of the Valley was
confirmed.  With this discovery, and the increasing numbers of GWSS, there was a real need for an area-wide GWSS and PD
management program, to prevent the devastating epidemic like which occurred in Temecula. Clearly, there are no apparent
biological or climatological factors that will limit the spread of PD in grapes in the Coachella Valley.  Obviously, GWSS had
the potential to develop high densities in the Coachella Valley.

OBJECTIVES
The objectives of the Riverside County GWSS Areawide Management programs are:

1. Delineate the areas to be targeted for follow treatments to suppress GWSS populations in the Temecula and Coachella
Valleys for the 2004 season.

2. Determine the impact of the 2003 area-wide management program on GWSS populations in citrus, grapes, and other
plant hosts in the ecosystem in the 2003 season.

3. Determine the impact of the area-wide program on GWSS adult oviposition and nymphal development.
4. Determine the impact of the GWSS program on beneficial citrus insects, pest upsets and GWSS parasitism.
5. Evaluate the biological and economic effectiveness of an area-wide insecticide program of GWSS.
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RESULTS AND CONCLUSIONS
Temecula
Based on trap and visual surveys in late 2002, 501 acres of citrus were targeted in 2003 with Admire and another 109 acres
with Danitol (pyrethroid).  The success of the program over 2000, 2001, and 2002 suggests that this level of treatment in
citrus every 3 years would keep GWSS populations suppressed in the Temecula viticulture area (Figure 1).  This should be
coupled with GWSS management within vineyards throughout the valley on a yearly basis.  Recommendations were made to
remove sick vines in order to remove bacterial reservoirs. Though response was slow initially, growers now aggressively
remove sick vines.

Coachella
This program was officially initiated on February 10, 2003.  With cooperation of the citrus growers, 10,312 acres of citrus
were treated primarily with Admire (7,329.5 acres) and Assail (acetamiprid) (2734.6 acres) by April 30.  Assail treatments
were used primarily in flood irrigated citrus groves by speed sprayer, or citrus interplanted in date gardens by handgun
applications.  By April 10, 2003, all groves with populations of GWSS were treated.  Some of these Assail treatments were
repeated in the summer as a precaution.  Summer GWSS populations were suppressed in Coachella Valley citrus (Figure 2).
The ironic fortune in Coachella Valley is that grape growers have been treating grapes for the vine mealybug for about eight
years, which probably helped hold back a PD epidemic due to GWSS.

In order for areawide programs to be successful in areas with large acreages of citrus, these groves must be treated before the
insects move into deciduous perennial crops and ornamentals after foliage development.  If done on an areawide basis, groves
don’t have to be treated every year.  Both organic citrus groves and organic vineyards pose challenges to areawide
management programs (Figure 3).

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service, the California Department
of Food and Agriculture, and Riverside County.
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Figure 1. The majority of GWSS trapped in Temecula citrus were associated with untreated organic citrus when
compared to organic citrus treated with 440 oil, or Admire in 2000 & 2003.  N=250 for All Temecula Citrus (±
SEM).
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Figure 2. GWSS means for citrus in the Coachella Valley Areawide Program.  N = 247 to 344 ± SEM.
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ABSTRACT
In this project, we are evaluating the effectiveness of peptide antibiotics such as cecropins A, B, and P1 against Xylella
fastidiosa.  In our initial experiments, we have found that cecropins (in particular cecropin A) are effective at inhibiting the
growth of X. fastidiosa.  We are currently attempting to express individual cecropins in an in vitro expression system based
on baculovirus expression vectors and insect cells.  The baculovirus system will allow us to easily manipulate the coding
sequence of the peptide antibiotic in order to optimize their efficacy.  In the second phase of our project we will attempt to
express the most effective cecropin constructs in transgenic plants and determine whether (i) active cecropin is produced and
(ii) if active cecropin is expressed, does feeding by GWSS on these transgenic plants reduce X. fastidiosa transmission.

INTRODUCTION
Traditional antibiotics are natural or chemically synthesized small molecules that can selectively kill or stop the growth of
bacteria.  Antibiotic inhibition of Xylella. (at least 17 isolates tested) has been analyzed for six different antibiotics
(ampicillin, kanamycin, neomycin, penicillin, streptomycin, and tetracycline) (4, 10).  These studies demonstrate that
antibiotic treatment is potentially an effective method for the control of X. fastidiosa.  Under field conditions, however,
barriers between the antibiotic and bacterium, and degradation effects will require significantly higher application doses than
those found effective in the laboratory.  Such doses may be impractical especially for broad-spectrum antibiotics due to
secondary effects (e.g., toxicity against mammalian red blood cells) and the risk of increasing resistance.  Thus, although
traditional antibiotics such as tetracycline are highly active, an effective delivery system to bring them in contact with X.
fastidiosa in the plant or insect vector is not available.

Recently, a great deal of scientific effort is being put into the study of a second type of antimicrobial agent called peptide
antibiotics.  Peptide antibiotics have been identified from a wide range of organisms including bacteria, fungi, plants, insects,
birds, crustaceans, amphibians and mammals. In general, peptide antibiotics are small (less than 50 amino acids), have a net
positive charge, and are composed of 50% or more of hydrophobic amino acids (6, 18).  One class of peptide antibiotic is
composed of so-called ribosomally synthesized peptides (5).  These peptides are encoded by single genes and synthesized by
a protein complex (ribosome) that is found in all cells and processed following synthesis via common pathways (6, 13).  In
other words, unlike traditional antibiotics, peptide antibiotics have the potential to be easily produced by common protein
expression systems or in transgenic organisms (e.g., plants).  Furthermore, because peptide antibiotics are “gene-based”, they
can be produced directly at the location where they are needed and their synthesis can potentially be regulated by using
appropriate gene promoters.

Some of the best-characterized peptide antibiotics are the cecropins.  Cecropins were the first peptide antibiotics to be
identified in an animal, the giant silkmoth Hyalophora cecropia (9, 17).  At least ten different cecropins have been isolated
from lepidopteran (moths and butterflies) and dipteran (flies) insects (1, 12) and one cecropin has been identified from the
small intestine of a pig (11).  Cecropins are composed of a single chain of 35-39 common L-amino acids and do not contain
disulfide bonds (12).  Cecropins are active against many Gram(-) bacteria and some Gram(+) bacteria, but are inactive
against eukaryotic cells at concentrations that are antimicrobial (1, 7, 18) and possibly at concentrations up to 300 times
higher (17). X. fastidiosa is a Gram(-) bacterium (8).  In Gram(-) bacteria the antibacterial activities of cecropins A, B, and
P1 are up to ten-times greater than tetracycline (1, 2).  Cecropins have a unique combination of characteristics (specificity,
gene basis, small size, potency against Gram(-) bacteria, etc.) that should make them ideal substances for the control of X.
fastidiosa in GWSS.

A basic component of Integrated Pest Management (IPM) is the use of cultural practices such as the purposeful manipulation
of the environment in order to reduce pest damage (14).  This concept is elegantly illustrated in the southern San Joaquin
Valley where strips of alfalfa are planted between cotton fields for protection against a key cotton pest, the lygus bug.  This
practice is successful because the lygus bug prefers feeding and living on alfalfa over cotton (15).  The pest species is
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effectively trapped in the “trap crop” because of a particular preference and damage to the crop is minimized.  In the case of a
grape vineyard and Pierce’s disease (PD), other plantings adjacent to the grape vineyard may serve as preferred food source
and breeding ground for the glassy-winged sharpshooter (GWSS) (16).  The goal of our proposed project will be to develop a
model system to test the potential of a transgenic, peptide antibiotic-expressing trap plant for the control of X. fastidiosa
transmission by GWSS.  Our approach is highly unique in that we are attempting to reduce transmission frequency through
the use of a transgenic trap plant rather generating a transgenic crop plant (i.e., transgenic grape).  Perhaps a direct
manifestation of this objective would be to generate transgenic, cecropin-expressing grape.  We believe, however, that this
“direct” approach has several drawbacks including longer generation times, unknown effect on the quality of the fruit or
wine, regulatory concerns, and public acceptance.  Thus, our approach should be faster in terms of field applicability.
However, once the genetic technology is optimized for the trap plant it can later be applied to the target grape crop if there is
such a need.  Furthermore, should our approach be successful for PD, it will also be applicable to other insect-vectored,
bacterial diseases.

OBJECTIVES
1. Identify peptide antibiotics (cecropins) that are effective against Xylella fastidiosa.

i. Determine the antibiotic sensitivity of X. fastidiosa to chemically synthesized cecropins.
ii. Produce modified cecropins using baculovirus expression vectors.
iii. Determine the toxicity of cecropins against GWSS cells grown in culture.

2. Analyze the effectiveness of cecropins produced in transgenic Arabidopsis.
i. Generate transgenic Arabidopsis expressing cecropin that is active against X. fastidiosa.
ii. Determine the localization, yield, activity, and stability of plant-expressed cecropin.
iii. Analyze the effect of cecropin expression on the transgenic Arabidopsis.
iv. Analyze the effectiveness of plant-expressed cecropin for the control of X. fastidiosa transmission.

RESULTS AND CONCLUSIONS
Objective 1
During the four month-long reporting period, we have established procedures for the continual culture and storage of X.
fastidiosa in our laboratory.  In general, our procedures are copied from protocols established in the Bruce Kirkpatrick
laboratory.  We have tested GYE (glutamate yeast extract) (3), PD3, and PW media for their abilities to support maximal
growth of X. fastidiosa.  In our hands, we have found that PD3 gives the fasted growth of X. fastidiosa (Temecula strain) in
liquid medium (roughly 20- and 135-fold increases in the OD600 at 7 and 14 days post inoculation, respectively) and on agar
plates (formation of a light lawn by 10 days post seeding).

Using the optimized growth conditions, we have examined the minimal inhibitory concentrations (MIC assay) at which
cecropins A, B, and P1 are effective in inhibiting the growth of X. fastidiosa (see Table 1).  On the basis of our preliminary
experiments, cecropins A, B, and P1 appear to be effective at partially inhibiting X. fastidiosa growth at concentrations of
0.05, 0.25, and 0.5 µM, respectively, at two weeks post inoculation.  In general, cecropin A appeared to be the most effective
against X. fastidiosa.  The effectiveness of the cecropins as well as kanamycin was reduced by three weeks post inoculation.
This was speculated to be the result of degradation.  We are currently repeating the preliminary experiments with
intermediate concentrations of cecropin and chemical antibiotics.
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Table 1.  Effect of Cecropin or Kanamycin on X. fastidiosa Growth

% Increase in bacterial concentration in comparison to cultures lacking antibiotic
Concentration
(µM)

Week 1 (% ± s.d.) Week 2 (% ± s.d.) Week 3 (% ± s.d.)

cecropin A 0.5 69 ± 3 47 ± 47 64 ± 42
0.25 72 ± 10 80 ± 21 117 ± 5
0.1 103 ± 13 68 ± 2 87 ± 25
0.05 110 ± 46 50 ± 1 91 ± 22

cecropin B 0.5 69 ± nd 114 ± 6 87 ± 45
0.25 63 ± 31 75 ± nd 110 ± 15
0.1 72 ± 101 128 ± 63 90 ± nd
0.05 93 ± 17 101 ± 18 74 ± 10

cecropin P1 0.5 98 ± 18 70 ± 40 70 ± 62
0.25 82 ± 18 98 ± nd 120 ± 17
0.1 111 ± 52 93 ± 24 72 ± 24
0.05 93 ± 10 99 ± 22 73 ± 18

Kanamycin 2 11 ± 3 9 ± 8 16 ± 2
1 19 ± 8 32 ±39 33 ± 22
0.5 42 ±16 77 ± 9 103 ± 16
0.25 60 ± 13 72 ± 17 105 ± 12

nd = not determined
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ABSTRACT
Two agents, soil-applied imidacloprid (Admire 2F) and particle film (SurroundTM WP) foliar sprays were applied to grape
seedlings to test their effect on vector insects’ (glassy-winged sharpshooter, GWSS, and blue-green sharpshooter, BGSS) host
preference, under caged laboratory conditions.  Imidacloprid at sub-lethal dosages that inhibit feeding performance did not
show any repellency effect against either of the insects, but GWSS on the imidacloprid-treated plants moved more frequently.
In contrast, the particle film strongly repelled BGSS (GWSS not tested yet), but the insects seldom changed location once
they landed and settled on a plant with or without the treatment.  The test plants used in the preference tests will be diagnosed
for the Pierce’s disease bacterium (Xylella fastidiosa), in order to evaluate how the above results affect transmission.

INTRODUCTION
Chemical treatments often are used to control plant diseases caused by insect vector-borne pathogens (Perring et al. 1999).
Insecticides have proven effective to reduce numbers of glassy-winged sharpshooter (GWSS). The systemic insecticide
imidacloprid (Admire 2F, Bayer Co., Kansas City, MO) has been studied in relation to GWSS mainly for its mortality effect
(Bethke et al 2001).   Although the insecticide seems to be effective in killing GWSS, a recent study in Georgia showed that
the imidacloprid application slowed the rate of PD spread but was prone to the high infestation of GWSS (Krewer et al 2001).
Therefore, it is important to know how imidacloprid’s effect on the insect’s behavior affects the pathogen transmission
process.  The probability of vector transmission depends not only in the number (n) of vectors per plant, but on what
percentage are infective (i), how efficiently infective insects transmit (E), and the time spent on a plant (t) (Purcell 1981).
Imidacloprid has been shown to affect the feeding behavior (Bethke et al 2001) of GWSS and behavioral effects on other
vector insects (Quintela and McCoy 1997), so we examined how GWSS transmission of X. fastidiosa might be affected by
systemic imidacloprid in grape.  This knowledge could be useful in optimizing the use of imidacloprid or suggest
alternative/supplemental strategies.

The dosage of imidacloprid applied in this experiment was “sub-lethal”, which had less than 10% mortality over 24 hour
period, as determined from our previous experiments to sharply reduce GWSS’ feeding.  We tested whether this deterred
feeding would repel the insects from imidacloprid-treated grapevines.  For comparison, a similar experiment using the
particle film (SurroundTM WP, Engelhard Corp., Iselin, NJ) was also conducted, as field and laboratory studies have already
demonstrated the repellency of particle films for GWSS (Puterka et al 2003).

OBJECTIVES
1. Observe and compare how the Admire 2F or Surround WP application affects a grapevine’s acceptance as a host by

GWSS and BGSS.
2. Evaluate the above effects on the transmission rate of PD.

RESULTS AND CONCLUSIONS
Preference Test Settings
We set 8 arenas (W60xL60xH45 cm) covered with white mesh, each with 2 plants, inside in a greenhouse insectary.  There
were 3 different combinations of grape seedlings (Vitis vinifera, Pinot Noir): 2 arenas each of No-choice (+/+, both treated)
and No-choice (-/-, both untreated), and 4 arenas of Choice (+/-, one treated and one untreated).   The treatments applied here
were either imidacloprid (Admire 2F, 0.000197gAI/500g soil applied 7 days prior to the experiments) or Surround WP (6%,
sprayed for full coverage the day before the experiments).
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We released 4 insects (GWSS or BGSS) in the center of each arena for the Admire experiments, and 2 per arena for the
Surround experiment.  These insects were marked with a spot of color so that each individual could be distinguished.  The
observations occurred at 10, 30min, 1, 2, 3, 6, 9, 12, and 23rd hour after the release, and the location of the insects were
recorded.  The experiment was replicated 4 times each.  We used Student’s t-test for the comparison of the data.  The test
plants used in the preference tests will be diagnosed for the Pierce’s disease (results pending).

Admire 2F Preference Test
GWSS No-choice.  A significant mortality difference was observed only at the 23rd hour observations.  The number of GWSS
per plant was slightly higher for the untreated-only arenas at 2,9.23rd hours (P<0.05) (Figures 1 and 2).  In the Admire-treated
only arenas, insects moved between plants and/or plant and cage more frequently than in the untreated-only arenas (P<0.05).

GWSS Choice.  The mortality rate and the number of GWSS per plant in the choice arenas were similar to that of the treated-
only, no-choice arenas.  Within the choice arenas, there were no significant differences between the number of GWSS on the
treated plant and that on the untreated one (Figure 3).

BGSS No-choice:  The average mortality rates were about 10% for both of the plant combinations.  The numbers of BGSS on
plants were similar throughout the day (Figures 4 and 5).  In contrast to GWSS, the frequency of the insects moving around
did not differ among the plant combinations, and BGSS moved less frequently than GWSS (data not shown).

BGSS Choice: The mortality rate was similar to the no-choice arenas. Within the choice arenas, there was no difference
between the number of BGSS on the Admire-treated and untreated plants (Figure 6).  The location change of the insects did
not differ from that of the no-choice arenas (data not shown).
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Figure 1. Insect on plant, untreated only. Figure 3. Insect on plant, treated and no-treated.
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Figure 2. Insect on plant, Admire treated only.

arena avg. location changes
choice(+/-) 2.81 (± 0.47)

no-choice (+/+) 4.38 (± 0.52)

no-choice (-/-) 2.5 (± 0.45)

Table 1.  GWSS movement.
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Surround WP Preference Test
BGSS No-choice: The mortality was significantly higher in the treated-only arenas at 6, 12, and 24 hours (P<0.05).  As the
consequence, the number of BGSS on the Surround-treated plants was lower than on the untreated plants (at 1st and 24th

hours, P<0.05, at 12th hour, P<0.001).  However, the difference between the two started even before significant mortality
differences were observed (Figures 7 and 8).  Once landed on the plant, the insects were not likely to change their locations.
This was more so for the Surround-treated plants, where the location change occurred only twice out of 16 BGSS in 4 days.

BGSS Choice:  BGSS mortality was intermediate that of the two types of no-choice arenas and did not show significant
difference with either of those.  The numbers of insects on plant were different from that of Surround-only arenas, at 6th and
24th hours (P<0.05).  Within the choice arenas, there was a strong tendency of the insects landing and staying on the control
plants throughout the observations (P<0.001) (Figure 9).  Again, the insects tended not to change their location once they had
landed on the plant, and there was only one incident where a BGSS switched plants from Surround-treated to untreated, out
of 32 insects in 4 days (data not shown).

Fig. 6.  Insect on plant, treated and
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Figure 6. Insect on plant, treated and untreated.
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Figure 4. Insect on plant, untreated only.
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Figure 5. Insect on plant, treated only.
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CONCLUSIONS
The sub-lethal imidacloprid application did not affect the initial landing of either sharpshooters.  In contrast to the repellency
of Surround, imidacloprid showed no repellency at the 1st hour observations.  GWSS tended to move on and off the plant
more than BGSS.  However, GWSS in imidacloprid-treated only arenas changed location more frequently than those in
untreated-only arenas, whereas BGSS activity did not differ among different arenas.  With choice or no-choice, the BGSS
landed on some Surround-treated plants, and most of them stayed on the same plant, or some even on the same spot
throughout the experiment. When we diagnose these test plants, we will consider how the factors such as the lowered number
of insect per plant either by mortality or repellency, different level of insect mobility, and feeding deterrence may have
affected the pathogen transmission.
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Figure 9. Insect on plant, treated and untreated.
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PESTICIDE SCREENING AGAINST THE GLASSY-WINGED SHARPSHOOTER,
HOMALODISCA COAGULATA (SAY), USING COMMERCIALLY AVAILABLE

BIORATIONAL, ORGANIC, AND REDUCED RISK PESTICIDES

Project Leaders:
Richard Redak
Department of Entomology
University of California
Riverside, CA 92521

James Bethke
Department of Entomology
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Riverside, CA 92521

Reporting Period:  The results reported here are from work conducted from July 1, 2001 to January 1, 2003.

ABSTRACT
Herein we summarize the results of multiple insecticide trials designed to evaluate biorational, organic and reduced risk
insecticides.  Our results indicated that few of the biorational/organic/reduced products tested would be applicable for glassy-
winged sharpshooter control or eradication (poor mortality, slow knock down activity, poor residual activity).  None of these
products tested achieved 70% mortality in both adult and nymphal trials.  Rotenone and 10% rosemary oil (Ecotrol) may be
the only exception when used strictly against adults; however, their level of control is below that of the pryrethroids,
chloronicotinyls, organophosphates, and carbamates.  With the possible exception of rotenone and pyrethrins (PyGanic),
conventional pyrethroids, organophosphates, and chloronicotinyls were more effective than all other compounds tested.

INTRODUCTION
Glassy-winged sharpshooter (Homalodisca coagulata (Say), Homoptera: Cicadellidae) has become a serious pest of
California's commercial nursery production and backyard landscape environment.  This is in large part due to the intra-state
quarantine measures restricting movement of nursery products from the southern portions of the state, by which sharpshooter
populations have become established to the northern and central portions of the state that currently do not have established
populations of this insect.  Once sharpshooters are detected in "uninfested" northern counties, eradication programs are
immediately initiated to limit the further spread of this insect.  Current eradication programs rely on the application of
traditional registered chemical insecticides.  Compounds currently being used in the eradication programs include
pyrethroids, carbamates, organophosphates and neonicotinoids.  The aforementioned pesticides can possess serious human
health and environmental risks if used incorrectly or for prolonged periods of time in a single area.  One solution to avoiding
these risks would be the use of so-called biorational pesticides.  Such compounds traditionally are thought to possess lower
risks to both humans and the environment.

OBJECTIVES
The objective of the research presented here was to determine the efficaciousness of products that are alternatives to
conventional pesticides for the urban control (eradication) of glassy-winged sharpshooter.  The California Depart-ment of
Food and Agriculture initially selected products for evaluation. At the time of project initiation 24 products were selected by
CDFA.  During the period of evaluation an additional 11 compounds were added to the list by CDFA.  Additionally, we
included 13 compounds for evaluation that were not included in the above list of 35 products.  We included these later
compounds as they represented additional chemical classes not represented in the original listing.  In total, 62 separate
pesticides and formulations were evaluated.  We included some conventional products such as an organophosphate, several
pyrethroids, and several miticides (potential ovicides) for comparative purposes.  In addition, we tested several
chloronicotinyls, of which many are classified as reduced risk for certain applications.  Three compounds, sabadilla, pyrellin,
and bordeaux oil mix were originally listed for testing but were not included in the trials conducted here.  These compounds
were either unavailable (sabadilla), too costly to consider (pyrellin) or an nonstandardized mix of other compounds already
included in the trials (bordeaux oil mix-a mixture of light oils and baking soda).  One other compound, sulfur, is still under
evaluation.  For a complete list of products that were on the CDFA’s initial list and additional products tested see Table

RESULTS
Table 2 shows the summary results of all trials and for all products.  Only the highest level of efficacy obtained for any
particular products is shown.  The chloronicotinyls, insect growth regulators, organophosphates, and pyrethroids, were, for
the most part, effective against glassy-winged sharpshooters.  Many (most?) of these compounds have been field tested
against various stages of glassy-winged sharpshooters in other trials by this lab and others (data not shown).  The pyrethroids,
as a class, provided exceptional control against adults and nymphs but had limited activity against eggs; although
fenpropathrin and deltamethrin showed excellent activity against emerging nymphs from eggs.  As shown in other studies,
the chloronicotinyls are very effective at killing adult and nymphal stages of glassy-winged sharpshooters.  Chloronicotinyls
also appear to be reasonably effective against sharpshooter egg masses, causing mortality as the sharpshooter nymphs begin
to hatch.  The insect growth regulators, many of which are also reduced risk depending on the application, are effective
against nymphs; however their efficacy is only apparent after a 1-2 week interval. Insect growth regulators would not be
effective against the egg or adult stage, or if quick knock down to prevent subsequent spread is desired.
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In general, oils, fertilizers, surfactants, biologicals, botanicals, fungicides, repellants, gut poisons, and miticites, all failed to
induce adequate mortality for any stage of sharpshooter upon which they were evaluated; they should not be considered as
useful products in an urban eradication program.  There are some minor exceptions: fenpyroximate (FujiMite), Rotenone,
pyrethrins (in the form of Pyganic), neem (in the form of Azatin), and high concentrations of rosemary oil (Ecotrol).
Fenpyroximate, a traditional miticide, proved minimally efficacious against adults and nymphs at >70% mortality. Pyganic
and Azatin have not been tested against adults, but are effective against nymphs at >90% mortality; Azatin appears to be
most effective as an insect growth regulator against the nymphal stage.  The residual activity of 10% rosemary oil (Ecotrol),
observed over an extended 5-day period, provided significant mortality to adult GWSS.  An evaluation of 10% rosemary oil
for control of nymphs is underway.  Pending the outcome of that trial, we may move forward with long term residual activity
(multi-week) trials with this compound.  Rosemary oil at lower concentrations (5%, Hexacide) did not induce significant
mortality.

The most promising organic product evaluated was rotenone. Rotenone caused 100% mortality to adults when treated
directly on the plants as a residual; however, it did not induce significant mortality when directly applied to the adults. This
suggests to us that both trials should be repeated; it is extremely rare that a compound will show lower toxicity in a direct
contact trail than in a residual trial.  Currently, to our knowledge, rotenone is not listed for use in California as an insecticide,
has a high potential for environmental damage relative to other products tested, and in reality is not likely to be used broadly
in an urban setting for sharpshooter control.  Consequently, we chose not to evaluate this compound further than the initial
mortality trials.   We are currently conducting nymphal trials with rotenone.

CONCLUSIONS
Few of the biorational/organic/reduced products tested would be applicable for glassy-winged sharpshooter control or
eradication.  None of these products achieved 70% mortality in both adult and nymphal trials.  Rotenone and 10% rosemary
oil (Ecotrol) may be the only exception when used strictly against adults; however, their level of control is below that of the
pryrethroids, chloronicotinyls, organophosphates, and carbamates (not tested here). For practical health and safety purposes,
we do not feel rotenone will ever be used on a broad scale for eradicating or managing sharpshooter populations.
Additionally, as rotenone breaks down rapidly, we anticipate it to fail in long term trials.  Rosemary oil appears to be only
effective after relatively long exposure times (5 d), making its successful use in eradication unlikely.  Pryethrins (Pyganic)
and neem (formulated as Azatin XL) may be effective against nymphs, but their efficacy occurs over a prolonged period of
time.   As they are not effective against adults, and function long term as growth regulators, their utility for quickly
eradicating a population is also unlikely.  Similarly, other insect growth regulators tested here (buprofizen, novaluron, and
pyriproxifen) induced nymphal mortality over the development time of the insect, but showed little immediate mortality
against adults.  We do not recommend that these compounds be utilized for eradication purposes.

In conclusion, with the possible exception of rotenone and pyrethrins (PyGanic), conventional pyrethroids,
organophosphates, and chloronicotinyls were more effective than all other compounds tested.  These classes of compounds
were not subsequently subjected to long-term trials here as they have been previously evaluated under these conditions (They
were included here for comparative purposes.).

Table 1.   Organic, biorational, and reduced risk pesticides evaluated for efficacy of control against the glassy-winged
sharpshooter.

Class of Chemical Common Name Trade Name Rate per 100
gal water

Biorational,
Organic,

Reduced Risk

barrier/repellant kaolin clay Surround 16.20 kg Yes

biological-bacterial Bacillus thuringiensis Dipel Pro DF 8.00 oz Yes

biological-bacterial Bacillus thuringiensis Gnatrol 16.00 oz Yes

biological-bacterial spinosad Conserve SC 22.00 oz Yes

botanical-plant extract azadiractin/neem Ornazin 8.00 oz Yes

botanical-plant extract azadiractin/neem Triact 70 1.00 gal Yes

botanical-plant extract capsaicin Hot Pepper Wax 8.00 oz Yes

botanical-plant extract garlic oil, black pepper Garlic Oil 10.00gal Yes

botanical-plant extract pyrethrins PyGanic 16.00 oz Yes

botanical-plant extract pyrethrins, PBO, silicon
dioxide Diatect V 6.00 lb Yes
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Table 1.   Organic, biorational, and reduced risk pesticides evaluated for efficacy of control against the glassy-winged
sharpshooter.

Class of Chemical Common Name Trade Name Rate per 100
gal water

Biorational,
Organic,

Reduced Risk

botanical-plant extract pyrethrins, silicon dioxide Diatect II 6.00 lb Yes

botanical-plant extract rosemary oil 10% Ecotrol 16.00 oz Yes

botanical-plant extract rosemary oil 5% Hexacide 16.00 oz Yes

botanical-plant extract rotenone Rotenone 20.00 lb Yes

botanical-plant extract sodium lauryl
sulfate/acetic/citric acids Sharpshooter 3.75 gal Yes

chloronicotinyl acetamiprid Tristar 70WP 2.25 oz No

chloronicotinyl acetamiprid Tristar 70WP 1.12 oz No

chloronicotinyl acetamiprid Tristar 70WP 0.50 oz No

chloronicotinyl dinotefuran Valent 10112 20 SG 0.25 lb No

chloronicotinyl flonicamid Flonicamid 60.00 g No

chloronicotinyl flonicamid Flonicamid 40.00 g No

chloronicotinyl imidacloprid Forte 200 SL 7.10 ml No2

chloronicotinyl imidacloprid Marathon II 50.00 ml No2

chloronicotinyl imidacloprid Marathon II 3.40 oz No2

chloronicotinyl thiamethoxam Flagship 4.00 oz No

foliar fertilizer liquid amino acid chelate Metalosate 82.70 ml Yes

fungicide baking soda Arm & Hammer 8.00 oz Yes

inorganic gut poison boric acid Boric Acid - Yes

inorganic gut poison sodium aluminoflouride Prokil 30.00 lb Yes

insect growth regulator azadiractin/neem Azatin XL1 16.00 oz Yes

insect growth regulator buprofizen Talus 2.86 lb Yes

insect growth regulator cyromazine Citation 2.66 oz Yes

insect growth regulator novaluron Pedistal 8.00 oz Yes

insect growth regulator pyriproxifen Distance 16.00 oz Yes
insect growth

regulator/miticide fenpyroximate Fujimite 4.00 pt Yes

miticide/ovicide abamectin Avid 10.00 oz No

miticide/ovicide hexythiazox Hexygon 2.00 oz No

oil methylated seed oil Phase 16.00 oz Yes

oil Natur-Chem Unknown 1.00 gal Yes

oil Natur-Chem Unknown 2.00 gal Yes

oil paraffinic oils Ultrafine oil 1.00 gal Yes

organophosphate chlorpyrifos Dursban Pro 16.00 oz No

pyrethroid bifenthrin Talstar 10.00 oz No

pyrethroid bifenthrin Talstar 19.20 oz No

pyrethroid cyfluthrin Tempo/Decathlon 1.90 oz No

pyrethroid deltamethrin DeltaGard 5SC 8.00 oz No
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Table 1.   Organic, biorational, and reduced risk pesticides evaluated for efficacy of control against the glassy-winged
sharpshooter.

Class of Chemical Common Name Trade Name Rate per 100
gal water

Biorational,
Organic,

Reduced Risk

pyrethroid fenpropathrin Tame 5.00 oz No

pyrethroid fenpropathrin Tame 10.67 oz No

pyrethroid lambda-cyhalothrin Scimitar 5.00 oz No

pyrethroid permethrin Astro 4.00 oz No

repellant DEET/vanilla scent Bugspray 1 X - Yes

repellant DEET/vanilla scent Bugspray 1/2 X - Yes

repellant DEET/vanilla scent Bugspray 1/4 X - Yes

repellant peppermint oil/vanilla scent Buggins 0.01X - Yes

repellant peppermint oil/vanilla scent Buggins 1X - Yes

soap potassium salts Insecticidal Soap 1.00 gal Yes

surfactant buffering acids/ silicone
defoamer No Foam B 24.00 oz Yes

surfactant organosilicone L 77 16.00 oz Yes

surfactant organosilicone, latex polymer Tactic 16.00 oz Yes

surfactant soy phospholipids LI 700 32.00 oz Yes

surfactant terpine resin, fatty acids Parasol 8.00 oz Yes

surfactant terpine resin, fatty acids Umbrella 8.00 oz Yes

Table 2.  Summary results of all trials conducted1.  Details of individual trials are available upon request
Mortality within 24 hr after
contact with treated plant
(unless otherwise noted)Class of Chemical Common Name Trade Name Rate per 100

gal water
Eggs Nymphs Adults

Mortality over
nymphal

development
time2

Topical
Adult

Mortality in
24 hr

barrier/repellant kaolin clay Surround 16.20 kg NA3 6.0

biological-bacterial Bacillus
thuringiensis Dipel Pro DF 8.00 oz NA 10.0

biological-bacterial Bacillus
thuringiensis Gnatrol 16.00 oz NA 4.0

biological-bacterial spinosad Conserve SC 22.00 oz 4.0

botanical-plant extract azadiractin/neem Ornazin 8.00 oz 10.0 10.0 16.0

botanical-plant extract azadiractin/neem Triact 70 1.00 gal 25.8 16.0 20.0

botanical-plant extract capsaicin Hot Pepper Wax 8.00 oz IP5 6.0 16.0

botanical-plant extract garlic oil, black
pepper Garlic Oil 10.00gal IP 14.0 29.0

botanical-plant extract pyrethrins PyGanic 16.00 oz 11.6 IP IP 94.0

botanical-plant extract pyrethrins, PBO,
silicon dioxide Diatect V 6.00 lb 2.8 16.0 50.0 25.0

botanical-plant extract pyrethrins, silicon
dioxide Diatect II 6.00 lb 0.6 8.0 36.0 18.0

botanical-plant extract rosemary oil 10% Ecotrol 16.00 oz 8.8 IP 54 , 1004 8.0
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Table 2.  Summary results of all trials conducted1.  Details of individual trials are available upon request
Mortality within 24 hr after
contact with treated plant
(unless otherwise noted)Class of Chemical Common Name Trade Name Rate per 100

gal water
Eggs Nymphs Adults

Mortality over
nymphal

development
time2

Topical
Adult

Mortality in
24 hr

botanical-plant extract rosemary oil 5% Hexacide 16.00 oz 61.6 18.6 16.0 4.0

botanical-plant extract rotenone Rotenone 20.00 lb 2.5 IP 100.0 63.0

botanical-plant extract
sodium lauryl

sulfate/acetic/citric
acids

Sharpshooter 3.75 gal 0.0 4.0 13.0

chloronicotinyl acetamiprid Tristar 70WP 2.25 oz 100.0 93.3 100.0

chloronicotinyl acetamiprid Tristar 70WP 1.12 oz 100.0 100.0

chloronicotinyl acetamiprid Tristar 70WP 0.50 oz 100.0 100.0

chloronicotinyl dinotefuran Valent 10112 20
SG 0.25 lb 73.6 100.0

chloronicotinyl flonicamid Flonicamid 60.00 g 6.0

chloronicotinyl flonicamid Flonicamid 40.00 g 10.0

chloronicotinyl imidacloprid Forte 200 SL 7.10 ml 86.8 100.0

chloronicotinyl imidacloprid Marathon II 50.00 ml 100.0 100.0 98.0 100.0

chloronicotinyl imidacloprid Marathon II 3.40 oz 90.0

chloronicotinyl thiamethoxam Flagship 4.00 oz 33.3

foliar fertilizer liquid amino acid
chelate Metalosate 82.70 ml NA 6.0

fungicide baking soda Arm & Hammer 8.00 oz NA 10.0

inorganic gut poison boric acid Boric Acid - NA 8.06

inorganic gut poison sodium
aluminoflouride Prokil 30.00 lb NA 14.0 22.0 26.0

insect growth regulator azadiractin/neem Azatin XL 16.00 oz 98

insect growth regulator buprofizen Talus 2.86 lb 10.8 6.0 98.0 35.0

insect growth regulator cyromazine Citation 2.66 oz 12.0

insect growth regulator novaluron Pedistal 8.00 oz 0.0 16.0 100.0 19.0

insect growth regulator pyriproxifen Distance 16.00 oz 26.2 10.0 92.0 16.0
insect growth

regulator/miticide fenpyroximate Fujimite 4.00 pt 72.0 78.3 91.0

miticide/ovicide abamectin Avid 10.00 oz 54.4

miticide/ovicide hexythiazox Hexygon 2.00 oz 49.0

oil methylated seed oil Phase 16.00 oz 4.9 22.0 20.0 9.0

oil Natur-Chem Unknown 1.00 gal 3.9 4.0

oil Natur-Chem Unknown 2.00 gal 8.7 2.0

oil paraffinic oils Ultrafine oil 1.00 gal 23.4 15.0 8.0 18.0

organophosphate chlorpyrifos Dursban Pro 16.00 oz 100.0

pyrethroid bifenthrin Talstar 10.00 oz 45.3 100.0 100.0 100.0

pyrethroid bifenthrin Talstar 19.20 oz 89.9 100.0

pyrethroid cyfluthrin Tempo/Decathlo
n 1.90 oz 43.2 95.0 100.0
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Table 2.  Summary results of all trials conducted1.  Details of individual trials are available upon request
Mortality within 24 hr after
contact with treated plant
(unless otherwise noted)Class of Chemical Common Name Trade Name Rate per 100

gal water
Eggs Nymphs Adults

Mortality over
nymphal

development
time2

Topical
Adult

Mortality in
24 hr

pyrethroid deltamethrin DeltaGard 5SC 8.00 oz 100.0 100.0

pyrethroid fenpropathrin Tame 5.00 oz 100.0

pyrethroid fenpropathrin Tame 10.67 oz 100.0 96.7

pyrethroid lambda-cyhalothrin Scimitar 5.00 oz 100.0 100.0 100.0

pyrethroid permethrin Astro 4.00 oz 95.7 90.0

repellant DEET/vanilla scent Bugspray 1 X6 - NA NA 12.0

repellant DEET/vanilla scent Bugspray 1/2 X - NA NA 2.0

repellant DEET/vanilla scent Bugspray 1/4 X - NA NA 4.0

repellant peppermint
oil/vanilla scent Buggins .01X - NA NA 4.0

repellant peppermint
oil/vanilla scent Buggins 1X - NA NA 2.0

soap potassium salts Insecticidal Soap 1.00 gal 17.8 24.0 21.0

surfactant buffering acids/
silicone defoamer No Foam B 24.00 oz 4.0

surfactant organosilicone L 77 16.00 oz 4.3 8.0 28.0

surfactant organosilicone,
latex polymer Tactic 16.00 oz 0.1 8.0 50.0

surfactant soy phospholipids LI 700 32.00 oz 12.5 8.0 14.0

surfactant terpine resin, fatty
acids Parasol 8.00 oz 3.9 10.0

surfactant terpine resin, fatty
acids Umbrella 8.00 oz 13.3 10.0 20.0

FUNDING AGENCIES
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-308-
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ABSTRACT
Carbaryl, fenpropathrin, deltamethrin and acetamiprid were evaluated for their ability to kill glassy-wing sharpshooter
nymphs emerging from the egg mass under standard commercial nursery operations (including transportation). Carbaryl
provided the best overall results resulting in near absolute control (>98%) of emerging nymphs on all plant types (trees,
shrubs, bedding plants).  Fenpropathrin also achieved very good control. Control of emerging sharpshooters was poorest on
bedding plants; this is largely due to the tremendous number of densely packed leaves within a small plant canopy and the
resultant difficulty in achieving adequate coverage of the insecticides.

INTRODUCTION
Glassy-winged sharpshooter (Homalodisca coagulata (Say), Homoptera: Cicadellidae) has become a serious pest of
California's commercial nursery production.  This is in large part due to the intra-state quarantine measures restricting
movement of nursery products from the southern portions of the state, in which sharpshooter populations have become
established, to the northern and central portions of the state that currently do not have established populations of this insect.
Currently, movement of nursery products from areas with established sharpshooter populations to areas without established
populations requires labor-intensive pesticide applications and visual inspections for viable stages of the insect at both points
of origin and destination.  Currently, there are no state-approved standardized disinfestation protocols for the prevention and
elimination of glassy-winged sharpshooters within nursery crops. The objective of the research presented here is to evaluate
a standard set of pesticide treatment protocols to prevent the commercial shipment of viable egg masses of glassy-winged
sharpshooters on representative nursery products.

OBJECTIVES
The objective of the research presented here is to evaluate a standard set of pesticide treatment protocols to prevent the
commercial shipment of viable egg masses of glassy-winged sharpshooters on representative nursery products. Trials were
conducted simultaneously on trees, crape myrtle (Lagerstroemia indica, L. 'Zuni"), shrubs, photinia (Photinia fraseri Lindl.),
and bedding plants, periwinkle (Vinca minor L. 'Bowls').  Compounds evaluated for quarantine use include carbaryl,
fenpropathrin, deltamethrin and acetamiprid.

RESULTS
Treatment Effects (See Figures 1 and 2).

Lagerstroemia: Carbary (Sevin) provided absolute control for both viable egg masses and emerging nymphs.  Applications
of carbaryl resulted in 0% viable egg masses and consequently 0% emergence of eggs.  There was no successful emergence
of a sharpshooter from carbaryl treated plants.  Fenpropathrin (Tame) also showed excellent activity with only 1.25% of the
egg masses showing any viability with 0.37% of the eggs successfully hatching.  Acetamiprid (Tristar) allowed 30.2% of the
egg masses to remain viable.  This resulted in 8.5% of the eggs on a plant hatching.  For acetamiprid, although one-third of
the egg masses showed viability, within an egg mass, very few eggs successfully emerged. Deltamethrin showed relatively
poor control for preventing successful egg hatch.

Photinia: Carbaryl again provided the best overall control resulting in 1.3% of the egg masses deposited displaying viability.
Only 0.8% of the eggs deposited successful emerged on the carbaryl treated plants. Fenpropathrin showed good control with
6.1% of the egg masses showing viability yielding 1.6% of the total eggs successfully emerging. Similar to the results for
Lagerstroemia, acetamiprid was somewhat intermediate in eliminating viable egg masses (12.2% of the egg masses remained
viable) and preventing successful emergence (5.9% of the eggs successfully emerged).  Deltamethrin was not significantly
different from the control in eliminating viable egg masses or reducing successful emergence.

Vinca: Leaves on the Vinca were damaged easily, became necrotic, and fell off prior to the final assessment.  Therefore,
many of the masses found in the initial count had been damaged and had fallen off the plant. None-the less, as with the above
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species, carbaryl provided the best control resulting in 1.8% of the egg masses remaining viable and 1.6% of the eggs
successfully emerging.  Fenpropathrin allowed 25% of the egg mass to remain viable resulting in 32.3% of the eggs to
successfully emerge.  Acetamiprid allowed 18.2% of the egg masses to remain viable and 16.6% of the eggs to emerge.
Deltamethrin was not successful in eliminating viable egg masses or preventing emergence; the deltamethrin treatment was
not significantly different from the control treatment in preventing successful emergence from the eggs.

In all cases control treated plants displayed greater than 90% successful emergence of nymphs from eggs and greater than
95% of the egg masses remaining viable.

CONCLUSIONS
Carbaryl provided the best overall results resulting in near absolute control (>98%) of emerging nymphs on all plant types.
Fenpropathrin also achieved very good control. Control of emerging sharpshooters was poorest on Vinca. This is largely due
to the tremendous number of densely packed leaves within a small plant canopy.  Adequate coverage of insecticidal materials
is very difficult is such plant types and will be problematic.  The likelihood of egg masses moving through a quarantine and
treatment program on small canopy, densely foliated plants, we suspect will be much greater and consequently may deserve
special considerations.

Surprisingly, deltamethrin did not prevent significant emergence from egg.  This is in contradiction to our earlier lab/field
trial showing deltamethrin caused significant mortality immediately after emergence. In the latter case, leaves containing
experimental egg masses were returned to the lab and observed for emergence from the egg. As nymphs emerged from the
chorion, they died. In the experiment presented here, the experimental conditions of this trial (handling and caging) prevented
us from observing what happened to the nymphs upon emergence. The actual mortality (as opposed to emergence) was most
likely higher as large numbers of dead nymphs were observed in the bags below the caged leaves, and many dead nymphs
were observed on the leaves that fell off as they were being removed for assessment.  Although the number of viable egg
masses that resulted in successful egg emergence was high for the deltamethrin trials, we suspect that the overall mortality
induced by this compound was extremely high (based on previous lab trials); but the experimental conditions utilized here
prevented us from observing this phenomena.  We will adjust our methodology for the winter experiment such that we will
try and assess the direct, post-emergence mortality of all treatments.

Counting egg masses and/or eggs was determined four times throughout this experiment:  July 14 (initial assessment), July
15 (a double check reassessment), July 17 (after treatment) and July 28-30 (final counts).  Initially undetected, egg masses
were found on each occasion following the initial July 14 assessment.  The occurrence of these additional egg masses may be
explained in two ways.  First, undetected adults may have been present throughout the trial.  This explanation requires that
adults survive and remain undetected throughout the trial after 2 disinfestation periods (July 14 and 15), and pesticide
applications (July 18). This is unlikely in the extreme as each plant and leaf were examined for adults and nymphs during
both July 14 and 15 counts. If either adults or nymphs were found at this point, they were immediately removed.  Second, it
is highly unlikely that adults or late instar nymphs survived treatment applications or were able to cross sleeve cages to
access experimental plants.  A much more likely explanation is that the additional egg masses were undetected during the
first three counts and were only discovered as each leaf on each plant was examined under a microscope at the end of the
trial. At this time, masses are more easily seen because the edge of the egg mass had turned necrotic, a dark outline of the
open end of the egg mass.  In total, an additional 113 egg masses were detected during the fourth observation period.  This
accounts for approximately 12-14% of the total number of egg masses observed.  The fact that a field crew of 13 professional
entomologists and CDFA personnel all highly trained to detect sharpshooter egg masses missed 12-14% of the egg masses
present on 300 plants is worrisome and draws into question the utility of the statewide inspection programs.  The implications
for current egg mass monitoring programs are significant; they may be missing a tremendous number of egg masses (~10%
of the total).  If this is the case, simply prophylactically treating nursery stock prior to shipment will be more effective in
limiting the spread of sharpshooters in the egg stage than inspections.
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Figure 1. Effect of insecticide application on the proportion of glassy-winged sharpshooter eggs successfully
hatching from an egg mass.  Different letters over bars, within a species, indicate significant differences
among treatments (Kruskal-Wallis test, followed by Nemenyi multiple range test, P<0.05)

Figure 2. Effect of insecticide application on the proportion of viable glassy-winged sharpshooter egg masses.
Different letters over bars, within a species, indicate significant differences among treatments
(Kruskal-Wallis test, followed by Nemenyi multiple range test, P< 0.05)

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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IMPACT OF LAYERING CONTROL TACTICS ON THE SPREAD OF PIERCE'S DISEASE BY
THE GLASSY-WINGED SHARPSHOOTER

Project Leaders:
Richard Redak
Department of Entomology
University of California
Riverside, CA 92521

Matthew J. Blua
Department of Entomology
University of California
Riverside, CA 92521

Reporting Period: The result reported here are from work conducted from October 2002 to October 2003.

ABSTRACT
A variety of plant and insect treatment combinations were evaluated as to their ability to prevent/limit Pierce's disease of
grapes.  A combination of neonicotinoids (imidacloprid plus acetamiprid) and kaolin film provided the best protection against
glassy-winged sharpshooter, reducing densities by approximately 90%.  The same treatment combination reduced
sharpshooter oviposition by 75%.  Egg parasitism was unaffected by any of the treatments.  The layering of neonicotinoids
and kaolin limited the incidence of PD to 30% after 18 months, but PD incidence climbed to above 70% in all treatments
after 30 months.  Antibiotic therapy (metalosate), alone or in combination, did not affect PD incidence.

INTRODUCTION
Solutions to managing and controlling Pierce's disease of grapes are often conceptualized as ways of breaking at least one
two-way interaction among the insect, plant, and bacteria components that are required for successful disease spread and
propagation.  Hypothetical solutions may also involve altering the abiotic and biotic environment within which these
interactions take place. On the basis of our understanding of Pierce's disease epidemics, as well as other insect transmitted
plant pathogen systems, one single control tactic (especially focused upon the insect) will not be sufficient to substantially
reduce vector populations such that the incidence of disease is below an economically acceptable level.  One management
and control strategy that potentially may be utilized to limit the damage brought about by Pierce's disease involves layering
separate vector and disease management tactics together such that vector population densities are reduced, their interactions
with grapevines are inhibited or disrupted, and the interface between grapevines and the disease organism, X. fastidiosa, is
disrupted.  Here we report on our efforts to simultaneously implement (i.e. "layer") various control strategies currently
available to limit the spread of Pierce's disease transmitted by the glassy-winged sharpshooter, Homalodisca coagula.

OBJECTIVES
Our specific objectives are to determine the ability of a variety of treatment and treatment combinations on 1) their ability to
reduce glassy-winged sharpshooter density and feeding and 2) their ability to reduce the rate of spread of Pierce's disease in
newly planted vineyards.  The research site was established in April of 2001 at the Agricultural Operations facility located on
the campus of the University of California, Riverside. One thousand grape vines were acquired from SunRidge Nursery in
early may and planted on May 16, 2001.  The variety utilized in this study is Chardonnay 04 on S04 rootstock.  Vines were
planted with 6 ft spacing between plants and 12 ft spacing between rows and watered with drip irrigation.  At total of 10 rows
of 100 vines per row was planted.  Treatment and treatment combinations evaluated are 1) imidacloprid at full rate, 2)
imidacloprid at 1/2 rate, 3) a combination of imidacloprid plus acetamiprid, 4) metalosate, 5) kaolin, 6) imidacloprid-
acetamiprid combination plus kaolin, 7) imidacloprid-acetamiprid combination plus metalosate, 8) metalosate + kaolin, 9)
imidacloprid-acetamiprid combination plus kaolin plus metalosate, and 10) control (water only).  Treatments involving
acetamiprid could not be evaluated until Fall of 2002.

RESULTS
Results indicated that there was a significant difference among treatments with respect to the number of sharpshooters found
on experimental plants for 2001, 2002 and 200  (Figure 1).  As expected plants treated only with metalosate (a potential
prophylactic treatment for Pierce’s disease) supported similar numbers of sharpshooters as untreated control plants.  Overall
plants treated with kaolin demonstrated reduced numbers of sharpshooters relative to the untreated controls during 2001and
2002.  Plants treated with imidacloprid exhibited the lowest numbers of sharpshooters.  For 2001 and 2002, there were no
significant differences in the numbers of sharpshooters found on plants treated with kaolin as compared to the numbers found
on insecticide treated plants.  Kaolin failed to lower sharpshooter numbers in 2003.  No experimental treatment has yet
resulted in complete protection from sharpshooters; consequently, all treated plants remain at risk of exposure to X.
fastidiosa.  With the exception of metalosate, all treatments were reasonably effective in reducing sharpshooter numbers
throughout the fall season.  Within each year, differences among treatments were lost as sharpshooter numbers naturally
declined at the end of fall. In all three years, a combination of imidacloprid, acetamiprid and kaolin was most effective at
reducing overall sharpshooter numbers; however, it should be noted that a significant number of sharpshooters was found on
all treated plants throughout the growing season.

Experimental treatments were also evaluated as to their impacts on sharpshooter oviposition (relative number of egg masses
deposited per plant) and sharpshooter egg parasitism by Mymarid parasites. Plants treated with a combination of imidacloprid
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plus acetamiprid plus kaolin significantly reduced the number of egg masses deposited on plants.  All other treatments were
not different from the control with respect to oviposition.  None of the treatments significantly affected egg parasitism by
Mymarid parasites relative to the control (Figure 2).

Several treatments have significantly reduced the incidence of Pierce's disease symptoms in experimental plants during the
first 18 months of the study (Figure 3).  Imidacloprid at full rate, kaolin, kaolin plus metalosate, imidacloprid plus
acetamiprid plus kaolin, imidacloprid plus acetamiprid plus metalosate, imidacloprid plus acetamiprid plus kaolin plus
metalosate all significantly reduced the incidence of Pierce's disease relative to untreated controls.  Other treatments and
treatment combinations (including just metalosate) did not significantly reduce the incidence of PD.  Unfortunately, the
incidence of PD was relatively high (30%) even in the most successful treatment.  Furthermore, after 30 months, all
treatments were showing very high levels of PD (Figure 3).

CONCLUSIONS
A combination of neonicotinoids (imidacloprid plus acetamiprid) and kaolin film provided the best protection against glassy-
winged sharpshooter reducing densities by approximately 90%. The same treatment combination reduced sharpshooter
oviposition by 75%.  Egg parasitism was unaffected by any of the treatments.  The layering of neonicotinoids and kaolin
limited the incidence of PD to 30% after 18 months, but PD incidence climbed to above 70% in all treatments after 30
months.  Antibiotic therapy (metalosate), alone or in combination, did not affect PD incidence.  This study was done under
very high densities of GWSS.  Given the positive results for reducing PD  incidence after a single year, further studies are
required to evaluate treatment layering as a viable option to manage PD under conditions of lower insect vector density.

Figure 1. Effect of treatments on numbers of glassy-winged sharpshooters detected in grape plants.
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Figure 2. Effect of treatments on sharpshooter oviposition and egg parasitism.

Figure 3. Effects of treatments on incidence of Pierce's Disease.

FUNDING AGENCIES
Funding for this project was provided by the California Department of Food and Agriculture.
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IMPACT OF NEONICOTINOIDS AND AN INSECT GROWTH REGULATOR ON NATURAL ENEMIES OF
THE GLASSY-WINGED SHARPSHOOTER AND OTHER CITRUS PESTS

Project Leader:
Nick C. Toscano
Department of Entomology
University of California
Riverside, CA  92521

Cooperators:
Nilima Prabhaker & Frank Byrne Steven Castle & Steve Naranjo
Department of Entomology USDA-ARS
University of California Western Cotton Research Lab
Riverside, CA  92521 Phoenix, AZ  85040

Reporting Period: The research on this project was initiated on October 2003.

INTRODUCTION
Relatively few data are available on the direct effects of selective insecticides against natural enemies.  The work proposed
here will investigate the various toxicological effects against parasitoids and predators of glassy-winged sharpshooter
(GWSS) and other citrus pests of three neonicotinoids, imidacloprid (Admire), acetamiprid (Assail) and thiamethoxam
(Actara) and one insect growth regulator (IGR), pyriproxyfen, (Esteem).  These insecticides were selected because they are
currently being used or tested against GWSS immatures and adults and other citrus pests.  Direct effects of conventional
insecticide applications on parasitoid and predator populations are known, but the effects of systemic neonicotinoid
insecticides such as Admire are not documented and evidence needs to be established through laboratory and field testing.
These tests will determine the impact of these selected insecticides on the natural enemies of the GWSS and other pest in
citrus and grapes.  This information will especially useful in GWSS area wide programs or in vineyards where GWSS is
present.

The main objective of this research is the development and use of reliable and simple test methods for detecting the
susceptibility and tolerance of the egg parasitoids of GWSS to Admire, Assail, and Platinum.  Bioassay techniques for testing
the responses of GWSS to these insecticides have already been established.  The development of bioassay techniques (foliar
and systemic) for testing the GWSS natural enemies, will be specific for each insecticide chemistry.

OBJECTIVES
1. Monitor citrus orchards in Kern, Riverside, San Bernardino, and Ventura counties, California, to determine relative

abundances of select parasitoids and predators.
2. Develop appropriate methods for establishing baseline toxicity to Actara, Admire, Assail, and Esteem against

selected beneficial insects on citrus and grapes.
3. Determine the lethal effects of Actara, Admire, Assail, and Esteem on survivorship of three parasitoids, Gonatacerus

ashmeadi, G. triguttatus, Aphytis melinus, and a predator, Rodolia cardinalis through residues on citrus leaves and
contaminated hosts.

4. Determine the sub-lethal effects of the three neonicotinoids and Esteem on emergence, development and foraging
behavior of the natural enemies with insect hosts.

RESULTS
The funding for this project was received on October 14, 2003, therefore research has just been initiated.  Work is in progress
and we are presently investigating the impact of Admire to G. ashmeadi and Aphytis melinus on field treated citrus leaves.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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Figure 1. Profiles of imidacloprid titers in the xylem sap of grapevines
treated with 8, 16 and 32 oz. per acre Admire on May 28th, 2003
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LABORATORY AND FIELD EVALUATIONS OF IMIDACLOPRID, THIAMETHOXAM, AND ACETAMIPRID
AGAINST THE GLASSY-WINGED SHARPSHOOTER ON GRAPEVINES

Project Leaders:
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Reporting Period: The results reported here are for work conducted from July 2003 through October 2003.

ABSTRACT
In a comparison of Admire application rates in Temecula vineyards, a 16 oz. per acre treatment proved very effective at
attaining xylem sap imidacloprid levels that were necessary to protect vines from sharpshooter feeding.  An 8 oz. per acre
rate proved to be too inconsistent in terms of the level of protection afforded, while a 32 oz. rate produced unnecessarily high
levels of imidacloprid that did not extend the period of protection much beyond that afforded by the 16 oz. rate.  In Coachella
Valley vineyards, the 16 oz. rate produced levels of imidacloprid within the xylem sap that were extremely short-lived,
raising concerns about the stability of this material within this region.

INTRODUCTION
The neonicotinoid insecticide imidacloprid (Admire) has played a significant role in reducing glassy-winged sharpshooter
(GWSS) populations in citrus orchards and vineyards in Southern California area-wide management programs.  In Temecula,
where the first area-wide management program incorporating imidacloprid was initiated in response to a severe Pierces
disease (PD) epidemic, remnant GWSS infestations are now associated primarily with untreated tracts of vegetation such as
organic citrus, while densities in conventional orchards and vineyards are almost undetectable (Hix et al., 2002).  In southern
Kern County, GWSS population densities have been similarly reduced as a result of the General Beale Road project, while
areas such as Riverside/Redlands that have not yet participated in area-wide management programs still retain high GWSS
populations.  More recently, the introduction of an area-wide program in Coachella Valley has demonstrated yet again the
capacity of imidacloprid treatments to deal very effectively with GWSS infestations on both citrus and grapevines.

Upon completion of an earlier study investigating the uptake, distribution and persistence of systemic applications of two
neonicotinoid insecticides, imidacloprid and thiamethoxam, in citrus trees and grapevines (Toscano et al., 2002), we
identified several key areas of research that were still required.  In this report, we include data from our studies on the uptake
and distribution of imidacloprid within grapevines, focusing on the impact of vine age and application rate on the rate of
uptake and persistence over time.  Data are presented for vineyards in Temecula Valley and Coachella Valley.

OBJECTIVES
1. Determine the impact of soil type and irrigation on the uptake and residual persistence of imidacloprid and

thiamethoxam in grapevines;
2. Determine the best combination of application rates and number of applications of imidacloprid in order to maximize

and extend protection to vineyards;
3. Determine the absorption, distribution and residual persistence of foliar applications of acetamiprid within grapevines.

RESULTS
Admire Application Rates and
Uptake/Persistence
In this component of the study, conducted in two
Temecula Valley vineyards, we compared
different application rates of Admire applied by
drip chemigation at rates of 8, 16 and 32 oz. per
acre.  The primary goal was to determine the rate
of uptake and persistence of the material in vines
treated at each rate, thereby giving an indication
of the degree of protection afforded grapevines.
During the trials, xylem fluid was extracted using
a pressure bomb on at least a weekly basis over a
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Figure 2. Profiles of imidacloprid titers in the xylem sap of grapevines
treated with 8, 16 and 32 oz. per acre Admire on June 19th, 2003

Figure 3. Profiles of imidacloprid titers in the xylem sap of 2-year old and
20-year old grapevines treated with 16 oz. per acre Admire on June 19th,
2003

Figure 5. Profile of imidacloprid titers in the xylem sap of grapevines
treated with 16 oz. per acre Admire on Apr 3rd, 2003
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Figure 4. Profile of imidacloprid titers in the xylem sap of grapevines treated
with 16 oz. per acre Admire on Mar 31st, 2003

4-month period and the titers of imidacloprid determined
using an ELISA technique (Toscano et al., 2002).

In Vineyard I (Figure 1), which consisted of 4-year old
Cabernet vines, the 8 oz per acre rate produced an average
titer of imidacloprid within the xylem sap of about 10 ppb
throughout the experimental period.  This is close to the
minimum level of material that we believe is necessary to
give protection against GWSS feeding.  At this low rate,
however, many vines were not protected adequately,
while others received very good protection.  The 16 oz.
per acre rate proved more effective in terms of
maintaining xylem sap imidacloprid levels equal to or
greater than the 10 ppb threshold.  Vines remained
protected for up to three months.  During a similar trial in
2002 in the same vineyard (Toscano et al., 2002), a four
month period of protection was afforded the same vines
when they were treated with a 16 oz. per acre rate of
Admire.  In 2002, the vineyard had been treated one
month earlier and this may have had a significant impact
on the levels of imidacloprid taken up due to more active
growth of the vines and a lower overall plant volume
through which the material had to disperse (see later
section on vine age).

In Vineyard II (Chardonnay grapes) vines were at least 20
years old.  Similar rates were applied as in Vineyard I,
and the progressive increases in application rates resulted
in a concomitant rise in imidacloprid levels within the
xylem sap.  Although the initial rate of uptake was slower
for all three rates in Vineyard II, the overall degree of
protection attained from the 8 and 16 oz. rates were better.
In both vineyards, the 32 oz. rate resulted in titers of
imidacloprid within the xylem sap that were far in
excess of those required to protect the vines from
sharpshooter feeding.

Vine Age and Admire Uptake/Persistence
The most obvious effect of vine age on the uptake and
persistence of Admire applied at 16 oz. per acre was in
the rate of initial uptake (Figure 3).  In a comparison of
uptake into vines aged 2 and 20 years, the imidacloprid
titers within xylem sap increased more rapidly in the
younger vines.  Titers were also consistently higher in
the younger vines throughout the evaluation period.  It
should be noted, however, that the uptake dynamics of
Admire applied at 8 and 16 oz. per acre to the 20-year
old vines (Vineyard II, Figure 2) were similar, if not
somewhat better, than in the 4-year old vines (Vineyard I,
Figure 1).  Thus, it appears that any ‘age-effect’ is more likely
to be manifested in newly established vines which have
substantially less ‘volume’ through which the insecticide must
be transported

Admire Applications in Coachella Valley
We monitored the levels of imidacloprid in the xylem sap of
table grapevines treated with 16 oz. per acre in six vineyards
in Coachella Valley.  In this study, the growers applied the
materials as part of their standard agronomic practices.  In
short, we found that the behavior of imidacloprid in this region
was remarkably consistent.  However, in comparison with the Temecula vineyards, the peak titers of imidacloprid within the
xylem sap of Coachella grapevines were extremely low and the overall persistence of the material was very short (Figures 4
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and 5).  In each of the six vineyards tested, a single application of 16 oz. per acre of Admire resulted in xylem sap levels of
no more than 8 ppb, which is very close to the critical level required for protection against sharpshooter feeding.  In
extremely old vines, there was also a significant delay in the initial uptake of material (Figure 5).

CONCLUSIONS
Our studies continue to provide growers with a better understanding of the behavior of Admire within vineyards in the
Southern California area.  Certainly, there are significant differences between the Temecula and Coachella Valley vineyards
and we are investigating the possible causes of these anomalies in our remaining study objectives.  What is becoming clear
for Temecula
growers is that a single application of 32 oz. per acre is producing an unnecessarily high load of imidacloprid within the
plant, whereas a 16 oz. rate can provide adequate control for almost the same period of time.  An early season application of
16 oz. per acre, followed by a later application at the same rate, would appear to be the most attractive option for achieving
effective xylem sap levels of imidacloprid for protection against sharpshooters.  GWSS are known to feed on vines
throughout the year, including during the winter dormant phase, so by using the two-16 oz. application strategy growers
would be able to extend the window of protection well beyond that afforded to them with a single application of 32 oz. per
acre.

The titers of imidacloprid within the xylem sap of vines in Coachella Valley vineyards treated at 16 oz. per acre are of
concern.  Growers in this region are not receiving the same levels of protection for their vines as Temecula growers.  We are
investigating several possibilities that may account for these differences, particularly the impact of soil type.
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ABSTRACT
Our research focused primarily on chemical control of the glassy-winged sharpshooter, Homolodisca coagulata, a pest of
citrus and grapes in California.  A number of insecticides from various classes of chemistry were incorporated into this study
to evaluate their effectiveness against this pest as well as to establish baseline susceptibility data to each insecticide.  The use
of insecticides involves some resistance risks in most pests.  As such, part of our research was undertaken to monitor the
occurrence of any shifts in susceptibility to the principal control agents by comparing the toxicity values for the last two
years.  Comparison of susceptibility shifts will enable us to analyze the practical implications of any tolerances detected by
incorporating such information into well-coordinated recommendations for delaying or combating resistance development in
future management programs of this pest.

INTRODUCTION
The first step in examining the effectiveness of insecticides against glassy-winged sharpshooter (GWSS) populations is to
monitor for baseline susceptibility.  Monitoring results will give comparisons for presence of any cross-resistance patterns
between different classes of insecticides.  The initial step for monitoring resistance is through development of appropriate
bioassay techniques that can establish baseline susceptibility data among various populations.  Our goal for the first year was
to study the effectiveness of a spectrum of selected insecticides and determine regional differences, if any, to these
insecticides.  To accomplish this, simple and suitable bioassay techniques were developed to detect toxicological responses of
the GWSS to various insecticides.  Three techniques, petri-dish,  Leaf-dip and Systemic bioassay techniques were described
in the previous report (Toscano et al. 2001).  Using these techniques, baseline data were determined to selected insecticides
against the GWSS over a period of two years. The present report compares the toxicological responses of GWSS to a wide
range of chemistry over the past two years.

Once baseline susceptibility data is established, any changes in susceptibility to insecticides through early detection can be
invaluable in helping to curtail resistance from progressing to higher levels and frequencies. Knowledge on the rate of
resistance development in GWSS to selected insecticides is lacking at the present time.  It is well known that resistance does
not evolve at the same rate for all pests that come under selection pressure.  Many factors, whether genetic,
biological/ecological or operational, can influence the rate at which resistance develops in a pest. In the case of GWSS, one
method to estimate the potential for resistance risk is to artificially select resistant strains under greenhouse conditions.

In addition to conventional bioassay methods to measure the effectiveness of insecticides, we have proposed to measure
biochemically the sensitivity levels of sharpshooter acetylcholinesterases (AChEs) to inhibition by organophosphate (OP)
insecticides.  Insensitivity of the AChE target-site can seriously impair the effectiveness of OPs in pest control programs.
Monitoring populations of GWSS that have been exposed, directly or indirectly, to OPs such as Lorsban® (chlorpyrifos) will
enable us to detect resistant AChE alleles should they arise.

OBJECTIVES
1. Develop reliable bioassay technique(s) to evaluate baseline toxicity of insecticides from major classes of insecticides

against all life stages of GWSS.
2. Monitor all life stages of the GWSS populations collected from insecticide-treated citrus orchards and vineyards in

Riverside, Redlands, San Joaquin Valley and Temecula to determine baseline susceptibility to various insecticides.
3. Investigate the rate of development of resistance to a selected organophosphate (OP), pyrethroid and a neonicotinoid

by artificial selection in the greenhouse.
4. Develop electrophoretic techniques to identify esterase profiles in individual GWSS of all life stages including eggs.
5. Develop a microplate assay to measure the levels of sensitivity of GWSS acetylcholinesterase (AchE) variants to

inhibition by organophosphate (OP) insecticides commonly used for their control.
6. Monitor GWSS populations throughout California to determine the degree of phenotype variation in esterase and

AchE enzymes and how this relates to current pesticide practices.
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RESULTS
Objective 1. To assess the effectiveness of various insecticides against the GWSS, a number of bioassay techniques were
developed, including foliar as well as systemic applications. Use of appropriate techniques are critical to evaluate insecticidal
activity.

Bioassay for contact insecticides
Petri-dish Bioassay: Petri dishes of 60 mm were used for this assay. Agar beds were prepared in the petri dishes for
maintenance of citrus leaves for upto a week. Excised citrus leaf discs of the same size as the petri dish were dipped for 30
sec in five concentrations of each insecticide and allowed to dry for an hour before placing on the agar beds. Tests were
conducted using 10 contact insecticides: esfenvalerate, cyfluthrin, bifenthrin, fenpropathrin (Pyrethroids), chlorpyrifos,
dimethoate (Organophosphates), endosulfan (Cyclodiene), acetamiprid, thiamethoxam (Neonicotinoids), and Pymetrozine.
Five GWSS were exposed to the treated leaves in each petri dish covered with a plastic top. Each test was replicated 6 times
and included water-only dipped controls. Mortality was assessed after 24, 48 and 96 h. In the case of acetamiprid and
thiamethoxam, mortality was assessed after only 4 and 16 h followed by 24 h because of their potency to the insects.  No
condensation was observed in the petri dishes while maintaining insects for exposure to the treated leaves even over a week.

Leaf-dip Bioassay:  Leaf-dip bioassays of attached leaves on citrus plants were conducted in the greenhouse.  Five serial
dilutions of each of the 9 insecticides were used for dipping the attached leaves and were allowed to dry for an hour.  Five
adults or immatures were placed in clip cages and attached to the treated leaves.  Mortality assessment was similar to that of
the Petri-dish bioassays.

Bioassay for systemic insecticides
Systemic Bioassay:  To assess the toxicity of imidacloprid action systemically, the leaf-dip method was modified to
accomodate a system that allows excised leaves to take up imidacloprid through the petioles.  The uptake and systemic
translocation of imidacloprid was accomplished by two methods, a) leaf uptake and b) stem uptake. Excised leaves and stems
with two terminal leaves were placed in serial dilutions of imidacloprid in aquapiks to allow uptake for 24 h.  Following the
24 h uptake, exposed leaves or stems were placed in aquapiks containing water only. Both citrus and cotton leaves were
utilized for this study. Exposure time of the insects to imidacloprid was similar to that of the contact insecticides. Mortality
was checked after 24, 48 and 96 h.

Objective 2. To monitor all life stages of the GWSS populations collected from insecticide-treated citrus orchards in
Riverside, Redlands and San Joaquin Valley to determine baseline susceptibility to various insecticides. GWSS populations
were sampled using sweepnets and bucket samplers from citrus orchards in each of these locations.

For both the Petri-dish and the Leaf-dip technique, toxicity was determined based on the effects of exposure time and
location effect.  Results showing a two-year comparison of toxicity data to various insecticides using the three techniques are
presented in Table 1.  In general, GWSS populations are quite susceptible to most insecticides tested.  Considerable variation
in susceptibility to insecticides has been observed by both techniques.  The Petri-dish technique provided stable LC50s with
no or low control mortality in 24 h. Mortality increased in the controls over time.  Monitoring data for chlorpyrifos indicated
a difference of 13- and 15-fold between the two techniques in 24 and 48 h respectively during the first year of testing.
Similarly, monitoring data for chlorpyrifos and dimethoate indicated a difference of 10- and 15-fold between the two
techniques in the following year.  However, no significant changes in responses of GWSS to chlorpyrifos were observed
from year to year. No significant differences in LC50s were observed to fenpropathrin using the Petri-dish technique between
the Riverside and Redlands populations (LC50 = 0.019 to 0.042 ppm).  However, a significant difference in LC50 was
observed to esfenvalerate with the Petri-dish test. Esfenvalerate was more potent to GWSS from Redlands (LC50 = 0.00003
ppm) compared to the insects from Riverside (LC50 = 0.002 ppm) showing a significant difference of 90-fold. Similarly,
Acetamiprid was also quite toxic to GWSS from Redlands with an LC50 of 0.003 ppm compared to 0.01 ppm for the
Riverside insects using the petri-dish technique. Also the GWSSs from Redlands were more susceptible to Baythroid (LC50 =
0.004 ppm) indicating a 10-fold difference compared to Riverside insects (LC50 = 0.038 ppm). In all tests mortality increased
with time, higher mortality in 48 h compared to 24 h. A slight shift was observed to Esfenvalerate towards lower sensitivity
in the second year.  Insects from Redlands appear to be more sensitive than other populations. Similarly, Acetamiprid was
also quite toxic to GWSS from Redlands with a lower LC50 compared to the Riverside or Ventura populations.  Among the
neonicotinoids, thiamethoxam appears to be slightly less toxic to GWSS populations in 2002 with insects from Redlands
showing more sensitivity to Acetamiprid than the previous year. No significant differences in responses of GWSS from
various locations to endosulfan were observed.  Both IGRs (pyriproxyfen and buprofezin) were non-toxic to the older stages.
In conclusion, a two-year comparison of toxicity studies shows that GWSS are still quite susceptible to all insecticides tested
so far with small variations between populations from different regions.

Results for imidacloprid toxicity as shown by LC50s indicated no significant difference in 24 h between the Riverside and
Redlands insects. However, with longer exposure time, a significant difference was observed between the responses of
GWSS from the two locations (LC50 = 0.0008 ppm for Redlands insects vs. 0.015 ppm for Riverside insects).
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Toxicity studies of all stages of GWSS to various insecticides are still underway and will be completed by next summer.
Pyriproxyfen appears to be fairly toxic to the GWSS eggs when less than 24 h old.  Treatment of GWSS eggs with
pyriproxyfen appears to be critical and should be aimed at eggs less than 24 h old. Buprofezin appears to be toxic to the
younger stages of GWSS.

Objective 3. Selection of GWSS strains that are tolerant to an OP (chlorpyrifos), a Pyrethroid (fenpropathrin) and a
neonicotinoid (imidacloprid) was undertaken and selected strains were maintained for two generations.  Further selection is
underway to maintain survivors for a few more generations for further studies.

Objective 4. Develop electrophoretic techniques to identify esterase profiles in individual GWSS of all life stages including
eggs.  An electrophoretic technique has been developed which enables the esterase profiles of individual insects and eggs to
be determined.  With this technique, the GWSS and STSS (smoke-tree sharpshooter) can be readily distinguished (Figure 1).
There was some degree of esterase polymorphism present in both species, and highly active esterases were also identified.
The latter could potentially have a role in the detoxification of pyrethroids, as occurs in many other important insect pests
such as aphids and whiteflies.

Objective 5. Develop a microplate assay to measure the levels of sensitivity of GWSS acetylcholinesterase (AchE) variants
to inhibition by organophosphate (OP) insecticides commonly used for their control.  During the past season, we have
continued to monitor AChE sensitivity levels within GWSS populations.  To date, we have not detected any resistant alleles
in populations (Table 2).  The lack of resistance alleles is encouraging for growers and is an indication that current OP use
(especially Lorsban) has not selected for resistant populations.

Objective 6. Monitor GWSS populations throughout California to determine the degree of phenotype variation in esterase
and AchE enzymes and how this relates to current pesticide practices.  To ascertain the likely involvement of esterases in the
differential expression of pyrethroid toxicity to GWSS, we compared GWSS populations from Riverside and Redlands.  For
two consecutive years, the Redlands population was consistently more susceptible to esfenvalerate (Toscano et al., 2002).
Frequency distributions of esterase activity showed that esterase levels were generally higher in the Riverside population,
suggesting a link between esterase activity and susceptibility to this pyrethroid (Figure 2).  We are currently studying the
esterase band(s) contributing to the extra activity in the Riverside insects.

CONCLUSIONS
Bioassay techniques were developed to determine the relative toxicity of insecticides to GWSS.  Baseline toxicity was
established to conventional chemistry, three neonicotinoids and two IGRs. Based on these results, GWSS populations appear
to be susceptible to all insecticides tested so far.  However, monitoring data showed geographical differences in LC50s, e.g.
Redlands populations were more susceptible to most compounds than Riverside populations. These results suggest that the
bioassay techniques were suitable and sensitive in detecting even small differences in responses of GWSS to various
insecticides.  Monitoring results of GWSS also demonstrated seasonal variations in their responses to various insecticides.
Selection for resistance to specific insecticides was accomplished for 2 generations.  The biochemical basis of GWSS
responses to certain insecticides was determined using a microplate assay to measure acetycholinesterase activity.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.
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Figure 1.  Esterase profiles of individual adult
GWSS (lanes 1-7) and STSS (lanes 8-14).

Figure 2. Frequency distributions of esterase activity in individual GWSS
adults collected in 2002 from citrus orchards in Redlands.

Table 1.  A two year comparison of toxicological responses of GWSS to various insecticides.

2001 2002
Insecticide

Class Insecticides Sample
Location LC50 (ppm)

Petri dish
LC50 (ppm)

Leaf dip
LC50 (ppm)
Petri dish

LC50 (ppm)
Leaf dip

Chlorpyrifos Riverside 0.001 0.013 .0038 .0124
Redlands 0.001 0.015 .0067 .0562
Ventura 0.005 0.032 0.00208 .045

Dimethoate Riverside 0.0091 .038
Redlands .0176 .0932

Organophosphates

Ventura .02986 .0699

Bifenthrin Riverside 0.018 0.046
Redlands 0.012 0.055
Ventura 0.006 0.0812

Cyfluthrin Riverside 0.038 .00230 .00179
Redlands 0.004 .0221 .252
Ventura .00439 .33841

Esfenvalerate Riverside 0.0027 0.022 0.006 0.0102
Redlands 0.00003 0.00004 0.0009 .0042
Ventura 0.009 .034

Fenpropathrin Riverside 0.042 0.168 .044 .551
Redlands 0.019 0.012 .0812 .376

Pyrethroids

Ventura .0202 .1431

Endosulfan Riverside 0.006 .00832 0.0723
Redlands 0.003 .00349 .01953Cyclodiene
Ventura .00104 .0089

Acetamiprid Riverside 0.01 0.091 0.005 0.072
Redlands 0.003 0.008 0.0009 0.014
Ventura 0.04 0.097 0.025 0.074

Imidacloprid Riverside 1.64 0.08
Redlands 0.61 0.034
Ventura 1.92 0.121

Thiamethoxam Riverside 0.0037 0.0085 0.003 0.004
Redlands 0.0004 0.0012 0.002 0.008

Neonicotinoids

Ventura 0.0052 0.0093 0.009 0.020

Table 2. Survey of AChE sensitivity in individual GWSS
collected from southern California orchards.

Source Insects tested Sensitive to 10µM paraoxon
(%)

Riverside 343 100
Mentone 94 100
Redlands 47 100
Temecula 53 100
Piru 47 100
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Reporting Period: The results reported here are from work conducted since October 2003.

INTRODUCTION
Few examples of certain pests in the literature of susceptibility changes according to dietary intakes, i.e. different host plants,
leads to the question of whether plant species utilized by glassy-winged sharpshooter (GWSS) are potentially influencing its
susceptibility to insecticides.  As a widely polyphagous species, GWSS likely encounters a diversity of plant compounds
even though it feeds principally on less-concentrated xylem fluid.  Secondary plant compounds are translocated within
vascular tissues and are ingested by vascular feeders.  If insecticide toxicities to GWSS vary according to host plant, then the
magnitude of potential differences should be elucidated to more clearly understand the performance of insecticides being
used against GWSS.  Knowledge of susceptibility differences due to host plants, or any other factor that could potentially
alter susceptibility, is essential to avoid misleading conclusions concerning the relative effectiveness of a particular
insecticide.  The more that is understood about how a principal method of control operates in the environment against the
pest, the stronger will be an IPM program based on the recognition of how well each component performs.  The key to
accomplishing efficiency in chemical control is to know the ecology of the target pest, make appropriate insecticide
selections according to the conditions of the crop, and time the application to attack the life stage(s) most vulnerable to the
specific activity of the insecticide.

OBJECTIVES
1. Evaluate the influence of various host plants on the reproductive status of GWSS adult females, and determine if GWSS

selectively utilizes particular host plants for oviposition.
2. Determine differences in susceptibility to select conventional insecticides and neonicotinoids on treated foliage from

five host plants.
3. To determine if the host plant effect on susceptibility to insecticides varies after colonization on respective host plants

vs. testing on foliage of host plants.
4. Investigate if any susceptibility differences in GWSS reared on various host plants are related to detoxification

enzymes, amino acids and sugars.

RESULTS AND CONCLUSIONS
The award for this proposal was received on October 14, 2003.

Objective 1: The influence of various host plants on the reproductive status of GWSS
Based on observations in 2001 in Riverside, California citrus, there were 2 major peaks of reproductive activity among
GWSS adults.  The first was during the period from late February to mid-April when mating and oviposition was heavily
concentrated in citrus only, while the second was during late July through September when reproduction occurred in both
citrus and in ornamental plants and many weedy species located outside of citrus.  This objective will be pursued in February
2004 and July 2004 at which time collections of adults will coincide with each period of reproductive activity, spring and
summer.  Adult collections that are made at that time will be sexed, paired and released into 75 x 75 x 75 cm cages that
contain four plants potted separately in 20 cm containers.  The four plant species to be used will be Valencia orange, okra,
basil, and bush bean.  Preliminary observations of GWSS colonies during 2001 showed that all four plants species were
accepted as feeding hosts, but with definite preferences for basil and orange over okra and bean.

Objective 2:  Differences in susceptibility to select conventional insecticides and neonicotinoids
Differences in susceptibility to select conventional insecticides (Asana, Lorsban) and neonicotinoids (Admire, Assail) on
treated foliage has been determined on two hosts at this time and will be continued on other host plants during spring and
summer.  Insects from Redlands appear to be more susceptible in general to the above insecticides compared to Riverside
populations.  Insects from other other locations have not been tested for comparison at this time.

Objective 3: The host plant effect on susceptibility to insecticides
To determine if host plant effect on susceptibility to insecticides varies after colonization of GWSS on respective host plants
vs. testing on foliage of host plants, three GWSS populations are being established on orange, lemon and cotton at this time.
After the colonized insects have been maintained for 2-3 generations on these hosts, tests will be conducted on these insects
as well as on field collected insects to compare susceptibility differences to select insecticides.  In spring more collections of
GWSS populations will be made to allow establishment on the remaining hosts, okra, lemon mint and soybean.
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Objective 4: Susceptibility differences in GWSS reared on various host plants
Investigation of objective 4 to see if any susceptibility differences in GWSS reared on various host plants are related to
detoxification enzymes, amino acids and sugars will follow after successful completion of objective 3.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.
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ABSTRACT

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram-negative xylem-limited bacterium that causes Pierce’s disease (PD), plum leaf scald, phony
peach disease, almond leaf scorch, citrus variegated chlorosis, and numerous other diseases.  In susceptible species xylem
vessels may get plugged by Xf cells and an exopolysaccharide matrix.  Vessel plugging results in xylem dysfunction, water
stress, and leaf necroses, which are all characteristic of PD. Cell multiplication, formation of aggregates and biofilm are early
components of PD that precede visible symptoms.  The stimuli for aggregation and biofilm may involve specific
plant/bacterium interactions and may involve the nutrient status of xylem fluid.  Xylem fluid typically consists of 95 - 98%
water; amino acids, organic acids, sugars and inorganic ions are the major components of total osmolality.  Recent progress
in generating a simple chemically-defined media for Xf allows studies of nutritional requirements in vitro.  We have found
that certain chemically-defined media (3G10R and CHARD2) developed in our laboratory promote the development of cell
aggregates and biofilm.  Aggregation and biofilm formation of Xf in vitro is dependent on xylem fluid chemistry.  For
example, xylem fluid of Vitis vinifera induced a high degree of aggregation of Xf cells, whereas V. rotundifolia did not.  We
have also found that calcium (CaCl2) also promoted cell aggregation in vitro. These results support the calcium bridging
hypothetical model that was proposed to explain how Xf adheres to xylem vessels (Leite et al. 2002, 2004b), which assumes
that the surface of Xf cells are negatively charged due to the presence of sulfur in the outer membrane proteins (OMP).
Aggregate formation may be facilitated not only by calcium bridging but also by the formation of disulfide bonds in the
OMP.  The chemistry of xylem fluid may be a function of temperature, fertilization and diurnal/temporal alterations
(Andersen and Brodbeck 1989ab, 1991, Andersen et al. 1995, 2004), and pH (Leite et al. 2004b).  It is possible that the
manipulation of xylem fluid composition, whether it is based on the primary organic compounds, ions or proteins in xylem
fluid, is one possible method to affect PD-resistance.  The dependence of aggregation and biofilm formation on the nutrient
content of xylem fluid and growth media suggests that xylem chemistry is important in the mediation of
resistance/susceptibility of PD.

OBJECTIVES
1. Determine the effects of nutrient media and xylem fluid chemistry on Xf colony number, bacterial growth, aggregation

and biofilm formation of Xf.
2. Examine the influence of Xf surface chemistry during early stages of Xf aggregation and biofilm formation.

RESULTS AND DISCUSSION
Distinct Xf aggregation patterns are consistent with modifications in xylem fluid chemistry.  Xylem fluid from PD-resistant
cultivars (V. rotundifolia Noble and Carlos) induced low or no aggregation of Xf, whereas susceptible V. vinifera cultivars
Chardonnay and Chenin Blanc exhibited a high tendency to aggregate (Figure 1A). The number of large aggregates formed
after incubation in xylem fluid was highly significant (P > 0.0001) as a function of cultivar.  X-ray microanalysis showed
clearly the difference between calcium and phosphorus concentrations between the most susceptible and the most resistant
cultivar.  The phosphorus peak was more evident in the PD-resistant cultivar Noble and barely detectable in the PD-
susceptible cultivar Chardonnay (Figure 1B).  In xylem fluid from California, the ratio of Ca/P for Noble was close to 1,
contrasting with a ratio of 14.5 for Chardonnay.  Since calcium and magnesium have been implicated as being involved in
adhesion and aggregation of Xf (Leite et al. 2002), we compared the concentration of calcium, phosphorus and citric acid.
The reason for this approach is that phosphorus and citric acid are known to remove calcium and magnesium from a solution
by precipitation in the form of complexes or insoluble salts (Van Der Houwen and Valsami 2001).  The ranking of resistance
of cultivars from California was reflected by the ratios of compounds that either remove divalent cations (phosphorous and
citrate) from solution or divalent cations themselves ([P]*[citrate]/[Ca]*[Mg]), (Figure 1C).  However, the same ratio
([P]*[citrate]/[Ca]*[Mg]) did not produce consistent results with xylem fluid from Florida plants (Figure 1C), possibly as a
consequence of the presence of citrate and/or phosphate stress (Hofflland et al, 1989; Zhang et al. 1997).  Florida xylem fluid
much less phosphate than California xylem fluid (data not shown).  The concentration of calcium to phosphorus and calcium
to citric acid were affected by cultivar and location.  The effect of a source of calcium (CaCl2) on Xf aggregation was tested
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in vitro.  In Figure 2A, high number of large aggregates was observed in concentrations of CaCl2 above 50 mg/l (Leite et al.,
2004a).  An exponential curve was obtained by plotting large aggregates versus calcium chloride concentration (Figures 2 A
and B).

The pH of xylem fluid samples collected in Florida were consistently acidic, contrary to variable pH readings obtained in
California (data not shown).  All V. vinifera cultivars in California were pH 7.4 and above.  Analysis of pectin content
showed the most resistant cultivar (Noble) had more pectin than the most susceptible cultivar (Chardonnay) (Figure 2C).
Categorized separation of the pectin samples also showed that uronic acids, which are known to bind calcium, were
comparatively higher in Noble.  A plant with more uronic acids as part of the xylem cell wall could perhaps control levels of
free calcium through the so called “egg boxes” (Braccini and Perez 2001).  Calcium bridging seems to be critical at the first
stages of micro-colony and colony formation.  Calcium availability and the number of Xf cells within the xylem vessel may
influence the amount and size of aggregates formed.  Negative surfaces of Xf cells (Leite et al 2002) are important for
calcium bridging and the number of negative moieties may be associated with strain pathogenicity.  Ultimately, cell
aggregation by Ca2+ may be the trigger for activation of other pathogenicity pathways.  Our preliminary results show that the
nutrient content of xylem fluid is a significant component for the development of aggregates and biofilm, although the
elucidation of the role of specific compounds requires further research.

The minimum xylem fluid-based medium (3G10R) increased the capacity of Xf to form biofilm compared to PW+ medium
and reduced the number of cells in the planktonic state (Leite et al. 2004a).  This knowledge allowed us to design
experiments and investigate the role of each component for Xf growth and biofilm formation.  The approach adopted was the
deletion of one component at a time from the original 3G10R, such as: MgSO4, phenol red, L-glutamine, glucose, ferric
pyrophosphate and glutathione. Glutamine is an indispensable medium component for Xf (Davis et al. 1981; Chang and
Donaldson 1993, Lemos et al 2003, Leite et al. 2004a, Almeida et al. 2004).  Glutamine is the most abundant amino acid in
Vitis xylem fluid (Andersen and Brodbeck 1989, 1991, Andersen et al. 1995Leite et al. 2004a, Ishida et al. 2004).  Glucose is
found in lower concentration in xylem fluid of grapevines (Andersen and Brodbeck, 1989, 1991). Xf can survive a without a
glucose source, as demonstrated by Leite et al. (2004a) and this work. Xf apparently does not use the pathway to metabolize
glucose (Facincani et al. 2003).  Iron homeostasis is an important process regulating the expression of genes involved in
pathogenicity in bacteria (Vasil and Ochsner 1999, Simpson et al. 2000).  In X. campestris pv campestris, iron-uptake genes
are essential for the induction of the hypersensitive response (HR) in non-host plants and disease symptoms in the host plant
(Wiggerich and Pühler 2000).

After 4 days of incubation, the ratio of Xf biofilm/cells in suspension (planktonic form) was greatly enhanced when glutamine
or glucose were withheld from the 3G10-R formulation.  (Figure 3A).  After 14 days the absence of other elements such as
MgSO4, ferric pyrophosphate and glutathione also seemed to promote biofilm formation. Recently, Ishida et al. (2004)
observed that Xf in the presence of grapevine xylem fluid (V. vinifera cv. Chardonnay) formed biofilm after only 30 min of
incubation.  Leite and collaborators (2004a) showed that in xylem fluid based-minimum media Xf formed more biofilm than
in PW+ (a complex and nutritional rich medium).  These results suggest that Xf was able to form biofilm in response to a
microenvironment provided by xylem fluid (a mixture of proteins, amino acids, organic acids, sugars and inorganic ions) and
Xf could use aggregation as survival mechanism in a nutrient poor growth medium.  When Xf cells were incubated in
deionized water or in oxidized glutathione less biofilm was observed (Figure 3B). In contrast, in a reduced environment such
as in the presence of the antioxidants 1,4-dithithreitol (DTT) or reduced glutathione, an increase in biofilm formation was
observed (Figure 3B).  The details of the mechanism of action of these antioxidants in the Xf adhesion process are unknown;
however, the calcium bridging hypothetical model supports these findings (Leite et al. 2002). Studies directed toward cell
aggregation and biofilm formation may help to understand critical elements of pathogenicity.
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Figure 1.
A - Aggregation of Xf cells after incubation
with xylem fluid from Vitis rotundifolia Noble
and Carlos are showing weak aggregation. V.
vinifera cultivars Chardonnay and Chenin Blanc
exhibit increased cell aggregation.
B - X-ray microanalysis of xylem fluid from V.
vinifera cv. Chardonnay (susceptible) and V.
rotundifolia cv. Noble (resistant) collected in
California during the dormant season.
Phosphorous peak is more intense in Noble.
C – The ratio of ([P]*[Cit]/[Ca]*[Mg]) in xylem
fluid from California (upper graph) and Florida
(lower graph). Abbreviations: No=Noble,
Carlos=Ca, SG=St. George, Co=Constancia,
Pi=Pixialla, Do=Dog Ridge, Ex=Exotic,
CB=Chenin blanc, Ch=Chardonnay. There was
a correlation of PD resistance to
[P]*[Cit]/[Ca]*[Mg] in xylem fluid from
California, but not from Florida.Grape Genotypes
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Figure 2.
A - Increasing numbers of Xf aggregates in different
CaCl2 concentrations. The number of aggregates was
visualized in Neubauer chamber: Highest aggregation
is at 100 mg/l.
B - Calcium induces aggregation at same
concentration range found within the xylem fluid.
Points are mean ± S.D., n = 6.
C - Total pectin content of cultivars Noble and
Chardonnay.
D - Concentration of neutral sugars and uronic acids
in dry cell wall matter of cultivars Noble and
Chardonnay.
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Figure 3.
A - Ratio of Biofilm/Cell in suspension after incubation
of Xf cells for 4, 8 and 14 days in media generated after
deletion of either ferric pyrophosphate (Fe), glutathione
(GSH), L- glutamine (Gln), glucose (Glu), MgSO4
(Mg) or phenol red (PR) from 3G10R.
B - Effect of antioxidants on biofilm formation by Xf
after variable periods of time. The antioxidants used
were 1,4-dithithreitol (DTT) 60 mM and glutathione
(20 mM) in the reduced (GSH) and oxidized (GSSG)
forms. Treatment with distilled water was used as
control.
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ABSTRACT
The goal of this research is to evaluate the significance of riparian hosts in the epidemiology of Pierce’s disease (PD) in the
North Coast grape-growing region of California.  The first objective is to examine the epidemiological role of seasonal
changes in Xylella fastidiosa (Xf) concentrations in riparian hosts.  Among systemic riparian hosts, differences in seasonal Xf
concentrations and Graphocephala atropunctata (blue-green sharpshooter, BGSS) feeding preference affect their importance
as Xf reservoirs.  Temperature affects Xf concentrations in plant hosts and, in turn, Xf concentrations affect the probability of
a BGSS acquiring Xf while feeding on an infected plant.  We focused on Xf concentrations in five systemic hosts: Rubus
discolor (Himalayan blackberry), R. ursinus (California blackberry), Sambucus mexicana (blue elderberry), Vinca major
(periwinkle), and Vitis californica (California grapevine).  We needle inoculated potted plants of California grape, California
blackberry, Himalayan blackberry, blue elderberry, and periwinkle in the greenhouse and transferred all infected plants to
two sites in the North Coast (Napa County, Mendocino County). Xf was not detected in the majority of plants after several
months in the field (from July to Oct. 2003), except for periwinkle which maintained a high number of infected plants
through all seasons. Xf concentrations were highest in periwinkle in all seasons and at both sites, and were sufficient for
BGSS acquisition year-round.  California grape and Himalayan blackberry supported Xf concentrations that were sufficient
for BGSS acquisition in autumn and summer, but not in spring.  These results suggest that BGSS likely acquires Xf from
riparian hosts in autumn, instead of spring.

INTRODUCTION
Past research (Purcell 1976, 1981) demonstrated the direct relationship between incidence of Pierce's Disease (PD) in Vitis
vinifera and proximity to riparian plants bordering vineyards in the North Coastal grape-growing region of California.
Vineyard rows closest to riparian plants (plant species that occupy the banks of rivers and streams) experience the heaviest
losses, but there are fewer diseased vines farther away from riparian plants.  Riparian habitat adjacent to vineyards contains
plants that are feeding and breeding hosts for Graphocephala atropunctata (blue-green sharpshooter, BGSS), the most
efficient vector of PD in the Napa Valley (Hewitt et al 1949, Purcell 1975).  Not only do riparian plants provide habitat for
BGSS, but some are also reservoir hosts of the PD strain of Xylella fastidiosa (Xf) (Freitag 1951).  A variety of common
riparian plants are capable of maintaining Xf infections without expressing disease symptoms.  Purcell and Saunders (1999)
found that Xf populations are, generally, lower in riparian hosts than in grapevines.  The ability of Xf to multiply and spread
within a plant host varies from species to species.  After screening several breeding hosts of BGSS for systemic movement of
Xf, Hill and Purcell (1995) found that only two tested, Rubus discolor (Himalayan blackberry) and V. vinifera, supported
systemic infections.  These results imply that some riparian hosts are more important than others as Xf reservoirs.

Interactions among BGSS, Xf, and their host plants are likely to vary with season.  Seasonal changes in BGSS flight activity
have been documented (Feil et al 2000).  Seasonally variable levels of plant hormones (Hopkins 1985) and changes in
temperature (Feil and Purcell 2001) can have major effects on Xf concentrations in host plants. Xf concentrations change on a
seasonal basis in V. labrusca (Hopkins and Thompson 1984), and they are lower in V. vinifera grown at cooler temperatures
(Feil and Purcell 2001).  Transmission by BGSS is influenced by Xf concentrations in the plant host; the higher the
concentration, the higher the probability of BGSS acquiring Xf (Hill & Purcell, 1997).  Therefor, we might expect that
seasonal fluctuations of Xf concentrations may influence the spread of PD to grapevines by affecting the proportion of BGSS
that acquire Xf when feeding on riparian hosts.

OBJECTIVES
The goal of this research is to evaluate the significance of riparian hosts in the epidemiology of PD in the North Coast.
Among systemic riparian hosts, differences in seasonal Xf concentrations and vector feeding preference affect their
importance as Xf reservoirs.  Temperature affects Xf concentrations in plant hosts; Xf concentrations, in turn, affect the
probability of Xf acquisition by BGSS.  Probability of Xf acquisition is also influenced by how attractive a host is to BGSS; a
systemic riparian host that is fed upon more frequently will likely serve as a more significant source of Xf. The first objective
is to examine the epidemiological role of seasonal Xf concentration fluctuations in riparian hosts in the field, where plants are
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subject to seasonal temperature changes.  We focused on Xf in five systemic hosts: Rubus discolor (Himalayan blackberry),
Rubus ursinus (California blackberry), Sambucus mexicana (blue elderberry), Vinca major (periwinkle), and Vitis californica
(California grapevine).  Future research will focus on BGSS feeding preference.

We tested the hypothesis that seasonal Xf concentrations were the same among riparian hosts at two sites in the North Coast
(Napa County and Mendocino County).  In July 2003, we transferred infected plants from the greenhouse to the field.  Plants
were in 3-gallon pots and were surrounded by a fine-mesh screen enclosure. Xf concentrations were estimated seasonally
from petioles and stems, using dilution plating and real-time PCR.  The effects of plant species, season, and location on Xf
concentrations were determined using an analysis of variance (ANOVA).  Results from the two quantitation techniques were
analyzed separately.  Real-time PCR results for summer 2004 are still in progress.  This report focuses on culture data.

RESULTS
Xf infections were not sustained in the majority of infected plants, not just from autumn 2003 to the following summer 2004,
but also in the short time between transferring infected plants to the field (July 2003) and the first culture attempt in autumn
2003 (Table 1).  These results suggest that both cold winter temperatures and high summer temperatures can negatively affect
Xf. Very few Xf-positive plants were detected by culture in winter 2004 and spring 2004 (Table 1).  In fact, periwinkle was
the only species with enough Xf-positive stems in winter 2004 and spring 2004 to make comparisons with summer 2004 data.
Based on culture results, Xf concentrations were consistently high in periwinkle stems at both sites, with the highest detected
in summer (Figure 1), suggesting that periwinkle is an excellent reservoir host, year-round.

In autumn 2003 and summer 2004, when there were more Xf-positive plants detected by culture than in winter 2004 and
spring 2004, we found subtle relative differences among plant species at the two sites.  For example, in Mendocino,
California grape petioles had significantly lower Xf concentrations than periwinkle petioles, but there were no significant
differences in Xf concentrations among periwinkle, Himalayan blackberry, or California grape in Napa (Figure 2).  Assuming
our results reflect that of naturally-established riparian hosts, spring Xf concentrations are sufficient for acquisition by BGSS
in periwinkle, but not in any of the other riparian hosts tested.

Our autumn culture attempt coincided with the increased flight activity of young adult BGSS, which peaks in mid summer
and remains high through early autumn (Feil et al 2000).  Assuming BGSS feeds on California grape, Himalayan blackberry,
and periwinkle in early autumn, Xf may be transmitted from infected riparian plants to adjacent vineyards before the end of
the growing season. While late season infections of grapevines are unlikely to result in chronic disease before infected canes
are pruned out in winter (Purcell 1981), young adult BGSSs that acquire Xf in autumn and survive the winter are still capable
of transmitting Xf the following spring.

Real-time PCR results detected more Xf-positive plants and much higher Xf concentrations than culture results for all species,
seasons, and tissues (data not shown).  Real-time PCR is more sensitive than culture, so we expect that this DNA-based
technique would detect Xf-positive plants with very low Xf concentrations.  Detection of higher Xf concentrations by real-
time PCR as compared to culture is likely a function of Xf cells being sticky; the assumption that one colony results from one
cell when culturing Xf likely leads to underestimates of actual Xf concentrations.
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Figure 1. Seasonal X. fastidiosa concentrations in
periwinkle stems, as determined by culture.  See
Table 1 for sample sizes.  Error bars are 95%
confidence limits.

Figure 2. Xylella fastidiosa concentrations in petioles of
riparian hosts at two North Coast sites, as determined by
culture.  Means are averages of autumn 2003 and
summer 2004 data.  See Table 1 for sample sizes.  Error
bars are 95% confidence limits.
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Table 1. Number of tested plants confirmed infected with X. fastidiosa, as determined by culture and real-time PCR from
petioles and stems for four consecutive seasons.  All plants were infected upon transfer from the greenhouse to the field in
July 2003.

# X. fastidiosa-infected plants
Culture Real-time PCR

Season Location/ species Plants tested Petiole Stem  Petiole Stem
Autumn 2003 Mendocino
(Oct. 1-22) Himalayan blackberry 30 3 NCy 8 NC

California blackberry 30 0 NC 0 NC
Blue elderberry 30 0 NC 4 NC
Periwinkle 30 28 NC 30 NC
California grape 30 4 NC 13 NC

Napa
Himalayan blackberry 29 9 NC 13 NC
California blackberry 30 0 NC 4 NC
Blue elderberry 28w 0 NC 0 NC
Periwinkle 30 30 NC 30 NC
California grape 25 5 NC 6 NC

Winter 2004 Mendocino
(Jan. 27-Feb. 11)     Himalayan blackberry 29 0 4 1 26

California blackberry 26 0 0 1 12
Blue elderberry 38 0 0 0 1
Periwinkle 30 1 6 29 30
California grape NC -- -- -- --

Napa
Himalayan blackberry 29 0 3 2 18
California blackberry 34x 0 0 0 15
Blue elderberry 34 0 0 0 0
Periwinkle 30 4 19 29 30
California grape NC -- -- -- --

Spring 2004 Mendocino
(May 24-June 9)     Himalayan blackberry 30 0 1 0 2

California blackberry 26 0 0 0 0
Blue elderberry 37 0 0 0 0
Periwinkle 26 1 5 14 19
California grape 29 0 0 0 0

Napa
Himalayan blackberry 29 0 6 1 7
California blackberry 34 0 0 0 3
Blue elderberry 34 0 0 0 0
Periwinkle 19 1 6 8 11
California grape 24 0 0 0 0

Summer 2004 Mendocino
(Aug. 2-17) Himalayan blackberry 34 2 3 IPz IP

California blackberry 29 0 2 IP IP
Blue elderberry 38 0 0 IP IP
Periwinkle 30 9 18 IP IP
California grape 38 2 5 IP IP

Napa
Himalayan blackberry 43 3 9 IP IP
California blackberry 36 0 2 IP IP
Blue elderberry 38 0 0 IP IP
Periwinkle 29 21 21 IP IP
California grape 40 5 8 IP IP

wFor real-time PCR, 24 Blue elderberry were tested.
xFor culture, 33 California blackberry were tested.
yNot collected.  In Autumn 2003, all plants were too young to collect stem tissue.  In Winter 2004, California grape was
dormant.
zIn progress.

CONCLUSIONS
Riparian Revegetation Management is a method of PD control that focuses on removal of host plants of BGSS and Xf,
followed by revegetation with native, non-hosts.  This method has been shown to reduce local populations of BGSS
(unpublished research, Dr. Alexander H. Purcell, Division of Insect Biology, UC Berkeley), but its impact on the riparian
area as a reservoir of Xf has not been quantified.  To obtain approval for a Lake and Streambed

Alteration Agreement (1600 permit) from the California Department of Fish and Game, grape-growers develop a
management plan that includes characterizing the plant community in the riparian area, targeting individual plants for
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removal, and selecting replacement plant species that will provide a similar habitat for wildlife, as a source of shelter, food,
and nesting sites.  This method has some positive aspects: with lower BGSS populations, fewer insecticide applications are
used.  Some plants targeted for removal, such as Himalayan blackberry and periwinkle, are invasive weeds.  However,
removal of riparian vegetation is very disruptive to wildlife, it increases streambank erosion, and some riparian hosts are
extremely difficult to eradicate.

Overwintering hosts of Xf are thought to play an important role in the epidemiology of PD in providing a source of bacteria
for spring infections, especially near vineyards where infective adult BGSS do not survive the winter (Purcell and Saunders
1999).  BGSS transmission of Xf from riparian plants to grapevines in spring is more likely than mid- or late-season
infections to result in chronic disease (Purcell 1981).  Given low spring Xf concentrations in the riparian hosts we tested, it
seems likely that BGSSs acquire Xf in autumn instead of in spring.

We found very few Xf-positive blue elderberry, California blackberry, and California grape at both sites.  Given that these
plants were infected upon transfer to the field, it seems that hot temperatures in between transferring them to the field in July
and the first sampling date in October were sufficient to prevent Xf infections from becoming permanent, especially since the
numbers of Xf-positive plants among these three species stayed low throughout the rest of the sampling dates at both sites.  It
is possible that blue elderberry, California blackberry, and California grape do not maintain sufficient Xf concentrations for
BGSS transmission in the field, even in autumn and summer.  Given these findings, it may be more important to focus on
Himalayan blackberry and periwinkle for control of PD.  The fewer riparian plants removed before revegetation, the less
disruption to wildlife habitat.
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ABSTRACT

INTRODUCTION
The California citrus growers needed to know what impact if any the glassy-winged sharpshooter Homalodisca coagulata
(GWSS) has on fruit yield, size and quality as well as tree vigor. The goals of this project are to determine the usefulness of
the management of GWSS to prevent yield loss, fruit size reduction, and degraded fruit quality.  First we have to know what
impact GWSS has on citrus, and second we need to know how to use currently available materials against the GWSS in IPM
programs to prevent potential losses as well as minimizing negative impact to other citrus pests.  This information is
paramount before we can even begin to incorporate these into conventional IPM programs.   Prior to the initiation of this
study, we didn’t know what the effects of heavy GWSS feeding has on the vigor of citrus trees or fruit yield, size, sugar/acid
ratio, peel thickness etc.  GWSS suppression in citrus was done to prevent the movement of GWSS into grape under areawide
management programs to limit the spread of Xylella fastidiosa (Xf).  Therefore, the focus of this study is to determine the
impact of heavy GWSS feeding on citrus yields, fruit size, and quality.

OBJECTIVES
This research was initiated to:
1. Address the impact of GWSS on fruit yield, and distribution of fruit size when GWSS are controlled compared to

untreated blocks of Valencia oranges, ‘Washington’ navel oranges, and grapefruit;
2. Evaluate the effects of high GWSS populations have on fruit quality (sugar/acid ratios, peel thickness, sugar/acid ratio,

juice quality, peel texture and firmness, susceptibility to post-harvest disorders) in Valencia and Navel oranges;
3. Evaluate the effects of large GWSS populations have on water stress, nutrient loss (Ca etc.), metabolite loss (amino

acids, xylem translocated PGRs) due to xylem feeding and fruit drop and fruit quality, and fruit drop; and 4) Determine
if Admire enhances fruit size, tree health and vigor in the absence of GWSS.

RESULTS AND DISCUSSION
The data from the first three seasons of this study indicate that chronic high feeding of GWSS on orange reduces overall yield
and size distribution (Hix et al. 2003, Hix et al. 2004).  At the beginning of the study, two population levels were established
in a ‘Washington’navel orange grove.  The low population level had essentially 0 GWSS/tree and the high population level
trees had more than 1100 GWSS/tree during July, August, and September of 2001, 2002, and 2003.  At the beginning of this
study there were no differences in the mean number of cartons packed by size distributions (Hix et al. 2003).  However, as
the influences of GWSS feeding were moved, differences were detected (Figure 1).  Navel oranges were harvested from 37
trees within the harvest rows on 8 March, 2004 and sent to the Blue Banner Packing House in Riverside for packout and
evaluation 10 March, 2004.  Two cartons from two sizes (88 and 113) and two grades (Choice and Export) from each
replication (total of 96 cartons) were selected.  Trans-Pacific shipment was simulated by storing the 96 cartons at the
packinghouse for 21 days at 37 ºF after which time the fruit was sent to KAC for storage at 68 °F for 4 days followed by 55
°F for 5 days.  For postharvest evaluation, initial measurements of general appearance, pitting, puff and crease, peel firmness,
thickness, color, TA, TSS, and percent juice were taken from a 20 fruit sub-sample at harvest.  Fruit were subsequently rated
for general appearance, rind pitting, and decay following simulated shipment.

The effects of the high feeding populations of GWSS on navel orange peel nutrient status and metabolism have been
consistent for the two years of the study.  High GWSS feeding populations significantly reduced peel Ca and Mg
concentrations both years of the study: year 1 (P≤0.05) and year 2 compared to the low GWSS population (control trees
treated with Admire) (P≤0.001) (Table 1).  High GWSS feeding populations significantly disrupted N metabolism causing
high peel nitrate-N or total N in years 1 and 2, respectively (P≤0.05).  (Note that nitrate-N concentration is lower than that of
total N and easier to perturb.)  High GWSS feeding populations significantly increased peel arginine and putrescine
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concentrations in both years of the study with the magnitude of the difference between the two treatments greater in year 2
(P≤0.05).  High GWSS feeding populations resulted in a numerically higher concentration of proline in year 1 and a
significantly higher proline concentration in year 2 (P≤0.05). In year 1, the yield of the 24 data trees in the high GWSS
feeding population treatment has numerically lower than the yield of the 24 control trees treated with Admire (low GWSS
feeding population).  In year 2, the yield reduction caused by the high GWSS feeding population was approximately 50% and
significant (P≤0.05).  The effect of GWSS feeding appears to be cumulative over the two years of the study as the magnitude
of the changes tended to increase in magnitude and significance from year 1 to year 2.  Although GWSS feeding causes
changes in peel Ca, Mg and N status, high levels of feeding and the induced changes occur after maximum peel thickness
and, thus far, have not affected external fruit quality.  The changes in metabolism induced by GWSS feeding are indicative of
tree stress.  The increased magnitude and statistical significance of these metabolic changes over the two years of high GWSS
feeding pressure is consistent with cumulative stress to the trees.

The rind pitting is seemingly a postharvest disorder and is not caused by direct damage of the GWSS. Pitting was clearly a
problem in the May 2003 harvested Newhall ‘Valencias’, but there were no significant differences in the treated (i.e. low
population trees) and the untreated (high population trees) (F= 0.361, P=0.550).  The low population trees had 34.4% pitting
(± 1.23 SEM), whereas the high population trees had 36.5% pitting (± 1.2 SEM) following simulated trans-Pacific shipping
as described above.  Navel pitting on the Jan. 2003 harvest following simulated trans-Pacific shipment was 3.9% (±0.3 SEM)
for the untreated trees (high populations) and 4.1% (±0.5 SEM) on the treated (low or 0 population trees). Prior to shipment
simulation, pitting on the navels was 0.03% and 0.01%, respectively.  The preliminary information suggests a postharvest
physiological problem that’s not the result of GWSS xylem feeding behavior.  However, this xylem feeding behavior may be
contributing significantly to tree (and fruit) stress as discussed below. Navel orange fruit size distribution for the harvest of
2004 was significantly reduced for the high GWSS population trees (Figure 1).  Significantly more cartons of fruit sizes 72,
88, 113 and 138 were packed from the low GWSS population trees.  When taking into account oranges rejected to the juice
line, the overall yield by weight was also higher for the low population trees.

Consistent results were obtained for ‘Valencia’ and navel orange orchards in two different citrus growing areas, Newhall and
Mentone, respectively, in year 1 of the study and for two consecutive years for the navel orange orchard in Mentone.  The
results confirm that the glassy-winged sharpshooter disrupts the normal basal carbon and nitrogen metabolism of the peel and
creates mineral nutrient deficiencies in the peel compared to fruit from trees not under the feeding pressure caused by high
populations of glassy-winged sharpshooter.  Peel nutrient deficiencies included significantly lower concentrations of Ca, Mg,
NO3-N (analyzed in year 1 only) (Table 1). There was also a significant reduction in Zn in year 2. In all cases, peels of fruit
from trees with high populations of GWSS exhibited classic symptoms of stress: high concentrations of arginine and
putrescine and, to a lesser degree, praline (Table 2). Accumulation of arginine and putrescine to a greater degree than proline
indicates a loss of available carbohydrate.  The consistent and persistent symptoms of stress observed for trees under heavy
feeding by high population densities of GWSS correlates with losses in yield and fruit size.

One half of the trees in a ‘Valencia’ orchard in Woodlake, Calif. were treated 27 June 2002, 13 June 2003, and 10 June 2004
with 32 oz of Admire per acre administered through the irrigation system.  The treated and untreated areas were five rows
wide by 79 trees long and replicated three times each. Twenty trees in each plot were analyzed for total number of fruit and
fruit weight.  Twenty fruit of size 56 in each plot were used to determine average length, width, and rind thickness, percent
juice, sugar/acid ratio, and percent soluble solids.

Table 3 shows that there were no significant differences in fruit number or weight before treatments were applied.  In May
2003, in the season after the first Admire treatment, there was still no difference in fruit number per tree, fruit weight or fruit
size distribution.  In May 2004, after the second Admire treatment, the number of fruit per tree was significantly reduced in
the Admire treated trees in 2003 and the fruit size was significantly larger.  There was a significantly higher sugar/acid ratio
in the fruit from the Admire-treated fruit only during 2003. Thus, we saw no consistent effect of Admire on fruit quality.  See
Hix et al. 2003, Hix et al. 2004 for 2002 and 2003 results.
See Hix et al. 2003 and Hix et al. 2004 for additional 2003 results.

Table 1. Effect of GWSS population density on peel nutrient status of navel orange.

Year 1 (20 Aug.) Year 2 (15 Sept.)

Nutrient

Population density Ca Mg NO3-N Ca Mg

------------- % ------------- --- ppm --- ----------- ppm -----------

High 0.84 b 0.12 b 1292.6 7409 b 1068 b

Low 1.09 a 0.15 a 1536.6 10280 a 1497 a

Significance * * * *** ***
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Table 2. Effect of GWSS population density on the metabolism of ‘Valencia’ and navel orange trees in Newhall and
Mentone, respectively, on the accumulation of stress metabolites in peel tissue.

‘Valencia’ Navel

Population density
Year 1

(15 Aug.)
Year 1

(20 Aug.)
Year 2

(15 Sept.)

-------------------------- nmol arginine/g fresh wt peel --------------------------

High 1319z 2429 1092

Low 1210 2271 983

Significance ** * *

------------------------- nmol putrescine/g fresh wt peel -------------------------

High 444 716 517

Low 407 397 272

Significance * * *

------------------------ nmol spermidine/g fresh wt peel -------------------------

High 43 74 18

Low 40 122 13

Significance * * NS

--------------------------- nmol proline/g fresh wt peel ---------------------------

High 8826 8100 8312

Low 9281 8200 7400

Significance NS NS *
z Means within a vertical column within a section of the table were separated by Duncan’s multiple range test at P = 0.05.
NS, *, ** Not significant or significant at P ≤ 0.05 or 0.01, respectively.

Table 3. Fruit number, weight and size of ‘Cutter’ Valencia oranges harvested from Paramount-Rayo (block 49) and
processed at Lindcove Research and Extension Center (treated with Admire on 27 June 2002, 13 June 2003 and 10 June
2004).

Treatment Avg # fruit Avg fruit
weight (lb)

Size
88 72 56

March 2002
Untreated 473.3a 0.51a 24.7a 30.9a 23.9b
Admire 2F 470.5a 0.48a 21.0b 31.2a 33.7a

May 2003
Untreated 623.1a 0.50a 18.6a 28.3a 38.0a
Admire 2F 659.0a 0.47a 20.2a 29.0a 32.2a

May 2004
Untreated 480.1a 0.43b 22.0a 24.2a 19.5a
Admire 2F 404.1b 0.46a 21.0a 24.9a 26.4a

Means within a column followed by the same letter are not significantly different (LSD, p = 0.05).
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Figure 1. Mean number (±SEM) of cartons packed fresh for market on 10 March 2004.  N=5 reps.  1 rep = 37 trees.  902 total cartons
packed fresh with 751 cartons were packed from the “low” GWSS trees and 151 were packed from the “high” GWSS trees.
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Reporting Period: The results reported here are from work conducted from April 1, 2004 to October 1, 2004. (Note: This
includes work on an earlier “Pierce’s Disease Model” research proposal, and work begun on this new proposal.)

INTRODUCTION
For three years, our group has been testing the “steps” in PD development that were proposed in a model.

Xf introduction to vessels—>vessel cavitation—> initial water deficit—> Xf population increase—> production of
enzymes by Xf—> cell wall digestion —> oligosaccharide signals —> ethylene synthesis rise—>

a "wave" of vessel occlusion beyond the infection site —>
collapse of vine water transport—> leaf abscission—>vine death

In the course of that research, we have shown that xylem vessel obstruction (tyloses, plant cell wall component-derived gels,
and, perhaps, bacterial extracellular polysaccharides) and consequent reductions in stem water transport capacity are early
consequences of infection with Xylella fastidiosa (Xf), before bacterial populations are substantial and have spread far from
the inoculation point.  We have shown that ethylene treatment of vines also triggers vessel obstruction development and
reduced water movement and that ethylene emanation from vines may increase following infection.  We have also developed
data for xylem vessel length distributions in grapevines and shown that Xf must pass through vessel pit membranes if the
bacterial population is to develop systemically, thus suggesting that digestion of cell wall polymers in the pit membranes is
likely to be important to disease spread. These findings are reported in several reports at the annual PD Symposium and,
more recently, at disciplinary scientific society meetings and in refereed reports (Stevenson et al., 2004).
Work to retest aspects of our model, those parts relating specifically to the involvement of cell wall breakdown caused by the
action of Xf enzymes, remain and will be tested in this new proposal (see Objectives).  Also to be tested are ideas based on
the reports of the studies of others involved in unraveling problems associated with the transmission and spread of PD, within
and between grapevines.  We will link the anatomical, biochemical and physiological findings from our “model testing” to
the work of Cook et al. (), describing genes that are expressed in vines relatively soon after Xf infection.  We have nothing to
report on this aspect of the new proposal.  We will also address a question that entomologists and plant biologists generally
have differing opinions about.  Do vessels cavitate (i.e., become air-filled and, hence, non-functional when the glassy-winged
sharpshooter (GWSS) starts or finishes its feeding on a vine?  The answer to this question may have important implications
regarding Xf transmission, GWSS’ feeding strategy and spread of the bacteria in an infected vine.  Below and in the report
from Shackel and Labavitch in these proceedings, we report on the start we have made in addressing this question.

OBJECTIVES
1. To complete testing of our model of PD development in grapevines.
2. To determine whether GWSS feeding on grapevines is accompanied by xylem vessel cavitation.
3. To determine whether the grapevine “regulators” that we have identified as important to development of PD affect the

expression of grapevine genes that have been shown to be important markers of X. fastidiosa presence/PD infection.
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RESULTS
The Path of Xf Movement in the Grapevine Xylem.
In previous reports, we have described tests that indicate the porosity (i.e., the space between the polysaccharides) of vessel
pit membranes is between less than 29 nm, much too small to permit passage of Xf. We have refined those tests by using
colloidal gold particles having diameters of 20 and 5 nm.  While the particles are very difficult to see under the microscope,
their presence can be readily detected chemically by reacting samples containing the particles with Sigma Chemical
Company’s “silver enhancer”.  A segment of grapevine stem is fitted into a tube attached to a valving device that permits
introduction of a small volume containing colloidal gold particles to the stem while maintaining pressure on a water line that
drives water through the segment.  Introduction of food coloring, whose movement through the stem is not impeded by pit
membranes, to the system and collection of the water + dye exiting the stem at the distal end indicates that the volume of
water needed to move from one end of a 50 cm stem segment is less than 200 µl.  Colloidal gold particles with a 5 nm can
move through healthy stem segments, particles of 20 nm diameter cannot (Figures 1 & 2).    However, when we used a vine
that was showing the initial visible symptoms of PD at its base (i.e., its older internodes) and tested the movement of
colloidal gold particles through a stem segment cut from the younger portion of the stem that had not yet begun to show PD
symptoms, particles of 20 nm diameter moved through the xylem and were collected at the distal end.  These results suggest
that a decreased pit membrane polymer integrity, hence increased porosity, occurs in healthy appearing stems on infected
vines.  These results must be confirmed and expanded on (for instance, how much larger are the pores in infected vines?), but
they suggest that pit membranes are being opened up in infected vines, perhaps to permit the systemic movement of Xf).

The Importance of Xf’s Cell Wall-degrading Enzymes to PD Infection.
UC Davis Plant Pathology Ph.D. candidate Caroline Roper and Carl Greve have been working to characterize the gene
products of the putative polygalacturonase- (PG) and β-1,4-glucanase- (BGase) encoding sequences identified in the Xf
genome.  In a report at last year’s PD Symposium (Labavitch and Matthews, 2003) we reported on Caroline’s work with
cloning of bacterial “PG” and “BGase” sequences and expression of the cloned genes in E. coli.  Apparently the E. coli-
produced proteins are accumulating in inclusion bodies.  This is not an uncommon result with this sort of approach, but it
does increase the problems with isolating and characterizing the enzymes produced.  The work with BGase has proceeded
more rapidly. We have shown that the E. coli lines expressing the cloned sequences have been induced to express the genes
and proteins showing BGase and PG activity have been isolated from them. We are using a combination of protocols to
enhance expression and isolation (extraction, solubilization and proper refolding of the expressed proteins) of the two
enzymes for use in testing the ability of these enzymes to facilitate Xf, polystyrene bead and colloidal gold particle movement
through healthy vines.  In the meantime, we have initiated an interaction with Novozymes (a Danish biotech enzyme
company with a research operation in Davis) to obtain pure microbial PG and BGase for preliminary tests of the impact of
these enzymes on pit membrane porosity.  The role of PG is particularly important with regard to understanding the reported
control of PD development in grapevines that is provided by transgenic expression of a PG-inhibiting protein (PGIP) in V.
vinifera (The work of Dr. Cecilia Aguero, reported in Meredith and Dandekar, 2002 and 2003; also Aguero et al., 2004 in
press).

While we are still working to isolate and characterize the Xf PG and glucanase, we  have developed a strong case for the
importance of PG in PD development.  Roper has generated an Xf mutant with its PG gene knocked out by homologous
recombination insertion of a defective PG sequence.  Pathogenicity tests with the wild type and PG-deficient Xf strains have
shown that while the PG-deficient bacteria are able to persist in grapevines they are much less virulent (Figure 3, Table 1)
(Roper et al., 2004).  We continue to test the relative pathogenicity of these strains and hope to identify specific differences in
the gene expression responses of grapevines to inoculation with them.

Is Vessel Cavitation Associated with GWSS Feeding on Grapevines?
In a separate report in the proceedings for this symposium, Shackel and Labavitch report on the work of Plant Biology Ph.D.
candidate Alonso Perez indicating that the cavitation of vessels can be readily seen in MRIs of grapevine stems (also in Perez
et al., 2004).  Elaine Backus and her colleagues at the USDA research facility in Parlier are now set up to perform EPG
monitoring of sharpshooter feeding in their new lab.  Our groups have been interacting to combine MRI and EPG monitoring
with testing for acoustical emissions from grapevines (an indicator of vessel cavitation events) to ask whether vessels cavitate
during insect feeding.  These tests will probably be made in the first half of 2005.



- 17 -

Table 1. Disease severity of greenhouse-grown grapevines inoculated with wild-type Xf (Fetzer isolate), the Fetzer isolate
with mutated (non-functional PG sequence) and water.    Plants were rated for visual symptoms from 0 to 5, with 0=healthy
(no symptoms) and 5=dead.  10 plants evaluated per treatment.

Vines inoculated with:Time post-inoculation
WT Xf PG-Xf Water

12 weeks 0.56 0 0
13 weeks 1.22 0 0

Figure 3. ‘Chardonnay’ grapevines inoculated 13 weeks previously with, left to right, the Fetzer Xf isolate, the Fetzer isolate
with its PG gene knocked out, and water.  Note the differences in disease symptoms.  See Table 1.
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in sequence) as it flowed from the distal end.
The presence of gold particles is revealed by the
use of silver enhancer.
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INTRODUCTION
Pierce’s disease (PD) develops because (1) inoculative glassy-winged sharpshooters (GWSS) feeding on grapevines transfer
Xylella fastidiosa (Xf) bacteria into the vine, and (2) the Xf population in the vine’s water-conducting cells increases and
spreads throughout the vine, triggering a set of responses that result in vine collapse and death.  Our work on PD
development thus far has focused on the spread of the bacteria once they have been introduced into the vine.  The cell wall
polysaccharide “fabric” of the pit membranes that separate xylem vessels from one another has interpolymer gaps (referred to
as cell wall “porosity”) that are substantially smaller than Xf cells.  Thus, the systemic spread of Xf is likely to be facilitated
by the action of enzymes that digest some of the pit membrane’s constituent polysaccharides.  Plant cell wall digestion is a
common aspect of the biochemistry of most plant interactions with fungal and bacterial pathogens (Powell et al., 2000).  In
the report describing our continuing work to test a hypothetical model of PD development (Labavitch et al., 2001 & 2002,;
Labavitch and Matthews, 2003 and Labavitch et al. in these Proceedings), we have described studies to determine whether Xf
genes presumed to encode cell wall-degrading enzymes actually do encode the polygalacturonase (PG) and β-1,4-glucanase
that their sequences predict.  Apparently they do.  The work of Dr. Cecilia Aguero (Meredith and Dandekar, 2002 & 2003;
Aguero et al., 2004) shows that transgenic grapevines that express the pear fruit gene that encodes a PG-Inhibiting Protein
(PGIP) show slower and reduced symptom development, following needle inoculation, than do untransformed grapes.  We
presume that this is a consequence of the PGIP’s inhibition of an Xf PG that is crucial for bacterial spread through the vine

As a follow up to work we are doing on plant-insect interactions, we have identified glucanase and PG activity in protein
extracts of homogenized GWSS heads.  We presume that the enzymes were located in the insect’s salivary apparatus and
represent some of the proteins in GWSS salivary secretions.  If GWSS penetrates grapevine tissues and inserts its stylets in
the water-conducting cells of the vine using only mechanical force, why should the saliva of the insect contain PG and other
cell wall-degrading enzymes?  Dr. Elaine Backus, co-PI on this proposal suggests that the salivary enzymes are important
contributors to the insect’s feeding success, both in penetration and in correct stylet placement.  If this is correct, and if the
pear PGIP that has been introduced into transgenic grapevines inhibits the GWSS PG, then the transgenics should also be less
susceptible to Xf transfer from the insect than untransformed vines.

The Objectives of our work in this proposal are to obtain PG enzyme from both GWSS and Xf, and determine the extent to
which PGIP inhibits the PGs from the bacteria and insect. Several PGIPs with differing abilities to inhibit PGs from various
fungal plant pathogen sources are known (Stotz et al., 2000).  If we find that pear PG inhibits either the Xf or GWSS PG, or
both, continuing research will screen PGIPs from other sources with the intent of identifying an inhibitor with maximal
ability to slow infection and disease development in grapevines.
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OBJECTIVES
1. To determine whether the pectin-degrading enzyme of X. fastidiosa contributes to the systemic spread of the bacterial

population in inoculated grapevines (1st priority)
2. To determine whether the pectin-degrading enzyme(s) in the salivary secretions of GWSS contributes to inoculation

success of X. fastidiosa into grapevines (2nd priority)

RESULTS
This is a new project and funding was only recently received to begin work on specific Objectives.  However, because the
project is an extension of other PD research (that of others as well as our own) we have some relevant results to present in
this progress report.

Grapevines for Testing.
Dr. Cecilia Aguero has teamed with Profs. Meredith and Dandekar to generate transgenic V. vinifera (cultivars ‘Thomson
Seedless’ and ‘Chardonnay’) expressing the pear fruit PGIP gene.  These vines accumulate PGIP protein in tissues and in the
xylem sap and show decreased susceptibility to infection by X. fastidiosa (Aguero et al., 2004).  These vines will be the key
biological material for testing in the work of this proposal. Dr. Aguero has expanded the populations of these vines to
provide the plant material that we will need.

GWSS Cell Wall-digesting Enzymes.
David Morgan has provided to the Labavitch lab several samples of killed GWSS for biochemical analysis.  The best samples
to examine for their enzyme complement will be excised insect salivary glands and a large-scale collection/dissection “party”
is planned for later in the year.  In the meantime, we have isolated insect heads, homogenized them in a protein extraction
buffer (1M NaCl in 0.1M NaAcetate, pH 5.5), stirred the homogenate at room temperature for 3 h in the presence of protease
inhibitors (2% v/v Sigma inhibitor mix) and collected the soluble protein-enriched supernatant following centrifugation at
15,000 x g for 15 min.  The extracts are then assayed for PG and β-1,4-glucanase activities using standard radial diffusion
assays.

The PG content of the GWSS head protein extracts we have prepared thus far has been quite variable, often rather low.  We
will wait until we have obtained a substantial number of isolated GWSS salivary glands to attempt the PG purification.
However, because the β-1,4-glucanase (BGase) activity has been substantial in all extracts, we have tested many of our insect
enzyme purification approaches with the glucanase and made excellent progress.

Protein isolated (as above) from excised heads of 40 GWSS was chromatographed on Concanavalin A Sepaharose.  While
the protein did not bind “absolutely” to the lectin column, its passage was retarded somewhat. Over 65% of the protein in the
extract eluted rapidly from the column, while 90% of the BGase activity was delayed, thus giving a useful first purification
step.  The active fractions from this step were pooled and subjected to size-exclusion chromatography (SEC) on a Sephacryl
S-200 column,  This step removed an additional 20% of the protein while allowing us to recover a peak of BGase
representing 35% of the initial activity.  The final purification involved passage of the pooled, SEC-purified BGase through a
Q-Sepharose anion exchange column, eluting first with 5 column volumes of 0.05M Tris-HCl (pH 7.0) and then a linear
gradient (0 to 1M NaCl in the Tris-HCl).  The elution of the BGase activity was retarded on this column, emerging as a clean
peak of activity corresponding to a protein peak.  The fractions with BGase activity were pooled , concentrated and run on an
SDS-PAGE gel to determine its protein species distribution.  A single protein was seen when 40mg of protein was subjected
to electrophoreseis, suggesting that a BGase protein had been substantially (or, perhaps, absolutely) purified.  The protocols
that we have developed for the GWSS BGase should prove useful when we have substantial GWSS to work with.

Work for the Coming Year.
Our plan is to obtain PG-active proteins from GWSS and Xf, purify them and test for inhibition by PGIP.  In addition, we will
monitor the relative infection of control and pear PGIP-expressing transgenic grapevines by GWSS carrying Xf, to assess
PGIP’s contribution to resistance to bacterial transmission from the insect.
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ABSTRACT
This research tests the hypothesis that Pierce’s disease (PD) resistance is due to the presence of chemical factors, e.g. anti-
microbial compounds expressed in the xylem sap that suppress Xylella fastidiosa (Xf) and /or are due to anatomical features
of the xylem, e.g. pit membrane that restrict Xf’s mobility in xylem. A wide range of PD resistance from various genetic
backgrounds of Vitis species was selected for this study. To determine if pathogen movement in xylem is related to anatomic
structure, an inter-grafting method was used to evaluate the movement of Xf across between PD susceptible and resistant
stems. SEM and quantitative PCR were used for this study. To test the effect of xylem sap, an in vitro bioassay method was
developed. The preliminary bioassay results suggest that xylem saps from PD resistant grapes may have effect when the test
was compared with the sap from V. vinifera cv. Chardonnay.

INTRODUCTION
Plants have evolved a variety of resistance and tolerance mechanisms against biotic stress. This rich diversity results in part
from an evolutionary process driven by selection for acquisition of defense compounds against microbial attack or
insect/animal predation. As pesticide use becomes more restricted, it becomes increasingly important to explore and utilize
compounds from plant’s natural defense systems.  Like many other plants, grape species are very diverse. Many Vitis species,
V. aestivalis, V. arizonica, V. shuttleworthii, V. simpsonii, V. smalliana, are highly resistant to PD, as have the muscadine
species, Muscadinia munsoniana and M. rotundifolia. Understanding and utilizing natural defense mechanisms is a critical
component of crop improvement. The ultimate solution to PD problems likely relies on host resistance. This research focuses
on understanding PD resistance mechanisms in grape species. Although PD resistant species have been identified
(Mortensen, et al, 1977), the mechanisms involving resistance have not been well characterized and identified.  It appears that
PD resistance mechanisms vary – some resistance mechanisms could be related to anatomical aspects while others may be
related to xylem chemistry. This research will examine the physiological and anatomical basis of PD resistance. We selected
the following grape species to study PD resistance: V. arizonica, V. aestivalis, V. candicans, V. champinii, V. labrusca, M.
munsoniana, V. riparia, M. rotundifolia, V. rufotomentosa, V. shuttleworthii, V. simpsonii, V. smalliana, V. tiliifolia, and V.
vulpina. Given the fact that these species were derived from various genetic backgrounds and different origins, it is expected
that the mechanisms of PD resistance may be different among grape species. Xylella fastidiosa is xylem limited and kills
vines by inducing or creating vessel blockage leading to disease (Goodwin et al 1988a, 1988b).  The pathogenesis of Xf
appears to be dependent upon its ability to multiply in the xylem vessels and move systematically across vessels. Therefore,
the mechanisms of host resistance may act to physically eliminate Xf movement or chemically suppress population
development, or both. This proposal attempts to determine whether PD resistance is because: 1) anatomical features of the
xylem (e.g. pit membrane) eliminate Xf’s mobility; 2) chemical compounds (e.g. anti-microbial activity) present in xylem sap
suppress Xf.

OBJECTIVES
1. Develop an in vitro bioassay to determine the roles of compounds present in PD resistant species. Chemically

characterize the composition of xylem and identify compound(s) that may contribute to antimicrobial effects which
prevent or suppress Xf colonization.

2. Examine xylem structure related PD resistance. Use an inter-graft technique to examine the correlation between pathogen
movement and xylem anatomy features.

RESULTS
1. Table 1 presents a list of grape species used for bioassays of xylem sap.  A 4 inch diameter x 20 inch pressure chamber
(PMS Instrument Co., Corvallis, OR) was used to collect xylem sap from shoots. The chamber pressure was gradually
increased to 1,000 – 2000 kPa.  On average 0.5 to 2.0 ml xylem sap was collected from each sample. Sap collected from
infected and non-infected plants was used for bioassays. The xylem sap was first filtered through a 0.22 micron nylon filter.
Two bioassays were conducted. The first bioassay was on PW agar medium on which a piece of filter paper saturated with
sap solution was placed onto growing Xf. Filter paper saturated with 200 µm Tetracycline or water was used as positive and
negative controls, respectively. Another bioassay was carried out by directly culturing Xf in xylem sap for 10 days prior to
spreading sap on a PW plate to check colony formation. Xylem sap from Chardonnay, a PD-susceptible cultivar was used as
a positive reference. Using both methods, we screened xylem saps collected from early spring and summer. No inhibitory
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effects were observed from the xylem saps collected from early spring. Currently, we are working on the saps collected from
growing season. Our preliminary bioassay results indicate that sap from M. rotundifolia appears to have effect on Xf growth
compared with the sap from Chardonnay. Additional xylem sap has been collected from M. rotundifolia to confirm the result.

2. To evaluate xylem structure related to PD resistance, we designed an inter-graft method to compare Xf movement between
PD resistant and PD susceptible stems. Table 2 presents the results of graft combinations with susceptible stems connected
with a resistant interstock. We used dormant cuttings for most of grafts.  However, M. rotundifolia and several other PD
resistant species are only successfully grafted with herbaceous cuttings. Because of difficulty in completing these grafts only
a limited number of graft combinations could be made, others are still processing.  The successfully grafted plants were used
for the movement experiment. In August, these plants were mechanically inoculated with 20 µl of mixture of Stag’s Leap and
Beringer strains (OD600=0.249) at the bottom part of the susceptible stem. Two months after inoculation, PD symptoms began
to appear in both the top and the bottom of halves of “Chardonnay -9621-15 - Chardonnay” but not in resistant stems in the
middle of inter-grafted plants (Figure 1). We are harvesting leaves and petioles from the bottom, middle and top parts of the
each plant to determine Xf levels.  Currently, we are working on xylem structure among these PD resistant species using
SEM.

CONCLUSION
We have commenced a study of the anatomical and chemical aspects of xylem that distinguishes PD resistant species.
Understanding and utilizing natural defense mechanisms is a critical component of crop improvement, and our studies will
help breeders fine tune selection indices and determine whether xylem chemistry or anatomy characters are more closely
involved in PD resistance.

Table 1. List of plants from which the xylem saps were extracted for in vitro bioassay.

Resistant species and hybrids
V. arizonica
V. candicans
V. champinii
V. rufotomentosa
V. shuttleworthii Haines City
V. simpsonii
S. smalliana
V. tiliifolia
M. rotundifolia Cowart
V. rupestris Metallique
V. girdiana
V. monticola
V. nesbitiana
8909-15  (V.  rupestris x V. arizonica)
8909-19 (V.  rupestris x V. arizonica)
9621-67 (V.  rupestris x V. arizonica)
9621-94 (V.  rupestris x V. arizonica)

Table 2. Combinations of inter-graft stems used for evaluating Xf movement. Plants were mechanically inoculated with Xf at
the base of the susceptible plants (see picture on the right and the bottom). Petioles and leaves from each part of plants were
sampled for Xf measurement.

Inter-graft stems
(Susceptible)             (Resistant)              (Susceptible)

8909-19 8909-15 8909-19

Chardonnay 8909-15 Chardonnay

Chardonnay Haines City Chardonnay

Thompson Seedless 8909-05 Thompson Seedless

Fiesta 8909-05 Fiesta

9621-94 9621-67 9621-94
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Base of the grafted plants.
Yellow arrow points to
the first graft union. Red
arrow indicates the
inoculation point.
Symptoms in the lower
part of the susceptible
Chardonnay plant.

Leaves on the shoot coming
from the middle part of the
inter-stem of the grafted plant
(resistant, 9621- 15).  No
visible symptoms.

Upper part of the grafted
plants.  The second graft
union is shown in yellow
arrow. PD symptoms are
present on the upper part of
the grafted plants
(susceptible Chardonnay).

Figure 1. Inter-grafted plant experiment
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ABSTRACT
The goal of the project is to characterize the molecular events in the grape / Xylella fastidiosa (Xf) interaction. We used
highly resistant and susceptible genotypes from a Vitis rupestris x V. arizonica population segregating for Pierce’s disease
(PD) resistance. We developed a functional genomic approach to specifically identify PD-related transcriptional profiles from
susceptible and resistant responses. About 5,000 expressed clones have been sequenced and annotated from forward and
reverse subtractions of cDNA libraries. These expression profiles derived from the stem, leaf and shoot tissues of resistant
and susceptible genotypes throughout the course of disease development provide informative details of molecular events
associated with PD. Currently we have identified 63 up/down regulated genes in response to Xf infection in both genotypes.
To further characterize genes involved in the host-pathogen interaction at different tissues and stages of disease development,
we are constructing a set of genes for microarray-based global gene expression analysis. Currently, we are analyzing the first
20 candidate genes using the Taq-Man gene expression assay method. These research efforts will help identify spatial and
temporal gene expression involved in the defense response and signaling recognition in PD susceptible and resistant grapes.

INTRODUCTION
The impact of Pierce’s disease (PD) on the California grape industry has been exacerbated by the recent introduction and
establishment of a more effective vector, Homalodisca coagulata, the glassy-winged sharpshooter. Host plant resistance is a
critical component of integrated crop management. Traditional breeding has been the main strategy in developing
disease/pest resistant plants and is underway in the Walker laboratory. The goal of this breeding program is to develop
resistant cultivars, map and develop DNA-based markers for resistance screening, and finally identify resistance genes.
Breeding efforts confirm that resistance is inheritable, and molecular mapping has linked DNA markers to Xylella fastidiosa
(Xf) resistance (see Reports from Walker’s grape breeding projects). Once the resistance genes are confirmed, it will be
possible to incorporate PD resistance genes from grape species into traditional grape cultivars. However under conventional
breeding procedures, several generations will be required to exclude undesirable characteristics from wild species and non-
vinifera cultivars. In order to speed up resistance gene identification and elucidate the molecular basis of resistance and
pathogenicity to Xf, we propose here to develop a functional genomic approach for PD research.

Suppression Subtractive Hybridization (SSH) is a powerful tool for comparing two populations of mRNA and elucidates
clones of genes that are expressed in one population, but not in the other (e.g. infected vs. control). By using this molecular
technique, we are able to selectively enrich these differentially expressed genes, clone and sequence them. This technique has
a number of powerful aspects.  It is a high efficiency for cloning pathogen-induced genes while removing or reducing
constitutively expressed housekeeping genes. 2)  The system works particularly well with paired comparisons within a
population of segregating siblings. In the case of PD, we used highly resistant and susceptible sibling progenies from a V.
rupestris x V. arizonica cross.  Thus, the differences in gene expression patterns between genotypes likely reflect the
molecular basis of the resistance and susceptibility responses. 3)  The SSH cDNA technique normalizes expressed cDNAs
during library construction and therefore significantly increases the chance of cloning genes that are expressed but at very
low abundance.  This is particularly important because many pathogen-related genes might be expressed at low abundance,
and limited to particular tissues or cell types at certain times (Caturla et al., 2002).  Some of these genes are less likely to be
cloned if a standard EST cloning method is used.

OBJECTIVES
1. Construct twelve tissue-specific reciprocal SSH cDNA libraries from highly resistant and highly susceptible genotypes.
2. Sequence and annotate expressed genes. Identify differentially expressed genes associated with disease development and

resistance. Make annotated sequenced genes available to public.
3. Conduct expression gene profile analysis using Microarrary and Taq-Man gene expression technology. Identify genes

associated with pathogenicity and genes linked to Xf resistance. Elucidate metabolic pathways involved in the
pathogenicity and resistance mechanism(s).
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RESULTS
Objective 1
RNA Sample Preparation
A pair of highly resistant (#9621-67) and highly susceptible (#9621-94) sibling genotypes selected from segregated
population of Vitis rupestris x V. arizonica were used for this study.  Samples were collected from leaf, stem and shoot of
infected and non-infected, resistant and susceptible plants at 1, 3, and 5 days after inoculation, followed by 4 collections at 7-
day intervals, and then by 4 additional collections at  14-day intervals. The total time from the first inoculation to last
sampling was more than 90 days. We used our recently developed a grape RNA extraction protocol for grape stem, leaf and
shoot RNA isolation. The average yields of total RNA are 15, 40 and 70 µg/g tissue respectively. mRNAs were further
purified from total RNA using the Dynabeads Oligo(dT)25 method. About 2-3 µg mRNA was obtained from each sample for
constructing cDNA libraries.

cDNA Library Construction
We used our modified version  of the CloneTech SSH library construction kit (CLONTECH-Laboratories, 1999) to construct
twelve reciprocal SSH cDNA libraries (Table 1). Cloned cDNAs were transformed and quality of each library was evaluated
before preparing plasmid DNAs for sequencing work.

Objective 2
Sequencing cDNA Library
Unlike a standard cDNA library, an SSH library selectively clones differentially expressed genes. Depending on the
complexity of expression in each expression source, each library usually does not require very deep sequencing. To minimize
sequence diminishing return while covering as many genes as possible, 480 (96 x 5) clones were first sequenced from each
library. Based on the results of the numbers of contigs and sequence redundancy from each library, more sequences were
adjusted to ensure good coverage for all libraries.

Sequence Data Processing
Sequence trace files were scored with cutoff scores of PHRED 20. The FASTA files were trimmed of vector sequences and
filtered of non-target sequences such as rRNA and E. coli. After contig assembly, BLASTX and BLASTN analyses were
performed against the NCBI protein and EST databases, Arabidopsis and grape genomic databases. As preliminary
annotation, orthologous analysis of Vitis expressed genes to Arabidopsis is based on the expected values. We grouped the
results into three classes as high similarity with E value of <e-30 or less, no significant match with E value between <e-6 and
<e-4d and no hit. The “no hit” class is likely to contain Vitis specific expressed genes. According to the BLAST reports, we
are dividing these contigs into categories according to biological functions such as pathogenesis, disease defense, heat shock,
signaling, oxidative metabolism and so on. A possible metabolic role will be assigned to each sequence file.

Objective 3
While we are processing our PD specific transcriptional profile database and designing a set of candidate genes for global
gene expression analysis, we identified 63 up/down-regulated transcripts in response to Xf infection in both resistant and
susceptible genotypes (Table 2). Some of these are putatively involved in pathogenesis, defense response and signal
transduction (Figure 1). We used Taq-Man expression analysis method to analyze the first 20 genes. An example of gene
expression analysis is presented in Figure 2.

CONCLUSIONS
Characterizing the molecular basis of the grape response to Xf is important toward understanding mechanisms of PD
resistance and pathogenesis. Expression profiles provide a useful framework for the next step of expression analysis that will
help to further dissect genes underlying metabolic pathways involved PD responses.

Table 1. Forward and reverse SSH cDNA library construction for both resistant and susceptible genotypes.

Genotypes Resistant  or susceptible genotype
Tissues Leaf Stem shoot

Forward subtraction
Reverser subtraction

Infected ← health
Infected → health

Infected ← health
Infected → health

Infected ← health
Infected → health
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Table 2. Summary of up-regulated and down-regulated transcripts between resistant and susceptible
genotypes among three tissues following of Xf infection

Genotypes Tissue Up Regulated Down regulated
Stem 8 6
Leaf 1 2Resistant

(9621-67) Shoot 16 3
Stem 8 5
Leaf 3 2Susceptible

(9621-94) Shoot 7 2

4.60%
6.80%

9%

11.40%

13.60%

15.90%

18.20%

20.50%

2.30%
transcription factors

signaling

translation & splicing

defense

metabolism&photosynthesis

cell,orgenization

stress

transport

unknown

Figure 1. Functional category of putative genes of among 63 differentially expressed transcripts.
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Figure 2. Taq-Man gene expression analysis was
used to analyze expression during PD development.
Here is an example of the putative pathogenesis-
related gene, which increased more than 10 times the
transcriptional levels in the 8th week after
inoculation in the susceptible genotype (9621-94) as
compared to the resistant genotype (9621-67).
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ABSTRACT
Previous research at the FAMU Center for Viticulture suggested that cells of a virulent strain of Xylella fastidiosa (Xf) may
produce toxic compounds that could be used to determine varietal susceptibility to Pierce’s disease (PD) in grapes.  I n the
experiments reported here, when grape leaves were challenged with partially purified culture filtrate of Xf with different
levels of virulence, positive correlations between the degree of leaf necrosis and (1) the virulence of the Xf strain and (2) the
level of PD resistance were observed.

INTRODUCTION
Pierce's disease (PD), a lethal disease of grapevine, is caused by the bacterium Xylella fastidiosa (Xf) (Proteobacteria:
Xanthomonadales) and is spread by leafhoppers known as sharpshooters. Xylella fastidiosa is native to the southeastern U.S.,
where it reproduces in ornamentals such as crape myrtle, eucalyptus, and hibiscus, but also in various crop plants including
citrus, avocado and grapes (Blua et al. 1999).  In Florida and other southeastern States, the abundance of Xf and vectors such
as the glassy-winged sharpshooter (Homalodisca coagulata) has precluded commercial production of European grape
varieties.  The first evidence of PD infection usually is a drying or "scorching" of leaves.  Typically, the leaves dry
progressively over a period of days to weeks, showing a series of concentric zones of discolored and dead tissue.  Vines
develop symptoms as the bacteria multiply and begin to block the water conducting system and reduce the flow of water to
affected leaves.  However, Hopkins (1983) reported that only about 40% of the xylem vessels of infected plants have
bacterial occlusions and plants with this percentage of non-functioning vessels typically do not show symptoms of water
stress.  The PD bacterium also has been reported to produce a phytotoxin or phytotoxins that may damage plant tissues and
play an important role in disease initiation and development (Lee 1982).

OBJECTIVES
1. Determine whether partially purified culture filtrate from virulent, weakly virulent and avirulent strains of Xf would

produce different levels of necrosis when applied to leaves of a given variety of grape.
2. Determine whether partially purified culture filtrate from a given strain of Xf would produce different levels of necrosis

when applied to leaves from susceptible, tolerant and resistant varieties of grape.

RESULTS AND CONCLUSIONS
Cultures of virulent (PD002), weakly virulent (PD91-2) and avirulent (PD F1) strains of Xf were centrifuged to remove cells.
The supernatant was filtered and then extracted with ethyl acetate, and the eluate was evaporated to dryness.  The powder
was then reconstituted in distilled water and applied to the surface of detached leaves of different grape varieties that had
been wounded with a sharp needle.  After 48 h, the leaves were scored based on the percentage of the leaf surface with
necrotic lesions (Table 1).

In general, the mean percentage of leaf necrosis was greater when leaves were challenged with partially purified culture
filtrate (PPCF) from the more virulent strains of Xf. For example, the leaf necrosis rating for ‘Chardonnay’, a highly PD
susceptible variety of V. vinifera grape, was 1.5 for the virulent strain of Xf, 0.9 for the weakly virulent strain and 0.3 for the
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avirulent strain.  The leaf necrosis ratings for Black Beauty, a PD tolerant variety of muscadine grape, were 0.7, 0.4 and 0.1
when challenged with PPCF from the virulent, weakly virulent and avirulent strains of Xf, respectively.

In addition, leaves from susceptible varieties of grape generally produced greater levels of necrosis than did leaves from
tolerant and resistant varieties.  For example, the mean percentage of leaf necrosis for ‘Chardonnay’, ‘Blanc du Bois’ (a PD
tolerant Florida hybrid bunch grape), Alachua and Noble (PD resistant muscadine grapes) were 1.5, 1.0, 0.6 and 0.0,
respectively, when challenged with the PPCF from the virulent strain of Xf. Similar and consistent trends also were observed
when using PPCF from the weakly virulent and avirulent strains of Xf, but as mentioned before, the leaf necrosis ratings were
lower, which resulted in less overall differences between susceptible and resistant varieties.

These results suggest that Xf may produce extra cellular “toxin(s)” that could cause necrotic lesions when applied to grape
leaves and that might have potential in screening grape germplasm and hybrids for PD resistance.  The “toxins” extracted
from the culture filtrate of more virulent strains of Xf produced more necrosis than did the “toxins” from less virulent strains.
Leaves from susceptible varieties of grape also reacted more strongly to these “toxins” than did the leaves from resistant
grape varieties.  At this time the nature of the “toxin(s)” is not known, nor is it known whether the different strains of Xf
produce different quantities or types of these “toxins”.  Future studies will attempt to answer these questions and expand the
number of PD susceptible and resistant grape varieties and Xf strains evaluated with this test.

A

B

1 2 3 4

Figure 1. An example of the type of symptoms caused by Xf culture filtrate in young ‘Chardonnay’ (A, PD susceptible) and
‘Noble’ (B, PD resistant) grape leaves. Lanes 1 and 2 = control leaves treated with distilled water, lane 3 = leaves treated
with undiluted culture filtrate from a virulent strain of Xf PD002, and 4 = leaves treated with diluted (1:2 vol/vol) culture
filtrate of Xf PD002. Incubation time was 48 h.
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Table 1. Response of grape leaves to partially purified culture filtrate from virulent (PD002), weakly virulent (PD91-2), and
avirulent (PD-F1) strains of Xf as measured by the amount of necrosis produced.  Leaf necrosis ratings were: 0 = no necrotic
lesions; 1 = 25% or less of the leaf surface with necrotic lesions; 2 = 26-50% necrosis; 3 = 51-75% necrosis; 4 = 76-100%
necrosis.  The level of PD resistance: S = Susceptible, T = Tolerant and R = Resistant.

Virulent Strain (PD002)
Leaf Necrosis Rating by Replicate

Grape Variety 1 2 3 4 5 6 7 8 9 10 Mean Control
Chard. (S) 1 1 1 1 2 2 1 2 2 2 1.5 0
Blc. Bois (T) 1 1 1 1 1 1 0 1 1 2 1.0 0
Carlos (T) 0 1 0 1 1 1 2 0 1 1 0.8 0
Bl. Beauty(R) 1 1 0 1 1 1 1 1 0 0 0.7 0
Alachua (R) 1 0 1 0 1 0 1 1 0 1 0.6 0
Fry (R) 1 0 0 1 1 0 1 1 0 0 0.5 0
Noble (R) 0 0 0 0 0 0 0 0 0 0 0.0 0

Weakly Virulent Strain (PD91-2)
Leaf Necrosis Rating by Replicate

Grape Variety 1 2 3 4 5 6 7 8 9 10 Mean Control
Chard. (S) 1 1 1 0 0 1 1 2 1 1 0.9 0
Blc. Bois (T) 1 0 0 0 1 1 0 1 1 0 0.5 0
Carlos (T) 0 0 0 1 0 1 0 0 1 0 0.3 0
Bl. Beauty(R) 0 0 1 1 0 0 1 0 1 0 0.4 0
Alachua (R) 0 1 0 0 0 1 0 0 1 0 0.3 0
Fry (R) 0 0 1 1 0 0 0 0 0 0 0.2 0
Noble (R) 0 0 0 0 0 0 0 0 0 0 0.0 0

Avirulent Strain (PD-F1)
Leaf Necrosis Rating by Replicate

Grape Variety 1 2 3 4 5 6 7 8 9 10 Mean Control
Chard. (S) 0 1 0 0 0 0 1 0 1 0 0.3 0
Blc. Bois (T) 0 0 0 0 0 1 0 0 0 0 0.1 0
Carlos (T) 0 0 0 0 0 0 0 0 0 0 0.0 0
Bl. Beauty(R) 0 0 0 0 0 0 0 0 1 0 0.1 0
Alachua (R) 0 0 0 0 0 0 0 0 0 0 0.0 0
Fry (R) 0 0 0 0 0 0 0 0 0 0 0.0 0
Noble (R) 0 0 0 0 0 0 0 0 0 0 0.0 0

Abbreviations: Chard = Chardonnay, Blc. Bois = Blanc du Bois, Bl. Beauty = Black Beauty.
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ABSTRACT

INTRODUCTION
There are over 160,000 grape ESTs in the public data bases and the vast majority of these ESTs were generated from the
European grape varieties (Vitis vinifera).  However, the European grapes are highly susceptible to the Pierce’s disease and
they are not necessary possessing all the genes required for providing a full protection against the GWSS and Xf attack.  On
the other hand, PD resistant sources exist in some native North American grape species, particularly those species originated
in the southeast United States.  For example, Vitis shuttleworthii, a species originated from the southeast United States, is
considered to be one of the most PD resistant grape, which has long been used for developing PD resistant grape varieties for
the deep south - a most severe PD infected area. We therefore propose to search for PD resistant genes from the Vitis
shuttleworthii grape.

The Viticulture Center at Florida A&M University and the USDA-ARS Horticultural Laboratory at Fort Pierce (Florida)
jointly initiated a grape EST project from the native American grape -Vitis shuttleworthii, aiming to identify and isolate grape
disease resistant genes including the Pierce’s disease resistant genes.  We have sequenced 30,000 ESTs, and have several on-
going experiments for expression analysis and marker development for identifying the PD resistant genes.

OBJECTIVES
The objectives of this research are to identify/isolate PD resistant genes from Vitis shuttleworthii grapes and develop EST
derived molecular markers for PD resistance. Specifically, the project is gearing towards to: 1) discover genes for PD
resistance from Vitis shuttleworthii grapes; 2) conduct comparative genomics analysis between V. shuttleworthii, V. vinifera
grapes and other plant species; 3) develop SSR and SNP markers for PD resistance, which will be used for accelerating the
development of PD resistant grape varieties.

RESULTS AND CONCLUSIONS
We have sequenced 30,000 ESTs from a clone of V. shuttleworthii grape.  Blasting analysis revealed that 13% of the V.
shuttleworthii ESTs are unique when compared to the existing Vitis vinifera NCBI databases, and 3% of the ESTs did not
find any homologous sequences among all plant ESTs reported in NCBI. Overall, approximately 7% of ESTs were related to
disease / pest defense or stress tolerance genes, and it is obvious that these genes are abundant in the V. shuttleworthii grape
(Table 1, Table 2).

Table 1. Comparison of transcription factor (TF) families in grape (V. shuttleworthii, V. vinifera), Arabidopsis and Rice

V. vinifera Arabidopis Rice
124 190 156
69 144 143
114 105 125
67 82 71
131 72 83
34 36 21
31 28 8
121 81 75
10 6 5
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Table 2. Comparison of disease resistant gene (R-gene) families in grape (V. shuttleworthii, V. vinifera) and Arabidopsis

A series of experiments are being conducted to identify and isolate PD resistant genes through gene expression profiling
analysis by using DNA microarrays. Specifically, a comparative analysis of transcriptional profiles of 1) unchallenged V.
shuttleworthii grapes (control), Xf challenged V. shuttlewothii grapes (samples will be collected on different timeframes after
infection).

For marker development, we are developing SNP and SSR markers from our V. shuttleworhtii sequence data set and the V.
vinifera ESTs in the public domain.  Aligned sequences will be mined for Single Nucleotide Polymorphism.  A preliminary
screening of the SNP and SSR marker from the 12,056 V. shuttleworthii ESTs indicated that the SNP and SSR markers are
abundant in V. shuttleworthii grapes, and around 800 candidate SSR and SNP sites have already been identified.  Table 3
shows the distribution of the di-, tri-, and tetra- SSRs from Vitis shuttleworthii ESTs, and Table 4 shows the abundant SSRs
motifs from Vitis shuttleworthii ESTs.  We have designed and synthesized the PCR primer pairs using computer software
such as Primer3 to flank the SSR loci (partially shown in Table 5).  Verification of these primers with PCR amplification on
selective grape DNA templates is under way.

Table 3. Distribution of EST derived SSRs from Vitis shuttleworthii

Number of
ESTs

Number of
SSR-ESTs

Motifs

di- tri- tetra-
10,995 401(3.6511) 82(20.322) 306(76.5) 13(3.2)

Table 4. Distribution of the abundant (>5) SSR-ESTs among the V.  shuttleworthii EST data set.

SSR Motif Number
of ESTs

GA/CT 36
AT/TA 13
CAA/GTT 90
ACC/TGG 34
TCT/AGA 19
CAG/GTC 15
AAG/TTC 14
CAC/GTC 14
CTT/GAA 13
CCA/GGT 12
CCT/GGA 12
TGA/ACT 9
TCC/AGG 8
CAT/GTA 7
GAT/CTA 6
TGC/ACG 6
CTC/GAG 5
Total 313

1. SSR-EST percentage in total EST
2. di-nucleotide motif percentage in SSR-EST.

R-gene Class Number in V. shuttleworthii Number in V. vinifera Number in Arabidopis
TIR-NBS-LRR 11 64 85
CC-NBS-LRR 9 51 41
NBS-LRR 9 64 10
TIR-NBS 3 19 17
CC-NBS 5 30 4
TIR 18 82 36
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Table 5. A selective set of SSR primer pairs from the Vitis shuttleworthii ESTs

Repeat Left Sequence Right Sequence Product Size
GTCGTCGTCGTCGTCGTCGTC TACAAGAGCCAAGAGGGATT GGATAACGAAGGAGACAGAGT 245
AGCAGCAGCAGC AGGGAGATGACAAAGATGAAG CCAAACACCGTAGGAGAGA 367
AACAACAACAACAAC AATAATAAGAAGGAGATGCGG GTTGTGGTGGTCGTGAAG 367
AGCAGCAGCAGC CAGAGTGTCAGCACAGCA GCGTTTCTCAAGGTTCTACTT 368
AACAACAACAACAAC TGACTGGCATACTGATTTACC CCCAATGAACTACCTTTACCT 368
CGGCGGCGGCGGCGGCGG ACCCAATGAACTACCTTTACC AGGAACAAGACAAACAATACACT 113
CCTCCTCCTCCTCCTCCTCCT TTTATCCCAACAATCAGG CTTTCACAGCAGAAGAGTT 226
CCTCCTCCTCCTCCTCCTCCT GCCTTGGACCGAACTATC CTAAGAAACACCATTCATCAG 226
GAGAGAGAGAGAGAGAGAGAGA CGACCTAAGAAACACCATTC CCTTGGACCGAACTATCTG 292
ACCACCACCACCACCACC CGCATCAGAAGTCATCAAC ACCCTCACTCTCACACTCAC 238
TCCTCCTCCTCCTCCTCC ACGGAAGAAGAGAAGAAAGAG ATCCACCGAAACAAACTTAC 133
AGAAGAAGAAGAAGAAGA ACAAAGCAGGTAAGTAGCAAA AAGACGGAAGAAGAGAAGAAA 233
TCTCTCTCTCTC GTGATTGTTACCGACCTTGA ATTCCCTTCTTCTCCTTTACC 195
TCTCTCTCTCTC CCTCGGAAACAAACTTACA CGAAGAAGAGAAGAAAGAGAAA 195
TGATGATGATGATGATGAGGATGATGA AAGACCGAAGAAGAGAAGAAA TAATACCGTGGAAATCACAAA 281
ACCTACCTACCTACCTACCT TTACCCGACACTGGACAC ACTTACCACCGAGATGAGG 266

After the potential SNP-EST and SSR-EST are verified, PD segregating populations will be used for marker development.
Several populations derived from the hybridization of Native American species/hybrids and V. vinifera grapes will be
candidates for this purpose.  For example, a 183-seedling population of N18-6 x ‘Cabernet Sauvignon’ has been evaluated for
PD resistance for several years in our vineyard. ‘N18-6’ is a breeding line highly resistant to PD while ‘Cabernet Sauvignon'
is the best known wine grape variety highly susceptible to PD. Segregating analysis revealed that three dominant genes
provide full resistance to the Pierce’s disease.

FUNDING AGENCIES
Funding for this project was provided by the USDA Cooperative State Research, Education, and Extension Service, and the
FAMU-ARS Science Center.
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ABSTRACT
To understand the adaptation of grape rootstocks commonly used in major grape production areas worldwide to Florida,
where Pierce’s disease (PD) is the primary limiting factor in grape production, ten important grape rootstocks were cultivated
at the experimental vineyard, Florida A&M University, Tallahassee, Florida.  Disease resistance and symptoms and growing
performance were evaluated.  PD symptoms were scored in September and October 2002, 2003, and 2004, with leaf
symptoms the basis of scoring.  None of the grape rootstocks was completely resistant to PD and the severity of PD varied
with rootstock cultivar.  St George and Ramsey showed least PD symptoms.  Freedom and 44-53 succumbed to PD by the
2004 rating period; of the surviving rootstocks, 3309C had the highest PD score.  Overall vine survival, evaluated in 2002,
2003, and 2004, varied among the rootstocks.  Based on the performance of ungrafted vines, St George and Ramsey are the
most suitable rootstocks in this north Florida environment, where natural infection by PD is very high and vectors and
inoculum are abundant.

INTRODUCTION
Rootstocks are used widely in viticulture to provide resistance against soil pests and pathogens and improve scion
performance.  Choice of rootstock depends on pest populations, soil, and growing conditions.  The grape rootstocks in
common use world wide are deployed primarily to provide phylloxera and nematode protection (Bouquet 1980, Einset and
Pratt 1975, Winkler et al 1974).   In contrast, Pierce’s disease (PD), caused by gram-negative bacterium Xylella fastiosa (Xf),
is the primary limiting factor of growing Euvitis grape in the southeast United States (Lu and Ren 2002, Chen et al 2001).
Pierce (1905) reported that rootstock variety affected expression of "California vine disease" (now known as Pierce’s disease)
in grape.  Grape rootstock trials in Mississippi showed a large effect of rootstock trial on vine longevity in a region
recognized for high Pierce’s disease pressure (Loomis 1965, 1952, Magoon and Magness 1937).  In humid and hot regions of
the United States, such as Florida, bunch grapes often are highly susceptible to pests and diseases (Olien and Hegwood
1990).  When the Florida hybrid bunch grape cultivar Blanc du Bois was grafted on to muscadine, which is relatively tolerant
or resistant to the bunch grape pests and diseases common in North America, the scion showed a reduction in both PD and
anthracnose symptoms and fruiting improved (Ren and Lu 2002). Growing conditions in Florida are harsh-a successful
rootstock for grape industry in that area must be tolerant to PD and adapted to the environment.  Evaluation of rootstock
performance and survival in Florida would provide useful information on rootstocks performance for humid tropical and
subtropical environments, especially where PD is prevalent. Greenhouse screening has been used to investigate the PD
resistance, tolerance, and susceptibility of grape cultivars.  However, field screening is more applicable, since conditions
closely match those in a commercial vineyard.  When relying on natural infection in the vineyard, there is no need to
inoculate vines or maintain colonies of Xf or insect vectors.  Field screening is cheap, requires no specialized equipment and
can be accomplished quickly, with symptom expression being used as the main criterion.  Northern Florida is an ideal test
environment due to heavy PD pressure, with abundant vectors, including glassy-winged sharpshooter, and inoculum, in
contrast to many other locations, especially California, which demonstrate substantial cycling of PD incidence.

OBJECTIVES
1. Evaluate the response of grape rootstocks to natural field infection by Pierce’s disease.

RESULTS AND CONCLUSIONS
Ten grape rootstocks (five replicates of two vines each, ten vines total per rootstock cultivar) were planted in the spring of
2001.  Vines were bilaterally cordon trained and spur pruned.  Pierce’s disease (PD) symptoms were scored in 2002, 2003
and 2004, with symptoms on leaves assessed in a numerical scale from 0 to 5. For PD, 0 represented no symptoms, 1 = minor
symptoms up to 15% of leaves with marginal necrosis (MN), 2 = 15-30% of leaves with MN, 3 = 30-50% of leaves with MN,
4 = 50-75% of leaves with MN, 5 = over 75% of leaves with MN or vine dead.  Vine vigor was surveyed later fall in 2002.
The annual shoot and node growth was recorded from ten randomly sampled shoots per plant, and shoot diameter was taken
in the middle of 4th node.  Node length was calculated with total node numbers and the length of each shoot.  Twenty (4 x 5)
random shoots were investigated for shoot death rate from each vine: 5 shoots in each canopy quadrant area divided by the
main trunk and trellis wire. A shoot was considered as dead if more than half of the shoot had died.  Trunk diameters were
measured 50 cm above the ground in fall 2003.
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All rootstock vines developed PD symptoms, although the severity varied.  The least severe PD scores were seen on Ramsey
and St George, with average PD scores of 1.1 and 1.4 in 2002, 1.0 and 1.7 in 2003, and 1.2 and 0.9 in 2004, respectively
(Table 1).  The consistently low PD scores on these varieties over several years demonstrate that Ramsey and St. George are
reliably resistant or tolerant of PD in north Florida.

Freedom (3.7 – 5.0 score in 2002-2003) and 44-53 (2.6 – 2.3 score in 2002-2003) did not survive through the rating period of
2004.  That Freedom succumbed to PD is not surprising—this rootstock showed the worst PD symptoms of all the rootstocks
in the trial in the previous two years of observations.  The 44-53 showed severe PD symptoms in 2002 and 2003, but
typically its symptoms were not as severe as those on O39-16 and 3309C, so it was surprising that this rootstock succumbed
while O39-16 and 3309C remain in the trial.

Of the surviving rootstocks, 3309C (3.0) and 5BB (2.9) had the most severe PD symptoms in 2004.  The 3309C has
consistently shown heavy PD symptoms and most of the vines of this rootstock have died (Table 3).  The slightly less severe
average PD score for 3309C probably reflects the survivorship of this vine (heavier symptoms being related to lower
survivorship).  Although 5BB showed excellent survivorship in earlier years of the study, it is now beginning to develop PD
symptoms.  The 5C, 110R, and 101-14 showed moderate PD symptoms over the three year period (Table 1).  O39-16
symptoms in 2004 were less severe than in earlier years, when it was among the most symptomatic rootstocks; however,
symptom severity overall was lower in 2004.

After four growing seasons in Florida’s heavy PD pressure, environment, the survival rate was very different among the
rootstocks (Table 2).  Only Ramsey shows 100% survival.  All Freedom and 44-53 vines have been killed by PD and only
one of ten 3309C vines remains alive.  Vines greatly deteriorated in the third growing season; from 2002 to 2003, the vine
losses of Freedom, 44-53 and 3309C were 87%, 70%, and 50%, respectively.  There was less change overall in vine survival
from 2003 to 2004.  Although Freedom and 44-53 completed their precipitous decline, other varieties may be reaching a
“steady state” of vine survival, with diminishing losses to PD.  The 110R, 5C, and 101-14, noted for their moderate PD
symptoms, have survival rates of at least 80%.

Fishleder (2000) examined the response of grape rootstocks to PD in a greenhouse.  In contrast to this study, Fishleder
inoculated vines with Xf. The results from this study largely coincide with and confirm Fishleder’s findings.  In particular,
both this research and Fishleder’s work found St George to show only minor PD symptoms; O39-16, 5C, 5BB, 110R were
intermediate in symptom development; and 3309C and Freedom showed severe PD symptoms.  However, our results
contradict Fishleder’s regarding Ramsey.  While we observed only low levels of PD symptoms in Ramsey, Fishleder found
Ramsey to be one of the most symptomatic of rootstocks tested.  What accounts for this disparity in observation?  It is
possible that the Xf strain that Fishleder cultured and used to inoculate the vines growing in the greenhouse was substantially
different in pathogenicity or host specificity from the naturally occurring Xf prevalent at Tallahassee, Florida.  Another
possibility is that while the Xf populations in the respective studies do not differ in pathogenicity or host specificity, the direct
inoculation through pin prick employed by Fishleder is more difficult for the plant to resist than the natural inoculation by
insect vectors that is thought to have occurred in the vineyard.

Rootstock performance in north Florida primarily is a factor of PD response.  Cultivars differed in their performance and
some were markedly superior-these should be further investigated for their influence on scions.  Specifically we suggest
Ramsey and St George for additional study.  These rootstocks survive well under natural inoculation conditions in north
Florida.   The evaluation of rootstock cultivars in PD limited viticultural regions is important-much PD management research
is focusing on augmenting PD resistance and or tolerance in scions, but rootstocks are a critical component of viticulture.  As
demonstrated here, several rootstocks have substantial levels of PD resistance that should permit their cultivation in PD prone
regions, allowing concentration of effort on scion improvement.  Additionally, testing the PD response of ungrafted
rootstocks indicates the potential for rootstock varieties to be cultivated as nursery mother vines in PD prone regions.
Rootstocks identified as resistant or tolerant to PD could be genetic resources for breeding improved PD resistant scion
varieties, as in the case of MidSouth and MissBlue, which have PD resistant rootstocks as parents (DeGrasset and Dog Ridge,
respectively).  PD resistant rootstocks might be necessary for the cultivation of PD tolerant scion varieties if Xf spreads to the
root system.

Field evaluation of PD resistance in Florida is easy due to high PD pressure resulting from high populations of vectors and
bacteria in the area and should be continued as a technique to test PD management strategies and screen plant material.
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Table 1. PD symptom scores of the ten grape rootstocks during the second, third, and fourth growing seasons.

Rootstock PD score
2002 2003 2004

O39-16 3.1bc 3.8b 2.3
101-14 2.2d 2.4c 1.9
110R 2.2d 1.8cd 2.3
3309C 3.6b 4.2ab 3.0
44-53 2.6cd 2.3c ---
5BB 2.7cd 1.6cd 2.9
5C 2.2d 1.9cd 2.1
Freedom 3.7b 5.0a ---
Ramsey 1.1e 1.0d 1.2
St. George 1.4e 1.7cd 0.9

Table 2. Vine survival of the ten grape rootstocks after four growing seasons.

Rootstock Number of living vines Survival %
2001 2002 2003 2004 2004

O39-16 9 9 6 6 67
101-14 10 10 10 9 90
110R 10 10 9 8 80
3309C 10 10 5 1 10
44-53 10 10 3 0 0
5BB 10 10 10 7 70
5C 10 10 9 9 90
Freedom 10 8 1 0 0
Ramsey 8 8 8 8 100
St. George 10 9 9 7 70

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.  Special thanks to
California Grapevine Nursery for supplying the grapevines used in this experiment.
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ABSTRACT
The pathology of diseases such as Pierce’s disease (PD) of grapevine (Vitis vinifera L.) that are caused by the xylem-limited
bacteria Xylella fastidiosa (Xf) is widely attributed to vessel occlusion and subsequent water deficits. Grapevines (Vitis
vinifera L. 'Chardonnay') were exposed to water deficits, stem inoculation with Xf, and combinations of both to evaluate
whether symptoms of PD were a consequence of water deficits. When vines were inoculated with Xf and exposed to water
deficits, more extensive PD symptoms developed throughout the plant than when + Xf vines were well-watered. However,
vines infected with Xf exhibited symptoms unique to PD that included inhibited periderm development in stems (green
islands), leaf blade separation from the petiole (matchsticks), and irregular leaf scorch.  Vines exposed to water deficits and
not Xf, displayed accelerated periderm development, basal leaf abscission at the stem/petiole junction, and uniform leaf
chlorosis. Water deficits induced the development of an abscission zone, but PD did not.  Pierce’s disease symptoms could
not be produced with any of several water deficit treatments, including severing all but one secondary vein near the leaf tip.
The results indicate that factors other than water deficits are involved producing the symptoms of PD.  We conclude that the
widely accepted hypothesis that PD-infected plants develop water deficits that cause green islands, matchsticks, localized leaf
scorch, and eventual death of vines should be reevaluated.

INTRODUCTION
The overwhelming consensus among researchers is that the fatal nature of PD is a result of the Xf bacteria becoming systemic
and blockage occurring in xylem vessels (due to bacterial accumulation, tyloses, gums, and/or emboli), causing water
transport to become progressively impaired until the plant is no longer able to function (Goodwin et al.1988a, b; McElrone et
al. 2001, 2003; Newman et al. 2003, 2004; California Agricultural Research Priorities 2004).  Indeed, Pierce’s disease has
become nearly synonymous with plant water deficit.   This view is largely based on correlative evidence.  Hopkins (1988)
showed a strong association between reduced water conductance in stems of citrus seedlings and Xf-caused disease
symptoms.  Low leaf water potential and turgor, impaired hydraulic conductance, and higher stomatal resistance were
correlated with PD symptoms in grapevines (Goodwin et al. 1988a).  While reduced leaf water potential, stomatal
conductance and stem hydraulic conductivity are characteristic of water deficit, it should be noted that these same features
also occur in flooded plants (Kramer & Boyer 1995), so correlations are not necessarily indicative of causality.

From our recent work we observed that, although PD symptoms have been attributed to water deficit, the visual symptoms of
PD did not appear to be the same as those resulting from water deficit alone.  In grapevine, typical visual symptoms of PD
are “green islands,” patchy or marginal leaf necrosis (often called leaf scorch), and “matchsticks” (petioles that remain
attached to the stem after the laminae have fallen off) (Purcell 1986; Goheen & Hopkins 1988, 1989; Stevenson et al. 2004).
These symptoms are not characteristic of water deficit symptoms in grapevines (Okamoto et al. 2004).  In addition, the
diagnostic symptoms of PD have never been observed in healthy grapevines exposed to water deficits, nor have they ever
been reported to develop as a consequence of water deficits.

Interestingly, citrus trees already infected with Xf and subjected to drought displayed accelerated symptom development of
citrus variegated chlorosis (Gomes et al. 2003).  Extended water deficit also increased the severity of Pierce’s disease in the
woody liana, Virginia creeper (McElrone et al. 2001, 2003).  Thus, extended water deficit (such as drought) may exacerbate
the development of PD symptoms in grapevine as well.  However, there are no reports describing the effects of water deficit
on Xf-infected grapevines, nor has there been a detailed comparison of water deficit and PD symptoms.  If the visual
symptoms of PD are not, in fact, a result of water deficit, then studies relying on the assumption that water stress is the
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Figure 1. Symptom development during whole
plant water deficit and well-watered conditions.
Severity of Pierce’s disease symptoms in
Chardonnay grapevines.  Vines infected with X.
fastidiosa were well-watered (+Xf ww; white bars) or
subjected to water deficit (+Xf wd, black bars).  On a
scale from 1 to 10, 1 indicates mild symptoms, 10,
the most severe PD symptoms.  Non-infected values
are zero due to the lack of PD symptoms and are not
shown.

ultimate killer of plants suffering from PD may result in misleading information and add years to finding solutions to the PD
problem.  Therefore, it is important that it be determined which PD symptoms, if any, are a result of water stress, and what
role water shortage actually plays in symptom development and vine death.

OBJECTIVES
1. Evaluate the impact of vine water status on the development of the visual symptoms of PD.
2. Determine whether visual PD symptoms are a direct result of water deficits.

RESULTS
Objective 1
In the field, extended water deficit exacerbates citrus varigated chlorosis in citrus (Gomes et al. 2003) and PD in Virginia
creeper (McElrone et al. 2001, 2003).  Thus, it was not surprising that
subjecting potted grapevines to extended water deficit also resulted in
a faster and more extensive onset of PD symptoms (barring green
islands) than in well-watered Xf-infected (+Xf) vines.  The first clear
indications of leaf scorch were seen 48 DAI.  Water-stressed +Xf
vines developed more symptomatic leaves with severe symptoms than
well-watered +Xf vines (Fig. 1).  Interestingly, the leaf scorch and
matchstick symptoms in the well-watered +Xf plants had the same
visual characteristics as in the +Xf water-stressed plants.  There was
no significant difference between well-watered +Xf and healthy (-Xf)
vines in stomatal conductance (0.86 ± 0.09 & 0.69 ± 0.06 cm s-1),
transpiration (6.53 ± 0.83 & 5.66 ± 0.83 µg cm-2 s-1), and leaf water
potentials (-0.60 ± 0.05 & -0.73 ± 0.11 MPa, respectively).  Likewise,
these parameters were equivalent for water-deficit +Xf and –Xf vines
(0.28 ± 0.04 & 0.34 ± 0.05 cm s-1, 2.41 ± 0.31 & 2.86 ± .39 µg cm-2 s-

1, -1.07 ± 0.05 & -1.28 ± 0.13 MPa, respectively).

Objective 2
The results
revealed that visual
symptoms of Pierce’s disease in grapevine are qualitatively and
quantitatively different than those of extended water deficit.  Regardless
of water status, +Xf plants displayed symptoms unique to PD.  In general,
PD symptoms masked water-deficit symptoms.  The PD symptoms
manifested in laminae, petioles and stems often revealed an interaction
between plant and bacteria in which plant responses to Xf-infection
seemed to be either elicited or suppressed by the bacteria.

Comparison of Visual Symptoms of Water Deficit and PD
To determine whether PD symptoms are a direct result of water deficit,
the visual characteristics of well-watered and water-stressed grapevines
inoculated with Xylella (+Xf) or water (–Xf) were evaluated.  Leaves of
well-watered –Xf grapevines remained green and healthy throughout the
course of the experiments (Fig. 2a).  Water-stressed –Xf vines gradually
developed leaf chlorosis in a fairly uniform pattern over the entire leaf
lamina (Fig. 2b-c), with the veins staying green until leaves became
necrotic.  Leaves remained attached to the stem even after the leaves were
apparently dead (Fig. 2d).  In contrast, the first PD symptom to appear was
leaf scorch.  Leaf scorch symptoms started with chlorosis at the margins
of the leaves and moved towards the petiole in patches such that sections
of necrosis were bordered by slim regions of chlorosis (Fig. 2e-f).  As
symptoms progressed, laminae of +Xf vines became completely necrotic,
while the petioles remained green (Fig. 2g-h).  Eventually laminae fell
from the petioles to form “matchsticks.”

In –Xf water-stressed plants, two sites of constriction and necrosis developed on petioles, one at the stem/petiole junction (the
basal end of the petiole) and the other at the petiole/lamina junction (the distal end of the petiole).  At the basal end of the

Figure 2. Progressive development of leaf symptoms
of non-infected water-stressed Chardonnay leaves (A-
D), and Chardonnay with Pierce’s disease (E-H).
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petiole, a true abscission zone formed.  At the distal end of the petiole where the lamina is attached, the tissue constricted and
concurrently became necrotic.  Observations at the cellular level suggest that the constriction and necrosis at this junction is
not an actual abscission zone (Stevenson et al. 2004).  Neither the abscission zone at the stem/petiole junction nor the fracture
zone at the petiole/lamina junction developed until the lamina was severely chlorotic.  In +Xf vines, a fracture zone also
occurred at the petiole/lamina junction.  Comparisons of the anatomy of the fracture zone at the petiole/lamina junction of
+Xf vines and –Xf water-stressed vines showed that these fracture zones were identical.  However, abscission zones did not
develop at the stem/petiole junction of either well-watered or water-stressed +Xf plants.

The canes of both +Xf and –Xf water-stressed plants matured faster, becoming stiffer and more woody than those of the well-
watered plants, based on the extent of periderm development up the canes.  Stems of water-stressed + Xf plants became
woody before the well-watered plants.  Interestingly, in +Xf plants only the well-watered vines developed green islands,
having an average of 2.1 ± 0.31 green islands per plant.

Vessel Blockage in Relation to Leaf Scorch Symptoms
Leaf scorch symptoms, in particular, have been considered a direct result of water
deficits within the leaf, specifically due to clogged vessels limiting water transport.  If
leaf scorch is simply a matter of reduced water availability to the leaf margins, then we
should be able induce leaf scorch symptoms by selectively severing veins to simulate
xylem vessel blockage.  To this end, experiments were conducted in which all veins
but one were severed such that a single secondary leaf vein connected the two halves
of a lamina and was the sole water source for the nearly-severed portion of the leaf.
Nearly-severed leaf halves of vines experiencing low transpirational demand in the
laboratory appeared turgid and showed no signs of necrosis for up to 36 days.  In the
greenhouse, under medium to high transpirational conditions, sections of leaves which
received water via a single vein remained green and turgid (Fig. 3) for at least 30 days
after the veins were severed. This was true for leaves of +Xf and –Xf grapevines alike.
Significantly, leaf scorch symptoms of PD did not develop on any of the –Xf nearly-
severed leaves.  Even when these leaf sections did eventually dehydrate after
approximately two months, the symptoms were similar to water deficit, not PD.

CONCLUSIONS
In summary, water deficit clearly had an exacerbating effect on the symptom development of PD.  Water-stressed +Xf vines
displayed more extensive PD symptoms throughout the plant than did well-watered vines.  Matchstick and leaf scorch
symptoms moved up the canes more rapidly than in well-watered vines implying that the bacteria spread more rapidly
throughout the plant under water deficit conditions, assuming bacterial proximity is necessary for symptom development.
Importantly, with the exception of green islands, extended water deficit did not affect the nature of the PD symptoms.
Indeed, in water-stressed +Xf plants, PD masked all of the symptoms of water deficit, except green islands, which occurred
only in well-watered +Xf vines.

Detailed comparisons of the visual symptoms of PD and water deficit revealed that conclusions reached from earlier work,
stating that water deficit causes PD symptoms, were not completely correct.  The visual characteristics of +Xf vines were
unique to PD and distinctly different from –Xf vines experiencing extended water deficit.  The fracture zone at the
petiole/lamina junction, common to all treatments, appears to be a plant response to stress and not specifically induced by
bacterial infection.  In contrast, the lack of an abscission zone in +Xf plants implies that the bacteria were in some way
suppressing development of an abscission zone.  Conversely, water deficit overcame the influence of Xf to prevent the
occurrence of green islands, possibly by hastening periderm development. Considering that only well-watered +Xf vines
developed green islands, water deficit could have masked the green island symptom of PD by inducing the periderm of +Xf
water-stressed canes to develop faster than could the conditions necessary to impair periderm activity leading to green
islands.  This suggests that the bacteria are in some way inhibiting periderm activity at seemingly random locations.

Finally, based on the dramatic and sudden increase in the number of nonfunctional vessels which was caused by severing leaf
veins, it seems clear that xylem vessel blockage, whether due to gums, tyloses or bacterial accumulation, is not responsible
for leaf scorch symptoms and that Xf bacteria are able to affect plant responses in ways not involving altered vine water
status.  While occluded xylem vessels may worsen leaf scorch symptoms, several other factors, or combination of factors,
may contribute.   Ultimately, however, comparison of the leaf scorch symptoms of PD and the chlorosis of extended water-
stressed leaves shows that Xf bacteria are able to produce, alter or eliminate signals that result in leaf scorch symptoms and
that these signals can, to some degree, override signals controlling plant responses to water deficit. (A manuscript containing
the completed study will be submitted to a peer-reviewed journal shortly.)

Figure 3. Turgid leaf of non-
infected Chardonnay under
moderate to high transpiration 13
days after all but one vein was
severed, resulting in a single leaf
vein connecting and supplying
water to half of the leaf.  Black
arrow shows secondary vein
supplying water to the nearly-
severed leaf half.
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ASBTRACT
The progression of PD in vineyards and across a landscape is dependent upon factors related specifically to four components:
GWSS, Xylella fastidiosa causing PD, grapes, and the environment.  When conditions in all four of these areas are optimal,
disease spreads with devastating consequence as in Temecula in the late 1990s.  Conversely, sub-optimization within any of
the four categories can slow or stop disease progress.  The aggressive insecticide campaigns against GWSS are prime
examples of creating this sub-optimal condition for disease spread.  This single approach has been effective, but it may not be
sustainable in reduced budget times. The science of epidemiology seeks to determine how the 4 components listed above
interact, with the goal of creating long-term, sub-optimal conditions for disease spread.  Achieving this goal will enable
California producers to continue growing grapes in areas known to have PD and GWSS.

INTRODUCTION
Earlier studies pointed out the importance of the distribution of disease (Weltzien 1972, 1978) and insects (Southwood 1978),
but mapping the distribution of disease and insect populations has not been applied to entomological and epidemiological
studies until recently.  This is mainly because there was a lack of suitable technologies or methods to map the distribution of
insects and diseases in the field.  Recently, the global positioning system (GPS), the geographic information system (GIS),
and geostatistics have been applied to entomological and epidemiological.  These technologies combined with advanced
statistical methods can facilitate the making of distribution maps and the analyzing and modeling of the spatial phenomena
represented on the maps.

OBJECTIVES
The overall goal of this research is to analyze the GWSS and PD data to investigate the relationship between GWSS and PD.
The objectives of this research include,
1. Determine the spatial patterns and structures of GWSS and PD distributions, and use these analyses to create statistical

distribution maps.
2. Analyze map correlations between GWSS abundance and incidence of PD.
3. Relate the epidemiology of GWSS-transmitted PD to environmental components, and identify characteristics of areas

with rapid and slow PD infection rates.

RESULTS AND CONCLUSIONS
This project has just begun, so our report is preliminary at the present time.  Prior to analyses, the GWSS and PD data need to
be centralized into a geo-referenced database.  Fortunately, there has been a tremendous and successful effort to maintain a
weekly trapping effort for GWSS in areas of Kern, Tulare, and Ventura Counties.  The data have been managed in a
geographic information system (GIS) maintained by Rosie Yacoub of CDFA in Sacramento.  We are working closely with
Rosie to obtain trapping data from Kern County.  Secondly, for certain areas there are crop layers that have been entered into
the GIS, and we will work closely with the Kern County GIS group to obtain these layers.  Within these two data sets we find
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information related to two of the four epidemiological components (i.e., GWSS abundance and the agricultural environment).
Data from the other two components (i.e., PD and grapes) also have been collected, largely by Barry Hill and Jennifer
Hashim (Hill and Hashim 2002, Hashim and Hill 2003).  These scientists have directed crews to survey hundreds of
vineyards in Kern and Tulare counties over the past four years.  Much of the data has been entered and managed in a GIS
format at UC Berkeley under the direction of Maggi Kelly.  We have begun the process of bringing the PD data together with
the GWSS data and crop layers.  Once the map databases are constructed and standardized, we will pursue the analyses
phases of this project.
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ABSTRACT
This is a continuation of the epidemiology project that was initiated in 2001 in the Coachella Valley.  Surveys in 2001 did not
detect any Pierce’s disease (PD).  In 2002, we identified 2 infected vines in one vineyard and 1 infected vine in an adjacent
vineyard.  These were the first finds of PD in the area since 1983.  Intensive surveys in these vineyards over the past 3 years
have revealed a total of 16 infected vines.  In June 2003, we found PD-infected vines in 2 additional vineyards.  Further work
in these vineyards has identified a total of 62 vines infected with PD.  This past summer (2004), we again surveyed all
vineyards in the Valley, finding PD-infected vines at 3 additional sites.  Additional searches have identified a total of 19
infected vines in these three vineyards.  With the finds this past summer, we now have identified 97 PD-infected vines from 7
vineyards.  Except for the two infected vineyards identified in 2002, sharpshooter densities have been low near the sites that
have PD.

Since the inception of this project in May 2001, we have used yellow sticky traps to monitor the spatial and temporal abundance
of adult glassy-winged sharpshooters (GWSS), Homoladisca coagulata (Say) and native smoke tree sharpshooters (STSS),
Homoladisca liturata Ball in the Valley.  In 2001-2003, two peaks were identified in abundance; a broad-peak around a
maximum abundance in July and a second smaller peak in winter. Summer densities in 2002 were higher than the same time in
2001 and winter counts in 2003 were higher than winter densities in 2002.  This apparent increase in GWSS abundance was
altered by the CDFA-sponsored vector control program being implemented through the Riverside County Agricultural
Commissioner’s Office.  This program was initiated in the winter of 2003, and since then, very few GWSS adults have been
caught on our traps.  Relative densities of the STSS have remained constant throughout the 4-year study period.

INTRODUCTION
The Coachella Valley is home to 11,345 acres of table grapes; in 2003 harvested grapes from this region were valued at
$115,939,900 (Riverside County Agricultural Commissioner, 2003).  Pierce’s disease first was identified in the Valley in
1983 (Goheen 1984), and from that time until recently, it has not been a concern to growers. When the GWSS was identified
from the Valley in the early 1990s (Blua et al. 1999), growers became concerned, since this insect had been shown to be
instrumental in the devastating spread of PD in the Temecula Valley in the late 1990s.  At the request of the table grape
growers, we initiated a study in 2001 to determine the spatial and temporal distribution of GWSS, and to identify the
distribution of PD in the Valley.  From that point in time to the present, we have continued our monitoring efforts, with the
intention of describing the epidemiology of GWSS-transmitted PD in this area.

OBJECTIVES
The goal of our studies in the Coachella Valley is to describe the epidemiology of PD in the presence of GWSS, and to use
this information to design management strategies to reduce disease spread.
Three objectives are pertinent to this report:
1. Determine the incidence and distribution of PD in the Coachella Valley.
2. Determine the spatial and temporal abundance of sharpshooters in the Coachella Valley.
3. Describe the epidemiology of PD in the Coachella Valley.

RESULTS AND CONCLUSIONS
Determine the incidence and distribution of PD in the Coachella Valley
For the past 4 years, we have searched for PD in the Coachella Valley.  In 2001, we visually inspected 300 plants in each of
25 vineyards and all vines in a 60-acre vineyard proximal to an area that had PD in 1983.  We collected 233 symptomatic
samples and analyzed them with ELISA.  None of these plants were positive for Xylella  fastidiosa, the causal agent of PD.
In 2002, we visually sampled 300 plants in each of 25 vineyards, and visually inspected 35,000 vines distributed throughout
the Valley.  We analyzed (by ELISA) 268 plants from these surveys, and found 2 infected vines in one field and 1 infected
vine in an adjacent field.  We analyzed (by ELISA) 268 plants from these surveys, and found 2 infected vines in one field and
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Figure 1. Vineyards (red) in the Coachella Valley,
and sites where PD was confirmed in 2002, 2003, and
2004.

1 infected vine in an adjacent field.  Both fields were in the southeast corner of the Valley (Figure 1). The PD-strain of X.
fastidiosa was confirmed in these plants with selective-media plating and PCR.  These were the first post-GWSS PD finds in

the Valley.  Intensive sampling in these 2 fields over the past 2
years has found 13 additional vines infected with X. fastidiosa.
In 2003, we visually inspected an estimated 616,400 vines and
samples from 478 vines with suspected PD were subjected to
ELISA.  Five of these 478 vines were positive for PD.  Four of
these vines were at one field site and the 5th vine was at another
site.  Interestingly, neither vineyard was near the infected
vineyards identified in 2002, and the fields were not near each
other (Figure 1).  One of the vineyards was in a fairly isolated
location on the west side of the Valley.  Further searches of the
two infested vineyards found no additional PD infection at one of
the sites, however work at the site on the west side of the valley
has identified a total of 61 infected vines.  We are in the process
of characterizing this field to determine the spatial pattern of
infection.  In the 2004 survey, we observed an estimated 571,861
vines and collected 187 samples to assay for PD.   From these
assays we identified 5 infected vines, adding 3 vineyards to our
list.  These vineyards were located in the east-central part of the
valley with an additional find in the far southwest corner of the
Valley (Figure 1).  Further research has identified a total of 19
infected vines from these three vineyards. We are in the process
of determining the distribution of PD-infected vines in these
vineyards.

Spatial and temporal abundance of sharpshooters
Yellow sticky cards have been used to trap GWSS and STSS adults from May 2001 to the present.  These 156 traps are
distributed uniformly at one-mile intervals throughout the Coachella Valley. Traps are checked weekly and the total numbers
of sharpshooters are recorded.

We discuss the trap data in two distinct time periods.  The first, from May 2001 through January 2003, preceded the CDFA
treatment program in citrus while the second period from February 2003 to the present has been during the implementation of
this areawide program.  During the early part of this period, GWSS vastly outnumbered STSS (Figure 2A).  While average
densities did not exceed 3 GWSS per week, some sites had very high GWSS catches; up to 160 insects per week were
trapped (Figure 2B).  During the second period of trapping, STSS numbers remained consistent with previous years, and even
increased in 2003 (Figure 2B).  A few sites reached high densities of STSS, nearly as abundant as the GWSS peaks in 2002.
Presently, STSS outnumber GWSS in the Valley.  The reason for these seasonal dynamics is that the CDFA treatment
program specifically targets citrus, a preferred host of GWSS during certain times of the year.  STSS, on the other hand,
utilizes a number of desert scrubs and riparian plants, thus its densities have been largely unaffected by the treatment
program.  STSS is a known vector of PD, but it is not clear how important it is in the epidemiology of the disease.

GWSS Seasonal Abundance
From 2001-2003, two peaks of adult activity were identified; a broad-peak centered around a maximum abundance in July
and a second smaller period of activity in January and February (Figure 3).  Summer densities in 2002 were higher than the
same time in 2001 and winter counts in 2003 were higher than winter densities in 2002.  This apparent general increase in
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Figure 2. (A) Average number of GWSS (pink) and STSS (blue) trapped per week from
2001 - 2004 in the Coachella Valley.  (B) Maximum number of GWSS (pink) and STSS
(blue) trapped per week.
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GWSS abundance was altered by the CDFA-sponsored vector control program being implemented through the Riverside
County Agricultural Commissioner’s Office.  Treatments from this program were initiated in the winter of 2003, and since
then, very few GWSS adults have been caught on our traps (Figure 3).

STSS Seasonal Abundance
Generally, trap counts of STSS peaked at about 1/3 the densities of GWSS in 2001 and 2002 (Figure 3).  However, in 2003,
average densities equaled GWSS, and at certain sites, there were far more STSS than GWSS (Figure 2B).  Since STSS have
non-citrus hosts throughout the Valley, they have not been affected by the treatments in citrus.  It is unclear at this time what
role this species may play in the epidemiology of PD in the Coachella Valley, but we will be investigating this as we continue
data analysis

GWSS Trap Catches, 2001
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STSS Trap Catches, 2002
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STSS Trap Catches, 2003
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Figure 3. Average number of GWSS (pink) and STSS (blue) trapped per
week from 2001 – 2004 in the Coachella Valley displayed for each year.

Describe the epidemiology of PD in the Coachella Valley
Since we have so few sites infected with PD, and the number of infected vines at each site is low, it is difficult to draw
conclusions about the epidemiology of PD in this area.  However, we calculated the maximum numbers of GWSS and STSS
adults caught on yellow traps within one mile of the 7 fields in which we have found PD, to determine if any relationships
were apparent.  From this exercise, we present several preliminary observations.  First, we observe the highest incidence of
PD was not in an area where we caught large numbers of GWSS (Figure 4) or STSS (Figure 5).  In fact, the heaviest PD
vineyard, found in the northwest part of the Valley, has had maximum numbers of GWSS and STSS of 1 per week since we
started trapping in 2001.  In this field, we suspect other sharpshooter species are involved with PD spread, or our trapping
program is too coarse to detect GWSS and STSS.  Second, the two vineyards in which we identified PD in 2002 were in
areas that were heavily infested with GWSS (Figure 4).  If the trend of increasing GWSS from 2001 to 2002 (see Figure 3)
had been allowed to continue in 2003 (in the absence of the CDFA spray program) one might have predicted spread of PD
from these fields to neighboring vineyards. Because this did not materialize, the evidence suggests that the areawide program
effectively impeded PD spread in this area of the Coachella Valley.  Finally, while the number of fields in which we have
found PD remains low, relative to other areas of the state, each year we have found additional vines with PD.  Having learned
from the epidemic that occurred in Temecula, we suggest continuing the sharpshooter and PD monitoring efforts to insure
that this scenario is not repeated in the Coachella Valley.
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GWSS Trap Catches, 2004

0

0.5

1

1.5

2

2.5

3

1-
Ja

n

31
-J

an

1-
M

ar

31
-M

ar

30
-A

pr

30
-M

ay

29
-J

un

29
-J

ul

28
-A

ug

27
-S

ep

27
-O

ct

26
-N

ov

26
-D

ec

Date

Sh
ar

ps
ho

ot
er

s 
/ W

ee
k



- 46 -

????

??????????

??????? ? ?????

??????? ??????

???????
?????

??????????

2003 – 61 vines
Max. STSS = 1

2003 - 1 vine
Max. STSS = 5

2004 - 9 vines
Max. STSS = 2

2004 - 2 vines
Max. STSS = 2

2002 - 14 vines
Max. STSS = 14

2004 - 8 vines
Max. STSS = 1

2002 - 2 vines
Max. STSS = 14

????

??????????

??????? ? ?????

?????????????

???????
?????

??????????

2003 - 61 vines
Max. GWSS = 1

2003 - 1 vine
Max. GWSS = 3

2004 - 9 vines
Max. GWSS = 3

2004 - 2 vines
Max. GWSS = 15

2002 – 14 vines
Max. GWSS = 199

2004 - 8 vines
Max. GWSS = 1

2002 - 2 vines
Max. GWSS = 199

Figure 5. Vineyards (red) in the Coachella Valley, and
sites where PD was confirmed in 2002, 2003, and 2004.

Figure 4. Sites with PD and maximum GWSS numbers in
the Coachella Valley from 2001-2004.
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ABSTRACT
Researchers seeking to genetically-engineer grapevine rootstocks in order to affect Pierce’s disease (PD) resistance in scion
cultivars know very little about the transport of substances produced by foreign genes across the graft union.  Our project
seeks to understand how protein size and concentration may affect protein transport from a rootstock to a scion.  We possess
genetically engineered lines of Chardonnay, Merlot and Chancellor that produced proteins ranging in size from 29 to 97 kDa.
These proteins can be readily detected by established techniques.  Lines will be identified with low and high protein
production potential in their root tissues, and graft combinations will be created with non-transgenic Chardonnay scions.
Xylem sap will be collected from the scion and tested for the presence of the transgenic proteins.  Given that Xylella
fastidiosa causing plugging of xylem tissues, the results of xylem sap testing will be directly applicable to efforts to develop
PD resistance inducing rootstocks.

INTRODUCTION
One approach being utilized to develop a long-term solution to Pierce’s disease is the development of transgenic PD resistant
versions of important wine and table grape varieties.  The development of each transgenic cultivar will require a concentrated
effort and significant amounts of technical expertise, testing, and funding.  To bring each successful product to market, and to
pass regulatory agency approval for transgenic crops, also will require a great deal of time and funding.  This would be
required for each of dozens of scion varieties.

A rootstock-based approach provides a potentially excellent alternative.  In theory, a transgenic rootstock would confer PD
resistance to its non-transgenic scion.  Advantages include: 1) many fewer rootstocks will need to be transformed as
compared to the dozens of table grape and wine grape varieties that would need to be altered, 2) consumers might be more
accepting of wines produced from non-transgenic scions even if they are grafted on transgenic stocks; and 3) in general, it has
been technically easier to transform rootstocks than scion varieties.  Before this approach is successful, however, our
understanding of the biology of the graft union and the types of substances that can be successfully transported from
rootstocks to scions must be improved.

Water, mineral nutrients, hormones, carbohydrates, and other compounds are all known to move, via both xylem and phloem,
from rootstocks across graft unions into scions of woody plants.  To date, however, there is little evidence available to show
whether a transgenic protein can move from the rootstock into the scion in a grafted woody plant.  In recent work with
grapevines, Meredith and Dandekar (2003) showed that pear polygalacturonase inhibiting protein (PGIP), with a size of 36.5
kDa, could be detected in xylem sap of non-transgenic scions grafted on transgenic stocks engineered to produce this protein.
Of great relevance to this proposal, we noted that protein movement into the xylem occurred even without a specific signal
targeting it to the extracellular spaces or to the xylem. Imidacloprid (a small compound with molecular weight of
approximately 0.25 kDa) and other systemic insecticides applied to the soil are taken up by the roots of grapevines and move
from root systems into the scion (Toscano et al. 2003).  The present project will investigate aspects of plant physiology
critical to determining the potential for deploying transgenic rootstocks for PD management.

It is possible that the size of a transgenic protein produced in a rootstock influences its transport to the scion.  For example,
large proteins might be less likely to be transported than small proteins.  Understanding the relationship between size and
movement will allow us to more efficiently test anti-PD compounds.  If transgenic proteins are transported across the graft
union, their concentration in the roots might be higher than their concentration in the scion.  Since there is likely to be a
threshold concentration for PD control provided by a given compound, it will be critical to understand the relationship
between concentration in the rootstock and concentration in the scion.
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By studying non-transgenic scions grafted on transgenic rootstocks in the course of this project, we expect to learn whether
the transgenic proteins can move from the rootstock to the scion, whether molecule size affects transport, and whether
substance concentration in the rootstock affects levels found in the scion.

OBJECTIVE
Determine the relationship between protein molecule size and concentration in grapevine roots and its ability to move from a
grapevine rootstock to a scion across a graft union.

RESULTS
This project is just getting underway, thus, rather than present non-existent research results, an outline of our research plan is
presented here.

The following transgenic grapevines are available for use:
1. Two lines of Chancellor transformed with an NPT-II/GUS gene fusion producing a fused protein product.  One line

strongly expresses the gus reporter gene (uidA) in all tissues, while the other line shows no GUS expression, even though
the gene is present.

2. Multiple lines of Chardonnay and Merlot producing both NPT-II and endochitinase.
3. A series of lines of Chardonnay producing NPT-II along with one of three antimicrobial peptides (AMPs).

All of these lines produce transgenic products under control of constitutive promoters.  In cases 1 and 2 above, the CaMV
35S promoter was employed, whereas in case 3, NPT-II was downstream of an Arabidopsis ubiquitin promoter.  The CaMV
35S promoter was used by Meredith and Dandekar (2003), who showed that PGIP protein from rootstocks could be detected
in xylem sap.  The NPT-II/GUS gene fusion product in Chancellor was shown to express in root tissues (Striem et al. 2000),
but will require re-testing to make sure that protein production has not been lost since these tests were run.  We will need to
test the other lines (2 and 3 above) to determine the transgenic protein concentration in their roots.  The size of the transgenic
product molecules varies: NPT-II is ~280 amino acids (aa) (29 kDa); endochitinase is 424 aa (42 kDa); the NPT-II/GUS
bifunctional fusion protein has 885 aa (97 kDa).

We will examine root tissues from separate lines of each of the three types of transformed vines listed to determine gene
transcription and transgenic protein concentration via established procedures. To test for gene transcription we will use semi-
quantitative RT-PCR (Vidal et al. 2003). Transgenic protein concentrations will be determined using standard methods
already in use in our lab. We will identify lines with high and low concentrations of transgenic proteins for further use in this
project.

The transgenic lines with high and low concentrations of transgenic proteins, along with negative controls, will be bench
grafted as rootstocks to non-transgenic Chardonnay scions. The grafted vines will be grown in a greenhouse.  Once the
grafted vines have been established and their shoots have grown to 50 cm, the non-transgenic Chardonnay scions will be
examined for presence of transgenic proteins. Leaf tissue as well as xylem sap will be tested.  Samples will be collected
under sunny, warm conditions conducive to transpirational pull through the xylem.

Outline of rootstock/scion combination planned:
13 rootstock/scion combinations planned, including control
10 vines of each combination x 13 combinations = 130 vines total planned
Control rootstock: Non-transgenic Chardonnay (to be grafted to non-transgenic Chardonnay)

Experimental rootstocks:
(Each rootstock will be grafted to non-transgenic Chardonnay scions.)
Chancellor, high NPT-II/GUS fused protein product concentration in roots (35S promoter)
Chancellor, transformed vine with no GUS expression in roots (35S promoter)

Chardonnay, high NPT-II concentration in roots (Nos promoter)
Chardonnay, low NPT-II concentration in roots (Nos promoter)

Chardonnay, high NPT-II (Arabidopsis ubiquitin promoter)
Chardonnay, low NPT- II (Arabidopsis ubiquitin promoter)

Chardonnay, high endochitinase concentration in roots (35S promoter)
Chardonnay, low endochitinase concentration in roots (35S promoter)

Merlot, high NPT-II concentration in roots (Nos promoter)
Merlot, low NPT-II concentration in roots (Nos promoter)
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Merlot, high endochitinase concentration in roots (35S promoter)
Merlot, low endochitinase concentration in roots (35S promoter)

Additional controls will include own-rooted transgenic vines to be used to test for presence of foreign protein in the xylem
sap.

CONCLUSION
The success of this project will rest on the careful, methodical characterization of foreign gene products. This project will not
involve the speculative and lengthy creation of novel transgenic grapevines, but rather uses pre-existing transgenic
grapevines in order to investigate the potential for transgenic rootstocks to deliver proteins to their non-transgenic scions.

Based on the evidence from the movement of imidacloprid and PGIP in grafted grapevines, it is likely that transgenic
grapevine rootstocks will transmit transgenic proteins to their non-transgenic scions.  However, it is premature to speculate
concerning the time frame for reduction to practice in the form of a novel PD management strategy.  We emphasize that this
study is intended to investigate the biological principles of protein transport via xylem in grapevines, a topic that has been
studied very little in the past.  By understanding the potential of a transgenic grapevine rootstock to move proteins into a non-
transgenic scion, scientists will be better equipped to investigate and develop novel PD management strategies.
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ABSTRACT
During this period our focus was the comparative xylem anatomy of a resistant species, Muscadinia rotundifolia cv Cowart
and a susceptible species, Vitis vinifera cv Chardonnay.  When infected by Xylella fastidosa both species produced tyloses
(parenchyma ingrowths into tracheary elements) and gums; M. rotundifolia tended to have fewer tyloses.  The resistant
species also had narrower vessels, but otherwise xylem anatomy was similar to V. vinifera.  Fluorescently tagged beads were
loaded into both species.  Beads traveled through the stem xylem in both, but did not move into petioles in these experiments.
Tyloses were first apparent 24 hours after pruning in both species and most vessels were blocked in both after eight days of
pruning.  This suggests that the mechanism to form tyloses in both species is similar, although the resistant species tended to
show fewer tyloses in response to Xf. Two symptoms, green islands and matchsticks are reported in this study.  Green islands
formed as a result of incomplete initiation of the phellogen.  In regions of the stem where a phellogen and subsequent
periderm arose, immediately exterior tissue was cut off, causing it to brown.  In regions of the stem where no periderm is
formed, the exterior tissues remained green.  Consequently, the stem is mottled with both green living epidermis and brown
dying epidermis as determined by the presence or absence of an underlying periderm.  Matchsticks formed when the leaf
lamina separated from the petiole, and the petiole remained attached to the stem.  Lamina broke off from the petioles
consistently in a fracture zone where xylem from the petiole anastomoses into the five major veins of the leaf.    No
separation layer was found to explain this pseudoabscission.

INTRODUCTION
Xylella inoculation of stem xylem precedes a relatively rapid movement of bacteria through the hydraulic network (system of
xylem) to the leaves.  Once bacteria moving in the transpiration stream enter regions of the hydraulic network that contain
narrow tracheary elements and terminal tracheary elements (i.e. shorter vessels in petioles and leaves), bacteria may be
‘filtered out’, accumulate, and become embedded in a gel which effectively blocks water flow in that conduit. Tyloses are
cell wall extensions of xylem parenchyma cells into tracheary elements.  Tylose formation in the stem coincides with
bacterial infection, but at least initially, is not present to such a degree that bacterial movement is apparently prevented or that
the water supply to distal tissues is restricted to levels causing visual symptoms.  Additionally, bacteria can move relatively
quickly from an inoculated shoot to another shoot via the subtending trunk.

A similar understanding of the progression of events is needed for resistant varieties and species in order to localize
investigations into the mechanism(s) of resistance.  The anatomical symptoms of PD, xylem occlusions of gums and tyloses,
are well documented in both susceptible (Esau 1948) and resistant plants (Mollenhauer and Hopkins 1976).  However, it is
not clear whether these occlusions are related to susceptibility or resistance.  Only the susceptible plants express leaf scorch
and eventual death, and these disease symptoms are widely understood to be water stress (Hopkins, 1989).  Sufficient
occlusions would produce water deficits downstream.  Plants resistant to PD may remain healthy despite systemic
populations of Xylella present in the vascular tissue because tylose and gum formation are not induced compared to
susceptible varieties.  Alternatively, the occlusions may prevent the movement of the bacteria, and comparative studies report
that the frequency of occlusions is greater in resistant than in susceptible varieties (Fry and Milholland, 1990).  Thus,
resistant varieties or species may restrict Xf to regions of the hydraulic network proximal to the point of inoculation, either
by occlusions or other mechanisms described below. In the reported experiments, we have initiated those studies.  Regardless
of whether resistance is dependent upon controlling the movement of Xf, Pierce’s Disease is fatal because Xf becomes
systemic.  Host species in which Xf is confined to specific tissues, or is otherwise prevented from becoming systemic, do not
display symptoms of PD (Hill and Purcell, 1995).
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It is generally accepted that the fatal nature of Pierce’s Disease is a result of the bacteria becoming systemic and water stress
becoming increasingly severe until the plant is no longer able to function (Goodwin et al., 1988).  However, the classic PD
symptoms: patchy leaf chlorosis, persistent “green islands” on stems, and "matchsticks" (leaf abscission at the petiole/blade
junction) are not generally observed in vines exposed to water stress alone.  If the symptoms of PD are not, in fact, a result of
water deficit, then studies relying on the assumption that water stress is the ultimate killer of plants suffering from PD, may
result in misleading information and add years to finding solutions to the PD problem.  Our second annual report addresses
these concerns.

OBJECTIVES
1. Study the progression of anatomical symptoms created by Xf over a time-course in a PD resistant grapevine species,

Muscadinia rotundifolia cv Cowart.
2. Determine the hydraulic architecture of a PD resistant species, M. rotundifolia.
3. Study the integrity of pit membranes of both PD susceptible Vitis vinifera cv Chardonnay and resistant M. rotundifolia

by following the in situ movement of fluorescently tagged beads.
4. Determine the rate of tylose development from wounding in both PD V. vinifera and M. rotundifolia.
5. Study the developmental anatomy of green island and matchsticks in V. vinifera.

RESULTS
1.  PROGRESSION OF PD SYMPTOMS IN RESISTANT SPECIES
The progression of anatomical symptoms created by infection by Xf was studied along a time-course as was previously
conducted with V. vinifera (Stevenson, Matthews and Rost, 2004).  Similar experiments were conducted with PD resistant M.
rotundifolia in an attempt to discern quantitative or qualitative anatomical differences in a six-month post-inoculation period.
The development of symptoms in the resistant species was qualitatively similar to that in resistant species (development of
tyloses in stems, development of gums in petioles), however the rate of development and overall occlusion created by these
symptoms was dramatically lower.  In the resistant species overall occlusion was minimal (<5% of vessels) after nearly four
months (Figure 1), whereas in susceptible species overall occlusion was great (~50% of vessels).

2.  HYDRAULIC ARCHITECTURE OF RESISTANT SPECIES
The general hydraulic architecture of PD susceptible V. vinifera has been presented (Stevenson et al. 2004).  Similar studies
were conducted with PD resistant M. rotundifolia in an attempt to elucidate anatomical differences that may explain PD
susceptibility or resistance.  Regions of grapevine stem were serially sections to follow xylem arrangement in the node and
internode.  No significant differences were observed in the organization of stem xylem or in the divergence of xylem to
lateral organs between resistant and susceptible species. The only difference found between the species was that M.
rotundifolia possessed significantly narrower vessels than were found in V. vinifera.  The difference may be contribute to
restricting bacterial movement.  Narrow vessels may cause bacterial conglomeration closer to the point of inoculation and
prevent long distance bacterial seeding.  Additionally, narrower vessels have less overall pit surface, which may further
reduce the number of alternative pathways available to bacteria.  Both of these proposals require further investigation.

3.  PIT PROPERTIES OF SUSCEPTIBLE AND RESISTANT SPECIES
Preliminary investigations were conducted towards the study of the characteristics and integrity of pit membranes in
susceptible and resistant grapevine species.  The movement of Xf bacteria in the host is potentially facilitated by damaged pit
membranes of grapevine, compromised either in development, or as a result of frequent cavitation/refilling cycles (Hacke et
al. 2001, Sperry et al. 1987).

A.  Movement of Fluorescent Beads
Fluorescent beads of similar size to Xf bacterial cells were injected into stem xylem of V. vinifera and M. rotundifolia (Figure
2).  The distance of bead travel from the inoculation point was recorded as an indicator of vessel length and pit membrane
integrity.  Beads were observed to travel similar distances in both species (V. vinifera 1.6 ±0.5 nodes, M. rotundifolia1.8 ±0.4
nodes).  The relatively short distance that these beads traveled indicates a general integrity within the vessel pits and is
evidence against pit damage commonly occurring.  Beads were never observed to pass into petiole xylem, which suggests

Figure 1. Minimal
vessel occlusion in
stem (left) and
petiole (right) xylem
of M.
rotundifolia 122
days post-
inoculation with Xf.
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that some pit membrane disruption, is required for bacteria to colonize petiole and leaf tissue (Stevenson, Matthews and Rost,
2004a).
B.  Resin-casting and Macerations
Resin casts were made of the internal spaces of vessel lumina and pit surface morphology in both V. vinifera and M.
rotundifolia (Figure 2).  Superficially, no differences were seen in pit patterns, pit integrity, or relative pit surface area
between the species. Further study is required to investigate subtle characters of pit membranes (ex. total pit membrane area,
dimensions of pit apertures) that may facilitate pit membrane disruption by bacteria.

4.  TYLOSE DEVELOPMENT
A.  Rate of Tylose Development
A working hypothesis was developed that differential susceptibility to PD among grapevine species may involve differences
in the rate of tylose development.  The rate of tylose development was studied in both resistant and susceptible grapevines
following wounding (pruning) injury.  Tylose development was then observed allowing one, four, and eight days for tyloses
to develop.  Initial tylose development was found within a day, about half of the vessels were occluded by day four, and at
day eight,  most vessels of the stems were observed to be significantly blocked by tyloses (Figure 3).  No superficial
difference was seen between the rate of tylosis in PD susceptible V. vinifera and resistant M. rotundifolia at any of the time
intervals, however, further quantitative analysis is necessary.

B.  Vitality of Tyloses and Paratracheal Parenchyma
The presence of living cells surrounding the vessels during tylose formation following pruning was studied using the vital
stain fluoroscein diacetate.  This technique was used to discern a correlation between the amount of tylose occlusion found
in the vessel and the number of vital paratracheal cells surrounding that vessel, and whether the number of vital
paratracheal cells was significantly greater in PD susceptible grapevine species.  Both resistant and susceptible grapevines
were observed in this manner over the eight-day time course described in 4A.  No superficial differences were seen in the
vitality of paratracheal parenchyma surrounding vessels in the two species, however greater quantitative analysis is
required.  Overall, tyloses fluoresced greatly, indicating vital development, whereas paratracheal cells fluoresced only
occasionally (Figure 3).  These results suggest that very few active paratracheal cells are required to result in significant
tylose development.

5.  DEVELOPMENTAL ANATOMY OF MATCHSTICKS AND GREEN ISLANDS
The development of the external visual PD symptoms of matchsticks and green islands was studied from a anatomical
perspective (Stevenson, Matthews and Rost 2004b).

A.  Matchsticks
Matchsticks result from pseudoabscission of the leaf lamina from the petiole.  Following significant leaf scorching, the
lamina breaks from the petiole at a predictable fracture zone. No separation zone develops as is common with typical leaf
abscission, and hence this process is described as pseudo-abscission.  Following pseudoabscission, exposed petiole tissues
dehydrate and blacken to take on the appearance of a burnt matchstick.  Occasionally, a wound periderm will form near the
fracture zone following pseudoabscission.  When this periderm forms, dehydration of the petiole is minimal.  The process of
matchsticking has never before been described anatomically.

Figure 2. Fluorescent beads
within stem xylem of V.
vinifera used to mimic
movement of passive bacterial
cells (left), and resin casts of
xylem vessels from M.
rotundifolia to show fine detail
of pit surfaces (right).

Figure 3. Micrographs of similar grapevine
stems eight days following pruning.  A bright
field light micrograph (left) shows significant
occlusion by tyloses at this interval.  A
fluorescence micrograph (right) shows
fluorescent green vital staining predominantly by
tyloses, but occasionally by paratracheal
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B.  Green Islands
Green islands arise from the incomplete development of the deep-seated phellogen (cork cambium) in V. vinifera.  In regions
of the stem where the phellogen arises and produces subsequent phellem (cork), external tissues (phloem, cortex, epidermis)
are cut off from their nutrient sources and begin to die and brown.  The juxtaposition of stem regions with active phellogen,
and the juvenile character of no phellogen, creates green islands.  It is unknown whether green regions are delayed in their
development, or whether brown regions display advanced development.  No obvious correlation was seen in the level of
vessel occlusion proximal to green or brown regions.  Additionally, periderm formation was observed in M. rotundifolia.
Periderm formation in this species is subepidermal (vs. deep-seated) and consequently green islands may not form in this
species (Stevenson et al. 200xC).  This is important point for researchers using green islands as an indicator of PD resistance.

CONCLUSIONS
1. The development of tyloses and gums in response to Xf infection were qualitatively similar in the resistant M.

rotundifolia cv Cowart and the susceptible V. Vinifera cv Chardonnay, although the resistant species tended to form
fewer tyloses.

2. The only observable difference in hydraulic architecture was that the resistant species had narrower vessels.
3. Fluorescent beads were loaded into stems of both species.  Beads moved approximately the same distance (~1.6-1.8

nodes) and in both cases did not enter into petioles.
4. Tyloses were first seen about 24 hours after pruning in both species.  After four days about 50% of vessels were blocked.

By eight days most vessels were blocked in both species.
5. Matchsticks formed in V. vinifera leaves after several days of Xf infection.  This symptom consisted of the

pseudoabscission of the petiole from the leaf blade.  Green islands are green areas of the stem created by incomplete
formation of periderm in infected plants.
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brown epidermis (BE) created by presence of absence
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INTRODUCTION
Results from Pierce’s disease (PD) research programs led by Matthews, Rost and Labavitch (reported in 2001, 2002 and 2003
in San Diego) have provided substantial support for the idea that obstructions in the vine's water-transporting xylem tissue
develop rapidly post-inoculation, before an appreciable bacterial population has been established.  The results also strongly
suggest that these obstructions, and likely other aspects of the PD "syndrome", result from the grapevine's active responses to
the presence of X. fastidiosa (Xf), rather than to direct "action" by the bacterium.  Thus, careful analysis of the timing of
changes in xylem element anatomy and function relative to Xf introduction, as well as to external symptoms of disease
development, is important for establishing reliable indicators of the "stage" of PD development.  The analyses done thus far
have been based on destructive tissue sampling.  Such sampling can be particularly “blind” when it is done on vines in which
(based on our earlier results) internal symptoms of PD are present but external, visible symptoms are not yet present.

In the report of the year 1 work of our study (Shackel and Labavitch, 2003), the success of Mr. Pérez and Dr. Walton in
imaging non-functional vessels in the stems of PD-infected and ethylene-treated grapevine stems was demonstrated.  In this
report we elaborate on those studies, showing that locations of reduced vine water transport capacity, as determined by non-
destructive MRI analysis, is correlated with the locations of PD and ethylene effects on vessel functionality (destructive
analysis).  In addition, because interpretation of the meaning of the MRIs with respect to the anatomy and functioning of
vessels is a crucial aspect of our work, we have described the methodology used to validate our approach to obtaining the
relevant information from the MRIs.

OBJECTIVES
1. Optimize the use of MRI (Magnetic Resonance Imaging) and to spatially visualize altered water movement in

grapevines.
2. Test correlations of observed vascular system obstructions (based on grapevine dissection and microscopy techniques)

with predictions based on MRI data.
3. Use MRI to follow the development of grapevine obstructions over time in vines infected with X. fastidiosa or treated

with ethylene, bacterial wall-degrading enzymes or plant cell wall oligosaccharides, all of which may be important
intermediates in regulating the vine’s response to infection and the eventual development of PD symptoms.

4. Use NMR imaging to determine whether localized xylem cavitation occurs at the site and time of X. fastidiosa
inoculation or introduction by the glassy-winged sharpshooter.

RESULTS
Optimization of the Use of MRI for Visualizing Water Transport Deficiencies in PD-Infected Grapevines.
Progress on this objective has been delayed because a supplier for a key electronic element of the new MRI probe that has
been designed for use with grapevines no longer provided a key part.  The parts are all now available and development of the
new probe is underway.  We are proceeding with the testing of aspects of the PD model using the NMR instrument in its
more conventional configuration.

MRI Will Show Non-functional Sections in the Xylem of a PD-infectedGgrapevine Stem.
Usually the techniques to evaluate xylem function are destructive. Magnetic Resonance Imaging (MRI) allows us to visualize
vessels that are functional and full of movable water.  Functional vessels appear as bright spots in an MRI view of the stem
cross-section; non-functional vessels lack water and appear as dark spots in the area of the stem where water-conducting cells
are found.  Figures 2a & 2b show the difference in the distributions of functional vessels in an infected vine at a point where
leaf symptoms of PD are apparent (Figure 2a) and nearer to the stem apex at a point where the leaves show no sign of PD
symptoms (Figure 2b).  Compare these images with that for a healthy vine (Figure 3a).  Cavitation of xylem vessels is also of
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potential importance in PD development.  Our analysis can reveal vessels that have cavitated.  Figure 3 shows functional
vessels in an intact stem, and empty vessels after the stem is severed to cause cavitation, and that cavitated vessels can be re-
filled with water under pressure.  When we have the optimized MRI probe we will develop a series of image sets taken along
the lengths of vines at intervals following water (control) and Xf inoculation to give a time course of PD development.
However, at this point we do not have images for a full time course.

MRI is capable of showing xylem disruption and non-functional vessels well before external symptoms appear in infected
plants.  Figures 4 and 5 show images for the length of control (buffer-innoculated) and infected (X. fastidiosa-innoculated)
vines six months after inoculation.  MRIs of the control-inoculated vine show defined xylem rays, in which individual vessels
can be clearly observed.  As in previous experiments, stem cross section MRIs of infected plants (Figure 5) show that major
sectors of the xylem appear dark, indicating that they are no longer water-filled (Note: the magnetic signal is lost in cavitated
vessels).  Furthermore, MRIs of plants infected with Xf become less sharp, making it more difficult to discriminate structure,
particularly of individual, probably still functional, vessels. Efforts to explain this will be a feature of the work as this project
continues.  MRI also has been used to follow changes in the functionality of the xylem of plants exposed to ethylene in
enclosed chambers (10 ppm for 48 hours). We previously described the progressive development in time of “dark sectors” in
the xylem of ethylene-gassed, presumably indicating vessels no longer involved in water transport. This new set of
experiments has allowed us to confirm that, after 6 months of exposure to ethylene, gassed plants show progressive xylem
disruption along the stem (Figure 6).  Most of the damage is localized close to nodes/internodes that had just developed in the
stem growth tip at the time of ethylene treatment and had then expanded in the intervening six months prior to our
observations.  The MRIs show “dark sectors” in those internodes. These sectors decrease are less extensive in internodes
below and above the internodes that were in the growth tip at the time of treatment; that is, internodes formed after the time
of treatment and already partially elongated, respectively when ethylene as applied. As in Xf-infected plants, MRIs of
ethylene-treated plants are less sharp than images of control plants (Figure 6).

The impression of a loss in xylem function that is given by the MRIs of Xf-inoculated and ethylene-gassed vines can be
correlated with a decrease in the hydraulic conductivity of internodes.  This is tested by determining the rate of movement of
pressurized water through stem segments (Figure 7).  Similarly, stems of treated vines showed an increase in the hydraulic
resistivity (the inverse of conductivity) relative to the controls (Figure 8), although this difference was statistically significant
only for the ethylene experiment.  The lack of statistical difference in the inoculation experiment is mainly due to the great
variability found in the hydraulic resistivity of inoculated plants.  In turn, this might be explained because these vines were in
a gradation of early stages of PD infection when examined (they were not showing external symptoms).  While there is some
correlation between the MRIs showing localized areas of empty vessels and reduced hydraulic conductivity in regions of
infected stems, the correlations are not perfect.  This is due to at least two factors that will be tested more fully in our
continuing work.  First, an empty vessel  shown in the MRI at one level in the plant’s stem could be the result of a vessel
obstruction or cavitation above or below the point on the stem where the MRI observation was made.  There may be no
actual impediment to water flow in the empty vessel at the level at which it is being imaged.  Thus, a test of water flux at the
imaged level may reveal no water flux difficulty.  Second, while cavitation may be an important factor in PD development,
because the tests of water conductivity are carried out using water under pressure, cavitated vessels will be re-filled during
the test and no reduction in water flux would be revealed.  Destructive anatomical work will define which kind of vessel
disruption (tylose, gel or air embolism) exists in stems with non-functional vessels as revealed by MRI.

A more quantitative analysis of the MRIs has been attempted in order to characterize objectively the presence of “dark
sectors” in the images.  For this purpose, the MRIs were processed and analyzed using the ImageJ program (developed at the
U.S. National Institutes of Health and available at http://rsb.info.nih.gov/ij). First, the number of functional vessels (NV) was
counted in the MRIs of inoculated and control vines (like the one in Figure 9a), based on the assumption that a bright (hence,
water-filled) vessel was functional.  Next, the xylem-cross sectional area (Ax) was measured by isolating in the MRIs (Figure
9b) the ring of tissue that is usually occupied by the xylem.  Then, the digital image of the xylem-ring was converted to a
binary image (Figure 9c) using a built-in algorithm in ImageJ, in which all the pixels above a set grey intensity threshold are
black and the pixels below this value remain white, and the functional xylem-cross sectional area (Af) was determined by
measuring the black area.  To confirm that the threshold area correctly estimated Af,,the area of individual functional vessels
was selected by hand and measured in a series of MRIs, some with clearly delimited vessel images and others with less
distinct (“fuzzy”) images such as those often seen when PD-infected grapevine stems are examined.  The images from
infected vines often do not show vessels as bright or darks spots, rather the images of individual vessels are fuzzy, making
determination of vessel functional status difficult.  The area of functional xylem measured manually was then correlated with
the number of functional vessels (Figure 10), and with the results of the automated routine (Figure11).  The regressions
confirmed that both the number of functional vessels and the threshold areas depicted in the binary images, are excellent
estimators of Af.  Preliminary results of the quantitative analysis described above, in which all the images for an individual
plant were averaged; indicate that Xf-inoculated vines have a lower mean density of functional vessels (Table 1) than that of
controls.  Figures 12 and 13 show that the vessel density also correlates positively with the hydraulic conductivity for whole
stems, suggesting that the visual assessment of MRIs conveys information about the actual water movement capacity of
grapevine stems.  Principal components ellipses (p = 0.5) in Figures 12 and 13 show that, in both, inoculated and control
vines, the hydraulic conductivity for the whole stem is a function of the vessel density, but infected the vines tend to localize
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clearly in the lower range of that response. We have shown that cavitated vessels that are air-filled can be re-filled (including
restoring an image showing that they are water-filled, see Figure 3).  However, attempts at refilling segments of PD-infected
stems that showed “dark sectors” in the MRIs generally failed. This indicates that “dark sectors” in MRIs of infected vines
are likely a sign of a relatively permanent deterioration of the water movement capacity in the stem, probably a consequence
of tylose formation and/or vascular gel development.

Table 1. Mean values for calculated functional vessel densities in healthy and infected grapevine stems.

Vessel density ± 1 SE
Treatment NV/Ax NV/Af

Control 63.03 ± 4.81 124.88 ±11.93
Xf-inoculation 49.78 ± 4.81 93.25 ±11.93

Figure 1.  Hypothetical model for PD development. PD starts with a local infection caused by the glassy-winged sharpshooter’s
introduction of Xf locally (i.e., into one or a few vessels).  Once Xf is in the xylem the bacteria become systemic, which implies that Xf must
be able to cross (digest away?) the cell wall in the pit membranes that separate two neighboring vessels.  The digestion of the cell wall by
bacterial enzymes would generate transient oligosaccharides with biological activity. The presence of these oligosaccharides is detected by
the plant triggering a series of defensive responses, including a raise in ethylene production.  Ethylene has been shown to induce tylose
formation.  Cavitation of vessels may be also important for the disruption of water transport in the plant.  Cavitations may happen during
insect feeding or during PD progression.  The “bottom line” of our thinking is that PD is primarily caused by the grapevine’s responses
(local and systemic) to Xf presence.

Figure 2.  MRI of a PD-infected stem in a basal internode (a), and closer to the apex (b). Bright spots between the central pith (dark) and
the ring of vascular cambium show functional vessels.  Image b shows dark pockets within the vascular tissue that indicate areas in which
vessels are not water-filled (compare the image to the healthy stem in Figure 3a).  Tyloses (cellular-physical blockages of the vessels) are
often associated with dark spots in MRIs of infected xylem, Tyloses are shown as accumulations of dark, bubble-like structures in vessel
seen in the light microscope of an infected stem (c).

Figure 3. (a) MRI of an intact stem segment in a healthy shoot. (b) Image of the same stem portion after an important part of the cross
section below has been severed, thus causing cavitation of many vessels. (c) The same stem segment after it has been refilled with water.
(d) Stem segment after flushing with air to completely empty the xylem vessels.
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Figure 4.  Stem cross section MRIs of a
Control (water-inoculated) plant.  The
numbers indicate the internode position,
counting from the base of the stem. In
internodes 1-3 it is possible to observe the
disruption of the xylem caused by the
needle inoculation.  The xylem disk looks
normal in the other internodes. Note that
individual vessels are easily observed as
bright spots.

Figure 5.  Stem cross section MRIs of an
infected plant.  This plant was not showing
external symptoms after 6 moths of
inoculation. The effect of needle
inoculation can be seen in internode 2.
Dark sectors of embolized vessels can be
observed from internodes 10 to 20.  Note
that in this image it is more difficult to
distinguish anatomical features and
individual vessel than in MRIs of a
Control plant (Figure 4).

Figure 6.  Stem cross MRIs of a
plant exposed to ethylene.
Numbers indicate the position of
the internodes, numbered from the
base of the stem. “Dark spots” that
show non-functional vessels can be
seen increasing in size from the
base of the stem. The xylem disk
appears to be compromised the
most at internode 16, which was
approximately the youngest
internode in the stem (i.e., in the
growing tip) at the time of ethylene
treatment.
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Figure 7. Specific hydraulic conductivities (Ks) for individual internodes of vines (a) inoculated with Xf and (b) exposed to ethylene (± 1
SE).  Control plants show maximum Ks in middle third of the stem.  In contrast, infected plants show a decrease in Ks in the middle portion
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Figure 8. Specific hydraulic resistivity (Rs) for (a) vines inoculated with Xf and (b) exposed to ethylene.  Total bar height represents Rs ± 1
SE (in black). Rs components, Rnode and Rinternode, are also shown (± 1 SE in gray).  The nodes are a major component of stem hydraulic
resistivity (the inverse of conductivity).  It can be noted that Rs is about 3 fold higher for stems of infected plants than for controls, even
when infected plants have no external symptoms.  This observation agrees with the information provided by MRI.

Figure 9. Example of the digital processing and analysis performed on MRIs to evaluate quantitatively the development of dark spots.  (a)
Original cross section MRI of an infected plant showing dark spots.  Individual functional vessels are counted using this type of image.  (b)
Isolation and quantification of the cross sectional area of the stem that is normally xylem tissue (Ax).  (c) Binary analysis of the xylem ring
to determine the area of functional xylem (Af), the black area represents the pixels that are above the threshold defined as the minimum
value for a water-filled pixel.  The program allows us to vary the threshold value.
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Figure 10. The number of functional vessel (vessel count) is
a good predictor of the total area occupied by those vessels.
Individual vessel areas were marked on the digitized MRI
and summed automatically by ImageJ.  Linear regression line
r2 = 0.98.

Figure 11. The area of functional xylem (the summation of
the areas of individual vessels, see Figure 10 legend) is well
correlated with the area calculated using an automated
algorithm (r2 = 0.97). Af is the area calculated using the
algorithm.
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Figure 12. Principal component analysis plotting stem
conductivity (y-axis) vs functional vessel density calculated
as vessel number divided by total xylem area (x-axis).
Ellipses enclose values for healthy vines (dashed, light line)
and infected vines (heavy, grey line).

Figure 13. As in the Figure 12 legend, except that functional
vessel density is calculated as vessel number divided by
functional xylem area.

CONCLUSIONS
MRI will be a powerful adjunct to other, more conventional approaches for characterizing the changes that occur in grapevine
xylem following introduction of Xf.
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ABSTRACT
Research in Temecula Valley indicated that the proximity of citrus groves to vineyards has influenced the incidence and
severity of Pierce’s disease (PD), Xylella fastidiosa (Xf), in grapes.  Although the glassy-winged sharpshooter (GWSS) feeds
on and moves back and forth between Temecula citrus groves and vineyards, there are no visible Xylella fastidiosa (Xf)
symptoms in the citrus.  This implies that citrus trees are resistant or tolerant to the Xf but may be a reservoir to harbor the
pathogen for GWSS acquisition while grape vines are susceptible.  We investigated the mechanisms of host plant
resistance/susceptibility by examining the impact of xylem fluid of grapefruit, orange, lemon and grape on Xf multiplication,
aggregation and attachment as well as the related xylem fluid chemistry.  Our laboratory experiments revealed that xylem
fluid of grapefruit, orange and lemon caused an aggregation of Temecula PD cells to form large white clumps while grape
xylem fluid did not cause visible clumping, but created a visible thick biofilm.  The numbers of Xf cells in grapefruit xylem
fluid treatment were significantly higher at 6, 8 and 9 days after culture compared with those in grape xylem fluid treatment.
The numbers of Xf cells in orange or lemon xylem fluid tests were generally lower than those in grape xylem fluid treatment.
Citrus xylem fluid significantly inhibited Xf biofilm formation compared to grape xylem fluid.  The content of total amino
acids in grape xylem fluid was near 9-fold higher than that in grapefruit xylem fluid.  Sugar contents were 1.4- to 5.5-fold
higher in grape xylem fluid than those in grapefruit xylem fluid.  Peroxidase and total thiol levels were also higher in grape
xylem fluid than in citrus xylem fluid.  Our results indicate that the differences between citrus and grape plants in their
responses to Xylella may be due to differences in their xylem fluid chemistry.

INTRODUCTION
Xylella fastidiosa (Xf) is a xylem-limited, plant pathogenic bacterium that causes Pierce’s disease (PD) in grapes (Purcell,
1981). Xf is mainly vectored by the glassy-winged sharpshooter (GWSS), Homalodisca coagulata, in Southern California.
Although a comprehensive list of suitable hosts for the GWSS has been identified, comprising 75 plant species in 35 families
(Turner and Pollard, 1959), the major crop hosts in Temecula Valley are citrus and grapes.  Previous studies in California
have identified 94 plant species in more than 28 of plant families as host of Xf (Freitg, 1951; Raju et al, 1983; Raju et al.,
1980).  Most identified Xf hosts show no symptoms but serve as inoculum sources of Xf for vector acquisition.  Perring et al
(2001) studied the incidence of PD in the Temecula Valley and found that proximity of citrus groves to vineyards has
influenced the incidence and severity of PD in grapes.  The PD infection is most severe when the grape vines are adjacent to
citrus, and that the damage declines as one moves away from citrus (Perring et al., 2001).  Although the GWSS feeds on and
moves back and forth between citrus trees and grape vines, there is generally no Xf caused disease symptom in citrus in the
area.  This implies that citrus trees are resistant or tolerant to the Xf, but may be a reservoir to harbor the pathogen for GWSS
acquisition and transmission while grape vines are susceptible. Little is known about the biochemical mechanisms involved
in host plant resistance/susceptibility to Xf in the system.  Additional information is required to determine if citrus can be
suitable reservoirs for Xf. Elucidation of the biochemical mechanisms may be useful for developing host plant resistance in
grapes as a sustainable component of integrated pest management program.

Xf aggregates to form biofilm inside its host plants and insect vectors.  The biofilm formation is considered as a major
virulence factor of PD (Marques and Ceri, 2002).  Biofilm is defined as structured communities of sessile microbial
aggregates enclosed in a self produced polymeric matrix and attached to a surface (Costerton et al., 1995).  It was recently
reported that a defined medium with some components based on susceptible grape cultivar “Chardonnay” xylem fluid
chemistry better supports Xf growth and stimulates Xf aggregation and biofilm formation in vitro (Leite et al. 2004).
However, the effect of citrus xylem fluid on Xf multiplication, aggregation and biofilm formation remains unknown.

Xf is a nutritionally fastidious bacterium (Wells et al. 1987).  In defined medium certain amino acids are essential for Xf
growth, glucose stimulates the growth while fructose and sucrose have inhibiting effect (Wells et al. 1987; Chang and
Donaldson, 2000).  It is not known whether differences in contents of amino acids and the sugars in the xylem fluid of citrus
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and grape may differentially affect growth of Xf. Redox status also likely affects the tendency for Xf aggregation and biofilm
formation.  Adding reducing agents such as glutathione to artificial medium promotes Xf aggregation and biofilm formation
(Leite et al., 2004).  It was reported that thiols mediate the aggregation and adhesion of Xf (Leite et al., 2002).  Thiol-
containing compounds in xylem fluid include cysteine, methionine and glutathione.  The redox status in citrus and grape
xylem fluid and its role in Xf aggregation and biofilm formation, and host plant resistance/susceptibility to Xf need to be
further investigated.

OBJECTIVES
1. Investigate the effect of host plant xylem fluid on Xf multiplication, aggregation and attachment.
2. Determine the biochemical mechanisms of host xylem fluid influence on Xf multiplication, aggregation and attachment.

RESULTS
Commercial citrus (lemon, orange and grapefruit) groves in proximity to vineyards were selected in the Temecula Valley,
California.  Three blocks of 30 citrus and 30 grape vines were used.  A minimum of 15 citrus trees and 15 vines were
randomly selected from each block (making a total of 15 trees or vines from each plant species) to extract xylem fluid.
Terminal shoots from each plant were used for xylem extraction with a pressure bomb apparatus (Anderson et al., 1989).
Upon collection, the xylem fluid was immediately placed on dry ice before final storage in a -80 oC freezer.  The samples
were used to test the impact of these xylem fluid on Xf resistance and chemical analyses of soluble carbohydrates, free amino
acids, and redox status.

Effects of xylem fluid of each plant species on Xf attachment were evaluated on the biofilm formation.  Formation of biofilm
on the abiotic surfaces was assessed as described by Espinosa-Urgel et al. (2000).  The analyses of Xf multiplication and
aggregation were based on the fact that optical density (540 nm) is correlated with bacterial cell numbers and aggregation
state as described by Burdman et al. (2000).

Our data indicated that, when the xylem fluid of grapefruit, orange and lemon was added to the PD Temecula strain of Xf in
PD3 medium in glass culture tubes, there were heavy Xf cell aggregations to form large white clumps in suspension of the
culture and the culture fluid was clear with no significant turbidity; in contrast, grape xylem fluid added to the same Xf
culture did not cause visible clumping, but rather a visible thick biofilm was formed on the surface of glass tube and the
culture was turbid (Figure 1).  After homogenization of the culture, we found that the numbers of Xf cells in the grapefruit
xylem fluid treatment were significantly higher at 6, 8 and 9 days after culture compared with those in the grape xylem fluid
treatment (Figure 2).  The numbers of Xf cells in orange or lemon xylem fluid treatments were generally lower than those in
grape xylem fluid treatment (Figure 3).  These data suggest that the citrus species, especially grapefruit, are suitable hosts for
Xf growth and may serve as a great reservoir of the pathogen for GWSS acquisition.  Our assay results revealed that xylem
fluid of the citrus species significantly inhibited Xf biofilm formation compared to that of grape (Figure 4).  Our attempt to
investigate the biochemical mechanisms likely to be involved indicated that 96% of amino acids in grape xylem fluid was
comprised of glutamine, while 47% of amino acids in grape fruit xylem fluid was proline (Figure 5).  The content of total
amino acids in grape xylem fluid was near 9-fold higher than that in grapefruit xylem fluid (Figure 5).  Sugar contents were
1.4- to 5.5-fold higher in grape xylem fluid than those in grapefruit xylem fluid (Figure 6).  Peroxidase and total thiol levels
were also higher in grape xylem fluid than in citrus xylem fluid (Figures 7 and 8).

CONCLUSIONS
Xylem fluid of grapefruit, orange and lemon caused PD Temecula strain of Xf cells to aggregate and form large white clumps
but inhibited the attachment.  In contrast, grape xylem fluid did not cause visible clumping but led to heavy attachment.
Grapefruit xylem fluid significantly increased multiplication of Xf cells compared with grape xylem fluid.  Citrus species,
especially grapefruit, appear to be suitable hosts for Xf growth and may serve as a reservoir of the pathogen for GWSS
acquisition and transmission to grape vines.  Further research is underway to elucidate the biochemical mechanisms.

Figure 1.  Effect of host plant xylem fluid on Xf aggregation.  A, treatment with grape xylem fluid.  B, treatment with grapefruit xylem
fluid.  C, treatment with orange xylem fluid.  D, treatment with lemon xylem fluid. Note that white clumps of Xf aggregates are formed in
the grapefruit, orange and lemon xylem fluid treatments.
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Figure 7. Peroxidase levels in host xylem fluid.
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Figure 2. Effect of host plant xylem fluid on Xf growth.
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Figure 3. Effect of host plant xylem fluid on Xf growth.
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ABSTRACT
Efforts at identifying molecular markers linked to Xylella fastidiosa (Xf) resistance are continuing. Our primary focus is on
resistance derived from b43-17, a Vitis arizonica/candicans type collected near Monterrey, Nuevo Leon, Mexico.  The
‘9621’ V. rupestris x V. arizonica hybrid mapping family (PD resistant D8909-15 x PD resistant F8909-17) was used to
localize PdR1, a primary PD resistance locus within the linkage map of the male parent F8909-17 (progeny of b43-17) and
identify candidate linked resistance markers.  In more recent research, a comparative mapping strategy between the ‘9621’
linkage map and other SSR maps within Vitis was used to identify 9 SSR markers within 10 cM of the resistance locus.
Resistance from the female parent D8909-15 has not yet been localized to a genetic map.  The strategy of bulk segregant
analysis (BSA) in concert with the AFLP marker system has been initiated to saturate the region around the resistance locus
and is expected to yield an additional 20 to 50 markers linked to the resistance trait.  All candidate resistant markers have
been and will continue to be applied to breeding populations derived from ‘8909’ x V. vinifera and (‘8909’ x V. vinifera) x
V. vinifera back-cross generations in order to confirm resistance marker effectiveness in V. vinifera backgrounds and
continue with marker assisted selection for development of high quality PD resistant grapes.

INTRODUCTION
Several American Vitis species are native to the regions where PD is endemic, and resistance from these sources has been
introgressed into many different cultivars grown in the south-eastern United States.  The acceptance of the new hybrid
cultivars has been limited due in part to some undesirable non-vinifera fruit quality traits.  The development of high quality
PD resistant cultivars will be facilitated by the use of molecular markers to achieve a more precise introgression of the
resistance genes into domesticated backgrounds and avoid introgression of undesirable traits (Figure 1).  Backcross
introgression via molecular markers has been accomplished successfully in other crops (Young and Tanksley 1989).  This
type of introgression is generally termed Marker Assisted Selection (MAS), whereby indirect selection on a trait of interest
(such as disease resistance) is made by screening for the presence of a DNA marker allele tightly linked to the trait.  MAS for
disease resistance can also be used to eliminate susceptible genotypes in a breeding population early in the selection process,
which allows for evaluation of much larger effective populations.  Larger effective population sizes increase the opportunity
to identify genotypes with high disease resistance and good horticultural qualities (such as good flavor traits, color, berry and
cluster size. etc.). Other key aspects of the MAS process include avoiding confounding environmental effects on the trait
phenotype and accelerating breeding progress while saving space and time, allowing for more efficient use of resources
(Paterson et al. 1991, Kelly 1995).   Rapid screening time is particularly valuable when applied to perennial crops such as
grape with relatively long generation times (Alleweldt 1988, Striem et al. 1994).  To effectively use linked markers in MAS
only requires that the markers be highly reproducible, linked in coupling phase i.e. on the same homologous chromosome,
and within 5 centimorgan (cM) mapping units of the resistance locus (Kelly 1995).

Within grapevines, markers linked to powdery mildew resistance (Dalbo et al. 2001, Pauquet et al. 2001), downy mildew
resistance (Luo et al. 2001) and seedlessness (Lahogue 1998) have been published.  In the case of powdery mildew
resistance, MAS has already been successfully utilized for screening a grape breeding population.  We are successfully
developing a MAS system for screening PD resistant genotypes that will greatly benefit our breeding of PD resistant wine
grapes.

OBJECTIVES
Our overall objective is to identify DNA markers that are tightly linked to the primary locus or loci required for complete
resistance to PD within Vitis.  Research will focus on PD resistance as inherited from V. arizonica and will utilize an
established V. rupestris x V. arizonica genetic map.  These markers will be utilized for MAS to eliminate susceptible seedling
progeny our continuing PD resistance breeding program.
Sub-objectives
1. Continue with a comparative mapping strategy between the V. rupestris x V. arizonica 9621 (D8909-15 x F8909-17)

linkage map and other SSR maps within Vitis in order to identify additional SSR markers linked to resistance.
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2. Utilize Bulk Segregant Analysis (BSA) with the AFLP marker system to saturate with markers the region around the
previously mapped Xf resistance locus and eventually convert confirmed candidate markers to stable SCAR primers.

3. Confirm candidate marker linkage to resistance within families derived from resistant by susceptible crosses such as the
‘8909’ x V. vinifera and (‘8909’ x V. vinifera) x V. vinifera back-cross generations.

RESULTS AND CONCLUSIONS
Sub-objective 1.
Initial mapping of the PD resistance locus PdR1 in the male parent F8909-17 of the 9621 family localized it to chromosome
14, and identified 6-8 SSR markers on the same linkage group.  Marker placement on published SSR linkage maps of Vitis
were used to preferentially target chromosome 14, bringing the total number of SSR markers on the linkage group up to 30.
Approximately 9 SSR markers are localized within a 10 cM distance of the resistance gene.  These SSR markers are reliable
and are the easiest of the molecular markers to incorporate within a MAS breeding program.  Correlation tests of these
candidate markers to PD resistance when functioning within a V. vinifera genetic background are underway and described in
sub-objective 3.  The SSR marker analysis has allowed us to confirm that marker alleles linked in coupling to PD resistance
alleles of the PdR1 locus in another PD resistant progeny of b43-17 (F8909-08) are different than the alleles linked in
coupling the resistance alleles in F8909-17. It is apparent from these results that b43-17 is homozygous resistant for the
PdR1 locus, and that F8909-17
inherited its resistance allele from one
chromosome 14 and F8909-08 inherited
its resistance allele from the
homologous chromosome 14.  In either
case the markers linked to resistance
will function for MAS, however,
different alleles linked in coupling to
the resistance alleles will have to be
followed through the downstream MAS
process.  Placement of SSR markers to
chromosome 14 via the comparative
mapping strategy continue as the
markers become available, however, the
number of SSR markers that can be
targeted to a specific chromosomal
region via comparative mapping is
limited.

Sub-objective 2.
For high density marker saturation within a narrow window around the PdR1 locus, a bulk segregant analysis (BSA) strategy
(Michelmore et al. 1991) in concert with the AFLP marker system was chosen as the method of choice.  Initial BSA was
attempted within the 9621 family, however, confounding effects of the resistance loci within the D8909-15 parent made the
attempt more difficult than expected.  To avoid confounding affects from resistance inherited from other genetic backgrounds
and focus the BSA procedure only on the PdR1 locus, work has begun within two segregating families from susceptible by
resistant crosses.  The first family, 99217 (C8909-07 x F8909-08) consists of 33 genotypes, has been screened for PD
resistance (Krivanek et al. submitted) and segregates 1:1 resistant to susceptible (Table 1). DNA has been extracted from
these genotypes, flanking SSR markers were run and a good correlation between resistance and resistance marker alleles has
been established (Table 1).  A bulk of the DNA from the 12 most susceptible and a bulk of the DNA from the 12 most
resistant genotypes are in process and will be tested for AFLP polymorphisms utilizing florescent primers and visualized on a
PE 3100 sequencer.  The second family derived from a susceptible by resistant cross is a V. vinifera x F8909-08 family; it
consists of 40 genotypes and has been designated as 0062.  Testing of this family for PD resistance is currently underway via
our standard greenhouse testing procedure (Krivanek et al. in press; Krivanek and Walker in press).  It is expected that the
progeny in this family will segregate in a 1:1 manner, and if so, DNA extraction and BSA procedures will be undertaken as
with the 99217 family.  Candidate AFLP markers will be converted to stable and more reliable SCAR primers before
incorporation into the MAS program.

Sub-objective 3.
Work is progressing with two distinct breeding populations for testing of candidate resistance markers and initial application
of those markers to MAS.  One family is a cross of the PD resistant F8909-08 to a female V. vinifera wine grape F2-7
(Cabernet Sauvignon x Carignane) and designated as the 0062 family. A second breeding population consists of a cross of
F8909-08 to several elite V. vinifera table grape genotypes (the 500 series).  A subset of the 500 series has been screened for
PD resistance and screened for markers flanking the PdR1 locus.  Five confirmed resistant genotypes have been utilized in
the development of the first backcross generations BC1 (backcrossed to additional elite V. vinifera genotypes).  The BC1
population (25000 series) consists of approximately 200 individuals and was planted in the field in 2003.  Marker analysis for
flanking markers to the PdR1 locus has been completed for the 25000 series and the marker information was utilized in
selection of genotypes for the spring of 2004 crosses for the development of the BC2 generations.  Subsets of candidate
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resistant and susceptible genotypes within the 25000 series have shown improved fruit quality (Figure 2) and are currently
being screened to confirm the correlation between the resistance markers and the PD resistance trait.  We are also utilizing
these populations to confirm the effectiveness and economics of the MAS relative to our greenhouse screening procedure.

Table 1.  Resistance classification and marker genotypes for the individuals of the full-sib family derived from the
susceptible by resistant cross of C8909-07 x F8909-08.  * = Genotypes selected for Bulk Segregant Analysis procedure.

Genotype
Overall

resistance
level to PD

Mean
natural log
(cells/ml)

Mean
CMI
score

Mean %
leaf

scorch

Alleles of SSR
markers flanking the

PdR1 resistance
99217-21 * Resistant 9.51 1.00 58.3 Rr / Rr
99217-40 * Resistant 9.70 1.33 75.0 rr / Rr
99217-18 * Resistant 9.77 2.75 95.0 Rr / Rr
99217-41 * Resistant 10.19 4.25 76.3 Rr / Rr
99217-35 * Resistant 10.55 1.33 100.0 rr / Rr
99217-19 * Resistant 11.08 2.50 76.7 rr / Rr
99217-01 * Resistant 11.52 2.25 90.0 rr / Rr
99217-23 * Resistant 11.57 3.00 87.5 Rr / Rr
99217-34 * Resistant 11.83 3.75 65.0 Rr / Rr
99217-46 Resistant 11.87 5.75 100.0 Rr / Rr
99217-27 * Resistant 12.20 4.25 100.0 Rr / rr
99217-22 * Resistant 12.29 4.00 100.0 Rr / Rr
99217-12 * Resistant 12.50 4.00 95.0 Rr / Rr
99217-38 ? 12.69 5.00 100.0 Rr / Rr
99217-36 ? 13.09 5.00 100.0 rr / rr
99217-50 ? 13.52 4.25 83.8 Rr / Rr
99217-14 Susceptible 14.06 5.50 88.8 rr / Rr
99217-07 Susceptible 14.87 5.50 100.0 rr / rr
99217-04 * Susceptible 15.42 6.00 100.0 rr / rr
99217-33 * Susceptible 15.59 5.75 100.0 rr / rr
99217-06 * Susceptible 15.80 5.25 68.3 rr / rr
99217-09 * Susceptible 15.81 5.75 100.0 rr / rr
99217-10 Susceptible 15.82 4.75 100.0 rr / rr
99217-13 * Susceptible 15.84 5.50 100.0 rr / rr
99217-42 Susceptible 15.85 4.25 75.0 rr / Rr
99217-15 * Susceptible 15.87 5.25 100.0 rr / rr
99217-32 * Susceptible 15.87 5.50 100.0 rr / rr
99217-28 * Susceptible 15.91 5.75 100.0 rr / rr
99217-05 * Susceptible 15.91 5.75 100.0 rr / rr
99217-37 * Susceptible 15.92 5.25 100.0 rr / rr
99217-26 * Susceptible 15.95 5.50 100.0 rr / rr
99217-24 * Susceptible 16.04 6.00 100.0 rr / rr

Vitis arizonica PD
Resistant poor fruit
quality

Hybrid BC1-25017 with
flanking PD resistance markers
Improved fruit quality

Vitis vinifera PD
Susceptible Excellent fruit
quality

Figure 2.
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ABSTRACT
Development of an SSR genetic linkage map based on the 9621 family is continuing.  The family segregates for PD
resistance and is based on the cross of PD resistant D8909-15 x PD resistant F8909-17.  We expanded the mapping
population size from 116 to 188 genotypes.  The current genetic linkage map consists of 217 non-AFLP markers (SSR, EST-
SSR and ESTP) in 19 linkage groups.  The PD resistance locus PdR1 maps to linkage group 14 of the male parent (F8909-
17), which now consists of 30 markers, 9 of which are localized within 10 cM of PdR1.  To avoid confounding affects from
resistance inherited from D8909-15 additional families derived from a susceptible by resistant cross are currently being
evaluated for map based cloning of the PdR1 locus.  A family from the cross of F2-7 (a cross of two V. vinifera wine grapes,
Cabernet Sauvignon x Carignane) x F8909-08 (a PD resistant sibling of F8909-17) has been made and is currently being
screened for PD resistance via our standard greenhouse testing procedure.  To saturate a narrow region around the resistance
locus with molecular markers, bulk segregant analysis (BSA) in concert with the AFLP marker system has been initiated in
cooperation with our report titled “Optimizing marker-assisted selection (MAS) for resistance to Xylella fastidiosa to
accelerate breeding of PD resistant grapes.”

INTRODUCTION
This project expands upon and continues a genetic mapping effort initiated with funding from the California Grape Rootstock
Improvement Commission, the Fruit tree, Nut tree and Grapevine Improvement Advisory Board, the California Table Grape
Commission and the American Vineyard Foundation. The project has been mapping resistance to Xiphinema index, the
dagger nematode, and Xylella fastidiosa (Xf) in an “F2” population designated as the 9621 family (D8909-15 x F8909-17).  A
genetic map of 116 individuals from the 9621 population was created primarily with AFLP markers (Doucleff et al. 2004).
Our efforts were expanded to informative markers, such as microsatellites or simple sequence repeats (SSR) for two main
reasons.  First, a genetic map based on SSR markers provides a reliable and repeatable framework for initial mapping of
candidate genes and quantitative trait loci (QTLs).  Secondly, SSR markers tightly linked to resistance and phenotypic traits
of interest are ideal for marker-assisted selection due to their applicability across different genetic backgrounds and ease of
use.  The grape genetic research community formed the International Grape Genome Program (IGGP) to increase
coordination and cooperation and to enhance knowledge of the grape genome.  Use of the SSR marker system is common
among the different research groups so that our mapping efforts can be linked to others.  Integrating the 9621 genetic linkage
map to other mapping populations will facilitate targeting genomic regions that harbor quantitative trait loci.  Comparison to
other maps will allow us to identify more markers that are linked to Xf resistance and optimize marker-assisted selection
strategies applied to breeding programs.  For fine scale mapping a narrow region around the primary resistance locus, we
include procedures here.  The proposal will expand to include construction and utilization of a genomic library of a resistant
parental genotype for eventual cloning of the PD resistance gene.

OBJECTIVES
1. Increase the base population from 116 to 188 genotypes within the 9621 family and expand to a family based on a

susceptible by resistant cross of 2,000 to 4,000 genotypes.
2. Increase the number of SSR and EST markers on the core genetic linkage map from 100 to 300 markers.
3. Screen an additional 100-150 EST derived SSR markers for which functions are known after their comparison to

homologues in available EST databases.
4. Develop core framework map with an average distance of 2 to 5 cM between markers and utilize Bulk Segregant

Analysis (BSA) with the AFLP marker system to saturate a 1 cM region around the PdR1 resistance locus.

RESULTS AND CONCLUSIONS
Objective 1
The original starting material for this project was a molecular marker linkage map of the 9621 population based on 116
individuals (Doucleff et al. 2004).  We expanded the core set of individuals from the 9621 to 188 genotypes to take
advantage of 96-well plate based techniques and to increase resolution on the map to improve marker association with PD
resistance.  A second family derived from a susceptible by resistant cross of F2-7 (a V. vinifera wine grape, Cabernet
Sauvignon x Carignane) x F8909-08 (a PD resistant sibling of F8909-17) has been made, and 40 individuals are currently
being screened for PD resistance via our standard greenhouse testing procedure.  An expansion of the family was made in the
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Spring 2004 and a total of 4,500 seeds have been collected and placed into cold stratification.  Should the initial subset of the
family segregate in a 1:1 resistant to susceptible ratio as expected the expanded family of approximately 2,000 to 3,000
genotypes will be an excellent choice for fine resolution placement of the PdR1 resistance gene.  This would be the first step
toward placement of resistance markers (flanking the PdR1 locus) onto a bacterial artificial chromosome (BAC) within a
genomic library in a procedure termed “chromosome landing” (Tanksley et al. 1995).  Plans for construction of the library are
underway.

Objective 2
The original genetic linkage map was based primarily on AFLP markers with 375 placed on the map, with an additional 32
ISSR, 25 RAPD and 9 SSR markers (Doucleff et al. 2004).  Our efforts expanded to more reliable SSR markers in order to
construct a repeatable framework map useful for more precise placement of primary resistance genes, QTL analysis and
marker-assisted selection.  Among the marker classes added to the map 310 SSR markers have been tested, 155 were
polymorphic in the parents and all have been added to the map; 90 EST derived SSR markers have been tested, 60 of them
were polymorphic and 46 have been added to the map; 20 EST markers (provided by Doug Adams) have been tested and 16
were added to the map (Table 1).  A total of 217 markers (SSR, EST-SSR and ESTP) tested on 188 genotypes have now been
utilized for map construction.

The 217 SSR markers included some that have been previously published and many that were developed by Vitis
Microsatellite Consortium and are as yet unpublished.  All markers were tested on a small set of 8 DNA samples including
both parents and run on 6 % polyacrylamide gels.  DNA on the gels was visualized by silver staining with a commercial kit
(Promega).  We have tested and used all available informative genomic microsatellite markers for the 9621 population.
Meanwhile, we also initiated collaboration efforts with the research group at INRA (Montpellier, France) to obtain primer
sequences of SSR markers developed at their facility.

To develop ESTP (expressed sequence tagged polymorphism) markers, sequences of grape cDNA were obtained from Dr.
Doug Adams (Department of Viticulture and Enology, UC Davis).  Potential PCR primers were designed using the computer
program PRIMER 0.5.  Primers were selected to have similar properties to facilitate standard conditions for PCR reactions.
Primers are 20 to 23 nucleotides long with GC contents of 50-60% and melting temperature ranging from 59-64°C.
Amplification and polymorphism for each EST was tested on 2% agarose gels.  If length base polymorphisms were not
revealed, then a set of 10 different restriction enzymes (HindIII, EcoRI, Ava II, BstNI, DraI, Hae III, Hinf1, Msp I, EcoRV,
Rsa I) were tested to find restriction site based polymorphism among parents D89090-15 and F8909-17.

Objective 3
There are now a large number of EST derived SSR markers available, in addition to the genomic SSR markers from the Vitis
Microsatellite Consortium.  The EST derived SSR markers are more valuable if the cDNA sequence from which the EST was
derived has a known function as determined by comparisons with homologs from other EST databases.  We plan on selecting
EST-SSR markers that show homology to genes which control disease resistance along with those that control other
important morphological, physiological and agronomic traits.  So far we have tested 90 EST-SSR markers from three
different sources (Table 1) and 45 of informative markers were added to the entire core set of 9621 population.  Our goal is to
screen an additional 100-150 EST-SSR markers with putative known function and we are adding to the map as they are
completed.

Objective 4
In order to develop the core framework map based on SSR markers, preliminary linkage analysis for each parent was carried
out with MAPMAKER 2.0.  Each segregating locus was paired with a “dummy” locus, resulting in a doubled data set.  Linkage
groups obtained from the doubled data set were then divided into two symmetrical sets of groups and one set was chosen for
further detail.  The "first order" and "compare" commands were used to determine the probable order of all markers in each
linkage group.  The integrated linkage analysis to obtain the sex-average map was performed with JOINMAP 2.0 (LOD 5.0 and
recombination frequency 0.45).  Using the fixed sequence command, the order of markers was determined relative to the
established order obtained from the initial MAPMAKER analysis.  Map units in centimorgans (cM) were derived from the
Kosambi (K) mapping function.  The integrated consensus map analysis was carried out with JOINMAP 3.0.  The consensus
linkage map was developed with 217 markers (155 SSR markers, 45 EST-SSR, 16 ESTP markers and the Pierce’s disease
resistance locus).  A total of 214 markers fall in 19 linkage groups and only 3 markers were unlinked.  Total map length is
1300 cM with average distance between markers of 5.9 cM.  All markers were evenly distributed.  The current map is
depicted in Figure 1.  The largest linkage group was comprised of 30 markers and smallest group consisted of 4 markers
(Table 2).  The locus for Pierce’s disease resistance mapped to linkage group 14 with flanking markers on each side (Figure
1).  Many additional markers have been added but have not been included on the map.

To saturate a narrow region around the PdR1 locus resistance locus with molecular markers, the strategy of bulk segregant
analysis (BSA) (Michelmore et al. 1991) in concert with the AFLP marker system has been initiated in cooperation with our
report titled “Optimizing marker-assisted selection (MAS) for resistance to Xylella fastidiosa to accelerate breeding of PD
resistant grapes.”  Work has begun within two segregating families from susceptible by resistant crosses.  One family,
C8909-07 by F8909-08, segregates 1:1 resistant to susceptible and a good correlation between resistance and resistance
marker alleles has been established.  A bulk of the DNA from the 12 most susceptible and a bulk of the DNA the 12 most



- 70 -

Figure 1a.     Riaz & Walker2004 SSR based genetic linkage map of 9621 (8909-15 X8909-17)Figure 1a.     Riaz & Walker2004 SSR based genetic linkage map of 9621 (8909-15 X8909-17)

resistant genotypes are in process and will be tested for AFLP polymorphisms utilizing florescent primers and visualized on a
PE 3100 sequencer.

Table 1. Data on number of markers mapped for the 9621 (D8909-15 x F8909-17) mapping population.

Molecular Markers
Genomic SSR VMC published/unpublished 134

VVMD 10
VVS 2
INRA 9

EST derived SSR Southern Cross University, Australia 4
INRA, France 7
Genome Facility (U.C. Davis) 35

ESTP markers Doug Adams/NCBI data base 16
Grand Total 217

Table 2. Details of the 9621 genetic linkage map.

Linkage groups 19
Linked markers 214
Total map length 1300 cM
Average distance between markers 5.98 cM
Largest group (PD linkage group) 30 markers 80cM (group14)
Smallest group 4 markers 18cM  (group 15)
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ABSTRACT
Strong and continued progress is being made in breeding Pierce’s disease (PD) resistant grapes.  Fruit quality has markedly
improved while maintaining high levels of PD resistance.  We continue to make many crosses, produce thousands of seeds,
and plant about two thousand plants in the field each year.  We have been increasing the number of seedlings and high fruit
quality selections we test under our greenhouse screen.  This screening is very severe, but material that passes the screen is
reliably resistant and dramatically restricts Xylella fastidiosa (Xf) movement.  We are also co-screening for powdery mildew
resistance.  The heritability of Xf resistance from a range of resistant southeast US (SEUS) cultivar and species parents is not
consistent – some parents produce few resistant offspring, while others produce a large percentage – making careful parental
screening very important.  We have been able to expand our Xf screening the past few years and have tested hundreds of
potential parents before we need to make breeding decisions the following year.

INTRODUCTION
Renewed and intensified PD outbreaks in historic PD zones in wine regions around the state and the introduction of GWSS
into the southern San Joaquin Valley demonstrate the vulnerability of V. vinifera wine grape culture in California.  All of
California’s wine grapes are susceptible to PD and no effective prevention or cure currently exists.  Under severe PD
pressure, culture of V. vinifera grapes is not possible.  We are currently breeding PD-resistant wine grape cultivars for
localized use in traditional PD “hot-spots” that are common in the North Coast, and it is likely that acceptable white and red
wine grapes for these areas can be produced in two generations of crosses with our current Xf resistant selections.  To further
improve the utility of these Xf resistant cultivars, we are co-selecting for high levels of powdery mildew resistance.  Unlike
wine varieties for widespread use where the need for “pure V. vinifera” cultivars is enforced by marketing, given adequate
quality (neutrality, color, season, cultural characteristics) varieties for localized use should prove useful to industry as
blenders and by keeping “hot-spot” vineyard acreage in production.  Our concurrent efforts to identify Xf resistance genes
(see companion proposal – Walker and Riaz) will make it possible in the future to transform wine grapes with grape-derived
resistance genes.  Using grape genes to transform grapes should help overcome public reluctance about GM grapes and
provide durable PD resistance.

PD resistance exists in a number of Vitis species and in the related genus, Muscadinia.  Resistant cultivars have been
developed in public and private breeding programs across the southeastern United States (SEUS).  These cultivars have high
PD resistance, but relatively low fruit quality relative to V. vinifera grapes.  In the southeastern US, they must also resist
downy and powdery mildew, black rot and anthracnose, which have as great an effect on viticulture in the southeast as PD
does.  Most of these diseases are not found in California, allowing breeders to incorporate more high quality V. vinifera into
their breeding efforts and enabling the production of much higher quality PD resistant cultivars in a shorter time span.  We
have characterized (see past reports) and employed a wide range of PD resistant germplasm from the collections at the
National Clonal Germplasm Repository, Davis; selections obtained from breeders in the southeastern U.S.; from V. rupestris
x V. arizonica selections that have exceptional PD resistance; and from several V. vinifera x M. rotundifolia hybrid
winegrape types that have some fertility.  These breeding efforts have already resulted in relatively high quality selections
with excellent PD resistance.

At UC Davis we are uniquely poised to undertake this important breeding effort.  We have developed rapid screening
techniques for Xf resistance and have optimized ELISA and PCR detection of Xf (Buzkan et al. 2003, Buzkan et al. 2004,
Krivanek et al. 2004, Krivanek and Walker 2004).  We have unique and highly resistant V. rupestris x V. arizonica
selections, as well as an extensive collection of southeastern grape hybrids, that offer the introduction of extremely high
levels of Xf resistance into commercial grapes.  We also have several years’ worth of seedlings in the ground that need
evaluation as winegrape types.

OBJECTIVES
The objectives of our PD breeding project are divided into two primary parts.  The first is the breeding of Xf resistant wine
grapes through backcross techniques using V. vinifera wine grapes and Xf resistant selections and sources characterized from
our previous breeding efforts.  The second is the continuing characterization of Xf resistance and winegrape quality traits
(color, tannin, ripening dates, flavor, productivity, etc.) in novel germplasm sources, in our breeding populations, and in our
genetic mapping populations.  These efforts support both the breeding program and the genetic mapping program.
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Completion of these objectives is tied to the speed with which seedlings can be produced, fruited and evaluated and
subsequent generations produced.
• Develop multiple lines of Xf resistant wine grapes using 8909 (V. rupestris x V. arizonica selections; Xf resistant breeder

selections (DC1-39, Zehnder selections, etc); and southern grape species (V. arizonica, V. champinii, V. shuttleworthii, V.
simpsonii, M. rotundifolia, and others).

• Continue backcross generations with 8909-08, DC1-39, and other lines to advanced vinifera selections and select for high
quality wine grape characteristics.

• Continue to identify and characterize additional sources of Xf resistance with high levels of powdery mildew resistance.
• Maintain current and produce additional populations for genetic mapping efforts aimed at characterizing Xf resistance

genes, and identifying and mapping fruit quality traits such as color, tannin content, flavor, production, etc. in Xf resistant
backgrounds.

• Study the inheritance of Xf resistance from a broad range of resistance sources.

RESULTS AND CONCLUSIONS
Shift From Table Grape Breeding to Wine Types
Because the California Table Grape Commission’s decision to not fund the breeding of PD resistant grapes, as of May 2004
we are now solely breeding PD resistant wine grapes.  This year we evaluated 4,042 seedlings from 39 different crosses made
in the last three years for use as wine grapes.  From this number, four subgroups based on different resistance source were
identified as particularly promising (Table 1).  Promise was based on resistance to Xf and powdery mildew, fruit quality
parameters, and viticultural characteristics such as yield and growth habit.

Evaluation of Fruit Quality
Within a cross we observed useful segregation of wine grape quality factors such as quality and quantity of color, acidity, pH,
flavor, and skin and seed tannin.  Table 2A and 2B present data for typical genotypes from three of the four resistance
groups.  These were harvested on August 26, 2004.  Figure 1 displays clusters from two of the four promising Xf resistance
subgroups listed in Table 1.  Their morphology is becoming very vinifera-like in the first generation.  Figure 2 displays juice
extracted from some of the Xf resistant crosses in comparison with the juices from Cabernet Sauvignon and Pinot noir.
There are a wide variety of colors that should allow matching enological needs with our selection process.

Planting of 2003 Crosses
Table 3 summarizes the field planting of wine crosses made in 2003.  We did not germinate the 2,150 seeds of the cross of a
SEUS cultivar by Syrah since our GH screening of progeny from the same SEUS female by pure V. vinifera indicated only 1
in 12 of the seedlings was likely to be resistant.   Crosses made in Spring 2003 contained efforts directed at table and raisin
grape production.  This year’s crosses were entirely devoted to wine grape efforts.

Wine Crosses Made in 2004
Table 4 details the wine grape crosses made during Spring 2004.  We were able to tailor our choices for PD resistant parents
with our previous experiences directed at table grape breeding.  The assays of subsets of progeny from crosses with various
parental sources found that the expression of PD resistance in progeny varies. Vitis arizonica/candicans selections from near
Monterey, Mexico (b43-17, b43-36, and b43-56) produced 100% resistant progeny in the testing of the subset and should
therefore be homozygous resistant.   F8909-08 and F8909-17 were both derived from b43-17.  The heritability of selections
from Florida varied: BO2SG, BD5-117 and Midsouth produced 50% resistant progeny; while only 20% of the progeny of
BO3SG was resistant, so progeny from it will be planted sparingly.  NC-11J x UCD0124-01 represents a resistant x resistant
cross from two different resistant backgrounds.  B55-1 and NC6-15 are opportunities to ingress resistance from Muscadinia
rotundifolia into wine crosses.  We plan to plant between two and three thousand of the most promising seedlings from the
crosses detailed above in Spring 2005.

Greenhouse Screen Results
We screened 474 genotypes with our greenhouse screen.  The tested genotypes included cultivars and species from the
SEUS, many Olmo Vinifera/Rotundifolia (VR) hybrids with potential PD resistance and for use as parents, table and wine
grape crosses, and possible Xf resistant wine grape selections from a private breeder in North Carolina.  Several promising
Xf-resistant SEUS genotypes were identified.  Six of 19 Olmo VR hybrids tested resistant. Two may be promising parents.
None of the wine grape selections from North Carolina proved to be adequately resistant.

Table 5 presents the ratio of resistant to susceptible (R:S) progeny from crosses of highly susceptible V. vinifera parents
crossed with a variety of Xf resistance sources.  One V. smalliana and one V. champinii F1 hybrid progeny had R:S ratios of
close to 1:1, suggesting that the resistance in these parents was heterozygous and controlled by a single gene.  Other parents
had ratios ranging from 1:3 through 1:11.  Details are summarized in Table 5.  We made crosses onto the V. champinii hybrid
this year and they will be tested to see if the inheritance ratio remains 1:1, as does our F8909-17 resistance source (see
Walker-Krivanek report).  In other backgrounds, resistance seems to erode with continued backcrossing to V. vinifera, thus
these stable resistance sources are very valuable and are easily adapted to marker-assisted selection.
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Progeny from crosses of field resistant parents, like JS23-416 – judged resistant in Florida (Herb Barrett, personal
communication) yet has been susceptible in our greenhouse tests, to V. vinifera do not seem to be resistant (<100,000 fu/ml).
However, they do produce a broad and relatively even distribution of progeny from 170,000 to almost 6,500,000 cfu/ml.
Although we would not consider those at the low end of this scale to be resistant, they have as low or lower bacterial levels
than do some of the field resistant genotypes from the SEUS we have tested.  We have avoided these progeny and using these
parents to prevent release of field resistant cultivars that may survive PD infection, but allow vine-to-vine movement in
vineyards.

We are beginning testing of about 200 genotypes with results expected in March 2005.  These results will be used to direct
backcrossing of the most resistant genotypes to V. vinifera wine grapes.

Napa Field Trial
This year we planted another block in our field trial at Beringer Vineyards in Yountville.  We expanded the plot by adding 6
vine replicates of 20 different genotypes from 4 different resistant sources.  Based on our GH screen results, both highly
resistant and highly susceptible genotypes from each resistant source were planted.  These will be inoculated with Xf next
April and ELISA tested in October 2005.

This fall we observed the most pronounced visual PD symptoms to date in the 2001 and 2003 plantings following inoculation
with Xf early this spring.  We used a mixture of 5 different Napa PD strains as inoculum.  The 2001 planting consists of
known field resistant selections from the SEUS, and the 2003 planting consists of 3 vine reps of some of our early crosses
and a few more SEUS field resistant types.  On October 8, 2004 we scored these vines for visual symptoms and took samples
for ELISA testing from 291 vines in these blocks.  Results will be reported in December.
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Table 1. Summary of different crosses within the subgroups and the relative number of genotypes within each
group that merit further evaluation.

Resistance Source V. vinifera Parent
Genotypes
Evaluated

Genotypes
Selected

BO2SG (V. smalliana) C1020 36 10
Princess 21 9

BO3SG (V. smalliana-simpsonii) C67-129 30 7
Princess 81 14

AW C52-94 (V. simpsonii) C51-63 353 71
Midsouth B90-116 39 4

C67-129 46 1
Princess 8 1

Total 614 117
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Table 2A. Analytical evaluation of representative progeny from three different sources of Xf resistance.
Genotype Species or Cross Cluster Wt. (g) Brix pH TA (g/L) Berry Wt. (g) Est. Yield (gal/ton)

BO2SG V. smalliana 45 24.5 3.28 19.7 0.3 129
BO3SG V. smalliana-simpsonii 66 25.0 3.53 12.1 0.3 90
Cab Sauv V. vinifera 269 23.0 3.52 6.8 1.0 160
Pinot noir V. vinifera 299 25.5 3.72 6.1 1.2 182
J13-09 BO2SG x Melissa 184 24.2 3.16 12.1 1.3 160
J13-13 BO2SG x Melissa 62 25.5 3.22 9.8 1.4 162
J14-09 BO2SG x C1020 90 25.2 3.36 9.1 1.2 176
J14-12 BO2SG x C1020 125 27.0 3.46 8.3 1.0 167
J14-16 BO2SG x C1020 120 26.0 3.38 9.8 1.4 170
J17-3 BO3SG x C67-129 100 25.0 3.32 7.1 1.3 150
J17-06 BO3SG x C67-129 102 25.8 3.53 6.4 1.4 149
J17-08 BO3SG x C67-129 117 26.5 3.43 7.7 1.0 135
J17-14 BO3SG x C67-129 200 27.0 3.68 5.9 0.9 148
J17-24 BO3SG x C67-129 224 26.0 3.62 6.7 1.1 137
J17-25 BO3SG x C67-129 70 27.0 3.65 5.9 1.0 146
J17-36 BO3SG x Melissa 110 26.5 3.76 4.5 0.9 154
J17-39 BO3SG x Melissa 70 25.0 3.33 7.4 0.8 176
J17-50 BO3SG x Melissa 185 24.0 3.32 6.8 1.2 165
J18-18 BO3SG x Melissa 195 23.0 3.14 9.8 1.1 143
J18-24 BO3SG x Melissa 60 26.5 3.54 5.5 1.1 148
J18-35 BO3SG x Melissa 93 26.2 3.55 6.2 0.9 152
J18-37 BO3SG x Melissa 100 23.5 3.14 9.7 0.7 158
J18-38 BO3SG x Melissa 101 25.0 3.23 8.6 1.0 154
J27-03 Midsouth x B90-116 99 23.5 3.85 8.3 1.2 168
J27-06 Midsouth x B90-116 125 25.0 3.76 5.2 1.2 145

Table 2B. Sensory evaluation of representative progeny from three different sources of Xf resistance.
Genotype Species or Cross Skin Tannin

Intensitya
Seed

Colorb Juice Hue Juice Color
Intensity Juice Flavor

BO2SG V. smalliana 2 4 red dark fruity, peppery
BO3SG V. smalliana-simpsonii 1 4 red dark fruity, peppery

Cab Sauv V. vinifera 3 2.5 pink light slightly vegetal
Pinot noir V. vinifera 1 4 pink very light fruity

J13-09 BO2SG x Melissa 2 4 red medium + tart, red fruit
J13-13 BO2SG x Melissa 2.5 4 red-purple medium + fruity, slight hot pepper
J14-09 BO2SG x C1020 2 4 red medium tart, jammy, very slight hot pepper
J14-12 BO2SG x C1020 2 4 pink light slightly jammy, broad fruity
J14-16 BO2SG x C1020 2 4 green green pepper, hot pepper
J17-3 BO3SG x C67-129 1.5 4 red-purple medium + slightly fruity, hot pepper

J17-06 BO3SG x C67-129 2 3.5 pink-red medium hay, hot pepper
J17-08 BO3SG x C67-129 1.5 4 pink-orange light + vinifera-like, acidic, hot pepper
J17-14 BO3SG x C67-129 2 4 red medium slightly jammy, fruity
J17-24 BO3SG x C67-129 4 4 red medium + fruity, hot pepper
J17-25 BO3SG x C67-129 1.5 4 red medium very slightly vegetal-herbal
J17-36 BO3SG x Melissa 2 4 pink medium - slight hay, hot pepper

J17-39 BO3SG x Melissa 2 4 red medium + tart, raspberry, very slight hot
pepper

J17-50 BO3SG x Melissa 2 4 pink-red medium simple fruit, berry
J18-18 BO3SG x Melissa 3 4 pink-red medium - slight hay, canned
J18-24 BO3SG x Melissa 2 4 red medium slight hay, fruity
J18-35 BO3SG x Melissa 2 3.5 pink-red medium - hay, hot pepper
J18-37 BO3SG x Melissa 2 4 pink-brown light tart berry, slightly buttery
J18-38 BO3SG x Melissa 1 4 red medium - berry, slight hot pepper
J27-03 Midsouth x B90-116 1 4 purple dark current, vegetal
J27-06 Midsouth x B90-116 1 4 red medium- strawberry, herbal
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a = (1=low, 4= high);  b = (1=green, 4= brown)

Table 3. UC Davis field plantings of wine crosses made in 2003.  F2-7 and F2-35 are respectively a black and
a white female seedling of the cross Cabernet Sauvignon x Carignane.  B34-82 is a USDA cross.

Cross Resistance Source Seedlings Planted
F2-7 x F8909-08 V. arizonica 10
F2-35 x F8909-08 V. arizonica 38
F2-35 x BD5-117 SEUS complex 164
F2-7 x BD5-117 SEUS complex 149
BD5-117 x B34-82 SEUS complex 141

Total 502

Table 4. Wine grape crosses made at UCD in 2004.
Female Parent Male Parent Resistance Source # Seeds
BO2SG Cabernet Sauvignon V. smalliana 376
BO2SG Carignane V. smalliana 196
BO2SG Sauvignon blanc V. smalliana 404
BO3SG Chambourcin V. smalliana-simpsonii 412
BO3SG Petite Sirah V. smalliana-simpsonii 419
BO3SG Cabernet Sauvignon V. smalliana-simpsonii 371
BO3SG Carignane V. smalliana-simpsonii 350
BO3SG Sauvignon blanc V. smalliana-simpsonii 223
F2-7 (CabS x Carig.) BD5-117 SEUS complex 1131
F2-7 Midsouth V. champinii 522
F2-7 F8909-08 V. arizonica - candicans 4,500
F2-7 F8909-17 V. arizonica - candicans 300
F2-35 (CabS x Carig.) B55-1 M. rotundifolia 18
F2-35 B43-17 V. arizonica-candicans 323
F2-35 B43-36 V. arizonica 141
F2-35 B43-56 V. arizonica 56
F2-35 BD5-117 SEUS complex 783
F2-35 Midsouth V. champinii 522
NC-11J UCD0124-01 M. rotundifolia-SEUS complex 175
Midsouth Midsouth V. champinii 500
NC6-15 Sauvignon blanc M. rotundifolia 50
Total 11,772

Table 5. Ratios of Xf-resistant: susceptible (R:S) progeny in populations from various resistance sources by V. vinifera
parents based on a greenhouse screen.  Resistance is defined as a mean value less than 100,000 cfu/ml (colony forming units
per ml).

Resistant Parent Resistance Source
Number
Resistant

Number
Tested

Percent
Resistant

Approx: R/S
ratio

Midsouth V. champinii 9 17 53% 1:1
BO2SG V. smalliana 11 23 48% 1:1
Cha3-48 V. champinii 8 26 31% 1:2
DC1-39 Complex 9 33 27% 1:3
BO3SG V. smalliana-simpsonii 1 6 17% 1:5
F901 V. shuttleworthii 1 7 14% 1:6
AW c52-94 V. simpsoni 2 15 13% 1:6
Z 71-50-1 Complex 2 25 8% 1/11
AT0023-019 V. arizonica (La Paz) 2 29 7% 1/11
F902 V. shuttleworthii 0 16 0% -
Roucaneuf Complex 0 22 0% -
Villard blanc Complex 0 6 0% -
JS23-416 Susceptible 0 19 0% -

Total 244
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Figure 1. Representative
clusters from two
promising Xf resistance
source subgroups.  BO2SG
and BO3SG are the
resistant female parents.
Cabernet Sauvignon and
Pinot noir are shown for
size/shape comparisons.
Crosses to BO2SG are in
the top row while crosses to
BO3SG are in the bottom
row.  The other clusters are
from first generation
crosses.  Analytical details
can be found in Table 2.

Figure 2. Juice
extracted from selected
clusters of Xf-resistant
crosses shown in
Figure 1 and detailed
in Table 2.  Note the
high quantity of red
color and the variation
in hue from some of
the crosses.  This
variation allows for
tailoring varieties to
meet particular
enological needs. Juice
from Cabernet
Sauvignon and Pinot
noir are on the left in
the first two vials
respectively.
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Section 2:
Vector Biology
and Ecology
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ABSTRACT
Adult GWSS in caged habitats were monitored hourly to determine the effects of plant species availability and predator
presence on intra- and inter-plant movement, as these factors are directly related to the acquisition and spread of Pierce’s
Disease.  GWSS were placed in caged habitats with either a monoculture of beans or polyculture of bean, sunflower, and tree
tobacco, and either with or without spiders, in a 2x2 factorial design.  Origin of the GWSS (field-caught or laboratory-reared)
was also included as a third factor in the multi-factor MANOVA to determine the importance of each treatment on GWSS
feeding, resting, and intra- and inter-plant movement.  Approximately 85-90% of the day was spent feeding or resting on
plants.  Only 0.5-1.5% of the observations recorded flying GWSS, and another 1-2% found GWSS walking between plants.
More insects moved between plants in the mixed-plant cages than in the bean-only cages, suggesting the GWSS are able to
detect the presence of other species of plants in the vicinity.  This increase in interplant movement would probably
correspond to an increase in Pierce’s disease transmission. Field-collected insects spent less time feeding and more time
resting on plants than did laboratory-reared insects.  Both sets of insects spent more time feeding in bean-only cages than in
mixed-plant cages.  Beans may not have provided optimal nutrients, and GWSS may have moved to other plants to
supplement nutrient intake.  GWSS fed on sunflower and tobacco readily, although preferences have not yet been calculated.
No predator-mediated spread of Pierce’s Disease is expected to occur, as the presence, activity levels, and predation by
spiders had no affect on GWSS behavior.  Further analysis of feeding times and movement between plant species may clarify
the relative importance of toxin dilution (nicotine from tree tobacco) and nutrient balancing from bean and sunflower plants.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) Homalodisca coagulata Say, is primarily of economic importance because it
vectors the Pierce’s disease-causing bacterium, Xylella fastidiosa (Blua et al. 1999).  The insect feeds on hundreds of species
of plants (Adlerz 1980; Hoddle et al. 2003), many of which harbor asymptomatic populations of X. fastidiosa (Purcell and
Hopkins 1996).  Every time a GWSS moves to a new plant to feed, the chances of acquiring and transmitting Pierce’s
Disease increase.  Therefore, the factors causing GWSS to move between plants are directly related to the spread of Pierce’s
disease.

Generalist herbivores such as the GWSS may move to new plants to balance nutrients, to avoid intra- or inter-specific
competition, to dilute plant defensive toxins, or to avoid predation.  GWSS feeds primarily, if not exclusively, on the xylem,
where nutrients are very dilute (Andersen et al. 2003).  The nutritional requirements of GWSS have been determined
(Andersen et al. 1992; Brodbeck et al. 1996), and only cowpea and soybean have been found to reliably sustain GWSS
throughout a complete generation (D.J.W. Morgan, pers. comm.; Brodbeck et al. 1999).  However, why GWSS move
between plants, especially when a nutritionally adequate host such as bean is available, is unknown.  Interspecific
competition is rarely a concern for GWSS, as few other organisms feed on the xylem on the host plants on which GWSS can
feed.  Intraspecific competition may occur, as GWSS move off plants when present in very high densities (Armer, pers. obs.),
but these densities will not occur frequently when biological control is in place.  Plant defensive compounds are not common
in the xylem (Raven 1983), but alkaloids and quinones are present in certain plant families and may be more prevalent than
scientists have previously expected.  For example, solanaceous plants carry defensive compounds from synthesis sites in the
roots to the leaves via the xylem.  Tree tobacco is one such solanaceous plant, which contains nicotine in the xylem.  Finally,
predators may affect herbivore behavior, as some herbivores can detect and respond to the presence of predators by halting
feeding or altering host plant selection (Schmitz et al. 1997; Schmitz and Suttle, 2001).  Alternately, an herbivore that moves
frequently between plants to optimize feeding may be more apparent to visual predators.

OBJECTIVE
Determine the effect of plant species variety and predators on GWSS interplant movement.

RESULTS
Caged habitats of 0.56m2 contained 6 plants in soil.  Plants and predators were set up in a 2x2 factorial design, with either a
monoculture (all bean plants) or polyculture (2 bean, 2 sunflower, and 2 tree tobacco plants) and with or without spiders.
Sixteen adult GWSS were placed in each cage and their location and behavior were monitored every hour throughout as
daylight was available, for 10-14 hours.  The behaviors are shown on the x-axis of Figure 1.  The percent of adult GWSS in a
cage performing each activity was averaged over all hours observed.  The data were compared by a 3-factor MANOVA (SAS
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v.8) for differences due to the plant availability (beans-only or mixed plants), spiders (presence or absence), and whether the
GWSS were field-collected as adults or lab-reared.  Adults that had been reared from birth only on bean plants in laboratory
colonies were used in 27 cages, and GWSS that had been captured in the wild as adults were used in 9 cages.  One behavior
was omitted from the analysis to allow independence of the observations (see Cisneros and Rosenheim 1998).
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Figure 1. Behaviors performed by caged GWSS adults observed during daylight hours.  The average time spent by
individuals in each cage on each behavior is shown; error bars indicate standard error.

GWSS spent nearly all of their time either feeding or resting on plants (Figure 1).  About 2-5% of the time was devoted to
walking on a plant, 1-5% to walking on the cage or soil, 2-5% to resting on the cage or soil, and 0-2% to flying. Plant
treatment (bean-only or mixed species) affected all behaviors (F=13.87, df=5,132, P<0.0001).  Individuals on beans spent
more time feeding and less time resting than insects did on plants in mixed-species cages.  Field-caught insects varied
significantly from laboratory-reared individuals in their behaviors (F=16.20, df=5, 132, P<0.0001), feeding less and resting
more than laboratory insects.  However, both groups of insects showed similar time budgets.  Both spent less time feeding on
beans than on mixed plants.  However, lab-reared insects spent less time resting than feeding on beans, and field-reared
insects rested more than feeding on beans.  This interaction between plant treatment and insect origin (field-caught vs. lab-
reared) was significant (F=2.58, df=5,132, P=0.029).  Both plant treatment and insect origin significantly affected all insect
behaviors at the p=0.01 level or greater.

Interplant movement, either by walking or by flying, was higher in the mixed-species cages.  GWSS also spent more time
resting on the cage or on the soil in the mixed-plant treatment cages, although such a small amount of time was spent in this
behavior that it was probably not biologically significant.  However, the increase in movement between plants in the mixed
cages, although small, is significant in that such behavior increases the GWSS’ opportunities to acquire and transmit Pierce’s
disease.

The three plant species were selected because one provided a host on which GWSS can complete multiple generations (bean),
one was an alternate host favored in the field (sunflower), and the final plant contains potentially toxic nicotine in the xylem
(tree tobacco), and so may be preferentially avoided.  All three plant species were used as host for feeding, but the amount of
time spent feeding on each species has not yet been calculated.  Both the time spent feeding, and the frequency of leaving
each species of plant, will indicate the GWSS’ preference for the 3 species.

The presence of spiders did not affect GWSS behaviors (F=1.08, df=5, 132, P=0.376).  There were no interactions between
spiders and plant species or origin of GWSS.  Spiders used in the experiments were field-collected, and the species changed
as the season progressed.  Predation activity also varied within species, perhaps due to hunger levels of each individual.  The
presence of spiders did not affect GWSS, but wide variation in spider activity level might hide predation effects.  We
therefore examined spider activity levels (% of observations in which the spider moved), based on intra- and inter-plant
movements, to correlate predation pressure to GWSS movement and feeding behavior.   GWSS did not show a behavioral
response to spider activity levels (spider activity not correlated to GWSS time spent feeding, moving on the same plant,
resting on the plant, moving on the soil or cage, flying) in either plant treatment, nor was the number of GWSS eaten related
to spider activity (all non-significant in direct regressions). The spiders were equally active in the two plant treatments,
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moving an estimated 28±3% (mean±SE) of the observation period in both treatments.  Spiders in the bean treatment caught
and fed on 0.22±.07 GWSS per day, whereas those in the mixed-plant treatment fed on 0.33±.09 GWSS.
All GWSS were sexed after observation, and data were examined for possible behavioral differences.   However, there were
no differences between the sexes in terms of their behavior (MANOVA with sex and plant-spider treatment as the factors;
F=1.29, df=5,276, p=0.27).

CONCLUSIONS
The availability of multiple plant species increased GWSS interplant movement, and feeding times were reduced in these
cages, suggesting GWSS 1) can detect the presence of other host species in the vicinity, probably through olfaction, and 2)
that diet-mixing helps GWSS obtain needed nutrients more rapidly.  However, the increased movement between plants also
may correspond to an increased in acquisition and spread of the bacterium that causes Pierce’s Disease.  The effects of
potentially toxic plants, such as tree tobacco, are not currently understood on GWSS interplant movement.  Further data
analysis should help clarify the insects’ response.  Spiders did not affect GWSS feeding and intra- and inter-plant behavior in
the observations described here.  Thus, these (and possibly other arthropod) predators should not affect the GWSS’
acquisition and spread of Pierce’s Disease.
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ABSTRACT
Progress this year consisted of completing past projects as well as building infrastructure for future research.  Backus’s new
lab in Parlier was renovated, upgraded and equipped with state-of-the-art facilities for electrical penetration graph (EPG)
monitoring of insect feeding and histology of plant and insect tissues.  Extensive colonies of glassy-winged, smoke tree,
green, and red-headed sharpshooters were established in Fresno and Parlier (with R. Groves, ARS Parlier).  New personnel
were hired; data was intensively analyzed and grant proposals written.  Much effort was also expended in developing new
protocols and preliminary findings for feeding waveform correlations with bacterial expulsion and muscle contraction, as
well as AC and DC waveforms for several species in colony.  Stylet activities and salivary sheath-cell type correlations for
the major GWSS waveforms were completed (Objective 1), as was all of the plant histology for the GWSS inoculation test
(Objective 2).  Results to date support a modified version of last year’s hypothesis for the mechanism of Xf inoculation to
grape. Xf bacteria may exit the stylets during brief stylet activities represented by the B1spikelet burst, B1-like portions of N
and/or C, probably within seconds of the first puncture of any penetrated cell, both along the pathway to and within xylem.
Proper placement of the bacteria appears to be crucial; placement in xylem leads to growth of the bacteria sufficient for
detection by less sensitive methods such as culturing.  Otherwise, when more sensitive detection methods such as
immunocytochemistry of the tissues immediately surrounding the salivary sheath are used, they can detect Xf in non-xylem
tissues.  Three papers from this research are in preparation for submission in late 2004 – early 2005.  This work will help
solve the PD/GWSS problem by identifying the mechanism of Xf inoculation and crucial aspects of inoculation efficiency,
and eventually aid host plant resistance through the development of the Stylet Penetration Index.

INTRODUCTION
Almost nothing was known, until this work, about the stylet penetration behaviors of the glassy-winged sharpshooter
(GWSS), and how they interact with populations of Xylella fastidiosa (Xf) to facilitate transmission to grapevine.  This
project is combining the three most successful methods of studying leafhopper feeding (i.e. histology of fed-upon plant
tissues, videotaping of feeding on transparent diets, and electrical penetration graph [EPG] monitoring) to identify most
details of feeding.

OBJECTIVES
1. Identify and quantify all feeding behaviors of GWSS on grapevine, and correlate them with location of mouthparts

(stylets) in the plant and presence/ population size of Xf in the foregut.
2. Identify the role of specific stylet activities in Xf transmission, including both the mechanisms of acquisition and

inoculation, and their efficiency.  This project’s emphasis is on inoculation.
3. Begin to develop a simple, rapid method to assess feeding, or detect the likelihood of X. fastidiosa transmission (an

“inoculation-behavior detection method”), for future studies.

RESULTS
During the first six months of this reporting period (Nov. 2003 – April 2004), Backus’s new lab at USDA-ARS in Parlier was
closed due to extensive renovation construction underway.  Notwithstanding this delay, we made significant progress on
several sharpshooter research fronts during this time.  We hired new personnel (a post-doc and a second technician),
purchased many supplies and pieces of equipment (including a new confocal microscope), and trained in the use of the
equipment.  Also, we received CDFA importation permits and permission for a GWSS maintenance colony to be established
in Fresno Co., at a site on the campus of CSU-Fresno.  A trailer was rented, retrofitted for quarantine infrastructure, and
inspected by officers of the Fresno Co. Agricultural Commissioner’s office.  Insect maintenance and research rooms were
built and outfitted with lighted shelves, cages, growth chambers, and research equipment.   Also, a contract was arranged by
Groves and Civerolo with Morgan to supply greenhouse-reared GWSS on a monthly basis.  Acquisition of insects began in
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Table 1: Number of EPG-GWSS-probed grape samples that was
positive for Xf near the probe out of the total number tested, for
each of the three bacterial detection methods.

Probing Treatment PCR Culture Immunocyt.
3 short probes 5/10 0/10 3/8
1 long probe 4/10 1/8 6/8

September 2004.  The new USDA-ARS/CSU-Fresno Insect Maintenance and Research facility went into full operation in
October 2004.  Also during this time we established colonies in the greenhouse in Parlier of the following species:  smoke
tree sharpshooter, H. liturata (STSS), as well as (with Groves) red-headed sharpshooter, Xyphon fulgida (RHSS), green
sharpshooter, Draeculacephala minerva (GSS) and three-cornered alfalfa hopper, Spissistilus festinus (3CAH) (collected
locally).  Preliminary studies of the feeding behavior and EPG waveforms of all of these species are underway.

In addition to major infrastructure improvements in the first 6 months, we also analyzed past data, and Joost performed
extensive preliminary tests to develop new protocols in electromyography and real-time imaging of sharpshooter muscles
controlling feeding.  We also wrote papers, and reviewed and wrote grant proposals.  Among these were revisions of the
Almeida & Backus paper on blue-green sharpshooter waveforms, now in print [1] and a newly funded UC PD proposal to
continue research on mechanisms of Xf transmission and details of ingestion behavior.  Once we had moved back into the lab
and set up, progress resumed on existing objectives during the last four months of the reporting period (July – October 2004).

Objective 1 - Waveform Correlations
Experiment 1:  AC-DC Correlation Monitor
Significant progress was made this year in the continuing development of this technology.  Bennett built two new prototype
monitors, the last of which included design suggestions developed by Backus in consultation with W. F. Tjallingii,
Wageningen Agricultural University, The Netherlands.  These prototypes for the first time succeeded in achieving waveform
fidelity with the original, separate AC and DC waveforms, a goal sought for the last two years of work developing these
instruments [2].
Experiment 2:  Salivary Sheath-Cell Type Correlation
Backus analyzed histological images produced last year by Habibi from recordings made by Yan (see methods and
preliminary findings in [2, 3]).  Preliminary findings and waveform appearances are the same as those pictured in the 2002
and 2003 progress reports [2, 3], but waveform names are as in [3].  Results show that early pathway activities, especially
A1, occur in the shallow epidermal/parenchyma tissues, A2 and continuous B1 usually occur in the parenchyma peripheral to
the vascular bundle (although the sample size of tissues collected for B1 is very small).  B2 usually occurs in the parenchyma
or phloem, and is often associated with a large deposit of sheath saliva sometimes at a branching point in the sheath.  The
number of B2 events is also correlated with the number of sheath branches.  Short, early C and N events can occur variably,
in parenchyma, phloem or xylem; however, longer later C and N events are almost always in mature xylem cells.  It is still
uncertain whether B1 or C may represent the first penetration of a xylem cell.  Correlations were completed and a manuscript
is in prep for submission in late November [4].  Appendix Table A further summarizes the plant tissue/cell correlations
known at the end of the reporting period (late Sept. 2003).
Experiment 3:  Stylet Activities Correlation
Joost analyzed the videomicrography data collected by Yan of the stylet activities in artificial diet (see methods and
preliminary findings in [2, 3], as well as a schematic of the equipment in the Backus et al. 2004 poster).  Stylets could clearly
be seen performing stereotypical behaviors during three waveform types frequently seen on grape, i.e. A1, A2 and B1.
Results are summarized in Figures 1 – 4 below, Table A and in the Backus et al. 2004 poster.  They reveal for the first time
that A1 represents the primary formation of the salivary sheath (Figures 1, 2), B1 represents stylet tip fluttering (Figures 1, 3),
and B2 represents stylet sawing through the hardened sheath (and, we speculate, perhaps also through tough plant material)
(Figures 1, 4).  It is particularly interesting that the B1 spikelet burst is dispersed intermittently throughout other pathway
waveforms, e.g. between peaks of A1 (Figure 2), as well as in continuous durations by itself (Figure 3).  This dispersion, plus
last year’s Experiment 4 finding [3] that B1 was the only pathway waveform associated with Xf inoculation, suggest that the
spikelet bursts might represent precibarial valve movement, an important component of a hypothesized inoculation behavior
[4]. A manuscript describing these results is in prep for submission in late November [5].

Objective 2 - Inoculation Behavior:
Experiment 4:  EPG Waveforms Associated with Inoculation
Habibi completed sectioning and photomicrography of the remaining grape tissues probed by EPG-recorded GWSS, i.e.
those during the short probe treatment (see the 2003 progress report [3] for methods and preliminary findings).  Results from
each of the three bacterial detection methods used (Table 1) continue to support that immunocytochemistry may be the most
sensitive detection method; 56% of probes showed positive detection of Xf near the salivary sheath, while 45% were positive
with PCR, and only 10% with culturing.  These findings continue to support the  interpretations discussed in the 2003

progress report [3].  Unlike PCR,
immunocytochemistry results suggest that detectable
bacteria are inoculated more often during long than
short probes (Table 1).  However, it will be important
to determine how many insects were actually
inoculative before we can state that conclusively.  We
have begun to dissect the fixed, dried heads of the
recorded sharpshooters for scanning electron
microscopy, to determine how many of them
contained Xf and in exactly which areas in the
precibarium/cibarium.  This information will be
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correlated with all other findings to determine how often the inoculation behavior, when performed by bacteria-laden insects,
actually results in expulsion of Xf. Present findings [3] still implicate waveforms B1, C and N, especially during long probes.
All data analysis will be completed and a manuscript submitted in early 2005 [6].

Figure 4.  Correlation of B2 waveform with GWSS
stylet activities in artificial diet. Top panel is a B2
waveform trace compressed 5 times. The middle panel is
an uncompressed B2 waveform trace that corresponds to
the boxed portion of the waveform in the top panel. The
bottom panel are the stylet activities that were observed
at the onset of the B2 waveform and through out the
waveform. Time marks in the lower right hand corner of
the top and middle panel equal one second.

Figure 1. Waveform of GWSS probe in artificial diet
compressed 35 times. Box labels indicate where Figures.
3-5 were taken from this trace.

Figure 2. A1 waveforms were correlated with GWSS
stylet activities in artificial diet. Top panel trace contains
an A1 waveform compressed 5 times. The middle panel is
an uncompressed A1 waveform trace that corresponds to
the boxed waveform trace in the top panel. Subdivisions,
a-h, in middle panel are correlated with stylet activities in
the bottom panel with the same subdivision letters. Time
marks in the lower right hand corner of the top and middle
panel equal one second.

Figure 3.  Correlation of B1 waveforms with GWSS stylet
activities in artificial diet. Top panel is a waveform trace
with B1 compressed 5 times.  The middle panel is an
uncompressed B1 waveform trace that corresponds to the
boxed waveform portion in the top panel. The boxed
waveform portion of the middle panel is a B1 spikelet
burst and correlates with the stylet activities in the bottom
panel. Time marks in the lower right hand corner of the top
and middle panel equal one second.
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CONCLUSIONS
These findings will help solve the PD/GWSS problem by:
• Identifying the mechanism of Xf inoculation and using EPG to observe it real-time as it occurs,
• Identifying one determinant of inoculation efficiency, i.e. the role(s) of inoculation behavior vs. bacterial presence and/or

detachment in the foregut,
• Developing protocols for further tests of transmission biology and efficiency, especially with respect to acquisition.
• Developing a Stylet Penetration Index for testing among host and non-host species or cultivars, diets, etc. for

performance of transmission behaviors, ultimately leading to improved host plant resistance.
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Appendix Table A. Current definitions of the AC EPG waveform phases, families and types of GWSS on grape.
Waveform Waveform Waveform

Phase Family Type Waveform Characteristics Plant Tissue/Cell Insect Activity

Pathway A A1 Highest amplitude, hump-like Parenchyma or Major salivary sheath form-
waveform at beginning of probe; mesophyll ation; deep extension/
usually with spike at the top retraction of stylets; some

watery salivation

A2 Medium amplitude, variable slope; Parenchyma or Lengthening and/or harden-
irregular, high frequency with occa- mesophyll ing of salivary sheath; cell
sional trenches and/or potential drops membrane breakage; some

watery salivation

B B1 Short, single- or multi-peak "spikelet Parenchyma or Stylet tip fluttering; possible
bursts" (20-28 Hz) separated by flatter, xylem or pith internal muscle/valve move-
wave-like sections ment; involved in inoculation

B2 Extremely regular, stereotypical pattern Parenchyma or Stylet sawing through salivary
of peaks (6 Hz), with distinct phrases xylem or pith sheath or tough wood; sheath

branching; sheath salivation

Ingestion C C (to be Very regular, low rep. rate  (3 Hz) with Parenchyma or Trial (short) or sustained (long)
subdivided)   with distinct phrases xylem or pith ingestion (watery excretory

droplets correlated)

Interruption N N (to be Irregular, appearing A-like at times, but Parenchyma or Sheath or watery salivation in
subdivided)   interrupting continuous C; ave. dur. xylem or pith ingestion cell; sheath extension

16 sec.

Proposed Biological Meanings
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ABSTRACT
In this project we are testing the effects of feeding substrate on the acquisition and retention of Xylella fastidiosa by the
glassy-winged sharpshooter (GWSS), Homalodisca coagulata.  We are using two strains of X. fastidiosa that are present in
California: a Pierce’s disease (PD) strain that infects grape, and an oleander leaf scorch (OLS) strain that infects oleander. A
series of experiments were conducted to compare the retention of PD or OLS strains after acquisition, when insects were
subsequently maintained on a plant species that was either a host or non-host of that particular strain.  In these studies, we
found no significant difference in the mean proportion of insects testing positive for the PD or OLS strains, regardless of
whether the insects were subsequently fed on either a host or a non-host of the PD or OLS strain.  Thus, retention of a
particular strain of the pathogen by an individual insect does not appear to be dependant on the xylem content of the plant
host on which it is feeding.  In a second study transmission efficiency of adult GWSS fed for 24 h on X. fastidiosa-infected
plants was compared to those fed for 24 h on X. fastidiosa from pure media-grown cultures delivered through a cut stem
system.  In these experiments insects transmitted PD and OLS strains when they acquired the bacteria from a plant, but did
not transmit either strain when media-grown bacteria were delivered through the cut-stem system.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is capable of acquiring and transmitting several different strains of X. fastidiosa
from a variety of host plants.  In this project we are testing the effects of feeding substrate on the acquisition, retention and
transmission of X. fastidiosa by GWSS.  Two strains of the pathogen present in California are being used in these
experiments: a Pierce’s disease (PD) strain that infects grapevine, and an oleander leaf scorch (OLS) strain that infects
oleander.  These two strains have different host ranges; the PD strain does not infect oleander, and the OLS strain does not
infect grape.

OBJECTIVES
1. Compare retention times of X. fastidiosa when infected glassy-winged sharpshooter (GWSS) are subsequently fed on

plants that are either hosts or non-hosts of the strain they carry.
2. Compare acquisition and transmission efficiency of insects fed on infected plants to those fed on media-grown cultures

delivered through cut stems.
3. Compare retention times of two strains of X. fastidiosa in GWSS when simultaneously acquired through cut stems, then

subsequently fed on either (a) a non-host of both strains, (b) on a host of only one strain, or (c) alternating hosts of each
strain.

4. Test the effects of antibacterial materials on acquisition and transmission of X. fastidiosa by GWSS.
5. Test the effects of variation in substrate pH and free ion availability on the acquisition and transmission of X. fastidiosa

by GWSS.

RESULTS
Objective 1
We began by comparing the relative proportion of insects that tested positive after acquisition of a given strain of X.
fastidiosa, when they were subsequently maintained on a plant species that was either a host or non-host of that strain. Grape
plants (Vitis spp.) infected with a Pierce’s disease (PD) strain of Xylella fastidiosa, and oleander plants (Nerium oleander)
infected with an oleander leaf scorch (OLS) strain were used as sources of inoculum.  The strain of X. fastidiosa infecting
plants was confirmed by PCR.  Groups of GWSS adults were caged on either an OLS infected oleander plant, or a PD
infected grapevine for 2 days.  Insects were then moved to an uninfected plant of the same species as the source plant
(oleander or grape), or to a non-host of the strain (chrysanthemum). Samples of insects were collected at 1, 3, and 7 days after
transfer to uninfected hosts and frozen.   Insects were subsequently tested for the presence of X. fastidiosa using PCR.
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Results from retention experiments using the OLS strain acquired from
oleander showed no significant difference in the mean proportion of
insects testing positive when insects were subsequently fed for on
either a host (oleander), or a non-host (chrysanthemum) of the OLS
strain for 1, 3, or 7 days after acquisition.  Similarly experiments using
the PD strain acquired from grapevine also found no significant
difference in the mean proportion of insects testing positive at 1, 3 or 7
d after acquisition regardless of whether the insects were subsequently
fed on either a host (grapevine) or a non-host (chrysanthemum) of the
PD strain.  Thus, both PD and OLS strains of X. fastidiosa remained
detectable in GWSS, even when the insects fed on a non-host of the
strain for 7 d.

Objectives 2 and 3
To test if feeding substrate can influence the ability of insects to
acquire and transmit a particular strain of X. fastidiosa, we plan to use a
pathogen delivery system to allow us to either maintain or manipulate
the feeding substrate as desired.  The method described by Bextine and
Miller (2002) was originally used for an Alcaligenes sp. of bacteria.
This technique was modified to provide an environment suitable to
survival of Xylella fastidiosa and the test plants used.  We are using
sections of chrysanthemum stem about 10 cm long that are connected

by tubing to a syringe with a suspension of X. fastidiosa in PBS. The distal end of the stem is also cut and left open.  The
syringe is depressed until liquid is extruded from the distal end of the cut stem. Then GWSS are allowed to feed on these
stems.

To demonstrate that live X. fastidiosa cells could survive movement through a cut stem, X. fastidiosa was suspended in a PBS
buffer, and the syringe was depressed until liquid was extruded from the distal end of the cut stem.  Droplets forming on the
distal end were collected and analyzed using PCR to determine if X. fastidiosa cells were present.  In all cases, Xylella was
detected within the first 10 drops extruded. Thus, in these experiments, material was injected into stems until at least 10 drops
of material was extruded from the distal cut end to ensure that the bacteria have been moved the entire distance of the stem.

In transmission experiments, adult insects were fed for 24 hours on either infected plants, or media-grown bacteria delivered
through the cut stem system as described above. Adults were then individually moved to uninfected test plants and allowed to
feed for 4 d.  When GWSS adults were fed on PD-infected grapevines, 12/26 (46%) transmitted the pathogen to healthy
grapevine test plants.  In contrast, when insects were fed on media-grown PD bacteria through the cut stem method, no
individuals (0/48) transmitted the pathogen to test pants.  Similar results were found with OLS-infected plants (9/37,or 24%
of individuals transmitted) compared to media-grown OLS delivered through cut stems (0/22 transmitted).  Thus, insects did
not transmit PD or OLS strains when media-grown bacteria were delivered through the cut-stem system.  Purcell et al.
(personal communication) found similar results when leafhoppers were fed X. fastidiosa through parafilm sachets.

Additional studies are being conducted to determine why insects are unable to transmit the pathogen from the cut stem
delivery system.  For example, a recent study demonstrated that X. fastidiosa cultures will produce different levels of
“biofilm formation” when grown on different types of media (Leite et al. 2004).  We will test if growing our strains on
different media may help induce transmissibility by insects. In addition, we will conduct further studies to determine the
pathway of the bacteria through the system.  For example, by testing the honeydew of insects feeding on the cut stem system,
we can determine if the bacteria are successfully passing through the insect.   In the interim, work on the remaining objectives
will continue using insects fed on PD and OLS infected plants.

CONCLUSIONS
In retention experiments (Objective 1) for both the PD and OLS strains, we found the proportion of insects retaining the
pathogen was the same, regardless of whether insects subsequently fed on a host or a non-host of that strain.  This indicates
that retention of a particular strain of the pathogen by an individual insect is not dependant on host-specific xylem content of
the plant on which it is feeding.  In transmission experiments (Objectives 2 and 3) insects successfully transmitted the PD and
OLS when they acquired the pathogen from infected grapevine and oleander plants respectively, but did not transmit either
the PD or OLS strains when the media-grown bacteria were delivered through the cut-stem system.  This could be the result
of biological characteristics of media-grown bacteria that contribute to non-transmissibility by insects, or failure of the cut
stem system to properly deliver bacteria to the insect.  Further experiments are being conducted to determine the basis for
lack of transmission of media-grown bacteria by GWSS.
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ABSTRACT
The intent of this project is to develop an artificial rearing system for the glassy-winged sharpshooter (Homalodisca
coagulata) (GWSS), the primary vector of Pierce’s Disease (Xylella fastidiosa) (PD).  In order to accomplish this, a diet
delivery system will first be developed and then used to test artificial diets.  Diet formulations will be based, in part, on
previous studies performed by Cohen (2002) using GWSS, as well as on artificial diets developed for other Hemiptera
(Mitsuhashi, 1979; Coudron et al., 2002) and on the xylem chemistry of GWSS host plants (Andersen, et al., 1992).  Diets
will be evaluated based on their effects on life history analyses, reproductive rate and intrinsic rate of increase of GWSS.
Another aspect of our project involves investigating nitrogen source(s) for GWSS, as that may represent a nutrient limitation
for xylem feeders.  Two potential sources for nitrogen, i.e. proteins or peptides, will be studied by determining the fate of
dietary proteins/peptides (Brandt, et al., 2004) and the ability of salivary and midgut proteolytic enzymes to digest
proteins/peptides (Wright, et al., 2004).  In this way, we will identify the role(s) proteins and peptides play in GWSS nutrition
and their potential uses in artificial diet formulations.

INTRODUCTION
The formulation of an artificial diet for GWSS will greatly enhance the ability of researchers to rear this insect.  Presently, the
rearing of GWSS is labor-intensive and costly because of its dependence on the propagation of appropriate host plants, with
researchers often needing to propagate several species of plants to enable them to rear GWSS under optimal conditions.  The
development of an artificial diet would likely be more cost effective and portable, increasing the availability of high quality
insects for Pierce’s disease researchers and decreasing the costs and time-constraints associated with maintaining the insect in
culture.  The increased accessibility of GWSS to researchers can lead to more rapid developments in novel control measures
for this major vector of PD, with these new measures being directly applied by growers.  Furthermore, the coupling of an
artificial diet with a suitable delivery system can lead to an improved understanding of the relationship between GWSS
nutrition and other PD-related issues (including GWSS’ varying abilities to acquire/maintain/transmit infectious Xf under
different circumstances, e.g., via artificial membranes vs. plants, Redak et al., 2004).  In addition, the diet delivery system
alone would have other potential uses such as in studying the interactions between GWSS, Xf, and the host plant, as well as in
testing potential anti-GWSS and anti-Xf control agents.  This could be accomplished by incorporating into the feeding
system: 1) selected host plant-associated compounds; 2) media containing the causative agent of PD (Xylella fastidiosa, Xf)
(although some studies have suggested that Xf acquired via an artificial membrane by GWSS may not be infectious, Redak et
al., 2004); 3) control agents including anti-GWSS or -Xf compounds (such as proteins to be engineered into host plants to
control either GWSS or Xf; Dandekar et al., 2003; Lin, 2003; Meredith and Dandekar, 2003; Reisch et al., 2003) or anti-
GWSS microbials (Kaya, 2003; Mizell & Boucias, 2003).  In summary, the development of an artificial diet and a
corresponding delivery system for GWSS could lead to insights that can be used to generate improved methods for
controlling GWSS and, therefore, Pierce’s disease.

An important part of our project also involves gaining a better understanding of the digestive physiology of GWSS.  This will
be investigated by focusing on the role proteins and peptides play in GWSS nutrition, as these or similar compounds have
been isolated from some xylem fluids (Cohen, 2002; Jain and Basha, 2003; Rep et al., 2003). We will accomplish this by
determining the extent to which GWSS can digest proteins and peptides, as well as elucidating the fate of specific ingested
proteins in GWSS.  This information will be directly used in the generation of an optimal artificial diet for GWSS.
Furthermore, GWSS’ ability to degrade proteins/peptides will also shed light on the degree to which GWSS can disable
defensive proteins/peptides in plants, which is important when dealing with salivary enzymes that are secreted into plant
tissues and could alter anti-Xf defense components (e.g., either naturally occurring or genetically engineered
proteins/peptides; Lin, 2003; Meredith and Dandekar, 2003; Reisch et al., 2003).  This knowledge could be used when
modifying target plants such as grapevines to improve their resistance against Pierce’s disease (PD).  Therefore, our
investigation into nutritional requirements will not only aid us in the development of a suitable artificial diet for GWSS, but
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will also provide insights into the potential efficacies of anti-PD plant modifications.

OBJECTIVES
1. Develop an artificial diet delivery system for rearing the glassy-winged sharpshooter (GWSS), Homalodisca coagulata.
2. Formulate and evaluate an artificial diet for the development and reproduction of GWSS.
3. Investigate the utilization of proteinaceous components in the food stream of GWSS in order to refine and improve the

artificial diet using physiological and proteomic/genomic approaches.

RESULTS AND CONCLUSIONS
This project has just been funded.  Preparation of quarantine facilities is complete and the identification of insect cultures to
be used in our studies is underway.  The process to hire an additional researcher has been initiated.  Preliminary experiments,
in collaboration with Jones and Setamou at ARS in Weslaco, have demonstrated continuous feeding by adult GWSS for over
30 days on artificial diets presented through a specialized feeding tube.  Additionally, differences in survival have been noted
as a result of changes in amino acid concentration and composition within the diet.
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ABSTRACT
We followed glassy-winged sharpshooter (GWSS) preference and age structure on ornamental host plants in Bakersfield,
California.  Results of an urban survey showed GWSS host utilization varied greatly.  This was especially true during the
growing season when the mobile GWSS nymphs and adults would frequently shift amongst abutted host plants.  While host
plant utilization was dynamic, yet there were clear seasonal patterns.  In late-fall through mid-winter, GWSS were most
commonly found on privet, oleander, and citrus.  In late-winter through spring, the preferred hosts were Xylosma, photinia,
and flowering pear.  In summer, host utilization was most dynamic and often dependent on host condition (such as irrigation).
Nevertheless, GWSS adult and nymph summer and early-fall populations were consistently found on Xylosma, photinia,
oleander, star jasmine, and Crape myrtle.  Controlled experiments with potted host plants found similar results and highlight
differences in GWSS feeding and oviposition preferences.  Throughout all studies, we sampled the numbers of predators and
parasitoids.  Emerged parasitoids show Gonatocerus ashmeadi and G. triguttatus were reared from egg masses collected on
most host plants, and accounted for a large percentage of summer GWSS mortality.  Predators were present, especially
spiders, and often observed feeding on GWSS.  However, our data has not yet found any one predator species to be
consistently associated with GWSS or with a reduction in GWSS densities.  Collected predators are being analyzed using
immunologically-based assays that employ pest-specific monoclonal antibodies (MAbs) to help identify the key predators of
GWSS.  During the urban surveys, we collected plant material (e.g., potential vector host plants) and potential insect vectors
to determine the incidence of X. fastidiosa.  This material was processed in the laboratory using “immunocapture DNA
extraction” to determine the presence of X. fastidiosa.  Results show that GWSS collected in urban regions often (>10%)
carry Xylella fastidiosa, however, it is not the strain that cause PD.

INTRODUCTION
The primary focus of this research is the description of glassy-winged sharpshooter (GWSS), Homalodisca coagulata, GWSS
preference, egg deposition, age structure, population dynamics and levels of natural regulation on different host plants in the
urban / agricultural interface in the San Joaquin Valley (SJV).  Currently, such a description of GWSS biology and ecology in
the SJV is lacking. The developed information from this research will help understand GWSS seasonal movement and
infestation foci.  Of primary concern to regional control programs is whether or not untreated urban GWSS populations serve
as an inoculum source for either the insect vector or the bacterial pathogen, Xylella fastidiosa (Xf).

To develop a more complete description of host plant influence on GWSS age structure and natural enemy impact, we
conducted both urban surveys and manipulative experiments.  Specifically, we sought to determine the potential of common
plant species used in residential landscaping to either reduce or increase GWSS densities. We further screened common
plants and GWSS collected for the presence of Xylella fastidiosa.  When completed, information on the abundance, host plant
use, and seasonal dispersal patterns of GWSS and natural enemies in urban better enable researchers to determine GWSS
movement and host plant succession in the SJV, and the data may be useful for modification of surrounding vegetation, such
as trap crops, to suppress GWSS movement into a vineyard.
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OBJECTIVES
1. Determine glassy-winged sharpshooter biology and ecology throughout the season, particularly its age structure on and

utilization of the different host plants that represent common breeding or dispersion refuges for glassy-winged
sharpshooter in the San Joaquin Valley.

2. Determine the contribution of resident natural enemies on glassy-winged sharpshooter mortality and whether natural
enemy abundance or species composition varies significantly on different GWSS host plants or ecosystems in the San
Joaquin Valley.

3. Determine the presence of Xylella fastidiosa in glassy-winged sharpshooter collected from different host plant species
and in selected ecosystems in the San Joaquin Valley.

RESULTS
Objective 1 - Survey.
GWSS numbers, age structure and natural enemies were surveyed in residential areas in Bakersfield, California.  In the 2003-
2004 season, six residential sites were sampled.  Each site was selected for its combination of different GWSS and Xf host
plants; most of the sampled sites had 3-8 individual plants of each plant species, with 3 or more GWSS host plant species in
close proximity.  Host plants surveyed included: carob, rose, star jasmine, Chinese elm, flowering pear, apple, escallonia,
pink lady, ivy, nectarine, photinia, citrus, gardenia, privet, euonymous, hibiscus, agapanthus (lily of the Nile), grape, crape
myrtle, eucalyptus, mock orange, oleander, Xylosma and Wheeler’s dwarf.  Each month, samples were taken for GWSS and
natural enemies.  We also recorded plant condition.  From April 2003 to October 2004, we made >3000 plant samples
(sample plant × sample date).

A thorough analysis of this data set will be made at the end of the residential survey (April 2005) when we project to have
>5000 samples, each with information on host plant species, condition and phenology; GWSS density and age structure; and
potential natural enemies present.  An initial analysis show strong host plant preferences GWSS adults and nymphs,
especially towards oleander, crape myrtle and Xylosma during the spring and summer months (Figure 1).  Host plant
preference for adult and nymph feeding sites was not always the same as those preferred for egg deposition – especially with
respect to oleander, as reported by other researchers.

The seasonal population dynamics showed a strong spring GWSS population on all hosts followed by a summer decline,
which is largely attributed to egg parasitism of the summer brood.  We believe that the winter period is critical for GWSS
population dynamics as this period represents the low point in the population density.  Oleander and privet may be the most
important overwintering hosts in the urban regions. In contrast, host plants as crape myrtle and crabapple are dormant
throughout winter and, according to our samples, play no role in the GWSS overwintering.  However, they are excellent hosts
for oviposition and nymphal development during late spring and summer time.  For some host, GWSS are confined to
specific sections.  For example, the flowering pear trees brake dormancy early in the year and start blooming by the first
week of February.  GWSS adults have been found on the twig tips in the middle of the winter in these trees.  It is unknown
whether they survive the entire winter in this plant or the early physiological activity of the flowering pear attracts the
GWSS.  We also found GWSS overwintering exclusively on the “suckers” of the following tree species: eucalyptus, carob
tree, Chinese elm, and olive.

Objective 1 – Manipulative Experiments
To categorize GWSS age structure, ecology, and resident natural enemies (particularly predators) on different host plants
common in urban areas, potted (6.6 L) plants were used to provide a replicated array of similarly-conditioned (e.g., age, size,
irrigation) GWSS host plant species.  These preference studies were conducted in an unsprayed, GWSS infested citrus
orchard, and two unsprayed residential areas in Bakersfield, California.  Perennial species included ivy, photinia, citrus,
gardenia, privet, euonymous, hibiscus, agapanthus (lily of the Nile), grapevine, crape myrtle, eucalyptus, and oleander.
Annual (or weed) species included prickly lettuce, little mallow, annual sowthistle, coast fiddleneck, common groundsel,
London rocket, fox tail brome, lambsquarters, blue grass, and shepperd purse.  Both perennial and annual species were set in
a randomized block design.  Results show GWSS seasonal-long densities were influenced by host plant species, with a
significant difference (ANOVA, P < 0.001) among host plants, for both perennial and annual categories (Daane et al. 2003.
2004a).  Results are provided for perennial host plants in the citrus orchard (Figure 2), which shows a 20-fold difference in
the number of GWSS on ivy, the least preferred host planted tested, and grape, the most preferred.  We found a relatively
similar pattern in the 2002/03 and 2003/04 seasons. Interestingly, GWSS egg mass density was not related to adult or
nymphal densities (P = 0.25, rP

2
P= 0.03; P = 0.35, rP

2
P= 0.01, respectively).  As with the urban survey, we conclude that GWSS

adults have oviposition preferences that may be different from the nymphal feeding preference.  We believe this difference is
a result of both GWSS adults and nymphs switching among host plants, and to a disparate level of predator and parasitoid
activity.

In a second experiment, we manipulated combinations of GWSS host plant species in cages.  Four plant species have been
planted in different combinations (e.g., citrus only, citrus and oleander, oleander only, oleander, citrus and crape myrtle), with
a total of 7 plant species (4 replicates).  Initial progress was slowed by the difficulty we encountered in transferring field-
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collected GWSS material to the experimental site – basically, many of the GWSS nymphs died or left the tested host plant
almost immediately after being transfer. We are currently improving inoculation techniques.

Objective 2 – Natural Enemies
During the surveys of GWSS population dynamics in non-agricultural regions, described previously, we collected
information on GWSS natural enemies, using sampling techniques such as GWSS egg mass collections (>100 leaves per
perennial plant species per collection) and potential GWSS predator collections (beat and sweep samples).  As in all studies,
we recorded host plant species and seasonal period. We found Gonatocerus ashmeadi and G. triguttatus (Triapitsyn et al.
1998) comprised about 95 and 4%, respectively, of collected parasitoids.  As has been suggested, these parasitoids kill >90%
of the summer GWSS population.  Parasitoid numbers drop during the winter, when most GWSS are in the adult stage –
although large nymphs were present as well.  No egg masses or recently hatched nymphs were found from November
through February. The first fresh egg masses were collected in April (2003) and March (2004), and we found parasitized eggs
within as soon as April (2004).  Our results suggest that egg parasitoids are the primary biological control factor.  Combined
with the winter / spring area wide insecticide control programs (which dramatically reduce the over-wintered population on
citrus, the primary GWSS host plant during this period, and lower the overall GWSS population levels in the SJV) the egg
parasitoids reduce the GWSS population in the urban regions to such an extent that GWSS can be difficult to find in large
numbers in late summer samples.

Predators may play a small role controlling GWSS nymphs.  Spiders were the most common predator found, and there was a
significantly positive relationship between the number of spiders found and the number of GWSS egg masses (P < 0.001, rP

2
P=

0.28).  Still, there has not yet been any concrete evidence that links these generalist predators with the regulation or
suppression of GWSS.  During the GWSS urban surveys, predators were collected, identified to family or genus, and stored
at -80ºC.  These specimens have been shipped to the Western Cotton Research Laboratory, where the predator gut content is
being assayed with immunologically-based assays that employ pest-specific monoclonal antibodies (MAbs) for the presence
of GWSS egg protein using the ELISA by Drs. Hagler, Fournier and Leon (Hagler et al. 2003).  These studies will provide
direct evidence of predation by generalist predators.

Objective 3 - Xylella
How important are glassy-winged sharpshooter populations in the urban regions as vectors of Xf in nearby agricultural areas?
First, GWSS population densities have been relatively low in the SJV urban centers, as previously described.  Second, GWSS
has a relatively low Xf transmission efficiency.  Together, the low density and poor transmission efficiency would suggest
few GWSS would have Xf in their mouthparts and play any role in the movement of the pathogen. We tested adult GWSS
collected from ornamental plants in Bakersfield and, to our surprise, found Xf in GWSS (mouthparts) collected from
oleander, Xylosma, and Chinese elm.  The positive results do not necessarily mean that the GWSS acquired the Xf from the
plants that they were collected on as the adults move between host plants often.

How important are GWSS nymphs in the movement of Xf among ornamental plants and to vineyards? Nymphs shed the
lining of their gut with each molt before adulthood, loosing any Xf living there and therefore provide a better indication of
acquisition.  The initial screening of GWSS nymphs used a “presence” or “absence” of groups of nymphs collected and
therefore data are presented as such, rather than a percentage.  In the initial collections, Xf was found only in GWSS nymphs
collected from oleander (in the Bakersfield region).  It is also important to note that all GWSS samples testing positive for Xf
were analyzed for bacterial strain differences and analyses showed that the bacteria present are not of the PD type, but could
be oleander, almond, oak, peach or plum.  Most likely the Xf is oleander strain, which does not pose an immediate threat to
nearby vineyards because this strain does not cause PD in grapes

CONCLUSIONS
We have described GWSS population density and age structure on ornamental plants common in residential landscaping in
the SJV.  We have further described natural enemy presence.  This research can be added to information collected in
Riverside and Ventura counties to help predict GWSS movement and develop control programs.  The research has broader
implications for use of ornamental landscape and riparian plants within agricultural settings (e.g., landscaping around farm
buildings and homes).  Plants which act as preferred hosts for both vector and pathogen can be target for control.  By testing
GWSS for the presence of Xf, researchers will identify potential sources of the pathogen, thereby preventing potential
epidemic spread of Pierce’s disease causing Xf throughout a reservoir of ornamental host plants.  To see a list of host plants,
for both Xf and GWSS) go to: TUhttp://nature.berkeley.edu/xylellaUT.
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Figure 1. The seasonal average for host plant preference
GWSS adults and nymphs was clearly towards oleander
and Xylosma at this sampling site.  Data of the seasonal
average are skewed by the large spring GWSS
population density.

Figure 2. Average densities (± SEM) of GWSS
(nymphs and adults) were significantly
different among perennial host plants, Tukey’s
HSD at P < 0.05.  Data are seasonal averages,
and biased towards host species preferred in
June and July, when GWSS densities were the
highest.
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ABSTRACT
Glassy-winged sharpshooter (GWSS) egg-specific monoclonal antibody (MAb) and GWSS-specific genetic markers have
been developed for use as diagnostic tools for predator gut content analysis.  Feeding trials were conducted to determine how
long a MAb-based ELISA can detect GWSS remains in the guts of Chrysoperla carnea and Harmonia axyridis.  We found
that C. carnea can yield positive ELISA reaction for the presence of GWSS egg antigen for up to 24 hours after eating an
egg.  Further results showed that the detection period of GWSS egg antigen in H. axyridis is less than 6 hours.  Using
mitochondrial COII primers specific to GWSS, we obtained successful amplification of GWSS DNA fragments from H.
axyridi that consumed six GWSS eggs.  Optimization tests are underway to increase the efficacy of GWSS-specific genetic
primers to detect pest DNA in predator guts.  Feeding trials with additional predators (Zelus renardii, Sinea diadema, and
several spider species) are currently being performed.

INTRODUCTION
Effective control of GWSS will require an areawide integrated pest management approach (AW-IPM). A major component
of AW-IPM is the exploitation of the pest’s natural enemies, which, when utilized to their greatest potential, can increase the
effectiveness of other control tactics.  Unfortunately, very little information exists on GWSS’s predaceous natural enemies.
Evidence of predation of GWSS eggs and adults has been observed in the field (JH pers. obs.); however, the composition of
the predator complex, and the relative impact of each predator on GWSS mortality is unknown. A major obstacle is the
difficulty of studying predators in their natural environment. Unlike parasitoids, predators rarely leave evidence of attack.
Laboratory experiments can be used to evaluate the suitability of particular prey and the rates of predation.  However, lab
studies seldom translate to field situations.  Direct field observations are sometimes used to identify predators of key pests,
but the small size and cryptic nature of predators and GWSS make direct observations difficult and laborious.  Predator gut
content analysis represents a valid approach to investigate predation.  Currently, the state-of-the-art predator stomach content
assays include enzyme-linked immunosorbant assays (ELISA) for the detection of prey-specific proteins (Hagler 1998;
Hagler & Naranjo 1994ab) and polymerase chain reaction (PCR) assays for the detection of prey-specific DNA (Symondson
2002).  To this end, we have developed GWSS egg-specific MAbs (Hagler et al. 2002; Fournier et al. submitted) and GWSS-
specific primers (de León & Jones 2004).  Both assays provide an avenue to qualitatively assess the impact of predator
species on GWSS populations.

OBJECTIVES
Our main objective is to identify the composition of the GWSS predator complex using pest-specific ELISA and PCR assays.
However, several optimization studies are needed (e.g. detectability half-life) before these assays can be used to examine
field-collected predators.  Here we report results of laboratory tests on detection periods of GWSS egg antigen in the guts of
two generalist predators, the green lacewing, Chrysoperla carnea Stephens (Neuroptera: Chrysopidae) and the multicolored
Asian lady beetle, Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae) using a GWSS egg-specific ELISA.  We also
present preliminary results on predator gut content analysis using PCR.

RESULTS:
ELISA Response to Lacewing that Consumed GWSS Eggs
Predators were placed individually in Petri dishes and starved for 36 h. Lacewings were then fed one or two GWSS eggs
(within a 30-min time frame) and isolated from food for 0, 6, 9, 12, 24, or 36h at 25°C, photoperiod of 16:8h (L:D), and then
frozen (-80ºC).  Negative controls were individuals that did not eat any GWSS eggs.  Each lacewing was analyzed by indirect
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ELISA for the presence of GWSS egg antigen (methods described in Hagler et al. 2002).  Data indicate that the number of
ELISA positive reactions decreased over time (Table 1).  All negative controls yielded negative ELISA absorbance values.
Significant differences between the mean absorbance of values of the lacewings fed GWSS eggs and their negative control
counterparts was found in all post-feeding time intervals, except for time=24 and 36 h.

Table 1.  ELISA results testing for the presence of GWSS egg antigen in the guts of Chrysoperla carnea (3rd instar larva).

Treatments a

0h

Negative Control
Absorbance at Critical

b405 nm, value
mean ± SD

0.089±0.003 0.098

% positive
reactions

(N) c

0 (15)

Lacewing fed with GWSS eggs
Absorbance % positive Signifi-

dat 405 nm, reactions cance
mean ± SD (N)

0.526±0.488 95 (19) ***
6h
9h

0.072±0.006
0.076±0.004

0.090
0.088

0 (22)
0 (19)

0.176±0.142
0.197±0.167

62 (21)
76 (21)

***
**

12h 0.074±0.007 0.095 0 (21) 0.147±0.149 43 (23) *
24h 0.077±0.008 0.101 0 (14) 0.170±0.180 36 (22) N.S.
36h 0.073±0.005 0.088 0 (22) 0.072±0.011 0 (22) N.S.

a post-GWSS egg consumption intervals (hour).
b Mean + 3SD of the negative controls (Sutula et al. 1986).
c Based on the critical value of the negative control predators. N=total no. of individuals assayed for each treatment.
d Significant differences (t test) between negative control predators and their counterparts fed GWSS eggs: ***, P < 0.001;
**, P < 0.01; *, P < 0.05; N.S., not significant.

ELISA Response to Multicolored Asian Lady Beetle that Consumed GWSS Eggs
Adult beetles were placed in individual Petri dishes and starved for 36 h.  Each adult was fed six GWSS eggs (within a 60-
min time frame) and isolated from food for 0 or 6h and then frozen (-80ºC).  Negative controls were individuals that did not
eat any GWSS eggs.  We analyzed the dissected gut of each individual by indirect ELISA for the presence of GWSS egg
antigen.  All negative controls yielded negative ELISA absorbance values.  We found that 65% of the individuals that ate
GWSS eggs scored positive at time=0 h, and 8% at time=6h. A significant difference between the mean absorbance values of
the beetles fed GWSS eggs and their negative control counterparts only occurred for the time=0h treatment.

Predator Gut Content Analysis Using PCR Assays
We are currently optimizing a PCR assay to detect GWSS DNA in the guts of various species of predators.  Several pairs of
primers were designed to amplify GWSS-specific fragments from: (1) randomly amplified polymorphic DNA (RAPD) based
on sequence characterized amplified regions (SCAR); and (2) the mitochondrial cytochrome oxydase subunit I (COI) and
subunit II (COII) genes (de León & Jones 2004).  The size of amplified fragments of GWSS DNA varies from 166 to 302 bp.
Adult H. axyridis fed six GWSS eggs were immediately frozen (-80ºC) after eating.  Negative controls were beetles that did
not eat any GWSS eggs.  Each individual was homogenized in a lysis buffer solution, DNA was extracted using a DNeasy kit
(Qiagen Inc., Valencia CA) and subjected to PCR using GWSS-specific COII primers.  GWSS DNA was successfully
amplified from H. axyridis extracts (Figure 1).  Further tests are underway comparing the efficacy of different primer sets and
determining the half-life detection interval of GWSS DNA in the guts of several predator species (C. carnea, Z. renardii, S.
diadema, and several species of spiders).
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GWSS       Harm-1       Harm-2     Harm-neg

Figure 1. PCR assays were performed using GWSS-specific COII primers on Harmonia axyridis.  This 2% agarose gel
shows that GWSS DNA fragment (178bp) was amplified from the following samples (duplicates): positive control (GWSS),
predators fed six GWSS eggs (Harm-1, Harm-2).  No amplification occurred for the H. axyridis individual that did not
consumed any GWSS eggs (Harm-neg).

CONCLUSIONS
We showed that molecular gut content assays can be used to detect GWSS remains in the guts of predators.  Once
optimization tests are complete we will assay extensive numbers of field-collected predators.  We will be able to distinguish
specimens that preyed upon immature and adult life stages of the GWSS via the PCR assay and those that consumed eggs via
the ELISA assay.  An understanding of the key natural enemies of GWSS will contribute to an areawide IPM approach for
GWSS control.  Once key predators are identified they can be better exploited for conservation and augmentative biological
control programs.
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ABSTRACT
A variety of microscopic techniques including light microscopy, confocal scanning light microscopy, transmission electron
microscopy, and scanning electron microscopy are helping to elucidate the structure and function of the mouthparts and the
salivary sheath of the glassy-winged sharpshooter, a vector of Pierce’s disease.

OBJECTIVES
1. Describe the morphology and ultrastructure of the glassy-winged sharpshooter mouthparts.
2. Describe stylet penetration and the function of each stylet pair during feeding.
3. Ascertain the path of mouthparts from the epidermal layer to the vascular tissue of the host plant, and to ascertain if the

sharpshooter has fed in parenchymatous or phloem tissue en route to xylem tissue.
4. Determine the ultrastructure of the salivary sheath and its association with all plant tissues encountered from the

epidermal layer to the xylem tissue.

RESULTS AND CONCLUSIONS
The glassy-winged sharpshooter (GWSS) has a significant economic impact as the vector for the transmission of Xylella
fastidiosa, which causes Pierce’s disease in grapes, leaf scorch in oleander and almonds, and variegated chlorosis in citrus.
Different strains of the bacterium also cause diseases of avocados, peaches, plums, apricot, cherries, and many other trees and
ornamentals (Purcell and Saunders 1999, Purcell et al. 1999).  The GWSS feeds primarily on the xylem fluid of more than
100 different host plants from more than 35 plant families.

In response to the tremendous economic importance of this insect, a variety of research avenues are under investigation to
develop control or management strategies.  One important research area that has not received adequate attention is the
interaction between the GWSS and the host plants.  Until very recently we knew very little regarding the structure of the
GWSS mouthparts, and simply assumed that they were similar to those of other leafhoppers.  During the last two years, we
have provided extensive ultrastructural descriptions of the GWSS mouthparts, including several new sensory structures
associated with the sharpshooter stylets and labium (Leopold et al. 2003, Freeman et al. 2002, 2003).

Many unbranched salivary sheaths and branches of very complex sheaths, formed by nymph and adult sharpshooters, do not
always extend directly from the host-plant epidermis to the xylem tissue.  GWSS stylets may penetrate only as far as the
vessel element wall or they may actually fragment the lignified wall and enter the cell lumen (Figures 1-4).  Several vessel
elements in a vascular bundle or secondary xylem may be damaged during a single sharpshooter probe (Figure 1).
Fragmented vessel elements (Figures 2-4) would change the dynamics of water translocation.  Penetrated vessel elements are
only infrequently surrounded by salivary sheath material, which raises questions as to the function of the sheath in reducing
or preventing cavitation.  Penetrated vessel elements can, however, become partially or completely occluded with GWSS
salivary sheath material (Figures 1-3), a situation that would also disrupt water translocation even in the absence of X.
fastidiosa.

The glassy-winged sharpshooter ingests large volumes of xylem fluid during feeding, most of which is quickly excreted.  We
have noted that both nymph and adult sharpshooters produce exudates during probes that do not reach the xylem, suggesting
that they may be feeding in host cells located between the epidermal layer and the xylem.  The transfer of Xylella to
parenchyma cells outside of the xylem (Backus et al. 2003) might be another indicator that sharpshooters are feeding in non-
xylem tissues.  With a high assimilation efficiency of carbon (Brodbeck et al. 1993, 1995, 1996), there may be a nutritive
advantage for even limited feeding in parenchymatous tissues.  We now have preliminary data showing that first, second, and
third-instar nymphs successfully feed on sunflower stems where the xylem is located too distant from the epidermis to be
reached by the length of their stylets.  We note that less than 50% of first and second instars have salivary sheaths terminating
in the xylem even when the xylem is within the reach of their stylets.  Third and fourth instars are only slightly more
successful.
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Figures 1, 2. Confocal scanning light micrographs.  Figure 1.  Several vessel elements damaged by a single GWSS stylet
probe.

Figure 2. Salivary sheath material occluding a fragmented vessel element

Figures 3, 4. Transmission electron micrographs showing fragmented vessel element walls (arrows) and salivary sheath
occlusions (s).

In our greenhouse and laboratory studies, host plants fed on by sharpshooters for several days to weeks begin to show
symptoms similar to those of plants infected with the bacterium X.  fastidiosa. These symptoms occur in our host plants even
though the sharpshooters we are studying are free of Xylella. Previous reports indicated that the symptoms of Pierce’s
disease may occur very shortly after inoculation with X. fastidiosa, long before there is a significant increase in the
population of the bacteria to a level believed necessary to produce symptoms (Labavitch et al. 2002).  Many plant species
infected by strains of X.  fastidiosa show no symptoms of Pierce’s disease (Purcell and Saunders 1999).  Our research is
ongoing to determine the correlation of mechanical damage and occlusion of vessel elements to the onset of symptoms in
non-infected host plants
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ABSTRACT
The primary objective of this research was to characterize the seasonal abundance, dispersal, and overwintering biology of
the glassy-winged sharpshooter (GWSS), a primary vector of Xylella fastidiosa (Xf).  Moreover, to identify where the
vector(s) acquire the pathogen, to determine when vectors move into vineyards and transmit the pathogen to grapes, and to
genetically characterize the populations of Xf isolated from GWSS collected in different perennial cultivated and non-
cultivated plant species. Based on results of seasonal plant utilization by GWSS in our study through the winter of 2003-04
and into the subsequent growing season, we conclude that host plant species can significantly influence GWSS population
biology.  GWSS adult, nymph, and egg mass densities varied among perennial, cultivated crop plant species and non-
cultivated weed species examined in this study.  Perennial crop species examined included sweet cherry, navel, lemon, olive,
avocado, peach, plum, pomegranate, pistachio, and grape.  Adult GWSS dispersed into and fed upon a wide range of these
crop species with the largest dispersing populations observed in citrus (lemon and navel) and pomegranate, similar to our
findings in 2003.  Adult GWSS were also regularly collected from and observed feeding upon a wide range of non-crop weed
species within and surrounding experimental orchard crops. Nymph populations were not equally represented across all
perennial tree crops with increased populations collected from citrus, pomegranate, and also non-crop annual weed species.
Overwintering adult GWSS were consistently collected in relatively low population densities on citrus, pomegranate,
avocado, plum, peach, and non-crop annual weed species.  Patterns of adult GWSS capture among the distances sampled
along linear transects extending into perennial crops were dissimilar among perennial crops.  The presence of Xf in a
subsample of vectors collected from different perennial crops and on non-crop species is underway using a multiplex PCR
protocol to differentiate genomic populations.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), Homalodisca coagulata, was introduced into Southern California in the late
1980’s and later identified in 1994 (Blua et al. 1999).  The insect regularly occurs in most of Southern California and has
become established along eastern portions of the San Joaquin Valley of central California. Large populations of the GWSS
are becoming widely distributed and will reportedly feed and oviposit on a wide range of perennial crop and ornamental plant
species as well as numerous non-crop wild plant species (Adlerz and Hopkins 1979, Daane and Johnson 2003).  This
sharpshooter has continued to expand its range in the state and is expected to affect the overall increase in plant diseases
caused by Xylella fastidiosa (Xf) (Purcell and Saunders 1999a). Strains of Xf have a complex pathogenic relationship with a
diverse host range including members of both monocots and dicots (Chen et al. 2000).  Analyses of the genetic diversity of Xf
have begun to elucidate differences between many of the strains (Chen et al 1995, Hendson et al. 2001, Pooler and Hartung
1995). Knowledge of the genetic diversity of strains that comprise the population of Xf in the central San Joaquin Valley
(SJV) of CA, especially as it relates to insect vectors, will help in devising effective strategies for managing Pierce’s disease
(PD), as well as other diseases caused by this bacterium.

Xylella fastidiosa is transmitted by xylem feeding sharpshooters (Cicadellidae) and spittlebugs (Cercopidae) (Hill and Purcell
1997, Purcell and Frazier 1985).  In California, there are at least 20 species capable of transmitting the pathogen, although
only four species are considered to be epidemiologically important in grapes (Pearson and Goheen 1988).  Based on the
population dynamics of native sharpshooter species in coastal California vineyards, much of the spread of Xf, especially early
in the season when it is most damaging to grapevines, are by adults that move into the vineyard from outside host sources
(Purcell and Saunders 1999b).  Knowledge of which vector species transmit Xf in the central SJV, where they acquire the
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pathogen, when they move into vineyards, and when they spread the pathogen to grapes is critical to understanding and
managing the spread of PD in this area.

OBJECTIVES
1. To identify and characterize the seasonal abundance of the primary vectors of Xf and seasonal patterns of insect

dispersal.
2. Compare the genetic structure of Xf strains isolated from GWSS collected from perennial, cultivated and non-cultivated

plant species.

RESULTS
Objective 1
Examination of the seasonal host utilization patterns and dispersal biology of the glassy-winged sharpshooter, Homalodisca
coagulata (GWSS) within and among a variety of perennial crop plant species has been monitored through the winter (2003-
04) and following spring and summer seasons of 2004. Experimental sites are located in GWSS-infested areas of Tulare
County, California.  The results of these studies continue to provide valuable insight into the relative importance of different
crop types as predominant overwintering habitats, ovipositional substrates, and preferred feeding hosts for GWSS.  Patterns
of crop utilization were monitored within perennial crop species including grape, citrus (navel and lemon), stonefruit (sweet
cherry, peach, and plum), olive, and avocado at each of three locations for each crop type.  Additionally, non-crop weed
vegetation was monitored throughout the season at three experimental sites along with riparian vegetation.  Host utilization
was assessed monthly at each of three locations for each crop type based on sweep/beat-net sampling for adult and immature
GWSS and visual inspections for GWSS egg masses.  Results from our second year again indicate that host plant species
influences GWSS population biology. Similar to our findings in 2003, the largest mean number of adult GWSS were
collected from citrus (navel and lemon) and pomegranate whereas mean nymphal population densities were lower than the
previous season.  More nymphs were present in navel orange and pomegranate with fewer nymphs collected in olive,
avocado, cherry, plum, and peach.  Non-crop plant species upon which adult and nymphal GWSS were collected included
red-root pigweed, prickly lettuce, annual sowthistle, little mallow, lambsquarters, field bindweed, blue morning glory, curly
dock, evening primrose, johnsongrass, and ground cherry.  The greatest mean number of GWSS egg masses were collected
from both citrus and pomegranate.

Seasonal dispersal of adult GWSS was again monitored within and among the previously indicated perennial crop plant
species  Traps were suspended 2 m above the ground between tree canopies along 4 linear transects at each of 3 experimental
locations for each crop sampled.  Beginning November 2003, a total of 11,677 adult GWSS, 29 green sharpshooters (GSS,
Draeculacephala minerva), and 351 spittlebugs (Cercopidae) were captured on yellow sticky cards.  Temporal patterns of
GWSS capture were similar in citrus and pomegranate throughout the 2004 sampling season representing dispersal of both
overwintered and 1st generation adult GWSS.  Seasonal patterns of GWSS capture in olive, avocado, and plum was dissimilar
to that of either citrus or pomegranate similar to the patterns observed in 2003.  Beginning November 2003, we have begun to
closely monitor the overwintering host utilization patterns of adult GWSS among the variety of perennial crop and non-crop
weed species previously listed.  Overwintering adult GWSS have been sampled monthly (Nov – Feb, 2003) in perennial tree
crops by beating/shaking all scaffolds over two, 80 ft2 white, PVC tarps that flank both sides of the tree stem and in non-crop
weed species using sweep net collections described previously. Adult GWSS have been collected overwintering on citrus
(lemon and navel), pomegranate, peach, plum, and avocado averaging 0.2, 0.4, 0.9, 0.02, 0.05, and 0.5 adult GWSS/tree,
respectively, over the four month sample interval. Mean populations of adult GWSS swept from non-crop annual vegetation
have averaged 1.1, 2.4, 0.9, and 0.3 adult GWSS/50-sweep sample over the four month sample interval, respectively. To
examine the seasonal population biology of GWSS utilizing non-crop host species, GWSS, native sharpshooters, and all
spittlebugs have been sampled monthly from the ground cover and surrounding vegetation at each of the 3 experimental
locations with high populations of GWSS present in 2003.
At each location, sharpshooter and spittlebug adults and
nymphs associated with the ground cover and surrounding
non-crop vegetation are sampled using a standard sweep net
(100 sweeps at each of 10 sites per location for ground
cover).

Objective 2
The presence of Xf in a subsample of vectors captured
among the different perennial crops and on non-crop species
has begun using PCR. Genomic DNA is first isolated and
initially screened against RST 31/33 universal primers to
detect all Xf strains. The diversity of the chosen Xf isolates
will be assessed using RAPD-based protocols and single
nucleotide polymorphisms (SNPs) from genome loci of
taxonomic importance deduced from the available genome
sequences. Previous studies have demonstrated that these

C1  D1    A1    D2    D3    D4             C2    A2    B1

A type

G type

C1  D1    A1    D2    D3    D4    D5    C2    A2    B1

A type

G type

Figure 1. Polymerase chain reaction products from 18 Xf isolations
collected in 2003 illustrating 2 genotypes (A = almond; G = grape).
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protocols generate sufficient polymorphisms within Xf to enable grouping of strains according to host associations. SNP
analyses represent one of the most recent technologies used for comparative studies of closely related bacteria. Based on
published genomic information, strain specific primers recently will be used to investigate the pathotype profile using the 16S
rDNA intergenic region. Results from our current season’s research indicate that this multiplex PCR protocol can
differentiate genomic populations which might co-exist in infectious vectors (Fig. 1). Here again, attempts will also be made
to quantify Xf in selected insect vectors to identify the population dynamics of Xf within a vector population.

CONCLUSIONS
The results obtained from the second year of this project remains consistent with our first year observations and has
generated significant new information regarding the seasonal host utilization patterns, dispersal, and overwintering biology of
GWSS in the central SJV of California.  This information will improve our understanding of the epidemiology of Pierce’s
disease which will also be useful in understanding the epidemiology of other economically important diseases caused by Xf
for which GWSS may become an important vector.  This objective directly addresses gaps in our present understanding that
must be filled in order to develop comprehensive PD and GWSS management strategies.  This research has expanded on
previous work by documenting important aspects of the population biology of GWSS in the agricultural landscape of the
central San Joaquin Valley of California.  An improved knowledge of the genetic diversity of strains that comprise the
population of Xf detected from potentially infectious GWSS will further help in devising effective strategies for managing
Pierce’s Disease, as well as other important diseases caused by this bacterium.
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ABSTRACT
A glassy-winged sharpshooter (GWSS) protein marking system is being developed for use as a diagnostic tool for predator
gut content analysis.  We determined that GWSS can be marked with 100% efficiency for at least 7 days after feeding on
protein-marked plant material or spraying with a topical protein solution.  Moreover, feeding trials have shown that protein
marked insects can be detected by a protein-specific ELISA in the guts of predators that consumed them.  Field studies are
being initiated that will quantify the predation rates of an assemblage of predators on GWSS using a multitude of protein-
specific ELISAs.

INTRODUCTION
Very little information exists on predaceous natural enemies of GWSS.  While predaceous arthropods are important
regulators of arthropod populations (Luff, 1983; Sabelis, 1992; Symondson et al., 2002); identifying the feeding choices and
amount of prey consumed by generalist predators is very difficult.  Predators and GWSS are small, elusive, cryptic (Hagler et
al., 1991), and the predators may feed exclusively at night (Pfannenstiel & Yeargan, 2002).  Hence, visual field observations
of predation are extraordinarily difficult to obtain.  Moreover, predators do not leave evidence of attack.  Perhaps the most
frequently used experimental approach for evaluating natural enemies in the field are through studies conducted in field cages
(Luck et al., 1988).  Such studies require manipulation of either the natural enemy or the targeted prey population(s) within
the cage (e.g., the removal or introduction of the organism of interest).  Mortality of the pest can be estimated based on the
presence or absence of the pest (Smith & De Bach, 1942; Leigh & Gonzalez, 1976; Luck et al., 1988; Lang, 2003).  Such
studies have documented the qualitative impact of manipulated predator assemblages on many types of pests, but they do not
provide quantitative information on predation rates or evidence of which predator in the assemblage is exerting the greatest
biological control.  Often the only direct evidence of arthropod predation can be found in the stomach contents of predators.
Currently, the state-of-the-art predator stomach content assays include enzyme-linked immunosorbent assays (ELISA) for the
detection of pest-specific proteins (Hagler, 1998) and PCR assays for the detection of pest-specific DNA (Agustí et al.; 1999;
Symondson, 2002; Greenstone & Shufran, 2003).

ELISAs have been widely used to identify key predators of certain pests, including GWSS (Ragsdale et al., 1981; Sunderland
et al., 1987, Hagler et al., 1992, 1993, 1994; Hagler & Naranjo, 1994ab; Bacher et al., 1999; Fournier et al., in prep).  The
simplicity and low cost of conducting an ELISA lends itself to the efficient screening of hundreds of field-collected predators
per day.  However, polyclonal antibody-based ELISAs often lack species specificity and monoclonal antibody-based ELISAs
are too technically difficult, costly, and time consuming to develop for wide scale appeal (Greenstone, 1996).  Moreover,
pest-specific ELISAs share the same limitation as the other predator evaluation methods; the quantification of predation rates
is impossible (see Hagler & Naranjo, 1996; Naranjo & Hagler, 1998 for reviews).  PCR assays using pest-specific DNA
probes might be less expensive to develop (Greenstone & Shufran, 2003), but PCR assays are also not quantifiable and they
are more costly, technical, tedious, and time consuming to conduct than ELISAs (pers. obs.).

Due to the reasons discussed above, quantifying predation rates is extremely difficult.  These difficulties have resulted in a
dearth of information on the quantitative impact that generalist predators have on suppressing pest populations.  The many
shortcomings of each method of predator assessment described above were the impetus for us to develop a technique to
quantify predator activity.  The technique combines our previous research using pest-specific MAb-based ELISAs to detect
predation (Hagler et al., 1991, 1993, 1994, 2003) with protein marking ELISAs we developed to study arthropod dispersal
(Hagler & Miller, 2002; Hagler, 1997a, b; Hagler & Naranjo, 2004; Hagler & Jackson, 1998; Hagler et al., 2002).  Here we
describe a technique for marking individual GWSSs, each with a unique protein.  In turn, the gut contents of each predator in
the assemblage can be examined by a multitude of protein-specific ELISAs to determine how many GWSS were consumed
and which predator species consumed them.  The advantages of immunomarking prey over prey-specific ELISAs are: (1)
prey-specific antibodies (or PCR probes) do not need to be developed, (2) the protein-specific sandwich ELISAs are more
sensitive than the indirect prey-specific ELISAs (Hagler et al., 1997), (3) a wide variety of highly specific protein/antibody
complexes are available, (4) the specificity of each antibody to its target protein facilitates the marking and examination of
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the gut contents of every predator in the assemblage by a myriad of protein-specific ELISAs, and (5) all of the proteins and
their complimentary antibodies are commercially available at an affordable price.

OBJECTIVES
We are in the preliminary phase of a research project dedicated to quantifying predation rates on GWSS nymphs and adults
and qualifying predation on eggs.  There are enough protein/antibody complexes commercially available that each GWSS in
a field cage can be marked with a specific protein.  We will mark individuals (e.g. adults and nymphs) and release them for 6
hours into a cage containing an assemblage of predators. The experiment will contain a day and night treatment.  Observed
mortality for each GWSS life stage will be determined by simply counting the number of GWSSs remaining in each cage.
Each predator will then be examined by a multitude of protein-specific ELISAs to determine which predators ate GWSS
nymphs and adults and how many each predator consumed.  Then, each predator will be examined by a GWSS egg-specific
ELISA to determine the frequency of predation on GWSS eggs (see Fournier et al. in this volume).  Specifically, this study
will: (1) quantify predation on GWSS nymphs and adults, (2) qualify predation on GWSS eggs, and (3) determine the
circadian feeding activity of predators.  Results obtained from this research will enhance our basic understanding of predator-
prey interactions and aid in evaluating the efficacy of generalist predators for a conservation biological control program or an
inundative biological control program.

RESULTS
We (JRH) conducted feasibility studies to determine if protein markers can be substituted for pest-specific MAbs for the
immunological detection of prey in predator guts.  In a series of lab studies, we fed a wide variety of predators (e.g., chewing
and piercing/sucking type predators) both large and small prey marked with rabbit immunoglobulin G (IgG).  In turn, the gut
contents of each predator was analyzed by a rabbit IgG-specific ELISA.  The results showed that, regardless of the predator
species and the size of prey consumed, the rabbit IgG ELISA could easily detect the mark in the predator’s stomach for at
least 6 hours after feeding (Figure 1).

Orius Retention of Marked Parasitoid

Time after feeding (h)

Negative Orius 0 3 6
0.0

0.5

1.0

1.5

2.0
Earwig Retention of Marked PBW

Time after feeding (h)

Negative Earwig O Hour 24 Hour

EL
IS

A 
R

ea
di

ng

0.0

0.5

1.0

1.5

2.0

0%

100%100%

100%

0%

100%

100%

Figure 1. Mean (±SD) ELISA readings for the retention of rabbit IgG in the gut of two types of predators that consumed
either a single 2nd instar pink bollworm larva or an adult parasitoid (Eretmocerus emiratus) marked with 5.0 mg/mL of rabbit
IgG. The numbers above the error bars are the percentage of individuals positive for rabbit IgG.  The negative predators
consumed unmarked prey. Note: these data were chosen for display because they represent the extreme case scenarios (e.g.,
a large chewing predator eating a relatively large marked prey and a small piercing/sucking predator eating a very small
marked prey).  Similar studies are being conducted on GWSS.

The next study was designed to determine if we could mark adult GWSSs.  In a pilot study, we marked (internally and
externally) adult GWSS with rabbit IgG protein using the techniques described below.

Internal Marking
GWSSs were provided a chrysanthemum (mum) that was previously marked with a topical spray of a 5.0 mg/mL rabbit IgG
solution.  Individuals were allowed to feed on a protein-marked mum for 48 h.  The GWSSs were removed from the protein-
marked mum and placed on unmarked mums for 3, 5, or 7 days after marking and then analyzed for the presences of rabbit
IgG by the anti-rabbit IgG ELISA described by Hagler (1997a).  The efficacy of the marking procedure is given in Figure 2.

External Marking
We applied an external mark to individual GWSSs by spraying them with 1.0 ml of a 0.5 mg/mL rabbit IgG solution using a
medical nebulizer (Hagler 1997b).  The GWSS were air-dried for 1 h and then placed on mums for 3, 5, or 7 days after
marking and then analyzed for the presence of rabbit IgG by ELISA.  The efficacy of the marking procedure is given in
Figure 2.
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Figure 2. The efficacy of the internal (left graph) and external marking procedure (right graph) (n=8 to 16 per treatment). All
of the GWSSs assayed 3, 5, and 7 days after marking yielded positive ELISA responses for the presence of rabbit IgG.  All of
the unmarked GWSSs yielded negative ELISA responses.

Results indicate that the protein marking procedure works for at least 7 days after marking GWSS.  The next phase of our
research (in progress) will be to mark individual GWSSs using the methods described above.  Specifically, 10 individual
GWSSs will be marked, each with a unique protein (see Table 1).  The 10 GWSSs will then be placed in a field cage
containing various predator species. The predator assemblage examined will represent those predators commonly found in
areas inhabited by GWSS (JRH, pers. obs.).  A partial list of the predator assemblage that will be examined and their
probable feeding behaviors is given in Table 2.  After 6 h in the cage, every remaining predator will be collected and
analyzed by 10 different protein-specific ELISAs.  A hypothetical example of the data we will generate over the next year is
given in Table 3.

Table 1. A listing of the proteins that will be used to mark 10 individual GWSS.
Individual GWSS Protein marker

1 Rabbit IgG
2 Guinea pig IgG
3 Equine IgG
4 Mouse IgG
5 Dog IgG
6 Pig IgG
7 Bovine IgG
8 Cat IgG
9 Rat IgG

10 Sheep IgG

Table 2. A listing of the arthropod assemblage to be examined.
Species Stage\1 Classification\2 Likely GWSS prey\3

H. convergens Adult/immature Carnivore Egg
Zelus renardii Adult/immature Carnivore Nymph/Adult
Geocoris punctipes Adult Omnivore Egg/early instar nymph
Spiders

Salticidae
Clubionidae
Agelenidae
Araneidae

Adult/immature Carnivore Nymph/Adult

Earwig Adult/immature Omnivore Egg, nymph, adult
Chrysoperla carnea Immature Carnivore Egg
Preying mantis Adult/immature Carnivore Nymph, adult
Syrphid fly Immature Carnivore Egg
Coccinella septempunctata Adult/immature Carnivore Egg

1/The predator life stage that will be examined.
2/The primary feeding habit of each species.
3/The most likely GWSS life stage that will be attacked.
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Table 3. A hypothetical example of results yielded from a multitude of IgG-specific gut content ELISAs conducted on an
individual predator (e.g., Zelus renardii).  The number of positives yielded in all the assays indicates the number of prey
consumed by this single predator.

Predator Targeted GWSS Protein marker
designated in Table 1

Protein-Specific
ELISA

ELISA
result/1

1 Rabbit IgG Anti-Rabbit IgG -
2 Guinea pig IgG Anti-Guinea pig IgG -
3 Equine IgG Anti-Equine IgG -
4 Mouse IgG Anti-Mouse IgG -
5 Dog IgG Anti-Dog IgG -
6 Pig IgG Anti-Pig IgG +
7 Bovine IgG Anti-Bovine IgG -
8 Cat IgG Anti-Cat IgG +
9 Rat IgG Anti-Rat IgG -

Z. renardii

10 Sheep IgG Sheep IgG -
1/This individual predator scored positive in the anti-pig and anti-cat ELISAs; therefore it consumed 2 marked
GWSSs.

CONCLUSIONS
Although it is widely accepted that predators play a role in pest regulation, we still have an inadequate understanding of, and
ability to predict their impact in cropping systems.  Frequently parasitoids are given major credit for suppressing pest
populations; however, the impact that predators have on suppressing GWSS populations goes unrealized due to the
difficulties of assessing arthropod predation as discussed above.  The prey marking technique described here circumvents
many of the shortcomings of the current methods used to study predation.  The preliminary studies described here prove that
prey marking can be a powerful method for the immunological detection of predation and can be used to study various
aspects of predator feeding behavior.  Over the next 2 years we plan to quantify predation rates on GWSS.  Ultimately, this
information can be used to improve the efficacy of conservation and inundative biological control of GWSS.  This research is
designed to determine which predators are exerting the greatest biological control on GWSS eggs, nymphs and adults.  This
information can then be used to develop a comprehensive biological control program that better conserves the populations of
those predators exerting the greatest control on the various GWSS life stages.
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ABSTRACT
To determine the oviposition preference of female blue-green sharpshooters (BGSS), Graphocephala atropunctata (Signoret)
(Hemiptera: Cicadellidae), a survey was conducted on southern California wild grape, Vitis californica Benth (Vitaceae)
growing near Temecula, California in August 2003 where populations of BGSS were known to occur.  Female BGSS
oviposited into new growth, primarily the succulent tendrils and stems.  The under sides of small leaves and petioles were
also used for oviposition, but to a lesser extent.  Mature stems, large and medium sized leaves and petioles were not utilized
for oviposition.  Two parasitoids, Gonatocerus latipennis Girault and a Polynema sp. (Hymenoptera: Mymaridae) were
reared from BGSS eggs.  Literature reviews revealed a deficiency of known natural enemies for G. atropunctata.  A sentinel
plant study was conducted to further confirm the parasitization of BGSS eggs by these parasitoids.  Collectively the
Polynema sp. and Gonatocerus latipennis constitute the first documented parasitic natural enemies of BGSS eggs.  A further
examination, commencing in January 2004, of the activity of BGSS and its parasitoids in southern California is currently
underway.  Blue-green sharpshooter adult activity reached its peak in July while bi-weekly samples of wild grape canes and
tendrils revealed peak emergence of blue-green nymphs and parasitoids occurred from mid-July to mid-August.  No-choice
tests with Gonatocerus ashmeadi Girault, a parasitoid of the galssy-winged sharpshooter, Homalodisca coagulata, and BGSS
eggs as part of a non-target impact assessment have yielded few results thus far. However, no-choice tests with G. ashmeadi
and the native smoke-tree sharpshooter (STSS), Homalodisca liturata Ball, yielded no significant differences in percent
parasitism of eggs when compared to the GWSS control.

INTRODUCTION
The native BGSS has been a threat to California grape growers for nearly a century due to its excellent transmission
efficiency (Hill and Purcell 1995) of the bacterium that causes Pierce’s Disease, a severe malady of commercially grown
grapes.  While much research has been devoted to epidemiologically related issues concerning this insect, little has been done
to examine some of the most fundamental life history traits of this native pest, specifically oviposition preference (Severin
1949) and the native Californian parasitoids attacking the eggs of this pest.  Further, we intend to investigate possible non-
target effects of the exotic egg parasitoids that have been released to control another hemipteran pest, the GWSS, on BGSS
and other native California sharpshooters and to identify the native parasitoid fauna associated with these native sharpshooter
species.  To address these issues, we need to know the oviposition preferences of native sharpshooters associated with
particular host plants and their respective natural enemy fauna attacking oviposited eggs.  The studies outlined below have
determined the oviposition preferences of BGSS on wild grape, have documented its associated egg parasitoids, and provide
data on host specificity of G. ashmeadi, a parasitoid being used as part of the classical biological control program against
GWSS on the targets congener, the native STSS.

OBJECTIVES
1. Classify the native egg parasitoid fauna in California associated with sharpshooters native to California, primarily the

smoke-tree sharpshooter (STSS): Homalodisca liturata Ball (Hemiptera: Clypeorrhyncha: Cicadellidae: Cicadellinae:
Proconiini), blue-green sharpshooter (BGSS): Graphocephala atropunctata (Signoret), red-headed sharpshooter (RHSS):
Xyphon fulgida (Nottingham), and green sharpshooter (GSS): Draeculocephala minerva Ball (the latter three, all
Hemiptera: Clypeorrhyncha: Cicadellidae: Cicadellinae: Cicadellini).

2. Assess the possible non-target impacts of Gonatocerus ashmeadi, G. trigutattus, and G. fasciatus, parasitioids being used
for the classical biological control of GWSS, on the above mentioned native sharpshooters.
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RESULTS:
Oviposition Survey
Wild grape plant material collected on 5 August 2003 consisted of: 50 canes (terminal 25 cm of cane), 50 tendrils, 100 large,
100 medium, and 100 small leaves with petioles.  The tendrils and small leaves with petioles were selected from the terminal
25 cm sections of the canes. Each of the 50 canes was cut into thirds: upper, middle and lower.  No insects emerged from
large or medium leaves and their petioles and are thus excluded from further discussion.  A total of 49 insects (26 G.
atropunctata, 18 Polynema sp. and five G. latipennis parasitoids, Figures. 1 and 2) emerged from plant material collected.
The highest percentage of BGSS nymph emergence (18%) occurred in the apical-most portion of the stem, with less
emerging from tendrils (14%), and middle (10%) and lower (2%) stems, respectively.  A very small percentage of G.
atropunctata nymphs emerged from small leaves and their petioles. For the parasitoids the highest percent emergence
occurred from the tendrils (38%).  Collectively, the tendrils and stems yielded the greatest emergence (Figure 3).
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Figures. 1 and 2. Parasitoids of the BGSS.
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Ten entire grape canes were sampled on 14 August 2003 to account for any possible oviposition substrate not sampled in the
previous survey.  These canes were cut into thirds (apical, middle and basal), then placed into 10 cm of water in a Mason jar
which left approximately 25 cm of cane exposed for emergence of nymphs and parasitoids.  Canes and mason jars were then
placed into three separate cages, according to their stem position.  Cane sections were examined daily for emergence.  In
total, two BGSS nymphs and 16 Polynema sp. emerged from the canes.  As there were so few insects emerged from these
cane sections, the stems, leaves, petioles and tendrils were examined under the microscope for recent emergence holes from
both BGSS nymph and parasitoids.  A total of 65 emergence holes were counted.  The majority of emergence holes were on
the apical stems (n = 37) and on tendrils (n = 6, 13, 7, for apical, middle and basal portions, respectively) occurring along the
length of the entire canes.  Only two emergence holes were counted from leaf petioles and none were counted from middle
and basal stems and leaves.

Sentinel Plant Study
To confirm the host association of the emerged parasitoids with the BGSS, three sweet-basil, a chrysanthemum and two wild
grape plants were exposed to BGSS lab colonies for 3 days to allow for oviposition.  Plants were removed from the colonies
and transported to the oviposition survey site to allow for parasitization of BGSS eggs.  After three days, the plants were
brought back from field, cleaned of any insects and placed into separate cages.  Plants were observed daily for any emerging
insects.  A combined total of 197 BGSS and Polynema sp. emerged from the five sentinel plants.  Of these, 55 were BGSS
nymphs and 142 were Polynema sp. (54 males, 88 females).  Parasitism rates of BGSS eggs by Polynema sp. ranged from
33% on the mum to 78% and 86% on wild grape and basil, respectively.

BGSS and Parasitoid Activity
A total of 12 yellow sticky card traps (11 x 15 cm), were placed at the 2003 oviposition survey site to monitor BGSS adult
and parasitoid flight activity.  Traps were set up on 9 January 2004 and collected at bi-weekly intervals.  Peak trap catch of
BGSS adults occurred over the two week period of 11 June to 25 June 2004.  Additionally, as soon as wild grape had
sprouted and was available for collection, starting on 16 April 2004, twelve 30 cm cane sections were collected at the same
bi-weekly sampling intervals.  Tendrils were severed from the cane and placed into individual Petri dishes while stems were
placed into dual 50 dram vials (25 cm of cane above water to allow for emergence).  Plant material was checked daily for
emergences of nymphs and parasitoids.  Peak emergence of BGSS nymphs and parasitoids was spread over a four week
period from 24 July to 20 August 2004.  Data compilation is still in progress, however some of the results are shown below in
Figure 4.
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Host specificity testing: No-choice tests were conducted with G. ashmeadi and STSS eggs.  Single, one day old, mated, fed
G. ashmeadi were exposed to STSS (n = 40 egg masses) and control (GWSS, n = 7 egg masses) eggs on chrysanthemum
leaves in individual 100 x 15 mm Petri dishes.  Each wasp was supplied one egg mass less than 48 hours of age and allowed
24 hr to parasitize the eggs before removal from the dish.  The number of eggs per egg mass ranged from 2-14 ( x = 5.65) for
STSS and 2-19 ( x = 5.89) for GWSS.  Percent parasitism of egg masses ranged from 0-100% for both STSS ( x = 84.58%)
and GWSS ( x = 71.43%) and was not found to be significantly different (Figure 5, Student’s t-test, alpha = 0.05, P =
0.37702).
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Figure 5: Percent parasitism of STSS and GWSS eggs by G. ashmeadi in Petri dish no-choice studies.

CONCLUSIONS
Clearly we now know BGSS oviposition preference on wild grape is for new growth, consisting primarily of the terminal 25
cm of succulent stems and tendrils that occur along the entire length of the grape cane.  Additionally we have confirmed two
new natural enemy host associations for the BGSS, G. latipennis and Polynema sp.  While these studies were conducted on
wild grape, the information acquired may have implications in developing a more complete IPM program involving this
native pest species and its associated natural enemies.  Overall, the new knowledge of BGSS oviposition preference provides
essential information for conducting future non-target effect studies involving the exotic GWSS egg-parasitoids which we
have started to investigate.  Peak BGSS adult activity measured through trap catches occurred from mid-June to early August
while peak emergence of nymphs and parasitoids was spread over a four week period from 24 July to 20 August 2004.
Another peak of adult activity may be expected in October once the nymphs have matured into adults.  No-choice tests with
G. ashmeadi and the STSS yielded no significant differences in percent parasitism as compared with GWSS control.  It is
likely there will be non-target impacts by G. ashmeadi in STSS habitats where this parasitoid is able to successfully infiltrate
and compete with other resident natural enemies such as Ufens and Zagella sp. (both Trichogrammatidae)

REFERENCES
Hill, B. L., Purcell, A. H. (1995). Acquisition and retention of Xylella fastidiosa by an efficient vector. Phytopath. 85: 209-

212.
Severin, H.H.P. (1949) Life history of the blue green sharpshooter, Neokolla circellata. Hilgardia 19: 187-189.
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IS THE GLASSY-WINGED SHARPSHOOTER PARASITOID GONATOCERUS MORRILLI ONE SPECIES
OR A COMPLEX OF CLOSELY RELATED SIBLING SPECIES?
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Reporting period: The results reported here are from work conducted from July 2004 to October 2004.

INTRODUCTION
This is a new proposal that was officially funded in July 2004. This project objective is to determine the status of different
Gonatocerus morrilli populations.  We intend to use three approaches to determine the species identity of different G.
morrilli populations:  (1) Reassessment of key morphological features using scanning electron microscopy to determine if
subtle morphological differences exist between G. morrilli populations which could possibly indicate species differences
(Triapitsyn to conduct this work).  (2) Conduct mating compatibility studies to determine if different populations of G.
morrilli are reproductively isolated, or if mating occurs, whether offspring are viable thereby defining species groups on the
basis of successful interbreeding (Hoddle).  (3) To determine if molecular differences exist between G. morrilli populations
collected from different regions by comparing mitochondrial and ribosomal DNA sequences.  Molecular dissimilarities of
key regions could potentially indicate the existence of different species (Stouthamer).  Results from these three areas
(morphology, behavior, and molecular) of investigation will be evaluated together to determine whether G. morrilli as it is
currently viewed is a valid species or whether it is an aggregate of morphologically similar cryptic species.

A classical biological control program is currently underway for glassy-winged sharpshooter (GWSS), which is an exotic
pest in California.  The native range of GWSS is the southeastern United States and northeastern Mexico (Triapitsyn &
Phillips, 2000). GWSS is thought to have invaded California around 1990 as egg masses that were accidentally imported on
ornamental plants from Florida.  Species of GWSS egg parasitoids not present in California are currently being prospected
for in the native range of GWSS.  Promising candidate natural enemy species that attack eggs are being imported and
released in California for GWSS control (Triapitsyn et al., 1998; Triapitsyn & Hoddle, 2001). Interestingly, one species of
egg parasitoid associated naturally with GWSS in California, Gonatocerus morrilli (Howard) (Hymenoptera: Mymaridae), is
also widely distributed in the home range of GWSS, but at the time of its initial discovery in California, G. morrilli had not
been intentionally released here and was thought to be native to California.  A potential host for G. morrilli in California
prior to the arrival of GWSS could have been the native Homalodisca liturata (Ball) which has had unidentified Gonatocerus
spp. reared from its egg masses collected in the San Diego area (Powers, 1973).  The presence of G. morrilli in Riverside in
1980-1984 has been documented (Huber 1988). Gonatocerus morrilli is now the second most important natural enemy of
GWSS egg masses in California (Al-Wahaibi, 2004).

The success and failure of a number of biological control projects against insect pests and weeds has hinged on the correct
taxonomic identification of the target and its natural enemies (Gordh and Beardsley, 1999). Incorrect understanding of the
taxonomy and subsequent interrelationships between the target and its natural enemy guild are serious impediments to an
efficacious biological control program.  For example, Trichogramma minutum and T. platneri are important commercially
available biological control agents that are morphologically indistinguishable but reproductively incompatible (Nagarkatti,
1975).  Experimental work and subsequent modeling with these two species of Trichogramma has indicated that because pre-
mating isolation mechanisms are absent (e.g., pre-mating courtship behaviors that prevent coupling of males and females
from different species) severe negative effects on biological control can occur.  Negative effects manifest themselves because
females that mate with males from different species fail to produce female offspring. This occurs because Trichogramma like
Gonatocerus are haploid-diploid parasitic Hymenoptera.  In this haplo-diploid system, fertilized eggs produce female
offspring and unfertilized eggs produce male offspring. In situations where incompatible interspecies matings are occurring
both species fail to produce females and the potential population growth of both parasitoid species is reduced to levels below
the growth rate expected for either species in the absence of the other (Stouthamer et al., 2000).

If different populations of morphologically similar G. morrilli from Florida, Louisiana, Texas, and Mexico are indeed valid
species that lack pre-mating isolation mechanisms, then the current biological control program against GWSS in California
that is attempting to establish these new agents may reduce the current level of control achieved by the precinctive
populations of G. morrilli in California.  This could occur because of male-biased offspring production resulting from
incompatible matings across species.  The rationale for introducing new strains or races of G. morrilli into California is based
on the idea that different biotypes of this parasitoid may exist and fill niches not currently occupied by the strain of G.
morrilli already present in California.

In this grant we propose to determine if geographically distinct populations of G. morrilli are part of one continuous
interbreeding population or if populations of G. morrilli are separate species that can’t be easily separated on the basis of
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currently employed morphological characters.  To do this we intend to combine three separate approaches to determine the
species identity of different G. morrilli populations:  First, we’ll reassess key morphological features used to characterize G.
morrilli with scanning electron microscopy to determine if subtle morphological differences exist between G. morrilli
populations which could possibly indicate species differences.  Such differences - should they exist - may not be easily
observed with light microscopy.  Second, we’ll conduct mating compatibility studies to determine if different populations of
G. morrilli are reproductively isolated, or if mating occurs, whether offspring are viable thereby defining species groups on
the basis of successful interbreeding.  Third, we’ll determine if molecular differences exist between different G. morrilli
populations by comparing mitochondrial and ribosomal DNA sequences.  Molecular dissimilarities of key regions could
potentially indicate the existence of different species, and at the same time allow their identification.  Results from these three
areas (morphology, behavior, and molecular avenues) of investigation will be evaluated together to determine whether G.
morrilli as it is currently viewed is a valid species or whether it is an aggregate of morphologically indistinguishable cryptic
species.

RESULTS
This project has not commenced.  The reason for this is that the recruitment of the post-doc has taken some time.  We expect
the post-doc to be on-line in early December 2004.  We will be formally requesting a no-cost extension for this project.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.
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Reporting Period: The results reported here are from work conducted from June 2004 through September 2004.

ABSTRACT
The purpose of this project is to define specific environmental constraints that influence glassy-winged sharpshooter (GWSS)
population dynamics and overwintering success.  We are beginning experiments to determine the temperature-dependent
feeding biology of GWSS in temperature-controlled chambers.  Experiments are underway in the recently established GWSS
Experimental Laboratory on the campus of California State University, Fresno.  Adult GWSS feeding and survival under
different combinations of host plant type and temperature regimes will be monitored to determine the temperature thresholds
for adult feeding activity.  Complementary experiments measuring honeydew excretion rates have begun to determine the
amounts of excreta collected upon exposed surface(s) of water-sensitive paper and will be compared among different
temperature and exposure regimes.  Electro-penetration feeding monitoring assays are underway at different temperatures on
individually tethered and feeding GWSS adults.  Time course examinations of waveforms reveal the frequency and duration
of insect feeding behavior under varying environmental conditions.  The seasonal population dynamics of GWSS will be
monitored on selected host plants placed in different micro-climatic areas of the San Joaquin Valley.  Results from these
experiments will be coupled with climatological data to help to spatially define where GWSS can be expected to persist in the
agricultural landscape and identify where continued management efforts should be directed to limit introductions into
currently non-infested areas.

INTRODUCTION
The bacteria Xylella fastidiosa (Xf) causes economically important diseases of several agronomic, horticultural, and
landscape ornamental crops (Pearson and Goheen 1988).  The bacterium is transmitted by xylem feeding sharpshooters
(Cicadellidae) and spittlebugs (Cercopidae) (Adlerz and Hopkins 1979, Purcell and Frazier 1988).  In California, Pierce’s
disease incidence has been exacerbated following the introduction, establishment and continued spread of the glassy-winged
sharpshooter (GWSS), Homalodisca coagulata, which is an effective vector of Xf. GWSS was first detected in southern
California in the early 1990’s and populations have since become established in many locations throughout southern portions
of the state.  First detected in Kern County in 1998, GWSS is now present in the San Joaquin Valley.  However, the rapid
population expansion first observed in southern California appears to be constrained to discrete regions within agricultural
areas of the San Joaquin Valley and incipient, localized populations in urban areas of Fresno, Sacramento, Chico, and San
Jose.  The continued spread of GWSS into other California localities will almost certainly threaten the economic viability of
grapes and other crop species susceptible to infection by various Xf strains.

Climate appears to play a significant role in the geographic distribution of diseases caused by Xf strains in California and
throughout the southeastern U.S. (Purcell 1977, 1980, 1997).  Similarly, populations of GWSS in the southeastern US appear
to be constrained by climatic factors that limit the pest’s establishment and persistence (Pollard and Kaloostian 1961, Hoddle
2004).  Presently, limited information exists on the overwintering biology and ecology of GWSS in the San Joaquin Valley of
California.  An emerging hypothesis is that GWSS may be limited by certain temperature thresholds at, or below, which
feeding may be discontinued.  In turn, we are designing experiments to carefully determine the thresholds below which
feeding discontinues.  Additionally, we will determine the critical duration of time spent in this non-feeding state, which may
result in increased mortality.  The results of the outlined experiments will advance our ability to define the specific
environmental constraints that influence GWSS population dynamics and overwintering success.  This information will by
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increase our present understanding of the overwintering requirements of GWSS with a focus on critical environmental and
host species factors that may limit population distribution in the Central Valley of California.

OBJECTIVES
1. Identify the critical environmental constraints that influence the spatial population dynamics and overwintering success

of GWSS in California’s Central Valley.
2. Characterize the impact of host plant species succession on the overwintering survivorship of GWSS populations that

constrain the insect’s ability to become established and persist throughout the San Joaquin Valley.

RESULTS
Objective 1
Experiments designed to define the temperature-dependent feeding biology of GWSS are underway at the GWSS
Experimental Laboratory on the campus of California State University Fresno (CSUF). Colonies of adult GWSS are
maintained at this newly established USDA-ARS research facility in cooperation with research personnel from CSUF, the
University of California (Riverside, Berkeley), and the California Department of Food and Agriculture.  Plans are to
characterize adult GWSS feeding and survival in climate-controlled growth chambers to determine the temperature threshold
for adult feeding activity under different combinations of host type and temperature regimes. Adult insects from the rearing
colonies, as well as field collected insects in reproductive diapause, will be caged on selected plant species at varying
temperatures for different exposure periods in environmental chambers.  At the completion of the exposure period(s), the
three infested treatments of each plant species will be removed from the chamber and adult GWSS performance and
survivorship monitored through the remainder of the adult insect life on the respective test plants in individual screen cages.

In preliminary trials designed to indirectly measure feeding rates, water
sensitive paper placed under caged adult GWSS on cowpea collected varying
levels of excreta at temperatures of 15.6, 10.0, and 4.6oC (Figure 1).  Water
sensitive paper strips (2” X 3”), which collect excreted honeydew, are placed
adjacent to the plant stem and immediately below a 2” diameter cylindrical
Lexan® cage in which adult GWSS are confined on a test plant.  In future
experiments, the paper will be notched and fit to the plant stem and will be
manually replaced on a 4 hour interval over 24 hour intervals.  Over the 24 h
observations, 12 honeydew clocks will be used for each variety at each of 3
start times corresponding to 0600, 1400, and 2200 h to determine any
influence of time of day (Padgham and Woodhead 1988).  The amount of
excreta collected upon the exposed surface(s) of water-sensitive paper will
be compared among different, replicated temperature and exposure regimes to better refine the environmental conditions in
which GWSS feeding is restricted or discontinued.

A third set of laboratory experiments are underway using an electro-
penetration feeding (EPG) monitoring apparatus to perform waveform
analysis at different temperatures.  Ten day old adult female GWSS
are used in these EPG experiments and are initially placed in separate
acclimation cages for 2 hours at the appropriate temperature upon
which they will be tested.  Preliminary results illustrate differences in
the frequency and duration of probing events (green-shaded boxes) of
adult GWSS held at temperatures of 15.6, 10.0, and 4.6oC for 12 hour
testing intervals on cowpea test plants (Figure 2).  Waveform excerpts
were taken approximately 225 seconds after the recording began and
compressed 2000 times to represent 6.5 hours of recording.  These
preliminary results indicate that temperature grossly affects GWSS
probing behavior between 4.4-15.5 oC.  In planned experiments, a
total of 5 tethered insects will be simultaneously monitored as
experimental replicates at temperatures of 12.2, 10.0, 8.9, and 6.7 oC
for exposure intervals of 6, 12, and 24 hour periods.  Time course
examination of waveforms will reveal the frequency and duration of insect feeding behavior and will help to accurately
define the temperature threshold at which ingestion and other waveforms are halted (Serrano et al. 2000).

Objective 2
Seasonal population dynamics of GWSS will be monitored on selected host plants placed in different micro-climatic areas of
the San Joaquin Valley: 1) the citrus-growing, foothill region of Tulare County; and 2) a GWSS-infested region of the valley
floor just west of Porterville in Tulare County.  In these experiments, we will examine GWSS survivorship in caged
experiments on a selected host plant species.  In each cage, fifty second generation GWSS adults, nearing reproductive
diapause in the fall season, will be collected from natural infestations and released onto caged plants in late summer. Insects

15.6oC 10.0oC 4.6oC

Figure 1. Adult GWSS honeydew
collected on water-sensitive paper
at varying temperatures over a 24
h interval.

Figure 2. Waveform excerpts (ca. 6.5 h) from a preliminary
experimental replicates illustrating the effects of
temperature on GWSS probing behavior.
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12.4oC
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will be introduced onto potted plants placed in cages and populations monitored monthly throughout the winter period and in
the subsequent spring.  At each location, four caged replicates of host plant species including the plant species navel orange,
grape, and peach will be evaluated individually and in combination.  A detailed record of adult GWSS feeding and resting
preference will be observed twice monthly throughout the 20 week duration of the experiment beginning November and
lasting through March.

CONCLUSIONS
We believe that this recently funded project has a high probability of success both in terms of generating significant new
information regarding the overwintering population dynamics of GWSS in California and in providing practical guidance
towards management of this pathosystem.  This information will further be useful in accurately identifying specific regions of
the Central Valley where GWSS overwintering
survivorship is greatest and a significant threat of
reinfestation is posed.  Our research will expand on
previous work that has characterized the role of climatic
factors in the distribution of Xf diseases by defining the
specific environmental constraints that influence GWSS
population dynamics.  Moreover, results from these
experiments will be coupled with climatological data in
an effort to spatially define those locations where
GWSS populations may be unable to successfully
overwinter or conversely where populations may find
overwintering refuges from extended periods of
temperatures that limit adult feeding (Figure 3).
Combined with our findings in laboratory bioassays,
high resolution (i.e., 1 km scale) raster-based data can
be queried to generate predictive maps revealing areas
within the Central Valley that may function as “thermal
islands”, which could favorably support GWSS
overwintering populations compared to adjacent
agricultural landscapes. As an example, Figure 3 illustrates results of a raster file generated from data collected in January
1993 portraying the number of occurrences where daily maximum temperatures never exceeded 10oC (50oF) for periods of 48
and 96 hours, respectively.  With an improved understanding of the climatological limits of GWSS overwintering
survivorship, these data can help to spatially define where GWSS can be expected to persist in the agricultural landscape and
identify where continued management efforts should be directed to limit introductions into currently non-infested areas.  The
proposed research will generate critical new information about GWSS spatial population dynamics, thereby contributing
towards the development of long-term, economically, and environmentally sustainable management solutions that will
directly benefit agricultural producers, crop consultants, and other stakeholders.
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ABSTRACT
Stage specific survival, growth, developmental biology, and morphometric analysis of individual  glassy-winged
sharpshooter (GWSS), Homalodisca coagulata (Say), were studied in the laboratory  at 27 ± 1 ºC, 65 ± 5 RH and 14:10 L:D
photoperiod regime, on excised cowpea leaves and stems.  Embryonic development of eggs was completed in 7.1 days with
92.6% of the eggs incubated being fertile.  The total nymphal period for females (61 + 3.0 days) was significantly longer than
that of males (53 + 1.5 days).  Significant differences were observed between the duration of the 5 nymphal stages, with the
2nd being the shortest and the last (5th) the longest for both sexes.  Stage specific mortality was similar between instars, ≈
36.4% of the nymphs reached adult stage, and adult sex ratio was not different from a 1:1 ratio.  Based on a cohort of 15
pairs, analysis of life table parameters indicated that populations of H. coagulata increased at a rate of 1.045 per day and
doubled within 15.6 days.  Biometric data comprising body length, head capsule width and hind tibia length were recorded on
a total of 276 individuals.  The different growth stages were well described by the three biometric parameters.  However,
analysis of frequency distribution showed that head capsule width was the most suitable parameter for distinguishing the
immature developmental stages of GWSS.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say), is a highly polyphagous xylem-feeder that is
indigenous to the southern United States, from Florida to Texas, and northerneastern Mexico (Turner and Pollard 1959).
Other than being a minor nuisance in urban environments, the glassy-winged sharpshooter itself causes relatively little direct
economic damage or plant loss except for the cosmetic damage to citrus fruits from egg masses deposited into fruits when
populations of H. coagulata are high (Hix et al. 2003).  The most destructive characteristic of GWSS lies in its ability to
transmit a plant bacterial pathogen, Xylella fastidiosa, one of the causal agents of Pierce's disease (PD) (Redak et al. 2004).
However, the recent invasion and establishment of H. coagulata in California has dramatically changed the ecology of X.
fastidiosa and the epidemiology of Pierce’s disease (Almeida and Purcell 2003).

Despite the importance and vector status of GWSS, few studies have evaluated its reproductive biology.  Little is known
about its life table statistics, as published biological studies have not covered the entire life cycle of GWSS.  The reasons of
the paucity of knowledge on the reproductive biology of GWSS might be the lack of artificial diet-based rearing method for
GWSS, as well as the different nutrient requirements of nymphs and adult (Brodbeck et al. 1996).

The present study is focused on developing a simple rearing method for following the development of individual GWSS from
egg to adult emergence.  We also recorded the longevity and fecundity of adults, and determined the life table statistics of
GWSS.  Life tables and fertility tables are powerful tools for analyzing and understanding the impact that an external factor
has on growth, survival, reproduction, and rate of increase of an insect population (Bellows et al. 1992).  As the GWSS
undergoes five ecdyses during its development (Turner and Pollard 1959, Brodbeck et al. 1999), it is of significant
importance to develop reliable morphological criteria for distinguishing the various nymphal stages.

OBJECTIVES
1. Develop a simple method for rearing individual GWSS from egg to adult on cowpea.
2. Determine the survivorship, egg to adult development time, and reproduction potential of GWSS on cowpea.
3. Examine the growth pattern of this sharpshooter based on three selected biometric parameters that could be used to

distinguish the different developmental stages.

RESULTS AND CONCLUSIONS
Biology and Life Table Statistics
The ultimate survivorship of H. coagulata on cowpea was 36.4% (Figure 1).  The duration of the five instars ranged from 6
to 24 d and was significantly affected by nymphal stage, sex and the sex by developmental stage interaction (Table 1).
Within each sex group, the first three instars had the shortest development time, while the last instar (5th) took the longest
time to complete for females only (Table 1).  The mean total nymphal period of H. coagulata on cowpea was 8 d longer for
females (61 d) than males (53 d) (Table 2).  Out of the 32 H. coagulata adults that emerged, 18 were females but the sex ratio
was not different from a 1:1 ratio.
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Adult longevity was comparable for males (47 d) and females (52 d).  For both males and females, no mortality occurred
until 20 d after adult emergence.  There was a 5 d pre-oviposition period (3 - 9 d) and a 3 d post-oviposition period (0 - 7 d).

A high proportion of females (88%) deposited eggs, with a mean total of 194 eggs per female.  The eggs were deposited in
clusters under the epidermis layer of cowpea leaves and were mostly in even numbers (93%).  Most of the eggs incubated
(92.6%) were fertile, and took from 5 to 8 d, with a mean value of 7.1 d, to emerge at 27 ºC.

Life table statistics of GWSS on cowpea are presented on Table 2.  Populations of GWSS could multiply at a rate of 33.6
times per generation on cowpea, thus doubling in 15.6 d.  Analysis of natality pattern of GWSS revealed that the number of
offspring per female was independent of female age, suggesting that food availability might determine the fecundity potential
of females.

The successful completion of GWSS life cycle on cowpea suggests that the xylem fluid of this plant has a nutrient profile
suitable for both immature and adult stages. The rearing approach used here is quite sample and allowed us to follow each
individual GWSS during its development.

Biometric analysis
Values of the three biometric parameters, BDL, HTL, and HCW, varied significantly with the developmental stage (Table 1).
Only the grouping for the HCW did not overlap between nymphal stages as indicated by the mean comparison and the
distribution of frequency analysis (Table 1, Figure 2).  Thus, the HCW could be used as a reliable parameter for
distinguishing the five nymphal stages of GWSS.
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Figure 1. Survival of H. coagulata nymphal stages on excised cowpea leaves maintained at 27 °C.
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Table 1. Meana developmental duration and size of three biometric parameters of immature stages of GWSS reared on
excised cowpea leaves.

Instar Immature duration ± SE (days) Biometric parameter ± SE (mm)

N Female Male N HCW BDL HTL

1 90 10.8 ± 0.9 a BC 10.1 ± 0.9 a BC 76 0.63 ± 0.004 g 2.30 ± 0.03 f 0.86 ± 0.01 g

2 76 6.1 ± 0.5 a C 5.8 ± 0.8 a C 21 0.82 ± 0.015 f 2.98 ± 0.0.09 f 1.19 ± 0.02 f

3 57 8.2 ± 0.9 a BC 8.9 ± 1.2 a BC 27 1.33 ± 0.034 e 5.61 ± 0.24 e 2.03 ± 0.08 e

4 40 12.1 ± 0.7 a B 12.9 ± 0.9a AB 27 1.87 ± 0.013 d 8.63 ± 0.14 d 3.01 ± 0.04 d

5 32 23.7 ± 2.5 a A 14.6 ± 1.8 b A 40 2.13 ± 0.031 c 9.58 ± 0.15 cd 3.19 ± 0.04 d

Total 32 60.9 ± 2.9 a 53.0 ± 1.5b - - - -

a Means followed by the same small case letter within each row and by the same capital letter within each column are not
significantly different (P > 0.05), Ryan-Einot-Gabriel-Welsch multiple range test (REGWQ). N, represents the sample size.

Table 2. Fecundity and life table parameters of GWSS reared on excised cowpea leaves.

Parameter n Fecundity* rm Ro G DT λ

Mean 193.7 0.044 33.6 79.3 15.6 1.045

95% LCI 154.2 0.040 22.38 74.7 14.1 1.041

95% UCI

15

233.2 0.049 44.75 83.8 17.0 1.050

* Mean fecundity of gravid females only, i.e., 13 females; n, number of pairs included in analysis; rm, jackknife estimate of
the intrinsic rate of increase; Ro, net reproductive rate; G, mean generation time (in days); DT, population doubling time (in
days); and λ, finite rate of increase; LCI = lower confidence limits and UCI = upper confidence limit
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ABSTRACT
Glassy-winged Sharpshooter (GWSS) egg masses, deposited on Euonymus japonica cuttings, were stored 1d after
oviposition at either a constant temperature of 12ºC or under a regime that cycled daily, stepwise, (10, 11, 12, 13ºC @ 6h
intervals) under an 8L:16D photoperiod.   After storage under the cycled temperature regime for 15 and 20d, the hatch was
74 and 63%, respectively.  Control hatch at 20d was about 80% and 50% after storage at a constant 12ºC.  The survival to
adulthood, length of the nymphal stage, and the fecundity of the adult females were all affected by cold storage during the
egg stage, regardless whether the temperature was held constant or cycled.  Survival to adulthood was reduced 30 to 40%
and the time required to complete the nymphal stages was significantly longer than the control.  The number of eggs
oviposited by females and length of the ovipositional period after being held at 12ºC during the egg stage was about one-
half that of the control group, while the values for the 20d cycled group are yet to be determined.  The rates of parasitism
and emergence by Gonatocerus ashmeadi decreased with the length of time that 1-d-old unparasitized GWSS eggs were
stored under the cycled regime. When held up to 25d in storage, parasitism by wasps and emergence of their progeny
remained statistically similar. After 50d of storage, parasitism and progeny emergence dropped 30% and 20%,
respectively.  After a storage period of 25d, parasitoid emergence from parasitized eggs stored at a constant 4.5ºC was
significantly higher than those stored similarly at 4ºC. The cycled stepwise-increasing temperature regime of 4.5, 6.0, and
7.5ºC changing at 8h intervals yielded a significantly higher parasitoid emergence than a cycled regime of 4, 6, and 8ºC.
When stored under the regime starting at 4.5ºC, for 10, 20 and 25d, the emergence of wasps was 66%, 59% and 59%,
respectively.  Parasitized eggs stored under this regime for 80d produced no wasps.

INTRODUCTION
Studies on cold storage of insects and their eggs have shown that developmental age, storage temperature, time in storage,
and inherent species tolerance are the factors which influence survival after a cold storage period (Leopold 1998).  The
most effective temperature for storage of GWSS eggs was determined to be 12ºC (Leopold et al. 2003).  Storage of 1-d-old
GWSS eggs at 10ºC resulted in no survival after only 8d period.  Storage at 13 and 14ºC resulted in high survival and
parasitism by Gonatocerus ashmeadi and G. triguttatus at 20d, but in-storage hatching of the GWSS eggs occurs after 30d
and successful parasitism by the wasps decreases under these constant temperature regimes.  The within-host cold
tolerance of the Gonatocerus spp. is significantly greater than that of the unparasitized GWSS eggs.  Emergence of the
wasps occurs at temperatures > 5ºC when the parasitized eggs are stored < 20d.  Since certain conditions, such as
temperature variation and fluctuation and high or low humidities have been reported to enhance survival of insects and
their parasites during cold storage (Iacob and Iacob 1972, Gautum 1986, Liu and Tian 1987, Leopold et al. 1998), the
present study was initiated to determine whether we could lengthen the survival time of GWSS eggs and the egg parasitoid
by varying the temperature while in storage.  We were especially interested in determining whether any latent damaging
effects of chilling would be expressed, beyond diminished emergence, that might affect the quality of previously cold-
stored insects.

OBJECTIVES
1. Compare the cold tolerance of GWSS eggs stored at a constant temperature with eggs stored under a cycled stepwise

temperature regime and evaluate the post storage developmental time of nymphs and reproduction of adults.
2. Compare the effects of cold storage of unparasitized GWSS eggs under constant and cycled stepwise low temperatures

regimes on the subsequent parasitism and emergence of G. ashmeadi.
3. Determine whether a cycled stepwise cold temperature regime enhances the shelf-life of parasitoids while in host eggs.

RESULTS AND CONCLUSIONS
Cold storage of Unparasitized GWSS Eggs
GWSS egg masses deposited on Euonymus cuttings were stored in incubators set at constant (12ºC) and cycling stepwise-
increasing temperatures (10, 11, 12, and 13 ºC @ 6h intervals) under an 8L:16D photoperiod for varying lengths of time.
After removal from storage, the cuttings bearing GWSS egg masses were incubated at room temperature (ca. 22 ºC) to
record egg hatch.  After storage at 12ºC for 30d, 52.7 ± 10.2% of 1-d-old eggs (n = 102), 50.7 ± 7.1% of 3-d-old eggs (n =
87) and 44.7 ± 5.1% of 5-d-old eggs (n =61) hatched.  However, no hatching was observed after 30d storage. When stored
at the stepwise cycling temperature (10-13 ºC) for 15, 20, and 25d, the hatch of 1-d-old eggs was 73.9 ± 11.1% (n = 142),
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62.6 ± 9.1% (n = 98) and 44.6 ± 9.1% (n = 104), respectively.  There was a significant difference in percentage hatch of 1-
d-old GWSS eggs between the control eggs (83.0 ± 7.4%, n = 317) and those eggs stored for 25d (F = 3.939, df = 3,45, P =
0.014), but no significant differences were found between those groups stored in the cold for 15 or 20 days and the control.
After storage for 80d under the daily cycled regime, no hatching was observed.

To determine effect of cold storage during GWSS egg stage on nymphal development and adult reproduction, newly
hatched nymphs from eggs stored at 12 ºC for 20 days, and at the daily cycled temperature regime for 15 and 20 days were
reared on sunflower plants until they emerged as adults.  When the characteristic patch of brochosomes was observed on
the forewings of the adult females (brochosomes were considered as the sign that females had mated), they were then
individually maintained on sunflower plants and their egg mass output recorded until death occurred.  Our preliminary data
(Table 1) shows that 50% of nymphs from eggs stored at 12ºC for 20 d and 50% and 40% of nymphs held under the
stepwise temperature regime for 15 days and 20 days, respectively, successfully developed into adults.  In comparison with
the control groups, GWSS males and females from those eggs that had been exposed to either cold storage regime took
significantly longer to complete their nymphal stages (Table 1).  There were no differences in male and female
developmental times among the nymphs that hatched from GWSS eggs that had undergone cold storage.  The number of
eggs produced/female and the ovipositional period was considerably greater for the control groups and approached 2-fold
differences.

Effects of Cold Storage of GWSS Eggs on Parasitism and Emergence by G. ashmeadi
Following storage in incubators set at a constant 12 or 12.5ºC and also at the stepwise cycled regime as described above,
GWSS egg masses were exposed to caged G. ashmeadi colonies for 2 days at room temperature (ca. 22 ºC) and under an
10L:14D  photoperiod.  Before statistical analysis, the data recorded for parasitism and emergence were square-root
transformed to correct non-normality because the number of eggs/mass was not constant.

After storage at 12ºC for 30d, 69.6 ± 11.7% of the 3-d-old GWSS eggs (n = 90) and 47.7 ± 11.7% (n = 106) of the 1-d-old
eggs were successfully parasitized by G. ashmeadi.  The percentage wasp emergence was 68.5 ± 11.3 for 3 day-old eggs
and 35.3 ± 10.0% for the 1 day-old eggs.  There were no significant differences in the incidence of parasitism, as
determined by egg dissection, (F = 4.034, df = 1,14, P = 0.066) and emergence (F = 1.728, df = 1,14, P = 0.211).  Further,
G. ashmeadi successfully parasitized about 77% of the 4-d-old , 52% of the 5-d-old, and 45% of the 3-d-old GWSS eggs
stored at 12.5ºC for 30d, and 46% of 3-d-old eggs stored for 50d.  As above, there were no significant differences between
parasitism and emergence in any of the comparable groups (data not shown).

When stored under the cycled stepwise temperature regime (10-13 ºC), the parasitism (F = 14.934, df = 8,137, P < 0.001) and
emergence (F = 13.661, df = 8,137, P < 0.001) of 1-d-old GWSS eggs by G. ashmeadi varied significantly with storage time
(Table 2).  More than 75% of GWSS eggs stored up to 25d were successfully parasitized and there was no significant
difference in the incidence of parasitism between the control (92.1 ± 9.9%, n = 172) and the eggs stored for 15, 20 or 25d (F
= 1.764, df = 3,35, P = 0.172).  However, percentage emergence for the eggs stored for 25d was significantly lower than that
for the control (91.7 ± 2.7%, n =172) (F = 3.250, df = 3,35, P < 0.033).  Further, there were no significant differences in
percentage emergence between the control eggs and the eggs stored for 15 or 20d (P = 0.099).  After storage for 65d, < 44%
eggs were parasitized by G. ashmeadi, and about 23% of wasps emerged, which was significantly lower than for eggs for
stored for 25d or less.  When stored for over 80d, the percentage parasitism and emergence were less than 12% and 7%,
respectively.  When these data were analyzed via a regression analysis, the percentage parasitism and emergence vs. storage
time was found to be inversely correlated (Figures 1 and 2).

Cold Storage of GWSS Eggs Parasitized by G. ashmeadi
The experimental conditions for this study consisted of a constant 4 or  4.5ºC storage temperature and 2 daily cycled
stepwise-increasing regimes (4, 6, and 8ºC or 4.5,  6, and 7.5ºC - each temp. changing at 8h intervals) under an 8 L: 16 D
photoperiod.  After the parasitized eggs were stored at 4 ºC for 10d, only 7.2 ± 5.0% (n = 85) of the wasps emerged, which
was significantly lower than those parasitoids similarly stored at 4.5ºC (33.5 ± 7.2%, n = 280), 20 days (33.9 ± 6.9%, n =
114) or 25 days (21.7 ± 5.2%, n = 125) (F = 11.962, df = 4,66, P < 0.001).  No parasitoids (n = 164) emerged from host eggs
stored at 4ºC for 20d (Figure 3). When parasitoids were stored within hosts under the cycled stepwise temperature regime
starting at 4 ºC, percentage emergence was 42% (n =126) at 10 d, 8 % (n = 420) at 20d and 0% (n = 184) at 25d (Figure 4).
However, for parasitized eggs stored at the other cycled regime starting at 4.5ºC, the wasp emergence was at or above 60%
throughout the 25d of storage.  Thus, the percentage emergence for the parasitoids stored under the stepwise regime starting
at 4.5ºC for 10-25d was significantly higher than that for the eggs stored for 15d under the regime starting at 4ºC (F = 48.237,
df = 5, 114, P < 0.0001).  Parasitoids within GWSS eggs did not emerge after storage for 80 days, but further research is
needed to ascertain if maintenance of the Euonymus cuttings that bear the egg masses during the storage period is causing a
problem.
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Figure 1. Relationship of the % parasitism (y) of G.
ashmeadi to storage time (x) of the GWSS eggs at
stepwise temperatures (10~13ºC)(y  = 5.10 +
1393.18/x, r = 0.58) (F =68.24, df =136, P < 0.001)

Figure 2. Relationship of the % emergence (y) of G.
ashmeadi to storage time (x) of the GWSS eggs at
stepwise temperatures (10~13ºC) (y = -0.35 + 1286.50/x,
r = 0.59) (F = 79.01, df = 136, P < 0.001).

Table 1. Egg hatch, development time of nymphs and reproduction of adults for GWSS eggs stored under different
temperature conditions (mean ± SE).

Development time of nymphal stage Adult reproductionStorage conditions Egg hatch
(%) %

survival
Male
(d)

Female
(d)

No. eggs/
female

Ovipositional
period (d)

Control (25ºC) 82.9 ±  7.4 80.2 35.9 ± 0.5 a 35.3 ± 0.6 a 1068.8 ± 187.7 113.4 ± 49.6
12ºC for 20 d 52.7 ±10.2 50.0* 43.9 ± 0.9 b 42.5 ± 0.7 b 589.3 ±   81.9 65.7 ± 26.0

10-13ºC for 15 d 73.9 ±  5.4 50.0* 43.0 ± 0.7 b 41.0 ± 1.2 b 662.7 ± 111.1 65.0 ± 11.2
10-13ºC for 20 d 62.6 ±10.3 40.0* 43.0 ± 3.5 b 41.9 ± 0.4 b In progress In progress

Only 1 replicate. Means within a column followed by different letters were significantly different at the significant level of
0.05 (SAS Proc GLM with LSD). Data for egg hatch were square-root transformed before analysis.
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Table 2. Parasitism and emergence by G. ashmeadi on the GWSS eggs exposed to the daily stepwise temperature regime (10,
11, 12, 13ºC - changing at 6h intervals) for 15 to 140 d.

Storage time No. egg masses No. eggs Parasitism
(mean % ±SE)

Emergence
(mean % ± SE)

15 d 7 88 74.99 ± 3.20 a 68.25 ± 3.11  a
20 d 11 106 76.98 ± 9.26 a 67.18 ± 9.23  ab
25 d 6 69 77.76 ± 6.58 a 57.15 ±13.49 ab
50 d 21 226 47.75 ± 8.15 b 41.89 ±  8.05 bc
60 d 23 208 37.27 ± 7.49 b 28.69 ±  6.61  c
65 d 13 126 44.36 ± 8.69 b 22.58 ±  7.11  c
80 d 31 253 11.79 ± 4.68 c 7.31 ±  3.84  d
95 d 17 193 4.25 ± 2.40 c 1.90 ±  0.89  d

140 d 9 96 2.02 ± 1.38 c 2.02 ±  1.38  d
F = 14.934 F = 13.661
df = 8,137 df = 8,137
P < 0.001 P < 0.001

Means within a column followed by different letters were significantly different at the significant level of 0.05 (SAS Proc
GLM with LSD). Data were square-root transformed before analysis.
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Figure 3. Percentage emergence of G. ashmeadi from
GWSS eggs stored at constant temperatures for 10-25 d.
Bar marked by an asterisk represents a significant
difference (P < 0.05).

Figure 4. Percentage emergence of G. ashmeadi from the
GWSS eggs stored at stepwise temperatures for 10-25 d.
Bar marked by an asterisk represents a significant difference
(P < 0.05).
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ABSTRACT
The functional responses and super-parasitism by the egg parasitoid, Gonatocerus ashmeadi, on Homalodisca coagulata
eggs were related to host age and density when studied under laboratory conditions. Parasitism of Glassy-winged
Sharpshooter (GWSS) eggs, 1-, 3-, 5-, 7- and 9-d-old, was measured at 22 ± 1ºC and under 10L:14D regime.  For each host
age, 10-60 eggs were exposed to an individual parasitoid for 24 h. The functional responses for the parasitoids to host eggs
of all age groups most closely fit the type II and III models of Hollings (1959) and Hassell (1978) which relate to the
elapsed time for accomplishing the behavioral events associated with parasitism of the host as modified by host density.
The instantaneous attack rate by parasitoids on 1-d-old host eggs, as specified in the type III model, was significantly
greater from that of the other ages. This rate was also greater in the type II model but was not statistically significant. The
total number of host eggs parasitized varied significantly with host density and age of the eggs, but not when analyzed by a
host x density interaction.  Host age and density, as well as the host x density interaction, contributed significantly to the
differences found in length of development time of G. ashmeadi within host eggs. The wasps exhibited a tendency towards
super-parasitism at relatively high parasitoid-to-host ratios. The maximum number of parasitoid eggs found in a single host
egg was 18.  The development time and eclosion of the parasitoids had no correlation with parasitoid-to-host ratios.
Frequencies of super-parasitism for G. ashmeadi displayed an aggregated distribution over all observed host densities.

INTRODUCTION
The effectiveness of parasitoids in regulation of a pest population is highly dependent on their ability to search for and
handle hosts in a varying ecosystem. This effectiveness has been traditionally related to the functional response of a
parasite or predator (Hassell 1978, Fujii et al. 1986).  The functional response is defined as the relationship between the
numbers of prey taken by the predator as a function of prey density (Holling 1959). The functional response is an essential
component of the dynamics of host-parasitoid relationship, and is an important determinant of the stability of the system
(Oaten and Murdoch 1975). Functional response analyses are commonly used to help predict the potential for parasitoids to
regulate host population (Solomon 1949, Oaten and Murdoch 1975). Successful parasitoids have the ability to discriminate
among parasitized eggs, avoid super-parasitism and minimize the waste of time and energy associated with their searching
and parasitizing behaviors (Godfray 1994). However, under certain circumstances, superparasitism might be adaptive (van
Alphen & Visser 1990). Further, when mass-rearing solitary parasitoids for use in an augmentative release program, super-
parasitism represents a waste of the production colony’s potential output.  This report presents the progress on
investigations determining certain aspects of the functional responses and super-parasitism by the parasitoid, G. ashmeadi.

OBJECTIVES
1. Investigate the response of G. ashmeadi to GWSS eggs of different ages and determine the effects of host egg age on

functional response parameters and parasitism.
2. Determine effect of host densities and ages with respect to developmental time of wasps.
3. Investigate relationship between super-parasitism by the wasp at different host densities and effect of super-parasitism on

wasp emergence and development time.

RESULTS
Functional Responses
There was a significant increase in the numbers of H. coagulata eggs of different ages parasitized by egg parasitoid, G.
ashmeadi, with an increase in host density (Table 1). At the host densities of 40, 50, and 60, the numbers of eggs
parasitized were significantly higher than that of relatively low densities of 10 and 20 over all host ages.  The number of
1-d-old eggs parasitized was slightly greater than that of 5-, 7- and 9-d–old-eggs. A two-way ANOVA, with age and
density as factors, revealed that the number of eggs parasitized varied significantly with host age (F = 3.64, df = 4,299, P
= 0.007) as well as host densities (F = 88.43, df = 5,299, P < 0.0001). There was no significant effect of age × density
interaction on the number of host eggs parasitized (F = 0.44, df = 20, 299, P = 0.899).

The functional responses of G. ashmeadi parasitizing host eggs at the various ages showed that the shape of the
functional response curves were affected by differences in the parasitization rates of G. ashmeadi. At all host ages, the G.
ashmeadi functional response data most closely fit the type II and III models. Coefficients of determination (r2 values)
for type II and III curves were very similar (Table 2). The instantaneous attack rates (a) and handling time (Th) estimated
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from type II functional response models varied slightly but were not significantly different among host ages (Table 3).
The a value for 1-d-old eggs was slightly higher than that for other ages when data were fit to a type II functional
response model. The estimate for handling time (time spent on eggs) by the wasps for all host egg ages did not vary
significantly. When the data were fitted to a type III functional response model, the a value estimated for 1-d-old eggs
was significantly higher than that for host eggs of 3-, 5-, 7- and 9-d-old.  However, the handling time of G. ashmeadi for
all egg ages was similar, ranging from the value of 0.032 to that of 0.040.

Effect of Host age on Parasitoid Development Time
The development time of G. ashmeadi within host eggs varied significantly with host density and host age (Table 4).
Within the 1-, 3-, 5-, 7- and 9-d-old host eggs, the mean development time (± SE) of the parasitoid was 16.0 ±1.0 d (n =
1435), 18.9 ± 1.8 d (n = 996), 18.3 ± 1.5 d (n = 1181), 17.6 ± 1.2 d (n = 961) and 17.8 ± 1.5 d (n = 1254), respectively.
The parasitoid within 1-d-old sharpshooter eggs developed significantly faster than that within other ages (F = 766.41, df
= 5, 5826, P < 0.0001). A two way ANOVA further showed that host age (F= 999.47, df = 4, 5826, P < 0.0001) and
density (F = 58.26, df = 5, 5826, P < 0.0001) contributed significantly to the development time of G.ashmeadi. The
significant interactive effect on development time occurred between host age and density (F = 62.82, df = 20, 5826, P <
0.0001).

Super-parasitism.
Maximum number of parasitoid eggs in one host egg was 18. The level of super-parasitism of G. ashmeadi (Table 5)
varied significantly with increasing host density (F = 225.17, df = 5,549, P < 0.0001). The mean number of parasitoid
eggs per sharpshooter egg at 1:1 parasitoid-to-host ratio is significantly greater than that at other ratios. When the
parasitoid-to-host ratio increased to > 1:15, host eggs pooled from each host density were almost all parasitized. There
was a significant positive correlation between the number of parasitoid eggs per host egg and parasitoid-to-host ratio (F
= 1231.69, df = 548, r = 0.8319, r2 = 0.692, P < 0.0001). G. ashmeadi is a solitary parasitoid and normally only one wasp
emerges from each egg of its host.  In treatments with high host densities such as at 1:1 and 1:5 parasitoid ratios, the
percentage of parasitoid eclosion was significantly higher than in low-density treatments (F = 3.996, df =4,243, P =
0.004)(Table 5). However, there is no correlation between parasitoid-to-host ratio and percentage of parasitoid eclosion
(F = 3.29, df = 242, r = 0.1140, r2 = 0.013, P = 0.071). Although there was a significant statistical difference in
development time of the parasitoid within the host egg among different parasitoid-to-host ratios (F = 46.851, df = 4,
1862, P < 0.0001), the maximum difference was only about 0.7d.

For G. ashmeadi, x2 goodness-of-fit analyses of parasitoid egg numbers per host egg revealed that frequencies of super-
parasitism were significantly different from the expected Poison distribution over all host densities (x2 = 231.291, df=4, P
< 0.0001). The relationship between the variances (S2) and means (m) was described by Taylor’s power law (Taylor
1961) as: log S2 = -0.4384 + 1.0288 logm (r 2= 0.604, df = 28, F = 42.78, P < 0.0001, where b = 1.0288 > 1, indicating
an aggregated distribution of super-parasitism for G. ashmeandi over all experimental parasitoid-to-host ratios.

CONCLUSIONS
The studies on the functional responses of G. ashmeadi to GWSS eggs of different ages and densities in the laboratory have
improved our understanding of the interactions between the parasitoid and host egg. Because this parasitoid fits the II and III
functional response models in relation to different host ages, it further confirms that the wasp has the capacity of effectively
parasitizing eggs throughout most of the embryonic development of the GWSS.  Further, studies on super-parasitism of G.
ashmeadi provide valuable information for the mass-rearing and field release of this parasitoid. Our results indicate that
super-parasitism occurs when the parasitoid-to-host ratio is greater than 1:15.  Super-parasitism results in a waste of the
reproductive potential of this species because G. ashmeadi is a solitary-developing wasp and usually only one parasitoid
emerges from one GWSS egg.
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Table 1. Parasitism by G.ashmeadi on H. coagulata eggs of different ages at varying densities.

Mean No. Parasitized (SE)
Density 1d 3d 5d 7d 9d

10 9.5(1.3) a 8.7(2.2) a 8.9(1.6) a 9.0(2.2) a 9.1(1.1) a
20 18.1(1.6) b 15.5(3.2) b 14.8(3.4) b 14.6(3.9) ab 14.7(3.3) ab
30 22.9(3.0) c 17.9(8.4) b 22.0(5.8) c 19.8(7.7) bc 18.7(4.1) b
40 26.5(4.7) cd 22.2(9.8) bc 25.1(7.3) cd 22.7(5.6) c 25.8(6.2) c
50 30.3(7.5) d 25.6(10.0) cd 29.4(5.1) de 23.9(11.9) cd 29.5(13.1) c
60 34.8(4.7) e 30.7(6.9) d 32.2(4.5) e 29.9(7.3) d 30.1(3.4) c

F = 43.12 F = 11.02 F = 31.69 F = 10.59 F = 16.96
df = 5,59 df = 5,59 df = 5,59 df = 5,59 df = 5,59
P <0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.001

Means in a column followed by different letters are significantly different (P < 0.05, GLM) in ANOVA (Duncan).

Table 2. Coefficients of determination for functional response regression models of G. ashmeadi to H. coagulata eggs of
different ages.

Age of Eggs
(d) a

Type I
(r2)

Type II
(r2)

Type III
(r2)

1 0.7776 0.9729 0.9727
3 0.4979 0.8993 0.8992
5 0.7260 0.9607 0.9608
7 0.4783 0.9038 0.9036
9 0.5872 0.9280 0.9280

a G. ashmeadi targeted host densities ranged from 10 to 60 sharpshooter eggs per experimental container. Type I functional
response model was evaluated using SAS PROC GLM whereas Type II and III models were evaluated using SAS PROC
NILN to generate r2 values indicating best fit.

Table 3. Type II and III functional response parameters of G. ashmeadi when parasitizing H. coagulata eggs of different
ages.

Functional
response model

Host age
(d)

Instantaneous
attack rate
(a ± SE)a

Handling time
(Th ± SE)a

1 0.5782 ± 0.0626 a 0.0300 ± 0.0004 a
3 0.4544 ± 0.0959 a 0.0315 ± 0.0105 a
5 0.5013 ± 0.0640 a 0.0286 ± 0.0058 a
7 0.5064 ± 0.1088 a 0.0377 ± 0.0099 a

Type II

9 0.4831 ± 0.0849 a 0.0296 ± 0.0082 a
1 2.8131 ± 2.2011 a 0.0342 ± 0.0056 a
3 1.0137 ± 0.5410 b 0.0333 ± 0.0117 a
5 1.4394 ± 0.6301 b 0.0316 ± 0.0067 a
7 1.3858 ± 0.9508 b 0.0403 ± 0.0113 a

Type III

9 1.2495 ± 0.6620 b 0.0322 ± 0.0094 a

a Instantaneous attack rate (a) and handling time (Th) estimated by SAS PROC NLIN and pairwise compared among host
ages using indicator variable (0 or 1) for age.
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Table 4. Development time of G. ashmeadi within H. coagulata eggs of different ages when parasitized at varying densities.

Development time (SE) at age:
Density 1d 3d 5d 7d 9d

10 15.9(0.6) d 21.0(2.1) a 17.9(1.6) c 15.7(1.4) e 17.6(1.4) c
20 16.5(0.8) a 18.5(1.6) c 18.0(1.1) c 18.3(0.9) a 18.3(0.8) b
30 16.5(0.7) b 18.6(2.2) c 18.8(1.3) b 18.1(0.9) ab 19.1(1.2) a
40 16.1(0.8) c 18.3(2.2) c 17.8(1.5) c 18.0(1.0) bc 16.9(1.6) d
50 16.0(1.4) cd 18.6(1.5) c 19.5(1.2) a 17.8(0.6) c 17.4(1.4) c
60 15.5(0.7) e 19.4(1.0) b 17.4(1.0) d 17.2(1.2) d 18.1(1.2) b

F = 45.39 F = 37.00 F = 88.13 F = 84.08 F = 73.93
df = 5,1434 df = 5,995 df = 5,1180 df = 5,960 df = 5,1253
P <0.0001 P<0.0001 P<0.0001 P<0.0001 P<0.0001

Means in a column followed by different letters are significantly different (P < 0.05, GLM) in ANOVA (Duncan).

Table 5. Number (mean ±SE) of G. ashmeadi eggs per host egg, percentage of emergence and development time at different
parasitoid-to-host egg ratios.

No. parasitoid / host % Emergence Development timeParasitoid-
host ratio N1 Mean ±SE N2 Mean ±SE N3 Mean ±SE

1:1 50 10.40 ± 4.86 a NA NA NA NA
1:5 100 3.02 ± 1.69 b 11 97.6 ±  1.7 a 141 18.02 ± 0.07a
1:10 100 2.24 ± 1.16 c 15 98.9 ±  0.6 a 136 18.20 ± 0.06 b
1:15 100 1.66 ± 0.89 d 77 93.6 ±  1.5 b 490 18.30 ± 0.04 b
1:20 100 1.20 ± 0.59 d 70 91.7 ±  1.0 b 263 18.25 ± 0.04 b
1:25 100 1.15 ± 0.58 d 71 90.0 ±  1.7 b 833 18.77 ± 0.03 c

Means in a column followed by different letters are significantly different (P < 0.05, GLM) in ANOVA (Duncan).  N1
represents the number of dissected host eggs, N2 represents the number of egg masses observed, and N3 is the number of
parasitoid emerging from host eggs.
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ABSTRACT
Our results indicate that 1) GWSS populations in untreated areas have been declining steadily during the last three years.
Current populations are only 10 to 20% as dense as those during 2001-2002. 2) Forecast analysis indicates that, if the current
trend is extrapolated, GWSS populations in untreated areas should decrease to negligible numbers some time after winter,
2008, and before summer 2013, depending on Citrus species.  However, 3) analyses of the data sets currently available, show
that adult GWSS densities are cycling around a possible equilibrium level of 600 adults in Valencias and 950 adults in
lemons, when left untreated.  The period encompassed by the data sets for Tangerines and Grapefruit is still too short for this
type of analysis. 4) Overall, less than 30% of the first instar nymphs survive to the fifth instar nymphs, and less than 15% of
these nymphs survive to become adults. 5) During this last winter (2003-2004), overwintering adult densities declined in
grapefruit, tangerines, and oranges but they increased in lemons, in the absence of any significant production of nymphs.  The
latter suggests that adult GWSS were moving among trees and cultivars due to changes in the nutritional and/or moisture
status of these trees.  We will use the xylem fluid samples currently being analysed, to test this hypothesis.

INTRODUCTION
It is widely recognized that disrupting Xylella transmission and preventing Pierce’s disease (PD) epidemics requires Glassy-
winged sharpshooter (GWSS) population levels to be exceedingly scarce.  Recognizing critical points in GWSS’ annual
population cycles will allow us to identify the spatial and temporal scales during which GWSS populations are vulnerable to
control measures timed to coincide with critical densities in its populations that can drive its local populations nearly extinct.
In addition, determining whether GWSS populations will continue to decrease and eventually stabilize in the absence of
pesticides but in the presence of parasitoids is of the utmost importance.  Currently, almost all citrus groves infested with
GWSS in California are treated.  The groves at Agricultural Operations, University of California Riverside, are an exception.
Our work in these untreated groves provides a means of exploring the dynamics of GWSS populations in untreated citrus
groves exposed to egg parasitism.  The results from these studies might also suggest the expected dynamics of GWSS
populations inhabiting urban environments where GWSS is under little or no control except by egg parasitoids.

Our results to date suggest that GWSS has a major reproductive period during the spring and a second reproductive period
during autumn.  This autumn generation involves a dense egg population laid by the GWSS arising from the spring
generation but very few of these eggs mature to become adult GWSS.  Furthermore, nymphal mortalities are quite high, only
about 30% of the first instar nymphs reach the last nymphal stage, and less than 15% of these first instar nymphs survive to
become adults, but this varies between Citrus varieties.  Although the source of this egg and nymphal loss still needs to be
explored, we have measured egg parasitism ranging from 78% to 92% during the second half of the year. It is at this point
that the GWSS may be vulnerable to a selective control measures.  Our studies also showed an 80 to 90% decline during the
last three years in valencias and lemons.  The period of one year during which we have been sampling tangerines and
Grapefruit is still too short to conduct a worthwhile analysis for these varieties (See figures 1 to 4). Next year’s samples from
the four citrus varieties will be crucial in testing whether the pattern in GWSS’ dynamics continues or is transient.

OBJECTIVES
This project seeks to characterize GWSS’ spatial and temporal dynamics involved in its annual population cycles on its
dominant host, i.e. Citrus sp. We seek to identify periods in this cycle during which selective control measures, appropriately
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timed might drive the GWSS population below its critical density, thus leading to its local extinction.  To fulfill this goal, we
propose the following objectives:
1- Expand our current studies to follow GWSS population dynamics at a landscape level, including urban areas, using our

whole host plant sampling technique.
2- Determine the relative contribution of the principal host plants to the adult GWSS production in each generation.
3- Determine whether correlations exist between GWSS’ population dynamics on a given host tree and the host’s xylem

chemistry and whether this correlation explains GWSS’ variable performance seasonally on different host plants.
4- Use this information to identify critical periods during GWSS’ annual population cycle where selective control strategies

might drive its local populations nearly extinct.

RESULTS
The number of adult GWSS in untreated valencia and lemon trees at the Agricultural Operations fields, University of
California, Riverside has declined during the two and a half years of our study (Figure 1 through 4).  GWSS densities on
Tangerines and Grapefruit trees involves one and a half GWSS generations and, thus, is too short a period for a meaningful
analysis of GWSS on these citrus varieties.  Figures 1 and 2 show the mean number of adult GWSS obtained from three
valencias and three lemons per sampling date, during the two and a half year sampling period. It is clear that a significant
downward trend has occurred in the number of GWSS adults during the two and a half years. Peak densities have decreased
by 67% for Valencias and 75% for lemons between 2002 and 2003.  At the time of this report, we had not reached the peak
adult densities for 2004, which typically occur in late August to early September.  The GWSS samples from Tangerines and
Grapefruit also show a decreasing trend.  The average number of new adults produced in the three Valencia and the three
lemon trees per sampling date also declined during the two and a half year study (Figure  1 & 2).
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Figure 1. Actual adult GWSS densities (solid line)
and newly produced adults per date (dotted line) in an
untreated Valencia grove.

Figure 2. Actual adult GWSS densities (solid) and
newly produced adults per date (dotted) in an
untreated Lemon grove.
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Figure 3. Actual adult GWSS density since Fall 2003
in an untreated Tangerine grove.

Figure 4. Actual adult GWSS density since Fall
2003 in an untreated Grapefruit grove.
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A more interesting analysis using the population samples from Valencia and Lemon trees is presented in Figures 5 and 6.  We
plotted the total adult and the newly emerged (red-veined) adult density using a logarithmic scale. We then used a forecasting
technique on these data for Valencia and Lemons separately, i.e. the lines in Figures 5 and 6 which show what would happen
if the current trend is extrapolated until it reaches zero.  Although it is unlikely that GWSS will ever reach zero, we use these
plots to estimate a minimum and a maximum date when we expect these populations to reach their minimum.  These two
dates are estimated by the lines crossing the X-axis in each graph and encompass the time period during which we estimate
that GWSS adult populations will reach their minimum.

If the current trend continues for several years the adult GWSS will reach their minimum densities within the next three to six
years.  However, as new data are collected and plotted on these graphs a more refined minimum density will be obtained but
it is extremely unlikely that the GWSS densities will become extinct.  A second and even more powerful technique can be
used to analyze the GWSS dynamics (figures 7 and 8).  These figures need some explanation. What they show is a plot of
GWSS adult densities at any a specific date, as a function of the density at a previous time interval. In our case, it is the
density of adult GWSS at a given week, as a function of the density two weeks previously. In a sense, it explores the effect
on a given date’s density, of the density two weeks prior.  When plotted in this manner, we get a phase diagram that shows
whether the GWSS population density is cycling and, if it is cycling, it shows the density around which the population is
likely to be cycling. Figure 7 shows the phase diagram for Valencias.  The point, at which the two diagonal lines cross, shows
the density around which adult GWSS population cycles, generation after generation.  This does not mean that the population
will reach an equilibrium density at exactly that density.  Rather, it indicates the density around which the population will
cycle. For Valencias, this equilibrium density is about 600 adults per tree, and for lemons, it is about 950 adults per tree.
Thus, this analysis suggests that GWSS will never reach “zero density,” but will alternatively reach densities above and
below the cycling density at different times of the year and in different years. The data sets for tangerines and grapefruit do
not encompass a sufficient enough period of time to allow this kind of analysis.  We will need at least another year of GWSS
data before we can conduct this analysis using the forecasting technique.  At the same time, a longer dataset for Valencias
and lemons will likely improve the accuracy of this analysis.

Figure 7. Phase diagram for adult GWSS dynamics
in GWSS Valencias (see text).

Figure 8. Phase diagram for adult dynamics in
Lemons (see text).
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CONCLUSIONS
Our work in untreated citrus groves has enabled us to explore what happens to uncontrolled GWSS populations.  After an
additional year of data, the GWSS densities on valencias and lemons are sufficient to allow us to tentatively forecast the time
at which the GWSS will attain their minimum densities on each host cultivar.  The analyses show that GWSS are decreasing
at a rate that, if sustained, may drive GWSS populations to very low levels.  The first technique used predicts minimum
densities for GWSS to be achieved during the next three to six years.  The second technique, the phase diagram, indicates that
an extinction of GWSS is unlikely, and that the populations on valencias and lemons are each cycling around an equilibrium
point.  During periods when populations are above their equilibrium density, we are likely to see GWSS densities above 1000
adults per tree.  In addition, we have shown that GWSS populations manifest different dynamics in different places.  As the
populations become less dense, their dynamics will bring stability, allowing GWSS to recolonize areas where densities are
low when GWSS adults move from areas where GWSS densities remain high (see figure 4, grapefruits as an example).  This
type of behavior, called metapopulation dynamics at it is known to bring stability in a wide range of biological systems were
animals can readily move from one place to another.  This appears to be the case for the GWSS and we expect to see these
type of dynamics to emerge in the next few years.

FUNDING AGENCIES
Funding for this project was provided by CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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ABSTRACT
A species of Hirsutella, the primary pathogen of GWSS in the southeastern US, has been the major focus of our research this
past year.  Due to the fastidious growth requirements of this fungus and the presence of numerous saprobic fungi associated
with mycosed GWSS, a major effort has been made to design a series of gene-specific primers to be used to detect these
diseases in field collected samples.  Molecular-based diagnosis is being used to examine the hundreds of mycosed insects
collected during the 2003 and 2004 regional surveys.  A second effort has been directed at examining the seasonal incidence
of this disease in an experimental crape myrtle plot.  A number of parameters such as crape myrtle variety, host density, mist
irrigation (humidity) have been found to influence the onset of Hirsutella in GWSS populations.  Current laboratory research
is being directed at examining transmission of the lab culture to both GWSS and to alternate insect hosts. In addition, culture
filtrates of all of the fungi collected from GWSS are being assessed for the presence of active metabolites.

INTRODUCTION
We are not aware of any studies that have examined the insect pathogens associated with populations of GWSS.  In general,
the lack of pathogens (viral, bacterial, or protozoa) in leafhopper populations may be related to their piercing-sucking feeding
behavior. In most cases, these pathogen groups are transmitted orally and would likely need to inhabit the xylem tissue to
infect leafhoppers.  Pathogens that are transmitted per os are typically affiliated with insects with chewing mouthparts.  Thus,
entomopathogenic fungi, which do not need to be ingested in order to infect insects, are considered to contain the primary
pathogens of sucking insects.  Indeed, the primary pathogens operating against insects such as whiteflies, scales, aphids,
spittlebugs, plant hoppers, and leafhoppers are insect fungi (for listing see USDA-ARS Collection of Entomopathogenic
Fungal Cultures at http://www.ppru.cornell.edu/mycology/catalogs/catalog).  We commonly observe all mobile stages of
GWSS exhibiting mycoses in north Florida and we are identifying them and assessing their impact.

OBJECTIVES
1. Identify and archive all the major pathogens affiliated with GWSS populations.
2. Estimate the distribution, frequency and seasonality of the major diseases of GWSS.
3. Screen the pathogens for exotoxins with potential toxicity to GWSS and other arthropods.
4. Confirm infectivity of the isolates and the exotoxins and determine which if any pathogens may serve as microbial

controls of GWSS and other leafhopper vectors.

RESULTS
Pathogen Distribution
In the past field season we continued to survey the incidence of disease in GWSS populations in the Southeast.  The purpose
of this survey was twofold: first, to piece together a better picture of the distribution of the Glassy-winged Sharpshooter in
the area.  Secondly, it gave us the opportunity to investigate the varieties and incidence of fungal pathogens associated with
this host. The survey area encompassed four states, Mississippi, Louisiana, Alabama, and Texas. A series of live GWSS and
a total of 95 mummified GWSS were collected from sites in these states. In most cases, the external characters mimicked
those observed on the cadavers collected from sites in Georgia, South Carolina, and Florida in 2003.  The presence of various
opportunistic fungi on field-collected samples has limited our abilities to culture the more fastidious slow growing species of
Hirsutella, Sporothrix, and Pseudogibellula. The aforementioned fungi were identified last year to be key entomopathogens
isolated from GWSS populations.  After multiple cycles of isolation we were able to isolate target fungi from only about 10%
of these insects, the vast majority of cultures contained saprobic fungi.  In order to confirm the presence of the Hirsutella (the
primary pathogen) we have developed and optimized PCR primers within unique intron motifs of both the actin and tubulin
genes that have been matched with primers from the open-reading frame.  Control reactions have demonstrated that these
primer combinations are able to specifically amplify the GWSS Hirsutella from DNA extracted from mummies.  This
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technology is being used to screen the more than 250 DNA samples extracted from mycosed GWSS collected from
throughout the southeastern US.  This work will be summarized and submitted for publication in December 2004.

Analysis of the Dynamics of the Hirsutella in GWSS Populations
A field plot containing 14 cultivars of crape myrtle (total 224 trees) was established at the NFREC.  Four subplots, each
containing 40 trees, were established within this stand.  Two subplots were fitted with an overhead mist irrigation system that
was operated 15 minutes every hour, 24 hours a day.  Throughout the summer, trees were sampled by counting both the live
GWSS and number of mycosed GWSS.  Mycosed GWSS were flagged and their positions on the trees were noted.  It should
be noted that throughout the season the species of Hirsutella accounted for virtually 100% of the disease on the GWSS.
Preliminary analysis demonstrated a non-uniform distribution of live GWSS and mycosis GWSS in the plot.  In part this
could be related to both the cultivar and/or to the presence the misting irrigation system.  The cultivars attractive to GWSS
(‘Osage’, ‘Miami’, ‘Tonto’) contained higher levels of mycosed GWSS.  Irrigated crape myrtle, regardless of the cultivar,
contained significantly higher mycosed GWSS than did the non-irrigated trees.  Currently, the field data from this season is
being combined with the positional (cardinal orientation) data and will be subjected to additional statistical analysis

CONCLUSIONS
We have identified and have in culture several isolates of a primary pathogen and potential GWSS biological control agent,
Hirsutella sp.  Molecular methods have been established and are being used to diagnosis GWSS collected from sites
throughout the southeastern US.  This past field season the dynamics of Hirsutella has been examined in replicated crape
myrtle plots.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.
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INTRODUCTION
The focus of this research is to determine the relative phenology (the timing of biological events as influenced by the
environment and intrinsic biological phenomena) of host plant use by glassy-winged sharpshooter (GWSS), other leafhopper
vectors and natural enemies, and Xf in ornamental, agricultural and CA native host plants in key CA locations in climatically
different regions: Coastal (Piru, Ventura County), Inland (Redlands, San Bernadino County), and South (Pauma Valley, San
Diego County).  As year 1 of a 3 year study, we plan to replicate this years’ observations (only if continued CDFA funding is
reinstalled and received) using fresh host plants at the same locations, and full analyses of results will not be available until
after all data is collected.  The findings of this first season are therefore presented as preliminary results.

This research will be used to develop a GWSS performance database on the host plant species that are identified as truly
critical to GWSS survival, which is needed to fully support decision making, and to supplement what is observed in the field.
Currently, no quantitative data is available on the relative suitability of single or multiple hosts most relevant in Southern
California’s agriculture, landscape or native vegetation, to GWSS growth and development.  This project will provide this
baseline information, identify host plant limitations at different life stages and will ultimately identify key nutrients
responsible for this phenomenon.

OBJECTIVES
Use 25 different host plant species in 4 replicates per location at three locations: Coastal (Piru, Ventura County), Inland
(Redlands, San Bernadino County), and South (Pauma Valley, San Diego County) to:
1. Determine the age structure and utilization of GWSS on the host plants throughout the season
2. Determine the GWSS egg parasitization and mortality, together with the presence of general predators on the host plants

throughout the season
3. Determine GWSS fecundity and feeding rate on selected host plants
4. Determine the presence of XF in host plants at three times during the season
5. Determine the chemical composition of the host plant xylem fluids at tree times during the season.

RESULTS
From April onwards, the GWSS age structure and resident generalist predators on 25 different host plants were observed
weekly. In four replications, 25 potted (5gal) host plants were used to test the preference of resident GWSS at 3 Southern
California locations within unsprayed citrus orchards. For each replication 25 plant pots were placed in a completely
randomized block design within the rows.  Each block was enclosed in a 5x5ft square pen made with chicken wire. Plants
were hand watered 2-3 times per week.  The plant species were selected for their common ornamental or agricultural use or
their status as orchard weeds or their occurrence in foothill and riparian environments in Southern California (Table 1).

Batch samples from each of the host plant species were tested for the presence of Xf on three occasions between April and
July.  With the exception of one H. helix batch sample in May, all batch samples tested negative. In follow-up tests of single
H. helix plants, no individual plant tested positive for Xf.
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Table 1 Mean number of egg masses, adults and nymphs recorded per GWSS host plant species in Piru, Redlands and Pauma
Valley, California.
Plant Plant name Common name Egg masses1 Adults2 Nymphs3

1 Hibiscus sp. 'Mrs. J. E. Hendrey' hibiscus 3.42 ± 1.064 abc 10.50 ± 4.265 a 3.42 ± 0.908 ab
2 Lagerstroemia indica Crape Myrtle 9.58 ± 1.607 de 34.25 ± 20.350 a 17.92 ± 5.113 d
3 Nerium oleander Oleander (white) O 19.75 ± 8.294 a 10.17 ± 2.925 bc
4 Gardenia jasminoides ‘Mystery’ Gardenia 1.50 ± 0.832 ab 0.42 ± 0.193 a 2.17 ± 0.842 ab
5 Citrus sp. Valencia Orange 2.42 ± 1.314 abc 13.15 ± 3.175 a 11.17 ± 3.164 c
6 Photinia sp. Red Tip Photinia 6.67 ± 2.021 cd 2.08 ± 0.763 a 4.92 ± 1.681 abc
7 Eucalyptus cinerea Silver Dollar Tree 0.50 ± 0.167 a 0.33 ± 0.188 a 0.50 ± 0.289 a
8 Vitis vinifera Thompson Seedless Grape 11.17 ± 2.49 e 14.42 ± 3.019 a 29.75 ± 6.516 e
9 Euonymus japonica Silver Queen 1.92 ± 0.654 ab 0.92 ± 0.358 a 0.25 ± 0.131 a

10 Ligustrum japonicum ‘Texanum' Wax Leaf Privet 1.58 ± 0.617 ab 1.25 ± 0.494 a 3.25 ± 0.970 ab
11 Agapanthus africanus Lily of the Nile 2.00 ± 0.834 ab 1.08 ± 0.336 a 0.42 ± 0.193 a
12 Hedera helix English ivy 0.33 ± 0.243 a 1.08 ± 0.763 a 0.83 ± 0.297 a
13 Sonchus oleraceus Sowthistle O O 0.08 ± 0.083 a
14 Chenopodium berlandieri Lambsquarter O 0.33 ± 0.188 a 0.33 ± 0.256 a
15 Malva neglecta Cheeseweed O O 0.92 ± 0.288 a
16 Senecio vulgaris Common Groundsel O O O
17 Rhus integrifolia* Lemonade Berry 0.33 ± 0.263 a 0.58 ± 0.193 a 1.17 ± 0.767 a
18 Heteromeles arbutifolia* Toyon 2.00 ± 0.872 ab 0.33 ± 0.188 a 0.67 ± 0.497 a
19 Baccharis pilularis* Coyote Brush 1.25 ± 0.740 ab 0.92 ± 0.609 a 1.42 ± 0.434 a
20 Lonicera subspicata* Honeysuckle 0.08 ± 0.083 a 0.17 ± 0.112 a 0.08 ± 0.083 a
21 Opuntia basilaris* Beavertail Cactus O O 0.33 ± 0.333 a
22 Oenothera speciosa Mexican Evening Primrose 0.33 ± 0.067 a 0.25 ± 0.131 a 1.42 ± 0.452 a
23 Populus candicans Cottonwood 4.92 ± 1.493 bc 205.67 ± 96.643 b 54.25 ± 8.927 f
24 Platanus occidentalis “Bloodgood” Sycamore 13.33 ± 3.404 e 12.75 ± 4.961 a 6.58 ± 1.694 abc
25 Prunus subhirtella Akebone Ornamental Cherry 13.83 ± 4.606 e 17.08 ± 8.164 a 4.67 ± 1.689 abc
* California native plant
O life stage not recorded on host plant species
1 Mean number of egg masses recorded on host plant species over all three locations (different letters indicate

significant differences, Kruskal Wallis t=133.69, P<0.0001).
2 Mean number of adults recorded on host plant species over all three locations (different letters indicate significant

differences, Kruskal Wallis t=154.54, P<0.0001).
3 Mean number of nymphs recorded on host plant species over all three locations (different letters indicate significant

differences, Kruskal Wallis t=194.54, P<0.0001).

When considering life stages at the different locations, more egg masses were found on the host plants in Pauma valley
between June 24 and August 19 compared to both Piru and Redlands in the same period (unequal variance: Kruskal Wallis:
t=7.237, P=0.027) (Fig. 1a).  The numbers of eggs per egg mass was significantly higher in Pauma (ANOVA df=2, F=10.93,
P<0.001), a larger portion of the eggs were parasitized in Pauma (ANOVA df = 2, F = 10.67, P<0.001), with no difference in
emergence of eggs masses (ANOVA df=2, F=3.04, P=0.05).  The portion survival of eggs per egg mass is lowest in Pauma
(ANOVA df=2, F=10.80, P<0.001) (Table 2).

Of the parasitized egg masses recorded in Piru, all were Gonatocerus sp., but in Redlands 6% were parasitized by
Trichogramma sp as were 4% of the egg masses from Redlands. T he survival of Trichogramma parasitized egg masses was
0.595 ± 0.0544 significantly lower than the survival of Gonathocerus parasitized egg masses 0.764 ± 0.011 (unequal
variance: Kruskal Wallis t=11.89, P=0.000563).  No differences were found between the egg mass size and the fraction
parasitized for Trichogramma or Gonatocerus (results not shown).

Table 2 The survival, fraction parasitized and fraction emerged parasitoids recorded in GWSS egg masses in Piru, Redlands
and Pauma Valley, California.

Location ANOVA
Piru Redlands Pauma Valley df F P

N 197 172 557
#eggs/egg mass 11.56 ± 0.467 a 12.02 ± 0.499 a 13.81 ± 0.278 b 2 10.93 <0.001
Survival 0.847 ± 0.0237 b 0.795 ± 0.0254 b 0.725 ± 0.0141 a 2 10.80 <0.001
Fraction parasitized 0.666 ± 0.029 b 0.676 ± 0.031 b 0.545 ± 0.017 a 2 10.67 <0.001
Fraction emerged parasitoids 0.804 ± 0.0288 a 0.848 ± 0.0312 a 0.762 ± 0.0187 a 2 3.04 0.051
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No egg masses were recorded on oleander, sowthistle, cheeseweed, lambsquarter, common groundsel and beavertail cactus.
Over all sites the mean number of egg masses recorded was largest on sycamore, cherry and grape, followed by crape myrtle
and photinia (Table 1).  The number of egg masses per host plant species differed significantly for crape myrtle, eucalyptus,
grape, primrose and cottonwood on which fewer egg masses were found in Piru and Redlands than in Pauma (results not
shown).  In Piru, most egg masses were recorded on sycamore and cherry, followed by grape.  In Redlands, most egg masses
were recorded on grape, followed by crape myrtle and photinia, which had more egg masses than sycamore and cherry.  In
Pauma most eggmasses were recorded on crape myrtle, grape, sycamore and cherry followed by photinia.  Because of
unequal variances Kruskal Wallis was used for these analyses with P<0.0001 in all cases (results not shown).
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Figure 1: Total number of GWSS egg masses (A), adults (B) and nymphs (C) recorded between April and October

2004, on 100 host plants located in a citrus orchard in Piru, Redlands and Pauma Valley, CA.

When considering GWSS adults at the different locations, more were found on the host plants in Redlands between June 16
and October 1 compared to both Piru and Pauma in the same period (unequal variance:  Kruskal Wallis: t=8.4481, P=0.0146)
(Fig. 1b).  Adults were not recorded on sowthistle, cheeseweed, common groundsel or beavertail cactus.  Over all sites the
mean number of adults recorded was largest on cotton wood (Table 1).  In Redlands, more adults were found on hibiscus,
oleander, Valencia orange, photinia, euonymus, ligustrum, cottonwood and cherry than in Piru or Pauma (results not shown).
In Piru and in Redlands, more adults were recorded on cotton wood than on any other host plant species (t=59.75, P<0.00001
and t=72.05, P<0.00001 respectively).  In Pauma, most adults were recorded on cotton wood, but these did not differ
significantly from sycamore and grape (t=63.61, P<0.00001). Because of unequal variances Kruskal Wallis was used for
these analyses (results not shown).

The data on the immature GWSS were collected as small, medium and large GWSS nymphs.  For the purpose of these
preliminary analyses the stages were added to present one number per host plant per observation at each location.  The
number of GWSS nymphs at the different locations changed through the season.  From April though June, significantly fewer
nymphs were recorded in Redlands when compared to Pauma and Piru in the same period (unequal variance: Kruskal Wallis:
t=10.04, P=0.0066) (Fig. 1c).  From Late July through October, significantly fewer nymphs were recorded in Piru, when
compared to Redlands and Pauma in the same period (unequal variance: Kruskal Wallis: t=7.78, P=0.0204) (Fig. 1b).  No
nymphs were recorded on common groundsel.  Over all sites the mean number of nymphs recorded was largest on
cottonwood, followed by significantly lower numbers on grape, crape myrtle, and Valencia orange (Table 1).  No differences
were found when comparing numbers of nymphs per host plant species between the locations (results not shown).  In Piru,
most nymphs were recorded on cottonwood, followed by grape and citrus (t=70.3, P<0.00001). In Redlands, most nymphs
were also recorded from cottonwood, followed by grape and crape myrtle (t=72.49, P<0.00001). In Pauma Valley, most
nymphs were found on cottonwood and grape, followed by crape myrtle and Valencia orange (t=68.92, P<0.00001).  Because
of unequal variances Kruskal Wallis was used for these analyses (results not shown).

The recorded numbers of generalist predators present per location include lady beetles, spiders and lacewings.  Less
frequently praying mantis, assassin bugs, robber flies, scorpion flies and syrphid flies were recorded.  The numbers of
foraging parasitoids (Gonatocerus sp) were also recorded per plant.  These data have not yet been analyzed.  On June 30, July
1-2, August 10-12, September 28-30 xylem fluids samples were taken from all host plants except oleander, amaranthus, ivy,
sowthistle, common groundsel, cheeseweed, lambsquarter, honeysuckle, primrose and beavertail.  These species were
omitted because experience has shown that they do not comply with the technique used for xylem extraction, rendering the
sampling impossible (Brodbeck, personal communication). With the use of a nitrogen gas pressure chamber, 150-600µl was
collected per plant and frozen for storage. The xylem samples await analyses on their chemical composition in Florida.  The
GWSS fecundity and feeding rate on a selection of the host plants listed in table 1 is being studied in University of Florida,
NFREC-Quincy.

CONCLUSIONS
The data thus far indicates that the most eggs, nymphs and adults are not necessarily recorded on the same plant species as
has been reported before (Brodbeck et al. 1999).  In this study the only host plant used frequently in all life stages is cotton
wood.  On grape and crape myrtle nymphs and eggs are frequently recorded, while photinia, cherry and sycamore frequently
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hosted egg masses but not the other life stages.  The suitability of the host plants for these GWSS life stages may be linked to
the chemical composition of the xylem fluids (Andersen et al. 1989, 1992, Brodbeck et al. 1990, 1993, 1995, 1996, 1999),
data for which will be provided by the xylem analyses.  Sowthistle, common groundsel, lambsquarter, cheese weed, primrose
and beavertail were not hosting large GWSS numbers, if any, and may be discarded or replaced for next season.

This season, the location seems to influence the size of GWSS egg masses (larger egg masses in the south), survival (lower in
the south) and parasitism (lower in the south).  The underlying factors may be related to temperature and humidity which
have been recorded but have not been correlated to the findings yet.  The major difference between the coastal and inland
locations at similar latitude is the number of second generation adults, and all life stages from the second generation are
responsible for most of the location differences.  Aside from the egg masses, there are no obvious differences in the other life
stages recorded in the coastal and southern location.

Further conclusions cannot be drawn without the data that is still being taken in the fecundity and feeding studies and the
chemical xylem composition of the host plants.  For full understanding of the climatic influences behind these observations,
multiple year data are needed and need to be analyzed for temporal and spatial differences, for which two additional years of
funding will hopefully be forthcoming from the CDFA.
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ABSTRACT
Glassy-winged sharpshooters (GWSS) were collected in California and several states in the southeastern United States in
2002 and 2003 to search for pathogenic or beneficial endosymbiotic bacteria of these insects.  Various tissues were examined
for the presence of bacteria by PCR:  hemolymph, eggs, and bacteriomes.  A subset of hemolymph and egg samples were
cloned and sequenced based on unique digest patterns of their extracted 16s rDNA, or analyzed by restriction digest patterns
of sample compared to known bacterial DNA.  Most cloned sequences were identified as Baumannia (one of the primary
symbionts of GWSS), and Wolbachia (a common secondary symbiont in a majority of insect taxa investigated).  In addition,
we isolated bacteria that were most closely related (by 16S rDNA sequence) to the following genera: Acinetobacter,
Stenotrophomonas, Pseudomonas, Burkholderia. All are common bacteria that are found in soil, water, or plant surfaces, and
also in insect guts or surfaces.

INTRODUCTION
We have surveyed populations of the glassy-winged sharpshooter (GWSS), Homalodisca coagulata, for bacterial symbionts
that might be exploited to manipulate the biology of this insect vector of Xylella fastidiosa (Xf) (Purcell and Feil 2001).
Pathogens or other microbial associates of GWSS have not been employed to date as biological control agents or contributors
to the control of these pests largely because none are known, although some efforts to discover viruses of GWSS have been
made.  Although endosymbiotic bacterial associates of leafhoppers are little-understood and unexploited to date, their
potential importance is well worth exploring.  The first step has been to look for and identify any naturally occurring bacteria
in GWSS populations from a wide geographical range.

Of particular interest to us in this study were bacterial associates that are facultative (also referred to as “secondary”), i.e.,
that occur in some individuals or populations but are not required by their hosts; and that could be introduced into, or
augmented in pest populations.  We use the term symbiont here in the biological sense of “living together” and do not imply
mutual benefit (Douglas 1994).  Facultative bacterial associates have been described in a variety of homopterans including
leafhoppers (Swezy and Severin 1930, Schwemmler 1974, McCoy et al. 1978, Purcell et al. 1986).  The only leafhopper
facultative symbiont studied in some depth is BEV, a bacterium that occurs in Euscelidius variegatus in France, but
apparently not in California (Purcell et al. 1986).  Uninfected females of E. variegatus inoculated with cultures of BEV
transmitted the bacteria transovarially (“vertically”) to their offspring, with resulting deleterious effects (Purcell et al. 1986,
Purcell and Suslow 1987).  This bacterium could also be transmitted horizontally between leafhoppers feeding on the same
plant; hence it could persist in the population in spite of its negative fitness effects.

It is clear from our studies of facultative bacteria in aphids (Chen et al. 2000, Montllor et al. 2002) as well as from the study
of BEV, that endosymbiotic associations are complex and have critically important effects, both positive and negative, on the
physiology, population biology and vector potential of their hosts.  Some of the most extensive studies on the effects of
facultative symbionts on insect hosts involve Wolbachia, a transovarially transmitted bacterium that occurs in 20-76% of
investigated insect species (Weeks et al. 2002) with a range of interesting effects (e.g.,Werren 1994, Stouthammer et
al.1999). Wolbachia has recently been described from GWSS (Moran et al. 2003), though its effects remain unknown.
Although Wolbachia has “helped raise the awareness of the potential contribution of endosymbionts...it is important not to
discard other alternatives” (Weeks et al. 2002).  Our approach was to investigate whether other alternatives existed for
GWSS.
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OBJECTIVES
1. Survey glassy-winged sharpshooter and other sharpshooters in California and the southeastern United States for

facultative bacterial endosymbionts and determine by DNA sequencing the identity of any bacteria discovered.
2. Depending on type of microorganism and relative frequency in surveyed insects, select candidate symbionts to determine

biological effects on GWSS.

RESULTS
We collected GWSS from various locations in California and in Louisiana and Florida in spring and summer 2002.  In June
2003 we collected GWSS from Louisiana, Mississippi, Alabama and Florida.  Four other species of sharpshooter were also
collected in California in summer 2002 and fall 2003.  Some field collected GWSS from selected locations were brought
back to the lab and caged together for one to several weeks in order to facilitate exchange of any potentially horizontally
transmitted facultative symbionts.  In several cases, long-term lab colonies were established from field populations, and could
be repeatedly sampled.  Laboratory-reared GWSS were also obtained from the California Department of Food and
Agriculture rearing facility in Bakersfield, California on several occasions in 2003.

DNA from three types of tissue from sharpshooters collected in 2002 and 2003 were extracted: hemolymph, eggs, and
bacteriocytes.  Over 400 extractions have been made and analyzed for bacterial DNA.  Hemolymph is known to contain
bacterial endosymbionts in aphids (e.g., Chen et al. 1996) and leafhoppers (e.g., Purcell et al. 1986) and is a logical place to
sample.  Approximately 2- 4 uL of hemolymph was removed by puncturing the abdomen with a glass needle, and was then
added to 20 uL phosphate buffered saline (PBS) and stored frozen until analysis.  After extraction, we amplified the DNA of
the 16S ribosomal DNA with “universal” bacterial primers, digested any bacterial DNA with restriction enzymes, and looked
for different patterns that might indicate the presence of more than one type of bacteria.  A subset of bacterial 16S rDNA was
cloned in E.coli, reanalyzed with restriction enzymes (e.g., Table 1), and sequenced if deemed appropriate.  This procedure
was also applied to eggs (dissected from gravid females or removed from leaves after being laid) in which we expected to
find any vertically transmitted endosymbionts, such as the primary symbionts, Baumannia, but perhaps other symbionts as
well.

Forty-five percent (126/281) of hemolymph samples from all localities tested positive for bacterial 16S rDNA by PCR.
Twenty-six individuals of another four species of sharpshooters from California were also tested for bacteria in hemolymph,
of which five (19%) were positive by PCR.  We have not yet analyzed these further.  DNA from a total of 25 GWSS tissue
samples from 17 individuals was chosen for cloning, and 19 produced multiple transformed E. coli colonies with bacterial
16S rDNA inserts.  DNA from 45 of these colonies was chosen for sequencing, and others were identified by restriction
digest analysis.  The most common sequence was identical to that of Baumannia, a bacteriome-associated symbiont of the
GWSS (Moran et al. 2003) (Table 1).  Like other bacteriome inhabitants, Baumannia is presumably transovarially
transmitted from mother to offspring via hemolymph (Buchner 1965). Wolbachia, a commonly found facultative symbiont
of many insects, including GWSS (Moran et al. 2003), was also cloned or commonly found facultative symbiont of many
insects, including GWSS (Moran et al. 2003), was also cloned or otherwise identified from hemolymph and eggs of
California, Florida and Louisiana GWSS. In addition, we surveyed extracted DNA that was positive for 16S rDNA for
Wolbachia by PCR. Wolbachia has been described from GWSS (Moran et al. 2003), but its prevalence and the existence of
strain differences has not been documented.  We found Wolbachia in 10% (8/84) of hemolymph samples and 59% (19/32) of
egg samples.  These figures are probably conservative, and indicate that Wolbachia is a very common bacterium associated
with GWSS. Baumannia was amplified from 67% (60/89) of hemolymph samples by PCR.

Table 1. Cloned bacterial DNA from GWSS tissue samples. Bau=Baumannia; 
Aci=Acinetobacter; Pseu=Pseudomonas; Burk=Burkholderia.

Wol=Wolbachia,

Collection location GWSS tissue 16s rDNA identity
(sample / no. clones sequenced or of inserts (by sequencing or
digested) restriction digest analysis)
Bakersfield Hemolymph

Eggs
Bau, Wol, Aci
Wol, un-id

CDFA Hemolymph
Eggs

Bau, Wol, un-id

Louisiana State Univ Hemolymph
Eggs

Bau, Sten, 
Bau

Pseu

Crestview FL Hemolymph
Eggs

Bau, Wol, Aci, Pseu
Bau, Wol

Pearl River LA Hemolymph
Eggs

Bau, Wol, un-id
Bau, Wol, Burk
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Although Baumannia and Wolbachia were the most common bacteria found, a few other 16S rDNA of bacteria not
previously described from GWSS were also cloned from GWSS samples (Table 1).  Some samples are still being analyzed to
determine the identity (“un-id” in Table 1) or close relationship of the bacteria represented.  Among those isolated were
bacteria with identity similar to Acinetobacter, Stenotrophomonas, Pseudomonas and Burkholderia. All are aerobic γ-
Proteobacteria, and not uncommon as environmental contaminants and nosocomial pathogens (e.g., Towner et al. 1991,
Ribbeck et al. 2003).  However, Acinetobacter and Stenotrophomonas have also been isolated from ticks and fleas (Murrell et
al. 2003); and Stenotrophomonas, among other bacteria, was isolated from the guts of ants, where it was presumed to provide
nutrients and to be passed to offspring (Jaffe et al. 2001). Stenotrophomonas was also described as an endosymbiont of a fly
(Otitidae), which did not develop properly without its complement of bacteria (Wozniak and Hinz 1995). Burkholderia, a
pseudomonad, was isolated from termite guts (Wertz et al. 2003), and was able to colonize a variety of aquatic invertebrates
both externally and internally (McEwen et al. 2001).

We did not detect any bacteria in PBS buffer alone.  Bacteria were detected in 4 of 12 buffer samples that were pipetted onto
the outside surfaces of 12 different insects. We were only able to clone one of these DNA samples because subsequent PCRs
of the other three were negative for 16S DNA.  The cloned sample contained 16S DNA similar to that of Pseudomonas,
Acinetobacter, and Methylobacterium.  It is not yet possible, therefore, to determine whether Acinetobacter and
Pseudomonas cloned from hemolymph samples came from the insect surface, the hemolymph, or both.

CONCLUSIONS
A wide-ranging search for secondary symbionts of the GWSS did not identify good candidates for studies on biological
effects on this insect.  Some bacteria we identified were possibly from insect external surfaces.  The prevalence of a
Wolbachia species, and the well-known importance of Wolbachia to other insect hosts make it the best candidate to pursue in
further studies.
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ABSTRACT
A computer-monitored flight mill was developed to study the effects on insect flight of sub-lethal dosages of soil-applied
imidacloprid (Admire 2F, 21.4% AI) to glassy-winged sharpshooters (GWSS) in laboratory cages.  Adult sharpshooters were
glued to a 10 cm radius plastic arm that rotated on a pivot.  The rotations per minute were recorded and tabulated by
computer.  The range of distances flown on flight mills by adult GWSS not exposed to insecticide treatment (negative
controls) ranged from 8 m to 6,843 meters and averaged 3,853 m for males and 2,537 m for females.  Over 90% of males and
females flew at least 60 m (“fliers”) during the 6-12 hour flight trials.  More than 9 % of total distances flown by individual
fliers occurred within 4 hours.  Imidacloprid at sub-lethal dosages (9% mortality in 24 hours vs. 3% of untreated controls)
that inhibit feeding did not reduce flight performance significantly, but dosages that killed 33% of the GWSS in 24 hours
reduced flight in the surviving insects.  Insects that had fed on insecticide-treated plants for 24 hours flew much less (fewer
fliers), yet among those that did fly, the differences were not statistically significant.  At 3.2 mg imidacloprid in 500 g soil, on
average, one-third were killed after 24 hours, and less than 50 % of the survivors flew.  However, there were occasional
“outliers” that could fly just as well as, or sometimes more than, the control insects.  Whether these individuals were resistant
to imidacloprid or survived and flew as a result of uneven uptake of the insecticide by different replicate plants was not clear.
There were no significant differences in flight distances of GWSS exposed to a dose of 0.1 mg in 500g soil.

INTRODUCTION
The systemic insecticide imidacloprid (Admire 2F, Bayer Co., Kansas City, MO) has been used to control glassy-winged
sharpshooter (Homalodisca coagulata, GWSS) in citrus and grapes, mainly as a killing agent (Bethke et al. 2001).  The main
effect of insecticides in reducing the spread of Pierce’s disease is to decrease the numbers of insects entering and remaining
in vineyards.  But beyond the numbers of GWSS, disease spread also depends on the level of infectivity of GWSS with
Xylella fastidiosa, vector transmission efficiency to grape, and movements of the vector from plant to plant (Purcell 1981).
GWSS movements from vine to vine should be especially important if this is the main mode by which GWSS establishes
new infections of grape, as circumstantial evidence suggests (Perring et al. 2001; Purcell and Saunders 2001).  Sub-lethal
(low lethality) dosages may persist in treated crops longer than highly lethal dosages, as plant growth dilutes insecticide
concentrations and the insecticide deteriorates to less toxic or non-toxic forms.  Identifying the effects of sub-lethal dosages
on the behavior of a plant disease vector is especially important because non-lethal doses of insecticide may repel some
insects and increase plant-to-plant movements, leading to increased disease spread by surviving vectors.  Our previous
studies suggested that imidacloprid does not repel the GWSS or promote their small scale plant-to-plant movement.

Our objectives were to establish the effects of sub-lethal dosages of imidacloprid on GWSS transmission efficiency and
movement.  As we previously reported (Purcell 2003), systemic imidacloprid (soil applications) in grape reduced GWSS
transmission of X. fastidiosa to grape, but the effects might have been mostly due to insect mortality rather than by affecting
GWSS feeding behavior in such as way as to reduce vector transmission.  Dosages that did not kill more than 10% of GWSS
significantly reduced feeding by GWSS, but imidacloprid did not repel GWSS or blue-green sharpshooters in lab trials in
which a documented repellent, Surround, did repel sharpshooters from plants (Purcell 2003).

We tested various dosages of imidacloprid that caused reduced GWSS feeding to determine the effects of the insecticide
exposure on the flight performance of GWSS on flight mills.  Computer-monitored flight mills have been used to study flight
performance in other leafhoppers (Gorder 1990; Taylor et al. 1992), and we adopted a previously described flight mill design
(Gorder 1990; Schumacher et al. 1997) to assess the flight performance of GWSS with or without exposure to imidacloprid
treatments of grape.  Flight mill performance usually requires about 30% of the power required for free flight (Riley et al.
1997), so flight mills underestimate free flight distances.

OBJECTIVES
1. Understand basic performance characteristics of GWSS flight.
2. Determine the effect of various doses of imidacloprid on the flight performance of GWSS in the context of Pierce’s

disease epidemiology.
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RESULTS
Objective 1. Understand the Basic Characteristics of GWSS’s Flight.
Flight mills were constructed as outlined by Schumacher et al. (1997), with slight modification.  The rotating flight mill arm
was a 20cm plastic drinking straw rotating on a jewel bearing fitted with a steal shaft.  Custom computer software counted
the number of revolutions in successive 60-second intervals and generated data on flight distance, duration, and velocity.  For
each trial, 3 replications of 4 to 10 GWSSs per cage were allowed to feed on grape for 24 hours.  The prothorax of each insect
was glued to a standard insect pin using water-soluble Styrofoam glue, and the insect pin (with the insect attached) was then
inserted into the arm of the mill.  Flight trials lasted for 12 hours, later reduced to 4 hours, during the day.  GWSS were
classified as “fliers” if they flew a total distance of 100 rotations (63 m) and “non-fliers” if they failed to complete 100
rotations.  Table 1 summarizes the flight mill performance of GWSS from untreated plants.  Males consistently flew longer
and more frequently than females (Figure 1), so data for males only (Table 2) were summarized for comparisons of GWSS
from treated and untreated grape. Figure 2 illustrates a typical flight profile for GWSS males from untreated (Figure 2A) and
high dosage plants (Figure 2B).

Objective 2.  Examine the Effect of Various Doses of Imidacloprid on the Flight Performance of GWSS in the Context of
Pierce’s Disease Epidemiology
To quantify the effects of sub-lethal dosages of Admire on GWSS flight performance, we measured the flight performance of
insects exposed to both treated and untreated grape vines.  Imidacloprid treatments were dilutions of a standard 3.2 mg in 500
g of soil.  Dilutions used were 1/4, 1/8, 1/16, 1/32 of the standard dose; controls were untreated vines.  The plants were
allowed one week for pesticide uptake before caging the insects on them for 24 hours and then monitoring their flight mill
performance.  The 1/32nd dilution caused 9% mortality over a 24-hour period, compared to controls (3%) and did not
significantly reduce total distance flown.  A higher dose (1/4 of standard) did kill significantly more GWSS (33%) within 24
hours and reduced the numbers of surviving insects classified as “fliers”, but some individual GWSS from the 1/4th dosage
plants flew as well as those from untreated plants (Table 2).  This may have been because of physiological variation among
individuals or the amount of imidacloprid taken up by plants on which the insects had fed.  We collected and froze xylem
saps to compare imidacloprid concentrations from each plant to the flight performance of the GWSS that fed on them before
flight mill assays but have not yet analyzed these samples for imidacloprid content.
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Figure 1. The flight distances of GWSS male (diamonds) and female (squares) from untreated plants.

Table 1. Flight mill performance of GWSS from untreated grape (control).

Performance characteristics Range Average Stand. dev.
Total Revolutions Males 12-10,826 3,853 3,085

Females 72 - 8,557 2,537 2,410

Total flight events Males 17-200 75 42
Females 13-207 79 57

Distance of longest flight event
Males 6-1258 meters 358 m 359
Females 6-495 m 149 m 140

Average distance per flight event
Males 6-178 m 70 m 46.9
Females 6-151 37 40.8
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Table 2. Mortality and flight performance of GWSS males after a 24-hour exposure to untreated grape or grape
with imidacloprid applied at 1/4th or 1/32nd of a standard dose (3.2 mg/500 g soil) 10 days previously.

Performance characteristic
(Males Only)

Sample
size

Range Average * Stand. dev.

Mortality 1/4th dose 57 0- 100% 33% a 0.34
1/32nd dose 48 0 -  25% 9% b 0.09
untreated 48 0 -  20% 3% b 0.08

Percentage of surviving non-fliers
1/4th dose 38 0 - 100% 59% a 0.38
1/32nd dose 44 0  -  22% 7% b 0.09
untreated 46 0  -  20% 3% b 0.08

*Numbers in a column followed by the same letter were not significantly different using chi-squared with Yates’ correction
and ANOVA.

The flight performance assays of GWSS exposed to 1/8th and 1/16th dilutions of the standard dosage of imidacloprid are still
in progress.  Preliminary indications are that the 1/8th dilution may reduce average flight activity but with some individuals
flying as far as fliers from untreated plants.

Unreported Results that were Pending Last Year.
The effects of the insect-repellent kaolin clay (Surround) and Admire applied to potted grapevines were assessed in cages for
possible repellency effects to GWSS and BGSS (Purcell 2003).  In general Surround was repellent, whereas Admire was not.
The test plants used in these behavioral experiments were saved for diagnosis for PD, as all sharpshooters used in the
experiments had been exposed to plants infected with X. fastidiosa.  Unfortunately, transmission rates in all treatments
(including untreated controls) were too low (3% per plant for GWSS, 9-21% for BGSS) to be of value in assessing the effects
of Admire or Surround applications on the vector transmission of X. fastidiosa where the insects had a choice of treated vs.
untreated plants.  This lower than normal transmission rate was probably due to low populations of X. fastidiosa in the PD-
grapes used for acquisition feeding.

CONCLUSIONS
GWSS flew on flight mills for up to 4. 2 miles (6.8 km), averaging over 1.5 miles in a 4 hr period.  Soil-applied imidacloprid
(Admire) dosages that caused 33% mortality during a 24-hr exposure to treated plants reduced average flight performance of
surviving GWSS, but some of the insects that survived this exposure flew almost normally. Dosages that caused about 10%
mortality and that have been shown to drastically reduce GWSS feeding did not significantly reduce flight on flight mills.
Admire treatments probably reduce long distance movements of GWSS from treated crops having sap concentrations of
imidacloprid that kill at least 30% of the GWSS within 24 hours.

Sep 11, 2004; Control # 3 Male, 8078 rev (5.08km)
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Figure 2A. Flight (flight mill rotations per minute) of a control GWSS (no insecticide); horizontal axis = minutes.
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Sep 21, 2004; 1/4 Admire # 5 No Big, 2722 rev (1.7km)
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Figure 2B.  Flight of a surviving GWSS fed on grape treated with 1/4 of standard dose.  Note flights are fewer and shorter
than untreated insects.
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ABSTRACT
Gravid Homalodisca coagulata females were induced into ovipositing a significantly greater proportion of their eggs 24h
after desiccation treatment with a directed flow of warm air (40°C, 5.0 meters per second for 15 m) compared to untreated
females.  Treated and untreated females oviposited 54.5% and 28.2% of their eggs, respectively, regardless of host plant.

INTRODUCTION
Accidental introductions of H. coagulata into regions of California have prompted researchers to begin a classical biological
control program using egg parasitoids in the genus Gonatocerus (Jones 2001).  Initiation and maintenance of large cultures of
H. coagulata for egg production for culture of Gonatocerus parasitoids is difficult and time consuming because few host
species adequately support all life stages of H. coagulata (Brodbeck et al. 2004).  Currently, augmented releases of
Gonatocerus parasites are an important component of long-term management of H. coagulata in California.

The phenomenon of death stress oviposition was first reported by DeCoursey and Webster (1952) who indicated that a
variety of chemical agents, including pesticides, could produced various levels of stress to gravid female mosquitoes
Ochlerotatus sollicitans (Walker) and gravid Angoumois grain moth, Sitotroga cerealella (Oliver).  Individuals that were
stressed deposited a greater amount of eggs than untreated controls.

One of the objectives of our research project is to determine the behavioral and physiological mechanisms associated with the
overwintering of Gonatocerus eggs parasitoids, an important natural enemy of H. coagulata.  Efficient acquisition of even-
aged cohorts of H. coagulata eggs is crucial to this project.  For nearly 20 years, our research group has been involved in the
study of many life history characteristics of H. coagulata, including oviposition behavior.

OBJECTIVES
The main objective of this study was to determine and manipulate the environmental conditions conducive to inducing
oviposition of gravid H. coagulata females.

RESULTS
Twenty gravid females were field-collected from crape myrtle, Lagerstroemia indica L. by sweep net.  Ten females were
placed immediately into a cage that was provisioned with either one three-week old cotton plant, (Gossypium hirsutum (L.)
‘Deltapine 88’), or one glabrous soybean plant, (Glycine max (L.) ‘D90-9216’). Ten females were stressed with a direct flow
of warm air (40°C, 5.0 meters per second) for 15m (Fig 1). After airflow treatment, females were placed into a cage with a
plant as described previously.  Plants were examined for egg masses the next morning.  Females were dissected and numbers
of mature, chorionated oocytes in the lateral and median oviducts were counted.  Tests with each host plant were replicated
three times.  Host plant effects on oviposition were analyzed by ANOVA (SAS 1990). We defined the experimental unit as
total eggs per plant, as we could not accurately quantify eggs per female.  Paired comparison t-tests were used to compare the
differences between the total eggs, number of eggs oviposited, and of mature chorionated oocytes not oviposited between
treated and control females.

Host plant had no effect on oviposition of stressed (F = 0.84; df = 1, 4 P < 0.42) or unstressed females (F = 0.03; df = 1, 4 P <
0.88).  Data from the six replications were then combined for t-test analysis.  Field-collected gravid H. coagulata oviposited a
significantly higher proportion of their eggs following stress treatment compared to unstressed controls (Table 1.).  Targeted
dissections indicated that stressed females had fewer chorionated oocytes within reproductive structures than females that
were not stressed.
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Figure 1. Airflow apparatus used to induce desiccation stress in gravid female H. coagulata.

Table 1. Means (+SE) of number of eggs oviposited and or retained by stressed and unstressed gravid H. coagulata.
Values across rows followed by different letters are significantly different; P<0.05.

Mean+SEa

Stressed Unstressed Pr> |t|

Proportion of eggs
oviposited

54.4+4.4a 28.2+5.3b 0.002

Eggs oviposited per
female

13.7+2.3a 5.9+1.2b 0.015

Total oviposited +
mature oocytes

194+18.9a 187.2+17.1a 0.696

an=six replications

CONCLUSIONS
A broad ovipostional host range may not necessarily be disadvantageous to the neonates of H. coagulata, as we have recently
documented adaptations that allow the immature stages to efficiently relocate to suitable hosts (Tipping et al. 2004).  Stress-
induced oviposition thus appears consistent with both the reproductive physiology and the nutritional ecology of H.
coagulata due to the inability of females to reabsorb oocytes and the high vagility of immatures.

The phenomenon of death stress oviposition, or induced oviposition, in H. coagulata can be a valuable tool for researchers
who require large numbers of uniform aged eggs essential for nymphal development studies.  Additionally, this technique can
be useful for maintaining cultures of Gonatocerus parasitoids.  Finally, collection of many egg masses in a short period of
time may also be instrumental in the creation or augmentation of existing cultures of H. coagulata.
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ABSTRACT
The Glassy-winged Sharpshooter, Homalodisca coagulata (Say), is found throughout southeastern US and regions of
California.  It has 2 distinct generations per season.  The majority of adult females overwinter in a reproductive diapause.
Targeted dissections of female H. coagulata reared at a photoperiod of 13:11 at 23-29oC indicated all females were in
reproductive diapause.  Seventy-five percent of females reared at a photoperiod of 13.5:10.5 at 23-29oC entered reproductive
diapause, perhaps indicating that photoperiod can be modified by temperature as the trigger responsible for physiological
changes associated with reproductive diapause.  Diapause can be broken by placing females at a 11:13 photoperiod (15-17°
C) for 21d followed by exposure to mid-summer environmental conditions.  Additionally, parasitism of H. coagulata eggs by
Gonatocerus spp. peaked sharply in early April 2004 and remained at 100% until the last week of September 2004.  Finally,
short-day photoperiod did not effect development or host seeking behavior of G. ashmeadi.

INTRODUCTION
The overwintering biology of the Glassy-winged Sharpshooter, Homalodisca coagulata (Say) is an important component of
seasonal population dynamics.  In the southeastern US, host plant preferences of adult H. coagulata during spring, summer,
and fall months are predictable and intimately associated with nutrition (Mizell and French 1987, Brodbeck et al. 1995).
Mixed hardwoods and citrus are the preferred overwintering hosts for H. coagulata in its endemic and parts of its introduced
range in California, respectively (Pollard and Kaloostian 1961, Blua and Morgan 2003).  In most years, females break
diapause during early to mid-March and begin to oviposit on a variety of plants (Turner and Pollard 1959).  Presently, the
physiology associated with the overwintering biology of H. coagulata is poorly understood.

Gonatocerus ashmeadi Girault is one of several egg parasitoids that are key natural enemies of H. coagulata.  Little is known
about their overwintering biology.  Lopez et al. (2004) report G. ashmeadi could potentially overwinter in the eggs of their
host.  A greater understanding of the life history of G. ashmeadi is essential to maximizing their utility as classical biocontrol
agents.

Diapause is loosely defined as a temporary inactivation or reduction of one or several physiological processes triggered by an
environmental cue (Lees 1966).  Arthropods enter diapause to survive adverse environmental conditions (Masaki 1980).
Photoperiod is often the primary cue that triggers physiological changes associated with diapause, however, other
environmental factors including temperature and nutrition can have a modifying effect.  In the southeast US, H. coagulata
overwinters primarily in the adult stage (Turner and Pollard 1959).  However, 5th instar nymphs and viable eggs can
occasionally be found in north Florida during the winter months.

OBJECTIVES
The environmental conditions that are responsible for initiation and cessation of reproductive diapause in H. coagulata are a
major focus of this research project.  Additionally, the effects of photoperiod and temperature on the development and
behavior of G. ashmeadi were also investigated.

RESULTS
Because diapausing individuals are unidentifiable from non-diapausing individuals, we have developed and refined a
protocol for targeted dissections to accurately determine the reproductive status of female H. coagulata.  Leafhoppers were
immobilized with gentle pinch to the head, placed in a paraffin filled dissecting dish and viewed under a stereoscope.  The
wings and telson were carefully removed with fine jewelers forceps followed by small incisions along the pleural membrane
of the abdomen.  The abdominal terga were then removed to facilitate examination of four Malpighian tubules, which lie
dorsally in loops above the mid and hindgut.  Fat body was generally concentrated in the first through fourth abdominal
segments.  Ovarioles were examined after portions of the gut tract were teased out of the body cavity.  Ovarioles, ova, fat
body, and Malpighian tubules were rated on the scale described in Table 1.
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Cohorts H. coagulata neonates were reared to adult on lemon basil, Ocimum basilicum L. ‘Lemon’, glabrous soy, Glycine
max (L.) ‘D90-9216’, and cotton, Gossypium hirsutum L. ‘Deltapine 88’ in environmental chambers programmed with
photoperiods of 13.5:10.5, or 13:11 at 23-29oC.  Females were dissected and rated as described previously, 15-28d post
eclosion.  Additionally, cohorts of H. coagulata were reared under ambient lighting in a greenhouse during summer and
winter months and dissected.  Targeted dissections revealed that all female H. coagulata reared under the 13:11 photoperiod
were in reproductive diapause when compared to individuals reared in winter conditions (Table 1).  Dissections of females
reared under the 13.5:10.5 photoperiod indicated that 25% (5 of 20) were reproductively active when compared with cohorts
reared under early summer conditions (Table 1).

Female H. coagulata in reproductive diapause can be manipulated into becoming reproductively active.  Cultures of
overwintering H. coagulata were maintained in screen cages in a greenhouse at ambient light and temperatures.  On January
20, 2004, cohorts of leafhoppers were placed into an environmental chamber with a programmed photoperiod of 11:13 (15-
17°C) for 21d.  They were then moved to a greenhouse set for summer conditions (14:10, 32°C).  After 12-14d, brochosomes
were observed on the forewings of many of the females.  Egg masses were usually present two days later.  Five cohorts of
leafhoppers were treated as described previously with the same results.

A glabrous soy plant with approximately 20 H. coagulata egg masses was exposed to a culture cage of G. ashmeadi for 24h.
The plant was then placed into an environmental chamber programmed with an 11:14 photoperiod (26°C).  Parasites were
observed emerging from parasitized egg masses after 14d.  The plant was removed and egg masses evaluated for parasitism.
All eggs were parasitized and all adult G. ashmeadi had successfully eclosed.  Two additional plants with egg masses were
treated as described previously with similar results.  Additionally, adult G. ashmeadi that eclosed in the chamber were
provided with a new soy plant with approximately 15 H. coagulata egg masses.  After 14d, adults were observed emerging
from the egg masses indicating short-day photoperiod had no effect on their life history.

Single potted cotton or glabrous soy plants with H. coagulata egg masses were placed in the field on a weekly schedule
beginning the first week of March 2004.  After 15d all egg masses were checked for signs of Gonatocerus parasitoids.
Seasonal parasitism peaked sharply in early April and fell sharply in late September 2004 (Table 1).

CONCLUSIONS
Examination of the ovarioles, ova, fat body, and Malpighian tubules can provide an accurate indication of the reproductive
status of female H. coagulata.  We conclude there is a critical photoperiod important for the initiation of reproductive
diapause in H. coagulata.  However, we have not determined the sensitive life stage to these diapausing inducing cues.  We
have also determined the environmental conditions important for the termination of reproductive diapause.  Additionally, G.
ashmeadi does not appear to modify its life history when reared under short-day photoperiods in an environmental chamber.

Since populations of H. coagulata are reproductively active in north Florida for a relatively short period of four months,
overwintering and diapause play a critical role in population dynamics of these insects.  Understanding environmental cues
critical to reproductive diapause initiation and termination are also essential for researchers attempting to rear these insects
throughout the year.

The photoperiod responsible for reproductive diapause of all female H. coagulata corresponds to August 24 in north Florida.
During this time of year and several weeks later, temperature, rainfall, and host plant availability remain adequate for an
additional generation of H. coagulata.  We propose that this early seasonal reproductive diapause of H. coagulata is a life-
history response to predation pressure by Gonatocerus spp. egg parasitoids.
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Table 1. Results of targeted dissections of internal reproductive morphology of H. coagulata reared under several
photoperiod and temperature regimes.

Photoperiod and Temperaturea n Ovarioles Ova Fat body Brochosomes
13.5:10.5 (Aug 5) 15 2 0 2.5-3 1
23-29oC 5 3 2 2.5-3 3

13:11 (Aug 24) 18 2 0 3 1
23-29oC 6 2 0 2.5 1

Greenhouse (May19-Jun29) 15 3 2 2.5-3 3
13h 13m – 14h 5m (photophase)
31-37oC

Greenhouse (Jan6-Feb26) 15 2 0 3 1
10h 16m – 11h 16m (photophase)
16.7-27.2oC

aPhotoperiod and date for latitude of Tallahassee, FL.

Key:
Ovarioles Ova
1=not developed 0=none
2=fully developed; no ova 1=single ova per ovariole
3=fully developed with ova 2=two ova per ovariole

Fat body Brochosomes (within Malpighian tubules)
1=minimal 1=small; tubule translucent
2=medium 2=medium; tubule filled opaque white
3=heavy 3=large; tubule swollen opaque white
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Figure 1. Seasonal parasitism of H. coagulata eggs by Gonatocerus spp. in north Florida.
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ABSTRACT
Flight heights of blue-green sharpshooters between vineyards and riparian zones were monitored at eleven sites in Napa
Valley in 2004 using pole towers to position yellow sticky cards up to 24 feet.  At 10 of the towers, nearly 90% of catches
from March-September were made at 15 feet or lower.  At one tower, however, a large number of BGSS were caught in the
upper traps in early March.  This tower’s proximity to a Coast Live Oak (Quercus agrifolia) tree suggests that BGSS may
reside at higher elevations in trees at some times of year.

INTRODUCTION
Where the blue-green sharpshooter (BGSS), Graphocephala atropunctata, is the primary vector of Pierce’s disease (PD),
control measures should be aimed at reducing the number of BGSS entering vineyards (4), especially early in the growing
season.  Early-season infections (March-May) are responsible for most chronic cases of PD (6, 9).   Those infections resulting
from BGSS feeding later in the growing season are not likely to result in PD, because most will be eliminated with normal
pruning.  This is unlike the situation with PD caused by glassy-winged sharpshooter (GWSS) feeding, where chronic
infections may occur nearly year-round (1).

Vector control measures in the North Coast include the use of insecticides (4) as well as management of riparian plant
communities to reduce the number of favorable BGSS breeding host plants (5).

Another method of reducing vector numbers is to block their flight into vineyards through the use of physical barriers.  This
could include the use of tall fences made with insect screening materials, as well as natural barriers created by planting dense
stands of conifers or other non-host tree species.  Both of these approaches are already being employed in a few vineyards in
the North Coast, although there are currently no data to show their impacts.  The use of barriers has also been suggested as a
management tactic to keep GWSS out of vineyards (2).

For barriers to be effective, they would need to block the majority of BGSS from entering vineyards, since small numbers of
insects can still lead to significant disease development (8).  Unfortunately, little is known about the overwintering behavior
of BGSS and its preferred winter plant hosts (7).  Therefore, it is not clear how tall a barrier would need to be in order to be
effective.  Most trapping by both researchers and growers has been done from the ground at the 5-6 foot level.  Monitoring of
BGSS flight activity at higher elevations has not been reported.

This project addresses the question of BGSS flight height by installing and monitoring pole towers that can accommodate
yellow sticky card trapping up to a height of approximately 24 feet.

OBJECTIVE
1. Evaluate the predominant flight height of blue-green sharpshooters entering vineyards from adjacent riparian habitats

through the use of yellow sticky cards positioned at heights from 5 to 24 feet.

RESULTS
Eleven pole towers were installed and monitored in the Napa Valley in 2004.  Towers were positioned along riparian zones
adjacent to vineyards with a history of Pierce’s disease.  A diagram of a pole tower is shown in Figure 1.  Towers were 25
feet in height, constructed from Schedule 40 PVC pipe.  Yellow sticky cards were attached to clips on rope at the following
heights: 24 feet, 20 feet, 15 feet and 10 feet.  An additional trap at 5 feet was mounted on a stake.

Eight towers were installed in February 2004; the remaining three were installed prior
to March 9.  Traps were monitored on a weekly basis through September and numbers
of BGSS were recorded.  Traps were replaced every two weeks or as needed.

10 feet

5 feet

24 feet

20 feet

15 feet

Figure 1: Pole tower diagram.
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Figure 2 shows the average numbers of BGSS trapped at various heights during the early season period of March-May.
Figure 3 shows the average numbers of BGSS trapped at various heights during the entire trapping period of March-
September.  Figures 2 and 3 include results for all towers except #10, which will be discussed separately.

From March-May, each tower averaged 16.4 BGSS.  Of these, 88.3% were caught at 15 feet or lower. For the entire season,
each tower averaged 23.5 BGSS.  Of these, 89.7% were caught at 15 feet or lower.  The patterns of trap catches for the early
part of the season and the full season were nearly identical.
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These data suggest that a 15-20 foot high barrier could be effective at greatly reducing the number of BGSS entering
vineyards.  However, previous work with insecticides showed that even with 70-90% reductions in BGSS trap counts, the
incidence of PD was not significantly reduced in vineyards planted with highly sensitive varieties (8).  With a 10-15 foot
screen barrier, the number of BGSS flying over the top could still result in significant amounts of PD in an adjacent vineyard.

Tower 10 had early season results very different than the others and is therefore considered separately.  Figure 4 shows trap
catches at Tower 10 during early March.  Unlike the other towers, most BGSS were caught on the upper traps.  However, for
the rest of the season, the pattern of trap catches mirrored that of the other towers, albeit with greater numbers of BGSS
(Figure 5).

Tower 10 was installed adjacent to a Coast Live Oak (Quercus agrifolia) tree, an evergreen species.  Most of the other trees
and shrubs in the vicinity of Tower 10 were deciduous species.  In early March, these plants were still dormant or just
beginning to bud out.  A record heat wave in early March led to daily high temperatures of 70-85°F for nearly 2 weeks.  The
estimated flight threshold temperature for BGSS is 58°F (2). This unseasonable heat wave led to significant BGSS flight
activity in early March as evidenced by elevated trap numbers at Tower 10 and others (data not shown).

The Coast Live oak tree adjacent to Tower 10 was apparently a preferred host plant at this time.  If BGSS commonly reside
in tall trees during the spring, then the effectiveness of barriers will likely be reduced.  Additional studies are needed to better
elucidate the early spring host preferences of BGSS in riparian zones, especially at higher elevations in the riparian canopy.
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BGSS Flight Height
Tower #10: March 19-Sept. 2004
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Figure 4. Figure 5.

Figure 2. Figure 3.
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CONCLUSIONS
Nearly 90% of the BGSS trapped in this study were caught on traps at 15 feet or lower.  This suggests that barriers could
have a significant impact on reducing the numbers of BGSS entering vineyards.  However, this may not be enough to have a
major impact on reducing the incidence of PD.  In addition, results from one tower indicated that BGSS may reside in some
trees early in the season.  This could allow for higher than normal flight activity, allowing more BGSS to enter vineyards by
flying over a barrier.  The effectiveness of barriers at reducing the incidence of PD will likely depend upon the nature of the
adjacent riparian plant community, its mix of host plant species and the number of tall host trees.
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ABSTRACT
Female and male GWSS have been collected from July 2001 to September 2004 at monthly or bimonthly intervals from
citrus hosts at UC Riverside Agricultural Operations.  A sub-sample of 10 females per month was dissected to determine
ovary rank of the specimens collected. Dissections of these female specimens reveal repeated patterns related to the
proportion of previtellogenic females in the field.  These patterns indicate two distinct generations each year with a possible
third generation late in the season.  Sampling will conclude in December 2004, and analysis will be completed to develop a
model of female vitellogenesis cycles.  A host plant study, completed in the summer of 2002, in which adult male and female
GWSS were caged on grape, citrus, and oleander, has suggested differences in female fecundity and offspring survival.  This
study is currently being repeated.  SEM studies have been completed and found a large number of sensilla on the female
ovipositor.  Morphology of these sensilla suggests that they may have mechanosensory or chemosensory functions.
Histological studies of the female reproductive organs at varying stages of vitellogenesis are currently being analyzed.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say), is a serious pest of many tree and vine crops
(Turner and Pollard 1959, Nielson 1968).  The GWSS is of primary concern to California growers because of its capacity to
vector the bacterium, Xylella fastidiosa, which causes vascular disease in a number of crops, including grapes, citrus and
almonds, as well as landscape plants including oleander and mulberries (Meadows 2001, Hopkins 1989, Purcell and Hopkins
1996).  An adult GWSS need only acquire X. fastidiosa once while feeding on an infected plant to then become a vector of X.
fastidiosa for the remainder of its life (Frazier 1965, Purcell 1979, and Severin 1949).

Little is known about the reproductive biology of the GWSS.  It has been reported that GWSS has two generations per year in
Southern California (Blua et al. 1999).  Oviposition occurs in late winter to early spring, and again in mid-to-late summer.
Adult females can live several months and lay their eggs side by side in groups of about 10, ranging from 1 to 27 (Turner and
Pollard, 1959).  The greenish, sausage-shaped eggs are inserted into the leaf epidermis of the host plants.

Our research is focused on the reproductive morphology and physiology of the GWSS.  We are examining the seasonal
differences in female GWSS reproduction between summer and overwintering populations by studying oögenesis cycles.
This knowledge is important in determining how GWSS might choose plant hosts in the landscape, which host plants are
particularly good for GWSS ovarian development and why they are good, and finally how control measures might best be
implemented based upon season and stage of reproductive development.  Better knowledge of reproductive biology might
also lead to better decision support including improved choices and timing of chemical or non-chemical approaches to GWSS
control.

OBJECTIVES
1. Collect and prepare GWSS specimens for studying the morphology and anatomy of females.
2. Study and describe the sensory structures located on the female ovipositor.
3. Characterize the reproductive cycle of female GWSS in Riverside, California.
4. Study the effects of location on female GWSS reproductive cycle.
5. Study the effect of host plant type on female GWSS fecundity.

RESULTS
Oögenesis study
Female and male GWSS have been collected from July 2001 to September 2004.  Samples were taken on monthly or
bimonthly intervals.  Dissections of female specimens collected from citrus hosts at UC Riverside Agricultural Operations
have revealed repeated patterns related to the proportion of previtellogenic females in the field (Figure 1).  In 2004,
oviposition activity began in January with peaks in oviposition activity occurring in April and July.  The proportion of young
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(previtellogenic) females peaked in June 2004.  The proportion of postvitellogenic females was highest in January 2004,
followed by peaks in May and September.  The patterns in percentage of previtellogenic, vitellogenic, and postvitellogenic
females are similar to those observed in 2002 and 2003.  These data suggest that GWSS may have two distinct generations
per year.  Our observations also indicate that although vitellogenic activity decreases in December, there is not a clear
reproductive diapause in the population of GWSS in Riverside, California.  The majority of the female GWSS that
overwinter are postvitellogenic, suggesting that they have matured and oviposited before entering a reproductive rest period.

Histological studies of female oögenesis are being analyzed to verify the data collected from dissections.  Morphological
observations of the ovarioles are near completion, and the observations reveal that the ovarioles of the ovaries are the
telotrophic type with asynchronous ovarioles.

Effect of Location on Number of Generations Per Year
We initiated sampling of GWSS populations in Tulare and Ventura Counties (California), but were unable to complete this
objective due to strong eradication efforts which eliminated populations from our sampling sites.

Host Plant Study
The preliminary data of our host plant study in the summer of 2002 suggested that there is a potential difference in the female
fecundity when caged on different plant species.  For this study, adult female and male GWSS were caged on citrus, grape, or
oleander, and allowed to mate and oviposit on the plants.  We were successful in promoting GWSS oviposition and in rearing
GWSS from egg to adult stage on all three host plant types. This experiment is currently being repeated with the late
summer, overwintering generation of GWSS in citrus.  Although the analysis is not yet complete, it appears that female
fecundity patterns are different than those observed in the spring (early-summer) generation of 2002.

Scanning Electron Microscopy Studies
SEM study of the ovipositor has been carried out since September 2003.  The SEM sessions have revealed sensory structures
associated with the first, second, and third valvulae of the ovipositor.  Many sensory hairs are also found to be located on the
pygofer of the female.  TEM studies are necessary to determine the exact type of sensillae present on the ovipositor.  The
external morphology revealed by SEM micrographs suggests that these structures include various types of mechanoreceptors
and chemoreceptors.

CONCLUSIONS
It is too early this season to make any conclusions about host influences on female fecundity, but our prior data have
indicated that female fecundity is influenced by host plant type.  The observations suggest that it is feasible to target controls
towards reproductive hosts (e.g. citrus) of GWSS in order to attempt to control future populations of GWSS.  Although it
appears that female fecundity varies between host plants, the fecundity may also depend on the generation (e.g. winter,
spring, or early summer) being studied.  Thus, it is important to avoid limiting year-long GWSS eradication efforts to those
populations present on a single host plant type (e.g. citrus).  In another experiment, we have successfully reared GWSS on a
single host for two successive generations, under greenhouse rearing conditions.  These greenhouse data suggest that multiple
hosts are not necessary for the survival of GWSS.  Thus, GWSS may not need to move between hosts in order to develop and
reproduce.  However, the pattern may change when GWSS are under field conditions where nutrients may be seasonally
limiting.

More research on female host selection for oviposition is needed.  Now that we have located sensilla that may function as
chemoreceptors, it appears likely that there is a chemical basis for GWSS host selection.  These sensilla may only function at
close range, thus this knowledge may not be useful for trap development.  However, the finding of chemosensilla on the
ovipositor could be useful for future development of artificial media for GWSS oviposition in colonies maintained for
parasitoid rearing.

Our study of the oögenesis cycle is defining the timing and number of generations of GWSS in California.  This knowledge,
combined with an understanding of female host selection, fecundity and offspring sex ratio, will result in a detailed
understanding of host plant influences on female development and reproductive success. As indicated by somewhat
conflicting results, based on the generation being studied, it is clear that the GWSS has complex reproductive patterns, and
may have seasonally changing host preferences.  Thus, it is important to modify eradication efforts based on the generation
being controlled.

We are also beginning to understand the way in which GWSS may sense the environment and may be able to manipulate this
system for monitoring trap development.
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Figure 1: Percentage of previtellogenic, vitellogenic, and postvitellogenic adult female H. coagulata per month,
according to dissections (October 2001 to September 2004), collected from citrus plants located at the University of
California, Riverside, Agricultural Operations.
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ABSTRACT
Pierce’s disease of grapes, which is caused by the bacterial pathogen Xylella fastidiosa, threatens the national viticulture
industry.  The glassy-winged sharpshooter (GWSS) is the primary vector of Pierces disease which if not controlled threatens
to completely eliminate the ability of the U.S. to compete in world markets.  Viral pathogens of leafhoppers have yet to be
examined as potential microbial control agents.  Herein we examined the potential of a dsDNA virus, from the Iridoviridae,
the iridescent insect infecting viruses, as a pathogenic agent of the GWSS.  The GWSS adults were successfully infected with
whitefly iridovirus, WFIV that had been propagated in Trichoplusia ni larvae.  Virus infection caused reduced longevity and
fecundity of GWSS.  Adults were infected by microinjection and sprays.  Infected individuals transmitted the virus to
‘healthy’ cohorts when caged together, suggesting an aerosol mode of transmission.  Detection of virus positive eggs
suggests that WFIV may also have a transovarial mode of transmission.  Leafhopper vectors of Pierce’s disease, such as the
glassy-winged sharpshooter, Homalodisca coagulata, are susceptible to infection by iridescent insect viruses.
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ABSTRACT
Floras near four Texas Hill Country vineyards were surveyed for Xylella fastidiosa from late 2003 through mid 2004.  Two
vineyards had histories of Pierce’s disease (Gillespie County, Llano County) and two did not (Gillespie County; Travis
County).  In 2003, 526 plant samples representing 49 plant families were tested one or more times with serology (DAS
ELISA) and 80 specimens were dilution plated in attempts to confirm positive serology reactions and estimate X. fastidiosa
concentrations in plant tissue.  Two perennial Asteraceae species were then surveyed in winter, spring, and early summer and
serological detection was lowest in spring. Bacterial strain characterizations are underway.  This study has implications for
site selection, weed control in and near vineyards, rogueing of vineyards, and the need for pathogen-free planting stock.

INTRODUCTION
Pierce’s disease (PD), caused by the bacterial pathogen Xylella fastidiosa, is the greatest limiting factor for growing Vitis
vinifera in most of Texas.  Associations of X. fastidiosa, known vector glassy wing sharpshooter Homalodisca coagulata,
other xylophagous insects, and numerous host plant species in warmer climates of Texas are apparently ancient and complex.
Widespread death of European grape plants has been a common occurrence in much of Texas, perhaps since the first of many
plant introductions 400 years ago.  There are numerous scientific advantages to studying a biological system where pathogen,
vectors, and host plants are native and endemic.  However, little is known about the diversity of plants and the bacterium, or
potential biocontrol agents in warmer regions of Texas.

In the mid 90’s, the incidence and severity of Pierce’s disease escalated in the Texas Hill Country (west of Austin and north
of San Antonio).  While this area of Texas was once thought to be a PD risk transition zone, many established Hill Country
vineyards have seen increased vine mortality due to PD.  It is speculated that a series of warm winters allowed the pathogen
to become more widely distributed throughout the native plant community, providing the initial inoculum for vine infections.
While the disease is not known to occur in the northern Panhandle of the state, recent outbreaks at higher elevations in far-
west Texas raise questions about pathogen survival and transport into commercial grape plantings.

Variation exists within and among strains of X. fastidiosa with some degree of specialization to be more pathogenic on
certain plants and less pathogenic on others (Hopkins 1984, Purcell and Hopkins 1996).  However, wine grape plants
inoculated with “citrus strain,” thought to be most different from “grape strain,” PD-like symptoms developed on grape (Li et
al., 2002).  Questions abound regarding plasticity of bacterial strains in response to changes in insect vectors, climate, plant
species composition near vineyards, and grape cultivars.

The greatest genetic variations within species of pathogens, vectors, and potential biocontrol agents typically occur where the
species first evolved or coexisted.  The X. fastidiosa center of origin probably includes the coastal areas of the U.S. near the
Gulf of Mexico, including large areas of Texas.  Various supplemental hosts may harbor diverse strains of X. fastidiosa,
perhaps even mixed infections within a single plant. A non-native and highly susceptible species (e.g., V. vinifera) growing
nearby may be repeatedly challenged by bacteria carried by xylem-feeding insects feeding on both weeds and the introduced
plant.  Numerous X. fastidiosa strains may have potential for some reproduction in European grape (Hopkins 1984, Li et al.,
2002, Purcell and Hopkins, 1996), but the highly pathogenic populations that reproduced the most rapidly in wine grape
xylem fluids and were vectored most efficiently quickly become predominant.

OBJECTIVES
Our objectives were to survey annuals, perennials, woody plants, and ornamentals near vineyards for colonization by X.
fastidiosa using serology (ELISA) and dilution plating, and to collect isolates for European grape pathogenicity studies and
other strain characterization.
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RESULTS
Some plant families had no positive serology reactions and two native grape species and two other native Vitaceae species
were never positive with either technique in 2003 (Table 1).  Plant samples that reacted serologically for X. fastidiosa in 2003
were from 12 plant families, but dilution plating (Hill and Purcell, 1995) with SCP buffer (Hopkins 1988) confirmed the
bacterium in specimens from only eight families (Table 2).  Identification of selected colonies was confirmed with serology.

Xylella fastidiosa was detected in and cultured from weeds at three (two with PD histories, one with no PD history) of the
four vineyards in 2003 (Tables 3, 4).  Three weed host species were found at all four vineyards (Mexican hat, western
ragweed, hierba del marrano).  Two weed host species were found only at the two vineyards with PD histories (giant
ragweed, common sunflower).  Near one no-PD-history vineyard (Travis County), X. fastidiosa was in some nearby weeds,
but weed control in the vineyard blocks was good and vineyard perimeters were closely and often mowed.

Supplemental hosts of particular interest were five species in Asteraceae (Table 3).  Two are perennials and three are annuals.
Serological detection rates for two Asteraceae perennials were higher in summer and fall 2003 (aboveground plant parts,
Table 3) and winter 2004 (belowground and soil surface-level plant parts) than in spring 2004 (belowground and soil surface,
Table 5).  Serology was not consistent among plant parts when petiole and root (Mexican hat) and underground stem,
horizontal root and vertical root (perennial [western] ragweed) were tested separately.  Overwintering X. fastidiosa may not
be highly systemic on these species through winter and spring.  Spittlebug nymphs (Cercopoidea) were frequently found on
these two Asteraceae species in the spring, especially in riparian habitats.  Fungal and bacterial contamination of dilution
plates were much more pronounced in winter and spring from plant parts belowground or near the soil surface and X.
fastidiosa concentrations could not be estimated.

This bacterium was also detected and cultured from certain urban trees and shrubs in urban landscape situations in
Fredericksburg, Uvalde and San Antonio in summer and fall (Table 1).  Colonies of X. fastidiosa on sap dilution plates
developed earlier for grape and redbud compared to sycamore and oleander in 2003.  There were either too few positive
samples for us to compare colony growth rates, or results were mixed among sample dates and locations for Mexican hat,
western ragweed, hierba del marrano, western soapberry, cedar elm, giant ragweed, and common sunflower.

CONCLUSIONS
Knowledge of PD epidemics in Texas increases prospects for disease control in other wine grape production regions.  This
work focused on surveys for supplemental X. fastidiosa host plants at diverse vineyard sites.  Future work will utilize the
bacterial isolates and plant community data at PD and non-PD vineyards to explore new control strategies.

A. H. Purcell described four requirements for a plant species to be an important source for X. fastidiosa acquisition by xylem-
feeding insects:  1) frequently inoculated with X. fastidiosa; 2) attractive food host for the insect carrier; 3) X. fastidiosa
spreads beyond the inoculation site [systemic spread]; and 4) ≥ 104 c.f.u./g of X. fastidiosa in xylem-containing plant tissue.

Education efforts related to PD risk in European wine grapes grown in the Texas Hill Country include:

A. Site selection.  Avoid locating vineyards near riparian habitats because more weeds found there probably meet the four
requirements listed above for important bacterial sources.

B. Plant species composition.  Based only on circumstantial evidence to date, presence of common sunflower and
great (giant) ragweed may indicate higher site risk.  This may be because of insect behavior on these two weeds.

C. Weed control.  Until Texas X. fastidiosa strains are characterized, broadleaf weed control within and near
vineyards should remain a priority, including frequently mowed perimeters.

D. Rogueing.  Infected and symptomatic V. vinifera vines contain X. fastidiosa with high c.f.u./g.  Early PD detection while
incidence in still low, and immediate rogueing should be considered to help reduce vine-to-vine spread.

E. Planting stock.  Infected tolerant (few if any acute symptoms) cultivars grown in Texas and other southern states,
including V. aestivalis, can be reservoirs of X. fastidiosa (L. Moreno, unpublished).  Infected planting stocks of these
varieties are potential sources of inoculum if planted adjacent to V. vinifera and in previously PD-free areas.

Results are pending from 2004 greenhouse wine grape plant inoculations with X. fastidiosa isolates from grape, weeds and
woody ornamentals to determine pathogenicity.  Work in progress includes estimating  frequency of selected plant species at
four vineyards to learn more about high and low risk sites, and strain characterization in this and another laboratory.
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Table 1. Selected plant families negative for Xylella fastidiosa in one or more species with ELISA
and in some cases, also with dilution plating in 2003.
Family Number of plant specimens
Cupressaceae 2
Cyperaceae 14
Euphorbiaceae 12
Juncaceae 3
Onagraceae 12
Poaceae 43
Solanaceae 16
Taxodiaceae 7
Vitaceaez (excluding Vitis vinifera, V. aestivalis) 31
zCissus trifoliata (L.) L., Parthenocissus spp., V. mustangensis Buckl., V. berlandieri Planch.

Table 2. Plant families with one or more species positive for Xylella fastidiosa with serology and
dilution plating in 2003.
Family Species
Apocynaceae Oleander (Nerium oleander L.)
Asteraceae [five species, see Table 3]
Fabaceae Redbud (Cercis canadensis L.)
Fagaceae Red oak (Quercus sp.)y

Platanaceae Sycamore (Platanus occidentalis L.)
Sapindaceae Western soapberry (Sapindus saponaria L.)
Ulmaceae Cedar elm (Ulmus crassifolia Nutt.)
Vitaceae European grape (Vitis vinifera L.)z

yD. Appel, T. Kurdyla and M.Vest, unpublished data.
zAlso in 2004, V. aestivalis Michx L. Moreno, cv. Cynthiana/Norton, by serology and immuno-
fluorescence; M. Black, cv. Lenoir (uncertain parentage) by serology with dilution plating pending.

Table 3. Five weed species in Asteraceae collected near four vineyards and positive for Xylella fastidiosa
with serology and dilution plating in summer and fall 2003.

Percent positive

Common name Scientific name Longevity
Serology
(ELISA) Dilution plating

Perennial (western)
ragweed

Ambrosia psilostachya DC. Perennial 33% N=54y 65%z N=17

Red-spike Mexican
hat

Ratibida colunifera (Nutt.)
Woot. & Standl.

Perennial 19% N=48       89% N=9

Hierba del marrano
(slim aster)

Symphyotrichum
divaricatum (Nutt.) Nesom

Annual 21% N=14       100% N=3

Great (giant) ragweed Ambrosia trifida L. Annual 57% N=7         75% N=4
Common sunflower Helianthus annuus L. Annual 25% N=12       33% N=3
yNumber of specimens tested.
zDilution plating usually done only with samples positive or questionable positive with serology.

Table 4. Xylella fastidiosa c.f.u./gu estimates for wine grape and five Asteraceae weed species at four
locations in the Texas Hill Country in 2003.

Vineyard location and history
Plant species Llano PDv Gillespie PDw Travis no PDv Gillespie no PDx

Wine grape 106-108 106-107 -y -
Perennial (western) ragweed 104-106 106-107 103-106 0
Mexican hat 106-107 103 103-106 0
Great (giant) ragweed 106 - .z .
Common sunflower 105 - . .
Hierba del marrano 107 - 104 0
uColony forming units per gram of xylem-rich plant tissue.
vNear riparian habitats.
wNear smaller, varied, somewhat seasonal riparian habitats.
xNot near significant riparian habitat.
ySpecies found but not sampled, or ELISA-negative sample not dilution plated.
zSpecies not found.
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Table 5. Winter, spring and summer 2004 survey of Mexican hat and perennial (western) ragweed for
colonization by Xylella fastidiosa near four Texas Hill Country vineyards.  Results of dilution plating on
PWG semi-selective medium were all negative through August 2004.

Location and PD history
Season Gillespie PD Llano PD Gillespie No PD Travis No PD

------------------- Positive samples, %  (N=total number of samples) --------------------
Winter (Feb, Mar) 17% (N=30) 20% (N=40) .z 43% (N=37)
Spring (Apr, May) 9% (N=33) 5% (N=41) . 20% (N=41)
Summer (Jun-Aug) 0% (N=6) 10% (N=10) 20% (N=4) 83% (N=5)
zSite not sampled.
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ABSTRACT
From the analysis of the 16S rDNA sequence of Xylella fastidiosa, we have identified four single nucleotide polymorphisms
(SNPs).  The combination of these four SNPs placed all of the known X. fastidiosa strains into four groups.  With a few
exceptions, the four SNP groups are very similar to those based on other genetic analyses such as RAPD analysis, whole 16S
rDNA sequence analysis, and the combination of phenotypic characterization, particularly pathogenicity tests.  Of particular
interest is the PD group.  All eight PD strain 16S rDNA sequences from different labs clustered into the same group
characterized by two SNPs.  Utilizing the SNP information, primer sets, Teme150fc-Teme454rg, specific to PD strain group,
and Dixon454fa-Dixon1261rg, specific to non-PD almond leaf scorch group, were designed. More than 200 X. fastidiosa
strains isolated from California have been tested for the specificity of these SNPs and the results were quite consistent.  A
microarray system, initially based on the characteristic SNPs from the 16S rRNA locus, is under construction.  Coupled with
PCR using universal 16S rDNA primers, the microarray-PCR based system has a high potential for quick and accurate X.
fastdiosa strain identification.

INTRODUCTION
The need to accurately identify and differentiate X. fastidiosa strains is becoming more apparent considering the coexistence
of different pathotypes in the same crop (Chen et al., 2004a, b).  This prompted us to research on improvement of pathogen
detection.  Polymerase chain reaction (PCR) has been a common technique for X. fastidiosa identification.  There are,
however, technical problems limiting the application of PCR.  False positive amplifications can occur among related
organisms in the environment sharing similar genetic sequences. Specific primers may fail to amplify DNA from a particular
isolate if there is a spontaneous mutation(s) in the primer-binding site, leading to a false negative result.  The sensitivity and
specificity of PCR amplification tend to be inversely related.

The rationale of this project is to maximize the sensitivity of PCR technology.  To increase pathogen detection specificity,
microarray methodology based on the principle of DNA hybridization is applied to further confirm the accuracy of the
amplified DNA fragments (Chen and Civerolo, 2003).  Conceptually, the development of high-density oligonucleotide arrays
allows massively parallel hybridizations to occur on the same surface, permitting high levels of probe redundancy and
multiple independent detections of a diagnostic DNA sequence.  Because of the taxonomic value and available large genomic
sequence database, single nucleotide polymorphisms in the 16S rRNA gene are particularly useful.  Other genes and
intergenic regions could also be the targets due to the availability of complete genome sequences from four different X.
fastidiosa strains.

OBJECTIVES
The overall goal of this project is to develop and evaluate a microarray-PCR-based system for accurate and quick
identification of X. fastidiosa strains.  A particular emphasis is on strains currently important in California.  Two specific
objectives are:
1. Using the complete and annotated genome sequence of X. fastidiosa Temecula strain as a guide, select appropriate DNA

sequences and evaluate their potential for pathotype / genotype identification. Design and construct a DNA microarray;
and

2. Evaluate the effectiveness of the constructed microarray through hybridization experiment.  Using the microarray as a
reference, analyze genomic variation of different pathotypes with multiple strains collected from broad geographical
areas and hosts.

RESULTS AND CONCLUSIONS
Selected sequences in the genome of X. fastidiosa Temecula were used as preliminary queries to identify diagnostic
sequences.  Because of the sequence availability, most comparisons were made to the four complete genome sequences
including PD-Temecula, citrus variegated chlorosis-9a5c, almond leaf scorch disease-Dixon and oleander leaf scorch disease-
Ann-1.  In general, the tested genome DNA sequences showed high level of similarity as expected.  However, single
nucleotide polymrphisms were found in most cases.  Yet, the number of SNPs varied from gene to gene.  Genes of
evolutionary importance were particularly emphasized because they could provide a more stable and, therefore, a more
consistent base for strain identification.  Thus, special efforts were made on DNA sequences from rrn operons. In addition,
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16S rDNA is by far the most sequenced locus in bacteria including X. fastidiosa that has at least 38 sequences currently
available. These 38 16S rDNA sequences from eight different sources were retrieved from the GenBank database.  The
sequences were aligned using CLUSTAL-W program. Nucleotide variations were examined manually.  Only the variations
supported by multiple sequences were considered as true SNPs.  The nucleotide order in the 16S ribosomal RNA gene,
PD0048, in the X. fastidiosa strain Temecula genome sequence was used as reference to standardize the nucleotide number
(Table 1).

Currently, the microarray system is still being established.  The evaluation of SNPs for strain identification was done using
PCR methodology.  The Primer 3 program was used to facilitate primer designs.  All primers were designed with Tm = 60±3
C.  The basic strategy of primer design was to arrange the SNPs at the 3’ end of the oligo-primers.  Two multiplex PCR
formats were implemented.  For the three primer format, primers Teme150fc - Teme478rg-XF16s1031r generated two
dominant amplicons, a 348 bp band for the PD group, and a 700 bp band for non-PD group generated by A non-specific
prime paired with Teme150fc.  In the four primer format, two primer sets were used. The PD group specific primer set,
Teme150fc-Teme454rg was the same as in the three primer format.  The other primer set, Dixon454fa-Dixon1261rg
generated an 847 bp amplicon for the non-PD almond leaf scorch disease (ALSD) group (Figure 1). For comparison purpose,
primer set RST31-RST33 was also included.  RST31-RST33 is the most commonly used primer set for PCR identification X.
fastidiosa at the species level.  Primer specificity was also compared to non-reduntant GenBank database through the BLAST
network service.

Efforts have also been made to obtain a comprehensive collection of X. fastidiosa strains in California with emphasis on
grape and almond strains.  Over 300 isolation attempts have been made from samples of grapes, almonds and other plants.
Samples were collected form San Diego, Kern, Tulare, Kings, Fresno, Stanislaus, Butte, Alemeda and Solano counties.
Strains were initially confirmed by biological characters such as slow growing and opalescence colony type and then by PCR
with primer RST31/33.  Over 200 strains were used to evaluate the specificity of the identified SNPs. Research results
obtained by far consistently indicate that SNPs in the 16S rDNA sequence have high potential for X. fastidiosa strain
differentiations.  Current design strategy for microarry experiments is to place these SNPs in the center of the oligomers.
Also as shown in Table 1, a total of four SNPs can be considered for oligomer designs to cover all the known strains of X.
fastidiosa.  The advantage of such a microarray identification system becomes even more obvious when 16S rDNA primers
of different specificity levels, such as universal primers, are used to generate a large amount of target DNAs from a low titer
of bacterial cells.
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Figure 1. Representative results of multiplex PCR using the four primer format based on single nucleotide polymorphisms in
the 16S rDNA sequence.  The STRONG presence of the upper band (847 bp) indicates the almond leaf scorch strain group.
The STRONG presence of the lower band (348 bp) indicates a grape Pierce’s disease strain group.
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Table 1. List of four single nucleotide polymorphisms from 38 rDNA sequences of Xylella fastidosa and the related
information.

Strain Name Host Geographic Origin 150 454 1261 1338

R116v11 Grape Georgia C G A C
PCE-FG Grape Florida C G A C
PD28-5 Grape Florida C G A C
PCE-FF Grape Florida C G A C
Temecula Grape California C G A C
GR.8935 Grape Florida C G A C
Temecula Grape California C G A C
Temecula Grape California C G A C
Mul-2 Mulberry Nebraska C G A C

Dixon1 Almond California T A G C
Dixon2 Almond California T A G C
Ann-1 1 Oleander California T A G C
Ann-1 2 Oleander California T A G C
PWT-22 Periwinkle Florida T A G C
PWT-100       Periwinkle Florida T A G C
Mul1 Mulberry Massachusetts T A G C
Elm Elm Washington DC T A G C
OAK OAK Washington DC T A G C
PLS2-9 Plum Georgia T A G C
PLM G83 Plum Georgia T A G C
PP4-5 Peach Georgia T A G C
RGW-R Ragweed Florida T A G C
ELM-1 Elm Washington DC T A G C

ALS-BC Almond California T A A T
MUL-3 Mulberry Massachusetts T A A T
P3 Coffee Brazil T A A T
B14 Citrus Brazil T A A T
SL1 Citrus Brazil T A A T
CRS2 Coffee Brazil T A A T
CM1 Coffee Brazil T A A T
CI.52 Citrus Brazil T A A T
CO.01 Coffee Brazil T A A T
CVC93-2 Citrus Brazil T A A T
9a5c Citrus Brazil T A A T
9a5c Citrus Brazil T A A T

PE.PLS Pear Taiwan T A A C
PL.788 Plum Georgia T A A C
OSL92-3 Oak Florida T A A C
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ABSTRACT
The development of successful management and control strategies of Pierces disease of grape requires the identification of
virulence and pathogenicity genes and determining how they functions to control the disease development process.  Based on
the presumption that biofilm formation is a major pathogenicity factor of Xylella and that it may play a major role in the
disease causing process, we have been studying the factors – genetic and environmental that affect biofilm formation by
Xylella fastidiosa. We have identified that, Bovine serum albumen, a component of PW medium specifically inhibits biofilm
formation in X. fastidiosa and that this inhibition is BSA concentration dependent.  Because of its effect on the biofilm
formation in vitro, we are studying the expression profiles of X. fastidiosa genes in the presence and absence of BSA in the
media.  We have also identified a global regulatory gene, rsmA (rsm = regulator of secondary metabolism) that control
biofilm.  An rsmA-deficient strain of X. fastidiosa forms more biofilm in vitro than the wild type.  In a preliminary nylon
membrane DNA macroarray experiment using about a 100 select candidate pathogenicity genes, we have determined an
increased expression of 15 genes in the mutant when compared to the wild type parent.  We are now using full genome
microarrays of Xylella fastidiosa to catalogue the genes whose expressions are controlled by either rsmA or BSA.  The results
from these ongoing analyses using both approaches should help us catalogue X. fastidiosa genes which may be involved in
pathogenicity and biofilm formation.  Subsequent genetic analysis of the genes to be identified should give us some
understanding of not only how pathogenicity is regulated in this bacterium but also how to tackle the problems posed by
Pierces disease.

INTRODUCTION
Although the exact mechanism of Piece’s disease is not completely understood, infected grape plants show symptoms
resembling those of water-stress.  Moreover, the xylem-limited Xylella fastidiosa bacterium produces biofilm in vitro and in
planta (4, 9, 10, 12). Putting these two observations together, it has been suggested that this biofilm clogs up the vascular
tissues of the plant and occlude water and nutrient transport.  Because of this assumed importance of biofilm formation in the
disease mechanism of Xylella fastidiosa, we have been studying signals and factors affecting biofilm formation in a bit to
identify the regulators of pathogenicity in Xylella fastidiosa. rsmA is a post-transcriptional regulatory gene that controls
pathogenicity and secondary metabolism in a wide group of bacteria including Gram positive and negative organisms (1, 3,
11, 15).  In Erwinia spp. and other related plant-associated bacteria, rsmA together with its regulatory noncoding RNA pair,
rsmB control many phenotypes including pathogenicity, extracellular polysaccharide and enzyme production, and elicitation
of hypersensitive response, pigment formation, motility and antibiotic biosynthesis).  And in E. coli and related
enterobacterial human pathogens, csrA and csrB, the homologues of rsmA and rsmB regulate, among others, glycogen
biosynthesis and biofilm formation (6, 8, 17, 19).  Because of the role of biofilm formation on the pathogenicity of many
bacterial pathogens (5, 14), and the fact that rsmA or its homologs control both pathogenicity and biofilm formation in
different bacteria, we wanted to determine the possible role of rsmA on biofilm formation in Xylella.  We found that Xylella
fastidiosa strains vary widely in their biofilm forming abilities and this is influenced by the culture medium in which the
assay is carried out.

We report that BSA is the specific inhibitor of biofilm formation in PW medium and that the amount of biofilm the bacterium
forms if inversely proportional to the concentration of BSA in the medium.  Further, we show that biofilm formation is
regulated by rsmA gene as rsmA- mutants form higher levels of biofilm than the wild type parent.  We confirm this
observation by showing that the heterogonous expression of Xylella fastidiosa rsmA in E. coli reduces biofilm formation in
this bacterium.  Put together, these suggest that rsmA may regulate pathogenicity in Xylella fastidiosa through its effects on
factors such as biofilm formation in the plant.
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OBJECTIVES
1. Use DNA microarray analysis to identify virulence and pathogenicity genes in Xylella fastidiosa through coordinate

regulation with a known virulence factor or expression in planta during infection.
2. Clone and mutate putative virulence genes and characterize virulence defects in a bid to understand the mechanism of

virulence.

RESULTS
Cloning, Characterization of rsmA and the Construction of rsmA Mutant of Xylella fastidiosa
As mentioned above, three observations let us to investigate the role of rsmA in pathogenicity and biofilm formation in
Xylella fastidiosa: 1, the homologues of the gene are widely distributed in the prokaryotic world; 2, the gene controls
pathogenicity and virulence in many phytobacteria and 3; in E. coli, the gene controls biofilm formation.  To determine the
role of rsmA in Xylella, we the cloned the gene and characterized it.  The authenticity of the cloned gene was confirmed with
DNA sequencing. Xylella fastidiosa rsmA is a small gene that encodes a predicted product is 72-amino acid with a putative
RNA-binding protein. Heterologous expression of X. fastidiosa rsmA in a biofilm overproducing csrA mutant of E. coli
resulted in reduced biofilm formation indicating that the gene does have a role in biofilm formation (Figure 1).  After
confirming that the cloned gene is indeed rsmA, we determined the effect of the mutation on biofilm formation in Xylella.
The mutant and wild type were assayed for their ability of form biofilm in vitro. Observation show that, the mutant formed
more biofilm that the parent (Figure 1).  Since the ultimate goal is to identify virulence genes, we tested whether rsmA
mutants are pleiotropically affected in the expression of any genes. For this, we used the nylon membrane DNA macroarrays
of about 100 select pathogenicity genes based on the published genomic sequences (7, 16, 18).  Hybridization of 32P-labelled
total cDNA reveal 15 genes which were more than 10-fold induced in the mutant (Table 1).

Identification of the PW Medium Component that Inhibits Biofilm Formation
Because of the increasing evidence of links between biofilm formation and pathogenicity in many biofilm forming bacteria
(2, 13), we were interested in identifying any possible factors that control biofilm formation.  We had long observed that
Xylella fastidiosa make more biofilm when grown in PD3 medium than in PW medium. We explored this difference between
the two media by adding different components of PW media to PD3 medium in order to identify the component responsible
for the inhibition of biofilm formation.  Our result show when Bovine serum albumen (BSA) was added to PD3 medium,
biofilm formation was reduced; implying that BSA is the inhibitor.  We then wanted to see of this inhibition depends on the
concentration of BSA present in the medium. Different concentrations of BSA were again supplemented into PD3 basal
medium and the bacterium was assayed again for biofilm formation. Our results (Figure 2) again show that the bacteria
formed less biofilm with increasing concentration of BSA.  These results clearly indicate that BSA is a specific inhibitor of
biofilm formation.  We are now utilizing this information in our full genome microarrays experiments to determine identify
the genes which are coordinately regulated with biofilm as has been done for another strain of Xylella fastidiosa (4).
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Figure 1. Left. Biofilm formation by csrA- Ecoli is suppressed by X. fastidiosa rsmA and (Right), rsmA mutant of X.
fastidiosa form more biofilm than their wilt type rsmA+ parents.

MG1655: Wt type E.coli
TRMG: csrA- derivative
pCL1920: SpcR pSC101 replicon plasmid
pRSMA-9: X. fastidiosa rsmA clone in pCL1920

A05: Wild type X. fastidiosa
RsmA19: rsmA- derivative of A05
PD3, PW, PYG: Xylella fastidiosa growth media
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Table 1. List of genes overexpresses at least 10-fold in RsmA19.

Gene name Function
Volume Ratio

(A19/A05)

brk BrkB protein 14.4

pilE Type IV pilin 10.8

chi Chitinase 12.0

pcp or lpp
Peptidoglycan-associated outer membrane lipoprotein
precursor 25.7

pilU Twitching motility protein 10.6

vacB VacB protein 14.0

algH Transcriptional regulator 18.3

algU or algT RNA polymerase sigma-H factor 21.8

ccmA Heme ABC transporter ATP-binding protein 14.5

colS Two-component system, sensor protein 10.7

tapB Temperature acclimation protein B 69.8

fucA1 Alpha-L-fucosidase 10.9

pilT Twitching motility protein 13.3

gcvR Transcriptional regulator 12.9

clpP or lopP ATP-dependent Clp protease proteolytic subunit 13.2

CONCLUSIONS
In conclusion, we have identified a genetic factor and an environmental factor, both of which control the important
phenomenon of biofilm formation; a process that is tightly linked to pathogenicity of Xylella fastidiosa. rsmA- mutants of
Xylella fastidiosa form more biofilm that the parents and the presence of BSA in the medium suppresses biofilm formation
by the bacterium.  We have identified 15 preliminary genes which are coordinately regulated with rsmA mutation and
possibly, biofilm formation.  We are using high density DNA microarrays to catalogue Xylella fastidiosa genes which are up-
or down-regulated with rsmA mutation and reduced biofilm formation due to BSA in the medium.  This work will contribute
significantly to fundamental information on the genetics and pathogenicity of Xylella fastidiosa. This information is essential
for any attempt to design a management strategy for PD based on the disease mechanism.  The identification of previously
unknown virulence genes can also lead to recognition of new unforeseen targets for management strategies.  In addition, the
construction of a DNA microarray for this pathogen, and identification of genes differentially expressed during infection, will
complement work by others on differential expression of grapevine genes during infection.  This will open the door to
“interactive genomic” studies that will enhance our understanding of the bacterial-plant interaction that leads to Pierce’s
disease, and in the future, studies of interactions with its insect vectors.
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Work in Progress
We have developed whole genome arrays of Xylella fastidiosa and are presently analyzing gene expression levels between
the wild type and rsmA mutant, growth with and without BSA and in vivo versus in vitro conditions.  We hope to catalogue
the genes whose expressions are associated with biofilm formation, rsmA mutation and infection.  Those genes which will
overlap with more than one approach will be especially interesting for further analysis.  Genetic analysis of these genes
therefore should open a window for us into what goes on during the infection process. The rsmA mutant together with its
parent is also being assayed for pathogenicity on grapes.  In addition, we have constructed several mutants in a select
candidate pathogenicity genes and are in the process of analysis these for the effects of the mutations and hence the roles of
these genes in the bacterium.
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ABSTRACT
Culture-independent, nucleic acid-based methods of assessing microbial diversity in natural environments have revealed far
greater microbial diversity than previously known through traditional plating methods. If true for grapevines, then this has
important consequences for Pierce’s disease management strategies that involve the establishment of introduced bacteria
systemically in the grapevine xylem.  Such establishment will likely be influenced by the presence of yet uncharacterized
microorganisms, and knowledge of endophytic communities and their dynamics will therefore be important to the successful
implementation of these strategies.  In addition, analysis of microbial community composition in different hosts and
conditions could lead to the identification of new biological control agents.  We are employing a novel method, called
oligonucleotide fingerprinting of rRNA genes (OFRG), that was recently developed by the Co-PI for analyzing microbial
community composition in environmental samples.

INTRODUCTION
In recent years, culture-independent, nucleic acid-based methods of assessing microbial diversity in natural environments
have revealed far greater microbial diversity than previously known through traditional plating methods (Amann et al., 1995).
This is true for water, soil, the plant rhizosphere, and the plant leaf surface (Yang et al. 2001).  A recent culture-independent
analysis of bacterial populations inside of citrus plants in relation to Xylella fastidiosa also suggested that bacterial
endophytic populations are much more diverse than previously realized (Araújo et al., 2002).  If true for grapevines, then this
has important consequences for Pierce’s disease management strategies.  Several strategies are being investigated to
biologically control Xylella fastidiosa in grapevines, including the use of antibiotic-producing endophytes (Kirkpatrick et al.,
2001), endophytes that disrupt cell-to-cell signaling by the pathogen (Lindow, 2002), endophytes that degrade xanthan gum
(Cooksey, 2002a), and the use of nonpathogenic strains of Xylella for competitive exclusion of pathogenic strains (Cooksey,
2002b).  These strategies have in common the need to establish an introduced strain systemically in the grapevine xylem.
Such establishment will likely be influenced by the presence of yet uncharacterized microorganisms, and knowledge of
endophytic communities and their dynamics will therefore be important to the successful implementation of these strategies.
In addition, analysis of microbial community composition in different hosts and conditions could lead to the identification of
new biological control agents.

We are employing a novel method that was recently developed by the Co-PI for analyzing microbial community composition
in environmental samples.  This method can be used to characterize both bacterial and fungal communities (Valinsky et al.,
2002a; 2002b).  Previous culture-independent methods, such as denaturing gradient gel electrophoresis (DGGE), generate
only superficial descriptions of microbial community composition (Araújo et al., 2002).  A far more complete view of total
microbial community composition can be achieved by amplifying, cloning, and sequencing of conserved rRNA genes from
the hundreds or thousands of microorganisms present in an environmental sample, but this is prohibitively expensive for any
significant number of experiments.  The new methodology, called oligonucleotide fingerprinting of rRNA genes (OFRG),
represents a significant advance in providing a cost-effective means to extensively analyze microbial communities.  The
method involves the construction of clone libraries of rDNA molecules that are PCR amplified from environmental DNA,
arraying of the rDNA clones onto nylon membranes or specially-coated glass slides, and subjecting the arrays to a series of
hybridization experiments using 27 different end-labeled DNA oligonucleotide discriminating probes (Borneman et al.,
2001).  The process generates a hybridization fingerprint and identification for each clone that is essentially like sequencing
the individual clones.

The state of knowledge of the relationship between Xylella fastidiosa and the resident endophytic flora of grapevines is at a
very early stage.  Work to date has been limited to the culturing of endophytes from grapevines, but even this has led to the
realization that grapevine xylem sap contains a complex community of microorganisms.  Bell et al. (1995) cultured over 800
bacterial strains from grapevine xylem fluid in Nova Scotia.  Dr. Bruce Kirkpatrick has also isolated several hundred
bacterial strains from grapevine xylem fluid in two counties of California (Kirkpatrick et al., 2001).  In citrus, the culture-
independent DGGE method of microbial community analysis was compared with culturing of endophytes in relation to the
citrus variegated chlorosis strain of X. fastidiosa (Araújo et al., 2002).  It was found that DGGE detected the major bacteria
that were cultured from citrus xylem, but it also detected other bacterial species that had not been cultured.  In addition, this
method showed differences in microbial communities in different plant varieties, and most importantly, between citrus that
was infected vs. non-infected with X. fastidiosa.  This provides support to our hypothesis that there are likely to be important
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interactions between Xylella and indigenous microflora in grapevines. With the greater resolving power of the
oligonucleotide fingerprinting technique proposed in our study, we expect to make considerable advances in our knowledge
of grapevine microbial communities and their interactions with Xylella or with other endophytes being considered for
establishment as biological control agents.

OBJECTIVES
1. Characterize the diversity and community structure of endophytic microorganisms in healthy and infected grapevines.
2. Compare endophytic microbial populations in different susceptible and tolerant grapevine cultivars, in different hosts that

support high or low populations of Xylella, and in plants grown under different conditions.
3. Characterize the potential interactions of endophytic populations with Xylella and introduced biological control agents

through experimental manipulations.

RESULTS
Several DNA extraction and PCR amplification protocols were tested over the past year.  Most procedures yielded too many
clones that were of plant origin.  Even extracted plant sap contained considerable plant DNA, of mitochondrial and
chloroplast origin, that amplified with different versions of prokaryotic-specific ribosomal DNA primers.  The use of
filtration with various pore sizes to remove plant material from extracted sap also did not eliminate plant DNA from the
samples.  Finally, we recently succeeded in selectively extracting and amplifying bacterial DNA from grapevine sap using
differential centrifugation to remove DNA of plant origin (naked or in organelles).  Plant sap was extracted from grapevines
with a pressure pump and centrifuged at 8,000 rpm for 1 hr.  The pellet was suspended in 1 ml phosphate buffered saline and
loaded onto a tube containing percoll.  After centrifugation for 30 min at 22,000 rpm, fractions were collected and subjected
to DNA isolation.  Isolated DNA was amplified with rDNA primers and cloned (Table 1).  Fractions containing bacteria
yielded only one plant-derived DNA clone out of 58 in the first experiment, and similar results were obtained when the
experiment was repeated.  A full-scale extraction and amplification from symptomatic and asymptomatic grapevines from the
field is in progress.

Table 1. Bacterial species identified from rDNA sequences amplified from grapevine sap in preliminary tests.

Acidovorax sp.
Agrobacterium sp.
Bacillus macroides
Burkholderia sp.
Caulobacter sp.
Escherichia coli
Escherichia fergusonii
Pseudomonas putida
Pseudomonas syringae
Rhizobium tropici
Shigella flexneri
Teichococcus ludipueritiae
Xylella fastidiosa
Unidentified Acinetobacter
Unidentified Proteobacterium
Unidentified Sphingomonas

CONCLUSIONS
Most of the endophytic species that we detected through cloning of bacterial rDNA sequences were not detected in previous
culture-based approaches to identify endophytes in grapevine (Bell et al., 1995; Kirkpatrick, 2003).  Since the 16 species that
we detected were identified among just 58 clones in our recent preliminary studies, we expect that our full surveys of
endophytic bacteria in grapevine this year will yield a far greater diversity than previously known.  Researchers working on
biological control of the pathogen, as well as disease resistance in grapevine cultivars, will benefit from the information
gained in this work.  The work should enhance discovery of potential biological control agents for Pierce’s disease and the
implementation of biological control efforts underway.
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ABSTRACT
The purpose of this project is to determine the ability of alternate host plants, specifically “weeds,” in almonds and vineyards
to serve as reservoirs for Xylella fastidiosa (Xf) and for new inoculations by the glassy-winged sharpshooter (GWSS).  We
collected and analyzed weed and GWSS samples in and around commercial vineyard and almond fields for the presence of Xf
on a monthly basis. Xf has been recovered from weeds collected during February and March, while no collected weeds tested
positive for the presence of Xf between April and September.  Monthly ground cover sampling will continue through the
winter, as this time period may prove most important in the persistence of Xf over consecutive growing seasons.  GWSS
collected from alternate host plants have also been processed for Xf and have shown that adults collected on many species
harbor Xf in their mouthparts.  Results from these experiments will help to identify what time of year and what ground cover
species are of most concern to growers wanting to control the spread of PD with minimal environmental impact.

INTRODUCTION
The economic viability of California’s vineyards and almonds has received considerable attention of late because of the
expanding range of the glassy-winged sharpshooter (GWSS), Homalodisca coagulata , which can vector the xylem-limited
bacterial pathogen, Xylella fastidiosa (Xf) (Goodwin & Purcell 1992, Redak et al. 2004). Xf is the causal agent of Pierce’s
disease (PD) and almond leaf scorch (ALS) as well as other plant diseases.  The arrival of GWSS has dramatically changed
the epidemiology of Xf and its associated diseases in California (Redak et al. 2004).  GWSS may not be an “efficient” vector
of PD (Almeida & Purcell 2003a,b; Purcell & Saunders 1999a,b), but it presents a more serious threat, in part, because of its
wide host range (Redak et al. 2004) and dispersal abilities (Blua et al. 2003).  Of importance here is that the wide host range
of Xf commonly overlaps with plant species visited by GWSS.  Our proposed research will focus on the common host range
of both vectors and pathogen, with an emphasis on potential annual weeds that may provide an overwintering reservoir for Xf
and a spring feeding site for vectors of PD and ALS.

How can this work impact control decisions?  An excellent example of an
overlooked insect-pathogen-host triangle is stinging nettle (Urtica urens),
a common weed throughout the Central Valley.  In our 2003 survey, we
found that stinging nettle was a common host for GWSS in springtime,
and recent DNA extraction showed the presence Xf in 60% of stinging
nettle collected near a Kern County PD-infected vineyard.  Whether or
not Xf titer is high enough in these weeds for GWSS acquisition and
transmission is not known, and is one aspect of the proposed study.
Regardless, management of common hosts may be a critical component
of epidemiology and area wide management of PD and ALS (Redak et al.
2004).  With over 145 natural or experimental host plants for Xf that can
cause PD, the insect/pathogen relationship is far too diverse a subject for
one study.  For this reason, we are studying the common landscape and
ground vegetation found near vineyards and almonds in the San Joaquin
Valley.

Stinging nettle, Kern Co., 1/2004

Figure 1. Stinging nettle collected with the vine
rows of a PD-infected vineyard showed 9 of 12
samples positive for Xf.
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OBJECTIVE
1. Determine the presence of Xylella fastidiosa in alternate host plants that are commonly visited by glassy-winged and

native sharpshooters in selected ecosystems in the San Joaquin Valley; with samples representing different seasons and
annual or perennial hosts.

RESULTS
Insect and Plant Samples
GWSS and native sharpshooter (Feil and Purcell 2001) visitation on common non-agricultural crops were monitored to
determine the importance of the seasonal period as a component of PD epidemiology.  Newly molted adult vectors need to
acquire Xf from overwintering reservoirs in order to spread PD. GWSS displays seasonal preference for different plant hosts
(Daane et al. 2003, 2004), which are often related to host plant phenology or condition (Anderson et al. 1992).  We have
observed that in winter and early spring, GWSS preferentially feed on perennial weeds such as stinging nettle, filaree
(Erodium sp.) and common groundsel (Senecio vulgaris) in or near vineyards.

GWSS were collected in May, June, July and August from urban ornamental plants that may serve as a host for transferring
Xf from cities to agricultural land.  Insects analyzed for the presence of Xf in their mouthparts with the DNeasy Tissue Kit
from Qiagen (Bextine 2004). Adult GWSS collected from oleander, xylosma, Chinese elm and riparian zone plants tested
positive for Xf, while insects collected from crape myrtle tested negative for Xf. Nymphal GWSS testing positive for Xf were
found only on oleander during the month of June.  Nymhal GWSS testing positive for Xf indicate from which plant the
insects are acquiring the bacteria, but will not pose a threat for long since with each successive molt, the insects loose their
ability to transmit Xf. Adult GWSS testing positive are more of a concern, as an adult GWSS can move between many plants
during its lifetime, feeding and spreading Xf.

Presence of Pathogen
Non-agricultural plants commonly visited by sharpshooters were screened for the presence of Xf. While lists of Xf and
sharpshooter host plants are available, there are some basic questions that have not been addressed for the San Joaquin
Valley: How common is Xf in non-agricultural plants? How often do GWSS feed on Xf hosts?
Vineyards with heavy infestations of PD were sampled for ground vegetation weeds in and around the crops once a month
from January through September.  Collections focused on the most abundant variety of weeds, and three samples were taken
from each weed species on each date.  Samples were processed with either the selective media scheme of PWG and PD3, or
with immunocapture DNA extraction and subjected to PCR with universal primers RST-31 and RST-33 (Minsavage 1994).
Some weeds collected in January and February were found to contain Xf, but after early March, Xf was not detected in any
weeds collected (Table 1).

Pathogen Population Levels
For GWSS to acquire and transmit Xf, the titer of Xf within plants typically should be equal to or greater that log10P

4
P (CFU

per g), the threshold population required for acquisition for most sharpshooters (Almeida & Purcell 2003a,b).  For chronic
PD and ALS to develop, Xf infections must survive the winter, which can vary depending on temperature and the degree of
plant dormancy (Almeida & Purcell 2003c, Feil & Purcell 2001) and the plant species.

Table 1. Winter/spring weed samples tested for the presence of Xylella fastidiosa.

Date Abundant Weeds Xf

4 February 2004 stinging nettle +
11 February 2004 stinging nettle +

3 March 2004 chickweed +
bluegrass +

shepherd's purse +
filaree -
alfalfa -

10 March 2004 tall grass -
bluegrass -

Preliminary analysis of ground cover weeds was conducted using selective media PWG and PD3.  However, due to the large
amounts of naturally occurring bacteria in wild weeds, all samples were contaminated beyond our ability to count Xf colony
growth.  The same samples were then processed using immunocapture DNA extraction and PCR, which did detect Xf in some
weeds.  When we no longer detected Xf in weeds after mid-March, we then tested the sensitivity our extraction methods and
PCR.  We found that using the immunocapture DNA extraction protocol for plants, we are able to detect at least 1.43×10P

-6
P

CFU/g of Xf DNA, which was satisfactory in ruling out faulty DNA extraction methods.  The sensitivity of PCR to detect Xf
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with RST-31 and RST-33 was also examined, and found to detect 6.5×10P

-5
P µg/mL of DNA.  In addition, an internal set of

primers was developed so that nested PCR is now possible for samples appearing negative with traditional methods.

Pathogen Strain
A simple assay was conducted to categorize Xf by its common strains. Recent genetic and cross-inoculation studies showed
that Xf had genetically distinct strains in different host plants (e.g., oak, oleander, grapes) (Almeida & Purcell 2003c, Chen et
al. 1995, Henderson et al. 2001). Typically, Xf isolates from one plant species are genetically similar, despite different
geographical origins. However, Xf isolated from almonds can be genetically separated into three distinct strains – with one
ALS strain recovered in orchards in the northern San Joaquin Valley (ALS-XfSJV) that is genetically more similar to grape
strains than the two other ALS strains (ALS-Xf1, ALS-Xf2).
The few weeds samples that returned positive results in the winter and spring were analyzed using restriction enzyme
digestion, and have so far been found to be all of the northern San Joaquin Valley (ALS-XfSJV).  The lack of positive results
for Xf in vineyard weeds after mid-March prevented us from analyzing any changes (new inoculations) of Xf strains.
However, we were able to analyze the strain of Xf in the mouthparts of the GWSS tested, and found that these insects were
also found to be carrying Xf of the PD type.  These results are consistent with previous findings that strains of Xf tend to be
host-specific (Almeida and Purcell 2003c).

CONCLUSIONS
The results of this study indicate that the winter and spring weeds may be the most important reservoirs for Xf in vineyards
infected with Pierce's Disease.  We recovered Xf from four species of weeds that have either not been studied in depth
(Stellaria sp. and Capsella sp.) or would benefit from further investigation (Erodium sp. and Poa annua).  We seem to have
caught the tail end of the season where Xf is abundant in weeds, so the next season's sampling scheme will focus more
heavily on vineyard groundcover during the winter months of December, January and February.  Future research along these
lines could illuminate the importance of previously overlooked alternate host plant species.

One hypothesis for the importance of winter weeds for the persistence of Xf is that when symptomatic leaves senesce in late
fall, they land directly on the groundcover, thus greatly enhancing the likelihood that any insect feeding there will transmit
the bacteria to the weeds.  Conclusive evidence of this hypothesis could provide a simple and low cost method for controlling
the spread of PD.
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ABSTRACT
Xylella fastidiosa Temecula sequence information reveals no type III, but two type I secretion systems, both dependent on a
single tolC homologue.  Marker exchange mutagenesis using pGEM-T as delivery vector and nptII as marker was employed
to generate tolC disruptions.  PCR and Southern blot analyses confirmed marker exchange at the tolC locus. Grape (var.
Carignane) plants inoculated with mutant (tolC::nptII) strains exhibited no symptoms of PD, indicating that pathogenic
ability of PD strains may be dependant on tolC and type I secretion.  Complementation assays using tolC in the mutant strains
are in progress to help confirm this hypothesis.

INTRODUCTION
Xylella fastidiosa (Xf) is a xylem-inhabiting Gram-negative bacterium that causes serious diseases in a wide range of plant
species (Purcell & Hopkins, 1996).  Two of the most serious of these are Pierce’s Disease (PD) of grape and Citrus
Variegated Chlorosis (CVC).  The entire genomes of both PD and CVC have been sequenced (Simpson et al., 2000).
Availability of the complete genomic DNA sequence of both a PD and a CVC strain of Xf should allow rapid determination
of the roles played by genes suspected of conditioning pathogenicity of CVC and/or PD.  For example, analyses of the CVC
and PD genomes showed that there was no type III secretion system, but there were at least two complete type I secretion
systems present, together with multiple genes encoding type I effectors in the RTX (repeats in toxin) family of protein toxins,
including bacteriocins and hemolysins. RTX proteins form pores in lipid bilayers of many prokaryotic and eukaryotic species
and cell types; at least one is associated with pathogenicity in plants.  However, lack of useful DNA cloning vectors and/or
techniques for working with either CVC or PD strains have impeded progress in functional genomics analyses.
Last year we focused on attempts to perform marker-interruption in the PD strains using various suicide vectors and
techniques.  Although marker-interruption using suicide vectors is normally an efficient, single crossover event in many
bacteria, repeated marker-interruption attempts with X. fastidiosa in our lab and in others have failed (Feil et al., 2003;
Gaurivaud et al., 2001; Guilhabert et al., 2001).  Since marker-exchange has now been reported to be successful with X.
fastidiosa (Feil et al., 2003), we report here the utility of marker-exchange to generate tolC interruption in X. fastidiosa PD
strain and the role of tolC in  pathogenicity.

OBJECTIVES
The primary objective of this work is to determine the effect of type I secretion gene knockouts on pathogenicity of a PD
strain on grape.

RESULTS
X. fastidiosa strain Temecula (Guilhabert, 2001), was grown in PD3 (Davis et al., 1981) and confirmed to be pathogenic on
Madagascar periwinkle and Grape (var. Carnignane).  Symptoms appeared after 2 months.  Marker-exchange mutagenesis of
tolC was performed using pJR6.3.  This plasmid carries an internal fragment of PD1964 (tolC of Temecula) interrupted at an
internal BamHI site by an nptII gene from pKLN18 (kindly provided by K. Newman and S. Lindow).  One microgram of
pJR6.3 DNA was use to transform electrocompetent cells (prepared by washing 10 ml of four day old PD3 broth culture of X.
fastidiosa Temecula, serially with 10, 5, 2 ml of ice-cold deionized water and resuspending in 100 µl the same) by
electroporation (1mm gap cuvettes; 1800 volts).  Electroporated cells were allowed to recover in 1 ml of PD3 broth for 24
hours at 28 oC and were spread on PD3 plates amended with kanamycin (50 µg/ml).  Plates were incubated at 28 oC for 10
days and single colonies were screened for interruption of tolC by PCR analysis and by Southern blot hybridization. The
results (Figure 1) indicate that tolC gene can be disrupted and marker-exchange was efficient in generating gene-disruptions
in X. fastidiosa.

Plant inoculation assays were performed in collaboration with Dr. Don Hopkins, at the Mid-Florida Research and Education
Center, Apopka, Florida.  Grape plants (var. Carnignae) were inoculated with the wild-type X. fastidiosa Temecula strain and
the mutant (tolC::nptII) strain in triplicates.  The plants were maintained under green-house conditions and were evaluated for
Pierce’s disease symptoms at 60 and 90 days after inoculation.  The results (Figure 2) showed loss of pathogenicity of X.
fastidiosa tolC::nptII mutants on grapes. All the three plants inoculated with the wild-type Temecula strain exhibited typical
PD.
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For complementation assays, PD1964 was amplified by PCR, cloned into pGEM-T, verified by sequencing and sub-cloned
into pUFR47, a wide host range replicon based on repW (DeFeyter et al., 1993) and pBBR1MCS-5, a wide host range
replicon based on a Bordatella replication origin (Kovach et al., 1995).  pUFR47 and pBBR1MCS-5 containing the entire
tolC gene are referred as pJR13.2 and pJR22.2 respectively. Non-pathogenic Temecula mutant M1 was transformed with
pJR13.2 and pJR22.2 independently by electroporation as described above.  The cells were recovered in 1 ml of PD3 broth
for 6 hours and were spread on PD3 plates amended with Gentamycin (5 µg/ml).  The plates were incubated at  28 oC for 10
days and single colonies were screened for the presence of pJR13.2 /pJR22.2 and also for the integrity of nptII integration, by
PCR assay.  Grape plants (var Carnignane) were inoculated in triplicates with wild-type X. fastidiosa Temecula, mutant M1,
M1/pJR13.2, and M1/pJR22.2 strains and are currently being monitored for Pierce’s disease symptoms.  Preliminary results
indicate possible complementation using both vectors.  These results need to be repeated and confirmed, and these tests are
currently in progress.

CONCLUSIONS
Type I secretion gene tolC (PD1964) of X. fastidiosa Temecula was disrupted by marker exchange
mutagenesis. The mutant strains lost all pathogenicity, indicating a critical role of tolC in pathogenicity of X. fastidiosa on
grape.  Complementation assays are in progress and could result in a demonstration of a role of tolC in pathogenicity.  If such
a role can be confirmed, it would indicate several important molecular targets for potential PD control methods.

Figure 1: Southern blot of tolC::aptII mutant (MI) and wild type total DNA cut with XhoI.
XHO I is internal to the nptII gene. The probe was PD1964 (wild type tolC from Temecula,
1459 bp).

Figure 2: Grape var. Camignane 90 days after inoculation with wild type Temecula (left) and
tolC::nptII mutant M1 (right).
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ABSTRACT
Among the potential solutions to Pierce’s disease in grapes are approaches based on gene transfer technology that focus on
understanding the underlying biochemical and molecular mechanisms regulating PD. One of the research priorities identified
by the 2003 PD/GWSS project reviews and as indicated in the 2004 RFP was the need to identify, clone and characterize
unique DNA sequences that specifically regulate the expression of grape genes in tissues that are infected with Xf. Emphasis
was placed on the urgency and practical utility of isolating promoters of PD responsive genes. One of the major bottlenecks
in using transgenes, either expressed as proteins or as inhibiting RNAs in grape (or any plant) is the lack of suitable
promoters to specifically drive the expression of a transgene on a specific trait (susceptibility to PD) in particular tissues (e.g.,
vascular tissue) or in response to particular situations (e.g., sharpshooter feeding or Xylella infection). In the absence of tissue
or response-specific promoters, transgenic strategies to either understand or control PD one can use only so-called
constitutive promoters. The basic problem associated with the use of constitutive promoters is that the transgene is expressed
in all cells all the time, not just in the tissue or cells where the gene is needed. Highly controlled induction is needed if the
interest is in altering gene expression to avoid a cellular change (disease) that is initiated in one or a few isolated cells. The
isolation and characterization of Xf-responsive promoters has immediate and direct application to several current PD projects
that are studying the biochemical or molecular genetic basis of PD at the cellular and tissue levels in grape. It also is of
practical importance that these promoters will be useful in either the up- or down-regulation of the expression of a specific
gene-of-interest. The difference in presence or absence of the target gene product is determined by whether the promoter is
used to drive a sense or an anti-sense construct of the gene of interest.

INTRODUCTION
The objective of promoter analysis is to identify and characterize cis-acting DNA (adjacent) sequences that, when induced,
regulate PD-associated gene expression in grapes. Although regulatory sequences frequently occur just upstream of the
transcription start site, they can also be found much further upstream.  Transcript abundance can also be controlled post-
transcriptionally, often by cis-acting sequences in the 3' untranslated region of a gene. Thus, the challenge in our studies is to
demonstrate that the cis-acting sequences have a unique functional role in PD symptom development. It is not the goal of this
proposal to understand mechanisms of transcriptional regulation, but rather to isolate and confirm sequences that are active in
the regulation of gene expression when Xf is present as an inducer of a select set of genes.

To test whether a particular DNA sequence, that lies adjacent to a gene of interest, is involved in the regulation of that gene,
it is necessary to introduce such putative regulatory sequences into a cell and then determine if they are activated when the
inducer (in our case, Xf) is introduced into the system. This is done by combining a regulatory sequence with a reporter
sequence (in our case, GFP) that can be used to monitor the effect of the regulatory (promoter) sequences in the presence of
Xf.

We have identified a set of plant genes whose expression is correlated with infection by Xylella fastidiosa as part of a recent
study of expressed sequence tags from Xf-infected and healthy V. vinifera plants in the Napa Valley.  The genes are
essentially off (silent) in plants that have not been exposed to the pathogen, but strongly induced in both natural field
infections and greenhouse inoculated plants.  Three of these genes are induced early during disease development, prior to the
occurrence of symptoms, while the fourth gene is induced in symptomatic tissues only.

In addition to their utility for engineering PD resistance in grape, the advent of Xf-induced reporter gene expression would
provide an extremely powerful tool to examine other host responses in their intact cellular and tissue context.  With such
tools, it should be possible to examine the chemical and/or physical cues from the insect or pathogen that trigger host gene



- 189 -

expression and the deleterious effect of the disease.  Moreover, the recent development of Xf-GFP strains by Dr. Steven
Lindow at UC Berkeley offers the possibility of dual labeling to simultaneously monitor pathogen spatial distribution and
host gene expression.  Such dual labeling experiments are made possible by the availability of multiple forms of GFP protein
engineered to fluoresce with distinct spectral characteristics.  It is conceivable, for example, that host genes might be induced
specifically in live cells, adjacent to sites of pathogen colonization of xylem elements, and this technology would provide the
means to test such hypotheses.

OBJECTIVES
1. Identify and determine sequence of promoters driving genes specifically transcribed in grape tissue or cells of plants

infected with Xf.
2. Construct transformation-ready vectors containing Vitis promoter-GFP reporter gene fusions that will be used for the

functional assay of putative promoters. (GFP=green fluorescent protein) identified in (1)
3. Conduct transient functional assays of the promoter-GFP fusions in stems, leaves and roots infected with Xf.
4. Produce stable transgenic grape plants with promoters that functioned effectively in the transient assays and characterize

the strength of the selected promoters using the GFP-reporter
5. Distribute promoters to Pierce’s Disease research community to facilitate characterization of cloned grape genes

suspected to be involved in PD susceptibility or resistant to Xf. These promoters will have application in situations where
the goal is to either up- or down-regulate expression of a specific gene-of-interest; the latter by localized expression of
anti-sense gene constructs.

RESULTS
Since this project just began October 1, 2004, there are few results to report.  We have employed a postdoctoral researcher
and are currently sequencing the BAC clones indicated in the objectives.

Experimental Procedures to Accomplish Objectives
I. DNA Sequencing and promoter identification:

A. Isolation and characterization BAC clones containing the Xylella-induced genes.
Bacterial Artificial Chromosome (BAC) libraries of V. vinifera are available as high density filters for gene
identification in grapes through the UC Davis CA&ES Genomics Facility (http://cgf.ucdavis.edu/).  High-density
filter sets of the library were used for hybridization with 32P-labeled probes corresponding to four Xylella-induced
transcripts. A combination of restriction enzyme fingerprinting and DNA sequencing of BAC-derived PCR products
was used to determine that each probe hybridized to a single genomic locus containing the gene of interest.  One
BAC clone was selected for each transcript and used to prepare a sheared BAC sublibrary, which is currently being
subject to random shotgun sequencing.

B. Sequence the BAC clones to completion.
Although our specific interest is in sequences immediately 5’ and 3’ to the candidate genes (maximum 10 kbp) we
will sequence regions beyond where we believe the promoters to reside.  The rationale derives from efficiencies and
strategies of modern sequencing techniques; it is both faster and more cost effective to use the BAC shotgun
strategy described below which automatically provides additional sequence information for less cost that if we were
to attempt to focus on shorter regions immediately adjacent to either end of the candidate genes.

C. Identify 5' promoter regions in the sequenced genomic clones based on comparison to cDNA sequences
currently in hand for the four genes.
We have complete cDNA sequences for each of the candidate genes that will facilitate annotation of the BAC clones
and identification of regions immediately upstream and downstream of the transcription units.  As described below,
we will use PCR to isolate and clone these 5’ and 3’ regulatory sequences into transformation ready vector
constructs (see below). Generally, we anticipate using conventional 3’ terminators, such as that from the
Agrobacterium octopine synthase gene (ocs).  However, one of the candidate genes (a small auxin upregulated,
saur, mRNA homolog) is predicted to confer post-transcriptional regulatory properties that may be involved in
Xylella-specific RNA levels.  Thus, we will clone the 3’ region of this candidate gene and incorporate its structure
into a subset of the transgene constructs described below.

II. Construct transformation-ready vectors systems containing Vitis promoters fused to GFP.
A set of plasmids has been constructed previously that allows the rapid assembly of novel binary plasmids in E. coli. One
is a low copy backbone plasmid with elements from Agrobacterium; the second is a high copy E. coli plasmid containing
a cassette of T-DNA elements; and the third is a high copy E. coli plasmid comprised of a linker and many unique
restriction sites for ease of cloning the several classes of sequences to be recovered and tested. These plasmids will be
used to construct a collection of binary vectors containing grape 5’ promoters and 3’ sequences for expression of GFP
genes.  Analysis of the sequence of the appropriate BAC clones will allow the design of PCR primers to amplify and
clone the 5’ promoter and 3’ sequences of the transcriptionally regulated grape genes into novel binary vectors. (Details
of the plasmids are available upon request.)
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III. Production of transgenic plants and plant tissues of grape and application of transient assay of promoters
We will employ three different but functionally related approaches to testing and characterizing the isolated promoter
regions indicated above. All three of the approaches described below will be initiated simultaneously in the interest of
time. Each of the promoters of the four genes will be assembled in several different configurations with the reporter gene
(GFP) and will be evaluated in conjunction with a constitutive promoter (CaMV 35S or FMV 34S) giving a total number
of 40 transgene constructs. Total costs will be minimized by terminating any of the whole plant transformants bearing
promoter constructs that are demonstrated by the transient or A. rhizogenes assays to be unresponsive to the presence of
Xf.
A. Stable, full-plant grape transformation will be provided on a recharge basis by the Ralph M. Parsons Foundation

Plant Transformation Facility at the rate of $2,000 per construct. This facility is located at UC Davis as a service
oriented facility dedicated to providing cost effective plant transformation services for the University of California
system and outside academic and industrial partners.

B. Transient and root-specific stable transformations will be used for rapid identification of promoter specificity and
relative strength. The intent is to decrease the number of whole plant transformations that need to be conducted --
because whole plant transformation is labor intensive, time consuming and expensive. The transient assays using
Agrobacterium tumefaciens and the root transformations by A. rhizogenes, bearing the test promoters and marker
genes, will be conducted by techniques that have used successfully for several years in the Gilchrist Lab.

C. A. rhizogenes-derived root transformations will be used for initial assay of the expression of transgenes in
differentiated tissue with vascular connections to Xf-infected stem sections. A. rhizogenes effects stable
transformation of plant tissues by transferring genes of interest to intact plants under controlled conditions. The
inoculation with A. rhizogenes bearing a gene of interest leads directly to the formation of transformed roots, which
appear within 2-3 weeks and at which point the pathogen can be introduced into the assay system. Our procedure will
be to introduce the putative promoter sequence, coupled to GFP, into grape roots via transformation as indicated
above. Our recent data obtained with the Xf-GFP indicates that the bacteria can move both up and down from the site
of infection. Hence, the presence of the bacteria, either directly placed in the transformed tissue with the putative
promoter constructs have a chance of responding to the direct presence of Xf (in the roots) or to distal signals from
bacteria present in the stem. Not only will these assays indicate Xf responsive promoters, some information on the
strength of the promoters but whether they are responsive to distance signals also. These are all procedures that have
been developed in our lab with grape as recipient host tissues.

IV. Characterization of GFP expression during Xylella infection and leafhopper feeding to identify desired promoter
specificities.
Confocal Microscopy. Real time, non-destructive images of the isolated promoters driving the expression of GFP in
grape plants will be obtained using a laser activated confocal microscope (BioRad MRC1024) by excitation at 488nm
with a Krypton/Argon 15 mW laser.  The use of the laser allows non-destructive GFP detection in intact plant leaves and
roots.  For stem imaging, hand sectioning will be used.  Three different fluorescent emissions can be detected
simultaneously depending on the filter set used.  Current configuration is with the following three filters: (emission filter
578nm-618nm); (emission filter 506nm-538nm); and (emission filter 664nm-696nm).

The first characterized promoters are expected to be available beginning in February 2006 with the final characterization
and methods for expression completed by May of 2006. All promoters and characterization details will be available for
research purposes at the conclusion of the two-year project.

CONCLUSIONS
The research envisioned will be accomplished by combining expertise and materials from two laboratories, active in PD
research, to isolate and characterize PD-responsive promoters from grape. The current project led by Dr. Cook has already
identified several genes that are expressed strongly in Xylella-infected tissues, but not in healthy counterparts. The project led
by Dr. Gilchrist has developed both a transient leaf-based and a stable root-based grape assay and has identified putative anti-
PD genes from grape. We are poised to isolate the promoters of the PD-responsive genes from BAC genomic DNA libraries
of Cabernet Sauvignon in the Cook lab and functionally test them by techniques used in the Gilchrist lab.

FUNDING AGENCIES
Funding for this project was provided by the American Vineyard Foundation and the CDFA Pierce’s Disease and Glassy-
winged Sharpshooter Board.
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ABSTRACT
Our overall objective is to identify genes from cDNA libraries of either grape or heterologous plants that, when induced in
grape, will disrupt infection, spread or symptom development by the xylem-limited bacteria, Xylella fastidiosa (Xf).  We are
interested in the effect of the genetic disruption of PD symptoms on the movement or establishment of the bacterium in the
xylem of susceptible grape plants. Specific objectives are to: a) create cDNA libraries from several different grape
backgrounds, including three with PD resistance; b) develop a functional A. rhizogenes-based cDNA screen in grape; and c)
investigate the potential of blocking PD symptom expression and disease impact with anti-PCD (anti-apoptotic) transgenes.
To these ends we have created full-length cDNA libraries from resistant and susceptible grape and developed an
Agrobacterium rhizogenes-based transformation procedure that provides a functional screen for genes that alter the disease
phenotype.  Transformation of grape explants with A. rhizogenes results in the emergence of a transformed root containing a
single new DNA insert, from which the transgene can be re-isolated for characterization.  The identified genes will be those
that directly affect the ability of the pathogen to cause disease and is not dependent on DNA sequence relationships.
Pathogenicity tests with any isolated disease-disrupting cDNA will first involve a transient expression system using micro-
propagated (MP) plants that are vegetative clones of sterile grape plants in small plastic boxes that can be infected with Xf
under sterile conditions.  This ensures that these plants will have uniform physiology without confounding by stress
inductions as would likely occur in the field or greenhouse grown plants.  The MP plants show foliar symptoms typical of
infected plants under field and greenhouse conditions.  Transient assays with test genes involve infiltration of A. tumefaciens
containing the gene of interest into MP leaf tissue.  The bacteria transfer the test gene into leaf cells that are presymptomatic
will determine if the expression of the transgene in the leaf can block PD symptoms.

INTRODUCTION:
Published information from our laboratories confirms that specific transgenes from homologous or heterologous plants, that
block PCD during plant disease development (4), as well as chemical inhibitors of apoptotic proteases (3), can arrest both
symptom development and microbial growth in planta in a range of plant-microbe interactions (3, 4, 5).  The conserved
genetically determined PCD process can be studied by biochemical, cytological and genetic techniques and can be
transgenically manipulated by techniques developed in our laboratory (3, 4).  Based on previous results we tested the effect
of the p35 transgene from baculovirus on viability of roots, produced on Xf infected chardonnay and observed protection of
the roots against death in the presence of Xf. We believe that the effect of specifically expressing anti-apoptotic transgenes in
PD infected tissues on the development of death-related symptoms in grape will contribute significant information in terms of
PD biology and physiology.  In a longer time frame these data will likely yield genetic or chemical-based signaling strategies
for protection of grape against infection by Xf in years not decades, perhaps similar to the effects we reported previously in
tomato (4).

OBJECTIVES
1. Construct cDNA libraries from several different grape backgrounds including from lines with PD resistance and from

infected and uninfected grape tissue.
2. Conduct functional A. rhizogenes-based cDNA screen and clone genes that give altered phenotype in grape.
3. Evaluate specific anti-apoptotic plant genes in grape for effect on Xf and PD symptoms.
4. Determine the potential of blocking PD symptom expression with anti-apoptotic transgenes through chemical induction

of such genes in transgenic grape tissue or by tissue-specific expression in roots or vegetative tissue of Xf infected
grapes.

5. Use a combination of genetic and signal molecule discovery tactics to elucidation of the molecular basis of susceptibility
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Figure 1

Figure 2

RESULTS
Construction of cDNA Libraries
The construction of a grape cDNA library initially proved much more difficult than we had experienced in making libraries
from 4 other plant species.  Isolation of mRNA was not difficult but the grape tissue contains high levels of phenolic
compounds in an oxidative environment that contaminate the RNA, rendering it difficult to reverse transcribe. We now have
an efficient protocol for generating full-length cDNA libraries from grape using an antioxidant cocktail during
homogenization and CsCl gradient purification of RNA.  The Hanes City (V. shuttworthii) and Chardonnay libraries are
completed with 300,000 members each with an average insert size of 1000 bases .  The tissue source was field grown plants
provided by Dr. Walker.  The susceptible Chardonnay is used as a recipient host to screen cDNA libraries.  We have begun
screening these libraries while continuing to develop libraries from Cowart (M. rotundifolia) and Dr. Walker’s resistant tester
line 8909-15.  The inserts for all libraries are cloned into the binary vector B5 for direct transformation into the A. rhizogenes
functional screen in Chardonnay and a transient assay.  The transient assay is based on a leaf infiltration approach that we
have used successfully for tomato and tobacco disease assays of putative resistance genes. For transient assays, selected
cDNA inserts in the B5 vector are used to transform Agrobacterium tumefaciens strain GV2260.  The resulting GV2260
transformed bacteria are then pressure infiltrated into attached pre-symptomatic leaves of Xf infected MP plants.  The ability
of the expressed gene to inhibit symptoms is then evaluated.  As potential cloned resistance genes become available they also
will be used to identify homologues from the Chardonnay cDNA library that may provide resistance by simple alteration in
expression level within the homologous host in a time and tissue specific manner. These full-length cDNA libraries are
available to all grape researchers in this program.

Screening of cDNA Libraries
The Agrobacterium rhizogenes-based transformation procedure results in the induction of transformed roots from infected (or
healthy) vegetative tissue sections following co-cultivation with the transforming bacteria.  Each emerging root is an
independent transformation event, contains a single new DNA insert from which the transgene can be re-isolated by PCR for
characterization.  Figure 1 (below) illustrates the successful transformation of all emerging roots from a grape stem explant

with the green fluorescent protein (GFP).  This technique is a functional cDNA library screen
(each root contains a different cDNA library member) for genes from grape libraries that block
either bacterial multiplication, movement, or symptom expression.  We previously determined
that viable roots do not form on host tissue explants that are infected with Xf unless protected by
transgenes.  The genes that will be identified will be those that directly affect the ability of the
pathogen to cause disease and are not dependent on DNA
sequence relationships.  The library is being screened in sets of
50,000 cDNAs to improve the efficiency in terms of handling

numbers of symptom blocking cDNAs.  Based on previous experience with tomato, we
expect that less than 0.01% of the cDNAs will effectively protect against PCD and/or the
disease development.  This underscores the need for a highly effective functional screen.  In
order to provide sufficient Xf–infected tissue of similar physiological state for
transformation, we developed a micro-propagation (MP) technique for producing clones of
sterile grape plants in small plastic boxes that can be inoculated with Xf under sterile
conditions illustrated in Figure 2 at the right. The MP plants show foliar symptoms typical
of infected plants under field and greenhouse conditions (See leaf in foreground). Plants
produced under these same conditions also are the source of Xf infected stem sections used
for transformation in the A. rhizogenes functional screen.

The major advantage of the MP plants is that they are much more efficiently transformed than the greenhouse-derived tissue,
which tends to be more highly lignified and produces fewer transformed roots.  As a means of fast tracking the cDNA screen
while optimizing the grape transformation procedure, we have screened approximately 30,000 members of the Chardonnay
cDNA library by A. rhizogenes transformation of tomato cotyledons.  The resulting roots were subject to disease-dependent
PCD induction by treatment with the pathogenic toxin FB1 (1, 2).  PCR was used to amplify the Chardonnay cDNA insertion
from the surviving tomato roots.  The cDNA inserts were then cloned and sequenced.  Using this analysis of the Chardonnay
cDNA library, we so far have found several grape full-length cDNAs (encoding open reading frames) that protect tomato
roots from disease-linked programmed cell death (PCD), a death process that is functionally equivalent to the death of cells in
Xf infected grape.  These grape genes are now being re-evaluated in the A. rhizogenes-grape system for protection of
Chardonnay grape tissue against symptoms due to the presence of Xf in the xylem.  Several potentially protecting cDNAs that
protect roots are now in the queue to produce whole plant transgenics by the UCD Plant Transformation Facility (Table 1).
The expression of these genes in the protected roots was confirmed by northern analysis (unpublished).  Most of these genes
share sequences homologous with animal genes known to block disease-linked PCD.
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Figure 3

Table 1. “Short list” of plant anti-apoptotic genes, derived from
functional screen of cDNA libraries, for transformation into grape
Name ID (putative)
404 empty vector
P35 baculovirus p35
G8 glutathione-S-transferase
G71 cytokine-like protein
P14LD pathogenesis related gene secretory form
P14 pathogenesis related gene non-secretory form
MT metallothionine
Y376 mycorrhiza up regulated gene
Y456 nematode up regulated gene

It is important to emphasize that this screen is not dependent on the presence or role of PCD in PD but will detect any gene
that affects the integrity of the bacterium in the infected tissue or the ability of the bacterium to elicit symptoms of PD,
regardless of whether the step being affected is strictly dependent on the induction of PCD.

Two of the genes (P14LD and Y456) were constitutively expressed in grape by A. rhizogenes transformation.  The
transformed roots were protected against Xf -induced death, as were those Xf-infected grape explants from which the
emerging grape roots transformed with the p35 gene.  This indicates a role for PCD in PD and provides optimism that novel
genetic determinants of resistance can be identified using this screen.  Given the strategies used it is likely the genes will
function in grape by altering the effect of Xf infection in grape through suppression of symptoms either directly on cell death
or indirectly by modifying the behavior of the bacterial in the xylem.  It should be emphasized that the effect of anti-apoptotic
transgenes on plants is not to induce so-called systemic acquired resistance (SAR) as no markers of SAR are induced in the
presence of anti-apoptotic genes such as the p35 gene (4) nor were they observed in the case of the P14LD and Y456.

Our goal is to rapidly identify resistance genes in grape genotypes that block any one of
several required steps in the Infection and spread of Xf in the xylem, steps which logically will
include genetic factors regulating PCD induced by disease stress in grape.  We have begun to
evaluate the effect of experimental transgenes both from tomato and from grape on grape
tissue bearing GFP-Xf in xylem elements with various cell death markers and GFP-marked
bacteria.  By using the GFP-tagged Xf, this also is a direct functional assay for genes that
block bacterial movement or accumulation in the xylem of newly differentiated grape tissue
(6).  Of particular interest is the possibility that PD blocking signals initiated with transgenes
may move systemically through the vascular system from transformed rootstocks to upper regions of grafted cultivated grape
tissue affording protection against systemic movement or activity of Xf without genetically engineering the cultivated grape.
To this end, the MP plants provide an excellent experimental system by which transformed roots can be initiated on
untransformed shoots.  The fact that these transformed roots can be formed within 4-6 weeks means that any gene that
protects roots can quickly be evaluated for systemic protection; protection from a transformed root stock (in the real world) to
an untransformed susceptible fruit producing scion illustrated in Figure 3 above.

RNA Induced Gene Silencing (RNAi)
This same system will enable us to explore the potential for using RNA induced gene silencing (RNAi) (7,9), the expressed
silencing small RNA molecules, comprised of small (21 bp) sequences derived from the gene to be silenced, are known to
move systemically throughout the plant (8) and silence transgenes from roots to scions.  The RNAi from RNAs expressed in
the roots have the potential to silence any gene from our project or from other labs that is induced in either susceptible or
resistant responses, and deemed to have a definitive role in disease.  The small mobile silencing RNAs further have the
potential to move systemically in the plant (8) to silence genetic determinants of susceptibility.  If either signals from the
transgenic roots (from cDNA library screen) or roots expressing RNAi were to provide protection against PD, the best case
scenario would be to simply graft a transformed shoot onto an existing infected plant and block the disease without
transforming either the roots or the scion.  To this end we have developed a plant transformation vector capable of expressing
a hairpin RNA.  As proof of concept we have used this vector to construct a GFP RNAi expression vector and have shown it
is capable of knocking out GFP expression in transient assays.  We are currently using A. rhizogenes to produce GFP RNAi
roots on GFP-expressing transgenic grape shoots to explore the ability of transgenic roots to knock out expression in the
shoot.

The research discussed herein has been reported at the Pierce’s Disease Symposium in San Diego and in annual reports to the
CDFA Pierce’s Disease/GWSS Research Program.  Manuscripts are being prepared on the various screens developed for the
cDNA libraries and the construction of the libraries.
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CONCLUSIONS
Genetic resistance and information characterizing the bacterial-plant interaction are high priority areas in the Pierce’s
Disease/GWSS Research Program.  The goal of this project is to identify novel genes from cDNA libraries of either grape or
heterologous plants that, when expressed in grape, will disrupt infection, spread or symptom development by Xf. Published
information from our laboratory established that specific transgenes from homologous or heterologous hosts that block
programmed cell death (PCD) (1) during plant disease development (4), can arrest both symptom development and microbial
growth in planta in a range of plant-microbe interactions (3, 4, 5).  PCD is now considered as a key pathway involving many
gene products in numerous diseases of animals and plants.  Blockage of PCD can be achieved by expression of anti-apoptotic
transgenes, RNAi suppression of endogenous genes, and by chemical inhibitors of PCD.  Significantly we demonstrated that
expression of the anti-apoptotic p35 gene in transgenic grape tissue blocked cell death and PD symptoms in Xf infected
tissue.  We believe that examination of the molecular basis of cell death in symptomatic tissues will be very informative in
the short run in terms of PD biology and physiology.  In a longer time frame these data will likely yield genetic or chemical
strategies for protection of grape against infection by Xf in years not decades.
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ABSTRACT
Microfluidic chambers were fabricated using photolithographic and soft-molding methods.  The chambers were made to
mimic the physical parameters of grape xylem vessels in which Xylella cells were studied temporally and spatially for
colonization and biofilm development. Xylella bacteria were observed to migrate by ‘twitching’ motility against a rapid
flowing medium in microfludic chambers.  Twitching motility is important in explaining how this pathogen is able to migrate
against the flow of the plant’s transpiration stream to colonize previously non-invaded xylem vessel regions.  Mutant strains
with insertions in pilB, pilQ, and fimA genes established the roles of short pili, and longer type IV pili in biofilm development
and long distance migration of the bacterium.

INTRODUCTION
Pierce’s disease of grape is generally recognized as being caused by restricted sap flow and resultant water stress due to
plugging of xylem elements by live bacterial aggregates and associated mucilage. It is not clear whether the extracellular
polymeric mucilage is of bacterial and/or plant origin. Based on the analysis of the complete genome sequence of Xylella
fastidiosa, gums produced by the X. fastidiosa are similar to the ‘xanthan gums’ produced by Xanthomonas campestris pv
campestris, although they may be less viscous (Simpson et al., 2000).  In addition, tylose development in xylem vessels in
response to the presence of the bacterium further restricts sap flow (Mollenhauer and Hopkins, 1976).  These general
concepts regarding X. fastidiosa pathogenicity are readily recognized; although, it is not understood how the bacteria become
established in the turbulent habitat of a ‘fluid conduit’ i.e., xylem vessels and tracheae, to form colonies.  In addition, how the
bacteria are disseminated throughout the xylem vessels from insect-vector feeding sites has long been a particularly puzzling
and important question.  Long-distance intra-plant migration of the bacteria is even more perplexing since xylem sap flow is
always down the pressure gradient, viz., with the transpiration stream that flows toward the leaf.  Even under nocturnal
conditions when leaf stomates are mostly closed, cuticular transpiration maintains sap flow toward the leaf, albeit at slower
rates.  Sap flow is seldom stagnant, and rarely, if ever, moves in a reverse direction away from the leaves.  Since X. fastidiosa
is a non-flagellated bacterium, one hypothesis for its ability to migrate against the normal flow of the plant’s vascular system
has been through the slow and incremental expansion of the bacterial colony through repeated cell division along xylem
vessel walls.  Another possibility is that occasional cavitation of the water column causes momentary reversal and short
distance flow of the sap, thereby carrying the bacteria down the xylem elements.  Neither of these scenarios satisfactorily
explains colonization of upstream xylem regions.

Investigations conducted during the last research period concentrated on understanding biofilm development and how Xylella
bacteria are able to colonize regions ‘upstream’ from their initial site of introduction.  Toward this, we generated mutant
strains to help answer these queries, and we used microfluidic chambers in which we were able to examine the temporal and
spatial aspects of bacterial colonization.

OBJECTIVES
To understand how the physical parameters of xylem tracheae and vessels influence Xylella fastidiosa colonization.  Toward
this, we evaluated bacterial movement, colony formation, and biofilm development.  Our approach has been to use
microfabricated ‘artificial’ vessels that mimic topologies and chemistries of xylem vessels.

RESULTS
Development of Artificial Xylem Vessels (Microfluidic Chambers)
Microfluidic chambers were fabricated from polydimethylsiloxane (PDMS), supported by a microscope slide with the
channel side sealed with an air plasma treated cover glass.  The mold for the PDMS device was prepared in silicon wafers
using photolithographic procedures.  ‘In’ and ‘out’ ports and tubing were sealed to the microfluidic chamber.  Flow of media
through the chambers was facilitated with a syringe pump.  Chamber dimensions were as previously reported, but generally
were 50-100 µm in width and depth, and up to 14 cm in length.
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Mutagenesis of Xylella
The EZ::TN Transposome system was used to generate X. fastidiosa mutants
(Guilhabert et al., 2001).  Two types of mutants were sought: biofilm modified
mutants, and mutants deficient in ‘twitching’ (type-IV pili) movements.  Ninety-six
well polystyrene microtiter plates were used to screen for biofilm-modified mutants.
The wild-type strain was used as a baseline control for biofilm development.
Crystal violet, added to each well, served as an indicator for the presence of biofilm.
Wells exhibiting either enhanced or decreased biofilm expression as compared to
the wild-type strain were identified visually.  Subsequently, biofilm development
was assessed by dissolving similarly stained biofilms with DMSO and quantifying
by absorbance (A620) in a microtiter plate reader.  Screening for twitch minus
mutants was performed on modified PW solid medium (Davis et al., 1981).
Colonies with a peripheral fringe were designated as having a normal twitching
phenotype characteristic of wild-type X. fastidiosa.  Colonies lacking a peripheral
fringe were designated as having a twitching defect.

Movement and Biofilm Development of Xylella Bacteria
Wildtype Xylella fastidiosa (Temecula) exhibited a colony morphology, viz.
fringed margin, consistent with twitching motility that is observed in other
bacterial species.  Time-lapse imaging of bacteria at the colony edge, revealed
both individual bacteria and aggregates of cells that migrated between 0.01-
0.32 µm min-1, generally in a direction away from the colony periphery.  When
the bacteria were introduced into a microfludic chamber, twitching movements
propelled migration of individual cells in various directions depending on the
rate and direction of medium flow.  Under stagnant no-flow conditions, the
cells exhibited no directional preference for migration.  However, when the
medium was passed through the chamber at approximately 20,000 µm min-1

(volumetric flow rate = 0.20 µL min-1), a rate comparable to grapevine xylem
sap flow under high transpiration conditions (Braun and Schmid, 1999a; Braun
and Schmid, 1999b; Lascano et al., 1992; Peuke, 2000), the bacteria migrated
predominately against the direction of flow.  Under both flow and no-flow
conditions the cells were either prostrate on the substratum or, often they were
erect and attached at one pole.  Maximum twitching speed for X. fastidiosa cells
examined under flow conditions was 4.9 ±1.1 µm min-1 (n = 17), a speed
comparable to the observed rate of bacterial spread within grapevines assessed
through destructive sampling (Newman et al., 2004).
(Also see, http://www.nysaes.cornell.edu/pp/faculty/hoch/movies/)

A number of mutant strains were identified as twitching-minus mutants; two (1A2, 5A7) are reported here. Colony
peripheries of 1A2 and 5A7 were well demarcated and without bacteria distinctly separated from the main colony mass (lack
of peripheral fringe).  Colony expansion for these two mutants occurred through repeated cell division and gradual spread as
the cell mass increased.  When examined in the microfluidic chambers, neither mutant strain exhibited migration, with or
without medium flow.  Both of these strains were biofilm enhanced.  Another mutant, 6E11, was found to be biofilm
deficient but still produced colonies with a peripheral fringe and exhibited active twitching, similar to that observed for the
wild-type strain.  Growth rates of all mutants were not significantly different from the wild-type strain.  Sequence analysis of
mutants 1A2, 5A7, and 6E11 indicated that transposon insertion occurred in ORFs PD1927, PD1691 and PD0062 of the
Temecula genome corresponding to putative genes pilB, pilQ, and fimA,
respectively.  PilB is known to function as a nucleotide binding protein
supplying energy for pilin subunit translocation and assembly, whereas
PilQ is a multimeric outer membrane protein that forms gated pores,
through which the pilus is extruded (Wall and Kaiser, 1999; Alm and
Mattick, 1997; Strom and Lory, 1993).  Mutants deficient in these proteins
have smooth colony edge phenotypes, do not twitch, and are generally
devoid of type IV pili (Kang et al., 2002; Huang and Whitchurch, 2003;
Alm and Mattick, 1997; Strom and Lory, 1993).  Disruption of
fimA in X. fastidiosa (Feil et al., 2003) as well as in E. coli (Orndorff et al.,
2004) indicates that the gene encodes for an essential protein of type-I pili
that functions in surface attachment and biofilm formation.

Biofilm formation by X. fastidiosa wild-type (T1)
and mutant strains 1A2, 5A7, and 6E11 following
7 days growth.

Light micrographs of time-lapse series depicting
paths of three (circled red, green, black) wild-
type twitching bacteria in microfluidic channels
under flow (left) and no flow (right) conditions.
Scale bar, 10 µm.  Time (h:min:sec).  Lower
figure, cumulative twitching motility paths for
17 cells under corresponding conditions for 60
min, respectively.

Light micrographs of wild-type and
twitch-minus mutant (1A2) colonies
on agar medium with and without a
peripheral “fringe.”
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Electron microscopy substantiated the presence of polar pili on the wild-
type and many of the mutant strains.
Negative staining of TEM preparations of the wild-type strain revealed an
abundance of pili, the majority of which were 0.4-1.0 µm in length with
many additional filaments 1.0-5.8 µm in length.  Mutant strains 1A2 and
5A7 had only the shorter class of pili, whereas strain 6E11 had
predominantly long pili.  The correlation between the presence of long
and short pili on the wild-type X. fastidiosa strain, the occurrence of
essentially only long pili on the twitching, biofilm-deficient strain (6E11),
and the absence of long pili on the twitching-minus, biofilm-enhanced
mutants (1A2 and 5A7), clearly relates to distinct functional roles for two
length classes of pili.

CONCLUSIONS
Microfabricated fluidic chambers were created to mimic plant xylem vessels, in which we studied the non-flagellated Xylella
fastidiosa bacterium.  We discovered that the bacteria migrate ‘upstream’ by twitching motility, which explains, in part, how
they are able to travel against the flow direction of xylem sap to invade non-colonized plant regions.
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SEM and TEM of wild-type cells attached to the
substratum at the pili-bearing polar ends.
Mutant strains 1A2 and 6E11 depicting only
short pili and only longer type-IV pili,
respectively.
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ABSTRACT
This report gives an overview of the project.  The goal of this project is to isolate a collection of viruses (phages) that can
infect and replicate in X. fastidiosa (Xf).  This collection will then be screened to identify phage exhibiting useful biological
properties.

INTRODUCTION
The causative agent of Pierce’s disease (PD) is the Gram-negative bacterium Xylella fastidiosa (Xf). Xf is highly specialized
and is capable of multiplying in both the foregut of xylem-feeding insects, such as the glassy-winged sharpshooter and in the
xylem system of the host plant (for recent reviews, see 4, 6, 7).  The complex nature of the bacterial-host interactions that
take place during the PD infectious cycle and the fastidious growth properties of Xf in the laboratory present a formidable
challenge to researchers working with this bacterium.  At present, there are only a few methods available to perform such
basic operations as genetic exchange, mutant isolation, strain construction, and complementation.  Further complications of
working with Xf arise because of its slow generation time, its tendency to form aggregates, and its poor plating efficiency.
Finally, few methods are available for disrupting the interaction between Xf and its hosts, which is a key component of the
PD infectious cycle.  As a result, there are currently no effective treatments to cure infected vines.

In other Gram-negative bacteria, bacteriophages, phage derivatives and phage components have played a major role in
overcoming these issues (1, 3, 8).  For example, phages have been used to move genetic markers between strains, for
complementation, and as cloning vectors.  In addition, phages have been used as diagnostic reagents to detect pathogenic
bacteria, and as therapeutic agents in bacterial infections. Unfortunately, since not all phages possess exploitable properties, it
is usually necessary to isolate a collection of phages that infect the bacteria of interest and then to screen the individual
phages for desirable properties.

Based on studies of environmental samples, it has been estimated that there are >1030 tailed phages in the biosphere and that
phage typically outnumber bacterial cells 10 to 1 (2).  These studies also revealed that phages could be found anywhere that
their bacterial hosts are present.  This observation has already proven true for Xf. Carol Lauzon and her colleagues have
reported the presence of two phages associated with Xf from infected grapevines (5).  The goal of this project is to isolate a
collection of phages that are capable of infecting and replicating in Xf (Aim 1).  These phages will then be screened
individually to identify specific phages that have the potential to be used as genetic tools and for killing Xf en planta (Aim 2).
Phages capable of moving genetic markers between Xf strains would give researchers in the field a powerful tool for
investigating the properties of this unusual bacterium and establishing which parts of its genetic material make it such a
deadly pathogen for certain varieties of grapes.  Furthermore, phage or mixtures of phages capable of killing Xf would
provide the tools necessary to determine the feasibility of using phage therapy to control the spread of PD.

OBJECTIVES
The primary goal of this project is to isolate a collection of phages as pure stocks and to screen this collection for phages that
exhibit useful biological properties for studying and controlling the growth of Xf.

Specific Aim 1: Generate a collection of pure phage stocks that infect Xf.
1A) Collect environmental samples that potentially contain Xf specific phages.
1B) Isolate and obtain pure stocks of phages from the samples.
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Specific Aim 2: Identify specific phage with potentially useful properties within our collection.
2A) Screen the collection to identify virulent phages.
2B) Screen the collection to identify generalizing transducing phages.

RESULTS AND CONCLUSIONS
The first goal of this project is to generate a collection of Xf-specific phages that exhibit different biological properties.  To
increase our chances of obtaining a diverse set of phages, we have collected samples from PD-infected grapevines growing in
different vineyards in Northern California. Using infected grapevines as a source seems particularly promising based on the
work of Dr. Lauzon and her colleagues (5). Our strategy has been to collect sap from infected vines and samples from the
tissue of symptomatic plants. We have also collected soil samples from around infected grapevines to determine if the soil is
a good source of Xf-specific phage.  The next step in our analysis will be to determine if any of these samples contain phage
that can infect Xf. As a starting point, we will use previously published protocols that have successfully been used to isolate
phages from environmental samples for other Gram-negative bacteria.
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ABSTRACT
A common response of Gram-negative bacteria to environmental stress is to change the composition of their cell surface,
particularly the protein composition of their outer membrane.  These changes are known to have a profound effect on the
sensitivity of Gram-negative bacteria to detergents, antibiotics, and bacteriophages.  The goal of this project is to determine
how environmental changes influence the protein composition of the Xylella fastidiosa (Xf) outer membrane.  Our strategy
has been to isolate the outer membrane fraction from Xf cells grown under different environmental conditions.  The proteins
in this fraction are then separated by one- or two-dimensional gel electrophoresis and their identity established by peptide
mass fingerprinting.   In this report, I have focused on experiments that examine the Xf outer membrane protein profile using
one-dimensional gel electrophoresis.  This analysis has allowed us to assign three outer membrane proteins to specific genes
on the Xf chromosome.  These gels have also allowed us to examine how the composition of the Xf outer membrane changes
in response to environmental signals and the physiological state of the bacterial cell.

INTRODUCTION
Pierce’s disease (PD) is a devastating disease of grapevines that is caused by the Gram-negative, endophytic bacterium
Xylella fastidiosa (Xf).  Although the specific details of the disease process are not fully understood, an important feature is
the ability of this pathogen to colonize the xylem tissue of plants and the foregut of insect vectors (for a recent review, see 5).
As with most pathogenic bacteria, successful colonization is dependent on the ability of planktonic Xf cells to adhere to the
host cell surface and to form a microcolony (3, 4, 7).  This surface-associated growth commonly leads to the formation of a
biofilm.  Biofilm-associated Xf bacteria constitute a major component of the bacterial biomass in the host tissue.  In contrast,
planktonic bacteria are less prevalent and are seen primarily as a mechanism for the bacteria to translocate from one surface
to another.

The transition of bacteria from the planktonic to the biofilm-associated state involves profound physiological changes (3).
The most obvious change is the production of an exopolysaccharide matrix, one of the distinguishing characteristics of a
bacterial biofilm.  However, the matrix-enclosed mode of bacterial growth requires many other changes, including changes
in the protein composition of the bacterial cell envelope.  In Gram-negative bacteria, these changes include differences in
both the relative abundance of some major outer membrane proteins and the appearance or disappearance of specific high-
affinity receptor proteins.  This differential expression allows the bacteria to cope with the new environmental condition
and with alterations in the nutrient supply.

Changes in the protein composition of the outer membrane are known to have a profound effect on the sensitivity of Gram-
negative bacteria to detergents, antibiotics, and bacteriophages (8).  As a result, strategies designed to attack planktonic cells
are usually not effective against biofilm-associated cells (3).  Therefore, in order to develop effective methods for controlling
the spread of Xf, it is important to obtain information concerning the protein composition of the Xf outer membrane and how
the composition of this membrane changes in response to environmental signals and the physiological state of the bacterial
cell.

OBJECTIVES
The goal of this project is to analyze the outer membrane proteome of Xf and to determine how the outer membrane protein
profile changes in response to various physiological and environmental conditions.  Our experiments are designed to address
two objectives:
1. Identify the major outer membrane proteins of Xf and assign them to a specific gene on the Xf chromosome.
2. Determine how the protein composition of the Xf outer membrane is influenced by environmental signals and signals

from the infected grapevine.
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RESULTS
The primary focus of our research during this reporting period has been to analyze the outer membrane proteome of Xf and to
assign the outer membrane proteins to specific genes on the Xf chromosome.  In last year’s Symposium Proceedings (6), we
described our protocol for analyzing the protein profile of the Xf outer membrane.  This protocol involves rupturing the Xf
cells with a French pressure cell and isolating the outer membrane fractions by sucrose density gradient centrifugation.  The
proteins in this fraction are then analyzed using SDS-polyacrylamide (PAGE) gel electrophoresis.  These gels have allowed
us to quantitate the amount of the different proteins in the Xf outer membrane and to predict the sizes of the proteins based on
their migration in the gels.  Figure 1 shows a series of SDS-polyacrylamide gels, which reveal the outer membrane profile of
Xylella fastidiosa strain Temecula 1.  These Coomassie-stained gels indicate that there are at least 14-16 major proteins in the
Xf outer membrane.  The sizes of the outer membrane proteins range from 130K to 18K.  (Proteins smaller than 18K would
not have been detected in this series of experiments.).

Figure 1: The outer membrane profile of Xylella fastidiosa strain Temecula 1.
Proteins in these gels were identified using Coomassie blue stain.  The numbers indicate the size of molecular
weight standards and their migration on the different percentage gels (left lane). On each gel, the outer membrane
proteins from Xf Temecula 1 are present in the right lane.  The diamonds indicate the location of the MopB
protein on the different percentage gels.  The stars indicate the locations of the three excised bands, which
contained a unique protein based on the MALDI-TOF spectra.

The most abundant outer membrane protein is the MopB protein, which has been characterized by George Bruening and his
colleagues (2).  Using their purified MopB protein, we have been able to determine the location of the MopB protein relative
to other proteins in our outer membrane profiles.  (MopB is indicated by the diamonds in Figure 1).  The next step in our
analysis was to assign additional proteins to specific genes on the Xf genome.  For these experiments, we separated the
proteins in the outer membrane fractions on preparative SDS-PAGE gels and excised five distinct bands from the gels.  The
proteins in each band were then subjected to trypsin digestion and the resulting fragments were analyzed by MALDI-TOF-
MS at the UC Davis Molecular Structure Facility.  The resulting information was analyzed using MS-Fit at Protein
Prospector (UCSF; http://prospector.ucsf.edu).  Analysis of the bands at ~114K and ~104K indicated that more than one
protein was present in the excised gel fragment.  In contrast, the other three bands contained unique proteins.  This allowed us
to assign these three outer membrane proteins to specific genes on the Xf chromosome (10).  The locations of the bands
containing these proteins are indicated by the stars in Figure 1.

The largest of the three proteins is ~108K and corresponds to PD1283.  PD1283 is predicted to encode a 958 amino acid
protein and has been classified as a TonB-dependent receptor protein.  The second protein is ~98K and corresponds to
PD0326. PD0326 is predicted to encode a 784 amino acid protein and shows homology to the outer membrane
protein/protective antigen OMA87.  Based on this homology, PD0326 is also called the oma gene in some databases.  The
third protein is ~90K and corresponds to PD0528.  Interestingly, this gene is classified in many databases as an inner
membrane.  However, our analysis of this protein using relatively new computer algorithms suggests that PD0528 encodes a
beta barrel outer membrane protein (1).  This assignment is more consistent with our fractionation results, which indicate that
the PD0528 protein is a major component of our Xf outer membrane fraction.

Our analysis of the outer membrane fractions using one-dimensional (1-D) gels illustrates the validity and power of our
approach for assigning outer membrane proteins to specific genes on the Xf chromosome.  However, it was not possible to
completely separate all of the outer membrane proteins using 1-D gels.  To overcome this problem, we are analyzing our
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outer membrane fractions using two-dimensional (2-D) gel electrophoresis with the assistance of our cooperator Linda
Bisson and a graduate student in her laboratory, Paula Mara.  This technique separates proteins based on their isoelectric
points (pI) and their apparent molecular weights.  In our initial experiments, we identified over 40 well-separated spots and
have analyzed these gels using Phoretix proteome analysis software.  This software has allowed us to make a tentative
assignment of molecular weights and isoelectric points to many of the predominant proteins.  To confirm the identification of
some of the ambiguous spots, we plan to cut out these spots and identify the proteins using MALDI-TOF-MS as described
above.  Although we are still working out some technical details, using 2-D gels will allow us to determine the relative
abundance of each of the outer membrane proteins under different environmental conditions (the focus of Objective 2).
These gels will also provide us with a proteome map for Xf Temecula 1 outer membrane, which we can then compare to the
published whole-cell protein map for Xf CVC (9).

CONCLUSIONS
Proteins on the bacterial cell surface play an important role in the ability of pathogenic bacteria, such as Xf, to induce the
disease state.  During the past year, we have used one-dimensional gel electrophoresis to examine the Xf outer membrane
profile and have assigned three proteins to specific genes on the Xf chromosome.  We have also been developing a protocol
for analyzing the Xf outer membrane proteome using two-dimensional gels.  Once these technical details have been worked
out, we will be in the position to examine how different physiological and environmental signals affect the relative
abundance of specific Xf outer membrane proteins.  This information should provide valuable insights into the role of the
outer membrane proteins in Xf virulence and identify potential new targets that may help in the development of effective
strategies for controlling the spread of PD.
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ABSTRACT
We screened over 1,000 random Tn5 Xylella fastidiosa (Xf) mutants in Chardonnay grapevines growing in the greenhouse in
2003.  Approximately 10 of the mutants exhibited a hypervirulent phenotype, i.e. vines inoculated with these mutants
developed symptoms sooner and died sooner than vines inoculated with the wild type Xf parental strain.  The identity of the
Tn5 insertion sites in these mutants was reported at 2003 PD Symposium.  In 2004 we re-inoculated these hypervirulent
mutants into another set of Chardonnay, Chenin blanc and Thompson seedless vines and the hypervirulent phenotype was
reproduced in all 3 varieties.  Movement and populations assays showed that the hypervirulent mutants moved faster and
reached higher populations than wild type Xf. In the first Chardonnay screen, we identified an unexpectedly high number of
avirulent mutants.  Because some of these may have been the result of poor inoculation we sequenced the DNA that flanked
the Tn5 insertion in all the mutants.  Those mutants with Tn5 insertions in genes other than “house keeping” genes were re-
inoculated into a new set of vines and their pathogenic phenotype is being determined.  Additional small (1.3kb) native Xf
plasmids were engineered as potential Xf/E. coli shuttle vectors.  However, like our other similar constructs, these plasmids
were not stably maintained without antibiotic selection, and not useful tools for in planta gene complementation studies.

INTRODUCTION
During the past 4 years one of the objectives of our research on Pierce's disease (PD) has involved the development of
transformation and transposon mutagenesis systems for the bacterium that causes Pierce's disease (PD), Xylella fastidiosa
(Xf).  We developed a random transposon based mutagenesis system for Xf in 2001 (Guilhabert et. al., 2001).  Recently, we
developed two E.coli/Xf plasmid shuttle vectors, one based on the plasmid RSF1010 and the other based on a small cryptic
plasmid found in one of the grapevine Xf strains, UCLA.  Both those plasmid shuttle vectors replicate autonomously in Xf
(Guilhabert and Kirkpatrick, 2003; Guilhabert and Kirkpatrick, manuscript submitted for publication).  However these
plasmids are only stably maintained in Xf cells that are kept under selection using the antibiotic, kanamycin.  Therefore, these
vectors will be useful for in vitro studies of Xf gene function; however they cannot be used to study the function of Xf genes
in the plant host.  We evaluated other plasmids that can be stably maintained in Xf cells inoculated into plant hosts.

The complete genome sequence of a citrus (Simpson et al., 2000) and a grape (Van Sluys et al., 2002) strain of Xf have been
determined.  Analysis of their genomes revealed important information on potential plant pathogenicity and insect
transmission genes.  However, approximately one-half of the putative ORFs that were identified in Xf encode proteins with no
assignable function.  In addition, some of the putative gene functions assigned on the basis of sequence homology with other
prokaryotes may be incorrect.  For these reasons we felt that it was important to develop and assess the pathogenicity of a
library of random Tn5 mutants in order to identify any gene that may influence or mediate Xf pathogenicity.  Our group, as
well as other PD researchers, is evaluating specific mutants in Xf genes that are speculated, based on homology with other
gene sequences in the database, to be involved with pathogenicity.  However, screening a random transposon (Tn) library of
Xf, a strategy that has led to the identification of important pathogenicity genes in other plant pathogenic bacteria, may
identify other novel genes, especially those that regulate the expression of pathogenicity/attachment genes that will be
important in the disease process.  Using Tn5 mutagenesis, there is a high probability that we can knock out and subsequently
identify Xf genes that mediate plant pathogenesis.  Proof that a particular gene is indeed mediating pathogenicity and/or
insect transmission would be established by re-introducing a cloned wild type gene back into the Xf genome by homologous
recombination, or more ideally, introduce the wild type gene back into Xf on the plant stable shuttle vector.

OBJECTIVES
1. Screen a library of Xf transposon mutants for Xf mutants with altered pathogenicity, movement or attachment properties.
2. Identify and characterize anti-virulence Xf genes.
3. Identify and characterize virulence Xf genes.
4. Develop a Xf/E. coli transformation plasmid that is stable in planta

RESULTS AND CONCLUSION
Objective 1
Using the transposome technology previously described (Guilhabert et al., 2001) we obtained 2000+ Xf Tn5 mutants, which
should represent fairly random mutagenesis events throughout the Xf genome.  During the spring and summer 2002, we
inoculated 1,000 chardonnay plants with individual Xf Tn5 mutants using a pinprick inoculation procedure (Hill and Purcell,
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Figure 1: A hypervirulent Xf mutant showns a lack of microcolony
formation and biofilm formation.  Panels A-G are Xf wild type cells; Panels
B-H are Xf mutant cells.  Panels A and B wild type and mutant cells,
respectively, inoculated into PD3 medium in a 125 mL flask and placed on a
shaker.  The degree of self-aggregation was visualized after 10 days of
incubation.  Panels C and D wild type and mutant cells, respectively, plated
onto PD3 medium plates.  The colony morphology was examined after 10
days of incubation.  Panels E and F, wild type and mutant cells in xylem
vessels.  Note the lack of a three dimension array in the mutant compare to
wild type.  Panels G and H, close up of wild type and mutant cells in a
biofilm.  Note the wild type cells typically aggregated together side to side
while the mutant cells did not aggregate in this manner.  Scale bar equivalent
to 5 microns in every panel.
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1995; Purcell and Saunders, 1999).  The vines were grown in pots in a greenhouse using a nutrient-supplemented de-ionized
drip irrigation system.  The parental, Temecula strain served as a positive control and a water inoculation served as a negative
control.  Two months after inoculation, the vines were observed for symptom development approximately every two weeks
for 6 more months (32 weeks total after inoculation).  The symptoms were rated on a visual scale from 0 to 5, 0 being healthy
and five being dead. Rating of 1 showed only one or two leaves with the scorching symptom starting on the margins of the
leaves.  Rating of 2, showed two to three leaves with more developed scorching.  Rating of 3 showed all the leaves with some
scorching and a few attached petioles whose leaf blades had abscised (match sticks).  Rating of 4 showed all the leaves with
heavy scorching and/or numerous match sticks.

We successfully identified Xf mutants with altered virulence, confirming for the first time, that screening a library of Tn5 Xf
mutants in susceptible hosts can identify genes mediating Xf pathogenicity.  We also developed a two-step procedure, direct
PCR on Xf colony and direct sequencing of the PCR product that can rapidly identify Xf Tn5 insertion sites.

Objective 2
Six months after inoculation (see objective 1), 10 of the inoculated Chardonnay vines showed hyper-virulence, i.e. more
severe symptoms compared to the vines inoculated with wild type Xf cells.  This phenotype was further confirmed in Chenin
Blanc and Thompson Seedless grapevines.  Further analysis demonstrated that all the hypervirulent Xf mutants tested showed
i) earlier symptom development, ii) higher disease scores over a period of 32 weeks and iii) earlier death of inoculated
grapevines than vines inoculated with wild type; thus demonstrating that the hypervirulence phenotype is correlated with
earlier symptom development and earlier vine death in multiple Vitis vinifera cultivars.  The hypervirulent mutants also
moved faster than wild type in grapevines. These results suggest that i) wild type Xf attenuates its virulence in planta and ii)
movement is important in Xf virulence.  The mutated genes were sequenced and their insertion sites confirmed by PCR
amplification and sequencing of PCR products. None of the mutated genes had been previously described as anti-virulence
genes, although six of them showed similarity with genes of known functions in other organisms.  The hypervirulent mutants
were further characterized for in vitro and in planta attachment.  One of the hypervirulent mutants was altered in its

ocolony formation and biofilm maturation within the xylem vessels (Figure 1).  We
 in the process of further characterizing the protein involved in Xf biofilm
turation.

Table 1: Function categories of Xf DNA flanking Tn5 transposon
insertion in putatively avirulent Xf mutants

Putative Gene function % of Mutants Affected
Hypothetical protein 29
House-keeping 26
Phage-related protein 20
Pathogenicity/virulence 10
Intergenic region 6
Surface protein 2
Transporter 2
Regulator of transcription 1
Mobility 1
Transposon elements 1
Cell-Structure 1
Undefined category 1
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Objective 3
Six months after inoculation (see objective 1), we also noticed an unexpectedly high percentage (35%) of inoculated vines
that did not develop typical PD symptoms.  One might have expected no more than 5% or so of the mutants to be non
pathogenic.  We sequenced the Xf DNA, flanking the Tn5 element in order to determine the specific location of the Tn5
insertion in each putatively “avirulent” mutant. Table 1 summarizes the categories of the genes that were knocked out in the
avirulent Xf mutants.  We then chose to further characterize insertions in open reading frames (ORFs) that code for proteins
that have possible roles in Xf virulence/colonization or ORFs with no known function. Tn5 insertions in known “house-
keeping” genes were not screened further.  Three new Chardonnay grapevines growing in pots in the greenhouse were
inoculated with each Xf mutant of interest as well as the appropriate controls.  The experiment was done in duplicate.  The
rate of symptom development or lack there of, is being monitored as we described in objective 1.  After 14 weeks, petiole
samples at the point of inoculation (poi) and 12 inches above the poi will be taken from each mutant and control vines. Xf
cells will be cultured from those samples in order to assess bacterial population and colonization.  The insertion sites will be
further confirmed by PCR.

Objective 4: Develop a Xf/E. coli Shuttle that is Stable in planta.
A plasmid DNA fraction was isolated from the UCLA strain of Xf and subjected to in vitro mutagenesis using the
transposome technology that was previously used to create our Tn5 Xf library.  This DNA was electroporated in the UCLA
strain and 4 kanR colonies were obtained.  These were sequenced and found to be insertions in the small 1.3kb plasmid that
we previously attempted to develop as a Xf/E. coli shuttle vector.  These Tn5 insertions were in different areas of the native
plasmid so we tested the relative stability of these plasmids by culturing the transformants on PD3 medium with and without
kanamycin.  After 3 passages on non-selective media the colonies were transferred to PD3 media containing kanamycin and
no colonies were observed on the plates.  This indicates that the plasmids containing the Tn5 insertions were lost upon
culture in non-selective medium, results that were the same as our previous attempts to engineer these small native plasmids
as shuttle vectors.  Future work will focus on a similar strategy to construct a shuttle vector from the 5.8kb plasmid in the
UCLA strain, with the hope that this construct might be stably maintained in Xf without antibiotic selection.
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ABSTRACT
Recently available genomic sequences of four Xylella fastidiosa strains (PD, CVCD, ALSD and OLSD) facilitate genome
wide searches for identifying Simple Sequence Repeat (SSR) loci. Sixty SSR loci were selected for SSR marker
development. We designed and validated 34 SSR primers with good reliability and specificity. These SSR primers showed
various levels of polymorphism with average 11.3 alleles per locus among 43 Xylella fastidiosa isolates. These multi-locus
SSR markers, distributed across the entire genome, are a useful tool for pathogen genotyping, population genetics and
molecular epidemiology studies.

INTRODUCTION
Xylella fastidiosa (Xf) causes economically important diseases that results in significant losses in several agricultural,
horticultural and landscape crops, including grape Pierce’s disease (PD), almond leaf scorch disease (ALSD), citrus
variegated chlorosis disease (CVCD) and oleander leaf scorch disease (OLSD). Recent introduction and establishment of the
invasive and more effective vector, the Glassy-winged Sharpshooter (Homalodisca coagulata, GWSS) has had a great impact
on the California grape industry. Host plant resistance is a critical component of integrated crop management. If this insect
becomes widely established, the use of resistant varieties may become the most reliable and effective way to control PD.
However, the durability of resistant grape plants depends upon the variability and adaptability of the pathogen population and
its interaction with the resistance genes of plants. Most resistance studies are performed by screening against a subpopulation
of a given pathogen, and neglect that fact that changes in pathogen population structure that may lead to resistance
breakdown.

It is clear that pathogen populations with a high evolutionary potential are more likely to overcome host genetic resistance
than pathogen populations with a low evolutionary potential (MacDonald and Linde, 2002). The risk becomes even greater
with the recent establishment of a more effective vector, the GWSS, which dramatically increases the dispersal of Xf
genes/genotypes. In California, information regarding the population structure and genetic diversity, as well as the genetic
evolutionary and epidemiological relationships, among Xf strains in agricultural populations is not clear.  In order to develop
effective management strategies, it is critical to understand pathogen population structure and genetic diversity in the
agricultural ecosystem. A tool is needed that is capable of precisely, powerfully, easily analyzing Xf diversity and genotyping
strains. We developed multi-locus DNA markers to fill this need.

OBJECTIVES
1. Perform genome-wide sequence analysis to identify Simple Sequence Repeat (SSR) loci from four Xf genomic

sequencing databases (PD, CVCD, ALSD and OLSD). Design and develop multi-locus SSR markers.
2. Analyze genetic diversity and population structures of PD Xf statewide. Compile a large Xf allele frequency database for

strain identification.
3. Use the SSR Marker system to examine interactions between hosts and Xf including adaptation, host selection and

pathogenecity of Xf strains

RESULTS
SSR Locus Identification and Primer Design
1. A genome wide search was performed to identify SSR loci among all four Xf strains (CVC 9a5c 2.68Mbp, PD Temecula

2.52Mbp, ALS Dixon 2.67Mbp, and OLS Ann-1 2.63Mbp). Figure 1 shows the distributions of SSR loci among four
strains of Xf.

2. We used the following criteria to select SSR loci for primer design; a) each locus has single hit per genome and b) each
selected locus contains at least 5 or more of repeat unit lengths.
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3. Sequence alignment was then performed to remove redundant loci and to identify conserved flanking sequence regions
across four strains for priming sites between 100-200 bp up/down stream of each repeat locus. This step ensures that
primers designed will work for all Xf strains.

4. BLAST analysis was performed to examine each selected locus against more than 300 microbial genomes in GeneBank
to ensure selected loci are unique. No significant hits were found (E value <e-30).

5. All SSR primers were designed using the same parameters (50% GC, Tm=60oC, primer length ≈ 20bp, and self
dimer/cross dimer ∆G = -5 kcal/mol). This facilitated SSR primer validation and should facilitate scaling up to multiplex
PCR formats in future.

6. Based on the criteria and conditions above, 50 primers passed the in silico validation test.
7. We further evaluated 50 SSR primers using 43 Xf isolates collected from grape, citrus, almond and oleander hosts (see

Table 1). In this study, we used thirty-four primers. The results of 34 SSR markers analyses are illustrated in Figures 2
and 3.

CONCLUSION
Repetitive DNA is ubiquitous in microbial genomes. It has been shown to be a useful tool for genetic study in prokaryotes
(Belkum, et al 1998). Data from our preliminary study demonstrates that this technique works well for discriminating Xf
strains. This project will provide an accurate and reliable marker system for genotyping, quarantine purposes, genetic
diversity analyses, epidemiological analyses and risk assessment studies.

Figure 1. Summaries of SSR loci distributions in each strain of Xylella fastidiosa. No mono- and di-
repeats occur among these four strains. The above illustrates perfect and imperfect simple repeats with
repeat unit length = or > 5.

PD CVC ALS OLS

Figure 2. Examples of SSR markers with primers CSSR6 (above) and OSSR9 (below) among 43 Xylella
fastidiosa isolates separated by 5% of polyacrylamide gel. A, T, C and G are molecular size markers.
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Strain
Name

Host of
Origin

County or state from which
strain was collected

PD-1 Grape Kern, CA
PD-2 Grape Kern, CA
PD-3 Grape Kern, CA
PD-4 Grape Kern, CA
PD-5 Grape Temecula, CA
PD-6 Grape Temecula, CA
PD-7 Grape Temecula, CA
PD-8 Grape Kern, CA
PD-9 Grape Kern, CA
PD-10 Grape Kern, CA
PD-11 Grape Kern, CA
PD-12 Grape Baja, CA
PD-13 Grape Kern, CA
PD-14 Grape Kern, CA
PD-15 Grape Napa, CA
PD-16 Grape Napa, CA
PD-17 Grape Napa, CA
PD-18 Grape Napa, CA
PD-19 Grape Napa, CA
PD-20 Grape Napa, CA
PD-21 Grape Napa, CA

PD-22
Grape
(Temecula)* Temecula, CA

CVC-1 Citrus São Paulo, Brazil
CVC-2 Citrus São Paulo, Brazil
CVC-3 Citrus São Paulo, Brazil
CVC-4 Citrus São Paulo, Brazil
CVC-5 Citrus São Paulo, Brazil
CVC-6 Citrus São Paulo, Brazil
CVC-7 Citrus São Paulo, Brazil
CVC-8 Citrus São Paulo, Brazil
CVC-9 Citrus São Paulo, Brazil

CVC-10
Citrus
(9a5c)* Brazil

ALS-1 Almond Tulare, CA
ALS-2 Almond Contra Costa, CA
ALS-3 Almond San Joaquin, CA
ALS-4 Almond San Joaquin, CA
ALS-5 Almond San Joaquin, CA

ALS-6
Almond
(Dixon)* Solano, CA

OLS-1 Oleander Riverside, CA
OLS-2 Oleander CA
OLS-3 Oleander CA

OLS-4
Oleander
(Ann-1)* Riverside, CA

OLS-5 Oleander CA

Table 1. 43 X fastidiosa isolates were used for this
study. *Labels in bold are the strains used for genome
sequence.

Figure 3. Dendrogram shows genetic distance among
the 43 isolates in table 1. Data was compiled from 356
alleles generated by 34 SSR loci.
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ABSTRACT
Attachment of Xylella fastidiosa to xylem vessels and insect vectors may be required for virulence and transmission;
therefore we have individually disrupted fimA, fimF, xadA, and hecA to assess their role in adhesion to plants and in the
disease process.  We performed adhesion assays using each mutant and wild-type separately as well as combination of two of
the mutants and observation of the phenotypes of these mutants under a scanning electron microscope is underway.  Patterns
of cell adhesion and aggregation of mutants on surfaces lead us to hypothesize that fimA and fimF are important in cell-to-cell
aggregation while xadA and hecA are involved in the first steps of adhesion of bacteria to the plant host.  Rooted grapevine
cuttings were inoculated with FimA-, FimF-, XadA-, HecA-, and wild-type X. fastidiosa ‘Temecula’ or ‘STL’.  A higher
incidence and severity of disease was observed in vines inoculated with the wild-type X. fastidiosa strain compared with
FimA-, FimF-, XadA- or HecA- mutant strains. Similarly, wild-type strain STL strain of X. fastidiosa resulted in more vines
with symptoms than FimA-, FimF- or  XadA- mutants of this strain indicating that the process of attachment appears to
involve similar genes in both the Temecula and STL strains.  It thus appears that successful colonization of plants by X.
fastidiosa requires both cell-to-cell and cell-to-surface attachment.  To distinguish the various mutants from each other in
mixed inoculations and to determine what factors affect attachment of the mutants we have constructed disrupted fimA
vectors for use in a gfp marked Xylella fastidiosa.  This will allow us to distinguish the FimA- cells from other cells in a
mixture adhesion assay using fluorescence microsopy and to follow these cells in grape following inoculation with these
mutants.  Because hecA is a large gene, we are also disrupting various locations within the HecA gene.  We will test these
different HecA- mutants in inoculation experiments to determine the role of HecA in virulence of X. fastidiosa to grape.

INTRODUCTION
Adhesion is a well-known strategy used by phytopathogenic bacteria to initiate colonization of their plant hosts and a
precursor step to invasion (Romantschuk et al. 1994). Xylella fastidiosa possesses many genes involved in attachment or
adhesion.  Simpson et al. (2000) identified 26 genes encoding proteins involved in the biogenesis and function of Type 4
fimbriae filaments (pilA, B, C…).  We have focused on the fimbrial operon, which is composed of 6 genes (fimA, ecdD, fimC,
D, E, and F).  Even though the fimbrial mutant cells had less fimbriae than the wild type cells as seen in scanning electron
micrographs, the cells seemed to still be able to attach to surfaces by another mechanism (Feil et al. 2003) (Figure 1A).  This
suggested that fimbriae are more important in cell-to-cell adhesion than in cell-to-surface adhesion.  While FimA and FimF
were found to be important in cell-to-cell aggregation (Feil et al. 2003) the initial attachment of X. fastidiosa to plants must
involve other factors.  The goal of this research was thus to assess the relative role of different fimbrial and non-fimbrial
adhesins in the attachment process and to determine their role in the disease process.   Among the afimbrial adhesins of X.
fastidiosa we chose XadA and HecA to study because genes homologous to these in other bacteria were found to be virulence
determinants.

OBJECTIVES
1. Determine the role of adhesins other than those found in the fimbrial operon, in particular of the adhesin XadA and

hemagglutinin HecA in the attachment and virulence of X. fastidiosa in grape.
2. Characterize the behavior of the fimbrial and adhesion mutants of Xylella fastidiosa in grape and to compare this

behavior over time via expression analysis.
3. Determine what factors affect attachment of wild-type or mutant cells to grape
4. Determine if these mutants can attach to the insect vector and be transmitted to grape.
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RESULTS
XadA and HecA mutants of the ‘Temecula’ strain of X. fastidiosa were produced using the method described previously (Feil
et al. 2003).  Characterization of HecA mutants was done by PCR and sequencing.  To confirm that HecA was disrupted at
the HecA site, 3 kb fragments of DNA from HecA- mutant cells containing the kan insert were sequenced.  Using Blast
search, we found that the sequences of the mutant were identical to those of HecA on one side and to N-
manoacetyltransferase on the other, indicating that the kan gene was inserted in the HecA region we wanted to disrupt.  There
are four large HecA homologs in the X. fastidiosa genome.  The HecA we mutated is the third from the origin of replication
of the genome.  Dr. Tom Burr group at Cornell University has mutated the 3’ HecA homolog using transposon mutagenesis
and is characterizing this mutant.  We compared wild-type to FimA-, FimF-, XadA- , and HecA- cells using the adhesion
assay on silicon surfaces and SEM.  We have performed adhesion assays using each mutant and wild-type separately as well
as combination of two of the mutants.

We have found that XadA appears to play a major role in the early steps of bacterial adhesion to host surfaces.  We observed
phenotypic difference between XadA- mutant and wild-type cells of X. fastidiosa in culture.  In particular, no rings on the
sides of the flask were formed when XadA- mutant cells were grown in fructose-based medium whereas a thick ring appeared
around the flask when wild-type cells were grown in the same medium.  In the adhesion assay using xylem sap, more than
100-fold fewer XadA- cells adhered to a glass surface than of the wild-type cells when observed under SEM, indicating that
the XadA- cells are surface adhesion-deficient (Figure 1, B and C).

A     B      C

Figure 1. SEM micrographs of FimA- X. fastidiosa (A), wild-type (B), and XadA- .

We thus have hypothesized that the afimbrial adhesins are responsible for initial attachment of X. fastidiosa to grape xylem
vessels.  Below is a cartoon depicting a summary of the hypothetical role for each mutant.

Since we have infected grape with each of these mutants (FimA, FimF, XadA, and HecA) and wild-type cells of the
‘Temecula’ grape strain we will soon be able to assess the pattern of colonization of the plant with the various mutants.
Microscopic observation of these tissue sections will be done to visualize X. fastidiosa in plants and to compare the extent of
colonization between mutant and wild X. fastidiosa strains.  With a similar approach, we are determining the role of the fimA,
fimF, and xadA genes in attachment to insects (BGSS and GWSS).   We have fed BGSS in plants infected with these mutant
strains and are preparing to visualize the bacterial cells in the insects to determine if different patterns of colonization of the
insect have resulted form the adhesion mutation.  We will also determine if the insects remain competent to transmit the
various mutant strains as well.  An initial experiment on acquisition/transmission using FimA, FimF and XadA mutants and

XadA, HecA
mediates cell to
substrate association

Substrate

FimA,FimF
(mediates cell to
cell aggregation)
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wild-type cells was not conclusive (only two plants out of 100 tested positive following transmission assays using the blue-
green sharpshooter as insect vectors).  We will repeat these experiments.  Insects will be placed on grapes infected with the
various mutants (FimA, FimF, XadA, HecA, and wild-type), and acquisition-transmission experiments will be performed.
We will keep the insects for further microscopy to determine variation in attachment of the various cells to the insect.
To further test our model of the multifunctional adhesion process we will make FimA-, FimF-, XadA-, and HecA- mutants in
a gfp marked X. fastidiosa strain (Newman et al. 2003).  This will allow us to distinguish each gfp mutant from other cells in
mixture experiments during adhesion assays using fluorescence microscopy.  This will also enable us to use confocal
microscopy to determine the three-dimensional structure of cell aggregates formed by various mixtures of X. fastidiosa
mutants.  This mixture study should enable us to verify, for example, that FimA- mutants will be found attached to the glass
or plant surface, while XadA- mutants (but not FimA- mutants) will be attached to each other (and to the FimA- mutants).
We will use the FimA mutants in gfp marked X. fastidiosa to compare attachment of these cells and wild-type cells in
fructose broth.  We will observe putative differences in attachment to glass and grape tissue.  Difference in ring formation
will also be evaluated to determine phenotypic difference.

To assess the virulence of adhesion mutants we have infected grape with each of these mutants (FimA, FimF, XadA, and
HecA) and wild-type cells of the ‘Temecula’ grape strain and recorded the number of diseased plants over time.  At a given
sample time wild-type X. fastidiosa incited a higher incidence of disease in grapevines than either FimA- , FimF-, XadA-, or
HecA- mutants (Figure 1).  HecA- inoculations generally resulted in the least number of diseased vines.

Figure 1.  Percent diseased grapevines
Following inoculation with either FimA-,
FimF-, XadA-, HecA-, and wild-type
Temecula or STL X. fastidiosa.

CONCLUSIONS
Since disease development was reduced in grapevines inoculated with FimA-, FimF-, XadA- or HecA- mutants compared to
wild type X. fastidiosa strains we have shown that attachment is important for disease development.  Targeting the FimA,
FimF, XadA, or HecA genes could be one way to reduce disease incidence in grapevine-growing regions affected by Pierce’s
disease.  We have now observed substantially differential attachment phenotypes for the various attachment mutants under
various experimental conditions.  The results clearly show that attachment is a complex process, probably involving the
sequential contribution of non-fimbrial and fimbrial adhesion factors.  These results should help enable an understanding of
the over-all process of formation of cell aggregates in xylem vessels, which presumably are major determinants of disease
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symptoms.  Attachment is also affected by chemical components and now that we know the relative role of different
attachment factors we will assess the role of different media components and other compounds that might be feasible for
introduction into plants to determine their effects on attachment.
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ABSTRACT
Xylella fastidiosa (Xf) has many plant hosts and causes serious diseases of several crops and ornamentals.  Strains of Xf can
be classified by the hosts that may be infected.  For example, grape strains do not infect oleander and the oleander strains do
not infect grape.  We are using a DNA Oligo-Microarray based on the genomic sequence of the Xf grape strain ‘Temecula’ as
the reference strain for a genome-wide comparison with DNA from non-virulent strains.  Our approach will determine genes
unique to grape strains and thus presumably important in growth and virulence of Xf in grape.  We hypothesized that the
grape strain possesses several unique genes in comparison to other strains that do not infect grape. Initially 2526 of the 2574
predicted ORFs of Xf ‘Temecula’ were designed using the “pick70” software.  We manually designed 70-mers oligos for 23
additional ORFs using the same criteria as the program.  The remaining ORFs for which oligos were not designed had
paralogs elsewhere in the genome with up to 100% identity.  Test arrays have been made to determine optimal concentrations
of spotted oligos (probes) using a subset of either four or eight probes. Optimal signal intensity was found for a probe
concentration of 15-25 nM/ml.  All eight probes tested hybridized with labeled DNA from both the Xf grape strain
‘Temecula’ and oleander strain ‘Ann’.  This indicated that the 8 hypothetical small genes used for the test array were
conserved amongst these two genomes.  Several quality control tests are underway before we use the full array.  The full
array includes 2551 70-mer oligos representing the full genome of the Xf grape strain ‘Temecula’.  These oligos were
generated with a 5’ amino linker that allows for covalent binding to aldehyde or epoxy coated slides, therefore minimizing
the background.

INTRODUCTION
Some strains of Xf isolated from host plants other than grape do not sustain viable populations or are not virulent in grape.  In
particular, many of the almond strains of Xf do not infect grape (Almeida and Purcell 2003).  Other studies provide evidence
for host specificity among the Xf strains.  On a whole genome level, grape strains of Xf were found to cluster together away
from oak, plum, mulberry, and periwinkle strains using RFLP data (Chen et al. 1992, Chen et al. 1995).  Pooler and Hartung
(1995) divided the Xf in 5 groups (citrus, plum, grape-ragweed, almond, and mulberry) based on RAPD-PCR data.  Most
almond strains are genetically distinct from the grape strains but a few clustered within the grape-strain group whereas
oleander, peach, and oak strains were distinct from other strains using RAPD-PCR, CHEF gel electrophoresis, and 16S-23S
rRNA sequence analysis (Hendson et al.  2001).  Reciprocal inoculation studies in the greenhouse showed that the OLS and
PD strains of Xf were not pathogenic to citrus and that the ALS strain was not pathogenic to oleander (Feil et al.
unpublished).

Based on previous analysis, we estimate that ~4% of the whole genome of the oleander strain is unique to that strain.  We
hypothesized that the grape strain also possesses ~4% of unique genes in comparison to other strains that do not infect grape.
To identify these genes, we will use the grape strain ‘Temecula’ as a reference to perform pairwise comparison experiments
via DNA hybridization using each Xf strain that is non-pathogenic to grape.  By comparing a large number of strains that both
colonize and cause symptoms in grape as well as strains that do not colonize grape we should be able to identify a relatively
small number of unique genes that contribute to the virulence of grape by Xf.

OBJECTIVES
1. Identify host-specific virulence determinants of the Xf grape strain ‘Temecula1a’.
2. Investigate the role of these specific genes in virulence.

RESULTS
Strains and Strategy of Screening
70-mer oligodeoxynucleotides were designed using ‘ArrayOligoSelector’ (‘Pick70’) software
(http://arrayoligosel.sourceforge.net) based on the coding sequence of 2526 of the 2574 predicted ORFs of Xf ‘Temecula1’.
An additional 23 oligos were manually designed from the remaining unrepresented ORFs using the same criteria as ‘Pick70’,
except that sequence 5’ or 3’ of ORFs smaller than 70 bases was added to obtain an oligo of the correct size.  The remaining
25 ORFs are represented by paralogs with 100% identity found elsewhere in the genome.  The designed oligos were
generated with a 5’ amino linker that has allowed for covalent binding to aldehyde or epoxy coated slides.  The Final number
of ORFs represented by gene-specific oligodeoxynucleotides on the arrays is 2551 not including negative and positive
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controls. Recently we have optimized our hybridization process.  A probe concentration between 15 – 25 nM/ml gave the
highest signal following hybridization with labeled DNA.  We have the oligos to print no fewer then 5,000 slides depending
on the final concentration of the oligos and the number of slides printed during each printing.  These slides represent the
whole genome of a grape strain of Xf and we will compare this genome to the genome of about 15 other Xf strains non-
pathogenic to grape as well as to at least 15 strains pathogenic to grape.

The host range of many strains of Xf has been studied and we will use this information in this study.  We will use well-
characterized strains of Xf that were found to not sustain viable populations in grape or to be non-pathogenic to grape.  Some
strains will be chosen based on their placement in phylogenetic trees after molecular analyses (i.e several almond, oleander,
oak, peach strains, etc)  These strains are listed in Table 1.

Table 1.  Isolates of Xf that will be used in the study.

Name Host Origin Log CFU/g (±SE) in grapes Reference
Temecula Grape Riverside, CA 8.4 ± 0.1 Almeida et al. 2003
STL Grape Napa 8.3 ± 0.1 Almeida et al. 2003
Medeiros Grape Fresno 8.4 ± 0.1 Almeida et al. 2003
Dixon Almond Solano Co., CA 3.8 ± 0.1 Almeida et al. 2003
ALS7 Almond San Joaquin, CA 4.5 Almeida et al. 2003
Manteca Almond San Joaquin, CA 3.9 Almeida et al. 2003
Ann1 Oleander Riverside, CA None Almeida et al. 2003
Plum 2#4 Plum Georgia -- Hendson et al. 2001
Oak 88-9 Oak Florida -- Hendson et al. 2001
Oak 92-3 Oak Florida -- Hendson et al. 2001
OLS#2 Oak Georgia -- Hendson et al. 2001
5S2 Peach Georgia -- Hendson et al. 2001
5R1 Peach Georgia -- Hendson et al. 2001
4S3 Peach Georgia -- Hendson et al. 2001
ML1 Mulberry Georgia -- Chen et al. 1992
ML2 Mulberry Georgia -- Chen et al. 1992

Initial DNA hybridizations was done using microarray.  The DNA microarray for the Temecula strain of Xf is now complete.
We have purchased and spotted the oligonucleotides corresponding to each open reading frame of this strain on glass slides.
We can readily produce as many DNA microarrays as we and other researchers will need.  As noted above, the conditions for
hybridization of DNA to this microarray has now been optimized.  A probe concentration of 20 nM/µl gave the highest signal
following hybridization with labeled DNA.  We have collected all of the Xf strains noted in Table 1 that will be used in initial
genome comparisons using the DNA microarray.  We are in the process of extracting genomic DNA from these strains as
well as many other grape strains of Xf and will hybridize to the DNA microarray very soon.  The DNA is being sheared by
sonication and being reciprocally labeled with Cy3 and Cy5 fluorescent dyes.  Test hybridizations are being performed to
enable us to determine threshold differences for use in genomic comparisons.  Images of array spots were collected as 16 bit
Tiff files by scanning washed slides using the GenePix 4000B laser Scanner (Axon Instruments, Union City, CA).  The
GenePix Pro 4.1 software program will be used for data collection to analyze the 16 bit Tiff files and for measuring signal
intensities for each.  The value for spot intensity will be normalized by subtracting the respective background intensity for
each spot from the initial intensity.
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Figure 1. Combined images from four 70mer-oligo test arrays representing 8 ORFs.  Each Slide (S1 – S4) was hybridized
separately with cy3-labelled sheared DNA and a representative section of the resulting image was used for this figure.  Oligos
were spotted as in Table 1.  N, negative control; b, buffer; 1, oligo concentration is 40 nM/ml; 2, 35 nM/ml; 3, 30 nM/ml; 4,
25 nM/ml; 5, 25 nM/ml; 6, 20 nM/ml; 6, 15 nM/ml; 7, 10 nM/ml; 8, 5 nM/ml; 9, 5 nM/ml.  S1 and S2, epoxy-silane slides by
Schott (Elmsford, NY; S3 and S4, by Telechem (ArrayIt™ Division, Sunnyvale CA).  S1 and S3, hybridized with Xf
‘Temecula’ DNA; S2 and S4, hybridized with Xf ‘Ann1’ DNA.

Table 2: List of ORFs used in the Test Array in Fig 1.

Block ORF Function
1A 282 Hypothetical
1B 595 Hypothetical
2A 818 Hypothetical
2B 1812 Hypothetical
3A 2159 Hypothetical
3B 2255 Hypothetical
4A 2461 Hypothetical
4B 2696 Hypothetical

Upon completion of objective 1 putative grape-specific virulence genes will be identified for the mutagenicity experiment.
To test the pathogenicity of the mutants, we will needle-inoculate grapes with the mutants and wild type Xf strains and check
for pathogenicity.  We will also examine the mutant cells (i.e. deficient in the unique genes to the grape strain) under
scanning electron microscope (SEM) to determine their morphology in vitro and their behavior in planta.  Future research to
characterize virulence of these genes in various hosts has been proposed.

CONCLUSIONS
We have now completed the extensive process of identifying unique oligonucleotides suitable for use in the DNA microarray
as well as determining the conditions for hybridization. The actual process of DNA-DNA hybridization on the
oligonucleotide arrays should proceed quickly and we should soon have a list of genes unique to grape strains of Xf. Since
we have already observed differences between strains of Xylella fastidiosa using amplified fragment length polymorphism
(Feil et al, unpublished) and via cross-inoculation experiments we expect that such unique genes will be found and be
predictive of host range and/or virulence. We expect that our analyses using this method comparing the grape strain to many
other strains non-virulent to grape will provide a robust and complete set of unique genes to the grape strain of Xf. We have
the oligos to print no fewer then 5,000 slides depending on the final concentration of the oligos and the number of slides
printed during each printing.  These slides represent the whole genome of Xf and should be invaluable to other scientists also
interested in strain comparisons or gene expression analysis studies.  The information gathered by this study can also be used
to produce specific DNA markers for differential detection of Xf strains such as by PCR.
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ABSTRACT

INTRODUCTION
The ability to identify accurately and track the strains of an important infectious agent causing a plant disease is fundamental
to its surveillance and management.  It is also fundamental to the recognition of future changes in strains of the disease that
result from 1) the invasion of exotic strains or 2) the recombination and evolution of known strains, including recombination
with native strains that are as yet unrecognized.  Unambiguous identification of Xylella fastidiosa (Wells) (Xf) strains and
clones is of vital importance in understanding 1) the epidemiology of this bacterium, 2) the relationships between the
different Xf strains and their host plant species, and 3) the geographic distribution of the “ancestral” strains in California. In
the case of Xf, this is all the more critical because the introduction of the Glassy winged Sharpshooter, Homalodisca
coagulata (Say) (GWSS), has changed the population dynamics, epidemiology, and the potential virulence trajectory of these
bacterial pathogens.  GWSS allows for frequent transmission between hosts not normally or as frequently visited by the
native Xf vectors.  GWSS adults feed on a wide variety of plants, and they are known to acquire multiple strains of the Xf
(Costa et al. 2003).  This observation takes on added significance when it is combined with the recent research findings of
several recombination events between different host strains (Nunney et al. 2003, Scally et al. In Prep).  Thus, the emergence
of new strains that can infect new hosts or become more virulent on their traditional hosts is to be expected.  To this, we can
add two additional concerns.  First, the identified strains in California consist of only those that are associated with a
syndrome in an agricultural or ornamental host plant. We do not know how many asymptomatic indigenous strains exist in
California, especially in native or naturalized alien plants because they have not, as yet, given rise to a recognizable
syndrome.  Second, the possibility of invasions by novel strains from other parts of the Americas cannot be ignored.

Therefore, it is critically important that we characterize the diversity of X. fastidiosa strains present in California especially
those presumed to be the ancestral strains, i.e., those in native and naturalized alien plant hosts as a benchmark.  This
information is essential for fully understanding the potential for recombination and the generation of new strains.

In both central and northern California, the incidence of Xf in commercial vineyards is associated with the occurrence of the
blue green sharpshooter (BGSS), Graphocephala atropunctata (Signoret) (Freitag 1951, Purcell 1975, 1976).  BGSS inhabits
riparian areas and has been documented as feeding on at least 16 riparian host species sequentially through the season
(Purcell 1976).  However, the principal species on which it feeds are the native grape, Vitis spp., blackberry, Rubus spp.,
Elderberry, Sambucus spp., stinging nettle, Urtica spp., Mugwort, Artemesia douglasiana, and cocklebur, Xanthium
strumarium (Purcell 1976).

These species occur in riparian habitats both in northern (Purcell 1975, 1976, Purcell and Saunders 1999) and southern
California (Hickman 1993, B. Boyd and M. Hoddle pers. comm.).  Inoculations of these species with PD Xf-infected BGSS
in a controlled experiment showed that the inoculated plants maintained populations of Xf (Purcell and Saunders 1999).  A
similar inoculation experiment showed that Xf overwintered in a subset of these plants (Purcell and Saunders 1999) but they
mostly manifested asymptomatic infections that were only detectible by culturing.  It is highly likely that other nonculturable,
asymptomatic forms exist in these and other plants as well (Cooksey and Costa 2003, Costa et al. In Prep).

These riparian habitats harbor Xf which is spread from them to cultivated grapes by infected BGSS as they move from the
riparian vegetation in late spring - early summer into the vineyards and plant communities adjacent to the riparian areas
(Purcell 1975).  Presumably GWSS acquires the inoculum from the infected plants in these areas, yet we know precious little
of the variety of strains that reside in these riparian habitats. It is these ancestral strains that we seek to characterize and to
associate with their host plant species and geographic locations.  This information underpins the work on strain diversity and
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the likely evolution of new, perhaps more virulent strains.  It also is important in cataloging the strains in California so that
the invasion of new stains can be detected.

OBJECTIVES
1. Collect Xylella fastidiosa samples from a diversity of native and naturalized alien plants in and around the riparian zones

in southern and central California.
2. Collect Xylella fastidiosa samples from a diversity of adult sharpshooters: Homalodisca coagulata (Say) and

Homalodisca liturata Fowler,
3. Characterize the Xylella strains that are recovered using multilocus sequence typing (MLST) and,
4. Determine the associations between specific X. fastidiosa strains, their plant hosts, and their geographic distributions.
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ABSTRACT
We have developed a robust phylogeny of the North American isolates of Xylella fastidiosa based on 10 genes (9288 base
pairs). This supports the recent division of X. fastidiosa into subspecies (piercei and multiplex in N. America), however, we
found 1 additional distinct taxon. The oleander isolates form a distinct group (provisionally named sandyi) that separated
from the Pierce’s disease group (piercei) long before European settlement of N. America, probably substantially more than
20,000 years ago. We used the phylogenetic tree to confirm the effectiveness of multilocus sequence typing (MLST) in
identifying the subspecies and (within subspecies multiplex) plant-host isolates. MLST involves sequencing at least 7 genes
from pure cultures. We have also developed a simpler method that distinguishes the major groups using restriction enzymes.
This method has the advantage of working on mixed cultures and requiring only 3 PCR reactions. Our sequencing has
confirmed that X. fastidiosa is largely clonal, and that within the piercei and sandyi groups there is very little genetic
variability or geographical substructure. This pattern is particularly notable given the age of these groups and suggests the
action of strong natural selection favoring specific clones. Finally, we found 4 (1.6%) examples of interstrain recombination,
and the clustering of 3 in each of 2 isolates suggests that recombination may drive the rapid evolution of new pathotypes.

INTRODUCTION
We are utilizing the extraordinary power of genomic research to investigate aspects of Xylella fastidiosa’s evolutionary
history. This history provides information essential for controlling and solving the problem of Pierce’s disease. At a
minimum, it provides an understanding of the origin of the Pierce's disease (PD) strain of X. fastidiosa, and the relationship
of the PD strain to other isolates of X. fastidiosa. Knowing the level of variability within the PD strain provides important
information regarding the nature of these bacteria. Low variability would suggest that the PD strain is subject to significant
constraints that may make controlling the pathogen simpler. On the other hand, evidence of high variability and high levels of
recombination would suggest that the rapid evolution of resistance to control measures could be a severe problem.

A high priority is to place the PD strain within a robust phylogeny, extending earlier work defining the interrelationships of
the plant-host strains of Xylella fastidiosa (e.g. see Hendson et al. 2001). Schaad et al. (2004) have recently named the PD
strain as subspecies piercei, based on DNA hybridization. They identified two N. American subspecies (piercei and
multiplex). It is important to determine if that taxonomy is sufficient to describe all N. American isolates.

Given a robust phylogeny, genomic data can be used to develop effective methods for identifying host strains, using either
simple assays (e.g. restriction enzymes) or more sophisticated methods.  MLST (multiple locus sequence typing) (Maiden et
al 1998) is a valuable technique for identifying bacterial strains. Unambiguous identification of strains is of considerable
importance for understanding the epidemiology of Pierce’s disease and the other plant diseases caused by this bacterium.
Previously, this has been approached using a variety of DNA based methods (Banks et al. 1999; Hendson et al. 2001;
Rodrigues et al. 2003; Meinhardt et al. 2003;); however, an effective methodology for identifying the plant-host strains,
including when they are mixed together, has yet to be developed.

The bacterium X. fastidiosa is generally assumed to be clonal. However, virally-mediated horizontal transfer of genes must
occur given the presence of unique regions of DNA in the different host strains (Van Sluys et al. 2003). The possibility of
direct inter-strain genetic transfer is more difficult to detect, but needs to be investigated. If such transfer does occur, it could
lead to the very rapid evolution of novel pathogenic forms.  Studying the details of sequence evolution across many genes
provides information on the past occurrence of such events and hence their future likelihood.
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OBJECTIVES
During the last year we have focussed on the following objectives:
1. Develop a systematic multigenic method for identifying host strains of X. fastidiosa. Our objective is to develop a

method that unambiguously identifies the known host strains, and that allows an efficient recognition of the invasion of
new strains.

2. Measurement of clonal variation within host strains. Our objective is to assess within-strain genetic variability and
geographical substructure at our target gene loci. From this we can infer the probable importance of plant-host
adaptation.

3. Estimate the frequency of recombination. Our objective is to look for evidence of both within- and between-strain
genetic transfer. Genetic transfer can dramatically increase the rate of evolution, and potentially can increase the rate at
which new –more virulent- host strains arise.

RESULTS
Objective 1: Develop a Systematic Multigenic Method for Identifying Host Strains of X. fastidiosa.
To create a statistically robust phylogeny of the host-plant strains of X. fastidiosa, we sequenced 10 genes (9288 bp) from
each of 25 isolates, and 7 genes from 1 additional isolate.  The results are shown in Figure 1 using the S. American CVC
strain as the outgroup. The tree shows three well-defined clades that are supported 100% by bootstrap procedures. Two of
these clades correspond to the recently named subspecies piercei and multiplex (Schaad et al 2004). Subsp. piercei includes
all Pierce’s disease isolates. Subsp. multiplex includes a set of isolates from almond plus isolates from a range of host plants
from the eastern US (oak, peach, and plum). The third clade contains only isolates from oleander. It is most closely related to
subsp. piercei, but shows a high degree of differentiation from that subspecies (2.6% at synonymous sites). In addition,
bacteria from these two groups cannot infect each other's major host plant (oleander vs. grapevine) and based on the lack of
intermediates, we conclude that the oleander clade constitutes a third N. American subspecies that we have tentatively named
sandyi (Scheunzel et al 2004).

To begin to understand the evolution of the pathogenicity of the plant-host strains of X. fastidiosa, it is important that we
have a good estimate of the age of these clades. In particular, since this species of bacteria appears to be restricted to the

Figure 1. Phylogenetic relationships among 26 N.
American isolates of X. fastidiosa from 6 species of
host plant, using CVC (from S. America) as the
outgroup. The maximum likelihood tree is based on
10 genes except PLS26, which was positioned in the
tree based on the sequence of 7 genes. Isolates were
from grapevine (PD), almond (ALS), oleander (OLS),
oak (OAK), peach (PP), and plum (PLS).

Figure 2. Phylogenetic estimates of the divergence
times of the groups of X. fastidiosa based on the rate of
synonymous substitution within each branch of the
maximum likelihood tree.
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Americas and since most of the plant hosts exhibiting disease symptoms are introduced species, we need to know if these
three N. American clades pre-date European colonization.  We estimated divergence dates based on the rate of synonymous
substitution.  Assuming that such substitutions are generally neutral and driven by genetic drift, then we have that the time of
origin T (in years) of a given clade is T = K/(nu), where K is the number of synonymous substitutions per site in a given
branch, u is the mutation rate per generation, and n is the number of generations per year. We used u=5.4x10-10 (the E. coli
rate, see Drake et al 1998) and n=1000, corresponding to a long-term division rate of once every 9hrs. The generation time of
X. fastidiosa has been estimated at between 9 and 60 hours (Wells et al 1987), so our assumption is conservative (reducing
T). The resulting estimates are shown in Figure 2. These estimates suggest that the three clades, piercei, multiplex, and
sandyi, have been distinct for at least 15,000 years, and possibly much longer.

It is notable that the estimated age of the multiplex clade is 3x less than the estimated age of the parallel piercei/sandyi group.
Since they are exactly the same age, the most likely explanation is that the generation time (in nature) of members of the
multiplex clade is about 3x longer (i.e. n is smaller in eqn 1).  Note that this effect is apparent both before and after the split
of piercei and sandyi, (20,000 yrs plus 24,000 yrs compared to the multiplex total of 14,700 yrs), and that the rate within the
piercei and sandyi clades is extremely similar (24,600 vs. 23,300).

Figure 3. Restriction digests following amplification of single genes from pure-strain DNA, or from a 9:1 mix of the DNA
of two strains.

We have shown that the MLST approach of Maiden et al (1998) can be used to document both the differences among the
three major groups, and the differences among the plant-host isolates of subsp. multiplex (data not shown).  The strength of
this approach is that MLST data are unambiguous, can be held on a central database, and can be queried through the Web.

Using three of the target genes, we developed a PCR/restriction enzyme essay that separates the major groups of X.
fastidiosa.  We have shown that this method can be used to identify strains from mixtures of DNA (figure 3).

Objective 2: Measurement of Clonal Variation Within Host Strains
It is clear from Figure 1 that there is very little variability within the three clades. Furthermore, we found no evidence of
geographical substructure.  Using Kst (which measures genetic differentiation between populations relative to within
populations) we found no differentiation between 2 northern California isolates of piercei (PD4,6; see fig. 1) vs. 6 southern
California isolates (PD1,7,10,14, ALS5,11) (Kst = 0.00 ns), or between three northern California almond (non-piercei)
isolates (ALS3,15,22) and 2 southern California isolates (ALS 12,13) (Kst = -0.26 ns). Over a longer distance, the piercei
isolate from Florida (PD16) and the sandyi isolate from Texas (OLS8) showed no marked difference from the remaining
isolates in their respective clades (all from California). The lack of intra-clade variability results in a phylogeny with long
basal branches leading to very short terminal branches.  This pattern suggests that the strains experience strong selective
pressures from their host plants, eliminating all but the best-adapted clones.

Objective 3: Estimate the Frequency of Recombination
Given the low level of clade variability, the isolates exhibiting inter-strain recombination at one or more of the 10 sequenced
loci can be seen quite clearly from fig. 1.  They are PD14 (1 recombination), and ALS 12, 22 (recombination in 3 genes). The
sites of the recombination can be seen clearly by aligning the sequences. Thus from 257 gene sequences we found 4
independent recombination events, i.e. 1.6%. It is notable that ALS 12 and ALS 22 were isolated in California from almond
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trees more than 200 miles apart (Temecula and San Joaquin), but they exhibit the same 3 recombinant events. These isolates
may represent the evolution of a new pathotype through recombination.

The source of the recombinant DNA could be determined by its sequence identity with the gene from a different strain. This
identity suggests that these genetic transfers occurred relatively recently. Thus PD14 incorporated DNA from a multiplex
ALS-type bacterium in its cysG gene.

CONCLUSIONS.
1. There are 3 clades of X. fastidiosa within N. America, corresponding to subsp. piercei and multiplex, and the newly

named taxon sandyi that causes oleander leaf scorch.
2. The 3 clades originated at least 15,000 years ago. This guarantees that the clades could not have developed in response to

host plants introduced by Europeans, e.g. oleander.
3. Isolates from the same clade showed very few genetic differences, and we found no evidence of geographical genetic

structure within the piercei or sandyi clades. This limited variability within very old taxa suggests strong selection,
possibly driven by host-plant adaptation.

4. Multi-locus sequence typing (MLST) is effective at identifying the three clades, and the plant-host strains within the
multiplex group.

5. We can detect mixtures of the 3 main types of X. fastidiosa using 3 genes subject to restriction digests.
6. We observed 4 examples of recombination in a sample of 257 genes.  Three of these recombinations were found

replicated in two isolates. This highly non-random distribution is consistent with the possibility that new recombinant
forms can rapidly generate novel pathotypes.
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ABSTRACT
We have begun work on the effects of chemical and physical factors, including type of media, pH, media volume, and vessel
on the in vitro survival, growth and substrate-attachment of a wild-type and mutant strain of Xylella fastidiosa (Xf). The
volume of media in which Xf is incubated appears to override the importance of other variables, including any strain
differences. Xf populations incubated in small (200uL) volumes died within 24 h in 50% of assays, but fared better as
volumes increased.  Preliminary results suggest that attachment to the incubation vessel is greater for wild-type compared to
an rpfF mutant that does not produce a cell-cell signaling factor.

INTRODUCTION
Under natural conditions, Xf attaches to and colonizes the foregut of its leafhopper vectors and the xylem vessels of its plant
hosts, creating aggregations of cells attached to their host substrates and surrounded by a polysaccharide matrix, forming a
biofilm.  Some progress has been made in identifying Xf genes responsible for particular colonizing behaviors, and the use of
mutants that disable particular functions (e.g. Newman et al. 2004, Feil et al. 2003) is an invaluable aid to studies of
transmission and disease.  However, much remains to be learned about what environmental factors (of plant or insect origin)
affect colonization; and about how such environmental factors interact with bacterial genetic factors to promote or prevent
acquisition, retention and delivery of Xf by the vector.

The uptake of Xf cells by the insect and subsequent detachment of Xf as insects probe xylem tissue are essential for vector
transmission.  These simple requirements, however, belie the more complicated picture that emerges from experimental data.
For example, Xf added to xylem sap in artificial diets were taken up but not subsequently transmitted to plants by the vector
(Davis et al. 1978, Almeida and Purcell, unpublished).  In addition, Xf rpfF mutants, which were unable to produce a cell-cell
signaling factor (DSF, diffusible signal factor), were acquired by vectors; but they were not retained and were not transmitted
to plants (Newman et al. 2004).  Although other studies have shown that Xf could be transmitted within an hour of vector
acquisition from plants (Severin 1949, Purcell and Finlay 1979), before anything like a biofilm could form in the foregut, the
foregoing data suggest that some rudimentary level of attachment may be necessary for short-term transmission; and that
retention, and by implication, colonization and biofilm formation, may be necessary for longer-term ability to transmit.
However, the actual role of aggregation/attachment/colonization in the transmission of Xf is still largely unknown.

It is clear that both genetic and environmental factors affect colonization of Xf in vitro, as well as in insects and plants.
Experiments with site-specific mutants of Xf have yielded insights into the control of aggregation/attachment/colonization
phenomena, though not always in completely unambiguous ways.  For example, the Xf DSF-deficient mutant formed
biofilms and caused severe disease in mechanically inoculated plants, in spite of its inability to colonize the insect foregut
(Newman et al. 2004).  Cell-cell signaling, therefore, apparently plays different roles in Xf colonization behaviors in insects
and plants.  In the plant pathogen Xanthamonas campestris, DSF triggered dispersion of cell aggregates in vitro, and was
suggested to promote virulence to plants (Dow et al. 2003).  Mutants in two other Xf genes involved in formation of bacterial
fimbriae that aid in attachment, fimA and fimF, showed reduced aggregation in vitro, but were insect transmissible, and
caused disease in grapevines (Feil et al. 2003, Feil and Purcell, unpublished).

In both the plant and the vector, environmental factors that putatively affect attachment or detachment would include
chemical makeup of sap from which Xf cells are acquired; the substrate colonized (insect foregut, xylem vessels); and
movement of sap through the xylem or foregut.  Media composition has a reportedly major effect on aggregation and biofilm
formation of Xf (Leite et al. 2004).  It is likely that substrate surface characteristics are also important, by analogy with
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colonization and biofilm formation of other bacteria living in fluid environments (e.g., Arnold 1999, Korber et al. 1997), and
attachment of Xf cells to inert surfaces was, in fact, dependent on surface chemistry (Hoch and Burr 2003).

Both the genetic and environmental factors that affect attachment or detachment of Xf are amenable to experimentation.
Availability of the mutants discussed above has been and will continue to be important in allowing researchers, to expand our
understanding of the role of particular colonization behaviors in transmission and virulence by using new mutants.  Relevant
environmental factors can be experimentally manipulated by the use of artificial diets for Xf acquisition by vectors; excised
native and artificial substrates for Xf colonization; and fluidic chambers to regulate flow of medium over those substrates.

OBJECTIVES
1. Determine whether vector retention (and subsequent delivery) of Xylella fastidiosa is related to the chemical and physical

environment from which the bacteria are grown or acquired.
2. Investigate how X. fastidiosa cells attach (and detach) to specific foregut regions of sharpshooter vectors. NB: this

objective is similar to one proposed from the Hoch/Burr labs with which we propose to collaborate.

RESULTS
We have begun to address our first objective by measuring in vitro survival and growth of wild type Xf (Temecula strain) in a
variety of media, at different pHs, and in different volumes of media.  The media we have used to date are: xylem sap; XfD2,
a defined minimal medium developed in this lab (Almeida et al. 2004); and two standard media used for growing Xf, PW
(Davis et al. 1981a) and PD3 (Davis et al. 1981b).  Media pH ranged from 5.2 to 8.0, and volumes varied from 100uL to 30
mL.  In all cases, media were inoculated with a 10% by volume of Xf suspension of approximately 106-107 cfu/mL, and
samples from each were plated 6-8, 24, 48 and up to 172 h after inoculation.  In one assay, media were incubated under
lowered oxygen tension.  We have also begun to look at a second Xf strain, the rpfF mutant KLN 61 (Newman et al. 2004).

To date, clear effects of most variables have been undetectable due to inconsistent results even in our controls.  The volume
of media in which Xf are incubated during the assays appears to override the importance of other variables, including any
strain differences.  For example, control Xf in only four out of 12 assays using media volumes of 100 to 200uL survived to 24
h; in 2 mL volumes, three of six control populations survived to 24 h; and in 30mL volumes, all (6/6) control populations
survived to 24 h and beyond.

Even in assays in which Xf survived, most populations did not grow over 48 hours or more.  In all assays so far we have used
Xf grown from stock on solid media for 1- to 2-weeks, to inoculate the various test media.  We have begun to inoculate liquid
broth as well, which we will use to subsequently inoculate test media after 5 days of incubation to utilize log-phase cells
already growing in liquid (Campanharo et al. 2003).

Preliminary results comparing attachment of two Xf strains grown in three media are shown in Table 1.  Using a crystal violet
assay adapted from Espinosa-Urgel (2000), we compared the relative amounts of the wild-type strain Temecula and the rpfF
mutant KLN 61 adhering to vessels in which they had been incubated (live Xf were not recovered from these media after 24
h, except for strain Temecula in PW, which survived to 172 hours).  These results are not yet conclusive and have not been
replicated, but show an interesting trend for reduced attachment of the mutant strain, and maximum attachment of the wild-
type strain in xylem compared to artificial media.

Table 1. OD600 of crystal violet solution eluted from rinsed wells containing Xf of wild type
Temecula or rpfF mutant KLN 61grown in indicated media. n=4 for each strain in each
medium. (Calculated by subtracting mean absorbance in each medium from OD of control
medium without Xf).

Mean OD600
Media Temecula KLN 61
xylem 0.031 0.010
XfD2 0.021 0.018
PW 0.015 0.008

For our second objective, our plan is to collaborate with the Hoch/Burr labs at Cornell to develop a method for assessing
bacterial attachment to vector mouthparts.  Together we will examine temporal aspects of cell attachment and colonization
under these more realistic conditions of moving fluids through/over sharpshooter mouthparts, using dissected foregut regions
placed in microfluidic (flow chamber) devices.  In addition, artificial channels that mimic the relevant internal portions of
vector mouthparts in flow devices (to be designed at Cornell) will be used to evaluate the effects of high velocity flow
conditions on Xf cell attachment.  We can provide bacteria-free insects and dissected mouthparts to the Cornell labs and test
at Berkeley flow devices developed at Cornell.  We have previously found that Xf colonizes specific regions of the
precibarium of insect vectors after bacterial acquisition from infected grapes.  This objective addresses our interest in
developing an in vitro assay to better understand the mechanisms for such site-specific attachment and colonization.
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CONCLUSIONS
Our overall objective is to understand the role of “colonization” phenomena in acquisition, retention and delivery of Xf by
vectors.  By manipulating the in vitro environment in which wild type Xf is cultured, and subsequently presented for
acquisition by leafhopper vectors, we hope to understand what factors promote colonization of insect foreguts, and delivery
to plants.  The use of Xf mutants with impaired or enhanced ability to perform some part of the colonizing behavior will be
important to understanding the interaction between environment and bacterial behavior affecting vector retention and
delivery.  Interfering with vector acquisition and inoculation (reducing or avoiding vector populations) are currently the
major control methods for Pierce’s disease in California.  Our findings may reveal currently unanticipated ways of interfering
with vector transmission and elucidate features of Xf biofilms applicable to this bacterium in plants.
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ABSTRACT
Blue-green sharpshooters (BGSS) that had long acquisition access periods (4 days) feeding on grapes with Pierce’s disease
symptoms, followed by a week on test plants consistently had monolayers of cells of Xylella fastidiosa (Xf) in the
precibarium, the narrow channel leading from the junction of the stylet mouthparts with the head to the entrance of the
cibarium (sucking pump).  BGSS given short acquisition and inoculation periods that transmitted Xf to test plants also had
small colonies or isolated attached cells of the bacterium in the precibarium.  Our findings are consistent with the hypothesis
that Xf must be present in this small area of the sharpshooter foregut and also consistent with reports that small numbers of Xf
cells in this area are adequate for efficient transmission.  These results also suggest that the back-flow of ingested sap from
sharpshooters does not have to be a large volume to enable vector transmission.

INTRODUCTION
Xylella fastidiosa (Xf) occurs on the foregut (“inner mouth”) surfaces of vectors; but the importance of precisely what part or
parts of the cibarium are critical for vector transmission of Xf is not clear (Purcell et al. 1979).  The foregut is formed as an
in-folding of the outer body wall.  As such, the foregut is lined with cuticle that is shed when the insect molts.  Because
molting interrupts vector transmission and there is no delay between acquisition and inoculation of Xf by vectors (Purcell and
Finlay 1979), the foregut is considered to be the site from which Xf is transmitted by vectors.  The needle-like mouthparts
(formed by modified mandibles and maxillae) of sharpshooters transport plant sap to the pharynx, which is formed by the
“upper” (epi-) and “lower” (hypo-) parts of the anterior head.  The epipharynx and hypopharynx contain narrow grooves that
come together to form the precibarium, a circular canal leading to a pump chamber (cibarium or cibarial pump) within the
head.  A muscle-powered, flexible diaphragm pumps ingested fluid to the gut via a tubular, flexible esophagus.  A muscle-
powered valve in the precibarium (the precibarial valve) can prevent the backflow of fluid from the pump to the mouthparts
while the pump chamber is contracting to move fluid to the gut.  Considering the function and position of the precibarial
valve, Xf cells in the pump chamber would have to detach and move through the precibarium and the food canal of the stylets
to be inoculated into plants.  The correlation between the occurrences of Xf at the entrance of the cibarial sucking pump with
its transmission to plants was not consistent, as some insects that transmitted did not have visible bacteria in this location
(Purcell et al. 1979).  The numbers of viable Xf cells was not well correlated to transmission efficiency, as many transmitting
sharpshooters had few or no detectable (cultivable on artificial medium) Xf within their heads (Hill and Purcell 1995).  Later,
it was demonstrated that Xf also occurs on the precibarium of other sharpshooters (Brlansky et al. 1983), where Xf occurs
distally and proximally to the valve in the precibarium but did not correlate the abundance or presence of Xf or its location in
the insect foregut with transmission to plants.  We investigated the correlation between the presence of Xf attached to the
precibarium and transmission of the bacterium to grape by an efficient sharpshooter vector.

The blue-green sharpshooter (BGSS, Graphocephala atropunctata [Signoret]) is the most important vector of X. fastidiosa in
Coastal California (Redak et al. 2004) and is an efficient vector when compared to other sharpshooters (Almeida and Purcell
2003, Purcell and Finlay 1979, Severin 1949).  It is so far the most studied vector of X. fastidiosa in relation to transmission
biology.  For these reasons, we used G. atropunctata to study the spatial distribution of X. fastidiosa on the precibarium of
infective sharpshooter vectors and its transmission to plants after short and long incubation periods using scanning electron
microscopy (SEM).  We previously reported that Xf had colonized the precibaria of all BGSS after by 10 or more days after
acquiring Xf from plants.  Because BGSS can efficiently transmit Xf even after a short period following acquisition (Hill and
Purcell 1995), we used SEM to inspect the precibaria with of transmitting BGSS for Xf after short (1 day) acquisition and
inoculation feeding periods.

OBJECTIVES
1. Determine the association of X. fastidiosa transmission and its location in the vector’s precibarium and cibarium.
2. Determine the effects of within-plant location on vector transmission efficiency.
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RESULTS
Objective 1. We conducted transmission experiments, labeled ‘A’ through ‘C’, as shown in Table 1. In ‘A’ we used long
acquisition access periods (AAP) and inoculation access periods (IAP) to increase Xf transmission efficiency. We also used a
long incubation period to allow bacterial colonization of the precibarium of vectors.  ‘B’ was similar to ‘A’ when the
incubation period is considered, but we reduced the AAP to 8 hours to determine if that had an effect on Xf distribution
patterns.  We also used 1 day AAP followed by a 1 day IAP without an incubation period (experiment ‘C’).  The objective
was to determine regions of initial bacterial attachment in the precibarium before thorough colonization of the canal occurred.
Table 1 summarizes these experiments, including results for insects with adequate head dissections but excluding other
individuals from the experiment.  After plant access periods, heads were prepared for microscopy and the test grape plants
kept for later diagnosis.  We tested grapes for Xf presence by visual symptoms and the culture method (Hill and Purcell
1995).  Standard SEM protocols were used for preparation of samples.  All individuals not adequately dissected for SEM
analysis were eliminated from the experiment.

We obtained very good correlation between presence of Xf cells in the precibarium of G. atropunctata and its transmission to
grape.  Only one insect identified as negative, in experiment ‘B’, transmitted to plants.  All other infected plants were
associated with insects in which Xf was observed.  When short incubation and acquisition access periods were used some
positive insects did not transmit Xf to plants, most likely due to the short IAP used.  This is consistent with the many
observations that not every infective sharpshooter will transmit at every opportunity.  The distribution of Xf in the
precibarium of vectors in experiments ‘A’ and ‘B’ was the same as described in a previous report (2003 PD/GWSS Research
Symposium).  The length of the AAP did not affect colonization, and 2 weeks seems to be enough time for cells to colonize
available surfaces of the precibarium.

Experiment ‘C’, with short AAP and IAP, provided information on the sites of initial bacterial attachment after acquisition.
In all cases Xf had not fully colonized the precibarium.  Most of the heads were colonized by few clusters of cells.  These
colonies were assumed to be located at sites of initial attachment on the precibarium by Xf. Figure 1 depicts representative
photomicrographs of small colonies of Xf attached to the precibarium; Figure 2 diagrams examples of Xf site observed on the
precibaria of 12 insects.  All insects that transmitted to plants had micro-colonies on the precibarium.  In those cases, cells
were found both nearby the valve as well as proximally to it, immediately before the cibarium. In one case cells were only
observed below (distally to) the valve entering the valve’s pit.

Objective 2. Objective two was completed last year.

Table 1. Summary of transmission experiments and their respective acquisition, incubation and inoculation periods.

Insect transfer sequence
Exp AAP Incubation IAP No. insects 1 Positive heads PD plants
A 4 days 7 days 4 days 10 7 7
B 8 hours 13 days 1 days 9 3 4
C 1 days 0 days 1 days 22 12 7

1 Includes only the number of insect heads that were adequately dissected for SEM analysis.

Figure 1. Clusters of Xf cells on the hypo- (left) and epi-(right) pharynx of two blue-green sharpshooters after 1 day
acquisition feeding and 1 day inoculation feeding (different individuals).  On both pharynges the colonies are limited to the
proximal section of the precibarium.  The clusters formed one micro-colony in the hypopharyngial precibarium (right); there
are two clusters of cells on the epipharynx.  Note matrix covering some of the cells on the left picture.
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CONCLUSIONS
Our findings are consistent with the hypothesis that Xf must be present in the precibarium, the narrow channel leading from
the junction of the mouthparts (needle-like stylets) with the head to the entrance of the cibarium (sucking pump), for
successful inoculation to occur.  It is also consistent with reports that small numbers of Xf cells are adequate for efficient
transmission.  This suggests that the back-flow of ingested sap from sharpshooters does not have to be a large volume to
enable vector transmission.
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ABSTRACT
The sharpshooter vector transmission of Xylella fastidiosa (Xf) to grape causes Pierce’s disease (PD).     Identification of
genes in Xf which are responsible for transmission is an essential step in understanding bacteria-vector interactions and may
shed light on biofilm formation by Xf.

The aim of this work is to understand the role of the genetic regulon of the rpf (regulation of pathogenicity factors) system in
Xf and its role in disease transmission.  In Xf, the rpf system likely regulates genes important for colonization of and
transmission by insect vectors.  The rpfF gene is one of the essential genes of the rpf cell-cell signaling system.
Transcriptional control regulates genes by cell-cell signaling. The rpfF gene codes for the enzyme that synthesises the
signaling molecule, DSF (diffusible signal factor).  This system regulates the expression of a host of genes that are as yet
unidentified in Xf. The rpf gene cluster of Xanthomonas campestris pathovar campestris is required for pathogenesis of this
bacterium to plants (Dow et al. 2000).

In a transmission experiment with the sharpshooter leafhopper Graphocephala atropunctata (BGSS), the Xf strain KLN61
(an rpfF knockout mutant) could not perform cell-cell signaling.  It was not retained by the insect vector and consequently
not transmitted to the plants (Newman, 2004).  When the Xf rpfF mutant strain was compared with Xf wild type, it showed to
be hypervirulent, non-transmissible, and lacked biofilm formation.  Because the spread of Pierce’s disease requires the
transmission by insects, this indicates that blocking bacterial transmission by insect vectors may be a strategy for controlling
PD.  However, this requires a better understanding the role of cell-cell signaling by Xf and its importance for transmission.

INTRODUCTION
This research study, during its first year, will focus on constructing mutant libraries.  By screening for mutations that
suppress the non-transmissible phenotype on the rpfF mutant, we will identify the genes involved in transmission using two
approaches.  The first approach is to restore transmissibility through mutagenesis by disrupting genes normally down-
regulated by DSF with a “disrupting transposon” (Figure 1).

Figure 1: Disrupting transposon mutagenesis to block gene function.

Disrupting tn.

Gene down-regulated by DSF
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In parallel, an “activating transposon” will be designed to activate transcription of genes normally up-regulated by DSF
(Figure 2).

Figure 2: Activating transposon mutagenesis to enhance gene function.

The activating transposon will contain a constitutive promoter that will activate transposition of genes downstream of its
insertion site (Newman, 2003).  This dual approach will increase the likelihood that we can obtain mutants with restored
transmission, and will give us information about those processes that are required for transmission, as well as those processes
that must be “turned off” for colonization and transmission to occur.  The library will be screened for disrupted gene mutants
and then for activated gene mutants.

The insect vectors used for the screen in this study will be GWSS and BGSS.  To screen for those mutations that restore
transmissibility to the rpfF mutant, the gene libraries will be injected into 10 healthy plants of Vitis vinifera cultivar Cabernet
Sauvignon.  The mutant library will be mechanically inoculated into the grape plants.  The plants will be kept in the
greenhouse and will be monitored periodically for the presence of PD symptoms.  Five plants will contain the disrupting
transposon mutagenesis libraries and the other five will contain the activating transposon mutagenesis libraries.  The source
plants will be kept in the greenhouse to allow the strain to reproduce and grow. Group of 100 BGSS, non infective for Xf will
be placed on the source plants to permit acquisition.  The insect vectors BGSS and Homalodisca coagulata (GWSS) will feed
on the plants containing the mutant collections.

Half of the vectors will be analyzed by bacterial culturing for the presence of Xf mutants 14 days after removal from infested
plants.  The bacteria recovered from these insects will represent mutants that have regained the ability to colonize insect
foreguts.  Strain KLN61 was only rarely recovered from insects at 7 days, and at 14 days it is expected that that number will
be reduced to zero.  This will be tested prior to the screen.

The other half of the vectors will be transferred to new healthy plants, and after 6 to 8 weeks, the plants will be cultured for
the presence of bacteria.  The bacteria recovered from those plants represent those mutants that have regained
transmissibility.

OBJECTIVES
1. Create a library of Xf mutants in the rpfF mutant background using a disrupting transposon mutagenesis to

block gene function.
2. Create a library of Xf mutants in the rpfF mutant background using an activating transposon mutagenesis to

enhance gene function.
3. Design and carry out a screen for mutations in Xf that restore transmissibility in the non-transmissible rpfF

mutant.
4. Identify the genes affected in the screen.  These will be genes that are important for transmission of Pierce’s

disease (PD) by insect vectors.

RESULTS AND CONCLUSIONS
Generating the mutant libraries is the main focus of the research during this first year.  We have constructed an rpfF
knockout by allelic exchange mutagenesis using a StrepRmarker carried on pKLN121 plasmid.  A total of 200 cfu
were yield after the transformation and transferred on new media plates containing a concentration of 100ug/ml
spectinomycin and 50ug/ml streptomycin as selective markers.  This new StrepR strain allows compatibility with the
transposome system, which confers KanR allowing us to proceed with the transposome-mediate mutagenesis
technique soon.  The transposome approach would permit us to rapidly construct a library of mutants in the rpfF
background.  It has been shown that transposome-mediated mutagenesis was successful in Kirkpatrick’s laboratory
when applied on Xf (Guilhabert et al, 2001).

To construct a mutant library in the rpfF mutant background gives an important advantage to this project.  A
secondary mutation on rpfF could short-circuit the need for rpfF in transmission, using other important genes
involved in the process and restore transmissibility of the mutant strain.

+++

Activating tn.

Gene up-regulated by DSF
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To determine what genes were affected that resulted in restored transmission, we will clone and sequence the DNA flanking
the transposon using standard protocols for determining genomic DNA sequence flanking insertion DNA.  The identity of
these genes may enable us to grasp key features of the bacterial mechanism driving transmission.  For example, we may find
that certain adhesins are required for attachment to the foregut if activating transposons near adhesin genes restore
transmissibility.
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ABSTRACT
We are studying the effect of host plant tolerance on insect vector acquisition of Xylella fastidiosa (Xf) from plants tolerant,
moderately susceptible, and highly susceptible to Xf infection.  We are observing Xf population and distribution in tolerant
and susceptible plants, and its relationship to xylem anatomy, symptom development, and bacterial acquisition by
sharpshooters.  Since host plant resistance is an important component in the long-term goal of curing PD, it is important to
know how resistant plants affect PD spread in areas permanently infested with sharpshooter vectors.  We also address the
short-term goal of controlling PD spread by comparing grape cultivars in their ability to provide inoculum for vine-to-vine
spread of Pierce’s disease.  Anatomical comparisons of three cultivars, Sylvaner’, ‘Cabernet Sauvignon’ and ‘Pinot Noir’
showed that all three varieties had similar numbers, lengths and distributions of vessels.  The only significant difference was
that tolerant ‘Sylvaner’ had ~ 20 % more rays than the more susceptible ‘Cabernet Sauvignon’ or ‘Pinot Noir’ (n = 25, P =
0.01) in canes of similar age, length and diameter.  In all four alternate hosts, morning glory (Ipomoea purpurea), mugwort
(Artemisia douglasiana), sunflower (Helianthus annuus) and annual bur-sage (Ambrosia acanthicarpa), the longest vessels
measured were less than 13 cm long, while in grapes the longest vessels averaged 62 cm.  Though alternate hosts had various
vascular morphologies and stem lengths, all had shorter vessels than grapes.  Blue-green sharpshooters failed to efficiently
inoculate wild-type Xf and green fluorescent protein-expressing (GFP) Xf into both grapes and alternate hosts; only one of 44
grapes inoculated with BGSS became infected.  In order to generate GFP-Xf infected plants for microscopy, we are
mechanically inoculating alternate hosts and grapes.  Ongoing work focuses on refining microscopic techniques to visualize
small numbers of Xf in plant stems, and generating large numbers of Xf infected grapevines to serve as new sources for
sharpshooter bacterial acquisition.

INTRODUCTION
Alternate hosts of Xf were selected for their different patterns of Xf colonization after vector inoculation, lack of stem
lignification, varying morphology, and absence of green autofluorescence under blue light.  In previous experiments, Xf-
carrying sharpshooters infected morning glory and sunflower more than 80% of the time. Xf spread systemically throughout
both plants and reached populations over 105 colony-forming units (CFU)/gram.  Quinoa and mugwort were less-frequently
infected (32% and 16%, respectively) by Xf and supported lower bacterial populations (103 CFU/g for quinoa, 106 CFU/g for
mugwort). Xf moved systemically to a limited extent in quinoa, but not in mugwort (8, 16). Grape cultivars with varying
tolerance to PD selected for evaluation are tolerant ‘Sylvaner’, moderately susceptible ‘Cabernet Sauvignon’ and highly
susceptible ‘Pinot Noir’ cultivars of Vitis vinifera (12, 13).  Both blue-green sharpshooters (BGSS) and glassy-winged
sharpshooters (GWSS) will be used to infect plants and assess the efficiency of insect acquisition of Xf (1, 7, 11).

We are using wild type and transformed isolates of Temecula Xf in our experiment.  The transformed isolate continually
expresses green fluorescent protein (GFP) when illuminated with blue light.  GFP-Xf was transmitted by blue-green
sharpshooters, retained typical virulence in grape, and allowed examination of plant tissues without the extensive fixation
required with electron microscopy.  With confocal microscopy, GFP-expressing Xf can be observed in small and large
colonies in vessels, and passing through bordered pits between vessels in symptomatic ‘Cabernet Sauvignon’ petioles (10).

Anatomical comparisons between alternate hosts and grape cultivars included measurements of vessel length and number,
and vascular bundle number and distribution based on the techniques of Tyson et al. (15), and Ewers and Fischer, modified to
infuse the pigment via 100kPa pressure applied to the proximal end of the cutting (5).  We evaluated primary vegetative
growth rather than secondary xylem due to the difficulties in sectioning, culturing from, and feeding BGSS on partially
lignified stems.  GFP-Xf inoculation and colonization of all plants will be measured similarly in all plants:  groups of four
GFP-Xf carrying sharpshooters inoculated a 3-cm stem section, and the plants were evaluated for the presence of GFP-Xf
approximately 8 weeks after inoculation.  Colonized vessels will be counted, and populations estimated by culture on PWG
media (2, 8).
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We will measure Xf acquisition by sharpshooters from the alternate hosts and grape cultivars after completing the anatomical
comparisons.  Insects will be caged on Xf inoculated sites for 4 days to acquire the bacteria, and then be placed on another
grape seedling for 2 days to determine their acquisition efficiency.  Immediately following sharpshooter feeding, the stem site
will be examined with confocal microscopy and tested with culture.  Three stem cross-sections and three 1-cm long
longitudinal sections per site will be sectioned and suspended in 50% glycerol on a depression slide.  When illuminated with
blue and ultraviolet light, both GFP-Xf and the individual vessels are visible, and it is possible to determine the proportion of
vessels colonized, the extent of bacterial colonization inside them, and the distribution of colonized bundles.  Bacterial
populations will be determined by culture from remaining plant material of the same site, and symptom development and
severity will be assessed.  Since acquisition efficiency has been related to bacterial populations (9), we must separate the
effects of bacterial distribution and proportion of colonized vessels from the effect of bacterial population.  The number of
plants we can evaluate via microscopy is a limiting factor.  A maximum of 90 observations per experiment will allow
examination of 5 inoculation sites for each of three species or cultivars, which should enable detection of a 20% difference in
Xf colonization (α = 0.05 and β = 0.10) (14).

OBJECTIVES
1. Describe the bacterial colonization of asymptomatic weed species and grape varieties of varying tolerance to Pierce’s

disease using an Xf strain that continuously expresses green fluorescent protein.
2. Determine the relationship between the pattern of colonization of a plant by Xylella fastidiosa (Xf) and the ability of that

plant to be a source for bacterial acquisition by sharpshooter vectors.

RESULTS
There were no differences in the total vessel number, the proportion of short vessels, or the longest vessels between resistant
and susceptible grape varieties between greenhouse-grown canes of similar length, age, and diameter.  The longest vessel
measured by paint infusion was 110 cm (Pinot Noir), although most vessels were less than 12 cm long in all cultivars (Figure
1).  Cane length had a small but significant influence on longest vessel (r2 = 0.20; P = 0.02, n = 27), but did not relate to the
number of very short vessels.  There was no relationship between stem length and vessel length in the other plants.

While more replication is needed, the longest vessel measured in any alternate host was 15 cm long (mugwort).  In
sunflower, 71% of vessels were less than 3 cm long.  Other species had a wider range of vessel lengths, with about half their
vessels less than 3 cm long (Figure 2).  Mugwort had roughly twice as many vessels (592, n = 3) at the stem base than
morning glory (217), quinoa (251) or sunflower (286) stems of comparable diameter and age.  Sunflower, mugwort and
quinoa all had vascular tissues in evenly distributed bundles wide interfasicular regions of parenchyma (4).  Annual morning
glory had large vessels distributed evenly along the cambium.

Table 1: Comparisons between canes of similar length, age, and diameter belonging to 3 grape cultivars.

Cultivar Total # vessels at base of
cane (SE)

% Vessels < 3 cm (SE) Longest vessel (SE) # Rays (SE)

Cabernet Sauvignon 515 (43) 21 (3) 53 cm  (5) 34 (1)
Pinot Noir 474 (27) 20 (3) 64 (9) 34 (2)
Sylvaner 514 (38) 18 (5) 69 (9) 40 (2)
one-way ANOVA (n = 27, P = 0.67 ) (n = 27 , P = 0.84 ) (n = 27, P = 0.35) (n = 27, P = .01)

Figure 1: Vessel length distribution in greenhouse-grown Pinot Noir (PN), Sylvaner (SYL) and Cabernet Sauvignon (CS).
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Figure 2: Vessel length distribution in greenhouse-grown annual morning glory, mugwort, quinoa and sunflower.

Blue-green sharpshooters failed to efficiently inoculate Xf into both grapes and alternate hosts in three separate attempts from
7/03 to 4/04; only one of 44 grapes became infected.  Though the Xf-infected source plants had fully developed symptoms
and were positive for Xf by culture, there may have been nutritional or physiological factors that prevented them from being
good sources of bacterial acquisition.  We are mechanically inoculating alternate hosts and grapes to generate GFP-Xf
infected plants for microscopy practice.  Because the distribution of Xf in an insect-inoculated stem is likely different from a
mechanically inoculated stem, we still plan to use insect-inoculated plants when we compare sharpshooter acquisition and
bacterial distribution in alternate host stems.  Ongoing work focuses on refining microscopic techniques to visualize small
numbers of Xf in alternate host stems, and generating large numbers of Xf-infected grapevines to serve as new sources for
sharpshooter bacterial acquisition.

CONCLUSIONS
Three things are required for the development of Pierce’s disease in grape:  the pathogen Xylella, a sharpshooter insect
vector, and a susceptible plant host.  We are systematically examining the interactions between plants and the pathogen, and
the role that host resistance plays in the ability of the vector to acquire Xf and spread Pierce’s disease.  The only significant
difference between grape varieties was that tolerant ‘Sylvaner’ had approximately 20% more rays per stem compared with
susceptible ‘Cabernet Sauvignon’ or ‘Pinot Noir’.  In grapes, rays are composed of dense parenchyma cells, without tracheids
or vessels, and separate the water-conducting xylem into longitudinal zones (3).  Perhaps this limits the lateral spread of Xf to
the zone it is originally inoculated into.  While additional work is needed, the vessels of other hosts were approximately 75%
shorter than vessels of grapes, limiting the passive spread of Xf via xylem sap movement, and are found in bundles separated
by parenchyma cells, which may also limit the lateral spread of Xf. Additionally, it is likely Xf movement between bordered
pits is an active process (10); anatomical and biochemical differences in pit structure may explain differences between
cultivar susceptibility to Xf.

In grapes, electron and confocal microscopy showed Xf densely packed in individual vessels, with adjacent vessels empty or
containing a few cells (10, 15).  Alternate hosts or tolerant grape cultivars with low overall populations may have just a few
vessels with bacteria, so acquisition would be highly variable and dependant upon sharpshooters encountering the few
colonized vessels while feeding.  In symptomatic grape petioles, 13% of vessels were colonized to some extent with GFP-Xf,
though only 2.1% of all vessels were completely blocked with bacteria (10).  Though is it not known how many probes a
sharpshooter makes in a given feeding session, glassy-winged sharpshooters can generate multiple salivary sheaths in one
insertion, adjacent to vessels and xylem parenchyma cells (6).  Sharpshooter acquisition of Xf increased along with bacterial
populations in infected grapes (9), and a similar positive relationship is expected if the proportion if colonized vessels
increases insect acquisition of Xylella.
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ABSTRACT
To better understand the impact of Xylella fastidiosa on the urban environment and the potential for ornamental hosts to serve
as reservoirs for agronomically important diseases caused by the bacteria, a survey project was initiated to document and
characterize strains of the bacteria harbored in landscape plants.  Targeted sampling of 122 landscape species either
symptomatic for bacterial scorch or testing positive for X. fastidiosa by ELISA in 2003 was performed.  Of the 830 samples,
321 tested positive by ELISA (representing 77 of the 122 species tested). X. fastidiosa was also detected in 23 species by
PCR-amplification using X. fastidiosa specific primers.  Twenty-seven isolates from 13 host species were obtained from
samples testing positive by ELISA.  Isolates from plants not previously reported as hosts in southern California urban
environments included mulberry, heavenly bamboo, magnolia, day lily, western redbud, jacaranda and peach.  Genetic
characterization of these isolates by 16S-23S rDNA sequencing distributed these isolates amongst previously characterized
strain groups:  almond leaf scorch (crape myrtle, ornamental plum, liquidambar, gingko, olive), Pierce’s disease (magnolia,
peach, western redbud), mulberry leaf scorch (mulberry, heavenly bamboo), and oleander leaf scorch (magnolia, jacaranda,
day lily).  The role of some X. fastidiosa strains in their ability to cause disease is presently being tested by fulfilling Koch’s
postulates in glasshouse experiments.  The data collected from this study strongly suggest that X. fastidiosa is causing a
number of scorch diseases in the urban landscape, and that strains of agronomic importance may be harbored in this
environment.

INTRODUCTION
Xylella fastidiosa (Xf) is a xylem-limited, insect-vectored, plant pathogen that can cause severe damage to a wide range of
host plants.  Diseases caused by this pathogen include Pierce’s disease of grapevine (PD), oleander leaf scorch (OLS) and
almond leaf scorch (ALS).  In 2003, a survey of landscape plants in five urban locations in southern California was initiated
to document the incidence of the Xf infection in landscape ornamental hosts and to characterize strains existing in these hosts
that may prove a threat to landscape ornamentals or crops of agronomic importance.  Two hundred twenty one samples
(29%) representing 48 species tested positive by ELISA.  Ten isolates of Xf were obtained from eight plant species (Fatsia
japonica, Ginkgo biloba, Lagerstroemia indica, Liquidambar styraciflua, Morus alba, Nandina domestica, Olea europea,
and Prunus cerasfiera) not previously described as hosts of X. fastidiosa in southern California.

Based upon the results of the first year, targeted sampling of host species testing positive by ELISA was performed primarily
in the Riverside and Redlands areas in order to obtain additional isolates for characterization.  To prove the role of Xf in
causing disease in previously identified hosts, test plants were inoculated in glasshouse experiments to fulfill Koch’s
postulates for these isolates, and to determine if they were able to cause disease in grapevine and oleander.

OBJECTIVES
1. Use laboratory methods to identify landscape host species that are infected with X. fastidiosa.
2. Secure isolates from these hosts to document infection and provide material for genetic characterization of the X.

fastidiosa strain(s) involved.
3. Genetically characterize the strains of pathogen in landscape plant species.
4. Confirm pathogenic infection through inoculation studies with specific isolates.
5. Test ability of new strains to infect agricultural crops including grape, olive, and almond.

RESULTS
Objective 1
In 2004, 830 samples from 122 landscape plant species were collected.  Sampling focused on plant species that were
symptomatic or had tested positive by ELISA in 2003 surveys. Three hundred twenty one samples (39%), tested positive by
ELISA.  At least one sample from 77 of the 122 species tested was positive by ELISA (63%). Attempts to isolate the
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pathogen from these positive samples yielded only a small number of isolates (see next section).  PCR testing (Minsavage
1994) was performed on a subset of the samples collected using a modification of the published methodology.  Briefly,
petioles and midveins from leaves were chopped in sterile water, tissues were allowed to sit in the water for several minutes
to allow for the release of Xf from the tissues and then DNA extracted from the water.  Results were greatly improved using
this method, and Xf was detected in 23 species tested (Table 1).  PCR testing of additional species testing positive by ELISA
is continuing on species from which isolates could not be obtained.

Table 1. ELISA, isolation and PCR results for 23 of 122 species tested for Xf.
Plant Name Common Name #Tested #ELISA(+)a Culture(+)b PCR(+)c

Albizia julibrissin Silk Tree 6 5 yes
Cercis occidentalis Western Redbud 4 3 yes yes
Ginkgo biloba Maidenhair Tree 15 6 yes yes
Hemerocallis Day Lily 9 5 yes yes
Jacaranda mimosifolia Jacaranda 49 24 yes yes
Juglans Walnut 2 2 no yes
Lagerstroemia indica Crape Myrtle 17 5 yes yes
Lavandula dentata Lavender 4 4 no yes
Ligustrum lucidum Glossy Privet 7 5 no yes
Liquidambar styraciflua Liquidambar 19 7 yes yes
Magnolia grandiflora Southern Magnolia 31 18 yes yes
Morus alba White Mulberry 3 2 yes yes
Nandina domestica Heavenly Bamboo 20 3 yes yes
Nerium oleander Oleander 3 3 yes yes
Olea europaea Olive 6 5 yes yes
Phoenix reclinata Senegal Date Palm 2 2 no yes
Prunus cerasifera Ornamental Plum 12 7 yes yes
Prunus dulcis Almond 3 3 yes yes
Prunus persica Peach 5 2 yes yes
Rosmarinus officinalis Rosemary 13 8 no yes
Vitis labrusca ‘Concord’ Concord Grape 2 2 yes yes
Vitis vinifera ‘Red Flame’ Red Flame Grape 2 2 yes yes
Vitis vinifera‘Thompson Seedless’ Thompson Seedless Grape 5 5 yes yes
a denotes number of samples testing positive using a commercial Xf-specific ELISA kit
b denotes if an Xf isolate was successfully obtained from at least one sample
c denotes if PCR-amplification using RST31/33 primers from plant tissue was successful for at least one sample

Objective 2
Twenty-seven isolates (from 13 host species) were obtained from samples testing positive by ELISA (Table 2).  Isolation of
the pathogen from samples, even those testing strongly positive from ELISA, was not always possible.  Briefly, samples were
washed in soapy water, soaked for 1 min in 70% ethanol, 1 min in 20% bleach, then triple rinsed in sdH2O.  Samples were
then sliced into 1-2 mm pieces and soaked in PBS.  Fifty microliters of the PBS buffer was then plated onto PW media with
or without the addition of 25 ppm of cycloheximide.  The failure to obtain isolates from all samples testing positive by
ELISA suggests that specific methodologies need to be determined for specific tissue types from different hosts as a general
isolation protocol may be inadvertently killing the pathogen, the pathogen may be highly irregularly distributed in host
tissues, or the commercially available ELISA kit may be generating a high number of false positives due to non-specific
interactions with host tissue.

Objective 3
Collected isolates were confirmed as being Xf by extraction of the DNA from the cultures using the Qiagen DNeasy Plant
Mini Kit (Qiagen, Valencia, CA) and subsequent PCR amplification with the RST31/33 primer pair.  Isolates were further
characterized by amplification and sequencing of the 16S-23S ribosomal DNA intergenic spacer region as described by
Hendson et al. 2001.  All the 16S-23S rDNA sequences were aligned using the clustalX program (Thompson et al., 1994) and
their relationship was analyzed with the PHYLIP program (Felsenstein, 1995) with the sequence of the Xanthomonas
vesicatoria (AY288080) as an outlying group (Figure 1).

Two strains isolated from mulberry (Morus024 and Morus012) showed 99.41% identity with the previously reported
mulberry-VA strain from the eastern U.S. (Huang and Sherald, 2004), while Nandina065, Morus059 and Morus063 showed a
100% of identity with the same strain.  For the two peach isolates, Peach018 showed 100% identity with previously reported
Pierce’s disease strains (AO5) while Peach018 showed a little less identity (99.41%), but both grouped with PD strains.  The
Cercis050 strain also grouped with PD strains (99.61% identity).  Strains isolated from Magnolia showed just 98.44 %
identity between them.  Since Magnolia038 was more closely related to Oleander leaf scorch (OLS) (99.02% identity) while
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Magnolia002 showed more identity (99.41%) to PD strains.  For isolates from Hemerocallis and Jacaranda, they showed
100% identity between them and showed to be more closely related to oleander strains (99.22%)
Gingko, olive, liquidambar and some ornamental plum strains showed to be closely related to the Dixon almond leaf scorch
strain (100% identity).  Some ornamental plum strains showed divergence amongst them (97.86% identity) and from ginkgo,
olive and liquidambar, but all of them grouped together with the Dixon strain.  Lastly, the strain isolated from a yet to be
identified host (nicknamed “negrito”) showed slight differences from the ornamental plum, liquidambar and olive isolates.
None of the isolates grouped with plum leaf scald, phony peach, oak leaf scorch group or with citrus variegated chlorosis and
coffee leaf scorch strains.

Table 2. Xf isolates collected in 2004 surveys.
Host Scientific name Common Name Isolate designation
Cercis occidentalis Western Redbud Cercis050
Hemerocallis Day Lily Hemerocallis034
Jacaranda mimosifolia Jacaranda Jacaranda028
Liquidambar styraciflua Liquidambar Liquidambar020
Magnolia grandiflora Magnolia Magnolia038
Magnolia grandiflora Magnolia Magnolia 002
Morus alba White Mulberry Morus012
Morus alba White Mulberry Morus024
Nerium oleander Oleander Oleander031
Nerium oleander Oleander Oleander028
Prunus cerasifera Ornamental Plum Pcerasifera057
Prunus cerasifera Ornamental Plum Pcerasifera086
Prunus cerasifera Ornamental Plum Pcerasifera047
Prunus cerasifera Ornamental Plum Pcerasifera052
Prunus cerasifera Ornamental Plum Pcerasifera053
Prunus dulcis Almond Almond036
Prunus persica Peach Peach018
Prunus persica Peach Peach.019
Unknown species 'negrito' Negrito005
Vitis labrusca 'Concord' Grape Grape153
Vitis labrusca 'Concord' Grape Grape154
Vitis vinifera 'Red Flame' Grape Grape155
Vitis vinifera 'Red Flame' Grape Grape156
Vitis vinifera 'Thompson Seedless' Grape Grape149
Vitis vinifera 'Thompson Seedless' Grape Grape150
Vitis vinifera 'Thompson Seedless' Grape Grape151
Vitis vinifera 'Thompson Seedless' Grape Grape152

Objectives 4 and 5
Eight characterized strains of Xf collected from the landscape in 2003, plus an oleander and a grape strain, were inoculated
into their host plants of origin in glasshouse assays.  Strains used were Almond276, Ginkgo, Lagestroemia02 (crape myrtle),
LiquidambarUI12 (liquidambar), Morus069 (mulberry), Nandina065, Olive AC12 , Pcerasifera076 (ornamental plum),
Riverside3 (oleander), GrapeA05.  These same eight strains were also used to inoculate grapevine and oleander.  Briefly,
isolates were grown on PW media for two weeks from which a suspension of 1 x 109 CFU in sterile phosphate buffer was
obtained.  Plants were needle inoculated on three to four sites per plant using the needle-stab technique described by Hill and
Purcell (1995).  Approximately 25 plants were used for the inoculation studies.  All plants were tested by ELISA prior to
inoculation to ensure that they were Xf free.  Starting approximately three months after inoculation, plants were ELISA tested
and attempts were made to isolate the pathogen from positive plants. Xf cultures have been obtained from some hosts testing
positive by ELISA and have been confirmed as Xf by PCR, namely those from mulberry inoculated with the Morus069
isolate.  Isolation and characterization studies from these test inoculations are currently underway for the rest of the test
plants and Xf isolates.

CONCLUSIONS
The results of the study do indicate that there are a number of landscape hosts that are harboring different strains of Xf in
southern California.  Of the new isolates characterized, it appears that new hosts have been identified for a number of strain
groups:  Pierce’s disease (magnolia, peach, western redbud), oleander leaf scorch (magnolia, jacaranda, day lily), mulberry
leaf scorch (heavenly bamboo), and almond leaf scorch (ornamental plum, crape myrtle, liquidambar, gingko, olive).
Inoculation tests appear to have confirmed the role of Xf in causing mulberry leaf scorch in California, while other tests await
completion.  It does appear that new methodologies will have to be developed to successfully obtain or test for Xf in a
number of ornamental plant species.  The role of Xf infections in landscape hosts does appear to have a significant impact on
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several species; however, additional studies must be completed to further elucidate the role of this pathogen in causing
widespread disease in the urban setting as well on crops of agronomic importance in California.
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Figure 1. Preliminary phylogenetic tree constructed using the neighbor joining method, based on 16S rDNA sequence data
for Xylella fastidiosa with the sequence of Xanthomonas vesicatoria (AF203392) as the outgroup.  The numbers above the
branches represent bootstrap values obtained for 100 replications. * Indicates isolates collected in 2003, ** indicates isolates
collected in 2004.
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INTRODUCTION
Current approaches to understanding the progression of Pierce’s disease are limited by the lack of genetic techniques that can
be used to study the biology of Xylella fastidiosa (Xf).  In particular, extrachromosomal elements, such as plasmids, having
long-term stability in Xf when grown in lab cultures or en planta, have not yet been satisfactorily developed.  We will
develop vectors that exhibit stable maintenance by Xf by adapting previously described genetic and microbiological
techniques.  Our particular research efforts will focus on taking advantage of a well-studied bacteriological phenomenon
called plasmid addiction (2, 4, 10).  The major mechanistic principle of plasmid addiction is that the plasmid carries a genetic
trait that the host bacterium requires for viability.  The trait does not affect the metabolic properties of the bacterium nor does
it affect reproduction.  However, loss of the plasmid-encoded trait is a lethal event, so by definition plasmid addiction ensures
vector stability.  In addition, we will systematically evaluate other genetic mechanisms for increasing plasmid stability
including multimer resolution and active partitioning systems.  Finally, we will examine the stability of each of the newly
developed vectors for Xf in vitro and en planta.  The results of this analysis will allow us to construct one or more stable
plasmid vectors that can be used by all researchers using genetic approaches to develop methods that limit Xf-related
diseases.

Xylella fastidiosa is a Gram-negative, endophytic bacterium, which is responsible for a number of economically important
plant diseases (for recent reviews, see (5, 7, 8)).  Diseases that are important to the California agricultural economy include
Pierce’s disease of grapevine, almond leaf scorch, alfalfa dwarf, and oleander leaf scorch.  Some strains of Xf, such as the
Pierce’s disease strains, have very wide host ranges and are capable of colonizing the xylem of widely divergent plant
species.  In many plant species, infection by Xf does not provoke symptoms or noticeable distress.  However, the colonization
of certain plants, such as grapevines, leads to the development of disease symptoms and of plant decline.  Although the
specific details of the disease process are not fully understood, it is known that Xf forms a biofilm within xylem vessels that
has a major impact on the movement of sap within the xylem tissue.  Disease symptoms seem to be dependent on the rate and
extent of colonization of the xylem tissue by Xf. Some of the symptoms observed in infected grapevines include leaf
marginal necrosis, severe leaf scorch, and dieback.

Another important aspect of the disease cycle involves the insect vector. Xf is transmitted from plant to plant by xylem-
feeding insects including the glassy-winged sharpshooter (5, 7, 8).  The insect vectors acquire the bacterium by feeding on
infected plants.  Since the Pierce’s disease strain can colonize numerous plant species, the source of inoculum can be infected
grapevines or symptomless plants present in the riparian habitats surrounding the vineyard.  In vectors showing the highest
transmission efficiencies, Xf is present as a polar biofilm in the insect foregut and is transmitted to uninfected plants during
subsequent feeding events.  In susceptible plants, efficient transmission of Xf occurs at low bacterial cell numbers (<100
cultivable cells per insect head).

Thus, an important feature of the Xf infectious cycle is the ability of this pathogen to colonize and interact with the xylem
tissue of plants and the foregut of insect vectors.  Successful colonization of these hosts is dependent on the ability of Xf to
subvert host defense networks and to acquire essential nutrients.  To better understand how Xf survives in and interacts with
its hosts, many research laboratories have been working to identify genes important for virulence and nutrient acquisition.
However, rapid progress in this area is affected by the lack of genetic and molecular tools necessary to investigate the
contribution of Xf genes to the infection process.  One extremely important tool that is needed to advance these studies is a
plasmid that is maintained by Xf throughout the infectious cycle. The goal of our project is to develop this type of plasmid.
Plasmid-addiction systems consist of a pair of genes that specify two components: a stable toxin and an unstable antidote (for
recent reviews, see (2, 4, 10).  When a bacterium looses the plasmid harboring one of these addiction systems, the cured cells
loose the ability to produce the unstable antidote and, as a result, the lethal effect of the stable toxin kills the bacterium.
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Thus, to remain alive each living bacterium in a sample must retain the plasmid to continue producing antidote.  We will test
the two different types of addiction modules that have been identified in bacteria.  The first type of addiction system consists
of a toxin that is encoded by a stable mRNA, but expression of the toxin is limited by the antidote, which is a small unstable
antisense RNA molecule that blocks mRNA translation.  The antisense mRNA antidote is produced as long as the plasmid is
retained.  Both the hok/sok system of plasmid R1 and the pnd locus of plasmid R483 utilize this mechanism of establishing
addiction.  Inclusion of the hok/sok system has been shown to successfully stabilize engineered plasmids in divergent species
of bacteria including Escherichia coli, Salmonella typhi, Pseudomonas putida, and Serratia marcescens (3).

The second type of addition system consists of a stable protein toxin and an unstable antitoxin protein.  Similar to the
previous example, antitoxin is produced as long as the plasmid is retained.  One of the best characterized of this type of
addiction system is the parDE system from the broad-host range plasmid RK2 (also called RP4).  Addition of a region of
RK2, which includes the parDE system, to a poorly maintained plasmid has been shown to enhance stability of a wide range
of bacteria such as Alcaligenes eutrophus, Alcaligenes latus, Azotobacter chroococcum, Klebsiella pneumoniae,
Pseudomonas aeruginosa, P. putida, and E. coli (1, 9).  Interestingly, placing more than one type of plasmid addiction
module onto the same plasmid provides an additive effect on plasmid stability (6).  Thus we will also evaluate whether
placing the two different types of plasmid addition system leads to additional plasmid stability in Xf.

OBJECTIVES
1. Develop a stable plasmid vector for Xf.

A. Evaluate the potential of various plasmid addiction systems for the ability to convert plasmids known to replicate in
Xf into stable vectors.

B. Evaluate how plasmid maintenance by Xf is affected by other genetic mechanisms known to affect plasmid stability,
such as systems for multimer resolution and active partitioning systems.

2. Evaluate the stability of the newly developed plasmid vectors when propagated in X. fastidiosa en planta.

RESULTS
This report summarizes the goals of a new project focused on constructing a stable plasmid vector to aid genetically based
studies of Xylella fastidiosa.
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ABSTRACT
Pierce’s disease is a serious threat to the burgeoning Texas wine industry.  Evaluation of the ecology and epidemiology of the
disease in Texas may also be of significant scientific value for other areas of the country.  We have begun a molecular
biological evaluation of the genetic variability of Xylella fastidiosa (Xf) strains in Texas using small, established primers for
creation of diagnostic banding patterns (REP, ERIC, and BOX primers).  Cloning and sequencing of amplicons using RST31-
33 primers resulted in little genetic difference between strains if one considers the error rate of Taq polymerase.  However,
priming with the small diagnostic primers resulted in differential banding patterns among Xf isolates across Texas.  Based on
these patterns, some vineyards had genetically distinct isolates and others genetically identical isolates.  Vineyards may also
contain more than one isolate.  Analysis of Xf from a non-Vitis species showed a high distinct banding pattern suggesting
broad genetic variability within Texas. Indirect immunofluorescence on Xf isolates also supports significant genetic
variability within Texas, as there is differential antigen localization among several strains.
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ABSTRACT
Transmission of Xylella fastidiosa (Xf) by the glassy-winged sharpshooters (GWSS) involves a series of events from
acquisition of the bacterium to inoculation of Xf to a new host.  While this process is often over-simplified, certain
insect/pathogen interactions may be necessary to achieve a successful transmission event and the number of Xf cells acquired
or inoculated may govern whether or not transmission will occur.  In our preliminary studies, neither higher titers of Xf nor
longer feeding periods by GWSS result in higher rates of transmission nor a greater number of bacteria transmitted.

INTRODUCTION
Solutions to Pierce’s disease (PD) are coming out of an understanding of basic biological aspects of the vector, the pathogen,
their hosts, and especially the interactions among these three divergent organisms that culminate in a disease epidemic.  The
most important of these interactions is the transmission of the pathogen by the vector to a non-infected plant.  Transmission is
a product of vector acquisition of the pathogen from an infected plant, and inoculation of the pathogen into a non-infected
plant.  It is a complex process involving sharpshooter host finding and feeding behaviors, and probabilities that a critical titer
of bacterium will be acquired from an infected host by a feeding sharpshooter, and once acquired, will be inoculated into an
uninfected host.  In addition, for an inoculation event to lead to infection, a critical titer of bacterium must be inoculated into
plant tissue that supports reproduction and movement.

Recent advancements in technology allow us to examine quantitative aspects of Xf transmission with high sensitivity, unlike
traditional means.  This includes two techniques we have mastered in our laboratories.  First, we are currently using a
quantitative real-time (QRT PCR) technique in conjunction with commercially available DNA extraction kits to detect and
quantify low titers (currently ca 5 X 101 cells) of Xf in plant and insect tissue [2].  Second we have developed a low-cost
method to rapidly extract DNA from GWSS and plant tissue in 96-well micro-titer plates.

Species of sharpshooters differ widely in their transmission efficiency, which ranges from a high of over 90% for the blue-
green sharpshooter (Graphocephala atropunctata) to 1% for several others including Oncometopia facialis, Acrogonia
virescens, and Homalodisca ignorata [3].  Recently, rates of Xf transmission efficiency for the GWSS from grapevine to
grapevine were found to be as high as 20% [1].  These observations bring up two questions:  First, what aspects of Xf
transmission by sharpshooter vectors vary in ways that cause a wide range in efficiencies among vectors?  Second, can we
exploit an understanding of transmission efficiency to reduce PD spread?  We seek to understand quantitative aspects of Xf
transmission by GWSS.  We are hopeful that this unique approach to investigating the transmission of an insect-vectored
plant pathogen will lead to new tactics to manage disease spread.

OBJECTIVES
Our long-term goal is to understand quantitative aspects of the process of Xylella fastidiosa (Xf) transmission by
Homalodisca coagulata (glassy-winged sharpshooter, GWSS) in order to develop a means of reducing the efficiency with
which the pathogen is spread from an infected plant to a non-infected one. Our specific objectives for this project are to:
1. Determine relationship between the time a GWSS spends on a PD-infected grapevine and titer of Xf they acquire.
2. Determine the relationship between the time a GWSS spends in post-acquisition on a non- Xf host and titer of Xf they

contain.
3. Determine the relationship between the time an infectious GWSS (ie, one that had acquired Xf) spends on a non-infected

grapevine and the titer of Xf it inoculates into the grapevine.
4. Determine the relationship between the titer of Xf inoculated into a plant and the probability that it will become diseased.

RESULTS
Our preliminary laboratory experiments show that we can quantify the titer of Xf delivered to a stem by a single infectious
GWSS immediately after a 24hr inoculation access period (IAP). In this experiment, field-collected GWSS adults were
allowed to acquire Xf from grapevines showing Pierce’s disease symptoms for a 72 hr acquisition access period (AAP).
GWSS were then allowed access to cut chrysanthemum stems for 2, 4, 6, or 8 h. During this IAP, time lapse video was used
to determine the amount of time GWSS feed on the stem and number of times the insect left the stem (indicating multiple
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probing activities). In preliminary experiments, longer feeding durations did not influence the number of cells transmitted.
Other data are too preliminary to present at this time.

CONCLUSIONS
We have the tools in place to determine transmission rates at the molecular level.  Experiments are underway to determine the
number of Xf cells that are transmitted under certain conditions.  Until recently the molecular tools were not available to
monitor the movement of single cells in the manner that QRT PCR allows.  Almeida et al. [1]encountered difficulty in
detecting levels of Xf in GWSS that can successfully inoculate a grapevine.  That is, they found GWSS that were able to
inoculate plants with Xf that did not test positive for the pathogen. The most reasonable explanation for these “false
negatives” is that these GWSS harbored a titer of Xf that can cause infection in grapevines, but were below detection limits.
Theoretically, one cell can cause a chronic infection; however, the probability is very low.  We suspect the number of cells
that are likely introduced into plants is greater than a single cell, but lower than the detection threshold of the method used by
Almeida et al. [1], which is 102 cells.  We need to embrace the molecular tools that are available to accomplish our objective.
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ABSTRACT
A rapid and reproducible technique to detect Xylella fastidiosa (Xf) in the glassy-winged sharpshooter (GWSS) is important
for epidemiological studies, and monitoring programs in support of Pierce’s disease management.  Such a technique must be
amenable to large samples sizes, while remaining sensitive enough to detect pathogen DNA in low amounts.  In this study we
have improved the speed of tissue extraction by developing a simple vacuum step that replaces labor and time-intensive
tissue maceration, and is compatible with manufactured DNA extraction kits and a SYBR Green® based real-time (QRT)
PCR system.  No statistical differences in the ability to detect Xf were found among samples that were extracted using
traditional maceration vs. our vacuum extraction method.  Further experiments using our vacuum extraction methods
detected no significant differences among samples immediately extracted, or stored for 10 d at -4ºC, dry or in mineral oil.  In
another experiment we placed Xf -fed GWSS on yellow sticky cards in a sunny location for 0 to 6 d.  We found that there was
no significant reduction in our detection capabilities for insects left on the cards.

INTRODUCTION
Grapevines infected with Xylella fastidiosa (Xf ), the bacterium that induces Pierce’s disease of grapevine [12], usually die
within three to five years after infection due to the occlusion of xylem vessels [17].  The glassy-winged sharpshooter (GWSS)
has recently become an important vector of Xf in California, spreading Xf to grapevines that traditionally had little or no
Pierce’s disease [2, 17].  This vector can disperse widely [5], and has a large host range [18] resulting in alarming spread of
Xf to new areas [11].  The presence of GWSS in new regions of California, greater incidences of Xf -induced diseases in
several crops, including grapevine [15], almond [1], oleander [10], and the threat of citrus variegated chlorosis (not currently
found in the US) has lead to great concern over the ecology of this pest/pathogen interaction.

Over the past several years control programs have focused on reducing pathogen spread by managing vector populations
[18]. Improvements of these strategies can be achieved through studies examining patterns of disease epidemiology [15, 20],
and  GWSS population densities and dispersion [5, 11, 21].  Most epidemiological studies of this system have involved Xf’s
interaction with host plants [3, 6, 15, 20] or the population and behavioral ecology of the pest insect [5, 11].  Investigations of
the interactions between Xf and insect vectors have largely been limited to laboratory and greenhouse studies [2, 4, 10].

Molecular protocols, such as PCR, to detect Xf in plants have been developed and are currently being used in epidemiological
studies in other disease systems [8, 9, 14, 16, 19, 20].  Unfortunately, methods adapted to detect Xf in insects are inefficient.
Detection methods designed for epidemiological studies, from collection of insect specimen to analysis of samples for the
presence of Xf, need to be rapid, reproducible, inexpensive, and amenable to large sample sizes. We recently developed a
DNA extraction protocol using the DNeasy tissue extraction kit (Qiagen Inc.) in conjunction with a SYBR Green® based
real-time (QRT) PCR system to detect Xf in infectious GWSS [4].  Using this protocol, we reliably detected 50-500 Xf cells
with GWSS background.  This method used labor-intensive maceration of tissue to extract Xf from insect tissue where the
bacterium resides in infectious insects [7]. The speed and efficiency of this method could be improved by simplifying this
extraction step.

OBJECTIVES
Our overall goal is to develop a method of detecting Xf in infectious GWSS that would allow us to conduct epidemiological
studies and optimize plant protection.  To this end, the objectives for this study are to develop an efficient method to remove
Xf cells from the foregut and mouthparts of GWSS for PCR based detection.

RESULTS
In this study we tested a vacuum extraction protocol for removal of Xf cells from GWSS foreguts for detection by QRT PCR.
GWSS adults, collected from orange trees at the University of California, Riverside, were placed in rearing cages and
allowed to feed for a 6 d acquisition access period on cuttings of Xf -infected grapevines that showed Pierce’s disease
symptoms. GWSS heads were removed, and because they float, an insect pin was placed through the back of the insect head
and forced through the frons, so that the tip of the pin protruded slightly. The pinned head was then placed in a
microcentrifuge tube (one per tube) and 500µl phosphate buffered saline (PBS) was added to the tube so that the head was
completely submerged. Tubes were loaded into a tube rack and placed in a glass vacuum desiccator. With the desiccator lid
in place, vacuum was applied to 20 bars slowly, to keep buffer from being displaced from its tube, and held for 15 s.  Then,
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the slow release valve was opened and pressure was slowly returned to ambient. The vacuum application and release was
repeated 3 times.  In this way, the insect’s forgut and mouthparts were flushed out with PBS.  The pinned heads were
removed and DNA was extracted from the fluid using the DNeasy Tissue kit (Qiagen Inc.). QRT PCR was conducted as
described earlier.

To compare our vacuum extraction method to a more conventional maceration technique, heads from GWSS infected with
Xf, as above, were either macerated in PBS buffer with a pellet pestle in a disposable 1.5mL microcentrifuge tube (Kontes
Glass Company, Vineland, NJ) or vacuum extracted in PBS buffer. In further experiments insects were collected and
immediately extracted (n=24) as previously described or stored at -4ºC for 10 d either submerged in mineral oil (n=24) or not
(n=24). Finally, infectious GWSS were placed by hand on yellow sticky cards (Trécé Inc., Adair, OK).  Yellow sticky cards
were placed outside in a sunny location. GWSS were removed from the traps for DNA extraction at 0, 3, and 6 d after
placement.  DNA was extracted individually from GWSS heads using the vacuum technique and QRT-PCR was used for
detection of Xf.

DNA Extraction
The vacuum extraction technique developed in this study improved the speed and efficiency of extraction.  Extraction of
DNA using traditional maceration with the Qiagen DNeasy tissue kit averaged 90 minutes for 24 samples.  About 30-40
minutes of the extraction was preparing for and executing the maceration step of the procedure.  Using the vacuum extraction
technique we prepared 24 samples in an average of 15 min.  The vacuum extraction technique neither improved nor
compromised our ability to detect Xf in GWSS heads.  No statistical differences were revealed between maceration-extracted
and vacuum-extracted samples in any trial for either the number of positive samples or the relative amounts of Xf DNA
measured (Table 1).  However, in 5 of 6 trials mean positives and mean relative fluorescence levels were greater for
macerated samples than vacuum-extracted samples (Table 1).

Table 1. Proportion of GWSS positive for Xf, and mean relative fluorescence using vacuum (VE) and maceration
(MP) sample collection prior to DNA extraction (n=24).

Trial Mean Positivea Mean relative fluorescenceb

VE MP VE MP
1 0.458a 0.542a 1.137a 6.299a
2 0.464a 0.789a 1.728a 5.879a
3 1.000a 0.917a 0.112a 0.125a
4 0.917a 0.958a 0.001a 0.003a
5 0.750a 0.917a 0.009a <0.001a
6 0.917a 0.792a <0.001a <0.001a

aMeans in the same row followed by the same letter were not statistically different (χ2>6.6, df=1  , p > 0.359).
bRelative fluorescence correlates to cell number. Means in the same row followed by the same letter were not
statistically different (χ2<3, df=1, p<0.01).

Comparison of Sample Storage Methods
On either collection date, there were no significant differences in mean number of GWSS testing positive for the presence of
Xf that could be attributed to the method of storage following GWSS collection (trial 1 χ2=1.626, df=2, p=0.443; trial 2
χ2=2.4, df=2, p=0.3;) (Table 2).

Table 2. Comparison of Xf detection in GWSS following storage by three methods (n=24)

Storage method (n=24)a

Trial Directly off Plant -4ºC (10 d) -4ºC in mineral oil (10 d)
1 0.875a 0.792a 0.917a
2 0.833a 0.750a 0.917a

aMeans in the same row followed by the same letter were not statistically different (trial 1 χ2=1.626 , df=2, p=0.443;
trial 2 χ2=2.4, df=2, p=0.3).

Detection Capabilities Following Insect Trapping
Exposure to the elements after capture on sticky cards had little effect on the ability to detect Xf in GWSS samples (Table. 3).
Chi-square test for goodness of fit revealed no statistical differences among means from trial 1 (data taken 0, 3, and 6 days
following capture, χ2=3.069, df=2, p=0.216), or trial 2 (data taken 0,  3, and 6 days following capture, χ2= 2.845, df=2, p=
0.241).



Table 3. Proportion of GWSS positive for Xf after outdoor exposure on a yellow sticky card.

Trial Mean proportion of GWSS positive for Xf a

Day 0 Day 3 Day 6
1(n=49) 0.388a 0.429a 0.265a
2(n=30) 0.533a 0.333a 0.367a

aMeans in the same row followed by the same letter were not statistically different (trial 1 χ2=3.069, df=2, p=0.216, trial 2
χ2= 2.845, df=2, p= 0.241)

CONCLUSIONS
Our study was conducted to find a means of accelerating a series of steps required to conduct epidemiological studies
involving GWSS spread of Xf, while maintaining a high degree of detection sensitivity.  Epidemiological studies require the
examination of a large numbers of samples; therefore, an efficient testing protocol is necessary.  Through our investigation,
we improved the efficiency of Xf detection by streamlining DNA extraction and implementing a QRT PCR-based detection
system.  The vacuum method was simple, requiring only that heads be removed, pinned into position, and covered with
extraction buffer.  While time efficiency is the most obvious advantage to using the vacuum extraction method, other
advantages also exist which did not impact the studies reported here but may affect detection in field samples.  First, no
insect tissue is homogenized; it is likely that fewer PCR inhibitors are released to interfere with the PCR reaction and less
non-template DNA would be extracted.  These factors often hinder detection of pathogen DNA in low concentrations.
Second, by flushing the content of the insect’s foregut the search for the presence of Xf is being concentrated in the area of
the insect that will most likely contain the organism of interest.  QRT-PCR is a sensitive detection technique that allows low
concentrations of bacteria to be detected in environmental samples [13].  Our QRT-PCR detection system improved detect an
order of magnitude, from 500 Xf cells (with traditional PCR[4]) to 50 Xf cells per insect sample.  The implementation of such
a system is well suited for the detection of pathogen DNA in an insect vector.

A disadvantage of using a molecular technique like PCR for the detection of a pathogen in a host is that detection is based on
the presence of pathogen DNA. Unfortunately this does not necessarily mean that the pathogen was alive at the time of
collection; the presence of DNA confirms the presence of the pathogen in the host.  While other techniques, such as culturing
[2], determine the presence of live cells, the sensitivity of such a technique is lower than molecular techniques.  The 5-10 d
growth period required to see Xf colonies on a nutrient agar plate allows time for contaminants to overgrow the plate.
Although specialized media are often used for growth, confirmation of bacterial identity is still needed.  While morphological
and colony growth characteristics are often used, genetically based identification is more reliable and discriminatory.

The mean number of GWSS testing positive varied between trials and between experiments.  This was most likely due to
natural variation in the ability of GWSS to harbor Xf which may be a function of both the insect’s age and its exposure to
other biotic and abiotic factor that influence the ability of the bacterium to colonize the foregut of GWSS. This does not
compromise our objective which was to develop a detection protocol that could be used regardless of field conditions.
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ABSTRACT
The seasonal incidence of Xylella fastidiosa in GWSS populations will be examined using a combination of analytical and
experimental techniques.  Collections of live GWSS adults will be made at various locations in southern California
throughout the year at regular intervals.  Live insects will be confined individually to grapevine plants (var. Chardonnay) to
determine what proportion from the field transmit Xf. Following a 3 day inoculation access period, each test insect will be
processed accordingly for detection of Xf by PCR, ELISA, and/or culturing techniques.  By examining sufficient numbers of
insects from the field and comparing transmission test results to analytical results, the relative efficiencies of each technique
at identifying infected or infectious insects will be determined.  Moreover, the seasonal occurrence of infectious insects will
be determined and may provide guidance for when to be most vigilant for protecting against primary spread of Xf into
vineyards.

INTRODUCTION
The rate of Xylella fastidiosa Wells transmission in the natural environment is a fundamental component of the epidemiology
of Xf, but one that is thus far poorly defined.  As a xylem-limited bacterial pathogen of plants, Xf is dependent upon
xylophagous leafhoppers for movement from one host to another.  The rate that such movement occurs is determined by a
large number of factors and interactions among plant hosts, vectors, and bacterial pathogen within the context of variable
environmental conditions.  Although the inherent complexity of vector-borne diseases defies whole-system approaches to
epidemiological studies, specific parameters can be studied towards an overall understanding of vector-borne epidemiology.
In the case of Xf, the number of leafhoppers feeding upon Xf-infected plants, the proportion of those that attain Xf through
feeding, and the proportion of those that visit and ultimately inoculate uninfected host plants plays a critical role in the spatial
and temporal dynamics of Pierce’s Disease (PD) and other Xf-caused diseases.  By investigating the proportion of glassy-
winged sharpshooters (GWSS, Homalodisca coagulata [Say]) in the natural environment infected with Xf (i.e. positive for
presence of Xf) and determining the proportion of those that are infectious (i.e. positive for transmission of Xf) (Anderson
1981), greater understanding of the relationship between GWSS densities and Xf incidence in vineyards or other plant stands
will be obtained.  Measurement of GWSS infectivity and infectiousness may prove invaluable in addressing the issue of
whether or not there is an upper threshold of GWSS numbers that can be tolerated in a given region.

Information already available indicates that GWSS is relatively inefficient as a vector of Xf in a laboratory setting (Almeida
and Purcell 2003).  However, large numbers of highly mobile vectors such as GWSS can easily make up the difference lost to
poor transmission efficiency, especially if a large proportion in the natural environment is infectious with Xf. Regional
control efforts made over the past few years in areas such as Temecula and the General Beale Road study area in Kern
County have proven very effective at reducing local GWSS populations.  However, the question of how many of the
remaining GWSS in these regions are infectious is still unanswered.  Until some measurement is completed of the proportion
of GWSS populations that are infected, and more importantly infectious, our understanding of the relative risks posed by
variable densities of GWSS throughout California will be limited.  More importantly, policy decisions that process
information on relative risks posed by GWSS infestations in particular regions will be compromised without data that
describes what proportion of a GWSS population is actually causing new infections in a vineyard or in the urban landscape.
Better epidemiological information will contribute to improved basic knowledge and understanding and to more sound
policy.

The California grape industry remains at the greatest risk of Xf movement and transmission by reason of large acreages
spread throughout the state and because of the severity of PD.  Primary spread of Xf into a vineyard occurs when a cicadellid
vector such as GWSS acquires the bacterium from a host outside and subsequently transmits to a grapevine within the
vineyard.  An infected grapevine can then serve (after an unknown latent period) as a source of secondary spread from
infected to susceptible grapevines.  Because so little is known about the movement of GWSS in the field and when they
become infective with Xf, it is unknown whether most grapevine infections occur as a result of primary or secondary spread
of Xf. What is certain, however, is that secondary spread will not occur until a primary infection has occurred, i.e. at least one
grapevine has become infected with Xf. This is a critical event that poses a high level of risk to the vineyard because of the
establishment of a Xf source within rather than outside of the vineyard.  It is therefore important that all appropriate measures
be undertaken to prevent that first critical infection.  Towards this goal, it will be most helpful to know the temporal pattern
of Xf incidence within GWSS populations so that maximum protection can be applied at the most vulnerable times.
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Figure 2.  Number of infected GWSS adults out of the
number tested for 4 collections from Riverside.
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Figure 1.  Number of infected GWSS adults
from 3 locations collected early October 2004.

The almost complete absence of information regarding the degree of Xf incidence in GWSS populations has helped fuel much
speculation about the future of the GWSS/PD crisis in California.  In reality, there is very little that we understand regarding
mechanisms of acquisition and inoculation of Xf by GWSS adults, either in the controlled conditions of the laboratory and
greenhouse, or in the more challenging setting of their natural habitat.  While the laboratory approach can provide essential
answers to questions regarding the rate of acquisition and efficiency of transmission, it ultimately reflects the conditions
imposed by the researcher.  For example, the type and age of the acquisition source plant, the isolate of Xf used and period of
time that the acquisition source plant has been infected, as well as the source of the experimental GWSS individuals and the
conditions under which they are provided access to the Xf source plant are all variables controlled by the researcher.  A dual
approach that balances the findings from the laboratory with monitoring information from the field will improve our
understanding of how epidemics of Xf occur in vineyards and elsewhere.  A compilation of data from many sources has
contributed to a good understanding of the distribution of GWSS populations within California and the relative intensities of
regional infestations.  What is now needed is to determine what proportion of individuals within these populations is infected
with Xf while also identifying the factors that determine a given level of infectivity.  I propose that the approaches and
methods to be utilized will address a critical deficiency in our understanding of Xf epidemiology, i.e. the proportion of the
vector population infected and infectious with the pathogen.

OBJECTIVES
1. Monitor GWSS adults from citrus and other sources year-round to determine the proportion positive for X. fastidiosa

using ELISA, PCR, and media culturing techniques.
2. Perform transmission experiments on a portion of the field-collected adults using grapevine seedlings to determine the

seasonal transmission rate.
3. Quantify the titer of X. fastidiosa in GWSS adults that transmitted X. fastidiosa to grape seedlings using quantitative

ELISA and RT-PCR, and determine the relationship between transmission rate and titer in the vector.

RESULTS
As a new project that began July 2004, progress is being made on gathering the materials for carrying out transmission
experiments and detection and quantification of Xf in field-collected GWSS.  A propagation chamber has been assembled that
will enable production of experimental grapevines having homogeneous genotypes to be used in the transmission studies.
Lateral branch shoots consisting of 4-5 leaves are being cut from certified disease-free parental grapevines (var. Chardonnay)
and placed in propagation media until roots are generated.  These are transplanted to 4” pots and allowed a minimum of 3-4
weeks to establish before being used in transmission experiments. Ventilated corsage cages will enclose each grapevine plant
and provide full access to the entire plants by GWSS adults.  A single adult per plant will be confined 3 days for inoculation
access followed by recovery and freezing (-80°C) for PCR and ELISA analysis, or for immediate plating to PD 3 media
preceded by surface sterilization.  An essential component of each of these approaches will be the availability of clean GWSS
that are presently being reared.  Experimental grapevines will be held a minimum of 2 months to allow for symptom
development and then scored.  Xylem fluid will be collected from each plant for ELISA/PCR analysis as an independent
evaluation to compare with the visual assessments.  Experimental and analytical results will be collated to determine which
analytical procedure provides the closest agreement with transmission test results.

Field collections of GWSS adults that commenced in August 2004 have so far been made in Piru, Redlands, and Riverside.
A sub-sample of 24 adults collected from each of these locations in early October 2004 was processed for ELISA detection of
Xf. More than 50% of the Riverside adults were positive for Xf (= absorbance490 values > A490 mean + 4 standard deviations
for the GWSS clean control insects) compared to 4% for Redlands and 0 for Piru insects (Figure 1).  A progressive increase
in the number of Xf-positive insects (Figure 2) occurred between 20 August 2004 (5/24) and 7 October (13/24) in accordance
with trends observed from previous years (Naranjo et al. 2003).  The distribution of positive A490 readings was quite wide,
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but with most positives falling in the 0.2—0.6 range (Figure 3). However, a few individuals proved to be highly positive for
Xf with A490 readings >1.0, and in one case >2.4 (Figure 3).

CONCLUSION
The data generated thus far is interesting from the standpoint of the large differences in the number of infected GWSS adults
in Riverside compared to Redlands or Piru.  As the new summer generation of adults ages, one would expect to find
increasing proportions positive for Xf as they experience a greater diversity of host plants.  This appears to be the case in the
Riverside insects, but not for the insects from the other 2 locations.  Ongoing collections will help to determine if the location
difference is real.
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ABSTRACT
Field cage studies were conducted to compare retention times between two inexpensive proteins, non fat dry milk (NFDM)
and chicken egg whites, on glassy-wing sharpshooter (GWSS), Homalodisca coagulata and Hippodamia convergens.  Each
marker was applied to the insects by either directly spraying the insects with a conventional spraying device or by exposing
the insects to pre-marked leaf tissue.  Subsequently, the recaptured insects were analyzed by either an anti-NFDM or an anti-
egg white enzyme-linked immunosorbent assay (ELISA) to detect the presence of each respective marker.  Data indicate that
both protein markers were retained well on both insect species, regardless of the application method.  Generally, the topical
marking procedure yielded higher ELISA values than the insects marked by contact exposure; however, both methods were
sufficient for marking almost 100% of each population for > 2 weeks.

INTRODUCTION
Glassy-wing sharpshooter (GWSS), Homalodisca coagulata (Say) feeds on a variety of plants, and in the process transmits
the bacterium, Xylella fastidiosa, which is the causal agent of Pierce’s disease (PD) (Varela 2001). The spread of PD by
GWSS now threatens the grape and ornamental industries of California.  Due to the polyphagous feeding habit and high
dispersal capability of GWSS, control of this pest will require an areawide management approach.  Such an approach requires
extensive knowledge of the host plant preferences and dispersal characteristics of GWSS and its natural enemies.
Unfortunately, very little is known about the dispersal characteristics of GWSS (Blua & Morgan 2003, Blackmer et al. 2004)
and its associated natural enemy complex. This is due, in part, to the lack of an effective technique for studying insect
dispersal at the landscape level.

The first phase of our research plan consists of optimizing a mark-capture procedure for GWSS and its natural enemies that
will facilitate future studies of intercrop dispersal.  Historically, most studies of insect dispersal have relied on the mark-
release-recapture (MRR) technique (Hagler & Jackson, 2001).  Typically, mass-reared insects or insects collected en masse
from the field are marked in the confines of the laboratory and then released at a specific site(s) in the field (i.e., at a central
point).  The insects are then recaptured using various spatial and temporal sampling schemes to quantify their movement.
Unfortunately MRR studies use a relatively small portion of the population and recapture even a smaller proportion of the
population (i.e., usually < 1.0%), thus making extrapolations about dispersal to the population level less reliable.  The
information gained from dispersal experiments could be significantly improved if a large proportion of the insect fauna (e.g.,
the simultaneous marking of GWSS and its natural enemies) could be marked directly in the field (e.g., mark-capture type
experiments) and if several distinctive markers were available for studying intercrop movement of insects.

The development of a protein marking technique (Hagler 1997ab, Hagler & Jackson 1998, Blackmer et al., 2004) solved
many of the problems associated with other marking techniques for MRR studies. The procedure is simple, sensitive, safe,
rapid, inexpensive (for MRR type studies), invisible, and stable (Hagler & Jackson 1998).  Moreover, several distinct proteins
are available which facilitate the simultaneous marking of different cohorts of individuals (Hagler 1997a, Hagler & Naranjo
2004).  We demonstrated that parasitoids (Eretmocerus spp. and Encarsia formosa) can be easily marked internally with
vertebrate immunoglobulin (IgG) proteins by incorporating the various proteins into a honey diet or marked externally
(Trichogramma sp.) with a fogging device (Hagler 1997b, Hagler et al. 2002).  However, the major limitation of this
technique is that the IgG proteins are too costly for mark-capture type studies. Recently, we discovered two inexpensive
proteins that have potential as markers for mark-capture studies.  The proteins are casein (from non-fat dry milk) and chicken
egg whites (Egg Beaters™ or All Whites™).  In collaboration with Vincent Jones we have developed anti-casein and anti-
egg white enzyme-linked immunosorbent assays (ELISA) to each of these proteins.  In turn, these ELISAs can be used to
detect the presence of each protein on protein-marked insects.  In this report, we investigated the feasibility of marking
GWSS and Hippodamia convergens using two different application procedures.  The first method for marking the insects
consisted of spraying the markers on the insects in the field using a conventional hand sprayer (e.g., direct contact exposure).
The second method for marking the insects consisted of exposing the insects to plant tissue that had previously been sprayed
with each protein (e.g., residual contact exposure).
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OBJECTIVES
The overall objectives of our research are to:
1. Quantify GWSS and natural enemy dispersal patterns in a complex landscape and
2. Determine which factors influence their dispersal. To accomplish these objectives we must first develop a mark-capture

protein marking technique and quantify the protein marking retention intervals for the targeted insects. Field application
of better mark-capture techniques will enhance our understanding of the area-wide dispersal patterns of GWSS and its
natural enemies.

RESULTS
Direct Contact Marking Method
Dozens of nylon-meshed sleeve cages (66 X 70-cm, 18-cm dia.) were placed on randomly selected citrus branches located at
the Agricultural Operations Research Station in Riverside, CA.  Adult GWSS and H. convergens were then introduced into
each cage and sprayed with a 5.0% solution of non-fat dry milk (NFDM) or chicken egg whites (All Whites™).  A single
cage from each marking treatment was randomly selected on 12 different sampling dates for up to 35 days after marking.  All
of the surviving GWSS and H. convergens in the randomly selected cages were assayed by an anti-NFDM or an anti-egg
white ELISA to detect the presence of each respective protein mark.

Residual Contact Marking Method
Randomly selected citrus branches located at the Agricultural Operations Research Station in Riverside, CA were sprayed
with a 5.0% solution of NFDM or chicken egg whites.  The branches were allowed to dry for several hours, and then nylon-
meshed sleeve cages were placed on the branches.  Adult GWSS and H. convergens were then introduced into each cage.
The sampling scheme was the same as the one described above.  All of the surviving GWSSs and H. convergens in the
randomly selected cages were assayed by an anti-NFDM or an anti-egg white ELISA to detect for the presence of each
respective protein marker.

The ELISA results for the protein marked GWSS are given in Table 1.  Data indicate that both marking procedures,
regardless of the type of protein marker used, were retained well on GWSS.  As expected, the topical marking procedure
yielded higher ELISA values and had longer retention than the residual contact marking method.  Generally, the markers
were retained on 100% of the GWSS for ≈ 2 and 3 weeks by the residual and topical marking procedures, respectively.  The
ELISA results for the protein-marked H. convergens are given in Table 2. H. convergens ELISA reactions were very similar
to the reactions yielded by GWSS.

CONCLUSIONS
In the first phase of our research described here, we showed that protein markers can be retained on insects several weeks
after marking in the field.  This marking technique provides the necessary tool to distinguish GWSS and its natural enemies
so that studies of dispersal, migration, longevity, and density can be conducted.  Additionally, different protein markers can
be used to identify insects released at different times, in different areas, or in different crops. Next, we will use this technique
to investigate the landscape-level movement of GWSS (nymphs and adults) and its natural enemies. We propose to use the
mark-capture system to simultaneously quantify the intercrop dispersal of GWSS and its natural enemies.  Specifically, we
will spray large areas (e.g., field plots, whole trees, bushes, etc.) with inexpensive proteins using conventional spray
equipment.  In turn, insects that are hit by the protein solutions or that eat or walk on plant material containing protein
residues will obtain enough protein to be detected by protein-specific ELISAs.  Because the two marking ELISAs (chicken
egg whites and NFDM) do not cross-react, we can apply the materials to two different host plants in close proximity to one
another.  Then, insects can be collected using temporal and spatial sampling schemes and analyzed for the presence of each
respective protein marker to determine not only the insect’s point of origin but the timing and extent to which portions of the
population move among different plant species.
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Table 1. The mean (±SD) ELISA readings and the percentages of protein-marked GWSS scoring positive for the presence of
chicken egg white or non fat dry milk for up to 35 days after marking.  GWSS were scored positive for the presence
of each marker if the ELISA value exceeded the mean negative control value by 3 standard deviations.

Egg White Marker Non Fat Dry Milk Marker

Application
Method

Days
After

Marking
Number
Assayed

Mean
ELISA

Reading
Percent
Positive

Number
Assayed

Mean
ELISA

Reading
Percent
Positive

Residual Contact 1 31 0.49 (0.3) 100.0 8 0.38 (0.2) 100.0
3 7 0.46 (0.4) 100.0 10 0.38 (0.2) 100.0
5 19 0.94 (0.4) 100.0 4 0.43 (0.1) 100.0
8 15 0.71 (0.3) 100.0 5 0.20 (0.1) 100.0

12 26 0.57 (0.4) 88.5 36 0.36 (0.2) 100.0
13 7 0.52 (0.3) 100.0 5 0.28 (0.3) 100.0
15 26 0.31 (0.2) 100.0 6 0.27 (0.3) 83.3
17 13 0.40 (0.2) 100.0 15 0.11 (0.1) 66.7
19 13 0.17 (0.2) 76.9 5 0.11 (0.1) 40.0
21 3 0.10 (0.1) 66.7 6 0.08 (0) 66.7
34 0 --- --- 3 0.06 (0) 33.3
35 13 0.12 (0.1) 46.2 1 0.15 (NA) 100.0

Negative
Controls 25 0.05 (0.01) 0 20 0.04 (0.01) 0

Topical Contact 1 22 1.62 (0.1) 100.0 16 0.43 (0.1) 100.0
3 12 1.26 (0.6) 100.0 20 0.40 (0.1) 100.0
5 8 1.13 (0.5) 100.0 1 0.46 (NA) 100.0
8 13 1.26 (0.4) 100.0 2 0.64 (0.1) 100.0

12 16 1.23 (0.5) 100.0 8 0.45 (0.2) 100.0
13 3 0.66 (0.2) 100.0 3 0.41 (0.2) 100.0
15 3 0.30 (0.1) 100.0 0 --- ---
17 22 0.46 (0.3) 100.0 6 0.38 (0.3) 66.7
19 7 0.34 (0.3) 100.0 2 0.40 (0.1) 100.0
21 1 0.07 (NA) 100.0 1 0.04 (NA) 0.0
34 7 0.16 (0.1) 57.1 10 0.19 (0.2) 80.0
35 4 0.16 (0.2) 50.0 1 0.49 (0.3) 100.0

Negative
Controls 20 0.05 (0.01) 0 20 0.04 (0.01) 0
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Table 2. The mean (±SD) ELISA readings and the percentages of Hippodamia convergens scoring positive for the presence
of chicken egg white or non fat dry milk for up to 35 days after marking. H.  convergens were scored positive for
the presence of each marker if the ELISA value exceeded the mean negative control value by 3 standard deviations.

Egg White Marker Non Fat Dry Milk Marker/1

Application
Method

Days
After

Marking
Number
Assayed

Mean
ELISA

Reading
Percent
Positive

Mean
ELISA

Reading
Number
Positive

Percent
Positive

Residual Contact 1 19 0.83 (0.3) 100.0
3 19 0.63 (0.2) 100.0
5 18 0.29 (0.1) 100.0
8 15 0.31 (0.2) 100.0

12 12 0.37 (0.3) 75.0
13 12 0.49 (0.2) 100.0
15 15 0.25 (0.2) 86.7
17 5 0.37 (0.2) 100.0
19 0 --- ---
21 3 0.23 (0.2) 66.7
34 0 --- ---
35 18 0.23 (0.3) 94.4

Negative
Controls 63 0.04 (0.01) 0

Topical 1 15 1.25 (0.2) 100.0 0.33 (0.1) 17 100.0
3 26 0.96 (0.3) 100.0 0.34 (0.2) 27 100.0
5 26 0.62 (0.3) 100.0 0.21 (0.1) 12 100.0
8 18 0.75 (0.3) 100.0 0.25 (0.3) 2 100.0

12 33 0.55 (0.3) 100.0 0.17 (0.1) 48 100.0
13 17 0.23 (0.2) 100.0 0.26 (0.2) 17 100.0
15 4 0.21 (0.3) 75.0 0.21 (0.2) 8 100.0
17 20 0.33 (0.2) 100.0 0.25 (0.2) 2 100.0
19 23 0.24 (0.2) 100.0 0.05 (0.1) 1 33.3
21 4 0.35 (0.1) 100.0 0.20 (0.2) 20 90.9
34 23 0.25 (0.1) 100.0 0.11 (0.1) 7 58.3
35 8 0.27 (0.2) 100.0 --- --- ---

Negative
Controls 39 0. 04 (0.01) 0 30 0.04 0.01

1/The retention of nonfat milk by contact application was not investigated for H. convergens.
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ABSTRACT
Vineyards in the 7 grape production areas of Kern County’s area wide management project were surveyed for PD again in
2004.  Incidence of PD in the highly affected areas (General Beale and North) peaked in 2002, and declined dramatically in
both 2003 and 2004.  Treatments to reduce GWSS and to identify and remove PD infected vines each year were associated
with these dramatic reductions.  Survey and epidemiological data is being processed at CAMFER, a GIS-based research
institute at U.C. Berkeley.  More than 98% of the vines infected with Xylella fastidiosa in the recent epidemic in the General
Beale area of Kern County were of the two most susceptible varieties: 6 Red Globe and 2 Crimson vineyards.  Thirty-two
other nearby or contiguous vineyards of four less susceptible varieties were almost unaffected.  A hypothetical mechanism
for this varietal difference is proposed.

INTRODUCTION
These two projects have complimentary objectives and methods, and were thus pursued and are being reported here
cooperatively.  This combination of people and resources has resulted in synergistic efficiency and maximum utilization of
resources.

The cooperative area-wide pest management project for the control of GWSS has defined 7 distinct grape growing areas in
Kern County.  The PD epidemic that peaked in 2002 only affected two of these, the General Beale and the adjacent Northern
area.  These were also the only areas where the populations of GWSS exploded in 2000 and 2001 to extremely high
populations not seen elsewhere in the county.  Insect control measures begun in winter 2001-2002 brought the GWSS
populations down dramatically.  During this time the population dynamics and control methods for controlling GWSS were
studied extensively with effective results.  However our understanding of how to control the disease (goal of project 1) and
the epidemiology of PD when the causal bacterium is transmitted by GWSS (goal of project 2) had been based on limited
actual field data.  These two projects began in 2002 as 5 year projects to obtain extensive data about the incidence and control
of the disease.  This disease information would compliment the insect information to enable understanding of the dynamics
of the epidemic and methods to control other potential outbreaks.  A total of 216 vineyards with 4060 acres and 2,015,698
vines were surveyed, about 4.6% of the vineyard acres in Kern County.
There have been two recent major California epidemics of PD that have been vectored by GWSS: General Beale in Kern
County and Temecula in Riverside County.  However data about each of these was not obtained until the epidemic was well
underway or had already peaked.  Because the other five viticulture areas of Kern County did not yet have such high numbers
of GWSS, it was thought that disease and insect data from those would provide baseline information in the event that another
epidemic such as the General Beale and Northern outbreak might occur, and such an epidemic could be studied from the
beginning.  Among the other 5 viticulture areas, 4 (Central, South A, South B, and West) have had low numbers of GWSS
present since sometime before 2000, and GWSS was discovered in the 5th (Hwy 65-Delano) after 2000.  Thus this extensive
project to monitor the PD disease incidence in these areas was intended to provide both an understanding of the effect of low
populations of GWSS on the incidence of PD, as well as a complete epidemic profile over time if another one should occur in
this county.

OBJECTIVES
Project 1:  Epidemiological assessments of Pierce’s Disease.  (BLH)
1. Evaluate the importance of epidemiological factors such as GWSS population size, vine age, cultivar susceptibility,

control practices, and GWSS control treatments in vineyards and nearby GWSS hosts or habitat.
2. Make all the epidemiological data obtained available in a commonly acceptable GIS format for analysis by other

qualified researchers and epidemiologists.

Project 2:  Monitoring and Control Measures For Pierce’s Disease In Kern County. (JH)
1. Determine changes in the incidence of PD over time in seven distinct grape-growing areas in Kern County.
2. Develop PD monitoring and management techniques and strategies for use by growers to reduce risk and damage.

Update and provide educational materials to assist vineyard managers, pest control advisors, other researchers and
government agencies involved in advising growers in the area-wide pest management of the GWSS project.
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RESULTS AND CONCLUSIONS
Vineyards were monitored by visually inspecting each vine for PD symptoms, and by collecting and testing (by ELISA)
samples from symptomatic vines (2).  Thus far in October 2004 all but 2 of the General Beale vineyards have been
completed, but much of the other areas of Kern County are still in progress.  The results thus far in the General Beale area
indicate that the dramatic decrease in the number of infected vines is continuing.  From 2002 to 2003 the number of infected
vines decreased by 85%, and from 2003 to 2004 the decrease was an additional 68%.  Following the survey of these
vineyards in 2001 and 2002 the vines found to have confirmed Xf infections were removed.  The continued decline of Xf
infection in this area demonstrates that effective PD control can be obtained with a combination of GWSS control,
monitoring for infected vines, and removal of infected vines.  These projects have demonstrated that vineyard disease
monitoring and vine removal is cost effective.

Throughout the county as part of this project vines found to be infected with Xf were removed at the end of that season.  As a
result the surveys in 2003 and 2004 are identifying vines that are newly infected.  The rate of infection in all areas of Kern
county outside the General Beale and Northern areas is very low, an overall rate throughout the county of less than one new
infection per 10,000 vines.  By contrast in the General Beale area some of the vineyards developed very high levels of disease
within a 2 to 3 year period, peaking in 2002.  Several vineyards were entirely lost.

Before the arrival of GWSS, primary spread of Xf from sources outside the vineyard accounted for most or all of the PD in
California.  The rates of new infections in Kern county may be the result of both primary spread and secondary spread, that is
vine to vine spread.  The low rates of new infections outside the epidemic area is consistent with primary spread, but the
rapid rates of infection in many vineyards within the General Beale area is consistent with secondary, vine to vine spread.
Perhaps the most startling epidemiological discovery of this project so far was that in 2002, 99% of the PD infected vines in
the General Beale area were in Redglobe and Crimson vineyards, the 2 most susceptible of the 6 varieties surveyed.  The
following year, 2003, these same vineyards accounted for 97% of the diseased vines.  These two varieties comprised only
18% of the acreage surveyed in the General Beale area.  There were dramatic instances where Redglobe and Flame Seedless
were growing in adjacent vineyards, and the susceptible Redglobe vineyards were heavily impacted or totally lost, whereas
the more tolerant Flame Seedless vines growing just a few feet away were almost unaffected.  The rate of infection in
vineyards in General Beale of varieties other than Red Globe and Crimson in any of the three years was less than 14 infected
vines out of 337,693 vines surveyed.  In the worst epidemic area in Kern County the infection rate in varieties other than
Redglobe and Crimson was essentially negligible.  The Crimson loss in the General Beale area involved only one vineyard,
and these vines were less than three years old.  Younger vines are more susceptible to PD than older vines, and it is possible
that the losses in the Crimson vineyard were primarily related to their more vulnerable age, rather than a varietal
susceptibility.  Older Crimson vines may not have been so heavily impacted.

We have developed a new hypothesis that would explain what might be causing this varietal difference.  It is based on the
timing of when in the season GWSS can acquire Xf, when in the season GWSS transmits Xf to new vines, and the
phenomenon of over-winter curing of Xf infections.  Over-winter curing of PD has been demonstrated to occur in many areas
of California, including the San Joaquin Valley.  Populations of Xf in grapevines are reduced during the winter dormant
season.  It has been experimentally demonstrated that if a vine is infected early in the season, the bacterium has enough time
left in the growing season to multiply to high enough population levels and spread into areas of the vine where some of the
bacterial cells find a refuge and can survive the winter dormancy.  The vine then becomes chronically infected and usually
eventually dies. Conversely, if a vine becomes infected later in the season, all the bacteria in the vine die over the winter, and
the vine is free of disease the following year (1).  Also pruning may play some role in over-winter curing.  Vines that are
inoculated late in the season when there is insufficient time for bacteria to move beyond the inoculated cane would, of course,
lose the infection when that cane is pruned.  However the bacteria in an un-pruned cane may die over-winter anyway.
Our new hypothesis is predicated on the finding that Xf multiplies and spreads faster within a susceptible plant than it does in
a more tolerant plant (3).  It would reasonably follow that the bacterium would also multiply and spread more rapidly in the
more susceptible grapevine varieties of Redglobe or Crimson than it would in the more tolerant varieties such as Flame
Seedless or Thompson.  The first part of our hypothesis is about when in the season a grapevine must become inoculated in
order for the bacterium to survive the first winter dormancy in the plant thereby progressing to chronic Pierce’s disease. We
hypothesize that the tolerant varieties have to become infected with Xf earlier in the season than susceptible varieties in order
for the bacterium to have enough time left in the growing season to multiply and spread sufficiently in the vine to be able to
survive the winter dormancy period.  In general it has been demonstrated that vines must be inoculated before some critical
time in the season if the bacterium is to survive the winter (1).  However the existence of differences among varieties
regarding that critical necessary time of inoculation has not yet been experimentally demonstrated.

The second part of our hypothesis is about when in the growing season the bacterial cells, having over-wintered in a
previously infected plant, multiply and spread from their winter refuge into the new growth and achieve population numbers
great enough to be efficiently acquired by an insect vector, in this case GWSS.  This growth and movement of the bacterium
following winter dormancy has to happen before vine to vine spread can begin to occur.  It is not possible to detect Xf in the
new growth of an infected plant until sometime about mid-season, and it ha been demonstrated that the bacterium must
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multiply to relatively high (easily detectable population sizes) before acquisition becomes efficient (4).  Because it multiplies
and spreads faster, we hypothesize that bacteria become available for acquisition in an infected grapevine of a susceptible
variety earlier in the season than in a vine of a tolerant variety.

Putting these two parts of the hypothesis together can explain why the varietal differences in disease rate were observed.  In
the most susceptible varieties inoculations occurring later in the growing season can result in infections that survive the
winter to become chronic.  Because of the faster bacterial multiplication and spread there is still enough time in the growing
season to reach a threshold for survival.  At the same time, the bacteria multiply in previously infected vines fast enough to
become available for acquisition by GWSS earlier in the season.  The timing of these two processes results in an overlap, that
is a window of opportunity when GWSS can acquire Xf from an infected vine, transmit the acquired bacteria to a new vine,
and the new infection has enough time to progress to chronic infection and disease.  That window of time would close during
the seasen, but vine to vine transmissions would still be occurring.  However those later season transmissions, after the
window of opportunity has ended, would be cured over the winter.  So vine to vine transmission occurring within the window
would become chronic, and vine to vine transmission occurring after the window would be winter-cured.

Conversely in the tolerant varieties infections must occur earlier in the season in order to have enough time, at the slower rate
of multiplication and spread, to progress to chronic disease.  At the same time bacteria from previously infected vines also
multiply and spread slowly and do not become available for vector acquisition until later in the season.  The result is that
there is no overlap, no window of opportunity where GWSS can acquire Xf from an infected vine, transmit to a new vine, and
have the newly infected vine progress to chronic disease.  In this case all of the vine to vine transmissions occur too late in
the season, and the result is that all the vine to vine infections are cured over the winter.

One question is why do epidemics that are vectored by GWSS result in vine to vine disease spread in susceptible varieties
whereas no vine to vine disease spread seems to occur when the traditional native California sharpshooter vector species are
transmitting the bacterium?  The answer may be related to the feeding and inoculation locations of GWSS vs. other vectors.
The GWSS will feed (and therefore inoculate vines) at the base of the canes, but the native vectors all feed almost exclusively
at the tip of the cane.  Inoculations at the tip of the cane probably require more time to move to an over-wintering refuge, so
an early season inoculation is necessary for the infection to survive the winter and become chronic disease.  Thus the window
for vine to vine transmission leading to chronic disease would not exist.  In this case only the early season primary spread
from sources outside the vineyard would result in chronic disease ,and because vine to vine transmission cannot begin until
mid-season, these infections would be winter-cured.

If this hypothesis is correct, there are a number of possible consequences and conclusions that could improve PD
management and control in areas where GWSS is present.
• The risk to growers of tolerant varieties is far less than has been previously assumed.
• There is a critical window of time somewhere in mid-season when susceptible vines need to be protected from vine to

vine spread of PD.  Chemical vineyard treatments early and late in the season, that is before and after this window, may
be less effective than has previously been assumed.

• Economically important rates of secondary spread of PD may only happen in susceptible varieties and when large
populations of GWSS are involved.  Low but persistent populations of GWSS in Kern County do not appear to have
resulted in appreciable losses from of vine to vine spread.

• Better targeted and timed chemical treatments could result in lower costs and be more compatible with other IPM
programs.

• Late season vineyard surveys and rouging of infected vines is an important and cost effective management tool.
• The GWSS monitoring programs could be tailored to critical parts of the season, thereby possibly reducing the overall

cost of these programs.
• The GWSS population treatment thresholds could be based on better epidemiological information, again possibly

reducing overall PD management costs.

Because of the beneficial implications for PD management, it is important to experimentally test this hypothesis.  We will be
proposing to conduct experiments over the next two years to test the components of this hypothesis.  The best experimental
protocol would involve experiments conducted in two adjacent working vineyards, one tolerant and one susceptible variety.
Ideally the experimental site would be in southern San Joaquin valley with climatological conditions representative of the
viticulture areas of Kern or Tulare counties.  One experiment would involve inoculations of both varieties vines at intervals
throughout the growing season to establish the probability curves for the over-winter survival of Xf as a function of time of
inoculation.  The hypothesis predicts that the probability curves would be significantly different.  Another experiment, for
year two, would involve acquisition of Xf by GWSS at intervals throughout the season from vines of both varieties that were
inoculated the previous year.  This would establish the probability curves for the acquisition of Xf by GWSS as a function of
time.  The hypothesis predicts that these probability curves would also be significantly different.  Other components of the
experiments would look for differences between the varieties in the rate of multiplication and spread of Xf in the vines.
Again the hypothesis would predict differences.  It is critically important to everyone involved that these experiments do not
create any new local PD problems or outbreaks.  We have considered extensive safeguards in the design of these
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experiments.  We intend for the risk to be very small, and the knowledge gained to be of great benefit in the practical control
of PD in the southern San Joaquin and elsewhere in California.  We would be happy to work collaboratively with other
researchers and cooperators on various aspects of this research.
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1. Feil, H., Feil, W. S., Purcell, A. H. (2003) Effects of date of inoculation on the within-plant movement of Xylella

fastidiosa and persistence of Pierce’s Disease within field grapevines. Phytopath. 93: 244-251.
2. Hashim, J., Hill, B. L. (2003)  Monitoring and control measures for Pierce’s disease in Kern County  and

Epidemiological assessments of Pierce’s Disease.  Pp. 95-98 In CDFA (ed.), Proceedings of Pierce’s Disease Research
Symposium 2003, Coronado, CA.

3. Hill, B. L., Purcell, A. H. (1995). Multiplication and movement of Xylella fastidiosa within grape and four other plants.
Phytopath. 85: 1368-1372.

4. Hill, B. L., Purcell, A. H. (1997). Populations of Xylella fastidiosa in plants required for transmission by an efficient
vector. Phytopath. 87: 1197-1201.

FUNDING AGENCIES
Funding for these projects was provided by the University of California Pierce’s Disease Grant Program and the CDFA
Pierce’s Disease and Glassy-winged Sharpshooter Board.



- 264 -
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INTRODUCTION
Whether tracking invasive species, assessing water quality, or monitoring the spread of disease, comprehensive data
collection is a key component of scientific inquiry and sustainable natural resource management.  Geographic Information
Systems (GIS) allow us to unite in one structure spatially referenced data with other information, affording new insights in
relationships between variables at multiple scales (original proposal contains full references), as well as assisting in
collaborative efforts at natural resource management and multi-disciplinary problem solving.  Such is the case with Pierce’s
Disease, where disparate datasets on PD location and GWSS trap data could, if available in a Geographical Information
System (GIS) format with other spatially referenced data “layers” such as crops, hydrography, climate, and roads, aid in
management of the disease, as well as in epidemiological research.

Several agencies and individuals have recognized the need for such a geospatial database for PD research and management.
Indeed, the University of California Agriculture and Natural Resources “Report of the Pierce’s Disease Research and
Emergency Response Task Force(http://danr.ucop.edu/news/speeches/executivesummary.html) lists the following
recommendations:  Support is needed for a coordinated, statewide monitoring, trapping and reporting program involving
governmental agencies, the agriculture and nursery industries and UC.  The objective is to locate populations of GWSS and
BGSS, track the incidence and distribution of Pierce's disease and carry out emergency response programs to slow the spread
of PD and its vectors.  CDFA or UC should manage a GIS to store, display, manipulate and overlay information collected by
statewide monitoring and tracking programs.  This data should be available to decision makers, growers and scientists.

We propose to develop a statewide database for PD and GWSS, maintaining the data with the best QA/QC methods, and full
metadata (for data ownership tracking), maintained in a GIS format. We also propose to build a mechanism for researcher
access to the database via the web, so that data can be downloaded for research purposes, and uploaded to the collection.  We
are not linking this effort with any analytical proposal, but aim to create the best possible, accessible database for others to
use in research.  These two components: (1) GIS database storage and maintenance and (2) Internet accessibility, when
combined, are called “webGIS”, and although not yet widely used in natural resource management, such systems are a
promising option for entering and storing heterogeneous datasets, indexed by location, and making them widely available in a
visual, dynamic, and interactive format. We use as our model the Sudden Oak Death monitoring project (please see the
website at: http://kellylab.berkeley.edu/SODmonitoring) created by the Project Leader M. Kelly and housed at UC Berkeley.

The multi-scale data provide by the database structure described here, and specifically the access to the data, will contribute
to finding a solution to PD by allowing researchers to use PD and GWSS data in concert with other spatial data “layers” such
as climate, crops, and roads. In this way epidemiological hypotheses about distribution and spread at several scales – from
vineyard to county to regional - can be formed.  In addition, the data will aid in disease management, as researchers can see
the spatial effect of different management options such as vine removal.

We are committed to collaborate with relevant researchers in this pursuit, and understand that there are already existing
groups collecting such data. It is not our wish to supercede those efforts, but to lend our expertise to the data collection,
storage, and distribution dynamic in support of Pierce’s Disease science.

OBJECTIVES
The objectives and priorities for this project are as follows:
1. Create spatially referenced database of PD occurrence from field data;
2. Create spatially referenced database of GWSS trap data;
3. Maintain these data with other relevant spatial data for researchers use; and
4. Develop a web-based tool for researchers to submit data to the database, and for researchers to access existing data.

Possibly, we will also develop a tool for the public to report presence of GWSS.

RESULTS
Funding for this project arrived at UC Berkeley on October 11, 2004, so we have no specific data analysis to report.  I have a
Staff Research Associate – Dave Shaari – who will work half time on this project, and I am in the process of locating an
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undergraduate to assist. The data storage and web server is currently on order.  I plan on presenting the plan for this database
with PD investigators at the December conference.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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ABSTRACT
Monitoring grapevines for Pierce’s disease (PD) is an important component of disease management and epidemiology
research.  Currently, there are no guidelines for how to choose plant tissue from grapevines for detecting diseased vines.  This
study was initiated to develop criteria to increase the likelihood of detecting grapevines infected with PD.  Grapevines
naturally infected with PD were identified from vineyards in the Coachella Valley and Temecula, California.  Grapevine
canes were removed from three vineyards with three different grape varieties:  Perlette, Superior Seedless, and Chardonnay.
The probability of detecting a PD-positive cane was greater in petioles tested from basal portions of canes.  No differences
were found between healthy and PD-infected canes in internodal distance, petiole weight, petiole length, or the number of
leaves occurring at branches on canes. In preliminary observations, 9.5% of petioles from PD-infected vines were PD-
positive, but had asymptomatic leaves and 16.1% of petioles were PD-negative, but had symptomatic leaves.  Healthy vines
had 16.7% of petioles with symptomatic leaves that were PD-negative.  Symptoms were more apparent on leaves from basal
cane portions and asymptomatic PD-infected petioles were more common on distal cane portions.  Image analysis to confirm
these results is in progress.

INTRODUCTION
A major component of Pierce's disease (PD) research in California has been grapevine sampling to monitor PD incidence in
vineyards.  Identification of PD-infected vines is important for management and investigating disease epidemiology.
University of California guidelines for management suggest removal of chronically infected vines to reduce the possibility of
secondary disease spread and increase vineyard productivity by replanting with healthy vines (Varela et al. 2001).  Relatively
new programs in Kern County (Hashim et al. 2003) and the Coachella Valley (Perring et al. 2003) have been implemented to
monitor PD in areas where it had been thought to be uncommon.  Most PD monitoring programs have been based on
preliminary identification of infected vines based on PD symptoms (Hashim et al. 2003, Perring et al. 2003).  Unfortunately,
PD symptoms can be similar to other grape diseases and nutrient deficiencies (Varela et al. 2001) and diseased vines may be
asymptomatic early in disease progression.  To definitively identify infected vines, plant tissue should be tested by a reliable
diagnostic method such as culturing, enzyme-linked immunosorbent assay (ELISA), or polymerase chain reaction.  Protocols
for sampling to detect infected vines in vineyards are needed to reliably detect PD.  A first step to preparing such a protocol is
determination of the best approach for choosing plant tissue for diagnostic tests.

OBJECTIVES
1. Determine the probability of detecting a PD positive vine based on petiole location on individual grape canes.
2. Compare the morphology of healthy and PD-infected grape canes for potential differences that could aid in identifying

infected vines.
3. Evaluate the effectiveness of using PD foliar symptoms for choosing plant tissue for diagnostic tests.

RESULTS
Naturally-infected grapevines with PD were identified from two vineyards in the Coachella Valley and one vineyard in
Temecula.  Varieties at the three respective locations were Perlette (3 vines), Superior Seedless (6 vines), and Chardonnay (5
vines).  Three canes from each vine were removed.  Each leaf from the canes was photographed, and intact individual
petioles were weighed and tested for PD by ELISA.  Additionally, in the Coachella Valley three canes were harvested from



- 267 -

two non-infested vines of each variety. On all canes from the Coachella Valley, internodal distance and petiole weight were
measured and the number of leaves occurring at cane branches was counted.

Probability of PD Detection Based on Petiole Location
The probability of detecting PD from an individual petiole was greatest in basal portions of the cane (Figure 1).  This result
follows the suggestion of Hill and Purcell (1995) that the newest growth would not likely contain bacteria because of the
incubation time required for spread.  Our result is likely most applicable to chronic infections and this has been noted by
others (Feil et al. 2003), but not presented by our method of examining infection on a node basis along the length of entire
canes.

Figure 1. Probability (±SE) of positive PD detection at each node position (1 is most basal) for (A) Superior Seedless (n=6)
vines and (B) Chardonnay vines (n=5).

Morphology of Healthy and PD-infected Vines
We did not detect any differences in Perlette (Λ=0.57; df=4, 11; P>0.05; MANOVA) or Superior Seedless (Λ=0.89; df=4, 11;
P>0.05; MANOVA) varieties in internodal distance, petiole weight, petiole length, or number of leaves branching off of
canes between healthy and infected canes.  We measured these factors with the intent to identify a morphological feature that
could aid in identifying infected vines, but no differences helpful for this purpose were found.

Effectiveness of PD Symptoms for Sampling
We photographed each leaf from each cane to evaluate the reliability of symptoms for use in identifying PD infected vines.
We have begun to examine the visual symptoms in relation to PD infection and will use image analysis to quantify foliar
symptoms.  In preliminary observations, 9.5% of petioles from PD-infected vines were PD-positive and had asymptomatic
leaves, and 16.1% of petioles were PD-negative, but had symptomatic leaves.  Healthy vines had 16.7% of petioles with
symptomatic leaves that were PD-negative.  Generally, symptoms were more severe in basal portions of canes and the
likelihood of finding an asymptomatic positive petiole was greater on distal portions of canes (Figure 2).

CONCLUSIONS
• Samples taken from basal portions of grapevine canes were more likely to yield an ELISA positive result.  We believe

this result applies primarily to chronically infected vines.
• We did not discover cane morphological differences between healthy and PD-infected vines that could be useful in

detecting PD infected vines.
• We are in the process of evaluating the relationship between PD foliar symptoms and PD infection and have observed

that the likelihood of a PD symptomatic leaf being negative for PD was greater than the likelihood of a PD asymptomatic
leaf being positive for PD.  Also, distal portions of canes were more likely to be asymptomatic when infected with PD.

• Based on the potential for choosing symptomatic leaves that are PD-negative, we suggest taking petiole samples for PD
diagnostic tests from basal portions of grape canes to increase the likelihood of detecting PD positive vines.
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Figure 2.  Individual leaves from a single Superior Seedless cane.  Number indicates node position with 1 being the most
basal node.  The plus symbol indicates that the petiole from the leaf tested positive for PD by ELISA.
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ABSTRACT
The conditions for the successful invasion of a vineyard by Pierce’s disease (PD) are not well understood.  To help integrate
what knowledge we do have and indicate areas where research is needed we are developing a more biologically detailed
model than has been previously available.  Fortunately there is a large ensemble of literature from epidemiology regarding
this problem, and in addition, much has been done toward solving the kinds of equations that arise in this work in terms of
both mathematics and software.  Here we outline very briefly our progress to date, and the ways in which these sorts of
models can help us to better manage and understand the PD system.  Here we describe a system of delay equations for
modeling the dynamics of PD vectored by the glassy-winged sharpshooter (GWSS).  We will analyze and study this system
to derive threshold conditions for the invasion of a vineyard by PD and GWSS.  Thresholds for disease outbreaks are
common among epidemiological systems and a large literature exists on this subject.  In addition new software (not
commercially released yet) has been made available to us for solving these kinds of systems.  We will attempt to use our
model system to bring this methodology to the PD/GWSS problem and find new ways of controlling this disease.

INTRODUCTION
Last year we presented a model to evaluate how the threshold might change in relation to various biological and ecological
factors (Perring et al. 2003).  It was designed to determine the number of GWSS required to cause a single PD infection in
grape.  The primary model parameters were the proportion of GWSS carrying PD, GWSS transmission efficiency of PD,
proportion of GWSS that will move from citrus to grape, the number of grapevines that a single GWSS will visit, grape
varietal susceptibility, and the probability of an infection event resulting in disease. Our recent work, reported in this
progress report, is an extension of the previous efforts and is more biologically detailed, allowing us to address more
complicated biological processes affecting the epidemiology of PD in grapes.  Over eighty years of research in epidemiology
has shown that epidemics tend to be triggered when the generation reproductive factor of the pathogen becomes greater than
1.0 (Kermack and McKendrick 1927, Anderson 1978, Diekmann and Heesterbeek 2000, van den Driessche and Watmough
2002, Wonham et al. 2003).  This fortunate result is useful in management since it provides us with a target threshold that
will trigger a PD epidemic in grapes.  More than just a threshold, this approach will provide a function for the basic
generation factor of increase of the pathogen, R0, as a parameter function from the model.  The pathogen will grow into an
epidemic or decline to zero according to whether R0 is greater or less than 1.0.  It is particularly helpful that this threshold
indicator is a function of all of the model parameters, since this indicates what parameters the threshold is most sensitive to
and therefore how management can be most effectively focused.  Some of the things that we intuitively expect to be
important are density of GWSS, pathogen titer of the insects, and their dispersal rate and feeding rate.

OBJECTIVES
1. Develop a model to describe the epidemiology of GWSS transmission of PD to provide a framework for organizing data

and examining relationships between data from different research projects.
2. Use the model to develop field-specific treatment thresholds to prevent GWSS transmission of PD.

RESULTS AND CONCLUSIONS
Our results consist of a model system of state equations describing the progress of PD in a vineyard vectored by GWSS.
Here we develop our basic model as set of four balance equations, two equations for the GWSS and two equations for grapes.
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The state variables, process functions and parameters are defined in Table 1.  We emphasize that this model is in an early
development stage, and undoubtedly will evolve and improve as we develop it further.  We used the delay-differential
equation (DDE) formalism developed by Murdoch et al. (1987) and Murdoch et al. (2003) for stage structured insects, and to
their formulation we will add time dependence (temperature forcing) of the developmental delays (although for simplicity we
will not elaborate on this here).  The time dependence in the delays can be incorporated according to the mathematical recipes
developed by Nisbet and Gurney (1983), Gurney et al. (1983), Gurney and Nisbet (1998) and Nisbet (1998).  Methods for
setting up the initial history for starting the models are outlined well in Gurney et al. (1983).  We will solve our set of
equations using a new delay differential equation (DDE) solver, ddesd.m, (with time and system varying delays) developed
for The Mathworks (Matlab) by L. F. Shampine (Shampine & Thompson 2001, Shampine 2004).   The solver is not yet a part
of Matlab itself, but a version is available on the Web at: http://faculty.smu.edu/lshampin/current.html .

Our model system.
The state balance equations are written as a set delay-differential equations (DDEs) with functions for recruitment, infection
and death rates as:

1 1

1 1

2

( )Susceptible Adults: ( ) ( ) ( ) ( )

( )Infectious Adults: ( ) ( ) ( )

( )Susceptible Vines: ( ) ( )

( )Infectious Vines: ( ) ( )

S
J J A

I
A

V

V

dA t R t T S X t X t T S D t
dt

dA t X t X t T S D t
dt

dS t D t Y t
dt

dI t Y t T D t
dt

= − − + − −

= − − −

= −

= − −

1.1

We adopted and slightly modified the notation of Murdoch et al. (2003) by using R(t), X(t), Y(t) and D(t) to represent
recruitment (R), infection of GWSS (X) infection of vines (Y) and death rate (D) functions for each stage, and we then define
each of these for our case.  These equations indicated that the rate of change of a stage is simply the input to that stage minus
output from that stage.  The interpretations for each equation are outlined below.

Susceptible adult equation.
The first equation says that susceptible adults have input from reproduction, one juvenile delay period (TJ) in the past times
survival going through the juvenile stage, R(t - TJ)SJ.  Another input to susceptible adults is (possible) recovery from an
infectious adult class with a time delay, X(t - T1)S1 where T1 is the time that the disease persists in an infected adult, and S1 is
the survival during the infectious period.  Outputs from susceptible adults are infection by feeding on an infectious vine, X(t),
and death, DA(t).

Infectious adult equation.
The second equation says that infectious adults have input from the infection process, X(t), (which was output from the
susceptible class) and output to (possible) recovery from infection, X(t - T1)S1, and death, DA(t).

Susceptible vine equation.
The third equation says that susceptible vines have input equal to death rate of infectious vines, DV(t), that is, we assume that
dead vines are replaced at the death rate.  Output from susceptible vines is infection by infectious sharpshooters, Y(t).

Infectious vine equation.
The last equation says that infectious vines have input from the infection process with a latent period time lag, Y(t - T2),
where T2 is the latent period of the disease in vines after becoming infected.  We assume that all vines survive the latent
period.  Output from the infectious vine equation is by death of infected vines, DV(t).

Our model system of equations will allow us to simulate the introduction and progress of PD into a vineyard under different
conditions and management strategies.  What we would like is to see the disease die-out and not invade the vineyard
effectively.  What we do not understand at this point is how all of the factors influence this scenario and determine its
progress and to which factors spread is most sensitive.  By studying the dynamic behavior of this model system we can learn
how different management options are likely to affect the disease progress in a vineyard, giving us new ideas and methods
about how to best control and prevent disease outbreaks.



 

  

 
  

  

 
 

 

  

 

 
 
 

  

 

Table 1. State variables, process functions and parameters for GWSS-PD Model 

Variables Description 
( )A t S Susceptible GWSS Adults 
( )A t I Infectious GWSS Adults 

S( )t Susceptible Vines 
( )I t  Infectious Vines 

Process Functions Process Sub-Models 

( − )R t T  SJ J 
Recruitment into the adult 
stage 

R t( − )T  S  = b A  t  T  − + A t  T  S−J J ( ( ) ( )S J I J ) J 

( )D t  Death rate for a stage Linear con stant death rate, e.g.: ( )D t  ( )= d A t  A A 

X ( )t Infection rate for GWSS ( )X t  = (  )  S ( )α I t A  t  

( )Y t  Infection rate for vines (  )  Y t  ( )  I ( )= β S t A  t  

SJ 
Survival of stage J with 
constant death rate SJ = exp( −d T  )J J  

Parameters 
b Average birth rate 

Ti 
Time in the ith stage or 
process 

di 
Constant death rate for ith 
stage 

a Transmission rate for GWSS 
β Infection rate for vines 
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ASBTRACT
Determining the location of grapevines infected with Pierce’s disease (PD) in vineyards has been a major question for
growers and researchers.  Field census has been the only reliable way to identify vines infected with PD in the vineyard.
Censuses, however, are difficult when PD incidence is high. In these situations, we need a sampling program that accounts
for the spatial structure and pattern of PD in the vineyard. To characterize the spatial distribution patterns of PD, census data
from Kern County vineyards were analyzed with geostatistics.  These analyses showed that dispersion of PD varied with the
amount of PD infection, and with vineyard proximity to citrus.  Based on these analyses, our goal is to develop a sequential
sampling program for detecting PD in vineyards.

INTRODUCTION
A common sampling technique to detect the presence of PD in vineyards is to visually examine vines, remove symptomatic
leaves from possible infected vines, and confirm the presence of PD with enzyme-linked immunosorbent assay (ELISA).
Locating vines infected with PD in a vineyard is required for current PD management, and the only reliable method for
locating PD-infected vines is to examine every vine in the vineyard.  Such a census was used for a county-level PD survey
and provided a cost-effective method (< $5 per acre) for identifying infected vines in vineyards when PD infection was very
low (Hashim and Hill 2003).   As the infection level in a vineyard exceeds 1%, it becomes more difficult to observe and
sample every symptomatic vine.  It is especially difficult to distinguish PD symptoms when other stress factors, such as
drought and salt damage, exist in vineyards.  Such difficulties result in high sampling costs because many samples must be
taken and confirmed with ELISA.  Thus, the development of a cost-effective sampling program appropriate for growers’ and
researchers’ needs and skills is necessary for PD monitoring and management.

By definition, a sampling program employs all available sampling techniques to collect samples that are used to make
estimates of population parameters (Pedigo 1994).  In our case, we need to estimate the distribution and abundance of PD-
infected vines.  The sampling techniques consist of the actual equipment and methodologies by which samples are collected
(Pedigo 2002).  Sampling programs, on the other hand, direct how often and how many samples are to be taken, the spatial
pattern to obtain sample units, and the timing of sampling (Pedigo 1994).  Sampling programs often include binomial
sampling or sequential sampling that makes sampling more cost effective and convenient.  However, in PD sampling, such
sampling plans cannot be directly adopted because the purpose of PD sampling is not only to estimate the incidence of PD
but also to locate individual vines infected with PD.  Thus, the sampling program for PD should be spatially oriented to
identify the locations of the individual vines infected with PD.

One way to locate infected vines without a census is to use sampling grids that match the spatial structure and patterns of PD
distribution.  To develop these sampling grids three facts should be known: 1) the spatial structure and patterns of PD
distribution, 2) the relationship between PD distribution and the percentage incidence of PD, and 3) the relationship between
PD distribution and environmental factors affecting the incidence and spatial distribution of PD.  Such knowledge can be
obtained with current technology and methods such as the global positioning system (GPS) to locate sampling grids, the
geographic information system (GIS) to generate geo-referenced data, and geostatistics analyze spatial data.
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OBJECTIVES
The goal of this project is to develop a sequential grid-sampling program for PD that can characterize the spatial distribution
and determine the location of PD based on the spatial structures and patterns of PD distribution in the vineyard.  The
objectives of this project include:
1. Characterization of the spatial distribution of PD in vineyards.
2. Development of a sequential grid-sampling program.
3. Validation and optimization of the sampling program with cost analysis and sensitivity analysis.

RESULTS AND CONCLUSIONS
We have conducted censuses of Kern County vineyards for the past four growing seasons (2001-2004).  This report is
focused on the 2002 data.  Census data were converted into a GIS database and analyzed with geostatistics.  Geostatistics is a
set of statistical procedures that can characterize distribution (called semivariogram modeling) and generate distribution maps
(called kriging).  The semivariograms show the spatial pattern (e.g., no structure, uniform, trend, random, or clumped) and
the structure (e.g., the size of aggregation, spatial correlation, and spatial variability) of PD distributions.  Kriging was used
to generate distribution maps of the probabilities of PD infections throughout the vineyard.

Census result
We made a census of 215 vineyards in 2002.  A total of 135 vineyards were infected with PD.  Only seven vineyards had
more than 0.1% PD infection, and those vineyards were located adjacent to citrus groves indicating that citrus affects the
incidence and severity of PD in nearby grapes.  This result is consistent with patterns of PD found in Temecula (Perring et al.
2001).  However, as in the Temecula study, proximity to citrus did not affect PD distribution in all Kern County vineyards.

Spatial distribution of PD in vineyards
Determining distribution patterns (e.g., no structure, uniform, trend, random, clumped) is the first step for developing
sequential grid-sampling plans for fields in which we do not know the location of infected vines.  Geostatistical analyses
showed that the distribution pattern of PD could be categorized according to the incidence of PD in each vineyard.  When the
infection was < 0.1%, there was no spatial structure to the location of infected vines.  Vineyards that had between 0.1% and
1% infection showed a distribution pattern of a trend from areas of high infection to low infection (Figure 1A).  This type of
distribution pattern (i.e. trend) also was found in the Coachella Valley in a field that had a similar proportion of infected vines
(Figure 2).  When the infection was between 1% and 5%, the pattern of disease was random (Figure 1B), and a clumped
distribution existed when infection rate was > 5.0% (Figure 1C).

Our work suggests that knowing the percentage of PD infection and the location of vineyards relative to citrus can predict the
distribution pattern of PD in the vineyard.  Such inferences from the geostatistical analysis can be used to develop a spatially-
oriented sampling program with sampling grids.  The development of this sequential grid-sampling program provides three
fundamental roles in PD research and management.  First, it enables growers to locate vines infected with PD in the vineyard
when the proportion of infected vines precludes a vineyard census.  Second, using with the geospatial and geostatistical
methodologies of the sampling program, growers will be able to identify problem areas in their vineyards.  Third, the
sampling program provides a method for standardizing PD sampling statewide.  Progress in these areas, i.e. locating
individual vines, identifying problem areas in a vineyard, and standardizing areawide monitoring, not only will help growers
make informed decisions in their own vineyards, but will assist researchers trying to understand the epidemiology of GWSS-
vectored PD in California.
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Figure 1. Three main dispersion patterns of PD found in Kern County in 2002.  (A) A “trend” spatial pattern from areas of
high infection to low infection existed when the infection was between 0.1% and 1.0%.  (B) A “random” distribution pattern
existed, when the infection was between 1% and 5%.  (C) A “clumped” dispersion pattern existed when PD infection was >
5%.  When infection was < 0.1% there were no detectable spatial structures.

Figure 2. Semivariogram and dispersion map for PD in a Coachella Valley vineyard.  The semivariogram indicates a trend
dispersion pattern.  Within this trend, a random dispersion pattern exists up to a lag distance of 200m.  This trend from high
to low PD is easily visualized in the dispersion map.
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ABSTRACT
Recent spread of Xylella fastidiosa (Xf) to several agricultural commodities and ornamental plants in California has prompted
great interest in understanding the comparative interactions between Xf and native and recently introduced insect vectors.
The generally low titer of Xf in insect vectors limits the use of serological techniques, such as ELISA, for qualitative and
quantitative analyses of Xf associated with different insect vectors. Xf detection by molecular techniques, such as PCR, can
potentially overcome this limitation.  The objective of this study was to compare standard PCR for detection of Xf in field-
collected insects as well as in greenhouse-reared insect vectors using primers RST31/RST33 with newly developed primers
HL5/HL6 in standard PCR and in Real Time PCR using the system HL5/HL6 and a probe labeled with FAM.  Two native
species the green sharpshooter (Draeculacephala minerva) and the red-headed sharpshooter (Xyphon fulgida), and the
recently introduced glassy-winged sharpshooter (Homalodisca coagulata) were included in this study.  Field-collected insects
were obtained from Xf-infected grapevines and almonds in the San Joaquin Valley, California.  Greenhouse-reared green and
red-headed sharpshooters were also obtained from cultures maintained on a non-host of Xf in Parlier, California.  Five-10 Xf
cells per µL of insect head DNA sample were detected with the HL5/HL6 primer pair-FAM system.  Also, using this system,
the number of Xf-cells detected in field-collected and greenhouse reared insect was between 102-103/µL sample/reaction.
This concentration of Xf cells was detected by visualization of the Xf-specific amplicon (221 bp) in gels following standard
PCR with the HL5/HL6 primers.  This level of pathogen in insect heads was below the limit of detection in standard PCR
with primers RST31/RST33.  Using Real-Time PCR quantification with the system HL5/HL6-FAM, the total amount of Xf-
cells per insect head was estimated to be between 104-105.  Implications of these results on the epidemiology of the disease
are discussed.

EVALUATION OF A NOVEL, FIELD DEPLOYABLE, ELECTROCHEMICAL DETECTION
SYSTEM FOR THE DETECTION OF XYLELLA FASTIDIOSA WITHIN GRAPEVINE PETIOLES

Project Leaders:
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ABSTRACT
We have tested a new electro-chemical detection (ECD) system designed by AnzenBio, Inc. for the quick detection of Xylella
fastidiosa within grapevine petioles.  Like standard ELISA this detection method relies on antibodies against the bacterium,
but unlike ELISA it detects movement of electrons through the final product conversion, measuring current rather than color
change.  Using a hand-held meter and pre-coated chips the test can be done in a fraction of the time (1.5 vs. 5 hrs.).
Comparison of 18 Cabernet Sauvignon petioles from a vineyard with Pierce’s disease (PD) to 18 petioles guaranteed PD free
showed the ECD readings per gram of tissue to be higher for PD petioles (31.3 vs. 6.2 microamps).  This difference is
statistically different using a t-test (p<0.0001).  In another trial in South Texas, ECD was used to evaluate the petioles from
three different varieties, Blanc du Bois, Black Spanish and Cynthiana, which have been shown to carry differing levels of
Xylella fastidiosa within this area of high PD pressure.  Petioles were also categorized into those from leaves with low,
medium and high PD symptoms.  Analysis of variance on ECD data from the 9 symptom variety categories with 6
replications showed that ECD could detect distinct significant differences between several of the categories (p<0.0001).
Analysis of variance on ELISA data run on the same 54 samples found no significance between categories (p=.43).  ECD
appears to give more sensitive readings over a range of bacterial levels, potentially giving fewer false positives.
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ABSTRACT
Symbiotic control employs symbiotic bacteria to deliver anti-pathogen compounds to disrupt transmission of the pathogen to
new hosts. Alcaligenes xylosoxidans denitrificans (Axd), an insect and plant symbiotic bacterium, occupies same niche as the
plant pathogen Xylella fastidiosa (Xf) which causes Pierce’s disease.  We determined the fate of genetically altered Axd
(RAxd) after introduction into grapevines to assess its feasibility as a symbiotic control organism to control Xf. RAxd, which
expresses a fluorescent protein (DsRed), was applied to grapevines by needle inoculation, foliar spray application, or soil
drench.  The plants were covered with insect-resistant screening, to exclude arthropods from test plants. RAxd were detected
in stems of several grapevines 2 weeks post-inoculation from each inoculation type.  The amount detected at 4 weeks post-
inoculation declined, and RAxd was absent 6 weeks post-inoculation. RAxd was not detected in grape berries or soil samples
collected around RAxd positive grapevines.  This work demonstrated that transgenic Axd became established in grapevines in
the field but did not thrive there. A limited lifespan of transformed Axd in grapevines would keep its population increase in
check in that host plant.  Re-inoculation of grapevines at 6 wk intervals would be sufficient to keep anti-pathogen products
present. RAxd thrives in GWSS and citrus.  Therefore, there is a good chance that GWSS would pick up the RAxd as an
antimicrobial symbiont from nearby sources to render GWSS vector-incompetent.

INTRODUCTION
Replacement therapy or symbiotic control employs symbiotic bacteria to deliver anti-disease compounds to target pathogens
of plants to make vector insects unable to harbor the pathogen or to prevent a pathogen from being transmitted to healthy
plants (1). Alcaligenes xylosoxidans denitrificans (Axd), was selected for further study and a fluorescent marker gene
inserted.  We followed the movement of genetically altered Axd (RAxd) in grapevines and in the vector insect, glassy-winged
sharpshooter (GWSS), Homalodisca coagulata.

Regulatory and industry acceptance of this approach requires knowing the fate of Axd in various locations and in plants at
different times of the year.  Our current detection methods employ PCR (polymerase chain reaction) and fluorescence
microscopy (3, 4).  QRT-PCR provides a quantitative measure of bacteria in the samples, which is missing from existing
methods.  This is important because it allows determining optimum doses and timing for application of the delivery organism
and its expression of anti-Xylella products.

Fluorescent protein gene markers are now commonly used in genetics and are considered environmentally benign since they
are based on natural products.  The bacterial transformation cassette was inserted with so-called jumping genes (mobile or
transposable elements) originally identified in Drosophila mauritiana and called mariners (7).  The mariner elements have
had their jump mechanism removed (so the inserted gene will not be remobilized) and all antibiotic genes used for selection
have been removed (so no antibiotic factors can be moved inadvertently to other bacteria).  The resulting transgenic strains
are very stable and grow readily in culture. Little or no mutation or reversion has been observed.

Since the marker genes were placed next to an open reading site that is designed to contain the future anti-Xf compound, the
bacteria we are using now are nearly complete.  In other words it is close to the final product. Thus, we can study the biology
of the genetically altered vehicle bacterium, RAxd, and its behavior in the vineyard ecosystem.

We prefer to do this in commercial vineyards because the laboratory experiments are never fully indicative of behavior in the
field.  We chose widely separated locations and in California and more than one variety of grapevine to test.  A top priority
was to determine if the transgenic endophyte lodged in the grape berries or otherwise contaminated the product of the
vineyards.
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OBJECTIVES
1. Track the movement of Alcaligenes xylosoxidans denitrificans (Axd) within plants with or without insect involvement

and track movement in the environment.
2. Characterize transmission of Axd by glassy-winged sharpshooter (GWSS, Homalodisca coagulata).
3. Develop an application method for transgenic Axd into the xylem of grape plants for delivery of an anti-Xylella strategy.

RESULTS
In July 2003, field sites were established at four locations in the state of California; Napa, Bakersfield, Temecula, and
Riverside.  At the Napa, Bakersfield, and Temecula sites, RAxd was applied to grapevines using 3 inoculation techniques;
needle inoculation, foliar spray application, and soil drench.  These plants were covered with insect-free screening, to exclude
arthropods from test plants.  Samples were taken throughout the growing season and processed.  Grapevines at the Riverside
field site were needle inoculated with RAxd and three concentrations of GWSS (0, 10, and 50) were placed on the plants to
test the affect of GWSS feeding pressure on the translocation of RAxd in grapevines.  We collected mature grapes and plant
parts for analysis from grapevines at all four field sites.

Detection of RAxd in Grapevine Xylem: Napa Field Site
Grapevines were inoculated 41 days prior to harvest.  Pre-harvest grapevines xylem samples were collected three times (2, 4,
and 6 weeks post-inoculation).  Only single samples from 2 of 15 test plants tested positive for the presence of RAxd at 2
weeks post-inoculation.  These positives were from plants treated by needle inoculation and soil drench.  Two weeks later,
only a single sample from the soil drench-treated plant tested positive.  There were no positive samples collected 6 weeks
after inoculation.  No control plants tested positive for the presence of RAxd on any date.

Bakersfield Field Site
Grapevines were inoculated 33 days prior to harvest.  Pre-harvest grapevines xylem samples were collected two times (2 and
4 weeks post-inoculation).  Multiple samples from 8 of 15 test plants tested positive for the presence of RAxd at 2 weeks
post-inoculation.  Of these RAxd positives plants, 3/5 from foliar spray, 2/5 from needle inoculation and 3/5 from soil drench.
Two weeks later, only two plants from the foliar spray-treated grapevines tested positive. No control plants tested positive for
the presence of RAxd on any date.

Temecula Field Site
Grapevines were inoculated 43 days prior to harvest. Pre-harvest grapevines xylem samples were collected 3 times (2, 4, and
6 weeks post-inoculation).  No samples on any collection date tested positive for the presence of RAxd.

Riverside Field Site
Grapevines were inoculated 26 days prior to harvest. Pre-harvest grapevines xylem samples were collected two times (2 and
4 weeks post-inoculation).  Only 10 samples collected 2 weeks after inoculation were positive for the presence of RAxd. Six
of the positive samples were from grapevines with no GWSS included, while 4 of the positive samples were from grapevines
with GWSS included.  No significant differences in RAxd presence in grapevines could be attributed to the presence of
GWSS (X2=0.24 df=1, p value=0.624).

Detection of RAxd in Soil. RAxd
Detection of RAxd in soil. RAxd was not detected in soil samples collected from the base of any grapevines at any locations
using the culture methods or RT-PCR.

Detection of RAxd in Grape Berries
In grape cluster samples collected on the date of harvest (Napa Aug. 27, Bakersfield Sept. 3, Temecula Sept. 2, and Riverside
Aug. 18), RAxd was not detected by RT-PCR in whole grape samples from any location.  Furthermore, RAxd was not
detected in dissected grape berry samples of flesh, veins, seeds, peduncle, or stem from any location.

Detection at the Time of Field Plot Destruction
RAxd was not detected in grapevine, root, or soil samples at the time of removal.
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Table 1. Detection of RAxd in grapevines from three field sites (2003).

RAxd positive samples1

Application Method Weeks post-inoculation During grapevine removal2

0 2 4 63 Berries4 Canes Root5

Foliar Spray 0 3 2 ND 0 0 0
Needle Inoculation 0 2 0 ND 0 0 0
Soil Drench 0 3 0 ND 0 0 0

B
ak

er
sf

ie
ld

Control 0 0 0 ND 0 0 ND

Foliar Spray 0 0 0 0 0 0 0
Needle Inoculation 0 0 0 0 0 0 0
Soil Drench 0 1 1 0 0 0 0

N
ap

a

Control 0 0 0 0 0 0 ND

Foliar Spray 0 0 0 0 0 0 0
Needle Inoculation 0 0 0 0 0 0 0
Soil Drench 0 0 0 0 0 0 0

Te
m

ec
ul

a

Control 0 0 0 0 0  0 ND
1Represents 6 samples from 5 grapevines per treatment per field site (n=30 per grapevine).
2Grapevines were removes >14 weeks after inoculations at all locations.
3ND = not determined.
4Berries were collected during final collection date.
5Root samples were taken only from RAxd treated vines.

2004 Field Project
Data are not complete and will not be reported here.

CONCLUSIONS
Grapevine inoculations were made after 50-80 days following grapevine flowering at all locations. After flowering, both the
xylem and the phloem begin to fill the fruit with fluid (6).  Between 60 and 70 days after flowering, the xylem stops filling
the fruit, and phloem contributes all fluid for the development of the fruit.  This flow continues to 120 days after flowering
which is the average number of days to fruit harvest. At all field sites, RAxd inoculations were made 26 (Riverside) to 43
(Temecula) days prior to harvest.  Considering grapevine physiology, inoculations were made after the xylem ceased to
contribute fluid directly to the fruit in all cases.  Therefore, it was not surprising that RAxd was not found in fruit at any
location because it is a xylem-associated bacterium (3).

The most probable explanation for the inability of RAxd to survive in grapevines after 4 weeks was its lack of competitive
fitness associated with the transgenic organism.  Xylem contains diverse and sometimes extensive communities of microbes
(2). In greenhouse studies, a strain of EGFP protein-expressing Axd was introduced into seedlings of several plant species (3).
In that study, the genetically marked bacterium moved readily within the xylem vessels of the plants and was recovered 10
months later.  However, presence of a well-established microbial community may have restricted the growth and colonization
of transformed Axd, ultimately leading to its demise.  Chromosomally transformed organisms are commonly less fit than
native bacterial species due to the cost of the genetic insert (5). A comparison of the genetically modified Axd to the native
Axd showed that the transformed strain was less fit in laboratory cultures (Lauzon, unpublished data).  Although the
experiments were not designed to test the relative fitness of transgenic Axd, the bacterium’s inability to persist longer than 4
weeks provides additional support for the theory of reduced fitness.

Given the ubiquitous nature of Axd and its ability to colonize several plant hosts, including grapevines, in the greenhouse (3),
we expected it to persist longer in field-grown grapevines.  Even so, viability of 4 weeks may offer a large enough window
for the delivery agent in a symbiont control strategy to dispense the necessary anti-pathogen factors to negatively affect Xf.
Additionally, re-application of the symbiotic control agent may be necessary.  Additionally, reduced fitness offers an internal
controlled mechanism that will guard against transformed Axd population spread and persistence in the environment or
consumer products.
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ABSTRACT
Xylella fastidiosa (Xf), which causes Pierce’s disease (PD) in grapevines, is transmitted by the glassy-winged sharpshooter
(GWSS).  Symbiotic control employs symbiotic bacteria to deliver anti-pathogen compounds to disrupt transmission of the
pathogen to new host plants. Alcaligenes xylosoxidans denitrificans (Axd) was identified as a potential agent for
paratransgenesis because it inhabits the foregut of GWSS and the xylem of plants, as does Xf. In this report, we describe the
relationship between Axd (the symbiont), Xf (the plant pathogen), GWSS (the insect vector), and host plants to develop a
delivery strategy for symbiotic control.  Additionally, disruption of Xf-transmission by GWSS was demonstrated using two
reagents, a single chained antibody fragment and an antibiotic peptide.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is the principal vector of the xylem-limited bacterium Xylella fastidiosa (Xf), which
causes Pierce’s disease (PD) in grapevines.  Limiting the spread of this pathogen by rendering GWSS incapable of pathogen
transmission would control the disease.

Symbiotic control approaches have been developed to disrupt Triatomid transmission of Trypanosoma cruzi [3], to prevent
colitis in mammals [4, 11], and to interfere with transmission of HIV [8].  Candidate microbes that live in close proximity to
the pathogen in the vector insects and in host plant tissues would by ideal vehicles to control Xf.

Alcaligenes xylosoxidans denitrificans (Axd), originally isolated from the cibarium of GWSS, has been described as a non-
pathogenic plant endophyte and a non-pathogenic soil-borne microbe [10, 12]. Axd, genetically marked with DsRed or EGFP
protein, colonized the cibarium of GWSS for up to 35 days, the longest period tested [6]. Axd readily colonized the xylem
vessels of several plants with citrus being the most hospitable to the bacterium. [5]

Two categories of anti-pathogen reagents, single-chained antibodies (scFV) and antibiotic peptides, were tested for activity
against Xf. Screening of scFV uncovered an antibody fragment that was specific to Xf and may be specific to the PD-causing
strain of Xf. Four toxic peptides were identified that inhibited the growth of Xf, but did not inhibit the growth of Axd.

OBJECTIVES
1. Identify relationships between Axd (the symbiont), Xf (the plant pathogen), GWSS (the insect vector), and host plants to

develop a delivery strategy for symbiotic control.
2. Test the ability of anti-pathogens to disrupt Xf disease cycle.

RESULTS
Axd Movement and Colonization within Host Plants
In two trials, chrysanthemums (n=20) were needle inoculated with DsRed Axd, which contains a kanamycin-resistance gene.
One week later phloem and xylem fluid samples were collected independent of one another using a Scholander pressure
bomb [7].  The collection resulted in about 20-50 µl of phloem fluid and 100-150 µl of xylem fluid per stem.  DNA was
extracted from the remaining half of each phloem and xylem fluid sample from each plant using the Extract-N-AmpTM Plant
kit (Sigma Aldrich, Steinheim, Germany).  Presence of Axd was then determined using QRT PCR.  The other half of each
phloem and xylem fluid sample was inoculated into LB broth containing kanamycin and incubated for 48 h at 37ºC.  After
the incubation period, bacteria were screened for red fluorescence using a MZ12 fluorescent microscope (Leica
Microsystems Inc., Heerbrugg, Switzerland). Positive samples were confirmed by QRT PCR.

A higher proportion of xylem fluid samples tested positive for the presence of Axd than phloem samples in both trials: in trial
1 xylem 8/20, phloem 2/20 (1 ,4.8=2אdf, p=0.0284); in trial 2 xylem 15/20, phloem 8/20 (1 ,5.013=2אdf, p=0.025).  In all
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cases, positive phloem samples were detected only when the corresponding xylem samples was positive, whereas, most
xylem samples were positive when phloem samples were negative.  This indicated that positive detection of Axd in the xylem
was due to actual presence of the bacterium; detection in phloem may have been due to contamination.  Of the samples that
tested positive, xylem samples contained 10X more cells on average than phloem although these values were not significant
at the p=0.05 level (Trial 1: F=0.911, 1df, p=0.368.Trail 2: F=3.123, 1df, p=0.092).  All plant samples which tested positive
by RT PCR were confirmed by culturing followed by visualization under fluorescent microscopy.

Movement of Axd into GWSS Populations
After being exposed to an artificial feeding system containing DsRed Axd for 48h [6], 2 GWSS were marked with paint and
placed on an individually caged chrysanthemum with 10 naive GWSS for 2 weeks.  At the end of this period, all GWSS were
collected from the cage and analyzed for the presence of DsRed Axd by QRT PCR.  In two trial, each with 10 replicates (10
individually caged plants), 81% of the test insects survived through the studies.  In both trials, more than 57% of the
surviving, previously “naïve”, GWSS tested positive for the presence of Axd (Trial 1, 51.2%; Trial 2, 64.3%).  Therefore,
through passive delivery of the symbiont in a finite period of time, more then ½ of the insects acquired the bacterium

Effect of Axd or Xf on GWSS Biology
Colonies of GWSS which were orally inoculated with DsRed Axd, wild-
type Axd, S1 Axd (bacterium expressing an antibody), Xf, or no
introduced bacteria (control) were maintained under laboratory
conditions.  Feeding ability, natural mortality, and dry weight post-
mortem were compared between groups to determine if the presence of
bacterium influenced any of these biological factors.  In preliminary
studies, mean g consumed after 5 was not significantly different for any
of the 5 groups (n=20, p<0.001). Mortality rates of GWSS maintained in
the laboratory were plotted over an 18 day period (Figure 1).  Decline of
the colony was consistent over time and no significant differences in
mortality rates were detected (p<0.001).  Randomly, individual GWSS
were collected from each colony, dried in a desiccating oven for 48 h, and
weighed. The average weight of a dried GWSS was 0.01g and no
significant differences in dry weight were revealed (p=0.7).  In two trials,
50 wild GWSS that were collected on the UCR campus were
microinjected with different amounts either, DsRed Axd or H2O.  Bacteria
were detected in the hemocoel; however, based on Chi-square analysis
there were no significant differences in the mortality rates between the two groups.

Laboratory-Based Artificial Disease Cycle
A simple and efficient transmission cycle was developed for the study of Xf transmission by GWSS which allowed collection
of sufficient transmission data in 1 wk.  Specific numbers of cells were detected both in plant tissue and within the insect
vector by QRT PCR. Xf cells were scraped from a PD3 plate and suspended in sterile ½ strength PBS (OD600=2.0).  Five cm
sections of cut chrysanthemum stems were used for bacterial inoculations [6].  Five GWSS per 5 cm of stem were caged in
snap cap vials for 48 h. After the acquisition access period (AAP), GWSS were placed on Xf-free chrysanthemums for 48 h,
so that any detection of bacteria would be associated with transmission and not stylet contamination.  Pairs of GWSS were
transferred to sterile vials containing a fresh chrysanthemum stem cutting.  The insects were exposed to a stem for an
inoculation access period (IAP) of 48 or 96 h. DNA was extracted from the inoculation targets with the XNAR Extract-N-
Amp kit (Sigma-Aldrich, St. Louis, MO) and PCR was run following a standard QRT-PCR protocol.  Across 9 replicates
using a 48h IAP, the mean transmission rate of Xf by GWSS was 0.508+0.122, while the mean rate when given a 96h IAP
was 0.341+0.138.  Using Chi-square analysis, these ratios were significantly different (16.281=2א, df=1, p<0.001). The lower
rate associated with the longer IAP is probably due to the non-hospitable environment of the test plant stems.

Interruption of PD Cycle
Transmission of Xf from infected grapevine to healthy grapevine by GWSS was blocked by feeding GWSS on the plant-
based AFS containing an Xf-specific antibody fragment (scFV S1) expressed in the coat of a M13 bacteriophage, between a 5
d AAP and the 5 d inoculation access period (IAP). At two concentrations of phage/antibody (1014 and 1015) transmission of
Xf was 0% (n=10 and n=13, respectively), compared to 50% transmission in the control group (n=8).  Transmission of Xf was
reduced when GWSS were fed Indolicidin (American Peptide Company, Inc., Sunnyvale, CA) between the AAP and IAP
from 50% in the control group to 35% (n=14) at 100µg/ml and 7% (n=14) at 500µg/mL.  These experiments are currently
being replicated. While the rate of Xf transmission was higher than previously reported [1, 2, 9], we feel this is a fair
assessment of the insects’ ability to transmit.

CONCLUSIONS
Several major biological associations were found which support the feasibility of symbiotic control to reduce transmission of
Xf by GWSS:
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1. Natural populations of GWSS are commonly found thriving on several citrus varieties.
2. Axd colonized and grew best in the citrus varieties tested.
3. Axd colonized the xylem vessels of test plants, the same tissue from which GWSS feed.
4. Axd passively moved through populations of GWSS.
5. Axd did not negatively affect GWSS.

Interestingly, Axd appears to mirror the host range of GWSS.  Genetically marked Axd colonizes several host plants.  This
suggests that genetic modification does not interfere with the biology of Axd, which should enter into the insect-plant cycle
and be transmitted along with the pathogenic bacteria target.  While GWSS is the vector of greatest interest in California, two
other native sharpshooters also transmit the vehicle bacterium, Axd, and several plants can serve as hosts.

In the laboratory, inhibition of Xf-transmission by GWSS was demonstrated using two different categories of reagents, a
surface antibody fragment and an antibiotic peptide (Indolicidin).  The antibody fragment was specific to Xf. In our trials the
antibody fragment was being expressed in the coat of a phage, so the effects on transmission might be greater when the
antibody fragment is expressed on the surface of Axd.  Indolicidin inhibited Xf growth in vitro, but did not affect growth of
Axd.  Transformation of Axd to produce each/or both of these reagents is currently under way.

We concluded that Axd will be an effective delivery agent of a symbiont control strategy for combating Xf. GWSS readily
acquired Axd from a plant source and this bacterium translocated and colonized a variety of plants tested.  We have yet to
determine the effect of the reagents on Xf in infected grapevines.

Previously, plant symptoms confirmed by ELISA or PCR detection were used to determine if transmission had occurred.
Unfortunately, these systems require the bacterium to colonize and infect the host plant to determine transmission. If an
infected plant is asymptomatic, important but less obvious transmission events may be missed. Our system removes the plant
“unknowns” from the equation.  However, we recognize the importance of actual plant infection as a measure of transmission
importance, but suggest using the artificial disease cycle as an initial rapid measure of vector competence.
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ABSTRACT
The Xylella fastidiosa (Xf) is the causal agent of Pierce’s disease of grape. In previous work, we discovered, partially
purified, and investigated the processing of the Xf protein MopB, which previously had been known only from the nucleotide
sequence of its gene. The amino acid sequence of MopB, the uniform staining of Xf cells with fluorescent anti-MopB
antibody and the abundance of MopB in total protein extracts of Xf cells suggest that MopB is the major outer membrane
protein of Xf. As such, MopB is expected to participate in Xf colonization of grape xylem elements. We previously
demonstrated that partially purified MopB binds to (xylem-rich) balsa wood or cellulose (filter paper) disks under conditions
in which other proteins do not adhere. Here we report improvements in our MopB purification procedure and observations on
adherence of MopB in Xf cells to cellulose disks under conditions that eluted other Xf proteins. A high (0.25mM)
concentration of the cellulose fragment cellotetraose did not interfere with the binding of MopB to cellulose, suggesting that
the binding reaction of MopB is not specific for cellulose. We exposed Xf cells or MopB to each of three fibrous polymer
disks and to cellulose disks and observed similar adherence of MopB from both sources to all four polymer disk types. Thus,
MopB appears to associate with porous materials generally when it is exposed to such materials in purified form or as Xf
cells. The abundance and exterior exposure of MopB makes MopB an ideal target for Pierce’s disease control strategies. We
seek to develop soluble proteins with high affinity for MopB. We will apply, as an anti-Xf agent, a selected MopB-binding
protein alone or as a chimera with a bacterial cell-inactivating peptide or protein. Our expectation is that expression of the
anti-Xf protein, targeted to the xylem in grape rootstock, may result in the anti-Xf protein moving into and protecting the
grafted scion. In this reporting period, experiments were initiated with the objective of creating a protein having high affinity
for MopB. As a first step towards this objective, Project Scientist Paul Feldstein developed E. coli strains expressing surface
elements of MopB protein, so that the experimentally compliant E. coli can be used to select proteins with high affinity for Xf
MopB.

INTRODUCTION
We have been investigating an abundant protein of Xf, MopB. We showed that MopB is the major outer membrane protein of
Xf and is partly exposed on the outside of the bacterial cell. We purified MopB, prepared antibodies against it, and
demonstrated an apparent affinity of MopB for cellulose. This last observation and the abundance of MopB suggested that
MopB may participate in the initial attachment of Xf to the inner surface of the xylem vascular elements or in some other
critical event in the initiation of infection leading to the development of Pierce’s disease. Regardless of whether MopB is
critical in this process, its location and prevalence support our contention that MopB is an ideal target for a Xf-specific
bactericide or for a reagent that would coat and thereby inactivate Xf cells. Our strategy for creating a high-affinity MopB-
binding protein is to begin with a protein that has evolved to bind tightly to the major outer membrane protein of E. coli,
OmpA, and to convert the specificity of that protein from OmpA-binding to MopB-binding. The T2-like E. coli
bacteriophage K3 has OmpA as its receptor. The K3 tail fiber adhesion gp38 is responsible for binding of bacteriophage K3
to OmpA in a reaction whose rate and irreversibility suggest a high-affinity association. Mutational conversion of gp38 from
its natural receptor OmpA to other E. coli surface proteins has been demonstrated in several publications (Drexler et al.,
1991, and references cited therein). In outline, our planned experimental steps for creating an anti-Xf protein are (i) replace
the OmpA protein of E. coli with a protein that has MopB sequences displayed on the cell exterior, (ii) select variants of
bacteriophage K3 that can infect the modified E. coli and also can bind to Xf cells, (iii) isolate the variant bacteriophage K3
gene gp38 (expected to encode a MopB-binding gp38 protein), and (iv) genetically modify the MopB-binding gp38 to confer
solubility and (in collaboration with the Gupta laboratory) possibly fuse the gp38 to a bactericidal peptide-encoding
sequence. Step (v) will be the expression of a xylem-targeted version of the gp38 or gp38 fusion protein in rootstock and will
be performed in collaboration with the Dandekar laboratory.
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OBJECTIVES
For period 15 Oct 2003 through 30 June 2004, previous project title “Roles of Xylella fastidiosa Proteins in Virulence”

1. To identify specific Xylella fastidiosa (Xf) protein(s) and determine their roles in virulence, particularly major outer
membrane protein MopB

2. To develop strategies for interfering with Xf infection of grape and/or with development of Pierce’s disease

For period 1 July 2004 through 11 October 2004, new project title “Exploiting Xylella fastidiosa Proteins for Pierce’s Disease
Control”

1. Discover or develop low molecular weight proteins with high affinity for portions of the MopB protein that are
displayed on the Xf cell exterior.

2. Test MopB-binding proteins for their ability to coat Xf cells, for possible bactericidal activity, and for interference with
disease initiation following inoculation of grape with Xf.

3. In collaboration with the Gupta laboratory, develop gene constructions for chimeric proteins designed to bind tightly to
and inactivate Xf cells; express and test the chimeric proteins for their effects on Xf cells in culture.

4. In collaboration with the Dandekar laboratory, prepare transgenic grape expressing the candidate anti-Xf proteins; test
the transgenics for resistance to infection by Xf

RESULTS
Purification of MopB from Xf cells. A dilute suspension of Xf cells scraped from plates
is incubated at 30°C for 30 min in Tris-HCl-EDTA buffer pH 8.5 containing 8mg/mL
SDS, 0.2µL/mL 2-mercaptoethanol. High speed centrifugation collects a precipitate
(designated SP-MopB) that is highly enriched in MopB but includes substantial amounts
of non-protein material from the Xf cells. The precipitate is dispersed into Tris-HCl-
EDTA buffer, pH 8.8, containing 1.2M sodium perchlorate, 1mg/mL SDS, 10µL/mL 2-
mercaptoethanol and is incubated at 30°C for 18hr. The supernatant after centrifugation
at 50K rpm, 10°C for 20min is designated as the SS-MopB fraction. Sodium perchlorate
reduces the solubilization of non-MopB proteins from SP-MopB preparations. The
effective concentration of SDS is very low in SS-MopB due to the common ion effect
with sodium perchlorate. SS-MopB, concentrated by centrifugal filtration, binds to
porous polymer disks as described below.

Preponderance of MopB in the Xf outer membrane. Xf cells were washed with cold 1M
perchloric acid to elute low molecular weight compounds. The cell suspension was
assayed for DNA by the diphenylamine assay and for protein using the BCA reagent.
The amount of DNA per stationary state cell is assumed to be 2.7 x 106 base pairs.
MopB appears to be 10-15% of the Xf cell protein, based on analyses such as those in
Fig. 1. From these results, Xf cells have at least 80,000 MopB molecules per cell. We
assume that the packing volume of MopB is similar to the packing volume derived from
x-ray crystallography for the amino-terminal domain (residues 1-171) for E. coli OmpA,
which crystallized as a 2.6nm diameter cylinder (Pautsch and Schutz, 1998). The
diameter of a Xf cell is about 400nm. 80,000 molecules of hexagonally packed MopB
would form a cylinder 400nm in diameter and almost 400nm high, accounting for more
than 10% of the surface area of the 1000 to 5000nm long Xf cell.
General association of MopB with porous substances. We reported previously on the

spontaneous association of MopB from solution with balsa wood (composed largely of xylem) and cellulose disks (filter
paper). Other proteins, mixed with the MopB, did not absorb to balsa wood or cellulose. Fig. 2 reports our extension of this
work to other porous polymeric materials of diverse chemical character. Cellulose, polyamid, polyester, and a rayon-nylon
blend provided in approximately the same mass, all became associated with MopB, whether the MopB was supplied as
partially purified protein in solution or as MopB in the outer membrane of Xf cells. Quantitatively, there was little variation in
the extent of association among the polymers, all of which were exposed to the same NP-40 (non-ionic detergent) solution.
Bovine serum albumin (BSA) was not absorbed by any of the porous polymer disks. Elution of polymer disks exposed to Xf
cells in the presence of excess BSA was carried out in two stages. A mild elution (“A1” under the lanes in Fig. 2B), with
neutral-pH SDS solution at 30˚C, eluted most of the proteins not already removed from the polymer disks by the initial rinses
with SCP buffer (“F” under lanes, Fig. 2B). Elution with hot, alkaline SDS-mercaptoethanol solution should remove all of the
remaining proteins to the “A2” fractions. The A2 fractions contained about 40% of the MopB supplied to the disks in the
initial incubation. However, only limited amounts of other Xf proteins remained after the A1 elution, i.e., to be eluted in the
A2 fraction. We interpret these results as showing a tight association between MopB displayed on the outside of Xf cells and
the polymers or a polymer-mediated precipitation of the MopB protein, which then could be released and/or solubilized only
by exposure to hot, alkaline SDS solution. These results indicate no specificity of MopB for association with (or precipitation
by) a specific polymer, so, unlike MopB itself, the polymer side of the MopB-polymer pair is not an attractive target for
interfering with Xf-xylem interactions.

Figure 1. Purification of MopB
protein from Xf cells. All samples
were analyzed on a 12.5%
polyacrylamide gel Lane 1, hot SDS
extract of Xf cell suspension. Lane 2,
MopB purified through a step of
solubilization at pH8.8 in sodium
perchlorate-SDS. Lane 3, no sample,
for lane 2 comparison.

Xf
cells

Blank
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SS-
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Figure 2. Polymer disk accumulation of Xf
MopB from protein mixture and Xf cells. (a). A
solution of SP fraction MopB and BSA was
dispersed in 1x SCP, 1mg/mL NP-40. 8mm
diameter disks were prepared from filter paper
(2 disks, 19mg), polyamid (3 disks, 21mg),
polyester (5 disks, 20mg), and 30% nylon, 70%
rayon (3 disks, 19mg). 0.25mL of the BSA-
MopB dispersion was dispensed into an empty
vial (lane 1, V) and into vials containing
polymer disks as indicated. The vials were
incubated at room temperature for 2hr with
orbital shaking at 100rpm. Free, unassociated
material rinsed off with SCP: lanes 2, 4, 6 and 8
(F below lanes). Material eluted from polymer
disks with alkaline hot SDS-mercaptoethanol
solution: lanes 3, 5, 7 and 9 (A below lanes).
(b) Xf cells were dispersed into 1xSCP,
1mg/mL NP-40 containing a great excess of
BSA (150µg/mL).  0.25mL of the suspension
was dispensed to vials containing polymer
disks as indicated. Elution was in two stages:
A1, SDS in SCP at 30˚C and A2, hot SDS-
mercaptoethanol at alkaline pH. Numbers under
lanes indicate fraction of MopB band material
in A and A2 fractions.

E. coli displaying MopB outer peptide loops. Attempted cloning and expression of the full Xf mopB gene in E. coli, including
the Xf MopB promoter, were not successful. However, a system that included an inducible bacteriophage T7 RNA
polymerase and T7 promoter driving the MopB-encoding sequence was adapted to create E. coli cultures generating low
levels of MopB when induced with the gratuitous inducer IPTG. Intact Xf MopB accumulation may sicken E. coli,
accounting for the low level accumulation. The Introduction describes in outline a strategy for creating a MopB-binding, anti-
Xf protein. This strategy requires substitution of E. coli OmpA by a new outer membrane protein that portrays the
characteristics of MopB on the surface of Xf cells. To this end, we created a chimeric MopB-OmpA construction in E. coli
and subjected the cells to conditions designed to select cells in which recombination events resulted in the E. coli OmpA gene
being replaced by the MopB-OmpA chimera (Fig. 3).

The predominant conformation of the OmpA protein as it resides in the outer membrane of E. coli probably has amino acid
residues 1-171 inserted with 8 trans-membrane segments and four external loops (Singh et al., 2003).
MopB can be cast in a similar conformation based on the crystallographic structure of OmpA and computer predictions of
folding for OmpA and MopB. Our design for the chimeric MopB-OmpA gene retains the OmpA promoter and replaces only
the 1-171 residue region of OmpA with the corresponding MopB sequence. Our rationale is that retaining the OmpA leader
peptide, which targets the molecule to the outer membrane, and the OmpA carboxy-terminal portion, which includes the
trans-periplasmic space sequences and the sequence that is inserted into the peptidoglycan layer, will result in a molecule that
is more compatible with E. coli that an intact MopB gene would be.

The low-copy-number plasmid construction indicated in Fig. 3(a) encodes the desired chimeric molecule and the associated
OmpA 5’UTR and leader peptide but lacks the OmpA promoter, so the chimeric protein should be expressed at a very low
level, at the most, in transformed E. coli. The robust, highly recombination competent E. coli strain ER2738 was transformed
with the Fig. 3(a) plasmid under the expectation that recombination events would replace the chromosomal OmpA gene
[Fig. 3(b)] with sequences encoding the MopB amino-half molecule flanked by the OmpA leader peptide and carboxy-half
OmpA sequences, creating the desired structure diagrammed in Fig. 3(c).
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Figure 3. E. coli strains with the E. coli OmpA gene replaced by a chimeric MopB-OmpA gene. (a)A low copy number plasmid
was prepared with an insert composed of the 5’UTR and leader peptide (small rectangle) of OmpA fused to codons 1-171 of
MopB (N-MopB), which in turn is fused to codons 172-325 of OmpA (C-OmpA). (b)Representation of the wildtype
chromosomal OmpA gene (Wt). (c)Desired recombinant between the plasmid and the chromosomal OmpA gene to give a
chromosomal, chimeric MopB-OmpA gene in place of OmpA. (d)Analysis of a polymerase chain reaction (PCR) 916bp product
expected to be amplified, by forward (FA) and reverse (RB) primers designed as indicated in part (c), only from the recombinant
sequence. Lanes received PCR incubation mixtures from Wt E. coli and two candidate recombinant strains, R1 and R2. (e)Gel
electro-phoresis (SDS-PAGE) of protein extracts from E. coli lines Wt, R1 and R2. Unfortunately, the loading for the Wt lane is
substantially greater than the loading for lane R1, which is more heavily loaded than lane R2. Dot indicates a band that is lost in
R1 and R2 compared to Wt. The star marks a band of enhanced intensity, relative to other bands in the same lane, in R1 and R2
compared to Wt.

E. coli transformants displaying MopB sequences were selected using magnetic beads covalently coupled to anti-MopB IgG.
Beads were plated on agar medium to recover colonies growing up from bead-selected cells. Pooled colonies were cultured,
and the cells were exposed to the OmpA-specific bacteriophage K3 at a multiplicity of infection of 15 to deplete the
population in cells still bearing OmpA. Fig. 3 provides evidence for the occurrence of the expected recombination events and
for the production of the chimeric MopB-OmpA protein in amounts visible on a coomassie brilliant blue-stained gel
[Fig. 3(d) and (e)]. The cells derived by these approaches agglutinate beads displaying anti-MopB IgG, providing evidence
that some part of the MopB portion of the chimera, presumably the MopB outer loops, is displayed on the exterior of the E.
coli cell.

CONCLUSIONS
Based on results reported here and in previous progress reports, MopB is a highly suitable target for strategies designed to
interfere with the ability of Xf to initiate infections leading to development of Pierce’s disease. Our overall strategy for
creating grape plants resistant to Xf is revealed by the four new objectives stated above in the Objectives section.
Experimental steps (i), (ii) and (iii) outlined at the end of the Introduction reveal how we intend to satisfy new Objective 1.
Results in Fig. 3 suggest that we have completed experimental step (i) and that we are ready to proceed to the selection of
variant gp38 proteins capable of high affinity binding to MopB on the surface of Xf cells, i.e., experimental steps (ii) and (iii).
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ABSTRACT
The toxicities of established and new members of the neonicotinoid insecticide class were assessed against the glassy-winged
sharpshooter in topical application bioassays.  All compounds were highly toxic to the insect.  Clothianidin elicited its toxic
response more rapidly than thiamethoxam and was 3-fold more toxic overall at the LD50 level.  Clothianidin has been
proposed as an active derivative of thiamethoxam, so it is important to establish the fate of these chemicals within plant
systems that are likely to be treated for GWSS control.

INTRODUCTION
The primary means of controlling the spread of Pierce’s disease (PD) in California vineyards is through the elimination of its
vector using insecticides.  The glassy-winged sharpshooter (GWSS) Homalodisca coagulata feeds directly from the plant
xylem system and, therefore, systemic insecticides are currently being evaluated on both citrus and grapes.  Of the various
classes of insecticide under consideration, the neonicotinoids, especially imidacloprid, have proven to be the most effective at
suppressing GWSS populations.  Imidacloprid (1-[(6-chloro-3-pyridinyl)methyl]-4,5-dihydro-N-nitro-1H-imidazol-2-amine)
is a nicotinic acetylcholine receptor agonist that combines high potency with low mammalian toxicity and favorable
persistence.  As a systemic, seed, soil or foliar treatment, it has proved to be especially effective against a wide range of
homopterous insect pests, including the GWSS.  The success of imidacloprid in controlling GWSS is due largely to its
excellent systemic properties.  Systemic applications exploit the xylophagous feeding behavior of the insect, and thereby
disrupt the transmission of PD and other X. fastidiosa-related diseases.

This project is an extension of a one-year project that was funded by the UC Pierce’s Disease Research Grant Program.  It
will focus on the fate of imidacloprid and other neonicotinoid insecticides in citrus and grapevines, and the impact of these
chemicals on GWSS.  In a previous study, imidacloprid and two of its derivatives were shown to be highly toxic to GWSS
adults (Byrne and Toscano, 2003).

The aims of this study are to determine the extent to which metabolites of neonicotinoids are formed in citrus trees and
grapevines, and to determine their toxicological significance towards GWSS.  The presence of insecticidal metabolites in
xylem sap could contribute to the excellent persistence of imidacloprid treatments against sharpshooters.  As well as
maintaining the toxic pressure of the initial application, the metabolism of neonicotinoids to yield equally or more toxic
metabolites may also account for the stability of this chemical class to resistance.

Of particular interest to us are thiamethoxam and clothianidin, which are being evaluated for use against citrus and grape
pests.  During the past year, it has been established that thiamethoxam is converted into clothianidin by insects and cotton
plants (Nauen et al., 2003).  This is an important finding, as it could have ramifications for the use of these products on
grapes and citrus.  When several products from the same class become available for pest management, it is important that
their use be carefully monitored in order to circumvent potential resistance problems.  The possibility that thiamethoxam is
converted into clothianidin is, therefore, of concern when formulating management strategies based around the
neonicotinoids.  Receptor binding studies have suggested that thiamethoxam does not bind to the same receptor site as
imidacloprid and so it has been proposed as a suitable product for alternation with imidacloprid because of the reduced
resistance risk (Weisner and Kayser, 2000).  Now that thiamethoxam has been shown to be a potential pro-insecticide, and
clothianidin has been shown to bind to the same receptors as imidacloprid, new issues are raised about its suitability as a
product for rotation with other neonicotinoids.  This is an important reason for determining the fate of thiamethoxam in citrus
and grapes.

OBJECTIVES
1. Determine the metabolic fate of neonicotinoids within citrus trees and grapevines.
2. Determine the relative toxicities of neonicotinoids and their metabolites to the adult and egg stages of the GWSS.

RESULTS
The toxicity of four neonicotinoid insecticides has been assessed for GWSS adults using a topical application bioassay
(Table 1).  Thiamethoxam, clothianidin and acetamiprid were all more toxic than imidacloprid.  Clothianidin was
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approximately 3-fold more toxic than thiamethoxam, and the dose-response was steeper as indicated by the higher slope.  It
was evident during these bioassays that the toxic effects of thiamethoxam were delayed compared with the other
insecticides, suggesting that thiamethoxam may require activation to a toxic derivative within the GWSS.

Table 1. Toxicity of neonicotinoids to the GWSS in topical application bioassays.

Compound LD50 (ng a.i. per insect) 95% FL Slope No. of insects
Imidacloprid 4.8 2-8 1.5 ±0.4 100

Thiamethoxam 2.6 2.0-3.3 1.4 ±0.3 200
Clothianidin 0.7 0.6-0.9 5.2±0.9 125
Acetamiprid 0.7 0.6-0.9 3.7±0.6 125

CONCLUSIONS
In this study, we tested four neonicotinoids against the GWSS.  Although there were differences in LD50s, all compounds
were highly toxic.  These results confirm that the newer neonicotinoids could have a place in GWSS management programs.
We are currently investigating the fate of these chemicals in both citrus trees and grapevines.  Establishing the potential for
conversion of thiamethoxam into clothianidin is of particular importance if these chemicals are to be incorporated into
management strategies.
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ABSTRACT
Geographically distinct populations of GWSS differ in their toxicological responses to pyrethroid insecticides.  We have
shown that these different responses are unlikely to be caused by an esterase-mediated mechanism.  The distributions of
esterase activity in insects tested from Riverside and Redlands citrus orchards remained unchanged after selection with an
LD50 dose of esfenvalerate.

INTRODUCTION
We are using a multi-disciplinary approach to understand the biological and genetic mechanisms contributing to the
toxicological differences between GWSS populations.  This will allow us to determine whether the basis for decreased
tolerance is due to target site changes or due to the selection of detoxification mechanisms. Whereas target-site modifications
will only impact the pyrethroid class of insecticides, the selection of detoxification mechanisms are more critical due to their
potential to confer cross-resistance to chemical classes that differ in their modes of action.  In this first report, we describe
selection experiments designed to test the potential involvement of esterases in conferring pyrethroid tolerance (Objective 2).

OBJECTIVES
1. Monitor toxicological responses of geographically distinct populations of GWSS to pyrethroid insecticides
2. Measure biochemical activity of putative resistance-causing enzymes in these populations.
3. Clone and sequence the sodium-channel genes in GWSS populations differing in susceptibility to insecticides.
4. Perform microarray gene expression profiles in GWSS populations differing in susceptibility to insecticides to isolate

novel genes involved in resistance.

RESULTS
Bioassays
Topical application bioassays (Byrne et al., 2003) have been conducted on Riverside GWSS adults to determine an LD50 for
esfenvalerate.  The LD50 was determined to be 0.75ng esfenvalerate per insect.

Selections
For selection experiments, insects were collected from the UC Agricultural Operations orchard in Riverside.  Adults were
treated with 0.75ng esfenvalerate by topical application.  Esterase activity was measured in a subsample of insects taken
before the bioassay, and in the survivors (at 48 hours) from the bioassay (Figure 1).  Although there were differences in
activities between males and females, there were no differences in activities attributable to selection by esfenvalerate.

In additional selection experiments, insects from Redlands and Riverside orchards were treated with 0 (controls), 0.075ng
(sub-lethal) and 0.75ng (LD50) esfenvalerate per insect.  Control and survivors at each treatment were used to prepare target
RNA for gene expression profiling studies.

Microarrays
PCR amplified inserts from 1,536 normalized library clones were spotted onto amino-silane coated glass slides.  Each clone
was spotted in side by side duplicate spots and the entire array was duplicated on each slide. Total RNA was isolated from
two individual insects from each treatment for target preparation.  Each total RNA was reverse transcribed and PCR
amplified separately with Cy3- and Cy5-tagged dUTP.  Slides were hybridized for 16 hours at 42oC on a Genomics Solutions
GEN TAC® hybridization station and washed twice at medium stringency for 40 seconds.  Each hybridization was repeated
as a target dye swap.  Slides were scanned on an Applied Precision Array Worx fluorescence scanner.  Data is being
evaluated using the Silicon Genetics GeneSpring program.
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CONCLUSIONS
In this study, we tested populations of GWSS from Riverside citrus orchards with 0.75ng esfenvalerate.  This dose of
esfenvalerate is the LD50 for the Riverside population when topically applied to the insect abdomen.  Distributions of
esterase activity revealed that there were no differences between the untreated insects and the treated survivors.  These results
suggest that esterases do not contribute directly to the toxicological differences between these populations.  In addition, many
and different gene expression changes occur in GWSS in response to sub-lethal and LD50 doses of esfenvalerate.

REFERENCES
Byrne, F.J. and Toscano, N.C.  2003.  Characterization of plant metabolites of imidacloprid in citrus trees and grapevines,
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Figure 1. Distributions of esterase activity in adult male and female glassy-winged sharpshooters
rom a Riverside citrus orchard.  Insects were treated topically with either acetone (Control) or
0.75ng esfenvalerate (Select), and esterase activity measured in survivors.

Figure 2. Scan data of microarrays hybridized to Cy3 labeled control target (green) and Cy5 labeled
sub-lethal target (A) or LD50 target (B) (red).  Circled results show obvious gene expression
differences.
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ABSTRACT
We have used in silico mining of EST data and Real Time PCR to identify a set of Xylella-induced grape genes.  Controlled
time course analyses demonstrate that the genes are induced prior to symptom development, in coincidence with pathogen
colonization.  Analysis of field samples from grapes under a variety of biotic and abiotic stresses demonstrate that these
genes are up-regulated in response to Xylella but not in response to the other pathogens assayed, including common viral,
nematode and fungal pathogens, or by Phylloxera infestation or herbicide damage.  By contrast, transcriptional responses
similar to those observed in Xylella-infected tissues were observed in grapes under severe drought stress (in excess of normal
field drought) and in plants where the vascular system had been blocked by damage from the grape cane girdler insect.  These
results are consistent with transcriptional regulation in response to insult within the vascular tissue of grape, but not to
pathogen infection generally.

INTRODUCTION
All organisms adapt to external stressors by activating the expression of genes that confer adaptation to the particular stress.
For example, when exposed to conditions of heat or drought, genes for adaptation to heat and drought stress are up-regulated.
Similarly, when a plant is exposed to a pathogen, numerous genes are induced including those that encode proteins involved
in disease resistance.  In the case of Pierce’s disease, such genes are likely to include those coding for resistance to Xylella or
to the insect vector.

Genomics technology offers an opportunity to monitor gene expression changes on a massive scale (so-called "transcriptional
profiling"), with the parallel analysis of thousands of host genes conducted in a single experiment.  In the case of Pierce's
disease of grapes, the resulting data can reveal aspects of the host response that are inaccessible by other experimental
strategies.  Prior to carrying out transcriptional profiling, it is first necessary to (1) catalog the gene content of grapes by
means of sequencing and bioinformatic analyses, and (2) develop gene-based arrays that allow the simultaneous monitoring
of gene expression for >10,000 genes.  Our research to date has contributed significantly in each of these areas.  In May of
2004, the first Affymetrix gene chip was made available for public use, with ~15,000 Vitis genes represented.  This gene chip
has been developed based primarily on a collaboration between the Cook laboratory and researchers at the University of
Nevada-Reno. With the arrival of the Affymetrix gene chip, we are poised to make a quantum leap in the identification of
host gene expression in response to Xylella fastidiosa.

In addition to enumerating differences between susceptible and resistant genotypes of Vitis, the ongoing research will test a
long-standing but largely untested hypothesis that pathogen-induced drought stress is one of the fundamental triggers of PD
symptom development.  The utility of this type of data will be to inform the PD research community about the genes and
corresponding protein products that are produced in susceptible, tolerant and resistant interactions.  Differences in the
transcriptional profiles between these situations are expected to include host resistance and susceptibility genes, and thus
provide the basis for new lines of experimental inquiry focused on testing the efficacy of specific host genes for PD
resistance.  It should be possible, for example, to determine the extent to which resistance responses in grapes are related to
well-characterized defense responses in other plant species [e.g., Maleck et al., 2002; Tao et al., 2003; de Torres et al., 2003].
In addition to identifying candidate effectors of disease resistance, such knowledge would aid the development of testable
hypotheses regarding susceptibility and resistance to Xylella fastidiosa in grapes.
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Three co-lateral benefits from the identification of pathogen-induced genes are: (1) the promoters for such genes are
candidates to control the expression of transgenes for resistance to Pierce’s disease, (2) the protein products of induced genes
may have roles in disease resistance, and (3) knowledge of host gene expression can be used to develop improved diagnostic
assays for disease.  In the first case, we are currently characterizing pathogen-responsive promoters, which would allow us to
test candidate genes (the second case) for resistance phenotypes.  In the third case, gene expression patterns can be used to
develop so-called "molecular signatures" or "biomarkers" [MacNeil 2004] that are diagnostic of an organism’s physiological
status.  Biomarkers are finding application in clinical medicine, where data on gene expression patterns are useful for
characterizing disease states and improving clinical outcome [Alizadeh et al., 2001; Van't Veer et al., 2002; Ramaswamy et
al., 2003].  In the case of Pierce’s disease, the identification of early genes (i.e., genes expressed prior to the appearance of
visible symptoms), and/or genes that are induced systemically in response to local infection, would greatly increase the
reliability of disease diagnosis, which is currently prone to false negatives due to mis-sampling of locally-infected
asymptomatic vines.  At the same time, the identification of disease-related gene expression profiles would provide a novel
measure of host response, and thus provide tools for basic Pierce’s disease research applications.

OBJECTIVES AND PRODUCTS OF THE RESEARCH
Completed objectives
1. The public release of 61,203 EST sequences to the National Center for Biotechnology Information.
2. Development of a public, on-line relational database for analysis of the grape genome (http://cgf.ucdavis.edu).
3. Production of a public Affymetrix microarray, in collaboration with international researchers, available May 2004.

Ongoing Objectives
4. Identify genes and gene pathways in susceptible Vitis vinifera correlated with Xylella infection: (a) identify Xylella-

responsive genes in V. vinifera, (b) distinguish early from late gene expression, and (c) determine the correlation between
drought stress and Pierce's disease.

5. Determine host genotype affects on gene expression in response to Xylella infection: (a) susceptible Vitis vinifera
compared to resistant genotypes of Vitis arizonica and Vitis aestivalis, (b) comparison of pathogen-induced gene
expression with gene expression triggered by salicylic acid and ethylene, and (c) analysis of gene expression in resistant
and susceptible bulked segregants of Vitis arizonica X Vitis rupestris.

6. Development of Real Time PCR assay for routine monitoring of Xylella-induced genes under field, greenhouse and
laboratory settings.

7. Isolation and characterization of Xylella-responsive plant promoters.

RESULTS
Analysis of the Grape Transcriptional Response to Pathogen Challenge
The results described below are based on the analysis of combined data sets generated under this project and that of our
collaborators at the University of Nevada-Reno, and other members of the grape genomics community.  In total, 40% of the
135K V. vinifera ESTs and 100% of the sequencing focused on Pierce's disease originated from this project.

In silico Identification of Xylella-induced Genes in Vitis vinifera
We have identified 31 genes that appear to be up-regulated in response to infection by Xylella fastidiosa.  The analysis, which
involved construction of a correlation matrix and 2-dimensional hierarchical clustering, was based on EST frequency in
various tissues with or without Xylella infection.  The most abundant contig (7061) shares homology with a stress-related
RNA from Arabidopsis, although the function is unknown in any system.  Interestingly, this gene is up-regulated in infected
plants, prior to symptom development, making it a top candidate for an early and sensitive marker of Pierce's disease.  Other
genes in the list have homology to proteins implicated in signaling during disease resistance, while others have been
identified as pathogen responsive, or have been implicated in plant-insect interactions.  After confirmation of the Xylella-
specific transcription of such contigs (see Real Time PCR assays, below) we initiated the isolation of the promoters from
these genes from genomic DNA libraries.  The potential application of such promoters to drive Xylella-induced and/or tissue
specific expression of transgenes is planned as a topic of a future grant proposal.

Development of Real-Time PCR for Gene Expression Analyses and Disease Diagnosis
Detailed analysis of transcriptional responses will require methodical analysis by means of microarray gene expression
studies, which we initiated in July 2004 under a one-year renewal to this project.  At the same time, the current list of
putatively Xylella-induced genes may provide leads for further analysis by means of Real Time PCR.

Real Time PCR has three primary uses for Pierce's disease research: (1) It can be used as an alternative to pathogen-based
assays for disease diagnosis.  For example, the identification of host genes that are expressed early and systemically could
provide a significantly more reliable test for PD infection. This "biomarker" strategy is gaining increasing use for human
medicine.  (2) Real Time PCR assays offer a useful point of comparison for data from in silico analysis of gene expression
(i.e., from statistical analysis of EST data) and for confirming results for key genes identified in Affymetrix microarray
experiments.  (3) Real Time PCR of differentially expressed host genes can provide a convenient research tool for
investigators in need of a sensitive measure of host response.
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Based on the in silico analysis, described above, four Xylella-induced genes, a constitutively expressed control Vitis gene,
and a bacterial gene, were selected to develop a multiplex PCR assay.  This "dual-diagnosis" system may have potential as a
tool for disease diagnosis.

Isolation of Pathogen-induced Promoters
DNA probes were developed based on the Xylella-induced genes and used to screen high-density filters of Vitis vinifera
genomic DNA libraries.  Clones were isolated, fingerprinted to confirm relatedness, and analyzed by PCR and sequencing to
verify that they contained the genes of interest.  A shotgun sequencing strategy is being used to obtain the complete sequence
of each clone and promoter constructs are being made to test in transient and stable transformation assays.  Gene fusions will
include reporter proteins to monitor temporal and spatial patterns of transcription (e.g., green fluorescent protein and ß-
glucuronidase) and candidate pathogen resistance proteins that may protect grapes against Xylella infection.

CONCLUSIONS
To date we have identified several genes of Vitis vinifera that are up-regulated in response to Xylella infection.  Ongoing
research will identify larger sets of grape genes expressed in response to this pathogen and provide the basis for
biotechnological approaches to dealing with Pierce's disease.

How will these technologies help in solving Pierce’s disease? In the short term they will (1) yield improved genetic tools for
breeding resistance to Pierce’s disease (for example single nucleotide polymorphism "SNP" and simple sequence repeat
"SSR" genetic markers currently available from our web site "http://cgf.ucdavis.edu), (2) provide gene-promoters that are an
essential, but currently unavailable, tool for effective genetic engineering in grapes, and (3) potentially provide the basis for
more reliable detection of the pathogen based on Real Time PCR using a "biomarker" strategy.  (4) In the long term,
transcriptional profiling will identify candidate genes and gene pathways that may confer resistance to the pathogen (Xylella
fastidiosa) and/or to the insect vector (Sharpshooter leaf hopper) and it will allow testing of long-standing hypotheses such as
the relationship between host response to drought and host response to Xylella.  Other strategies, such as reverse genetics and
analysis of natural genetic variation for host responses, will be required to establish a causal role for candidate genes.
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Figure 1. Monitoring of PD-induced genes using conventional reverse transcriptase-PCR and Real Time
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ABSTRACT
Acinetobacter johnsonii GX123, a Xylella gum-degrading endophyte was co-inoculated with Xylella fastidiosa strain Texas
in oleander plants to determine its efficacy as a biocontrol agent in preliminary experiments.  Symptoms appeared in both
plants inoculated with X. fastidiosa alone and plants co-inoculated with the endophyte.  However, symptoms were more
severe and appeared earlier in plants inoculated with X. fastidiosa than in those co-inoculated with the endophyte. A.
johnsonii GX123 seems to be a promising candidate to control X. fastidiosa.  Experiments using a sequential strategy of
inoculating the Xylella gum-degrader endophyte prior to X. fastidiosa are ongoing and its effects on symptom expression are
still under investigation.

INTRODUCTION
Pierce’s disease (PD) of grapevine and other leaf scorch diseases caused by Xylella fastidiosa (Xf) are associated with
aggregation of bacteria in xylem vessels, formation of a gummy matrix, and subsequent blockage of water uptake.  In the
closely-related pathogen, Xanthomonas campestris (Xc), xanthan gum is known to be an important virulence factor (Katzen
et al, 1998), probably contributing to bacterial adhesion, aggregation, and plugging of xylem.  The published genome
sequence of Xf (Simpson et al, 2000; Bhattacharyya et al, 2002; Van Sluys et al, 2003) revealed that this pathogen also has
genes for producing an exopolysaccharide with a very similar structure to that of xanthan gum.  In PD, this Xylella gum is
likely to contribute to plugging of the grapevine xylem (Keen et al, 2000) and possibly to the aggregation of the bacterium in
the mouthparts of the glassy-winged sharpshooter.  Because of its importance as an industrial thickener and emulsifier,
xanthan gum synthesis and degradation have been extensively studied (Becker et al, 1998).  Bacteria that produce xanthan-
degrading enzymes have been isolated from soils using enrichment techniques with xanthan gum as the sole carbon source
(Sutherland 1987; Ruijssenaars et al, 2000).

The purpose of this project is to identify bacteria that produce xanthan-degrading enzymes to target this specific virulence
factor of Xf. This approach has the potential to significantly reduce the damage caused by PD in grapes and potentially in
other hosts of Xf such as almond and oleander.  If the gum is important in the aggregation of the pathogen in the insect vector,
then our approach may also reduce the efficiency of transmission of PD.  Our first approach will be to develop endophytic
bacteria that produce these enzymes in the xylem of grapevines, but another approach is to engineer grape plants to produce
these enzymes.  Through the cloning and characterization of genes encoding xanthanases and xanthan lyases we will
facilitate possible efforts to transform grapevines to produce these enzymes.

Previously, we used modified xanthan gum that mimics Xylella gum from a Xc mutant as the sole carbon source for
enrichment culture from infected grapevines and oleanders.  The Xylella gum biosynthetic operon in the Xf genome is
different than the one in Xc from which the commercial xanthan gum is obtained.  Since it is not feasible to produce Xylella
gum for our studies from the slow-growing Xf, we genetically modified a strain of Xc to produce a modified xanthan gum
that is predicted to have the same chemical structure as that from Xf. This was accomplished by deleting the gumI gene from
the biosynthetic operon. Over 100 bacterial strains were initially recovered from enrichment experiments, and 11 were
subsequently confirmed to effectively degrade Xylella gum.  These strains were then tested for cellulase activity. Degradation
of the cellulosic backbone of the gum polymer would be desirable, but we do not want enzymes that recognize and degrade
plant cellulose.  One particular strain (GX123) with high gum-degrading activity but no cellulase activity isolated from
oleander was identified as Acinetobacter johnsonii (Aj), and characterized in more detail. In vitro, growth and biofilm
production by GX123 were enhanced by Xylella gum as a substrate and by cells of Xf added to a minimal medium.  The gum
was degraded rapidly during log-phase growth of this endophyte, and viscosity was reduced almost to non-detectable levels.
GX123 colonized stems and leaves of oleander systemically (104-105 cfu/g of plant tissue 20 days after inoculation), and
systemic colonization was enhanced by co-inoculation with Xf. The effect of using GX123 as an endophyte to reduce the
ability of Xf to produce disease symptoms in oleander was studied.
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OBJECTIVES
1. Characterize xanthan-degrading enzymes from endophytic bacteria isolated from grape
2. Explore applications of naturally-occurring endophytic bacteria that produce xanthan-degrading enzymes for reduction

of Pierce’s disease and insect transmission
3. Clone and characterize genes encoding xanthan-degrading enzymes for enzyme overproduction and construction of

transgenic endophytes and plants

RESULTS
Co-inoculation of the Xylella Gum-degrader Endophyte and X. fastidiosa in Oleander Plants
GX123 was co-inoculated with Xf strain Texas in 3 different cultivars of oleander in the green house: White, Single Red and
Betty.  At the same time, controls were inoculated with GX123 alone, Xf alone or PBS buffer.  Four plants were used per
inoculation condition and per cultivar, totaling 48 plants obtained commercially.  The appearance of symptoms was checked
at approximately monthly intervals.  Chlorotic mottling along the edges of leaves (Purcell et al, 1999) started to appear
approximately in the eighth month after the inoculations, slowly developing into generalized chlorotic mottling and dried
tissue (Table 1).  The oleander cultivars White and Single Red were the first ones to show symptoms, while the cultivar Betty
started to show symptoms 12 months after the inoculations. For all the cultivars, symptoms appeared in both plants
inoculated with Xf and plants co-inoculated with the endophyte.  However, the severity of the symptoms was less for the
plants co-inoculated with the endophyte than for the plants not co-inoculated (Figures 1-3).  Symptoms were more severe and
appeared earlier in plants inoculated with Xf than in those co-inoculated with GX123 (Table 1 and 2).  One year after being
inoculated with Xf alone all the plants infected by Xf (positive result in ELISA test) showed symptoms, while one year after
co-inoculations only 75% of the plants infected by Xf showed symptoms (Table 3).  On the other hand, one year after
inoculations Xf was detected in infected plants (105-106 ufc/g of plant tissue), while GX123 was not detected, showing a
probable need for re-inoculation of the endophyte for a long term survival or a different strategy of introducing the biocontrol
endophyte.

Table 1. Severity of the symptoms in oleander plants, regardless of the cultivar, inoculated with X. fastidiosa strain Texas
alone or co-inoculated with GX123; 12 plants total per inoculation condition per month sampling.

X. fastidiosa strain Texas X. fastidiosa strain Texas/GX123
Months 8 10 12 14 8 10 12 14

(+) 2 0 2 3 3 1 2 3
+ 3 1 0 0 2 2 3 0

++ 2 3 4 1 0 4 4 2
+++ 0 3 3 4 0 0 0 5
AD 0 0 0 1 0 0 0 0
D 0 0 0 2 0 0 0 0

(+) chlorotic mottling along the edges of a few leaves; + chlorotic mottling along the edges of many leaves evolving into a uniform
chlorotic mottling; ++ chlorotic mottling of many leaves, starting to wrinkle and dry; +++ chlorotic mottling of many leaves and zones of
dead tissue (dried, straw color), smaller leaves; AD many dried leaves, plant almost dead; D plant dead.

Table 2. Number of symptomatic plants after inoculation with X. fastidiosa strain Texas alone, co-inoculated with GX123,
GX123 alone or PBS buffer; 12 plants total per inoculation condition per month sampling.

Months X. fastidiosa strain Texas X. fastidiosa strain Texas/GX123 GX123 PBS
8 7 5 0 0

10 7 7 0 0
12 9 9 0 1
14 11 10 0 1

Table 3. Symptomatic plants and ELISA results after 1 year of inoculation; 12 plants total per inoculation condition.

Inoculations X. fastidiosa strain Texas X. fastidiosa strain Texas/GX123
Symptomatic plants 9 9
Positive ELISA for X. fastidiosa 9 12
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Sequential Inoculation of the Xylella Gum-degrader Endophyte and X. fastidiosa in Oleander Plants
To examine the effect of different strategies to introduce the Xylella gum-degrader endophyte to control Xf in plants, GX123
was inoculated in oleander plants (cultivar white) prior to Xf. Sequential inoculation of Xf was done 20 days after GX123 was
inoculated in the same point when the titers of GX123 were already around 104-105 cfu/g of plant tissue.  This experiment is
still ongoing and symptoms have not developed yet, consequently the effect on disease expression is still unknown.

CONCLUSIONS
The Xylella gum-degrader endophyte Acinetobacter johnsonii GX123 colonized plants and delayed symptoms of infected
oleander plants in preliminary experiments.  It is a potential candidate as a biocontrol agent for Xylella fastidiosa, and
therefore a promising tool to fight Pierce’s disease.
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Figure 1. Oleander ‘White’ after 1
year of inoculation with X. fastidiosa
strain Texas.

Figure 2. Oleander ‘White’ after 1
year of co-inoculation with X.
fastidiosa strain Texas and GX123.

Figure 3. Oleander ‘White’ after 1
year of inoculation with GX123.
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ABSTRACT
The use of symbiotic bacteria in insects to disrupt pathogen transmission is a new approach to disease control. Alcaligenes
xylosoxidans denitrificans bacterium was isolated  from the mouthparts of wild glassy-winged sharpshooter and was chosen
to be the first candidate for delivery products that inhibit X. fastidiosa. To find an appropriate agent for control of Pierce’s
disease, 90 antimicrobial peptides (AMPs) derived from a combinatorial peptide library (in addition to 59 screened
previously from different sources) were tested for activity on 11 X. fastidiosa and 3 Alcaligenes strains.  Forty four peptides
showed potent antimicrobial activity against all strains studied.  Six antimicrobial peptides (in addition to 4 found last year)
were selected with toxicity  to X. fastidiosa but not against Alcaligenes as a candidates for engineering of the
sharpshooter’s symbiont.  More detailed studies of minimum inhibitory concentrations of these peptides were conducted. The
Glutathione s-transferase gene fusion and trc expression systems are being developed to express individual AMPs in vitro.

INTRODUCTION
Xylella  fastidiosa causes of Pierce’s disease (PD), an important disease of grapevines in the United States.  Because of the
mobility and vector capacity of glassy-winged sharpshooter (GWSS), PD has become a great concern to grape production in
California.  One promising method for long-term X. fastidiosa control is limiting pathogen spread by rendering GWSS
vector-incompetent. Paratransgenesis (Beard et al. 2001), which is the genetic alteration of bacteria carried by insect is
currently being developed to deliver pathogen toxic substances that would inhibit X. fastidiosa and reduce disease
transmission.

Traditional antibiotics are natural or chemically synthesized small molecules that can selectively kill or stop growth of
bacteria.  A second type of antibiotics called antimicrobial peptides (AMPs) are produced by organisms including bacteria,
plants, insects, birds, amphibians, and mammals (Cammue et al. 1992, Casteells et al. 1993, Nayler et al. 1989,  Schroder
1999).  These compounds interact directly with target bacterial membranes, but can do so with a receptor-like specificity, and
can act via both membrane ion pore formation and by preventing cell wall formation (Maloy and Kari 1995).  Because AMPs
are “gene-based”, they can be produced directly at the location where they are needed and their synthesis can potentially be
regulated by using appropriate gene promoters.  For example, the antimicrobial peptide MSI-99, an analog of Magainin 2,
was expressed via the chloroplast genome to provide inhibition of growth against Pseudomonas syringae pv tabaci, a major
plant pathogen (DeGray 2001).  A combinatorial libraries represent a vast new source of molecular diversity for the
identification of potential lead antimicrobial and antifungal compounds (Blonde and Lohner 2000, Jing et al. 2003).  A
combinatorial peptides are significantly shorter than other AMPs isolated from various biological sources.  An amphipathic
structure may allow this peptide to penetrate deeper into the interfacial region of membranes, leading to local membrane
destabilization (Jing et al. 2003).

Use of symbiotic bacteria to deliver gene-based product is a new strategy of disease control.  We demonstrated previously the
expression of Bacillus thuringiensis toxin Cyt1A in the symbiotic bacterium Enterobacter gergoviae isolated from the gut of
the pink bollworm (Kuzina et al. 2002).  Bextine et al. (2004) used the expression of a red fluorescent protein (dsRed) by
Alcaligenes (Axd)  to study the colonization of the cibarial region of the GWSS.  Genetically transformed symbiotic bacteria
have been used to control the pathogen that caused Chagas disease (Beard et al. 1992, Beard et al. 2001, Durvasula et al.
1997).

OBJECTIVES
The overall goal of this project is to genetically transform symbiotic bacterium of the glassy-winged sharpshooter to produce
toxic substances that would inhibit or kill X. fastidiosa and reduce disease transmission.
1. Identify toxic peptides effective against X. fastidiosa but non-toxic to Alcaligenes, selected symbiotic bacterium.
2.  Design and construct genes encoding indolicidin and other peptides.
3. Develop a transformation system for expression of indolocidin .
4. Construct a transport cassette for secretion of indolicidin  into Alcaligenes.

- 301 -



- 302 -

RESULTS
During the reporting period, we have screened an additional 90 antimicrobial peptides derived from a combinatorial library
for activity on 11 X. fastidiosa and 3 Alcaligenes strains. Axd was isolated from the mouthpart of wild captured GWSS by
Carol Lauzon. We found that 44 AMPs showed potent antimicrobial toxicity against all strains studied.  Six AMPs  were
found with activity toward X. fastidiosa and non-toxic to Alcaligenes. These 6 peptides (along with 4 these screened last
year) were more extensive examined for effective inhibitory concentration to Xylella and toxicity to Alcaligenes and E. coli
as a target organism (Table 1). Blake Bextine studied the ability of GWSS to transmit X. fastidiosa to naive grapevine
seedlings by oral delivery one of several antimicrobial peptide - indolicidin at 2 concentration: 100 µg/ml and 500 µg/ml. X.
fastidiosa transmission rates were reduced from 50% in the control group, to 35% with the 100 µg/ml concentration and 7%
with the 500 µg/ml concentration when GWSS were exposed to indolicidin prior to inoculation access.  Therefore,
indolicidin was chosen to be the first candidate for the development of gene-cassette.  Artificial gene(s) to code indolicidin
were designed and constructed for expression in E. coli. cDNA-encoding this peptide was amplified by PCR with
incorporation of a Sal1 restriction site and/or BamH1 and EcoR1 restriction sites.  We are using the Glutathione s-transferase
gene fusion system (GST) (Pharmacia Biotech. Inc) and trc expression system (Invitrogene Co.) to express individual
peptides.  The GST gene fusion system is an integrated system for the expression, purification and detection of fusion
proteins produced in E. coli.  A pTrcHisTOPO expression kit provides a highly efficient, rapid cloning strategy for direct
insertion of Taq polymerase-amplified PCR product into a plasmid vector for expression in E. coli.  No ligase, post-PCR
procedures, or PCR primers containing specific sequences were required. We transformed competent cells of E. coli DH5λ
and TOPO by pGEX and pTrcHisTOPO vectors containing indolicidin gene.  Several transformants were selected using LB
medium containing ampicillin at 50 µg/ml (Sigma) and currently are being examined for production of indolicidin with and
without IPTG.

Table 1. Toxicity of antimicrobial peptides to X. fastidiosa, Alcaligenes, and E. coli strains
________________________________________________________________________

Peptide    a   Range of MICs (µg/ml) to X. fastidiosa bAlcaligenes sp. E. colic Source

________________________________________________________________________
1.  Indolicidin                         16-64                                           -                  -           APSd

2.  PA2                                   32-128                                          -                 -          NCSUe

3.  PA6                                    32-64                                           -                 -          NCSU
4.  PA7                                    32-64                                           -                 -          NCSU
5.  DCR1                                 16-32                                           -                 -          TPIMSf

6.  DCR2                                  8-16                                            -                 -          TPIMS
7.  DCR3                                 32-64                                           -                 -          TPIMS
8.  DCR4                                 16-32                                           -                 -          TPIMS
9.  DCR5                                 16-32                                           -                 -          TPIMS
10.DCR6                                  8-16                                            -                 -          TPIMS
________________________________________________________________________

a – MICs of the antimicrobial peptides to eleven X. fastidiosa strains studied
b – Activity of AMPS to Alcaligenes xylosoxidans denitrificans 134, 135, and 136 is negative
c – Activity of AMPs to E. coli DH5λ and TOPO is negative
d – American Peptide Company, Sunnyvale, CA
e – North Carolina State University, Raleigh, NC
f – Torrey Pines Institute for Molecular Studies, San Diego, CA

CONCLUSIONS
The 10 antimicrobial peptides were found with toxicity to 11 X. fastidiosa strains isolated from grape, oleander and almond,
but not against the glassy-winged sharpshooter gut bacterium Alcaligenes xylosoxidans denitrificans.  We consider these
AMPs as a candidates for use as reagents in delivery vehicle for paratransgenesis: Indolicidin, a 13-residue peptide-amide,
isolated from the cytoplasmic granules of bovine neutrophils (Selsted 1992); 3 pescidins, isolated from the mast cells of
aquacultured fish (Silphaduang and Noga 2001); and 6 peptides derived from a combinatorial peptide library (Blonde and
Lohner 2000) (Table 1). Alcaligenes will be engineered to produce a peptide(s) toxic substance that would inhibit X.
fastidiosa and reduce disease transmission.  To develop a transformation system to express peptide(s) in E. coli first, we are
using the Glutathione s-transferase gene fusion and trc expression systems. We got several ampicillin resistant transformants
which are being studied for production of indolicidin. Artificial genes of other peptides are being designed for expression and
secretion by E. coli and Alcaligenes as well.
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ABSTRACT
The intent of this project is to develop an in vitro rearing system for one or more of the three mymarid species of
Gonatocerus currently being reared and released in California to control GWSS.  A complete in vitro rearing system will
include both a growth-enhancing artificial diet for larval and pupal development as well as a suitable oviposition substrate, or
“artificial egg”.  Initial studies will formulate artificial diets based on those developed previously for hymenopteran
parasitoids, with an emphasis being placed on diets for other egg parasitoids.  To accomplish this, Gonatocerus spp. eggs
and/or larvae will be dissected from host eggs and placed in cell culture plates containing selected diets.  Comparisons will be
made between the development of parasitoids on these artificial diets, and those developing on the natural host.
Developmental parameters measured will include extent of development, developmental time per stage, and weight.  Once a
promising diet is formulated, the reproductive rate and reproductive fitness of adults reared from these diets will be compared
by using ovarian scoring and by assessing differences in fecundity and egg viability from crosses of diet-reared and host-
reared adult wasps (Wittmeyer et al., 2001; Wittmeyer and Coudron, 2001).  Refinement of the diet will be performed by
modifying the diet based on its ability to meet the nutritional, phagostimulatory, and endocrine requirements of the parasitoid,
and may include the additional of undefined components such as insect or cell-culture derived components.  The suitability of
artificial eggs, composed of different combinations of membranes and cupule sizes, will be evaluated statistically using
pairwise comparisons of the proportion of “artificial eggs” and natural host eggs successfully parasitized by the same number
of female Gonatocerus parasitoids (SAS, 2002).

INTRODUCTION
Surveys of potential biological control agents in Texas (where GWSS is endemic and under natural control) and California
revealed that Gonatocerus spp. parasitoids are the predominant natural enemy of GWSS in the field, parasitizing between 75-
90% of GWSS egg masses (Phillips, 2000; Jones, 2002; Hoddle 2003a).  In California, over 90% of the eggs laid by the
second generation of GWSS in late summer and early fall are parasitized by Gonatocerus spp., however, only 10 – 50% of
the eggs laid by the first generation in the early spring are parasitized (Phillips et al., 2004; Hoddle 2003b).  This suggests
that survival of overwintering adult parasitoids is low, or that the current cohort of species of Gonatocerus are not effective in
parasitizing GWSS eggs early in the season (Hoddle, 2003b; Jones, pers. comm.).  However, augmentation of Gonatocerus
spp. populations in early spring may be able to significantly reduce the population of GWSS that vector the disease later in
the season and could be used to reduce pesticide use thereby aiding in the development of a classical biological control
program.  The current list of species being considered for biocontrol of GWSS in CA include the solitary egg parasitoids
Gonatocerus ashmeadi (which accounts for 80-95% observed GWSS egg parasitization in California) and G. triguttatus (the
primary GWSS egg parasitoid in Texas), as well as the gregarious egg parasitoid G. fasciatus (which may have a greater host
finding efficiency than the other two) (Hoddle 2003a).

The implementation of current classical and augmentative biological control programs against GWSS has been complicated
by a number of factors.  Currently, no artificial diet exists for GWSS, and high costs are associated with rearing the
sharpshooters in sufficient numbers to provide the necessary quantity of host eggs (Lauziere et al., 2002; Jones, pers. comm.).
Long-term stockpiling of host eggs is not feasible at this time because host acceptance declines after refrigeration for 20 days
at 13oC, and parasitized eggs only remain viable for 7 days at 2oC (Leopold, 2003).  Consequently, augmentation of
Gonatocerus spp. in many areas of California relies on the labor-intensive process of rearing the parasitoid on host eggs
collected from the field (Jones, pers. comm.).  Thus, the development of an artificial diet and ovipositional substrate as part
of an in vitro mass rearing system for Gonatocerus spp. has a number of potential advantages over current rearing techniques.
Additionally, in vitro rearing would also be more easily automated, reducing labor costs (Li-Ying, 1992; Qin, Beijing Univ.,
pers. comm.) and would  provide an easier means for studying the reproductive and nutritional physiology of Gonatocerus
spp.
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Efforts to develop an artificial diet capable of supporting larval and pupal development will initially focus on testing
established diets formulated for the in vitro rearing of other egg parasitoids, e.g., those used for rearing lepidopteran egg
parasitoids including several Trichogramma spp. (Hoffman et al., 1975; Li-Ying 1992; Consoli and Parra, 1997; Xie et al.,
1997;  Grenier et al., 1998; Qin, Beijing Univ. pers. comm.;), Telenomus heliothidis (Strand et al., 1988), and Ooencyrtus
spp. (Masutti et al., 1994; Lee and Lee, 1994 ); a coleopteran egg  parasitoid, Edovum puttleri (Hu et al., 1999; Hu et al.,
2001) , and a pentatomid egg parasitoid, Trissolcus basalis (Volkoff et al., 1992). For studies on the development of an
artificial ovipositional substrate, membranes that will be derived from a variety of sources will be tested, such as: oxygen-
permeable films used for mass rearing Trichogramma spp. (Qin, Beijing University, pers. comm.), parafilm (Wittmeyer et al.,
2001; Cooperband and Vinson, 2001), and polycarbonate, polyvinylchloride, polyethylene, and/or polypropylene membranes
(Masutti et al., 1994; Morrison et al., 1983; Consoli and Parra 1999).

OBJECTIVES
1. Formulate an artificial diet capable of supporting the development and reproduction of Gonatocerus spp. parasitoids of

the eggs of glassy-winged sharpshooter, Homalodisca coagulata.
2. Screen, modify, and evaluate existing materials for their suitability as ovipositional substrates for these egg parasitoids.
3. Develop and optimize an in vitro rearing unit, consisting of an artificial diet and ovipositional substrate, that can be

utilized for Gonatocerus spp. oviposition, parasitoid development, and release.

RESULTS AND CONCLUSIONS
This project has just been funded.  Preparation of quarantine facilities is complete and the identification of insect cultures to
be used in our studies is underway.  The process to hire an additional researcher has been initiated.  Preliminary experiments
have been conducted in collaboration with Leopold at ARS in Fargo that indicate cold-storage processes should offer suitable
method(s) to preserve the natural host of the parasitoid for these studies.
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ABSTRACT
Xylella fastidiosa (Xf), is a gram-negative xylem-limited bacterium and causative agent of Pierce’s disease (PD) in California
grapevines.  During very early stages of Xf infection, specific carbohydrates/lipids/proteins on the outer membrane of Xf
interact with plant cells and are important for virulence (3).  Design of a protein inhibitor that interrupts this step of the plant-
Xf interaction will be useful in anti-microbial therapy and controlling PD. Traditionally, antibiotics are prescribed as a
preferred therapy; however, a pathogen often develops antibiotic resistance and escapes their anti-microbial action (4).  In
this UC/LANL project, we propose a novel protein-based therapy that circumvents the shortcomings of an antibiotic.  We
have designed a chimeric anti-microbial protein with two functional domains. One domain (called the surface recognition
domain or SRD) will specifically target the bacterium outer-membrane whereas the other will lyse the membrane and kill Xf.
In this chimera, Elastase is the SRD that recognizes mopB, the newly discovered Xf outer membrane protein (5).  The second
domain is Cecropin B, a lytic peptide that targets and lyses gram-negative bacteria.  We have successfully tested each of
these components individually and demonstrated that they each (Elastase and Cecropin B) display activity against Xf, which
is increased when both proteins are combined.  We have tested Elastase against purified mopB and intact Xf cells and found
that mopB is degraded in both cases, suggesting that it is potentially a target for Elastase.  The HNE-GSTA-Cecropin B
chimera gene has been synthesized and is currently being cloned into vectors for overexpression in insect and grapevine cells
in order to test its activity against Xf in vitro.  We have also initiated transgenic grapevine cultures expressing a pear
polygalacturonase inhibiting protein that is secreted into the medium using a CELLline 350 bioreactor.  In the future, we plan
to use this system to test secretion and anti-Xf of the chimeric protein.

INTRODUCTION
Globally, one-fifth of potential crop yields are lost due to plant diseases primarily of bacterial origin. Xylella fastidiosa (Xf)
is a devastating bacterial pathogen that causes PD in grapevines, citrus variegated chlorosis (CVC) in citrus, and leaf scorch
disease in numerous other agriculturally significant plants including almonds in California
(http://danr.ucop.edu/news/speeches).  Since the glassy-winged sharpshooter (an insect vector) efficiently transmits PD, a
great deal of effort has been focused on using insecticides to localize and eliminate the spread of this disease.  However, the
availability of the whole genome sequences of PD and CVC strains of Xf offer new avenues to directly target and inactivate
the pathogen.  In this project, we propose a structure-based approach to develop chimeric anti-microbial proteins for rapid
destruction of Xf. The strategy is based upon the fundamental principle of innate immunity that plants recognize and clear
pathogens in rapid manner (1-2).  Pathogen clearance by innate immunity occurs in three sequential steps: pathogen
recognition, activation of anti-microbial processes, and finally pathogen destruction by anti-microbial processes.  Different
sets of plant factors are involved in different steps of innate immunity.  Our strategy of combining a pathogen recognition
element and a pathogen killing element in the chimeric molecule is a novel concept and has several short and long term
impacts.
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OBJECTIVES
Objective 1: a) Utilize literature data and computer modeling to identify an SRD that specifically targets mopB

(Elastase)
b) Utilize literature data and computer modeling to identify a useful Cecropin (i.e., Cecropin B)
c) In vitro testing of anti-Xylella activity of the mopB-specific SRD (Elastase) and Xyllela-specific
Cecropin B and demonstration of synergistic killing effect due to the combined use of Elastase and
Cecropin B.

Objective 2: a) Design and construction of synthetic gene encoding Elastase-Linker-Cecropin B Chimeric protein
b) Expression Elastase-Linker-Cecropin B in insect and plant cells and testing activity in vitro.

Objective 3: a) Expression in transgenic plants
b) Testing for anti-Xylella activity in planta and testing for graft transmissibility.

RESULTS AND CONCLUSION
Human Neutrophil Elastase (HNE) (6) was chosen as our first SRD.  Neutrophils contain a variety of proteins that enable the
cells to migrate toward and eliminate microbial pathogens (7).  Until 1991, no specific antibacterial activity had been
ascribed to HNE (8).  However recent research has established that HNE is the only human neutrophil protein, which is
capable of individually killing Borrelia burgdorferi, the causative agent of Lyme disease (9, 10).  Furthermore, it is known
that HNE can augment the cidal properties of other active proteins (11).  Sequence-structure analysis of mopB revealed that it
contained an specific cleavage site for HNE that is exposed on the surface.  We have studied the efficacy of HNE in
combination with the antibacterial peptide Cecropin B, that inserts preferentially into the lipid bilayer of gram-negative
bacteria, in killing Xf. Measuring the number of colony forming units remaining after the bacterium was exposed to HNE,
Cecropin B and the combination of both, we found that HNE greatly stimulates the lysis induced by Cecropin B.  In addition,
we found that Mop B was partially digested by HNE after incubating either purified Mop B or Xf cells with HNE for an hour.
Based on these preliminary results, we have designed a chimeric protein of Cecropin B and HNE; in order to stabilize the
Cecropin B peptide and enhance the overall affinity of the ligands for the bacterial surface.  The covalent attachment of
Cecropin B to HNE is proposed to increase the stability of the peptide by lowering the conformational entropy of its unfolded
state and to increase the overall affinity for the bacterial surface by minimizing the degrees of motion at the binding site,
thereby increasing binding between the ligands and the surface.

Our strategy began with the generation of a 3-D model of the chimera.  The modeling was based on published protein data
bank (PDB) structures of HNE and nuclear magnetic resonance structures of peptides homologous to Cecropin B.  A short G-
S-T-A peptide linker was inserted between the C-terminus of HNE and the N-terminus of Cecropin B to allow both
functional domains to make contact with the bacterial surface simultaneously without steric interference.  Energy
minimization and molecular dynamics analysis using the AMBER 7.0 force field indicated that the chimera forms a stable
structure.  The HNE-GSTA-Cecropin B chimera gene was synthesized and is currently being cloned into a baculovirus vector
for overexpression in insect cells.  The chimera will be purified from insect cells and tested for its activity against Xf in vitro.
The chimera will be also cloned into a plant vector for transformation of grape embryogenic callus growing in a CELLline
350 bioreactor where they will be analyzed for the production and anti-Xf activity of the secreted protein.  We will choose the
most promising embryogenic lines for plant regeneration.  The plant expression vector will have necessary regulatory
sequences to facilitate transcription and extracellular delivery of the protein product.  Currently we are investigating
grapevine embryogenic callus for the extracellular production of the pear polygalacturonase inhibiting protein (pPGIP).  This
protein has been found in the xylem exudate of transgenic grapes expressing the pPGIP gene and will be used to modify
delivery of the chimeric protein to grapevine xylem tissues.

IVGGRRARPHAWPFMVSLQLRGGHFCGATLIAPNFVMSAAHCVANVNVRAVRVVLGAHNLSRREPTR
QVFAVQRIFEDGYDPVNLLNDIVILQLNGSATINANVQVAQLPAQGRRLGNGVQCLAMGWGLLGRNRG
IASVLQELNVTVVTSLCRRSNVCTLVRGRQAGVCFGDSGSPLVCNGLIHGIASFVRGGCASGLYPDAFAP
VAQFVNWIDSIIQGSTAKWKVFKKIEKMGRNIRNGIVKAGPAIAVLGEAKAL

Figure 1. HNE-cecropin B chimeric amino acid sequence. HNE is attached to cecropin B (shown in bold) by the GSTA
linker, which is underlined.
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Cecropin B
Neutrophil
elastase Chimera

mopB

Figure 2. Design and mechanism of chimeric protein targeted to X. fastidiosa. The top panel shows the two domains of
the chimera in separate planes: neutrophil elastase (1HNE from PDB) is on the left.  A homology model of ceropin B is
shown in the middle.  The right plane shows the energy minimized model of the elastase-cecropin B chimera.  The bottom
panel is a schematic of the hypothetic mechanism of the chimeric protein.  Elastase binds to and cleaves a specific loop on the
X. fastidiosa outer membrane protein mopB.  This action brings cecropin B in close contact with the membrane, where is
associates with other cecropin molecules and disrupts the membrane by forming a pore, thereby disabling the bacterium.
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ABSTRACT
The aim of the present study was to resolve the genetic relationships of geographic populations of Gonatocerus ashmeadi, a
primary egg parasitoid of the glassy-winged sharpshooter.  A phylogenetic approach was implemented by sequencing the
Internal Transcribed Spacer-2 (ITS2) region of several individuals per population.  In addition, the phylogenetic relationships
of several Gonatocerus species were also determined.  Six geographic populations of G. ashmeadi were analyszed: Quincy,
FL (QFL), two populations from Weslaco, TX (WTXa and WTXb), Louisiana (LA), San Antonio, TX (SATX), and
California (CA).  The percentage divergence (%D) of the ITS2 sequences, as measured by genetic distance, was small among
LA, SATX, and CA (0.10-1.10%); whereas, the %D for QFL vs these populations was extremely high (65.9-69.8%).  A
Nieghbor-Joining distance tree separated the QFL population into a separate clade supported by very high bootstrap values
(100%).  When the Weslaco populations were included in the anaylsis, they clustered into two distinctive clades, WTXb
clustered with QFL and WTXa clusterd with the rest of the populations; again very high bootstrap values (100%) supported
the topology of the distance tree.  These results indicate the present of sympatric strains in Weslaco.  The phylogenetic
analysis of several Gonatocerus species clustered the respective species into North and South American clades.  The %D of
the QFL population fell within the range (75.4-87.2%) of the South American Gonatocerus species and clustered within the
South American clade.  The present molecular phylogenetics results provide strong evidence that G. ashmeadi from Florida
may be a different species.  In addition, the data is suggestive that the origin of G. ashmeadi in California is the Texas region,
including the closely located Louisiana. The findings of the present study are important to the Glassy-winged
Sharpshooter/Pierce’s Disease biological control program in California.

INTRODUCTION
Gonatocerus ashmeadi (Girault) (Hymenoptera: Mymaridae) is a primary egg parasitoid of Homalodisca coagulata (Say)
(Homoptera: Cicadellidae), the Glassy-winged Sharpshooter (Huber 1998).  A biological control program is currently in
progress in California against H. coagulata because this xylem feeding leafhopper is a serious economic pest that vectors a
strain of Xylella fastidiosa (Wells), a bacterium that causes Pierce’s Disease in grapevines.  Accurate identification of natural
enemies is critical to the success of classical biological control programs.  Lack of proper identification procedures has
affected the early stages of several projects (Messing and Aliniazee 1988; Löhr et al. 1990). The Internal Transcribed Spacer
regions (ITS-1 and –2) have been used extensively to examine the taxonomic status of species and for diagnostic purposes,
and success with this approach has been reviewed by Collins and Paskewitz (1996).

OBJECTIVES
1. Determine the phylogenetic relationships of geographic populations of G. ashmeadi.
2. Determine the phylogenetic relationships of several Gonatocerus species, including candidate species from South

America (Argentina).

RESULTS AND CONCLUSIONS
Genetic Relatedness Among Geographic Populations Of G. ashmeadi
Levels of genetic divergence in the ITS2 rDNA fragment among populations were determined by calculating the pairwise
estimates for genetic distance (Table 1).  Recently, we determined by ISSR-PCR DNA fingerprinting that G. ashmeadi
geographic populations were highly differentiated (de León and Jones 2004).  The data demonstrated that the Quincy, FL
(QFL) population had the highest gene diversity value.  In addition, the data indicated that two Welsaco, TX populations
collected at different times of the year were divergence or differentiated from each other and gave a first clue as to the
presence of sympatric strains in Weslaco.  As seen on Table 1, the sequence percentage divergence (%D) between the QFL
population and the rest of the G. ashmeadi geographic populations (LA, SATX, WTXa, and CA) was extremely high,
ranging from 65.9 to 69.8%.  The %D between QFL and the outgroup population (G. morrilli) ranged from 77.8-81.2%,
whereas LA, SATX, WTXa, and CA ranged from 31.4 to 37.0% compared to the outgroup.  The %D among LA, SATX,
WTXa,,and CA populations was extremely low, 0.10 to 1.10%, indicating the very close genetic similarity among these
geographic populations.  This range is within the intra-populational variation found within each of these populations.  A
phylogenetic anaylsis (Fig. 1A) demonstrated that the QFL and the LA, SATX, WTXa, and CA populations formed two
distinct clades supported by extremely high bootstrap support values; in most case they were at 100%.  Our second goal was
to confirm whether sympatric strains of G. ashmeadi indeed existed in Weslaco.   Table 1 shows that the %D between QLF
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and WTXb is very low (0.00-0.40%) and falls within the range of the inra-populational variation.  In contrast, the %D
between WTXb and the rest of the populations falls within the same range that the QFL population (65.9-69.8%) fell in.  The
phylogenetic analysis of all populations (Fig. 1B), including the two Weslaco populations (WTXa and WTXb) demonstrated
that these two populations fell on separate clades, confirming the existence of sympatric strains in Weslaco.  WTXb clustered
with QFL and WTXa clustered with the rest of the G. ashmeadi populations.  Again, the distance tree is supported by
extremely high bootstrap support values (100%).  The very high %D values indicate that the QFL and WTXb complex
diverged some time ago.  The earliest record of G. ashmeadi in California was from 1979 (Vickerman et al. 2004) and
recently, we showed that a subset of glassy-winged sharpshooters in California had their origin in central Texas (de León et
al. 2004).  The present results lend support to the idea that G. ashmeadi may have its origins in central Texas (SATX)
(including the very closely located Louisiana).  So it is possible that G. ashmeadi was transported to California along with the
Glassy-winged Sharpshooter from central Texas.

Phylogenetic Relationships Among Gonatocerus Species
Resolution of relationships requires information about variability not only at the level of populations within a species but also
between species (Narang et al. 1993; Unruh and Woolley 1999); therefore, a molecular systematic approach was undertaken
with various Gonatocerus species, including candidates from South America (Argentina).  For the pairwise sequence distance
analyses, the G. ashmeadi populations (LA, SATX, WTXa, and CA) that formed one clade in fig. 1 were pooled  (Ga*, Table
2) and compared to the rest of the Gonatocerus species.  The %D values among these populations were very low (0.10-
0.90%), falling within the range of the intra-specific variation seen within each individual species.  The %D of G. triguttutas
(Gt) and G. morrilli (Gm) vs Ga* is 15.8-17.9 and 35.0-38.9%, respectively.  In contrast, the %D of G. ashmeadi from
Florida [Ga(FL)] vs Ga* is 75.4-79.8%, these values fall within the %D range of all South American species (Table 2).  This
is demonstrated visually on the phenogram in Fig. 2 with very strong bootstrap values supporting the topology of the
Nieghbor-Joining distance tree.  As seen from the phenogram, the North and South American Gonatocerus species are
separated into their perspective clades.  It is interesting to note that Ga(FL) is more closely related to G. metanotalis (Gmet)
(8.30-9.00%), a South American species than it is to any North America species (Fig. 2).  The Gonatocerus species more
closely related to Ga* is Gt (15.8-17.9%).  The present results showing extensive sequence divergence at the ITS2 rDNA
fragment in a population of G. ashmeadi from Florida lends strong support to the fact that these individuals may actually be
another species or rather G. ashmeadi exists in nature as a species-complex. Our results are in contrast with those of
Vickerman et al. (2004).  In our studies we performed a phylogenetic analyses of the ITS2 rDNA sequences.  In addition,
Vickerman et al. (2004) demonstrated that populations of G. ashmeadi from Florida vs other geographic regions were able to
hybridize.  We have not yet performed these types of studies, but it may be necessary to extend these crossing studies to the
F2 generation to seen a negative effect or as demonstrated by Wu et al. (2004) a negative effect was not seen until
backcrosses were performed.  The findings of the present study are important to the Glassy-winged Sharpshooter/Pierce’s
Disease biological control program in California.

Table 1.  Pairwise sequence distances (range) of ITS-2 rDNA fragments from geographic populations of G. ashmeadi
showing percentage divergence. The alignment program ClutstalW (Thomas et al. 1994) from DNAStar was utilized for
this analysis.  To account for intra- and inter-populational variation, several individuals (3-4) were included.  QFL, Quincy,
Florida; WTXb, Weslaco, TX; LA, Louisiana; SATX, San Antonio, TX; WTXa, Weslaco, TX; CA, California; Gm, G.
morrilli (outgroup).  Relate to figure 1B.

Pop QFL WTXb LA SATX WTXa CA Gm

QFL 0.10-0.40
WTXb 0.00-0.40 0.00-0.10
LA 68.0-69.8 68.1-70.4 0.60-0.90
SATX 68.2-69.8 67.9-70.8 0.30-0.80 0.20-0.90
WTXa 67.1-69.5 66.6-70.1 0.20-0.70 0.20-0.90 0.10-0.90
CA 65.9-67.6 66.0-67.9 0.80-1.00 0.60-1.10 0.30-1.00 0.20-0.80
Gm 77.8-81.2 77.6-82.3 32.3-36.3 31.4-37.0 31.8-40.6 36.3-36.7 0.00-0.30
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Figure 1. Phenograms of ITS2 rDNA sequence fragments from geographic populations of G. ashmeadi.  Analyses were
performed with the alignment program ClustalX (Thompson et. al. 1997) and the Nieghbor-Joining trees were created with
the phylogenetic program PAUP 4.0 (Swofford 2002).  In the genetic distance trees G. morrilli are included as an outgroup,
displaying branch lengths (below branches) and bootstrap values (above branches underlined), as percentage of 1000
replications.   Trees are presented both without Weslaco, TX populations (A) and with Weslaco, TX populations (B).   To
account for intra- and inter-populational variation, several randomly chosen individuals (3-4) were included.

Table 2. Pairwise sequence distances (range) of ITS-2 rDNA fragments from Gonatocerus species showing percentage
divergence. The alignment program ClutstalW (Thomas et al. 1994) from DNAStar was utilized for this analysis.  To
account for intra- and inter-specific variation, several individuals (2-3) were included.   Ga*, G. ashmeadi (California, San
Antonio, TX, and Louisiana were pooled for a total of 10 individuals); Gt, G. triguttutas (TX); Gm, G. morrilli (TX); and
candidate South American (Argentina) species: Gann, G. annulicornis; nGt, near G. triguttutas; Gtub, G. tuberculifermur;
Ga(FL), G. ashmeadi (Quincy, FL USA); Gmet, G. metanotalis; and Tb, Trichogramma bourarachae (outgroup).

_________________________________________________________________________________

G species  Ga* Gt Gm Gann nGt Gtub Ga(FL)    Gmet Tb
_________________________________________________________________________________
Ga* 0.10-0.90
Gt 15.8-17.9 0.10-0.20
Gm 35.0-38.9 41.7-45.5 1.80-1.80
Gann 82.4-87.2 97.5-101 87.0-88.1 0.00-0.10
nGt 80.0-83.5 94.8-97.3 82.7-84.2 3.40-3.60 0.10-0.10
Gtub 78.0-82.0 90.8-92.0 81.4-84.1 11.5-12.1 11.6-11.8 0.10-0.50
Ga(FL)
Gmet

75.4-79.8
76.2-80.4

 88.4-90.2
 87.6-89.4

 84.3-87.0
 85.5-88.2

 37.7-39.3
 35.4-36.4

 36.7-38.1
 34.7-35.3

 35.9-36.4
 34.9-36.1

 0.10-1.00
 8.30-9.00 0.10-.040

Tb 84.8-92.5 87.2-91.5 88.4-90.4 66.1-67.6 69.0-70.3 68.5-70.5 77.3-79.6 74.2-76.2 0.20-0.90
________________________________________________________________________________
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Figure 2. Phenograms of ITS2 rDNA sequence fragments from Gonatocerus egg parasitoid species, including candidate
species from South America (Argentina).  Analysis was performed with the alignment program ClustalX  (Thompson et. al.
1997) and the Nieghbor-Joining trees were created with the phylogenetic program PAUP 4.0 (Swofford 2002).  In the genetic
distance trees Trichogramma bourarachae (1, AF043624; 2, AF043625; 3, AF043626) are included are an outgroup,
displaying branch lengths (below branches) and bootstrap values (above branches underlined), as percentage of 1000
replications.  To account for intra- and inter-specific variation, several randomly chosen individuals  (2-4) were included.
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ABSTRACT
The aim of genetically comparing different populations of the same species of natural enemies is to identify the strain that is
most adapted to the environment where it will be released. In the present study, Inter-Simple Sequence Repeat-Polymerase
Chain Reaction (ISSR-PCR) was utilized to estimate the population genetic structure of Gonatocerus ashmeadi.  Six
populations from throughout the U. S. and a population from Argentina identified as near G. ashmeadi were analyzed.  Four
populations [California (CA), San Antonio, TX (SATX), Weslaco, TX (WTX-2), and Quincy, Florida (QFL)] were field
collected and two [Louisiana (LA) and Weslaco, TX (WTX-1)] were reared.  Three ISSR-PCR reactions were pooled to
generate 41 polymorphic markers among the six U. S. populations.  Nei’s expected heterozygosity values (h), including the
reared population from Louisiana were high (9.0-14.3%) for all populations, except for a reared population from WTX-1
(2.9%).  The total genetic diversity value (Ht) for the field populations was high (23%).  Interestingly, the Florida population
that was collected from one egg mass generated the greatest number of polymorphic markers (20) and was observed with the
highest gene diversity value (14.3%).  All populations, except WTX-2 generated population-specific markers.  Comparison
of genetic differentiation estimates, which evaluate the degree of genetic subdivision, demonstrated good agreement between
GST and θ values, 0.38 and 0.50, respectively for field populations, and 0.44 and 0.50, respectively for all populations.
Average genetic divergence (D) indicated that the WTX-1 population was the most differentiated.  Average D results from
the Argentina population support the taxonomic data that it is a different species.  The present results estimate the population
genetic structure of G. ashmeadi, demonstrating extensive genetic divergence and restricted gene flow (Nm = 0.83) among
populations.  These results are of interest to the Pierce’s Disease/Glassy-winged Sharpshooter biological control program
because the key to successful biological control may not be in another species, but instead in different geographic races or
biotypes.

INTRODUCTION
Gonatocerus ashmeadi (Girault) (Hymenoptera: Mymaridae) is a primary egg parasitoid of Homalodisca coagulata (Say)
(Homoptera: Cicadellidae), the glassy-winged sharpshooter (Huber 1998).  A biological control program is currently in
progress in California against H. coagulata because this xylem feeding sharpshooter is a serious economic pest that vectors a
strain of Xylella fastidiosa (Wells), a bacterium that causes Pierce’s Disease in grapevines.  Studies of allele or marker
frequencies in naturally occurring parasitoid populations are important, not only for identifying genetic variation of potential
benefit in the selection and screening of biological control organisms, but also for the detection of genetic markers indicative
of specific biological traits or geographic origins.  In addition, the recognition of intraspecific variation can be as crucial for
the success of biological control programs as is sound species determination.  Populations of parasitoids from distinct
geographical regions may differ in relevant biological characteristics of importance to biological control (Powell and Walton
1989; Narang et al. 1993; Unruh and Woolley 1999).  An aim of genetically comparing different populations of the same
species of natural enemies is to identify the strain that is most adapted to the environment where it will be released
(Messenger and van den Bosch 1971); in other words, the key to successful biological control may not be in another species,
but instead in different geographic races or biotypes (Diehl and Bush 1984).  Reliable methods are needed for distinguishing
various exotic strains of these biological control agents from those indigenous to the U. S., including parasitoids from
different states within the U. S.  Release of unidentified and uncharacterized strains can make it difficult to document their
establishment and dispersal.  Therefore, genetic typing of strains prior to their release in the field is highly desirable (Narang
et al. 1993).

OBJECTIVES
1. Estimate genetic variation or gene diversity within and among populations.
2. Estimate the population genetic structure.
3. Determine whether ISSR-PCR was sensitive enough to identify diagnostic markers in geographic populations.
4. Confirm the species identification of a population of egg parasitoids from Argentina identified as near G. ashmeadi.

RESULTS AND CONCLUSIONS
ISSR-PCR Marker Heterozygosity and Genetic Diversity
A total of 41 polymorphic markers were generated in the six populations of G. ashmeadi (163 individuals) from the U. S.
with three pooled ISSR-PCR reactions.  G2-contingency tests indicated significant heterogeneity of marker frequency across
all U. S. populations for 31 of 41 markers and for 25 of 34 markers for the field populations (not shown).  All populations,
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except the WTX-2, were associated with population-specific markers (data not shown).  Within populations, gene diversity
values (h) were observed ranging from 2.9 to 14.3% with WTX-1 having the lowest and QFL having the highest value (Table
1).  In general, the two Weslaco populations (WTX-1 and -2) were found to have the lowest h values.  No significant
differences in h were seen between the two Weslaco populations (t = 1.49, df = 58, P > 0.05), but significant differences (P <
0.05) were observed between WTX-1 and the rest of the U. S. populations.  Interestingly, no significant differences in h were
observed between the reared LA and the rest of the field populations.  The fact that QFL was associated with an h value of
14.3% was surprising since this population was from a single egg mass.  Overall, the field populations and all the U. S. G.
ashmeadi populations together had an h value of 23.0 and 20.8%, respectively.  The number of polymorphic markers ranged
from 12 to 20 with WTX-1 and -2 having the lowest and QFL the highest.  Percentage of polymorphic markers (%P) ranged
from 29.3 to 58.8%, but overall, 100% of the ISSR-PCR markers were polymorphic, including the field populations analyzed
separately.  The two Weslaco populations were associated with the lowest %P and QFL with the highest.  It is interesting to
note that even though both LA and WTX-1 were reared, WTX-1 is presented with a significantly (P < 0.05) lower h value.
These results may indicate a real genetic difference between the two Weslaco populations, including the possibility of
sympatric strains.

ISSR-PCR Differentiation Among US G. ashmeadi Populations
Table 2 presents the results from the different approaches used to apportion variation into within- and among-populations
levels.  Simultaneous exact tests for population differentiation indicated that highly significant differences in marker
frequencies exist among the six U.S. populations (All: χ2 = 676.2; df = 82; P = 0.0000, and fc: χ2 = 485.2; df = 68; P =
0.0000).  These statistically significant tests suggest that discrete subpopulations exist.  The average genetic diversity within
populations (Hs) value for the field populations is 14.4%.  Table 2 also shows a comparison of other genetic differentiation
estimates, GST and θ.  Good agreement was seen between GST and θ values, respectively for field and for all populations.  The
GST values for field and all populations indicate that about 38 and 44% of the variance is distributed among populations, and
62 and 56% is distributed within populations, respectively.  The θ values show that about 50% of the variance is seen among
populations in both field and all populations.  The indirect estimate of gene flow, Nm base on GST, demonstrated low values
for both field and all U. S. populations.  These values indicate restricted gene flow among the populations.

Genetic Relatedness among G. ashmeadi Populations from the US
Average genetic divergence (D) among both field [Nei = 0.1702 (0.1021-0.2230); Reynolds = 0.6208 (0.4069-0.8138)] and
all populations [Nei = 0.1304 (0.0715-0.2024); Reynolds  = 0.6512 (0.3705-0.8890)] was high (Table 3).  We compared the
level of genetic divergence between the field populations and the WTX-1 and LA reared populations and found mean D
values of 0.1806 (Nei) and 0.8589 (Reynolds) and 0.1065 (Nei) and 0.5371 (Reynolds), respectively.  These results indicate
that WTX-1 is more diverged than LA.  A comparison of Nei’s genetic distance within the Texas populations, WTX-2 vs
WTX-1 (0.1391) and WTX-2 vs SATX (0.1286), showed that divergence is slightly higher between the Weslaco populations.
Sympatric species tend to have higher levels of genetic differentiation; more work is needed to confirm this possibility.  The
divergence between ARG and all U. S. G. ashmeadi populations was very high, 0.3633 (Nei) and 1.6093 (Reynolds),
respectively.  These results support the taxonomic data that ARG is another species.  Dendrograms based on Nei’s genetic
distance are shown on Fig. 1 with all populations including ARG (Fig. 1A) and the field populations analyzed separately
(Fig. 1B).  At least two main clusters are identified on the dendrogram with ARG clustered as an outlier (Fig. 1A).  Within a
second cluster or all G. ashmeadi from the U. S., WTX-1 appears to be the most differentiated (Fig. 1A).  The CA population
appears to form a second subcluster and the two southeastern populations, LA and QFL form a single cluster.  The WTX-1
and –2 populations are distributed in different clusters.  Also within Texas (Fig. 1B), WTX-2 and SATX show divergence as
they appear on a separate cluster.  It is interesting to note that this same pattern of differentiation is seen with H. coagulata
within Texas (de León et al. 2004).

In summary, the major observations of this study were that 1) among G. ashmeadi populations, based on genetic
differentiation measurements (exact test, GST, θ), extensive genetic structure was identified; 2) the mean expected gene
diversity value for LA did not differ from field populations, whereas WTX-1 was observed with a significantly lower mean
expected gene diversity value as compared to field populations (except WTX-2); 3) QFL generated the most polymorphic
markers (20) with only 13 individuals, even though they were all siblings or from one egg mass.  This is an interesting result
since it may be assumed that siblings are not associated with high variability or have isofemale line characteristics.  These
results indicate that G. ashmeadi parasitoid siblings somehow manage to maintain their genetic diversity.  Further studies are
required to confirm this observation in this species and other Gonatocerus species.  Variation within 10 male individuals
(Anaphes sp.nov.) was demonstrated with RAPD markers by Landry et al. (1993), but they were not from the same egg mass;
4) based on genetic distance or average divergence, WTX-1 appeared to be the most differentiated population.  Within Texas,
field populations WTX-2 and SATX appeared on separate clusters, indicating that these populations are differentiated even
though they are within the same state; and 5) The ARG population is confirmed to be a different species.   More research is
required to confirm these results, sequencing of standard genes [e. g., mitochrondia cytochrome oxidase (COI)] and ITS-2
fragments are in progress.
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Table 1.  Single-populations descriptive statistics for G. ashmeadi from the U. S. and genetic variation statistics for all
loci. Genetic variation was analyzed using the POPGENE 3.2 genetic software program and the program Tools for
Population Genetic Analyses (TPFGA).  No. M, number of monomorphic markers; No. P., number of polymorphic markers;
%P, percentage of polymorphic loci; Poym. ratio, number of polymorphic markers per number of insects; h, gene diversity
(SD).  One-tailed unpaired t test performed for h values.

___________________________________________________________________________

Pop.
No.

Insects No. M No. P
Total#
markers %P

Polym.
ratio

h
(SD)

____________________________________________________________________________

CA
WTX-1
WTX-2
SATX
LA
QFL

30
30
30
30
30
13

5
7
6
5
5
1

16
12
13
16
17
20

21
19
19
21
22
21

39.2
29.3
31.7
39.0
41.5
58.8

0.53
0.40
0.43
0.53
0.57
1.54

0.1329 (0.182)a

0.0290 (0.158)
0.0901 (0.160)
0.1123 (0.170)a

0.1252 (0.182)a

0.1431 (0.199)a

Fc
All

103
163

0
0

34
41

34
41

100.0
100.0

0.33
0.25

0.2300 (0.184)
0.2082 (0.187)

ARG 30 11 8 19 16.7 0.27 0.0434 (0.127)
____________________________________________________________________________
aSignificantly different from WTX-1, P < 0.05; df = 58

__________________________________________ ____________________________________________________________

Table 2. Nei’s analysis of gene diversity in
populations of G. ashmeadi from the US (fc,
field collected; Ht, total genetic diversity (SD);
Hs, average genetic diversity within
populations (SD); GST (mean), coefficient of
gene differentiation; θ (mean), theta (SD) is
analogous to FST; and Nm, gene fow).

Table 3. Nei’s unbiased (1987) genetic distance (below
diagonal) and Reynolds et al. (1983) genetic distance
(above diagonal).  Six populations of G. ashmeadi from
the US field populations were also analyzed separately
(bottom portion of table).

Ht Hs GST θ Nm
__________________________________________

fc
0.2312 0.1442 0.3761 0.4957 0.8295
(0.032) (0.016) (0.077)

All
0.2087 0.1161 0.4438 0.4927 0.6267
(0.034) (0.013) (0.057)
__________________________________________

Pop. CA WTX-1 WTX-2 SATX LA QFL
____________________________________________________________

CA ***** 0.8682 0.6818 0.6441 0.6275 0.4227
WTX-1 0.2024 ***** 0.8080 0.8703 0.6871 0.8890
WTX-2 0.1341 0.1391 ***** 0.7213 0.6663 0.5322
SATX 0.1384 0.1789 0.1286 ***** 0.4842 0.4956
LA 0.1422 0.1335 0.1233 0.0890 ***** 0.3705
QFL 0.0896 0.2020 0.0890 0.0951 0.0715 *****
____________________________________________________________

Pop. CA WTX-2 SATX QFL
__________________________________________

CA ***** 0.8138 0.8075 0.4559
WTX-2 0.2215 ***** 0.7741 0.4069
SATX 0.2230 0.2015 ***** 0.4666
QFL 0.1308 0.1021 0.1328 *****

____________________________________________________________
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Figure 1: Dendrograms based on Nei’s genetic distance by the method of UPGMA.  Relationships (A) showing the six US
geographic populations of G. ashmeadi and a population classified as near G. ashmeadi (M2012) from Argentina performed
by ISSR-PCR DNA fingerprinting.  Field collected populations were also analyzed separately (B).  Genetic distances are
indicated above the dendrograms and bootstrap support values are indicated at the nodes.
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ABSTRACT
Two molecular methods were utilized to distinguish geographic populations of Gonatocerus morrilli (Howard) from Texas
and California and to test the possibility that this species could exist as a species-complex.  Inter-Simple Sequence Repeat-
Polymerase Chain Reaction (ISSR-PCR) was performed with a 5’-anchored ISSR primer. Twenty-five markers were
generated with four populations (40 individuals) of G. morrilli, 23 were polymorphic and percentage of polymorphic loci was
92%.  Most markers could be considered diagnostic since there was no band sharing between the Texas and California
populations.  Such differences typically are not found unless the populations are reproductively isolated.  Exact tests for
population differentiation indicated significant differences in markers frequencies among the populations.  Comparison of
other genetic differentiation estimates, which evaluate the degree of genetic subdivision, demonstrated excellent agreement
between GST and θ values, 0.92 and 0.94, respectively; indicating that about 92 to 94% of the variance was distributed among
populations.  Average genetic divergence (D), as measured by genetic distance, was extremely high (Nei = 0.82 and
Reynolds = 2.79).  A dendrogram based on Nei’s genetic distance, separated the Texas and California populations into two
clusters, respectively.  Amplification of the Internal Transcribed Spacer-1 (ITS-1) region showed no size differences, whereas
the ITS-2 DNA fragments varied in size between the two geographic populations.  The ITS-2 fragment sizes were about 865
and 1099 base pairs for the California and Texas populations, respectively.  The present study using the two molecular
methods provides novel data critical to the glassy-winged sharpshooter/Pierce’s disease biological control program in
California.

INTRODUCTION
Gonatocerus morrilli (Howard) (Hymenoptera: Mymaridae) is an egg parasitoid of Homalodisca coagulata (Say)
(Homoptera: Cicadellidae), the Glassy-winged Sharpshooter (Turner and Pollard 1959; Triapitsyn et al. 1998).  This primary
egg parasitoid species is common in the southern United States and Mexico (Huber 1988).  A biological control program is
currently in progress in California against H. coagulata, a xylem feeding leafhopper, which is a serious economic pest that
transmits a strain of Xylella fastidiosa (Wells), a bacterium that causes Pierce’s disease in grapevines (Vitis vinifera L. and V.
labrusca L.) (Hopkins and Mollenhauer 1973).  Accurate identification of natural enemies is critical to the success of
classical biological control programs.  Lack of proper identification procedures has affected the early stages of several
projects (Messing and Aliniazee 1988; Löhr et al. 1990). There is a need for molecular markers for natural enemies to
provide new characters for studies of phylogenetic relatedness, for identification of cryptic species and biotypes, and for the
assessment of heritable variation for population genetics and ecological investigations (Unruh and Woolley 1999).  Studies of
allele or marker frequencies in naturally occurring parasitoid populations are important, not only for identifying genetic
variation of potential benefit, but also for the detection of genetic markers indicative of specific biological traits or
geographic origins.  Furthermore, the recognition of intraspecific variation can be as crucial for the success of biological
control programs as is sound species determination  (Powell and Walton 1989; Narang et al. 1993; Unruh and Woolley
1999).

OBJECTIVES
1. Survey molecular methods useful in egg parasitoid identification and discrimination
2. Investigate the possibility that G. morrilli could exist as a species-complex in nature

RESULTS AND CONCLUSIONS
ISSR-PCR DNA Fingerprinting.
Figure 1 shows an example of ISSR-PCR DNA fingerprinting demonstrating the banding pattern differences between the
geographic populations of G. morrilli from California (OrCo) and Texas (Wes-2) performed with a 5’-anchored ISSR primer.
Markers ranged in size from about 200 to 900 base pairs.  Overall, a total of 25 markers were generated among all four
populations with a total of 40 individuals.  Twenty-three were polymorphic and percentage of polymorphic loci was 92%.
Within individual populations, no diversity was seen within the California populations and only slight diversity was observed
in the Texas populations.  For the Texas populations, Wes-2 and Wes-3, 5 polymorphic markers each were generated and
20% of the markers were polymorphic.   Most markers are geographic-specific and can therefore be considered diagnostic
since there is no band sharing between the Texas and California populations.



ISSR-PCR Differentiation Among Four G. morrilli Populations.
Exact tests (simultaneous analysis) for population differentiation indicated that highly significant differences in marker
frequencies existed among the G. morrilli populations (Table 1).  Total genetic diversity (Ht) was high (35%), whereas the
average genetic diversity within populations was low (3%).  Table 1 also shows a comparison of other genetic differentiation
estimates, GST and θ, which evaluate the degree of genetic subdivision among populations.  Excellent agreement was seen
between GST and θ values, 0.92 and 0.94, respectively. Theses values indicate that about 92 to 94% of the variance is
distributed among populations. The indirect estimate of gene flow, Nm base on GST, demonstrated a low value (0.04) among
the geographic populations; this value indicates highly restrictive gene flow.  Overall, genetic differentiation measurements
(exact tests, GST, θ, and Nm) indicate profound genetic divergence/structuring between G. morrilli populations from Texas
and California.

Genetic Relatedness Among G. morrilli Populations.
Levels of genetic divergence among populations were also determined by calculating pairwise estimates for genetic distance
by the procedures of Nei (1978) and Reynolds et al. (1983) (Table 2). Average genetic divergence (D) among populations
was extremely high [Nei = 0.82 (0.89-1.07) and Reynolds = 2.79 (1.4-3.4)]. A dendrogram based on Nei’s genetic distance is
shown on Fig. 2 with all G. morrilli geographic populations.  Two clades are identified on the dendrogram with the
California and Texas populations appearing on separate clusters.  These two clusters are supported by strong bootstrap
support values, 68 and 64%, respectively for the California and Texas populations.

Amplification of the ITS-1 and –2 regions in G. morrilli Geographic Populations.
Monomorphic patterns were demonstrated with amplification of the ITS-1 region in all of the populations from California
and Texas (~850 bp) (Fig. 3); whereas, polymorphic or different DNA fragment sizes were detected within the ITS-2 region.
The California populations were observed with an ITS-2 fragment size of about 865 base pairs and the Texas populations
with a size of about 1099 base pairs.

Good agreement is seen between the two molecular methods and they both suggest that cryptic species may exist.  The
results with ISSR-PCR demonstrating distinct banding patterns (no band sharing) between geographic populations typically
is not found unless the populations are reproductively isolated.  Similar results were obtained by Hoy et al. (2000) with two
populations of Ageniaspis citrocola performed by RAPD-PCR.   The following genetic differentiation parameters, extract
test, GST, θ, genetic distances, and gene flow (Nm) lend support to this observation.  The extremely low value for gene flow
between the populations from California and Texas lend support that these populations are isolated reproductively.
Restricted gene flow usually leads to increased differentiation among populations as seen from the GST and θ values (92 to
94% of the variance is seen among populations).  In addition, the divergence (D) between these populations is also high.

Methods incorporating SSR appear to be sensitive at detecting DNA polymorphisms in natural populations.  Previously, we
utilized ISSR-PCR to distinguish three species of Homalodisca sharpshooters (H. coagulata, H. liturata, and H. insolita) (de
León and Jones 1994).  Even though this method is sensitive, there are not many reports in the literature utilizing ISSR-PCR
to study insect population genetics and phylogenetics.  We have also had success determining the population genetic structure
of H. coagulata representing 19 populations from through the U. S. (de León et al. 2004).  The Internal Transcribed Spacer
regions (ITS-1 and –2) have been used extensively to examine the taxonomic status of species and for diagnostic purposes,
and success with this approach has been reviewed by Collins and Paskewitz (1996).  Stouthamer et al. (1999) used ITS-2
DNA fragment sizes as taxonomic characters to develop a precise identification key for sibling species of the genus
Trichogramma.  In cases where species were observed with similar sized ITS fragments these authors suggested
amplification, sequencing, and restriction digestion.

Figure 1. Representative example of ISSR-PCR DNA fingerprinting of G. morrilli populations from California and Texas.
Reactions were performed with genomic DNA from separate individuals and the 5’-anchored ISSR primer HVH(TG)7T
(Zietkiewicz et al. 1994) as describe in the Materials and Methods.  M: 1.0 Kb Plus DNA Ladder.
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These novel observations strongly suggest that G. morrilli may exist in nature as a species-complex.  Results from our recent
study with H. coagulata suggest that a subset of these insects have their origin in Texas (de León et al. 2004).  Those results
together with our present results with G. morrilli may suggest that this egg parasitoid from Texas may be a good candidate
for the biological control efforts in California against H. coagulata, the causative agent of Pierce’s disease.

Table 1.  Nei’s analysis of gene diversity in populations of G. morrilli from Texas and California. Ten individuals per
population (40 total) were subjected to ISSR-PCR DNA fingerprinting.  Genetic variation was analyzed using the POPGENE
3.2 genetic software program and the program Tools for Population Genetic Analyses (TPFGA). X2, exact tests
(simultaneous analysis) for population differentiation, df = degrees of freedom; Ht, total genetic diversity (SD), Hs, average
genetic diversity within populations (SD); GST (mean), coefficient of gene differentiation; θ theta (analogous to FST), and Nm,
gene flow. ***P = 0000.

____________________________________________________

X2 (df) Ht Hs GST θ Nm
__________________________________________________________

400.8 (50)*** 0.35 0.03 0.92 0.94 0.04
(0.04) (0.00) (0.02)

__________________________________________________________

Table 2.  Nei’s unbiased (1978) genetic distance (below diagonal) and Reynolds et al. (1983) genetic distance (above)
diagonal. Four geographic populations of G. morrilli, two from Texas (Hidalgo Co, Wes-2 and Wes-3) and two from
California (OrCo, Orange county and SDCo, San Diego county).

______________________________________

Pop OrCo SDCo Wes-2 Wes-3
__________________________________________

OrCo *** undef 3.40 2.88
SDCo 0.00 *** 3.40 2.88
Wes-2 1.07 1.07 *** 1.40
Wes-3 0.89 0.89 0.20 ***
_________________________________________

Figure 2. Dendrogram based on Nei’s genetic distance (1978) by the method of UPGMA.  Relationships among the four
geographic populations of G. morrilli performed by ISSR-PCR DNA fingerprinting. Genetic distances are indicated above
the dendrograms and bootstrap support values are indicated at the nodes.

Figure 3. Amplification of the Internal Transcribed Spacer regions (ITS).  The ITS-1 and –2 regions were amplified with
standard ITS-specific primers with genomic DNA from five separate individuals from each geographic population.  Arrows
indicate different ITS fragment sizes.   M: 1.0 Kb Plus DNA Ladder.
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ABSTRACT
The aim of the present study was to resolve the genetic relationships of geographic populations of Gonatocerus morrilli, a
primary egg parasitoid of the Glassy-winged Sharpshooter. A phylogenetic approach was implemented by sequencing two
mitochondrial genes (COI and COII) and the Internal Transcribed Spacer-2 (ITS2) region of several individuals per
population.  Two populations from Weslaco, TX (WTX) (collected at different times), one from Quincy, FL (QFL), two from
California (CA) (Orange and San Diego counties), and an outgroup (G. ashmeadi) were analyzed.  For all three sequence
fragments, percentage sequence divergence (%D) (as measured by genetic distance), the results demonstrated that both the
WTX and QFL populations were closely related; in constrast, the %D between WTX and CA fell within the range of the
outgroup, G. ashmeadi.  For all three sequence fragments, Nieghbor-Joining distance trees separated the CA and WTX and
QFL populations into two distinctive clades (A and B).  The topology of the clades in each case was supported by very strong
bootstrap values, 100% in the three sequence fragments (COI, COII, and ITS2).  The present molecular phylogenetics results
provide strong evidence that G. morrilli from California may be a different species.  The findings of the present study are
important to the Glassy-winged Sharpshooter/Pierce’s disease biological control program in California.

INTRODUCTION
Gonatocerus morrilli (Howard) (Hymenoptera: Mymaridae) is an egg parasitoid of Homalodisca coagulata (Say)
(Homoptera: Cicadellidae), the Glassy-winged Sharpshooter (Turner and Pollard 1959; Triapitsyn et al. 1998).  This primary
egg parasitoid species is common in the southern United States and Mexico (Huber 1988).  A biological control program is
currently in progress in California against H. coagulata, a xylem feeding leafhopper, which is a serious economic pest that
transmits a strain of Xylella fastidiosa (Wells), a bacterium that causes Pierce’s disease in grapevines (Vitis vinifera L. and V.
labrusca L.) (Hopkins and Mollenhauer 1973).  Accurate identification of natural enemies is critical to the success of
classical biological control programs.  Lack of proper identification procedures has affected the early stages of several
projects (Messing and Aliniazee 1988; Löhr et al. 1990).

OBJECTIVES
Determine the phylogenetic relationships of geographic populations of G. morrilli by sequencing  two mitochondrial genes
(COI and COII) and one rDNA spacer region (ITS2).

RESULTS AND CONCLUSIONS
Sequence divergence in the mitochondrial COI gene in G. morrilli geographic populations.  Levels of genetic divergence in
the mtCOI gene among populations were determined by calculating the pairwise estimates for genetic distance.  Recently, we
determined that populations of G. morrilli from California and Texas shared no ISSR-PCR banding patterns, indicating that
these populations were reproductively isolated.  In addition, we demonstrated that the ITS2 rDNA fragments varied in size
between these geographic populations (de León et al. 2004).  The percentage sequence divergence (%D) for mtCOI is shown
on Table 1.  In general, the intra-populational variation (0.0-0.6%) was small within each population and species, with the
exception of the Quincy, FL population (QFL) (2.0-4.8%). The %D between Weslaco, TX (WTX) and QFL is 0.0-4.8%,
which falls within the intra-populational variation of these populations; these results indicate that these geographic
populations are genetically similar.  In constrast, the %D of WTX and CA is 5.4-5.6%, falling within the range (5.4-6.9%) of
the outgroup (G. ashmeadi).  The Nieghbor-Joining distance tree in Fig. 1 demonstrates that the CA and WTX and QFL
populations cluster into two distinctive clades (A and B). These clades are supported by very strong bootstrap values
(100%).

Sequence divergence in the mitochondrial COII gene in G. morrilli geographic populations. The percentage sequence
divergence (%D) for mtCOII is shown on Table 2.  Intra-populational variation is seen in both the WTX (0.0-4.5%) and QFL
(0.0-3.2%) populations. The %D between WTX and QFL is 0.3-4.7%, these values fall within the intra-populational variation
range and therefore these populations would be considered closely related.  On the other hand, the %D between WTX and
CA is 7.4-11.1%, these values fall within the range (7.4-11.5%) of the outgroup (G. ashmeadi).  The Nieghbor-Joining
distance tree in Fig. 2 demonstrates that the CA and WTX and QFL populations cluster into two distinctive clades (A and B).
These clades are supported by very strong bootstrap values (100%).
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Sequence divergence in ITS rDNA fragment in G. morrilli geographic populations.  The percentage sequence divergence
(%D) for ITS2 is shown on Table 3.  The %D between WTX and QFL is 0.0-1.40%, this falls within the intra-populational
range of both populations and therefore shows that these populations are closely related.  In contrast, the %D between WTX
and CA is 6.2-10.7%, falling within the range (7.9-13.3%) of the outgroup (G. ashmeadi).  The Nieghbor-Joining distance
tree in Fig. 3 demonstrates that the CA and WTX and QFL populations cluster into two distinctive clades (A and B).  These
clades are supported by very strong bootstrap values (100%).

Table 1 (COI) and Table 2 (COII). Pairwise sequence distances (range) of mitochondrial COI and II genes from
geographic populations of G. morrili showing percentage divergence.  The alignment program ClutstalW (Thomas et al.
1994) from DNAStar was utilized for these analyses.  To account for intra- and inter-populational variation, several
individuals (3-6) were included.  WTX, Weslaco, TX (two populations from Hidalgo Co; 5-6 total individuals); QFL,
Quincy, FL (3 individuals); CA, California (two populations, Orange Co. and San Diego Co.; 6 total individuals); Ga, G.
ashmeadi (outgroup) (3 individuals).

Table 1.  COI. Table 2. COII.
__________________________________ __________________________________

Pop WTX QFL CA Ga Pop WTX QFL CA Ga
__________________________________________ __________________________________________

WTX 0.0-0.6 WTX 0.3-4.50
QFL 0.0-4.8 2.0-4.8 QFL 0.3-4.70 0.2-0.6
CA 5.4-5.6 5.4-8.6 0.0-0.2 CA 7.4-11.1 7.6-8.9 0.0-3.2
Ga 5.4-6.9 5.4-10.8 6.7-7.1 0.0-0.2 Ga 7.4-10.5 7.1-7.8 6.9-8.0 0.0-0.2
__________________________________________ ___________________________________________
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Figure 1 (COI) and Figure 2 (COII). Phenograms of mitochondrial COI and COII genes from geographic populations of
G. morrilli.  Analyses were performed with the alignment program ClustalX (Thompson et. al. 1997) and the Nieghbor-
Joining trees were created with the phylogenetic program PAUP 4.0 (Swofford 2002).  In the genetic distance trees G.
ashmeadi are included as an outgroup, displaying branch lengths (below branches) and bootstrap values (above branches
underlined), as percentage of 1000 replications.  To account for intra- and inter-populational variation, several randomly
chosen individuals (3-6) were included.  SMCA, San Marcos, CA; OrgCo CA; Orange county, California.



Table 3.  Pairwise sequence distances (range) of ITS-2 rDNA fragments from geographic populations of G. morrilli
showing percentage divergence. The alignment program ClutstalW (Thomas et al. 1994) from DNAStar was utilized for
this analysis.  To account for intra- and inter-populational variation, several individuals (2-7) were included.  WTX, Weslaco,
TX (two populations from Hidalgo Co; 7 total individuals); QFL, Quincy, Florida (2 individuals); CA, California (two
populations, Orange Co. and San Diego Co; 5 total individuals) Ga, G. ashmeadi (outgroup) (4 individuals).

__________________________________

Pop WTX QFL CA Ga
__________________________________

WTX 0.0-1.70
QFL 0.0-1.40 0.0-0.30
CA 6.2-10.7 6.3-7.70 0.0-0.60
Ga 7.9-13.3 8.4-12.4 7.8-12.0 0.5-0.9
___________________________________________
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Figure 3. Phenogram of ITS2 rDNA sequence fragment from geographic populations of G. morrilli.  Analysis was
performed with the alignment program ClustalX (Thompson et. al. 1997) and the Nieghbor-Joining tree was created with the
phylogenetic program PAUP 4.0 (Swofford 2002).  In the genetic distance trees G. ashmeadi are included as an outgroup,
displaying branch lengths (below branches) and bootstrap values (above branches underlined), as percentage of 1000
replications.   To account for intra- and inter-populational variation, several randomly chosen individuals (2-7) were included.
SMCA, San Marcos, CA; OrgCo CA; Orange county, California.
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ABSTRACT
The aim of the present study was to develop molecular diagnostic markers to identify key predators of Homalodisca
sharpshooter species present in California, H. coagulata (Glassy-winged Sharpshooter, GWSS) and H. liturata (Smoke-tree
Sharpshooter, STSS).  RAPD-PCR DNA fingerprinting of several sharpshooter species identified specific bands that were
excised, sequenced, and SCAR (Sequenced Characterized Amplified Region) markers were designed.  The results
demonstrated that both GWSS- and Homalodisca-specific markers were specific toward their targets.  The GWSS-specific
markers amplified only GWSS and the Homalodisca-specific markers amplified only GWSS and STSS.  The sensitivity
limits for both marker sets was at 50 pg of DNA.  The mitochondrial cytochrome oxidase subunit gene II (COII)-specific
markers that were developed were each specific for GWSS and Homalodisca sharpshooters.   The development of diagnostic
markers designed toward Homadisca sharpshooters present in California should aid in finding key predators and therefore
enhance biological control efforts against these sharpshooters.

INTRODUCTION
The Glassy-winged Sharpshooter, Homalodisca coagulata (Say) (Homoptera: Cicadellidae), is a large xylem feeding
leafhopper that is a serious pest because it vectors a strain of Xylella fastidiosa (Wells), a bacterium that causes Pierce’s
disease in grapevines (Vitis vinifera and V. labrusca) (Hopkins and Mollenbauer 1973).  A biological control program is
currently in progress in California against H. coagulata.  Effective control of GWSS will require an area-wide pest
management approach.  A major component of such an approach is the exploitation of the pest’s natural enemies, which,
when utilized to their greatest potential, can increase the effectiveness of other control tactics.  Unfortunately, very little is
known about GWSS natural enemies, this is especially true for their predators (Triapitsyn et al. 1998).  Direct visual field
observations of predation are difficult to obtain and historically, the study of insect predation has relied mainly on inexact and
indirect techniques for measurement and analysis.  Presently, Hagler and Naranjo (1997) and Hagler et al. (1991) have had
success in developing monoclonal antibodies and detecting prey in predator gut contents by enzyme linked immunoassays
(ELISA).  Recently, other methods have been developed that allow for the detection of prey in predator gut contents.  These
molecular methods include, Sequence Characterized Amplified Region (SCAR), where RAPD-PCR species-specific bands
are excised from gels, sequenced, and primers are designed toward those DNA fragments (Agusti et al. 1999; Agusti et al.
2000) and targeting genes that are present in the cell in high copy number, such as, mitochondrial genes (COI and COII) and
Internal Transcribed Spacer regions (ITS1) (Agusti et al. 2003; Chen et al. 2000; Symondson 2002).

OBJECTIVE
Develop molecular diagnostic markers for Homalodisca sharpshooter species (GWSS and STSS) found in California in order
to identify key predators.

RESULTS AND CONCLUSIONS
GWSS-specific SCAR (5/7) Markers
RAPD-PCR DNA fingerprinting was performed with several sharpshooter species and Homalodisca-specific bands were
excised, sequenced, and primers designed (SCAR markers).  Figure 1A demonstrates that GWSS-specific SCAR (5/7)
markers were highly specific with no amplification of any other sharpshooter species or predators.  The GWSS-specific
markers were also able to detect GWSS eggs in predator gut contents (Figure 1B).  The sensitivity of the SCAR marker set
was tested by varying the amount GWSS DNA (0.1 to 3.2 ng) (Figure 2).  In this experiment, the limit of sensitivity was at
100 pg, but later experiments showed the detection limit at 50 pg (not shown).
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Figure 1. RAPD-PCR DNA fingerprinting was performed with the following sharpshooters: Homalodisca liturata (Hl);
Graphocephala atropuncta [blue-green (BG)]; H. coagulata (Hc); Carneocephala fulgida [red-headed (RH)];
Draeculacephala minerva [green (G)]; Oncometopia nigricans (On); and H. insolita (Hi).  Amplification products/bands
unique to GWSS were excised, sequenced, and primers (SCAR markers) were designed to amplify a 302-bp fragment. A).
Specificity of GWSS-specific SCAR-5/7 markers. L, lacewing larvae (Chrysoperla carnea); E, earwig (Forficula
auricularia); and B, ground beetle (Calosoma sp.). B). Detection of GWSS in predator gut contents by SCAR-PCR assays.
(-), negative control (no template); C, control (not fed on GWSS); S, sample (fed on GWSS).  Lacewing and earwig fed on
GWSS eggs and ground beetle fed on a GWSS adult.
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Figure 2. Sensitivity assay with GWSS-specific SCAR 5/7.  GWSS DNA was varied from 0.1 to 3.2 ng, each point in
quadruplicate (inset). The four determinations per point were averaged and plotted vs relative density of the SCAR bands.
Since the highest amount of DNA (3.2 ng) did not fall within the linear portion of the curve (saturated) it was eliminated.
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Figure 3. California Homalodisca (GWSS/STSS)-specific SCAR 6/9 specificity assay.  California Homalodisca-specific
primers were designed toward a RAPD-PCR fragment.  Refer to Figure 1 for assignments.
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Figure 4. SCAR 6/9 sensitivity assays with GWSS DNA (A) and STSS DNA (B).  DNA ranged from 0.05 to 0.80 ng with
each point in triplicate.  The three determinations per point were averaged and plotted vs relative density of the SCAR bands.
The highest amount of DNA (0.80 ng) was not in the linear portion of the curve (saturated), so it was eliminated from the
analysis.
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Figure 5. SCAR-PCR (6/9) assays with predators (Lacewing, L1-10) that fed on GWSS eggs.  Lanes: 1, Qiagen prep control
plus GWSS DNA; 2, crude extract control plus GWSS DNA; 3, crude extract negative control (not fed); 4, Qiagen prep
negative control (not fed); 5, GWSS DNA positive control.
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Figure 6 (below). California Homalodisca mitochondrial COII-specific primers. The mitochondrial COII genes of both
GWSS and STSS were sequenced and both Homalodisca- and GWSS-specific primers were designed.  Refer to fig. 1 for
assignments.

Homalodisca (GWSS/STSS)-Specific SCAR (6/9) Markers
Figure 3 shows the specificity of the Homalodisca markers, as seen only GWSS and STSS DNA is amplified with this
marker set and no other sharpshooters or predators amplified.  The sensitivity of this SCAR (6/9) marker set was tested with
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both GWSS (Figure 4A) and STSS (Figure 4B) DNA individually.  The amount of DNA was varied from 0.05 to 0.80 ng.
These experiments show the sensitivity limits with both GWSS and STSS DNA to be at 50 pg.  The SCAR (6/9) marker set
was tested with predators (Lacewings L1-12) that fed on GWSS eggs (Figure 5). At least 7 of the 12 specimens tested
positive with this marker set.  The assay system was tested for competition or interference of predator DNA with both Qiagen
preps and crude DNA extracts.  The DNA crude extract procedure was developed as a rapid method to assay hundreds of
samples more efficiently.  The results show that predator DNA does not compete or interfere with the SCAR-PCR assays.

Homalodisca and GWSS-specific Mitochondrial COII primers
Mitochondrial DNA is present in hundreds or multiple copies within each cell  (Chen et al. 2000; Symondson 2002).  In
order to increase the sensitivity of our diagnostic assays, the mtCOII genes of both GWSS and STSS were sequenced and
both Homalodisca- and GWSS-specific primers were designed.  Figure 6 demonstrates that both GWSS- (Figure 6A) and
Homalodisca- (Figure 6B) specific primers were successful without amplifying any other sharpshooters or predators.
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ABSTRACT
Transgenic insecticidal crops expressing Bacillus thuringiensis (Bt) toxins have been successfully developed to control major
chewing insect pests of agriculture, such as caterpillars and beetles.  The same Bt toxin technology also has been used with
Bacillus sphaericus for the control of mosquito species such as Aedes aegypti and Culex quinquefasciatus, important vectors
of human diseases.  However, this transgenic technology has not yet been applied to economically important xylem-feeding
sucking insect pests such as the glassy-winged sharpshooter, Homalodisca coagulata (GWSS).  Our goal is to use a genomics
approach to develop novel, highly specific mimetic insecticidal proteins derived from the variable binding domains of
immunoglobulin molecules.  “Mimetic” peptides mimic the normal substrates of key components of essential processes to
block the activities of these proteins.  Our research is targeting the exposed active domains of transport proteins on the
surface of the GWSS midgut microvillar membrane and enzymes found in GWSS saliva.  Degenerate PCR amplification of
genes characterized in other insect species encoding proteins involved in gut transport and saliva activity and screening a
cDNA microarray to identify novel gut and saliva protein encoding genes are the approaches being used to identify GWSS
target proteins.  Due to the target specificity, mimetic peptide technology can provide an environmentally sound approach to
the control of vasculature feeding insect pests and could thereby provide a means of controlling Pierce’s disease and crop
losses due to GWSS feeding.

INTRODUCTION
Mimetic technology is new to agriculture, but has been used extensively and successfully in medicine (Clemens, 1996).
Examples of medical uses include the inactivation of disease-related enzymes (Burke et al., 2001), blockage of metabolic
receptors important to disease (Berezov et al., 2000), and the use of antibodies developed against disease constituents (Moe et
al., 1999).  Human cancers (Monzayi-Karbassi and Keiber-Emmons, 2001), diabetes (Deghenghi, 1998), and heart disease
(Lincoff et al., 2000) all have been treated successfully through these applications of mimetic technology.  In spite of lacking
a history of application of mimetics to agriculture problems, its development should be straight forward.  Antibody proteins
have been synthesized successfully in plants for the production of antibodies to be used in medical applications (Larrick et al.
2001; Stoger et al., 2002), and the production of transformed lines of crop plants in which promoters that have been isolated
by other researchers (Shi et al., 1994; Springer, 2000), which direct expression to the cell wall and vascular structures of
plants, will assure that our antibody peptides are synthesized in a tissue-specific manner.  Last year we succeeded in isolating
portions of five GWSS genes by degenerate PCR: the A and c V-ATPase subunits, genes encoding trypsin-like and maltase-
like saliva proteins, and a membrane transporter.  This year we have added another membrane transporter gene clone, most
closely related to the potassium coupled amino acid transporter isolated from Manduca sexta, KAAT1 (Castagna et al.,
1998).  These clones and others isolated from our normalized cDNA are being analyzed using bioinformatics tools to identify
functional domains which will be effective and specific targets. The identified target peptides will be synthesized in a
Baculovirus expression system.  Peptides produced will be used as antigens for polyclonal antibody production, the products
of which will be cloned into phage display libraries.  Screening the phage display antibody libraries will identify the mimetic
peptides that bind most efficiently to the targeted GWSS proteins.  Ultimately these peptides will be used in feeding studies
to identify those which are the best candidates for GWSS control.

OBJECTIVES
1. Determine the structure and cell types in the midgut epithelium and salivary glands of the glassy-winged sharpshooter

(GWSS), Homalodisca coagulata;
2. Prepare a normalized cDNA microarray of GWSS using pooled cDNAs isolated from each developmental stage.
3. Screen the microarray using cDNA probes derived from midgut and salivary gland tissue-specific probes to determine

the tissue-specific expression of key midgut microvillar and saliva proteins;
4. Clone and sequence genes encoding one or more key midgut microvillar and saliva proteins and determine their

suitability as targets for a molecular biological approach to GWSS and Pierce’s disease control.
5. Predict functional domains of key GWSS midgut epithelium- and salivary gland-specific proteins based on sequences of

genes using bioinformatics;
6. Express functional domain peptides for antibody production;
7. Clone single-chain fragment variable antibody genes into recombinant phage libraries and screen the libraries;
8. Conduct feeding studies to identify efficacious mimetic peptides effective in killing or deterring GWSS.
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RESULTS
We have had a normalized cDNA library constructed by Evrogen JSC from total RNA isolated from whole GWSS of both
sexes and all life stages, as well as from GWSS that have fed on grape infected with X. fastidiosa.  We’ve had 10,752 clones
isolated, glycerol stocks prepared, and PCR products of all inserts amplified and purified for microarray spotting.  This
August three members of our laboratory were trained at the Custom Microarray Facility at the University of Arizona and we
are currently repeating the results obtained there at the Core Instrumentation Facility in the Institute for Integrative Genome
Biology on the Riverside campus.  A subset of 1,536 clones was spotted in duplicate (side by side spots) and the entire array
duplicated on the same slide.  These arrays were hybridized to Cy3 labeled control cDNA and Cy5 labeled cDNA reverse
transcribed and amplified from total RNA isolated from GWSS treated with a sub-lethal dose or an LD50 dose of
esfenvalerate.  Dye swap experiments were performed.  These experiments are part of a collaborative related project funded
by CDFA with Frank Byrne as Project Leader.  Our results are presented in his report for the project entitled “Evaluation of
resistance potential in the glassy-winged sharpshooter (GWSS) using toxicological, biochemical and genomics approaches.”
The arrays detected obvious differences in gene expression levels between the two treatments.  These experiments were
chosen for our test study because it is known that several genes encoding cytochrome P450 proteins are up-regulated
dramatically in response to pesticide treatment.  We have succeeded in cloning the entire GWSS V-ATPase A gene (Figure
1) by RLM-RACE.  Differences in both the 5’- and 3’- sequences between the clones obtained indicate more than one copy
of the V-ATPase A gene exists in the GWSS genome

1  ctcgtgatatcagctggtgactgggtgaggtagctgcttcgtctgatcattacagtaagggatagctgaagatgcctttgcagaagattaaagatgag
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99 gacaaggagtccaagtttggatatgtgtacgctgtatccggaccggtcgttacggccgagaagatgtccgggtcagctatgtacgagttggtgcgtgtc
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1584 ctcgaggtcaataggctactgaaagaagattttctgcaacagaacagctactctccgtatgatcgtttctgtcccttctacaagacagtgggcatgctc
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Figure 1. The complete cDNA and translated protein of GWSS V-ATPase A.  The atg indicates the translational start site.
Nucleic acid and protein sequence variations are indicated in bold.  Sequence variations were determined from both sense and
antisense sequences.
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We have dissected and identified all of the components of the GWSS alimentary canal, performed ultrastructural studies of
these tissues, and developed in situ hybridization techniques for the localization of gene expression (Figure 2).  As expected
the genes encoding the V-ATPase A and c subunits and that expressing HcMT1 are all expressed throughout the GWSS gut.
HcMT1 clearly also is expressed in the salivary glands. The studies localizing the expression of the trypsin-like and maltase-
like genes are in progress.

Figure 2. A. Lateral views of
the GWSS alimentary canal
showing 1. the oesophagus, 2.
the “crop-like” food storage
organ or pre-filter chamber, 3.
upper filter chamber, 4. caeca,
5. central filter chamber, 6.
descending midgut, 7.
malpighian tubule, 8. rectum, 9.
the filter chamber microvillar
brush border, and 10. the
descending midgut microvillar
brush border membrane.
In situ hybridizations of B. V-
ATPase A, C. HCMT1, and D.
V-ATPase c sense (S) and
antisense (AS) DIG labeled
probes to paraffin embedded
thick sections of GWSS gut
detected with a peroxidase
reporting system. Salivary
glands are designated by 11. C.
and D. are assemblages of the
entire gut constructed from
multiple sections hybridized
together.
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Transcript sizes for each of the genes partially cloned have been determined by RNA blot hybridization (Figure 3).  The
transcript sizes were determined as: ~1,900 bp for V-ATPase A, which corresponds well with that determined from the
cDNA sequence of 1,849 bp, ~1,200bp for V-ATPase c, and ~875 bp for HCMT1 and the trypsin-like gene.  These values



correspond to those in the literature for each of these genes (van Hille et al. 1993;
Pietrantonio and Gill, 1993; Zeng et al., 2002; Liu et al., unpublished data).

CONCLUSIONS
The presence of more than one GWSS V-ATPase A subunit gene will be confirmed
by DNA blot hybridization.  We have developed a clone capture technique which
will allow us to isolate all gene clones with sequence similarity from our cDNA
library in a single experiment.  This procedure involves the formation of a RecA-
mediated triple-stranded molecule between our biotinylated partial clone and full
length cDNA clones with sequence similarity.  Triple-stranded molecules are then
removed from the reaction using streptavidin magnetic beads.  This approach will
allow us to much more quickly analyze all the members of specific gene families
already partially cloned.  Thus far we have succeeded in isolating clones similar to
the KAAT-like gene clone recently obtained (data presented in the report of a related
project: Development of Glassy-winged Sharpshooter Mimetic Insecticidal Peptides,
and an Endophytic Bacterial System For Their Delivery to Mature Grape.).  The
clones isolated are being analyzed to identify the regions best suited for antibody
targeting using bioinformatics tools.  We anticipate that this approach also will allow
us to isolate gene families of genes identified by microarray screening as being
tissue-specifically expressed.  This will be important in determining that a potential
target does not have similarity to genes expressed other than in the organs we want to
target.

VA     VC    MT   T1     M          KB

9.49
7.00
4.40
2.37
1.35

0.24

Figure 3. RNA blot hybridizations
of 10µg GWSS total RNA
hybridized to V-ATPase A (VA),
V-ATPase c (VC) and the trypsin-
like gene (T1) clones labeled with
DIG and detected with
chemiluminecsence and  the
HCMT1 (MT) gene clone labeled
with 32P.
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ABSTRACT

INTRODUCTION
GWSS is an exotic pest in California having invaded and established in this state in the late 1980’s.  One potential reason for
the inordinate numbers of GWSS in California compared to population densities in the pest’s home range in southeastern
USA is a lack of an efficient natural enemy fauna that has evolved to use GWSS as a resource.  As part of a classical
biological control program against GWSS, scientists with the CDFA and UCR have been prospecting for, importing into
quarantine, and clearing for release mymarid egg parasitoids from the home range of GWSS for establishment in California.
To date, two new parasitoid species have been established in CA, Gonatocerus triguttatus and G. fasciatus.  It is too early to
ascertain the impact on GWSS population growth that these two parasitoids will have.  The self introduced G. ashmeadi
(Vickerman et al., 2004) is the key natural enemy of GWSS egg masses in CA at present (Blua et al., 1999). Over summer,
parasitism levels of GWSS egg masses and individual eggs in masses by G. ashmeadi approaches 100% but parasitism levels
of the spring generation of GWSS are substantially lower (Triapitsyn and Phillips, 2000).  Naturally occurring populations of
G. ashmeadi in CA have been augmented with mass reared individuals from populations found in the southeastern USA and
northeastern Mexico which encompasses the home range of GWSS (D. Morgan - CDFA, pers. comm. 2003).

Substantial laboratory work with G. ashmeadi has been conducted in an attempt to understand and parameterize basic aspects
of this parasitoid’s reproductive biology, and host selection behaviors.  Irvin and Hoddle (2001) have evaluated oviposition
preferences of G. ashmeadi when presented GWSS eggs of various ages. Interspecific competition between G. ashmeadi with
G. triguttatus and G. fasciatus for GWSS egg masses of different ages has been assessed along with factors influencing the
sex ratio of offspring (Hoddle and Irvin, 2002; 2003).  The effect of resource provisioning and nutrient procurement on the
longevity of G. ashmeadi has also been determined (Irvin unpublished data).  Furthermore, the foraging efficacy of G.
ashmeadi in simple and complex environments for scarce and abundant GWSS egg masses has also been completed and
compared to similar data collected for G. triguttatus (Irvin unpublished data).
The effect of brochosomes on the foraging efficacy of G. ashmeadi has also been evaluated in the laboratory. Brochosomes
are a chalky material produced by the malpighian tubules in many xylophagous cicadellid species (Rakitov, 1999; 2000;
2004).  Brochosomes are excreted from specialized openings on the posterior of the abdomen and are collected and deposited
by mated females on the forewings. During oviposition, females rub brochosomes off the forewings and deposit them on the
tops of eggs masses (Hix, 2001). The adaptive significance of covering egg masses with brochosomes is uncertain
(Rakitov,1999).  Hix (2001) has suggested that brochosomes may protect GWSS eggs from desiccation, UV light, natural
enemies (parasitoids, predators and pathogens); or they provide a signal to other female GWSS that leaves have already been
oviposited in.  We have investigated the effect of brochosomes on the foraging efficacy of G. ashmeadi in the laboratory.
Data clearly demonstrate that moderate to heavy brochosome coverage of GWSS eggs is a major impediment to oviposition
to G. ashmeadi when compared to conspecific parasitization efficiency of GWSS eggs with light or no brochosome coverage
(Velema et al., 2004).

Studies currently funded by the CDFA to by conducted by this lab will look at: (1) laboratory-level fecundity rates of G.
ashmeadi under varying temperature regimens; (2) field cage studies assessing interspecific competition between parasitoids
released for the classical biological control of GWSS; (3) factors affecting sex ratio allocation during mass production of
mymarid parasitoids; and (4) the effect of resource provisioning on parasitization rates and overwintering longevity of key
mymarid parasitoids under field conditions. The work proposed in this grant will complement and support completed studies
and work in progress.

Many factors act in concert to affect successful biological control.  The GWSS-Gonatocerus system has benefited from
intensive laboratory study to generate a basic understanding of factors influencing host selection and parasitism success.  The
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next step that is now required is to test hypotheses generated from lab studies in the field. Field level assessments will
evaluate our understanding of the system under investigation, and consolidate interpretations needed to determine the most
important aspect of the GWSS biological control program: “How effective are egg parasitoids at controlling GWSS in
California?”  To get to the crux of this issue we are asking two questions in this proposal: (1) How big an impact do
individual female parasitoids have on GWSS population growth via parasitization of eggs, and (2) do biotic impediments
such as brochosomes affect parasitization efficacy in the field?  When these two questions are addressed together we will
begin to develop a comprehensive understanding of the impacts parasitoids have at the field level and factors affecting
parasitization success.  This will allow us to form a much better understanding of what levels of control we can expect from
mymarid egg parasitoids when different ecological conditions are prevailing in the field.

OBJECTIVES
This is a new proposal that was officially funded in July 2004. This project has two objectives aimed at determining the field
level impact individual female Gonatocerus ashmeadi have on glassy-winged sharpshooter (GWSS) egg masses.  These two
research objectives are complimentary:
1. Measure real life time contributions of individual female parasitoids to parasitism of GWSS egg masses under field

conditions. This research objective is high priority.
2. Determine the ecological significance of brochosome deposition on GWSS egg masses and its effect on parasitism rates

by G. ashmeadi under field conditions.

RESULTS
This project has not commenced.  There are two major reasons for this: (1) Recruitment of Dr. Nic Irvin as the post-graduate
researcher for this program has been held up by the excessive time it has taken to process the required visas to employ her in
the USA given her alien status.  (2) Dr. Irvin will start working on this project in early March 2005 when GWSS populations
begin to build again.  It made no sense to employ Dr. Irvin earlier than this time as at the time of notification of successful
visa application GWSS populations were declining in the field and there would be few reproductive adults and parasitoids to
work with. We will be formally requesting a no cost extension for this project.
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ABSTRACT
The reproductive and developmental biology of Gonatocerus ashmeadi Girault, a self-introduced parasitoid of the glassy-
winged sharpshooter (GWSS) Homalodisca coagulata Say, was determined at five constant temperatures in the laboratory;
15; 20; 25; 30; and 33°C.  Wasps at each experimental temperature were given, on average, between 10 and 15 GWSS eggs
per day for its natural life for oviposition.  At 30°C, immature G. ashmeadi sustained the highest mortality rates as adult
emergence was lowest at this temperature. The largest proportion of female offspring was produced at 25°C and lifetime
fecundity was greatest at 25°C.  The development time was greatest at 15°C and lowest at 30°C.  Mean adult longevity was
inversely related to temperature with a maximum of approximately 30 days at 15°C to a minimum of approximately two days
at 33°C.

INTRODUCTION
The mymarid wasp species Gonatocerus ashmeadi Girault, G. triguttatus Girault, G. morrilli Howard, and G. fasciatus
Girault are the most common natural enemies associated with the insect pest Homalodisca coagulata in it’s home range of
southeastern USA and northeastern Mexico (Triapitsyn and Phillips, 2000).  The wasp G. ashmeadi is a self-introduced
resident of California and most likely came into the state in parasitized Homalodisca coagulata eggs (Vickerman et al., 2004)
and has established widely in association with H. coagulata.

One factor that can limit the success of the establishment of natural enemies is mismatching the environmental conditions
favored by the introduced agent with those that predominate in the receiving range (Hoddle, 2004).  Quantification of the
reproductive and developmental biology of a natural enemy is paramount to predicting, planning, and promoting the
establishment and population growth of introduced agents.  This can be enhanced by determining demographic characteristics
such as day-degree requirements for immature development, population doubling times and lifetime fecundity for estimating
population growth rates at various temperatures and for comparison with the target pest and other species of biological
control agents.  Determining the introduced control agent’s reproductive and developmental biology and environmental
requirements with that of the host will allow for a greater understanding of factors affecting biological control of GWSS.

The following work was undertaken to provide information on the reproductive and developmental biology of the parasitoid
wasp G. ashmeadi.  These data will provide knowledge of the insect’s life cycle, in particular in relation to GWSS, and will
improve the understanding of optimal timings of its release for biological control purposes in many agricultural systems as
well as improve the efficiency of laboratory rearing of these insects.  In addition to improving release and rearing strategies,
this information will target foreign exploration of strains of G. ashmeadi for possible introduction into California and also
identify geographical areas that will be conducive to the use of this species as biological control agent following GWSS
establishment in various parts of California and in areas such as Tahiti and Hawaii where GWSS has recently invaded.

OBJECTIVES
1. Examine the developmental and reproductive biology of G. ashmeadi in order to determine its day-degree requirements,

and demographic statistics.

RESULTS
The rates for oviposition that led to successful reproduction of offspring were highest at 30°C (Figure 1).  Each wasp at each
temperature, on average, had the same number of GWSS eggs made available to them for oviposition.  At 30°C,
approximately 42% of eggs presented to wasps produced into viable parasitoid offspring.  Conversely, this rate decreased
with temperature to 1% at 15°C.  Higher temperatures similarly lowered the production of viable offspring with
approximately 13% surviving to adult stages at 33°C.  These results suggest that G. ashmeadi progeny survivorship was most
successful when oviposition occurred at 30°C, intermediate at 20-25°C and lowest at 15°C.
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Figure 1.  Mortality rates fell as temperatures rose
until 30°C.  Few viable offspring were produced at
33°C.  The highest percentage of viable offspring
from available eggs was at 30°C.

Figure 2. The average number of offspring
emerging from parasitized eggs at each temperature.
Parasitized eggs that did not yield viable offspring
are not represented here.

The number of offspring produced by individual wasps over their lifetime was greatest at 25°C and fell sharply as
temperature either increased of decreased (Figure 2).  Approximately 73 offspring were produced by wasps at 25°C down to
an average of around 4 and 14 at 15°C and 33°C, respectively. These data show that at constant high or low temperatures
wasps fail to produce many offspring and may have little or no impact on GWSS population growth as a consequence.

There appeared to be no trends to the ratios of females produced at each experimental temperature (Figure 3).  The highest
percentage of females was produced at 25°C with approximately 70% of offspring being female.  All other temperatures
were, with the exception of 20°C, were within 10% of this temperature.  These results indicate that temperature may not play
an important role in the sex selection of G. ashmeadi offspring.

The time between eggs being made available to individual wasps and the emergence of offspring, fell from a high of
approximately 39 days at 15°C to approximately 10 days for 30 – 33°C (Figure 4).  As temperature rose, the time required for
the development of wasp larvae was reduced.  This faster development time at higher temperatures suggests that wasps will
cycle through several generations in comparison to GWSS.
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Figure 3. The percentage of G. ashmeadi offspring
that was identified as female at each temperature.

Figure 4. The period of time between oviposition
by G. ashmeadi and the emergence of wasp
offspring represented in days.

Mean adult longevity for individual mated female G. ashmeadi used in this study fell from an average of approximately 20
days at 15°C to approximately eight days at 33°C (Figure 5).
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Figure 5. The average time, in days, from when
mated females used in the study first emerged to
when they died of natural causes.

CONCLUSIONS
The wasps at 30°C died quicker (figure 5) and laid fewer eggs (figure 3) than wasps at 25°C.  This difference was offset by
the findings that the individuals at 30°C successfully utilized a higher percentage of the eggs that were made available to
them than those at 25°C.  Whilst individuals at 30°C produced fewer viable offspring, it is possible that as a population effect
greater numbers of offspring may be produced due to a faster generation turnover and higher rate of parasitism overall.
Wasps at 30°C will cause a population to grow at a much faster rate due to the wasp ovipositing in, largely, an equal number
of eggs.  The success of the wasp at this temperature is indicative of the much shorter developmental times whereby the wasp
will produce offspring that develop at much faster rates. Individual wasps surviving for extended periods of time were
observed at 15°C and declining in a linear manner as temperature rose.  Whilst wasps at 15°C, for example, survived
considerably longer than at other temperatures their efficacy was affected by the temperature and made very little impact on
the number of offspring produced.

The success of a biological control agent is measured by the mortality it inflicts on its target which is in part a function of its
reproductive and developmental activity across a range of temperatures (Nahrung and Murphy, 2002).  The results from this
study suggest that G. ashmeadi operates most effectively at moderate to high temperatures.  Identifying the optimal
temperature for reproduction and developmental of G. ashmeadi, will greatly aid mass-rearing efforts, using day-degree
models to predict geographic range, to assess generational turnover in various locales in comparison to GWSS and to
optimize releases of natural enemies into a field environment.
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ABSTRACT
According to the proposed (and approved) research timetable, work on this project will commence as early as in January
2005, when we may have the first chance to collect parasitized egg masses of Homalodisca spp. in Mexico.  This report is
only for information purposes about this project.

INTRODUCTION
Egg parasitoids of the Glassy-winged Sharpshooter (GWSS), Homalodisca coagulata (Say), were discovered through survey
activities conducted throughout USA and northeastern Mexican states of Nuevo Leon and Tamaulipas, which resulted in
collection, introduction, and release in California of several species of mymarid eggs parasitoids (Gonatocerus spp.) (Morgan
et al. 2000; Triapitsyn et al., 2002; Triapitsyn & Hoddle, 2001, 2002). During 2003 and 2004, we conducted a survey of egg
parasitoids of GWSS in central and eastern USA (Hoddle & Triapitsyn, 2003, 2004).  According to McKamey (2002), the
native host range of GWSS also includes central and southern Mexico, well beyond the currently known range mapped by
Triapitsyn & Phillips (2000). McKamey’s (2002) report is supported by the CLIMEX-predicted distribution range of GWSS
(Hoddle 2004; also Map below).

Here we propose the final step in the development of a classical biological control program against GWSS in California: to
search new climatically suitable areas in Mexico for GWSS parasitoids.  Additionally, our previous exploratory work in
Mexico (in the States of San Luis Potosí, Tamaulipas and Veracruz) during 1999-2003 resulted in the discovery of at least
two new, undescribed species of Homalodisca egg parasitoids, which are related to G. ashmeadi Girault and G. morrilli
(Howard) but differ from those both morphologically (Triapitsyn et al. 2002) and genetically (D. Vickerman, unpubl. data).
These parasitoids need to be recollected in Mexico and tested as potential biological control agents against GWSS in
California.

OBJECTIVES
This project has two main objectives:
1. Search for and collect egg parasitoids in southern-most home range of GWSS and other Homalodisca species in

southeastern and southwestern Mexico; and
2. Introduction and establishment of quarantine cultures of the selected species and their following initial evaluation for

potential establishment in California.

RESULTS
There are no results to be reported at this time.  The following experimental procedures will be used to accomplish the above
objectives:

Exploratory Work.
Search for and collect egg parasitoids of southern-most home range of GWSS and other Homalodisca species (in the
Mexican states of Tamaulipas (southern part), Veracruz, San Luis Potosí, Campeche, Oaxaca, Yucatán, and Quintana Roo)
for introduction into California, establishment of cultures in UCR quarantine, and a following evaluation.  Several short
exploratory trips will be made to those states during winter and spring 2005 and parasitized egg masses of Homalodisca will
be collected there and sent to UCR quarantine facility under the existing permit. The two already known egg parasitoids of
GWSS from Tamaulipas and adjacent Mexican states (G. near ashmeadi and G. near morrilli) will be recollected from known
localities.

Quarantine and Identification Work
Colonies of the selected parasitoids will be established in UCR quarantine using GWSS as a host (fresh egg masses will be
supplied by David Morgan).  Voucher specimens of the collected parasitoids will require appropriate curation as a result of
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the proposed exploratory work; these will need to be critically point-dried from ethanol, point- or card-mounted, labeled,
slide-mounted, and identified to genera and species. DNA analyses will be conducted if necessary.

Figure 1. Current and CLIMEX-predicted geographical range of GWSS. Large blue dots indicate good climatic conditions
for GWSS. Small blue dots are marginal habitats. x on map indicate unsuitable areas.
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CONCLUSIONS
Research to be conducted in the course of this project will be of benefit primarily to the CDFA GWSS Biological Control
Program as well as to other biocontrol specialists and agencies conducting projects against GWSS in California such as the
USDA-APHIS.  Ultimately, we hope that this project will be beneficial to California’s agriculture.
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ABSTRACT
Search for egg parasitoids of proconiine sharpshooters (Hemiptera: Clypeorrhyncha: Cicadellidae: Cicadellinae: Proconiini)
in central and eastern USA during 2003 and 2004 resulted in rearings of several species of Mymaridae and
Trichogrammatidae (Hymenoptera) (Table 1).  Cultures of some species, notably of Anagrus epos Girault, were established
at UCR quarantine.

INTRODUCTION
Presence of the proconiine sharpshooters Homalodisca coagulata (Say) (GWSS - the Glassy-winged Sharpshooter) and its
close relative Oncometopia orbona (Fabricius) (the Broad-headed Sharpshooter) in central and eastern United States justified
conducting a survey of their principal natural enemies, egg parasitoids in the families Mymaridae and Trichogrammatidae.
No such surveys have ever been conducted North of central Georgia, Mississippi, Louisiana, and Texas.  Prior research
showed presence of the mymarid Gonatocerus fasciatus Girault there (Triapitsyn et al. 2003).  A number of trichogrammatid
genera and species were recognized in southeastern USA from eggs of a grass-inhabiting Cuerna costalis (Fabricius), also a
proconiine sharpshooter, as well as from H. coagulata and O. orbona (Triapitsyn 2003).

OBJECTIVES
1. Exploratory work - Search for and collect egg parasitoids of proconiine sharpshooters in the northern- and eastern-most

home range of GWSS, Oncometopia spp., and Cuerna spp. for introduction into California, establishment of cultures in
UCR quarantine, and a following evaluation.

2. Curatorial work – Curate the collected voucher specimens of mymarid and trichogrammatid egg parasitoids.

RESULTS
Objective 1.
The first exploratory trip was made to Kentucky and Tennessee by S. Triapitsyn in July 2003 (Hoddle & Triapitsyn 2003).
The second trip to Illinois (the northernmost distribution range of Oncometopia orbona and Cuerna costalis), eastern
Kentucky, and south-central Tennessee was made by S. Triapitsyn in April 2004, in an attempt to locate and collect the
overwintered and egg-laying adults of C. costalis.  Part of the trip (in southern Illinois) was made together with Roman
Rakitov, who showed his methods of collecting C. costalis in known localities where this species had been collected in the
past (occurrence of proconiine sharpshooters there is spotty).  We were able to collect several adults of C. costalis in one
locality in Shawnee National Forest, on a private meadow.  Yellow pan traps were placed in this locality and we managed
to collect a specimen of Gonatocerus novifasciatus Girault (Mymaridae), a known parasitoid of H. coagulata elsewhere.
There it most probably is parasitoid of Cuerna costalis, the only proconiine sharpshooter occurring on that meadow.  This
gave us a hint what species of egg parasitoids occur there despite the fact that it is practically impossible to find egg masses
of this proconiine sharpshooter when its density is so low. Also parasitoids and leafhoppers were collected there using
vacuum. In several locations in southern Illinois, both methods revealed frequent presence of Gonatocerus rivalis Girault
and its likely host, Draculacephala antica (Walker) (determined by Roman Rakitov). Draculacephala is a cicadelline
(tribe Cicadellini) sharpshooter genus, which members were the most abundant leafhoppers of the subfamily Cicadellinae
in all three states visited.  This could be an apparent new host association for this species of Gonatocerus, which is a
member of the sulphuripes species group.

Subsequent trips to Georgia, North Carolina, and South Carolina in June and August 2004 by S. Triapitsyn resulted in
collections of several mymarid and trichogrammatid species, listed in Table 1, which were reared from egg masses of
proconiine sharpshooters. Quarantine colonies of Gonatocerus ashmeadi Girault from Georgia and South Carolina were
discontinued several generations following their establishment because it was shown that this species is morphologically,
biologically, and genetically homogenic throughout its range (Vickerman et al. 2004).  Both GWSS and to some degree O.
orbona were found to be abundant almost everywhere in the lowlands (especially coastal) in Georgia, North Carolina, and
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South Carolina whereas GWSS could not be found in the forested hills and mountains of northern Georgia, eastern North
Carolina, Kentucky, and Tennessee, where only a few adult O. orbona as well as its old egg masses (all with evidence of
parasitization) were collected.

Our survey also benefited greatly from the exploratory work by Roman Rakitov, who reared mymarid and trichogrammatid
egg parasitoids of several species of the genus Cuerna (other than C. costalis).  Particularly, the mymarid Anagrus epos
Girault was reared by Roman Rakitov near Glyndon, Clay Coounty, Minnesota, from egg masses of a Cuerna sp. and sent
to UCR quarantine facility under a permit.  This is the first representative of the genus Anagrus ever reared from eggs of a
proconiine sharpshooter.  We were able to establish a quarantine colony of this species on eggs of GWSS, which is a
fictitious host for A. epos (GWSS does not occur in Minnesota). Anagrus epos is a gregarious species: 3-5 adult wasps
emerged from smaller eggs of the original host, Cuerna sp., whereas up to 10-12 adult wasps emerged from larger eggs of
GWSS.  Under quarantine laboratory conditions (temperature 24°C, RH ca. 50%), the first two generations of A. epos
developed from egg to adult within 20-21 days; for unknown reasons, it took the next two generations much longer (more
than 30 days) to develop under the same conditions.  Currently, this species is under quarantine evaluation as a potential
biocontrol agent against GWSS in California.

Table 1. Species of egg parasitoids collected during 2004 and sent to University of California, Riverside quarantine.

Genus and species of egg
parasitoid

Originally from:
(State: locality)

Original or probable
sharpshooter host

Propagated on GWSS at
UCR quarantine (Yes/No)

Acmopolynema sema
Schauff (Mymaridae)

GA: nr. Centerville ?Homalodisca insolita
(Walker)

No

Gonatocerus ashmeadi
Girault (Mymaridae)

GA: nr. Centerville
GA: Byron
NC: Garner
NC: North Myrtle Beach
NC: nr. Warsaw
SC: Charleston
SC: nr. Yemassee

H. coagulata / O. orbona
H. coagulata / O. orbona
H. coagulata
? H. coagulata
H. coagulata
H. coagulata
H. coagulata / O. orbona

No
Yes
No
No
No
Yes
Yes

Gonatocerus fasciatus
Girault (Mymaridae)

GA: nr. Centerville
GA: Byron
NC: Garner
NC: nr. Greensboro
NC: nr. Warsaw

H. coagulata / O. orbona
H. coagulata / O. orbona
H. coagulata
?O. orbona
H. coagulata

No
No
No
No
No

Zagella spirita (Girault)
(Trichogrammatidae)

GA: Byron H. coagulata / O. orbona No (failed)

Ufens new species
(Trichogrammatidae)

GA: Byron H. coagulata / O. orbona No (failed)

Paracentrobia acuminata
(Ashmead)
(Trichogrammatidae)

GA: nr. Centerville ?H. insolita/
?Cuerna costalis

No

Objective 2
As a result of the exploratory work conducted during the reported period, numerous specimens of proconiine sharpshooters
and of their egg parasitoids were collected and preserved in ethanol with appropriate labels; many of these were critically
point-dried from ethanol, point- or card-mounted, labeled, and identified to genera and species.  Representatives of some
species (of both sexes) were selected, dissected, and slide-mounted.  The specimens were deposited in the collections of
Entomology Research Museum, UC Riverside.

CONCLUSIONS
This is the next step in the development of a “classical” biological control program for the reduction of glassy-winged
sharpshooter (GWSS) densities in California as a cornerstone for an IPM program to manage GWSS.  As the result of our
surveys conducted during 1997-2004, several previously unknown proconiine sharpshooter host associations were discovered
for various species of Mymaridae and Trichogrammatidae. We concluded searching for egg parasitoids of GWSS in the
Nearctic part of its distribution range.  Next year, our exploratory efforts will focus on the southernmost part of the
distribution range of GWSS in southern Mexico, which is in the Neotropical region.



- 344 -

REFERENCES
Hoddle, M. S. and S. V. Triapitsyn. 2003. Searching for and collecting egg parasitoids of the Glassy-winged Sharpshooter in

the central and eastern USA, pp. 261-262. In: Proceedings of the Pierce’s Disease Research Symposium, December 8-11,
2003, Coronado Island Marriott Resort, Coronado, California. Organized by California Department of Food and
Agriculture (compiled by M. Athar Tariq, S. Oswalt, P. Blincoe, R. Spencer, L. Houser, A. Ba & T. Esser), Copeland
Printing, Sacramento, California, 323 p.

Triapitsyn, S. V. 2003. Taxonomic notes on the genera and species of Trichogrammatidae (Hymenoptera) - egg parasitoids of
the proconiine sharpshooters (Hemiptera: Clypeorrhyncha: Cicadellidae: Proconiini) in southeastern USA. Trans. Amer.
Entomol. Soc. 129: 245-265.

Triapitsyn, S. V., D. J. W. Morgan, M. S. Hoddle and V. V. Berezovskiy. 2003. Observations on the biology of Gonatocerus
fasciatus Girault (Hymenoptera: Mymaridae), egg parasitoid of Homalodisca coagulata (Say) and Oncometopia orbona
(Fabricius) (Hemiptera: Clypeorrhyncha: Cicadellidae). Pan-Pacific Entomologist 79 (1): 75-76.

Vickerman, D. B., M. S. Hoddle, S. Triapitsyn, and R. Stouthamer. 2004. Species identity of geographically distinct
populations of the glassy-winged sharpshooter parasitoid Gonatocerus ashmeadi: morphology, DNA sequences, and
reproductive compatibility. Biol. Cont. 31: 338-345.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.



DEVELOPMENT OF PEPTIDE ANTIBIOTIC-BASED CONTROL STRATEGIES FOR XYLELLA FASTIDIOSA

Project Leaders:
Shizuo George Kamita
Dept. of Entomology
University of California
Davis, CA  95616

Bruce D. Hammock
Dept. of Entomology
University of California
Davis, CA  95616

Cooperators:
Bruce Kirkpatrick
Dept. of Plant Pathology
University of California
Davis, CA  95616

Donald S. Warkentin
Dept. of Entomology
University of California
Davis, CA  95616

Reporting Period: The results reported here are from work conducted from July 2003 to September 2004.

ABSTRACT
Peptide antibiotics are short (generally less than 70 amino acid residue-long), pore forming peptides encoded by single genes.
Because peptide antibiotics are ‘gene-based’ they can be produced directly at the target location where they are needed (e.g.,
grape stock).  In this project, we are testing the hypothesis that peptide antibiotics such as cecropins A, B, and/or P1 can be
used as an effective means to control or reduce the spread of Xylella fastidiosa-induced disease.  During the reporting period,
we have established the optimal growth and assay conditions for the X. fastidiosa bacterium.  Under these optimal conditions,
we found that cecropin A can effectively inhibit X. fastidiosa growth over a two-week period (initial concentration of
0.05µM).  Longer-term growth inhibition was seen only when higher concentrations of cecropin A were used suggesting that
the cecropin A is being degraded under the conditions of our assay.  On the basis of the effectiveness of cecropin A against X.
fastidiosa, a synthetic plant codon (i.e., Arabidopsis thaliana) optimized, cecropin A gene was synthesized.  The product of
this synthetic cecropin A gene was expressed using the baculovirus expression vector system (BEVS) in insect cells.  In
insect cells roughly 90 mg/liter of culture of biologically active cecropin A was produced by the recombinant baculovirus.
Following confirmation of biological activity of the insect cell produced cecropin A, the synthetic cecropin A gene was
inserted into the pCAMBIA1305 series of plasmid vectors in order to express the cecropin A in transgenic A. thaliana and
eventually grape stock.  Four different recombinant pCAMBIA1305 vectors were generated (carrying either the pro or mature
cecropin A gene fused to either an authentic insect- or plant- (rice glycine-rich protein) derived signal peptide sequence).  We
are currently in the process of generating transgenic A. thaliana using these pCAMBIA vectors. We believe that continuous
expression (although potentially at relatively low levels) of cecropin A will be effective for reducing or inhibiting the growth
of X. fastidiosa within the plant.

INTRODUCTION
Traditional antibiotics are natural or chemically synthesized small molecules that can selectively kill or stop the growth of
bacteria.  Antibiotic inhibition of X. fastidiosa (at least 17 isolates tested) has been analyzed for six different antibiotics
(ampicillin, kanamycin, neomycin, penicillin, streptomycin, and tetracycline) [1, 2].  These studies demonstrate that
antibiotic treatment is potentially an effective method for the control of X. fastidiosa.  Under field conditions, however,
barriers between the antibiotic and bacterium, and degradation effects will require significantly higher application doses than
those found effective in the laboratory.  Such doses may be impractical especially for broad-spectrum antibiotics due to
secondary effects (e.g., toxicity against mammalian red blood cells) and the risk of increasing resistance.  Thus, although
traditional antibiotics such as tetracycline are highly active, an effective delivery system to bring them in contact with X.
fastidiosa in the plant or insect vector is not available.

Recently, a great deal of scientific effort is being put into the study of a second type of antimicrobial agent called peptide
antibiotics.  Peptide antibiotics have been identified from a wide range of organisms including bacteria, fungi, plants, insects,
birds, crustaceans, amphibians and mammals. In general, peptide antibiotics are small (less than 50 amino acids), have a net
positive charge, and are composed of 50% or more of hydrophobic amino acids [3, 4].  One class of peptide antibiotic is
composed of so-called ribosomally synthesized peptides [5].  These peptides are encoded by single genes and synthesized by
a protein complex (ribosome) that is found in all cells and processed following synthesis via common pathways [3, 6].  In
other words, unlike traditional antibiotics, peptide antibiotics have the potential to be easily produced by common protein
expression systems or in transgenic organisms (e.g., plants).  Furthermore, because peptide antibiotics are “gene-based”, they
can be produced directly at the location where they are needed and their synthesis can potentially be regulated by using
appropriate gene promoters.

Some of the best-characterized peptide antibiotics are the cecropins.  Cecropins were the first peptide antibiotics to be
identified in an animal, the giant silkmoth Hyalophora cecropia [7, 8].  At least ten different cecropins have been isolated
from lepidopteran (moths and butterflies) and dipteran (flies) insects [9, 10].  Cecropins are composed of a single chain of 35-
39 common L-amino acids and do not contain disulfide bonds [10].  Cecropins are active against many Gram(-) bacteria and
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some Gram(+) bacteria, but are inactive against eukaryotic cells at concentrations that are antimicrobial [4, 9, 11] and
possibly at concentrations up to 300 times higher [8]. X. fastidiosa is a Gram(-) bacterium [12].  In Gram(-) bacteria, the
antibacterial activities of cecropins A, B, and P1 are up to ten-times greater than tetracycline [9, 13].  Cecropins have a
unique combination of characteristics (specificity, gene basis, small size, potency against Gram(-) bacteria, etc.) that may
make them potentially ideal substances for the control of X. fastidiosa in GWSS.

OBJECTIVES
I. Identify peptide antibiotics (cecropins) that are effective against Xylella fastidiosa

i. Determine the antibiotic sensitivity of X. fastidiosa to chemically synthesized cecropins
ii. Produce recombinant cecropins using baculovirus expression vectors
iii. Determine the toxicity of cecropins against GWSS cells grown in culture

II. Analyze the effectiveness of cecropins produced in transgenic Arabidopsis
i. Generate transgenic Arabidopsis expressing cecropin that is active against X. fastidiosa
ii. Determine the localization, yield, activity, and stability of plant-expressed cecropin
iii. Analyze the effect of cecropin expression on the transgenic Arabidopsis
iv. Analyze the effectiveness of plant-expressed cecropin for the control of X. fastidiosa transmission

RESULTS AND CONCLUSIONS
In order to establish the optimal conditions for the growth, storage, and assay of X. fastidiosa (Temecula strain) in our
laboratory, we tested three different media (PD3, PW, and GYE; see [14]) and various inoculation routines.  In general, our
procedures were modified from protocols established in the Bruce Kirkpatrick laboratory at U.C. Davis.  Optimal conditions
for the generation of bacterial (X. fastidiosa) lawns for agar disc diffusion assays were also determined.  Of the three media
that were tested, PD3 gave the fastest growth of X. fastidiosa in liquid medium (roughly 20-and 135-fold increases in the
OD600 at 7 and 14 days post inoculation, respectively) and on agar plates (formation of a lawn by 7-10 days post seeding).  In
order to generate a lawn, 150 µL of a 14 day-old culture (OD600=0.48-0.5) was spread onto a 10 cm-diameter plate containing
PD3 agar medium.

Using the optimal growth conditions with PD3 medium, we examined the minimal inhibitory concentration (MIC assay) at
which cecropins A, B, and P1 (commercially purified peptides) were effective in inhibiting the growth of X. fastidiosa.  We
found that cecropins A, B, and P1 were effective at partially inhibiting the growth of X. fastidiosa at concentrations that were
equal to or greater than 0.05, 0.25, and 0.5 µM, respectively, at two weeks post inoculation (Table 1).  In general, cecropin A
was the most effective against X. fastidiosa.  The effectiveness of the cecropins as well as kanamycin was reduced by three
weeks post inoculation.  This was speculated to be the result of antibiotic degradation.

Once the sensitivity of X. fastidiosa to the various cecropins was established, a codon-optimized (for A. thaliana) cecropin A
gene (pro gene including the insect-derived signal peptide sequence) was synthesized using commercially synthesized
oligomers.  A comparison of the A. thaliana-optimized (upper) and authentic (lower) cecropin A gene sequences is as
follows:

ATGAACTTCTCTAGAATCTTCTTCTTCGTGTTCGCTTGCCTCACTGCTCTCGCTATGGTGAACGCTGCTCCTGAGCCTAAGTGGAAGCTCTTCAAGAAGA 100
ATGAACTTTTCGAGGATCTTTTTCTTCGTCTTCGCTTGCCTGACGGCTCTAGCAATGGTCAATGCGGCGCCGGAACCTAAATGGAAGTTATTCAAGAAGA 100
******** ** ** ***** ******** *********** ** ***** ** ***** ** ** ** ** ** ***** ****** * **********

TCGAGAAAGTGGGTCAGAACATCAGAGATGGAATCATCAAGGCTGGACCAGCTGTGGCTGTGGTGGGACAGGCTACACAGATCGCTAAGGGTTGA 195
TTGAGAAAGTCGGTCAGAACATTCGAGATGGCATCATCAAAGCTGGCCCAGCCGTCGCTGTTGTAGGCCAGGCAACACAGATTGCTAAGGGTTAA 195
**  ******* ******** ***** ***** ** ***** ** ** ***** ******* ******** *********** ********** *

Of the 195 nucleotides that encode the pro gene, 33 nucleotides were mutated for optimal expression in A. thaliana (and
putatively in grape stock).  The synthesized gene was directionally cloned into the baculovirus transfer vector pAcUW21 at
the BglII and EcoRI sites.  Subsequently, the recombinant transfer vector was used to generate a recombinant baculovirus
(vAcCecA) expressing the cecropin A gene using standard procedures.  Expression of biologically active cecropin A was
confirmed by minimal inhibitory concentration assays using E. coli by comparison of vAcCecA- or wildtype AcMNPV-
infected insect Sf-21 cell culture supernatants or cell extracts (Table 2).  These experiments confirmed that the synthetic gene
encoded a functional peptide and that this peptide was correctly processed in insect-derived cells.  vAcCecA expressed high
levels (roughly 90 mg/liter of insect cell culture (2 x 106 cells/mL)) of cecropin A.

Following confirmation that the synthetic gene produces biologically active cecropin A, the synthetic gene was inserted into
the pCAMBIA1305 series of plasmid vectors in order to express the cecropin A in transgenic A. thaliana (and eventually
grape stock).  Four different recombinant pCAMBIA1305 vectors were generated by PCR-amplification as follows:

1. pro cecropin A sequence with authentic insect signal peptide sequence
2. pro cecropin A sequence with rice glycine rich protein and authentic insect signal peptide sequences
3. mature cecropin A sequence with rice glycine rich protein signal peptide sequence
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4. mature cecropin A with no signal peptide sequence
The authenticity of the PCR-amplified sequences was confirmed by nucleotide sequencing in both directions and the
constructs are currently being used to generate transgenic A. thaliana by standard procedures.

Table 1.  Effect of cecropins and kanamycin against the growth of X. fastidiosa

Concentration
Increase in bacterial concentration in comparison to cultures lacking antibiotic

(µM)
Week 1 (% ± s.d.) Week 2 (% ± s.d.) Week 3 (% ± s.d.)

cecropin A 0.5 69 ± 3 47 ± 47 64 ± 42
0.25 72 ± 10 80 ± 21 117 ± 5
0.1 103 ± 13 68 ± 2 87 ± 25

0.05 110 ± 46 50 ± 1 91 ± 22

cecropin B 0.5
0.25

69 ± nd
63 ± 31

114 ± 6
75 ± nd

87 ± 45
110 ± 15

0.1 72 ± 101 128 ± 63 90 ± nd
0.05 93 ± 17 101 ± 18 74 ± 10

cecropin P1 0.5
0.25

98 ± 18
82 ± 18

70 ± 40
98 ± nd

70 ± 62
120 ± 17

0.1 111 ± 52 93 ± 24 72 ± 24
0.05 93 ± 10 99 ± 22 73 ± 18

kanamycin 2 11 ± 3 9 ± 8 16 ± 2
1 19 ± 8 32 ±39 33 ± 22

0.5 42 ±16 77 ± 9 103 ± 16
0.25 60 ± 13 72 ± 17 105 ± 12

nd = not determined

Table 2.  Effect of recombinant cecropin A on the growth of E. coli

Source of recombinant cecropin A Inoculum dose
(bacteria/mL)

Inhibition
(%)

Sf21 cell pellet (1 x 105 cells)
Sf21 cell supernatant (undiluted)
Sf21 cell supernatant (undiluted)
Sf21 cell supernatant (undiluted)
Sf21 cell supernatant (undiluted)
Sf21 cell supernatant (1:5 diluted)
Sf21 cell supernatant (1:10 diluted)

1.1 x 103

1.1 x 103

1.0 x 104

8.5 x 104

7.3 x 105

7.0 x 105

7.0 x 105

3.1 ± 13.2
99.7 ± 0.1
57.9 ± 1.6
51.6 ± 0.2
13.1 ± 0.1
11.1 ± 0.2
2.5 ± 0.1
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ABSTRACT
Objectives of our study were to search for fungal pathogens of the glassy-winged sharpshooter (GWSS), Homalodisca
coagulata (Say) and evaluate their potential against the host.  Searches within citrus orchards in Tulare and Riverside
counties revealed no natural infections of entomopathogenic fungi in GWSS populations.  Entomopathogenic fungi were also
absent in cadavers of GWSS periodically collected from Riverside citrus orchards (courtesy CDFA) when incubated in the
laboratory under ideal conditions for fungal emergence.  However, about 140 isolates of Beauveria bassiana (Balsamo)
Vuillemin and four isolates of Metarhizium anisopliae (Metschnikoff) Sorokin, both hyphomycetous fungi, were isolated
from soil in GWSS habitats and other insect hosts.  Some of these isolates along with a Weslaco isolate of B. bassiana from
GWSS and a commercial B. bassiana isolate have been tested against GWSS. Preliminary results indicate that GWSS is
susceptible to high concentrations of these fungi.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say), native to the southeastern United States, is a serious
pest of the California grape industry because it vectors Xylella fastidiosa (Wells et al. 1987), a xylem-limited bacterium that
causes Pierce’s disease (PD).  Although PD has been in California for a long time, the introduction and rapid spread of
GWSS made the situation worse.  In addition to grapes, GWSS has a wide host range and spreads various diseases in those
hosts caused by X. fastidiosa.  Vector control or avoidance has been a key tactic in controlling PD.  Widely practiced
chemical control with imidacloprid and application of kaolin particles have their limitations.  While kaolin particles, although
non-toxic, can leave unwanted deposits on the harvested grape bunches, chemical insecticides have undesirable effects
including human health, impact on non-target organisms, and environmental concerns.  Moreover, use of chemical
insecticides in citrus disrupts the successful, long-term control afforded by IPM of many different citrus pests (Grafton-
Cardwell and Kallsen 2001).  Use of microbial agents, such as entomopathogenic fungi, can be a viable alternative that is
compatible with IPM practices.  Entomopathogenic fungi invade the host by penetrating through the integument and are
appropriate candidates for GWSS that has piercing and sucking mouthparts.

Entomopathogenic fungi have been isolated from GWSS (Mizell and Boucias 2002, Jones - personal communication) and
other cicadellids (Galaini-Wraight et al. 1991, Hywel-Jones et al. 1997, Magalhaes et al. 1991, Matsui et al. 1998, McGuire
et al. 1987).  The purpose of our study is to discover additional isolates of entomopathogenic fungi active against GWSS.

OBJECTIVES
1. Conduct surveys to find fungal infections in GWSS populations or insects closely related to GWSS and isolate soilborne

entomopathogens from GWSS habitats.
2. Culture and isolate the fungi and evaluate their pathogenicity against GWSS.
3. Evaluate the host range of fungi that infect GWSS.
4. Conduct small-scale field tests to evaluate selected pathogens against GWSS on citrus in fall and winter.

RESULTS
Natural Infections in GWSS Populations
Citrus orchards in Tulare and Riverside counties were surveyed, in vain, for infected GWSS.  GWSS cadavers from CDFA
collections in the Riverside area were periodically obtained and incubated in the laboratory for fungal development.  No
entomopathogenic fungus has so far been found from these cadavers.  However, cultures of Beauveria bassiana (Balsamo)
Vuillemin from infected GWSS collected in Texas by Jones and Hirsutella spp collected in Florida by Mizell and Boucias
were received in the past two months for testing against California GWSS.
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Isolation of Fungal Pathogens
Soil samples were collected from an organic citrus orchard and a conventional pomegranate orchard in Tulare Co, CA and a
citrus orchard at AgOps at UC Riverside.  Fungal pathogens were isolated using larvae of the greater wax moth, Galleria
mellonella L. and by soil plating on selective media.  Waxworms were incubated in Petri plates with moist soil samples and
fungal pathogens were isolated from cadavers.  Alternatively, aliquots of soil suspensions were plated on media selective for
B. bassiana and Metarhizium anisopliae (Metschnikoff) Sorokin.  So far, 140 B. bassiana isolates and 4 M. anisopliae
isolates have been isolated (Table 1).  Additionally, B. bassiana was also isolated from the California harvester ant,
Pogonomyrmex californicus Buckley, collected in Shafter, CA and the three-cornered alfalfa hopper, Spissistilus festinus
(Say), collected in Parlier, California.  Fungal isolates were cultured on selective and non-selective media to multiply the
inoculum.

Table 1. Fungal pathogens isolated from citrus and pomegranate orchards and infected insects

Source Method B. bassiana M. anisopliae
Organic citrus in Tulare Co Waxworm bait 37 -
Pomegranate in Tulare Co Waxworm bait 3 4
Riverside citrus Waxworm bait 78 -
Riverside citrus Selective media 22 -
California harvester ant Selective medium 1 N/A
Three-cornered alfalfa hopper Selective medium 1 N/A

Pathogenicity of Entomopathogenic Fungi to GWSS
Laboratory-reared or field-collected GWSS adults supplied by CDFA, Arvin were used for the bioassays.  GWSS were either
placed at -5o C for 5 min or exposed to CO2 for 15 sec to immobilize them and were inoculated by rolling them in a 10 µL
drop of conidial suspension.  Controls were treated with 0.01% of SilWet, an adjuvant used for preparing conidial
suspensions.  GWSS were individually incubated in a Petri plate with an excised citrus leaf and a moist filter paper.  Petri
plates were placed in a plastic box with moist paper towels and incubated at 27o C and 16:8 L:D photophase.  GWSS were
observed daily for mortality.  Dead GWSS were surface sterilized in 3% sodium hypochlorite solution followed by rinsing in
deionized water and incubated in sealed Petri plates on water agar or moist filter paper at 27o C in the dark.

Bioassay 1
The isolate of B. bassiana from P. californicus (PcBb1) was tested against laboratory-reared GWSS at four concentrations
101, 103,105, and 107 conidia/ml in comparison with controls.  Each treatment and control had 10 adult GWSS.  Infections
were observed only at higher concentrations with 50% infection in GWSS treated with 107 conidia/ml and 10% in those
treated with 105 conidia/ml.

Bioassay 2
Five B. bassiana isolates and a M.
anisopliae isolate were tested against
field-collected GWSS at four
concentrations of 103, 105,107, and 109 (or
108 in case of M. anisopliae) conidia/ml
along with untreated and SilWet (0.01%)
treated controls.  Isolates of B. bassiana
included one from P. californicus
(PcBb1), two from soil samples from
citrus orchards in Tulare (GmBb25) and
Riverside (GmBb41) counties, CA, one
from H. coagulata in Weslaco, TX
(TxBb) and a commercial isolate
(designated GHA).  The isolate of M.
anisopliae (GmMa1) was from a soil
sample from the pomegranate orchard in
Tulare Co, CA.  Each treatment and
controls had 20 GWSS.  Although all
tested isolates were infective (Figures 1
and 2), all GWSS in this bioassay,
including controls, suffered from a high
mortality.

Figure 1. Pathogenicity of B. bassiana and
M. anisopliae to GWSS
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Figure 2. GWSS killed by B. bassiana and M. anisopliae.

Bioassay 3
This assay was conducted using only 109 conidia/mL concentration and 10 laboratory-reared GWSS per isolate.  All the
isolates from the previous bioassay were used in this assay except for PcBb1, which was replaced by the B. bassiana isolate
from S. festinus (SfBb1).  This assay had also suffered from very high mortality and all the insects died within 5 days after
the treatment.  Fungal infection was seen in only one GWSS cadaver treated with SfBb1.

CONCLUSIONS
The fact that GWSS is susceptible to entomopathogenic fungi such as B. bassiana is promising.  Although infections
occurred only at relatively high concentrations, there is enough variability in B. bassiana as a species to suggest other isolates
may be more virulent.  Efforts will continue to obtain isolates from collaborators and from likely GWSS host habitat in
California for further laboratory evaluation and eventual field application.
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ABSTRACT
Preliminary xylem sap composition studies were conducted in February 2004 using Cabernet sauvignon and Pinot noir
grapevines growing in Placerville (cold winter temperature) and UC Davis (warmer temperatures).  The pH of xylem sap
from both varieties was almost a full unit lower in vines grown in cold temperatures versus warm.  A similar trend also
occurred with sap osmolarity, however the differences were not as great.  Because these vines were grown under different
management practices and on different rootstocks these results must be considered preliminary.  In 2004 we established four
field sites in Shasta, Placer, Mendocino and Yolo counties to repeat these measurements on clonal vines that were grown in
5-gallon pots at University of California, Davis.  One-half of the vines were inoculated with Xf while the other half is un-
inoculated controls.  Sap will be collected from the vines during the late winter and pH, osomolarity, carbohydrates, organic
acids and abscisic acid (ABA) will be measured and compared.  The vines will be returned to University of California, Davis
at bud break and observed for the development of PD symptoms and tested by PCR to determine if any of the vines were
“cold cured” of their infection.  Similar experiments using potted vines that will be exposed to defined cold temperature
regimes in cold storage facilities located at University of California, Davis will be conducted in 2005.  Proteins present in the
collected xylem sap will be analyzed by PAGE and the identity of major or unique xylem sap proteins will be determined by
sequencing them. Xf viability studies using buffers of various pHs, xylem sap from warm- and cold-treated vines will also be
studied.  The goal of this research is to understand the physiological/biochemical basis of cold therapy that was first
documented by A.H. Purcell.

INTRODUCTION
The geographical distribution of Pierce’s disease (PD) in North America is strongly associated with the severity of winter
temperatures, i.e. PD does not occur in New York, the Pacific Northwest nor at high altitudes in S. Carolina, Texas and even
California (Hopkins and Purcell, 2002). Sandy Purcell demonstrated that relatively brief exposures to sub-freezing
temperatures can eliminate Xylella fastidiosa in some percentage of cold treated V. vinifera grapevines, however some of the
coldest temperatures he used killed the vines (Purcell 1977, 1980). He also found that a higher percentage of vines that were
moderately susceptible to PD such as Cabernet sauvignon, were cured by cold therapy treatments compared to susceptible
varieties such as Pinot noir.  Purcell’s group also showed that whole, potted vines exposed to low temperatures had a higher
rate of recovery than PD-affected, detached bud sticks exposed to the same cold temperatures (Feil, 2002).  Clearly, some
factor(s) that were expressed in the intact plant, but not in detached bud sticks, helped eliminate Xf from the plants.  Our
objective is to elucidate the physiological/biochemical basis that mediates cold therapy and to identify the
physiological/biochemical factor(s) that occur or are expressed in cold treated vines that eliminate Xf. If such factor(s) are
found, it may be possible to induce their expression under non-freezing temperatures and potentially provide a novel
approach for managing PD.

OBJECTIVES
1. Develop an experimental, growth chamber temperature regime that can consistently cure Pierce’s disease affected

grapevines without causing unacceptable plant mortality.
2. Analyze chemical changes such as pH, osomolarity, total organic acids, proteins and other constituents that occur in the

xylem sap of cold-treated versus non-treated susceptible and less susceptible Vitis vinifera varieties.
3. Assess the viability of cultured X. fastidiosa cells growing in media with varying pH and osomolarity and cells exposed

to xylem sap extracted from cold- and non-treated grapevines.
4. Determine the effect of treating PD-affected grapevines with cold plant growth regulators, such as abscisic acid (ABA),

as a possible therapy for PD.

RESULTS AND CONCLUSIONS
Objective 1
The same varieties used by Purcell (1977, 1980) and Feil (2002) in previous cold therapy studies, Pinot noir (PD-susceptible)
and Cabernet sauvignon (moderately resistant to PD) grapevines grafted on 101-14 rootstock were inoculated with Xf in the
spring of 2004 using a pinprick inoculation procedure (Hill and Purcell, 1995; Purcell and Saunders, 1999).  The vines were
grown in five gallon pots in a greenhouse using a nutrient-supplemented irrigation regime.  Treatment vines were inoculated
with the Stagg’s Leap strain of Xylella fastidiosa, whereas control vines were inoculated with water.  During late summer and
fall, the plants were moved into a screen house in order to acclimatize them to decreasing temperatures.  While in the screen
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house, plants were watered by drip irrigation and supplemental fertilizer application until the first week of October 2004.
Twelve weeks after inoculation, the plants were rated for symptom development.

During October/November, 2004, 11 inoculated and 11controls of each variety (44 plants total) were transported to 3 sites
that were selected because of their relatively cold winter temperatures, as well as University of California, Davis which was
the control.  Plot sites include: Fall River (Shasta County), University of California Hopland Research Station (Mendocino
County), and University of California, Blodgett Forest Research Station (Placer County).  Potted grapevines were planted in
the ground to the top of the pot in order to maintain uniform soil type, prevent roots in the pots from exposure to abnormally
cold temperatures, and to prevent the plants from falling over. Plants were irrigated as needed until rain provided adequate
moisture for the vines. Vines will be allowed to undergo natural dormancy during the fall and experience ambient
temperatures during the winter.  Temperature, ETo, and other weather data for each plot are being monitored using CIMIS
weather data (http://wwwcimis.water.ca.gov/cimis/data.jsp).  This data, and previous temperature profiles at these sites, will
be used to determine a growth chamber temperature regime that can consistently cure PD affected grapevines without causing
unacceptable plant mortality.  Additional grapevines, using the same varieties and inoculated as described above, but grown
in 6 inches standard pots will be exposed to different temperature regimes in cold rooms located at the Department of
Pomology, University of California, Davis during the winter/spring of 2005.

Objective 2
Preliminary work from Pinot noir and Cabernet sauvingnon field materials collected from Placer and Yolo counties showed
some differences in xylem sap pH and osmolarity.  These results were obtained from Pinot noir and Cabernet sauvingnon
vines growing in one Placerville vineyard and at a vineyard at University of California Davis.  Both varieties were grown in
the same manner at each site, however management practices at the two sites were not identical.  It is also important to note
that the University of California Davis vines were grown on 5C rootstocks while the Placerville vines were not grown on
rootstocks and that these vines were not the same clones.  Dormant cuttings were collected in late February and xylem sap
was extracted using a custom-made pressure bomb.  Differences were noted in xylem sap pH, abscisic acid concentration,
and osmolarity.  These same parameters will be further examined in 2005 in the field sites and growth chamber experiments.
Although only preliminary findings, we found that the pH of xylem sap collected in late February was lower, 5.37 for Pinot
and 5.23 for Cabernet vines at the Placerville site (colder winter temperatures) than vines growing at University of California
Davis, 6.35 and 6.06, respectively.  Small differences in osmolarity were also noted in xylem sap from Placerville, 55.2 and
55.5, versus the osomolarity of xylem sap from Davis vines, 58.3 and 60.8 respectively.  The significance and reproducibility
of these differences needs to be confirmed this winter using the more controlled experimental units.

During the 2005 winter months, field grown and growth chamber plants will be sampled for potential changes in pH,
osmolarity, total organic acids, proteins and other constituents that occur in xylem sap.  Our hypothesis is that changes in
xylem sap components in vines that undergo cold treatment may have significant effects on Xf viability.  Previous research on
several plant species has shown that a number of plant genes are expressed in response to freezing temperatures (reviewed by
Thomashow, 1998).  In some plants, these freeze-induced proteins are structurally related to proteins that plants produce in
response to pathogens, i.e. pathogenesis-related proteins (Hon, et al. 1995; Kuwabara, et al, 2002). Thus it maybe possible
that cold-stressed grapevines could produce proteins that are deleterious to Xf. To investigate this possibility, xylem sap will
be expressed from cold-stressed and control vines using the pressure bomb, concentrated by freeze drying, and protein
profiles determined by 1 and 2 dimensional polyacrylamide gel electrophoresis (PAGE).  If unique proteins are found in the
cold stressed plants these proteins will be cut from the gel, end terminally sequenced by the University of California
Molecular Structure Facility and their sequences compared to others in the database. The potential effect of these proteins on
Xf viability will be assessed as described in Objective 3.

Objective 3
We have been assessing the effect of many of the physical, physiological and biochemical parameters we determined in
Objective 1 and 2 on Xf viability.  We have been assessing the effect of pH and osmolarity on the viability of Xf cells in vitro
using various buffers and media such as PD3 and new chemically defined media (Leite, et al., 2004).  The liquid solutions
used for these viability experiments included: water, extracted xylem sap, PD3, the Leite medium, HEPES, sodium and
potassium phosphate buffers.  In order to further examine these parameters, cultures of X. fastidiosa Stagg’s Leap strain were
grown at 28°C on PD3 for 11 days.  Cells were scraped from the culture plates and suspended at concentrations of 1.5 x 107

bacteria per mL of liquid medium.  One mL of the suspension was then placed into each 1.5 mL microcentrifuge tubes and
placed at various temperatures.  Samples were diluted and plated out onto PD3 and allowed to grow for seven days.  After
seven days, colonies were counted to determine the potential effect each treatment had on the viability of Xf cells.  Results of
these experiments indicate that X.f. can survive at -5ºC for 8 weeks.  At lower temperatures, our results were similar to those
found by Feil (2002). Xf survived the best in HEPES and sodium phosphate buffers and the worse survival occurred in waters
and xylem sap at –5ºC.  At –10 and –20ºC Xf rapidly died in all liquid media tested.

We also adjusted the pH of potassium phosphate buffer to the values determined for cold-stressed and control xylem saps
collected from Placerville and University of California, Davis vines described previously.  Cultures of X. fastidiosa Stagg’s
Leap strain were again grown at 28°C on PD3 for 11 days.  Cells were harvested from culture plates and suspended at
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concentrations of 1.5 x 107 bacteria per mL of potassium phosphate buffer. One mL of suspension was then placed into each
1.5 mL microcentrifuge tubes and placed at -5ºC.  Samples were diluted and plated out onto PD3 and allowed to grow for
seven days.  After seven days colonies were counted to determine the effect of pH on the viability of the Xf cells. Xf survived
the best in potassium phosphate at pH 6.6 and 6.8 and the poorest survival occurred at pH 5.0.  There was significant
variation between reps of these experiments so they are now being repeated; however it is interesting that these initial trends
are consistent with the pH values of xylem saps extracted from Placerville, where PD is not know to occur, and saps from
vines growing at Davis where Xf can overwinter in grapevines.

Objective 4
Previous research has shown that herbaceous and woody plants exposed to sub-lethal cold conditions have significantly
elevated levels of plant hormones, such as abscisic acid (ABA), which induces the synthesis of a number of cold shock
proteins (Bravo, et al., 1998; Thomashow, 1998).  Preliminary studies, involving samples of Pinot noir and Cabernet
sauvingnon field materials collected from Placer and Yolo counties in February, 2004, showed abscisic acid concentrations
were lower in the Placerville, cold-exposed vines, that vines from Davis.  ABA concentrations were lower in Pinot than
Cabernet for both Placerville and Davis vines.  Again, it will be important to verify these initial findings using vines grown
under more controlled environments in growth chambers during 2005.

We will determine the concentration of ABA in cold-stressed and control vines growing both in the growth chamber using
the temperature regimes determined in Objective 1 and in the field-grown plants in the four sites described in Objective 1.
We will also determine the pH, osomolarity and protein profiles of xylem sap from ABA-treated vs. non-treated vines and
assess the potential of this sap for anti-Xf activity.

During the spring, summer and fall, Cabernet and Pinot vines will be sprayed with 100uM solutions of ABA, a concentration
that elicited cold-shock proteins at 23ºC in winter wheat (Kuwabara, et. al 2002).  Additional concentrations up to 500uM
may also be evaluated if no response is noted at 100uM.  The pH and osmolarity of xylem sap from the treated vines will be
determined as described above.  The concentration of ABA in the sap will be determined using a commercially available
immunoassay that has a sensitivity of 0.02-0.5 picomole/0.1 mL (Plant Growth Regulator Immunoassay Detection Kits,
Sigma Chemical Co.).  Preliminary work has shown that ABA concentrations in grapevine xylem sap are detectable using
this kit.  Xylem sap proteins will be collected, concentrated and analyzed by 1 and 2 dimensional PAGE as previously
described.  Unique proteins expressed in ABA-treated vines will be removed from the gels and end terminally sequenced and
analyzed as previously described.
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INTRODUCTION
The glassy-winged sharpshooter (GWSS) is the principle vector of the xylem-limited bacterium Xylella fastidiosa (Xf), which
causes Pierce’s disease (PD) in grapes. Limiting the spread of this pathogen by rendering GWSS incapable of pathogen
transmission (paratransgenesis) is a promising method of pathogen control. Paratransgenesis seeks to modify the phenotype
of an organism indirectly by modifying its symbiotic bacteria to confer vector-incompetence

Paratransgenic approaches to disrupt pathogen infection of humans are being developed by several groups.  These include
interference with the ability of triatomid bugs to transmit pathogens causing Chagas’ disease 1, interference with HIV
attachment to its target cells in the reproductive tracts of humans 2, and the elimination of persistent Candida infections from
biofilms in chronically infected patients 3.  Paratransgenesis has also been applied to deliver cytokines mammalian guts to
relieve colitis 4; 5.  Thus, the method has wide applicability.

Alcaligenes xylosoxidans denitrificans (Axd) is Gram negative, beta proteobacterial species that can colonize the GWSS
foregut and cibarium, as well as various plant tissues, including xylem.  It is non-pathogenic in insects, plants and healthy
humans.  Given these characteristics, Axd has become the focus of our paratransgenesis efforts to control PD in grapes.  Over
the past two years we developed the technology to stably modify Axd by inserting genes into its chromosome and also
isolated as single chain antibody that recognized an epitope on the surface of the Pierce’s Disease strain of Xf. 6.

We report here the construction of strains of Axd that express an anti-Xylella single chain antibody (scFv) on the outer surface
of Axd as fusions to three different heterologous outer membrane proteins.  In each case, strains of varying fitness were
recovered as measured by growth rate as compared to wild-type strains.

OBJECTIVES
1. Construct anti-Xylella scFv-membrane protein fusions;
2. Construct strains of Axd that express the scFv-membrane protein fusions in the outer membrane;
3. Construct transgenic Axd strains of varying fitness.

RESULTS
A. Membrane Protein-scFv Gene Fusions
We fused an anti-Xylella scFv gene to three different outer membrane protein genes in order to display the scFv on the outer
membrane of Axd.  These were a lipoprotein-outer membrane protein A (lpp-OmpA) fusion from E. coli 7; the ice nucleation
protein Z (inaZ) from Pseudomonas syringae (a gift of Steven Lindow); and an internally-deleted form of inaZ that
eliminates the internal ice nucleation repeat sequence but retains the N and C terminus of the protein necessary to export and
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anchor it in the outer membrane (short-inaZ)8.  Each of these was placed on a Himar1 mariner transposon and random
chromosomal insertions were obtained for each generating multiple strains9 (see Table 1).

B. Expression of scFv Fusions on the Surface of Axd.
We determined the degree of surface expression of the scFv fusions on Axd by two methods.  The first was a “spun cell
ELISA”7.  This method uses a suspension of cells that express a target epitope as the substrate for an ELISA.  Detection of
the scFv was accomplished before and after induction of the lac promoter by either reaction with Protein L-conjugated HRP
(which detects scFv light chains) or with a HPR conjugated antibody that reacts with the haemagglutinin epitope tag on the
scFv.  Results of spun cell ELISAs on different strains are shown in Table 1.  Strains varied considerably in their scFv
surface expression levels, presumably due to the site of insertion.  Most strains of short-inaZ fusions, for example were poor
expressers when induced and strain AL8.2 only showed appreciable levels of surface expression when uninduced.

The second method used to determine whether expression was occurring in the outer membrane of Alcaligenes was a test for
ice nucleation.  Wild-type Axd cannot nucleate ice (unpublished observations).  We tested whether or not AL7 and AL8
strains could nucleate ice.  All of the AL7 strains could nucleate ice while neither of the AL8 strains did so.  This is
consistent with surface expression of the full-length P. syringae ice nucleation protein on the surface of the AL7 strains.  AL8
strains express a form of inaZ that has the internal repeat region removed.  This is the region that is responsible for ice
nucleation in these proteins.

C. Fitness of transgenic Axd strains
Our strains are built via transposon insertion and so should vary in fitness depending on the site of insertion in the
chromosome.  We measured the fitness of each strain compared to wild type by measuring their growth rates in log phase in
liquid culture.  These relative fitness values are shown in table 1 along with the most likely site of insertion of the transposon
used to make the strain.  We determined the site of insertion by sequencing outward from the transposable element inverted
terminal repeats into the flanking genomic DNA and then using tblastx against the microbial genomic database in Genbank.
There are no Axd sequences in Genbank, so the matches we obtained were typically to species in the genus Pseudomonas,
another basal beta proteobacterial group.

Strains were highly variable in their fitnesses.  Some strain fitnesses were indistinguishable from wild type (e.g., AL7.7 and
AL9.5), while others were obviously affected in their growth rates (e.g., AL8.3).  There was no obvious correlation between
fitness and ability to surface express the scFv fusions.  Indeed, one of our best expressing strains was only a modest grower
(AL7.5) while other strains grew well and expressed the transgene poorly (e.g., AL9.5).  The ability to isolate strains that

Table 1 . Characteristics of transgenic A. xylosoxid ans strains expressing an anti- Xylella single chain 
antibody as an outer membrane protein fusion.

Strain
AL7.2

AL7.5

AL7.7

AL7.10
AL8.2

AL8.3
AL9.1
AL9.4
AL9.5

P. syringae inaZ
scFv fusion Surface expression1 Relative Fitness2 Insert location3

++ G - major facilitator 
superfamil y
transporter

 

- inorga nic
pyrophosphatase
-fruct ose transp ort
system represso r

-probable 
transporter

ND

ND
ND
ND
ND

S

G

“”

“”
 P. syringae short inaZ

“”
 E. coli lpp-ompA

“”
“”

“” +++

+
+++ (uninduced only)

++

BK
+

+++
+

G
G/P

P

S/G
S

S

1 These values are relative to background as measured in a spun cell ELISA: BK = background levels; + 
noticeable expression, ++ strong expression; +++ very strong expression.
2 Fitness values are measured as growth rates in liquid culture relative to that of wild-type A. xylosoxidans. 
S (= strong, essentially wild type); G (= good, but slower than wild type); P (= poor)
3 Most likely identity of genes where transgenes were inserted.  These were obtained using tblastx with 
flanking insertion sequences against the microbial nucleotide database from Genbank.  ND= not 
determined.
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vary in fitness is an important aspect of paratransgenesis since we are interested in providing Axd reagents that vary in their
level of persistence.

D. Determining the target of the anti-Xylella scFv
We attempted to determine the target of the anti-Xylella scFv we isolated previously.  We used a combination of 1-D and 2-D
SDS-PAGE gels and western blotting to determine a size range for the target protein.

CONCLUSIONS
We have created multiple transgenic strains of the plant and insect symbiotic bacterium, Alcaligenes xylosoxidans
(denitrificans) that carry a surface expressed anti-Xylella antibody.  These strains carry chromosomal insertions of the genes
for the scFv and we were able to recover strains that varied in fitness and in their expression level for the scFv on their outer
membranes.  These initial strains are currently being tested for their ability to interfere with the transmission of X. fastidiosa
by sharpshooters.

The future goals of this project are to isolate new anti-Xylella factors that can be expressed on the surface of Axd, to
incorporate genetic systems aimed at preventing horizontal gene transfer of the transgenes, and to improve expression levels
of the transgenes on the surface of the cell.  All of these features are aimed at developing strains of Axd that can interrupt the
spread of Xylella from the glassy-winged sharpshooter to uninfected grapevines.
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ABSTRACT
Alcaligenes xylosoxidans denitrificans (Axd) is closely associated with Homalodisca coagulata, the glassy-winged
sharpshooter (GWSS), and xylem fluid of host plants. The bacterium has long been characterized as a nitrogen and hydrogen
recycler in nature, and was recently recognized as an important decomposer of cyanogenic glycosides in plant material
(Ingvorsen et al. 1991). Few studies exist that describe the fitness of Axd when it is introduced to competitive environments,
such as established soil or plant microbial communities. Such studies lend important information for assessment of the
potential use of Axd for symbiotic control of Xylella fastidiosa, the causal agent of Pierce’s disease. We have found that Axd
and Axd containing DsRed fluorescent protein (Raxd) do not establish when introduced into soil, but can be recovered from
soil that was sterilized before inoculation with Axd or Raxd. Axd and Raxd can also be recovered from established
phylloplane communities of basil, strawberry, and sage, although recovery is scant to low. Current studies underway include
the recovery of Axd and Raxd from lake water microbial communities. Co-culture experiments showed that Axd and Raxd
growth is negatively affected by the presence of Escherichia coli and the pathogen Pseudomonas aeruginosa. Raxd was
modified to express an S1 scFv (single chain antibody variable region fragments) antibody (Axd 7.7) that binds specifically
to a strain of X. fastidiosa that infects grape. Axd 7.7 growth in culture was compared to that of the wild type Axd and to
Raxd.  All strains exhibited similar growth patterns in tryptic soy broth (TSB). All strains demonstrated longer lag phases in
Luria Bertani medium (LB) than for TSB. Cell numbers remained fairly constant for each strain at each growth phase.
Growth studies are underway that monitor the growth of Axd, Raxd, and Axd 7.7 in dilute, R2A medium. Current studies
also include using enzyme linked immunosorbent assays to monitor the expression of S1 scFv from Axd 7.7 under
environmental challenges, such as poor nutrient availability and energetic demands.

INTRODUCTION
Alcaligenes xylosoxidans subsp. denitrificans (Axd) is currently being tested for use in symbiotic control of Pierce’s disease.
While the bacterium naturally resides in terrestrial and aquatic environments, little is known about the fitness of Axd when it
is artificially introduced to either allocthonous or autocthonous environments with established microbial communities.
Therefore, some indication of the fitness of Axd in competitive biotic scenarios must be acquired to begin to assess the
potential of Axd to control Xylella fastidiosa (Xf) under natural conditions. This point also holds true for any strain of Axd
that is modified to express anti-Xf products. In most cases, a genetically modified bacterium (GMB) is less fit than the wild
type counterpart (Velicer, 1999). In an ideal case, a GMB should remain in an ecosystem for a limited but effective period of
time and cause minimal or no disruption to a host or ecosystem. Here we report on the recovery of Axd and Raxd when
introduced onto plant surfaces and in soil using semi-natural experimental conditions. In addition, we provide information
regarding the growth of Axd and Raxd when grown under strict laboratory conditions in the presence of human and plant-
associated bacteria. We also provide a comparison of the growth of Axd, Raxd, and Axd genetically modified to express a
synthetic antibody construct on its cell surface (Axd 7.7) under different growth conditions.
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OBJECTIVES
1. Study the behavior of strains of A. xylosoxidans subsp. denitrificans (Axd and Raxd) when grown under various biotic

influences and,
2. Investigate and compare the growth of A. xylosoxidans subsp. denitrificans (wild type) and Raxd to that of Axd modified

to express a short chain antibody against X. fastidiosa (Axd 7.7) that infects grape under different physiological
conditions, such as in response to nutrient availability and energetic demands.

RESULTS
We have found that Axd and Raxd do not establish when introduced into soil, but can be recovered from soil that was
sterilized before inoculation with Axd and Raxd. Axd and Raxd, when applied to leaf surfaces, can be recovered from
established phylloplane communities of basil, strawberry, and sage, although recovery is scant to low. Co-culture
experiments showed that Axd and Raxd growth are negatively affected by the presence of E. coli and P. aeruginosa. The
growth of Axd modified to express an S1 scFv (single chain antibody variable region fragments) antibody (Axd 7.7) that
binds specifically to a strain of X. fastidiosa that infects grape was compared to that of the wild type Axd and Raxd.  Axd,
Raxd, and Axd 7.7 exhibited similar growth patterns in tryptic soy broth (TSB). Axd, Raxd, and Axd 7.7 also demonstrated
longer lag phases in Luria Bertani medium (LB) than for TSB. Cell numbers remained fairly constant for each strain at each
growth phase. Growth studies are underway that monitor the growth of Axd, Raxd, and Axd 7.7 in dilute, R2A medium.
Current studies also underway include using enzyme linked immunosorbent assays to monitor the expression of S1 scFv from
Axd 7.7 under environmental challenges, such as poor nutrient availability and energetic demands.

CONCLUSIONS
From earlier work we have found that Raxd establishes within the mouthparts of H. coagulata (Bextine et al. 2004a) and
within the xylem of several of this sharpshooter’s host plants (Bextine et al. 2004b). The bacterium, however, does not
establish within soil if soil communities are in place. If the soil is sterilized and biotic competition is eliminated, then Axd
and Raxd grow relatively well. Conversely, Axd and Raxd can survive and be retrieved from the leaf surfaces of plants other
than citrus, such as basil, sage, and strawberry plants for up to two weeks. These data suggest that Axd and Raxd are more
suited to the plant environment than to a soil environment. We conclude that Axd and Raxd will remain in the plant
environment long enough to exert is anti-Xylella effect with little to no disruption of any relevant ecosystem. Raxd did not
grow well in the presence of E. coli and P. aeruginosa compared to Raxd grown in pure culture. Thus, compared to a
ubiquitous bacterium and a pathogen, respectively, Raxd is not as fit under standard growth conditions.
Axd 7.7 growth compared to Axd and Raxd differed little under our experimental conditions. All data collectively suggest

that Axd 7.7 shows potential for delivery of an anti-Xylella product with little impact on nontarget bacterial ecosystems. This
statement is qualified by the fact that field tests must be implemented to assess the true behavior of strains of Axd in the
environment. Laboratory studies are not suitable for a genuine assessment of risk assessment and environmental impact;
nevertheless, they provide important insight.
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ABSTRACT
Xylella fastidiosa (Xf) is an endophyte that is restricted to the xylem, a network of vessels for water transport, in which it
forms an aggregated biofilm.  It is transmitted from plant to plant by xylem sap-feeding insects, and forms a polar biofilm in
these insects’ foreguts.  In other systems, biofilms are characterized by community behavior under the control of cell density-
dependent gene expression, which requires cell-cell signaling. Xf has homologs of the cell-cell signaling genes found in the
important plant pathogen Xanthomonas campestris pathovar campestris (Xcc) and produces a similar alpha,beta unsaturated
fatty acid signal molecule called DSF that coordinates gene expression in a community (2, 7).  We have investigated DSF-
mediated cell-cell signaling in Xf with the aim of developing cell-cell signaling disruption as a means of controlling Pierce’s
disease.  We have determined that the rpfF gene is necessary and sufficient for DSF signal synthesis and that rpfF mutants of
Xf are hypervirulent and non-transmissible.  Lack of transmissibility was linked to an inability of the rpfF mutant to form a
biofilm in the insect foregut; while taken up by insects, the mutant strain is not retained. Xf strains that overproduce DSF
produce disease symptoms in grape, but only at the site of inoculation and the cells do not move within the plant as do wild-
type strains.  Thus elevating DSF levels in plants should reduce movement of Xf in the plant and also reduce the likelihood of
transmission by sharpshooters.  We screened several collections of bacterial strains isolated from plants and identified
bacterial strains that can interfere with Xf signaling both by producing large amounts of DSF, by degrading DSF, or by in
some way interfering with recognition of DSF.  When co-inoculated into grape with Xf, both DSF-producing strains and DFS
degrading strains greatly reduced the indicidence of disease in grape; DSF-producing strains consistently were the most
effective in reducing disease.  Given that DSF appears to mediate an attenuation of virulence in Xf we are in the process of
transforming grape with the rpfF gene to enable DSF production in planta. Preliminary results indicate that transient
expression of rpfF in Nicotiana benthamiana following infiltration with appropriate Agrobacterium tumefaciens strains
resulted in high levels of DSF production, suggesting that it is likely that grape cells will produce DSF when transformed
with the bacterial rpfF gene.  Non-endophytic bacterial species were also established in high numbers inside grape leaves and
petioles following spray application to plants with a high concentration of a silicon-based surfactant with a low surface
tension, suggesting that it may be possible to produce protective compounds such as DSF in plants by a variety of bacteria.

INTRODUCTION
Endophytic bacteria such as Xylella fastidiosa (Xf) colonize the internal tissues of the host, forming a biofilm inside the plant.
A key determinant of success for an endophyte is the ability to move within the plant. We expect activities required for
movement to be most successful when carried out by a community of cells since individual cells may be incapable of
completing the feat on their own.  Cells assess the size of their local population via cell-cell communication and coordinately
regulate the expression of genes required for such processes.  Our study aims to determine the role of cell-cell
communication in Xf in colonization and pathogenicity in grapevines and transmission by the insect vector.

Xf shares sequence similarity with the plant pathogen Xanthomonas campestris pathovar campestris (Xcc) (7). In Xcc,
expression of pathogenicity genes is controlled by the Rpf system of cell-cell communication, enabling a population of cells
to launch a pathogenic attack in a coordinated manner (1).  Two of the Rpf proteins, RpfB and RpfF, work to produce a
diffusible signal factor (DSF) (1) which has recently been described as an alpha,beta unsaturated fatty acid ( 9):

As the population grows, the local concentration of DSF increases.  Other Rpf proteins are thought to sense the increase in
DSF concentration and transduce a signal, resulting in expression of pathogenicity factors (8).  The Xf genome not only
contains homologs of the rpf genes most essential for cell-cell signaling in Xcc, but also exhibits striking colinearity in the
arrangement of these genes on the chromosome (2).  We now have shown that Xf makes a molecule that is recognized by Xcc
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but probably slightly different than the DSF of Xcc.  Based on our knowledge of density-dependent gene regulation in other
species, we predict the targets of Rpf regulation would be genes encoding extracellular polysaccharides, cellulases, proteases
and pectinases necessary for colonizing the xylem and spreading from vessel to vessel.  Similarly, we would expect the
density-dependent genes to be expressed during the time when a population of Xf is ready to move into uncolonized areas.

Other organisms can apparently interfere with the density-dependent behaviors of Xf. Several recent studies indicate that
other organisms can disrupt or manipulate the cell-cell signaling system of bacteria (4, 5).  We have found that  several other
bacterial species can both positively and negatively interact with the DSF-mediated cell-cell signaling in Xf, but until this
study we did not know of the manner in which the interaction occurred nor whether such strains had the potential to affect the
virulence of Xf in grape.  In this period we have extensively investigated both the role of DFS-production by Xf on its
behavior within plants and insects as well as the manner in which other bacterial strains affect such cell signaling and
determined the extent to which other endophytes could modulate density-dependent behaviors and virulence in Xf by
interfering with cell-cell signaling.

OBJECTIVES
1. Determine role of signaling factors on virulence and transmissibility of Xf.
2. Identify degraders and producers of diffusible signaling factors used by Xf.
3. Perform Pierce’s disease (PD) biocontrol tests on grapevines using DSF-interfering bacteria
4. Isolation of mutant strains of DSF-degrading and DSF activating bacteria that no longer interfere with cell-cell signaling

in Xf. to verify that disease control is linked to cell-cell signal interference
5. Creation of grapevines expressing gen4s conferring DSF-degradation and DSF-synthesis activites to test for PD

resistance
6. Engineer grapevine endophytes such as Alcaligenes xylosoxidans denitrificans to express genes conferring DFS-

degradation or DSF-synthesis activities and test whether the resulting transgenic endophytes are capable of disease
control

RESULTS
We have constructed a strain of Xf Temecula in which the rpfF gene, which is required for production of the signal in Xcc, is
knocked out.  This mutant was constructed using exchange of the wild-type allele for a deleted copy carrying an antibiotic
resistance gene on a suicide plasmid.  The rpfF mutant of Xf does not make DSF as determined using previously constructed
“signal-sensing” strains of Xcc to determine DSF production by Xf and other bacterial strains. rpfF mutants strains were
tested for their ability to infect and move within host plants and to cause Pierce’s disease symptoms.  The rpfF gene appears
to play a role in modulating disease progress because the timing and severity of symptom development are greatly
exacerbated in grapevines infected with rpfF mutants when compared to the wild type.  We have investigated the mechanism
behind these differences.  We have found no detectable difference in populations or movement between the wild type and
rpfF mutants, although our sampling methods would not be able to detect small increases in colonization if they existed.  We
hypothesize that rpfF mutants may be causing increased vessel blockage in the grapevine, leading to increased symptom
expression.  We have recently made a green fluorescent rpfF mutant to investigate the pattern of colonization by the mutant
and compare it to that of the wild type.  Importantly, when rpfF was over-expressed in Xf under the control of a high and
constitutive promoter, the severity of disease in plants was greatly reduced (below).  The Xf strain that overproduced DSF
caused disease symptoms in grape, but only at the site of inoculation.  The mutant cells did not move within the plant as did
wild-type strains.   These results all support our model that DFS regulates genes required for movement of Xf from colonized
vessels.
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Such results suggest that elevating DSF levels in plants should reduce movement of Xf in the plant.

We have tested transmissibility of the rpfF mutant strain by an insect vector.  The rpfF mutant was virtually non-
transmissible.  This defect in transmissibility by the signaling-deficient mutant reveals the importance of cell-cell signaling in
insect transmission.  Leafhoppers fed on rpfF-infected plants ingested rpfF cells but were able to rapidly clear themselves
whereas the wild type is never cleared.
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We have isolated a variety of bacteria from grapevines from vineyards affected by Pierce’s disease as well as tomato and
cruciferous crop plants infected with the signal-producing pathogens Xanthomonas campestris pv. vessicatoria and Xcc,
respectively and tested them for their ability to interfere with cell-cell signaling in Xf in an assay using the signal-sensing
strain described above.  We found several strains that negatively affected signaling in Xcc while several strains were found to
produce DSF.   By adding purified DSF to either cell-free extracts of the strains with a negative influence on signaling or to
whole cells we found that at least two mechanism of interference with signaling could be observed.  Some strains such as
strains C,E,G, H, and J are able to degrade DSF while other inhibitor strains did not do so, and apparently have another
means of interfering with DSF perception by Xcc.  The several strains that produced DSF were all identified as Xanthomonas
species.  We sequenced the 16S rRNA gene from these strains to determine their species identity.

Strain Genus Origin Mechanism of DSF Interference
A Paenibacillus Grape Unknown inhibition
B Paenibacillus Grape Unknown inhibition
C
D

Pseudomonas
Staphylococcus

Cabbage
Grape

Enzymatic digestion
Unknown inhibition

E Bacillus broccoli Enzymatic digestion
G Pseudomonas Cabbage Enzymatic digestion
H Pseudomonas Cabbage Enzymatic digestion
J Pseudomonas Tomato Enzymatic digestion
L Staphylococcus Grape Unknown inhibition
I Xanthomonas Tomato DSF production
U
V

Xanthomonas
Xanthomonas

Broccoli
Broccoli

DSF production
DSF production

W Xanthomonas Broccoli DSF production
X Xanthomonas Broccoli DSF production
Y Xanthomonas Tomato DSF production
Z Xanthomonas Grape DSF production

Interfering strain G, typical of strains that apparently degrade DSF, was subjected to transposon mutational analysis of the
interfering activity.  Several insertional mutations that block degradation of DSF have been identified and sequence analysis
of the genes required for DSF degradation are being performed. We expect this analysis to reveal the identity of the gene
responsible for the interfering activity.  This gene can then be introduced into other organisms, such as plants.

To test the ability of bacteria that alter Xf signaling to alter the process of disease in plants, we co-inoculated grapevines with
Xf and strains that either inhibit or activate cell-cell signaling in greenhouse studies.  The incidence of Pierce’s disease was
greatly reduced by all of the signaling interfering strains that we tested.  As we had expected, DSF-producing strains
generally reduced disease severity more than did strains that interfered with signaling in Xf. These results were highly
repeatable, having been observed in 2 separate experiments.  We find these results to be very exciting in that they suggest that
alteration of signal molecules within plants can have a profound effect on the disease process.
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Given that DSF production by endophytes greatly reduces disease incidence and that DSF overproduction in Xf also reduces
virulence, we have initiated studies to express rpfF in plants to achieve production of DFS in plants as a means of disease
control .  The rpfF gene from Xf as well as from Xcc was cloned into the plant transformation vector pCAMBIA to yield
pKLN119. This plasmid carries a T-DNA that includes both hygromycin resistance and the X. fastidiosa rpfF gene driven by
the CMV 35S promoter and followed by the NOS poly-A signal sequence.  pKLN119 and the empty vector pCAMBIA1390
were electroporated into Agrobacterium strain GV3101. Nicotiana benthamiana plants were transiently transformed by
infiltration with suspensions of Agrobacterium harboring T-DNA construct pKLN119 or pCAMBIA1390.
Disks of infiltrated leaves were removed after two days, placed on KB agar plates and oversprayed with the DSF bioreporter
strain 8525 (pKLN55).  Substantial green fluorescence was observed in leaf disks of the plants into which pKLN119 was
introduced (left), suggesting that rpfF conferred DSF production in N. benthamiana.

CONCLUSIONS
Substantial data now show that cell-cell signaling plays a major role in the epidemiology and virulence of Xf and that
disruption of cell signaling is a promising means of controlling Pierce’s disease.  Strikingly, Xf strains that cannot signal are
also not transmissible by nor colonize an efficient insect vector.  This result reveals an important and previously
unappreciated connection between cell-cell signaling and transmission as well as the requirement for biofilm formation for
transmission.  These new findings will be helpful for those interested in targeting transmission as a means of disease control.
We also found that mutants unable to signal are hypervirulent.   Conversely, strains of Xf that overproduce DSF have low
virulence and do not move within grape.  This suggests that, it will be more efficient to elucidate and target Xf’s colonization
strategies rather than traits predicted to contribute to virulence based on studies of other plant pathogens.   We have identified
bacterial strains that can interfere with Xf signaling.  These strains proved very effective as protective agents for grapevines
when co-inoculated with Xf. Both positive and negative interference with DSF signaling reduced disease in grape suggesting
that signaling is normally finely balanced in the disease process; such a finely balanced process might be readily disrupted.
Since in bacteria rpfF is sufficient to encode a synthase capable of DSF production, expression of DFS directly in plants is a
attractive approach for disease control.  Preliminary results are very encouraging that DSF can be made in plants.
Alternatively, the use of various bacteria to express DSF implants may prove equally effective in altering Xf behavior and
hence disease control.
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ABSTRACT
The California Department of Food & Agriculture (CDFA) has a number of sites in southern California where they are
releasing egg parasitoids of Glassy-winged Sharpshooter.  To date, species released include Gonatocerus ashmeadi, G.
fasciatus, G. morrilli, and G. triguttatus.  Two South American Gonatocerus species are scheduled for release in 2005
(pending host specificity studies and release permits) and a strain of Anagrus epos from Minnesota may also be included in
future releases (also pending such work).  CDFA monitors for parasitoid establishment and population dynamics at release
sites.  This project is intended to complement and expand the scope of this monitoring with an eye towards improving our
understanding of the benefit of releasing alternative parasitoid species and how well they are surviving, dispersing, and
impacting GWSS populations.

INTRODUCTION
One of CDFA’s parasitoid release sites in southern California is Field 7H on the UC Riverside campus.  A two-year field
study in and around this release site was conducted to examine the temporal and host plant distribution of Homalodisca
oviposition and associated egg parasitism (Al-Wahaibi 2004).  In the current project, we plan to expand on this study and
monitoring done by CDFA to attempt to improve our understanding of the population dynamics of endemic and released
parasitoids in and around release sites.  Although control programs appear to be effective at reducing Glassy-winged
Sharpshooter populations, biological control is a more sustainable and environmentally friendly means of contributing to
vector reduction and may have to suffice in much of California where chemical control is either impractical (e.g., urban
areas) or economically unfeasible.

OBJECTIVES
Monitor GWSS egg parasitoids in several areas in southern California in and around CDFA’s parasitoid release sites and
across several host plants.

RESULTS
In the two-year study around CDFA’s release site on the UC Riverside campus by Al-Wahaibi (2004), parasitism was due to
a total of eight parasitoid species with Gonatocerus ashmeadi, Ufens principalis (previously Ufens A, Al-Wahaibi et al.
2005), Ufens ceratus (previously Ufens B), and G. morrilli being the most abundant. Ufens spp. were dominant on jojoba
while on other plants, Gonatocerus species tended to dominate.  Across all ten host plants sampled, ranked percent parasitism
was G. ashmeadi (27.4%), U. principalis (19.8%), U. ceratus (2.9%), G. morrilli (2.1%,), G. incomptus (0.4%), G.
novifasciatus (0.3%), G. triguttatus (0.1%), and G. fasciatus (0.01%).  Note, however, that these data may be biased by the
proximity of nearby hosts harboring smoketree sharpshooter and high levels of Ufens spp. on jojoba.

We are in the process of expanding our sampling program outside of the UC Riverside campus.

CONCLUSIONS
We are only 3 months into this project so it is too early to draw conclusions at present.
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ABSTRACT
About 80 ‘Chardonnay’ lines transformed with the magainin-type antimicrobial peptide (AMP) genes, mag-2 and MSI99,
and with a PGL class gene, were produced and about 40 were chosen for detailed analysis.  Magainins are small peptides that
inhibit growth of numerous bacteria and fungi. Some of these AMP-transgenic lines have improved resistance to tumorigenic
strains of crown gall (Agrobacterium vitis).  Other researchers have claimed that similar AMPs induce grapevine resistance to
Pierce’s disease (PD).  The goal of our project was to characterize gene insertion, expression, and disease resistance in
‘Chardonnay’ grapevines harboring mag-2, MSI99, and a PGL class gene.  These lines were shown to harbor between 1 and
5 copies of the foreign gene.  RT-PCR testing showed that the genes are transcribed into RNA but efforts to directly detect
peptide production in leaf tissues have been hampered by technical difficulties. We were able to show that some lines do
produce the peptide, and that several have improved resistance to crown gall disease.  The Walker Lab (UC Davis) has tested
the same set of vines for resistance to PD.  Symptom development was delayed in a few lines, which also showed improved
lignification and re-growth following symptom development.  Using an ELISA test to quantify the presence of the causal
bacterium, 15 lines were classified as ‘susceptible’ while one line was classified as ‘intermediate’ in terms of resistance.
Plants have been grafted to determine whether resistance (and/or transgene products) can be transmitted from a transformed
rootstock to a non transformed scion cultivar.  These tests are now underway.

INTRODUCTION
Numerous genes involved in plant disease defense have been isolated (Punja 2001; Mourges et al. 1998).  When disease
resistance genes are introduced and expressed in transgenic plants, fungal and bacterial diseases have been greatly reduced
(Mourges et al. 1998; Punja, 2001; Van der Biezen 2001). We have developed a set of transformed grapevines in which AMP
genes are transcribed into RNA.  About 80 ‘Chardonnay’ lines transformed with the magainin-type genes, mag-2 and MSI99,
and with a PGL class gene, were produced (Vidal et al. 2003).  Magainins are small peptides with strong inhibitory activity
against numerous bacteria and fungi (DeGray et al. 2001; Zasloff et al. 1988; Smith et al. 1998; Smith et al. 2001).  The
MSI99 peptide expressed in tobacco and banana was shown to be highly effective against several pathogens (Chakrabarti et
al. 2003).  In preliminary studies in 2002, some AMP-transgenic lines of ‘Chardonnay’ demonstrated improved resistance to
tumorigenic strains of crown gall (Agrobacterium vitis), suggesting that these lines may harbor resistance to other bacterial
diseases, as well.

Some AMP producing genes such as Shiva-1 are effective against PD (Scorza and Gray, 2001) but the subject warrants
further study.  Scorza and Gray described a trial of two lines of ‘Thompson Seedless’ expressing the Shiva-1 peptide; both
eventually succumbed to PD, but one had milder symptoms, which did not include the typical signs of marginal leaf burn
when compared to the non-transformed control plant.  However, data are not available in the literature to determine if mag-2,
PGL, and MSI99 peptides are effective against Xylella fastidiosa.  It is the purpose of the present project to study the
potential resistance of our AMP-producing vines to PD.

OBJECTIVES
1. Quantify the expression of AMPs (antimicrobial peptides) in transgenic ‘Chardonnay’ vines.
2. Evaluate resistance to Pierce’s Disease among these transgenic vines.
3. Determine the extent to which an AMP transgenic rootstock can confer PD resistance to the scion.

RESULTS
Objective 1 - Quantify the Expression of AMPs (Antimicrobial Peptides) in Transgenic ‘Chardonnay’ Vines:
Southern blots were used to determine the number of integration events in each positive line, as well as to determine which
lines have full-length copies of the promoter + gene combination.  Digested genomic DNA was separated by electrophoresis
and visualized by chemiluminescence using digoxigenin-labeled probes. We tested 35 PCR positive lines and hybridization
signals were detected in 34 lines.  Between 1 and 5 AMP gene integration sites per line were detected. Hybridization banding
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patterns differed among the lines, indicating independent transformation events. The entire non-fragmented promoter/signal
peptide/AMP gene sequence was detected in twelve lines.

Transgene expression in leaves was quantified by ELISA. For the mag2 (23 amino acids) and MSI99 (22 amino acids)
peptides, an antibody was developed (by Sigma-Genosys) that recognized an antigenic sequence common to both. In a series
of preliminary ELISA tests (during 2003; methods per Li et al. 2001), low levels of peptide production were detected in 8 of
22 lines, in agreement with previous RT-PCR results.  However we were unable to detect the peptide consistently, suggesting
the methodology required some improvement. In spring 2004, a series of ELISA tests for peptide detection were carried out
using very young leaves from greenhouse plants. Chardonnay lines transformed with either the gene for mag2 or for MSI99
production (ten of each), plus two non transformed lines, were assayed in three separate experiments. Despite rapid sample
preparation, oxidation was an erratic problem among samples, and there were inconsistencies in the data collected.  Among
the ten lines expressing mag2, lines 167-3 and 167-9 were significantly different from the non transgenic controls.  There
were no significant differences in the ELISA assay among lines transformed with MSI99, however the highest ELISA
readings were with lines 168-8 and 168-15.  All four of these lines showed both mRNA transcription (via RT-PCR assays)
and resistance to crown gall.  Future attention was turned toward assaying peptide activity in bioassays to detect direct effects
of plant extracts on bacterial growth.

Crown Gall (cooperative work with Tom Burr; included here since it shows relative resistance to a bacterial disease among
the same set of AMP transformed vines)
Crown gall resistance was assayed in two separate experiments. Thirty-one transgenic lines (4 plants/line) were inoculated
with two different Agrobacterium vitis strains (TM4 and CG450). (Table 1 shows results for 16 lines.) Resistance was
evaluated 60 d post inoculation based on gall size of 20 inoculation sites per line following a disease index (DI): 0 = no
symptoms, 1 = small gall; 2 = medium gall; 3 = large gall; and 4 = very large gall. Among the lines tested, 6 harboring the
mag2 gene, 5 with the MSI99 gene, 5 with the PGL gene and 5 with the combination of the mag-2 + PGL fusion gene showed
statistically significant gall size reductions (P<0.05) compared to non-transformed controls (Table 1).

In the present study, a correlation was found between transcription level and resistance to the crown gall disease. We used a
constitutive ubiquitin promoter from Arabidopsis to drive AMP gene expression. Although ubiquitin promoters are functional
in V. vinifera, stronger promoters could be more useful for effective accumulation in plant tissue of small antimicrobial
peptides. Finally, the level of resistance under potentially lower levels of inoculum in field conditions remains to be
determined; greenhouse tests were done with high concentrations of inoculum.

Objective 2 - Evaluate Resistance to Pierce’s Diseasea Among These Transgenic Vines:
AMP-transgenic greenhouse-grown vines were tested for resistance to Pierce’s disease. There were four groups chosen for
testing, as shown in Table 1.  Four lines were chosen to represent each of the four groups, and four vines of each line were
tested.  Vines were inoculated using the pin-prick needle inoculation technique of Hopkins (1980, 1984).  Controls included
two tissue-culture-produced non-transformed lines from the same set of experiments, plus a line of Chardonnay that was
propagated from conventional cuttings.  Transformed vines for this experiment were selected from among those with
moderate to high rates of AMP gene transcription.

Results are not yet fully analyzed, but there is some variation for PD resistance among the 16 transgenic lines tested.  All
lines showed leaf symptoms of PD, but some lines had better cane lignification and new growth despite infection. Though
symptom development was delayed in a number of lines, by about 3 months after collecting data on PD symptoms and
samples for the ELISA assays, all vines had severe symptoms of PD or were dead.  ELISA testing placed all lines but one in
the ‘susceptible’ category, while one line harboring two AMP genes (319-13) was placed in the ‘intermediate’ category
(Table 1).  All control lines were classified as ‘susceptible’.  The two tissue cultured control lines did relatively well
compared to conventionally propagated Chardonnay.

Objective 3 - Determine the Extent to Which an AMP Transgenic Rootstock can Confer PD Resistance to the Scion:
Green grafting was used to connect five replicates of each transgenic line with non transgenic scions. Shoot growth on the
scion ‘Chardonnay’ will be needle inoculated with the Stag’s Leap Xylella fastidiosa strain. This work is still ongoing.
About 70% of the grafted transgenic lines have been successfully produced and will soon be inoculated with Xf.

CONCLUSIONS
Some indications of elevated resistance to PD are provided by the delays observed in symptom development and, for one
line, the ELISA assays for bacterial concentration.  However, after 3 months, all vines had severe symptoms of PD.  Under
natural field conditions with reduced inoculum concentrations, it is not yet known how these vines will perform.  Use of
AMP-transgenic vines to generate PD tolerant lines of important cultivars still seems to hold some promise, and warrants
further testing.  Confirmation of these initial results is still pending.  The use of various means to target expression to the
xylem may hold promise in future trials.
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Table 1. Resistance to two bacterial diseases in AMP-transgenic ‘Chardonnay’ lines.

Line

Disease resistance
Crown Gall a

TM4 CG450

Mean cfu/ml
(x 105)

+ std. error

Pierce’s Disease

Avg. visual symptomsPD + std. errorClass b

with Mag2
167-2 ** * 15.8+7.1 S 3.9+0.9

3 ** ** 38.8+10.4 S 4.8+0.2
9 ** * 6.7+1.7 S 2.3+0.5

17 * 4.6+1.0 S 2.0+0.4
with MSI99

168-8 * 16.3+6.6 S 3.3+1.1
15 ** 8.1+1.8 S 1.3+0.8
32 ** * 5.3+1.2 S 2.4+0.8
37 * * 15.5+7.2 S 2.6+1.1

with PGL
315-5 ** 20.2+6.1 S 4.7+0.7

17 * * 12.0+5.9 S 3.4+1.0
19 * * 15.2+2.6 S 4.4+0.4
20 ** ** 11.4+1.7 S 2.5+0.9

with mag2 + PGL
319-7 * 11.6+13.3 S 2.7+1.6

13 ** ** 3.5+0.4 I 3.0+0.8
26 ** ** 13.1+1.8 S 2.6+0.8
31 ** 4.7+1.8 S 1.9+0.7

controls:
NT8.1 8.2+2.4 S 3.1+0.6
NT8.2 7.5+2.6 S 2.5+0.7

Chardonnay 27.2+6.7 S 3.7+0.4
a Significantly resistant (* P<0.05; ** P<0.01) when inoculated with TM4 or CG450 strains of A. vitis.
b PD Class
Resistant (R): ELISA mean cfu/ml <1 x 105

Intermediate (I): ELISA mean cfu/ml >1 x 105and sum of ELISA mean cfu/ml + Std Err <5 x 105

susceptible (S): Sum of ELISA mean cfu/ml + Std Err >5 x 105

Visual Symptoms Score
Genotypes with an average score of 2.0 or less can be considered resistant if ELISA values do not contradict.
Scores higher than 2.0 are indicative of susceptible genotypes
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ABSTRACT
Admire and Platinum applications were compared in Temecula vineyards.  Although the uptake and residual persistence of
both products was excellent, peak levels of Platinum within the xylem fluid of vines were almost 10-fold higher than Admire
levels despite a lower application rate.  In studies conducted in vineyards in the Coachella Valley, Admire uptake was
considerably less efficient than that measured in Temecula vineyards.  This could be rationalized by differences in soil
properties between the two regions and the impact of irrigation practices.  In soil column studies, Admire was shown to be
more mobile in Coachella soils.  Uptake was improved in vines that were under a strict irrigation regime that delivered water
according to recommended vine requirements.  Under these conditions, Admire within the xylem fluid attained recommended
levels for GWSS suppression.  In a preliminary evaluation of foliar applications of Assail, residues of acetamiprid, the active
ingredient of this insecticide, were detected within the xylem fluid.  Therefore, foliar applications may prove effective against
GWSS both through contact and systemic activity.

INTRODUCTION
In this report, we include data on the uptake and distribution of imidacloprid within grapevines in Temecula and Coachella
Valley regions, focusing on the impact of soil type and irrigation on its rate of uptake and persistence within the plant over
time.  We also include laboratory-derived data from soil column studies, which demonstrate the impact of soil type on
insecticide movement in soils from both regions.  And, we evaluated two additional chemicals from the neonicotinoid
insecticide class to determine their likely behavior under conditions in California vineyards.

OBJECTIVES
1. Determine the impact of soil type and irrigation on the uptake and residual persistence of imidacloprid and

thiamethoxam;
2. Determine the best combination of application rates and number of applications of imidacloprid and thiamethoxam in

order to maximize and extend protection to vineyards;
3. Determine the absorption, distribution and residual persistence of foliar applications of acetamiprid within grapevines.

RESULTS
Objective 1. Determine the impact of soil type and irrigation on the uptake and residual persistence of imidacloprid and
thiamethoxam.

Admire Applications in Coachella Valley Vineyards
During the 2004 season, we continued to monitor the levels of
imidacloprid in the xylem fluid of table grapevines treated with 16
fl oz/ acre in several vineyards in Coachella Valley.  As in 2003,
the peak titers of imidacloprid within the xylem sap of Coachella
grapevines were extremely low and the overall persistence of the
material was short-lived (Figure 1).  In each of the vineyards
tested, a single application of 16 fl oz/acre of Admire resulted in
xylem fluid levels of imidacloprid of no more than 8 ppb, which is
very close to the critical level required for protection against
sharpshooter feeding.

Impact of Irrigation and Girdling on Admire Uptake
Over-watering is a potential problem for the effective use of
Admire in Coachella vineyards, given the sandy soils.  With this in
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Figure 1. Uptake of Admire in a Coachella vineyard.  The
green arrow indicates the date of application of 16 fl oz/acre
Admire. Each point is the mean ± SEM of 24 vines
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mind, we conducted an additional study in a vineyard where timing of irrigation to a Flame Seedless crop is determined from
the crop coefficient.  In addition to studying the effects of irrigation at the time of application, we also availed of the
opportunity to study the impact of girdling on uptake into vines that were either size-girdled or not.  We also examined the
effect of withholding water from vines for two days subsequent to the application to test whether the Admire would ‘stick’ to
the soil more effectively once it had been administered to the soil.

Chemigation Watering and Imidacloprid Uptake
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Figure 2. Uptake of Admire into girdled and ungirdled Flame
Seedless grapevines.  The green arrow indicates the Admire
application date (16 fl oz/acre). Vines were either girdled (blue and
red lines) or ungirdled (green line) for size.  All vines were girdled for
color on the same date.  Water was suspended for two days after the
Admire application in the red and green series.

Figure 2 shows that the efficiency of uptake in this
vineyard was generally good, compared to our
observations in other vineyards in the Coachella region.
There were, however, some noticeable effects of girdling
and watering.  Firstly, despite the suspension of water in
the days immediately following the Admire application,
there were substantial levels of imidacloprid present in
the xylem sap of all treated vines.  This indicates that
uptake begins during the chemigation process.
Secondly, suspending the water for two days after the
chemigation merely delays the uptake.  It is interesting
to note, however, that in vines that were denied water for
2 days after the chemigation, there was a slightly
reduced level of imidacloprid within the vines in the first
set of samples, regardless of whether the vines were
girdled or not.  By day 7 (April 30), the imidacloprid
titers in vines without water had reached levels that had
already occurred in normally watered vines on Day 3
(April 26).  Thirdly, the uptake of Admire was most
impressive in the vines that were ungirdled.  It seems,

therefore, that girdling can affect the efficiency of uptake.  We intend to conduct further studies on the impact of girdling and
irrigation on uptake during the 2005 season.  One aspect of our work will be to try and define conditions for optimum uptake
of Admire before the growers girdle their vines.

Soil Column Studies
Laboratory-based soil column studies confirmed that the
different soil properties in these areas could account for
the differences in uptake (Figure 3).  In these studies,
the movement of imidacloprid through the Coachella
soil column was more rapid, whereas the movement
through the Temecula soil column was slower.  This
illustrates the impact that soil-type can have on
insecticide availability.  Under similar watering
conditions, Admire is bound more tightly to the clay soil
of the Temecula vineyard, compared with the sandier
soils of the Coachella vineyard.  If this mimics
conditions in the field, then Admire will remain
available for uptake into Temecula vines for a longer
period.  In reality, there are considerable differences
between the two regions in the amounts of water used

Imidacloprid Movement in Vineyard Soils
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Figure 3. Movement of imidacloprid through soil columns.
Soil was collected from Temecula and Coachella vineyards
where we conduct our uptake trials.  The greater mobility of
imidacloprid in Coachella soil is indicated by the more rapid
recovery of imidacloprid.

during irrigation.  In Coachella Valley, where vast amounts of water are applied daily to each vine, it is possible that Admire
is washed past the root zone before significant uptake can occur.  In contrast, soils in Temecula vineyards can bind Admire
more effectively, and with typically lower water volumes used during irrigation, more effective uptake of Admire is
achieved.

Objective 2. Determine the best combination of application rates and number of applications of imidacloprid and
thiamethoxam in order to maximize and extend protection to vineyards.

Admire and Platinum Applications in Temecula Valley Vineyards
In this component of the study, conducted in a Temecula Valley vineyard during 2003, we compared application rates of 16 fl
oz/acre Admire and 11 fl oz/acre Platinum applied by drip chemigation (Figure 4).  The titers of imidacloprid measured
within the xylem fluid of vines treated with 16 fl oz/acre Admire were comparable with those measured in our previous trials
conducted in Temecula vineyards (Toscano et al., 2003).  This result establishes the consistent nature of Admire applications
at this rate and hence the value of this product for GWSS management in vineyards.  Despite using a lower Platinum
application rate, peak titers of thiamethoxam within the xylem fluid exceeded those of imidacloprid by over 10-fold.  And
throughout the season, thiamethoxam levels were consistently higher than imidacloprid levels.
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Objective 3.  Determine the Absorption, Distribution and Residual Persistence of Foliar Applications of Acetamiprid
within Grapevines.

Neonicotinoid Uptake in Temecula Vineyards
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Figure 4. Comparison of uptake profiles for Admire
and Platinum applied at 16 fl oz and 11 fl oz/acre,
respectively.

Acetamiprid is a third neonicotinoid of interest to growers and is
recommended for foliar application to vines.  It is reported to have
systemic activity arising from translaminar movement of the chemical
following application, as this will then be a more effective toxicant
against the GWSS.  Our studies were designed to determine the extent
of the systemic activity of this material (applied as Assail).  It is
important to evaluate this aspect of acetamiprid behavior on grapes
because it will determine the longevity of the product as a control
measure for GWSS and PD transmission.  The material will be short-
lived if it does not penetrate into the plant, whereas translaminar
movement is likely to enhance its efficacy by allowing for a more
uniform distribution throughout the feeding zones of the GWSS.  This
could be important given the extremely low rates of application
currently recommended for grapes, and could also compensate for less
than complete coverage of the plant surface during application.

Assail was applied to the leaves of cotton plants by dipping individual
leaves in insecticide solution. We avoided any contact between
insecticide and the leaf petioles and main stem of the plants.  After two
weeks, the leaves were removed from the plant and the xylem fluid
present in the main stem extracted and tested for the presence of
acetamiprid using an ELISA detection method.  We also treated plants
by applying Assail to the soil, and the titers of acetamiprid present in the
xylem of these plants was tested at two weeks post-treatment.  Not
surprisingly, we detected acetamiprid in the soil-treated plants (Figure
5).  However, we also detected acetamiprid within the xylem of foliarly-
treated plants, although the concentrations were considerably lower than
in the soil-treated system.  Nevertheless, our results indicate that the
material had penetrated the leaf tissues and moved to the main stem
where GWSS were most likely to feed.  We are continuing with this
approach using potted grapevines and citrus trees.

Detection of Acetamiprid in Cotton Xylem Fluid
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Figure 5. Acetamiprid levels in the xylem
fluid of cotton treated foliarly (3 plants) and
through the soil (3 plants) with Assail.  Each
bar represents the levels of insecticide
measured in an individual plant.

CONCLUSIONS
Our studies continue to provide growers with a better understanding of the behavior of Admire within vineyards in the
southern California area.  Certainly, there are significant differences between the Temecula and Coachella Valley vineyards
and we are investigating the possible causes of these anomalies in our remaining study objectives.  It seems clear for
Temecula growers that a single application of 16 fl oz/acre can provide up to three months of protection from GWSS.  An
early season application of 16 oz/acre, followed by a later application at the same rate, would appear to be the most attractive
option for achieving effective xylem sap levels of imidacloprid for protection against sharpshooters.  GWSS are known to
feed on vines throughout the year, including during the winter dormant phase, so by using the two-16 oz application strategy
growers would be able to extend the window of protection well beyond that afforded to them with a single application of 32
oz/acre.

The titers of imidacloprid within the xylem fluid of vines in Coachella Valley vineyards treated at 16 oz/acre continue to be
of concern.  For two years now, we have monitored the effectiveness of the 16 fl oz rate and have found that most growers in
this region are not receiving the same levels of protection for their vines as Temecula growers using the same rate.  Our most
recent study has shown the likely impact of watering on insecticide availability within the sandy soils of Coachella.  If over-
watering occurs it will compromise the effectiveness of Admire applications.

The results for uptake of imidacloprid and thiamethoxam are interesting.  The uptake of imidacloprid is steady throughout the
season, which should provide sustained protection to vines.  In contrast, there is a rapid spike in thiamethoxam levels that
takes concentrations to over 10-fold greater than imidacloprid. Further work is needed to determine suitable rates if this
product is to be considered for use in vineyards.
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ABSTRACT
Riverside County has two general areas where citrus groves interface with vineyards; the Coachella and Temecula valleys.
The Coachella valley with 12,000 acres of table grapes in proximity to 12,000 acres of citrus and the Temecula valley with
2,000 acres of wine grapes in proximity to 1,600 acres of citrus are vulnerable to Pierce’s disease (PD), Xylella fastidiosa.
The grapes in the Coachella and Temecula areas of Riverside County are in jeopardy because the glassy-winged sharpshooter
(GWSS), the vector of the PD bacterium, builds up in adjacent citrus groves.  Citrus is an important year-round reproductive
host of GWSS in Riverside County, but also one that concentrates GWSS populations over the winter months during the time
that grapes and many ornamental hosts are dormant.  GWSS weekly monitoring in citrus and grapes began in March 2000 in
Temecula valley and in 2003 in Coachella valley by trapping and visual inspections.  Systemic insecticides such as Admire
(imidacloprid), gave excellent control.  In 2004 GWSS infestations in Temecula appear to be associated primarily with
untreated tracts of vegetation such as organic citrus.  Coachella valley GWSS populations have declined substantially relative
to the pre-action levels due to insecticide applications.

INTRODUCTION
The wine grape industry and its connecting tourist industry in Temecula valley generate $100 million in revenue for the
economy of the area.  GWSS/PD caused a 30% vineyard loss and almost brought this wine-growing region to its knees.  An
area-wide GWSS management program initiated in the spring of 2000 saved the industry from a 100% loss.  Only a
continuation of an area-wide GWSS management program will keep the vineyards viable in Temecula.  The table grape
industry in the Coachella Valley is represented by 10,465 acres of producing vines, which generate fresh market grapes
valued at an average of $110 million annually.  The GWSS was identified in the Coachella Valley in the early 1990’s.
Population increases of this insect in Coachella Valley in the last three years have increased the danger of PD occurrence in
this area, as has occurred in similar situations in the Temecula and San Joaquin Valleys.  In July 2002, the occurrence of X.
fastidiosa, the PD bacterium, was found in 13 vines from two adjacent vineyards in the southeastern part of Coachella Valley.
With this discovery, and the increasing GWSS populations, there was and is a real need to continue an area-wide GWSS/PD
management program, to prevent an economic disaster to the work forces and connecting small businesses of Mecca,
Thermal, Coachella, Indio, etc. that depend upon the vineyards for a big portion of their incomes.  Only a continuation of an
area wide GWSS/PD management program will keep the vineyards viable in Coachella.  At present there are no apparent
biological or climatological factors that will limit the spread of GWSS or PD.  GWSS has the potential to develop high
population densities in citrus.  Insecticide treatments in citrus groves preceded and followed by trapping and visual
inspections to determine the effectiveness of these treatments are needed to manage this devastating insect vector and
bacterium.  Approximately 2,135 acres of citrus in Riverside County were treated for the GWSS in February through June
2004 between a cooperative agreement with USDA-APHIS and the Riverside County Agricultural Commissioner’s Office
under the “Area-Wide Management of the Glassy-Winged Sharpshooter in the Coachella and Temecula Valleys”.

OBJECTIVES
1. Delineate the areas to be targeted for follow-up treatments to suppress GWSS populations in the Temecula and Coachella

Valleys for 2004.
2. Determine the impact of the 2003 GWSS area-wide treatments to suppress GWSS populations in citrus groves and

adjacent vineyards.
3. Determine the impact of a GWSS program on beneficial citrus insects, pest upsets and GWSS parasitoids.
4. Evaluate the biological and economic effectiveness of an area-wide insecticide program on GWSS.
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RESULTS AND CONCLUSIONS
The programs in Coachella and Temecula were dependent upon growers, pest management consultants, citrus and vineyard
manager’s participation.  The areas encompass approximately 28,000 acres.  Representatives of various agencies were
involved in the program, they were as follows:  USDA-ARS, USDA-APHIS, CDFA, Riverside County Agricultural
Commissioner, UC-Riverside and grower consultants.  Representatives of these agencies meet to review the program.

The GWSS/PD citrus groves and vineyards within the GWSS/PD management areas were monitored weekly to determine the
need and effect of insecticide treatments on GWSS populations.  Yellow sticky traps (7 x 9 inches) were used help determine
GWSS population densities and dispersal/movement within groves and into vineyards.  Based on trap counts and visual
inspection, approximately 1,555 and 580 acres of citrus were treated in Coachella and Temecula, respectively for GWSS
control.  The following insecticides used and acres treated per insecticide are as follows: 1,935 acres with Admire at 36
ounces per acre; 40 acre; 40 acres with Baythroid (cyfluthrin) at 3.2 ounces per acre; 80 acres with Danitol (fenpropathrin) at
21.33 ounces per acre; and 80 acres with PyGanic (Pyrethrins) at 7 pints per acre.

In 2004, high numbers of adult GWSS were caught on the yellow sticky traps in Temecula, with populations peaking in July
reaching a total of almost 700 GWSS found (Figure 1).  Figure 2 indicates that the highest numbers of GWSS, an average of
10 per trap, are trapped in organic orchards or citrus not treated with synthetic insecticides such as Admire.  GWSS
populations were almost non-existent in Coachella Valley with populations of the smoke-tree sharpshooter, H. lacerta, being
the predominant species found on the sticky-traps (Figure 3).

For an area-wide GWSS management program to be successful with large acreages of citrus, a management program has to
been initiated.  Organic insecticides are not as effective as the neonicotinoid insecticides Admire and Assail or pyrethroids for
controlling GWSS.  Therefore, organic insecticides will have to be applied more frequently than its synthetic counterpart.
Organic citrus groves pose challenges to area-wide GWSS management programs.

The programs in Coachella and Temecula were dependent upon growers, pest management consultants, and citrus and
vineyard managers’ participation.  The areas involved encompass approximately 28,000 acres. Representatives of various
agencies were involved in the program.  They are as follows:  USDA-ARS, USDA-APHIS, CDFA, Riverside County
Agricultural Commissioner, UC-Riverside, and grower consultants. Representatives of these agencies meet as frequently as
once a month to evaluate these Riverside County area-wide programs.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service and the California
Department of Food and Agriculture.
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Figure 1. The average number of glassy-winged sharpshooters trapped on yellow-sticky traps from January though August
2004, in Temecula valley.
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Total Organic GWSS VS Total Non-Organic GWSS
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Figure 2. The total number of glassy-winged sharpshooter trapped on yellow-sticky traps from January
through August 2004, in Temecula valley.
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Reporting Period: The results reported here are from work conducted from July 2004 to September 2004.

ABSTRACT
To enhance control of the glassy-winged sharpshooter (GWSS), relative toxicity of neonicotinoids, imidacloprid and
thiamethoxam, and other conventional insecticides, chlorpyrifos, cyfluthrin and fenpropathrin, was examined to assess
compatibility with parasitoids while being toxic to GWSS.  Both imidacloprid and thiamethoxam when applied systemically
through uptake in citrus leaves were found to be toxic to adult Gonatocerus ashmeadi and Aphytis melinus.  However,
systemic treatments of citrus and willow leaves infested with parasitized GWSS eggs did not impact the emergence of
parasitoids significantly, suggesting they are relatively safe to the parasitoids while they are within the GWSS eggs.
Fenpropathrin, a pyrethroid, was not toxic to G. ashmeadi for 3-4 days post-treatment while chlorpyrifos was quite toxic
within 24 h to both G. ashmeadi and A. melinus. Future tests will measure the amounts of imidacloprid and thiamethoxam
that are on the surface of citrus leaves affecting the survival of the parasitoids using ELISA.  Based on these findings, our
research will focus on understanding which chemicals are the most beneficial for maintaining a minimal impact on important
parasitoids on citrus and grapes.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is an important agricultural pest in California because it is a vector of several
strains of the bacterium Xylella fastidiosa (Xf).  The bacterium Xf causing Pierce’s disease (PD) is transmitted to a number of
host plants including grapes, citrus, olive and liquid amber trees (Wong et al. 2003).  Citrus plays a large role in producing
large populations of GWSS during spring and summer in southern California and dispersal to summer ornamentals
contributing to the spread of Xf-diseased plants.  Regional control programs that have targeted GWSS in citrus have proven
highly successful in reducing GWSS densities in various parts of California.  It is therefore essential to address the issue of
GWSS management in citrus by adopting approaches that will ensure sustainable control.

The degree of compatibility among various control measures being used against GWSS is an important consideration in the
development of sustainable management programs.  Both field (Akey et al. 2001) and toxicological studies in the laboratory
(Toscano et al. 2001) have shown that GWSS are extremely susceptible to both conventional and the newer neonicotinoid
insecticides and can thus be used effectively to suppress GWSS populations.  However, there is little information available on
the long-term impact that chemical control measures against GWSS are having on its natural enemies and other predators and
parasitoids, as well as on other pest species that attack citrus.  To date, biological control has been critical in citrus IPM in
California for many years, but is now threatened by the advent of new pests and greater use of insecticides to regain control.
It is therefore essential to attain greater understanding of the impact of insecticide use for GWSS control on its natural
enemies in citrus and how best it can be integrated with existing, successful management programs.  The overall objective of
this research proposal will be to help determine compatible management tactics by focusing on chemical control that is being
used against GWSS and evaluating its impact upon several important biological control agents.

Several new insecticides in the neonicotinoid class of pesticides that have become important in agriculture during the last 4-5
years potentially play an important role in the control of GWSS due to their selectivity.  Use of these more effective and
selective insecticides have made it possible to target pest populations selectively while conserving their natural enemies
(Naranjo 2001, Naranjo et al. 2004).  With the use of neonicotinoid group of insecticides coupled with increasing knowledge
of the predators and parasitoids important in the control of GWSS, a new citrus IPM program can be established that will
provide effective and sustainable control. Therefore, to benefit the most from these selective insecticides in their potential
adoption into IPM program for GWSS, we proposed to test their action against both the pest and their natural enemies.
Imidacloprid, a systemic insecticide in this group, has been presumed to be safe for many natural enemies based on its
systemic action.  However, our preliminary results have shown a limited but detrimental impact on the Gonatocerus
ashmeadi, suggesting a need for further investigations.  Formulation of an insecticide can influence the uptake and
penetration in a natural enemy based on the distribution of pesticide residues in the pest.  This can lead to the question of any
secondary effects on natural enemies with systemic insecticides.  Research conducted to answer these questions will aid in
identifying the most suitable insecticides that are specifically suited to the development of a locally adapted management
system for GWSS.  In addition to neonicotinoids, the impact on both the pest and natural enemies of select conventional
insecticides that are also utilized for control of GWSS and other pests on citrus and grapes should be investigated to utilize
the most ideal chemicals in GWSS management practices.  Often the use of conventional insecticides is considered to be
extremely negative in IPM practices due to adverse direct and indirect effects against biological control agents.  If toxicity
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assessment of conventional insecticides indicates preservation of natural enemies, it would allow a wider selection of
products and responsible use patterns that may slow resistance development.  The overall aim of this project is to evaluate the
impact of a number of insecticides that are used in citrus and grapes on select natural enemies.

OBJECTIVES
1. Monitor citrus orchards in Riverside, Ventura County and Coachella Valley to determine the relative abundance of select

parasitoids and predators before and after treatment.
2. Evaluate select foliar and systemic GWSS pesticides used on citrus and grapes for their impact on GWSS egg parasitoids

such as Gonatocerus ashmeadi and G. triguttatus as well as other parasitoids in the system such as Aphytis melinus.
3. Determine if honeydew produced by homopteran insects on citrus can be contaminated with systemic insecticides such as

imidacloprid and thiamethoxam.
4. Determine the impact of imidacloprid and thiamethoxam residues within plant or within plant-feeding intoxicated insects,

on the survivorship of G. ashmeadi, G. triguttatus, and Aphytis melinus.

RESULTS
Insects
Gonatocerus ashmeadi and G. triguttatus egg masses and adults were obtained from collections made in citrus and other
hosts such as willow in Riverside.  Insectary-reared shipments of A. melinus were obtained from Corona, California for tests
conducted both in laboratory and field tests.

Bioassay Techniques
Petri-dish bioassay:  For foliar treatment, the petri dish bioassay technique was used to determine toxicity to two pyrethroids
and two neonicotinoids.  Leaf discs from citrus trees were dipped in various concentrations of acetamiprid, fenpropathrin and
cyfluthrin and after allowing them to dry were placed in petri dishes with agar beds for exposure to the parasitoids for various
intervals.  At least 10 parasitoids per replicate, and 6 replicates per concentration were tested.  A minimum of 5
concentrations per test along with a water control was evaluated. Toxicity of GWSS was also tested using this technique to
compare the responses of the pest and its parasitoids.  Additionally, A. melinus nymphs and adults (50-100) per petri dish
were placed in the dishes with a drop of honey. Mortality assessment was made after 24 and 48 h.

Field Collection of GWSS Egg-Infested Leaves
Willow and citrus leaves infested with GWSS eggs including parasitized eggs were also collected and subjected to the same
treatment as above and placed in petri dishes to observe emergence and/or mortality.  This test was conducted to examine
toxicity of insecticides against parasitized eggs and the effect of insecticides on emergence or reduction due to mortality.

Leaf-Uptake Systemic Bioassay
The systemic toxicity of imidacloprid and thiamethoxam was assessed using excised citrus leaves to allow uptake through the
petioles directly into the leaf.  The excised leaves were placed in serial dilutions of each compound contained in aquapiks for
24 hours.  After 24 hours uptake time, treated leaves were placed in aquapiks containing water only.  Parasitoids were
exposed to each compound by enclosing them in clip cages attached to the treated leaves.  Mortality counts were made after
24 and 48 hours.

Objective 1.
Tests were initiated to determine the relative abundances of those natural enemies that are most active against GWSS in citrus
orchards.  Monitoring has not been initiated in Ventura County or Coachella Valley at the present time.  Two methods were
used to assess densities of the parasitoids G. ashmeadi and G. triguttatus as well as various predator species.  Yellow sticky
traps were posted at multiple locations within citrus orchards in Riverside for continuous monitoring of GWSS and natural
enemies and changed once every week.  Additionally, rates of parasitism by G. ashmeadi and G. triguttatus was evaluated by
collecting citrus and willow tree leaves that were infested with GWSS egg masses and were placed in petri dishes with agar
beds for incubation up to a week or longer.  Numbers of GWSS nymphs and parasitoids emerging from each leaf were
recorded throughout the season.  Data collected from these traps shows that parasitoids were most abundant during mid-
summer relative to GWSS activity.  The parasitoids were also more abundant on willow leaves than citrus.  In addition to G.
ashmeadi, other species of parasites were also abundant in GWSS eggs on willow leaves.  Predators were relatively few on
the yellow traps and none were found using the petri dish technique.  The numbers of G. ashmeadi decreased significantly
from September in the leaf samples from both willow and citrus.

Objective 2.
Relative toxicity of select insecticides to G. ashmeadi and A. melinus was assessed for imidacloprid, thiamethoxam,
chlorpyrifos, cyfluthrin and fenpropathrin using petri dish for foliar applications and systemic uptake method for
imidacloprid and thiamethoxam as described above.  Data indicates that imidacloprid and thiamethoxam were toxic to the
parasitoids even though the insects were exposed systemically and not directly.  These results suggest that the two
neonicotinoids were toxic to GWSS and did not preserve its beneficials as expected.  Similar test results were obtained for A.
melinus and Encarsia spp.also.  As expected, chlorpyrifos was quite toxic to the beneficials.  The predator, Chrysoperla, was
not as susceptible to the systemic insecticides immediately but over time became more susceptible after 3-4 d of exposure.
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More tests are in progress to address the reason for toxicity of the parasitoids to imidacloprid and thiamethoxam when
applied systemically.  Using ELISA, tests will be conducted to determine at what levels the systemic chemicals (imidacloprid
and thiamethoxam) can be detected on the leaves after exposure to the two insecticides. Multiple testing methods will be
used to evaluate if a specific dose of the two insecticides makes contact with the insect while they move around on the
surface of the treated leaves.

Objective 3.
Tests have been initiated to examine if A. melinus is exposed to systemic insecticides while feeding on honeydew or through
host feeding by adult parasitoids on intoxicated hosts on citrus.  These tests will determine if there are residues of
imidacloprid and thiamethoxam in honeydew when they are applied systemically.  Initial tests have shown that A. melinus is
extremely susceptible when caged on leaves of citrus trees that had been treated with the two insecticides over a year ago.
Further tests will be conducted to determine at what levels the systemic chemicals (imidacloprid and thiamethoxam) can be
detected in the honeydew produced by homopterans using ELISA kits.

Objective 4.
The potential for mortality caused by systemic insecticides that are in the plant tissue to parasitoids of GWSS, Gonotocerus
spp. was examined by systemically treating willow leaves infested with parasitized GWSS egg masses.  The impact on
emergence of Gonotocerus spp. was not extensive compared to the toxicity of imidacloprid against the adult parasitoids that
were mobile on plant surfaces treated systemically.  Further tests will be conducted to determine directly the titers of either
imidacloprid or thiamethoxam within the leaf tissue as well as in GWSS eggs using ELISA methods.

CONCLUSIONS
Compatibility of select insecticides that are used for control of glassy-winged sharpshooter (GWSS) with representative
parasitoids important in citrus was evaluated.  Two systemic insecticides, imidacloprid and thiamethoxam were found to be
toxic to the adult parasitoids of GWSS as well as to A. melinus in laboratory tests.  However, systemic treatment with
imidacloprid of willow leaves infested with parasitized GWSS eggs did not impact the emergence of parasitoids significantly
suggesting that imidacloprid was relatively safe to G. ashmeadi and G. triguttatus during their development in the GWSS
eggs.  Results also indicated that chlorpyrifos was extremely toxic to the natural enemies while the pyrethroid, fenpropathrin,
was not as toxic.  Our results are expected to aid the development of pest management strategies based on the effective use of
insecticides that selectively target pest species but are relatively harmless to GWSS parasitoids and other natural enemies
present in citrus and grapes, thereby fostering enhanced biological control.  Our research will focus on gaining an
understanding of which chemicals are the most beneficial for maintaining a minimal impact on important parasitoids such as
G. ashmeadi and G. triguttatus, as well as other parasitoids present on citrus and grapes.  These data will also help to
preserve IPM programs that have been established in different citrus-growing regions and help prevent pest flare-ups as a
result of poor chemical control decision-making.
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ABSTRACT
We are at the first stage of this project (preparatory and curatorial work with voucher and other museum specimens).

INTRODUCTION
In North America, egg masses of proconiine sharpshooters (Hemiptera: Clypeorrhyncha: Cicadellidae: Cicadellinae:
Proconiini), which are known or potential vectors of Xylella fastidiosa, are parasitized by various Mymaridae and
Trichogrammatidae.  An illustrated, annotated key to the genera and species of such Trichogrammatidae was already
published (Triapitsyn 2003).  However, a pictorial key, which could be used by non-taxonomists for recognition of the genera
and species of Mymaridae, which are largely responsible for native biological control of proconiine sharpshooters in
California, is lacking.  In addition to the native mymarid parasitoids, several exotic species of Gonatocerus have been
released recently in California as part of a classical biological control program against the glassy-winged sharpshooter
(GWSS), Homalodisca coagulata (Say), conducted by University of California, Riverside, CDFA, and USDA researchers.
The proposed key will be a useful tool to distinguish them from other species of the same genus with similar host
associations.

Moreover, because of the easy availability of proconiine sharpshooter eggs in California due to the establishment and
outbreak of GWSS, there is a real possibility of non-intentional introductions of exotic egg parasitoids from countries in
Central and South America.  Recently, Dr. David Morgan (pers. comm.) reared from GWSS eggs in Irvine (Orange County)
and submitted for identification an apparently undescribed species of Gonatocerus which is morphologically similar to some
Central American taxa.  This species has neither been known before from North America nor has been used in any biological
control program.  The proposed key (in which it will be described as a new taxon) will facilitate recognition of such species
in California should they appear.  Two new species of Gonatocerus from eastern Mexico (“G. nr. ashmeadi” and “G. nr.
morrilli”) will also be described, as they are perspective agents for introduction in California against GWSS.

Egg masses of the closely related Homalodisca and Oncometopia species, including GWSS, are parasitized by many species
of Gonatocerus, all of which are members of the ater species group (Triapitsyn, 2002a, 2002b; Triapitsyn, Bezark & Morgan
2002). Acmopolynema is the other mymarid genus that parasitizes eggs of Homalodisca (Triapitsyn, Hoddle & Morgan
2002).  A species of Anagrus has been recently discovered as yet another genus of Mymaridae capable of parasitizing eggs of
proconiine sharpshooters (Hoddle & Triapitsyn 2004).  All mymarids, including Gonatocerus, are difficult to determine to
species without expensive and labor-intensive preparation procedures such as critical point drying and slide-mounting, and
their males are not easily recognizable at present. Consequently, a key to both sexes is being prepared that will be richly
illustrated with color photographs of the main diagnostic characters as well as whole digital images of the species involved.
Such a key will make it possible to correctly identify the most common mymarid parasitoids of Homalodisca and other
proconiine sharpshooters directly in ethanol.

The material for this project has been accumulated mostly since 1997, with the beginning of surveys of egg parasitoids of
GWSS in California and elsewhere in North America (Triapitsyn et al. 1998).

OBJECTIVES
This proposal has one main objective:
1.  Pprepare and submit for publication a pictorial, annotated key to mymarid egg parasitoids (mainly Gonatocerus spp.) of
proconiine sharpshooters in North America, with emphasis on the species native or introduced to California.  This key will
also be made available on-line.  The following experimental procedures are and will be used to accomplish this objective:
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1.  Preparatory and curatorial work.  Egg parasitoids of GWSS and other proconiine sharpshooters were discovered through
survey activities in California during 1996-2003 (Triapitsyn & Phillips 1996; Triapitsyn et al. 1998, Phillips et al. 2001, and
S. Triapitsyn, unpublished) as well as elsewhere in the United States and Mexico conducted in 1997 (Triapitsyn et al. 1998),
southeastern Texas in 1999 (Triapitsyn & Phillips 2000), Louisiana, northern Florida, southern Georgia, and southeastern
Texas in 2000 (Morgan et al. 2000 and S. Triapitsyn, unpublished), throughout Florida and in Texas in 2001 (Triapitsyn and
Hoddle 2001), in Georgia, Illinois, Louisiana, Kentucky, Mississippi, North Carolina, South Carolina, and Tennessee in
2002-2004 (Triapitsyn & Hoddle 2002; Hoddle & Triapitsyn 2003, 2004; Triapitsyn et al., 2003), and in Mexico during
1999-2003 (Triapitsyn & Phillips 2000, Triapitsyn, Bezark & Morgan 2002).  Many of the discovered parasitoids were
imported into UC Riverside quarantine, propagated, and their cultures turned over to CDFA and USDA researchers who
released them in California under appropriate permits for biological control of GWSS.  All mymarid parasitoids resulting
from those surveys and laboratory and insectary colonies were preserved in 70% ethanol and deposited in the Entomology
Research Museum at UC Riverside, California.  Hundreds of such specimens of Gonatocerus and other Mymaridae are
curated in the course of this project, and additional specimens will be made available from collections made in California by
David Morgan.  These are critically point-dried from ethanol, point- or card-mounted, labeled, and identified to species.
Then representatives of each species (of both sexes) are selected, dissected, and slide-mounted. This is necessary for making
digital photographs of the main distinguishing characters of each species.

2.  Preparation of the illustrations and the key.  After preparatory work with the specimens is complete, the three new species
of Gonatocerus will be described taxonomically.  Then we will take digital photographs (using AutoMontage digital
technology) of the diagnostic features of each species as well as images of the habitus of females and males of each species.
An illustrated key will be prepared, annotated with the diagnoses as well as data about host associations and distribution of
all the species included in the key.

RESULTS
Currently, we are at the first stage of this project (preparatory and curatorial work with voucher and other museum
specimens).  Principal Museum Preparator at the UC Riverside Entomology Research Museum (V. V. Berezovskiy)
extracts egg parasitoids of proconiine sharpshooters from alcohol samples and point- and slide-mounts them.  The
specimens then get proper labels. All identifications are made by S. V. Triapitsyn.  A genetic analysis of G. “nr. ashmeadi”
from Mexico has been made by Danel Vickerman, and this species is ready to be described as a new taxon ( a separate
publication is in preparation).

CONCLUSIONS
Research resulting from this project will be of significant benefit to biological control (especially to the CDFA/PD Biological
Control Program) specialists, ecologists, and vineyard supervisors that manage the Pierce’s disease threat posed by GWSS.
When completed, this key will enable even non-taxonomists to quickly identify both sexes of mymarid egg parasitoids of
Homalodisca spp. in California, differentiate native vs. introduced species of Gonatocerus, provide information on candidate
species of Mymaridae for introduction as part of biological control programs, facilitate surveys for assessing levels of egg
parasitism of H. coagulata in the vineyards and orchards in California, and indicate all known host associations of the
mymarid species important for native or classical biological control of glassy-winged sharpshooter and related species and
genera of sharpshooters.
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ABSTRACT
Cecropin A (Gudmundsson, et al., 1991) is a bactericidal peptide that is a potential source of resistance against X. fastidiosa,
the causal bacterium of Pierce’s disease. In vitro assays in our laboratory demonstrate that cecropin A is bactericidal against
X. fastidiosa.  We are utilizing the model plant, Arabidopsis thaliana, to evaluate the feasibility of using cecropin A
expressed in transgenic plants as a resistance agent in plant xylem against Xylella fastidiosa.  Because X. fastidiosa is a
xylem-limited bacterium (Purcell and Hopkins, 1996; Hopkins, 1989), xylem-specific expression of cecropin A is required
for effective resistance to Pierce’s disease. To achieve our ultimate goal of producing grape rootstocks that confer Pierce’s
disease resistance to both the rootstock and the grafted scion, it will be necessary for cecropin A to circulate in the xylem
vessels.  To obtain expression of cecropin A in plant xylem, we are using a signal peptide sequence taken from a protein that
naturally occurs in plant xylem.  Glycine-rich proteins that are localized in plant xylem (Keller, et al., 1989; Morvan, et al.,
2003) have been isolated and characterized (Sakuta and Satoh, 2000; Le Provost, et al., 2003).  We are testing the rice
glycine-rich protein signal peptide sequence, which confers vascular-specific expression in transgenic plants (Liu, et al.,
2003), to determine if it will be effective to target cecropin A to plant xylem.

INTRODUCTION
In early October 1999, University of California President Richard C. Atkinson established a task force of experts to help find
solutions to Pierce's disease (Report of the Pierce’s Disease Research and Emergency Response Task Force).  Members of
the Task Force believe that disease resistance, over the long term, offers the only sure protection for grapes from the ravages
of the X. fastidiosa bacterium.  The Task Force reported, however, that there is insufficient time for conventional plant
breeding practices, which could take 20 years or more to breed resistance into grapes.  Thus, the application of genetic
engineering and other biotechnological techniques to insert disease-resistance genes into plants will be required.
By conventional breeding, it would be nearly impossible to produce varietals that are identical in every way to popular
varietals such as Chardonnay, Pinot Noir, and Cabernet Sauvignon, except for one difference, resistance to Pierce’s disease.
Even by genetic engineering, it will be extremely difficult to produce Pierce’s disease-resistance varietals that are identical to
the currently most popular varietals in every other way but resistance.  Thus, a strategy that is more likely to produce a
consumer friendly result will be to generate a new rootstock that is Pierce’s disease-resistant, and that also confers resistance
to the grafted scion.  This will require the identification and examination of Pierce’s disease-resistance genes that can be
introduced into rootstocks either by genetic engineering or by conventional breeding.  These genes will have to encode gene
products that will confer resistance not only to the rootstock, but also to the scion that is grafted onto it.
Cecropin A (Gudmundsson, et al., 1991) is a bactericidal peptide that is a potential source of resistance against X. fastidiosa,
the causal bacterium of Pierce’s disease. In vitro assays in our laboratory demonstrate that cecropin A is bactericidal against
X. fastidiosa.  To achieve our ultimate goal of utilizing cecropin A as one component of a multigenic approach to developing
useful grape cultivars with resistance to X. fastidiosa, we will need to clear several preliminary hurdles.  The first obstacle,
demonstrating that cecropin A indeed has bactericidal activity versus X. fastidiosa, has already been accomplished in vitro in
our laboratory.

The second step toward our goal will be to successfully express cecropin A in plants.  Several bactericidal peptides, including
cecropin B, have already been expressed in plants.  Transgenic plants expressing cecropin B exhibit enhanced resistance to
bacterial pathogens (Jaynes, et al., 1993).  However, our in vitro studies indicate that cecropin A, rather than cecropin B, has
greater bactericidal activity versus X. fastidiosa.  Therefore, we are currently producing transgenic plants to express cecropin
A.  We are producing transgenic A. thaliana plants rather than immediately transforming grapevines because it is much faster
to produce transgenic A. thaliana compared to the time that it would take to produce transgenic grapevines.

Expressing antibacterial peptides in grapevines is likely to provide resistance versus X. fastidiosa only if the expression
products are correctly targeted to xylem tissues.  Therefore, we are conducting several experiments to determine if the
promoter, signal peptide, intron, antibacterial peptide, and transcription terminator combination that we have chosen will be
successful to express active antibacterial peptide in the xylem of a model plant that is easily and rapidly transformable.  Once
we have succeeded in expressing an active antimicrobial peptide in xylem, then we will have the confidence to proceed to the
next step in producing transgenic grapevines that are resistant against X. fastidiosa.



Another major hurdle will be to develop systems for expression of cecropin A in plant xylem.  Because X. fastidiosa is a
xylem-limited bacterium (Purcell and Hopkins, 1996; Hopkins, 1989), xylem-specific expression of cecropin A will be
required for effective resistance to Pierce’s disease.  To achieve our goal of producing grape rootstocks that confer Pierce’s
disease resistance to both the rootstock and the grafted scion, it will be necessary for cecropin A to circulate in the xylem
vessels.  To obtain expression of cecropin A in plant xylem, we are using a signal peptide sequence taken from a protein that
naturally occurs in plant xylem.  Glycine-rich proteins that are localized in plant xylem (Keller, et al., 1989; Morvan, et al.,
2003) have been isolated and characterized (Sakuta and Satoh, 2000; Le Provost, et al., 2003).  We are testing the rice
glycine-rich protein signal peptide sequence, which confers vascular-specific expression in transgenic plants (Liu, et al.,
2003), to determine if it will be effective to target cecropin A to plant xylem.

OBJECTIVES
1.  Express cecropin A in plants.

A.  Utilize Agrobacterium tumefaciens to transform Arabidopsis thaliana with a cecropin A gene.
B.  Assay putative transgenic plants via PCR, Southern blots, and western blots to verify the foreign gene insertion and

expression.
2.  Assay plants expressing cecropin A to determine their resistance versus plant pathogenic bacteria.

A.  Assay transgenic plants expressing cecropin A versus the bacterial plant pathogen Pseudomonas syringae pv tomato
(Pst).

B.  Assay extracts of transgenic plants expressing cecropin A to determine if they have enhanced bactericidal activity
versus X. fastidiosa.

3.  Develop systems for xylem-specific expression of cecropin A in plants.
A.  Transform A. thaliana with a gene construct linking a cecropin A gene with the rice glycine-rich protein signal

peptide sequence (GRP).
B.  Assay putative transgenic plants via PCR, Southern blots, and western blots to verify the foreign gene insertion and

expression.
C.  Assay xylem sap and xylem tissues from transgenic plants to determine if the GRP has directed the foreign protein to

be expressed in xylem.

RESULTS
For transformation of the model plant, A. thaliana, the sequence of the cecropin A gene from the Giant Silk Moth
(Hyalophora cecropia) was codon modified (Perlak, et al., 1991) to conform with the codon usage of A. thaliana.  Two plant
transformation plasmid vectors, pCAMBIA1305.1 and pCAMBIA1305.2, (Roberts, et al., 1998) were modified by
replacement of the GUSPlus gene with either a codon-modified mature cecropin A gene, or a codon-modified pro cecropin A
gene (Figs. 1, 2).  The plasmids pCAMBIA1305.1 and pCAMBIA 1305.2 are similar, except that the pCAMBIA1305.2
contains a rice glycine rich protein signal peptide.  The plasmid construct with pCAMBIA1305.2 is made such that the
cecropin A gene product will be fused with the rice glycine rich protein signal peptide sequence for targeting to the xylem.
The transformation of A. thaliana with these plasmid constructs is currently in progress (Clough and Bent, 1998).

pC AMBIA1305.2 - Cecropin A

Cecropin A

kanamycin (R)

hygromycin (R)

LacZ alpha
Catalase intron

T BORDER (R)

pVS1-sta

pBR322 bom site

T BORDER (L)

NOS polyA

CaMV35S polyA

CaMV35S promoter

pVS1-rep
pBR322 ori

GRP Signal Peptide

Figure 1. pCAMBIA 1305.1 plasmid
vector containing Cecropin A gene.

pC AMBIA1305.1 - Cec ropin A

Cecropin A

kanamycin (R)

hygromycin (R)

LacZ alpha Catalase intron

T BORDER (R)

pVS1-sta

pBR322 bom site

T BORDER (L)

NOS polyA

CaMV35S polyA

CaMV35S double enhancer promoter

CaMV35S promoter

pVS1-rep
pBR322 ori

Figure 2. pCAMBIA 1305.2 plasmid
vector containing Cecropin A gene.

In developing a model system for testing foreign gene constructs as resistance agents versus X. fastidiosa, it will be very
useful if a X. fastidiosa isolate can be identified that will develop systemic infections in A. thaliana.  Therefore, we
inoculated 50 X. thaliana seedlings with a Temecula grape isolate of X. fastidiosa.  For negative controls, 25 seedlings were
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inoculated with Escherichia coli, which is not expected to infect A. thaliana, and 25 seedlings were mock inoculated with
PD3 bacteriological medium (Campanharo, et al., 2003).  They will be assayed by ELISA and PCR for the development of
systemic infections.

CONCLUSIONS
Our recent laboratory results reveal that cecropin A has bactericidal activity in vitro against X. fastidiosa.  Our project will
test the antibacterial activity of cecropin A in transgenic plants.  This is a preliminary step to determine if cecropin A would
be a good candidate for expression in transgenic grapevines as a resistance agent versus X. fastidiosa.  Expression strategies
that result in xylem-specific expression are desirable.  An antibacterial peptide produced in a grape rootstock that circulates in
xylem would be ideal, because it would have great potential to allow the grafted scion to also be resistant to X. fastidiosa,
without having to alter popular grape varietals.

We expect that cecropin A expressed in plants will have antibacterial activity.  GRP signal peptide has already been
demonstrated to direct foreign gene expression into vascular tissues (Liu, et al., 2003).  We expect that the GRP signal
peptide will also be effective for directing cecropin A into xylem, and that the cecropin A will circulate in xylem vessels.
The confirmation of this hypothesis is one of the major goals of this project.  If the answers are positive, then we would be
confident to recommend cecropin A as an excellent candidate for production of grape rootstocks with resistance versus X.
fastidiosa.  For purposes of resistance management, we would recommend that cecropin A be one component of a multigenic
resistance strategy.
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ABSTRACT
Four treatment regimes for Admire, a soil-applied imidacloprid insecticide, were evaluated in a North Coast Chardonnay
vineyard in a cool site with a loam soil (15% clay content) and limited irrigation.  None of the treatments resulted in
consistent uptake or sustained concentrations of imidacloprid in xylem fluid at levels desired for control of blue-green
sharpshooters or other insects.  Our results suggest that limiting irrigation in order to manage vine growth and berry size for
premium wine production may prevent the effective use of Admire in some cooler growing regions.

INTRODUCTION
Admire insecticide (Bayer CropSciences) is widely used in grapes and citrus for control of the glassy-winged sharpshooter
(GWSS) and to limit the spread of Pierce’s disease (PD).  It is a soil-applied product that delivers the active ingredient
imidacloprid, a neonicotinoid insecticide that has been shown to be very effective against GWSS and other sucking insects
(1).  In northern California, Admire is sometimes used against populations of blue-green sharpshooters, the most common
vector of PD in this region, as well as to treat for other pests.

Most research on uptake and persistence of imidacloprid in grapevines has been done in southern California in warm regions
on soils with relatively low clay content (2, 3).  In the heavy soils and cooler climates common in North Coast vineyards,
there are questions about the best application strategy for Admire in order to ensure effective levels of imidacloprid in
grapevines.

Admire is applied to vineyards through a drip system.  It is recommended that it be applied to moist soils in order to enhance
its downward movement into the root zone and its uptake into vines.  Applying Admire early in the growing season (around
budbreak) will meet the moist soil requirement.  However, early in the season there is little canopy development,
temperatures are cool, and therefore little uptake of water by the roots is occurring.  In addition, because of the high rainfall
and deep soils common in the North Coast conditions, grapevines have extensive root systems well outside the areas served
by drip emitters.  Early in the season, vines extract water from soil that is distant from the drip zone where Admire would be
applied.  Therefore, imidacloprid taken up early in the spring could be considerably diluted.  Waiting until the soils dry down
and the vines have established larger canopies should lead to more concentrated root activity in the drip zone and better
uptake.  However, the movement of Admire downward through the soil profile could be reduced due to the drier soil
conditions.

To address these concerns and questions regarding the uptake of imidacloprid, we established a replicated field trial in the
Carneros region of Napa County.  Chardonnay vines on 101-14 rootstock were used.  The vineyard was planted in 1994 with
8x5 foot spacing.  The soil is a Haire loam with 15% clay content.  There was one 4-liter/hour emitter for each vine.  We
chose this site because it presented a number of challenges to a soil-applied insecticide regime: cool growing conditions, non-
sandy soil, extensive rooting beyond the drip zone and limited irrigation.  These conditions are common among many North
Coast vineyards.

OBJECTIVE
1. Evaluate the uptake and sustained concentrations of imidacloprid in grapevines planted on clay soils in a cool region

(Carneros) following different application regimes of Admire insecticide.

RESULTS
Admire treatments were as follows:

T1: 32 oz (full rate) in March
T2: 16 oz in March / 16 oz in May
T3: 32 oz in May
T4: 16 oz in May / 16 oz in July

There were three replications of each treatment.  Each replicate included three vine rows and extended the length of the
vineyard block (136 vines).  There was an untreated buffer row between each replicate.  The vineyard was irrigated prior to
each Admire application to ensure moist soil conditions, and water was applied for several hours after the injections were
completed to move the material into the root zone.  We checked each row to ensure that all drip emitters were functioning
during our first application.  Other than the irrigations made in conjunction with our treatment applications in March, May
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and July, the only other irrigations during the growing season were a 4-hour application in May and a 1-hour application in
July.  An 8-hour post-harvest irrigation was made in September.

Xylem fluid samples were collected one week after the initial applications and continued every two weeks through
September.  Samples were collected only from the center row of each replicate.  At each sampling, 200 microliters of xylem
fluid were extracted from each of 8 vines within every replicate, and were kept separate. A different set of vines were
sampled each week.  Fluid extractions were made using a pressure bomb equipped with a large chamber that could
accommodate shoots up to 18 inches in length.  Samples were frozen on dry ice in the field and subsequently held in a
freezer.  Samples were shipped frozen overnight to UC Riverside and analyzed using a commercial ELISA detection kit
(EnviroLogix, ME) (2).

None of the treatments resulted in effective uptake of imidacloprid.  Average imidacloprid concentrations (N=24) for each
treatment on each sampling date ranged from 0 to 3.71 ppb. 74% of the average values were less that 1 ppb.  Ten ppb is
considered to be a minimum threshold level for insecticidal activity in grapevines (3).

In many case, all samples within a treatment had undetectable levels on a given week.  During the course of the season, some
vines were positive for imidacloprid in each replicate of each treatment, at both ends of the vineyard block.  This indicates
that Admire was effectively distributed with our injections.  However, uptake by the vines was very limited.  Some vines did
take up some imidacloprid, but many apparently did not. Since different vines were sampled on each sampling date, our
average values fluctuated on each sampling date.  In no case was there evidence of sustained effective levels of imidacloprid
in vines resulting from the treatments.

Table 1 summarizes our sampling results.  It shows that the majority of samples were less that 4 ppb, the detection limit for
this ELISA test.  While Treatment 2 had the most samples with values greater than 4 ppb, these were just 12% of the
samples.  Only 4 out of the 1008 samples analyzed had imidacloprid levels that exceeded the minimum threshold for
insecticidal activity of 10 ppb.

Table 1: Number of individual samples with imidacloprid concentrations in the ranges shown.

<4 ppb 4-6 ppb 6-8 ppb 8-10 ppb >10 ppb
T1 278 8 2 0 0
T2 253 20 9 4 2
T3 206 7 0 1 2
T4 211 4 1 0 0

CONCLUSIONS
None of the Admire treatments resulted in consistent levels of imidacloprid in xylem fluid necessary to control blue-green
sharpshooters or other sucking insects.  The conditions presented by the vineyard used in this trial are not uncommon in
many North Coast vineyards.  The vines have widely distributed root systems in relatively deep, non-sandy soils with
abundant soil moisture in the spring as a result of high winter rainfall.  Evapotranspiration (and therefore water uptake) is less
than in other growing regions due to smaller canopies and a cooler climate.  Because of this, root activity is not concentrated
in the drip zone until well into the growing season.
Nonetheless, our May and July applications did not result in any significant improvement to Admire uptake, at a time when
more root activity within the drip zone was expected.  Apparently, a key component limiting the uptake of Admire in this
trial is the minimal level of irrigation.

In the production of North Coast grapes for premium wines, irrigation is often used sparingly in order to manage grapevine
canopy development and to reduce berry size for optimal fruit and wine quality.  This is especially true in the cooler growing
regions and on heavier soils.  In sites such as these, the uptake of Admire will be greatly limited and it is unlikely that it will
have the desired insecticidal activity to justify its use.
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ABSTRACT
Results obtained in 2004 in our therapeutic and prophylactic bactericides were similar to those obtained in previous years.
To date none of our prophylactic treatments using metallic plant microelements or inducers of systemic acquired resistance
(SAR) provided protection against Xylella fastidiosa (Xf) infection in greenhouse or field studies.  Results with the
therapeutic treatments using microelements and 2 antibiotics were more encouraging and consistent with previously reported
results.  Pierce’s disease (PD)-affected Merlot vines injected with zinc sulfate/oxide and streptomycin either 3 or 4 years ago
had significantly less mortality than non-injected, PD control vines.  We are continuing these studies in a Chardonnay
vineyard located in Sonoma County; unfortunately another trial in Napa was unexpectedly removed by the grower.  Six
grapevine endophytes that exhibited antagonism to Xf in vitro, and moved greater than 8cm following pin-prick inoculations
were inoculated into greenhouse grown vines in 2003. Six weeks later these vines were inoculated using Xf-infectious
sharpshooters raised by Purcell’s group at UC Berkeley.  Results of symptom severity of these vines were reported in last
year’s Symposium.  In spring, 2004 these vines were removed from the greenhouse and planted in the field at University of
California, Davis.  In October 2004 the vines were rated for mortality and PD symptoms. Only one Xf-inoculated, positive
control remained alive.  None of the10 vines inoculated with one of the endophytes had any PD symptoms; other endophytes
varied from 0 to 8 healthy appearing vines.  These vines will be tested for the presence of Xf using PCR and the most
promising candidates will be re-tested in the field in 2005. Another set of Pseudomonas endophytes that exhibited movement
in planta and in vitro antagonism were inoculated into grapevines growing in the greenhouse.  Symptom development and
the presence of the endophyte and Xf in the vines will be determined in November 2004.
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ABSTRACT
On California’s North Coast, plant species in natural habitats adjacent to vineyards, namely riparian areas, are non-crop hosts
of Xylella fastidiosa (Xf).  The importance of a riparian host as a pathogen reservoir is related to its ability to support
pathogen populations and its attractiveness to the vector, Graphocephala atropunctata (blue-green sharpshooter [BGSS]).
We quantified BGSSs on five species (California blackberry, California grapevine, elderberry, Himalayan blackberry,
periwinkle) of naturally-established plants adjacent to vineyards.  We assessed the ability of the same species to support Xf,
using controlled inoculations of potted plants kept in screenhouses in the field.  No species were characterized by both an
abundance of BGSSs and a high frequency of Xf detection.  A 71% frequency of Xf detection in periwinkle suggests that,
regardless of having the fewest BGSS (0.4 nymphs and 0.9 adults per sample), infrequent visitations may result in a high
acquisition rate.  California grapevine supported eight times as many nymphs and three times as many adults as periwinkle,
suggesting that frequent visitations may offset its significantly lower infection rate (19%).  California blackberry, elderberry,
and Himalayan blackberry are likely less important pathogen reservoir because Xf was infrequently detected in their tissues
and they hosted few BGSSs.

INTRODUCTION
In the north-coastal grape-growing region of California, Xylella fastidiosa (Xf), the bacterium that causes Pierce’s disease
(PD) (Freitag 1951), is spread to grapevines by a native vector, Graphocephala atropunctata (Signoret) (Hemiptera:
Cicadellidae) (blue-green sharpshooter [BGSS]; Hewitt et al. 1949; Purcell 1975).   Purcell (1974, 1975) demonstrated a
direct relationship between incidence of PD and proximity to riparian vegetation bordering vineyards.  The distribution of
diseased grapevines is associated with a high concentration of BGSS in spring in vinerows adjacent to riparian vegetation,
which serves as feeding and reproductive habitat for the BGSS (Hewitt et al. 1949; Purcell 1975).  Not only do some riparian
plants provide habitat for BGSSs, but they also host Xf (Wells et al. 1987).

The spread of Xf from riparian hosts to grapevines is, in part, a function of the proportion of BGSSs that acquire the pathogen
when feeding on infected riparian hosts.  Acquisition of Xf is directly related to the concentration of the pathogen within the
host.  The minimum threshold for acquisition is 104 CFU of Xf per gram of plant tissue, increases above which result in
proportionally higher transmission rates (Hill and Purcell 1997).  Baumgartner and Warren (2005) found that Rubus discolor
Weihe & Nees (Himalayan blackberry), Vinca major L. (periwinkle), and Vitis californica Benth. (California grapevine)
supported populations ≥104 CFU/g tissue, whereas R. ursinus Cham. & Schldl. (California blackberry) and Sambucus
mexicana C. Presl (elderberry) did not.  California grapevine, Himalayan blackberry, and periwinkle may be more important
as pathogen reservoirs not only due to the high pathogen populations they support during part of the year (Baumgartner and
Warren 2005), but also because they are systemic hosts of Xf (Purcell and Saunders 1999).

The importance of a riparian host as a pathogen reservoir is determined by the pathogen populations it supports and by the
frequency of visitation by the vector.  A common riparian host of Xf that is fed upon frequently by the BGSS likely will
contribute more to the spread of PD because there will be more opportunities for acquisition of the pathogen from infected
tissue.  In this regard, it is noteworthy that some of the same riparian hosts that were previously recognized in field surveys as
feeding hosts of the BGSS (Purcell 1976; Raju et al. 1983), namely California grapevine, Himalayan blackberry, and
periwinkle, have since been identified as hosts in which Xf reaches high populations (Baumgartner and Warren 2005; Purcell
and Saunders 1999).

OBJECTIVES
The goal of our research was to identify riparian hosts of greatest importance in the transmission of Xf to grapevines in the
north-coastal grape-growing region of California.  Our first objective was to determine if the BGSS is more abundant on
some riparian hosts than others.  We measured abundance of adults and nymphs in riparian areas adjacent to vineyards on
five feeding and reproductive hosts:  California blackberry, California grapevine, elderberry, Himalayan blackberry, and
periwinkle.  All five hosts are potentially important in the spread of PD because they are also systemic hosts of Xf (Purcell
and Saunders 1999).  Our second objective was to examine a possible relationship between the ability of riparian hosts to
support both the BGSS and Xf. To address this second objective, we inoculated plants of the same riparian host species with
Xf, transferred them to the field after confirming infection, and tested them afterwards for the presence of the pathogen.  This
approach was preferable to testing for Xf in the same naturally-established plants that we examined for BGSSs because (i) our
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inoculation technique ensured that all plants were challenged by the pathogen; (ii) by sampling tissues distal to the
inoculation site, Xf -positive identifications were known to represent systemic infections; and (iii) plants were inoculated
once and, therefore, the presence of Xf was known to result from a single infection.  In other words, our approach did not rely
on natural infection by the BGSS, which likely reflects not only the hosts’ abilities to maintain Xf infections, but also BGSS
feeding behavior.

RESULTS
Abundance of nymphs varied significantly among species (P<0.0001).  Nymphs were significantly more abundant on
California grapevine which had a mean of 3.1 nymphs per sample, compared to all other hosts, but especially compared to
periwinkle and elderberry, which had means of 0.4 nymphs per sample and 0.7 nymphs per sample, respectively (Figure 1).
Abundance of adults was not significantly different among species (P=0.0676).  California grapevine, the species with the
most nymphs, also had the most adults, 2.4 per sample (Figure 1).  In contrast, periwinkle, the species with the fewest
nymphs, also had the fewest adults, 0.9 per sample (Figure 1).

Frequency of detection of Xf varied significantly among species (P<0.0001).  Periwinkle had the highest frequency of
detection with 70.8% of all tested plants, averaged across three sampling periods, found to be Xf-positive (Figure 2).
Frequency of detection of Xf did not vary significantly between the two detection methods, colony counts in culture and real-
time PCR (P=0.09).  Results from both detection methods showed the same relative differences among species; the
interaction of species x detection method was not significant (P=0.3582).  For example, periwinkle had the highest
percentage of plants that were found to be Xf-positive by culture (113 out of 160 total samples tested, summed across
sampling periods) and by real-time PCR (140 out of 160 total samples tested, summed across sampling periods).  In contrast,
none of the 202 culture attempts from elderberry samples yielded Xf colonies, and real-time PCR analyses of the same tissues
resulted in only six Xf-positive samples.

Despite the lack of statistical significance for differences in abundance of adults among riparian hosts from ANOVA
(P=0.07), there was a significant positive correlation between abundance of adults and nymphs (r=0.96, P=0.01).  Samples
with many nymphs also had many adults (Figure 3).  There were no correlations between detection frequency of Xf and
abundance of adults (r=-0.44, P=0.45) or nymphs (r=-0.34, P=0.58).
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Figure 1. Abundance of BGSSs on naturally-established
riparian hosts adjacent to vineyards in northern California.
A sample consisted of 25 sweeps per plant; n=13 to 95
samples per species per year. Each column is the sum of
the mean number of adults and nymphs per sample per
species, averaged over years. Columns within each life
stage with different letters are significantly different at
P<0.05 (Tukey's test).

Figure 2. Frequency of detection of Xf from riparian hosts.
Plants were inoculated in the greenhouse. Infected plants were
placed in the field and subsequently tested at 3, 11, & 13 mos.,
by culture and real-time PCR; n=45-76 plants per species per
sampling period. Each column is the mean percentage of plants
that were Xf-positive, averaged over sampling periods and
detection methods. Columns with different letters are significantly
different at P<0.05 (Tukey's test).



Figure 3. Correlation of abundance of
adult BGSSs with mean abundance of
nymph BGSSs (r=0.96, P=0.0093) on
naturally-established riparian hosts
adjacent to vineyards in northern
California. A sample consisted of 25
sweeps per plant; n=13 to 95 samples pe
species per year. Each symbol represents
abundance of BGSSs per sample per
species per year.

Figure 3. Correlation of abundance of adult
BGSSs with mean abundance of nymph BGSSs
(r=0.96, P=0.0093) on naturally-established
riparian hosts adjacent to vineyards in northern
California. A sample consisted of 25 sweeps
per plant; n=13 to 95 samples per species per
year. Each symbol represents abundance of
BGSSs per sample per species per year.
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CONCLUSIONS
We measured abundance of the BGSS on five species (California blackberry, California grapevine, elderberry, Himalayan
blackberry, and periwinkle) of naturally-established plants in riparian areas adjacent to vineyards on the North Coast of
California.  We assessed the ability of the same species to support Xf, based on results from controlled inoculations of potted
plants kept in screenhouses in the field.  None of the species were characterized by both an abundance of BGSSs and a high
frequency of Xf detection.  California grapevine and periwinkle may be more important pathogen reservoirs than California
blackberry, elderberry, and Himalayan blackberry. Despite a significantly lower frequency of Xf detection in California
grapevine, 19%, this species supported eight times as many nymphs and three times as many adults as periwinkle, suggesting
that more frequent visitations by the BGSS may result in a high probability of acquisition of Xf from California grapevine.
While periwinkle supported the fewest BGSSs, 71% of tested plants were Xf-positive, suggesting that a high percentage of
transmission events result in systemic infection and that infrequent visitation by the vector may, nonetheless, result in a high
acquisition rate.  California blackberry, elderberry, and Himalayan blackberry are likely less important pathogen reservoirs
because Xf was infrequently detected in their tissues and BGSSs were rare on these species.

Our finding that abundance of nymphs, but not that of adults, differed significantly among the riparian hosts we examined are
consistent with those of Purcell (1976) who found that nymphs utilize fewer species than do adults.  We might expect that
nymph BGSSs have more restricted host ranges than adults based on different feeding requirements, as has been
demonstrated for Homalodisca coagulata (Say) (glassy-winged sharpshooter) (Brodbeck et al. 1995), an introduced vector of
PD in southern California (Blua et al. 1999).   The significance of nymph BGSSs in the spread of PD is not known.  Although
nymphs lose infectivity after molting (Purcell and Finlay 1979), this may not preclude their importance in the epidemiology
of PD relative to that of adults, which are infective for life once they acquire Xf (Purcell and Finlay 1979).  The low mobility
of nymphs, due to their flightlessness and small size, likely results in more transmission of Xf within an infected host than
between hosts.  Consequently, nymphs may spread Xf to new tissues within an infected host faster than the pathogen can
move systemically.  Systemic hosts of Xf on which nymphs are abundant, such as California grapevine, may support
infections in more tissues than hosts on which nymphs are rare and, therefore, may serve as important sources of Xf for
acquisition by adults.

It is possible that Xf infection of the species we examined through controlled inoculations are different in naturally-
established plants of the same species.  Natural levels of infection are related to a host’s ability to support Xf and its
attractiveness to the BGSS.  California grapevine, for example, may have higher levels of infection in the field than we
measured in our inoculated plants, based on the high number of BGSSs we found on this species.  There are few published
surveys of Xf in naturally-established plants (Raju et al. 1983; Raju et al. 1980).  In one such study of 28 native and non-
native species in riparian areas in Napa County, Xf was detected in only four species:  Himalayan blackberry, periwinkle,
Fragaria vesca L. (wood strawberry), and Claytonia perfoliata Willd. (miner’s lettuce) (Raju et al. 1983).  Although they
surveyed California grapevine and elderberry, hosts that we also examined, their study was designed with the objective of
identifying reservoir hosts, as opposed to comparing natural levels of infection among species.

Throughout the growing season, BGSSs occur in both riparian areas and vineyards (Freitag and Frazier 1954; Purcell 1975,
1976).  Their whereabouts and behavior outside the growing season, when the population consists of adults (Purcell 1975;
Severin 1949), are not well understood, mainly because cold temperatures limit BGSS flight activity (Feil et al. 2000) and,
thus, hamper monitoring efforts.  We measured BGSS abundance from spring to early summer, as this time of the year is
characterized by BGSS flight activity, the presence of both adults and nymphs, and active growth of the five riparian host
species we examined.  Although we detected no significant differences in abundance of BGSSs on the five riparian hosts we
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examined, a previous survey of 16 species in riparian areas in Napa showed that BGSSs were more common on California
blackberry, California grapevine, elderberry, and Himalayan blackberry, than on periwinkle from April to July (Purcell
1976).  From September to March, BGSSs were more common on periwinkle (Purcell 1976).  Differences in our results may
be due to differences in locations, study years, or sampling methods.

Successful long-term management of PD may require removal of certain reservoir hosts, given that insecticides do not
significantly reduce the spread of the disease (Purcell 1979) and that resistant winegrape varieties are not available.  Wistrom
and Purcell (2005) ranked the most important reservoir hosts, in terms of vector acquisition, as those that are feeding hosts of
the BGSS, are frequently infected after transmission events, are systemic hosts of Xf, and support high pathogen populations.
Revegetation of a riparian area adjacent to a diseased vineyard offers the potential to reduce the pathogen reservoir outside
the vineyard, but it may be of limited efficacy in controlling the disease when infected grapevines remain in the vineyard.
Grapevines satisfy all of Wistrom and Purcell’s (2005) criteria of important reservoir hosts and, thus, serve as a source of the
pathogen for acquisition by BGSSs, even if riparian hosts are removed from an adjacent riparian area.  Furthermore, removal
of reservoir hosts may not diminish the ability of a riparian area to support BGSSs.  Riparian areas are considered to be a
habitat of the BGSS; they harbor many feeding and reproductive hosts (Freitag and Frazier 1954; Purcell 1975, 1976), in
addition to plants that provide shelter for the overwintering adults.
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ABSTRACT
In silico mining of EST data, Real Time PCR, and Affymetrix GeneChip technology was used to characterize the
transcriptional response of Vitis vinifera to the Pierce's disease (PD) pathogen Xylella fastidiosa (Xf).  We have determined
that susceptible V. vinifera responds to Xylella infection with a massive re-direction of gene transcription.  This
transcriptional response includes the up regulation of transcripts for phenlypropanoid and flavonoid biosynthesis, ethylene
production, adaptation to oxidative stress, and homologs of pathogenesis related (PR) proteins.  In addition to highlighting
potential metabolic and biochemical changes that are correlated with disease, the results suggest that susceptible genotypes
respond to Xylella infection by induction of limited defense response.

A long-standing hypothesis states that PD results from pathogen-induced drought stress, with the consequent development of
disease symptoms.  To test this hypothesis, we compared the transcriptional and physiological response of plants treated by
pathogen infection, low or moderate water deficit, or a combination of pathogen infection and water deficit.  We determined
that the transcriptional response of plants to Xylella infection is not the same as the response of healthy plants to moderate
water stress.  However, there is an apparent synergistic interaction between water stress and disease, such that water stressed
plants exhibit a stronger physiological and transcriptional response to the pathogen.  Qualitative and quantitative estimates of
gene expression derived from the Affymetrix gene chip were confirmed by a combination of Real Time PCR and in situ
hybridization analysis with ~20 candidate marker genes.

Real Time PCR analysis involving six marker genes was used to survey the specificity of Xylella-induced gene expression
under field conditions.  The results demonstrate that the marker genes are up-regulated in response to Xylella infection but
not in response to the other pathogens assayed, including common viral, nematode and fungal pathogens, or by Phylloxera
infestation or herbicide damage.  Similarly, moderate drought stress did not result in increased transcript levels for these
marker genes.  By contrast, each of the marker genes was strongly induced in non-infected leaves where the vascular system
was compromised by biotic or abiotic factors, including girdling by insect damage and severe drought stress leading to death.
We hypothesize that an aspect of xylem dysfunction, but not drought stress per se, is one trigger for Xylella-induced gene
expression.

INTRODUCTION
All organisms adapt to external stressors by activating the expression of genes that confer adaptation to the particular stress.
In the case of Pierce’s disease (PD), such genes are likely to include those coding for resistance or susceptibility to Xylella
fastidiosa (Xf).

Genomics technology offers an opportunity to monitor gene expression changes on a massive scale (so-called "transcriptional
profiling"), with the parallel analysis of thousands of host genes conducted in a single experiment.  In the case of PD of
grapes, the resulting data can reveal aspects of the host response that are inaccessible by other experimental strategies.  In
May of 2004, the first Affymetrix gene chip was made available for public use, with ~15,700 Vitis genes represented.  This
gene chip has been developed based primarily on a collaboration between the Cook laboratory and researchers at the
University of Nevada-Reno (Goes da Silva et al., 2005).  With the arrival of the Affymetrix gene chip, we are poised to make
a quantum leap in the identification of host gene expression in response to Xf.

In addition to enumerating differences between susceptible and resistant genotypes of Vitis, this research is testing a long-
standing but largely untested hypothesis that pathogen-induced drought stress is one of the fundamental triggers of PD
symptom development.  The utility of this type of data will be to inform the PD research community about the genes and
corresponding protein products that are produced in susceptible, tolerant and resistant interactions.  Differences in the
transcriptional profiles between these situations are expected to include host resistance and susceptibility genes, and thus
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provide the basis for new lines of experimental inquiry focused on testing the efficacy of specific host genes for PD
resistance.  It should be possible, for example, to determine the extent to which resistance responses in grapes are related to
well-characterized defense responses in other plant species (e.g., Maleck et al., 2002; Tao et al., 2003; de Torres et al., 2003).

Three co-lateral benefits from the identification of pathogen-induced genes are: (1) the promoters for such genes are
candidates to control the expression of transgenes for resistance to PD, (2) the protein products of induced genes may have
roles in disease resistance, and (3) knowledge of host gene expression can be used to develop improved diagnostic assays for
disease.  In a related project, we are currently characterizing pathogen-responsive promoters, which will facilitate testing of
candidate genes for resistance phenotypes.

OBJECTIVES
1. Identify genes and gene pathways in susceptible V. vinifera correlated with Xf infection: (a) identify Xylella-responsive

genes in V. vinifera, (b) distinguish early from late gene expression, and (c) determine the correlation between drought
stress and PD.

2. Determine host genotype affects on gene expression in response to Xylella infection: (a) susceptible V. vinifera compared
to resistant genotypes of Vitis and Muscadinia species, and (b) comparison of pathogen-induced gene expression with
gene expression triggered by salicylic acid and ethylene.

3. Detailed analysis of candidate genes: (a) Real Time PCR to validate candidate genes identified in objectives 1 and 2, (b)
Real Time PCR to study kinetics and specificity of the host response in susceptible and resistant genotypes, and (c) in
situ hybridization to establish precise location of plant gene expression relative to bacterial infection.

RESULTS
Testing the effect of plant water status on PD
Two lines of evidence suggest that plant water status may have a significant impact on the development of PD symptoms.
First, it is frequently observed that well-watered plants develop reduced symptoms relative to water-stressed plants.  Thus,
one might expect to see an enhanced transcriptional response in plants that are both water-stressed and infected by the
pathogen.  Second, it has been proposed that Xylella infection of xylem elements obstructs water flow, leading to whole-plant
water stress and consequently to symptom development.  Despite the logic of this reasoning, a causal relationship between
Xylella infection and water stress has not been established.  It is noteworthy, that the “water stress” hypothesis does not
explain the absence of symptoms early in the season, even though high pathogen titers can be observed at this phase of
disease, and it does not explain the absence of symptoms in tolerant genotypes of grapes, which can be heavily infected by
the pathogen but without disease.

The experimental design described below permits a comparison of (1) pre-symptomatic and post-symptomatic host
responses, (2) drought stressed versus diseased individuals, and (3) the interaction between drought stress and pathogen
infection.  In total, fourteen different transcriptional states that were compared to address these issues.

The experimental design involved 42 three-year-old vines of Cabernet Sauvignon clone 8 grafted to Freedom rootstock.  In
the spring of 2004, potted vines were moved from greenhouse to growth chamber prior to budbreak.  Subsequent to a 3 to 4
week acclimation period, vines were pruned to produce a uniform shoot architecture consisting of two shoots per plant and
ten leaves per shoot.  Plants were grown in a block design of 3 rows with all treatments randomized in each row.  Water use
was calculated by watering 5 plants to field capacity and using a mini-lysimeter to establish water usage over a 24-hour
period.  The resulting average value was used to define 100% estimated water use.  Plants were watered either at 100% water
usage, 50% water usage (mild stress), or 25% water usage (moderate stress) throughout the remainder of the experiment.  For
each plant, measurements were made on the second leaf opposite to cluster to infer the level of drought stress pre- and post-
veraison.  Gas exchange and stomatal conductance values were obtained with a Licor 6400 gas exchange analyzer.  C13:C12

ratios were measured on the same leaf samples used for transcriptional profiling to estimate long term effects of treatments on
stomatal conductance, gas exchange and water use efficiency.  On April 12, corresponding to full bloom, plants were either
inoculated with a suspension of Xf or mock inoculated with water.  Four weeks following inoculation, the third and fourth
leaves were harvested from three plants of each treatment type.  At 8 weeks following inoculation, when symptoms were
evident on infected individuals, the remaining plants (3 from each treatment) were harvested.  On the day of harvest for
arrays the 5th leaf from each plant was destructively sampled to measure “pre-dawn” water potential.  Symptom development
was recorded using a visual scale.

RNA was extracted from tissue using protocols that we have optimized for quality and yield of RNA from grape (Iandolino et
al., 2004).  cRNA synthesis was carried out according to procedures described in the Affymetrix technical manual.
Hybridization and data collection were performed using standard Affymetrix protocols, with the aid of the University of
California, Davis microarray facility in the University of California, Davis Genome Center.  Technical and biological
replicates demonstrated highly consistent results within and between similarly treated samples. Quality control analyses were
conducted using GCOS 1.2 (Affymetrix), Dchip (Li and Wong, 2001), and the Affy R package.   Robust Multichip Average
or RMA (Irizarre et al., 2003) was used to estimate differentially expressed genes by two different strategies:  a) application
of t-test and fold change filters (Sottosanto et al., 2004); and b) false discovery rate determinations using Significance

- 8 -



- 9 -

Analysis of Microarray (SAM) Data (Aubert et al., 2004).  Differential regulation was assessed by comparison to
uninoculated control plants grown under identical conditions.

In total, 238 genes were identified as being differentially expressed (T-test a < 0.05; ≥2-fold induction) in response to Xf
treatment or drought stress (Figure 1). There are 2 primary conclusions from this study:  First, we have identified several
genes where expression is induced strongly in diseased tissue and where drought stress does not appear to impact this
transcriptional response.  The majority of such genes have predicted roles in defense and cell wall metabolism.  Second, a
large fraction of the Xylella-induced transcriptome is synergistically modified in plants that are doubly-treated by pathogen
infection and moderate drought stress.  These genes fall into two categories: synergistically upregulated are primarly from the
flavonoid biosynthesis pathway, while synergistically down regulated are primarily from the photosynthesis pathway.  These
results are consistent with the existence of two distinct classes of transcriptional response in grapes to Xylella.  One response
is sensitive to plant water status and results in redirection of flavonoid synthesis and photosynthesis genes, and one response
is independent of plant water status leading to the activation of defense-related transcripts. Although we observed limited
overlap in the genes induced in response to moderate drought stress and the genes induced in diseased tissue, we cannot rule
out the possibility that a more severe drought stress may lead to an increase in the coincidence of PD and drought-associated
gene expression.

As shown in Table 1, physiological measurements of the plants used for microarray analysis also suggest an additive
interaction between water stress and PD.  We note that the level of water stress imposed in these experiments induced an
acclimation response in treated plants, as evidenced by measurements of stomatal conductance, internal CO2 concentrations
and transpiration rates.  However, reductions to pre-dawn water potential and net assimilation rates document a clear water
stress response.  By contrast, pathogen infection had a strong influence on virtually all of these parameters.  Moreover,
drought stress combined with pathogen infection tended to increase the magnitude of change in all parameters assayed.
These results suggest a reduced capacity for acclimation to water stress in infected plants and they agree well with the results
of gene expression, described below.

A 2-Dimensional hierarchical cluster generated with the DChip software (Li and Wong, 2001) was used to depict the
expression 238 genes that were responsive to one or mor of the treatments.  The most striking aspect of this particular
analysis is the massive transcriptional response that occurs in infected and symptomatic plants.  Major categories and/or
expression patterns of genes identified so far are described briefly below.

I. Disease related gene expression.
Seventeen transcripts were annotated as disease related genes, including many pathogenesis related or PR protein genes.  On
average these genes were up regulated 7-fold in response to pathogen infection.  Expression of these genes was not
influenced by drought either in healthy or diseased plants.  The sole exception are two PR protein genes that were down
regulated 2.5-fold in response to drought stress, but up regulated >10-fold in response to the pathogen.  These results suggest
the occurrence of a pathogen-specific defense response in susceptible V. vinifera.

II. Photosynthetic gene expression.
One of the most common responses of plants to drought stress is a down regulation of photosynthesis.  Consistent with
physiological measurements, 11 photosynthesis-related transcripts were significantly down regulated in Xylella-infected
plants.  While moderate water stress had little or no effect on expression of these genes, the combination of pathogen
infection and water stress resulted in an even greater reduction in gene expression compared with either treatment alone.
Xylella causes a decrease in photosynthetic gene expression that is accentuated by reduced water availability.

III. Flavonoid pathway gene expression.
The largest transcriptional effect of Xylella infection was a massive re-direction of enzymes and regulatory proteins for
flavonoid biosynthesis.  In total, 27 genes were 4-fold upregulated in Xylella infected plants, compared to healthy control
plants.  Approximately 50% of these transcripts were induced an additional 2.5-fold when drought stress and Xylella
infection were combined.  The transcription of flavonoid pathway genes was not significantly affected by drought stress
alone. Xylella causes an increase in flavonoid gene expression that is accentuated by reduced water availability.

IV. Genes induced uniquely in the interaction between disease and drought.
Twelve genes were unaffected by either drought or Xylella infection, but were significantly induced in plants that were
challenged with both Xylella and water stress simultaneously.  On average, these genes were induced 3.5-fold in double-
treated plants.  Annotations for these genes do not suggest function in a common pathway.
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V. Osmotic stress and cell wall modifying enzymes.
Eleven Xylella-associated transcripts have predicted roles in cell wall metabolism (e.g., expansins, enzymes involved in
pectin degradation and pectin modification) or osmotic stress (e.g., galactinol synthase, dehydrin proteins and several
aquaporins).  These genes were induced an average of 5-fold in Xylella infected tissues.  None of these 11 genes were up-
regulated in response to water stress alone, and only the dehydrin and galactionol synthase genes showed evidence of synergy
between Xylella and drought stress.  Cell wall modification genes (expansins, pectin esterases, pectatelyases,
polygalacturonases, etc.) were among the major class of water stress repressed genes in Arabidopsis (Bray, 2004).  In the
current study, these genes were induced by the pathogen, providing a possible counterpoint to the argument in favor of
Xylella-induced drought stress.

CONCLUSIONS
In summary, a wide array of genes are up regulated (or in some cases down regulated) in grapes in response to Xylella
infection.  We found limited correlation between the nature of genes induced by moderate drought stress and the genes
induced by pathogen infection.  Interestingly, however, the results suggest a synergistic effect of drought stress on Xylella-
induced gene expression.  We have also identified numerous genes where induction was specific to the pathogen, and not
synergistic with drought.  This later class of genes included pathogenesis related protein genes and genes involved in plant
cell wall metabolism. Ongoing experiments are using Real Time PCR to validate and extend the Affymetrix GeneChip results
(data not shown) and to determine the spatial pattern of gene expression for the various classes of transcriptional response, as
shown by example for gene 8946 in Figure 2.

Our earlier work with a small set of pathogen-induced genes has permitted us to characterize the kinetics and specificity of
the host response to Xylella, and to isolate and begin the characterization of Xylella-reponsive gene promoters.  The recent
results, reported above, provide a large suite of new genes and predicted biochemical pathways for investigation.  We suggest
that these results are a first step toward a comprehensive understanding of host responses to PD, and the relationship of
disease to whole plant physiology including water relations, photosynthesis and defense responses.  Our continuing work will
explore in detail the relationship between gene expression in resistant and susceptible plants, and to begin more precise
analysis of the spatial relationship between gene expression and pathogen localization.  Moreover, we anticipate providing
many additional and potentially useful gene promoters to Dave Gilchirst's project to develop a pathogen-inducible transgene
system.  How will these technologies help in solving PD?  In the short term they will:
1. Provide gene-promoters for effective genetic engineering in grapes.
2. Inform us about the nature of host responses to Xylella infection.
3. Allow pathogen detection based on Real Time PCR using a "biomarker" strategy.
4. In the long term, transcriptional profiling will identify candidate genes and gene pathways that may confer resistance to

the pathogen (Xf).
Other strategies, such as reverse genetics and analysis of natural genetic variation, will be needed to establish a causal role for
candidate genes.
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Table 1. Summary of physiological measurements for
water relations and photosynthesis.

Treatment

bPhysiological parameter
plants Υp An,max gs Ci E

Non-inoculated 6 0.27 25.11 0.2612 1239.17 4.34

Mock-inoculated 6 0.317 25.75 0.2211 1188.34 3.79

Xf-inoculated 8 0.49 16.22 0.0721 817.00 1.50

Mild stress 7 0.434 19.98 0.2196 1245.00 3.78
Double
treatment 8 0.583 12.14 0.0261 556.5 0.64

bPhysiological parameters were measured 8 weeks after the
treatment. Υp: pre-dawn water potential (-MPa), An,max: net
assimilation (mmol CO2/m2/s) (measured at saturating CO2 and
light), gs: Stomatal conductance (umol H2O/m2/s), Ci: Internal CO2
concentration (mmol CO2/mol air), E: transpiration rate (mmol
H2O/m2/s).

Figure 1. 2-Dimensional hierarchical cluster analysis of 24 microarrays from the moderate drought stress condition.
238 transcripts were identified with a minimum of 2-fold induction and a T-test score of a=0.05.  Red = increased
expression; Blue = decreased expression; White = no change in expression. I=infection; D=drought; N=healthy; E=
prior to symptom development; L=subsequent to symptom development.
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Figure 2. In situ localization of candidate gene 8946. Note intense staining in phloem and xylem associated
pyrenchyma, indicating Xylella-induced gene expression in living tissue adjacent to differentiated xylem.
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ABSTRACT
Xylella fastidiosa (Xf), a gram-negative bacterium, is the causative agent of Pierce’s disease in grapevines.  Because Xf is
xylem-limited, it will be essential that any anti-Xylella gene product be present in the xylem in an effective concentration.
Work on understanding the mechanism of how proteins are targeted to this plant compartment will be relevant for the
delivery of therapeutic proteins into the xylem.  In addition, it will be a useful tool for Xylella and glassy-wing sharpshooter
(GWSS) gene function studies.

We collected xylem exudate from grapevines and analyzed its protein composition by two-dimensional gel electrophoresis.
Peptide spectrum and Blast analysis showed that the proteins found in the exudates are secreted proteins that share function
similarities with proteins found in xylem exudates of other species.  The corresponding cDNA sequences of 5 of them were
found in the TIGR Vitis vinifera gene index.  The signal sequences of xylem proteins Chi1b and similar to NtPRp27 were
fused to the mature pear polygalacturonase inhibiting protein (pPGIP)-encoding gene.  The expression of these chimeric
genes will be evaluated in transient and permanent transformations in order to evaluate their ability to target pPGIP to the
xylem.  The results of this research will not only be applied in projects that test anti-Xylella gene products that should be
delivered into the xylem but also in functional studies that are intended to target the products of Xf and GWSS genes to the
xylem.

INTRODUCTION
Signal peptides control the entry of virtually all proteins to the secretory pathway, both in eukaryotes and prokaryotes.  They
comprise the N-terminal part of the amino acid chain and are cleaved off while the protein is translocated through the
membrane of the endoplasmatic recticulum (1).  Generally, signal peptides are interchangeable and secretion of non-secreted
proteins becomes possible by the fusion of a signal peptide at the N-terminus of the mature protein; however, changing the
signal sequence of recombinant proteins can affect the degree of protein production (2).

In previous research, we fused the sequence coding for the signal peptide of XSP30, a xylem-specific protein from cucumber
(3), to the green fluorescent protein (GFP) reporter gene.  Contrary to what we expected, fluorescence was only detected
inside the cells.  Our results suggested that either the XSP30 signal peptide is not recognized by the grape secretory
machinery or GFP is not secretion competent. If the first hypothesis is correct, signal sequences obtained from proteins
present in grape xylem sap would constitute better candidates for delivery of transgene products to the xylem.

Interestingly, we have also found that the product of the pPGIP encoding gene from pear fruit, heterologously expressed in
transgenic grapevines, is present in xylem exudates and moves through the graft union (4).  These results show that pPGIP is
secretion competent in grapes and constitutes a good alternative to GFP.  We intend to use the sequence encoding the mature
pPGIP fused to the signal peptides to be analyzed.

We have collected xylem exudate from plants of Vitis vinifera ‘Chardonnay’ and analyzed its protein composition by two-
dimensional gel electrophoresis.  The purpose of this project is to fuse the signal sequences of these grape xylem sap proteins
to the mature pPGIP-encoding gene in order to evaluate their ability to target pPGIP to the xylem.
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OBJECTIVES
1. Obtain partial sequences of proteins found in grape xylem exudates and search cDNA databases for signal sequence

identification and selection.
2. Design and construct chimeric genes by fusing the selected signal sequences to a sequence coding for a mature secreted

protein (pPGIP).
3. Transform grapevines with the chimeric genes via Agrobacterium tumefaciens and A. rhizogenes.
4. Evaluate the efficiency of the different signal sequences in targeting protein products to the xylem tissue of grapevine

through the:
4.a. analysis of the expression and secretion of pPGIP in transiently transformed grapevines.
4.b. analysis of the expression and secretion of pPGIP in grapevines bearing roots transformed via A. rhizogenes.

RESULTS
Peptide spectrum and Blast analysis showed that the proteins found in grape xylem exudates are secreted and share function
similarities with proteins found in xylem exudates of other species (5).  cDNA sequences of 5 of them were found in the
TIGR v.  vinifera gene index.  However, it was possible to predict the signal peptide in 2 contigs only (TC 39929 and TC
45857, annotated as Chi1b and similar to NtPRp27 respectively).  Based on their sequences, we designed primers that were
used to amplify the predicted fragments from genomic DNA of ‘Chardonnay’ and ‘Cabernet Savignon’.  Those fragments
were fused to the mature pPGIP gene through the gene splicing by overlap extension method (SOE) (6) and cloned into the
pCR2.1-TOPO vector.  These two chimeric genes will be ligated into a plant expression vector containing the 35S cauliflower
mosaic virus promoter and the octopine synthase terminator and the resultant expression cassettes will be then ligated into the
binary vector pDU99.2215, which contains an nptII-selectable marker gene and a uidA (β-glucuronidase, GUS) scorable
marker gene.  The resultant binary vectors will be transformed into the disarmed A. tumefaciens strain EHA105 by
electroporation.
SOE was also used to produce the following chimeric genes:

1) pPGIPsignal peptide(sp)-GFP
2) XSP30sp-mpPGIP
3) RAmysp-mpPGIP
4) pPGIPsp-mpPGIP
5) mpPGIP

Construct 1 will help to elucidate if GFP is secretion competent in grape.  In construct 2, mpPGIP has been fused to the
signal sequence of cucumber XSP30, which is a xylem-specific protein.  In construct 3 mpPGIP has been fused to the signal
sequence of rice amylase 3 (Ramy), which has been very effective in secretion of human α1-antitrypsin in rice cell cultures
(7).  Constructs 4 and 5 will be controls.  All five genes have been ligated into the plant expression vector described above
and then ligated into binary vector pDU99.2215 and the resulting plasmids have been transformed into the disarmed A.
tumefaciens strain EHA 105.

The next step will be the permanent and transient transformation of V. vinifera ‘Thompson Seedless’ followed by the analysis
of the expression and secretion of pPGIP.

CONCLUSIONS
Through the study of the proteins present in xylem exudates of ‘Chardonnay’, we have found 2 good candidates to investigate
the effect of using grape signal sequences on xylem targeting.  In addition we have produced 2 other chimeric genes
containing the signal peptide of a xylem-specific protein in cucumber and the signal sequence of rice amylase.  The results
obtained with transient and permanent transformations with these genes will provide, in the short term, valuable information
for the identification of signal peptides that will deliver proteins to grapevine xylem with high efficiency.  In the long term,
the development of an efficient secretory system will be essential to target therapeutic proteins to the xylem of grapevine.  In
addition, the results of this research will also be applied in functional studies that are intended to target the products of
Xylella fastidiosa and glassy-winged sharpshooter genes to the xylem.
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ABSTRACT
We identified a set of plant genes whose expression is correlated with infection by Xylella fastidiosa (Xf) as part of a recent
study of expressed sequence tags from Xf-infected and healthy Vitis vinifera plants in the Napa Valley.  The genes are
essentially off (silent) in plants that have not been exposed to the pathogen, but strongly induced prior to the occurrence of
symptoms in both natural field infections and greenhouse inoculated plants.  The transcriptional regulatory elements of these
genes (i.e., promoters) hold great potential to fulfill a critical and, as yet, unmet need for control of Pierce's disease (PD)
namely, the identification of gene promoters that can drive transgene expression only in Xylella-infected tissues both for
basic research on PD responsive genes and for developing tactics for assessing potential genes conferring resistance to PD.
We have focused on three promoters for grape genes whose expression analysis reveals a specific dramatic increase in
expression in PD diseased grape compared to healthy or other inductions (called G8946, G9353 and G7061).  The plasmid
pBG8946minGFP has been transformed into Agrobacterium tumefaciens strain GV2260 and infiltrated using a needless
syringe into both healthy and Xf-infected grape (Thompson seedless) leaves.  After five days the leaves were imaged with a
confocal microscope, which revealed the GFP fluorescence can be detected in Agrobacterium-infiltrated leaves of Xf-infected
plants but not healthy plants.

INTRODUCTION
A major limitation in using transgenes to study and alter the effect of pathogens on disease processes in plants is the absence
of the ability to regulate the expression of the transgene in either a tissue or pathogen specific response.  We and many other
researchers of grape (or any plant) to assess the effect of a transgene on a specific trait (susceptibility to Pierce’s disease
[PD]) is the absence of suitable promoters, sequences that regulate gene expression in particular tissues (e.g., vascular tissue)
or in response to particular situations (e.g., sharpshooter feeding or Xylella infection).  In the absence of tissue or response-
specific promoters, transgenic strategies for control of PD can use only so-called constitutive promoters.  The basic problem
associated with the use of constitutive promoters is that the transgene is expressed in all cells all the time, not just in the
tissue or cells where the gene is needed. This can lead to unintended phenotypes and/or sickly transgenic plants.  Highly
controlled induction is needed if the interest is in altering gene expression to avoid a cellular change (disease) that is initiated
in one or a few isolated cells.  The isolation and characterization of Xylella fastidiosa (Xf)-responsive promoters has
immediate and direct application to several current PD projects that are studying the molecular genetic basis of PD at the
cellular and tissue levels in grape.  It also is of practical importance that these promoters will be useful in either the up- or
down-regulation of the expression of a specific gene-of-interest.  The difference in presence or absence of the target gene
product is determined by whether the promoter is used to drive a sense or an anti-sense construct of the gene of interest.

The objective of promoter analysis is to identify and characterize
cis-acting DNA (adjacent) sequences that, when induced,
regulate PD-associated gene expression in grapes. Although
regulatory sequences frequently occur just upstream of the
transcription start site, they can also be found much further
upstream (Figure 1).  Thus, the challenge in our studies is to
demonstrate that the cis-acting sequences have a unique
functional role in PD symptom development.  It is not the goal
of this proposal to understand mechanisms of transcriptional
regulation, but rather to isolate and confirm sequences that are
active in the regulation of gene expression when Xf is present as
an inducer of a select set of genes.  To test whether a particular
DNA sequence, that lies adjacent to a gene of interest, is
involved in the regulation of that gene, it is necessary to
introduce such putative regulatory sequences into a cell and then
determine if they are activated when the inducer (in our case, Xf)
is introduced into the system.  This is done by combining a
regulatory sequence with a reporter sequence (in our case, GFP
is the test gene) that can be used to monitor the effect of the
regulatory (promoter) sequences in the presence of Xf.

Figure 1. Diagram of a eukaryotic promoter showing
a minimal promoter containing TATA and CAAT
boxes.  Activator proteins bind to enhancer elements
for strong transcription.
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We have identified a set of plant genes whose expression is correlated with infection by Xf as part of a recent study of
expressed sequence tags from Xf-infected and healthy V. vinifera plants in the Napa Valley.  The genes are essentially off
(silent) in plants that have not been exposed to the pathogen, but strongly induced in both natural field infections and
greenhouse inoculated plants.  Three of these genes (G8946, G9353, and G7061) are induced early during disease
development, prior to the occurrence of symptoms.  The protein products of such genes are interesting in their own right,
including what their predicted functions may suggest about the nature of host responses to this important pathogen.
However, their transcriptional regulatory elements (i.e., promoters) hold great potential to fulfill a critical and, as yet, unmet
need for control of PD - namely, the identification of gene promoters that can drive transgene expression only in Xylella-
infected tissues.  Identifying plant promoters is important if developing transgenic solutions to PD will have significant
benefit, both in terms of public perception and transgene efficacy, if we use promoters that are expressed only in tissues that
are infected by the pathogen (i.e., the transgene products should be spatially and temporally restricted to those times and
places where the protein products are needed for disease resistance).

OBJECTIVES
1. Identify and determine sequence of promoters driving genes specifically transcribed in grape tissue or cells of plants

infected with Xf.
2. Construct transformation-ready vectors containing Vitis promoter-GFP reporter gene fusions that will be used for the

functional assay of putative promoters. (GFP=green fluorescent protein)
3. Conduct transient functional assays of the promoter-GFP fusions in stems, leaves and roots infected with Xf.
4. Produce stable transgenic grape plants with promoters that functioned effectively in the transient assays and characterize

the strength of the selected promoters using the GFP-reporter.

RESULTS
The first step taken was to utilize a Bacterial Artificial Chromosome (BAC) set of libraries of V. vinifera on high density
filters for gene identification in grapes through the UC Davis California and ES Genomics Facility (http://cgf.ucdavis.edu/).
Our specific interest is in sequences immediately 5’ to the candidate genes (maximum 5 kbp), but to be conservative we
sequenced regions beyond where we believe the promoters to reside.  We then proceeded with Sublibrary preparation and
clone management, wherein BAC DNA was isolated using the Qiagen Large Construct kits, sheared fragments generated by
HydroShear (Gene Machines, Inc.) and blunt-ended using a fill-in approach and cloned en masse into a SmaI-digested
pUC18 sequencing vector.  The next step was to generate paired-end sequence reads from the pUC18 subclone library, with
two 384-well plates analyzed for each BAC clone.  Theoretically this equated to 8.5X coverage of a typical 125 Kb BAC
clone. To generate ordered contigs and facilitate the finishing phase of the project, we designed PCR primers from the ends
of contigs using an automated Primer 3 software pipeline.  All templates are to be sequenced a minimum of both directions.

Identify 5' promoter regions in the sequenced genomic clones based on comparison to cDNA sequences currently in hand for
the three genes: We used PCR to isolate and clone the potential  5’ regulatory sequences into transformation ready vector
constructs (see below).  These plasmids have been used to construct a collection of binary vectors containing grape 5’
promoters for expression of GFP genes. Analysis of the sequence of the appropriate BAC clones will allow the design of
PCR primers to amplify and clone the 5’ promoter and 3’ sequences of the transcriptionally regulated grape genes into novel
binary vectors.  (Details of the plasmids are available upon request.)

Systems for analysis of the PD responsiveness of the isolated promoters
We are using three different but functionally related approaches to testing and characterizing the isolated promoter regions
derived above.  These include transient assays on infected and healthy leaves, transgenic hairy roots and whole plant
transgenics.  All three of the approaches will be initiated simultaneously in
the interest of time.  Each of the promoters of the three genes have been
assembled in several different configurations with the reporter gene (GFP)
and will be evaluated in conjunction with a constitutive promoter (CaMV
35S or FMV 34S).

Identify and determine sequence of promoters
We have focused on three promoters for grape genes whose expression
analysis reveals a specific dramatic increase in expression in PD diseased
grape compared to healthy or other inductions (Figure 2).  These three genes
(called G8946, G9353 and G7061) have each been used to isolate by
hybridization a BAC clone of grape genomic DNA containing the gene.
These BAC clones were then subjected to shotgun sequencing.  The
resulting sequence, once assembled and annotated for the location of the
hybridizing cDNA, were used to make PCR primers for approximately
1200bp of  sequence just 5’ of the cDNA start codon.

Figure 2. Northern analysis of Xf-
inducible gene expression.  RNA
isolated from leaves of healthy
Thompson seedless (lane 1), Xf-infected
Thompson seedless (lane 2 and 3), and
Xf-infected Chardonnay (lane 4) were
hybridized with labeled 8946 cDNA or
9353 cDNA.
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Construct transformation-ready vectors
PCR primers were used to amplify grape (Chardonnay) genomic DNA.  We readily
obtained the promoter of G8946 with a single PCR reaction.  However G9353 and
G7061 are proving to be more difficult.  The promoter regions of G9353 and G7061
are very AT-rich and PCR efficiency is poor for AT-rich sequences.  Repeated
attempts to PCR the entire promoter region have failed.  Therefore, we have divided
the promoter regions of G9353 and G7061 into three smaller overlapping regions
for PCR.  So far, for both promoter regions of G9353 and G7061, two of the three
fragments have been successfully cloned. After isolation and sequence verification,
these three fragments will be put back together by overlap extension PCR to
recreate the whole promoter region.  The promoter of G8946 has been cloned
upstream of a GFP reporter gene in a transformation ready vector and called
pBG8946minG (Figure 3).

Transient functional assays of the promoter-GFP fusions
The plasmid pBG8946minG has been transformed into A. tumefaciens strain
GV2260 and infiltrated using a needless syringe into both healthy and Xf-infected
grape (Thompson seedless) leaves.  After five days the leaves were imaged with a
confocal microscope.  We find that GFP fluorescence can be detected in
Agrobacterium-infiltrated leaves of Xf-infected plants but not healthy plants (Figure
4).

Produce stable transgenic grape plants
The plasmid pBG8946minG has also been transformed into A. tumefaciens
strain LBA4404 and is currently being used by the UCD Transformation Facility
to create transgenic Thompson seedless plants.

CONCLUSIONS
In addition to their utility for engineering PD resistance in grape, the advent of
Xf-induced reporter gene expression would provide an extremely powerful tool
to examine other host responses in their intact cellular and tissue context.  With
such tools, it should be possible to examine the chemical and/or physical cues
from the insect or pathogen that trigger host gene expression and the deleterious
effect of the disease.  Moreover, the recent development of Xf-GFP strains by
Dr. Steven Lindow at UC Berkeley offers the possibility of dual labeling to
simultaneously monitor pathogen spatial distribution and host gene expression.
Such dual labeling experiments are made possible by the availability of multiple
forms of GFP protein engineered to fluoresce with distinct spectral
characteristics.  It is conceivable, for example, that host genes might be induced
specifically in live cells, adjacent to sites of pathogen colonization of xylem
elements, and this technology would provide the means to test such hypotheses.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and
Glassy-winged Sharpshooter Board, and the American Vineyard Foundation.

Figure 3. Map of binary vector
pBG8946minG.  This vector
uses the grape promoter G8946
to drive expression of a GFP
gene.  In Agrobacterium this
vector will transfer DNA into
grape cells.

Figure 4. Agrobacterium-mediated
transient gene expression in grape
leaves. Agrobacterium tumefaciens
GV2260 containing pBG8946minG
(panels C and D) or a control plasmid,
pCB5minG, using the CaMV 35S
promoter (panels A and B) were
infiltrated into Thompson seedless
healthy (panels A and C) and Xf-
infected (panels B and D) leaves.
After 5 days, confocal microscopy was
used to detect GFP expression.  In
these micrographs, green is GFP
expression; blue is chlorophyll auto-
fluorescence; and red is polyphenolics
accumulation.  Arrows show
individual cells expressing GFP.
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EVALUATION OF GENES ISOLATED BY A FUNCTIONAL GENETIC SCREEN FOR SUPPRESSION
OF BACTERIAL GROWTH OR SYMPTOMS IN PIERCE’S DISEASE

Project Leaders:
David Gilchrist and James E. Lincoln
Department of Plant Pathology
University of California
Davis, CA 95616

Reporting Period: The results reported here are from work conducted October 2004 to September 2005.

ABSTRACT
Our overall objective is to identify genes from cDNA libraries of either grape or heterologous plants that, when up regulated
in grape, will disrupt infection, spread or symptom development by the xylem-limited bacteria, Xylella fastidiosa (Xf).
Hence, we are interested in the effect of the genetic disruption of Pierce’s disease (PD) symptoms on the movement or
establishment of the bacterium in the xylem of susceptible grape plants.  Recent published information from our laboratory
established that specific transgenes from homologous or heterologous hosts that block programmed cell death (PCD) during
plant disease development, can arrest both symptom development and microbial growth in planta in a range of plant-microbe
interactions. A functional screen was used to evaluate cDNA libraries of grape and tomato for genes that, when
overexpressed in tissues stimulated to undergo PCD, would block the death and therefore represent potential anti-PCD (anti-
disease symptom) genes.  Collectively, more than 500,000 cDNAs were screened and 12 genes were cloned that when
overexpressed as transgenes in tomato or grape blocked PCD.  Three of these genes when overexpressed as transgenes
blocked PCD triggered by a verified ceramide-derived inducer of plant PCD.  One of these gene, designated as PR1A in
grape, was chosen for further direct characterization. This gene has high sequence homology to a gene family from humans,
nematodes, hookworms and several plant species, wherein its expression is correlated with situations in which PCD is
blocked in both animal and plant diseases.  When overexpressed as a transgene in grape, the PCD sensitive grape tissues is
now insensitive to microbial inducers of PCD.  We believe that examination of the molecular basis of cell death in pre-
symptomatic and symptomatic tissues, along with the immediate assessment of the effect of expressing anti-apoptotic
transgenes in PD infected tissues on the development of death-related symptoms in grape, will be very informative in the
short run in terms of PD biology and physiology.  In a longer time frame these data will likely yield genetic strategies for
protection of grape against infection by Xf in years not decades.

INTRODUCTION
Published information from our laboratory confirms that specific transgenes from homologous or heterologous plants, that
block PCD during plant disease development (4), as well as chemical inhibitors of apoptotic proteases (3), can arrest both
symptom development and microbial growth in planta in a range of plant-microbe interactions (3, 4, 5).  The conserved
genetically determined PCD process can be studied by biochemical, cytological and genetic techniques and can be
transgenically manipulated by techniques developed in our laboratory (3, 4). ). PCD is now well established as a key pathway
involving many gene products in numerous diseases of animals and plants. We further established that expression of the anti-
apoptotic p35 gene in transgenic grape tissue blocked cell death (PD) symptoms in Xf infected tissue. This demonstrates that
the anti-apototic genes to be recovered from the cDNA library screens have excellent potential to provide protection in grape
against PD. Based on previous results we tested the effect of the p35 transgene from baculovirus on viability of roots,
produced on Xf infected chardonnay and observed protection of the roots against death in the presence of Xf. This indicates a
role for PCD in PD and provides optimism that novel genetic determinants of resistance can be identified using this screen.
Given the strategies used it is likely the genes will function in grape by altering the effect of Xf infection in grape through
suppression of symptoms either directly on cell death or indirectly by modifying the behavior of the bacterial in the xylem.  It
should be emphasized that the effect of anti-apoptotic transgenes on plants is not to induce so-called systemic acquired
resistance (SAR) as no markers of SAR are induced in the presence of anti-apoptotic genes such as the p35 gene (4).  We
believe that the effect of expressing anti-apoptotic transgenes in PD infected tissues on the development of death-related
symptoms in grape will contribute significant information in terms of PD biology and physiology.  In a longer time frame
these data will likely yield genetic or chemical-based signaling strategies for protection of grape against infection by Xf in
years not decades, perhaps similar to the effects we reported previously in tomato (4).

OBJECTIVES
1. Create grape transgenic plants over-expressing candidate anti-apoptotic plant genes obtained through cDNA library

screens.
2. Evaluate these specific anti-apoptotic plant genes in grape for effect on Xf and PD symptoms.
3. Apply signal molecule discovery tactics to elucidation of the molecular basis of susceptibility, focusing first on grape

PR1A.
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RESULTS
Creation of grape (Thompson seedless) transgenic plants over-expressing genes of interest
Although the construction of a
grape cDNA libraries initially
proved much more difficult than
we had experienced in making
libraries from 4 other plant
species, we have isolated a
number of genes from screens of
Chardonnay cDNA libraries as
well as tomato cDNA libraries
that potentially regulate
programmed cell death in plants
(Table 1).  The inserts for all
libraries are cloned into the
binary vector B5 for direct
transformation into the A.
tumefaciens for generation of
transgenic grape plants by the
UCD plant transformation
facility. It is important to
emphasize that the screens were
not dependent on the presence or role of PCD in PD but will detect any gene that affects the integrity of the bacterium in the
infected tissue or the ability of the bacterium to elicit symptoms of PD, regardless of whether the step being affected is
strictly dependent on the induction of PCD.

Our goal is to rapidly identify resistance genes in grape genotypes that block any one of several required steps in the infection
and spread of Xf in the xylem, steps which logically will include genetic factors regulating PCD induced by disease stress in
grape.  We have begun to evaluate the effect of experimental transgenes both from tomato and from grape on grape tissue
bearing GFP-Xf in xylem elements with various cell death markers and GFP-marked bacteria.  By using the GFP-tagged Xf,
this also is a direct functional assay for genes that block bacterial movement or accumulation in the xylem of newly
differentiated grape tissue (6).

Evaluate transgenic grape (cv. Freedom) plants over-expressing specific anti-apoptotic plant genes for effect on Xf
and PD symptoms
Last year, over-expressing transgenics of grape (Freedom) were created for several of these cDNAs.  Although both
Chardonnay and Freedom transgenics were initiated only Freedom transgenics survived.  Northern analysis confirmed the
over-expression of transgene mRNA in these Freedom lines (Figure1). Pathogenicity tests with any isolated disease-
disrupting cDNA will first involve a system using micro-propagated (MP) plants that are vegetative clones of sterile grape
plants in small plastic boxes that can be infected with Xf under sterile conditions.  This ensures that these plants will have
uniform physiology without confounding by stress inductions as would likely occur in the field or greenhouse grown plants.
The MP plants show foliar symptoms typical of infected plants under field and greenhouse conditions.

Resistance of grape transgenics to PCD induction
Collectively, more than 500,000 cDNAs were screened and 12 genes were cloned that when
overexpressed as transgenes in tomato or grape blocked PCD.  Three of these genes when
overexpressed as transgenes blocked PCD triggered by a verified ceramide-derived inducer of
plant PCD, FB1.  One of these gene, designated as PR1A in grape, was chosen for further
direct characterization.  This gene has high sequence homology to a gene family from
humans, nematodes, hookworms and several plant species, wherein its expression is
correlated with situations in which PCD is blocked in both animal and plant diseases (Table
2). When overexpressed as a transgene in grape, the PCD sensitive grape tissues is now
insensitive to microbial inducers of PCD.  The use of PCD inducers other than Xf may allow
a rapid analysis for anti-PCD activity of an over-expressed gene in grape.  The fungal
mycotoxin FB1 has previously been shown by our lab to trigger PCD in tomato and can be
protected against by anti-PCD genes (4).  We investigated the possibility that grape
transgenics can also be assayed by FB1 insensitivity.  Both Freedom and Thompson seedless
showed high sensitivity to FB1.  The symptoms (Figure 2) included necrosis at the leaf
margins (at 250nM FB1)and leaf drop (at 1000nM FB1).  Interestingly expression of the
tomato P14 gene in transgenic grape protects the grape from PCD induced by FB1.  (Figure 3)

Table 1. “Short list” of plant anti-apoptotic genes, derived from functional screen of
cDNA libraries, for transformation into grape

Construct Gene Originating organism
CBWG3 secretory leader of chitinase but not ORF Chardonnay
CBWG8 glutathione-S-transferase Chardonnay
CBWG23 EST of grape, Arabidopsis, rice Chardonnay
CBWG29 Expressed ORF without significant match Chardonnay
CBWG33 Expressed ORF without significant match Chardonnay
CBWG71 cytokine-like Chardonnay
CBWG75 germin-like Chardonnay
CBPRIA PR1A Chardonnay
CBI35 intron p35  (anti-PCD control gene) baculovirus
CBP14LD P14 leader (wild type) tomato
CB376 mycorrhizal induced tomato
CB456 nematode induced tomato
CBMT metallothionine tomato

Figure 1. Northern
analysis of transgenic
grape.  RNA isolated
from transgenic grape
plants (Freedom) were
hybridized to a labeled
P14 probe.  Lanes 1 thru
4 are P14 transgenics;
lane 5 is a GFP
transgenic.
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CONCLUSIONS
The goal of this project is to identify novel genes from cDNA libraries of either grape or heterologous plants that, when
expressed in grape, will disrupt infection, spread or symptom development by Xf. From a functional screen of more than
500,000 cDNAs, a total of 12 genes were scored as capable of blocking PCD in both yeast surrogate system and a plant
disease-based system.  Significantly we demonstrated that expression of the p35 gene and the PR1A gene, when up-regulated
in transgenic grape tissue blocked programmed cell death. Additional potential anti-PCD genes from the functional screen are
currently being transformed into whole grape plants (Thompson seedless) for further characterization. We believe that
examination of the molecular basis of cell death in symptomatic tissues will be very informative in the short run in terms of
PD biology and physiology.  In a longer time frame these data will likely yield genetic or chemical strategies for protection of
grape against infection by Xf in years not decades.

REFERENCES
1. Gilchrist, D.G. 1997. Mycotoxins reveal connections between plants and animals in PCD and ceramide signaling. Cell

Death and Differentiation 4:1312-1317.
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213-221.

Table 2. PR1 family amino acid lineup displaying domains of high conservation

Figure 3. FB1 sensitivity
assay.  The terminal four
nodes of a  P14 transgenic
(A) or a GFP transgenic (B)
grape shoot was pushed into
growth media containing
250nM of the programmed
cell death inducing FB1.
Photo was taken after 2
months. Non transgenic plant
is killed while the plant
transgenic for the P14 gene is
protected and survives

Figure 2. Induction of
PCD in grape by
sphinganine analog
mycotoxin FB1, a
widely used inducer of
PCD in plants and
animals. Left = 0, Right
=250nm.
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ABSTRACT
The primary objective of this research was to characterize the seasonal abundance, dispersal, and overwintering biology of
the glassy-winged sharpshooter (GWSS), a primary vector of Xylella fastidiosa (Xf).  Moreover, to estimate the incidence of
Xf detected from GWSS collected in different perennial cultivated and non-cultivated plant species.  Based on results of
seasonal plant utilization 2004-05, we conclude that host plant species significantly influences GWSS population biology.
GWSS adult, nymph, and egg mass densities varied among perennial, cultivated crop plant species and non-cultivated weed
species examined in this study.  Perennial crop species examined included sweet cherry, navel orange, Spanish lemon, olive,
avocado, plum, and pomegranate.  Dispersing populations of adult GWSS were highest in citrus (lemon and navel) and
pomegranate.  Adult GWSS were also regularly collected from and observed feeding upon a wide range of non-crop weed
species within and surrounding orchard crops.  Overwintering adult GWSS were regularly collected in relatively low
population densities on citrus (navel and lemon), pomegranate, avocado, plum, and non-crop annual weed species.  Spatial
patterns of adult GWSS capture within survey orchards varied among perennial crop species.  Random distributions of adult
GWSS were often observed in reproductive hosts including navel orange and Spanish lemon compared to population
aggregates observed in avocado and olive.  The presence of Xf in a subsample of GWSS collected among different perennial
crops and on non-crop species was determined for collections in 2004 using PCR formats and the frequency of Xf detection in
populations of GWSS varied among season in 2004.

INTRODUCTION
The glassy-winged sharpshooter (GWSS, Homalodisca coagulata) was introduced into southern California around 1990 and
has continued to expand its range in the state (Varela et al. 2001).  Populations of the GWSS are becoming widely distributed
and the insect will reportedly feed and oviposit on a wide range of perennial crop and ornamental plant species as well as
numerous non-crop wild plant species (Adlerz and Hopkins 1979, Daane and Johnson 2003, Groves and Chen, 2003).
Strains of Xylella fastidiosa (Xf) have a complex pathogenic relationship with a diverse host range including members of both
monocots and dicots (Pooler and Hartung 1995).  In addition, the genetic relationships associated with the ability to cause
disease on a primary host and the ability to survive within reservoir hosts is not well understood (Hill and Purcell 1997,
Purcell and Saunders 1999).  Knowledge of the genetic diversity of strains that comprise the population of Xf in the central
San Joaquin Valley (SJV) of California, especially as it relates to insect vectors, will help in devising effective strategies for
managing Pierce’s disease (PD), as well as other diseases caused by this bacterium. An accurate knowledge of GWSS host
utilization in the central SJV, where they acquire the pathogen, when they move into susceptible crops, and when they spread
the pathogen is critical to understanding and managing the spread of Xf diseases.

OBJECTIVES
1. Identify and characterize the seasonal abundance of the primary vectors of Xf and seasonal patterns of insect dispersal.
2. Compare the incidence and genetic structure of Xf strains isolated from GWSS and other potential insect vector species

collected from perennial, cultivated and non-cultivated plant species.

RESULTS
Objective 1
Seasonal host utilization patterns and dispersal of GWSS within and among a variety of perennial crop plant species was
examined March 2003 to March 2005.  Replicated experimental sites were located in GWSS-infested regions of Tulare
County, California.  Temporal and spatial patterns of crop utilization were monitored within perennial crop species including
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citrus (navel orange and Spanish lemon), stonefruit (sweet cherry and plum), olive, pomegranate, and avocado at each of
three, replicate locations for each crop type.  Non-crop weed vegetation was monitored throughout the season at three
experimental sites along with a single riparian habitat (Kaweah River).  Throughout the sample interval, crops were sampled
weekly for GWSS lifestages using a combination of yellow sticky traps, beat sampling, and timed visual counts.  Beat-net
counts, egg mass counts and visual inspections of all GWSS lifestages were used to estimate the seasonal patterns of host
utilization within the various crop and non-crop species.

Results over both years of this study indicate that host plant species influences GWSS population biology.  The greatest mean
number of adult GWSS was collected from citrus (navel
and lemon) and pomegranate (Figure 1).  More nymphs
were present in navel orange and pomegranate with fewer
nymphs collected in olive, avocado, cherry, plum, and
peach.  Non-crop plant species upon which adult and
nymphal GWSS were collected included red-root
pigweed, prickly lettuce, annual sowthistle, little mallow,
lambsquarters, field bindweed, blue morning glory, curly
dock, evening primrose, johnsongrass, and ground cherry.
The greatest mean number of GWSS egg masses were
collected from both citrus and pomegranate.

Seasonal dispersal of adult GWSS was monitored using
yellow sticky traps suspended 2 m above the ground at
each of 3 experimental locations for each crop sampled
(Figure 2).  Since March 2003, a total of 30,534 adult
GWSS, 32 green sharpshooters (GSS, Draeculacephala
minerva), and an additional 351 unidentified leafhopper
species were captured on yellow sticky cards.  In both
years, the number of dispersing GWSS varied among
crops species surveyed. Spatial patterns of GWSS
capture, represented by plots of semivariance over
distance, were dissimilar among crop species examined.
For example, spatial dependence in GWSS capture was
observed in pomegranate where the shape of the
semivariogram were best fit by linear models with non-zero slopes.  In contrast linear models with zero slopes best fit
semivariance plots in navel orange in 2003.  Specifically, partial variance in mean capture varied little among distances and
transects within GWSS-reproductive citrus hosts compared to pomegranate where aggregations were detected along crop
margins and mean capture rates declined with distance into fields away from citrus.

Throughout the winter periods (November-March) in 2003-04 and 2004-05, overwintering host utilization patterns of adult
GWSS were monitored among the previously listed species.  Overwintering adult GWSS were sampled monthly through this
interval in perennial tree crops by beating/shaking all scaffolds over two, 80 ft2 white, PVC tarps that flank both sides of the
tree stem and in non-crop weed species using sweep net collections described previously.  Adult GWSS were collected
overwintering on citrus (lemon and navel), pomegranate, peach, plum, and avocado averaging 0.2, 0.4, 0.9, 0.02, 0.05, and
0.5 adult GWSS/tree, respectively, over the four month sample interval, 2003-04.  Mean populations of adult GWSS swept
from non-crop annual vegetation have averaged 1.1, 2.4, 0.9, and 0.3 adult GWSS/50-sweep sample over the same interval,

Figure 1. Mean adult (A), nymph (B), and egg mass (C) densities of GWSS collected from perennial tree crop and
non-crop plant species in surveys conducted 2003 and 2004.
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Figure 2. Total adult GWSS captured within
perennial tree crops surveyed in 2003 (A) and 2004
(B) on yellow sticky traps.
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respectively.  Very few (N=68) adult GWSS were collected during the 2004-05 winter period among the species surveyed
presumably as a result of the GWSS area-wide control program administered in Spring, 2004

Objective 2
The presence of Xf in a subsample of vectors collected from different perennial crops and on non-crop species was completed
for collections obtained in 2004.  The bacterium was detected in populations of green sharpshooter (GSS, Draeculacephala.
minerva), watercress leafhopper (Acinopterus angulatus), and GWSS. Among a total of 452 adult D. minerva subjected to
standard PCR detection with primers HL 5/6 (Francis et al. 2004), approximately 10% (N= 42) produced an amplicon size
(221 bp) in gels. Among 96 adult A. angulatus tested to date, approximately 6% (N=6) produced a similar amplicon size
indicative of infection by Xf. Among 731 adult GWSS tested in 2004, a similar amplicon was produced in 95 insects (13.0
%) collected among 7 perennial crop and non-crop habitats (Table 1).  Averaging over plant species, the seasonal Xf detection
frequency varied among the crops reported in 2004 with the highest detection occurring among overwintered, adult GWSS.
Differences in Xf detection were not as apparent among the different plant species averaging over season ranging between

5.6% – 22.6%.  We are currently processing samples collected in 2003 from the same set of crops species and these results
will be compared to those obtained in 2004.  The diversity of amplified Xf will further be assessed using SSR markers
deduced from the available genome sequences (Lin and Walker, 2004).  Previous studies have demonstrated that these
protocols generate sufficient polymorphisms within Xf to enable grouping of genotypes.  Strain specific primers will also be
used to investigate the pathotype profile of amplified products. Results from the 2004 season’s research indicate substantial
amounts of detectable Xf in GWSS populations, however further pathotype analyses are needed to differentiate the proportion
of PD versus non-PD strains detected in potentially infectious vectors (Table 1).  Finally, attempts will also be made to
quantify Xf in selected insect vectors to identify the population dynamics of Xf within the vector populations. With recent
improvements in technology, PCR-based techniques appear increasingly promising for bacterial pathogen detection in GWSS
and other insect vector species.  The bottleneck, however, lies in the preparation of inhibitor-free template DNA.  We have
recently developed a simple, sample preparation procedure for PCR amplification of Xf DNA.  Adult insect heads were
freeze-dried and used for PCR immediately. For PCR, the dried heads were pulverized and powder suspension used.
Appropriate dilutions of powder suspension further minimized the effect of possible DNA polymerase inhibition.  This
recently developed PCR method will provide a more rapid and much less labor intensive platform for evaluating the
infectious nature of potential vector species bypassing the laborious steps of whole-DNA extraction.

CONCLUSIONS
Results obtained from our two year study have generated significant new information regarding the seasonal host utilization
patterns, dispersal, and overwintering biology of GWSS in the central SJV of California.  This information will improve our
understanding of the epidemiology of Pierce’s disease and will also be useful in understanding the epidemiology of other
economically important diseases caused by Xf for which GWSS may become an important vector.  This objective directly
addresses gaps in our present understanding that must be filled in order to develop comprehensive PD and GWSS
management strategies.  This research has expanded on previous work by documenting important aspects of the population
biology of GWSS in the agricultural landscape of the central San Joaquin Valley of California.  An improved knowledge of
the genetic diversity of strains that comprise the population of Xf detected from potentially infectious GWSS will further help
in devising effective strategies for managing Pierce’s disease, as well as other important diseases caused by this bacterium.

Table 1. Seasonal Xf detection summary among adult GWSS collected in different crop and
non-crop habitats of Tulare County, 2004.

Crop
Season AVO LEM NAV OLI PLU POM RIP TOTAL

Winter 13.8%  16.7%  11.1%   0.0%   6.3%   7.7%   0.0% 7.9%
(Jan-Mar) (N=65) (N=78) (N=91) (N=23) (N=16) (N=33) (N=3) (N=309)

Spring 33.3%  30.2%  38.1%  42.9%  45.5%  32.5%  22.2% 35.0%
(Apr-Jun) (N=42) (N=53) (N=25) (N=14) (N=22) (N=40) (N=9) (N=205)

Summer 0.0% 3.9%   5.6%   5.9%  38.5%   9.5%   0.0% 9.1%
(Jul-Sep) (N=51) (N=66) (N=18) (N=17) (N=13) (N=21) (N=12) (N=198)

Winter 0.0%   0.0%   0.0% 0.0%   0.0%   0.0% 0.0% 0.0%
(Oct-Dec) (N=1)  (N=2)  (N=9)  (N=0)  (N=2)  (N=5)  (N=0) (N=19)

TOTAL 11.8%  12.7%  13.7%  12.2%  22.6%  12.4%   5.6% 13.0%
(N=159) (N=199) (N=143) (N=54) (N=53) (N=99) (N=24) (N=731)



- 25 -

REFERENCES
Adlerz, W.C. and Hopkins, D.L. 1979. Natural infectivity of two sharpshooter vectors of Pierce's disease in Florida. J. Econ.

Entomol. 72: 916-919.
Daane, K. M. and Johnson, M. W.  2003. Biology and ecology of the glassy-winged sharpshooter in the San Joaquin Valley,

pp. 247-249. In. Proceedings, Pierce’s Disease Research Symposium, M. Athar Tariq, S. Oswalt, P. Blincoe, R.
Spencer, L. Houser, A. Ba, and T. Esser (eds.), 8-11 Dec. 2003, San Diego, CA. Calif. Dept Food and Agric.,
Sacramento, CA.

Groves, R. L. and Chen J. I. 2003. Epidemiology of Pierce’s Disease in the Central San Joaquin Valley of California: factors
affecting pathogen distribution and movement, pp. 92-94. In. Proceedings, Pierce’s Disease Research Symposium, M.
Athar Tariq, S. Oswalt, P. Blincoe, R. Spencer, L. Houser, A. Ba, and T. Esser (eds.), 8-11 Dec. 2003, San Diego, CA.
Calif. Dept Food and Agric., Sacramento, CA.

Francis, M. L., Cabrera, J. C., Lin, H. and Civerolo, E. L. 2004. Detection of Xylella fastidiosa in insect vectors in California,
p. 275. In. Proceedings, Pierce’s Disease Research Symposium, M. Athar Tariq, S. Oswalt, P. Blincoe, R. Spencer, L.
Houser, A. Ba, and T. Esser (eds.), 7-10 Dec. 2004, San Diego, CA. Calif. Dept Food and Agric., Sacramento, CA.

Lin, H. and Walker, A. 2004. Development of SSR markers for genotyping and assessing the genetic diversity of Xylella
fastidiosa in California, pp. 206-209. In. Proceedings, Pierce’s Disease Research Symposium, M. Athar Tariq, S.
Oswalt, P. Blincoe, R. Spencer, L. Houser, A. Ba, and T. Esser (eds.), 7-10 Dec. 2004, San Diego, CA. Calif. Dept
Food and Agric., Sacramento, CA.

Hill, B.L. and Purcell, A.H. 1997. Populations of Xylella fastidiosa in plants required for transmission by an efficient vector.
Phytopathology 87: 1197-1201.

Pooler, M.R. and Hartung, J.S. 1995.  Genetic relationships among strains of Xylella fastidiosa from RAPD-PCR data. Curr.
Microbiol. 31:134-137.

Purcell, A.H. and Saunders, S.R. 1999. Fate of Pierce's disease strains of Xylella fastidiosa in common riparian plants in
California. Plant Dis. 83:825-830.

Varela, L.G., R.J. Smith and P.A. Phillips. 2001. Pierce's Disease. Univ. California. Agric. and Nat. Res. Publ 21600.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program, the CDFA Pierce’s
Disease and Glassy-winged Sharpshooter Board, and the USDA Agricultural Research Service.



- 26 -

THE EFFECT OF DORMANT SEASON SURVIVAL OF XYLELLA FASTIDIOSA IN GRAPEVINES
ON PIERCE’S DISEASE EPIDEMICS IN CALIFORNIA

Project Leader:
Barry L. Hill
CDFA, PDCP
Sacramento, CA  95832

Cooperators:
Jennifer Hashim
UC Cooperative Extension
Kern County, CA

William Peacock
UC Cooperative Extension
Tulare County, CA

Reporting Period:  The results reported here are from work conducted May 2005 to October 2005.

ABSTRACT
The two California Pierce’s disease (PD) epidemics associated with population outbreaks of glassy-winged sharpshooter, at
Temecula in the mid 1990s and in Kern County peaking in 2002, differed dramatically in the number of vineyards lost and
the grapevine varieties affected.  It is postulated that vine-to-vine (secondary spread) of infections occurred throughout all
vineyards in both areas but the survival and progression to disease of these infections differed between the two areas.  In
Temecula, many of the resulting infections survived vine dormancy and progressed to chronic disease resulting in the loss of
half or more of the area’s vineyards of all varieties.  In Kern County only some of the infections in only two varieties,
Redglobe and Crimson Seedless, survived vine dormancy and progressed to disease, and vineyards of all other varieties were
unaffected.  A hypothetical explanation of this epidemiological pattern is presented and experiments are begun to test this
hypothesis.  The benefit to grape growers in the southern San Joaquin Valley will be to provide reliable ways to reduce risk
of loss by PD epidemics.

INTRODUCTION
Following the appearance in the mid 1980s of the glassy-winged sharpshooter (GWSS) in California, there have been two
major epidemics of Pierce’s disease (PD) associated with large populations outbreaks of GWSS, first in Temecula in the mid
1990s, and second in the General Beale area of Kern County peaking in 2002.  The patterns of PD incidence and vineyard
loss differed dramatically between these two epidemics.  In Temecula, the site with the milder winter climate and shorter
dormant season, more than half of the region’s vineyards were lost, and most or all the varieties had substantial losses
resulting in removal of vineyards.  In Kern County (which has a colder winter climate and longer dormant season), only a
small percentage of the vineyards were lost, and all of the lost vineyards were in only 2 of the 6 varieties in the area,
Redglobe and Crimson Seedless.  The losses to vineyards of the other 4 varieties were very small, in most cases less than 1 in
10,000 vines.  By contrast, all 12 of the Redglobe vineyards in the General Beale area were significantly damaged with from
2% to more than 50% of the vines lost (Hashim, et.al., 2003), and most of these vineyards were ultimately removed.

Grapevines acquire new Xylella fastidiosa (Xf) infections either by primary spread or secondary spread.  Primary spread
occurs when vector insects acquire the bacterium from source plants outside the vineyard, then fly into the vineyard to infect
vines.  Secondary spread occurs when vector insects acquire Xf from an infected vine in the vineyard and then spread the
infection to other vines, vine-to-vine spread.  The risk associated with these two kinds of spread is different.  The patterns of
spread associated with primary spread are linear, that is a typically small and relatively constant number of vines per year
become infected, and the accumulation of infected vines increases additively.  The result is usually small but manageable
losses each year.  The patterns of spread associated with secondary spread are typically logarithmic, and the accumulation of
infected vines increases as a multiple of the infected source vines that are present. The result can be the rapid loss of entire
vineyards within just a few years.

Secondary spread can not begin to occur until that time in the growing season when the bacterial cells in diseased vines have
multiplied and moved within the vine from the refuge site where they survived the dormant season, up into the new growth
where vector insects can feed and acquire them.  Secondary spread of infection can then continue until the end of the growing
season.  However infection does not equal disease.  The phenomenon of over-winter curing of Xf infections is well
documented in most viticulture areas of California (Fiel et.al., 2003).  Early season inoculations can result in infections that
survive the dormant season and progress to chronic disease and vine death.  However later season infections do not become
sufficiently established to survive the dormant season, and the vines are free of infection the following year (Fiel et.al., 2003).
In most viticulture areas of California (Napa Valley, for example) secondary spread of infection regularly occurs, but it
cannot begin early enough in the season such that the infection can survive vine dormancy and progress to chronic PD.  In
these areas secondary spread occurs but does not result in disease.
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Figure 1 Figure 2

Our hypothesis is that in the General Beale area secondary spread of infection occurred in all varieties, possibly infecting
large numbers of vines in every vineyard.  The rate of Xf multiplication and movement varies within plant hosts (Hill and
Purcell, 1995), and presumably varies between grapevine varieties.  In the most susceptible varieties, Redglobe and Crimson,
the rate of bacterial multiplication and spread was faster and the result was that the bacteria had a window of opportunity
sometime in mid season when secondary spread could progress to disease.  Secondary spread infections could not occur
before this time window, and secondary spread infections after this time window did not survive vine dormancy.  Thus in the
two susceptible varieties some, but not all, of the secondary infections progressed to chronic disease.  In the resistant varieties
however, by the time secondary spread could begin, it was too late for the infections to become well enough established to
survive vine dormancy, and virtually all of those infections died out leaving the vines free of disease the following year.  This
is illustrated in the two hypothetical figures below.  The position and shape of the left hand curves in each of the figures,
labeled “Probability that Xf inoculation survives dormant season,” is affected by the rate of multiplication and movement of
the bacterium as influenced by the characteristics of the variety.  The position and shape of the right hand curves in the
figures, labeled “Probability of Xf acquisition by GWSS,” is also affected by the varietal’s characteristic rate of multiplication
and movement of the bacterium.  The position and shape of these curves can also be influenced by the severity of winter
climate and the length of the dormant season.  A milder and shorter dormant season would move the curves for all varieties
toward each other, resulting in a greater probability of overlap and thus a greater probability of a window of opportunity
when secondary spread could result in chronic disease.  A colder and longer dormant season would move the curves further
apart, thereby reducing overlap and reducing or eliminating the possibility of secondary spread.  This would account for the
dramatic difference between the epidemiological patterns observed in the Temecula vs. the General Beale epidemics.  In the
General Beale area most of the varieties would be “resistant” to secondary spread of PD, and thus the vineyards were not lost
to disease.  Those same varieties, if grown in the Temecula area, would have a shift in their probability curves such that the
curves would overlap, the varieties would then be “susceptible” to secondary spread, and the vineyards would be lost.

Current research efforts on PD being funded by the viticulture industry and by government are directed toward finding a
solution to the threat of PD to viticulture in California, a cure if possible.  While a cure is desirable, it is also likely to be a
long-term effort, expensive, and possibly impractical.  The risk from PD, even in the presence of GWSS is not uniform
throughout the state because the epidemiology characteristics are different in various areas.  If the epidemiological risk could
be reliably defined for each area and effective control measures devised and adopted to reduce or eliminate risk, the threat
could be reduced to economic unimportance.  Ideally we could know enough specific epidemiology to provide the following
advice to growers in each area: “Your risk of loss from primary spread is X, and by adopting these control measures at cost
Y your risk can be reduced to Z.  Furthermore your risk of loss from secondary spread is A, and by adopting these control
measures at cost B, your risk can be reduced to C.” This knowledge would satisfy the need of almost all California grape
growers.

This project addresses the risk of loss from secondary spread in the southern San Joaquin area, and should identify a window
of vulnerability when protections against secondary spread would be most effective.  These experiments will provide actual
data to help convert the hypothetical curves proposed here, to real curves for susceptible and resistant varieties in the
southern San Joaquin Valley.  If the timing and duration of the time window when susceptible varieties are vulnerable to
secondary spread is identified, then chemical protections, such as systemic insecticides, may reduce the risk during that
window of time to economic unimportance.

Based on historical experience the risk from primary spread appears to be negligible in Kern County and is confined to
localized pockets in Tulare and Fresno Counties (pers. com. W. Peacock, J. Hashim).  Primary spread during the General
Beale GWSS/PD epidemic would have affected all the varieties, but there is no epidemiological evidence that this occurred



- 28 -

(Hashim et.al., 2003).  Areas of southern Kern County where GWSS has been present in low numbers for more than 5 years
have rates of new PD infections that are less than 1 vine in 10,000 in all varieties.

Ideally the same kind of experiments should be conducted in various regions of California.  However there are both practical
and political impediments to conducting such experiments, and it is beyond the capacity of this laboratory to expand into
other areas.  The magnitude of these experiments requires plots with several hundred mature grapevines that are being
cultivated as a commercial vineyard, and there are concerns about experimentally introducing PD into viticulture areas close
to commercial production.  This project was delayed due to these concerns and was eventually located in a mature vineyard
in the Kerney Agricultural Field station near Parlier, California.  Other similar safe and acceptable locations are yet to be
located in other major viticulture areas.

OBJECTIVES
The hypothesis regarding differences among varieties regarding susceptibility to secondary spread will be experimentally
tested by:
1. Determining the “Probability that Xf inoculation survives dormant season” curves for 4 different varieties, a resistant, a

susceptible, and three unknowns, and
2. Determining the “Probability of Xf acquisition by GWSS” curves for the same 4 varieties.

Objective one will involve needle inoculations of 20 to 35 vines at a time, of each variety, at twice a month intervals for 4
months beginning at the end of April.  Systemic infections will be confirmed by ELISA testing of each vine during the year
that they are inoculated.  The following year they will be tested to see whether the infections persisted over the dormant
season.  Objective two will involve inoculating 50 vines of each variety early in the season, then testing the vines at various
time intervals the following year to determine when the bacterium appears in the new foliage such that GWSS could acquire
the bacterium by feeding on the foliage.  The experiments for objective one have been done previously, but not with sample
sizes and frequencies that would allow the reliable depiction of bacterial survival curves.  Objective two has not been done
before, nor has the combination of the two curves been done together to determine the possibility and timing of a potential
window of time when secondary spread would be possible.

RESULTS
The inoculation and monitoring experiments are being done at the University of California Kearney Research and Extension
Center at Parlier, California on a 3.2-acre plot that had 1260 mature (ca.10 year old) Thompson Seedless vines.  On 180 of
these vines two grafts each of another variety (Selma Pete) were grafted 3 years ago on the mature Thompson roots.  These
180 Selma Pete vines (now in their 4th season) and another 320 Thompson Seedless vines were needle-inoculated this year at
twice per month intervals beginning the end of April through the middle of August, 8 total inoculations.  The vines inoculated
in May and June (4 inoculation times, 220 vines) have been tested so far, and 100% of the inoculations have resulted in Xf
infections that have multiplied and moved beyond the inoculation site.  The remaining vines will be tested before the vines go
dormant this year.

The remaining 760 mature Thompson Seedless vines that were not involved in inoculation experiments this year were cut off
about 30 cm above the soil and grafted with Redglobe, Thompson Seedless, or Princess cuttings in early April of this year.
About 80% of these grafts were successful, and are therefore now near the end of their first year of growth.  In three years
these vines will be ready for the same kind of experiments that are being conducted this year with the currently mature
Thompson’s and Selma Pete vines.  It was unfortunate that a site could not be obtained this year with sufficient mature
Redglobe and Thompson vines to enable the experiments to be done now without waiting for three years, but the concerns of
the PD control programs in the southern San Joaquin Valley prevented obtaining such a site.

Each needle inoculation introduced a droplet with at least 10,000 viable Xf cells into the plant xylem.  Each plant was needle
inoculated at two different sites, on shoots that were on different scaffolds or branches of the vine, and the inoculation sites
were flagged so that they could be found again.  The inoculations were near the base of the shoots, about 3 internodes
(usually about 15 to 20 cm) from the mature wood.  At each inoculation site both the stem and the closest petiole were
inoculated.  The intent was to make the inoculations with many thousands more cells than a vector insect would transmit, and
at sites comparable to where a feeding GWSS might inoculate close to the old wood.  The idea was to maximize the
probability that the needle inoculation would result in infections that might survive the dormant season.  If this intensive
needle inoculation does not result in infections that survive the dormant season, then surely inoculations by GWSS would not
result in infections that survive.

CONCLUSIONS
These experiments have just begun.  We have established that the inoculation protocol is at or close to 100% effective at
producing infections of Xf. There have been many speculative theories about why GWSS inoculations would be more likely
than traditional California vectors to produce Xf infections that survived vine dormancy and progressed to disease.  These
experiments are even more likely than GWSS to produce infections that survive.  If under these circumstances it is found that
secondary spread in resistant varieties in the southern San Joaquin cannot begin until after the time when the new infections
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can survive the dormant season (i.e. the curves do not overlap) then it could be asserted that the risk of secondary spread in
this region in resistant varieties with GWSS as a vector is not economically significant.
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ABSTRACT
Prior to this study, it was unknown what impact the glassy-winged sharpshooter (GWSS), Homalodisca coagulata, had on
fruit yield, fruit size, and quality as well as tree vigor.  The effects of the high feeding populations of GWSS on navel orange
peel nutrient status and metabolism have been consistent for the four years of the study.  High GWSS feeding populations
significantly reduced peel Ca and Mg concentrations all years of the study: year 1 (P≤0.05) and year 2 compared to the low
GWSS population (P≤0.001).  High GWSS feeding populations significantly disrupted N metabolism causing high peel
nitrate-N or total N in years 1 and 2, respectively (P≤0.05).  High GWSS feeding populations significantly increased peel
arginine and putrescine concentrations in four years of the study with the magnitude of the difference between the two
treatments greater in years 2 and 3 (P≤0.05).  High GWSS feeding populations resulted in a numerically higher concentration
of proline in year 1 and a significantly higher proline concentration in year 2 (P≤0.05).  Although GWSS feeding causes
changes in peel Ca, Mg and N status, high levels of feeding and the induced changes occur after maximum peel thickness
and, thus far, have not affected external fruit quality.  The changes in metabolism induced by GWSS feeding are indicative of
tree stress.  The increased magnitude and statistical significance of these metabolic changes over the first two years of high
GWSS feeding pressure is consistent with cumulative stress to the trees.  High feeding pressure resulted in significant yield
losses in ‘Washington’ navel oranges.

INTRODUCTION
Prior to this study, it was unknown what impact the glassy-winged sharpshooter (GWSS), Homalodisca coagulata, had on
fruit yield, fruit size, and quality as well as tree vigor.  The goals of this project were to determine the usefulness of
management of GWSS to prevent yield loss, fruit size reduction, and degraded fruit quality.  This information is paramount
before we can even begin to incorporate these into conventional IPM programs.  First we have to know what impact GWSS
has on citrus, and second we need to know how to use the currently available materials against the GWSS in IPM programs
to prevent potential losses without disrupting citrus IPM programs.  Prior to this study, efforts to manage GWSS in citrus
were primarily to suppress populations to limit the spread of Xylella fastidiosa in areawide management programs.

OBJECTIVES
This research was initiated to:
1. Address the impact of GWSS on fruit yield, and distribution of fruit size when GWSS are controlled compared to

untreated blocks of Valencia oranges, and ‘Washington’ navel oranges;
2. Evaluate the effects of high GWSS populations have on fruit quality (sugar/acid ratios, peel thickness, sugar/acid ratio,

juice quality, peel texture and firmness, susceptibility to post-harvest disorders) in Valencia and Navel oranges;
3. Evaluate the effects of large GWSS populations have on water stress, nutrient loss (Ca etc.), metabolite loss (amino

acids, xylem translocated PGRs) due to xylem feeding and fruit drop and fruit quality, and fruit drop;
4. Determine if Admire enhances fruit size, tree health and vigor in the absence of GWSS.
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RESULTS AND DISCUSSION
Objectives 1 and 2
The Navel orange experiment was initiated on August 21, 2001 for ‘Washington’ Navel oranges.  A site was established in
Mentone with a completely random design with five replications with high and low GWSS populations.  Each population
level has three rows of 43 trees (two guard rows and one central harvest row).  The low populations (as close to ‘0’ as
possible) were established by applying 32 oz. of Admire 2F via drip irrigation on August 21, 2001, April 7, 2002, and May 6,
2003.  Insects were monitored weekly by trapping, and visually counting adults, nymphs and egg masses.  Efforts to establish
differential populations were successful.  On July 3, 2003, visual searches revealed 139.6 adults/3 minute search/tree (± 3.7
SEM) in the high population trees verses 3.0/3 minute search/tree (± 0.5 SEM) in the low population trees (Figure 1).  The
adult peak for 2002 occurred on June 25 with 104.6 GWSS/3 minute count (± 6.5 SEM).  The high and low population trees
had 2.7 (± 0.6 SEM) and 0.9 (± 0.2 SEM) egg masses/25 leaf turns respectively.  One tree from a guard row was tented and
fumigated for absolute counts on August 27, 2002.  The absolute counts ranged from 1,149-4,999 GWSS/tree in the high
population trees and 10-21 GWSS/tree in the low population trees.

The data from the four seasons of this study indicate that chronic high feeding of GWSS on orange reduces overall yield and
size distribution.  At the beginning of the study, two population levels were established in a ‘Washington’ navel orange
grove.  The low population level had essentially 0 GWSS/tree and the high population level trees had more than 1,100
GWSS/tree during July, August, and September of 2001, 2002, and 2003.  At the beginning of this study, there were no
differences in the mean number of cartons packed by total yield or size distributions (Hix et al. 2002).  However, as the
influences of chronic high GWSS feeding were removed, differences were detected (Hix et al. 2003, 2004a, and 2004b).  For
unknown reasons, the populations at the Mentone grove began to decline during the summer of 2004 and the trend continued
during the summer of 2005.  A neighbor treated a 35-acre grove across the street in June 2004.  The counts peaked on August
12, 2004 with the high population trees at 38.7 (± 8.7 SEM) adult GWSS per three minute count compared to 1.1 (± 0.82) in
the treated trees.  The counts peaked on August 12, 2005 with the high population trees at 2.4 (± 0.7 SEM) adult GWSS per
three minute count compared to 0.7 (± 0.22) in the treated trees.  As a result, the January 2005 harvest essentially became a
“tree recovery” evaluation.  The yield seemed to recover because the separation in the mean yield was not as significant in
January 2005 as in previous harvests (Figure 2).

Navel oranges were harvested from 37 trees within the harvest rows January 21, 2005 and sent to the California Citrus
Packing House in Riverside for packout and evaluation.  Two cartons from two sizes (88 and 113) and two grades (Choice &
Export) from each replication (total of 96 cartons) were selected. Trans-Pacific shipment was simulated by storing the 96
cartons from at the packinghouse for 21 days at 37° F after which time the fruit was sent to Kearney Agricultural Center
(KAC) for storage at 68° F for four days followed by 55° F for five days.  For post-harvest evaluation at harvest, initial
measurements of general appearance, pitting, puff and crease, peel firmness, thickness, color, TA, TSS, and % juice were
taken from a 20 fruit sub-sample.  Fruit was evaluated for general appearance, rind pitting, and decay following simulated
shipment.

Objective 3
The results provide significant evidence that (1) the peel nutrient status of navel and oranges is reduced in a manner related to
GWSS population density and (2) peel metabolite concentrations indicative of stress also change in a manner related to
GWSS population density.

The peel nutrient status of navel orange fruit collected from the high and low GWSS treatments at Mentone during a period
of low population density in July 2002 were not significantly different.  At this site the GWSS population density increased
on approximately Aug 8 and remained high through the end of August-early September.  Peels from navel oranges collected
at the time of intensive GWSS feeding on shoots in the high GWSS treatment had significantly lower concentrations of the
Ca, Mg and NO3 than peels of fruit collected from the low GWSS treatment.  The results are consistent with reports in the
literature that high concentrations of Ca and Mg are found in GWSS excretions.  In addition, peel samples of fruit collected
from trees with high populations of GWSS tended to have a 10% and 12% less Mn and Mo, respectively.  However, these
differences were not statistically significant.  For fruit samples collected from the high GWSS treatment on August 11, 2002
just three days after the GWSS populations began to increase, the two contrasting population densities had no significant
effect on peel arginine concentration.  However, for navel orange fruit collected during the period of high GWSS populations
(August 20, 2002), peel arginine concentration was significantly greater for fruit from the high GWSS treatment than the low
GWSS treatment.  It is worth noting that arginine tends to accumulate in parallel with the build up of the GWSS population
over time.  Elevated arginine concentrations are indicative of biotic and abiotic stress conditions.  The accumulation of
arginine in navel orange peels in response to increasing GWSS population density also paralleled the increase in peel
putrescine concentration.  Arginine is the immediate precursor for the biosynthesis of putrescine, which is also known to
accumulate under stress conditions.  Depending on the regulation found in different plant species, concentrations of
spermidine increase, decrease or remain the same during stress. Spermine, which is typically found in lower concentrations
than putrescine and spermidine, is usually unaffected by stress.  These results strongly suggest that high population of GWSS
cause significant stress.  Proline concentrations decrease under stress when carbohydrates become limiting.  Whereas peel
proline concentrations tended to be lower for fruit collected from the high GWSS treatment, there was no significant
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difference in peel proline concentration between the two GWSS population densities.  For both GWSS populations, the
proline concentration decreased with time.

The effects of the high feeding populations of GWSS on navel orange peel nutrient status and metabolism have been
consistent for the four years of the study.  High GWSS feeding populations significantly reduced peel Ca and Mg
concentrations all years of the study:  year 1 (P≤0.05) and year 2 compared to the low GWSS population (control trees
treated with Admire) (P≤0.001).  High GWSS feeding populations significantly disrupted N metabolism causing high peel
nitrate-N or total N in years 1 and 2, respectively (P≤0.05).  (Note that nitrate-N concentration is lower than that of total N
and easier to perturb.)  High GWSS feeding populations significantly increased peel arginine and putrescine concentrations in
four years of the study with the magnitude of the difference between the two treatments greater in year 2 and 3 (P≤0.05).
High GWSS feeding populations resulted in a numerically higher concentration of proline in year 1 and a significantly higher
proline concentration in year 2 (P≤0.05).  In year 1, the yield of the 24 data trees in the high GWSS feeding population
treatment has numerically lower than the yield of the 24 control trees treated with Admire (low GWSS feeding population).
In year 2, the yield reduction caused by the high GWSS feeding population was approximately 50% and significant (P≤0.05).
The effect of GWSS feeding appears to be cumulative over the first three years of the study as the magnitude of the changes
tended to increase in magnitude and significance from year 1 to year 2 and year 2 to year 3.  Although GWSS feeding causes
changes in peel Ca, Mg and N status, high levels of feeding and the induced changes occur after maximum peel thickness
and, thus far, have not affected external fruit quality.  The changes in metabolism induced by GWSS feeding are indicative of
tree stress.  The increased magnitude and statistical significance of these metabolic changes over the two years of high GWSS
feeding pressure is consistent with cumulative stress to the trees.

Yield (kg/tree) for the individual navel orange trees sampled for fruit peel analyses was similar to the whole row harvest
(37trees/row) data obtained at Mentone.  Trees in the high GWSS populations tended to have fewer commercially valuable
large size fruit as some function of yield (Figures 1 and 2).

Figure 1. Mean number of cartons packed fresh (choice and export) between the high and low GWSS populations for the 21
Jan 2005 Navels.  Low population (virtually 0 GWSS) trees were treated on April 7, 2002, May 1, 2003, and May 5, 2004.  5
reps (Each rep = 37 trees) ± SEM.

2005 Navel Size Distribution
by  Population Level

Orange Size
48 56 72 88 113 138 163

C
ar

to
ns

/R
ep

lic
at

io
n

0

20

40

60

80

100 Low GWSS (= 0/tree)
High GWSS



- 33 -
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Figure 2. The low population trees produced more gross weight (pounds) of navels than the high population
trees.  N = 5 ± SEM.  1 replication = 37 trees.
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ABSTRACT

INTRODUCTION
For several years we have been studying the development of Pierce’s disease (PD) in grapevines.  Our studies have been
guided by a model of PD development that was proposed with our initial application for funding.  The Model proposed
several “steps” in disease development following introduction of the PD causal agent, the bacterium Xylella fastidiosa (Xf):

Xf introduction to vessels =>vessel cavitation =>initial water deficit => Xf population increase =>
production of enzymes by Xf =>cell wall digestion => oligosaccharide signals => ethylene synthesis rise =>

a "wave" of vessel occlusion beyond the infection site => collapse of vine water transport =>
leaf abscission => vine death

Although some aspects of the model are still being tested (the current project), our hypotheses have proven to be quite
accurate.  We have shown that xylem vessel obstruction (tyloses, plant cell wall component-derived gels, and, perhaps,
bacterial extracellular polysaccharides) and consequent reductions in stem water transport capacity are early consequences of
infection with Xf, before bacterial populations are substantial and have spread far from the inoculation point.  We have shown
that ethylene treatment of vines also triggers vessel obstruction development and reduced water movement and that ethylene
emanation from vines may increase following infection.  We have also developed data for xylem vessel length distributions
in grapevines and shown that Xf must pass through vessel pit membranes if the bacterial population is to develop
systemically, thus suggesting that digestion of cell wall polymers in the pit membranes is likely to be important to disease
spread.  These findings are reported in several reports at the annual PD Symposium (Labavitch et al., 2001, 2002; Labavitch
and Matthews, 2003) and, more recently, at disciplinary scientific society meetings (Perez et al., 2004; Roper et al., 2004)
and in referred reports (Stevenson et al., 2004).

This research has drawn together an assortment of UC Davis (UCD) researchers, each bringing a different disciplinary
research orientation to the study.  In addition, through regular discussions at UCD and with other researchers who have
become colleagues as a result of meetings at the annual PD Symposia, we have begun to see how important connections can
be made between our studies and those of other PD researchers. In this progress report, we discuss the successes we have had
in filling the gap in the portion of the model that proposes the links:

Xf population increase => production of enzymes by Xf => cell wall digestion =>
oligosaccharide signals => ethylene synthesis rise
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These successes include the demonstration that the putative Xf polygalacturonase (PG) gene actually encodes a PG and the
fact that this PG contributes to symptom development in inoculated grapevines.  We also discuss work designed to determine
whether xylem vessels become non-functional when the glassy-winged sharpshooter (GWSS) feeds.  Our project also
attempts to link the grapevine PD-related gene expression studies of Doug Cook et al. (UCD Plant Pathology) with the
developmental, biochemical and physiological characterization of PD development that is part of our continuing work.  That
effort will be discussed briefly.

OBJECTIVES
1. Complete testing of our model of PD development in grapevines.
2. Determine whether GWSS feeding on grapevines is accompanied by xylem vessel cavitation.
3. Determine whether the grapevine “regulators” that we have identified as important to development of PD affect the

expression of grapevine genes that have been shown to be important markers of Xf presence/PD infection.

RESULTS
Objective 1.  Complete testing of our model of PD development in grapevines.
Efforts in this research year have examined three aspects of the model not previously tested.  The first is the idea that cell
wall breakdown caused by the action of bacterial enzymes like the pectin-degrading enzyme PG that was putatively encoded
by an identified Xf open reading frame did, in fact, encode a PG that was important in PD development.  The second is
related to work designed to show whether Xf wall-digesting enzymes are present in the xylem of infected vines.  The third
pertains to descriptions of the porosity of the pit membranes that separate one vessel from its neighbors.

Does the Xf “PG” gene encode PG and what role does the gene product play in infection?
The progress report for one of our companion proposals (PIs Labavitch, Backus and Morgan) provides a detailed description
of the experiments and data that are relevant to this topic.  In short:
1. The PG sequence was cloned and then expressed in transgenic E. coli. Protein was isolated from the transformed E. coli

and shown to have PG activity.  Because we want to use the isolated Xf PG in tests of its effects on grapevine xylem
integrity and we have been able to isolate only a small amount of the PG thus far, we will continue to work to obtain
more of the enzyme.

2. The PG gene of Xf was functionally knocked out by insertion of an interrupting DNA sequence in it.  The resulting PG-
minus Xf bacteria were still viable, both in vitro and in grapevines, but they were not able to induce PD symptoms when
inoculated into vines.  This provides important proof that some process involving PG action that occurs in grapevines is
crucial for PD development!  We will continue to work to determine what the PG is doing.

The data suggesting that Xf PG plays an important role in disease development is consistent with the report of our PD
research colleagues (Aguero et al., 2005) showing that the expression in V. vinifera of the pear fruit PG-inhibiting protein (a
gene cloned in our labs several years ago) leads to decreased PD symptom development in inoculated vines.

Are Xf cell wall-digesting enzymes found in the vessels of infected vines?
At the 2003 PD Symposium, we reported on the efforts of Ph.D. candidate Caroline Roper which led to the cloning of one of
the putative Xf endo-β-1,4-glucanase (BGase)-encoding genes, expression of that sequence in transgenic E. coli, and
demonstration that the expressed gene did code for a BGase activity (Labavitch and Matthews, 2003).  We are interested in
factors that may open the cell wall meshwork of pit membranes to permit passage of Xf in diseased vines.  However, as with
the PG discussed above, we do not know the role (if any) of the BGase in grapevine xylem.  This question is being addressed
in this year’s work from the biochemical and anatomical perspectives. However, an important adjunct to those direct tests of
in vivo enzyme function would be the demonstration that the proteins are present in infected vines.  We have developed some
of the immuno-histochemical tools and expertise needed to address this important question.

Antibodies were generated to recombinant Xf PG and BGase.  The open reading frames encoding these enzymes were cloned,
over-expressed in E. coli and then purified by nickel column chromatography.  The purified recombinant proteins were
separately injected into rabbits to generate antibodies.  The resulting antisera were tested by ELISA against the respective
purified Xf BGase or PG to confirm the rabbits’ production of anti-BGase or anti-PG antibodies.

Western blots using the anti-BGase antibodies as a probe detected the production of BGase by cultured Xf cells.  This is the
first demonstration that Xf makes a BGase in culture.  Western blots using the anti-PG antibodies as a probe did not detect the
production of PG by cultured Xf. We infer from our results with the PG-knockout Xf line (above) that PG is made in
grapevines when infective Xf (i.e., the wild-type “Fetzer” strain) are growing in vines.  Thus we conclude that factors present
in the vine, but not in culture, are required for induction of the expression of the Xf PG gene.  Experiments are currently
underway to use both of these antibodies to test for the presence of the Xf wall polysaccharide-degrading enzymes in the
tissues of infected vines.  In order to optimize this line of investigation, Caroline Roper participated in an immuno-
histochemistry techniques course at Woods Hole Oceanographic Institute in late Fall, 2004.
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Does Xf presence in grapevines affect pit membrane porosity?
In previous reports, we have described tests that indicate the porosity (i.e., the space between the polysaccharides) of vessel
pit membranes is between 5 and 29 nm, much too small to permit passage of Xf. We have refined those tests by using
colloidal gold particles having diameters of 5 and 20 nm.  While the particles are very difficult to see under the microscope,
their presence can be readily detected chemically by reacting samples containing the particles with Sigma Chemical
Company’s “silver enhancer”.  A segment of grapevine stem is fitted into a tube attached to a valve device that permits
introduction of a small volume of water containing colloidal gold particles to the stem while maintaining pressure on a water
line that drives water through the vessels of the segment.  Introduction of food coloring, whose movement through the stem is
not impeded by pit membranes; to the system and collection of the water + dye exiting the stem at the distal end indicates that
the volume of water needed to move from one end of a 50 cm stem segment is less than 200 μl.  Colloidal gold particles with
a 5 nm can move through healthy stem segments, particles of 20 nm diameter cannot (Figure 1).  However, when we used a
vine that was showing the initial visible symptoms of PD at its base (i.e., its older internodes) and tested the movement of
colloidal gold particles through a stem segment cut from the younger portion of the stem that had not yet begun to show PD
symptoms, particles of 20 nm diameter moved through the xylem and were collected at the distal end.  These results suggest
that decreased pit membrane polymer integrity, hence increased pit membrane porosity, occurs in healthy-appearing stems on
infected vines.  This suggests that pit membranes are being opened up in infected vines, perhaps to permit the systemic
movement of Xf.

A pulse (2 mL) of two pure cell wall-degrading enzymes, a β-1,4-glucanase (EGase) extracted from Xf, and a recombinant
polyglacturonase (PG) from A. niger, have been flushed through stems using the same device described in Figure 1.  The
combination of EGase + PG, but not the use of either, alone, allowed the passage of the 20 nm gold particles, indicating that
these enzymes in conjunction were able to increase the size of the pit membrane pores (Figure 2) and the water flow rate
through the stem (Figure 3).  Also, the analysis of serial fractions collected at the end of the stem has revealed the presence of
polysaccharides containing uronic acid in the eluding fluid after the enzymes were added.  This is further evidence supporting
the possibility that Xf uses cell wall-degrading enzymes to cross the intervessel pit membranes and to move systemically in
grapevine shoots.

Figure 2. After a pulse of pure PG+EGase, the 20 nm gold
particles pass through.  The gold can be seen immediately after
adding both enzymes, although it concentrates in the second
fraction collected after the addition.
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Figure 3. The reduction in weight of the reservoir
that delivers water to the system depicted in Figure
1 is used to monitor water flow rate through the
stem.  The flow rate is faster after the enzymes’
addition, as noted by the change in the slope.

Figure 1. The photo on the left shows the valve system that permits the introduction of a
small volume of colloidal gold particle-containing water to a pressurized stream that
moves water, particles, and, if added, food coloring through grapevine stem segments.
The segment is at the lower right in the picture.  The photo on the right shows a series of
test tubes, each containing 100mL of the water (+ gold particles) flushed from the distal
end of the segment shown in the left-hand photo.  The first 4 tubes from the left in the tube
rack show no color.  The emergence of gold particles, beginning with tube 5 from the left,
is revealed by the addition of silver enhancer which gives a colored reaction product in the
presence of gold.
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CDTA is a chelating agent that can release charged uronides (pectins) from the pit membranes.  When CDTA was introduced
into the stems it also allowed the passage of the 20 nm gold particles.  This is a confirmation that pectins are involved in
regulating the size of the pit membrane pores.  Thus the “putative” pectinase activity described for Xf could indeed result in
an increase of the porosity size.  On the other hand, after oligogalacturonides (G12) or polygalacturonic acid (PGA) were
introduced into grapevine stems they partially or completely stopped the water flow (Figure 4).  The possibility that pectic
materials may participate in the occlusion of vessels of Xf-infected vines is being currently assessed.

Figure 4. The addition of G12 reduced greatly the flow
rate through the stem, whereas PGA completely stopped
the flow about half an hour after its addition.  G12
contains shorter chains than PGA; but both have a degree
of polymerization that likely makes them much larger
than the pores in the pit membranes.  The addition times
of G12 and PGA are indicated by the vertical bars.  PG
action on PGA would convert it into oligomers smaller
than those in G12.

As our tests of the ability of 5 and 20nm beads to pass through stem segments continued into the summer months (2005) we
noted a transition in the apparent porosity of pit membranes. Beginning in mid-July we noted a substantially increased stem
water conductivity (tested as shown in the “flow rate” studies described by Figure 4) and the ability of both 5 and 20 nm
particles to pass the length of the stem, with no prior enzyme treatments required.  Work by Eleanor Thorne in a Rost and
Matthews project showed that bacteria were able to travel from stem segment explants a relatively long distance, including
passage through petioles and into 2° and 3° leaf veins.  It is not clear exactly when in the season these studies were done.
Thus it becomes important to determine if seasonal changes in pit membrane porosity, perhaps reflecting a change in the pit
membrane porosity of more recently developed vessels, is a factor contributing to a (perhaps) “seasonal” change in the ability
of Xf to move systemically through a grapevine.  Although we are at the end of this season, we are hoping to determine if this
apparent “opening” of pit membrane pores is sufficient to permit passage of bacteria without enzyme “assistance.”  This is a
question that requires further study.

Objective 2.  To determine whether GWSS feeding on grapevines is accompanied by xylem vessel cavitation.
This Objective will be addressed by a combination of researchers (details in the second-year proposal submitted) who will
combine expertise in monitoring of the electrical signals produced by sharpshooters as they feed on grapevine xylem (Backus
and colleagues), and characterizing the water-moving capacity of xylem vessels (Shackel, Matthews and Labavitch).  Our
time in the first year was spent primarily in establishing the techniques and infrastructure required to bring an assortment of
techniques together.

Progress was made this year in developing the research infrastructure and protocols needed for the insect portion of the
cavitation project.  However, this proved to be more challenging than was foreseen at the time the proposal was written.  Co-
PI Backus’s lab renovation in Parlier was delayed due to unforeseen problems acquiring building materials.  The lab became
fully functional in August 2004, whereupon work began immediately to perfect EPG protocols with the smoke tree
sharpshooter (STSS), Homalodisca liturata.  These protocols were successfully developed.

At the UC Davis end, Ph.D. candidate Alonso Pérez has developed the MRI techniques that will be used to determine
whether vessels that the insect has been feeding become air-filled (i.e., cavitated) following the end of feeding (see the
progress report for Shackel and Labavitch).  Alonso Pérez also attended Dr. Backus’ EPG Workshop at the State University
of California, Fresno in July, 2005.  At the workshop he was trained specifically in the recording and analysis of STSS
probing waveforms.  We have been also tuning and testing a device for monitoring the acoustic emissions produced at the
time of a vessel cavitation.  Now that the acoustic monitoring instrumentation is ready for our use and tested, we will
combine its use with Backus’ EPG techniques and Pérez’ MRI approaches to obtain the answer to the question about feeding-
related vessel cavitation.  The first attempts at these experiments are scheduled for October, 2005.  The information we obtain
should be of substantial value for understanding how GWSS transmission to grapevines occurs.

Objective 3.:  To determine whether the grapevine “regulators” that we have identified as important to development
of PD affect the expression of grapevine genes that have been shown to be important markers of Xf presence/PD
infection.
As discussed in this and previous PD research reports, we have now developed a substantial data set describing events in the
development of PD in grapevines.  We will work in the coming year to focus on two important PD development steps
proposed by the model, but not yet fully tested.  These relate to the potential roles of the plant hormone ethylene and
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oligosaccharides digested from grapevine cell walls in influencing the spread of the Xf population in vines or the vine’s
response to Xf presence.  We have obtained the supplies needed to follow expression of the set of 4 grapevine genes that are
expressed relatively early following Xf introduction into vines (Cook et al., 2003).  The testing of the timing of expression
will be based on real-time PCR of these 4 genes in relation to the appearance of early PD symptoms, most specifically the
growth and spread of Xf in the weeks early after inoculation and development of vascular system occlusions as followed by
MRI.

CONCLUSIONS
Our demonstration that the Xf PG gene actually encodes a pectin-degrading enzyme is important.  Adding to that importance
is our observation that Xf that lacks a functional PG gene is unable to induce PD symptoms in grapevines places Xf cell wall
degradation capacity in a key position in PD development, consistent with the suggestion of the model that has served as the
central thread of our research.  However, we have not actually shown that the PG or, for that matter, the Xf BGase actively
digests grapevine pit membrane-localized polysaccharides.  That will be a focus of our studies in the coming year. In fact,
Alonso Perez has recently been developing the histochemical analytical skills needed to answer some of these questions.
Interaction with the projects of Tom Rost and Mark Matthews will add additional power to the analysis.

Our group of cooperating PD researchers feels that the best way to effectively deal with the threat caused by the disease is to
fully understand its development in grapevines.  It is our view that a full understanding of the interaction of GWSS, Xf and
Vitis vinifera should identify aspects of disease development that can be targeted by control measures that can be exploited
using genetic approaches or new field management practices.  We feel that the identification of a key role for Xf PG in PD
development reported here and in a companion progress report may provide a useful target toward which PD control
measures could be directed.  Should work to determine the extent to which grapevine ethylene production is a response to
infection confirm our model’s prediction, we will have another valuable marker of PD development as well as another
potential target to exploit in terms of interrupting the systemic spread of Xf.
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ABSTRACT
Grapevine genotypes differ in their susceptibility/tolerance to Pierce’s disease (PD).  This may be related to the concentration
and presence or absence of chemical compounds in the xylem sap and/or due to anatomical features of the xylem.  Here we
report on a three-pronged comparative approach investigating various grapevine species ranging in PD tolerance.  Results
from in vitro xylem sap assays indicate a broad range of Xylella fastidiosa (Xf) growth responses in both planktonic growth
and biofilm formation.  Investigations into Xf population dynamics in the stem tissues of greenhouse grown plants, confirm
large differences in the size of Xf populations between susceptible and tolerant genotypes.  Microscopic investigations into
xylem vessel occlusions document the differences in occlusion percentages as well as the kinds of occlusions prevalent
among four different Vitis genotypes.

INTRODUCTION
Experimental, as well as anecdotal, information indicate a considerable range in tolerance to PD among grapevine genotypes.
It appears that a number of Vitis as well as Muscadinia species evolved mechanisms allowing them to tolerate infection by
Xf. More precisely, while it is often thought that many wild genotypes evolved tolerance mechanisms, it is also possible that
it is the induction of a deleterious response by V. vinifera genotypes that renders them more susceptible than a number of
other genotypes which may not respond to a challenge by Xf. Understanding of the causes of the mechanisms responsible for
differential sensitivity is a critical component of crop improvement.  The rich diversity of grapevine genotypes tolerant to PD
can and is being utilized to serve as a source for PD resistance for breeders.  While PD resistant species have been identified
(Mortensen et al., 1977; Kirvanek and Walker, 2004), the mechanisms of resistance have not been identified.  Breeding of
resistant genotypes is likely the most sustainable means of combating PD.  In order to generate highly PD tolerant grape
cultivars, knowledge of the kind and function of resistance mechanisms is paramount.  This research was initiated to
investigate host-pathogen interactions and to screen for mechanisms of PD resistance in a range of Vitis species.  It appears
that multiple mechanisms of PD resistance mechanisms are present in wild genotypes and/or genotypes utilized in the
southeastern USA. Xf is xylem limited and appears to kill vines by inducing or creating vessel blockage leading to disease
(Goodwin et al 1988a, 1988b) and may also involve the production of toxins (Lu et al., 2004; Matthews et al., 2004).  While
the importance of the physical and/or the chemical environment in the xylem is unclear, xylem-related factors are
undoubtedly involved in host-pathogen interactions and the mechanisms of host tolerance.  Therefore, this project focuses on:
1) host-pathogen interactions using comparative analyses of Xf population dynamics among a group of grapevine genotypes;
2) examination of xylem anatomical factors using microscopic approaches; and 3) investigation of xylem sap chemistry by
employing bioassays that will be followed by analytical approaches.

OBJECTIVES
1. Determine the effect of xylem sap collected from various grape genotypes with differential sensitivity to PD on Xf

colony number and biofilm formation.
2. Evaluate Xf population dynamics in 20 grape genotypes.
3. Examine xylem structure of selected grape genotypes using SEM.

RESULTS
Objective 1
Xylem sap extracted from 14 grape genotypes was used in a bioassay to determine if there are differences in Xf growth
characteristics associated with xylem sap source (Figures 1 and 2).  The sap extracted from the field-grown plants was filter
sterilized and inoculated with Xf (‘Stags Leap’) and incubated at 28°C.  The number of colony forming units was evaluated
using plating and biofilm formation was assessed by the crystal violet method.  CFU counts and biofilm formation are
summarized in Figures 1 and 2. A large range in terms of Xf growth and biofilm formation was found in response to xylem
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sap from different grape genotypes.  Both, planktonic growth and biofilm formation were influenced by the source of xylem
sap.  Xylem sap from some genotypes like 8909-17 (V. rupestris x V. arizonica) and 9621-67 (V. rupestris x V. arizonica)
suppressed Xf growth very strongly, while Xf flourished in sap from various genotypes including V. rufotomentosa, V.
nesbitiana, and V. tiliifolia. The differences in Xf growth characteristics indicate that xylem sap composition is genotype
specific and that there are xylem sap compositional aspects that strongly influence Xf growth.  However, it is still not clear if
the differences are due to the presence of inhibitory and/or the absence of growth promoting compounds.

Objective 2
Twenty grape genotypes were grown under greenhouse conditions to investigate host-pathogen interactions.  Leaf and petiole
samples from bottom, middle and top third of each plant were collected from Xf inoculated and control (water inoculated)
plants at 34, 77, and 113 days post inoculation.  Stem samples were collected at the last sampling only.  These samples are
being used to determine Xf populations in the different plant fractions using quantitative ELISA.  Kirvanek and Walker
(2004) reported that stem Xf numbers were highly correlated with field PD performance and suggested that it would be a
useful tool to predict PD resistance.  Populations of Xf in the stems varied greatly (Figure 3).  The predicted average Xf
populations in infected 8909-19, 9621-94 (both V. rupestris x V. arizonica), ‘Chardonnay’, ‘Metallique’ (V. rupestris), and V.
aestivalis plants were larger than 250,000 cells per 0.1g of stem tissue.  Most other genotypes did not exhibit Xf populations
beyond a positive detection threshold determined by the mean plus three standard deviations from samples collected from
water-inoculated control plants.

Objective 3
Petioles samples collected 113 days post inoculation from V. vinifera (Chardonnay), V. smalliana, V. arizonica, and V.
rufotomentosa genotypes were examined by SEM to investigate if there are differences in the xylem vessel occlusion pattern
between genotypes.  Preliminary results of this ongoing investigation are summarized in Table 1.  Vessel occlusion was
classified into four categories: occlusion by tyloses, Xf aggregates, gum, or a filamentous net (Figure 4).  In addition, we
differentiated here between completely occluded and partially occluded vessel elements.  In general, xylem vessel occlusion
was less in V. smalliana and V. arizonica than in V. vinifera and V. rufotomentosa.  Tyloses formation in V. rufotomentosa
appeared to be more pronounced than in the other genotypes while the presence of vessels completely occluded by Xf
aggregates was more prominent in Chardonnay.

CONCLUSIONS
1. Xylem sap from a number of grapevine genotypes considered tolerant to PD supports Xf growth to varying degrees.

Both planktonic growth and biofilm formation are responsive to the source of the xylem sap.  Information on the distinct
responses of Xf growth to xylem sap source allows for the selection of suitable representative genotypes for detailed
investigations into xylem sap composition.

2. Large genotypic variations exist among the examined grape genotypes in respect to stem Xf populations.
3. Petiole xylem vessel occlusion differs between susceptible Chardonnay and tolerant V. smalliana, V. arizonica and V.

rufotomentosa.  However, even within the tolerant genotypes there appear to be differences in the number of vessels
occluded and the type of occlusions present.
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Figure 1. To determine the effect of xylem sap
on colony formation, each mixture was further
diluted and 100 µl diluted mixture was plated
onto PW solid media for colony development.
Plates were incubated at 28°C for 14 days.
Bacterial count was based on the numbers of
colonies per plate and a bacterial density per µl
was then calculated.

Figure 2. To determine the effect of xylem sap on
biofilm formation, the same microfuge tubes after
removal of aliquots for plating on solid media were
rinsed several times with ddH2O Crystal followed
by an addition of 150µl of 1% incubation, violet
each tube. After 15 min of Crystal violet solution
was removed and microfuge tubes were rinsed 3 x
with ddH2O.  After elution with 95% ethanol,
absorbance was read at 600 nm wavelengths.
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Table 1.  Characterization of xylem vessel occlusion in petioles collected from four different genotypes 113 days after
inoculation with Xf.

Vitis Occl Xf aggregate Matrix Tyloses Filament Total
net

Avg SE Avg SE Avg SE Avg SE Avg SE

% vessels completely or partially occluded
vinifera cplt. 6.0 3.1 8.7 1.8 6.0 2.3 0.7 0.7 21.3 1.8

part 9.3 4.7 6.0 2.0 5.3 3.3 5.3 3.5 26 8.7
smalliana cplt. 0 0.7 0.7 5.3 4.4 0.7 0.7 6.7 4.1

part 0 1.3 0.7 4.0 2.0 8.0 2.0 13.3 3.5
arizonica cplt. 0 0 0 1.3 1.3 1.3 1.3

part 0 2.7 1.3 3.3 1.8 4.7 1.8 10.7 1.3
rufotomentosa cplt. 0 3.3 2.4 17.3 9.0 6.7 3.5 27.3 12.7

part 0 3.3 3.3 6.0 3.5 10.7 2.9 20.0 4.2
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Figure 4. SEM images of complete xylem vessel occlusions by a large bacterial aggregate (A), matrix
embedded bacteria (B), tyloses (C), and a filamentous network (D).
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ABSTRACT
In the present study, a set of 1,942 non-redundant SSH ESTs in response to Xylella fastidiosa (Xf) infection were cloned from
susceptible and resistant sibling genotypes from a Vitis rupestris x Vitis arizonica genetic mapping population.  The
majorities (54 %) of these ESTs were novel and the rest included genes known to be involved in defense responses.
Transcriptional profiling using a custom high-density (382,900 probes) microarray chip of 20,020 Vitis transcripts showed a
significant variation in response between the susceptible and resistant genotypes to Xf infection.  Out of the 793 transcripts
that showed significant response to Xf infection, 28.1% (223 ESTs) were derived from this project.

INTRODUCTION
The impact of Pierce’s Disease (PD) on the California grape industry has been significant since the introduction and
establishment of a more effective vector, Homalodisca coagulata (H. coagulata), the glassy-winged sharpshooter (GWSS)
(Almeida and Purcell 2003).  Development of resistance in grape is stymied by the relatively limited amount of genetic and
molecular information regarding genotype specific resistance to PD infection (Davis et al. 1978).  Breeding efforts confirm
that resistance is inheritable and molecular mapping has linked DNA markers to Xf resistance (Krivanek et al. 2005).  Once
cloned, the next step is to incorporate PD resistance genes into traditional grape cultivars.  This objective can be achieved in
fewer generations by elucidating the molecular basis of resistance and pathogenicity, which prompted us to develop a
functional genomic approach for PD research.

SSH (Suppression Subtractive Hybridization) DNA cloning is one of the most efficient and comprehensive methods used for
identifying genes involved in differentially regulated conditions. This is particularly important in host-pathogen interactions
where many pathogen-related genes are expressed at low abundance and limited to particular tissues or cell types at certain
times (Caturla et al., 2002).  Some of these genes are less likely to be cloned by standard EST cloning methods.  Here, we
explored the utility of subtractive DNA cloning to characterize differentially expressed genes in response to Xf infection
between highly susceptible and resistant sibling genotypes segregating from the Vitis rupestris x Vitis arizonica population.
To maximize the chances of cloning expression profiles associated with the tissues and at various stages of host-pathogen
interactions, we designed a time course sampling scheme and constructed tissue specific cDNA libraries.

Plants respond to pathogen attack through a variety of signaling pathways consisting of a large number of regulatory as well
as effector genes.  Microarrays facilitate automated analysis of transcriptional profiling data to enable complete
understanding of such gene function and interactions.  A custom 60-mer high-density oligoarray chip was designed using the
generated EST collection as well as incorporating the entire Vitis transcriptome information in the public domain to
understand the Xf / Vitis interaction.

OBJECTIVES
1. Sequence analyses of SSH cDNA libraries.
2. Design of high-density expression array.
3. Microarray gene expression analysis.

RESULTS
Objective 1:  Sequence analyses of SSH cDNA libraries
Sequencing, EST assembling and dbEST submission
A total of 5,794 ESTs, with ~500 ESTs from the libraries, were sequenced from 12 constructed SSH libraries (Figure 1).  The
average EST size was 282 bp with more than 5,400 sequences of at least 100 bp in length.  In order to reduce the transcript
redundancy, the EST collection was subjected to PHRED, PHRAP and BLAST analysis to do clustering, first within each
library and then among all 12 libraries.  The final assembling resulted in 1,942 unique sequences including 993 clusters
(contigs) and 949 singleton ESTs.  All the sequenced ESTs that are at least 100 bp in length (5421 ESTs) were submitted to
the NCBI’s ESTdb under the accession numbers DN942225 to DN947645.
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EST similarity search and functional assignments
Comparison of the 1,942 non-redundant sequences against the non-redundant protein database of the NCBI revealed that 716
sequences have significant similarity (≤ 1E-5) and the remaining had no hits.  A list of EST hits against the known disease
resistance related proteins are presented in Table 1.  Functional annotation was carried out using an ontology database
available in the USDA-ARS system that is based on the functional classification schemes such as Gene Ontology (GO),
Enzyme Commission numbers (EC), BioCarta Pathways, and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways.  All the non-redundant sequences were searched against this database using default blast parameters and a cut off
E value of 10-4.  Based on the generated GO information, 906 sequences were divided into the three principal GO categories:
molecular function (30%), cellular component (9%) and biological process (7%) (Figure 2).

Under the molecular function category, ligand binding and carrier contributed for 25% of the total contigs followed by the
ribosomal coding transcripts.  Similarly, transport followed by signal transduction and defense response formed majority of
the total numbers in the biological process category, while chloroplast, membrane and nucleus subsections had major
contributions in the cellular component category.  More than half of the sequences (54 %) could not be annotated due to lack
of significant similarly with the known proteins.

EST cluster analysis
Co-expressivity of the transcripts was accessed across the 12 SSH libraries, using hirearchial clustering based on the
transcript abundance.  A matrix file for 437 contigs that are represented by 5 or more ESTs across the 12 libraries were
selected out of the total 993 contigs similar to Ewing et al. ( 1999).  A total of 11 clusters were generated using partitional
clustering (Qtclust algorithm) to divide the data into clusters of coexpressed contigs with the maximal inter-contig Pearson
correlation of 0.99 and with the minimal cluster size of 5.  There were 5 to 73 member contigs per cluster.  To reduce the bias
resulting from outliners, the distances used for computing clusters were jackknifed.  Hierarchical tress was next generated
from these data sets by calculating the Euclidean distance with complete linkage option.  Based on the above parameters,
37% (174 contigs) could not be assigned to any cluster.

In general, across all the clusters, the level of expression for a particular contig was significantly different between the tissue
types that were used as tester and driver populations suggesting that the preparation of the subtractive libraries was optimal.
For instance, Cluster-A had 73 contigs which were abundantly expressed in four libraries, Lib 2, Lib 5, Lib 4 and Lib 6, out
of which, 12 contigs (top left, including 11 with ‘no hit” and 1 metallothionin like protein) showed abundant expression only
in the Lib 2 (Stem library from resistant genotype infected with Xylella) and are potential candidates from the PD point of
view.  Similarly, a set of 11 contigs enriched with pathogen responsive P-rich protein genes showed hyper expression in the
non-infected stem library from the same genotype.  Cluster-B has groups of contigs abundantly expressed in the infected
stem tissue library from susceptible genotype (Lib 3), all of which interesting are known to play a role in the defense
mechanism.  This cluster also groups contigs over expressed in non-infected leaf tissue from the resistant genotype (Lib 4)
and all of them appear to be novel.

Objective 2:  Design of high-density expression array
EST assembly
To maximize gene discovery, we have designed a custom microarray chip based on our ESTs and the publicly available EST
sequences from all Vitis (V.) varieties and species.  From the public domain, a total of 33,933 ESTs -12,593 unigene set from
the V. vinifera, 10,704 accessions of V. shuttleworthii, 6,533 of V. rupestris 'A. de Serres' x V. sp, 2,117 of V. aestivalis and
1,986 sequences of V. riparia were collected.  Redundancy in each of the non-vinifera EST sets was reduced based on
BLAST analysis and the longest EST from each cluster was selected.  Next, repeat ESTs between the sets were removed and
at this step between matching ESTs, and the vinifera ESTs were discarded to facilitate enrichment of the final set with non-
vinifera ESTs.

These efforts resulted in a total of 20,020 ESTs with 1,947 from the SSH libraries, including 40 from the cDNA-AFLP
experiments, 10,014 from V. vinifera, 5,470 from V. shuttleworthii, 1,219 from V. aestivalis, 780 from V. rupestris x V. sp
and 588 from V. riparia.

Probe design
Probe design was carried out in collaboration with Nimblegen Inc., with active input from our group.  Nine individual 60-mer
probes were designed for each EST and for 1,634 ESTs, probes were designed from both the strands.  A total of 191,450
probes were selected for the entire set and there were two spots for each probe on the slide totaling 382,900 spots per slide.

Objective 3:  Microarray gene expression analysis
Experimental set-up
A total of 18 slides (9 of genotype 9621-67 (resistant) and 9 of genotype 9621-94 (susceptible)) were hybridized in a two
color hybridization experiment using the monochromatic dyes Cy 5 and Cy 3.  Total RNA from stem tissues at three stages of
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disease development- week-1, week-6 and week-10 from both control (non-infected) and experimental (infected) was used.
There were three biological replications for each stage and this included a dye flip.

Data analysis
Following normalization, data from the hybridization experiments were statistically analyzed using Perl scripts and Excel
package.  For each gene there were 54 data points per each stage (18 per slide x 3 biological replications) of disease
development.  Only signal ratios that had less than 20% SE across the measured values were included for results
interpretation.  A cut-off value of 2-fold response was considered significant and as evident from Table 2, the response was
more surprising for the susceptible genotype both in terms of numbers and magnitude in the later stages of disease
development.  Further experiments based on RT-PCR are in progress to confirm the observed microarray results.

CONCLUSIONS
Characterizing the molecular basis of the grape response to Xf is critical to understanding the mechanisms of PD resistance
and pathogenesis.  The generated EST pool and subsequent microarray based genome-wide transcription profiles have
identified, for the first time, a pool of ESTs expressed under defined conditions and might be the candidates in determining
resistant and susceptible interactions.  Efforts are underway to generate transcription profiles in leaf tissue.  Currently, we are
developing a relational database incorporating the generated transcriptional data that will be open to public access.
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Table 1. Blast hits of a sub-set of the ESTs showing high similarity to known disease resistant genes.

EST I.D. Length BlastX- top Hit E-value
EST-1 737 emb|CAA95857.1| S-adenosyl-L-methionine synthetase 2 [Catharanthus roseus] 1.00E-122
EST-2 610 emb|CAC14015.1| chitinase [Vitis vinifera] 5.00E-98
EST-3 535 gb|AAR13304.1| phytochelatin synthetase-like protein [Phaseolus vulgaris] 4.00E-87
EST-4 468 emb|CAB91554.1| beta 1-3 glucanase [Vitis vinifera] 6.00E-64
EST-5 448 emb|CAC16165.1| pathogenesis-related protein 10 [Vitis vinifera] 4.00E-53
EST-6 302 dbj|BAA76424.1| rac-type small GTP-binding protein [Cicer arietinum] 5.00E-48
EST-7 842 ref|NP_850638.1| zinc finger (DHHC type) family protein [Arabidopsis thaliana] 3.00E-32
EST-8 348 pir||T07139 cysteine proteinase inhibitor - soybean dbj|BAA19608.1| 2.00E-30
EST-9 456 gb|AAN71733.1| WRKY transcription factor IId-4 [Lycopersicon esculentum] 2.00E-21
EST-10 265 gb|AAM21199.1| pathogenesis-related protein 5-1 [Helianthus annuus] 3.00E-21
EST-11 171 gb|AAD55090.1| thaumatin [Vitis riparia] 1.00E-19
EST-12 372 gb|AAN75467.1| mitogen-activated protein kinase [Lycopersicon esculentum] 1.00E-14
EST-13 418 gb|AAN15621.1| O-methyltransferase-like protein [Arabidopsis thaliana] 4.00E-14
EST- 14 116 gb|AAP23944.1| leucine-rich repeat protein [x Citrofortunella mitis] 1.00E-13
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Table 2. Microarray hybridization response of Vitis stem tissue to Xf infection in both susceptible and resistant genotypes.
Numbers in parenthesis represent the ESTs generated from SSH experiments.

Stage Response
Genotype

9621-67 9621-94
# Of ESTs Fold-Change # Of ESTs Fold-Change

Week-1 Up-regulated 38 (4) 2.0 - 3.1 2 (2) 2.1 - 2.36
Down-regulated 24 (11) 0.49 - 0.33 1 (1) 0.49

Week-6 Up-regulated 19 (11) 2.0 -2.43 152 (48) 2.0 - 37
Down-regulated 11 (2) 0.49 - 0.33 71 (15) 0.49 - 0.12

Week-10 Up-regulated 81 (5) 2.0 -3.57 99 (24) 2.0 - 22.38
Down-regulated 61 (33) 0.49 - 0.15 234 (67) 0.49 - 0.11

Figure 1. Strategy for SSH library construction.

Cellular
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Molecular Function
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Figure 2. EST distribution among the
three GO principles.
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ABSTRACT
Both xylem sap and stem tissue are key components in the Xylella fastidiosa (Xf)-grapevine interaction.  In this research we
investigate protein expression in xylem sap and stem tissue of highly tolerant and susceptible grape genotypes.  Ten
sequential samplings of stem tissues have been conducted from infected and non-infected grapevines ranging from 1 day to
12 weeks post inoculation.  Protein extraction and analyses on these tissues has recently been initiated.  Plants for xylem sap
extraction are currently being grown in the greenhouse.  Xylem sap will be extracted multiple times post inoculation from Xf
and water-inoculated plants.  Differentially expressed proteins in both stem tissue and xylem sap will be identified and
investigated in more detail in the coming months.  Results obtained will deepen our understanding of host-pathogen
interactions, a key component in fighting Pierce’s disease (PD).

INTRODUCTION
Xylem sap is very important for Xf growth in planta.  Be it as individual cells at the beginning of an infection or later in
biofilms, Xf not only obtain their nutrients from xylem sap but also are in constant contact with it.  Andersen et al. (2004a)
and Toscano et al. (2004) reported that the source of xylem sap affects Xf growth rates and growth characteristics.  Results
from bioassays conducted in our lab also indicate that xylem sap collected from various PD resistant Vitis genotypes has
dramatically different effects on Xf growth in comparison with controls consisting of artificial media (PW) and xylem sap
from ‘Chardonnay’ (V. vinifera).

To date, numerous studies have investigated inorganic and organic solutes in grape xylem sap showing that xylem sap
chemistry is a function of temperature and fertilization, and changes over time (Andersen and Brodbeck, 1989a, 1989b, 1991;
Andersen et al., 1995, 2004b).  Although some xylem sap compounds have been suggested to be related to the susceptibility,
i.e. [P]*[citrate] to [Ca]*[Mg] ratio (Andersen et al. 2004a), a complete understanding of the influence of xylem sap
chemistry on the host pathogen interaction is missing.  Specifically, as of now, the protein composition of the xylem sap has
not been investigated in detail.

The direct contact between sap and Xf makes xylem sap a promising venue to interfere with a successful pathogen
colonization of the host.  In other host plant - pathogen systems, extracellular/apoplastic proteins were found to be responsive
to disease pressure and in some instances important in suppressing disease development (Ceccardi et al., 1998; Guo et al.,
1993; Nemec, 1995; Reimers and Leach, 1991; Reimers et al., 1992; Rep et al., 2002; Young et al., 1995).  Combined with
the evidence for xylem sap effects on Xf growth, these examples suggest that the analysis of the xylem sap proteome is likely
to result in the identification of protein(s) influencing the interaction of grapevines and Xf. Identified proteins may provide
information to develop approaches and/or be part of strategies to improve grapevine tolerance or resistance to Xf. In addition,
the identification of PD-specific proteins would allow the production of specific antibodies which may potentially be used for
serological diagnostic tests for PD.

Recent findings of genotypic differences in symptomology and Xf populations in stems (canes) of resistant and susceptible
grapevine genotypes highlight the importance of this tissue in the host-pathogen interaction.  Krivanek et al. (2005)
developed a cane maturation index (CMI) to quantify the uneven cane maturation manifested in the green-island symptoms
that arise in PD infected plants.  They found “green-island” formation as measured by the CMI to correlate better with PD
resistance then other phenotypic symptoms.  The irregular nature of the symptoms suggests that localized, rather than
systemic signals are responsible for the spatial patterns observed.  Thus, signal and signal recognition as well as signal
transduction events appear to occur localized in stem tissue since a systemic signal transaction and recognition is unlikely to
result in the characteristic green-island symptomology.  Furthermore, in a companion study Krivanek and Walker (2005)
found that, in resistant genotypes, Xf populations in stem internodes were significantly smaller than in leaves.  In contrast,
corresponding samples from susceptible genotypes were not significantly different.  The two studies highlight the importance
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of plant-pathogen interactions occurring in the stem for PD susceptibility characteristics of the different genotypes.
Therefore, detailed examination of stem proteins extracted from susceptible and resistant genotypes of Xf infected and
healthy plants is a very promising approach to identify important components involved in host-pathogen interactions as well
as the plant response.

Examination of the protein content of stem tissue and xylem sap is a new approach with distinct advantages complementing
other strategies currently pursued in the fight against PD.  Using this approach, we focus on key components: stem and xylem
sap protein content rather than the entire grapevine proteome. In addition, regulatory mechanisms including transcriptional,
post-transcriptional, and translational events which can constitute significant confounding effects in functional genomics
approaches, are already integrated in the proteomic approach.  Furthermore, it is possible to identify post-translational protein
modifications (e.g. phosphorylation, acetylation, methylation, glycosylation, cleavage, etc.) which play key roles in protein
function.

OBJECTIVES
1. Identify xylem sap and stem proteins differentially expressed in healthy grapevines from resistant and susceptible

genotypes.
2. Identify xylem sap and stem proteins induced by Xf in resistant and susceptible grapevines.
3. Determine the relationship of identified proteins to PD.

RESULTS
Highly susceptible (9621-94) and resistant genotypes (9621-67) selected from a segregating population of V. rupestris x V.
arizonica as well as vinifera grape, Chardonnay are being used in this study.  An expression experiment was conducted in the
greenhouse where treatment and control grapevines were mechanically inoculated with Xf suspension and culture medium
respectively.  Leaf and stem tissues were then collected at day one, two, and five post inoculation, and subsequently at three
one-week and four two-week intervals for a total of ten collections with three biological replicates in both treatment groups.
Leaf and stem tissues collected at each time point were immediately stored at –80°C for later protein extraction.

Stem and leaf protein extraction and 2-DE (Figure 1) have recently been initiated and will be conducted over the coming few
months.  A new set of plants (same genotypes and treatments as above) was recently established in the greenhouse and will
be used to extract xylem sap and investigate protein expression pattern in the xylem sap.

Figure 1. Grape leaf protein profiles from two dimensional SDS-PAGE gel.  Electrophoresis was
carried out using a Bio-Rad CriterionTM Cell and gel was stained by BioSafe Coomassie blue.

CONCLUSION
We have initiated a study to investigate stem and xylem sap protein expression in one highly resistant and two susceptible
grape genotypes.  Investigation of the xylem sap and stem proteome are of particular interest because of the importance of
both xylem sap and grape stem in the host-pathogen interaction.  Examination of the interaction between Xf and grapevine
hosts at the protein level is of particular importance since there often is a lack of correlation between gene and protein
expression.  This study will complement ongoing efforts in transcriptional level of gene expression analyses and provide a
more integrative picture of the nature of PD resistance.
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ABSTRACT
Analyses of spatiotemporal interactions between vector insects and pathogens are critical to understanding disease
epidemiology.  Sampling projects to assess Xylella fastidiosa (Xf) incidence in vineyards and sharpshooter trap catches from
varying habitats were implemented in the Coachella Valley and lower San Joaquin Valley in California.  Sampling was done
at landscape and vineyard scales.  Data from work in the Coachella Valley revealed low sharpshooter trap catches and two
sharpshooter species had different spatial distributions at the landscape scale.  Pierce’s disease is relatively rare throughout
the Coachella Valley and did not occur near patches where sharpshooters were trapped.  Analyses of similar data from the
lower San Joaquin Valley are currently underway.

INTRODUCTION
The progression of Pierce’s disease (PD) across a landscape and in vineyards is dependent upon factors related specifically to
four components: vector insects, Xf inducing PD, grapevines, and the environment. When conditions in all four of these
areas are optimal, disease spread occurs. Conversely, sub-optimization within any of the four categories can slow or stop
disease progress.  The science of epidemiology seeks to determine how the four components interact, with the goal of
creating long-term, sub-optimal conditions for disease spread.  Achieving this goal will enable California producers to
continue growing grapes in areas with PD and vector insects.  Recently, the global positioning system, the geographic
information system, and geostatistics have been applied to entomological and epidemiological studies.  These technologies
combined with advanced statistical methods can facilitate creation of insect and pathogen distribution maps and analyses of
spatial distribution to understand epidemiology.

OBJECTIVES
1. Determine the spatial distribution of sharpshooter vectors and PD, and use these data to create statistical distribution

maps.
2. Analyze spatial relationships between sharpshooter vectors and PD incidence.
3. Relate the epidemiology of Xf to environmental components, and identify characteristics of areas with varying PD

incidences.

RESULTS
Sharpshooter Temporal and Spatial Distribution
Coachella Valley data from four years of sharpshooter monitoring were analyzed (2001-2004) to investigate dynamics of the
temporal and spatial distributions of Homalodisca coagulata Say and Homalodisca liturata Ball and their spatial associations
with the surrounding vegetation (Park et al. 2005a).  Temporal trap catches of H. liturata and H. coagulata showed two peaks
per year, and the peaks of the two species coincided (Figure 1).
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A relatively new method, spatial analysis with
distance indices (SADIE) (Perry 1995), was used to
analyze sharpshooter spatial distribution.  SADIE
showed that spatial distributions of H. coagulata
(Figure 2) and H. liturata (Figure 3) were
significantly consistent between years (Index of
Association [X] ranged from 0.310-0.685, P ≤
0.001), except for H. coagulata from 2003 vs. 2004.
All patches (i.e. clusters of significantly high trap
catches) of H. coagulata were located near citrus, and
no patches were found in urban landscapes (Table 1).
Major patches of H. liturata were located in desert
saltbush scrub and urban areas where major gaps (i.e.
clusters of significantly lower trap catches) of H.
coagulata were located (Table 1), resulting in
negative spatial association between the two species
(Figures 2 and 3).  Similar analyses for H. coagulata
trap catches in Kern County are currently underway.

Figure 1. Trap catches of two sharpshooter species.  Arrow
indicates first application of insecticide to citrus.

Table 1. Percentage occurrence of patches and gaps of H. coagulata and H. liturata in each type of surrounding vegetation
from 2001-2004 combined data
Types of surrounding
environment

H. coagulata H. liturata
Patch (n a = 11) Gap (n b = 154) Patch (na = 15) Gap (n b = 234)

Urban landscape 0.0% 26.1% 80.0% 14.7%
Desert saltbush scrub 36.4% 56.5% 86.7% 45.7%
Desert 27.3% 27.2% 26.7% 24.1%
Citrus 100.0% 19.6% 33.3% 34.5%
Grape 90.9% 27.2% 6.7% 41.4%

a Total number of sample locations (i.e. sum of each year’s sample locations) included within patches.
b Total number of sample locations (i.e. sum of each year’s sample locations) included within gaps.

Figure 2. H. coagulata patches (red) and gaps
(blue) in the Coachella Valley.

Figure 3. H. liturata patches (red) and gaps (blue)
in the Coachella Valley.
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Figure 4. Locations of vineyards with PD
identified in surveys from 2001-2004.  A total of
13 diseased grapevines were identified; two in
vineyard A (2002), one in vineyard B (2002), four
in vineyard C (2003), one in vineyard D (2003),
one in vineyard E (2004), two in vineyard F
(2004), and two in vineyard G (2004).

Figure 5. Spatial distribution of grapevines with PD in
vineyard C.  Red area indicates a significantly high cluster
of PD incidence (patch) and the blue area indicates an area
with significantly low PD incidence (gap).

Pierce’s Disease Spatial Distribution at the Landscape and Vineyard Scale
The spatial distribution of PD in the Coachella Valley was analyzed at two spatial scales, landscape and vineyard, with data
collected from 2001–2004 (Park et al. 2005b).  At the landscape scale, seven vineyards were identified (A–G) with diseased
grapevines (Figure 4).  A total of 13 diseased grapevines were identified from seven vineyards during the landscape-scale
survey.  For these seven vineyards, the mean distance between a citrus orchard and the closest diseased grapevine in the
vineyards was 143 m (Figure 4).  PD was found in three varieties, Perlette, Flame, and Superior Seedless.

One vineyard, vineyard C, was further studied to characterize the vineyard-scale spatial distribution of PD because it had
high disease incidence (3.8%) compared with the other vineyards.  This vineyard was relatively flat with 2 m of maximum
elevation difference, and it was surrounded by palm trees to the east, citrus and grapes to the north and arid mountains with
desert saltbush scrub to the west and south (Figure 5). Geostatistical analysis showed that a power model fit the
semivariogram for PD distribution in the vineyard, indicating strong aggregation of PD.  SADIE also showed that the
distribution pattern of PD in the vineyard was aggregated (Ia = 2.12, P = 0.013) with a significant patch (area of 1680 m2) in
the eastern edge of the vineyard (Figure 5).  Similar analyses are currently underway for PD distribution in Kern County at
the landscape and vineyard scales.

Spatial Relationship Between Sharpshooters and PD Distribution
In the Coachella Valley, no vineyard with PD (Figure 4) overlapped with any sharpshooter patches (Figures 2 and 3),
indicating no spatial relationship between sharpshooters and PD at the landscape scale.  While possible associations may
exist at a scale finer than we examined, we believe that PD distribution may be related to vector species other than H.
coagulata.  We have documented Xf transmission with a desert cicada species, and there are several other sharpshooter
species present in the Coachella Valley that may be involved with spreading this bacterium.  In Kern County, we have
acquired data from sticky traps that were placed in vineyards with PD.  We have begun analyzing these data and we are
hopeful that relationships between disease distribution and H. coagulata distribution will be elucidated through this process.

CONCLUSIONS
• H. coagulata and H. liturata trap catches were spatially consistent between years.
• H. coagulata and H. liturata spatial relationships with surrounding vegetation imply that areawide management targeting

specific habitat types may be possible by identifying sharpshooter patches and gaps in space and time.
• Overall, PD incidence in the Coachella Valley was low and infected vineyards were distributed throughout the area.
• PD was aggregated within one vineyard in the Coachella Valley.
• There was no spatial relationship between sharpshooter trap catches and PD incidence at the landscape scale in the

Coachella Valley.
•
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ABSTRACT
The goal of this project is to determine whether it is possible to mobilize proteins from rootstocks to scions via xylem
transport.  Xylem-mobile gene products may provide a means for control of Pierce’s disease (PD).  Multiple lines of
transgenic grapevines containing NPT-II, endochitinase, and GUS/NPT-II fusion genes are being used to investigate the
movement of transgene products across graft unions into non-transgenic scions.  These transgenic lines produce proteins that
differ in molecular weight [29 kDa (NPT-II), 42 kDa (endochitinase), and 97 kDa (GUS/NPT-II fusion product)] as well as
concentration.  Lines were chosen for either high or low levels of expression in order to determine whether the root
concentration of each protein would affect levels found in non-transgenic scions.  To determine transgenic protein
concentrations in root tissues, protein assays were conducted using in-vitro grown transgenic vines corresponding to the lines
grown in the field.  ELISA assays were used to determine NPT-II protein concentrations (µg/g protein).  Chitinase activity
was determined according to a fluorescence assay.  As results of these assays, selected transgenic lines were chosen for use as
rootstocks with non-transgenic Chardonnay scions.  More than five grafted vines of each desired combination were created
via either chip-budding or approach grafting.  Non-transgenic scion tissues will be assayed for the presence of rootstock-
produced transgenic proteins to enhance our understanding of substance transport across graft unions.  Initial testing indicates
that the 97 kDa GUS/NPT-II fusion product does not move across graft unions.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram-negative xylem-limited bacterium known to cause PD of grapevines.  One potential
approach to the control of PD is to use transgenic proteins that travel with the xylem fluid and control the proliferation of Xf.
Protein size and concentration are important factors that may affect xylem transport.

It has generally been shown that proteins are transported mainly via the phloem for long distance distribution within the
whole plant, while protein transport via the xylem tissue has not been studied in as much detail.  However, some studies
reported that proteins can be transported within the xylem system although distance mechanisms have not been reported.  Ten
to twenty proteins, including peroxidases, chitinase and serine proteases, were detected in xylem sap from vegetables (Buhtz
et al. 2004).  The proteins detected in the xylem sap ranged from 10 to 100 kDa in weight.  A polygalacturonase-inhibiting
protein (36.5 kDa) was detected in the xylem sap of scions grafted on PGIP-transgenic grapevines (Agüero et al. 2005).
Some disease related proteins (10 to 60 kDa) were also detected in xylem sap of diseased tomatoes (Rep et al. 2002).  Xylem
sap proteins are likely related to plant defense systems, including repair, as well as pathogen and stress resistance (Buhtz et
al. 2004, Rep et al. 2002).

The protein concentration in the xylem sap is likely the most important factor to consider in the use of transgenic proteins to
control Xf. Although the total protein in xylem sap is relatively small, it is also true that there are not very many proteins
(Buhtz et al. 2004, Rep et al.  2002).  Also the sap protein concentration likely fluctuates depending on the circumstances of
plant growth and the environment (Rep et al. 2002, Oda et al. 2003).

With so much to be learned about xylem protein transport, utilization of transgenic rootstocks and non-transgenic scions will
be effective to help delineate some of the features of xylem protein movement.  Our hypothesis is that cellular proteins,
especially those secreted to the extracellular spaces, can move into the xylem sap and be transported across a graft union and
into the scion, depending on either protein size or concentration in the rootstock.  Three transgenic proteins, neomycin
phosphotransferase II (NPT-II, 29 kDa), endochitinase (42 kDa), and the GUS/NPT-II fusion protein (97 kDa) under control
of constitutive promoters (35S, Arabidopsis ubiquitin, and Nos promoters), were transformed into grapevines.  The relation
between protein concentration in the rootstock and the resultant concentration in a non-protein producing scion will be
examined.  The GUS/NPT-II gene fusion is available only in the cultivar Chancellor, whereas all other transformed vines
used in this project were developed from ‘Chardonnay’ (clone 95) and ‘Merlot.’
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We report here results concerning the selection of transgenic vines for either high or low root tissue concentrations of the
mentioned proteins, and for creating grafted vines for further experiments to learn whether protein size and concentration in
the rootstock affect levels found in the scion.

OBJECTIVES
1. Selection of transgenic lines with either high or low levels of transgenic proteins in root tissues.
2. Development of graft combinations between the transgenic lines selected (#1 above) and non-transgenic scions.
3. Study substance transport across the graft union, especially in relation to xylem transport.

RESULTS
Selection of transgenic lines with either high or low levels of transgenic proteins in root tissues
NPT-II protein levels in roots of in-vitro cultures lines were determined using an ELISA assay (Agdia, Elkhart, Indiana).
Endochitinase activities were measured using the umbelliferyl fluorescence assay (Carsolio et al. 1994).  Transgenic
grapevines analyzed were chosen from the following three groups:  1. A series of lines of Chardonnay producing NPT-II
along with one of three antimicrobial peptides; 2. Multiple lines of Chardonnay and Merlot producing both NPT-II and
endochitinase; 3. Two lines of Chancellor with GUS/NPT-II gene fusion producing a fused protein product.  All of these
lines produce transgenic products under control of constitutive promoters described previously (Reisch et al. 2004).

Expression of NPT-II protein in roots of transgenic lines varied between 0.1 and 1.9 µg/g protein (Figure 1), while no
expression was found in either non-transgenic Chardonnay or Merlot.

Seven of nine lines of Chardonnay showed endochitinase activity ranging from 21.5 to 32.3 nM/min/µg protein.  One line
(CdEN33) exhibited low activity and also showed very poor growth among in-vitro, greenhouse, and field grown vines
(Figure 2).  Merlot endochitinase-transformed vines varied greatly for chitinase activity, ranging from 65 nM/min/µg protein
(line MEN9) to under 5 nM/min/µg protein (MEN7).

Two lines of Chancellor transformed with GUS/NPT-II gene fusion producing a fused protein product (97 kDa) were
evaluated using a histochemical GUS detection assay (Jefferson et al. 1987).  One line (Chan 1055) strongly expressed GUS
activity in all tissues, while the other line (Chan 1134) showed no GUS expression, even though the gene was present.
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Figure 1. Quantification of NPT-II protein
in root tissues via ELISA (Agdia Co.,
Elkhart, Indiana).  Bars represent average of
NPT-II protein concentrations (± SE).  NB:
non-bombarded Chardonnay control.  The
two black/white bars on each graph indicate
lines that were selected for grafting
experiments based upon both their level of
protein production and the general ability of
the field grown vines to produce sufficient
wood for grafting.
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Figure 2. Root endochitinase activities according to the umbelliferyl fluorescence assay (Carsolio et
al. 1994).  Bars represent the average of endochitinase activities (± SE).  EN: endochitinase.  NB:
non-bombarded Chardonnay control.  The two black/white bars on each graph indicate lines that were
selected for grafting based upon level of endochitinase production.

Development of graft combinations between selected transgenic lines and non-transgenic scions
Transgenic lines to be grafted with non-transgenic Chardonnay scions were selected considering not only the level of protein
produced but also the availability of healthy wood for bench-grafting.  With regards to cultivars and type of transgenic
proteins, two lines of each were chosen, based on having either high or low transgenic protein levels, in addition to non-
transgenic controls.

The selected transgenic lines were grafted with non-transgenic Chardonnay using chip-budding and green stem-approach
grafting techniques.  One line of Chardonnay and two lines of Merlot were suitable for both NPT-II and endochitinase
analyses.  A total of ten rootstock/scion combinations were grafted, including negative controls, and more than five grafted
vines of each combination were established.  Xylem sap and leaf tissues from scions will be analyzed for presence of
transgenic proteins.

Transport of GUS/NPT-II fusion products
GUS/NPT-II fusion products (97 kDa) were strongly expressed in phloem vascular tissues as well as xylem parenchyma cells
in Chancellor line 1055.  In a three-month old graft union of a transgenic rootstock and non-transgenic scion, GUS
expression could only be detected in transgenic rootstock tissues, but not in scion tissues (Figure 3A, 3B).  It appears that the
GUS/NPT-II fusion protein is not transported from transgenic rootstock cells to non-transgenic scion cells, nor can it be
detected in the xylem vessel elements.  This result is not surprising given the very large size of the protein.

Transgenic
rootstock

Non-transgenic
scion

A

Phloem
Phloem

Non-transgenic
scion

Transgenic
rootstock

B

Xylem

Figure 3A and 3B. GUS expression at the graft union between a transgenic rootstock (Chancellor 1055) and non-transgenic
scion (Chardonnay) three months after grafting.  GUS protein was detected by histochemical methods using vertical stem
sections and visualized by the blue color of tissues.
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CONCLUSIONS
1. Transgenic rootstocks with either high or low expression of three different proteins were grafted with non-transgenic

Chardonnay scions and more than five grafted vines of each combination were established.
2. Grafted vines are growing in a greenhouse for further analysis. Initial data show that 97 kDa protein is not transported

across the graft union.  Enhancing our understanding of substance transport across graft unions will be of great use in
designing strategies to deploy rootstocks for control of PD.
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ABSTRACT
Magainins are small antimicrobial peptides (AMPs) that inhibit growth of numerous bacteria and fungi.  Some AMP-
transgenic lines of ‘Chardonnay’ have improved resistance to tumorigenic strains of crown gall (Agrobacterium vitis).  Other
researchers have claimed that similar AMPs induce grapevine resistance to Pierce’s disease (PD).  Sixteen ‘Chardonnay’
lines transformed with the magainin-type AMP genes, mag-2 and MSI99, and with a PGL class gene, were produced and
tested for PD resistance using a greenhouse needle inoculation technique.  Most lines were susceptible, but several showed
reductions in symptom development and reductions in plant tissue bacterial counts.  These vines are being propagated for a
field trial to test for resistance under conditions of natural inoculation.  Tests are also underway to quantify the level of
peptide production in each transgenic line.  In addition, in vitro assays are being conducted to evaluate the relative effect of
these and other peptides on growth of Xylella fastidiosa (Xf).  MSI99 and ESF39 inhibit Xylella growth more effectively than
do the other peptides tested, according to results obtained to date.

INTRODUCTION
Numerous genes involved in plant disease defense have been isolated (Punja 2001; Mourgues et al. 1998).  When disease
resistance genes are introduced and expressed in transgenic plants, fungal and bacterial diseases have been greatly reduced
(Mourges et al. 1998; Punja, 2001; Van der Biezen 2001).  We have developed a set of transformed grapevines in which
AMP genes are transcribed into RNA.  About 80 ‘Chardonnay’ lines transformed with the magainin-type genes, mag-2 and
MSI99, and with a PGL class gene, were produced (Vidal et al. 2003).  Magainins are small peptides with strong inhibitory
activity against numerous bacteria and fungi (Zasloff et al. 1988; Smith et al. 1998; DeGray et al. 2001; Smith et al. 2001).
The MSI99 peptide expressed in tobacco and banana was shown to be highly effective against several pathogens (Chakrabarti
et al. 2003).  Some AMP-transgenic lines of ‘Chardonnay’ demonstrated improved resistance to tumorigenic strains of crown
gall (Agrobacterium vitis) (Vidal et al. 2005), suggesting that these lines may harbor resistance to other bacterial diseases, as
well.

Some AMP producing genes such as Shiva-1 are effective against PD (Scorza and Gray, 2001) but the subject warrants
further study.  It is the purpose of the present project to study the potential resistance of our AMP-producing vines to PD;
learn more about the effects of various AMPs on Xf growth; and develop new sets of transgenic vines with the potential to
resist PD.

OBJECTIVES
1. Analyze AMP (anti-microbial peptide) expression in transgenic ‘Chardonnay’ vines.
2. Understand the relationship between AMP levels and disease resistance; design improved transformation vectors based

on results.
3. Evaluate resistance to PD among these transgenic vines.

RESULTS
Objective 1:  Analyze AMP (anti-microbial peptide) expression in transgenic ‘Chardonnay’ vines
Transgene expression in leaves was quantified by ELISA.  For the mag-2 and MSI99 peptides, an antibody was developed
that recognized an antigenic sequence common to both.  In a series of preliminary ELISA tests (during 2003; methods per Li
et al. 2001), low levels of peptide production were detected in 8 of 22 lines, in agreement with previous RT-PCR results.
However we were unable to detect the peptide consistently, suggesting the methodology required some improvement.  In
spring 2004, a series of ELISA tests for peptide detection were carried out using very young leaves from greenhouse plants.
Chardonnay lines transformed with either the gene for mag-2 or for MSI99 production (ten of each), plus two non
transformed lines, were assayed in three separate experiments. Despite rapid sample preparation, oxidation was an erratic
problem among samples, and there were inconsistencies in the data collected.  Among the ten lines expressing mag-2, lines



167-3 and 167-9 were significantly different from the non transgenic controls.  There were no significant differences in the
ELISA assay among lines transformed with MSI99, however the highest ELISA readings were with lines 168-8 and 168-15.

With the inconsistency of results from the ELISA assays, two other methods for detecting peptide expression were
investigated.  Using the Bioscreen C Microbiological Workstation, conditions to bioassay for peptide activity in plant tissue
extracts were investigated.  Tissue extracts from non transgenic vines plus known amounts of mag-2 peptide were incubated
with bacterial cultures and growth following the incubation period was measured.  Peptide degradation was reduced with a
protease inhibitor cocktail.  Small amounts of plant extract were found to stimulate bacterial growth and large amounts
completely inhibited growth.  So this line of research is proceeding to establish the proper conditions to bioassay for peptide
activity in transgenic plant tissues.

Direct quantification of peptide production is also being investigated using a BioLC Chromatograph in the chemistry
laboratory of Dr. Terry Spittler, Horticultural Sciences, Cornell University.  This system can be used to determine species and
quantity of peptides by highly sensitive ion chromatographic techniques and electrochemical detection.  Plant tissue extracts
have been collected and stored at –20 C.  Control experiments are underway to determine elution times for detection of the
peptides of interest.  Results are not yet available.
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Objective 2:  Understand the relationship between AMP levels and disease resistance; design improved
transformation vectors based on results
The following AMPs were grown in the presence of varying concentrations of Xf (Stag’s Leap strain) in vitro:  ESF12,
ESF39, mag-2, MSI99 and PGL.  At least one additional AMP, MsrA3, is still to be tested.  Replicated testing was conducted
in a Bioscreen C Microbiological Workstation.  Initial Xf concentrations were adjusted to 105, 106 and 107 cfu/ml in PW
(Periwinkle Wilt) liquid medium.

The Bioscreen C microplate reader was found to be suitable for automated measurements of growth of Xf. At OD600, the
range of readings was very low as compared to the range obtained with Agrobacterium vitis (see Figure 1), yet the readings
were consistent and indicative of the effects of increasing concentrations of antibacterial compounds.  Among the five
peptides tested to date, MSI99 was the most effective inhibitor of growth (Table 1).  Since it was only tested at
concentrations ranging from 10 to 50 μM, further testing will be necessary at lower concentrations.  The amino acid sequence
of MSI99 is very similar to that of mag-2.  However, it is a much more potent inhibitor of Xf, and this is consistent with

Figure 1. Growth of Xf (left side) and Agrobacterium vitis (right side) in the presence of
varying concentrations of MSI 99.  Initial bacterial concentrations ranged from 107 to 105

cfu/ml.
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reports that it was developed to be a more potent analog of mag-2.  PGL and ESF12 had very little effect on the growth of Xf,
even at the very high concentration of 50 μM.  ESF39, reported to be a more potent analog of ESF12, was much more
inhibitory to Xf growth than was ESF12.

Table 1. Effects of five antimicrobial peptides on growth of Xylella fastidiosa.

AMP (μM) Xylella conc. (cfu/ml) grows well at or
below:

grows slowly or
erratically at:

does not grow at
or above:

Magainin-2
1; 5; 10; 15

107

106
1 μM
n.a.

5 to 15 μM
1 to 15 μM

n.a.
n.a.

105 1 to 5 μM 10 μM 15 μM

MSI-99 107 n.a. 10 μM 23 μM
10; 23; 36; 50 106 n.a. n.a. 10 μM

105 n.a. n.a. 10 μM
PGL 107 50 μM n.a. n.a.

10; 23; 36; 50 106 36 μM 50 μM n.a.
105 23 μM 36 μM 50 μM

ESF-12 107 50 μM n.a. n.a.
10; 23; 36; 50 106 50 μM n.a. n.a.

105 n.a. 50 μM n.a.

ESF-39
10; 23; 36; 50

107

106

105

n.a.
n.a.
n.a.

10 μM
10 μM
10 μM

23 μM
23 μM
23 μM

n.a. = not applicable

Further work during the course of the present project will focus on the development of improved transformation vectors for
resistance to PD.  The present work to assess the four groups of transgenic vines plus the ongoing project to evaluate the
effects of a range of AMPs on growth of Xf in vitro will be used as a knowledge base to contribute to the design of new
plasmids or gene cassettes.  Consideration will be given toward optimizing the promoters and signal peptides in each
construct.

Objective 3 - Evaluate resistance to PD among these transgenic vines
Previous efforts to test peptide-producing transgenic lines of Chardonnay for resistance to Xf showed that, using the
greenhouse needle-inoculation technique, most lines were susceptible to PD, and just a few showed reduced symptom
development and reductions in the number of Xf bacteria (Reisch et al. 2004).  It is not yet known how these vines will
respond in the field under conditions of natural inoculation.  Vines are now being propagated for planting of a trial of AMP-
producing vines in Texas, where they will be observed for field resistance to PD.  This trial will include at least two lines of
each of four types of transformants.  The four types are those transformed with genes for the production of peptides mag-2,
MSI99, PGL, and mag-2 + PGL.  The trial will be replicated and will include control susceptible and resistant vines.
Planting is scheduled for spring 2006.

CONCLUSIONS
Transgenic vines harboring genes that produce substances inhibitory to growth of Xf are being propagated to test for field
resistance to PD.  Work is underway to quantify the production of these inhibitory substances in grapevine tissues.  These and
other similar substances are being tested in vitro for their relative effects on the growth of Xf. Based on the data being
produced, new gene constructs will be designed with the goal of providing improved levels of resistance to PD.
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ABSTRACT
Grapevine xylem is composed of vessels connected by intervessel bordered pits with pit membranes that prevent the passive
movement of particles, especially at the stem-leaf junction where most vessels end.  The traditional view of Xylella fastidiosa
(Xf) movement within the xylem requires the digestion of the intervessel pit membrane to move from one vessel to another.
However, bacteria such as Yersinia enterocolitica (Ye) and fluorescent beads have been observed moving rapidly within the
grapevine xylem, suggesting a pathway for passive movement.  In this report, we used air and latex paint to confirm the
existence a xylem vessel pathway from stems into the leaf lamina.  Anatomical investigation of the leaf xylem revealed a
switch from vessels to tracheids at about 50-60% the length of the leaf lamina. In addition, inoculations of gfp-Xf showed that
bacteria never reached the leaf margin where the symptoms appear, suggesting that tracheids inhibited the free movement of
Xf.

INTRODUCTION
Particle movement is limited by the frequency of vessel endings, especially at the stem-leaf junction, where most vessels
have been thought to end, with a few exceptions (Andre, 2002; Larson and Isebrands, 1978; Tyree and Zimmermann, 2002).
Indeed a bacterium such as Xf (0.1-0.5 x 1-5 µm, Nyland et al., 1973) is too big to move through the intervessel pit membrane
pores (<0.2 µm, Siau, 1984) with water flow.  The colonization of a plant by Xf requires that the bacteria move within the
xylem between vessels across pit membranes and from one organ to another (Stevenson et al., 2004).  A favored hypothesis
to explain how bacteria become systemic is that the bacteria digest the pit membrane cell wall (Roper et al., 2002; Stevenson
et al., 2004).  Another more recent twist in the mechanism is that bacteria might also move through torn or remnant pit pore
membranes (Carlquist and Schneider, 2004; Stevenson et al., 2004).  This propagation by digestion could be rather slow if
vessels are short and if numerous membranes have to be crossed.  Bacterial movement in grape stem can be relatively easy
because vessels can be very long, up to 1m (Sperry et al., 1987).  However, there is still the problem of bacterial passage into
leaves if most of the vessels end at the stem-petiole and petiole-lamina junctions.

Recent experiments on the passive movement of Ye and fluorescent beads showed the existence of open, continuous xylem
conduits (one or more xylem vessels allowing free movement of particles of at least one micrometer in size) from the stem to
the leaf lamina of grapevine (Thorne et al., personal communication).  They found that Ye and beads were moving freely with
the transpiration stream from the stem into primary and secondary veins of the leaf blade in three leaves above the loading
point.  In addition, they showed that Ye and beads traveled to about 50-60% of the length of the leaf lamina.  This shows an
open xylem conduit all the way from the stem through the petiole and into the leaf blade without the need to digest a pit
membrane, but also suggests that a feature of xylem structure precluded the movement of bacteria all the way to the leaf
blade periphery.

In this study, we verified the presence of the open xylem conduits by studying the movement of air and latex paint.  We also
looked at the xylem anatomy of the leaf blade to identify the change in the vascular structure causing the halt of Ye, beads, air
and paint within 50-60% of the leaf blade length.  Leaves were also inoculated with Xf engineered by the addition of the
green fluorescent protein (gfp-Xf) to check its movement within the leaf at different times after inoculation.  The question
was whether Xf would be affected by the change in xylem structure. Since Xf possess the ability to digest cell walls, we
would theoretically expect the bacteria to be able to move farther than 50-60% of the leaf blade length and eventually be
found at the leaf margin.



Figure 1. Air and paint position in the leaf veins
calculated as percentage of the total length of the
vascular pathway. Air and paint were loaded at the
base of the petiole of leaves from different nodes.
For each node, the farthest position of the air or
paint inside the five major veins and ten secondary
veins of five leaves was recorded.
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OBJECTIVES
1. Confirm the presence of open, continuous vessels from stem to leaf by using air and latex paint.
2. Identify the change in the leaf xylem structure that inhibits movement of air, paint and bacteria.
3. Study the effect of the leaf xylem structure on gfp-Xf movement.

RESULTS
Objective 1:  Open, continuous vessels
When air or paint was loaded in the petiole base, the distance traveled ranged from 40 - 60% of the total length of the xylem
path from petiole base toward the leaf margin (Figure 1).  Since neither air nor paint can move from one intact vessel to
another across intervessel pit membrane, the similar results obtained with air and paint suggest that both moved through
open, continuous conduits until they reach a zone in the leaf blade where a change occurs in leaf xylem structure (Figure2).
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Figure 2. Map of a leaf showing the longest
distance traveled by air and paint in the primary and
secondary veins when loaded into the petiole base.
Images on the right are cross sections of the petiole
(bottom) and of the central vein (top) showing
paint-filled vessels.  Notice the decrease in the
number of paint-filled vessels as we get closer to the
margin of the leaf.

When air and paint were loaded in the stem, only the three leaves immediately apical to the loading point had air or paint in
their veins (Figure 3).  No air or paint was observed going into petioles beyond these three leaves, but both could be observed
up to 1m past the loading point within the stem axis.  The progression of air and paint inside the three leaves was comparable
to that seen when air or paint were loaded into an individual isolated leaf via the petiole (Figure 2).  This suggests that the
open, continuous conduits present from petiole to leaf blade are also continuous from stem to leaf blade.  This also shows that
these xylem conduits are open for three internodes.  However these open conduits connecting stem to leaves were not present
at all stages of development of the vines.  When air and paint were loaded in the stem below the nodes 10-12, air and paint
was observed in the first three leaves above the loading point (Figure 3).  But when air and paint was loaded in the stem
above these nodes, nothing moved into any leaves but paint and air did continue to move up the stem.  The open conduits
from stem to petiole connected around nodes 10 to 12.
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Figure 4. Map of a leaf
showing the change in its
xylem structure in
relation to the limit set by
air and paint movement.
Images on the right show
the presence of open
perforation plates (OPP)
within the mid vein
xylem.  The images on
the left show the presence
of tracheids in the central
vein near the margin of
the leaf.

Figure 3. Diagram representing the movement of air or paint within the stem and into the
leaves when loaded at different internodes. Below node 10 to 12, air and paint moved into
the three leaves above the loading point and into the stem.  From node 10-12, air and paint
moved only in the stem.  A pressure of 35 KPa was used and the presence of air and paint
was first checked into the leaves then into the stem starting from the apex of the stem
toward its base.

Objective 2:  Tracheary elements of the leaf blade
Air and paint are not able to move past about 50-60% of the leaf blade (Figure 2).  Since air and paint cannot cross the pit
membrane between vessels, this means that the open, continuous conduits must end at this boundary (see dotted line in
Figure 4).  Consequently, the type of tracheary element was studied before this limit, at this limit and past this limit.  Vessel
elements with helical secondary walls and simple, open perforation plates were predominant in the first 50-60% of the leaf
blade (Figure 4).  However, past the limit, closer to the leaf margins, no open perforation plates were observed in any
tracheary elements.  Macerations revealed that the xylem was composed of short, close-ended tracheids (Figure4).

Objective 3:  Movement of Gfp-Xf fastidiosa in leaves
In all examined leaves, the bacteria was observed at 50-60% of the leaf blade, but never closer to the leaf margin (Figure 5).
The bacteria reached this limit at five weeks and were not found closer after eleven weeks when symptoms developed at the
margins.  In addition, bacteria were loaded at different places on leaves to determine if the loading site influenced the
distance the bacteria could travel or the outer limit of its travel.  The results showed that gfp-Xf could not be found past this
limit in leaves infected in the petiole or at mid-distance of the mid vein, regardless of the presence of symptoms or not.  But
the green fluorescence was observed in the petiole of leaves infected in the mid vein, signifying that the bacteria moved
against the transpiration stream.  However, the green fluorescent bacteria could not be observed in leaves that had been
infected near the leaf blade margin.  The bacteria may not have survived as their propagation was hindered by the tracheids,
or possibly no xylem elements were infected during the needle inoculation as there are few of them near the margin.
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Figure 5. Map of a leaf showing
the distance traveled by gfp-Xft
in the xylem vessels when
injected into the petiole base.
Images on the right are cross-
sectional views of the infected
petiole (bottom) and the central
vein (top).

CONCLUSIONS
1. The presence of open xylem conduits from petiole base to 50-60% of the leaf lamina is confirmed.
2. These conduits are present in the stem for three internodes before diverging into mature leaves.  However, the conduits

present in young leaves are not continuous in the stem, although the stem possesses some.
3. Tracheids replace vessels at 50-60% of the lamina.
4. gfp-Xf movement is similar to the movement of air and paint.
5. gfp-Xf is stopped or slowed by the tracheids and never reached the leaf margins where necrosis appears.  Therefore,

necrosis could result from a signal originating from the bacteria and targeting some specific cells near the margin.
6. The open conduits offer easy long distance pathways bridging stem to leaves without interruption, which could facilitate

the systemic spread of the bacteria in the plant.
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ABSTRACT
It is conventionally thought that multiplication of the xylem-limited bacterium Xylella fastidiosa (Xf) within xylem vessels is
the sole factor responsible for the blockage of water movement in grapevines (Vitis vinifera L.) affected by Pierce’s disease
(PD).  However, results from our studies have provided substantial support for the idea that vessel obstructions, and likely
other aspects of the PD syndrome, result from the grapevine’s active responses to the presence of Xf, rather than to the direct
action of the bacterium.  The use of magnetic resonance imaging (1H-MRI) to observe the distribution of water within the
xylem has allowed us to test the role of the plant hormone ethylene in promoting xylem obstruction development, and the
consequent reduction in vine water transport.  In both infected and ethylene-exposed plants, MRI shows that an important
proportion of the xylem vessels become progressively air-embolized (the magnetic signal is lost from these vessels) after the
treatments.  The loss of xylem water-transporting function, assessed by MRI, has been also correlated with a decrease in stem
specific hydraulic conductivities (KS) and the presence of tyloses in the lumen of water conduits.  We propose that ethylene
may be involved in a series of cellular events that allows the plant to sense the presence of Xf and stimulates a plant response
that includes the production of tyloses and gels, perhaps in an effort to slow systemic movement of the bacteria.

INTRODUCTION
Results from PD research programs led by Matthews, Rost and Labavitch (reported in 2001, 2002, 2003 and 2004 in San
Diego) support the idea that obstructions in the vine’s water-transporting xylem tissue develop rapidly post-inoculation,
before an appreciable bacterial population has been established.  Thus, careful analysis of the timing of changes in xylem
element anatomy and function relative to Xf introduction, as well as to external symptoms of disease development, is
important for establishing reliable indicators of the "stage" of PD development.  The analyses done thus far have been based
on destructive tissue sampling.  Such sampling can be particularly “blind” when it is done on vines in which (based on our
earlier results) internal PD symptoms are present but external, visible symptoms, are not yet present.  In the report of the year
1 work of our study (Shackel and Labavitch, 2003), the success of Mr. Pérez and Dr. Walton in imaging non-functional
vessels in the stems of PD-infected and ethylene-treated grapevine stems was demonstrated.  In this report we elaborate on
those studies, showing the correlation of reduced vine water transport capacity with the locations of PD and ethylene effects
on vessel functionality, as determined by MRI analysis.  In addition, because interpretation of the true meaning of the MRIs
in relationship to the anatomy and functioning of vessels is a crucial aspect of our work, we have described the approach that
we are taking to efficiently derive information about the extent of changes in xylem water conducting capacity that can be
deduced from MRIs.  Our experimental work is organized around the hypothetical model for the development of the disease
described in Figure 1.

Figure 1.  Hypothetical model for PD development.  PD starts with infection
caused by the glassy-winged sharpshooter’s introduction of Xf locally (i.e., into
one or a few vessels).  Once Xf is in the xylem the bacteria become systemic,
which implies that Xf must be able to cross (digest away?) the cell wall in the
pit membranes that separate two neighboring vessels.  The digestion of the cell
wall by bacterial enzymes would generate transient oligosaccharides with
biological activity.  The presence of these oligosaccharides is detected by the
plant triggering a series of defensive responses, including a raise in ethylene
production.  Ethylene has been shown to induce tylose formation.  Cavitation
of vessels may be also important for the disruption of water transport in the
plant.  Cavitations may happen during insect feeding or during PD progression.
The “bottom line” of our thinking is that PD is primarily caused by the
grapevine’s responses (local and systemic) to Xf presence.



OBJECTIVES
1. Optimize the use of MRI (Magnetic Resonance Imaging) and to spatially visualize altered water movement in

grapevines.
2. Test correlations of observed vascular system obstructions (based on grapevine dissection and microscopy techniques)

with predictions based on MRI data.
3. Use MRI to follow the development of grapevine obstructions over time in vines infected with Xf or treated with

ethylene, bacterial wall-degrading enzymes or plant cell wall oligosaccharides, all of which may be important
intermediates in regulating the vine’s response to infection and the eventual development of PD symptoms.

4. Use NMR imaging to determine whether localized xylem cavitation occurs at the site and time of Xf inoculation or
introduction by the glassy-winged sharpshooter.

RESULTS
Objective 1:  Optimization of MRI for visualizing water transport deficiencies in PD-infected grapevines.
Magnetic Resonance Imaging (MRI) allows us to visualize, non-destructively, vessels that are functional and full of movable
water.  Functional vessels appear as small bright circles in an MRI view of the stem cross-section; non-functional vessels lack
water and appear as dark spots in the area of the stem where water conduits are found (the magnetic signal is lost from
cavitated vessels).  Cavitation of xylem vessels is of potential importance in PD development.  Our analysis can reveal
vessels that have cavitated.  In Figure 2 we can see the presence of functional vessels in an intact stem, empty vessels after
the stem is severed to cause cavitation, and the re-filling of cavitated vessel with pressurized water.  On the other hand, MRI
can make no clear distinction between pure water, a saline solution (KCl), and a pectin gel. Figure 3 shows that their signal
intensities are quite similar.  This suggests that MRI cannot differentiate between vessels filled with regular xylem sap and
vessels filled with pectic materials from plant gels and tyloses.

Figure 2. (A) MRI of an intact stem segment in a healthy shoot. (B) Image of the same stem portion after an important part
of the cross section below has been severed, thus causing cavitation of many vessels.  (C) The same stem segment after it has
been refilled with water.  (D) Stem segment after flushing with air to completely empty the xylem vessels.  Scale bar = 1 mm.

Figure 3. Glass tubes containing either (A) distilled water, (B)
10 mM KCl solution, or (C) a pectin gel, were put in the
magnet at the same time and imaged.  (D) Small glass capillary
filled with a pectin gel next to an empty glass tube that does not
appear in the image.  The signal intensities ± 1SD were 195.4 ±
15.2, 202.8 ± 12.2, and 196.1 ± 4.4 for A, B, and C,
respectively.  Scale bar = 1 mm.

MRI has been used to assess the xylem function of
control (buffer-inoculated) and infected (Xf-
inoculated) vines up to seven months after treatment.
MRIs of the control vines show well defined xylem, in
which individual vessels can be clearly observed.  As
in previous experiments, stem cross section MRIs of
infected plants show that major sectors of the xylem
appear dark, indicating that they are no longer water-
filled.  Furthermore, MRIs of plants infected with Xf
become less sharp, making it more difficult to
discriminate structure, particularly of individual,
probably still functional, vessels (see also results for
Objectives 2 and 3).  Efforts to explain this will be a

feature of the work as this project continues.  MRI also has been used to follow changes in the functionality of the xylem of
plants exposed to ethylene in enclosed chambers (10 mg L-1 of air for 48 hours).  This experiment has allowed us to confirm
that, after seven months of exposure to ethylene, gassed plants show progressive xylem disruption along the stem (see also
results for Objective 3).  The images taken along the vines in these experiments were classified in three categories.  If the
xylem disc appeared full of bright vessel, the image was categorized as “normal” (N).  However, if the image was showing
one or few small dark spots, in which a few vessels were missing, the image was categorized as “small” (S).  If one or more
evident dark spots were present, compromising an important area of the xylem, the image was categorized as “large” (L).
The Likelihood ratio (Chi-square) test was used to analyze the distribution of the proportions of each category (Figure 4)
across the treatments.  Inoculated and ethylene-treated vines showed a higher proportion of the “L” category and a reduction
in the proportion of the “N” category compared with the controls.  The results of the test indicate that there is a significantly
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different distribution in the proportion of each category (p = 0.0002) among the group treatments (Figure 4).  A
correspondence analysis (Figure 5) confirmed that inoculated and ethylene-treated vines are more closely associated with the
presence of “large” dark spots in the xylem; whereas the control groups are clearly associated with “normal”-looking MRIs.

Figure 4. The mosaic plot depicts the percentages of the
image categories normal (N), small (S), and large (L) for
each treatment. The treatments were labeled IC (control for
inoculation), I (inoculated), EC (control for ethylene) and E
(ethylene-gassed).  Treatments E and I show a higher
percentage of “L” and a lower percentage of “N” than the
controls.  The narrow bar to the right is the mean category
percentage across all treatments.  The distribution of the
categories proportions for the treatments was analyzed
using the Likelihood Ratio Chi-square test, which
concluded that the treatments have different pattern
distributions (p=0.0002).  Sampling size was 49, 42, 53 and
59 internode images for IC, I, EC and E respectively.

Treatments

IC I EC E MeanPe
rc

en
ta

ge
 o

f e
ac

h 
ca

te
go

ry
 (%

)

0

25

50

75

100
L
S
N

c2
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

c1

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

E

EC

I

IC

L

N

S

Treatment
Category

Figure 5. The Correspondence Analysis for the proportions of
categories (N, S, and L) across treatments (E, EC, I, and IC) indicates
that most of the variation (92%) of the response variable (category)
happens in the c1-axis.  L, S and N categories align respectively from
the positive (top) to the negative range of c1-axis, establishing the
directionality of the response.  Thus the treatments located in the c1-axis
positive range (E and I) are associated with the “L” category, and
treatments in the negative range (EC and IC) are associated with the “N”
category.  The c2-axis explains only about 8% of the variability in the
category variable.  “L” and “N” are located fairly neutrally in the c2-
axis whereas “S” locates in the positive range.  Thus treatments in c2-
axis positive range, like EC, are more associated to the “S” category.

Objective 2:  To test for correlations of observed vascular system obstructions with predictions based on MRI data
MRI is capable of showing xylem disruption and non-functional vessels well before external symptoms appear in infected
plants.  Dark spots, indicative of vessel embolisms, can be observed in an image of an infected vine at a basal internode
where leaf symptoms of PD are apparent (Figure 6A).  Closer to the stem apex, at a point where the leaves show no sign of
PD symptoms, MRI can also reveal the presence of extensive cavitations in the xylem (Figure 6B).  Compare these images
with that for a healthy vine (Figure 2A) in which the xylem appears as a full disc of bright vessels.  Conventional
(destructive) optic microscopy of stem sections has shown that dark spots seen with MRI are frequently associated with the
presence of tyloses (Figure 7) and gels (Figure 8) filling the lumen of the water conduits.

Figure 6.  MRI of a PD-infected stem (A) in a basal internode and (B) closer
to the apex.  Bright spots between the central pith (dark) and the ring of
vascular cambium show functional vessels.  (B) Dark pockets within the
vascular tissue indicate areas in which vessels are not water-filled (compare
the image to the healthy stem in Fig. 2A).
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Figure 7. Tyloses are balloon-like outgrowths from living
parenchyma cells that expand into adjacent vessels and permanently
plug them.  Tyloses are often associated with dark spots in MRIs of
infected and ethylene-exposed vines.  (A) New tyloses bulging into
a vessel from neighboring xylem ray parenchyma (100X).  (B)
Tyloses can completely fill the vessel lumen (40X).  (C) The use of
a green fluorescent dye (coriphosphin O) allows visualization of the
pectic nature of tyloses’ newly synthesized cell wall (100X).

Figure 8. (A) Vessels of infected and
ethylene-exposed vines are also filled
with amorphous materials (10X).  (B)
This amorphous material stains
intensely with coriphosphin O, which is
a strong indication that they probably
correspond to pectin gels (10X).

The impression of a loss in xylem function that is given by the MRIs of Xf-inoculated and ethylene-gassed vines should
indicate that there will be a decrease in the hydraulic conductivity of internodes (KS) (Figure 9).  This is a destructive
technique to measure the rate of movement of pressurized water through stem segments.  Whole stems of the treated vines
also showed an increase in the hydraulic resistivity (ρS, the reciprocal of conductivity) relative to the controls (Figure 10),
although this difference was statistically significant only for the ethylene experiment.  The lack of statistical difference in the
inoculation experiment is mainly due to the great variability found in the hydraulic resistivity of inoculated plants.  In turn,
this might be explained because these vines were in a gradation of early stages of PD infection when examined (they were not
showing external symptoms).  While we have found a general correlation between the MRIs showing localized areas of
empty vessels and reduced hydraulic conductivity in regions of infected stems, the correlations are not perfect.  This is due to
at least two factors that will be tested more fully in our continuing work.  First, an empty vessel shown in the MRI at one
level in the plant’s stem could be the result of a vessel obstruction or cavitation above or below the point on the stem where
the MRI observation was made.  Hence, there may be no impediment to water flow in the empty vessel that is being imaged.
Second, while cavitation may be an important factor in PD development, because the tests of water conductivity are carried
out using water under pressure, cavitated vessels will be re-filled during the test and no reduction in water flux would be
revealed.
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Objective 3:  Use of MRI to follow the development of grapevine obstructions over time in vines infected with Xf or
treated with ethylene.
MRI has confirmed that the dark sectors in the xylem of inoculated (Figure 11) and ethylene-gassed grapevines (Figure 12)
which are found after seven months of treatment, start to develop gradually, progressively increasing in size after imposing
the treatments.  Initial signs of embolisms in the xylem can be seen 20 to 50 days after treating the vines, as can be seen in
Figure 12, which shows two internodes in independent experiments, imaged over a period of about 40 or 60 days after
treatment with ethylene.  We expect to perform similar experiments to test the proposed role for cell wall-degrading enzymes
and oligosaccharides as regulators of the plant response to PD infection.

Figure 11. Temporal image sequence of a Xf-inoculated
vine.  Images were taken at the same internode (A) 18,
(B) 54, and (C) 97 days after inoculation (September
2003).  The progressive development of dark spots due
to the presence of embolized vessels is clear from A to
C.  Scale bar = 1 mm.

Figure 12. Temporal image
sequences for two vines from two
different ethylene-gassing experiments
(A to C and D to F).  Images were
taken at the same internodes (A) 19,
(B) 47, and (C) 61 days after treatment
(September 2003); and (D) 10, (E) 19,
and (F) 39 days after treatment
(January 2003).  The progressive
development of dark spots due to the
presence of embolized vessels is clear
from left to right in both image
sequences.  Scale bars = 1 mm.

Objective  4:  Use of MRI to determine whether localized xylem cavitation occurs at the site and time of Xf inoculation
or introduction by the glassy-winged sharpshooter.
Both control-inoculated and Xf-inoculated vines show cavitated sectors in the xylem at the inoculation point, even seven
months after treatment (Figure 13).  Inoculation-related cavitations can be seen up to two internodes above the inoculation
site.  We have started the use of a glass micro-capillary probe (similar in size to the Sharpshooter’s stylet) to mimic insect
feeding, and we started studies of real insect feeding during 2005, in collaboration with Dr. Elaine Backus’ group.

Figure 13. Images taken at the inoculation sites of a (A) buffer-
inoculated and a (B) Xf-inoculated vine.  Both vines were
inoculated using a syringe needle to puncture the stem throughout
a droplet of “inoculum” until reaching the xylem. The difference
in water potential between the xylem and the atmosphere allowed
the “inoculum” to be introduced into the xylem.  The cavitation
of vessels associated with the inoculation event extends above
and below the inoculation site; and it can be seen even seven
moths after inoculation. Scale bar = 1 mm.

CONCLUSIONS
We expect that our combined approach (use of non-destructive and destructive methods) to study xylem function will
determine which kind of disruption (tyloses, pectin gels, or air embolisms) exists predominantly in PD-infected stems; as
well as its developmental progression during the different stages of the disease.
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ABSTRACT
Development of a framework SSR genetic linkage map based on the 9621 family (D8909-15 (V. rupestris x V. arizonica) x
(V. rupestris x V. arizonica/candicans)) is complete.  The mapping population segregates for Pierce’s disease (PD) resistance
and was expanded from 116 to 188 genotypes.  The current genetic linkage map consists of 236 non-AFLP markers (SSR,
EST-SSR and ESTP-RFLP) in 19 linkage groups.  The PD resistance locus, PdR1, maps to linkage group 14 of the male
parent (F8909-17), which now consists of 30 markers, 9 of which are localized within 10 cM of PdR1.  To avoid confounding
affects from resistance inherited from D8909-15 a new population has been chosen and is being prepared for mapping.  This
population (04190) is a cross of V. vinifera F2-7 x F8909-08 (sibling of F8909-17).  We have confirmed a heterozygous
Xylella fastidiosa (Xf) resistance inheritance (the same as F8909-17) on a subset and produced 4,500 seeds in this population
for use in our mapping and positional cloning efforts.  A set of 220 plants were selected for DNA extraction (to add PD group
markers) and cuttings were collected from 160 plants for screening for Xf resistance; resistance segregates 1:1 in this
population.  In order to understand the stability and segregation of resistance to PD from different sources, 6 different
mapping populations are under study.  We are also continuing mapping efforts in the 0023 population a cross of D8909-15 x
V. vinifera B90-116, so that we can compare these resistance sources.  Extensive data for cluster and berry traits, and Xf
resistance exists for about 200 plants in the 0023 population.  A preliminary map, locates QTLs on a number of the linkage
groups.

INTRODUCTION
This project expands upon and continues a genetic mapping effort initiated with funding from the California Grape Rootstock
Improvement Commission, the Fruit tree, Nut tree and Grapevine Improvement Advisory Board, the California Table Grape
Commission and the American Vineyard Foundation.  We have been mapping resistance to Xiphinema index, the dagger
nematode, and Xf in the 9621 and 0023 populations mentioned above.  The preliminary AFLP-based 9621 genetic map has
been published (Doucleff et al. 2004).  We then focused on adding more informative markers, such as microsatellites or
simple sequence repeats (SSR) because these markers provide a more reliable and repeatable framework for initial mapping
of candidate genes and quantitative trait loci (QTLs).  In addition, tightly linked SSR markers are ideal for marker-assisted
selection (MAS) due to their applicability across different genetic backgrounds and ease of use.  This year, mapping efforts
within the 9621 have concentrated on linkage group 14 which contains the PdR1 resistance locus (Krivanek et al.  submitted).
The addition of SSR markers to this linkage group was greatly aided by the existence of other SSR-based genetic maps of
grape that have been developed within V. vinifera populations and by the availability of expressed sequence tag
polymorphism (ESTP) markers developed by other grape researchers and available on various genetic databases.  We are
now applying fine-scale mapping techniques to saturate a narrow region around the primary PdR1 resistance locus, which
will lead to efforts to genetically engineer susceptible V. vinifera grapes with the PdR1 gene.

OBJECTIVES
1. Complete a framework genetic linkage map of 9621 mapping population.  Add SSR and ESTP markers from the PD

linkage group (Chromosome 14) to additional genotypes of the 9621 population (more recombinants reduce the
distance between markers).

2. Screen an additional 100-150 EST derived SSR markers for which functions are known after their comparison to
homologues in available EST databases.

3. Study marker segregation linked to PdR1 in different genetic backgrounds.  Initiate genetic mapping of 04190 population
(V. vinifera F2-7 x (V. rupestris x V. arizonica/candicans F8909-08)) with markers on linkage group 14.  Apply this
information in the development of a MAS system for PD resistance to assist ongoing wine grape breeding efforts.

RESULTS
Objective 1
This project began with an AFLP-based genetic map developed from 116 individuals from the 9621 population (Doucleff et
al. 2004).  We expanded the core set of individuals from the 9621 to 188 genotypes to take advantage of 96-well plate based
techniques and to increase resolution on the map to improve marker association with PD resistance. A paper on the portion
of the AFLP-based map with PdR1 (Krivanek, Riaz and Walker.  Identification and molecular mapping of PdR1, a primary
resistance gene to Pierce’s Disease in Vitis.  Theor. Appl. Genet.) has been submitted.  Efforts have moved ahead with the use
of SSR markers linked to PdR1 in our breeding program.  The framework map of 9621 population is now complete with 236
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primarily SSR markers (210 mapped and 26 linked).  The consensus map spans 1154 cM in 19 linkage groups.  Linkage
group 14 is the largest group with 30 markers.  The average distance between markers is 5.5 cM (a manuscript is in
preparation for publication in Genome).  Table 1 provides the main features of the completed SSR-based 9621 genetic
linkage map.  It contains 60 new EST-SSR and EST-RFLP markers that have not been mapped on any other published grape
map.

Table 1. 9621 Consensus map details of the 19 chromosomes

Chromo.
Linked

Markers Mapped Unmapped
Distance

(cM)
New

Markers
1 18 16 m-VMC8a7, fm-AF378125 2 91.2 8
2 11 10 VMC5g7 1 50.97 0
3 8 8 0 65.87 4
4 15 14 VMC2e10 1 79.95 4
5 17 11 f-VrZag89a, fm-VMC16d4, m-VrZag89b,

f-VrZag79a, West-9, VMC4c6
6

46.77 4
6 16 10 f-VMC3f12, m-VMC3a8, fm-VVC7, fm-

CF205720, f-VMC2h9
6

75.8 3
7 9 8 fm-VMC16f3 1 71.38 1
8 9 7 f-VMC1b11, f-VMC1e8 2 56.34 2
9 10 10 0 71.05 2

10 9 7 fm-ctg9946, f-vest235 2 30.87 3
11 8 8 0 48.86 4
12 13 12 fm-VMC5c6 1 33.16 4
13 9 9 0 57.29 3
14 30 28 m-VVIQ32, fm-ctg1008359 2 76.83 5
15 4 4 0 17.8 0
16 9 9 0 51.5 2
17 9 9 0 61.13 4
18 15 15 0 105.66 4
19 17 15 fm-VVIM03, m-VMC1a7 2 61.25 3

TOTAL 236 210 26 1153.68 60

We have extracted DNA from 300 additional genotypes from the 9621 population and will be analyzing the DNA from these
plants for the markers that are contained within 15 cM of the PdR1 on linkage group 14.  This increased number of
individuals should yield more recombination around the PdR1 locus, finer scale positioning of markers, and get us closer to
physically locating PdR1.  Fine scale placement of markers in relation to a resistance locus is the first step toward screening
of BAC library clones that contain the resistance gene and allows integration of a genetic linkage map to a physical map
capable of locating the PdR1 gene.  This approach to clone resistance genes is termed “map-based positional cloning of
genes” and it has been effectively used in other organisms to clone genes of interest.  Bulk-segregant analysis (BSA) efforts
are also underway with a subset of the 9621 population and 12 highly resistant and 12 highly susceptible siblings.

Objective 2
We continue to select EST-SSR markers, with known function based on comparisons of homologs from other EST databases,
and to test their polymorphism for parents of two main mapping populations (9621 and 04190).  This process is coupled with
our efforts to increase the number of individuals on the map detailed below.  In summer of 2005, we screened an additional
150 EST-SSR markers developed in Dr. Doug Cook’s lab.  The majority of these markers amplified successfully and 41 of
them were polymorphic and useful for mapping in the 9621 and 04190 mapping populations (Table 2).
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Table 2. EST-SSR markers applied to the 9621 consensus map and the linkage group they are located on
Accession No. Putative Function Map Location
CTG1009904
CTG1010271
CTG1011774
CTG1012992
CTG1008034
AF378125
CTG1026392
CTG1026282

Similar to olfactory receptor MOR111-4
AF349963_1 endoxyloglucan transferase
Nodulin-like protein [Arabidopsis thaliana]
Putative heat-shock protein [Arabidopsis thaliana]
Putative myosin heavy chain protein
AF378125_1 GAI-like protein 1 [Vitis vinifera]
Nuclear transport factor 2 -related
AP2 domain transcription factor, putative

1

CTG1009171
CTG1012753
CTG1015137
CF206266

RNA  binding protein
AC098693_13 Putative ubiquitin protein
S42868 serine/threonine protein kinase
Unknown

3

CTG1007333
BM438035

Probable peptidylprolyl isomerase
Dehydration-induced protein RD22-like protein

4

CTG1009180
CTG1026305

Unknown
Plastid-lipid associated protein PAP/fibrillin family

5

CB923226
CF205720
CTG1026316

Protein disulphide isomerase
Unknown
Amygdalin hydrolase isoform AH I precursor

6

CTG1010450 ADP-RIBOSYLATION FACTOR -like protein 7
CTG1008985 Putaive arabidopsis protein 8
CB918037
CTG1029984

Glycosyl hydrolase family 5/cellulase
Auxin-responsive protein (Indoleacetic acid-induced protein)

9

CTG1009946 Cell-cell signaling protein csgA - like 10
CTG1009141
CTG1009274
CTG1013410

Putaive arabidopsis protein
Putative protein arabidopsis
Histone H1-like protein

11

CTG1009382
CTG1010863
CTG1013230

Putative ring protein
3-isopropylmalate dehydrogenase
Expressed protein

12

12
CTG1026135 S17P_SPIOL Sedoheptulose-1,7-bisphosphatase, chloroplast precursor 13
CTG1008359
CTG1010193
CTG1025882
CTG1026876

Unknown
AF448467_1 alpha-expansin
AF406809_1 glutaredoxin
Chalcone synthase

14

CTG1009244 Putative protein arabidopsis 16
CTG1010557
CTG1008270
AF143283

Leaf development protein Argonaute
Glycosyl hydrolase family 17
Glucose-inhibited division protein B-like protein

17

CTG1007085
CB915120

Putative translation initiation factor eIF-1A
Eukaryotic peptide chain release factor subunit 1 (ERF1)

18

CD009354 Polyadenylate-binding protein (PABP), putative 19

Objective 3
Because both parents of the 9621 population are Xf resistant and because the D8909-15 parent contains different Xf resistance
loci (which derive from V. arizonica b42-26), we began mapping in the 04190 population to avoid confounding effects on
our ability to positionally clone the PdR1 locus.  In summer 2005, we extracted DNA from 220 plants in the 04190
population before they were planted in our breeding blocks.  A set of 37 SSR and EST-SSR markers were tested on small
subset of eight samples (including both parents) to verify polymorphisms.  Thirty-five of these markers were known to be
linked to linkage group 14 based on comparisons with other published grape maps.  Although all of these 35 markers were
polymorphic for the 9621 population, only 29 markers were polymorphic for the 04190 and these were added to the 220
genotypes from the 04190 population.  Marker order for linkage group 14 is consistent between F8909-17 (parental map) and
04190 (consensus map).  A total of 111 plants inherited resistant alleles from 3 markers covering the 11 cM around the PdR1
locus derived from F8909-08.  From this observation, we conclude that resistance is segregating 1:1 in this population.
Based on the presence of these resistance markers, we are now testing all resistant and 30 susceptible plants from the 04190
to verify these results with whole plant screening.  These plants will be screened as part of the PD winegrape breeding effort
and results are expected before the end of 2005



- 75 -

We are studying the expression, penetration, segregation and stability of resistance to PD from different genetic sources so
that we can better predict its durability in crosses and how this locus interacts within the chromosomes.  So far we have used
two resistance sources (b42-26 and b43-17).  The populations and genotypes we are examining are noted below.

Table 3. Parentage and species information for populations and genotypes being used to map PD resistance
Population / Genotype Species / Parentage
b42-26 V. arizonica
b43-17 V. arizonica/candicans
D8909-15 V. rupestris A. de Serres x V. arizonia b42-26
F8909-08 and F8909-17 V. rupestris A. de Serres x V. arizonica/candicans b43-17
F2-7 and F2-35 (both females) V. vinifera (Carignane x Cabernet Sauvignon)
9621 D8909-15 x F8909-17
0023 F8909-15 x V. vinifera B90-116
03300/5 101-14Mgt (V. riparia x V. rupestris) x F8909-08
04190 F2-7 x F8909-08
04191 F2-7 x F8909-17
04373 F2-35 x b43-17

Expected or Known Segregation Patterns:
1. 9621 Population: PdR1 single locus for F8909-17 and multiple QTLs for D8909-15.
2. 0023 Population: multiple QTLs.
3. 03-300/5 population: PdR1 resistance segregates 1:1 (single gene model) Xf greenhouse screening for entire population

is in process.
4. 04-190 population:  results based on resistant alleles from 6 markers, PdR1 segregates as 1:1 (single gene model), Xf

greenhouse screening for entire population is in process.
5. 04-191 population: PdR1 resistance should segregate 1:1; plant DNA extraction and addition of PD group markers are in

process.
6. 04-373 population: PdR1 resistance should segregate 1:1; plant DNA extraction and addition of PD group markers are in

process.
7. 045554 population:  progeny should be 93.75% V. vinifera and an excellent test of PdR1 in 4 backcross generations

The stability of resistance is key issue for breeding new winegrape cultivars; only genotypes that carry the resistant alleles as
well as other important horticultural traits need to be selected.  Therefore, it is essential to understand how resistance from
different sources segregates in population.  Testing of the six populations in Table 3 (9621, 0023, 03300, 04190, 04191, and
04373) that derive Xf resistance from both backgrounds (b42-26 and b43-17) for the presence of DNA markers and screening
them for resistance to Xf will provide us with an understanding of resistance in different background as well as provide
confidence with the stability of these resistance sources in our ongoing breeding project.

We continue to map in the 0023 population and the map results were reported last year.  Since then we have determined that
75 more SSR markers are mapable.  These markers are in the process of being mapped.  If their addition results in a better
definition of QTL location and effect we will saturate the appropriate linkage groups with markers known to exist on those
groups.

We continue to study the Olmo Mexican Collection to verify its identity and the extent to which Xf resistance and the PdR1
locus exist in the population.  We have not resolved all the confusion between the original and the USDA National Clonal
Repository collections, but the work will soon be finished.  We have tested all of the 51 genotypes in this collection for the
presence of six SSR markers linked to the PdR1 locus. The results are being analyzed and will provide important
information allowing us to correlate Xf screening results with the resistant alleles, distinguish new resistant alleles for
breeding purposes, and determine the distribution of known resistant alleles in the entire set.

CONCLUSION
This project has enabled us to develop a framework genetic map for Xf resistance and now we can make progress towards
physical mapping of resistance trait.  Other maps are also in development in different genetic backgrounds and they will
focus only on Linkage Group 14 on which PdR1 resides, except in the case QTL analysis in the 0023.  These genetic linkage
maps will enable us to characterize and clone genes conferring resistance to PD, ultimately leading to genetic transformation
of susceptible grape varieties with grape-based resistance genes.  PD resistance makers generated in this study are used in our
breeding program to optimize selection and allow the screening of larger populations and thus greater progress in the
production of resistant winegrapes.
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ABSTRACT
Strong and continued progress is being made breeding Pierce’s disease (PD) resistant winegrapes.  We have been able to
markedly improve fruit quality while maintaining high levels of PD resistance.  At this point we have third generation
backcrosses of our 8909-08 (Vitis arizonica/candicans) resistance source onto V. vinifera grapes.  This will be the first time
that PD resistant selections with so great a percentage (87.5%) of V. vinifera have been produced.  We continue to make
many crosses, produce thousands of seeds, and plant about 2,000 plants in the field each year.  The greenhouse screening
system continues to be refined and we have moved to smaller pots and more rapid evaluation to increase the number of
seedlings and high fruit quality selections we test.  This screening is very severe, but material that passes the screen is
reliably resistant and dramatically restricts Xylella fastidiosa (Xf) movement.  We are also co-screening for powdery mildew
resistance.  Strong progress on the development of Xf resistance markers has allowed us to use our PdR1 markers for marker-
assisted selection.  This year’s crosses will produce up to 14,000 seeds – many with >75% V. vinifera parentage.  We have
high expectations for strong resistance and excellent wine quality in this and the next generation of seedlings.

INTRODUCTION
The PD threat in California has greatly increased with the establishment and spread of the glassy-winged sharpshooter
(GWSS).  All of California’s winegrapes are susceptible to PD and no effective prevention or cure currently exists.  Under
severe PD pressure, culture of V. vinifera grapes is not possible and new PD resistant cultivars are needed.  PD resistance
exists in a number of Vitis species and in the related genus, Muscadinia.  Many resistant cultivars, which derive their
resistance from these sources exist, but they lack V. vinifera fruit quality and have very complex resistance genetics.  This
complex genetics greatly limits the number of resistant progeny they produce when crossed to V. vinifera cultivars, which
dramatically slows breeding progress.

At UC Davis, we are uniquely poised to undertake this important breeding effort.  We have developed rapid screening
techniques for Xf resistance and have optimized ELISA and PCR detection of Xf (Buzkan et al. 2003, Buzkan et al. 2005,
Krivanek et al. 2005a 2005b, Krivanek and Walker 2005).  We have unique and highly resistant V. rupestris x V. arizonica
selections, as well as an extensive collection of southeastern grape hybrids, that offer the introduction of extremely high
levels of Xf resistance into commercial grapes.  We also have several years’ worth of seedlings in the ground that need
evaluation as winegrape types.  We are now breeding in a broad range of PD resistant backgrounds with most of our activity
directed at resistance from V. arizonica/candicans b43-17, for which we have located a resistance locus that maps as a single
dominant gene (PdR1 – detailed in the companion report “Map-based identification and positional cloning of Xylella
fastidiosa resistance genes from known sources of Pierce’s disease resistance in grape”).  We have seed that is 87.5% V.
vinifera, from winegrape cultivars, with resistance from  the b43-17 resistance source and progress has been dramatically
improved with marker-assisted selection.

OBJECTIVES
1. Breed PD resistant winegrapes through backcross techniques using high quality V. vinifera winegrape cultivars and Xf

resistant selections and sources characterized from our previous efforts.
2. Continue the characterization of Xf resistance and winegrape quality traits (color, tannin, ripening dates, flavor,

productivity, etc) in novel germplasm sources, in our breeding populations, and in our genetic mapping populations.

RESULTS
Objecitve 1
2005 Crosses – We made a wide range of crosses this year detailed in Table 1.  Thus far in 2005, we have extracted 2,308
seeds and expect to extract another 11,725. These crosses were made in five groups.  The first group (Table 1a) utilizes the
b43-17 V. arizonica/candicans resistance source in a third generation backcross to produce progeny with 87.5% V. vinifera
parentage.  These plants have great potential and will contain more V. vinifera parentage than has been produced in past PD
winegrape breeding programs.  We will be testing this population with our PdR1 genetic markers.  This population will
contain not only dramatically increased fruit quality, but also verify the utility of the PdR1 markers in later generations.  The
second group (Table 1b) also utilizes the b43-17 resistance source and its progeny will contain 75% V. vinifera.  The 03188
and 0062 selections used in these crosses are 50% F2-7 or F2-35 both female flowered selections from a Carignane x
Cabernet Sauvignon cross.  We have used a variety of “classic” winegrape cultivars in these crosses to promote productivity
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and fruit quality traits (Airen, Alicante Bouschet, Barbera, Cabernet franc, Cabernet Sauvignon, Chardonnay, Sauvignon
blanc, Syrah, Tempranillo and Viognier).

The third group of crosses (Table 1c) utilized the b42-26 V. arizonica PD resistance source.  This genotype is the strong Xf
resistance source for the 8909-15 parent in the 9621 genetic mapping progeny (detailed in the companion report – “Map-
based identification and positional cloning of X. fastidiosa resistance genes from known sources of Pierce’s disease resistance
in grape”).  This group of crosses will include progeny with 50% V. vinifera and 75% V. vinifera parentage.  This source of
resistance is multi-genic and we are attempting to establish quantitative trait loci (QTL) markers for its resistance in our
mapping program.  Although this resistance source is not as amenable to marker-assisted selection, it does produce progeny
with very high levels of resistance.  It may also be more valuable given its multi-gene resistance, making it more difficult for
Xf to overcome its resistance mechanisms.  Our current plan is to advance both the b43-17 and b42-26 sources of resistance
and then intercross advanced resistant selections to broaden, and thus increase the durability, of PD resistance in their
offspring.  The use of selections from the 03188 (this cross was made in 2003) was only possible with our accelerated
growing and screening conditions and techniques).

The fourth group (Table 1d) continues our efforts to use a broad range of southeastern US (SEUS) PD resistant cultivars.
None of these sources has proven to be simple genetically and they produce widely ranging percentages of resistant progeny
when crossed to V. vinifera cultivars.  This inconsistent and low inheritance of PD resistance has greatly impeded the
progress of past PD resistance breeding programs because very few resistant progeny are produced making it very difficult to
get the numbers of seedlings required for selection of resistance in combination with high fruit quality.  We are placing less
emphasis on using SEUS parents, but continue with several to ensure that the base of our resistance is not too narrow.  We
also made crosses with two very promising VR (vinifera x rotundifolia) hybrids that have had strong resistance in our
screens.  The fifth group (Table 1e) are crosses we made to support mapping effort and increase the number of individuals in
two specific mapping populations (further detailed in our report on fine-scale mapping).

Table 2 presents the number of progeny from the 2004 crosses that went to the field for evaluation of fruit traits and for Xf
resistance screening.  The populations with resistance from 8909-17 and 8909-08 were screened for the presence of the PdR1
Xf resistance marker and segregated in the expected 1 resistant: 1 susceptible ratio.  The b43-36 and b43-56 V. arizonica
selections performed very well in a resistance screen and were chosen as parents.  Testing for the presence of PdR1 in these
plants is under way.  The crosses to the V. smalliana, simponii and Midsouth resistance sources were made to address breadth
of resistance issues as noted in regard to Table 1d above.  These plants will be evaluated for fruit quality and then tested for
Xf resistance.  Only 25 progeny from the M. rotundifolia resistance sources were planted in the field, displaying the difficulty
in making these crosses and their low fertility and viability.

Objective 2
We optimized our Xf screening system using smaller pots and a shortened period before ELISA and symptom evaluation.
These efficiencies are allowing us to test more seedlings, selections, and genotypes for the mapping and gene characterization
project.  We are also testing a wide range of seed germination techniques to not only hasten germination, but to also increase
the rate and make germination more uniform.  We tested about 300 seedlings from a wide range of Xf resistance backgrounds
including V. champinii, M. rotundifolia, V. shuttleworthii, V. simpsonii, V. smalliana, and a variety of more complex SEUS
cultivars.  The only seedling populations with predictable segregation ratios of resistant to susceptible plants were those from
V. arizonica/candicans b43-17.  This result has concentrated our efforts on this resistance source, while fewer plants from
other resistance sources are being evaluated as noted above.

Table 3 presents the groups of genotypes currently under Xf resistance screening.  The 0023 group testing completes Xf
resistance testing of this mapping population (V. vinifera x V. arizonica b42-26).  This group is currently under study for
mapping of QTLs for Xf resistance.  The 03300/5 group is a cross of 101-14Mgt x F8909-08.  This group has been screened
for PdR1 and it segregated 1:1 (n=30), confirming the use of these markers in a non-winegrape background.  It will also
produce PD resistant rootstocks on which PD resistant winegrapes will have to be grafted.  The 04190 population is also
under testing to help refine PdR1 markers and for winegrape production.  We are testing a number of 89 series seedlings that
are crosses of V. rupestris to V. arizonica and V. arizonica/candicans.  Additional sources of strong Xf resistance sources
might be discovered from these results and the results should clarify the extent of resistance from other selections of these
species.  We have 32 new SEUS and V. arizonica type genotypes under test to evaluate potential parental germplasm.

We have many seedlings going to the field in Spring 2006 that will be 87.5% V. vinifera (Table 1a) and many more that will
be 75% V. vinifera (Table 1b).  These plants will begin fruiting in summer 2007. PdR1 testing will identify Xf resistant
individuals by early spring 2006.  We take potted greenhouse plants of resistant selection and convert their tendrils to clusters
with cytokinins.  Pollen from these plants will be crossed onto V. vinifera winegrapes to produce seeds with 93.75% V.
vinifera.  This process will be combined with evaluation for the PdR1 marker and decrease the traditional breeding cycle by
several years.
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As a prelude to much larger scale fruit quality evaluations, we tested the juice quality of 42 genotypes this year.  This group
included the V. vinifera parents we used in the 2005 crosses, the Xf resistant parents, and selections from a number of our
populations with clusters that appeared to have high wine quality potential.  Table 4 presents examples of the juice from Xf
resistant selections from the 0058 Midsouth (V. champinii) resistance source and from the 03188 b43-17 resistance source;
both sets of selections are 50% V. vinifera.

CONCLUSIONS
This project is developing PD resistant winegrapes, evaluating novel and known sources of PD resistance, and providing
testing and support for our genetic mapping efforts.  New winegrape selections will likely be available for wine and field-
testing in about two years and will continue to be refined.  The first phase of winegrape releases is aimed at use for planting
in PD hot spots to act as buffers and have their fruit blended with traditional wine varieties.
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Table 1. 2005 PD breeding program crosses and the number of seeds collected or expected (in italics).
Female Male # Seeds Comments
1a. Monterrey V. arizonica/candicans resistance source to produce progeny with 87.5% V. vinifera parentage.

A81-138 Cab Sav, Chard, SB, Syrah 307 Highly resistant table grape selection by classic
wine grape cultivars

1b. Monterrey V. arizonica/candicans resistance source (8909-08) to produce progeny with 75% V. vinifera parentage.

03188-06 Airen, Barb, Chard, Temp, Viog, 419 03188 population is 50% V. vinifera with resistance
from 8909-08 and contains the PdR1 locus.

03188-07 Barb, Syrah, Viog, Zin 472 “  ”

03188-12 Alic Bousch, Barb, CF, Chard,
Syrah, Temp, Viog 664 “  ”

03188-32 Airen, Syrah, Viog 331 “  ”
CS, F2-7, -35 03188-25 1,250 “  ”
F2-7, F2-35 03188-01 2,000 “  ”
F2-35 03188-30 500 “  ”
F2-7, F2-35 0062-81 1,250 “  ”
F2-7 03188-30 1250 “  ”
Sauv. blanc 03188-25 69 “  ”
Sauv. blanc 0062-81 46 “  ”
1c. Baja California V. arizonica resistance sources.
D8909-15 Airen 500 Potential mapping population
D8909-15 Barbara 25 Winegrape breeding
F2-7 0023-019 350 75% V. vinifera breeding population
F2-35 0023-019 250 75% V. vinifera breeding population
F2-35 b42-26 600 Eliminates V. rupestris from resistance
1d. Other resistance sources.
0028-44 0028-35, 0058-09, 0058-23, 0078-01 275 Midsouth resistance source and >50% V. vinifera
F2-35 b59-45 50 M. rotundifolia resistance and >75% V. vinfera
NC-11J Cabernet Sauvignon 25 M. rotundifolia resistance and >75% V. vinifera
1e. Miscellaneous wine crosses with PD resistance sources.
F2-7 F8909-08 2400 Remake 04190 mapping population
F2-35 F8909-08 1000 Remake 03188 as mapping population
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Table 2. 2004 progeny that went to UCD breeding blocks for evaluation.

Female Parent Male Parent Resistance Source Seeds Seedlings
to field

BO2SG Cabernet Sauvignon V. smalliana 376 25
BO2SG Carignane V. smalliana 196 25
BO2SG Sauvignon blanc V. smalliana 404 40
BO3SG Chambourcin V. smalliana/simpsonii 412 20
BO3SG Petite Sirah V. smalliana/simpsonii 419 20
BO3SG Cabernet Sauvignon V. smalliana/simpsonii 371 20
BO3SG Carignane V. smalliana/simpsonii 350 40
BO3SG Sauvignon blanc V. smalliana/simpsonii 223 25
F2-7 Midsouth V. champinii 522 50
F2-7 F8909-08 V. arizonica/candicans 4,500 220
F2-7 F8909-17 V. arizonica/candicans 300 107
F2-35 b43-17 V. arizonica/candicans 323 65
F2-35 b43-36 V. arizonica 141 65
F2-35 b43-56 V. arizonica 56 25
F2-35 Midsouth V. champinii 522 25
NC-11J 0124-01 M. rotundifolia x SEUS complex 175 21
0110-050 0124-01 SEUS complex x SEUS complex 750 65
Midsouth Midsouth V. champinii 500 10
NC6-15 Sauvignon blanc M. rotundifolia 50 4
Total 10,590 872

Table 3. Seedling populations currently under Xf resistance testing.  Five replicates of each genotype are being tested and
results are expected between mid Oct and January.

Group Name Resistance source Genotypes
tested Comments

0023 D8909-15 75 b42-26 mapping population
03305 b43-17 20 Production of PD resistant rootstock

03188 b43-17 33 Resistant winegrape breeding and also 
PdR1 markers

verifies

04190 b43-17 114 Resistant winegrape breeding and mapping to
refine PdR1 markers

89 series untested V. rupestris x V. arizonica
/candicans types 56 Completes Xf resistance survey

Misc. types SEUS or V. arizonica 32 types for wine breeding

Table 4. Juice quality data from Xf resistant selections and three V. vinifera cultivars.  Absorbance readings were made in 1
cm cuvettes.

Genotype
Sample

Date Brix pH
TA
(g/l)

Juice
Hue

Juice
Intensity

Absorbance
420nm

Absorbance
520nm

0058-03 27-Sep 23.3 3.95 6.8 1.04 9.64 4.905 4.730
0058-09 27-Sep 21.0 3.53 5.8 2.01 1.67 1.113 0.554
0058-23 27-Sep 23.4 3.96 4.5 1.24 6.44 3.566 2.876
0028-35 27-Sep 21.8 3.74 5.3 1.38 2.89 1.673 1.215
03188-02 27-Sep 26.9 3.23 10.5 0.73 3.24 1.368 1.869
03188-05 2-Sep 24.3 3.36 11.4 1.17 10.44 5.635 4.805
03188-06 24-Aug 22.0 3.25 10.2 1.20 8.51 4.645 3.860
03188-07 16-Sep 27.0 3.20 15.2 0.96 13.38 6.550 6.825
03188-09 16-Sep 24.2 3.50 8.6 1.21 8.26 4.530 3.730
03188-17 2-Sep 25.0 3.44 12.2 1.03 10.91 5.540 5.365
03188-32 24-Aug 24.5 3.34 11.9 1.20 13.76 7.510 6.245
F2-35 (V. vinifera) 27-Sep 26.2 3.46 5.6 1.75 1.23 0.781 0.446
Cabernet Sauvignon 16-Sep 24.4 3.81 6.6 1.38 8.81 5.105 3.700
Chardonnay 27-Sep 26.7 3.51 7.2 1.72 4.24 2.684 1.558
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ABSTRACT
Pierce’s disease in grapevines is a major factor hindering the Texas wine industry and is responsible for thousands of dollars
worth of crop loss nationwide.  The disease, caused by Xylella fasdidiosa (Xf), a gram-negative bacterium, invades the plant’s
water conducting vessels leading to severe water stress.  Disease mechanisms are not clearly understood; however, several
studies have pointed to differences in disease susceptibility between grape cultivars.  This study investigated whether levels
of bacterial colonization were responsible for differences in disease susceptibility and whether those levels were influenced
by anatomical differences between varieties.  Three grape cultivars, Cabernet Sauvignon, Chardonnay and Blanc du Bois,
were inoculated with isolates of Xf and monitored using ELISA, immunofluoresence microscopy and PCR to measure
bacterial levels with disease progression. We expected Chardonnay to have the highest bacterial levels due to observations
that this cultivar dies most quickly in vineyards followed by Cabernet Sauvignon.  We also hypothesized that Blanc du Bois
would have little or no bacterial invasion of the xylem based on the fact that it is a hybrid of the cultivated Vitis vinifera and
the wild grapevine Vitis aestivalis.  After an eighteen-week period, our results showed the levels of bacterial colonization
were highest for Chardonnay, then Blanc du Bois and lowest for Cabernet Sauvignon.  Furthermore, Chardonnay varieties
developed symptoms at 8 weeks, followed by cabernet sauvignon at 10 weeks and Blanc du Bois, which showed few
symptoms.  Our results indicate that the ability of a variety to harbor Xf does not affect its susceptibility to Pierce’s disease.
As Blanc du Bois is able to harbor high bacterial levels and show little symptoms, it must have some mechanism for
tolerating bacterial levels with out xylem blockage.  We are currently investigating differences xylem anatomy as a
mechanism by which the Blanc du Bois hybrid might tolerate high levels of the Xf.
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ABSTRACT
Many nagging questions about the mechanisms of transmission of Xylella fastidiosa (Xf) by the glassy-winged sharpshooter
(GWSS) exist, hindering development of predictive epidemiological models for ultimate GWSS impact on California crops,
as well as rapid development of resistant crops.  This new grant seeks to complete our answers to these questions.  Only five
months of funding from this grant was available to Backus this year, due to bureaucratic hurdles.  Nonetheless, we were able
to accomplish significant work with support from Backus’s in-house ARS funds. Efforts focused on developing research
infrastructure such as simultaneous availability of plants, insects and bacteria, and protocols for the experiments.  We now
receive monthly shipments of adult GWSS, housed in a CDFA-approved quarantine facility at CSU Fresno, fed on
greenhouse-reared cowpea, sorghum and grape.  We also maintain green fluorescent protein (GFP)-transformed Xf in colony
and are mechanically inoculating it into grape (cv. ‘Cabernet Sauvignon’) on a regular basis.  GWSS are caged on these
acquisition plants for 6-8 days, and are assayed for presence and location of bacteria using protocols we developed for
confocal laser scanning microscopy (CLSM).  All protocols for electrical penetration graph (EPG)-monitoring of identified
probes, including artificial termination of probes, marking of probe locations, and recovery of tissues and processing for
CLSM, have been perfected.  In addition, a protocol that was very difficult to develop has been nearly perfected, wherein a
wired GWSS that has acquired GFP-Xf is monitored while probing transparent artificial diet.  Views of its stylets and salivary
sheath are simultaneously video-captured and synchronized with EPG waveforms.  Preliminary results show that GFP-Xf is
present and visually resolvable following injection by the stylets into artificial diet, but synchronization between video and
EPG recording of behavior was not perfect in these earliest tests.  The experiment to determine the time course of inoculation
and movement of GFP-Xf from the site of injection is about to begin.  However, completion of most of the other experiments
will await start of a new post-doc in January 2006, to replace the previous post-doc after his departure from the project in
May 2005.

INTRODUCTION
The behaviors comprising within-plant feeding (a.k.a. stylet penetration) of hemipteran vectors are intricate and complex, and
vary enormously among species. Yet, a deep understanding of stylet penetration is particularly important for sharpshooter
vectors because behavior plays a crucial role in transmission of non-circulatively transmitted pathogens like Xf. Thanks to
EPG monitoring, sharpshooter stylet penetration can now be observed in detail, in real-time.  Once we complete our
definition of EPG waveforms in the present project, EPG will provide a powerful tool for development of crop resistance.
Information gained also can be assembled into a predictive model for risk assessment, with implications for all levels of the
Xylella-sharpshooter-grape pathosystem, including ecological, epidemiological and management.  The overall goal of PI
Backus’s research is to identify the stylet penetration behaviors of the glassy-winged sharpshooter that contribute to Xf
transmission, infection success and disease development, and to use that information for epidemiological risk assessment and
to help develop new methods of host plant resistance.  Two stylet penetration behaviors crucial for Xf inoculation are uptake
of plant fluids into the gut (ingestion) and expulsion of bacteria-laden fluids (extravasation).

OBJECTIVES
1. Characterize ingestion behavior, especially to:  (a) identify in which cell types various durations of ingestion (C) are

occurring, and (b) how to recognize that by EPG alone.
2. Characterize extravasation behavior, especially to:  (a) correlate the B1 waveform with fluid flow in and out of the

stylets, and (b) determine in which plant cells this behavior occurs.
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3. Characterize behavior-Xf interactions that permit inoculation, especially to: (a) identify the behaviors (ingestion,
extravasation or both) during which bacteria are expelled, and (b) whether bacterial expulsion is into xylem, or any plant
cell type penetrated, or both.

RESULTS
This new grant was funded in July 2004.  The start of this project was delayed significantly due to circumstances beyond our
control.  Nevertheless, we still managed to make significant progress on some of the objectives.

General Methodologies
This year, we solved all previous problems with availability of experimental plants, insects and bacteria.  Our quarantine
insect facility at CSU Fresno was put into operation in October 2004, and has been receiving monthly shipments of
cowpea/sorghum-reared adult GWSS from D. Morgan (CDFA Riverside) since December 2004.  Cowpea and sorghum, as
well as rooted cuttings of grape, cv. ‘Cabernet Sauvignon,’ are reared in disease-free, pesticide-free exclusion cages in a
quarantine greenhouse at ARS Parlier.  GFP-expressing Xf STL were kindly provided by S. Lindow (UC Berkeley), and are
being maintained in culture by JC Chen (ARS Parlier).  Protocols have been developed for mechanically inoculating grape
with GFP Xf, establishing and maintaining PD infections, and sufficient acquisition by GWSS to allow inoculation of GFP Xf
to be studied.  The intensive infrastructure effort to make all of these experimental subjects available (simultaneously) has
required more than half the effort of Backus’s ARS-funded, full-time technician, H. Shugart, for the last year.

Objective 1 – Correlation of Ingestion with EPG Waveforms
Study a:  Cell types in which ingestion occurs
Joost, Shugart and Backus developed most of the protocols needed for this experiment, including timing and collection of
excretory droplets from EPG-recorded sharpshooters and histology of probed grape tissues.  We have perfected the art of
artificially terminating probes in mid-waveform (Backus et al. 2005); appropriate repetition of this simple but time-
consuming protocol will be performed by the new post-doc.  Shugart will perform the histology of salivary sheaths in probed
plant tissue.

Study b:  Recognizing ingestion from waveforms alone
Backus and W. H. Bennett completed testing and design of the final prototype AC-DC EPG monitor (ms. in prep.).  The level
of detail about waveform fine-structure is unprecedented, and will allow minor sub-types (possibly correlated with ingestion
tissues) to be characterized.  Also, Backus organized and taught an international workshop on principles and applications of
EPG to 20 scientists from the US, Europe, S. America and Asia, in August 2005.  Research performed during the workshop
stimulated groundbreaking plans for future projects and collaboration with other researchers in Asia and S. America.  Among
other developments, the collaborative findings identified how to distinguish active vs. passive ingestion from waveforms
alone, and showcased new technologies in computerized pattern recognition for extremely rapid waveform measurement and
analysis.  These developments will make possible near-future development of the Stylet Penetration Index and very rapid
analysis by novice EPG users.

Objective 2 – Correlation of Extravasation with EPG Waveforms
Study a:  Correlate B1 waveform with fluid flow in and out of stylets, muscle movements
The first test was completed by Joost.  Movement of markers in a probed artificial diet solution shows indirectly that fluid
flows both in and out of the stylets during B1.  However, so far only sheath saliva flow is directly viewable (Joost et al.
2006).  For the second test, preliminary attempts at electromyography of the precibarial valve and cibarial dilator muscles (by
Joost with help from Miller) have been partially successful.  They suggest that B1spikelets (B1s) represent precibarial valve
muscle contractions, while C plateaus represent cibarial dilator muscle contractions.  If so, this complements findings from
our first UC PD grant (Backus et al. 2006) showing that the B1 waveform is ubiquitous during stylet penetration, interspersed
within and among all other waveforms, and is performed in virtually all cell types.  Thus, B1 may include movement of the
precibarial valve (at least in part), which controls uptake of fluid into the precibarium for tasting, as well as expulsion
(extravasation) of fluid after tasting is completed.  However, protocols must be further fine-tuned before electromyography
can be repeated.  Work to complete the remainder of this objective will also be performed by the new post-doc.

Study b:  Determine in which plant cells B1 occurs
Once the extravasation waveform is definitively identified in Exp. 2a, we will use artificially terminated, EPG-monitored
probes coupled with histology to pinpoint the cell types in which it occurs during stylet penetration of grape.  Like
experiment 1a above, EPG will be done by the post-doc, the tissues processed by Shugart, and the data compiled and
analyzed by the post-doc.  Again, all protocols are developed.

Objective 3 – Characterize behavior-Xf interactions that permit inoculation
Study a:  Identify the behaviors (ingestion, extravasation or both) during which bacteria are expelled
In the interest of time, we spent several months this year developing the protocols of this final and most difficult experiment.
Joost, with help from Shugart and Backus, developed a technique for visualizing (via high-resolution epifluorescence
microscopy) individual cells or clumps of GFP-Xf cells injected into transparent, artificial diet by an adult, wired GWSS held
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in a specially-built apparatus.  Activities of the stylets and bacteria in solution are simultaneously EPG-recorded and images
captured via a microscope-mounted digital video camera and MediaCruise software.

Over 40 probes were simultaneously EPG-recorded and video-captured by Joost prior to his departure.  Of those, two
tantalizing probes expelled GFP-Xf into the diet, although visualization of each was not optimal.  In the first case, an insect
was rapidly removed from the acquisition plant in mid-probe, immediately wired up, and then placed directly into the
diet/microscope apparatus.  Within 2 sec of stylet insertion, both clumps and individual, rod-shaped cells of glowing, green
bacteria were clearly seen as they were injected into the diet, presumably from a column of liquid that had been held in the
food canal of the stylets.  The expelled bacteria quickly dispersed in the liquid diet.  Unfortunately, in that very early test, the
bacteria were viewed but not video-captured, and the EPG waveform was not recording properly.  In the second case, an
insect was removed from the plant, allowed to feed for a few hours on diet to clear its gut, then placed on a new diet in the
test apparatus.  It probed so rapidly that EPG waveforms were recorded, but the stylet tips were off-screen at the instant of the
bacterial expulsion.  About a minute later, when the stylet tips were brought on-screen (and by then, the insect was
performing B2, sawing out of the hardened salivary sheath), the entire length of the sheath was found to be glowing green, in
some places very brightly (Figure 1A, B).  The sheath is normally transparent, does not fluoresce at the same excitation
wavelengths as GFP, and is dark against the dark confocal background.  This insect had not yet begun ingesting.  Evidently,
bacterial expulsion occurred during pathway activities, when B1 is a prevalent waveform.  This matches our findings from
last year’s inoculation studies (Backus et al. 2006).

Salivary sheath
*

Maxillary stylet tips

Salivary sheath

A B

Fig. 1. A. GFP-Xf-containing salivary sheath in the lower left corner of the screen, with a basal portion that is
glowing bright green (arrow with *), and more apical portion that is glowing less brightly (unstarred arrow).  Sheath
is slightly out of focus.  The stylets are still in the sheath, but their tip is out of view.  B2 waveform is being
performed by the stylets (elsewhere), but the waveform has nearly peaked out. B. 1 min 11 sec later, the view has
been adjusted and refocussed to reveal the tip of the stylets, and the offset has been adjusted to bring the waveform,
once again in B2, back into view.  The stylet tips are orangish-brown, just appearing out of the sheath at its tip.  The
apical area of the sheath is glowing slightly green, presumably with dispersed, perhaps fragmented, GFP-Xf.

Figure 1A. GFP-Xf-containing salivary sheath in the lower left corner of the screen, with a basal portion that is
glowing bright green (arrow with *), and more apical portion that is glowing less brightly (unstarred arrow).
Sheath is slightly out of focus. The stylets are still in the sheath, but their tip is out of view. B2 waveform is being
performed by the stylets (elsewhere), but the waveform has nearly peaked out. B. 1 min 11 sec later, the view has
been adjusted and refocussed to reveal the tip of the stylets, and the offset has been adjusted to bring the
waveform, once again in B2, back into view. The stylet tips are orangish-brown, just appearing out of the sheath at
its tip. The apical area of the sheath is glowing slightly green, presumably with dispersed, perhaps fragmented,
GFP-Xf.

These tantalizing preliminary results suggest that:  1) free-floating bacteria can be held in a water column in the stylets, then
expelled immediately upon initiation of a probe, and 2) non-free-floating bacterial cells, presumably within biofilm adhering
to the cuticular surface of the precibarium, can come loose during pathway (i.e. pre-ingestive) behaviors and be injected into
the feeding substrate.  These expelled bacteria can become lodged in or adhere to the salivary sheaths.  These exciting results
must now be replicated with improved focus and waveform synchronization.

We believe the low rate of success of inoculation (2/40 probes) in Joost’s preliminary work was due to a low rate of
acquisition by his experimental insects, because his acquisition plants were very unhealthy.  Therefore, we performed tests to
improve GFP-Xf acquisition success.  GFP-expressing Xf were inoculated into two grape plants, and onset and severity of
symptoms were observed.  Once clear symptoms had developed but plants were still relatively healthy (about 3 weeks after
inoculation), adult GWSS were caged on individual plants and allowed acquisition access periods (AAPs) of 3, 6, 9 and 12
days.  Twenty heads were prepared, dissected, and examined via confocal laser scanning microscopy (CLSM) by Shugart,
using protocols she has spent the last several months developing.  We found that every insect had acquired Xf into the area of
the precibarium and cibarium by 3 days, but that the Xf colony size and distribution increased during subsequent days on the
plant, especially between days 6 and 9.  On the other hand, GWSS mortality was significant (50% by day 9, 100% by day
12).  Therefore, we decided to use 6-8 days’ AAP as a standard for future inoculation tests.
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The rest of the video-EPG correlation recordings will be performed by the new post-doc within the next year.  All insect
heads will be dissected and examined via CLSM by Shugart, to verify whether insects were or were not inoculative.

Study b:  Determine into which plant cells bacteria are expelled
Again in the interest of time, we have developed all protocols for histologically tracing bacterial spread from an EPG-
identified probe terminated after likely bacterial expulsion has occurred.  This experiment is planned to be performed by
Shugart in fall 2005.  The major objective of this experiment is to determine the grape cell types into which bacteria are first
inoculated, during a single probe.  Therefore, we seek to maximize the likelihood of inoculation.  Results from our previous
study (Backus et al. 2006) suggest that 1 hour of ingestion (C) waveform following pathway results in a very high likelihood
of Xf inoculation.  Therefore, we have modified this objective’s experimental design slightly, to use a 1-hour ingestion period
as the decision point to artificially terminate an EPG-identified probe.  Cowpea-reared GWSS will be given 7 days AAP on
GFP-Xf infected grape.  Selected insects will be wired each day.  Shugart then will perform the experiment as outlined in the
proposal, except that plant holding durations will be increased to 0, 10, 20 and 40 days.

CONCLUSIONS
These findings will help solve the PD/GWSS problem by:
• Answering questions about transmission mechanisms and vector efficiency that are crucial for epidemiological modeling

for risk assessment, such as:
o the mechanism of Xf inoculation and using EPG to observe it real-time as it occurs,
o one determinant of inoculation efficiency, i.e. the role(s) of inoculation behavior vs. bacterial presence and/or

detachment in the foregut,
o when, for how long, and under what circumstances, GWSS ingests from xylem vs. other cell types
o probability that bacteria will be inoculated into xylem (or other cell types) when inoculative vectors probe those

cells.
• Answering questions about bacterial movement and establishment in the plant following natural inoculation by vectors,

such as:
o where in the plant the Xf bacterial cells are first inoculated, and how far they move from that point
o the probability that one inoculation event by a vector will lead to spread of the bacterium and, ultimately, chronic

infection.
• In a future grant, developing a Stylet Penetration Index for testing among host and non-host species or cultivars, diets,

etc. for performance of transmission behaviors, ultimately leading to improved host plant resistance.
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ABSTRACT
The incidence of Xylella fastidiosa (Xf) in GWSS populations was monitored between August 2004 and February 2005 using
various analytical techniques as indirect measures and transmission to grapevines as a direct measure of GWSS inoculativity.
Field collections of GWSS made between August 2004 and February 2005 showed an increasing proportion of the population
positive for Xf. The mean titer of Xf in the field samples also increased through the fall months, but then diminished from
peak levels during 3 collections made in the winter months of December and February.  Differences among collection
locations were observed in the proportion of the respective populations positive for Xf. Results from a transmission
experiment conducted 6 February 2005 demonstrated that field-collected adults not only test positive for Xf by ELISA, but
also transmit Xf to grapevine test plants (var. Chardonnay).  An initial evaluation of xylem fluid collected from multiple
branches per test plant revealed 11 plants out of 15 exposed to individual field-collected STSS adults and 5 out of 8 plants
exposed to GWSS adults became infected with Xf. Analysis of the STSS and GWSS adults used in the 6 February 2005
transmission tests yielded absorbance readings in the lower positive range similar to levels observed in the Xf monitoring of
the general population study.  Further tests of the titers of Xf in these test insects and future test insects will be conducted
once a real-time PCR test has been successfully developed.

INTRODUCTION
Information on the prevalence of GWSS adults positive for Xf and the rate they transmit to grapevines is among the most
fundamental pieces of knowledge required to improve understanding of Xf epidemiology.  The paucity of information
regarding the degree of Xf incidence in GWSS populations is partly responsible for rampant speculation about the future of
the GWSS/PD crisis in California.  Certain fears have been expressed that even low densities of GWSS in a region could
have a significant impact on the incidence of PD or other diseases caused by Xf. While adoption of worst case scenarios may
be considered prudent and defensive, it can also lead to important policy decisions that, in the absence of accurate
information, result in unnecessary and expensive actions.  A compilation of data from many sources has contributed to a
decent understanding of the distribution of GWSS populations within California and the relative intensities of regional
infestations.  Additional information on the proportions of individuals within these populations that are inoculative with Xf
will help to complete a more realistic picture of the risks of Xf spread associated with various levels of GWSS infestation.

Although GWSS nymphs are capable of transmitting Xf (Almeida and Purcell, 2003), it is the transmission of the bacterium
by adults that is of greatest concern in the epidemiology of Xf. GWSS adults are flight mobile and capable of moving long
distances across the landscape, and therefore represent a potential threat of primary spread of Xf from an external host plant
into an uninfected vineyard.  To estimate the rate that such events may be occurring requires large numbers of GWSS adults
to be collected in the field and tested to determine the proportion that transmit Xf. Estimates of the rate that field-collected
GWSS adults transmit Xf can be made by both direct and indirect methods.  Direct methods involve the classical approach of
confining one or more live insects onto an uninfected test plant, holding them for a period of time on the plant before
removing, then retaining the plant for a sufficient period of time to allow disease development.  When carried out well, this
approach provides the most accurate determination of the natural rate that GWSS adults transmit Xf to uninfected host plants.
In contrast, indirect methods are capable of detecting the presence of Xf in a vector, but do not necessarily represent a
measure of the rate of transmission to a plant.  Analytical tests such as ELISA and PCR are being used to detect and quantify
the titer of Xf in GWSS adults.  In addition, Xf culturing media is being used to assess whether the bacterium was present in a
test insect.

Current understanding of the mechanisms of acquisition and inoculation of Xf by GWSS adults, either in the controlled
conditions of the laboratory and greenhouse, or in the more challenging setting of their natural habitat, are in reality quite
limited  While the laboratory approach can provide essential answers to questions regarding the rate of acquisition and
efficiency of transmission, it ultimately reflects the conditions imposed by the researcher.  For example, the type and age of
the acquisition source plant, the isolate of Xf used and period of time that the acquisition source plant has been infected, as
well as the source of the experimental GWSS individuals and the conditions under which they are provided access to the Xf
source plant are all variables controlled by the researcher.  A dual approach that balances the findings from the laboratory
with monitoring information from the field will improve our understanding of how epidemics of Xf occur in vineyards and
elsewhere.  A compilation of data from many sources has contributed to a good understanding of the distribution of GWSS
populations within California and the relative intensities of regional infestations.  By evaluating the proportion of individuals
within these populations infected with Xf, a critical deficiency in our understanding of Xf epidemiology will be addressed.
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OBJECTIVES
1) Monitor GWSS adults from citrus and other sources year-round to determine the proportion positive for Xf using ELISA,

PCR, and media culturing techniques.
2) Perform transmission experiments on a portion of the field-collected adults using grapevine seedlings to determine the

seasonal transmission rate.
3) Quantify the titer of Xf in GWSS adults that transmitted Xf to grape seedlings using quantitative ELISA and RT-PCR,

and determine the relationship between transmission rate and titer in the vector.

RESULTS
Collections of live GWSS adults began in August 2004 and were made in Riverside and Redlands at bimonthly or monthly
intervals until densities dropped in February to levels too low to sample.  Numbers of GWSS adults were particularly low
through the late winter and early spring period of 2005 and collection attempts were hampered by wet weather.  Sampling
resumed in July 2005 as the spring generation of adults emerged to repopulate citrus and the surrounding landscape, although
not nearly at levels seen in previous years.  The discrete nature of GWSS generations, i.e. the nearly synchronous emergence
of adults beginning in mid-June and continuing through mid-July, results in what is effectively a single generation per year
that emerges and then ages through time until the following spring when a relatively few remaining adults from the previous
summer give rise to the next generation.  The second, or summer generation of GWSS in essence fails to materialize due to
heavy parasitism and other mortality factors.  The contribution of the second generation to the total population appears to be
rather small based on data collected in field 5 of Ag Ops in Riverside during 2001-02.  Hence, the present evaluations of the
incidence of Xf in GWSS adults have assumed that systematic samplings of GWSS adults from the time of their beginning
emergence in mid-June represents an aging population of adults with only limited perturbation of the age structure due to a
subsequent emergence of the summer generation of adults.

Results from the 2004-05 (Figure 1) season support previous data from 2002-03 (Naranjo et al., 2003) concerning the
incidence of Xf in populations of GWSS adults.  While both data sets indicated that the proportion of the adult population
positive for Xf increased through time, a clear trend of increasing mean titers of Xf in GWSS adults was apparent during the
2002-03 season only.  In 2004, the mean titers of Xf also increased from the time of the first collections in late summer
through early November.  Subsequent collections in December and February 2005, however, yielded lower mean titers
compared to the fall 2004 samples (Figure 1b).  While a decline in mean titers may represent no more than a sampling
phenomenon, it could also represent an environmental interaction whereby growth of Xf within foreguts of GWSS adults is
reduced relative to other times of the year.  Hence, acquisition of Xf by individual GWSS adults may not necessarily result in
colonization of the foregut and progressive growth thereafter, but instead may produce both increases and decreases in Xf

colony growth depending on nutritional or perhaps temperature conditions.  Colder temperatures may affect Xf growth within
foreguts of GWSS adults through reduced feeding by the insects or by altering the nutritional quality of xylem fluid that
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nourishes both GWSS and Xf colonies that may be present in their foreguts.  Alternatively, because GWSS insects are
ectodermic, colder ambient temperatures and colder xylem fluid ingested by the GWSS adult hosts of Xf could lead to

Figure 1. Incidence of Xf in GWSS adults collected from citrus orchards at UC Riverside’s Ag Ops from August 2004
through February 2005.  The proportion of GWSS positive for Xf (A) is based on ELISA absorbance values for field
collected individuals in excess of the mean absorbance + 4 standard deviations of non-infected control GWSS adults.  The
mean titer of Xf (B) is based on the mean absorbance of individual GWSS adults collected each date using an Xf-specific
ELISA test (n=18 for each date).
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reduced colony growth and a temporal pattern as observed in Figure 1a.  Closer attention will be paid to environmental
conditions in 2005 as they may relate to changing titers of Xf within GWSS adults.

Transmission tests are currently in progress using field-collected GWSS and
STSS adults that are given 3 day inoculation access periods to grapevine test
plants.  A propagation chamber is being used to grow experimental grapevines
to serve as test plants in the transmission studies.  Lateral branch shoots
consisting of 4-5 leaves are being cut from certified disease-free parental
grapevines (var. Chardonnay) and placed in propagation media until roots are
generated (Figure 2).  These are transplanted to 8” pots (Figure 3) and allowed a
minimum of 3-4 weeks to establish before being used in transmission
experiments.  Ventilated corsage cages are then used to enclose each grapevine
plant and provide full access to the entire plants by GWSS adults (Figure 4).
Following the 3 day IAP, tests insects are collected from each plant and frozen
(-80°C) for subsequent PCR and ELISA analysis.  Grapevine test plants are held
for 4 months to allow disease development.  Xylem fluid collected from each
plant for PCR and ELISA analyses is then used as an independent and sensitive
evaluation to compare with the visual assessments.  An essential component of
this approach is the availability of clean GWSS (in rearing) to serve as ELISA
and PCR controls.  Experimental and analytical results will be collated to
determine which analytical procedure provides the closest agreement with
transmission test results and help provide essential perspective.

Figure 2. Vegetatively propagated
grapevines (var. Chardonnay) grown
in perlite within a misted propagation
chamber.

Figure 3. Established grapevines
vegetatively propagated from certified
disease free Chardonnay grapevines that
have been used in transmission experiments
with field collected GWSS adults.

Figure 4. Ventilated corsage cages use to
enclose field-collected sharpshooter adults
on test grapevines.

To date, a single transmission experiment using field-collected GWSS adults has been performed and analyzed for the
presence of Xf in the test grapevines as well as the test insects.  A major impediment to performing more transmission tests
was the absence of GWSS adults in the field since early February 2005.  In the one
transmission experiment that has been completed, only 9 GWSS adults were collected, with a balance of 15 smoke-tree
sharpshooters being used to complete the test.  These insects were collected in the field and placed on the test grapevines on 6
February 2005.  Additional attempts to collect GWSS adults through late winter and spring were defeated by the absence of
GWSS adults.  The test grapevines exposed to STSS and GWSS adults on 6 February were held in an insect free greenhouse
for 3 months before taking samples to test for the presence of Xf. Up to 5 branches from each plant were sampled for xylem
fluid using a pressure bomb.  ELISA results for these samples indicate variability in absorbance readings among different
branches even within a single plant, not to mention differences among plants in terms of being positive or negative for Xf. A
higher number of positive readings occurred from branches collected from grapevines exposed to STSS adults than to GWSS
adults (Figure 5).

Analysis of the STSS and GWSS adults used in the transmission test conducted 6 February 2005 revealed that more than
50% of both STSS and GWSS adults represented a statistical positive based on ELISA absorbance readings using clean
GWSS insects as controls (Figure 6).  Absorbance readings for each insect were not as high in the positive range as for some
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insects collected in the field during fall 2004, but this is in accord with the earlier observation of reduced titers of Xf in adults
collected during the winter compared to fall collected insects.  Samples from these insects have been preserved for
subsequent analysis by real-time PCR.
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Figure 5. ELISA test results for the presence of Xf in xylem fluid collected from individual branches on
grapevines exposed to either a single field-collected STSS adult or GWSS adult.  Each point along the vertical
range lines represent the absorbance490 reading for a single branch with the mean absorbance for each plant
represent by the horizontal dash at or near the midpoint of each vertical range line.  Up to 5 branches were
sampled from each plant, but some plants had only 2 branches (e.g. plant no. 8 in the STSS-exposed chart).
The horizontal red line represents a reference line at twice the absorbance of the uninfected control grapevine
xylem samples; any points above this line constitute a positive result for Xf.

Figure 6. ELISA results for test insects used in the
transmission test of 6 February 2005.  Each point
represents the absorbance for an individual insect
with the horizontal dash representing the mean for
each species.  Points above the horizontal red line
indicate statistical positives.
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ABSTRACT
The intent of this project was to advance the development of an artificial rearing system for the glassy-winged sharpshooter,
GWSS (Homalodisca coagulate), the primary vector of Pierce’s disease, PD (Xylella fastidiosa; Xf).  In order to accomplish
this, the simultaneous development of an artificial diet and diet delivery system suitable for insect feeding are needed.  Diet
formulations based, in part, on previous studies using GWSS (unpublished data), as well as on artificial diets developed for
other Hemiptera (Mitsuhashi, 1979; Fu et al., 2001; Coudron et al., 2002) and on the xylem chemistry of GWSS host plants
(Andersen, et al., 1992; Gollan et al., 1992) were tested.  Diets were evaluated based on their effects on life history analyses.
Nitrogen may represent a nutrient limitation for xylem feeders.  Therefore, three potential sources of nitrogen, i.e. proteins,
peptides and amino acids, were evaluated via artificial diets. The ability of salivary and midgut proteolytic enzymes to digest
proteins/peptides (Brandt, et al., 2004; Wright, et al., 2006) is another important aspect of this project that would determine
whether less costly nitrogen sources could be substituted for those commonly found in plants.

INTRODUCTION
Presently, the rearing of GWSS is labor-intensive and costly because of its dependence on the production of appropriate host
plants, with researchers often needing to grow several species of plants to enable them to rear GWSS under optimal
conditions.  The development of an artificial diet would likely be more cost effective and portable, decreasing the costs and
time-constraints associated with maintaining the insect in culture, thereby increasing the availability of high quality insects
for Pierce’s disease research and enabling researchers to rear this insect on site. The increased availability of GWSS to
researchers will likely lead to more rapid developments in novel control measures for this major vector of PD.  Furthermore,
the coupling of an artificial diet with a suitable delivery system could improve our understanding of the relationship between
GWSS nutrition, movement and host range and how they affect PD (including GWSS’ varying abilities to
acquire/maintain/transmit infectious Xf under different circumstances, e.g., via artificial membranes vs. plants, Redak et al.,
2004).  In addition, the diet delivery system alone would have other potential uses, such as studying the interactions between
GWSS, Xf, and the host plant, as well as in testing potential anti-GWSS and anti-Xf control agents.  This could be
accomplished by incorporating into the feeding system: 1) selected host plant-associated compounds; 2) media containing the
causative agent of PD (Xylella fastidiosa, Xf); 3) control agents including anti-GWSS or -Xf compounds (such as proteins to
be engineered into host plants to control either GWSS or Xf; Dandekar et al., 2003; Lin, 2003; Meredith and Dandekar, 2003;
Reisch et al., 2003) or anti-GWSS microbials (Kaya, 2003; Mizell and Boucias, 2003).  In summary, the development of an
artificial diet and a corresponding delivery system for GWSS could lead to insights that can be used to generate improved
methods for controlling GWSS and, therefore, Pierce’s Disease.

OBJECTIVES
1. Evaluate artificial diet delivery systems for rearing the glassy-winged sharpshooter.
2. Formulate and evaluate artificial diets for the development and reproduction of glassy-winged sharpshooter.

RESULTS
Objective 1. Evaluate artificial diet delivery systems for rearing GWSS.
Adult and immature GWSS were presented with over 25 variations of a diet delivery system (modifying both the membrane
and presentation) and survivorship was recorded.  An effective delivery system was then selected for further adult studies in
diet formulation (details summarized below).  For the adult delivery system preparation, a 2.5 cm wide and 15 cm long piece
of Parafilm was cut, folded along its length and sealed.  Approximately 25 ml of each diet formulation was put into the tube.
Each tube was hung inside a polycarbonate culture vessel (each single unit measuring 77mm x 77 mm x 77mm, Phyto
Technology Laboratory, Shawnee Mission, KS) using a plastic closure (Figure 1).  The bottom portion of the tube was folded
to exert pressure on the liquid diet inside the tube.  The diet tubes were replaced twice a week.  Observations on the fate of
the adults were made daily.
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Immature GWSS preferred a horizontal diet presentation with the most effective delivery a stretched Parafilm pouch that was
placed over a screen at the top of the rearing system (Figure 2).  In addition, development from 1st through 5th instars was also
achieved using a plant surface-based delivery system.

Studies, in collaboration with Jones and Setamou at ARS in Weslaco, have demonstrated continuous feeding by adult GWSS
for up to 39 days on artificial diets (Figure 3) presented through the specialized feeding tube that is prepared from Parafilm.
In addition, molting was observed with immature GWSS that also fed from this system.

Figure 1. Double rearing system Figure 2. Single rearing system

Objective 2. Formulate and evaluate artificial diets for the development and reproduction of GWSS
Numerous artificial diet formulations that contained differing combinations and concentrations of fructose, glucose, sucrose,
asparagine, glutamine, lysine, cysteine, methionine, arginine, aspartic and glutamic acids, proteins and vitamins were
evaluated.  These treatment diets were compared to control diets that included plant-reared (cowpea) or artificial
presentations that contained sucrose/fructose solutions or xylem extracted from cowpea or sunflower plants.  An example of
five dietary formulations evaluated for the development of adult GWSS depicts different survival responses by GWSS adults
to changes in the carbohydrate and amino acid content of the diet (Figure 3).

[Control diet (5% sucrose) resulted in 50% survivorship of adult GWSS at 11 days.  In comparison, 50% of adults feed Diet 5
were alive for 25 days.  A significant increase in adult survival was noted with the addition of certain amino acids, such as
glutamic acid and aspartic acid (Diet 5).  The addition of 1% methionine resulted in a decrease in adult survival (Diet 4).
Removal of fructose and glucose from the diet formulation did not reduce survivorship (Diet 3)].
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Figure 3. Survival of adult GWSS on artificial diets.
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CONCLUSIONS
Our studies provide novel insights for advancing the development of an artificial rearing system: the best performance of
GWSS reared on an artificial diet was accomplished through the simultaneous testing of different formulations and delivery
system designs, i.e., testing of over 25 diet delivery systems in combination with over 10 diet formulations, and the best
performance by nymphal and adult stages was not achieved with the same formulation or delivery system design.  Our
progress to date makes us confident that the development of an artificial rearing system for GWSS is achievable in the near
future.  As described in the original proposal, this achievement extends beyond the expectation of the project awarded.
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ABSTRACT
We followed glassy-winged sharpshooter (GWSS) preference and age structure on ornamental host plants in Bakersfield,
California.  Averaging data across all sampling sites and collection dates, grape, citrus, apple, Xylosma, cherry and flowering
pear were the most preferred ovipositional sites.  GWSS nymphs were most often collected on oleander, flowering pear,
Xylosma, crabapple, Abelia, and crape myrtle.  Adults were most often collected on oleander, Xylosma, pyracanthum, crape
myrtle, and crabapple.  Over the 3 year period, population patterns were clearly evident: new egg masses were first found in
mid-March, followed by a strong April-May oviposition period, the resulting nymph and adult GWSS populations follow in
sequence.  A summer decline in GWSS density was primarily the result of high egg parasitism during the second oviposition
period.  Throughout the field survey, we sampled resident GWSS predators and parasitoids.  Emerged parasitoids were
primarily Gonatocerus ashmeadi.  Predators were primarily spiders and the Argentine ant. In 2004-05, we manipulated
combinations of GWSS host plant species, to investigate year-long GWSS survival and age structure.  Treatments were:
citrus, euonymus, grape, oleander, crape myrtle, citrus and grape, and oleander and crape myrtle.  Only in the combination of
citrus and grape was there an increase in GWSS density.  During the urban surveys, we also collected plant material (e.g.,
potential vector host plants) and potential insect vectors to determine the incidence of Xylella fastidiosa (Xf).  This material
was processed in the laboratory using “immunocapture DNA extraction” to determine the presence of Xf. Results showed
that GWSS collected in urban regions often (≈10%) carried Xf, however, it was not the strain that causes Pierce’s disease.

INTRODUCTION
Glassy-winged sharpshooter (GWSS), Homalodisca coagulata, has a wide host range (Redak et al. 2004) on which it can
survive outside of pesticide-treated agricultural crop systems. Elimination of alternate host plants for the blue-green
sharpshooter, Graphocephala atropunctata, was an effective method for controlling the spread of Pierce’s disease (PD) in
coastal wine grape regions.  Because the GWSS host species range is so extensive, such similar habitat manipulation requires
knowledge of GWSS biology and ecology on common host plants.  To improve GWSS management in the largely untreated
urban areas of the Central Valley, we studied GWSS host preference, egg deposition, age structure, and levels of natural
regulation on different host plants.  To develop a more complete description of host plant influence on GWSS age structure
and natural enemy impact, we conducted both urban surveys and manipulative experiments.  Specifically, we sought to
determine the potential of common plant species used in residential landscaping to either reduce or increase GWSS densities.
The developed information will provide a better understanding of GWSS seasonal movement and infestation foci.  Of
primary concern to regional control programs is whether or not untreated urban GWSS populations serve as an inoculum
source for either the insect vector or the bacterial pathogen, Xylella fastidiosa (Xf).  Therefore, we also screened common
plants and GWSS collected for the presence of Xf. When completed, information on the abundance, host plant use, and
seasonal dispersal patterns of GWSS and natural enemies in urban settings will better enable researchers to predict GWSS
movement and host plant succession in the SJV, and the data may be useful for modification of surrounding vegetation, such
as trap crops, to suppress GWSS movement into vineyards.
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OBJECTIVES
1. Determine GWSS biology and ecology throughout the season, particularly its age structure on and utilization of the

different host plants that represent common breeding or dispersion refuges for GWSS in the San Joaquin Valley.
2. Determine the contribution of resident natural enemies on glassy-winged sharpshooter mortality and whether natural

enemy abundance or species composition varies significantly on different GWSS host plants or ecosystems in the San
Joaquin Valley.

3 Determine the presence of Xf in GWSS collected from different host plant species and in selected ecosystems in the
San Joaquin Valley.

RESULTS
Objective 1 - Survey
GWSS numbers, age structure and natural enemies were surveyed in seven residential areas in Bakersfield, California.  Each
site was selected for its combination of different plant species that host both GWSS and Xf. Most of the sampled sites had 3-
8 individual plants of each plant species, with 3 or more GWSS host plant species in close proximity. The 30 host plant
species surveyed included: rose, star jasmine, Chinese elm, flowering pear, apple, pink lady, ivy, nectarine, photinia, citrus,
gardenia, privet, euonymous, hibiscus, agapanthus (lily of the Nile), grape, crape myrtle, eucalyptus, oleander, Xylosma and
Wheeler’s dwarf.  Each month, samples were taken to determine densities of GWSS and natural enemies (samples consisted
of a 1 min beating-collection of the foliage into a large sweep net).  We also recorded plant condition.  None of the sampled
sites were treated with insecticides for GWSS. From April 2003 to August 2005, we made >9000 plant samples (sample plant
× sample date).  There was an significant impact of sample site on GWSS density, as one site had more GWSS (nymphs and
adults) (2.81 ± 0.16 per sample) than the other six sites (range 0.16 ± 0.02 to 0.61 ± 0.04 GWSS per sample) (F = 79.73, df =
6, 9116, P < 0.0001).  Overall, GWSS densities were not high enough to be an economically important problem in these
urban landscapes.  The data presented were averaged across all sample sites.

GWSS adults and nymphs exhibited strong host plant feeding preferences (Figure 1B, C).  GWSS females were highly
selective relative to ovipositional hosts, but there was not a strong correlation between those plant species that were fed upon
and upon which egg masses were deposited (Figure 1A, 1C).  This was especially true with respect to oleander, as reported
by other researchers. When data were averaged across all sampling sites, grape, citrus, apple, Xylosma, cherry, and flowering
pear were preferred oviposition sites (Figure 1A).  Summarizing the data across all sample locations reduced the apparent
important of crape myrtle as an oviposition host, because it was common at survey sites with low GWSS density.  Oleander
and privet may be the most important overwintering hosts in the urban regions, however, they were not preferred oviposition
hosts.  In contrast, crape myrtle and crabapple were dormant throughout winter and, according to our samples, played no role
in the GWSS overwintering; however, they were excellent hosts for oviposition and nymphal development during late spring
and summer time.

Host plant feeding preferences of adults and nymphs were not identical.  GWSS nymphs were most often collected on
oleander, flowering pear, Xylosma, crabapple, abelia, and crape myrtle (Figure 1B).  Adults were most often collected on
oleander, Xylosma, pineapple guava, pyracanthum, crape myrtle, and crabapple (Figure 1C).  In 2004, we also began
separately monitoring GWSS density on the “suckers” that grew from the base of plants, where GWSS nymphal and adult
densities were commonly high. These plant parts were only occasionally available because of management practices.

Field surveys began in June 2003, with samples taken every 2-4 weeks.  Over the three year period, population patterns were
clearly evident. New egg masses were first found in mid- to late-March (in the Bakersfield region), followed by a strong
April-May ovipositional period (Figure 2A).  The resulting nymphal and adult GWSS populations followed in sequence in
each year (Figure 2B, 2C).  The second ovipositional period was strongest between mid-June through October. In 2003, there
appeared to be a large fall ovipositional period, but this reflected (i) fewer sites surveyed in this initial year, causing a greater
influence of the site with higher GWSS densities, and ii) decreasing GWSS populations since 2003 (a result of egg
parasitism).  The summer decline in GWSS density was primarily a result of high egg parasitism during the second
ovipositional period and, secondarily, mortality of GWSS from predation and abiotic factors.

Objective 1 – Manipulative experiments.
In 2003 and 2004, we used uncaged, potted plots to categorize the resident GWSS population dynamics on different perennial
and annual host plant species (Daane et al. 2004).  Here, we report on a second experiment in which we manipulated
combinations of GWSS host plant species, planted in the soil and enclosed in large cages, to investigate year-long GWSS
survival and age structure. Individual treatments were: citrus, Euonymus, grape, oleander, and crape myrtle.  Combinations
were: citrus + grape and oleander + crape myrtle. Each cage was inoculated with 43-55 GWSS nymphs (3rd instars) in July
2004.
In all cages, there was considerable mortality after the initial inoculation, with GWSS density dropping from an inoculum of
ca. 45 nymphs to < 6 nymphs per cage (Figure 3) as transfer of GWSS nymphs proved difficult.  From this initial inoculum,
some individuals reached the adult stage and deposited eggs during the fall period (Figure 4).  Only in the citrus + grape
combination treatment was there a steady GWSS population from late summer through the following spring, resulting in an
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increase in GWSS density (Figure 3).  When the experiment was terminated in June 2005, there had been > 47.3 ± 23.3 egg
masses per cage in the citrus + grape treatment (Figure 4), which would have produced 100’s of nymphs.

Objective 2 – Natural enemies
During the surveys of GWSS population dynamics in non-agricultural regions, described previously, we collected
information on GWSS natural enemies, using sampling techniques such as GWSS egg mass collections (>100 leaves per
perennial plant species per collection) and potential GWSS predator collections (beat and sweep samples).  As in all studies,
we recorded host plant species and seasonal period. Gonatocerus ashmeadi and G. triguttatus (Triapitsyn et al. 1998)
comprised about 98 and 2% of reared parasitoids from GWSS egg masses, respectively.  Parasitism levels were lower in
2005 than reported in 2004 (Daane et al. 2004) and were 0.25 ± 0.25, 0.90 ± 0.45, 39.5 ± 4.3, and 24.3 ± 4.3% for March,
April, June, and July, respectively (no egg masses were collected in May; August samples have not yet been processed).  On
common oviposition hosts, there was a significant impact of host plant species on percentage parasitism for flowering pear –
2.4% ± 2.4% (only 8 egg masses), photinia – 5.5 ± 3.2%, euonymus – 25.0 ± 6.5%, Xylosma – 49.5 ± 5.8%, crape myrtle –
78.9 ± 4.6%, and “other” 9.7 ± 5.2%.  This difference was significantly and positively correlated to oviposition period; for
example, crape myrtle was a common oviposition site in June and July samples.  There was also an impact of collection site
on percentage parasitism, which was significantly and positively correlated to the GWSS egg mass density.

Predators were also observed feeding on GWSS egg masses, nymphs, and adults.  The most common predators were jumping
spiders and the Argentine ant. Samples of these predators were sent to the Western Cotton Research Laboratory, where the
predator gut content is being assayed with immunologically-based assays that employ pest-specific monoclonal antibodies
(MAbs) for the presence of GWSS egg protein using the ELISA by Drs. Hagler, Fournier, and Leon (Hagler et al. 2004).
These studies will provide direct evidence of predation by generalist predators.

Objective 3 - Xylella.
We have collected ≈2000 GWSS nymphs and adults from ornamental plants in Bakersfield for testing of Xf presence; of
these, 210 adult GWSS have been processed, with each trial using a batch of 4-8 GWSS.  Of these, 16.5% of the processed
lots tested positive for Xf. All of the Xf positives that were tested for Xf strain were found to carry a Xf strain resembling the
oleander Xf strain.  A summary of these trials will be included in later reports.

CONCLUSIONS
We have described GWSS population density and age structure on ornamental plants common in residential landscaping in
the SJV.  We have further described natural enemy presence.  This research adds significant information to that collected in
Riverside and Ventura counties to help predict GWSS movement and develop control programs.  The research has broader
implications for use of ornamental landscape and riparian plants within agricultural settings (e.g., landscaping around farm
buildings and homes).  Plants which act as preferred hosts for both vector and pathogen can be targeted for control.  By
testing GWSS for the presence of Xf, researchers will identify potential sources of the pathogen, thereby preventing potential
epidemic spread of Pierce’s disease causing Xf throughout a reservoir of ornamental host plants. A thorough analysis of this
data set will be made at the end of the residential survey (May 2006).
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Figure 1. Average densities (per sample ± SEM) of
GWSS (A) egg masses, (B) nymphs and (C) adults
among the different ornamental host plants surveyed.

Figure 2. Seasonal densities (per sample) for GWSS
(adults and nymphs) on ornamental host at seven
sampled sites in Bakersfield, California.
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Figure 3. Average densities of GWSS (nymphs and
adults) on different ornamental host plants that were
caged individually or in combinations.

Figure 4. Average densities of GWSS new egg masses
on different ornamental host plants that were caged
individually or in combinations.
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ABSTRACT
The main objective of this research was to evaluate the effect of host plant fertilization on the survival, immature
development, adult fecundity, and the feeding of the glassy-winged sharpshooter (GWSS), a primary vector of Xylella
fastidiosa (Xf).  The development biology of GWSS was studied on cowpea plants, Vigna unguiculata treated with three
fertilization regimes (NPK alone, urea alone, and a combination of NPK and urea) along with a non-fertilized control.
Fertilization affected cowpea plant growth, the total protein content and the profile of free amino-acids in the xylem sap.  The
ultimate nymphal survivorship was significantly higher on fertilized plants than on control plants.  In addition, newly
emerged adult weight significantly increased with fertilization; specifically, GWSS nymphs reared on plants fertilized with
urea yielded adults with the highest weight.  NPK fertilization significantly reduced the nymphal development period for
females but not for males.  Females maintained on fertilized plants showed higher oviposition frequency and number of egg
masses laid compared to unfertilized plants with highest oviposition potential recorded on urea treated plants.  In addition,
significantly bigger egg mass sizes were obtained from fertilized plants.  Consequently, GWSS populations that developed on
fertilized plants and more so on urea treated plants had a higher intrinsic rate of increase compared to those developing on
unfertilized control plants.  In choice tests, adult GWSS showed a preference for fertilized cowpea plants.  The number of
GWSS adults per plant and the proportion of plants infested were significantly higher for plants that received fertilization
compared to the non-fertilized control plants.  However, no feeding preference was recorded for nymphs.

INTRODUCTION
The pest status of glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say), has been exacerbated since its
introduction, establishment, and continued spread in California.  GWSS is a highly polyphagous xylem-feeder indigenous to
the southern United States and to the northern Mexico (Turner and Pollard 1959).  It effectively transmits the bacterium
Xylella fastidiosa, a causal agent of economically important diseases of several agronomic, horticultural and landscape
ornamental crops.  The development of efficient rearing methods will greatly improve our knowledge of the pest biology and
enhance implementation of adequate control programs.  A simple method for rearing GWSS on cowpea plants has been
developed (Sétamou and Jones 2005), but a rapid deployment of novel control methods required increased accessibility of
GWSS to researchers.

So far, no artificial diet for rearing GWSS has been commercialized and most diets are at either at the development or
formulation stages.  Thus, rearing methods of GWSS rely heavily on the use of plants.  Although nymphs and adults have
different nutritional requirements and often required different host plants for their successful development (Brodbeck et al.
1996), Sétamou and Jones (2005) showed that cowpea or black-eyed pea (Vigna unguiculata) is a suitable host plant that
supports the development of both immature and adults stages. But development of GWSS populations in laboratory colonies
depends on many factors such as host plant quality.  Plant nitrogen content has been identified as an indication of host plant
quality for herbivorous insects (Mattson 1980).  It is widely reported in the literature that nitrogen content of host plants
influences the survival, development and reproduction of insects, particularly homopteran and also other insects orders (van
Emden 1966).  Nitrogen content of plants is directly related to the level of fertilization (Jauset et al. 1998).

In this project we are testing the effects of host plant fertilization on the bionomics of GWSS in order to find the most
suitable host plant fertilization regimes for maximizing the production of GWSS.  Two types of fertilizers, i.e., water soluble
NPK (20-20-20) from Peter Professional® and agrillane urea (46-0-0) from Magic Carpet™ were used individually or in
combination at the recommended doses for cowpea production to fertilize potted plants used in the experiments.

OBJECTIVES
1. Evaluate the effects of nitrogen fertilization on plant growth and on N content and free amino-acid composition of xylem

exudates.
2. Determine the influence that fertilization of cowpea plants has on the survival, growth and development of both

immature and adult GWSS.
3. Test whether GWSS exhibit any feeding and oviposition preferences for fertilized plants.
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RESULTS
Objective 1 – Effect of fertilization on plant growth and chemistry
As expected NPK and urea fertilization of plants significantly increased their growth parameters.  Plant height, stem
diameter, number of leaves, and leaf thickness were higher for plants that received fertilization compared to the control
plants.  Although plants of different treatments in the experiments were not water-stressed and received the same irrigation
regime, the total water potential of non-fertilized cowpea stems (-4.08 bars) was lower than those obtained for fertilized
plants (-3.62 bars for NPK alone, -3.70 bars for urea-alone and -3.55 bars for a combination of NPK and urea).  This suggests
that fertilized plants were more succulent that control plants, thus facilitating xylem sap uptake by GWSS.  Total N
concentration of xylem fluid significantly increased with fertilization from 265 μg N g-1 in the control to 420-506 μg N g-1 in
the fertilized plants.  Studies are underway to determine the free amino-acid composition and levels in xylem fluids collected
from the different treatments.

Objective 2 – GWSS biology as affected by host plant fertilization
Host plant fertilization significantly affected the ultimate nymphal survival of GWSS.  Almost all nymphs reached the adult
stage on fertilized cowpea plants whereas 15% of nymphs died on non-fertilized control plants (Table 1).  Although nymphal
development of male GWSS was not affected by the host plant treatment, the nymphal period of females was significantly
reduced when host plant received NPK fertilization (Table 1). Similarly, the weight of newly emerged adult GWSS varied
with host plant treatment.  Both adult males and females emerging from fertilized plants were significantly heavier than their
counterparts on control plants (Table 1).  However, the sex ratio of adults obtained was not related to host plant treatments
and did vary from a 1:1 sex ratio.

Table 1. Biological parameters of GWSS reared on cowpea plants treated with different fertilization regimes.

Treatment Proportion of adults
emerged

Nymphal developmental
period (days)

Adult Weight (mg) Sex ratio
(% Females)

♂♂ ♀♀ ♂♂ ♀♀

Control 85.0 a 30.9 a 33.3 ab 29.6 c 37.4 c 44.2 a

NPK-only 98.3 b 28.8 a 30.6 b 32.1 b 40.1 b 50.8 a

Urea-only 96.7 b 31.1 a 34.9 a 34.5 a 43.0 a 46.6 a

NPK + Urea 96.7 b 32.1 a 31.4 b 32.4 ab 42.8 a 46.4 a

Statistic G = 17.1, P < 0.01 Fsex = 7.59, P = 0.006 Fsex = 21.35, P < 0.0001 G = 3.2, P > 0.05
Ftreat = 4.45, P = 0.005 Ftreat = 293.43, P < 0.0001

a Means followed by the same small case letter within each column are not significantly different (P > 0.05), Student
Newman Keuls test.

Adult female oviposition frequency and potential were dramatically improved with urea fertilization.  GWSS developing on
fertilized plants laid more egg masses on a weekly basis and the total fecundity of 10 females of GWSS females has almost
doubled on urea treated plants compared to control plants (Table 2).  In addition, the proportion of larger egg masses
(containing > 10 eggs) was higher with fertilization (Figure 1).

Table 2. Oviposition parameters of GWSS adultsa reared on potted cowpea plants treated with different fertilization regimes
over the first 10-wk period.

Treatment

Control

Weekly Percentage of plants
bwith egg masses

24.0 c

Weekly no. egg masse per
pot

1.7 b

Total number of egg masses

93
NPK-only 28.4 bc 1.9 ab 104
Urea-only 47.5 a 3.1 a 172

NPK + Urea 38.3 ab 3.2 a 161
a In each treatment, 10 pairs of adults were maintained per cage.
b Means followed by the same letter within each column are not significantly different (P > 0.05), Student Newman Keuls
test.
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Figure 1. Distribution of egg masses laid by GWSS reared on plants treated with different fertilization regimes (Small = 1-5
eggs/mass, medium = 6-10 eggs/mass, and L => 10 eggs/mass).

Objective 3 – GWSS host plant preference
The host plant preference of GWSS nymphs and adults was studied in separate experiments.  Two potted cowpea plants or
each fertilization treatment (8 cowpea pots in total) were simultaneously provided to GWSS for assessing their host plant
preference.  Cowpea plants of different treatments were equally preferred by nymphs, whereas adult GWSS preferentially fed
on fertilized plants.  Both the proportion of plants selected for feeding and the number of adults per plant were significantly
higher for fertilized plants (Table 3).

CONCLUSIONS
We have shown that cowpea plant growth parameters, water potential, and total N concentration of xylem fluid have been
improved by NPK and urea fertilization.  We will be analyzing the free amino-acid profile of xylem and this will improve our
understanding of the effects that fertilization has on xylem chemistry and subsequently on the development biology of
GWSS.  The results obtained from this study showed that adequate fertilization dramatically improves the survival, growth,
development and reproduction of GWSS.  These findings can directly be used to improve the production of GWSS in
laboratory.  In addition, more insights can be gained on the GWSS-host plant interaction.

Table 3. Host plant selection and number of GWSS per plant in choice experiment with potted cowpea treated with different
fertilizers.

Treatment

Control
% plants infested

42.0 a

Nymphs

Mean no. GWSS per plant

2.5 a

% plants infested

35.5 a

Adults

Mean no. GWSS per plant

2.0 a

NPK-only 41.8 a 2.6 a 49.5 ab 3.3 b

Urea-only 45.7 a 2.6 a 52.7 b 3.3 b

NPK + Urea 46.2 a 2.3 a 43.5 ab 2.6 ab

Means followed by the same letter within each column are not significantly different (P > 0.05), Student Newman Keuls test.
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ABSTRACT
Outlined experiments in this study have only recently begun and are designed to advance our ability to define the operative
host-plant factors utilized by adult glassy-winged sharpshooter (GWSS) and associated natural enemies as long-range cues to
locate feeding and oviposition hosts in a complex agricultural landscape.  Specifically, experiments are underway to
determine how continuous deficit irrigation regimes in Valencia oranges influence the population dynamics of GWSS and
other associated natural enemies. Populations of GWSS were monitored in a citrus orchard maintained under continuous
irrigation schedules receiving 60%, 80%, and 100% of evapo-transpiration (ETc) rates.  Throughout the season, citrus trees
irrigated at 60% ETc had warmer leaves and higher water potential than the trees irrigated with 80% and 100% ETc.  Mean
numbers of adults collected on beat samples, caught on sticky traps, and observed during the visual inspection, and egg
masses within foliage were higher in the 80% and 100% ETc treatments than the 60% ETc treatment.  Preliminary caged
experiments using grape and oleander conducted in Riverside, California, illustrated GWSS population shifts that occurred
between plants.  Individual plants maintained under a well-watered treatment (ETc=100%) exhibited higher insect counts
compared with a continuous deficit-irrigated treatment (ETc=50%).  Identifying how the dispersing lifestages of GWSS
locate and exploit specific host species will begin to provide the necessary information required to develop strategies for
control of this highly mobile insect and further to limit the spread of Xf movement into susceptible crops.

INTRODUCTION
The GWSS is a highly polyphagous and mobile insect utilizing numerous plant species as both feeding and oviposition hosts
(Adlerz, et al. 1979, Daane et al. 2003, Groves et al. 2003).  Recent research has documented that different host plant species
are not equally utilized by all GWSS lifestages.  Mizell and Anderson (2003) report that host plant xylem chemistry plays a
key role in the regulation of GWSS feeding and oviposition over a wide range of host plant species.  Similarly, Daane and
Johnson (2003) concluded that ornamental landscape plant species greatly influence GWSS seasonal population biology.
Specifically, ornamental species which favorably support adult GWSS oviposition and feeding do not equally support
comparable nymphal populations.  Although significant new information has become available regarding the sequence of
hosts in which GWSS populations thrive, little is understood about the host-location strategies of GWSS, which are critical
behavioral responses that assist the insect in locating suitable hosts.  Successful insect-host associations depend upon an
insect’s ability to locate a suitable host(s) in a complex, heterogeneous landscape.  Mechanisms of host location in many
phytophagous insects are often mediated by long-range, semiochemical cues arising from their host plant(s), which vary by
plant physiological conditions including nutrition (available nitrogen and carbohydrate), xylem water potential, and plant age
or developmental stage (Finch 1986).  Similarly, we have an incomplete understanding of host-selection cues utilized by the
mymarid egg parasitoids of GWSS, which may involve the host (GWSS egg mass), the host plant, or a combination of both.

The outlined experiments in this study are designed to advance our ability to define the operative host-plant factors utilized
by adult GWSS and associated natural enemies as long-range cues to locate feeding and oviposition hosts in a complex
agricultural landscape.  Identifying how the dispersing lifestages of GWSS locate and exploit specific host species will begin
to provide the necessary information required to develop strategies for control of this highly mobile insect and further limit
the spread of Xf movement into susceptible crops.
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OBJECTIVES
1. Evaluate host-plant factors utilized by adult GWSS and associated natural enemies as long-range cues to locate feeding

and oviposition hosts in a complex agricultural landscape.
2. Monitor adult GWSS movement and host selection behavior, ovipositional preference, and nymphal population

performance on host plants maintained under continuous irrigation deficits

RESULTS
Objective 1
The response(s) of adult GWSS to olfactory cues and their corresponding host-selection behavior will be comparatively
examined in a modified, four-chamber, air-flow olfactometer large enough to accommodate movement of adult GWSS (Vet
et al. 1983).  In these laboratory experiments, we will investigate GWSS orientation responses to odor fields of varying levels
of humidified air in combination with selected host plant species.  In addition, the host selection behavior of gravid and
nongravid adult female GWSS representing two ages (10 and 50 day-old) will be comparatively examined.  A total of 30
experimental replicates will be conducted with adult GWSS representing both age classes in a factorial design containing
three levels of relative humidity (10, 50, and 100%) in combination with two host plant species including lemon and avocado.
A set of experimental replicates will be performed to evaluate the host-selection behavior of the GWSS mymarid parasitoid
Gonatocerus ashmeadi in a similar factor-level design containing the three humidity levels in combination with the presence
of GWSS egg masses oviposited on leaves of lemon and avocado.  Adult female parasitoids reared from parasitized GWSS
egg-masses laid on lemon and avocado, respectively, will be used for these assays.  As an additional control, G. asmeadi
reared from parasitized GWSS egg masses on cowpea will be included in the bioassays.  Personnel have recently been hired
to conduct these analyses.

Objective 2
A complementary set of screen-house and field experiments are
underway to define the relative importance of host-plant cues for
GWSS host selection and oviposition.  GWSS population dynamics
were monitored on selected host plant species including oleander and
grape.  This experiment was constructed as a randomized complete
block design with 2 levels of water stress as main effects: a well-
watered treatment (ETc=100%), and a continuous deficit-irrigated
treatment (ETc=50%).  Potted (10.6. liter) plants of each host species
were randomly placed in screened cages, and infested with 50 even-
aged GWSS adults.  Detailed daily observations of adult GWSS
feeding and resting preference were recorded throughout the
experiment.  These results illustrate GWSS population shifts that
occurred between plants maintained under a well-watered treatment
(ETc=100%) compared with a continuous deficit-irrigated treatment
(ETc=50%) (Figure 1).  The pattern of insect movement within the
oleander did not follow that observed with the grape.  The number of
GWSS feeding on deficit-irrigated plants increased until day 3, when
the first irrigation took place and the number of insects feeding on the
plants slowly changed until day 10, when the proportion of insects in
each plant reached 0.5. The second irrigation did not cause a quick
insect response as observed with grapevines, the insects continued to
slowly switch from non-irrigated to irrigated plants.  Oleander plants
are known to be somewhat more resistant to water stress than
grapevines, and such a characteristic might have played a role in
differential patterns of GWSS movement between plants.

A second set of field experiments were recently established to determine the effects of continuous, deficit-irrigation (CDI)
practices on the population dynamics of GWSS over the course of a two year study, within the UC Riverside, Valencia Field
5 Citrus Research Block (Figure 2).  The experiment is designed as a Latin square with 3 irrigation treatments and 3
replications, each consisting of 120 trees in a replicated block under micro-sprinkler irrigation.  The CDI schedules evaluated
in this experiment include: 1) trees irrigated at 100% ETc; 2) a continuous deficit-irrigated treatment maintained at 80% ETc,
and 3) a continuous deficit treatment irrigated at 60% of ETc throughout the crop year.  The severity of water stress is being
characterized by measurements of soil water content, pre-dawn leaf water potential (Ψ), and mid-canopy, leaf surface
temperatures.  GWSS populations within experimental blocks are sampled weekly during the growing season and will be
sampled bimonthly during the upcoming winter period.  Different sampling techniques will be used throughout the year to
detect different development stages of GWSS.  GWSS nymphs and natural enemies will be sampled using systematic beat-
sample methods at cardinal points around sample trees methods as developed for GWSS on citrus.
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The seasonal movement patterns of adult GWSS within and among
the experimental blocks is being monitored using a combination of
directional, yellow sticky cards collected and replaced weekly
coupled with a set of novel proteins for mark-capture.  Together,
systematically placed traps and protein signatures will record any
shifts in plant use of adult populations (Figure 2).  The field portion
of this research will focus on the role of CDI conditions on GWSS
host-selection strategy and dispersal. At regular intervals during the
2005 season, CDI replicates were sprayed with inexpensive proteins
using conventional spray equipment.  In turn, insects that are
contacted by the protein solutions or that encounter plant material
containing protein residues will obtain enough protein to be detected
by protein-specific enzyme-linked immunosorbent assays (ELISA).
Because the three marking ELISAs (chicken egg whites, soy milk,
and non-fat dry milk) do not cross-react, we can apply the materials
to the three different treatments in close proximity to one another.
Then, insects can be collected using temporal and spatial sampling
schemes and analyzed for the presence of each respective protein
mark to determine not only the insect’s point of origin, but the timing
and extent to which portions of the population move among different
plant species.

CONCLUSIONS
We believe that findings from this recently funded project will generate significant new information regarding the host
selection behavior and movement patterns of GWSS in California.  Preliminary results from greenhouse studies illustrate that
GWSS population shifts occurred between plants maintained under varying, CDI treatments. Further, measurements of in-
field plant condition suggested no differences in leaf temperatures and water potentials between trees irrigated at 80% and
100% ETc.  Trees irrigated with 60% ETc had warmer leaves, higher water potential, and also hosted fewer GWSS than the
well irrigated trees.  Patterns of adult GWSS capture throughout the 2005 sampling interval (July – August), estimated from a
combination of yellow traps, beat samples, and visual inspections, suggest comparatively higher population densities of
GWSS in CDI treatments 80 and 100% ETc.  Furthermore, higher counts of GWSS adults and egg masses were found on
trees irrigated at 80% ETc compared with the 100% ETc treatment.

This research will provide more information about sharpshooter feeding, host-finding behavior, preferences, and the factors
that influence reproductive success and natural-enemy-caused mortality.  Elucidation of the preference for and performance
upon host plant species under differential water stress will aid our understanding of the mechanism of spread of PD and speed
with which pathogen spread might occur.  A more complete understanding of the operative host-plant cues that influence
GWSS population dynamics may result in the deployment of strategies to focus control efforts, enhance the efficacy of
biological control, and effectively limit the spread of Xf induced diseases to susceptible crops.
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ABSTRACT
Here we present the results of the first year of our research targeted at quantifying the landscape-level movement patterns of
GWSS and its natural enemies.  We showed that protein markers can be rapidly acquired and retained on insects for several
weeks after marking directly in the field. Specifically, we sprayed a large citrus plot and a large olive tree plot with different
inexpensive proteins using conventional air blast sprayer.  In turn, insects that were hit by the protein solutions or that were
exposed to marked plant tissue obtained enough protein to be detected by a protein-specific ELISA.  Because the various
protein specific ELISAs do not cross-react, we can apply the various proteins to different host plants in close proximity to
one another. This marking technique provides the necessary tool to distinguish GWSS and its natural enemies so that studies
of dispersal, migration, longevity, and density can be conducted. Additionally, different protein markers can be used to
identify insect movement from different areas within a crop or from different crops.

INTRODUCTION
Glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say) feed on a variety of plants, and in the process transmit
the bacterium, Xylella fastidiosa, which is the causal agent of Pierce’s disease (PD) (Varela, 2001).  Due to the polyphagous
feeding habit and high dispersal capability of GWSS, control of this pest will require an areawide management approach.
Such an approach requires extensive knowledge of the host plant preferences and dispersal characteristics of GWSS and its
natural enemies.  Unfortunately, very little is known about the dispersal characteristics of GWSS (Blua & Morgan, 2003;
Blackmer et al,. 2004) and its associated natural enemy complex.  This is due, in part, to the lack of an effective technique for
studying insect dispersal at the landscape level.

The development of a protein marking technique (Hagler, 1997ab; Blackmer et al., 2004) solved many of the problems
associated with other marking techniques for marking insects.  The procedure is simple, sensitive, safe, rapid, inexpensive
(for MRR type studies), invisible, and stable (Hagler & Jackson, 2001).  Moreover, several distinct proteins are available
which facilitate the simultaneous marking of different cohorts of individuals (Hagler 1997a; Hagler & Naranjo, 2004).
Recently, we identified several inexpensive proteins that can be used to mark insects for mark-capture type studies.  The
proteins are casein (from non-fat dry milk), chicken egg whites (Egg Beaters™ or All Whites™), and soy milk (Silk™
Soymilk).  In collaboration with Vincent Jones we have developed anti-casein, anti-egg white, and anti-soy enzyme-linked
immunosorbent assays (ELISA) to each of these proteins.  In turn, these ELISAs can be used to detect the presence of each
protein on protein-marked insects.  In this paper, we report on the efficacy of this marking procedure for marking GWSS and
its natural enemies directly in the field for mark-capture type studies.

OBJECTIVES
1. Quantify GWSS and natural enemy dispersal patterns in a complex landscape.
2. Determine which factors influence their dispersal.

To accomplish these objectives we must first develop a reliable mark-capture protein marking technique and quantify the
protein marking retention intervals for the targeted insects. Field application of better mark-capture techniques will enhance
our understanding of the area-wide dispersal patterns of GWSS and its natural enemies.  The first phase (year 1 of 2) of our
research consisted of optimizing a mark-capture procedure for GWSS and its natural enemies that will facilitate future studies
(years 2 and 3) of intracrop and intercrop dispersal.  Here we described three experiments that were conducted to validate the
efficacy of the protein marking procedure on GWSS and one of its potential natural enemies, Hippodamia convergens.



RESULTS
Experiment 1
The first experiment was conducted to determine the retention time of two different proteins, non-fat dry milk (NFDM) and
chicken egg whites (CEW) on GWSS and Hippodamia convergens under field conditions.  Here we tested the efficacy of two
marking procedures.  The first procedure was a residual contact marking method.  Randomly selected citrus branches were
sprayed with a 5.0% solution of NFDM or CEW (All Whites™). The branches were allowed to dry for 2 h, and then 15
nylon-meshed sleeve cages (66 X 70-cm, 19-cm dia.) were placed on the branches.  Adult GWSS (≈ 20 per cage) and H.
convergens (≈ 30 per cage) were then introduced into each cage.  A single cage was randomly selected on 12 different
sampling dates for up to 35 days after marking.  All surviving GWSS and H. convergens in the randomly selected cages were
assayed by an anti-NFDM or an anti-CEW ELISA to detect the presence of each respective protein marker.  The second
procedure was a direct contact marking method. Fifteen nylon-meshed sleeve cages were placed on randomly selected citrus
branches.  Adult GWSS (≈ 20 per cage) and H. convergens (≈ 30 per cage) were then introduced into each cage and sprayed
with a 5.0% solution of NFDM or CEW.  The sampling scheme and assays were as described above.

The ELISA results for the protein marked GWSS are given in Figure 1.  Data indicate that both marking procedures,
regardless of the type of protein marker used, were retained well on GWSS.  As expected, the topical marking procedure
yielded higher ELISA values and had longer retention times than the residual contact marking method.  The markers were
retained on 100% of the GWSS for ≈ 2 and 3 weeks by the residual and topical marking procedures, respectively. H.
convergens ELISA reactions were very similar to the reactions yielded by GWSS (data not shown).
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Figure 1. The mean ± SD ELISA values (vertical bars read from the left y-axis) and percentage of GWSS (line
plot read from the right y-axis) scoring positive for the presence of CEW (gray bars) or NFDM (black bars).  The
top graph represents the insects marked by contact exposure and the bottom graph represents the insects marked
by topical spray.  GWSS were scored positive for the presence of each marker if the ELISA value exceeded the
mean negative control value by 3 standard deviations (note: the day 15 NFDM topical spray samples were lost).

Experiment 2
The second study was conducted to determine the efficacy of the marking procedure under realistic open field conditions.
The field site was a commercial farm located near Porterville, CA.  The field was ≈20 acres, split equally into ≈10 acres of 8-
year-old olive trees and 16-year-old navel orange trees.  An 8-m wide fallow border divided the two crops.  Eight nylon-
meshed sleeve cages were placed uniformly in the field.  Three sleeve cages were placed in each of the crops and two cages
were attached to six ft poles and placed in the fallow border region.  Adult H. convergens (note: GWSS were not used in this
experiment due to very low populations at the study site) were then introduced into each cage (n=30/cage) the day before the
fields were sprayed with their designated protein solution (see below).  On Sept. 9, 2004 ≈3 acres of the olive field were
sprayed with a 5.0% solution of NFDM @ 100 gal/acre and ≈3 acres of the orange grove were sprayed with a 5.0% solution
of CEW @ 250 gal/ac using a 500 gal conventional air blast sprayer.  Individual beetles were removed from each sentinel
cage on Sept. 10 (n=10), Sept. 17 (n=10), and Sept. 24 (n=the surviving beetle population) and assayed by an anti-NFDM and
an anti-CEW ELISA to detect for the presence of each respective protein mark.

The ELISA results for H. convergens marked directly in the field using a commercial spray rig are given in Figure 2.
Markers were retained well on the beetles, regardless of the marker used or the crop that the marker was applied to for two
weeks after application.  In a few instances, we obtained false positive ELISA reactions (e.g., beetles collected from the
unsprayed fallow field or from the crop where the specific marker was not applied).  In almost all instances, the false positive
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reactions were barely above the threshold value used (mean + 3SD of negative control beetles) to score a positive reaction.
The occasional false positive ELISA reactions were probably due to spray drift of the markers or human error which can
occur while conducting an ELISA.
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Figure 2. The mean (±SD) ELISA
readings of protein-marked H.
convergens held in sentinel cages. The
grey bars are the CEW ELISA reactions
and the black bars are the NFDM
ELISA reactions.  The numbers above
each error bar are the percentage of
positive ELISA responses for each
treatment.

Experiment 3
The third study was a laboratory study conducted to determine how long it takes for an insect to become marked after
residual contact exposure to marked plant tissue.  The insect used in this study was adult H. convergens. Individual
greenhouse grown cotton plants, ≈80-cm tall (≈ 20 leaves per plant), were sprayed with 35 ml of a 10% CEW solution using
a standard hand sprayer.  The cotton plants were allowed to dry for 1 h at 45oC.  After drying, randomly selected leaves were
pulled from the plant and cut to fit inside a 3.5-cm Petri dish (insect arena).  An individual beetle was placed in an arena for
5, 10, 20, 40, 60, 120, 240, or 480 min.  After each holding interval, the beetles were assayed by an anti-CEW ELISA to
detect the presence of the marker.

The ELISA results for the protein marked H. convergens are given in Figure 3.  Data indicate that the majority of beetles
acquired the mark by residual contact within 5 minutes after exposure.
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CONCLUSIONS
In the first phase of our research described here, we showed that protein marks can be rapidly acquired and retained on
insects several weeks after marking in the field.  This marking technique provides the necessary tool to distinguish GWSS
and its natural enemies so that studies of dispersal, migration, longevity, and density can be conducted.  Additionally,
different protein markers can be used to identify insects released at different times, in different areas, or in different crops.
Currently (e.g., summer/fall of 2005), we are using this technique for several different projects to investigate the landscape-
level movement of GWSS (nymphs and adults) and its natural enemies.
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ABSTRACT
The purpose of this project is to define specific environmental constraints that influence glassy-winged sharpshooter (GWSS)
population dynamics and overwintering success.  Experiments were conducted to determine effects of constant temperatures
on the survival of GWSS adults for various exposure times under three different conditions: water-only, no water or host
plant, and host plant.  When only provided water, adults survived the longest (16.3 ± 1.8 days) at 15°C, with the shortest
longevities at 0 and 40°C (1.5 ± 0.1 and 2.5 ± 0.3 days, respectively).  Overall, the longevity patterns implied that lack of a
suitable host plant would result in greater reductions in survival at higher temperatures (e.g., ≥ 25°C).  When adults were
provided with a preferred host plant (‘Frost Eureka’ lemon), percent adult survival was significantly influenced by
temperature and exposure time with a significant interaction between time and treatment.  Unlike the initial study where only
water was provided, adult survival decreased drastically at low temperatures (0-10°C), while survival between 15-30°C
averaged > 68%.  Findings suggest that mortality at low temperatures could result from starvation or lack of feeding, and the
critical threshold temperature required for ingestion lies between 10-15°C.  In a third experiment comparing host plant
presence and absence, 100% mortality occurred at 3, 21, 24 days exposure at 0, 5, and 10°C, respectively.  This implies that
GWSS adults cannot feed on a host plant at low temperatures (0-10°C), and further suggests that the threshold temperature
for feeding falls between 10 and 15 °C.  Results from these experiments will be coupled with climatological data to help to
spatially define where GWSS can be expected to persist in the agricultural landscape and identify where continued
management efforts can be directed to limit introductions into currently non-infested areas.

INTRODUCTION
Climate appears to play a significant role in the geographic distribution of diseases caused by Xylella fastidiosa (Xf) in
California and throughout the southeastern United States (Purcell 1997).  Similarly, populations of glassy-winged
sharpshooter (GWSS), Homalodisca coagulata, in the southeastern United States appear to be constrained by climatic factors
that limit the pest’s establishment and persistence (Pollard and Kaloostian 1961, Hoddle 2004).  Presently, limited
information exists on the overwintering biology and ecology of GWSS in the San Joaquin Valley of California.  A conclusion
emerging is that GWSS may be limited by certain temperature thresholds at, or below which feeding may be discontinued
and overwintering survivorship reduced.  In turn, we are conducting experiments to carefully determine the thresholds below
which feeding stops and to further determine the critical duration of time spent in this non-feeding state which may result in
increased mortality.  The results below and future experiments will advance our ability to define the specific environmental
constraints that influence GWSS population dynamics and overwintering success by increasing our present understanding of
the overwintering requirements of GWSS with a focus on critical environmental and host species factors that may limit
population distribution in the Central Valley of California.

OBJECTIVES
1. Identify the critical environmental constraints that influence the spatial population dynamics and overwintering success of

GWSS in California’s Central Valley.
2. Characterize the impact of host plant species succession on the overwintering survivorship of GWSS populations that

constrain the insect’s ability to become established and persist throughout the San Joaquin Valley.

RESULTS
Objective 1:
(1)  Effects of temperature on the survival of GWSS adults
Experiments were conducted to determine effects of constant temperatures on the survival of GWSS adults for various
exposure times under three different conditions: water-only, no water or host plant, and access to host plant.  Laboratory-
reared young adults were transferred from a field station of the California Department of Food Agriculture (CDFA), Arvin,
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California, and maintained at the GWSS Experimental Laboratory on the campus of California State University Fresno
(CSUF).  Insects were about 2-weeks old when initially used in experiments.

Adult longevity when provided water only
An experiment was conducted to determine temperature effects on GWSS adult longevity with access only to water.  Adults
were sexed and individually placed in clear plastic tubes (33 ml) provisioned with moist cotton balls to allow constant access
to water.  Insects were held under the following temperature regimes: 0, 5, 15, 20, 25, 30, and 40 (± 1) °C.  Insect survival
was monitored daily.  Longevity of GWSS adults was significantly influenced by temperature (F = 18.99; df = 7; P < 0.001)
(Figure 1A).  However, there was no significant effect relative to sex or interaction between sex and temperature.  Because no
significant difference between sexes was found, data for both sexes were pooled to compare the means among temperature
treatments (Figure 1B).  At 15°C, adults survived the longest (16.3 ± 1.8 days).  The shortest longevities were at 0 and 40°C
(i.e., 1.5 ± 0.1 and 2.5 ± 0.3 days, respectively).  Overall, the longevity patterns imply that lack of a suitable host plant would
result in greater reductions in survival at higher temperatures (≥ 25°C), where insects feed at higher rates due to an elevated
metabolism.  In comparison, adult longevities at low temperature (5-15°C) could result from both reduced feeding and a
reduced metabolism.  Because adults were prevented from feeding on suitable host plants, further experiments using suitable
host plants were conducted to determine temperature impacts on survival that may caused by reduced feeding (see results
below).
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Quantitative models were developed to describe the survivorship of GWSS in relation to the constant temperatures and
exposure duration.  Percentages of surviving adults were calculated at each time interval and the time to 50% mortality at
each temperature was estimated by fitting the survivorship curve at each temperature to a sigmoid (polynomial) function.
The survivorship curves illustrate a typical type III curve (Figure 2A), describing high initial loss followed by a period of
much lower, relatively constant mortality (Pearl, 1928).  Because the estimated curves were similar regardless of temperature
conditions, the temperature-independent survivorship curve at normalized time (days/ days to 50% mortality) was also well
described by the sigmoid function (Figure 2B; r2 = 0.984).  The estimated times to 50% mortality were 0.6, 9.2, 9.6, 13.3, 6.1,
3.8, 2.8, and 1.5 exposure days at 0, 5, 10, 15, 20, 25, 30, and 40°C, respectively.  The same equation was also used to
describe a temperature-independent survivorship curve at the normalized time, which was acquired by dividing the exposure
time by the “time to 50% mortality” at each temperature.  The relationship between temperature and the estimated time to
50% mortality was described by an extreme-value function. The model estimated that the longest time (12 days) to 50%
mortality occurs at 11.1°C (Figure 2C). The skewed bell shape of the time to 50% mortality indicates that the survival of this
species was more seriously impaired by the exposure to high temperature in the given condition where this species only have
access to a water source.

Adult longevity when provided with host plant
Temperature effects on adult GWSS longevity were determined for individuals provided a preferred overwintering host plant.
Adults were sexed and placed in a clear plastic cylinder (60 cm X 15 cm diam.) provisioned with a ‘Frost Eureka’ lemon
plant, Citrus limon.  Ten adults (males and females) were separately placed within cylinders and held at the following
temperature regimes: 0, 5, 10, 15, 20, 30, and 40°C.  The numbers of surviving adults were routinely monitored up to 21 days.
Repeated measures ANOVA revealed that adult percent survival was significantly influenced by temperature (F = 70.93; df =
6; P < 0.001) and exposure time (F =133.03; df = 5; P < 0.001), with a significant interaction between time and treatment (F
= 8.94; df = 30; P < 0.001) (Fig. 3).  However, there was no significant effect of sex at any observation time (P > 0.05).
Regardless of sex, 100% mortality occurred at 7 days exposure at 0°C.  At 21 days exposure, mortality was higher than 80%
at 0, 5, 10, and 40°C.  Unlike the initial study where only water was provided, adult survival decreased drastically at low

Figure1. GWSS adult longevity (days)(mean ± SEM) when only provided access to a water source: (A) males and
females separately (B) data pooled for both males and females.  Values followed by different letters indicates
significantly different mean values among treatments (SNK test, P < 0.05).
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temperatures (0-10°C), while survival between 15-30°C remained >
68%.  As an indicator of feeding activity, production of xylem excreta
was not observed at temperatures ≤ 10°C, where most adults were
found on the soil surface rather than on the plant stem or leaves.
These findings suggest that mortality at low temperatures could result
from starvation (or lack of feeding), and the critical threshold
temperature lies between 10-15°C.  Mortality at 40°C probably results
from heat stress on the insect and / or possible plant deterioration
caused by the highly active stylet penetration on plant stems, although
no visible plant stress symptoms were observed.

Comparison of survival between host and no-host conditions
Because rapid mortality was observed at low temperatures, where
xylem excretion did not occur, we hypothesized that lack of feeding
was a major mortality factor.  A third experiment was conducted to
determine whether the presence of a host plant was a critical factor at
certain temperatures, with a reasonable expectation that survival
would not be different between host present and host absent
conditions at temperatures where feeding does not occur.  Because sex
was not a significant factor in previous experiments, 10 GWSS adults
(males and females combined) were observed when provided a lemon
plant and denied a lemon plant.  The numbers of surviving adults were
routinely monitored until 100% mortality was obtained in all
replications.  Repeated measures ANOVA revealed that percent adult
survival was significantly different between treatments at 20, 30, and
40°C (P < 0.001).  However, no significant treatment effects were
observed at 0, 5, and 10°C (P > 0.05).  In all treatments, exposure time
significantly affected survival (P < 0.0001).  Under both host and no-
host conditions, 100% mortality occurred at 3, 21, and 24 days
exposure at 0, 5, and 10°C, respectively. This implies that GWSS
adults cannot feed on the host plant at low temperatures (0-10°C), and
the threshold temperature for feeding falls between 10 and 15 oC.
This is consistent with the results of the previous experiment.
Notably, host plant availability was a highly critical factor for survival
at high temperatures ≥ 20°C, with 100% mortality observed at 7, 3,
and 2 days at 20, 30, and 40°C, respectively.  In the presence of a host
plant, >70% of adults survived 7 weeks exposure time at 20 and 30°C.
Currently, we are completing this trial, and further analysis will be
conducted on the resulting data.

(2) Effects of temperature on the feeding of GWSS adults
Laboratory experiments are underway to determine temperature
effects on xylem excretia production by GWSS adults using a
Parafilm sachet method (Pathak et al. 1982).  Young GWSS adults
(ca. 2 wk old) were individually confined inside a Parafilm sachet (7.5
x 6.5 cm) attached to the side of host plant (‘Frost Eureka’ lemon).
Insects were held at 0, 5, 15, 20, 25, 30, and 40 (± 1)°C. Following 48-
hr feeding, xylem excreta production (mg) was determined. At ≤ 15°C,
no adults produced xylem excreta during the 48 hour period. The
largest amount of xylem excreta production (2,200 mg) was at 40°C.
We are currently replicating treatments for proper statistical analysis.
After analysis, we will estimate the threshold temperature for
production of xylem excreta of GWSS adults.

Objective 2
We encountered one challenge due to the legal restriction on
maintaining live, caged GWSS adults in the field in quarantined areas
in the San Joaquin Valley.  Because of this, we plan to conduct the
work in the infested areas of Kern County, where other related work
has been conducted by our labs.  Seasonal population dynamics of
GWSS will be monitored on selected host plants placed in different
micro-climatic areas of Kern County.  In these experiments, we will
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examine GWSS survivorship in caged experiments on selected host plant species.  In each cage, fifty 2nd generation GWSS
adults, nearing reproductive diapause in the fall season, will be collected from natural infestations and released onto caged
plants.  Insects will be introduced onto potted plants placed in cages and populations monitored monthly throughout the
winter period and in the subsequent spring. At each location, four caged replicates of host plant species including the plant
species navel orange, grape, and peach will be evaluated individually and in combination. A detailed record of adult GWSS
feeding and resting preference will be maintained from November 2005 to March 2006.

CONCLUSIONS
Findings from the survival tests clearly indicate that the survival and feeding activity GWSS adult is significantly influenced
by temperature and exposure duration.  In particular, low temperatures caused rapid mortality.  Availability of feeding was a
critical factor for survival at high temperatures (≥ 20 oC).  This project has a high probability of success in terms of
generating significant new information regarding the thermo-biology of GWSS in California.  Models generated from the
experiments on survival and feeding will allow for the spatial estimation of overwintering success of GWSS.
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ABSTRACT
We determined the relative phenology of host plant use by glassy-winged sharpshooter (GWSS), other leafhopper vectors,
natural enemies, and Xylella fastidiosa (Xf) in ornamental, agricultural and California native host plants in key California
locations in climatically different regions: Coastal (Piru, Ventura County), Inland (Redlands, San Bernardino County), and
South (Pauma Valley, San Diego County). In this study, the only host plant used frequently in all life stages was cottonwood.
On grape and crape myrtle, nymphs and eggs were frequently recorded, while photinia, cherry and sycamore frequently
hosted egg masses but not the other life stages.  This research will be used to develop a GWSS performance database on the
host plant species that are identified as truly critical to GWSS survival.

INTRODUCTION
The focus of this research was to determine the relative phenology (the timing of biological events as influenced by the
environment and intrinsic biological phenomena) of host plants use by GWSS, other leafhopper vectors, natural enemies, and
Xylella fastidiosa (Xf) in ornamental, agricultural and California native host plants in key California locations in climatically
different regions: Coastal (Piru, Ventura County), Inland (Redlands, San Bernardino County), and South (Pauma Valley, San
Diego County).  As year one of a three year study, we plan to replicate this years’ observations (only if continued CDFA
funding is reinstalled and received) using fresh host plants at the same locations.  Full analyses of results will not be available
until after all data is collected and analyzed.  The findings of this one season are therefore presented as preliminary results but
serve as the final report for the funded research project.  This research will be used to develop a GWSS performance database
on the host plant species that are identified as truly critical to GWSS survival, which is needed to fully support decision
making, and to supplement what is observed in the field.  Currently, no quantitative data is available on the relative suitability
of single or multiple hosts most relevant in southern California’s agriculture, landscape or native vegetation, to GWSS
growth and development.  This project will provide this baseline information, identify host plant limitations at different life
stages and will ultimately identify key nutrients responsible for this phenomenon.

OBJECTIVES
1. Use 25 different host plant species in 4 replicates per location at 3 locations: Coastal (Piru, Ventura County), Inland

(Redlands, San Bernardino County), and South (Pauma Valley, San Diego County) to determine: the age structure and
utilization of GWSS on the host plants throughout the season; GWSS egg parasitization and mortality; GWSS fecundity
and feeding rate on selected host plants; the presence of Xf in host plants; and the chemical composition of the host plant
xylem fluids at tree times during the season.
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RESULTS
From April onwards, the GWSS age structure and resident generalist predators on 25 different host plants were observed
weekly.  In four replications, 25 potted (5gal) host plants were used to test the preference of resident GWSS at 3 southern
California locations within unsprayed citrus orchards.  For each replication, 25 plant pots were placed in a completely
randomized block design within the rows.  Each block was enclosed in a square 1.5x1.5 m pen made with chicken wire.
Plants were hand watered 2-3 times per week.  The plant species were selected for their common ornamental or agricultural
use or their status as orchard weeds or their occurrence in foothill and riparian environments in southern California (Table 1).
Batch samples from each of the host plant species were tested for the presence of Xf on three occasions between April and
July.  With the exception of one Hedera helix batch sample in May, all batch samples tested negative.  In follow-up tests of
single Hedera helix plants, no individual plant tested positive for Xf.

Table 1. Mean number of egg masses, adults and nymphs recorded per GWSS host plant species in Piru, Redlands and
Pauma Valley, California.
Plant Plant name Common name 1Egg masses Adults2 Nymphs3

1 Hibiscus sp. 'Mrs. J. E. Hendrey' hibiscus 3.42 ± 1.064 abc 10.50 ± 4.265 a 3.42 ± 0.908 ab
2 Lagerstroemia indica Crape Myrtle 9.58 ± 1.607 de 34.25 ± 20.350 a 17.92 ± 5.113 d
3 Nerium oleander Oleander (white) O 19.75 ± 8.294 a 10.17 ± 2.925 bc
4 Gardenia jasminoides ‘Mystery’ Gardenia 1.50 ± 0.832 ab 0.42 ± 0.193 a 2.17 ± 0.842 ab
5 Citrus sp. Valencia Orange 2.42 ± 1.314 abc 13.15 ± 3.175 a 11.17 ± 3.164 c
6 Photinia sp. Red Tip Photinia 6.67 ± 2.021 cd 2.08 ± 0.763 a 4.92 ± 1.681 abc
7 Eucalyptus cinerea Silver Dollar Tree 0.50 ± 0.167 a 0.33 ± 0.188 a 0.50 ± 0.289 a
8 Vitis vinifera Thompson Seedless Grape 11.17 ± 2.49 e 14.42 ± 3.019 a 29.75 ± 6.516 e
9 Euonymus japonica Silver Queen 1.92 ± 0.654 ab 0.92 ± 0.358 a 0.25 ± 0.131 a

10 Ligustrum japonicum ‘Texanum' Wax Leaf Privet 1.58 ± 0.617 ab 1.25 ± 0.494 a 3.25 ± 0.970 ab
11 Agapanthus africanus Lily of the Nile 2.00 ± 0.834 ab 1.08 ± 0.336 a 0.42 ± 0.193 a
12 Hedera helix English ivy 0.33 ± 0.243 a 1.08 ± 0.763 a 0.83 ± 0.297 a
13 Sonchus oleraceus Sowthistle O O 0.08 ± 0.083 a
14 Chenopodium berlandieri Lambsquarter O 0.33 ± 0.188 a 0.33 ± 0.256 a
15 Malva neglecta Cheeseweed O O 0.92 ± 0.288 a
16 Senecio vulgaris Common Groundsel O O O
17 Rhus integrifolia* Lemonade Berry 0.33 ± 0.263 a 0.58 ± 0.193 a 1.17 ± 0.767 a
18 Heteromeles arbutifolia* Toyon 2.00 ± 0.872 ab 0.33 ± 0.188 a 0.67 ± 0.497 a
19 Baccharis pilularis* Coyote Brush 1.25 ± 0.740 ab 0.92 ± 0.609 a 1.42 ± 0.434 a
20 Lonicera subspicata* Honeysuckle 0.08 ± 0.083 a 0.17 ± 0.112 a 0.08 ± 0.083 a
21 Opuntia basilaris* Beavertail Cactus O O 0.33 ± 0.333 a
22 Oenothera speciosa Mexican Evening Primrose 0.33 ± 0.067 a 0.25 ± 0.131 a 1.42 ± 0.452 a
23 Populus candicans Cottonwood 4.92 ± 1.493 bc 205.67 ± 96.643 b 54.25 ± 8.927 f
24 Platanus occidentalis “Bloodgood” Sycamore 13.33 ± 3.404 e 12.75 ± 4.961 a 6.58 ± 1.694 abc
25 Prunus subhirtella Akebone Ornamental Cherry 13.83 ± 4.606 e 17.08 ± 8.164 a 4.67 ± 1.689 abc
*: California native plant
O: life stage not recorded on host plant species
1 Mean number of egg masses recorded on host plant species over all three locations (different letters indicate

significant differences, Kruskal Wallis t=133.69, P<0.0001).
2 Mean number of adults recorded on host plant species over all three locations (different letters indicate significant

differences, Kruskal Wallis t=154.54, P<0.0001).
3 Mean number of nymphs recorded on host plant species over all three locations (different letters indicate significant

differences, Kruskal Wallis t=194.54, P<0.0001).

When considering life stages at the different locations, more egg masses were found on the host plants in Pauma Valley
between June 24 and August 19 compared to both Piru and Redlands in the same period (unequal variance: Kruskal Wallis:
t=7.237, P=0.027) (Figure 1A).  The numbers of eggs per egg mass were significantly higher in Pauma (ANOVA df=2,
F=10.93, P<0.001), a larger proportion of the eggs were parasitized in Pauma (ANOVA df = 2, F = 10.67, P<0.001), with no
difference in emergence of eggs masses (ANOVA df=2, F=3.04, P=0.05).  The portion survival of eggs per egg mass is
lowest in Pauma (ANOVA df=2, F=10.80, P<0.001) (Table 2).  Of the parasitized egg masses recorded in Piru, all were
Gonatocerus sp., but in Redlands 6% were parasitized by Trichogramma sp as were 4% of the egg masses from Redlands.
The survival of Trichogramma parasitized egg masses was 0.595 ± 0.0544 significantly lower than the survival of
Gonathocerus parasitized egg masses 0.764 ± 0.011 (unequal variance: Kruskal Wallis t=11.89, P=0.000563).  No
differences were found between the egg mass size and the fraction parasitized for Trichogramma or Gonatocerus (results not
shown).



Table 2. The survival, fraction parasitized and fraction emerged parasitoids recorded in GWSS egg masses in Piru, Redlands
and Pauma Valley, California.

Location ANOVA
Piru Redlands Pauma Valley df F P

N 197 172 557
#eggs/egg mass 11.56 ± 0.467 a 12.02 ± 0.499 a 13.81 ± 0.278 b 2 10.93 <0.001
Survival 0.847 ± 0.024 b 0.795 ± 0.025 b 0.725 ± 0.014 a 2 10.80 <0.001
Fraction parasitized 0.666 ± 0.029 b 0.676 ± 0.031 b 0.545 ± 0.020 a 2 10.67 <0.001
Fraction emerged parasitoids 0.804 ± 0.029 a 0.848 ± 0.031 a 0.762 ± 0.019 a 2 3.04 0.051

No egg masses were recorded on oleander, sowthistle, cheeseweed, lambsquarter, common groundsel or beavertail cactus.
Over all sites, the mean number of egg masses recorded was largest on sycamore, cherry and grape, followed by crape myrtle
and photinia (Table 1).  The number of egg masses per host plant species differed significantly for crape myrtle, eucalyptus,
grape, primrose and cottonwood, on which fewer egg masses were found in Piru and Redlands than in Pauma (results not
shown).  In Piru, most egg masses were recorded on sycamore and cherry, followed by grape.  In Redlands, most egg masses
were recorded on grape, followed by crape myrtle and photinia, which had more egg masses than sycamore and cherry.  In
Pauma, most egg masses were recorded on crape myrtle, grape, sycamore and cherry followed by photinia.  Because of
unequal variances, the Kruskal Wallis test was used for these analyses with P<0.0001 in all cases (results not shown).
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Figure 1. Total number of GWSS egg masses (A), adults (B) and nymphs (C) recorded between April and October
2004, on 100 host plants located in a citrus orchard in Piru, Redlands and Pauma Valley, CA.

When considering GWSS adults at the different locations, more were found on the host plants in Redlands between June 16
and October 1 compared to both Piru and Pauma in the same period (unequal variance: Kruskal Wallis: t=8.4481, P=0.0146)
(Figure 1B).  Adults were not recorded on sowthistle, cheeseweed, common groundsel or beavertail cactus. Over all sites, the
mean number of adults recorded was largest on cotton wood (Table 1).  In Redlands, more adults were found on hibiscus,
oleander, Valencia orange, photinia, euonymus, ligustrum, cottonwood and cherry than in Piru or Pauma (results not shown).
In Piru and in Redlands, more adults were recorded on cottonwood than on any other host plant species (t=59.75, P<0.00001
and t=72.05, P<0.00001 respectively).  In Pauma, most adults were recorded on cotton wood, but these did not differ
significantly from sycamore and grape (t=63.61, P<0.00001).  Because of unequal variances the Kruskal Wallis test was used
for these analyses (results not shown).  The data on the immature GWSS were collected as small, medium and large GWSS
nymphs.  For the purpose of these preliminary analyses, the stages were added to present one number per host plant per
observation at each location.  The number of GWSS nymphs at the different locations changed through the season.  From
April though June, significantly fewer nymphs were recorded in Redlands when compared to Pauma and Piru in the same
period (unequal variance: Kruskal Wallis: t=10.04, P=0.0066) (Figure 1C).  From late July through October, significantly
fewer nymphs were recorded in Piru, when compared to Redlands and Pauma in the same period (unequal variance: Kruskal
Wallis: t=7.78, P=0.0204) (Figure 1B).  No nymphs were recorded on common groundsel.  Over all sites the mean number of
nymphs recorded was largest on cotton wood, followed by significantly lower numbers on grape, crape myrtle, and Valencia
orange (Table 1).  No differences were found when comparing numbers of nymphs per host plant species between the
locations (results not shown).  In Piru, most nymphs were recorded on cottonwood, followed by grape and citrus (t=70.3,
P<0.00001).  In Redlands, most nymphs were also recorded from cottonwood, followed by grape and crape myrtle (t=72.49,
P<0.00001).  In Pauma Valley, most nymphs were found on cottonwood and grape, followed by crape myrtle and Valencia
orange (t=68.92, P<0.00001).  Because of unequal variances the Kruskal Wallis test was used for these analyses (results not
shown).

On June 30, July 1-2, August 10-12, and September 28-30, xylem fluid samples were taken from all host plants except
oleander, amaranthus, ivy, sowthistle, common groundsel, cheeseweed, lambsquarter, honey suckle, primrose and beavertail.
These species were omitted because experience has shown that they do not comply with the technique used for xylem
extraction, rendering the sampling impossible.  With the use of a nitrogen gas pressure chamber, 150-600μl was collected per
plant and frozen for storage.  The xylem fluid from five host species (cottonwood, crape myrtle, cherry, grape, and sycamore)
was chemically analyzed for amino acid content (four replications for each species per site per date).  Species were selected
based on GWSS utilization and consistency of xylem extraction (healthy hardwoods of each species were present at all sites).
The five species varied greatly in amino acid composition with cottonwood consistently (8 of the 9 site/date combinations)
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having the highest titers of total amino acids.  Amino acid profiles (ratios of individual amino acids) varied greatly with host
species (mean values for each species are shown in Table 3).  Concentrations of amino acids were also site and date
dependent.  When the chemical composition of each host species was analyzed separately as a factorial (3 locations x 3 sites
for each of the five species), concentrations of individual amino acids were found to be greatly impacted by site and time of
year.  For the models analyzed (95 = 5 host species x 19 dependent variables (individual amino acids)) over 40% of the
models showed significant effects (P < 0.05) of site and location.  Date has significant effects (P < 0.05) in over 30% of these
analyses, location was significant 26% and interactions (date*location) was significant in 17% of the models.  We are
currently entering all nutritional data (xylem chemistry) and insect data into an ongoing database to determine nutritional
correlates to GWSS host utilization.  This analysis is ongoing, but it is clear that our preliminary data is consistent with
previous nutritional studies of GWSS.  For example, cottonwood is consistently the host providing the highest overall
concentrations of amino acids (Table 3) and is also the host most frequently utilized by GWSS in our plots.  Cottonwood also
has amide-rich (glutamine plus asparagine) profiles which have been previously shown to be correlated with GWSS
abundances and feeding rates (Brodbeck et al. 1990, Andersen et al. 1992).  We will continue to analyze this data to
determine nutritional correlates to other aspects of GWSS life history.

Table 3. Mean uM concentrations of amino acids for five host species averaged over the collection locations and three
sampling dates.

Amino Acid Cottonwood Crape Myrtle Grape Cherry Sycamore
Aspartic Acid
Glutamic Acid
Asparagine
Serine
Glutamine
Glycine
Histidine
Arginine
Threonine
Alanine
Proline
Valine
Isoleucine
Leucine
Phenyalanine
Lysine

54 ± 6
75 ± 9

204 ± 77
34 ± 4

629 ± 143
24 ± 3
21 ± 4

72 ± 13
25 ± 7
60 ± 7
19 ± 2

62 ± 17
38 ± 11

15 ± 2
6 ± 1

4 ± 0.4

22 ± 5
27 ± 4

5 ± 2
10 ± 1

33 ± 11
6 ± 1

2 ± 0.5
22 ± 10

4 ± 1
20 ± 4

8 ± 1
10 ± 2

9 ± 1
7 ± 2
2 ± 1

2 ± 0.2

35 ± 3
30 ± 3

5 ± 1
17 ± 2

164 ± 49
12 ± 2
13 ± 3

57 ± 15
7 ± 1

25 ± 3
17 ± 3
12 ± 2
10 ± 1

7 ± 1
2 ± 0.3
2 ± 0.3

108 ± 18
84 ± 14
93 ± 19

30 ± 6
45 ± 11
17 ± 4

8 ± 3
188 ± 38

15 ± 3
32 ± 4
20 ± 3
12 ± 2
10 ± 1
5 ± 0.5

4 ± 1
4 ± 1

32 ± 5
47 ± 7

51 ± 24
26 ± 4
28 ± 6
13 ± 2
21 ± 4

56 ± 20
9 ± 1

44 ± 6
16 ± 2
17 ± 2
12 ± 1
10 ± 1

4 ± 1
5 ± 1

Total 1344 ± 213 189 ± 32 415 ± 62 673 ± 90 391 ± 58

CONCLUSIONS
The data thus far indicates that the most eggs, nymphs and adults are not necessarily recorded on the same plant species as
has been reported before (Brodbeck et al. 1999).  In this study the only host plant used frequently in all life stages is
cottonwood.  On grape and crape myrtle, nymphs and eggs are frequently recorded, while photinia, cherry and sycamore
frequently hosted egg masses but not the other life stages.  The suitability of the host plants for these GWSS life stages may
be linked to the chemical composition of the xylem fluids (Andersen et al. 1992, Brodbeck et al. 1990, 1993, 1995, 1996,
1999).  Sawthistle, common groundsel, lambsquarter, cheeseweed, primrose and beavertail did not host large GWSS
numbers, if any.  During 2005, the location influenced the size of GWSS egg masses (larger egg masses in the south),
survival (lower in the south) and parasitism (lower in the south).  The underlying factors may be related to temperature and
humidity which have been recorded but have not been correlated to the findings yet.  The major difference between the
coastal and inland locations at similar latitude is the number of second generation adults, and all life stages from the second
generation are responsible for most of the location differences. Aside from the egg masses, there are no obvious differences
in the other life stages recorded in the coastal and southern location.  The results of the xylem fluid analyses support our
hypotheses that the phenology of host plants needs to be considered at each location, as this data clearly shows that the
underlying host physiology varies with location as well as time of year.
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ABSTRACT
The interactive effects between visual and olfactory stimuli in host plant recognition and location by glassy-winged
sharpshooter (GWSS) may be subtle.  Thus, observation and evaluation of these interactions will require the development of
behavioral assays that take into account host searching behaviors specific to GWSS.  A prototype behavioral assay in which
adult and immature GWSS are presented with combinations of visual and olfactory stimuli has been developed.  Protocols for
the presentation of various combinations of stimuli have been evaluated and standardized.  Information generated from this
approach may provide insight into processes (such as host plant selection and interplant movement by GWSS) that may be
otherwise difficult to detect because of the complexity inherent at larger spatial scales.

INTRODUCTION
Although visual cues are of primary importance in host location and selection behavior in leafhoppers (Todd, et al. 1990a;
Mizell 2001; Mizell and Andersen 2001; Hix et al. 2003; Tipping, et al. 2004), very little is known about possible interactions
between visual and olfactory stimuli in this regard.  That plant volatiles can strongly influence host searching and recognition
behavior in cicadellids was demonstrated by Todd et al. (1990b) who examined the maize specialist Dalbulus maidus.
However, the high degree of polyphagy observed in GWSS will challenge efforts to determine the role of volatile stimuli in
this insect’s searching behavior (Leal 2001).  Preliminary results have been reported on volatiles emitted by GWSS host
plants (Leal et al. 2001), but the relative importance of plant volatiles in host plant location and recognition in GWSS has not
been demonstrated with certainty (Leal et al. 2001; Mizell 2001; Mizell and Andersen 2001).  Since other highly
polyphagous insects utilize plant volatiles in concert with visual cues to locate host plants (Metcalf and Metcalf 1992) it is
not inconceivable that plant volatiles play some role in GWSS host location behavior (Leal et al. 2001).

The interactive effects between visual and olfactory stimuli may be subtle and their observation and evaluation will require
the development of behavioral assays that take into account host searching behaviors specific to GWSS (as was done by
Todd et al. (1990b) for D. maidus).  Information generated from this approach may provide insight into processes (such as
interplant movement by GWSS) that may be otherwise very difficult to detect because of the complexity inherent in larger
scale phenomena.  Since nymphs can easily move between plants it is important to understand the nature of the stimuli they
use to locate host plants (Tipping et al. 2004).  As well, information derived from studies of nymphs can help inform the
design of experiments for adults.

OBJECTIVES
1. Develop a behavioral assay that permits observation and evaluation of responses of adult and immature GWSS to

combinations of olfactory and visual stimuli.
2. Determine the relative importance and possible synergistic effects of combinations of olfactory and visual cues in host

plant recognition in adult and immature GWSS.

RESULTS
Preliminary results showed a positive interactive effect between visual and olfactory stimuli in host plant recognition and
selection by both immature and adult GWSS.  A manuscript describing the design of the behavioral chamber and the results
of ongoing experiments will be submitted for publication in the near future.

CONCLUSIONS
We have developed a laboratory assay designed to accommodate the behavioral attributes of immature and adult GWSS.
This approach will prove useful in determining the relative importance and interactive effects of olfactory and visual cues in
GWSS searching behavior.  This information will, in turn, provide insights into the complex set of cues utilized by GWSS
during movements between plants and habitats.
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ABSTRACT
This is a continuation of our three year project designed to study the effect of feeding substrate on the acquisition and
retention of Xylella fastidiosa (Xf) by the glassy-winged sharpshooter (GWSS), Homalodisca coagulata.  We are using two
strains of Xf that are present in California:  a Pierce’s disease (PD) strain that infects grape, and an oleander leaf scorch (OLS)
strain that infects oleander.  Last year we reported that GWSS that acquired the PD strain from grape or the OLS strain from
oleander and subsequently confined to chrysanthemum (a non-Xf host), retained the bacterium at least seven days after
exclusive feeding on the non-host.  Thus, Xf in the GWSS foregut does not need continual access to host plant xylem.
Secondly, we reported that GWSS transmitted PD and OLS strains when they acquired the bacteria from a plant, but they did
not transmit either strain when media-grown bacteria were delivered through the cut-stem system.  This result forces us to use
whole plants as our bacterial source in transmission experiments.

This past year, we focused on objectives 3-5.  Studies showed that GWSS given access to PD, followed by OLS, retained
both PD and OLS and transmitted PD at a higher rate than OLS.  When GWSS were given access to OLS followed by PD,
they retained PD at a much higher rate than OLS and transmission to plants was poor.  Results suggest that PD may have
become established in the foregut better than OLS or that it out-competed the OLS strain.  Further analyses showed that
sharpshooters which tested positive for only the OLS strain had a higher percentage inoculation rate of the PD strain.
Possible explanations for these results are provided.  For objective 4, we found that antibiotics effectively killed Xf in the
GWSS foregut by treating either before or after bacterial acquisition.  In our last objective, there was no difference in survival
of PD at pH ranging from 4.5 to 9.8.

INTRODUCTION
The GWSS is capable of acquiring and transmitting several strains of Xf from a variety of host plants.  In this project we are
testing the effects of feeding substrate on the acquisition, retention and transmission of Xf by GWSS.  Two strains of the
pathogen present in California are being used in these experiments:  a PD strain that infects grapevine, and an OLS strain that
infects oleander.  These two strains have different host ranges; the PD strain does not infect oleander, and the OLS strain
does not infect grape.  It is known that both strains are capable of multiplying in GWSS mouthparts, because the insect is
capable of retaining and transmitting both strains of the pathogens (Purcell and Hopkins, 1996, Purcell et al. 1999, Costa et
al. 2000).  It is assumed that Xf in the insect mouthparts are surviving on nutrients obtained from the host plant xylem, and
would be exposed to other chemical components present in the xylem fluid.  Thus, we might expect that the retention and
replication of a particular strain of the pathogen in an individual insect would be dependant on the xylem content of the plant
host on which it is feeding.  For example, it would be expected that the oleander strain would grow better in insects feeding
on oleander, the grape strain would grow better in insects feeding on grape, and alternate feeding on both hosts might
increase the incidence of retention of both strains in an individual.

The exact mechanism of Xf successful attachment and replication in insect mouthparts is unknown.  However, a variety of
components have been identified as contributing to the initial adhesion and subsequent growth of Xf in plants and in media
culture.  The goal of the last two objectives of this proposal is to alter the feeding substrate with a resultant change in the
environment in the insect mouthparts, and examine the subsequent effects on attachment, retention, and transmission of Xf.
For example, we have used pre-treatments antimicrobials to determine if other microbes present in biofilms of the GWSS
mouthparts play a significant role in the successful attachment and transmission of Xf. Post-acquisition treatments can
identify the types of materials that can successfully kill or stop the growth of the organisms once they are present in insect
mouthparts.  In addition, if ionic bonding is involved in the initial attachment of Xf in insect mouthparts, we can modify
substrate pH or vary the amount of free radicals available in substrates, and examine the effect on acquisition rate. The results
of these studies will provide information on susceptibility of Xf to environmental disruption in insect mouthparts.

OBJECTIVES
1. Compare retention times of Xf when infected GWSS are subsequently fed on plants that are either hosts or non-hosts of

the strain they carry.
2. Compare acquisition and transmission efficiency of insects fed on infected plants to those fed on media-grown cultures

delivered through cut stems.
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3. Compare retention times of two strains of Xf in GWSS when they are acquired through sequential exposure to infected
oleander and grape plants on alternating hosts of each strain.

4. Test the effects of antibacterial materials on acquisition and transmission of Xf by GWSS.
5. Test the effects of variation in substrate pH and free ion availability on the acquisition and transmission of Xf by GWSS.

RESULTS
Objective 3
In our studies we used clean GWSS from our greenhouse culture.  Two treatment groups were established; 1 group was given
a 48 hour acquisition access period (AAP) to grape plants infected with PD, followed by a 48 hr. AAP to oleander infected
with OLS.  The other group was exposed to OLS followed by exposure to PD.  After the AAP, insects were individually
transferred to grape and oleander test plants, where they were allowed to feed for 24 hrs.  The insects then were moved to the
alternate host plant for the successive 24 hr period.  This serial transmission was repeated every 24 hrs, until the insect died.
Once the insects were dead, the heads were processed, DNA was extracted, and PCR was performed with strain-specific
primers to verify the bacterial strain infecting them.  The test plants were grown in a greenhouse and once per month for a
period of three months, tissue was collected and submitted to ELISA testing.

Our studies show that GWSS given access to PD, followed by OLS, retained PD in 9 of 20 cases, OLS in 6 of 20 cases and
had both strains in 3 of 20 cases (Table 1).  In 2 insects we did not amplify any DNA.  These insects transmitted OLS to 8 of
50 oleander test plants (16%) and they transmitted PD to 23 of 57 grape test plants (40.4%).  When GWSS were given access
to OLS followed by PD, they retained PD in 13 of 20 cases and OLS in 2 of 20 cases.  Five of the 20 GWSS retained both
strains.  Interestingly, transmission to plants was poor, with only 4 OLS positives out of 45 oleander test plants (8.9%) and 3
PD infections out of 44 grape test plants (6.8%).  The fact that transmission of PD was substantially greater than OLS
transmission, even when insects were given access to OLS after PD, suggests that the PD strain may have become established
in the foregut better than the OLS strain or that it out-competed the OLS strain.  The converse did not occur when the first
access was to the OLS strain, and transmission in this situation was nearly the same between PD and OLS (Table 1).

Table 1. Results from retention and transmission studies where GWSS were given access to PD followed by OLS and to
OLS followed by PD.

Order of
acquisition (n) # with PD # with OLS # with PD

and OLS
PD Inoculation Rate

# infected / # tested (%)
OLS Inoculation Rate

# infected / # tested (%)
PD – OLS (18) 9 6 3 23 / 57 (40.4%) 8 / 50 (16.0%)
OLS – PD (20) 13 2 5 3 / 44 (6.8%) 4 / 45 (8.9%)

Further analyses were conducted after we categorized the data by Xf strain retained by the insects.  When PD acquisition was
followed by OLS, the GWSS that tested positive for only the PD strain transmitted both strains with 19.4% transmission of
PD and 4.8% transmission of OLS (Table 2).  The insects that tested positive for only OLS transmitted both strains as well;
28.6% and 14.3% for PD and OLS, respectively.  It is interesting that the sharpshooters that tested positive for only the OLS
strain had a higher percentage infection of the PD strain.  A possible explanation for these results is that during the serial
transmissions, there was bacteria of both strains in the insects, thus they inoculated both strains in the test plants.  As time
progressed, insect lost one of the strains and when they died (the time they were collected for PCR assay) there was only a
single strain left in the foregut.  It also is possible that interactions between the strains in the foregut played a role in which
strain was transmitted and which strain was retained in the foregut until the end of the insect’s life.  In the OLS followed by
PD treatment, only PD was found in 13 of the 20 insects and of these 3 inoculated PD and 1 inoculated OLS.  For the GWSS
which contained only OLS, there was a single infection of OLS in the serial transmissions.

Table 2. Results from retention and transmission studies where GWSS were given access to PD followed by OLS
and to OLS followed by PD, categorized by the strain that was identified in the insect after it died.

Order of acquisition (n) Strain in Insect (n) PD Inoculation Rate
# infected / # tested (%)

OLS Inoculation Rate
# infected/# tested (%)

PD – OLS (18) PD (9) 12 / 62 (19.4%) 3 / 62 (4.8%)
OLS (6) 8 / 28 (28.6%) 4 / 28 (14.3%)
Mixed (3) 2 / 8 (25.0%) 0 / 8 (0%)
Unknown (2) 1 / 11 (9.1%) 1 / 11 (9.1%)

OLS – PD (20) PD (13) 3 / 60 (5.0%) 1 / 60 (1.7%)
OLS (2) 0 / 10 (0%) 1 / 10 (1.0%)
Mixed (5) 0 / 19 (0%) 2 / 19 (10.5%)



We also learned that both strains were retained by GWSS (“mixed” in Table 2).  However, transmission to plants by these
multiply-infected GWSS was very low, just 4 of 27 infections (1.5%).  In all cases only one strain was transmitted, further
suggesting that there is an interaction between strains in the GWSS foregut.  The low transmission rate raises questions about
the interactions between the two strains when they are in the same insect and the subsequent consequence on transmission of
the strains.  We will continue addressing these questions in future studies.

Objective 4
Initial studies were conducted to test the effects of an antibiotic treatment on the ability of GWSS to acquire and retain Xf.
Two experiments were done.  In the first, insects were treated with an antibiotic before being given a 24 hr. AAP on grape
infected with PD.  In the second experiment, insects were treated with the antibiotic after being given a 24 hr. AAP.  Our
positive control insects were fed on grape plants infected with PD for 24 hrs.  Surviving insects were moved to a
Chrysanthemum stem that was infused with a buffer (0.005 M Phosphate buffer, pH 7.0) in a cut stem delivery system.  The
negative control consisted of clean adult insects that were fed for 24 hours on a Chrysanthemum stem infused with buffer
only using the cut stem delivery system.  Surviving insects were subsequent fed on clean grape plants for 24 hours.  For our
post-acquisition treatment, insects were fed on grape plants infected with PD strain of Xf for 24 hr. Surviving insects were
moved to a Chrysanthemum stem that was infused with a 0.01 % solution of oxytetracycline in a weak phosphate buffer
(0.005 M phosphate buffer, pH 7.0) using the cut stem delivery system.  And the pre-acquisition treatment used insects that
were fed for 24 hours on a Chrysanthemum stem infused with a 0.01 % solution of oxytetracycline in a weak phosphate
buffer (0.005 M phosphate buffer, pH 7.0).  Surviving insects were subsequently feed on grape plants infected with PD strain
of Xf for 24 hours.  All insects were subsequently moved to Chrysanthemum plants to feed for 48 hours to allow the antibiotic
plenty of time to be washed out from the gut.  Heads of all insects were cultured on PD3 media, and a sub-sample from the
heads was used for PCR to detect the presence of Xf. The studies showed that both pre- and post-acquisition treatments
effectively reduced survival of Xf in the GWSS (Table 3).

Table 3. Effects of antibiotics on the acquisition and transmission of Xf by GWSS.

Treatments
Total Mortality

Insects
Survival PCR Culture

Positive control grape- buffer 30 8 22 0 4
Positive control buffer-grape 30 15 15 0 1
Negative control grape-buffer 30 3 27 0 0
Negative control buffer-grape 30 6 24 0 0
Post-acquisition, grape-antimicrobial 30 17 13 0 0
Pre-acquisition, antimicrobial-grape 30 6 24 0 0

Objective  5
Insects were fed on infected plants of Xf suspended in a series of substrates with pH ranging from 4.8 to 9.8. This range
includes a value that is considered optimal for the growth of Xf (6.5-6.9, Wells et al. 1987).  The conditions of the treatments
and control are described in Figure 1.

Figure 1.  Effects of pH treatments on acquisition and transmission.
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In this study, we found that Xf survived at all pH ranges tested.  It doesn’t appear that high pH impacts the survival of
bacteria in the foregut of GWSS (Table 4).  We are planning transmission experiments to see if these treatments impact
acquisition and inoculation of bacteria.

Table 4. Effects of pH on the acquisition and transmission of Xf by GWSS.

Treatments Insects
Total Mortality Survival PCR Culture

Negative control clean plant 10 0 10 0 0
Positive control inf. Plant 10 0 10 3 10
pH buffer/infected grape pH 4.48 5 2 3 0 3

pH 5.60 5 0 5 0 5
pH 8.00 5 0 5 3 4
pH 9.80 5 1 4 0 4

Infected grape/pH buffer pH 4.48 5 0 5 2 1
pH 5.6 5 0 5 2 4
pH 8.00 5 0 5 1 2
pH 9.80 5 1 4 4 1

CONCLUSIONS
We showed that pH did not influence survival of Xf. Antibiotic treatments applied either pre- or post-acquisition effectively
kill the bacteria in the foregut of GWSS.  Studies on acquisition, transmission, and retention of PD and OLS showed that both
strains can be simultaneously acquired and retained in GWSS. Interestingly, the strain that was found at the end of the
insect’s life did not always coincide with the strain that it transmitted to test plants.  We are continuing our investigation into
the possible reasons for this result, which may shed light on the interaction of these two strains in GWSS vectors.  Our hope
is to learn more about bacterial interaction with the insect foregut, and to use this knowledge to reduce transmission of PD
and OLS by GWSS.
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ABSTRACT
Flight heights of blue-green sharpshooters (BGSS) were monitored in the Napa Valley from March through September 2004
and 2005 using pole towers to position yellow sticky cards at heights up to 24 feet.  Towers were located adjacent to
vineyards at the edge of a riparian zone. Eleven towers were monitored in 2004 and twelve in 2005.  Overall trap catches in
2004 were considerably greater than in 2005.  For the March-May period, 99% of the catches were made at 15 feet or lower
in 2005.  For this period in 2004, 76% of the catches were made at 15 feet or lower.  This figure increases to 88% with the
exclusion of data from one tower in early March (discussed below).  These data support the possible use of screen or natural
barriers to reduce the number of BGSS entering vineyards in the spring.

INTRODUCTION
Where the BGSS, Graphocephala atropunctata, is the primary vector of Pierce’s disease (PD), control measures should be
aimed at reducing the number of BGSS entering vineyards (4), especially early in the growing season.  Early-season
infections (March-May) are responsible for most chronic cases of PD (6, 9).  Infections resulting from BGSS feeding later in
the growing season are not likely to result in PD because most will be eliminated with normal pruning.  This is unlike the
situation with PD caused by glassy-winged sharpshooter (GWSS) feeding, where chronic infections may occur nearly year-
round (1).

Vector control measures in the North Coast include the use of insecticides (4) as well as management of riparian plant
communities to reduce the number of favorable BGSS breeding host plants (5).

Another method of reducing vector numbers is to block their flight into vineyards through the use of physical barriers.  This
could include the use of tall fences made with insect screening materials, as well as natural barriers created by planting dense
stands of conifers or other non-host tree species.  Both of these approaches are already being employed in a few vineyards in
the North Coast, although there are currently no data to show their impacts.  The use of barriers has also been suggested as a
management tactic to keep GWSS out of vineyards (2).

For barriers to be effective, they would need to block the majority of BGSS from entering vineyards, since small numbers of
insects can still lead to significant disease development (8).  Unfortunately, little is known about the overwintering behavior
of BGSS and its preferred winter plant hosts (7).  Therefore, it is not clear how tall a barrier would need to be in order to be
effective.  Most trapping by both researchers and growers has been done from the ground at the 5-6 foot level.

This project addresses the question of BGSS flight height by installing and monitoring pole towers that can accommodate
yellow sticky card trapping up to a height of approximately 24 feet.

OBJECTIVES
1. Evaluate the predominant flight height of BGSS entering vineyards from adjacent riparian habitats through the use of

yellow sticky cards positioned at heights from 5 to 24 feet.

RESULTS
Eleven pole towers were installed and monitored in the Napa Valley in 2004, and twelve towers were monitored in 2005.
Two of the towers monitored in 2004 were not used in 2005 due to the low number of BGSS trapped at those locations.
Three additional towers were installed in 2005.  Tower locations covered a distance of approximately 25 miles from the
Carneros region in southern Napa County to outskirts of Calistoga at the north end of Napa Valley.  Towers were positioned
along riparian zones adjacent to vineyards that had a history of PD.

A diagram of a pole tower is shown in Figure 1.  Towers were 25 feet in height, constructed from Schedule 40 PVC pipe with
a pulley at the top and a rope running through it.  Yellow sticky cards were attached to clips on the rope at the following
heights: 24 feet, 20 feet, 15 feet and 10 feet.  An additional trap at 5 feet was clipped to a metal stake mounted in the ground.
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Figure 1. Pole tower diagram.

Towers were installed prior to March 9 in both years.  Traps were monitored on a
weekly basis through September and numbers of BGSS were recorded.  Traps were
replaced every two weeks or as needed.

Figure 2 shows the percentage of BGSS trapped at various heights during the early
season period of March-May.  This is the critical time period in which most
infections leading to chronic cases of PD are likely to occur (6, 9).

From March to May 2005, 99% of BGSS were caught at 15 feet and lower.  During
this same time period in 2004, 76% of BGSS were caught in traps 15 feet and lower.
With the exclusion of unusual trap catch data from Tower 10 prior to budbreak in
March 2004, this figure rises to 88%.  As noted in last year’s report (10), Tower 10

was installed adjacent to a Coast Live Oak tree (Quercus agrifolia), an evergreen species that was apparently a preferred host
plant prior to budbreak of nearby deciduous species.  A record heat wave in early March 2004 (70-85°F) led to significant
BGSS flight activity in the vicinity of this tree as evidenced by larger numbers of BGSS caught in the upper traps.  This was
the only case of greater numbers of BGSS in the upper traps compared to the lower traps during the two years of this study at
all towers.

Figure 3 shows the percentage of BGSS trapped at various heights during the entire trapping period of March-September for
2004 and 2005.  The data in Figures 2 and 3 show similar trends with most BGSS being caught in traps at 15 feet and lower.
In 2004, 83% of BGSS were trapped at 15 feet or below.  In 2005, 95% were trapped at 15 feet or below.  This trend of most
BGSS being caught in the lower traps was stronger in 2005 than in 2004, primarily due to the results from Tower 10 noted
above.

Figure 2. Figure 3.
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Total BGSS trap catches were over three times greater in 2004 than in 2005.  Figures 4 and 5 show the total trap catches for
the March-May and March-September periods respectively.  The data included in these figures are from the nine towers that
were monitored at the same locations in both years.  The average cumulative trap catch per tower in 2004 was 36.1 BGSS; in
2005 it was 10.1 BGSS.

The results from this project suggest that a 15-18 foot high barrier could be effective at greatly reducing the number of BGSS
entering vineyards.  However, previous work with insecticides showed that even with 70-90% reductions in BGSS trap
counts, the incidence of PD was not significantly reduced in vineyards planted with highly sensitive varieties (8).  Even with
a 10-18 foot screen barrier, the number of BGSS flying over the top could still result in significant amounts of PD in an
adjacent vineyard.
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Figure 4.
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Figure 5.
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CONCLUSIONS
Nearly 90% of the BGSS trapped in this study were caught on traps at 15 feet or lower.  This suggests that barriers could
have a significant impact on reducing the numbers of BGSS entering vineyards.  However, this may not be enough to have a
major impact on reducing the incidence of PD.  In addition, results from one tower indicated that BGSS may reside in some
trees early in the season.  This could allow for higher than normal flight activity, allowing more BGSS to enter vineyards by
flying over a barrier.  The effectiveness of barriers at reducing the incidence of PD will likely depend upon the nature of the
adjacent riparian plant community, its mix of host plant species and the number of tall host trees.
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ABSTRACT
Our study found that Homalodisca coagulata can successfully produce multiple generations when confined to a single host
species: grape, citrus, or oleander, and that oviposition and development can occur successfully on any of these hosts.  In
2002, more egg masses and adults were found on citrus than on grape or oleander.  In 2004, there was no significant
difference in the number of egg masses on the hosts, but more adults were produced on grape, than on citrus or oleander.  Our
study confirms that oleanders can serve as a reproductive host for H. coagulata.  Oviposition on oleander was different than
on grape and citrus, with most eggs being laid singly or in pairs in the epidermis on the underside of leaves.  Because citrus
and oleanders are commonly found in close proximity both to one another and to grapes in California, it is important to
consider their contribution as sources of H. coagulata as it relates to Pierce’s disease epidemiology.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), H. coagulata (Say), was first detected in California in 1989 (Sorenson and Gill
1996) and quickly spread throughout the state (CDFA 2005).  In California, H. coagulata movement patterns, breeding
habitats and host preferences differ from native vectors of Xylella fastidiosa (Purcell 1999, Hopkins and Purcell 2002). H.
coagulata has a wide host range, feeding on over 150 host plants ranging from herbaceous annuals to woody perennials
(CDFA 2005).

H. coagulata belongs to the Proconiini tribe of the family Cicadellidae and is a xylem feeder (Nielson 1979).  Xylem is a
very dilute nutrient source and high volume feeding rates are required for survival and reproduction of insects.  Florida
studies indicate that nutritional requirements are different for nymphal and adult H. coagulata (e.g. Andersen et al. 1989,
Andersen et al. 1992, Brodbeck et al. 1990, Brodbeck et al. 1993, Brodbeck et al. 1995, Brodbeck et al. 1996).  These studies
infer that regulation of consumption rates and assimilation efficiencies is necessary to accumulate nutrients required for
development, suggesting that polyphagy is required for development.  Field observations in California indicate a preference
for different plant species at different times of the year, with choice observed to be linked to new vegetative growth of the
preferred host plants (Daane and Johnson 2004).

In this study, we test the hypothesis that H. coagulata require multiple hosts to successfully produce additional generations
by examining female fecundity and sex ratio of surviving adults of the subsequent generation when reared on a single host:
grape (Vitis vinifera L.) (Vitidaceae), citrus (Citrus sinensis (L.) Osbeck.) (Rutaceae), or oleander (Nerium oleandrum L.)
(Apocynaceae).

OBJECTIVES
1. Collect and prepare GWSS specimens for studying the morphology and anatomy of females.
2. Study and describe the sensory structures located on the female ovipositor.
3. Characterize the reproductive cycle of female GWSS in Riverside, CA..
4. Study the effects of location on female GWSS reproductive cycle.
5. Study the effect of host plant type on female GWSS fecundity.

RESULTS
The results presented here address objective 5 of our H. coagulata research.

Adult female and male H. coagulata collected from citrus hosts were confined to a single host, either grape, citrus or
oleander, and their fecundity and success of progeny followed for a full generation.  We made one infestation in 2002, while
in 2004 we made four infestations.  Females oviposited successfully and the resulting offspring developed to the adult stage



on all three host plants.  In addition, H. coagulata were successfully reared without reinfestation on all three host species
from 3 March 2004 to 18 November 2004.

There was a significant difference in the mean number of egg masses for each of the host species in 2002 (F2,40 = 21.54; P <
0.0001).  Oviposition was greatest on citrus (mean + SD number of egg masses = 52.20 + 32.27; n = 15), followed by grape
(20.54 + 15.08; n = 13), and oleander (8.07 + 7.18; n = 15) (Figure 1).  The mean number of female nymphs maturing to the
adult stage was significantly different between hosts in 2002 (F2,41 = 8.64; P = 0.0007) (Figure 2). The mean number of
females was significantly different between citrus and grape (P = 0.0005), but there was no significant difference between
grape and oleander (P = 0.0690) or citrus and oleander (P = 0.1864) (Figure 2).  The mean number of male nymphs maturing
to the adult stage was significantly different between hosts in 2002 (F2,41 = 9.96; P = 0.0003).  The mean number of males
was significantly different between citrus and grape (P = 0.0002), and grape and oleander (P = 0.0355), but there was no
significant difference between citrus and oleander (P = 0.1876) (Figure 2).

There was no significant difference in the mean number of egg masses between host species in 2004 (F2,39 = 1.16; P =
0.3250) (Figure 1).  The mean number of female nymphs maturing to the adult stage was significantly different between
hosts in 2004 (F2,43 = 5.08; P = 0.0104).  The mean number of females was significantly different between citrus and grape (P
= 0.0115), and grape and oleander (P = 0.0450), but there was no significant difference between citrus and oleander (P =
0.8379) (Figure 2).  The mean number of male nymphs maturing to the adult stage was significantly different between hosts
in 2004 (F2,43 = 3.24; P = 0.0489) (Figure 2), but mean separation did not reveal significant differences between hosts.

The mean + SD number of egg masses was greatest on citrus in the spring generation of 2004 (23.67 + 21.57; n = 6), on
grape in the summer generation (first infestation) (18.83 + 8.35; n = 6), and oleander in the summer generation (second
infestation) (27.67 + 46.20; n = 3) (Figure 1).  It is interesting to note that egg masses are typically much smaller on oleander
(one to two eggs per egg mass) than on citrus or grape (10+ eggs per egg mass).  The greatest nymphal survival was observed
on grape for the first two infestations, and the survival of nymphs on all host species was low in the third infestation (Figure
2).

CONCLUSIONS
Multiple generations of H. coagulata are possible when confined to grape, citrus or oleander, indicating that a compulsory
movement of adults between hosts is not necessary to maintain a population.  Nymphal survival and female fecundity were
greatest on grapes relative to citrus and oleander in the summer generation (first infestation) of 2004.  This observation is
consistent with field observations by Hix (2002) that adult H. coagulata enter vineyards, often after exiting citrus groves, in
May and June and can complete a generation in grapes during July and August. H. coagulata typically leave vineyards in the
winter, and are thought to be sustained on citrus and other non-deciduous hosts including ornamentals such as oleanders.

In southern California, H. coagulata are observed on citrus year around where they produce two to three generations per year
(Hummel et al. 2005).  Proximity of citrus groves near vineyards has proven significant in the epidemiology of some Pierce's
Disease epidemics (Perring et al. 2001).  In our study, fecundity was greatest on citrus in 2002, but this was not the case for
all studies conducted in 2004.  The inconsistency may be due to differences in host quality.  Even though all plants were
uniformly irrigated and fertilized, there may have been inherent seasonal differences in plant physiology.  Anderson et al.
(1992) suggested that high amide concentrations in host plants may be responsible for oviposition preference by H.
coagulata, but these were not measured in our study.

Our study confirms that oleander can serve as a reproductive host for H. coagulata and support multiple generations.  This is
significant as oleanders are often found in association with grape and other agricultural crops as well as in landscape
situations.  Nymphal survival on oleander was relatively high, and multiple generations of H. coagulata were produced on
oleander alone.  Oviposition was different on oleander than on grape and citrus, with most eggs being laid singly or in pairs
in the epidermis on the underside of oleander leaves.

Results of our study refute our original hypothesis that H. coagulata require multiple hosts to successfully produce additional
generations.
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Figure 1. Mean + SD number of egg masses per plant produced on citrus, grape, and oleander in 2002 and 2004; 2004(1):
the spring generation of 2004; 2004(2): the summer generation (first infestation) of 2004; 2004(3): the summer generation
(second infestation) of 2004; 2004(all): the mean for the three infestations of 2004.
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ABSTRACT
Female Homalodisca coagulata (Say) were collected from October 2001 to February 2005 from citrus at the University of
California, Riverside, Agricultural Operations (UCR, Ag. Ops.).  Between five and twenty females per sampling date were
dissected, and each was assigned an ovarian rank: previtellogenic, vitellogenic, or postvitellogenic.  Ovarian ranking was
used to characterize H. coagulata reproductive activity.  Results of these dissections revealed consistent annual patterns in
the proportion of previtellogenic females present in this field population. These patterns indicate that there are two distinct
generations annually, with an occasional third generation. A step-wise regression model of H. coagulata vitellogenesis cycles
in southern California was developed, which makes it possible to predict the appearance of the subsequent generation based
on previous observed peaks in oviposition activity.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), H. coagulata (Say), is a serious pest of many tree and vine crops (Turner and
Pollard 1959, Nielson 1968). The GWSS is of primary concern to California growers because of its capacity to vector the
bacterium, Xylella fastidiosa (Xf), which causes vascular disease in a number of crops, including grapes, citrus and almonds,
as well as landscape plants including oleander and mulberries (Meadows 2001, Hopkins 1989, Purcell and Hopkins 1996).
An adult GWSS need only acquire Xf once while feeding on an infected plant to then become a vector of Xf for the remainder
of its life (Frazier 1965, Purcell 1979, Severin 1949).

Little is known about the reproductive biology of the GWSS. It has been reported that GWSS has two generations per year in
Southern California (Blua et al. 1999).  Oviposition occurs in late winter to early spring, and again in mid-to-late summer.
Adult females can live several months and lay their eggs side by side in groups of about 10, ranging from 1 to 27 (Turner and
Pollard 1959).  The greenish, sausage-shaped eggs are inserted into the leaf epidermis of the host plants.

Our research is focused on the reproductive morphology and physiology of the GWSS.  We are examining the seasonal
differences in female GWSS reproduction between summer and overwintering populations by studying oögenesis cycles.
This knowledge is important in determining how GWSS might choose plant hosts in the landscape, which host plants are
particularly good for GWSS ovarian development and why they are good, and finally how control measures might best be
implemented based upon season and stage of reproductive development.  Better knowledge of reproductive biology might
also lead to better decision support including improved choices and timing of chemical or non-chemical approaches to GWSS
control.

OBJECTIVES
1. Collect and prepare GWSS specimens for studying the morphology and anatomy of females.
2. Study and describe the sensory structures located on the female ovipositor.
3. Characterize the reproductive cycle of female GWSS in Riverside, CA.
4. Study the effects of location on female GWSS reproductive cycle.
5.  Study the effect of host plant type on female GWSS fecundity.

RESULTS
Objectives 1 and 2 have been reported in prior symposia.  The results presented here address objective 3 of our H. coagulata
research.

Female and male GWSS were collected from October 2001 to February 2005.  Samples were taken on monthly, bimonthly or
weekly intervals.  Dissections of female specimens collected from citrus hosts at UCR, Ag. Ops. have revealed repeated
patterns related to the proportion of previtellogenic females in the field (Figure 1).  Based on our dissections, a step-wise
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regression model was developed to predict the appearance of previtellogenic females based on previous reproductive activity.
Dissections of female H. coagulata showed that there were two distinct peaks of previtellogenic females each year on citrus
at UCR, Ag. Ops., with a third peak occurring in both December 2002 and December 2004 (Figure 1).  We define a peak in
the proportion of previtellogenic females as the beginning of a generation.  A peak in the proportion of previtellogenic
females also occurred in October 2001.  Peaks in the proportion of previtellogenic females were subsequently observed in
July, October, and December 2002, in June and October 2003, and in June, October, and December 2004.  We ceased
sampling in February 2005.  Egg-laying activity was greatest in March and August 2002, March and July 2003, and April and
July 2004.  Egg-laying activity began increasing again in February 2005 when collections were finally terminated.

An inverse relationship between the peaks in the proportion of previtellogenic females and vitellogenic (egg-laying) females
occurred in each year (Figure 2).  In June, the proportion of vitellogenic females declined as the proportion of previtellogenic
females increased.  This decline was followed by a sharp increase in vitellogenic activity, resulting in the greatest annual
levels of egg production, presumably from the first adult generation.  In October, vitellogenic activity decreased, as the
proportion of previtellogenic females increased, marking the appearance of the second generation.  We also observed this
period to coincide with the highest annual levels of egg parasitism.  Vitellogenic activity remained low during the winter,
until temperatures began to increase in spring.  The annual cycle was then repeated, with the initiation of egg production
beginning again in February.

Our dissections showed that egg laying activity occurred at some level throughout the year in the study population of H.
coagulata.  Egg-laying activity was not observed in November 2001, but some egg-laying was recorded in January 2002.
The proportion of vitellogenic females remained between five and ten percent during winter 2002-2003.  Egg-laying was not
recorded in December 2003, but increased through the spring of 2004.  The percentage of previtellogenic females remained at
or above five percent during winter 2004-2005.  The proportion of vitellogenic females present during winter appeared to be
related to higher minimum temperatures in a given year.  These results suggest that although vitellogenic activity decreases in
December, there is not a clear reproductive diapause in the population of GWSS in Riverside, California.  The majority of the
female GWSS that overwinter are postvitellogenic, suggesting that they have matured and oviposited before entering a
reproductive rest period.

CONCLUSIONS
In summary, the ovarian ranking method that we developed appears to be reliable for characterizing H. coagulata
reproductive activity.  Applying this method to our dissection data indicates that two to three generations occur each year in
southern California citrus.  Adult peak densities typically occur in June and October, and again in December in years when
there occurs third generation.  Periods of greatest egg production occur in March and July.  A model based on our 3.5 year
study of ovarian development predicts peaks in previtellogenic females based on oviposition activity four months previous to
time t.  Based on reproductive development times from our dissections and knowledge that most Cicadellidae begin egg
production about seven days post-eclosion (Nielson 1968, Nielson and Toles 1968, Raine 1960, Stoner and Gustin 1967,
Tonks 1960), we conclude that the interval from a peak in egg production to the appearance of the next generation of young
adults is between three and four months.  A stepwise regression-based model resulting from analysis of our dissection data
indicates that vitellogenic activity, four months prior, has the most significant effect on the proportion of previtellogenic
females at time t.  A lag time of four months between peaks in vitellogenic females and peaks in previtellogenic females is
consistent with our observation that H. coagulata have three generations per year, which correspond to three peaks in the
proportion of previtellogenic females.  The level of oviposition activity in February and June appears to be the most
important in the model to predict the appearance of peaks in previtellogenic females.  There is also a less significant effect of
the amount of oviposition activity in the month of April.

Our study of the oögenesis cycle has defined the timing and number of generations of GWSS in California.  Clarification of
the timing of reproductive events including peak periods of egg production and mating activity, can improve the timing of
control activities, particularly applications of insecticides with ovicidal action and releases of egg parasitoids.
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Figure 1. Proportion of female H. coagulata in each ovarian rank collected and dissected per month from citrus at the
University of California, Riverside Agricultural Operations from October 2001 to February 2005. Previtellogenic females
have not yet ovulated.  Vitellogenic females have mature or maturing eggs in their ovarioles.  Postvitellogenic females have
ovulated and have a corpus luteum in their ovarioles.
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Fitted and Observed Proportion of Previtellogenic Female H. coagulata
Collected from UCR Ag Ops (Feb 2002 to Feb 2005)
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Figure 2. Step-wise regression model of the proportion of previtellogenic female H. coagulata per sample date: fitted values
are indicated by the dashed line, and observed values are indicated by the solid line.
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ABSTRACT
Xylella fastidiosa (Xf) is the causal agent of Pierce’s disease (PD) of grapevines.  The mechanism involved in pathogenecity
is largely due to the occlusion of xylem vessels by aggregates of Xf cells and biofilm.  Increasing concentrations of CaCl2 and
MgCl2 consistently induced aggregation of Xf in vitro and differences in aggregation patterns occurred when comparing
strains of Xf. A solution (100 mg/Liter) of divalent cation (calcium or magnesium) increased Xf aggregation by about 10
fold.  A pre-treatment of Xf cells with the reduced form of glutathione (an antioxidant present in the xylem fluid) significantly
enhanced the attraction of Xf cells for calcium and resulted in more cell aggregation.  By contrast, pre-treatment of cells with
oxidized glutathione virtually eliminated aggregation.  Our data indicate that cell aggregation and biofilm formation in
grapevine vessels may be dependent on: a) the presence of free divalent ions and b) the proper redox environment, which in
turn modulates surface characteristics (particularly thiol moieties) of Xf. These results support the contention that Xf
pathogenicity mechanisms may involve rapid aggregation in early stages and biofilm formation induced by xylem fluid
constituents.

INTRODUCTION
Previous studies have showed that a suspension of Xf aggregate when exposed to xylem fluid of grapevine.  The formation of
cell aggregates is significantly greater in Vitis vinifera cv. Chardonnay (PD-susceptible) than in Vitis rotundifolia cv Noble
(PD-resistant). In addition, cell aggregation was analyzed and compared to the xylem fluid chemistry profiles from nine
grape cultivars.  The most significant observable fact was the ratio involving calcium, magnesium, phosphate and citric acid.
Susceptible varieties were higher in calcium and poor in phosphate. Resistant plants had equivalent levels of calcium and
phosphate (Leite et al., 2004; Andersen et al., 2004).  It is important to know at this point that, calcium and phosphate are
extremely attracted by each other and the formation of calcium phosphates is influenced by pH.  Further experimentation
demonstrated that the ratio of the concentration of calcium and magnesium and citric acid and phosphate [Ca].[Mg]/[Cit].[P],
i.e., aggregation inducers/aggregation inhibitors may be used to separate susceptible and resistant plants growing in
California but not in Florida.  We have shown that xylem fluids collected in Florida are more likely to be acidic compared to
more variable xylem fluid (pH 5.5 to 7.4) from California.  These results encourage us to advance the studies of the “Calcium
Bridging Hypothesis” (CBH) (Leite et al., 2002) critical to understand its implications and applicability towards management
of PD.

OBJECTIVES
1. Determine the effects of calcium chloride and magnesium chloride on aggregation of Xf cells.
2. Investigate the influence of oxidized and reduced glutathione on aggregation of Xf cells.
3. Search for genomic information that is relevant to “Calcium Bridging Hypothesis”.

RESULTS
1. Effect of calcium and magnesium on Xf aggregation
Two Xf strains were used during the aggregation experiments (UCLA and STL).  CaCl2 and MgCl2 were prepared in three
different concentrations (0, 20, 50 and 100 mg/L).  The SEM images reveled that large aggregates usually congregate 100
cells or more, compared to medium aggregates (± 50 cells), small aggregates (± 25 cells) and free cells (less than 10-cells
aggregates or isolated cells) (Figure 1).  Highly significant strain by treatment interactions were found for all the aggregate
sizes (p>0.0001).  The number of large sized aggregates was dependent on the concentrations of CaCl2 and MgCl2.  The
aggregation of Xf in both strains was induced at 100 mg/L of CaCl2 (Figures 2A and 2B); however, the number of large
aggregates was not consistently proportional to the MgCl2 concentrations.  For the UCLA strain the optimum concentration
of MgCl2 to induce aggregation was 50 mg/L (Figure 2A). The aggregation response of the STL strain to CaCl2 only
occurred for concentrations of 50 and 100 mg/L (Figure 2B); however the concentrations of 20 to 100 mg/L CaCl2 was
effective in inducing significant aggregation of the UCLA strain.  The same levels of aggregation of the STL strain occurred
with 50 mg/L.
Overall, the experiment revealed that the increasing concentrations of CaCl2 and MgCl2 consistently induced Xf aggregation.
The relationship of calcium in aggregation (calcium bridging) and increased pathogenecity has been described for
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streptococcus bacteria and Pseudomonas aeruginosa (Rose, 2000, Sarkisova et al., 2005).  Similarly, the capacity to form
stable and massive amounts of biofilm may help the establishment and colonization by Xf. The influence of phosphates and
citric acid on calcium availability within the xylem vessel due their high reactivity with this divalent cation has been
discussed (Leite et al., 2002, Leite et al., 2004).  In addition to other ions or organic acids, the xylem fluid pH and the redox
status may affect calcium and magnesium availability (Leite et al., 2003; Leite et al., 2004, Andersen et al., 2004).  A fast and
vigorous biofilm formation would help to colonize the grapevine xylem vessels.  The masses of cells consuming and trapping
nutrients may also explain some of the symptomatology of Xf-mediated diseases.

Glutathione is a tripeptide that is present in the xylem fluid of many plant species.  The presence of reduced glutathione in a
chemically-defined medium resulted in an increasing of Xf biofilm (Leite et al., 2004). Subsequently, we showed that Xf
cells aggregated and formed biofilm patterns distinctly according the composition of chemically defined media.  The medium
CHARD2 promoted biofilm (Leite et. al., 2004; Marques et al, 2005). We also showed that aggregated cells cultivated in
different chemically defined media were less affected by the activity of lytic peptide cecropin B (Ishida et al, 2004).  Finally,
with the optimization of a procedure to evaluate aggregation of Xf, based on Rose (2000), we were able to visualize and
quantify aggregates. Xf aggregation patterns are believed to be a resultant of the cell surface characteristics alteration due the
redox status; these differences can influence cell receptivity toward interactions with cations in the xylem fluid.

2. Influence of oxidized and reduced glutathione on aggregation of Xf.
As previously demonstrated through X ray microanalysis, sulfur moieties are present on the Xf surface. Free cells exhibited
sulfur as a surface signal.  When treated with calcium solution, aggregated cells were observed and calcium was confirmed as
predominant surface signal  These observations could indicate that (1) calcium was attracted by cell surface
characteristics/properties and (2) this attraction promoted the cell aggregation (Leite et al., 2005).

Previous results suggest that these interactions between cells and calcium are dependent on the redox status of xylem fluid
(Leite et al., 2003: Leite et al., 2004; Andersen et al., 2004, Ishida et al., 2004b).  Glutathione (GSH) induces Xf aggregation.
Our working hypothesis assumes in surface proteins containing thiol residues affect how these cells interact with calcium and
other cells.

Maximum aggregation was obtained by treating cells with GSH 10 mM for 20 min followed by CaCl2 50 mg/L (Figure 3,
bottom).  These results support confirm that a reducing environment facilitates calcium bridging between Xf cells. GSH
seems to have a profound effect on Xf surface chemistry and aggregation. Calcium promotes aggregation by linking negative
charges (thiols) on Xf cell surface after redox status modification.  These observations sustain our previous findings showing
that in xylem fluid (PD-resistant) with low calcium concentration, less Xf aggregation was observed; in high calcium
concentration (PD-susceptible plants),  more Xf aggregation occurred (Leite et al., 2004). We envision that these results will
allow a potential search for environmental conditions (water quality, soil fertility etc) to help reduce the severity of PD
symptomatology. Xylem fluid chemistry may mediate the initial steps of cell aggregation and may inhibit or stimulate disease
development.  Additional research is needed before we can draw definitive conclusions on physiological and genetic basis of
PD resistance.

3. Genomic evidence supporting the “calcium bridging hypothesis” (CBH).
Calcium and magnesium are common cation nutrients in the soil and xylem fluid.  In 2002, we proposed that calcium and
magnesium, when available in the free form within the xylem fluid, may facilitate cell aggregation, vessel plugging and
symptom development of PD (Leite et. al., 2002).

SDS PAGE of Xf proteins labeled with 5-IAF before the cell lysis, showed that thiol proteins are present on the surface of the
Xf cells (Andersen et al., 2003).  We also showed that thiol proteins varied among strains of Xf tested (Ishida et al., 2003;
Andersen et al., 2004).  These data support the contention that differences in the behavior of Xf strains may be attributed to
distinct cell surface-protein profiles. In other words, differences in the cell surface proteins of Xf may determine the behavior
of this bacterium will behave.  Thiol moieties present in the outer membrane proteins could possibly carry the residues
(cystein or methionine) responsible for the external negatively charge of the Xf membrane.  We have selected several
candidate proteins with these characteristics. Most of them are cell structural surface proteins and adhesins.  These proteins
have variable numbers of cysteine (thiol) and methionine (negatively charged) residues located at the cell external loop
region.  These findings confirm the existence of surface proteins that may expose the proper chemical features to maintain the
Xf surface ready for interaction with other cells and the xylem wall.

We were particularly interested in the hemagglutinin-like secreted proteins due its molecular weight and the number of
residues (cysteine and methionine) displayed on the surface of Xf. Proteins with these characteristics are strong candidates to
be the mediators of adhesion and aggregation of Xf cells.  Our search suggests that filamentous hemagglutinin-like adhesins
are broadly important virulence factors in both plant and animal pathogens.  The Erwinia chrysanthemi EC16 hecA gene
predicts a 3,850-aa product which is similar to a member of the Bordetella pertussis filamentous hemagglutinin, a family of
adhesins.  These adhesins are known to be involved in attachment and aggregation processes (Rojas et al., 2002).  In addition,
recent results obtained with Cowpea Mosaic Virus (CMV), by the Scripps Research Institute, showed that particles with
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different patterns of surface proteins, containing cysteine residues, may exhibit distinct attachment properties.  It is possible
that hemagglutin-like adhesins play a decisive role in PD, by allowing pathogenic cells to aggregate, form biofilm and
successfully colonize the xylem vessels.  Cysteine residues may be more important in the general context of the CBH.
Methionine residues, originally included in the model, may contribute only to charge the cell surface negatively.  Type IV pili
was recently presented as surface protein on the surface of Xf mediating twiching motility (Meng et al., 2005).  The type IV
pili also exhibits cysteine residues in the external loop sequence.  The involvement of type IV pili in aggregation or the
behavior of these structures in distinct redox conditions or in the presence of divalent ions has yet to be determined.
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Figure 1: SEM images of cells in different concentration of CaCl orMgCl Results show the
contrast between control and cell suspensions treated with salts that release divalent cations: CaCl  100 mg/L and
MgCl  100 mg/L. Images were software treated (Image J and Corel Draw 10) to facilitate the identification of large,
medium, and small aggregates or free cells.  The quantification of the number of large colonies is presented in
Figure 3 for UCLA and Figure 4 for STL. There is a significant difference observed for aggregate formation when
comparing treated and untreated cell suspensions.
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Figure 2A: Number of large aggregates formed by X. fastidiosa (strain UCLA) after the treatment with CaCl2 (red) and
MgCl2 (blue). The calcium ions were more consistent in terms of inducing the formation of large aggregates as
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Figure 3:  Aggregation of under different conditions (top to bottom).
Aggregation was measured with: deionized water (negative control), CaCl  50 mg/L
(positive control) Reduced Glutathione 10 mM (GSH), Oxidized Glutathione 10 mM (GSSG),
GSH 10 µM for 20 min + CaCl   50 mg/L and GSSG 10 mM for 20 min + CaCl   50 mg/L .
Maximum aggregation was obtained with GSH 10 mM for 20 min followed  by CaCl   50
mg/L. Notice the large sized aggregates formed with the treatment GSH followed by a
source of calcium (bottom figure).
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ABSTRACT
Transmission of Xylella fastidiosa (Xf) by the glassy-winged sharpshooter (GWSS) involves a series of events from
acquisition of the bacterium to inoculation of Xf to a new host.  While this process is often over-simplified, certain
insect/pathogen interactions may be necessary to achieve a successful transmission event and the number of Xf cells acquired
or inoculated may govern whether or not transmission will occur.  In our preliminary studies, neither higher titers of Xf nor
longer feeding periods by GWSS result in higher rates of transmission nor a greater number of bacteria transmitted.

INTRODUCTION
Solutions to PD are coming out of an understanding of basic biological aspects of the vector, the pathogen, and their hosts.
The most important of these interactions is the transmission of the pathogen by the vector to a non-infected plant.  The
process that leads to pathogen transmission by an insect can be broken down into three separate events; (1) acquisition from
an infected plant, (2) inoculation into a naive potential host, and (3) infection following inoculation.  In this report, we
describe the development of an artificial disease cycle for study of these relationships and have begun to describe
transmission events in a quantitative fashion.  Positive correlations were detected between acquisition events and total
ingestion time or AAP length, but not increased number of probes.  On the other end of the disease cycle, positive were
detected between inoculation of Xf and number of probes or IAP length, but not increased total ingestion time.

OBJECTIVES
Our long-term goal is to understand quantitative aspects of the process of Xylella fastidiosa (Xf) transmission by
Homalodisca coagulata (GWSS) in order to develop a means of reducing the efficiency with which spreads the pathogen
from an infected plant to a non-infected one. Our specific objectives for this project are to:
1. Determine relationship between time a GWSS spends on a PD-infected grapevine and titer of Xf they acquire.
2. Determine the relationship between time a GWSS spends in post-acquisition on a non-Xf host and titer of Xf they

contain.
3. Determine the relationship between time an infectious GWSS (ie, one that had acquired Xf) spends on a non-infected

grapevine and the titer of Xf it inoculates into the grapevine.
4. Determine the relationship between titer of Xf inoculated into a plant and the probability that it will become diseased by

developing a transmission index.

RESULTS
The Artificial Feeding System
We developed a simple and efficient transmission cycle for the study of Xf transmission by GWSS that allows detection of
specific numbers of cells in plant tissue and within the insect vector by QRT PCR (3).  A QRT PCR protocol for detecting the
citrus variegated chlorosis strain of Xf has already been established (9).

QRT PCR was performed in a Rotor Gene 3000 (Corbett Research, Australia) using iQ Supermix (Bio-Rad Laboratories Inc.,
Hercules, CA) in 20µl reactions with Xf-specific 16S-23S ITS primers and the ITS probe (11). Xf was cultured on PD3
medium, a modification of PW medium (7,8) for 7-10 days.  Bacterial cultures were scraped from a PD3 plate and suspended
in sterile phosphate buffered saline (PBS).  This bacterial suspension was diluted in sterile PBS to OD600=2.0.  Five cm
sections of cut Chrysanthemum grandiflora stems were used for bacterial inoculations (4).  The bacterial suspension was
forced through the cut stem by attaching a 10cc syringe to one cut end of stem and applying pressure until the fluid was seen
coming out of the other cut end.  The cut ends of the stem were sealed with parafilm to prevent leakage during the acquisition
access period (AAP).  Five GWSS per 5 cm of stem were caged in snap cap vials for 48 h, about 250 insects placed on 50
cuttings per trial (Figure 1).  Survival through the acquisition access period (AAP) indicated effective feeding because
starving these insects for 48 h resulted in 100% mortality (4).  After the AAP, GWSS were placed on Xf-free
chrysanthemums for 48 h, so that any detection of bacteria would be associated with transmission and not stylet
contamination.
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Figure 1. Artificial PD cycle for determination of Xf transmission.
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Figure 2. Rate of Xf transmission by the
GWSS in an artificial disease cycle when
given a 48 or 96 h IAP.

Pairs of surviving GWSS were transferred to sterile vials containing a fresh
chrysanthemum stem cutting, about 100 cuttings per trial.  The insects were
exposed to a stem for an inoculation access period (IAP) of 48 or 96 h.  Finally,
GWSS were removed from the vial and stored at 4oC until tested by PCR.
DNA was extracted from the inoculation targets with the XNAR Extract-N-
Amp kit (Sigma-Aldrich, St. Louis, MO) and PCR was run following a standard
QRT-PCR protocol (11).

Across 9 replicates using a 48h IAP, the mean transmission rate of Xf by GWSS
was 0.508+0.122, while the mean rate when given a 96h IAP was 0.341+0.138
(Figure 2).  Using Chi-square analysis, these ratios were significantly different
(X2=16.281, df=1, p<0.001).  The lower rate associated with the longer IAP is
probably due to the non-hospitable environment of the test plant stems.  While
the rate of Xf transmission was higher than previously reported (1,2,6), we feel
this is a fair assessment of the insects’ ability to move the bacterium from one
place to another.

Distribution of Cells in the AAP Stem
In preliminary acquisition experiments using cut
chrysanthemum stems with Xf pushed through the vascular
system, great variation Xf cell numbers was noted, despite
similar feeding times and behavior.  In these experiments,
15cm cuttings were used during the “push through” portion
of the process; then, stems were cut into 5cm sections and
offered to GWSS.  Originally, we conceptualized the push
trough delivery stem as a straw that would have equally
distributed cells throughout the stem.  However, empirical
assays determined that the stem acts more like a sieve
(catching more cells at the beginning), resulting in much
higher cell numbers in the first 5cm cutting (Figure 3).
Therefore, we altered the “push through” step by using 5cm
cuttings, without trimming the stems.  We also offered
GWSS a much smaller portion of the stem, affectively
standardizing the access area.

Access Period/Probe Number Correlation
GWSS were exposed to plants for 2, 4, 6, or 8 hr periods
of time and monitored for two distinct feeding behaviors that could impact the transmission efficiency of the pathogen.
There were strong correlations between access time and either ingestion time (r=0.97) or number of probes (r=0.76) (Figure
4, A and B respectively).  Additionally, there was a positive correlation between number of probes and ingestion time
(r=0.85).

Fig 3. Distribution of Xf cells in 5cm sections when pushed
through a 15cm cut chrysanthemum stem (n=30).

AAP Experiments (Objective 1)
Chronologically, we started these experiments after the IAP experiments, so we have completed fewer trials, resulting in
fewer data points.  Despite the limited data, interesting trends have begun to surface.  The ability of GWSS to acquire Xf
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Figure 4. Correlation of GWSS feeding
behaviors. (A) Number of Probes vs. Access
Time. (B) Ingestion Time vs. Access Time. (C)
Ingestion Time vs. Number of Probes.

from a standardized acquisition host was tested by allowing the insects to feeding on an Xf “push through” stem for varied
periods of time (2, 4, 6, or 8 hr).  During these AAP’s, number of probes and total ingestion time were also recorded (Figure
5).  Weak positive correlations were made between Xf cells in GWSS and Xf cells in AAP host (r=0.27), AAP length
(r=0.16), and ingestion time (r=0.30).  Interestingly, a negative correlation between number of probes and Xf cells in GWSS
was made (r=-0.23).  While these data are preliminary, they do follow our hypothesis that GWSS that feed longer will come
in contact with more Xf cells.  GWSS that retract their mouthparts and re-probe multiple times are less likely to ingest more
Xf cells based on there reduced feeding time.  Conversely, the more xylem fluid an insect ingests from an Xf infected host
plant, the more Xf cells the insect would be expected to ingest.
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Figure 5. Number of Xf cells detected in GWSS by QRT PCR following feeding on a “push through”
acquisition stem (Y axis in all graphs). (A) Xf cells vs. Number of Xf cells in plant. (B) Xf cells vs. AAP
period. (C) Xf cells vs. Ingestion Time. (D) Xf cells vs. Number of Probes.
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IAP Experiments (Objective 3)
The ability of GWSS to inoculate Xf into a target host was tested by allowing “Xf-positive” insects to feeding on a “clean”
stem for varied periods of time (2, 4, 6, or 8 hr).  During these IAP’s, number of probes and total ingestion time were also
recorded (Figure 6).  A positive correlations was made between Xf cells in the target host and the length of the IAP (r=0.37).
There was also a slight positive correlation between Xf cells in the target host and the number of probes the insects made on
the target (r=0.08).  This was unexpected because our hypothesis was that the more time an insect probed a host, the more
cells would be transmitted.  This hypothesis was based on the ingestion/egestion principle where the insect’s initial contact
with the xylem vessels, which are under negative pressure, would result in a backflow of foregut contents into the host.  By
the law of averages, the more an insect probes, the more transmission events would occur.  For this reason we expected a
more positive correlation.  Following this line of hypothesis, we also expected a negative correlation between the total
ingestion time and the number of transmitted Xf cells, based on the idea that active ingestion results in material moving into
the GWSS foregut and not out (i.e. back into the plants xylem).  Empirically, a negative correlation was made (r=-0.15),
although less dramatic than we expected.
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Figure 6. Number of Xf Cells detected by QRT
PCR in a “clean” target stem following feeding
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CONCLUSIONS
Movement of Xf from one plant to another depends on the transmission of the bacterium from an infected host to an
uninfected host by the insect vector.  For transmission to occur, two major events have to occur, ACQUISITION and
INOCULATION.  In these studies are determining behaviors and timed events that are associated with successful movement
of the bacterium.  Understanding these associations will allow epidemiology studies of inoculative GWSS to be more
accurate and help develop a means of reducing the efficiency with which the pathogen is spread from an infected plant to a
non-infected one.
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ABSTRACT
Granite-based and limestone-based vineyard soils are being compared in a screenhouse test for possible effects on Pierce’s
disease (PD) following mechanical inoculation of Xylella fastidiosa (Xf) in ‘Chardonnay’.  The twelve most common root
stocks used in Texas vineyards are being evaluated a 3-year field test with endemic Xf. Texas sites with native Vitis vulpina
nearby may have increased PD risk.

INTRODUCTION
Pierce’s disease (PD), caused by the bacterial pathogen Xylella fastidiosa (Xf), is the most limiting factor for growing grapes
in much of Texas.  Multiple PD control and management strategies are needed, including genetic resistance, site selection,
and vegetation management.

Some Texas vineyards (e.g., with granite-based soils) do not have PD but nearby vineyards (limestone-based soils) have high
disease incidence and severity.  We do not yet know if reduced site risk is directly or indirectly related to the soils at
vineyards with no history of PD.  The reduced risk may be partly explained by soil effects on plant species composition
(Black et al., 2005) and absence of species susceptible to Xf and highly utilized by vectors.

Vineyards in southern and southeastern Texas where PD risk is consistent utilize cultivars with native American Vitis species
backgrounds (V. aestivalis, V. simpsonii, V. labrusca, etc.) but V. vinifera scion cultivars are often used in other parts of the
state.  In cooler regions of Texas (including regions with PD problems), V. vinifera cultivars are grafted on rootstocks with
native American Vitis sp. backgrounds.  Little is known about rootstock PD reactions, and influence of rootstock on
performance of scion cultivars during epidemics.  Phytosanitary concerns in Texas should include both scion and rootstock
because of riskf for Xf introduction into uninfested regions.

Many Vitis species are native in Texas, and wild grapes are common near many vineyards.  An understanding of PD reaction
among native Vitis species will contribute to site risk assessment, and recommendations for selective vegetation management.

OBJECTIVES
1. Compare PD progress in a susceptible cultivar grown in a screenhouse in soils from vineyards with or without PD

histories.
2. Evaluate Xf reactions among the most commonly planted grape rootstocks in Texas at a vineyard site with known risk for

PD.
3. Test native Texas Vitis species in central to southwest Texas for Xf infections.

RESULTS
Soil from two vineyards with no history of PD (granite-based; Gillespie Co., McCulloch Co.) and soil from two vineyards
with PD histories (limestone-based; Gillespie Co., Blanco Co.) were collected in the spring of 2005.  These were compared to
a commercial peat moss-based potting medium (Metro-Mix 366) in a white shaded screenhouse to exclude vectors (62% total
shade) in black plastic pots (0.082 m3) irrigated with distilled water.  PD-susceptible ‘Chardonnay’ (own-rooted) was
inoculated 22-23 August 2005 with log-phase Xf cells isolated from V. vinifera in Gillespie Co (SCP buffer control).
Symptoms and ELISA data will be collected in late 2005 and early 2006.

The 3-yr rootstock study was planted in 2005 in Llano County, TX at a site where two previous plantings of V. vinifera
cultivars were lost to PD.  Entries are 5BB, 5C, 110R, 1103P, 1613C, 1616C, Champanel, Dog Ridge, Freedom, Harmony,
Salt Creek and SO4 (five plants/plot, five replications).  Leaves with PD symptoms in cv. ‘Black Spanish’ adjacent to this
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test were positive with ELISA in September 2005.  Data to be collected includes symptoms and ELISA reactions in 2006 and
2007.

Vitis mustangensis (the most common native grape species in most of Texas) and V. cinerea var. helleri (syn. V. berlandieri)
were negative for numerous ELISA tests and several Xf isolation attempts in 2003 and 2004.  Rooted cuttings of V.
mustangensis were mechanically inoculated in the greenhouse with Xf in 2005, with data to be collected later this year.
Symptomatic V. vulpina (with GWSS egg masses) samples from near the PD-vineyard in Llano Co. were positive in 2005 for
Xf with ELISA; Xf isolation attempts were unsuccessful in 2004 on very few asymptomatic samples, and are underway on
2005 samples.  Work on other wild grapes in Texas is planned to better understand roles of native Vitis in vineyard PD
epidemics.

CONCLUSIONS
Assessing PD risk in Texas vineyards is a complex problem.  Knowledge of Xf sources in Texas increases prospects for
disease control locally and in other wine grape production regions.  Native vegetation may be an important source of Xf, and
some susceptible species are absent at certain vineyards without PD (Black et al., 2005). We are concerned about planting
stock as a means of disseminating Xf. Infected but tolerant (few if any acute symptoms) cultivars grown in Texas and other
southern states can be reservoirs of Xf (Harkness and Moreno, 2004).  Infected planting stocks of these varieties are potential
sources of initial inoculum if planted adjacent to V. vinifera and in previously PD-free areas.  Pathogen-free Xf-tolerant
planting materials may become infected and a source for nearby V. vinifera.
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ABSTRACT
The main objective of this project is to develop a PCR-microarray-based system for accurate and quick identification of
Xylella fastidiosa (Xf) strains important to California crops.  The major part of the current work focused on identification of
important DNA sequences based on single nucleotide polymorphisms (SNPs) for the detection of Xf Pierce’s disease (PD)
and almond leaf scorch disease strains.  We expanded the previous SNP analysis in 16S rDNA to other house-keep genes,
such as those coding for TCA cycle enzymes. Xf-specific primers were designed and real-time PCR was employed. Melting
point analysis was used to confirm the presence of SNPs in the amplicons and to detect different genotypic strains.  A second
effort was to develop and improved procedure of sample preparation, the bottleneck of PCR detection of Xf in planta.  We
developed two simple sample preparation procedures for PCR amplification of Xf DNA from infected almond and grape
petioles using freshly squeezed petiole sap and freeze-dried tissue.  The detection efficiency of the two PCR methods was
similar to that of the pathogen isolation procedure.

INTRODUCTION
Because of the availability of the complete genome sequences, considerable bioinformatics knowledge has been obtained by
comparing four Xf strains, including strain Temecula for Pierce disease (PD) of grapevine, strain 9a5c for citrus variegated
chlorosis, strain Dixon for almond leaf scorch disease (ALSD) and strain Ann-1 for oleander leaf scorch disease.  One of the
most direct benefits from the study of the genome sequences is the development of a highly accurate and efficient systems for
pathogen identification and detection.  We have proposed a PCR-microarray approach to develop such a system. In this
study, we focused on two sub-components: identification of unique and informative sequences for each pathogen strain
(genotype) and development of efficient procedures to prepare samples for detection of Xf, in planta.

DNA sequence variations include insertions, deletions, transitions, transversions, sequence rearrangements, distribution of
random repeats (restriction fragment length polymorphism or RFLP, random amplified polymorphic DNA or RAPD),
variable tandem repeats, etc.  Sequence analyses showed that single nucleotide polymorphisms (SNPs) are commonly found
in almost all genes and intergentic regions in Xf populations.  We previously used the SNPs in the16S rDNA locus to define
two genotypes correlated to Xf pathotypes associated with ALSD in California (Chen et al., 2005).  The A-genotype only
causes ALSD and the G-genotype causes both ALSD and PD.  While the sequences of 16S rDNA are of taxonomic value, the
reliability of a pathogen detection system will be improved based on comparisons of more genetic loci, ideally the whole
genome.

Sequences of house-keeping genes are conserved and present in all bacterial strains, making them good candidates for
bacterial species identification.  For Xf, SNPs exist within these genes.  They could be used for strain differentiation in a PCR
or/and microarray format. The value of each SNP, however, varies.  Validation is necessary to avoid the selection of false
SNPs and to determine the taxonomic specificity of the target SNPs.  On the other hand, for a nucleic acid-based pathogen
detection system, sample preparation can be a bottleneck for a successful detection. Low efficiency of DNA extraction and
the presence of DNA polymerase inhibitors are among the many factors leading to the failure of pathogen detection using
PCR.

OBJECTIVES
The objectives of this project are to:
1. Use the complete and annotated genome sequences of the four Xf strains to identify SNPs in selected house-keeping

genes.
2. Evaluate the potential of these SNPs for Xf pathotype / genotype identification.
3. Developed a simple but effective sample preparation procedure that minimize the presence of inhibitors and maximize

the availability of nucleic acid.

RESULTS AND CONCLUSIONS
A BLAST search with randomly selected ORFs or intergenic sequences from strain Temecula against the four Xf whole
genome sequence database showed that SNPs existed in every section of the bacterial genomes.  One question was whether
some SNPs might simply be due to sequence errors.  The use of published genome sequences reduced the possibility of
sequence error because of the high number of base coverage during the sequencing effort.  Further confirmation was
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performed using a large number of Xf strains.  We found that some regions of the genome have more SNPs than other
regions, suggesting different rates of sequence evolution.  The strategy for Xf detection was to use the more conserved
regions to secure the correct identification of the bacterial species (Chen et al., 2005).  For in planta detection, this is
particularly important because bacterial species of unknown taxonomy were expected to occur in the host tissue along with
the pathogen.  For this reason, we focused on the house-keeping genes.

Among the many house-keeping genes, five genes involving in tri-carboxylic acid cycle were selected.  They were: PD0492
for malate dehydrogenase, PD0750 for citrate synthase, PD0234 for aconitase, and PD2056 for isocitrate dehydrogenase.
Sequence lengths of the five genes ranged from 873 nt to 2232 nt with the number of SNPs ranging from19 to 55.  As
expected from existing phylogenetic data, there were more SNPs between strain 9a5c (CVC) and the three other North
American strains (Temecula, Ann-1 and Dixon) as a group than among the three North American strains. PD0234 (aconitase)
showed the highest number of SNPs (55).  PD2056 (isocitrate dehydrogenase) ranked second with 44 SNPs.  These two
genes were selected for further evaluation.

Although higher in number, SNPs in PD0234 (aconitase) were more evenly distributed along the gene sequences in strains
Temcula and Dixon.  All the SNPs occurred singly with the exception of a doubled SNP between strain Ann-1 and the group
of strains Temecula and Dixon.  In PD2056 (isocitrate dehydrogenase), most SNPs were singly present.  Positions 1,225 and
1,226 were doubled SNPs with an additional SNP occurring at position 1,228.  To test the value of these SNPs, PCR primes
were made by placing the double or near-triple SNPs in the center of the amplicons with the size of 97 and 90 nt for PD0234
and PD2056, respectively, using Primer 3 software.  Primer specificity was checked by performing BLASTn search against
all published DNA sequences in GenBank using concatenated primer sequences as queries (Chen et al., 2005).  The results
confirmed that these primers were specific to Xf with respect to known bacterial species.

Table 1. Comparative DNA amplification and melting
temperature (Max Tm) of Xf A- and G-genotypes using PCR
Primers targeting SNPs in the aconitase gene.

Strain Genotype Ct Max Tm

Ju04 A 21.959 83.1
RL A2 A 21.772 83
Dixon A 23.356 82.8
M12 A 21.496 83
RL 47 A 21.117 83.1
McC 9BL A 25.974 82.7

MTO 4L G 18.840 82.4
Price 19 G 20.466 82.3
M23 G 18.828 82.1
RS G 19.938 82.2

Neg. Ctrl. None 81.3

 

Table 2. Comparative DNA amplification and melting
temperature (Max Tm) of Xf A- and G genotypes using
PCR primers targeting SNPs in the isocitrate
dehydrogenase gene.
Strain Genotype Ct Max Tm

Ju04 A 21.846 79
RL A2 A 22.856 79.2
Dixon A 24.232 79.2
M12 A 22.755 79
RL 47 A 21.889 79
McC 9BL A 24.679 79

MTO 4L G 20.790 77.5
Price 19 G 23.059 77.5
M23 G 24.413 77.5
RS G 26.157 77.4

Neg. Ctrl. None 83.4

Figure 1. Capacity of genotype
differentiation between the ICO
primer set (two peaks on the left) and
the ACO primer set (two peaks on the
right) in melting point analysis. Also
refer to Table 1 and 2.

Our working experience indicates that, while primer design and selection are important, sample preparation is currently the
bottleneck for Xf detection in planta. Inhibitor(s) from host tissue and the efficiency of obtaining template DNA can directly
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influence the success of PCR detection.  Therefore, we developed two efficient sample preparation procedures for PCR
amplification of Xf DNA from infected almond and grape petioles. A schematic illustration of the two procedures is shown in
Figure 2.

In the freeze-dried method, petioles were pulverized into small particles (< 0.1mm in diameter based on our microscopic

Figure 2. Procedures of sample preparation for PCR detection of Xf.

measurement).  This increased the efficiency of DNA release from host tissue.  Because the petiole was dried, oxidation and
enzymatic degradation of samples during pulverization were minimal.  Dilution reduced the effect of DNA polymerase
inhibitors.  But a balance was kept to avoid excessive dilution of the bacterial DNA beyond the detection range of PCR.  The
squeeze-sap method was often coupled with the bacterial isolation procedure.  The amount of PW broth used did not seem to
inhibit PCR.  The squeeze-sap procedure has been routinely used in our laboratory as a quick check during the pathogen
isolation.

In summary, our study indicates that SNPs are a good resource for the study of bacterial genome variation.  They are
particularly useful when whole genome sequence information becomes available, as in the case of Xf. When combined with
the phytogenetic data, SNP analysis can be highly versatile and reliable.  We have also developed simple procedures to
prepare samples for in planta pathogen detection.  Such procedures will contribute significantly towards the development of
an efficient and accurate system for Xf identification and detection.
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ABSTRACT
Culture-independent, nucleic acid-based methods of assessing microbial diversity in natural environments have revealed far
greater microbial diversity than previously known through traditional plating methods. If true for grapevines, then this has
important consequences for Pierce’s disease (PD) management strategies that involve the establishment of introduced
bacteria systemically in the grapevine xylem.  Such establishment will likely be influenced by the presence of yet
uncharacterized microorganisms, and knowledge of endophytic communities and their dynamics will therefore be important
to the successful implementation of these strategies.  In addition, analysis of microbial community composition in different
hosts and conditions could lead to the identification of new biological control agents.  We are employing a novel method,
called oligonucleotide fingerprinting of rRNA genes (OFRG), that was recently developed by the Co-PI for analyzing
microbial community composition in environmental samples.  In a replicated comparison of symptomatic and asymptomatic
grapevines, 558 OFRG fingerprint clusters, or taxonomic groups, were revealed in an analysis of 8,094 total clones, and
several clusters were significantly correlated with healthy vs. diseased plants.

INTRODUCTION
In recent years, culture-independent, nucleic acid-based methods of assessing microbial diversity in natural environments
have revealed far greater microbial diversity than previously known through traditional plating methods (Amann et al., 1995).
This is true for water, soil, the plant rhizosphere, and the plant leaf surface (Yang et al. 2001).  A recent culture-independent
analysis of bacterial populations inside of citrus plants in relation to Xylella fastidiosa (Xf) also suggested that bacterial
endophytic populations are much more diverse than previously realized (Araújo et al., 2002).  If true for grapevines, then this
has important consequences for Pierce’s disease management strategies.  Several strategies are being investigated to
biologically control Xf in grapevines, including the use of antibiotic-producing endophytes (Kirkpatrick et al., 2001),
endophytes that disrupt cell-to-cell signaling by the pathogen (Lindow, 2002), endophytes that degrade xanthan gum
(Cooksey, 2002a), and the use of nonpathogenic strains of Xylella for competitive exclusion of pathogenic strains (Cooksey,
2002b).  These strategies have in common the need to establish an introduced strain systemically in the grapevine xylem.
Such establishment will likely be influenced by the presence of yet uncharacterized microorganisms, and knowledge of
endophytic communities and their dynamics will therefore be important to the successful implementation of these strategies.
In addition, analysis of microbial community composition in different hosts and conditions could lead to the identification of
new biological control agents.

We are employing a novel method that was recently developed by the Co-PI for analyzing microbial community composition
in environmental samples.  This method can be used to characterize both bacterial and fungal communities (Valinsky et al.,
2002a; 2002b).  Previous culture-independent methods, such as denaturing gradient gel electrophoresis (DGGE), generate
only superficial descriptions of microbial community composition (Araújo et al., 2002).  A far more complete view of total
microbial community composition can be achieved by amplifying, cloning, and sequencing of conserved rRNA genes from
the hundreds or thousands of microorganisms present in an environmental sample, but this is prohibitively expensive for any
significant number of experiments.  The new methodology, called oligonucleotide fingerprinting of rRNA genes (OFRG),
represents a significant advance in providing a cost-effective means to extensively analyze microbial communities.  The
method involves the construction of clone libraries of rDNA molecules that are PCR amplified from environmental DNA,
arraying of the rDNA clones onto nylon membranes or specially-coated glass slides, and subjecting the arrays to a series of
hybridization experiments using 37 different end-labeled DNA oligonucleotide discriminating probes (Borneman et al.,
2001).  The process generates a hybridization fingerprint and identification for each clone that is essentially like sequencing
the individual clones.

The state of knowledge of the relationship between Xf and the resident endophytic flora of grapevines is at a very early stage.
Work to date has been limited to the culturing of endophytes from grapevines, but even this has led to the realization that
grapevine xylem sap contains a complex community of microorganisms.  Bell et al. (1995) cultured over 800 bacterial strains
from grapevine xylem fluid in Nova Scotia.  Bruce Kirkpatrick has also isolated several hundred bacterial strains from
grapevine xylem fluid in two counties of California (Kirkpatrick et al., 2001).  In citrus, the culture-independent DGGE
method of microbial community analysis was compared with culturing of endophytes in relation to the citrus variegated
chlorosis strain of Xf (Araújo et al., 2002).  It was found that DGGE detected the major bacteria that were cultured from citrus
xylem, but it also detected other bacterial species that had not been cultured.  In addition, this method showed differences in
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microbial communities in different plant varieties, and most importantly, between citrus that was infected vs. non-infected
with Xf. This provides support to our hypothesis that there are likely to be important interactions between Xylella and
indigenous microflora in grapevines. With the greater resolving power of the oligonucleotide fingerprinting technique
proposed in our study, we expect to make considerable advances in our knowledge of grapevine microbial communities and
their interactions with Xylella or with other endophytes being considered for establishment as biological control agents.

OBJECTIVES
1. Characterize the diversity and community structure of endophytic microorganisms in healthy and infected grapevines.
2. Compare endophytic microbial populations in different susceptible and tolerant grapevine cultivars, in different hosts

that support high or low populations of Xylella, and in plants grown under different conditions.
3. Characterize the potential interactions of endophytic populations with Xylella and introduced biological control agents

through experimental manipulations.

RESULTS
Last year, several DNA extraction and PCR amplification protocols were tested, and a method involving differential
centrifugation to remove DNA of plant origin was developed. This year, a full-scale extraction and amplification from
symptomatic and asymptomatic grapevines from the field was conducted.  Plant sap was extracted with a pressure pump and
analyzed from six replicates of grapevines with Pierce’s disease symptoms (three plants per replicate) and six replicates of
asymptomatic plants.  Isolated DNA was amplified with rDNA primers and cloned, and 768 clones were picked from each
sample.  Amplified rDNA from the clones were arrayed onto nylon membranes and subjected to a series of hybridization
experiments with 37 different end-labled DNA oligonucleotide discriminating probes.  The quality of some of the
hybridizations was poor, so we were not able to use data from all 37 probes.  These will be repeated to obtain more definitive
identification of the clones.  However, from the data we were able to analyze from 8,094 of the clones, 558 different OFRG
fingerprint clusters, or taxonomic groups, were identified. Further, eight of the groups were more significantly more
prevalent in asymptomatic vs. symptomatic grapevines.  Tentative identification of these seven groups placed six of these
groups in the Proteobacteria and one in the Firmicutes.  The only bacteria that were more prevalent in symptomatic vs.
asymptomatic plants belonged to the Xanthomonadaceae, and were probably Xylella.  A phylogenetic tree showing the
different clusters and more definitive identification of clones will be constructed after data from all 37 probes are analyzed.
The following table shows the numbers of clones belonging to groups that were more prevalent in asymptomatic vs.
symptomatic grapevines.

Table 1. Numbers of clones belonging to groups significantly (P<0.1) more
prevalent in healthy vs. diseased grapevines.

Group
number General classification Diseased Healthy

Gp192 Proteobacteria 23 60
Gp277 Proteobacteria 9 25
Gp196 Gamma-Proteobacteria 2 14
Gp14 Firmicutes 1017 1769
Gp153 Proteobacteria 14 20
Gp316 Beta-Proteobacteria 4 28
Gp107 Proteobacteria 4 13
Gp284 Proteobacteria 4 12

CONCLUSIONS
Last year, our preliminary analysis of just 58 clones revealed 16 different species, including several that had not been
detected in previous culture-based approaches to identify endophytes in grapevine (Bell et al., 1995; Kirkpatrick, 2003).  This
year, our larger-scale analysis of symptomatic and asymptomatic grapevines confirmed that there is considerable diversity of
endophytes in grapevines, with 558 bacterial taxa out of 8,094 clones.  We also showed that some bacterial groups were more
prevalent in healthy vs. diseased plants.  An additional experiment with samples taken from healthy and diseased grapevines
at different times during the season is in progress.  Researchers working on biological control of the pathogen, as well as
disease resistance in grapevine cultivars, will benefit from the information gained in this work.  The work should enhance
discovery of potential biological control agents for Pierce’s disease and the implementation of biological control efforts
underway.
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ABSTRACT
Xylella fastidiosa (Xf) Temecula sequence information reveals no type III, but two type I secretion systems, both dependent
on a single tolC homologue.  Marker exchange mutagenesis using pGEM-T as delivery vector and nptII as marker was
employed to generate tolC disruptions.  PCR and Southern blot analyses confirmed marker exchange at the tolC locus.  Grape
(var. Carignane) plants inoculated with mutant (tolC::nptII) strains exhibited no symptoms of PD, indicating that pathogenic
ability of PD strains may be dependant on tolC and type I secretion.  Further, these tolC-- mutant strains were unable to
multiply in mechanically inoculated grape plants, indicating that strain survival in grape may be dependent on type I efflux
pump activity.  Both in planta growth and pathogenic symptoms were restored when the mutant was  transformed with a
broad host range vector expressing wild type tolC. This is the first report of a completely non-pathogenic mutant of Xf due
to a single gene knockout and it is also the first report of complementation of a gene knockout using an autonomously
replicating plasmid in Xf.

INTRODUCTION
Xylella fastidiosa (Xf) is a xylem-inhabiting Gram-negative bacterium that causes serious diseases in a wide range of plant
species (Purcell and Hopkins, 1996).  Two of the most serious of these are Pierce’s disease (PD) of grape and Citrus
Variegated Chlorosis (CVC).  The entire genomes of both PD and CVC have been sequenced (Simpson et al., 2000).
Availability of the complete genomic DNA sequence of both a PD and a CVC strain of Xf should allow rapid determination
of the roles played by genes suspected of conditioning pathogenicity of CVC and/or PD.  For example, analyses of the CVC
and PD genomes showed that there was no type III secretion system, but there were at least two complete type I secretion
systems present, together with multiple genes encoding type I effectors in the RTX (repeats in toxin) family of protein toxins,
including bacteriocins and hemolysins. RTX proteins form pores in lipid bilayers of many prokaryotic and eukaryotic species
and cell types; at least one is associated with pathogenicity in plants.  However, lack of useful DNA cloning vectors and/or
techniques for working with either CVC or PD strains have impeded progress in functional genomics analyses.

Last year we used marker-interruption to generate site directed mutations in tolC in Xf PD strain Temecula and found that
tolC was absolutely required for PD pathogenicity.  This year we complemented the tolC mutation using an autonomously
replicating shuttle vector.

OBJECTIVES
The primary objective of this work is to determine the effect of type I secretion gene knockouts on
pathogenicity of a PD strain on grape.

RESULTS
Xf strain Temecula (Guilhabert, 2001), was grown in PD3 (Davis et al., 1981) and confirmed to be pathogenic on Madagascar
periwinkle and Grape (var. Carnignane).  Symptoms appeared after 2 months.  Marker-exchange mutagenesis of tolC was
performed using pJR6.3. This plasmid carries an internal fragment of PD1964 (tolC of Temecula) interrupted at an internal
BamHI site by an nptII gene from pKLN18 (kindly provided by K. Newman and S. Lindow).  One microgram of pJR6.3
DNA was use to transform electrocompetent cells (prepared by washing 10 ml of four day old PD3 broth culture of Xf
Temecula, serially with 10, 5, 2 ml of ice-cold deionized water and resuspending in 100 µl the same) by electroporation
(1mm gap cuvettes; 1800 volts).  Electroporated cells were allowed to recover in 1 ml of PD3 broth for 24 hours at 28 oC and
were spread on PD3 plates amended with kanamycin (50 µg/ml).  Plates were incubated at 28 oC for 10 days and single
colonies were screened for interruption of tolC by PCR analysis and by Southern blot hybridization.  The results (Figure 1)
indicate that tolC gene can be disrupted and marker-exchange was efficient in generating gene-disruptions in Xf.
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Plant inoculation assays were performed in collaboration with Don Hopkins, at the Mid-Florida Research and Education
Center, Apopka, Florida. Grape plants (var. Carnignae) were inoculated with the wild-type Xf Temecula strain and the mutant
(tolC::nptII) strain in triplicates.  The plants were maintained under green-house conditions and were evaluated for Pierce’s
disease symptoms at 60 and 90 days after inoculation.  The results (Figure 2) showed loss of pathogenicity of Xf tolC::nptII
mutants on grapes. All the three plants inoculated with the wild-type Temecula strain exhibited typical PD.

Complementation assays
PD1964 was amplified by PCR, cloned into pGEM-T, verified by sequencing and sub-cloned into pUFR47, a wide host
range replicon based on repW (DeFeyter et al., 1993) and pBBR1MCS-5, a wide host range replicon based on a Bordatella
replication origin (Kovach et al., 1995). pUFR47 and pBBR1MCS-5 containing the entire tolC gene are referred as pJR13.2
and pJR22.2 respectively.  Non-pathogenic Temecula mutant M1 was transformed with pJR13.2 and pJR22.2 independently
by electroporation as described above.  The cells were recovered in 1 ml of PD3 broth for 6 hours and were spread on PD3
plates amended with Gentamycin (5 µg/ml).  The plates were incubated at  28 oC for 10 days and single colonies were
screened for the presence of pJR13.2 /pJR22.2 and also for the integrity of nptII integration, by PCR assay.  Grape plants (var
Carnignane) were inoculated in triplicates with wild-type Xf Temecula, mutant M1, M1/pJR13.2, and M1/pJR22.2.  Both
pJR13.2 and pJR22.2 complemented the mutant tolC strain M1, but symptoms were stronger with pJR22.2 in repeated
experiments (Figure 3).
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Figure 3. Leaves above the inoculation point on the stem of grape plants inoculated with wild type, tolC- mutant and tolC-
mutant complemented using an autonomously replicating vector.  A, wild-type PD strain Temecula, B, tolC- mutant strain
M1 and C, M1 /pJR22.2.  Photo taken 60 days after inoculation.
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Figure 4. In planta survival of Xf Temecula wild-type (W.T.) and the complementation of tolC- mutant strain M1 with
pJR22.2 (tolC+).

In planta stability of pJR22.2.
Perhaps surprisingly, mutant M1 could not be re-isolated from inoculated grape xylem, even 2 hrs after inoculation.  It seems
likely that grape xylem sap is toxic to M1.  However, eight randomly isolated colonies from the sap of Carignane grape
plants inoculated 60 days earlier with M1/pJR22.2 were positive for the presence of the vector by PCR analysis. pJR22.2 was
isolated from two of the positive colonies and was confirmed by restriction digestion (data not shown).  Stability studies in
planta demonstrate that tolC is required for the survival of Xf in grape (Figure 4).  Taken together with the re-isolation of the
plasmid pJR22.2, these stability studies also demonstrate that the Bordatella replication origin on pBBR1MCS-5 is
sufficiently stable as an autonomously replicating vector in Xf strain Temecula over a 60 day period to be useful for
complementation (Figure 4).

3



- 161 -

CONCLUSIONS
Type I secretion gene tolC (PD1964) of Xf Temecula was disrupted by marker exchange mutagenesis.  The mutant strains
lost all pathogenicity and were rapidly killed in grape, indicating a critical role of tolC in both pathogenicity and survival of
Xf in grape.  Complementation assays using an autonomously replicating vector demonstrated:  1) that an autonomously
replicating vector is available for complementation studies in Xf and 2) that tolC is required for pathogenicity, confirming a
role of Type I secretion in both survival and pathogenicity of Xf in grape.
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ABSTRACT
Xylella fastidiosa cells were shown to exhibit twitching motility ‘upstream’ in microfabricated ‘artificial xylem vessels’.
Such motility is due to extension and retraction of type IV pili present on the poles of the bacteria.  Importantly, such
upstream migration was subsequently demonstrated in planta.  A survey of isolates from California, Texas and South
Carolina revealed that all possessed motility characteristics.  A number of mutants deficient in genes associated with type IV
pilus functions were created, many of which may be useful in exploring targets for slowing development of the bacterial mass
in xylem vessels.  Type IV and type I pili were shown to have pronounced effects on colony and biofilm development.

INTRODUCTION
Once Xylella fastidiosa is introduced into xylem vessels in leaf, petiole, or other susceptible green tissues, how does it move
in xylem elements farther upstream, e.g., into petioles from the leaf or down shoots and canes?  This has long been a
particularly puzzling and important question since xylem sap flow during the growing season is nearly always down the
pressure gradient, viz., toward the leaf.  It is seldom stagnant.  Since Xf are non-flagellated bacteria, the consensus (albeit
unproven) for their appearing in previously non-invaded regions upstream has been through the slow expansion of the colony
through repeated cell division along xylem vessel walls.  Lateral movement, from xylem element to element, has been
proposed through dissolution of border pit membranes (Newman et al., 2004); but again, this does not explain long distance
upstream movement.

Our investigations have focused on the effects of physical and chemical environments on attachment, colony development,
and biofilm formation by Xf in microfludic chambers fabricated to mimic xylem elements.  This has resulted in identifying
unmistakable long distance migration of individual bacteria.  Even more interesting was the observation that they were able
to migrate against a strong current of flowing media (Meng et al., 2005; Hoch, 2005).  The movement was characteristic of
twitching motility that occurs in some gram-negative bacterial species (Mattick, 2002).  There are several important
implications of this observation: this is not only the first observation of twitching movement by a non-flagellated plant
pathogenic bacterium (albeit, Ralstonia solanacearum, that sometimes has flagella has been shown to exhibit colony features
characteristic of twitching (Liu et al., 2001; Roine et al., 1996)), it is also the first time that such movement by Xf has been
observed.  Such motile behavior may be important in explaining how the bacteria spread in the grapevine from an inoculation
point to upstream locations.

Type IV pili are filamentous appendages (fimbriae) located at either one or both poles, depending on the species (Bradley,
1980; Henrichsen, 1983), are generally 5-7 nm in diameter, and may be up to several micrometers in length.  They are
assembled primarily from single structural protein subunits, pilin (PilA) (Mattick, 2002).  Twitching movements are
generated as the pili are retracted and dissembled.  Because the pili tips are attached to the substratum, the cell moves toward
that point of contact as the pili shorten (Mattick, 2002; Skerker and Berg 2001; Wall and Kaiser, 1999; Wolfgang et al.,
2000).  Type IV pili function and biogenesis in Pseudomonas aeurginosa involves more than 35 genes with conserved
homologs existing in other bacteria that express twitching via type IV pili (Mattick, 2002). Xf likely produces type IV pili as
its genome carries at least 26 genes that are related to pili synthesis and function (Simpson et al., 2000).

Xylella produces fimbriae that are thought to function in adhesion of the bacterium.  Biofilm deficient mutants (e.g., 6E11),
the result of a disruption of the fimA gene, continue to migrate since they still possess the type IV pili; whereas, mutants
deficient in genes that code for type IV pili are migration deficient and develop robust biofilms (Meng et al., 2005).
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Attachment of Xylella cells at their polar ends is well documented in the precibarium
region of the sharpshooter foregut.  At this point, however, little is known about how
they attach in this orientation (other than the conjecture that the pili may be involved)
to this preferred region, as opposed to other foregut regions.  Additionally, nothing is
known about how they detach from this region.

OBJECTIVE
Our goal is to understand how Xf colonizes plant and insect habitats.  One aim is to
identify factors that contribute to attachment (and detachment) and migration of Xf
cells on habitat surfaces.  Using wild-type and mutants of Xf, we will examine
temporal and spatial interactions on both native and artificial surfaces using a
microfabricated in vitro system that has thus far provided significant new insight into
the dynamics of Xf cell-surface relationships.

RESULTS
Pili and fimbria mutants
The EZ::TN Transposome system was used to generate Kanamycin-resistant mutants
from the Temecula isolate of Xf (Guilhabert et al., 2001).  Mutants were sought with
deficiencies in pilus and/or fimbrial gene products that would affect colony and biofilm
development, and the ability to migrate via type IV pilus twitching motility.  We
previously reported that Xf mutants, designated as 1A2, 5A7, and 6E11 were deficient
in the genes pilB (pilus biogenesis protein), pilQ (pilus assembly protein), and fimA
(fimbrial subunit precursor), respectively (Meng et al., 2005).  The first two mutants
are deficient in twitching motility characteristics since they lack type IV pili, while the
later mutant retains its motility feature, having type IV pili, but lacking the shorter-
class of pili that we tentatively correlate with type I pili.  Now, we have generated
more than 30 single-site mutations representing deficiencies in more than 14 genes
associated with pili and fimbria function.  In addition, several others are yet to be
sequenced.  A second round of mutagenesis using trimethoprim (as the selection agent)
of the 6E11 (fimA) Xf mutant has resulted in several ‘double’ mutants deficient for the
genes fimA/pilC, fimA/pilO, fimA/pilX, and fimA and other second genes that have
yet to be fully characterized.  All are deficient for twitching motility as evidenced by
colonies lacking a ‘peripheral fringe.’

Presence or absence of pili were assessed by transmission electron microscopy (TEM),
atomic force microscopy (AFM), and/or by confocal microscopy (LSCM) using Agdia’s
antibody to Xylella (Carbajal et al., 2004). Xf type IV pili are 1-6 μm in length as seen
in wild-type Xf and mutants such as 6E11.  In addition to the longer type IV pili, 0.4-1.0
μm long pili are also present on wild-type strains and on mutants such as 5A7 (Figure
1). Xylella strains with the abundant ‘tuft’ of type I pili (wild-type, and mutants, e.g.,
1A2, 5A7) revealed a brightly staining spot at one pole of the cells when exposed to the
Adgia antibody; whereas, those mutants, e.g., 6E11, with only the more sparse type IV
pili or no pili at all did not have a polar staining spot (Figure 2).

Upstream movement in planta
Vitis vinifera cv. Chardonnay plants were needle-inoculated at the seventh internode
from the shoot apex with cell suspensions of wild-type and mutant (1A2, 5A7, and
6E11) Xf. After 11 weeks, vines were cut from the main trunk, surface sterilized, and 1-
cm sections aseptically excised at measured distances basipetally from the original point
of inoculation.  The sections were crushed and the triturate was spread onto PW agar
and subsequently examined for the presence of Xf. The wild-type bacteria and the 6E11
mutant were recovered from grapevine sections considerably more basipetal from their
respective sites of inoculation than were the non-twitching mutants 1A2 or 5A7 (Figure
3).  Fluorescent latex beads similarly introduced into grapevines were observed in xylem
vessels 10-20 cm basipetal from the introduction sites after 2 hours, indicative of
‘initial’ passive transport following cavitation of the xylem water column.  The bacteria
were also likely transported this distance as well; thus, the meaningful distance that the
bacteria moved over the 11-week period is beyond this range.

Figure 1. Pili of wild-type and
mutant Xf. AFM and TEM
images.  Wild-type cells have an
abundance of short pili, and fewer
long type IV pili.

Figure 2.  Antibody staining
of cell surface and polar
regions (wild-type, 5A7)
bearing type I pili; polar
staining is absent in 6E11
which lacks type I pili.
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Xf cell aggregation, colony and biofilm development
Cell movement and colonization characteristics were evaluated in
microfabricated ‘artificial’ xylem chambers (Meng et al., 2005).  As previously
reported, isolates and mutants with functional type IV pili exhibit twitching
motilities, whereas mutants with only type I pili, or no pili, do not migrate.
Morphological characteristics of the developing colonies is also dependent upon
the type of pili present.  Wild-type isolates of Xf and mutants with only type IV
pili, e.g., 6E11, initially develop ‘star-shaped’ aggregates of cells (Figure 4).
These aggregates retain functionality of the type IV pili and frequently move as
a cell mass on the surface of the observation chamber.  Individual cells or
aggregates of cells frequently move and become associated with other
aggregates, adding to the cell mass.  Subsequently, as the cells divide and the
mass enlarges, the colony become compact and fixed in situ. Xylella fastidiosa
mutants with only type I pili, e.g., 5A7, do not form star-shaped aggregates, but
instead develop looser aggregates of cells attached end-to-end and side-by-side
(Figure 4).

Colonization of xylem
We have developed hybrid microfabricated chambers in which we are able to
insert bona fide grape xylem (as well as insect parts) and observe Xf cell
movement and association.  This work is preliminary and ongoing; however,
already we have made some interesting observations. Xf cells appear to have a
preference for xylem walls as opposed to other cell walls of grape, and they
have a preference for attaching to xylem vessel walls over that of the glass and
polydimethylsiloxane (PDMS) of our microfluidic chambers, although they do
attach to the latter. Xf cells adhere to the xylem walls predominately by their
polar ends (Figure 5), much as seen in the precibarium of the sharpshooter (Newman et al., 2004).

Figure 3. Basipetal translocation of
Xf in planta. Maximum distance
wild-type and mutant Xf cells were
recovered from grapevine regions
basipetal to the inoculation sites
(represented by 0 of y-axis; arrow of
illustrated vine) after 11 weeks.
Light gray horizontal band
represents max distance that 0.2 μm
fluorescent latex beads traveled
passively.

Figure 4. Colony development of wild-type Xf and mutant 5A7 over a period of several
days

Pilus-mediated twitching among wild-type Xf isolates
To ascertain that the twitching motility behavior of the Temecula isolate of Xf that we have been investigating is
characteristic of all or most other Xf wild-type strains, we surveyed a range of isolates for this feature.  Recently isolated
bacteria from infected grapevines were obtained from California, Texas and South Carolina courtesy of A. Purcell, D. Appel,
and C.J. Chang, respectively).

All isolates exhibited a colony ‘fringe’ which we have associated with twitching motility behavior and the presenceof type IV
pili (Meng et al., 2005 Hoch, 2005) (Figure 6).  There was a marked difference in the width of the fringe as well as colony
vigor (diameter) between the various isolates; nevertheless, they all twitched, thus having implications for movement in
planta.



Figure 5. Xylella cells grown and
attached to secondary xylem in a
microfabricated chamber after 8
days.

Figure 6. Representative Xf grapevine isolates from California, Texas, and South Carolina.  All except
mutant 1A2, which lacks type IV pili, exhibit twitching motility as evidenced by a ‘fringe’ at the colony
periphery.

CONCLUSIONS
We have demonstrated that ‘artificial xylem vessels’ can be used to gain valuable information about the biology of Xf.
Temporal and spatial data are not possible to obtain in the same plant, but with these devices we have been able to show that
Xf moves via twitching motility, that small aggregates of cell can also migrate which likely occurs in planta and possibly
promotes vessel plugging, and we have been able to extend and confirm these observations to ‘upstream’ movement of the
bacteria in planta.  Importantly, pili and fimbria have been shown to play important roles in Xf cell aggregation, cell
movement, and in colony development.  It may be possible to take advantage of these cell appendages to develop approaches
that decrease or possibly control Xf expansion in the grapevine.
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ABSTRACT
Autotransporters are multi-domain proteins that are responsible for secreting a single specific polypeptide (the passenger
domain) across the outer membrane of Gram-negative bacteria.  Here, we report our studies on the putative autotransporter
protein PD0528.  The passenger domain of PD0528 contains six tandem repeats of a 50-60 amino acid motif that is found
only in Xf species.  To determine the role of these species-specific tandem repeats in Xf virulence, we have begun a detailed
characterization of PD0528.  Using primer extension analysis, we have located the transcriptional start-site of the PD0528
mRNA.  We have also generated a deletion mutation in PD0528 and shown that the PD0528 protein is not present in the
outer membrane of this mutant strain.  Finally, we have examined the in vitro phenotype of the PD0528 deletion mutant.
This analysis suggests that the absence of PD0528 in the outer membrane has a profound effect on Xf colony morphology and
in the ability of this mutant to form cell-to-cell aggregates in liquid culture.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram-negative, endophytic bacterium, which is the causative agent of Pierce’s disease (PD) of
grapevine, citrus variegated chlorosis (CVC), almond leaf scorch (ALS), and oleander leaf scorch (OLS) (reviewed in Purcell
and Hopkins 1996, Hopkins and Purcell 2002).  The genomes of four different Xf strains isolated from host plants exhibiting
disease symptoms have been sequenced (Simpson et al. 2000, Bhattacharyya et al. 2002, Van Sluys et al. 2003).  The
availability of these sequences has allowed detailed comparisons of these genomes and has greatly facilitated studies aimed at
understanding the underlying mechanisms involved in the different diseases.  Genes conserved among all four strains are
predicted to be responsible for functions central to Xf metabolism and cell physiology and for general properties associated
with plant and insect colonization and pathogenicity.  In contrast, genes exhibiting a higher degree of divergence and strain-
specific genes are predicted to be associated with specific interactions between a particular strain of Xf and its plant host.

Comparison of the four Xf genomes with other bacterial pathogens has also resulted in the identification and characterization
of a number of genes that are potential virulence factors.  Many of these virulence determinants are proteins that are either
secreted to the bacterial cell surface or released into the external environment (Meidanis et al. 2002, Smolka et al. 2003).  In
Gram-negative bacteria, secretion occurs through one of five major secretion pathways, numbered I to V (Pallen et al. 2003,
Preston et al. 2005).  These pathways are highly conserved and exhibit functionally distinct mechanisms of protein secretion.
The current focus of our research is the Type V secretion autotransporters (AT-1) of Xf-PD.  Type V secretion systems have
been divided into three subcategories:  the autotransporter system (Type Va or AT-1; TC#1.B.12), the two-partner secretion
pathway (Type Vb or TSP; TC#1.B.20), and the Oligomeric Coiled Adhesions family (Type Vc or AT-2; TC#1.B.40) (for
recent reviews, see Desvaux et al. 2004, Henderson et al. 2004, Newman and Stathopoulos 2004).  The importance of Type V
secretion in bacterial pathogenicity was highlighted in a recent review, which stated “To date, all of the functionally
characterised autotransporters have been implicated in bacterial virulence (Desvaux et al. 2004).”

The simplest secretion mechanism is exhibited by the AT-1 proteins.  AT-1 systems are dedicated to the secretion of a single
specific polypeptide across the outer membrane.  Proteins secreted by this mechanism have a similar structure, comprised of
four functional domains:  (1) an unusually long signal sequence; (2) a passenger domain; (3) a linker region; and (4) the β-
domain.  The autotransported protein is synthesized and targeted for export through the inner membrane by its signal
sequence.  After export across inner membrane by the general secretory (Sec) machinery, the N-terminal signal sequence is
removed and the C-terminal β-domain is inserted into the outer membrane, where it forms a β-barrel channel.  The covalently
attached N-terminal passenger domain is then translocated through this channel to the cell surface.  Once the passenger
domain is on the cell surface, it may undergo further maturation.  Some passenger domains remain covalently attached to the
β-domain and protrude from the bacterial cell surface.  Other passenger domains are cleaved and either remain loosely
associated with the cell surface or become released into the external environment.  Virulence functions associated with
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different passenger domains include proteolytic activity, adherence, biofilm formation, intracellular motility, cytotoxic
activity, or maturation of another virulence determinant (Henderson et al. 2004, Newman and Stathopoulos 2004).

One goal of our research is to understand the role of the AT-1 proteins in the virulence of Xf-PD.  Genomic analysis has
identified six members of the AT-1 autotransporter family in Xf-PD.  Four of these AT-1 proteins were first identified in Xf-
CVC (Meidanis et al. 2002, Yen et al. 2002) and orthologs are present in all four sequenced Xf genomes.  The passenger
domains of three of these proteins (PD0218, PD0313, PD0950) are predicted to encode subtilisin-like serine proteases
(Bateman et al. 2004).  The passenger domain of the fourth protein (PD1879) is predicted to encode a member of the GDSL
family of esterase/lipases (Bateman et al. 2004).  The passenger domains of the last two Xf-PD AT-1 proteins, PD1379 and
PD0528, contain tandem repeats of a 50-60 amino acid motif. This motif is designated as Pfam-B 3566 (Bateman et al.
2004) and ProDom Family PD25532 (Servant et al. 2002) and is found only in Xf species.  PD1379 contains three copies of
this repeat, whereas PD0528 contains six copies.  PD1379 has orthologs in all four sequenced Xf strains.  In contrast, PD0528
has orthologs in both Xf-ALS and Xf-OLS.  However, in Xf-CVC, two adjacent genes exhibit homology to PD0528.  The
protein encoded by XF1265 shows homology to the PD0528 passenger domain, whereas the protein encoded by XF1264
shows homology to the PD0528 autotransporter domain.  The absence of an intact PD0528 ortholog in Xf-CVC may be
significant and could account for some of the observed differences in the pathogenicity and host ranges of Xf-CVC and Xf-
PD.  To address this and other questions concerning the role of these species-specific tandem repeats in Xf virulence, we have
begun a detailed characterization of the putative autotransporter protein, PD0528.

OBJECTIVES
The long-term goal of this project is to analyze the outer membrane protein composition of Xf and to determine the role of the
major outer membrane proteins in Xf cell physiology and virulence. Our specific objectives include:
1. Identifying the major outer membrane proteins of Xf and assigning them to a specific gene on the Xf chromosome.
2. Generating mutations in the genes encoding these outer membrane proteins and examining their impact on Xf cell

physiology and virulence.
Here, we report on our characterization of one of these proteins, the putative type V autotransporter PD0528.

RESULTS
In the Symposium Proceedings for 2004, we described our assignment of one of the most abundant, integral Xf outer
membrane proteins to the PD0528 locus (Igo 2004).  Based on its predicted amino acid sequence, PD0528 is a putative AT-1
autotransporter protein that has a passenger domain containing six tandem repeats of a species-specific 50-60 amino acid
motif.  Our identification of PD0528 as an integral outer membrane protein was based on the characterization of tryptic-
digest generated fragments by MALDI-TOF mass spectrometry.  This analysis also revealed that at least three of the six
repeats in the PD0528 passenger domain are still attached to the C-terminal β-barrel domain.  This would suggest that at least
a portion of the PD0528 passenger domain is still anchored to the Xf cell surface.

In order to investigate the role of PD0528 in Xf cell physiology and virulence, we generated a null mutation in the PD0528
gene using the gene replacement method described by Feil et al. (2003).  This procedure involved generating a plasmid,
which carried a kanamycin resistance marker flanked on each side by ~800 base pairs of chromosomal sequences from
immediately upstream and downstream of the PD0528 opening reading frame (ORF).  This plasmid was then introduced into
Xf by electroporation.  The resulting kanamycin resistant transformants were screened by PCR to identify a mutant strain in
which the PD0528 ORF was completely removed and replaced by the kanamycin resistance marker.

We next examined the impact of the PD0528 deletion mutation on the Xf membrane protein profile.  In the Symposium
Proceedings for 2003, we described our protocol for analyzing the protein profile of the Xf outer membrane (Igo 2003).  This
protocol requires a substantial quantity of Xf cells, since it involves rupturing the Xf cells with a French pressure cell and
isolating the outer membrane fractions by sucrose density gradient centrifugation.  During the past year, we have begun to
use a new protocol that requires fewer Xf cells.  Although this method does not allow us to distinguish between outer and
inner membrane proteins, it allows us to quickly compare the total membrane profiles of different Xf strains.  In this
procedure, Xf membrane proteins were extracted using the BioRad ReadyPrepTM Protein Extraction Kit (Membrane 1) and
then treated using the BioRad ReadyPrep 2-D Cleanup Kit.  The proteins were then analyzed using SDS-polyacrylamide
(PAGE) gel electrophoresis.  In Figure 1, we compare the membrane profiles of a wild-type Xf-PD strain and an Xf-PD strain
carrying the PD0528 deletion mutation.  As expected, comparison of these profiles indicates that the band corresponding to
the PD0528 protein is missing in the strain carrying the PD0528 null mutation.
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Figure 1. Membrane protein profile of the PD0528
deletion mutant.
Membrane proteins were isolated from both the
PD0528 deletion mutant (Lane 1) and from the
isogenic wild-type Xf Travers strain (Lane 2).  The
membrane proteins were separated on a 10% SDS-
PAGE gel and stained with Coomassie blue.  The
sizes of the molecular weight standards (lane M) are
indicated on the right.  The position of the missing
outer membrane protein in the PD0528 deletion
mutant is indicated by the arrow.

Once we had generated the PD0528 null mutation and confirmed that PD0528 is not present on the Xf cell surface, we began
to investigate the impact of this mutation on Xf cell physiology.  Our preliminary characterization indicates that strains
carrying the PD0528 deletion have a number of distinctive phenotypic properties.  First, PD0528 null mutants grow faster
than wild-type strains.  Second, PD0528 null mutants are impaired in their ability to form cell-to-cell aggregates in liquid
culture.  Third, PD0528 null mutants are able to form a continuous lawn on solid medium.  These in vitro properties are
similar to those reported by Guilhabert and Kirkpatrick (2005) for a Tn5 insertion in PD2118, which encodes the putative
hemagglutinin adhesion HxfA.  The next step in our analysis will be to determine the impact of the PD0528 deletion
mutation on adhesion to various substrates and on the progression of PD symptoms en planta.

Finally, we have begun to examine the genetic organization and the regulatory region of the PD0528 gene (Figure 2B).
1 2 C T A G

P P
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Figure 2. Identification of the PD0528 transcription startsite: (A) Primer extension analyses were carried out for
RNA extracted from the exponentially growing Xf cells.  Primer extension products from 12 µg (lane 1) and from 24
µg (lane 2) total RNA were subjected to electrophoresis on 8% DNA sequencing gel.  The arrows indicate the
positions of primer extension products.  Lanes C, T, A and G show the results of a dideoxy sequencing reaction
using the same primer on a plasmid carrying the PD0528 regulatory region. (B) The nucleotide sequence of the
region immediately upstream of the PD0528 open reading frame is shown.  The arrows indicate the location of the
two major start site of transcription.  The putative ATG start codon of the PD0528 gene is indicated in bold and
underlined.  The primer for primer extension experiment and the DNA sequencing reaction is underlined.

To determine the location of the PD0528 promoter, we have performed primer extension analysis using a primer that mapped
slightly upstream of the PD0528 translation initiation codon.  This primer was labeled with γ-32P and hybridized to total RNA
extracted from an exponentially growing culture of Xf Temecula 1.  The resulting products of the primer extension reactions
were then analyzed on a standard 8% DNA sequencing gel.  As shown in Figure 2A, two major bands were observed in our
primer extension reactions.  The sizes of these bands allowed us to map the PD0528 mRNA start site to approximately 70
bases upstream of the PD0528 translational initiation codon (ATG).  Experiments are currently underway to identify the
bases important for PD0528 promoter activity and to determine the form of RNA polymerase responsible for generating the
PD0528 mRNA.
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ABSTRACT
We have designed and developed Xylella fastidiosa (Xf) Simple Sequence Repeat (SSR) primers.  Thirty-four of them have
been validated and are available to public (Lin et al. 2005).  These primers are Xf-specific and powerful for detecting
polymorphism among and within crop-associated Xf strains and can be used for Xf genotyping, population structure and
genetic diversity studies.  Recently, we used fluorescent-labeled primers for PCR and an ABI 3100 genetic analyzer in
combination with our rapid sample preparation protocol to create a high-throughput Xf pathogen diagnostic and genetic
analysis platform.  We used this marker system to study the geographic population structures of grape Xf strains in California.
We also used this marker system as a tool to study interactions between Vitis and Xf in Pierce’s disease (PD) resistant and
susceptible grapes.

INTRODUCTION
Understanding pathogen genetic diversity is critical in developing an effective disease control strategy.  Host plant resistance
is one of the most important components in integrated crop management.  However, the durability of disease resistance
depends upon the variability and adaptability of pathogen populations and their interactions with host plant resistance genes.
Variation in pathogen population structure can lead to resistance breakdown and disease outbreak under suitable
environmental conditions.  The molecular basis of plant host-Xf interactions needs to be investigated to better understand the
epidemiology of Xf-induced diseases and how Xf strains interact to cause PD in different grape cultivars.  Given the fact that
diseases caused by Xf are complex patho-systems with a wide range of symptomatic as well as asymptomatic hosts, a number
of insect vectors with wide host ranges, and variable environmental factors, the genetic diversity and biological relationships
of Xf strains with different grape cultivars needs to be better understood.  The goal of this project is to develop a reliable
marker system that unambiguously identifies Xf strains from various geographic locations and host plants.  Coletta-Filho et
al. (2001 and 2003) developed simple sequence repeat markers from CVC Xf sequences and used them for CVC Xf
population genetic studies.  Here we designed SSR markers from four available Xf genomic sequences that work with all Xf
strains. We further developed this marker system into a fluorescent-based multiplex genotyping format.  Using a rapid DNA
isolation method, we directly analyze Xf from infected plant tissues therefore avoiding the time-consuming bacterial isolation
step and reducing the chance of sample loss due to contamination and culture difficulties.  This system has proven to be
powerful and reliable for distinguishing genetic relatedness.  The sensitivity, specificity, and power in detecting
polymorphism, as well as its adaptability to a high through-put diagnostic platform makes this system an ideal tool for large
scale studies of Xf population genetics and epidemiological risk assessment analyses.

OBJECTIVES
1. Develop a high through-put multi-locus Xf genetic analysis system for genotyping and analyzing population structures of

Xf in California.
2. Analyze genetic diversity and structure of Xf populations.  Construct a large Xf allele frequency database for use as an Xf

strain identification system.
3. Use the SSR Marker analysis system to study the interactions between hosts and Xf including adaptation, host selection

and pathogenicity of Xf strains.

RESULTS
Objective 1
To develop an accurate and high through-put system for Xf genetic analysis, we combined fluorescent- labeled primers for
PCR and analyzed them with a 16-capillary DNA sequence analyzer (ABI 3100).  Each dye set consists of four primers
labeled with FAM, NED, HEX and VIC respectively (Figure 1A).  Therefore, data output is four times (96 x 4 = 384) more
than that obtained with a single dye (96 samples) per run.  To be accurate in determining allele size, an internal molecular
sizing marker labeled with LIZ was co-separated with samples through each capillary tube.  GeneMapper software identifies
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alleles generated by fluorescent-labeled amplicons and reports sizes in base pairs.  Software automatically generates a data
sheet for further analysis.  Because the primers are Xf specific, we can directly analyze Xf from infected plant tissues,
therefore significantly increasing the speed of the work and reducing chances of sample loss during the pathogen isolation
process.  This system is able to identify samples in which multiple strains coexist (Figure 1B).  We have optimized the
system for large scale sample processing and data analysis.

Objective 2
Genetic diversity and population structures of PD Xf were analyzed by SSR primers.  Eighty-three Xf samples collected from
California representing four geographic populations of Napa, Sonoma, Kern and Riverside counties.  Depending on
availability, multiple samples were collected from each vineyard and 2-8 vineyards were sampled from each county for this
study.  Haplotypes and allele frequencies from each population and subpopulations were recorded.  Genetic distances among
populations were estimated (Figure 2).  This hierarchical dataset allows partitioning of the genetic differentiation among
counties, among vineyards within a county, and among individuals (Table 1).  A larger proportion of total genetic diversity
(68.89 %) is attributed to genetic diversity among different host plants suggesting genetic differentiation of Xf was partly
driven by host selection.

Objective 3
To study the interactions of Xf with grape hosts, three grapevines (PD resistant 9621-67, PD susceptible 9621-94, and highly
susceptible Chardonnay) were used for this study.  Two strains of Xf, Stag’s leap and Talcott were used for single and mixed
infections.  Samples were harvested at 6 and 12 weeks post inoculation.  ELISA assay and Mixed Xf SSR genotyping will be
performed to evaluate interactions between host and pathogens in single and mixed strain infections in PD resistant and
susceptible grapes.  The last sample harvest was in September, 2005.  We are currently working on sample assay.

Figure 1A. Multi-locus genotyping analysis.  Four
alleles are presented in red, black, green, and blue
peaks respectively.  A molecular sizing standard is
in yellow.

Figure 1B. Two mixed strains were detected by three
primers as peaks shown in red, black and blue.

Figure 2. UPGMA cluster analyses using Nei’s
coefficient presented the genetic distances among four
geographic populations.
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Table 1. Analysis of molecular variance of the SSR haplotypes for Xf populations isolated from three grapevine growing
counties in California.  Total variance was partitioned into hierarchical components indicating larger proportion of total
genetic diversity (68.89 %) is attributed to genetic diversity among different host plants

Source of  variation Sum of
squares

Variance
components

Percentage of
variation* Φ-statistics*

Among counties 203.997 2.06592 11.03 0.110

Among vineyards/counties 371.787 3.75837 0.07 0.225

Within vineyards 877.203 12.90004 68.89 0.311

Total 1452.988 18.72433 100
* Probability of having larger variance component and Φ-statistic than the observed values by chance alone based on 1,000

random permutation (P<0.001).

CONCLUSIONS
In conclusion, the SSR marker system presented here is useful for strain identification, examining genetic diversity, and can
aid in epidemiological and strain virulence studies.  This multi-locus marker system is particularly suitable for studying Xf
population genetics because it unambiguously reveals the variability of independent genetic loci.  When this multiplex format
is combined with a fluorescence-based automated sequencing analyzer, it provides an accurate and high-through-put platform
for large scale pathogen detection.  In addition, all the SSR primers we designed flank conserved sequence regions across Xf
strains.  Therefore, they are not only useful for Xf grape PD strains, but also for strains from other agronomic, horticultural
and ornamental crops.  Finally, each SSR primer detects a specific locus in the genome and the allelic information is recorded
digitally.  These features allow researchers at different sites, using different equipment, to share and compare results
unambiguously when the same sets of multi-locus primers are used.  Therefore, it is possible to compile global data sources
for worldwide epidemiological and population genetic studies.

REFERENCES
Coletta-Filho, H. D., M. A. Takita, A. A. de Souza, C. I. Aguilar-Vildoso, and M. A. Machado. 2001. Differentiation of

strains of Xylella fastidiosa by a variable number of tandem repeat analysis. Applied & Environmental Microbiology
67:4091-4095.

Coletta-Filho, H.D., and M. A. Machado. 2003. Geographical genetic structure of Xylella fastidiosa from citrus in Sao Paulo
State, Brazil. Phytopathology 93:28-34.

Lin, H., E.L. Civerolo, R. Hu, S. Barros, M. Francis, and M.A. Walker. 2005. Multilocus simple sequence repeat markers for
differentiating strains and evaluating genetic diversity of Xylella fastidiosa. Applied & Environmental Microbiology 71:
4888-4892.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.



- 173 -

EFFECTS OF FIMBRIAL (FIMA, FIMF) AND AFIMBRIAL (XADA, HXFB) ADHESINS ON
THE ADHESION OF XYLELLA FASTIDIOSA TO SURFACES

Project Leader:
Steven E. Lindow
Division of Plant and Molecular Biology
University of California
Berkeley, CA 94720

Researcher:
Helene Feil
University of California
Berkeley, CA 94720

Reporting Period: The results reported here are from work conducted November 2004 to October, 2005

ABSTRACT
We investigated the role of fimbrial and afimbrial adhesions in the attachment of Xylella fastidiosa (Xf) to grape.  We have
individually disrupted FimA, FimF, XadA, and HxfB to assess their role in adhesion to plants and in the disease process.  We
performed adhesion assays using each mutant and wild-type separately as well as a combination of two mutants at one time
to observe the phenotypes of these mutants using fluorescence or confocal microscopy.  The fimbrial mutants FimA- or
FimF- did not aggregate nor did they attach to the glass surface whereas the adhesion mutants XadA- or HxfB- did not attach
to glass but did form aggregates and attached to cells that had adhered to a surface. All mutants had fewer single cells or
aggregates that remained attached to glass than wild-type cells did after washing steps.  We observed that afimbrial mutant
cells (i.e. XadA- or HxfB-) were clumped on top of fimbrial mutant cells (i.e. FimA- or FimF-).  Both afimbrial and fimbrial
proteins thus apparently play a role in attachment of cells to glass in the early phases of adhesion while fimbrial proteins
appear more important in cell-to-cell aggregations than afimbrial proteins.  To determine if these adhesions are important in
virulence, rooted grapevine cuttings were inoculated with FimA-, FimF-,  XadA-, HxfB-, and wild-type Xf ‘Temecula’ or
‘STL’.  A higher incidence and severity of disease was observed in vines inoculated with the wild-type Xf strain compared
with FimA-, FimF-, XadA- or HxfB- mutant strains.  Similarly, wild-type strain Xf ‘STL’ resulted in more vines with
symptoms than FimA-, FimF- or  XadA- mutants of this strain indicating that the process of attachment appears to involve
similar genes in both the ‘Temecula’ and ‘STL’ strains.  It thus appears that successful colonization of plants by Xf requires
both cell-to-cell and cell-to-surface attachment.

INTRODUCTION
Attachment is the first step in the colonization process of bacterial pathogens.  Attachment of Xf to xylem vessels and insect
vectors may be required for both virulence and transmission.  We therefore investigated the role of various fimbrial and
afimbrial adhesions produced by Xf. Amongst the afimbrial adhesions, Xf has a homolog to XadA, an adhesion shown to be
important in virulence of Xanthomonas oryzae pv. oryzae to rice.  Since Xf is also a xylem inhabiting plant pathogen we
hypothesized that XadA would also be a virulent determinant for Xf in grape.  Similarly HecA was shown to be a virulent
factor for Erwinia chrysanthemi to tobacco seedlings. Xf has four homologs to the HecA adhesion, among them are HxfA
(PD2118) and HxfB (PD1792).  These hemagglutins are the largest genes of the Xf genome and we hypothesized that these
adhesions are important in the colonization process.  Previous studies showed that HxfA and HxfB caused early grapevine
death (hypervirulence) and mediated contact between Xf cells, which resulted in colony formation and biofilm maturation
within the xylem vessels (Guilhabert and Kirkpatrick 2005).  In the present study, inoculations were performed several times,
and to ensure virulence was not diminished due to a high number of passage in the laboratory, we recreated the mutants
multiple times using a low passage wild-type strain of Xf ‘Temecula’.  Inoculations were repeated several times with either
low passage wild-type cells or each of the recreated mutants (FimA-, FimF, XadA-, and HxfB-).

OBJECTIVES
1. Determine the role of adhesions, in particular of the adhesion XadA and hemagglutinin HxfB in the attachment and

virulence of Xf in grape.
2. Develop adhesion assays to characterize the behavior of the fimbrial and adhesion mutants of Xf.

RESULTS
Objective 1
XadA and HxfB (PD1792) mutants of Xf grape strains ‘Temecula’ and ‘STL’ were produced using the method described
previously (Feil et al. 2003).  Because the hemagglutinin HxfB is a large gene (10 kb), we constructed several vectors to
disrupt this gene to maximize our chance to disrupt an important domain in the HxfB protein.  Characterization of HxfB
mutants was done by PCR and sequencing.

To assess the virulence of adhesion mutants we have infected grape with each of these mutants FimA, FimF, XadA, and
HxfB (mutants were derived from both grape strains of Xf ‘Temecula’ or ‘STL’) and wild-type cells of the ‘Temecula’ or
‘STL’ grape strain and recorded the number of diseased plants over time.  We created the mutants two separate times in a
low-passage ‘Temecula’ background and repeated the inoculations twice for a total of three separate experiments.  All these
experiments gave the same results.  Specifically, HxfB- mutants were always less virulent than wild-type cells.  This result
contrasts with previous studies on HxfB- mutant by Guilhabert and Kirkpatrick (2005).  One reason could be that the site of
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disruption in this large gene was different for the two mutants in these two studies and could therefore lead to different
phenotypes.  Samples were tested for the presence of Xf by culturing.  The percent diseased grapevines following inoculation
with either FimA-, FimF-, XadA-,or HxfB- was reduced compared to the percent diseased vines inoculated with the wild-
type Xf ‘Temecula’ or ‘STL.’  At a given sample time wild-type Xf incited a higher incidence of disease in grapevines than
either FimA- , FimF-, XadA-, or HxfB- mutants.

Disease severity was much reduced for each mutant compared to wild-type cells.  For all mutant- inoculated grapevines,
onset of symptom development was delayed by at least two weeks from the one for wild-type-inoculated grapevines.  These
results were confirmed by taking samples from all vines and culturing the bacteria from the samples.

Objective 2
Wild-type, FimA-, FimF-, XadA-, and HxfB- cells were scrapped from plates and placed in PWG broth to an OD of 1 (~ 108

cells per ml).  300 μl of each suspension was placed on a glass slide and incubated at room temperature in a moist chamber
for four hours.  The slide was then rinsed with sterile deionized water by submerging it in water twice.  20 μl of DAPI stain
was placed on the slide to stain any attached cells.  The stained cells were viewed under a fluorescent microscope and the
number of cells attached counted.

Days after inoculation
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Figure 5.  FimA- cells green (A) and XadA- cells red (B) separated or together (C) using the confocal
with the meta detector

Wild-type cells remained attached to glass after four hours either as single cells, or small or large aggregates.  Neither small
nor large aggregates of FimA- or FimF- cells could be observed attached to glass whereas XadA- or HxfB- cells remained
attached in aggregates to the glass surface if rinsing was gentle (but not if more vigorous rinsing was employed.).  XadA- or
HxfB- had fewer single cells remaining attached to glass after rinsing than FimA- or FimF- cells.  Overall, the fimbrial and
non-fimbrial mutants were attachment deficient when compared to the wild-type cells.  This indicates that attachment of Xf
requires both fimbrial and afimbrial adhesions.

Co-inoculation experiments with epifluorescence microscopy
Mutant cells were stained using PKH67 green fluorescent dye for FimA- FimF- or wild-type ‘Temecula’ and PKH26 red
fluorescent dye for XadA-or HxfB-.  Cells were mixed two by two as follows:  combination 1, FimA- and XadA-;
combination 2, FimA- and HxfB-; combination 3, FimF- and XadA-, and combination 4, FimF- and HxfB-.  Mixtures were
placed on glass slides, placed in a moist chamber for eight hours, rinsed, and examined under the confocal laser scanning
microscope.  Confocal microscopy of cells stained with metabolic dyes revealed that FimA- or FimF- did not form
aggregates and attached sparingly to glass whereas XadA- or HecA- did not attach to glass but were found in aggregates on
top of the FimA- or FimF- cells (Figures 5 and 6).  This confirms that adhesion necessitates for types of adhesions and that
the fimbrial adhesions are more important in cell-to-cell aggregation than the afimbrial adhesions.
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A B C

Figure 6. FimF-, green cells (A), HecA-, red cells (B), and FimF- mixed with HecA-, green and red cells,
respectively (C).

CONCLUSIONS
The results show that attachment is a complex process, probably involving the contribution of both fimbrial and afimbrial
adhesion factors.  These results should help enable an understanding of the over-all process of formation of cell aggregates in
xylem vessels, which presumably are major determinants of disease symptoms. Fimbrial adhesions appear more important in
cell-to-cell aggregation than the afimbrial adhesions but both are responsible for attachment of Xf cell-to-surface.  The
importance in virulence for these mutants was determined by doing grapevine inoculation experiments.  Inoculations were
repeated three times with freshly recreated mutants each time.  We counted the percent grapes vines infected following
inoculation with wild-type of the two grape strains ‘Temecula’ or ‘STL’ or with either one of the four mutants tested (i.e.
FimA-, FimF-, XadA-, or HxfB-).  Since disease development was reduced in grapevines inoculated with FimA-, FimF-,
XadA- or HxfB-, mutants compared to the wild type Xf strain we have shown that attachment is important for disease
development.  Targeting the FimA, FimF, XadA, or HxfB genes could be one way to reduce disease incidence in grapevine-
growing regions affected by Pierce’s disease.
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ABSTRACT
Xylella fastidiosa (Xf) is a group of genetically similar strains that infect a wide range of plants.  We hypothesized that
differing genetic factors among the strains determine the ability of a strain to infect a particular host plant.  To better
understand what makes grape a good host for all grape strains but not for strains such as oleander and almond that cannot
colonize grape, we conducted experiments to look for host specific genes of the grape strain.  Through our microarray and in
silico genomic studies, we have so far identified 52 potential Xf grape strain virulence genes.

We have constructs for knocking out 12 of the 52 identified genes.  The genes we chose from our list were greater than 300
bp and were not part of a remnant phage.  Our constructs have a Kanamycin gene inserted near the 5’ end of the gene for
optimum efficiency in knocking out our gene and preventing Xf from making partial transcripts.  We plan to inoculate plants
with our knock-out mutants once they are confirmed.

We noticed that the microarray studies have produced fewer genes than expected, indicating that the similarity between Xf
‘Temecula’ and other non-grape strains must be greater than expected.  Our in silico comparisons revealed a high level of
similarity as well.  Because of this, we are now using dual labeling with our microarray studies.  This is a more sensitive way
to identify differences in gene sequence between the strains.

INTRODUCTION
Xf is a group of genetically similar strains that infect a wide range of plants.  A particular strain often has a relatively reduced
and distinct host range when compared to other strains.  Some strains of Xf originating from host plants other than grape do
not sustain viable populations or are not virulent in grape.  In particular, many of the almond strains of Xf do not infect grape
(Almeida and Purcell 2003).  This strongly suggests that differing genetic factors among the strains determine the ability of a
strain to infect a particular host plant.  Other studies provide evidence for host specificity among the Xf strains (Chen et al.
1992; Chen et al. 1995; Pooler and Hartung1995; Hendson et al. 2001; Bhattacharyya et al. 2002a, 2002b).  For example,
cross inoculations in greenhouse studies showed that the oleander and grape strains of Xf were not pathogenic to citrus and
that the almond strain was not pathogenic to oleander (Feil et al. unpublished).  In California, we have three identified groups
of strains of Xf as designated by their host range; the grape strains, the almond strains, and the oleander strains.

To better understand the underlying genetics of Xf as it relates to pathogenesis, several strains have been sequenced.  Strain
Xf ‘9a5c’, a citrus pathogen, was fully sequenced in Brazil (Simpson, 2000).  The draft-genome sequences of the almond and
oleander strains of Xf, ‘Dixon’ and ‘Ann1’, respectively, are also publicly available.  We used this information to identify a
list of genes present in the grape strain genome but missing in other strains that do not sustain viable colonies in grape.

We used target DNA from non-grape strains for hybridizing to probes designed from the sequenced reference strain, Xf
‘Temecula’, which are affixed to epoxy slides.  During this process, we determined that most strains are highly similar to
each other and require a much more sensitive approach to identify genetic distinctions with the grape strain.  That is, few
genes are completely missing in non-grape strains compared to grape strains and vice versa.  We are thus using a duel
labeling approach where the reference strain and the target strain are labeled differentially and co-hybridized on the same
array, and sequence differences are reveled by competitive hybridization.

OBJECTIVES
1. Complete our initial work on host-specific gene identification using DNA/DNA microarray studies and to better define

the role of 52 genes thus far identified as unique to the grape strain.
2. Produce knock-outs of the unique genes to the grape strain and to test for virulence of these knock-outs in grape.

RESULTS
Objective 1
To arrive at a list of 52 genes unique to the grape strain, we have hybridized DNA from six different strains to the DNA on
the grape strain array.  These strains were isolated from almond (two different isolates), oleander (two different isolates), oak,
plum, olive, and maple.  We also used two other grape isolates (‘STL’ and ‘Fetzer’) in our studies.  Eighteen of these 52
genes are presented here (Table 1).  There are 34 additional genes not listed that are either less than 300 bp in size or are
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phage related.  Also, many of the remaining genes are predicted to have only a hypothetical function.  Our microarray work
has thus far resulted in fewer than expected differences between Xf grape strain and other non-grape strains.  Because of this
we checked our oligonucleotide probes through blast analysis and determined that 93% of the oligos designed for our array
have an 86% or higher sequence identity across at least 40 bases with that of the almond or oleander strain (Figure 1).  Of the
remaining 107, 63 had hits of fewer than 40 bases and only 44 had no hits at all.  Many of these did not correspond to missing
spots on our array, indicating that the oligos probably fell within regions of the almond or oleander genome that are poorly
covered in the draft sequence.  We also determined that this identity is too high for single labeling experiments since we
would observe hybridization under the low stringent conditions that we use; thus gene variants may be present that would be
overlooked in this strategy.  Because of this, we are now using a dual labeling approach for our arrays (Figure 2).  This
should give us more ability to distinguish genes that might vary somewhat (but be present in) Xf strains from hosts other than
grape.  We illustrate this issue in an image of a small part of one microarray in Figure 2, in which Xf grape ‘Temecula’ DNA
is labeled with Cy3 (green) and Xf oleander ‘AnnI’ DNA was labeled with Cy5 (red).  Bright green spots indicate a potential
unique gene for the grape strain, whereas yellow indicates a gene with close sequence identity across the 70 mer oligo is
present in both genomes.

Table 1. Partial list of genes missing in Xf oleander ‘Ann1’ and Xf
almond ‘Dixon’ compared to ‘Temecula1’ using microarray analysis.

RXFZ gene # gene function
146 Hypothetical protein
105 Hypothetical protein
676 Hypothetical protein
733 No known function
734 No known function
809 Conserved membrane spanning protein

1099 No known function
1116 Hypothetical protein
1174 Iron-sulfur flavoprotein
1216 No known function
1291 No known function
1299 Hypothetical secreted protein
1327 Cell filamentation protein fic
1328 No known function
1613 Hypothetical membrane associated protein
2150 No known function
2737 No known function
2744 No known function
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Objective 2
We chose to knock out 12 potential virulence genes noted in Table 1 and have disrupted these genes by inserting a
kanamycin resistance gene into them (Table 2).  We focused on those genes that were larger than 300 bp in size, reasoning
that they are more likely to be functional genes rather than pseudogenes.  We also eliminated some genes from Table 1 based
on the fact that they were apparently genes associated with a  remnant phage or clearly encoded a housekeeping function that
could not plausibly be associated with virulence.  We then compared the identity of these genes to the genes present in the
almond or oleander strains.  While some of these identified genes from Xf ‘Temecula’ are shown to have high identity with
the almond or oleander strain, these genes were chosen because of differences in the location of the start or stop codon, or
there were major differences in small sections within the gene.  These differences could produce highly different protein
products.  Gene knock-out mutants in Xf ‘Temecula’ are being made using the method of marker-exchange mutation
developed in our lab.  This method is highly efficient and does not require the numerous sub-transfers that are needed with
other systems to completely knock-out the gene function. We are now characterizing these knock-outs as they are being
made.

Table 2. List of selected genes for knock-out mutants.

Gene ID Function identity to grape
Almond Oleander

PD0028 Hypothetical protein .957 .960
PD0105 Hypothetical protein .908 .908
PD0515 Hypothetical protein .667 .538
PD0540 Hypothetical protein .922 .954
PD0829 Hypothetical protein .948 No hits
PD0872 Iron-sulfur flavoprotein No hits No hits
PD1434 Hypothetical protein No hits No hits
PD1510 Hypothetical protein No hits .884
PD1511 Hypothetical protein .750 .789
PD1606 Hypothetical protein No hits No hits
PD1607 Modification methylase NspV No hits No hits
PD1608 Type II restriction enzyme NspV No hits No hits
PD2071 Type I restriction-modification system specificity determinant .947 .983

The relative contribution of each of these unique genes will be studied by inoculating gene knock-out mutants into a grape
host plant.  Those genes that affect the growth and virulence of Xf more will naturally become a higher priority for further
study.  Bacterial growth will be analyzed monthly over the four months by removing and grinding a petiole to extract the
bacteria.  We will select petioles from the region where the initial inoculation occurred to ensure that local growth is not
overlooked.

CONCLUSIONS
The identification of the genes unique to the Xf grape strain and the understanding of how these unique genes confer host
specificity and virulence to grape will help researchers with their breeding programs for resistance to Pierce’s disease (PD).
These genes could also be studied to find targets for chemical or other forms of control.  Knowing those unique genes
necessary for grape virulence should also prove valuable for the design of specific primers for the detection of all Xf grape
strains.

Since there are only a few sequenced strains available for a direct comparison, finding the unique genes in grape required us
to examine hybridization profiles from other non-sequenced strains and determine the absences of genes in those genomes.
All grape strains of Xf should carry the same suite of genes for growth and virulence in grape.  However, the grape strain has
other hosts than grape.  Some of the unique genes we find may be used for other reasons than just grape related virulence.  If
we determine those genes uniquely needed for virulence in grape, we will also determine what constitutes a grape strain.
Knowing what every grape strain processes genetically will allow us to develop better molecular screens, especially for
strains collected from non-grape hosts, and may allow us to work towards the discovery of more specific remedies to PD.
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ABSTRACT
The ability to identify accurately and track the strains of an important infectious agent causing a plant disease is fundamental
to the surveillance and management of that disease.  Therefore, it is critical that we determine what type of Xylella fastidiosa
(Xf) disease reservoir exists in uncultivated habitats and identify potential new variants of Xf and their host plants.  Our plant
collection and xylem extraction efforts have targeted native and naturalized plants in riparian habitats that may harbor Xf
which is spread from cultivated plants such as grapes by infected blue green sharpshooter (BGSS), Graphocephala
atropunctata (Signoret) as they move from the riparian vegetation into the vineyards and adjacent plant communities (Purcell
1975).  In order to detect and characterize the Xf strains from field collected plants, we have first developed a protocol using
the real-time polymerase chain reaction (PCR), which has been proven to detect Xf at much lower levels than is possible with
traditional PCR, and is a one step process reducing the possibility of error (Oliveira et al. 2002, Bextine and Miller 2005).
Furthermore, we are using a technique for whole genome amplification which allows us to boost the amount of DNA in low
concentration samples so that traditional PCR can be used to amplify and sequence a series of genes.  We have detected Xf
and determined the strain in several common native plant species, including Encelia farinosa (brittlebush), Xanthium
strumarium (cocklebur), Salvia mellifera (black sage), Pluchea odorata (sweetscent) and Vitis girdiana (wild grape).  This
information is essential for fully understanding the potential for recombination and the generation of new strains.  The results
of this project will allow for a rational control of the pathogen by either planting or removing particular host plants in the
proximity of the Xf reservoirs.

INTRODUCTION
Little is known about the potential reservoir of Xf contained in native and naturalized plants.  Since the insect vectors of Xf
move freely between cultivated and uncultivated areas, an accurate identification of these Xf variants is critical to our
understanding of the epidemiology of this disease, and hence to its control.  We are using the Multilocus Sequence Typing
(MLST) as the basis 1) to unambiguously and uniquely characterize Xf’ strains and clonal diversity, 2) to associate an Xf
strain and clone with its host plant(s), and 3) to associate an Xf strain with its geographic location.  MLST is a technique that
is currently used to characterize strains and clones of 12 different human bacterial pathogens and to trace their epidemiology
based on differences in their nucleotide sequences in one or more genes (http://www.mlst.net/mixc/further.asp) (Maiden et al.
1998, Enright and Spratt, 1999).  In a related project funded by UC DANR, this technique is being used to document within
and among-strain variation in Xf using the DNA sequence of seven target genes found in all Xf strains (Scally et al, in press).
The MLST site for Xylella (www.mlst.net) will be functional within the next six months (Scally pers. com).  The genes used
were chosen based on their informative pattern of evolution, and they are distributed throughout the Xf genome, summing to
9,307 base pairs.  We are using the results of this project to characterize those strains we encounter in the riparian plants and
in the BGSS, Graphocephala atropunctata (Signoret).

OBJECTIVES
1. Collect Xf samples from a diversity of native and naturalized introduced plants in and around the riparian zones in

southern California
2. Collect Xf samples from adult BGSS
3. Characterize the Xylella strains that are recovered using MLST
4. Determine the associations between specific Xf strains, their plant hosts, and their geographic distributions

RESULTS
We have sampled a range of riparian plant species known to be host to BGSS or to harbor Xf (Purcell 1975, 1976) from
riparian sites and sites near citrus groves and cultivated grapes in southern California.  The plants in Table 1 were collected
from October 2004 – August 2005.  All of the plants listed as native are native to the continental United States, except those
noted as being native to Central and South America.  Xylem was extracted by the pressure bomb method.  Plants were
identified by botanist Andrew Sanders (UC, Riverside Herbarium) with reference to the Jepson Manual (Hickman 1993).
Adult BGSS were collected from a riparian site in August of 2005; only the head was processed in order to avoid diluting the
sample with additional insect DNA.  DNeasy Plant or Tissue Extraction kits (Qiagen, Valencia, CA USA) were used to
extract DNA.  We performed real-time PCR using Xf specific ITS primers (Xf1) (Schaad et al. 2002) in order to determine the
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presence or absence of the bacteria.  The number of Xf positive and Xf negative samples for each plant are reported in Table
1.  Additionally, we detected Xf in 4 out of 62 BGSS samples.

We have sequenced the two most variable MLST genes for each of the positive plant and insect samples.  Strains that possess
one or more genes that manifest a uniquely different sequence in any of these genes are treated as a different strain.  Our
preliminary results have revealed different Xf strains in common native plant species and in BGSS collected from the same
location.  We have identified the Pierce’s disease strain in Vitis girdiana (wild grape), Pluchea odorata (sweetscent) and
three BGSS from a riparian area in Temecula, California.  The multiplex strain was identified from Xanthium strumarium
(cocklebur), Salvia mellifera (black sage) and a BGSS collected in Temecula.  Additionally, Salvia mellifera collected from
Emerson Oaks Reserve and on the UC, Riverside campus also contained the multiplex strain.  However, Encelia farinosa
(brittlebush) collected in the Riverside area (on the UC, Riverside campus and in Two Trees Trail (a riparian area near the
UC, Riverside campus) contained a new variant of the multiplex strain.

CONCLUSIONS
Until recently, the identified strains in California have been those associated with agricultural or ornamental host plants.  We
do not know how many asymptomatic indigenous strains exist in California, especially in native or naturalized alien plants
because they have not, as yet, given rise to a recognizable syndrome.  Our plant collection and xylem extraction efforts have
targeted native and naturalized plants in riparian habitats that may harbor Xf which is spread from them to cultivated plants
by infected BGSS.  Additionally, the possibility of invasions by novel strains from other parts of the Americas cannot be
ignored.  Therefore, it is critically important that we characterize the diversity of Xf strains present in California, especially
those presumed to be the ancestral strains, i.e., those in native and naturalized alien plant hosts.  This information is essential
for fully understanding the potential for recombination and the generation of new and potentially more virulent strains.
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Table 1. Number of positive Xf and negative Xf plants sampled October 2004 - August 2005 
Native Family + - Native Family + -
Abutilon palmeri Malvaceae 0 1 Dudleya pulverulenta Crassulaceae 0 2 
Adenostoma fasciculatum Rosaceae 0 1 Encelia californica Asteraceae 0 1 
Amaranthus albus Amaranthaceae 0 1 Encelia farinosa Asteraceae 5 19 
Ambrosia acanthacarpa Asteraceae 0 1 Epilobium ciliatum Onagraceae 0 1 
Ambrosia confertiflora Asteraceae 0 3 Equisetum arvense Equisetaceae 0 2 
Ambrosia psilostachya Asteraceae 0 21 Eriodictyon trichocalyx Hydrophyllaceae 0 2 
Amorpha fruticosa Fabaceae 0 2 Eriogonum elongatum Polygonaceae 0 1 
Amsinckia menziesii v. Eriogonum fasciculatum var. 
intermedia Boraginaceae 0 3 undet. Polygonaceae 0 4 

Eriogonum fasciculatum v. 
Antirrhinum coulterianum Scrophulariaceae 0 1 polifolium Polygonaceae 0 5 

Eriogonum fasciculatum var. 
Antirrhinum nuttallianum Scrophulariaceae 0 2 foliosum Polygonaceae 0 8 
Apocynum cannabinum Apocynaceae 0 7 Eriophyllum confertiflorum Asteraceae 0 4 
Araujia sericofera† Asclepiadaceae 0 2 Eucrypta chrysanthemifolia Hydrophyllaceae 0 6 
Arctostaphylos sp. Polygonaceae 0 2 Fallugia paradoxa Rosaceae 0 1 
Artemisia californica Asteraceae 0 17 Galium aparine Rubiaceae 0 1 
Artemisia douglasiana Asteraceae 0 33 Gnaphalium californicum Asteraceae 0 1 

Gnaphalium canescens 
Artemisia tridentata Asteraceae 0 4 ssp.microcephalum Asteraceae 0 7 
Atriplex canescens Chenopodiaceae 0 1 Gnaphalium stramineum Asteraceae 0 1 
Atriplex polycarpa Chenopodiaceae 0 1 Haplopappus squarrosus Asteraceae 0 2 
Atriplex triangularis Chenopodiaceae 0 3 Helianthemum scoparium Cistaceae 0 1 
Baccharis salicifolia Asteraceae 0 17 Helianthus annuus Asteraceae 0 5 
Baccharis sergiloides Asteraceae 0 2 Heterotheca grandiflora Asteraceae 0 4 
Berlandiera lyrata Asteraceae 0 1 Heteromeles arbutifolia Rosaceae 0 2 
Bidens pilosa Asteraceae 0 3 Hyptis emoryi Lamiaceae 0 1 
Brickellia sp. Asteraceae 0 1 Juncus rugulosus Juncaceae 0 2 
Brickellia californica Asteraceae 0 1 Juniperus californica Cupressaceae 0 1 
Calyptridium monandrum Portulacaceae 0 1 Justicia californica Acanthaceae 0 1 
Camissonia bistorta Onagraceae 0 1 Justicia leonardii Acanthaceae 0 2 
Camissonia brevipes Onagraceae 0 1 Helianthus gracilentus Asteraceae 0 2 
Camissonia californica Onagraceae 0 1 Keckiella antirrhinoides Scrophulariaceae 0 1 
Camissonia hirtella Onagraceae 0 1 Larrea tridentata Zygophyllaceae 0 1 
Cardiospermum corindum Sapindaceae 0 2 Lathyrus vestitus Fabaceae 0 2 
Ceanothus (greggii?) Rhamnaceae 0 1 Lavatera assurgentiflora Verbenaceae 0 1 
Ceanothus tomentosus Rhamnaceae 0 1 Lessingia filaginifolia Asteraceae 0 1 
Celtis reticulata Ulmaceae 0 1 Lippia wrightii Verbenaceae 0 2 
Cercocarpus betuloides Rosaceae 0 3 Lotus heermannii Fabaceae 0 9 
Chaenactis artemisiifolia Asteraceae 0 1 Lotus purshianus Fabaceae 0 1 

Lotus scoparius var. 
Chamomilla suaveolens Asteraceae 0 1 brevialatus Fabaceae 0 11 
Chenopodium berlandieri Chenopodiaceae 0 3 Lotus strigosus Fabaceae 0 1 
Chilopsis linearis Bignoniaceae 0 2 Lupinus bicolor Fabaceae 0 2 
Chrysothamnus nauseosus Asteraceae 0 1 Lupinus truncatus Fabaceae 0 1 
Conyza canadensis Asteraceae 0 9 Malacothamnus sp. Malvaceae 0 1 
Croton californicus Euphorbiaceae 0 2 Malacothamnus fasciculatus Malvaceae 0 2 
Cryptantha intermedia Boraginaceae 0 1 Malosma laurina Anacardiaceae 0 8 
Cryptantha muricata Boraginaceae 0 4 Marah macrocarpus Cucurbitaceae 0 6 
Cyperus eragrostis Cyperaceae 0 2 Mentha arvensis Lamiaceae 0 1 
Datura wrightii Solanaceae 0 5 Mirabilis californica Nyctaginaceae 0 1 
Delphinium cardinale Ranunculaceae 0 1 Mimulus aurantiacus Scrophulariaceae 0 8 

Mimulus aurantiacus var. 
Dryopteris arguta Dryopteridaceae 0 2 puniceus Scrophulariaceae 0 8 
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Table 1 continued 

Native Family + - Naturalized Family + -
Mimulus brevipes Scrophulariaceae 0 1 Anagallis arvensis Primulaceae 0 2 
Mimulus cardinalis 
Nicotiana glauca† 

Scrophulariaceae 
Solanaceae 

0 
0 

5 
18 

Apium graveolens 
Erosa saracophera 

Apiaceae 
Asclepiadaceae 

0 
0 

3 
2 

Oenothera elata Onagraceae 0 3 Brassica geniculata Brassicaceae 0 8 
Parkinsonia aculeata Fabaceae 0 2 Chenopodium murale Chenopodiaceae 0 2 
Penstemon spectabilis Scrophulariaceae 0 1 Chenopodium ambrosioides Chenopodiaceae 0 7 
Plantago major Plantaginaceae 0 5 Cirsium vulgare Asteraceae 0 1 
Platanus racemosa Platanaceae 0 16 Cnicus benedictus Asteraceae 0 1 
Pluchea odorata Asteraceae 1 1 Cirsium vulgare Asteraceae 0 1 
Polygonum lapathifolium Polygonaceae 0 9 Cnicus benedictus Asteraceae 0 1 
Prunus caroliniana Rosaceae 0 3 Conyza floribunda Asteraceae 0 2 
Prunus fasciculata Rosaceae 0 2 Cotula australis Asteraceae 0 1 
Prunus virginia Rosaceae 0 2 Cyperus involucratus Cyperaceae 0 3 
Phacelia minor Hydrophyllaceae 0 1 Eremocarpus setigerus Euphorbiaceae 0 2 
Phacelia distans Hydrophyllaceae 0 2 Erodium cicutarium Geraniaceae 0 3 
Phacelia ramosissima Hydrophyllaceae 0 6 Erodium moschatum Geraniaceae 0 2 
Prosopis (glandulosa?) Fabaceae 0 2 Euphorbia peplis Euphorbiaceae 0 1 
Psoralea macrostachya Fabaceae 0 1 Foeniculum vulgare Apiaceae 0 1 
Pteridium aquilinum Dennstaedtiaceae 0 1 Gnaphalium luteo-album Asteraceae 0 3 
Purshia neomexicana Rosaceae 0 1 Lactuca serriola Asteraceae 0 3 
Quercus agrifolia Fagaceae 0 1 Lonicera japonica Caprifoliaceae 0 2 
Ribes diverticatum Grossulariacea 0 1 Lonicera subspicata Caprifoliaceae 0 1 
Robinia neomexicana Fabaceae 0 1 Malva parviflora Malvaceae 0 5 
Romneya coulteri Papaveraceae 0 2 Marrubium vulgare Lamiaceae 0 5 
Rorippa nasturtium-aquaticum Brassicaceae 0 2 Melilotis alba Fabaceae 0 3 
Rosa californica Rosaceae 0 8 Mentha suaveolens Lamiaceae 0 3 
Rubus ursinus Rosaceae 0 9 Metrosideros sp Myrtaceae 2 2 
Rumex salicifolius Polygonaceae 0 2 Metrosideros kermadecensis Myrtaceae 0 6 
Rubus parviflorus Rosaceae 0 2 Nerium oleander Apocynaceae 1 1 
Salix lasiolepis Salicaceae 0 18 Oxalis rubra Oxalidaceae 0 1 
Salix laevigata Salicaceae 0 8 Picris echioides Asteraceae 0 4 
Salvia apiana Lamiaceae 0 13 Plantago lanceolata Plantaginaceae 0 1 
Salvia mellifera Lamiaceae 3 21 Prunus dulcis Rosaceae 0 1 
Sambucus mexicana Caprifoliaceae 0 6 Phragmites australis Poaceae 0 1 
Samolus parviflorus Primulaceae 0 1 Ricinus communis Euphorbiaceae 0 2 
Sanicula crassicaulis Apiaceae 0 1 Raphanus sativus Brassicaceae 0 1 
Scrophularia californica Scrophulariaceae 0 1 Rhaphiolepis sp. Rosaceae 0 2 
Stachys ajugoides Lamiaceae 0 12 Rhaphiolepis indica Rosaceae 0 5 
Solanum americanum Solanaceae 0 1 Rumex crispus Polygonaceae 0 1 
Solanum douglasii Solanaceae 0 4 Rumex conglomeratus Polygonaceae 0 1 
Solanum xanti Solanaceae 0 1 Rumex salicifolias Polygonaceae 0 1 
Symphoricarpos sp. Caprifoliaceae 0 1 Silybum marianum Asteraceae 0 1 
Typha domingensis Typhaceae 0 1 Sisymbrium erysimoides Brassicaceae 0 2 
Urtica dioica Urticaceae 0 4 Salsola tragus Chenopodiaceae 0 1 
Venegasia carpesioides Asteraceae 0 1 Sisymbrium irio Brassicaceae 0 6 
Vitis girdiana Vitaceae 1 27 Sonchus oleraceus Asteraceae 0 1 
Xanthium strumarium Asteraceae 
† native to Central or South America 

1 29 Vinca major Apocynaceae 0 3 
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ABSTRACT
We have developed a multilocus sequence typing (MLST) system for identifying the known pathovars of Xylella fastidiosa
(including subsp. fastidiosa that causes Pierce’s disease).  This identification system is based on allelic variation at seven
housekeeping genes (holC, nuoL, leuA, gltT, cysG, petC and lacF) and a public MLST database has been established at
www.mlst.net (see Scally et al.  2005).  This easily accessible system will allow for the rapid recognition of novel variants as
they arise, since it can be continuously updated by researchers who have sequenced new isolates for the seven genes.  We
tested the effectiveness of the MLST system using 25 isolates of Xylella fastidiosa (Xf) from five different host plants:
grapevine (Pierce’s disease, PD), oleander (oleander leaf scorch, OLS), oak (oak leaf scorch, OAK), almond (almond leaf
scorch, ALS) and peach (phony peach scorch, PP).  An eBURST analysis identified six clonal complexes (CCs), using the
grouping criterion that each member of a CC must be identical to at least one other member at five or more of the seven loci.
These clonal complexes corresponded to phylogenetic clades that we had previously identified (Schuenzel et al.  2005),
including subspecific clades of fastidiosa and sandyi (CC1 & 2), while CC3-5 defined host-specific sub-clades of the subsp.
multiplex.  CC6 identified a multiplex-like group characterized by a high frequency of inter-subspecific recombination.  To
begin to understand the potential role of recombination in the creation of new pathovars, we also used the MLST data (plus
three additional loci) to estimate the relative contribution of recombination and mutation to the observed variability.
Recombination between different alleles was estimated to give rise to 76% of the nucleotide changes and 31% of the allelic
changes observed.  However, sequence data also suggests that inter-subspecific recombination has started relatively recently.
This new phenomenon may lead to an increased rate of pathovar formation.

INTRODUCTION
The availability of four genome sequences of Xf (two completely annotated and two non-annotated), allows us to exploit the
extraordinary power of genomic research to investigate Xf’s genetic diversity.  This diversity can provide information
essential for understanding the plant-host specificity of the Xf subspecies.  So far, the only form implicated in causing PD is
subspecies fastidiosa, however a very real possibility exists that new pathovars may arise by recombination among the three
North American subspecies.  Sequence data from the Xf genomes suggests that recombination was historically rare; however
this has never been quantified.

We have shown that the PD pathovar (subsp. fastidiosa) has very low sequence variability (Schuenzel et al.  2005).  This
suggests that the PD pathovar has been subject to intense selection- a result probably reflecting significant genetic constraint
imposed by the grapevine host on the bacterium.  Identifying this constraint is likely to lead to a mechanism for pathogen
control.

Our first priority was to place the PD strain within a statistically robust phylogeny, extending earlier work defining the
interrelationships of the plant-host strains of Xf (e.g. Hendson et al.  2001; Lin et al. 2005).  Schaad et al. (2004) identified
two North American subspecies based on DNA hybridization: subsp. multiplex, found on a range of hosts including almond,
peach and plum, plus the PD pathovar, subspecies fastidiosa (initially named piercei).  Using DNA sequence data, we added
a third North American subsp. (sandyi) isolated originally from oleander and we estimated that these three subspecies have
been separated for more than 15,000 years (Schuenzel et al.  2005).

Given a robust phylogeny, our challenge was to develop an effective method for identifying the known host pathovars.  The
“state-of-the-art” approach is to use MLST (multiple locus sequence typing) (Maiden et al.  1998).  This technique has been
applied primarily in the identification of pathovars of human pathogens, and a public database has been established at
www.mlst.net, which is located at Imperial College, London and is funded by the Wellcome Trust.

Unambiguous identification of strains is of considerable importance for understanding the epidemiology of PD and the other
plant diseases caused by this bacterium.  Previously, this has been approached using a variety of DNA based methods (Banks
et al.  1999; Hendson et at.  2001; Rodrigues et at.  2003; Meinhardt et al.  2003; Lin et al.  2005).  As yet, it has not been
established if results from these methods have a clear relationship to the true underlying phylogenetic relationships.  The
simple sequence repeat (SSR) approach of Lin et al. (2005) shows up high variability, useful for uniquely distinguishing
isolates, however it relies on many (34) loci.  In contrast, MLST methods rely on the allelic variability of just seven
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housekeeping genes, and so measure variation more conservatively than SSR methods, but at a level designed to clearly
identify significant phylogenetic pathovar groupings.

New pathovars can develop via horizontal transfer of new genetic material or via changes in existing genes.  Changes in
existing areas can accumulate via mutation within a pre-existing variant, or via recombination among the known pathovars.
Recombination in particular has great potential to rapidly create new and very different forms. Xf is generally assumed to be
clonal, although we know that virally-mediated horizontal transfer of genes must occur since some regions of DNA are
unique to one subspecies (Van Sluys et al.  2003).  The possibility of homologous recombination is more difficult to detect,
but Schuenzel et al. (2005) found evidence of such genetic exchange.  Since recombination could lead to the very rapid
evolution of novel pathogenic forms, we were interested in quantifying how much of the genetic variation seen within
subspecies was likely to be due to recombination, as well as further examining the possibility of inter-subspecific transfer.

OBJECTIVES
1. To develop a multilocus sequence typing (MLST) system for identifying pathovars of Xf. Our objective was to develop

an MLST method that unambiguously identifies the known host pathovars, and that can provide for the efficient
recognition of new forms.

2. Estimate the frequency of recombination.  Our objective was to measure the effect of homologous recombination.
Genetic transfer can dramatically increase the rate of evolution, and rapidly create new host strains.

RESULTS
Objective 1: To develop a multilocus sequence typing (MLST) system for identifying pathovars of Xf
MLST is a recently devised method for identifying strains of bacteria based solely on nucleotide sequence differences across
a small number of housekeeping genes (Maiden et al.  1998).  Usually seven genes are used and each allele identified is given
its own locus-specific number, so that each isolate characterized is represented by its sequence type (ST)- the set of seven
numbers defining the alleles at each locus (Table 1).  In contrast to prior DNA-based methods, MLST sequence data is
unambiguous, can be easily interpreted and replicated between labs, and is generally made available on a public database.
MLST typically has higher resolution than most previous methods, while avoiding the problems of excessive variability
associated with use of microsatellite loci (i.e. SSRs).

Table 1. MLST allelic profiles of 25 Xf isolates based on seven housekeeping genes.  The resulting 15
sequence types (STs) were divided into six clonal complexes (CCs).
Clonal

Comple
x

Isolate (grouped
by Sequence Type

Gene

holC nuoL gltT cysG petC leuA lacF
CC1 PD1,4,6,10,7,

ALS5
ALS11
PD16
PD14

1

1
1
1

1

1
4
1

1

1
1
1

1

1
1
4

1

1
1
1

1

4
1
1

1

1
4
1

CC2 OLS 8, 
OLS 2
OLS9

19,20, 21 2
2
2

2
5
6

2
2
2

2
2
2

2
2
2

2
2
2

2
2
2

CC3 ALS13, 
ALS3

15 3
3

3
7

3
3

3
3

3
3

3
3

3
3

CC4 OAK17, 
OAK24

23 4
5

7
7

4
4

5
5

3
3

3
3

5
5

CC5 PP27
PP28

6
6

7
7

5
6

3
3

4
4

3
5

5
5

CC6 ALS12
ALS22  

7
7 

7
8 

7
7 

6
7 

3
3 

6
6 

5
5

The MLST data is used to group closely related strains into clonal complexes (CCs).  We adopted the definition of a clonal
complex suggested by Feil et al. (2001): it is a group in which every member shares at least five identical alleles across the
seven loci with at least one other genotype in the group.

We examined the effectiveness and robustness of our MLST method at detecting subspecies and plant-host pathovars by
comparing the clonal complexes defined from the analysis of 25 isolates to our pre-existing phylogeny (Shuenzel et al.
2005).  The strains used in the analysis originated from symptomatic individuals of five plant species, grape (PD), oleander
(OLS), oak (OAK), almond (ALS) and peach (PP).  The allelic profiles of these 25 strains produced 15 different sequence
types (STs) (Table 1).  The eBURST program (Feil et al.  2004) assigned these to six clonal complexes (CCs) (Figure 1).  All
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strains from grapevine plus two from almond (ALS5 and ALS11) formed the clonal complex 1 (CC1), corresponding to
subsp. fastidiosa.  Similarly, the six OLS strains of subsp. sandyi formed CC2.  The MLST method divided isolates of the
subsp. multiplex into three plant-host groups:  ALS3, 13, 15 formed the complex CC3, and the OAK and PP strains formed
groups CC4 and CC5.  Finally, the strains ALS12 and ALS22 formed CC6.  These last two isolates are unusual because they
exhibit clear signs of recent inter-subspecific recombination (Schuenzel et al.  2005).

The six clonal complexes identified corresponded to six statistically significant clades in our original maximum likelihood
tree (Figure 2, see also Schuenzel et al.  2005).  Thus our MLST system identified meaningful phylogenetic groupings.  Note
however that the phenetic tree derived from the MLST relationships can be misleading; note the incorrect position of OLS
strains in the UPGMA tree (Figure 1).  This same problem can be seen in the SSR-based tree of Lin et al. (2005).

Objective 2: Estimate the frequency of recombination
Several methods have been suggested for estimating the frequency of recombination.  One method uses MLST data directly
(Feil et al.  2001).  In this method, the alleles within a clonal complex are compared to the alleles of its “ancestral” sequence
type.  (The ancestral sequence type is the ST within the CC that has the largest number of STs that differ at just a single
locus).  Allelic differences due to a single base pair are used to approximate the number of point mutations, whereas those
differing at multiple sites are assumed to reflect recombination events.  The role of recombination, relative to mutation, in
creating clonal diversity can then be measured in two ways: by the ratio of recombination to mutation (r/m) per allele (where
each event results in one change) and by the ration per nucleotide (where each mutation results in one change, but each
recombination results in more than one change).  This method implicitly assumes that detectable recombination is between
(and not within) clonal complexes.  We also estimated recombination between clonal complexes by  looking directly for
congruence between alleles in different clonal complexes both by using the DnaSP software (see Betran et al.  1997) and by
visual inspection of the data.

Table 2. Number of recombination events estimated from the sample of 25 isolates, each sequenced for 10 genes (the seven
MLST loci plus rfbD, nuoN, and pilU).  Three different methods were used (see text).

Method No of recom-
bination events Genes featuring recombination events

Visual inspection 4 holC, cysG (2), pilU
DnaSP 5 holC, cysG (2), pilU, leuA
MLST 10 holC, cysG (2), pilU, leuA, rfbD, nuoL (4)

All methods identified four clear examples of recombination among the clonal complexes, and the DnaSP and MLST
methods identified an additional event in the leuA gene (Table 2).  An additional five potential examples of homologous
recombination were identified by the MLST method alone (mainly in the nuoL gene).  These examples involved 2-4 base pair
changes and additional sampling of isolates would help determine if these are true recombination events, or examples of

Figure 1. Dendrogram showing the
relationships among the clonal complexes
based on the unweighted pair-group method
with arithmetic averages (UPGMA).  The
dashed line indicates region demarcating the
designation of six clonal complexes.

Figure 2. Maximum likelihood phylogeny of
Xf strains based on 9,307 base pairs.  Numbers
above and below branches refer to bootstrap
support and Bayesian posterior probabilities
respectively.  The phylogenetic placement of
the clonal complexes (CCs) is also shown.



- 188 -

multiple point mutations within the same gene within a clonal complex.  The total of 10 events detected by MLST involved
71 base pair substitutions compared to 10 allelic changes due to single base pair substitutions.  This converts to an estimate of
31% of new alleles arising from recombination and of 76% of DNA base changes within a clonal complex due to
recombination.  In comparison to many other bacteria, Xf has low recombination to point mutation ratio both per allele
(0.46:1) and per nucleotide (3.23:1).  For example, Streptococcus pneumoniae (8.9:1, 61.0:1) and Neisseria meningitidis
(4.75:1, 100.0:1) (Feil et al.  2001) have ratios shifted more than 10 fold in favor of recombination.  However, the clear
phylogenetic separation of the clonal complexes, and particularly of the three subspecies, combined with our current
estimates, suggests that recombination in Xf may be increasing in frequency, possibly due to the effects of agriculture and
new insect vectors mixing previously separated subspecies.

CONCLUSIONS
1. We have established a MLST system for Xf based on seven housekeeping genes.  The database is publicly available at

www.mlst.net, an Imperial College London website supported by the Wellcome Trust.
2. The MLST system groups North American Xf isolates into six clonal complexes (CCs) that correspond to the six

statistically-supported host-related clades identified using phylogenetic methods.  Any isolate can be classified within
this framework s a previously recognized sequence type or as novel.  If it is a new sequence type then it may be within
one of the already identified clonal complexes, or recognized as defining a new clonal complex.  This will allow host
shifts and/or the emergence of new pathovars to be easily tracked

3. We estimated that 31% of new alleles arose from recombination, and that 76% of DNA base changes within a clonal
complex arose from inter-complex recombination.  These results suggest that the possibility of novel pathovars arising
by recombination is high.
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ABSTRACT
We have measured in vitro survival, growth and biofilm formation of wild-type and mutant strains of Xylella fastidiosa (Xf)
under a variety of conditions.  The mutant strains are deficient in their production of the signaling molecule DSF.  The role of
DSF in biofilm formation is not clear, but these strains cannot attach and/or form biofilms in insect mouthparts (strains KLN
61 or 62, “rpfF-mutant”; Newman et al. 2004).  Our attachment studies of these strains indicate that the DSF-deficient strain
is also less proficient at biofilm formation in vitro compared to the gfp-Temecula strain.  Population studies of wild-type and
mutant strains grown separately or together show similar patterns of growth, and no evident competition between strains in
vitro for up to 14 days.  Complementary in vivo studies in our laboratory are looking at both strain competition and
transmissibility of wild-type and mutant strains of Xf co-inoculated into grapevines.

In order to more closely approximate conditions in the insect mouth, we have also assayed attachment of gfp-Temecula or
wild-type Temecula strain on sterile insect wings, which have a cuticular surface like the interior of the mouthparts to which
Xf attaches.  We have so far not observed bacterial attachment to wings that were incubated in PW broth or in a media
deemed more optimal for in vitro biofilm formation in preliminary studies.  Insect mouthparts and wings (from glassy-
winged sharpshooter (GWSS)) are also being investigated as an attachment surface in flow chambers by our collaborators at
Cornell University.

INTRODUCTION
Studies from this lab (R. P. P. Almeida and Purcell, unpublished) showed that sharpshooters could acquire cultured Xf cells
added to expressed xylem sap in an artificial feeding medium (sachet), but subsequently did not transmit these bacteria to
grapevines (as measured by subsequent symptom development). The assumption was that these cells did not attach to the
foregut of the feeding insects.  This sort of circumstantial evidence points up the complexity of the bacterial, insect, and plant
factors necessary for transmission (uptake and delivery, followed by plant infection) to occur. The importance of attachment
and subsequent biofilm formation of the vector transmission process is also suggested by the behavior of mutants that do not
aggregate in the vector mouthparts and are not insect transmissible (Newman et al. 2004).  Studies of Xf biofilm formation in
vitro indicate that chemical make-up of media, substrate, and bacterial genotype/phenotype all play roles in aggregation
behavior of Xf (e.g. Marques et al. 2002,  Leite et al. 2004, Feil et al. 2003, Hoch et al. 2004).  Our ultimate objective is to
understand the factors that affect the process of attachment and biofilm formation of Xf under different environmental
conditions.  Investigating the conditions, be they environmental or genetic, that promote attachment and subsequent
detachment from insect mouthparts is crucial to understanding transmission from insects to plants.

OBJECTIVES
1. Determine whether vector retention (and subsequent delivery) of Xf is related to the chemical and physical environment

from which the bacteria are grown or acquired.
2. Investigate how Xf cells attach (and detach) to specific foregut regions of sharpshooter vectors. NB: this objective is

similar to one proposed from the Hoch/Burr labs with which we propose to collaborate.

RESULTS
It has been important to optimize growth conditions for Xf in order to produce repeatable, accurate assays, and also to begin
to determine what environmental factors might be important to manipulate in attachment studies (below).  We have tested the
effects of pH (5.2-8.0), media (from minimal media through enriched undefined media), vessel (glass, plastic; from 200uL to
30 mL), and source of inoculum (age; from solid or liquid media) on subsequent survival and growth of populations of Xf in
liquid media.  As part of these studies, we have done both short-term survival assays, as well as longer-term population
studies. Xf populations were measured both by determining absorbance of bacterial suspensions by spectrophotometry
(OD600), and by dilution plating of suspensions onto solid media and counting colony forming units per ml (cfu).
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Figure 2. Population growth (log CFU) of
KLN61 and Temecula grown alone and/or
together

Preliminary evidence suggested that xylem sap and a minimal defined medium at a pH of 5.2-5.3 was lethal to Xf within 1-24
hours.  This was a potentially important finding because it highlighted an area that might be explored as a means of therapy
or protection in vines, such as during the dormant season when the vine may be able to best tolerate such acid pHs.
Subsequent assays showed that when bacteria were grown under optimal conditions in the laboratory, populations at the
lowest pH were slow to grow, but reached population sizes comparable to those at higher pH after six days.  This was true for
bacteria grown in two quite different liquid media, PW (see Almeida et al. 2004) and CHARD2 (Leite et al. 2004) (data not
shown).  It is important to note however that the bacteria changed the pH of the media over the course of the assay: after six
days, the media that started at pH 5.3 were 6.3 and 5.9 respectively; media of pH 6 became 6.5 and 6.3; and media of pH 7
became 7.2 and 7.1.

The existence of other bacteria is an important part of the chemical and physical milieu in which Xf grow, and bears further
study.  Ongoing studies in our laboratory have pointed to some potentially very interesting interactions between strains of Xf
in plants.  For example, when wild-type strain Temecula and a gfp mutant (KLN59.3; Newman et al. 2003) of this same
strain were co-inoculated into plants, in no case was both the mutant and the wild-type strain recovered from plants into
which they had both been needle inoculated; further, in most cases it was the wild type that persisted (C. Wistrom,
unpublished).  Researchers in the Lindow laboratory discovered subsequently that the gfp gene in this strain had been
inserted in a functional area of the genome; hence these results are perhaps not surprising.  However, we had also been
conducting growth studies of mixed-strain populations of Xf in liquid media to see whether we could replicate the
competition phenomenon in vitro.  Experiments with mixed populations of gfp-Temecula and wild-type Xf, and gfp-
Temecula and the rpfF mutants KLN62 all grown in broth, showed little difference in the growth of the strains separately or
together.  Populations were sampled at regular intervals, and dilution plated for determination of population sizes.  Both gfp
and rpfF mutants can be selectively detected by plating on media containing the antibiotic kanamycin, and the gfp mutant can
also be detected by epifluorescence microscopy.  The proportion of gfp bacteria typically dipped but recovered when grown
with wild-type or rpfF mutant strains (e.g. Figure 1).

Because of the possibility that KLN59.3 (gfp) is inherently less competitive, at least in planta, we are no longer using this
strain in competition experiments.  Our experiments with the gfp strain have been instructive, nonetheless, as they show that
in vivo and in vitro results can and do differ.  All combinations of strains co-inoculated into plants to date indicate that it is
rare for two strains to coexist for long periods in plants.

Current experiments, in conjunction with C. Wistrom and C. Baccari in this laboratory, are focusing on in vivo and in vitro
co-inoculations of the rfpF mutants (KLN61 and KLN62) and the wild-type Temecula.  The first in vitro experiment with
KLN61 is shown in Figure 2. Although we were not able to determine the proportion of each strain in the co-inoculated
broth (due to technical problems), the population size of Temecula was two orders of magnitude greater than that of KLN61
after eight days in PW broth (Figure 2).  An earlier experiment with KLN62 showed roughly parallel growth of the two
strains when grown separately in PW (not shown).  These assays will be repeated, and additional media will be used to
determine whether chemical constituents affect competition potential. In vivo experiments with these strains are in progress.
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We are interested in the factors that affect attachment and subsequent aggregation behaviors of Xf. We have used the
information gained on optimization of growth of Xf in part to design assays in order to address this question.  Using young
cultures from plates to inoculate relatively large volumes (30 ml) of liquid PW media, we have examined short-term
attachment of 1-3 days, and longer-term aggregation of Xf over 7-10 days.  We have investigated attachment of Xf to vessels
of various types using a crystal violet assay (Leite et al. 2004, Espinosa-Urgel et al. 2000). This assay is appropriate for
visualization of aggregations of cells in vitro, but has not been satisfactory for quantification of attachment in our assays.  We
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have found that the dye interacts with media and adheres to the substrate without bacteria present, making it difficult to
determine whether there are real differences in attachment in the media we are testing.

We also worked with a simpler assay using insect wings glued to glass cover slips, which can be easily manipulated for
sterilization, incubation in small amounts of media (with Xylella), and mounting on a slide for microscopy.  We have
carried out these assays with gfp-Temecula and wild-type Temecula strain.  The gfp-Temecula was detected in broth with
an epifluorescence microscope, and the wild-type bacteria were stained with DAPI, a fluorescent dye, but were not
detected in broth.  Neither type of bacteria aggregated on wings in large enough numbers to be detected.  We are working
to manipulate media, population sizes, and length of incubation to determine which factors will allow for attachment and
aggregation.  We are also working with dissected mouthparts from the GWSS as a substrate for attachment.  Heads and
wings of GWSS have been provided to Harvey Hoch as well.

Our interest in the rpfF mutants has also extended to our attachment assays.  These mutants are deficient in production of the
cell-cell signaling molecule DSF (diffusible signal factor), and in biofilm production under certain conditions.  In insects they
are apparently unable to attach to the mouthparts and form a biofilm there, but in plants mats of bacteria have been seen
occluding vessels (Newman et al. 2004).  Our attempts to grown biofilms of KLN61 in vitro have been occasionally
successful, but inconsistent.  Our intentions were to compare in vitro biofilm production of KLN61 with the wild-type
Temecula strain.  In order to more easily compare these strains we initially used the gfp-Temecula strain (future experiments
will use wild-type Temecula because of the problems with the gfp strain mentioned above).  In two experiments so far we
grew the strains separately and together in different media and looked at the proportion of each strain in broth (planktonic
cells) compared to in the film itself (a ring of bacteria at the fluid-air interface).  In one experiment, KLN61 was not found at
all in the biofilm (i.e., the ring consisted of 100% gfp-Temecula), even when they made more than half of the planktonic cells
(Table 1).

Table 1.  Planktonic and biofilm (ring) populations in two liquid media

Medium Log CFU in broth
(gfp -Tem plus KLN61) % Tem-gfp broth  / ring

BHF 2.1x10^7 45%  /  100%
XfD2 1.2x10^7 92%  / 100%

In the second experiment, KLN61 was detected in the biofilm, but gfp-Temecula made up a disproportionately larger percent
of biofilm compared to planktonic cells (25% compared to 16%; Table 2).  KLN61 alone also made less biofilm (as
quantified by spectrophotometry of dislodged ring cells) than gfp-Temecula, in spite of the fact that there were more cells of
KLN61 than of gfp-Temecula in their respective flasks.

Table 2.  Quantification of biofilm production of gfp-Temecula and KLN-61 alone and together
Broth- cfu % Tem-gfp broth / ring Sonicate (diluted ¼)- OD600

Gfp-Tem 4x10^4 NA 0.065
rpfF (KLN61) 1x10^6 NA 0.004
Both (BHF) 4.3x10^5 16%  /   25% 0.053
Both (XfD2) 1.8x10^6 No film

We will continue to explore biofilm production of wild-type Xf and rpfF mutants to see whether we can find conditions that
will change the propensity to form, and the proportions of bacterial strains found, in biofilms in vitro.

CONCLUSIONS
Our overall objective is to understand the role of aggregation phenomena in acquisition, retention and delivery of Xf by
vectors.  By manipulating the environment in which Xf is cultured, we have found differences in the propensity for different
strains to form biofilms in vitro. The use of Xf mutants with impaired or enhanced ability to perform some part of the
aggregation behavior will be important to understanding the interaction between environment and bacterial behavior affecting
vector retention and delivery.  We have been particularly interested in documenting the behavior of rpfF mutants and wild-
type bacteria alone and together in different liquid media.  We are now ready to see how some of these same factors affect
acquisition and retention of bacteria by vectors feeding on sachets.  Interfering with vector acquisition and inoculation
(reducing or avoiding vector populations) are currently the major control methods for Pierce’s disease in California.  Our
findings may reveal currently unanticipated ways of interfering with vector transmission and elucidate features of Xf biofilms
applicable to this bacterium in plants.
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Figure 1. A, B , E: leafhopper foreguts colonized with wild type Xf acquired from infected plants.
C, D: lack of biofilm in leafhoppers that probed plants with rpfF mutant (from Newman et al. 2004)
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ABSTRACT
A strategy is being pursued that will identify genes involved in insect transmission of Xylella fastidiosa (Xf) by both gain of
function and loss of function mutagenesis of a Xf mutant that is unable to be transmitted by sharpshooters.  KLN61 is an rpfF
mutant strain of Xf (Newman et al. 2004) that cannot be transmitted to plants by the sharpshooter leafhopper, Graphocephala
atropunctata, a common vector of the wild-type strain of this bacterium.  This mutant, which did not form biofilm and was
not retained in the vector mouthparts (Figure 1), was hypervirulent and formed biofilm when mechanically inoculated into
grapevines (Newman et al. 2004).  In this work, we are further investigating the rpfF mutant non-transmissible phenotype.

A molecular approach is being used to further mutate this mutant using a transposome-mediated mutagenesis technique. We
created a mutant library compatible with the KLN61 mutant background in order to identify other Xf genes involved in the
complex process of transmission. We designed and successfully constructed a Streptomycin EZ::TN custom transposome
mutagenesis system in order to further mutate the Xf rpfF mutant strain, KLN61.  We introduced our transposome into
KLN61 by electroporation, yielding 5 X 103 mutants per µg of DNA.  To date we have mechanically inoculated grapevines
with about a thousand mutants.

In complementary studies we are examining the process of colonization of plants by Xf and determining the extent to which
cell-cell communication via signal molecule production occurs in planta in Xf. We are testing whether production of a
signaling molecule in the plant by the wild-type Xf strain would restore the transmissibility of the mutant.  The finding that
co-inoculations with two different Xf strains results in infections in which each stain is equally likely to be found as the
dominant strain suggests that Pierce’s disease (PD) is characterized by a process by which many sequential occurrences of
movement of a few cells to neighboring xylem vessels occurs in the process of colonizing grape plants.

INTRODUCTION
In Xf, the rpf (regulation of pathogenicity factors) system likely regulates genes that are important for colonization and
transmission by insect vectors. The rpfF gene is one of the essential genes of the rpf cell-cell signaling system.  KLN61
which is an rpfF knockout, could not perform cell-cell signaling.  The rpfF gene catalyzes the synthesis of the signaling
system molecular DSF (diffusible signal factor) (Newman et al. 2004).  Importantly, while still pathogenic to grape, such
strains do not colonize and hence are not vectored by sharpshooters (Figure 1).

In order to understand the function of other Xf genes involved in the complicated process of transmission, it is important to
use techniques that knock out and consequently make possible the identification of related genes.  Transposome-mediated
mutagenesis is an effective tool for this purpose.
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The first year, our research objective was to construct a library of Xf transposon-disrupting mutants through transposome-
mediated mutagenesis in an Xf rpfF mutant background.  Our first approach involved creating a library in strain
KLN61which could be screened for restoration of transmissibility by inoculating mutants into plants on which vectors could
subsequently feed.  Any mutant strains of the non-transmissible KLN61, which could be transmitted to healthy grape plants
by insect vector, would have incorporated genome changes implicated in the transmission of Xf. The isolation and
identification of these mutants would allow us to better understand what Xf genes are involved in vector transmissibility.

In complementary studies, we are addressing the process by which DSF signal molecule is produced and recognized by cell
populations in plants.  If DSF signal molecule is actually excreted into the plant after production it should enable functional
complementation of an rpfF mutant in planta.  An understanding of how DSF is perceived by bacteria in planta is central to
our understanding of how it affects both plant virulence factors, presumably in a density-dependent fashion, and affects insect
transmission.  To test this model we are interested in how rpfF+ and rpfF- strains coexist in plants and how they might affect
vector transmission.  Mutants of PD strains of Xf are relatively new and not much is known regarding their behavior with
regard to transmission and coexistence in planta.  In vitro experiments on solid media have shown that coexistence with wild-
type can restore DSF signaling production in Xanthomonas campestris (Barber C. E., 1997).  The purpose of this experiment
is to see if the wild-type strain DSF signal is able to restore the mutant biofilm formation in the mouthparts of the vector and
therefore promote transmission.

OBJECTIVES
1. Create a library of Xf mutants in the rpfF mutant background using a disrupting transposon mutagenesis to block gene

function
2. Create a library of Xf mutants in the rpfF mutant background using an activating transposon mutagenesis to enhance

gene function
3. Design and carry out a screen for mutations in Xf that restore transmissibility in the non-transmissible rpfF mutant
4. Identify the genes affected in the screen.  These will be genes that are important for transmission of PD by insect vectors

RESULTS
Objective 1
It has been shown that transposome-mediated mutagenesis was successful in the Kirkpatrick’s laboratory when applied to
wild type Xf (Guilhabert et al. 2001). The commercially available transposome system confers KanR, which was not
compatible with our KLN61 strain.  In our studies we could not use this vector and had to construct a novel transposon in
order for it to be compatible with our KanR rpfF- mutant.  Our laboratory designed and successfully constructed a
Streptomycin resistant EZ::TN transposome mutagenesis system in order to further mutate the Xf rpfF mutant strain. We
introduced our Strep EZ::TN Transposome in the strains KLN61 by electroporation techniques to create mutants.
Electroporation with our Strep EZ::TN Transposome yielded 5 X 103 mutants per µg of DNA in Xf strain KLN61.

Objective 2
Because of the high yield of mutants produced with this disrupting transposon we have opted to focus our work on screening
the existing library, thereby postponing the construction of an activating transposon library of mutants.

Objective 3
The first step of the screening of mutants has begun.  Mutants have been needle-inoculated into the plants that will be used as
source plants for transmission experiments.  The source plants are starting to show symptoms.  We also have begun culturing
the source plants for monitoring bacteria population.  The mutants are screened by placing the insect vectors in contact with
the source plants that retain the mutant library.  The Xf-free insect vectors (blue-green sharpshooter (BGSS) and glassy-
winged sharpshooter (GWSS)) will be fed on the grapevines containing the mutant collection.  The Xf that has regained the
ability to be retained and transmitted by the insect vector, to a healthy plant seedling, will be then identified.

With the intention of testing if the wild-type strain could restore transmissibility in the rpfF mutant strain we have co-
inoculated a total of 47 cuttings of Cabernet Sauvignon with an equal mixture of both strains or with only a single strain, in
two separate experiments.  We needle co-inoculated grape cuttings with a suspension of Temecula (wild-type), KLN61 (rpfF-
/Kan resistant) Xf, or a mixture of equal proportions of each (C. Baccari and C. Wistrom) (Table 1).

Table 1. Inoculations of Cuttings
Set I Set II

Treatment No. vines inoculated Treatment No. vines inoculated
Temecula 10 Temecula 6
KLN61 10 KLN 61 6
Tem+KLN61 9 Tem + 61 6

Confirmation of infection will be tested by culturing symptomatic petioles from the plants.  Growth of rpfF and Tem will be
tested by dilution plating on culture media and PCR. Xf RpfF is KanR and can grow on kanamycin selective media whereas



wild-type Temecula grows only on un-amended PWG.  Colonies that grow on plain PWG can be replica plated onto PWG
media with 30μg/l kanamycin, and the number of transferred colonies will be compared.  Populations will be estimated via
dilution plating and counted with a stereoscope.  When source plants have reached a high bacteria population they will be
used for transmission experiments.  BGSS and GWSS will be fed on the source plant containing both rpfF and Tem.  By
culturing and PCR we will be able to distinguish both or one of the strains in the insect vector mouthparts.  The insect vectors
will then be placed on healthy seedlings for transmission.

Of 15 Cabernet Sauvignon plants we infected with a mixture of both strains, 46% became infected with only KLN61 and
20% with only wild type Temecula.  The remaining 34% of the plants were not infected with either strain.  On the first set
only KLN61 was recovered from plants co-inoculated with both Temecula and KLN61 after four weeks.  Populations of
KLN61 in plants co-inoculated with Temecula as well as in plants inoculated only with KLN61 were approximately equal
after two (8.5 x 104 and 1.0 x 105, respectively) and four (1.5 x 106 and 8.5 x 106) weeks.  In the second set, 50% of the co-
inoculate plants contained KlLN61 only and 50% contained Temecula only, after eight weeks.  More culturing is in progress,
on both set of plants, to further survey the bacteria populations.

Our preliminary results are strongly supportive of a model of progressive and sequential colonization of a large number of
xylem vessels after inoculation of a single vessel by Xf. It is generally agreed that symptoms of PD do not occur until large
numbers of vessels are colonized by Xf. Studies by Newman et al. 2003 found a very high correlation between incidence of
highly colonized vessels and symptom development in grape.  Thus Xf must move through many (perhaps hundreds) of
different xylem cells before such high levels of colonization were to occur.  If only a few cells were transferred to adjacent
xylem vessels as suggested by the microscopy analyses of Newman et al. 2003, then with time it is likely that only one
genotype of an originally mixed genotype inoculum might be present after such large numbers of “bottlenecks” incurred
during movement in the plant.  These studies are the first to support such a model and thus provide new insight into the
infection process.

Objective 4
When restoration of transmission by the insect vectors occurs, we will determine what genes were affected in the screen that
resulted in restored transmission.  To establish which genes, when inactivated, restored the ability of the rpfF- strain to be
transmitted by sharpshooters were affected, we will clone and sequence the transposon DNA flanking, using standard
molecular biology protocols.  This will determine were the transposition insertion occurred in the Xf genomic DNA and
which particular genes were involved in the process.

CONCLUSIONS
Past experiments with the rpfF- mutant KLN61 (Newman et al.2004) have shown that this mutant is hypervirulent and
capable of forming biofilm in grapevines.  More studies on this subject are being conducted in Dr. Steven Lindow’s
laboratory.  With this work we are primarily focusing on the interaction between this mutant and the insect vectors during
transmission.  Is it the lack of bacterial DSF production that makes an rpfF mutant not transmissible?  And if so, why?
Further investigation is needed to answer this important aspect of bacteria- insect-vector interaction.

We also believe that identification of the genes in Xf which are responsible for transmission is an essential step to understand
vector transmission and bacterial-vector interaction.  The identity of these genes may enable us to identify key features of the
bacterial mechanism driving transmission.  More specifically, this research is seeking to identify the genes regulated by the
rpf system and subsequent work should enable understanding of the environmental stimuli affecting them.  Better
understanding of the required genes and how they interact may lead to new control strategies.
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ABSTRACT
This project investigates the effects of host plant tolerance on insect vector acquisition and spread of Xylella fastidiosa (Xf)
from plants with a range of susceptibility to Pierce’s disease (PD).  By characterizing vascular anatomy, bacterial
populations, and sharpshooter acquisition of Xf from those plants, we may assess their ability to provide inoculum for PD
spread.  Previously reported data from paint infusion experiments did not identify significant anatomical measures as an
explanation for tolerance or resistance differences among grape varieties.  There were significant differences in vascular
anatomy between alternate host species, and vessels of all alternate hosts were much shorter than in grapevines.  In morning
glory, 71% of vessels were less than 3cm, and the other species had between 40% and 63% of vessels <3cm.  The longest
vessel measured in any alternate host was 32cm (sunflower), and on average, sunflower and quinoa had longer vessels than
mugwort and morning glory.  Mugwort had roughly twice as many vessels at the stem base than morning glory, quinoa or
sunflower stems of comparable diameter and age.  Sunflower, mugwort and quinoa had vascular tissues in evenly distributed
bundles with wide regions of parenchyma between them.  Annual morning glory had a smaller number of large vessels
distributed evenly along the cambium, compared to large numbers of small vessels in mugwort.  As grapevines, most
susceptible to Xf infection, had the longest vessels, and sunflower, the second most susceptible, had the next-longest vessels.
The relationship between vascular anatomy and Xf host status appears complicated, and additional comparisons of overall
vascular area and vessel distribution are required to generalize further.

Plants were inoculated with an Xf strain that continually expressed green fluorescent protein (Gfp-Xf), or, as a control, the
wild-type parent strain.  Six weeks after inoculation, Xf-free sharpshooters were placed on the inoculation site for a 4-day
acquisition access period, and tested for bacterial acquisition. Next, the inoculation site was examined with confocal
microscopy and bacterial presence determined by culture.  Six percent of grapes and 17% of alternate hosts had Gfp-Xf
infections, compared to 50% of grapevines and 16% of alternate hosts inoculated with wild-type Xf. There was no difference
in infection rate of wild-type Xf between grape cultivars. No colonized vessels were seen in plants infected with Gfp-Xf.
Wild-type Xf populations were at least seven times lower in inoculated grape stems (105 to 106 CFU/g) compared to
populations in distal petioles (106 to 108 CFU/g).  Data analysis from those experiments is ongoing to determine the
acquisition rate of Xf from inoculated stems.

INTRODUCTION
Plants with varying degrees of susceptibility to PD were assessed for their ability to provide inoculum for disease spread by
characterizing their vascular anatomy, bacterial populations, and sharpshooter acquisition of Xf from them.  Three grape
cultivars and four alternate hosts were selected for their pattern of Xf colonization following vector inoculation, lack of stem
lignification, morphology, and absence of autofluorescence.  In previous experiments, Xf-carrying sharpshooters infected
more than 80% of the morning glory and sunflower inoculated. Xf spread systemically throughout both plants and reached
populations over 105 colony-forming units (CFU)/gram.  Quinoa and mugwort were less-frequently infected (32% and 16%,
respectively) by Xf and supported lower bacterial populations (103 CFU/g for quinoa, 106 CFU/g for mugwort). Xf moved
systemically to a limited extent in quinoa, but not in mugwort (Hill and Purcell 1995b, Wistrom and Purcell 2005).  Tolerant
‘Sylvaner’, moderately susceptible ‘Cabernet Sauvignon’ and highly susceptible ‘Pinot Noir’ cultivars of Vitis vinifera were
selected for evaluation (Purcell 1981, Raju and Goheen 1981).  Blue green sharpshooters (BGSS) were used to infect plants
and assess insect acquisition efficiency (Almeida and Purcell 2003, Hill and Purcell 1995a, Hill and Purcell 1997, Purcell et
al. 1979).

Vessel length was measured by infusion of diluted latex paint into cut stems at approximately 100kPa, pressure sufficient to
displace sap in vessels but not strong enough to damage pit membranes between vessels (Ewers and Fisher 1989).  Stems
were infused ~48 hours, until displaced sap stopped exuding from the distal end. Stems were sectioned at regular intervals
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and the number of vessels with paint counted at each interval.  The number of vessels in each length class was determined
from the raw vessel count by the double-difference correction (Ewers and Fisher 1989).

Wild type and transformed isolates of Temecula Xf were used for inoculations.  The transformed isolate continually
expressed green fluorescent protein (Gfp-Xf) when illuminated with blue light.  In previous tests, Gfp-Xf was transmitted by
BGSS, retained typical virulence in grape, and was visible in grape petioles via confocal microscopy.  Gfp-Xf was observed
individually and in large colonies, and passing through bordered pits between vessels of grape petioles (Newman et al. 2003).
Electron and confocal microscopy with in situ DNA hybridization shows Xf densely packed in individual vessels, with
adjacent vessels empty (Newman et al. 2003, Tyson et al. 1984).  We hypothesize that alternate hosts or tolerant grape
cultivars with low overall populations may have just a few vessels completely colonized with bacteria, leading to lower
acquisition rates that are dependant upon sharpshooters encountering the colonized vessels while feeding. Xf inoculation,
acquisition, and colonization were measured similarly in all plants.  Groups of four BGSS inoculated a 3cm stem section with
either wild-type or Gfp-Xf, and the plants were held in the greenhouse for six weeks to develop infections.  New groups of
four Xf-free BGSS were confined to the inoculation site for four days to acquire the bacteria, and then moved to a grape
seedling for four days to determine their acquisition efficiency.  After sharpshooter feeding, the stem site was examined with
confocal microscopy.  Three stem cross-sections per plant were suspended in 50% glycerol on a depression slide.  Stem
sections were illuminated with blue and ultraviolet light, to show green Gfp-Xf and blue vessel walls, and scanned for the
presence of Xf. Bacterial populations were determined from remaining plant material of the inoculation site by culture on
PWG media (Davis et al. 1983, Hill and Purcell 1995a).

One-way ANOVA was used to compare the number, length and distribution of xylem elements in grape varieties and
alternate host species.  Since acquisition efficiency has been related to bacterial populations (Hill and Purcell 1997),
regression analysis will be used to qualitatively assess the contributions of bacterial distribution, proportion of colonized
vessels, and bacterial population on acquisition.

OBJECTIVES
1. Describe the bacterial colonization of asymptomatic alternate host species and grape varieties of varying tolerance to PD.
2. Determine the relationship between the pattern of colonization of a plant by Xf and the ability of that plant to be a source

for bacterial acquisition by sharpshooter vectors.

RESULTS
Anatomical comparisons between the various alternate hosts and grape cultivars included measurements of vessel length and
number, and vascular bundle number and distribution (Table 1).  The longest vessel measured in any alternate host was 15cm
long (mugwort).  In sunflower, 71% of vessels were less than 3cm long.  Other species had between 63% and 40% of vessels
<3cm.  Mugwort had roughly twice as many vessels at the stem base than morning glory, quinoa or sunflower stems of
comparable diameter and age.  Sunflower, mugwort and quinoa had vascular tissues in evenly distributed vascular bundles
with wide interfasicular regions of parenchyma.

In Xf inoculations by BGSS (Table 2), grapes were infected with Gfp-Xf less frequently than the parental wild type (11 of 22
grapes infected with Temecula, 1 of 16 infected with Gfp-Xf, P<0.01, Chi-Square with Yates’ correction).  Infection rates of
alternate hosts were similar (3 of 18 infected with Gfp-Xf, 3 of 19 infected with Temecula).  Gfp-Xf was not observed in plant
stems with low bacterial populations (102 CFU/g for grape, between 103 and 104 CFU/g in sunflower and mugwort,
respectively).  In all microscopy sessions, Gfp-Xf was observed in the symptomatic grape petioles used as positive controls to
adjust microscope settings, which contained bacterial populations between 107 and 108 CFU/g.  Insect-inoculated plants were
used to compare sharpshooter acquisition and bacterial distribution from alternate host stems because the distribution of Xf in
an insect-inoculated stem is likely different from a mechanically inoculated stem.  Analysis of acquisition test plants is
ongoing.

Table 1: Anatomical comparisons of canes/ stems of similar length, age, and diameter in four alternate hosts of Xf.
Species Total # vessels at stem % Vessels < 3cm Longest vessel (SE) # Rays/ Bundles

base (SE) (SE) (SE)
one-way ANOVA (n = 27, P =0.67) (n = 27, P = 0.84) (n = 27, P = 0.35) (n=27, P = 0.01)
Morning Glory 236 (24) c 71 (6) b 9 (1) a 84 (4) a
Mugwort 593 (58) a 63 (6) a,b 11 (1) a 19 (2) b
Quinoa 415 (29) b 40 (4) a 18 (2) b 26 (2) b
Sunflower 311 (25) b,c 41 (3) a 23 (3) b 19 (1) b
one-way ANOVA* (n = 48, P < 0.001) (n = 46, P =0.002) (n = 47, P <0.001) (n = 48, P <0.001)
* Letters in bold indicate means are significantly different in pairwise comparisons with Tukey-Kramer HSD.
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Table 2: BGSS transmission of wild-type (Temecula) and Gfp-expressing (Gfp-Xf) Xf to three grape cultivars and four
alternate hosts.

Cultivar Xf Isolate No. Infected/
No. Inoculated

[Xf] Stem
CFU/ga

% vessels
colonizedb

No.Systemic/
No. Infectedc

[Xf] Systemic
(petiole)d

Cabernet Sauvignon Gfp-Xf 1/5 2.5 x 102 0 0/1 -
Temecula 4/8 1.6 x 105 - 4/4 1.2 x 108

Sylvaner Gfp-Xf 0/6 0 0 - -
Temecula 3/7 1.0 x 106 - 1/3 7.3 x 106

Pinot Noir Gfp-Xf 0/5 0 0 - -
Temecula 4/7 6.0 x 106 - 3/4 9.2 x 107

Alternate Host Plant
Morning Glory Gfp-Xf 0/2 0 0 - -

Temecula - - -- -- -
Mugwort Gfp-Xf 1/4 4.5 x 104 0 0/1 -

Temecula 1/6 3.2 x 102 - 0/1 -
Quinoa Gfp-Xf 0/6 0 0 - -

Temecula 0/8 0 - - -
Sunflower Gfp-Xf 2/4 1.2 x 103 0 0/2 -

Temecula 2/5 1.7 x 105 - 1/2 4.1 x 103

a Xf populations (colony-forming-units/ gram of plant material) in inoculated stems six weeks after vector inoculation
b Proportion of vessels colonized by Xf in inoculated stems
c Number of infections that moved beyond the inoculation site throughout the plant, as detected by culture of petioles 10-

15cm distal from inoculation site
d Population of Xf in distal petioles

CONCLUSIONS
Three things are required for the development of PD in grape: the pathogen Xylella, a sharpshooter insect vector, and a
susceptible plant host.  By systematically examining the interactions between plants and the pathogen, we may better
understand the role that host resistance plays in the vector’s ability to acquire Xf and spread PD.  The vessels of alternate
hosts were approximately 75% shorter than vessels of grapes, limiting the passive spread of Xf via xylem sap movement, and
are found in bundles separated by parenchyma cells (Esau 1977), which may also limit the lateral spread of Xf. As
grapevines, most susceptible to Xf infection, had the longest vessels, and sunflower, the second most susceptible, had the
next-longest vessels, the relationship between vascular anatomy and Xf host status appears complicated.  Additional
comparisons of overall vascular area and vessel distribution are required before further generalization.  Recent studies present
conflicting data on whether Xf movement between bordered pits is an active or passive process (E. Thorne, G. Young, M.
Matthews and T. Rost – personal communication; Newman et al 2003, Stevenson et al 2004); anatomical and biochemical
differences in pit structure may explain differences between cultivar susceptibility to Xf.

Previous studies with symptomatic grape petioles, electron and confocal microscopy showed Xf densely packed in individual
vessels, with adjacent vessels empty or containing a few cells (Newman et al. 2003, Stevenson et al. 2004).  Alternate hosts
or tolerant grape cultivars with low overall populations may have just a few vessels with bacteria, so acquisition would be
highly variable and dependant upon sharpshooters encountering the few colonized vessels while feeding.  In symptomatic
grape petioles, 13% of vessels were colonized to some extent with Gfp-Xf, though only 2.1% of all vessels were completely
blocked with bacteria (Newman et al. 2003).  In this study, no Gfp-Xf was observed via confocal microscopy of the four
infected stems; one grape, one mugwort, and two sunflower stems.  The overall populations of Gfp-Xf in infected stems were
at least 1,000-fold lower than Gfp-Xf populations in the symptomatic grape petioles used in previous experiments, and as
positive controls in this experiment.  It does not appear possible to detect Gfp-expressing Xf in infected stems at such low
titers.

Though is it not known how many probes a sharpshooter makes in a given feeding session, glassy-winged sharpshooter can
generate multiple salivary sheaths in one insertion, adjacent to vessels and xylem parenchyma cells (Leopold et al. 2003).
Sharpshooter acquisition of Xf increased along with bacterial populations in infected grapes (Hill and Purcell 1997), and a
similar positive relationship is expected if the proportion if colonized vessels increases insect acquisition of Xylella.  Analysis
of test grapes is ongoing to determine sharpshooter acquisition from the Xf-infected grapes and alternate hosts reported in
Table 2.
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ABSTRACT
Strains of Xylella fastidiosa (Xf) were characterized using random amplified polymorphic (RAPD)-PCR and sequence
analysis of the 16S-23S rDNA intergenic spacer regions (ISR).  Results indicated that all mulberry leaf scorch (MLS) strains
and the heavenly bamboo strain formed a cluster.  Strains isolated from daylily, jacaranda and magnolia clustered with the Xf
subspecies sandyi; strains isolated from spanish broom, a redbud strain, two new peach strains and several almond strains
clustered with Xf subspecies fastidiosa, and the oak strains formed a separate cluster.  Predicted members of the Xf subspecies
multiplex were the strains isolated from purple leafed-plum, olive, peach, plum, some almond, sweet gum, maidenhair tree,
crape myrtle and one redbud.  Pathogenicity of MLS strains was demonstrated in glasshouse assays by stem inoculating
mulberry, grape and oleander with Xf isolate morus059 grown for 7 days on PW.  Three months post-inoculation, only
inoculated mulberries exhibited leaf scorch symptoms and bacteria were recovered from most of the inoculated mulberries
but not from oleander or grape.  Given that strains isolated from magnolia (MG038), jacaranda (JM028), and daylily
(HEM034) always grouped with oleander strains, we tested their ability to produce disease in oleander and grape. The three
strains MG038, JM028, and HEM034 caused oleander leaf scorch (OLS) but not Pierce’s disease (PD) symptoms and
bacteria were re-isolated from oleanders that were diseased.  This study served as a confirmation of our genetic results, as
well as an indirect demonstration that the Xf subspecies sandyi might be found in other hosts than oleander.  More cross
inoculation experiments are underway.

INTRODUCTION
Xf multiplies and survives in a large number of plants species and its vectors, including the glassy-winged sharpshooter
(GWSS), which feeds  on a broad range of plants (Purcell and Saunders 1999, Wistrom and Purcell 2005).  It has been shown
that a single strain is able to infect and produce disease in different hosts (Almeida and Purcell 2003, Costa et al. 2004, Chen
et al. 2005) and that the bacterium is able to infect and colonize a wide range of alternate hosts without causing disease
(Purcell and Saunders 1999, Costa et al. 2004, Wistrom and Purcell 2005).  The broad host range of Xylella and its ability to
hide inside unaffected hosts make it a constant menace for agricultural crops. Very little was known previously about the
fate of Xylella in ornamentals, the strains they are harboring and their ability to cause disease losses in plants of agronomic
importance.  To find some information in this subject, we characterized strains isolated from ornamental hosts using RAPD
and 16S-23S rDNA Intergenic Spacer Region (ISR) analyses.  Our results identified new hosts for the Xf subspecies
fastidiosa, Xf subspecies multiplex, Xf subspecies sandyi, and for the MLS type strains.

Our knowledge of host range of Xf strains is still restricted.  Some strains appear to have a very limited host range and some
have a broader range of hosts, but for most strains the possible host-strain combination has not been extensively tested.
Symptomless hosts harboring bacteria are potential inoculum sources for vectors to acquire Xf and spread the disease into
economically important plants.

OBJECTIVES
1. Characterize genetically the strains of pathogen in landscape plant species.
2. Confirm pathogenic infection through inoculation studies with specific isolates.
3. Test the ability of new strains to infect agricultural crops including grape, and almond.

RESULTS
Objective 1. Characterization of Xf strains by analysis of the 16S-23S rDNA intergenic spacer region (ISR) Excluding
Mulberry-VA (GeneBak accession number AY196794), a DNA region of 513 bases containing the 16S-23S rDNA ISR was
amplified, cloned and sequenced from all the Xf strains listed in Table 1.



Table 1. Strains used in this study and their host sources

Isolate
County of CA or
state from which

Scientific name Common name designation strain was isolated Reference or source
Cercis occidentalis Western redbud Cercis050 Riverside This study
Cercis occidentalis Western redbud Cercis049 Riverside This study
Ginkgo biloba Maidenhair tree GB100 Riverside This study
Hemerocallis sp. Daylily HEM034 Riverside This study
Jacaranda mimosifolia Jacaranda JM028 Riverside This study
Lagerstroemia indica Crape Myrtle LI021 San Bernardino This study
Liquidambar styraciflua Sweet gum LS020 San Bernadino This study
Liquidambar styraciflua Sweet gum LS022 San Bernadino This study
Liquidambar styraciflua Sweet gum LS043 San Bernadino This study
Magnolia grandiflora Magnolia MG038 San Bernadino This study
Morus alba White mulberry MLS063 San Bernardino This study
Morus alba White mulberry MLS059 San Bernardino This study
Morus alba White mulberry MLS012 San Bernadino This study
Morus alba White mulberry MLS024 Riverside This study
Morus alba White mulberry Mulberry-VA Virginia (Huang and Sherald 2004)
Nandina domestica Heavenly bamboo NI065 San Bernardino This study
Nerium oleander Oleander OLS012 Riverside This study
Nerium oleander Oleander OLS028 Riverside This study
Nerium oleander Oleander Ann1 Palm Springs (Hendson et al. 2001)
Nerium oleander Oleander TR2 Orange A. Purcell
Olea europaea Olive G12 Riverside This study
Prunus cerasifera Purple leafed-plum PC057 Riverside This study
Prunus cerasifera Purple leafed-plum PC086 Riverside This study
Prunus cerasifera Purple leafed-plum PC045 Riverside This study
Prunus cerasifera Purple leafed-plum PC052 Riverside This study
Prunus cerasifera Purple leafed-plum PC053 Riverside This study
Prunus cerasifera Purple leafed-plum PC076 San Bernardino This study
Prunus cerasifera Purple leafed-plum PC012 Riverside This study
Prunus domestica Plum Plum 2#4 Georgia (Hendson et al. 2001)
Prunus dulcis Almond ALS2 San Joaquin (Hendson et al. 2001)
Prunus dulcis Almond ALS1 San Joaquin (Hendson et al. 2001)
Prunus dulcis Almond Tulare-ALS Tulare (Hendson et al. 2001)
Prunus dulcis Almond Fresno Fresno (Almeida and Purcell 2003)
Prunus dulcis Almond ALS6 San Joaquin (Hendson et al. 2001)
Prunus dulcis Almond 276 Temecula (Costa et al. 2004)
Prunus dulcis Almond Dixon Solano (Hendson et al. 2001)
Prunus dulcis Almond Butte Butte (Hendson et al. 2001)
Prunus dulcis Almond Glenn Glenn (Almeida and Purcell 2003)
Prunus dulcis Almond ALS035 San Bernardino, CA This study
Prunus dulcis Almond ALS036 San Bernardino, CA This study
Prunus persica Peach Peach018 San Bernardino, CA This study
Prunus persica Peach Peach.019 San Bernardino, CA This study
Prunus persica Peach 5R1 Georgia (Hendson et al. 2001)
Quercus sp. Oak 92-10 Florida (Hendson et al. 2001)
Quercus sp. Oak 92-3 Florida (Hendson et al. 2001)
Spartium junceum Spanish broom N10 Temecula, CA (Costa et al. 2004)
Spartium junceum Spanish broom SB-R Riverside, CA This study
Unknown Bush UK005 Riverside, CA This study
Vitis vinifera Grape 95-2 Florida (Hendson et al. 2001)
Vitis vinifera Grape SJV1 Florida A. Purcell
Vitis vinifera Grape Florida Florida Cooksey’s lab collection
Vitis vinifera Grape STL Napa. CA (Hendson et al. 2001)
Vitis vinifera Grape Preston Sonoma, CA (Hendson et al. 2001)

A phylogenetic tree was constructed using those sequence data (Figure 1).  The analysis of the tree revealed five groupings of
strains.  The first clade included two strains 92-10 and 92-3 isolated from oak. The second clade included strains from
purple-leafed plum (PC086, PC045, PCAcl12, PC057, PC052, PC076 and PC053), olive, almond (Dixon, Butte, ALS6,
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Figure 1. Phylogenetic tree constructed using
the neighbor-joining method, based on 16S-23S
rDNA intergenic region sequence data for Xf
with the sequence 92-3, an oak strain of Xf used
as the outgroup.  The numbers above the
branches represent bootstrap percentages
obtained for 1000 replicates.  See Table 1 for
strains details.  Abbreviations: MLS, mulberry
leaf scorch.

ALS2, 276 and Glenn), sweet gum (LQ020, LQ022, LQ043), peach (5R1), plum (Plum2#4), western redbud (cercis049),
maidenhair tree and the UK005 strain.  The third clade included mulberry strains (MLS024, MLS063, MLS012, MLS059,
and Mulberry-VA) as well as the heavenly bamboo strain (NI065).  The fourth clade included strains isolated from grape
(Florida, STL, Preston, 92-5 and SJV1), almond (ALS1, Tulare, ALS035, ALS036 and Fresno), peach (Peach018 and
Peach019), spanish broom (N10 and SB-R) and one western redbud strain (cercis050). And the last, included strains isolated
from oleander (OLS028, OLS012, Ann1 and TR2), daylily (HEM034), magnolia (MG038) and Jacaranda (JM028).
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Characterization of Xf strains by RAPD analysis
The PCR products were compared, and a distance matrix was constructed.  Phylogenetic relationships based on 80 scorable
RAPD characters were analyzed by the UPGMA method (Figure 2).  Analysis of the phylogenetic tree revealed six main
clades.  The first clade comprised strains isolated from plum and peach (plum2#4 and 5R1). All members of the multiplex
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subspecies clustered into the second clade.  However, this clade seems to be subdivided into smaller ones.  The most
noticeable were: I) PC076, 276, AlS6, GB100 and LI021; II) LS043, LS022, LS020; III) ALS2 and Glenn; and IV) Butte and
Dixon.  The third clade included strains isolated from oak (92-10 and 92-3).  The fourth included all the strains isolated from
oleander (OLS028, OLS012, and Ann1), as well as the strains isolated from daylily (HEM034), Jacaranda (JM028) and
Magnolia (MG038).  The fifth included strains isolated from grape (92-5, Florida, STL, Preston and SJV1), almond
(ALS036, ALS035, ALS1 and Fresno), peach (Peach019 and Peach018), spanish broom (N10 and SB-R) and redbud
(Cercis50).  The last clade was integrated from strains isolated from mulberry (MLS024, MLS063, MLS012 and MLS059)
and heavenly bamboo  (NI065).
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Figure 2. Phylogenetic tree
constructed using the neighbor-
joining method, based on
RAPD data for Xf with the
sequence 92-3, an oak strain of
Xf used as the out-group.  The
numbers above the branches
represent bootstrap percentages
obtained from 1000 replicates.
See Table 1 for strain details.

Objectives 2 and 3: Mechanical inoculation of novel strains into ornamental hosts, 12-month evaluation
In 2004, selected isolates of Xf from landscape host plants Ginkgo biloba, Liquidambar styraciflua, Morus alba, Nandina
domestica, Olea europea, Prunus cerasfiera and Prunus dulcis were inoculated into their respective hosts of origin, grape
and oleander to confirm pathogenicty and to see if any were also known PD or OLS types.  Plants were tested at 3 month
intervals by ELISA and for plants testing positive (at least two-times background), direct culturing of the pathogen was
attempted (Table 2).



Table 2. Inoculation results for glasshouse tests (3, 6, 9 and 12--month evaluation)

Test Strain

Inoculum
Source
Plant Test Plant

#
Inoculated

ELISA Positive Samples

Recovered
Strain ID

3-month 6-month 9-month
12-

month

+

te
st

ed +

te
st

ed +

te
st

ed +

te
st

ed

276 Almond Almond 25 7 23 4 23 1 24 0 24 ALSb

276 Almond Grape 25 3 21 0 25 0 25 1 24
276 Almond Oleander 15 2 15 0 15 0 15 2 15
GB100 Ginkgo Ginkgo 25 2 25 1 24 4 24 6 24
GB100 Ginkgo Grape 25 1 24 0 24 0 24 0 14
GrapeA05 Grape Grape 25 10 10 25 25 2 2a 0 0a PDb

LI021 Crapemyrtle Crapemyrtle 25 8 24 6 25 3 25 2 25
LI021 Crapemyrtle Grape 25 4 25 1 24 0 20 1 20
LI021 Crapemyrtle Oleander 15 1 14 4 14 2 12 1 13 OLSb

LiquidambarUI12 Liquidambar Grape 25 2 22 0 24 0 24 0 24
LiquidambarUI12 Liquidambar Liquidambar 25 0 24 0 25 2 25 0 25
LiquidambarUI12 Liquidambar Oleander 15 1 14 1 13 0 10 0 10
NI065 Nandina Grape 25 3 23 2 23 0 19 0 15
NI065 Nandina Nandina 25 2 25 0 25 2 25 0 25
NI065 Nandina Oleander 15 0 14 0 14 0 15 0 14
G12 Olive Grape 25 3 17 1 25 0 24 0 20
G12 Olive Oleander 10 1 9 0 10 0 10 0 10
G12 Olive Olive 25 1 25 4 25 23 24 21 24
PC076 Plum Grape 25 3 24 2 25 0 18 0 15
PC076 Plum Oleander 10 0 10 0 10 0 10 0 10
PC076 Plum Plum 25 1 25 0 25 1 25 1 25
Riverside3 Oleander Oleander 25 9 10 24 25 21 21 10a 10a OLSb

Control PBS buffer Almond 10 0 2 0 3 0 3 1 3
Control PBS buffer Crape Myrtle 10 0 4 2 9 1 10 2 10
Control PBS buffer Gingko 15 0 4 0 10 0 8 0 8
Control PBS buffer Grape 15 2 10 0 10 0 10 0 10
Control PBS buffer Liquid amber 10 0 4 0 10 0 10 0 10
Control PBS buffer Mulberry 10 4 10 0 10 0 10 0 10
Control PBS buffer Nandina 10 0 4 0 10 0 10 0 10
Control PBS buffer Oleander 10 0 2 1 10 4 9 0 9
Control PBS buffer Olive 10 1 4 3 10 9 10 9 10
Control PBS buffer Plum 10 0 4 0 10 0 10 0 10
a after 9- and 12-month incubation periods after infection, the majority of the test plants were dead from Xf infection
b when Xf was successfully cultured from plants testing positive from ELISA, isolates were characterized by 16S-23S rDNA

sequencing  into known strain-types

Generally, the mechanical inoculation technique described by Hill and Purcell (1995) worked extremely well on grape,
oleander and almond, but had mixed results for the other isolates and host species tested.  With the exception of mulberry
(discussed below), none of the new isolates from liquidambar, crape myrtle, gingko, nandina, olive or plum were able to
cause systemic infections from which the bacteria could be isolated.  Interestingly, olive plants tested consistently positive by
ELISA for Xf, even for the PBS-inoculated plants, indicating perhaps that for this plant type, there may be a high number of
false positives or that the plants may have been already infected before testing, with a long latent period that prevented us
from detecting the presence of the bacteria in initial experiments.  Almond leaf scorch (ALS), PD, and OLS strains were
easily recovered from inoculated almond, grape and oleander (respectively) indicating that the general inoculation protocol
was successful, yet for liquidambar, crape myrtle, gingko, nandina, olive or plum, we will continue to test at 3-month
intervals.  For isolate LI021, from crape myrtle, it was found to cause symptoms on oleander and further characterization
indicated it was of OLS-type, suggesting that OLS-strains are capable of using crape myrtle as an alternate host, although we
have not yet completed Koch’s postulates for this isolate in crape myrtle.
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Mechanical inoculations of putative (MLS) strains intro mulberry, grape, and oleander plants
For inoculation proposes, three strains were chosen; Morus063, isolated from a mulberry with MLS symptoms; A05, isolated
from a PD-affected grapevine in Temecula Valley area (Costa et al. 2004) and Riverside3 isolated from an oleander-affected
plant in Riverside, CA. A 7 days old culture of Xf was grown on PW medium and resuspended to get a turbid solution in
phosphate-buffered saline (PBS) solution.  Plants were inoculated by pipetting a small drop of the bacterial solution onto a
stem and probing the drop with a #1 insect pin until observed uptake from the drop.  Morus063 strain was inoculated into 25
mulberries, 25 grapevines and 15 oleanders plants.  A05 and Riverside3 strains were needle-inoculated into 25 grapevine or
oleander plants respectively and served as positive controls.  Inoculations with PBS served as negative controls.  After three
months of the inoculation, only inoculated mulberries exhibited leaf scorch symptoms and bacteria were recovered from most
of the inoculated mulberries but not from oleander or grape (Table 3).

Table 3. Evaluation of mulberry, grape and oleander plants inoculated with Xylella fastidiosa isolated from mulberry plant.

Xf strain/
subspecies

Inoculum
source
plant

Tested
Plant

Number
inoculated

No. of positive plants a

ELISA Culture PCR
No. of plants withb

PD OLS MLS
Morus059* Mulberry Mulberry 25 21 21 21 0 0 21
Morus059* Mulberry Grape 25 1 0 0 0 0 0
Morus059* Mulberry Oleander 15 1 0 0 0 0 0
AO5 Grape Grape 25 25 16 16 25 0 0
Riverside3 Oleander Oleander 25 25 16 16 0 25 0
Control PBS Buffer Mulberry 10 0 0 0 0 0 0
Control PBS Buffer Grape 10 0 0 0 0 0 0
Control PBS Buffer Oleander 10 0 0 0 0 0 0
* Putative MLS strains
a Number of plants tested positive for the presence of Xf based on the number of plants inoculated using commercial

enzyme-linked inmunosorbent assay (ELISA) kits, media culturing methods, and RST31-33 primers for polymerase chain
reaction (PCR) analysis (Minsavage et al. 1994)

b Number of plants exhibiting symptoms out of total of inoculated plants.  Abbreviations: PD, Pierce’s disease; OLS,
oleander leaf scorch; MLS, mulberry leaf scorch

Mechanical inoculations of putative Xf subspecies sandyi strains intro grape and oleander plants
Since the strains from jacaranda, magnolia and daylily (JM028, MG038 and HM034) always clustered with OLS strains, our
hypothesis was that they should be able to infect oleander but not grape (Purcell et al. 1999).  To probe this hypothesis, they
were inoculated into oleanders and grape plants.  We also inoculated the OLS strain Riverside3 and the PD strain A05 as
positive controls.  All oleanders inoculated with the strains Riverside3, JM028, MG038 and HM034 showed symptoms after
two months of inoculation (Table 4).  On the other hand, only the grapes inoculated with the A05 strain presented disease
symptoms.  At that point ELISA gave strong positive results from positive plants (≤ 2X the positive control) and bacteria
were recovered from all infected plants.  Colonies did not differ morphologically (light microscope), serologically (ELISA),
or by growth in PD3 medium with the original strains used as inoculum.  For confirmation of identity, reisolated bacteria
were tested with primers RST31 and RST33, and all of them produced a band of 733 bp as expected (data not shown).
Strains JM028, MG038, HM034 and Riverside3 inoculated into grapes were unable to produce disease symptoms or give
ELISA-positive results, and the same was true when the A05 strain was inoculated into oleanders.  No control plants gave
positive ELISA or PCR reactions, and Xf was never isolated from any control plants.



Table 4. Evaluation of grape and oleander plants inoculated with Xf isolated from oleander, grape, jacaranda, magnolia, and
daylily.

Xf strain/ subspecies
Inoculum
source plant

Tested
Plant

Number
inoculated

No. of positive plants a

ELISA Culture PCR

No. of plants
withb

PD     OLS
A05/fastidiosa Grape Oleander 15 0 0 0 0 0
A05/fastidiosa Grape Grape 10 10 10 10 10 0
Riverside3/sandyi Oleander Oleander 15 15 15 15 0 15
Riverside3/sandyi Oleander Grape 10 0 0 0 0 0
JM028/sandyi* Jacaranda Oleander 15 15 15 15 0 15
JM028/sandyi* Jacaranda Grape 10 0 0 0 0 0
MG038/sandyi* Magnolia Oleander 15 15 15 15 0 15
MG038/sandyi* Magnolia Grape 10 0 0 0 0 0
HEM034/sandyi* Daylily Oleander 15 15 15 15 0 15
HM034/sandyi* Daylily Grape 10 0 0 0 0 0
Control PBS Buffer Oleander 15 0 0 0 0 0

Control PBS Buffer Grape 10 0 0 0 0 0
* Putative members of the sandyi subspecies
a Number of plants tested positive for the presence of Xf based on the number of plants inoculated using commercial

enzyme-linked inmunosorbent assay (ELISA) kits, media culturing methods, and RST31-33 primers for polymerase chain
reaction (PCR) analysis (Minsavage et al. 1994)

b Number of plants exhibiting symptoms out of total of inoculated plants.  Abbreviations: PD, Pierce’s disease; OLS,
oleander leaf scorch.

A B

Figure 3.  A. Mulberries inoculated with PBS buffer. B. Mulberries
inoculated strain Morus059 of Xylella fastidiosa.

A B C

Figure 4.  A. Oleander infected with a
strain isolated from magnolia. B.
oleander infected with a strain isolated
from jacaranda. C. Oleander inoculated
with PBS buffer.

CONCLUSIONS
The methods used here indicated that ornamental hosts are able to harbor different strains of Xylella. Our findings revealed
new hosts for the subspecies fastidiosa (peach and redbud) multiplex (crape myrtle, maidenhair tree, olive, liquidambar,
purple-leaf plum and redbud), sandyi (daylily, magnolia and jacaranda) and MLS (heavenly bamboo).  We have the first
report of MLS in California, expanding the number of strains present in this state, and found evidences that MLS strains are
likely non-pathogenic to grape or oleander.  We also showed that strains isolated from jacaranda, daylily, and magnolia are
able to produce disease in oleander but not in grape.  More studies are underway to fulfill the Koch’s postulates of the strains
characterized here as well as to reveal their fate on grape, almond and oleander plants.  Since knowledge of the source of
inoculum is essential in developing effective disease management strategies, additional studies must be done to elucidate the
full host range of Xf. For now, the results of this work increased our information about the hosts range spectrum of the
pathogen and their latent risk in ornamentals.
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ABSTRACT
Understanding the progression of Pierce’s Disease (PD) has been limited by the lack of genetic and molecular tools that can
be used to study the biology of Xylella fastidiosa (Xf).  Although a number of potential plasmid vectors have been developed
that are capable of replicating in Xf, none of these plasmids are stably maintained in Xf without antibiotic selection.  To solve
this problem, we have introduced two different types of stabilizing elements into the Xf plasmid vectors pXF004 and
pXF005.  These stabilizing elements include the plasmid addiction systems, hok/sok and parDE, and the active partitioning
system, parA.  Our preliminary studies indicate that the addition of the hok/sok addiction module to plasmid, pXF004, greatly
increases its stability in Xf.

INTRODUCTION
Xylella fastidiosa (Xf) is a fastidious, xylem-limited, Gram-negative bacterium, which is the causative agent of numerous
economically important plant diseases (Hopkins and Purcell 2002).  Diseases that are important to the California agricultural
economy include PD of grapevine, almond leaf scorch, alfalfa dwarf, and oleander leaf scorch.  An important feature of the
Xf infectious cycle is the ability of this pathogen to colonize and interact with the xylem tissue of plants and the foregut of
insect vectors (Hopkins and Purcell 2002).  Successful colonization of these hosts is dependent on the ability of Xf to subvert
host defense networks and to acquire essential nutrients.

Many research laboratories have been working to identify genes important for virulence and nutrient acquisition.  However,
rapid progress in this area is affected by the lack of genetic and molecular tools necessary to investigate the contribution of Xf
genes to the infection process.  In recent years, a number of plasmid vectors have been developed that are capable of
replicating in Xf. These plasmids have different origins of replication and belong to different incompatibility groups (Qin and
Hartung 2001, Vanamala, A. et al. 2002, Guilhabert and Kirkpatrick 2003, Guilhabert et al. 2005)  However, in the absence
of antibiotic selection, none of these plasmids are stably maintained in Xf. Therefore, one extremely important tool that is
needed to advance studies investigating Xf virulence is a plasmid that is stably maintained by Xf throughout the infectious
cycle.

The goal of our project is to develop a plasmid that is stably maintained in Xf both in vitro and en planta in the absence of
antibiotic selection.  In our initial studies, we constructed these stable plasmids using the pXF plasmids, pXF004 and pXF005
(Guilhabert and Kirkpatrick 2003).  These pXF plasmids contain the replicon from RSF1010 and confer resistance to
kanamycin.  They also are autonomously maintained with antibiotic selection and structurally unchanged by propagation in
Xf. In fact, the only real problem with these vectors is that they are not maintained in Xf in absence of antibiotic selection.
To circumvent this problem, we are evaluating whether stability can be achieved by introducing plasmid-addiction systems
and plasmid partitioning elements into these existing Xf vectors.  During the past year, we focused on plasmid addiction
modules, which have been shown to dramatically increase plasmid stability in many Gram-negative bacteria (Engelbaerg-
Kulka and Glaser 1999, Zielenkiewicz and Ceglowski 2001, Hayers 2003).  A plasmid addiction system is a two-component
stable toxin-unstable antitoxin system.  Examples of these systems include the hok/sok system of plasmid R1 and the parDE
system of plasmid RK2 (Burkhardt et al. 1979, Saurugger et al. 1986, Gerdes 1988).  When a bacterium loses the plasmid
harboring either of these addiction systems, the cured cells loose the ability to produce the unstable antitoxin and the lethal
effect of the stable toxin quickly kills the bacterium.  Thus, a plasmid addiction system guarantees that all living bacteria
maintain the plasmid throughout infectious cycle.  Recently, we have initiated studies to examine whether or not active
partitioning systems enhance plasmid maintenance.  Specifically, we plan to test the plasmid partitioning system, parA,
which consist of a centromere-like region adjacent to two co-regulated genes that encode an ATPase and a centromere
specific DNA-binding protein, which is required for faithful plasmid segregation at cell division (Gerdes et al. 2000).
Addition of this system to unstable plasmids has been demonstrated to increase plasmid stability in many Gram-negative
bacteria (Zielenkiewicz and Ceglowski 2001).
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OBJECTIVES
1. Develop a stable plasmid vector for Xf

a. Evaluate the potential of various plasmid addiction systems for ability to convert plasmids known to replicate in Xf
into stable vectors.

b. Evaluate how plasmid maintenance by Xf is affected by other genetic mechanisms known to affect plasmid stability,
such as systems for multimer resolution and active partitioning systems.

2. Evaluate the stability of the newly development plasmid vectors when propagate in Xf en planta.

RESULTS
During the past year, a series of 22 stability plasmids were constructed.  This initial set of plasmids contains the hok/sok locus
or other elements in combination with origins of replication from RSF1010 (derived from pXF vectors-Guilhabert and
Kirkpatrick 2003) and ori15A (derived from pGEN vectors-Galen et al. 1997).  The stability of each of these plasmids was
then examined in E. coli to provide a preliminary evaluation of these vectors’ long term inheritance properties.  Significantly,
twelve of these new plasmids display increased stability in E. coli relative to the pXF plasmid controls. Each of these
plasmids, along with other representative control plasmids, is now being transferred into Xf using published protocols
(Guilhabert and Kirkpatrick 2003).  Once a plasmid has been introduced into Xf, we will then evaluate the effect of these
addiction modules on plasmid stability in Xf using previously established methods (Guilhabert and Kirkpatrick 2003).  The
results for one series of constructs are shown in Table 1.  The pXF plasmids were not stable in Xf after 1 passage (1-week-
incubation without antibiotics).  The instability we observed for the pXF plasmids is similar to that previously reported by
Guilhabert and Kirkpatrick (2003).  In contrast, plasmid pAM24, which is a derivative of pXF004 and carries the hok/sok
module, is very stable in Xf after one generation (Table 1).  Although our analysis of this plasmid is still at an earlier stage,
we speculate that the addition of the hok/sok system to other Xf vectors will improve their stability in Xf.

Table 1. Series of stable plasmids based on RSF1010 plasmid.
Antibiotic

Marker
Addiction

system
Partitioning

system GFPc % of plasmid retention
in Xf in generation 1

pXF004 a Kan - - - 40 b

pXF005 a Kan - - - 39
pAM24 Kan hok/sok - gfp ~100
pAM18 Kan hok/sok, parDE - - In progress
pAM27 Kan hok/sok parA gfp In progress

a Plasmids were developed by Guilhabert and Kirkpatrick 2003
b Data from Guilhabert and Kirkpatrick 2003
c GFP= green fluorescent protein

Although our studies with the hok/sok system are promising, it is worth pointing out that the hok/sok system by itself is not
capable of completely stabilizing plasmids in other Gram-negative bacteria under all conditions.  Interestingly, placing more
than one type of addiction system onto the same plasmid has been found to provide an additive effect on plasmid stability
(Pecota et al. 1997).  Based on this observation, we constructed the plasmid pAM18, which carries both the hok/sok system
and the parDE system (Table 1).  Another strategy for increasing plasmid stability is to introduce both a plasmid addiction
system (hok/sok) and an active partitioning system (parA) in a plasmid (Galen et al. 1999).  To examine whether or not these
stabilizing elements will increase plasmid stability in Xf, we generated pAM27, which carries both the hok/sok system and the
parA system (Table 1).  Both pAM18 and pAM27 are stably maintained in E. coli.  The next step will be to introduce these
plasmids into Xf and then evaluate whether the presence of multiple stability elements on the same plasmid will result in
further increases in plasmid stability in Xf.

In addition to plasmids based on the pXF vectors, we have also generated a series of plasmids based on pRL1342, which
carries a chloramphenicol resistance gene (Table 2).  Like pXF004 and pXF005, pRL1342 is not stable in Xf in the absence
of antibiotic selection.  However, we have recently generated derivatives of pRL1342 that carry either hok/sok alone or
hok/sok in combination with parA.  Since this series of plasmid vectors confer resistance to chloramphenicol, they will be
particularly useful for genetic complementation analysis using Xf mutants that are resistant to kanamycin.

Table 2. Development of alternative RSF1010-based vectors
Antibiotic Marker Addiction system Partitioning system GFP b

pRL1342 a Cam - - -
pLLC005 Cam hok/sok - gfp
pAM59 Cam hok/sok parA gfp

a The plasmid was developed by Peter C. Wolk, based on pMMB66EH (Furste et al. 1986) with
chloramphenicol resistance. DNA sequence is available at NCBI #AF403427

b GFP= green fluorescent protein
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Finally, to facilitate future stability studies en planta, we have also included in the new stability plasmids a copy of gfp,
which encodes a bacterial optimized green fluorescent protein (GFP) (Tables 1 and 2).  Although this phenotypic marker
does not aid in plasmid stability, it provides a convenient marker for tagging individual cells and provides an alternative tool
for researchers to track the location of Xf during an infection.  GFP has been used by others, such as the Lindow lab at UC-
Berkeley, for tracking Xf during plant infections (Newman et al. 2003) and its inclusion in this new generation of stable Xf
plasmids will expand the usefulness of this valuable molecular biology tool.
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ABSTRACT
Nicotiana tabacum genotype (SR-1), was evaluated as a susceptible host for the bioassay of Xylella fastidiosa strains.
Readily transformable N. tabacum cv. SR-1 plants were propagated in vitro.  Transplanted plants were inoculated with
various Xf strains.  Inocula consisted of aqueous suspensions of bacterial cells harvested from 7-10 day old cultures on solid
PWG medium.  Inoculations were made by needle puncture through 20μL of inoculum (108 bacteria/mL) placed in the axils
of three basal leaves.  Inoculated plants were maintained in a growth room (27-28oC, 12 hour photoperiod provided by GE
High Output  fluorescent lights) for 1 month, and subsequently transferred  to a greenhouse.  Generally, symptoms on plants
inoculated with Xf strain Temecula-1 included necrosis at the margins with chlorotic zones extending toward the midvein
after 6-8 weeks.  Some affected leaves became cupped and curled downward.  As infections became systemic, leaves that
developed on new shoots were chlorotic and smaller.  These symptoms did not develop on water-inoculated control plants.
The presence of Xf in stems and leaf petioles of affected plants was confirmed by ELISA and real-time (RT) PCR.  ELISA
and RT-PCR assays of similar tissues from water-inoculated control plants were negative.  Bacteria were observed by TEM
and SEM in xylem cells in affected plants.  No bacterial cells were observed in control plants. Xf was isolated from
systemically infected tobacco leaf petioles from plants inoculated with Xf strain Temecula-1 and re-inoculated into grape
plants cv. Ruby Seedless.  Typical Pierce’s disease symptoms developed four weeks post-inoculation in the greenhouse,
confirming the retention of pathogenicity of this strain to grapes after passage through N. tabacum cv. SR-1. N. tabacum cv.
SR-1 plants with other Xf strains are being evaluated.  Several factors, including plant age at the time of inoculation, method,
and plant handling after inoculation, are being determined.

TWITCHING MOTILITY AMONG VARIOUS WILD-TYPE ISOLATES AND
PILUS-DEFECTIVE MUTANTS OF XYLELLA FASTIDIOSA
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ABSTRACT
The genome of Xylella fastidiosa (Xf) contains at least thirty genes responsible for pilus assembly or function.  Recently, it
was shown that Xf possesses two distinct types of polar pili: long, type IV pili and short, type I pili.  It was also demonstrated
that the bacteria of the Temecula strain are able to move on a solid agar surface via type IV-pilus mediated twitching motility
that results in the presence of a ‘fringe’ surrounding the expanding bacterial colony.  Since our research had been limited to
the Temecula strain, and since such colony morphologies had not been previously reported it was not known whether the
fringe we observed in culture was an anomaly of the Temecula strain or if it was also a characteristic of other wild-type
strains.  We therefore examined fourteen isolates from California, Texas, and South Carolina.  All but one Xf isolate
developed a fringe around the colony periphery, suggesting that twitching motility may be a critical factor in the spread of the
bacteria in planta and development of Pierce’s disease.  We further discovered that fringe formation on PW agar is
dramatically affected by the concentration of bovine serum albumin (BSA) in the medium.  Type IV pilus-defective mutants,
e.g., pilB did not develop a colony fringe.  Mutants defective for the shorter type I pili, e.g., fimA continued to exhibit a
fringe; and, in fact had a wider fringe.



- 212 -

COMPARATIVE STUDY OF XYLELLA FASTIDIOSA SURFACE PROTEINS EXHIBITING
HIGH CONTENTS CYSTEINE RESIDUES:  IMPACT IN PATHOGENICITY

Project Leaders:
Breno Leite
CVSFR, Florida A&M University
Tallahassee, FL  32317

Peter C. Andersen and Maria L. Ishida
NFREC, IFAS, University of Florida
Quincy, FL  32351

ABSTRACT
The Calcium Bridging Hypothesis (CBH) validity is highly dependent on the existence of thiol moieties on the surface of
Xylella fastidiosa (Xf) cells.  The major question that remains to be addressed is how surface thiol and divalent ions would
mediate aggregation.  Strong evidence was revealed form studies with the Cowpea Mosaic Virus (CMV), by the Scripps
Research Institute, California.  Dissimilar patterns of surface cysteine on the surface of CMV particles resulted in distinct
attachment properties.  Likewise, cell-cell and cell-xylem interactions may also be mediated by the establishment of ionic
bonds involving Ca++, and Mg++.  Cysteine residues located on the outer membrane region of Xf surface proteins can form
covalent disulfide linkages with thiol residues from other cells.  Calcium and magnesium ions could also bridge negatively
charged surface areas.  Our objective in the present work was to search for potential surface proteins with thiols (negative
charge) on the Xf cell surface.  Several adhesion related proteins were investigated.  We especially targeted domains localized
outside the cell, and focused on the extracellular cysteine-rich residues regions. Hemagglutinin-like proteins presented the
desired characteristics to fit the hypothesis.  Other surface proteins are discussed, including type IV fimbriae, recently
demonstrated to be involved in Xf twitching.

INDUCTION OF AGGREGATION IN VITRO OF XYLELLA FASTIDIOSA CELLS BY DIVALENT IONS

Project Leaders:
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CVSFR, Florida A & M University
Tallahassee, FL  32317
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ABSTRACT
Xylella fastidiosa (Xf) aggregates within xylem vessels.  Aggregation is followed by biofilm formation and ultimately vessel
plugging.  Characteristic Pierce`s disease (PD) symptoms are visualized right after vessel plugging.  Nutritional and water
stress are the most common deficiencies and may result in leaf yellowing, leaf scorching and interveinal chlorosis.  We
hypothesize that xylem fluid chemical composition strongly influences aggregation and biofilm formation.  Divalent ion
availability is dissimilar in susceptible and resistant plants. In order to clarify these findings, we assayed aggregation of Xf in
different concentrations of MgCl2 and CaCl2 (20, 50 and 100 mg/L) with two Xf PD strains (UCLA and STL).  Our results
indicate that calcium or magnesium induced approximately a 10-fold increase in aggregation of Xf cells.  Controls were
treated with deionized water.  Aggregation of UCLA cells was greater than for STL cells either with calcium or magnesium
treatments.  However, calcium and magnesium induced aggregation.  These results support the hypothesis that divalent ion
availability is important in determining PD susceptibility and or resistance.
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ABSTRACT
The Calcium Bridging Hypothesis (CBH) implies that surface redox changes on cells of Xylella fastidiosa (Xf) may influence
the capacity of these cells to aggregate.  A series of experiments were designed to challenge the proposed CBH.  In this
hypothesis, thiols (SH) located at the outer membrane level or in adhesion related structures of Xf could increase or decrease
the cells attraction to the xylem wall surface and/or other Xf cells.  The focus of this investigation was to address the
possibility to alter the surface status of SH groups by exposing cells to reduced and oxidized forms of the tripeptide
gluthathione (commonly found in xylem fluid).  CBH also assumes that divalent ions would mediate the interaction between
thiols and other negative charges. Xf aggregation was measured after the following treatments: deionized water (negative
control), CaCl2 100 mg/L (positive control), reduced glutathione 10 mM (GSH), oxidized glutathione 10 mM (GSSG), GSH
10 µM for 20 min + CaCl2 50 mg/L and GSSG 10 mM for 20 min + 50 mg/L.  Maximum aggregation was obtained with pre-
treatment with GSH 10 mM for 20 min followed by exposure of cells to CaCl2 50 mg/L.  Results indicate that a reducing
environment is essential for cell aggregation.  A reducing environment apparently modified the surface of Xf cells and
predisposed them to interact with divalent ions.

XYLELLA FASTIDIOSA GROWTH ON CHARD2, 3G10R AND XF-26 CHEMICALLY-DEFINED MEDIA
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ABSTRACT
Pierce`s disease (PD) in grapevines is caused by the bacterium Xylella fastidiosa (Xf). Xf is injected into xylem vessels by
leafhoppers. Xf can grow planktonic (free cells) or can form aggregates or biofilm (colonies).  Growth and biofilm formation
of UCLA and STL PD strains was compared in three chemically-defined media, Xf-26 (22 components), CHARD2 (10
components) and 3G10R (9 components).  PW+, a rich non-defined medium, was used as a control.  Both planktonic growth
and biofilm formation were assessed during the incubation period.  CHARD2, which has the amino acid cysteine as a
component, was by far the best medium inducing biofilm formation.  CHARD2 and Xf-26 differed in planktonic growth;
CHARD2 exhibited no detectable planktonic growth, whereas Xf-26 cultures were predominantly planktonic.  3G10-R
performance was below the expectations, since this medium has performed satisfactorily before as an aggregation inducer.
3G10-R has reduced glutathione (reducing agent), however it contains glucose, which is not present in CHARD2.  We
hypothesize that the redox environment, in each medium, induced the differences in biofilm architecture verified.
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ABSTRACT
Xylella fastidiosa (Xf) regulates virulence factors important in both virulence to grape as well as colonization of sharpshooter
vectors via its production of a fatty acid molecule (known as DSF) whose production is encoded by rpfF.  The rpfF
homologue of Xf strains that cause Pierce’s disease (PD), synthesizes a fatty acid cell-cell signal (DSF) that is apparently
similar to that produced by Xanthomonas campestris pv. campestris. Xf rpfF mutants exhibit increased virulence to plants;
however, they are unable to be spread from plant to plant by their insect vectors.  While we have identified a key regulator of
virulence and insect transmission in Xf we lack an understanding of the traits that are regulated by this pathogen in response
to the DSF signal molecule.  We thus are initiating studies to determine the rpf-regulation in Xf. The objectives of our study
are: 1) determine those genes in Xf whose transcription is controlled by rpfF, the regulator of virulence and insect
transmission, by assessing global gene expression using DNA microarrays, 2) determine the number and identity of genes in
Xf that are expressed in grape plants but not in culture by assessing global gene expression using DNA microarrays, and 3)
assess the contribution of individual genes of Xf whose transcription is dependent on rpfF to its virulence and insect
transmissibility.  We are exploiting a DNA microarray developed in another project that addresses host specificity genes in Xf
to assess gene expression differences in isogenic rpfF+ and rpfF- strains of Xf strain Temecula.  The microarray contains
2,555 gene-specific 70 bp oligodeoxynucleotides including negative and positive controls.  We have isolated RNA from Xf
strains grown both in culture as well as isolated from plants. After differential labeling with the fluorescent cyanine dyes
Cy3 and Cy5, cDNAs made from these RNAs have been hybridized to the microarray.  Preliminary results reveal that at least
150 genes are up-regulated in response to rpfF in Xf while at least 40 genes are repressed.  Clearly this regulator has a large
effect on the physiological function of Xf. Microarray-based gene expression results are being verified using quantitative
Reverse Transcriptase-PCR.  Work is also underway to determine the subset of Xf genes that might be plant-inducible and the
identity of those whose expression is dependent on DSF production.

EVALUATION OF GENETIC DIVERSITY WITHIN XYLELLA FASTIDIOSA STRAINS ACROSS TEXAS
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ABSTRACT
Strains of Xylella fastidiosa have been isolated from infected grapevines and the vegetation surrounding vineyards.  The
gyraseB gene has been sequenced for approximately 20 strains and most of the strains fall into one of two categories, the
grape group and the mulberry/ragweed group.  Strains isolated from grape typically matched grape strains in the database and
strains isolated from weeds and trees around vineyards closely matched the mulberry/ragweed sequences.  However, one
isolate from an infected grapevine was found to be a mulberry/ragweed strain suggesting that strains typically found in weeds
can move into nearby grapevines.  Due to the highly conserved nature of the gyraseB gene within strains we are also
evaluating our cultures by PCR amplicon size for several small subunit repeats as suggested by Dr. Lin of USDA, ARS in
California.  This method creates a DNA fingerprint of each strain.  Using this technique we are able to demonstrate that there
are multiple mulberry/ragweed strains and multiple grape strains across Texas.  We hope to combine these fingerprints with
information about strain location to better understand the epidemiology of disease spread into newly infected vineyards.
With fingerprint information on strains we also hope to create a phylogenetic tree of Texas strains to combine with similar
data in other states allowing us to further understand the natural history and epidemiology of Pierce’s disease.
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ABSTRACT
Xylella fastidiosa (Xf) (Temecula isolate), an important phytopathogen causing Pierce’s disease (PD) of grapevine, was
recently shown to possess both type I and type IV pili.  It was also shown that the bacteria exhibit type IV pili-mediated
twitching motility on modified PW agar, and possess the ability to migrate preferentially against a flowing current.  The
EZ::TN transposome system was used to develop twitching-defective mutants.  Cloning and sequencing analysis revealed
seven associated genes residing in three pil gene clusters, including the pilX cluster (fimT and pilX and pilY1), pilQ cluster
(pilQ and pilO) and pilA cluster (pilB and pilR).  The fimT, pilX, pilQ, pilO, pilB and pilR mutants lack the twitching
phenotype, while the pilY1 mutant colony exhibited significantly reduced twitching.  Transmission electron microscopy
revealed that no type IV pili were present on the non-twitching mutants, although type I pili were present.  Both types of pili
are present at one pole of wild type cells.  The results suggest that the pil genes disrupted in this study are required for type
IV pili formation and twitching motility in Xf.
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ABSTRACT
Pierce’s disease (PD) is caused by a xylem limited gram-negative Xylella fastidiosa (Xf) bacterium.  Various species of
sharpshooters, including the important glassy-winged sharpshooter (GWSS), transmit Xf. Currently, there is no cure for PD.
Paratransgenesis is a new tool for the management of PD.  Acquisition efficiency of GWSS to acquire Xf is about 80% when
tested with Real-Time PCR.  Results of selected phage antibody specific to Xf PD-strain to disrupt the pathogen are
underway.

INTRODUCTION
Strains of Xylella fastidiosa (Xf), a gram-negative bacterium, cause a number of important plant diseases including Pierce’s
disease (PD) in grapevine, citrus variegated chlorosis (CVC) in citrus, phoney peach disease, periwinkle wilt, and leaf scorch
disease in plum, elm, maple, sycamore, and coffee (Hopkins 1989).

The principal vector for the transmission of X. fastidiosia is the glassy-winged sharpshooter (GWSS) (Homalodisca
coagulata).  The pathogen attaches to the cibarium and precibarium of sharpshooters by means of an extracellular matrix
(ECM) and is transmitted from infected plants to healthy plants when the sharpshooters feed (Brlansky et al. 1983).

Symbiotic control identifies a symbiont that is genetically modified to produce a gene product that inhibits transmission of a
pathogen.  Recent examples of symbiotic control are the control of Chagas’ disease caused by Trypanosoma cruzi and
transmitted by the Triatomid bug Rhodnius prolixus (Durvasula et al. 1997), the prevention of Colitis in mammals (Beninati
et al. 2000, Steidler et al. 2001), and to interfere with HIV transmission (Chang et al. 2003).

This approach is being developed for the management of PD. Alcaligenes xylosoxidans subsp. denitrificans (Axd) was
chosen for genetic modification to deliver an anti-Xylella product. Axd is appropriate because it shares the same niche as Xf
in the foregut of the GWSS and cycles well between the insect and plant system.  Also, this bacterium has been described as
a non-pathogenic soil-borne microbe and a non-pathogenic endophyte (Meade et al. 2001).

Single chain antibody (scFV S1), which is expressed on the surface of a M13 bacteriophage, has been selected against Xf PD-
strains by using a panning technique.  S1 is supposed to bind to the surface of a Xf PD-strain.  Currently we are testing S1 in
an in vitro insect-plant-pathogen system.

OBJECTIVES
1. Test the acquisition of Xf by GWSS feeding on infected Vinca major.
2. Test the efficiency of S1 to inhibit Xf transmission on V. major.

RESULTS
Field collected GWSS from a citrus orchard were put into an artificial feeding system (AFS) to acquire S1.  Afterwards the
GWSS were allowed an acquisition access period (AAP) on a Xf PD-strain infected V. major for 48 hours.  Then, these
sharpshooters were transferred onto clean test V. major plants and allowed an inoculation access period (IAP) of 48 hours.
After 6 weeks these test plants were tested for Xf colonization by Real-Time PCR (rt-PCR).  Negative controls were an anti-
BSA phage and PBS.  Each of the three treatment groups was mixed with 0.2% dextrose in a 1:4 ratio, respectively.  The
AFS consists of multiple plastic vials each with a vinyl tube both closed with wrapped parafilm and filled with the
appropriate above said solution.

In another set of experiments the field collected GWSS were allowed an AAP of 48 hours on the Xf PD-strain infected V.
major.  Then these GWSS were transferred to the AFS to acquire S1, anti-BSA phage, and PBS solution for 48 hours.
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Thereafter these GWSS were allowed an IAP on clean V. major for 48 hours.  And then these plants were tested for Xf
colonization via rt-PCR after 6 weeks.

In both sets of experiments the transmission of Xf by GWSS was tested by allowing the sharpshooters to feed first on the Xf
PD-strain infected V. major for 48 hours.  Then these test insects were transferred onto clean test plants to feed for 48 hours.
The results of the experiments are pending.

Samples of the GWSS that fed on the Xf PD-strain infected plant for 48 hours were taken and then their heads were tested for
the presence of Xf via rt-PCR.  Eighty percent (range 70-100%) of GWSS heads shows the presence of Xf. The field
collected GWSS were also tested for the presence of Xf via rt-PCR.  Only 0-10% (mean = 5%) of the field collected GWSS
were found to be infected with Xf.

CONCLUSION
An effective AFS has been developed to allow the GWSS to acquire S1. V. major was selected as the model plant for our
insect-plant-pathogen system to test S1.  Eighty percent of the GWSSs acquire Xf after 48 hours of AAP.  Experiments on the
disruption of Xf by S1 are ongoing.
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ABSTRACT
The principal objective of this project is to construct and express in test plants, and then in grapevine rootstock, a protein or
protein chimera capable of inactivating Xylella fastidiosa (Xf), the causative agent of Pierce’s disease (PD) of grapevine.
Prior results from this project identified MopB as a, or possibly the, major outer membrane protein of Xf. We have shown
that MopB is accessible on the Xf cell exterior and is a member of the OmpA family of outer membrane proteins of Gram-
negative bacteria.  The abundance of MopB in Xf cell extracts, known packing density of OmpA in a crystal, and Xf cell
dimensions allowed us to estimate that MopB probably accounts for at least 10% of the Xf cell exterior.  Thus, MopB is a
highly suitable target for inactivation of Xf cells.  Previous results suggested that some portion of the intact MopB gene from
Xf is sickening to E. coli.  Nevertheless, two E. coli strains were generated by substitution into the endogenous OmpA gene,
one expressing mature MopB and the other a MopB-OmpA chimera with the amino-terminal half from MopB.  Cells of both
strains display MopB antigen on their surface, though accumulation is to a level much lower than MopB achieves in Xf. The
strains are immune to bacteriophage K3, for which OmpA is the receptor.  We modified and randomly mutated the OmpA-
binding gp38 adhesin protein of bacteriophage K3 and will use Xf cells and the MopB-surface E. coli strains described above
to select bacteriophage K3 variants that use MopB as the receptor.  The selected gp38 gene will form the core of an anti-Xf
protein.  A readily transformed and regenerated tobacco line, SR-1, was identified as being susceptible to Xf and producing
PD-like symptoms and cytology.  SR-1 will be a used to test anti-Xf proteins and optimize constructions for grapevine
transformation.  High level expression of a fragment of MopB has been achieved and the same technology will be used to
obtain sufficient quantities of MopB to complete its biological characterization.

INTRODUCTION
Resistant grapevine cultivars present the best approach to long term, effective, economical and sustainable control of Pierce’s
disease (PD).  This project has developed data showing that the OmpA class protein MopB of Xylella fastidiosa (Xf) is a
major outer membrane protein of the bacterium.  The demonstrated accessibility of parts of the MopB molecule on the cell
surface and its abundance identify MopB as a high priority potential target for inactivation of the Xf cell or interference with
the Xf infection cycle.  As background, results from our prior research are summarized below (Bruening et al. 2005):
a. Xf cells, fresh or heat-killed, when pressure-infiltrated into Chenopodium quinoa leaves, induce within two days

chlorosis (chloroplast bleaching) that is limited to the infiltrated area of the leaf (CqC activity).
b. The CqC activity is protease sensitive and was associated with a gel electrophoresis band that was found, by mass

spectrometry, to contain predominantly the putative (OmpA class) Xf outer membrane protein MopB.
c. The mature, 38.5K MopB protein was found to result from the release of a 22 amino acid leader peptide. The bulk of

mature MopB molecules have a pyroglutaminyl amino end.
d. MopB was partially purified in soluble form using sodium dodecyl sulfate (SDS) solutions but reducing, at the last step,

SDS to very low levels.
e. Application of anti-MopB antibody demonstrated that MopB is accessible on the Xf cell exterior and appears to be

evenly distributed over the Xf cell surface.
f. MopB is an abundant protein of Xf and may be the major outer membrane protein of the bacterium.
g. E. coli did not tolerate plasmid constructions bearing the entire MopB gene from Xf. However, placing the MopB open

reading frame under control of a bacteriophage-derived promoter allowed the production of low amounts of MopB in E.
coli.

h. Both purified MopB and MopB still embedded in Xf cells showed a strong propensity to associate tightly with porous
materials of a variety of chemical types.  This result is reminiscent of the observed association of a Pseudomonas
fluorescens OmpA protein, OprF, with root surfaces (De Mot and Vanderleyden 1991, Deflaun et al. 1994), MopB may
be involved in the association of Xf cells with the interior of xylem elements in the inoculated plants.

Our principal objective is to construct and express in test plants, and then in grapevine rootstock, a MopB-binding protein
(MBP) or protein chimera capable of inactivating Xf. We expect that a construction of suitable design will confer, on the
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grapevine scion, resistance to Xf. If rootstock expression does not confer scion resistance to Xf, we will turn to transformation
of the scion.  To obtain a high affinity MBP, we are modifying a protein of a T2-like bacteriophage: the tail fiber adhesion
gp38 (Riede et al. 1987).  The gp38 protein of bacteriophages K3, M1 and OX2 recognizes and binds to E. coli OmpA, the
receptor for bacteriophage infection. Based on the rapidity and irreversibility of bacteriophage association with E. coli, gp38
likely binds very tightly to OmpA. Bacteriophage mutants with “shifted allegiance” away from OmpA and to other E. coli
surface proteins were selected using E. coli mutants with altered or missing OmpA.  In one instance, the new receptor was a
polysaccharide rather than an outer membrane protein (Drexler et al. 1991).  The mutations controlling affinity for the new
receptor mapped to four polypeptide loops of gp38 (Drexler et al. 1989).  We believe a mutated gp38 could have a high
affinity for MopB. OX2 apparently has been lost.  M1 has been more readily adapted than has K3 to new receptors (Henning
and Hashemolhosseini 1994).  We obtained inocula of bacteriophage K3 and bacteriophage M1 from a former postdoctoral
associate in the laboratory of Ulf Henning (deceased) in Germany.

The predominant conformation of a typical OmpA protein, as it resides in the outer membrane of E. coli, almost certainly has
the polypeptide chain composed of amino acid residues 1-171 inserted into the outer membrane with 8 trans-membrane
segments and four external loops (Pautsch and Schulz 1998, Singh et al. 2003).  We have cast MopB into a similar
conformation based on the crystallographic structure of OmpA (Pautsch and Schulz 1998) and computer predictions of
folding for OmpA and MopB and have initiated research aimed at converting gp38 from a OmpA-binding protein to a MBP.
That is, our initial aim is to select a version of gp38 that has been modified in its receptor-binding four loops to recognize and
adhere tightly to the cell-external four loops of MopB.

OBJECTIVES
The goal of this project is to generate Xf-resistant grapevine rootstock and plants based on expression of a MBP.
Specific objectives:
1. Discover or develop low molecular weight MBPs with high affinity for portions of the MopB protein that are displayed

on the Xf cell exterior.
2. Test MopB-binding proteins for their ability to coat Xf cells, for possible bactericidal activity, and for interference with

disease initiation following inoculation of grape with Xf.
3. In collaboration with the Gupta laboratory, develop gene constructions for chimeric proteins designed to bind tightly to

and inactivate Xf cells; express and test the chimeric proteins for their effects on Xf cells in culture.
4. In collaboration with the Dandekar laboratory, prepare transgenic grape expressing the candidate anti-Xf proteins; test the

transgenic plants for resistance to infection by Xf.

RESULTS
Under Objective 1 (discover MBPs)
Expression of MopB on the E. coli cell surface
Obtaining E. coli cells that express MopB sequences and display MopB surface polypeptide loops, as is characteristic of
MopB in Xf, is central to our selection procedure for MBPs.  As was reported in the previous period, we created an E. coli
strain that was designed to display MopB sequences on the cell exterior but to otherwise be compatible with expression in E.
coli. Using a gene-replacement approach, a recombinational event replaced the amino terminal region, residues 1-171, of the
chromosomal OmpA gene of E. coli with the corresponding region of MopB.  This construction retains the OmpA signal
peptide and the OmpA carboxyl half of the molecule, which includes the trans-periplasmic space sequences and the sequence
that is inserted into the peptidoglycan layer.  The replacement was confirmed by sequence analysis after PCR amplification
of the chimeric gene region from chromosomal DNA.  A similar approach has now produced an OmpA replacement which
was designed to generate the entire mature MopB molecule.  Cells of the new E. coli strains were found to be entirely
resistant to bacteriophage K3 and to be agglutinated by beads displaying anti-MopB IgG, as expected. Immunoblots were
prepared after SDS-PAGE of E. coli hot-SDS cell extracts for the two strains.  Results (not shown) revealed the accumulation
of MopB-like proteins of the expected mobility.  However, the MopB-immunoreactive material from the E. coli strains
amounted to no more than a few percent of the signal observed for similar amounts (total protein) of Xf cells.  Expression of
mature MopB and MopB-OmpA chimera proteins appears to be below the level of OmpA accumulation in wildtype E. coli.
We suspect that there is a codon usage problem for the synthesis of MopB and MopB-OmpA chimera in E. coli and are
taking steps to introduce the cognate tRNAs.

Modification of gp38 for adhesion to MopB.
We attempted to find bacteriophage K3 variants capable of infecting MopB-OmpA chimera-bearing E. coli cells.  The cells
were exposed to 1010 plaque forming units of untreated bacteriophage K3 and to bacteriophage K3 populations that had been
treated with the mutagen hydroxylamine or that had been increased in cells exposed to the in vivo mutagen 2-aminopurine.
No infecting K3 variant was found.  Henning and Hashemolhosseini (1994) report that bacteriophage M1 is more suited than
K3 to adaptation to receptors other than OmpA.  We obtained bacteriophage M1 inoculum, but found it to behave similarly to
K3 in our tests. PCR amplification of a gp38 sequence from the “M1” DNA revealed the sequence of K3 gp38, suggesting
that bacteriophage M1, like bacteriophage OX2, may no longer be available.  We are in the process of creating a library of
mutated gp38 sequences based on the published M1 gp38 sequence. These will be introduced into bacterophage K3 to create



a library of mutants for selection of MopB-binding gp38.  Selection will use Xf cells as well as the MopB-surface E. coli
strains.

MopB and the CqC assay
Cell suspensions from the chimeric MopB-OmpA and mature MopB E. coli strains were pressure infiltrated into C. quinoa
leaves.  Both cell suspensions, as well as wildtype E. coli cell suspensions, behaved similarly.  A CqC reaction was observed
at the higher cell suspension densities, and the reaction was similar for all three suspensions.  That is, E. coli appears to have
an endogenous CqC-like activity.  Given the demonstrated low accumulation of MopB-OmpA chimeric protein and MopB in
the E. coli strains, CqC activity from the expressed proteins, if any, most likely was overshadowed by the endogenous CqC-
like activity of E. coli.

We are preparing constructions for expression of intact MopB and specific MopB fragments using the high level expression
(Dubendorff and Studier 1991) pET160 plasmid system.  The first to be completed produced the carboxyl half of MopB, as
indicated in Figure 1.  The CqC assay of the purified protein preparation (analyzed at Figure 1, lane 5) failed to induce
chlorosis when infiltrated into C. quinoa leaves, whereas control preparations of Xf cells induced the usual CqC reaction,
suggesting that CqC activity does not reside in the carboxyl half of MopB alone.

Figure 1. Production of microgram amounts of the carboxyl half of Xf
outer membrane protein MopB in transformed E. coli. Sequence
encoding the carboxyl half of the mature MopB protein was inserted into
a pET160 plasmid vector on the 3’-side of tetracysteine- and
hexahistidine-encoding sequences and under control of a bacteriophage
T7 promoter and lac operator sequence. The construction was
transformed into an E. coli strain that lacks a bacteriophage T7 RNA
polymerase gene for characterization and propagation of the clone.  This
approach is intended to prevent even basal level expression of the insert
sequences. For high level expression, purified plasmid is transformed into
BL21 Star E. coli cells, which encode T7 RNA polymerase under control
of a lacUV5 promoter.  Cultures were grown up directly without isolation
of individual colonies and were exposed (lanes 3-5) or not exposed (lanes
1, 2) to the gratuitous inducer IPTG. Protein extracts were incubated with
the tetracysteine-binding fluorescent lumio reagent prior to
electrophoresis through 12% polyacrylamide in SDS. Detection was by
lumio fluorescence (lanes 1 and 3, L) or by staining of the gel with
coomassie brilliant blue (lanes 2, 4, and 5, C). Lanes 1-4 are from one
gel. Material for lane 5 was purified from lane 3 material by nickel
column chromatography in urea solution.

1      2          3      4            5

L     C          L      C           C

Under Objective 4 (transgenic plant expression of anti-Xf protein)
Test bed for analysis of constructions designed to express anti-Xf protein
To facilitate our goal of creating grape rootstock that can confer resistance to Xf on its grafted scion, we developed a plant
model system for rapid transformation with anti-Xf constructions and rapid testing for phenotype (Francis et al. 2005),
compared to grapevine.  Constructions discovered to have promising anti-Xf activity will be used to transform a grapevine
rootstock line.  We have demonstrated that tobacco (Nicotiana tabacum) line SR-1, which is routinely transformed and
regenerated at the UC Davis College of Agricultural and Environmental Sciences Plant Transformation Facility, is readily
infected by needle inoculation into the petiole axil or stem. Xf was recovered from the petiole above inoculation points,
whereas no bacteria were recovered from water-inoculated controls.  Symptoms developed (Figure 2A) and Xf accumulated,
as indicated by ELISA, quantitative PCR, and clogging of xylem vesicles (Figure 2B), providing unequivocal evidence of
infection.  Others have succeeded in infecting N. tabacum strains with Xf (Lopes et al. 2000, Alves et al. 2003).  The
symptoms we observe appear to be more dramatic than those reported. Xf isolated from SR-1 tobacco caused typical PD
symptoms following artificial inoculation to grapevines (Figure 2C).

CONCLUSIONS
The goal of this project is to create genes encoding anti-Xf proteins for transformation of grape rootstock and protection of
the grafted scion against PD. E. coli strains were created that display on the cell exterior portions of a Xf major outer
membrane protein, MopB.  These strains are expected to be suitable hosts for a bacteriophage that will accept a displayed
portion of MopB as a receptor.  A synthetic bacteriophage gp38 adhesin gene has been randomly mutated and will be
incorporated into a population of bacteriophage K3 to produce a library from which bacteriophage strains that use MopB as a
receptor will be selected.  The selected gp38 gene will form the core of an anti-Xf protein.  High level expression of a
fragment of MopB has been achieved and will be applied to full length MopB to complete its biological characterization.  A
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readily transformed and regenerated tobacco line, SR-1, has been identified as a suitable platform for testing and optimizing
anti-Xf protein gene constructions.

A B

C

Figure 2. SR-1 tobacco as a host for Xf. A. Water-infiltrated (left) and Xf-inoculated plants 3 months after inoculation at the 6
leaf stage.  Although leaves of control plants developed senescence, none developed the downward curvature, cupping and
tip- and margin-necrosis with chlorotic halo that are characteristic of the Xf-inoculated plants. 4/4 leaves from two control
plants were negative for Xf by ELISA and PCR.  Extracts of 7/7 leaves from three Xf-inoculated plants generated ELISA
signals averaging 4x the control level; quantitative PCR signals exceeded the threshold product accumulation at 19-31 cycles.
B. Electron microscopy of SR-1 petiole sections at 10-12 nodes above the inoculated leaf revealing bacterial cells occluding a
xylem element.  C. Sap from Temecula-1 Xf-inoculated, symptomatic SR-1 tobacco was inoculated to grapevine cuttings,
resulting in typical PD symptoms and accumulation of Xf.
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ABSTRACT
Our overall objective is to determine siderophores produced from Alcaligenes xylosoxidans denitrificans (Axd), isolated from
glassy-winged sharpshooter (GWSS), Homalodisca coagulata Say (Hemiptera: Cicadellidae) (Bextine et al. 2004), and to
investigate the ability of Xylella fastidiosa (Xf) to obtain iron from siderophores produced by Axd.  We are also interested in
the effect of siderophores as a potential biological control against Xf.

INTRODUCTION
Most bacteria must acquire iron by competing with environmental chelation.  One mechanism for bacterial iron acquisition
utilizes siderophores (Kline et al. 2000).  Siderophores are small molecules that bind extracellular iron with high affinity
(Neilands 1995).  The presence of coding genes for iron uptake membrane receptors in Xf (Simpson et al. 2000) suggest that
Xf biosynthesize and uptake siderophores (Silva-Stenico et al. 2005).

OBJECTIVES
1.  Determine if Axd produces siderophores that Xf can binds.
2.  Investigate the interaction between Axd and Xf in iron-restricted environment.

RESULTS AND CONCLUSIONS
By using CAS-agar assay (Schwyn and Neilands 1987), the difference strains of Axd have been tested for siderophores
production.  This is due to the difficulty of promoting production of siderophores suggesting that siderophores are crucial for
biosynthesis.  We are investigating a potential biological control of siderophores against Xf.
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ABSTRACT
Almonds are one of the most widely-grown crops that can host Xylella fastidiosa (Xf), so it is useful to assess the potential for
almonds to serve as a source of Xf infections in grapes, and to explain why Xf dispersal between almond orchards and
vineyards is uncommon.  We are comparing infection establishment and survival at two field sites and in a controlled test
with potted plants, varying three factors that may influence almond leaf scorch in almonds: cultivar, genetics of the
pathogenic bacteria, and winter severity.  In spring and summer 2005, we inoculated grape type and two almond types of Xf
into highly susceptible ‘Peerless’ and less-susceptible ‘Butte’ almond trees.  After vector inoculation, Xf must survive
multiple winters in an almond tree to reach sufficient populations for sharpshooter acquisition and economic impact disease
levels.  Therefore, field sites were selected with moderate and severe winter temperatures.  We also initiated a controlled
dormancy test with potted plants and cold storage rooms at Kearny Agricultural Center, Parlier, California.  Almond trees in
the field were inoculated with buffer or Xf belonging to the grape type or two almond types, and will be held at different chill
temperatures for varying lengths of time.

INTRODUCTION
Because almonds are one of the most widely-grown crops that can host Xf in the Central Valley, they might serve as a source
of Xf infections in grapes, although for unknown reasons Xf dispersal between almond orchards and vineyards is uncommon
(A. Purcell – unpublished data).  Almond leaf scorch (ALS) is caused when Xf multiplies extensively within the xylem of
infected trees, eventually severely limiting nut production (Davis et al. 1980).  The disease was first formally described in
1974, though outbreaks occurred in Los Angeles and Contra Costa counties in the 1950’s (Moller et al. 1974).  Symptoms of
ALS are similar to Pierce’s disease (PD) in grapes and include leaves with marginal necrosis and chlorosis and the lack of
terminal growth.  Initial infections spread slowly and often occur only on one branch, but after a few years are easily visible
on the entire tree (Almeida and Purcell 2003c), reducing almond productivity (Mircetich et al. 1976, Moller et al. 1974).  In
both grapes and almonds, Xf multiplies to high populations (1,000,000 bacteria per gram of plant tissue) and is acquired and
transmitted by insect vectors (Almeida and Purcell 2003a, Almeida and Purcell 2003c, Purcell 1980a).  In laboratory tests, Xf
was transmitted to almonds by 5 species of xylem-feeding insects, including the glassy-winged sharpshooter (GWSS),
Homalodisca coagulata (Almeida and Purcell 2003b, 2003c).

In previous studies, almond cultivars varied greatly in their susceptibility to ALS, with some developing extensive leaf
scorch, and others showing little disease. Xf inoculations made from May through July had the best odds of surviving the
following winter. (B. Kirkpatrick – unpublished data). We compared Xf infection establishment and survival in two
cultivars, highly susceptible ‘Peerless’ and less-susceptible ‘Butte,’ both on Nemaguard rootstock.

The genetic type of Xf may also impact almond susceptibility, and will certainly impact formation of PD.  Three genetic types
of Xf have been identified from almond trees.  One type was identical to Xf from PD-infected grapevines.  The other two
genetic types were unique to almonds (Hendson et al. 2001). The three types were distinguished by growth on selective
media and DNA digestion with restriction enzymes (Almeida and Purcell 2003c).  Recent cross-inoculation studies in the
greenhouse showed that the genetic type influenced the ability of the bacteria to over winter in grapes or almonds, as almond
types died in grapes and grape types died in almonds (Almeida and Purcell 2003c).  For this reason, we also used different
genetic types of Xf in our field trials.

After vector inoculation, Xf must survive multiple winters in an almond tree to reach sufficient populations for sharpshooter
acquisition and economic impact disease levels.  Growth chamber and field studies with grapevines showed that the degree of
plant dormancy, as well as severe cold, affected the over winter survival of Xf (Feil and Purcell 2001, Purcell 1980b).  To
date, there is no information available on the effects of winter dormancy on Xf infections in almonds.  Growth chamber and



field studies with grapevines showed that the degree of plant dormancy, as well as severe cold, affected the over winter
survival of Xf infections.  To date, there is no information available on winter dormancy effects on Xf infections in almonds.

We are comparing infection establishment and survival at two field sites and in a controlled test with potted plants, varying
three factors that may influence almond leaf scorch in almonds: cultivar, genetics of the pathogenic bacteria, and winter
severity.  Therefore, field sites were selected with moderate and severe winter temperatures (Armstrong Farm at University of
California, Davis, and Intermountain Research and Extension Center at Tulelake, California, respectively) in order to study
treatment impact under different winter temperatures.  A controlled dormancy severity test with potted plants and growth
chambers was also started at Kearny Agricultural Center, near Parlier, California.

OBJECTIVES
1. Compare the establishment and multi-year persistence of Xf isolates belonging to three ALS genetic groups in almond

cultivars with either low or high susceptibility to almond leaf scorch.
2. Compare effects of winter severity and the degree of plant dormancy on the infection rate, symptom severity, and titer of

Xf in inoculated almonds.
3. Use collected data on almond leaf scorch development to determine if almond orchards may serve as a reservoir of Xf.

RESULTS
Field trials
One hundred bare-root almond trees, fifty of each cultivar, were planted in spring 2005 at two different field sites: Armstrong
Farm at University of California, Davis, (hereafter referred to as UCD), and Intermountain Research and Extension Center,
Tulelake, CA (hereafter referred to as IRC).  Trees were planted in a complete randomized block design with a split plot
(almond cultivars) in each block.  There are ten replicates of each treatment combination (Xf isolate x almond cultivar).
Trees are drip irrigated at UCD and sprinkler irrigated at IRC.

The almonds trees were inoculated with different genetic types of Xf. In our study, each tree was inoculated with one of five
treatments: Fresno-ALS (isolated from almonds but genetically similar to Xf that causes PD in grapes; PD-Xf), Dixon (ALS-
Xf type 1) and ALS 6 (ALS-Xf type 2), Medeiros (from grapes), or buffer control.  All isolates of Xf were isolated from
infected plants in Solano, Fresno, or San Joaquin Counties, and were pathogenic in recent greenhouse tests.  Inoculations
were done in early May (UCD) and early July (IRC) when the young shoots were at least 6 mm in diameter.  Inoculum was
prepared in the field from two week old cultures Xf grown on solid media.  Each isolate was mechanically inoculated into 3
or 4 sites in 1 stem per plant by placing a 10 μL drop of bacteria suspended in sodium-citrate-phosphate buffer
(approximately 10,000,000 bacteria/ mL).  The drop was placed on a green, growing shoot and probed with a #2 insect pin
until it was drawn into the stem. Inoculation sites were marked with permanent metal tags and paint.

Leaves immediately adjacent to the inoculation sites were tested for Xf in fall 2005 to see if inoculations were successful.
The severity of infection was rated by the number of scorched leaves on the inoculated stem.  Almond petioles from each tree
were cultured to determine Xf infection and population.  Subsequent strain identification of Xf was accomplished by re-
streaking growing bacteria on two different artificial media, PD3 and PWG (Davis et al 1983, Davis et al 1980, Hill and
Purcell 1995).  All types of Xf grow on PWG, while ALS-Xf type 2 and PD types grow on PD3 as well.  ALS-Xf type 1 does
not (Almeida and Purcell 2003c).  To separate ALS and PD isolates, polymerase chain reaction (PCR) was used to amplify
DNA from the bacteria, and DNA was digested with Rsa 1, a restriction enzyme that cuts the DNA of ALS-Xf isolates into
two pieces, but does not cut the DNA of PD-Xf (Almeida and Purcell 2003c).  We will be able to know what infections over
wintered by summer 2006, and compare infection establishment, bacterial titer, and rate of disease development in field-
grown almond trees.  Trees will also be evaluated for the presence of Xf in 2007 and 2008.

A preliminary screening found that almond leaf scorch symptoms were much more severe at the UCD site, especially in
‘Peerless’ trees, with an average of 4.6 scorched leaves per tree, compared to 0.8 in ‘Butte.’  Both cultivars at IRC had no
scorched leaves, an average of 0.2 and 0.1 leaf per tree for ‘Butte’ and ‘Peerless,’ respectively.  However, there was no
difference in the proportion of infected trees at UCD (32 of 78 infected at UCD, 41 of 96 infected at IRC; Chi-square P
>0.05), nor in the median populations of Xf present in inoculated trees at UCD (6.2 x 106 CFU/g) or IRC (1.3 x 107; log10-
transformed; P = 0.26).  The difference in symptoms may have two explanations: i) trees at UCD were tested for Xf 3.5 mos
after inoculation and  had longer to develop symptoms, compared to trees at IRC, which were tested 2 months after inocula-
tion; or ii) the infected trees were under more moisture stress at UCD, which led to the development of disease symptoms.

There were not large differences between infection percentage (41% of ‘Butte,’ 38% of ‘Peerless’; Chi-Square P>0.05), or Xf
population (2 x 106CFU/g for 'Peerless' and 9 x 106CFU/g for 'Butte’; log10-transformed; P = 0.11) for the two cultivars.
'Peerless' had much fewer scorched leaves than 'Butte' at UCD, but not at IRC, as discussed in the previous paragraph.

One significant difference was the infection percentage of the various isolates, as grape strain Xf was more frequently
recovered from inoculated trees than either almond strain.  Fresno and Medeiros were recovered from 64 and 77% of trees,
respectively, whereas ALS6 and Dixon were recovered from 27 and 28% of trees.  Leaf scorch symptoms were more severe
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in trees inoculated with grape-type isolates Fresno and Medeiros (an avg. of 2.8 and 3.2 scorched leaves/tree), compared to
almond isolates Dixon and ALS6 (0.3 and 0.9 scorched leaves/tree), and background leaf scorch in buffer-inoculated trees
(0.1/ tree).

Bacterial populations in trees infected with grape and almond isolates were similar, even though infection percentage and
symptom severity was greater in grape isolates of Xf. Median populations of Xf in infected trees were: 6.2 x 106 CFU/g
(ALS6), 2.8 x 106 CFU/g (Dixon), 5.5 x 106 CFU/g (Fresno), 2.4 x 107 CFU/g (Medeiros), and 0 CFU/g (buffer).  Bacterial
populations were high even in only a few trees in the treatment were infected with Xf, as in ALS6 inoculated plants at UCD.
In the future, ArcSin transformation may be necessary with infection data, and log10 transformation may be necessary to
analyze population data.  We will use ANOVA where applicable to detect differences in infection percentage and bacterial
populations between cultivars and bacterial isolates.

Glasshouse and Growth Chamber trial
An additional experiment was initiated to examine the effect of over wintering temperature in the survival of Xf infections in
controlled environments.  We inoculated 155 potted two-year-old ‘Peerless’ almond trees in spring 2005.  One hundred
twenty five trees were inoculated with the ALS 6 isolate of Xf and 30 with buffer alone, in the same manner as for the field
plots.  Trees were kept in the greenhouse at Kearny Agricultural Center (Parlier, CA) and were tested for infection in fall
2005.  Only trees positive for Xf will be used for the rest of the experiment (108 infected trees total, 27 buffer-inoculated).
Trees will be allowed to go dormant in screen cages outside.

In December 2005, plants will be divided equally between treatments.  One-third will remain outside in the field, 1/3 will be
kept at 7°C (45°F), and 1/3 at 1.7°C (35°F). Xf dies at these temperatures in grapevines (Almeida and Purcell 2003c, Feil and
Purcell 2001). Trees will be removed from each cold treatment at intervals of 1, 2 and 4 months, and allowed to break bud in
the greenhouse. These intervals are reflective of dormancy periods used in previous studies with almonds and grapevines (1
mo.; Almeida and Purcell 2003c, Feil and Purcell 2001), typical dormancy in the Central Valley (2 mos.; going fully dormant
in December and flowering in February) and an extreme treatment for abnormally long dormancy (4 months). Plants will be
kept the greenhouse until they develop almond leaf scorch symptoms, and then sampled via culture as previously described.

CONCLUSIONS
As this is the first year of a three-year study, with the over wintering portion of the treatment yet to be applied, it would be
premature to draw conclusions from our data at this time.  The effect of overwintering conditions on Xf infections will be
determined by culturing in summer 2006.  Inoculations for plants where Xf was not recovered will be repeated in May 2006,
and isolations will be repeated in August and September 2006 and 2007.  These preliminary results were collected at UCD
and the IRC in August and September 2005.  Further samples remain to be taken from UC Davis and Kearny Agric. Center.
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ABSTRACT
Our goal is to determine the ability of alternate host plants, specifically “ground vegetation,” in or near almond orchards or
vineyards to serve as reservoirs for Xylella fastidiosa (Xf).  We surveyed ground vegetation in ALS-infected almond orchards
in California’s Central Valley.  Plant tissue samples were collected throughout a 2 year period and processed for Xf presence
using restriction enzyme digestion of RST31-RST33 polymerase chain reaction (PCR) products and bacterial culture on
selective media.  Overall incidence of Xf was low in the ground vegetation species, only 63 of 1369 plant samples tested
positive.  Of the 37 species of common ground vegetation sampled, 11 tested positive for Xf, including such common species
as Sheperd’s purse (Capsella bursa-pastoris), filaree (Erodium spp.), cheeseweed (Malva parvifolia), burclover (Medicago
polymorpha), annual bluegrass (Poa annua) London rocket (Sisymbrium irio), chickweed (Stellaria media).  There was a
seasonal component to bacterial presence, with positive samples found only between November and March.  Both ground
vegetation and almond trees were most commonly infected with the almond strain of Xf (6 of 7 surveyed sites).  ALS-
infected almond samples had a Xf concentration within reported ranges, however, we were unable to accurately measure Xf
titer in sampled ground vegetation for comparison.

INTRODUCTION
The epidemiological factors of Pierce’s disease (PD) and almond leaf scorch (ALS), which lead to economic damage,
requires more than the presence of susceptible crop cultivars, insect vectors, and plant species suitable for vector feeding
and/or breeding.  After the pathogen, Xylella fastidiosa (Xf) is inoculated into a host plant, bacterial multiplication, systemic
movement, and expression of disease symptoms depends on many factors including temperature, date of infection, and the Xf
strain and concentration.  We hypothesize that a reservoir population of Xf can reside in and around grape or almond orchards
without the outward expression of plant disease. Xf reservoirs in adjacent vegetation may increase the window of
vulnerability for nearby susceptible crops to become infected by providing enough inoculum for vectors at critical periods.
For this reason, removal of blue green sharpshooter breeding hosts was an effective method for controlling the spread of PD
in coastal wine grape regions.  As yet, there have not been similar studies of vegetation management for controlling the
spread of ALS, which has been increasing in prevalence and severity in California’s interior valleys.  By identifying the
seasonal presence and incidence of Xf in common ground vegetation in or near almond orchards, weed control efforts can
appended to also reduce reservoir Xf host species and reduce the level of bacterial inoculum.

We report here are sample collections of annual plant species in almond orchards, where ALS incidence had been recorded
for more than 2 years (all sites reporting PD and/or GWSS were heavily treated with insecticides in 2005).

OBJECTIVE
1. Determine the presence of Xf in alternate host plants that are commonly visited by glassy-winged and native

sharpshooters in selected ecosystems in the San Joaquin Valley; with samples representing different seasons and annual
or perennial hosts.

RESULTS
Ground vegetation survey
Surveyed almond orchards were located in California’s north Central Valley (Butte Co., Glenn Co.), the middle of the
Central Valley (Stanislaus Co.) and the south Central Valley (Kern C.).  Every 2 to 6 weeks, depending on the seasonal
availability of ground vegetation, a visual survey and collection of the four most abundant weed species was conducted.  A
total of 58 collections were made.  There were 37 species of ground vegetation commonly found (Table 1), with most
material collected in winter and spring when ground vegetation was common.
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Bacterial detection and strain identification
Each sample (orchard site, sample date, plant species, n = 1369) was processed separately for the presence of Xf, using
immunocapture DNA separation and PCR amplification procedures developed by B.C. Kirkpatrick (UC Davis, pers. comm.).
After gel electrophoresis, a preliminary strain difference analysis was carried out according to Minsavage et al. (1994).

Sixty three of 1369 samples from the six orchards were positive for Xf (4.6%). Xf was recovered from 11 of the 37 ground
vegetation plant species, including 5 species from which it had not previously been recovered in the field (Table 1).  There
was a strong seasonal component to bacterial presence in ground vegetation, with no Xf positive samples found between
April and mid-October during the two years of the study (Figure 1).  Results from both PCR and culture on selective media
showed that almond trees in 6 of 7 experimental orchards were infected with the almond strain of Xf. At one site (Stanislaus
Co.), a grape strain of Xf was isolated from all weeds and almond trees sampled.  At each site, tissue samples from both
almond trees and surrounding weeds was either the grape or almond strain of Xf, but never both.

Bacterial titer and incidence
Attempts were made to culture Xf from symptomatic almond trees, as well as fresh samples of alternate host plants, using
procedures described by Hill and Purcell (1997), in order to determine both the strain and concentration of bacteria in almond
and ground vegetation samples.

Petioles from ALS infected almond trees containing the grape strain of Xf had an average concentration of 2.15 x 107 CFU/g,
which is significantly greater than the concentrations at other sites sampled  (1.84 x 106 - 1.19 x 107 CFU/g) (P = 0.014).
Previous studies also showed average Xf titer in ALS-symptomatic almond leaves (Almeida and Purcell 2003) is lower than
the average Xf titer in PD-symptomatic grapes (Hill and Purcell 1997).  All ground vegetation samples were contaminated
with other bacteria species and Xf presence could be determined.  Previous researchers have also encountered difficulty in
culturing Xf from field samples (Wistrom and Purcell 2005).

Table 1. Presence of Xylella fastidiosa in ground vegetation in ALS-infected almond orchards (using immunocapture DNA
extraction and PCR) in this study are compared against previous field surveys near PD-infected vineyards, except for
references marked * which refer to greenhouse studies 1.

Scientific Name (Common Name) This
study

Other
studies Reference

Capsella bursa-pastoris (Shepherd’s purse), Senecio vulgaris (common groundsel),
Sisymbrium irio (London rocket), Stellaria media (Chickweed), Urtica urens (burning + None
nettle), Veronica persica (Speedwell),
Chamaesyce maculate, (spotted spurge), Chenopodium album, (lambsquarter), (Conyza
bonariensis, (fleabane), Coronopus didymus, (lesser swine cress), Festuca spp., (fescue - None
grass), Ranunculus spp., (buttercup), Salsola tragus, (Russian thistle), Typha spp. (cat tail)
Erodium spp. (filaree) + + 2* , 4*
Medicago polymorpha (burclover), Poa annua (annual bluegrass) + + 2
Erodium spp. (filaree), Sonchus spp. (sowthistle), Malva parvifolia (cheeseweed), + - 1
Avena fatua (wild oat), Cyperus esculentus (yellow nutsedge), Escallonia montevidensis
(escallonia), Hordeum murinium (hare barley), Rumex crispus (curly dock) - + 2*

Brassicaceae spp. (mustards), Helianthus spp. (sunflower) - + 1
Claytonia perfoliata (miner’s lettuce) - + 3
Amaranthus spp. (pigweed), Conyza canadiensus (horseweed), Echinochloa crus-galli
(barnyard grass), Lactuca serriola (prickly lettuce), Portulaca oleracea (common - + 4*
purselane), Sonchus oleraceus (annual sowthistle), Xanthium strumarium (cocklebur)
Amaranthus spp. (pigweed), Amsinckia spp. (fiddleneck), Anagallis arvensis (scarlet
pimpernel) - - 1

Lactuca serriola (prickly lettuce), Sorghum halepense (Johnson grass) - - 3
Portulaca oleracea Common purselane - - 2*

a References cited are 1 = Costa et al. 2004, 2 = Freitag 1951, 3 = Raju et al. 1983, 4 = Wistrom and Purcell 2005
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Figure 1. Survey of vegetation in almond orchards for Xf. Data show combined results from six almond orchards in Butte,
Glenn, Stanislaus, and Kern Counties from June 2003 to April 2005.

CONCLUSIONS
All previous field surveys for Xf in alternate host plants have focused on PD management.  With the recent increase of ALS
in California, there was an even greater need to survey plants in almond orchards for Xf. This will be of prime importance as
GWSS moves northward into areas dominated by nut and vineyard crops.  We showed the presence of Xf were present in
29.7% of the ground vegetation species sampled.  Numerous studies have documented the survival of Xf in different plant
species; however, fewer have included field surveys (but see Raju et al. 1983, Hopkins and Alderz 1988, Costa et al. 2004),
or the season-long incidence of Xf in non-symptomatic ground vegetation.

Of the Xf positive plant species in our survey, 9 of the 11 were present in the orchards on most of the sampling dates and thus
comprised the largest sample sizes of all ground vegetation species.  There was a positive and significant relationship
between the number of samples taken per plant species and the percentage of samples positive for Xf (y = 0.0553x - 0.2074,
r2 = 0.8935).  Some plant species in the sampled orchards were common hosts of Xf in other surveys, but were negative in our
2 year survey (Table 1).
We found the almond strain of Xf was most common in the surveyed ALS-infected orchards. Recent studies on the biology
of different strains of Xf have shown varying abilities to infect different hosts (e.g., Almeida and Purcell 2003).  A recent
study near Fresno, California, showed that characteristics of different varietals of almonds as well as strain type result in
differing severity of ALS (Groves et al. 2005).  A parallel study found both the almond and grape genotypes of Xf in the same
plant, pointing out the presence of a less virulent strain does not preclude the existence of a more virulent strain (Chen et al.
2005).  We found significantly higher Xf titers in almond petioles containing the grape strain, as compared to petioles with
almond strain Xf (P < 0.014), as has been reported previously (Hill and Purcell 1997, Almeida and Purcell 2003).

Perhaps most important for the relationship between ALS and PD epidemiology and resident ground vegetation is that we
detected Xf in weeds only between October and April.  Other field surveys, conducted primarily during the growing season,
detected Xf during the summer (Costa et al. 2004, Freitag 1951, Wistrom and Purcell 2005).  Seasonality and temperature is
important for ALS or PD epidemiology as Xf survives best in the plants at a moderate temperature and plants inoculated on
leaf tissue late in the growing season may not develop chronic disease symptoms.  Ground vegetation in the surveyed
orchards best harbored Xf at a temperature that was most consistent during the winter months, and when these fall/winter
ground covers were newly formed and in good condition.  A possible reason for the difference between these studies is that,
during the late spring and summer months, most ground vegetation in the almond orchard was small and in poor condition
due, in part, to almond management practices of preparing the orchard floor for harvest operations.  Therefore, cultural
practices may also impact Xf levels in alternative host plants.

These results suggest further investigation of the seasonal presence and concentration of Xf in ground covers with the
seasonal presence and abundance of potential insect vectors.  Unlike in vineyards where a clear edge effect has been found
with PD incidence, most previous work has not revealed any clear spatial patterns with ALS.  As ground vegetation can
harbor Xf on the almond floor, our results suggest that a year-round vegetation management may assist in PD or ALS
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management.  Also, the feeding behavior and plant preference of insects could be a more important factor in controlling the
spread of PD and ALS.
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ABSTRACT
Xylella fastidiosa (Xf) is a gram-negative xylem-limited bacterium and causative agent of Pierce’s disease (PD) in California
grapevines.  During very early stages of Xf infection, specific carbohydrates/lipids/proteins on the outer membrane of Xf
interact with plant cells and are important for virulence (1).  Design of a protein inhibitor that interrupts this step of the plant-
Xf interaction will be useful in anti-microbial therapy and controlling PD. In this UC/LANL project, we propose a novel
protein-based therapy that circumvents the shortcomings of an antibiotic.  We have designed a chimeric anti-microbial
protein with two functional domains.  One domain (called the surface recognition domain or SRD) will specifically target the
bacterium outer-membrane whereas the other will lyse the membrane and kill Xf. In this chimera, human neutrophil Elastase
(5-10) is the SRD that recognizes MopB, the major outer membrane protein of Xf (11).  The second domain is Cecropin B, a
lytic peptide that targets and lyses gram-negative bacteria.  We have combined Elastase and CecropinB using a flexible linker
such that both components can simultaneously bind to their respective targets.  This chimeric gene was synthesized and
cloned into different vectors for insect and plant transformation. Five transformed insect cell lines are being evaluated and
production and processing of the protein is being optimized in in liter size preps.  Plant transformation experiments have been
completed and we have obtained plants of Nicotiana tabacum var benthamiana and plants of Vitis vinifera ‘Thompson
Seedless’ transformed with this gene that are currently being analyzed for gene expression and protein production.  The
proteins obtained from the transgenic insect and plant cell lines will be used to test for antimicrobial activity against Xf.

INTRODUCTION
Globally, one-fifth of potential crop yields is lost due to plant diseases primarily of bacterial origin. Xylella fastidiosa (Xf) is
a devastating bacterial pathogen that causes PD in grapevines, citrus variegated chlorosis (CVC) in citrus, and leaf scorch
disease in numerous other agriculturally significant plants including almonds in California
(http://danr.ucop.edu/news/speeches).  Since the glassy-winged sharpshooter (an insect vector) efficiently transmits PD, a
great deal of effort has been focused on using insecticides to localize and eliminate the spread of this disease.  However, the
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availability of the whole genome sequences of PD and CVC strains of Xf offer new avenues to directly target and inactivate
the pathogen.  In this project, we propose a structure-based approach to develop chimeric anti-microbial proteins for rapid
destruction of Xf. The strategy is based upon the fundamental principle of innate immunity that plants recognize and clear
pathogens in rapid manner (1-2).  Pathogen clearance by innate immunity occurs in three sequential steps: pathogen
recognition, activation of anti-microbial processes, and finally pathogen destruction by anti-microbial processes.  Different
sets of plant factors are involved in different steps of innate immunity.  Our strategy of combining a pathogen recognition
element and a pathogen killing element in the chimeric molecule is a novel concept and has several short and long term
impacts.

OBJECTIVES
Objective 1:

a) Utilize literature data and computer modeling to identify an SRD that specifically targets MopB (Elastase)
b) Utilize literature data and computer modeling to identify a useful Cecropin (i.e., Cecropin B)
c) In vitro testing of anti-Xylella activity of the MopB-specific SRD (Elastase) and Xyllela-specific Cecropin B and
demonstration of synergistic killing effect due to the combined use of Elastase and Cecropin B.

Objective 2:
a) Design and construction of synthetic gene encoding Elastase-Linker-Cecropin B Chimeric protein.
b) Expression Elastase-Linker-Cecropin B in insect and plant cells and testing activity in vitro.

Objective 3:
a) Expression in transgenic plants
b) Testing for anti-Xylella activity in planta and testing for graft transmissibility.

RESULTS
Following our successful accomplishment of Objectives 1a, b & c in the first year of our project, where functional activity of
Elastase (SRD for MopB) and Cecropin B (defensin) components were tested individually, we designed a chimeric protein of
Cecropin B and HNE (Objective 2a).  The covalent attachment of Cecropin B to HNE is proposed to increase the stability of
the peptide by lowering the conformational entropy of its unfolded state and to increase the overall affinity for the bacterial
surface by minimizing the degrees of motion at the binding site, thereby increasing binding between the ligands and the
surface.

The HNE-Cecropin B chimera gene was synthesized and cloned into pBacPAK8 baculovirus vector. The chimeric gene
inserted into pBacPAK8 was co-transfected with BacPAK6 viral DNA into Sf21 cells.  Recombinant viruses formed by
homologous recombination were amplified, and the protein expression was optimized in High Five cells (Invitrogen,
Carlsbad, CA), derived from Trichoplusia ni egg cell homogenates.  High Five cells have been shown to be capable of
expressing significantly higher levels of secreted recombinant proteins compared to Sf9 and Sf21 insect cells.  Optimal
conditions for the expression have been worked out in HighFive cells; suspension cells in logarithmic growth are infected
with recombinant Xf chimera baculovirus, with a multiplicity of infection of 10, and grown for 72 hours.  About 25-50% of
the expressed chimeric protein is secreted into the supernatant and is detected on a Western Blot as a single band.  The
supernatant is collected, concentrated and dialyzed.  Concentrated supernatant is then run on a weak cation exchange
column, chimeric protein containing fractions are pooled and dialyzed, and the dialyzed fractions are run on an elastin
affinity column.  All chromatography steps are carried out by gravity flow.  Chimeric protein containing fractions are
pooled and dialyzed and tested for elastase activity.  By these methods, we are able to purify ~250 g active protein from
50mL supernatant.  These conditions are being scaled up to produce the amounts required for testing against Xylella
fastidiosa (currently purifying liter size preps).

We have also cloned the chimera into a plant vector (Figure 1) that was electroporated into disarmed Agrobacterium
tumefaciens strain EHA 105 creating a functional plant transformation system that has been used to transform pre-
embryogenic callus of Vitis vinifera ‘Thompson Seedless’ and the rootstock ‘Freedom’.

We have obtained more than 40 seedlings of ‘Thompson Seedless’ from independent lines and expect that, based in our
experience with grape transformation, the majority of them will develop into normal plants.  Those plants will be
micropropagated and acclimated in the greenhouse and analyzed for gene expression, PD tolerance and graft transmissibility.

In addition, the same experiments have been performed using a second construct in which the coding sequence of the signal
peptide of HNE was replaced with that of the pear polygalacturonase inhibiting protein (pPGIP). The aminoacid sequence of
this chimeric gene product is shown in Figure 2.  Our hypothesis is that the pPGIP signal peptide will direct/improve the
secretion of the chimeric protein and, as a consequence, increase its concentration in the xylem.  This hypothesis in based in
previous results that have shown that the product of the pPGIP encoding gene, heterologously expressed in transgenic

RB LBUbi35’-GUS-nos3’ mas3’-KAN-mas5’35S5’-HNE/CecB-ocs3’

Figure 1.  Schematic representation of binary plasmid pDU04.6105
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grapevines, is present in xylem exudates and moves through the graft union (14).  Leaf discs of Nicotiana tabaccum
‘benthamiana’ and ‘RT1’ have also been transformed with HNE-Cecropin and pPGIP-HNE-Cecropin B genes. The plants
obtained are currently being analyzed for gene expression.

MELKFSTFLSLTLLFSSVLNPALSIVGGRRARPHAWPFMVSLQLRGGHFCGATLIAPNFVMSAAHCVANVNVRAV
RVVLGAHNLSRREPTRQVFAVQRIFEDGYDPVNLLNDIVILQLNGSATINANVQVAQLPAQGRRLGNGVQCL
AMGWGLLGRNRGIASVLQELNVTVVTSLCRRSNVCTLVRGRQAGVCFGDSGSPLVCNGLIHGIASFVRGGCA
SGLYPDAFAPVAQFVNWIDSIIQGSTAKWKVFKKIEKMGRNIRNGIVKAGPAIAVLGEAKAL

Figure 2. pPGIP-HNE-Cecropin B chimeric amino acid sequence.  The signal peptide of HNE
(MTLGRRLACLFLACVLPALLLGGTALASE) has been replaced with the predicted signal peptide of pPGIP
(italics) which has been fused to the N-terminal of the mature HNE (bold). HNE is attached to Cecropin B (bold
italics) by the GSTA linker, which is underlined.

CONCLUSIONS
The main objective of this project is to develop a potent therapy against Xf by utilizing the principles of innate immunity by
which plants recognize pathogens using their surface characteristics and then rapidly clear them by cell lysis.  We have
developed a chimeric anti-microbial protein containing two functional domains.  One domain (called the surface recognition
domain or SRD) will specifically target the Xyllela outer-membrane whereas the other will lyse the membrane and kill
Xyllela. In this chimera, elastase is the SRD that recognizes mopB, the major outer membrane protein of Xf. The second
domain is cecropin B, a lytic peptide that targets and lyses gram-negative bacteria.  We have successfully tested each of these
components individually and demonstrated that they each (elastase and cecropin B) display activity against Xf, which is
synergistic when both proteins are combined.  We have tested the protease activity of elastase against the purified mopB and
intact Xf cells to demonstrate that the Xylella protein is degraded and therefore, a target for elastase.  We have successfully
combined the elastase and cecropinB using a flexible linker such that both components can simultaneously bind to their
respective targets.  This chimeric gene has been synthesized, cloned into a pBacPAK8 baculovirus vector, and packaged into
recombinant baculovirus in Sf21 insect cells.  Optimization of chimeric protein production is ongoing. We have also
transformed pre-embryogenic callus of V.vinifera L. ‘Chardonnay’ and ‘Thompson Seedless’ and the rootstock ‘Freedom’.
Transgenic callus will be cultured in bioreactors designed to optimize protein production by secretion into the medium.  We
plan to use this system as well as the insect bioreactors to validate the anti-Xylella properties of the chimeric protein.
Transgenic plants will be obtained from transgenic callus cultured in germination medium.  After acclimation in the
greenhouse, they will be inoculated with Xf and tested for PD tolerance/resistance.
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ABSTRACT
We continued to screen our endophyte library for in vitro antagonism of Xylella fastidiosa (Xf) growth.  Approximately 16
isolates exhibited antagonism out of the 150 strains that were screened.  To date, we have screened approximately 650
isolates and identified 66 that showed some level of Xf-antagonism.  We are continuing to screen the rest of the library and
will conduct grapevine movement assays on all antagonists in the coming year.

Greenhouse testing of six grapevine endophytes that began in 2003 showed that three isolates provided statistically
significant reduction in Pierce’s disease (PD) symptom severity.  Five months after these vines were removed from the
greenhouse and planted in the field, all but one of the non-protected, Xf-inoculated, positive control vines were dead or had
PD symptoms.  No symptoms were observed in any of the ten vines that were inoculated with a Cellulomonas endophyte nor
eight of ten vines inoculated with a Bacillus spp.  These results indicate that these two endophytes have the ability to suppress
populations of Xf within grapevines, because these vines initially tested positive for Xf four months following inoculation nor
after transplanting these vines in the field.

A large greenhouse biocontrol experiment involving four of the Pseudomonads, or combinations of the Pseudomonads with
Pseudomonas viridiflava to act as a movement facilitator, were established in August 2004.  Unfortunately it appears that
there was a low efficiency of inoculation using blue-green sharpshooters (BGSS) as well as mechanical inoculation because
PD symptoms were not evident on the positive control vines four months following inoculation.  The vines will be rated
again for symptoms and planted in the field, which may help to induce PD symptoms.

Additional endophytes were isolated from “escape” vines; i.e. vines without apparent symptoms in vineyards with large PD
losses on two occasions in Fall 2004.  Representative colonies were grown in liquid media and stored at -80°C.  During 2005
these isolates, as well as others from the original endophyte library will be screened for Xf-antagonism in vitro.

INTRODUCTION
Xf, the bacterium that causes PD, colonizes only xylem vessels, an ecologically distinct niche which supports the growth of
comparatively few microbes.  However, previous research conducted in Nova Scotia and in our lab has shown that a number
of bacterial species can be isolated from grapevine xylem sap.  While some of these bacteria are most likely wound
inhabitants that cannot systemically colonize xylem elements, other species have been shown to move over 30cm, a distance
that likely would involve the active degradation of xylem pit membranes that separate individual xylem elements.  Previous
research showed that some of the systemic colonizers were antagonistic to Xf in in vitro growth inhibition assays (see
previous progress reports).  Greenhouse grown grapevines that were inoculated with some of these strains did not prevent
initial multiplication of mechanically inoculated Xf, however some of these strains prevented the subsequent development of
PD (see below).  If additional testing substantiates the protective properties of these bacterial endophytes against PD, these
strains may provide a novel and environmental benign approach for minimizing losses to PD.

OBJECTIVES
1. Finish evaluating our existing library of grape endophytic bacteria to identify antagonists of Xf in vitro.
2. Evaluate the biocontrol abilities of endophytes against Xf including:

i) prevention of infection
ii) suppression of PD symptom development
iii) long term health and survival of infected vines in field experiments.

3. Isolate additional endophytes from asymptomatic vines in infected vineyards (escape vines) and characterize these
isolates for antagonistic traits.

RESULTS AND CONCLUSIONS
Continue in vitro screening the library of grape endophytic bacteria to identify antagonists of Xylella fastidiosa
growth.
Details regarding the methods we used for the in vitro antagonism assay have been presented in previous progress reports.  In
brief, 100ul of a 108 CFU culture of the Fetzer or Temecula strain of Xf are spread over a plate of solid PD3 medium.  A small
amount of each endophyte isolate is removed from the -80°C glycerol stock and streaked out on the medium in which it was
originally isolated to obtain single colonies.  The Xf plates are incubated for approximately four days and then a small amount
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of the endophyte is applied to the center of the Xf plate.  The plate is then incubated for seven days until Xf colonies are
clearly visible.  If the endophyte has the ability to inhibit the growth of Xf, the size of the inhibition zone is measured and
recorded.

During this period we screened approximately 150 more endophytes, bringing the total number of screened isolates to 650,
which is approximately 2/3 of the total number of isolates that Dr. Darjean collected.  Approximately 16 of the 150 isolates
showed some degree of antagonism towards Xf growth in vitro.  This brings the total number of endophytes that exhibited
some degree of in vitro antagonism towards Xf to 66, or approximately 1/10 of the isolates that were screened.  If this trend
continues we would expect to identify approximately 100 endophytes that exhibit some degree of antagonism towards Xf
from the entire library.

Table 1. Grapevine endophytes screened during 2004 that showed some degree of antagonism towards Xf.

Endophyte RFLP Group Zone of clearing
75 37 25 mm

110 15 25 mm
122 15 6 mm
127 15 10 mm
128 15 10 mm
138 15 15 mm
145 16 5 mm
174 Group 28 slower/complt
176 28 18 mm
178 19 6 mm
184 Group 80 3 mm
197 Group 7 20 mm
200 Group 7 5 mm
220 7 slower growth
221 7 5mm
310 33 10mm

Assess the ability of antagonists to colonize and move systemically in grape xylem.
Prior to her departure in October, 2004, Dr. Whisler screened 16 of the Pseudomonas endophytes for their ability to move in
Chardonnay grapevines growing in the greenhouse.  The vines were trained as a single cane and the cane was grown to
approximately 1m.  The endophytes were suspended in phosphate buffer to a density of approximately 107 CFU/ml and
approximately 20ul of the suspension was pinprick inoculated into the stem using the same methods that we use to
mechanically inoculate vines with Xf. Two grapevines were inoculated with each strain.  After six weeks of growth in the
greenhouse, 1cm stem sections were removed at 10cm and 30cm above the point of inoculation. The second petiole above
the point of inoculation was also removed to assess whether the endophyte had the ability to cross the xylem pit membrane
and enter into the petiole.  The stem sections and petiole were surface sterilized in 10% bleach and 80% ethanol for 1 min
each and then rinsed three times in sterile di-water.  The stem sections were placed in sterile grinding bags with 2 mls of
sterile phosphate buffer and the tissue was ground using a ball bearing grinder.  One hundred ul of the homogenate was
plated on the medium on which the endophyte was originally isolated.  Colonies with morphologies that were similar to the
inoculated endophyte were counted and one or two representative colonies were chosen at random for strain identification.
As described in previous progress reports, the 16S rDNA from these colonies was PCR-amplified and sequenced to verify the
identity of the putative endophyte.  Table 2 summarizes the results of the movement assays for these 16 isolates.
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Table 2.  Movement and other characteristics of 16 Pseudomonad grapevine endophytes.
Pseudomonas

subgroup # of isolates Vine Health1 2Antagonism Movement3

1 5 Healthy Complete4 10 cm

2 5 Healthy Complete4 10 cm

3 3 Escape/Healthy 20-25 mm Petiole/ 30 cm

4 1 Healthy Complete4 10 cm

5 2 Healthy 5 mm N/D5

1Condition of vine of origin at time of endophyte isolation.
2Antagonism of Xf growth is the zone of inhibition or the distance from the endophyte to the visible growth of Xf.
3Re-colonization and movement in grape xylem was assessed at 10cm and 30cm from the point of inoculation, and
from the second petiole above the point of inoculation.
4Complete: no growth of Xf visible.
5N/D: not yet determined.

All of the Pseudomonads moved at least 10cm above the point of inoculation, however work done in the Labavitch laboratory
has shown that a small proportion of xylem elements are greater than 10cm in length thus these positive isolations may reflect
inoculation into some of the longer elements.  Isolates from subgroup 3, which were phylogenically most similar to
Pseudomonas viridiflava, moved the greatest distance, at least 30cm from the point of inoculation.  These isolates were also
the only ones recovered from the petiole, suggesting they had the ability to degrade pit membranes that presumably occur
between xylem vessels in the stem and the petiole.  These isolates were plated on a sodium polypectate medium that can
detect the production of polygalacturonase (PG), an enzyme that degrades pectin-like polymers.  Clearing zones around the
colonies proved that these isolates, like true Pseudomonas viridiflava strains produce PG.  Ms. Caroline Roper, a student
working jointly in the Labavitch and Kirkpatrick labs, has shown that the production of PG is absolutely necessary for the
movement of Xf in grapevines (2004 PD/GWSS Conference).  It would appear that Pseudomonas viridiflava would be an
excellent candidate as a potential Xf-antagonist or it could act as a “movement facilitator” which, when co-inoculated with a
stronger Xf antagonist, could facilitate the movement of the stronger antagonist by degrading xylem pit membranes.

Continued evaluations of biocontrol experiment initiated by Dr. Darjean-Jones in 2003
A previous PD progress report presented many details about a biocontrol project that was initiated by Dr. Darjean-Jones in
2003.  The following provides an update of the field evaluation of these plants that was done in October 2004 and 2005.

Six bacterial grapevine endophytes that exhibited antagonism to Xf in vitro and which moved 15cm from the point of
inoculation into grapevines growing in the greenhouse were evaluated as potential biocontrol agents for PD.  Each strain was
inoculated into 10 Cabernet Sauvignon vines in April, 2003 and allowed to colonize the vines for six weeks in the
greenhouse.  With the assistance of Purcell’s group at UC Berkeley, the vines were then exposed to Xf-infectious BGSS.  The
vines were returned to UC Davis and kept in a greenhouse.  Four months later, in September 2003, they were tested for Xf by
IC-PCR and their symptoms were rated on a severity scale of 0 (healthy) to 4(dead).  These results are shown below:

Table 3. Greenhouse evaluation of endophyte vines four months following Xf inoculation (10 reps each endophyte).
Endophyte Inoculated Xf PCR (+) Average Disease Severity (0-4)z

Bacillus megaterium 9/10 2.0

Streptomyces spp 7/10 2.3

Bacillus spp –147 9/10 1.5*

Bacillus spp –161 9/10 1.4*

Cellulomonas 9/10 1.5*

Agrobacterium F25 10/10 2.2

Control, no endophyte 9/10 2.1
z.  disease severity calculated with PCR (+) only.  0=healthy; 4=dead.
*  statistically significant difference at p=0.05.



PCR analysis showed that: 1) there was a high rate of successful transmission using the BGSS and 2) none of the endophytes
provided protection against initial infection by Xf. However, three of the endophytes provided a statistically significant
reduction in the severity of PD symptoms after four months of growth in the greenhouse.  These vines were kept in the
greenhouse over the winter, during which time some of the vines died from PD.  In spring 2004, all of the remaining vines
were planted in the field at UC Davis.  The vines were fertilized and watered with a drip system. In October 2004 and 2005
the vines were rated for PD symptoms.  Table 4 presents those results.

Table 4. Disease evaluation of endophyte-inoculated vines planted in the field approximately 1 ½ and 2 ½
years following inoculation with Xf.

Endophyte Inoculated

zHealthy/Vine Vigor

October 04 October 05

PD Symptomatic

October 04 October 05 Dead

Bacillus megaterium 0/NA 1/3 1 0 9

Streptomyces spp. 5/2.6 6/2.5 1 0 4

Bacillus spp –147 6/2.5 6/2.8 4

Bacillus spp –161 8/2.8 8/2.4 1 0 1

Cellulomonas 10/2.8 10/2.8 0

Agrobacterium F25 5/2.5 5/3 5

Control, no endophyte 1/1.8 2 2 7
z.  Vigor rated on a scale of 3= comparable to other non-endophyte inoculated vines;
1= poor growth

The Cellulomonas and Bacillus-161 strains provided good suppression of PD symptoms in the field.  Petioles from these
vines also tested negatively for Xf by PCR while symptomatic leaves from some of the other vines tested positively for Xf.
This would suggest that these strains greatly suppressed the growth of Xf from the time when they tested positive four months
following inoculation to the time they were tested one and two years later.  Xylem sap from a few of the Cellulomonas- and
Bacillus-inoculated vines was plated on endophyte media and some colonies that morphologically resembled these strains
were seen.  However, the identity of these colonies was not proven by analysis of their 16S rDNA.  Additional xylem sap has
been extracted from these vines and identity of isolated bacteria is now being done by a new graduate student, Margot
Wilhelm.  We will re-inoculate these endophyte strains into young and five year old Cabernet Savignon and Chardonnay,
which is more susceptible to PD, in 2006.  Budwood will be collected from the Cellulomonas and Bacillus-161 vines during
the winter and rooted in spring 2006.  Xylem sap will be examined for the presence of the endophytes in some of the rooted
vines while others will be mechanically inoculated with Xf to determine if propagated vines possess any resistance to PD.

2004 biocontrol experiment initiated by Dr. Whistler
A large biocontrol experiment was initiated by Dr. Whistler beginning in July 2004.  This experiment focused on the
Pseudomonad group 7 that exhibited good in vitro inhibition.  There were a total of 24 treatments with 10 Chardonnay vines
per treatment.  Four strains, 197 (Pseudomonas viridiflava, a strong grapevine colonizer), 205, 329 and 403 (strains that
strongly inhibited Xf in vitro) were individually inoculated in 10 vines/trmt using the pinprick inoculation procedure routinely
used to inoculate Xf. In addition, a movement facilitator treatment using strain 197 in combination with 205 or 329 or 403
was also inoculated into 10 vines/trmt.  To assess the potential impact of the endophyte on grapevine growth, the strains were
also individually inoculated into 10 vines/trmt.  Ten vines of each endophyte individual or combination treatment were
mechanically inoculated with Xf and ten vines of each treatment were insect inoculated using putatively infectious BGSS in
cooperation with Sandy Purcell’s lab.  Ten vines not inoculated with anything served as controls to monitor greenhouse
environmental conditions.  Ten vines each were inoculated with buffer alone, or buffer then Xf inoculated mechanically or
with BGSS.  In total this experiment had 240 potted vines.

Unfortunately, subsequent infectivity tests by the Purcell lab found that the batch of BGSS that was used to inoculate the
vines had poor transmission rates to test plants kept at Berkeley.  Because of the long latent period, typically 12 to 14 weeks,
for PD symptoms to show, we did not know these results until it was too late to acquire more BGSS for another inoculation
attempt.  In addition, the mechanically inoculated, positive control vines still appeared healthy in December 2004 and April
2005, three and seven months after Xf inoculation.  In May 2005, the vines were transplanted into the field in the hope that
PD symptoms would develop in the fall.  Unfortunately none of the non-protected, positive control vines developed
symptoms, which indicates that, for reasons unknown, the Xf inoculation was unsuccessful. In addition, because the vines
were inadvertently sprayed with Bacillus thurengensis (BT) to control a caterpillar infestation and BT has very resilient
endospores, attempts to at least measure how effectively the endophytes colonized the control vines were ruined because
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surface sterilization failed to kill the BT spores and isolation plates were completely contaminated with BT.  This was
obviously a great disappointment for all involved.  Because the Pseudomonads looked so promising in the initial screening
process we will repeat this screen in 2006.

Isolate additional endophytes from asymptomatic vines in vineyards with a high incidence of PD
Two isolations from 10 “escape vines” were made in late August and early October 2004 in order to verify that the vines
were truly asymptomatic.  Xylem sap was expressed from these vines using the pressure chamber as previous described.
Aliquots of the sap were plated on the same media that we have used throughout this study.  Representative colonies were
individually grown in liquid medium, the culture was adjusted to 15% glycerol and frozen and -80°C.  In 2006, we will
screen these isolates for anti-Xf in vitro activity in the manner previously described.
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ABSTRACT
During October/November 2004, 11 control and 11 Xylella fastidiosa (Xf) infected Pinot Noir and Cabernet Sauvignon
grapevines grown in five gallon pots were transported to four locations in Northern California with different winter severities.
Another set of similar healthy and Xf-infected vines were placed in four different cold rooms with varying temperatures.
These vines were rated for mortality and remission of Pierce’s disease (PD) symptoms in fall 2005.  A high level of mortality
occurred at the coldest location (Fall River, Shasta County), moderate mortality occurred at UC Blodgett Research Station,
while little mortality occurred at the UC Davis and Hopland sites.  Disease ratings were lower in vines from the three cold
temperature sites compared to vines grown at UC Davis, however the large discrepancy in the number of vines surviving at
each location prevented meaningful comparisons between the field sites.  Unexpectedly, mortality of vines in the warmest
and coldest chamber regimes was greater than the two intermediate temperatures.  Disease severity was also greatest in the
warmest temperature which may have contributed to the observed high mortality when the vines were subsequently planted
in the field.  All three cold chamber regimes had lower disease ratings than the warmest temperature.

Comparisons of xylem sap pH and osmolarity in Cabernet vines growing in a vineyard in Placer County and UC Davis were
not consistent with results obtained in 2004.  Differences in the date of collection may have influenced these results.  Effects
of buffer and xylem sap on the survival of Xf and various cold temperatures were reported in the Proceedings of the 2004
Pierce’s Disease Research Symposium.  Abscisic acid (ABA) levels are elevated in many cold-treated plants and ABA has
been shown to induce the synthesis of certain pathogenesis related (PR) proteins that in some case possess anti-fungal
properties.  ABA concentrations were lower in xylem sap collected from vines growing in El Dorado County compared to
UC Davis, which suggests ABA is probably not directly mediating the cold therapy phenomenon.  However, we are
proceeding with experiments to determine if exogenous applications of ABA on non-chilled grapevines can elicit PR
proteins.

INTRODUCTION
The geographical distribution of PD in North America is strongly associated with the severity of winter temperatures, i.e. PD
does not occur in New York, the Pacific Northwest nor at high altitudes in South Carolina, Texas, and California (Hopkins
and Purcell, 2002).  Sandy Purcell demonstrated that relatively brief exposures to sub-freezing temperatures can eliminate Xf
in some percentage of cold treated Vitis vinifera grapevines; however some of the coldest temperatures he used killed the
vines (Purcell 1977, 1980).  He also found that a higher percentage of vines that were moderately susceptible to PD such as
Cabernet Sauvignon, were cured by cold therapy treatments compared to susceptible varieties such as Pinot Noir.  Purcell’s
group also showed that whole, potted vines exposed to low temperatures had a higher rate of recovery than PD-affected,
detached bud sticks exposed to the same cold temperatures (Feil, 2002).

Clearly, some factor(s) expressed in the intact plant, but not in detached bud sticks, helped eliminate Xf from the plants.  Our
objective is to elucidate the physiological/biochemical basis that mediates cold therapy and to identify the
physiological/biochemical factor(s) that occur or are expressed in cold treated vines that eliminate Xf. If such factor(s) are
found, it may be possible to induce their expression under non-freezing temperatures and potentially provide a novel
approach for managing PD.

OBJECTIVES
1. Develop an experimental, growth chamber temperature regime that can consistently cure PD affected grapevines without

causing unacceptable plant mortality.
2. Analyze chemical changes such as pH, osmolarity, total organic acids, proteins and other constituents that occur in the

xylem sap of cold-treated versus non-treated susceptible and less susceptible V. vinifera varieties.
3. Assess the viability of cultured Xf cells growing in media with varying pH and osmolarity and cells exposed to xylem

sap extracted from cold- and non-treated grapevines.
4. Determine the effect of treating PD-affected grapevines with cold plant growth regulators, such as ABA, as a possible

therapy for PD.
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RESULTS AND CONCLUSIONS
Objective 1
Using the same varieties used by Purcell (1977, 1980) and Feil (2002) in previous cold therapy studies, Pinot Noir (PD-
susceptible) and Cabernet Sauvignon (moderately resistant to PD) grapevines grafted onto 101-14 rootstock were inoculated
with Xf in the spring using a pinprick inoculation procedure (Hill and Purcell, 1995; Purcell and Saunders, 1999).  The vines
were grown in five gallon pots in a greenhouse using a nutrient-supplemented irrigation regime.  Treatment vines were
inoculated with the Stagg’s Leap strain of Xf, whereas control vines were inoculated with water.  During late summer and
fall, the plants were moved into a screen house in order to acclimatize them to decreasing temperatures.  While in the screen
house, plants were watered by drip irrigation and supplemental fertilizer application until the first week of October 2004.
Twelve weeks after inoculation, the plants were rated for symptom development.

In the spring of 2005, new plants of Pinot Noir and Cabernet Sauvignon grafted on 101-14 rootstock were planted in 5-gallon
pots, inoculated by the same procedure used in the spring of 2004 mentioned above.  Plants were placed in the same
greenhouse, subjected to a similar temperature regime, and were watered using the same nutrient-supplemented regime.
Plants were moved to the same screen house as the 2004 plants and will continue to be watered by drip irrigation and receive
supplemental fertilizer applications until the first week of October 2005.

During October/November, 2004, 11 inoculated and 11controls of each variety (44 plants total) were transported to three
sites that were selected because of their relatively cold winter temperatures, as well as UC Davis, which was the control.  Plot
sites include: Fall River (Shasta County), UC Hopland Research Station (Mendocino County), and UC Blodgett Forest
Research Station (El Dorado County).  Potted grapevines were planted in the ground to the top of the pot in order to maintain
uniform soil type, prevent roots in the pots from exposure to abnormally cold temperatures, and to prevent the plants from
falling over.  Plants were irrigated as needed until rain provided adequate moisture for the vines.  Vines were allowed to
undergo natural dormancy during the fall and experience ambient temperatures during the winter.  Temperature, ETo, and
other weather data for each plot was monitored using CIMIS weather data (http://wwwcimis.water.ca.gov/cimis/data.jsp).
The plants prepared in 2005 will be used to replicate the 2004 study.  This data, and previous temperature profiles at these
sites, will be used to determine a growth chamber temperature regime that can consistently cure PD affected grapevines
without causing unacceptable plant mortality.

Grapevines, using the same varieties and inoculated as described above, but grown in 6” standard pots were exposed to
different temperature regimes in cold rooms located at the Department of Pomology, UC Davis during the winter of 2005.
Plants prepared in 2004 were subjected to one of four temperature regimes:

Regime 1:
-5°C day; -5°C night

Regime 2:
+0°C day; -5°C night

Regime 3:
+2.2°C day; -5°C night

Regime 4:
+5°C day; -5°C night

There were 40 plants per treatment regime (10 inoculated plants and 10 control plants for both varieties).  In regimes where
there were differences in day and night temperatures, plants were moved twice daily by carts to simulate daily temperature
fluctuations.  After three months of treatment, xylem sap was extracted from the plants, and then the plants were moved and
planted in the Plant Pathology field at UC Davis.  Late in the summer of 2005, the plants were evaluated for symptoms to
determine the most effective temperature regime for curing without causing unacceptable plant mortality.  The field plant
evaluation shows higher disease ratings for the warmer temperature treatments, Davis and Hopland, when compared to the
colder treatments, Fall River and Blodgett (Table 1).  As we expected, plant mortality was the highest at the colder locations
(Table 2).  Fall River vines had very high mortality when compared to the other treatments.  To try to reduce the mortality in
Fall River vines, plants for the 2005-2006 trials will be planted later in the fall to allow the plants to acclimate prior to
planting.  Cold room treated vines show a similar relationship with the exception of the mortality rate of the +5 day/ -5 night
treatment (Tables 3 and 4).  This high rate of mortality could be due to rabbits burrowing under the fence and feeding on
these plants.

Table 1: Mean PD ratingsz for PD-infected plants
Davis Hopland Fall River Blodgett

Pinot Noir 2.17 1.45 1.00 1.33
Cabernet Sauvignon 2.33 2.33 2.00 1.40

zVines were rated for the severity of disease symptoms, 0= healthy to 5= dead.

Table 2: Plant mortality rate
Davis Hopland Fall River Blodgett

Pinot Noir 0% 2% 91% 41%
Cabernet Sauvignon 0% 2% 55% 36%
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Table 3: Mean PD ratingsz for PD-infected plants
+5°C Day/ -5°C Night 2.2°C Day/ -5°C Night 0°C Day/   -5°C Night -5°CDay/   -5°C Night

Pinot Noir 3.00 1.17 1.40 1.00
Cabernet Sauvignon 2.50 1.56 1.29 1.00

z.  Vines were rated for the severity of disease symptoms, 0= healthy to 5= dead.

Table 4: Plant mortality rate
+5°C Day/ -5°C Night 2.2°C Day/ -5°C Night 0°C Day/   -5°C Night -5°CDay/   -5°C Night

Pinot Noir 45% 27% 32% 59%
Cabernet Sauvignon 14% 9% 0% 14%

Objective 2
Preliminary work from Pinot Noir and Cabernet Sauvignon field materials collected from El Dorado County and Yolo
County showed some differences in xylem sap pH and osmolarity (Tables 5 and 6).  These results were obtained from Pinot
Noir and Cabernet Sauvignon vines growing at Clos des Knoll vineyard in El Dorado County and at the Foundation Plant
Services (FPS) vineyard at UC Davis (Yolo County).  Both varieties were grown in the same manner at each site; however
management practices at the two sites were not identical.  It is also important to note that the El Dorado County vines and the
Yolo County vines were not the same clones.  In 2004, dormant cuttings were collected in late February and xylem sap was
extracted using a custom-made pressure bomb.  Differences were noted in xylem sap pH, ABA concentration, and
osmolarity.  These same parameters were examined again in 2005 from grapevines found at the same two locations in late
March.

Although only preliminary findings, we found that the pH of xylem sap collected in 2004 in late February was lower, 5.37 for
Pinot and 5.23 for Cabernet vines in El Dorado County (colder winter temperatures) than vines growing at FPS (UC Davis),
6.35 and 6.06, respectively.  Small differences in osmolarity were also noted in xylem sap from Placerville, 55.2 and 55.5,
versus the osmolarity of xylem sap from UC Davis vines, 58.3 and 60.8 respectively.  This is different from the xylem sap
collected in late March of 2005.  The pH of sap from El Dorado County was higher than Yolo County vines.  The osmolarity
was again similar, but lower at both sites than in 2004.  Differences in pH and osmolarity could possibly be due to the
difference in timing of collection.  The significance and reproducibility of these differences needs to be confirmed with
sampling in late February and again in late March of 2006.

In 2004 and 2005, field grown and growth chamber plants prepared as stated in Objective 1, were sampled for potential
changes in pH, osmolarity, protein profile and other constituents that occur in xylem sap.  Our hypothesis is that changes in
xylem sap components in vines that undergo cold treatment may have significant effects on Xf viability.  Previous research on
several plant species has shown that a number of plant genes are expressed in response to freezing temperatures (reviewed by
Thomashow, 1998).  In some plants, these freeze-induced proteins are structurally related to proteins that plants produce in
response to pathogens, i.e. pathogenesis-related proteins (Hon, et al. 1995; Kuwabara, et al, 2002).  Thus it maybe possible
that cold-stressed grapevines produce proteins that are deleterious to Xf.

To investigate this possibility, after three months of treatments, xylem sap was extracted from plants from each location/
treatment, for both growth chamber and field plants, using the pressure bomb.  Xylem sap osmolarity and pH were
determined for each location/treatment (Tables 7 and 8).  We are in the process of concentrating the proteins by acetone
precipitation and running the protein precipitate using a 1-dimensional polyacrylamide gel electrophoresis (PAGE).  If
unique proteins are found in the cold stressed plants, these proteins will be cut from the gel, end terminally sequenced by
the UC Davis Molecular Structure Facility and their sequences will be compared to others in the database.  The potential
effect of these proteins on Xf viability will be assessed as described in Objective 3.  After sampling, the plants were
moved and planted in the Plant Pathology field at UC Davis. Plants are currently being evaluated for symptoms to
determine the most effective temperature regime for curing. This process will be repeated for the plants prepared for
growth chamber and field studies in the fall/winter of 2005.

Table 5: Osmolarity and pH of xylem sap collected from grapevines in El Dorado County (Clos de Knoll
Vineyard) and Yolo County (FPS) in 2004 (late February).

El Dorado Yolo

pH Pinot Noir 5.37 6.35

Cabernet Sauvignon 5.23 6.06

Osmolarity
mmol/kg

Pinot Noir 55.2 58.3

Cabernet Sauvignon 55.5 60.3
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Table 6: Osmolarity and pH of xylem sap collected from grapevines in El Dorado County (Clos de Knoll
Vineyard) and Yolo County (FPS) in 2005 (late March).

El Dorado Yolo

pH Pinot Noir 5.87 5.79

Cabernet Sauvignon 5.81 5.55

Osmolarity
mmol/kg

Pinot Noir 34.80 37.50

Cabernet Sauvignon 27.17 30.61

Table 7: Osmolarity and pH of xylem sap from grapevines from four locations around California- Field.
Davis Hopland Fall River Blodgett

1st* 2nd** 1st* 2nd** 1st* 2nd** 1st* 2nd**

pH

Pinot Noir
Control 5.81 5.79 5.96 5.73 4.94 5.97 5.88 5.23

Inoculated 5.95 5.77 5.65 5.53 5.29 6.14 5.49 5.36

Cabernet
Control 6.23 5.43 5.84 5.73 6.38 5.93 5.90 5.52

Sauvignon Inoculated 6.16 5.58 5.93 5.61 6.99 5.92 6.12 5.57

Osmolarity
mmol/kg

Pinot Noir
Control 44.91 37.50 42.30 54.67 59.11 35.36 67.20 69.91

Inoculated 59.60 36.56 49.10 43.17 73.33 50.00 71.33 41.73

Cabernet
Sauvignon

Control 45.11 40.00 61.40 68.09 94.33 55.44 79.45 53.45

Inoculated 33.33 34.80 88.30 76.00 61.00 51.00 76.33 34.64

*1st collection occurred between 2/24/05 and 3/6/05.
**2nd collection occurred between 4/15/05 and 4/22/05.

Table 8: Osmolarity and pH of xylem sap from grapevines treated with four different cold regimes- Growth Chamber.
-5°C day;       -

5 °C night
+0°C day;   -

5°C night
+2.2°C day;   -

5°C night
+5°C day; -
5°C night

Pinot Noir
Control 5.41 5.46 5.44 5.11

Inoculated 5.42 5.42 5.45 5.19
pH

Cabernet
Sauvignon

Control 5.51 5.33 5.66 5.34

Inoculated 5.54 5.66 5.59 5.72

Control 36.5 45.3 58.5 37.6

Osmolarity
mmol/kg

Pinot Noir Inoculated 38.3 33.0 49.9 34.6

Cabernet
Control 42.3 38.9 41.6 33.7

Sauvignon Inoculated 45.8 45.1 37.2 25.5

Objective 3
We have assessed the effect of pH and osmolarity on the viability of Xf cells in vitro using various buffers and media such as
PD3 and new chemically defined media (Leite, et al., 2004).  The liquid solutions used for these viability experiments
included: water, extracted xylem sap, PD3, HEPES, sodium and potassium phosphate buffers.

In order to further examine these conditions, cultures of Xf Stagg’s Leap strain were grown at 28°C on PD3 for 11 days.
Cells were scraped from the culture plates and suspended at concentrations of 1.5 x 107 bacteria per milliliter of liquid
medium.  One milliliter of the suspension was then placed into each 1.5 mL micro-centrifuge tubes and placed at various
temperatures. Samples were diluted and plated out onto PD3 and allowed to grow for seven days.  After seven days, colonies
were counted to determine the potential effect each treatment had on the viability of Xf cells.

Results of these experiments indicate that Xf can survive at 28ºC in most media (except water).  The results also indicate that
Xf can survive at -5ºC for 8 weeks.  At lower temperatures, our results were similar to those found by Feil (2002). Xf
survived the best in HEPES and sodium phosphate buffers and the worse survival occurred in water and xylem sap at –5ºC.
At –10ºC and –20ºC, Xf rapidly died in all liquid media tested.
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Potassium phosphate buffer was used to determine the effects of pH on the survival of Xf. Samples were prepared like above,
the cells were placed in potassium phosphate buffer at the pH levels of: 5.0, 5.4, 5.8, 6.2, 6.6 and 6.8.  The cells were placed
at -5ºC for up to seven days.  Everyday, samples were collected and diluted and plated out onto PD3 and allowed to grow for
seven days.  After seven days, colonies were counted to determine the potential effect each treatment had on the viability of
Xf cells.  Results for Objective 3 are reported in the 2004 Pierce’s Disease Research Symposium Proceedings.

Objective 4
Previous research has shown that herbaceous and woody plants exposed to sub-lethal cold conditions have significantly
elevated levels of plant hormones, such as ABA, which induces the synthesis of a number of cold shock proteins (Bravo, et
al., 1998; Thomashow, 1998).  Preliminary studies, involving samples of Pinot Noir and Cabernet Sauvignon field materials
collected from El Dorado County and Yolo County in February 2004, and again in March 2005, showed ABA concentrations
were lower in El Dorado County, cold-exposed vines, than in vines from Yolo County.  ABA concentrations were lower in
Pinot Noir than Cabernet Sauvignon for both El Dorado County and Yolo County vines.

We are in the process of determining ABA concentrations of xylem sap in cold-stressed and control vines growing both in the
growth chamber and in the field-grown plants in the four sites using the temperature regimes described in Objective 1.

This fall, Cabernet and Pinot vines prepared as stated in Objective 1, will be sprayed with 100μM solutions of ABA, a
concentration that elicited cold-shock proteins at 23°C in winter wheat (Kuwabara, et. al 2002).  Additional concentrations up
to 500μM may also be evaluated if no response is noted at 100μM.  The pH and osmolarity of xylem sap from the treated
vines will be determined as described above.  The concentration of ABA in the sap will be determined using a commercially
available immunoassay that has a sensitivity of 0.02-0.5 picomole/0.1 ml (Plant Growth Regulator Immunoassay Detection
Kits, Sigma Chemical Co.).  Preliminary work has shown that ABA concentrations in grapevine xylem sap are detectable
using this kit.  Xylem sap proteins will be collected, concentrated and analyzed by 1- and 2-dimensional PAGE as previously
described.  Unique proteins expressed in ABA-treated vines will be removed from the gels and end terminally sequenced and
analyzed as previously described. We will also determine the pH, osmolarity and protein profiles of xylem sap from ABA-
treated vs. non-treated vines and assess the potential of this sap for anti-Xf activity.
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ABSTRACT
Xylella fastidiosa (Xf) is a fastidious gram-negative, xylem-limited bacterium that causes diseases in many crops of economic
importance, such as grape (Pierce’s disease), almond, peach, coffee, plum and citrus. Xf can infect all known Citrus sinensis
cultivars and causes Citrus variegated chlorosis (CVC).  One major endophyte isolated from CVC-asymptomatic plants is the
bacterium Curtobacterium flaccumfaciens (Cf). Catharanthus roseus (Cr) plants were inoculated together with Cf and Xf and
in a similar experiment, plants were inoculated alone with Xf and Cf. Three phytopathology parameters, including number of
flowers, height of plants, and disease symptoms were evaluated.  Primers for Cf were designed to detect this endophytic
bacterium in plant tissue when inoculated with Xf. These primers were able to detect Cf in the presence of Xf after
inoculation in Cr. In planta interaction studies where Cf was inoculated together with Xf showed that there was an inhibition
of disease symptoms caused by Xf.

INTRODUCTION
Endophytes are microorganisms that do not visibly harm the host plant but can be isolated from surface-disinfected plant
tissue or the inner parts of plants (Hallmann et al. 1997). Since they colonize an ecological niche similar to that of
phytopathogens, endophtytes are candidates for biocontrol agents (Hallmann et al. 1997).  Members of the genus
Curtobacterium have been isolated as endophytic bacteria from many plants, including red clover (Sturz & Christie, 1998),
rice (Elbeltagy et al. 2000), potato (Sturz & Matheson, 1996), yam (Tor et al. 1992), citrus (Araújo et al. 2002; Lacava et al.
2004), and are associated with control of plant diseases in tobacco (Park & Kloepper, 2000), cucumber (Raupach &
Kloepper, 2000) and potato (Sturz & Matheson, 1996); and plant growth-promotion of red clover (Sturz et al. 1997) or
interacting with other bacteria in plant growth-promotion (Bent & Chanway, 1998).

CVC is a disease of sweet orange trees (Citrus sinensis L.) caused by one strain of the xylem-limited bacterium Xf (Hartung
et al. 1994). Xf is transmitted by xylem-feeding sharpshooter leafhoppers (Homoptera: Cicadellidae, Cicadellinae; Roberto
et al., 1996; Brlansky et al., 2002) or through seeds (Li et al., 2003).  In Brazil, CVC is responsible for losses to the citrus
industry of US $ 100 million per year (Coletta-Filho et al., 2001).  In spite of the fact that Xf was the first plant pathogen to
have its genome completely sequenced (Simpson et al. 2000), much remains to be learned about its pathogenesis, biology and
ecology.

Araújo et al. (2002) and Lacava et al. (2004) demonstrated that Cf is isolated more frequently from CVC-asymptomatic than
CVC-symptomatic orange and tangerine plants. Also, Lacava et al. (2004) found, through the use of in vitro interaction
experiments that the growth of Xf could be inhibited by the presence of endophytic Cf.

OBJECTIVES
1. Evaluate, in planta, the interaction between Xf and Cf and the potential use of this endophytic bacterium in biological

control

RESULTS
Sixty days after the inoculation of Cr seedlings, Cf was detected by PCR using primers CFC1 and CFC2. Xf was also
specifically detected using primers 271-int and 272-int on extracts of Cr inoculated with Xf. In seedlings simultaneously
inoculated (doubly-inoculated), Cf was detected by PCR with primers CFC1 and CFC2 and Xf with primers 271-int and 272-
int respectively.

The first parameter analyzed to check the effects of inoculation of Xf and Cf was the number of flowers.  Plants inoculated
with sterile PW medium (negative control) and plants inoculated with Cf did not demonstrate a statistically significant
difference (< P 0.05) in the number of flowers.  Plants inoculated with Xf alone had a reduced number of flowers (< P 0.05)
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during the same period (Figure 1).  However, plants inoculated with both Xf and Cf demonstrated a number of flowers similar
(< P 0.05) to those inoculated with PW media, Cf and Xf (Figure 1).

In the second parameter analyzed, the height of plants were statistically similar in plants inoculated with PW medium and
plants inoculated with Xf and Cf (< P 0.05) (Figure 2), but plants inoculated with Xf demonstrated reduced height after 60
days (Figure 2).

After sixty days, plants inoculated with sterile PW medium (negative control) did not demonstrate symptoms of disease and
neither did plants inoculated with Cf or with both Xf and Cf (double-inoculation).  However, plants inoculated with just Xf
demonstrated characteristic symptoms of disease (Figures 3 and 4).

Figure 2. Interaction between Cf and Xf inside of
host plant, Cr, after two months.  The
phytopathology parameter used to evaluate the
interaction was height.  Different letters on bars
show statistical difference by Tukey’s test at 5%
of significance

Figure 1.  Interaction between Cf and Xf inside of
host plant, Cr, after two months.  The
phytopathology parameter used to evaluate the
interaction was number of flowers.  Different
letters on bars show statistical difference by
Tukey’s test at 5% of significance.

Figure 3. Cr plants two months after inoculation with Xf (right) in comparison
with Xf and Cf inoculated together doubly-inoculated (left).
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CONCLUSIONS
The endophytic bacterium Cf was detected in extracts of Cr 60 days after inoculation using the primer pair CFC1/CFC2 in a
PCR assay.  In a similar experiment, where both Cf and Xf were inoculated into Cr, it was possible to detect both the
endophyte and the pathogen using PCR.  These data demonstrate that Cf has the ability to colonize plant tissue in presence of
Xf. This is an important point to consider when evaluating this endophyte as a potential biocontrol agent for CVC.

The parameters measured to check the potential use of Cf against Xf include number of flowers, height, and disease
symptoms.  This study suggested that this endophyte was able to reduce the effect of the colonization of Xf. In plants
inoculated with Xf and Cf, symptom remission probably occurred compared with plants inoculated just with Xf.

Recently, an interaction between Cf and Xf was strongly indicated (Araújo et al., 2002; Lacava et al., 2004).  These authors
suggested this interaction based in the frequency of isolation of Cf and in interaction experiments in vitro using both Xf and
Cf. This article describes how Cf can reduce symptoms caused by Xf in planta when both the phytopathogen and the
endophytic bacterium colonize the same plant.

This work described the effect of a possible interaction of Cf and Xf in planta under controlled conditions and the results
reinforce the idea that endophytic bacteria, that colonize a similar niche as does Xf, could contribute to the reduction of the
symptoms in the field.
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ABSTRACT
Several methods were used to create soluble forms of a single chain antibody (scFv S1) that binds to the surface of the grape
strains of Xylella fastidiosa (Xf).  S1 fused to a pelB leader and secreted from E. coli.  These forms were not secreted
correctly and could not bind Xf in an ELISA.  Maltose binding protein fusions of S1 were soluble and could be used to detect
Xf in an ELISA.  We also successfully secreted S1 from Alcaligenes xylosoxidans denitrificans (Axd) using a leader sequence
that directed S1 to the periplasmic space.  Strains of Axd that secrete anti-Xylella factors are being developed for use in a
strategy to prevent the spread of Xf.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is the principal vector of the xylem-limited bacterium Xylella fastidiosa (Xf), which
causes Pierce’s disease (PD) in grapes.  Limiting the spread of this pathogen by rendering GWSS incapable of pathogen
transmission (paratransgenesis) is a promising method of pathogen control.  Paratransgenesis seeks to modify the phenotype
of an organism indirectly by modifying its symbiotic bacteria to confer vector-incompetence

Paratransgenic approaches to disrupt pathogen infection of humans are being developed by several groups.  These include
interference with the ability of triatomid bugs to transmit pathogens causing Chagas’ disease (Beard et al., 2001), interference
with HIV attachment to its target cells in the reproductive tracts of humans (Chang et al., 2003; Rao et al., 2005), and the
elimination of persistent Candida infections from biofilms in chronically infected patients (Beninati et al., 2000).
Paratransgenesis has also been applied to deliver cytokines mammalian guts to relieve colitis (Steidler et al., 2000; Steidler,
2001).  Thus, the method has wide applicability.

Alcaligenes xylosoxidans denitrificans (Axd) is Gram negative, beta proteobacterial species that can colonize the GWSS
foregut and cibarium, as well as various plant tissues, including xylem.  It is non-pathogenic in insects, plants and healthy
humans.  Given these characteristics, Axd has become the focus of our paratransgenesis efforts to control PD in grapes.  Over
the past several years we developed the technology to stably modify Axd by inserting genes into its chromosome, have
developed methods to suppress horizontal gene transfer, and have isolated a single chain antibody (scFv) that recognized an
epitope on the surface of the PD strain of Xf. (Bextine et al., 2004).  We are currently engaged in combining these systems in
order to produce strains of Axd that are suitable for environmental release in a practical strategy symbiotic control strategy for
PD.

We report here the evaluation of various S1 constructs for solubility and the construction of a prototype Axd strain capable of
secreting S1.

OBJECTIVES
1. To create soluble and functional forms of the S1 single chain antibody.
2. To construct strains of Axd capable of secreting scFvs.

RESULTS
Objective 1:  Soluble forms of the S1 scF.
We expressed a soluble form of the S1 scFv in two ways.  S1 was expressed from a construct carrying a pelB leader sequence
which targets the protein to the periplasm of the cell, from which it can “leak” out into the growth medium and be collected.
Several strains of E. coli were used for this test.  We also fused the S1 sequence to E. coli maltose binding protein and
purified the fusion protein using affinity chromatography.  S1 proteins expressed in these two ways were assayed in a western
blot to see if they could be detected at all and were also used in an ELISA to determine whether or not they could still bind to
the surface of Xf. The results of these assays are shown in Table 1.
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Figure 1.  Western analysis of pelB-S1 scFv from
E. coli and Axd.  Std = size standards in kD.  M =
material from media.  Pellet = pelleted and lysed
cell material.  Two different concentrations were
used for the pellet preparations.

Table 1. Constructs, expression, and ELISA details for soluble S1 anti-Xylella scFv.

Protein expression
Species / Strain S1 construct Detectable in Western?

Detectable in
Xylella ELISA?

E. coli Top10F’ pAM5: Plac-driven expression of  S1. 1Yes-Strong expression No
E. coli HB2151 pAM5: Plac-driven expression of  S1. Yes- Weak expression No
E. coli TB1 pAM5: Plac-driven expression of  S1. Yes- Weak expression No

E. coli Top10F’ pAM62: Plac-driven expression of MBP2 -
full-length S1. Yes (purified protein) Yes

E. coli Top10F’ pAM63: Plac-driven expression of MBP-S1
lacing periplasmic S1 targeting sequence. Yes (purified protein) Yes

1.  The non-pMAL constructs used in this table are meant to secrete a soluble scFv into the supernatant of the culture by
leakage from the periplasmic space.

2.  MBP = maltose binding protein.

As can be seen in Table 1, there was a strong strain-specific effect on the amount of expression of S1.  Furthermore, in each
case, the proteins secreted from E. coli were of the wrong size (see below) and did not bind to the surface of Xylella in an
ELISA.  On the other hand, purified maltose binding protein-S1 fusion proteins were easily detected on westerns and retained
the S1 binding activity which is present when S1 is fused to the gIII protein of M13 phage and is present as part of a viral
particle.

Objective 2:  Secretion of an S1 scFv construct from Axd
Secretion from Gram negative bacteria is complicated by the fact that these species have two membranes that a protein must
cross before appearing outside the cell.  Gram negatives contain at least six identified types of secretion systems.
Unfortunately, these systems are unpredictable when expressed heterologously.  In other words, there is no “one-size-fits-all”
system that can be used in all species.  Periplasmic targeting, however, can be achieved easily by using leader sequences that
are functional in a broad range of organisms.  We used the pelB leader from Erwinia caratovora to target S1 to the periplasm
of E. coli and Axd.  Constructs were made as single-copy insertions into the chromosome delivered on a mariner transposon.
Cultures of these strains were allowed to grow overnight for E. coli and for two days for Axd.  Western analysis was used to
detect the S1 in the medium.  The results are shown in Figure 1.

As noted above, E. coli expressed S1 incorrectly when fused with a pelB leader for periplasmic expression.  Material of ca.
40kD, from the media and the pellet could be detected in the western.  Furthermore, higher molecular weight material of ca.
70 kD could be detected only in the pellet.  Media in which S1-Axd strains were grown, however, secreted a protein of the
correct size for monomeric S1 (ca. 26 kD).  In overloaded lanes of pellet (= cell lysate) material, a product of 70 kD could

also be detected as it was in E. coli.  These results indicate that
periplasmic targeting and “leakage” from the periplasmic space
can be used as a kind of secretion system in Axd.  The difference
in expression and secretion of S1 in two different Gram-negative
bacterial species clearly indicates that species-specific factors are
at work and need to be carefully evaluated when constructing
strains for use in symbiotic control.

CONCLUSIONS
Paratransgenesis to control PD in grapevine requires that several
conditions be met.  First, a suitable microorganism must be
found.  Second, anti-Xylella factors must be isolated.  Third,
strains of the microorganism must be constructed that can deliver
the anti-Xylella factor appropriately and in an environmentally-
safe way.  We previously isolated an anti-Xylella single chain
antibody by panning a scFv phage library.  The phage antibody
reacts strongly only with grape strains of Xf. We converted the
scFv from phage-form to soluble form by targeting the scFv to
the periplasmic space without the phage gIII protein.  In E. coli,
this results in an incorrectly produced protein that lacks the
ability to bind Xf. Expression of S1 as a maltose binding protein
fusion results in a soluble protein that retains Xf binding ability.
We thus conclude that it is possible to convert the phage antibody
to a soluble form; however we will need to evaluate different
constructs for proper binding and secretion behavior.  Finally, we
were able to successfully secrete S1 from transgenic strains of
Axd by using the very simple method of targeting the protein to
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the periplasmic space.  Protein collected from the medium after two days was of the correct size.  We conclude that secreting
strains of Axd are possible routes to the creation of usable bacterial strains targeting Xf in a paratransgenesis approach to
controlling PD.
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ABSTRACT
A bacterium isolated from Homalodisca coagulata Say, found also to inhabit xylem of citrus and grape (Lauzon et al.
unpubl.), shows potential for use in Symbiotic Control strategies against Xylella fastidiosa (Xf), the causal organism of
Pierce’s disease (PD).  The biology and “behavior” of the bacterium, identified as Alcaligenes xylosoxidans denitrificans
(Axd), is under study to gather information that can be used to assess its efficacy and risk of use in the field.  Real Time-
Polymerase Chain Reaction (RT-PCR) was used as a semi-quantitative means of monitoring Axd growth in lake water under
semi-natural conditions. Axd grew better in autoclaved lake water than in lake water that contained indigenous microbial
populations. Axd growth was also monitored in soil and on leaf surfaces under semi-natural conditions using microbiological
and molecular techniques. Axd was not retrieved from soils containing indigenous microbial populations unless the soil was
autoclaved. Axd was retrieved from leaf surfaces from citrus, strawberry, sage, and basil.  We are currently examining the
effect of introducing Axd to citrus leaf microbial communities using denaturing gradient gel electrophoresis and terminal
restriction fragment length polymorphism.  We have also monitored transfer and uptake of two plasmid vectors, DsRed
(pIRES-DsRed Express, Invitrogen) and pTZ18r (Amersham Biotech).  Transformation attempts included both chemical and
electroporation protocols. E. coli was used as a control.  In both cases, Axd resisted transformation while E. coli was
successfully transformed.  In addition, Axd was screened for the presence of endogenous plasmids.  A strain of E. coli
containing a single copy plasmid was used as a control. Our data suggest that Axd does not contain any endogenous plasmids
from 5-150 kb.  We are currently examining horizontal gene transfer potential between Axd and strains of E. coli and Shigella
sp. that carry fluorescent and antibiotic-marked endogenous plasmids.  Horizontal gene transfer is yet one factor used to
assess harm and risk.  It has been inferred that Axd is a potential new human pathogen based in part on its association with
Pseudomonas aeruginosa (P. aeruginosa) infections in Cystic Fibrosis patients. We used RT-PCR to compare the growth of
Axd and P. aeruginosa individually and in co-culture.  We found that Axd and P. aeruginosa significantly affect each others’
growth.  Our data suggest that Axd has the potential to mitigate harm associated with P. aeruginosa infections.

INTRODUCTION
Axd is a potential candidate for Symbiotic Control of PD.  Symbiotic Control strategies engage beneficial microorganisms to
control pathogenic microorganisms.  This includes the use of a symbiont to deliver an antimicrobial product (i.e. Beard et al.
2002).  The use of Axd in the management or control of PD requires that Axd remain in ecosystems for limited but effective
periods of time and cause minimal and reversible, or no disruption to a host or ecosystem.  To begin to assess efficacy and
risk associated with the use of Axd in the field, we conducted studies aimed to monitor the fate of Axd in soil, water, and plant
ecosystems under semi-natural conditions.  We also examined the potential of Axd to engage in horizontal gene transfer.
Finally, because Axd has been reported as a possible new human pathogen based in part on its association with P. aeruginosa
infections in Cystic Fibrosis, we examined growth of both bacterial species alone and in co-culture using Real Time PCR.

OBJECTIVES
1. Determine if Axd possesses plasmids of high, medium-low, and very low copy number.
2. Determine if Axd participates in horizontal gene transfer, namely transformation.
3. Assess the impact of adding GM Axd to microbial communities present in various ecosystems.
4. Assess the competitive vigor of Axd when grown in co-culture with P. aeruginosa.
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Figure 3: A 2 liter culture volume of Axd used for a very low plasmid prep.
A 500 ml culture volume is generally enough to detect a very low copy
plasmid such as a single copy plasmid/cell, however, we also performed a 2
liter plasmid prep for Axd to be thorough.  No bands were observed in lanes
5-8.  Lanes 1- 3 – empty.  Lane 4- 10 kb DNA marker.  The highest band is
10 kb, the lowest is 1 kb.  Lanes 5-8 –2 liter culture volume Axd plasmid
prep.  Some bands can be seen above the 10 kb marker size in Lanes 5-7,
however, we don’t know if this is plasmid DNA or sheared genomic DNA.
Therefore, the plasmid prep sample was subjected to FIGE – field inversion
gel electrophoresis which helps separate distinct plasmid DNA from smears
of genomic DNA much better than separation on an agarose gel.  We
conclude that Axd does not have plasmids of sizes ranging from 5- 150 kb.

RESULTS
Objective 1:  Determine if Axd possesses plasmids
No plasmids were found in Axd (Figures 1-3). E. coli containing a single copy plasmid/cell was used in all detection
preparations as a positive control.  High, medium-low and very low copy number procedures were employed including the
use of Field Inversion Gel Electrophoresis for improved separation and resolution of DNA (i.e. discerning between a mix of
genomic and plasmid DNA). Axd does not possess plasmids ranging in size from 5 to 150 kb.

Objective 2:  Determine if Axd participates in horizontal gene transfer, namely transformation
Axd was subjected to chemical (CaCl2) and electroporation techniques in attempts to transform Axd with two different
plasmids.  Plasmids pIRES2-DsRedExpress (Invitrogen) and pTZ18r (Amersham Biotech) were used for all procedures.  A
strain of E. coli amenable to transformation was used as a control.  Results show that Axd was not easily amenable to
transformation.  There is a slight possibility that promoters do not work in Axd for these plasmids, although this is doubtful.
Similar results have been found in the Lampe laboratory (personal communication).

Figure 1: 5 ml and 10 ml culture volumes of Axd used for high
copy plasmid preparation.  A 5 ml– 10 ml culture volume is
generally enough to detect a high copy plasmid in bacteria.  No
DNA bands are present in the lanes 2-5.  Lane 1- 10 kb DNA
marker.  The highest band is 10 kb and the lowest is 1 kb.  Lane 2,3
–5 ml culture volume of Axd plasmid prep.  Lane 4,5 -10 ml culture
volume of Axd plasmid prep.  Note: 5ml and 10 ml refer to the
culture volumes that were subjected to plasmid prep and not the
amounts that were actually loaded onto the gel.

Figure 2: 500 ml culture volume of E. coli containing pBeloBac
plasmid DNA and Axd were used for medium-low plasmid prep. A
500 ml culture volume is generally enough to detect a medium copy
plasmid (30-300 copies/cell), low copy (5 – 30 copies/cell) and very
low copy (less than 5 copies/cell) of plasmid DNA.  Lanes 1-4 –500
ml culture volume of E. coli containing pBeloBac plasmid DNA.
Lane 5- 10 kb DNA marker with the highest band at 10 kb, and the
lowest at 1 kb.  The sizes from top to bottom are 10 kb, 8 kb, 6 kb ,
5 kb , 4kb, 3 kb, 2.5 kb, 2 kb, 1.5 kb and 1 kb.  Lane 6 -9 –500 ml
culture volume of Axd plasmid prep.  No bands were detected
below the 10 kb marker.
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Objective 3:  Assess the impact of adding GM Axd
to microbial communities of various ecosystems
GM Axd containing EGFP fluorescent gene was used
in all studies.  GM Axd was applied to leaf surfaces
of three different hosts and detected using
microbiological and molecular techniques.  GM Axd
was also added to autoclaved and non autoclaved
lake water and detected over time using molecular
means (Figure 4).  Real Time PCR was used to
monitor the growth of GM Axd over time using
primers for EGFP and 16 S rRNA genes.  Data reveal
poor growth of GM Axd in lake water (complete data
not shown).

Studies have recently commenced for determining the impact of inoculating citrus and grape leaf surfaces with Axd on
community structure.  Meyer Lemon leaves were inoculated with both 10 and 100 µL volumes of an 18 h culture of GM Axd
to confirm detection of Axd using both primers for 16S rDNA and primers for EGFP.  Detection was successful (data not
shown).

Objective 4:  Assess the competitive vigor of Axd when
grown in co-culture with P. aeruginosa
Real Time PCR revealed that when grown together in liquid
medium, P. aeruginosa and Axd significantly affect
(decrease) each others’ growth.  Ratios were generated for
mixed samples in relation to individual growth values over
time and ranked.  Treatments (batches) were replicated and
two trials were conducted.  No differences were found
statistically in batches.  ANOVA on ranks were used
because residuals in ANOVA on ratios indicated non-
normal data.  ANOVA ranks showed that P. aeruginosa
grew better in the presence of Axd than did Axd in the
presence of P. aeruginosa; however, P. aeruginosa growth
was less than that in pure culture.  After 24 h, the presence
of Axd significantly decreases the growth of P. aeruginosa
but after 7 days of interactions, P. aeruginosa cell numbers
increase significantly.

CONCLUSIONS
We have found that Axd is not easily transformed and does not contain plasmids ranging in size from 5-150 kb. Axd also does
not establish well in established ecosystems but likely remains in an environment long enough to exert an effect on Xf
(Bextine et al. 2005).  When grown in the presence of the human pathogen, P. aeruginosa, Axd growth is less than that seen
in pure culture.  In addition, the presence of Axd decreases growth of P. aeruginosa.  These data question recent inferences
that Axd is a nosocomial or harmful bacterium to humans.  While our findings provide important information regarding risk
assessment and use of Axd in the field, further studies are necessary, including those that monitor the fate of Axd through
successive field seasons and changing environmental and plant physiological conditions.  To date, no concrete evidence
exists that show Axd as a harmful bacterium to any ecosystem or host.

COMPETITIVE STUDY OF GAX IN  POND WATER
MEAN OF SAMPLE A, B, AND C
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Figure 4.

Figure 2. Axd plated onto Luria
Bertani (left) agar post-
transformation protocols.  Notice
that no growth occurred for Axd on
a medium that would support the
growth of a transformed strain. E.
coli were transformed (right), grew
well, and thus, procedures were
conducted properly.
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ABSTRACT
Xylella fastidiosa (Xf) has homologs of the cell-cell signaling genes found in the important plant pathogen Xanthomonas
campestris pathovar campestris (Xcc) and produces a similar alpha,beta unsaturated fatty acid signal molecule called DSF
that coordinates gene expression.  We have investigated DSF-mediated cell-cell signaling in Xf with the aim of developing
cell-cell signaling disruption as a means of controlling Pierce’s disease (PD).  The rpfF gene is necessary and sufficient for
DSF signal synthesis and rpfF mutants of Xf are hypervirulent and non-transmissible. Lack of transmissibility was linked to
an inability of the rpfF mutant to form a biofilm in the insect foregut; while taken up by insects, the mutant strain is not
retained. Xf strains that overproduce DSF produce disease symptoms in grape, but only at the site of inoculation and the cells
do not move within the plant as do wild-type strains.  Thus elevating DSF levels in plants should reduce movement of Xf in
the plant and also reduce the likelihood of transmission by sharpshooters.  We identified bacterial strains that can interfere
with Xf signaling both by producing large amounts of DSF, by degrading DSF, or by in some way interfering with
recognition of DSF.  When co-inoculated into grape with Xf, both DSF-producing strains and DSF-degrading strains greatly
reduced the incidence and severity of disease in grape; DSF-producing strains consistently were the most effective in
reducing disease.  Disease was also reduced when some of these strains were simply sprayed onto grape before inoculation
with Xf, indicating that they can alter behavior of the pathogen even when not co-inoculated.  To verify that disease control is
due to DSF interference, we have constructed mutants of these strains that disrupt the ability of these strains to produce or
degrade DSF and show that the mutants are deficient in PD control.  Both mutants unable to produce DSF as well as mutants
deficient in degradation of DSF exhibited less ability to control PD when co-inoculated with Xf, suggesting that altering DSF
abundance within the plant was a major factor contributing to disease control by these DSF-interfering strains.  Given that
DSF overabundance appears to mediate an attenuation of virulence in Xf we have transformed grape with the rpfF gene of Xf
to enable DSF production in planta.  Transgenic plants are being assayed for DSF production and susceptibility to Xf
infection.  The bacterial genes required for DSF degradation have been cloned and identified in antagonist Pseudomonas
strain G, enabling their exploitation for disease control by over-expression in various bacterial endophytes of grape as well as
by expression within plants themselves.  Non-endophytic bacterial species were also established in high numbers inside grape
leaves and petioles following spray application to plants with a high concentration of a silicon-based surfactant with a low
surface tension.  PD was reduced in plants after topical application of a DSF-producing strain of Erwinia herbicola (E.
herbicola).

INTRODUCTION
Endophytic bacteria such as Xf colonize the internal tissues of the host, forming a biofilm inside the plant.  A key determinant
of success for an endophyte is the ability to move within the plant.  We expect activities required for movement to be most
successful when carried out by a community of cells since individual cells may be incapable of completing the feat on their
own.  Cells assess the size of their local population via cell-cell communication and coordinately regulate the expression of
genes required for such processes.  Our study aims to determine the role of cell-cell communication in Xf in colonization and
pathogenicity in grapevines and transmission by the insect vector. Xf shares sequence
similarity with the plant pathogen Xcc (1). In Xcc, expression of pathogenicity genes is
controlled by the rpf system of cell-cell communication, enabling a population of cells
to launch a pathogenic attack in a coordinated manner (1).  Two of the rpf proteins, rpfB
and rpfF, work to produce a diffusible signal factor (DSF) (2) which has recently been
described as an alpha,beta unsaturated fatty acid (3) (Figure 1).

As the population grows, the local concentration of DSF increases.  Other rpf proteins are thought to sense the increase in
DSF concentration and transduce a signal, resulting in expression of pathogenicity factors.  The Xf genome not only contains
homologs of the rpf genes most essential for cell-cell signaling in Xcc, but also exhibits striking colinearity in the
arrangement of these genes on the chromosome.  We now have shown that Xf makes a molecule that is recognized by Xcc but

Figure 1
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probably slightly different than the DSF of Xcc.  Based on our knowledge of density-dependent gene regulation in other
species, we predict the targets of rpf regulation would be genes encoding extracellular polysaccharides, cellulases, proteases
and pectinases necessary for colonizing the xylem and spreading from vessel to vessel.  Similarly, we would expect the
density-dependent genes to be expressed during the time when a population of Xf is ready to move into un-colonized areas.

Other organisms can apparently interfere with the density-dependent behaviors of Xf. Several recent studies indicate that
other organisms can disrupt or manipulate the cell-cell signaling system of bacteria.  Our preliminary work revealed that
several other bacterial species can both positively and negatively interact with the DSF-mediated cell-cell signaling in Xf, but
until this study we did not know of the manner in which the interaction occurred nor whether such strains had the potential to
affect the virulence of Xf in grape.  In this period we have extensively investigated both the role of DSF-production by Xf on
its behavior within plants, the manner in which other bacterial strains affect such cell signaling, the extent to which other
endophytes could modulate density-dependent behaviors and virulence in Xf by interfering with cell-cell signaling, initiated
genetic transformation of grape to express DSF, and explored other means to alter DSF abundance in plants to achieve PD
control.

OBJECTIVES
1. Identify bacteria that interfere with DSF-mediated cell-cell signaling in Xf, and conduct pathogenicity tests on grapevines

colonized by DSF-interfering bacteria to determine potential for PD control
2. Isolation of mutant strains of DSF-degrading and DSF-producing bacteria that can no longer interfere in cell-cell

signaling to verify that disease control is linked to cell-cell signal interference
3. Molecular identification of genes conferring DSF-degrading activity
4. Engineer the grapevine endophytes Alcaligenes xylosoxidans denitrificans and Agrobacterium vitis to express genes

conferring DSF-degradation  and DSF-synthesis activities and test whether the resulting transgenic endophytes are
capable of disease control

5. Creation of grapevines expressing genes conferring DSF-degradation and DSF-synthesis activity to test for PD resistance
6. Evaluate topical application of DSF-degrading and DSF-producing bacteria with penetrating surfactants for PD control

RESULTS
We have isolated a variety of bacteria from grapevine vineyards affected by PD as well as tomato and cruciferous crop plants
infected with the signal-producing pathogens Xanthomonas campestris pv. vessicatoria and Xcc, respectively and tested them
for their ability to interfere with cell-cell signaling in Xf in an assay using the signal-sensing strain described above.  We
found several strains that negatively affected signaling in Xcc while several strains were found to produce DSF.  By adding
purified DSF to either cell-free extracts of the strains with a negative influence on signaling or to whole cells we found that at
least two mechanisms of interference with signaling could be observed.  Some strains such as strains C,E,G, H, and J are able
to degrade DSF while other inhibitor strains did not do so, and apparently have another means of interfering with DSF
perception by Xcc.  The several strains that produced DSF were all identified as Xanthomonas species.  We sequenced the
16S rRNA gene from these strains to determine their species identity.

To test the ability of bacteria that alter Xf signaling to alter the process of disease in plants, we co-inoculated grapevines with
Xf and strains that either inhibit or activate cell-cell signaling in greenhouse studies.  The incidence of PD was greatly
reduced by all of the signaling interfering strains that we tested (Figures 2 and 3).  As we had expected, DSF-producing
strains generally reduced disease severity more than did strains that interfered with signaling in Xf. These results were highly
repeatable, having been observed in five separate experiments.  We find these results to be very exciting in that they suggest
that alteration of signal molecules within plants can have a profound effect on the disease process.

PROPORTION OF VINES SHOWING SYMPTOMS (7/20/04)
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Figure 3. Incidence of PD in grape co-inoculated
with Xf Temecula and various DSF-producing and
degrading bacterial strains.
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We also have been able to provide disease control by topical inoculation of DSF-producing bacteria such as DSF-producing
strains X and 8004 to the foliage of plants where they colonize and presumably produce DSF as well as by pre-treatment of
plants by injection of these antagonists before inoculation with Xf (Figure 4).

To determine the extent to which altered DSF abundance in plants would alter the progress of PD we also made mutants of Xf
that were either blocked in DSF production or over-expressed DSF.  A strain of Xf Temecula in which the rpfF gene, which is
required for production of the signal in Xcc, is knocked out was constructed using exchange of the wild-type allele for a
deleted copy carrying an antibiotic resistance gene on a suicide plasmid.  The rpfF mutant of Xf does not make DSF as
determined using previously constructed “signal-sensing” strains of Xcc to determine DSF production by Xf and other
bacterial strains.  We also over-expressed DSF by introducing the rpfF gene driven by a constitutive kan promoter into the
genome of Xf. This strain produced much higher levels of DSF than the parental strain.  The strains altered in DSF
production were tested for their ability to infect and move within host plants and to cause PD symptoms.  The rpfF gene
appears to play a role in modulating disease progress because the timing and severity of symptom development are greatly
exacerbated in grapevines infected with rpf-deficient mutants when compared to the wild type (Figure 5).  In contrast, the Xf
strain that overproduced DSF caused disease symptoms in grape, but only at the site of inoculation.  The mutant cells did not
move within the plant as did wild-type strains (Figure 5).  These results all support our model that DSF regulates genes
required for movement of Xf from colonized vessels.  We hypothesize that rpfF-deficient mutants may be causing increased
vessel blockage in the grapevine, leading to increased symptom expression.

To establish a rigorous connection between DSF production and disease control, we have constructed mutant strains of those
DSF-producing bacteria that perform best in the disease control assays that no longer could produce DSF.  These mutants
were then compared to their parent strains in disease control assays.  We also made mutants of DSF-degrading strains that no
longer could degrade DSF.  We expected that if DSF interference can provide disease control, then strains no longer able to
interfere with DSF signaling will also no longer be able to control disease.  All mutants unable to produce DSF were
diminished in ability to reduce PD when co-inoculated with Xf compared to their DSF-producing wild-type strain (Figures 7-
8).

Figure 7. Severity of PD on
grape co-inoculated with an Xcc
DSF-producing strain or a mutant
Xcc strain unable to produce DSF
and Temecula compared plants
inoculated only with Temecula.

Figure 8. Severity of PD on
grape co-inoculated with DSF-
producing strain V or a mutant
unable to produce DSF and
Temecula compared to plants
inoculated only with Temecula.

Figure 9. Severity of PD on
grape co-inoculated with
DSF-degrading strain G or a
mutant unable to degrade
DSF and Temecula compared
to plants inoculated only with
Temecula.

Figure 4. Severity of PD in
grape co-inoculated with
DSF-producing strain X or
sprayed with this strain
before inoculation with
Temecula compared to plants
inoculated only with
Temecula.

Figure 5. Severity of PD in
grape co-inoculated with a
DSF over-producing strain of
Xf or with an rpfF mutant
compared to plants inoculated
with Temecula.

Figure 6. Severity of PD in grape
co-inoculated with DSF-producing
strain X or a mutant of X that does
not produce DSF compared to plants
inoculated only with Temecula.
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Figure 12. Population size of
A. vitis strain 210R sampled
at different distances from
point of inoculation at
different times after
inoculation into stems of
grape.

Figure 14. Severity of PD in
grape sprayed with DSF-
producing E. herbicola 299R
harboring the rpfF of Xf
Temecula compared to plants
inoculated only with
Temecula.

Likewise, mutant strain G741, a mutant of DSF-degrading parental strain G that no longer could degrade DSF also was
greatly reduced in ability to control PD when co-inoculated with Xf compared to its parental strain (Figure 9).  These results
suggest strongly that it is the production of, or degradation of DSF in plants by these antagonistic bacteria that makes a large
contribution to their ability to reduce PD.  The results thus strongly suggest that any method that either increases or decreases
DSF abundance in Xf-infected plants will have a large effect on the incidence and/or severity of PD.

We have recently made a green fluorescent rpfF mutant to investigate the pattern of colonization by the mutant and will
compare it to that of the wild type.  Preliminary results show that this hypervirulent mutant moves more rapidly through
grape and also more rapidly fills xylem vessels, suggesting that virulence factors are de-repressed in an rpfF- mutant (Figures
10 and 11).

To increase the usefulness of any interfering agents identified in this screen, we are molecularly identifying the genes
conferring the DSF-interference phenotypes.  We have inactivated the genes for interference in Pseudomonas strain G
individually by random Tn5 mutagenesis and cloned the disrupted loci.  Mutations of the carAB genes, encoding carbamoyl-
phosphate synthetase activity, in antagonist G abolishes DSF degradation.  Multiple mutants of these two genes (and only
these two genes) have been found to disrupt DSF production; we are currently investigating how this enzyme confers DSF
degradation by over expressing it.  The carAB genes have been cloned, shown to restore DSF interference in strain G
mutants, and are being assessed for their ability to confer DSF interference in other bacterial strains when over expressed.

Disease control by DSF-interfering strains will be optimized if they are good colonists of grapevine.  To maximize disease
control we are expressing the various genes conferring DSF interference in effective non-pathogenic endophytic colonists of
grapevine such as Alcaligenes xylosoxidans denitrificans (Axd) and Agrobacterium vitis (Av).  We expect that this strategy
will deliver the disease control agent directly to the site of the pathogen and result in highly effective control.  Since the rpfF
gene of Xf is sufficient to confer expression of DSF in other bacteria we are introducing it into these two species.  Preliminary
studies showed that while Av strains established large populations in grape near the inoculation site, they did not move
extensively in the plant (Figure 12).

We have initiated expression of the rpfF gene in grape at the Ralph M. Parsons Foundation Plant Transformation Facility at
the University of California, Davis.  Initially, we submitted a tested but un-optimized rpfF construct to the facility; the first
transformed plants are now mature and are being tested for DSF production.  Initial assays reveal that DSF is rapidly
degraded by damaged plant tissue.  Therefore assays are being developed to avoid this complication in assessing DSF
abundance.  Mature plants have now been rooted to produce large numbers of clonal plants that will be inoculated with Xf as
they grow large enough (late November).

We have found that it is possible to establish large populations of bacteria within grape leaves, stems and petioles by simple
topical applications of bacterial suspensions to plants in solutions of organosilicon surfactants having very low surface
tensions.  A variety of bacteria were found to colonize grape at very high population sizes (> 106 cells/petiole) for extended
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Figure 10. Presence of gfp-
marked cells of wild-type Xf
strain Temecula visualized as
green fluorescence in cross
sections of grape petiole viewed
with confocal microscopy.

Figure 11. Presence of cells of an
rpfF mutant of Xf Temecula
visualized as green fluorescence
in cross sections of grape viewed
with confocal microscopy.

Figure 13. Population size of E.
herbicola strain 299R in petioles at
different times after spray inoculation
with different concentrations of
Breakthru.
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periods of time following topical application (Figure 13).  While these bacteria apparently do not spread throughout the plant
after inoculation as does Xf, by introducing it into the intercellular spaces and perhaps even the xylem of the plant by use of
the surfactants that stimulate spontaneous infiltration of the plant, we can inoculate the bacteria into all sites within the plant.
Initial studies have shown that topical applications of an Erwinia herbicola strain harboring the Xf rfpF gene can provide
some control of PD (Figure 14).

CONCLUSIONS
Substantial data now show that cell-cell signaling plays a major role in the epidemiology and virulence of Xf and that
disruption of cell signaling is a promising means of controlling PD.  Strikingly, Xf strains that cannot signal are also not
transmissible by nor colonize an efficient insect vector.  This result reveals an important and previously unappreciated
connection between cell-cell signaling and transmission as well as the requirement for biofilm formation for transmission.
These new findings will be helpful for those interested in targeting transmission as a means of disease control.  We also
found that mutants unable to signal are hypervirulent.  Conversely, strains of Xf that overproduce DSF have low virulence
and do not move within grape.  This suggests that, it will be more efficient to elucidate and target Xf’s colonization strategies
rather than traits predicted to contribute to virulence based on studies of other plant pathogens.  We have identified bacterial
strains that can interfere with Xf signaling.  These strains proved very effective as protective agents for grapevines when co-
inoculated with Xf. Both positive and negative interference with DSF signaling reduced disease in grape suggesting that
signaling is normally finely balanced in the disease process; such a finely balanced process might be readily disrupted.  Since
in bacteria rpfF is sufficient to encode a synthase capable of DSF production, expression of DSF directly in plants is an
attractive approach for disease control.  Preliminary results are very encouraging that DSF can be made in plants.
Alternatively, the use of various bacteria to express DSF in plants may prove equally effective in altering Xf behavior and
hence disease control. Our observation that large numbers of bacteria could be introduced into grape plants by simple topical
applications of cell suspensions in a penetrating surfactant has enabled us to pursue a new strategy of disease control that will
enable us to efficiently test those strains that are found to be effective in PD control in Objective 1 by a method that should
prove practical for commercial use.  Thus our investigation of the fundamental issues associated with interactions of Xf with
grape has led to several very practical possible control measures of PD that can be evaluated over the short term.
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ABSTRACT
Alcaligenes xylosoxidans denitrificans (Axd), an insect and plant symbiotic bacterium, was genetically altered to carry a red
fluorescent protein gene, DsRed.  The marked Axd (RAxd) was detected in stems of several grapevines two weeks post-
inoculation at commercial vineyards in Temecula, Napa and UC Riverside.  The amount detected at four weeks post-
inoculation declined, and RAxd was absent six weeks post-inoculation. RAxd was not detected in grape berries, or in soil
samples collected around RAxd positive grapevines nor in the roots of test plants. RAxd was found readily in the buccal
cavity of the vector insect and in citrus xylem.

INTRODUCTION
Replacement therapy or symbiotic control (Beard et al., 2002) employs symbiotic bacteria to deliver anti-disease gene
products to target pathogens to make vector insects unable to harbor the pathogen or to prevent pathogens from being
transmitted.  We are testing Alcaligenes xylosoxidans denitrificans (Axd), a xylem-limited endophytic symbiont and a
commensal of glassy-winged sharpshooter (GWSS), Homalodisca coagulata, for use in symbiotic control of Pierce’s disease
(PD) (Bextine et al. 2004).  The marked recombinant strain was produced by inserting the DsRed marker gene into Axd (to
make RAxd) into mariner element plasmids (Ruben et al. 1999), which was the insertion vehicle.  This field project was
designed to determine the fate of RAxd when injected into grapevines in a future control strategy.

Vines in commercial vineyards were used to locate the test in as realistic a setting as possible and because we are aware that
laboratory behavior of these plants and microbes does not reflect field behavior.  We chose widely separated locations in
California and more than one variety of grapevines to test.  A top priority was to determine if the transgenic endophyte
lodged in the grape berries or otherwise contaminated the product of the vineyards.  These results follow similar protocols
followed the year before.  Permits from the Environmental Protection Agency (EPA) were required to conduct the field tests
(Miller, 2004).

OBJECTIVES
1. Track the movement of Alcaligenes xylosoxidans denitrificans (Axd) in plants and the environment.
2. Characterize transmission of Axd by GWSS, Homalodisca coagulata.
3. Treat plants with excessive amounts of Axd to assess the effect on the plant and longevity of Axd.

RESULTS
In July 2004, field sites were arranged at commercial vineyards in Napa and Temecula Valleys and at UC Riverside. RAxd
was applied to grapevines using the inoculation techniques used in previous years on this project.  Grapevines were covered
with insect-free screening (Figure 1A), to exclude arthropods from test plants.  Samples were taken throughout the growing
season and processed.  Plants were burned at the end of trials (Figure 1B) as required by EPA permits.

Grapevines were needle inoculated with RAxd (Bextine and Miller 2004, Bextine et al. 2005) according to the schedule
shown in Table 1.  Over a 4.5 month period, from June 11 to October 15, 2004, grapevines, grape berries or roots were
sampled every other week (Table 1).
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Table 1. Schedule of events.
Weeks After First Inoculation

0 2 4 6 8 10 12 14 16 18
Injected YES YES YES YES YES YES YES

Plant Samples Tested YES YES YES YES YES YES YES
Fruit Tested YES YES YES
Root Tested YES

Grapevine samples
Although the grapevines were consistently inoculated at two week intervals, these grapevines were not consistently positive
throughout the growing season (Tables 2 and 3).  In fact, nearly all grapevines tested positive two, four, and six weeks after
the initial inoculations were made.  No grapevines tested positive on the last two sample dates, despite the same inoculation
treatments.  These data are not consistent with error in the sampling methodology but may indicate incompatibility with the
host during later stages of fruit development.  No control grapevines tested positive.

Table 2. Number of RAXD positive shoots per cordon (n=30).
Weeks After First Inoculation

Bacterial
Concentration 2 4 6 8 10 12 14

Inoculated
109 19 22 19 8 5 0 0
106 20 23 23 5 3 0 0
χ2 0.073 0.089 1.270 0.884 0.577 30 30

p-value 0.787 0.765 0.259 0.347 0.447 1 1

Table 3. Number of RAXD positive grapevines (n=15).
Weeks After First Inoculation

Bacterial
Concentration 2 4 6 8 10 12 14

Inoculated
109 12 15 12 8 5 0 0
106 13 13 14 4 2 0 0
χ2 0.240 2.143 1.154 2.220 1.677 30 30

p-value 0.624 0.143 0.283 0.136 0.195 1 1

Figure 1B. Burning grapevines at the end
of the experiment as required by EPA
(Miller, 2004).

Figure 1A. Experimental field cage.
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Fruit samples
No fruit samples were confirmed positive on any date (Table 4).  Fruit extracts were tested three times by two QRT PCR
methodologies (twice with TaqMan and once with SYBR® Green).  During the initial screening of fruit about 14% of
samples (52 of 360) from week 14 were labeled “questionable.”  Upon re-testing these samples, no RAxd was detected.  No
fruit samples from the other two collection dates tested positive.

Table 4. Fruit samples tested for the presence of RAXD.

Individual Grapes

Weeks After First Inoculation
14 16 18

0/300 0/300 0/300
Bunch Stem 0/60 0/60 0/60

As with all PCR-based detection systems, QRT PCR comes with a certain degree of ambiguity so positive samples have to be
confirmed.  In the case of the week 14 fruit samples, fluorescence increased at the end of the reaction, slightly below the
positive threshold using the TaqMan chemistry.  Because these samples were close to the threshold, they were tested twice
more (again by TaqMan and using the SYBR® Green chemistry).  In these subsequent reactions, no samples tested positive.

Root samples
No root samples tested positive.

CONCLUSIONS
DsRed Alcaligenes xylosoxidans var. denitrificans (RAxd) survives in grapevines in commercial vineyards as a recombinant
endophyte for less than one month following injections; titers decline below detectable levels after a few weeks.  Re-
treatment restores the titer. RAxd does not spread extensively throughout the grapevine and was not found in the roots, in the
petioles or in grapevine berries.  From a regulatory and residue standpoint, this is an ideal result.  Moreover, the grapevines
withstood injection of large amounts of this endophyte with no ill-effects.  These tests were not designed to demonstrate
control of PD, merely the possibility of delivery of a “biopesticide.”  Regulatory permission to test the ability of RAxd to
deliver an anti-PD strategy would require increased pressure from the grape and wine industry in California.  The possibility
of delivering an anti-PD strategy with the symbiotic control approach using trap crops associated with vineyards and the
possibility of native leafhoppers acquiring and moving the recombinant endophyte to other plant hosts were to be the subject
of further testing in 2005-2006; however, the funding needed was not obtained, so those tests were cancelled.
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ABSTRACT
In symbiont therapy, an insect’s natural symbionts are genetically modified to prevent the transmission of a pathogen, and
this strategy is currently under investigation as a way to control the spread of Pierce’s disease.  The glassy-winged
sharpshooter (Homalodisca coagulata) symbiont used in this research was identified through metabolic tests as Alcaligenes
xylosoxidans denitrificans Hc01 (Axd Hc01).  Since Axd Hc01 has the potential to be used agronomically, fully describing it
genetically as well as metabolically is important for regulatory purposes.  In this study, we used sequence data from two
highly conserved prokaryotic genes, the 16S rDNA gene and the gyrase B gene, to genetically characterize Axd Hc01 and
four of its relatives.  These sequences were aligned and used to generate three neighbor-joining phylogenetic trees, two for
the 16S gene and one for the gyrase B gene.  A preliminary analysis of this data indicates that Axd Hc01 is most closely
related to members of the genus Pseudomonas.

INTRODUCTION
One new potential management strategy for Pierce’s disease (PD) of grapevine is the use of symbiont therapy.  Symbiont
therapy exploits the interactions among a pathogen-transmitting organism, its bacterial symbionts, and the pathogenic
organism itself (Beard 2002).  First, a bacterial symbiont that occupies the same niche as the pathogen must be identified.
These symbionts are genetically modified to produce a molecule that hinders the spread of the pathogen in question.  The
genetically modified bacteria are re-introduced into the vector so that they can reduce its ability to transmit the pathogen in
question.  For this approach to be successful, the bacterial symbiont must be easily cultured and manipulated in vitro, and the
genetic modification cannot alter their value to the host organism or their ability to occupy their niche.  In addition, the
bacterial symbionts cannot be pathogenic to either their host or to non-target organisms before or after the genetic
modification (Durvasula 2003).  Symbiont therapy has been investigated as a way to control the spread of Chagas Disease
(Beard 2002; Durvasula 2003), murine colitis (Steidler 2000), and HIV (Chang 2003).

For symbiont therapy to be effective in limiting the spread of PD, a culturable symbiont that inhabits the pre-cibarium and
cibarium of Homalodisca coagulata (H. coagulata) is required, since these areas are colonized by the pathogen, Xylella.
fastidiosa.  Three bacterial species that meet these requirements are Chryseomonas spp, Ralstonia spp, and Alcaligenes spp
(Bextine 2004).  The Alcaligenes species were of particular interest because they were frequently isolated from wild H.
coagulata (Kuzina 2004) and because they could also successfully colonize the xylem of various plants, including citrus
(Araujo 2002, Bextine 2005).  Using standard morphological and biochemical tests, one of the Alcaligenes species isolated
from H. coagulata was designated as Axd Hc01 and selected for further study (Bextine 2004).  However, the classification of
Axd Hc01 remains unsettled.

OBJECTIVES
If Axd Hc01 is to be used as part of a symbiont therapy program, the issues surrounding its taxonomic identity must be
resolved.  One way to help clarify its identity and relationship to other identified Axd strains is to construct phylogenetic trees
based on the sequences of universally present, highly conserved prokaryotic genes (Laguerre 1994).  The goal of this research
is to help identify Axd Hc01 and its relatives by placing them in phylogenetic trees based on the 16S, gyrase B, and 16S-23S
intergenic spacer region sequences.

RESULTS
The phylogenetic tree based on 16S sequences shown in Figure 1 and the tree based on gyrase B sequences in Figure 3,
indicate that Axd Hc01 groups with members of the genus Pseudomonas.  In addition, the phylogenetic tree based on 16S
sequences shown in Figure 2 indicates that Axd1 is more closely related to Axd Hc01 than Axd3 and Axd4.  Abbreviations
used are as follows: rAxd, Axd Hc01; PA, Pseudomonas aeruginosa; AP, Achromobacter piechaudii; AR, A. ruhlandii; AD,
A. denitrificans; PP, Pseudomonas putida; PF, P. fluorescens; Pps, P. pseudoalcaligenes; PS, P. stutzeri; AF, Alcaligenes
faecalis; AO, Alcaligenes odorans; BC, Burkholderia cepacia; SP, Shewinella putrefaciens; SM, Stenotrophomonas
maltophilia; and XM, Xanthomonas maltophilia.
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CONCLUSIONS
From a preliminary analysis of these results, it can be concluded that Axd Hc01 and its relatives are related to members of the
genus Pseudomonas.  However, more work will be necessary to provide more information concerning the identity of Axd
Hc01 at the species and subspecies level and to clarify its relationship to Axd1, Axd2, Axd3, and Axd4.  The successful
identification of the Axd Hc01 bacterium and its relatives will help contribute to a strategy based on symbiont therapy to
control PD.

REFERENCES
Araujo, W., Marcon, J., Maccheroni, W., Elsas, J., Vuurde, J., and  Azvedo, J. (2002). Diversity of Endophytic Bacterial

Populations and Their Interaction with Xylella fastidiosa in Citrus Plants. Applied and Environmental Microbiology 68:
4906-4914.

Beard, C., Cordon-Rosales, C., and Durvasula, R. (2002). Bacterial Symbionts of the Triatominae and Their Potential Use in
Control of Chagas Disease Transmission. Annual Review of Entomology 47: 123-141.

Bextine, B., Lampe, D., Lauzon, C., Jackson, B., and Miller, T. (2005). Establishment of a Genetically Marked Insect-
Derived Symbiont in Multiple Host Plants. Current Microbiology 50: 1-7.

Bextine, B., Lauzon, C., Potter, S., Lampe, D., and Miller, T. (2004). Delivery of a Genetically Marked Alcaligenes sp. to the
Glassy-Winged Sharpshooter for Use in a Paratransgenic Control Strategy. Current Microbiology 48: 327-331.

Chang, T., Chang, C., Simpson, D., Xu, Q., Martin, P., Lagenaur, L., Schoolnik, G., Ho, D., Hillier, S., Holodniy, M.,
Lewicki, J., and Lee, P. (2003). Inhibition of HIV Infectivity by a Natural Human Isolate of Lactobacillus jensenii
Engineered to Express Functional Two-Domain CD4. Proceedings of the National Academy of Sciences of the USA
100: 11672-11677.

Durvasula, R., Sundaram, R., Cordon-Rosales, C., Pennington, P., and Beard, C. (2003). Rhodnius prolixus and Its Symbiont,
Rhodococcus rhodnii: A Model for Paratransgenic Control of Disease Transmission. Insect Symbiosis. K. Bourtzis, and
Miller, T. Boca Raton, CRC Press: 347.

Kuzina, L., Lauzon, C., Miller, T., and Cooksey, D. (2004). Bacterial Symbionts of the Glassy-winged Sharpshooter and
Their Potential Use in Control of Pierce's Disease Transmission. The 2004 Entomological Society of America Annual
Meeting, Salt Lake City, Utah.

Laguerre, G., Rigottier-Gois, L., and Lemanceau, P. (1994). Fluorescent Pseudomonas Species Categorized by Using
Polymerase Chain Reaction (PCR)/Restriction Fragment Analysis of 16S rDNA. Molecular Ecology 3: 479-487.

Steidler, L., Hans, W., Schotte, L., Neirynck, S., Obermeier, F., Falk, W., Fiers, W., and Remaut, E. (2000). Treatment of
Murine Colitis by Lactococcus lactis Secreting Interleukin-10. Science 289: 1352-1354.

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service, and the CDFA Pierce’s
Disease and Glassy-winged Sharpshooter Board.

Additional Note: All of the field tests were conducted under a permit from the Environmental Protection Agency (TERA R-
03-01).  A report of the tests was submitted to the EPA and the sponsors.



- 269 -

DEVELOPMENT OF A FIELD SAMPLING PLAN FOR
GLASSY-WINGED SHARPSHOOTER VECTORED PIERCE’S DISEASE

Project Leaders:
Thomas M. Perring
Department of Entomology
University of California
Riverside, CA 92521

Jennifer Hashim
UC Cooperative Extension
Bakersfield, CA 93307

Carmen Gispert
UC Cooperative Extension
Indio, CA 92201

Cooperators:
Yong-Lak Park
Department of Entomology
University of California
Riverside, CA 92521

Charles A. Farrar
Department of Entomology
University of California
Riverside, CA 92521

Rayda K. Krell
Department of Entomology
University of California
Riverside, CA 92521

Murry P. Pryor
Cooperative Extension
University of California
Bakersfield, CA  93307

Barry Hill
CDFA, PDCP
Sacramento, CA 95814

Maggi Kelly
Environmental Sciences, Policy and
Management Department
University of California
Berkeley, CA 94720

Reporting Period: The results reported here are from work conducted July 1, 2004 to September 30, 2005.

ABSTRACT
Determining the location of grapevines infected with Pierce’s disease (PD) in vineyards  is a major objective of growers and
researchers.  Currently, there are no sampling protocols available except for field surveys based on PD symptoms.  The work
reported here was conducted in Kern County and the Coachella Valley towards developing a sampling plan to detect the
locations of diseased grapevines within vineyards.  Spatial distribution patterns of PD were characterized with spatial
statistics.  Results from Kern County sampling suggest that knowing the percentage of PD infection and the location of
vineyards relative to citrus can predict the distribution pattern of PD in the vineyard.  Research in the Coachella Valley
suggests that PD distribution is highly localized within vineyards, and diseased grapevines are associated with two or more
dead, replanted, or missing adjacent grapevines.  These results bring us closer to developing reliable sampling protocols for
PD in vineyards.

INTRODUCTION
A common sampling technique to detect the presence of PD in vineyards is to visually examine vines, collect symptomatic
leaves from potentially infected vines, and confirm the presence of PD with enzyme-linked immunosorbent assay (ELISA).
Locating vines infected with PD in a vineyard is required for current PD management, and the only reliable method for
finding PD-infected vines is to examine every vine in the vineyard.  A PD census was used in Kern County and this provided
a cost-effective method (< $5 per acre) for identifying infected vines in vineyards when PD infection was very low (Hashim
and Hill 2003).  As the infection level in a vineyard exceeded 1%, and more vines showed symptoms, it became increasingly
difficult to observe and sample every symptomatic vine.  It was especially difficult to distinguish PD symptoms when other
stress factors, such as drought and salt damage, existed in vineyards.  Such difficulties increase the sampling costs because
many samples must be taken and confirmed with ELISA.  Thus, the development of a cost-effective sampling program
appropriate for the needs of growers and researchers is critical for PD monitoring and management.

The sampling plan we propose is a multi-step or sequential procedure using a series of grids with different spatial resolutions.
For the first step we use a coarse grid to determine the overall proportion of infected vines, the spatial distribution patterns,
and the spatial structure.  This coarse grid also can locate patch areas if PD is aggregated in the vineyard.  The information
from the coarse grid is used to determine the next step in the sampling program.  In step 2, we create intensive sampling grids
("fine" grids) around PD-infected vines determined in step 1.  For every plant in the fine grid, we collect tissue for ELISA
determination of Xylella fastidiosa (Xf) infection.  It is essential that we make a correct assessment of PD infection for each
vine, thus we do not depend on symptom expression that can be unreliable (Krell et al. 2005).  The number of fine grids is
determined by the distribution of infected vines determined in step 1, coupled with the size of the vineyard.  Sampling within
the fine grid reveals detailed structures and patterns of PD distribution, and identifies patch areas where PD is aggregated, the
size of patch, and the direction of trends, if they exist.  The fine grid also provides information to generate probability maps
of PD incidence in the vineyard.  Such maps guide where, and how intensively, we need to sample to find individual vines
infected with Xf in the vineyard.

To develop our sequential grid-sampling programs, the construction and placement of coarse and fine grids is essential.  We
have been evaluating various sizes and patterns of sample grids based on the categorization of the spatial structure of PD
distribution.  Grids with different spatial resolutions have been superimposed on the census data to test the efficiency of
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grids.  This efficiency can be calculated by quantifying how well the grids match the PD incidence from the census data.
These grids then are incorporated into the sequential grid-sampling program.  Grids have been validated in Kern County and
the Coachella Valley.  Type I error (i.e., a vine is not infected but sampled with grids) and type II error (i.e., a vine is infected
but not sampled with grids) will be calculated to evaluate the precision and accuracy of the sequential grid-sampling
program.  This procedure will allow us to choose the best series of grids to be used for the sampling program.  Sensitivity
analysis and cost analysis also will be used to optimize the sequential grid-sampling program.  Sensitivity analysis identifies
the effect of the grid size on the precision and accuracy of the sampling program, while cost analysis evaluates the economy
of the sampling program by considering sampling costs, and accuracy and precision of the sampling program.

OBJECTIVES
The goal of this project is to develop a grid-sampling program for PD that can characterize the spatial distribution and
determine the location of grapevines with PD based on the spatial structures and patterns of PD distribution in the vineyard.
The objectives include:
1. Characterization of the spatial distribution of PD in vineyards.
2. Development of a sequential grid-sampling program.
3. Validation and optimization of the sampling program with cost analysis and sensitivity analysis.

RESULTS
We have conducted landscape-scale censuses and vineyard-scale sampling in Bakersfield (Kern County) and in the Coachella
Valley (Riverside County) for the past four growing seasons (2001-2004) to identify vineyards with PD.  Data from this year
(2005) are still being collected and analyzed.

Kern County sampling
Census data from 215 vineyard blocks in Kern County showed a total of 52 blocks with PD.  Most of the infected blocks
(82%) were within ¼ mile of citrus, suggesting that proximity to citrus is an important criterion to consider when sampling
for PD in this area.  Of 10 cultivars that we sampled, we found that “Flame” had the highest number of vineyards with a PD
incidence greater than 1% (Table 1).  Spatial analyses with geostatistics and spatial analysis with distance indices (SADIE)
found that the distribution of diseased grapevines was dependent on the overall PD incidence in the vineyard.  When the
incidence was < 0.1%, there was no spatial structure to the infection.  Vineyards that had 0.1 - 1% incidence showed a
“trend” distribution pattern, with areas of low to high infection.  When the PD incidence was between 1% and 5%, the pattern
of disease was random, and a clumped distribution existed when disease incidence was > 5%.  A couple of vineyards showed
enough PD every year to examine year-by-year PD distributions.  In these vineyards, we found that the PD distribution
patterns were consistently PD-incidence dependent.  For example, disease distribution in a vineyard was random when the
disease incidence was 0.8% in 2001.  In 2002 disease incidence exceeded 5% and distribution was clumped.  In 2003 and
2004, disease incidence was 1.3% and 0.8%, respectively, and distributions were random.  Further investigation of vineyards
with > 5% PD incidence revealed that the diseased grapevines were aggregated and they were spatially correlated within ca.
23-28 m (the “range” in Table 2).  This suggests an appropriate size for coarse and fine grids for grid sampling plans to find
diseased grapevines.  We are continuing our work of constructing and testing coarse (ca. 21 m sampling distance) and fine
grids (sample every vine within 25 m from a known diseased vine) in Kern County vineyards, and we will begin sampling in
the second week of October.

Coachella Valley sampling
Each year from 2001-2004, we have surveyed all vineyards in the Coachella Valley.  Consistent with our work in Kern
County, we found that “Flame” vineyards had the highest number of PD-infected sites with an incidence greater than 1%
(Table 1).  One vineyard had a higher disease incidence (3.8%) than the other 6 vineyards (<0.01%), and in this field, the
diseased grapevines were spatially aggregated, forming a patch.  Further investigation of this vineyard at the interplant scale
(using fine grids) revealed that PD within the patch was aggregated, and diseased grapevines were spatially correlated within
26 m (“range” in Table 2).  This result is consistent with the aggregation size of the vineyards in Kern County.  All vineyards
with PD in the Coachella Valley were located adjacent to citrus groves indicating that citrus affects the incidence and severity
of PD in nearby grapes.  However, proximity to citrus did not affect PD distribution in all vineyards, similar to the findings in
the Temecula vineyards (Perring et al. 2001) and Kern County vineyards.  Coarse grid sampling detected spatial aggregation
of PD in the one vineyard that had sufficient PD incidence.  Fine grid sampling showed that 82% of the infected vines in the
Coachella Valley were adjacent to two to six consecutive missing, dead, or replanted grapevines in a row (Figure 1).  This
potential signature of PD symptomatic areas can be used to locate where to examine plants for disease symptoms, or where to
take samples to test with ELISA.  We hypothesized that such areas might be detectable with remote sensing and in 2005, we
tested this hypothesis in the Coachella Valley.  We used three aerial images (1-m resolution natural color image taken in
August 2000, 1-m resolution IR natural color image taken in spring 2002, and 2-foot resolution natural color image taken in
August 2004).  From these images we identified 122 signature areas with inconsistent canopies that contained potential
missing, dead, or replanted grapevines.  We referred to these areas as “holes”, and we visited each hole identified by the
images.  This sampling revealed that 57 of the holes still existed; some had been replanted, some were holes created by other
factors in the field (like power poles), and others were in vineyards that had been removed since the images were taken.
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Sampling these 57 holes, we confirmed the presence of PD-infected vines in 14% of them.  Preliminary studies in Kern
County indicate that remote sensing of holes can be used to identify PD-sampling areas.

CONCLUSIONS
The results showed that patches of PD were detected with big grids and most diseased vines were located with small grids.
Validation of sampling grids will be continued and sampling plans will be optimized with sensitivity and cost-benefit
analyses.  Our work from Kern County suggests that knowing the percentage of PD infection and the location of vineyards
relative to citrus can predict the distribution pattern of PD in the vineyard.  Coachella Valley data suggests PD distribution is
highly localized within vineyards and diseased grapevines were associated with two or more dead, replanted, or missing
adjacent grapevines.  Such inferences can be used to develop a spatially-oriented sampling program with sampling grids.  The
development of this sequential grid-sampling program provides three fundamental roles in PD management and research.
First, it enables growers to locate vines infected with PD in the vineyard when the high incidence of infected vines precludes
a vineyard census.  Second, growers will be able to identify problem areas in their vineyards.   Third, the sampling program
provides a method for standardizing PD sampling statewide. Progress in these areas, i.e. locating individual vines,
identifying problem areas in a vineyard, and standardizing areawide monitoring, not only will help growers make informed
decisions in their own vineyards, but will assist researchers trying to understand the epidemiology of glassy-winged
sharpshooter (GWSS) Xf in California.  The incidence-dependent spatial distribution of PD and signature areas (i.e. “holes”)
found in the Coachella Valley are very important discoveries, because they imply that by knowing the percentage of PD
incidence or signature areas for PD, we can predict the distribution pattern of PD in the vineyard.  These patterns then
become the foundation upon which a spatially-oriented sampling program with sampling grids can be developed.  Ultimately,
this program will reduce cost and increase efficiency of PD sampling.

Table 1. Vitis vinifera cultivar in vineyards with ≥1% PD grapevine in Kern County and the Coachella Valley.
Location Cultivar Number of vineyards

Kern County Flame
Red Globe
Thompson Seedless
Crimson
Perlette
Jade
Superior
Autumn Royal and Princess
Black Emerald
French Colombard

17
14
8
3
3
2
2
1
1
1

Coachella Valley Flame
Perlette
Superior Seedless
Thompson Seedless

3
2
1
1

Table 2. Semivariograms for within-block spatial structure of high PD incidence distribution from Kern County and the
Coachella Valley.

Vineyard Model Nugget Sill Range R2

Kern County A Spherical 0.139 0.176 23.4 m 0.95
Kern County B Exponential 0.020 0.188 27.5 m 0.87

Coachella Valley Spherical 0.053 0.118 26.0 m 0.88
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Figure 1. Examples of area symptoms of PD found by grid sampling.  Red and green circles indicate diseased and healthy
grapevines, respectively, and asterisks indicate missing, dead, and replanted grapevines.
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ABSTRACT
The use of genetically modified symbionts is a new approach to control the spread of insect-transmitted pathogens by
reducing vector competence.  A symbiont-control strategy is being developed to reduce the spread of Xylella fastidiosa (Xf)
by Homalodisca coagulata (H. coagulata), glassy-winged sharpshooter (GWSS).  In this study, the fate of a transformed
symbiotic bacterium inside the foregut of the sharpshooter when fed on citrus and grape was assessed.  TaqMan-based
quantitative real-time PCR was used to detect and quantify bacterial cells remaining in the foregut at the end of four time
periods.  GWSS pre-exposed to the transformed bacterium (S1Axd) were observed to maintain an infectivity ratio of 40-50%
at the end of a 12 day period.  We observed a trend for lower S1Axd infection rate in GWSS that fed on citrus although not
statistically different from the group that fed on grapevines.

INTRODUCTION
A recent approach to control the spread of insect transmitted pathogens is symbiotic control.  This relies on genetically
modified symbionts capable of releasing a gene product that is toxic to the pathogen (Beard et al 2002) to reduce vector
competence.

A symbiotic bacterium, Alcaligenes xylosoxidans var. denitrificans (Axd), isolated from the cibarium of H. coagulata is
currently being engineered to express anti-pathogenic products against Xf (Pierce’s disease strain) to control Pierce’s disease
(PD). Axd was found to colonize citrus (Bextine et al. 2004) but a transformed variety of the same bacterium did not colonize
grape over long periods.  Here, we tested the fate of a genetically transformed Axd (S1Axd) inside the foregut of GWSS when
fed on an optimal Axd host plant (citrus) and suboptimal Axd host plant (grapevines).

OBJECTIVES
1. Investigate the fate of a genetically modified Axd (S1Axd) in a population of GWSS after acquisition when fed on two

host plants.

RESULTS
Field-collected GWSS adults were allowed to acquire the transformed endophyte (S1Axd) from an artificial acquisition
system for a period of 48hr acquisition access period (AAP).  The artificial system consisted of black-eyed pea stems placed
in a 1.5 ml microcentrifuge tube containing about 500 µl of bacterial suspension (Figure 1).  Subsequently, they were
transferred to either grapevines or citrus (sweet orange).  A pool of 26 sharpshooters was collected at 0hr. post-AAP and 10
sharpshooters were collected from each host plant and replicate at days 2, 4, 9 and 12th post-acquisition (Figure 2).  GWSS
collected were stored at -80oC until processed.

After a standard surface sterilization procedure the head and eyes of each sharpshooter was removed and DNA extracted
using the DNeasy Tissue Kit (Qiagen Inc.).  Detection and quantitation of bacterial titers was done in a real-time quantitative
PCR (qPCR) assay by using a set of primers and TaqMan probe designed for the target insert.  The qPCR assay included 5
ten-fold dilution points (ranging from 115,940 to 5 copies/µl) that served as standards for our quantification purposes.
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Figure 3. Infection rate of a
population of GWSS by the
transformed Axd (S1Axd)
bacterium during a period of 12
days.

A B Figure 1.  Acquisition of S1Axd by GWSS adults.
A.- Complete set-up of the acquisition system.
B.- GWSS feeding on a bacterial suspension.

Bacterial titers acquired by GWSS after the 48hr. acquisition period ranged from 3 to 28,407copies/ul of GWSS head sample.
This variation declined over the next testing periods and by day 12 post-acquisition sharpshooters carried from about 1 to 14
copies/µl of sharpshooter head sample.

Treatment Replicates
GWSS
used

Day
sampled

1 100 2, 4, 9, 12th
2 100 2, 4, 9, 12th

Citrus 3 100 2, 4, 9, 12th
S1Axd 4 100 2, 4, 9, 12th

AAP 48hrs>1000  GWSS

100 2, 4, 9, 12th
Grapevines 2 100 2, 4, 9, 12th

3 100 2, 4, 9, 12th
4 100 2, 4, 9, 12th

Figure 2. Partial diagram of the experimental procedure.

26 GWSS collected
Estimate S1Axd
titers with
real-time qPCR.

1

The infection rate (number of GWSS testing positive/total # of GWSS tested) was about 65% at 0hr. post-acquisition and
decreased slightly over time with no significant difference between sharpshooters feeding on grapes or citrus.  Infectivity of
GWSS on day 12 remained at about 50 % for GWSS feeding on grape and 40% for GWSS feeding on citrus.  These two
results are not statistically significant.
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CONCLUSIONS
The wide variation in the bacterial titers acquired by GWSS might be due to feeding behavior, age difference or physiological
state of the sharpshooter foregut.  The infection rate data suggest that S1Axd was able to colonize the foregut of GWSS and
maintain an infection rate of about 40-50 % independent of what host plant they fed on.
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ABSTRACT
Here we test to see the influence that feeding on citrus might have on the infection rate in an adult glassy-winged
sharpshooter (GWSS) population that has been pre-exposed to Xylella fastidiosa (Xf).  A GWSS population that was pre-
exposed to Xf-infected grapevines remained infective for at least 12 days after feeding in either grapevines or citrus host
plants.  Infection rate was about 65% in the population of sampled GWSS after 12 days with no differences between the
groups feeding on citrus or grapevines.

INTRODUCTION
The GWSS is one of the main vectors of Xf. It is a xylophagous insect that has a wide array of host plants, including many
ornamental and crop plants (Purcell and Hopkins 1996, Purcell and Saunders 1999).  Among its hosts, citrus has been found
to be one of the preferred reproductive and overwintering host plants (Blua et al. 1999).  In some cases citrus groves are
grown adjacent to vineyards, and given Homalodisca coagulata’s capability of dispersion (Redak et al  2004), this
sharpshooter moves within and between these two crops readily.  A study conducted by Perring et al (2001) found citrus
influencing Pierce’s disease (PD) incidence and an increase of disease severity in vines growing adjacent to citrus.

Although Xf has been found to survive and form clumps in a media containing citrus xylem fluid (Toscano et al. 2004), it is
still unknown how the switching of host plants, from grape (suitable for Xf. growth) to citrus, affects the growth of Xf inside
the foregut of GWSS once the insect acquires this bacterium.  Understanding this question can be useful for elucidating the
fate of Xf or retention of infectivity in sharpshooters moving back to citrus and for those overwintering in citrus and then
potentially moving back to dormant grapevines.

OBJECTIVES
1. Track the fate of Xf in a population of GWSS, Homalodisca coagulata, when fed on citrus and grape host plants.
2. Quantify Xf titers in sharpshooters feeding in these two host plants.

RESULTS
GWSS adults were collected from citrus groves in Riverside and allowed to feed on Xf-infected grapevines.  After an
acquisition access period (AAP) of 48 hours they were transferred to either Xf-free grapevines (var. Chardonnay) or sweet
orange plants.  Grapevines and citrus seedlings, as well as a group of 30 sharpshooters, tested negative for the presence of Xf
prior to the start of the experiments.  Subsequently, a pool of 50 sharpshooters was collected at 0 hrs. post-AAP and 15
sharpshooters were collected from each host plant and replicate at days 4, 9 and 12 post-acquisition (Figure 1).
Sharpshooters collected were stored at -80oC until processed.

Following a standard surface sterilization procedure, the head and eyes of each sharpshooter was removed and DNA
extracted using the DNeasy Tissue Kit (Qiagen Inc.).  Detection and quantization of bacterial cells was done using a
TaqMan-based real-time PCR assay that included 5 ten-fold dilution points (from about 1100000 to 10 copies/ul of sample)
that served as standards for our quantification purposes.
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Figure 2. Infection rate of sharpshooters by Xylella fastidiosa fed on citrus and
grapes during a 12 day period

Treatment Replicates
GWSS
used

Day
sampled

1 100 4,9,12
2 100 4,9,12

Citrus 3 100 4,9,12
Xf-grapevine 4 100 4,9,12
AAP 48hrs>1000  GWSS

100 4,9,12
Grapevines 2 100 4,9,12

3 100 4,9,12
4 100 4,9,12

Figure 1. Partial diagram of the experimental procedure.

50 GWSS collected
Estimate Xf titers
with real-time PCR.
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Quantification of bacterial loads after a 48 hr. acquisition period showed that GWSS acquired from an estimated 50 to 95,000
Xf bacterial cells per sharpshooter head.  We observed similar bacterial load ranges in GWSS sampled for each post-
acquisition sample period.  By the 12th day, some sharpshooters contained an estimated 930,000 bacterial cells/head.

Infection rate was about 86% at 0 hrs. post-acquisition, declining slightly over the next sampled days but staying at about
65% in the population of sampled GWSS after 12 days.  There were no differences of infection rate in the population of
GWSS feeding on grapevines or citrus.
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CONCLUSIONS
H. coagulata population remained infective for at least 12 days after feeding in either grapevines or citrus host plants.  This
suggests that feeding on citrus plants does not result in loss of infection in a population of GWSS that have pre-acquired this
bacterium.  This does not tell us yet if transmission of this plant pathogen by GWSS is affected by citrus xylem and studies
currently are under investigation to test this hypothesis.  Further analyses of the data collected in the present study are still
being conducted and they will be presented at the symposium.
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INHIBITION OF XYLELLA FASTIDIOSA BIOFILM FORMATION VIA METAL CHELATORS

Project Leaders:
Mipha L. Koh and Jeffrey  H. Toney
Department of Chemistry and Biochemistry
Montclair State University
Montclair, New Jersey

Pierce’s disease (PD) is a lethal disease for a variety of crops caused by Xylella fastidiosa (Xf). Xf is a gram-negative
phytopathogen that forms biofilms.  One of the twelve genes that regulate exopolysac-charides, a major component of
biofilm, is aconitase which seems to respond to intracellular iron levels.  It has been reported that lactoferrin can cause
deprivation of iron, thus inhibition of biofilm formation in Pseudomonas aeruginosa.  We have observed that biofilm
formation can be blocked using iron chelators such as lactoferrin, EDTA(ethylenediaminetetraacetic acid), and EDDS
(ethylenediaminedisuccinic acid).  Conalbumin was used in a parallel manner with lactoferrin during a 6.5 day incubation
period due to its availability.  During our study, incubation of Xf in the presence of lactoferrin at 1000 μg/mL for 3.5 days
showed the greatest biofilm inhibition of 42%, as well as planktonic (liquid phase bacteria) inhibition of 32%.  EDTA at a
concentration of 15 mg/mL inhibited 99.7% of biofilm and 98.9% of planktonic in a 24 hour incubation.  In contrast, EDDS
at a concentration of 38.2mg/mL showed 64.7% inhibition of biofilm and 33.6% inhibition of planktonic.  Iron deprivation
could serve as a first step towards eradication of PD via blockage of biofilm formation.

SITE-DIRECTED RPFA GENE DISRUPTION IN XYLELLA FASTIDIOSA: EFFECT ON
BIOFILM FORMATION VIA QUORUM-SENSING IN PIERCE’S DISEASE

Project Leaders:
Janice D. Thomas and Jeffrey H. Toney
Department of Chemistry and Biochemistry
Montclair State University
Montclair, NJ  07043

The shuttle DNA vector pSP3 was constructed to generate mutations by DNA insertion.  This construct can replicate in E.
coli and in Xylella fastidiosa (Xf). If a DNA fragment containing part of the Xf rpfA gene encoding for aconitase is cloned
into pSP3, specific integration of this construct into the rpfA gene will be induced.  Previous results with the Xf xpsD gene,
using a pSP3(xpsD600) construct, indicate that this vector is useful in generating gene disruption by homologous
recombination. We are currently investigating the potential role of the rpfA gene in biofilm production using this gene
disruption technique.
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MANIPULATION OF HIRSUTELLA AS A BIOLOGICAL CONTROL OF
THE GLASSY-WINGED SHARPSHOOTER

Project Leaders:
Drion Boucias
University of Florida
Gainesville, FL 32611

Russell F. Mizell, III,
University of Florida, NFREC
Quincy, FL 32351

Cooperators:
Verena Blaeske
University of Florida
Gainesville, FL 32611

Reporting Period: The results reported here are from work conducted March 1, 2005 to September 15, 2005.

ABSTRACT
A series of greenhouse experiments were conducted during 2005 to examine horizontal transmission of Hirsutella
homalodisca infection to healthy GWSS.  In addition, a series of different treatments were conducted to optimize the
production of Hirsutella-infected GWSS.  Hyphal body injection, topical spore application, and exposure to mycosed GWSS
successfully produced both Hirsutella and Beauveria infections to a varying degree. Exposure to mummies collected this
season was more efficient in disease transmission than exposure to last year’s (frozen) cadavers.  Results demonstrated that
H. homalodisca is pathogenic to all GWSS stages and can be readily transmitted under glasshouse conditions.  Furthermore,
both our greenhouse and related field studies demonstrated that the fungus Pseudogibellula formicarum is a mycoparasite
colonizing a high proportion of GWSS cadavers after mycosis by H. homalodisca.

INTRODUCTION
The goal of this research is to manipulate the primary GWSS mycopathogens as classical biological agents. Examples where this
approach has been successful is the dissemination of the friendly fungus Aschersonii spp. for citrus whitefly control in Florida
(McCoy et al.,1988) and the recent accidental introduction of Entomophaga maimaiga into gypsy moth populations (Hajek,
1999).  In both cases, introductions of the mycopathogens resulted in successful long-term suppression of pest populations.  This
approach would be well suited for the introduction of highly fastidious pathogens and field and/or lab infected insects could serve
as potential inocula.  Over the past several years, field research has clearly demonstrated that the most common pathogen
infecting in GWSS populations in southeastern US is the fungus Hirsutella homalodisca (Boucias et al., 2005).  This subject area
has great potential but has received virtually no research attention.  Based on our preliminary experimentation and given the rapid
colonization of CA by GWSS, the contributions of biological control (parasite spread) and the similarities of climate and weather
(same horticultural zones occur in Florida and California) that are enabling the GWSS invasion of California, it is logical to
conclude that the mycopathogens of GWSS collected from the Southeast will be equally adaptive to California.

OBJECTIVES
The major objective of this project is to identify the route of Hirsutella homalodisca disease transmission. A series of
experiments have or will be conducted to determine the spatial and temporal factors required to transmit this agent from
diseased to healthy insects under controlled greenhouse conditions.  Specific experiments have examined:
1. Production of Hirsutella GWSS mummies.
2. Examining horizontal transmission of the disease.  The transmission data will establish the protocols necessary to

introduce this pathogen.
3. Analyzing the fate appearance and fate of H. homalodisca on the GWSS cadavers. The data on the overwintering biology

of the pathogen in the GWSS mummies will provide insight into how this disease persists over a multi-seasonal time-
frame.

RESULTS
During the field season of 2005 (June - September), varying numbers of adult GWSS (total = 490) from sweep-net
collections in Quincy, Florida, were transported on sleeve-caged plants to the laboratory in Gainesville, Florida.  Hemolymph
samples were collected by removal of an antenna and examined for the presence of hyphal bodies.  Healthy insects were
maintained on potted plants placed in 1-m3 screened cages in the greenhouse.  Plants used for adult rearing were soy bean
(Glycine max (L.) ‘D90-9216’), cotton (Gossypium hirsutum L. ‘Deltapine 88’), and cowpea (Vigna unguiculata (L.)
‘California #5’).  Leaves with egg masses were transferred to water agar Petri dishes and incubated at constant conditions (26
± 1 °C, 12:12 h light/dark photoperiod, 85 ± 5% RH).  Hatching neonates were transferred to caged lemon basil (Ocimum
basilicum L. ‘Lemon’) plants in the greenhouse.  Greenhouse temperature ranged from 26-30 °C, and indoor lighting
maintained a 14:10 h light/dark photoperiod.  The soil medium for all plants was watered to saturation once daily.  For all
experiments, individual plants were covered with clear acrylic cylinders (13 or 15 cm diameter x 45 cm high) with several
holes (5 cm diameter) and the top covered with fine mesh gauze to allow air exchange.  In order to introduce insects to the
cylinders, the insects were chilled on ice for 15-30 min and transferred to filter paper, which was placed on the soil surface of
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the plant pot.  All bioassays were conducted in the greenhouse.  In most experiments with nymphs, mortality was not
recorded, since dead individuals could not be recovered from the soil.  Mortality data for these assays refer only to mycosed
cadavers found on the plant after termination of the experiment.

Second to fifth instar nymphs, reared on lemon basil from eggs, were injected with 50 nl of H. homalodisca hyphal body
preparation (originating from in vitro cultures of strains 3A and 11B) or filter-sterilized Ringer’s physiological solution for
treatment or control, respectively.  For nanoinjections, glass needles were mounted to a nanomanipulator.  Adult GWSS were
injected with 1 µl of hyphal body preparation (originating from different in vitro cultures of H. homalodisca) or filter-
sterilized Ringer’s physiological solution for treatment or control, respectively.  Groups of 10-21 insects were transferred to a
cylinder containing a host plant and maintained in the greenhouse for 3 weeks.  Adult mortality was recorded daily and the
hemolymph of dead individuals was examined for hyphal body propagation.  After 3 weeks, all plants (from nymph and adult
experiments) were examined for mycosed cadavers, and surviving GWSS were subjected to hemolymph examination.  A
total of seven injection experiments (three controls, four treatments) were conducted.

Different approaches were taken to apply spores of different fungi (Hirsutella, Beauveria, Sporothrix/Pseudogibellula) to
healthy nymphs or adults of H. coagulata.  Initially, spores of Beauveria bassiana (strain 6185) were suspended 0.005%
Tween 80 and 1-µl droplets applied to the ventral surface of the thorax and abdomen of nymphs or adults.  Control insects
were treated with Tween 80 solution only.  One group of adults was immersed in Tween 80 suspension for 5 sec.  In a second
series of assays, adult GWSS were treated by touching their ventral surface to sporulating colonies of different in vitro
cultures of Hirsutella, Beauveria, Pseudogibellula, or Verticillium. A control group was exposed to UV-irradiated Beauveria
spores.  In a third series of bioassays, the ventral surface of adult GWSS was touched to sporulating GWSS cadavers
displaying spores of Hirsutella, Beauveria, or Sporothrix (Pseudogibellula?). Groups of 5-20 insects were transferred to an
acryl cylinder containing a host plant and maintained in the greenhouse for 3 weeks.  Adult mortality was recorded daily, and
dead individuals that had fallen onto the soil surface were removed to examine their hemolymph for hyphal body
propagation.  After 3 weeks, all plants (from nymph and adult experiments) were examined for mycosed cadavers, and
surviving GWSS were subjected to hemolymph examination.  A total of 15 different topical application experiments (four
controls, eleven treatments) were conducted.

The majority of the experiments examined the ability to transmit fungal infection from field-collected, mycosed cadavers to
healthy GWSS.  During the first part of the season (until mid July), overwintered, weathered cadavers collected in January
(stored at 4°C) were used.  During the second part of the season, new cadavers collected in July and August were used.
Cadavers were pinned to different plants (10-16 per plant), which were covered with an acrylic cylinder and maintained in
the greenhouse.  Groups of H. coagulata nymphs (N = 21-45) or adults (N = 12-16) were introduced to the cylinders and
observed for mortality daily.  Dead adults were removed from the soil surface and hemolymph samples were examined for
the presence of fungal hyphal bodies.  After 2-3 weeks, all plants (from nymph and adult experiments) were examined for
mycosed cadavers, and surviving GWSS were subjected to hemolymph examination.  Several plants with sporulating
cadavers were re-used for additional exposure of healthy GWSS.  A total of 20 cadaver exposure experiments were
conducted.  Groups of healthy adult GWSS subjected to antennal bleeding were used as controls for mortality comparisons.

Five out of 490 adults field-collected GWSS were diagnosed by antennal bleeds to be infected with Hirsutella hyphal bodies
and all five died within four days post bleeding.  The low incidence of disease in these samples corresponds to
population/disease data collected from North Florida plots in 2005.

Hyphal body injection, topical spore application, and cadaver exposure treatments successfully produced Hirsutella and
Beauveria infections in H. coagulata.  However, infection rates varied greatly between different and among similar
treatments.  The injection of nymphs with 50 µl of a hyphal body preparation (glass needles) from strains 3A and 11B
(collected 2003, 2004) did not result in infection.  Of the 21 injected nymphs, 15 uninfected nymphs were recovered after 3
weeks. In the corresponding 19 control nymphs, 15 uninfected nymphs were recovered.  Most likely, the dosage used was too
low.  The same hyphal body preparation caused 47% (7/15) infection when injected at 1 µl per inject into adult GWSS, and
93% of the injected adults died during the observation period of 3 weeks.  However, no mycosis was observed.  Mortality in
the corresponding control was 67% (8/12).  Injection of strain 6197 (collected 2005) resulted in 100% mortality and 93%
(14/15) infection.  Four infected adults mycosed on the plant. In the corresponding control assay, mortality was 70% (7/10),
and the hemolymph one dead adult contained hyphal bodies (the same individual was scored negative 3 days before).
Injection of a second preparation from strain 6197 resulted in 78% (27/30) mortality and 19% infection.  Three of the five
infected adults mycosed on the plant.

Using several different techniques, GWSS nymphs or adults were exposed to spores of different fungi (Hirsutella, Beauveria,
Sporothrix/Pseudogibellula).  Topical application of a Beauveria spore suspension produced low infection (8%, 1/12) in
treated nymphs, whereas no infection was induced in adults (N = 20). Adult mortality did not differ between treatment and
control (60 and 70%, respectively). Contact with sporulating colonies successfully transmitted Beauveria to adult GWSS
producing 27% (12/45) infection, but no transmission was found with the poorly sporulating H. homalodisca cultures.
Mortality in Beauveria treatments was significantly higher (91%, 41/45) than in H. homalodisca and control treatments (50
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and 67%, respectively). Results from contact treatments with sporulating cadavers (Hirsutella, Beauveria,
Sporothrix/Pseudogibellula) are pending. Sporothrix: no transmission, but 100% mortality within 11 d suggesting the
production of toxins.  The introduction of healthy GWSS to plants harboring either one-year old, weathered cadavers or this
year’s new cadavers resulted in transmission of H. Homalodisca infection within 3 weeks to both nymphs and adults of H.
coagulata.  The majority of the cadavers that were pinned to the plant displayed sporulating H. homalodisca mycelium within
a week.  This year’s cadavers developed an unusually thick, white mycelium overgrowing the entire insect appearing like
cotton balls.  After 3-4 weeks, other fungi such as Beauveria and Pseudogibellula were observed on several cadavers or
newly induced mycosed adults.  Dead exposed nymphs or adults attached to the plant and displaying Hirsutella-induced
mycosis were seen as early as 7 or 12 d after exposure in, respectively.  Hyphal bodies were found in the hemolymph of dead
adults as early as 8 d after exposure.

This year’s cadavers were more efficient in disease transmission.  When nymphs (regardless of instar) were exposed to this
year’s cadavers, no survivors were found and all dead insects were overgrown with H. homalodisca mycelium.  The
experiment was initially conducted with different instars on the same plant and repeated 4 times using an even-aged cohort of
nymphs (neonate, 2nd, 4th, or 5th instar) each time.  Exposure of nymphs to last year’s cadavers yielded only 3 ± 6% infection
(ranging from 0-10%).  The mycelium growing on these mycosed nymphs was light and flat, not nearly as thick as on
mycosed nymphs induced by this year’s cadavers.  Adult mortality after exposure to this year’s cadavers (N = 4) was 96 ±
5% and significantly higher than in the corresponding controls (32 ± 37%); disease transmission was 48 ± 30% (ranging from
7-73%).  Adult mortality in experiments using last year’s cadavers (N = 4) was high (76 ± 8%) but disease transmission was
13 ± 11% (ranging from 0-25%), significantly lower compared with transmission from this year’s cadavers.

Figure 1. Cadaver exposure experiments. (A) Lemon basil plant 3 weeks after exposure of H. coagulata nymphs to this
year’s cadavers on a lemon basil plant. (B) Note the white, thick mycelium overgrowing the cadaver in the center and the
introduced, mycosed nymphs. (C) Adult GWSS 4 weeks after exposure to last year’s cadavers displaying Hirsutella
mycelium and an emerging, secondary unknown  (Beauveria?) mycelium. (D) Mycosed nymph 3 weeks after exposure of
H. coagulata neonates to last year’s cadavers on a lemon basil plant.
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CONCLUSIONS
The research was directed at developing the technologies required to transmit H. homalodisca to healthy GWSS.  Our
findings demonstrated the following: 1) Kochs postulate was fulfilled; 2) the fastidious nature of H. homalodisca was
confirmed; and 3) technologies required to amplify infectious material were established.  Future research involving a
combination of greenhouse and field studies will optimize in vivo produced H. homalodisca as an inoculum substrate.
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CHARACTERIZATION OF NEONICOTINOIDS AND THEIR PLANT METABOLITES IN CITRUS TREES
AND GRAPEVINES, AND EVALUATION OF THEIR EFFICACY AGAINST THE GLASSY-WINGED

SHARPSHOOTER AND THE EGG PARASITOID GONATOCERUS ASHMEADI

Project Leaders:
Frank J. Byrne and Nick C. Toscano
Department of Entomology
University of California
Riverside, CA 92521

Reporting Period: The results reported here are from work conducted October 2004 to September 2005.

ABSTRACT
The neonicotinoids are highly effective insecticides for the management of glassy-winged sharpshooters GWSS).  The
systemic activity of the insecticides exploits the feeding behavior of the sharpshooter at all life stages.  Imidacloprid was also
toxic to the egg stages.  This toxicity was manifested at the time of emergence of the 1st instar from the egg mass, and not
during the development of the embryo.  Imidacloprid metabolites were found to be effective against adult and egg stages of
the sharpshooter.  In accordance with data from studies on aphids and whiteflies, the olefin and 5-hydroxy metabolites were
most toxic, while the desnitro and diol derivatives lacked any toxic effect.  Metabolites were detected in the xylem fluid
extracted from citrus trees that had been treated with Admire.  The source of these metabolites is not yet clear – they may
originate from imidacloprid metabolism within the soil before uptake by the trees, or they may have been formed within the
trees themselves.  Nevertheless, our results confirm that sharpshooters feeding on citrus will encounter imidacloprid
metabolites that will contribute to its toxicity.  We are currently evaluating the metabolic fate of the other neonicotinoids.

INTRODUCTION
Without a cure for PD, the primary means of controlling its spread in California vineyards is through the elimination of its
vector using insecticides.  Systemic insecticides are currently being evaluated on both citrus and grapes.  Of the various
classes of insecticide under consideration, the neonicotinoids, especially imidacloprid, have proven to be the most effective at
suppressing GWSS populations.  Like all neonicotinoids, imidacloprid is a nicotinic acetylcholine receptor agonist that
combines high potency with low mammalian toxicity and favorable persistence.  As a systemic treatment, it has proved to be
especially effective against the GWSS. The success of imidacloprid in controlling GWSS is due largely to its excellent
systemic properties, which exploit the xylophagous feeding behavior of the insect, and thereby disrupt the transmission of PD
and other Xylella fastidiosa-related diseases.  The ability to deliver imidacloprid to the specific feeding zone of the GWSS is
an extremely favorable attribute of imidacloprid, and one that has led to the widespread use of this chemical in area-wide
management programs conducted in the Temecula Valley, southern Kern County (the General Beale Road Project), and the
Coachella Valley.

We are currently evaluating the toxicity of several neonicotinoids insecticides against adult GWSS.  These include
acetamiprid, clothianidin, dinotefuran and thiamethoxam.  Of particular interest to us are thiamethoxam and clothianidin,
which are being evaluated for use against citrus and grape pests.  Recently, it has been established that thiamethoxam is
converted into clothianidin by insects and cotton plants (Nauen et al., 2003).  This is an important finding, as it could have
ramifications for the use of these products on grapes and citrus.

From a pest management perspective, there are legitimate reasons why it is important to study the neonicotinoid class of
insecticides within the citrus and grapevine systems.  Little consideration has been given to the impact of neonicotinoids on
the eggs of the GWSS.  It is important to establish this for two reasons.  Firstly, egg mortality will contribute to the
suppression of the population.  And secondly, an impact on sharpshooter eggs could have a direct knock-on effect on
parasitism levels.  It remains to be determined whether or not the parasitoid can emerge successfully from a systemically
treated plant after the parasitoid has reached the adult stage.  This could be an important source of parasitoid mortality in
treated citrus, where parasitism is reported to contribute, in some orchards, as much as 90% to overall mortality in the
Summer generation.  If the parasitoid can survive emergence from the egg, then this is good news for the integration of
neonicotinoids and biological control.  Parasitism by G. ashmeadi, for example, is especially effective against GWSS in
Riverside orchards, at a time when insecticide titers arising from early applications of neonicotinoids are diminishing.

OBJECTIVES
1. Determine the metabolic fate of neonicotinoids within citrus trees and grapevines;
2. Determine the relative toxicities of neonicotinoids and their metabolites to the adult and egg stages of the

GWSS;
3. Determine the impact of neonicotinoid metabolites on the egg parasitoid Gonatocerus ashmeadi.
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RESULTS
Metabolic fate of neonicotinoids within citrus trees and grapevines
We are currently processing xylem fluid collected from treated citrus and grapes in order to quantify imidacloprid and its
metabolites by HPLC.  In Figure 1, the chromatogram of imidacloprid and two of its metabolites are shown.  There are clear
differences in retention time, enabling us to distinguish between metabolites and the parent compound.  In Figure 2,
chromatograms for 4 samples from Admire-treated citrus trees are shown.  The main peak in each is parent imidacloprid,
while there is evidence of metabolites in three of the samples (arrowed).  As expected, the metabolites are more polar than the
parent compound.

This is the first evidence that the GWSS feeding on xylem fluid from citrus will encounter metabolites.  Furthermore, the
presence of the metabolites in the xylem fluid indicates that they are likely to be deposited in the leaf tissue.  It is at this
location that their impact on the developing egg will be manifested.

Relative toxicities of neonicotinoids and their metabolites to the adult and egg stages of the GWSS
The results from our metabolic fate study vindicate the determination of toxicity profiles for the neonicotinoids and their
metabolites.  The GWSS are likely to encounter these chemicals during feeding, and so their toxicity is of interest.
Furthermore, chemicals detected within the xylem system will be deposited within the leaves and there is, therefore, a strong
likelihood that these chemicals could impact the egg stage of the sharpshooter.

The first phase of the study (presented in the 2004 PD/GWSS Report) focused on determining the general contact toxicity
(topical application) of the neonicotinoids and some of the key metabolites.  Data from that study showed that imidacloprid
was highly toxic to GWSS adults.  Two important plant metabolites of imidacloprid, the olefin and 5-OH derivatives, also
showed high toxicity, while the diol and desnitro derivatives showed no toxicity.  These data suggest that, if these metabolites
are formed in planta, the efficacy of imidacloprid could extend beyond the lifetime of the parent material within the plant.
Furthermore, because the metabolism of imidacloprid by microsomal oxidases within the insect is likely to produce the olefin
and mono-hydroxy metabolites, this will also contribute to the lethal effects of imidacloprid.

We have completed a study of the effects of leaf residues of imidacloprid and its metabolites on GWSS eggs.  Even at
extremely high doses, the parent compound does not confer toxicity against the developing embryo.  However, there is a
lethal effect upon emergence of the immature from the egg that is dose-dependent (Figure 3).

Figure 1. Chromatograms of imidacloprid and two
of its metabolites - desnitro imidacloprid and
imidacloprid olefin.

Imidacloprid

DesNitro-
I id l id

Olefin

Figure 2. Chromatograms of 4 xylem fluid
extracts from citrus trees treated with Admire.
The arrows indicate polar metabolites that were
detected in three of the extracts.  Imidacloprid
was the major peak in each chromatogram.
The initial peak (at 5 min) is acetone.  The
presence of the olefin metabolite was also
confirmed by TLC.

Imidacloprid
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We have not developed full dose-response curves for the metabolites of imidacloprid.  Instead, we have selected certain doses
based on our results with imidacloprid.  The toxicity profiles for the metabolites were the same for the emerging immature as
for the adults (Figure 4).  Both the olefin and 5-OH metabolites exhibited toxicity, while the diol and desnitro derivates had
no effect.  The significance of these results is two-fold.  Firstly, they indicate that the GWSS egg receives no nourishment
from the leaf during development.  In Figure 5, the toxic effects of imidacloprid are evident in emerging immatures.  And
secondly, they raise the concern about the likely impact of these residues on a developing parasitoid.  It would seem likely
that the developing parasitoid would be protected inside the egg.  However, during emergence from the egg, the parasitoid
must pass through leaf tissue.  This objective is currently under investigation.

CONCLUSIONS
The significance of our findings for the PD/GWSS problem is clearcut.  Our data provides important information on the
behavior of the neonicotinoids and their metabolites on the PD vector.  The impact of this important chemical class extends
to all stages of the GWSS, including the egg stage.  In this report, we have provided the first evidence for a toxic effect of
imidacloprid on the embryo as it emerges from the egg.  Prior to emergence, the developing embryo remains protected within
the confines of the egg.  Our work now will focus on evaluating the potential toxic effect of imidacloprid against the
developing parasitoid within the sharpshooter egg.  The egg parasitoid adult may suffer the same fate as emerging nymphs as
it passes from the egg through contaminated leaf tissue.
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Figure 5. Mortality of emerging
immature GWSS on cotton leaf treated
systemically with imidacloprid.
Immatures develop fully within the egg
mass, but succumb upon emergence.

Figure 3. Dose response for GWSS eggs
developing on imidacloprid-treated cotton leaves.
The vertical line indicates the LC50 concentration.

Figure 4. Impact of imidacloprid metabolites on
GWSS egg survival.  Horizontal bars indicate mean
mortality at that dose. Vertical bars indicate the
standard errors.
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ABSTRACT
We used microarray expression profiling to identify genes that were differentially regulated in glassy-winged sharpshooters
in response to treatment with the pyrethroid insecticide esfenvalerate.  Targets were prepared from insects treated at both
LD50 and sub-lethal doses.  Of the 1,536 cDNAs in the array, only eight were differentially regulated in response to
esfenvalerate.  Of these, three aligned significantly with ferritin, lysozyme i-1, and polynucleotide phosphorylase.  Additional
pyrethroids have been included in our bioassay program.  In topical application bioassays, LD50s for bifenthrin and
fenpropathrin were 1.2 and 3.6 ng/insect, respectively.  Esfenvalerate, with an LD50 of 0.75 ng/insect, is the most toxic of the
pyrethroids we have tested against the GWSS.  Populations of insects have been selected with these insecticides at LD50 and
sublethal doses for microarray analyses.

INTRODUCTION
Without an effective cure for PD, insecticides remain an important component of PD/GWSS management.  There are several
classes of insecticides available to growers for the management of the GWSS, providing them with options for control under
various situations.  Thus, the systemic attributes of the neonicotinoids have been exploited to provide long-term management
of the insect on citrus and grapevines, whereas pyrethroid chemicals are more effective at dealing with incipient outbreaks,
and for the disinfestation of nursery stock and fruit prior to shipment to non-GWSS areas of California.

Pyrethroids play an important part in GWSS management.  They are quick-acting insecticides with modest persistence,
making them ideal for pre-harvest cleaning of citrus trees.  It is important to retain their efficacy for this purpose and,
therefore, any evidence of regional variations in toxicological response should be evaluated in order to avoid resistance
problems.  This would involve assessment of tolerance levels and cross-resistance patterns, both within the pyrethroid class
and across chemical classes, with the ultimate goal of eliminating all at-risk chemicals from the recommended treatment
schedules.

By elucidating the resistance mechanism(s), we will have valuable information that can be used for better management of
pyrethroid use.  An analysis of target site resistance is especially important because of the potential for cross-resistance to
other pyrethroids.  If the target site mutation is not present in the populations showing increased tolerance, then this will
lower the risk of substantial resistance problems.  The presence of target-site resistance genes not only would present
problems with pyrethroid use, but this type of resistance can provide a basis upon which other mechanisms can develop,
particularly metabolic mechanisms.  The latter mechanisms then have the opportunity to enhance the resistance problem
within the pyrethroid group, but more significantly to extend the resistance problem to other insecticide classes.  In this way,
even modest use of one compound can have serious consequences for a more widely used product.

The genomics component of the study will identify genes that are differentially regulated as a consequence of insecticide
exposure and, therefore, likely to contribute to resistance or tolerance of treated insects.  DNA microarrays provide a format
for the simultaneous measurement of the expression level of thousands of genes in a single hybridization assay.
Hybridization intensities for each DNA sequence on the array are converted to a quantitative read-out of relative gene
expression levels.  The utility of this method lies in its ability to identify variation in expression patterns that correlate with
events such as insecticide selection.  It is an ideal technique for determining whether significant differences exist in the
expression profiles of GWSS populations.  By highlighting genes whose expression levels are affected, subsequent analyses
can identify the gene function, allowing us to determine the relevance of that gene in resistance/tolerance to the selecting
insecticide and the likelihood of that gene conferring cross resistance to chemically unrelated insecticides.

OBJECTIVES
1. Monitor toxicological responses of geographically distinct populations of GWSS to pyrethroid insecticides.
2. Measure biochemical activity of putative resistance-causing enzymes in these populations.
3. Clone and sequence the sodium-channel genes in GWSS populations differing in susceptibility to insecticides.
4. Perform microarray gene expression profiles in GWSS populations differing in susceptibility to insecticides to isolate

novel genes involved in resistance.
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RESULTS
Response of GWSS in Bioassays
Topical application bioassays have been conducted against the GWSS (adults only tested) with bifenthrin and fenpropathrin.
The LD50s for these compounds were 1.2 and 3.6 ng/insect, respectively. These compounds were less toxic to the adults than
esfenvalerate, which has an LD50 of 0.75 ng/insect (Byrne et al., 2004).  These three pyrethroid insecticides will now be used
to determine the effect of insecticide dose (at LD50 and sublethal concentrations) on gene expression changes (both up-
regulation and down-regulation) in GWSS populations.

Selections
Thus far, selections of GWSS populations from Riverside and Redlands locations have been completed for esfenvalerate,
using 0.75 and 0.075 ng/insect as selecting concentrations.  RNA extracted from the survivors of these selections is being
prepared for subsequent hybridization to microarrays in our gene expression profiling studies.

Microarrays
The LD50 concentration for esfenvalerate for the Riverside population of GWSS was determined to be 0.75ng per insect.
This concentration and a sub lethal concentration of 0.075 ng per insect were used to generate samples for microarray target
preparations.  To identify a few genes differentially regulated by pesticide treatment, cDNA microarray hybridizations were
performed using a subset of 1,536 clones of the 10,848 cones isolated from the GWSS cDNA library.  Overall, the expression
of most genes was not significantly altered.  Figure 1 shows the complete dendrogram of the 1,274 genes, which are clustered
on the basis of expression profiles in response to pesticide treatment at different doses.  The expression data were consistent
between duplicate spots and between the dye swap experiments and were, therefore, averaged for each clone.  They are
displayed in red (overexpressed) and green (under-expressed), relative to the control.  Only eight genes were shown to be
differentially regulated in response to esfenvalerate (Figure 1).  Of these genes, only three showed significant homology to
genes of other organisms.  These genes aligned significantly with ferritin, polynucleotide phosphorylase, and lysozyme i in
the NCBI databases.  Ferritin was up-regulated in response to both treatment levels, while polynucleotide phosphorylase and
lysozyme i were down-regulated in response to the LD50 dose only.  Of the remaining gene clones, which showed significant
changes in expression, one was down-regulated in response to the sub-lethal dose.  Four genes were up-regulated in response
to the LD50 dose of esfenvalerate, and one was up- regulated in response to both concentrations of the pesticide.

CONCLUSIONS
Management of sharpshooter populations is key to minimizing the spread of PD.  This project will benefit the PD program by
characterizing the pattern of resistance observed in GWSS populations, and by identifying the mechanisms involved.  The
potential for cross-resistance will also be evaluated.  The cDNA microarray hybridization experiment utilizing a subset of the
GWSS library provided the first insight into broad genome responses of GWSS to esfenvalerate, and identified a few
important genes that are differentially regulated.  For example, the increase in ferritin RNA levels observed in GWSS treated
with esfenvalerate is indicative of a generalized stress response, while the observed down-regulation of lysozyme in our
studies suggests that the pesticide has a direct effect on the immunity of the GWSS.  Thus far, we have not detected any
significant up-regulation of genes that are known, from studies on other insect pests, to confer metabolic resistance to
pyrethroids.  These include esterases, cytochrome P450s, and glutathione transferases.  Although the activity of these enzymes
can be detected biochemically, our current data suggests that none of these genes is over-expressed following selection with
esfenvalerate.  The lack of detection of significant up-regulation of esterase genes concurs with our biochemical data, which
shows no difference in esterase levels in the survivors of esfenvalerate selections relative to untreated controls (Byrne et al.,
2004).  We have a GWSS carboxylesterase clone in hand that will serve as a control when our microarray experiments are
expanded to include all 10,848 library clones.

REFERENCES
Byrne, F. J., Toscano, N. C., and Federici, B. A., 2004.  Evaluation of resistance potential in the glassy-winged sharpshooter

using toxicological, biochemical, and genomics approaches.  Proceedings of the Pierces Disease Research Symposium,
December 7-10, 2004. Coronado Island Marriott Resort, Coronado, California. pp. 292-293.

Toscano, N. C., Prabhaker, N., Byrne, F. J., and Castle, S. J. 2003. Chemical control of the glassy-winged sharpshooter:
Establishment of baseline toxicity and development of monitoring techniques for detection of early resistance to
insecticides.  Proceedings of the Pierces Disease Research Symposium, December 8-11, 2003. Coronado Island
Marriott Resort, Coronado, California. pp. 318-321.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.



- 292 -

Figure. 1. Microarray analysis of
esfenvalerate dosage responses. Total RNA
from insects treated with no pesticide, 0.075
ng, and 0.75 ng of esfenvalerate were used to
generate fluorescent targets which were
hybridized in dye swap experiments to 6,144
cDNA microarrays representing 1,536
cDNAs spotted in quadruplicate. Data was
filtered on fold change with two fold
considered to be significant. Gene clones
labeled were significantly up-regulated (red)
or down-regulated (green) in reciprocal dye
experiments.
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ABSTRACT
To aid in identifying key predators of Proconiini sharpshooter species present in California, we developed and tested
molecular diagnostic markers for the glassy-winged sharpshooter Homalodisca coagulata (Say) and smoke-tree sharpshooter
Homalodisca liturata (Ball) (Homoptera: Cicadellidae: Proconiini).  Two different types of markers were compared, those
targeting single-copy sequence characterized amplified regions (SCAR) and mitochondrial markers targeting the multi-copy
cytochrome oxidase subunit genes I (COI) and II (COII).  A total of six markers were developed, two SCAR and four
mitochondrial COI or COII markers.  Specificity assays demonstrated that SCAR marker HcF5/HcR7 was H. coagulata-
specific and HcF6/HcR9 was H. coagulata/H. liturata-specific.  COI (HcCOI-F/R) and COII (HcCOII-F4/R4) markers were
H. coagulata-specific, COII (G/S-COII-F/R) marker was H. coagulata/H. liturata-specific, and lastly, COII marker (Hl-
COII-F/R) was H. liturata-specific. Sensitivity assays using genomic DNA showed the COI marker to be the most sensitive
marker with a detection limit of 6 pg of DNA.  This marker was 66-fold more sensitive than marker Hl-COII-F/R that
showed a detection limit of 400 pg of DNA.  In addition, the COI marker was 4.2-fold more sensitive than the COII marker.
In predator gut assays, the COI and COII markers demonstrated significantly higher detection efficiency than the SCAR
markers.  Furthermore, the COI marker demonstrated slightly higher detection efficiency over the COII marker.  Lastly, we
describe the inclusion of an internal control (28S amplification) for predation studies performing predator gut analyses
utilizing PCR.  This control was critical in order to monitor reactions for PCR failures, PCR inhibitors, and for the presence
of DNA.

INTRODUCTION
Effective control of H. coagulata requires an area-wide, multi-tactic pest management program.  A major component of such
an approach is the exploitation of the pest’s natural enemies, which, when utilized to their greatest potential, can increase the
effectiveness of other control tactics.  A classical biological control program is currently in progress in California against H.
coagulata, utilizing parasitoid species that attack H. coagulata egg masses (CDFA 2003, Triapitsyn et al. 1998).  However,
little is known about the predaceous enemies that feed on eggs, nymphs, or adult H. coagulata (Triapitsyn et al. 1998).
Direct visual field observations of predation are difficult to obtain and the field study of insect predation has often relied on
indirect techniques for measurement and analysis.  A sensitive approach to detect prey in predator gut contents is the use of
monoclonal antibodies (MAb) in enzyme-linked immunoassays (ELISA) (Hagler et al. 1991, 1993, Hagler and Naranjo
1994).  More recently, PCR-based methods have been developed that allow for rapid detection of prey in predator gut
contents (reviewed in Symondson 2002, Harper et al. 2005).  These methods include, 1) sequence characterized amplified
region-polymerase chain reaction assays (SCAR-PCR), where RAPD-PCR species-specific bands are excised from gels and
sequenced, and primers are designed toward those DNA fragments (Agustí et al. 1999, de León et al. 2005 submitted), 2)
targeting genes that are present in the cell in high copy number, such as, mitochondrial genes (COI and COII) (Agustí et al.
2003, Chen et al. 2000, de León et al. 2005 submitted) and internal transcribed spacer regions (ITS1), and 3) a sensitive and
efficient multiplex PCR procedure incorporating fluorescent markers (Harper et al. 2005).

OBJECTIVES
The aim of this work was to develop species-specific molecular diagnostic markers that were specific toward the invasive H.
coagulata and the closely related H. liturata.  Ultimately, the markers developed here will be used to detect H. coagulata
and/or H. liturata remains in the guts of field-collected predators (Fournier et al., unplubl. data).  Identifying the key
predators of these sharpshooters will help towards establishing a conservation or augmentation biological control program,
and will be useful in identifying the impact of natural enemies in field studies.  In addition, these markers will be useful in
identifying any life stage of H. coagulata and/or H. liturata, even before they emerge from egg masses, thus saving time and
money required to rear these insects to the adult stage for morphological identification.

RESULTS AND CONCLUSIONS
Homalodisca coagulata, H. liturata, and H. coagulata/H. liturata molecular diagnostic markers
RAPD-PCR DNA fingerprinting was performed with various sharpshooters and an H. coagulata-specific band (674-bp) was

excised, sequenced, and SCAR markers were designed toward it (data not shown).  Both H. coagulata/H. liturata-
(HcF6/HcR9) and H. coagulata-specific (HcF5/HcR7) primer sets were designed from this sequence and they produced
amplification products of 166- and 302-bp sizes, respectively.  Table 1 shows the optimized amplification reaction conditions
for each diagnostic primer set and the name, the expected amplification product size, the MgCl2 concentration, the annealing
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temperature (Tm), and the number of cycles.  The amplification reaction conditions are highly specific to each primer set in
order to prevent cross-reactivity with any of the non-target species.  If the specific reaction conditions are modified, those
new conditions must be tested with all species of interest to test for cross-reactivity.  An H. coagulata-specific primer set was
developed toward the COI sequence, whereas, two sets of primers were developed toward the COII sequence, an H.
coagulata/H. liturata- and an H. coagulata-specific set.  Lastly, a COII-specific primer set was developed toward H. liturata.

Species specificity of the molecular diagnostic markers
To test the specificity of the diagnostic markers, amplification assays were performed with stock genomic DNA from various
sharpshooter species, several of them present in California, along with lacewing, earwig, and ground beetle predators.  The
results of the specificity assays for all six diagnostic markers that were designed toward the RAPD-PCR fragment and the
COI and COII partial sequences are given in Figure 1.  For the size of the expected amplification products and the specific
reaction conditions of each marker refer to Table 1.  As seen each diagnostic marker was highly specific toward its target(s)
(Figure 1).  All diagnostic markers amplified DNA fragments of the correct size and none crossed-reacted with other
sharpshooter species or the predators of interest.  The internal control, 28S amplification is seen across all samples indicating
that PCR inhibitors or failures did not play a role in the reactions (Figure 1G).

Detection of H. coagulata DNA in predator guts
The results of the amplification assays of predators from the laboratory feeding trails showed that all diagnostic markers, H.

coagulata/H. liturata-, H. coagulata-, and H. liturata-specific detected prey in predator gut contents (Figure 2, A-E).  As
demonstrated, amplification was not seen in predators not fed on H. coagulata, whereas the 28S amplifications (Figure 2G)
were positive.  The marker set targeting the COI gene, HcCOI-F/R exhibited the highest sensitivity (6.0 pg of DNA); whereas
marker Hl-COII-F/R was the least sensitive (400 pg of DNA), a 66-fold difference.  The difference in sensitivity between H.
coagulata COI (HcCOI-F/R) and COII (HcCOII-F4/R4) was about 4.2-fold.  The sensitivity limits for each marker is shown
on Table 2 in brackets.

Efficiency of molecular diagnostic markers at detecting H. coagulata remains in the guts of predators
Between the two SCAR markers, marker HcF6/HcR9 was slightly more efficient than marker HcF5/HcR7, a significant
difference was seen with lacewing at the 0 h time point (Table 2).  Marker HcF6/HcR9 produced an amplification product
size of 166-bp, whereas, marker HcF5/HcR7 produced one of 302-bp; a difference of 136-bp.  In lacewings at the 0 h
retention interval the percentage detection was 8.3 and 58.0% for marker HcF5/HcR7 and HcF6/HcR9, respectively.  Since
the detection efficiency was low for SCAR markers we did not further test the rest of the time intervals.  Detection of H.
coagulata in earwig gut contents was equally low with both SCAR markers. Homalodisca coagulata could not be detected in
ground beetles whether it fed on one or two H. coagulata adults using SCAR marker HcF5/HcR7; whereas, SCAR marker
HcF6/HcR9 was more efficient.  The detection efficiency was slightly higher for ground beetles that fed on two H. coagulata
adults (25.0%) than on one (9.10%) at 0 h digestion (Table 2).

The detection efficiency of the markers targeting the multi-copy mitochondrial genes (COI, II) was significantly higher than
the single-copy SCAR markers (Table 2).  This was observed even though the number of amplification cycles was higher
with the SCAR markers.  In general, the detection efficiency of COI (197-bp) was better than COII (295-bp) using markers
HcCOI-F/R and HcCOII-F4/R4, respectively.  At the 0 and 8 h time point of lacewings that fed on H. coagulata eggs, the
COI marker detection efficiency was 91.7 and 86.4% efficient as compared to 83.3 and 47.6% for COII, respectively.  Only
the 8 h time point was highly significant.  The detection efficiency was the same for both the COI and COII markers at the 4,
16, and 24 h retention intervals.  The detection efficiency of earwigs that fed on H. coagulata eggs at 0 h was significantly
higher for the COI marker (87.5%) and than the COII marker (25.0%).  A similar, but non-significant pattern was also
observed in ground beetles that fed on adult H. coagulata.  The detection efficiency was slightly higher with the COI marker
in ground beetles that fed on one adult H. coagulata, 33.3% for COII as compared to 54.5% for COI.  The detection
efficiency reached 100.0% for the COI marker with ground beetles that fed on two H. coagulata adults.  In both types of
markers (SCAR and mitochondrial), a direct correlation between detection efficiency and amplification product size was
observed.

For lacewings that fed on H. liturata eggs the detection efficiency was between 80-90% at 0 h with both H. liturata- and H.
coagulata/H. liturata-specific markers.  The H. coagulata/H. liturata-specific COII marker (G/S-COII-F/R) that produced an
amplification product size of 178-bp was slightly more efficient than the COII marker (Hl-COII-F/R) that produced a size of
295-bp; 90 and 80%, respectively.
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Table 1. Summary and optimized conditions of diagnostic primer sets showing primer name, sequence, DNA fragment size,
MgCl2 concentration, annealing temperature (Tm), cycle number, and species specificity.  F, forward; R, reverse; COII,
mitochondrial cytochrome oxidase subunit gene II; COI, mitochondrial cytochrome oxidase subunit gene I; Hc, H. coagulata;
Hl, H. liturata; G/S, H. coagulata/H. liturata.

___________________________________________________________________

Primer Frag. MgCl2 Tm Cycle Designed
name size (mM) (°C) number toward
___________________________________________________________________

SCAR
HcF5/ HcR7 302-bp 2.0 65 45 Hc
HcF6/ HcR9 166-bp 2.0 59 45 Hc/Hl

Mitochondrial
HcCOII-F4/R4 295-bp 1.6 55 35 Hc
G/S-COII-F/R 178-bp 1.5 56 30 Hc/Hl
HcCOI-F/R 197-bp 1.4 60 31 Hc
Hl-COII-F/R 295-bp 1.6 56 33 Hl
__________________________________________________________________

Table 2. Detection efficiency of molecular diagnostic markers in predators; small scale analysis.  The specificity of the
marker and the expected size of the DNA fragment are included below the marker name.  Lacewings and earwigs fed on H.
coagulata eggs and ground beetles fed on H. coagulata adults.  Individual lacewings for retention the time experiment fed on
2 to 3 eggs, as did lacewing feeding on H. liturata eggs.  Individual earwigs fed on 5 to 20 eggs.  np, not performed; n/a, not
applicable.  Numbers in parenthesis are number of individuals tested.  Shown in brackets are the sensitivity limits of the
diagnostic markers measure as pg of DNA.  Statistics were performed with Fisher’s Exact Test using two-sided p-values.  Hc,
H. coagulata; Hl, H. liturata

HcF5/R7c

Hc
HcF6/R9c

Hc/Hl
HcCOII-F4/R4d

Hc
G/S-COII-F/Rd

Hc/Hl
HcCOI-F/R

Hc
Hl-COII-F/R

Hl
302-bp 166-bp 295-bp 178-bp 197-bp 295-bp

Hc [100] [50] [25] [50] [6] [400]
Lacewinga

0 h 8.3% (12) 58.0% (12) 83.3% (12)h 83.3 % (12) 91.7% (12)e, h n/a
4 h np np 27.3% (11) 18.2% (11) 27.3% (11) n/a
8 h np np 47.6% (21) 86.4% (22) 86.4% (22) n/a
16 h np np 37.5% (8) 50.0% (8) 37.5% (8) n/a
24 h
Lacewingb

np
25.0% (4)

np
50.0% (4)

9.10% (11)
50.0% (4)

9.10% (11)
50.0% (4)

9.10% (11)
50.0% (4)

n/a
n/a

bEarwig 12.5% (8) 12.5% (8) 25.0% (8) 25% (8) 87.5% (8)g, j n/a

Beetleb:
1 adult GWSS
2 adult GWSS

0.0% (11)
0.0% (8)

9.10% (11)
25.0% (8)

33.3% (12)
87.5% (8)

16.7% (12)
100.0% (8)

54.5% (11)e, j

100.0% (8)e, h
n/a
n/a

Hl
Lacewinga n/a 80.0% (10) n/a 90.0% (10) n/a 80.0%  (10)

aCrude DNA extract procedure; bQiagen preparation of DNA of insects at 0 h; cPrimers designed toward same SCAR
sequence; dPrimers designed toward same COII (H. coagulata) sequence; eNot significantly different from HcCOII-F4/R4
(COII), P = 1.0000; fVery significantly different from COII, P < 0.001; gSignificantly different from COII, P < 0.05;
hExtremely significantly different from HcF5/R7, P < 0.001; iVery significantly different from HcF5/R7, P < 0.005;
jSignificantly different from HcF5/R7, P < 0.05



- 296 -

Figure 1 Figure 2

Figure 1. Specificity of molecular diagnostic markers. A and B). RAPD-PCR DNA fingerprinting was performed with the
following sharpshooters: Homalodisca liturata (Hl); Graphocephala atropunctata (Ga); H. coagulata (Hc); Carneocephala
fulgida (Cf); Draeculacephala minerva (Dm); Oncometopia orbona (Oo); and H. insolita (Hi).  The optimal amplification
conditions for all reactions are listed on Table 1. A). H. coagulata-specific marker, HcF5/HcR7 (302-bp) and B). H.
coagulata/H. liturata-specific marker, HcF6/HcR9 (166-bp).  Predators included in the analysis were: Chrysoperla carnea
[green lacewing larvae (L); Forficula auricularia [earwig (E)]; and Calosoma sp. [ground beetle (B)]. C). H. coagulata-
COII-specific primers, HcCOII-F4/R4 (295-bp). D). H. coagulata/H. liturata-COII-specific primers, G/S-COII-F/R (178-
bp). E). H. coagulata-COI-specific primers, HcCOI-F/R (197-bp). F). H. liturata-COII-specific primers, Hl-COII-F/R
(295-bp); G) 28S internal control. M:  1.0 Kb Plus DNA Ladder.

Figure 2. Detection of H. coagulata eggs or adults in predator gut contents by diagnostic amplification assays.  (-), negative
control (no DNA template); C, control (not fed on H. coagulata); S, sample (fed on H. coagulata).  Lacewings and earwigs
fed on H. coagulata eggs and ground beetles fed on H. coagulata adult(s). A) HcF5/HcR7 (H. coagulata-specific; 302-bp);
B) HcF6/HcR9 (H. coagulata /H. liturata-specific; 166-bp); C) HcCOII-F4/R4 (H. coagulata-COII-specific; 295-bp); D)
G/S-COII-F/R (H. coagulata /H. liturata-specific; 178-bp); E) HcCOI-F/R (H. coagulata-COI-specific; 197-bp); F) 28S
internal control.
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ABSTRACT
In the current study, we tested the utility of the inter-simple sequence repeat-polymerase chain reaction (ISSR-PCR) DNA
fingerprinting method in distinguishing geographic populations of the smoke-tree sharpshooter (STSS) (Homalodisca liturata
Ball) and in distinguishing several egg parasitoid species in the genus Gonatocerus.  Four geographic populations of the
STSS were analyzed and they included: near Central (Olgilby Rd.) CA, Riverside CA, Imperial CA, and Phoenix, AZ.  Five
unique or population-specific markers were identified in the population from Riverside with minor genetic variation within
the population.  Another five population-specific markers were identified in the rest of the STSS populations (near Central
and Imperial CA and Phoenix AZ).  Extensive genetic variation was detected in these STSS populations.  Population-specific
markers are an indication of subdivided populations and decreased gene flow.  The following Gonatocerus ((Hymenotpera:
Mymaridae) egg parasitoid species were analyzed: G. triguttutas (TX), G. morrilli (CA), G. ashmeadi (CA), G. fasciatus
(LA) G. metanotalis (Argentina), near G. ashmeadi (Argentina), near G. triguttatus (Argentina), and G. tuberculifemur
(Argentina).  Each Gonatocerus species was associated with a unique ISSR-PCR banding pattern.  In general, not much
variation was seen within each species.  Some variation was seen in G. tuberculifemur, while extensive variation was seen in
G. fasciatus.  The current results confirm the utility of using the sensitive ISSR-PCR method to distinguish geographic
populations of the STSS and to distinguish several egg parasitoid species in the genus Gonatocerus.  Rapid distinction of egg
parasitoid species will speed up the identification process in a biological control program, thus saving time and cost.

INTRODUCTION
Homalodisca liturata Ball (Homoptera: Cicadellidae), the smoke-tree sharpshooter (STSS) is distributed in Arizona, southern
California, Baja California, Mexico, Guatemala, and Costa Rica (Young 1958, 1968, Turner and Pollard 1959, Ball 1979).
Prior to the arrival of the glassy-winged sharpshooter (GWSS) (H. coagulata Say) in California, one of the most common
sharpshooter vectors of Pierce’s disease in California were native sharpshooters, such as, the STSS (Varela et al. 2001, Redak
et al. 2004).  Both the GWSS and the STSS are xylem feeding leafhoppers that transmit a strain of Xylella fastidiosa Wells et
al., a bacterium that causes Pierce’s disease in grapevines (Vitis vinifera L. and V. labrusca L.), as well as diseases in many
other plants (Hopkins and Mollenhauer 1973).

Mymarid wasps, on the other hand, are the best-known egg parasitoids for controlling populations of leafhoppers (Huber
1986, Döbel and Denno 1993).  Detailed taxonomic and biological studies are crucial to biological controls programs
(Logarzo et al. 2004, Virla et al. 2005).  Release of unidentified and uncharacterized strains could make it impossible to
document their establishment and disperal; therefore, genetic typing of strains prior to their release in the field is necessary.
Accurate identification of natural enemies is critical to the success of classical biological control programs, as it is essential
for 1) selecting the most suitable natural enemy, 2) evaluating establishment, dispersal, and efficacy of natural enemies, and
3) improving mass production.  Lack of proper identification procedures has affected several projects (Messing and Aliniazee
1988, Löhr et al. 1990, Narang et al. 1993).

There is a need for molecular markers to provide new characters for studies of phylogenetic relatedness, for identification of
cryptic species and biotypes, and for the assessment of heritable variation for population genetics and ecological
investigations (Unruh and Woolley 1999).  Studies of allele or marker frequencies in naturally occurring parasitoid
populations are important, not only for identifying genetic variation of potential benefit, but also for the detection of genetic
markers indicative of specific biological traits or geographic origins.  Furthermore, the recognition of intraspecific variation
can be as crucial for the success of biological control programs as is sound species determination  (Powell and Walton 1989,
Narang et al. 1993, Unruh and Woolley 1999).
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Recently, we developed DNA markers for H. coagulata for the purpose of estimating genetic variation in natural populations
(de León and Jones 2004).  Inter-simple sequence repeat-polymerase chain reaction (ISSR-PCR) (Zietkiewicz et al. 1994)
was shown to be a sensitive and efficient procedure with H. coagulata and several egg parasitoid species in the genus
Gonatocerus (de León et al. 2004b, de León et al. 2005 submitted) This DNA fingerprinting procedure permits detection of
DNA variation in simple sequence repeats (SSR) without the need to isolate and sequence specific DNA fragments.

OBJECTIVES
1. Determine if the inter-simple sequence repeat-polymerase chain reaction (ISSR-PCR) DNA fingerprinting method was

suitable or sensitive enough to detect genetic variation and distinguish geographic populations of the smoke-tree
sharpshooter (Homalodisca liturata) and

2. Determine if ISSR-PCR was suitable enough to distinguish several Gonatocerus species of egg parasitoids that attack the
glassy-winged sharpshooter (GWSS) (Homalodisca coagulata).

RESULTS AND CONCLUSIONS
ISSR-PCR DNA fingerprinting of smoke-tree sharpshooter geographic populations
Amplification reactions were performed with total genomic DNA from ten separate individuals per population with a 5’-
anchored ISSR primer (Zietkiewicz et al. 1994, de León and Jones 2004, de León et al. 2004, de León and Jones 2005).  The
populations analyzed included: Riverside CA, Imperial CA, near Central (Olgilby Rd) CA, and Phoenix AZ.  Five
population-specific markers (indicated by the arrows) were identified in the STSS population from Riverside CA with minor
genetic variation within the population (Figure 1).  Population-specific markers are an indication of subdivided populations
and decreased gene flow.  Decreased gene flow leads to increased genetic differentiation among populations.  The results also
show some evidence of reproductive isolation.  Another five population-specific markers were also identified within the rest
of the STSS populations (near Central CA, Imperial CA, and Phoenix AZ).  These populations shared several bands,
indicating that there are genetic similarities among them.  Extensive variation is also seen in these populations.  In addition,
these populations are located in an area closer to each other than to the Riverside CA population.

Figure 1. ISSR-PCR DNA fingerprinting of smoke-tree sharpshooter geographic populations from California and Arizona.
Reactions were performed with total genomic DNA from 10 separate field collected individuals and a 5’-anchored ISSR
primer (Zietkiewicz et al. 1994, de León et al. 2004).  Arrows point out the unique markers identified in the populations.
Smoke-tree sharpshooter geographic populations are indicated above.  M: 1.0 Kb Plus DNA Ladder.

ISSR-PCR DNA fingerprinting of Gonatocerus egg parasitoid species
Amplification reactions were performed with total genomic DNA from five separate individuals per species with a 5’-
anchored ISSR primer (Zietkiewicz et al. 1994, de León and Jones 2004, de León et al. 2004a, 2004b, de León and Jones
2005, de León et al. 2005 submitted). Gonatocerus species analyzed from both North and South America included: G.
triguttatus Girault (TX), G. morrilli Howard (CA), G. ashmeadi Girault (CA), G. fasciatus Girault (LA), G. metanotalis
Ogloblin (Argentina), near G. ashmeadi (Argentina), near G. triguttatus (Argentina), and G. tuberculifemur Ogloblin
(Argentina).  The results of this analysis are shown on Figure 2.  As seen, each Gonatocerus species was associated with a
unique ISSR-PCR banding pattern.  In general, not much variation was seen within each species.  Some variation was seen in
G. tuberculifemur, while extensive variation was seen in G. fasciatus.  The present results confirm that the ISSR-PCR DNA
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fingerprinting method is an excellent method to distinguish halpodiploid egg parasitoid Gontocerus species and is also a good
tool for distinguishing geographic populations of STSS.

Even though ISSR-PCR markers are scored as dominant, the ISSR-PCR technique using 5’-anchored or compound ISSR
primers is still a very sensitive and useful technique because it targets random SSR or microsatellites (Zietkiewicz et al. 1994,
de León and Jones 2004).  An additional advantage is that the same ISSR primer can be rapidly applied across several
different orders (e.g., insects, plants, fungi, bacteria) without prior knowledge of DNA sequences (de León, unpublished
data), a capability not found with microsatellites.  Banding patterns are consistent because the anchors serve to fix the
annealing of the primer to a single position of the target site, thus resulting in a low level of slippage during amplification
(Zietkiewicz et al. 1994, reviewed in Karp and Edwards 1997).
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Figure 2. ISSR-PCR DNA fingerprinting of several Gonatocerus egg parasitoid species from both the U. S. and South
America (Argentina). Reactions were performed with total genomic DNA from five separate field collected individuals and a
5’-anchored ISSR primer (Zietkiewicz et al. 1994; de León et al. 2004). Gonatocerus egg parasitoid species are indicated
above. M: 1.0 Kb Plus DNA Ladder.
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ABSTRACT
We investigated the differentiation and reproductive isolation among different geographic populations of Gonatocerus
morrilli, an egg parasitoid of the glassy-winged sharpshooter (GWSS) (Homalodisca coagulata Say) (Homoptera:
Cicadellidae), to confirm previous observations that there may exist a cryptic species complex.  Two mitochondrial genes
[cytochrome oxidase subunits I (COI) and II (COII)] and the internal transcribed spacer region 2 (ITS2) of several individuals
per population were sequenced. Gonatocerus morrilli populations from Texas (TX), Florida (FL), California (CA), and an
outgroup (G. ashmeadi) were analyzed.  For comparison, a population from Argentina identified as near G. morrilli (=G.
annulicornis) was also included.  For all three sequence fragments, percentage sequence divergence (%D) demonstrated that
both the TX and FL populations (TX/FL) were closely related and therefore, determined to be the same species; in constrast,
the %D between TX/FL and CA fell within the range of the outgroup, making the CA population a novel species (nov. sp. G.
morrilli).  Neighbor-joining distance trees clustered the TX/FL and CA populations or species into two well supported
distinctive clades.  The G. morrilli (nov. sp.) was more closely related to G. annulicornis than to the TX/FL species.  Mating
studies demonstrated that the populations or species from CA and TX were reproductively incompatible, producing no
female offspring in both direct and reciprocal crosses; whereas, the heterogamic crosses between TX and FL produced fertile
offspring and relative compatibility indices similar to the homogamic crosses.  These results are important to the PD/GWSS
biological control program in California.

INTRODUCTION
Accurate identification of natural enemies is critical to the success of classical biological control programs, as it is essential
for 1) selecting the most suitable natural enemy, 2) evaluating establishment, dispersal, and efficacy of natural enemies, and
3) improving mass production.  Lack of proper identification procedures has affected several projects (Rosen 1977, Messing
and Aliniazee 1988, Löhr et al. 1990, Narang et al. 1993, Miller and Rossman 1995, Schauff and LaSalle 1998, Gordh and
Beardsley 1999, Unruh and Woolley 1999).  Phylogenetics has become a widespread approach for delineating and
identifying morphologically similar or cryptic species.  Correct identification of the pest is also extremely important in
biological control.  Geographic populations of the same species may differ in relevant biological characteristics of importance
to biological control.  In addition, pin-pointing the native origin of an exotic pest is crucial for collection of natural enemies
in the native range of the pest (Rosen 1977, Narang et al. 1993, Unruh and Woolley 1999, Brown 2004, Roderick 2004).  We
demonstrated that the GWSS that invaded CA is of TX origin, but more than one founding event occurred (de León et al.
2004a).  Our data also showed that GWSS populations in the U. S. were genetically distinct, clustering into two main groups
or clades, a ‘southeastern’ and a ‘southwestern and western’ clade.  Similarly, molecular studies of Gonatocerus morrilli
Howard (Hymenoptera: Mymaridae) populations from CA and TX using inter-simple sequence repeat-polymerase chain
reaction (ISSR-PCR) DNA fingerprinting and amplification of the internal transcribed spacer 2 region (ITS2) showed that
these populations were highly differentiated (GST = 0.92) with restricted gene flow (de León et al. 2004b, de León et al.
2005).  These results strongly suggested that G. morrilli exists in nature as a cryptic species complex.  Furthermore, the
different sizes of the ITS2 amplification fragments between the geographic populations raised concerns over the reproductive
compatibility of these populations and its implications in a biological control program.

OBJECTIVES
The objective of the present study was to confirm whether G. morrilli exists in nature as a cryptic species complex.  We
extended our previous observations (de Leon et al. 2004b) by implementing a phylogenetic approach by sequencing two
mitochondrial genes [cytochrome oxidase subunit I and II genes (COI) and (COII)] and one ribosomal DNA spacer region
fragment (ITS2).  Reproductive compatibility studies were performed with populations of G. morrilli from three origins:
California, Florida, and Texas.
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RESULTS AND CONCLUSIONS
ISSR-PCR DNA fingerprinting
Previously, we (de León et al. 2004b) determined that G. morrilli populations
from TX and CA had different ISSR-PCR banding patterns, suggesting that
these populations were reproductively isolated.  In the present study a
population from FL was included and we asked whether ISSR-PCR was a
suitable method to predict the species status of this G. morrilli population.
Figure 1 shows the results of this analysis where five randomly chosen field
collected individuals per population from TX, CA, and FL were analyzed.
The results showed that the population of G. morrilli from FL had the same
ISSR-PCR banding pattern as the population from TX, whereas the CA
population had a banding pattern that differed from TX and FL.  Recently (de
León et al. 2004, de León and Jones 2005) and in the current report, we
observed a powerful correlation in DNA banding patterns and distinct
species with the ISSR-PCR DNA fingerprinting method with Mymaridae egg
parasitoids.  The method has been used to distinguish about ten Gonatocerus
egg parasitoid species (unpublished data).   In the present study, based on ISSR-PCR banding patterns, we were able to
predict the species status of the G. morrilli population from FL.  The results demonstrated populations from FL and TX as
distinct from the CA populations.  Even though ISSR-PCR markers are scored as dominant, the ISSR-PCR technique using
5’-anchored or compound ISSR primers is still a very sensitive and useful technique because it targets random SSR or
microsatellites (Zietkiewicz et al. 1994, de León and Jones 2004).  An additional advantage is that the same ISSR primer can
be rapidly applied across several different orders (e.g., insects, plants, fungi, bacteria) without prior knowledge of DNA
sequences (de León, unpublished data), a capability not found with microsatellites.  Banding patterns are consistent because
the anchors serve to fix the annealing of the primer to a single position of the target site, thus resulting in a low level of
slippage during amplification (Zietkiewicz et al. 1994, reviewed in Karp and Edwards 1997).

Sequence divergence in gene fragments (COI, COII, and ITS2) in G. morrilli geographic populations
Levels of genetic divergence in the gene fragments among populations were determined by calculating the pairwise estimates
for genetic distance.  Sequences were aligned with the program ClustalX and the neighbor-joining trees were reconstructed
with the phylogenetic program PAUP 4.0.  Dendrograms for the gene fragments are shown in Figures. 2 (COI), 3 (COI), and
4 (ITS2).  Trees display branch lengths (below branches, underlined) and bootstrap values (above branches) as a percentage
of 1000 replications.  For all three gene sequence fragments, percentage sequence divergence (%D) demonstrated that both
the TX and FL populations (TX/FL) were closely related and therefore, determined to be the same species; in constrast, the
%D between TX/FL and CA fell within the range of the outgroup, making the CA population a novel species (nov. sp. G.
morrilli) (data not shown).  Neighbor-joining distance trees clustered the TX/FL and CA populations or species into two well
supported distinctive clades.  The G. morrilli (nov. sp.) was more closely related to G. annulicornis than to the TX/FL
species.  Sequence data from the mitochondrial COI and COII partial genes and the ITS2 rDNA fragment indicate that the
studied populations of G. morrilli contain two distinct evolutionary groups.  Populations from TX and FL formed one well-
supported clade, while populations from CA formed another well-supported clade.  Variation between the two clades with all
three genes was greater between clades than within them.

Reproductive compatibility studies
Mated G. morrilli females from the various crosses successfully parasitized eggs of H. coagulata, but the percentages varied
significantly with treatment (F = 12.54, df = 5, 82, P < 0.0001).  Nearly all H. coagulata eggs exposed were successfully
parasitized in all the direct and reciprocal crosses, except for the ♀TX × ♂CA treatment for which only 65% of eggs were
successfully parasitized (Figure 5a).  The crosses ♀CA × ♂CA and ♀CA × ♂TX yielded the longest immature
developmental period for males; the lowest periods were obtained for immatures from ♀FL × ♂TX, ♀TX × ♂FL and ♀TX ×
♂TX. Percentage of females produced varied significantly with treatment (F = 115.05, df = 5, 82, P < 0.0001).  The sex
ratios of G. morrilli progeny produced from the homogamic (♀CA × ♂CA and ♀TX × ♂TX) and the heterogamic (♀TX ×
♂FL and ♀FL × ♂TX) crosses were female-biased and similar with > 70% of female offsprings (Fig 5b).  In contrast, the
heretogamic cross ♀CA × ♂TX and its reciprocal cross ♀TX × ♂CA did not produce any female progeny. Relative to their
♀TX × ♂TX homogamic cross, the relative compatibility indices (ratio between the proportion of females in heterogamic
and homogamic cross) of ♀TX × ♂CA and ♀TX × ♂FL were 0 and 0.95, respectively. Similarly, the relative compatibility
index of the ♀CA × ♂TX was 0. The immature developmental time of G. morrilli within eggs of H. coagulata significantly
varied with treatment (F = 212.04, df = 5, 1018, P < 0.0001) but not with sex (F = 0.08, df = 1,1018, P = 0.78).  For females,
the longest immature developmental time was recorded for ♀CA × ♂CA, whereas no significant differences were recorded
for the three crosses ♀FL × ♂TX, ♀TX × ♂FL and ♀TX × ♂TX (Fig. 5c).
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Fig. 5.  Crossing studies
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ABSTRACT
Previously we discovered a cryptic species complex in Gonatocerus morrilli (Howard) and developed molecular diagnostic
markers that distinguished the two cryptic species.  In the current study we tested the utility of the two developed molecular
diagnostic markers to evaluate the establishment of G. morrilli in California.  In the two cryptic species, the size of the
internal transcribed spacer 2 region (ITS2) varies by about 212 base pairs; the Texas G. morrilli species is associated with a
size of about 851-853 base pairs and the California G. morrilli (nov.) species with a size of about 1063-1067 base pairs.
Secondly, the two cryptic species do not share any inter-simple sequence-polymerase chain reaction (ISSR-PCR) bands or
markers.  Initially releases were made from what was thought to be a Mexico culture, but contamination was suspected to
have occurred from a Texas culture and therefore, the culture was name ‘TX/MX”.  Post-released collections from years
2002 and 2003 were made from the following locations: San Juan Capistrano, Glen Ivy, Pauma, Temecula, and San Marcos.
Amplification of the ITS rDNA fragments demonstrated that all or 100% of the randomly chosen individuals (125 total) were
of the California ITS2 genotype and none were of the Texas ITS2 genotype.  ISSR-PCR DNA fingerprinting of the TX/MX
colony along with native California and Texas G. morrilli species demonstrated that the TX/MX ISSR-PCR banding pattern
was superimposable to that of the California G. morrilli (nov.) species.  The results demonstrated that the TX/MX colony was
contaminated with the California species, indicating that what was being released in California was California’s own native
species.  Therefore, this is why screening with the ITS2 fragment detected only the California ITS2 genotype.  The present
results confirm the utility of the two developed molecular diagnostic methods in monitoring the success of the G. morrilli
biological control program in California.  In addition, this molecular technology will allow us to monitor egg parasitoid
colonies to eliminate unwanted species.

INTRODUCTION
Accurate identification of natural enemies is critical to the success of classical biological control programs, as it is essential
for 1) selecting the most suitable natural enemy, 2) evaluating establishment, dispersal, and efficacy of natural enemies, and
3) improving mass production.  Lack of proper identification procedures has affected several projects (Rosen 1977, Messing
and Aliniazee 1988, Löhr et al. 1990, Narang et al. 1993, Miller and Rossman 1995, Schauff and LaSalle 1998, Gordh and
Beardsley 1999, Unruh and Woolley 1999).  Correct identification of the pest is also extremely important in biological
control.  Geographic populations of the same species may differ in relevant biological characteristics of importance to
biological control.  In addition, pin-pointing the native origin of an exotic pest is crucial for collection of natural enemies in
the native range of the pest (Rosen 1977, Narang et al. 1993, Unruh and Woolley 1999, Brown 2004, Roderick 2004).
Recently, we demonstrated that the glassy-winged sharpshooter (GWSS) (Homalodisca coagulata Say) (Homoptera:
Cicadellidae) that invaded California (CA) is of Texas (TX) origin, but more than one founding event occurred (de León et
al.  2004a).  Our data also showed that GWSS populations in the U. S. were genetically distinct, clustering into two main
groups or clades, a ‘southeastern’ and a ‘southwestern and western’ clade.  Similarly, molecular studies of Gonatocerus
morrilli Howard (Hymenoptera: Mymaridae) populations from CA and TX using inter-simple sequence repeat-polymerase
chain reaction (ISSR-PCR) DNA fingerprinting and amplification of the internal transcribed spacer region 2 (ITS2) showed
that these populations were highly differentiated (GST = 0.92) with restricted gene flow (de León et al. 2004b).  Additional
studies indeed confirmed that G. morrilli exists in nature as a cryptic species complex (de León et al. 2005 submitted and
accompanying report).

OBJECTIVES
To examine the utility of developed molecular diagnostic markers in evaluating the establishment of Gonatocerus morrilli
after release in California.  Two molecular methods were tested: ISSR-PCR DNA fingerprinting and amplification of the
internal transcribed spacer region 2 (ITS2).

RESULTS AND CONCLUSIONS
The use of the ITS2 rDNA fragment as a molecular diagnostic tool to evaluate post-released populations
Initially releases were made from a Mexico culture but contamination was suspected to have occurred from a Texas culture
and therefore, the culture was name ‘TX/MX”.  Post-released collections were made from the following locations: San Juan
Capistrano (Orange Co.); Glen Ivy (Riverside Co.); Pauma (San Diego Co.); Temecula (Riverside Co.); and San Marcos (San
Diego Co.).  The ITS2 rDNA fragment was amplified with standard primers from several individuals per population.  A

- 306 -



- 307 -

representative example is shown on Fig. 1.  The expected ITS2 fragment sizes are: TX = 1063-1067 bp and CA = 851-853
bp.  A TX G. morrilli individual was included for comparison.   The data showed that all or 100% of individuals within this
population (San Juan Capistrano) were of the ITS2-CA genotype.  Analyses of the rest of the populations shown the same
trend, that is, 100% of populations were of the ITS2-CA genotype and none were of the ITS2-TX genotype (Table 1).

Molecular diagnostic analysis of the TX/MX culture by ISSR-PCR DNA fingerprinting
Since the post-release evaluation of G. morrilli populations showed that what was being recovered were individuals with the
ITS2-CA genotype, the question was asked, ‘were these egg parasitoids not establishing or could the initial release culture be
contaminated with the TX culture as previously suspected’.  Though, none of the individuals tested carried the ITS2-TX
genotype, so it was possible that these egg parasitoids were not establishing.  To answer this question we performed ISSR-
PCR DNA fingerprinting with several individuals (7) per culture.  Included for comparison were native G. morrilli species
from Texas and California.  Fig. 2 shows the results of this experiment.  The ISSR-PCR banding pattern of the TX/MX
culture was superimposable with that of the native California G. morrilli (nov.) species, demonstrating that the TX/MX
individuals were not of the Texas G. morrilli species.  These results were in accord with those seen with the amplification of
the ITS2.  This is confirmed by comparing the ISSR-PCR banding pattern of the native Texas species.  Individuals of G.
morrilli from Mexico were not available for analysis, but we have previously shown a powerful correlation between egg
parasitoid species (G. morrilli) and ISSR-PCR banding patterns (de León et al. 2004b, de León et al. 2005 submitted).
Furthermore, we present an accompanying proceeding/report demonstrating the correlation of ISSR-PCR banding patterns
and egg parasitoid species in the genus Gonatocerus.  Based on these results it is assumed that if individuals from Mexico
were a different species, the ISSR-PCR method would have detected it.  These results indicate that what was being released
in California was the native California G. morrilli (nov.) species, and therefore, offers the explanation for the detection of
only the ITS2-CA genotype as shown on Fig. 1 and Table 1.  So the answer to our question was that contamination of the
culture did in fact occur with the California G. morrilli (nov.) species and not with the Texas species as originally suspected.
These results also indicate that the California species out competed the TX/MX individuals in the colony.

(-) TX San Juan Capistrano, California

1------------------------------------------------------------------------------------------------16

Size of ITS2 rDNA fragment: TX = 1063-1067 and CA = 851-853 base pairs

M M(-) TX San Juan Capistrano, California

1------------------------------------------------------------------------------------------------16

Size of ITS2 rDNA fragment: TX = 1063-1067 and CA = 851-853 base pairs

M M

Figure 1

Figure. 1. Representative example of the use of the ITS2 rDNA fragment as a molecular diagnostic tool to evaluate post-
released populations of Gonatocerus morrilli in California.  The ITS2 rDNA fragment was amplified with standard primers
from 16 individuals as previously demonstrated (de León et al. 2004b, de León et al. 2005 submitted).  The size of the
expected ITS2 amplification products are shown above and the arrows indicate the products for both Texas (TX) and the
California population.  A difference of about 212 base pairs is seen between TX and CA individuals. M: 1.0 Kb Plus DNA
Ladder.

Table 1. Summary of populations from California evaluated by amplification of the ITS2 rDNA fragment.   A total of 125
individuals were included from the various populations.  No. ind., number of individuals; #ITS2-CA, number of individuals
with the CA G. morrilli ITS2 genotype; #ITS2-TX; number of individuals with the TX G. morrilli ITS2 genotype.
Populations were collected in years 2002 and 2003 and were randomly chosen for analysis.

_____________________________________________________________________________

Population County No. ind. #ITS2-CA #ITS2-TX

San Juan Capistrano Orange 30 30 0
Glen Ivy Riverside 17 17 0
Pauma San Diego 30 30 0
Temecula Riverside 14 14 0
San Marcos San Diego 34 34 0

_____________________________________________________________________________

_____________________________________________________________________________
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Figure 2. Evaluation of the G. morrilli (TX/MX) culture that was used for release in California. Inter-simple sequence
repeat-polymerase chain reaction (ISSR-PCR) was utilized as a molecular diagnostic tool to evaluate or monitor the G.
morrilli (TX/MX) culture.  Releases were made from a Mexico culture but contamination was suspected to have occurred
from a Texas culture.  For comparison, individuals or species native from Texas and California were included.  DNA
fingerprinting was performed as previously described (Zietkiewicz et al. 1994, de León et al. 2004, de León et al. 2005
submitted).  M: 1.0 Kb Plus DNA Ladder.
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ABSTRACT
Toxin technology using Bacillus sphaericus has been used to control the important vectors of human diseases, the Aedes
aegypti and Culex quinquefasciatus mosquito species.  Agricultural pests such as caterpillars and beetles have been targeted
by transgenic insecticidal crops expressing Bacillus thuringiensis (Bt) toxin.  However, a Bt technology would be ineffective
in controlling xylem-and phloem-sucking insect pests, such as the glassy-winged sharpshooter, Homalodisca coagulata
(GWSS), because their feeding habit circumvents the tissues in which the toxins are expressed in transgenic plants and they
are likely immune to the Bt toxins.  Our research is developing mimetic peptides to target the exposed active domains of
transport proteins on the surface of the GWSS midgut microvillar membrane and GWSS salivary enzymes.  We are using a
genomics approach to develop proteins cloned from the variable binding domains of immunoglobulin molecules specific to
GWSS gut and salivary proteins.  To isolate targets we have used degenerate PCR to amplify genes characterized in other
insect species, and are screening a cDNA microarray to identify novel gut and saliva protein encoding genes.  Our first
mimetic peptides are targeting the GWSS V-ATPase c subunit.

INTRODUCTION
Examples of medical uses of mimetic technology include the inactivation of disease-related enzymes (Burke et al. 2001),
blockage of metabolic receptors important to disease (Berezov et al. 2000), and the use of antibodies developed against
disease constituents (Moe et al. 1999).  Human cancers (Monzayi-Karbassi and Keiber-Emmons, 2001), diabetes
(Deghenghi, 1998), and heart disease (Lincoff et al. 2000) all have been treated successfully through these applications of
mimetics.  Antibody proteins have been synthesized successfully in plants (Larrick et al. 2001; Stoger et al. 2002), and
promoters directing expression to the cell wall and vascular structures of plants (Shi et al. 1994; Springer, 2000), are
available, so we can assure that our antibody peptides are synthesized in a tissue-specific manner in transformed plant lines.
During the last year we isolated two full length cDNA clones of the V-ATPase c subunits of GWSS.  The V-ATPase c
protein is an excellent target for mimetic inactivation in insects because they provide the electromoive force which drives
H+/K+ transport, which in turn maintains gut pH.  V-ATPases have been successfully targeted by highly specific
bafilomycin/concanamycin antibiotics in the inhibition of human tumor cells (Boyd et al. 2001) and osteoporosis (Farina et
al., 2001), and these antibiotics have been shown to specifically bind to the V-ATPase c subunit, demonstrating that binding
and blocking the active site of this subunit can effectively inactivate the transporter.

OBJECTIVES
1. Determine the structure and cell types in the midgut epithelium and salivary glands of the glassy-winged sharpshooter

(GWSS), Homalodisca coagulata;
2. Prepare a normalized cDNA microarray of GWSS using pooled cDNAs isolated from each developmental stage.
3. Screen the microarray using cDNA probes derived from midgut and salivary gland tissue-specific probes to determine

the tissue-specific expression of key midgut microvillar and saliva proteins;
4. Clone and sequence genes encoding one or more key midgut microvillar and saliva proteins and determine their

suitability as targets for a molecular biological approach to GWSS and Pierce’s disease control.
5. Predict functional domains of key GWSS midgut epithelium- and salivary gland-specific proteins based on sequences of

genes using bioinformatics;
6. Express functional domain peptides for antibody production;
7. Clone single-chain fragment variable antibody genes into recombinant phage libraries and screen the libraries;
8. Conduct feeding studies to identify efficacious mimetic peptides effective in killing or deterring GWSS.

RESULTS
While we are still in the process of screening our cDNA microarray to identify clones encoding novel midgut and salivary
gland protein genes, we have isolated two full length cDNAs of the V-ATPase c subunit from our GWSS cDNA library using
clone capture (Shepard and Rae, 1997).  These clones differ in several positions in the coding region, as well as in the 3’- and
5’-untranslated regions (Figure 1.).  The protein sequences align significantly with the V-ATPase c subunit proteins of
several other insect species (Figure 2).  Antibodies to the gut lumen exposed N-terminus and external loop have been
produced in rabbits and affinity purified by New England Peptide.  These antibodies are being used in feeding studies to
determine the efficacy of our approach. Antibody RNAs were extracted from the spleens of the immunized rabbits and the
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variable regions cloned into a phage display library for isolation of the mimetic peptides that bind most efficiently to the
GWSS V-ATPase c peptides.  Ultimately these antibody peptides will be used to develop transgenic plants.

Figure 1. Protein and cDNA alignments of the V-ATPase c subunit clones of GWSS.  Shading denotes where codons and
amino acids differ.  Numbers on left and right denote cDNA and amino acid positions, respectively.

1 gactttaggccatatttgacagtgggctg
g

25 attactttgtgctgtgaagtgtagtgtagaatagttctgcagagtcctccgagcctgtaaatactcgctaaaaagtgaaa
2 attactttgtgctgtgaagtgtagtgtagaatagttctgcagagtcctccgagcctgtaactcatagctaaaaagtgaaa

105 ATG ACA GAA GAA AAT CCA ATG TAC GCA CCC TTC TTT GGA GTT ATG GGG GCT GCC TCG GCA
82 ATG ACA GAA GAA AAT CCA ATG TAC GCA CCC TTC TTT GGA GTT ATG GGG GCT GCC TCA GCA

M   T   E   E   N   P   M   Y   A   P   F   F   G   V   M   G   A   A   S   A 20
165 ATT ATT TTC AGT TCG CGG GGG GCG GCG TAC GGC ACA GCC AAG TCC GGC ACT GGT ATC GCA
115 ATT ATT TTC AGT TCG CTG GGG GCG GCG TAC GGC ACA GCC AAG TCC GGC ACC GGT ATC GCA

I   I   F   S   S   L   G   A   A   Y   G   T   A   K   S   G   T   G   I   A  40
R

225 GCC ATG TCG GTG ATG CGG CCA GAG CTG ATC ATG AAA TCC ATC ATC CCC GTC GTC ATG GCG
163 GCC ATG TCG GTG ATG CGG CCG GAG CTG ATC ATG AAA TCC ATC ATC CCC GTC GTC ATG GCG

A   M   S   V   M   R   P   E   L   I   M   K   S   I   I   P   V   V   M   A 60
285 GGT ATC ATC GCC ATC TAC GGC CTG GTG GTG GCC GTC CTG GTG GCC GGT GCT CTG GAG CTG
259 GGT ATC ATC GCC ATC TAC GGC CTG GTG GTG GCC GTC CTG GTG GCC GGT GCT CTG GAG CTG

G   I   I   A   I   Y   G   L   V   V   A   V   L   V   A   G   A   L   E   L 80
345 CCC TCC GCT GGC TAC ACC TTA TAC AAG GGA TTT CTA CAC CTG GGG GCT GGG TTA GCT GTA
307 CCC TCC GCT GGC TAC ACC TTA TAC AAG GGA TTT CTA CAC CTG GGG GCT GGG TTA GCT GTA

P   S   A   G   Y   T   L   Y   K   G   F   L   H   L   G   A   G   L   A   V 100
405 GGG TTC AGT GGG CTG GCG GCA GGC TTT GCC ATC GGC ATC GTG GGA GAC GCC GGC GTG CGA
355 GGG TTC AGT GGG TTG GCG GCA GGC TTT GCC ATC GGC ATC GTG GGA GAC GCC GGC GTG CGA

G   F   S   G   L   A   A   G   F   A   I   G   I   V   G   D   A   G   V   R 120
465 GGG ACT GCT CAA CAG CCT CGC CTG TTC GTC GGT ATG ATC CTC ATC CTT ATC TTC GCT GAG
403 GGG ACT GCT CAA CAG CCT CGC CTG TTC GTC GGT ATG ATC CTC ATC CTT ATC TTC GCT GAG

G   T   A   Q   Q   P   R   L   F   V   G   M   I   L   I   L   I   F   A   E 140
525 GTG TTG GGT CTG TAC GGT CTG ATC GTA GCC ATC TAC CTC TAC ACA AAG CAA taagcctgtggc
499 GTG TTG GGT CTG TAC GGT CTG ATC GTA GCC ATC TAC CTC TAC ACA AAG CAA taagcctgtggc

V   L   G   L   Y   G   L   I   V   A   I   Y   L   Y   T   K   Q 157
588 cgtcgtctcatcatccccactaccatttgaatttcattgttttga-----ggcaatttagaaagaaattgtacaacctgg
547 cgtcgtctcatcatccccactaccatctgaatttcattgttttgatcgtaggcaatttagaaagaaattgtacaacctgg
663 aagcaacaaaaaatgttggaggacttgttttttgaaatggtgatttcacatcatcagatgacttgcacaataatttattt
608 aagcaacaaaaaatgttggaggacttgttttttgaaatggtgatttcacatcatcagatgacttgcacaataatttattt
742 taaattagtttttaactttatttaattgatttttt-cagattccggatcagttcttttaaaatgttactttcattgttaa
671 taaattagtttttaactttatttcattaatttttttcagattccggatcagttcttttaaaacgttactttcattgttaa
821 ggaacttagaactaaagttgacaacccatatcgatattatttcagtgtgagtacatattgctatttttgtaaatatagtg
797 ggaacttagaactaaagttgataacccatatcgatattatttcagtgtgagtacatattgctatttttgtaaatatagtg
902 gagatatcctcagtagacaagcagtgctatgacccgtggtagctttaagcctgtgtaaattaatctgagccgagttacaa
860 gagatatcctcagtagacaagcagtgctatgacccgtggtagctctaagcttgtgtaaattaatctgagccgagttacaa
982 aaatgtatttttatgttgtacgtacaatttaaagctgtaacgatcataaccttcttagtgtaatgtaggaaaattcatat
923 aaatgtatttttatgttgtacgtacaatttaaagctgtaacgatcataaccttcttagtgtaatgtaggaaaattcatat

1060 agcatttgaagtgtaaaaatcctgaagtatttgttaagtggataatttatgtaaaccaaatgaaggacagacggacc--g
1049 agcatttgaagtgtaaaaatcctgaagtatttgttaagtggataatttatgtaaaccaaatgaaggacagacggaccccg
1142 gagctgtacttcgaaaaagactctgtagaattagtgatgatcggttctgcggattgtggcaagtttcgggagcagattat
1112 gagctgtacttcgaaaaagactctgtagaattagtgatgatcggttctgcggattgtggcaagtttcgggagcagattat
1222 aaggttagaagcttagagtgtttgtaagctatgaataatttgtccattccatattgtgtaaaaaccctaataaagaatta
1175 aaggttagaagcttagagtgtttgtaagctatgaataatttgtacattccatattgtgtaaaaaccctaataaagaatta
1302 ttgttacgccaaaaaaaaaaaaaaaaaaaa
1238 ttgttacggccttgtgtgtttggcctactgttggagtgtttctgttcaccttcactgtattgtataccgtagcattgttg
1364 tactgtgcgtagcgtggtgacgtgttgggtggtgtgcgcacctagtgtgcgatgacagctccttgcacgccatcacttca
1427 gttcactgccatctagtcatggccccgcggtgactcaaacttagcaacagtcatgtcaaataaattcaacattaaattag
1490 gtcattttgtgatttattattttatttttgtagtatgttatatatagttgcctgttattctttctatgctgtatgcagta
1616 ggcatgtcagtcctgttatatttggtgtatgaatggatcaaatgtaataatattatgaaaacaaaactgttagtattatt
1679 cttcctggtcttgtctctgaaaagtgtttagagcttcttcccctctcaacggtcgtcttgatgtttttaatgagtttttt
1742 atccgttttttggtatgttacttaactgtcctgctttttcttagaattcattgttattgtatttggtttaaaggtttaat
1804 aaaaagctatctgttttcaaaaaaaaaaaaaaaaaaaaaaaaaaa
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IYGLVVAVLVAGALELPSAGYTLYKGFLHLGAGLAVGFSGLAAGFAIGIVGDAGVRGTAQQPRLFVGMILILIFAEVLGLYGLIVAIYLYTKQHc Vc 1 (65)
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IYGLVVAVLIAGSLDEPSK YTLYKGFIHLGAGLAVGFSGLAAGFAIGIVGDAGVRGTAQQPRLFVGMILILIFAEVLGLYGLIVAIYLYTKConsensus(101)
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------------------------------------MTEENPMYAPFFGVMGAASAIIFSSLGAAYGTAKSGTGIAAMSVMRPELIMKSIIPVVMAGIIAHc Vc 1 (1)
------------------------------------MTEENPMYAPFFGVMGAASAIIFSSRGAAYGTAKSGTGIAAMSVMRPELIMKSIIPVVMAGIIAHc Vc 2 (1)
----------------------------------MALPEEKPVYGPFFGVMGAAAAIIFSALGAAYGTAKSGTGIAAMSVMRPELIMKSIIPVVMAGIIAAe Vc (1)
LVISPECLSLLECVCVINTEQQQQQYEVITKNTAMALPEENPVYSPFFGVMGAAAAIIFSALGAAYGTAKSGTGIAAMSVMRPELIMKSIIPVVMAGIIAAg Vc 1 (1)
--------------------------------TAMALPEENPVYSPFFGVMGAAAAIIFSALGAAYGTAKSGTGIAAMSVMRPELIMKSIIPVVMAGIIAAg Vc 2 (1)
-----------------------------------MSDEDHPIYAPFFGVMGAASAIIFSALGAAYGTAKSGTGIAAMSVMRPELIMKSIIPVVMAGIIAAm Vc (1)
------------------------------------MEQETPIYAPFFGVMGAAAAIIFSALGAAYGTAKSGTGIAAMSVMRPELIMKSIIPVVMAGIIACs Vc (1)
--------------------------------MSSEVSSDNPIYGPFFGVMGAASAIIFSALGAAYGTAKSGTGIAAMSVMRPELIMKSIIPVVMAGIIADm Vc (1)
--------------------------------MSSEVTSDNPIYGPFFGVMGAASAIIFSALGAAYGTAKSGTGIAAMSVMRPELIMKSIIPVVMAGIIADp Vc (1)
-------------------------------------MAENPIYGPFFGVMGAASAIIFSALGAAYGTAKSGTGIAAMSVMRPELIMKSIIPVVMAGIIAHv Vc (1)
-------------------------------------MAENPIYGPFFGVMGAASAIIFSALGAAYGTAKSGTGIAAMSVMRPELIMKSIIPVVMAGIIAMs Vc (1)
----------------------------------MSATEGAPVYSPFFGVMGAASAIVFSALGAAYGTAKAGTGIAAMSVMRPELIMKSIIPVVMAGIIASi Vc (1)

L EENPIYGPFFGVMGAASAIIFSALGAAYGTAKSGTGIAAMSVMRPELIMKSIIPVVMAGIIAConsensus (1)

Figure 2. Sequence alignments of the cloned portions of V-ATPase c subunit genes of H. coagulata (Hc), Aedes aegypti
(Ae), Anopheles gambiae (Ag), Apis mellifera (AM), Culicoides sonorensis (Cs), Drosophila melanogaster (Dm),
Drosophila pseudoobscura (Dp), Heliothis virescens (Hv), Manduca sexta (Ms) and Solenopsis invicta (Si) where:

= a non similar residue, = a consensus residue from a block of similar residues,        = a consensus residue of

greater than 50%,        = a consensus residue completely conserved,        = a residue weakly similar to the consensus, and the

regions to which peptides have been synthesized are underlined.

CONCLUSIONS
As with M. sexta (Dow et al.1992), the GWSS genome encodes two different transcripts for the V-ATPase c subunit.
Sequence comparison suggests that these represent two members of a gene family.  Alternatively, this could result from
alternate splicing.  Alternate splicing of Ion/proton exchangers has been documented in Drosophila and Aedes (Giannakou
and Dow, 2001; Hart et al., 2002).  We are using DNA blot hybridization and genome walking to resolve this issue and
determine the copy number of the GWSS V-ATPase c subunit gene.  The V-ATPase c subunit is the only V-ATPase subunit
which spans the apical membrane of the K+ secreting goblet cells (Harvey et al., 1983) that, along with amino acid absorbing
columnar cells (Hanozet et al. 1989), make up the monolayered epithelium lining the gut in insects such as M. sexta
(Wieczorek, 2003).  In Situ hybridization studies have demonstrated the localization of the GWSS V-ATPase c to the same
epithelial layer. This subunit should, therefore, be an ideal target for mimetic inactivation.
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ABSTRACT
Using glassy-winged sharpshooter (GWSS) egg-specific monoclonal antibody (MAb) and GWSS-specific genetic markers
that we previously developed and optimized, the guts of field-collected predators were screened for the presence of GWSS
remains.  We have examined the guts of over 700 generalist predators and our analyses revealed that frequent predators of the
GWSS include spiders, assassin bugs, lacewings and praying mantis.

INTRODUCTION
Effective control of GWSS will require an area-wide integrated pest management approach (AW-IPM).  A major component
of Area-wide-Integrated Pest Management is the exploitation of the pest’s natural enemies, which, when utilized to their
greatest potential, can increase the effectiveness of other control tactics.  Very little information exists on GWSS’s
predaceous natural enemies.  Identifying the impact of predators can be challenging as they are usually small, elusive,
nocturnal or cryptic.  Direct visual field observations of predation are rare and often difficult to obtain.  While predation
studies using enclosures can provide some indication of predator impact, it fails to recreate natural conditions and can result
in an overestimation of predation.  A more valid method to qualitatively identify predators of key pests in nature is by the
molecular analysis of predator gut contents for pest remains (reviewed in Sheppard and Harwood 2005).  The state-of-the-art
predator stomach content analyses include both MAb-based enzyme-linked immunosorbant assays (ELISA), which detect
prey-specific proteins (Hagler et al. 1994ab, Schenk and Bacher 2004), and polymerase chain reaction (PCR)-based assays,
which detect prey-specific DNA (Zaidi et al. 1999, Agustí et al. 2003).  While DNA-based approaches reveal the prey
identity at the species-level, they are unable to indicate which prey life stage is consumed.  In contrast, pest-specific and life
stage-specific MAbs can target a particular life stage of a given species, providing a higher level of precision to document
predation (Hagler and Naranjo 1996).  Combining both assays can provide a powerful tool to study predation on the GWSS.

To this end, genetic markers were designed using the cytochrome oxidase gene subunit I (COI) to detect and amplify a
GWSS-specific fragment (de León et al. 2004, de León et al. submitted), and a GWSS-egg specific MAb was developed to
detect GWSS egg-specific protein (Hagler et al. 2002, Fournier et al. 2004, Fournier et al. submitted).

OBJECTIVE
The main objective of this research is to identify the key predators of the different life stages of GWSS.  More specifically,
our aim is to determine the proportion of predators feeding on the various GWSS life stages in nature.  Using GWSS-specific
ELISA and PCR assays, we examined the guts of several hundred field-collected generalist predators.  Results obtained from
this research will aid in evaluating the efficacy of generalist predators for a conservation or an inundative biological control
program.

RESULTS
From 2002 to 2004, generalist arthropod predators were collected from various species of shrubs and ornamental trees
located in 20 sites in urban areas of Bakersfield, California.  For each group of predators, lab trials were conducted to
generate negative controls (i.e. individuals with no GWSS remains in their guts) and positive controls (i.e. individuals fed
GWSS).  Frozen specimens were shipped to USDA-ARS, Phoenix and screened by a GWSS egg-specific ELISA and a
GWSS-specific PCR assay.  All individuals were first homogenized in phosphate buffered saline and then aliquoted into two
Eppendorf tubes in order to perform the two different assays (ELISA and PCR). For PCR assays, DNA was extracted using
DNeasy tissue kit (Qiagen, protocol for insects).  DNA samples were then subjected to the primer set HcCOI (forward 5’-
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GGGCCGTAAATTTTACC-3’ and reverse 5’-ACCACCTGAGGGGTCAAAA-3’; GenBank accession number AY959334)
which amplifies a 197-bp GWSS fragment (de León et al. submitted).  A sandwich ELISA was conducted on each predator
using the modified protocol described by Hagler (1998).  Predators were scored positive for prey remains if they yielded an
ELISA response five standard deviations above that of their respective negative control mean (Sutula et al., 1986).

Table 1 reports the results of both PCR and ELISA tests for a sub-sample of field-collected predator specimens (N=795).  We
found that: 1) spiders, true bugs and praying mantis are common predators of motile GWSS life stages, and 2) lacewing is a
common predator of the egg stage.  Figure 1 shows the PCR results for the assassin bugs (Zelus renardii Kolenati) assayed.
The analysis revealed that 2 of the 27 individuals contained sharpshooter DNA in their guts.  Figure 2 shows the ELISA
results for the field-collected lacewings (Chrysoperla carnea Stephens) assayed.  The ELISA revealed that 8 of the 98
individuals tested contained sharpshooter egg antigen in their guts.  The relatively high frequency of positive ELISA
reactions suggests that lacewing may be a potential biological control candidate for GWSS eggs.  Further ELISA and PCR
assays are underway testing thousands of predators representing many additional species (e.g. beetles, ants, earwigs, other
groups of spiders, etc), as well as specimens collected from different GWSS-infested crops (e.g., citrus).

Table 1. Results from predator gut content analyses using GWSS-specific PCR and ELISA.  Predators were collected from
GWSS-infested trees in Bakersfield CA.

Predator Group N PCR positive a (%) ELISA positive b (%)
Arachnids (Spiders) 588 40 (7%) 66 (11%)
Hemipterans (True bugs) 61 13 (21%) 8 (12%)
Lacewings 98 8 (8%) 8 (8%)
Praying mantis 48 5 (10%) 2 (4%)
Total 795 66 (8%) 84 (10.5%)

a an individual was determined “positive” if GWSS-specific fragment was successfully amplified from its gut.
b an individual was determined “positive” if GWSS egg-specific MAb detected egg protein in its gut.

1  2                                   10

5                         11 12 13 14

Figure 1. This gel presents the results of a PCR assay
designed to detect GWSS remains in the gut of field-
collected assassin bugs (N=27) using a GWSS-specific
COI primer.  The gel shows that GWSS DNA fragment
(197 bp) was amplified from the following samples:
positive control #1 (GWSS; the 1st sample of the upper
gel), positive control #2 (Z. renardii that ate GWSS; the
2nd sample of the upper gel); two field-collected
specimens (10th and 5th sample of the upper and lower
gel, respectively).  No amplification occurred for any of
the negative controls (individuals that did not consume
any GWSS: the 11th and 12th sample of the lower gel; and
controls in which DNA extract was replaced by water:
the 13th and 14th sample of the lower gel).  Beyond the
14th sample, the lower gel reports results for a different
species of predator.



Figure 2. These ELISA plates
present the results of an
immunoassay designed to detect
GWSS remains in the gut of field-
collected lacewings (N=98) using a
GWSS egg-specific MAb.  Each
plate included 1 positive control
(=GWSS egg located in the lower
left corner of each plate) and 24
negative controls (=C. carnea
individuals that did not consume any
GWSS egg located in columns 2, 3,
and 4 of each plate).  Blue coloration
indicates that GWSS egg protein was
detected in the sample (=positive
reaction). The immunoassay revealed
that 8 of the field-collected
individuals examined here contained
GWSS egg antigen in their gut.  No
positive reactions were recorded for
the negative controls.

CONCLUSIONS
There has been increasing awareness over the past decade of the importance of generalist predators for biological control of
insect pests (reviewed in Symondson et al. 2002) and predator gut content analyses offer a unique means for studying trophic
interactions between predators and prey.  Here we successfully implemented a GWSS-specific ELISA and PCR assay to
analyze the guts of field-collected predators.  Once the key predators of the various life stages of GWSS are identified, this
information can be used to develop more ecologically-based management programs to control GWSS in California.
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ABSTRACT
A new initiative to study the ecology of GWSS in its native non-crop habitat is underway.  Several sites in southeastern
Texas have been selected each with stands of native Vitis spp.  Monthly trapping will be used to determine the phenology of
GWSS and other proconine sharpshooters.  Several methods including hand collection, egg and nymphal sentinels, sweeping,
and baits will be used to assess the diversity of natural enemies at each location.  Since previous biological control efforts
have focused on egg parasitoids of GWSS, these exploration efforts will be emphasize discovery of nymphal parasitoids.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), Homalodisca coagulata is native to Northeastern Mexico and the Southeastern
U.S., and the origin of the invasive California populations is reported by de León et al. (2004) to be Texas.  Most of the
entomological and epidemiological information regarding this pest are derived from its status as a vector of Pierce’s Disease,
Xyllela fastidosa in cultivated hosts.  Much less is known about the field ecology and phenology of GWSS and its natural
enemies in its native habitat in the Southeastern U.S.   Recent surveys in the native range and research on biological control
agents has focused on egg parasitoids of GWSS (Mizzell and Andersen 2003, Hoddle and Tripitsyn 2004, Luck et al. 2004,
Irwin and Hoddle 2005, Jones et al. unpublished data). Gonatocerus spp. egg parasitoids have been collected from the native
range of Texas, Florida and Northeastern Mexico, released in California where several species are now established (CDFA
2004). Nymphal parasitoids of H. coagulata are thought to exist, but have not been documented from the native range.

Based on what we know about other leafhopper species, H. coagulata should have a suite of nymphal parasitoids including
chalcid wasps in the family Hymenoptera: Dryinidae, the big-headed flies, Diptera: Pipunculidae, and possibly the twisted-
winged wasps, Strepsiptera.  For the apple leafhopper, Edwardsiana froggatti (Homoptera, Cicadellidae), Clausen (1978)
reported that this pest was attacked by the nymphal-adult parasitoid, Apheloopus typholcybae (Dryinidae) and that they often
attained high rates of parasitism in North America. Jervis (1980) described the life history of an Aphelopus species
(Dryinidae) and Chalarus species (Pipinculidae), primary parasites of typhlocybine leafhoppers in mixed oak woodlands of
Wales. Gandolfo and Richman (1996) found several species dryinid and strepsipteran nymphal parasitoids of leafhoppers
feeding on invasive broom snake weed in the rangelands of New Mexico.  Moya-Rayagoza et al. (2004) found three nymphal
parasitoids (Dryinidae, Pipunculidae, and Strepsiptera) of the corn leaf hopper, Dalbulus maidis in cultivated corn in Mexico
and noted increased levels of parasitism at higher, cooler altitudes. The pipunculid parasitoid had the broadest geographic and
temporal distribution.  Skevington and Marshall (1997) review the natural history and rearing of Pipinculidae.  They indicate
that many pipunculids are oligophagous and show specificity at the genus level.  They also document of the first pipunculid-
host association for a Cicadellinae leaf hopper, Cuerna striata in the Nearctic region.  This is significant because Cuerna is in
the same tribe Proconini, with Homalodisca. In summary, nymphal parasitoids in the groups Pipunculidae, Dryinidae, and
Strepsiptera are the most common parasitoids of leafhoppers and in some cases they are known to cause high levels of
parasitism in both natural and agricultural settings.

Our studies are aimed at finding nymphal parasitoids of GWSS in native range that can be used as biological control agents
in California.  Parasitoids in the families Dryinidae and Pipunculidae may be the most suitable candidates if they have a
sufficiently narrow host range to warrant release in California.  In addition, the nymphal parasitoids must be able to cope with
the lack of immature hosts during the winter when only adults are available.  Many species of Pipunculidae are known to
over winter as pupae which may make them pre-adapted to California agroecosystem.

OBJECTIVES
1. Establish field sites in the native range of GWSS for intensive monthly surveys and evaluation of natural enemies, in

particular nymphal parasitoids.
2. Determine the phenology of GWSS.
3. Determine the species composition of GWSS natural enemies in their native habitat.
4. Develop methods for collection of parasitized GWSS nymphs and adult parasitoids.
5. Investigate the biology and biological control potential of GWSS nymphal parasitoid species.



RESULTS
Fifteen field sites have been established in southeastern Texas (Figure 1).  The sites are located in eight different
biogeographic zones.  The transect starts at the southern tip of Texas in the Lower Rio Grande Valley in Weslaco, extending
northwest to the Texas Hill Country near New Braunfels, northeast to the Piney Woods near Houston and south along the
coastal plain.  Each site has natural stands of native Vitis spp.  Four to five yellow sticky cards were placed monthly at each
location starting in June 2005.

Intensive survey locations
Figure 1. Biogeographic zones and survey sites in southeastern Texas.

Map compiled by Texas Parks and Wildlife, GIS Division
http://www.tpwd.state.tx.us/landwater/land/maps/gis/map_downloads/

During the surveys five Vitis species have found in southeastern Texas, but V. mustangensis was the most common one found
in all the sites except one (Table 1). Vitis rotundifolia and V. cinerea were restricted in their distribution, and were only
present in the pine forests of east Texas.

Table 1. Presence of major sharpshooters on various Vitis species collected in southeastern Texas
Host plant Presence per site H. coagulata H. insolita O. nigricans O. orbona
V. aestivalis 3/15 × ×
V. berlandieri 3/15 × ×
V. cineriae 1/15 ×
V. mustangensis 14/15 × × ×
V. rotundifolia 2/15 × × ×

Data from the first three collections indicate the presence of four major sharpshooter species; GWSS being the most abundant
and widely distributed throughout the survey area.  In trap catches, GWSS represented approximately 74% of the
sharpshooters. Oncometopia nigricans and O. orbona constituted 19% and 6% respectively, of the sharpshooter populations
but their distribution were restricted to 2 to 4 sites, where they were the most common species. Homolodisca insolita was the
least abundant in yellow sticky cards with approximately 1% of sharpshooter populations and only present at two sites.
Other sharpshooter species i.e., Graphocephala atropunctata, G. coccinea, Ferrariana trivittata and Draeculacephala sp.
were found in few occasions, but their numbers represented less than 0.1% of all sharpshooters trapped.

Yellow sticky cards were efficient in trapping adult sharpshooters.  For each of the 4 major species, the proportion of adults
collected was > 90% of the total population suggesting that either yellow traps attracted more adults and/or nymphs are less

- 319 -



- 320 -

frequent on Vitis plants compared to adults.  In fact, adults sharpshooters are known to be highly polyphagous while nymphs
are relative immobile and restricted to a narrower host range (Turner & Pollard 1959).  The sex ratio of adults trapped was
also male biased.

GWSS was collected from all Vitis species but V. mustangensis was the most common host from which adult GWSS and O.
nigricans were captured.  Direct observations and hand collections revealed that nymphs were less frequent on Vitis spp,
corroborating trap catches data.  Most adult sharpshooters were found in pairs (>95%) aggregated on young growing vines.

Out of >500 nymphs collected no parasitoids have been collected, but two specimens of Pipunculidae were recovered from
yellow sticky cards at one of the survey sites.  Studies are underway to collect and dissect more nymphs as well deploy
sentinel nymphs for intensive studies at specific sites.

CONCLUSIONS
GWSS adults are common in their natural habitat on native Vitis spp.  Because of the low relative abundance of nymphs on
native Vitis, surveys will be expanded to find host plants which are preferred by GWSS nymphs.  Intensive surveys on host
plants that harbor higher densities of GWSS nymphs will be conducted.  This should maximize the likelihood that the full
complement of nymphal parasitoids will be discovered. The recovery of two pipunculid specimens from habitats where
GWSS is common suggests that further efforts to recover this parasitoid are warranted.  Plans are to continue the surveys and
exploration for new natural enemies for the next two years until June of 2007.
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ABSTRACT
We just completed the first year of a multi-year research project dedicated to quantifying predation rates on GWSS nymphs
and adults and qualifying predation on eggs.  There are enough protein/antibody complexes commercially available that each
GWSS in a field cage can be marked with a specific protein.  We marked two GWSS adults and two GWSS nymphs, each
separately with a unique protein and released them into small field cages (N=60) placed in a citrus orchard for 8 hours.  Each
cage also contained a sentinel GWSS egg mass and an assemblage of six potential GWSS predators.  The experiment
contained a day and night treatment.  Observed mortality for each GWSS life stage and predator species was determined by
simply counting the number of survivors remaining in each cage after 8 hours.  Results showed that GWSS adults were
preyed upon three times more frequently than nymphs and mostly during the day light cycle.  Ultimately, the gut contents of
each predator will be analyzed by four protein-specific ELISAs to determine how many GWSS each individual predator
consumed (note: we are currently conducting these assays).  Additionally, the gut contents of each predator will be examined
by a GWSS egg-specific sandwich ELISA to determine the frequency of predation on GWSS eggs.

INTRODUCTION
Very little information exists on predaceous natural enemies of GWSS because identifying the feeding choices and amount of
prey consumed by generalist predators is very difficult.  Predators and GWSS are small, elusive, cryptic, and the predators
may feed exclusively at night (Pfannenstiel & Yeargan, 2002). Moreover, predators do not leave evidence of attack.  Perhaps
the most frequently used experimental approach for evaluating natural enemies in the field are through studies conducted in
field cages (Luck et al., 1988).  Such studies require manipulation of either the natural enemy or the targeted prey
population(s) within the cage (e.g., the removal or introduction of the organism of interest).  Mortality of the pest can be
estimated based on the presence or absence of the pest (Luck et al., 1988).  Such studies have documented the qualitative
impact of manipulated predator assemblages on many types of pests, but they do not provide quantitative information on
predation rates or evidence of which predator in the assemblage is exerting the greatest biological control.  Often the only
direct evidence of arthropod predation can be found in the stomach contents of predators.  Currently, the state-of-the-art
predator stomach content assays include enzyme-linked immunosorbent assays (ELISA) for the detection of pest-specific
proteins (Hagler, 1998) and PCR assays for the detection of pest-specific DNA (Symondson, 2002).

ELISAs have been widely used to identify key predators of certain pests, including GWSS (Hagler et al., 1992; Hagler &
Naranjo, 1994; Fournier et al., submitted).  The simplicity and low cost of conducting an ELISA lends itself to the efficient
screening of hundreds of field-collected predators per day. However, polyclonal antibody-based ELISAs often lack species
specificity and monoclonal antibody (MAb)-based ELISAs are too technically difficult, costly, and time consuming to
develop for wide scale appeal (Greenstone, 1996).  Moreover, pest-specific ELISAs share the same limitation as the other
predator evaluation methods; the quantification of predation rates is impossible (see Hagler & Naranjo, 1996 for a review).
PCR assays using pest-specific DNA probes might be less expensive to develop (Greenstone & Shufran, 2003), but PCR
assays are also not quantifiable and they are more costly, technical, tedious, and time consuming to conduct than ELISAs (de
Leon et al., In Press).

The many shortcomings of each method of predator assessment described above were the impetus for us to develop a
technique to quantify predator activity.  The technique combines our previous research using pest-specific MAb-based
ELISAs to detect predation (Hagler et al., 2003) with protein marking ELISAs we developed to study arthropod dispersal
(Hagler & Jackson, 1998).  Previously, we described a technique for marking individual GWSS, each with a unique protein
(Hagler et al., 2004).  In turn, the gut contents of predators were examined by a multitude of protein-specific ELISAs to
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determine how many GWSS were consumed and which predator species consumed them.  The advantages of
immunomarking prey over prey-specific ELISAs are: (1) prey-specific antibodies (or PCR probes) do not need to be
developed, (2) the protein-specific sandwich ELISAs are more sensitive than the indirect prey-specific ELISAs, (3) a wide
variety of highly specific protein/antibody complexes are available, (4) the specificity of each antibody to its target protein
facilitates the labeling of many individual pests and examination of the gut contents of every predator in the assemblage by a
myriad of protein-specific ELISAs, and (5) all of the proteins and their complimentary antibodies are commercially available
at an affordable price.

OBJECTIVES
1. Quantify predation on GWSS nymphs and adults.
2. Qualify predation on GWSS eggs.
3. Determine the circadian feeding activity of the predators.

Results obtained from this research will enhance our basic understanding of predator-prey interactions and aid in evaluating
the efficacy of generalist predators for a conservation or an inundative biological control program.

RESULTS
We improved the detection capability of a MAb-based ELISA developed to detect GWSS egg protein in the guts of predators
(Hagler et al., 2003; Fournier et al., submitted).  Preliminary feeding studies revealed that the conventional indirect ELISA
was not very effective at detecting GWSS egg remains in predator guts.  To this end, we developed a more sensitive
sandwich ELISA (e.g., we conjugated our GWSS-specific MAb to horseradish peroxidase).  A comparative study of the
efficacy of both ELISA formats was conducted on the green lacewing, Chrysoperla carnea. Feeding trials were conducted to
determine how long GWSS egg antigen can be detected by ELISA in a predator's gut after consumption, and if consumption
of alternative prey items affects the sensitivity of the ELISA for detecting GWSS.  The predator tested was third-instar C.
carnea. Chrysoperla carnea was selected for this study because it:  (1) is commonly found in California, (2) is a voracious
predator, and (3) has been directly (e.g., direct focal observation) (Kent Daane, pers. obs.) and indirectly (e.g., by gut content
ELISA) observed feeding on GWSS eggs in the wild (Fournier et al., submitted).

The sandwich ELISA was much better at detecting GWSS egg remains in lacewing guts, particularly for those individuals
that were provided with supplemental prey after consuming GWSS eggs (Figure 1).  Specifically, the sandwich ELISA
format consistently yielded higher ELISA reactions and a higher percentage of positive responses for GWSS remains in
lacewing guts.  Moreover, the sandwich ELISA had a much longer prey detection interval than the indirect ELISA (Figure 1).
We are now confident that we can readily detect GWSS egg remains in field collected predators for at least 8 hours (e.g., the
length of time that the predators were in the field cages) after feeding.
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Figure 1.  ELISA results testing for the presence
of GWSS egg antigen in the gut of C. carnea
using an indirect and sandwich ELISA format.
Following the consumption of 3 GWSS eggs, C.
carnea were held for 0 to 30 hours in Petri dishes
that did not contain additional prey (indirect and
sandwich ELISA format) or in Petri dishes that
contained an unlimited supply of pink bollworm
eggs (sandwich ELISA format only).  The
numbers above the error bars are the percentage
of individual positive GWSS egg remains.

During the summer of 2005, multi-faceted field cage studies were conducted to quantify predation on GWSS nymphs and
adults and qualify predation on GWSS eggs.  Additionally, the degree of interguild (e.g., predation on GWSS) and intraguild
predation (e.g., predation on the predators inhabiting the assemblage) occurring in the assemblage was assessed during day
and night light cycles by simply conducting a visual count of the number of dead insects in each cage after 8 h.  The field
cages contained an arthropod assemblage consisting of six species of predaceous insects (Figure 2) and the various life stages
of GWSS.  The GWSS introduced into each cage included a sentinel egg mass; two 2nd or 3rd instar nymphs marked with
rabbit IgG or chicken egg white, respectively; and two adults marked with soy milk or nonfat dry milk, respectively.  The
visual insect counts revealed that approximately 28% and 9% of the GWSS adults and nymphs were preyed upon,
respectively.  Moreover, 2.5% (big-eyed bug, Geocoris punctipes) to 17.5% (lady beetle, Hippodamia convergens) of the
generalist predators introduced into the cages were also preyed upon (Figure 2).  With the exception of H. convergens,
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predation was more common during the day light cycle than the night light cycle.  In the near future (this fall), we will
determine which predators in the assemblage fed on the various life stages of GWSS.  Specifically, we will conduct five
highly specific post mortem gut content ELISAs on each individual predator.  Egg predation events will be detected using an
established GWSS egg-specific ELISA (Hagler et al., 2003; Fournier et al., submitted) nymph predation events will be
detected using rabbit IgG and chicken IgG specific ELISAs (Hagler, 1997), and adult predation events will be detected using
soy and nonfat dry milk specific ELISAs (Jones et al., submitted).

CONCLUSIONS
Although it is widely accepted that predators play a role in pest regulation, we still have an inadequate understanding of, and
ability to predict their impact in cropping systems.  Frequently parasitoids are given major credit for suppressing pest
populations; however, the impact that predators have on suppressing GWSS populations goes unrealized due to the
difficulties of assessing arthropod predation as discussed above.  The prey marking technique described here circumvents
many of the shortcomings of the current methods used to study predation. Over the next two years we will analyze the gut
contents of thousands of predators using five separate ELISAs to qualify and quantify predation events on GWSS eggs,
nymphs and adults.  Ultimately, this information can be used to improve the efficacy of conservation and inundative
biological control of GWSS.
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Figure 2. Percent mortality of GWSS
nymphs and adults inhabiting the field
cages (e.g., interguild predation) (Top
graph).  Percent mortality of the predator
assemblage inhabiting the field cages (e.g.,
intraguild predation) (Bottom graph).
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ABSTRACT
The studies outlined below represent two years of a three year project.  We have determined the oviposition preferences of
Graphocephala atropunctata (Signoret) (Hemiptera: Cicadellidae), blue-green sharpshooter, (BGSS) on wild grape, have
documented its associated egg parasitoids, and provide data on host specificity of Gonatocerus ashmeadi, a parasitoid being
used as part of the classical biological control program against glassy-winged sharpshooter (GWSS), Homalodisca coagulata
Say (Hemiptera: Cicadellidae) on the target’s congener, the native Homalodisca liturata Ball, smoketree sharpshooter
(STSS), as well as the BGSS.  To determine the oviposition of female BGSS, a survey was conducted on southern California
wild grape, Vitis girdiana Munson (Vitaceae) growing near Temecula, CA in August 2003 and 2004 where populations of
BGSS were known to occur.  Female BGSS oviposited into new growth, primarily the succulent tendrils and stems.  Two
parasitoids, Gonatocerus latipennis Girault and a Polynema sp. (Hymenoptera: Mymaridae) were reared from BGSS eggs.
Deployment of sentinel plants and reciprocal tests were implemented to further confirm the parasitization of BGSS eggs by
these parasitoids.  Collectively the Polynema sp. and Gonatocerus latipennis constitute the first documented natural enemies
of BGSS eggs.  Additional studies, commencing in January 2004, of the activity of BGSS and its parasitoids in southern
California is currently underway.  Blue-green sharpshooter adult activity reached its peak in July while bi-weekly samples of
wild grape canes and tendrils revealed peak emergence of BGSS nymphs and parasitoids occurred from mid-July to mid-
August.  These peaks were found to be significantly correlated.  Choice and no-choice tests of Gonatocerus ashmeadi Girault
and G. fasciatus, (Hymenoptera: Mymaridae) parasitoids of GWSS with the native smoketree sharpshooter (STSS), and
BGSS eggs as part of a retrospective non-target impact assessment have yielded interesting results.  Parasitism of STSS eggs
by G. ashmeadi and G. fasciatus does not appear to be significantly different when compared to the GWSS control in no-
choice experiments.  Additionally, it appears G. ashmeadi exercises no preference of host eggs for parasitization when
presented with a choice of STSS and GWSS simultaneously.

INTRODUCTION
Examining possible non-target effects of biological control agents is becoming a more common requirement for many
biological control programs targeting arthropod pests.  Currently, for classical biological control of weeds, the Wapshere
centrifugal method provides an excellent means for eliminating possible natural enemies that could cause harm to non-target
plants.  However, a rigorous, reliable, and broadly applicable testing standard for arthropod biological control is currently
lacking.  No-choice and choice testing strategies are a common way to test for possible non-target effects of new biological
control organisms.  However, these lab studies are often carried out in small testing arenas where the study organism is
forced onto the host which may be adequate for determining physiological host range but may seriously overestimate its
ecological host range in nature.  Our research involves the use of rigorous testing strategies utilizing standard Petri dish test
arenas, coupled with larger-scale entire plant test arenas in no-choice and choice comparisons.  As retrospective studies in
ongoing biological control programs can yield valuable information on non-target impacts, we chose the GWSS classical
biological control program in California as a model for our non-target studies.  We are examining the possible non-target
impacts of the self-introduced G. ashmeadi and the recently introduced G. fasciatus Girault, egg-parasitoids of GWSS, and
three sharpshooters native to California, U.S.A.: (1) STSS (2) BGSS; and (3) green sharpshooter (GSS), Draeculocephala
minerva Ball (Hemiptera: Cicadellidae).  Our experiments with small-scale Petri dish studies and larger-scale full plant
studies are supplemented with sentinel plants and habitat surveys to determine the invasiveness of GWSS parasitoids.

OBJECTIVES
1. Classify the native egg-parasitoid fauna in California associated with sharpshooters native to California, primarily the

smoketree sharpshooter (STSS): Homalodisca liturata Ball (Hemiptera: Clypeorrhyncha: Cicadellidae: Cicadellinae:
Proconiini), blue-green sharpshooter (BGSS): Graphocephala atropunctata (Signoret), and green sharpshooter (GSS):
Draeculocephala minerva Ball (the latter three, all Hemiptera: Clypeorrhyncha: Cicadellidae: Cicadellinae: Cicadellini).

2. Assess the possible non-target impacts of Gonatocerus ashmeadi and G. fasciatus, parasitoids being used for the
classical biological control of GWSS, on the above mentioned native sharpshooters.
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RESULTS
Oviposition Survey
Please see Hoddle (2004) for a detailed overview of BGSS parasitoids and oviposition on V. girdiana.  Ten entire grape canes
were sampled on 14 August 2003.  These canes were cut into thirds (apical, middle and basal), then placed into 10 cm of
water in a Mason jar which left approximately 25 cm of cane exposed for emergence of nymphs and parasitoids.  Canes and
mason jars were then placed into three separate cages, according to their stem position.  Cane sections were examined daily
for emergence.  In total, two BGSS nymphs and 16 Polynema sp. emerged from the canes.  As there were so few insects
emerged from these cane sections, the stems, leaves, petioles and tendrils were examined under the microscope for recent
emergence holes by BGSS nymph and associated parasitoids.  A total of 65 emergence holes were counted.  The majority of
emergence holes were on the apical stems (n = 37) and on tendrils (n = 6, 13, 7, for apical, middle and basal portions,
respectively) occurring along the length of the entire canes.  Only two emergence holes were counted from leaf petioles and
none were counted from middle and basal stems and leaves.  This survey was repeated in 2004.  A total of two BGSS
nymphs and 52 Polynema sp. emerged from the 16 full canes sampled on 6 August 2004.  A total of 95 emergence holes
were counted.  The majority of emergence holes were on the apical stems and on tendrils occurring along the length of the
canes.  Fifteen emergence holes were counted from leaf petioles (not shown) and only one was counted from a leaf midrib
from a middle 45cm cane section.  The cumulative results of this survey are presented in Figure 1.  Cane sections of the same
substrate type with the same letter are not significantly different (p>0.05).  Substrate type within the same cane section with
the same letter are not significantly different (p>0.05).  Statistical analysis was carried out by use of Kruskal-Wallis one-way
ANOVA (Proc nonpar1way, SAS Institute 1999) for on average ranks for cane sections and substrate types.
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Figure 1. BGSS oviposition inferred from average nymph and Polynema sp. emergence per centimeter of  grape cane.

Sentinel Plant Study
To confirm the host association of the emerged parasitoids with the BGSS, sentinel plants were exposed to BGSS lab
colonies for 3 days to allow for oviposition.  Plants were removed from the colonies and transported to the oviposition survey
site to allow for parasitization of BGSS eggs by native parasitoids.  After three days, the deployed plants were brought back
from the field, cleaned of any insects and placed into separate cages.  Plants were observed daily for any emerging insects.  A
combined total of 197 BGSS and Polynema sp. emerged from the five sentinel plants in 2003.  Of these, 55 were BGSS
nymphs and 142 were Polynema sp. (54 males, 88 females).  Parasitism rates of BGSS eggs by Polynema sp. ranged from
33% on Chrysanthemum to 78% and 86% on wild grape and basil, respectively.  A total of 23 BGSS and Polynema sp.
emerged from the six sentinel plants in 2004.  Of these, five were BGSS nymphs and 18 were Polynema sp. (2 males, 16
females).  Parasitism rates of BGSS eggs by Polynema sp. ranged from 50% to 100%.

Reciprocal Tests
To confirm association of the correct parasitoid species with BGSS, sentinel plants bearing BGSS eggs were deployed at
field sites and returned to the lab where parasitoids were reared out.  Parasitoids that emerged from 2004 sentinel plant
studies were captured into small vials and released into cages containing a basil plant with <48 hr old BGSS eggs and
allowed 48 hrs to parasitize the eggs.  Parasitism was confirmed by emergence of 11 male Polynema sp.  No G. latipennis
emerged from the sentinel plants, and thus no reciprocal tests were conducted on the BGSS with this parasitoid.  Separate
emerged Polynema sp. exposed to GWSS and STSS eggs on citrus and Chrysanthemum leaves in Petri dishes yielded no
parasitism by this native parasitoid.
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BGSS and Parasitoid Activity
A total of 12 yellow sticky card traps (11 x 15 cm), were placed at the 2003 oviposition survey site to monitor BGSS adult
and parasitoid flight activity.  Traps were set up on 9 January 2004 and collected at bi-weekly intervals.  Peak trap catch of
BGSS adults occurred over the two week period of 11 June to 25 June 2004.  Additionally, as soon as wild grape had
sprouted and was available for collection, starting on 16 April 2004, twelve 30 cm cane sections were collected at bi-weekly
sampling intervals.  Tendrils were cut from the cane and placed into individual Petri dishes while stems were placed into dual
50 dram vials (25 cm of cane above water to allow for emergence).  Plant material was checked daily for emergences of
nymphs and parasitoids.  Peak emergence of BGSS nymphs and parasitoids was spread over a four week period from 24 July
to 20 August 2004.  Emergence data from 14 May 2004 to 29 October 2004 was highly correlated to trap catch data from 16
April 2004 to 1 October 2004 (Pearson Correlation Coeff. = 0.92, p < 0.0001, Proc corr, SAS Institute, 1999).  For those time
periods trap data explains 84% of variation in emergence data and vice versa.  Data compilation for 2005 is still in progress
however some of the results are shown below in Figure 2.
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Figure 2. Flight activity and phenology of BGSS and Polynema sp.

Host specificity testing
Choice and no-choice tests were conducted with G. ashmeadi and G. fasciatus on BGSS and STSS eggs using GWSS eggs as
a control.  Tests were conducted on two scales, micro (= Petri dish, 100 x 15 mm) and macro (= full plant, approximately 30
cm height), using single, one day old, mated, honey water-fed G. ashmeadi or G. fasciatus.  BGSS eggs were not tested at the
micro scale nor were they tested in a choice arena.  Each test was conducted utilizing two different host plants.  For STSS,
Eureka Lemon and Jojoba were used, while sweet basil and wild grape (V. girdiana) were utilized for the BGSS.  In Petri
dish choice tests, the parasitoid was exposed to approximately 20 of each STSS and GWSS eggs simultaneously.  Full plant
choice tests included approximately 40 of each STSS and GWSS eggs presented simultaneously to the parasitoid on one type
of host plant at a time.  For no-choice testing each parasitoid was supplied approximately 40 target eggs.  All target eggs were
less than 48 hours of age.  In all tests the parasitoid was provided honey water as a food source and allowed 24 hr to
parasitize the eggs before removal from the testing arena. Percent parasitism of egg masses ranged from 0-100% for both
STSS and GWSS.  Many replicates are still in progress; however, preliminary results of completed tests are shown below for
G. ashmeadi (Figure 3).  Parasitism of STSS eggs by G. ashmeadi and G. fasciatus does not appear to be statistically
different as compared to the GWSS control in no-choice experiments.  Additionally, it appears G. ashmeadi exercises no
preference of host eggs for parasitization when presented with a choice of STSS and GWSS simultaneously.  No parasitism
of BGSS eggs by G. ashmeadi or G. fasciatus was observed for either the sweet basil or wild grape host plants.
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Figure 3. Percent parasitism of STSS and GWSS eggs by G. ashmeadi in choice and no-choice studies.

CONCLUSIONS
While results for laboratory choice and no-choice tests with G. ashmeadi and G. fasciatus are still being tabulated for STSS
and BGSS, preliminary data shows neither parasitoid will parasitize BGSS eggs, but will parasitize STSS eggs.  In fact, STSS
egg masses appear to be attacked as readily as the GWSS control in no-choice tests at both Petri and whole plant scales and
with no preference for either host eggs in choice tests at both scales.  Given the substantial availability of GWSS eggs, these
parasitoids may impact the native Ufens spp. (Hymenoptera: Trichogrammatidae) parasitoid complex if large numbers of G.
ashmeadi spill out of GWSS infested areas and attack STSS eggs, the preferred host for Ufens spp.  Furthermore, G.
ashmeadi emerging from STSS eggs are smaller and less fecund than those developing from GWSS eggs (N. Irvin
unpublished data – but see this report).  We would speculate these ‘runts’ may have an overall reduced fitness, and that STSS
eggs may ultimately be a dead-end host for G. ashmeadi, especially if no selection of evolutionary significance occurs for use
of STSS eggs.  However, if these parasitoids were to establish in large numbers in the xeric habitats where STSS is most
abundant, and if these larval parasitoids are able to out-compete larval Ufens spp., then we might expect a drastic impact on
the natural enemy fauna of STSS in desert regions.  For example, the establishment of these exotic parasitoids in the fragile
ecosystems of the desert oases at Joshua Tree National Park, where the STSS and Ufens spp. coexist in a delicate balance,
could have significant impacts. Presently, we suspect that G. ashmeadi and most likely G. fasciatus are unlikely to
physiologically withstand the harsh environments of desert areas of eastern California, but the possibility and the
consequences of such an incursion, should it occur, are worth consideration.

Our research approach with GWSS parasitoids attempts to include not only the physiological, ecological, but also the
temporal and spatial elements in determining possible native sharpshooter (and associated native parasitoids) non-target
effects.  Via choice and no-choice testing at two scales, parasitoid behavioral studies in the field, non-target habitat
monitoring and natural enemy classification, and by determining oviposition, egg, and habitat characteristics of the possible
non-target species, we are obtaining important information for retroactively assessing the possible risk posed by these exotic
natural enemies of GWSS to native members of the receiving ecosystem.
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ABSTRACT
The relationship between female Gonatocerus ashmeadi size (hind tibia length) and <24 hr egg load was determined for
spring and summer G. ashmeadi generations in Riverside, CA.  Female size was positively correlated with egg load for both
spring and summer generations with egg load varying from 23-108 eggs per female in spring and 29-118 eggs per female in
summer.  The use of near infrared spectroscopy (NIRS) and a wing deterioration index to estimate parasitoid age was also
investigated and preliminary results demonstrated that both techniques may show potential for estimating the age of field
collected G. ashmeadi.

INRODUCTION
The self introduced G. ashmeadi (Vickerman et al. 2004) is the key natural enemy of glassy-winged sharpshooter,
Homalodisca coagulata, (GWSS) egg masses in California at present (Pilkington et al. 2005).  Over summer, parasitism
levels of GWSS egg masses and individual eggs in masses by G. ashmeadi approaches 100% but parasitism levels of the
spring generation of GWSS are substantially lower (Pilkington et al., 2005; Triapitsyn and Phillips 2000).  Naturally
occurring populations of G. ashmeadi in California have been augmented with mass reared individuals from populations
found in the southeastern United States and northeastern Mexico which encompasses the home range of GWSS (CDFA
2003).

Substantial laboratory work with G. ashmeadi has been conducted in an attempt to understand and parameterize basic aspects
of this parasitoid’s reproductive biology, and host selection behaviors.  Irvin and Hoddle (2005a) have evaluated oviposition
preferences of G. ashmeadi when presented GWSS eggs of various ages.  Interspecific competition between G. ashmeadi
with G. triguttatus and G. fasciatus for GWSS egg masses of different ages has been assessed (Irvin and Hoddle 2005b,
2005c) along with factors influencing the sex ratio of offspring (N.A.I., unpublished data).  The effect of resource
provisioning and nutrient procurement on the longevity of G. ashmeadi has also been determined (N.A.I., unpublished data).
Furthermore, Hoddle and Pilkington (2004) have assessed laboratory-level fecundity rates of G. ashmeadi under different
constant temperature regimens.

The GWSS-Gonatocerus system has benefited from this intensive laboratory study to generate a basic understanding of
factors influencing host selection and parasitism success.  The next step that is now required is to test hypotheses generated
from lab studies in the field.  Field level assessments will help determine the most important aspect of the GWSS biological
control program: “How big an impact do individual female G. ashmeadi parasitoids have on GWSS population growth via
parasitization of eggs?” Addressing this question will allow us to form a much better understanding of the levels of control
we can expect from G. ashmeadi individually and collectively on GWSS population growth in the field during the spring and
summer generations.

OBJECTIVES
To measure real life time contributions of individual female G. ashmeadi to the parasitism of GWSS egg masses in citrus
orchards.  Before field assessments can be conducted, laboratory studies will be run to ascertain and verify the four critical
factors outlined below.  Answers to these four critical factors will allow us to develop a composite index that describes the
correlative relationship of these four factors that will predict parasitoid age and egg load in the field and to assess the
contribution of individual female parasitoids to GWSS suppression under field conditions.
a) Determine the relationship between adult female G. ashmeadi size as measured by right hind tibia length (HTL) and 24

hr egg load (mature + non-mature eggs) for spring and summer generations.
b) Ascertain the extent to which oosorption occurs, and the length of time without ovipositing that is required to initiate this

physiological response if it does occur.
c) Determine whether female parasitoids can mature eggs in excess of those they are born with.
d) Estimate parasitoid age using near infrared spectroscopy (NIRS) (Perez-Mendoza et al. 2002) and develop an alternative

measure for comparison by developing a wing deterioration index that estimates parasitoid “age” through visually
grading the severity of ‘wear and tear’ (i.e., numbers of broken setae) of setae on wings.
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RESULTS
During the reporting period described above, we have conducted hundreds of dissections of female G. ashmeadi emerging
from GWSS and smoketree sharpshooter (STSS) (Homalodisca liturata) eggs collected from the field to obtain different
sized adults and determine the relationship between HTL and <24 hr egg load for both spring and summer generations.  We
have also determined a wing wear index for laboratory aged G. ashmeadi and have compiled initial data on the estimation of
parasitoid age using NIRS.  Results reported here are preliminary as we are still working on more thorough statistical
analyses.  Research on oosportion and egg maturation rates for G. ashmeadi is ongoing.

Relationship between G. ashmeadi size and egg load
The <24 hr egg load of female G. ashmeadi emerging from GWSS and STSS eggs collected from the field was positively
correlated with mean HTL for both spring (R2= 0.36, n = 214; F = 121.50, df = 1, p < 0.0001) and summer generations (R2 =
0.49, n = 162; F = 155.00, df = 1, p < 0.0001) (Figures 1 and 2).  Egg load varied from 23-108 eggs per female in spring and
29-118 eggs per female in summer.  The summer generation (mean = 0.36 mm ± 0.00) contained on average significantly
smaller females than the spring generation (0.34 mm ± 0.00) (t = 5.82, df = 374, p < 0.0001), whereas, egg load was
statistically equivalent between seasons (spring mean = 62.3 ± 1.3; summer = 65.2 ± 1.5; t = -1.41, df = 374, p = 0.08).
Female G. ashmeadi emerging from GWSS eggs over spring and summer were on average 12% larger and contained 40%
more eggs than those emerging from STSS eggs (Table 1).  This can be attributable to the smaller size of STSS eggs in
comparison to GWSS eggs.

Table 1:  Mean hind tibia length (± SEM) and <24 hr egg load (± SEM) for female G. ashmeadi emerging from GWSS and
STSS eggs collected from the field.

GWSS STSS t df p
Hind tibia length (mm) 0.36 ± 0.00 0.33 ± 0.00 -12.23 375 < 0.0001
<24-hr egg load 69.2 ± 1.2 49.2 ± 1.0 -10.06 375 < 0.0001

y = -2E-05x2 + 0.0036x + 0.2267
R2 = 0.4443
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Figure 1. Relationship between hind tibia length (y) and the 24 hour egg complement (x) of female G. ashmeadi
emerging from GWSS and STSS eggs laid on citrus and jojoba in the field during spring (April-June, 2005).
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Figure 2. Relationship between hind tibia length (y) and the 24 hour egg complement (x) of female G. ashmeadi emerging
from GWSS and STSS eggs laid on citrus and jojoba in the field during summer (August 2005).

Age estimates of G. ashmeadi
Female parasitoids were aged in cages with citrus trees at 26oC and destructively sampled at set intervals. There was a strong
positive linear correlation between the mean number of broken setae (hairs) on the forewings of female G. ashmeadi and
parasitoid age (R2= 0.96; F = 107.27, df = 1, p < 0.001) (Fig. 3). This suggests that wing wear may be useful for predicting
the “age” of adult G. ashmeadi in the field. However, further research is underway to determine how laboratory results
correlate to field-aged G. ashmeadi since laboratory and field conditions vary significantly. The mean number of broken
setae per female G. ashmeadi aged in the laboratory ranged from 3.6 to 8.4, whereas, wing damage in the field may be more
severe. Field collected parasitoids are being analyzed now for wing wear. We anticipate being able to develop a
“physiological age” wing wear index using degree-day models developed for G. ashmeadi by Pilkington and Hoddle (see
report in this proceedings).
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Figure 3. The relationship between mean number of broken setae (hairs) on the forewings of female G. ashmeadi and
parasitoid age (error bars indicate ± SEM).

Preliminary analyses conducted with 15 female G. ashmeadi of each of the age categories 1, 4, 7, 10, 13 and 16 demonstrated
that NIRS may show potential as a predictor of parasitoid “age” (R2 = 0.99; F = 436.22, df = 1, p < 0.0001) (Fig. 4). An
analysis containing a further 50 parasitoids for each age category is currently underway to strengthen this relationship.

2y = -9E-06x + 0.0024x + 0.2296
R2 = 0.5087
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Figure 4. The relationship between mean age, as predicted by NIRS, and the actual age of female G. ashmeadi
reared in the laboratory at 26oC (error bars indicate ± SEM).

CONCLUSIONS
Female size was positively correlated with egg load for both spring and summer generations with egg load varying from 23-
108 eggs per female in spring and 29-118 eggs per female in summer.  The use of near infrared spectroscopy (NIRS) and a
wing deterioration index to estimate parasitoid age was also investigated and preliminary results showed that both techniques
may show potential for estimating the age of field collected G. ashmeadi.  Together with oosportion and maturation data,
these components will be used to develop a composite index that will predict parasitoid age and egg load in the field and help
determine how many eggs individual female G. ashmeadi parasitize in the field up to the time of death.  In 2006 we will be
collecting dead parasitoids from the field, aging them, assessing size, and estimating egg load at time of birth.  The egg load
at time of death (when oosorption and egg maturation are figured into the model) will allow us to estimate the average
number of GWSS eggs females parasitize before dying.  These estimates of realized field fecundity will allow us to form a
much better understanding of what levels of control individual G. ashmeadi in the field are achieving.
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ABSTRACT
The reproductive and developmental biology of Gonatocerus ashmeadi Girault, a parasitoid of the glassy-winged
sharpshooter Homalodisca coagulata (Say), was determined at five constant temperatures in the laboratory; 15; 20; 25; 30;
and 33°C.  At 30°C, G. ashmeadi maintained the highest successful parasitism rates with 46.1% of parasitoid larvae
surviving to adulthood.  Lifetime fecundity was greatest at 25°C.  Temperature had no effect on sex ratio of parasitoid
offspring.  Mean adult longevity was inversely related to temperature with a maximum of 20 days at 15°C to a minimum of
eight days at 33°C.  Developmental rates increased nonlinearly with increasing temperatures.  Developmental rate data was
fitted with the modified Logan model for oviposition to adult development times to determine lower developmental threshold
(1.1°C, and 7.16°C estimated by linear regression), optimal developmental temperature (30.5°C), and upper lethal
temperature threshold (37.6°C).  Linear regression of developmental rate for temperatures 15-30°C indicated that 222 degree-
days were required above a minimum threshold of 7.16°C to complete development.  Demographic parameters were
calculated and pseudoreplicates for intrinsic rate of increase (rm), net reproductive rates (Ro), generation time (Tc), population
doubling time (Td), and finite rate of increase (λ) were generated using the bootstrap method.  Mean bootstrap estimates of
demographic parameters were compared across temperatures using ANOVA and nonlinear regression.

INTRODUCTION
The mymarid parasitoid species Gonatocerus ashmeadi Girault, G. triguttatus Girault, G. morrilli Howard, and G. fasciatus
Girault are the most common natural enemies associated with the insect pest Homalodisca coagulata, the glassy-winged
sharpshooter (GWSS), in it’s home range of southeastern USA and northeastern Mexico (Triapitsyn and Phillips, 2000).  The
parasitoid G. ashmeadi is a self-introduced resident of California and most likely came into the state in parasitized
Homalodisca coagulata eggs (Vickerman et al., 2004) and has established widely in association with H. coagulata.

One factor that can limit the success of the establishment of natural enemies is mismatching the environmental conditions
favored by the introduced agent with those that predominate in the receiving range (Hoddle, 2004).  Quantification of the
reproductive and developmental biology of a natural enemy is paramount to predicting, planning, and promoting the
establishment and population growth of introduced agents.  This can be enhanced by determining demographic characteristics
such as day-degree requirements for immature development, population doubling times and lifetime fecundity for estimating
population growth rates at various temperatures and for comparison with the target pest and other species of biological
control agents.  Determining the introduced control agent’s reproductive and developmental biology and environmental
requirements with that of the host will allow for a greater understanding of factors affecting biological control of GWSS.

The following work was undertaken to provide information on the reproductive and developmental biology of the solitary
endoparasitoid of GWSS eggs, G. ashmeadi.  These data will provide knowledge of the natural enemy’s life cycle in relation
to utilization of GWSS eggs at different temperatures, and may improve the understanding of optimal timings of releases for
biological control purposes, as well as improve the efficiency of mass rearing of these insects.  In addition to improving
release and rearing strategies, this information will target foreign exploration for strains of G. ashmeadi for possible
introduction into California and also identify geographical areas that will be conducive to the use of this species as biological
control agent following GWSS establishment in various parts of California and in areas such as Tahiti and Hawaii where
GWSS has recently invaded, and perhaps elsewhere in the South Pacific if GWSS continues to invade additional tropical
islands.

OBJECTIVES
1. Examine the developmental and reproductive biology of G. ashmeadi at five different temperatures in order to

determine its day-degree requirements, and demographic statistics, and to better understand this parasitoid’s
developmental and reproductive biology.

RESULTS
Life tables were constructed for the number of G. ashmeadi entering each age class and their realized and actual mortality
rates.  Analysis of variance showed that mean adult longevity, the length of time from adult emergence to natural death, was
significantly different between temperatures (F=6.155, df=4, 44, P<0.001) and longevity was greatest with a value of 20.0
days at 15°C, declining to a low of 7.9 days at 33°C (Table 1).
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Mean net reproductive rate (Ro) (F=73857.9, df=4, 4995, P<0.001), intrinsic rate of increase (rm) (F=732354, df=4, 4995,
P<0.001) and finite rate of increase (λ) (F=683820, df=4, 4995, P<0.001) were all significantly higher for G. ashmeadi reared
at a constant 25°C, 30°C and 30°C, respectively (Table 2).  Population doubling times, Td, showed a statistically significant
difference (F=178515, df=4, 4995, P<0.001) and were lowest when parasitoids were reared at 30°C.  Mean generation time,
Tc, was significantly lower at 33°C (F=1821157, df=4, 4995, P<0.001) (Table 2).  Quadratic lines were fitted to the means for
each life table parameter and accounted for 79.6% to 99.7% of the observed variance (Figure 1).

The developmental rate for G. ashmeadi was nonlinear and the fitted Modified Logan model was highly significant
(F=1292.27, df=4, 495, P<0.005) (Figure 2).  The fitted model converged on a lower developmental threshold for G.
ashmeadi of 1.1°C.  The upper maximum lethal temperature for development was estimated at 37.6°C, and 30.5°C was the
estimated as the optimal temperature for development.  Linear regression indicated immature G. ashmeadi required a total of
222 degree-days to complete development of from oviposition to adult emergence and the lower temperature threshold for
development was estimated at 7.16°C from this linear regression analysis.

Table 1. Mean adult longevity (±SE), mean preoviposition period (± SE), mean daily fecundity, lifetime fecundity (± SE)
and female sex ratio of progeny of mated female Gonatocerus ashmeadi at each experimental temperature.

Temperature (°C)
15 20 25 30 33

Adult longevity (days) 20.00±2.69a 15.90±2.02ab 12.00±1.23bc 10.56±1.36bc 7.90±0.98c
Preoviposition period (days) 4.53±0.486a 0.61±0.293b 0.182±0.125b 0.227±0.113b 0.235±0.106b
Total progeny 7.07±1.767a 46.35±8.387b 63.75±8.362b 59.88±6.931b 10.37±1.562a
Mean daily progeny 0.24±0.098a 1.66±0.353ab 2.24±0.685b 2.10±0.685b 0.37±0.152a
Sex ratio (% female 65.11±7.348a 65.03±6.807a 71.54±6.020a 64.54±5.690a 65.08±6.461a
offspring)

 

Table 2. Mean demographic statistics (± standard error) generated from lχmχ life tables that were bootstrapped to produce
pseudo-values for G. ashmeadi.  Ro = net reproductive rate; Tc = generation time; rm = intrinsic rate of increase; λ = finite rate
of increase; Td = doubling time in days.  Values with different letters indicate significant differences at 0.05 level of
confidence.

Temp °C Ro Tc rm λ d

15 8.30±0.291a 44.49±0.097a 0.05±0.001a 1.02±0.001a 14.51±0.249a
20 35.70±0.856b 25.77±0.161b 0.15±0.001b 1.16±0.001b 4.62±0.033b
25 55.94±1.023c 16.61±0.029c 0.26±0.001c 1.30±0.001c 2.66±0.011c
30 45.33±1.014d 12.61±0.103d 0.33±0.001d 1.39±0.002d 2.11±0.009d
33 9.20±0.142e 12.37±0.038e 0.18±0.001e 1.20±0.002e 3.80±0.029e

T

CONCLUSIONS
Gonatocerus ashmeadi is the key mymarid parasitoid species contributing to the biological suppression H. coagulata in its
native area of southeastern U.S.A. and northeastern Mexico (Triapitsyn and Phillips, 2000).  The impact of G. ashmeadi as a
regulating factor of populations of H. coagulata in California is, in contrast to efficacy in the home range, substantially lower
(Pilkington et al., In Press).

Temperature can have a significant impact on Ro estimates for G. ashmeadi.  The fitted quadratic model for Ro, a measure of
a population’s growth rate, indicated that at approximately 14.6°C the value of Ro falls below 1.0, indicating that parasitoid
population increase will cease and begin to contract.  Host availability notwithstanding, this suggests populations of G.
ashmeadi in Riverside California would contract markedly over the period November-March each year because of impaired
reproductive performance at temperatures below 14.6°C periods for prolonged periods.

The success of a biological control agent is measured by the mortality it inflicts on its target which is in part a function of its
reproductive and developmental activity across a range of temperatures (Nahrung and Murphy, 2002).  The results from this
study suggest that G. ashmeadi operates most effectively at moderate to high temperatures.  Identifying the optimal
temperature for reproduction and development of G. ashmeadi, will greatly aid mass-rearing efforts, using day-degree models
to predict geographic range, to assess generational turnover in various locales in comparison to GWSS and to optimize
releases of natural enemies into a field environment.
There is a need for this type of work on population demographics, developmental and reproductive biology to be reproduced
for G. triguttatus and particularly H. coagulata.  Efforts towards meeting these two shortcomings are either underway or will
be commenced very soon.  There is a large gap in the knowledge regarding the biology of the pest and its temperature
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requirements and identifying and understanding the areas of overlap, or lack thereof, between the pest and biological control
agents.  A greater degree of precision in the prediction of the efficacy of biological control agents in areas yet to be invaded
by H. coagulata would be possible with improved understanding of the performance of GWSS at various temperatures.

Figure 1. Fitted quadratic lines for life table statistics Ro, rm, Tc and Td for Gonatocerus ashmeadi at each
experimental temperature.



- 337 -

A B

C

D

Figure 2. The developmental rate of Gonatocerus ashmeadi from time of oviposition to adult emergence expressed as the
relationship of developmental rates and temperature fitted to the modified Logan model as described by Lactin et al. (1995)
and using linear regression (Campbell et al., 1974).  Lower developmental threshold (calculated with modified Logan model
[A = 1.1oC] and linear regression [B = 7.16oC]), optimal development (C = 30.5oC) and upper lethal threshold (D = 37.6oC)
are indicated.
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ABSTRACT
The aim of the present study was to determine whether the egg parasitoid Gonatocerus morrilli Howard is one species or a
complex of closely related sibling species.  To unravel their identity we sampled specimens from Texas (TX), California
(CA), Veracruz in Mexico (MX), and Tucuman in Argentina (AG) and compared them using three approaches:  1)
morphological differences; 2) molecular differences in ribosomal regions: ITS1, ITS2 and 28SD2, and the mitochondrial
cytochrome oxidase I (CO1); and 3) by performing cross mating compatibility studies between parasitoids from the four
regions.  According to the obtained large differences in sequences and the reproductive incompatibility between the four
populations, these near morrilli populations are best treated as distinct species.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say) (Hemiptera: Cicadellidae), is an exotic pest in
southern California (CA) and is the main vector strains of the bacterium Xylella fastidiosa Wells et al., that causes the
Pierce’s disease in grapevines (Vitis vinifera) (Freitag et al., 1952; Davis et al., 1978; Blua et al., 1999).  In CA, GWSS were
first observed in Orange and Ventura Counties during 1990.  GWSS occurs naturally from Florida to Texas and northeastern
Mexico (Young, 1958; Triapitsyn & Phillips, 2000).  It was probably introduced from the southeastern United States as eggs
on imported plants (Sorensen and Gill, 1996).  A major Pierce’s disease epidemic was first noticed in CA in 1997 (Blua et
al., 1999) and during a survey in 2000 up to 87% of grapevines in Temecula were infected (Perring et al., 2001).  Since then,
GWSS has been observed as far north as Sacramento County (California Department of Food and Agriculture, 2003)
suggesting that this pest is continuing to spread in CA.  To perform a successful classical biological control program, species
of GWSS egg parasitoids are currently being prospected for in the native range of GWSS and promising species are being
released in CA (Triapitsyn et al., 1998; Triapitsyn & Hoddle, 2001).  One of the promising GWSS egg parasitoids is the
small (1.5-2mm) egg parasitoid Gonatocerus morrilli Howard (Hymenoptera: Mymaridae).  This parasitoid occurs in the
native range of GWSS in the southeastern United States (Huber, 1998).  The outcome of classical biological control programs
often depends on correct identification of both the pest insect and its parasite.  Misidentification has negatively affected
several incipient biological control programs (Messing & Aliniazee, 1988; Gordh & Beardsley, 1999).  Hence, to avoid
misidentification of cryptic species it is important to design molecular markers to correctly identify species (Stouthamer et
al., 2000; de Leon et al., 2005) when consistent distinguishing morphological characters are difficult or expensive to
ascertain. Gonatocerus morrilli has been imported from Texas (TX) and has been released in CA since 2001 with the
assumption that this is one species and not an aggregation of morphologically very similar sibling species.  However, light
microscopy suggests that differences between the different G. morrilli populations may exist, which may indicate the
existence of a species complex.  Indeed, a closely related species has recently been found in CA (de Leon et al., 2005).
Here, we sort to determine whether G. morrilli is one species or that it is in fact a group of closely related similar looking
species.  Specimens from the southeastern U.S., California, Mexico, and Argentina were received from collaborators; if
possible, colonies were established. We tried to determine their relationship using three approaches: (1) comparing molecular
features by extracting DNA and sequencing of four different gene regions of the mitochondrial and ribosomal DNA, (2)
comparing morphological characters, and (3) by investigating whether the different populations are reproductively
compatible by conducting mating experiments between the geographic populations (Vickerman et al., 2004).  The outcome
of these three approaches was evaluated to determine whether G. morrilli is a valid species as such or if it is better treated as
a complex of closely related species.

OBJECTIVES
To determine the species status of geographically different Gonatocerus morrilli populations by 1) morphology, 2)
sequencing of two Internally Transcribed Spacer regions (ITS1 and ITS2), the mitochondrial gene cytochrome oxidase I
(CO1) and the ribosomal D2 gene, and 3) by crossing compatibility studies with four different geographic populations of
which we maintain colonies.



RESULTS AND CONCLUSIONS
Comparisons in morphology
The MX near morrilli female differs from all other groups by showing a distinctive fifth funicle segment of the female
antenna. This segment is partially brown (basally) and white (apically). Gonatocerus morrilli and the CA near morrilli have a
completely white fifth funicle segment. Gonatocerus sp. 6 from Argentina differs from all groups in having the entire funicle
of the female antenna dark brown. Gonatocerus morrilli and the CA near morrilli show more consistent differences when
compared: the submedial carinae on the propodeum are close to each other in G. morrilli but conspicuously more apart in the
CA near morrili.

Comparisons in sequences
The levels of genetic divergence between G. morrilli (from Texas, TX), the two near morrilli populations we studied (from
Riverside County, California, CA, and from Veracruz Mexico, MX) and Gonatocerus sp.  6 from Argentina are summarized
in Table 1.

The differences in the two spacer-regions between the group G. morrilli-MX and CA-ARG were very large which made it
impossible to align them properly.  However, the two spacer-regions within these two groups could be aligned.  The CO1 and
D2 genes could be aligned for all groups since these are conservative genes.  For the ITS1, ITS2, CO1 and D2, the MX type
differed from G. morrilli with resp. 29%, 29%, 5% and 3%.  The CA type differed from the Arg type 6%, 8%, 2% and 1%,
respectively.  Intragroup variation was <1.5% for both the ITS1 and ITS2 regions, <0.9% for the CO1 gene and no variation
was found within the groups using the D2 gene. For each region at least 8 individuals were sequenced.

As shown in Table 1, divergences between the different near morrili populations and G. morrilli are high. Intragroup
variation is minimal, despite the fact the we sequenced G. morrilli from very different areas of their distribution. The
obtained sequences from G. morrilli originating from Florida (Fl), northeastern MX and from our TX colony differ <1.5% at
most. These large differences and the homogenous near morrilli groups might indicate that G. morrilli is not a monotypic
species, but indeed, that it is better treated as a complex of closely related species.

Table 1. The percentage difference between G. morrilli from TX and the near-morrilli from MX,
Arg. and CA as measured for the ITS1 and ITS2 region, the CO1 gene and the D2 gene.

ITS1
G. morrilli

ITS2
G. morrilli

CO1
G. morrilli

D2
G. morrilli

near morrilli MX 29% 29% 5% 3%
Gonatocerus sp. 6 from
Argentina x x 6% 8%

near morrilli CA x x 6% 8%

Comparisons in reproductive compatibility
To test whether the four types were reproductively compatible,
we performed mating experiments as described in Vickerman et
al. (2004).  We did the following crosses: ♀ G. morrilli (Gm) x
♂ MX, ♀ Gm x ♂ CA, ♀ Gm x ♂ Arg and all the reciprocal
crosses to test for unidirectional incompatibility.  At least 13
replicates were used per crossing. In addition, we performed
control crosses for each group: ♀ Gm x ♂ Gm, ♀ MX x ♂ MX,
♀ Arg. x ♂ Arg and ♀ CA x ♂ CA (at least 10 replicates each)
and virgin females (10 replicates each) were set up to determine
whether the females used in the crossings were virgins and
whether a species could be infected with an endosymbiont like
Wolbachia (Stouthamer et al. 1999).  All virgin females
produced only sons, proving that they were unmated and that
they reproduce arrhenotokously. All interspecific crosses
produced only sons while the intraspecific control crosses
produced both males and females as shown in Table 2.

Since all interspecific crosses produced only sons, the different geographic populations are mutually incompatible with each
other.  The observed highly significant differences in reproductive compatibility between the control crossings and the
interspecific crossings confirm our findings after analysis of the molecular data, namely that these four different taxa are best
treated as four different species instead of local forms of the species G. morrilli.

Table 2. The sex ratios of the produced offspring per
crossing measured as the proportion females. At least 10
replicates per crossing were performed. Differences
between interspecific crosses were highly significant
(Kruskall-Wallis, H=102.75, df=11, P=<0.0001,
followed by individual Mann-Whitney U-tests, P ≤
0.0001)

Gm MX Arg Ca
Gm 0.86
MX 0.03 0.77
Arg 0 0 0.81
CA 0 0 0 0.86
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Our findings can be of importance considering the introduction of G. morrilli in CA as a natural enemy of the glassy-winged
sharpshooter.  A major reason for introduction of G. morrilli was to enrich the local G. morrilli populations by alleged
increasing genetic variability (Pilkington et al., in press).  However, since the different species, which we assume them to be,
do not successfully interbreed, the genetic variability of the CA species will not increase and indeed, as far as we are aware
of, nothing is known of interspecific competition in the field between the different G. morrilli types.  Since the different
species, which we assume them to be, do not successfully interbreed, the genetic variability of the CA species will not
increase.
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ABSTRACT
This is a new project, which is expected to be completed within one year. Cultures of two species of mymarid
(Hymenoptera: Mymaridae) egg parasitoids of proconiine sharpshooters (Hemiptera: Cicadellidae; Proconiini) of Argentina
origin (Gonatocerus tuberculifemur (Ogloblin) and Gonatocerus “sp. 6”) as well as of two species of Gonatocerus of Mexico
origin (G. morrilli (Howard) and G. new sp. near morrilli) are being maintained in a UC Riverside quarantine laboratory.
Basic biological data are being collected on these species, which are candidate agents for “classical” biological control
against the glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say).

INTRODUCTION
Recommendation 3.12 of the National Research Council report on research priorities for Pierce’s disease (NRC 2004, p. 74)
suggests that support for “classical” biological control is preferred over augmentation if inoculative releases result in self-
sustaining populations and can be shown to be less costly than augmentation.  Currently, we have two candidate species of
Gonatocerus for classical biological control of GWSS in California, Gonatocerus tuberculifemur (Ogloblin) and
Gonatocerus “sp. 6”, both of Argentina origin (Jones 2001; Logarzo et al. 2003; Pilkington 2004).  These species were
collected in Argentina by G. Logarzo and sent to S. Triapitsyn and are being held in the UC Riverside quarantine.  Their
colonies were successfully established using GWSS eggs as a host.  We are continuing to rear these parasitoids until
appropriate release permits are received; then the cultures will be turned over to the CDFA GWSS Biological Control
Program for mass-rearing and inoculative releases in California against GWSS.  Both parasitoids are very promising,
aggressive natural enemies of GWSS, its fictitious host under the quarantine lab conditions.  In their native range, G.
tuberculifemur occurs both in the temperate South and the arid, hot North-West of Argentina. Both species readily and
effectively attack GWSS eggs of almost any age.  Biology of G. tuberculifemur was studied both in Argentina (Virla et al.
2005) and under quarantine conditions in the United States (Jones et al. 2005), who also studied its host range for non-target
impact studies.

Additionally, two different species of Gonatocerus, G. morrilli (Howard) and G. new species near morrilli (Howard), were
collected by L. Pilkington and S. Triapitsyn during the spring of 2005 in the course of our foreign exploration in Mexico
(Hoddle & Triapitsyn 2004); their cultures were then established in UC Riverside quarantine.  These Mexican species may
also be promising agents for the “classical” biological control program against GWSS in California (Hoddle & Triapitsyn
2004).

OBJECTIVES
This project has two main objectives:
1. Maintain quarantine cultures of two species of egg parasitoids of GWSS of Argentina origin (Gonatocerus

tuberculifemur and G. “sp. 6”) as well as two species of Gonatocerus of Mexico origin (G. morrilli and G. new sp. near
morrilli); and

2. Collect basic biological data on these species for their initial evaluation, necessary for obtaining necessary permits for
their release and potential establishment in California.

The following experimental procedures are being used to accomplish these objectives, respectively:  (1) Two species of
Gonatocerus from Argentina and two species of the same genus from Mexico are being maintained in cages at UC Riverside
quarantine facility.  Fresh egg masses of the host (GWSS) in Euonymus leaves are supplied by D. Morgan.  (2) Collected are
data on the biological traits on these species of Gonatocerus, necessary for obtaining proper State and Federal release
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permits.  Alternate leafhopper hosts (e.g., eggs of Homalodisca liturata Ball, a native sharpshooter in California) may be
tested to determine their potential host ranges.

RESULTS
Currently, we are at the beginning stage of this project.  The Mexican cultures have been identified taxonomically as G.
morrilli and G. new species near morrilli.  The latter has a partially white, partially brown fifth funicle segment of the female
antenna.  Quarantine cultures of these two species, as well as of G. tuberculifemur and G. “sp. 6” from Argentina, have been
successfully maintained by the quarantine technician employed by this project, Vladimir Berezovskiy, using GWSS eggs as a
host.

Experiments conducted in quarantine revealed the negative role of superparasitism of the same egg mass on the egg
parasitoid colonies, particularly on G. tuberculifemur, in which different female funicle segments may fuse under intense
larval competition for resources.  Vladimir Berezovskiy also discovered that in G. tuberculifemur, superparasitism of the few
available eggs of GWSS by numerous, competing females may also result in low quality progeny (such as a much lower
survival rate and often smaller size of the emerging adult wasps) than in cases when females have an abundant supply of host
eggs and competition for hosts is not intense.

CONCLUSIONS
This research project would be of benefit primarily to the CDFA GWSS Biological Control Program as well as to other
biocontrol specialists and agencies conducting projects against GWSS in California such as the USDA.  Ultimately, this
project may be beneficial to California’s agriculture.
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ABSTRACT
Specific areas in South America were surveyed from 2000-2005 for egg parasitoids of sharpshooters that are pre-adapted to
California’s climate and glassy-winged sharpshooter (GWSS) habitats.  At least 20 species were collected; 4 from Argentina
readily attacked and bred on GWSS eggs in quarantine.  To ensure that the most promising exotic species do not also attack
nontarget leafhoppers and other taxa, tests were conducted in both Argentina and the United States to determine effective
host range.  Laboratory tests with native fauna in Argentina demonstrated that one promising species, Gonatocerus
tuberculifemur, did not attack leafhoppers or other insects outside the sharpshooter tribe, Proconiini.  Similar results were
found in U.S. quarantine using California and Texas leafhoppers.  Field host range tests in Argentina showed that G.
tuberculifemur emerged from small numbers of leafhoppers within a different tribe (Cicadellini).  Questions regarding the
taxonomic status of this parasitoid must be resolved.  It s that G. tuberculifemur can attack GWSS but not unrelated
leafhoppers.

INTRODUCTION
Egg parasitoids are the most important known natural enemies of the glassy-winged sharpshooter (GWSS) across its native
range through the Gulf States to northeastern Mexico.  To be equally effective in their California environment, these
parasitoids need to possess the ability to suppress populations of the GWSS under this region’s unique array of climatic
conditions.  Since leafhoppers related to GWSS (Tribe Proconiini) uniquely occupy subclimate areas in South America that
are identical to those of California, parasitoids from this region might be better preadapted to California and thus possibly
more effective if they readily attack GWSS.  Beginning in 2000, collections of egg parasitoids from leafhoppers closely
related to GWSS were made in climate-matched areas in South America to determine if any would attack GWSS under
quarantine conditions (Jones 2001).

Collections in Argentina, Chile, and Peru yielded 20 species of parasitoids from eggs of proconiine sharpshooters:  12
Gonatocerus spp., 1 Polynema sp. (Mymaridae), 1 Paracentrobia sp., 2 Oligosita spp., and 2 Zagella spp.
(Trichogrammatidae), and 1 species of Aphelinidae (Logarzo et al. 2005, Virla et al. 2005). Gonatocerus tuberculifemur
Ogloblin was the most abundant species within the best climate match, while G. annulicornis (Ogloblin) was the most
abundant parasitoid recovered from citrus.

In U.S. quarantine, 4 of the imported Gonatocerus spp. readily accepted GWSS eggs: G. tuberculifemur, G. annuilicornis, G.
metanotalis (Ogloblin), and Gonatocerus sp.  Since these exotic parasitoids would represent new associations, a rigorous
screening for environmental risks associated with possible release into the North American environment was initiated.  Thus,
host range testing was begun for nontarget taxa in both South and North America.

OBJECTIVE
1. Determine potential host range of the most promising South American parasitic wasps found to successfully attack

GWSS eggs in U.S. quarantine.

RESULTS AND CONCLUSIONS
Nontarget tests were conducted in both Argentina and the U.S. Laboratory host range studies in Argentina were conducted
using G. tuberculifemur to test for oviposition and successful development in eggs of 20 species among the orders
Hemiptera, Lepidoptera and Coleoptera. G. tuberculifemur successfully attacked only the eggs of the 4 included Argentine
proconiine leafhoppers; no other taxa were attacked.

In U.S. quarantine (USDA, APHIS, Edinburg, TX), seven species of native Cicadellidae representing 3 subfamilies and 4
tribes were evaluated for susceptibility to parasitization by 2 species of South American wasps, G. tuberculifemur and G.
metanotalis (Ogloblin) (Jones et al. 2005).  From California: Colladonus montanus (Van Duzee) and Euscelidius variegatus
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(Kirschbaum) [Deltocephalinae; Athysanini]; Macrosteles fascifrons Stål and M. quadrilineatus Forbes [Deltocephalinae;
Macrostelini]; and Homalodisca liturata Ball [Cicadellinae; Proconiini].  From Texas: Homalodisca insolita (Walker) and
Oncomotopia sp. [Cicadellinae; Proconiini].  Both parasitoid species successfully attacked and emerged from H. liturata and
Oncometopia sp. eggs.  Eggs of the other species, including H. insolita, were not attacked.

Field host range tests in Argentina were conducted to determine if free-living parasitoids could locate and successfully
parasitize eggs of 13 species among 4 subfamilies of Cicadellidae:  5 Cicadellinae; Cicadellini; 3 Cicadellinae; Proconiini; 3
Deltocephalinae; Macrostelini and Euscelini; 1 Agallinae; and 1 Xerophloeinae.  Over 50% of the exposed egg masses of all
3 proconiine sharpshooters were attacked by 3 spp. of parasitic wasps, G. tuberculifemur, G. annulicornis, and Gonatocerus
sp.  Contrary to the laboratory host range studies, a small proportion (0.6%) of the 5 Cicadellini were successfully attacked
by G. tuberculifemur

Laboratory host range tests of South American Gonatocerus spp. showed that these wasps are evidently restricted to
sharpshooters within the leafhopper tribe Proconiini in both South and North America.  Field host range tests indicated that
G. tuberculifemur can have limited development on some Cicadellini as well.  The latter results suggest that the use of
laboratory tests to determine host range might not be an accurate method for screening for nontarget hosts.  However,
separate biological and molecular studies suggest that there may be significant genetic variation among G. tuberculifemur
populations in the test region, and that the conflicting host range results could be due to the existence of sympatric cryptic
species of G. tuberculifemur in the test area.  Future studies should be directed at resolving the taxonomic status of species
selected as candidates for evaluation for release, identifying and rigorously screening any additional nontarget species of
concern, and conducting interspecific competition tests between exotic and native parasitoids.
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ABSTRACT
Several isolates of the hyphomycetous fungi, Beauveria bassiana (Balsamo) Vuillemin and Metarhizium anisopliae
(Metschnikoff) Sorokin, were recovered from the glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say),
habitats and other insect hosts in southern California.  Some of these isolates were evaluated against GWSS along with other
fungal pathogens isolated from GWSS in Texas, Mississippi and Florida.  Growth of the selected isolates was also evaluated
at 15, 23, 28 and 32oC.  Two California isolates and a Texas isolate of B. bassiana were significantly more virulent to GWSS
than other isolates.  Although no natural fungal infections have been found in GWSS populations in California to date, we
continue to search for them by periodical sampling in Kern, Riverside and Ventura counties.

INTRODUCTION
A collaborative project between UC Davis and USDA-ARS is aimed at identifying suitable entomopathogenic fungi for the
control of the glassy-winged sharpshooter (GWSS), Homalodisca coagulata (Say), a pest that threatens the grape industry in
California as a vector of the Pierce’s disease causing bacterium, Xylella fastidiosa.  Entomopathogenic fungi, which enter the
host through the cuticle, are ideal candidates for insects like GWSS with piercing and sucking mouthparts.
Entomopathogenic fungi were isolated from GWSS in the southeastern United States (Mizell and Boucias 2002, Kanga et al.
2004), but no fungal pathogen has so far been reported in California GWSS populations.  However, we recovered several
isolates of two generalist fungi, Beauveria bassiana (Balsamo) Vuillemin and Metarhizium anisopliae (Metschnikoff)
Sorokin, from GWSS habitats in California and tested them against GWSS (Kaya et al. 2004).  We also isolated B. bassiana
from California harvester ant, Pogonomyrmex californicus (Buckley), three-cornered alfalfa hopper, Spissistilus festinus
(Say) and a darkling beetle from Kern, Fresno and Riverside counties, respectively.  Bioassay protocols were improved and
experiments were conducted to compare efficacy of several fungi against GWSS.

OBJECTIVES
1. Conduct surveys to find fungal infections in GWSS populations or insects closely related to GWSS.
2. Culture and isolate the fungi and evaluate their pathogenicity against GWSS.
3. Assess environmental effects like temperature and sunlight on conidial survival and germination, fungal growth, and

infectivity.
4. Evaluate the host range of fungi that infect GWSS.
5. Conduct small-scale field tests to evaluate selected pathogens against GWSS on citrus in fall and winter.

RESULTS
Natural infections in GWSS populations
We continue to search for natural infections in GWSS populations in southern California.  GWSS adults were periodically
collected from Kern, Riverside and Ventura counties on citrus, oleander and some weed hosts like mare’s tail, mule-fat and
Spanish tobacco.  Insects were monitored in the laboratory for at least two weeks in attempts to recover infected individuals,
but no entomopathogenic fungi have been found in these insects.
We tested several previously received isolates of B. bassiana recovered in Texas (Walker Jones, USDA-ARS now in
Montpellier, France) and Mississippi (Russell Mizell and Drion Boucias, University of Florida) and a new species of
Hirsutella recovered in Florida and Mississippi (Mizell and Boucias).  We recently received GWSS infected with
Pseudogibellula formicarum (Mains) Samson & Evans collected in Poplarville, MS by John Goolsby (USDA-ARS, Weslaco,
TX) and have conducted preliminary experiments with the isolate.
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Virulence of entomopathogenic fungi to GWSS
Beauveria bassiana
Laboratory-reared GWSS adults supplied by CDFA,
Riverside were used for the bioassays.  Seven
isolates of B. bassiana - two from California GWSS
habitats, one each from the California harvester ant,
three-cornered alfalfa hopper, GWSS from Weslaco,
TX, GWSS from Jackson, MS and a commercial
isolate GHA (Emerald BioAgriculture) - were
evaluated against GWSS.  GWSS were anesthetized
by exposing them to CO2 for 20 sec and then
inoculated by rolling them in a 10 µl drop of conidial
suspension at 1 X 109 conidia/ml concentration.
Controls were treated with 0.01% of SilWet, an
adjuvant used for preparing conidial suspensions.
GWSS were incubated on potted cowpea plants
covered with cylindrical cages and their mortality
was recorded daily for two weeks.  Cadavers were
surface sterilized in 3% sodium hypochlorite
solution and incubated on water agar for fungal
emergence.  These assays were repeated four times.
Three of the isolates – Texas isolate from GWSS
(TxBb) and California isolates from three-cornered
alfalfa hopper and soil (Bb 41) – caused significantly
higher (P <0.01) infections than others (Figure 1).

Figure 1. Virulence of B. bassiana to GWSS

Hirsutella spp.
An assay was conducted to compare different isolates of Hirsutella spp., an isolate of B. bassiana and an unknown fungus, all
recovered from natural infections in GWSS in Mississippi and Florida (provided by Mizell and Boucias).  Due to poor
conidial production of some of these isolates on standard culture media, hyphal bodies for all isolates were cultured on liquid
glucose medium enriched with yeast extract.  Treatments were administered either by injecting about 1 µl of the suspension
at 1 X 109 hyphal bodies/ml through intersegmental membrane in the abdomen using a capillary tube or by rolling the insects
in a 10 µl drop of the suspension (Figure 2).  The rest of the procedure was similar to the one explained above.  In general,
higher mortality and infection resulted from injection than topical application (Figure 3).

Figure 2. Injection (A) and topical application (B) of hyphal bodies.
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Figure 3. Pathogenicity of B. bassiana and Hirsutella spp to GWSS.  White bars indicate percent mortality
and colored area indicates percent infected among dead.

Pseudogibellula formicarum
Cadavers of GWSS with this fungus are frequently seen in the southeastern United States (Kanga et al. 2004, Mizell and
Boucias, personal communication; Figure 4).   Two small-scale assays were conducted where GWSS cadavers with
sporulating P. formicarum were rubbed against healthy insects and incubated individually in clip cages attached to potted
euonymus plants.  So far no infection has been found in the treated insects.

Radial growth of some fungal isolates
An assay was conducted to determine the effect of temperature on the growth of some of the selected fungal isolates at 15,
23, 28 and 32 oC.  A 9 mm disc was cut out from 3-5 d old fungal culture and incubated on Sabouraud dextrose agar medium
enriched with yeast extract.  Fungal growth was monitored for four weeks and average daily growth was determined.  This
assay was repeated thrice.  Significant differences were found among the isolates (P < 0.001; Figure 5).  Florida isolate of
Hirsutella sp.  (6192) outgrew B. bassiana isolates at higher temperatures.  Among the three isolates that showed higher
virulence against GWSS, growth rate of Bb 41 was lower than the other two isolates at all temperatures except 32oC while
TxBb had the slowest growth rate at this temperature.

Figure 4. GWSS infected with P. formicarum
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Figure 5. Radial growth of B. bassiana and Hirsutella sp. at different temperatures.  Bars with the same letter
are not significantly different (P <0.001).

CONCLUSIONS
The B. bassiana isolates from GWSS from Texas (TxBb) and three-cornered alfalfa hopper and soil (Bb 41) from California
were significantly more virulent than other isolates against GWSS.  However, their growth varied at different temperatures.
These isolates will be thoroughly evaluated for their potential for GWSS control through various laboratory and field
experiments.  Search for natural infections in California populations of GWSS will continue.
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ABSTRACT
The effect of temperature on the development and reproduction of Gonatocerus ashmeadi (G. ashmeadi )Girault was studied
in environmentally-controlled chambers set at 12˚C, 16˚C, 20˚C, 24˚C, 28˚C and 32˚C.  Our results showed that the
parasitoid developed the fastest at 28˚C.  The parasitoid took 27.1 days at 16˚C and 9.5 days at 28˚C to complete the
development from egg to adult.  The embryonic stage was 6.3 days at 12˚C, about 2 days at 16-20˚C, and 1 day at 24-32˚C.
At 16-32˚C, the length of the first instar larval stage was about 1 day, but 6 days at 12˚C.  The development of the second and
third instars also varied with temperature.  At 16˚C, the second and third instars were approximately 2 and 3 days in length,
respectively, and 1 and 1.5 days at 28˚C.  Continued exposure to 32˚C arrested the development of the third instar larvae.
Prepupae developed faster as temperature increased, but slowed down when held at 32˚C.  Pupae also developed faster as the
temperature increased, but without slowing at 32˚C.  Linear regression analysis showed that the threshold temperature for
development was 5.5˚C, 3.4˚C, 8.3˚C, 5.2˚C, and 5.4˚C for embryos, first, second, third instar larvae, prepupae and pupae,
respectively.  The lower temperature threshold was 8.2˚C for egg to adult development.  A total of 219.2 degree days above
the minimum temperature threshold were needed to complete the development from egg to adult.  Temperature also affected
the emergence pattern of the G. ashmeadi adults.  At 16˚C and 20˚C, adult emergence lasted 10 days and 5 days at 28˚C and
32˚C.  The maximum emergence occurred on the first day of emergence at 20-32˚C while the emergence peaked on the
second day at 16°C.  At 28˚C and 32°C, about 92 and 88% parasitoids emerged within the first two days.  At 20˚C and 24°C,
nearly 84 and 85% parasitoids emerged within the first three days.  Temperature did not influence the sex ratio of the
emerging G ashmeadi, but significantly affected the longevity of both sexes.  At 16˚C, the life spans of female and male
adults were 27 and 19 days, respectively, while at 28-32˚C, their life spans ranged from 6 to 8 days.  The maximum lifetime
fecundity of the female parasitoid occurred at 24˚C, with an average total of 105 eggs deposited.  High temperature shortened
parasitoid longevity and reduced lifetime fecundity.  At 24˚C and 32˚C, G. ashmeadi deposited >10 eggs/day.  At 16˚C and
20˚C, parasitoid oviposition was 3 and 7 eggs/ day, respectively.

INTRODUCTION
Over the past decade, the glassy-winged sharpshooter (GWSS), Homalodisca coagulata (H. coagulata) (Say), has become a
serious economic threat to many agricultural and ornamental crops in California by serving as a key vector of the xylem-
inhabiting bacterium, Xylella fastidiosa(Xf) Wells (Sorensen and Gill, 1996).  The egg parasitoid, G. ashmeadi Griault, is one
of the most common natural enemies against the GWSS. G. ashmeadi has established its population since it was discovered
in 1978 and was most likely dispersed to California with the GWSS from the southeastern USA (Irvin and Hoddle 2005;
Vickerman, et al. 2004).  The parasitoid may have a considerable potential as an effective biological control agent of the
GWSS because it accounts for 80-95% of the observed parasitism on the sharpshooter eggs in California (Phillips 2000).
Previous studies on G. ashmeadi have focused on host age preference and parasitism (Irvin and Hoddle 2005), gene-related
geographical population (Vickerman et al. 2004), mymarid taxonomy (Triapitsyn 2003), overwintering biology (López et al.
2004) and functional responses and superparasitism (Chen et al. submitted).  To date, no studies have been conducted on
establishing the relationship between temperature and the development and reproductive biology of G. ashmeadi.

Among other factors, temperature has dominant influence on developmental rate, survival and fecundity of animals.  Some
temperature-related analyses, such as temperature threshold, optimal and upper temperature, and thermal constant for
development have been extensively used as the index for studies of behavior, abundance and geographical distribution of
arthropods (Messenger 1959).  On the other hand, determination of relationship between development and reproduction in
response to temperature is vital to an understanding of the life history and population dynamics of the insects.  Our research
on G. ashmeadi will assist us to assess parasitoid laboratory production and colony management.  Meanwhile, knowledge of
temperature threshold and thermal constant will be helpful to design the protocol for cold storage of parasitized eggs used in
later augmentative release in the biological control program.

OBJECTIVES
1. Determine the effect of temperature on the rate of development from the egg to the adult stage.
2. Determine the temperature threshold and thermal constant of immature stages of G. ashmeadi.
3. Determine the emergence pattern, lifetime and daily fecundity and longevity of G. ashmeadi at a range of temperatures.
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RESULTS AND CONCLUSIONS
Developmental rate determination
To determine the length of time required for development of G. ashmeadi at various temperatures, 250-700 H. coagulata
eggs (< 24 h old) were exposed to the mated female parasitoids (< 24 h old) at a parasitoid/host ratio of 1: 25 in order to
reduce the effect of super-parasitism (22 ±1˚C and 10 L: 8 D).  After 4 h, the parasitized eggs were transferred into six
environmentally-controlled chambers set at a constant 12ºC, 16ºC, 20ºC, 24ºC, 28ºC, and 32ºC while operating on a 16 L: 8
D photoperiod and 60% RH. At least 10 parasitized eggs were dissected daily for each temperature to determine the
development rates of the parasitoids.  Dissections were performed in an alcoholic solution of 0.02% eosin under a
stereomicroscope.  Our results showed that the developmental rate of G. ashmeadi varied with temperature (Table 1).  The
duration of parasitoid development at 16˚C from egg to adult emergence was significantly longer than that at 20˚C, 24˚C,
28˚C and 32˚C (F = 1687.06.40, df = 4,195, P < 0.0001).  There was no significant difference between developmental times
at 28˚C and 32˚C or between 20˚C and 24˚C from oviposition to adult emergence.  The duration of the individual stages was
also significantly affected by temperature as evidenced by the following values: embryonic (F = 293.75, df = 5,234, P <
0.0001), first instar larval (F = 1456.57, df = 5,230, P < 0.0001), second instar larval (F = 27.96, df = 4,193, P < 0.0001),
third instar larval (F = 52.47, df = 4,195, P < 0.0001), prepupal (F = 58.03, df= 1,194, P < 0.0001) and pupal (F = 952.93, df
= 4,195, P < 0.0001) (Table 1).  The time to complete embryonic development at 12˚C was highly significantly longer than
those of the other temperatures, but there was no difference in embryonic development time between 16˚C and 20˚C or
among the range of temperatures from 24˚C to 32˚C. The developmental rate for first instar larvae was similar at 16-32˚C,
but they were significantly faster than those held at 12˚C.  Second instar larvae developed significantly slower at 16˚C than
that at other temperatures.  At 28˚C and 32˚C, second instar larvae developed faster than they did at 20˚C and 24˚C.  Third
instar larvae at 16˚C took 3 days to complete their development, and 2 days at 20˚C, 24˚C and 32 ˚C.  When held at 28˚C,
third instar larvae developed faster than the other temperatures.  The prepupae developed at the same rate as third instar
larvae.  Pupae developed faster as the temperature increased.  At 28˚C and 32˚C, the pupal stage was nearly 3 days, but at
24˚C, 20˚C and 16˚C, the pupal stage is 6.9 and 16 days, respectively  (Table 1).

Table 1. Developmental duration of G. ashmeadi as a function of temperature

(°C)
Duration of Parasitoid Stages (Day ± S.E.)*

Embryonic 1st instar 2nd 3rdinstar instar prepupal pupal Egg to female
adult  emergence

12 6.3 ± 0.4a 10.8 ± 0.4a In progress In progress In progress In progress In progress
16 1.9 ± 0.1b 1.3 ± 0.1b 2.2 ± 0.2a 3.1 ± 0.4a 2.7 ± 0.1a 16.1 ± 0.7a 27.1 ± 0.9a
20 1.7 ± 0.2b 1.3 ± 0.2b 1.9 ± 0.1b 2.1 ± 0.1b 1.9 ± 0.2b 9.3 ± 0.5b 18.6 ± 0.5b
24 1.2 ± 0.1c 1.3 ± 0.1b 1.5 ± 0.1c 1.9 ± 0.1b 1.5 ± 0.1c 5.9 ± 0.5c 13.4 ± 0. 5c
28 1.1 ± 0.1c 1.0 ± 0.1b 1.1 ± 0.1d 1.5 ± 0.2c 1.2 ± 0.1d 3.3 ± 0.2d 9.5 ± 0.5d
32   1.1 ± 0.1c     1.2 ± 0.1b  1.3 ± 0.1d 2.1 ± 0.1b   1.3 ± 0.1cd    2.8 ± 0.4e   9.6 ± 0.3d

*Duration for each parasitoid instar, prepupa and pupa was determined by subtracting the mean day of a given stage from
the mean day of the following stage.  For each experiment, between 280 to 350 H. coagulata eggs (at 12°C, > 700 eggs)
were dissected.  A one-way ANOVA followed by the LSD test (P < 0.05) was used to determine if there were significant
differences in developmental time.  Means within columns followed by a different letter are significantly different.

Table 2.  Threshold temperatures and thermal constants for G. ashmeadi calculated by linear regression analysis.

aThermal constants were calculated by using the mean temperature method proposed by Soto et al. (1999).
bData collected at 12°C were used in calculating the linear regression.

Stage Temperature
threshold (°C)

Fitting regression
equation R2 Thermal constant

(K) (degree-day)a

Eggb 5.48 RT = 0.0241*T – 0.1325 0.26 23.75
First instarb 3.44 RT = 0.0308*T – 0.1058 0.47 21.61
Second instar 8.30 RT = 0.0322*T – 0.2667 0.28 20.74
Third instar 5.20 RT = 0.0313*T – 0.1626 0.41 34.37
Prepupal 5.44 RT = 0.0391*T – 0.2129 0.52 27.33
Pupal 13.16 RT = 0.0177*T – 0.2328 0.82 55.57
Egg to adult 7.49 RT = 0.0046*T – 0.0348 0.88 219.21



Temperature threshold and thermal constant
The minimum temperature thresholds for the various stages were determined by using the linear regression model of
Campbell et al. (1974), and the thermal constants were calculated using the mean temperature method of Soto et al. (1999).
Our results show that the lower temperature threshold for development was 7.49˚C for egg to adult development and that a
total of 219.21 degree days above the minimum temperature threshold were needed to complete the development from egg to
adult (Table 2).  For first instar larvae, the minimum temperature threshold (3.44˚C) was lower than other stages, suggesting
that this stage may be more cold tolerant than other stages.  Embryos required 23.75 degree days above the minimum
temperature threshold (5.48˚C) to complete development.  The temperature thresholds for the development of second and
third instar larvae were 8.3˚C and 5.2˚C, respectively.  The temperature thresholds for completion of prepupal and pupal
development were 5.44˚C and 13.16˚C, respectively.  Pupae needed 57.57 degree days above temperature threshold to
complete development.  Our previous research on cold storage of parasitized eggs also showed that no G. ashmeadi survive
storage temperatures at 2˚C, about 7% survive 10 days at 4˚C and nearly 35% survive for 20 days at 4.5˚C (Leopold et al.
2004).

Emergence patterns
After H. coagulata eggs were exposed to G. ashmeadi (parasitoid-to-egg ratio, 1: 80) for 24 hrs, they were placed at
chambers set at 16˚C, 20˚C, 24˚C, 28˚C and 32˚C.  The parasitized eggs were examined daily and the date of emergence, the
number of adults emerging, and the sex of the emerging adults were recorded.  Our results (Figure 1) show that temperature
not only influenced when emergence occurred, but also length of time it took for the majority of the adults to emerge from
their hosts.  Adult emergence spanned 10 days at 16˚C and 20˚C, 7days at 24˚C and 5 days at 28˚C and 32˚C (Figure 1).
Temperature also affected the day on which emergence peaked.  At 20˚C, 24˚C, 28˚C and 32˚C, the maximum emergence
occurred on the first day of emergence, with approximately 44%, 43%, 66%, and 52% parasitoids emerged, respectively.
The percentage emergence on the 1st day of emergence at 20-32°C was significantly higher than that on other days of
emergence by comparing the emergence within the first four days (20°C, F = 13.76, df = 4,56, P < 0.0001) or first three days
(24˚C, F = 9.20, df = 2,42, P = 0.0005; 28˚C, F = 31.66, df = 2,48, P < 0.0001; 32°C, F = 20.54, df = 2,45, P < 0.0001).  At
28˚C and 32°C, about 92 and 88% parasitoids emerged within the first two days.  At 20˚C and 24°C, nearly 84 and 85%
parasitoids emerged within the first three days.  At 16°C, emergence peaked on the second day though there was no
difference in percentage emergence between the first and second day.  The percentage emergence on the third to sixth day of
emergence was significantly less than that on the first (24%) or second (27%) day (F = 4.24, df = 5,60, P = 0.0023).  From
the seventh day on, only < 8% parasitoids emerged at 16°C.

On the first day of emergence, the percentage emergence at 28˚C was significantly higher than that at 16-24˚C (F = 4.93, df =
4, 69, P = 0.0015).  On the second day of emergence, there was no difference in the percentage emergence among five
temperatures (F = 0.96, df = 4,69, P = 0.44).  On the third day of emergence, there were still 16 and 15% parasitoids
emerging at 20˚C and 24˚C, respectively, significantly greater than the 6% of emergence at 28˚C (F = 2.45, df = 4,69, P =
0.0474).  On the fourth day, 11 and 9 % of the parasitoids emerged from H. coagulata eggs, significantly higher than at 28˚C
and 32°C (F = 4.14, df = 4,69, P = 0.0046).  On the fifth day of emergence, < 4% parasitoids emerged from hosts held at 20-
32°C, significantly lower than 8% of those held at 16°C (F = 4.38, df = 4,69, P = 0.0032).
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Figure 1. Emergence patterns of G. ashmeadi as a function of
the holding temperature. Each point equals the means of at
least 12 separate replicates.  To avoid confusion, standard
errors are not displayed.  However, for any given point, the
value of the standard error was < 8% of the point’s value.  The
difference in percentage emergence among temperatures was
analyzed using one-way ANOVA followed by LSD test
(PROC GLM, SAS).  The percentage emergences occurring
on the day of emergence at same temperature were also
compared using one-way ANOVA followed by LSD.

Reproduction, sex ratio and longevity
Temperature did not significantly influence the sex ratio of G. ashmeadi (Table 3).  The male-female sex ratios ranged from
3.4 to 5.6 when the temperature was at 16-32°C.  However, longevity of female and male adults varied significantly with the
temperature at which they were held.  Their life spans were extended as the temperature was decreased.  For both female and
male adults, longevity at 16˚C was significantly longer than that at the other temperatures.  Further, the longevity of insects
held at 20˚C was also significantly longer than those held at 24˚C, 28˚C and 32˚C.  Employing two-way ANOVA analysis,

- 351 -



- 352 -

using sex and temperature as factors, showed that the longevity not only varied significantly with sex (F = 8.26, df = 1,178, P
= 0.0045) and temperature (F = 94.24, df = 4, 178, P < 0.0001), but also with interaction of sex X temperature (F = 45.20, df
= 9, 178, P < 0.0001).

Daily fecundity also varied significantly with temperature (Table 3).  At 24˚C, G. ashmeadi deposited about 105 eggs during
its lifetime, significantly greater than 80, 81 and 55 eggs at 16˚C, 28˚C, and 32˚C, respectively.  There was no difference in
lifetime fecundity between females ovipositing at 20˚C and 24˚C.  At 24-32˚C, the parasitoids deposited more than 10 eggs
per day.  There was no difference in daily fecundity among 24-32˚C.  At 16˚C, the females oviposited only about 3 eggs per
day, and at 20˚C about 7 eggs per day (Table 3).

Table 3. Fecundity, sex ratio and longevity of G. ashmeadi as a function of temperature

(˚C )

Fecundity/femalea (means ±S. E.)
Lifetime
fecundity

Daily
fecundityn

Sex ratio
(female/male)

Longevity (day ±S. E.)b

female male

16 20 79.5 ± 3.2 c 3.5 ± 0.2 c 5.6 ± 1.2 (n = 12) 27.1 ± 1.2 a   (n = 16) 19.0 ± 2.2 a (n = 10)

20 20 94.3 ± 4.5 ab 6.9 ± 0.5 b 3.4 ± 0.7 (n= 15) 16.0 ± 0.1 b   (n = 29) 14.0 ± 0.2 b (n= 20)

24 24 105.2 ± 6.2 a 10. 3 ± 0.8 a 3.9 ± 0.6 (n = 17) 9.4 ± 0.9 c   (n = 23) 9.0 ± 0.7 c (n = 18)

28 28 81.3 ± 5.6 bc 10.7 ± 1.1 a 5.3 ± 0.6 (n = 20) 8.2 ± 0.6 cd  (n = 20) 7.3 ± 1.0 c (n = 16)

32 32 55.3 ± 4.8 d 10.3 ± 1.4 a 5.4 ± 0.7 (n =16) 6.4 ± 0.7 d    (n = 19) 6.9 ± 0.8 c (n = 17)

F 13.50 13.26 1.75 68.05 25.45

df 4,93 4,93 4,75 4,102 4,76

P < 0.0001 < 0.0001 0.1480 < 0.0001 < 0.0001
aFemales were provided water and H. coagulata eggs (< 23 h) on excised euonymus leaves.
bFemale and male adults were provided with water and excised euonymus leaves.
A one-way ANOVA followed by LSD test (p< 0.05) was used to determine whether there were significant differences in
developmental duration.  Means within columns followed by a different letter are significantly different.
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ABSTRACT
The studies investigated the storage of glassy-winged sharpshooter (GWSS) eggs below the temperature threshold for
embryonic development and host acceptability and emergence from cold-stored hosts by Gonatocerus ashmeadi (G.
ashmeadi).  Our results showed that GWSS embryos failed to hatch after storage at 2˚C for 5 days and 5˚C for 11 days. G.
ashmeadi parasitized dead Homalodisca coagulata (H. coagulata) eggs and completed development in hosts killed at 1, 3, 5,
and 7 days post oviposition.  Host age and length of time in cold storage were factors that influenced host acceptability and
progeny production.  After exposure to 2˚C for 5 days and storage at 10°C for 10-60 days, parasitism of 1 day old GWSS
eggs by G. ashmeadi ranged from 95% to 45%. Only 10% of 9 day old GWSS eggs were accepted as hosts by the parasitoids
after 10 days and none after 25 days storage. G. ashmeadi progeny successfully emerged from 60% of 1 day old host eggs
that were stored for 25 days while only about 11% of the 7 day old eggs supported parasitoid development after 25 days
storage at 10°C.  The parasitoid progeny reared using refrigerated dead GWSS eggs have the same fecundity and lifespan as
wasps reared from live hosts that have not been exposed to cold storage.

INTRODUCTION
The egg parasitoid, G ashmeadi Girault, is one of the most common natural enemies against the GWSS, H. coagulata (Say)
in California and southeastern USA (Irvin and Hoddle 2005). The parasitoid may have a considerable potential as an
effective biological control agent of the GWSS because it accounts for 80-95% of the observed parasitism on the
sharpshooter eggs in California (Phillips 2000).  However, the propagation of this parasitoid for an augmentative release
program is dependent on sustainable supply of host eggs.  Cold storage of insects during the rearing process of insects has
proved to be a valuable tool to bio-control when implementing an IPM program (Leopold 1998).  Low temperature storage of
insects and natural enemies can help synchronize many aspects of the rearing procedure and fill the gaps between parasitoid
production and the targeted pest populations when demands become high.  During the rearing process, H. coagulata eggs
may be overproduced and discarded when demands for parasitoids are low or under-produced when demands are high.
Therefore, methods for storing host eggs can be useful for improving the production efficiency of a parasitoid to be used later
for augmentative release.

Leopold et al. (2004) showed that storage of GWSS eggs under a temperature regime that cycled daily had potential for
propagating G. ashmeadi colonies.  However, storage above the temperature threshold for GWSS development resulted in
high hatch during the storage period (Leopold et al. 2003). Studies have shown that parasitoids can utilize moribund hosts
after cold storage and can complete their development and reproduction normally (Legner 1979, Petersen and Matthews
1984, Rueda and Axtell 1987, Roth et al. 1991, Floate 2002).  Further, these results implied that some parasitoids may adjust
to the physiological status of their hosts and maximize their fitness under less than ideal conditions.

OBJECTIVES
1. Determine cold tolerance of GWSS eggs stored at a constant temperature below the temperature threshold for

development and evaluate survival after cold storage.
2. Determine the suitability and acceptability of dead GWSS eggs as hosts for propagating G. ashmeadi.
3. Assess the quality of G. ashmeadi progeny reared by using dead GWSS eggs and evaluate progeny fecundity and

lifespan.

RESULTS AND CONCLUSIONS
Survival of host eggs
To determine the effect of storage temperature on the survival of H. coagulata, egg masses (< 24 hrs old) deposited on plant
cuttings (Euonymus japonica) were placed into incubators that were set at constant temperatures at 2°C, 5°C, and 10°C under
an 8L:16D photoperiod.  Leopold et al. (2003, 2004) had previously studied the influences of constant temperatures above
developmental threshold and cycled temperature regimes on survival of the GWSS eggs and their acceptability by G.
ashmeadi.  Here, we mainly report on the suitability and acceptability of GWSS eggs for parasitoid propagation after storage
at temperatures below the developmental temperature threshold over time.  Our results show that hatching of H. coagulata
eggs after low temperature exposure varied significantly with temperature over storage time (Table 1).  Hatching of GWSS
eggs did not occur after storage at 2°C for 5 days or 5°C for 11 days.  After 1 day of storage, <50% of GWSS eggs at 2°C
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failed to hatch, whereas approximately 95% eggs successfully hatched at 10°C and 5°C.  After 3 days of storage, 68% and
45% of the eggs stored at 10°C and 5°C hatched, respectively.  After storage at 10°C for 7 days, hatching was about twice
that at 5°C (50% vs. 26%).  After 11 days at 10°C, the hatching percentage sharply dropped to 20% (Table 1).

A two-way ANOVA analysis, using storage time and temperature as factors, showed that the hatching percentage of the
GWSS eggs was not only significantly influenced by storage temperature (F = 34.28, df = 2,274, P <0.0001) and storage time
(F = 38.52, df = 5,274, P < 0.0001), but by the interaction of temperature X storage time (F = 4.07, df = 8,274, P = 0.0003).
Therefore, exposure to temperatures below the embryonic developmental temperature threshold for a sufficient length of time
causes developmental arrest and death of the GWSS eggs.

Table 1. Hatching percentage of H. coagulata eggs at three temperatures over storage time (days).
Storage
temp.

Hatch percentage (means ± S.E.)a

1 db 3db 5db 7dc 9dc 11dc

10°C 95.7 ± 1.3 Aa 67.8 ± 4.3 Aab 68.1 ± 6.9 Aab 50.1± 4.5*bc 47.1 ± 6.7*c 19.8 ± 6.9 *d
5°C 94.5 ± 1.5 Aa 44.6 ± 7.2 Ab 29.2 ± 6.9 Bbc 25.9± 9.2c 9.4 ± 6.5d 0.0 ± 0.0 d
2°C 49.9 ± 4.3 Ba 9.8 ± 2.9 Bb 0.0 ± 0.0 Cc
F 57.18 22.85 36.86 t = 2.73 t = 3.82 t = 3.33
df 2,48 2,52 2,47 22 36 15
P < 0.0001 < 0.0001 < 0.0001 0.0123 0.0005 0.0046

aHatching percentages were log-transformed before analysis to meet the assumptions of normality and homogeneity of
variances because the size of the egg masses was not constant. bA one-way ANOVA followed by the LSD test (P < 0.05)
(PROC GLM, SAS) was used to determine if there were significant differences in hatch percent.  Means in the same column
followed by a different capital letter and in same row followed by a different small letter are significantly different. cThe T-
test was used to determine if there was a significant difference between two sets of treatments (PROC TTEST, SAS).
Asterisks indicate the percentages between the two treatments were significantly different (P < 0.05).

Host acceptability by G. ashmeadi
Host acceptability (parasitism) was assessed by microscopically examining each GWSS egg within an egg mass for presence
of a developing parasitoid.  We found that the GWSS eggs killed by chilling were still utilized by G. ashmeadi as egg hosts
under no-choice conditions.  However, extending the holding time at the killing temperature was found to be detrimental.
For example, approximately 18% of the dead host eggs caused by exposure to 5°C for 11 days were parasitized as opposed to
>90% of those eggs killed by exposure to 2°C for only 5 days.  Further, within these moribund GWSS eggs, the developing
parasitoids successfully complete development to adulthood. To further determine the effectiveness of using moribund hosts
in propagation of G. ashmeadi, GWSS eggs deposited on euonymus cuttings were killed by placing at 2°C for 5 days after
holding for 1, 3, 5, 7 or 9 days post oviposition. They were then stored in an incubator set at 10°C with a photoperiod of
8L:16D.  Next, these eggs were exposed to colonies (about 200 individuals/ cage) for 2 days at room temperature.  After
removal from the parasitoid cages, the acceptability of the dead GWSS eggs was evaluated by assessing the incidence of
parasitism by physically examining each host for presence of a parasitoid.

A two-way ANOVA analysis, using host age and storage time as factors, showed that percentage parasitism varied
significantly with storage time (F = 10.59, df = 6, 474, P <0.0001) and host age (F = 84.53, df = 4,474, P <0.0001).  Also, the
interaction between storage time and host age also significantly influenced the incidence of parasitism (F = 2.13, df = 16,474,
P = 0.0066) (Table 2).

After storage at 10°C for 10-25 days, parasitism of dead 1 day old GWSS eggs by G. ashmeadi was statistically similar,
ranging from 65-95%.  Also, there were no differences in parasitism among 1 day old eggs having a storage time between
30-60 days.  This range was 45-55% parasitism.  For 3 day old hosts, only after storage for 30 days did the parasitism
significantly decrease.  After storage of 60 days, only 25% of 3 day old GWSS eggs were parasitized.  The 5 day old eggs
had a similar incidence of parasitism when stored for 10-20 days.  The parasitism for 5 day old eggs stored 25 days was
significantly lower than those having a 10-day storage period.  For 7 day old eggs, parasitism also decreased significantly
after storage for 25 days.  After storage for 10 days, only 11% of dead 9 day old eggs were parasitized by G. ashmeadi (Table
2).  At 25 days of storage at 10°C, 9 day old eggs displayed no parasitism by the wasps, even under the no-choice conditions.

Host age significantly affected acceptance by G. ashmeadi of dead GWSS eggs over a storage time of 10-60 days (Table 2).
After storage for 10 days, 95% of 1 day old eggs were parasitized, significantly higher than 57% and 10% of 7 and 9 day old
eggs, respectively (F = 36.56, df = 4,94, P <0.0001).  There were no differences in parasitism among 1, 3 and 5day old
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embryos.  After storage for 15 days at 10°C, 86% of dead 1 day old eggs were successfully parasitized by the wasps, and 74,
62, 51 and 5% for 3, 5, 7, and 9 day old eggs.  There were significant differences in parasitism between 7 and 9 day old and 1
day old eggs (F = 16.95, df = 4,90, P <0.0001). G. ashmeadi had a similar parasitism of 1,3 and 5 day old eggs that were
stored for 20-25 days (Table 2).  Percentage parasitism of 7 and 9day old eggs significantly decreased (20days, F = 29.93, df
= 4,83, P <0.0001; 25 days, F = 21.27, df = 4, 74, P <0.0001). G. ashmeadi displayed 47-57% parasitism of 1, 3 and 5 day
old eggs stored for 30 days, 45-56%, and 24-45% of 1 and 3 day old eggs for 50 and 60 days, respectively.  There were no
differences in parasitism among refrigerated 1, 3 and 5 day old eggs after storage for 30 days (F= 0.23, df = 2,61, P = 0.80),
and between 1and 3 day old eggs after storage between 50 and 60 days (Table 2).

Table 2. Effect of the age of refrigerated H. coagulata eggs on parasitism by G. ashmeadi over time (days).

Host Age (d) Percentage parasitism over storage timea (means ± S. E.) b

10 20 25 30 50 60
1 94.5 ± 1.6Aa 78.3 ± 4.9Aa 65.4 ± 6.3Aab 48.1 ± 6.1Abc 55.8 ± 6.6Abc 45.2 ± 10.5Ac

3 83.7 ± 4.0ABa 73.4 ± 7.7Aab 60.6 ± 6.8Aab 57.2 ± 8.0Aab 45.7 ± 4.9Ab 23.5 ± 8.1Ac

5 64.7 ± 7.6BCa 62.0 ± 5.9Aab 52.2 ± 8.4Ab 47.3 ± 6.7Ab Not available Not available

7 57.1 ± 6.3Ca 48.6 ± 8.0Ba 19.8 ± 8.2Bb Not available Not available Not available

9 10.8 ± 7.6Da 3.0 ± 2.1Ca 0   Ca
a Storage time is represented by the days the time was 10°C. bA one-way ANOVA followed by the LSD test (P < 0.05)
(PROC GLM, SAS) was used to determine significant differences.  Means in the same column followed by a different capital
letter and in same row followed by a different small letter are significantly different. Percentage parasitism was log
transformed before statistical analysis to meet the assumptions of normality and homogeneity of variances because the size of
egg masses was not constant.

Emergence
A two-way ANOVA analysis, using host age and storage time as factors, showed that the percentage emergence of G.
ashmeadi not only varied significantly with host age (F = 80.35, df = 4, 474, P <0.0001) and storage time (F = 14.50, df = 6,
474, P <0.0001), but also with the interaction between storage time and host age (F = 1.84, df = 16, 474, P = 0.0243) (Table
3).  When storage was for 10 and 15 days before parasitism, percentage wasp emergences from 1 and 3 day old eggs were
significantly greater than that for 5 or 9 day old hosts (10 days, F = 75.43, df = 4, 94, P <0.0001; 15 days, F = 25.05, df = 4,
90, P <0.0001).  About 90 and 80% of G. ashmeadi adults emerged from 1 and 3 day old eggs stored for 10 days and 71 and
66% for 15 days, respectively (Table 3).  After storage for 20 days, percentage emergence of the parasitoids from 1 day old
eggs was significantly higher than that from 3 to 9 day old eggs (F = 20.85, df = 4, 83, P < 0.0001).  About 60 and 51% of the
parasitoids successfully emerged from refrigerated 1 and 3 day old eggs, significantly more than that from 7 and 9 day old
eggs (F = 16.91, df = 4,74, P < 0.0001).  After storage for 30-60 days, no significant differences were found among 1, 3, and
5 day old eggs (30 days, F = 0.49, df = 2,61, P = 0.62), or between 1- and 3-d-old eggs (50days, P = 0.08; 60 days, P = 0.21).

Storage time at 10°C also significantly affected the percentage emergence of the wasp progeny from the dead GWSS eggs.
The maximum emergence occurred for 1 day old parasitized eggs that were previously stored for 10 days (Table 3).  For 1
day old eggs, the percentage wasp emergence remained statistically similar when they were stored for 10-25 days and it was
significantly higher than that for 30-60 days (F = 8.21, df = 6,145, P < 0.0001).  Only 28% of G. ashmeadi emerged from 1
day old eggs stored for 60 days.  For 3 day old eggs, the wasps had similar percentage emergences after storage for 10-20
days and they were also significantly higher than those for 30-60 days (F = 5.56, df = 6,114, P < 0.0001).  For 5 day old eggs,
the emergence percentages remained stable when they were stored for 10-30 days (F = 0.88, df = 4,89, P =0.48), ranging
from 38 to 58%.  Percentage emergence from 7 day old eggs stored for 10-20 days was 37-46%, and only 11% for 25 days.
No G. ashmeadi emerged from stored 9 day old hosts.
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Table 3. Effect of age of refrigerated H. coagulata eggs on emergence of G. ashmeadi over storage time a(days).
Age
(d)

Percentage emergence over storage time in days (means ± S. E.) b

10 d 15 d 20 d 25 d 30 d 50 d 60 d

1 90.4 ± 2.2Aa 75.7 ± 5.1Aa 70.6 ± 5.2Aa 60.2 ± 5.6Aa 40.6 ±  8.1Ab 48.7 ± 5.2Ab 27.8 ± 8.9Ac

3 79.9 ± 4.3Aa 66.0 ± 9.5Aab 59.2 ± 8.4ABab 51.2 ± 5.8ABbc 43.8 ± 8.9Abc 26.0 ± 5.5Acd 19.0 ± 8.5Ad

5 56.7 ± 7.2Ba 48.8 ± 8.4Ba 45.7 ± 7.6ABa 46.9 ± 5.6Ba 37.6 ± 6.4Aa N.A. N.A.

7 46.3 ± 5.5Ba 38.5 ± 7.1Ba 37.4 ± 6.4Ba 11.3 ± 6.1Cb N.A.

9 0.8 ± 0.8Ca 0    Ca 0     Ca 0    Da
a Storage time represented the duration in the refrigerator set at 10°C. bA one-way ANOVA followed by the LSD test  (P <
0.05) (PROC GLM, SAS) was used to determine if there were significant differences in percentage parasitism.  Means in the
same column followed by a different capital letter and in same row followed by a different small letter are significantly
different.  Percentage parasitism was log-transformed before analysis to meet the assumptions of normality and homogeneity
of variances because the size of the egg masses was not constant.

Quality assessment of G. ashmeadi progeny
There is no significant difference in the number of GWSS eggs deposited by G. ashmeadi females that were reared using
untreated eggs (control) and those reared from 1 day old eggs stored for 50 days (t = 2.2, P = 0.068), or 7 day old eggs stored
for 10 days (t = 2.5, P = 0.066) (Figure 1).  Dissections of parasitized GWWS eggs showed that within the first three days
single females deposited from 50-58 eggs.  Also, there is no difference in the female or male lifespan of parasitoids reared
from untreated host eggs compared to that of wasps reared from 1 day old host eggs previously stored for 50 days at 10°C ( P
> 0.05) (Figure 2).  In the laboratory, the female lifespan was about 18 days and that of males, 15 days.
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Figure 1. The fecundity of G. ashmeadi females that had
emerged from 7 day old* H. coagulata eggs after storage at
10°C for 10 days and from 1 day old** eggs stored 50 days
compared to females emerged from untreated eggs.  The
number of parasitoid eggs was collected within first three
days.  The T-test was used to determine that there were no
significant differences in fecundity of G. ashmeadi between
the groups (P < 0.05, PROC TTEST, SAS).
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Figure 2. The lifespan of G. ashmeadi females and males
having emerged from untreated eggs (black bar) compared
to 1 day old H. coagulata eggs (white bar) after storage at
10°C for 50 days.  The T-test was used to determine that
there were no significant differences in lifespan between the
treated and the control groups (P < 0.05, PROC TTEST,
SAS).
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ABSTRACT
Our results indicate that:
1. Glassy-winged sharpshooter (GWSS) populations in untreated groves at University of California, Riverside (UCR)

Agricultural Operations have been declining steadily since the beginning of 2002 through mid 2005 when sampling
ceased.  Current population densities are only 10% as dense as those during 2001-2002.

2. Forecast analysis indicates that, if current trends continue, untreated GWSS populations should decrease to their
minimum densities sometime after winter 2008 and prior to summer 2013, depending on the Citrus species on which
they are feeding.

3. Forecast analyses indicate that adult GWSS densities are cycling around an equilibrium density of 600 adults per
Valencia tree and 950 adults per lemon tree when left untreated.

4. Population analyses indicate that 30% of the first instar nymphs survive to become fifth instar nymphs and less than 15%
become adults on the citrus cultivar.  Egg mortality is not included.

5. Current estimates of GWSS’ impact on citrus production and fruit quality is an overestimate because the GWSS densities
under which these measurements were made are 9 to 25 times more dense per tree than those that currently prevail in
most untreated commercial orchards.

INTRODUCTION
In late 1989, the GWSS, Homalodisca coagulata (Say) (Hemiptera: Cicadellidae), was detected in Irvine, California, most
likely having arrived from the southeastern US as egg masses on imported ornamental plants (Sorensen and Gill 1996).
Following its initial detection, GWSS spread throughout the inland coastal valleys of southern California (Orange, Riverside,
and Ventura Counties) and, by 1997, had spread to the southern San Joaquin Valley, where it was first detected east of
Bakersfield, Kern County, CA (Hill and Hashim 2004).  Incipient populations were also detected at several San Joaquin and
Sacramento Valley locations between 2000 and 2002, areas that encompass or are near several important table and wine
grape growing regions in northern California.  Of particular concern was the coincident distribution of GWSS in central and
northern California with a portion of the distribution of Xylella fastidiosa (Xf) (Wells et al.), the causative agent of Pierce’s
disease (PD).

Citrus is considered to be the main source of GWSS adults migrating into the vineyards (Perring et al. 2001, Blua and
Morgan 2003).  In southern and central California, Citrus spp. is an important over-wintering host for GWSS, generating
substantial GWSS populations on this host each spring (Coviella et al. In review).  Using mark-release-recapture data
obtained during June and July, 2001, Coviella et al. (In review) estimated that 1.2 million adult GWSS occurred per ha at a
San Joaquin Valley citrus grove (Kern Co.) and 2.2 million adult GWSS occurred per ha at a southern California citrus grove
(UCR, Ag Ops, Riverside Co).  GWSS has two annual generations on citrus: one in late winter through spring and a second
beginning in early summer and lasting through late autumn (Al-Wahaibi 2004, Coviella et al. In review).  It is the adults
arising from the spring generation produced on citrus that then disperse to the adjacent vineyards which has become of great
concern to grape growers (Blua and Morgan 2003).  The adult GWSS produced in autumn are the over-wintering population
that initiates reproduction during the late winter or early spring, principally on citrus (Covella and Luck unpubl. data).

To prevent PD epidemics, GWSS population densities must become extremely scarce if PD’s spread and transmission are to
be disrupted.  Thus, identifying whether critical periods in GWSS’ two annual generations occur in which an appropriately
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timed treatment will drive GWSS nearly extinct while minimizing disruption of the associated citrus arthropods is an
important pest management concern.  Similarly, assessing the impact of established and/or introduced egg parasitoids on
GWSS population dynamics is also an important issue.  It is with these issues in mind that we began a sampling program to
determine GWSS’ population dynamics on untreated citrus.  We sought to determine whether GWSS densities were
remaining static or decreasing during our three and a half year study, and if they were decreasing what likely densities they
would attain.

RESULTS
Our results to date suggest that GWSS has two major reproductive periods, one during the spring and a second during late
summer-early autumn.  The late summer-early autumn generation involves a dense egg population laid by GWSS females
arising from the spring generation.  Interestingly, very few of these eggs mature to become adult GWSS.  Nevertheless the
few females that do mature from this generation lay the eggs that initiate the late winter-spring generation the following year.
We have measured egg parasitism ranging from 78% to 92% during this second generation, i.e. during the summer-autumn
generation.  In contrast, the eggs laid during the late winter early spring period appear to suffer less parasitism than those laid
during the late summer or early autumn (Al Wahabi 2004). Our results also show substantial nymphal mortalities.  Only
about 30% of the first instar nymphs reach the last (fifth) nymphal stage, and less than 15% of the first instar nymphs survive
to become adult GWSS, but this varies between the citrus varieties.

Our studies also show that the GWSS populations have declined substantially by July 2005 when compared to those in July
2002.  The adult GWSS populations on orange trees at UCR Agricultural Operations in July, 2005, was 3% (= 200 GWSS
per tree) of the adult GWSS population that we measured in July, 2002 (= 6,500 GWSS per tree) (Figure 1).  By comparison,
the GWSS population that we measured on lemons in October, 2004 was 16% (= 800 GWSS per tree) of that we measured in
October, 2002 (= 5,000 GWSS per tree) (Figure 2).  In general, an 80-90% decline occurred in the GWSS adult density
during the last three years in Valencias and lemons.  The 1.5 year period during which we sampled GWSS populations on
tangerines and grapefruit is of insufficient duration to make a similar analysis of GWSS populations on these citrus varieties
meaningful (Figures 3 and 4).

We also subjected the densities of the adult GWSS population densities and their trend during the 3.5 year sampling period
on Valencia oranges to a forecast analysis (Figure 5).  We also conducted a forecast analysis for the GWSS population
densities and trend on lemons (Figure 6).  We plotted the total adult and the newly emerged (red-veined) adult densities using
a logarithmic scale.  We then applied a forecasting technique to the GWSS adult density data from Valencia and lemons
separately.  Figures 5 and 6 show the results of this analysis if current trends were to continue and these density trends are
extrapolated until they reach zero.  Although these values will never reach zero, we use the plots to estimate a minimum and
a maximum “extinction” date.  The two extinction dates (defined by the points where the lines cross the X-axis in each graph)
encompass the time period (interval in years) during which we estimate that GWSS adult populations will likely reach their
minimum densities.
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Figure 1. Actual adult GWSS densities in an untreated
lemon grove (adults per tree).

Figure 2. Actual adult GWSS densities in an untreated
orange grove (adults per tree).
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Figure 3. Actual adult GWSS densities in an untreated
grapefruit grove (adults per tree) since fall 2003.
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Figure 4. Actual adult GWSS densities in an untreated
tangerine grove (adults per tree), since fall 2003.
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Figure 5. Logarithm of total and new adults with
trend lines showing expected “zero density” dates
(Valencia).
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Figure 6. Logarithm of total and new adults with
trend lines showing expected “zero density” dates
(lemons).

If current trends continue, we estimate that the adult GWSS densities will reach their minimum densities within the next three
to six years.  We can also use a second and even more powerful technique to analyze the GWSS dynamics; a phase diagram
(Figures 7 and 8).  Each phase diagram shows a plot of adult GWSS densities during the current time interval as a function of
their density during the previous time interval.  In our case, it is the density of adult GWSS during a given week as a function
of their density two weeks prior.  The plotting is continued for each successive pair of sample dates and we obtain a phase
diagram that shows whether the GWSS population density is cycling, and if it is cycling, an estimate of the density around
which it will likely cycle. Figure 7 shows the phase diagram for Valencias.

The point at which the two diagonal lines cross indicates the equilibrium density, that is, the density around which the adult
GWSS population is estimated to cycle, generation after generation.  It is the density at which the population will occur
generation after generation.  For Valencias, this equilibrium density is about 600 adults per tree; for lemons (Figure 8), it is
about 950 adults per tree.  The analysis indicates that GWSS will never reach “zero density,” rather it will cycle above and
below this density at different times of the year and in different years.  The actual density in any given year can be as high as
a thousand GWSS adults per tree or as low as 100 or less.  GWSS population data for tangerines and grapefruit encompass
too few generations to allow forecasting analysis to be applied to GWSS population using these hosts.  We will need at least
another year of GWSS data before we can conduct this analysis for these two citrus varieties.
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Figure 7. Phase diagram for adult GWSS
dynamics in Valencias (see text).

0

1000

2000

3000

4000

5000

6000

0 1000 2000 3000 4000 5000 6000

Crossing lines indicate the
likely equilibrium density (~950)
around which the population is cycling

Figure 8. Phase diagram for adult GWSS
dynamics in lemons (see text).

CONCLUSIONS
Our results clearly show that the adult populations of GWSS have declined substantially during the 3.5 years of this study.  In
early summer of 2005, the 200 GWSS adults per tree were only 3% as dense as they were per tree in 2002 on untreated
Valencia orange trees at UCR Agricultural Operations.  Similarly, at this same location in 2005, the 800 adults were only
16% as dense as they were per tree on untreated lemon trees in 2002.  These densities are estimated by enclosing the entire
crown of a sample tree in two parachutes, fogging the enclosed tree with a pyrethrum insecticide, and, after vigorously
shaking the tree, collecting all of the GWSS adults and immature nymphs on a ground cloth 24 hours after fogging the tree.
Each sample date (twice a month) involved three replicate sample trees per citrus cultivar.

Our results also show that GWSS has two generations per year.  The first generation comprises the GWSS adults which
mature in the autumn and survive the winter to initiate egg-laying the following spring.  The adults arising from this
generation lay their eggs during the summer-fall period of the same year which give rise to the GWSS adults that over-winter
and initiate oviposition the following spring period.  Parasitization of the eggs laid during the spring is less than that which
occurs to the eggs laid during the summer-autumn generation (Al Wahabi 2004).  The autumn egg generation suffers between
78% (lemons) and 92% (Valencia) parasitism.

Currently, the suppression tactics directed against GWSS seeks to prevent emigration of the adults from a citrus grove to
nearby vineyards.  Movement of GWSS adults poses a risk of spreading PD to the vineyard and among the vines within a
vineyard (Hill and Hashim 2004, Perring et al. 2001).  If the immigrant GWSS adults also oviposit in the vineyard, then the
immature nymphs may also spread PD among the vines.  Thus, citrus growers are encouraged to treat the spring GWSS
generation to prevent this movement.  They are also compensated for these treatments.  However, treating citrus during the
period is highly disruptive of a sustainable pest management program that has been developed for citrus in California (Forster
and Luck 1997; Luck et al. 1997).  Pesticide applications during the spring period pose a dilemma for citrus growers
practicing sustainable pest management.  Such spring treatments often disrupt natural control and prevent the use of
augmentative releases of natural enemies for control of California red scale, Aonidiella aurantii (Maskell) (Diaspididae:
Hemiptera) (Forster and Luck 1997; Luck et al. 1997).  Thus, a grower is often faced with an additional pesticide application
because the timing of the GWSS treatment disrupts the natural control present in a grove under sustainable pest management
or prevents the augmentative release of natural enemies.  Thus a grower faces additional costs for which he/she does not
receive compensation.

Lastly, even though GWSS densities are much lower than three years ago, data from June-July 2005 show that untreated
citrus groves still sustain GWSS densities which peak at 13,000 (oranges), 20,000 (lemons), 12,000 (grapefruit), and 90,000
(tangerines) adults per acre.  The uncertainty with the declining GWSS populations, especially in orange, lemon, and
grapefruit, is whether these densities will decrease fruit quality as has been suggested by Hix et. al. (2003).  Their untreated
trees supported 1,149-4,999 GWSS per tree in 2002 which converts to 114,900 to 499,000 if one assumes 100 trees to the
acre.  This ranges between 9.5 and 25 times more GWSS adults per acre than we measured at the peak GWSS densities in
2005.  If the densities we measured in our experimental plots in 2005 are typical of those to which GWSS will decline, then
we strongly suspect that the estimated impact of GWSS feeding is over estimated and is unlikely to be economic in the
absence of citrus variegated chlorosis (the Xf induced disease in citrus).  Thus experiments conducted by Hix et al. (2003) are
unlikely to be relevant to untreated GWSS population densities in citrus if the GWSS population densities that we have
measured are typical of those that will prevail in the presence of the GWSS egg parasitoids.
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ABSTRACT
The impact of all of the currently recommended chemicals registered for use against glassy-winged sharpshooter (GWSS) is
by direct or indirect mortality to the targeted life stages.  One of the biggest problems in efforts to contain the spread of
GWSS is the lack of effective treatments for GWSS egg masses that occur on many different host plants.  Juvenile hormone
analogs may have potential to suppress reproduction in GWSS.  We have discovered that methoprene and perhaps other
registered juvenile hormone analogs affect the reproduction of GWSS.  This report summarizes our results to date which
most notably include the observation of complete suppression by methoprene at label rates of the reproduction of GWSS
females when treated during their diapause or preoviposition period.

INTRODUCTION
The primary tools available for regulatory suppression and eradication are early detection followed by chemical pesticide
applications (Redak and Blua 2003).  Containing the spread of GWSS could be improved by the availability of effective
treatments for GWSS eggs. The CDFA web site containing the GWSS nursery shipping protocol lists the following
chemicals with efficacy against GWSS: acephate, cyfluthrin, methiocarb, bifenthrin, deltamethrin, permethrin, fenpropathrin,
carbaryl, chlorpyrifos and imidaclopid.  Many of these chemicals have logistical limitations including long reentry intervals
and other potential side effects that restrict their use or result in added environmental costs, as well as elicit severe negative
reactions from the public.  The impact of the currently-recommended pesticides registered for use against GWSS is by direct
or indirect (feeding suppression by neonicotinoids, repellency by kaolin clay, Surround) mortality to the targeted life stages.

Redak and Bethke (2003) summarized the results of the previous evaluations of pesticides against the GWSS.  A large
number of chemicals have been evaluated against GWSS life stages that include commercially-available organic, biorational
and reduced-risk chemicals.  Evaluations of the efficacy of the chemicals were based primarily on mortality to the target
stages.  Moreover, the results from most previous evaluations were based on short-term tests using typical laboratory and
field protocols whereby the mortalities of untreated control organisms are compared to treated individuals over a period of
hours or days.  Some insect growth regulators, primarily synthetic chitin inhibitors, have been tested over a period of several
weeks and found to be effective against GWSS nymphs but caused no adult mortality.  However, Redak and Bethke (2003)
concluded that the activity of these compounds (buprofizen, novaluron and pyriproxifen) was too slow to be useful for
eradication purposes.  Other researchers (Akey et al. 2003) have evaluated certain biorationals including cinnamon oil,
pyrethrum and piperonyl butoxide - for use in organic production and found limited efficacy against GWSS.  To our
knowledge, evaluation of the efficacy of the currently registered formulations of the juvenile hormone analogs methoprene,
kinoprene and hydroprene has not been reported.  These materials may have direct and indirect impacts on the behavior,
reproduction or other physiological systems of GWSS.  Moreover, the potential long-term impact of treatments to nymphs on
the subsequent reproductive activities of adult GWSS has not been evaluated.

OBJECTIVES
1. Determine the effects of the synthetic juvenile hormones methoprene (Diacon II), kinoprene (Enstar II) and hydroprene

(Gentrol) on the survival and reproductive status of the life stages of GWSS.
2. Determine the effects of these hormones on GWSS parasitoids and two related leafhopper vectors.
3. Provide recommendations for use of these biorational chemicals against GWSS for eradication and other management

objectives.

RESULTS
Parasitoids
We screened the compounds methoprene (1x rate= 0.009 ml/l AI), kinoprene (1x rate= 0.71 ml/l AI) and hydroprene (1x rate
= 0.52 ml/l AI) in water solutions at concentrations of 0.1x, 1.0x and 10x the recommended rates for their impact on the
GWSS egg parasitoids, G. ashmeadi and G. morrelli, by treating GWSS eggs containing the parasitoid larvae and by



topically treating the adult parasitoids.  We observed no effect of the juvenile hormones tested on any life stage of either
parasitoid species.

Adult GWSS females in diapause
All GWSS used in the experiments were taken from a greenhouse culture and were in the process of terminating winter
reproductive diapause.  Female GWSS in groups of 10 were sprayed until visibly wet with methoprene at the label rate
described above.  They were then placed into a wooden 1m screened cage that was provisioned with five males and glabrous
soybean, Glycine max (L.).  A similar untreated control cage was also set up with females sprayed with distilled water.
Females were checked daily for the presence of brochosomes and plants were checked for egg masses.  Cages were in a
greenhouse maintained at 32oC and equipped with artificial lighting for a 14:10 photoperiod.  Surviving females were
dissected after 30 days and their reproductive status was evaluated.  No eggs were produced by any treated GWSS females.
Dissections revealed that all surviving treated females had not begun reproductive activity, even after 30 days.  There was
little or no brochosome material in the Malpighian tubules and no development of ova.  All control females when dissected
were reproductively active.

Newly-eclosed adult GWSS females treated during the preoviposition period
All GWSS used in the experiment were reared under summer conditions in a greenhouse from 4-5 instar to eclosion.  Newly
eclosed adult female GWSS in groups of 10 were treated until visibly wet with methoprene at the labeled rate.  After
treatment, females were placed in a 1m-screen cage that was provisioned with crape myrtle, eastern saltbush, and soybean.
Five males of unknown ages were added to each cage.  Females were dissected after 36 days.  Males were discarded.  No
eggs were produced by any treated GWSS females.  Dissection of treated females indicated that ovariole (reproductive)
development was inhibited.  Under normal green house conditions, untreated female GWSS begin to oviposit 10-12 days
after eclosion.  A few days prior to oviposition, their bodies swell and they begin to display brochosomes on the forewings.
The treated females did not display any of these traits while the untreated females were reproductively active.

Actively-reproducing female GWSS
Female GWSS collected in the field during the months of July and August in north Florida, were divided into ten groups of
15 and treated with either a juvenile hormone analog or distilled water as the control.  Juvenile hormone analogs consisted of
hydroprene, methoprene and kinoprene, each with concentrations as described above of the recommended label rate, 0.1x the
recommended rate, and 10x the recommended rate.  Each cohort of 15 leafhoppers was randomly assigned to a treatment,
sprayed until visibly wet and placed in a 1.3m long sleeve cage on a crape myrtle branch.  This experiment was replicated
four times.  After one week the leafhoppers were removed, mortality was assessed and females were dissected to evaluate
their reproductive status.  In addition, the number of egg masses on the leaves within the cages was determined.  There was
no significant effect of the juvenile hormones on GWSS egg production by active females (Figure 1).

GWSS nymphs
Ten cohorts of five nymphs, consisting of fourth and fifth instar GWSS were collected from a greenhouse culture and placed
on a cowpea, soy or lemon basil plant in a plexiglass cylindrical cage 46cm in length and 15cm in diameter.  The plants were
placed in a laboratory next to a window to provide adequate sunlight.  Each cohort was sprayed either with distilled water or
a juvenile hormone analog until visibly wet.  Juvenile hormone analogs consisted of hydroprene, methoprene and kinoprene,
each with concentrations as described above of the recommended label rate, 0.1x the recommended rate, and 10x the
recommended rate.  Daily observations were taken to record survivorship and the number of individuals developing into
adults.  This experiment was replicated twice.  Hydroprene at the 1x and 10x rates and methoprene at the 10x rate caused
significant mortality to GWSS nymphs (Figure 2 and Figure 3).
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Figure 1. Number of egg masses produced by reproducing
GWSS females following treatment with juvenile hormones and a
water control.
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Days Survived Within a Two Week Period
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Figure 2. Survival of GWSS females after treatment with three juvenile
hormones at 3 concentrations.
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Figure 3. The number of treated nymphs developing into adults after
treatment with juvenile hormones at three concentrations.

CONCLUSIONS
We tested the effects of three juvenile hormones on GWSS females in several different physiological states.  While high
mortality to nymphs was observed from hydroprene and methoprene at the 10X rate, no other direct mortality was observed.
However, methoprene at the 1x labeled rate caused complete sterilization for at least 30-35 days when applied to GWSS
females in diapause or during their preoviposition stage just after eclosion to adults.  We are continuing these evaluations
with the other JV analogs on female GWSS and other species of leafhopper vectors in different physiological states.
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ABSTRACT
A species of Hirsutella, the primary pathogen of glassy-winged sharpshooter (GWSS) in the southeastern US, has been the
major focus of our research this past year.  Due to the fastidious growth requirements of this fungus and the presence of
numerous saprobic fungi associated with mycosed GWSS, a major effort has been made to design a series of gene-specific
primers to be used to detect these diseases in field collected samples.  Molecular-based diagnosis is being used to examine
the hundreds of mycosed insects collected during the 2003 and 2004 regional surveys.  A second effort has been directed at
examining the seasonal incidence of this disease in an experimental crape myrtle plot.  A number of parameters such as crape
myrtle variety, host density, and mist irrigation (humidity) have been found to influence the onset of Hirsutella in GWSS
populations.  Current laboratory research is being directed at examining transmission of the lab culture to both GWSS and to
alternate insect hosts.  In addition, culture filtrates of all of the fungi collected from GWSS are being assessed for the
presence of active metabolites.

INTRODUCTION
We are not aware of any studies that have examined the dynamics of pathogens associated with populations of GWSS in its
native range.  In general, the lack of pathogens (viral, bacterial, or protozoan) in leafhopper populations may be related to
their piercing-sucking feeding behavior.  In most cases, these pathogen groups are transmitted orally and would likely need to
inhabit the xylem tissue to infect leafhoppers.  Pathogens that are transmitted per os are typically affiliated with insects with
chewing mouthparts.  Thus, entomopathogenic fungi, which do not need to be ingested in order to infect insects, are
considered to contain the primary pathogens of sucking insects.  Indeed, the primary pathogens operating against insects such
as whiteflies, scales, aphids, spittlebugs, plant hoppers, and leafhoppers are insect fungi (for listing see USDA-ARS
Collection of Entomopathogenic Fungal Cultures at http://www.ppru.cornell.edu/mycology/catalogs/catalog).  We commonly
observe all mobile stages of GWSS exhibiting mycoses in north Florida and we are identifying them and assessing their
impact.  Since the last report we have concentrated on an assessment of the population dynamics of fungi and GWSS in the
field.  The incidence of Hirsutella  homalodisca (H. homalodisca) in a GWSS population on crape myrtle was monitored in a
preliminary manner in 2004 and then as part of a more exhaustive approach in 2005.  Disease incidence was significantly
lower in 2005.  GWSS population levels were moderately lower at all sample dates available for comparison.  One cultivar
group was preferred to a significant level, but it is suspected that this was due to the effects of immigration.  Most diseased
cadavers appeared after the conclusion of the F1 generation population peak, but at much lower incidence than in 2004.
Pseudogibellula formicarum was found to colonize a high proportion of GWSS cadavers after mycosis by H. homalodisca.

OBJECTIVES
1. Identify and archive all the major pathogens affiliated with GWSS populations.
2. Estimate the distribution, frequency and seasonality of the major diseases of GWSS.
3. Screen the pathogens for exotoxins with potential toxicity to GWSS and other arthropods.
4. Confirm infectivity of the isolates and the exotoxins and determine which if any pathogens may serve as microbial

controls of GWSS and other leafhopper vectors.

RESULTS
The presence of various opportunistic fungi on field-collected samples has limited our abilities to culture the more fastidious
slow growing species of Hirsutella, Sporothrix, and Pseudogibellula. The aforementioned fungi were identified last year to
be key entomopathogens isolated from GWSS populations.  We have developed and optimized PCR primers within unique
intron motifs of both the actin and tubulin genes that have been matched with primers from the open-reading frame.  Control
reactions have demonstrated that these primer combinations are able to specifically amplify the GWSS Hirsutella from DNA
extracted from mummies.  This technology is being used to screen the more than 250 DNA samples extracted from mycosed
GWSS collected from throughout the southeastern U.S.  This work has been summarized and submitted for publication.



A crape myrtle field plot was utilized to track a population of GWSS over the course of the 2005 summer season.  The plot
consisted of 4 replicates of 14 crape myrtle cultivars, with each cultivar represented by 4 adjacent trees in each replicate.
Based on data collected in 2004, 4 cultivars were selected for intensive sampling and observation of both live and diseased
GWSS.  “Biloxi”, “Osage”, “Miami”, and “Tonto” cultivars were selected, as they had demonstrated the highest incidence of
mycosed GWSS in the previous season.  Cultivar group position was completely randomized within the plot.  The 4
replicates were divided into two treatments, misted and ambient.  In the misted replicates, a 6’ diameter emitter was staked
above each tree in 10 of the 14 cultivars.  This system was controlled by an automatic timer, which allowed the misters to run
the first 15 min. of every hour, 24 hours a day, 7 days a week.  This ensured that each misted tree remained under very high
humidity conditions.  The remaining two replicates were subjected only to the prevailing environmental conditions.  Each
replicate was sampled on a weekly basis. The individual trees were visually sampled for live GWSS by running a curved tool
behind each branch and counting the insects as they displayed evasive behaviors.  Sampling was performed between 08:00
and 12:00, a period of lower GWSS activity.  Immediately following live sampling, each branch of the tree was visually
inspected on all sides for the presence of mycosed insects. Those found were marked by tying a piece of surveyor’s tape
around the branch 10-15 cm below the cadaver.  The tape was then marked with a number.  This enabled development of
detailed records on each individual mummy and monitoring of any change in its condition.

In addition, a 229 m grid with 51 locations was set up in the 60 ha area surrounding the field plot and 27 yellow sticky traps
consisting of 7.5 x 15 cm mailing tubes on 1 m stakes were distributed to half the grid points at random.  Trap placement was
randomized each week among the 51 locations.  The GWSS on the traps were counted weekly. Sticky trap counts indicated
two peaks in GWSS numbers over the course of the 2005 study, the highest coming in week 7 and a much smaller peak at
week 16.  Visual GWSS counts in the misted portion of the first replicate closely mirror this trend with a delay of
approximately 1-2 weeks.  Counts in the dry portion of replicate 1, as well as both portions of replicate 2 show little
homology to background numbers.  Least squares means analysis of significant effects found in the repeated measures
procedures revealed significant differences between both cultivar and humidity treatments were primarily due to the action of
the crape myrtle cultivar “Biloxi” in the misted portion of the first replicate.  This cultivar group held the highest numbers of
leafhoppers of any group throughout the entire first population peak, often by a factor of 3.  Most significant differences
between treatment and cultivar were found within this peak.  The exception to this phenomenon was that within the misted
portion of the first replicate, leafhopper numbers on the cultivar “Tonto” were significantly lower when compared to “Osage”
in weeks 16 through 18 and when compared to “Biloxi” in week 19.  These differences, however, were not of great enough
magnitude to affect between-treatment interactions.  It is possible that the preference for “Biloxi” in the first peak was due to
its placement in the plot, as it was located at the corner closest to a natural forest habitat and may be an immigration point for
GWSS entering the plot.  If this group of four trees is discounted there were no recognizable trends for preference of cultivar
or irrigation treatment.

In 2005, the incidence of cadavers killed by Hirsutella homalodisca within the field plot did not closely follow fluctuations in
GWSS populations.  Mycosed cadavers appeared with greatest regularity beginning at the tail of the first population peak,
until week 20.  This time period was characterized by lower GWSS populations, but also by almost weekly shifts in host
cultivar preference.  Sticky trap data show much lower populations after week 11, but while plot populations were lower, the
difference was not as pronounced.  Mean cadaver numbers per tree were significantly higher in 2004 than 2005 (t = 7.43, p <
0.0001).  The last sample time for the plot in 2004 occurred from 8/17/04 to 8/28/04.  During this time, mean GWSS
cadavers per tree was 4.44 ± 3.74 (N = 64).  The same trees sampled on 8/24/05 had 0.31 ± 0.48 mean cadavers per tree.
Total cadaver number for all trees at this time in 2004 was 284 compared to 20 for 2005.  There is no obvious explanation for
this, though host/pathogen interactions are often cyclical in insect systems.  On all sample dates in 2004 where live GWSS
counts were taken, leafhopper numbers were higher than in 2005, suggesting a higher total population in 2004.  Whether a
critical host density threshold was met in 2004 but not in 2005, is unknown, but may represent the most likely explanation for
2004 cadaver counts surpassing those from 2005 by more than an order of magnitude.  Differences in cadaver numbers
between misted and dry replicates were pronounced in 2004, but slight in 2005.  This slight difference was probably an
artifact owing to the much higher host numbers on the “Biloxi” cultivar in the first misted replicate.  By revisiting the same
GWSS cadavers every week and noting their condition, it was possible to ascertain that individuals initially displaying the
Hirsutella homalodisca phenotype frequently developed Pseudogibellula formicarum morphologies later in the season.
Currently, September 25, 2005, 46% of those cadavers found in the 2005 study present some degree of P. formicarum
morphology, with the expected proportion to be higher once removed from the field and examined with the microscope.  All
of these cadavers originally sporulated as H. homalodisca, with P. formicarum probably acting as a secondary saprophyte of
the cadaver.  These findings run counter to a previous report identifying P. formicarum as a primary fungal pathogen of
GWSS in the southeastern U.S. ( Kanga et al. 2004).

CONCLUSIONS
We have identified and have in culture several isolates of a primary pathogen and potential GWSS biological control agent,
Hirsutella homalodisca.  Molecular methods have been established and are being used to diagnosis GWSS collected from
sites throughout the southeastern US.  This past two field season the dynamics of H. homalodisca has been examined in
replicated crape myrtle plots.  Mycosed GWSS developed throughout the mid-later part of the growing season in both years.
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A large proportion of the mycosed GWSS infected with H. homalodisca later showed symptoms of Pseudogibellula
formicarum suggesting that the later fungi may not be a primary pathogen of GWSS.
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ABSTRACT
The California Department of Food & Agriculture (CDFA) has a number of sites in southern California where they are
releasing egg parasitoids of glassy-winged sharpshooter (GWSS).  To date, species released include Gonatocerus ashmeadi,
G. fasciatus, G. morrilli, and G. triguttatus and very recently, a strain of Anagrus epos from Minnesota.  CDFA monitors for
parasitoid establishment and population dynamics at release sites.  This project is intended to complement and expand the
scope of this monitoring with an eye towards improving our understanding of the benefit of releasing alternative parasitoid
species and how well they are surviving, dispersing, and impacting GWSS populations.

INTRODUCTION
One of CDFA’s parasitoid release sites in southern California is Field 7H on the UC Riverside campus.  A two-year field
study in and around this release site was conducted to examine the temporal and host plant distribution of Homalodisca
oviposition and associated egg parasitism (Al-Wahaibi 2004).  In the current project, we plan to expand on this study and
monitoring done by CDFA in an attempt to improve our understanding of the population dynamics of endemic and released
parasitoids in and around release sites.  Although control programs appear to be effective at reducing GWSS populations,
biological control is a more sustainable and environmentally friendly means of contributing to vector reduction and may have
to suffice in much of California where chemical control is either impractical (e.g., urban areas) or economically unfeasible.

In the two-year (July 2001 – June 2003) study by Al-Wahaibi (2004) around CDFA’s release site on the UC Riverside (UCR)
campus, parasitism was due to a total of eight parasitoid species with Gonatocerus ashmeadi, Ufens principalis (previously
Ufens A, Al-Wahaibi et al. 2005), Ufens ceratus (previously Ufens B), and G. morrilli being the most abundant. Ufens spp.
were dominant on jojoba while on other plants, Gonatocerus species tended to dominate.  Across all ten host plants sampled,
ranked percent parasitism was G. ashmeadi (27.4%), U. principalis (19.8%), U. ceratus (2.9%), G. morrilli (2.1%,), G.
incomptus (0.4%), G. novifasciatus (0.3%), G. triguttatus (0.1%), and G. fasciatus (0.01%).  Note, however, that these data
may have been biased by the proximity of nearby hosts harboring smoke-tree sharpshooter and high levels of Ufens spp. on
jojoba.

OBJECTIVES (As Modified)
1. Monitor GWSS egg parasitoids in several areas in southern California at CDFA’s parasitoid release sites, comparing

levels of G. ashmeadi, G. morrilli (Texas strain), and Anagrus epos (Minnesota strain).

RESULTS
Based on discussions with our CDFA cooperators, we have made several changes in project objectives, experimental design,
and methodologies because of low levels of GWSS at several initial monitoring sites, changes in the species / strains of
parasitoids CDFA has reared and released, the number of parasitoids they have been able to produce over this past year (this
has been a very difficult year as far as rearing GWSS egg masses which are the cornerstone of the rearing program), and what
makes practical sense within an applied management program (Shea et al. 2002) given advances in our knowledge regarding
Gonatocerus species and the new strain of Anagrus epos from Minnesota (see below).

We have settled on monitoring parasitoid levels at six sites in southern California.  Three sites are near the coast (Irvine,
Mission Viejo, and San Juan Capistrano) and three are in the southern California interior region (Corona, Temecula, and
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UCR 7H).  Egg masses are collected from Eureka lemon trees at each site (initially we were monitoring navel orange at some
sites but we decided it would be best to switch to the same citrus variety at all sites for comparison) and are returned to the
laboratory where parasitoids are reared out and identified.  The initial plan was to monitor two sites in each of three
environmental regions (coastal, interior, desert) but after several months of monitoring two sites in the Mecca region of the
Coachella Valley, we decided that GWSS levels were too low to obtain meaningful data, we dropped these two sites, and
added a third site in both the coastal and interior areas.  We checked with cooperators and thought it unlikely we could find
other sites in the desert region with high GWSS levels, especially in view of the GWSS management program there.  In
finalizing selection of the six monitoring sites we were constrained by two major objectives: (1) sites should not be sprayed
or should be sprayed at a minimal basis only with selective pesticides so that parasitoids might survive and (2) GWSS levels
at each site should be at least moderately high so that we could find and collect egg masses.  We now have at least several
months of data from each of the six sites and feel we have met both objectives at each site.

The type of monitoring data we collect at each site is listed below.  We are using CDFA’s basic monitoring protocol with
modifications.  Note that we have two replicated sampling plots at four sites, only one at Irvine (because the site is too small
for two) and six at Temecula.  In Temecula, in collaboration with Dr. Nick Toscano and Mr. Rodney Mendes, we are
comparing two replicates of each of three treatments for control of GWSS within an organic citrus block; treatments are (1)
untreated control, (2) parasitoid releases, and (3) control of GWSS with two sprays of an organically approved spray =
Pyganic + Nufilm..  Note that management of GWSS within organic citrus has been problematic within the Temecula GWSS
management program being run by Dr. Toscano and thus, he expressed an interest in evaluating parasitoid releases at this
site.  We started this experiment with three replicates of each of the three treatments but mid-way through out study, citrus in
two of the replicates was leased to a different grower who stopped watering the trees for several months.  As a result, we
dropped these six plots and added three new plots (one replicate of each treatment) within the portion of the ranch being run
by our grower-cooperator, Mr. Albert Salazar.

1. Sticky Cards to Monitor for Adult GWSS levels:  Use 10 yellow sticky traps in each plot to assess adult GWSS levels
every two weeks.

2. Leaf Sampling:  Count and collect the number of fresh GWSS egg masses on 10 leaves collected from the end of
branches on each of 10 trees in each plot every two weeks.  In contrast to method 3, this is intended to return a less-
biased estimate of GWSS egg mass levels.  Old egg masses are counted, but not collected.  The egg mass sampling is
mainly intended to estimate recent GWSS egg mass levels and to serve as a means of collecting egg masses for
parasitoid rearing.

3. Time Search for GWSS Egg Masses:  Do five two-minute time searches near the center of each plot every two weeks,
looking for, counting, and collecting viable (new) GWSS egg masses.  Continue sampling an additional 30 minutes until
a minimum of five egg masses are found from 2 and 3 combined.

4. Parasitoid Emergence Data:  Using egg masses collected in 2 and 3 (aim for 5-10 egg masses per date if possible),
return egg masses to the lab at UCR and rear out and identify parasitoid species that are present.

Over the period of our study, there have been changes in the species / strains of parasitoids CDFA rears and releases.  Our
initial experimental design was to release G. ashmeadi and one of G. fasciatus, G. morrilli, or G. triguttatus at each site.  As
of September 2005, CDFA decided to change the strain of G. morrilli being released.  The new strain is from Texas and
contains a genetic marker, which should allow differentiation between the released G. morrilli and endemic populations of
this species (preliminary work indicates these two strains do not interbreed, de Leon et al. 2004, 2005).  Thus, we decided to
revise our experimental design to compare G. ashmeadi and Texas G. morrilli releases at each of the six sites we are
monitoring, allowing for a comparison of how these two species do at interior versus coastal sites (with three sites in each
region).  Our experimental plan was to release 250 parasitoids of each of two species in each plot every two weeks (two plots
at four sites, one plot at Irvine, six plots at Temecula).  Due to rearing constraints, we have not been able to achieve this
target release rate.  However, we feel the monitoring we are doing does have value, especially in determining levels of
endemic Gonatocerus species prior to release of Anagrus epos (see below).

From the data collected to date, all three coastal sites produced a much higher percentage of Gonatocerus morrilli than the
three interior sites.  For example, in the month of May, the following data were observed from the collected egg masses:
Irvine Ranch produced 29 wasps, 93% were G. morrilli and 7% were G. ashmeadi; Mission Viejo produced 112 wasps, 63%
were G. morrilli, 20% were G. ashmeadi, and 18% were G. novifasciatus; San Juan Capistrano produced 286 wasps, 91%
were G. morrilli, 3% were G. ashmeadi, and 6% were G. novifasciatus; Temecula produced 136 wasps, 28% were G.
morrilli, 56% were G. ashmeadi, and 16% were G. novifasciatus; Agricultural Operations produced 64 wasps, 1.5% were G.
morrilli, 72% were G. ashmeadi, and 27% were G. novifasciatus.  It appears G. morrilli will continue to be the dominant
parasitoid species in the coastal orchard sites throughout the year, but it may be premature to draw conclusions at this point.
G. novifasciatus appears to be of lesser importance throughout the collections, however, it is the third most prevalent species
of Gonatocerus in our collections.
Anagros epos was collected in Minnesota by Dr. Roman Rakitov (Center for Biodiversity, Illinois Natural History Survey,
Champaign, Illinois) near Glyndon, Clay Co., Minnesota, from egg masses of Cuerna fenestella Hamilton (a native,
univoltine proconiine sharpshooter) on Solidago sp. (goldenrod, Compositae) and Zigadenus sp. (death camus, Liliaceae) and
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sent to Dr. Serguei Triapitsyn at the UCR quarantine facility under an appropriate permit (Hoddle & Triapitsyn 2004,
Triapitsyn & Rakitov 2005).  A permit for release from Quarantine was obtained in 2005 by Dr. David Morgan and this strain
is presently being reared by CDFA and has already been released at a few field sites (but not at any of the six sites we are
monitoring).  A major focus of our project starting in Feb. 2006 will be to monitor for establishment and persistence of this
species at each of our six study sites.

As companion research to field establishment, Mr. John Lytle plans a series of experiments with the Minnesota strain of A.
epos.  The questions being asked are: (1) How will A. epos do in competition with G. morrilli, the dominant egg parasitoid in
our three coastal sites? (2) How well will A. epos establish at coastal versus interior study sites (we will use clamp cages to
compare survival at the six study sites in addition to sampling for recovery of A. epos)? (3) Will A. epos exhibit a preference
for GWSS egg masses on citrus versus other leafhopper species present on grasses or other hosts (lab studies will be done to
examine this question)? (4) Will the Minnesota strain of A. epos mate with endemic strains of A. epos in California or is it a
different species (see the progress report in the Proceedings by Morse and Stouthamer)?

CONCLUSIONS
Data from the first year of field monitoring has been confounded to some degree by changing experimental sites (due to low
GWSS levels at some sites and the desire to monitor the same variety of citrus at each site), changes in the species of
parasitoids that CDFA is releasing, and lower levels of parasitoids being available for release than was planned.  When doing
applied research within an evolving biological control program (Shea et al. 2002), such changes should be expected but we
must admit that the data we have been able to obtain are not as “clean” as one might hope when setting up an experimental
design.  We are well in place, however, to run a rather clean evaluation of the establishment and persistence of the Minnesota
A. epos strain starting Feb. 2006.
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ABSTRACT
The purpose of the work planned in this project is to determine whether the “Minnesota strain” of the mymarid, Anagrus epos
Girault (A. epos), we have in culture on glassy-winged sharpshooter (GWSS) is the same species as A. epos strains previously
released in California, how it compares with other ”A. epos” strains, and whether there are other strains of ”A. epos” that
should be imported for biological control of GWSS.  Without understanding what species we have and how the Minnesota
strain is related to similar strains, it is difficult to know how to proceed in selecting strains of this species to culture for mass-
rearing and release in California for GWSS control.  Concurrently, we will evaluate field releases and establishment of the
Minnesota A. epos strain at six release sites in southern California.

INTRODUCTION
Anagrus epos is a common and seemingly widespread egg parasitoid of leafhoppers (Cicadellidae) in North America.  It was
first described from a collection in Illinois in 1911 (Girault 1911).  Location records for this species also include Colorado,
Kentucky, New Mexico, and New York in the U. S. as well as Baja California and Sonora in Mexico (Triapitsyn 1998).
While commonly collected as a parasitoid of grape leafhopper species (Erythroneura spp.), a recent collection of A. epos
from the egg mass of the sharpshooter genus Cuerna in Minnesota was the first time this species had been collected from a
sharpshooter species (Hoddle & Triapitsyn 2004).  Wasps from this collection have been reared continuously since June 2004
in the UC Riverside quarantine facility on eggs of the GWSS.  This species is particularly promising for application in the
biological control of the GWSS because it is a gregarious species and twelve or more wasps emerge from each egg.  Another
apparent advantage of this species is that it will also parasitize the eggs of several other leafhopper species (R. Krugner,
unpublished data), thus allowing it to expand its numbers even at times of the year when GWSS eggs are not present.  We
also expect this strain may do quite well in the colder regions of central and northern California based on where it was
collected.

Like many minute parasitoids, identification to species in this group is exceedingly difficult because of the lack of adult
morphological features.  Species identifications have been made using light microscopy to determine the presence of key
morphological features for A. epos. A recent taxonomic revision of the genus Anagrus associated with vineyards in North
America (Triapitsyn 1998) has shown that: 1) more species are present than previously thought, 2) some species have a very
wide geographic distribution and 3) relatively few morphological characters are available for distinguishing these species,
leaving several authors to think that A. epos is not a single species but a complex of different species (e.g., Pickett et al.
1987).  The morphological characters that are used for differentiating closely related Anagrus spp. can be variable and thus,
species limits are often difficult to assess without supporting data from their biology and from DNA sequences.  The purpose
of the work proposed here is to determine whether the “Minnesota strain” of ”A. epos” we have in culture on GWSS is
actually this species, how it compares to other ”A. epos” strains, and whether there are other strains of ”A. epos” that should
be imported for biological control of GWSS.  Without understanding what species we have and how it is related to other
similar strains, it is difficult to know how to proceed in selecting strains of this species to culture for mass-rearing and release
in California to control GWSS.  Due to limitations on what is practical (economically) to rear and mass-release and also
because of restrictions on importing and releasing exotic parasitoids in California without understanding their taxonomy, we
feel we must better understand this species complex.  We intend to use three approaches to determine the species identity of
different Anagrus epos populations: (1) Reassess key morphological features using scanning electron microscopy (SEM) to
determine if subtle morphological differences exist between Anagrus epos populations which could indicate species
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differences (Dr. Triapitsyn will conduct this work).  (2) Conduct mating compatibility studies to determine if different
populations of A. epos are reproductively isolated, or if mating occurs, whether offspring from different strains are viable,
thereby defining species groups on the basis of successful interbreeding (Ph.D. student John Lytle working with Dr. Morse).
(3) Determine if molecular differences exist between Anagrus epos populations collected from different regions by
comparing mitochondrial and ribosomal DNA sequences (Dr. Stouthamer).  Molecular dissimilarities generally indicate the
existence of different species.  Results from these three methods of investigation (morphology, behavior, and genetics) will
be evaluated together to establish the identity of the species in the A. epos complex.  Once the different species have been
determined, we will test them for their suitability in the biological control of GWSS using laboratory studies and field release
evaluations (Drs. Morgan and Morse).

OBJECTIVES
1. Examination of male and female A. epos complex populations for unique morphological characters
2. Molecular characterization of mitochondrial and ribosomal DNA of A. epos populations
3. Mating compatibility studies between A. epos strains
4. Field release and evaluation of the “Minnesota strain” of A. epos

RESULTS
Progress on Objectives 1-3
The experimental plan laid out in our research proposal was to collect dead specimens of various A. epos strains and related
species for taxonomic examination (Objective 1) and genetic work (Objective 2) in Year 1.  Objective 3 is scheduled for Year
2 once we have the results of Objectives 1 and 2 research, which will tell us which strains of A. epos to concentrate on other
than the “Minnesota strain” we currently have in culture on GWSS egg masses.

The mymarid Anagrus epos Girault was collected and reared in early June 2004 by Dr. Roman Rakitov (Center for
Biodiversity, Illinois Natural History Survey, Champaign, Illinois) near Glyndon, Clay Co., Minnesota, from egg masses of
Cuerna fenestella Hamilton (a native, univoltine proconiine sharpshooter) on Solidago sp. (goldenrod, Compositae) and
Zigadenus sp. (death camus, Liliaceae) and sent to Dr. Serguei Triapitsyn at the UCR quarantine facility under an appropriate
permit (Hoddle & Triapitsyn 2004, Triapitsyn and Rakitov 2005).  This is the first representative of the genus Anagrus ever
reared from eggs of a proconiine sharpshooter.  At the UCR quarantine laboratory during summer 2004, S. Triapitsyn and V.
Berezovskiy were able to establish a colony of this species on eggs of GWSS, which is a fictitious host for A. epos (GWSS
does not occur in Minnesota). Anagrus epos is a gregarious species: 3-5 adult wasps emerged from smaller eggs of the
original host, Cuerna fenestella, whereas up to 12 adult wasps emerged from larger eggs of GWSS.  Under quarantine
laboratory conditions (temperature 24°C, RH ca. 50%), the first two generations of A. epos developed from egg to adult
within 20-21 days; for unknown reasons, it took the next two generations much longer (more than 30 days) to develop under
the same conditions.  In September 2004, the colony of A. epos was turned over to Dr. Joseph Morse, and it has been
successfully maintained since then by Rodrigo Krugner, a Ph.D. graduate student.  A release permit was received by Dr.
David Morgan (CDFA), who established another colony of A. epos at the Mt. Rubidoux CDFA rearing facility in Riverside
and has released this species in selected locations in California against GWSS
(http://www.cdfa.ca.gov/phpps/pdcp/BioCtrlRep/gwBioIndex.htm).

Triapitsyn (1998) re-described A. epos from the type material and other specimens collected in Centralia, IL, and also
indicated its additional distribution in North America (Mexico: Baja California, Sonora; USA: Colorado, Illinois Kentucky,
New Mexico).  In CO and NM, it is a parasitoid of Erythroneura leafhoppers on grapes; also indicating that morphologically,
it is a variable species (and thus possibly a complex of several cryptic species).  The specimens from Minnesota are within
this variation range and are possibly also members of such a complex.  The species related to A. epos are Anagrus daanei S.
Triapitsyn (Canada: British Columbia; USA: California, Michigan, New York, Washington) and Anagrus tretiakovae S.
Triapitsyn (Mexico: Baja California, Coahuila; USA: Arizona, Delaware, Illinois, Michigan, Maryland, New Mexico, New
York, Washington); in AZ and NM (and Mexico), it is a known parasitoid of Erythroneura leafhoppers on grapes.

For the planned molecular and morphological comparison, S. Triapitsyn made several attempts to collect A. epos and A.
tretiakovae during summer 2005 but they were not as productive as expected for the following reasons.  First, the USDA
importation permit to bring Anagrus spp. into UCR quarantine was received only September 9, 2005, after a long delay.
Thus, the most productive method of collecting specimens (collecting large amounts of plant material showing signs of
leafhopper damage, sending it to the UCR quarantine facility, and rearing it out there) could not be utilized.  Second, the
primary habitat of A. tretiakovae in Arizona (the organic table grape vineyards near Dateland, in the Harquahala Valley, and
near Stanfield, AZ) were completely removed for economic reasons (per telephone conversation with Steve Pavich, owner).
At S. Triapitsyn's request, Doug Yanega, the Senior Museum Scientist at the UC Riverside Entomology Research Museum,
attempted to collect A. tretiakovae in the wine vineyards near Tucson, AZ, but neither the parasitoid nor its hosts,
Erythroneura spp., were found there.
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Third, our collaborator's attempts to rear A. epos from grapes at Caborca and Costa de Hermosillo, Sonora, Mexico, were also
unsuccessful this summer. Agustín Fú-Castillo notified us that all the vineyards in the vicinity of Sonora were treated with an
insecticide against the vine mealybug, and as a result, the usually very common A. epos could not be collected this summer.

Fourth, S. Triapitsyn made a trip to Grand Junction/Palisade area of Colorado in mid July 2005 to try to collect A. epos in the
vineyards there.  He found very light leafhopper infestations of Erythroneura vulnerata Fitch in the vineyards in Palisade, but
they were present only in the untreated rows where a weather station was located.  Unfortunately, no Anagrus emerged from
numerous leaves with signs of leafhopper damage (from inside the vine) he collected.  An Anagrus sp., collected by sweeping
grape leaves infested with E. vulnerata, unfortunately turned out to belong to an unrelated species, A. nigriventris Girault.

Anagrus erythroneurae S. Triapitsyn & Chiapinni (it will be used as an out-group for comparison) is presently being
collected (September 2005) in Fresno-Parlier area by our collaborators Dr. Kent Daane and Mr. Glenn Yokota (UC
Berkeley).  Later in the fall or next spring, they will also assist by collecting A. daanei from blackberry and/or grapes.

Finally, another attempt to collect A. epos and perhaps A. tretiakovae was made by S. Triapitsyn September 26-27, 2005.  He
was able to collect four males of A. tretiakovae by sweeping a pesticide-free vineyard and preserved them in 95% ethanol for
molecular study.  In addition, he collected leaves with leafhopper damage and shipped them under a permit to the UCR
quarantine facility.  We are hopeful that additional specimens will emerge.

Progress on Objective 4
As laid out in the research proposal funding this work, we have initiated monitoring of endemic and released parasitoids of
GWSS at each of six Eureka lemon field sites in southern California (for details see the progress report in this Proceedings by
Morse).  A grant from the UC Pierce’s Disease Research Program funded Years 1 (2004-05) and 2 (2005-06) of field
monitoring whereas Year 2 (2006-07) will be funded by this (the Anagrus) project.

We are on track to study the release of the Minnesota strain of A. epos at each of the six study sites commencing with
releases in February 2006.

Progress on Related Objectives
Ph.D. student Rodrigo Krugner has been rearing and studying the Minnesota strain of A. epos, first in quarantine and more
recently, in the UCR Insectary after Dr. Morgan received the permit allowing it to be taken out of quarantine.  Mr. Krugner’s
research is focusing on the basic biology of A. epos including (1) host specificity studies, (2) host egg age preference, (3)
longevity of A. epos adults, (4) fecundity and fertility, (5) development of a temperature-dependent (degree day) model of the
immature stage, and (6) sex allocation by A. epos females.

CONCLUSIONS
We are slightly behind schedule in collecting specimens of various A. epos strains and related species for taxonomic
examination and genetic work but have done what is possible given the poor luck we’ve had this year in field collecting these
parasitoids.  However, we are much further along than would have been predicted in biological studies with Anagrus epos
and have made a breakthrough in rearing this strain, which should allow substantial progress in field research over 2006-07.

REFERENCES
Girault, A. A. 1911. Descriptions of North American Mymaridae with synonymic notes on described genera and species.

Trans. Amer. Entomol. Soc. 37: 253-324.
Hoddle, M. S., and S. V. Triapitsyn. 2004. Searching for and collecting egg parasitoids of glassy-winged sharpshooter in the

central and eastern USA, pp. 342-344. In: Proceedings of the 2004 Pierce's Disease Research Symposium, December 7-
10, 2004, Coronado Island Marriott Resort, Coronado, California, organized by California Department of Food and
Agriculture (compiled by M. Athar Tariq, S. Oswalt, P. Blincoe, A. Ba, T. Lorick and T. Esser), Copeland Printing,
Sacramento, California.

Pickett, C. H., L. T. Wilson, D. González, and D. L. Flaherty. 1987. Biological control of variegated grape leafhopper. Calif.
Agric. 41 : 14-16.

Triapitsyn, S. V. 1998. Anagrus (Hymenoptera: Mymaridae) egg parasitoids of Erythroneura spp. and other leafhoppers
(Homoptera: Cicadellidae) in North American vineyards and orchards: a taxonomic review. Trans. Amer. Entomol. Soc.
124: 77-11.

Triapitsyn, S. V., and R. A. Rakitov. 2005. Egg parasitoids (Hymenoptera: Mymaridae and Trichogrammatidae) of Cuerna
sharpshooters (Hemiptera: Cicadellidae) in the USA. Abstracts, 12th International Auchenorrhyncha Congress and 6th
International Workshop on Leafhoppers and Planthoppers of Economic Significance, University of California,
Berkeley, 8-12 August 2005.

FUNDING AGENCIES
Funding for this project was provided by the University of California’s Pierce’s Disease Grant Program.



THE AREA-WIDE PEST MANAGEMENT OF GLASSY-WINGED SHARPSHOOTER IN TULARE COUNTY

Project Team:
Beth Stone-Smith
USDA, APHIS, PPQ, WR
Arvin, CA  93203

Judy Stewart-Leslie
GWSS Area-Wide Program
Exeter, CA  93221

Gary Kunkel
Tulare County
Tulare, CA  93274

Sean Hardy
CDFA, PDCP
Fresno, CA

Bill Appleby
Tulare County
Tulare, CA  93274

Don Borges
Tulare County
Tulare, CA  93274

Dennis Haines
Tulare County
Tulare, CA  93274

Jesse Churchill
CDFA, PDCP
Tulare, CA  93274

Reporting Period: The results reported here are from work conducted January 2005 through September 2005.

ABSTRACT
Tulare County has 113,000 acres of citrus, not all of which is infested with glassy-winged sharpshooter (GWSS) (Figure 1).
With Pierce’s Disease (PD) documented in the county, and 62,000 acres of grapes, in 2005 we wanted to continue to suppress
overall GWSS populations and keep the northernmost populations from moving into the county’s un-infested citrus acreage.
Citrus is the most important year-round reproductive host for GWSS in Tulare County, so treatments were focused in this
acreage.  Previous years area-wide treatments dropped GWSS populations significantly, therefore treatments in 2005 were
relatively minimal in comparison.

INTRODUCTION
Tulare County has a very diverse agricultural system including 113,000 acres of citrus and 62,000 acres of grapes.  This
diversity and subsequent host range along with PD in the county, makes it a challenging system to manage GWSS
populations.  A successful area-wide management program for GWSS was already operational in Kern County to the south,
and as GWSS populations were detected in Tulare County, the request for an area-wide treatment program was made in order
to suppress building insect populations and to see where exactly the northernmost infestations were located in commercial
citrus.

In the spring of 2003 an area-wide trapping program in Tulare County was initiated to determine relative GWSS population
abundance.  Traps were placed on a ¼ mile grid throughout the county’s commercial citrus belt and extending into adjacent
(permanent) commercial crops.  Over 5000 traps are serviced on a weekly basis.  In the fall of that same year, an area-wide
treatment program for GWSS in citrus was employed.  The focus was a foliar “knock-down” treatment, in citrus that had
GWSS detections.  The chemical Assail™ (active ingredient: acetamiprid) was used on the majority of acreage where
organic status was not an issue.  Over 38,000 acres of citrus were treated.

In 2004, treatments focused on remaining GWSS populations following the 2003 foliar applications.  Ideally, we would have
liked to have followed up those foliar treatments with a systemic chemical, on all of the 38,000 acres treated the previous fall,
but fiscally that was not an option.  Treatment areas were assessed throughout the year and the citrus acreage that was
recommended for treatment was treated with the systemic chemical Admire® (active ingredient: imidicloprid).  Over 17,000
acres of citrus were treated.

The treatment focus in 2005 was again, to follow up on remaining GWSS populations and suppress those populations before
they spread into additional surrounding acreage.  A major concern in doing area-wide treatments is trying to effectively treat
a specific area, getting an efficacious treatment, and not having to treat that same area again the following year.  A number of
variables add to the difficulty in treating this insect pest in Tulare County.  Some of these variables are: the diversity of
agriculture and subsequent host range, treating citrus groves that are on domestic water sources, treating with a systemic
chemical on very hilly areas (uptake problems), grower’s having the proper irrigation system for an Admire® treatment,
irrigation systems being up to regulation, efficacy of prior treatments, location of nearby infested organic citrus, surrounding
urban areas, small acreages of citrus that are not considered commercial citrus acreage for treatment, and surrounding
growers who may have opted not to treat in prior years.  Along with the sheer number of growers to be contacted and
treatments organized in a timely manner, an area-wide treatment regime in citrus acreage that was so large, was a difficult
undertaking.

OBJECTIVES
1. Continue the overall suppression of GWSS populations in the infested citrus acreage of Tulare County.
2. Stop GWSS populations from spreading further north of where populations are currently detected in Tulare County.

RESULTS AND CONCLUSIONS
As with any area-wide program, program success in Tulare County was dependent upon the participation of growers to treat
recommended acreage, as well as the teamwork of federal, state, county and contract program officials.  Trapping data in
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2005 indicated residual GWSS populations in a number of areas.  Trapping data (current and past), treatment history,
proximity to urban landscape, and in-field survey data provided by the County were all assessed prior to making a treatment
recommendation.  Due to the flight capabilities of this insect, treatment recommendations were made to include citrus within
a ¼ mile buffer from trap finds that were deemed treatable by the program.  Northern trap finds were treated with a foliar
chemical, followed up with an Admire® treatment to try and ensure that those populations were knocked out to the best of
the program’s ability and not able to move further north.  A ½ mile treatment buffer was used for these northern finds.  A
total of 4,789 acres of commercial citrus were treated in 2005.

GWSS Trapping Summary GWSS GWSS
County Year # of Traps TotalCount AveCount

Tulare 2003 5,161 48,639 9.42
Tulare 2004 5,210 9,704 1.86
Tulare 2005 5,121 913 0.18

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service.

Figure 1. GWSS infested area of Tulare county.

Acres Treated in Tulare County by Year

38769

17758

4789
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Figure 2. Total citrus acres treated in 2003, 2004 and
2005 under the GWSS Area-wide Program.
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Year To Date Trapping Totals 2004

Figure 3.  1/1/04 through 9/24/04 GWSS
trapping totals in Tulare County.

Year To Date Trapping Totals 2005

Figure 4. 1/1/05 through 9/23/05
GWSS trapping totals in Tulare County.
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LABORATORY AND FIELD EVALUATIONS OF NEONICOTINOID INSECTICIDES
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Reporting Period: The results reported here are from work conducted July 2004 to October 2005.

ABSTRACT
Admire and Platinum applications were compared in a Temecula vineyard.  In previous trials conducted on both citrus and
grapevines, we observed superior rates of uptake with Platinum despite lower application rates.  In our most recent trial
conducted in a Temecula vineyard, applications of Platinum at 11 fl oz/acre resulted in higher concentrations of active
ingredient in the xylem fluid compared with applications of Admire at 16 fl oz/acre.  Although peak levels of thiamethoxam
declined more rapidly than imidacloprid, effective concentrations of both neonicotinoids persisted within vines during the
season to provide adequate protection against glassy-winged sharpshooter (GWSS).

In studies conducted in two Coachella Valley vineyards, we found that the size girdling of vines at the time of Admire
application did not impact the uptake of imidacloprid.  At one vineyard, we did observe distinct differences in the overall
levels of imidacloprid present within vines sampled at two distances from the irrigation pumps.  Thus, during the course of
application, vines nearest the injection source could receive significantly more insecticide than those further away.

Admire (32 fl oz/acre) applied to flood-irrigated citrus achieved threshold levels of imidacloprid within five weeks; these
levels were then maintained for up to four months.

The binding capacity of Coachella vineyard soils was considerably lower compared with Temecula and Napa vineyard soils.
In soil column studies, the imidacloprid elution profiles were very similar for Temecula and Napa soils.  Dramatic differences
in the uptake of imidacloprid following Admire applications in vineyards at these locations can be attributed to differences in
irrigation practices.

INTRODUCTION
Studies began in 2001 to evaluate the performance of imidacloprid (Admire) and thiamethoxam (Platinum) against GWSS on
mature citrus.  The results from that work established that the effectiveness of both insecticides at suppressing insect
populations was due to highly efficient uptake, within-tree distribution and persistence throughout the growing season (Castle
et al., 2005).  Imidacloprid has been the mainstay of area-wide treatment programs for the GWSS since these programs were
initiated.  In the aforementioned study, thiamethoxam was equally efficient at suppressing populations, but its uptake into
trees was considerably faster.  Both products persisted for several months.  Similar studies have since been conducted to
evaluate the behavior of these chemicals in grape vines located in Temecula and Coachella Valley vineyards.  Our initial
work with vines was designed to establish treatment schedules for Admire, which was registered for use in grape pest
management (Byrne et al., 2005).  We have optimized Admire treatment strategies for growers in Temecula vineyards – a
carefully timed application of 16 fl oz/acre will protect vines for much of the season, allowing for an additional rate of 16 fl
oz/acre if required later in the season.  We have shown that at the time when the threat of GWSS migration into vineyards is
at its peak, the titers of imidacloprid in the xylem fluid are sufficient to control the insects when applications have been made
in late March and early April.  The delays in uptake that were observed with Admire treatments to mature citrus did not occur
in grapevines, thereby providing growers with the possibility of reacting quickly to an imminent outbreak.  Uptake of
thiamethoxam into vines was also efficient.  The results from our study provided valuable information to growers regarding
application rates and will result in better insecticide management for the Temecula Valley viticultural area.  In Coachella
Valley, we are currently evaluating application strategies for growers.  Our work has highlighted the variability that exists
between vineyards in terms of the uptake of neonicotinoids.  Soil type seems to contribute significantly to this, and we are
now investigating the interaction between soil type and irrigation.

In this report, we include data on (1) the uptake and persistence of imidacloprid (Admire) and thiamethoxam (Platinum)
within grapevines in Temecula, (2) the impact of girdling on the uptake of imidacloprid in grapevines in the Coachella
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Valley. (3) the uptake of imidacloprid applied to flood-irrigated citrus, and (4) the impact of soil type on insecticide
movement in soils sampled from three vine growing regions.

OBJECTIVES
1. Determine the impact of soil type and irrigation on the uptake and residual persistence of imidacloprid and

thiamethoxam.
2. Determine the best combination of application rates and number of applications of imidacloprid and thiamethoxam in

order to maximize and extend protection to vineyards.
3. Determine the absorption, distribution and residual persistence of foliar applications of acetamiprid within grapevines.

RESULTS
Neonicotinoid uptake in Temecula vineyards
We evaluated the uptake of imidacloprid (Admire) and thiamethoxam (Platinum) over two years in the same vineyard (Sirah
grapes) (Figure 1).  The profiles for Platinum (applied at 11 fl oz/acre) were similar in both years, and were characterized by
a rapid increase of thiamethoxam to a peak level of ca. 500 ng imidacloprid/ml xylem fluid, followed by a relatively rapid
decline in concentrations.  Although Admire was applied at 16 fl oz/acre, peak imidacloprid levels were much lower than
those measured for thiamethoxam.  Nevertheless, imidacloprid concentrations present within vines remained above the
desired threshold of 10 ng/ml xylem fluid during the trial period.

Impact of irrigation on Admire uptake
The uptake of Admire applied during furrow irrigation of citrus was investigated in a commercial orchard (Figure 2).  In a
previous study (Castle et al., 2004), it was established that a minimum of 10 ppb (ng/ml xylem fluid) imidacloprid was
required for effective control of GWSS.  The trees in this study were treated with 32 fl oz per acre of Admire on April 14,
2004.  The first xylem samples were extracted five weeks after the application.  At this time, the average concentration of
imidacloprid within the xylem was above the target threshold.  Following the initial sampling, there was a steady increase in
the imidacloprid levels up until the final samples were extracted on Oct 4.  Based upon these results, furrow irrigation would
seem to be a viable option for Admire application in orchards that still practice this method of irrigation.

Figure 2. Uptake profiles for
imidacloprid applied as Admire at 32
fl oz/acre during flood irrigation of
citrus trees.  On each sampling date,
xylem fluid was extracted from two
terminal branches from each of 12
trees.  Values are means ±SEM.

Figure 1. Uptake profiles for imidacloprid
(applied as Admire at 16 fl oz/acre) and
thiamethoxam (applied as Platinum at 11 fl
oz/acre) in 2003 and 2004 at the same vineyard.
On each sampling date, xylem fluid was extracted
from the same vines (n=16 for both treatments).
Values are means ±SEM.
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Impact of girdling on the uptake of Admire in Coachella vineyards
In our 2004 report, we presented data that suggested a potential impact of size-girdling on the uptake of imidacloprid in
Coachella Valley vineyards.  In 2005, we conducted independent assessments at two vineyards to determine whether size-
girdling of vines at the time of Admire treatments (by chemigation) had a deleterious effect on subsequent levels of
imidacloprid present in xylem fluid (extracted from canes above the girdle) (Figures 3 and 4).  At both locations, we
replicated our experiment within each block, with 20 rows between replicates.  For each replicate, girdled and ungirdled vines
were sampled from each row to minimize inter-row variation.

In general, we did not observe any dramatic effect of girdling.  At both vineyards, comparisons of girdled and ungirdled vines
within the same replicate showed no significant differences.  However, at one vineyard (Figure 4), there was a distinct
separation of uptake profiles between replicates.  At this time, we are not sure what caused this anomaly; however, we
suspect that the closer proximity of replicate #2 (girdled and ungirdled) vines to the irrigation pumps (the injection source of
the Admire) resulted in the delivery of higher amounts of Admire to these vines.  At the other vineyard (Figure 3), we did not
observe this phenomenon, despite the closer proximity of replicate #1 to the Admire injection source.

Effect of soil type on the movement of imidacloprid
In soil column studies, we measure the movement of insecticides through a column of soil (Figure 5).  The elution profile can
provide important information on the behavior of an insecticide in different soil types.  In our vineyard studies, we have
encountered two distinctive soil types.  In Coachella Valley, the soils are generally sandy and have poor binding potential
under the high irrigation load.  In contrast, the Temecula Valley and Napa Valley soils have higher clay contents, with a
greater capacity to bind insecticides.  This increased binding capacity will retard the movement of imidacloprid downwards,
holding the insecticide in the upper layers of the soil where it can be solubilized during irrigation and thus made available to
the roots for uptake.  Without irrigation, uptake is likely to be compromised, as we have observed from our studies in
Temecula and Napa (the latter study was conducted by Ed Weber, UC Cooperative Extension, Napa).  In the Napa study,
irrigation was minimal compared with the Temecula study, and this probably accounted for the low levels of imidacloprid
detected in the Napa Valley vines.

Figure 3. Uptake of imidacloprid into vines
that were either size-girdled or not (ungirdled)
at the time of the Admire application
(application rate was 16 fl oz/acre).  Girdled
and ungirdled vines were sampled at two
locations within the treated block.  At each
location (replicate), xylem fluid was extracted
from 16 girdled and 16 ungirdled vines.  The
same vines were sampled on each sampling
date throughout the trial.  Each point is the
mean ±SEM for 16 vines.

Figure 4. Uptake of imidacloprid into vines that
were either size-girdled or not (ungirdled) at the
time of the Admire application (application rate
was 16 fl oz/acre).  Girdled and ungirdled vines
were sampled at two locations within the treated
block.  At each location (replicate), xylem fluid
was extracted from 16 girdled and 16 ungirdled
vines.  The same vines were sampled on each
sampling date throughout the trial.  Each point is
the mean ±SEM for 16 vines.
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Figure 5. Elution of imidacloprid from soil columns prepared from Coachella, Temecula and
Napa vineyard soils.  Equal quantities of imidacloprid were loaded (in 10ml) onto the columns,
which were then washed with successive 10ml volumes of water.  As each 10ml wash was
added to the top of the column, 10mls (the eluate) was displaced at the bottom.  The
imidacloprid content in each eluate was quantified by ELISA.  The graph shows a typical
elution profile for the soil types found in these vineyards.

CONCLUSIONS
Management of sharpshooter populations is key to minimizing the spread of Pierce’s disease (PD).  The neonicotinoids have
been effective at achieving area-wide management of this important disease vector, resulting in a dramatic decrease in the
incidence of PD.  The value of our work has been in the optimization of several neonicotinoid insecticides for use in citrus
orchards and vineyards.  We have identified rates of insecticide necessary to protect vineyards from GWSS infestations.
And, equally important, we have identified certain situations when soil type and irrigation practices are not compatible with
their use.  Our studies are ongoing with other members of the neonicotinoid insecticide class.

REFERENCES
Byrne F.J., Castle S.J., Bi, J.L. and N.C. Toscano.  2005. Application of competitive ELISA for the quantification of

imidacloprid titers in xylem fluid extracted from grapevines.  J. Econ. Entomol. 98: 182-187.
Castle, S.J., Byrne, F.J., Bi, J.L., and N.C. Toscano.  2005.  Spatial and temporal distribution of imidacloprid and

thiamethoxam in citrus and impact on Homalodisca coagulata Wells populations.  Pest Manage. Sci. 61: 75-84.
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Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board, with additional
support from the California Desert Grape Administrative Committee, and Bayer CropScience.
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ABSTRACT
Riverside County has two general areas where citrus groves interface with vineyards, the Coachella Valley and the Temecula
Valley.  The Coachella Valley has 10,438 acres of table grapes in proximity to 12,000 acres of citrus and the Temecula
Valley has 2,000 acres of wine grapes in proximity to 1,600 acres of citrus which are vulnerable to Pierce’s disease (PD),
Xylella fastidiosa (Xf). The grapes in the Coachella and Temecula areas of Riverside County are in jeopardy because of the
glassy-winged sharpshooter (GWSS), the vector of the PD bacterium, build up in adjacent citrus groves.  Citrus is an
important year around reproductive host of GWSS in Riverside County, but also one that concentrates GWSS populations
over the winter months during the time that grapes and many ornamental hosts are dormant.  GWSS weekly monitoring in
citrus in grapes began in March 2000 in Temecula Valley and 2003 in Coachella Valley by trapping and visual inspections.
Systemic insecticides such as Admire (imidacloprid), gave excellent control.  Coachella Valley GWSS populations have
increased since the treatment program was initiated in 2003 but have declined substantially relative to the pre-action levels
due to insecticide applications.

INTRODUCTION
The wine grape industry and its connecting tourist industry in Temecula Valley generate $100 million in revenue for the
economy of the area.  GWSS/PD caused a 30% vineyard loss and almost brought this wine growing region to its knees.  An
area-wide GWSS management program initiated in the spring of 2000 saved the industry from a 100% loss.  Only a
continuation of an area-wide GWSS management program will keep the vineyards viable in Temecula.  The table grape
industry in the Coachella Valley is represented by 10,465 acres of producing vines, which generate fresh market grapes
valued at an average of $110 million annually.  The GWSS was identified in the Coachella Valley in the early 1990’s.
Population increases of this insect in Coachella Valley in the last three years have increased the danger of PD occurrence in
this area, as has occurred in similar situations in the Temecula Valley and San Joaquin Valley.  In July 2002, the occurrence
of Xf, the PD bacterium, was found in 13 vines from 2 adjacent vineyards in the southeastern part of Coachella Valley.  With
this discovery, and the increasing GWSS populations, there was and is a real need to continue an area-wide GWSS/PD
management program, to prevent an economic disaster to the work forces and connecting small businesses of Mecca,
Thermal, Coachella, Indio, etc. that depend upon the vineyards for a big portion of their incomes.  Only a continuation of an
area wide GWSS/PD management program will keep the vineyards viable in Coachella.  At present there are no apparent
biological or climatological factors that will limit the spread of GWSS or PD.  GWSS has the potential to develop high
population densities in citrus.  Insecticide treatments in citrus groves preceded and followed by trapping and visual
inspections to determine the effectiveness of these treatments are needed to manage this devastating insect vector and
bacterium.  Approximately 5,200 acres of citrus in Riverside County were treated for the GWSS in February through July,
2004 between a cooperative agreement with USDA-APHIS and the Riverside Agricultural Commissioner’s Office under the
“Area-Wide Management of the Glassy-Winged Sharpshooter in the Coachella and Temecula Valleys.”  The cost of
Riverside County GWSS treatments was close to $1,000,000.

OBJECTIVES
1. Delineate target areas for follow-up treatments to suppress GWSS populations in the Temecula Valley and Coachella

Valley for 2005.
2. Determine the impact of the 2003 GWSS area-wide treatments to suppress GWSS populations in citrus groves and

adjacent vineyards.
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RESULTS AND CONCLUSIONS
The programs in Coachella and Temecula were dependent upon grower, pest management consultants, citrus and vineyard
manager’s participation.  The areas encompass approximately 28,000 acres.  Representatives of various agencies were
involved in the program, they were as follows: USDA-ARS, USDA-APHIS, CDFA, Riverside County Agricultural
Commissioner, UC Riverside, UC Cooperative Extension, and grower consultants.  Representatives of these agencies meet to
review the program.  Newsletters are sent to growers, managers, wineries, and agencies with information on GWSS
populations and insecticide treatments via e-mail.  The information from Temecula is sent weekly, while information from
Coachella goes to the various parties monthly.

The GWSS/PD citrus groves and vineyards within the GWSS/PD management areas were monitored weekly to determine the
need and effect of insecticide treatments on GWSS populations.  Yellow sticky traps (7 x 9 inches) were used to help
determine GWSS population densities and dispersal/movement within groves and into vineyards (Figures1 and 2).  A total of
986 GWSS yellow sticky traps are monitored weekly.  Based on trap counts and visual inspection, approximately 4,000 and
700 acres of citrus were treated in Coachella and Temecula, respectively for GWSS control in 2005.  In Temecula and
Coachella Valley treatments for GWSS in citrus were initiated when at least 1-2 GWSS adults were found at the same trap
location for two consecutive weeks.  In Temecula Valley only the citrus where the GWSS was found were treated.  In
Coachella Valley all citrus located within a 0.5 mile radius from the trap find were treated as a preventive measure to protect
surrounding groves.  The decision to treat more area from GWSS finds in Coachella than what was treated in Temecula
differed because of terrain, urban development and the history of GWSS blow-ups in Kern County and Temecula Valley the
fourth year after GWSS area-wide programs were initiated. Approximately 90% of the citrus was treated with a single
application of Admire/Merit (imidacloprid) at 36 ounces per acre; 9% with PyGanic (1.4% Pyerthrins) at 7 pints per acre; and
the remainder with Assail (acetamiprid) at the rate of 2 ounces per acre.  PyGanic was used to treat organically grow citrus.
In most areas where PyGanic was used to manage GWSS a follow up treatment of PyGanic was applied within two weeks
after the first application.

Total Temecula GWSS Catch per Week for 2005

0
50

100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950

1000
1050
1100

2/
28

/2
00

5

3/
7/

20
05

3/
14

/2
00

5

3/
21

/2
00

5

3/
28

/2
00

5

4/
4/

20
05

4/
11

/2
00

5

4/
18

/2
00

5

4/
25

/2
00

5

5/
2/

20
05

5/
9/

20
05

5/
16

/2
00

5

5/
23

/2
00

5

5/
30

/2
00

5

6/
6/

20
05

6/
13

/2
00

5

6/
20

/2
00

5

6/
27

/2
00

5

7/
4/

20
05

7/
11

/2
00

5

7/
18

/2
00

5

7/
25

/2
00

5

8/
1/

20
05

8/
8/

20
05

8/
15

/2
00

5

8/
22

/2
00

5

8/
29

/2
00

5

9/
5/

20
05

9/
12

/2
00

5

Week Sampled

To
ta

l N
um

be
r o

f G
W

SS
 F

ou
nd

Figure 1. In 2005, high numbers of adult GWSS were caught on the yellow sticky traps in Temecula, with populations
peaking in July reaching a total of almost 1,050 trapped.
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Figure 2. GWSS populations in Coachella Valley peaked in July with a high of 100 trapped. 

For a successful area-wide GWSS management program with large acreages of citrus, a management program has to be 
initiated. Organic insecticides are not as effective as the neonicotinoid insecticides such as Admire or Assail for controlling 
GWSS. Therefore, organic insecticides will have to be applied more frequently than its synthetic counterpart.  In our 
Riverside County GWSS area wide program organic citrus groves pose challenges to area-wide GWSS management 
programs (Figure 3). 

Figure 3. Temecula GWSS adults caught for the week of September 26, 2005. 

FUNDING AGENCIES 
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service, and the CDFA Pierce’s 
Disease and Glassy-winged Sharpshooter Board. 
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ABSTRACT
The toxicity of two insect growth regulators (IGRs), buprofezin and pyriproxyfen; three neonicotinoids, acetamiprid,
imidacloprid and thiamethoxam; and three conventional insecticides, bifenthrin, fenpropathrin, and chlorpyrifos; were tested
in the laboratory for compatibility with egg parasitoids (Gonatocerus ashmeadi, Gonatocerus triguttatus) of glassy-winged
sharpshooter (GWSS), Homalodisca coagulata and against Aphytis melinus (A. melinus), an endoparasitoid of armored scale
insects found on citrus in California.  Most of the selected insecticides tested are used against GWSS and other pests on citrus
and grapes.  Survivorship of adult parasitoids on citrus leaves with residues of these insecticides (within Petri dishes) was
determined after 24, 48 and 72h.  Our results indicated that a number of insecticides tested are toxic to the egg parasitoids,
Gonatocerus spp., as well as to A. melinus under laboratory conditions.  Results from this study allow ranking of the eight
insecticides based on their increasing toxicity as follows for Gonatocerus spp.:  fenpropathrin > pyriproxyfen > buprofezin >
imidacloprid > thiamethoxam > acetamiprid > bifenthrin > chlorpyrifos.  All insecticides tested were highly toxic to A.
melinus.  In additional studies, higher concentrations of imidacloprid and thiamethoxam were found to be toxic over time to
two predators, Geocoris punctipes and Orius insidiosus.  Results from laboratory studies suggest that both systemics,
imidacloprid and thiamethoxam, may not preserve these parasitoids as much as expected.  To understand these bioassay
results with the two systemics, further studies included the quantification of imidacloprid and thiamethoxam in both the
parasitoids and the test citrus leaves by ELISA kits.  Results indicated the presence of varying levels of these two compounds
in the parasitoids as well as in citrus leaves suggesting that although parasitoids are non-plant feeders, they were exposed to
the systemic chemicals.  Further research is underway to determine how the parasitoids are exposed to the two systemics.

Relative numbers of GWSS and its natural enemies from Riverside were determined using two sampling methods, collection
of fresh GWSS egg masses on two host plants (citrus and willow) and using yellow sticky cards.  Relative numbers of the
pest (GWSS) and beneficials (Gonatocerus ashmeadii, Gonatocerus triguttatus and Ufens spp.) varied based on the sampling
method.  Seasonal patterns were obvious with higher parasitoid numbers in summer compared to fall collections with a
parasitism rate at >90% based on the egg collection method. Few predators were observed on the yellow sticky cards.

INTRODUCTION
Many insecticides that have been used to suppress GWSS populations appear to be quite effective (Akey et al. 2001, Bethke
et al. 2001, Prabhaker et al. 2005).  However, there is little information available on the long-term impact that different
control measures are having on GWSS populations and its natural enemies on citrus and grapes.  Although biological control
has been the foundation of citrus IPM in California for many years, it is now threatened by the arrival of several new pests
and greater use of non-selective insecticides to control these new pests.  In particular, the recent registration of new
insecticides for use on citrus is creating uncertainty over the longer-term impact they may have on established IPM programs
(Grafton-Cardwell and Gu 2003).  It is therefore essential to attain greater understanding of the various control options for
GWSS in citrus and how they can be best integrated with existing, successful management programs.  The overall objective
of this research proposal is to help determine IPM compatible management tactics by focusing on chemical control being
used against GWSS and by evaluating their impact upon several important biological control agents.  To address this goal,
the impact of various insecticides including those that are used against GWSS and other pests on citrus was assessed against
GWSS egg parasitoids and A. melinus using two bioassay techniques, a Petri dish assay and systemic uptake bioassay
(Prabhaker et al. 2005).  The insecticides evaluated in this study included three conventional compounds, chlorpyrifos,
bifenthrin, and fenpropathrin; two IGRs, pyriproxyfen and buprofezin; and three neonicotinoids, acetamiprid, imidacloprid,
and thiamethoxam.
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OBJECTIVES
1. Monitor citrus orchards in Riverside Co., Ventura Co. and Coachella Valley to determine the relative abundance of select

parasitoids and predators before and after treatment
2. Evaluate select foliar and systemic GWSS pesticides used on citrus and grapes for their impact on GWSS egg parasitoids

such as Gonatocerus ashmeadi and Gonatocerus triguttatus as well as other parasitoids in the system such as A.
melinus.

3. Determine if honeydew produced by homopteran insects on citrus can be contaminated with systemic insecticides such
as imidacloprid and thiamethoxam.

4. Determine the impact of imidacloprid and thiamethoxam residues within plant or within plant-feeding intoxicated
insects, on the survivorship of Gonatocerus ashmeadi (G. ashmeadi) , Gonatocerus triguttatus (G. triguttatus), and A.
melinus.

RESULTS
Monitoring
Two sampling methods, collection of fresh GWSS egg masses and use of yellow sticky cards were used to survey the
relative abundance of natural enemies including parasitoids and predators that are active against GWSS and other pests in
citrus orchards in Riverside Co.  The survey was initiated in July 2004 and continued through November 2004.  Subsequent
surveys were conducted from June 2005 through September 2005.  Yellow sticky traps were posted at multiple locations
within each orchard for continuous monitoring of GWSS and natural enemies and were changed once a week.  Significant
differences were found in the numbers of parasitoids collected from GWSS egg masses compared to the numbers collected
on sticky traps.  Data collected from the sticky traps showed a significantly lower number of parasitoids relative to GWSS
(<10%).  In contrast, direct observations of the numbers of parasitoids that emerged from egg masses were much higher
than GWSS immatures, thus showing a higher rate of parasitism using this method.  Numbers of parasitoids were much
higher in summer than in early fall.  This trend was observed by both monitoring techniques.  The majority of the GWSS
egg masses collected in September 2005 from Riverside Co. were parasitized by Gonatocerus spp. (mixed populations of
G. ashmeadi and G. triguttatus).  These results provided a picture of relative GWSS activity within each orchard in addition
to providing limited information on the activity and abundance of natural enemies.  Our results indicate that both
techniques were necessary to assess the activity of beneficials because of the significant differences obtained in relative
numbers based on the monitoring technique.  Predators were observed in lower numbers compared to parasitoids.

Toxicological responses of Gonatocerus spp.
Bioassay responses of Gonatocerus spp. under laboratory conditions to the two IGRs by the Petri dish method generated
LC50s that were higher than with the neonicotinoids (Table 1). Pyriproxyfen showed low toxicity to the parasitoids after 96h
of exposure, when exposed to the insects as leaf residues in the Petri dish at higher concentrations.  Similar results were
observed with buprofezin.  Toxicity was quite low for the first 96h but increased over time.  The most toxic neonicotinoid to
Gonatocerus spp. was acetamiprid as indicated by a low LC50 of 0.034 g/mL, followed by thiamethoxam at 0.312 g/mL, a
9-fold difference between the two compounds.  A larger difference in toxicity was observed between the two systemics,
imidacloprid and thiamethoxam.  Both compounds were toxic to Gonatocerus
24h exposure as indicated by the lower LC50 compared to imidacloprid which exhibited a higher LC50 g/mL at 48
h observation, which decreased further after 72h exposure.  Imidacloprid was not toxic to these insects at tested doses during
the first 24h of exposure.  A notable difference in responses of the parasitoids to fenpropathrin was observed using the Petri
dish technique (Table 1).  The LC50s determined were the highest among all the insecticides tested and indicated that
fenpropathrin was less toxic to Gonatocerus spp in contrast to the lower LC50 value observed with bifenthrin.  This is a major
difference in activity for the same class of chemistry.  The most toxic compound among all classes of chemistry evaluated
was chlorpyrifos as seen by the low LC50.

Toxicological responses of A. melinus
Results with A. melinus were quite different from those obtained with Gonatocerus spp. (Table 2).  The LC50 values were
much lower to most of the compounds for A. melinus indicating that these insects were quite susceptible to these insecticides.
In some of the bioassays, A. melinus were so susceptible that mortality averaged 90-95% for most of the tested
concentrations.  These results suggest that A. melinus is more susceptible than Gonatocerus spp. as measured by the Petri
dish technique.  In general, A. melinus mortality was high even at 24h compared to the GWSS egg parasitoids.

Toxicological responses of predators
Susceptibility of two predators, Geocoris punctipes and Orius insidiosus, to imidacloprid and thiamethoxam was also
evaluated.  Both systemic compounds were toxic to these predators (Table 3), although these results are not surprising
because Geocoris spp. and Orius spp. are plant feeders at times.  The LC50 values were low to both compounds but only after
72 or 96h exposure.
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Quantification of imidacloprid and thiamethoxam
Quantitative estimates of imidacloprid and thiamethoxam were made using ELISA kits to determine if the mortality observed
was correlated to levels of the compounds in leaves.  Variable levels of imidacloprid were detected in the homogenates of
both insects and bioassay leaves as well as in the surface leaf washes of citrus leaves.  These results indicated that
imidacloprid is present on treated leaves as well as in the insect.  Similar results were observed with systemically applied
thiamethoxam.  These results will assist in interpretation of our bioassay results with systemic compounds.

Impact of residues of insecticides in honeydew
Results of this objective have not been completed.  When tests were conducted to expose A. melinus by contact with surface
residues of citrus leaves from trees that were treated with imidacloprid two years prior in a Riverside Co. location, results
showed high mortality (92%) of A. melinus.  This test was conducted to assess toxicity in general to A. melinus because these
parasitoids will feed on available honeydew in citrus and not just on armored scales.  If there are residues of treated
compounds such as imidacloprid and/or thiamethoxam in honeydew, ELISA tests can determine if the systemic chemicals
can be detected in honeydew produced by homopterans.  Results were not conclusive because some of the insects showed
mortality as high as 45% when confined on leaves from untreated trees.  Future research plans will include more replications
of this test.

Work in Progress
Work is in progress evaluating the impact of imidacloprid and thiamethoxam within plants on the survivorship of
Gonatocerus spp. and A. melinus.  Our preliminary results have shown that systemics have an impact on GWSS egg
parasitoids and A. melinus.  The potential for mortality caused by systemic insecticides in non-plant feeding insects such as
parasitoids of GWSS needs to be evaluated further.  The lethal effects on Gonatocerus spp. and A. melinus that occurred
when exposed to systemically treated plant surfaces will be measured further by quantifying the titers of either imidacloprid
or thiamethoxam within the leaf tissue as well as in GWSS eggs or scale nymphs in which parasitoids develop. In future
tests, we will attempt to relate survivorship of parasitoids to the titers of either material within the treated leaf tissue or within
GWSS eggs.  The effect of imidacloprid and thiamethoxam treatments on Gonatocerus spp. will be studied during the second
year of this research project.

CONCLUSIONS
Differences were observed in estimates of the relative numbers of natural enemies of GWSS using two monitoring methods.
Numbers of parasitoids and rates of parasitism were much higher using the egg mass collection method versus the yellow
sticky card technique.  Both techniques showed seasonal differences in numbers of natural enemies, with higher levels in
summer than in fall.  This study helped fill the gap in knowledge regarding the effect of selected insecticides against natural
enemies of GWSS.  The work reported here investigated the toxicological effects of three neonicotinoids, imidacloprid
(Admire), acetamiprid (Assail) and thiamethoxam (Platinum); two IGRs, buprofezin (Applaud) and pyriproxyfen (Esteem);
two pyrethroids, bifenthrin (Capture) and fenpropathrin (Danitol); and an organophosphate, chlorpyrifos (Lorsban); against
parasitoids of GWSS and A. melinus.  Contrary to widespread assumption that systemic insecticides may not be toxic to
natural enemies, our data showed that systemically applied imidacloprid and thiamethoxam were toxic to parasitoids that do
not feed on plant tissue.  Additionally, naturally occurring honeydew on citrus leaves may be toxic to A. melinus.  These data
will help determine the relative compatibility of particular insecticides to foraging natural enemies.
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Table 1. Toxicity of various insecticides to Gonatocerus spp.

Compound Bioassay
Technique

Exposure
Time # Tested LC50

(μg/mL)
Buprofezin Petri dish 72 232 115.21
Pyriproxyfen 24 102.78
Acetamiprid Petri dish 24 267 0.062
Imidacloprid Uptake 24 253 166.64

48 11.06
Thiamethoxam Uptake 24 295 0.312
Bifenthrin Petri dish 24 198 0.034

48 252 0.007
Fenpropathrin Petri dish 24 248 323.30

48 278.05
Chlorpyrifos Petri dish 24 208 0.002

Table 2. Toxicity of various insecticides to A. melinus

Compound Bioassay
Technique

Exposure
Time # Tested LC50

(μg/mL)
Buprofezin Petri dish 24 812 0.215
Pyriproxyfen 24 0.436
Acetamiprid Petri dish 24 823 0.017
Imidacloprid Uptake 24 905 2.147

48 0.416
Imidacloprid + honey 24 1564 0.0008
Thiamethoxam Uptake 24 1695 0.044
Bifenthrin Petri dish 24 738 0.001
Fenpropathrin Petri dish 24 854 0.064

48 0.008
Chlorpyrifos Petri dish 24 578 0.0007

Table 3. Toxicity of two neonicotinoids to two predators using an uptake bioassay technique

Compound Exposure
time # Tested LC50

(μg/mL)

Orius insidiosus
Imidacloprid 24 294 1.38

72 0.018
Thiamethoxam 24 268 0.307

72 0.007

Geocoris punctipes
Imidacloprid 96 240 1.94
Thiamethoxam 96 250 5.39

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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ABSTRACT
This is the final report on this 1.5 yearlong taxonomic project (it was extended at no cost from 1 July 2005 till 31 December
2005).  Two scientific papers, one (Triapitsyn et al. in review) with the description of a new species of Gonatocerus from
Mexico and South America and the other (Triapitsyn in review) with an annotated, illustrated key to Gonatocerus species and
two other genera and species of Mymaridae (Hymenoptera) – egg parasitoids of Homalodisca spp. and other proconiine
sharpshooters (Hemiptera: Cicadellidae: Proconiini) in North America, have been submitted for publication in Zootaxa (a
WWW-based taxonomic journal).  Following their publication (if accepted), the electronic reprints of both will be made
available online with free access to anyone at http://www.mapress.com/zootaxa/, with interactive links from the CDFA
Pierce's Disease Control Program and the UC ANR GWSS Workgroup websites.  In this report, a tentative key (which
excludes the descriptions of the new species from Mexico and South America and also two new species from California, both
from the morrilli subgroup of the ater species group of Gonatocerus) is given to facilitate recognition of the genera and
species of Mymaridae that are known parasitoids of proconiine sharpshooter eggs in the Nearctic region.

INTRODUCTION
In North America, egg masses of proconiine sharpshooters, which are known or potential vectors of Xylella fastidiosa, are
parasitized by various Mymaridae and Trichogrammatidae.  An illustrated, annotated key to the genera and species of such
Trichogrammatidae was already published (Triapitsyn 2003).  However, a pictorial key, which could be used by non-
taxonomists for recognition of the genera and species of Mymaridae, which are largely responsible for native biological
control of proconiine sharpshooters in California, was lacking.  In addition to the native mymarid parasitoids, several exotic
species of Gonatocerus have been released recently in California as part of a classical biological control program against the
glassy-winged sharpshooter (GWSS), Homalodisca. coagulata (Say), conducted by University of California, Riverside
(UCR), CDFA, and USDA researchers.  The forthcoming key (Triapitsyn in review) will be a useful tool to distinguish them
from other species of the same genus with similar host associations.

Moreover, because of the easy availability of proconiine sharpshooter eggs in California due to the establishment and
outbreak of GWSS, there is a real possibility of non-intentional introductions of exotic egg parasitoids from countries in
Central and South America.  It is possible that one of the species to be described in the forthcoming publication (Triapitsyn in
review) from California could be one of such self-introduced species.

Egg masses of the closely related Homalodisca and Oncometopia species, including GWSS, are parasitized by many species
of Gonatocerus, all of which are members of the ater species group. Acmopolynema is the other mymarid genus that
parasitizes eggs of Homalodisca.  One species of Anagrus, A. epos Girault, has been recently discovered as yet another genus
of Mymaridae capable of parasitizing eggs of proconiine sharpshooters (Triapitsyn & Rakitov 2005).  All mymarids,
including Gonatocerus, are difficult to determine to species without expensive and labor-intensive preparation procedures
such as critical point drying and slide-mounting, and their males were not easily recognizable prior to this study.  A tentative
key to the mymarid genera and both sexes of the already described species of Gonatocerus presented here would in most
cases allow for a correct identification of the most common mymarid parasitoids of Homalodisca and other proconiine
sharpshooters directly in ethanol, although dry- or slide-mounting may be necessary for correct identification of some
specimens.
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OBJECTIVES
1. Prepare and submit for publication a pictorial, annotated key to mymarid egg parasitoids (mainly Gonatocerus spp.) of

proconiine sharpshooters in North America, with emphasis on the species native or introduced to California.  The
experimental procedures used to accomplish this objective can be found in Triapitsyn (2004).

RESULTS
Currently, we are at the final stage of this project (preparatory and curatorial work with voucher and other museum
specimens has been mostly completed). Preliminary work on this project has taken much more time than had been
anticipated, because of the large number of specimens that had to be sorted, curated, and identified in the UCR and other
taxonomic collections in the USA and northern Mexico.  Hundreds of specimens from UCR have been point-mounted from
alcohol, labeled, and identified.  Slide mounts of selected species have been made.  Numerous specimens of egg parasitoids
from the CDFA surveys in California (assembled by Dr. David Morgan) have also been identified.  Scanning electron
micrographs of selected species and all the illustrations have been made.  A manuscript with the description of one new
species of Gonatocerus from Mexico and South America was prepared and submitted for publication (Triapitsyn et al. in
review).  A scientific paper with a key to the mymarid egg parasitoids of the proconiine sharpshooters in the Nearctic region
was completed (Triapitsyn in review).  A preliminary key to the mymarid genera and both sexes of Gonatocerus spp.
(excluding the three new species to be described elsewhere) follows.

Key to genera and species of Mymaridae, egg parasitoids of Proconiini (Cicadellidae) in the Nearctic region

1 Tarsi 4-segmented..................................................................................................................................................................2
- Tarsi 5-segmented (Gonatocerus Nees) .................................................................................................................................3

2 Metasoma distinctly petiolate; forewing blade with dark bands and modified setae................Acmopolynema sema Schauff
- Metasoma sessile; forewing blade without dark bands and modified setae ...........................................Anagrus epos Girault

3 Female (flagellum clavate, consisting of 8-segmented funicle and 1-segmented clava) .......................................................4
- Male (flagellum filiform, 11-segmented) .............................................................................................................................11

4 Propodeum (laterad of submedial carinae) distinctly rugose (morrilli subgroup) ...................................................................
......................................................................................................................................the G. morrilli (Howard) complex, etc.
- Propodeum (laterad of submedial carinae) smooth (ater subgroup) ......................................................................................5

5 Forewing with cubital row of microtrichia complete, extending to base of marginal vein....................................................6
- Forewing with cubital row of microtrichia incomplete, not extending to base of marginal vein (no microtrichia behind

marginal vein, at most a few microtrichia just behind apex of venation) ...............................................................................9

6 F5-F7 distinctly lighter than other funicle segments ..............................................................................G. atriclavus Girault
- F5-F7 more or less concolorous with other funicle segments ................................................................................................7

7 Forewing blade with a narrow, distinct brown fascia extending from stigmal vein to hind margin ........................................
.................................................................................................................................................................... G. fasciatus Girault
- Forewing blade without such a fascia, hyaline or slightly, more or less uniformly, infumated .............................................8

8 Head and mesosoma mostly yellow, with some brown .........................................................................G. triguttatus Girault
- Head and mesosoma mostly dark brown................................................................................................. G. ashmeadi Girault

9 Forewing blade with a distinct infumate spot just beyond apex of venation, not reaching anterior margin............................
............................................................................................................................................................. G. novifasciatus Girault
- Forewing blade without infumate spot (G. incomptus/impar complex) ...............................................................................10

10 F3-F8 each with 2 longitudinal sensilla ................................................................................................ G. incomptus Huber
- At least one funicle segment among F3-F6 without longitudinal sensilla or only with 1 sensillum, in different combinations
.....................................................................................................................G. impar Huber, ?G. sp(p). near incomptus/impar

11 Propodeum (laterad of submedial carinae) distinctly rugose (morrilli subgroup) .................................................................
...................................................................................................................................... the G. morrilli (Howard) complex, etc.
- Propodeum (laterad of submedial carinae) smooth (ater subgroup) ....................................................................................12

12 Forewing with cubital row of microtrichia complete, extending to base of marginal vein................................................13
- Forewing with cubital row of microtrichia incomplete, not extending to base of marginal vein (no microtrichia behind

marginal vein, at most a few microtrichia just behind apex of venation) .............................................................................16
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13 Forewing blade with a narrow, distinct brown fascia extending from stigmal vein to hind margin .....................................
.................................................................................................................................................................... G. fasciatus Girault
- Forewing blade without such a fascia, hyaline or slightly, more or less uniformly, infumated........................................... 14

14 Mesosoma dorsally mostly yellow-orange or light brown to brown, with some dark brown ........................................... 15
- Mesosoma completely dark brown.......................................................................................................... G. ashmeadi Girault

15 Mesosoma dorsally mostly yellow-orange, with some brown and dark brown ...................................G. triguttatus Girault
- Mesosoma dorsally mostly light brown to brown, with some dark brown............................................. G. atriclavus Girault

16 Forewing blade with a distinct infumate spot just beyond apex of venation, not reaching anterior margin .........................
............................................................................................................................................................. G. novifasciatus Girault
- Forewing blade hyaline, without infumate spot (the G. incomptus/impar complex)...............................................................
..................................................................................G. incomptus Huber, G. impar Huber, ?G. sp(p). near incomptus /impar

CONCLUSIONS
Research resulting from this project would be of significant benefit to biological control (especially to the CDFA/Pierce’s
Disease Biological Control Program) specialists, ecologists, and vineyard supervisors that manage the Pierce’s disease (PD)
threat posed by GWSS.  The forthcoming key (Triapitsyn in review) would enable even non-taxonomists to quickly identify
both sexes of mymarid egg parasitoids of Homalodisca spp. in California, differentiate native vs. introduced species of
Gonatocerus, provide information on candidate species of Mymaridae for introduction as part of biological control programs,
facilitate surveys for assessing levels of egg parasitism of H. coagulata in the vineyards and orchards in California, and
indicate all known host associations of the mymarid species important for native or classical biological control of GWSS and
related species and genera of sharpshooters.
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ABSTRACT
Xylem fluid samples from commercial vineyards treated with Admire were collected and analyzed for imidacloprid content
in July 2005.  Additionally, vines that had been treated with Admire at differential rates in a 2004 study were re-evaluated in
2005.  Imidacloprid was not detected in most samples collected in 2005 and was usually at low levels when detected.  These
results corroborate our results from 2004 that indicate that the use of Admire in North Coast vineyards may have limited
effectiveness compared to its use in other regions in California.  Limiting irrigation in order to manage vine growth and berry
size for premium wine production may prevent the effective use of Admire in some growing regions for control of
sharpshooters.

INTRODUCTION
Admire insecticide (Bayer CropSciences) is widely used in grapes and citrus for control of the glassy-winged sharpshooter
(GWSS) and to limit the spread of Pierce’s disease (PD).  It is a soil-applied product that delivers the active ingredient
imidacloprid, a neonicotinoid insecticide that has been shown to be very effective against GWSS and other sucking insects
(1).  In Northern California, Admire is sometimes used against populations of blue-green sharpshooters, the most common
vector of PD in this region, as well as to treat for other pests.

Admire is applied to vineyards through a drip system.  It is recommended that it be applied to moist soils in order to enhance
its downward movement into the root zone and its uptake into vines.  Most research on uptake and persistence of
imidacloprid in grapevines has been done in Southern California in warm regions on sandy or loam soils where vines are
irrigated at relatively high rates (2,3,4).  In the heavier soils and cooler climates common in North Coast vineyards, there are
questions about the best application strategy for Admire in order to ensure effective levels of imidacloprid in grapevines.

In 2004, we conducted a trial (5) to investigate different application regimes of Admire in a Napa County vineyard.  The
vineyard is located in a cool region (Carneros), is planted on a loam soil with 15% clay content and had minimal irrigation
during the 2004 growing season.  In 2005, we re-tested vines in this trial to see if there was any further uptake of Admire a
year after the applications were made.  In addition, we sampled ten other vineyards to test for imidacloprid levels following
grower-applied treatments of Admire.

OBJECTIVE
Evaluate the uptake and sustained concentrations of imidacloprid in grapevines planted on clay loam soils in a cool region
(Carneros) following different application regimes of Admire insecticide.

RESULTS
Admire treatments in the 2004 study were as follows:

T1: 32 oz (full rate) in March
T2: 16 oz in March / 16 oz in May
T3: 32 oz in May
T4: 16 oz in May / 16 oz in July

There were three replications of each treatment.  Each replicate included three vine rows and extended the length of the
vineyard block (136 vines).  There was an untreated buffer row between each replicate.  The vineyard was irrigated prior to
each Admire application to ensure moist soil conditions, and water was applied for several hours after the injections were
completed to move the material into the root zone.  Other than the irrigations made in conjunction with our treatment
applications, only 5 gallons per vine of additional irrigation was applied prior to harvest.

Xylem fluid samples were collected one week after the initial applications and continued every two weeks through September
2004.  At each sampling, 200-500 microliters of xylem fluid were extracted from each of eight vines within every replicate,
and were kept separate.  A different set of vines were sampled each week.  Fluid extractions were made using a pressure
bomb equipped with a large chamber that could accommodate shoots up to 18 inches in length.  Samples were frozen on dry
ice in the field and subsequently held in a freezer.  Samples were shipped frozen overnight to UC Riverside and analyzed
using a commercial ELISA detection kit (EnviroLogix, ME) (2).
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Figure 1 summarizes the results of the 2004 study.  None of the treatments resulted in effective uptake of imidacloprid as
measured by our analysis.  Average imidacloprid concentrations (N=24) for each treatment on each sampling date ranged
from 0 to 3.71 ppb.  74% of the average values were less that 1 ppb.  Ten ppb is considered to be a minimum threshold level
for protection against sharpshooter feeding (3).

In consideration of these poor uptake results, we collected soil samples in
October 2004 to determine if imidacloprid was bound in the soil.  Soil
samples were collected from three depths below a drip emitter at one vine in
each of the twelve replications in the trial.  Sample depths were 4-6 inches,
10-12 inches and 16-18 inches.

From each of these 36 samples, 20g of soil was washed in water for one hour
and then centrifuged.  A diluted sample of the supernatant was evaluated for
imidacloprid by ELISA.  These procedures were repeated to generate two
extractions per soil sample.  The results are shown in Figure 2.  Imidacloprid
was detected at the 4-6 inch level in all treatments.  However, at the 16-18
inch depth it was found in only one of the treatments.

Because these results indicated that there was still considerable imidacloprid in the upper soil profile in October 2004, we
decided to re-test vines in 2005 to see if there was any improved uptake following winter rains.  A nearby Carneros weather
station (California Irrigation Management Information System station 109) recorded 22.29 inches of rain from October 2004
to May 2005.

In May 2005, two vines from each replicate were sampled and xylem fluid was tested as previously described.  These
samples all tested negative for imidacloprid.

In addition to re-testing vines from the 2004 trial, in June 2005 we sampled vines in several Napa County vineyards that had
a history of Admire applications to see if we could detect better uptake compared to our Carneros trial site.

We collected 116 xylem fluid samples from ten vineyards: eight in Napa County and two in Sonoma County.  The vineyards
were all planted on loam to clay loam soils typical of the region.  Samples were immediately frozen on dry ice and later
analyzed for imidacloprid content as previously described.  Results are summarized in Table 1.

Figure 1. Imidacloprid levels in grape xylem fluid
following treatment with Admire.  Each point is the
mean of 24 vines.

Figure 2. Imidacloprid levels in water
washes of Napa soil samples.  Each bar is
the mean ± SEM of 3 samples.
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Table 1: Imidacloprid levels in June 2005 samples from vineyards treated with Admire.

Vineyard Admire
history*

# vines
tested

# vines in imidacloprid ranges
0 1-6 ppb 7-10 ppb > 10 ppb

Napa 1 a/b 12 9 3 0 0
Napa 2 b 18 8 7 2 1
Napa 3 c 18 13 3 1 1
Napa 4 b 24 22 2 0 0
Napa 5 b 12 4 8 0 0
Napa 6 c 8 6 2 0 0
Sonoma 1 d 16 13 3 0 0
Sonoma 2 e 8 7 1 0 0
All sites 116 82 29 3 2

* a – 16 oz Admire March 2004 & 2005
b – 16 oz Admire March 2003, 2004 & 2005
c – 32 oz Admire March 2004 & 2005
d – 16 oz Admire Oct. 2004 and March 2005
e – 16 oz Admire June 2005

The results from this survey of vineyards indicated poor uptake of imidacloprid at all of the sites.  Imidacloprid was not
detected in 71% of the samples.  Only 2 samples had levels above the 10 ppb threshold considered necessary for effective
control of sharpshooters.

Soil column studies (4) showed that imidacloprid was bound more strongly to the Napa soils as compared to soils from
Temecula or Coachella (Figure 3).  Combined with the low irrigation rates typically applied to most North Coast vineyards
(0-0.5 acre-feet per season), achieving effective levels of imidacloprid in vines via Admire applications to the soil will be
difficult.

CONCLUSIONS
The use of Admire in North Coast vineyards is unlikely to provide the same levels of control of sharpshooters as experienced
in Southern California.  Uptake of imidacloprid in this region appears to be limited both by the nature of the soils, as well as
the climatic conditions and prevailing viticultural practices that limit the amount of water applied to the vines during the
growing season.

Figure 3. Elution of imidacloprid from soil columns prepared from Coachella, Temecula and Napa vineyard
soils.  Equal quantities of imidacloprid were loaded (in 10ml) onto the columns, which were then washed with
successive 10ml volumes of water.  As each 10ml wash was added to the top of the column, 10mls (the eluate)
was displaced at the bottom.  The imidacloprid content in each eluate was quantified by ELISA.  The graph
shows a typical elution profile for the soil types found in these vineyards.
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ABSTRACT
The dynamics of vectored diseases are governed by the interplay of a variety of biological and ecological factors including:
vector behavior and demography, pathogen acquisition and inoculation efficiency, host resistance, and the role of
environmental factors in mediating these processes.  We are studying some of the ecological and biological traits that
influence the transmission efficiency of Xylella fastidiosa (Xf) to grapes by the blue-green and glassy-winged sharpshooters.
In particular, we are examining how sharpshooter abundance, acquisition and inoculation periods on plants, and sex affect
transmission efficiency for each of these species.  This work will contribute to a more mechanistic understanding of Xf
transmission that will be used to develop biologically realistic models of disease dynamics, providing a platform for
evaluating the efficacy of different Pierce’s disease management strategies.

INTRODUCTION
Pierce’s disease (PD) epidemiology is complex because of the interplay among several Xylella fastidiosa (Xf) insect vectors
and host plant species - which likely contribute to variability in transmission efficiency and patterns of disease spread in the
field.  To date the only quantitative description of Xf transmission is that of Purcell (1981).  Our goal is to further refine this
model via experimental estimation of additional ecological and biological parameters likely to govern transmission efficiency
of blue-green and glassy-winged sharpshooters.  We are especially interested in how vector abundance, acquisition and
inoculation periods, temperature, and vector species, and sex may contribute to heterogeneous transmission efficiencies.
Results from the new experiments will be used in conjunction with previously published results on the biology of Xf
transmission to refine models of Xf transmission.

OBJECTIVES
1. Determine the effect of temperature, vector numbers and time on sharpshooter transmission of Xf.
2. Develop a model to describe sharpshooter transmission of Xf as a function of variables that affect efficiency.
3. Determine if Xf colonization of vectors affects their fitness.

RESULTS
This project is being initiated.  We will first focus our studies on how sharpshooter abundance and inoculation period affect,
independently, transmission – these two variables were treated as interchangeable by Purcell (1981).  In this experiment we
varied sharpshooter number (1, 2, or 4 adults - each species separately) fully crossed with inoculation access period (0.5, 1, 2,
4 days - access acquisition period constant at 4 days) and measured the probability of transmission to grape seedlings.  Data
are currently being collected, therefore we have no results to report at this time.

REFERENCES
Purcell, A. H. 1981. Vector preference and inoculation efficiency as components of resistance to Pierce' disease in European

grape Vitis vinifera cultivars. Phytopathology 71: 429-435
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ABSTRACT
In this report, we describe quantitative aspects of Xylella fastidiosa (Xf) transmission by the glassy-winged sharpshooter
(GWSS).  In previous studies, we discovered correlations between the number of Xf cells acquired by GWSS and acquisition
access period, and total ingestion time on Xf sources.  On the other end of the disease cycle, correlations were detected
between the number of Xf cells inoculated into plant stems and the length of inoculation access periods (IAP), and the
number of probes. In the study reported here, correlations between the number of cells inoculated into a plant and IAP or
number of probes were consistent when the IAP was restricted to 30, 60, 90, or 120 minutes.

INTRODUCTION
Solutions to Pierce’s disease (PD) are coming out of an understanding of basic biological aspects of the vector, the pathogen,
their hosts, and especially the interactions among these three divergent organisms that culminate in a disease epidemic.  The
most important of these interactions is the transmission of the pathogen by the vector to a non-infected plant.  Transmission is
a product of vector acquisition of the pathogen from an infected plant, and inoculation of the pathogen into a non-infected
plant.  It is a complex process involving sharpshooter host finding and feeding behaviors, and probabilities that a critical titer
of bacterium will be acquired from an infected host by a feeding sharpshooter, and once acquired, will be inoculated into an
uninfected host.  In addition, for an inoculation event to lead to infection, a critical titer of bacterium must be inoculated into
plant tissue that supports reproduction and movement.

Recent advancements in technology allow us to examine quantitative aspects of Xylella fastidiosa (Xf) transmission with
greater sensitivity and at lower titers of cells than with traditional means.  This includes two techniques we have mastered in
our laboratories.  First, we are currently using a quantitative real-time (QRT PCR) technique in conjunction with
commercially available DNA extraction kits to detect and quantify low titers (currently ca 1 X 101 cells) of Xf in plant and
insect tissue.  Second, we have developed a low-cost method to rapidly extract DNA from the glassy-winged sharpshooter
(GWSS) and plant tissue in 96-well micro-titer plates.  In preliminary laboratory experiments Xf titer was quantified in plant
tissues following inoculation by single infectious GWSS.

It is intriguing that species of sharpshooters differ widely in transmission efficiency.  Transmission efficiency ranges from a
high of over 90% for the blue-green sharpshooter (Graphocephala atropunctata) to 1% for several other including
Oncometopia facialis, Acrogonia virescens, and Homalodisca ignorata (7).  Recently, rates of Xf transmission efficiency for
the GWSS from grapevine to grapevine were found to be as high as 20%.  These observations beg two questions:  First, what
aspects of Xf transmission by sharpshooter vectors vary in ways that cause a wide range in efficiencies among vectors?
Second, can we exploit an understanding of transmission efficiency to reduce PD spread?  We seek to understand quantitative
aspects of Xf transmission by GWSS.  We are hopeful that this unique approach to investigating the transmission of an insect-
vectored plant pathogen will lead to new tactics to manage disease spread.

In the pursuit of better understanding the interactions between GWSS and Xf during transmission events, we have developed
a model system. Xf bacterial cultures were scraped from plates and suspended in a sterile suspension. This bacterial
suspension was infiltrated into cut Chrysanthemum grandiflora stem (Bextine et al. 2004). GWSS were caged in snap cap

vials on stems (Figure 1).  Survival through the acquisition access period (AAP)
indicated effective feeding because starving these insects for 48 h resulted in
100% mortality (Bextine et al. 2004). After the AAP, GWSS were placed on Xf-
free chrysanthemums for 48 h, so that any detection of bacteria in subsequent
inoculation assays would be associated with transmission and not stylet
contamination (Figure 2).  Surviving GWSS were transferred to sterile vials
containing a fresh chrysanthemum stem cutting.  The insects were exposed to a
stem for an inoculation access period (IAP).  GWSS and stems were tested for
the presence of Xf by QRT PCR.  While the rate of Xf transmission was higher
than previously reported (Almeida and Purcell 2003-a, b, Costa et al. 2000), we
feel this is a fair assessment of the insects’ ability to move the bacterium from
an infected stem to a non-infected one.

Figure 1.  GWSS feeding on a cut
stem infused with Xf.
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Figure. 2.  Artificial Pierce’s disease cycle for determination of Xf transmission.

OBJECTIVES
Our long-term goal is to understand quantitative aspects of the process of Xf transmission by GWSS in order to develop a
means of reducing the efficiency with which it spreads the pathogen from an infected plant to a non-infected one.  Our
specific objectives for this project are to:
1. Determine relationship between time a GWSS spends on a PD-infected grapevine and titer of Xf they acquire.
2. Determine the relationship between time a GWSS spends in post-acquisition on a non Xf host and titer of Xf they contain.
3. Determine the relationship between time an infectious GWSS (i.e., one that had acquired Xf) spends on a non-infected

grapevine and the titer of Xf it inoculates into the grapevine.
4. Determine the relationship between titer of Xf inoculated into a plant and the probability that it will become diseased by

developing a transmission index.

RESULTS
Quantitative Real-Time Polymerase Chain Reaction
We developed the capacity to quantify as few as 5 Xf cells in both in plant tissue and insect vectors by quantitative real-time
polymerase chain reaction (QRT PCR) (Bextine et al. 2006, Oliveira et al. 2002).  Our QRT PCR diagnostic technique is
performed in a Rotor Gene 3000 (Corbett Research, Australia) using iQ Supermix (Bio-Rad Laboratories Inc., Hercules, CA)
in 20µl reactions with a new Xf-specific primer set (set 6) and probe (BCJ probe) based on the gyrB gene.

Inoculation Access Period
A bacterial suspension was made by suspending bacterial cultures scraped from plates in sterile phosphate buffered saline
(PBS) by gentle shaking. 10 cm sections of cut Chrysanthemum grandiflora were artificially inoculated with Xf by forcing
the bacterial suspension through by attaching a 10cc syringe to the proximal end of the stem and applying pressure until fluid
was seen coming out of the distal end.  Field-collected GWSS were allowed to feed from these stems for an acquisition
period of 48 h.  The insects were then exposed to a clean plant for a latent period of 24 h to ensure that detected Xf were not
due to contaminated stylets. Surviving GWSS were then allowed to feed on sterile 5 cm cut C grandiflora stems for an IAP
of 30, 60, 90, or 120 minutes.  Finally, GWSS were removed from the cutting and DNA was extracted by vacuum extraction
techniques followed by the Qiagen DNeasy tissue kit.  Plant inoculation targets were crushed in a lytic buffer in an Agdia
bag, then DNA was extracted using the Qiagen DNeasy tissue kit. QRT-PCR was run to detect Xf cells, using (set6 primers
and BCJ probe1) and optimized run conditions. SYBR green melt curves were used to verify amplification products.
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Figure 3. Xf cells vs. the number of probes into the plant target by GWSS.
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Figure 4. Xf cells vs. the total accumulated feeding time of GWSS on the plant target.
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Figure 5. Xf Cells vs. Access Period of GWSS to plant target.

Further replicates were relatively consistent with the preliminary data.  We are currently finishing the data set, so full
statistical evaluation has not occurred. However, there was a positive correlation between the number of probes into a target
plant and the number of Xf cells transmitted (Figure 3).  There appears to be little correlation between accumulated feeding
time and the number of Xf cells in the plant target (Figure 4). In other words, prolonged feeding by GWSS does not result in a
greater number of Xf cells being transmitted.  Finally, there was a slightly negative correlation between the access period and
the number of Xf cells in the plant target (Figure 5).  This is not unexpected, as the maximum access period was so short that
the number of probes was not well correlated with the access period, with some insects feeding for the whole period, some
probing extensively but feeding little, and some not feeding at all.  Over longer access periods (hours and days), there will be
more opportunities to probe, and thus greater transmission of Xf is expected.

CONCLUSIONS
Overall, the high degree of variability in transmission rates indicates that transmission is a complex event.  Whether or not Xf
is sheared from the foregut walls may not be easily predicted based on time feeding or number of probes alone (evidenced by
low R2 values), although trends may be shown.  As we finish this data set and statistical analysis is applied to these events,
we will determine if one acquisition probe is as good as 6 probes or if the positive correlation is due to an artifact of the
methods used.  It is also important to note that in our study, the distribution of Xf in stems is homogeneous, as opposed to an
aggregated distribution of Xf in stems which is what we would expect from an diseased plant in the field.  Additionally,
significant amounts of bacteria may be transmitted to a plant by an insect that has probed only once, or fed for only a matter
of minutes; pesticides that require insects to feed on the plant may prevent secondary transmission (acquisition from an
infected grapevine and transmission to another within the same field) and lower the vector population, but will not entirely
prevent transmission.  With regard to number of cells vs. access period or accumulated feeding time, the critical time period
might occur before 30 minutes. In our initial studies, we looked at these transmission events on a scale of 24, 48, and 96
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hours. In this reporting period, we looked at shorter periods (30, 60, 90, or 120 minutes).  In other words, the statistically
significant slopes of the line generated if time periods might be between 1 to 10 minutes.

Disease epidemics involving Xf depend on the transmission of the bacterium from an infected host to an uninfected host by
an insect vector.  Successful transmission is a function of two major events: acquisition and inoculation.  Our studies examine
the interactions that involve GWSS feeding behaviors that are associated with Xf acquisition and inoculation, and the
probability that these behaviors will lead to plant infection.  The quantitative aspects of our studies are unique, due in part to
technologies that allow us to quantify low numbers of Xf cells.  Understanding these associations will allow the development
of plant protection tactics that take advantage of critical “weak links” in the transmission process.
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ABSTRACT
A combination of field and laboratory experiments in this study have been designed to advance our understanding of the
operative host-plant factors utilized by adult glassy-winged sharpshooters (GWSS) and associated natural enemies as long-
range cues to locate feeding and oviposition hosts in a complex agricultural landscape.  Specifically, a second year of field
studies have been conducted to determine the influence of continuous deficit irrigation regimes implemented in sweet orange
cv. ‘Valencia’ oranges on the population dynamics of GWSS and other associated natural enemies.  Dispersal and population
dynamics of GWSS were monitored under continuous irrigation treatments receiving 60%, 80%, and 100% of evapo-
transpiration (ETc) rates.  Similar to the results obtained in our 2005 season, citrus trees irrigated at 60% ETc had warmer
leaves, significantly higher xylem matric potential, and fewer adult and immature GWSS than experimental trees irrigated
with 80% and 100% ETc.  Mean numbers of adult and nymphal GWSS collected from beat samples and observed in visual
inspections were numerically higher in the 80% versus 100% ETc treatments.  In caged experiments using sweet orange cv.
’Washington navel’ and avocado cv. ‘Hass’ maintained under different continuous deficit irrigation illustrated GWSS
population shifts that occurred between plants.  Adult GWSS showed a preference for contact with surplus-irrigated plants of
both species compared with plants under continuous deficit irrigation, with a stronger response evident in the avocado trials.
During preliminary nutrition trials with overwintered adults, GWSS that landed on plants showed a slight preference for
settling on plants fertilized with ammonium versus nitrate averaging over 3 trials.  An olfactometer system for studying the
response of GWSS to host-plant volatiles has been built and the airflow dynamics adjusted to equally integrate odor fields
from humidity or volatile sources.  However, evaluation of the data (number of insects landing on the target) to date shows
no conclusive differences among a variety of treatments, suggesting that GWSS may not use olfactory cues during host
location, or that olfaction is used only in conjunction with visual cues.  Identifying how the dispersing lifestages of GWSS
locate and exploit specific host species will begin to provide the necessary information required to develop strategies for
control of this highly mobile insect and the spread of Xylella fastidiosa into susceptible crops.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is a highly polyphagous and mobile insect utilizing numerous plant species as both
feeding and oviposition hosts (Adlerz, et al. 1979, Daane et al. 2003, Groves et al. 2003).  Recent research has documented
that different host plant species are not equally utilized by all GWSS lifestages.  Mizell and Andersen (2003) report that host
plant xylem chemistry plays a key role in the regulation of GWSS feeding and oviposition over a wide range of host plant
species.  Similarly, Daane and Johnson (2003) concluded that ornamental landscape plant species greatly influence GWSS
seasonal population biology.  Specifically, ornamental species which favorably support adult GWSS oviposition and feeding
do not equally support comparable nymphal populations.  Although significant new information has become available
regarding the sequence of hosts in which GWSS populations thrive, little is understood about the host-location strategies of
GWSS, which are critical behavioral responses that assist the insect in locating suitable hosts.  Successful insect-host
associations depend upon an insect’s ability to locate a suitable host(s) in a complex, heterogeneous landscape.  Mechanisms
of host location in many phytophagous insects are often mediated by long-range, semiochemical cues arising from their host
plant(s), which vary by plant physiological conditions including nutrition (available nitrogen and carbohydrate), xylem water
potential, and plant age or developmental stage (Finch 1986).  Similarly, we have an incomplete understanding of host-
selection cues utilized by the mymarid egg parasitoids of GWSS, which may involve the host (GWSS egg mass), the host
plant, or a combination of both.  Ongoing experiments in this study will increase our understanding of the operative host-
plant factors utilized by adult GWSS and associated natural enemies as cues to locate feeding and oviposition hosts in a
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complex agricultural landscape.  Identifying how the dispersing lifestages of GWSS locate and exploit specific host species
will begin to provide the necessary information required to develop strategies for control of this highly mobile insect and
further limit the spread of Xylella fastidiosa (Xf) movement into susceptible crops.

OBJECTIVES
1. Evaluate host-plant factors utilized by adult GWSS and associated natural enemies as long-range cues to locate feeding

and oviposition hosts in a complex agricultural landscape.
2. Monitor adult GWSS movement and host selection behavior, ovipositional preference, and nymphal population

performance on host plants maintained under continuous irrigation deficits

Objective 1
Olfactometer
An olfactometer system for studying the response of GWSS to host-plant volatiles has been built and the airflow dynamics
adjusted to equally integrate odor fields from humidity or volatile sources.  Bioassays have been performed using spring adult
GWSS collected from infested areas in Bakersfield and Fillmore, CA area.  Behavioral responses of the adult insect replicates
tested have been evaluated using the Noldus Observer XT software in an effort to measure the accuracy of taped recordings.
Preliminary bioassays compare the level of GWSS responses to singly presented, humidified odor plumes.  Preliminary tests
demonstrate no differential response between the sexes; and to date, no sexual difference has been found in other leafhoppers
orienting to plants or plant odors.  However, evaluation of the data (number of insects landing on the target) to date shows no
conclusive differences among a variety of treatments, suggesting that GWSS may not use olfactory cues during host location,
or that olfaction is used only in conjunction with visual cues. To date, most trials were made with field-collected GWSS.
Fifty trials of Gonatocerus ashmeadi behavior under a variety of choice treatments have been recorded in the Y-tube
olfactometer, but analysis by the Noldus Observer is scheduled for fall and winter.

Objective 2
Laboratory Choice Bioassays
Field-collected GWSS adults were caged with a choice of two plants grown under two nutritional treatments, and with a
choice of two plants grown under two water-deficit treatments.  The nutritional study was conducted on citrus plants, while
the water-deficit study was conducted separately on citrus and avocado to allow a comparison of the behavior of GWSS
toward host plants with different water-deficit responses.  During preliminary nutrition trials with overwintered adults,
GWSS that landed on plants showed a slight preference for settling on plants fertilized with ammonium averaging over the 3
trials.  However, means of 3 additional trials (12 replicates) conducted with summer adults did not show any apparent
preference for either treatment.  The mean number of GWSS egg masses deposited on the citrus under the two nutritional
treatments were also similar (3.25 per NO3 plant, 2.67 per NH4 plant).  Up to and during the water-deficit trials, the water-
deprived avocado plants showed signs of stress, including loss of stem and leaf turgor and leaf excision, whereas the citrus
plants showed no obvious signs of stress.  The GWSS showed a preference for contact with surplus-irrigated plants of both
species compared with plants under CDI and GDI, with a stronger response evident in the avocado trials.  The recent results
are consistent with preliminary data gathered previously from overwintered adults.  However, although the number of egg
masses deposited on plants was higher on surplus-irrigated avocado compared with CDI and GDI plants, GDI citrus had
more egg masses than surplus-irrigated citrus.  The latter represented a change from the preliminary data, where surplus-
irrigated plants of both species had consistently higher numbers of egg masses.  The preliminary trials were repeated because
the overwintered GWSS suffered heavy mortality.

Laboratory no-choice bioassays
Preliminary results from 10 GWSS of each sex confined in sachets on citrus receiving supplemental fertilization (NH4 versus
NO3) revealed no significant differences in excreta production between the treatments, suggesting no differential feeding
rates on plants of either treatment.  This agrees with results from choice tests. However, mortality was high in the sachets, so
the test will be repeated with improved sachets.  More excreta was produced on average on deficit-irrigated citrus and
avocado than on surplus-irrigated plants, but the differences were not significant. Further replication is planned to confirm
the observed trend, especially because it appears to conflict with results of choice tests.  Secondary conclusions were drawn
from the data, including that females produced significantly more excreta than males across all treatments, suggesting greater
feeding rates by females.  Furthermore, excreta production was significantly higher in the afternoon than in the morning,
suggesting that feeding is a diurnal activity. Lastly, excreta production on avocado was <10% of the amount produced on
citrus, suggesting that avocado is a less preferred host or that avocado branches are not suitable feeding sites.

CDI and GWSS Population Dynamics
Studies were conducted on the Citrus Experiment Station, UC Riverside, in Field 5 and the continuous deficit-irrigation
schedules evaluated in this experiment included trees irrigated at 100, 80, and 60% ETc throughout the 2005-06 crop year.



Effect of irrigation deficit on citrus trees
Citrus trees irrigated with 60% ETc had warmer leaves than the trees irrigated with 100% and 80% ETc throughout the
season.  Although no difference in leaf temperature was evident between the 100% and 80% treatments, results suggested
that citrus trees under the 80% deficit irrigation treatment had physiological changes at detectable levels.  To support our
observations, pressure chamber measurements also showed a difference in water potential between treatments.  From mid-
May to early June, mid-day leaf water potentials were not different among treatments.  Perhaps the unusual 2005 rainy
season contributed to an accumulation of soil water, which was exploited by deeper roots and resulted in undetectable
differences in water potential among treatments using the pressure chamber.  A clear pattern in water potential measurements
was observed from early June to late July.  Pressure chamber measurements steadily increased and were higher in the 80%
and 60% ETc treatments than the 100% ETc treatment.  However, after July 25th, we initiated pre-dawn sampling and
observed that no difference existed between the 100% and 80% ETc treatments, but these differed from the 60% ETc
treatment.

Effect of irrigation deficit on insect distribution
Beat net samples documented the presence of GWSS adults and beneficial insects. The numbers of GWSS collected were
quite low, never exceeding one adult for every sample.  The most common beneficial arthropods were spiders, adult
lacewings, and lady beetles. GWSS population densities increased from early June to late July, followed by a decline that
continued through early September.

Examining yellow trap counts, GWSS adults collected were slightly higher in the 100% and 80% ETc treatments compared
to the 60% ETc treatment.  Few GWSS were found on sticky traps from mid-April to late June.  The yellow sticky traps
showed a steady increase in insect activity from late June to a peak in late July, which was followed by a sharp decrease in
the numbers of insects caught in all treatments.  During the early and middle part of the peak, more GWSS were caught on
traps located in the 100% and 80% ETc treatments than in the 60% ETc treatment.  However, during the latter part of the
peak, the number of GWSS caught on traps located in the 60% ETc treatment was higher than the numbers caught in the
100% and 80% Etc treatments.  During this period (mid-August), trap catches averaged two GWSS per trap per week.

Population density patterns found during our visual counts follow the patterns observed for both trap counts and beat
samples.  Visual counts show an increase in the number of GWSS per tree from late June to a peak in mid-July.  Throughout
the season, more GWSS adults were found on trees located in the 100% and 80% ETc treatments than in the 60% ETc
treatment.  The number of egg masses collected were quite low, never exceeding one mass for every observation.  However,
there seems to be two periods of egg deposition.  One period corresponded to the smaller first GWSS generation (May) and
another period corresponded to the second larger generation (July).  In the second oviposition period, however, few fresh
GWSS egg masses were found and more egg masses were observed on trees located in the 100% and 80% ETc treatments
than in the 60% ETc treatment.

In summary, our measurements of plant condition suggested that there were no differences in leaf temperature and water
potential between trees irrigated at 100% and 80% ETc.  Trees irrigated with 60% ETc had warmer leaves, higher water
potential, and consequently hosted a smaller number of GWSS than the well irrigated trees.  Patterns of insect number
throughout the season for trap catches, beat samples, and visual inspection were somewhat correlated, suggesting a solid
estimate of population density.  Interestingly, relatively more GWSS adults and egg masses were found on trees irrigated at
80% ETc than 100% ETc perhaps due to a less dilute concentration of available carbohydrate.

CONCLUSIONS
We believe that findings from this project have generated significant new information regarding the host selection behavior
and movement patterns of GWSS in California.  Combined results from lysimeter studies and field studies evaluating
population dynamics illustrate that GWSS populations varied between plants maintained under varying, CDI treatments.
Further, trees irrigated with 60% ETc had warmer leaves, higher water potential, and also hosted fewer GWSS than the well
irrigated trees.  Patterns of adult GWSS capture throughout the 2005 sampling interval (July – August), estimated from a
combination of yellow traps, beat samples, and visual inspections, suggest comparatively higher population densities of
GWSS in CDI treatments 80 and 100% ETc.  Furthermore, higher counts of GWSS adults and egg masses were found on
trees irrigated at 80% ETc compared with the 100% ETc treatment. A more complete understanding of the operative host-
plant cues that influence GWSS population dynamics may result in the deployment of strategies to focus control efforts,
enhance the efficacy of biological control, and effectively limit the spread of Xf induced diseases to susceptible crops.
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ABSTRACT
The purpose of this project is to define specific environmental constraints that influence glassy-winged sharpshooter (GWSS)
population dynamics and overwintering success.  The production of xylem excreta was used as a measure of GWSS feeding
rates.  GWSS individuals held at 8.3 to 31.1°C exhibited a positive linear relationship between xylem excreta per adult and
temperature.  A low temperature feeding threshold was estimated to be 13.3°C.  A Logan Type I model described the
relationship between temperature and daily excreta production (mg).  The percentage of adults that produced xylem excreta
was significantly different among tested temperatures (P < 0.0001), but not between sexes.  From 24.6–35.1°C, all adults
produced xylem excreta, but the percentage of adults producing excreta declined as temperature decreased.  At temperatures
≤ 13.3°C, only 1 of 41 adults tested produced xylem excreta. Using percent data from 8.3–24.6°C, a linear increase in the
percentage of adults that produced xylem excreta was observed and provided a lower threshold temperature of 10.0°C, where
no xylem excreta were produced.  Results from these experiments will be coupled with climatological data to help to spatially
define where GWSS can be expected to persist in the agricultural landscape and identify where continued management
efforts can be directed to limit introductions into currently non-infested areas.

INTRODUCTION
Climate appears to play a significant role in the geographic distribution of diseases caused by Xylella fastidiosa (Xf) in
California and throughout the southeastern U.S. (Purcell 1997).  Similarly, populations of glassy-winged sharpshooter
(GWSS), Homalodisca vitripennis, in the southeastern US appear to be constrained by climatic factors that limit the pest’s
establishment and persistence (Hoddle 2004).  Presently, limited information exists on the overwintering biology and ecology
of GWSS in the San Joaquin Valley of California.  Our results from Year 1 of this project indicated that survival and feeding
activity of GWSS adults were significantly influenced by temperature and exposure duration.  In particular, low temperatures
caused rapid mortality.  Access to host plants for feeding was a critical factor for survival at high temperatures (≥ 20°C).  In
Year 2, models were developed to approximate the influences of temperature on GWSS survival with changes in exposure
duration.  Additional studies focused on the impacts of temperature on GWSS feeding rates with the aim of determining the
thresholds below which feeding stops and to further determine the critical duration of time spent in this non-feeding state,
which may result in increased mortality.  The results below and future experiments will advance our ability to define the
specific environmental constraints that influence GWSS population dynamics and overwintering success by increasing our
present understanding of the overwintering requirements of GWSS with a focus on critical environmental and host species
factors that may limit population distribution in the Central Valley of California.

OBJECTIVES
1. Identify the critical environmental constraints that influence the spatial population dynamics and overwintering success

of GWSS in California’s Central Valley.
2. Characterize the impact of host plant species succession on the overwintering survivorship of GWSS populations that

constrain the insect’s ability to become established and persist throughout the San Joaquin Valley.

RESULTS
Objective 1:
(1) Effects of temperature on the survival of GWSS adults
Based on laboratory data collected in Year 1, the time to 50% mortality (LT50) of GWSS adults was estimated at each tested
constant temperature (-1.0, 4.0, 8.3, 18.8, 24.6 and 40.1 ºC ± 1ºC) and feeding regime [water only (WO), host plant only
(HPO), no plant or water (NPW)] using the methods of Kim and Lee (2003).  The model estimated that the longest time to
50% mortality at the optimum survival temperature (for each feeding regime) occurred at 12.2 days (9.6°C), 11.4 days
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(6.7°C), and 74.9 days (21.1°C) under the regimes of WO, NPW, and HPO, respectively (Figure 1.).  Regardless of feeding
regime, the skewed bell-shaped curve of temperature-dependent model indicated that GWSS survival was more seriously
impaired by exposure to temperatures below the optimum temperature than temperatures above the optimum temperature.

An ongoing experiment was designed to determine the effect of fluctuating diurnal temperatures on adult GWSS survival
during the winter season.  Temperature-controlled incubators were set to simulate the hourly temperature cycles in three
geographically distinct locations in California: Riverside (Riverside County; daily maximum ca. 16°C), Oakville (Napa
County; daily maximum ca. 13°C), and Buntingville (Lassen County; daily maximum ca. 9°C) during the month of January.
To date, under the simulated winter regime of Buntingville, GWSS adults experienced 100% mortality within 2 weeks, 50%
mortality was observed at 5 days, and no xylem excreta production was observed.  In contrast, at the end of the first month
under the simulated regimes of Riverside and Oakville, 70.0 and 66.7%, respectively, of the GWSS individuals have survived
with xylem excreta production observed in both treatments. These initial findings imply that short-term exposure to
temperatures above the feeding threshold could provide adequate feeding time to permit GWSS survival in contrast to areas
where the temperatures remain below or close to the feeding threshold.  These studies will continue until all insects die or
greater than 50% mortality is recorded.

(2) Effects of temperature on the feeding of GWSS adults
Laboratory experiments were continued on the effects of temperature on xylem excreta production by GWSS adults using the
Parafilm sachet method (Pathak et al. 1982), which assumes a positive correlation between feeding activity and xylem excreta
production (Paguia et al. 1980, Padgham and Woodhead 1988).  GWSS adults were individually confined inside a Parafilm
sachet (7.5 x 6.5 cm) that was attached to the main stem of a host plant (‘Frost Eureka’ lemon plant) and sealed after
enclosing the insect.  Plants were transferred to environmental chambers
(10 L: 14 D hours) at six constant temperatures: 8.9, 13.3, 18.8, 21.7,
24.6, 31.1, 35.1, and 40.8°C ± 1°C.  After 48 hours feeding, GWSS
xylem excreta production (mg) was determined by weighing sachets on
an electronic balance before and after removal of excreta.  One insect per
host plant was considered a replicate, and each treatment had ten to
twelve replicates per sex.  Treatment effects were determined using
ANOVA (P = 0.05) and treatment means separated using the Student-
Newman-Keuls (SNK) test.  Data presented herein are mean values (±
SEM) unless otherwise noted.

Forty out of the 194 GWSS individuals tested did not survive the 2-day
feeding period in the Parafilm sachets.  Six adults that produced xylem
excreta in the sachet died from drowning (1, 1, 1, and 2 adults at 21.7,
24.6, 31.7, and 35.1°C, respectively).  Response variables from the
drowned adults were not included in the data analysis.  No adults
survived at 40.8°C, whereas survival was higher than 80% within the
range of 8.3–35.1°C (Table 1).  There was no difference in the survival
rates of males and females (χ2 = 0.48; df = 1; P > 0.05), but temperature
was a significant factor influencing survival (χ2 = 119.02; df = 7; P <
0.0001).  Xylem excreta production by GWSS individuals that survived
the 2-day trial was highly dependent upon temperature (F = 38.53; df = 5,
129; P < 0.001), but there was no significant difference in xylem excreta
between males and females (F = 0.1933; df = 1, 129; P > 0.05) (Table 1).
Therefore, data from males and females were pooled for regression
analysis.  The highest xylem excreta production was 4,963.0 ± 1,317.5
mg per adult at 31.1°C, while no xylem excreta was observed at 8.3°C.
Intriguingly, there was high variation in the excreta production among
individuals held at 35.1°C (e.g., the lowest and highest excretion amounts
for an individual ranged from 7.2 and 25,241.7 mg, respectively).  Hourly
excreta production (Table 1) was influenced by temperature (F = 25.80;
df = 6, 153; P < 0.001).

Data from individuals (males and females pooled) held at 8.3 to 31.1°C indicated a positive linear increase in xylem excreta
per adult as temperature increased (Y = 102.74– 2350.5, R2 = 0.7314; df = 1, 5; F= 10.89; P < 0.05).  A low temperature
feeding threshold was estimated to be 13.3°C.  A Logan Type I model (Logan et al., 1976) was used to describe the
relationship between temperature and daily excreta production (mg) (R2 = 0.987; F = 75.14; df = 3, 6; P < 0.01) (Figure 2).
Xylem excreta production increased gradually up to 21.7°C and then sharply increased to the temperature of maximum
production (2,833 mg) at 33.0°C.  Feeding activity in terms of xylem excreta production abruptly declined between the
temperature of maximum production and the upper threshold of production (36.4°C).
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Figure 1. Effects of temperature on time to
50% mortality (LT50) at constant temperatures
under different feeding conditions: (A) water
only; (B) no water or host plant; and (C) host
plant.



The percentage of adults that produced xylem excreta was significantly different among the tested temperatures (χ2 = 131.58;
df = 7; P < 0.0001), but not between sexes (χ2 = 1.69; df = 1; P > 0.05).  From 24.6–35.1°C, all adults produced xylem
excreta, but the percentage of adults producing excreta declined as temperature decreased (Figure 3).  At temperatures ≤
13.3°C, only 1 of 41 adults tested produced xylem excreta during the 2-day period.  Using percent data from 8.3–24.6°C, a
positive linear increase in the percentage of adults that produced xylem excreta was observed (Y = 6.3986x – 63.778,
R2=0.9379; df =1, 5; P < 0.01) and provided a lower threshold temperature of 10.0°C, where no adult would produce xylem
excreta.  This lower threshold (10.0°C) is more conservative than the 13.3°C threshold obtained from the excreta amount
model.

Table 1. Xylem excreta production by GWSS adults during 2-d feeding on ‘Eureka’ lemon tree at constant temperatures.

Temp.
(oC) N1

n

Mean ± SEM production (mg) of xylem excreta per surviving adult

Males n Females n Total Excreta/h

8.3 23 11 0.0 ± 0.0c 10 0.0 ± 0.0e 21 0.0 ± 0.0e 0.0 ± 0.0d
13.3 22 10 0.0 ± 0.0c 10 47.8 ± 47.8de 20 23.9 ± 23.9e 0.5 ± 0.5d

18.8 23 11 105.6 ± 98.1c 12 340.7 ± 323.3cd 23 228.2 ± 173.1d 4.8 ± 3.6d
21.7 21 10 325.6 ± 140.9b 10 712.2 ± 310.0bc 20 518.9 ± 171.6c 10.8 ± 3.6c

24.6 25 12 1766.5 ± 987.6a 12 2302.0 ± 1027.6ab 24 2034.2 ± 699.2b 42.4 ± 14.6b
31.1 27 12 2993.9 ± 931.9a 12 6932.0 ± 2384.3a 24 4963.0 ± 1317.5a 103.4 ± 27.4a
35.1 25 10 4156.6 ± 1286.4a 12 4025.0 ± 2064.1ab 22 4084.8 ± 1240.9ab 85.1 ± 25.9a
40.8 24 0 3― 0 ― 0 ― ―

Means followed by same letter within each column not significantly different (Student-Newman-Keuls test, P<0.05).
1 The number of tested adults (both males and females).
2 Hourly xylem excreta production of adults (combined males and females).
3 No data observed due to adult mortality.
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Figure 2. Relationship between temperature (°C) and
daily mean xylem excreta (mg) production per GWSS
adult on ‘Eureka’ lemon tree based on Logan et al.
(1976) model.

Figure 3. Linear relationship between temperature and
percentage adults producing xylem excreta between
temperatures 8.3–24.6°C.

Objective 2
Due to concerns about maintaining live GWSS adult females in field cages in quarantined areas in the San Joaquin Valley,
our studies were postponed until we could redesign the methods so that potential escape of GWSS individuals would pose
minimal risk to the agricultural community.  Methods were modified in the following manner:  only GWSS males will be
used that have been reared on Xylella-free host plants; replications have been reduced to 5 cages each at two test locations
(Bakersfield and the Kern National Wildlife Refuge, Kern County); test plants will be double-caged with sticky traps and
imidachloprid-treated plants in the outer cage; and the observation period will be reduced from 5 to 2 months.  This study
will be conducted in December 2006 and January 2007.

CONCLUSIONS
Findings from our studies clearly indicate that survival and feeding activity of GWSS adults are significantly influenced by
temperature and exposure duration.  In particular, low temperatures (< 10°C) caused rapid mortality.  Availability of host
plants was a critical factor for survival at high temperatures (≥ 20°C).  This project has a high probability of success in terms
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of generating significant new information regarding the thermo-biology of GWSS in California.  Models generated from
these data will allow for the spatial estimation of GWSS overwintering success.
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ABSTRACT
The establishment of the non-native glassy-winged sharpshooter (GWSS) in California has seriously affected the
epidemiology of Pierce’s disease (PD) throughout the agricultural landscape.  Geographic Information Systems (GIS) offers
the opportunity to aid in the management of PD as well as in epidemiological research.  We developed a web-based GIS site
with spatial and temporal data relating to PD/GWSS based on feedback from a web-based survey emailed to 2005 PD
research symposium participants.  The survey focused on participants’ interests in PD-related data, spatial analysis, and
additional comments.  The resulting webGIS displays various data layers of value to PD/GWSS researchers, including
climatic variables and proximity analyses.  Our survey results indicate an interest among PD/GWSS researchers in temporal
analyses and some interest in data sharing.  In addition, the data survey provides insight to PD researchers’ attention to
investigating PD patterns at a landscape scale and spatial modeling.  However, there still exist some barriers preventing
access to all statewide PD and GWSS data that will have to be overcome in order to develop and maintain a comprehensive
statewide PD/GWSS webGIS system.

INTRODUCTION
Pierce's disease (PD), caused by the Xylella fastidiosa (Xf) bacterium, has been present in California for about 100 years.
However, the introduction of the non-native glassy-winged sharpshooter (GWSS), Homalodisca vitripennis, in recent years
has increased the ability for the bacterium to spread.  GWSS and PD have the ability to invade areas outside of their natural
range and pose serious threats to the health of agricultural crops such as alfalfa, almond, citrus, coffee, grape, peach, plum
and oleander (Hoddle, 2004).  In particular, the GWSS vector has contributed to above normal grapevine losses in Southern
California and could influence grapevine losses in Northern California.

Past studies indicate a linkage between the local environment and PD incidence and spread.  For instance, Hoddle (2004)
indicated the improbability of GWSS colonizing areas north of California due to the climatic condition of cold stress.  Fiel
and Purcell (2001) found temperatures below 12 to 17º C and above 34 º C to negatively affect XF growth in vitro and in
potted grapevines.  Also, proximity to citrus crops or riparian habitats appears to influence PD incidence (Perring et al. 2001;
Purcell and Saunders, 1999).  The intersection of Geographical Systems (GIS) and the Internet has allowed the provision and
visualization of geospatial data over the web possible.  Web-based GIS (webGIS) provides insight into relationships between
environmental variables at multiple scales to aid in natural resource management (Kearns et al., 2003).  The ease of web-
based access to spatial data is particularly advantageous for individuals to develop epidemiological hypotheses about
distribution and spread at several scales  from vineyard to county to regional.  This paper documents our progress in
developing one for the PD/GWSS community.

OBJECTIVES
The goals for this project were twofold:
1. Provide researchers with a web-based tool to access spatial and temporal data relating to PD/GWSS in California at the

landscape scale
2. Provide initial spatial analysis of known crop relationships to GWSS movements.
To achieve these goals, we developed a web-based GIS site and conducted a web-based survey to acquire user input about
data needs relating to GWSS/PD research.

METHODS
WebGIS
We developed a webGIS site titled “Pierce’s Disease & GWSS Mapping” utilizing ESRI’s ArcIMS software (Figure 1).
Determining which data to include in the webGIS was based on an initial evaluation of publicly available GIS data relevant
to GWSS/PD.  The GIS data were then downloaded from the web, processed, and integrated in the webGIS and finalized
after survey responses were assessed.  In addition to collecting data from the web, we developed and included a “Growing
Degree-Days for 2005” and “Weather Stations” spatial data layers (Figure 2) based on a non-spatial degree-days model by
UC Statewide Integrated Pest Management Program (http://axp.ipm.ucdavis.edu/WEATHER/ddretrieve.html).
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Figure 1. Opening page of PD/GWSS Mapping website,
located at:

Figure 2.  2005 growing degree-days and weather stations data layers
displayed with identify tool results

The data collected for the webGIS were
grouped into three categories: base data,
climate data, and vegetation data.  A fourth
category is based on data layers we
developed based on a spatial analysis of
proximity to crops.  A fifth category of
PD/GWSS data will be included when the
data are publicly available.

The webGIS site is completely functional
with zoom tools, navigation tools,
measurement tools, feature selection tools
and an identify attributes tool.  An example
of the identify tool is seen in figure 2, which
is particularly useful for users to obtain
information for an exact area of interest.
The webGIS site also has a metadata link for
users to view important details about each
data layer.

Data Survey
A data survey was developed for
participants to answer questions and tell us
which data and/or analysis they thought to
be potentially useful in understanding PD.
The survey provided user input in
determining data content to include in the
webGIS as well as assessing future research
topics.

The data survey was presented to 2005 PD
research symposium participants in the form
of a website
(http://giifserv.cnr.berkeley.edu/website/PD/
Survey/PDfeedback.htm).  The survey had a
total of eight questions, focusing on data
interests, possible spatial analysis interests,
and text boxes for participants to give
additional suggestions at the end of each
question.  The survey included a link to our
webGIS site for participants to view data
examples from those listed in the survey.
The survey responses were collected and
stored in a database.

RESULTS
Data Survey
We had a 20% response rate to our survey.  An estimated 175 people were sent out emails requesting their input and a total of
32 responded.  All 32 survey participant responses were assessed in early June 2006.

The data with the highest interest is shown in figure 3.  We were particularly interested in responses relating to climate data,
which generated considerable interest.  Climatic factors max/min temperatures, temperatures, growing degree days, number
of frost day, precipitation, humidity, and dew point resulted in high levels of interest.  Also apparent in figure 3 is the higher
interest in monthly data (44%-72%) instead of annual data (38%-47%) when applicable.  In general, there was more interest
in Daymet data (1km resolution) over PRISM data (4km resolution), except where PRISM offers a dew point, a climatic
variable Daymet does not include.  In addition, there was a general consensus to have most of the base data listed in the
survey included in the webGIS.  The survey yielded the highest data interest in riparian vegetation (84%).
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Figure 3. Data with interests levels above 35%

The spatial modeling questions relating to proximity and a change over time analyses received much attention.  The
respondents’ interest in temporal analysis (66%) and proximity analysis (97%) was very high.  This high level of interest in
spatial analyses directed us to perform a first round proximity analyses.

Spatial Analysis
Due to high interest from survey participants, an initial proximity analysis was performed based on information about GWSS
movement and its connection to PD incidence.  It has been indicated that vineyards within close proximity to citrus orchards

are susceptible to PD incidence (Perring et al. 2001).  In addition, Purcell and Saunders (1999) indicated a connection
between PD incidence and proximity to riparian vegetation. An initial proximity analysis was conducted in which grape and
citrus crops data layers were used for the analysis; the crop data layers, supplied by CDFA, are based on based on 2003
Pesticide Use Report (PUR) and aggregated to PLSS sections. A new data layer was created with all grape sections that
intersect with citrus sections.  A total of 20 % of the grape sections that intersect citrus sections, known as the citrus-grape
interface, indicated a high potential for PD incidence.  Another data layer with a 375m buffer from streams was created to

Figure 4. Map highlighting grape crop
sections intersecting citrus crop sections
(shown in green)

Figure 5.  Map highlighting grape crop
sections intersecting buffered rivers
(shown in light green)
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represent possible riparian habitat, a host habitat for GWSS. The results of these data intersections are available to
researchers via the webGIS site (http://giifserv.cnr.berkeley.edu/website/PD/viewer.htm).

CONCLUSIONS
Our webGIS site will be a resource of spatial data for researchers to assess spatial phenomenon such as climatic effects on
PD/GWSS.  The data survey provides insight to PD researchers’ interest in investigating PD patterns at a landscape scale and
spatial modeling.  There is particular interest in temporal analysis, which is a potential topic for future research. In addition, a
little over half (54%) of the survey participants are interested in sharing their data with the rest of the research community.
This indicates another area of research: the development of tools for researchers to upload their data to our webGIS, making
it a central resource for accessing data for PD. We also hope to continue working on the development of the webGIS site by
including enhanced query tools such as, select by attribute and allowing the user to define thresholds (eg. growing degree-
days threshold).  These areas of development would advance the PD/GWSS webGIS site to a more comprehensive statewide
resource to assess spatial data at multiple scales.
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ABSTRACT
The glassy-winged sharpshooter (GWSS) is an important vector of Xylella fastidiosa (Xf), the bacterial pathogen that causes
several economically important plant diseases, including citrus variegated chlorosis (CVC), oleander leaf scorch (OLS) and
Pierce’s disease (PD) of grapevines.  In recent years there has been an increasing interest in the potential use of biological
control agents to halt the spread of Xf. One such strategy is the exploration of symbiotic microorganisms to reduce the spread
of the pathogen (symbiotic control).  In a symbiotic control strategy a bacterium symbiont that occupies the same niche as the
pathogen must be identified.  The study of the bacterial community of GWSS foreguts by isolation and DGGE revealed the
presence of several potential symbiotic candidates such as Bacillus sp., Pseudomonas sp., Methylobacterium sp. and
Curtobacterium flaccumfaciens (C. flaccumfaciens).  Members of genus Methylobacterium and C. flaccumfaciens are
frequently isolated as endophytes from citrus plants with CVC symptoms and without disease symptoms.  Recently, an
interaction between Methylobacterium, C. flaccumfaciens and Xf was strongly indicated, reinforcing that these bacteria could
interact inside the host plant and vector insect.  In the future, the genus Methylobacterium and C. flaccumfaciens could be an
interesting candidate in a strategy of symbiotic control to Xf.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is one of the main vectors of Xylella fastidiosa (Xf).  It is a xylophagous insect that
has a wide array of host plants, including many ornamental and crop plants (Purcell and Hopkins 1996, Purcell and Saunders
1999).  One new potential management strategy for Pierce’s disease (PD) of grapevine is the use of symbiotic control.
Symbiotic control exploits the interactions among a pathogen-transmitting organism, its bacterial symbionts, and the
pathogenic organism itself (Beard 2002).  For symbiotic control to be effective in limiting the spread of PD, a culturable
symbiont that inhabits the pre-cibarium and cibarium of GWSS is required, since these areas are colonized by the pathogen,
Xf. A previous biochemical analysis of the GWSS foregut microdiversity encountered three bacterial species that meet these
requirements: Chryseomonas spp, Ralstonia spp, and Alcaligenes spp (Bextine 2004).  The Alcaligenes species were of
particular interest because they were frequently isolated from wild GWSS (Kuzina 2004).  Although Alcaligenes spp. can
colonize GWSS, this specie does not colonize grapevines well (Bextine 2005).  According to Bextine et al (2005), the amount
of colonization by Alcaligenes xylosoxidans subsp. denitrificans decreased in the following order: orange (Citrus sinensis
‘‘sweet orange’’) > chrysanthemum (Chrysanthemum grandiflora cv. ‘‘White Diamond’’) > periwinkle (Vinca rosea) >
crepe myrtle (Lagerstroemia indica) > grapevine (Vitis vinifera cv. Chardonnay).  Therefore, steps in a symbiotic control
strategy should be directed in finding a bacterial symbiont that colonizes well the pre-cibarium and cibarium of GWSS as
well as the target host plant: grapevines.  The CelectrophoreticCT separation of PCR products of variable regions of genes
encoding 16S rDNA (by use of primers homologous to conserved regions of the gene) in a polyacrylamide matrix over a
denaturing gradient (DGGE) is a technique recently introduced in microbial ecology (Muyzer et al. C1993CT).  The
denaturing gradient can be achieved either chemically with urea and formamide in DGGE.  This technique is reported to be
interchangeable, giving comparable fingerprints of microbial communities.  Recently, Reeson et al. (2003) demonstrated the
efficiency of DGGE to study the bacterial communities associated to insects (wasp Vespula germanica).

OBJECTIVES
1. The aim of this work was to characterize the bacterial community inhabiting GWSS foreguts by using isolation in culture

medium and DGGE techniques.

RESULTS
The study of bacterial community by isolation and DGGE (Figures 1, 2, and 3) revealed the presence of several genera of
bacteria such as Bacillus sp., Cryocola sp., Microbacterium sp., Micrococcus sp., Pedobacte sp.r, Pseudomonas sp.,
Methylobacterium extorquens, C. flaccumfaciens, Baumannia cicadellinicola, and Wolbachia spp.  Members of genus
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Methylobacterium are frequently isolated as endophytes from citrus plants with CVC symptoms and recently, an interaction
between Methylobacterium spp., Curtobacterium flaccumfaciens and Xf was strongly indicated (Araújo et al. 2002, Lacava et
al. 2004) reinforcing that these bacteria could interact inside the host plant and vector insect.  Besides, Lacava et al. (2004)
suggests that the CVC symptoms in citrus plants could be a result of the population balance between Methylobacterium spp.,
C. flaccumfaciens and Xf.

CONCLUSIONS
Our study of bacterial diversity associated with GWSS foreguts was initiated by using culture-dependent methods as well as
based on sequence (DGGE) polymorphisms of 16S rRNA gene, using total DNA extracted from GWSS foreguts.  The
diversity profiles obtained with isolation methods indicated a low bacterial diversity.  On the contrary, a high bacterial
diversity in GWSS foreguts was observed with the use of DGGE (culture independent technique).  The preliminary results
show that DGGE is suitable for the analysis of the bacterial diversity in GWSS and in the future, bacteria such as
Methylobacterium spp. C. flaccumfaciens, found as part of the bacterial community of GWSS, could be used as potential
candidates in a symbiotic control strategy against Xf. Further analyses of the data collected in the present study are still being
conducted and they will be presented at the symposium.
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Figure 1. Petri dishes containing bacterial colonies isolated from GWSS heads.
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Figure 2. Petri dishes containing bacterial colonies isolated from GWSS heads.  The white arrows (right photo)
indicate Methylobacterium extorquens isolated from GWSS heads.
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Figure 3. DGGE fingerprints of the bacterial communities from GWSS. (A) Young GWSS collected in asymptomatic
Citrus sp. ; (B) Adults of GWSS collected in PD infected grapes and then transferred and reared in healthy grapevines. Xf:
Xylella fastidiosa (PD strain); Cf: Curtobacterium flaccumfaciens; Mn: Methylobacterium mesophilicum; Me:
Methylobacterium extorquens.
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ABSTRACT
A survey of xylem fluid feeding insects (Hemiptera: Auchenorrhyncha) exhibiting potential for transmission of Xylella
fastidiosa (Xf) the bacterium causing Pierce’s disease (PD) of grapevine was initiated in Texas in 2003 and continues to the
present.  Twenty five insect species belonging to 4 families and 14 genera were collected from yellow sticky traps and
identified.  Among these, three species, two leafhoppers and one spittlebug, comprised over 90% of the xylem fluid feeding
insects caught. Homalodisca vitripennis (formerly H. coagulata), the most commonly known vector of PD of grapevine in
the U.S. is the most common and abundant insect captured across the state.  Insect abundance varied significantly over
seasons, with most of captures taking place between June and August, and per location, with 5 to 15 species caught at any
given vineyard.  Residual populations found overwintering near vineyards will be the focus of future studies.  A grape strain
and an ornamental strain of Xf have been detected in insects processed by real time PCR.  These initial observations provide
critical information to vineyard managers for timely applications of insecticides prior to insect feeding and vectoring to
susceptible grapevines.

INTRODUCTION
Pierce’s disease (PD) of grapevine has become the most limiting factor to grape production in Texas, as it has in California
during the past decade.  It is transmitted by certain insects which feed on xylem fluid of plants where the bacterium develops.
During the 1990’s, the grape growing region of Central Texas witnessed an increase in the incidence and severity of PD
(Texas Pierce’s Disease Task Force 2004).  The insect vectors were not thoroughly identified but glassy-winged sharp-
shooters (GWSS), Homalodisca vitripennis (Cicadellidae), were suspected.  A modest research program was initiated in
Texas, funded by the U.S. Department of Agriculture starting in 2002-2003.  Within this program, researchers are provided
an opportunity to study glassy-winged sharpshooters in their natural habitat.  During the past years, intensive studies to
identify the vectors and their vectoring potential have been taking place in a growing multi-disciplinary, multi-institutional
research program.  Exploration for insect species involved, their ecology, host plants used, molecular characterization of Xf,
vectoring capacity of the Hemiptera captured, natural enemies and population dynamics are well underway.

OBJECTIVES
1. Monitor xylem feeding insect populations in vineyards across Texas.  Identify all putative insect vectors of PD.

Determine the most common vectors requiring population management, make observations on vector distribution,
density and seasonality.

2. Explore for host plants used as breeding sites by insect vectors throughout the year, assess the reproductive state of adult
females and determine the age structure composition of the vectors

3. Characterize the proportion of insects carrying Xf and the pathotypes involved.  Investigate evolution of infection levels
throughout the year.

RESULTS
Insect populations in the Hemiptera were monitored on a bi-weekly fashion in 45 vineyards for over 3 years.  We placed
particular interest in those populations of xylem fluid feeding insects that may play a role in the transmission of Xf, causal
agent of PD in grapevines.  Data indicate the presence of xylem fluid feeding leafhoppers-treehoppers (Membracoidea),
spittlebugs (Cercopoidea) and cicadas (Cicadoidea).  Of 160 Hemiptera species captured, 25 species have been identified so
far as xylem fluid feeding insects present in the vineyards and adjacent natural habitat, all with the potential to carry and
transmit Xf when feeding on susceptible host plants.  Captured insects in the family Cicadellidae (leafhoppers) were the most
abundant with a total of 15 species recovered; this family contributed to about 75% of all individuals caught.  Predominant
species were Homalodisca vitripennis, Graphocephala versuta and Clastoptera xanthocephala, two leafhoppers and a
spittlebug.  These species together comprised over 90% of all xylem fluid feeding insects identified. Homalodisca vitripennis
and C. xanthocephala were present at each of the surveyed locations. At certain locations, a specific Hemiptera species
clearly dominated.  Insect species diversity varied from 5 to 15 per location, with an average of 9.18 ± 2.87species per
location.  Abundance of major xylem fluid feeding Hemiptera species varied greatly throughout time.  Monthly variations of
the adult populations of xylem fluid feeding Hemiptera well correspond to mean temperatures.  These insects’ populations
increased significantly from April to June when they peaked.  After June, insect densities, indicated by trap captures,
decreased gradually until they reached their minimal levels between the months of November and April.  A similar pattern of
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abundance was observed for each of the dominant species recovered.  Observations made for G. versuta suggest that the host
plants found in the habitat outside the vineyards are more suitable than grapevines for feeding and/or reproduction.  Initial
examination of the three major species by means of Real Time PCR (RT-PCR) indicates that G. versuta is more commonly
associated with an ornamental strain of Xf, rather than the PD strain. Homalodisca vitripennis and C. xanthocephala,
conversely, were both found to be associated with the PD strain of Xf. While C. xanthocephala is found on sticky traps
within the vineyard, there is no evidence yet that it feeds on grape.  It may still be important to the epidemiology of Pierce’s
disease by moving the bacterium from one wild host to another and providing an inoculum source for H. vitripennis.

CONCLUSIONS
This study sheds light on the complex system that exists in Texas.  These results demonstrated a rich fauna of xylem fluid
feeding insects where three species, H. vitripennis, G. versuta and C. xanthocephala, stood out from the others in terms of
population densities and made up for over 90% of insects collected.  Of these 3 species, one, the glassy-winged sharpshooter,
is a known vector of Xf, while the other two are not confirmed vectors to date. Graphocephala atropunctata, the blue-green
sharpshooter is a known vector in the western U.S. and so the Graphocephala remain suspects by their relationship to this
known western vector.  At most locations, xylem fluid feeding Hemiptera population densities remained relatively low
throughout the vine’s vegetative season, except for June when adult counts were the highest.  Important information has been
gathered while carrying out this large study in Texas.  Although the survey was not exhaustive, i.e., only traps were used and
they are not equally attractive to all xylem fluid feeding Hemiptera species, we now have a much clearer idea of several, and
certainly of the most common, insects species that can be involved in Pierce’s disease of grapevine.  Extensive molecular
analyses are currently being carried out to confirm which of these insects are associated with grape strains of Xf. A number
of leafhopper species have been examined by RT-PCR and many are contaminated with Xf, indicating an association and a
possible vector relationship much broader than first suspected.
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ABSTRACT
Olfactory conditioning may provide the immature glassy-winged sharpshooter (GWSS) with a mechanism by which they can
effectively track their host-plants in space and time.  In the presence of vanilla scent, nymphs that ingested vanilla-flavored
xylem fluid were significantly more attracted to a neutral visual target than were nymphs that had ingested unflavored xylem
fluid.  These results are consistent with our previous finding that GWSS response to visual stimuli is enhanced by exposure to
host-plant odor.

INTRODUCTION
The nutritional requirements of immature glassy-winged sharpshooters (GWSS) constrain their diet to plants with low amide-
and high amino acid concentrations in the xylem fluid (Brodbeck, et al. 1999).  To obtain a balanced level of nutrients,
nymphs may frequently need to switch host-plants (Brodbeck, et al. 1999, Redak et al. 2004).  Locating host-plants that are
physiologically-suitable with respect to providing adequate levels of xylem nutrients may require that the nymphs integrate
information from several types of host-plant stimuli (Harris and Foster 1995).  For example, nymph response to foliar colors
(sensu Prokopy and Owens 1983, Tipping et al. 2004) is enhanced by the presence of host-plant volatiles (Patt & Sétamou
2006).  The ability to learn to recognize stimuli associated with suitable host-plants would facilitate detection and location of
host-plants whose distribution varies temporally and spatially within the nymphs’ environment (Behmer et al. 2005, Pompilio
et al. 2006).

The goals of our ongoing study are to determine whether nymphs can associatively learn to recognize olfactory stimuli
produced by host plants, and, if so, to evaluate the relative importance of olfactory conditioning in host-plant recognition.

To provide nymphs for testing, second- to fourth instars were placed on cowpea (Vicia unguiculata) sprigs for 1.5 days.  The
cut-ends of the sprigs were immersed either in hydroponic solution containing a low concentration of vanilla extract, or, as a
control, in hydroponic solution alone.  After removal from the sprigs, the nymphs’ responsiveness to a pale green disk in the
presence of vanilla extract odor was tested in an olfactometer (Patt & Sétamou 2006) using no-choice tests.  In preliminary
tests with blank air, 44% of nymphs from the control group jumped to the pale green target, demonstrating that innate
attraction to this color is low.  An increased response to the pale green target in the presence of vanilla odor would indicate
that the nymphs had developed an attraction to vanilla scent via their previous feeding on vanilla-flavored xylem fluid.

OBJECTIVES
1. Determine whether nymphs can associatively-learn to recognize olfactory stimuli produced by host plants.
2. Evaluate the relative importance of olfactory conditioning in host-plant recognition.

RESULTS
Vanilla extract constituents were detected by gas chromatography-mass spectrometry analysis of ethanolic extractions made
from vanilla-treated cowpea sprigs.

Nymphs that fed on plant sprigs with vanilla-flavored xylem fluid were significantly more attracted to the pale green target
than nymphs that fed on control sprigs with non-flavored xylem fluid (Figure 1).  However, there was no difference between
individuals in the experimental and control groups with respect to the amount of time they required to orient- and jump to the
visual target (Figure 2).
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CONCLUSIONS
Nymph response to a non-attractive color was enhanced following ingestion of a novel flavor, indicating that immature
GWSS are capable of olfactory conditioning.  Rapid population growth of GWSS may depend on the close proximity of host
plants suitable for successful juvenile development (Redak et al., 2004).  Therefore, understanding the mechanisms by which
nymphs locate their host-plants is fundamental to developing vegetation management programs aimed at suppressing their
population growth and dispersal in complex landscapes.  A manuscript describing the design of the behavioral assay in more
detail and the results of ongoing experiments will be submitted for publication in the near future.
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Figure 1. Results of no-choice assays showing the
numbers of nymphs that either jumped to a pale green
disk (‘selecting target’) or failed to jump to the disk
(‘not selecting target’).  Nymphs had experience feeding
on cowpea sprigs with their cut ends immersed either in
hydroponic solution with vanilla extract (‘Vanilla’) or
hydroponic solution alone (‘Control’).  Significant levels
of choice within the same bar are indicated by * = P <
0.01 (G-test).

Figure 2. Mean time (+ SE) required by nymphs in each
test group to detect and orient to a pale green target in
the presence of vanilla scent.  N = 17 nymphs in the
vanilla group and 9 nymphs in the control group.  Means
are similar (T-test, P = 0.1933).
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ABSTRACT
Flight heights of blue-green sharpshooters (BGSS) were monitored in Napa Valley vineyards from March through September
for three seasons (2004-2006) using pole towers to position yellow sticky panel traps at heights up to 24 feet.  Towers were
located adjacent to vineyards at the edge of a riparian zone.  Eleven towers were monitored in 2004 and 2006; twelve were
monitored in 2005.  Trap catches in 2004 were considerably greater than in 2005 and 2006.  For the March-May period, 76-
99% of the catches were made at 15 feet or lower.  These data support the possible use of screen or natural barriers to reduce
the number of BGSS entering vineyards in the spring.

INTRODUCTION
Where the blue-green sharpshooter, Graphocephala atropunctata, (BGSS) is the primary vector of Pierce’s disease (PD),
control measures should be aimed at reducing the number of BGSS entering vineyards (Goodwin and Purcell 1992),
especially early in the growing season.  Early-season infections (March-May) are responsible for most chronic cases of PD
vectored by BGSS (Purcell 1975, 1981).  Infections resulting from BGSS feeding later in the growing season are not likely to
result in PD because most will be eliminated with normal pruning.  This is unlike the situation with PD caused by glassy-
winged sharpshooter (GWSS) feeding, where chronic infections may occur nearly year-round (Almeida and Purcell 2003).

Vector control measures in the North Coast include the use of insecticides (Goodwin and Purcell 1992) as well as
management of riparian plant communities to reduce the number of favorable BGSS breeding host plants (Insley, E., et al.
2000).

Another method of reducing vector numbers is to block their flight into vineyards through the use of physical barriers.  This
could include the use of tall fences made with insect screening materials, as well as natural barriers created by planting dense
stands of conifers or other non-host tree species.  Both of these approaches are already being employed in a few vineyards in
the North Coast, although there are currently no data to show their impacts.  The use of barriers has also been suggested as a
management tactic to keep GWSS out of vineyards (Blua and Morgan 2003).

For barriers to be effective, they would need to block the majority of BGSS from entering vineyards, since small numbers of
insects can still lead to significant disease development (Purcell 1979).  Unfortunately, little is known about the
overwintering behavior of BGSS and its preferred winter plant hosts (Purcell 1976).  Therefore, it is not clear how tall a
barrier would need to be in order to be effective.  Most trapping by both researchers and growers has been done from the
ground at the 5-6 foot level.

This project addresses the question of BGSS flight height by installing and monitoring pole towers that can accommodate
yellow sticky panel trapping up to a height of approximately 24 feet.

OBJECTIVES
1. Evaluate the predominant flight height of BGSS entering vineyards from adjacent riparian habitats through the use of

yellow sticky panel traps positioned at heights from 5 to 24 feet.

RESULTS
Eleven pole towers were installed and monitored in the Napa Valley in 2004 and 2006; twelve towers were monitored in
2005.  Two of the towers monitored in 2004 were not used in 2005 due to the low number of BGSS trapped at those
locations.  Three additional towers were installed in 2005.  One tower used in 2004 and 2005 was not used in 2006 due to low
trap counts.  Eight towers were monitored in the same locations in all three seasons.  Tower locations covered a distance of
approximately 25 miles from the Carneros region in southern Napa County to the outskirts of Calistoga at the north end of
Napa Valley.  Towers were positioned along riparian zones adjacent to vineyards that had a history of PD.

A diagram of a pole tower is shown in Figure 1.  Towers were 25 feet in height, constructed from Schedule 40 PVC pipe with
a pulley at the top and a rope running through it.  Yellow sticky panel traps were attached to clips on the rope at the following
heights: 24 feet, 20 feet, 15 feet and 10 feet.  An additional trap at 5 feet was clipped to a metal stake mounted in the ground.
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Towers were installed prior to March 9 in 2004 and 2005.  In 2006, several towers were damaged by flooding and were not
functional until early April.  Traps were monitored on a weekly basis through September and numbers of BGSS were
recorded.  Traps were replaced every two weeks or as needed.

Figure 2 shows the percentage of BGSS trapped at various heights at all towers during the early season period of March-May.
This is the critical time period in which most infections leading to chronic cases of PD are likely to occur (Purcell 1975,
1981).

From March to May, 99% and 86% of BGSS were caught at 15 feet and lower in
2005 and 2006 respectively.  During this same time period in 2004, 76% of BGSS
were caught in traps 15 feet and lower.  With the exclusion of unusual trap catch data
from Tower 10 prior to budbreak in March 2004, this figure rises to 88% (Weber
2005).  Tower 10 was installed adjacent to a Coast Live Oak tree (Quercus agrifolia),
an evergreen species that was apparently a preferred host plant prior to budbreak of
nearby deciduous species.  A record heat wave in early March 2004 (70-85°F) led to
significant BGSS flight activity in the vicinity of this tree as evidenced by larger
numbers of BGSS caught in the upper traps.  This was the only case of greater
numbers of BGSS in the upper traps compared to the lower traps during the three
years of this study at all towers.

Figure 3 shows the percentage of BGSS trapped at various heights at all towers during
the entire trapping period March-September.  The data in Figures 2 and 3 show similar
trends with most BGSS being caught in traps at 15 feet and lower.  In 2004, 83% of
BGSS were trapped at 15 feet or below.  In 2005 and 2006, 94% and 90% were
trapped at 15 feet or below, respectively.

Figures 4 and 5 show the total trap catches for the March-May and March-September periods respectively.  The data included
in these figures are from the eight towers that were monitored at the same locations in all three years.  The average
cumulative trap catches per tower were 47.6 BGSS in 2004, 11.9 in 2005, and 4.6 in 2006.

The results from this project suggest that a 15-18 foot high barrier could be effective at greatly reducing the number of BGSS
entering vineyards.  However, previous work with insecticides showed that even with 70-90% reductions in BGSS trap
counts, the incidence of PD was not significantly reduced in vineyards planted with highly sensitive varieties (Purcell 1979).
Even with a 10-18 foot screen barrier, the number of BGSS flying over the top could still result in significant amounts of PD
in an adjacent vineyard.
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Figure 2. March-May BGSS trap catches by
trap height as a percent of total.

Figure 3. Full season BGSS trap catches by
trap height as a percent of total.
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CONCLUSIONS
Nearly 90% of the BGSS trapped in this study were caught on traps at 15 feet or lower.  This suggests that barriers could
have a significant impact on reducing the numbers of BGSS entering vineyards.  However, this may not be enough to have a
major impact on reducing the incidence of PD.  In addition, results from one tower indicated that BGSS may reside in some
trees early in the season.  This could allow for higher than normal flight activity, allowing more BGSS to enter vineyards by
flying over a barrier.  The effectiveness of barriers at reducing the incidence of PD will likely depend upon the nature of the
adjacent riparian plant community, its mix of host plant species and the number of tall host trees.
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ABSTRACT
The glassy-winged sharpshooter (GWSS) is a highly polyphagous and mobile vector of Pierce’s disease of grapes.  Trap
captures in a multi-crop agricultural landscape under constant deficit irrigation suggest that adult GWSS movement is tied to
irrigation schedules.  To understand the observed patterns of movement, we explored the orientation and feeding responses of
adult GWSS toward citrus and avocado plants undergoing various levels of water-deficit and nutritional treatments.  Choice
and no-choice cage studies indicate that GWSS distinguishes water-stress in hosts and prefers to settle on and feed more on
well-hydrated plants.  GWSS showed no significant response to a choice of citrus fertilized with ammonium or nitrate forms
of nitrogen.
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ABSTRACT
The containerized ornamental nursery industry in California has been implicated as the most likely source of new outbreaks
of the glassy-winged sharpshooter (GWSS) Homolodisca vitripennis (formerly H. coagulata) in areas of the state that are not
infested.  For nurseries in GWSS-infested areas, rigorous quarantine requirements mandate GWSS monitoring, thorough
plant inspections at shipping and receiving locations, and insecticide treatments. These requirements assume that one GWSS
adult, or one egg mass can initiate a stable population.  Thus, plant shipments are frequently rejected at the receiving location
on the basis of an egg mass that was not detected and removed during the shipping site inspection.  The costs associated with
quarantine requirements and shipment rejection has become an important economic problem.  Many nurseries in infested
areas do not ship their product to areas that are not infested with GWSS, resulting in multi-million dollar losses.

In this study, we examine the impact of selected insecticides on GWSS oviposition on containerized nursery plants.  The
insecticides we selected for study are currently being used by the nursery industry in California to suppress insect
populations.  In two trials, examining 4 different plant species and 8 insecticides applied as foliar sprays or soil drenches, we
found no suppressive impact on GWSS oviposition.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) Homolodisca vitripennis (formerly H. coagulata) has arguably become the most
important invasive species in California due to its propensity to spread diseases induced by Xylella fastidiosa , the most
important being Pierce’s disease of grapevines (Blua et al 1999).  First identified in 1990 from collections in Orange and
Ventura counties (Sorensen and Gill 1996), GWSS has spread throughout southern California from San Diego to Santa
Barbara counties along the coast, and inland to San Bernardino and Riverside counties.  More recently it has become
established in Kern County.  Over the past several years, local outbreaks of GWSS have been found in central and northern
California counties where eradication efforts are underway.

Although no data are available that identify the source of these emerging populations, the ornamental nursery industry of
California has taken the brunt of the responsibility on the basis of a most likely scenario involving the movement of the insect
on containerized nursery material throughout the state.  Additionally, it is widely accepted without evidence that the original
establishment of GWSS in southern California occurred by dispersal on commercial nursery stock from the southeastern
portion of the U.S. to California. (Sorensen and Gill 1996).

Currently, strict regulations have been imposed on the nursery industry to curtail movement of GWSS via containerized
ornamentals transported from infested to non-infested counties.  These regulations require thorough inspection by the office
of county agricultural commissioners at both the origin of plants destined for transport and their destination.  Additionally,
local disinfestation protocols require repeated insecticide applications at the majority of nurseries shipping materials out of a
quarantine area.  Upon detection of GWSS at a destination nursery, costly insecticide treatments of the surrounding area are
required as well as destruction of the infested material.  Inspections and treatments are labor-intensive, time consuming, and
result in substantial extra costs to growers, counties, and ultimately the state.  It is important to note that nursery shipments
can be rejected, leading to a spraying of the destination location and crop destruction, based on the simple presence of egg
masses.  In many cases the presence of an old egg mass (i.e. an egg-mass scar on the foliage) has been sufficient to trigger
crop destruction, pesticide applications, and additional costly monitoring and surveillance.  A determination of the viability
of the masses is rarely if ever made.  The assumption is that any egg mass detected is viable and capable of establishing a
population.

The ornamental nursery industry needs new, cost-effective, solutions to the problem of transporting GWSS, especially as
eggs, on nursery stock to non-infested areas of California.  We believe that effective solutions can be immediately integrated
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into current production systems on the basis of understanding the degree to which registered insecticides curtail oviposition,
and knowing the relative susceptibility of various nursery plants to oviposition by GWSS.

OBJECTIVES
1. Determine the impact of selected foliar-applied insecticides applied to drip-irrigated potted plants on GWSS oviposition.
2. Determine the impact of selected soil-applied insecticides applied to overhead sprinkler-irrigated potted plants on GWSS

oviposition.

RESULTS
Objective 1
We conducted a randomized block experiment in which Lagerstroemia indica and Tristiana conferta in 5 gal pots were
sprayed to run-off with label rates of Safari 20SG (dinotefuran, 8oz/100gal), Marathon II (imidacloprid, 1.7floz/100gal),
Tristar 70 WSP (acetamiprid, 1.2oz/100gal), Tempo SC Ultra (beta-cyfluthrin, 5.4floz/100gal), Deltagard T&O 5SC
(deltamethrin, 8floz/100gal), and Sevin SL (carbaryl, 32floz/100gal).  An untreated control was the seventh treatment.  Plants
were exposed to a natural H. vitripennis population at the University of California, Riverside, CA, and numbers of GWSS
egg masses were counted weekly beginning one week after treatment over a three-week period.

Analysis of variance did not detect significant differences among treatments in the number of GWSS egg masses produced on
plants for any of the three weekly counts for both L. indica (F < 1.331, P < 0.269) and T. conferta (F < 0.871, P < 0.526)
(Figure 1).

Objective 2
We conducted a second randomized block experiment in a greenhouse.   In this experiment, Escalonia fradesii and
Tecomaria compensis in 1 gal pots were treated with drench applications of Safari 20 SG (dinotefuran, 4floz of a 24oz/100gal
base solution) and Marathon II (imidacloprid, 4floz of a 9.2floz/100gal base solution). An untreated control was the third
treatment.  Over a 3-week period, 200 H. vitripennis adults were released into the greenhouse twice weekly, and egg masses
were counted weekly beginning one week after treatment.

Analysis of variance did not detect significant differences among treatments in the number of GWSS egg masses produced on
plants for any of the three weekly counts for both E. fradesii (F < 1.331, P < 0.269) and T.compensis (F < 0.871, P < 0.526)
(Fig. 1).  Out of 30 GWSS adults caged on experimental E. fradesi for 24 h, 30 survived on control plants, while 0 and 1,
respectively, survived on plants treated with Safari and Marathon II three weeks after treatment.

CONCLUSIONS
Thus far, none of the insecticides commonly used in the ornamental nursery industry that we examined has made a direct
impact on oviposition by GWSS.  However, their indirect impact on oviposition is substantial due to population reduction
alone.  The need for a means of reducing GWSS oviposition remains strong due to the “0-tolerance” position assumed by
current quarantine regulations.  Determining a minimum viable population size for GWSS would allow us to refine existing
quarantine protocols that mitigate the costs of inspection, monitoring and eradication efforts.

Other than examining additional insecticides and insect repellents, our further research will focus on documenting GWSS
behavior to find points that can be exploited to interrupt oviposition.
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Figure 1. Number of GWSS egg masses on potted Lagerstroemia indica and Tristiana conferta treated with selected foliar-
applied insecticides, and non-treated controls.  Insecticides were applied one week before the first week count.

Figure 2. Number of GWSS egg masses on potted Tecomaria compensis and Escalonia fradesii treated with selected soil-
applied insecticides, and non-treated controls.  Insecticides were applied one week before the first week count.
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ABSTRACT
Two California isolates and a Texas isolate of the entomopathogenic fungus, Beauveria bassiana (Balsamo) Vuillemin,
demonstrated their potential as effective pathogens of the glassy-winged sharpshooter (GWSS), Homalodisca vitripennis
(formerly H. coagulata).  Virulence of these isolates evaluated in the laboratory assays at different conidial concentrations
and in small caged tests was similar.  Adult GWSS feeding on plants sprayed with fungal inoculum were infected and killed
by the fungus in the caged tests.  When conidia were exposed to sun light and assessed for their viability, the two California
isolates appeared to be more tolerant of solar radiation.

INTRODUCTION
A collaborative project between UC Davis and USDA-ARS is aimed at identifying suitable entomopathogenic fungi for the
control of the glassy-winged sharpshooter (GWSS), Homalodisca vitripennis (formerly H. coagulata), a pest that threatens
the grape industry in California as a vector of the Pierce’s disease causing bacterium, Xylella fastidiosa.  Entomopathogenic
fungi, which enter the host through the cuticle, are ideal candidates for insects like GWSS with piercing and sucking
mouthparts.    Entomopatho-genic fungi were isolated from GWSS in the Southeast US (Mizell and Boucias 2002, Kanga et
al. 2004).  But no fungal pathogen has so far been reported in California GWSS populations.  However, we recovered several
isolates of two generalist fungi, Beauveria bassiana (Balsamo) Vuillemin and Metarhizium anisopliae (Metschnikoff)
Sorokin, from GWSS habitats in California and tested them against GWSS (Dara et al. In Press, Kaya et al. 2004, 2005).  We
also isolated B. bassiana from California harvester ant, Pogonomyrmex californicus (Buckley), three-cornered alfalfa hopper,
Spissistilus festinus (Say) and a darkling beetle from Kern, Fresno and Riverside counties, respectively.  These isolates were
evaluated, along with a Texas isolate and the commercial isolate, for their virulence to adult GWSS and ability to grow at
different temperatures (Dara et al. In Press).  Based on the results, two California isolates – recovered from the three-cornered
alfalfa hopper and a soil sample from a citrus orchard in Riverside Co – and the Texas isolate were further evaluated for their
virulence at different concentrations and efficacy to infect GWSS when sprayed on the plants.  Viability of these isolates
following exposure to solar radiation and pathogenicity to selected natural enemies were also evaluated.

OBJECTIVES
1. Conduct surveys to find fungal infections in GWSS populations or insects closely related to GWSS.
2. Culture and isolate the fungi and evaluate their pathogenicity against GWSS.
3. Assess environmental effects like temperature and sunlight on conidial survival and germination, fungal growth, and

infectivity.
4. Evaluate the host range of fungi that infect GWSS.
5. Conduct small-scale caged tests to evaluate selected pathogens against GWSS.

RESULTS
Natural infections in GWSS populations
We continue to search for natural infections in GWSS populations in southern California.  GWSS adults were periodically
collected in the urban areas around Bakersfield on Chinese photinia, prostrate acacia, oleander and crepe myrtle.  These
insects were maintained in the laboratory for the bioassays.  No entomopathogenic fungi have been found in these insects.

Virulence of entomopathogenic fungi to GWSS:
Beauveria bassiana
Laboratory-reared GWSS adults supplied by CDFA, Riverside were used for the bioassays.  The two California isolates and
the Texas isolate of B. bassiana were evaluated against adult GWSS at three fungal concentrations - 105, 107 and 109
conidia/ml.  GWSS were anesthetized by exposing them to CO2 for 20 sec and then inoculated by rolling them in a 10 µl
drop of conidial suspension.  Controls were treated with 0.01% of Silwet, an adjuvant used to prepare conidial suspensions.
GWSS were incubated on potted cowpea plants covered with cylindrical cages and their mortality was recorded daily for two
weeks.  Cadavers were surface sterilized in 3% sodium hypochlorite solution and incubated on water agar for fungal
emergence.  These assays were repeated twice.  There were significant differences (P < 0.05) in the infections caused at
different concentrations within each isolate (Figs. 1 and 2).  But there was no significant difference among the isolates.
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Molecular characterization
Different fungal isolates used against GWSS in our study were characterized using molecular techniques for a better
understanding of the isolate identity and the variation in their virulence (Fig. 3).  Genetic relatedness of B. bassiana isolates
from California, Texas and Mississippi were compared with the commercial isolate GHA using single sequence repeat (SSR)
markers or microsatellites as described by McGuire et al. (2006).  Fungal cultures were grown on Sabouraud dextrose agar
enriched with yeast extract, and DNA was extracted using MagAttract 96 DNA Plant kit (Qiagen, Valencia, CA) and a
Rectsch MM301 Mixer Mill (Retsch, Germany).  Seven PCR primer pairs (Ba01, Ba02, Ba03, Ba05, Ba06, Ba08, and Ba12)
which flank SSR markers were used for the molecular characterization of these fungal pathogens.  To evaluate the pattern of
genetic similarities among the selected isolates of the fungal pathogens, pair-wise genetic similarity coefficient was
calculated based on Jaccard’s similarity coefficient (Jaccard 1908). A dendrogram was constructed using the neighboring join
(N-J) clustering analysis (Saitou and Nei 1987) with midpoint rooting method. All statistical analysis and the construction of
the dendrogram were performed using the numerical taxonomy and multivariate analysis system (NTSYS-pc) version 2.1
(Rohlf 2002).

Figure 3. Genetic relatedness of B. bassiana isolates based on seven SSR markers
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Figure 2. Sporulating cadaver of GWSS infected
by a California isolate of B. bassiana.

Figure 1. Virulence of selected B. bassiana
isolates to GWSS at different concentrations
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Effect of solar radiation on the viability of
selected B. bassiana isolates
The effect of temperature on the radial growth of
different fungal isolates was previously reported
(Dara et al. In Press).  The effect of exposing the
fungal inoculum to solar radiation for 1, 2, 4 and
6 h on the viability of the three selected isolates
of B. bassiana was evaluated in this study.
Treatments included 1X109 conidia/ml
suspensions of Texas, three-cornered alfalfa
hopper and Riverside soil isolates in 0.01%
Silwet.  A 25 µL conidial suspension was
dispensed on a 18X18 mm coverslip as several
droplets and allowed to dry under the hood for
30 min.  Each treatment had four coverslips
placed on a 60 mm filter paper in a 90X15mm
Petri plate bottom.  Petri plates were arranged on
a plastic tray in a radomized complete block
design and were partially covered with the lids
to prevent heat build up.  Tray was placed about
3 m away from the pyranometer at 1 m height on
a flat surface.  Solar radiation was measured
using an Eppley Black and White Pyranometer
(645-48) (Eppley Laboratory, Inc., Newport, RI)
located at the weather station at the Shafter
Research and Extension Center.  Pyranometer
had a quartz dome which measures the
wavelengths from 200 to 4500 nanometers.  At
designated time intervals, one plate of each
treatment was brought back to the laboratory and

conidia from one of the coverslips were washed into 1 ml 0.01% Silwet.  This conidial suspension was added to 20 ml PDB
with gantamicin (100 mg/L) and incubated on a rotary shaker at the room temperature.  Germination of conidia was assessed
after 24 and 48 h of incubation in PDB to determine the effect of solar radiation on fungal viability.  All isolates withstood
exposure to solar radiation for up to 4 hours.  However, viability was higher for both California isolates compared to the
Texas isolate at all time intervals.  Between the two California isolates, the isolate from the three-cornered alfalfa hopper
advanced more into successive stages of development compared to the soil isolate.

Pathogenicity of the isolates to natural enemies
Pathogenicity of the three isolates of B. bassiana to the convergent lady beetle, Hippodamia convergence Guérin-Méneville
and the egg parasitoid, Gonatocerus ashmeadi Girault, was determined in two different assays. Adult lady beetles were
purchased from InsectLore (Shafter, CA) and parasitoids were provided by CDFA, Riverside.  Treatments included 1X109

conidia/ml suspensions of the three selected isolates and Silwet 0.01% as a treated control along with an untreated control.
Insects were anesthetized by exposing to CO2 and inoculated by dipping in conidial suspension.  Lady beetles were incubated
in Petri plates (90X20 mm) with two screened vents and provided with soaked raisins and strands of paper.  Parasitoids were
also incubated in similar plates and provided with strips of tissue (Kimwipes) soaked in 50% honey solution.  All three
isolates were pathogenic to both the lady beetles and the parasitoids.

Efficacy of the selected B. bassiana isolates in the cage tests
The three selected isolates of B. bassiana were evaluated in cage tests that were repeated thrice.  GWSS were collected on
prostrate acacia and Chinese photinia in the Bakersfield area and maintained in the laboratory on euonymus plants until used
in the test.  About a month-old cowpea plants were individually sprayed iwth a 40 ml conidial suspension containing 1x1010

viable conidia in 0.01% Silwet, an adjuvant.  Plants were dried under shade for 15-20 min before placing them in a cage
(BugDorm from BioQuip).  Fifty adult GWSS were placed in each cage.  Each isolated had only one plant due to the limited
availability of GWSS.  A plant treated with Silwet was used as a control.  Cages were maintained under the laboratory
conditions where average temperature was 26.1+4.0 oC, relative humidity fluctuated between 36 and 62% with an average of
42%, and a 16L:8D photoperiod.  Mortality of the insects was monitored for two weeks. Cadavers were surface sterilized in
3% sodium hypochlorite solution, followed by rinsing in deionized water, and incubated on 1% water agar at 28 oC for fungal
emergence.  Fungal growth on the cadavers was microscopically examined to determine infection.

Virulence of the three isolates was similar in the caged tests (Fig. 4).  However, fungal emergence, in general, occurred more
in insects exposed to the three-cornered alfalfa hopper isolate compared to the other isolates.  Several of the GWSS feeding

Figure 4. Mortality and infection caused by B. bassiana
isolates in GWSS feeding on treated plants
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on plants treated with the Texas and the Riverside soil isolate died within one day after the treatment in two tests.  It usually
takes 3-5 days for the fungus to infect and kill the insects. Suspecting a fungal toxin for this rapid mortality, an assay was
conducted using cell free fungal extracts where treated insects did not die ruling out any toxins (results not shown).  The
exact cause of the rapid mortality in the cage tests was undetermined.  However, this would be useful in controlling the
insects.

Pseudogibellula formicarum
We previously described the non-pathogenicity of the fungus, Pseudogibelluala formicarum (Mains) Samson & Evans, to
GWSS in an earlier CDFA report.  Because the genus Pseudogibellula has species that are pathogenic to invertebrates and P.
formicarum was isolated from GWSS cadavers in Mississippi, we tested this particular isolate against GWSS in Caifornia.
Below, we provide the results of our findings again.

The fungus, P. formicarum recovered from GWSS cadavers in Mississippi, was tested in two assays.  As this fungus could
not be cultured on standard microbial culture media, conidia scraped from the cadavers were added to 0.01% Silwet to
prepare the inoculum suspension.  In the first assay, CO2 anesthetized GWSS adults were rolled in 50 µL suspension (~106

conidia/ml) and individually incubated in clip cages attached to a euonymus plant.  Untreated insects were used as controls.
In the second assay, conidial suspensions were injected into adult GWSS at 0.5 µL/insect.  Untreated insects and those treated
with Silwet were used for comparison. Only five insects per treatment were used in both of these assays due to the limited
numbers of insects available.  In both assays, P. formicarum couldn’t infect the treated GWSS.  Another assay was also
conducted to evaluate the pathogenicity of P. formicarum to daddy longlegs spiders (Holocnemus pluchei) where the fungus
could not infect the spiders.

CONCLUSIONS
The Texas isolate and two California isolates - from the three-cornered alfalfa hopper and the Riverside soil – of B. bassiana
have the potential to be microbial control agents of GWSS.
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ABSTRACT
In present study we genetically characterized the prospective South American egg parasitoid candidate, Gonatocerus
tuberculifemur (Ogloblin) of the glassy-winged sharsphooter (GWSS), Homalodisca vitripennis (Germar) [=H. coagulata
(Say)] for a neoclassical biological control program in California.  Two molecular methods, inter-simple sequence repeat-
polymerase chain reaction (ISSR-PCR) DNA fingerprinting and a phylogeographic approach inferred by the mitochondrial
cytochrome oxidase subunit I gene (COI).  Five geographic populations from South America were analyzed; in addition, a
phylogenetic analysis was performed with several named and two unnamed Gonatocerus Nees species.  DNA fingerprinting
uncovered a fixed geographic banding pattern difference in the population from San Rafael, Mendoza Province, Argentina.
The COI analysis uncovered haplotype or geographic structure in G. tuberculifemur.  A neighbor-joining distance tree
clustered the populations into two well-supported distinct clades with very strong bootstrap values (96-100%) with the
population from San Rafael clustering into a separate clade than the rest of the South American populations.  No haplotype
sharing was observed between individuals from the two clades.  A phylogenetic analysis performed by the neighbor-joining
method of 15 Gonatocerus Nees species confirmed species boundaries and again uncovered two distinct clades in G.
tuberculifemur with very strong bootstrap support (96-100%).  The two molecular methods were in accord and the evidence
is suggestive of a species level divergence.  Because G. tuberculifemur is under consideration as a potential biological control
agent for the invasive GWSS in California, understanding possible cryptic variation of this species is critical.

INTRODUCTION
Uncertainty exists as to whether egg parasitoids native to California will be as effective against the glassy-winged
sharpshooter (GWSS) Homalodisca vitripennis (Germar) [=H. coagulata (Say)]as they are in their co-evolved native range
(Jones 2001, Logarzo et al. 2003, 2004, Virla et al. 2005).  As a consequence, beginning in 2000, egg parasitoids of closely
related hosts belonging to the sharsphooter tribe Proconiini [Tapajosa rubromarginata (Signoret)] were sought from regions
in South America where climate types and habitats were similar to California for a neoclassical biological control program
(Jones 2001, Logarzo et al. 2005).  In surveys conducted in Argentina and Chile during 2000 through 2005, two prospective
egg parasitoid candidate agents were identified among several Gonatocerus Nees species reared from T. rubomarginata
(Jones et al. 2005, Logarzo et al. 2005, Virla et al. 2005).  The egg parasitoid candidates from South America were identified
by S. V. Triapitsyn (UC-Riverside) as Gonatocerus tuberculifemur and G. metanotalis (Ogloblin) (Hymenotpera:
Mymaridae). Gonatocerus tuberculifemur is now being permitted for release in California (CDFA 2005).  Mymarid wasps
are the best-known egg parasitoids for controlling populations of leafhoppers (Huber 1986, Döbel and Denno 1993).
Molecular studies of insects are becoming increasingly important in resolving taxonomic relationships critical to the success
of biological control programs.  Identifying the correct natural enemy is critical to the success of classical biological control
programs.  Lack of proper identification procedures has affected several projects (Messing and Aliniazee 1988, Löhr et al.
1990, Narang et al. 1993).

OBJECTIVE
The aim of the present study was to survey molecular methods useful in egg parasitoid identification and discrimination and
investigate the possibility that G. tuberculifemur (Ogloblin) could exist as a cryptic species complex.  In addition, perform a
phylogenetic analysis with several species within the genus Gonatocerus Nees to confirm species boundaries and to test the
support for the species groups considered.

RESULTS AND CONCLUSIONS
ISSR-PCR DNA fingerprinting.  Amplification reactions were performed with geographic populations from Argentina and
Chile with 5-9 separate individuals from pooled egg masses per location.  Locations included were: Argentina: Rio Colorado
(RC) (Rio Negro Province), San Rafael (SR) (Mendoza), San Miguel de Tucumán (SMT) (Tucumán), and Chile: Jalsuri
(CH).  Previously, we have demonstrated a positive correlation between ISSR-PCR banding patterns and species distinction
(de León and Jones 2004, de León et al. 2004a,b, 2006).  In addition, we have utilized the method to distinguish about 8
Gonatocerus species.  As a first approach, we asked whether the ISSR-PCR method was suitable to distinguish geographic
populations of G. tuberculifemur from Argentina and Chile.   The results of this analysis are shown on Figure 1.  Three
geographic- or population-specific bands were identified within the San Rafael population, as indicated by the arrows.  Slight
variation was seen within the rest of the populations, but in general, similar banding patterns were observed within these
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populations, demonstrating their genetic similarity.   The Tunuyán (TU) (Mendoza Province) population was not available at
the time of this experiment.

Figure.1. ISSR-PCR DNA fingerprinting of G. tuberculifemur populations from Argentina and Chile. Reactions were
performed with genomic DNA from 5-9 separate individuals and a 5’-anchored ISSR primer (Zietkiewicz et al. 1994, de
León et al. 2004b).  Arrows point out the banding patterns differences.  M: 1.0 Kb Plus DNA Ladder.

Phylogeographic analysis of populations of G. tuberculifemur
Levels of genetic divergence (%D) in the COI partial gene among populations were determined by calculating the pairwise
estimates for genetic distance (Table 1).  Individuals from each clade were pooled to calculate the pairwise estimates.  The
intra-populational and -specific variation (0.0-0.6%) was small within each clade and species.  The %D within each G.
tuberculifemur clade was 0.0-0.6, whereas between them was 1.4-2.2.  A neighbor-joining distance tree showed that
individuals clustered into two well-supported distinct clades with very strong bootstrap values of 96-100%, with all of the
San Rafael individuals forming a distinct clade (Figure 2).  Though the %D was moderate between the two G. tuberculifemur
clades, it corroborates with the results seen in Figures 1 and 2 and Table 1, showing a very clear genetic distinction between
individuals from the two clades.  In addition, haplotype or phylogeographic structure was uncovered in these populations.

Phylogenetic analysis of several named and two unnamed Gonatocerus species
Resolution of relationships requires information about variability not only at the level of populations within a species but also
between species (Narang et al. 1993); therefore, a molecular systematic approach inferred by the COI gene was undertaken
with various named Gonatocerus species, along with G. tuberculifemur populations from South America.  The named
Gonatocerus species were also included to test the support for the species groups considered.  A total of 48 ingroup
specimens were analyzed and four specimens from two Anagrus Haliday species (also a mymarid genus) were included as
outgroups.  Each named Gonatocerus species formed its own distinct clade or taxonomic unit (Figure 3), confirming the
species boundaries of Triapitsyn (2006). For each taxonomic unit, the neighbor-joining distance tree was supported by very
strong bootstrap values (96-100%).  The specimens of G. tuberculifemur again formed two distinct clades among the named
Gonatocerus species.  All specimens from San Rafael clustered into clade 2, whereas the rest of the populations from South
America all clustered into clade 1, suggesting that G. tuberculifemur contains two distinct lineages.  Each of the two
unnamed Gonatocerus species (G. sp. 2 and G. sp. 6) from South America also clustered into distinct clades, suggesting that
indeed they are separate species.

Two molecular methods were employed to genetically characterize the candidate GWSS egg parasitoid species, G.
tuberculifemur from South America.  ISSR-PCR DNA fingerprinting identified fixed geographic-specific variation in the
population from San Rafael (Mendoza). Even though ISSR-PCR markers are scored as dominant, the method is still
extremely sensitive and an excellent first approach to detect genetic differences among species, especially haplodipoid
species (de León and Jones 2004, de León et al. 2004a,b, 2006).  Similarly, the phylogeographic approach inferred by the
COI partial gene, detected two well-supported clades in South America.  The two molecular methods were in accord and the
results are suggestive of a species level divergence.  More work is needed to determine whether these two genetically distinct
G. tuberculifemur clades are actually cryptic or different species.  Hybridization and morphological studies are in progress.
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Table 1. Pairwise sequence distances (range) of mitochondrial COI partial gene fragments from geographic
populations of G. tuberculifemur showing percentage divergence.  The alignment program ClustalW from DNAStar
was utilized for this analysis.  To account for intra- and inter-populational variation, several individuals (3-6) were
included (15 total).  Argentina: Rio Colorado (Rio Negro Province); San Rafael (Mendoza); Tunuyán (Mendoza);
San Miguel de Tucumán (Tucumán); and Chile: Jalsuri.  Refer to Figure 2 for assignments. G. annulicornis (G.
ann) (Argentina, South America) and G. morrilli (G. mor) (Texas USA, North America) were included as outgroups.

Species/clades Clade 1 Clade 2 G. ann G. mor
Clade 1 0.0-0.6
Clade 2 1.4-2.2 0.0-0.6
G. ann 5.0-5.6 5.2-5.8 0.2-0.4
G. mor 5.6-6.0 6.2-6.7 4.6-4.8 0.0-0.0

Figure 2.
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Figure 2. Phylogram of the COI partial gene from geographic populations of G. tuberculifemur from Argentina and Chile.
Analysis was performed with the alignment program ClustalX and the neighbor-joining distrance tree utilizing the
uncorrected ‘p’ genetic distance was reconstructed with the phylogenetic program PAUP 4.0b10. G. annulicornis and G.
morrilli were included as outgroups.  The tree displays branch lengths (below branches, underlined) and bootstrap values
(above branches), as percentage of 1000 replications.

Figure  3. Phylogenetic relationships of several named and two unnamed Gonatocerus Nees species along with
G. tuberculifemur geographic populations from South America.   Neighbor-joining distance phylogram inferred by the COI
partial gene.  Anaylsis was performed as described on Figure 2.  Two Anagrus species (mymarids) were included as
outgroups.



- 43 -

REFERENCES
CDFA.  2005.  GWSS Biological Control, Spring Report.  California Department of Food and Agriculture.
de León, J. H, and W. A. Jones.  2004.  Detection of DNA polymorphisms in Homalodisca coagulata (Homoptera:

Cicadellidae) by Polymerase Chain Reaction-based DNA fingerprinting methods.  Ann. Entomol. Soc. Am. 97: 574-
585.

de León, J. H., W. A. Jones, and D. J. W. Morgan.  2004a.  Population genetic structure of Homalodisca coagulata
(Homoptera: Cicadellidae), the vector of the bacterium Xylella fastidiosa causing Pierce’s disease in grapevines.  Ann.
Entomol. Soc. Am. 97: 809-818.

de León, J. H., W. A. Jones, and D. J. W. Morgan.  2004b.  Molecular distinction between populations of Gonatocerus
morrilli, egg parasitoids of the glassy-winged sharpshooter Homalodisca coagulata, from Texas and California: Do
cryptic species exist? 7pp. J. Insect Sci. 4:39, Available online: insectscience.org/4.39.

de León, J. H., W. A. Jones, M. Sétamou, and D. J. W. Morgan.  2006.  Genetic and hybridization evidence confirms that a
geographic population of Gonatocerus morrilli (Hymenoptera: Mymaridae) from California is a new species: Egg
parasitoids of the glassy-winged sharpshooter Homalodisca coagulata (Homoptera: Cicadellidae).  Biol. Control 38:
282-293.

Döbel, H., and R. Denno.  1993.  Predator-planthopper interactions, pp. 325-399 In R. Denno and T. Perfect [eds.],
Planthoppers, Their Ecology and Management.  Chapman and Hall, New York.

Huber, J. T.  1986.  Systematics, biology and hosts of the Mymaridae and Mymarommatidae (Insecta-Hymenoptera): 1758-
1984.  Entomography 4: 185-243.

Jones, W. A.  2001.  Classical biological control of the glassy-winged sharpshooter, pp. 50-51 In Tariq, M.A., Oswalt, S,
Esser, T. [eds.], Proceedings of the Pierce’s Disease Research Symposium, 5-7 December 2001, Coronado Island
Marriott Resort, San Diego, CA. Organized by the California Department of Food and Agriculture.  Copeland Printing,
Sacramento, CA.

Jones, W. A., G. A. Logarzo, E. G. Virla, and E. Luft.  2005.  Environmental risk assessment of egg parasitoids from South
America: nontarget field and laboratory host range in Argentina and the U. S., pp. 343-344 In Tariq, M.A., Blincoe, P.,
Mochel, M., Oswalt, S., Esser, T. [eds.], Proceedings of the Pierce’s Disease Research Symposium, 5-7 December
2005, San Diego Marriott Hotel & Marina, San Diego, CA.  Organized by the California Department of Food and
Agriculture.  Copeland Printing, Sacramento, CA.

Logarzo, G. A., E. G. Virla, S. V. Triapitsyn, and W. A. Jones.  2004.  Biology of Zagella delicata (Hymenoptera:
Trichogrammatidae), an egg parasitoid of the sharpshooter Tapajosa rubromarginata (Hemiptera: Clypeorrhyncha:
Cicadellidae) in Argenatina.  Florida Entomol. 87: 511-516.

Logarzo, G., S. V. Triapitsyn, and W. A. Jones.  2003.  New host records for two species of Gonatocerus (Hymenoptera:
Mymaridae), egg parsitoids of proconiine sharpshooters (Hemiptera: Clypeorrhyncha: Cicadellidae), in Peru.  Florida
Entomol. 86: 486-487.

Logarzo, G. A., E. G. Virla, and W. A. Jones.  2005.  Egg parasitoids from Argentina, potential candidates for the biological
control of glassy-winged sharpshooter Homalodisca coagulata (Cicadellidae) in the United States, pp. 115-116 In
Hoddle, M.S. [ed.], Second International Symposium on Biological Control of Arthropods volume III.  USDA Forest
Service Publication FHTET-2005-08.

Löhr, B. A., M. Varela, and B. Santos.  1990.  Exploration for natural enemies of the cassava mealybug, Phenococcus
manihoti (Homoptera: Pseudococcidae), in South America for the biological control of this introduced pest in Africa.
Bull. Entomol. Res. 80: 417-425.

Messing, R. H., and M. T. Aliniazee.  1988.  Hybridization and host suitability of two biotypes of Trioxys pallidus
(Hymenoptera: Aphidiidae).  Ann. Entomol. Soc. Am. 81: 6-9.

Narang, S. K., W. J. Tabachnick, and R. M. Faust.  1993.  Complexities of population genetic structure and implications for
biological control programs, pp. 19-52 In Narang SK, Barlett AC, Faust RM. [eds.], Applications of Genetics to
Arthropods of Biological Control Significance.  CRC Press Inc, Boca Raton, Florida.

Triapitsyn, S.V.  2006.  A key to the Mymaridae (Hymenoptera) egg parasitoids of proconiine sharpshooters (Hemiptera:
Cicadellidae) in the Nearctic region, with description of two new species of Gonatocerus.  Zootaxa 1203: 1-38.

Virla, E. G., G. A. Logarzo, W. A. Jones, and S. Triapitsyn.  2005.  Biology of Gonatocerus tuberculifemur (Hymenoptera:
Mymaridae), an egg parasitoid of the sharpshooter, Tapajosa rubromarginata (Hemiptera: Cicadellidae).  Florida
Entomol. 88: 67-71.

Zietkiewicz, E., A. Rafalski, and D. Labuda.  1994.  Genomic fingerprinting by simple sequence repeat (SSR)-anchored
polymerase chain reaction amplification. Genomics 20: 176-183.

FUNDING AGENCIES
Funding for this project was provided by the USDA Agricultural Research Service.

Additional note: We acknowledge Marissa González and Lisa A. Ledezma (current address: USDA, APHIS, PPQ-
Edinburg, TX) and Laura Varone and Vanina Varni (USDA, SABCL-Argentina) for their excellent technical assistance.



- 44 -

PRELIMINARY EVIDENCE FROM REPRODUCTIVE COMPATIBILITY STUDIES SUGGESTS THAT
GONATOCERUS TUBERCULIFEMUR EXISTS AS A CRYPTIC SPECIES COMPLEX, OR A NEW SPECIES IS

IDENTIFIED:  DEVELOPMENT AND UTILITY OF MOLECULAR DIAGNOSTIC MARKERS

Project Leaders:
Jesse H. de Leon
USDA, ARS
Beneficial Insects Res. Unit
Weslaco, TX 78596

Guillermo A. Logarzo
USDA, ARS, SABCL
Buenos Aires, Argentina

Serguei V. Triapitsyn
Deparment of Entomology
University of California
Riverside, CA 92521

Cooperator:
David J.W. Morgan
Calif. Dept. of Food & Agric.
Mt. Rubidoux Field Station
Riverside, CA 92501

Reporting Period: The results reported here are from work conducted fiscal year 2005 to fiscal year 2006.

ABSTRACT
Recent work uncovered divergent clades or distinct lineages in populations of Gonatocerus tuberculifemur from South
America. G. tuberculifemur is a prospective egg parasitoid candidate agent for a neoclassical biological control program in
California against the invasive glassy-winged sharpshooter (GWSS), Homalodisca vitripennis (Germar) [=H. coagulata
(Say)].  In the present study, we developed molecular diagnostic markers by two approaches to distinguish field-collected
populations of G. tuberculifemur for reproductive compatibility studies.  The two diagnostic assays were: polymerase chain
reaction-restriction fragment length polymorphism (PCR-RFLP) of the mitochrondrial cytochrome oxidase subunit I gene
(COI) and inter-simple sequence repeat-polymerase chain reaction (ISSR-PCR) DNA fingerprinting.  Clade-specific
restriction enzymes generated bands of the correct size with high specificity.  Analysis of two isofemales lines created from
freshly field-collected populations belonging to clade 1 (Tunuyán) and clade 2 (San Rafael) showed that both of our
developed molecular diagnostic markers correctly genotyped these isofemale lines, confirming the utility of our diagnostic
markers.  Based on our molecular work, we predicted that G. tuberculifemur individuals belonging to the two distinct clades
would not hybridize.  Preliminary mating compatibility studies between these two isofemale lines demonstrated that our
prediction was indeed correct.  Interspecific crosses produced only male offspring, whereas, the intraspecific control crosses
produced both males and females or fertile offspring.  Taken together, both our molecular work and the preliminary
reproductive compatibility studies strongly suggest that G. tuberulifemur either exists as a cryptic species complex or a new
species is identified.  Since G. tuberculifemur is under consideration as a biological control agent against the invasive GWSS
in California, understanding cryptic variation of this species is critical.

INTRODUCTION
Egg parasitoids of closely related hosts belonging to the sharsphooter tribe Proconiini [Tapajosa rubromarginata (Signoret)]
were sought from regions in South America where climate types and habitats were similar to California for a neoclassical
biological control program (Jones 2001, Logarzo et al. 2003, 2004, 2005).  In surveys conducted in South America during
2000 through 2005, prospective egg parasitoid candidate agents were identified among several Gonatocerus Nees species
(Hymenotpera: Mymaridae) reared from T. rubomarginata (Jones et al. 2005, Logarzo et al. 2005, Virla et al. 2005).  One
candidate was identified by S. Triapitsyn (UC-Riverside) as Gonatocerus tuberculifemur (Ogloblin) (Hymenotpera:
Mymaridae) and is now being permitted for release in California (CDFA 2005).  Identifying the correct natural enemy is
critical to the success of classical biological control programs.  Lack of proper identification procedures has affected several
projects (Messing and Aliniazee 1988, Löhr et al. 1990, Narang et al. 1993).

OBJECTIVES
1. Develop molecular diagnostic markers by two methods, ISSR-PCR DNA fingerprinting and PCR-RFLP of the COI gene

to distinguish G. tuberculifemur isofemale lines belonging to the two distinct well-supported clades [accompanying
report and de Leon et al. (2006)]

2. After freshly collecting and creating isofemale lines, genotype them to determine which clade they belong to, and initiate
reproductive compatibility studies with individuals from the distinct two clades.

RESULTS AND CONCLUSIONS
Polymerase Chain Reaction-Restriction Fragment Length Polymorphism diagnostic assays
Restriction enzyme maps of the partial COI gene were generated from individuals belonging to the two clades of G.
tuberculifumer [accompanying report and de León et al. (2006)] and clade-specific restriction enzymes were identified that
distinguished individuals from the two clades.  The results of this experiment are shown on Figure 1.  Digestion with the
clade 1- and clade 2-specific restriction enzymes generated bands of the expected sizes (Figures 1A and 1B) with high
specificity.  After the completion of all molecular work, including the development of the diagnostic markers, the next step
was to determine the utility of the markers.  Based on our molecular work, we predicted that G. tuberculifemur individuals
from clade 1 and clade 2 were not reproductively compatible.  To initiate these studies, fresh field collections of G.
tuberculifemur were made in both Tunuyán and San Rafael, populations belonging to clade 1 and clade 2, respectively and
isofemales lines were created.  PCR-RFLP diagnostic assays confirmed that the isofemale lines carried the correct genotypes
(Figure 1C), that is, as predicted from our molecular work the Tunuyán isofemale line belongs to clade 1 and the San Rafael
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isofemale line belongs to clade 2.  Analysis of the isofemale lines with the second diagnostic assay (ISSR-PCR) confirmed
the above findings (Figure 2).  The current results confirm the utility of our developed molecular diagnostic markers.

Figure 1. Representative example of the developed polymerase chain reaction-restriction fragment length
polymporphism (PCR-RFLP) diagnostic assay.   A.  Digestion with the clade 1-specific restriction enzyme produces
two bands: 193- and 325-bp, B. Digestion with the clade 2-specific restriction enzyme also generates two bands
with the following sizes: 157- and 361-bp., and C. PCR-RFLP diagnostic assays of ‘isofemale lines’ using the
clade 1- specific restriction enzyme.  TT, individuals from Tunuyán emerging from T. rubromarginata (Proconiini
tribe); TH, individuals from Tunuyán emerging from Hortensia similis (Cicadellini tribe); and SR, individuals from
San Rafael emerging from T. rubommarginata. M, 1.0 Kb Plus DNA Ladder.

Preliminary Reproductive compatibility studies
Field host range tests indicated that G. tuberculifemur has a limited development on some Cicadellini hosts showing a
broader host range in the field than in the laboratory (where G. tuberculifemur only developed on Proconiini sharpshooters).
The conflicting host ranged results could be due to the existence of sympatric cryptic species of G. tuberculifemur in the test
area.  Genotyped isofemale lines belonging to clade 1 (Tunuyán) and clade 2 (San Rafael), both of Mendoza Province, were
carried out to evaluate mating compatibility.  Direct and reciprocal crosses were performed: ♀San Rafael x ♂Tunuyán and
♀Tunuyán x ♂San Rafael and their controls (at least 3 replicates each and between 13-20 eggs per cross).  Results are shown
as mean percentage of individuals emerging from eggs parasitized by G. tuberculifemur females (Figure 3).  Interspecific
crosses produced only male offspring, whereas the intraspecific control crosses produced both males and females or fertile
offspring, indicating that the populations from San Rafael and Tunuyán, which are about 100 km apart from each other, were
reproductively incompatible and therefore reproductively isolated. More work is needed to complete these studies, which are
in progress.  Together, both our molecular data (de León et al. 2006) and the preliminary crossing studies strongly suggest
that G. tuberculifemur either exists as a cryptic species complex or a new species has been identified.  In addition,
preliminary morphological work of individuals from the two clades suggests some slight differences (unpublished data, S.
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Triapitsyn).  Genotyping of G. tuberculifemur colonies reared and maintained at both Riverside, CA (UC-Riverside) and
Edinburg, TX (USDA, APHIS) confirmed that both colonies or isofemale lines belong to clade 1.
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Figure 2. ISSR-PCR DNA fingerprinting using a 5’-anchored ISSR primer (Zietkiewicz et al. 1994) of ‘isofemale
lines’ created after molecular characterization of G. tuberculifemur was complete.  TT, individuals from Tunuyán
emerging from T. rubromarginata (Proconiini tribe); TH, individuals from Tunuyán emerging from Hortensia
similis (Cicadellini tribe); and SR, individuals from San Rafael emerging from T. rubommarginata. M, 1.0 Kb Plus
DNA Ladder.  Arrows point to banding pattern differences.
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Figure 3. Preliminary hybridization studies (above).  Mean percentage of female and male offspring emerging from
eggs parasitized by G. tuberculifemur females obtained from different crosses with isofemale lines created from two
populations from South America, Tunuyán and San Rafeal, belonging to two well-supported distinct clades (de León
et al. 2006).

REFERENCES
CDFA.  2005.  GWSS Biological Control, Spring Report.  California Department of Food and Agriculture.
de León, J. H., G. A. Logarzo, and S. V. Triapitsyn.  2006.  Molecular characterization of Gonatocerus tuberculifemur

(Ogloblin) (Hymenoptera: Mymaridae), a prospective Homalodisca vitripennis (Germar) (Hemiptera: Cicadellidae)
biological control candidate agent from South America: Divergent clades (submitted).

Jones, W. A.  2001.  Classical biological control of the glassy-winged sharpshooter, pp. 50-51 In Tariq, M.A., Oswalt, S,
Esser, T. [eds.], Proceedings of the Pierce’s Disease Research Symposium, 5-7 December 2001, Coronado Island
Mariott Resort, San Diego, CA. Organized by the California Department of Food and Agriculture.  Copeland Printing,
Sacramento, CA.



- 47 -

Jones, W. A., G. A. Logarzo, E. G. Virla, and E. Luft.  2005.  Environmental risk assessment of egg parasitoids from South
America: nontarget field and laboratory host range in Argentina and the U. S., pp. 343-344 In Tariq, M.A., Blincoe, P.,
Mochel, M., Oswalt, S., Esser, T. [eds.], Proceedings of the Pierce’s Disease Research Symposium, 5-7 December
2005, San Diego Mariott Hotel & Marina, San Diego, CA.  Organized by the California Department of Food and
Agriculture.  Copeland Printing, Sacramento, CA.

Logarzo, G. A., E. G. Virla, S. V. Triapitsyn, and W. A. Jones.  2004.  Biology of Zagella delicata (Hymenoptera:
Trichogrammatidae), an egg parasitoid of the sharpshooter Tapajosa rubromarginata (Hemiptera: Clypeorrhyncha:
Cicadellidae) in Argenatina.  Florida Entomol. 87: 511-516.

Logarzo, G., S. V. Triapitsyn, and W. A. Jones.  2003.  New host records for two species of Gonatocerus (Hymenoptera:
Mymaridae), egg parsitoids of proconiine sharpshooters (Hemiptera: Clypeorrhyncha: Cicadellidae), in Peru.  Florida
Entomol. 86: 486-487.

Logarzo, G. A., E. G. Virla, and W. A. Jones.  2005.  Egg parasitoids from Argentina, potential candidates for the biological
control of glassy-winged sharpshooter Homalodisca coagulata (Cicadellidae) in the United States, pp. 115-116 In
Hoddle, M.S. [ed.], Second International Symposium on Biological Control of Arthropods volume III.  USDA Forest
Service Publication FHTET-2005-08.

Löhr, B. A., M. Varela, and B. Santos.  1990.  Exploration for natural enemies of the cassava mealybug, Phenococcus
manihoti (Homoptera: Pseudococcidae), in South America for the biological control of this introduced pest in Africa.
Bull. Entomol. Res. 80: 417-425.

Messing, R. H., and M. T. Aliniazee.  1988.  Hybridization and host suitability of two biotypes of Trioxys pallidus
(Hymenoptera: Aphidiidae).  Ann. Entomol. Soc. Am. 81: 6-9.

Narang, S. K., W. J. Tabachnick, and R. M. Faust.  1993.  Complexities of population genetic structure and implications for
biological control programs, pp. 19-52 In Narang SK, Barlett AC, Faust RM. [eds.], Applications of Genetics to
Arthropods of Biological Control Significance.  CRC Press Inc, Boca Raton, Florida.

Virla, E. G., G. A. Logarzo, W. A. Jones, and S. Triapitsyn.  2005.  Biology of Gonatocerus tuberculifemur (Hymenoptera:
Mymaridae), an egg parasitoid of the sharpshooter, Tapajosa rubromarginata (Hemiptera: Cicadellidae).  Florida
Entomol. 88: 67-71.

Zietkiewicz, E., A. Rafalski, and D. Labuda.  1994.  Genomic fingerprinting by simple sequence repeat (SSR)-anchored
polymerase chain reaction amplification. Genomics 20: 176-183.

FUNDING AGENCIES
Funding for this project was provided by the USDA Agricultural Research Service.

Additional note: We acknowledge Marissa González and Lisa A. Ledezma (current address: USDA, APHIS, PPQ-
Edinburg, TX) and Laura Varone and Vanina Varni (USDA, SABCL-Argentina) for their excellent technical assistance.



- 48 -

ISSR-PCR DNA FINGERPRINTING UNCOVERS DISTINCT BANDING PATTERNS IN GONATOCERUS
SPECIES 3 (G. sp.  3) INDIVIDUALS EMERGING FROM DIFFERENT HOST TRIBES:  A PROSPECTIVE EGG

PARASITOID CANDIDATE AGENT FOR THE GLASSY-WINGED SHARPSHOOTER IN CALIFORNIA

Project Leaders:
Jesse H. de Leon
USDA, ARS
Beneficial Insects Res. Unit
Weslaco, TX 78596

Guillermo A. Logarzo
USDA, ARS, SABCL
Buenos Aires, Argentina

Serguei V. Triapitsyn
Department of Entomology
University of California
Riverside, CA 92521

Cooperator:
David J.W. Morgan
Calif. Dept, of Food & Agric.
Mt. Rubidoux Field Station
Riverside, CA 92501

Reporting Period: The results reported here are from work conducted fiscal year 2005 to fiscal year 2006.

ABSTRACT
We started work to genetically characterize a prospective glassy-winged sharsphooter (GWSS), Homalodisca vitripennis
(Germar) [=H. coagulata (Say)] egg parasitoid biological control candidate agent from South America known as
Gonatocerus species 3 (G. sp. 3).  This species is morphologically very similar to G. tuberculifemur, another prospective
agent from South America.  We asked two questions, 1) are G. sp. 3 and G. tuberculifemur the same species and 2) are two
collections of G. sp. 3 individuals emerging from different host tribes (Proconiini and Cicadellini) genetically distinct.  Or, in
both cases, are we seeing genetic variation of the same species.  Two molecular methods were utilized to begin to study these
species, the very sensitive inter-simple sequence repeat-polymerase chain reaction (ISSR-PCR) DNA fingerprinting and
mitochondrial cytochrome oxidase subunit I gene (COI) variation.  ISSR-PCR analysis performed together on both G. sp. 3
and G. tuberculifemur uncovered the following: 1) as previously shown, G. tuberculifemur geographic populations were
genetically distinct, 2) G. sp. 3 and G. tuberculifemur were very clearly distinct, and 3) banding patterns differences (about
four bands) distinguished the two collections of G. sp. 3.  A single most parsimonious tree clustered the current specimens in
the following fashion: 1) as previously shown, the geographic populations of G. tuberculifemur clustered into two well-
supported distinct clades with very strong bootstrap values (90-99%), and 2) the G. sp 3 collections clustered along with
clade 2 (San Rafael population) of the G. tuberculifemur populations, though one G. sp. 3 collection (Jan 05; Proconiini host)
forms a unique clade with moderate bootstrap support (63%).  Even though, the divergence between the two G. sp. 3
collections was very small, the two shared no haplotypes.  The current results confirm that ISSR-PCR DNA fingerprinting
using a 5’-anchored ISSR primer is an excellent molecular diagnostic tool for distinguishing G. sp. 3 from both clades of G.
tuberculifemur.  COI sequence variation effectively distinguished G. sp. 3 from G. tuberculifemur individuals from clade 1,
though it did not effectively separate G. sp. 3 from G. tuberculifemur individuals from clade 2 (San Rafael population).  We
conclude that based on ISSR-PCR analysis, G. sp. 3 and G. tuberculifemur and both collections of G. sp. 3 are clearly
genetically distinct.  The only way to confirm whether these specimens are actually cryptic or different species is by
performing hybridization studies.  These molecular results are important to the biological control program in California.

INTRODUCTION
Beginning in 2000, egg parasitoids of closely related hosts belonging to the sharsphooter tribe Proconiini [Tapajosa
rubromarginata (Signoret)] were sought from regions in South America where climate types and habitats were similar to
California for a neoclassical biological control program (Jones 2001, Logarzo et al. 2003, 2004, 2005).  In surveys conducted
in Argentina and Chile during 2000 through 2005, prospective egg parasitoid candidate agents were identified among several
Gonatocerus Nees species (Hymenotpera: Mymaridae) reared from T. rubomarginata (Jones et al. 2005, Logarzo et al. 2005,
Virla et al. 2005).  Several unnamed egg parasitoid candidate agents within the genus Gonatocerus from South America were
identified by S. Triapitsyn (UC-Riverside).  Phylogenetic analysis inferred by COI sequencing on two of the unnamed
species (G. sp. 2 and G. sp. 6) are reported in an accompanying report and elsewhere (de León et al. 2006b).  The data
suggests that these unnamed species are valid species or taxonomic units.  A third unnamed species known as G. sp. 3 was
also identified that is morphologically very similar or almost identical to another South America species, G. tuberculifemur
(Ogloblin) (S. Triapitsyn, unpublished data).  Since this and other South American species are prospective biological control
agents, molecular studies are critical to help resolve the taxonomic status of this and other species.  Identifying the correct
natural enemy is critical to the success of classical biological control programs, since lack of proper identification procedures
has affected several projects (Messing and Aliniazee 1988, Löhr et al. 1990, Narang et al. 1993).

OBJECTIVES
The aim of the present study was to survey molecular methods to study G. sp. 3.  Morphologically, this species is almost
identical or very similar to G. tuberculifemur (S. Triapitsyn, unpublished data).  The first objective was to begin to gain
insights as to whether G. sp. 3 and G. tuberculifemur are distinct species or whether variation of the same species exists, and
the second objective was to determine whether collections G. sp. 3 emerging from different host tribes (Proconiini and
Cicadellini) are genetically distinct.
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Figure 1. ISSR-PCR DNA fingerprinting of two G. sp. 3 populations from San
Miguel de Tucumán, Tucumán Province, Argentina.   Reactions were performed
with genomic DNA from 3-4 separate individuals and a 5’-anchored ISSR
primer (Zietkiewicz et al. 1994, de León et al. 2004b). G. sp. 3 are from two
different collection dates, January 2005 [emerged from T. rubromarginata
(Proconiini leafhopper) and April  2006 emerged from Plesiommata mollicella
(Cicadellini leafhopper)]. G. tuberculifemur collections are as follows- Clade 2
are from San Rafael (SR) (Mendoza Province) Argentina and Clade 1 are: A,
Rio Colorado (RC) (Rio Negro); B, San Miguel de Tucumán (SMT) (Tucumán);
C, Chile (CH); and D, Tunuyán (TU) (Mendoza).   Arrows point out the banding
patterns differences.  M: 1.0 Kb Plus DNA Ladder.

RESULTS AND CONCLUSIONS
ISSR-PCR DNA fingerprinting
Previously (de León et al. 2006b) and in an accompanying report, we
demonstrated molecular differences in populations of G. tuberculifemur from
South America.  ISSR-PCR DNA fingerprinting uncovered fixed geographic
variation and COI variation uncovered divergent clades in G. tuberculifemur.
Since it is thought that G. sp. 3 could actually be G. tuberculifemur, we asked
two questions: 1) based on ISSR-PCR, are G. sp. 3 and G. tuberculifemur
genetically distinct, and 2) based on ISSR-PCR, are there distinct differences in
G. sp. 3 individuals emerging from different hosts tribes [San Miguel de
Tucumán (Tucumán)].  The results of this experiment are shown on Figure 1 and
we make three observations:  1) as previously shown (de León et al. 2006b) the
two clades of G. tuberculifemur are distinguished, see arrows that point to

different bands; 2) very clear banding pattern differences between G. sp. 3 and G. tuberculifemur, and 3) banding pattern
differences between the two collections of G. sp. 3, about four bands distinguish the two collections.  These results are very
reproducible.

Phylogeographic analysis between the two collections of G. sp. 3 and among geographic populations of G.
tuberculifemur inferred by the mitochondrial COI partial gene
The single most parsimonious tree is supported by strong bootstrap values, 63-99% for the ingroups, and 100% for the
outgroups (G. annulicornis and G. morrilli) (Figure 2).  As shown previously  (de León et al. 2006b) and in an accompanying
report, populations of G. tuberculifemur clustered into two well-supported clades (90-99%).  In general, the two collections
of G. sp. 3 clustered with the G. tuberculifemur clade from San Rafael, though G. sp. 3 from the Jan 05 collection emerging
from the Proconiini host appears to be slightly diverged as seen by a distinct clade with moderate bootstrap support (63%).  It
is interesting to note that even though, based on COI analysis, the divergence between the two collections of G. sp. 3 is very
small, they did not share haplotypes.

Two molecular methods were employed to genetically study a GWSS candidate agent, G. sp. 3 from South America.  ISSR-
PCR DNA fingerprinting identified fixed geographic-specific variation among the G. tuberculifemur populations (de León et
al. 2006b) and fixed genetic variation between the two collections of G. sp. 3 emerging from different hosts.  Even though
ISSR-PCR markers are scored as dominant, the method is still extremely sensitive and an excellent first approach to detect
genetic differences among species, especially haplodipoid species (de León and Jones 2004, de León et al. 2004a,b, 2006a,b).
A phylogenetic approach inferred by the COI partial gene, detected two well-supported clades in G. tuberculifemur (de León
et al. 2006b).  However, in the present situation with G. sp. 3, the COI gene was less sensitive than ISSR-PCR.   A possible
explanation for the COI sequence analysis being less sensitive than ISSR-PCR could be that G. sp. 3 diverged a very short
time ago from G. tuberculifemur and the COI gene is not yet variant enough at this time to properly distinguish them.  Time
since divergence is a very significant factor as reviewed in Roderick and Navajas (2003).  Another explanation is that the two
collections of G. sp. 3 emerged from different hosts.  More work and an increased number of specimens are needed to
determine whether G. sp. 3 and G. tuberculifemur are actually different species and whether the two collections of G. sp. 3
are different strains or whether what we are seeing is just genetic variation of the same species.  To resolve these issues,
crossing studies should answer our questions.  Hybridization and morphological studies are presently being planned.  For
now, we can positively state that G. sp. 3 and G. tuberculifemur and the two collections of G. sp. 3 are clearly genetically
distinct by ISSR-PCR DNA fingerprinting.  COI variation effectively distinguished G. sp. 3 from G. tuberculifemur
individuals from clade 1, but not clade 2.  So, the following questions arise from these studies: Is ISSR-PCR using a 5’-
anchored ISSR primer more sensitive than DNA sequencing and can ISSR-PCR detect differences in individuals of the same
species emerging from different hosts, or rather do the different hosts change their genetic structure?  The ISSR-PCR
technique targets random simple sequence repeats or microsatellites targeting the whole genome, thus revealing highly
polymorphic banding patterns (Zietkiewicz et al. 1994).  Therefore, increased power to resolve genetic relationships comes
with information from many loci within the nuclear DNA (de León and Jones 2004, de León et al. 2004a,b, 2006,
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Zietkiewicz et al. 1994).  The results of the present study are important to the biological control program in California against
the invasive GWSS.
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Figure 2. Slanted cladogram inferred by the COI partial gene from two collections of G. sp. 3 from Argentina (San
Miguel de Tucumán, Tucumán Province).  Analysis was performed with the alignment program ClustalX and the single
most parsimonious tree was reconstructed with the phylogenetic program PAUP 4.0b10. G. annulicornis and G. morrilli
were included as outgroups.  The tree displays branch lengths (below branches, underlined) and bootstrap values (above
branches), as percentage of 1000 replications.  Tree length = 57 steps; consistency index (CI) = 0.982; and retention index
(RI) = 0.994.  Included for comparison are populations of G. tuberculifemur from South America: SR, San Rafael; CH,
Chile; RC, Rio Colorado; TU, Tunuyán; and SMT, San Miguel de Tucumán.
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ABSTRACT
Two molecular methods were utilized to genetically distinguish geographic populations of Gonatocerus metanotalis
(Ogloblin) (Hymenoptera: Mymaridae) from Argentina and to begin to test the possibility that this South American species
could exist as a cryptic species complex. Gonatocerus metanotalis is a prospective egg parasitoid candidate agent for a
neoclassical biological control program in California against the invasive glassy-winged sharpshooter (GWSS), Homalodisca
vitripennis (Germar) [=H. coagulata (Say)].  Six populations were analyzed: Campo Grande (Misiones Province), Tartagal
(Salta), Tafí Viejo (Tucumán), near PROIMI (Tucumán), Santa Clara (Jujuy), Clorinda (Formosa).  As a first approach, inter-
simple sequence repeat-polymerase chain reaction (ISSR-PCR) DNA fingerprinting was performed with a 5’-anchored ISSR
primer.  Several distinct banding patterns were identified among the populations with some band sharing and in certain
populations (Tartagal and Santa Clara) there was extensive variation.  Next, a phylogeographic analysis inferred by the
mitochondrial cytochrome oxidase subunit I (COI) gene was performed.  A neighbor-joining distance tree clustered the G.
metanotalis populations into three main distinct clades supported by very strong bootstrap values (100%), uncovering
haplotype or phylogeographic structure.  With the exception of one population (Campo Grande), all individuals from the
populations fell into one of the three clades.  Individuals from Campo Grande clustered into the three clades, suggesting that
three sympatric strains may be present in this location.  A phylogenetic analysis performed by the neighbor-joining
algorithmic method along with other named and two unnamed Gonatocerus Nees species (15) confirmed species boundaries
and again uncovered three main distinct clades in G. metanotalis.  Very strong bootstrap support (100%) was seen for both
the G. metanotalis clades and for all of the Gonatocerus species.  Understanding possible cryptic variation in this prospective
GWSS egg parasitoid candidate agent is critical to the biological control program in California.

INTRODUCTION
A biological control program is currently in progress in California against the glassy-winged sharpshooter (GWSS),
Homalodisca vitripennis (Germar) [=H. coagulata (Say)] (Hemiptera: Cicadellidae) (CDFA 2003).  Biological control is an
important component of the management of the GWSS in California (Morgan et al. 2000, Jones 2001).  Uncertainty exists as
to whether egg parasitoids native to California will be as effective against the GWSS as they are in their co-evolved native
range (Jones 2001, Logarzo et al. 2003, 2004, Virla et al. 2005).  Beginning in 2000, egg parasitoids of closely related hosts
belonging to the sharsphooter tribe Proconiini [Tapajosa rubromarginata (Signoret)] were sought from regions in South
America where climate types and habitats were similar to California for a neoclassical biological control program (Jones
2001, Logarzo et al. 2005).  In surveys conducted in South America during 2000 through 2005, prospective egg parasitoid
candidates were identified among several Gonatocerus Nees species reared from T. rubomarginata (Logarzo et al. 2005,
Virla et al. 2005).  One egg parasitoid candidate was identified by S. Triapitsyn (UC-Riverside) as G. metanotalis (Ogloblin)
(Hymenotpera: Mymaridae).  Molecular studies of insects are becoming increasingly important in resolving taxonomic
relationships critical to the success of biological control programs.  Identifying the correct natural enemy is critical to the
success of classical biological control programs (Messing and Aliniazee 1988, Löhr et al. 1990, Narang et al. 1993, Unruh
and Woolley 1999).

OBJECTIVES
The aim of the present study was to survey molecular methods useful in egg parasitoid identification and discrimination and
to begin to investigate the possibility that G. metanotalis could exist as a cryptic species complex in South America.  In
addition, perform a phylogenetic analysis with several named and two unnamed species within the genus Gonatocerus Nees
to confirm species boundaries and to test the support for the species groups considered.

RESULTS AND CONCLUSIONS
ISSR-PCR DNA fingerprinting
Amplification reactions were performed with geographic populations from Argentina with 3-5 separate individuals from
pooled egg masses per location.  Populations included:  Campo Grande (Misiones Province); Tartagal (Salta); Tafí Viejo
(Tucumán); near PROIMI (Tucumán); Santa Clara (Jujuy); and Clorinda (Formosa).   Previously, we demonstrated a positive
correlation between ISSR-PCR banding patterns and species distinction (de León et al. 2004, 2006a,b).  In addition, we have
utilized the method to distinguish about 8 Gonatocerus species (de León et al. 2006b).  As a first approach, we asked whether
the ISSR-PCR method was suitable to distinguish geographic populations of G. metanotalis from Argentina.  The results of
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this analysis are shown on Figure 1.  Several banding patterns were identified among the populations with some band sharing
and in certain populations (Tartagal and Santa Clara) there was extensive variation. These ISSR-PCR results are clearly the
first indication that genetic differences exist among the G. metanotalis populations from Argentina.
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Figure 1.  ISSR-PCR DNA fingerprinting of G. metanotalis populations from Argentina. Reactions
were performed with genomic DNA from 3-5 separate individuals and a 5’-anchored ISSR primer
(Zietkiewicz et al. 1994, de León et al. 2004). M: 1.0 Kb Plus DNA Ladder.

Phylogeographic analysis of populations of G. metanotalis
Levels of divergence in the COI partial gene among populations from Argentina were determined by calculating the pairwise
estimates for genetic distance (Table 1).  Individuals clustered into three main distinct clades or groups (see Figure 2 for
assignments) and individuals from each clade were pooled to calculate the pairwise estimates.  The intra-clade divergence
(%D) ranged from 0.0-1.0, whereas the inter-clade %D ranged from 2.4-4.6.  The present results clearly indicate a deep
divergence among the three main groups.

Table 1.  Pairwise sequence distances (range) of the mitochondrial COI partial gene from geographic populations of
G. metanotalis from Argentina showing percentage divergence (%D). The alignment program ClutstalW from DNAStar
was utilized for this analysis.  To account for intra- and inter-populational variation, several individuals (3-4) were included.
Populations from Argentina included:  Campo Grande (Misiones Province); Tartagal (Salta); Tafí Viejo (Tucumán); near
PROIMI (Tucumán); Santa Clara (Jujuy); and Clorinda (Formosa).  Individuals clustered into three clades, see Figure 2 for
assignments. Gontacerus ashmeadi (G. ash) (CA) were utilized as an outgroup.

A neighbor-joining distance tree showed that individuals clustered into three well-supported distinct clades with very strong
bootstrap values (100%) (Figure 2), uncovering haplotype or phylogeographic structure.  With the exception of one
population (Campo Grande), all of the individuals clustered into one of the three clades.  These results suggest that three
sympatric strains of G. metanotalis may be present in Campo Grande, although collection of more specimens are needed to
confirm this observation.  It is interesting to note that within clade 1, there appears to be a further subdivision with the
appearance of three subclades.  This observation would agree with the results of the ISSR-PCR experiment (Figure 1) that
shows about five total banding patterns within the G. metanotalis populations.

Phylogenetic relationships among Gonatocerus Nees species
Resolution of relationships requires information about variability not only at the level of populations within a species but also
between species (Narang et al. 1993, Unruh and Woolley 1999); therefore, a molecular systematic approach was undertaken
with various named and two unnamed Gonatocerus species, along with the six G. metanotalis populations from Argentina

Species/clades
Clade 1

Clade 1
0.0-1.0

Clade 2 Clade 3 G. ash

Clade 2 2.4-3.6 0.0-0.8
Clade 3 3.6-4.6 3.8-4.6 0.0-0.6
G. ash 9.0-9.9 8.6-9.2 8.2-8.6 0.0-0.2
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(Figure 3).  These species were also included to test the support for the species groups considered.  The topology of the
neighbor-joining distance tree was supported by very strong bootstrap values, 100% support was seen for all species or
taxonomic units, confirming species boundaries (Triapitsyn 2006, Triapitsyn et al. 2006).  The phylogenetic analysis again
clustered G. metanotalis individuals from Argentina into three main distinct clades as seen in Figure 2.  Because each
Gonatocerus species formed its own unique clade or taxonomic unit, the possibility exists that each G. metanotalis clade
represents a different strain.  This observation is also supported by the results of the ISSR-PCR experiment (Figure 1).  In
addition, because of the deep divergence among G. metanotalis clades, the possibility that a cryptic species complex was
identified within G. metanotalis in Argentina is high.  Another possibility is that we may be uncovering different species.
Phylogenetic analyses of Gonatocerus species inferred by COI sequence data have been reported elsewhere (PD reports 2006
and de León et al. 2006b), but are expanded here.
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Figure 2. Phylogram inferred by the COI partial gene from geographic populations of G. metanotalis from Argentina.
Analysis was performed with the alignment program ClustalX and the neighbor-joining distance tree utilizing the uncorrected
‘p’ genetic distance was reconstructed with the phylogenetic program PAUP 4.0b10.  To account for intra- and inter-
populational variation, several individuals (3-4) were included. G. ashmeadi (CA) were utilized as an outgroup. The tree
displays branch lengths (below branches, underlined) and bootstrap values (above branches), as percentage of 1000
replications.

Figure 3. Phylogenetic relationships of several named and two unnamed Gonatocerus Nees species along with G.
metanotalis populations from Argentina.  Neighbor-joining distance phylogram inferred by the COI partial gene.  Anaylsis
was performed as described on Figure 2.  Two Anagrus species (mymarid genus) are included as outgroups.
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ABSTRACT
We sequenced the nuclear ribosomal internal transcribed spacer region 2 (ITS2) from several glassy-winged sharpshooter
(GWSS) [Homalodisca vitripennis Germar (=H. coagulata Say)] egg parasitoid species (Hymenoptera: Mymaridae)
belonging to the genus Gonatocerus Nees to test the utility of this fragment to confirm species boundaries and to define
phylogenetic relationships.  A total of 35 specimens belonging to 10 named species, one unnamed species, and two
specimens from another mymarid genus (Anagrus erythroneurae) (outgroup) were analyzed.  A phylogenetic tree generated
using the neighbor-joining algorithmic method showed that each named Gonatocerus species formed its own unique
taxonomic unit or clade with very strong bootstrap support (100%), confirming species boundaries.  The ITS2 fragment
confirmed species boundaries as well as cytochrome oxidase subunit I (COI) sequence data.  Furthermore, the phylogenetic
relationships among species generated by the ITS2 fragment were in excellent agreement with those delineated by taxonomic
data.  The current results clearly confirm the utility of the ITS2 fragment in confirming species boundaries of egg parasitoids
beloning to the genus Gonatocerus.  The results showed that the ITS2 fragment appears to be phylogenetically more
informative or valuable than that inferred by COI sequence data.  Since several important Gonatocerus species were
analyzed, a molecular key based on ITS2 sizes was developed.  In the event two species (e. g., G. ashmeadi and G.
metanotalis and G. walkerjonesi and G. annulicornis) were found with similarly sized ITS2 fragments, inter-simple sequence
repeat-polymerase chain reaction (ISSR-PCR) DNA fingerprinting was performed to distinguish them.  ISSR-PCR very
clearly distinguished the aforementioned species, demonstrating that it is an excellent molecular diagnostic tool.  The current
results are important to the biological control program in California.

INTRODUCTION
Accurately identifying natural enemies is critical to the success of classical biological control programs and lack of proper
identification procedures has affected several projects (Messing and Aliniazee 1988, Löhr et al. 1990, Narang et al. 1993).
Among others, DNA markers such as the nuclear ribosomal internal transcribed spacer regions (e. g., ITS2) are used to
characterize parasitoid taxa because these DNA regions usually evolve relatively rapidly (Hillis and Dixon 1991, Narang et
al. 1993).  The ITS regions have been used extensively in the examination of the taxonomic status of species and for
diagnostic purposes (Collins and Paskewitz 1996, Stouthamer et al. 1999).  Many examples of phylogenetic studies inferred
by the nuclear ITS regions or fragments, including different sized fragments, exists in the literature (Marinucci et al. 1999,
Förster et al. 2000, Pryor and Gilbertson 2000, Alvarez and Hoy 2002, Thomson et al. 2003, de León et al. 2006a, Wagener
et al. 2006), including those by Stouthamer et al. (1999).

OBJECTIVES
Sequence the nuclear ribosomal internal transcribed spacer region 2 (ITS2) from several GWSS egg parasitoid species (11)
belonging to the genus Gonatocerus to test the utility of this rDNA fragment to: 1) confirm species boundaries and 2) define
phylogenetic relationships.

RESULTS AND CONCLUSIONS
Species boundaries inferred by the ribosomal internal transcribed spacer region 2 (ITS2)
We obtained 8 of the 13 named Gonatocerus Nees species delineated by Triapitsyn (2006) and Triapitsyn et al. (2006) and
several named and one unnamed species from South America for a total of 11 species.  A total of 35 ingroup specimens were
analyzed and two specimens from Anagrus erythroneurae Trjapitzin & Chiappini (also a mymarid species) were included as
an outgroup.  Each named Gonatocerus species formed its own taxonomic unit or distinct clade (Figure 1), corroborating the
species boundaries of Triapitsyn (2006) and Triapitsyn et al. (2006).  A neighbor-joining distance tree showed that each
taxonomic unit was supported by very strong bootstrap values, in fact, each received 100% support. In addition, the
unnamed Gonatocerus species (G. sp. 6) from Argentina also clustered into its distinct clade, suggesting that it is a separate
or valid species.  Analysis of several other Gonatocerus species inferred by the ITS2 DNA fragment are in progress to
complete this project.  As previously demonstrated by Vickerman et al. (2004) and Triapitsyn et al. (2006) no divergence or
differences were seen in the five geographic populations [California, Texas (Weslaco and San Antonio), Florida, and
Louisiana] of G. ashmeadi, as they all formed their unique clade.
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Comparsion of ITS2 DNA sequences to those of the COI partial gene sequences
To confirm the utility of using the ITS2 DNA fragment in these types of studies, we matched the mitochrondrial cytochrome
oxidase subunit I (COI) gene sequences to the same Gonatocerus species.  A phylogenetic analysis of several Gonatocerus
species inferred by the COI gene has been reported elsewhere [accompanying report and de León et al. (2006b)].
Comparison of the neighbor-joining distance tree generated by ITS2 fragments to that generated by the COI gene (Figure 2),
confirms that the ITS2 fragment can be used to determine species boundaries of egg parasitoids belonging to the genus
Gonatocerus.  As with the ITS2 fragments, very strong bootstrap support (95-100%) was seen with each taxonomic unit or
distinct clade generated by the COI gene (de León et al. 2006b).

Figure 1.  (ITS2) and Figure  2.  (COI) Phylograms of GWSS egg parasitoid species beloning to the genus Gonatocerus
inferred by ITS2 and COI sequence data.  Analyses were performed with the alignment program ClustalX and the neighbor-
joining distance trees utilizing the uncorrected ‘p’ genetic distance were reconstructed with the phylogenetic program PAUP
4.0b10. Anagrus erythroneurae (a mymarid species) was included as an outgroup.  The tree displays branch lengths (below
branches, underlined) and bootstrap values (above branches), as percentage of 1000 replications.

Comparsion to taxonomic data
To confirm the utility of the ITS2 fragment in defining phylogenetic relationships among egg parasitoid species within the
genus Gonatocerus, a comparison of the topology of the phylogenetic tree was made to the morphological work delineated
by Triapitsyn (2006) and Triapitsyn et al. (2006).  Morphologically, almost every species in the USA has its ‘look-a-like’
species in the Neotropics, particularly in Argentina (S. Triapitsyn, unpublished data).  The following South and North
American species pair-up morphologically: respectively G. sp. 2 and G. fasciatus; G. annulicornis and G. walkerjonesi; G.
metanotalis and G. triguttatus; and G. uat and G. ashmeadi. Gonatocerus morrrilli belongs to the morrilli subgroup of the
ater species group of Gonatocerus along with the following species: G. annulicornis, G. walkerjonesi, G. sp. 6, and G.
morgani (S. Triapitsyn, unpublished data and Triapitsyn 2006).  In addition, G. novifasciatus and G. incomptus are also
related (Triapitsyn 2006).  Not all mentioned Gonatocerus species were analyzed at the time of this report.  The phylogenetic
relationships inferred by ITS2 fragment sequence data analyzed by the neighbor-joining method of the South and North
American Gonatocerus species in the current study are all in accord with the morphological evaluations mentioned above
(Triapitsyn 2006, Triapitsyn et al. 2006).  Based on the phylogenetic tree, the following species paired-up in the following
fashion: G. ashmeadi and G. uat (Triapitsyn et al. 2006, de León et al. 2006b); G. walkerjonesi and G. annulicornis (de León
et al. 2006a); G. morrilli and morrilli group (de León et al. 2006a); G. sp. 6 and morrilli group (de León et al. 2006b); and to
some extent G. metanotalis and G. triguttatus (except for the color and several other differences, G. ashmeadi, G. uat, G.
triguttatus, and G. metanotalis are all quite similar morphologically, and the above molecular analysis supports their close
relationship. We noticed in our phylogenetic analyses inferred from both COI and ITS2 that G. tuberculifemur clustered with
the morrilli group (current study and de León et al. 2006b).  The topology of the phylogenetic tree generated by the COI
sequence data differed slightly from that generated by the ITS2 fragment with the placement of three species: G. fasciatus, G.
metanotalis, and G. fasciatus, thus differing from the morphological work of Triapitsyn (2006) and Triapitsyn et al. (2006).
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The current results showed that the nuclear ribosomal ITS2 fragment appears to be phylogenetically more informative or
valuable than that inferred by COI sequence data.  A similar observation has been seen in phylogenetic studies of Diadegma
species (Hymenoptera: Ichneumonidae) (Wagener et al. 2006).

Molecular key based on ITS2 sizes
Several of the most important egg parasitoid species were analyzed in

the current study and therefore allowed for the development of a
molecular key based on the specific sizes of the various ITS2
fragments.  Many species have unique ITS2 sizes, but others (e. g., G.
ashmeadi and G. metanotalis and G. walkerjonesi and G. annulicornis)
have similar sizes (Table 1).  The only concern in these cases would be
if any of the South America species (G. metanotalis and G.
annulicornis) were to be released in California.

ISSR-PCR DNA fingerprinting
Although there exist several approaches [e. g., PCR-RFLP
(Stouthamer et al. 1999)] to distinguish the aforementioned species
containing similarly sized ITS2 fragments, a sensitive diagnositc
approach is by inter-simple sequence repeat-polymerase chain
reaction (ISSR-PCR) DNA fingerprinting using a 5’-anchored ISSR
primer (Zietkiewicz et al. 1994).  Therefore, we submitted the
following species: G. ashmeadi and G. metanotalis and G.
walkerjonesi and G. annulicornis to ISSR-PCR DNA fingerprinting
and the results are shown on Figure 3.  As seen from the figure, a
very clear distinction is made between the species-pairs, including
all four species.  Unique ISSR-PCR banding patterns were obtained
per species.  Even though variation is seen in G. annulicornis, the
total banding pattern is still different from the rest of the species.
The current results demonstrated that ISSR-PCR is an excellent molecular diagnostic tool with haplodiploid species, an
observation seen recently with several Gonatocerus species (de León et al. 2005, de León et al. 2006a, b, de León and
Morgan 2006).
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Gonatocerus species n ITS2 range (bp)
G. ashmeadi 29* 939-948a

G. triguttatus 3 995-1006
G. fasciatus 3 1071-1077
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G. walkerjonesi 6 851-853b
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Figure  3.  ISSR-PCR DNA fingerprinting of Gonatocerus
species with similarly sized ITS2 fragments.  Reactions were
performed with genomic DNA from five separate individuals
and a 5’-anchored ISSR primer.   M, 1.0 Kb plus DNA Ladder.

Table 1. Molecular key based on ITS2 sizes.
*Includes populations from California, Texas
(Weslaco and San Antonio), Louisiana, and
Florida; aVery close  in size; bOverlap in size;
cProspective GWSS egg  parasitoid candidate
agents from South America.
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ABSTRACT
In addition to the ‘one-step’ species-specific molecular diagnostic ISSR-PCR DNA fingerprinting method, we developed an
additional ‘one-step’ molecular diagnostic marker ‘gmtx’ toward Gonatocerus morrilli (Howard) designed toward the
ribosomal internal transcribed spacer region 2 (ITS2) to aid in monitoring establishment in California. Gonatocerus morrilli,
the imported natural enemy from Texas, is very closely related to G. walkerjonesi, the native California species.  Specificity
assays with this newly developed marker and a total of 16 Gonatocerus Nees species demonstrated that it was highly specific
toward the species that it was designed for (G. morrilli), as cross-reactivity was not seen with any of the tested species,
including all species belonging to the morrilli subgroup of the ater species group of Gonatocerus.  Anaysis of the ‘release’
‘TX/MX’ colony used before the summer of 2005 with this species-specific diagnostic marker confirmed previous results
that the ‘release’ ‘TX/MX’ colony was not the imported G. morrilli, but the native species G. walkerjonesi, confirming a
colony contamination.  Analysis of post-released G. morrilli collections with this diagnostic marker detected G. morrilli in a
site where it was previously released, in accordance with our recent finding using two other diagnostic markers used in
combination, ITS2 fragment size and ISSR-PCR DNA fingerprinting.  The current results confirm the utility of the newly
developed species-specific ITS2 molecular diagnostic marker as an excellent tool to aid in monitoring the establishment of
the imported natural enemy of the glassy-winged sharpshooter, G. morrilli.  These results and molecular tools are critical to
the biological control program in California.  We now have in our hands the molecular technology to evaluate the G. morrilli
biological control program in California from start to finish, that is, monitor establishment, dispersal, and efficacy of natural
enemies and improve mass rearing.

INTRODUCTION
Accurately identifying natural enemies is critical to the success of classical biological control programs and lack of proper
identification procedures has affected several projects (Messing and Aliniazee 1988, Löhr et al. 1990, Narang et al. 1993).  In
addition, reliable methods or molecular markers are needed for distinguishing various exotic strains of these biological
control agents from those indigenous to the U. S., including parasitoids from different states within the U. S. [e. g., G.
morrilli (Howard) and G. walkerjonesi (Triapitsyn) (Hymenoptera: Mymaridae)]. Molecular markers are also needed to
monitor the establishment of released populations and for the detection of cross-contamination between cultures of cryptic or
closely related species (Powell and Walton 1989, Menken and Ulenberg 1987, Narang et al. 1993, Hopper et al. 1993, Unruh
and Woolley 1999).  The ribosomal internal transcribed spacer (ITS) regions have been used extensively in the examination
of the taxonomic status of species and for diagnostic purposes (reviewed in Collins and Paskewitz 1996).  Stouthamer et al.
(1999) have used ITS2 rDNA fragment sizes as taxonomic characters to develop a precise identification key for sibling
species of the genus Trichogramma.  In cases where species were observed with similar sized ITS fragments the authors
suggested a two-step procedure, amplification followed by restriction digestion called polymerase chain reaction-restriction
fragment length polymorphism (PCR-RFLP).  If considering this procedure, having several species with similarly or
overlapping ITS2 fragment sizes (accompanying PD report) would require development of several species-specific ‘two-step’
PCR-RFLP assays.  The amount of steps can increase further if more than one restriction enzyme is used.  Several
Gonatocerus Nees species have similarly or overlapping ITS2 fragments (accompanying PD report).  Having a couple of
‘one-step’ procedures, along with a rapid crude DNA extraction method, would, of course, be desirable.  In addition,
confirming results with more than one molecular diagnostic marker adds confidence and accuracy to the results.  Recently,
we demonstrated that inter-simple sequence repeat-polymerase chain reaction (ISSR-PCR) DNA fingerprinting using a 5’-
anchored ISSR primer is an excellent ‘one-step’ molecular diagnostic tool with haplodipoid glassy-winged sharpshooter
(GWSS) [Homalodisca vitripennis (Germar)] egg parasitoids, such as, G. morrilli, G. tuberculifemur (Ogloblin), G.
metanolatis (Ogloblin), and G. sp. 3 (accompanying PD reports and de León et al. 2004a, 2006a,b). We have been using a
combination of two methods to aid in detecting, distinguishing, and monitoring released populations of G. morrilli imported
from Texas, specifically, ITS2 fragment size and ISSR-PCR DNA fingerprinting with excellent success (de León and
Morgan 2005, 2006).  Recent molecular genetic studies by de León et al. (2004a) and Smith (2005) demonstrated that the
origin of the GWSS that invaded California was Texas and that GWSS geographic populations clustered into two distinct
clades.  Furthermore, scientific evidence from both of these studies also demonstrated that the GWSS that recently invaded
the Pacific Island of French Polynesia (Secretariat of the Pacific Community, 2002) clustered along with the Texas and
California or the ‘western and southwestern’ clade, strongly suggesting that GWSS invaded French Polynesia via California.
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OBJECTIVE
In addition to ISSR-PCR DNA fingerprinting, develop an additional ‘one-step’ molecular diagnostic marker toward
Gonatocerus morrilli based on ITS2 species-specific primers.  Confirming results with two ‘one-step’ molecular diagnostic
markers adds confidence and accuracy to the results.

RESULTS AND CONCLUSIONS
Development and specificity of the species-specific ITS2 diagnostic marker ‘gmtx’ for Gonatocerus morrilli
A species-specific marker ‘gmtx’ (gm = G. morrilli and tx = Texas) was designed toward the ITS2 rDNA fragment of G.
morrilli, the imported egg parasitoid species from Texas. G. morrilli is very closely related to the native species from
California, G. walkerjonesi (León et al. 2004a, 2006a, Triapitsyn 2006).  For several years it was difficult to distinguish these
two species (S. V. Triapitsyn, personal communication), therefore, making it impossible to monitor the G. morrilli biological
control program in California.  To determine the specificity of the ‘gmtx’ diagnostic marker (expected size = 204-bp), we
tested specific amplification assay conditions, a rapid crude DNA extraction procedure, and screened a total of 16
Gonatocerus Nees GWSS egg parasitoid species for cross-reactivity.  Figure 1, which shows 11 Gonatocerus species, shows
that the diagnostic marker ‘gmtx’ was highly specific toward the species (G. morrilli) that it was designed for.  We also
screened the following species: G. tuberculifemur (clade 2), G. morgani, G. sp. 2, G. atriclavus, and G. novifasciatus (data
not shown).  Cross-reactivity with our specific amplification assay conditions was not seen with any of the Gonatocerus
species tested, including all species belonging to the morrilli subgroup of the ater species group of Gonatocerus.  The results
demonstrated that the ‘gmtx’ molecular diagnostic marker was highly specific toward G. morrilli, making it highly suitable to
use as a monitoring tool for G. morrilli post-released populations in California.

Figure  1.  Specificity assays using the species-specific ITS2 molecular diagnostic marker ‘gmtx’. Genomic
DNA from two individuals per species was used in amplification assays to test for cross-reactivity of the ‘gmtx’
marker (204-bp) with specific assay conditions.  The Gonatocerus species are listed on the figure.  The following
species were also tested, but not shown here: G. tuberculifemur (clade 2), G. morgani, G. sp. 2, G. atriclavus, and G.
novifasciatus. (-), negative control, no template DNA. M, 1.0 Kb Plus DNA Ladder.

Molecular diagnostic analysis of the ‘release’ ‘TX/MX’ colony used before the summer of 2005 by the ITS2 rDNA
species-specific marker, ‘gmtx’
Previously, we demonstrated the utility of using two diagnostic marker sets in combination to genotype the ‘release’
‘TX/MX’ colony and to detect post-released G. morrilli populations in California (de León and Morgan 2005, 2006).  Those
results demonstrated that the ‘release’ ‘TX/MX’ colony was not the imported species G. morrilli, but the native California
species, G. walkerjonesi; indicating a contamination of the colony.  In the current study, we again tested the same ‘release’
‘TX/MX’ colony, along with G. morrilli (TX) and G. walkerjonesi (CA) as control species, with our newly developed ‘gmtx’
species-specific molecular diagnostic marker.  Amplification with the ‘gmtx’ marker showed positive banding in only in the
control G. morrilli (TX) (Figure 2), but not in the other control G. walkerjonesi.  Amplification with this marker of the
‘release’ ‘TX/MX’ colony also produced negative banding.  The current results with our diagnostic species-specific ITS2
marker are in accordance with our previous findings (de León and Morgan 2005, 2006), that is, the ‘release’ ‘TX/MX’ colony
was not G. morrilli, but the native G. walkerjonesi, again confirming a colony contamination.
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Figure 2.  Evaluation of the ‘release’ ‘TX/MX’ colony that was used before the summer of 2005. G. morrilli
(TX) and G. walkerjonesi (CA) are included as control species.  The ITS2 species-specific diagnostic marker ‘gmtx’
was used in diagnostic amplification assays.  Four individuals per species were included. M, 1.0 Kb Plus DNA
Ladder.

The utility of the ITS2 species-specific molecular diagnostic marker as a tool to evaluate post-released G. morrilli
populations in California
In the summer of 2005, after the confirmation of the colony contamination, G. morrilli from Texas was imported to
California to restart the biological control program and shortly thereafter releases were started in California.  We screened a
few post-released populations from San Diego and Riverside Counties with our newly developed diagnostic marker, ‘gmtx’.
Amplification with ‘gmtx’ produced positive banding in one location (Figure 3, lane E) where G. morrilli (TX) was
previously released, whereas, amplification was not seen in the rest of the post-released collection sites (Figure 3, lanes A, B,
C, D, and F); indicating that G. morrilli was detected.  The current results are in accordance with our previous results using
other diagnostic markers (de León and Morgan 2005, 2006).  The current results confirm the utility of our newly developed
ITS2 species-specific molecular diagnostic marker as an excellent tool to aid in monitoring the establishment of G. morrilli in
California.  These results and molecular tools are critical to the biological control program in California.  We now have the
molecular technology to evaluate the G. morrilli biological control program in California from start to finish, that is, monitor
establishment, dispersal, and efficacy of natural enemies and improve mass rearing.

Figure 3.  An example of the utility of the species-specific ITS2 diagnostic marker ‘gmtx’ in evaluating post-
released G. morrilli collections. Two individuals per collection site were tested with the diagnostic marker.
Collection sites: DPAU1, Pauma, San Diego County; RGDR1, Meyers St, Riverside County; RGlV1, Glen Ivy,
Riverside County; RTEM2, Temecula, Riverside County. M, 1.0 Kb Plus DNA Ladder.
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ABSTRACT
Over 1,500 predators were screened for glassy-winged sharpshooter (GWSS) remains using a GWSS egg-specific
monoclonal antibody (MAb) and several GWSS-specific genetic markers.  Specimens were collected in 2002 and 2003 from
a citrus orchard (Riverside, CA) harboring high densities of GWSS.  We found that 6.2% of all specimens examined tested
positive for GWSS remains.  The most frequent predators to test positive included the assassin bug, Zelus renardii (Kolenati)
(Hemiptera: Reduviidae) and the spiders Trachelas pacificus Chamberlin and Ivie (Araneae: Corinnidae) and Olios sp.
(Araneae: Sparassidae) with 41, 22, and 19% of the specimens testing positive with either ELISA and/or PCR, respectively.

INTRODUCTION
Effective control of GWSS will require an areawide integrated pest management approach (AW-IPM).  A major component
of AW-IPM is the exploitation of the pest’s natural enemies, which, when utilized to their greatest potential, can increase the
effectiveness of other control tactics.  Very little information exists on GWSS’s predaceous natural enemies.  Identifying the
impact of predators can be challenging as they are usually small, elusive, nocturnal or cryptic.  Direct visual field
observations of predation are rare and often difficult to obtain.  While predation studies using enclosures can provide some
indication of predator impact, it fails to recreate natural conditions and can result in an overestimation of predation.  A more
valid method to qualitatively identify predators of key pests in nature is by the molecular analysis of predator gut contents for
pest remains (reviewed in Sheppard and Harwood 2005).  The state-of-the-art predator stomach content analyses include both
MAb-based enzyme-linked immunosorbant assays (ELISA), which detect prey-specific proteins (Hagler et al. 1994ab,
Schenk and Bacher 2004), and polymerase chain reaction (PCR)-based assays, which detect prey-specific DNA (Zaidi et al.
1999, Agustí et al. 2003).  While DNA-based approaches reveal the prey identity at the species-level, they are unable to
indicate which prey life stage is consumed. In contrast, pest-specific and life stage-specific MAbs can target a particular life
stage of a given species, providing a higher level of precision to document predation (Hagler and Naranjo 1996).  Combining
both assays can provide a powerful tool to study predation on the GWSS.

To this end, genetic markers were designed using the cytochrome oxidase gene subunit I (COI) to detect and amplify a
GWSS-specific fragment (de León et al. 2006), and a GWSS-egg specific MAb was developed to detect GWSS egg-specific
protein (Hagler et al. 2002, Fournier et al. 2006).

OBJECTIVE
The main objective of this research is to identify the key predators of the different life stages of GWSS.  More specifically,
our aim is to determine the proportion of predators feeding on the various GWSS life stages in a citrus orchard.  Using
GWSS-specific ELISA and PCR assays, we examined the guts of 1,507 field-collected generalist predators.  Results obtained
from this research will aid in evaluating the efficacy of generalist predators for conservation biological control program.

RESULTS
Generalist arthropod predators were collected during 2002 and 2003 from a citrus orchard located at the Agricultural
Operations Farm at the University of California, Riverside, CA.  Collections were performed by beating the foliage or
fogging the citrus trees with pyrethrum insecticide.  Densities of GWSS were recorded as well (Blua and Akey, unpublished
data).  For each group of predators, we conducted lab trials to generate negative controls (i.e. individuals with no GWSS
remains in their guts) and positive controls (i.e. individuals fed GWSS).  Predators were frozen, sorted and then screened for
GWSS remains with GWSS egg-specific sandwich ELISA and GWSS-specific PCR assays.  Materials and methods
employed were similar to the ones described in Fournier et al. (2006) and de León et al. (2006).  Predators were scored
positive for prey remains if the 197-bp specific GWSS DNA fragment was successfully amplified.  With ELISA, specimens
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were scored positive if they yielded an optical density response five standard deviations above that of their respective
negative control mean (Sutula et al. 1986).

Table 1 reports the PCR and ELISA results for all the predator specimens collected from the citrus orchard (N=1,507).  Our
study showed that 6.2% of all specimens were found positive for GWSS remains.  True bugs and spiders were the two groups
with the highest percentages of positives, with respectively 28 and 18% of the specimens testing positive with ELISA and/or
PCR.  Among these groups, Zelus renardii (Hemiptera: Reduviidae), Trachelas pacificus, (Araneae: Corinnidae), and Olios
sp. (Araneae: Sparassidae) were the most common predators of GWSS, with respectively 41, 22, and 19% of the specimens
testing positive.  Earwigs (N=661) and beetles (N=465), the two groups comprising the greatest number of specimens
collected, only yielded 5.0 and 2.6% positive reactions, respectively.

Table 1. Results from predator gut content analyses using GWSS-specific PCR and ELISA.  Predators were collected from
GWSS-infested citrus trees in Riverside, CA.

Predator Group N % ELISA positive (a) % PCR positive (b) % overall positive (c)
True bugs (Hemiptera) 25 20% 23% 28%
Ants (Hymenoptera) 121 2.5% 1% 3.3%
Spiders (Araneae) 198 12% 12% 18%
Beetles (Coleoptera) 465 1% 2% 2.6%
Earwigs (Dermaptera) 661 2% 3.5% 5%
Others (various orders) 37 2.7% 0% 2.7%

Total 1,507 3.2% 3.8% 6.2%
(a) an individual was determined “positive” if GWSS egg-specific MAb detected egg protein in its gut.
(b) an individual was determined “positive” if GWSS-specific fragment was successfully amplified from its gut.
(c) % of specimens that tested positive for GWSS remains with either one, or both types of gut assay.

CONCLUSIONS
In contrast to our previous study (Fournier et al. 2005; Fournier et al., in preparation), in which predators (N=1,235) were
collected from various ornamental plants in the urban areas of Bakersfield, CA and assayed with identical ELISA and PCR
probes presented here, the current analyses with citrus-collected predators revealed a much lower percentage of overall
specimens yielding positive response for GWSS remains (6.2% compared to 14.8%).  Among other things, this observation is
likely to be due to the differences in GWSS populations and predator complexes between the two systems.  For instance, the
host plants from which specimens were collected in the urban settings harbored higher abundance of spiders from the
families Clubionidae, Salticidae and Agelenidae, which commonly prey upon GWSS.  Similarly, lacewings and praying
mantis were much more abundant in the urban settings than in the citrus orchard and commonly tested positive for GWSS
remains.

Here we successfully implemented a GWSS-specific ELISA and PCR assay to analyze the guts of field-collected predators.
Once the key predators of the various life stages of GWSS are identified, this information can be used to develop more
ecologically-based management programs to control GWSS in California.
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ABSTRACT
Surveys in the native range of the glassy-winged sharpshooter (GWSS) Homalodisca vitripennis are continuing to discover
nymphal parasitoids and to determine the ecology and phenology of GWSS in undisturbed natural areas.  Fifteen sites with
stands of native Vitis spp. in southeastern Texas have been surveyed monthly from October 2005 to present.  The focus is on
big-headed flies (Pipunculidae), which are known to be nymphal parasitoids of sharpshooters.  Several methods have been
used to survey for the parasitic flies, including yellow sticky cards, malaise traps, sweeping, hand collection, and tethered
nymphal sentinels.  Larval pipuculids have been dissected from hand collected Oncometopia orbona feeding on mustang
grapes.  Numerous adult Eudorylas spp. have been collected by sticky traps, sweeping, and malaise traps that may be
associated with GWSS. Peak populations of Pipunculidae, including Eudorylas and Tomosvaryella spp., occurred in
February and October.  Populations of GWSS began to increase in March and peaked in July.  GWSS adults collected in
March from survey locations were all positive for the presence of Xylella fastidiosa in their foreguts.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), Homalodisca vitripennis, is native to Northeastern Mexico and the Southeastern
U.S., and the origin of the invasive California populations is reported by de León et al. (2004) to be Texas.  Most of the
entomological and epidemiological information regarding this pest is derived from its status as a vector of Pierce’s disease,
Xyllela fastidosa (Xf), in cultivated hosts.  Much less is known about the field ecology and phenology of GWSS and its
natural enemies in its native habitat in the Southeastern U.S. Recent surveys in the native range and research on biological
control agents has focused on egg parasitoids of GWSS (Mizzell and Andersen 2003, Hoddle and Tripitsyn 2004, Luck et al.
2004, Irwin and Hoddle 2005, Jones et al. unpublished data). Gonatocerus spp. egg parasitoids have been collected from the
native range of Texas, Florida and Northeastern Mexico, and released in California where several species are now established
(CDFA 2004). Nymphal parasitoids of GWSS, including Pipunculidae, have not been evaluated as biological control agents.
Skevington and Marshall (1997) review the natural history and rearing of Pipinculidae.  They indicate that many pipunculids
are oligophagous and show specificity at the genus level.  Five new pipunculid-sharpshooter host associations have been
documented by Skevington et al. 2006 (submitted).  The focus of our research is to discover, identify and evaluate the
pipunculid parasitoids of GWSS and other sympatric sharpshooters.  We will also use this survey of sharpshooters to
determine the seasonal percentage of adults infected Xf in native habitats for comparison to agricultural settings in California
where GWSS is invasive.

OBJECTIVES
1. Conduct monthly surveys in the native range of GWSS.
2. Determine the phenology and ecology of GWSS and other sharpshooters
3. Determine the species composition of GWSS natural enemies in their native habitat.
4. Develop methods for collection of parasitized GWSS nymphs and adult parasitoids.
5. Investigate the biology and biological control potential of GWSS nymphal parasitoid species.

RESULTS
Fifteen field sites have been established in southeastern Texas (Goolsby and Setamou 2005).  The sites are located in eight
different biogeographic zones.  The transect starts at the southern tip of Texas in the Lower Rio Grande Valley in Weslaco,
extending northwest to the Texas Hill Country near New Braunfels, northeast to the Piney Woods near Houston, and south
along the coastal plain.  Each site has natural stands of native Vitis spp.  Five yellow sticky cards were placed monthly at
each location starting in October 2005.

The mean number of GWSS and Oncometopia orbona (F.) adults in yellow sticky card traps for Giddings, TX are shown in
Figure 1.  The numbers of sharpshooters at this site are consistently high, which may be due to large stands of mustang grape,
Vitis mustangensis and close proximity to Yegua Creek. Oncometopia orbona populations peak in early spring followed by
GWSS.  This phenology results in nymphal sharpshooter populations throughout the spring and summer which may be
exploited by pipunculid parasitoids.
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Figure 1. Yellow sticky trap catches of sharpshooter adults adjacent to mustang grape stands near
Giddings, TX (Oct. 05- Aug 06).

Pipunculidae have been collected in yellow sticky traps from each survey location in Southeast Texas.  Most individuals thus
far have been recovered from October to February. Individuals collected in the yellow sticky traps fall into four different
genera (Table 1). Eudorylas is the most likely parasitoid of GWSS based on its known biology and host associations.
Further, an unknown species of Eudorylas was collected from Oncometopia orbona (F.) near Giddings, TX in October 2005.

Several methods have been investigated for recovery of Pipunculidae in addition to yellow sticky traps, including Malaise
traps, hand collecting of adults for dissection and to hold for emergence of parasitic flies, sweeping, and tethering of nymphs.
Malaise traps near Weslaco were placed next to naturalized grapes adjacent to a large natural area with diverse vegetation.
Several Eudorylas sp. adults have been collected from the traps and held for identification.  Once the species associated with
GWSS has been identified, and the ideal time and location are determined, Malaise traps fitted with dry collection cones
could be useful in collecting large numbers of adult pipunculids. Through dissections, pipunculid larvae have been recovered
in Oncometopia orbona adults (Skevington et al. submitted).  Several pipunculid flies have been recovered from sweeping
but their host associations are not known. Adults in flight move in a characteristic slow hover, occasionally lighting on plants
to feed on honeydew.  Hundreds of GWSS adults have been hand collected from the survey locations and held in cages under
greenhouse conditions, however without success in rearing out pipunculid adults.  It is possible that the parasitic flies emerge
from late instar nymphs (which are rare in the field), or the behavior of the parasitized individuals is altered, making them
inaccessible for collection.  Methods have been developed for tethering of sentinel nymphs to overcome the difficulties of
collecting nymphs in the field. Current methods involve tethering of nymphs on silk threads glued to the thorax.  The end of
the tether can be placed on foliage in the areas frequented by the pipunculid adults.  The optimal period for Pipunculidae
appears to be late Fall through early Spring.  Plans have been made to intensively survey for Pipunculidae during this time
and to employ tethered nymphs in the most promising locations.

Table 1. Numbers of Pipunculidae adults collected from March to June 2006 in the yellow sticky traps.
Location Eudorylas Tomosvaryella Chalarus Cephalops
Weslaco 5 6
George West 11 25
Pleasanton 0 5 2
New Braunfels 3 9
Giddings 1 1
Hempstead 1
Refugio 1
King Ranch 1 1
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Sharpshooters collected in March 2006 were assayed for the presence of Xf using molecular techniques developed by Bextine
et al. (2005).  This date is significant because this is when ‘red-winged’ GWSS first appear in the field, which is indicative of
a new generation of adults.  High levels of Xf were detected in GWSS (13/13), O. nigricans (8/21), O. orbona (39/51).  The
assay of Xf in sharpshooter adults will continue for a full annual cycle.

CONCLUSIONS
Adult Oncometopia spp. reach a peak in late Spring, followed by GWSS which peaks in mid-Summer.  Nymphal populations
therefore must be common one to two months prior, which should correspond to peak pipunculid activity.  Future efforts will
be focused on collecting and evaluating pipunculids using sticky traps, Malaise traps, dissection of hand collected
sharpshooters and tethered sentinel nymphs.  Pipunculid immatures collected from GWSS and other sympatric sharpshooters
will be sequenced and compared with sequence data from known adult populations.  This molecular tool may help to
determine the identity of the GWSS pipunculid and further refine the search areas and methods.  Our goal for the next year is
to evaluate these nymphal parasitoids of GWSS as biological control agents and export them to CDFA for mass rearing and
release in California, to minimize the impact of GWSS on agricultural producers.
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ABSTRACT
The gut contents of 376 individual predators were assayed for glassy-winged sharpshooter (GWSS) remains using a
multitude of ELISAs designed to detect predation on various GWSS life stages.  We found that almost 10% of the predators
examined contained GWSS remains in their guts.  We recorded 10, 17, and 20 predation events on the GWSS egg, nymph,
and adult stages, respectively.  Of the predators examined in this study, Collops vittatus (20.6%) and Hippodamia convergens
(16.7%) had the highest percentage of individuals positive for GWSS remains.  Approximately 10% of five of the other
predator species and none of the earwigs tested contained GWSS remains.

INTRODUCTION
Predaceous natural enemies can be important regulators of arthropod populations (Luff, 1983).  However, accurately
identifying key predators of most pests is very difficult because predators and their prey can often be small, elusive, and
cryptic.  Hence, visual field observations of predation are extraordinarily difficult to obtain.  Perhaps the most frequently
used experimental approach for evaluating predaceous natural enemies in the field are through studies conducted in field
cages (Luck et al., 1988).  Such studies require manipulation of either the natural enemy or the targeted prey population(s)
within the cage.  Mortality of the pest can be estimated based on the presence or absence of the pest over time (Smith & De
Bach, 1942; Luck et al., 1988).  Such studies have documented the qualitative impact of manipulated predator assemblages
on many types of pests, but they do not provide quantitative information on predation rates or evidence of which predator in
the assemblage is exerting the greatest biological control.  Often the only direct evidence of arthropod predation can be found
in the stomach contents of predators.  Currently, the state-of-the-art predator stomach content assays include immunoassays
(typically ELISA) for the detection of pest-specific proteins (Hagler & Naranjo, 1996) and PCR assays for the detection of
pest-specific DNA (de León et al., 2006).

ELISAs using pest-specific monoclonal antibodies (MAbs) have been widely used to identify key predators of certain pests,
including the glassy-winged sharpshooter (GWSS) (Fournier et al., 2006).  The simplicity and low cost of ELISA lends itself
to the efficient screening of hundreds of field-collected predators per day (Hagler & Naranjo, 2005).  However, MAb
development is technically difficult, costly, and time consuming for wide scale appeal (Greenstone, 1996).  Moreover, pest-
specific ELISAs share the same limitation as the other predator evaluation methods; the quantification of predation rates is
impossible (see Hagler & Naranjo, 1996 for a review).  PCR assays using pest-specific DNA probes might be less expensive
to develop (Greenstone & Shufran, 2003), but PCR assays are also not quantifiable and they are more costly, technical,
tedious, and time consuming than ELISAs (pers. obs.).  These difficulties have resulted in a dearth of information on the
quantitative impact that generalist predators have on suppressing pest populations.

The many shortcomings of each method of predator assessment described above were the impetus for us to develop a
technique to more efficiently quantify predator activity.  The technique combines our previous research using pest-specific
MAb-based ELISAs to detect predation (Fournier et al., 2006) with protein marking ELISAs developed to study arthropod
dispersal (Hagler et al., 2002; Jones et al., 2006).  In this study we erected 40, 1-m long field cages on selected citrus
branches.  We then placed (using a paper clip) a sentinel GWSS egg mass (ca. 6 to 12 eggs per mass) on the underside of a
randomly selected leaf in each cage along with two individuals each of Hippodamia convergens, Collops vittatus,
Chrysoperla carnea, Labidura riparia, Geocoris punctipes; and one individual each of Sinea confusa and Zelus renardii.
One hour later, we released two GWSS adults and two nymphs into each cage.  The four mobile GWSSs were each marked
with a different protein before they were introduced into each cage.  After 6 hours, each citrus branch was cut at its base, just
below each cage, and immediately frozen on dry ice.  Each predator was then analyzed by four protein-specific ELISAs to
determine if they contained marked GWSSs in their guts.  Additionally, the gut contents of each predator was examined by a
GWSS egg-specific sandwich ELISA (Fournier et al., 2006) to determine the frequency of predation on GWSS eggs.
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OBJECTIVES
We are in the final phase of a multi-year research project dedicated to:
1. Quantifying predation rates on GWSS nymphs and adults
2. Qualifying predation on GWSS eggs.  Using a novel multiple prey marking technique (Hagler, 2006) and a GWSS egg-

specific MAb (Fournier et al., 2006) we simultaneously examined the gut contents of a total of 376 predators from seven
predator species for the presence of five GWSS prey items (e.g., GWSS egg protein, 2 protein marked nymphs and 2
protein marked adults).

RESULTS
The recovery rate of the predators ranged from 55% for earwigs and lacewings to 97.5% for the assassin bugs and lady bugs
(Table 1).  The low recovery rate of earwigs and lacewings is likely due to their ability to escape from the cages (e.g.,
earwigs), they were the victims of interguild predation (e.g., lacewings) (Hagler, 2006), or they were overlooked in the
sorting process (e.g., lacewings).

Of the 376 predators examined by ELISA, a total of 37 predatory events (9.8% of all the predators examined) were recorded
in this study.  Of these, 2.7% (n=10) were the result of predation on the GWSS egg stage. Unfortunately, due to the
limitations of using a pest-specific ELISA (as mentioned above), we cannot determine if the positive reactions were due to
predation on one or more eggs.  The number of predation events recorded for the GWSS nymph and adult stages were 17
(4.5% of the population) and 20 (5.3% of the population), respectively.  Since these predation events were each detected with
a specific protein ELISA, we are confident that these results represent the first quantified results of predation using molecular
gut content methods (e.g., immunological or DNA based).  Interestingly, of the 376 predators assayed, only three predators
yielded more that one positive ELISA reaction.  Specifically, one lady beetle yielded a positive reaction for at least one
GWSS egg and an adult, one assassin bug (S. confusa) yielded a positive reaction for both of the marked GWSS nymphs
released into its cage, and one flower beetle yielded a positive reaction for both marked GWSS adults released into its cage.

Table 1. Predator gut content ELISA results yielded by the 376 individuals assayed for the presence of GWSS eggs,
nymphs, and adults.

Species
(common name)

Total
Number
Released

Total Number
Recovered (%)

After 6 h

# Positive (%)
for GWSS
Egg Stage

# Positive (%)
for GWSS

Nymph Stage

# Positive  (%)
for GWSS

Adult Stage

Total (%) by
Species

Hippodamia convergens
(lady beetle) 80 78 (97.5%) 4 (5.1%) 4 (5.1%) 5 (6.4%) 13 (16.7%)

Collops vittatus
(flower beetle) 80 68 (85.0%) 2 (2.9%) 7 (10.3%) 5 (7.4%) 14 (20.6%)

Chrysoperla carnea
(lacewing) 80 44 (55.0%) 1 (2.3%) 0 (NA) 2 (4.5%) 3 (6.8%)

Labidura riparia
(earwig) 80 44 (55.0%) 0 (NA) 0 (NA) 0 (NA) 0 (NA)

Geocoris punctipes
(big-eyed bug) 80 64 (80.0%) 3 (4.7%) 3 (4.7%) 2 (3.1%) 8 (12.5%)

Sinea confusa
(assassin bug) 40 39 (97.5%) 0 (NA) 2 (5.1%) 3 (7.7%) 5 (12.8%)

Zelus renardii
(assassin bug) 40 39 (97.5%) 0 (NA) 1 (2.6%) 3 (7.7%) 4 (10.3%)

Total (%) by GWSS Life
Stage 480 376 (78.3%) 10 (2.7%) 17 (4.5%) 20 (5.3%) 37 (9.8%)

CONCLUSIONS
Although it is widely accepted that predators play a role in pest regulation, we still have an inadequate understanding of and
ability to predict their impact in cropping systems.  The impact that predators have on suppressing GWSS populations goes
unrealized due to the difficulties of assessing arthropod predation.  The prey marking technique (Hagler, 2006) combined
with a GWSS egg-specific gut content ELISA (Fournier et al., 2006) circumvented many of the shortcomings of the current
methods used to study predation.  Here, we quantified predation on GWSS nymphs and adults and qualified predation on
GWSS eggs.  This information and the data presented by Fournier et al. (in this volume) will be used to develop a
comprehensive biological control program that better conserves the populations of those predators exerting the greatest
control on the various GWSS life stages.
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ABSTRACT
Glassy-winged sharpshooter (GWSS; Homalodisca vitripennis; formerly H. coagulata) population densities have been
steadily declining over a 4.5 year period in organic lemons grown in an experimental study plot at University of California,
Riverside Ag. Ops.  Peak adult GWSS populations in August 2006 were just 32% of those observed around August 2002.  It
is uncertain if egg parasitism, which has consistently averaged ~ 20% per year of GWSS egg masses, is responsible for the
observed decline.  Density dependent analyses of time series data are planned once data sets are large enough.  Phenological
observations are being complimented with recently initiated multi-cohort stage frequency life tables to provide greater insight
into GWSS population dynamics and identification of life stages most susceptible to mortality factors.

INTRODUCTION
In California, there is a guild of natural enemies attacking the glassy-winged sharpshooter (GWSS; Homalodisca vitripennis;
formerly H. coagulata).  The dominant parasitoid attacking GWSS in California is Gonatocerus ashmeadi followed by G.
morrilli. G. triguttatus from Texas and G. fasciatus from Louisiana have been released in California, but widespread
establishment is uncertain.  Completion of recent studies investigating the effect of varying temperatures on development,
survivorship, and reproductive output coupled with GIS modeling, strongly suggests that climate is a major limiting factor for
G. triguttaus in California, while G. ashmeadi is more robust to California’s varying climatic conditions (see article in this
Proceedings).  Other minor parasitoid species include G. novofasciatus, Ufens sp., and Zagella sp.  Together, this guild of
parasitoids provides an average of ~15% parasitism of GWSS eggs laid during the spring generation and ~20-25% of GWSS
eggs laid during the summer generation in commercial citrus orchards.  The average year round parasitism level of ~20%
falls short of the 33-36% level determined necessary for successful classical biological control (Hawkins and Cornell, 1994).
However, data collected from bi-weekly monitoring over the last five years from an organic commercially-managed citrus
orchard in Riverside indicates that GWSS populations are declining steadily each year (Figure 1). It is uncertain what the
significance is of parasitism of GWSS eggs by mymarid parasitoids to this downward population trend (Figure 2).  There are
at least four possible reasons for low seasonal parasitism levels in California: (1) competitive exclusion amongst members of
the GWSS parasitoid guild is reducing effective biological control.  (2) An extremely aggressive and efficacious natural
enemy that can dominate the system to the almost total exclusion of all current parasitoids has not been established in
California and is needed for successful biological control of GWSS.  (3) The absence of resource subsidies such as nectar
provided by flowering plants in agroecosystems may limit parasitoid efficacy because longevity and fecundity is significantly
reduced when parasitoids can not access carbohydrates. Understorey management may be an important cultural strategy to
benefit parasitoids if it can be demonstrated not to enhance GWSS and Xylella populations.  (4) Climate, in particular,
prolonged cool periods over winter when GWSS eggs are unavailable probably has a severe affect on parasitoid reproductive
success.  There are two general approaches to investigating population phenomena in the field: (1) long-term phenology
studies which can be used to tease out density-dependent and density-independent factors affecting population dynamics, and
(2) life tables that dissect populations by life stage to determine the magnitude of change between developmental stages, and
if possible elucidation of factors impacting survivorship within life stages. Both approaches need to be conducted
concurrently in the same field plots using standardized methods to better understand mechanisms underlying long-term
population fluctuations for GWSS in California.

OBJECTIVES
1. Construct multi-cohort life tables for glassy-winged sharpshooter nymphs and adults in citrus orchards.
2. Continue the 3 years of bi-weekly surveys of GWSS eggs, nymphs, and adults, and associated rearing of parasitoids from

harvested egg masses in citrus at Ag Ops, UC Riverside.

RESULTS
The population monitoring study and measures of percentage parasitism clearly indicate that GWSS densities have continued
to decline steadily at the long-term monitoring plot (Figure 1) and percentage parasitism have remained relatively constant
over this time period (Figure 2).  Detection of density-dependent mortality from sequential census data such as that presented
here is notoriously difficult and the results of analytical models differ in outcomes depending on assumptions made even
when dummy data sets have been constructed to show density dependent mortality.  One of the major problems with these
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types of analyses is serial correlation, where densities at Nt directly influence the population at Nt+1. Recent developments in
analyses of time series data, such as those we are collecting for GWSS are now providing much more robust tests that
overcome autocorrelation problems.  The Partial Rate Correlation Function is a relatively new statistical procedure
specifically designed for time series analysis of biological populations to detect density dependent feed back.  Literature
searches so far indicate that PRCF is the best of the extant techniques for analyzing long-term population counts.
Consequently, census data collected from GWSS monitoring will be subjected to PRCF once we have data for a minimum of
10 consecutive years to determine if density dependent or density independent feed back is responsible for observed
fluctuations from generation to generation.  Detection of density dependent mortality will indicate that populations are being
regulated, and could suggest that natural enemy populations are responsible.  Currently, our data set is too short to determine
if parasitoid activity is providing density dependent mortality and is subsequently responsible for decreasing GWSS densities
at the study site.  There are several techniques that are amenable to constructing life tables for GWSS using stage frequency
data from field surveys.  GWSS motiles are relatively easy to classify based on developmental stage.  Therefore the numbers
in each developmental stage can be determined and the data used to estimate numbers entering a life stage, survival rates in a
stage, life stage duration, and numbers successfully entering the next stage.  The Kiritani-Nakasuji-Manly (K-N-M) method
has been used to construct life tables for insects with discrete generations from regularly collected census data of field
populations.  The ideas behind this model are simple and robust.  The area under a life stage frequency curve is determined
by: (1) the number of individuals entering that life stage through time; (2) a survival parameter that determines the numbers
exiting the life stage to enter the next developmental stage, and (3) the length of time that particular life stages last for. The
K-N-M model can be applied to the spring and summer generations of GWSS as the amount of over lap between life stages
across generations are minimal.  Work is ongoing for the K-N-M life tables and too few data have been collected this summer
for any meaningful analyses.
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Figure 1. Phenology of adult GWSS in Eureka lemons.  Data are total counts from timed five minute surveys made
every two weeks of 10 mature lemon trees at Ag. Ops. University of California, Riverside.
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Figure 2. Percentage parasitism estimates of GWSS eggs in Eureka lemons.  GWSS egg masses are collected from timed
five minute surveys made every two weeks of 10 mature lemon trees at Ag. Ops. University of California, Riverside.
Harvested leaves are returned to the laboratory, the number of eggs per egg mass are counted and parasitoid emergence and
species identity per egg is determined.  Overall average egg parasitism = 19.34%

CONCLUSIONS
GWSS populations appear to be showing a steady annual decrease in numbers in an organic lemon orchard at the University
of California, Riverside.  Percentage parasitism of GWSS eggs by mymarid parasitoids, in particular, G. ashmeadi, has
remained relatively constant from year to year at ~20%.  It is unknown if this level of parasitism is sufficient to have caused
the steady decline in GWSS numbers observed over the past five years.  The construction of the K-N-M life table from multi-
cohort sampling data is incomplete as just one summer’s worth of data has been collected.  The life table aspect of the project
is ongoing.
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ABSTRACT
Glassy-winged sharpshooter (GWSS; Homalodisca vitripennis; formerly H. coagulata) developmental and reproductive
biology has received very little attention from researchers investigating management strategies for this pest.  This is a major
impediment to rearing this insect for experimental work, developing management plans, understanding interactions with
natural enemies, predicting incursion risk into new areas, and spread in recently inoculated areas.  Field-oriented management
plans for GWSS, if they are to be effective, need solid data on day-degree accumulations to predict pest developmental times,
number of expected generations per year, and estimates of expected longevity and fecundity.  The purpose of this grant is to
generate these fundamental biological data for GWSS to assist pest management programs, biological control efforts, and
incursion risk management.  Work investigating the developmental and reproductive biology of GWSS at 20oC and 30oC is
underway and should be completed by the end of the year (i.e., December 2006).

INTRODUCTION
Completed studies have comprehensively quantified the day-degree requirements of Gonatocerus ashmeadi and its
demographic statistics across five temperatures (Pilkington & Hoddle, 2006a).  These temperature derived data were modeled
and equations generated were put into a GIS model built from 381 weather stations in California (CA).  Geographic
Information System (GIS) output using temperature data and relationships between G. ashmeadi development and population
growth predicted the “intensity” of generational turnover and population growth throughout CA for this parasitoid.  These
results may indicate where G. ashmeadi can be expected to invade in California should its host, the glassy-winged
sharpshooter (GWSS; Homalodisca vitripennis; formerly H. coagulata), invade these areas too (Pilkington & Hoddle,
2006b).  Similar work has been completed and submitted for publication on G. trigutattus (Pilkington & Hoddle, 2006c, d).
However, these analyses for parasitoids and GIS application are moot unless they can be overlaid and compared with similar
predictions for GWSS from comparably generated and analyzed data on its developmental and reproductive biology.
Consequently, the intent of this project is to develop estimates of reproductive output at five different temperatures, and time
to complete development at these experimental temperatures.  Together these data will enable GIS modeling to predict
incursion risk and intensity of population growth of GWSS in different areas of California and these models can be compared
to similar data and GIS models for G. ashmeadi and G. triguttatus.

OBJECTIVES
1. Develop day-degree models for GWSS by quantifying the developmental biology at 5 different temperatures (15, 20, 25,

30, & 33oC).
2. Quantify reproductive biology and generate demographic statistics from lxmx life tables at five experimental

temperatures.
3. Use day-degree data (Objective 1) and demographic estimates (Objective 2) in GIS to predict the geographic range of

GWSS within California, and intensity of population turnover in areas vulnerable to incursion. These predictions will be
compared to those generated for two egg parasitoids of GWSS, G. ashmeadi and G. triguttatus.

RESULTS
This work is ongoing and results for 20oC and 30oC are not yet available but work should be completed by the end of 2006
for these two temperatures.

CONCLUSIONS
This work is ongoing and will be completed by the next PD Symposium in 2007.
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ABSTRACT
Gonatocerus tuberculifemur and G. sp. 6. morrilli complex are two sharpshooter parasitoids from Argentina that have been
held at the UC Riverside I & Q facility since September 2002 and reared on glassy-winged sharpshooter (GWSS;
Homalodisca vitripennis; formerly H. coagulata) egg masses.  There is substantial uncertainty about the safety of releasing
these agents and whether they would provide additional control of GWSS in California or disrupt the efficacy of the existing
parasitoid complex which has been constructed with natural enemies that have evolved to exploit GWSS.  The purpose of this
grant is to ascertain in Quarantine whether these two neoclassical biological control agents from Argentina can outperform
the dominant GWSS parasitoid in California, G. ashmeadi.  These data will help guide the decision to release the
Argentinean parasitoids from quarantine for liberation and establishment in California.  Work has not commenced on this
project as the quarantine colony was recently infused with “new blood” from specimens collected in Argentina in August
2006.

INTRODUCTION
Neoclassical or new association biological control is the deliberate establishment of natural enemies against a target pest with
which these natural enemies have no evolutionary history.  The intent of this form of inoculative biological control is to
suppress target pest populations by creating novel pest-natural enemy associations.  The rationale for this strategy is the
development of new exploiter-victim relationships which are hypothesized to be more effective at controlling pests.  Greater
impact can occur because new association avoids using old association co-evolved natural enemies that have developed
population stabilizing mechanisms with the pest.  It is proposed that old associations potentially result in higher population
equilibrium densities compared to what would be observed if a novel efficacious natural enemy was attacking the pest with
which there is no evolutionary history (Hokkanen and Pimental, 1984; 1989).  Neoclassical biological control is considered
to be the least ethically defensible course of action when considering use of natural enemies for pest control because of: (i)
uncertainty over adverse effects of novel associations on pest population dynamics, and (ii) potential loss of ecological
functions of native species because of non-target attacks (Ehler, 2000).  However, these potential concerns should be
addressed on a case by case basis, rather than relying on broad generalizations that ranks the ethical desirability of employing
new associations lower than old associations, and the environmental risk factor substantially higher.  Survey work by the
USDA in Argentina has revealed a complex of parasitoid species attacking Proconiini [this is the same tribe that the glassy-
winged sharpshooter (GWSS; Homalodisca vitripennis; formerly H. coagulata) belongs to] sharpshooters in South America.
Some of these discovered species are new to science, and two species, Gonatocerus tuberculifemur and G. sp. 6, from
Argentina have been in quarantine at UC Riverside since September 2002.  These two parasitoids dominated the natural
enemy fauna attacking Proconiini cicadellids in arid areas of Argentina (i.e., provinces of Mendoza and Rio Colorado) and it
is thought that they may be well suited to California’s climate and could provide substantial control of GWSS.  Limited work
on host specificity testing conducted by the CDFA suggests that native California non-Proconiini sharpshooters are not at
substantial risk from non-target attacks by G. tuberculifemur (Pickett pers. comm. 2005).  However, all native U.S.
Proconiini sharpshooters are considered to be at high risk of attack by these Argentinean parasitoids (Goolsby pers. comm.
2005).  Consequently, concerns have been raised about non-target impacts on native USA Proconiini sharpshooters that could
result from establishing these Argentinean parasitoids in California.  The most salient risk scenario is the successful incursion
of native GWSS habitat in the southeast USA and northeast Mexico by these neoclassical biological control agents from
Argentina.  This could readily occur via the transportation of plant material from California to Florida that carries GWSS egg
masses parasitized by G. tuberculifemur or G. sp. 6.  Should this occur, potential impact on native southeastern USA
Proconiini sharpshooters is almost certain to occur, but the magnitude of the severity of successful infiltration is impossible
to predict a priori.  Consequently, the purpose of this research project is to determine if the neoclassical biological control
agent, G. tuberculifemur, is competitively superior to the omnipresent G. ashmeadi, and exhibits the potential to be an
extremely aggressive and efficacious natural enemy that can dominate the system to the almost total exclusion of all current
parasitoids thus providing higher levels of biological control of GWSS than is currently observed.
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OBJECTIVES
1. Ascertain oviposition preferences of G. ashmeadi, G. tuberculifemur, & G. sp. 6 for GWSS egg masses of different ages.
2. Determine the competitiveness of these parasitoids simultaneously foraging for GWSS egg masses in simple and

complex environments.
3. Statistically compare the functional response of each species attacking GWSS egg masses of different sizes.
4. Compare the mean daily and lifetime reproductive output for each species at 20, 25, and 30oC.
5. Determine mean developmental times for each species at 20, 25, and 30oC.
RESULTS
No results have been achieved on this project so far.  Fast progress is expected next season when GWSS colonies begin to
produce abundant egg masses for experimentation.

CONCLUSIONS
Work is yet to commence on this project.  Rapid progress is expected once the project starts in spring 2007.
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ABSTRACT
Oosorption and egg maturation results suggested that Gonatocerus ashmeadi is a pro-synovigenic species and females
mature more eggs during their lifetime.  In the absence of hosts, oosorption was initiated on day 7, where the number of
reabsorbed eggs increased at a rate of 1-4 eggs per day.  In the presence of hosts female G. ashmeadi matured 3-27 eggs per
day.

INRODUCTION
The self-introduced Gonatocerus ashmeadi (Vickerman et al. 2004) is the key natural enemy of glassy-winged sharpshooter
(GWSS; Homalodisca vitripennis; formerly H. coagulata) egg masses in CA at present (Pilkington et al. 2005).  Over
summer, parasitism levels of GWSS egg masses and individual eggs in masses by G. ashmeadi can approach 100% but
parasitism levels of the spring generation of GWSS are substantially lower, and parasitism generally averages ~19-20%
(Pilkington et al., 2005; Triapitsyn and Phillips 2000).  Naturally occurring populations of G. ashmeadi in CA have been
augmented with mass reared individuals from populations found in the southeastern U.S.A. and northeastern Mexico which
encompasses the home range of GWSS (CDFA 2003).

Substantial laboratory work with G. ashmeadi has been conducted in an attempt to understand and parameterize basic aspects
of this parasitoid’s reproductive biology, and host selection behaviors.  Irvin and Hoddle (2005a) have evaluated oviposition
preferences of G. ashmeadi when presented GWSS eggs of various ages.  Interspecific competition between G. ashmeadi
with G. triguttatus and G. fasciatus for GWSS egg masses of different ages has been assessed (Irvin and Hoddle 2005b; Irvin
et al. 2005) along with factors influencing the sex ratio of offspring (Irvin and Hoddle 2006a).  The effect of resource
provisioning and nutrient procurement on the longevity of G. ashmeadi has also been determined (Irvin and Hoddle 2006b).
Furthermore, Pilkington and Hoddle (2006) have assessed laboratory-level fecundity rates of G. ashmeadi under different
constant temperature regimens.

The GWSS-Gonatocerus system has benefited from this intensive laboratory study to generate a basic understanding of
factors influencing host selection and parasitism success.  The next step that is now required is to test hypotheses generated
from lab studies in the field.  Field level assessments will help determine the most important aspect of the GWSS biological
control program: “How big an impact do individual female G. ashmeadi parasitoids have on GWSS population growth via
parasitization of eggs?”  Addressing this question will allow us to form a much better understanding of the levels of control
we can expect from G. ashmeadi individually and collectively on GWSS population growth in the field during the spring and
summer generations.

OBJECTIVES
To measure real lifetime contributions of individual female G. ashmeadi to the parasitism of GWSS egg masses in citrus
orchards.  Before field assessments can be conducted, laboratory studies will be run to ascertain and verify four critical
factors outlined below.  Answers to these four critical factors will allow us to develop a composite index that describes the
correlative relationship of these four factors that will predict parasitoid age and egg load in the field and to assess the
contribution of individual female parasitoids to GWSS suppression under field conditions.  The four critical factors are:
1. Determine the relationship between adult female G. ashmeadi size as measured by right hind tibia length (HTL) and 24-

hr egg load for spring and summer generations (this work was completed and reported in Hoddle et al. 2005).
2. Ascertain the extent to which oosorption occurs, and the length of time without ovipositing that is required to initiate this

physiological response if it does occur.
3. Determine whether female parasitoids can mature eggs in excess of those they are born with.
4. Estimate parasitoid age using near infrared spectroscopy (NIRS) (Perez-Mendoza et al. 2002) and develop an alternative

measure for comparison by developing a wing deterioration index that estimates parasitoid “age” through visually
grading the severity of ‘wear and tear’ (i.e., numbers of broken setae) of setae on wings (this work was completed and
reported in Hoddle et al. 2005).
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RESULTS AND DISCUSSION
Hoddle et al. (2005) reported the relationship between G. ashmeadi size (tibia length) and <24 hr egg load and described two
methods of identifying female age through a wing wear index and using NIRS.  Research reported here details oosportion
and egg maturation rates for G. ashmeadi. These results are preliminary as we are still working on more thorough statistical
analyses.  With this information we aim to develop a composite index that describes the correlative relationship of the four
factors listed above that will predict parasitoid age and egg load in the field and this will allow us to assess the contribution
of individual female parasitoids to GWSS suppression under field conditions at time of death.

Oosorption
Gonatocerus parasitoids are generally classified as strictly pro-ovigenic (Jervis and Copland, 1996) where females emerge
with a full load of mature eggs and do not mature more eggs as they age (Quicke, 1997).  Results obtained so far suggest that
G. ashmeadi may be partially syn-ovigenic.  Completed studies suggest that females emerge with ~30 mature eggs and can
mature more over the course of their life time (Figure 1). G. ashmeadi females that have access to 50% honey-water but not
GWSS eggs developed 4-8 mature eggs per day up to around seven days of age before egg load in females began to decline at
a rate of 1-8 eggs per day because of oosorption (Figure 1).  In the absence of hosts, females appear to reabsorb mature eggs
theoretically enabling them to redirect energy into host seeking and survival, a characteristic of syn-ovigenic species (Jervis
et al., 1996).  Figure one demonstrates that female G. ashmeadi oosorption was initiated on day 7, and the number of
reabsorbed eggs increased at a rate of 1-4 eggs per day, to 12 eggs on day 13.  In this species, oosorption is obligatory
because egg maturing continues in the absence of hosts (Quicke, 1997).  However, results also show that the total number of
eggs present in G. ashmeadi ovaries (potential fecundity) over their lifetime was similar to the predicted <24 hr potential
fecundity as estimated from hind tibia length (using data from objective A above).  This demonstrates that in the absence of
hosts, female G. ashmeadi do not mature more eggs than what they emerge with, a characteristic of pro-ovigenic species.  In
this study, parasitoid age can be converted to physiological age using day-degree estimates (Pilkington and Hoddle, 2006).
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Figure 1. The effect of age on the mean number of mature eggs, immature eggs, reabsorbed eggs, potential
fecundity and predicted potential fecundity (as predicted from hind tibia length) in ovaries of female G.
ashmeadi presented with no hosts for 13 days.

Egg Maturation
Figure 2 shows that on day 13, potential fecundity was 77 eggs higher than the predicted <24 hr potential fecundity as
estimated from hind tibia length. This suggests that G. ashmeadi mature more eggs as they parasitize hosts during their
lifetime and indicates that this species is partially syn-ovigenic. Potential fecundity (realized fecundity + eggs present in
ovaries) data demonstrates that in the presence of hosts female G. ashmeadi matured 3-27 new eggs per day. It is possible
that potential fecundity was underestimated in this study because some eggs oviposited by females may be unaccounted for
due to superparasitism or early larval death. The potential fecundity of females given hosts for one day after emergence was
26 eggs lower than the predicted <24 hr potential fecundity. This may indicate that 26 eggs were lost due to superparasitism
or early larval death.
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Figure 2. The number of mature and non-mature eggs present in ovaries, realized fecundity (successful
parasitism), potential fecundity (realized fecundity + eggs present in ovaries) and predicted fecundity
(estimated from hind tibia length) of female G. ashmeadi offered hosts daily for 0-13 days after female
emergence.

CONCLUSIONS
Oosorption and egg maturation results suggest that G. ashmeadi is a pro-synovigenic species.  Females have the ability to
mature eggs in excess of those they emerge with over their lifetime.  In the absence of hosts, oosorption was initiated on day
7, where the number of reabsorbed eggs increased at a rate of 1-4 eggs per day.  In the presence of hosts, female G. ashmeadi
matured 3-27 new eggs per day.  Together with previous data (the relationship between adult female G. ashmeadi size and
24-hr egg load, and a wing deterioration index that estimates parasitoid age), these components will be used to develop a
composite index that will predict parasitoid age and egg load in the field and help determine how many eggs individual
female G. ashmeadi parasitize in the field up to the time of death.  In 2006 we collected ~20 dead female G. ashmeadi from
the field using funnel traps loaded with dry ice.  Females will be aged and egg load at time of emergence will be estimated
from hind tibia length.  The egg load at time of death (when oosorption and egg maturation are figured into the model) will
allow us to estimate the average number of GWSS eggs females parasitize before dying.  These estimates of realized field
fecundity will allow us to form a much better understanding of what levels of control individual G. ashmeadi in the field are
achieving.
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ABSTRACT
The reproductive and developmental biology of Gonatocerus triguttatus Girault, a parasitoid of the glassy-winged
sharpshooter (GWSS; Homalodisca vitripennis; formerly H. coagulata), was determined at five constant temperatures in the
laboratory; 15; 20; 25; 30; and 33°C.  At 25°C, G. triguttatus maintained the highest successful parasitism rates with 25.1%
of parasitoid larvae surviving to adulthood and lowest parasitism was observed at 15°C with 7.3% of parasitoid larvae
surviving to adulthood.  Lifetime fecundity was greatest at 25°C and fell sharply as temperature either increased or decreased
around 25°C.  Temperature had no effect on sex ratio of parasitoid offspring.  Mean adult longevity was inversely related to
temperature with a maximum of 20.6 days at 15°C to a minimum of four days at 33°C.  Developmental rates increased
nonlinearly with increasing temperatures.  Developmental rate data was fitted with the modified Logan model for oviposition
to adult development times across each of the five experimental temperatures.  Optimal, lower, and upper lethal, temperature
thresholds for G. triguttatus were, 30.7°C, 10.4°C and 38.8°C, respectively.  The lower developmental threshold estimated
with linear regression was 10.57°C, and is very close to the lower temperature threshold estimated by the modified Logan
model. Linear regression of developmental rate across all five experimental temperatures indicated that 204 degree-days were
required above the minimum threshold of 10.57°C to complete development.  Demographic parameters were calculated and
pseudo replicates for intrinsic rate of increase (rm), net reproductive rates (Ro), generation time (Tc), population doubling time
(Td), and finit  were generated using the bootstrap method.  Mean bootstrap estimates of demographic
parameters were compared across temperatures using ANOVA and nonlinear regression.

INTRODUCTION
Gonatocerus triguttatus Girault, (Hymenoptera: Mymaridae) is a solitary endoparasitoid that attacks eggs of sharpshooters in
the cicadellid tribe Proconiini.  This parasitoid was originally described from specimens reared from an unidentified
leafhopper egg mass collected in Trinidad, and has been subsequently reared from glassy-winged sharpshooter (GWSS;
Homalodisca vitripennis; formerly H. coagulata; Hemiptera: Cicadellidae) egg masses collected in Texas and Mexico.  This
natural enemy has a natural range that includes southeastern U.S.A. and northeastern Mexico where it is associated with
GWSS. Gonatocerus triguttatus was deliberately imported from Texas U.S.A. and introduced into California U.S.A. in 2002
as part of a classical biological control program against GWSS.  Some recoveries from release areas have been made
tentatively suggesting G. triguttatus may have established perennial populations in California (Pilkington et al., 2005).  A
thorough understanding and characterization of biological attributes of natural enemies such as degree-day requirements, and
intrinsic rates of increase can have multiple practical applications, such as:  (1) quantification of the reproductive and
developmental biology of candidate natural enemies can assist with predicting potential establishment and population growth
of natural enemies introduced into a new area, (2) can aid preliminary evaluation of natural enemies for use potential use in
classical biological control, (3) assist with interpretation of natural enemy impact and spread in the field, and (4) provide
realistic values for parameters of models investigating incursion risks pertaining to movement of natural enemies into
environments beyond those intended for permanent inhabitation.  Improved understanding of the basic biology of G.
triguttatus, a recently released and established natural enemy of GWSS in California, will assist mass-rearing efforts of this
parasitoid; optimize timing of inoculative field releases; facilitate better understanding of parasitoid spread and impact on
GWSS in various climatic zones in California; and will assist with targeted collecting for biotypes of G. triguttatus in the
home range of GWSS that may exhibit unique climatic adaptations that current parasitoid populations in California lack.

OBJECTIVES
1. Develop day-degree models for mymarid parasitoids by quantifying the developmental and reproductive biology of

G. triguttatus at 5 different temperatures (this work has been completed for the principal egg parasitoid of GWSS, G.
ashmeadi).

2. Use day-degree data from Objective 1 in a Geographic Information Systems approach to predict the geographic range of
parasitoids within California and use GIS to map these predictions to known and potential GWSS distributions.
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RESULTS
The reproductive and developmental biology of G. triguttatus was determined at five constant temperatures in the laboratory;
15; 20; 25; 30; and 33°C.  At 25°C, G. triguttatus maintained the highest successful parasitism rates with 25.1% of parasitoid
larvae surviving to adulthood and lowest parasitism was observed at 15°C with 7.3% of parasitoid larvae surviving to
adulthood.  Lifetime fecundity was greatest at 25°C and fell sharply as temperature either increased or decreased around
25°C.  Temperature had no effect on sex ratio of parasitoid offspring.  Mean adult longevity was inversely related to
temperature with a maximum of 20.6 days at 15°C to a minimum of four days at 33°C.  Developmental rates increased
nonlinearly with increasing temperatures.  Developmental rate data was fitted with the modified Logan model for oviposition
to adult development times across each of the five experimental temperatures.  Optimal, lower, and upper lethal, temperature
thresholds for G. triguttatus were, 30.7°C, 10.4°C and 38.8°C, respectively.  The lower developmental threshold estimated
with linear regression was 10.57°C, and is very close to the lower temperature threshold estimated by the modified Logan
model.  Linear regression of developmental rate across all five experimental temperatures indicated that 204 degree-days
were required above the minimum threshold of 10.57°C to complete development.  Demographic parameters were calculated
and pseudo replicates for intrinsic rate of increase (rm), net reproductive rates (Ro), generation time (Tc), population doubling
time (Td), and finite rate of increase (λ) were generated using the bootstrap method.  Mean bootstrap estimates of
demographic parameters were compared across temperatures using ANOVA and nonlinear regression (Figure 1).

The number of expected generations of G. triguttatus was estimated using life table statistics and degree-day requirements
from Objective 1 above.  Between zero to 18.9 and zero to 25.3 generations per year were estimated across different climatic
regions in California, using life table and degree-day models, respectively.  Temperature-based values for net reproductive
rate, Ro, were estimated in California using a laboratory-derived equation and ranged from zero to approximately 29.4 and
analyses indicate that a minimum of seven to 7.8 generations (calculated using life table and degree-day models) are required
each year to sustain a population of G. triguttatus in a given area.  Long-term weather data from 381 weather stations across
California were used with an Inverse-Distance Weighting algorithm to map various temperature-based demographic
estimates for G. triguttatus across the entire state of California.  This Geographic Information Systems model was used to
determine number of G. triguttatus generations based on day-degree accumulation, generation time, Tc, and Ro.  GIS
mapping indicated that the only areas in California that may have climatic conditions favorable for supporting the permanent
establishment of invading populations of G. triguttatus, should H. vitripennis successfully establish year-round populations,
are Imperial, San Diego, Riverside, Orange and the southern areas of Santa Barbara, Ventura, Los Angeles and San
Bernardino counties.  Northern counties in California that experience cooler average year round temperatures do not appear
to be conducive to the establishment of permanent populations of G. triguttatus (Figure 2).

CONCLUSIONS
G. triguttatus has been mass released in southern California since 2002, and small localized populations appear to have
established, but have failed to become robust, abundant, and widespread (D. Morgan pers. comm. 2006).  Two potential
reasons may exist for these localized low density populations of G. triguttatus:  (1) not enough time has elapsed since release
and establishment for G. triguttatus to have reached its full potential, (2) in the field this parasitoid is an ineffective
competitor with self-introduced and omnipresent G.ashmeadi.  Laboratory studies suggest interspecific competition with G.
ashmeadi may be severely limiting to G. triguttatus, in comparison to G. ashmeadi, G. triguttatus has reduced longevity,
parasitizes fewer GWSS eggs, spends more time resting and grooming, and in some instances devotes little time to defending
host patches from competitors.  The reduced impact of G. triguttatus as a regulating factor of populations of GWSS in
southern California may also be influenced by climatic conditions in the invaded areas.  Low temperatures over winter appear
reduce or prevent oviposition by GWSS for extended periods which results in a shortage of hosts for G. triguttatus, and other
mymarid parasitoids attacking GWSS.  Further, G. triguttatus has not been recorded from an alternative host in California, H.
liturata, whereas the common G. ashmeadi is often associated with this common native sharpshooter.  Temperature can have
a significant impact on Ro estimates for G. triguttatus.  The fitted quadratic model for Ro, a measure of a population’s growth
rate, indicated that at approximately 14.9°C the value of Ro falls below 1.0, indicating that parasitoid population growth will
cease and begin to contract.  During this 10 year span, the weather station at the University of California, Riverside
Agricultural Operations Facility recorded the average daily temperature fall below 14.9°C 127 times or 35% of the year.  The
ten-year average daily temperature in Riverside falls below 14.9°C in a single, discrete block of 100 days typically over the
period November to March.  During this three month time span, temperatures fluctuate from a minimum of 3.8°C to a
maximum high temperature of 22.89°C.  Although temperatures rise above the development threshold required by G.
triguttatus, calculations indicate that the population would accumulate enough degree-days to complete 2.5 generations in
this time.  Temperatures may rise enough to prompt sporadic oviposition by parasitoids if host eggs are available but
persistent low temperatures over winter will retard parasitoid population growth.  Host availability notwithstanding, this
suggests populations of G. triguttatus in Riverside California would contract markedly over the period November-March
each year because of impaired reproductive performance at temperatures below 14.9°C periods for prolonged periods.
Consequently, demographic data from studies completed here, coupled with long-term weather data sets for southern
California, may explain why populations of G. triguttatus are not more common, widespread or have been particularly
successful in attacking abundant GWSS egg masses in California.
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Figure 1. Fitted quadratic lines for life table statistics Ro (a), rm (b), Td (c) and Tc (d) for G. triguttatus at each of
five experimental temperatures.
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Figure. 2. Geographical information systems mapping of estimated life table statistics for the parasitoid G. triguttatus in
California, U.S.A.; A)  Counties in California and the status of GWSS populations in each area 1. Mendocino 2. Butte 3.
Sonoma 4. Napa 5. Sacramento 6. Contra Costa 7. Alameda 8. Santa Clara 9. Fresno 10. Tulare 11. San Luis Obispo 12. Kern
13. Santa Barbara 14. Ventura 15. Los Angeles 16. San Bernardino 17. Orange 18. Riverside 19. San Diego 20. Imperial; B)
estimated number of generations populations of G. triguttatus may experience in each area calculated by dividing the year’s
accumulated degree-days by the total degree-days required by G. triguttatus for development; C) estimated number of
generations that hypothetical populations of G. triguttatus may experience in each area calculated by applying historical
weather data to the formula for yearly generations, Tnum, derived from the life table statistic for generation time, Tc. and; D)
estimation of the yearly value for net reproductive rate, Ro, derived by applying historical weather data to the ormula for Ro.
For Figs. 1b-d the colored legend indicates the value of the particular statistic of interest for an entire year.
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ABSTRACT
A rigorous testing strategy involving choice and no-choice test arenas was developed to explore the potential non-target
impacts of classical biological control agents.  The glassy-winged sharpshooter (GWSS), Homalodisca vitripennis (Germar)
(Hemiptera: Cicadellidae), biological control program was studied as a model system for analyzing choice and no-choice host
preferences for natural enemies and also for performing retrospective non-target impact assessments. Gonatocerus ashmeadi
Girault and G. fasciatus Girault (both Hymenoptera: Mymaridae), egg parasitoids of the exotic GWSS, were tested against
three potential non-target sharpshooters indigenous to southern California.  Work conducted here showed that the solitary
G. ashmeadi was able to successfully parasitize eggs (i.e., viable progeny resulted) of smoketree sharpshooter (STSS),
H. liturata Ball, but not eggs of the blue-green sharpshooter (BGSS), Graphocephala atropunctata (Signoret), or the green
sharpshooter (GSS), Draeculacephala minerva Ball (all Hemiptera: Cicadellidae). G.ashmeadi exercises no parasitization
preference when presented with a choice of STSS and GWSS eggs simultaneously.  The gregarious G. fasciatus parasitized
eggs of STSS and GSS, but not eggs of the BGSS.  BGSS and GSS eggs were collected from the field and reared to catalog
their indigenous egg parasitoid fauna.  Any parasitoids reared from these eggs were reciprocally exposed to ‘clean’ lab
colony eggs.  Two parasitoids, G. latipennis Girault and a Polynema sp. (Hymenoptera: Mymaridae) were confirmed as
parasitoids of BGSS eggs.  Three parasitoids, G. mexicanus Perkins and two unidentified trichogrammatids were confirmed
as parasitoids of GSS eggs.

INTRODUCTION
Examining possible non-target effects of biological control agents is becoming a more common requirement for many
biological control programs targeting arthropod pests.  Currently, for classical biological control of weeds, the centrifugal
method provides a robust theoretical framework for identifying potential natural enemies that could cause harm to non-target
plants.  However, a rigorous, reliable, and universally applicable testing standard for arthropod biological control with a
strong theoretical basis is currently lacking.  No-choice and choice testing strategies are a common way to test for possible
non-target effects of new biological control organisms.  However, these lab studies are often carried out in small testing
arenas where the study organism is forced onto the host which may be adequate for determining physiological host range but
may seriously overestimate its ecological host range in nature.  Under these conditions, efficacious natural enemies may be
unnecessarily eliminated from the candidate natural enemy pool as being insufficiently host-specific.  To more accurately
determine the host range of a natural enemy our research involved the use of rigorous testing strategies utilizing standard
Petri dish test arenas, coupled with larger-scale entire plant test arenas in no-choice and choice comparisons.  As
retrospective studies in ongoing biological control programs can yield valuable information on non-target impacts, we chose
the glassy-winged sharpshooter (GWSS) classical biological control program in California as a model for our non-target
impact studies.  We are examining the possible non-target impacts of the self-introduced and omnipresent Gonatocerus
ashmeadi and the recently introduced G. fasciatus, both egg parasitoids of GWSS, on three sharpshooters native to
California, U.S.A.: the smoketree sharpshooter (STSS) Homalodisca liturata Ball (Hemiptera: Clypeorrhyncha: Cicadellidae:
Cicadellinae: Proconiini) (native congener to GWSS), blue-green sharpshooter (BGSS) Graphocephala atropunctata
(Signoret), and green sharpshooter (GSS) Draeculocephala minerva Ball (the latter two, all Hemiptera: Clypeorrhyncha:
Cicadellidae: Cicadellinae: Cicadellini).  Our experiments with small-scale Petri dish studies and larger-scale full plant
studies were supplemented with deployment of sentinel plants bearing eggs from laboratory colonies of BGSS or GSS and
habitat surveys to determine the invasiveness of GWSS parasitoids into habitats occupied by BGSS or GSS.

OBJECTIVES
1. Classify the native egg-parasitoid fauna in California associated with sharpshooters native to California, primarily the

STSS, BGSS, and GSS.
2. Assess the possible non-target impacts of G. ashmeadi Girault and G. fasciatus (both Hymenoptera: Mymaridae),

parasitoids being used for the classical biological control of GWSS, on the above mentioned native sharpshooters.
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RESULTS
Indigenous parasitoids of BGSS and GSS
Eggs of BGSS and GSS were collected from natural habitats in California and held at laboratory temperatures to rear egg-
parasitoids.  Sentinel eggs from lab colonies of either BGSS or GSS were placed in the field to expose eggs to resident
parasitoids.  Parasitoids reared from field collected or sentinel eggs were exposed to ‘clean’ eggs from lab colonies to
confirm their host association with the proposed native sharpshooter.  Two egg-parasitoids, G. latipennis and a Polynema sp.,
were reared from field collected BGSS eggs. Polynema sp. was confirmed as a parasitoid of BGSS.  Three parasitoids, G.
mexicanus and two unidentified trichogrammatids were reared from field collected GSS eggs.  All three were confirmed as
parasitoids of GSS eggs via reciprocal attacks on “clean” eggs from the GSS lab colony.

Host specificity testing
Choice and no-choice tests were conducted with G. ashmeadi and G. fasciatus on BGSS, GSS, and STSS eggs using GWSS
eggs as a control.  Tests were conducted on two scales, micro (= petri dish, 100 x 15 mm) and macro (= full plant,
approximately 30 cm height), using single, one day old, mated, honey-water-fed G. ashmeadi or G. fasciatus.  Micro scale
tests were used to estimate the physiological host range of the parasitoid by reducing the area of search and increasing host
contact thereby forcing the parasitoid onto a host.  By contrast, the macro scale tests were utilized to estimate the ecological
host range of the parasitoid by incorporating host finding on an entire plant thereby enabling the parasitoid to use a greater
part of its searching repertoire for assessing host suitability.  BGSS eggs have not yet been tested at the micro scale.  Each
test was conducted utilizing two different host plants for each of the sharpshooters examined.  An effort was made to include
at least one native or naturalized California host plant.  Eureka Lemon (Citrus limon (L.) Burm.f. cv. ‘Eureka’; Sapindales:
Rutaceae) and jojoba (Simmondsia chinensis (Link) Schneid.; Euphorbiales: Simmondsiaceae) were used for STSS, sweet
basil (Ocimum basilicum L.; Lamiaceae: Lamiales) and wild grape (Vitis girdiana Munson; Rhamnales: Vitaceae) for BGSS,
and milo (Sorghum bicolor L. Moench; Cyperales: Poaceae) and rescuegrass (Bromus catharticus Vahl.; Cyperales: Poaceae)
for GSS.  In choice tests, the parasitoid was exposed to approximately 20 eggs each of the test species and control on the
same host plant type simultaneously.  For no-choice testing, each parasitoid was supplied approximately 40 target eggs.  All
target eggs were < 48 h of age.  In all tests, the parasitoid was provided honey water as a food source and allowed 24 h to
parasitize eggs before removal from the testing arena.
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Figure 1. Proportion parasitism of STSS and GWSS eggs by G. ashmeadi in choice and no-choice studies.

For no-choice micro scale tests, proportion parasitization of STSS eggs by G. ashmeadi appears to be higher than that of
GWSS eggs for both host plants tested (Figure 1).  This trend appears to hold true for no-choice macro scale tests on lemon,
but not for jojoba.  For both micro and macro choice arenas, there does not appear to be any difference in proportion
parasitism when G. ashmeadi is offered a choice between GWSS and STSS on either host plant. G. ashmeadi did not
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parasitize BGSS eggs on basil or grape in either macro choice or no-choice test arenas, and this parasitoid did not parasitize
GSS eggs on milo or rescuegrass in any of the four test arenas.

Preliminary data shows that G. fasciatus will parasitize STSS eggs in all four test arenas (Figure 2) and can produce 2-5
offspring per egg.  It did not parasitize BGSS eggs on basil or grape in either macro choice or no-choice tests. G. fasciatus
parasitized GSS eggs (producing two offspring per egg) on rescuegrass in both choice and no-choice micro scale test arenas,
but did not parasitize eggs in either macro choice or no-choice tests.  Many replicates for G. fasciatus are in progress for both
STSS and GSS, thus results are preliminary.

Figure 2. Proportion parasitism of STSS, GSS, and GWSS eggs by G. fasciatus in choice and no-choice studies.

CONCLUSIONS
BGSS, GSS, and STSS are all vectors of Pierce’s disease and documentation of the indigenous natural enemy complex for
these sharpshooters is an essential step when developing sustainable control options that rely on resident natural enemies for
pest control.  Now that progress has been made on identifying the indigenous parasitoid fauna associated with Xylella-
vectoring native sharpshooters it may be possible to conserve or augment populations of these natural enemies in future
management programs.  Additionally, documentation of these parasitoids will allow for subsequent research on the depth of
any indirect non-target impacts associated with the GWSS biological control program.

It is interesting that the solitary egg-parasitoid, G. ashmeadi, will parasitize more STSS eggs than it will GWSS eggs in a no-
choice test arena.  STSS eggs are smaller then GWSS eggs (Al-Wahaibi 2004) and G. ashmeadi offspring are smaller and
less fecund from STSS eggs than those reared from GWSS eggs (N. A. Irvin unpublished data).  It is possible the parasitoid
is aware that the offspring will be smaller and less fit, so the mother may compensate by parasitizing more of the smaller host
eggs.  However, when offered a choice between the target and non-target eggs, there is no difference in parasitism regardless
of host plant.  This might suggest that the parasitoid is distributing her chances of offspring survival evenly between the two
hosts.  Given the substantial availability of GWSS eggs, these parasitoids may impact the native Ufens spp. (Hymenoptera:
Trichogrammatidae) parasitoid complex if large numbers of G. ashmeadi spill out of GWSS infested areas and attack STSS
eggs, the preferred host for Ufens spp.  We would speculate these ‘runts’ may have an overall reduced fitness, and that STSS
eggs may ultimately be a dead-end host for G. ashmeadi, especially if no selection of evolutionary significance occurs for use
of STSS eggs.  However, if this parasitoid were to establish in large numbers in the xeric habitats where STSS is most
abundant and where GWSS is relatively rare or absent, and if G. ashmeadi larvae are able to out-compete Ufens spp. larvae,
then we might expect an impact on the native natural enemy fauna of STSS in desert regions.  Presently, we suspect that G.
ashmeadi and most likely G. fasciatus are unlikely to physiologically withstand the harsh environments of desert areas of
eastern California, but the possibility and the consequences of such an incursion, should it occur, are worth consideration.
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While results for the gregarious G. fasciatus are still in progress, it will be interesting to see if similar trends for STSS
parasitism are observed for this parasitoid as were observed for G. ashmeadi.  Since G. fasciatus has parasitized GSS eggs
successfully producing two female offspring per GSS egg, despite the egg length being approximately one-half the length of
a GWSS egg, it suggests GSS is a physiologically acceptable host for G. fasciatus.  However, no G. fasciatus were reared
from field collected egg masses, and the parasitoid has not parasitized GSS eggs at the macro scale in either choice or no-
choice arenas.  This suggests that although G. fasciatus is physiologically capable of parasitizing GSS eggs and will attack
eggs from this species in a Petri dish, it is unlikely that GSS eggs are an ecologically suitable host for this parasitoid as this
parasitoid has failed to parasitize GSS on entire plants.  Consequently, it is unlikely this parasitoid will be a significant threat
to indigenous egg-parasitoids of GSS.

Our research approach with GWSS parasitoids has attempted to include physiological, ecological, temporal and spatial
elements in determining possible native sharpshooter (and associated native parasitoids) non-target effects.  Via choice and
no-choice testing at two scales, parasitoid field surveys, non-target habitat monitoring and natural enemy classification, and
by determining oviposition, egg, and habitat characteristics of the possible non-target species, we are obtaining important
information for retroactively assessing the possible risk posed by two exotic natural enemies of GWSS (G. ashmeadi and G.
fasciatus) to native members of the receiving ecosystem.
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ABSTRACT
The California Department of Food & Agriculture (CDFA) has a number of sites in southern California where they are
releasing egg parasitoids of the glassy-winged sharpshooter (GWSS; Homalodisca vitripennis; formerly H. coagulata).  To
date, species released include Gonatocerus ashmeadi, G. fasciatus, G. walkerjonesi, and G. triguttatus. Very recently, two
new species, G. morrilli (first released at our sites 5/2/06) and a strain of Anagrus epos from Minnesota (first released at our
sites 5/17/06) have been released.  We recently recovered G. morrilli (on 8/22/06) but not yet Anagrus epos (A. epos).  CDFA
monitors for parasitoid establishment and population dynamics at release sites.  This project is intended to complement and
expand the scope of this monitoring with an eye towards improving our understanding of the benefit of releasing alternative
parasitoid species and how well they are surviving, dispersing, and impacting GWSS populations in southern California.

INTRODUCTION
One of CDFA’s parasitoid release sites in southern California is Field 7H on the University of California, Riverside (UC
Riverside) campus.  A two-year field study in and around this release site was conducted to examine the temporal and host
plant distribution of Homalodisca oviposition and associated egg parasitism (Al-Wahaibi 2004).  In the current project, we
plan to expand on this study and monitoring done by CDFA in an attempt to improve our understanding of the population
dynamics of endemic and released parasitoids in and around release sites.  Although control programs appear to be effective
at reducing glassy-winged sharpshooter (GWSS) populations, biological control is a more sustainable and environmentally
friendly means of contributing to vector reduction and may have to suffice in much of California where chemical control is
either impractical (e.g., urban areas) or economically unfeasible.

In the two-year (July 2001 – June 2003) study by Al-Wahaibi (2004) around CDFA’s release site on the UC Riverside
campus, parasitism was due to a total of eight parasitoid species with Gonatocerus ashmeadi, Ufens principalis (previously
Ufens A, Al-Wahaibi et al. 2005), Ufens ceratus (previously Ufens B), and G. walkerjonesi being the most abundant. Ufens
spp. were dominant on jojoba while on other plants, Gonatocerus species tended to dominate.  Across all ten host plants
sampled, ranked percent parasitism was G. ashmeadi (27.4%), U. principalis (19.8%), U. ceratus (2.9%), G. walkerjonesi
(2.1%,), G. incomptus (0.4%), G. novifasciatus (0.3%), G. triguttatus (0.1%), and G. fasciatus (0.01%).  Note, however, that
these data may have been biased by the proximity of nearby hosts harboring smoke-tree sharpshooter and high levels of
Ufens spp. on jojoba.

The taxonomy of the “G. morrilli” complex was revised when it was discovered that what had been called G. morrilli was
actually 2 species that were difficult to tell apart.  These are the newly names G. walkerjonesi which is either native to
California or was unintentionally introduced from some other area (similar to species from Central America) and G. morrilli
which is native to Florida, Texas, and northeastern Mexico.  In the past, CDFA released what they were calling “G. morrilli”
but when genetic methods became available to distinguish the two species, it was realized that the culture was actually G.
walkerjonesi.  At that time, G. morrilli was recollected from Texas, a colony was started in California, and releases have been
made starting 6/6/06 at four of our release sites.

Another new listing in our recovery data is the newly named G. morgani.  This species is likely native to California or was
unintentionally introduced into California. It was overlooked in the past, perhaps because it was not common on smoke-tree
sharpshooter and was thus missed prior to GWSS’s establishment and proliferation in California.

Anagrus epos was collected in Minnesota by Dr. Roman Rakitov (Center for Biodiversity, Illinois Natural History Survey,
Champaign, Illinois) near Glyndon, Clay Co., Minnesota, from egg masses of Cuerna fenestella Hamilton (a native,
univoltine proconiine sharpshooter) on Solidago sp. (goldenrod, Compositae) and Zigadenus sp. (death camus, Liliaceae) and
sent to Dr. Serguei Triapitsyn at the UC Riverside quarantine facility under an appropriate permit (Hoddle & Triapitsyn 2004,
Triapitsyn & Rakitov 2005).  A permit for release from quarantine was obtained in 2005 by Dr. David Morgan and this strain
is presently being reared by CDFA and has already been released at a few field sites in California.
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OBJECTIVES (As Modified)
Monitor GWSS egg parasitoids in six areas in southern California (three coastal, three interior sites) on citrus within CDFA’s
parasitoid release sites.  Focus on evaluation of two new species, i.e. A. epos and G. morrilli.

The type of monitoring data we collect at each site is listed below.  We are using CDFA’s basic monitoring protocol with
modifications.  Note that we have three replicated sampling plots at our Mission Viejo and San Juan Capistrano sites, two at
UC Riverside Field 7H, only one at Irvine (because the site is too small for two), and six at Temecula.  For 2006, we are
releasing and sampling in one sampling plot per site in order to maximize chances of detecting establishment of newly
released parasitoids.

1. Sticky traps to monitor for adult GWSS levels:  Use 10 yellow sticky traps in each plot to assess adult GWSS activity
levels every two weeks.

2. Leaf sampling:  Count and collect the number of fresh GWSS egg masses on 10 leaves collected from the end of
branches on each of 10 trees in each plot every two weeks.  In contrast to method three, this is intended to return a less-
biased estimate of GWSS egg mass levels.  Old egg masses are counted, but not collected.  The egg mass sampling is
mainly intended to estimate recent GWSS egg mass levels and to serve as a means of collecting egg masses for
parasitoid rearing.

3. Time search for GWSS egg masses:  Do six two-minute time searches near the center of each plot every two weeks,
looking for, counting, and collecting viable (new) GWSS egg masses.  Continue sampling an additional 30 minutes until
a minimum of five egg masses are found from methods two and three combined.

4. Parasitoid emergence data:  Using egg masses collected in methods two and three (aim for 5-10 egg masses per date if
possible), return egg masses to the lab and rear out and identify parasitoid species that are present.

RESULTS
Based on discussions with our CDFA cooperators, we have made several changes in project objectives, experimental design,
and methodologies because of low levels of GWSS at several initial monitoring sites, changes in the species / strains of
parasitoids CDFA has reared and released, the number of parasitoids they have been able to produce over this past year (this
has been a very difficult year as far as rearing GWSS egg masses which are the cornerstone of the rearing program), and what
makes practical sense within an applied management program (Shea et al. 2002) given advances in our knowledge regarding
Gonatocerus species and the new strain of A. epos from Minnesota (see below).

To briefly summarize our research activity to date, we have monitored parasitoid activity at a total of 13 sites in southern
California.  Three sites were dropped because GWSS and parasitoid activity were too low (Mecca 1 and 2, BC = UC
Riverside Biological Control grove), two were dropped when the grove was sold and the grower turned off the water for over
a month resulting in about one-half of the trees dying (Temecula 2 and 3), two were dropped because the organic grower did
not control weeds and let the Argentine ant population get completely out of control resulting in a crash in GWSS egg mass
levels (Temecula 1 and 4), and one was dropped when we decided to switch to lemon blocks at all sites (Crafton Hills was
navel orange).  At present, we have six sampling / parasitoid release sites, three in the coastal area (Irvine, Mission Viejo, San
Juan Capistrano) and three in the interior area (Corona, UC Riverside Field 7H, and Temecula).

2005 Parasitoid data
In 2005, we made a total of 98 collections from 13 different field sites.  Out of a total of 2,647 parasitoids recovered, 61.9%
(1639) were G. walkerjonesi, 29.5% (782) G. ashmeadi, 4.5% (120) Ufens spp. (either U. principalis or U. ceratus), 2.5%
(66) G. novifasciatus, 1.2% G. sp. (32) (identity could not be determined due to specimen condition), and 0.3% (8) were G.
triguttatus.  This latter species was collected only once at a single site.

2006 Parasitoid data
A total of 3,610 G. morrilli have been released in 2006 at four of our release sites (UC Riverside Agricultural Operations,
Irvine, Mission Viejo, and San Juan Capistrano).  Due to limitations in how many of these parasitoids can be reared for
release, we have not yet released this species at the Corona or Temecula sites.

A. epos has proven difficult for CDFA to rear and we have also experienced problems rearing this species in one of the two
colonies at UC Riverside (it is doing very well on the second floor insectary room but not at all well on the third floor
quarantine room).  Additional work is needed to determine why this species is difficult to rear in some cases but not others.
To date, we have made only a single release of A. epos at each of two release sites (180 wasps on 5/17/06 at Agricultural
Operations, 300 wasps on 5/25/06 at Irvine).

We are only part way through our 2006 survey at the six parasitoid release sites (parasitoids are still being reared out from
egg masses collected in early September) but so far we have recovered 595 parasitoids in total.  Within the three interior sites,
our best site by far is Agricultural Operations and both the Corona and Temecula sites are yielding few GWSS egg masses
with minimal parasitoid diversity (we have recovered only G. ashmeadi at these two sites).  A key finding is a single
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G. morrilli recovered at Agricultural Operations on 8/22/06, only 35 days after it was first released at this site on July 18,
2006.

Among the three coastal sites, all three sites started out quite strong (good GWSS egg mass and parasitoid recovery) but
Argentine ants have taken over at the Irvine site despite our instituting a very aggressive ant baiting program.  This site is an
organic lemon grove and thus we were restricted to using boric acid bait stations as the only organically approved treatment.
A bait station was placed under each of 31 sample trees and despite baiting continuously for 16 weeks so far, we have not
caused a significant reduction in Argentine ant levels (compared to the level of ants in 16 untreated control trees at the end of
the block).  Argentine ants feed on GWSS egg masses and disturb nymphs and adults.  GWSS egg mass levels have dropped
at this site and because non-organic treatments cannot be used (e.g., a very effective chlorpyrifos ground spray), we may have
to abandon this site.

The coastal parasitoid data is an interesting contrast to data from the interior region. G. ashmeadi (only 5.7% of 350
parasitoids recovered so far) is present on the coast but the most common species are G. walkerjonesi (67.4%) and G.
morgani (25.1%).  We have also seen low numbers of G. novifasciatus (6.0%) and Ufens spp. (1.7%) on the coast.

CONCLUSIONS
Despite 2005 releases of G. fasciatus and G. triguttatus, limited numbers of these species have been recovered.  The latter
species is still produced and released as some success in recoveries has occurred in past years.  The CDFA facility in
Riverside has ceased producing and releasing G. fasciatus as no recoveries have been recorded in the past two years.  We find
it interesting that we are recovering so many G. walkerjonesi in the coastal region whereas a common impression held by
many is that G. ashmeadi predominates in California.  We believe this is because many biological control researchers have
worked in the Riverside and other interior areas but relatively few have studied GWSS egg parasitoids in coastal regions.  It
is not surprising that species levels vary with geographic region and climate.  We are very encouraged by recovering
G. morrilli from field samples only 35 days after it was first released and believe it is much too early to be discouraged by
our not yet recovering Anagrus epos.  It will be important to continue these studies an additional year once greater numbers
of A. epos have been released in the field.  In particular, we are hoping A. epos may show up early in the year on first
generation eggs of GWSS when Gonatocerus egg mass parasitism is generally quite low.

As a consequence of these and similar studies undertaken by the CDFA, a greater investment is being made toward the
production, release, and monitoring of G. morrilli.  This species is currently the second most produced biological control
agent by the CDFA in both of its production facilities and it is being released over a range of environments including urban,
organic, coastal, and inland locations.

REFERENCES
Al-Wahaibi, A. K. 2004. Studies on two Homalodisca species (Hemiptera: Cicadellidae) in southern California: biology of

the egg stage, host plant and temporal effects on oviposition and associated parasitism, and the biology and ecology of
two of their egg parasitoids, Ufens A and Ufens B (Hymenoptera: Trichogrammatidae). Ph.D. Dissertation, University
of California, Riverside.  435 pp.

Al-Wahaibi, A. K., A. K. Owen, and J. G. Morse. 2005. Description and behavioural biology of two Ufens species
(Hymenoptera: Trichogrammatidae), egg parasitoids of Homalodisca species (Hemiptera: Cicadellidae) in southern
California. Bull. Entomol. Res. 95: 275-288.

de León, J. H. and W. A. Jones. 2005. Genetic differentiation among geographic populations of Gonatocerus ashmeadi, the
predominant egg parasitoid of the glassy-winged sharpshooter, Homalodisca coagulata. J. Insect Sci. 5:2. Available
online: insectscience.org/5.2.

de León, J. H., W. A. Jones, and D. J. W. Morgan. 2004. Molecular distinction between populations of Gonatocerus morrilli,
egg parasitoids of the glassy-winged sharpshooter from Texas and California: Do cryptic species exist? J. Insect Sci.
4:39, Available online: insectscience.org/4.39.

Hoddle, M. S., and S. V. Triapitsyn. 2004. Searching for and collecting egg parasitoids of glassy-winged sharpshooter in the
central and eastern USA, pp. 342-344. In: Proceedings of the 2004 Pierce's Disease Research Symposium, December 7-
10, 2004, Coronado Island Marriott Resort, Coronado, California, organized by California Department of Food and
Agriculture (compiled by M. A. Tariq, S. Oswalt, P. Blincoe, A. Ba, T. Lorick and T. Esser), Copeland Printing,
Sacramento, California, 391 p.

Shea, K., H. P. Possingham, W. W. Murdock, and R. Roush. 2002. Active adaptive management in insect pest and weed
control: intervention with a plan for learning. Ecol. Appl. 12: 927-936.

Triapitsyn, S. V., and Rakitov. R. A. 2005. Egg parasitoids (Hymenoptera: Mymaridae and Trichogrammatidae) of Cuerna
sharpshooters (Hemiptera: Cicadellidae) in the USA. Abstracts, 12th International Auchenorrhyncha Congress and 6th
International Workshop on Leafhoppers and Planthoppers of Economic Significance, University of California,
Berkeley, 8-12 August 2005.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Grant Program.



- 95 -

THE ANAGRUS EPOS COMPLEX:  A LIKELY SOURCE OF EFFECTIVE CLASSICAL BIOLOGICAL AGENTS
FOR GLASSY-WINGED SHARPSHOOTER CONTROL

Project Leaders:
Joseph G. Morse
Department of Entomology
Universiey of California
Riverside, CA  92521

Richard Stouthamer
Department of Entomology
University of California
Riverside, CA  92521

Cooperators:
Serguei V. Triapitsyn
Department of Entomology
University of California
Riverside, CA 92521

David J. W. Morgan
CDFA
Mount Rubidoux Field Station
Riverside, CA  92501

Jonathan M. Lytle
Department of Entomology
University of California
Riverside, CA  92501

Rodrigo Krugner
Department of Entomology
University of California
Riverside, CA  92501

Reporting Period: The results reported here are from work conducted October 2005 to September 2006.

ABSTRACT
The purpose of the work planned in this project is to determine whether the “Minnesota strain” of the mymarid, Anagrus epos
Girault, we have in culture on the glassy-winged sharpshooter (GWSS) is the same species as A. epos strains previously
released in California, how it compares with other “A. epos” strains, and whether there are other strains of “A. epos” that
should be imported for biological control of GWSS.  Without understanding what species we have and how the Minnesota
strain is related to similar strains, it is difficult to know how to proceed in selecting strains of this species to culture for mass-
rearing and release in California for GWSS control.  Concurrently, we will evaluate field releases and establishment of the
Minnesota A. epos strain at release sites in southern California.

INTRODUCTION
Anagrus epos is a common and seemingly widespread egg parasitoid of leafhoppers (Cicadellidae) in North America.  It was
first described from a collection in Illinois in 1911 (Girault 1911).  Location records for this species also include Colorado,
Kentucky, New Mexico, and New York in the U. S. as well as Baja California and Sonora in Mexico (Triapitsyn 1998).
While commonly collected as a parasitoid of grape leafhopper species (Erythroneura spp.), a recent collection of A. epos
from the egg mass of the sharpshooter genus Cuerna in Minnesota was the first time this species had been collected from a
sharpshooter species (Hoddle & Triapitsyn 2004).  Wasps from this collection have been reared continuously since June 2004
in the University of California Riverside (UCR) Quarantine facility on eggs of the glassy-winged sharpshooter (GWSS).
This species is particularly promising for application in the biological control of GWSS because it is a gregarious species and
fourteen or more wasps emerge from each egg.  Another apparent advantage of this species is that it will also parasitize the
eggs of several other leafhopper species (R. Krugner, unpublished data), thus allowing it to expand its numbers even at times
of the year when GWSS eggs are not present.  We also expect this strain may do quite well in the colder regions of central
and northern California based on where it was collected.

Like many minute parasitoids, identification to species in this group is exceedingly difficult because of the lack of adult
morphological features.  Species identifications have been made using light microscopy to determine the presence of key
morphological features for A. epos. A recent taxonomic revision of the genus Anagrus associated with vineyards in North
America (Triapitsyn 1998) has shown that: 1) more species are present than previously thought; 2) some species have a very
wide geographic distribution; and 3) relatively few morphological characters are available for distinguishing these species,
leaving several authors to think that A. epos is not a single species but a complex of different species (e.g., Pickett et al.
1987).  The morphological characters that are used for differentiating closely related Anagrus spp. can be variable and thus,
species limits are often difficult to assess without supporting data from their biology and from DNA sequences.  Due to
limitations on what is practical (economically) to rear and mass-release and also because of restrictions on importing and
releasing exotic parasitoids in California without understanding their taxonomy, we feel we must better understand this
species complex.  We intend to use three approaches to determine the species identity of different A. epos populations:  (1)
reassess key morphological features using scanning electron microscopy (SEM) to determine if subtle morphological
differences exist between A. epos populations which could indicate species differences (Dr. Triapitsyn will conduct this
work); (2) conduct mating compatibility studies to determine if different populations of A. epos are reproductively isolated,
or if mating occurs, whether offspring from different strains are viable, thereby defining species groups on the basis of
successful interbreeding (Ph.D. student John Lytle working with Dr. Morse); (3) determine if molecular differences exist
between A. epos populations collected from different regions by comparing mitochondrial and ribosomal DNA sequences
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(Dr. Stouthamer).  Molecular dissimilarities generally indicate the existence of different species.  Results from these three
methods of investigation (morphology, behavior, and genetics) will be evaluated together to establish the identity of the
species in the A. epos complex.  Once the different species have been determined, we will test them for their suitability in the
biological control of GWSS using laboratory studies and field release evaluations (Dr. Morgan and Dr. Morse).

OBJECTIVES
1. Examination of male and female A. epos complex populations for unique morphological characters
2. Molecular characterization of mitochondrial and ribosomal DNA of A. epos populations
3. Mating compatibility studies between A. epos strains
4. Field release and evaluation of the “Minnesota strain” of A. epos

RESULTS
Progress on Objectives 1-3
Our revised experimental design is to collect dead specimens of various A. epos strains and related species for taxonomic
examination (Objective 1) and genetic work (Objective 2) in years 1-2. Objective 3 is scheduled for year 3 once we have the
results of Objective 1 and 2 research, which will tell us which strains of A. epos to concentrate on other than the Minnesota
strain we currently have in culture on GWSS egg masses.

Triapitsyn (1998) re-described A. epos from the type material and other specimens collected in Centralia, IL, and also
indicated its additional distribution in North America (Mexico: Baja California, Sonora; USA: Colorado, Illinois Kentucky,
New Mexico).  In CO and NM, it is a parasitoid of Erythroneura leafhoppers on grapes; also indicating that morphologically,
it is a variable species (and thus possibly a complex of several cryptic species).  The specimens from Minnesota are within
this variation range and are possibly also members of such a complex.  The species closely related to A. epos are Anagrus
daanei S. Triapitsyn (Canada: British Columbia; USA: California, Michigan, New York, Washington) and Anagrus
tretiakovae S. Triapitsyn (Mexico: Baja California, Coahuila; USA: Arizona, Delaware, Illinois, Michigan, Maryland, New
Mexico, New York, Washington); in AZ and NM (and Mexico), A. tretiakovae is a known parasitoid of Erythroneura
leafhoppers on grapes.

Collection Material
See our 2005 progress report (Morse & Stouthamer 2005) for a listing of Anagrus spp. collections made in summer 2005.
Additionally, during fall 2005, we obtained large numbers of A. daanei from Fresno Co. (courtesy of K. Daane and G.
Yokota, UC KAC) and A. tretiakovae (reared at UCR quarantine from eggs of Erythroneura spp. on grape leaves, collected
in Albuquerque, New Mexico by S. Triapitsyn). In 2006, the following collections were made: A. daanei from Washington
(courtesy of L. Wright, Washington State University, Prosser), A. erythroneurae Trjapitzin & Chiappini from Oasis and
Temecula, California (reared from eggs of Erythroneura variabilis Beamer on grapes), and A. epos from Grand Junction and
Palisade, Colorado (reared by S. Triapitsyn from eggs of Erythroneura vulnerata Fitch on grapes and also from eggs of E.
ziczac Walsh on Virginia creeper).  Thus, all necessary collections for this study have been made, with the exception of A.
epos from Sonora, Mexico, where all the grapes were treated with insecticides against the vine mealybug, resulting in
elimination of Erythroneura variabilis leafhoppers there.  Luckily, there are enough preserved A. epos vouchers stored in a
freezer at the UCR Entomology Research Museum, reared by S. Triapitsyn in 1994 in Sonora from eggs of E. variabilis on
grapes.  These were successfully sequenced in Dr. Stouthamer’s lab, and also were used for morphological studies.

Morphological Studies
Scanning electron micrographs (SEMs) of the antennae and bodies were taken for the following specimens: A. epos (Grand
Junction, Colorado), A. epos (Sonora, Mexico), and A. epos (Minnesota origin).  Digital photographs (using the Automontage
system) of the antennae, forewings, and bodies were taken for the following specimens: A. epos (Grand Junction, Colorado),
A. epos (Sonora, Mexico), A. epos (Minnesota origin), and A. epos (Illinois).  Certain body part measurements were taken
from the following specimens: A. epos (Grand Junction, Colorado), A. epos (Sonora, Mexico), A. epos (Minnesota, both
original and CA progeny), and A. epos (Illinois).  Morphometric studies of these specimens are now underway and should be
completed shortly.

Specimens and DNA Preparation
Nine Anagrus species were obtained from 15 collection sites for molecular identification (Table 1).  Two individuals from
each population were chosen to prepare template DNA by using 5% Chelex-TE solution.  Each individual was ground in 45
ul 5% Chelex solution and then five ul of proteinase K were added in a 0.6 ml centrifuge tube.  The mix was incubated at
55°C for one hr and 99°C for 10 min.

PCR Methods and Results
PCR was performed to yield the 28sD2 (ribosomal cistron) and CO1 (mitochondrial gene) regions with template DNA.
Reaction conditions for the 28sD2 region were three min at 94°C, followed by 30 cycles of 45 sec at 94°C, 30 sec at 55°C, 90
sec at 72°C, and a final extension for three min at 72°C.  Reaction conditions for the CO1 region were three min at 94°C,
followed by 34 cycles of 45 sec at 94°C, 30 sec at 43.5°C, 90 sec at 72°C, and a final extension for five min at 72°C.  We
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were unable to obtain the CO1 region from the species.  Therefore only the 28sD2 region was further treated.  Specimens
showing weak or no bands were excluded from sequencing.  Thus, one PCR amplicon per group was sequenced.

The species of the genus Anagrus are very small and lack easy morphological characters that can be used for identification.
The D2 sequence has been shown to be a sequence that is quite conserved within a species but is different between species.
The work here illustrates the preponderance of species that would morphologically be classified as A. epos, but are different
species (new species one, two, and three, each different from the MN “A. epos” and each other) whereas species four
morphologically resembles A. daanei.

Table 1. Anagrus species used for molecular identification.
Collection Genus Species Collection site

1 Anagrus epos UCR culture, originally collected near Glyndon, Clay Co., MN, 2004
2 Anagrus nr epos new species 1 Campo Experimental INIFAP, Sonora, Mexico, 1994
3 Anagrus nr epos new species 1 Near Caborca, Sonora, Mexico, 1994
4 Anagrus nigriventris UCR, Riverside, Riverside Co., CA, 2004
5 Anagrus daanei Kingsburg, Fresno Co., CA, 2005
6 Anagrus erythroneurae WSU-Prosser Research Center, Prosser, Benton Co., WA, 2005
7 Anagrus erythroneurae Oasis, Coachella Valley, Riverside Co., CA, 1994

Rearing in
progress Anagrus erythroneurae Temecula, Riverside Co., CA, 2006

8-10, 12 Anagrus tretiakovae Albuquerque, Bernalillo Co., NM, 2005
11 Anagrus tretiakovae Pavich vineyard, Harquahala Valley, Maricopa Co., AZ, 1994
13 Anagrus nr epos new species 2 Grand Junction, Mesa Co., CO, 2006 (ex. Erythroneura vulnerata eggs)
14 Anagrus nr epos new species 3 Palisade, Mesa Co., CO, 2006 (ex. Erythroneura ziczac eggs)

15 Anagrus nr daanei new species
4 WSU-Prosser Research Center, Prosser, Benton Co., WA, 2006

Progress on Objective 4
We have initiated monitoring of endemic and released parasitoids of GWSS at each of six field sites in southern California
(for details see the progress report in this Proceedings by Morse, Morgan, and Lytle).  CDFA has had trouble rearing A. epos,
so far we have made only two releases, of 300 and 180 A. epos, respectively at a single coastal and interior site using wasps
from the UCR’s colony (5/17/06 interior; 5/25/06 coastal), but we hope that CDFA will be able to produce wasps that can be
released at additional sites in October 2006.  So far we have not recovered A. epos from the two release sites but we feel that
more than a single release may be needed to allow establishment, so it is difficult to know at this point what a failure to
recover specimens means.

CONCLUSIONS
Genetic analyses have confirmed our hypothesis that there are cryptic species hidden within specimens which
morphologically appeared to be identical A. epos.  In addition, what was thought to be A. daanei in Washington appears to be
a different species from the California A. daanei.  Given these genetic results in hand, it will be interesting to see if
morphometric and SEM examination can differentiate between these cryptic species. Project cooperators plan to meet at the
Pierce’s disease symposium in San Diego to discuss our next steps.  Obviously, field release and sampling should continue
with the Minnesota strain A. epos to see what impact it may have on GWSS.  If permits can be obtained allowing us to do so,
we would also like to take GWSS egg outplants to Colorado to determine if A. n. sp nr epos two and three will parasitize
GWSS eggs (these would be shipped back to the UCR’s quarantine facility to allow parasitoids to emerge for confirmatory
genetic analysis).
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ABSTRACT
Imidacloprid is still the most widely used neonicotinoid for the protection of grapevines against glassy-winged sharpshooter
(GWSS) feeding and Pierce’s disease (PD) transmission.  This insecticide has now entered the generic age and within the
past year, several new formulations of imidacloprid have been launched onto the market.  To assist with grower acceptance of
these new formulations, we are currently evaluating the uptake of different products in table and wine grapes.  Bayer
CropScience introduced Admire Pro to replace their original Admire 2F formulation. In Coachella Valley, the imidacloprid
uptake profiles for vines treated with either Admire Pro or Admire 2F were similar, with peak uptake occurring within four
days.  In a further study, the uptake profile for Admire 2F was also consistent with a second soluble concentrate formulation
(Nuprid 2F, marketed by Nufarm Americas Inc.).

We evaluated the performance of the neonicotinoid thiamethoxam (applied as Platinum) at three rates of application in a
Temecula Valley wine grape vineyard.  The concentrations of thiamethoxam in xylem fluid extracts were highest at the top
application rates, and would provide good protection to vines against a sharpshooter infestation.

INTRODUCTION
Effective vector management through the use of the neonicotinoid insecticide, imidacloprid, has played a pivotal role in
suppressing glassy-winged sharpshooter (GWSS) populations in California vineyards and citrus orchards (Castle et al., 2005;
Byrne and Toscano, 2006).  This in turn has greatly decreased the incidence of new Pierce’s disease (PD) outbreaks in
vineyards.  With the expiry of the imidacloprid patent, there are now more formulations of this active ingredient becoming
available to growers.  To assist with grower confidence in the new products, we are evaluating their performances by
measuring the uptake into vines (table and wine grapes) by extracting xylem fluid and quantifying the insecticide
concentrations therein.

There are several insecticides within the neonicotinoid class with good systemic activity and each has its own distinct
chemical properties that influence the efficacy with which the insecticide will work in the field.  Systemic insecticides are
commonly applied to vines through drip irrigation systems.  This type of application is designed to deliver the insecticide
close to the roots of the vines where more effective uptake into the plant xylem system can occur.  In this way, systemic
insecticides can directly exploit the xylophagous feeding behavior of the sharpshooter.  Distribution of the insecticides within
the plant xylem system can also provide more effective coverage of sharpshooter feeding sites and better persistence
compared with foliar applications of the same product.  As the number of available neonicotinoids increases, it is important
to continue research efforts in order to better understand their behavior in California vineyards and to optimize their use by
growers.  Our studies in Coachella and Napa, for example, have shown that imidacloprid does not work consistently under all
conditions experienced in California vineyards (Toscano and Byrne, 2005; Weber et al., 2005).  We have, therefore,
established a research program to examine the behavior of the different neonicotinoid insecticides within California
vineyards.

In this report, we provide data on (1) the uptake and persistence of imidacloprid applied as different formulations, and (2) the
impact of different rates of Platinum application on the uptake of thiamethoxam into grapevines.

OBJECTIVES
1. Determine the impact of soil type and irrigation on the uptake and residual persistence of neonicotinoid

insecticides.
2. Develop an ELISA for the detection and quantification of dinotefuran residues within plant tissues.
3. Determine the uptake and persistence of imidacloprid, thiamethoxam and dinotefuran in grapevines in order to

maximize protection of vineyards.



RESULTS
Evaluation of Imidacloprid Formulations
We evaluated the uptake of imidacloprid applied as Admire Pro, Admire 2F and Nuprid 2F (Figure 1).  Admire Pro was
introduced by Bayer CropScience to replace Admire 2F, while Nuprid 2F was introduced by Nufarm Americas Inc to
compete for the Admire 2F market.  Nuprid 2F and Admire 2F are both formulated as soluble concentrates.

In a study conducted at a Coachella Valley vineyard (two year old Superior), the profiles for the uptake and persistence of
imidacloprid applied as either Admire Pro or Admire 2F were similar.  Peak levels within the xylem fluid were reached
within four days and persisted within the vines at sharpshooter threshold levels of 10 ppb for approximately 30 days.
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Figure 1. Uptake of imidacloprid applied as Admire Pro (7 fl oz/acre) and Admire 2F (16 fl oz/acre) to
two-year old Superior table grapevines in a Coachella Valley vineyard.  Although the product application
rates were different, they deliver the same amount of active ingredient to the vines.   Each point represents
the mean (± SEM) for six vines.

In a second Coachella Valley vineyard (20 year old Perlettes), we compared the uptake of imidacloprid applied as either
Admire 2F or Nuprid 2F.  The uptake and persistence profiles for both products tracked each other well (Figure 2).  Although
the target thresholds for sharpshooter mortality were reached within five days, the peak uptake was not observed until about
12 days after the applications were made.  The differences in uptake dynamics between the two sites (Figures 1 and 2) are
likely to reflect differences in vine age.
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Figure 2. Uptake of imidacloprid applied as Admire 2F and Nuprid 2F to 20-year old Perlette table
grapevines in a Coachella Valley vineyard.  Each product was applied at 16 fl oz/acre.  Each point
represents the mean (± SEM) for 6 vines.

In a wine grape vineyard in Temecula Valley, we compared the uptake of Admire Pro and Admire 2F applied by
chemigation.  The profiles of imidacloprid uptake for both products tracked each other very well (Figure 3).  The initial rate
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of uptake was disappointing; however, the study was conducted in a commercial vineyard under normal operating practices.
Water was minimal for several weeks following the initial application.  The major peak in uptake coincided with increased
water usage during a very hot period in the local weather.  The data reinforce our earlier affirmation that irrigation is
absolutely necessary to drive the imidacloprid into the vines.

Imidacloprid Uptake - Different Formulations
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Figure 3. Uptake of imidacloprid applied as Admire Pro (7 fl oz/acre) and Admire 2F (16 fl oz/acre) to
seven-year old Cabernet wine grapevines in a Temecula Valley vineyard.  Although the product application
rates were different, they deliver the same amount of active ingredient to the vines.  Each point represents
the mean (± SEM) for 16 vines.

We assessed the uptake of thiamethoxam (Platinum) applied by chemigation at three rates (Figure 4).  The detection of
thiamethoxam within extracts of xylem fluid was again determined by the frequency of irrigation, with peaks in
concentrations matching the water usage.  The 8 fl oz application rate provided an average of least five ppb thiamethoxam
throughout the assessment period.  This concentration of insecticide should provide good protection to vines against the
glassy-winged sharpshooter given the two-fold greater level of toxicity of thiamethoxam compared to imidacloprid (Byrne
and Toscano, 2004).

Platinum Rates and Uptake
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Figure 4. Uptake of thiamethoxam applied as Platinum to seven-year old Cabernet wine grapevines in a
Temecula Valley vineyard.  Each point represents the mean (± SEM) for 8 vines.

CONCLUSIONS
Management of sharpshooter populations is key to minimizing the spread of PD.  The neonicotinoids have been effective at
achieving area-wide management of this important disease vector, resulting in a dramatic decrease in the incidence of PD.  In
our studies, the newer imidacloprid formulations performed equally well in both table and wine grape vineyards.  Thus,
growers can be confident that, if correct application guidelines are adhered to, the use of generic formulations of imidacloprid
will provide them with continued success in their efforts at managing the glassy-winged sharpshooter.
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The use of Platinum in vineyards looks extremely promising. At application rates lower than those for the imidacloprid
formulations, there was excellent uptake and persistence of thiamethoxam in the xylem system at levels toxic to GWSS.
Applications of Platinum at rates much lower than the maximum allowable label rate will also minimize potential residue
problems that were a concern to us in our previous studies.
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ABSTRACT
Riverside County has two general areas where citrus groves interface with vineyards, the Coachella and Temecula Valleys.
The Coachella Valley with 10,438 acres of table grapes in proximity to 12,000 acres of citrus and the Temecula Valley with
2,000 acres of wine grapes in proximity to 1,600 acres of citrus are vulnerable to Pierce’s disease (PD), Xylella fastidiosa
(Xf). The grapes in the Coachella and Temecula areas of Riverside County are in jeopardy because of the glassy-winged
sharpshooter (GWSS), the vector of the PD bacterium, build up in adjacent citrus groves.  Citrus is an important year around
reproductive host of GWSS in Riverside County, but also one that concentrates GWSS populations over the winter months
during the time that grapes and many ornamental hosts are dormant.  GWSS weekly monitoring in citrus and in grapes began
in March 2000 in Temecula Valley and 2003 in Coachella Valley by trapping and visual inspections.  Systemic insecticides
such as Admire (imidacloprid), gave excellent control.  Coachella Valley GWSS populations have increased since the
treatment program was initiated in 2003 but have declined substantially relative to the pre-action levels due to insecticide
applications.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) vectors a bacterium that causes Pierce’s disease (PD).  This insect and bacterium
are a severe threat to California’s 890,000 acres of vineyards and $30 billion dollar industry.  An area-wide GWSS
management program was initiated in Temecula in 2000 to prevent this vector’s spread into other California grape growing
regions.  In Temecula valley itself, the wine grape industry and its connecting tourist industry generate $100 million of
revenue for the economy of the area.  GWSS/PD caused a 30% vineyard loss and almost destroyed the connected tourist
industry.  The area wide GWSS management program initiated in the spring of 2000 saved the industry from a 100% loss.
Only a continuation of an area-wide GWSS management program will keep the vineyards viable in Temecula.  The table
grape industry in the Coachella Valley is represented by 10,465 acres of producing vines, which generate fresh market grapes
valued at an average of over $110 million annually.  The GWSS was identified in the Coachella Valley in the early 1990’s.
Population increases of this insect in Coachella Valley in the last three years have increased the danger of PD occurrence in
this area, as has occurred in similar situations in the Temecula and San Joaquin Valleys.  In July 2002, the occurrence of
Xylella fastidiosa (Xf), the PD bacterium, was found in 13 vines from two adjacent vineyards in the southeastern part of the
Coachella Valley.  With this discovery, and the increasing GWSS populations, there was and is a real need to continue an
area-wide GWSS/PD management program, to prevent an economic disaster to the work forces and connect small businesses
of Mecca, Thermal, Coachella, Indio, etc. that depend upon the vineyards for a big portion of their incomes.  Only a
continuation of an area wide GWSS/PD management program will keep the vineyards viable in Coachella.  At present there
are no apparent biological or climatological factors that will limit the spread of GWSS or PD.  GWSS has the potential to
develop high population densities in citrus.  Insecticide treatments in citrus groves preceded and followed by trapping and
visual inspections to determine the effectiveness of these treatments are needed to manage this devastating insect vector and
bacterium.  Approximately 1,750 acres of citrus in Riverside County were treated for GWSS in February through July of
2006 between a cooperative agreement with USDA-APHIS and the Riverside Agricultural Commissioner’s Office under the
“Area-Wide Management of the Glassy-Winged Sharpshooter in the Coachella and Temecula Valleys.”  The cost of the 2006
Riverside County GWSS treatments was close to $700,000.  This is down from the 5,200 acres treated in 2005 at a cost of
$1,000,000.

OBJECTIVES
1. Delineate the areas to be targeted for follow-up treatments to suppress GWSS populations in the Temecula and

Coachella Valleys for 2006.
2. Determine the impact of the 2005 GWSS area-wide treatments to suppress GWSS populations in citrus groves and

adjacent vineyards.
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RESULTS AND CONCLUSIONS
The programs in Coachella and Temecula were dependent upon growers, pest management consultants and citrus and
vineyard manager participation.  The areas encompass approximately 28,000 acres.  Representatives of various agencies were
involved in the program, they were as follows: USDA-ARS, USDA-APHIS, CDFA, Riverside County Agricultural
Commissioner, University of California, Riverside (UCR), University of California, Cooperative Extension, and grower
consultants.  Representatives of these agencies meet to review the program.  Newsletters are sent to growers, managers,
wineries, and agencies with information on GWSS populations and insecticide treatments via e-mail.  The information from
Temecula is sent weekly, while information from Coachella goes to the various parties monthly.

The GWSS/PD citrus groves and vineyards within the GWSS/PD management areas were monitored weekly to determine the
need and effect of insecticide treatments on GWSS populations.  Yellow sticky panel traps (7 x 9 inches) were used to help
determine GWSS population densities and dispersal/movement within groves and into vineyards (Figures 1 and 2).  A total of
986 GWSS yellow sticky panel traps are monitored weekly.  Based on trap counts and visual inspection, approximately 1,500
and 250 acres of citrus were treated in Coachella and Temecula, respectively, for GWSS control in 2006.  In Temecula and
Coachella Valley treatments for GWSS in citrus were initiated when at least one to two GWSS adults were found at the same
trap location for two consecutive weeks.  In Temecula Valley, only the citrus where the GWSS were found was treated.  In
Coachella Valley, all citrus located within a 0.5 mile radius from the trap finds were treated as a preventive measure to
protect surrounding groves.  The decision to treat more area from GWSS finds in Coachella than what was treated in
Temecula differed because of terrain, urban development and the history of GWSS blow-ups in Kern County and Temecula
Valley the fourth year after GWSS area-wide programs were initiated.  Approximately 91% of the citrus was treated with a
single application of Alias (imidacloprid) at 36 ounces per acre.  Organically grown citrus (9%) was treated with PyGanic
(1.4% Pyerthrins) at 7 pints per acre.  In most areas where PyGanic was used to manage GWSS, follow up treatments of
PyGanic were applied one month after the first application for two consecutive months.

For a successful area-wide GWSS management program with large acreages of citrus, a management program has to be
initiated.  Organic insecticides are not as effective as the neonicotinoid insecticides, such as imidacloprid, for controlling
GWSS.  Therefore, organic insecticides will have to be applied more frequently than their synthetic counterparts.  In our
Riverside County GWSS area-wide program, organic citrus groves pose challenges to area-wide GWSS management
programs (Figure 3).

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service, and the California
Department of Food and Agriculture.

Additional note: We would like to especially thank Ben Drake of Drake Enterprises for his input and counsel and the grape
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newsletter and Gevin Kenny for managing the Temecula GWSS monitoring and data analysis.  We would especially like to
thank CDFA’s Rosie Yacoub for bar-coding of the GWSS yellow sticky panel traps, which resulted in simplifying our data
input and mapping of GWSS populations in Temecula and Coachella Valleys.



Total Temecula GWSS Catch per Week for 2006
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Figure 1. In 2006, high numbers of adult GWSS were caught on the yellow sticky panel traps in Temecula, with populations
peaking in July, reaching a total of 230 trapped.
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Coachella Valley 2006
Number of GWSS per Month
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Figure 2. GWSS populations in Coachella Valley peaked in June 2006 with a high of 1,266 trapped.

Temecula GWSS catches for the Week of September 18, 2006
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Figure 3. Temecula GWSS adults caught for the week of September 18, 2006.
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ABSTRACT
To evaluate the compatibility of insecticides that have both a broad and limited spectrum of activity against biological control
agents, laboratory studies were carried out to compare the relative susceptibilities of seven foliar and two systemic
insecticides against four common species of beneficial insects: Aphytis melinus Debach, Gonatocerus ashmeadi Girault,
Eretmocerus eremicus Rose & Zolnerowich, and Encarsia formosa Gahan.  Evaluations with systemic insecticides also
included two species of predators, Geocoris punctipes Say and Orius insidiosus Say.  Foliar insecticides were evaluated by a
petri dish technique across a range of concentrations to measure their effect on direct mortality of the parasitoids.  A systemic
uptake bioassay technique was used to determine the toxicity of systemics against the six species of beneficials.  Insecticides
tested are used against citrus and agricultural pests, and included acetamiprid, imidacloprid, thiamethoxam (all 3 are
neonicotinoids); chlorpyrifos, (organophosphate); bifenthrin, cyfluthrin, fenpropathrin (all 3 are pyrethroids); and buprofezin
and pyriproxyfen (two insect growth regulators = IGRs). Chlorpyrifos, a conventional organophosphate insecticide with
broad-spectrum activity, was consistently the most toxic pesticide to all four species of beneficial insects tested.  Among the
pyrethroids, fenpropathrin demonstrated lower toxicity to parasitoids compared with bifenthrin or cyfluthrin.  Acetamiprid,
although efficacious against GWSS, exhibited fairly selective toxic characteristics to G. ashmeadi and E. eremicus until four
days post-treatment while being toxic to A. melinus within 24 h after treatment. Aphytis melinus was the most susceptible
hymenopterous parasitoid to all test insecticides.  Buprofezin and pyriproxyfen, with a relatively narrow spectrum of activity,
were less toxic to the parasitoids.  Imidacloprid has been considered to be relatively selective, with limited impact on
parasitoids because of its systemic activity.  However, results from this laboratory study suggest that both systemics,
imidacloprid and thiamethoxam, may not be as selective against parasitoids as was expected.  To understand the bioassay
results with the two systemics, quantification of imidacloprid and thiamethoxam in both the parasitoids and the test citrus
leaves was evaluated using ELISA kits.  Additional studies are underway in the laboratory to determine how the parasitoids
are exposed to these two systemic materials through various routes of exposure.  Selectivity of these two compounds to
natural enemies is also being examined under field conditions.  The results presented here will provide pest managers with
specific information on the degree to which the tested insecticides are likely to be compatible with various natural enemies.

INTRODUCTION
The current management plan for glassy-winged sharpshooter, (GWSS), Homalodisca vitripennis, includes the use of a
number of insecticides that are quite effective (Akey et al. 2001, Bethke et al. 2001, Prabhaker et al. 2006).  However, if
selected insecticides are effective against GWSS while showing minimal impacts on beneficial insects, biological control can
be maximized.  There has been little information available on the long-term impact that different control measures are having
on GWSS populations and its natural enemies on citrus and grapes.  Although biological control has been the foundation of
citrus IPM in California for many years, it is now threatened by the arrival of several new pests and greater use of non-
selective insecticides to control these new species.  In particular, the recent registration of new insecticides for use on citrus is
creating uncertainty over the long-term impact they may have on established IPM programs (Grafton-Cardwell and Gu
2003).  Therefore, there is a need for accurate assessment of the impact of agrochemicals on both GWSS and nontarget
insects, including parasitoids and predators.  Such information is essential to attain greater understanding of the various
control options for GWSS in citrus and how they can be best integrated with existing, successful management programs.  The
overall objective of this research project is to help determine IPM compatible management tactics by focusing on chemical
controls being used against GWSS and evaluating their impact upon several important biological control agents.  To address
this goal, the impact of selected insecticides including those that are used against GWSS and other pests on citrus was
assessed against a number of common beneficial parasitoids including G. ashmeadi (an egg parasitoid of GWSS), A. melinus
(an endoparasitoid of armored scale insects on citrus), E. eremicus and E. formosa (two whitefly parasitoids), and two
predators, G.  punctipes and O. insidiosus.  The relative selectivity of insecticides was determined in the laboratory using two
bioassay techniques, a petri dish bioassay for foliar insecticides and a systemic uptake bioassay for systemic insecticides
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(Prabhaker et al. 2006).  The insecticides evaluated in this study were selected on their basis of utility and potential use,
which included four conventional compounds, chlorpyrifos, bifenthrin, cyfluthrin and fenpropathrin; two IGRs, pyriproxyfen
and buprofezin; and three neonicotinoids, acetamiprid, imidacloprid, and thiamethoxam.

OBJECTIVES
1. Monitor citrus orchards in Riverside, Ventura Co., and Coachella Valley to determine the relative abundance of select

parasitoids and predators before and after treatment.
2. Evaluate select foliar and systemic GWSS pesticides used on citrus and grapes for their impact on GWSS egg parasitoids

such as G. ashmeadi and G. triguttatus as well as other parasitoids in the system such as A. melinus.
3. Determine if honeydew produced by homopteran insects on citrus can be contaminated with systemic insecticides such

as imidacloprid and thiamethoxam.
4. Determine the impact of imidacloprid and thiamethoxam residues within plant or within plant-feeding intoxicated

insects, on the survivorship of G. ashmeadi, G. triguttatus, and A. melinus.

RESULTS
Objective 1.  Assessment of relative numbers of egg parasitoids of H.vitripennis.
Relative numbers of different species of egg parasitoids of Homalodisca spp. were assessed through collection of leaf
samples infested with egg masses.  The estimation process was repeated on a weekly basis at the same sites and by collecting
the same number of egg-infested leaves from two hosts, citrus and willow, for a period of five months.  Results showed
emergence of four species of egg parasitoids, G. ashmeadi, G. novifasciatus, Ufens principalis, and U. ceratus.  The majority
of the parasitoids of Gonatocerus spp. were G. ashmeadi whereas less than 1% of total collections were G. novifasciatus.
Large number of parasitoids emerged during the summer months compared to the fall.  These results provided a picture of
relative GWSS activity within each orchard in addition to providing limited information on the activity and abundance of
natural enemies.

In addition to the above-mentioned method, a survey for estimation of the relative abundance of natural enemies, including
parasitoids and predators that are active against GWSS and other pests in citrus orchards in Riverside Co., was done using
yellow sticky traps.  Yellow sticky traps were posted at multiple locations within each orchard for continuous monitoring of
GWSS and natural enemies and were changed once a week.  Large differences were found in the numbers of parasitoids
collected on sticky traps compared to the numbers collected from GWSS egg masses in petri dishes.  Data collected from the
sticky traps showed a significantly lower number of parasitoids relative to GWSS (<10%).  These results are in contrast to
those obtained through direct observations of the numbers of parasitoids that emerged from egg masses in petri dishes, which
were much higher than were GWSS immatures.

Objective 2.  Toxicological responses of four species of parasitoids.
Our study has focused on non-target effects of commonly used insecticides for control of agricultural pests against beneficial
insects as measured by direct toxicity.  We compared the relative toxicities of seven contact insecticides and two systemics to
a number of beneficial insects that are important in biological control of both citrus pests and whiteflies.  Variation in
susceptibility to different insecticides was observed among the different species of natural enemies. A. melinus appears to
have a generally lower susceptibility to many insecticides tested compared to G. ashmeadi or E. eremicus (Table 1).
Compared to A. melinus, responses of G. ashmeadi and E. eremicus were similar to the test chemicals as exhibited by lower
sensitivities in general.  However, some similarities in trends were also observed among the four species of parasitoids.  For
example, sensitivity to chlorpyrifos was highest among the seven contact insecticides for all beneficial species.  Bioassay
responses of G. ashmeadi under laboratory conditions to the two IGRs by the petri dish method generated LC50’s that were
higher than with the neonicotinoids (Table 1).  Although, differences in responses to certain pyrethroids were observed with
respect to toxicity among the various species of natural enemies, fenpropathrin appeared to be less harmful to most of the
beneficials compared to bifenthrin or cyfluthrin.  A larger difference in toxicity was observed between the two systemics,
imidacloprid and thiamethoxam against the parasitoids.  Both compounds were toxic to G. ashmeadi but thiamethoxam was
more toxic after 24 h exposure compared to imidacloprid which was not toxic to these insects at tested doses during the first
24 h of exposure.  A follow-up study involving detection of imidacloprid using ELISA revealed variable amounts of this
compound in insects even though they do not feed on plant tissue.

Evaluation of the susceptibility of two predators, G. punctipes and O. insidiosus, to imidacloprid and thiamethoxam revealed
that both systemic compounds were toxic to these predators (Table 2).  The LC50 values were low but only after 96 h
exposure.  These results are not surprising because Geocoris spp and Orius spp. will feed on plants.

Objectives 3 & 4.  Impact of systemic compounds on parasitoid survival.
Work is on-going for objectives 3 and 4, evaluating the impact of imidacloprid and thiamethoxam within plants on the
survivorship of G. ashmeadi and A. melinus.  Our preliminary results have shown that systemics have an impact on GWSS
egg parasitoids and A. melinus.  The potential for mortality caused by systemic insecticides in non-plant feeding insects such
as parasitoids of GWSS is being evaluated under field conditions.  The lethal effects on G. ashmeadi and A. melinus that
occur when exposed to systemically treated plant surfaces will be measured by determining the titers of both compounds
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within the leaf tissue as well as in GWSS eggs or scale nymphs in which parasitoids develop.  In future tests, we will attempt
to relate survivorship of parasitoids to the titers of either material within the treated leaf tissue.  The effect of imidacloprid
and thiamethoxam treatments on G. ashmeadi within GWSS eggs will be studied.

Tests are in progress to expose A. melinus to cottony cushion scale honeydew after exposure of the scale to systemic
treatments of imidacloprid.  Preliminary tests assessing dose-mortality responses of cottony cushion scale to three rates of
imidacloprid applied to potted citrus have been initiated.  The mortality of cottony cushion scale was determined at seven, 14
and 21 d post-treatment.  Preliminary tests also included quantifying titres of imidacloprid in cottony cushion scale, leaf and
stem extracts and honeydew using commercially available ELISA kits.  Imidacloprid was detected variably in the insect, leaf
and stem extracts and honeydew based on the rate applied.  Higher levels were found in the leaf extracts within one week of
treatment with lower titres detected in the insect and honeydew.  Future tests will determine the impact if any, of
concentrations of imidacloprid present in the honeydew on A. melinus and H. covergens.  These tests will assess toxicity in
general to parasitoids because these parasitoids will feed on available honeydew on citrus produced by cottony cushion scale.
If there are residues of imidacloprid in honeydew, ELISA tests can detect  the presence of systemic chemicals.

CONCLUSIONS
This study showed differences in the relative number of natural enemies of GWSS using two monitoring methods.  Numbers
of parasitoids and rates of parasitism were higher using the egg mass collection method versus the yellow sticky trap
technique.  Both techniques showed seasonal differences in numbers of natural enemies, with higher levels in summer than in
fall.  This study helped fill the gap in knowledge regarding the effect of selected insecticides against natural enemies of
GWSS.  The work reported here investigated the toxicological effects of three neonicotinoids, imidacloprid (Admire),
acetamiprid (Assail), and thiamethoxam (Platinum); two IGRs, buprofezin (Applaud) and pyriproxyfen (Esteem); three
pyrethroids, bifenthrin (Capture), cyfluthrin (Baythroid), and fenpropathrin (Danitol); and an organophosphate, chlorpyrifos
(Lorsban) against four parasitoids.  Contrary to widespread assumption that systemic insecticides may not be toxic to natural
enemies, our data showed that systemically applied imidacloprid and thiamethoxam were toxic to parasitoids that do not feed
on plant tissue.  Additionally, naturally occurring honeydew on citrus leaves may be toxic to A. melinus.  These data will help
determine the relative compatibility of particular insecticides to foraging natural enemies.  However, results presented here
are presently limited to laboratory observations.  Field confirmation is needed and is underway.

Table 1.: Toxicity of various insecticides to G. ashmeadi and A. melinus.

Compound Bioassay
Technique

Exposure
Time

A. melinus
No. Tested

A. melinus
LC50μg(AI)/ml

G. ashmeadi
# Tested

G. ashmeadi
LC50 (μg(AI)/ml)

Chlorpyrifos Petri dish 24 4148 0.0008 2106 0.006
Bifenthrin Petri dish 48 4117 0.001 1006 0.010
Cyfluthrin Petri dish 48 3683 0.007 1215 0.067
Fenpropathrin Petri dish 48 4140 0.010 1554 166.88
Acetamiprid Petri dish 48 3257 0.005 1744 0.134
Buprofezin Petri dish 96 4531 0.764 1804 315.52
Pyriproxyfen Petri dish 96 3767 0.421 1794 132.53
Imidacloprid Uptake 48 2248 2.14 1278 11.06
Thiamethoxam Uptake 48 2156 0.044 1209 0.312



Table 2.: Toxicity of two neonicotinoids to two predators using a systemic uptake bioassay.
Compound Exposure time # Tested LC50 (μg(AI)/ml)
Orius insidiosus
Imidacloprid 24 352 1.63

96 0.013
Thiamethoxam 24 341 0.297

96 0.005
Geocoris punctipes
Imidacloprid 96 334 2.01
Thiamethoxam 96 311 4.83
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ABSTRACT
At least sixteen species of Gonatocerus were reared in Argentina and Neotropical Mexico from eggs of the proconiine
sharpshooters in the course of classical and neoclassical biological control projects against the glassy-winged sharpshooter
(GWSS) Homalodisca vitripennis (Germar) in California.  The objectives of this project are to identify them taxonomically
and to prepare a pictorial, easy-to-use, annotated key to more than 60 Neotropical species of the ater group of Gonatocerus –
mymarid egg parasitoids of the proconiine sharpshooters including Homalodisca.  Results obtained during the first three
months of this new project are being reported.

INTRODUCTION
In North America, eggs of proconiine sharpshooters, which are known vectors of Xylella fastidiosa (Xf), are parasitized by
various Mymaridae and Trichogrammatidae.  An illustrated, annotated key to the genera and species of proconiine-
parasitizing Trichogrammatidae is available (Triapitsyn 2003), and a key to such North American Mymaridae was published
recently (Triapitsyn 2006).

Recommendation 3.12 (NRC 2004) calls for support for the classical biological control (over augmentative approach) against
the glassy-winged sharpshooter (GWSS).  Recently (during 2000-2006), major efforts have been undertaken to survey for
egg parasitoids of GWSS and the related proconiine sharpshooters in Mexico (Hoddle & Triapitsyn, 2004, 2005; Morgan et
al., 2000; Pilkington et al., 2005; Triapitsyn et al. 2002; Triapitsyn & Hoddle 2001, 2002; Triapitsyn et al. 2006) as well as in
Argentina (Jones 2001; Jones et al. 2005; Logarzo et al. 2004; Pilkington et al. 2005; Virla et al. 2005).  As the result, 12
species of Gonatocerus (Mymaridae) were reared in Argentina from eggs of the proconiine sharpshooter genera related to
Homalodisca (G. Logarzo, unpublished USDA-ARS South American Biocontrol Lab. reports for 2004 and 2005).  During
2002-2004, some of these species were imported under permits into the Universiey of California, Riverside (UCR) and
USDA-APHIS, Mission, Texas quarantine facilities and their colonies were established on GWSS eggs.  Several species are
still being maintained and evaluated (Jones, Logarzo, Triapitsyn et al. 2005; Jones, Logarzo, Virla et al. 2005; Hoddle &
Triapitsyn 2005).  However, importation and quarantine evaluation of other available species from Argentina have not been
initiated because their identification is not possible without a careful comparison with more than 60 already described
Neotropical species of Gonatocerus.  Several other species of Gonatocerus were also reared from eggs of proconiine
sharpshooters in Mexico (Triapitsyn et al. 2002; Hoddle & Triapitsyn 2005), Chile (Logarzo et al. 2006), and Peru (Logarzo
et al. 2004).  The major problem, however, is taxonomic identification of these species, which has been impossible, except
for a few of them.  Thus, further introductions of these unnamed species (including applications for their release) are
hampered because no positive identifications could be made before this project was initiated.

The ater species group of the genus Gonatocerus is mostly associated with Proconiini in the New World (Triapitsyn 2002;
Triapitsyn et al. 2002).  It is extremely speciose in the Neotropical region, with at least 60 described species, mainly from
Argentina by A. A. Ogloblin, and probably with at least 100-150 undescribed species.  Some of them have wide distributions
from Mexico to Argentina (Triapitsyn et al. 2006).  Unfortunately, almost 50 species described from Argentina and Ecuador
by A. A. Ogloblin cannot be positively identified at present because there are no taxonomic keys for their separation, no
adequate illustrations that accompany their descriptions in Spanish, and because the type specimens of almost half of these
species were not available.  Some of these were not marked by A. A. Ogloblin as types; they were located among the
miscellaneous slides of Gonatocerus in his collection deposited in La Plata Museum in La Plata, Argentina, and needed to be
identified.  Therefore, to make identification of any specimen of Gonatocerus reared from eggs of proconiine sharpshooters
anywhere from Mexico to Argentina, it needs to be compared with about 60 already described Neotropical species from the
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same group.  Thus, a key is needed, which would include all the previously described species of Gonatocerus (ater group)
and also all the new species reared in Argentina and Mexico in the course of the recent surveys.  Such a key will also be a
useful tool to distinguish the species already present in California from other species of the same genus with similar host
associations following possible release and establishment of the exotic egg parasitoids from Argentina and Mexico.
Moreover, because of the easy availability of proconiine sharpshooter eggs in California due to the establishment and
outbreak of the GWSS, non-intentional introductions of exotic egg parasitoids from countries in Central and South America
are also quite possible.

OBJECTIVES
1. Identification of the numerous species of Gonatocerus reared by USDA researchers (G. Logarzo) in Argentina, Chile,

and Peru, colonies of some of which were established in the quarantine facilities in California and Texas, and also of
several species reared in Mexico by UCR researchers from eggs of Homalodisca and other proconiine sharpshooters
(Year 1).

2. Preparation and submission for publication of a pictorial, annotated key to the ater species group of Gonatocerus, egg
parasitoids of proconiine sharpshooters in the Neotropical region, with emphasis on the species targeted for introduction
into California (Year 2).

RESULTS
Progress on Objective 1.
Types
To locate the unmarked or previously unavailable types of the Gonatocerus species, described by A. A. Ogloblin from
Argentina and Ecuador, S. Triapitsyn and G. Logarzo visited the entomological collection of La Plata Museum in La Plata,
Argentina, in August 2006 and studied the entire Ogloblin collection of Gonatocerus.  Sorted and examined were numerous
specimens stored in more than 20 boxes, each containing 100 microscopic slides.  We found all but one primary types of
Ogloblin’s Gonatocerus species, which were borrowed for further study; digital photographs have already been taken from
some of those (unfortunately, all the holotypes of the species described from Ecuador will need to be remounted as the
mounting medium is so dark that the specimens are not visible).  The holotype of G. dorsiniger (Ogloblin), described from
Ecuador, is still missing but that would not affect our work as it belongs to a different (membraciphagus) species group of
Gonatocerus.  We were also able to curate a significant portion of the Ogloblin collection of Gonatocerus, labeling unmarked
syntypes, paratypes, etc.

Identification
Morphologically, we recognized three more unidentified species among altogether at least 15 species of Gonatocerus reared
in Argentina by G. Logarzo from eggs of the proconiine sharpshooters.  So far we were able to positively identify the
following species (including the three species identified during the reporting period, i.e., spp. #2, 8, and 12): G. nigrithorax
(Ogloblin) [sp. #2], G. annulicornis (Ogloblin) [sp. #4], G. metanotalis (Ogloblin) [sp. #5], G. tuberculifemur (Ogloblin) [sp.
#7]; G. abbreviatus (Ogloblin) [sp. #8], G. uat S. Triapitsyn [sp. #9], G. atriclavus Girault [sp. 10], and possibly G.
nigriflagellum (Girault) [sp. #12]. Sp. # 1 from Argentina and a similar, yet clearly different species, reared from eggs of
Homalodisca or Oncometopia in Veracruz, Mexico, and also sp. #6 from Argentina (a colony of which is being maintained in
UCR quarantine) seem to be new, undescribed species, which will be described taxonomically later in the course of this
project.  The identities of other species remain to be figured out.

Specimen preparation
Due to the late availability of funding (in mid-September), work on slide-mounting of the hundreds of specimens will be
conducted mostly during October 2006 – October 2007.

Preparation of the illustrations (mostly Objective 2)
High quality digital photographs (later arranged in plates) were taken, using the Automontage system, of the first 12 species
reared in Argentina by G. Logarzo from eggs of the proconiine sharpshooters.  Additionally, scanning electron micrographs
were taken from some of them to facilitate their recognition and to illustrate some key morphological features.

CONCLUSIONS
Although work on this project has just begun, we are pleased to report some major accomplishments.  We were able to locate
all but one missing type of the South American species of Gonatocerus, described by A. A. Ogloblin from Argentina and
Ecuador.  High quality digital photographs were taken from both females and males of the first 12 species of Gonatocerus,
reared by G. Logarzo in Argentina from eggs of the proconiine sharpshooters.  Positive identifications of the additional three
species from Argentina will make possible submission of several publications of the available biological and molecular data
on these species (unpublished data by G. Logarzo, J. de León, and E. Virla).  Results of this project will be of significant
benefit to biological control (especially to the CDFA/PD Biological Control Program) specialists, ecologists, and other
researchers that manage the Pierce’s disease threat posed by GWSS.  When completed, this key will make possible
identifications of the mymarid egg parasitoids of proconiine sharpshooters in America south of the USA, differentiation of
native vs. introduced species of Gonatocerus, and also will provide information on the candidate species of Mymaridae for
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introduction as part of biological control programs, facilitate surveys for assessing levels of egg parasitism of the proconiine
sharpshooters, and indicate all known host associations of the mymarid species important for classical and neoclassical
biological control of GWSS and other Proconiini.
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ABSTRACT
This project will build (and test) a framework to study the interactions between Xylella fastidiosa and insect vectors at the
molecular, cellular and transmission biology levels.  Understanding these interactions will lead to a better understanding of
the transmission process and its biology, and potentially highlight promising strategies to disrupt pathogen retention by
vectors and inoculation into plants.  In addition, it will further elucidate how these genes function in infected grape and other
hosts.

INTRODUCTION
Current data suggest that Xylella fastidiosa (Xf) is transmitted to plants from the precibarium of vectors where it attaches,
multiplies, forms a ‘carpet’ of cells and eventually detaches to be injected into plants (Almeida and Purcell 2006).  The
details about the mechanics of an inoculation event (from the insect’s probing behavior perspective) are still to be
determined.  In addition, there is no information on the interactions between Xf and vectors.  To our knowledge, there is no
datum on any molecular aspect of the vector-Xf interface, with the exception of Newman et al. (2004) who demonstrated that
a cell-cell signaling mutant was not transmissible to plants by insects (which showed that signaling controls transmission, but
did not identify genes associated with attachment or retention per se).  This project will start to fill an essential gap in Xf
transmission and biology research with a study on the molecular determinants of the vector-pathogen interface.

OBJECTIVES
1. Determine the effects of rpfC mutant on vector transmission.
2. Determine the transmission biology of Xf mutants hypothesized to be important in early and late stages of insect

colonization.

RESULTS
This project is being initiated.  We will first focus our studies on Xf attachment mutants characterized for some biological
attributes by Meng et al. (2005), in addition to cell-cell signaling (rpf) mutants currently being studied by Steve Lindow’s
group at UC Berkeley.
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ABSTRACT
Xylella fastidiosa (Xf) is the causal agent of Pierce’s disease in grapevines.  The mechanisms of pathogenicity are largely due
to occlusion of xylem vessels by aggregation of Xf and biofilm formation.  Our previous work has documented the effects of
xylem constituents on both Xf proliferation and biofilm formation.  This current research utilizes 1) addition of xylem
constituents to defined media in-vitro, and 2) exposure of Xf to xylem fluids of different Vitis germplasms to investigate
effects of xylem components on Xf growth and biofilm formation.  Xylem fluid is typically low in O2 and our in-vitro studies
have established the capability of Xf to grow under hypoxic conditions.  The growth in the defined (minimal) media is often
superior or equal under the oxygen-limited conditions as compared to the air-saturated media.  These effects were found to be
variable with Xf strain and media formulation indicating interactive effects between O2 and specific xylem components.
Short term (1 hour) to long term (12 days) exposure of Xf to Vitis xylem fluids showed highly significant differences in both
Xf growth rates and biofilm formation dependent on Vitis genotype. Xf growth in Vitis xylem fluid was correlated to the
concentration of the organic acid citric acid, many of the amino acids including glutamic acid, glutamine, histidine, valine,
methionine, isoleucine and phenylalanine and inorganic ions including copper, magnesium, phosphorous and zinc.  Biofilm
formation was also correlated to specific xylem constituents.  Our next experiments will test the growth and biofilm
formation of Xf in response to changing the concentration of these constituents noted above in xylem fluid so that the role of
each constituent can be assessed.

INTRODUCTION
We have previously established that a functional relationship exists between Pierce’s disease (PD) expression and Xylella
fastidiosa (Xf) colony growth within Vitis germplasms.  Colony growth results from proliferation of individual Xf (cfu),
aggregation, and biofilm formation.  Both in-vitro and in-vivo experiments have shown that both Xf proliferation and biofilm
formation may be impacted by a variety of constituents including specific inorganic ions, O2, antioxidants, amino and organic
acids and sulfhydryl groups.  Newly developed defined media result in variable patterns of Xf colony growth (i.e. PW+
results in rapid bacterial proliferation with comparatively little biofilm formation whereas our newly defined media
CHARDS provides slower bacterial growth but high biofilm formation).  CHARDS media is equivalent to CHARD2 (Leite
et al. 2004) except that starch at 0.2g/liter is added.  These media provide an array of tools to test effects of individual
compounds on Xf colony growth.  Lastly, we can also examine Xf colony formation within xylem fluids of varying Vitis
germplasms, and correlate patterns of growth to composition of the xylem fluid.

OBJECTIVES
1. Utilize defined media to examine the effects of O2 and other xylem components on Xf growth.
2. Quantify the relationship between naturally occurring xylem constituents (inorganic ions, amino acids and organic acids)

and Xf colony growth utilizing xylem fluid from a variety of Vitis germplasms.

Objective 1. The effects of O2 on Xf growth and biofilm
Our initial work focused on the role of O2 in Xf colony growth.  The levels of oxygen found in xylem fluid are highly variable
between almost atmospheric to anoxic levels (Gansert et al. 2001; Eklund, 2000).  There may also be great variation within a
plant (Dongen et al. 2003).  Levels documented in xylem are generally well below atmospheric levels, and Xf has been
defined as an obligate aerobe incapable of growth without O2 (Wells et al. 1987).  We subjected Xf growing in liquid PW+
media to 5 levels of O2 ranging from atmospheric O2 (21%) to anaerobic conditions (0%).  Gas treatments were applied for 5
minutes every 24 hours. Xf was cultured under these conditions for 15 days at which time Xf growth, quantified by optical
density (OD), and biofilm formation were measured.  OD was measured using a Genosys 8 spectrophotometer at a
wavelength of 600nm.  The formation of biofilm on the surface of polypropylene tubes was assayed by the crystal violet
method (Espinosa-Urgel et al. 2000).  The oxygen levels were determined using a LaMotte’s Dissolved Oxygen Test Kit
(model EDO•code 7414) to insure the accuracy and persistence of treatment conditions.

Our results established a relationship between O2 concentrations and Xf growth.  For many strains tested, Xf growth rates
were highest under atmospheric conditions and declined as O2 levels declined.  Growth comparison of Xylella fastidiosa pv.
Pierce’s disease strain ‘Temecula’ and Xanthomonas campestris under 21% oxygen and 0% oxygen headspaces, indicate that
there was a discrepancy among the ability to grow under a hypoxic condition.  There was no change in the optical density for
Xanthomonas but there was continued growth for Xylella under the nitrogen gas treatments (0% O2; Figure 1).  This was also
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found for other strains of Xylella, such as the Pierce’s disease strain ‘UCLA’ and the almond leaf scorch strain ‘Tulare’ (data
not shown).  Effects of oxygen on biofilm appear more variable than effects on OD, yet in about half of the experiments
conducted biofilm increased significantly under hypoxic conditions.  Media formulation had more significant effects on
biofilm than did O2 concentrations.

The absolute rates of Xf growth and the subsequent reactions to declining O2 were strain dependent.  Furthermore, the effects
of oxygen varied greatly depending on media used during assays (Table 1).  When grown in the defined media XDM2 effects
of varying oxygen were highly significant, whereas effects were not evident for Xf grown in CHARDS. The latter is a defined
media based on xylem fluid composition (Leite et al. 2004), whereas the former is based on genomic analysis (Lemos et al.
2003).  Variations in effects suggest interactions between oxygen and other xylem constituents that may be important to Xf
growth.

Preliminary analysis of media composition, CHARDS and XDM2, after sustained Xf growth under differing oxygen levels
(21% versus 0%) showed both qualitative and quantitative variations in organic acid profiles.  These results, along with
analysis of terminal oxidase (the high through-put, low affinity cytochrome bo) in the electron transport pathway and the lack
of production of hydrogen sulfide, suggest the possibility that the bacterium may be employing an anaerobic energy
production pathway.  Current research is addressing if such pathways may be fermentative. We are also analyzing these
metabolic products to determine if these products are related to pathogenicity.

Objective 2: Xf colony growth in xylem fluid from varying Vitis germplasms.
Xylem fluid was collected from Vitis cultivars ranging in PD susceptibility.  These included Vitis rotundifolia cvs. Carlos and
Noble, Vitis rupestris cv. St. George, Vitis simpsoni cv. Pixialla, Vitis champinii cvs. Dogridge and Ramsey and Vitis vinifera
cvs. Chardonnay, Chenin blanc and Exotic all collected from cut bleeding spurs (Andersen and Brodbeck 1991) at the
NFREC-Quincy Research Center in March 2005 and also from Vitis vinifera cv. Chardonnay and Vitis rotundifolia cv. Noble
in California during March and April 2006.  Profiles of inorganic nutrients (phosphorous, potassium, magnesium, zinc,
manganese, copper, boron and sodium) amino acids (glutamine, asparagine, aspartic acid, glutamic acid, serine, glycine,
histidine, arginine, threonine, alanine, proline, tyrosine, valine, methionine, cysteine, isoleucine, leucine, phenylalanine and
lysine), organic acids (oxalic, citric, tartaric, malic, malonic, lactic and succinic acids), electrical conductivity and pH were
established for the xylem fluid used in each assay.  Cell suspensions of the Temecula strain were pelleted from PW+ medium
and re-suspended in xylem fluid from the varying cultivars for periods of one hour, 5 days and 12 days.  Bacterial
concentration and biofilm formation were quantified for each treatment and correlated to individual chemical constituents in
the xylem fluid.  Tests were run in March 2006 and again in June 2006 to insure repeatability. We note that the only way to
collect sufficient quantities of xylem fluid for this experiment is to use bleeding xylem fluid from cut Vitis spurs which is
only available in late winter.  These fluids from dormant vines may or may not be representative of xylem fluid from specific
germplasms in summer when Xf is actively proliferating.  Thus, this methodology was developed to provide a range of xylem
profiles to assess effects of individual xylem components on Xf growth rather than to quantify characteristics of Xf growth as
a function of specific Vitis germplasms.

Our results emphasize how dramatically even short term exposure of Xf to xylem fluid of varying composition quickly alters
Xf growth and biofilm formation (Table 2).  Significant effects in biofilm (p<0.0001) were present after 1 hour and persisted
throughout 12 days.  Effects on OD were delayed (not apparent after 1 hour) but became highly significant with time
(p<0.0001 for the 5 and 12 day intervals).  Optical density varied greater than 3-fold and biofilm formation greater than 5-
fold in the various fluids during the experiments.  In all cases both OD and biofilm formation increased with time, but rates of
increase varied dramatically between xylem fluid treatments.  For example, biofilm formation in Carlos fluid was
significantly higher than in the other fluids when measured after one hour, was intermediate in value after five days and was
lower than in all other fluids after 12 days.  Exposure to specific xylem fluids often had the opposite effect on overall growth
rates (OD) and biofilm formation.  Optical density for Xf incubated in Ramsey fluid was consistently higher than Xf in other
fluids at each time period, but also consistently lower in biofilm formation.

Analyses of xylem fluids showed that many xylem constituents were highly correlated to optical density and biofilm
formation.  Optical density (growth) became more highly correlated with these constituents over time with only two
significant correlations after 1 hour (Table 3).  Glutamine, the predominant amino acid in Vitis xylem fluid, was weakly but
consistently correlated with OD after 5 and 12 days.  Some of the minor amino acids (histidine, valine, methionine,
isoleucine and phenylalanine) were much more strongly correlated to Xf growth.  The organic acid citric acid was also very
highly correlated to OD after 5 and 12 days.  For the inorganic ions, phosphorous, copper and zinc were well correlated with
OD.  For all of the constituents mentioned above, results appeared consistent over time as significant relationships apparent
after 5 days also persisted through 12 days.  We have previously hypothesized the importance of calcium, magnesium,
phosphorous and citric acid to Xf growth (Andersen 2005).  Equations utilizing these as variables yielded higher correlations
than regression analyses based on any single chemical constituent (P<0.0001; R2 =0.90).  The strength of these relationships
suggest that our original hypothesis merits further investigation.
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Biofilm formation was also correlated to xylem constituents Table 4).  Both the specific compounds correlated to biofilm
formation and the timing of possible effects varied drastically from those found with OD.  Six amino acids (glycine, alanine,
threonine, arginine, leucine and lysine) and one organic acid (tartaric acid) were related to biofilm formation, but only for a
short time (one hour). None of these relationships persisted.  The only correlations between xylem constituents and biofilm
formation were with xylem pH.

These consistent correlations between xylem constituents and Xf growth are important, but further work is needed to suggest
a causative relationship between Xf growth patterns and individual xylem components.  To further investigate potential
mechanistic relationships, we are currently repeating these experiments but manipulating xylem chemistry via
supplementation of xylem constituents that appear well correlated with Xf growth and development.  These experiments will
allow us to discriminate mechanistic relationships from those that were strictly correlative.

Xanthomonas growth
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Figure 1. Mean bacterial growth of Xanthomonas campestris and Xf ‘Temecula’ in PW+ broth under various
oxygen concentrations.  Air is 21% oxygen and nitrogen is 0% oxygen.  For each treatment level n=3.
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Table 1. Optical densities for Xf growth under air (21% oxygen) and nitrogen (0% oxygen).  On 11/2005 a pooled culture
(rather than individual replications) was spun down and resuspended in the appropriate media and then dispensed into the
falcon polypropylene test tubes.  The experiments in 2006 both had initial optical densities of ~0.1 and the 11/2005
experiment started with OD=0.07.
Media-Gas OD 03/2006 OD 04/2006 OD 11/2005*
CHARDS - Air 0.165 ±0.005 0.145 ±0.008 0.092 ±0.001
CHARDS - Nitrogen 0.154 ±0.007 0.155 ±.007 0.102 ±0.004
Statistics P=0.2588 P=0.4123 P=0.0643

XDM2* - Air 0.119 ±0.004 0.107 ±0.005 0.079 ±0.001

XDM2* - Nitrogen 0.168 ±0 0.154 ±0.006 0.092 ±0.003

Statistics P=0.0002 P=0.0047 P=0.0017

Table 2. Optical density and biofilm formation of Xf Temecula suspended in xylem fluid from nine different cultivars of
Vitis for periods of 1 hour, 5 days and 12 days.  Columns with different letters are significantly different for Duncan’s MS
(p<0.05).

1 hour 5 days 12 days
OD Biofilm OD Biofilm OD Biofilm

Carlos 0.111 0.139a 0.104b 0.469b 0.106b 0.688bcd

Chardonnay 0.168 0.061bc 0.155b 0.223c 0.137b 0.550d

Chenin Blanc 0.123 0.060bc 0.128b 0.474b 0.140b 0.636bcd

Dogridge 0.129 0.075bc 0.168b 0.656ab 0.160b 0.724bcd

Exotic 0.117 0.071bc 0.124b 0.520b 0.120b 0.847b

Noble 0.131 0.094b 0.112b 0.801a 0.153b 1.200a

Pixialla 0.133 0.065bc 0.136b 0.578ab 0.130b 0.586cd

Ramsey 0.138 0.046c 0.296a 0.134c 0.390a 0.266e

St. George 0.129 0.057bc 0.140b 0.549b 0.166b 0.794bc

Statistics (p<) NS 0.0001 0.0001 0.0001 0.0001 0.0001
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Table 3. The relationship between xylem constituents and optical density of Xf Temecula strain suspended in xylem fluid
from nine different cultivars of Vitis for periods of 1 hour, 5 days and 12 days.

Equation 
1 hour

P< R2

OD (600 nm)

Equation
5 days

P< R2 Equation
12 days

P< R2

Amino
acids

glu y = 0.087 +
0.00153x 0.061 0.42

gln y = 0.111 +
0.0000135x 0.051 0.44 y = 0.105 +

0.0000206x 0.043 0.47

his y = 0.108 –
0.00144x 0.005 0.70 y = 0.994 +

0.00221x 0.0025 0.75

val y = 0.100 +
0.000892x 0.024 0.54 y = 0.085 +

0.00143x 0.010 0.63

met y = 0.111 +
0.0057x 0.047 0.45 y = 0.096 +

0.00276x 0.010 0.63

ile y = 0.102 +
0.00157x 0.010 0.64 y = 0.0914 +

0.00241x 0.006 0.68

phe y = 0.103 +
0.00115x 0.005 0.70 y = 0.095 +

0.00172x 0.004 0.71

Organic
acids

cit y = 0.0745 +
0.000276x 0.0002 0.89 y = 0.0569 +

0.000393x 0.0008 0.82

tar y = 0.0977 +
0.000327x 0.014 0.60

Inorganic
ions

P y = 0.079 +
0.0052x 0.018 0.57 y = 0.0606 +

0.0076x 0.021 0.56

Mg y = 0.109 +
0.000095x 0.036 0.49

Zn y = 0.106 +
0.0793x 0.002 0.77 y = 1.00 +

0.115x 0.003 0.74

Cu y = 0.084 +
0.846x 0.017 0.58 y = 0.076 +

1.13x 0.04 0.48

(Cit * P) /
(Ca * Mg)

y = 0.0939 +
0.0338x 0.002 0.78 y = 0.0776 +

0.0523x 0.0005 0.84

(Cit * P) /
(Ca + Mg)

y = 0.101 +
0.00142x 0.0001 0.90 y = 0.0927 +

0.0021x 0.0001 0.90
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Table 4. The relationship between xylem constituents and biofilm formation of Xf Temecula strain suspended in xylem fluid
from nine different cultivars of Vitis for periods of 1 hour, 5 days and 12 days.

Equation
1 hour

P< R2

Biofilm

Equation
5 days

P< R2 Equation
12 days

P< R2

Amino acids

gly y = 0.0529 +
0.00067x 0.032 0.51

arg y = 0.0638 +
0.0000839x 0.0015 0.78

thr y = 0.0642 +
0.0000695x 0.002 0.77

ala y = 0.057 +
0.00115x 0.002 0.76

leu y = 0.0611 +
0.00028x 0.0002 0.87

lys y = 0.0579 +
0.0033x 0.0008 0.82

Organic acids

tar y = 0.126 –
0.000510x 0.038 0.48

Inorganic ions

Cu y = 0.734 –
3.07x 0.013 0.61

pH y = 4.10 –
0.624x 0.0011 0.80 y = 4.51 

0.659x
– 0.016 0.59
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ABSTRACT
Type I and type IV pili of Xylella fastidiosa play different roles in twitching motility, biofilm formation, and cell-cell
aggregation.  Thirty twitching mutants were generated with an EZ::TN transposome system and type IV pilus-associated
genes were identified, including fimT, pilX, pilY1, pilO, and pilR.  Mutations in all resulted in a twitch-minus phenotype
except that pilY1 mutant was twitching-reduced.  A fimA mutant lacked type I pili and altered biofilm development and
twitching.  A fimA/pilO double mutant lacked both classes of pili, was twitch-minus and produced almost no visible biofilm.
The gene for the type IV pilin (pilA), was cloned and expressed (predicted 15 KDa protein).  The pilin sequence is 38% and
55% identical to that of the type IV pilin from Pseudomonas aeruginosa and P. syringae pv. tomato, respectively.  A
monoclonal antibody against the pilA gene product (prepilin) is being prepared.

INTRODUCTION
Xylella fastidiosa (Xf) has both type I pili and type IV pili located at one pole of the cells, and exhibits twitching motility and
biofilm formation (Meng et al, 2005).  Twitching functions in host colonization of many gram-negative bacteria.
Approximately 40 genes have been identified that are involved in the biogenesis and function of type IV pili in P. aeruginosa
(Mattick, 2002), including those encoding structural and regulatory proteins.  In several bacteria, type IV pili are known to
function in attachment and biofilm formation (Hélaine et al., 2005, Schilling et al., 2001); known virulence factors.  The
main structural protein of IV pili, pilin, is encoded by pilA and is essential for the twitching motility in P. aeruginosa and P.
stutzeri (Mattick et al., 2002; Graupner et al., 2000).

Our recent study revealed that type I pili play a central role in cell attachment and biofilm formation, and that type IV pili
mediate twitching motility against a flowing current in microfluidic chambers.  A fimA mutant (no type I pili) was capable of
twitching motility.  In contrast pilB and pilQ mutants (no type IV pili) did not twitch and were greatly impaired in their
ability to migrate downward in grapevine shoots (Meng et al., 2005).  We have identified several previously undescribed
genes in Xf that are associated with pili development and their associated phenotypes.  We have cloned and expressed pilA
and its product, pilin, the primary structural protein of type IV pili.  Antibodies to PilA and other surface proteins will be
used for development of diagnostic tests and eventually in the development of novel controls for Pierce’s Disease.

OBJECTIVES
1. Characterize the putative type I pili gene cluster and phenotpes associated with genes.
2. Characterize two additional gene clusters that are likely to be involved in regulation of type IV pili and related functions.
3. Development of monoclonal antibodies to Xf.

RESULTS
Characterization of gene clusters associated with pil genes. Thirty twitching-defective mutants, representing 12 different
open reading frames, were obtained from approximately 3000 KanR insertion mutants generated via the EZ::TN <Kan-2>
system.  Insertions occurred in homologs of pilus-related genes of P. aeruginosa, including PD0019 (fimT), PD0022 (pilX),
PD0023 (pilY1), PD1693 (pilO), and PD1928 (pilR) that reside in four different gene clusters (Table 1; Figure 1).  Open
reading frame PD0062 corresponds to the fimA gene of E. coli (precursor for type I pili).  A second round of mutagenesis in
mutant 6E11 (lacks type I pili) was performed with EZ::TN <DHFR-1> system to select mutants that lacked both pilus types.
Six non-twitching mutants were obtained having insertions in PD1923 (pilC in DM11, DM15), PD1693 (pilO in DM12),
PD1671 (DM13), PD0609 (DM14) and PD0022 (pilX in DM16), respectively.  DM12 (fimA/ pilO) was selected for further
study. pilO resides in operon pilMNOPQ (Van Sluys et al., 2003).  Homologs in P. aeruginosa are required for type IV pilus
assembly (Mattick, 2002).



Table 1.
Xylella fastidiosa Pseudomonas aeruginosa

Mutant Gene (ORF) Gene (ORF) Predicted Gene Product Percent
Identity ‡

TM13 * fimT (PD0019) fimT (PA4549) Type IV fimbrial biogenesis protein FimT 29
20D10 * pilX (PD0022) pilX (PA4553) Type IV fimbrial biogenesis protein PilX 24
TM14 † pilY1 (PD0023) pilY1 (PA4554) Type IV fimbrial biogenesis protein PilY1 31

5A7 * pilQ (PD1691) pilQ (PA5040) Type IV fimbrial biogenesis outer membrane
protein.  PilQ precursor 39

TM1 * pilO (PD1693) pilO (PA5042) Type IV fimbrial biogenesis protein PilO 41
1A2 * pilB (PD1927) pilB (PA4526) Type IV fimbrial biogenesis protein PilB 56
TM7 * pilR (PD1928) pilR (PA4547) Two-component response regulator PilR 58

Figure 1.

Figure 2.

Figure 3.

TEM revealed that mutants TM1 (pilO), TM7 (
pilR), TM13 (fimT), and 20D10 (pilX) lacked type
IV pili, but still possessed type I pili.  The double
mutant DM12, lacked both classes of pili.  Type I
and type IV pili were both present in the pilY1
mutant, TM14.

Twitching motility of wild-type and mutants.
Mutants TM1 (pilO), TM7 (pilR), TM13 (fimT),
and 20D10 (pilX) exhibited smooth colony margins
on modified PW agar surfaces, indicating that they
lacked twitching motility as shown in Figure 2.
Mutant TM14 (pilY1) exhibited a crenulated
colony margin, suggesting reduced twitching
motility.  The peripheral fringe of 6Ell colonies
was nearly always wider than the fringe of the

wild-type isolate, suggesting enhanced motility.
This infers that the presence of type I pili may
restrict motility, possibly by enhancing
attachment and aggregation of cells.  The double
mutant DM12 (fimA pilO) exhibited no fringe or
twitching.

Biofilms, cell aggregates, and growth rates.
Wild-type and twitching-defective mutants
formed biofilms on polystyrene and
polypropylene surfaces; 6E11 and DM12
exhibited significantly reduced biofilms (Figure.

3).  Mutants lacking only type IV pili formed more robust biofilms
on polystyrene and glass than the wild-type; however, no differences
were observed on polypropylene suggesting that the surface material
greatly impacts attachment of the bacteria Biofilm formation by wild-
type, TM1, 6E11, and DM12 was tested in Erlenmeyer flasks with
continuous agitation (Figure 4a).  TM1 formed significantly more
biofilm than did the wild-type isolate.  The biofilm formed by 6E11
was visibly reduced as compared to the wild-type isolate or TM1 and
DM12 developed no visible biofilm (Figure 4a).  Biofilms formed by
the wild-type and 6E11 were easily removed from the flask surfaces by
swirling in distilled water, whereas the biofilm formed by TM1
remained intact (data not shown).  Thus the presence of pili makeup
also affects biofilm integrity.

The quantity of non-attached cell aggregates at the bottom of the
culture vessels was proportional to the amount of biofilm on the flask
side walls (Figure 4b) and distinct differences in the size and
morphologies of aggregates was apparent.  DM12 aggregates were
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numerous, small and lens-shaped compared to the other mutants and the
wild-type (Figure 4c).  TM1 consistently produced the largest aggregates,
whereas wild-type and the 6E11 mutant produced loosely compact
aggregates suggesting that afimbrial adhesions play a role in cell-cell
aggregation.  Aggregates of TM or 6E11 were larger than DM12,
suggesting that pili affect the formation of larger aggregates. Growth
rates of the various mutants did not differ significantly from wild-type
(data not shown).

Cloning and expression of Type IV pilin. The gene for the type IV pilin
(pilA gene product) from X. fastidiosa , was cloned and expressed in E.
coli BL21 (DE3) cells.  The pilin (deduced 15 KDa) sequence is 38% and
55% identical to those of the type IV pilin from Pseudomonas aeruginosa
PAO1 and P. syringae pv. tomato, respectively (Figure 5).  A monoclonal
antibody against pilA encoded pilin, using phage display technology, is
being prepared.

CONCLUSIONS
Our results show that genes pilO, pilR, fimT, pilX are required for type IV
pili formation and twitching motility in Xylella fastidiosa, and pilY1
affects twitching to a lesser degree.  Twitching appears to be important in
plant colonization by the pathogen.  The type IV pili also are involved in
biofilm formation and cell-cell aggregation and thus may play a role in
virulence.  Type I pili play a central role in biofilm formation and cell-
cell aggregation.  Cloning and expression of Type IV pilin have
implications for understanding Type IV pili function and provide a useful
background for the further characterization of the precise function of pilin
protein in this process.
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ABSTRACT
We report two of our recent efforts for improvement of PCR detection and genomic analysis of Xylella fastidiosa (Xf).  We
evaluated the use of PCR primers from a hyper-variable locus to monitor diversity within strains of the same pathotype.  The
pspB (PD1208) locus, encoding a serine protease, was selected and analyzed. It was observed that tandem repeat sequences
in pspB locus were highly variable from strain to strain.  The biological significance of this hyper-variation is unknown. We
also evaluated a simple sample preparation method for template DNA.  The pulverized freeze-dried tissue PCR (PFT-PCR)
test was compared to the “gold standard” pathogen isolation method.  Our results indicated that PFT-PCR had a high
predictive value (90.8%) for true positive samples, but a low predictive value for true negative results (29.7%), indicating that
a PFT-PCR result is best suited to confirm the presence of Xf in a sample.

INTRODUCTION
The complete sequencing of Xylella fastidiosa (Xf) genome and their availability allow easy access to every genomic locus of
the pathogen.  With the availability of many primer design softwares in the Internet, it becomes highly feasible for many
plant pathology laboratories to design PCR primers and explore their applications.  These form the foundation for developing
a genome based detection system for Xf using an array of primers from different loci on the platform of polymerase chain
reaction (PCR).  PCR is theoretically a highly sensitive and versatile technique for pathogen detection.  A PCR experiment
can be illustrated in the following formula:

PCR SUCCESS = PRIMER * SAMPLE PREPARATION (1)

Where a PCR success is the function of utilization of primers designed based on genomic information and sample preparation
that provides DNA template.  Either factor is equally critical in affecting PCR outcome.

The evolution and nucleotide variation rates of each gene or genomic locus vary.  Therefore, primers designed from different
genomic loci have different value in evaluating the bacterial population diversity and usage to define Xf strains.  Several
specific PCR primer sets are currently available for Xf detection including the most thoroughly tested RST31/33 primer set
(Minsavage, et al., 1994), derived from the RNA polymerase genomic locus, and those derived from 16S rRNA gene (Chen
et al., 2005), an important taxonomical character for the description of Xf (Wells et al., 1987).  These primers target the
conserved genes.  Variations in these gene sequences are closely associated with pathogen pathotypes.  For example, in San
Joaquin Valley of California, the 16S rDNA G-genotype (G-genotype) strains cause both Pierce’s disease (PD) of grapevine
and almond leaf scorch disease (ALSD). The 16S rDNA A-genotype (A-genotype) strains cause only ALSD.  Few studied
have been performed on the use of less conserved or highly variable loci to study Xf. Information from the more variable loci
could facilitate our understanding of the bacterial pathogenicity and environmental adaptations.

In contrary to PCR primers, sample preparation methods have been subjected to much less vigorous evaluation.  The most
common PCR detection procedures for Xf detection involve DNA extraction to generate template DNA.  However, this
severely reduces the high throughput capacity of a PCR procedure. Efforts were made to simplify or omit the DNA extraction
procedure by using expressed plant sap as PCR DNA template. However, the results were inconsistent.  To address this
problem, we previously reported the development of a procedure using pulverized freeze-dried almond tissues for PCR
detection of Xf (Chen and Civerolo, 2005).

In this report, we present the results of our recent analyses on using primers from a hyper-variable locus to evaluate the
population diversity of Xf strains within the same pathotype/genotype.  We also evaluated the procedure using pulverized
freeze-dried almond tissues for PCR (PFT-PCR) detection of Xf. These are part of our effort in developing a comprehensive
genome sequence-based detection system for Xf strains important to California.
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OBJECTIVES
1. To identify a hyper-variable locus in the genome of Xf and analyzed the variability of the hyper-variable locus among

different Xf strains within the same pathotype/genotype
2. To evaluate the procedure of using PFT PCR for the detection of Xf ALSD strains with an array of PCR primers from the

genomic loci important to pathogenicity.

RESULTS
Evaluation of intra-pathotype/genotype variations
Using bacteria like the Haemophilus influenzae (De Bolle et al., 2000) as a reference, that changes the number of tandem
repeats through several genetic mechanisms to regulate gene expressions during the course of environmental adaptation; we,
with the help of internet softwares, identified the locus of pspB (PD1208), encoding a putative serine protease, from the
genome of Xf Temecula strain causing PD.  The N terminus of pspB is characterized by the presence of 23 tandem repeats of
TP (threonine and proline).  This converts the tandem nucleotide repeat of [ACG(A)CCA]23.  Orthologs are also found in the
genomes of Xf strain Dixon, causing ALSD, strain Ann-1, causing oleander leaf scorch disease (OLSD) and strain 9a5c,
causing citrus variegated chlorosis disease (CVCD).  The number of the repeat varied from strain to strain. PCR primers
flanking the tandem repeat region were designed and used to amplify DNA from over 90 Xf strains isolated from different
hosts and geographical regions. PCR amplicons were sequenced.  The difference in tandem repeat numbers among different
strains were estimated by amplicon sizes and/or counted from the sequences.

Evaluation of PFT-PCR
The evaluation process involved two experiments. 1). Symptomatic samples were collected from 102 almond trees in an
orchard in Kern County, California, in November, 2004. Small branches showing leaf scorching symptoms were excised,
placed in labeled plastic bags, and transported in an ice cooler to the SJV Agricultural Sciences Center, Parlier, California.
Upon arrival, samples were stored at 4 º C and processed within 24 hours.  One symptomatic leaf was selected to represent
one tree.  Approximately, two cm petioles were removed from the leaves and used for both Xf isolation and for PFT-PCR. 2).
During the growing season of 2006, two almond orchards in Fresno County, California, were selected based on the presence
of ALSD in the previous year.  One previously known ALSD infected tree and one asymptomatic tree were selected from
each almond orchard.  The branching patterns of each tree were mapped.  Leaf samples were collected from labeled scaffolds
starting in May when no leaf scorching symptoms were seen and throughout August when symptoms were obvious. Sample
collection and processing were identical to experiment 1.

PCR procedure
PCR (25 µl) was carried out in 1x reaction buffer (10 mM Tris-HCl, pH8.3; 50 mM KCl; and 1.5 mM MgCl2) with the
addition of: 100 µM of dNTPs, 400 mM of each primer, 1 U of Taq DNA polymerase (TaKaRa taqTM Hot Start Version,
Takara Bio Inc., Seta 3-4-1, Otsu, Shiga, 520-2193, Japan), and 2 µl of DNA templates. For PFT-PCR, The multiplex PCR
procedure (Chen et al., 2005) was adapted for Xf detection.  Amplification was performed in an MJ Research Tatrad II DNA
engine with an initial denaturation at 96 º C for 10 min, followed by 30 cycles consisting of: denaturation at 96 º C for 30 s,
annealing at 55 º C for 30 s, and extension at 72 º C for 30 s.  The amplification products were then stored at 4 º C.  The
amplified DNAs were resolved through 1.5 % agarose gel electrophoresis and visualized by ethidium bromide staining.

For PCR array, primers were designed and synthesized from 30 putative pil genes and 10 putative gum genes based on the
strain Temecula genome sequence. Pil genes encode proteins needed for Type IV pili formation partially responsible for the
bacterial motility.  The gum genes encode enzymes related to the production of extracellular polysaccharides.  Both pil and
gum genes are believed to be related in Xf pathogenicity.  All primers were used to construct a PCR array to amplify DNA
from different strains of Xf. All PCR amplicons were planned to be sequenced and sequence variations will be determined.

Unlike the conserved 16S rDNA locus, pspB was a hyper-variable chromosomal region among the Xf strains.  In general, A-
genotype strains was found to have higher number of repeats (>20) than that of the G-genotype strains (<20) (Figure 1, Table
1).  However, strain Temecula and 59-3 (causing PD) and a strain isolated from muscadine in Georgia showed higher repeat
numbers, similar to some of the A-genotype strains (Figure 1 and Table 1).  On the other hand, the A-genotype strain Ann-1
showed a low repeat number of 13 similar to those of G-genotype strains.  All primers from pil and gum amplified DNA from
pure bacterial culture and from pulverized freeze-dried almond tissues.



Figure 1. Comparison of DNA variations between the 16S rDNA locus (top) and the pspB locus (bottom) of Xf strains

Table 1. Comparison of tandem repeats of Xf G-genotype strains at the pspB locus.
CCGCCA ACGCCA ACACCA ACGCCA ACACCA Total

R77 1 3 9 0 0 13
R20 1 3 10 0 0 14
R29 1 3 10 0 0 14
R53 1 3 10 0 0 14
R10 1 3 11 0 0 15
R58 1 3 11 0 0 15
R75 1 3 11 0 0 15
R76 1 3 11 0 0 15
R14 1 3 12 0 0 16
R23 1 3 12 0 0 16
R63 1 3 12 0 0 16
R82 1 3 12 0 0 16
R27 1 3 13 0 0 17

Temecula 1 3 8 2 9 23
59-3 1 3 8 2 9 23

From the symptomatic trees, 85 out of 102 samples (83.3%) were positive based on pathogen isolation (Table 2). PFT-PCR
detected 65 (63.7%) positive samples.  Among the X. fastidiosa positive samples, 59 were shared by both methods.  The true
positive rate of PFT-PCR was 69.4%, 59/85) Table 2).  Only 6 samples were PFT-PCR positive but isolation negative.  These
were considered to be false positive. The predictive value of PFT-PCR for a positive test was, therefore, calculated to be
90.8%.  On the other hand, 11 X. fastidosa-negative samples by isolation and PFT-PCR were defined as true negative
(64.7%, 11/17).  Twenty-six PFT-PCR negative samples were in fact isolation positive and were considered to be false
negative.  The predictive value of the PFT-PCR method for a negative test was 29.7% (Table 2).  The results of ALSD
temporal development in four almond trees during 2006 are presented in Figure 2.
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Table 2. Evaluation of PCR detection of Xf in pulverized freeze-dried almond petiole tissue.

Positive = 85
Pathogen isolation

Negative = 17
PCR

detection
Positive = 65
Negative = 37

59 (a, True +)
26 (c, False -)

6 (b, False +)
11 (d, True -)

Predictive value of a Positive test = a/(a+b) = 59/(59+6) = 90.8%
Predictive value of a Negative test = d/(c+d) = 11/(26+11) = 29.7%

0

5

10

15

20

25

30

POSITIVE
SAMPLES

MAY JUN JUL AUG

MONTHS

MONTHLY DETECTION OF XYLELLA

SYMPT
ISOLA
SAP-4
SAP-PS
PDR-4
PDR-PS

Figure 2. ALSD temporal development in during 2006. SYMPT: leaf scorch symptoms observed; ISOLA: isolation of
Xf on PW-G media; SAP-4: sap PCR positive with 4 primers; SAP-PS:  sap PCR positive with pspb primers; PDR-4:
Freeze-dried powder positive with 4 primers; AND PDR-PS: Freeze-dried powder positive with pspb primers.

CONCLUSIONS
While SNPs in the 16S rDNA separate Xf strains into two genotypes/pathogtypes (Chen et al., 2005), sequences in pspB
locus were found to have more variability (Figure 1).  If repeat number (DNA fragment size) is considered, the distinction
between the bacterial genotypes/pathotypes could be blurred.  This means that the variation in pspB locus is independent
from the bacterial pathotype. The pspB locus alone does not clearly define the two genotypes/pathotpes.

The continuous increment of hexomer number from strains in the same orchard (Table 1) implies that the pspB locus could
be under a constant change. In other bacteria, DNA slippage during replication is one of the few mechanisms responsible for
the change of tandem repeats.  DNA slippage has not been reported in Xf. More interestingly, pspB encode a serine protease.
Serine proteases participate in a wide range of cellular functions possibly including pathogenicity.  Protease genes have been
the research target for many bacterial pathogen including Xf. It is of high interest to investigate how the variation in tandem
repeats will affect the expression of the serine protease.

Since PFT-PCR and pathogen isolation were performed simultaneously from the same petiole, we were able to evaluate PFT-
PCR quantitatively by calculating the predictive value of a positive test and the predictive value of a negative test. As shown
in Table 2, PFT-PCR had a high predictive value (90.8%) for the true positive samples, but a low predictive value for a true
negative result (29.7%).  These values suggested that the power of PFT-PCR is, in inferring a positive result rather than a
negative result. That is, a PFT-PCR positive result suggests with high confidence, the presence of Xf in the sample.
However, a PFT-PCR negative result does not appear to be a reliable indication of the absence of Xf in the sample.

As shown in Table 2, the pathogen isolation method detected 20 % more Xf positive samples than PFT-PCR. Pathogen
isolation method is simple and is still a routine test in our laboratory when sample size is small and time is not a constraint.  It
should be noted that the bacteria were isolated from fully symptomatic leaves in September.  Detection accuracy or reliability
of both pathogen isolation and PFT-PCR are similar when asymptomatic samples were used (data not shown).  For Xf
detection in asymptomatic samples which is usually associated with a large sample size, PFT-PCR is advantageous. PFT-
PCR is more rapid and much less labor intensive than Xf isolation and better suited for high throughput pathogen detection
for other applications, such as epidemiological studies and evaluating germplasm for Xf resistance.  The slight decrease in
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detection sensitivity is justified by its throughput capacity.  Our focus in future will be on the role of tandem repeat variation
on the expression of pspB and its effects in the host-pathogen interactions using PFT-PCR techniques.
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ABSTRACT
We are pursuing a strategy to identify traits important in virulence of Xylella fastidiosa (Xf) through the mutagenesis of
“global” regulatory genes, which are known to broadly regulate virulence functions in other microbes.  In addition to
phenotypic characterization of such mutants, we are using whole-genome microarrays to identify which genes are regulated
by these global regulators and examine these genes as putative virulence factors.  Here we report a specific example of this
approach that has helped to define genes involved in aggregation, biofilm formation, and virulence of Xf. In previous work
with X. fastidiosa, we mutated the global regulatory gene rsmA, and found a number of genes that were over-expressed in this
mutant when grown in vitro, implying that these genes are normally repressed by the post-transcriptional regulator RsmA in
the wild-type.  In addition, the rsmA- mutant formed much more biofilm than wild type.  Among the genes repressed by rsmA
was another regulatory gene, algU, which regulates important virulence factors in Pseudomonas.  In this study, an
algU::nptII mutant had reduced cell-cell aggregation, attachment, biofilm formation, and lower virulence in grapevines.
DNA microarray analysis showed that 42 genes had significantly lower expression in algU::nptII than wild type, including
several genes which could contribute to cell aggregation and biofilm formation, as well as other physiological processes that
could contribute to virulence and survival.  Thus, rsmA appears to control biofilm formation and other traits partly through its
repression of the positive regulator, algU.

INTRODUCTION
Many virulence genes in bacterial pathogens are coordinately regulated by “global” regulatory genes.  The gene rsmA, for
example, is known to regulate pathogenicity and secondary metabolism in a wide group of bacteria (Blumer and Haas, 2000;
Mukherjee et al., 1996).  Conducting DNA microarray analysis with mutants for such genes, compared with wild-type, can
help to refine the list of genes that may contribute to virulence.  We have reported on such an analysis with an rsmA mutant
of Xylella fastidiosa (Xf), and identified a number of genes that were overexpressed in the mutant (Cooksey, 2004).  Among
those were pil genes that have been subsequently confirmed to be important in twitching motility and long-distance spread of
Xf in grapevines (Hoch and Burr, 2005; Meng et al., 2005), as well as enzymes or other structural proteins.  In addition, a few
genes controlled by rsmA were “secondary” regulatory genes, such as algU, which controls exopolysaccharide production in
certain human and plant pathogens and contributes to virulence (Schnider-Keel, et al., 2001; Yu et al., 1995; Yu et al., 1999).

AlgU is a an alternative sigma factor whose role in regulation of biosynthesis of the exopolysaccharide (EPS) alginate has
been extensively studied in Pseudomonas aeruginosa and P. syringae.  Alginate functions as a virulence factor in P.
aeruginosa during infection of cystic fibrosis patients (May and Chakrabarty, 1994), and also contributes to both virulence
and epiphytic survival of the plant pathogen P. syringae (Yu et al., 1999).  In P. aeruginosa, AlgU activates AlgU-dependent
promoters of algD and algR.  AlgR regulates algC and algD in cooperation with AlgU (Martin et al., 1994). mucD is a
negative regulator of algU activity in P. aeruginosa.  Homologs of algU (PD1284), algZ (PD1154), algS (PD0347), algR
(PD1153), algC (PD0120), algH (PD1276) and mucD (PD1286) were detected in the Xf genome (Simpson et al., 2000; Van
Sluys et al., 2003), but there are no homologs of the alginate biosynthesis genes algA, algD, algG, algF, algI and algJ.  The
alginate homolog genes in Xf are therefore probably not involved in alginate biosynthesis, but may be involved in synthesis
of other EPS or of lipopolysaccharide (LPS), which could play a role in biofilm formation and cell attachment.  In P.
aeruginosa, the algC gene encodes a bifunctional enzyme that is involved in alginate production (phosphomannomutase
activity) and lipopolysaccharide (LPS) production (phosphoglucomutase activity) (Coyne et al., 1994).  We have constructed
an insertional mutation in algU in X. fastidiosa, which reduced cell-cell aggregation, attachment, biofilm formation, and
virulence.  DNA microarray analysis of the algU mutant was then conducted to determine which genes it regulates.
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OBJECTIVES
1. Conduct DNA microarray analysis of gene expression patterns in regulatory mutants of Xylella fastidiosa
2. Characterize mutants in regulatory genes and genes that they regulate for changes in virulence and other phenotypes

RESULTS
Phenotype of an algU mutant
The algU gene in X. fastidiosa strain A05 was amplified by PCR, cloned into pUC129 and randomly mutagenized in vitro
with the EZ::TNTM system.  A mutant was selected with Tn5 inserted 79bp from the ATG code of the algU ORF and used to
replace the wild-type algU gene in strain A05.  Analysis by RT-PCR showed that there was no expression of algU within the
algU::nptII mutant cells but strong expression was detected within wild-type cells. The algU::nptII strain exhibited a more
random distribution of cells on agar surfaces, whereas the wild-type grew in clumps. The wild-type formed large aggregates
in liquid culture, whereas the algU::nptII strain was impaired in its ability to aggregate in a quantitative assay (Fig.1, Left).
The exponential and stationary phases of growth of the mutant were similar to those of the wild-type parent A05 in PD3
medium, but the ability of the mutant to adhere to glass surfaces was reduced (Figure1, Right).  Biofilm analysis revealed that
the algU::nptII strain had a greatly reduced ability to form biofilm (Figure 2, Left).
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Figure 1. Cell-to-cell aggregation and attachment analysis of Xf algU::nptII mutant and wild-type. Left. Xf
algU::nptII mutant was impaired in the ability to form cell-to-cell aggregates in liquid culture. Right. Reduced
adherence of the algU::nptII mutant to a glass surface.
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Figure 2.  Left: Biofilm formation by Xf wild-type and algU::nptII mutant Right: Disease progression of
grapevines inoculated with Xf wild-type and algU::nptII mutant. Disease severity was based on a visual disease
scale of 0 to 5 and was assessed 4, 8, 12, 16, and 20weeks after inoculation.  The data are an average of 10
independent replications. The water-inoculated control did not show any symptoms during 20 weeks.

Virulence assay
Grapevines inoculated with the Xf algU::nptII mutant developed less severe disease than did those inoculated with the wild
type strain 20 weeks after inoculation (Figure 2, Right).  Grapevines inoculated with the algU::nptII mutant showed i) later
symptom development, ii) slower disease progression over a period of 20 weeks, and iii) late appearance of leaf scorching, in
comparison with the wild type.  Bacterial populations at 25cm and 50cm above inoculation points were estimated from
ELISA assays by comparing the OD at 600 nm with that of positive control Xf concentrations.  The cell populations of the
algU::nptII mutant were less than that of the wild-type, indicating that algU affects the growth and possibly the movement of
Xf inside the xylem resulting in reduced pathogenicity.
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Table 1. Genes differentially expressed in the Xf algU::nptII mutant

ORF Genec Description Mutant
/Wild type Signfig.b The expression in

mutant
PD0347 algS sugar ABC transporter ATP-binding protein 0.41 * down
PD0120 algC Phosphomannomutase 0.3 * down
PD1153 algR two-component system, regulatory protein 0.617 * down
PD1276 algH transcriptional regulator 0.652 * down
PD1286 mucD periplasmic protease 0.616 * down
PD0664 clpS ATP-dependent Clp protease adaptor protein 0.448 * down
PD0665 clpA ATP-dependent Clp protease subunit 0.485 * down
PD1685 clpB ATP-dependent Clp protease subunit 0.421 * down
PD1371 grpE heat shock protein GrpE 0.40 * down
PD1370 dnaK heat shock protein-Hsp70 0.378 * down
PD1280 hspA heat shock protein(Hsps) 0.469 * down
PD2123 rpmH 50S ribosomal protein L34, unknown function 0.449 * down
PD0439 rplW 50S ribosomal protein L23, unknown function 0.499 * down
PD0444 rplP 50S ribosomal protein L16, unknown function 0.426 * down
PD0445 rpmC 50S ribosomal protein L29, unknown function 0.479 * down
PD0447 rplN 50S ribosomal protein L14, unknown function 0.477 * down
PD0450 rpsN 30S ribosomal protein S14, unknown function 0.244 * down
PD0451 rpsH 30S ribosomal protein S8, unknown function 0.256 * down
PD0452 rplF 50S ribosomal protein L6, unknown function 0.323 * down
PD0454 rpsE 30S ribosomal protein S5, unknown function 0.437 * down
PD0455 rpmD 50S ribosomal protein L30, unknown function 0.348 * down
PD0458 rpsM 30S ribosomal protein S13, unknown function 0.394 * down
PD0488 rpmB 50S ribosomal protein L28, unknown function 0.436 * down
PD0489 rpmG 50S ribosomal protein L33, unknown function 0.353 * down
PD0749 rpmE 50S ribosomal protein L31, unknown function 0.350 * down
PD0750 gltA citrate synthase-Energy production and conversion 0.496 * down
PD1926 none Type II secretion system-pilus assembly fimbrial protein 2.478 * up
PD1709 mopB outer membrane protein 0.479 * down
PD1807 ompW outer membrane protein 0.391 * down
PD1065 SecB Type II secretion system-Preprotein translocase 0.409 * down
PD1672 bfr Bacterioferritin-ferritin-like diiron-carboxylate proteins 0.178 * down
PD0095 rsmA RsmA homologue-regulate virulence determinants 0.403 * down
PD0066 hfq host factor-I protein, ubiquitous RNA-bing protein hfq 0.32 * down
PD0216 cvaC d colicin V precursor-antibacterial polypeptides toxin 0.40 * down
PD0159 unknown 0.479 * down
PD0521 unknown 0.439 * down
PD1354 unknown 0.392 * down
PD0968 unknown (Helix-turn-Helix motif) 0.495 * down
PD1028 unknown 0.425 * down
PD1058 putative transcriptional regulatory protein 0.484 * down
PD1295 putative integral membrane protein 0.469 * down
PD1668 putative integral membrane protein 0.413 * down
PD1667 HesB-like protein-unknown function 0.462 * down

a Hybridization signal intensity obtained with the mutant was divided by that from wild-type to obtain the M/W ratio
b Based on standard deviation calculations, genes having > 1.5 or < 0.66 final M/W ratios were selected as statistically
significant up-regulated or down-regulated genes, respectively. Significant T-test, t <0.001.
c Genes were detected based on Xf Temecula genomic sequences at the NCBI site. d Currently annotated as colicin V
precursor proteins.
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DNA microarray analysis of gene expression.
RNA was prepared from the algU::nptII mutant and wild type AO5, and cDNA was synthesized to hybridize to a genomic
DNA microarray from NimbleGen Systems.  This oligo-based, high-density microarray contains multiple probes for every
gene found in the Pierce’s disease strain sequence as well as those unique to the CVC strain sequence.  Expression levels of
2188 genes between wild type and were analyzed.  Many of the differentially expressed genes were validated by RT-PCR.
Forty three genes were differentially expressed in algU::nptII compared with the wild type (Table 1). One gene, predicated to
encode a fimbrial protein (PD1926), had increased expression in the mutant, but the other 42 genes had decreased expression
and are therefore considered to be positively regulated by algU in wild-type Xf (Table 1).  These included homologs of the
alginate genes algS, algC, algR, algH, and mucD, which may have a role in LPS or EPS biosynthesis.  Several genes
involved in cell structural components and secretion (mopB, ompW, and secB) are also positively regulated by algU,. MopB
was shown to bind specifically to xylem tissue (Bruening et al., 2005), and its decreased expression in the algU::nptII may
have contributed to its decreased attachment and aggregation.  Genes involved in physiological metabolism under stress, such
as heat shock protein genes cplS, clpA, clpB, dnaK, grpE and hspA,, and the iron storage and detoxification gene, bfr, are
positively regulated by algU, as well as a colicin V precursor (PD0216) that may function in competition with other microbes
(Pashalidis et al., 2005).  Interestingly, rsmA and hfq, involved in posttranslational regulation, are also positively regulated by
algU in Xf, while it was shown previously that RsmA negatively regulates algU.

CONCLUSIONS
Investigating expressed gene profiles of the algU::nptII mutant compared with wild-type via microarray analysis revealed
that algU regulate various factors which contribute to attachment and biofilm formation, as well as physiological processes
that may enhance tolerance to environmental stresses and competition within the xylem.  Similar experiments will be
conducted to examine differential expression of the algU::nptII mutant and wild type in planta.  In addition, several select
candidate pathogenicity genes that were regulated by AlgU will be mutated, and the effects of the mutations on phenotype
and virulence will be assessed.  The intent of this research is to identify essential virulence factors that may serve as targets
for novel control approaches.
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ABSTRACT
Chardonnay is a Vitis vinifera scion variety that is susceptible to Pierce’s disease (PD).  We are evaluating the effect of
rootstock variety on PD symptom expression in Chardonnay grown in an experimental vineyard at Weslaco, Texas with high
natural PD pressure and abundant vectors, including glassy-winged sharpshooter.  The rootstocks under evaluation are Dog
Ridge, Florilush, Tampa, Lenoir, and Freedom.  Natural Xylella fastidiosa infection will be permitted to test the effect of
rootstock variety on PD in the Chardonnay scions.

INTRODUCTION
Rootstocks are widely in use in viticulture to manage damage from soil-borne pests and provide adaptation to soils.  In citrus
(He et al. 2000) and peach (Gould et al. 1991), rootstock variety has been reported to impact expression of Xylella fastidiosa
(Xf) diseases in scions.  Pierce (1905) reported that rootstock variety affected expression of "California vine disease" (PD) in
grape.  Grape rootstock trials in Mississippi showed a large effect of rootstock trial on vine longevity in a region recognized
for high Pierce’s disease pressure (Loomis 1952, 1965; Magoon and Magness 1937).  If grape rootstocks could contribute
Pierce’s disease resistance or tolerance to their scions, this would be a major benefit to viticulture in PD prone areas.  Elite
wine, juice, and table grape varieties could be grown in areas where viticulture is currently restricted to PD resistant and
tolerant varieties whose consumer appeal is low.

The Rio Grande Valley is an excellent location for the field evaluation of PD resistant plant germplasm and PD management
techniques.  Many insect vectors of Xf are native to the region, including the glassy-winged sharpshooter.  Susceptible
grapevine varieties are infected naturally with Xf in the vineyard and demonstrate characteristic PD symptoms and decline.
The Rio Grande Valley is similar to many viticultural regions in California; the region is flat, irrigated, and supports multiple
types of crops (citrus, grains, vegetables) in close proximity.  The Rio Grande Valley is an ideal test environment due to
heavy PD pressure, with abundant vectors and inoculum, in contrast to many other locations, especially California, which
demonstrate substantial cycling of PD incidence.  The USDA Agricultural Research Service Kika de la Garza Subtropical
Agricultural Research Center in Weslaco, Texas is located in the heart of the Rio Grande Valley and provides an ideal
experimental location for the evaluation of PD management practices, including rootstock evaluation.

Five rootstocks were chosen for evaluation in this project.  Freedom is a complex interspecific hybrid developed as a root-
knot nematode resistant rootstock by the USDA ARS, Fresno, California (Clark 1997); its parentage includes Vitis vinifera,
V. labrusca, V. x champinii, V. solonis, and V. riparia. Freedom is widely used in California viticulture.  Dog Ridge is a V. x
champinii selection recognized for its nematode resistance and resistance to PD, but it is rarely used as a rootstock.  Lenoir,
most probably a V. aestivalis/V. vinifera hybrid, was used historically as a rootstock and presently is cultivated as a wine
grape in PD prone regions (including some parts of Texas) (Galet 1988).  Tampa (Mortensen and Stover 1982) includes a V.
aestivalis selection and the juice grape Niagara (a V. labrusca hybrid) in its parentage.  Florilush (Mortensen et al. 1994) is a
selection from the cross Dog Ridge x Tampa.  Both Florilush and Tampa were selected by the University of Florida as PD
resistant rootstocks for bunch grapes.  PD resistance is necessary for rootstock mothervines to thrive in Florida, so the PD
resistance of Florilush and Tampa should not be construed necessarily as contributing to the PD response of the scions.

OBJECTIVE
1. Evaluate the impact of rootstock variety on expression of PD symptoms in naturally infected PD susceptible Vitis

vinifera scion varieties Chardonnay.

RESULTS AND CONCLUSIONS
Grafted vines of Chardonnay on five rootstocks (Freedom, Tampa, Dog Ridge, Florilush, and Lenoir) were planted at the
Kika de la Garza Subtropical Agricultural Research Center in Weslaco, Texas in July, 2006.  Evaluation of PD response of
the vines will begin in 2007.
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ABSTRACT
Almonds are one of the most widely-grown crops infected by Xylella fastidiosa (Xf).  To get a better idea of the conditions
that lead to almond leaf scorch outbreaks, and to determine the risks that Xf infections may pose to adjacent vineyards, three
factors were assessed that may influence the establishment of Xf infections and almond leaf scorch development: almond
cultivar, Xf genetic group, and winter severity. Experimental plots of 100 trees each were planted at two field sites,
Armstrong Farm at UC Davis (UCD) and Intermountain Research and Extension Center at Tulelake (IRC). In field plots,
equal numbers of highly susceptible ‘Peerless’ and less-susceptible ‘Butte’ almond trees were inoculated with grape and two
almond Xf isolates.  Because Xf infections must survive multiple winters in an almond tree cause almond leaf scorch, field
sites were selected with moderate (UCD) and severe (IRC) winter temperatures.  To better understand the role of cold
temperatures in overwintering Xf infections, a controlled dormancy test was also done.  Potted almond trees were inoculated
with almond-type Xf, and infected trees held ind dormancy outside, or in cold rooms at 1.7ºC or 7ºC.  Ten trees from each
treatment were brought back into the greenhouse to break bud after 1, 2, or 4 months.

INTRODUCTION
Because almonds are one of the most widely-grown crops that can host Xylella fastidiosa (Xf) in the Central Valley, they
might serve as a source of Xf infections in grapes, although for unknown reasons Xf dispersal between almond orchards and
vineyards is uncommon (A. Purcell – unpublished data).  Almond leaf scorch (ALS) is caused when Xf multiplies extensively
within the xylem of infected trees, eventually severely limiting nut production (Davis et al. 1980).  The disease was first
formally described in 1974, and outbreaks occurred in Los Angeles and Contra Costa counties in the 1950’s (Moller et al.
1974).  Symptoms of ALS are similar to Pierce’s disease in grapes and include leaves with marginal necrosis and chlorosis
and poor terminal growth. Initial infections spread slowly and often occur only on one branch, but after a few years are
visible on the entire tree (Almeida and Purcell 2003c), reducing almond productivity (Mircetich et al. 1976, Moller et al.
1974).  In both grapes and almonds, Xf multiplies to high populations (1,000,000 bacteria per gram of plant tissue) and is
acquired and transmitted by insect vectors (Almeida and Purcell 2003a, Almeida and Purcell 2003c, Purcell 1980a).  In
laboratory tests, Xf was transmitted to almonds by 5 species of xylem-feeding insects, including the glassy-winged
sharpshooter (GWSS; Homalodisca vitripennis; formerly H. coagulata) (Almeida and Purcell 2003b, 2003c).

In previous studies, almond cultivars varied greatly in their susceptibility to ALS, with some developing extensive leaf
scorch, and others showing little disease. Xf inoculations made from May through July had the best odds of surviving the
following winter. (B. Kirkpatrick – unpublished data).  We compared Xf infection establishment and survival in two
cultivars, highly susceptible ‘Peerless’ and less-susceptible ‘Butte’.

The genetic type of Xf may affect development of almond leaf scorch.  Cross-inoculation studies in the greenhouse showed
that the genetic type influenced the ability of the bacteria to over winter in grapes or almonds, as almond types died in grapes
and grape types died in almonds (Almeida and Purcell 2003c).  For this reason, we also used different genetic types of Xf in
our field trials.  Three genetic types of Xf have been identified from almond trees.  One type was identical to Xf from Pierce’s
disease infected grapevines.  The other two genetic types were unique to almonds (Hendson et al. 2001).  The three types
were distinguished by growth on selective media and DNA digestion with restriction enzymes (Almeida and Purcell 2003c).

After vector inoculation, Xf must survive multiple winters in an almond tree to reach sufficient populations for sharpshooter
acquisition and economic impact disease levels.  Growth chamber and field studies with grapevines showed that the degree of
plant dormancy, as well as severe cold, affected the over winter survival of Xf (Feil and Purcell 2001, Purcell 1980b).  To
date, there is no information available on the effects of winter dormancy on Xf infections in almonds.  Therefore, field sites
were selected with moderate and severe winter temperatures (Armstrong Farm at UCD, and IRC at Tulelake, CA,
respectively) in order to study treatment impact under different winter temperatures.  A controlled dormancy severity test
with potted plants and growth chambers was also started at Kearny Agricultural Center, near Parlier, California.
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OBJECTIVES
1. Compare the establishment and multi-year persistence of Xf isolates belonging to three ALS genetic groups in almond

cultivars with either low or high susceptibility to almond leaf scorch.
2. Compare effects of winter severity and the degree of plant dormancy on the infection rate, symptom severity, and titer of

Xf in inoculated almonds.
3. Use collected data on almond leaf scorch development to determine if almond orchards may serve as a reservoir of Xf.

RESULTS
Field trials. One hundred bare-root almond trees, 50 of each cultivar, were planted in spring 2005 at two different field sites:
Armstrong Farm at University of California, Davis, CA (UCD), and Intermountain Research and Extension Center, Tulelake,
CA (IRC).  Trees were planted in a complete randomized block design with a split plot (almond cultivars) in each block.
There were ten replicates of each treatment combination (Xf isolate × almond cultivar).  Trees are drip irrigated at UCD and
sprinkler irrigated at IRC.

The almond trees were inoculated with different genetic types of Xf, either Fresno-ALS (isolated from almonds but
genetically similar to Xf that causes Pierce’s disease in grapes; PD-Xf), Dixon (ALS-Xf type 1) and ALS 6 (ALS-Xf type 2),
Medeiros (from grapes), or buffer control.  All isolates of Xf were isolated from infected plants in Solano, Fresno, or San
Joaquin Counties, and were pathogenic in recent greenhouse tests. In 2005, inoculations were done in early May (UC Davis)
and early July (IRC) when the young shoots were at least 6 mm in diameter.  Inoculum was prepared in the field from two
week old cultures of Xf. Each tree was inoculated with approximately 100,000 CFU of Xf following Hill and Purcell 1995.
Inoculation sites were marked with permanent metal tags and paint.  Twenty trees at UCD were re-inoculated on May 15,
2006 with ALS-6 or Dixon Xf strains.  Leaves immediately adjacent to the inoculation sites were tested for Xf in fall 2005 to
determine the number of successful inoculations, bacterial titer, and symptom development in field-grown almond trees.

Two trees at UCD died in winter 2006, and 64 trees (or inoculated branches) died at IRC.  The infected trees remaining with
living inoculated branches were evenly distributed among isolate treatments, with 7 buffer-inoculated, 5 ALS6-inoculated, 3
Dixon-inoculated, 2 Fresno-inoculated, and 6 Medeiros-inoculated trees surviving.  While mortality was high, similar losses
were seen in previous studies examining the over winter survival of Xf in grapevines (Purcell 1980b).  Assessment of the
number of over-wintering infections is ongoing in mid-September 2006.  Trees will also be evaluated for the presence of Xf
in 2007 and 2008.  The severity of infection was rated by the number of scorched leaves on the inoculated stem.  Almond
petioles from each tree were cultured to determine Xf infection and population. Strain identification of Xf was done by re-
streaking growing bacteria on two different artificial media, PD3 and PWG (Davis et al 1980, Hill and Purcell 1995).  All
types of Xf grow on PWG, while ALS-Xf type 2 and Pierce’s disease types grow on PD3 as well. ALS-Xf type 1 does not
(Almeida and Purcell 2003c).  To separate ALS and PD isolates, polymerase chain reaction (PCR) was used to amplify DNA
from the bacteria, and Rsa 1, a restriction enzyme, cut the DNA of ALS-Xf isolates into two pieces, but did not cut the DNA
of PD-Xf (Almeida and Purcell 2003c).

In 2006, the onset of almond leaf scorch symptoms was delayed in trees at UCD. Despite sampling two weeks later than in
2005, Xf was recovered from only one tree inoculated in 2005 and one inoculated in 2006.  The Xf populations in those two
trees in 2006 were 10-fold lower than populations recovered from similarly infected trees one year previously. Almond leaf
scorch symptoms were only visible on the trees that tested positive via culture. Re assessment of trees for disease symptoms
and Xf presence is planned in late September.

In 2005, almond leaf scorch symptoms were much more severe at UCD, especially in ‘Peerless’ trees, with an average of 4.6
scorched leaves per tree, compared to 0.8 in ‘Butte’.  Both cultivars at IRC had no scorched leaves, an average of 0.2 and 0.1
leaf per tree for ‘Butte’ and ‘Peerless’, respectively.  However, there was no difference in the proportion of infected trees at
UCD (32 of 78 infected at UCD, 41 of 96 infected at IRC; Chi-square P >0.05), nor in the median populations of Xf present
in inoculated trees at UCD (6.2 x 106 CFU/g) or IRC (1.3 x 107; log10-transformed; P = 0.26).  The difference in symptoms
may have two explanations: i) trees at UCD were tested for Xf 3.5 months after inoculation and  had longer to develop
symptoms, compared to trees at IRC, which were tested 2 months after inoculation; or ii) the infected trees were under more
moisture stress at UCD, which led to the development of disease symptoms.

While it is too soon to tell how infections overwintered in 2006, in 2005 there were not large differences between infection
percentage (41% of ‘Butte, 38% of ‘Peerless’; Chi-Square P>0.05), or Xf population (2 x 106CFU/g for 'Peerless' and 9 x
106CFU/g for 'Butte; log10-transformed; P = 0.11) for the two cultivars. 'Peerless' had much fewer scorched leaves than
'Butte' at UCD, but not at IRC, as discussed in the previous paragraph.  Also in 2005, grape strain Xf was more frequently
recovered from inoculated trees than either almond strain. Fresno and Medeiros were recovered from 64 and 77% of trees,
respectively, whereas ALS6 and Dixon were recovered from 27 and 28% of trees.  Leaf scorch symptoms were more severe
in trees inoculated with grape-type isolates Fresno and Medeiros (an average of 2.8 and 3.2 scorched leaves/tree), compared
to almond isolates Dixon and ALS6 (0.3 and 0.9 scorched leaves/ tree), and background leaf scorch in buffer-inoculated trees
(0.1/ tree).
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In 2005, bacterial populations in trees infected with grape and almond isolates were similar, even though infection percentage
and symptom severity was greater in grape isolates of Xf. Median populations of Xf in infected trees were: 6.2 x 106 CFU/g
(ALS6), 2.8 x 106 CFU/g (Dixon), 5.5 x 106 CFU/g (Fresno), 2.4 x 107 CFU/g (Medeiros), and 0 CFU/g (buffer).  Bacterial
populations were high even in only a few trees in the treatment were infected with Xf, as in ALS6 inoculated plants at UCD.
In future analyses, ANOVA will be used where applicable to detect differences in infection percentage and bacterial
populations between cultivars and bacterial isolates.  Temperature data collected from on-site weather stations will be
compared for both sites as well, to determine the number of hours with temperatures outside the growth range of Xf.

Glasshouse and Growth Chamber trial. An additional experiment examined the effect of over wintering temperature in the
survival of Xf infections in controlled environments.  One hundred and fifty-five potted two-year-old ‘Peerless’ almond trees
were inoculated in spring 2005, 125  with ALS 6 Xf and 30 with buffer alone.  Trees were kept in the greenhouse and tested
for infection in fall 2005.  Ninety trees infected with Xf, and 27 buffer-inoculated trees were used for the rest of the
experiment.  Trees went dormant in screen cages outside, and were divided equally between treatments in January 2006.
One-third remained outside in the screen cage, 1/3 were kept in a cold chamber at 7°C (45°F), and 1/3 at 1.7°C (35°F). Xf
dies at these temperatures in grapevines (Almeida and Purcell 2003c, Feil and Purcell 2001).  Trees were removed from each
cold treatment at intervals of 1, 2 and 4 months, and allowed to break bud in the greenhouse.  These intervals were reflective
of dormancy periods used in previous studies with almonds and grapevines (1 month; Almeida and Purcell 2003c, Feil and
Purcell 2001), typical dormancy in the central valley (2 months; going fully dormant in December and flowering in February)
and an extreme treatment for abnormally long dormancy (4 months).  Plants were kept the greenhouse until they developed
almond leaf scorch, in mid-August, then assessed for disease severity, and Xf presence and population as previously
described.

Preliminary analysis of data collected in September 2006 indicated no differences in the number of symptomatic leaves
between cold treatments, with trees held at 1.7ºC averaging 23.3 symptomatic leaves per tree, trees  at 7ºC 24.3 symptomatic
leaves per tree, and trees kept outside an average of 18.5 symptomatic leaves per tree.  Trees exposed to one or two months of
cold treatment had fewer symptomatic leaves than trees left outside or in the cold box for 4 months (1 month = 17.8 leaves, 2
months = 15.4, 4 months = 32.2), regardless of temperature. Initial implications suggest that almond Xf strains have different
overwintering survival characteristics that grape Xf strains, as has been indicated by previous studies (Almeida and Purcell
2003c).

CONCLUSIONS
Analysis of data collected in August and September 2006 is ongoing; however some interesting preliminary results emerged.
In 2005, ALS symptoms at UC Davis were more severe than at IRC, probably the result of the longer interval between
inoculation and sampling (3.5 months for UCD and 2 months for IRC).  The current data do not suggest an explanation why
ALS group isolates infected trees more frequently at IRC than at UCD.  In spring 2006, an additional 20 trees at UCD were
inoculated with almond-type isolates to determine if they do not infect the trees as frequently, or if the low infection rate
observed in 2005 was an anomalous result.  Potted almond trees in our controlled overwintering study showed no “curing,” in
fact trees exposed to a 4-month dormancy had greater numbers of symptomatic leaves than trees dormant for one or two
months.  Not all field-grown trees have been analyzed for infection severity and Xf presence; complete data will allow better
documentation of the fate of overwintering Xf infections.

Although the effect of cold on Xf infection survival was investigated in grapes (Feil and Purcell 2001, Purcell 1980b), there is
little data on the effect of dormancy on bacterial over wintering in almonds.  Previous studies suggested (Almeida and Purcell
2003) that almond-type Xf had better over winter survival in almonds.  Since both grape and almond strains reached
approximately the same titers in plants, and the grape strains in this study initially infected almond trees at a greater rate, over
winter survival may be explain why almond strain Xf is so prevalent in naturally-occurring infections.

Table 1. Number of leaves showing almond leaf scorch symptoms on trees held under varying overwintering
conditions of different temperatures and cold storage periods.

Temperature (°C)Cold Storage
(in months) 1.7 7.0 Ambient

(Fresno Co.)
1 17.33 ± 8.22  a,    A 35.14 ± 9.26 a, B 23.71 ± 8.21 a, B
2 22.67 ± 5.51 a, AB 22.22 ± 6.82 a, B 16.50 ± 6.37 a, B
4 50.00 ± 9.75 a,    B 43.25 ± 7.18 a, B 30.50 ± 5.08 a, B

Different letters (small case) indicate a significant different in each row among tested temperatures under similar
cold storage periods, and different letters (upper case) in each column among different cold storage periods (upper
case) under similar temperatures. Tukey’s test, P < 0.05.
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ABSTRACT
Our investigations have focused on intra-plant movement and colonization by Xylella fastidiosa (Xf).  This study is
particularly directed toward elucidating how Xf, once introduced into xylem vessels, moves in these elements farther
upstream (down shoots and canes).  In addition, it reports on the influence of the physical and chemical environments of the
xylem as they relate to Xf attachment, colony development, and biofilm formation in both plant tissues as well as microfludic
chambers fabricated to mimic xylem elements.  Toward these goals, we have made extensive use of mutants deficient for
various traits of pili and fimbriae.

INTRODUCTION
How Xylella fastidiosa (Xf) moves in xylem elements upstream against the flow of the transpiration stream and into petioles
from the leaf or down shoots and canes has long been a particularly puzzling and important question, the answer of which
could provide clues about better disease control practices through knowledgeable timing of pruning or roguing.  Certainly, it
would provide significant advances in the biology of the pathogen.  Our studies have been directed toward elucidating
movement of Xf in planta and in vitro, as well as how these bacteria colonize and establish biofilms.  Toward this, we have
made use of a number of Xf mutants deficient in traits important for cell attachment, movement, and colonization.
Previously, we reported that migration of individual Xf bacteria occurred both in vitro and in planta, and that such migration
occurred against a strong current of flowing media (Meng et al., 2005; Hoch, 2005).  Such movement is characteristic of
twitching motility that occurs in some gram-negative bacterial species.  It is mediated by type IV pili (Mattick, 2002).  There
are several important implications of this observation: this was not only the first observation of twitching movement by a
non-flagellated plant pathogenic bacterium (albeit, Ralstonia solanacearum, that sometimes has flagella, has been shown to
exhibit colony features characteristic of twitching (Liu et al., 2001)), it was also the first time that such movement by Xf was
observed.  Such motile behavior is important in explaining, in part, the query posed above about how the bacteria spread in
the grapevine from an inoculation point to upstream locations.

Type IV pili are long (1-5.8 µm in length) filamentous appendages (a.k.a, fimbriae) located at either one or both poles,
depending on the species (Bradley, 1980), are generally 5-7 nm in diameter, and may be up to several micrometers in length.
They are assembled primarily from single structural protein subunits, pilin (PilA) (Mattick, 2002).  Twitching movements are
generated as the pili are retracted and dissembled.  Because the pili tips are attached to the substratum, the cell moves toward
that point of contact as the pili shorten (Mattick, 2002; Skerker and Berg 2001).  Genomic analysis of Xf indicates that there
are at least 26 genes related to pili synthesis and function (Simpson et al., 2000).  In addition to the type IV pili, Xf has
shorter (0.4-1.0 µm in length) type I pili, also positioned on the same cell pole.  The unique dual-pili composition of the wild
type Xf presents an opportunity to study the two types of pili comparatively in the same experimental setting.  Biofilm
deficient mutants (e.g., 6E11), the result of a disruption of the fimA gene (lacking type I pili), were previously shown to
continue to migrate since they still possess the type IV pili; whereas, mutants deficient in genes that code for type IV pili
(e.g., 1A2) are migration deficient and develop robust biofilms (Meng et al., 2005). Attachment of Xylella cells at their polar
ends is well documented in the precibarium region of the sharpshooter foregut.  At this point, however, little is known about
how they attach in this orientation (other than the conjecture that the pili may be involved) to this preferred region, as
opposed to other foregut regions.  Additionally, little is known about how they detach from this region.

OBJECTIVES
Our goal is to understand how Xf colonizes plants and insects.  One aim is to identify factors that contribute to attachment
(and detachment) and migration of Xf cells on surfaces.  Using wild-type and mutants of X. fastidiosa, we have proposed to
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examine temporal and spatial interactions on both native and artificial surfaces using a microfabricated in vitro microfluidic
system that mimics features of xylem vessels.  It has thus far provided significant new insight into the dynamics of Xf cell-
surface relationships.

RESULTS
Mutants.  As previously reported (Hoch and Burr, 2005), the EZ::TN Transposome system was used to generate Kanamycin-
resistant mutants from the Temecula isolate of Xf (Guilhabert et al., 2001).  Mutants with deficiencies in pilus and/or fimbrial
gene products were sought that would affect colony and biofilm development, and the ability to migrate via type IV pilus
twitching motility.  We previously reported that Xf mutants (1A2, 5A7, and 6E11) were deficient in the genes pilB, pilQ, and
fimA, respectively (Meng et al., 2005).  The first two mutants are deficient in twitching motility characteristics since they lack
type IV pili, while the latter mutant retains its motility phenotype, having type IV pili, but lacking the shorter type I pili. We
have now generated more than 30 single-site mutations representing deficiencies in more than 14 genes associated with pili
and fimbria function.  ‘Double mutants’ were generated through a second round of mutagenesis using trimethoprim (as the
selection agent) of the 6E11 (fimA) Xf mutant and has resulted in mutants deficient for the genes fimA/pilC, fimA/pilO,
fimA/pilX (Table 1).

Table 1.  Partial listing of Xf Temecula mutants.

Transmission electron microscopy (TEM), atomic force microscopy (AFM), and/or confocal microscopy (LSCM) using
Agdia’s antibody to Xylella (Carbajal et al., 2004) were used to assess for the presence of pili.  In addition, light microscopy
in conjunction with time-lapse imaging and image analysis was used extensively to assess motility, motility rates,
adhesiveness of Xf wild-type and mutants to substrata, colony development, and cell ‘autoaggregation’.  Microfluidic devices
fabricated to mimic xylem vessel characteristics were prepared similar to the protocols previously described (Meng et al.,
2005).

Disease development in grapevines infected by pili-defective mutants. To date, a number of pilus-defective mutants have
been introduced into greenhouse grown Cabernet Sauvignon vines and evaluated for PD symptom development.  Notable is
that the wild-type Xf Temecula isolate and the mutant 6E11 (type IV pili only) expressed symptom development at about the
same time (9 weeks following needle inoculation), where as the double mutant DM12 (Table 1) remained asymptomatic until
the 18th week.  The single mutant TM7 remains asymptomatic to date.  Similar results with these mutants are being observed
by our cooperator Rodrigo Almeida in an ongoing project..

Gene Single Mutation ORF Gene Product Observed Characteristics in vitro
pilB 1A2 PD1927 Pilus biogenesis protein No twitching motility.
pilQ 5A7 PD1691 Fimbrial assembly protein No twitching motility.

fimA 6E11 PD0062 Fimbrial subunit precursor Twitching motility.  Colony ‘fringe’ wider than wild
type.

pilX 20D10 PD0022 PilX protein Twitching motility in chamber not examined.  Colony
‘fringe’ deficient.

pilO TM1 PD1693 Fimbrial assembly membrane protein No twitching motility

pilO TM5 PD1693 Fimbrial assembly membrane protein Twitching motility in chamber not examined.  Colony
‘fringe’ deficient.

pilC TM6 PD1923 Fimbrial assembly protein Twitching motility in chamber not examined.  Colony
‘fringe’ reduced.

pilR TM7 PD1928 Two component system regulator Twitching motility in chamber not examined.  Colony
‘fringe’ deficient.

pilY1 TM14 PD0023 PilY1 protein homolog, pilus tip
protein

Twitching motility.  Colony margin smooth to
crenulate.

pilR TM17 PD1928 Two component system regulator Twitching motility in chamber not examined.  Colony
‘fringe’ deficient.

Double Mutation

fimA, pilO DM12 PD0062
PD1693

Fimbrial subunit precursor
Fimbrial assembly membrane protein No twitching motility.  Colony ‘fringe’ deficient.

fimA, pilX DM16 PD0062
PD0022

Fimbrial subunit precursor
PilX protein No twitching motility.  Colony ‘fringe’ deficient.

fimA, pilC DM15
DM11

PD0062
PD1923

Fimbrial subunit precursor
Fimbrial assembly protein No twitching motility.  Colony ‘fringe’ deficient.
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Motility of pili-defective mutants. We reported that Xf moves via type IV pili-dependent twitching-motility in ‘artificial
xylem’ vessels against a flow (Meng et al., 2005).  We now report that mutations in the pili genes influence not only the
ability of the cell to exhibit twitching motility, but also the rate at which they move.  Clearly, mutants without type IV pili,
e.g., 1A2 (pilB), 5A7 (pilQ) are incapable of moving as has been previously demonstrated (Meng et al., 2005); however,
there are a number of type IV pili mutations that do influence motility.  To examine rates of movement, a microfluidic
chambers was designed with side-by-side channels separated by a 50 μm-wide partition so that two mutants or isolates could
be compared at the same time, under the same conditions (Figure 2).  We compared the rate of twitching-motility of the wild
type isolate with mutants TM14 (pilY1-) and 6E11 (fimA-) against a constant stream flow.  The wild type isolate moved at 0.7
μm min-1, whereas mutant TM14, which lacks a tip protein of the type IV pili, exhibited a significantly slower motility rate of
0.2 μm min-1 (Figure 3).  Mutant 6E11 (lacking the short type I pili) moves 7 times faster than the wild type ( 5 μm min-1).
The short type I pili likely function as a “brake” reducing the speed of movement of wild type compared to the mutant 6E11.

Figure 1. PD symptom
expression of WT Xf vine 10
weeks after inoculation.
Asymptomatic vine (17 weeks)
inoculated with mutant DM12

Figure 2. Microscope and
dual channel (80 μm wide, 50
μm deep) microfluidic chamber
configuration.

Figure 3. Relative rate of
twitching motility of Xf wild
type and pili-defective mutants.
Color tracks correspond to
twitching distance (right to left)
over 2h 26min.  Media flow,
left to right.

Figure 5. Autoaggregation in 9-
day old culture, first noted as
dispersed cells aggregated into
developing cell mass (upper
frame).  Cells continued to be
attracted to the developing
aggregate (arrowheads).  Times,
h:min.

Figure 4. Adhesion forces
required to remove Xf.
Letters A, B, and C indicate
differences in significance at
0.05.
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These results agree with our observations (see Adhesiveness of type I and type IV pili) that type I pili support the strongest
adhesion force between the bacterial cells and a surface, as well as developing greater amounts of biofilm (Li et al., 2006).

Adhesiveness of type I and type IV pili. Adherence to a surface is a crucial early event in the process of bacterial biofilm
formation.  Adherence is especially important for Xf since it inhabits xylem vessels where sap is flowing.  Using microfluidic
devices we measured the adhesion force of Xf wild-type and pili-defective mutants. Xf cells were introduced into the
chambers where they attached to the substratum.  Adhesiveness of the cells was assessed by gradually increasing the flow of
media through the chamber with a syringe pump.  The number of cells remaining attached to the glass surface after each flow
rate increase was captured digitally and scored.  By means of a computational model we determined the adhesion force
exerted by each bacterial cell.  Using selected pili mutants, the role of pili-type in adhesion was determined.  Mutant 1A2
(short type I pili-only) had a significantly greater adhesion force (170 pN) than the wild type isolate (both type I and type IV
pili) (134 pN).  Mutant 6E11 which posses only long type IV pili had the weakest adhesion (108 pN) (Figure 4).  These
results further confirm that type I pili play a dominant role in Xf attachment to a substratum.  The presence of type IV pili
reduces the strong attachment exerted by type I pili, as was observed in the wild type isolate.

Cell aggregation and autoaggregation. When, where, and how individual Xf cells come together to form aggregates and
biofilms to block xylem vessels remains poorly understood.  It has been assumed that such cell masses develop as sessile
cells divide, remain in place, and slowly accumulate mass. Such ‘slow’ aggregation does not explain how symptom
development (reddening and drying of leaf margins) often occurs within a short time span—from overnight to a few days.
We discovered using time-lapse imaging that ‘autoaggregation’ of many dispersed Xf cells into large cell masses occurs over
relatively short time periods following 7-11 days of growth.  Such large aggregates developed over periods ranging from 3-
10 hours (Figure 5).

Influence of BSA on twitching motility. It was previously shown that the wild-type Xf Temecula isolate developed a
‘peripheral fringe’ around colonies (Meng et al., 2005) grown on PW agar, a trait associated with type IV pilus-mediated
twitching motility.  During the course of a survey of various wild-type pathogenic Xf isolates to ascertain that twitching
motility is a characteristic of other wild-type isolates, we discovered that the concentration of bovine serum albumin (BSA)
in the medium dramatically influenced whether or not a peripheral fringe was associated with the colonies.  For some
isolates, as well as the fimA mutant 6E11, a barely perceivable fringe was frequently observed at the highest BSA
concentration (3.5-6.0 g L-1), while medium with no or low BSA (0-1.8 g L-1) produced the widest and most pronounced
fringe.  At the same time, the higher BSA concentrations nearly always produced larger colonies which, in part, substantiated
the original report describing the need for BSA in PW medium for Xf (Davis et al., 1980).

CONCLUSIONS
Observations from this period demonstrate the pronounced role that pili and fimbriae have in Xf attachment, movement,
colonization, and biofilm formation, as well as being involved in the timing of disease expression.  We have again
demonstrated that ‘artificial xylem vessels’ can be used to gain valuable information about the biology of Xf, and to infer
roles for these phenomena in planta.  Temporal and spatial data are not easily obtainable in planta without destructive
sampling.  In this report we describe autoaggregation in Xf, a phenomenon that could explain the rapid development of
symptoms in grapevines affected by PD.  The data on the speed of movement and the adhesiveness to a surface by different
pili-defective mutants provide information on the relevance of type I and type IV pili regarding cell attachment and motility.
Type I pili have a decisive role in “slowing” down cell motility and strongly attaching the cells to the surface.  We
demonstrated that the appearance of a peripheral fringe around Xf colonies is suppressed by higher BSA concentrations, thus
explaining why such a colony morphology (and twitching motility) has not been readily observed.
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ABSTRACT
Autotransporters are multi-domain proteins that are responsible for secreting a single specific polypeptide (the passenger
domain) across the outer membrane of Gram-negative bacteria. At last year’s Symposium, we reported our studies
characterizing a strain containing a kanamycin insertion in the putative autotransporter protein PD0528.  Here, we report the
results of our complementation analysis with the PD0528::Km mutant strain.  Reintroduction of the wild-type PD0528 gene
into the mutant strain restored the presence of PD0528 and a number of other proteins to the Xf outer membrane.  However,
reintroduction of PD0528 did not correct the phenotypic properties of the mutant strain or restore a wild-type phenotype. This
would suggest that a second mutation(s) was acquired during the initial construction of the PD0528::Km mutant strain.
Therefore, we decided to regenerate a null mutation in PD0528 using a variety of different strategies.  None of these
strategies were successful, which suggests that PD0528 might be an essential gene. During the course of these experiments,
we also discovered a technical problem with the selection method we used for gene replacement in Xf. Although this may be
a problem unique to our laboratory, we decided to include these data in case other researchers in the field are running into
similar technical difficulties.

INTRODUCTION
The Gram-negative bacterium Xylella fastidiosa (Xf) is the causative agent of Pierce’s disease (PD) of grapevine (Hopkins
and Purcell 2002).  The ability of Xf to colonize the plant and to incite disease is dependent upon the capacity of the
bacterium to produce a diverse set of virulence factors.  Many of these virulence determinants are proteins that are either
secreted to the bacterial cell surface or released into the external environment (Meidanis et al. 2002, Smolka et al. 2003).  In
Gram-negative bacteria, secretion occurs through one of five major secretion pathways, numbered I to V (Preston et al.
2005).  These pathways are highly conserved and exhibit functionally distinct mechanisms of protein secretion.

One of the simplest secretion mechanisms is exhibited by the AT-1 autotransporters, a subcategory of Type V secretion
systems (for a review, see Henderson et al. 2004).  AT-1 systems are dedicated to the secretion of a single specific
polypeptide called the passenger domain across the outer membrane. Virulence functions associated with passenger domains
include proteolytic activity, adherence, biofilm formation, intracellular motility, cytotoxic activity, or maturation of another
virulence determinant.  Based on genomic analysis, there are six members of the AT-1 autotransporter family in Xf-PD.
Three of these proteins (PD0218, PD0313, PD0950) are predicted to encode subtilisin-like serine proteases (Bateman et al.
2004).  The fourth protein (PD1879) is predicted to encode a member of the GDSL family of esterase/lipases (Bateman et al.
2004).  The last two AT-1 proteins, PD1379 and PD0528, contain tandem repeats of a 50-60 amino acid motif within their
passenger domains.  PD1379 contains three copies of this repeat, whereas PD0528 contains six copies. Interestingly, this
motif is only found in Xf species (Bateman et al. 2004).  Given the importance of AT-1 autotransporters in pathogenicity, the
secretion of this unique motif to the Xf cell surface could have important implications in the PD infectious cycle.  To address
this and other questions concerning the role of these species-specific tandem repeats in Xf virulence, we have been
conducting a detailed characterization of the putative autotransporter protein, PD0528.  Our studies of PD0528 were also
designed to develop the protocols and genetic tools necessary for characterizing all six Xf-PD AT-1 autotransporters.

OBJECTIVES
1. Determine the role of the six Xf-PD autotransporter proteins and their passenger domains in Xf cellular physiology and

virulence.  Given the importance of AT-1 proteins in the virulence of other Gram-negative pathogens, it is highly likely
that most of the Xf-PD AT-1 proteins will play an important role in Xf virulence.

2. Generate a mutation in each of the six AT-1 genes and determine their impact on Xf cell physiology and virulence.]
3. Examine the biochemical properties and location of the six AT-1 passenger domains.  Priority will be given to any gene

identified in Specific Aim 1.

RESULTS
One of the most abundant, integral Xf-PD outer membrane proteins is the gene product encoded by the PD0528 locus.  Based
on its predicted amino acid sequence, PD0528 is a putative AT-1 autotransporter protein that has a passenger domain
containing six tandem repeats of a species-specific 50-60 amino acid motif.  In order to investigate the role of PD0528 in Xf-
PD cell physiology and virulence, we generated a null mutation in the PD0528 gene using the gene replacement method
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described by Feil et al. (2003).  This procedure involved generating the plasmid pAM12, which carried a kanamycin
resistance marker flanked on each side by chromosomal sequences from immediately upstream and downstream of the
PD0528 opening reading frame (ORF).  This plasmid was then introduced into Xf by electroporation.  The resulting
kanamycin resistant transformants were selected on PD3 containing 5 µg/ml kanamycin and screened by PCR to identify a
mutant strain in which the PD0528 ORF was completely removed and replaced by the kanamycin resistance marker.

Our initial characterization of the PD0528::Km deletion mutation was reported in the Symposium Proceedings for 2005.  In
these experiments, Xf membrane proteins were extracted using the BioRad ReadyPrepTM Protein Extraction Kit (Membrane
1).  Although this method did not allow us to distinguish between outer and inner membrane proteins, it allowed us to quickly
compare the total membrane profiles of different Xf strains.  As expected, comparison of the membrane profiles of a wild-
type Xf-PD strain and an Xf-PD strain carrying the PD0528::Km mutation revealed that the band corresponding to the
PD0528 protein is missing in the PD0528::Km mutant.  However, it was not possible to use membranes prepared with the
protein extraction kit to obtain more detailed information concerning the impact of the PD0528::Km mutation on the Xf outer
membrane protein profile.  Therefore, we repeated this analysis using membranes prepared by a different method.  In these
experiments, the Xf strains were grown in 1 liter of PD3 medium and the harvested cells were then rupture with a French
pressure cell as described previously (Igo 2003).  The outer membrane fractions were isolated by sucrose density gradient
centrifugation.  The proteins were then analyzed using SDS-polyacrylamide (PAGE) gel electrophoresis.

Comparison of the membrane profiles of a wild-type Xf Temecula strain and an isogenic PD0528::Km mutant revealed that
there are many differences in the outer membrane protein profiles of the two strains (Figure 1).  Similar results were obtained
with an Xf Travers strain containing the PD0528::Km mutation (data not shown).  In addition to the absence of the PD0528
protein, the outer membrane of the PD0528::Km mutant is missing a number of other outer membrane proteins.  One simple
explanation for this result is that the absence of the PD0528 protein is causing a major perturbation in the protein composition
of the outer membrane and of the Xf cell surface.  However, it is also possible that a second mutation(s) was acquired during
the construction of the original PD0528::Km mutation and that this second mutation(s) is responsible for the phenotype.

To distinguish between these possibilities, we performed complementation analysis using the plasmid pAM61.  pAM61
carries the wild-type PD0528 gene and is a derivative of the plasmid pBBR1MCS-5 (Kovach et al. 1995).  We chose this
plasmid vector because a pBBR1MCS-5 derived plasmid was successfully used by Gabriel and his colleagues for
complementation of the Xf tolC gene en planta (Gabriel 2005).  We began our complementation analysis by introducing the
plasmid pAM61 into the PD0528::Km mutant and then compared the membrane protein profile of the resulting strain to the
wild-type strain and the PD0528::Km mutant.  As shown in Figure 1, the PD0528 protein is present in both the wild-type
strain (Lane 1) and the PD0528::Km mutant strain containing plasmid pAM61 (Lane 3).  The identification of the band
indicated by the arrow as the PD0528 protein was confirmed by MALDI-TOF mass spectrometry.  Moreover, the
reintroduction of the PD0528 gene into the mutant strain also restores many proteins to the outer membrane that were
missing in the outer membrane of the PD0528::Km mutant.  This would suggest that the absence of the PD0528 protein is
having a profound impact on the protein composition of the outer membrane.  However, it is worth noting that the
reintroduction of PD0528 does not completely restore the wild-type outer membrane profile, suggesting that there might be a
second mutation(s) in the PD0528::Km mutant strain.

We next examined how reintroduction of PD0528 impacted the phenotypic changes observed in the PD0528::Km mutant.  As
reported in the Symposium Proceedings for 2005, the strain containing the PD0528::Km mutation has a number of distinctive
phenotypic properties:  it grows faster than wild-type strains, it is impaired in its ability to form cell-to-cell aggregates in
liquid culture, and it is able to form a continuous lawn on solid medium.  We expected that the reintroduction of PD0528 to
the PD0528::Km mutant would restore the wild-type phenotype.  However, this was not the case.  As summarized in Table 1,
the phenotypic properties of the PD0528::Km mutant strain are not altered by reintroduction of the wild-type PD0528 gene
on plasmid pAM61.  This would suggest that there is a second mutation(s) in the PD0528::Km mutant and that this second
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15 FIGURE 1. Membrane protein profiles.

Membrane proteins were isolated from the wild-type
Temecula strain (Lane 1), the PD0528 deletion mutant
(Lane 2), and from a strain containing both the PD0528
deletion mutant and pAM61, which carries a wild-type
copy of the PD0528 gene (Lane 3). The membrane
proteins were separated on an 8% SDS-PAGE gel and
stained with Coomassie blue. The sizes of the molecular
weight standards (lane M) are indicated on the right. The
position of the PD0528 protein on the gel is indicated by
the arrows.
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mutation(s) is responsible for the distinctive phenotypic properties of the PD0528::Km mutant.  Since the properties of the
second mutation(s) could be masking the phenotypic defects caused by the PD0528::Km mutation, we cannot draw any
conclusions concerning how the absence of PD0528 impacts Xf cell physiology.

Table 1. Summary of the phenotypic comparison

Wild-type PD0528::Km (a) PD0528::Km + pAM61 (b)

Growth in liquid culture ~7-10 days ~4-5 days ~4-5 days
Biofilm Yes No No
Confluent lawns on plate No Yes Yes
Produce PD symptoms Yes No No

(a) These characteristics are present in both a PD0528::Km Temecula strain and a PD0528::Km Travers strain.
(b) After obtaining these results, we extracted pAM61 from the PD0528::Km mutant and resequenced the PD0528
gene on pAM61 to confirm that a functional copy of PD0528 had in fact been introduced into the strain.

We considered two possible explanations, which are not mutually exclusive, for the presence of this second mutation(s).  One
possibility is that the second mutation(s) is a consequence of the way we generated the PD0528::Km mutation.  However, it
is also possible that the PD0528 gene is essential.  According to this hypothesis, the presence of the second mutation(s) is
necessary for Xf survival in the absence of PD0528. To determine if either of these explanations is correct, we decided to
regenerate the PD0528 null mutation.  In one experiment, we introduced the PD0528::Km mutation using the gene
replacement plasmid pAM12, but selected for transformants on PD3 plates containing either 5 µg/ml or 10 µg/ml kanamycin.
In a second experiment, we introduced a PD0528::Cm mutation using a gene replacement plasmid similar to pAM12, which
carried a chloramphenicol resistance marker.  As a control, we also generated similar gene replacement plasmids for another
Xf gene, PD0939, which encodes a phage-related protein.  Transposon insertions into this gene have no effect on Xf
physiology or pathogenicity (Guilhabert and Kirkpatrick, unpublished).

The results from this analysis, which are presented in Table 2, allowed us to draw a number of conclusions.  First, when we
select for either the PD0528::Km mutation or the PD0939::Km mutation on PD3 medium containing 5µg/ml kanamycin, we
obtain fast growing transformants that are unable to form biofilms.  We have performed this analysis multiple times and
monitored the plates for the appearance of slower growing transformants over time.  Nonetheless, in spite of repeated
attempts, slow growing transformants were not obtained using PD3 medium containing 5µg/ml kanamycin as the selective
medium.  Second, we were able to obtain slow growing PD0939::Km transformants when we used PD3 medium containing
10 µg/ml kanamycin and PD0939::Cm transformants when we used PD3 medium containing 5 µg/ml chloramphenicol.
Since the phenotypic properties of these transformants are the same as those of the PD0939::EZ-TN KAN-2 mutant, we have
concluded that the fast-growing transformants we obtained by selecting on PD3 medium containing 5µg/ml kanamycin arose
as a consequence of our selection procedure and that these transformants have probably acquired a second mutation(s).
Third, although we made repeated attempts, we have been unable to generate PD0528::Cm transformants or PD0528::Km
transformants when selecting on PD3 medium containing 10 µg/ml kanamycin.  This would suggest that PD0528 is an
essential gene.  Experiments are currently underway to test this hypothesis.

Table 2. Summary of the transformation results

Selection Xf
transformants

Growth in
liquid Biofilm Confluent lawn

PD0939::EZ-TN KAN-2 Km-5µg/ml Yes 7-10 days Yes No

PD0939::Km Km-5µg/ml Yes 4-5 days No Yes

Km-10µg/ml Yes 7-10 days Yes No
PD0939::Cm Cm-5µg/ml Yes 7-10 days Yes No
PD0528::Km Km-5µg/ml Yes 4-5 days No Yes

Km-10µg/ml No - - -
PD0528::Cm Cm-5µg/ml No - - -
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During the last year, we have also examined the feasibility of using the PD0528 promoter for expressing genes in Xf. For this
analysis, we generated fusion constructs between the PD0528 promoter and the firefly luciferase gene on plasmid
pBBR1MIC-3, which confers tetracycline resistance (Kovach et al. 1995).  The resulting plasmid was then introduced into
the Escherichia coli strain DH5α and into the Xanthomonas campestris pv. campestris (Xcc) strain Xcc8004.  Our initial
results are very promising.  Although the PD0528-luc fusion is expressed at a very low level in E. coli, it is highly expressed
in Xcc. Because there is not a homolog to PD0528 in Xcc, it might be possible to gain insights into the factors involved in the
regulation of PD0528 in Xf by examining its regulation in Xcc.
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ABSTRACT
Xylella fastidiosa (Xf) possesses genes for hemagglutinins (HAs), large adhesion proteins involved in cell-cell aggregation
and biofilm formation.  Mutations in either one of the functional HAs, HxfA (PD2118) or HxfB (PD1792), result in
hypervirulent strains that move faster and cause more severe disease in grapevines.  Computer analyses of the HA proteins
identified several regions that might be possible adhesion domains (ADs) responsible for cell-cell and/or cell-surface binding.
We cloned 6 Xf HA fragments that may contain potential ADs into protein expression vectors and to date have prepared
antibodies against 1 AD protein fragment that is conserved in both HxfA and B.  Recombinant proteins from the other 5 ADs
are being purified and prepared for injection.  Western blot analyses of using Xf proteins extracted from Xf cells grown in
liquid culture showed a very faint reaction with an Xf protein of approximately 220kd but this result needs to be confirmed
using a higher quality antibody.  Recent discoveries in the Bruening lab using phage technology indicate that HA are more
abundant in cells grown on solid medium compared to liquid medium and we are now repeating our Western analyses using
cells grown on solid medium.  Once Xf HA cell-cell binding domains are identified they will be expressed in transgenic
tobacco and grapevines where we hope the proteins will act as a “molecular glue” to aggregate insect-inoculated Xf cells,
retard their ability to systemically colonize plants and potentially provide a unique form of resistance against PD.

INTRODUCTION
Xylella fastidiosa (Xf) hemagglutinins (HAs) are large secreted proteins (200-300kD) that play important roles in mediating
cell-cell contact and plant pathogenicity.  Mutations were made in both Xf HA genes, HxfA (PD2118) and HxfB (PD1792),
by transposon mutagenesis and the resulting mutants did not form aggregates in liquid culture and they had reduced biofilm
formation in vitro and in planta (Guilhabert and Kirkpatrick 2005).  When inoculated into grapevines the mutant cells
showed hypervirulence and more rapid colonization of xylem vessels (Guilhabert and Kirkpatrick 2005).  The premise of this
research is to determine whether over-expressing Xf HA adhesion domains in the xylem, either by transformation of
grapevines or inoculation of grapevines with HA expressing endophytes, the HA will act as a “molecular glue” which clumps
the Xf cells and retards their ability to systemically colonize grapevine and cause Pierce’s disease (PD).

Because of the large size of the HA genes (10kb), we cannot transform grapevines with the whole HA gene.  Therefore we
are trying to identify the active adhesion domains (ADs) responsible for cell-cell aggregation by dividing the HA genes into
several smaller fragments that we believe will contain the cell-cell AD.  Recombinant proteins derived from these fragments
are being expressed in E. coli, purified and injected into rabbits to produce AD specific antisera.  The resulting antisera will
be used in ELISA, Western blot analysis, immunolocalization studies and cell-cell clumping experiments to determine which
of the HA fragment(s) contain functional ADs that can later be transformed into plants.

OBJECTIVES
1a. Use antibodies we have prepared against a conserved, putative binding domain (AD2) that is present in both Xf

hemagglutinins (HA), which we have named HxfA and HxfB, to determine the native size and location of Xf HA in
cultured Xf cells and PD-affected grapevines.

b. Determine if these antibodies (Fab fragments) can prevent cell-cell clumping in liquid Xf cultures.
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c. Prepare an affinity column using HA domain antibodies and isolate native Xf HAs from culture cells. Establish the
identity of affinity purified, putative HAs by n-terminal sequencing.

d. Determine if native HAs and HA domain fusion proteins can bind to Xf cells.
e.  Inject affinity purified HA proteins into rabbits and obtain HxfA and B specific-antibodies.  Determine if HxfA and B

specific antibodies can block cell-cell clumping of Xf grown in liquid medium.
2a.  PCR-amplify, clone and express as fusion proteins, additional hypothetical adhesion domains of HxfA and B.

b.  Prepare rabbit polyclonal antibodies against each Hxf A/B domain fusion protein.
c.  Determine if antibodies against various HxfA/B domain fusions can block cell-cell clumping of Xf grown in liquid

medium.
3a. Transform bacterial grapevine endophytes with portion(s) of the Xf HA domains that mediate cell-cell clumping.

Determine if transformed endophyte cells can bind Xf cells in vitro.
b. Transform tobacco, an experimental host of Xf and an easily transformable plant, with Xf HA binding domains.  Use

antibodies prepared in Objective 1 to determine if Xf HA proteins can be found in tobacco xylem fluid.
4a.  Mechanically inoculate grapevines with Xf HA-expressing grapevine endophytes.

b. Mechanically inoculate endophyte colonized grapevines and HA-transgenic tobacco with wild type (wt) Xf cells.
Compare disease progression and severity in endophyte colonized grapevines and transgenic tobacco with non-protected
controls.

RESULTS
Objective 1a. Cloning of adhesion domain 2 (AD2) of HxfA and antibody generation
Because of the sequence similarity between AD2 of HxfB and HxfA, a 1133bp fragment from HxfA (Figure 1) was PCR-
amplified, cloned in the expression vector pet29b and expressed as His-fusion protein in E. coli. The expressed protein was
purified by Ni-column chromatography and the identity and integrity of the fusion protein was verified by sequencing.  A
total of 1mg purified protein was injected into a NZW rabbit after pre-immune serum was taken.  Five bleeds were taken and
the resulting anti-AD2 antibodies were analyzed by ELISA. Only a 2-fold signal increase occurred in indirect ELISA
analyses of post-injection antisera compared to the pre-immune serum; this result indicated the AD2 antigen was not
especially antigenic or that insufficient antigen was used to elicit high quality Abs.  Although the antiserum was of
comparative low titer, we used it in Xf cell clumping and Western blot analyses.

Determination of native size and location of Xf HA in Xf cultured cells and grapevines by Western blot analysis
Several Western blot experiments with a variety of protein samples of wild type Temecula, HxfA- and HxfB- mutants were
conducted.  The cells were grown in liquid PD3 or XDM2 (Leite et al. 2003) media for 10 days and 100ml of conditioned
medium was concentrated using Centricon plus 70 filters (Millipore).  The conditioned medium was purified by dialysis and
ReadyPrep 2-D Cleanup Kit Biorad) and protein concentration was determined by using a Bradford assay.  Western blots of
whole cells and medium proteins were performed using the AD2 antibody.  A faint band of ~200kDa could be detected in
wild type whole cell protein, but not in proteins in purified medium samples suggesting that HAs are possibly not secreted
but associated with the outer membrane of Xf cells.  A corresponding band was not detected in whole protein extracts of the
HxfA and B mutants (Figure 2).  However, the signal was weak and there were non-specific reactions between other Xf
cellular proteins and the AD2 Abs and additional experiments, preferably using higher quality antibodies produced against
the other XF HA fusion proteins, will need to be done in order to confirm these preliminary results.

Objective 1b. Determine if AD2-antibodies or conditioned media can facilitate clumping of Xf.
A mixture of the 4th and 5th bleed AD2-antibodies was used to assess their ability to clump Xf cells in liquid culture.  If the
antibodies bound to HA domains that are responsible for cell-cell clumping, we might expect to see a decrease in clumping if
the HAs were not located on the surface of the Xf cell which is what would be expected because other bacterial HAs are
secreted.  If the HA was physically linked to the Xf cell we would have expected an increase in clumping due to cross-linking
Xf cells by the antibody.  We observed no significant differences in clumping between antibody-treated and pre-immune
serum which suggests that the AD2 domain is not present on the outside of Xf cells if the HA is associated with the outer
membrane or that the AD2 does not mediate cell-cell interactions.  These results indicate that additional putative ADs must
be evaluated.

Experiments were also conducted with “conditioned” media.  Conditioned media is PD3 medium in which wt Xf cells were
grown to stationary phase and the cells were removed by centrifugation.  Such medium would be expected to contain HA
proteins if they were secreted.  By adding HA-containing conditioned media in various concentrations to HxfA- and HxfB-

mutant cells growing in log phase we would expect to complement with soluble HA and restore the clumping phenotype.  No
clumping was observed which is indirect evidence that Xf HA is not secreted into the medium, at least in large amounts.

Objective 2. Identification, cloning and expression of additional ADs for antibody generation
It has been shown for FHA, the filamentous hemagglutinin of Bordetella pertussis (Renauld-Mongenie et al. 1996) that the
active HA domains are located at the N-terminal half of the protein and that C-terminal deletions have no effect of the HA
activity or secretion of the protein.  The secretion domain (TPS-domain) was identified at the N-terminal end of HxfA and B
(Guilhabert and Kirkpatrick 2005) and additional analysis revealed a FhaB domain located between position 2000-2300 of
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HxfA.  This conserved domain is found in other bacterial proteins that mediate adhesion and therefore they could be act as a
possible adhesion domain.  To evaluate this hypothesis, a knockout in that region will be done, and the FhaB domain will be
replaced by the kan-cassette.  We also conducted hydrophobicity plots of the proteins to determine potential antigenic sites.
An RGD (Arg-Gly-Asp) site at position 2780 in HxfA and at position 3062 in HxfB was found.  The RGD site in the
filamentous HA proteins of Bordetella pertussis mediates binding of B. pertussis to lung epithelial cells (Ishibashi et al.
2001).

The in silico analyses led us to divide HxfA and HxfB into three regions named AD1-3, AD4 and AD5, each for HxfA and
HxfB (Figure 1).  All six ADs were cloned into expression plasmid pet30b, the identity and integrity of the amplified
fragments was verified by sequencing and the constructs were transformed into E.-coli.  Vectors containing AD5 of HxfA
and AD4 of HxfB and were transformed into the new expression E. coli host (ArcticExpress DE3, Stratagene).  AD4 of HxfB
was expressed to high levels and the integrity of the protein verified by sequencing.  AD 4 antigen has been prepared and will
be injected into rabbits on October 27.  AD1-3 from HxfA and B, as well as AD4 from HxfA were also expressed at high
levels and we are now verifying the sequence of these proteins with the anticipation that they will also be ready to inject into
rabbits.  Recombinant fusion proteins of AD5 of both HxfA and B seemed to be slightly smaller in size than expected so
additional characterization of these proteins will be needed before preparing antisera.

Objectives 3 and 4: It will be necessary to identify HA cell-cell binding domains before these fragments can be transformed
into plant hosts (tobacco and grapevines) or bacterial endophytes of grapevines.  Good progress has been made towards
identifying fragments of the Xf HAs that mediates cell-cell binding in the three months this project has received funding.

In addition, a collaborative effort between the Bruening and Kirkpatrick labs has identified M13 phage that can specifically
bind to HxfA (see Bruening 2006 PD/GWSS report for details).  This phage can be used much like the antibodies that are
being raised against the various Xf HAs ADs described in this report.  Our labs are now pursuing collaborative research to use
the phage to determine the size and location of native Xf HAs and to use the specificity of the HxfA-specific phage to better
understand the interactions that mediate Xf cell-cell attachment.

Figure1. Identification putative Xf HA adhesion domains (AD) based on data base analysis with other bacterial HAs and
hydrophobicity plots.  Antibodies made against AD2 of HxfA provided preliminary information regarding the size and
locations of native HA.  AD1-3, AD4 and AD5 of both HxfA and HxfB were cloned and expressed in E. coli.  AD4 and
AD1-3 from both HxfA and B are ready to be injected into rabbits while further characterization of AD5 from both HAs will
be needed.
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CONCLUSIONS
We have made good progress in our goal of identifying what HA domain(s) mediate cell-cell binding.  Changes in the
manner in which we express HA fragments in E. coli, i.e. using a different expression system (ArcticExpress DE3,
Stratagene) which contains a second plasmid expressing chaperones that help fold over-expressed fusion proteins in the
cytoplasm and therefore reduce their degradation and the amount of recombinanat protein that ends up in insoluble inclusion
bodies, should yield both better antigens and more soluble proteins to perform Xf cell agglutination assays.  We will also
inject HA ADs into 2 rabbits instead of 1 to increase the likelihood of producing higher quality antibodies.  The discovery
made by Feldstein and Bruening of M13 phage that specifically binding to HxfA should also facilitate the localization and
characterization of native HAs associated with Xf cells in culture and in planta.  Once identified, cell-cell HA binding
domains will be expressed in bacterial endophytes that will be inoculated into tobacco and grapevine that will be
subsequently challenged with Xf to determine if these proteins can bind to and retard the systemic movement of Xf in plant
hosts.
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ABSTRACT
We analyzed the production of siderophores by endophytic bacteria Methylobacterium spp., which occupy the same niche as
Xylella fastidiosa (Xf) in citrus plants.  All strains of Methylobacterium spp. tested were CAS-positive for siderophore
production. Methylobacterium spp. produced hydroxamate-type, but not catechol-type siderophores.  Specific primers for
pyoverdin, a hydroxamate type ferrisiderophore receptor gene were used to amplify this gene from Methylobacterium strains.
The growth of Xf was stimulated by the presence of a supernatant-siderophore of endophytic Methylobacterium
mesophilicum. If Xf is able to use heterologous siderophores during its establishment inside the host plant, it may benefit
from production of siderophores by endophytic symbionts.

INTRODUCTION
Endophytes colonize the living, internal tissues of plants without causing any immediate, over negative effects (Hallmann et
al., 1997; Azevedo et al., 2000).  Research has shown that endophytic microorganisms isolated from surface disinfected plant
tissues exhibit a potential as biocontrol agents against phytopathogens (Sturz et al., 1998) and insects (Azevedo et al., 2000)
as well as increasing plant growth and hastening plant development (Lodewyckx et al., 2002).  However, synergistic
interactions between endophytes and phytopathogens have not been studied yet.

Bacterial siderophores are low-molecular-weight compounds with high iron (III) chelating affinity (Sharma and Johri, 2003)
that are responsible for the solubilization and transport of iron (III) into bacterial cells.  Iron is an essential mineral and its
sequestration by specific bacterial siderophores may induce the development of plant disease (Nachin et al., 2003; Etchegaray
et al., 2004).  Acquisition of iron from siderophores produced by other microbial species has already been described for
Escherichia coli, Salmonella typhimurium (Martinez et al., 1990), Actinobacillus pleuropneumoniae (Diarra et al., 1996),
Streptomyces sp. (Imbert et al., 1995), and Arthrobacter flavescens (Winkelmann, 1991).

Xylella fastidiosa (Xf) is the causal agent of Citrus Variegated Chlorosis (CVC), which is an important disease of citrus
species (Hartung et al., 1994).  In Brazil, over 70 million sweet orange trees (38%) are affected, and CVC is responsible for
losses of US$ 100 million per year to the Brazilian citrus industry, affecting all commercial sweet orange varieties (de Souza
et al., 2005). Xf was the first plant pathogen to have its genome completely sequenced and putative genes for membrane
receptors, including siderophores, were found (Simpson et al., 2000).

The genus Methylobacterium, which occupies the same ecological niche as X. fastidiosa, was the most frequently isolated
endophytic bacterium from CVC-symptomatic citrus plants (Citrus sinensis).  Recently, an interaction between
Methylobacterium species and Xf was strongly indicated (Araújo et al., 2002; Lacava et al., 2004).

OBJECTIVES
The aim of this study was to evaluate the ability of Methylobacterium spp., isolated as citrus endophytic bacteria (Araújo et
al., 2002), to produce siderophores and to investigate the capacity of Xf to use siderophores produced by Methylobacterium
mesophilicum (M. mesophilicum) for growth and development.

RESULTS
All strains of Methylobacterium spp. tested were CAS-positive for siderophores production (Table 1), and the siderophores
production tested by the CAS-agar assay revealed that 66% of CVC-symptomatic, 55% of uninfected, 20% of asymptomatic
and 10% of tangerine strains of Methylobacterium spp., showed very high production.  Also, all strains of Methylobacterium
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spp. were negative in the Arnow assay, which means that, these strains are negative for catechol-type siderophores (Table 1).
However, all strains of Methylobacterium spp were able to product hydromate-type to varying degrees as shown by the by
Csák assay (Table 1).

Only three strains of endophytic Methylobacterium (AR5.1/5, AR5.1/6 and AR1.6/2) were PCR positive (Table 1), but these
three strains were isolated from plants that showed CVC symptoms (Araújo et al., 2002).  The strains AR5.1/5 and AR5.1/6
also produced very high concentrations of siderophore in the CAS-agar assay.  These primers were developed to detect
pyoverdin, a siderophore hydroxamate-type receptor, in X. fastidiosa (Pacheco et al., 2001) and these same primers
recognized at least in three strains of Methylobacterium the same amplicon detected in Xf.

Growth of the Xf in PW broth medium was stimulated by the presence of M. mesophilicum supernatants that contained
siderophores (Figure 1) and inhibition of this same strain was observed in the negative control (PW broth medium without a
source of iron) (Figure1).
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Figure 1.  Effect of cell-free supernatants of the endophytic bacteria M. mesophilicum (AR5.1/5 and AR5.1/6 strains) with
siderophore-production on the growth of Xf in PW broth medium.  Negative control: PW broth medium without a source of
iron and positive control: standard PW broth medium.  Different letters on bars for same treatment means statistic difference
by Tukey’s test at 5% of significance.
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Table 1. Siderophore production by endophytic Methylobacterium strains.

Strains CAS-Agar
Univesal test*

Csák test*
(Hydroxamate-type)

Arnow test*
(Catechol-type) PCR**

AR1.6/1 + + - -
AR1.6/6 +++ ++ - -
AR3/20 ++ + - -
AR4/19 + + - -
AR5/1 ++ + - -

AR5.1/4 +++ + - -
AR5.1/5 +++ +++ - +
AR5.1/6 +++ ++ - +
AR1.6/2 + + - +
AR1.6/3 +++ + - -
AR1.6/8 +++ + - -

AR1.6/11 ++ + - -
AR1.6/4 + + - -
ER1/21 + + - -
ER1.6/1 + + - -
ER1.6/4 ++ ++ - -
ER1.6/5 +++ + - -
ER5/2 ++ + - -

SR1.6/6 +++ + - -
SR1.6/13 ++ ++ - -
SR3/27 ++ ++ - -
SR1.6/1 +++ + - -

SR1.6/15 ++ + - -
SR5/4 ++ ++ - -

SR1.4/10 +++ ++ - -
SR1.6/4 +++ + - -
SR1.6/2 +++ + - -
PR1/3 + + - -

PR1.4/10 +++ + - -
PR2/2 + + - -
PR3/5 + + - -
PR3/11 ++ ++ - -
PR3/15 + + - -
PR5/4 + + - -

PR5.1/1 ++ + - -
PR3/8 ++ ++ - -
PR3/17 ++ + - -
* Intensity: -, none; +, low; ++, high; +++, very high
**Presence (+) or absence (-) of PCR product

CONCLUSIONS
The present data corroborates the hypotheses that there is a relationship between Xf, causal agent of CVC, and the endophytic
bacteria Methylobacterium (Araújo et al., 2002; Lacava et al., 2004). In addition, our results indicated that Xf was able to use
Methylobacterium siderophores in vitro as a source of iron (Figure 1), and suggested that in some instances
Methylobacterium could help the growth of Xf, particularly under environmental conditions where iron sources are limited.
Iron-siderophore complexes are taken up by specific transport systems, but some microorganisms have also developed
transport systems for heterologous siderophores produced by other species (Raaijmakers et al., 1995; Howard, 1999).
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Endophytes must compete with plant cells for iron supply, and therefore siderophore production may be highly important for
endophytic growth (Idris et al., 2004).  Additionally, the production of siderophores has been reported to be one of the
mechanisms to outcompete pathogens (O’Sullivan and O’Gara, 1992; Schippers et al., 1987) and may have the same function
in endophytes.  The present study suggested that Xf can use molecules produced by endophytic bacteria as siderophores.  In
this context, as a factor influencing the symptom of CVC (Pacheco et al., 2001; Silva-Stenico et al., 2005), the genus
Methylobacterium could help Xf to survive inside the xylem vessels because competition for iron in the environment has an
important role in microbial systems.
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ABSTRACT
In California, information regarding the population structure and genetic diversity as well as the genetic evolutionary and
epidemiological relationships among Xylella fastidiosa (Xf) strains in agricultural populations is not clear.  To develop
effective management strategies, we need to understand pathogen population structure and genetic diversity in the
agricultural ecosystem.  Here we report development and utilization of two multilocous marker systems, Simple Sequence
Repeats (SSR) and single nucleotide polymorphism (SNP) for genotyping and assessing genetic diversity of Xf in California.
Strain diversity studies using SSRs on samples from different geographic populations and/or from different hosts
demonstrated that host selection plays an important role in Xf genetic differentiation among agricultural populations in
California.  Whole-genome comparison of four sequenced strains identified 12,754 potential SNPs in coding sequences and
20,779 SNPs in non-coding regions across four Xf strains.  Small scale validation (16 loci) tests showed that SNP genotype is
tightly linked to the hosts from which the strains were derived.  Together, SNP and SSR marker systems appear to be useful
tools for pathogen detection and population genetic analyses.

INTRODUCTION
Host plant resistance is a critical component of integrated crop management.  However, durability of resistant grape plants
depends upon the variability and adaptability of the pathogen population as well as disease resistance gene(s).  Population
genetics research demonstrates that the evolutionary potential of a pathogen is reflected in its genetic diversity and its genetic
structure.  Pathogen populations with higher evolutionary potential are more likely to overcome host resistance than pathogen
populations with a lower evolutionary potential (MacDonald and Linde, 2002).  The resulting changes in population structure
or virulence can lead to host resistance breakdown.  Therefore, understanding pathogen genetic diversity is critical in
developing an effective disease control strategy.  To characterize population structures of Xylella fastidiosa (Xf) and to
understand genetic diversity of Xf in agricultural systems, sensitive and accurate marker system(s) are required.  The goal of
this project is to develop a reliable marker system(s) that unambiguously identifies Xf strains from various geographic
locations and host plants and further to understand the pathogen dynamics.  Previously, we reported the development of
multilocus simple sequence repeats (SSR) markers for Xf population genetic analysis (Lin et al., 2005).  This marker system
appeared to be sensitive in detection and powerful in discriminating Xf genotypes.  This marker system also provides high
throughput capability for a large scale population sample analyses.  Recently, we developed a new marker system; single
nucleotide polymorphism (SNP).  We performed whole-genome sequence analysis of CVC, PD, ALS and OLS strains and
identified potential SNP loci in both coding and non-coding regions (Doddapaneni et al., 2006).  This marker system has
proven to be powerful and reliable for distinguishing genetic relatedness. This marker system is very sensitive, has a high
degree of specificity, and is quite powerful in detecting genetic polymorphism.  Further, adaptability to high a through-put
diagnostic platform makes this system an ideal tool for large scale studies of Xf population genetics and epidemiological risk
assessment analyses.

OBJECTIVES
1. Analyze Xf seasonal population dynamics; spatial and temporal disease development and genetic diversity.
2. Comparative whole genome analyses of the X. fastidiosa strains to identify SNP loci and develop SNP based marker

system for fingerprinting Xf strains.

RESULTS AND DISCUSSION
Objective 1.
Previously, we analyzed genetic diversities and geographic population structures of Xf in California vineyards (Napa,
Sonoma and Kern and Riverside counties).  Results based on multi-locus SSR marker systems and hierarchical sampling
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showed that a larger proportion of total genetic diversity (68.89 %) was attributed to genetic variation among different host
plants.  These results suggest that host selection plays an important role in Xf genetic differentiation among agricultural
populations in California.  Using the same SSR marker system, we extended our investigation to Xf-induced, almond leaf
scorch (ALS) disease in California’s San Joaquin Valley (SJV).  Survey data for two years of ALS disease incidence was
analyzed to characterize the progress of almond leaf scorch disease development within selected orchards and to evaluate the
seasonal population dynamics associated with Xf adaptation and host selection in almond-associated populations.  The
seasonal collection and detection studies showed that Xf populations were low in early season (March and April), when Xf is
less likely detectable by PCR. Xf populations quickly increased after May which parallels increased plant growth and the
activity of Xf vectors.  Successful Xf isolation/culture and PCR detection were comparable after July.  To further characterize
if the spatial and temporal aspects of disease development associated with Xf genetic differentiation among geographic
locations and/or with host adaptation, two almond orchards, Richline and McCall, were studied in Kern and Fresno Counties,
respectively.  In the Richline orchard, two almond cultivars including Sonora and Nonpareil were affected with ALS
symptoms while only the cultivar Sonora was Xf-infected at the McCall Orchard.  ALS samples from these three populations;
Richline-Sonora, Richline-Nonpareil and McCall-Sonora were collected from May to October months.  Using five SSR
markers, allelic types and allelic frequencies of haplotypes among these three populations were analyzed (Table 1).  Genetic
relationships among three populations showed that Xf population derived from Richline-Sonora was closely related to the
population of McCall-Sonora even though they are geographically separated while the Xf population from the Nonpareil
cultivar in Richline orchard was genetically distant from the population derived from Sonora at either location (Figure 1).
This result again confirms our earlier findings that suggests host selection plays an important role in determining population
differentiation.

Our next experiment is to determine host-pathogen-vector interactions.  In this study we will address questions of host
selection, pathogen adaptation, and the role of vectors in transmitting Xf strains.  Specifically, a vineyard adjoining an almond
orchard was chosen.  We will analyze gene flow between populations resulting from the movement of the vectors. Xf strains
will be collected from PD-affected vines and ALS affected almond trees.  We will also collect samples of adult green
sharpshooters which are actively dispersing in these sites.  The first sampling was conducted from September to October in
2006 and the early sampling (April-May) and late sampling (August-October) will be conducted in 2007.  That way, over-
wintering populations will be included for determination the effect of genetic drift or initial inoculum sources.

Table 1. Allele frequencies of three ALS Xf populations at five SSR loci.
Population I

(Site = Richline, Host = Sonora)
Population II

(Site = Richline, Host = NonPareil)
Population III

(Site = McCall, Host  = Sonora)

Locus Allele
(bp)

# of
Observations

Allele
Frequency

Allele
(bp)

# of
Observations

Allele
Frequency

Allele
(bp)

# of
Observations

Allele
Frequency

279 16 0.64 279 2 0.08 279 27 0.93
288 5 0.20 288 21 0.92 288 1 0.03

ASSR 19

294 4 0.16 294 0 294 1 0.03
279 9 0.36 279 23 1.00 279 2 0.07
308 16 0.64 308 0 308 27 0.93

OSSR 12

282 9 0.36 282 22 0.95 282 2 0.07
291 16 0.64 291 1 0.05 291 27 0.93

CSSR 12

304 10 0.40 304 22 0.95 304 2 0.07
332 4 0.16 332 1 0.05 332 20 0.69

GSSR 20

341 11 0.44 341 0 341 7 0.24
366 5 0.20 366 22 0.95 366 2
372 4 0.16 372 0 372 2 0.07
393 16 0.64 393 1 0.05 393 22 0.75

ASSR 4

397 0  397 0  397 5 0.17
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Objective 2.
Comparative whole genome analyses of the X.
fastidiosa strains: Xf Temecula-1 (grapevine
strain), Xf 9a5c (citrus strain) Xf Ann1 (oleander
strain) and Xf Dixon (almond strains) were
carried out to identify SNP loci.  The analyses
identified 1,579 genes and 194 non-coding
homologous sequences present in the genomes of
all four strains, representing a 76.2%
conservation of the entire genomic sequence.
Our analysis shows that 51 Ann1 and Dixon
genes were present at the end of sequenced
contigs (partially sequenced) and were excluded
from further analysis.  Therefore, SNPs were

identified in 1528 conserved gene alignment files.  There were 12,754 potential SNPs in coding sequences and 20,779 SNPs
in the non-coding sequences in these conserved regions.  The average SNP frequency was 1.08 × 10-2 per base pair, which
translates to approximately one SNP for every 93 bp of the DNA. SNPs were defined according to their nucleotide types as
transversion or transition types.  On average, 85.2% of SNPs are transversion type suggesting that transversion was the major
type of SNP in Xf. In Xf 60.33% of the SNPs cause synonymous changes while 39.67% cause non-synonymous changes.
For this analysis, those gene pairs that show internal INDELs that cause frame shift mutations were not included.  A database
called “Xfbase” has been developed under an IIS6.0 server using CGI scripts is available at
http://cropdisease.ars.usda.gov/CVC_index.htm.  A summary of whole genome SNP analyses is presented (Doddapaneni et
al., 2006).  We designed SNP detection primers for 16 SNP loci (Table 2) and validated by using 18 strains representing four
strains from grape, citrus, almond and oleander plants.  Strains were validated as Xf using HL5 and HL6 primers (Francis et
al., 2006).  The results clearly demonstrate that the SNP genotypes are associated with the hosts from which the strains were
derived (Table 3).  Next, 700-1,000 potential SNP loci located in interesting gene regions will be selected for screening using
a set of 5-10 grape, almond, oleander and citrus Xf strains to confirm that these loci are truly polymorphic (to eliminate SNP
caused by sequence error or isolated mutation event).  To increase data throughput and reduce operational costs, we
optimized multiplex PCR primers that can amplify up to 5 SNP loci in a single reaction.  Our recently designed HTP format
protocol allows analysis of up to 10 SNP loci per sequencing run.  In the future, genome wide multiplex SNP detection
primers based on screening results (~100 loci) will be analyzed.  This Xf SNP genetic analysis system appears to be a
powerful new marker system for Xf genetic study.

Table 2. Details of the loci and primers used for SNP validation. Allele frequency information is mentioned in the next table.
Gene ID Description Left primer (5’-3’) Right primer (5’-3’)

XF0450 Two-component system, regulatory
protein ATTACCGCAACCGATGG TCGTTCGCTTTTGCTTTTG

XF0677 Type 4 fimbriae assembly protein GTACGCGCCAGGGTATTCT CAAGCAACGTCTCAATGC
XF0845 Family 3 glycoside hydrolase TTCTTCCGTCAAGACAACG GCCGGAGTTTTTCAAGAGG

XF1267 1,4-beta-cellobiosidase TTACGAAGAAGGCATAAAA
TATG GCAAAACCATTGACACTAGC

XF1532 Oxidative stress transcriptional
regulator GTGCGCGTAGCATTGTTG ACACGAACGGCTCCTCAA

XF2352 Cold shock protein ATGCAGAGCGGTACAGTTA
AG TATTGGCGTGATATTCGATG

XF2545 Two-component system, regulatory
protein ACGTATGGGGCTGCGTAT CGATTGTTCAATTCCAAAGC

CONCLUSIONS
SSR and SNP marker systems appear to be useful for strain identification and for analysis of genetic diversity.  The multi-
locus SSR marker system is particularly suitable for Xf population genetic study due to its powerful and unambiguous
discrimination ability of genetically related strains across independent genetic loci.  Information generated from SNP markers
will advance our knowledge in the understanding of Xf variation associated with functional gene sets which can be used to
define the genome-wide Linkage Disequilibrium blocks and in linking SNP genotype to the Xf phenotype.  Results from this
project will be used to generate comprehensive SSR allele frequency and SNP association databases.  These two databases
will be complementary in strengthening the power of SSR marker in strain discrimination and the power of SNP marker for
functional-related genotyping which can aid in Xf epidemiological and strain virulence studies.

Figure 2.  Genetic distances among three ALS Xf populations
using UPGMA cluster analysis with Nei’s coefficient.
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Table 3. Single Nucleotide Polymorphism data at different genomic loci across multiple strains of Xf. A total of 16 genes
that are conserved in all four sequenced strains and showing SNPs were selected based on their putative function.  Primers
were designed to amplify the SNP regions in 4-5 host specific strains of grape, citrus, almond and oleander.  Target regions
were PCR amplified, sequenced and aligned.  The data presented here shows SNPs in functional genes that differentiate host-
associated strains.

Polymorphism at selected  gene loci
XF

1532
XF

1532
XF

1267
XF

1267
XF

2545
XF

2352
XF

0845
XF

0677
XF

0450Host Strain,
Location

I(77bp)
*

II
(101bp)

I (263
bp)

II (293
p)

(106
bp) (86 bp) (258

bp)
(125
bp)

(151
bp)

Stag leap, Napa,
CA C C G A C T A T G

Temecula, CA C C G A C T A T G
PD-6,Riverside,
CA C C G A C T A T G

PD-7,Riverside,
CA C C G A C T A T G

Grape

Xf-10, Kern, CA C C G A C T A T G
9a5c, Brazil T G G A C C C C A
CVC-10, Brazil T G G A C C C C A
CVC-12, Brazil T G G A C C C C A
CVC-14, Brazil T G G A C C C C A

Citrus

CVC-16, Brazil T G G A C C C C A
Cathedral T G G A T T A T G
TIB T G G A T T A T G
T1 T G G A T T A T G

Oleander

T5 T G G A T T A T G
Manteca T G A G C T A T G
ALS-2, Costa,
CA T G A G C T A T G

ALS-6, Solano,
CA T G A G C T A T G

Almond

ALS-7 T G A G C T A T G

Allele frequency 5C:14 T 5C:14
G 4A:15G 4G:15A 4T:15C 5C:14 T 5C:14

A 5C:14 T 5A:14G

* Base pair number in parenthesis indicates the location of the target SNP nucleotide in the predicted coding sequence.
Details can be obtained from the multiple alignments at our website.
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ABSTRACT
We are studying the process of movement of Xylella fastidiosa (Xf) cells between xylem vessels and through plants by
analyzing the changing proportion of genetically distinct strains, initially introduced into the plants by distance and time from
point of inoculation.  We are also determining whether bottlenecks in movement of Xf cells in plants are more extreme in
resistant plants than in susceptible plants, and whether this phenomenon can be exploited as a tool to screen germplasm for
resistance to Xf. We expect that the process of movement of Xf involves a progressive and sequential colonization of a large
number of xylem vessels that is limited by anatomical features of plants (nature of pit membranes and other barriers to vessel
to vessel movement in the stem).  The resulting in bottlenecks practically limit the number of Xf cells that can move from one
vessel to another, and thus constitute a major factor that confers resistance in plants.

INTRODUCTION
Xylella fastidiosa (Xf) has a rather unique means of colonizing plants and causing symptoms, which make strategies of
disease control that are useful in other bacterial diseases ineffective.  Many agriculturally important plants besides
grapevines, including citrus, almond, alfalfa, and coffee, are susceptible to diseases caused by Xf (Hopkins 1989).  The
bacterium is transmitted to new host plants during xylem sap feeding by sharpshooter vectors and then multiplies and spreads
from the site of inoculation to colonize the xylem; a water transport network of vessels composed of dead, lignified cells.
Vessels are interconnected by channels, called bordered pits, that allow the passage of xylem sap but block passage of larger
objects due to the presence of a pit membrane (Choat et al. 2003, Esau 1977).  Bacterial cells attach to the vessel wall and
multiply, forming biofilm-like colonies that can, when sufficiently large, occlude xylem vessels, blocking water transport
(Alves et al. 2004, Fry and Milholland 1990a, Newman et al. 2003).  In susceptible plants, leaf scorching, fruit shriveling and
other symptoms result, likely due to the increased stress of xylem blockage as colonization ensues.  However, within the
majority of host plants, Xf behaves as a harmless endophyte (Freitag 1951).  The population size of Xf in grapevines resistant
and susceptible to Pierce’s disease (PD) is highly correlated with symptom expression (Alves et al. 2004, Fry and Milholland
1990a, Fry and Milholland 1990b, Hopkins 1981, Newman et al. 2003, Krivanek and Walker 2004).  A much higher
proportion of vessels are colonized by Xf in symptomatic tissues that in non-symptomatic tissues (Newman et al. 2003).
However we still lack an understanding of the process of colonization and what specifically about high populations of Xf
leads to symptom expression.  The pathways by which water moves through plants via the xylem are spatially complex.  It is
simplistic to consider axial water movement in stems via xylem vessels as simple vertical “pipes”.  Indeed, xylem vessels
themselves often follow complicated paths through a tissue with respect to each other (Figure 1).  More importantly, the
water in a given vessel is in contact with that of different vessels as well as with those in adjacent tracheids via the many pits
in the cell walls (Figure 1).  Pits are adjacent to one another on either side of the cell wall and thus come in pairs.  The pit
membrane is composed of the primary cell wall and middle lamella of adjacent cell walls of the pit pairs (Esau 1977).  In a
bordered pit the secondary cell wall forms a border over the pit membrane leaving a small opening called a pore.  While
secondary cell walls can be thickened via the intrusion of lignin and other polymers into the cellulosic matrix of the primary
cell wall, pits represent local “thinning” of the primary wall with only a minimal amount of cellulose and pectin, which
allows relatively free diffusion of water and solutes from one cell to another.  Thus instead of a limited number of vertical
“pipes’ that conduct water through a stem, there are thousands of alternative pathways that water might travel in a tissue.  The
interconnectivity of the xylem cells is presumably one means by which the plant overcomes injuries or other insults that
would disrupt the movement of water via a given xylem element by shunting it to adjacent cells.

In the context of PD it thus becomes obvious that in order for water movement in a stem to be so restricted that disease
develops, a large percentage of the xylem pathways must be blocked for disease to occur.  Yet, while over 40% of the xylem
vessels in a single section of an infected grape stem may be infested with Xf (Newman et al. 2003) this alone is unlikely to
explain water stress.  Serial sections of grape tissue however, demonstrated that different xylem vessels are blocked in
different cross sections; the percentage of occluded vessels in one of several sections along 5 mm of petiole was five times
that of a single cross section.  Given that inoculation of grape with Xf must occur in a relatively few sites on a vine, it is clear
that the pathogen has the ability to move both axially and radially in xylem tissues.  Such extensive movement must take
some time, explaining why the disease is “progressive” and appears only several weeks after inoculation.
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Figure 2. Image of
xylem vessel.

Figure 1. Structure and arrangement of xylem vessels.

Dispersion of Xf through the xylem network likely involves following the natural
course of the xylem stream through the plant, but would be expected to require a
mechanism for accessing vessels connected only by bordered pits because pit
membranes do not readily allow passage of objects 20 nm or larger (Choat et al. 2003).
Considerable evidence suggests that Xf degrades pit membranes to traverse bordered
pits. Xf has been shown to express genes predicted to encode pit membrane degrading
enzymes such as cellulases and pectinases in vitro.  Furthermore, a mutant blocked in
production of polygalacturase (pectinase) was unable to move within grape and was
avirulent.  In addition, transgenic grapes expressing a pear polygalcturonase inhibiting
protein (PGIP) exhibited more resistance to Xf than did untransformed plants (Aguero
et al. 2005 ).  Work from our lab, using a gfp-marked strain of Xf reveals that it could
be seen transiting the pit of grape xylem (Newman et al. 2003) (Figure 2).

While the movement of Xf has been recognized as an important trait necessary for disease, the
process is still poorly understood.  It is generally agreed that symptoms of PD do not occur until a large number of vessels are
colonized by Xf. Studies by Newman et al. (2003) found a very high correlation between incidence of highly colonized
vessels and symptom development in grapes.  Thus, Xf must move through many (perhaps hundreds of) different xylem cells
if such high levels of colonization are to occur. Xf attains higher population in susceptible cultivars than in more resistant
species and cultivars of grapevines.  More recent studies have shown that systemic infections occur in both susceptible and
tolerant genotypes of grape.  However, susceptible genotypes were characterized by higher cell populations especially in the
stem internodes (Krivanek and Walker 2004).  It is also known that in resistant grapes varieties, as well as other plant species,
Xf can have a systemic infection with relatively low populations in greenhouse conditions (Fry and Milholland 1990a, Fry
and Milholland 1990b).  Krivanek and Walker (2004) note that the mechanism of resistance to Xf is localized within the stem
xylem and is not fully functional or absent in the xylem of petioles and leaf blades.  They observed little difference in the
colonization of these tissues as opposed to those of the stem xylem.  They speculate that a more constitutive resistance
mechanism is present in stem xylem based on nutritional or structural differences between resistant and susceptible stem
xylems.

OBJECTIVES
1. Study the process of movement of Xf cells between xylem vessels and through plant by determining the changes in

proportion of genetically distinct strains of the pathogen initially inoculated into plants at an equal proportion with
distance and time from point of inoculation.

2. Determine if bottlenecks in movement of cells of Xf from xylem vessel to xylem vessel is more extreme in resistant
plants than in susceptible plants and whether this phenomenon can be exploited as a tool to screen germplasm for
resistance to Xf.

RESULTS
In these past few months, we have been propagating plant material from naturally resistant species such as Vitis rotundifolia
and the highly susceptible Vitis vinifera species to conduct comparative experiments.  The representative resistant cultivars
used are Tampa and Roucaneuf, both of which are field resistant.  The susceptible cultivars we are working with include
Cabernet Sauvignon, also used in our initial study.  In a preliminary experiment, we inoculated a large number of Cabernet
Sauvignon plants with a mixture of two isogenic and highly virulent strains of Xf strains (Temecula and KLN61) via petiole
needle inoculation.  These isogenic strains could be distinguished by the fact that KLN61, but not Temecula, was resistant to
kanamycin.  When plants were sampled 50 cm from the inoculation point several weeks after inoculation, 46% were found to
be infected with only strain KLN61 and 20% were infected only with strain Temecula while the remaining 34% of the plants
were not infected with either strain.  While both strains were initially found at the site of inoculation, in none of the plants
were both of the strains found at distal sampling sites.  We interpret these results to suggest that anatomical features of the
plant greatly limit the number of cells of Xf that can move from one infected xylem vessel to an adjacent uninfected vessel,
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and that sequential passage of Xf cells through such a series of physical “bottlenecks” characterizes the process of plant
colonization.  If only a few cells were transferred to adjacent xylem vessels when moving to an adjacent vessel as suggested
by the microscopy analyses of Newman et al. (2003) (Figure 2), then with time it is likely that only one genotype of an
originally mixed genotype inoculum would be present after many such “bottlenecks” that are encountered during movement
in the plant.  A cartoon illustrating this process is shown in Figure 3.

Figure 3. Xf movement in the plant.

In another preliminary experiment, ten rooted cuttings of a susceptible Cabernet Sauvignon variety were stem-inoculated
with a suspension (107 cells/ml) of equal populations of Temecula and KLN61.  Ten rooted cuttings were inoculated only
with Temecula and ten with only KLN61.  Inoculums of suspensions were prepared from two-week old plates of Xf in SCP
buffer.  Concentrations of Xf cells were estimated with a spectrometer and adjusted to approximately equal cell densities.
The population of each Xf strain in suspension was estimated following inoculation by dilution plating on PWG media,
followed by counting colonies on PWG and PWG+Kan media.  A stem of each vine was inoculated with 5μl of suspension.
The inoculation site was marked with tape.  Each plant was sampled at five internodes location: 0 (point of inoculation), 10,
20, 30, 60 cm from the inoculation site plus a proximal petiole to the inoculation site.  Six plants were sampled at week one,
two, four, for a total of 18 plants, and 12 plants were sampled at week ten.  The proportion of Temecula and KLN61in the
plant part sampled was calculated for each sample as mentioned above.  Twenty-seven out of the thirty plants (90%) at 10
weeks were showing symptoms and proved to be infected when assayed by culturing.  At week 10, out of the four plants co-
inoculated with both strains (plants numbered seven, eight, nine, ten) one plant, number seven, had nearly all Tem strain
when cultured at the sampling location, and plant number nine had nearly only KLN61.  The other two plants still had a
mixture of the two strains in different ratios, indicating that it takes more than a 10 week period for a single strain to
completely occupy the plant stem.  This was also confirmed from the first experiment where culturing was done at 14 to 18
week post-inoculation. Over time, only one of the two strains ultimately dominates in infecting the test grapes.  We found
that both strains were still present in the petioles proximal to the point of inoculation at week 10 in plant numbers seven and
eight (petiole samples from plant numbers nine and 10 were contaminated), while just one of the two strains continued to
invade the rest of the stem, as the infection and resulting symptoms (disease) progressed.

CONCLUSIONS
Our preliminary results indicate that the segregation of the mixed inoculums initiate within two to four weeks of inoculation
in susceptible grape varieties and is evident in samples within 10 to 20 cm of the point of introduction.  Thus it would appear
that the process of movement of Xf through plants is a stochastic one, which is characterized by growth in a given xylem
vessel where it is introduced, followed by “active escape” of at most a few cells into adjacent uncolonized vessels, and then
further multiplication of the cells which starts the process anew.

In this study we are exploiting the use of mixtures of phenotypically identical but genetically distinct strains of Xf to better
understand the process of progressive movement of Xf through plants.  We hypothesize that anatomical features of plants
(nature of pit membranes and other barriers to vessel to vessel movement in the stem) limit the number of Xf cells that can
transit from one vessel to another and represent important factors conferring resistance in plants.  It would is expected that
the stochastic processes that tend to segregate cells of one strain from another during progressive movement would increase
the degree of segregation with distance from the point of inoculation (with increasing numbers of vessels the cells had to
traverse to get from one part of the stem to another given that each vessel in grape is an average of only about 10 cm long).
Thus, for a given plant inoculated with a mixture of cells, the proportion of one strain compared to the other would either
increase or decrease along a predictable trajectory given the stringency of the “bottleneck” that it faced while moving from
one vessel to another.  This is depicted in Figure 4.  While at the point of inoculation of an equal mixture of cells into the
stem, the ratio of the two strains would be 1.0, the proportion of strain A in a mixture with strain B would decrease to 0 for
some plants or increase to 1.0 in others.  The departure from a ratio of 1.0 should increase with distance for a given plant, and
when considered over many plants the variance in the proportion of the strains in a mixture should increase with distance.
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This is depicted in Figure 5.  Furthermore, we hypothesize (as speculated by Walker) that resistant grape varieties harbor
anatomical differences from susceptible varieties that limit the movement of Xf from vessel to vessel.  Such plant would thus
present a more extreme “bottleneck” to Xf at each movement event and hence we would expect a more rapid segregation of
mixtures of Xf at a given point away from inoculation.

We expect to test this model of movement of Xf in grapevines of varying susceptibility to PD.  This study will provide
considerable insight into the process of bacterial movement, which is central to the disease process though it remains poorly
understood.  Moreover, it will provide new and necessary tools for screening grape germplasm for resistance to Xf. As
Walker (Krivanek and Walker 2004) has noted, since “resistant” grape varieties still support the growth and movement of Xf,
albeit at a lower level than susceptible varieties, qualitative measures of Xf presence, such as by PCR, are not suitable for
screening germplasm.  Furthermore, difficult quantitative measures, such as culture plating or optimized ELISA, are required
to distinguish resistant varieties.  We expect that the segregation of mixed inoculums in “resistant” varieties will be rapid as
suggested by the relationships described in figures 4 and 5, and that a simple estimation of the presence or absence of
segregation of mixed inoculums near the site of inoculation would provide an accurate yet quick and easy method for
assessing resistance levels.
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ABSTRACT
Xylella fastidiosa (Xf) is a group of genetically similar strains that infect a wide range of plants.  We hypothesized that
discrete genetic factors among the very similar strains determine the ability of a strain to infect a particular host plant.  To
better understand what makes grape a good host for all grape strains but not for strains such as oleander and almond that
cannot colonize grape, we conducted experiments to look for host specific genes of the grape strain.  Through our microarray
and in silico genomic studies, we have identified 20 potential Xf grape strain virulence genes.  Of these, we have focused on
10 genes.  We excluded 10 genes based on criteria such as they are phage related, DNA modification genes, part of a repeated
gene complex, or are predicted house keeping genes, and thus not likely to have a role in plant virulence.  It was clear from
our studies that the microarray studies have produced fewer unique genes (genes present in one strain and lacking in another)
to grape strains than expected, indicating that the identity between Xf ‘Temecula’ and other non-grape strains must be closer
than expected.  Our in silico comparisons also revealed a high level of identity between grape and non-grape strains of
Xylella.  Because of this, we are now using dual labeling with our microarray studies to determine even small differences in
gene sequence rather than simple lack of a particular gene.  This is a more sensitive way to determine qualitative differences
between the strains.  We have now made knock-out mutants for seven of the 10 genes unique to grape strains that we expect
to be most likely involved in virulence to grape.  We used constructs that have a Kanamycin gene inserted near the 5’ end of
the gene for optimum efficiency in knocking out a given gene while preventing partial transcripts to be made in such
knockout strains.  Inoculation studies with grape have shown that several of these genes confer the ability to move within
grape and thus to incite disease at sites away from the point of inoculation.  The growth of these mutant strains in grape near
the point of inoculation was not usually impaired, suggesting that such traits are involved specifically in other aspects of
movement and symptom development in grape.

INTRODUCTION
Xylella fastidiosa (Xf) is a group of genetically similar strains that infect a wide range of plants.  A particular strain often has
a relatively small and distinct host range when compared to other strains.  Some strains of Xf originating from host plants
other than grape do not sustain viable populations or are not virulent in grape.  In particular, many of the strains of Xf isolated
from almond do not infect grape (Almeida and Purcell 2003).  This strongly suggests that differing genetic factors among the
strains determine the ability of a strain to infect a particular host plant.  Other studies provide evidence for host specificity
among the Xf strains (Chen et al. 1992; Chen et al. 1995; Pooler and Hartung 1995;Hendson et al. 2001; Bhattacharyya et al.
2002a, 2002b; Doddapaneni et al. 2006).  Cross inoculations in greenhouse studies showed that the oleander and grape strains
of Xf were not pathogenic to citrus and that the almond strain was not pathogenic to oleander (Feil et al. unpublished).  In
California, three distinct strains of Xf as designated by their host range are recognized; the grape strain, the almond strain, and
the oleander strain.

To better understand the underlying genetics of Xf as it relates to pathogenesis, several strains have been sequenced.  The Xf
‘9a5c’, a citrus strain, was fully sequenced in Brazil (Simpson, 2000).  The draft-genome sequences of the almond and
oleander strains of Xf, ‘Dixon’ and ‘Ann1’, respectively, are also publicly available.  We used this information to identify a
list of genes present in the grape strain genome but missing in other strains that do not sustain viable colonies in grape.  We
also developed a DNA microarray based on the sequence of the Temecula grape strain to interrogate the genomes of other
strains by a process of DNA-DNA hybridization.  We tested the ability of target DNA from non-grape strains to hybridize to
probes designed from the reference strain, Xf ‘Temecula’, which were affixed to epoxy slides.  During this process, we
determined that most strains are highly identical to each other, having genes that are at least similar in sequence to reference
genes in strain Temecula; very few genes were found in the Temecula strain that were lacking in other Xf strains.  We thus
have used a more sensitive approach to identify unique genes of the grape strain that is based on competitive hybridization of
mixed DNA samples to the DNA microarray.  Using this method, as well as in silico and other single strain hybridization
results we have now obtained a very short list of genes that were found in all grape strains of Xf but are lacking, or
substantially divergent in non-grape strains of Xf. The goals of this project thus was to determine the role of such genes in
the virulence of Xf to grape and other plants, and to determine if such genes would be useful in distinguishing grape strains of
Xf from all other strains in PCR-based detection schemes.
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OBJECTIVES
1. Determine the relative contribution of grape strain-specific genes to growth and virulence of Xf in grape.
2. Design primers selective for grape-strains of Xf to enable the selective detection of grape strains in host plants.

RESULTS
Objective 1
Our studies to narrow the list of potential virulence genes unique to grape strains of Xf has resulted in a list of 20 genes
(Table 1), 10 of which (in Bold print) are considered most likely by us to be potential virulence genes.  As mentioned above,
our microarray studies in which DNA from non-grape strains was hybridized alone to a DNA microarray populated with
genes from Xf strain Temecula resulted in fewer than the expected differences in gene content between grape strains of Xf
and other non-grape strains.  This suggested that the differences in the strains was not due only to differences in gene content,
but also to variations in the genes that might be in common to most, if not all, Xf strains.  The higher sensitivity of the dual
labeled arrays has allowed us to reveal those genes that vary substantially in sequence between Xf strains.  These genes are
included in the list of strain-specific genes listed in Table 1.

Table 1.  List of 20 genes unique to grape strains of Xf.

Gene ID (a) Predicted function Size
(bp)

In an
operon? (b) If yes, neighbor(s)

PD0028 Unknown function 354 No
PD0105 Unknown function 468 Yes valS, holC, pepA (house keeping genes)

RXFZ00317 Type I restriction-modification
system specificity subunit 366 Yes Type I restriction enzyme subunit hsdR

PD0370 Unknown function (phage) 303 ? Other phage
PD0371 DNA binding protein (phage) 402 ? Other phage
PD0515 Unknown function 399 No
PD0540 Unknown function 441 No
PD0829 Unknown function 507 No
PD0872 Iron-sulfur flavoprotein 654 No
PD1242 Hemolysin 1140 Yes Hypothetical cystolic protein

PD1426 Unknown function 618 Yes

A series of six hypothetical cystolic proteins
interdispersed among six hypothetical proteins
followed by a RTX family calcium-binding
cytotoxin or bacteriocin (frpC) (PD1415 – PD1427)

PD1434 Unknown function 363 No
PD1510 Unknown function 417 No
PD1511 Unknown function 567 No
RXFZ02076 Unknown function 345 Yes RXFZ02077 Unknown function
PD1606 Unknown function 795 No Phage remnants nearby
PD1607 Modification methylase NspV 1455 Yes PD1608
PD1608 Type II restriction enzyme NspV 663 Yes PD1607

PD2071 Type I restriction-modification
system specificity determinant 1335 Yes PD2070 – PD2076 Type I restriction system

PD2075 Type I restriction-modification
system specificity subunit 1218 Yes Same as above

(a) Locus tags starting with PD are genes called by FAPESP, Brazil (http://aeg.lbi.ic.unicamp.br/world/xfpd/), those starting
with RXFZ were called by Integrated Genomics (http://ergo.integratedgenomics.com/ERGO/), Chicago, Ill.
(b) A transcriptional operon was determined by the size of the intergenic region(s) (<≈50bp) and the absence of a terminator.

We produced knock-out mutants for 10 potential virulence genes identified in Table 1.  These mutants were made by
inserting a kan gene within the target gene to both disrupt the gene and to enable selection of chromosomal gene
replacements.  The target genes were chosen because of their size (>300 bp which would indicate that they are sufficiently
large to be a functional gene and not a non-transcribed open reading frame) as well as because they had predicted functions
that would plausibly be linked to virulence and/or host specificity.  We eliminated some genes based on the fact that they
resembled remnant phage genes or conferred expression of some other function that could not be logically thought to be
associated with virulence.  We then compared the identity of these genes to the genes present in the sequenced almond or
oleander strains.  While some of these identified genes from Xf ‘Temecula’ had at least high partial identity with a gene in an
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Figure 1. Incidence (A), movement (B),
and growth (C) of Xf following
inoculation with either mutant or wildtype
Xf strains.  Observations were made 12
weeks after inoculation.

almond or oleander strain, they were chosen because of differences in the location of the start or stop codon which would
have yielded proteins of substantially difference size, or there were major differences in regions within the gene which likely
would have altered its function.  These differences almost certainly would have yielded highly different protein products.  We
have completed tests on knock-out mutants of seven of the ten grape strain-specific genes so far.  The relative contribution of
each of these unique genes on growth and virulence were studied by inoculating gene knock-out mutants into grape host
plants (Figure 1).  The incidence of infection of grape was much lower in several mutant strains of Xf (mutations in genes
PD0105, PD0540, or PD1434).  These mutants also exhibited much less lower levels of disease severity (# of leaves/plant
symptomatic) in those plants in which infection occurred (compare Figures 1A and 1B).  In addition, mutants with knockouts
in genes PD872 and PD1510 also had reduced disease severity compared to wild-type strains, although the incidence of
infection with these strains was similar to that attained by the wild-type strain.  In all cases, the lower disease severity
appeared to be due to a reduced progress of disease in the grapevines distal to the point of inoculation; while disease was
noted up to 150 cm away from the point of inoculation in the wild-type strain,
disease was restricted to sites much closer to the point of inoculation in many
of the mutants (Figure 1B).  In contrast, growth, measured as CFUs per gram
of petiole tissue at or near the inoculation site was not significantly reduced in
any mutant compared to that of the wild-type strain.  The population sizes
attained in petioles near the point of inoculation was quite high, suggesting
that all of the mutants had similar ability to the wild-type strain to multiply in
grape at least near where inoculated into grape, and that deficiencies in
virulence are associated with reduced abilities to move throughout the plant.

Genes PD1007 and PD1608, genes unique to grape strains but not selected by
us as among the 10 most likely genes involved in grape virulence, were
included in these tests as “negative controls”.  These genes are apparently
genes introduced by phage infection and associated with phage biology and
thus we did not expect them to be involved in grape virulence.  As expected,
mutants of these two genes did not exhibit any significant different in the
ability to infect or multiply in grape compared to wild-type strains (Figure 1).
While a limited sample size of genes, it appears that our decision to disregard
phage genes as virulence determinants in Xf was justified.

Objective 2
As this was a new objective for this project, work has only recently begun on
developing and testing DNA sequences as primers for selective detection of
grape strains of Xf. In silico studies to test the specificity of oligonucleotides
based on the novel genes noted in Table 1 are being assessed prior to actual
testing of them as PCR primers against a collection of Xf strains of different
origins and host ranges.

CONCLUSIONS
The results of the tests of our knockout mutants provide us with optimism that
the novel genes associated with grape strains of Xf are in fact contributing to
the unique behaviors of such strains to cause Pierce’s disease (PD).  The
identification of the unique genes to grape strains of Xf and the understanding
of how these unique genes confer host specificity and virulence to grape will
help researchers with their breeding programs for resistance to PD.  These
genes could also be studied to find targets for chemical or other types of
control.  Knowing those unique genes necessary for grape virulence should
also prove valuable for the design of specific primers for the detection of all
Xf grape strains.  We are in the process of design such primers now.

Since there are only a few sequenced strains available for a direct comparison,
finding the unique genes in grape required us to examine hybridization profiles
from other non-sequenced strains and determine the absences of genes in those
genomes.  All grape strains of Xf should carry the same suite of genes for growth
and virulence in grape.  However, the grape strain has other hosts than grape.
Some of the unique genes we find may be used for other reasons than just grape
related virulence.  If we determine those genes uniquely needed for virulence in grape, we will also determine what
constitutes a grape strain.  Knowing what every grape strain processes genetically will allow us to develop better molecular
screens, especially for strains collected from non-grape hosts, and may allow us to work towards the discovery of more
specific remedies to PD.
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ABSTRACT
Xylella fastidiosa (Xf) regulates virulence factors important in both virulence to grape as well as colonization of sharpshooter
vectors via its production of a fatty acid molecule (known as DSF) whose production is encoded by rpfF.  The RpfF
homologue of Xf strains that cause Pierce’s disease (PD), synthesizes a fatty acid cell-cell signal (DSF) that is apparently
similar to that produced by Xanthomonas campestris pv. campestris (Xcc). Xf rpfF mutants exhibit increased virulence to
plants, however, they are unable to be spread from plant to plant by their insect vectors.  While we have identified a key
regulator of virulence and insect transmission in Xf we lack an understanding of the traits that are regulated by this pathogen
in response to the DSF signal molecule.  We thus are initiating studies to determine the rpf-regulation in Xf. We are
exploiting a DNA microarray developed in another project that addresses host specificity genes in Xf to assess gene
expression differences in isogenic RpfF+ and RpfF- strains of Xf strain Temecula.  The microarray contains 2555 gene-
specific 70 bp oligodeoxynucleotides including negative and positive controls.  Microarray analysis was performed to
identify genes that are controlled by DSF and/or RpfC.  DSF bioassay with reporter strain Xcc 8523 (pKLN55) indicated that
DSF production is most abundant 10 days after inoculation when rpfF expression is most active. Preliminary results reveal
that at least 124 genes are controlled in response to rpfF in Xf, including those encoding gum production, type IV pili and
hemagglutinin.  Clearly this regulator has a large effect on the physiological function of Xf. Microarray analysis revealed that
more than 300 genes are also controlled by RpfC, including some of the same genes regulated by rpfF as well as genes such
as tonB.  Microarray-based gene expression results are being verified using quantitative Reverse Transcriptase-PCR.
Comparison of the RpfF and RpfC regulons reveals that a complex pattern of expression of potential virulence genes
contribute to the virulence of Xf and explains the hypervirulence of rpfF mutants and the reduced virulence of rpfC mutants.
Work is also underway to determine the subset of Xf genes that is plant-inducible and the identity of those whose plant-
inducible genes whose expression is also dependent on DSF production.

INTRODUCTION
PD of grape, a chronic problem in the grape industry in California now promises to be a far more devastating disease due to
the introduction of the glassy-winged sharpshooter, which is a far more effective vector of the pathogen Xf (Purcell 1997). Xf
apparently causes disease by multiplying within, and thus blocking, xylem vessels (Hill and Purcell 1995, Hopkins 1989).
The colonization by Xf in grape and sharpshooters shows great similarities to microbial biofilms that form in other aquatic
systems.  Biofilms of bacteria develop on solid surfaces that are exposed to a continuous flow of nutrients to form thick
layers.  These structures consist primarily of an EPS matrix in which the bacteria are embedded.  Cells in biofilms are
inherently more resistant to many stresses such as antimicrobial compounds, viruses, and predators.  The EPS matrix aids in
the nutrition on the cells by accumulating various types of nutrients in a way analogous to an ion exchange column
(Wolfaardt et al. 1994).  Thus, cells in such aggregates are much more able to grow and survive than planktonic cells, which
might be thought of as “scouts” for other colonization sites.  Small molecules such as N-acyl homoserine lactones (AHLs),
small peptides, butyrolactone derivatives or a fatty acid (known as DSF), play key roles as signals (Bassler 2002,Whitehead
et al. 2001) in biofilm formation in numerous species of bacteria.  The signals, which increase in concentration with
population density, typically coordinate the expression of genes involved in exploitation of a host organism.  The virulence of
many pathogens is usually greatly reduced when the ability to produce signaling compounds is disrupted by mutation.

Much evidence now indicates that Xf regulates virulence factors via its production of a fatty acid molecule (known as DSF)
whose production is encoded by rpfF. Xf rpfF mutants exhibit dramatically increased virulence to plants, however, the rpfC
mutant showed decreased virulence to plants (Newman et al. 2004).  Numerous genes with various functions were identified
to be controlled by rpfF in the plant pathogens Xanthomonas campestris pv campestris (Xcc), and Xanthomonas oryzae pv
oryzae (Xoo) (Chatterjee and Sonti 2002).  The RpfF homologue of Xf strains that cause PD, synthesizes a fatty acid cell-cell
signal (DSF) similar to that of Xcc (Newman et al. 2004, Scarpari et al. 2003). Once DSF concentration reaches a threshold
level, Xf senses DSF by RpfC, a two-component regulator containing both sensor kinase and response regulator domains,
which then controls downstream genes.  While DSF levels clearly are involved in regulation of virulence and behavior of Xf,
we still do not understand what virulence factors are, nor how they are regulated in this pathogen.  We thus are investigating
the regulon dependent on DSF (rpfF regulon) as well as those genes dependent on rpfC both in culture and in plants to
determine those factors that influence the interactions of the pathogen with plants and insects.
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OBJECTIVES
1. Determine those genes in Xf whose transcription is controlled by rpfF, the regulator of virulence and insect transmission,

by assessing global gene expression using DNA microarrays.
2. Determine the number and identity of genes in Xf that are expressed in grape plants but not in culture by assessing global

gene expression using DNA microarrays.
3. Assess the contribution of individual genes of Xf whose transcription is dependent on rpfF in its virulence and insect

transmissibility.

RESULTS
Dynamics of DSF production by Xf Temecula
To investigate the dynamic production of DSF by Xf on PWG medium, wild type strain Temecula was inoculated onto PWG
medium and cell number and rpfF expression was measured with time. Xf reaches its stationary phase (maximum growth )
around 10 days after inoculation (DAI) (Figure 1).  Expression of rpfF reaches its peak in the early stationary phase and
began to decline in late stationary phase (Figure 1).  Likewise, the accumulation of DSF also was maximum at about eight
days.  This indicated that DSF production was most abundant in the early stationary phase.

DSF controls the expression of many genes of various functions
Microarray analysis was used to identify genes controlled by DSF by
comparison of expression profiles of wild type strain Temecula and rpfF
mutant, which is DSF deficient.  Considering the timing of DSF
production in the wild type strain, samples of RNA were obtained at 10
DAI to maximize DSF-dependent gene expression.  In total, 124 genes
were identified to be dependent on rpfF for expression.  Around 49% of
the rpfF-dependent genes are hypothetical or unknown genes, 14% are
potential virulence genes, 5% are regulatory genes and 33% belong to
other categories including house keeping genes (Figure 2).  Some of the
most interesting genes, including most of the genes normally considered
to be putative virulence genes in Xf are listed in Table 1.  Such
virulence genes include gum genes, hemagglutinin genes involved in
attachment, and genes involved in secretion of extracellular products.
The genes for hemagglutinins, and gum as well as several others were
up-regulated in the presence of DSF (Table 1).  In contrast, type IV pili
genes, and cell wall degrading genes are downregulated in the presence
of DSF (Table 1).  These data are consistent with the apparently
lowered production of GUM and high motility of the rpfF mutant as
well as the fact that the RpfF mutant is much less adherent to surfaces
in culture studies.  The fact that DSF affects expression of some
virulence genes indicates that DSF play key roles in regulation of
virulence of Xf.

QRT-PCR was performed to confirm the expression profile of several key virulence genes.  Both gumJ and hexA are
upregulated by rpfF (Figure 3).  Type IV pili gene pilY1 and cell wall degrading enzyme genes engxcA and pglA are all
downregulated by rpfF (Figure 3).  These are consistent with the microarray data.

Figure 1. Dynamic of rpfF expression in Xf.
Xf were cultured on PWG medium at 28°C.
Green line indicates the growth curve of Xf;
blue line indicates the expression level of
rpfF measured by quantitative real time PCR.

Figure 2. Categories of genes controlled
by DSF in Xf.

Figure 3. Virulence genes controlled by
rpfF in planta identified with QRT-PCR.
engxcA: endo-1,4-beta-glucanase, pglA:
polygalacturonase, pilY1: type IV pili
assembly protein, gumJ: EPS biosynthesis
protein, hxfA: Hemagglutinin adhesions.
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Expression of virulence genes are induced in planta
In order to understand the expression profile of Xf in planta, QRT-PCR was used to compare the expression level of several
key virulence genes in culture and in planta.  All the virulence genes tested are induced 2-23-fold in planta including gumJ,
hexA, pilY1, engxcA and pglA (Figure 4).  Thus Xf is clearly responding to chemical or physical signals in the plant to
regulate gene expression.  The rather artificial conditions in culture media commonly used to grow Xf also may not be
conducive to expression of traits that normally might be expected to be expressed in plants.  Thus better defining those genes
that are expressed in plants will be a major goal in our continuing work since it should provide a better insight into the
behavior of Xf in plants.  We thus will strive to define those genes that are expressed in plants in a DSF-dependent fashion.
Since they should be most directly related to those involved in virulence to grape.

Identification of genes controlled by RpfC with microarray analysis
Microarray analysis was also performed to identify genes that belong to RpfC regulon.  Initial results indicate that at least
300 genes are controlled by RpfC.  Potential virulence genes including IV pili genes, GUM genes, and TonB and TonB-
dependent transporter genes are mostly up-regulated by RpfC.  In contrast, hemagglutinin genes are downregulated by RpfC.
QRT-PCR also confirmed the regulation of GUM and hemagglutinin genes by RpfC (Figure 5).

Table 1. RpfF regulon of Xf (partial).  Ratio of the abundance of RNA corresponding to a given gene in
the wild-type strain to that recovered from an RpfF mutant is shown.  Values less than 1.0 represent genes
repressed in presence of DSF while values greater than 1.0 represent genes induced in the presence of DSF.

Gene Name Wild type / rpfF
mutant Gene product

RXFZ02125 0.579 PilF protein
RXFZ02230 0.352 PilM
RXFZ02111 0.658 PilY1
RXFZ00028 0.281 PilT
RXFZ02547 0.374 PilA2
RXFZ00412 0.481 Extracellular serine protease precursor
RXFZ00730 0.288 ABC transporter ATP-binding protein
RXFZ00407 0.399 Pathogenicity-related protein
RXFZ02551 0.655 Sensor protein pilS
RXFZ00951 0.62 TonB-dependent receptor
RXFZ00320 0.687 Type I restriction-modification system
RXFZ01803 5.466 GumJ
RXFZ01637 3.485 Amino acid permease
RXFZ02199 2.01 Sensory transduction protein kinase
RXFZ02793 1.9 Hemagglutinin-like protein
RXFZ01626 1.658 Hemagglutinin-like protein
RXFZ02541 1.623 Two component system histidine kinase
RXFZ01123 1.74 Type III restriction modification system

Figure 4. Comparison of gene expression of Xf in
culture vs. in planta. engxcA: endo-1,4-beta-glucanase,
pglA: polygalacturonase, pilY1: type IV pili assembly
protein, gumJ: EPS biosynthesis protein, hxfA:
Hemagglutinin adhesions.

Figure 5. Effect of rpfC mutations on gene
expression in Xf as measured by QRT-PCR.  A:
PD1851 (engxcA), B: PD1856 (engxcA), C: fimA, D:
gumB, E: gumJ, F: gumD, G: hxfA, H: hxfB, I: pglA,
J: pilB, K: pilY1.
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Table 2.  Comparison of the RpfF and RpfC regulons.
Gene categories RpfF RpfC
Type IV pili Repressed (mostly) Upregulated (mostly)
GUM gene (EPS) Upregulated Upregulated
Cell wall degrading enzymes Repressed Upregulated/Repressed
TonB and TonB dependent transporter / Upregulated
Hemagglutinin Upregulated Repressed

CONCLUSION
Microarray analysis and QRT-PCR have been successfully to identify genes that are differentially controlled by RpfF and
RpfC.  Comparison of the RpfF and RpfC regulons reveals that a complex pattern of expression of potential virulence genes
contribute to the virulence of Xf and explains the hypervirulence of rpfF mutants and the reduced virulence of rpfC mutants
(Table 2).  Down-regulation of type IV pili and cell wall degrading enzymes genes and up-regulation of GUM and
hemagglutinin genes may explain the lower attachment capability of the rpfF mutant and its high motility in planta.  This
leads to more blockage of the xylem, thus more virulence to grape infected by rpfF mutant compared to wild type strain.  The
up-regulation of type IV pili genes, GUM genes and down-regulation of hemagglutinin gene are probably responsible for the
higher attachment capability of rpfC mutant compared to wild type strain.  The up-regulation of some of the cell wall
degrading enzyme genes might contribute to its less virulence on grapevines.  The up-regulation of TonB and TonB
dependent transporter by rpfC may also contribute to tolerance of toxic preformed plant defense chemicals in the xylem and
its transportation of iron.  The rpfC mutant should be much more susceptible to some toxic plant metabolites than the wild
type strain.  The damage to its iron transportation might also contribute to its weak growth of the rpfC mutant in the xylem,
which is iron limited.  Considering the induction of virulence genes in planta as identified with QRT-PCR, it is expected that
more intriguing results will be done by studying its expression profiles of the wild type strain Temecula and the rpfF and
rpfC mutants in planta.  Together our expression profiling is providing much insight into the behaviors of the pathogen within
plants and insects and should help develop methods to alter pathogen behavior for disease control.
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ABSTRACT
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called DSF that changes its gene expression in cells
as they reach high numbers in plants.  We have investigated DSF-mediated cell-cell signaling in Xf with the aim of
developing cell-cell signaling disruption as a means of controlling Pierce’s disease (PD).  We have extensively investigated
both the role of DFS-production by Xf on its behavior within plants, the manner in which other bacterial strains affect such
cell signaling, the extent to which other endophytes could modulate density-dependent behaviors and virulence in Xf by
interfering with cell-cell signaling, performed genetic transformation of grape to express DSF, and explored other means to
alter DSF abundance in plants to achieve PD control. Xf strains that overproduce DSF cause disease symptoms in grape, but
only at the site of inoculation and the cells do not move within the plant as do wild-type strains.  Thus elevating DSF levels in
plants should reduce movement of Xf in the plant and also reduce the likelihood of transmission by sharpshooters.  We
identified bacterial strains that can interfere with Xf signaling both by producing large amounts of DSF or by degrading DSF.
We have identified the genes needed to degrade DSF and when they were transferred to and over-expressed in other strains
they conferred the ability of these strains to degrade DSF.  When co-inoculated into grape with Xf, both DSF-producing
strains and DFS-degrading strains greatly reduced the incidence and severity of disease in grape.  Non-endophytic bacterial
species were also established in high numbers inside grape leaves and petioles following spray application to plants with a
high concentration of a silicon-based surfactant with a low surface tension.  PD was reduced in plants after topical application
of a DSF-producing strain of Erwinia herbicola.  To verify that disease control is due to DSF interference, we have
constructed mutants of these strains blocked in their ability to produce or degrade DSF and showed that the mutants are
deficient in disease control.  Given that DSF overabundance appears to mediate an attenuation of virulence in Xf we have
transformed grape with the rpfF gene of Xf to enable DSF production in plants.  Initial results indicate that plants produce at
least some DSF and are much less susceptible to disease.

INTRODUCTION
Endophytic bacteria such as Xf colonize the internal tissues of the host, forming a biofilm inside the plant.  A key determinant
of success for an endophyte is the ability to move within the plant.  We expect activities required for movement to be most
successful when carried out by a community of cells since individual cells may be incapable of completing the feat on their
own.  Cells assess the size of their local population via cell-cell communication and coordinately regulate the expression of
genes required for such processes.  Our study aims to determine the role of cell-cell communication in Xf in colonization and
pathogenicity in grapevines and transmission by the insect vector. Xf shares sequence similarity with the plant pathogen
Xanthomonas campestris pathovar campestris (Xcc). In Xcc, expression of pathogenicity genes is controlled by the Rpf
system of cell-cell communication, enabling a population of cells to launch a pathogenic attack in a coordinated manner.
Two of the Rpf proteins, RpfB and RpfF, work to produce a diffusible signal factor (DSF) which has recently been described
as an alpha,beta unsaturated fatty acid.

As the population grows, the local concentration of DSF increases.  Other Rpf proteins are thought to sense the increase in
DSF concentration and transduce a signal, resulting in expression of pathogenicity factors.  We now have shown that Xf
makes a molecule that is recognized by Xcc but probably slightly different than the DSF of Xcc.  Based on our knowledge of
density-dependent gene regulation in other species, we predict the targets of Rpf regulation would be genes encoding
extracellular polysaccharides, cellulases, proteases and pectinases necessary for colonizing the xylem and spreading from
vessel to vessel and perhaps adhesins that modulate movement.

Given that the DSF signal molecule greatly influences the behavior of Xf including
both its virulence to grape and ability to be vectored by sharpshooters we have
investigated various ways by which this pathogen can be “confused” by altering the
local concentration of the signal molecule in plants to disrupt disease and/or transmission.  Our preliminary work revealed
that several other bacterial species can both positively and negatively interact with the DSF-mediated cell-cell signaling in Xf,
but until this study we did not know of the manner in which the interaction occurred nor whether such strains had the
potential to affect the virulence of Xf in grape.  In this period we have extensively investigated both the role of DFS-
production by Xf on its behavior within plants, the manner in which other bacterial strains affect such cell signaling, the
extent to which other endophytes could modulate density-dependent behaviors and virulence in Xf by interfering with cell-
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cell signaling, obtained genetic transformation of grape to express DSF, and explored other means to alter DSF abundance in
plants to achieve PD control.

OBJECTIVES
1. Identify bacteria that interfere with DSF-mediated cell-cell signaling in Xf, and conduct pathogenicity tests on grapevines

colonized by DSF-interfering bacteria to determine potential for PD control
2. Isolation of mutant strains of DSF-degrading and DSF-producing bacteria that can no longer interfere in cell-cell

signaling to verify that disease control is linked to cell-cell signal interference
3. Molecular identification of genes conferring DSF-degrading activity
4. Engineer the grapevine endophytes to express genes conferring DSF-degradation and DSF-synthesis activities and test

whether the resulting transgenic endophytes are capable of disease control
5. Creation of grapevines expressing genes conferring DSF-degradation and DSF-synthesis activity to test for PD resistance
6. Evaluate topical application of DSF-degrading and DSF-producing bacteria with penetrating surfactants for PD control

RESULTS
Objective 1.  Disease control with DSF-interfering strains
We have previously isolated a variety of bacteria and tested them for their ability to interfere with cell-cell signaling in Xf.
We found several strains that negatively affected signaling in Xcc while several strains were found to produce DSF.  When
co-inoculated into grapevines with Xf, strains that either inhibit or activate cell-cell signaling in greenhouse studies both
reduced PD; DSF-producing strains tended to be most effective in blocking disease.  To better understand the contribution of
DSF production by Xf on virulence to grape we varied DSF in Xf in several ways.  As we observed earlier, RpfF- mutants of
Xf are hypervirulent to grape, producing more than twice the level of disease symptoms and producing symptoms earlier than
a wild-type strain (Figure 1).  In contrast, when DSF is over-produced in Xf by expressing rpfF under the control of the
highly active and constitutive kan promoter, such strain are greatly reduced in virulence (Figure 1).  While DS-overproducing
strains caused infection at the site of inoculation, the pathogen and diseased leaves were not seen away from that site.  A
similar reduced virulence phenotype was observed in an RpfC- mutant of Xf. Such a mutant over-expresses DSF compared
to a wild-type strain, suggesting that RpfC negatively regulates DSF production in Xf. The RpfC- mutant caused infection
only at the site of inoculation, and hence was much less virulent than the wild-type strain (Figure 2).  The population size of
the RpfC- mutant in the plant was always much lower than that of the wild-type or RpfF- mutant and was undetectable
further than about 30 cm from the site of inoculation, unlike the wild-type strain (Figure 2).  In contrast, the population size
of the RpfF- mutant was higher at all points away from the site of inoculation than the wild-type strain (Figure 2).  These
results all support our model that DFS regulates genes required for movement of Xf from colonized vessels.  We hypothesize
that rpfF-deficient mutants may be causing increased vessel blockage in the grapevine, leading to increased symptom
expression.

To test the model that DSF controls the process of colonization of grape we evaluated the process of colonization of grape by
wild-type and RpfF- mutants of Xf. This was done using a gfp-marked strain of Xf that could be visualized within sections of
inoculated grape by confocal laser microscopy.  The RpfF- mutant colonized many more vessels than did the wild-type strain
(Figure 3).  Furthermore, this mutant blocked many more vessels by growing to larger population sizes in the xylem vessels
(Figure 4).  Thus RpfF, by synthesizing DSF appears to down-regulate virulence in Xf. These results explain why an RpfF-
mutant is more virulent; by spreading much more extensively, and especially by blocking vessels it will cause more disease
symptoms.  These results all suggest that altering DSF levels in the xylem will alter the behavior of Xf and reduce disease.

Figure 2A. Severity of PD on grape
inoculated with the rpfC mutant of
Xf which overproduce DSF or the
RpfF- mutant, which is unable to
produce DSF and the wild type
Temecula.

Figure 2B. Migration assay of
wild type, RpfC and RpfF-
mutants in the grapevines.
Bacteria were isolated from the
petioles at different distances
from the point of inoculation 14
weeks after inoculation.

Figure 1. Severity of PD in grape
inoculated with a DSF-over-producing
strain of Xf or with an RpfF- mutant
compared to plants inoculated with
wild-type Temecula.
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Figure 5. Severity of PD on grape co-
inoculated with DSF-producing strain
V or mutant V134-1 that is unable to
produce DSF and Xf strain Temecula.
The mutant is less effective in
reducing disease compared to the
parental strain.

Figure 6.  Severity of PD on
grape co-inoculated with DSF-
degrading Pseudomonas strain G
or mutant G741 that is unable to
degrade DSF and Xf strain
Temecula.  The mutant is less
effective in reducing disease
compared to the parental strain.

Objective 2.  Linking biocontrol of PD to DSF interference
To establish a rigorous connection between DSF production and disease control, we have constructed mutant strains of those
DSF-producing bacteria that perform best in the disease control assays that no longer could produce DSF.  These mutants
were then compared to their parent strains in disease control assays.  We also made mutants of DSF-degrading strains that no
longer could degrade DSF.  We expected that if DSF interference can provide disease
control, then strains no longer able to interfere with DSF signaling will also no longer
be able to control disease.  All mutants unable to produce DFS (such mutant V134-1 of
strain V in Figure 5) were diminished in ability to reduce PD when co-inoculated with
Xf compared to their DSF-producing wild-type strain. Likewise, mutant strain G741, a
mutant of DSF-degrading parental strain G that no longer could degrade DSF also was
greatly reduced in ability to control PD when co-inoculated with Xf compared to its
parental strain (Figure 6).  These results suggest strongly that it is the production of, or
degradation of DSF in plants by these antagonistic bacteria that makes a large
contribution to their ability to reduce PD.  The results thus strongly suggest that any
method that either increases or decreased DSF abundance in Xf-infected plants will
have a large effect on the incidence and/or severity of PD.

Objective 3.  Characterizing DFS degradation pathways
To better exploit DSF degradation as a means of disease control we need to
understand how DSF degradation occurs and what genes are involved.  We thus
molecularly identified the genes conferring the DSF-interference phenotype in
Pseudomonas strain G, one of the most active DSF degrading bacteria.  We have
inactivated the genes for interference in Pseudomonas strain G individually by
random Tn5 mutagenesis and cloned the disrupted loci.  We obtained many
individual transposon mutants that were completely blocked in DSF degradation.
Interestingly, all of the mutations were in the carAB genes, encoding carbamoyl-
phosphate synthetase activity degradation suggesting that this locus was particularly
(solely?) responsible for DSF degradation. These genes are involved in purine and
pyrimidine biosythessis.  We speculate that the cells require UDP-galactose for the
breakdown of DSF, which is an alpha, beta fatty acid.  The carAB genes have been
cloned and shown to restore DSF-degradation in strain G mutants, verifying that these
genes were indeed responsible for DSF degradation (Figure 7).  Importantly, over-
expression of carAB in a mutant of strain G that was previously unable to degrade DSF
conferred upon it the ability to degrade DSF that is greater than the original strain G
(Figure 7).  Also, over-expression of carAB in E. coli, a bacterium with little ability to
degrade DS confers upon it the ability to rapidly degrade DSF (Figure 7).  This exciting
result suggests that not only can we impart DSF degradation activity upon other endophytic
bacteria that are good colonizers of grape, but that we can produce bacteria with superior
abilities to degrade DSF by over-expressing carAB.  In very exciting results, we find that
the ability of Pseudomonas strain G to reduce PD of grape when co-inoculated with Xf is
greatly increased when the cloned carAB is over-expressed in this strain (Figure 8).  We
thus will be exploring the possibilities of enhancing control of PD by introducing cloned
carAB genes into better endophytes of grape.

Figure 3.  Fraction of grape xylem vessels colonized by
wild type Xf or an RpfF- mutant 10 weeks after
inoculation.  The more extensive movement of the RpfF-
mutant in grape suggests that RpfF suppresses
extracellular enzymes presumably involved in
movement of Xf between xylem cells.

Figure 4.  Percent of grape xylem vessels blocked by wild type
Xf or an RpfF- mutant 10 weeks after inoculation as determined
by confocal microscopy.  The more extensive growth of the
RpfF- mutant in the xylem suggests that virulence traits such as
extracellular enzymes may contribute to growth of cells in the
plant.
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Figure 7.  DSF degradation kinetics of bacteria harboring
carAB. DSF was added to an overnight grown culture of
Pseudomonas strain G, mutant G741 (G Mutant),
G741/Pcar(G- mutant with the complementing clone),
E.coli with the vector alone and E.coli with pCAB (cloned
carAB gene).  DSF was extracted at different time points
and was assayed with an indicator strain.

Objective 4.  Expressing DSF degradation and production in grape endophytes
Disease control by DSF-interfering strains will be optimized if they are good colonists of grapevine.  To maximize disease
control we are expressing the various genes conferring DSF interference in effective non-pathogenic endophytic colonists of
grapevine such as Erwinia herbicola.  We expect that this strategy will deliver the disease control agent directly to the site of
the pathogen and result in highly effective control.  Since the rpfF gene of Xf is sufficient to confer expression of DSF in
other bacteria we are introducing it into these two species.  We have also examined ways of over-expressing rpfF in various
bacteria to enhance their production of DSF.  We have constructed DSF over-producing strains of E.coli and 299R (Erwinia
herbicola) expressing the DSF biosynthetic gene rpfF from Xcc and Xf. Dramatic increases in production of extracellular
DSF is observed specially with the Xf DSF relative to the parental strain (Table 1).  We are further studying the ability of the
purified DSF from these overproducing strains as well as the strains itself in controlling PD by spraying them on infected
grape vines.

Objective 5.  Production of DSF in transgenic plants for disease
control
We have expressed the rpfF gene in grape and tomato transformed
at the Ralph M. Parsons Foundation Plant Transformation Facility
at the University of California, Davis.  Initially, we submitted a
tested but un-optimized rpfF construct to the facility.  We
transformed both tomato and grape since we could more quickly
obtain evidence of DSF production in tomato since it is much
quicker and easier to transform than grape, and since it is
susceptible to Xanthomonas campestris pv.vesicatoria (Xcv), a
pathogen that produces a DSF similar to that of Xf we could more
quickly evaluate the effect of in planta production of DSF on
disease control.  The first transformed plants are now mature and
have been tested for DFS production.  Initial assays reveal that DSF
is rapidly degraded by damaged plant tissue during extraction
procedures, making it hard to estimate the abundance of DSF within the plants.  Therefore different assays are being
developed to avoid this complication in assessing DSF abundance.  Mature grape plants have now been rooted to produce
large numbers of clonal plants that were inoculated with Xf. Transformed tomato plants have also been grown to maturity
and selfed to produce sufficient seed for inoculation experiments. Our initial results from inoculation of tomato transformed
with the rpfF gene of Xcc reveals that they are much more susceptible to infection from topical applications of Xcv (Figure
9).  Since RpfF- mutants of Xcv are less virulent to tomato unlike RpfF- mutants of Xf that are more virulent, DSF increases
the virulence of Xcv (the opposite of its affect in Xf) and hence our finding that the rpfF-transformed tomato are more
susceptible to Xcv suggests that DSF was produced by these plants.  Large numbers of clonal rpfF-expressing grapes have

Table 1.  Production of DSF by E. coli and Erwinia
herbicola haboring cloned rpfF genes from Xf and
Xcc.

Strains Relative DSF
production (Units)

Xcc 100
X. fastidiosa Temecula 4-5
E. coli DH10B (ptrpXccrpfF) 3000
E. coli DH10B (ptrpXfrpfF) 100
E. herbicola (ptrpXccrpfF) 6000
E. herbicola (ptrpXfrpfF) 200
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Figure 8.  Severity of PD on grape co-inoculated with
Pseudomonas strain G that can degrade DSF, mutant
G741 that can not degrade DSF, or with mutant G741
over-expressing the cloned carAB genes on plasmid
pCAB compared with plants inoculated with Xf strain
STL alone.  Note that mutant G741 did not reduce
disease but over-expression of carAB resulted in great
disease control.
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now been produced and inoculated with Xf to test for susceptibility to PD.  The rpfF-expressing grape are much less
susceptible to PD (Figure 10).  The severity of disease was reduced over 10-fold compared to non-transformed plants.  While
Xf spread throughout non-transformed plants causing disease on petioles located great distances from the point of inoculation,
disease was observed only very close to the point of inoculation in rpfF-expressing plants.  We thus expect to find that Xf is
limited in its movement in plants having high indigenous levels of DSF due to the expression of rpfF, in a manner similar to
what we have observed in DFS-overproducing strains of Xf. We are thus very excited about the prospects of enhancing DFS
levels in plants as a means of reducing disease.  This might best be done in transgenic plants or perhaps in topical
applications of DSF or analogs or also by expression in plants by other endophytic bacteria.  We are transforming additional
plants with both rpfF and rpfB genes that have been modified to direct the protein product to the chloroplast where fatty acid
synthesis (and DSF synthesis) should be much enhanced compared to its production in the cytosol, the presumed location of
RpfF in the current transformed plants.

Objective 6.  Topical application of DFS-interfering bacteria for disease control
We have found that it is possible to establish large populations of bacteria within grape leaves, stems and petioles by simple
topical applications of bacterial suspensions to plants in solutions of organosilicon surfactants having very low surface
tensions.  A variety of bacteria were found to colonize grape for at very high population sizes (> 106 cells/petiole) for
extended periods of time following topical application (Figure 11).  While these bacteria apparently do not spread throughout
the plant after inoculation as does Xf, by introducing them into the intercellular spaces and perhaps even the xylem of the
plant by use of the surfactants that stimulate spontaneous infiltration of the plant, we can inoculate the bacteria into all sites
within the plant.  Initial studies have shown that topical applications of an Erwinia herbicola strain harboring the Xf rfpF
gene can provide some control of PD (Figures 12 and 13).  As noted above, we now can produce much more DSF in
surrogate hosts such as E. herbicola and will be testing these new stains for disease control.  In addition, we have isolated
large amounts of DFS from such over-producing strains and have applied it topically with surfactants to determine if it will
be taken into the plant and alter pathogen behavior.  These inoculated plants will be rated for disease within a few more
weeks.

Figure 9.  Average number of lesion spots per tomato
leaflet.caused by Xanthomonas campestris pv. vesicatoria
on wild type tomato (Money maker) and five transgenic
lines expressing the Xcc rpfF gene.

Figure 11.  Population size of E. herbicola
strain 299R in petioles at different times after
spray inoculation with different
concentrations of Breakthru.

Figure 10.  Disease severity (# symptomatic
leaves/plant) on Freedom grape transformed with
the rpfF gene encoding DSF production and
inoculated with Xf.
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CONCLUSIONS
Substantial data now show that cell-cell signaling plays a major role in the epidemiology and virulence of Xf and that
disruption of cell signaling is a promising means of controlling PD.  Cell-cell signaling strongly controls movement and
hence disease since Xf mutants unable to signal are hypervirulent while strains that overproduce DSF have low virulence and
do not move within grape.  This suggests that, it will be more efficient to elucidate and target Xf’s regulation of colonization
strategies rather than individual traits predicted to contribute to virulence based.  We have identified bacterial strains that can
interfere with Xf signaling.  These strains proved very effective as protective agents for grapevines when co-inoculated with
Xf. Both positive and negative interference with DSF signaling reduced disease in grape suggesting that signaling is
normally finely balanced in the disease process; such a finely balanced process might be readily disrupted.  Since in bacteria
rpfF is sufficient to encode a synthase capable of DSF production, expression of DFS directly in plants is an attractive
approach for disease control.  Preliminary results are very encouraging that DSF can be made in plants and will dramatically
reduce PD.  Alternatively, the use of various bacteria to express DSF in plants may prove equally effective in altering Xf
behavior and hence disease control. Our observation that large numbers of bacteria could be introduced into grape plants by
simple topical applications of cell suspensions in a penetrating surfactant has enabled us to pursue a new strategy of disease
control that will enable us to efficiently test those strains that are found to be effective in PD control by a method that should
prove practical for commercial use.  Thus our investigation of the fundamental issues associated with interactions of Xf with
grape has led to several very practical possible control measures of PD that can be evaluated over the short term.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.

Figures 12 and 13.  Severity of PD of grape sprayed with E. herbicola harboring plasmids pKLN69 or pKLN70
encoding RpfF and thus DSF production compared to plants inoculated with Xf Temecula alone.
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ABSTRACT
An rpfF DSF-deficient mutant that does not adhere to the inside of insect vector mouthparts formed a reduced biofilm in
vitro, but contributed to biofilm formation when combined with a wild-type Xylella fastidiosa (Xf)strain.  Growth of the DSF-
deficient mutant in media PW was comparable to that of the wild type in vitro and neither strain appeared to outcompete the
other when grown in PW liquid media over two weeks.  However the mutant strain showed reduced growth alone, and in co-
culture with the wild-type, in a second medium (BHF) that promoted biofilm formation in the wild-type strain.  A fluorescent
(gfp) mutant of Temecula was also used on occasion, but was dropped when it became clear that the mutation reduced growth
ability in media and plants.  Competitive behavior of the various strains in planta is also being investigated in our laboratory.
Studies were also undertaken to try to enhance uptake and delivery of Xf from artificial feeding sachets to plants.  A wild-
type and a DSF-overproducing rpfC mutant strain of Xf were added to sachets and fed to leafhopper vectors.  Only one out of
85 insects tested positive for Xf after sachet feeding, and no test grape plants have been infected by Xf from insects fed this
way.  Wild-type Xf (strain STL), grown on solid media, was also presented for sachet feeding to sharpshooter vectors; one of
24 insects that acquired Xf this way was able to transmit to a healthy seedling.

INTRODUCTION
Studies from this lab (R.P.P. Almeida and A.H. Purcell, unpublished) showed that sharpshooters could acquire cultured
Xylella fastidiosa (Xf) cells added to expressed xylem sap in an artificial feeding apparatus (sachet), but did not transmit these
bacteria to grapevines, as measured by subsequent symptom development.  The assumption was that these cells did not attach
to the foregut of the feeding insects.  This sort of circumstantial evidence points up the complexity of the bacterial / insect /
plant factors necessary for transmission (uptake and delivery) to occur.  The importance of attachment and subsequent
biofilm formation in this process is also indicated by the behavior of mutants that do not attach to the vector mouthparts and
are not insect transmissible (Newman et al. 2004).  Studies of Xf biofilm formation in vitro indicate that chemical make-up of
media, substrate, and bacterial genotype/phenotype all play roles in aggregation behavior of Xf (e.g., Marques et al. 2002,
Leite et al. 2004, Feil et al. 2003, Hoch et al. 2004).  Our ultimate objective is to understand the factors that affect the process
of attachment and biofilm formation of Xf under different environmental conditions.  Investigating the conditions, be they
environmental or genetic, that promote attachment and subsequent detachment from insect mouthparts is crucial to
understanding transmission from insects to plants.

OBJECTIVES
1. Determine whether vector retention (and subsequent delivery) of Xf is related to the chemical and physical environment

from which the bacteria are grown or acquired.
2. Investigate how Xf cells attach (and detach) to specific foregut regions of sharpshooter vectors. NB: this objective being

carried out in collaboration with the Hoch/Burr labs.

RESULTS
In six experiments in which the rpfF mutant KLN61 was grown alone, it made much reduced or no discernible biofilms in
glass flasks compared to the wild type Temecula, or the gfp-Temecula strain.  In an experiment in which biofilms were
quantified by sonication of the film after rinsing, and subsequent plating, KLN61 was estimated to make only 6% of the
biofilm made by gfp-Temecula under identical circumstances.  However, both qualitative and quantitative measurement of
biofilms created by KLN61 grown together with Temecula (or gfp-Temecula) indicated that when the two strains were grown
together they were consistently as thick or thicker than those created by Temecula alone.
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Furthermore, in four experiments in which we quantified planktonic compared to attached (biofilm) cells of the rpfF mutant
KLN61 grown together with Temecula or STL wild type Xf, the proportion of  KLN61 in biofilm was either equal to or
greater than the proportion of this strain found in the broth from which the film developed (Table 1).  This was determined by
sampling broth and a scraping of biofilm from the same flask, and plating on PWG (on which both strains grew) and on
selective media (on which only the kanamycin-resistant KLN61 grew).  When grown together with the wild-type Temecula,
the ability to form biofilm appears to have been restored for the rpfF mutant compared to when it was grown alone.  The only
exception was an early experiment in which we paired KLN61 with the gfp-Temecula strain, and in which we found no live
KLN61 in the biofilm.

Table 1. Proportion of KLN61 in broth or biofilm in co-cultures with Temecula.  Data are from two
separate experiments, designated A and B.

A Tem+KLN61 KLN61 B Tem+KLN61 KLN61

Broth-
Mean cfu/mL n=4 1.6 X 108 4.2 X 107

(27%) n=3 1.4 X 107 2.8 x 106

(21%)

Sample film-
Mean cfu n=7 233.8 57.5

(25%) n=6 67.2 69.8
(100%)
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Experiments, done in conjunction with C. Wistrom and C. Baccari in this laboratory, focused on in vivo and in vitro behavior
and population growth of the rfpF mutants (KLN61 and KLN62) and the wild-type Temecula strains co-inoculated into
grapevines or grown in liquid culture.  In the first in vitro assay with KLN61 we were not able to determine the proportion of
each strain in the co-inoculated media (both strains grew on the “selective media,” due probably to an error while making the
media).  These assays were repeated with PW and a second broth, designated “BHF,” to determine whether chemical
constituents of the culture medium affect competition potential. BHF is a variant of PW, with added fructose and no BSA that
promoted biofilm formation in a wild-type strain of Xf (B.H.Feil, unpublished).
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Figure 1.  Growth of KLN61 and Temecula strains alone and together in PW broth.

Figure 2.  Proportion of the two different Xf strains grown together in PW broth.
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In PW, growth of the wild-type strain Temecula and KLN61 were comparable (Figure1), though in a previous experiment the
population size of Temecula was two orders of magnitude greater than that of KLN61after eight days.  When grown together
in PW media the proportion of the population made up of KLN61 fluctuated: the proportion approached 50% when the
populations were in log phase at 144 hours (even though the initial mixture had a higher proportion of Temecula), and
declined as the populations declined (Figure 2).

In one assay using BHF broth, KLN61 did not grow as well as the Temecula strain (Figure 3), and did not fare well in co-
culture (Figure 4).  Because of variability between assays, additional replicates are needed to determine whether the media
(PW vs. BHF) influence the growth and competitiveness of the DSF-deficient compared to the wild-type strain. In vivo
experiments with these strains are in progress as part of a different project in this laboratory (A.H. Purcell and C.Baccari).
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We have begun experiments to see how an environmentally-induced phenotype of Xf affects acquisition and retention of
bacteria by vectors feeding on experimentally manipulated solutions in feeding sachets.  Previous work with Xf grown on
solid media and added to artificial feeding systems showed that vectors acquired but did not transmit bacteria. Several other
presentations of Xf in sachets were made. Xf Temecula strain and a DSF-over-expressing mutant, rpfC, from biofilms formed
in liquid media were added to sachets of xylem sap; no insects fed on these sachets transmitted to test plants.  We have also
fed vectors on xylem expressed from symptomatic plants using a pressure bomb or on extracted Xf from petioles of
symptomatic plants, added to sachets.  Heads of these vectors were cultured, but Xf was not recovered from them, and insects
fed this way did not transmit bacteria to plants.  Finally, we fed insects on sachets of Xf (strain STL) grown on solid media.
One of 24 insects fed this way transmitted to a healthy grapevine. This was encouraging, given that control insects fed on an
STL-infected source plant, had very low transmission as well (one of 17 transmitted).

Figure 3. Growth of KLN61 and Temecula strains alone and together in BHF broth.

Figure 4.  Proportion of the two different Xf strains grown together in BHF broth.
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CONCLUSIONS
Our overall objective is to understand the role of aggregation phenomena in acquisition, retention and delivery of Xf by
vectors.  By manipulating the environment in which Xf is cultured, we have found differences in the propensity for different
strains to form biofilms in vitro. The use of Xf mutants with impaired or enhanced ability to perform some part of the
aggregation behavior will be important to understanding the interaction between environment and bacterial behavior affecting
vector retention and delivery.  We have been particularly interested in documenting the behavior of rpfF mutants and wild-
type bacteria alone and together in different liquid media.  We have begun to test how some of these same factors affect
acquisition and retention of bacteria by vectors feeding on sachets.  Our findings may reveal currently unanticipated ways of
interfering with vector transmission and elucidate features of Xf biofilms applicable to this bacterium in plants.
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ABSTRACT
Strain KLN61 is an rpfF mutant strain of Xylella fastidiosa (Xf) that cannot be transmitted to plants by the sharpshooter
leafhopper, Graphocephala atropunctata (BGSS), an efficient vector of the wild-type strain of this bacterium.  This mutant
was not retained and did not form biofilm in the vector mouthparts, however was hypervirulent and formed biofilm when
mechanically inoculated into grapevines (Newman et al. 2004).  We created additional mutants of Xf rpfF mutant strain,
KLN61 using a transposome-mediated mutagenesis technique (Streptomycin EZ::TN custom transposome mutagenesis
system).  Screening of mutants for restoration of vector transmissibility revealed that strains competed during systemic
colonization of grapevines, with only a single strain eventually colonizing most of the plant.  This prevented our further
pursuit of using vector acquisition to screen for mutants that restored vector transmissibility.  We are testing whether
production of a signaling molecule in the plant by the wild-type Xf strain would restore the transmissibility of the mutant.
Two transmission experiments in which BGSS were fed sequentially on the mutant KLN61 (not vector transmissible), then
on the parent wild type strain Temecula, or the reverse order, showed that either exposure sequence reduced vector
transmission by 35% to over 90% compared to a single exposure to the Temecula strain alone.  These unexpected results
imply that feeding exposure of vectors to a mutant Xf strain that does not produce cell signal can reduce later transmission of
normally transmissible strains, as well as reducing transmission by vectors already infectious with a transmissible strain.

INTRODUCTION
In Xylella fastidiosa (Xf) the rpf gene system for regulation of pathogenicity factors likely regulates genes that are important
for colonization and transmission by insect vectors. The rpfF gene is one of the essential genes of the rpf cell-cell signaling
system.  KLN61 which is an rpfF knockout, could not perform cell-cell signaling.  The RpfF gene catalyzes the synthesis of
the signaling system molecule, diffusible signal factor (DSF) (Newman et al. 2004).  Importantly, while still pathogenic to
grape, such strains do not colonize and hence are not vectored by sharpshooters.

The first year, our research objective was to construct a library of Xf transposon-disrupting mutants through transposome-
mediated mutagenesis in an Xf rpfF mutant background.  Our first approach involved creating a library in strain
KLN61which could be screened for restoration of transmissibility by inoculating mutants into plants on which vectors could
subsequently feed.  Any mutant strains of the non-transmissible KLN61, which could be transmitted to healthy grape plants
by insect vector, would have incorporated genome changes implicated in the transmission of Xf. The isolation and
identification of these mutants would have allowed us to better understand what Xf genes are involved in vector
transmissibility.  We created a mutant library compatible with the KLN61 mutant background in order to identify other Xf
genes involved in the complex process of transmission. We designed and constructed a Streptomycin EZ::TN custom
transposome mutagenesis system in order to further mutate the Xf rpfF mutant strain, KLN61.  While the focus of our first
grant year was to create the mutant library compatible with the KLN61 mutant strain, in this last past year our focus was on
screening mutants.  Since the mutants are screened by placing the insect vectors in contact with the source plants that retain
the mutant library we faced the question of how multiple strains coexistence would effect Xf movement and transmission.  To
our surprise this part of the research became more interesting then we anticipated (Objective 5).

OBJECTIVES
1. Create a library of Xf mutants in the rpfF mutant background using a disrupting transposon mutagenesis to block gene

function.
2. Create a library of Xf mutants in the rpfF mutant background using an activating transposon mutagenesis to enhance

gene function.
3. Design and carry out a screen for disrupting transposon mutants library in Xf that restore transmissibility in the non-

transmissible rpfF mutant.
4. Identify the genes affected in the screen.  These will be genes that are important for the transmission of Pierce’s disease

(PD) by insect vectors.
5. Examine the process of colonization of plants and insect vector by co-inoculation of Xf Tem and rpfF mutant (new).
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RESULTS
Objective 1
The commercially available transposome system that confers KanR was not compatible with our KLN61 strain.  In our studies
we could not use this vector and had to construct a novel transposon in order for it to be compatible with our KanR rpfF-
mutant.  Our laboratory designed and constructed a Streptomycin resistant EZ::TN transposome mutagenesis system in order
to further mutate the Xf rpfF mutant strain. We introduced our Streptomycin resistant EZ::TN transposome in the strains
KLN61 by electroporation techniques to create mutants. Electroporation with our Streptomycin resistant EZ::TN
transposome yielded 5 X 103 mutants per µg of DNA in Xf strain KLN61.

Objective 2
Because of efforts to create the disrupting transposon and the high yield of mutants produced with this disrupting transposon,
we focused on screening the existing library, thereby postponing the construction of an activating transposon library of
mutants.

Objective 3
To accomplish Objective 3 we designed a library of the DSF mutant transposon-generated mutants to screen using insect
vector transmission.  The approach was to restore transmissibility through mutagenesis by disrupting genes normally down-
regulated by DSF with a disrupting transposon.  Because the mutant types that we sought are those in Xf that restore
transmissibility in the non-transmissible rpfF mutant, the screen should be effectively carried out by the insect vectors.  The
mutant library was needle-inoculated into the source plants. We were unable to retrieve mutants when source plants were
cultured and plated on the Streptomycin selective media.  This is likely due to the process of multi-strain competition during
the colonization of the plants (as stated in more details in Objective 5) or to the possibility that rpfF Streptomycin resistant
mutants were not stable in grapevines.

Objective 4
We couldn’t carry on with Objective 4 since we were unable to retrieve mutants from source plants.  However, our results in
investigating strain competition as an explanation for the lack of diversity of mutants recovered gave us an interesting insight
into possible explanations for strain competition among Xf strains in grape, which we describe below in Objective 5 (new).

Objective 5 (new)
In Objective 5, we are addressing the process by which the DSF signal molecule is produced and recognized by cell
populations of Xf in plants.  If the DFS signal molecule is excreted into the plant after production, it should functionally
complement an rpfF mutant in planta.  An understanding of how DSF is perceived by bacteria in planta is central to our
understanding of how it affects both plant virulence factors, presumably in a density-dependent fashion, and affects insect
transmission.  To test this model we are interested in how RpfF+ and RpfF- strains coexist in plants and how they might
affect vector transmission. Mutants of PD strains of Xf are relatively new and not much is known regarding their behavior
with regard to transmission and coexistence in planta.  In vitro experiments on solid media have shown that coexistence with
wild-type can restore DSF signaling production in Xanthomonas campestris (Barber C. E., 1997).  The purpose of these
experiments was to see if the wild-type strain DSF signal is able to restore the mutant biofilm formation in the mouthparts of
the vector and therefore promote transmission.  To test this model, we designed transmission experiments to study insect
colonization when insects were fed sequentially: first on source plants containing Xf Tem, and then onto plants containing the
Xf rpfF mutant to see if the acquisition of one strain impeded or stimulated the transmission of a subsequently acquired strain.

A total of 90 BGSS free of Xf, were divided into two groups of 15 insects each for use as negative controls and two groups of
30 insects each for the experimental treatments.  The groups which held 30 BGSS were placed in contact with grapevines
infected with Tem containing high population of bacteria for three days to allow the BGSS to acquire Xf. We then transferred
the insects for another three days feeding period on a symptomatic vine infected by KLN61 and containing high population
of the mutant.  At the same time we also transferred the insects fed first on KLN61 vines for another three days feeding
period on a symptomatic vine infected by Tem.  After the BGSS had fed sequentially for three days on each source plant,
they were transferred to healthy seedlings, which were tested for confirmation of transmission after eight weeks in the
greenhouse.  After seven days on healthy grape test plants, the BGSS were removed from the plants, the head of the insects
were severed, cultured and plated on PWG media and PWG+Kan media. (Figure 1).
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Figure 1. Xf Tem and KLN61 transmission to grapevines.

In the first experiment the BGSS groups had been exposed to different source plants, even though all the source plants were
infected with the same Xf strain.  In order to avoid the possibility that transmission results were due to differences among
individual source plants in their efficiency as sources for vector acquisition, in the second experiment, we exposed the insects
at the same time on the same plants.  This ensured that the results were due only to the bacterial strains used and not to
variations among the source plants. A total of 60 greenhouse reared Xf-free BGSS individuals were divided into four groups
of 15 insects.  The insects were pre-screened as in the first experiment, divided into groups of five, and caged on different
parts of the symptomatic source plants.  There were a total of four source plants, two infected with KLN61 and two infected
with the Temecula strain.  After a three day acquisition feeding period, a group of five BGSS (a total of 20) were removed
from each of the source plants, representing the positive controls.  The remaining insects were switched to the opposite strain
source plants for a three-day period (total of six days of acquisition time).  The BGSS were then individually transferred to
healthy seedlings for a seven-day IAP.  After eight weeks in the greenhouse, the seedlings were tested by culturing to confirm
transmission.  After seven days on healthy test vines, the insects were removed from the plants and prepared as in the first
experiment.  The heads were cultured and plated on PWG media and on PWG+Kan media (Figure 2).
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Figure 2. Xf Tem and KLN61 transmission to grapevines.

It was surprising that none of the strain combination exposures restored the mutant bacteria transmission.  More importantly,
when BGSS were exposed to source plants containing the wild type strain first and then source plants containing KLN61,
they were unable to transmit the wild type.  More experiments are undergoing in our laboratory to further study these
interesting phenomena.

CONCLUSIONS
The results of vector transmission experiments to test strain competition between the wild type Xf Tem and the non-
transmissible rpfF mutant were very interesting.  We found that one strain inhibited the vector acquisition/transmission of a
second strain.  These results should have implications for understanding the epidemiological consequences of strain
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competition in Xf. Because these results are still preliminary and contrary to our expectations, we are repeating them and
expanding experiments based on the continuing results.

The implications of our findings relative to strain competition could be useful in better understanding how Xf colonizes
grapevines.  This has broad implications for many other physiological and anatomical studies of PD.  Strain competition
could also in part explain the effects of biological control (or cross-protection) of PD with Xf strains that are not pathogenic
in grape (Hopkins 2005).  We have begun greenhouse experiments that may elucidate this phenomenon using Xf strains from
California (Almeida and Purcell 2004) that multiply in grape without causing PD symptoms to see if their prior colonization
of plants can prevent infection by typically virulent PD strains.
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ABSTRACT
To document the incidence of Xylella. fastidiosa (Xf) in landscape ornamental hosts, in 2003 and 2004 a survey of plants
showing symptoms of scorch or dieback in urban locations in southern California was done.  A total of 1,670 samples,
representing 161 plant species were taken and analyzed at five locations: Fillmore, San Diego, Redlands, Riverside, and
Tustin.  From the total, 35% of plants tested (591), representing 102 identified species, gave positive results by Xf-specific
enzyme linked immunosorbent assay (ELISA).  Isolation of bacteria from ELISA-positive plants provided 39 isolates form
14 non-previously reported as Xf-hosts species: almond, crapemyrtle, daylily, gingko, jacaranda, grapevine (both labrusca
and vinifera), magnolia, mulberry, oleander, cherry, purple-leaved plum, heavenly bamboo, olive, sweetgum, plum and
western redbud.  Random amplified polymorphic (RAPD)- polymerase chain reaction (PCR) and sequence analysis of the
16S-23S rDNA intergenic spacer regions (ISR) was used to genetically characterize the strains.  Strains isolated from daylily,
jacaranda and magnolia grouped with members of Xf subsp. sandyi.  Some strains isolated from cherry, and one strain
isolated from western redbud, grouped with Xf subsp. fastidiosa members and strains isolated from purple-leaved plum,
olive, peach, plum, sweet gum, maidenhair tree, crape myrtle and another western redbud strain, clustered with members of
the Xf subsp multiplex.  All strains isolated from mulberry and one from heavenly bamboo formed a cluster that has not yet
been defined as a subspecies.  Koch’s postulates were successfully tested for the strains isolated from sweet gum, purple-
leaved plum, western redbud and mulberry.  Cross-infectivity of those strains to grapevine, almond and oleander was also
tested.  This information contributed to better understand the role of these different strains in causing disease on plants in
urban landscapes.  However, the impact of Xf infections in landscape hosts and the diversity of strains still are far from being
fully understood.

INTRODUCTION
Xylella fastidiosa (Xf) is a xylem-limited, insect-vectored, plant pathogen that can cause severe damage to a wide range of
host plants including grape, almond and oleander.  In addition to causing Pierce’s disease (PD), Almond leaf scorch (ALS)
and Oleander leaf scorch (OLS), Xf has been implicated in causing bacterial leaf scorch in a number of ornamentals and trees
in the mid-Atlantic and southeastern U.S.  Affected plants include oak, sycamore, elm, mulberry, maple and other shade trees
in the landscape and urban forests (Sherald and Kostka 1992, McGovern and Hopkins 1994, McElrone et al. 1999).  Multiple
strains of Xf with different host ranges have been identified (Chen et al. 1992, da Costa et al. 2000, Hendson et al. 2001), but
little is known about the diversity of these populations in the urban landscape and their ability to cause loss in plants of
horticultural and agronomic importance.  The arrival of a highly efficient vector, the glassy-winged sharpshooter
(Homalodisca vitripennis) in California has resulted in the rapid spread of this pathogen amongst both agricultural crops and
landscape plants.  Both PD and OLS are present in this area and recently, disease symptoms have been associated with the
presence of partially characterized and potentially new strains of Xf in a number of landscape ornamentals including olive,
liquidambar and purple-leaved plum.  The broad host range of Xylella and its ability to hide inside unaffected hosts make it a
constant menace for agricultural crops.  Very little was known previously about the fate of Xylella in ornamentals, the strains
they are harboring and their ability to cause disease losses in plants of agronomic importance.  To find some information in
this subject, we isolate and characterized strains from ornamental hosts.  Our studies identified new hosts for the Xf
subspecies fastidiosa, Xf subspecies multiplex, Xf subspecies sandyi, and for the mulberry leaf scorch type strains.  Some
strains appear to have a very limited host range and some have a broader range of hosts, but for most strains the possible
host-strain combination has not been extensively tested.

OBJECTIVES
1. Identification of landscape host species infected with Xf.
2. Genetic characterization of the strains of Xf isolated from landscape plant species.
3. Confirmation of pathogenic infection through inoculation studies with specific isolates.
4. Test ability of new strains to infect established host plants of Xf including grape, oleander and almond.
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RESULTS
Objective 1.  Identification of landscape host species infected with Xf.
In 2003 and 2004, a survey that expanded an area of approximately 15,000 km2 in size was done.  Typically, a single
sampling run covered an approximate area of 10 km2.  Five urban locations were included: Fillmore (Ventura County),
Redlands (San Bernardino County), Riverside (Riverside County), San Diego (San Diego County) and Tustin (Orange
County).  Starting from a central location in these cities, all plants with typical Xf symptoms (scorch, stunt, dieback, wilt, etc)
were sampled.  Samples were processed for ELISA using the PathoScreen Kit (Agdia Inc. Elkhart, IN).  From plants testing
ELISA positive attempts to isolate Xf were done in two media PD3 and PW and the identity of putative Xf colonies was
confirmed by PCR using the RST31 and RST33 primer pair (Minsavage et al. 1994).  Isolation of bacteria from ELISA-
positive plants rendered 39 isolates obtained from almond, crapemyrtle, daylily, gingko, jacaranda, grapevine (both labrusca
and vinifera), magnolia, mulberry, oleander, cherry, purple-leaved plum, heavenly bamboo, olive, sweetgum, plum and
western redbud, 14 non-previously reported as Xf-hosts species in southern California (Tables 1 and 2)

Table 1.  Strains isolated from novel landscape hosts in southern California and their genetic identity.

Note: strain ID performed by sequence analysis of 16S-23S rDNA ISR sequences and RAPD-DNA (Hernandez-Martinez et
al. 2006a, Hernandez-Martinez et al. 2006b)

Host
scientific name

Host
common name

Isolate
designation

County of CA
from which strain
was isolated

Genetic Identification

Cercis occidentalis Western redbud Cercis050 Riverside X. fastidiosa subsp. fastidiosa
Cercis occidentalis Western redbud Cercis001 Riverside X. fastidiosa subsp. fastidiosa
Cercis occidentalis Western redbud Cercis049 Riverside X. fastidiosa subsp. multiplex
Ginkgo biloba Maidenhair tree GB100 Riverside X. fastidiosa subsp. multiplex
Hemerocallis sp. Daylily HEM034 Riverside X. fastidiosa subsp. sandyi
Jacaranda mimosifolia Jacaranda JM028 Riverside X. fastidiosa subsp. sandyi
Lagerstroemia indica Crape Myrtle LI021 San Bernardino X. fastidiosa subsp. multiplex
Liquidambar styraciflua Sweet gum LS020 San Bernadino X. fastidiosa subsp. multiplex
Liquidambar styraciflua Sweet gum LS022 San Bernadino X. fastidiosa subsp. multiplex
Liquidambar styraciflua Sweet gum LS043 San Bernadino X. fastidiosa subsp. multiplex
Magnolia grandiflora Magnolia MG038 San Bernadino X. fastidiosa subsp. sandyi
Magnolia grandiflora Magnolia MG038 San Bernadino X. fastidiosa subsp. multiplex
Morus alba White mulberry MLS063 San Bernardino X. fastidiosa subsp. ?
Morus alba White mulberry MLS059 San Bernardino X. fastidiosa subsp. ?
Morus alba White mulberry MLS012 San Bernadino X. fastidiosa subsp. ?
Morus alba White mulberry MLS024 Riverside X. fastidiosa subsp. ?
Nandina domestica Heavenly bamboo NI065 San Bernardino X. fastidiosa subsp. multiplex
Olea europaea L. Olive G12 Riverside X. fastidiosa subsp. multiplex
Prunus cerasifera Purple leaved-plum PC057 Riverside X. fastidiosa subsp. multiplex
Prunus cerasifera Purple leaved-plum PC086 Riverside X. fastidiosa subsp. multiplex
Prunus cerasifera Purple leaved-plum PC045 Riverside X. fastidiosa subsp. multiplex
Prunus cerasifera Purple leaved-plum PC052 Riverside X. fastidiosa subsp. multiplex
Prunus cerasifera Purple leaved-plum PC053 Riverside X. fastidiosa subsp. multiplex
Prunus cerasifera Purple leaved-plum PC076 San Bernardino X. fastidiosa subsp. multiplex
Prunus cerasifera Purple leaved-plum PCAcl12 Riverside X. fastidiosa subsp. multiplex
Prunus spp Cherry cherry018 San Bernardino X. fastidiosa subsp. fastidiosa
Prunus spp Cherry cherry019 San Bernardino X. fastidiosa subsp. fastidiosa
Prunus spp Cherry 23Bing Riverside X. fastidiosa subsp. fastidiosa
Prunus spp Cherry 37Rainier Riverside X. fastidiosa subsp. fastidiosa
Prunus spp Cherry 17Bing Riverside X. fastidiosa subsp. fastidiosa
Prunus spp Cherry 24Tulare Riverside X. fastidiosa subsp. multiplex
Unknown Bush UK005 Riverside X. fastidiosa subsp. multiplex



- 193 -

Objective 2.  Genetic characterization of the strains of Xf isolated from landscape plant species.
RAPD-PCR and sequence analysis of the 16S-23S rDNA ISR was used to genetically characterize the strains.  Strains
isolated from daylily, jacaranda and magnolia grouped with members of Xf subsp. sandyi.  One strain isolated from western
redbud, and one strain isolated from cherry grouped with Xf subsp. fastidiosa members.  Strains isolated from purple-leaved
plum, olive, peach, plum, sweet gum, maidenhair tree, crape myrtle and another western redbud strain, and three cherry
strains clustered with members of the Xf subsp multiplex.  Thus, the strains showed considerable diversity but belonged to
previously described groups and subspecies and some hosts also can be infected with more than one subspecies, as shown
here for the cherry and redbud strains (Tables 1 and 2).

Table 2. Current status of the identification of Xf strains isolated from landscape hosts.

Plant species Common name
of the host

Genetic
Identification Host symptoms Current status

Ginkgo biloba Maidenhair Tree
or Ginkgo Xf subsp. multiplex

Lagerstroemia
indica Crape Myrtle Xf subsp. multiplex

Olea europaea Olive Xf subsp. multiplex

Koch’s postulates not completed using
mechanical inoculation, but bacteria
consistently associated with
symptomatic plants by ELISA, PCR
and direct culturing.

Prunus
cerasifera Cherry plum Xf subsp. multiplex

Koch’s postulates completed.  We
called the disease purple-leaved scorch.
A strain PC045, infected almond but
not grape or oleander.

Liquidambar
styraciflua Sweet gum Xf subsp. multiplex

Koch’s postulates completed.  We
called the disease sweet gum dieback.
A strain LS022, did not infect almond,
grape or oleander.

Cercis049 strain of
Xf subsp. multiplex

Cercis
occidentalis Western Redbud

Cercis001 strain Xf
subsp. fastidiosa

Koch’s postulates completed for two
genotypically different strains.
Cercis049 does not infect grape,
almond or oleander and Cercis001
infected almond and grape but not
oleander.

Morus alba White Mulberry
Mulberry leaf
scorch (maybe a
new subspecies)

Koch’s postulates completed; MLS
definitely found in California.  It does
not infect oleander, grape or almond
(Hernandez-Martinez et al. 2006b).

Nandina
domestica

Heavenly
Bamboo

Mulberry leaf
scorch (maybe a
new subspecies)

Koch’s postulates not completed using
mechanical inoculation, but bacteria
consistently associated with
symptomatic plants by ELISA, PCR
and direct culturing.
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Table 2. (continued).

Plant species Common name
of the host

Genetic
Identification Host symptoms Current status

Hemerocallis Day Lily Xf subsp. sandyi

Jacaranda
mimosifolia Jacaranda Xf subsp. sandyi

Xf subsp. sandyi

Magnolia
grandiflora

Southern
Magnolia

Xf subsp. multiplex

Koch’s postulates not completed using
mechanical inoculation, but bacteria
consistently associated with
symptomatic plants by ELISA, PCR
and direct culturing.  Isolates from Day
Lily, Jacaranda and Magnolia caused
scorch symptoms when inoculated into
Oleander test plants.

Nerium
oleander Oleander Xf subsp. sandyi Previously established as a host.

Xf subsp.
fastidiosa

Prunus spp. Cherry

Xf subsp. multiplex

Koch’s postulates not completed using
mechanical inoculation.  But two
strains (17Bing and cherry018)
diseased grape and almond plants.
Another strain (24Tulare) produce mild
disease symptoms in almond but do not
disease grape.

Prunus Plum Xf subsp. multiplex Koch’s postulates not completed using
mechanical inoculation.

Note: strain ID performed by sequence analysis of 16S-23S rDNA ISR sequences and RAPD-DNA (Hernandez-Martinez et
al. 2006a, Hernandez-Martinez et al. 2006b).

Objectives 2 and 3.  Mechanical incoculation of novel strains into ornamental hosts.
In 2005, selected isolates of Xf from landscape host plants Liquidambar styraciflua, Nandina domestica, Olea europea,
Prunus cerasfiera, lagerstroemia indica and Prunus sp. were inoculated into their respective hosts of origin, grape, almond
and oleander to confirm pathogenicty and to see if any were also known PD, ALS or OLS genotypes.  Plants were tested at
three month intervals by ELISA and for plants testing positive (at least two-times background), direct culturing of the
pathogen was attempted.  Mechanical inoculation technique (Hill and Purcell 1995) worked on grape, oleander and almond,
as well as for the new hosts, liquidambar, mulberry, redbud, and purple-leaved plum.  Bacteria were able to cause systemic
infections and produce disease symptoms.

Mechanical inoculations of a strain isolated from liquidambar.
Xf was isolated from trees showing progressive dieback and decline in southern California.  Three isolates were recovered
from trees testing positive by ELISA and confirmed as Xf using the specific PCR primer set RST31-33.  Isolated strains were
further characterized as members of the Xf subsp. multiplex by sequencing of their 16S-23S rDNA ISR and random amplified
polymorphic DNA-PCR analysis.  The pathogenicity of one strain, LS022, was confirmed by inoculating glasshouse-grown
sweetgum plants.  Nine months after inoculation, the pathogen was recovered from five of 25 inoculated plants showing
dieback symptoms.  Inoculation of grapevines, oleanders and almonds with the LS022 strain or inoculation of sweetgum
plants with PD, OLS, or ALS-strains did not result in any disease or recovery of the pathogen up to one year later.
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Inoculation results are shown in Table 3 and the aspect of diseased plants are seen in Figure 1. These experiments completed
Koch’s postulates for this disease and indicate that this strain lacks cross-infectivity to grapevine, almond or oleander.

Table 3. Evaluation of sweet gum, almond, grape and oleander
plants inoculated with Xf isolated from sweet gum.

No. of plants
positive (a)Xf strain/

Inoculum
source
plant

Tested
plant

Number
inoculated

ELISA Culture PCR
LS022 Sweetgum Sweetgum 25 7 3 3
LS022 Sweetgum Almond 15 0 0 0
LS022 Sweetgum Grape 15 0 0 0
LS022 Sweetgum Oleander 15 0 0 0
A05 Grape Grape 15 15 15 15
Riverside3 Oleander Oleander 15 15 15 15
276 Almond Almond 15 10 10 10
A05 Grape Sweetgum 10 0 0 0
276 Almond Sweetgum 10 0 0 0
Riverside3 Oleander Sweetgum 10 0 0 0
(a) Number of plants tested positive for the presence of Xf based on
the number of plants inoculated using commercial ELISA kits,
media culturing methods, and RST31-33 primers for PCR analysis
(Minsavage et al. 1994).

Mechanical inoculations of Xf strain PC045 isolated from Purple leaved plum (Prunus cerasifera) into the original
host grape, oleander and oleander plants.
The pathogenicity of one strain, PC045 was tested inoculating glasshouse grown purple-leaved plum, oleander, grapevine and
almond plants.  Three months after inoculation, purple-leaved plum and almonds started showing typical leaf scorch
symptoms and the pathogen was recovered from all inoculated plants.  Inoculation of grapevine and oleander plants with the
same strain did not result in any disease or recovery of the pathogen up to six months later.  This indicates that this strain was
cross-infective to almond but not to oleander or grape.  Inoculation results are shown in Table 4 and the aspect of diseased
plants are seen in Figure 2.  The fulfillment of Koch’s postulates established that Xf caused purple-leaved plum leaf scorch
increasing the host range for this bacterium.

Table 4. Evaluation of purple-leaved plum, almond, grape and oleander plants inoculated with Xf isolated from purple-
leaved plum.

No. of plants positive (a)Xf strain Inoculum source
plant Tested Plant Number

inoculated ELISA Culture PCR
No of sick

plants

PC045 Purple leafed-plum Purple leafed-plum 15 15 14 14 15
PC045 Purple leafed-plum Almond 15 15 15 15 15
PC045 Purple leafed-plum Grape 15 0 0 0 0
PC045 Purple leafed-plum Oleander 15 0 0 0 0
STL Grape Grape 15 15 15 0 15

Riverside3 Oleander Oleander 15 15 15 0 15
(a) Number of plants tested positive for the presence of Xf based on the number of plants inoculated using commercial
ELISA kits, media culturing methods, and RST31-33 primers for PCR analysis (Minsavage et al. 1994).

Mechanical inoculations two strains: cercis049 and cercis001 of Xf isolated from redbud (Cercis occidentallis).
The pathogenicity of two strains isolated from redbud was tested inoculating glasshouse redbud, oleander, grapevine and
almond plants.  Six months after inoculation, plants are starting to show leaf scorch and stunting symptoms and the
pathogen has been recovered from few plants.  The strain cercis001 inoculated in grapevines and almonds produced
typical PD and ALS symptoms respectively and bacteria have been recovered from diseased plants.  The strain cercis049
did not produce disease symptoms in grape but it seems to infect almonds producing mild symptoms.  Inoculation of
oleander plants with both strains did not result in any disease or recovery of the pathogen up to six months later (Table 5,
Figure 3).  This indicates that the strain cercis001 is a PD strain or a member of the Xf subsp. fastidiosa, able to infect
almond and grape.  A PD strain, STL was able to disease redbud plants, which indicated cross-infectivity of the strains.
The infectivity of the strain cercis049 remains under evaluation.

Figure 1. Sweet gum plants mechanically
inoculated with Xf strain LS022 showing
chlorosis and tip dieback (leftt) as compared to
a healthy non-diseased plant (right).
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Figure 2. Purple-leafed plum (left) and almond (right) plants mechanically inoculated with
Xf strain PC045 showing leaf scorch as compared to a healthy non-diseased plant.

Table 5. Evaluation of grape, almond and oleander plants inoculated with Xf isolated from Redbud (Cercis occidentallis).
No. of plants positive (a)Xf strain/

subspecies
Inoculum source

plant Tested plant Number
inoculated ELISA Culture*

Cercis049 C. occidentalis Red bud 20 4 0
Cercis001 C. occidentalis Red bud 20 3 3
Cercis049 C. occidentalis Oleander 10 0 0
Cercis001 C. occidentalis Oleander 10 0 0
Cercis049 C. occidentalis Almond 7 4 0
Cercis001 C. occidentalis Almond 10 4 3
Cercis049 C. occidentalis Grape 10 0 0
Cercis001 C. occidentalis Grape 15 11 3

STL Grape Red bud 10 6 0
Buffer  Red bud 10 0 0

(a) Number of plants tested positive for the presence of Xf based on the number of plants inoculated
using commercial ELISA kits, media culturing methods.

CONCLUSIONS
Ornamental hosts harbor different strains of Xf. Members of four groups
of Xf were isolated. Xf subsp. fastidiosa from cherry and western redbud;
Xf subsp multiplex from crape myrtle, maidenhair tree, olive, sweetgum,
purple-leaved plum and western redbud; Xf subsp sandyi from daylily,
magnolia and jacaranda; and the mulberry leaf scorch group from
heavenly bamboo and mulberry.  We have the first report of Mulberry
leaf scorch (MLS) in California (Hernandez-Martinez et al. 2006b),
expanding the number of strains present in this state, we also found
evidences that MLS strains are likely non-pathogenic to grape or
oleander.  We showed that strains isolated from jacaranda, daylily, and
magnolia are able to produce disease in oleander but not in grape.  We
tested the Koch’s postulates for purple-leaved plum and found that a
strain (PC045), cross-infected almond but not grape or oleander.  On the
other hand, strains isolated from sweetgum seems to form a new pathovar
since a strain inoculated in grape, oleander and almond did not
produce disease symptoms.  Two different strains were
isolated from redbud, one a Xf subsp. fastidiosa member
(cercis001) infected redbud, almond and grape while
cercis049,a  member of the Xf subsp. multiplex does not seem
to be pathogenic towards almond or grape.  We found out that
cherries can be affected by two genetically different strains of
Xf , however Koch’s postulates has not been successfully

Figure 3. Redbud (Cercis occidentallis) plants
mechanically inoculated with Xf strain cercis001
showing leaf scorch and stunting (left) as compared
to a healthy non-diseased plant (right).
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tested.  Some studies still are underway to fulfill the Koch’s postulates as well as to reveal their fate on grape, almond and
oleander.  Since knowledge of the source of inoculum is essential in developing effective disease management strategies,
additional studies must be done to elucidate the full host range of Xf. For now, the results of this work increased our
information about the hosts range spectrum of the pathogen and their latent risk in ornamentals.
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ABSTRACT
The lack of genetic and molecular tools that can be used to study the biology of Xylella fastidiosa (Xf) has made it extremely
difficult for researchers to use genetic methods to establish the importance of a particular gene in the development of Pierce’s
disease (PD).  During the period under review, we have focused on developing plasmid vectors that are stably maintained in
Xf throughout the infection cycle.  To increase the stability of autonomously replicating plasmid vectors, we have introduced
two different types of stabilizing elements into plasmid vectors pXF004, pRL1342, and pBBR1MCS-5.  These stabilizing
elements include the plasmid addiction systems, hok/sok and parDE, and the active partitioning system, parA.  We are
currently examining how addition of these stability elements affects plasmid maintenance both in vitro and en planta.  We
have also developed two integration vectors, which will allow researchers to introduce genes into two different nonessential
regions of the Xf chromosome.  We are currently evaluating the properties of the insertion strains en planta to make sure that
these strains still exhibit the normal PD infectious cycle and have begun to examine the usefulness of both of these vectors
for complementation analysis in Xf.

INTRODUCTION
Xylella fastidiosa (Xf) is the causative agent of numerous economically important plant diseases, including Pierce’s disease
(PD) of grapevine (Hopkins and Purcell 2002).  An important feature of the Xf infectious cycle is the ability of this pathogen
to colonize and interact with the xylem tissue of plants and the foregut of insect vectors.  Successful colonization of these
hosts is dependent on the ability of Xf to subvert host defense networks and to acquire essential nutrients.  The virulence
determinants of Xf include proteins involved in adhesion and biofilm formation, extracellular enzymes, and toxins.

A fundamental strategy for investigating virulence in bacterial pathogens is to generate mutations and examine the impact of
the absence of these gene products on pathogenicity.  Over the past five years, many research laboratories have been
generating insertion mutations in specific Xf genes and examining the impact of these mutations on the development of PD
(Guilhabert and Kirkpatrick 2003, Feil et al. 2003, Reddy et al. 2004, Roper et al. 2004, Meng et al. 2005, Hernandez-
Martinez et al. 2006).  These studies have led to the identification of a number of mutant strains that do not show the normal
PD infection cycle.  Although the simplest explanation for these phenotypes is that the gene containing the insertion mutation
is required for the normal development of PD, it is also possible that a secondary mutation was acquired during the
construction of the original mutation and that the secondary mutation is responsible for the phenotype.

The classic approach to overcoming this type of objection is to perform complementation analysis.  If the reintroduction of a
wild-type copy of the gene into the mutant strain restores the normal PD infection cycle en planta, the researcher can
conclude that the specific gene is important for the development of PD.  One common strategy used to reintroduce the wild-
type copy of a gene in Gram-negative bacteria involves the use of autonomously replicating plasmid vectors that carry
antibiotic resistance genes and multiple cloning sites.  Plasmid vectors with these features have been developed that are
capable of replicating in Xf and that are stably maintained in the presence of antibiotics.  These plasmids have been extremely
useful for introducing genes into Xf and for in vitro complementation studies.  Unfortunately, most of these plasmids are
quickly lost from Xf in the absence of selective pressure, which limits the usefulness of these plasmids for studies en planta.
Therefore, a major goal of this study is to develop a set of plasmid vectors that will allow researchers to perform
complementation analysis en planta.

OBJECTIVES
1. Develop a stable plasmid vector for Xf

a. Evaluate the potential of various plasmid addiction systems for ability to convert plasmids known to replicate in Xf
into stable vectors.

b. Evaluate how plasmid maintenance by Xf is affected by other genetic mechanisms known to affect plasmid stability,
such as systems for multimer resolution and active partitioning systems.

2. Evaluate the stability of the newly development plasmid vectors when propagate in Xf en planta.
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RESULTS
Develop a stable plasmid vector for Xf
A number of plasmid vectors have been developed that are capable of replicating in Xf (Qin and Hartung 2001, Vanamala et
al. 2002, Guilhabert and Kirkpatrick 2003, Guilhabert et al. 2006).  These plasmids have different origins of replication and
belong to different incompatibility groups.  However, in the absence of direct antibiotic selection, none of these plasmids are
maintained in Xf. One set of plasmids that has been successfully introduced into Xf are derivatives of the IncQ broad host-
range plasmid RSF1010.  Three of the most useful RSF1010 derivatives are pXF004, pXF005 and pRL1342 (Guilhabert and
Kirkpatrick 2003, P. Wolk, unpublished).  Another plasmid that has been successfully introduced into Xf is pBBR1MCS-5
(Gabriel 2005).  This plasmid contains the origin of replication from the broad host range plasmid pBBR1 from Bordetella
bronchiseptica (Kovach et al. 1995).  Significant to this proposed project is the fact that the only real problem with these
vectors is that they are not maintained in Xf in the absence of antibiotic selection.

To circumvent this problem, we are evaluating whether stability can be achieved by introducing plasmid-addiction systems
and plasmid partitioning elements into existing Xf vectors.  A plasmid addiction system is a two-component stable toxin-
unstable antitoxin system.  Examples of these systems include the hok/sok system of plasmid R1 and the parDE system of
plasmid RK2 (Zielenkiewicz and Ceglowski 2000).  When a bacterium loses the plasmid harboring either of these addiction
systems, the cured cells loose the ability to produce the unstable antitoxin and the lethal effect of the stable toxin quickly kills
the bacterium.  Thus, a plasmid addiction system guarantees that all living bacteria maintain the plasmid throughout
infectious cycle.  The plasmid partitioning system, parA, consists of a centromere-like region adjacent to two co-regulated
genes that encode an ATPase and a centromere specific DNA-binding protein, which is required for faithful plasmid
segregation at cell division (Gerdes et al. 2000).  Addition of these systems to unstable plasmids has been demonstrated to
increase plasmid stability in many Gram-negative bacteria (Zielenkiewicz and Ceglowski 2000, Gerdes et al. 2000).

The first set of plasmids we constructed contained both an RSF1010 replicon and an ori15A replicon  We found that the
presence of the ori15A replicon made the pXF-derived vectors extremely unstable in E. coli.  To overcome this problem, we
generated a second set of pXF-derived plasmids that only carried the origin of replication from RSF1010 in combination with
the hok/sok locus or other stability elements.  The removal of ori15A greatly increased the stability of these plasmids in E.
coli.  Therefore, we decided to use this second set of plasmids in our Xf stability experiments.  In addition to plasmids based
on the pXF vectors, we have also generated a series of plasmids based on pRL1342, which carries a chloramphenicol
resistance gene (P. Wolk, unpublished).  Like pXF004 and pXF005, pRL1342 has the origin of replication from RSF1010
and is not stable in Xf in the absence of antibiotic selection.  Since the pRL1342-derived series of plasmid vectors confer
resistance to chloramphenicol, they might be particularly useful for genetic complementation analysis using Xf mutants that
are resistant to kanamycin.

After each plasmid was constructed, we evaluated its long term inheritance properties. The individual plasmids, along with
other representative control plasmids, were transferred into Xf by electroporation (Guilhabert and Kirkpatrick 2001).  We
then evaluated the effect of the addiction modules on plasmid stability in Xf using previously established methods (Guilhabert
and Kirkpatrick 2003).  As shown in Table 1, the parental plasmids pXF004 and pRL1342 were lost almost immediately.  In
contrast, the new plasmids, which carried the hok/sok stability element, were still present after generation 10.  This suggests
that the presence of hok/sok is having an impact on plasmid maintenance.  However, the new plasmid vectors were eventually
lost in the absence of selective pressure by generation 20.  Thus, although plasmids containing hok/sok were not lost as
quickly as the starting vectors, the increase in stability was not sufficient to make the series of vectors containing an
RSF10101 replicon useful for complementation en planta.

Table 1. Successful plasmids in introducing into Xf.
Stability in XfReplicon Antibiotic

marker Addiction system Partitioning
system 10 generations 20 generations

pXF004 a RSF1010 Km - - - -
pAM18 RSF1010 Km hok/sok, parDE - + -
pAM24 RSF1010 Km hok/sok - + -
pRL1342 b RSF1010 Cm - - - -
pLLC005 RSF1010 Cm hok/sok - + -
pAM59 RSF1010 Cm hok/sok parA d + -

pBBR1MCS-5 c pBBR1 Gm - - in progress in progress
pAM89 pBBR1 Gm hok/sok parA d in progress in progress
pAM90 pBBR1 Gm - parA e in progress in progress
a Guilhabert and Kirkpatrick, 2003., b Peter C. Wolk (unpublished), c Kovach et al., 1995., d parA from pR1, e parA
from Agrobacterium pTAR
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Figure 2B.  Confirmation of integration
Lanes 1, 3, and 5: Wild type
Lanes 2, 4, and 6: Integration strain
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Another set of plasmids we constructed is based on plasmid pBBR1MCS-5 (Kovach et al. 1995).  This plasmid was
successfully used by Gabriel and his colleagues for complementation of the Xf tolC gene en planta (Gabriel 2005).  Due to
the severity of the tolC mutation on grapevine colonization, the presence of the wildtype tolC gene may be providing the
selective pressure necessary for plasmid maintenance en planta.  Since pBBR1MCS-5 is not stably maintained in many
bacterial species in the absence of selective pressure, pBBR1MCS-5 in its current might not be as useful for complementation
analysis of other Xf genes that have a less severe effect on Xf growth en planta.  However, given the promising nature of the
tolC studies, we decided to include pBBR1MCS-5 as one of the plasmids in our stability studies.

As shown in Table 1, we have successfully introduced pBBR1MCS-5 derivatives containing different stability elements into
Xf and are currently examining their in vitro stability.  We have also found that it is much easier to isolate pBBR1MCS-5
plasmid DNA from Xf than it is to isolate plasmid DNA containing RSF1010 origins of replication.  This would suggest that
pBBR1MCS-5-derived plasmids are present in Xf at a higher copy number than RSF1010–derived plasmids.  It is our hope
that the higher copy number of the pBBR1MCS-5 derivatives in Xf in combination with the increased stability provided by
hok/sok will result in a plasmid that can be stably maintained in Xf in the absence of selective pressure.

Development of integration vectors for complementation analysis en planta
Another method commonly used for complementation in Gram negative bacteria is to use plasmid vectors that are capable of
autonomous replication in E. coli, but are unable to replicate in host bacteria.  In most integration vectors, the gene of interest
and an antibiotic cassette are flanked by DNA sequences from a nonessential region of the bacterial chromosome.
Recombination between the homologous regions of the plasmid and the bacterial chromosome results in the integration of the
gene of interest and antibiotic resistance gene into the chromosome at the nonessential region.  The antibiotic resistance
cassette is included on these vectors to facilitate the identification of strains containing the integrated vector.  Although it is
not easy to reisolate the introduced genetic markers from the bacteria following integration, insertion plasmids are extremely
useful for certain types of genetic studies, particularly complementation analysis.  One major advantage of using this type of
vector is that once the gene of interest is integrated into the host bacterial chromosome, it will be maintained without
antibiotics selection.

The first step in developing integration vectors for use in Xf was to identify regions of the chromosome that could serve as
targets for the integration event.  One important characteristic of the target is that insertions into this location do not impact
Xf physiology or its ability to cause PD.  We have selected two places on Xf chromosome as potential targets of our
integration vectors.  The first integration target is PD0939, which encodes a phage-related protein.  PD0939 was chosen
because transposon insertions into this gene do not impact the development of PD in grapevine (Guilhabert and Kirkpatrick,
personal communication).  The integration vector that targets the PD0939 gene confers chloramphenicol resistance and is
named pLLC021.  The second target is the intergenic region between PD0702 and PD0703.  Based on the genomic sequence
of Xf-PD, both of these genes are predicted to contain frameshift mutations (Van Sluys et al. 2003). The integration vector
that targets this intergenic region also confers chloramphenicol resistance and is named pLLC018.  The relative orientation of
PD0702 and PD0703 with respect to the targeted intergenic region is shown in Figure 2A.

The next step was to introduce our integration vectors into Xf and to select for chloramphenicol resistant transformants.
Because these vectors are unable to replicate in Xf, the chloramphenicol resistant transformants must have arisen as the result
of a recombination event(s) between the integration vector and the Xf chromosome.  An example of the recombination events
that led to one of these chloramphenicol resistant transformants is illustrated in Figure 2A.  The PCR experiment, which
confirmed that the recombination event had occurred at the appropriate chromosomal location for this transformant are
shown in Figure 2B.
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Finally, we examined the impact of insertions at PD0939 and within the intergenic region between PD0702 and PD0703 on
the growth phenotypes of the two strains.  These experiments indicated that the insertion containing strains have growth
properties that are similar to a wildtype strain in both liquid culture and on solid medium.  They also exhibit normal biofilm
formation.  We are currently evaluating the properties of the insertion strains en planta to make sure that these strains still
exhibit the normal PD infectious cycle and have begun to examine the usefulness of both of these vectors for
complementation analysis in Xf.
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Reporting Period: The results reported here are from work conducted April 2006 to September 2006.

ABSTRACT
Sixty isolates of Xylella fastidiosa (Xf) from species or cultivars of Vitaceae (33), Asteraceae (23), Platanaceae (2), Moraceae
(1), and Sapindaceae (1) were twice inoculated (8May to 1Jun06, seven greenhouse experiments) into two adjacent
internodes of own-rooted ‘Chardonnay’ grape.  Each RCBD five-replication experiment had eight to twelve treatments that
included at least one winegrape isolate and one SCP buffer check.  Leaf scorch symptoms on  8Aug were compared with Xf-
serology (DAS-ELISA OD and proportion OD>0.3) on petioles collected  8Aug to 1Sep06.  Some grape isolates had
consistently caused Pierce’s disease (PD) symptoms at 10 to 12 weeks after inoculation.  A few ‘Chardonnay’ plants
inoculated with certain Xf isolates from Vitis vinifera, Helianthus annuus, Iva annua, Ambrosia trifida var. texana, and
Platanus occidentalis had mild PD symptoms and positive ELISA reactions.  Some isolates did not cause symptoms.
Evaluations will be repeated in late 2006.  Twenty-one Xf isolates from Vitaceae (7), Asteraceae (12), Platanaceae (1), and
Moraceae (1) were twice inoculated (10Jul to 20Jul06, one greenhouse experiments per host) into two adjacent internodes of
A. trifida var. texana or I. annua grown from seed.  Each RCBD six-replication experiment had twenty-three treatments that
included six isolates from Vitis spp. and two SCP buffer checks.  Symptoms were not detected. Two internode samples
(inoculated zone, one internode above inoculation zone) collected 13,21,25,26Sep06 (9 to 10 weeks after inoculation) as
plants senesced were assayed using Xf-serology (DAS-ELISA OD and proportion OD>0.3).  One of six isolates from Vitis,
one isolate from Platanas, and 12 isolates from spp. in Asteraceae colonized A. trifida var. texana. Three of six isolates from
Vitis, one isolate from Morus, and 11 isolates from spp. in Asteraceae colonized I. annua.
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The Interim Commission on Phytosanitary Measures of the International Plant Protection Convention (IPPC) adopted
recommendations on the publication of International Standards for Phytosanitary Measures (ISPM).  This guideline produces
standardized documents describing procedures and methods for the detection and identification of pests of quarantine
significance.  The documents are reviewed by a panel of experts which also includes members from the regional plant
protection organizations (i.e. NAPPO, EPPO, COSAVE, etc).  These protocols describe procedures and methods for
detection and identification of pests that are regulated by contracting parties and relevant for international trade.  These are
addressed to diagnosticians/diagnostic laboratories performing official tests as part of phytosanitary measures and provide
reliable diagnostic protocol(s) for relevant pests.  There is a need to develop the protocol for detection of Xylella fastidosa
(Xf) in several hosts.  We drafted such a document for Xf detection in 2005.  Here we propose to update that protocol in the
light of recently developed Xf diagnostic procedures and genomics data.  The proposed protocol also includes the recently
developed bioassay for Xf in the model plant Nicotiana tabacum cv. SR-1.  This highly sensitive host is an excellent
indicator plant to test the pathogenicity of Pierce’s disease and almond leaf scorch disease strains of Xf.  The procedure
includes the use of in vitro-propagated tobacco plants grown in controlled environment (i.e., light and temperature) room.
The SR-1 plants are grown in small pots to reduce space requirements, and symptoms appear in only 6-8 weeks.  Xf strains
from different plant hosts induce distinct symptoms in SR-1 tobacco.  The protocol is applicable for disease surveys, and for
quarantine and certification programs.
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Reporting Period: The results reported here are from work conducted June 2006 to September 2006.  Work discussed here
reflects a project funded for the period of June 1, 2006 to May 31, 2008.

ABSTRACT
Patenting of agricultural biotechnologies has expanded dramatically over the last 25 years and can represent a significant
barrier to new crop development.  Thus, navigating the intellectual property (IP) rights of commonly used research tools is
essential to prevent downstream legal or regulatory obstacles for deployment of promising new technologies.  The research
proposed here seeks to develop and test a grape-specific transformation system for developing genetically engineered Vitis
that addresses legal IP issues, meets high technical standards and is designed with attention to the emerging regulatory
framework.  The proposed plant transformation system can serve as a platform tool for the practical deployment of transgenic
Pierce’s disease (PD) control strategies.

INTRODUCTION
PIPRA, the Public Intellectual Property Resource for Agriculture, is a public sector multi-institutional program designed to
provide the framework to manage IP and develop tools that will facilitate humanitarian or commercial development of
promising agricultural innovations.  In research to control PD, several transgenic strategies have been tested and show long-
term promise.  However, the gene transfer tools utilized for the research are, in general, proprietary and do not provide
features that are likely to be compatible with evolving regulatory frameworks.  As a consequence, promising research
conducted today may need to be replicated with different tools and technologies if transgenic plants are ever to be deployed
for commercial field production.  The objective of the research proposed here is to design and test a plant transformation
system that addresses IP and regulatory issues and that could be used for research and commercial deployment of transgenic
PD control strategies in grapes.

OBJECTIVES
1. Design, develop, and validate a grape-specific transformation system that addresses legal IP, technical and regulatory

considerations.
2. Develop alternatives to Agrobacterium-mediated transformation for California wine grapes and/or cultivars suitable for

generating root stocks.
3. Develop strategies to disseminate biological resources under appropriate licensing agreements for the PD community.
4. Explore collaborative opportunities with researchers developing PD control strategies to link the developed

transformation technologies with specific PD resistance technologies.

RESULTS
PIPRA has proposed to identify a suite of complimentary technologies that are scientifically functional and legally
deployable for public research and potential commercial uses.  Described below are technologies believed to meet these
needs.

Plant Transformation
Of a limited number of high efficiency plant transformation methods, the method of choice for essentially all researchers is
Agrobacterium tumefaciens-mediated transformation.  In this process, genes are delivered to plant cells via contact with
Agrobacterium that harbor plant transformation vectors containing a DNA cassette flanked by Agrobacterium T-DNA
borders.  The T-DNA sequences facilitate transfer and integration of the desired transgene into the plant genome.  Patent
coverage for Agrobacterium-mediated transformation in the U.S. is uncertain because of a long interference which has
delayed issuance of the primary patent for over 20 years. By comparison to its European counterpart we can reasonably
conclude that when the US patent issues, it will contain methods claims to the use of Agrobacterium and T-DNA border
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sequences (Fraley et al. 1991).  PIPRA’s transformation strategy will thus seek to identify alternate strategies to the use of
both Agrobacterium and T-DNA borders as components of the gene transfer vehicle.

Agrobacterium Alternatives
Rhizobium trifolii, Rhizobium, Sinorhizobium meliloti, and Mesorhizobium loti species have all been demonstrated to
introduce new genetic material into plants (Schilperoort et al. 1986, Broothaerts et al. 2005).  Although transformation rates
are reduced, experimental data indicates these bacterial species can provide an alternative to Agrobacterium-mediated
transformation (Schilperoort et al. 1986, Broothaerts et al. 2005, Jefferson 2005). PIPRA is currently assessing the legal
landscape surrounding the use of these strains for plant transformation.

P-DNA Technology
PIPRA proposes to employ plant-derived “P-DNA” borders that can functionally substitute for Agrobacterium-derived T-
DNA border sequences.  The J. R. Simplot Company discovered and patented P-DNA sequences that are functionally
comparable to those from Agrobacterium (Rommens 2004, Rommens et al. 2004, Rommens et al. 2005).  While P-DNA
borders from Vitis have not been reported, we propose to use degenerate primers to isolate putative functionally equivalent
sequences from grape.  Additionally, we have made arrangements to search for P-DNA border sequences in a Pinot noir
cultivar that has recently had its genome sequenced through a collaboration between the Italian Istituto Agrario di San
Michele and Myriads Genetics Inc.  P-DNA borders are attractive as they allow the creation of transformation vectors in
which the entire transferred DNA is plant-derived.

Selectable markers
Genetic engineering of plants typically requires the co-integration of trait-conferring genes with genes that confer positive or
negative selection to facilitate identification of genetically modified cells.  The most common marker used for research and
commercial production is the bacterial neomycin phosphotransferase II (NptII) gene that grants resistance to several
antibiotics (Miki and McHugh 2004).  However, in spite of the fact that NptII has been determined to be safe by numerous
regulatory agencies, consumers express concern over residual non-plant antibiotic resistance genes in genetically modified
crops.  Furthermore, broad issued patents and new patent claims covering the use of antibiotic resistance genes for plant
transformant selection are in place in the U.S. and not generally available for license.  A number of new selectable markers
have recently been described (Miki and McHugh 2004) and notably, two plant-derived markers have been reported (Dirk et
al. 2001, 2002, Mentewab and Stewart 2005).  The plant peptide deformylase (DEF) from Arabidopsis confers tolerance,
when overexpressed, to DEF-specific inhibitors which are otherwise lethal to plants (Dirk et al. 2001, 2002).  The
Arabidopsis ABC transporter, Atwbc19, provides kanamycin resistance levels comparable to the bacterial-NptII gene when
overexpressed (Mentewab and Stewart 2005).  In contrast to the bacterial-NptII gene and bacterial homolog of Atwbc19,
which provide tolerance to a broader spectrum of antibiotics, the plant transporter appears to provide tolerance only to
kanamycin.  These two markers have the advantage that, because they are plant-derived genes, risk of horizontal gene
transfer resulting in bacterial chemical resistance is greatly reduced.  PIPRA has engaged in productive discussions to include
these technologies in the transformation vector system.

Marker-free technology
Although excision and removal of selectable markers has been accomplished in many plant species that can be subjected to
subsequent rounds of breeding, this approach is not feasible in grape cultivars because of the inability to engage in
subsequent rounds of breeding.  Here we proposed a strategy that has been demonstrated in several model systems and uses
recombinase-mediated gene excision to remove the selectable marker from the genome, after selection of transformed plants,
by a mechanism which does not support re-integration (Dale and Ow 1991, Russell et al. 1992, Gleave et al. 1999, Sugita et
al. 1999, Sugita et al. 2000, Hohn et al. 2001, Zuo et al. 2001, Schaart et al. 2004).  The recombinase-based transformation
cassette is designed to incorporate three distinct functionalities: selection for cells that are initially transformed, an inducible
recombinase gene that can be transiently activated to excise the selectable marker cassette and a second negative selectable
marker (Perera et al. 1993, Gleave et al. 1999) to kill cells in which recombinase-mediated excision does not occur.  This
approach can achieve removal of the selectable marker during the first generation plant tissue culture stage.   Although
recombinase-mediated gene excision systems have been filed for patent protection (Moller et al. 2004), preliminary
evaluation indicates these technologies are available for non-exclusive licensing.

Promoters
Regulatory elements that control the expression of desirable traits or selectable markers in specific plant or tissue organs and
developmental stages are desirable when developing biotechnology products.  PIPRA has created a database of promoters
with technical and legal information.  This database is populated with over 700 promoters and has been valuable in analyzing
the IP availability of regulatory elements.  A wide array of these promoters is patented; however PIPRA staff and a team of
patent attorneys have worked to identify a subset of promoters that are either freely available as public domain resources or
owned by PIPRA members.  Of particular interest to grape research are the PD responsive grape promoters identified by Dr.
Cook and colleagues at the University of California, Davis. A selection of these promoters will be included in the vector
system and will accommodate varied expression pattern needs (i.e. constitutive, PD responsive, root specific).
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Testing and Validation of Transformation System
Due to the time period covered by this proposal and the recalcitrant nature of Vitis vinifera transformation, PIPRA and The
Ralph M. Parsons Foundation Plant Transformation Facility will use the Thompson Seedless grape variety.  Once we
generate a sufficient number of independent transgenic events to obtain statistically meaningful data, we can apply the
findings to a more targeted effort on select wine grape cultivars and root stocks.  Additionally, system components will be
tested separately before integrating all pieces into a single system.  Experimental characterization of these vectors will rely on
a gene of interest cassette comprised of a marker gene.  The final system will offer an alternative to Agrobacterium-mediated
transformation, P-DNA borders, alternative plant selection markers, recombinase-mediated marker gene excision and a
variety of promoter options.

Explore collaborative opportunities with transgenic PD Control Strategies
The outcome of this research lends itself for collaborative projects.  An important aspect of this project is adoption and
improvement of the transformation system by researchers utilizing transgenic approaches for PD management.  PIPRA is
actively exploring collaborations within the PD consortia.

IP Strategy
Effectively accomplishing the goals of this project will require parallel approaches addressing an IP strategy as well as a
technology development strategy.  The IP strategy will evaluate patent landscapes related to each element in the grape
transformation system.  It will also refine and implement a plan to access IP rights to selected technologies that are necessary
to develop and utilize the transformation technologies embodied in a series of grape-specific transformation vectors.  This
will require substantial bilateral and multi-lateral negotiations and the development of agreements that can be implemented
across many technology users and projects.  This system is envisioned to be made available under a packaged licensing
agreement that will encompass all system components and be pre-negotiated on a non-profit research royalty-free and a
commercial fee-per-use basis.

CONCLUSIONS
Several promising transgenic approaches have addressed the PD threat to California’s wine grape industry (Aguero et al.
2005, Reisch and Kikkert 2005).  Of the projects that tested transgenic strategies for PD resistance, each used proprietary
technologies that could not be deployed commercially due to IP issues and would likely not survive regulatory scrutiny.
Moving forward, it is important to develop a transgenic technology platform in grape with accompanying IP analysis that will
allow transfer of control strategies from the laboratory to commercial fields.  Anticipating potential IP roadblocks is
particularly important in Vitis research because it has a high market value, is recalcitrant to routine transformation protocols
and has a long tissue regeneration timeframe.  Grapes may take 2-3 years per generation and decades to breed industry-
acceptable cultivars and it is impractical to employ research strategies that ultimately need to be repeated for commercial
deployment due to IP issues that were not addressed at the start of the project.  PIPRA, as a clearinghouse of patented
technologies, represents 41 non-profit universities and research institutions in 12 countries which account for at least 45% of
the proprietary agricultural innovations developed in the public sector.  Thus, PIPRA is well positioned to develop
technology packages that provide a clear legal pathway for research that is targeted towards practical Pierce’s disease and
Glassy-winged Sharpshooter applications.
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ABSTRACT
The Public Intellectual Property Resource for Agriculture (PIPRA) and the California Department of Food and Agriculture
Pierce’s Disease/Sharpshooter Board (Board) began collaborations in 2005 with the goal of instituting an intellectual
property (IP) management strategy inline with the Pierce’s disease (PD) research consortium’s mission.  Within the last year,
a number of information resources have been made available by PIPRA specifically tailored for the PD research community.
These resources include a publicly accessible, live and comprehensive database of all PD related IP and scientific literature,
an analysis of the IP and scientific literature surrounding PD research, and an IP landscape surrounding a promising PD
specific technology.  Collectively, these resources allow scientists to have an integrated view of the technical and legal
aspects involved in their projects.

INTRODUCTION
The Public Intellectual Property Resource for Agriculture (PIPRA) is a not-for-profit research organization hosted by the
University of California, Davis.  PIPRA currently represents 41 public sector organizations from twelve different countries
and its mission is to enable access to agricultural intellectual property (IP).  PIPRA offers a range of services to address legal
issues that arise during research and deployment of bio-technologies.  PIPRA and the California Department of Food and
Agriculture Pierce’s Disease/Glassy-winged Sharpshooter Board (Board) began collaboration in 2005 to address IP issues
surrounding Pierce’s disease (PD) research and development.  In particular, the threat PD poses to California’s $16.5 billion
wine industry requires foresight to seek and secure commercial deployment of feasible technologies resulting from funded
research.  In terms of IP, the Board would like to ensure that technologies with the potential to control PD could be promptly
deployed without becoming tangled in a legal web of licenses, rights, and lawsuits.

Technologies resulting from research funded by issue-focused consortia and conducted at multiple institutions, as in the case
of the PD consortium, can face three basic IP problems during research and development.  First, the researchers themselves
may not be aware of their obligations or opportunities with regard to patenting research discoveries.  Second, once patented,
new discoveries are rightfully the property of the funded research institution or university, which may have internal policies
regarding licensing that may be inconsistent with the objectives of the consortia.  And third, the new technologies may be
blocked by already existing patented technologies.  These kinds of IP issues are not uncommon in industry consortia.  They
are, however, often resolved up front by contractual relationships or formal joint ventures that take into account the
participants’ IP management strategies.  Consortia of universities and other public research entities, however, typically do not
have developed IP management strategies in place, in part due to the fact that public sector researchers often pay little heed to
the proprietary nature of their research inputs and outputs.

PIPRA recognizes that an IP management strategy for the PD consortium needs to take a multilateral approach toward
maximizing the effectiveness of the consortium’s intellectual assets.  Rather than focusing solely on IP protection, IP
management for the PD consortia should also set milestones for technology development, assess marketing opportunities, and
seek a better negotiating position during IP exchange.  In essence, PIPRA seeks to aid the Board in coordinating IP to allow
for access and protection, both of which are essential to the productivity of research across multiple institutions, while
creating opportunities and incentives for further commercial development.

The first step toward effective IP management is the availability of information resources specifically tailored to Board
funded PD researchers.  Such resources provide scientists with technical and legal information critical for the deployment of
marketable products with maximum security over IP rights. This report discusses the information resources specific to the PD
research consortium developed by PIPRA.  Included will be detailed descriptions of the IP and scientific literature database
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geared towards PD specific research, an analysis of the information therein, and a biotechnology case study illustrating the
types of IP issues intrinsic in emerging PD control biotechnologies.

OBJECTIVES
1. Development and maintenance of an IP and scientific literature database dedicated to PD.
2. Broad analysis of the current trend in the IP and scientific literature surrounding research in PD.
3. Analysis of the IP landscape surrounding a target technology directly related to Pierce’s disease in grapes.

RESULTS
Objective 1
The IP and scientific literature database (e.g. the PD/GWSS-PIPRA database) was designed with a vision to provide state-of-
the-art patent and scientific literature search and analysis tools.  The PD/GWSS-PIPRA database currently contains over
6,000 IP records and over 2,500 scientific publications.  This library of IP and scientific literature is updated on a quarterly
basis to include the most recent IP disclosures and scientific publications available to PIPRA.

PIPRA launched an alpha- version of the PD/GWSS-PIPRA
database in February 2006. Seventeen PD-researchers were
selected to test the functionality and usability of the alpha-
version database.  The greatest concerns raised by testing
researchers included slow query search speeds, the inability
to connect directly to a publication of interest and the lack of
a help menu.  PIPRA worked with database technicians at
M-CAM Inc. (http://www.m-cam.com) to resolve these
issues.  M-CAM optimized the searching algorithm of the
PD/GWSS-PIPRA database so that search times would be
cut drastically.  PIPRA integrated OpenURL resolvers into
the PD/GWSS-PIPRA database in order to allow researchers
to directly connect to scientific publications.  OpenURL
resolvers are applets which can detect the end-user’s host
institution and connect to a publication if the institution
holds a subscription to the publication.  PIPRA is actively
working to implement OpenURL resolvers for all institutions
funded by the Board.  The beta-version of the PD/GWSS-
PIPRA database was released in May 2006.  This version addresses most technical issues experienced in the alpha-version,
including the lack of a help menu.  The beta version (Figure 1) was also aesthetically redesigned and introduced a help menu
for a more user-friendly interface.  Currently, the database provides two search methods, SmartText™ and Compass™.
SmartText™ allows the end-user to search across all records in the PD/GWSS-PIPRA database using a keyword or a search
string.  Searches can be initiated either as Boolean or advanced searches.  Boolean searches allow the user to choose up to
four fields to across which to search; a total of 29 fields are available.  The Boolean search form also allows users to limit the
returned records to patents, scientific literature, or to include both.  Advanced searching is designed for generating more
dynamic queries and requires that the user be familiar with creating search strings.  A Compass™ search allows users to
retrieve bibliographic and legal information on one or two specific patents.  Compass™ also has the capability to display two
patents side-by-side for easy comparison.

Scientists and IP professionals alike can utilize the PD/GWSS-PIPRA database prior to intiating or during PD related
research.  Valuable information, such as availablity of substitute technologies, with less IP restrictions, and complementary
technologies, to ehance marketing opportunities, can be identified using the PD/GWSS-PIPRA database.  Furthermore,
because this database is commited to the field of PD, many of the IP records listed in the database will be the result of other
Board funded research projects at other public sector universities, and in certain situations, be more readily licensable.
Collectively, this information can help scientists conduct research to develop promising technologies with more ease of mind
over its ultimate commercial viability.

Objective 2
PIPRA conducted an analysis of the scientific literature and IP surrounding PD research.   The analysis has helped the Board
and PIPRA better understand the magnitude of PD related research conducted across the United States.  This information can
be used early on to identify potential commercial partners and/or independent researchers who may be aligned with the
consortium’s goals.  PIPRA will be using the information gathered in this analysis to launch a thorough survey on the impact
the Board’s funding has had on progress towards controlling PD.

Figure 1: PD/GWSS-PIPRA database
(http://pierces-disease.m-cam.com)
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Top 20 researchers in the field
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Figure 2. Top 20 Authors of PD-related publications.

Figure 3. Number of PD-related publications per year.
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Figure 4. Distribution of IPR (patents and patent
applications) in the public and private sectors.

Analysis of the scientific literature surrounding PD
identified Dr. Sandy Purcell as the single most active
publisher. Dr. Purcell is listed as principle investigator
on over 70 publications (Figure 2).  University of
California, Davis and University of California,
Riverside were identified as most active PD research
institutions.  Publishing trends in journals and
symposium proceedings within the last 40 years
(Figure 3) were also analyzed.  A rise in the number
of publications was noticeable beginning 2001.  This
is attributed to the increased funding PD related
research received following the Board’s establishment
in 2001.

Analysis of the IP surrounding PD identified a total of
6,335 US patents and patent applications in the broad
area of plant disease resistance but only 30 of these
records described PD specific technologies.  The
remaining 6,305 records involved technologies
applicable to vitis, biological control strategies and
disease resistance systems.  PIPRA researched the
distribution of these IP rights (IPR) and found that, of
the group of 30 IPR, 60 percent were owned by public
sector institutions and 37 percent were owned by
private industry (Figure 4).  This indicated that PD-
specific research was more intensive at public-sector
institutions.  In contrast, of the group of 6,305 broad-
based IPR records, only 16 percent of the technologies
were owned by public sector institutions while
approximately 82 percent were owned by private
industry.  This distribution was not surprising since
many pesticidal control systems, which were included
in the 6,305 records, had been developed by chemical
manufacturers in the private sector.  This analysis also
revealed that within the public sector, the University
of Florida (Florida) had been most active in patenting
PD related technologies.  Collected data indicates that
while only three researchers from Florida are funded
by the board, the university is assignee on 42 percent
of PD-related technologies within the public sector.

Objective 3
PIPRA conducted an IP analysis case study on a novel
PD control technology developed by Dr. Goutam
Gupta and supported by the Board. Dr. Gupta and
colleagues developed an anti-microbial technology for
rendering vitis crops resistant to PD (Dandekar 2005).
A patent application (US serial no. 10/846,172) for the
technology had already been filed on behalf of the
inventors.  For this case study, PIPRA illustrated how
IP considerations, in addition to patenting, could help
develop a research plan that supports commercial
deployment.  PIPRA researched the prior art,
scientific literature, and IP landscape pertaining to a
case study technology and aimed to capture IPR
related to the major components and processes used
by the technology.

Analysis of the IP surrounding Gupta’s technology revealed a complex landscape containing many legally protected
biological components. PIPRA was able to show how many of the components used by Dr. Gupta’s biological construct and
which required multiple licenses, could be replaced by functionally equivalent components with greater freedom-to-operate.
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Moreover, the analysis also touched on the regulatory and social issues which could potentially rise during
commercialization; Dr. Gupta’s anti-microbial technology utilizes a human protein, a construct which is acceptable for
research purposes but not desirable for a marketable ag-product.  PIPRA is currently developing plant transformation
enabling technologies designed to offer the possibility of incorporating, where possible, plant-derived components.

CONCLUSION
The development of a successful IP management strategy is essential to creating a strong IP portfolio.  With the advent of the
information resources made available by PIPRA, scientists within the PD research community are now better capable to plan
research projects with proprietary values in mind.  PIPRA also recognizes that these resources are only a part of a successful
IP management strategy.  Within the next year PIPRA will continue to build on these tools by exploring the impact Board
funding has had on PD research and by conducting a thorough IP audit of a target technology in order to identify embedded
IPR that could affect commercialization.  These services will help implement an IP management strategy as the PD
consortium prepares to advance the research and development of emerging industry solutions.
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ABSTRACT
The aim of this project is to construct and express in test plants, and then in grapevine, a protein or protein chimera (“anti-Xf
protein”) capable of inactivating or otherwise interfering with the infectivity of Xylella fastidiosa (Xf), the causative agent of
Pierce’s disease of grapevine.  Several Xf-cell-surface-binding peptides were selected from a random peptide library.  For
some of these peptides, the Xf cell target of binding and the stoichiometry of binding have been tentative identified. Evidence
was obtained for a biologically relevant interaction between the selected peptides and Xf cells.

INTRODUCTION
It is likely that the development of grapevine cultivars resistant to Xylella fastidiosa (Xf) presents the best approach to long
term, effective, economical and sustainable control of Pierce’s disease (PD).  Our strategy is to create transgenic rootstock(s)
that will secrete a protein or proteins into the xylem for transport to scion xylem, where it will provide protection against
insect vector-delivered Xf. An effective protein may kill Xf cells or merely interfere with the ability of Xf cells to colonize or
spread in the scion xylem.  Regardless of the mode of action, such proteins are here referred to here as anti-Xf proteins.  No
protein of the desired activity exists, and it is the immediate aim of this project to create anti-Xf protein(s).  Several
approaches have been taken.  The approach that has been most productive is the selection of Xf cell-surface-binding peptides,
as we describe in this report.  Such peptides may be incorporated into a protein scaffold so as to generate a Xf-cell-surface
binding protein.  We have identified as a promising scaffold a protein of a T2-like bacteriophage: the tail fiber adhesion gp38
(Riede et al. 1987).

OBJECTIVES
1. Discover or develop peptides and proteins with high affinity for portions of MopB or other macromolecule that is

displayed on the Xf cell exterior.
2. Test surface-binding proteins for their ability to coat Xf cells, for possible bactericidal activity or for interference with

disease initiation following inoculation of grape or model plant with Xf.
3. In collaboration with the Gupta laboratory, develop gene constructions for chimeric proteins designed to bind tightly to

and inactivate Xf cells; express and test the chimeric proteins for their effects on Xf cells in culture.
4. In collaboration with the Dandekar laboratory, prepare transgenic tobacco and grape expressing and xylem-targeting the

candidate anti-Xf proteins; test the transgenic plants for resistance to infection by Xf

RESULTS
Objective 1 (Discover peptides and proteins with high affinity for macromolecules on the Xf cell).
Selecting peptides that bind to Xf cells
Xf cell-binding peptides were obtained by a combinatorial biology approach: selection from a random peptide library.  The
source of the random peptide library was a commercial kit (New England Biolabs “Ph.D.-12 Phage Display Peptide Library,”
designated here RP-M13) incorporating 12 amino acid residue random peptides at the amino end of the bacteriophage M13
adhesin protein pIII (Figure 1) (Anonymous 2004).  The RP-M13 (~2.7 x 109 peptide sequences, with ~55 particles
displaying any single peptide in a 10µL aliquot) was applied using “panning,” a procedures involving multiple rounds
(typically four or more) of selection in which the filamentous M13 particles bearing random peptides were exposed to the
target (Xf cells).  The target was washed, typically 8 times, and any remaining bound M13 was eluted and recovered,
typically at pH 2.0-2.2.  The eluted M13 was titered and amplified by inoculation of male E. coli. M13 progeny were partially
purified before initiating the next round of selection (Smith and Scott 1993, Barbas et al. 2001).
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Figure 1. Diagram of a bacteriophage M13 random peptide library member.  The random peptide 12-mer (open
ovals) is incorporated at the amino end of the absorption protein (designated PIII or P3) of the M13 particle by a
flexible tri-glycine-serine sequence and is encoded in the bacteriophage DNA. For simplicity only one of the 5 PIII
proteins, orange oval, is shown with the random peptide amino end, although all five actually incorporate it.

Panning on the agar plate-derived and liquid culture (planktonic) cells proceeded differently.  For the plate-derived cells, the
titer increased about 102 at each cycle, and 14 of 20 clones obtained after 4 cycles were positive for binding to plate-derived
Xf cells.  For the planktonic cells, the titer increased only about 101 at each cycle, and only 1 of the first 20 M13 clones
obtained after 5 cycles was found to be positive. Higher throughput methods for assaying M13 clones are in progress. Figure
2 presents an assay for Xf-cell-binding by selected M13 clones, and Table 1 presents results for several M13 clones.

Figure 2. Xf cells binding of 12-mer peptide-bearing M13.
Each M13 clone preparation (~1011 particles, 2.7µg) was
incubated with Xf cells, and the cells were washed three
times to remove unbound M13 particles. Fluorescently
labeled anti-M13 IgG was added. Left panel: no reaction
detected; fluorescent antibody remains in solution (M13
clone 4N2). Right panel: binding detected by agglutination
(M13 clone 4N1).

Of the nine M13 clones selected with plate-derived Xf cells, none were found to bind to planktonic cells. In contrast, the
single M13 clone obtained with planktonic Xf cells as the target reacted with both plate-derived and planktonic cells.  Thus
we have isolated reagents that are plate-derived cell-specific (9 M13 clones of the 4N and 4T series), that are planktonic-cell-
specific (antibody to MopB protein, an abundant outer membrane protein, data presented in our 2004 report), or that are able
to recognize Xf cells of both origins (M13 clone 5-19).  These results suggest that plate-derived and planktonic Xf cells have
surface compositions that are largely, but not entirely, distinct.

Table 1. Binding of M13 peptide-bearing clones to Xf cells

Clone
identifier (a) Target Amino acid sequence (b) Wt Xf plate

cells?

Wt Xf
planktonic

cells?

HXfA-minus Xf
plate cells? (c)

HXfB-minus Xf
plate cells? (d)

4N1, 4N5 Ad STLHRHTPDLRLGGGS yes no no yes
TLPPWITTMRYQGGGS very weak no no no
YDLWTMSPDFKLGGGS yes no no yes

QIVTQNVPFILRGGGS yes no ND ND

IISHTPVIQLGRGGGS yes no ND ND
NLVYTMSSDIPLGRGS yes no no yes

4N2 A
4N3 A
4N4, 4T1, A4T7, 4T8
4N6 A
4T2, 4T6 A
4T3, 4T9 A WTLDLWAKPIDLGGGS yes no no yes
4T4a A TQMNLYTPALLLGRGS yes no ND ND
4T5 A EAGNIVIRPFYAGGGS yes no ND ND
5-19 Pd ATSPTRLAALAQGGGS weak weak no no
FR A not a clone no ND no no

(a) Bold font designates the clone selected among duplicates for subsequent experiments; FR = first round selection,
which presumably is only very poorly enriched in Xf-cell-binding proteins

(b) GGGS is the linker sequence between the 12-mer random peptide and the amino end of the M13 adhesin P3 (Fig.
1), although in two instances the sequence was found to be altered to GRGS

(c) HXfA, HXfB, products of Xf genes PD2118 and PD1792, respectively; Xf cell strains with inserts in these strains
were provided by Tanja Voegel and Bruce Kirkpatrick (Guilhabert and Kirkpatrick 2005)

(d) A = cells cultured on and recovered from agar plates (“plate cells”; PD3 medium); P = planktonic cells from
liquid culture (PD3)

ND: not determined

SGGG NH2
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Investigations of the possible Xf cell surface target and binding extent for M13 clone-Xf cell interactions.
Plate-derived Xf cells may be “exopolysaccharide coated.” Therefore, we tested for the ability of “fastidian gum” (gift
from L. Ielpi via C. Roper and B.C. Kirkpatrick), the postulated exopolysaccharide material of Xf (da Silva et al.
2001), to interfere with the agglutination assay for M13 binding (Figure 2).  M13 bacteriophage (1011 particles, about
2.7µg) was exposed to 25µg of fastidian gum in 100µL of buffer for 45 minutes before addition of Xf cells.  No
interference in the agglutination reaction was observed, suggesting that fastidian gum is not involved in the Xf cell
interactions with the selected M13 clones.  Results from other experiments suggest that MopB, likely the major outer
membrane protein of Xf, also is not the target on the Xf cell surface to which any of our M13 clones bind.  Other
potential targets for the M13 clones are two hemagglutinin-like proteins of Xf, HXfA and HXfB (Guilhabert and
Kirkpatrick 2005).  We did not detect binding of any of our M13 clones to mutant Xf cells with an inactivated HXfA
gene, whereas Xf cells with an inactivated HXfB gene bound to all of the tested M13 clones that exhibited strong
binding to wildtype Xf cells (Table 1).

In order to obtain a lower bound estimate of the number of M13 particles bound to an Xf cell, a suspension was
prepared of 2 x 108 Xf cells from agar plates and 2 x 1012 pfu/mL of either M13 clone 4N1 or M13 clone 4N2.  The
suspension was incubated for 1 hr at room temperature, and the cells were recovered and washed three times with the
buffer that was used in the panning experiments.  Plaque assays were performed on the last wash and after a pH 2.2
elution.  For 4N1, about 1000 pfu of M13 was recovered per Xf cell after pH 2.2 elution, whereas the value for 4N2
(known to bind to Xf cells poorly in the Figure 2 assay) was under 100.

Objective 2 (test proteins for interference with disease initiation)
The usual approach for the application of selected, target-binding random peptides is to incorporate them into a scaffold
protein for testing against the target.  We expect to have a large number of selected peptides and therefore need a less
elaborate approach to evaluating their potential efficacy under biologically relevant conditions.  Others have selected RP-
M13 clones that bind to bacterial cells by panning and have observed the binding of the M13 bacteriophage particles to the
target cells by electron microscopy (Petrenko and Sorokulova 2004). Xf cells were mixed with each of the six M13 clones
(4N1, 4N2, 4N3, 4T2, 4T3, 5-19) as described above, incubated, and then inoculated to SR-1 tobacco plants.  No M13 clone
was able to prevent infection of the tobacco plants.  However, interference with Xf infection, i.e., a potentially relevant
biological activity, was observed for the set of M13 clones taken as a group (Figure 3). At the greater of two concentrations
of M13 tested (3 x 1012 pfu/mL), the disease rating was significantly reduced (p=0.0003 assuming null hypothesis) compared
to the average disease rating for plants receiving Xf alone.  The M13 molar excess over Xf cells, about 104-fold, corresponds
in magnitude to the number of copies of some abundant bacterial cell-surface proteins that could be sites for binding and is
only 10-fold greater than the estimate for 4N1 M13 clone binding to Xf cells as observed above.

The observed interference with Xf infectivity supports the feasibility of the overall approach being taken in this project.
However, it is important to note that Figure 3 reports results from a single experiment and, though the results are statistically
significant, the experiment must be repeated to be convincing.  The observed effect is small and presumably will require
more effective peptides and/or incorporation of binding peptides into bactericidal constructions to create a more powerful
anti-Xf technology.

CONCLUSIONS
The approach to solving the PD problem that is taken in this project is to create transgenic grape rootstock that will confer, on
the scion, protection against infection by Xf. Otherwise, it is expected, the new rootstock will cause no alteration in the
agronomic or quality traits of the scion compared to the situation of scion propagation on conventional rootstock.  Rootstock-
conferred protection is to be accomplished by expression of a xylem-targeted anti-Xf protein, the creation of which is the
current focus of the project.  Results reported here suggest that we have selected Xf-cell-surface-binding peptides, that these
peptides have a perceptible capability for interfering with Xf infection of SR-1 tobacco plants (Figure 3), and therefore that a
biologically relevant and at least transient interaction can occur between the selected peptides and Xf cells in planta.  Our
results also (i) suggest that a single Xf cell can bind at least 1000 peptide molecules, (ii) tentatively identify the target
molecule for several of our selected peptides as the hemagglutinin-like Xf surface protein HXfA, (iii) reveal peptide
consensus sequences possibly involved in the interaction (blue font and blue underline in Table 1), and (iv) suggest that
planktonic cells cultured under at least one condition do not have a significant population of exposed HXfa molecules on their
surface (compare columns 5 and 6 of Table 1). It is likely that the form of Xf cell that is released by the sharpshooter as it
inoculates the plant resembles planktonic Xf cells more than it resembles plate-derived Xf cells.  Therefore, we plan to
discover additional peptides with affinity for planktonic cells, to identify those showing activity in planta, and to incorporate
these peptides into suitable scaffold/fusion proteins for generation of more effective anti-Xf activity.
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Figure 3. Biological activity of M13 clones selected for their affinity
to the surface of Xf cells.  Six M13 clones were tested for their ability
to interfere with Xf infection of SR-1 tobacco, using six M13 clones
and two plants per clone.  The SR-1 plants were cut back to three
leaves per plant.  Temecula 1 Xf cell suspension from agar plates at
ca. 2.4 x 108 cells/mL was mixed in 0.5X TE buffer (5 mM Tris-HCl
pH7.5, 0.5 mM sodium EDTA) with M13 at 3 x 1011 or 3 x 1012

pfu/mL.  After one hour, 20 µL of cell suspension was inoculated to
the base of the petiole of each of the three leaves.  The course of
disease development was observed.  Chlorosis on some leaves was
observed at 3-4 weeks after inoculation, and symptoms typical of Xf
diseases developed: scorching expanding from the leaf tip or other
localized areas and separated from green tissue by a bright yellow
halo.  Symptoms were demonstrated to be correlated with the
presence of Xf by quantitative PCR.  At three months after
inoculation, each leaf was assigned a disease rating as follows: scores
of 1, 2 (leaf on right, panel A) or 3 for scorching symptoms
accounting for <50%, 50-75%, and >75% of the leaf lamina area,
respectively; no symptoms characteristic of Xf infection (leaf on the
left, panel A), score of zero.  The scores of all of the leaves of each
plant were summed to give the disease rating of the plant. The average
and standard deviation for four groups of plants are presented in panel
B, with the number of plants per group at the bottom of the panel.
Plants inoculated with buffer only or untreated showed no symptoms
characteristic of Xf infection.  As would be expected, the disease
ratings for two plants receiving the same inoculum (root-mean-square
difference 3.2) were more similar than they were for a pair of plants
selected at random (standard deviation 4.7).  The disease ratings were
significantly different (p<0.05, Student’s t-test) for plants receiving Xf
exposed to 3 x 1012 Pfu/mL M13 as compared to the other three
groups (lower case letters below bars).
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ABSTRACT
Common weed species can harbor Xylella fastidiosa (Xf) and its insect vectors.  Should weed control be part of a Pierce’s
disease control program?  To address this question, we will survey weed species in agricultural areas known to host Xf, and
determine the level of insect vector activity and the proportion of potential vectors that carry Xf. In the laboratory, we will
compare three techniques to detect Xf in insects.  Current methods produce mixed results; assessment of each method’s
accuracy will improve comparison of research projects and field survey results.  This project will provide information for
control decisions by investigating the importance of vegetation management in reduction of insect populations and inoculum
potential.

INTRODUCTION
The emergence of Pierce’s disease (PD) of grape in the General Beale Road area in Bakersfield in 2001 and 2002 exemplifies
the threat posed by the glassy-winged sharpshooter (GWSS).  While GWSS populations and PD are currently managed by an
area-wide insecticide spray program and diseased vine removal, endemic GWSS populations are still present.  This may be
especially true in weedy fields, abandoned vineyards, and along roadsides and windbreaks where PD and GWSS are not
managed (J. Hashim - personal communication).  Numerous common weeds and windbreak species are hosts of Xylella
fastidiosa (Xf) in greenhouse studies (Purcell and Saunders 1999, Costa et al. 2004, Wistrom and Purcell 2005).  More
importantly, nine weed species common in the Central Valley were found to be naturally infected with Xf (Shapland et al.
2006).  Since so many different plants can harbor Xf to some extent, more information on sharpshooter host plant use in the
field is required before those studies can be translated into concrete recommendations to growers.  While GWSS have been
observed feeding on a wide range of ornamental and weedy species (CDFA host list at www.cdfa.ca.gov/phpps/pdcp/index),
the quantitative data on the numbers and host plant preference of GWSS in agricultural settings focused mainly on presence
on citrus, grapes and urban areas, with insect choice determined on plants provided in pots  (Naranjo and Toscano 2003;
Perring and Gispert 2004; Daane and Johnson 2004; Phillips et al. 2004).

The first objective of this study is the identification of preferred feeding and oviposition hosts by GWSS, among plants
already identified as hosts of Xf in agricultural areas.  Year-round information on sharpshooter presence on host plants would
provide information about the need for vegetation removal or modification in and around vineyards.  For example, the
identification of major breeding hosts of blue-green sharpshooters (BGSS) in northern California enabled the development of
a riparian management plan.  When the major breeding and feeding hosts of BGSS were removed and replanted with other
plants less attractive to BGSS, large reductions in sharpshooter populations and Pierce’s disease in adjacent vineyards
resulted (Purcell et al. 1999).  Similarly, in Central Valley almond orchards affected by almond leaf scorch, the identification
of common sharpshooter, treehopper, and spittlebug insect vectors has just been completed (Daane et al. – unpublished data),
as well as concurrent assessment of Xf presence in sampled weeds and sharpshooters (Shapland et al. 2006).

Field-based data is critical for practical application of treatment thresholds in development (Perring 2004), for GWSS control
in areas with endemic sharpshooter populations.  One important variable in the infectivity model is the proportion of vectors
carrying the pathogen.  This second objective of this study will determine the proportion of field-collected sharpshooters, in
the San Joaquin Valley, that carry Xf in agricultural areas. With a functional treatment threshold, growers can predict the
relationship between GWSS population and Pierce’s disease potential, and better plan insecticide applications for GWSS
control.  The natural infectivity of BGSS captured in riparian area was highly variable, ranging from 5 to >40% (A. Purcell -
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unpublished data), while in greenhouse studies, between 10 and 20 % of glassy-winged sharpshooters transmitted Xf
(Almeida and Purcell 2003).

The third objective of this study is to compare the sensitivity and convenience of four techniques to detect Xf in insects in a
side-by-side comparison. Xf transmission to grapes has only been correlated reliably with and bacterial presence in the
precibarial region of sharpshooter mouthparts (Almeida and Purcell 2006). PCR-based vacuum-extraction (Bextine 2004a,b)
of Xf in sharpshooter heads enabled more rapid, efficient, and convenient bacterial detection, in comparison to transmission
tests with live plants and vectors (Purcell and Finlay 1980), or insect head culture (Newman et al. 2004).  However,
lyophilization and maceration, followed by chloroform/phenol extraction, also sensitively detects Xf in sharpshooter heads
(R. Groves.- personal communication). Xf transmission to grapevines is highly sensitive, so sharpshooter infectivity can be
assessed when endogenous bacterial populations are below the detection thresholds of culture or PCR (Hill and Purcell
1995).  Culture determines the population of living bacteria, whereas PCR is a rapid technique that allows detection of
bacterial DNA after the insect has died. Objective three will compare accuracy of detection, cost, turnaround time, and ease
of processing between live insect transmission to plants, sharpshooter head culture, vacuum-extraction PCR, and
lyophilization-maceration PCR.

OBJECTIVES
1. Determine preference of insect vectors for common weeds known to host of Xf in the southern San Joaquin Valley.
2. Determine the proportion of collected insect vectors that carry Xf.
3. Compare the efficacy of Xf detection methods in insect vectors.

RESULTS
Funding for this project began last month, September 206. Here, we present our planned procedures for comments and
discussion to improve future work.

Agricultural sites (e.g., citrus, olives) in the southern San Joaquin Valley (Tulare to Bakersfield, California) will be selected
based on the presence of high populations of weeds known to be hosts of Xf and moderate populations of GWSS.  Each site
will be divided into 4 sections or grids, which will be sampled monthly for 1 year.

The percent cover for weeds that are major host species for Xf will be determined throughout the year, to account for seasonal
changes in vegetation.  The weed species sampled will be based on previously reported records of X. fastidisoa host status in
weeds (Costa et al. 2004; Wistrom and Purcell 2005; Shapland et al. 2006).  Sharpshooter abundance will be measured with
sweep netting , sticky traps, and visual counts of insects and egg masses.  Although we expect sharpshooter collections to be
greatest with sweep netting, sticky traps will help assess sharpshooter movement within and adjacent to the site, and visual
counts of egg masses and insects, on individually sampled weed species, will determine if hosts are preferred for feeding or
breeding.  After timed visual inspection of each site for GWSS presence, sharpshooter frequency will be measured with
GWSS collections (sweep net samples) on common weed species, similar to surveys of BGSS in riparian habitats.

Sharpshooters captured by sweep netting will be assessed for Xf. Live sharpshooters will be placed individually on seedling
grapevines for a 4-day inoculation access period (Purcell and Finaly 1980).  After removal from test grapes, the sharpshooter
cohort will be divided in two.  Heads of one third of the insects will be analyzed for Xf by culture on PWG media (Davis et
al. 1983), which detects multiple strains of Xf (Newman et al. 2004; Hill and Purcell 1995).  One-third of heads will be

analyzed for Xf by vacuum-extraction. Xf DNA is purified
from the extraction buffer using the DNeasy kit (Qiagen Inc.-
Valenica, CA.; Bextine et al. 2004b).  The remaining one-third
of heads will be lyophilized and macerated in liquid nitrogen
with a small hand-held pellet pestle. Xf DNA will be purified
with a modified phenol/chloroform/alcohol extraction (R.
Groves 2006 – unpublished data).  After vacuum or chemical
extraction, the extracted DNA will be multiplied and detected
using polymerase chain reaction (PCR), allowing selective
detection of Xf (Minsavage et al. 1994).  Multiple strains of Xf
(including grape, almond and oleander) can be detected and
identified with mulitplex primers (Minsavage et al. 1994).
Sharpshooter-inoculated grapevines will be assessed for Xf
presence by culture and symptoms after approximately 12
weeks.

Glassy-winged sharpshooters captured in sticky traps will also
be analyzed for Xf presence using vacuum-extraction and PCR.
Brief aging on sticky traps did not appear to affect the recovery
of Xf from GWSS, (Figure 1; also Bextine et al. 2004a).  If
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Figure 1: Recovery of Xf from blue-green
sharpshooters with vacuum-extraction PCR, from
sticky traps aged in the greenhouse (Daane and
Shapland- unpublished).
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infective sharpshooters are recovered, the weed hosts will be sampled for Xf presence with immunocapture PCR, which
allows sensitive detection of Xf from plants without interference from plant-based PCR inhibitors PCR or contamination from
other bacteria.

The third objective will also require greenhouse-based controls, where field-collected GWSS and BGSS will be allowed to
acquire Xf from Pierce’s diseased plants, and then allowed a four-day inoculation access period to feed on a seedling test
grapevine.  After the inoculation period, heads of one-third of the cohort will be cultured, one-third will be analyzed with
vacuum-extraction and PCR, and one-third will be analyzed with lyophilization and PCR.  Because BGSS and GWSS differ
in their transmission rates of Xf, it will be necessary to compare detection techniques with both sharpshooter species to fulfill
this objective.  In preliminary comparisons, Xf was recovered from 73% of heads with vacuum-extraction, while 43% of the
same sharpshooters transmitted Xf to grape (K. Daane and E. Shapland – unpublished data).  To detect a 40 % difference (at
95% confidence) with these 4 techniques (transmission to plants, culture from heads, head vacuum-extraction, and head
lyophilization), we will need to sample 800 sharpshooters total.

CONCLUSIONS
As this is the first month of the study there are no conclusions to report at this time.
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ABSTRACT
Xylella fastidiosa (Xf), a gram-negative bacterium, is the causative agent of Pierce’s disease (PD) in grapevines.  Because Xf
is xylem-limited, it will be essential that any anti-Xylella gene product be present in the xylem in an effective concentration.
Work on understanding the mechanism of how proteins are targeted to this plant compartment will be relevant for the
delivery of therapeutic proteins into the xylem. In addition, it will be a useful tool for Xylella and glassy-wing sharpshooter
(GWSS) gene function studies.

We collected xylem exudate from grapevines and analyzed its protein composition by two-dimensional gel electrophoresis.
Peptide spectrum and Blast analysis showed that the proteins found in the exudates are secreted proteins that share function
similarities with proteins found in xylem exudates of other species.  The corresponding cDNA sequences of 5 of them were
found in the TIGR Vitis vinifera gene index.  The signal sequences of xylem proteins Chi1b and similar to NtPRp27 were
fused to the mature pear polygalacturonase inhibiting protein (pPGIP)-encoding gene.  The expression of these chimeric
genes will be evaluated in transient and permanent transformations in order to evaluate their ability to target pPGIP to the
xylem.  The results of this research will not only be applied in projects that test anti-Xylella gene products that should be
delivered into the xylem but also in functional studies that are intended to target the products of Xf and GWSS genes to the
xylem.

INTRODUCTION
Signal peptides control the entry of virtually all proteins to the secretory pathway, both in eukaryotes and prokaryotes.  They
comprise the N-terminal part of the amino acid chain and are cleaved off while the protein is translocated through the mem-
brane of the endoplasmatic recticulum (Nielsen et al., 1997).  Generally, signal peptides are interchangeable and secretion of
non-secreted proteins becomes possible by the fusion of a signal peptide at the N-terminus of the mature protein; however,
changing the signal sequence of recombinant proteins can affect the degree of protein production (Yoshida et al., 2004).

In previous research, we fused the sequence coding for the signal peptide of XSP30, a xylem-specific protein from cucumber
(Masuda et al., 1999), to the green fluorescent protein (GFP) reporter gene. Contrary to what we expected, fluorescence was
only detected inside the cells.  Our results suggested that either the XSP30 signal peptide is not recognized by the grape
secretory machinery or GFP is not secretion competent. If the first hypothesis is correct, signal sequences obtained from
proteins present in grape xylem sap would constitute better candidates for delivery of transgene products to the xylem.

Interestingly, we have also found that the product of the pPGIP encoding gene from pear fruit, heterologously expressed in
transgenic grapevines, is present in xylem exudates and moves through the graft union (Aguero et al., 2005).  These results
show that pPGIP is secretion competent in grapes and constitutes a good alternative to GFP.  We intend to use the sequence
encoding the mature pPGIP fused to the signal peptides for analysis.

We have collected xylem exudate from plants of Vitis vinifera ‘Chardonnay’ and analyzed its protein composition by two-
dimensional gel electrophoresis.  The purpose of this project is to fuse the signal sequences of these grape xylem sap proteins
to the mature pPGIP-encoding gene in order to evaluate their ability to target pPGIP to the xylem.

OBJECTIVES
1. Obtain partial sequences of proteins found in grape xylem exudates and search cDNA databases for signal sequence

identification and selection.
2. Design and construct chimeric genes by fusing the selected signal sequences to a sequence coding for a mature secreted

protein (pPGIP).
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3. Transform grapevines with the chimeric genes via Agrobacterium tumefaciens and A. rhizogenes.
4. Evaluate the efficiency of the different signal sequences in targeting protein products to the xylem tissue of grapevine

through the:
a. analysis of the expression and secretion of pPGIP in transiently transformed grapevines.
b. analysis of the expression and secretion of pPGIP in grapevines bearing roots transformed via A. rhizogenes.

RESULTS
Peptide spectrum and Blast analysis
showed that the proteins found in
grape xylem exudates are secreted
and share function similarities with
proteins found in xylem exudates of
other species (Buhz et al., 2004).
cDNA sequences of 5 of them were
found in the TIGR Vitis vinifera
gene index.  However, it was
possible to predict the signal peptide
in 2 contigs only (TC 39929 and TC
45857, annotated as Chi1b and
similar to NtPRp27 respectively; see
Figure 1).  Based on their
sequences, we designed primers that were used to amplify the predicted fragments from genomic DNA of ‘Chardonnay’ and
‘Cabernet Sauvignon’.  These fragments were then fused to DNA sequences that contained the mature pPGIP gene through
gene splicing using a PCR-based overlap extension method (SOE) (Horton et al., 1990) and cloned into the pCR2.1-TOPO
vector.  These two chimeric genes were then ligated into a plant expression vector containing the 35S cauliflower mosaic
virus promoter and the octopine synthase terminator and the resultant expression cassettes were then ligated into the binary
vector pDU99.2215, which contains an nptII-selectable marker gene and a uidA (β-glucuronidase, GUS) scorable marker
gene.  The mature PGIP sequences without any signal peptide sequences was also incorporated into pDU99.2215 to serve as
a control and this vector is designated pDU05.1002 (Table 1).  We also incorporated signal peptides from the xylem sap
protein XSP30 and the rice amylase protein Ramy3D that we have described in earlier reports.  These binary vectors are
designated XSP and pDU05.0401 respectively (Table 1).

Table 1. Construction of vectors for the expression of mature PGIP with various signal peptide sequences.
No Signal Peptide Reporter Gene Promoter Marker Genes Vector
1 None Mature PGIP CaMV35S GUS and Kan pDU05.1002

2 Rice amylase-
Ramy3Dsp Mature PGIP CaMV35S GUS and Kan pDU05.0401

3 Xylem sap protein
30-XSP30sp Mature PGIP CaMV35S GUS and Kan XSP

4 Chi1b signal
peptide Mature PGIP CaMV35S GUS and Kan pDU06.0201

5 NtPRp27 signal
peptide Mature PGIP CaMV35S GUS and Kan pDU05.1910

Binary vector # 1 is the control and should be immobile although PGIP with its endogenous signal peptide is secretion
competent in grape.  In binary vector #2, mature PGIP has been fused to the signal sequence of rice amylase 3 (Ramy3D),
which has been very effective in secretion of human α1-antitrypsin in rice cell cultures (Trexler et al., 2002).  In binary vector
# 3 mature PGIP has been fused to the signal sequence of cucumber XSP30, which is a xylem-specific protein.  Constructs 4
and 5 have been described above.  All five binary vectors have been transformed into the disarmed A. tumefaciens strain
EHA 105 by electroporation.  The next step, the permanent transformation of Vitis vinifera ‘Thompson Seedless’ has need
initiated for all 5 vectors and this step takes some time.  Once we obtain plants, leaf tissue will be examined for PGIP
expression and the positive plants will be subjected to the analysis of the expression and secretion of PGIP.

CONCLUSIONS
Through the study of the proteins present in xylem exudates of ‘Chardonnay’, we have found 2 good candidates to investigate
the effect of using grape signal sequences on xylem targeting.  In addition we have produced 2 other chimeric genes
containing the signal peptide of a xylem-specific protein in cucumber and the signal sequence of rice amylase.  The results
obtained with permanent transformations with these genes will provide, in the short term, valuable information for the
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identification of signal peptides that will deliver proteins to grapevine xylem with high efficiency.  In the long term, the
development of an efficient secretory system will be essential to target therapeutic proteins to the xylem of grapevine.
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ABSTRACT
Xylella fastidiosa (Xf), is a gram-negative xylem-limited bacterium and causative agent of Pierce’s disease (PD) in California
grapevines.  During very early stages of Xf infection, specific carbohydrates/lipids/proteins on the outer membrane of Xf
interact with plant cells and are important for virulence (Pieters, 2001).  Design of a protein inhibitor that interrupts this step
of the plant-Xf interaction will be useful in anti-microbial therapy and controlling PD. In this UC/LANL project, we have
developed a novel protein-based therapy that circumvents the shortcomings of traditional antibiotics. We have designed a
chimeric anti-microbial protein with two functional domains (Figure 1).  One domain (called the surface recognition domain
or SRD) will specifically target the bacterium outer-membrane whereas the other will lyse the membrane and kill Xf. In this
chimera, human neutrophil elastase (HNE; 5-10) is the SRD that recognizes MopB, the major outer membrane protein of Xf

(Bruening et al., 2002). The second domain is
cecropin B, a lytic peptide that targets and lyses gram-
negative bacteria.  We have combined HNE and
cecropinB using a flexible linker such that both
components can simultaneously bind to their
respective targets.  This chimeric gene was
synthesized and cloned into different vectors for insect
and plant transformation.  Five transformed insect cell
lines are being evaluated and production and
processing of the protein is being optimized in liter
size preps.  Plant transformation experiments have
been completed and we have obtained plants of
Nicotiana tabacum var benthamiana and plants of
Vitis vinifera ‘Thompson Seedless’ transformed with

this gene that are being generated for the analysis of gene expression and protein production.  The proteins obtained from the
transgenic insect and plant cell lines will be used to test for antimicrobial activity against Xf.

INTRODUCTION
Globally, one-fifth of potential crop yields are lost due to plant diseases primarily of bacterial origin. Xylella fastidiosa (Xf) is
a devastating bacterial pathogen that causes Pierce’s disease (PD) in grapevines, citrus variegated chlorosis (CVC) in citrus,
and leaf scorch disease in numerous other agriculturally significant plants including almonds in California
(http://danr.ucop.edu/news/speeches).  Since the glassy-winged sharpshooter (an insect vector) efficiently transmits PD, a
great deal of effort has been focused on using insecticides to localize and eliminate the spread of this disease.  However, the
availability of the whole genome sequences of PD and CVC strains of Xf offer new avenues to directly target and inactivate
the pathogen.  In this project, are developing a structure-based approach to develop chimeric anti-microbial proteins for rapid
destruction of Xf. The strategy is based upon the fundamental principle of innate immunity that plants recognize and clear
pathogens in rapid manner (Pieters, 2001; Baquero and Blazquez, 1997).  Pathogen clearance by innate immunity occurs in
three sequential steps: pathogen recognition, activation of anti-microbial processes, and finally pathogen destruction by anti-
microbial processes.  Different sets of plant factors are involved in different steps of innate immunity.  Our strategy of
combining a pathogen recognition element and a pathogen killing element in the chimeric molecule is a novel concept and
has several immediate and long term impacts.
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OBJECTIVES
Objective 1

a. Utilize literature data and computer modeling to identify an SRD that specifically targets MopB (HNE)
b. Utilize literature data and computer modeling to identify a useful Cecropin (i.e., Cecropin B)
c. In vitro testing of anti-Xylella activity of the MopB-specific SRD (HNE) and Xyllela-specific Cecropin B and

demonstration of synergistic killing effect due to the combined use of HNE and Cecropin B.
Objective 2:

a. Design and construction of synthetic gene encoding HNE-Linker-Cecropin B Chimeric protein.
b. Expression HNE-Linker-Cecropin B in insect and plant cells and testing activity in vitro.

Objective 3
a. Expression in transgenic plants
b. Testing for anti-Xylella activity in planta and testing for graft transmissibility.

RESULTS
Following our successful accomplishment of Objectives
1a, b and c in the first year of our project, where
functional activity of HNE (SRD for MopB) and
Cecropin B (defensin) components were tested
individually, we designed a chimeric protein of Cecropin
B and HNE (Objective 2a).  The covalent attachment of
Cecropin B to HNE is proposed to increase the stability
of the peptide by lowering the conformational entropy of
its unfolded state and to increase the overall affinity for
the bacterial surface by minimizing the degrees of
motion at the binding site, thereby increasing binding
between the ligands and the surface.

The HNE-Cecropin B chimera gene was synthesized
and cloned into pBacPAK8 baculovirus vector.  The
chimeric gene inserted into pBacPAK8 was co-
transfected with BacPAK6 viral DNA into Sf21 cells.
Recombinant viruses formed by homologous
recombination were amplified, and the protein
expression was optimized in High Five cells
(Invitrogen, Carlsbad, CA), derived from Trichoplusia
ni egg cell homogenates.  High Five cells have been
shown to be capable of expressing significantly higher
levels of secreted recombinant proteins compared to
Sf9 and Sf21 insect cells.  Optimal conditions for the
expression have been worked out in High Five cells;
suspension cells in logarithmic growth are infected
with recombinant Xf chimera baculovirus, with a
multiplicity of infection of 10, and grown for 72 hours.
About 25-50% of the expressed chimeric protein is
secreted into the supernatant and is detected on a
Western Blot as a single band (Figure 2).  The
supernatant is collected, concentrated and dialyzed.
Concentrated supernatant is then run on an elastin
affinity column, chimeric protein containing fractions
are pooled and dialyzed, and the dialyzed fractions are
run on a weak cation exchange column (Figure 3).  All
chromatography steps are carried out by gravity flow.

Chimeric protein containing fractions are pooled and dialyzed and tested for elastase activity.  By these methods, we are
able to purify ~250 μg active protein from 50mL supernatant.  These conditions are being scaled up to produce the amounts
required for testing against Xf (currently purifying liter size preps).

Currently recombinant anti-Xf protein is being purified and then it will be quantitated by UV spectroscopy, flash frozen in 50
mM Na-Acetate pH 5, 0.1M NaCl, 50% glycerol and shipped from LANL to UC Davis and the ARS for testing in Xylella
cultures. We have also cloned the chimera into a plant vector (Fig. 4) that was electroporated into disarmed Agrobacterium
tumefaciens strain EHA 105 creating a functional plant transformation system that has been used to transform pre-
embryogenic callus of Vitis vinifera ‘Thompson Seedless’ successfully.
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We have obtained transformed callus of
‘Thompson Seedless (TS)’ and have regenerated
~49 independent lines of TS.  These are being
propagated and transferred to the greenhouse.
Transformation of the rootstocks ‘St George’ and
‘110’ will be initiated.  The binary vector has also
been used to transform Nicotiana tabaccum
‘benthamiana’ and 13 independent transformed
lines were selected, these were placed on callus
inducing media to induce callus formation.  These
callai will be evaluated for HNE-CecropinB
production.  This construct will also be
transformed into Nicotiana tabaccum ‘SR1’ to
obtain plants.  At the moment we have selected 18
shootlines and these will be rooted and then
transferred to the greenhouse for seed production.
Seedlings will then be tested for sensitivity to Xf
inoculation and disease resistance.

In addition, the same experiments have been
performed using a second construct in which the
coding sequence of the signal peptide of HNE was
replaced with that of the pear polygalacturonase
inhibiting protein (pPGIP).  The amino acid

sequence of this chimeric gene
product is shown in Figure 5.
Our hypothesis is that the pPGIP
signal peptide will
direct/improve the secretion of
the chimeric protein and, as a
consequence, increase its
concentration in the xylem.
This hypothesis in based in
previous results that have shown
that the product of the pPGIP
encoding gene, heterologously
expressed in transgenic
grapevines, is present in xylem
exudates and moves through the
graft union (Aguero et al.,
2005).

We have obtained transformed
callus of ‘Thompson Seedless
(TS)’ with the pPGIP-HNE-
Cecropin B gene and have
regenerated ~27 independent
shoot lines of TS.  These are
being propagated and then will be
transferred to the greenhouse.
The pPGIP-HNE-Cecropin B
binary vector has also been used
to transform Nicotiana tabaccum
‘benthamiana’ and this

transformation that was recently carried out is still in progress. This construct was also transformed into Nicotiana tabaccum
‘SR1’ to obtain plants.  At the moment we have selected 29 shoot lines and these will be rooted and then transferred to the
greenhouse for seed production. Seedlings will then be tested for sensitivity to Xf inoculation and disease resistance.

CONCLUSIONS
The main objective of this project is to develop a potent therapy against Xf by utilizing the principles of innate immunity by
which plants recognize pathogens using their surface characteristics and then rapidly clear them by cell lysis.  We have
developed a chimeric anti-microbial protein containing two functional domains.  One domain (called the surface recognition
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domain or SRD) will specifically target the Xylella outer-membrane whereas the other will lyse the membrane and kill
Xylella. In this chimera, elastase is the SRD that recognizes mopB, the major outer membrane protein of Xf. The second
domain is cecropin B, a lytic peptide that targets and lyses gram-negative bacteria.  We have successfully tested each of these
components individually and demonstrated that they each (elastase and cecropin B) display activity against Xf, which is
synergistic when both proteins are combined.  We have tested the protease activity of elastase against the purified mopB and
intact Xf cells to demonstrate that the Xylella protein is degraded and therefore, a target for elastase.  We have successfully
combined the elastase and cecropinB using a flexible linker such that both components can simultaneously bind to their
respective targets.  This chimeric gene has been synthesized, cloned into a pBacPAK8 baculovirus vector, and packaged into
recombinant baculovirus in Sf21 insect cells.  Optimization of chimeric protein production is ongoing. We successfully made
two vector constructs for expression in plants.  Plant transformation experiments are ongoing in grapevine and tobacco to test
chimeric protein production in plants.  With the first construct transgenic V.vinifera L. ‘Thompson Seedless’ shoots have
been obtained. Additional transformations of grapevine scion and rootstocks are in progress to obtain transgenic plants.  Once
obtained the transgenic plants will undergo acclimation in the greenhouse and then they will be inoculated with Xf and tested
for PD tolerance/resistance.
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ABSTRACT
There were highly significant differences in year 2 among 12 commonly used grape rootstocks in TX for Pierce’s disease
(PD) symptoms and Xylella fastidiosa-serology.  The rootstocks Salt Creek, Dog Ridge, and Champanel were the most PD
resistant and 1616C, Freedom, and Harmony were most susceptible.   Growers in areas at high risk for PD should consider
PD reactions with other traits when selecting rootstocks for specific vineyard sites.  There were no correlations in year two
between rootstock vigor and either PD symptoms or serology results.

INTRODUCTION
Pierce’s disease (PD), caused by the bacterial pathogen Xylella fastidiosa (Xf), is the most limiting factor for growing grapes
in much of TX and other U.S. gulf-coast states.  Multiple management strategies are needed to improve PD control, including
genetic resistance of scions and rootstocks, site selection, vegetation management, and vector management.

OBJECTIVES
1. Evaluate Xf reactions among commonly planted grape rootstocks in TX at a vineyard with a history of PD.

RESULTS
This report summarizes results midway through year two of a planned three-year rootstock study.  Planting was initiated in
2005 in Llano County, TX at a site where two previous plantings of V. vinifera cultivars succumbed to PD.  Planting
continued as plants became available and to replace plants lost to transplant shock and PD (Table 1).  Entries were 5BB, 5C,
110R, 1103P, 1613C, 1616C, Champanel, Dog Ridge, Freedom, Harmony, Salt Creek and SO4.  There were five plants per
plot and five replications.  Leaves with PD symptoms in cv. Black Spanish (Le Noir) border rows consistently tested positive
for Xf with ELISA and Xf was isolated.  We anticipate collecting data on symptoms and ELISA reactions through 2007.

There were significant differences among entries for PD leaf scorch, proportion of plants positive with Xf-serology, mean
optical density from Xf-ELISA, and plant vigor (Table 2).  Harmony and 5C were least vigorous.  SO4, 1613C, 1103P,
1616C and Salt Creek were most vigorous.  PD symptoms were most prominent in 1616C, Freedom, and Harmony, but
lowest in Salt Creek, Dog Ridge, Champanel and 110R.  The proportion of plants positive for Xf with ELISA and the mean
ELISA optical density were greatest for 1616C, Harmony, Freedom and SO4.    Proportion of plants positive for Xf with
ELISA and the mean ELISA optical density were lowest for Champanel, Salt Creek, and Dog Ridge. There were significant
correlations between PD leaf scorch symptoms and both serology parameters (Table 3).

CONCLUSIONS
The rootstocks Salt Creek, Dog Ridge, and Champanel apparently have lower risk for PD than 1616C, Freedom, and
Harmony.  Growers in areas at high risk for PD should consider these PD reactions when selecting rootstocks for specific
vineyard sites.

No rootstock entry in this trial was completely free of PD at mid-season of the second year of this study but there were highly
significant differences among entries for symptoms and Xf serology.   Serology (ELISA) is a general indicator of the
concentration of Xf cells in grape tissue, and acquisition of Xf by vector insects is more efficient during feeding on plants with
high populations (Hill and Purcell, 1997). The interaction of rootstock, scion and Xf has not been carefully studied, but our
hypothesis is that vine mortality can be delayed or reduced if both scion and rootstock are not highly susceptible.

Genetic resistance in commercially-grown Vitis genotypes is useful in PD management in southern and southeastern U.S.
(Hopkins and Thompson, 1984).  Several rootstock cultivars derived from crosses with native Vitis species apparently have
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some resistance to Xf based on preliminary results from this study.  Once we quantify resistance in the most commonly used
rootstocks (ungrafted) in TX, we can assess the potential of certain rootstock X scion (grafted) interactions in PD
management.  Growers need multiple techniques, even if some have small effects, that can be combined to delay yield
decline and plant death in vineyards at risk from PD.  Grower strategies for PD management should  include partial rootstock
resistance along with site selection distant from riparian habitats, vector monitoring, timely insecticide applications, and
selection of scion varieties adapted to the site.

Table 1. Planting dates1 for rootstock plants rated and sampled on 14Aug06.
Number of plants

Entry 28Mar05 12Apr05 11Aug05 26Sep05 14Mar06 20Apr06 31May06
1103P 22 3
110R 21
1613C 20 4
1616C 25
5BB 23 2
5C 25
Champanel 15 4 5 1
Dog Ridge 23 1
Freedom 18 6
Harmony 23 1
Salt Creek 25
SO4 25
1Planting date variation due to availability of planting materials and replanting due to transplant shock and PD
mortality.

Table 2. Serology on samples collected 14Aug06, leaf scorch symptoms, and relative vigor of ungrafted grape
rootstocks planted at a high PD-risk site in Llano County, TX.

Entry Serology reaction1 O.D.2 Scorch3 Vigor4

1616C 1.0 1.7 2.8 1.9
Harmony 0.9 1.5 2.5 3.0
Freedom 0.9 1.7 2.7 2.4
SO4 0.8 1.4 2.0 1.8
1613C 0.7 1.1 1.9 1.8
1103P 0.6 1.0 1.6 1.9
5C 0.6 1.0 1.8 2.7
5BB 0.6 1.0 1.9 2.2
110R 0.5 0.8 1.3 2.1
Dog Ridge 0.3 0.4 1.2 2.3
Salt Creek 0.2 0.2 1.0 2.0
Champanel 0.1 0.1 1.2 2.3
Mean 0.6 1.0 1.8 2.2
LSD 0.05 0.3 0.5 0.4 0.6
CV, % 37 35 18 21
1Proportion of plants in a plot positive for Xf using DAS ELISA; OD<0.300 negative; OD≥0.300 positive.
2Mean optical density.  Data analyzed were mean O.D. from individual plant samples in one plot.
31 to 5 visual index of leaf scorch; 1=no symptoms, 4=plants with severe PD symptoms, 5=dead.
41 to 5 visual index of plant vigor with 1=most vigorous, 4=very little growth, and 5=dead.
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Table 3. Correlations of variables among rootstocks planted at a high risk PD site in Llano Co., TX.
Serology reaction1 O.D.2 Vigor3

Leaf scorch index4 0.76 ***5 0.82 *** 0.2  N.S.5

Serology reaction 0.94 *** -0.13 N.S.
O.D. -0.06 N.S.
1Proportion of plants per plot positive with ELISA using O.D. threshold of ≥0.300 for positive reactions.
2Data analyzed were mean ELISA optical densities per plot.
31 to 5 plant vigor index with 1=most vigorous, 4=very little growth, and 5=dead.
41 to 5 leaf scorch index where 1=healthy, 4=plants with severe Pierce’s disease symptoms, and 5=dead.
5*** indicates significant Pearson correlation at P<0.001; N.S. indicates not significant at P=0.05
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ABSTRACT
In this reporting period we optimized our antagonism assay using our previously known antagonists.  We found that a Xylella
fastidiosa (Xf) lawn with a concentration of 105- 106 cfu/ml is optimal for visualizing zones of inhibition.  Ten new isolates
were shown to have antagonistic capability, including Bacillus subtilis, Pseudomonas sp., and Pantoea agglomerans.

Fourteen isolates chosen for their antagonistic or competitive ability in vitro were assayed in planta for systemic movement.
Of these isolates, six were able to move upwards 30cm from the point of inoculation.

We continued our evaluation of Dr. Darjean-Jones’ initial biological control experiment started in 2003.  During fall of 2005,
xylem sap extracted from these vines with a pressure bomb yielded approximately 220 new isolates.  Of these, 169 are from
vines inoculated with isolate #169 Bacillus subtilis and isolate #161Bacillus sp.  Eighty-five of our new isolates were
sequenced and 44 of these are Bacillus sp.  Nine isolates had the same sequence as the Bacillus species that was originally
inoculated into the vines.  In February, bud-wood from Dr. Darjean-Jones’ biological control experiment was collected from
each treatment and propagated in the greenhouse.  Ten vines per original treatment along with young Cabernet Sauvignon
vines purchased from a nursery were inoculated with Stagg’s Leap strain of Xf in mid July, 2006.  At 14 weeks post
inoculation these vines will be assessed for Xf infection using Immunocapture (IC)-PCR and rated for Pierce’s disease
symptom severity.

A new biological control experiment was started in the greenhouse this spring.  This experiment is comprised of seven
endophyte treatments in 15 Thompson seedless vines per treatment.  Vines were mechanically inoculated with the
endophytes and 6 weeks later they were inoculated with Stagg’s Leap Xf.  Xf infection and symptoms will be assessed after
14 weeks.  We are testing the protective capabilities of three Bacillus sp. strains, three Pseudomonas strains, and one
treatment co-inoculated with two Pseudomonas sp.

INTRODUCTION
The environment inside grape vine xylem vessels is a distinct ecological niche that supports a sparse microbial community.
Xylella fastidiosa (Xf), the causative agent of Pierce’s disease (PD), is one possible inhabitant.  But our research, as well as
work done in Nova Scotia reveals a diversity of other bacterial species capable of surviving in grape xylem (Bell et al., 1994).
Endophytes are microbial organisms that do not visibly harm the host plant but can be extracted from surface sterilized tissue
(Hallman et al., 1997).  Some bacterial endophytes have been proven beneficial to plant health and are used to promote
growth or as biological control treatments for fungal and bacterial pathogens.  Previous researchers in our lab isolated an
extensive library of endophytes collected from healthy grapevines, PD-infected vines, and asymptomatic vines in areas of
high PD incidence (escape vines).  We hypothesize that some of these bacterial endophytes may be antagonistic or compete
with Xf for nutrients.  Our library includes endophytes, such as Pantoea agglomerans and Pseudomonas sp., already tested as
biological control agents in other crop systems (Stockwell et al., 2002, Barka et al., 2002).  At this time our assays have
yielded three additional endophytes that are antagonistic to Xf in vitro and are also capable of moving systemically within the
grapevine.  In this reporting period we have confirmed previous results and streamlined our in vitro antagonism procedure.
Current PD management practices primarily involve keeping vector numbers low and removing infected vines. Biological
control utilizing a systemic bacterial endophyte would be an implementable and environmentally desirable solution to this
problem.

OBJECTIVES
1. Finish screening our existing library and recently acquired grape endophytic bacteria to identify potential antagonists of

Xf.
2. Determine if Xf-antagonistic endophytes can systemically move in grapevines.
3. Evaluate the biocontrol abilities of endophytes against Xf including

i) prevention of infection
ii) suppression of Pierce’s disease symptoms in greenhouse and field studies
iii) long term health and survival of infected vines in the field

4. Isolate additional endophytes from escape vines and characterize these for antagonistic traits.
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RESULTS AND CONCLUSIONS
Optimization of Antagonism assay
During this reporting period we optimized our procedure for the in vitro antagonism assay.  Briefly, seven day old liquid
cultures of Xf Temecula or our Xf hemagglutinin mutant (HxfA) which forms a confluent “lawn” of cells on solid medium are
centrifuged and cells are re-suspended in PD3 media to a spectrophotometer OD 600 reading of 0.1-0.13.  The resulting
suspension contains 105– 106 cfu/ml.  One hundred micro liters of this suspension are spread onto PD3 solid medium and
incubated for 4 days.  Each endophyte isolate, stored in glycerol solution at -80C, is streaked onto the media in which it was
first isolated.  The next day, one loop-ful of each overnight endophyte culture is suspended in sterile water.  Three, 5μl
droplets of each suspension are placed onto the 4 day old Xf lawns and allowed to dry.  Endophyte inoculated plates are
incubated for 5-7 days and then evaluated for zones of inhibition surrounding the endophyte colony.

During this period we screened approximately 100 new isolates from our existing library and from our new additions
collected during fall 2005.  The optimized screening protocol is more efficient than our previous protocol and we expect to
finish the library evaluation by December 2006.  Table 1 summarizes our current results with 17 isolates that show some
degree of Xf inhibition in vitro.  Strains of B. subtilis and Pseudomonas have shown the greatest antagonism in vitro.  Isolates
#4, #11, and #37 have been included on the table even though their inhibition zones are smaller because Pantoea
agglomerans strains have been successfully used in biocontrol research (Stockwell et al., 2002), and may be good candidates
for further study in this project.

In addition to the antagonism assay we have started evaluating each isolate showing some degree of inhibition on crystal
violet polypectate media (CVP).  A positive result on this media indicates pectin degradation.  It is possible that isolates
capable of pectin degradation may also be able to degrade pit membranes connecting xylem vessels and be able to move
systemically within the vine.

Table 1. Bacterial isolates screened in 2005-2006 showing some degree
of antagonism toward Xf.

Endophyte Identification Zone of clearing (a)
169 Bacillus subtilis 16-20mm
69 Bacillus subtilis complete
17 Bacillus subtilis 7-15mm
197 Pseudomonas virdiflava 20mm-complete
393 Pseudomonas virdiflava rg over entire plate
403 Pseudomonas syringae complete
205 Pseudomonas sp. complete
329 Pseudomonas sp. complete
100 Bacillus subtilis 15-20mm
147 Bacillus subtilis rg over entire plate
11 Pantoea agglomerans rg 3-8mm
37 Pantoea agglomerans rg 1-2mm
4 Pantoea sp. (Erwinea sp.) rg over entire plate

W157 (b) Bacillus pumilus rg 6-10mm
154 Bacillus subtilis 8-12mm
139 Bacillus sp. rg 10-15mm
200 Pseudomonas sp. complete

(a) zone attained on lawn plates with Xf concentration of 105-106 cfu/ml.
(b) “W” indicates an isolate collected October 2005 from our 2003
biocontrol experiment in the field.
rg = reduced growth in these areas, ie. Xf colonies aren't cleared but are
much smaller compared to controls
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A B C
Figure 1. In vitro Xf Antagonism assay.

Assessment of endophytes’ ability to colonize and move systemically in grape xylem
Fourteen isolates exhibiting good antagonism or competition in vitro were assessed for their ability to move systemically in
grape xylem.  Two Chardonnay vines per isolate were pinprick inoculated with an endophyte suspension of approximately
108 cfu/ml.  Mechanical pinprick inoculation with the endophyte suspension is similar to mechanical inoculation of Xf: a 20
μl drop of suspension is pipetted onto the stem and the drop is punctured with a needle 1-5 times until the drop is sucked into
the stem.  We inoculated plants on two places on the stem near the 3rd or 4th internode from the graft junction.  Plants were
inoculated once and then again three days later to ensure success.  After seven weeks, four, 2 cm sections including the point
of inoculation (POI), first petiole after the POI, 9-11 cm, and 28-30 cm from the POI, were cut from the vine and cultured.
Each 2 cm section or petiole was surface sterilized in 10% bleach, 70% ethanol, and three washes in sterile water for one
minute.  The section was then put into a sterile grinding bag with 2 ml phosphate buffered saline (PBS) and pulverized.  One
hundred micro liter aliquots of this solution were plated onto solid media of the same type on which the endophyte was first
isolated.  Total colonies that were morphologically similar to the endophyte were counted and recorded.  Representative
colonies morphologically resembling the original endophyte at the POI and 28-30 cm were sequenced to confirm their
identities.  Out of 14 isolates tested for systemic movement, 5 were able to move past the point of inoculation and up to the
28-30cm section.  Isolates capable of moving 30cm or into the petiole, are likely capable of degrading pectins in the pit
membranes connecting xylem elements, and would thus be able to colonize the entire vine over time.

Table 2. Endophytes that possessed some ability to systemically colonize Chardonnay vines.
Numbers reflect cfu/ml resembling original isolate in each stem section.
Isolate POI Petiole (a) 9-11cm 28-30 cm

W121 1.00 x 106 3.00 x 105 5.25 x 106 3.00 x 105

69 2.60 x 105 128 270 69

169 6.37 x 105 lawn 7.90 x 104 3.50 x 103

17 3.07 x 105 0 1.20 x 104 1.09 x 103

11 5.99 x 105 9.50 x 104 3.35 x 104 2.89 x 103

Agro556 (b) 6.07 x 105 1.66 x 105 2.55 x 105 10
(a) First leaf petiole up from the POI.
(b) Agrobacterium vitis 556 is an avirulent strain obtained from Thomas Burr.

Continuing evaluation of biocontrol experiment initiated  in 2003
During September and October 2005, xylem sap from vines in Dr. Darjean-Jones’ original biocontrol experiment, was
extracted with the pressure bomb technique as described in previous reports.  These vines had been in the field for two years.
Approximately 220 bacterial isolates were streaked to purity and then frozen at -80C for further characterization.  Of these,
176 isolates were isolated from vines originally inoculated with a putative Cellulomonas species (#169) or Bacillus species
(#161).  In the 2003 experiment these two isolates best protected vines from developing PD symptoms in the field. Last fall
we re-sequenced #169 and found that the putative Cellulomonas isolate was in fact a Bacillus subtilis strain.  Because three
different researchers have worked independently on this project, we cannot be sure when the misidentification occurred.  It is
possible that Dr. Darjean-Jones’ vines were inoculated with Cellulomonas and the isolate has been lost, or her vines were
initially inoculated with B. subtilis.  However, our current research shows that isolate #169, B. subtilis, has strong
antagonistic ability in vitro and moves well within the vine, properties that were originally reported for the Cellulomonas
strain #169.

We also wanted to determine, if after 2 years in the field, the original endophytes used for the experiment could be re-
isolated.  Out of 220 newly isolated samples, 122 of these were extracted from vines originally treated with strain #169.  The
16S rDNA of 45 of these was sequenced.  Twenty-five were identified as Bacillus species and three were specifically
identified as Bacillus subtilis.  While it is possible we were able to re-isolate some of the original #169 endophyte strain, we

A. Temecula Xf lawn control plate
B. Isolate 17 on a lawn of HxfA

showing zones of inhibition
C. Isolate 169 on a Temecula plate

showing almost complete
inhibition
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also isolated Bacillus subtilis strains from field grown vines that were not originally inoculated with #169.  Out of 54 isolates
from vines originally treated with Bacillus sp (#161), 20 were sequenced, and six were identified also as species of Bacillus.
We will do more sensitive genetic typing of these isolates using rep-PCR to determine if the Bacillus strains that were
isolated from endophyte inoculated vines are the same as those that were originally inoculated in 2003.  We expect to finish
characterizing the other isolates this winter 2006-2007.

To determine if these vines were still protected against Xf, bud wood cuttings from these vines were propagated in the
greenhouse this spring and challenged with Xf. Cuttings were taken from all vines in the field testing negative for Xf
infection by IC- PCR.  Each cutting had 2-4 buds and was rooted in a plastic callus chamber for 6 weeks.  Cuttings with
callus formation were grown in the greenhouse and trained to a single shoot for 3 months.  Ten propagated vines representing
each original endophyte treatment were then mechanically inoculated with Stagg’s leap strain of Xf. Stagg’s leap strain was
chosen because it is one of the more virulent Xf strains.  Nursery grown Cabernet Sauvignon plants were used as positive and
negative controls.  These plants will be evaluated for Xf infection with IC-PCR, rated for symptoms at 14 weeks post
inoculation, and planted in the field in spring, 2007.  Final results from this experiment should determine if our propagated
cuttings or the original vines retain their resistance to PD.

New Biological control experiment for 2006
This year we started a new biological control experiment consisting of eight different endophyte treatments.  Each treatment
consists of 15 Thompson seedless vines inoculated with endophyte suspensions or H2O controls in the same manner as
movement assay vines.  We are testing 3 Bacillus isolates, 3 Pseudomonas isolates and one co-inoculation of 2 Pseudomonas
species.  Six weeks after endophyte inoculation, the vines were inoculated with Stagg’s leap strain of Xf. After 14 weeks or
when PD symptoms appear these vines will be evaluated for Xf infection with IC-PCR and rated for symptoms.  During
spring of 2007, surviving vines will be planted out in the Armstrong field plots at UC Davis, California.

Isolate additional endophytes from escape vines in the field
This spring we sampled xylem sap from 10 escape vines in Napa vineyards.  The first sampling took place in late April 2006
when vines were “bleeding”.  Sap was collected in a 40 ml Falcon tube and directly plated onto 523 and PD3 media.
Resulting colonies were streaked to purity and then stored in glycerol at -80C.  In June we sampled the same vines and
extracted xylem sap with the pressure chamber.  All isolates have been cataloged and will be tested for antagonism later this
winter.
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ABSTRACT
Pierce’s disease does not occur in colder regions of North America.  Although the “cold curing” phenomenon has been well
documented, little is known about the physiological mechanisms that mediate cold therapy.  To better understand the cold
therapy phenomenon, we planted control and Xylella fastidiosa (Xf) infected Vitis vinifera “Pinot Noir” (PN) and “Cabernet
Sauvignon” (CS) grapevines across 4 locations in Northern California and exposed control and infected grapevines across 4
temperature conditions in cold rooms.  After treatment periods, xylem sap was extracted using a pressure bomb and the
composition of the sap was analyzed for pH, osmolarity, glucose, sucrose, fructose, Ca2+, and Mg2+.  Differences were found
across the different field locations and cold rooms.  Similar results for CS inoculated vines were found for the cold room
experiments.  Results for the PN field plots revealed differences in pH for both inoculated and control vines across the field
plot locations.  Osmolarity values of PN control vines were different across the field plot locations and in the cold room
treatments.

Effects of buffer and xylem sap on the survival of Xf and various cold temperatures were reported in the 2004 PD/GWSS
Proceedings.  Abscisic acid (ABA) levels are elevated in many cold-treated plants and ABA has been shown to induce the
synthesis of certain pathogenesis related (PR) proteins that in some case possess anti-fungal properties.  However, we are
proceeding with experiments to determine if exogenous applications of ABA on non-chilled grapevines can elicit PR
proteins.

INTRODUCTION
Xylella fastidiosa (Xf) is a xylem-limited, gram-negative bacterium that causes Pierce’s disease (PD) in grapevines.  One
factor that has been shown to be associated with the observed limited geographical distribution of PD in North America is the
severity of winter temperatures in those regions.  Purcell (1977, 1980) demonstrated that relatively brief exposures to sub-
freezing temperatures eliminated Xf in cold treated Vitis vinifera grapevines.  Purcell also found that a higher percentage of
grapevines that were moderately susceptible to PD such as ‘Cabernet Sauvignon’, were cured by cold therapy treatments
compared to susceptible varieties such as ‘Pinot Noir.’  More recently, Purcell’s group also showed that whole, Xf infected
potted vines exposed to low temperatures had a higher rate of recovery than PD-affected detached bud sticks exposed to the
same cold temperatures (Feil, 2002).  This implies that some factor(s) expressed in the intact plant, but not in detached bud
sticks, helped eliminate Xf from the plants.  Despite documentation of the cold curing phenomenon, little is known about the
physiological/biochemical basis that mediates cold therapy.  Our objective is to elucidate the physiological/biochemical basis
that mediates cold therapy and to identify the physiological/biochemical factor(s) that occur or are expressed in cold treated
vines that eliminate Xf.  If such a factor(s) is/are found, it may be possible to induce their expression under non-freezing
temperatures and potentially provide a novel approach for managing PD.

OBJECTIVES
1. Develop an experimental, growth chamber temperature regime that can consistently cure PD affected grapevines without

causing unacceptable plant mortality.
2. Analyze chemical changes such as pH, osomolarity, total organic acids, proteins and other constituents that occur in the

xylem sap of cold-treated versus non- treated susceptible and less susceptible Vitis vinifera varieties.
3. Assess the viability of cultured Xf cells growing in media with varying pH and osomolarity and cells exposed to xylem

sap extracted from cold- and non-treated grapevines.
4. Determine the effect of treating PD-affected grapevines with cold plant growth regulators, such as abscisic acid (ABA),

as a possible therapy for PD.

RESULTS
Objective 1
Using the same varieties used in our 2004-2005 field and cold room studies (PD vs. temperature treatment results were
reported in the 2005 Pierce’s Disease Symposium Proceedings), Pinot Noir (PD-susceptible) and Cabernet Sauvignon
(moderately resistant to PD) grapevines were prepared as described in the 2005 Pierce’s Disease Symposium Proceedings.  In
October/November 2005, prepared grapevines were transported to 4 sites that were selected because of their varying winter
temperatures.  Sites included: UC Hopland Research Station (Mendocino County), McLaughlin Reserve (Lake County),
Foresthill (Placer County), and UC Davis (Yolo County).
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Due to the unacceptably high mortality rate at the Fall River plot in 2004, we established the 2005 plot in Lake County at the
Donald and Sylvia McLaughlin Reserve.  The plants for the Blodgett plot (El Dorado County) were initially planted in the
beginning of November 2005.  However, due to an unforeseen problem, the plot was moved to Foresthill (Placer County) in
December of 2005.  The Placer County site is at an elevation similar to Blodgett and we monitored the temperature data at
both locations using HOBO dataloggers.  Plants were picked up from the four locations in April and planted in the field at
UC Davis.  Plants are being rated for PD symptoms using the same symptom severity index as in the 2004-2005 season and
the presence of Xf is being detected with IC-PCR.  In the spring of 2006, new Pinot Noir and Cabernet Sauvignon vines
prepared as described above.  The grapevines will be transported to the 4 field locations in October/November 2006.

Grapevines, using the same varieties and prepared as described for the field studies but grown in 6” standard pots, were
exposed to different temperature regimes in cold rooms located at the Department of Pomology, UC Davis during the winter
of 2005-2006.  Plants were prepared as described in the 2005 Pierce’s Disease Symposium Proceedings.  Once in the cold
rooms, plants were not moved daily, as in year 1, to attempt to see if we could achieve greater differences between treatments
(i.e., all year 1 vines were exposed to the same -5 night temperature, thus differences between treatments were not that great).
Plants prepared in 2005 were subjected to one of 4 temperature regimes:

Regime 1:  -5°C Regime 3:  +2.2°C
Regime 2:  +0°C Regime 4:  +5°C day

After 3 months of treatment, xylem sap was extracted, and the vines were planted in the Plant Pathology field area.  The
grapevines for the 2005-2006 cold room experiments are currently being evaluated with ICPCR and being rated for PD
symptoms to determine the most effective temperature regime for curing without causing unacceptable plant mortality.

Objective 2
2a) El Dorado vs. Yolo County (2004)
Preliminary work using ‘Pinot Noir’ and ‘Cabernet Sauvignon’ field materials collected from El Dorado and Yolo counties
showed some differences in xylem sap pH and osmolarity (Table 1).  These results were obtained from Pinot Noir and
Cabernet Sauvignon vines growing in El Dorado County and at the Foundation Plant Services vineyard at UC Davis.  Both
varieties were grown in the same manner at each site; however, management practices at the two sites were not identical and
the clones were not the same.  In 2004, dormant cuttings were collected in late February and xylem sap was extracted using a
custom-made pressure bomb.  These same parameters were examined again in 2005 from grapevines growing at the same
two locations in late March, approximately one month later than in 2004.  2004 and 2005 data can be found in 2005 Pierce’s
Disease Symposium Proceedings.  Differences in pH and osmolarity could possibly be explained by differences in the
sampling date, management differences, or weather differences at the time of sampling.  To try to elucidate these differences,
xylem sap samples were collected in late February and again in late March/ early April of 2006 (Tables 1and 2).

Table 1: Osmolarity and pH of xylem sap
collected from grapevines from El Dorado County
and Yolo County on February 26, 2006.

Table 2: Osmolarity and pH of xylem sap collected
from grapevines from El Dorado County and Yolo
County on March 25, 2006 and April 7, 2006.

El Dorado Yolo El Dorado Yolo
pH Pinot Noir 5.74 5.70 pH Pinot Noir 5.53 5.57

Cabernet
Sauvignon 6.24 5.83 Cabernet

Sauvignon 5.39 5.50

Osmolarity Pinot Noir 60.4 39.5 Osmolarity Pinot Noir 34.3 16.6
mmol/kg Cabernet

Sauvignon 52.0 77.0 mmol/kg Cabernet
Sauvignon 26.4 23.5

2b) Xylem sap analysis of field and growth chamber plants
In 2004-2005 and 2005-2006 seasons, field grown and growth chamber plants prepared as described in Objective 1, were
sampled for potential changes in pH, osmolarity, protein profiles, total sugars, and calcium and magnesium concentrations in
xylem sap (Table 3).  In both the field experiments and the cold chamber experiments, pH and osmolarity of xylem sap from
cold treated vines was lower than found in PD3 media used to grow Xf. Sugar and select ion concentration analysis of
Cabernet Sauvignon grapevines show greater amounts of glucose and fructose in the –5ºC cold room treatment; where as
Ca2+ levels are greater in the warmest treatments.  Very little sucrose was found in the samples (data not shown).  Osmolarity
of collected xylem sap is greatest in the coldest treatments and decreases with increasing temperature and shows an
interesting relationship with total sugars, calcium, and magnesium concentrations.  Conversely, in Pinot Noir grapevines
glucose and fructose levels are the lowest in the coldest treatments.  Ca2+ levels show a similar trend with Cabernet
Sauvignon vines, with increased Ca2+ levels with the warmer temperature treatments.  Temperature appears to have a less
direct effect on osmolarity in Pinot Noir grapevines.
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Our hypothesis is that changes in xylem sap components in vines that undergo cold treatment may have significant
effects on Xf viability.  Previous research on several plant species has shown that a number of plant genes are expressed
in response to freezing temperatures (reviewed by Thomashow, 1998).  In some plants, these freeze-induced proteins are
structurally related to proteins that plants produce in response to pathogens, i.e. pathogenesis-related proteins (Hon, et al.
1995; Kuwabara, et al, 2002).  Thus it may be possible that cold-stressed grapevines could produce proteins that are
deleterious to Xf.

We are continuing to concentrate proteins in xylem sap by acetone precipitation and electrophoresing the proteins on 1-
dimensional polyacrylamide gels (PAGE).  Unique protein bands that were found in the cold stressed plants were cut
from the gel, and end terminally sequenced.  Initial sequencing results of xylem proteins from cold-treated vines showed
proteins that are similar to stress proteins that are produced by Cabernet Sauvignon berries and Pinot Noir roots.
Understanding the role of these proteins is limited by the Vitis vinifera genome not being fully sequenced to date.  The
appropriate databases will be checked periodically to compare our sample protein sequences against new sequencing
information.  Due to constraints in xylem sap sample volume, the total organic acids and peroxidase analyses were
delayed until the 2005-2006 samplings and will be tested soon.

Table 3: 2005-2006 Mean osmolarity and pH of xylem sap from grapevines growing at 4 field locations around California.  1st

sampling = early February 2006; 2nd sampling = late March 2006.
Davis Hopland Foresthill McLaughlin

1st 2nd 1st 2nd 1st 2nd 1st 2nd

Control 6.14 5.56 6.17 5.74 6.17 6.10 6.06 5.96
pH Pinot Noir Inoculated 6.08 6.03 6.34 5.99 5.92 6.08 6.09 6.22

Control 5.92 5.84 6.63 6.02 6.21 6.27 6.41 5.92
Cabernet

Sauvignon Inoculated 6.07 5.96 6.32 5.96 6.24 6.23 6.19 6.06

Control 91.1 42.6 72.7 44.2 179.5 67.5 118.7 37.9
Osmolarity Pinot Noir Inoculated 51.4 31.0 41.5 58.0 67.2 57.8 89.5 56.8

Control 189.8 26.8 64.7 38.2 134.7 61.1 78.9 44.4
mmol/kg Cabernet

Sauvignon Inoculated 213.1 30.7 67.2 22.0 86.6 53.1 84.3 28.1

Objective 3
We have assessed the effect of pH and osmolarity on the viability of Xf cells in vitro using various buffers and media and
then exposed to various temperatures (28ºC, 5ºC, 2.2ºC, 0, -5ºC, and -20ºC).  Everyday, samples were collected and diluted
and plated out onto PD3 and allowed to grow for seven days.  After seven days, colonies were counted to determine the
potential effect each treatment had on the viability of Xf cells

Results reported in the 2004 Pierce’s Disease Research Symposium Proceedings demonstrated that Xf can survive at 28ºC in
most media except water and at lower temperatures, our results were similar to those found by Feil (2002).  The 2004
proceedings demonstrated that Xf survived best in potassium phosphate buffer at 6.8.  Survival at pH 6.6 quickly tapered off
after a few days.  With all other pH buffers (5.0-5.8) Xf rapidly died after 1 day.  Interestingly, this data supports what has
previously reported by Davis (1978), but the pH at which Xf survives in culture is higher than what was found in xylem sap
samples from our field and cold chamber experiments.  We used the same temperatures that were used in the cold room
experiments for comparison. Xf grew best in PD3 at all temperatures.

Objective 4
Kuwabara et al. (2002) elicited cold-shock proteins at 23°C in winter wheat with an ABA concentration of 100ppm. ABA
treated plants elicited proteins that were able to inhibit fungal growth when exposed to exogenous applications of ABA.
Though the mechanism is not thoroughly understood, endogenous ABA has shown to induce pathways that are involved in
induced resistance to plant pathogens (Ton & Mauch-Mani, 2004; reviewed in Bostock, 2005).

4a) ABA concentration in xylem sap
ABA concentrations in xylem sap have been measured for the four field sites and the cold chamber experiments. The
concentration of ABA in the sap was determined using a commercially available immunoassay that has a sensitivity of
0.0064-0.16 picomoles ABA/ml (Phytodetek ABA Test Kit, Agdia) and only requires a small volume of xylem sap.  ABA
concentrations of xylem sap are being determined for the vines in the cold chambers and in the field.  Experiment will be
replicated in the 2006-2007season.
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4b) ABA applications to grapevines
In November 2005, healthy and Xf-inoculated Cabernet and Pinot vines prepared as stated in Objective 1 were sprayed with
solutions of ABA.  Valent Biosciences representatives provided us with 2 types of ABA.  There were 5 treatments with Xf-
infected vines and healthy controls:

Control: 8 Pinot/ 8 Cabernet plants sprayed with water
1000ppm spray:  8 Pinot/ 8 Cabernet plants sprayed with VBC-30054
100 ppm drench: 8 Pinot/ 8 Cabernet plants sprayed with VBC-30054
100 ppm spray: 8 Pinot/ 8 Cabernet plants sprayed with VBC-30030
10 ppm drench: 8 Pinot/ 8 Cabernet plants sprayed with VBC-30030

To determine effectiveness of ABA and synthetic ABA treatments, vines are currently being evaluated for PD symptoms and
being tested with ICPCR.  Experiments will be replicated in the 2006-2007 season.
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ABSTRACT
Strains of Alcaligenes xylosoxidans denitrificans (Axd) that secrete anti-Xylella factors are being developed for use in a
strategy to prevent the spread of Xf or possibly to cure infected grapevines.  We built constructs that fused the last 60 amino
acids of the autotransporter α-hemolysin from E. coli to test proteins.  These were two different forms of anti-BSA single
chain antibodies (scFvs) which are surrogates for anti-Xylella effector proteins.  These proteins were efficiently secreted from
E. coli when co-expressed with the proteins HlyB and HlyD.  HlyB, HlyD, and TolC together form the membrane structure
used by α-hemolysin to cross both the inner and outer membrane of the cell.  We report here on efforts to move this system
into Axd, a species not closely-related to E. coli, but that can survive in both grapevine and sharpshooters.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is the principal vector of the xylem-limited bacterium Xylella fastidiosa (Xf), which
causes Pierce’s disease (PD) in grapes.  Limiting the spread of this pathogen by rendering GWSS incapable of pathogen
transmission or by interfereing with the replication of Xf in the plant may stop the spread of PD.  These endpoints can be
accomplished by genetically modifying bacteria that live in the sharpshooter, the plant, or both in a method called symbiotic
control.  Symbiotic control seeks to modify the phenotype of an organism indirectly by modifying its symbiotic bacteria.

Symbiotic control approaches to disrupt pathogen infection of humans are being developed by several groups.  These include
interference with the ability of triatomid bugs to transmit pathogens causing Chagas’ disease (Beard et al., 2001), interference
with HIV attachment to its target cells in the reproductive tracts of humans (Chang et al., 2003; Rao et al., 2005), and the
elimination of persistent Candida infections from biofilms in chronically infected human patients (Beninati et al., 2000).
Symbiotic control has also been applied to deliver cytokines mammalian guts to relieve colitis (Steidler et al., 2000; Steidler,
2001).  Thus, the method has wide applicability.

Alcaligenes xylosoxidans denitrificans (Axd) is Gram negative pseudomonad-like species that can colonize the GWSS foregut
and cibarium, as well as various plant tissues, including grape xylem.  It is non-pathogenic in insects, plants and healthy
humans.  Given these characteristics, Axd has become the focus of our symbiotic control efforts to control PD in grapes.
Over the past several years we developed the technology to stably modify Axd by inserting genes into its chromosome via
transposition, have developed methods to suppress horizontal gene transfer, and have isolated a single chain antibody that
recognizes an epitope on the surface of the PD strain of Xf. (Bextine et al., 2004).  We are currently engaged in combining
these systems in order to produce strains of Axd that are suitable for environmental release in a practical strategy symbiotic
control strategy for PD.

One way to deliver anti-Xylella protein factors from Axd in grapevine is by secretion.  Secreted anti-Xylella factors might
circulate throughout the plant, reaching foci of infection across physical xylem boundaries. Secretion from Gram-negative
bacteria, however, is complicated by the fact that these species have two membranes that a protein must cross before
appearing outside the cell.  Gram negatives contain at least 6 identified types of secretion systems.  Unfortunately, many of
these systems are unpredictable when expressed heterologously. One system that seems to have wide applicability is the a-
hemolysin autotransporter from E. coli (Fernandez et al., 2000).  This protein is secreted in a single energy-dependent step
across both membranes of Gram negative bacteria when the other components of the system are also present (the proteins
HlyB, HlyD, and TolC).  Fusion of the last 60 amino acids of the protein is sufficient to target any N-terminal passenger
protein for secretion.

We report here the evaluation of the E. coli α-hemolysin system for use in Axd to secrete soluble anti-Xylella protein effectors
in grapevine and insects.

OBJECTIVES
1. Test the E. coli α-hemolysin secretion system in E. coli and Axd.
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Figure 1.  Supernatants
from E. coli cultures
expressing secretable forms

RESULTS
Secretion of scFv-hemolysin fusions from E. coli.  We used a two plasmid system to secrete two test constructs from E.
coli.  One plasmid carried the hlyB and hlyD genes and were encoded on a low copy number plasmid based on pSC101.  The

others carried either an antiBSA scFv gene fused to a sequence encoding the last
60 amino acids of HlyA or an antiBSA scFv capable of dimerizing to form a
diabody that was similarly fused to HlyA (Fernandez et al., 2000; Fraile et al.,
2004).  These plasmids were grown in the same strain overnight, the supernatant
harvested, and small samples of the supernatant loaded on SDS-PAGE gels. A
subsequent western blot used an antibody directed at an epitope on the scFv
constructs.  These results are shown in Figure 1.  Neither scFv constructs alone
(scFv-HlyA) nor the HlyB-D plasmids produced any detectable secreted protein.
When both plasmids were grown together, single chain antibody proteins could be
detected easily in the supernatants of their respective cultures.

Progress toward secretion of a single chain antibody constructs from Axd.
We added origins of transfer (oriT) to each of the plasmids in the a-hemolysin
secretion system described above and attempted to move these plasmids into Axd
via mating from E. coli.  We recovered no exconjugants whatsoever.  Control
matings from one E. coli strain to another yielded abundant exconjugants.  From
these data we conclude that the origins of replication of the secreting plasmids do
not function in Axd.  Efforts at constructing and testing the secretion system on
broad host range plasmids like pRO1600 are underway (Shanks et al., 2006).

CONCLUSIONS
The E. coli hemolysin secretion system is a robust and powerful way to secrete various proteins in a single step across both
membranes of Gram negative bacterial cells.  In the presence of HlyB and HlyD proteins, fusions of two different scFv to the
last 60 amino acids of HlyA were secreted into the growth medium of the E. coli cells carrying them.  Attempts to use these
fusions in Axd failed because the origins of replication (ColE3 and pSC101) were not functional in this species.  Moving the
secretion system onto plasmids that do replicate in Axd (like pRO1600 and its derivatives) should result in secretion from this
species as well.  It should then be possible to secrete anti-Xyllela effector proteins within grape plants that can circulate
within the xylem of the plant.
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ABSTRACT
In symbiont therapy, an insect’s natural symbionts are genetically modified to prevent the transmission of a pathogen.  This
strategy is currently under investigation as a way to control the spread of Pierce’s disease (PD) of grapevine.  PD is caused by
the bacterium Xylella fastidiosa (Xf), which is transmitted by the glassy-winged sharpshooter (GWSS; Homalodisca
vitripennis).  The five GWSS symbionts used in this research were identified through biochemical testing as Alcaligenes
xylosoxidans denitrificans (Axd) Hc01, Axd1, Axd2, Axd3, and Axd4.  The genetic relatedness of these bacteria, as well as
their relationships to other bacterial species was analyzed using two highly conserved prokaryotic genes, the 16S rDNA
sequence and the gyrase B sequence.  These sequences were used to construct phylogenetic trees using the neighbor-joining
method.  Analysis of the 16S tree indicated that all of these bacteria were closely related to members of the genus
Pseudomonas.  The phylogenetic trees that were constructed using the gyrase B gene also supported the conclusion that these
bacteria are closely related to members of the genus Pseudomonas.  Further testing using the 16S-23S intergenic spacer
region one is currently underway.

INTRODUCTION
One new potential management strategy for Pierce’s disease (PD) of grapevine is the use of symbiont therapy.  Symbiont
therapy exploits the interactions among a pathogen-transmitting organism, its bacterial symbionts, and the pathogenic
organism itself (Beard 2002).  First, a bacterial symbiont that occupies the same niche as the pathogen must be identified.
These symbionts are genetically modified to produce a molecule that hinders the spread of the pathogen in question.  The
genetically modified bacteria are re-introduced into the vector so that they can reduce its ability to transmit the pathogen in
question.  For this approach to be successful, the bacterial symbiont must be easily cultured and manipulated in vitro, and the
genetic modification cannot alter their value to the host organism or their ability to occupy their niche.  In addition, the
bacterial symbionts cannot be pathogenic to either their host or to non-target organisms before or after the genetic
modification (Durvasula 2003).  Symbiont therapy has been investigated as a way to control the spread of Chagas disease
(Beard 2002; Durvasula 2003), murine colitis (Steidler 2000), and HIV (Chang 2003).

For symbiont therapy to be effective in limiting the spread of PD, a culturable symbiont that inhabits the pre-cibarium and
cibarium of the glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) is required, since these areas are colonized by
Xf. Three bacterial species that meet these requirements are Chryseomonas spp, Ralstonia spp, and Alcaligenes spp (Bextine
2004).  The Alcaligenes species were of particular interest because they were frequently isolated from wild GWSS (Kuzina
2004) and because they could also successfully colonize the xylem of various plants, including citrus (Araujo 2002; Bextine
2005).  Five Alcaligenes species were isolated from the mouthparts of GWSS and identified as Alcaligenes xylosoxidans
subspecies denitrificans (Axd) using standard morphological and biochemical tests.  Four of these species were designated as
Axd1, Axd2, Axd3, and Axd4.  The other Alcaligenes species that was found in GWSS was designated as Axd Hc01 and
selected for further study (Bextine 2004).  However, the classification of Axd Hc01 remains unsettled.

OBJECTIVE
1. If Axd Hc01 is to be used as part of a symbiont therapy program, the issues surrounding its identity must be resolved.

One way to help clarify its identity and relationship to other identified Axd strains is to construct phylogenetic trees
based on the sequences of universally present, highly conserved prokaryotic genes (Laguerre 1994).  The goal of this
research is to help identify Axd Hc01 by placing it in phylogenetic trees based on 16S, gyrase B, and 16S-23S intergenic
spacer region sequences.
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RESULTS
The phylogenetic trees based on 16S sequences indicate that Axd Hc01 is most closely related to members of the genus
Pseudomonas (Figure 1).  The second 16S phylogenetic tree shown also indicates that Axd1 and Axd2 are more closely
related to Axd Hc01 than Axd3 and Axd4 (Figure 2).  In the two gyrase B trees (Figures 3 and 4), Axd Hc01 does not group
with the other Alcaligenes species used in the study, but some of its relatives do.  In agreement with the 16S studies, Axd
Hc01 groups most closely with a member of the genus Pseudomonas in the gyrase B trees (Figure 3).  However, in the
second gyrase B tree (Figure 4), Axd Hc01 does not group with members of this genus.  Instead, Axd4 does.  In the most
current 16S-23S ITS 1 trees, Axd Hc01 does not group with any of the organisms included in the study (Figure 5).  Its
relatives Axd2 and Axd4 do cluster together in the bottom 16S-23S ITS 1 tree, and Axd1 groups with Alcaligenes faecalis
16.7 (Figure 6).  The 16S-23S ITS 1 trees do not yet include all of the organisms that the first two trees do, and this could be
one reason for the noted discrepancies.  Once the 16S-23S ITS 1 trees are completed, the relationships among these five
species will be further investigated and clarified using DNA-DNA hybridization techniques.

CONCLUSIONS
From a preliminary analysis of these results, it can be concluded that Axd Hc01 and its relatives are related to members of the
genus Pseudomonas.  However, more work using the 16S-23S ITS region will be necessary to provide more information
concerning the identity of Axd Hc01 at the species and subspecies level and to clarify its relationship to Axd1, Axd2, Axd3,
and Axd4.  The successful identification of the Axd Hc01 bacterium and its relatives will help contribute to a strategy based
on symbiont therapy to control PD.
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Figure 1. 16S phylogenetic tree inculding rAxd.

Figure 2. 16S phylogenetic tree including rAxd and its relatives.
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Figure 3. gyrB phylogenetic tree for rAxd.

Figure 4. gyrB phylogenetic tree including rAxd and its relatives.
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Figure 5. 16S-23S ITS 1 phylogenetic tree for rAxd.

Figure 6. 16S-23S ITS 1 phyogenetic tree including rAxd and its relatives.
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ABSTRACT
Regulatory agencies are faced with an increasing number of permit applications using biotechnology to solve agricultural
problems.  Newer innovations include engineered biopesticides, transgenic and paratransgenic insects such as the symbiotic
control project aimed at controlling Pierce's disease.  Review panels point to the regulatory burden as one reason not to fund
new technology.  The results of a Workshop held 7-9 November 2006 in Washington DC to address these and other
regulatory issues will be described.
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ABSTRACT
Alfalfa occurs widely throughout the Central Valley, often adjacent to grape and other plants susceptible to Xylella fastidiosa
(Xf).  A previous epidemic of Pierce’s disease in the Central Valley was associated with migration of infective insects from
alfalfa fields to vineyards.  We will determine the importance of alfalfa as a host of different strains of Xf and its role as a
source of the pathogen for vector transmission.  These studies provide basic information on these interactions, which would
be incorporated in disease management strategies that include alfalfa as a host of Xf and sharpshooter vectors.

INTRODUCTION
The role of alfalfa in the maintenance and spread of Xylella fastidiosa (Xf) in California is poorly understood, despite the fact
that the epidemic of Pierce’s disease (PD) in the Central Valley during the 1940s was linked to alfalfa fields.  We will
conduct studies aimed to understand the importance of alfalfa in the epidemiology of Xf in California in relation to grape and
almond hosts, and native and invasive insect vectors.  We will conduct transmission experiments with different Xf strains and
different vector species to determine what factors are of important in the spread of this bacterium among different host plants.
Recent research on Xf has also examined its biology within alfalfa plants.  Our work will also study the movement and
multiplication of Xf in alfalfa and the potential role of this crop as a reservoir of Xf for vector acquisition.  Information
gathered in this project will lead to determination of the importance of alfalfa in the epidemiology of Xf.

OBJECTIVES
1. Determine the fate and role of Xf in alfalfa.
2. Determine the transmission efficiency of Xf strains to/from alfalfa to grape and almond by three sharpshooter vector

species.

RESULTS
This project is being initiated.  We have no results to report at this point.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’ Disease Grant Program.



- 252 -

WHERE, WHEN AND HOW DO INGESTION AND OTHER FEEDING BEHAVIORS OF
THE GLASSY-WINGED SHARPSHOOTER ALLOW INOCULATION OF XYLELLA FASTIDIOSA?

Project Leader:
Elaine Backus
USDA, ARS, PWA
Crop Dis., Pests & Gen.
Parlier, CA 93648
ebackus@fresno.ars.usda.gov

Researchers:
Sebastien Dugravot
Dept. of Entomology
University of California
Riverside, CA 92521

Brendon Reardon
Dept. of Entomology
University of California
Riverside, CA 92521

Holly Shugart
USDA, ARS, PWA
Crop Dis., Pests, Gen.
Parlier, CA 93648

Cooperators:
Jianchi (JC) Chen
USDA, ARS, PWA
Crop Dis., Pests & Gen.
Parlier, CA 93648
jichen@fresno.ars.usda.gov

Thomas Miller
Dept. of Entomology
University of California
Riverside, CA 92521
Thomas.miller@ucr.edu

Steven Ruzin
Biological Imaging Facil.
University of California
Berkeley, CA 94720
ruzin@nature.berkeley.edu

David Morgan
Calif. Dept. Food  & Agric.
Mt. Rubidoux Field Stn.
Riverside, CA 92501
dmorgan@jps.net

Reporting Period: The results reported here are from work conducted November 1, 2005 to September 30, 2006.

ABSTRACT
This year, we completed the laboratory portion of work that identified an aspect of electrical penetration graph (EPG)
ingestion waveform (C) of glassy-winged sharpshooter (GWSS) that definitively represents xylem ingestion.  We also
demonstrated that extravasation is correlated with the B1 waveform.  Both B1 and C waveforms may play a role in the
behavior that facilitates inoculation of Xylella fastidiosa (Xf).  Results this year support that both amount and location of Xf
binding in the foregut of GWSS (“vector load”) are critical for success of subsequent inoculation.  The precibarium is the
first area colonized during acquisition, and also may be the most important location for subsequent inoculation.  If insects
become “maximally loaded” with Xf, preliminary results suggest that a single probe by a single vector can cause a lethal
infection.  These results will help solve the PD/GWSS problem by providing powerful new tools for future studies, answers
to numerous questions about how vector transmission works, and new potential targets for host plant resistance.

INTRODUCTION
The behaviors comprising within-plant feeding (a.k.a. stylet penetration) of hemipteran vectors are intricate and complex, and
vary enormously among species. Yet, a deep understanding of stylet penetration is particularly important for sharpshooter
vectors because behavior plays a crucial role in transmission of non-circulatively transmitted pathogens like Xylella
fastidiosa (Xf).  Thanks to EPG monitoring, sharpshooter stylet penetration can now be observed in detail, in real-time.  Two
stylet penetration behaviors emphasized in this project likely control Xf inoculation.  They are uptake of plant fluids into the
gut (ingestion) and expulsion of bacteria-laden fluids (egestion or extravasation).

OBJECTIVES
1. Characterize ingestion behavior, especially to:  (a) identify in which cell types various durations of ingestion (C) are

occurring, and (b) how to recognize that by EPG alone.
2. Characterize extravasation behavior, especially to:  (a) correlate the B1 waveform with fluid flow in and out of the

stylets, and (b) determine in which plant cells this behavior occurs.
3. Characterize behavior-Xf interactions that permit inoculation, especially to (a) identify the behaviors (i.e. ingestion,

extravasation or both) during which bacteria are expelled, and (b) whether bacterial expulsion is into xylem, or any plant
cell type penetrated, or both.

RESULTS
Insect Availability
Last year’s progress report announced that we had solved all problems with availability of experimental plants, insects and
bacteria.  Unfortunately, one month after writing that report, our source for clean glassy-winged sharpshooters (GWSS), D.
Morgan of CDFA, told us he could no longer provide insects due to unforeseen colony issues.  For most of this year, we have
attempted to use GWSS lab-reared from egg masses laid by adults that we field-collected from ornamental plants in
Bakersfield (for Xf inoculation studies) or we have substituted smoketree sharpshooter (STSS) (for waveform correlation
studies without Xf).  These attempts were partially successful, but consequences were severe for one experiment.  As of this
writing (late September 2006), we have been promised a few clean insects from Morgan, to re-do key experiments.
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Figure 1. Three simultaneously
recorded voltage signals from EPG
(top), cibarial diaphragm movements
(middle) and production of excretory
droplets (bottom).  Light-detecting
diodes were placed on the video
screen to generate voltage signals for
diaphragm movements (increased
voltage = more uplifted diaphragm)
and excretory droplet expulsion
(peaks).

Objective 1.  Correlation of ingestion with EPG waveforms
Study a:  Ingestion-activity correlations and cell types in which it occurs
An electromyographic (EMG) study of cibarial dilator muscle activities was completed by post-doc S. Dugravot (Dugravot et
al., ms. in prep.).  The project temporally correlated EMG signals of muscle potentials with video images of cibarial
diaphragm movements (visible when backlit) and production of excretory droplets (Figure 1).  The C waveform was 100%
correlated with cibarial dilator activity.  The valley portion of C represented the rapid, muscular uplift of the diaphragm (i.e.
sucking; Figure 1, red lines) and the plateau represented the slower, non-musclular drop of the diaphragm (i.e. swallowing;
Figure 1, blue lines).  In addition, once sustained ingestion was underway, excretory droplets were also correlated with
cibarial pumping; 2 – 4 pumps produced a single droplet (Figure 1).  Droplets ceased when cibarial pumping ceased,
especially during interruption (N) waveforms corresponding to salivation into xylem (Backus and Labavitch 2006) (data not
shown).  However, the synchrony of droplets and cibarial pumping did not hold for the beginning and end of ingestion.  Each
insect varied greatly in the onset of droplet production in relation to onset of pumping, and likewise, the end of pumping did
not immediately signal the end of droplet production.  Thus, we confirm that production of excretory droplets is an excellent
correlate of sustained ingestion.  However, we caution that droplet production cannot be used to time onset or cessation of
ingestion, which differed by up to 40 min.

Data from this EMG study were complemented by a second study performed by Backus at the Argonne National Lab.  EPG
waveforms were recorded from wired GWSS that were subjected to high-energy X-ray imaging during feeding, which
allowed the cibarial muscle movements to be directly viewed.  Video images and waveforms are being analyzed, but
preliminary results support the above findings.  Significantly, it was also observed that atypical C waveform shapes,
hypothesized to correlate with ingestion from non-xylem cells, were actually caused by unusual cibarial muscle contractions.
In fact, all aspects of C waveform fine structure were correlatable with cibarial muscle movements alone.  Other correlations
will be possible as data are analyzed

A third project completed this year was a histological study to determine which ingestion events were performed in xylem,
and whether that ingestion tissue can be identified by waveform appearance alone.  We examined salivary sheath branches of
artificially terminated probes made by STSS feeding on cowpea stem (see sample waveform in Backus and Labavitch 2006).
Preliminary results strongly support that waveform C is virtually always correlated with xylem, but can occur in any of
several xylem cell types.  Very early, especially short-duration, C events usually occurred in pri-mary protoxylem cells or
small, unlignified secondary xylem cells.  In contrast, somewhat later, especially longer-duration, C events occurred in large,
lignified secondary xylem cells.

Study b:  Recognizing ingestion from waveforms alone
Results from Study a (to date) support that waveform C represents ingestion, but its fine structure is not correlated with
ingestion tissue type.  Yet, C predominantly occurs in xylem, and the type of xylem cell (and perhaps function-ality) appears
to be correlated with the C event order and/or the event duration.

Objective 2.  Correlation of extravasation with EPG waveforms
Study a:  Correlate B1 waveform with muscle movements and fluid flow in and out of stylets
The EMG study described under Objective 1 above also examined muscle potentials from the precibarial valve muscles,
which are hypothesized to control extravasation.  Results conclusively showed that the precibarial valve is voluntarily moved
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only during pathway waveforms, not during C.  The valve muscle potentials occurred throughout pathway, and strongly
resembled waveform B1 spikelet bursts (B1s) (data not shown).  Because B1 is the only waveform that is ubiquitous
throughout pathway, this supports that B1s represents valve fluttering.  The directionality of streaming potentials implies that
fluid moves in and out of the precibarium during this behavior.  This work supports earlier findings correlating B1 with Xf
inoculation. B1 apparently represents a combination of fluid uptake and expulsion (extravasation) (via precibarial valve
fluttering) for tasting, plus small amounts of salivation.

Study b:  Determine in which plant cells B1 occurs
A combination of the GWSS EMG study and STSS sheath histology studies above, plus results from earlier studies,
continues to support that B1 occurs throughout pathway, in all cell types penetrated by the stylets.  Work detailed in Backus
and Labavitch 2006 shows that B1 can occur in xylem cells, just prior to or interrupting ingestion events.

Objective 3.  Characterize behavior-Xf interactions that permit inoculation
Study a:  Identify the behaviors (ingestion, extravasation or both) during which bacteria are expelled
Last year’s progress report detailed findings by the previous post-doc, P.H. Joost, that green fluorescent protein (GFP)-

expressing Xf were seen embedded in salivary sheaths
and floating freely in artificial diet on which putatively
inoculative GWSS fed.  Yet, only 1 out of 40 EPG-
recorded probes revealed GFP.  In the year since that
work, we have demonstrated that the low success rate
of Joost’s experiment was due to not enough GFP-Xf
available in infected plants, so that his ultra-clean
GWSS from Morgan could not acquire enough Xf. We
perfected our acquisition protocol, and produced
confocal laser scanning microscope (CLSM) images
that demonstrated that GFP-Xf are acquired first into
the precibarium and then into the cibarium over an 8
day acquisition access period (AAP) (Figure 2).  These
images were showcased in our poster at the 2005 PD
Symposium (Backus et al. 2005).  We term these
insects “clean, maximally loaded.”  This year, now
more confident of our acquisition protocols, a second
post-doc (S. Dugravot) attempted anew to perform this
diet-inoculation experiment.

After four months of efforts this year, we concluded
that the attempt was again unsuccessful.  Like last year, however, we learned much from the problems encountered.  Our
efforts to rear clean (non-inoculative) GWSS from egg masses in the absence of Morgan’s insects were apparently
unsuccessful.  None of the nearly 60 probes that were observed in artificial diets showed signs of GFP-Xf, even though the
insects were given 8 – 13 d AAP’s on infected acquisition grape plants.  Indeed, when we dissected the GWSS heads and
examined their foreguts via CLSM, we invariably found much less GFP-Xf than last year’s maximally loaded insects (data
not shown). Large, flocculent aggregations of autofluorescing (non-GFP) microbes were visible in both areas, but primarily
in the cibarium; GFP-Xf were merely tucked in amongst these, in small to medium aggregations.  We concluded that the
insects had already acquired competing microbes into the prime acquisition (and inoculation) sites, and again there was too
little GFP-Xf present to inoculate into the diet.  We term these insects “dirty, topped-off.”  These findings support the
hypothesis that competition for binding sites occurs in the insect’s foregut.  A third post-doc, B. Reardon, will attempt this
diet-inoculation project again, after we have received (hopefully) ultra-clean GWSS from Morgan.

Study b:  Determine into which plant cells bacteria are expelled
In November 2005 we performed a plant inoculation experiment to complement the diet inoculation study described above.
For this test, we were able to use the last of the ultra-clean insects provided to us last year by Morgan. Recent CLSM of their
heads has shown that the precibaria of these insects acquired GFP-Xf (Figure 3, next page) during their 5 – 8 day AAP’s,
prior to use in the inoculation test.   GFP-Xf-inoculative insects were each EPG-recorded for a single, standardized probe
composed of pathway plus 3-6 min of ingestion on a healthy ‘Cabernet Sauvignon’ grapevine petiole.  Each plant was then
held in an insect-exclusion cage in the greenhouse for one of 4 time periods:  0, 10, 20 or 40 d, whereupon the petiole tissue
in the immediate vicinity of the marked probe site was prepared, sectioned, and examined using epifluroescence light
microscopy (ELM) with a GFP filter cube.  The 0 d tissue actually was excised 2 – 4 min after the end of the probe.  In
addition, when plants became obviously symptomatic for PD (at 3 months), 8 – 10 leaves above the fed-upon petiole were
assayed for Xf using PCR.

Results are still being fully analyzed, but preliminary findings are startling.  First, 100% of the 36 plants (9 reps per
treatment) became unambiguously symptomatic for PD and died within 6 months after the inoculation probe.  Control,
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FIG 2. CLS micrographs of representative epipharyngeal halves of cibaria (top) and
precibaria (bottom; more magnified) at 2, 3, 6 or 8 days AAP.
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healthy plants subjected to all the same treatments (except inoculation) thrived,
and none died.  All plants were kept on an automatic irrigation regime in the
greenhouse, and none became dessicated. PCR tests were encouraging, but
require further optimization in a November repeat of the experiment.  A majority
of plants in each treatment were positive for Xf: 100% of the 0 d plants, and 56%
each for the 10, 20 and 40 d plants.  We suspect that the 44% negative were false
negatives, due to either concentration of template below the detection limit, or
problems with inhibitors.  The strong symptom results and adequate PCR results
suggest that 100% of these grape plants were inoculated with Xf by a single
GWSS probe, which led to a lethal, systemic PD infection.  If an upcoming
repetition of this experiment verifies our findings, it will be the first time that
GWSS has been experimentally shown to exhibit 100% vector efficiency per
individual insect, let alone from a single probe.  Future refinement of the
procedure could provide a bioassay for reliable, natural insect-inoculation that
could be useful for comparative host plant resistance studies.

Second, unfortunately, our
histological preparations were
not successful, but we have
determined the cause and are
developing new protocols to
solve the problem.  In order to
locate salivary sheaths in plant

tissue, we must be able to prepare, embed and section the tissue.  However,
standard, alcohol-based histological preparations quench the fluorescence of
GFP; hence, all researchers using confocal visualization of GFP-Xf use
unsectioned tissues.  Our GFP-Xf samples fluoresced slightly, but at the same
(yellow) wavelength as lignified xylem cell walls (as in Figure. 4).  After
much effort and with the help of S. Ruzin, we have devised the first-ever
protocols for classical histological preparation of GFP in plant tissues.
Although improvements still will be made in the coming weeks, we now can
definitively identify GFP-Xf in longitudinally-sectioned xylem cells and
spectrally separate bacterial cells from cell walls (Figure 4).

CONCLUSIONS
Our findings will help solve the PD/GWSS problem by providing:  1) A
powerful tool in EPG for studies of host plant resistance, including a natural,
insect-inoculation bioassay and eventual development of a resistance index for
genotype screening (the Stylet Pentration Index); 2) Insights into the
mechanism of Xf transmission (acquisition and inoculation); 3) Numerous
spin-offs from such basic findings, such as information for risk assessment
models, with implications for all levels of the Xylella-sharpshooter-grape
pathosystem, including ecological, epidemiological and management; and 4)
Knowledge of new potential targets for grape breeding and transgenic
resistance.
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Figure 4. GFP-Xf revealed (small green boxes)
in paraffin-embedded and longitudinally-
sectioned stems from mechanically inoculated
grape.  Inset:  a section adjoining the box with the
*, magnified.  This represents ~70% of the green
signal that will be visible using the final protocol.
300x.

*

Figure 3. Close-up view of the
precibarial valve and the distal half
of the epipharyngeal basin in a
GWSS allowed a 5 day AAP,
showing green GFP-Xf. The plant
was PCR-positive for Xf .  Note
better resolution than for Fig. 2, due
to improved CLSM protocols.  320x
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ABSTRACT
The purpose of this project is to determine whether a vector’s enzymatic saliva aids the establishment of the few ‘pioneer’
Xylella fastidiosa (Xf) cells that are inoculated into a plant; thus the bacteria would co-localize with the saliva.  Previous work
showed that watery saliva of glassy-winged sharpshooter (GWSS) degrades cell walls, and is injected into xylem during
feeding.  Saliva contains cell wall-degrading enzymes, notably β-1,4-glucanase (EGase), which can degrade pit membranes
that impede cell-to-cell movement of bacteria. We plan to immunoprobe for salivary EGase, in grape stems fed-upon by
GWSS that have acquired green fluorescent protein (GFP)-transformed Xf, to co-localize Xf with both sheath and watery
saliva.  This year, we:  1) improved protocols for histology of salivary sheaths using epifluroescence light microscopy, 2)
dissected 500 pairs of salivary glands to extract EGase and raise antibodies, 3) showed histologically that the salivary sheath
dissolves over time, resulting in cellular abnormalities typical of cell-wall loosening, and 4) showed that sheath and watery
saliva are directly injected into and travel through xylem cells.

INTRODUCTION
Many researchers, including ourselves, are investigating how Xf moves from cell to cell, because it is a crucial mechanism for
the earliest stages of infection. Xf can cause PD only if bacteria can ‘break out’ of the initial, imprisoning inoculation xylem
vessel(s) to produce an increasing population that becomes systemic.  Thus, initial infection success is dependent, in part, on
Xf lateral movement through adjacent vessels.  Recent evidence by Labavitch and colleagues studying Xf movement through
stems supports the idea that pit membranes limit bacterial movement.  Sufficient quantity of cell wall-degrading enzymes can
digest parts of the primary cell wall network of the pit membrane, allowing bacteria to pass. The enzymes polygalacturonase
(PG) and β-1,4-glucanase (EGase, often identified as cellulase in the literature) are produced by mature Xf populations,
typical of the biofilms in xylem that are seen in later stages of infection, and may function in this way.  It seems to us,
however, that the few pioneer bacteria inoculated by a vector are unlikely to produce a sufficient titer of enzymes to digest
through the pit membrane.  Fewer than 200 cells are typically inoculated by sharpshooters (Hill and Purcell 1995).

Although it is routine to histologically image sheath saliva in fed-upon plants (e.g. Leopold et al, 2003, Backus et al 2005b),
no researcher has ever directly visualized watery saliva in plants, for any hemipteran.  Due to its fluid and dispersive nature,
it is unstainable by conventional means.  However, Backus and colleagues have defined electrical penetration graph (EPG)
waveforms that represent salivation and ingestion (Joost et al. 2006).  Correlating EPG with histology of probed plant tissues
revealed the cell types into which saliva is injected (Backus et al. 2005).  Watery saliva becomes mixed with, and spreads out
from, the salivary sheath and enters the xylem.  Labavitch and colleagues recently have found very high activity of EGase
and other cell wall polymer-degrading enzymes in GWSS salivary gland fractions.  The evidence that copious quantities of
cell wall-degrading saliva are injected along with very few bacterial cells led Backus to hypothesize that the small number of
pioneer bacteria initially inoculated are aided in their cell-to-cell movement (therefore their ultimate infection) by the
enzymatic salivary secretions of their vector.

OBJECTIVES
1. Purify and characterize β-1,4-glucanase (EGase), a putatively cell wall-degrading salivary enzyme of GWSS, and

develop antibodies for in planta localization of saliva.
2. Determine whether GWSS salivary proteins (injected into grape during EPG-controlled insect feeding) affect the

distribution of recently inoculated Xf, as detected systemically by PCR and locally by immunocytochemistry.

RESULTS
Award notification for this new grant was received in June 2006.  However, as usual, the official start of the project will be
delayed until spring 2007, due to budgeting and paperwork circumstances beyond our control.  Nevertheless, we made
progress in these four months analyzing pertinent previous research, using Backus’s in-house ARS funds.
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General Methodologies
Strong progress was made this year in
developing new methods that will be
applicable to this grant’s research, as
well as to other projects in the Backus
lab.  Among them are further fine-
tuning of the histological methods used
to visualize GWSS salivary sheaths in
fed-upon grape tissues using confocal
laser scanning microscopy (CLSM) and
epiflurescence light microscopy (ELM),
especially in relation to correlated EPG
recordings of stylet penetration.  We
found that the salivary sheath
autofluoresces very brightly at almost
all wavelengths of light, and thus it can
be imaged using both CLSM and ELM
without time-consuming staining and
counter-staining of tissues (Fig. 1a).
The sheath is bright yellow under a GFP
filter, and can be spectrally separated
from the surrounding plant tissues (Fig.
1a) and GFP.  We also further perfected
the method for simultan-eous EPG
recording, marking the probing site,
histological preparation, then correlating
waveforms (Figure 1b-d) with salivary
sheaths.  Landmarks in the sheath that
correspond with known waveform types
(e.g. the B2 blob; Figure 1 a-c) allow
spatial and temporal correlations of
behaviors (compare numbers on sheath
and waveform pictures).

Objective 1.  Purify and characterize
β-1,4-glucanase and develop
antibodies.
Study a:  Enzyme purification
Salivary glands were dissected by
Backus and her colleagues from nearly
500 GWSS, field-collected from
ornamental shrubs in Bakersfield, CA,
during the summer of 2006.  Glands

were frozen in extraction buffer at -20 C.  Plans are to dissect another 300-500 pairs of glands before January 2007, when
protein extraction, purification, and assaying of EGase will begin in the lab of Labavitch and his colleagues.  Antibodies to
purified EGase will be raised by a core facility at UC Davis, for later Objective 2 work.

Objective 2.  Determine whether GWSS salivary proteins affect the presence/distribution of inoculated Xf.
Studies a and b:  Immunocytochemistry of probes by clean vs. GFP-Xf inoculative GWSS
Our ultimate goal for this objective is to combine five challenging procedures into one experiment:  1) using ultra-clean
GWSS, allow one group of insects to maximally acquire GFP-Xf and the other (control) group to remain clean, then 2) EPG-
record a single, standardized probe as described in Backus (2006), then 3) excise, histologically prepare, and section the fed-
upon grape tissue, then 4) probe the sectioned tissue with Cy5-fluorescently conjugated antibody to EGase (from Objective
1), and finally 5) use CLSM to simultaneously locate and image autofluorescent salivary sheaths and cell walls, GFP-Xf and
Cy5-stained EGase/watery saliva.  In addition, this study will include a time-course, in which fed-upon plants are held for
varying time periods before excision and preparation for microscopy.  In this way, we hope to visualize the location of both
watery saliva (i.e. EGase) and sheath saliva in relation to presence, location and movement of Xf bacterial cells, during
certain EPG waveforms.  This year, we made substantial progress developing each of the individual protocols to be combined
in the larger test, with the following findings.

Figure 1.  a. Montage of images (merged at *) from two adjoining sections of a long
GWSS salivary sheath in healthy ‘Cabernet sauvignon’ grape petiole, excised 20 d
after the probe.  The sheath bypassed a small vascular bundle and penetrated
straight to a secondary xylem cell in an interior vascular bundle.  The cell is filled with
sheath saliva because the probe was naturally terminated by the insect. Numbered
labels identify spatial sheath correlations with temporal waveform correlations in part
b.  200x. b. Entire EPG waveform trace recorded from this probe. c, d. Enlarged
views of the red-boxed section of pathway waveform (c), and blue-boxed section of
the last ingestion waveform (d), respectively, in part b, showing waveform details.
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Non-pathway N – salivation, here to fill the sheath for pull-out

B2 – max. stylet sawing, salivation;
leaves a B2 blob of saliva in sheath

B1 – precibarial valve fluttering, tasting,
salivation

1stC 2ndC

1stN

2 -
B2 blob

1

1

2

3

4

3 4

*

a

b

c

d



- 258 -

Figure 3. Naturally terminated,
GWSS salivary sheath into healthy
‘Cabernet Sauvignon’ grape, excised
2-3 min after the probe.  The sheath
had four branches, two shown here,
into secondary xylem cells filled with
sheath saliva (1 and 2).  Saliva in
branch 2 moved 22 sections away
from this entry point.  Representative
appearances of the sheath saliva in
sections 3, 8, 18 and 19 (from left to
right) are shown in insets.  200x.

The salivary sheath dissolves, resulting in cellular abnormalities typical of cell-wall loosening
In the plant inoculation experiment described more fully in Backus 2006, we developed the EPG and time course methods.
We also used ELM to examine the appearances of the salivary sheaths after 0, 10, 20 and 40 days following an EPG-
identified, standardized probe.  We found that the outermost region of the salivary sheath (the “trunk” area, where the
mandibular stylets are braced) shows signs of cell enlargement over time (Figure. 2a-d), similar to that caused by hemipterans
that cause saliva-mediated, direct feeding damage via cell wall-degrading enzymes, such as Empoasca fabae and Lygus
hesperus (Backus et al. 2005a, Shackel et al. 2005, respectively).  This is strong, albeit indirect, evidence that such enzymes
are active in GWSS saliva, ultimately leading to a cellular response typical of such agents.

Sheath and enzymatic watery saliva are directly injected into xylem cells, and they can travel
ELM images of salivary sheaths from the plant inoculation-time course study (described in Backus 2006) usually showed
sheath saliva within an ingestion xylem cell at the point of stylet entry, as in Figure 1.  This is because the wired insects were
allowed to naturally terminate their probes, and sharpshooters typically fill their sheaths as they back their stylets out of the
plant (Backus et al. 2005).  In addition, sheath saliva also was commonly seen in sections adjacent to the sheath’s entry point.
In the most extreme example to date, sheath saliva was found in each of 22 contiguous sections, i.e. up to 220 μm away from
the salivary sheath (Figure 3). While a sheath branchet to a xylem cell was typically 20 – 40 μm wide, the stylet entry point
was usually within one 10 μm-wide section.  It is reasonable to hypothesize that less viscous, more dispersive watery saliva
could travel even
further within xylem
vessels.

We also have EPG
evidence that salivation
occurs in xylem in-
gestion cells.  This year
we definitively
identified the
sharpshooter
waveforms
representing watery
salivation into a xylem
cell (Figure 4, below).  We performed an experiment to determine when smoke tree sharpshooter (STSS) ingestion
waveforms are definitely from xylem.  Preliminary data analysis is described in Backus 2006.  But the following finding is
pertinent to this project.  Several correlated salivary sheaths had single branches leading directly to single xylem cells.  In one
example, the sheath (not shown) led to a large, lignified secondary xylem cell that appeared empty, i.e. it lacked occluding
sheath saliva (because the insect’s stylets were abruptly pulled out before it could fill the cell).  This was the first xylem cell
contacted; there was no evidence of branching into or extension from a different cell.  Therefore, the two correlated ingestion

2

Figure 2. Naturally terminated, GWSS salivary sheaths in healthy ‘Cabernet Sauvignon’ grape.  Although all sheaths
terminated in xylem, not all chosen sections show that. a. Sheath excised at 0 d time period (actually, 2 – 3 min after
end of probe).  Note the distinctness of the sheath edges. b. Sheath excised 10 d after the probe.  Note slight spread of
saliva into adjoining cells, especially cell walls, and less distinct edges of the sheath, which is beginning to dissolve. c.
Sheath excised 20 d after probe.  Note strong dissolution and wide area of saliva into adjoining cells and cell walls,
enlargement of some cells, and start of swelling of tissue. d. Sheath excised 40 d after probe.  Note less sheath saliva
(now absorbed) and strong cellular enlargement, swelling of adjacent tissue.  200x.

2

1

0 d 10 d 20 d 40 d
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(C) waveform events (1stC and 2ndC) must have both occurred in the same cell.  It follows then that the interruption
waveform (N) between them (2ndN) must represent in part (non-stainable) watery salivation into that xylem cell (Figure 4).

CONCLUSIONS
The described findings support the following hypotheses, which will be further tested this year: 1) watery saliva is injected
during the earliest stages of stylet penetration, as well as further along the pathway and into a xylem ingestion cell, 2) GFP-Xf
exit the stylets during all parts of the probe, and become embedded in the salivary sheath, as well as injected directly into
xylem cells, and 3) the bacteria move into areas first traversed by the watery saliva.  Findings from this study will help solve
the PD/GWSS problem by opening up all-new avenues for transgenic host plant resistance.  Novel transgenes could be
developed by engineering an inhibitor of the salivary components that aid inoculation.
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Figure 4. a. Last part of the waveform trace from an artificially
terminated probe by a STSS into healthy cowpea.  Waveforms
from STSS and GWSS are identical. The waveform spike at the far
right is the artificial pull-out spike generated when the insect was
plucked off the stem.  As a result, the salivary sheath was hollow,
providing definitive correlation of its termination cell with the
final ingestion event, 2ndC. b, Enlarged views of the red-boxed
section, showing details of the salivation wave, N.  NB1w
represents salivation; NB1s represents precibarial valve fluttering.
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ABSTRACT
We examined the relationship between the occurrence of Pierce’s disease (PD) in Napa Valley vineyards and both adjacent
and distant vegetation types.  Because the vector, Graphocephala atropunctata (blue-green sharpshooter, BGSS), is mobile
and has a broad host range, disease risk is influenced by vector migration among vegetation types.  Therefore, certain
combinations of vegetation types surrounding vineyards are more likely to be associated with PD. To test this hypothesis, we
surveyed for PD in a total of 41 vineyards located adjacent to either riparian woodland (vector habitat), urban land (vector
habitat), other vineyards (vector habitat), or oak woodland (habitat status unknown).  The proportions of the four vegetation
types distant from the sites (within 0.5, 1, 1.5, and 2 km) were quantified with a geographical information system.  Vineyards
were surveyed for PD in 11/05.  Pathogen presence was confirmed by ELISA.  Multiple binary logistic regression showed
that both adjacent and distant vegetation type significantly predicted PD presence.  Vineyards were more likely to have PD if
they were adjacent to riparian woodland and surrounded by more vineyards or urban land.  These results suggest that
vineyards and urban lands may be important in PD epidemiology.  Given that uninfected vineyards adjacent to riparian
woodland were also surrounded by large amounts of riparian and upland woodland, it is also possible that riparian woodland
in more forested landscapes hosts lower vector densities or a lower proportion of infective vectors.  Alternatively, more
expansive woodland may be associated with lower PD risk because it decreases the spread of infective BGSSs.

INTRODUCTION
Riparian areas contribute to Pierce’s disease (PD) in North Coast vineyards, as evidenced by a correlation between disease
incidence and proximity of vines to riparian woodland (Purcell 1974).  Purcell (1975) concluded that the bluegreen
sharpshooter (BGSS) acquires Xylella fastidiosa (Xf) mainly from riparian hosts in spring, as the pathogen is not detectable in
vines early in the growing season (Hopkins 1981).  Our findings of few infected riparian hosts in spring suggest that feeding
on such hosts is unlikely to result in Xf acquisition by the BGSS at this time (Baumgartner and Warren 2005).  Therefore,
either BGSSs acquire Xf from riparian hosts in summer or autumn, when Xf populations are sufficient, or they acquire Xf
from other hosts.

The generalist feeding habit of the BGSS (Hewitt et al. 1949) makes it difficult to predict which hosts are important inoculum
sources (competent reservoirs). Xf has a broad host range that includes all winegrape varieties and some riparian plants
(Hewitt et al. 1949, Severin 1949, Freitag 1951), but its limited persistence and low titers in most species means that not all
hosts are competent reservoirs (Purcell and Saunders 1999, Baumgartner and Warren 2005). Xf hosts have been identified
mainly from greenhouse studies (e.g. Hill and Purcell 1995).  In the field, such hosts are situated within plant communities
(vegetation types), where their relative abundance can vary.  In addition, the Xf-conducive environment in a greenhouse
likely over estimates the host range.  Therefore, field-based investigations are needed to identify vegetation types that
contribute most to the spread of PD.

Our aim was to determine the relationship between PD and the spatial arrangement of vineyards among other vegetation
types (landscape structure).  Landscape structure is a key factor in the spread of vector-borne mammalian diseases, such as
Lyme disease (Allan et al. 2003), bubonic plague (Collinge et al. 2005), and malaria (Guerra et al. 2006), and the invasive
forest pathogen, Phytophthora ramorum (Meentemeyer et al. 2004).  Our approach was to randomly select 41 Napa Valley
vineyards adjacent to riparian woodland (vector habitat), urban land (vector habitat), other vineyards (vector habitat), or oak
woodlands (habitat status unknown).  The proportions of the four vegetation types distant from the sites (within 0.5, 1, 1.5,
and 2 km) were quantified with a geographical information system (GIS; ArcGIS v9.1, ESRI, Inc., Redlands, CA).  Each site
(standardized to a 500-vine block) was sampled for PD in October 2005. Xf presence was confirmed by Dr. Barry Hill, using
ELISA (Hill and Purcell 1995). Multiple binary logistic regression was used to identify combinations of adjacent and distant
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vegetation types that were significantly correlated with PD.  We also examined the relationship between winter temperatures,
adjacent and distant vegetation types, and PD.

OBJECTIVES
1. Determine if vegetation types distant from vineyards are correlated with PD occurrence in North Coast vineyards.
2. Identify combinations of adjacent and distant vegetation types that are correlated with PD occurrence in North Coast

vineyards.
3. Examine the relationship between winter temperatures, adjacent and distant vegetation types, and PD.

RESULTS
Multiple binary logistic regression showed that both adjacent and distant vegetation type significantly predicted PD presence.
PD was significantly more likely to be present in vineyards adjacent to riparian woodland.  Conversely, PD was less likely to
be present in vineyards surrounded by a higher proportion of riparian woodland.  This pattern was significant at the buffer
radius of 1.0 km, based on both the likelihood ratio and Wald significance tests, and it was significant at the radius of 1.5 km,
based on the likelihood ratio test (Table 1).  A similar, but nonsignificant pattern existed for the 0.5 km (Figure 1) and 2.0 km
radii. Similarly, we found that PD was significantly likely to be absent from vineyards surrounded by a higher proportion of
upland woodland at all spatial scales, based on the likelihood ratio test.

The opposite pattern existed for vineyards and urban land.  Vineyards were significantly more likely to have PD if they were
adjacent to riparian woodland and if more vineyards were present within 0.5, 1.0, 1.5, or 2.0 km (Table 1; Figure 2).
Similarly, vineyards surrounded by more urban land were significantly more likely to have PD at all spatial scales.

There were correlations between some vegetation types at some spatial scales (data not shown).  Proportions of upland
woodland and riparian woodland were positively correlated (P<0.05) at 1.0, 1.5, and 2.0 km.  Proportions of urban land and
vineyard were also positively (P<0.05) correlated at 1.0, 1.5, and 2.0 km.  All other pairs of independent variables (riparian
woodland vs. vineyard, upland woodland vs. vineyard, upland woodland vs. urban, riparian woodland vs. urban) were
negatively correlated (P<0.05) at all four spatial scales.

PD was more likely to be present in vineyards with colder minimum January temperatures.  Multiple binary logistic
regression with minimum January temperature and type of adjacent vegetation as independent variables showed that the
overall model was significant (χ2=14, P=0.001; Nagelkerke R2=0.43).  Both minimum January temperature (Wald=6.9,
P=0.008) and type of adjacent vegetation (Wald=4.6, P=0.03) contributed significantly to the model.  Minimum January
temperature was positively correlated with the proportion of total woodland within 0.5, 1.0, 1.5, and 2.0 km of the vineyards
(P<0.05).

CONCLUSIONS
Our results show a clear pattern - vineyards are more likely to have PD if they are adjacent to riparian woodland and
surrounded by more vineyards or urban land.  Several mechanisms, not mutually exclusive, may result in this pattern.  For
example, because all winegrapes and certain ornamental plants can host both the vector and the pathogen, vineyards and
urban lands may be important in PD epidemiology.  Northern California vineyards and gardens, which are irrigated in the
summer, may provide relatively attractive forage for the BGSS. In addition, reports of pathogen titers show that grapevines
are among the highest (Hill and Purcell 1995).  Therefore, the focal host species in this disease system, the grapevine, may
itself be a competent reservoir.  However, given that the proportions of vineyards and urban lands were significantly
positively correlated, and that both were negatively correlated with the proportion of woodland, it is not possible to determine
if spatial patterns of PD result from the presence of vineyards and urban lands and/or the absence of woodland.

Although PD was more common in vineyards adjacent to riparian woodland, the concomitant absence of PD from the
majority of such vineyards (63%) suggests that either not all riparian woodland contributes to PD risk or that factors other
than proximity to riparian woodland are more important.  Given that uninfected vineyards adjacent to riparian woodland were
also surrounded by large amounts of riparian and upland woodland, it is possible that riparian woodland in more forested
landscapes hosts lower vector densities.  Similar results were found in Lyme disease studies, where both vector density and
the proportion of infective vectors are higher in smaller forest patches (Allan et al. 2003).  Riparian woodland is thought to be
preferred BGSS habitat because of the succulent vegetation. In vineyards situated in more forested landscapes, BGSS
densities may be controlled by natural enemies. Insect predators are often more vulnerable to loss of natural habitat than are
their prey (Hunter 2002).  This differential effect of habitat fragmentation on natural enemies and prey would be expected to
result in high BGSS densities in riparian woodland adjacent to vineyard only when natural habitat has been lost in the
surrounding landscape.

Smaller patches of riparian woodland may be associated with higher PD risk because they may host a higher density of
competent reservoirs, compared to larger woodland patches. More expansive woodlands are typically characterized by
higher plant diversity, possibly resulting in lower densities of competent reservoirs via a dilution effect (Schmidt and Ostfeld
2001).  PD is characterized by several features required for such a relationship to exist between disease risk and host diversity
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(Schmidt and Ostfeld 2001): the absence of transovarial transmission (Purcell and Finlay 1979), a generalist vector (Hewitt et
al. 1949), and high variation in reservoir competence (Purcell and Saunders 1999).  Furthermore, reservoir hosts that harbor
some of the highest reported pathogen titers include the non-native species, Rubus discolor and Vinca major (Baumgartner
and Warren 2005).  Given their invasive nature, it is possible that remnants of riparian woodland have a higher frequency of
such hosts and, therefore, increase the risk of PD in adjacent vineyards.  Alternatively, more expansive woodland may be
associated with lower PD risk because it decreases the spread of infective BGSSs.

Temperature is a potentially confounding variable in our study.  Grapevines are more likely to recover from infection by Xf in
regions with colder winters (Feil et al. 2003).  Thus, if colder vineyards were more likely to be situated in landscapes
dominated by woodland, winter temperature might have explained the relationship between woodland and PD.  We found the
opposite pattern; colder vineyards were more likely to be infected with PD and were more likely to be in landscapes with low
amounts of woodland.  Since our results are limited to correlative relationships among these factors (not causal relationships),
we can only conclude that the relationship between PD and winter temperature may be more complex than previously
thought.  It is possible that factors other than winter temperatures, that are also correlated with the amount of nearby
woodland, are responsible for increased risk of PD.

From an epidemiological perspective, our findings suggest that both local and remote factors have interactive effects on the
risk of PD.  The occurrence of PD is not correlated with the presence of an adjacent riparian woodland unless the surrounding
landscape is also dominated by vineyards or urban lands.  This complicates management decisions, which are targeted at the
vineyard scale. If vegetation types and their proportions within 2 km of a vineyard have significant effects on PD, then
control practices focused on the vineyard and its immediately surrounding area have to counteract these distant factors.
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Table 1. Results from multiple binary logistic regression of the relationship between PD occurrence, adjacent vegetation
type, and distant vegetation type (within 0.5, 1, 1.5, and 2 km of each vineyard site).

Continuous independent variable

Likelihood ratio
test of

significance of
continuous
independent

variable

Type of adjacent
vegetation (riparian vs.

non-riparian)

Overall
model

Variable Radius
(km)

Nagel-
kerke R2

Parameter
estimate* Wald P χ2

P
Parameter
estimate Wald P χ2

P
Riparian 0.5 0.14 -8.0 1.0 0.3 3.6 0.06 2.2 3.5 0.06 4 0.1
Riparian 1.0 0.27 -37.4 3.9 0.049 5.1 0.02 3.0 5.3 0.02 8 0.02
Riparian 1.5 0.27 -42.7 3.7 0.05 5.2 0.002 2.6 5.5 0.02 12 0.003
Riparian 2.0 0.22 -36.3 2.8 0.09 1.1 0.029 2.2 5.0 0.03 7 0.04
Upland 0.5 0.29 -5.6 3.6 0.06 5.2 0.02 2.1 5.0 0.03 9 0.01
Upland 1.0 0.31 -5.3 4.1 0.04 6.5 0.01 2.3 5.5 0.02 10 0.008
Upland 1.5 0.31 -5.1 4.2 0.04 6.5 0.01 2.4 5.5 0.02 9 0.009
Upland 2.0 0.27 -4.6 3.7 0.05 5.8 0.02 2.4 4.9 0.03 8 0.02

Vineyard 0.5 0.33 5.4 5.4 0.02 9.6 0.002 2.6 5.8 0.02 10 0.006
Vineyard 1.0 0.39 6.0 6.6 0.01 10.0 0.002 2.6 5.8 0.02 12 0.002
Vineyard 1.5 0.41 6.3 7.0 0.008 9.4 0.002 2.8 5.9 0.02 13 0.001
Vineyard 2.0 0.40 6.7 6.2 0.01 7.3 0.007 3.1 5.6 0.02 13 0.002

Urban 0.5 0.19 4.9 2.2 0.14 2.4 0.12 1.9 4.4 0.05 5 0.07
Urban 1.0 0.40 20.0 4.4 0.04 9.9 0.002 3.8 5.1 0.02 13 0.002
Urban 1.5 0.51 26.8 5.6 0.02 14.2 0.0002 4.7 6.0 0.01 17 0.001
Urban 2.0 0.51 25.0 6.9 0.008 14.3 0.0002 4.0 6.3 0.01 17 0.001

*Negative parameter estimate, likelihood of PD decreases with increasing proportions of the vegetation type; positive
parameter estimate, likelihood of PD increases with increasing proportions of the vegetation type.

Figure 1. Relationship between
PD, type of adjacent vegetation,
and the proportion of riparian
woodland within 500 m. Closed
circles, vineyards adjacent to
riparian woodland; open circles,
vineyards adjacent to urban land
or other vineyards; y-axis, PD
presence/absence. A similar
pattern was found for the
proportion of riparian woodlands within 1, 1.5, and 2 km (data not shown).

Figure 2. Relationship between
PD, type of adjacent vegetation,
and the proportion of vineyards
within 500 m. Closed circles,
vineyards adjacent to riparian
woodland; open circles, vineyards
adjacent to urban land or other
vineyards; y-axis, PD
presence/absence. A similar
pattern was found for the
proportion of vineyards within 1,
1.5, and 2 km (data not shown).
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ABSTRACT
Susceptible Vitis vinifera responds to Xylella infection with a massive re-direction of gene transcription involving >800 genes
with strong statistical support.  This number is increased from previous estimates based on use of a more sensitive and robust
statistical method known as linear models for microarray data (LIMMA).  The transcriptional response to Xylella infection is
characterized by increased transcripts for phenlypropanoid and flavonoid biosynthesis, ethylene production, adaptation to
oxidative stress, and homologs of pathogenesis related (PR) proteins, and decreased transcripts for genes related to
photosynthesis.  A survey of 22 transcripts by means of in situ hybridization reveals that a majority of transcriptional activity
is associated with phloem and cortical tissues, consistent with the presence of the pathogen in adjacent xylem elements.
DNA sequence analysis of regions 5' to the transcription site for ~200 differentially expressed genes provides a rich source of
new gene promoters and the possibility of in silico analysis of regulatory cis-elements.

In addition to highlighting potential metabolic and biochemical changes that are correlated with disease, the results suggest
that susceptible genotypes respond to Xylella infection by induction of a limited, but apparently inadequate, defense response.
We have also tested the hypothesis that Pierce's disease results from pathogen-induced drought stress.  We compared the
transcriptional and physiological response of plants treated by pathogen infection, low or moderate water deficit, or a
combination of pathogen infection and water deficit. Although the transcriptional response of plants to Xylella infection was
distinct from the response of healthy plants to moderate water stress, we observed synergy between water stress and disease.
In particular, water stressed plants exhibit a stronger transcriptional response to the pathogen.  This interaction was mirrored
at the physiological level for aspects of water relations and photosynthesis, and in terms of the severity of disease symptoms
and pathogen colonization, providing a molecular correlate of the classical concept of the disease triangle.

INTRODUCTION
All organisms adapt to external stressors by activating the expression of genes that confer adaptation to the particular stress.
In the case of Pierce’s disease, such genes are likely to include those coding for resistance or susceptibility to Xylella
fastidiosa (Xf).

Genomics technology offers an opportunity to monitor gene expression changes on a massive scale (so-called "transcriptional
profiling"), with the parallel analysis of thousands of host genes conducted in a single experiment.  In the case of Pierce's
disease of grapes, the resulting data can reveal aspects of the host response that are inaccessible by other experimental
strategies.  In May of 2004, the first Affymetrix gene chip was made available for public use, with ~15,700 Vitis genes
represented.  This gene chip has been developed based primarily on collaboration between the Cook laboratory and
researchers at the University of Nevada-Reno (Goes da Silva et al., 2005). With the arrival of the Affymetrix gene chip, we
are poised to make a quantum leap in the identification of host gene expression in response to Xf.

In addition to enumerating differences between susceptible and resistant genotypes of Vitis, this research is testing a long-
standing but largely untested hypothesis that pathogen-induced drought stress is one of the fundamental triggers of PD
symptom development.  The utility of this type of data will be to inform the PD research community about the genes and
corresponding protein products that are produced in susceptible, tolerant and resistant interactions.  Differences in the
transcriptional profiles between these situations are expected to include host resistance and susceptibility genes, and thus
provide the basis for new lines of experimental inquiry focused on testing the efficacy of specific host genes for PD
resistance.  It should be possible, for example, to determine the extent to which resistance responses in grapes are related to
well-characterized defense responses in other plant species (e.g., Maleck et al 2002; Tao et al 2003; de Torres et al 2003).
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Three co-lateral benefits from the identification of pathogen-induced genes are: (1) the promoters for such genes are
candidates to control the expression of transgenes for resistance to Pierce’s disease, (2) the protein products of induced genes
may have roles in disease resistance, and (3) knowledge of host gene expression can be used to develop improved diagnostic
assays for disease.  In a related project, we are currently characterizing pathogen-responsive promoters, which will facilitate
testing of candidate genes for resistance phenotypes.

OBJECTIVES
1. Identify genes and gene pathways in susceptible Vitis vinifera correlated with Xylella infection: (a) identify Xylella-

responsive genes in V. vinifera, (b) distinguish early from late gene expression, and (c) determine the correlation between
drought stress and Pierce's disease.

2. Determine host genotype affects on gene expression in response to Xylella infection: (a) susceptible Vitis vinifera
compared to tolerant and/or resistant genotypes of Vitis species, and (b) comparison of pathogen-induced gene
expression with gene expression triggered by salicylic acid and ethylene.

3. Detailed analysis of candidate genes: (a) Real Time PCR to validate candidate genes identified in objectives 1 and 2, (b)
Real Time PCR to study kinetics and specificity of the host response in susceptible and resistant genotypes, and (c) in
situ hybridization to establish precise location of plant gene expression relative to bacterial infection.

RESULTS
Objective 1 Activities
Microarray experiments under Objective 1 were completed in the prior year of this project.  In the current project period we
have reanalyzed the Affymetrix data set by a more robust and sensitive statistical approach known as LIMMA (Smyth 2005).
Figures 1 and 2 present the overall data in the context of a Boolean diagram and 2-dimensional hierarchical heat map,
respectively.  Briefly, we have identified 883 differentially expressed genes, of which 448 are up-regulated and 435 are
down-regulated.  We are currently annotating this expanded gene set by means of MapMan and AraCyc tools, so that genetic
and biochemical pathways are more readily inferred from the data.
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Figure 1. Boolean diagram of 883 differentially regulated genes.
WPI, weeks post inoculation; UP, up regulation; DN, down reg-
ulation;     , drought;      , infection;        , drought + infection.

Figure 2. 2-D cluster and heat map of LIMMA pairwise
comparisons for 883 genes.  The horizontal axis presents
experiments by treatments (drought, infection, infection + drought,
healthy well watered).  The vertical axis presents hierarchical
clustering of 883 differentially expressed genes.  Colors in the heat
map correspond to levels of gene induction/repression, with red-
yellow representing induced transcripts and blue representing
repressed transcripts.  Lanes 4-7 correspond to genes induced or
repressed in infected symptomatic plants, with or without water
deficit.
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Within the context of the recent LIMMA analysis, we have determined that less than 4% of the genes influenced by Xf
infection are also influenced by water deprivation. This limited overlap suggests that the host response to Xylella is
substantially dissimilar to a response to water stress.  Among the Xylella-responsive genes, 50 genes exhibited significant
transcriptional induction or repression within four weeks of infection, considerably in advance of symptom development.  We
are particularly interested in using real time RT-PCR to determine whether any of these 50 genes may represent rapid
responses to the presence of the pathogen.  Major categories of early genes include cell wall modifying enzymes/proteins,
proteins involved in production of the stress hormone jasmonic acid, pathogenesis-related (PR) proteins, enzymes of the
flavonoid biosynthesis pathway, and regulatory proteins involved in gene transcription and protein turnover.  The largest
category of down-regulated early genes is implicated in photosynthesis.

Objective 2 Activities
To test the effect of host genotype on gene expression, we conducted a replicated greenhouse experiment involving
susceptible plants of Vitis vinifera Cabernet Sauvignon and reportedly tolerant hybrids (Blanc du Bois, Champanel, and
Black Spanish).  Four replicates of each genotype were inoculated with the Fetzer strain of Xf and petiole and leaf samples
were collected at 2, 4, 8 and 12 weeks post inoculation.  Contrary to expectations, severe symptoms developed in
Champenele and Black Spanish vines, while only limited symptoms were evident in Blanc du Bois.  Petioles are currently
being analyzed to determine (1) the extent of pathogen movement in each variety over time, and (2) host gene expression
using real time RT-PCR.  Depending on the results of these ongoing analyses, we will determine whether to use to the
collected leaf samples for Affymetrix profiling experiments.

Objective 3 Activities
24 candidate genes were selected from the Affy chip analysis and used to develop a RealTime PCR assay; this significantly
extends our previous RealTime data involving 4 genes.  The assay was used to validate results from the Affy chip, especially
with respect to quantitative estimates of gene expression.  The specificity of host gene expression was addressed by
RealTime PCR experiments on field grown plants. In situ hybridization experiments were used to evaluate the spatial
distribution of transcripts in petiole and leaf samples, with the majority of 22 genes tested revealing transcript accumulation
in phloem and cortical tissue, as shown by example in Figure 3.
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Figure 3. In situ hybridization analysis
and Affymetrix expression data for a
Xylella-induced thaumatin transcript.

Panel A, transcript is evident as blue
coloration in phloem and cortical tissue
of an infected petiole.
Panel B, limited transcript is evident in
the cortical tissue of a non-infected
petiole.
Panel C, transcript abundance in leaves
determined by means of Affymetrix
microarray analyses.  Scale represents
log2 values for gene expression.  DE,
early drought; IE, early infection; IDE,
early drought + infection; NL, non-
infected late; DL, late drought; IL, late
infection; IDL, infection + drought late.
The early time point corresponds for 4
weeks post inoculation (prior to
symptom development), while the late
time point corresponds to 8 weeks post
inoculation (subsequent to symptom
development).
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Promoter analysis of Xylella-induced genes
Promoter sequences for 240 Xylella-induced transcripts are being isolated by means of BLASTN analysis against the Vitis
vinifera whole genome shotgun dataset.  In an initial analysis, transcripts for 32 genes were used used to query the dataset,
yielding promoter fragments for 30 genes of which 25 promoters contained 1-15kbp of sequence 5’ of the translation start
site.  BLAST analysis with a larger set of the 240 most induced/repressed transcripts is currently underway.  Ultimately we
intend to query all ~800 Xylella-induced transcripts for 5’ promoter sequences, producing a sizeable dataset for mining
putative cis-regulatory elements and promoter selection.

CONCLUSIONS
We have identified numerous genes where expression is induced strongly in diseased tissue. The largest fraction of the
Xylella-responsive transcriptome is synergistically modified in plants that are doubly-treated by pathogen infection and
moderate drought stress.  One important class of synergistically up-regulated genes encode enzymes of the flavonoid
biosynthesis pathway, while the predominant class of synergistically down regulated are from the photosynthesis pathway.  A
smaller fraction of Xylella-responsive transcripts are responsive to the pathogen, but apparently not sensitive to water status.
Many of these later genes are annotated as PR proteins implicated in host defense.  Taken together, the results are consistent
with the existence of two distinct classes of transcriptional response in grapes to Xylella.  One response is sensitive to plant
water status and results in redirection of flavonoid synthesis and photosynthesis genes, and one response is independent of
plant water status leading to the activation of defense-related transcripts.  Although we observed limited overlap in the genes
induced in response to moderate drought stress and the genes induced in diseased tissue, we cannot rule out the possibility
that a more severe drought stress may lead to an increase in the coincidence of Pierce's disease and drought-associated gene
expression.

Real time RT-PCR with 24 candidate genes was used to evaluate gene expression as a check of the Affymetrix microarray
data.  The RealTime data confirm the major conclusions drawn from the Affymetrix GeneChip, including the correlation
between pathogen infection and gene expression, and the synergisitc interaction between infection and water deficit as it
relates to the "strength" of gene induction or repression.  Genes identified in the Affymetrix microarray analysis were also
subject to in situ hybridization analysis of petiole tissue. The results indicate that the majority of Xylella-induced transcripts
exhibit up-regulation specifically in phloem and cortical tissues.  Current work focuses on localizing gene expression in
infected and non-infected leaf tissue.
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ABSTRACT
Several projects working toward understanding the genetic basis for susceptibility or resistance at the molecular level in
grape to Pierce’s disease need to test the ability of candidate genes to alter disease progression or activity of Xylella fastidiosa
(Xf) in planta.  A major limitation to developing assays to test candidate genes is the ability to regulate expression of these
genes in time and space relative to the presence of the pathogen. Currently, we are able to express any candidate transgene
constitutively and at high levels but cannot modulate gene expression in relation to pathogen presence.  The goal of this
research is to clone and characterize unique DNA sequences from grape that specifically regulate the expression of grape
genes in tissues that are infected with Xf. The result will be the delivery of one or more Xylella-responsive promoters from
grape to drive the bioassay of any candidate gene at locations where the bacteria reside or where bacterial signals extend.
The promoters also would be capable of either increasing or suppressing the expression of a gene of interest.  Grower
acceptance as well as enabling the most subtle level of transgene expression requires that these genes be expressed only when
and where they are needed.

INTRODUCTION
Among the potential solutions to Pierce’s disease (PD) in grapes are approaches based on gene transfer technology.  One
research priority identified in 2004 by the PD/GWSS Program was the need to identify, clone and characterize unique DNA
sequences that specifically regulate the expression of grape genes in tissues that are infected with Xylella fastidiosa (Xf).
This means the candidate genes driven by such promoters will be off (not expressed) and only on (expressed) when the
bacteria or their secreted signals are present in the vascular system of the grape plant.  Emphasis was placed on the urgency
and practical utility of isolating promoters of PD responsive genes.  Transgenic technology offers the possibility of modifying
specific traits (e.g., PD susceptibility) based on the introduction of novel genes.  One of the major bottlenecks in the genetic
engineering of grape (or any plant) is the absence of suitable promoters - sequences that regulate gene expression in particular
tissues (e.g., vascular tissue) or in response to particular situations (e.g., sharpshooter feeding or Xylella infection).  In the
absence of tissue or response-specific promoters, transgenic strategies for control of PD can use only so-called constitutive
promoters.  By definition, constitutive promoters are expressed in all cells all the time.  By contrast, Xylella-inducible
promoters have the potential to confer transgene expression at the time and location of bacterial infection, thus delivering
therapeutic proteins more precisely to their intended site of action.  In addition to increasing the specificity of transgene
expression, such promoters should reduce the possibility of unintended side affects in non-target tissues.

In addition to their utility for engineering PD resistance in grape, the advent of Xf-induced reporter gene expression would
provide an extremely powerful tool to examine host responses in their intact cellular and tissue context.  With such tools, it
should be possible to examine the chemical and/or physical cues from the insect or pathogen that trigger host gene expression
and the deleterious effect of the disease.  For example, we have recently determined that host gene expression is induced
specifically in live cells of the phloem (Cook 2005).  It remains uncertain, however, whether gene expression occurs only in
phloem tissue that borders infected xylem elements, or whether bacterial infection can induce host gene expression at a
distance.  Promoter-GFP fusions being developed in this project should help answer such questions.

OBJECTIVES
1. Produce stable transgenic grape plants containing promoter-GFP fusions that respond to Xylella infection.  At this point

4 constructs bearing promoters derived from genes induced in Xf infected grape but not in healthy grape tissue will be
transformed into Thompson Seedless plants by the UC Davis Plant Transformation Facility.  There are four genes,
G8946, G9353 G7061and G7172 to initially be expressed transgenically.  These genes were shown to be induced in the
phloem of infected petioles and leaves, adjacent to sites of probable Xf infection in the xylem as indicated in the 2005
symposium report (Gilchrist et al. 2005).  Expected delivery of the first set of transgenics is November 2006.

2. Develop a rapid in planta assay to characterize promoter-GFP expression in a series of independent grape transformants
derived from each promoter fusion via detached leaf/branch bacterial uptake system.  The goal is to identify a series of
independent lines for each fusion where transgene expression is strong and reproducible.  GFP expression will be
monitored in both excised leaves and branches (described below), as well as in stem-inoculated whole plants.  The
progression of induction will be assessed qualitatively in relation to location bacteria monitored by RT-PCR of both the
promoter expression and the presence of the bacterium.
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3. Conduct detailed analysis of promoter-GFP expression, with the following specific goals in mind:  (a) Determine the
extent to which the transgenic promoter-GFP fusions reproduce the patterns of expression for the endogenous promoters.
Using promoter-GFP fusion constructs, confocal imaging will be used to assess temporal and spatial aspects of G8946-
GFP induction at the protein level, while Taqman RealTime PCR assays will be run in parallel to quantify transcript
levels from both the native genes as well as from the introduced promoter-GFP constructs.  (b) Define temporal and
spatial aspects of promoter-GFP expression, especially as a function of the location and quantity of bacterial colonization
in the vascular tissue.  We already know that each of the native genes are induced strongly in the phloem of infected
leaves and petioles, but it is uncertain, for example, if there is a requirement for bacterial colonization in the physically
adjacent xylem or, alternatively, if the bacterium can induce host gene expression at a distance.  Developing a detailed
chronology of bacterial colonization and host gene expression will not only serve to characterize the transgenic
promoters, it should also help with development of models for the mechanism by which the plant perceives the
bacterium.

4. Continue validation of an additional 24 genes, which also appear to be expressed only in grape tissues infected with Xf.
This will be done using the same procedures as described below for the first four genes.

RESULTS
Promoter identification
We have characterized approximately 25,000 grape genes (Cook 2005) and found a subset of 448 genes which are up-
regulated specifically in response to Xf infection (Gilchrist et al. 2005).  Four of these genes, G8946, G9353 G7061, and
G7172 were shown by PCR to have expression patterns that are strongly correlated with Xf infection in both greenhouse and
field-grown grapes (Figure 1).  Studies with an Affymetrix GeneChip determined that susceptible Vitis vinifera responds to
Xf infection with a re-direction (both up- and down-regulation) of gene transcription involving over 800 genes.  Analysis of
24 genes (from the subset of 448) by in situ hybridization established that expression occurs coincident with the presence of
Xf in the phloem of infected petioles and leaves, adjacent to sites of probable Xf infection in the xylem.  The Cook lab has
recently obtained sequence information 5’ of the transcription start for an additional 200 genes (from the subset of 448) and
these represent potential differentially expressed promoters.

Promoter isolation and binary vector construction
Bacterial Artificial Chromosome (BAC) clones of V. vinifera that contained the four Xf-inducible genes and their promoters
were used to isolate and sequence the 5' promoter regions in genomic clones based on comparison to full-length cDNA
sequences for the respective genes.  PCR primers were designed to amplify and clone approximately 1300bp of sequence
immediately 5’ of the transcription start site, which was predicted based on proximity to the cDNA initiation codon (Cook
2005, Gilchrist et al. 2005).

Leaf and branch inoculation methods
Recognizing the value of having a rapid, laboratory-based assay for host gene expression, we sought to develop a cut-branch
and a detached leaf assay that would enable the bacteria to enter and spread though the vascular system in days to a few
weeks and then assay for both the location of the bacteria and the relative level of expression of the putative promoters. In
these assays, the leaf scorching indicative of Pierce’s disease occurs within several weeks in most cases.  Briefly, branches of
the PD susceptible root stock cv. Freedom were cut under water and allowed to take up Xf from 1 mL of a bacteria
suspension containing 2x107 cfu/ml for 2 hr.  Stems inoculated in this manner were placed in water for 2 weeks, after which
they were assayed for host gene expression by means of RT-PCR (Ref 4).  As shown in Figure 2, genes G8946 and G7061
were strongly and reproducibly induced in stems inoculated with Xf well in advance of symptom development, consistent
with our previous results using whole plants.  Confocal imaging of GFP tagged Xf in these same tissues detected only very
small amounts of bacteria in the stems (Figure 2 inset of stem cross-section) and none in the leaf lamina where the genes
were detected as being expressed, suggesting that the up-regulation of these is highly sensitive to the presence of bacteria and
at a distance from where the bacteria were easily detected.  We conclude that this detached stem assay can provide a simple
and reliable method to monitor Xylella-induced gene expression, significantly shortening assay time compared to whole plant
assays.  We are now attempting to extend the same assays with Thompson Seedless grape explanted tissue.

Branch uptake method
A terminal shoot approximately 60cm long is cut from greenhouse or growth chamber grown grape plants.  The shoot is re-
cut under water removing an additional 5cm.  In a typical assay, approximately ten shoots are placed in a beaker of distilled
water containing 2x107 Xf cells/ mL.  Shoots are allowed to uptake the bacteria suspension for 2 to 48 hrs depending on the
experiment.  During this uptake the beaker is placed in a laminar flow hood to increase transpiration.  After the uptake period
the shoots are transferred to individual 50 ml glass culture tubes containing distilled water for the remainder of the
experiment.  Shoots are incubated at room temperature under low intensity fluorescent lights for symptom development
within 2-3 weeks. The two genes assayed in the experiment illustrated in Figure 2 were expressed in the stems and in the leaf
lamina. GFP-tagged bacteria were visible by confocal microscopy in the cut stem cross-sections but not in the leaf lamina
where the genes were expressed.  This may reflect the low sensitivity of the confocal assay to detect the bacteria or that the
genes are expressed in relation to systemic signals expressed by the bacteria.  Clearly, the genes are expressed in
asymptomatic tissue, which is extremely encouraging in terms of being able to activate these promoters before bacterial
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populations build up and before PD symptoms appear. (Figures 2 and 3).

Leaf uptake method
Young, full-sized, mature leaves were cut from greenhouse or growth chamber grown grape, the petioles re-cut under water
and the leaves placed individually in 2ml plastic tubes containing 2x107 Xf cells/mL.  The remainder of the uptake and
incubation was similar to the branch method.  Each petiole provides 20 sections for analysis by RT-PCR and confocal
microscopy.  Macroscopic leaf scorch symptoms appear on cv. Freedom within 2-3 weeks (Figure 4).  In this case, the assay
is used to detect the induction of G7172 along with detection of the pathogen.  Regions m, b, and c were analyzed
independently for both G7172 and Xf. RT-PCR is much more sensitive for detection of Xf than the GFP tagged visualization
by confocal microscopy.  The results to date indicate that, similar to cut branch uptake, in the detached leaf assay, the G7172
promoter is Xylella responsive and appears near where the bacteria could be detected by RT-PCR.  This assay is somewhat
faster than the branch uptake but the results are similar.  In both cases, it appears that, at least for the promoter assays, this
method of placing the bacteria in the vascular system and detecting a response to the presence of the bacterial at the level of
plant gene expression is valid, whether the expression is uniquely induced or expression is up-regulated.

Whole plant transgenics
During the current project period, promoter-GFP fusions for first four genes are being introduced into the V. vinifera cultivar
Thompson Seedless.  Embryos have been induced from transformed tissue and we anticipate having transformed plantlets for
initial assays by November 2006.

CONCLUSIONS
The only effective long term strategies for protecting grape against the impact of Xf resident in the vascular system of
susceptible grape is to genetically alter the response of susceptible grape tissue to the death induced by plant response to the
bacteria.  This means expression of introduced resistance genes or genes that block the plant response.  The most likely
means by which either of these protective measures will take place is though transgene expression. The direct products of
this research are the means to express any potential therapeutic transgenes in areas of infection when and only when the
bacteria are present.  These promoters are one critical tool necessary for genetic resolution of Pierce’s Disease.
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Figure 1.  RT-PCR analysis of
the G7172 transcript from
greenhouse grown grape. RNA in
lanes 1 and 3 are from healthy
leaves and lanes 2 and 4 are from
Xf-infected leaves. Actin specific
primers used for lanes 1 and 2 as
a control and G7172 specific
primers in lanes 3 and 4 indicate
the presence of the promoter
transcript only in the infected
plant in the greenhouse grown
plants.
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Figure 2.  Transcript analysis. Two leaves from each
branch were extracted to make RNA that was analyzed
by RT-PCR using 7061 (lanes 1-6) or 8946 specific
primers (lanes 7-12).  Lanes are healthy plant (lanes 1
and 7); plant with PD symptoms (lanes 2 and 8); uptake
branch#1 (lanes 3 and 9); uptake branch#2 (lanes 4 and
10); uptake branch#3 (lanes 5 and 11); uptake branch#4
(lanes 6 and 12). GFP-tagged bacteria were visible in the
cut stems but not in the leaf lamina where the genes were
expressed. This may reflect the low sensitivity of the
confocal assay or that the genes are expressed in relation
to systemic signals expressed by the bacteria. Clearly,
the genes are expressed in asymptomatic tissue.

Figure 4. Example of detached leaf uptake assay
for gene expression in the presence of X. fastidiosa.
Bacteria at 107 CFU were introduced into the cut
petiole followed by RT-PCR detection of targeted
gene transcripts and the bacteria in the same tissue
samples. In this case, the assay is used to detect the
induction of G7172 along with detection of the
pathogen in association with the bacterial but not in
water control leaves. Regions m, b, and c were
analyzed separately for both G7172 and X.
fastidiosa; demonstrating that the G7172 promoter
is Xylella responsive.

GFP-tagged X.
fastidiosa seen
in the vascular
system
following
uptake by cut
branch but not
in the distal
leaf lamina
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Figure 3. Branch uptake assay for expression of promoter
G7172 in the presence and absence of X. fastidiosa, when
sampled in leaf lamina. GFP-bacteria were visible 5-7 cm in
the stem but only RT PCR detected the bacteria in petioles and
leaf lamina in the entire branch by 3 days. Hence, the bulk of
the bacteria were confined to the stem but cells had moved
throughout the plant. The G7172 transcript was expressed in
all tissues near where the bacteria could be detected by PCR
but not in un-inoculated tissues.  Expression of 7172 also
appears to be positively correlated to the amount of bacteria in
the tissue that was assay for the transcript.
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ABSTRACT
Several relatives of grape and other asymptomatic host plants can harbor high titers of Xylella fastidiosa (Xf) without
exhibiting symptoms of Pierce’s disease (PD).  The basis of what is a genetic difference is unknown.  We have established
that leaf scorch PD symptoms in grape result from apoptosis or programmed cell death (PCD).  Clearly, Xf does not have to
kill in order colonize the vascular system leaving this endophytic association asymptomatic.  We have identified from a
cDNA library screen several grape genes that block PCD when over-expressed in grape tissue. Preliminary experiments
indicate that one of these genes, VVPR1A, is expressed or up-regulated in situations in which PCD is blocked in humans,
nematodes, hookworms and several plant species.  This gene also is upregulated in the presence of Xf. We are testing the
hypothesis that over expression of one or more of the 12 genes recovered in the anti-apoptotic screen, with an initial focus on
VVPR1A, can block both PCD induced by Xf and disease symptoms associated with Xf. Preliminary results reported here
indicate that grape plants over expressing VVPR1A, metallothionein, or a Meloidogyne incognita upregulated gene can block
symptoms in a cut branch assay.  Experiments with whole transgenic plants inoculated with Xf are in progress to assess the
movement of bacteria, the induction of Xf responsive grape genes and if symptoms of PD are affected by the anti-apoptotic
transgenes.

INTRODUCTION
Genetic strategies for disease suppression and information characterizing the bacterial-plant interaction are high priority areas
in the Pierce’s Disease/Glassy-winged Sharpshooter (PD/GWSS) Research Program and the National Academies report.
Disease is defined as plants expressing several symptoms resulting from cell death (leaf scorch) or changes in tissue
differentiation (green islands).  The goal of this project is to identify novel genes from cDNA libraries of either grape or
heterologous plants that, when over expressed in grape, will prevent infection, spread or symptom development due to the
presence of X. fastidiosa (Xf) in the xylem (Gilchrist and Lincoln 2004).  Currently, several laboratories including our own
have begun to carry out systematic studies of the molecular basis of susceptibility of plants to a range of pathogens including
bacteria and fungi.  The objective of these studies is to identify genetic or chemical approaches that have the potential to
block susceptibility in grape to PD, thereby effectively creating cells that are refractory or insensitive to the signals expressed
by pathogens that lead to susceptibility. Recent published information from our laboratory established that susceptibility of
several plants to a range of pathogens depends on the ability of the pathogen to directly or indirectly trigger the activation of
genetically determined pathways leading to apoptosis or programmed cell death (PCD) (Gilchrist 1998, Harvey et al. 2006,
Lincoln et al. 2002, Richael et al. 2001).  These discoveries parallel investigations now widely reported and accepted in
human medicine whereby genes, signaling pathways and chemical signals expressed by animal pathogens initiate or block
infection by activating or blocking apoptosis through constitutive genes or signaling pathways present in all cells.  These
studies are the basis for extensive searches for apoptosis-based therapeutic approaches and agents in plants as well as animals
(Greenberg and Yao 2004, Nicholoson 2000).

Dr. Tom Rost reported, both in his 2005 PD Symposium address and his annual report (Rost et al. 2005) that Xf moves
effectively and quickly through the plant following inoculation or uptake.  However, the GFP-tagged bacteria have limited
dispersal in the leaf lamina expressing the marginal leaf scorch symptoms of PD.  These data, obtained in part  using the
confocal system in our laboratory, are consistent with our own observations using GFP-tagged Xf to visualize the bacteria in
vascular elements connected to tissue showing the marginal scorch symptoms.  These data suggest two key things. First, the
cell death symptom is the result of mobile signals moving from the bacteria to cells distal to the bacteria and that strategies
effective in blocking the death pathways will most likely consign the bacteria to an endophytic existence in the vascular
system.  Consistent with this hypothesis, Dr. Steven Lindow pointed out in his 2005 PD Symposium address that Xf is an
effective endophyte in many asymptomatic plants and can be said to be “an endophyte gone bad in susceptible grape plants”.
It is a fact that several Vitis species, including wild grape, tolerate extremely high titers of Xf but remain asymptomatic, while
many genotypes of cultivated grapes express PD symptoms at the same or lower titers.  Clearly the presence of Xf in the
xylem is not the single determining factor in disease.  In PD and many other bacterial diseases, bacteria live predominantly as
endophytes or epiphytes and only occasionally as pathogens.  Susceptibility of the host tissues is determined by sensitivity to
the presence of the bacterium and the signals expressed by the bacteria leading to PCD.  Using genetic or chemical
approaches to block PCD is an viable approach in both animal and plant disease prevention (Greenberg and Yao 2004,
Harvey et al. 2006).
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Figure 1.  Analysis of transformed and untransformed
plants following inoculation with GFP-tagged X.
fastidiosa.for presence of the bacteria in relation to
expression of marker genes and PD symptoms.  Plants
were analyzed by confocal microscopy and RT-PCR.
Both infected and non-infected plants were
asymptomatic at the time the assays were done.
H=healthy; Xf = inoculated.

OBJECTIVES
1. Produce transgenic grape plants over-expressing candidate anti-apoptotic plant genes obtained from functional cDNA

library screens as identified in an earlier project.
2. Evaluate these 12 putative anti-apoptotic plant genes in grape for effect on bacterial population dynamics, movement in

the xylem, changes in gene expression and on PD symptoms when the candidate genes are expressed constitutively at
high levels..  These assays will use confocal microscopy, GFP-tagged bacteria and RT-PCR.

3. Evaluate the stem and leaf uptake procedures developed recently in our laboratory to enable rapid assessment of grape
gene expression in the presence of the PD bacterium.  The experiments also will use coincidental transcriptional profiling
as a measure of similarity of changes in gene expression between infected whole plants and bacterial uptake assays.

RESULTS
Produce transgenic grape plants over-expressing
candidate anti-apoptotic plant genes obtained through
cDNA library screens
Stable full plant grape transformations of susceptible
Thompson Seedless and cv. Freedom are done by the
Ralph M. Parsons Foundation Plant Transformation
Facility.  We anticipate 10-20 transgenic plants of each
construct to be evaluated.  The cDNA inserts from the
library screens are cloned into the binary vector B5 for
direct transformation into the A. tumefaciens. These
plants will be grown for 2 months, ramets made from
cuttings, and leaves assayed for the transgene expression
after cut leaf and branch uptake with bacteria (see next
section for methods relating to the cut branch and leaf
assays).  Both Chardonnay and cv. Freedom
transformations were initiated in the grant proposal but
only Freedom transgenics survived in the first round.  The
cv. Freedom, a common rootstock, is highly susceptible to
PD with the same symptoms as Chardonnay and
Thompson Seedless.  The Transformation Facility has
successfully transformed Thompson Seedless recently and
is now confident that most of the transgenics of this
cultivar can be delivered by November 2006. Currently,
we have begun testing lines transgenic for genes
CBPR1A, CB390 and CB456.  Northern analysis confirmed
over-expression of the metallothionein, the Meloidogyne
incognita upregulated gene, and the VVPR1A transgenes in
the transgenic Freedom lines (Table 1).  Prior to initiating
full plant transformations, all of these genes in Table 1 were
confirmed to block programmed cell death in transgenic
roots exposed to the apoptotic inducer Fumonisin B1.

Evaluate effect of specific anti-apoptotic plant genes in
grape on Xf and PD symptoms in planta.
The initial experiments began with CBPR1A, CB390 and
CB456 using transgenic whole plants in the greenhouse, as
well as branch and leaf uptake assays; the latter conducted
in the laboratory.  In the whole plant assays for the first
three transgenes, Xf-GFP movement and relative
concentration were assessed by PCR and confocal
microscopy in individual stems, petioles and leaves,
beginning with the detached branch and leaf assays (Figures
3 and 4).  Initial experiments of limited numbers of stem
inoculated primary transgenics in the greenhouse, however
did not provide useful data.  After waiting 2-3 months it was
clear that the Xf inoculated control plants had not developed
symptoms as expected nor did the transgenic plants.  Both
sets of plants remained asymptomatic even though the GFP-
tagged bacteria were confirmed to be present throughout the plant (Figure 1).  In a second inoculation, the control and
transgenic plants lost most of their leaves within 3 months after inoculation, in part due to inadvertent boron toxicity in the

Table 1. Plant anti-apoptotic genes, derived from functional
screen of cDNA libraries, for transformation into grape plants
Construct Gene Source
CBWG8 glutathione-S-transferase Chardonnay
CB390*# metallothionein Chardonnay
CB456*# Nematode induced gene Chardonnay
CBWG23# unknown function Chardonnay
CBWG29 unknown function Chardonnay
CBWG33 unknown function Chardonnay
CBWG71 cytokine-like gene Chardonnay
CBWG75# germin-like gene Chardonnay
CBPR1A*# VVPR1A Chardonnay
CBI35 Intron p35 (anti-PCD control gene) baculovirus
CBP14LD*# P14 (homolog of PR1A) tomato
CB376# Mycorrhizal induced gene tomato

* Northern positive transgenic plants available at this time in cv.
Freedom
# Scheduled to be delivered on November, 2006 as Thompson
Seedless transgenic plants
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Figure 2. Transcript analysis
of branch uptake of X.
fastidiosa.  RT-PCR was
performed using G8946
specific primers.  Lanes:
1=healthy; 2=PD symptoms; 3
and 4=PR1 transgenic grape.

Figure 3. Branch uptake.
Branches of transgenic grape were
allowed to uptake Xf. After 3
weeks PR1 (A) and
metallothionine (B) transgenics
show reduced symptoms
compared to GFP transgenic (C).

first month following inoculation.  All current transgenic plants in pots are under a newly installed, controlled drip, irrigation
with balanced nutrients and deionized water, ramets of each transgenic are ready for the experiment to be repeated with
replications.

Measure the effect of blocking leaf scorch symptoms with anti-apoptotic transgenes on bacterial population and
movement in planta
Bacterial movement and relative concentration will be monitored by RT-PCR and confocal microscopy using Xf-GFP.  It is
essential to determine the effect of blocking PCD-based symptoms in the transgenic plants on the bacterial multiplication and
spread in terms of the overall impact of the transgenes.  Utilization of these genes in agricultural situations requires that the
impact on the pathogen and the host be quantified.  This requires extensive sampling of
stem, petiole and leaf tissue of all the transgenic plants.  We currently sample individual
plants with at least 3 stems per plant using the cut branch uptake method with 50 sites
per leaf, 20 per petiole and 20 internode sites and each node on the stem.  Preliminary
experiments have shown that bacteria can first be detected about 1 week at the base of
the leaf in the stem uptake experiments but extensive preliminary time course sampling
will be required to determine the range of times needed to establish the most revealing
time points in the presence and absence of the anti-apoptotic transgenes in both branch
and leaf uptake studies (Figure 1).

Determine grape gene expression changes in transgenic compared with non-
transgenic plants infected with Xf.
Doug Cook previously reported extensive changes in gene expression in Xf infected
Cabernet Sauvignon on Freedom rootstock by Real-Time PCR followed by expression
profiling (Cook 2005).  In collaboration with Dr. Cook, we will initially assess the
effect of the expression of the anti-PCD genes on a 24 gene subset of the 448 genes he
reported to be upregulated only in infected tissue by Real-Time PCR.  We also will assess which genetic pathway is affected
by the transgenes by difference in expression profiling of inoculated transgenic and non transgenic cohorts on the full set of
genes identified by Dr. Cook as differentially expressed in the presence of Xf. One of these genes, G8946, was up regulated
only in infected stems and expressed only in the phloem and immature xylem cells adjacent to Xf in the mature xylem
(Gilchrist and Lincoln 2005) and was up-regulated in our cut branch uptake technique described in the following section
(Figure 2).

Evaluate the branch and leaf uptake procedures developed recently in our laboratory as surrogate approaches to long
term greenhouse or field experiments
The goal is to use rapid response methods to induce and characterize determinants of PD compared with stem inoculation.
Demonstration of changes in gene expression in the presence of the bacterial consistent with those recorded under greenhouse
or field conditions would at least validate the method for preliminary characterization of plant response to bacteria at the
genetic level.  The experiments will use coincidental transcriptional profiling as a measure
of similarity in transcriptional response of the host tissues relative to the location and
appearance of scorch symptoms.  In searching for a method to shorten the time from
exposure of grape tissue to Xf and a measurable plant response, we have explored several in
planta approaches to introducing the bacteria into the vascular system in a manner that
results in changes in host gene expression and the appearance of leaf scorch symptoms.
Uptake of Xf suspensions into cut grape branches and into cut grape leaves of susceptible
grape under our experimental conditions induces typical marginal leaf scorch symptoms of
Pierce’s disease within 2-4 weeks compared with 12-16 weeks with whole plant stem
inoculations in cv Freedom (Figures 3 and 4).  Hence, experiments can be replicated many
fold by repeatedly treating detached leaves as individual experimental units with clonal
genetic identity compared with committing a whole plant to a single assay as one
experimental unit.  All of the experiments measuring bacterial dynamics and changes in
gene expression in infected tissue are tedious requiring extensive serial and time course
sampling and analysis.  Two methods evaluated in the past few months have proven very
useful in this regard are:

Branch uptake method. A terminal shoot approximately 60cm long was cut from
greenhouse or growth chamber grown grape plants. The shoot is re-cut under water
removing an additional 5cm and placed in a beaker of distilled water containing 2x107 Xf
per ml with mixing in a hood with air flow to increase transpiration.  Bacteria were taken up
for 2 to 48hrs depending on the experiment, then transferred to individual 50 ml glass
culture tubes containing distilled water under low intensity fluorescent lights for symptom
development within 2-4 weeks (Figure 3). Initial experiments confirmed that the bacterial taken up through the cut surface
move into the vascular system resulting in cell death characteristic of PD leaf scorch.  The plants transgenic for VVPR1A and
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Figure 4 Leaf uptake.  Leaves of
untransformed (A) develop symptoms 2
weeks after uptake of X.f. while
VVPR1A (B) and CB390 (C)
transgenics are symptom free for 1
month.

metallothionein exhibited little or no cell death over the duration of the experiment compared with the control branches.
Analysis of the coincident changes in gene expression by transcriptional profiling between control and transformed plants is
in progress.

Leaf uptake method. Young, full-sized, mature leaves were cut from greenhouse
or growth chamber grown grape, the petioles were re-cut under water and the leaves
placed individually in 2ml plastic tubes containing 2x107 Xf per mL.  The remainder
of the uptake and incubation was similar to the branch method.  Each petiole
provides 20 sections for analysis by RT-PCR and confocal microscopy.
Macroscopic leaf scorch symptoms appear on cv. Freedom within 2-4 weeks
(Figure 4).  Initial transcript analysis indicates that Xylella-induced genes are up-
regulated in these uptake methods.

CONCLUSIONS
Several relatives of grape and other asymptomatic plants can harbor high titers of
Xf without exhibiting PD symptoms.  We have established that leaf scorch PD
symptoms in grape result from apoptosis or programmed cell death (PCD).  Clearly,
Xf does not have to kill in order colonize the vascular system.  So, a key question
addressed by this research is; are there genes in the plant that respond by triggering
programmed cell death in certain grape genotypes, can this response be blocked
genetically, and, if so, does this then allow the bacteria to return to the endophytic
state, leaving the plant otherwise unaltered and disease symptom free?  We have identified from a functional cDNA library
screen several grape genes that block PCD when over-expressed.  Preliminary experiments indicate that one of these genes,
VVPR1A, is expressed in situations in which PCD is blocked in humans, nematodes, hookworms and several plant species.
We are testing the hypothesis that over expression of genes like VVPR1A can block both PCD induced by Xf and disease
symptoms associated with PD in both detached branch or leaf uptake assays and in inoculated whole plants.
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Reporting Period: The results reported here are from work conducted May 2005 to September 2006, the second year of a two-
year project.  The project is not yet complete, as there remains field data to be obtained in October and November 2006.

ABSTRACT
The two California Pierce’s disease (PD) epidemics associated with population outbreaks of the glassy-winged Sharpshooter
(GWSS), at Temecula in the mid-1990s and in Kern County, peaking in 2002, differed in the number of vineyards lost and the
grapevine varieties affected.  In Temecula, almost half of all vineyards of all varieties were lost to PD, whereas in Kern County
only the vineyards of two varieties, Redglobe and Crimson Seedless, suffered losses; all the vineyards of the other four varieties
were unaffected.  A hypothetical explanation of this epidemiological pattern is that in those parts of California where the winters
are more severe, dormant-season die-out of Xylella fastidiosa (Xf) is more likely, and only the earlier-season inoculations and
infections survive the winter.  The likelihood of Xf die-out is a function of both winter climate and varietal susceptibility.  In Kern
County, only the most susceptible varieties were affected by secondary (vine to vine) transmission and early season primary
transmission (where insect vectors acquire Xf from plant sources outside the vineyard) was of little consequence.  Through field
experiments, this project expands our knowledge of secondary transmission in the southern San Joaquin valley.  The benefit to
grape producers in this area will be twofold: 1) more accurate assessment of risk of economic loss from PD, and 2) suggestion of
new integrated disease-management practices to control PD.

INTRODUCTION
The glassy-winged sharpshooter (GWSS)-associated Pierce’s disease (PD) epidemics in Temecula and in Kern County were the
first instances of epidemic secondary transmission of PD in California since the Anaheim epidemic of 1885 – 1895.  During the
intervening 100+ years, losses from PD in California have resulted from primary transmission, and those losses have been
economically manageable in most areas.  In the General Beale epidemic in Kern county (which has a colder winter climate and
longer dormant season than Temecula), only a small percentage of the vineyards were lost, and all of the lost vineyards were
planted in only two of the six varieties in the area, Redglobe and Crimson Seedless.

The losses to vineyards of the other four varieties were very small—in most cases less than 1 in 10,000 vines.  By contrast, all 12
of the Redglobe vineyards monitored in the General Beale area were significantly damaged, with a range of 2% to over 50% of
the vines lost (Hashim, et al, 2003). Most of these vineyards were ultimately removed.

Grapevines acquire new Xylella fastidiosa (Xf ) infections either by primary or secondary transmission.  Primary transmission
occurs when vector insects acquire the bacterium from source plants outside the vineyard, then fly into the vineyard to infect
vines.  Secondary transmission occurs when vector insects acquire Xf from an infected vine within the vineyard and then transmit
the infection to other vines, known as vine-to-vine transmission.

The risk associated with these two kinds of transmission differs.  The disease and vine loss pattern associated with primary
transmission is linear; that is, a relatively constant number of vines per year become infected, so the yearly accumulation of PD
vines increases additively and predictably.  By contrast, the pattern of yearly accumulation of PD vines associated with secondary
transmission is typically logarithmic, increasing as a multiple of the infected source vines that are present, so entire vineyards can
be lost within just a few years.

Secondary transmission cannot begin to occur until that time in the growing season when the bacterial cells in diseased vines have
multiplied and moved within the vine; the cells travel from the refuge site, where they survived the dormant season, up into the
new growth where vector insects can feed and acquire them.  Secondary transmission of infection can then continue until the end
of the growing season.  However, infection does not equal disease.  The phenomenon of over-winter curing of Xf infections is
well-documented in most viticulture areas of California (Fiel et al, 2003).  Early-season inoculations can result in infections
which survive the dormant season and progress to chronic disease and vine death.  Conversely, later-season infections do not
become sufficiently established to survive the dormant season, and the vines are free of infection the following year (Fiel et al,
2003).

In most viticulture areas of California (Napa and Sonoma Valleys, for example), secondary transmission of infection regularly
occurs, but it cannot begin early enough in the season for the infection to survive vine dormancy and progress to chronic PD. In
these areas, secondary transmission occurs but does not result in disease.



- 277 -

We propose that in the General Beale area, secondary transmission of infection occurred in all varieties, possibly infecting large
numbers of vines in every vineyard.  The rate of Xf multiplication and movement varies within plant hosts (Hill and Purcell, 1995)
and among grapevine varieties.  In the most susceptible varieties, Redglobe and Crimson, the rate of bacterial multiplication and
movement was faster, so the result was that the bacteria had a window of opportunity some time in mid-season when secondary
transmission could progress to disease.  Secondary transmission of infections could not occur before this time window, and
secondary transmission of Xf after this time window did not survive vine dormancy.  Thus, in the two susceptible varieties some,
but not all, of the secondary infections progressed to chronic disease.

In the resistant varieties, however, by the time secondary transmission could begin, it was too late for the infections to become
well enough established to survive vine dormancy, and virtually all of those infections died out, leaving the vines free of disease
the following year.  This is illustrated in the two hypothetical Figures 1 & 2 below.  The position and shape of these two curves
can be a function of the severity of winter climate, the length of the growing season, and the varietal susceptibility.  Favorable
factors (such as a short, mild dormant season) would move the curves toward each other, resulting in a greater probability of
overlap —thus a bigger window of opportunity when secondary transmission would result in chronic disease.  In the General
Beale area, most of the varieties would be “resistant” to secondary transmission of PD (curves shifted apart); thus the vineyards
were not lost to disease.  Those same varieties, if grown in the Temecula area, would have the curves shifted toward greater
overlap, and the varieties could then be lost.

Figure 1. Figure 2.

This project addresses the dynamics of secondary transmission in the southern San Joaquin valley.   Previous work (Fiel et al,
2003) has examined the left-hand curve, dormant season survival by time of inoculation.  However, little is known of the right-
hand curve, probability of acquisition by GWSS with regards to time.  Because of concerns about the possible transmission of PD
to commercial vineyards, it was not possible to pursue the best experimental designs using insects to transmit Xf, nor to do the
experiments in commercial vineyards in either Kern or Tulare Counties.  Perhaps the only possible project site, a 3.2-acre
vineyard on the University of California Kearney Research and Extension Center at Parlier, CA, was available, and using this site
enabled us to begin experiments that might not otherwise have been done.  This site had mature vines of two varieties, Thompson
Seedless and Selma Pete (a table/raisin variety similar to Thompson). For the first time, we were able to examine the effect of
varietal differences on our theoretical curves.

In addition, 850 mature Thompson vines were cut about 40 cm above the ground and were grafted with Red Globe, Thompson,
and Princess in 2005.  In three years when these vines are mature enough, other experiments can be done to further understand the
influence of varietal differences on secondary transmission and over-winter survival of Xf. The projects discussed herein, with
other projects that build on these concepts, will help extension advisors and growers devise new integrated disease management
practices for PD.

OBJECTIVES
1. Follow over-winter survival of Xf associated with time of inoculation by needle-inoculating 20 to 35 vines at a time, of each

variety, at twice-a-month intervals for 4 months beginning on May 1, 2005.  Confirm all resulting infections by ELISA
testing of each vine during the year that they are inoculated.  Test all vines in late season 2006 to determine whether the
infections persisted over the dormant season.

2. Determine the time of detection of Xf in foliage in 2006.  In May 2005, 60 vines of each variety would be needle-inoculated.
At 2X per month intervals in 2006, all 120 vines to be sampled where Xf is most likely to appear in the new foliage to
determine when Xf is detectible.  Test all samples by ELISA, and store a part of each sample at minus 800F for possible future
PCR testing.
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3. Graft 850 mature Thompson vines with 3 varieties of differing PD susceptibility to enable future experiments in this vineyard
about the influence of varietal differences on secondary transmission.

RESULTS
Objective 1: The 180 Selma Pete vines used in these over-winter survival experiments were grafted in 2001 about 30 cm above
the ground on to mature Thompson vines.  These Selma Pete vines, now in their fourth growth year, and another 220 Mature
Thompson Seedless vines were needle-inoculated in 2005 at twice-per-month intervals beginning at the May 1 through the middle
of August, for a total of eight inoculation times.  The inoculated vines were tested in late 2005, and the inoculations were 100%
effective in producing infections in the vines.  Each vine was inoculated in two places on opposite sides of the vine (different
cordons) on first-year growth about 15 cm from old wood.  At each inoculation site, both a petiole and the stem were inoculated
with droplets containing ca. 107 Xf cells from a 9-day-old culture.  The over-winter survival of the resulting infections is shown in
Figure 3.

Objective 2: The samples for testing the time of Xf detection in the new foliage in 2006 were petioles taken from the site
considered most likely to be where the bacterium would appear first, whenever possible from the base of the cane that was
inoculated the previous year.  Because each vine had two inoculation sites, two sites were sampled for each vine, and 60 vines
produced 120 samples.  In many vines, one side of the vine began testing positive several weeks before the other side.  Even on
August 18, the samples from one side were still testing negative in 24 vines of Thompson and four vines of Selma Pete,
respectively.

On June 14, petiole samples were collected from six vines that had tested positive on June 1 (three vines each of Thompson and
Selma Pete).  One basal petiole was tested from each new shoot, growing from old wood within 15 cm of the trunk.  A positive
petiole would mean that Xf was present in the basal portion of the cane.  The Thompson and the Selma Pete had Xf in 5% (3 of
58) and 19% (12 of 62) of the canes respectively.

Overwinter Survival of Xylella fastidiosa by time of infection
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Figure 3. Figure 4.

DISCUSSION
The over-winter survival experiment (Figure 3) was designed to represent the worst-case possibility, and therefore the results
do not represent what might occur in an actual field situation, nor do the results agree with previous work at Kearney (Feil
et.al., 2003).  We chose to inoculate the base of the canes vs. more distal sites because the severity of the GWSS vectored PD
epidemics has been in part attributed to the possibility that GWSS can feed (and therefore acquire and inoculate) at the base of
the cane.  Mid season basal inoculations are more likely to result in infections that survive the winter than more distal
inoculation sites.  We inoculated each site with a very large number of cells to insure that all inoculations would result in
infections.  We inoculated multiple millions of bacterial cells per inoculation into the xylem, compared to inoculations by
GWSS or another vectors that might introduce a few (<100) cells.  Our resultant curves (Figure 3) were skewed far to the left in
comparison to previous work at Parlier.  Feil et.al. (2003) found that infections resulting from basal insect inoculations in July
survived the winter, but none of their August inoculations, whether by insect or needle, or basal or distal, resulted in infections
that survived.  Our work is, however, the first case of comparing the differences in over-winter survival of Xf as a function of
varietal susceptibility, supporting the idea that more susceptible varieties result in over-winter survival curves that are shifted to
the right.  It may be that irregularities in the shape and position of the curves in Figure 3 are the result of using an excessive
number of bacterial cells per inoculation.  We will address these aspects in future inoculation experiments.
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The “time of foliar detection” curves in Figure 4 are probably not affected by the decision to inoculate with a worst-case design,
and probably do represent actual field epidemic situations.  These curves show a difference between varieties in when the bacteria
become detectable in the new growth, and this is consistent with the hypothesis about secondary transmission that is represented
in Figures 1 & 2.

Putting together the information from Fiel et.al. (2003) and our Figure 4, we would predict that the window of possibility for
secondary transmission that survives the following winter may begin in early June and end by early August.  However possibility
is not the same as probability, and epidemics are stochastic phenomena.  When Xf is first detected it is present in only a small part
of the total canopy; and it is highly patchy.  Also in mid June only a small proportion of the canopy of chronically infected vines
have detectible Xf in the foliage, where it would be available for vector acquisition.  Therefore the target area, both in the vineyard
and on the vine, where acquisition feeding might occur in mid June is a very small part of the total vineyard or canopy, especially
compared with the target area in August and beyond.  Also in mid June to August the target area where an infective vector must
feed in order to inoculate a vine with an infection that survives the winter is a small and continuously shrinking portion of the
canopy of a vine.

The fact that GWSS can feed at the base of canes in July and August does not speak to the probability that GWSS would prefer to
feed at these target sites and search for them preferentially.  Furthermore we know of no evidence that in mid summer GWSS
prefers a basal feeding site (where either acquisition or inoculation might be successful) over the more available and vigorously
growing outer parts of the canes.  GWSS flying onto an infected vine in July would have a very small probability of randomly
encountering a target feeding site that would result in acquisition.  This raises the question why did secondary transmission play
such a big role in the Temecula epidemic and in the susceptible varieties in the General Beale epidemic?  We propose that the
most important epidemiological factor, in addition to the ability of GWSS to feed at the base of the canes, is simply the
extraordinarily high numbers of GWSS that occurred in these epidemics.  One or a few GWSS landing on a vine may be very
unlike to acquire Xf, but when hundreds or even thousands of GWSS per vine are feeding and actively moving among the vines,
the probability of Xf acquisition and transmission by a percentage of these GWSS becomes larger.  This may be enough to explain
the kind of secondary transmission that was observed.  Also the effect of variety on shifting the shape and position of the curves
as represented in Figures 1 & 2 may explain the varietal difference observed in the General Beale epidemic.

Figure 4 represents new information.  It does not however quantify the probability (vs. the possibility) that GWSS will acquire Xf
by feeding on an infected vine.  Our future efforts will be directed toward determining the geometric features of the target feeding
area in an infected vine, and in exploring the behavioral feeding preferences of GWSS in the mid season.  This will help to
interpret the curves in Figure 4 and to come closer to predicting a more realistic position and shape for the theoretical acquisition
curve postulated in Figure 2.  The research vineyard at Kearney provides an opportunity to pursue these goals.

CONCLUSIONS
The results of these experiments support the hypothesis for secondary transmission that is represented in Figures 1 & 2 above,
namely that the two curves which represent: (1) the probability that an Xf infection survives the dormant season, and (2) the
probability of Xf acquisition by a vector must overlap for secondary transmission of Xf to survive dormancy and progress to PD.
The experiment concerning time of foliar detection of Xf in previously infected vines provides some limits on when such overlap
of these curves can begin, and previous work suggests the probable end of the window.  We now better understand the severe
losses of the two recent Kern and Temecula epidemics, and strategies are emerging for timely, effective, and affordable control
practices to predict and avoid such losses in the future.  The benefit to grape producers in this area will be twofold: 1) more
accurate assessment of risk of economic loss from PD, and 2) suggestion of new PD management practices.  For example
protecting vines during the window of overlap might reduce or eliminate secondary transmission of PD.  Practices that use this
epidemiological knowledge may be thought of as Integrated Disease Management, a concept analogous to Integrated Pest
Management that has been so widely adopted and successful.
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ABSTRACT
Studies planned for this proposal will (1) examine further the impacts of cell wall-degrading proteins on pit membrane integrity,
(2) describe what our uses of the Xylella fastidiosa (Xf) cell wall-degrading enzymes tell us about the pit membrane
polysaccharide network, and (3) specifically examine the relationship between pit membrane disruption, grapevine ethylene
production, and xylem water conduit obstruction.  Of particular interest because of its potential for identifying a new mechanism
for a vine’s resistance to PD, will be tests of the role of Xf cell wall xyloglucan-degrading endo-β-1,4-glucanases (EGases) in
increasing the pit membrane’s porosity and efforts to identify natural pant proteins that are inhibitors of those EGases.

This is a new project, approved in Spring 2006, with funding beginning July 1.  Dr. Alonso Pérez-Donoso, who had recently
finished his Ph.D. work in our laboratory was to have been the primary bench scientist in the project.  However, he was offered a
faculty position in Santiago, Chile and left to assume that position in early Spring 2006.  Therefore, progress toward meeting our
objectives has been slow.  We are fortunate in that Dr. Quang Sun will be taking a position as a postdoctoral researcher in the
project, beginning October 1, 2006.  We anticipate rapid progress on Objectives 2 and 3 once Dr. Sun has become comfortable
with his new laboratory environment.  We have been able to begin testing of xyloglucanase-inhibiting proteins (XGIPs) on Xf
EGase activity.  Unfortunately, no inhibition was detected.

INTRODUCTION
For five years, Labavitch and the listed collaborators have been testing a model proposed to describe the development of Pierce’s
Disease (PD) in grapevines (Labavitch et al., 2001, 2002; Labavitch and Matthews, 2003; Labavitch et al., 2004, 2005; Pérez-
Donoso, 2006; Pérez-Donoso et al., 2006).  Findings reported in the last two PD Symposia strongly suggest that enzymes, likely
produced by Xylella fastidiosa (Xf) resident in xylem water-conducting cells (also Roper et al. 2004) are important contributors to
the escape of the pathogen from the vessels into which it has been introduced by GWSS, thus initiating its systemic spread
through the vine and the subsequent development of PD symptoms.  However, observations made only in the past year have
suggested that seasonal changes in normal grapevine development may also contribute to the systemic spread of Xf, beginning in
late Spring.  These observations may be linked to those made by collaborators Rost, Matthews et al. (Thorne et al., 2006)
suggesting that relatively long xylem conduits, likely to be of primary xylem origin, may allow relatively long distance passage
(i.e., the length of 2-3 internodes) of Xf into grape leaves.  While this pathway is not likely to facilitate long distance systemic
spread of the pathogen through stems, it may facilitate rapid movement from stems into which Xf has moved, into leaves where
disease symptoms then become evident.  Work planned for this project will examine aspects of these reports, with a strong focus
on factors that might affect the integrity of the pit membranes in grapevine xylem water conduits.

OBJECTIVES
1. Characterize the biochemical action of Xf EGase, in vitro and in planta and determine if it is inhibited by plant proteins that

have been identified as xyloglucan-specific endoglucanase (EGase)-inhibiting proteins.
2. Examine the full range of effects on grapevine pit membrane porosity that result from introduction of cell wall-degrading

polygalacturonase (PG) and EGase.
3. Repeat our 2005 observations of a late Spring, dramatic increase in the porosity of grapevine pit membranes.

RESULTS
Objective 1. Characterization of the biochemical action of Xf EGase, in vitro and in planta and determine if it is inhibited by
plant proteins that have been identified as xyloglucan-specific endoglucanase (EGase)-inhibiting proteins.  We have reported that
the introduction of PG and EGase to the xylem of explanted grapevine stems causes breakdown of pit membrane structure (see
the report for the project “The contribution of the pectin-degrading enzyme polygalacturonase (PG) in transmission of Xf to grape
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and the use of PG-inhibiting proteins for transgenic resistance to Pierce’s disease” in these Proceedings) while increasing pit
membrane porosity (Labavitch et al. 2005).  Our colleagues Cecila Aguero and Abhaya Dandekar have reported that the
expression of the gene encoding the pear fruit PG-inhibiting protein (PGIP) in transgenic grapevines slows the development of
PD in the modified genes.  We have also shown that the Xf EGase is active in digesting xyloglucan, a primary cell wall
polysaccharide that is likely to be the pit membrane target of the EGase. Thus the Xf EGase can be considered to be a
xyloglucanase (XGase). Therefore, if the tomato protein that has been identified as an XGase-inhibiting protein (XGase-IP) is
able to inhibit the Xf-XGase, then expressing it in combination with the pear PGIP in transgenic grapevines could provide
substantially enhanced PD tolerance.

The tomato XGase-IP was provided by our colleague, Dr. Will York, at the Complex Carbohydrate Research Center at the
University of Georgia. Xf EGase/XGase was isolated from E. coli transformed by Dr. Caroline Roper to express one of the

abavitch and Matthews, 2003).  We also tested the ability of the tomato XGase-IP
to block the activity of a purified GWSS β-1,4-glucanase and a fungal XGase provided by colleagues at Novozymes (positive
control) (Figure 1).

While the absence of inhibition of the Xf BGase/XGase indicates that the tomato XGase-IP will likely not be useful for
enhancing tolerance of PD, this result does not eliminate the idea from consideration.  We have studied the PG-inhibiting
proteins (PGIPs) of plants for many years.  They are very selective in the PGs that they inhibit (Stotz et al., 2000).  Some PGs
are strongly inhibited by a given PGIP while other PGs are not inhibited at all.  It is reasonable to think that XGase-IPs
display the same selectivity.  We are not engaged in studies to discover new sources of XGase-IPs.  However, as additional
inhibitors are reported we will attempt to obtain them in order test their action against the Xf XGase.

Objective 2. To examine the full range of effects on grapevine pit membrane porosity that result from introduction of cell
wall-degrading polygalacturonase (PG) and EGase.

Objective 3. To repeat our 2005 observations of a late Spring, dramatic increase in the porosity of grapevine pit membranes.

Work on these objectives has not begun.  Dr. Sun will be joining the lab soon and work will begin on these objectives at the
start of Spring, 2007.

CONCLUSIONS
The only concrete conclusion that we can report for this new project at this time is that tomato XGase-IP does not inhibit the
Xf and GWSS β-1,4-glucanases that we have previously purified.

Figure 1. Shown is a radial diffusion assay of XGase activity.  The xyloglucan (XG) substrate is dissolved in
buffer and then mixed with melted agar.  The agar is poured into a Petri dish and hardens.  Wells are cut in the
agar and then samples of the GWSS, Xf or fungal XGases are placed in the wells (left half).  As the enzyme
diffuses into the substrate-containing agar it digests it. The agar is stained with the dye Congo red to reveal the
presence of undigested XG.  The bigger the clear zones (shown above in yellow) the greater the XGase activity.
The XGases were mixed with the tomato XGase-IP (right hand half) and the XGase activity was determined as
described above.  If the addition of the XGase-IP has caused inhibition of the XGase (i.e., reduces the size of the
clear zone, as for the positive control) then it is an effective inhibitor.  However, neither the GWSS nor the Xf
XGase was inhibited (i.e., the clear zones are the same size whether the XGase-IP is present or not).
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ABSTRACT
For several years we have been studying the development of Pierce’s disease (PD) in grapevines.  Our studies have been
guided by a model of PD development proposed with our initial application for funding.  The Model proposed several “steps”
in disease development following introduction of the PD causal agent, the bacterium Xylella fastidiosa (Xf):

Xf introduction to vessels =>vessel cavitation =>initial water deficit => Xf population increase => production of
enzymes by Xf =>cell wall digestion => oligosaccharide signals => ethylene synthesis rise => a "wave" of vessel
occlusion beyond the infection site => collapse of vine water transport => leaf abscission => vine death

Our hypotheses have proven quite accurate, although aspects of the model are still being tested.  We have shown that xylem
vessel obstruction (tyloses, plant cell wall component-derived gels, and bacterial extracellular polysaccharides) and
consequent reductions in stem water transport capacity are early consequences of infection with Xf, before bacterial
populations are substantial and have spread far from the inoculation point.  We have shown that ethylene treatment of vines
also triggers vessel obstruction development and reduced water movement and that ethylene emanation from vines may
increase following infection.  We have also developed data for xylem vessel length distributions in grapevines and shown that
Xf must pass through vessel pit membranes if the bacterial population is to develop systemically, thus suggesting that
digestion of cell wall polymers in the pit membranes is likely to be important to disease spread.  These findings are reported in
several reports at the annual PD Symposium (Labavitch et al., 2001, 2002, 2004, 2005; Labavitch and Matthews, 2003) and,
more recently, at disciplinary scientific society meetings (Perez et al., 2004; Roper et al., 2004) and in refereed reports
(Stevenson et al., 2004).  We describe herein the continuing studies that have made clear that the Xf genome contains genes
that encode cell wall-degrading polygalacturonase (PG) and endo-β-1,4-glucanase (BGase) and that these two enzymes are
sufficient to open the pit membrane network, suggesting that this is the mechanism used by the pathogen to permit systemic
development in infected grapevines.

INTRODUCTION
Overall, many of the investigators listed above are involved in three CDFA-supported projects that are centered in the
Labavitch lab.  Two of these projects are outgrowths of our earlier project that was designed to test our proposed model for
Pierce’s disease (PD) development.  Thus, it is difficult to avoid discussing some of the work in our other two projects in this
report for the third project, which is an expansion of the primary model to link it to the studies of other PD researchers.

OBJECTIVES
1. Complete testing of our model of PD development in grapevines.
2. Determine whether glassy-winged sharpshooter (GWSS) feeding on grapevines is accompanied by xylem vessel

cavitation.
3. Determine whether the grapevine “regulators” that we have identified as important to development of PD affect the

expression of grapevine genes that have been shown to be important markers of Xf presence/PD infection.
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RESULTS
Objective 1. Complete testing of our model of PD development in grapevines.
Efforts in this research year have examined four aspects of the model not previously tested.  The first is the hypothesis that
cell wall breakdown caused by the action of bacterial enzymes, like the pectin-degrading enzyme, PG contributes to the
ability of Xf to systemically colonize the grapevine xylem which ultimately leads to disease.  We demonstrated that the open
reading frame encoding a putative PG did, in fact, encode a functional PG. Furthermore, Xf mutants lacking PG did not move
from the point of inoculation and did not cause PD when inoculated into grapevine.  The second is related to work designed
to show whether Xf wall-digesting enzymes are present in the xylem of infected vines.  The third pertains to descriptions of
the porosity of the pit membranes that separate one vessel from its neighbors.  The fourth pertains to the idea, discussed by
many but never actually demonstrated, that Xf produces an exopolysaccharide (EPS) and that this EPS is associated with the
pathogen in infected grapevines.  While the first three of these questions are clearly relevant to the examination of the “Xf
enzymes and cell wall digestion” section of our model (above) they are also addressed in a second project that grew out of
our model testing efforts.  The title of that project is “The contribution of the pectin-degrading enzyme polygalacturonase
(PG) in transmission of Xf to grape and use of PG-inhibitor proteins for transgenic resistance to Pierce’s Disease” and the
specific data that pertain to Xf’s PG and the pathogen’s β-glucanase and their role in Pierce’s disease development,
specifically the opening of pit membranes, can be found in the report for that project in these Proceedings.  The final
question in this section, related to the production of EPS by Xf, is addressed below.

Does Xf produce an extracellular polysaccharide (EPS) and is this associated with bacteria that have colonized
grapevine xylem water conduits? The sequence information for the Xf genome suggests that the pathogen should produce
an EPS like that produced by Xanthomonas campestris. Because the X. campestris EPS is important for development of
diseases caused by the pathogen it seemed reasonable to determine if the predicted similar EPS of Xf contributes to PD
development.  Thus answers to the questions posed above are potentially crucial to understanding how PD develops.  Caroline
Roper contacted Prof. L. Ielpi of the University of Buenos Aires who had reported on his studies of EPSs produced by a
number of X. campestris strains with mutations in the genes encoding proteins involved in synthesis of its EPS.  One of these
was predicted to produce an EPS with a structure like that predicted for the putative Xf EPS.  Prof. Ielpi kindly provided a
sample of this mutant EPS variant and it was used to raise polyclonal antibodies.  These were used to produce an
immunoaffinity chromatography column that was used to purify cross-reactive polysaccharide from gel-like material that
accumulated on the walls of flasks used for liquid culture of Xf. The structural analysis of this affinity-purified polysaccharide
is now underway. The anti-Xf EPS antibodies were also used in a Protein A double sandwich ELISA assay now being used to
quantify EPS production by the pathogen.  These results are not presented in this report but are described in Caroline’s
dissertation (Roper, 2006) and in a manuscript that is now in rough draft form.

Figure 1. The co-localization of Xf cells and EPS.  In the left panel a confocal laser-scanning microscope
was used to show the presence of GFP-tagged Xf in the petiole xylem of a leaf from an infected grapevine.
In the center panel the rabbit anti-Xf EPS antibodies were used to bind the EPS and then a red fluorescing
dye (AlexaFluor 568)-tagged anti-rabbit serum to show the EPS based on the red fluorescent signal.  In the
right panel the two images are merged to give a yellow to orange signal indicating the co-localization of Xf
cells and EPS.

The anti-Xf EPS antibodies were also used to demonstrate the presence of cross-reactive material, presumably Xf EPS, in Xf
biofilms formed in vitro and in planta.  The EPS often co-localized with Xf cells and appears to contribute to xylem vessel
occlusion although the exact role of EPS in virulence is unclear (Roper 2006).

Objective 2. Determine whether GWSS feeding on grapevines is accompanied by xylem vessel cavitation.
This Objective is addressed by a combination of researchers with expertise in (1) electrical penetration graph (EPG)
monitoring of sharpshooter feeding on grapevine xylem (Backus and colleagues, USDA), and (2) water-moving capacity of
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xylem vessels (Shackel, Matthews and Labavitch, UCD).  Progress was made this year in developing the protocols needed for
both the insect and plant portions of the project.  However, these tests have proven to be more challenging than was foreseen
at the time the proposal was written.

Ph.D. candidate Alonso Pérez developed the MRI techniques that were used to determine whether vessels that the insect has
been ingesting from become air-filled (i.e., cavitated) following the end of feeding.  Pérez had previously attended Backus’
EPG Workshop at California State University-Fresno in July, 2005, where he learned recording and analysis of sharpshooter
EPG waveforms.  Perez also tuned and tested a classical acoustic emissions (AE) monitor that has been used for over 40 years
to record the ultrasonic vibrations of vessel cavitation.  With this monitor, Perez visited the Backus laboratory in October 2005
to gather preliminary data using smoke tree sharpshooter (STSS) on cowpea, some of which was presented at the 2005
Pierce’s Disease Research Symposium.  Backus then lent her EPG equipment to Labavitch, and Perez used various
combinations of EPG and AE monitors with both STSS and GWSS on grape, plus MRI imaging, during November 2005 to
January 2006 at UCD.  Unfortunately, the AE monitor proved unreliable for use with insects, because it was impossible to
tune out vibrations made by insect movements during feeding.  MRI images consistently showed no cavitation, even when
many AE signals were recorded.  It was therefore decided to try recording cavitations with a different, more modern approach.
Perez completed his Ph.D. in March, 2006 and returned to Chile to take a position at the Catholic University in Santiago.

Backus enlisted the aid of her former colleague at the University of Missouri, Rex Cocroft, an expert in acoustic recording of
insect sounds using highly sensitive, laser accelometry.  Backus’s head technician, Holly Shugart, a former Master’s student
of Cocroft’s, traveled to Missouri for 3 weeks in July 2006, and attempted to use Cocroft’s laser to record GWSS on both
cowpea and grape.  Shugart was successful in tuning the laser to detect cavitations in cut stems of cowpea, but only after
drastic measures.  She found that the laser detects ultrasonic vibrations as trains of extremely short pulses, each approx. 2-5
μsec in duration.  The computerized recording equipment could not simultaneously record insect EPG and laser pulses,
because sample rates in excess of the software maximum of 250,000 samples per sec (Hz) were required.  Therefore, Backus
hired colleagues at Sable Systems, Inc. to build a pulse-stretcher on rush order (over one weekend), which lengthened the
pulses, allowing a more achievable sample rate of 70,000 Hz.  After much tuning of the laser plus the pulse stretcher, Shugart
achieved very clear, noise-free recordings of cavitation (Figure 2), which were experimentally verified by refilling cut,
cavitating stems with water, observing loss of cavitations, then cutting the stems again and observing re-occurrence of
cavitations (data not shown). Also, a single, successful recording was made of GWSS EPG feeding on cowpea, simultaneous
with laser recording (data not shown).  The laser was set at a much more sensitive level than for cut-stem cavitation controls,
and did pick up trains of pulses.  However, they were clearly correlated with waveforms known to represent stylet sawing, as
well as walking and other insect movements.  No signals as loud as cavitation were recorded during insect feeding, only
during non-probing movements.  These results suggest that sharpshooters do not cause cavitation during stylet penetration to
the xylem, and support the MRI findings of Perez.  However, this work will need to be repeated, with simultaneous recording
of EPG and laser, plus before-and-after images by MRI.  A laser accelerometer will need to be purchased to continue the
work in California.

Objective 3: Determine whether the grapevine “regulators” that we have identified as important to development of
PD affect the expression of grapevine genes that have been shown to be important markers of Xf presence/PD
infection.
As discussed in this and previous PD research reports, we have now developed a substantial data set describing events in the
development of PD in grapevines.  We will work in the coming year to focus on two important PD development steps
proposed by the model, but not yet fully tested.  These relate to the potential roles of the plant hormone ethylene and
oligosaccharides digested from grapevine cell walls in influencing the spread of the Xf population in vines or the vine’s
response to Xf presence.  We have obtained the supplies needed to follow expression of the set of 4 grapevine genes that are
expressed relatively early following Xf introduction into vines (Cook et al., 2003).  The testing of the timing of expression
will be based on real-time PCR of these 4 genes in relation to the appearance of early PD symptoms, most specifically the
growth and spread of Xf in the weeks early after inoculation and development of vascular system occlusions as followed by
MRI.

CONCLUSIONS
Our group of cooperating PD researchers feels that the best way to effectively deal with the threat caused by the disease is to
fully understand its development in grapevines. A full understanding of the interaction of GWSS, Xf and Vitis vinifera
should identify aspects of disease development that can be targeted by control measures that can be exploited using genetic
approaches or new field management practices.  We feel that the identification of a key role for Xf PG in PD development
may provide a useful target toward which PD control measures could be directed.  Should work to determine the extent to
which grapevine ethylene production is a response to infection confirm our model’s prediction, we will have another valuable
marker of PD development as well as another potential target to exploit in terms of interrupting the systemic spread of Xf.
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Figure 2. Control recordings of cut, cavitating cowpea stem using laser accelerometry.  Rapid trains of pulse crescendos occur
sequentially (black box), perhaps indicating separate groups or bundles of xylem cells cavitating.  When the recording is temporally
expanded, trains of thousands of individual pulses become discernible (red box in left view, expanded on right).  Further expansion
(blue then purple boxes) reveal individual, stretched pulses.
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Reporting Period: The results reported here are from work conducted October 1, 2005 to Sept. 30, 2006.

ABSTRACT
Work this year has shown that the Xylella fastidiosa (Xf) polygalacturonase (PG) is an endo-acting enzyme.  This provides us
a reference that we can now use to biochemically characterize the interaction between the pathogen’s PG and PG inhibiting
proteins (IPs) that is implied by the fact that transgenic expression of PGIPs protects vines against PD.  We also report that
PG, in combination with a bacterial β-1,4-glucanase enzyme (BGase) that has also been discussed in previous reports can act
to cause tears in the pit membranes that are likely to be barriers slowing the systemic spread of the Xf population.  We also
report on a few set-backs that have slowed our examination of the roles of insect plant cell wall-degrading enzymes in PD
development.  Fortunately, the set-backs are now being corrected so that important questions can be addressed in work
supported by a no-cost extension.

INTRODUCTION
In a companion report we have discussed continuing work that has been done to test the model we have proposed to describe
the development of Pierce’s disease (PD) in grapevines.  That model proposes a key role for a pectin-degrading enzyme,
polygalacturonase (PG).  Over the past few years we have demonstrated that Xylella fastidiosa (Xf) has a PG encoding gene
and that the Xf PG is important for disease development.  This project is a spin-off from our “model” project, based on the
observation that, when expressed in transgenic grapevines, plant PG-inhibiting proteins (PGIPs) provide some protection
against PD.

OBJECTIVES
1. Determine whether the pectin-degrading enzyme of Xf contributes to the systemic spread of the bacterial population in

inoculated grapevines (first priority).
2. Determine whether the pectin-degrading enzyme(s) in the salivary secretions of the glassy-winged sharpshooter (GWSS)

contributes to inoculation success of Xf into grapevines (second priority).

RESULTS
Objective 1
Determine whether the pectin-degrading enzyme of Xf contributes to the systemic spread of the bacterial population in
inoculated grapevines
This question is related to a major component of our model for PD development and prior results in the project focused on
testing that model led to this project.  We had previously shown that the Xf PG gene coded for some sort of PG activity.  This
conclusion was based on isolation of the protein from E. coli transformed to express the putative PG gene.  This year’s work
involved the development of a PG assay based on identification of the products of enzyme action.  If the products included a
series of oligosaccharides, rather than only monosaccharide galacturonic acid, the PG would be an endo-acting PG (Figure 1).
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When PGs are incubated with polygalacturonic acid substrate in the presence of PGIP a complex forms between the PGIP and
the PG.  This slows the rate of substrate digestion by PG and shifts the oligomeric digestion products to larger sizes; i.e.,
further to the right in the chromatogram.  The next step is to isolate more PG protein from the transformed E. coli and test the
ability of the pear PGIP that has been expressed in grapevines (Aguero et al., 2005) and PGIPs from several other plant
species to see if they inhibit Xf PG.  These tests may identify PGIPs that are more active than the pear PGIP in blocking the
pathogen PG’s action.

In work reported last year (Labavitch et al., 2005) we indicated that the combined action of two Xf cell wall-degrading
enzymes, PG and BGase was sufficient to increase the porosity of grapevine pit membranes, allowing the passage of 20 nm
gold particles through explanted stem segments.  Our colleagues Tom Rost and Mark Matthews and their postdoctoral
researcher, Qiang Sun have been carrying out studies involving electron microscope examinations of the grapevine xylem
system and have obtained detailed images of pit membranes.  We flushed solutions containing fungal PG and the Xf BGase
into the xylem system of grapevines and then looked at the impact of the enzyme treatment on pit membrane integrity (Figure
2).

Figure 1. Protein was isolated from E. coli transformed to express the Xf DNA sequence thought to
encode PG.  When the protein was incubated with the PG substrate polygalacturonic acid, several
oligosaccharide digestion products (arrows) were produced. Shown is an HPLC analysis of these
products; oligomer size of peaks increases as they emerge later from the column (i.e., further to the
right).  There were no digestion products present when HPLC was done with the substrate incubated
with no protein or with protein from untransformed E. coli. (Data from Roper, 2006; Roper et al.,
2006)

Figure 2.  In the left-hand image pit membranes are seen as somewhat grainy-looking, oval surfaces framed
by the lignified secondary wall of a xylem water conduits.  The right-hand image is a similar view of pit
membranes after the vessels have been flushed with PG and BGase.  The magnification is approximately.
5,000X for the two images.
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It is clear that the combined actions of the two enzymes has caused a substantial erosion of the pit membranes.  Although the
images have been cropped to make this side-by-side comparison, all of the pit membranes in the image of enzyme-treated
stem tissue were extensively damaged.

Objective 2. Determine whether the pectin-degrading enzyme(s) in the salivary secretions of GWSS contributes to
inoculation success of Xf into grapevines.
In the past project year we were not able to obtain a sufficient supply of GWSS for use in isolating salivary glands and their
enzyme complements.  Thus, little progress was possible.  However, it appears that a more reliable insect supply may be
developing and we will be continuing the insect side of the project in the 2006-2007 project year.  We requested a no-cost
extension to support that work beyond the June 30, 2006 end date of this project.

CONCLUSIONS
PG is an important Xf virulence factor supporting the bacterium’s colonization of grapevine xylem and the development of
PD.  Work in the past year will be useful in determining the specific nature of the protection against PD symptom
development that has been reported to result from expressing PGIPs in grapevines.  The assay used to demonstrate the endo-
nature of Xf’s PG will be of value when testing the relative action of several PGIPs against Xf PG.  Once a reliable GWSS
supply is available, similar tests of the GWSS PG can be made and studies can be carried out to determine whether PGIP-
expressing transgenic grapevines are useful in suppressing disease development resulting from Xf introduced during GWSS
feeding.
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ABSTRACT
Transcriptional profiling using a custom high-density microarray chip of 20,020 Vitis transcripts showed significant
variations in responses between the susceptible and resistant genotypes to Xylella fastidiosa (Xf) infection.  Differentially
expressed transcripts reflecting spatial and temporal responses to Pierce’s disease (PD) involved in metabolic processes such
as diseases resistance, water stress, photosynthesis and cell wall synthesis were identified.  The results suggest that Vitis
responses to Xf are genotype and tissue dependent, and are stage specific.  VitisExpDB is an online MySQL-php driven
relational database that houses annotated EST data.  The database will provide genomic resource to grape community for
functional analysis for both vinifera and non-vinifera grape varieties and aid in the grape genome annotation.

INTRODUCTION
The impact of Pierce’s disease (PD) on the California grape industry has been significant since the introduction and
establishment of a more effective vector, Homalodisca vitripennis, the glassy-winged sharpshooter (GWSS) (Almeida and
Purcell 2003).  Development of resistance in grape is stymied by the relatively limited amount of genetic and molecular
information regarding genotype specific resistance to PD infection (Davis et al. 1978). From genotypic screening and genetic
mapping studies, it was concluded that a dominant allele controls PD resistance and recently, Krivanek et al. (2006)
identified a major quantitative trait locus that controls PD resistance and denoted it as ‘Pierce’s disease resistance 1’ (PdR1).
The above studies confirm that the genetic basis of PD resistance in grapes varies from tolerance to resistance and suggest
that host responses to the pathogen are genotype dependent.  Further, in the PD resistant genotypes, differential responses
between stem and leaf tissues were also noted (Krivanek and Walker, 2005).  The results from these studies prompted study
of molecular basis of this host / pathogen interaction.

Plants respond to pathogen attack through a variety of signaling pathways consisting of a large number of regulatory as well
as effector genes.  Microarrays facilitate automated analysis of transcriptional profiling data to enable complete
understanding of such gene function and interactions.  The goal of this study was to identify and characterize the molecular
events in the grape / Xylella fastidiosa (Xf) interaction using genome wide transcriptome profiling between resistant and
susceptible genotypes and among the different tissue types.

OBJECTIVES
1. Microarray gene expression analysis.
2. Develop of a grape transcriptional relational database.

RESULTS
Objective 1 - Microarray gene expression analysis.
Custom microarray chip design: Previously, we have characterized transcriptomes (5,794 ESTs) from 12 tissue specific
(stem, leaf and shoot) subtractive suppression hybridization (SSH) libraries.  All the sequenced ESTs that are at least 100 bp
in length (5421 ESTs) were submitted to the NCBI’s ESTdb under the accession numbers DN942225 to DN947645.  These
ESTs and all the other EST sequences publicly available till July of 2005 were analyzed to deduce a non-redundant set of
20,020 ESTs with 1,947 from the SSH libraries, including 40 from the cDNA-AFLP experiments, 10,014 from V. vinifera,
5,470 from V. shuttleworthii, 1,219 from V. aestivalis, 780 from V. rupestris x V. sp and 588 from V. riparia. Nine
individual 60-mer probes were designed for each EST.  A total of 191,450 probes were selected for the entire set and there
were two spots for each probe on the slide totaling 382,900 spots per slide.
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Experimental set-up:  Total RNA from stem and leaf tissues was hybridized to 36 slides  (eighteen for each explant) in a
two-color experiment using the monochromatic dyes Cy5 and Cy3. RNA from three time points: early (1 week), mid (6
weeks) and late (10 weeks) stages of disease development from both infected and non-infected tissues of resistant and
susceptible genotypes was analyzed. For each time point, there were three slides (biological replicates) including a dye flip.

Data analysis: For each gene and for each explant (stem and leaf) there were 54 data points per each stage (18 per slide x 3
biological replications) of disease development.  Data representing raw spot intensities generated by the GenePix software
were analyzed using the SAM microarray analysis software to generate fold differences and q-values.  Clustering of the
significantly differentially expressed genes was carried out using TMEV software.

Overview of transcriptional responses: A total of 8926 transcripts (5,299 individual ESTs and the rest are overlaps) showed
statistically significant differentially regulation in the above experiments, with nearly 30 % of those being cloned from the
SSH libraries (Table 1).  Out of 5,299 individual transcripts that were responsive, 58.65 % (3,108 ESTs) were specific to a
certain stage. Below we briefly describe the expression pattern of the major categories of these differentially expressed genes.

Table 1. Microarray hybridization identified differential expression in grape stem (A) and Leaf (B) tissues in response to Xf
infection in both susceptible and resistant genotypes.  Microarray analysis was carried out using the SAM (Significance of
Microarray Analysis) software, with a q-value cutoff of 0.5 %.  Values are presented for genes that are at least two-fold
regulated.
(A) Stem tissue

(B) Leaf tissue

1. Disease related proteins
Selective induction of 19 transcripts known to be associated with defense responses was observed in stem tissue of the
resistant genotype with 2 to 6.5 fold upregulation.  This includes transcripts such as MAP kinase, transcription factor
EREBP1, Disease resistance protein ADR1, mannitol dehydrogenase among others.  Similarly, in the leaf tissue, several
defense related transcripts were differentially upregulated with 2 to 3.4 fold (PR1, PRB1-3, ABC transporter-like protein).  In
the susceptible genotype, only the leaf tissue showed selective induction of defense related transcripts.  A large number of
transcripts belonging to serine/threonine kinasePR5K, along with others were several fold induced.  Transcripts such as
defense-related protein, Germin-like protein subfamily 3, endochitinase B precursor were expressed in both the genotypes
and could indicate broad genotype independent response.

2. Photosynthesis
Expression levels of leaf tissue transcripts involved in photosynthesis from the susceptible genotype showed a clear
indication of down regulation (Figure 1A).  Some of the down regulated transcripts included RUBISCO (0.303-fold)
Photosystem I reaction center subunit III, chloroplast precursor (0.31-fold) and Chlorophyll a-b binding protein AB80 (0.26-
fold).  On the other hand, expression of the DREbinding ERF3 was upregulated (4.26-fold).  This suggests an increased stress
in the susceptible genotype compared to the resistant genotype at this stage of disease development.

Genotype
9621-67 9621-94Stage Response

# Of ESTs Fold-Change # Of ESTs Fold-Change
Up-regulated 294 2.0 - 6.44 9 2.0 - 2.92Week-1

Down-regulated 421 0.49 - 0.09 2 0.48, 0.4
Up-regulated 230 2.0 -5.05 938 2.0 – 38.9Week-6

Down-regulated 55 0.49 - 0.22 665 0.49 - 0.025
Up-regulated 451 2.0 -18.16 459 2.0 – 37.26Week-10

Down-regulated 291 0.49 - 0.14 995 0.49 - 0.03

Genotype
9621-67 9621-94Stage Response

# Of ESTs Fold-Change # Of ESTs Fold-Change
Up-regulated 269 2.0 – 7.47 0 -Week-1

Down-regulated 43 0.49 - 0.28 6 0.48-0.36
Up-regulated 82 2.0 -5.68 151 2.0 – 14.7Week-6

Down-regulated 18 0.49 - 0.33 37 0.49 - 0.23
Up-regulated 328 2.0 -15.63 1363 2.0 - 53.02Week-10

Down-regulated 590 0.49 - 0.05 1229 0.49 - 0.04
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3. Water stress proteins
In the leaf tissue of the susceptible genotype, 10 weeks after infection, expression of several of the drought and water stress
associated transcripts was upregulated such as Betaine aldehyde dehydrogenase (6.23-fold), heat shock transcription factor 1
(2.5-fold) and dehydrin ( 3.55) (Figure 1B).  Expression of these transcripts was unchanged in the resistant genotype at the
same stage of disease development.  On the other hand, some of the transcripts in the leaf tissue showed several fold up
regulation in the susceptible genotype compared to the resistant genotype, such as galactinol synthase a protein induced by
water stress (15.1-fold  and 38.4-fold in the 9621-67 and 9621-94 genotypes respectively) and the cold and drought regulated
protein (CORA; 2.4-fold and 9.77-fold respectively).  In the stem tissue from the same genotype, up regulation of transcripts
belonging to osmotic stress-activated protein kinase (6.49-fold), neoxanthin cleavage enzyme (8.32-fold) and DT-regulated
protein (3.66) was observed.

4. Cell wall and xylem proteins
Genes involved in cell wall degradation such as pectinesterases, exopolygalactruonase and other senescence associated
proteins such as caffeoyl-CoA O-methyltransferase were several fold upregulated in the susceptible 9621-94 genotype
compared to the resistant 9621-67 genotype.  Expression of cellulases such as endoglucanase and that of xyloglucan
endotransglucosylase was several folds higher in the 9621-94 genotype (0.3-fold and 37.95-fold respectively in the resistant
9621-67 and susceptible 9621-94 genotypes).  Similarly, down regulation of ESTs such as Germin like proteins and
monocopper oxidase precursor in the 9621-94 genotype was more pronounced than in the 9621-67 genotype.  Expression of
glucanases was downregulated in both the genotypes after 10 weeks of infection.

Figure 1. Expression profiling of the differentially regulated transcripts.  Red indicates transcriptional activation
and green represents repression.  Transcripts that are not significantly regulated are shown in black. (A)
Photosynthesis related transcripts. (B) Water-stress related transcripts.  Hierarchical clustering was performed using
TMEV.  The results show a clear segregation of the genotype and tissue types in response to pathogen infection. (C
& D) VitisExpDB is an online MySQL-php driven relational database that houses annotated EST and gene
expression data for both vinifera and non-vinifera grape varieties.

Objective 2 - Develop of a grape transcriptional relational database:
VitisExpDB is an online MySQL-php driven relational database that houses annotated EST data for both vinifera and non-
vinifera grape varieties.  The database includes all the EST data in the public domain from both vinifera and non-vinifera
varieties.  In the present study, using the latest Gene Ontology (GO) terminology, a uniform structural vocabulary was
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developed for the above grape varieties.  Further, extensive cross referencing is allowed to retrieve the data using multiple
search indices.  Future plans include expansion of the database to incorporate all the microarray expression data from our as
well as other reported studies.  ESTs of V. vinifera and non-vinifera grapes (Vitis vinifera, V. shuttleworthii, Vitis hybrid
cultivar, V. rupestris x V. arizonica, V. aestivalis, V. riparia, V. pseudoreticulata, V. cinerea x V. rupestris, V. cinerea x V.
riparia are currently included.

Database architecture and Web interface:  The relational database is powered by an Apache 2.0 server and was developed
using MySQL 5.0 as the database management system on Red Hat Enterprise Linux 4 RPM (x86). EST sequence sets were
downloaded from NCBI GenBank (UniGene, dbEST) and annotated with GO terms Sequence similarity search was carried
out using the default blast parameters and a cut off E value of 10-4.  On the main search page, a drop down menu that lists the
variety (s) to be queried is provided.  The database can be searched by Gene Ontology ID, GenBank ID, enzyme number, or
by inputting key word (s) (Figure 1C).  The result page displays the number of ESTs matching the query, individual EST
sequence, its description, EC number, and its Gene Ontology classification (Figure 1D). VitisExpDB database is available at
http://cropdisease.ars.usda.gov/~fruit_tree/.

CONCLUSIONS
Characterizing the molecular basis of the grape response to Xf is critical to understanding the mechanisms of PD resistance
and pathogenesis.  Based on our transcript profiling, it is clear that grape plant response to Xf infection is different among
tissues between resistant and susceptible genotypes, and early and late stages.  While a broad spectrum and presumably non
specific plant response was observed for defense and water stress related protein expression in the susceptible genotype, a
majority of this did not overlap with the resistance genotype response.  Further, transcript profile also indicated a higher level
of water deficiency in the susceptible genotype compared to resistant genotype.
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ABSTRACT
Analyses of host plant resistance / susceptibility mechanisms to Xylella fastidiosa (Xf) infection are critical for understanding
host-pathogen interactions.  Proteomic analyses of stem tissue and xylem sap samples were initiated to complement genomic
approaches employed in elucidating Pierce’s disease resistance mechanisms.  Samples from one highly resistant and two
susceptible grape genotypes were collected at multiple time points post-inoculation from control and Xf-inoculated plants.
Two-dimensional gel electrophoresis revealed numerous proteins that were differentially expressed and dependent on plant
genotype and/or inoculation treatment.  Proteins identified by oMALDI-TOF comprised a wide range of functional types.
The importance of these proteins with respect to host-pathogen interactions will be investigated further.

INTRODUCTION
While numerous factors including temperature, fertilization and time are known to affect xylem sap chemistry (Andersen and
Brodbeck, 1989a, 1989b, 1991; Andersen et al., 1995, 2004b), the protein composition of grape xylem sap in response to
Xylella fastidiosa (Xf) infection has not been investigated in detail to date.  In other host plant-pathogen systems, xylem sap
proteins were shown to be important in suppression of disease development (Ceccardi et al., 1998; Guo et al., 1993; Nemec,
1995; Reimers and Leach, 1991; Reimers et al., 1992; Rep et al., 2002; Young et al., 1995).  Without a doubt, due to its
xylem limited growth habit, Xf ‘s growth and development are influenced by xylem sap characteristics.  Thus manipulation of
the xylem sap composition presents a promising venue to interfere with Xf infections.

Disease expression in stems of grape vines results in blocking of water flow to the shoot and, thus, is critical to the lethal
nature of Pierce’s disease (PD). Xf infection results in uneven cane maturation which expresses itself in the formation of
green-islands.  The irregular nature of green-islands suggests the involvement of localized rather than systemic signals in the
formation of the observed spatial symptomology.  The importance of Xf populations in stems in respect to PD resistance of
grape genotypes was also illustrated in recent studies (Krivanek et al., 2005; Krivanek and Walker, 2005).  Thus, examination
of stem tissue provides an opportunity to identify important aspects of plant-pathogen interactions.

Examination of xylem sap and stem protein makeup is a new approach that allows us to complement our genomic studies
conducted on the same susceptible and resistant sibling genotypes employed in this study.

OBJECTIVES
1. Discover xylem sap and stem proteins differentially expressed in PD resistant and susceptible grapes in response to Xf

infection.
2. Identify differentially expressed proteins from xylem sap and stem induced by Xf.

RESULTS
Objective 1.  Discovery of differentially expressed proteins.
PD resistant (9621-67) and PD susceptible (9621-94) genetic lines selected from a segregating population of V. rupestris x V.
arizonica as well as vinifera grape, Chardonnay were used in this comparative study.  We completed expression experiment
conducted in the greenhouse where treatment and control grapevines were mechanically inoculated with Xf suspension
respectively.  Leaf and stem tissues were then collected at ten time points from as early as day one post inoculation up to
three months when PD symptom was fully expressed in susceptible grapes.  A separate set of grapes (same genotypes and
treatments as above) was grown in the greenhouse for xylem sap protein extraction at 2 time points post inoculation.  The
xylem sap was extracted using a pressure chamber following the same sampling scheme as above.  Samples (stem, leaf and



- 295 -

pI pI10 1033kDa
150

15

150

15

9621-67 Ctrl 9621-67 Inf

9621-94 Inf9621-94 Ctrl

xylem sap) collected at each time point were immediately store at –80°C for later protein extraction.  After protein extraction,
2-DE separation of protein from all treatments was carried out to characterize differentially expressed proteins.

Xylem sap samples
Two-dimensional gel electrophoresis revealed apparent differential expression of numerous proteins in xylem sap collected
from resistant (9621-67) and susceptible (9621-94) genotypes.  In addition, infection with Xf also appears to affect xylem sap
protein expression (Figure 1).

Figure 1. Comparison of the 2-DE gels from
xylem sap from the highly resistant (9621-67) and
susceptible (9621-94) genotype.  Xylem sap
samples were collected 6 weeks post-inoculation.
Examples of putative differentially expressed
proteins are indicated by circles and arrows.

Figure 2. Three gels for each sample from the
same stem tissue were run using Bio-Rad 2-DE
systems.  The resulting 2-DE gel patterns in all
three repeats were consistent and reproducible.
More than 200 protein spots could be clearly
distinguished in the stem protein gels.
Approximately 50 of those proteins appear to be
differentially expressed (minimum of 2-fold
difference in expression).  Protein profiles were
influenced by genotype, infection status, and
stage of disease development (Figure 2).  The
most profound differences in expression were
found in the resistant genotype (9621-67).

Objective 2.  Identification of selected proteins.
Twenty-three differentially expressed proteins identified by this approach are listed in Table 1.  The identified proteins
comprise a wide functional range and their importance in respect to PD pathogenesis / resistance will be investigated in more
detail.
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Table 1.  Differential protein expression was detected between infected and healthy stem tissues in PD resistant and
susceptible genotypes.  Proteins showing altered expression levels were excised from 2-DE and identified using peptide mass
fingerprinting.  Database searches using MASCOT algorithms based on the peptide mass fingerprint data identified the
differentially expressed proteins.

SSP
No (a) Score (b) Masses

Matched
Protein
Mr/pI

Accession
No (c) Protein description Seq. cov.

%
3601 440 8 41915 / 5.25 gi|11276972 T51184 actin [imported]-rape 24
8702 844 18 57266 / 7.19 gi|19070130 AF236127_1 catalase [Vitis vinifera] 44

3605 284 4 43516 / 5.81 gi|18157331 S-adennosylmethionine synthetase
[Phaseolus lunatus] 13

2304 229 3 31459 / 4.64 gi|128207 Nitrogenase iron protein 2
(Nitrogenase component II) 18

4001 148 5 15448 / 5.22 gi|19114954 putative transcriptional activator
hypothetical protein 38

4702 112 6 45160 / 6.09 gi|127546 UDP-N-acetylglucosamine
enolpyruvyl transferase 20

4703 201 7 48823 / 6.33 gi|9858547 ribulose bisphosphate carboxylase
large subunit 23

9102 234 3 17104 / 8.40 gi|729762 17.0 kDa class II heat shock protein
(HSP 18) 36

6002 339 4 17357 / 6.39 gi|11182124 pathogenesis-related protein 10
[Vinifera] 35

7101 423 3 17813 / 6.92 gi|2674179 kinesin-related protein KRP1 [Rattus
norvegicus] 18

2902 164 8 63122 / 5.19 gi|861170 heat shock protein 70 [Zea mays] 22

2703 356 12 49249 / 5.19 gi|4388533 "F1-ATP synthase, beta subunit
[sorghum bicolor]" 33

9001 280 5 12602 / 8.42 gi|8248145 ORF 109 [Lactocococcus lactis] 49
7602 144 4 42245 / 6.96 gi|29125898 putative nitrous oxide reductase 20
7201 154 4 26752 / 6.98 gi|1708287 HO_PORPU Heme oxygenase 19
3403 128 3 34214 / 5.69 gi|26397694 PDXK_ARATH Pyridoxal kinase 14

6605 199 4 43542 / 644 gi|23039358 hypothetical protein [Trichodesmium
erythraeum IMS101] 14

8506 175 6 37039 / 8.12 gi|120675 G3PC_SINAL Glyceraldehyde 3-
phosphate 28

206 117 5 23353 / 4.71 gi|9507691 Putative mobilization protein 30

4001 197 6 17935 / 5.01 gi|29841427 Similar to NM_025435 RIKEN
cDNA 150 60

4002 87 3 16088 / 4.94 gi|138317 VGR_BPP1 TailL fiber protein 24

9104 140 7 18914 / 8.08 gi|15896178 HD superfamily hydrolase
[Clostridium acetobutylium] 29

7101 73 4 17802 / 7.56 gi|25091005 PPIA_HELPJ Peptidyl-prolyl cis-
trans isomerase 32

(a) The SSP no. is a number designed by PDQuest Software and is used in matching spots for all gels.
(b) The Score is calculated by the BioAnalyst software
(c) Accession no. according to SWISS-PROTGreater

CONCLUSIONS
Differentially expressed proteins were discovered among genotypes, infection status, and sampling times using a 2-
dimensional gel electrophoresis approach.  Identification of the differentially expressed proteins is ongoing, however,
selected spots were successfully identified using peptide-mass-fingerprinting.  The identified proteins fall within a broad
range of functional classes, including pathogenesis related proteins.  Continued detailed characterization of identified proteins
in respect to their potential role in host-pathogen interactions and resistance mechanisms will be necessary to understand their
functions and possible utility in controlling PD.
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ABSTRACT
This year six crosses for Pierce’s disease (PD) resistant table and raisin grapes using seedless parents were made,
resulting in 2,398 ovules and 747 embryos.  These crosses were based on Muscadinia and V. tiliifolia sources of
resistance.  Nineteen seeded crosses consisting of 3,950 emasculations and 49 bagged clusters were made.  These
crosses were based on V. arizonica, Muscadinia, and southeastern United States (SEUS) sources of resistance.  Over
120 selections have been made based on fruit quality and are ready for greenhouse screening for resistance to PD.  Two
BC2 families from 89-0908 V. arizonica source of resistance segregated in a 1:1 ration for resistance:susceptibility,
based on molecular markers associated with the PdR1 locus.  A smaller family from the same source of resistance had
an unexpectedly small number of resistant seedlings.  DNA samples have been collected from 154 seedlings from the
C33-30 x BD5-117 family and are ready for SSR marker analysis.  Additional seedlings are being produced to increase
probability of identifying markers associated with this source of resistance.

INTRODUCTION
Pierce’s disease (PD) has existed in California at least since the late 1800s when it caused an epidemic in Anaheim.  A
number of vectors for PD already exist in California causing its spread.  The introduction of the glassy-winged sharpshooter
(GWSS) to California in the 1990’s increased the spread and damage caused by PD.  Other vectors exist outside California
and are always a threat.  All of California’s table and raisin grape cultivars grown commercially are susceptible to PD.  An
effective way to combat PD and its vectors is to develop PD resistant varieties so that PD epidemics or new vectors can be
easily dealt with.  PD resistance exists in a number of Vitis species and in Muscadinia.  PD resistance has been introgressed
into grape varieties in the southeastern United States, but fruit quality does not match the Vitis vinifera table and raisin grape
cultivars grown in California.  Greenhouse screening techniques have been improved to expedite the selection of resistant
individuals (Krivanek et al. 2005, Krivanek and Walker 2005).  Molecular markers have also been identified that make
selection of PD resistant individuals from V. arizonica in these families even quicker (Krivanek et al. 2006).  The USDA,
ARS grape breeding program at Parlier, CA has developed elite table and raisin grape cultivars and germplasm with high
fruit quality.  This collaborative research gives the unique opportunity to develop high quality PD resistant table and raisin
grape cultivars for the California grape industry.

OBJECTIVES
1. Develop PD resistant table and raisin grape germplasm/cultivars with fruit quality equivalent to standards of present day

cultivars.
2. Develop molecular markers for Xylella fastidiosa (Xf)/PD resistance in a family (SEUS) other than those from V.

arizonica.

RESULTS
Objective 1
This year the seedless embryo culture crosses concentrated on using the Muscadinia source of resistance and a unique source
of resistance from V. tiliifolia.  Six crosses were made for a total of 2,398 ovules cultured (Table 1).  A total of 748 (31%)
embryos were extracted and transplanted on fresh medium for growth into plants.  Nineteen seeded crosses were made for PD
resistance (Table 2).  For five of the crosses, 3,950 emasculations were made and 49 clusters were bagged for 14 additional
crosses which had female flowered parents.  Fruit has been harvested and seeds are being extracted for germination in
January.  The number of seeds produced from each resistant source was: 1,881 from V. arizonica; 1,643 from Muscadinia,
and 2,071 from SEUS with an additional 184 from BD5-117 BC1.  Over 120 selections have been made based on fruit
quality from populations made for PD resistance.  These families are from resistant sources different than the V. arizonica
source of resistance.  These selections are in line for PD testing in the greenhouse.  Three families (89-0908 V. arizonica
source of resistance) produced in 2005 were tested for molecular markers associated with PdR1 locus on chromosome 14
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(Table 3).  Families 05-5551 and 05-5501 segregate in a 1:1 ratio.  Family 05-5502 does not fit the same segregation ratio
having only 16.7% resistant plants.

Table 1. 2006 table and raisin grape PD resistant seedless x seedless crosses and the number of ovules and embryos
produced.

Female Male Type No. berries
Picked

No. berries
Opened

No.
Ovules No. Embryos

Muscadinia source of resistance
A90-45 Scarlet Royal Table      BC1 171 171 319 86
A90-45 A85-40 Table      BC1 353 353 433 114
A90-45 Diamond Muscat Raisin     BC1 260 247 275 76
A90-45 B82-43 Raisin     BC1 404 390 350 85

V. tiliifolia source of resistance
C33-30 IAC572 Table       F1 593 536 610 118
B82-43 IAC572 Raisin      F1 315 315 411 158
SEUS source of resistance
C33-30 BD5-117 Genetic family 460 430 631 118

Table 2. 2006 table and raisin grape PD resistant seeded x seedless crosses and the number of seeds produced.

Female Male Type No.
Emasculations

No.
Seeds

89-0908 V. rupestris x V. arizonica
A81-17 B28-126 Table      BC2 4 bags (a) 446
A81-17 C45-64 Table      BC2 4 bags 390
A81-17 Y150-14 Table      BC2 3 bags 396
A81-17 Y315-54 Table      BC2 4 bags 96

A81-138 A95-21 Raisin     BC2 3 bags 106
A81-138 B82-43 Raisin     BC2 3 bags 124
A81-138 C81-116 Raisin     BC2 3 bags 193
A81-151 B82-43 Raisin     BC2 3 bags 9
A81-151 C81-116 Raisin     BC2 3 bags 8
A81-151 A95-21 Raisin     BC2 3 bags 113
Muscadinia source of resistance
A90-37 C45-64 Table      BC1 5 bags 787

Bloodworth A51-50 Raisin     F1 5 bags 856
SEUS source of resistance

Z74-26-1 Autumn Royal Table      F1 1005 375
Z74-26-1 A63-85 Raisin     F1 997 820
Z74-26-1 B82-43 Raisin     F1 1072 800
Z70-8-1 C57-94 Table      F1 3 bags 76
Z70-8-1 B82-43 Raisin     F1 3 bags -

SEUS BD5-117 source of resistance
A104-29 B28-126 Table      BC1 451 103
A104-29 C45-64 Table      BC1 455 81

(a) Parents with female flowers were not emasculated, only bagged and pollinated.

Table 3. Determination of seedling resistance based on molecular markers for 89-0908 BC2 families.
Family Type Cross No. Resistant (a) No. Resistant? (b) No. Susceptible (c) Off type

05-5551 Raisin 40 13 45 8
05-5501 Table 28 12 26 0
05-5502 Table 4 8 20 0

(a)  Resistant = marker on both sides of PdR1 region.
(b)  Resistant? = marker on one side of PdR1 region.
(c)  Susceptible = no markers.
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Objective 2
The PD resistant grape selection BD5-117 from Florida was hybridized with the seedless table grape selection C33-30 and a
family with 154 individuals produced.  Initially, 20 plants were evaluated in the greenhouse for resistance to PD and 10 were
found resistant with very low bacteria counts and PD symptoms.  One hundred fifty-four DNA samples have been extracted
and are ready for screening against SSR primers.  Fruit from these individuals has been collected and is being evaluated for
berry size, seed/trace weight and fruit characteristics.  The cross was repeated this year to increase the number of individuals
in the family (Table 1).  A total of 631 ovules from the seedless parent C33-30 were cultured and 118 embryos have been
extracted and sub-cultured to be grown into plants.

CONCLUSIONS
Populations for the development of PD resistant seedless table and raisin grape cultivars continue to be produced from
seedless and seeded parents.  Sources of resistance in addition to V. arizonica are being used.  Over 120 selections have been
made based on fruit quality and are ready for greenhouse testing for resistance to PD.  Two BC2 families from 89-0908 V.
arizonica show a 1:1 segregation ratio for resistance:susceptibility resulting in a total of 68 resistant seedlings from these two
families.
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ABSTRACT
This progress report shows that open pathways likely exist for Xylella fastidiosa (Xf) movement across grafts in grape stems
via xylem pathways.  Studies thus far have been conducted on grafted and non-grafted three-year-old Vitis vinifera cv.
Chardonnay plants.  The movement of air was used to determine if open xylem conduits were present through grafts into
canes, and the length of these pathways was measured.  It was determined that connections via xylem vessels are generally
about twice as long in non-grafted plants (450 mm) compared with grafted plants (225 mm).  Current investigations are
underway with dilute use latex paint and tagged Xf to understand the pathways for bacterial movement across grafts.

INTRODUCTION
Grapes are one of the important crop plants in which the shoots of one variety are grafted to root stocks of another to generate
plants with the desired characteristics of both.  Reports have clearly shown the presence of long, open xylem conduits that
connect stems to leaves in chardonnay (Thorne et al., 2006; Chatelet et al, in press). Anatomical studies have also indicated
that Xylella fastidiosa (Xf) appears to be primarily restricted to xylem vessels in canes, however little is known about the
vessels, and subsequently the movement of Xf across grafts.  The capacity for Xf to move in plants differs among species
ranging from generally unrestricted throughout the major organs, to only a few centimeters from the original inoculation
point.  The objectives of this study are to examine the connection of vessels from canes into stems through grafts, and
determine if it is possible for Xf movement to occur freely across these grafts.  To meet these objectives a strategy of air and
latex paint are being implemented to study open anatomical systems, and most importantly the use of Xf to examine
movement across grafts.

OBJECTIVES
1. Conduct a study of connections in grafted Vitis vinifera cv. Chardonnay, and determine if open vessel systems allow

movement of Xf across grafts via air pressure.
2. Conduct an anatomical study of connections in grafted Vitis vinifera cv. Chardonnay, and determine if open vessel

systems allow movement of Xf across grafts with latex paint.
3. Use PCR to determine the presence of Xf across graft unions after inoculation at known positions relative to the graft.

RESULTS
Following inoculation in grapevine, Xf moves in the nutrient poor xylem vessels and eventually causes disease symptoms that
result plant death by unknown mechanisms.  Previously, reports from our labs have indicated that bacteria can move freely in
canes and from petioles into leaves during a systemic infection process.  It is of interest to determine the movement across
grafts to clarify movement into stems and possibly into root systems.  Our preliminary results indicate that the graft unions of
Vitis vinifera cv. Chardonnay do indeed contain continuous vessels; however, the open system length into canes is about ½ of
that when compared with non-grafted plants of the same cultivar (Figure 1A).  Measurements collected of cane length and
associated open conduits appeared significantly different between grafted and non-grafted plants (Figure 1B).  Differences
were not found to be significant in stem length between grafted and non-grafted plants (Figure 1C).  These results indicate
that graft unions would not be an impediment to bacterial movement, and that Xf would be able to move further distances
across in non-grafted areas of the plant because of the presence of continuous vessels.  This study of the xylem structure will
be further evaluated with current studies to determine the connective pathway of air movement by latex paint, and confirm
that Xf can be moved through the vessels in the presumed transpiration stream.

CONCLUSIONS
From our preliminary results, graft unions in stems do not appear to restrict the movement of Xf in Vitis vinifera cv.
Chardonnay.  Although the length of open vessels is reduced by about ½, open vessels cross the graft union as determined by
air movement.  However, the numbers of vessels that cross the graft are less than 10% in distribution when compared with
non-grafted plants (data not shown).  In order for Xf to move from a cane or leaf across a graft it would need to be inoculated
into a vessel that happens to extend through the graft union, or the bacteria would need to degrade membranes to move into
adjacent vessels through bordered pits.  Current studies with paint and PCR detection of Xf will confirm these results.
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Figure 1.  Air movement through graft system.  Results indicate that the graft unions of Vitis vinifera cv. Chardonnay
contain continuous vessels. (A) The open system length into canes is about ½ of that when compared with non-grafted
plants of the same cultivar. (B, C) Cane length measurements are significantly different between grafted and non-
grafted plants, however differences were not found to be significant in stem length between grafted and non-grafted
plants (C).
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ABSTRACT
This progress report shows that there is a difference in the structure of xylem pathways available for Xylella fastidiosa (Xf)
movement in host plants known to support systemic bacterial movement and those that don’t.  In addition to a reduced inter-
organ connectivity, non-systemic species also show a shorter path available for bacterial movement in the leaves.  However,
systemic and non-systemic species show similar rates of tylose formation, signifying that tyloses don’t seem to be responsible
for the lack of Xf movement in the non-systemic plants.  To be more conclusive, more xylem characteristics from the
different hosts are being examined

INTRODUCTION
Xylella fastidiosa (Xf) capacity to move in plants differs greatly among species (Purcell, 2004), ranging from moving
everywhere in the stem and leaves to only a few centimeters from the infection point.  Our lab showed the presence of long
xylem conduits from stem to leaves in grape cultivars chardonnay and cowart (Thorne et al., 2006; Chatelet et al, in press)
and we recently reported that these conduits seemed to be shorter in alternate hosts in which bacterial movement is limited.
A higher number of tracheids, shorter and narrower vessels, spatial organization of the vessel and of the paratracheal
parenchyma cells could be a passive strategy to limit bacterial movement.  Another strategy of the non-systemic species
could be to confine the bacteria to a limited area by a more timely production of tyloses or, in the case of asymptomatic
species showing systemic bacterial movement, to limit the population size under a harmless threshold.  The objectives of this
study are to carefully study the comparative anatomy of different species of plants which support a range of Xf population
sizes and movement characteristics.  Our hope is to understand how the xylem network might control bacterial movement in
susceptible plants.

OBJECTIVES
1. Conduct an anatomical comparison of plant species that support high, medium and low population sizes of Xf.
2. Conduct an anatomical comparison of plant species that show systemic movement of Xf vs. those that do not.

RESULTS
A range of species was examined: with a high infection rate, high bacterial population and showing systemic movement: Vitis
vinifera cv. Chardonnay and Vitis vinifera cv. Cabernet sauvignon; one species with a high infection rate, medium bacterial
population and showing systemic movement: Ipomoea purpurea (morning glory), Vinca major (periwinkle), Citrus sinensis
(Orange), Prunus anygdalus (Almond), and species showing non-systemic movement: Alnus rhombifolia (white alder),
Umbellularia californica (california laurel), Artemisia douglasiana (mugwort) and Chenopodium quinoa (quinoa), Datura
wrightii (datura), Eucalyptus globules (eucalyptus).

Stem-petiole-leaf lamina connectivity - Grape shoots have open xylem conduits that allow the passive movement of GFP-Xf
from the stem to 50-60% of the leaf length through the primary xylem (Rost et al., PD symposium report 2005; Chatelet et
al., in press).  The xylem of several different plant species harboring Xf was examined using air and paint injection to
determine if similar xylem conduits exist.  When loaded at the base of the petiole, air and paint traveled to various extents
into the leaf blade of all examined species (Figure 1).
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Figure 1.  Air and paint position in the leaf veins calculated as percentage of the total
length of the vascular pathway from the base of the petiole to the tip of the leaf.  Air and
paint were loaded at the base of the petiole of leaves from different nodes.

Although variations from the mean were large, species categorized as supporting the systemic spread of Xf seemed to have
longer open conduits compared to the non-systemic plants.  Another important difference between systemic and non-systemic
species resides in the continuity of these conduits between the stem and the leaves. In most of the non-systemic hosts, air or
paint moved only into the first leaf above the stem loading point as opposed to several leaves in systemic species.  A more
detailed investigation of the anatomy of the stem-leaf connection is currently undertaken.

Leaf shape and vascular network
In addition to the importance of the stem-leaf connection, the shape and venation pattern of the leaves might also be
important criteria to the movement of Xf into the leaves.  The comparison of leaves of the different hosts showed a variety of
shape and venation pattern and didn’t reveal any obvious relation between bacterial movement and leaf morphology.

Xylem structure of the stem and the petiole
Similarly, xylem structure was variable among species.  There was no evident relation between the stem and petiole xylem
structure and bacterial movement.  The only difference could be in the size and number of vessels. This is currently being
investigated.

Tyloses formation
In addition to the xylem connectivity (see previous reports), comparison of tylose formation and development between
grapevine and alternate hosts was studied.  Bacterial movement in the alternate hosts could be impeded by rapid tylose
formation as opposed to grapevine where tylose development occurs after colonization by the bacteria.  Stems of similar age
from the species mentioned above were wounded with a needle to imitate the insect.  Stem segments were collected at 0, 1, 3
and 6 days after wounding and the presence of tylose in the vessels was observed in cross-sections made within the wounded
area, 5 mm above it, 10 mm above and 100 mm above the wound. For each distance, the proportion of vessels partially filled
or completely occluded by tyloses was calculated.  The results showed that there are no differences between systemic and
non-systemic plants.
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Figure 2.  Percentage of vessels partially filled with tyloses (A, C, E) six days after the wounding.

CONCLUSION
Our results show that there are differences in xylem structure between systemic and non-systemic species.  Indeed it seems
that non-systemic species have shorter and narrower vessels in the stem, a lower connectivity between stem and leaves and a
shorter path within the leaves.  In addition, tylose formation didn’t seem to be the cause for the limited Xf movement in the
non-systemic plants.  The species examined didn’t produce more tyloses or faster.
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ABSTRACT
Our report in the 2005 Pierce’s Disease Research Symposium (Shackel and Labavitch, 2005) demonstrated the value of using
MRI to follow the development of cavitations in grapevine xylem following introduction of Xylella fastidiosa (Xf) via needle
inoculation.  Strong correlations between increasing proportions of stem xylem conduits that were cavitated, visualized using
MRI, and decreased water conductance.  Similar observations were made on stems after treatment of vines with ethylene,
supporting, but not proving, the suggestion of our Pierce’s disease (PD) development model (Labavitch et al., 2005) that vine
ethylene production was an important factor in the development of Xf infection.  This year’s effort has been devoted primarily to
the replication of the observations of the first two years of this project.  In addition, we have continued with the development of
conventional, destructive anatomical approaches that we will use to define the nature of the more permanent xylem obstructions,
gels and tyloses, whose presence in the water conduits of infected vines may be associated with the occurrence of cavitations.
Finally, after considerable delay, we can report that our collaboration with colleagues in the University of California, Davis
(UCD) NMR Facility to develop an NMR probe designed for ease of use in grapevine imaging and greater resolution appears to
be on course.

INTRODUCTION
Results from several Pierce’s Disease (PD) research programs reported in the 2001 to 2005 PD research symposia in San Diego
have supported the idea that obstructions in the grapevine’s water-transporting xylem tissue develop rapidly post-inoculation,
before an appreciable bacterial population has been established.  Thus, careful analysis of the timing of changes in xylem element
anatomy and function relative to Xylella fastidiosa (Xf) introduction and the appearance of the external symptoms of disease
development, is important for establishing reliable indicators of the "stage" of PD development.  Because the more conventional
destructive analyses of xylem function made it impossible to fully understand the progression of internal symptoms and loss of
grapevine water-conducting capacity with symptom appearance, we began testing the possibility of using MRI to follow xylem
function in individual vines over time.  In the course of this study we have developed imaging techniques for obtaining
quantitative information about xylem function in individual vine internodes over time, defined the limitations of these techniques,
and demonstrated that both PD infection and ethylene treatment trigger decreases in vine water-moving capacity (Shackel et al.,
2005; Pérez-Donoso, 2006; Pérez-Donoso et al., 2006).  The techniques we have developed also have been used in our tests of a
model for PD development (Figure 1; Labavitch et al., 2005).  We are currently attempting to define the relationship of the
tracheid and vessel cavitations revealed by MRI and other, less transient occlusions that develop in the xylem of Xf-infected
grapevines.

Figure 1.  Hypothetical model for PD development. PD starts with infection caused by
the glassy-winged sharpshooter’s introduction of Xf locally (i.e., into one or a few
vessels).  Once Xf is in the xylem the bacteria become systemic, which implies that Xf
must be able to cross (digest away?) the cell wall in the pit membranes that separate two
neighboring vessels.  The digestion of the cell wall by bacterial enzymes would generate
transient oligosaccharides with biological activity. The presence of these
oligosaccharides is detected by the plant triggering a series of defensive responses,
including an increase in ethylene production.  Ethylene has been shown to induce tylose
formation.  Cavitation of vessels may be also important for the disruption of water
transport in the plant.  Cavitations may happen during insect feeding or during PD
progression.  The “bottom line” of our thinking is that PD is primarily caused by the
grapevine’s responses (local and systemic) to Xf presence.
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OBJECTIVES
1. Optimize the use of MRI (Magnetic Resonance Imaging) and to spatially visualize altered water movement in grapevines.
2. Test correlations of observed vascular system obstructions (based on grapevine dissection and microscopy techniques) with

predictions based on MRI data.
3. Use MRI to follow the development of grapevine obstructions over time in vines infected with Xf or treated with ethylene,

bacterial wall-degrading enzymes or plant cell wall oligosaccharides, all of which may be important intermediates in
regulating the vine’s response to infection and the eventual development of PD symptoms.

4. Use NMR imaging to determine whether localized xylem cavitation occurs at the site and time of Xf inoculation or
introduction by the glassy-winged sharpshooter.

RESULTS
Objective 1.  Optimization of MRI for visualizing water transport deficiencies in PD-infected grapevines.
Some progress has been made on this objective in the last few months.  In fact, this objective has been a problem for two years.
We had planned to have a prototype of an MRI coil optimized for use in imaging water in grapevine xylem at the end of year one
of this project.  This part of the work was developed with cooperator Dr. Jeffrey Walton of the UCD NMR Facility.  Jeff
developed the plans for the coil and then a series of losses of suppliers of key parts and the failure of the outside group that was to
do the fabrication to deliver have stalled things.  We are now nearing the end of the project’s final year and there is no coil thus
far.  However, Dr. Walton recently redrew the detailed plans for the new coil and they are now being examined by the group that
will do the fabrication.  We are hopeful that the “advanced” coil will be available before much more delay.

Alonso Pérez has now finished his Ph.D. program (Pérez-Donoso, 2006) and returned to a faculty position in Santiago, Chile.  We
will have funds left in the project budget and will ask for a no-cost extension.  Dr. Qiang Sun, who has been working with
Professors Tom Rost and Mark Matthews in their PD research projects, will join our group on October 1, 2006.  Qiang has some
experience with MRI and will take the MRI training program offered by the UCD NMR Facility in Fall quarter.  He will then
continue with the remaining work in this project and work in a new project (“The pit membrane barrier to Xf movement in
grapevines:  Biochemical and physiological analysis”) that was approved this year.

Objective 2. Test for correlations of observed vascular system obstructions with predictions based on MRI data and
Objective 3.  Use of MRI to follow the development of grapevine obstructions over time in vines infected with Xf or treated
with ethylene.
A series of greenhouse-grown ‘Chardonnay’ grapevines was inoculated with Xf, enclosed in chambers and treated with ethylene
for 48 h, or left untreated (controls).  MRI was used to follow the development of cavitations over time.  At intervals, imaged
stems were marked to indicate where cavitations had been observed, excised fixed and sectioned.  The intent is to develop a
thorough histochemical analysis sections taken along the lengths of these stems to determine whether there is a correlation
between the positions of tyloses and vascular system gels and points along the stems where a great deal of cavitation has been
seen.  This effort was begun as a collaboration involving Pérez, Dr. Katy Pinney in Prof. Vito Polito’s lab (Plant Sciences
Department), and undergraduate researcher Joshua Lenhof.  Following Pérez’ departure, Pinney and Lenhof have continued the
work.  The final correlations of cavitations, tyloses and gels have not been developed because that requires completion of the full
histochemical analysis.  However, the histochemical work has made clear that PD and ethylene treatment also influences the
formation of readily distinguishable xylem obstructions (Figure 2).

A manuscript describing much of the work done in the three years of this project (Pérez-Donoso et al., 2006) is now being
reviewed by the journal Plant Physiology.

Figure 2. Sections were taken from a region of a PD-infected stem in which MRI analysis had shown
a relatively high amount of xylem cavitation. A. A longitudinal section of the stem showing an open
vessel adjacent to a vessel blocked with a tylose. B. A cross-section of the stem showing a xylem
conduit blocked with what appears to be a non-cellular, vascular system gel.  Panels A & B are stained
with the non-specific stain toluidine blue. C. A cross section through stained with coryphosphine-O.
The bright green fluorescence indicates the presence of pectin.  The conduit in the center of the panel
is filled with a pectin-rich gel.

2A 2B 2C
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Objective  4.  Use of MRI to determine whether localized xylem cavitation occurs at the site and time of Xf inoculation or
introduction by the glassy-winged sharpshooter.
The work to determine whether GWSS feeding on grapevines is accompanied by xylem cavitation has begun (see the report for
the project “Linking the model of the development of PD in grapevines to an understanding of the dynamics of GWSS
transmission of Xf to grapevines and grapevine gene expression markers of PD” in these Proceedings).  The work has not
progressed to the point where MRI analysis is needed.

CONCLUSIONS
We expect that our combined approach (use of non-destructive and destructive methods) to study xylem function will determine
which kinds of disruption (tyloses, pectin gels, or air embolisms) predominate in PD-infected stems and describe the
developmental progression of vascular system occlusions that occur during the different stages of the disease.
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ABSTRACT
Development of a framework simple sequence repeats (SSR) genetic linkage map based on the 181 genotypes of 9621
family, which segregates for Pierce’s disease (PD) resistance is complete.  The current genetic linkage map consists of 236
non-AFLP markers (SSR, EST-SSR and ESTP-RFLP) in 19 linkage groups.  The PD resistance locus, PdR1, maps to linkage
group 14 (LG - essentially a chromosome) of the male parent (F8909-17), which now consists of 30 markers, nine of which
are localized within 10 cM (very closely) of PdR1.  The 9621 mapping population was expanded from 181 to 457 genotypes.
A total of 13 markers polymorphic for F8909-17 mapped to LG 14 and were added to 276 segregants (core population set is
457).  We also screened an additional 400 seedlings with two markers (one on either side of PdR1) and a total of 50 unique
recombinant plants were planted in the field.  To avoid confounding affects of resistance inherited from D8909-15 (which is
also highly resistant, but with a very different form of resistance) the 04-190 population was selected and a map of LG 14
with 220 genotypes was completed.  04-190 is a cross of V. vinifera F2-7 (Cabernet Sauvignon x Carignane) x F8909-08
(sibling of F8909-17).  We have used F8909-08 extensively in PD resistant wine and table grapes, therefore it is necessary to
validate that PdR1 gene segregates 1:1 in progeny from its crosses.  We completed greenhouse screening of 160 genotypes
from the 04-190 population to verify the molecular marker results.  The PdR1 resistance locus segregates 1:1 and mapped to
the same position with surrounding markers ctg1025882 and VMCNg2b7.2.  We also increased the core population of 04-
190 from 220 to 395 seedling plants.  Leaf tissue for DNA extraction and green cuttings for greenhouse testing and ELISA
screening from the additional 175 plants were collected in late summer, and results are expected in early spring 2007.

Efforts to construct a bacterial artificial chromosome (BAC) library from b43-17 (the basis of the PdR1) were initiated.  A
total of 200 green cuttings were collected that resulted in 160 plants that are being cultivated for young etiolated shoot tips
that provide an excellent source of DNA for the BAC library.  This BAC library is being developed to provide markers from
BAC end sequencing for LG 14, so that we can create a physical map of the PdR1 gene family, which will lead to genetic
engineering efforts.  We are also working to add resistance gene analogs (RGA) markers, which are generalized genetic
sequences involved in a wide range of pest and disease defense responses in plants, to our genetic maps.  The addition of
these markers may identify common regions of disease resistance and possible functions of the PdR1 gene family.

In order to understand the stability and segregation of PD resistance from different sources, work on six different mapping
populations was completed.  We are also continuing mapping efforts in the 0023 population, a cross of D8909-15 x V.
vinifera B90-116, to identify quantitative trait loci (QTL) and then saturate linkage groups with these QTLs with more
markers.  This population is important because we have extensive data for cluster and berry traits, and Xylella fastidiosa (Xf)
resistance data for about 200 plants.  We completed the characterization of Mexico collection, the source of the exceptional
resistance to Xf and collected by Dr. Olmo in 1960.  We are using these unique selections in our genetic and molecular
breeding to produce PD resistant table and wine grape cultivars.

INTRODUCTION
We have been mapping resistance to Xylella fastidiosa (Xf) in three (9621, 0023, and 04-190) populations, and to Xiphinema
index, the dagger nematode in two (9621 and 0023) populations.  The preliminary AFLP-based 9621 genetic map has been
published (Doucleff et al. 2004).  The 9621 population was then mapped with the more informative microsatellites or SSR
markers, which provide a more reliable and repeatable framework for initial mapping of candidate genes and QTLs.  In
addition, tightly linked SSR markers are ideal for marker-assisted selection (MAS) due to their applicability across different
genetic backgrounds and ease of use.  This year, mapping efforts within the 9621 and 04-190 populations have concentrated
on linkage group 14 that harbor the PdR1 resistance locus (Krivanek et al. 2006; Riaz et al. 2006).  The addition of SSR
markers to this linkage group was greatly aided by the existence of other SSR-based genetic maps of grape that have been
developed within V. vinifera populations and by the availability of expressed sequence tag polymorphism (ESTP) markers
developed by other grape researchers and available on various genetic databases.  e are now initiating construction of a BAC
library.  A high quality BAC library with good coverage is essential for the isolation of the BAC clones that harbor PdR1
resistant genes.  BAC end sequencing of these clones will allow us to develop a physical map in conjunction to genetic map,
develop more markers around the PdR1 region, and lead genetic engineering of susceptible V. vinifera grapes with the PdR1
gene.
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OBJECTIVES
1. Develop a fine scale genetic linkage map around the Xf resistance locus in D8909-15 x F8909-17 (9621) segregating for

Xf resistance.  COMPLETED
2. Add markers associated with PdR1 from linkage group 14 (9621 map) to 400 additional 9621 individuals (more

individuals, more recombinants, more refined genetic map).
3. Screening of additional EST derived SSR markers for which functions are known and shift focus to EST-SSR markers

isolated from the resistant genotype D8909-15.  COMPLETED
4. Screen resistant gene analogue markers (RGA), if polymorphic add them to the core of 9621 map.
5. Initiate development of a BAC library from the resistant genotype b43-17 (the source of PdR1).
6. Study marker segregation linked to PdR1 in different genetic backgrounds.  Initiate genetic mapping of the 04-190

population (V. vinifera F2-7 x F8909-08) with markers on linkage group 14.  Apply this information to further refine the
MAS process and assist the ongoing winegrape breeding efforts.  Increase the core population of 04-190 population to
400 plants.

RESULTS
Objective 1
Completed.  This project was initiated with an AFLP-based genetic map developed from 116 individuals from the 9621
population (Doucleff et al. 2004).  The framework map of the 9621 population is now complete with 236 markers (primarily
SSR, 210 mapped and 26 linked).  The consensus map spans 1154 cM in 19 linkage groups.  LG 14 is largest group with 30
markers.  Fifteen markers were closely associated to the PdR1 locus.  The average distance between markers is 5.5 cM (Riaz
et al. 2006).  The framework map contains 60 new functionally associated EST-SSR and EST-RFLP markers that have not
been mapped on any other published grape map.

Objective 2
We previously reported on the genetic map based on original core set of 181, which we are expanding to 457 genotypes, the
largest population maintained for map-based positional cloning of genes in the grape research community.  We used tightly
linked markers to screen an additional 276 genotypes and chose a sub set of 60 genotypes (primarily recombinants with a few
resistant and susceptible genotypes as controls), currently being screened with results expected fall 2006.  This increased
number of individuals should help us refine the position of PdR1 locus.  Fine scale placement of markers in relation to a
resistance locus is the first step toward the screening of BAC library clones that contain the resistance gene.  The “map-based
positional cloning of genes” approach relies on solid genetic map and it has been effectively used in many organisms to clone
genes of interest.  We also screened an additional 400 9621seedlings for two markers flanking PdR1 to find more
recombinants.  Fifty recombinants were found, they were planted in the field, and screening is underway to determine the
linkage phase of markers to the PdR1 locus.  Markers from LG 14 will be added to these genotypes and they will become part
of the core population.  A complete map of LG 14 with 450 genotypes will be presented in spring 2007 report.

Objective 3
Completed.  The 9621 framework map has more than 40 EST-SSR markers developed by the Genome facility, University of
California, Davis; seven out of 30 markers on LG 14 are EST-SSR markers.  These markers have been annotated with known
functions after being compared to available databases.  The nucleotide sequence of these larger fragments of DNA will help
with the BAC library screening to isolate clones that harbor the PdR1 resistance locus.  We completed screening of an
additional 50 EST-SSR markers with known function and polymorphic markers were added to the 9621 and 04-190
populations.

Objective 4
Resistant gene analogue (RGA) markers have now been reported for many organisms.  The theory behind RGAs is that a
surveillance system of receptors encoded by R genes reacts in a general way against all pathogens (viruses, bacteria, fungi or
nematodes).  The R gene products react with the products of Avr genes or with general bacterial elicitors.  Once binding of a
ligand modifies the receiver domain, NBS or STK domains become available for down-stream components of a signal
transduction and initiate defense responses.  Two reports have been published on grape using degenerate primers of
conserved sequences from different classes of R genes to isolate RGA homologs, and then develop these homologs into STS
(sequence tagged sites) markers (Di Gaspero and Cipriani 2003, Donald et al. 2002).  We chose a subset of 20 RGA-STS
primers to screen parental samples for polymorphism.  The majority of these RGA markers amplified successfully, however
they were not polymorphic.  We used a subset of five different restriction enzymes to find restriction site based
polymorphism.  Three markers were polymorphic with different restriction enzymes.  They were added to the core 9621
population, but none resided on LG 14.  Additional work on RGA markers is on hold until we find a better system to run the
gels, such as a single strand conformational polymorphism gel system.



- 311 -

Objective 5
Now that we have constructed a strong genetic map for the PdR1 locus, the next step is to develop a BAC library, which
enables the isolation of the PdR1 resistance gene(s).  We choose the resistant genotype b43-17, the V. arizonica / candicans
source of PdR1 and Xf resistance, to develop this BAC library.  The selection of a genotype for development of a BAC
library is very critical.  From our genetic analyses, we know that Xf resistance from b43-17 segregates as a major single locus
(PdR1 segregates in this way in both 9621 and 04-190).  However the exact number of genes involved can only be
determined from a physical map.  Molecular marker studies of b43-17 allele sizes indicate that PdR1 might be a cluster of
very tightly linked genes.  Our studies also indicate that b43-17 is heterozygous for three of the markers that are tightly
associated to PdR1.  F8909-08 and F8909-17, which both have strong Xf resistance, are progeny of b43-17 and they inherit
different resistance alleles with these markers.  This information suggests that there might be a cluster of genes associated
with resistance and that the F8909-08 and F8909-17 siblings inherited different copies of the resistance genes.  This makes
b43-17 an even better candidate for BAC library development.  We collected 200 cuttings of b43-17 to produce 160 plants.
Young leaves, flower clusters and tendrils are ideal for the isolation of high quality DNA, and these tissues from the 160
plants are almost ready for extraction.

Objective 6
Because both parents of the 9621 population are Xf resistant, and because the D8909-15 parent contains a different, and as yet
unmapped Xf resistance loci (derived from V. arizonica/girdiana b42-26), more mapping was necessary.  This led to the
mapping of the 04-190 population, a cross of V. vinifera F2-7 (Carignane x Cabernet Sauvignon) x F8909-08.  We completed
DNA extraction from 220 plants in the 04-190 population and a set of 37 SSR and EST-SSR markers from LG 14 were tested
on small subset of eight samples (including both parents) to verify polymorphisms.  Markers that were polymorphic for the
parents were used on the entire 04-190 set, and the plants were greenhouse screened to verify the molecular marker results.
Marker order for LG 14 was consistent between F8909-17 (9621 paternal map) and F8909-08 (04-190 paternal map) except
for one marker, VMC6e1 (Figure 1).  Both genotypes inherit different resistant alleles of b43-17 that might represent
different copies of resistant genes.  The F8909-08 LG 14 map spans 92 cM and the closest markers to PdR1 were six cM on
each side.  This molecular marker work with two mapping populations developed from full sibling parental genotypes helped
us to evaluate the stability, penetration and efficacy of PD resistance.  It enabled us to choose easily scored, highly
polymorphic markers for use in MAS for breeding PD resistant winegrapes. The results of MAS and genetic map of LG14
for the 04-190 population have been submitted for publication (Riaz et al. 2006, submitted).  In addition, we expanded the
04-190 population size from 220 to 400.  Leaf tissue for DNA extraction and cuttings for greenhouse testing were recently
taken from 175 of these plants.  DNA will be extracted from these plants and markers from LG14 will be analyzed, and they
will be greenhouse tested.  We hope to complete the expanded map of 04-190 population in spring 2007.

We also initiated work to study the expression, penetration; segregation and stability of resistance to PD from different
genetic sources to better predict the durability of resistance in crosses.  So far we have used two resistance sources (b42-26
and b43-17).  The populations and genotypes examined are noted in Table 1, and their segregation patterns are reported
below.

Expected or Known Segregation Patterns:
1. 9621 Population: PdR1 single locus for F8909-17 and multiple QTLs for D8909-15.
2. 0023 Population: multiple QTLs.
3. 03-300/5 population: PdR1 resistance segregates 1:1 (single gene model), both marker and greenhouse screen.
4. 04-190 population: PdR1 segregates 1:1, both marker and greenhouse screen.
5. 04-191 population: PdR1 resistance segregates 1:1
6. 04-373 population:  All plants should be resistant with assumption that b43-17 is homozygous resistant for PD
7. 04-5554 population:  progeny are 93.75% V. vinifera and an excellent test of PdR1expression through four backcross

generations to V. vinifera.

It is much easier to manipulate resistance when it is inherited as a single major locus, both in terms of traditional breeding
and for map based positional cloning of genes.  Therefore, it is essential to understand how resistance from different sources
segregates in populations.  The greenhouse and marker testing of the six populations in Table 1 (9621, 0023, 03300, 04-190,
04191, and 04373), which derive Xf resistance from our two highly resistant backgrounds (b42-26 and b43-17), indicates that
resistance coming from b43-17 segregates as single major locus and it is very unique to this genotype.  Resistance from b42-
26, in the 0023 population, is quantitatively inherited and appears involve multiple genes that might be present on multiple
chromosomes.  We used six SSR markers, tightly associated to PdR1 in F1 populations of b42-26 and b40-14 (another
resistant V. arizonica genotype).  Both genotypes were heterozygous for all six markers and both alleles of six markers were
associated to resistance in the F1 progeny.  This is a very important finding, indicating that Xf resistance involves different
mechanisms of resistance, different genes, and that resistance genes are specific to certain genotypes.  Understanding of the
single locus resistance mechanism in b43-17, will help us to elucidate the complex mechanisms of resistance in b42-26 and
b40-14.  The addition of multiple markers to the 0023 population is nearly complete.  The map will contain about 230
markers, and should provide enough coverage for QTL analysis.  Once linkage groups with QTLs for PD resistance are
identified, we can focus on those linkage groups and saturate them with more markers.
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We have completed analysis of the Olmo Mexican Vitis Collection, verifying the identity of these complex species and the
extent to which Xf resistance and the PdR1 locus exist in the population; a manuscript is in preparation.  This work resolved
confusion between the original campus collection and the USDA National Clonal Repository collection.  Fifty-one genotypes
were with the six SSR markers linked to PdR1, and they were greenhouse screened for Xf resistance.  We are correlating this
data to identify new resistance alleles for breeding purposes, and determine the distribution of known resistance alleles in the
entire set.  A set of 24 SSR markers was added to the 51 genotypes to study correlations among taxonomic descriptions,
geographic location and Xf resistance.  This manuscript is also in preparation.

Table 1.  Parentage and species information for populations and genotypes being used to map PD resistance.

SCU150.0

VMCNg1e17.2

UDV05013.6

VMC9c121.5
VVIQ3224.2
VMC1e1228.3

VVC3437.5
VMC9f438.2
VVIP2240.5
VrZAG11244.6
VMC6c1045.2
VMC5b347.9
UDV3349.6
VVIV6952.4
VMCNg2b7.2a58.0
VMCNg3h859.6
PdR162.7
VVIN64*65.9
ctg102588269.3
VMC6e1*69.8
VVIS7072.0
VVIP26*72.4
VMCNg1g1.176.1
Ctg1010193*81.5

VVIP05*******0.0

VMCNg1e1*******7.8
VVC62*******8.7

UDV050*******17.0

VMC1e12*******23.3

VVC34*******29.7

VVIP22******34.7
VrZAG112******37.9

VMC6c10******44.2
VMC5b3**48.1
VVIV69***52.5

ctg1026876**57.3
VMCNg2b7.2a**61.8

PdR168.1
ctg102588274.0
VVIP26VVIS70b74.5
VMCNg1g1.175.4
VVIN9477.6
ctg101019378.3
VVIN7080.7

VMC6e1
UDV95**

F8909-17 (9621 population)F8909-08 (04-190 population)

Figure 1. Genetic map of LG14 of two populations (9621 and 04-190).

Population / Genotype Species / Parentage
b42-26 V. arizonica/girdiana
b43-17 V. arizonica/candicans
D8909-15 V. rupestris A. de Serres x b42-26
F8909-08 and F8909-17 V. rupestris A. de Serres x b43-17
F2-7 and F2-35 (both females) V. vinifera (Carignane x Cabernet Sauvignon)
9621 D8909-15 x F8909-17
0023 F8909-15 x V. vinifera B90-116
03300/5 101-14Mgt (V. riparia x V. rupestris) x F8909-08
04-190 F2-7 x F8909-08
04191 F2-7 x F8909-17
04373 F2-35 x b43-17
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CONCLUSIONS
Results from this project have allowed us to: 1) understand the segregation of PD resistance in two different backgrounds; 2)
develop a framework genetic map for Xf resistance; 3) select markers for effective MAS for grape breeding; 4) begin
development of a physical map of genomic fragments that carry resistance genes; and finally 5) work towards map-based
positional cloning of genes.  We are focusing on LG 14 in a variety of genetic backgrounds to verify the single gene nature of
PdR1 expression, and are using QTL analysis in the 0023 population to study resistance from b42-26.  These genetic linkage
maps will enable us to characterize and clone different variants of genes conferring resistance to PD, and ultimately lead to
the genetic transformation of susceptible grape varieties with grape resistance genes.  PD resistance makers generated in this
study are also used in our breeding program to optimize and expedite selection, allowing us to screen larger populations and
make more rapid progress in the production of resistant winegrapes.
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ABSTRACT
We continue to make strong progress breeding Pierce’s disease (PD) resistant winegrapes.  We have incorporated
marker-assisted selection (MAS) for the PD resistance gene, PdR1 (see companion report), into our breeding and
reduced the seed to seed breeding cycle to three years, allowing very rapid progress towards PD resistant winegrapes.
This year’s crosses were focused on broadening the V. vinifera winegrape base in our breeding lines.  We produced
thousands of seed with 87.5% and 75% vinifera progeny.  Many of our current populations have the PdR1 allele from
F8909-08; we made many crosses this year to include the alternate PdR1 allele from F8909-17.  Crosses were also made
to produce a new mapping population for a collaborative project with the USDA-Parlier to allow mapping of PD
resistance from the resistant Florida selection BD5-117, which will help with comparative evaluations of PD resistance
genes.  The best sources of PD resistance allow very low levels of Xylella fastidiosa (Xf) to develop in xylem vessels.  If
these were grafted onto phylloxera resistant rootstocks, the Xf in them might kill the rootstocks.  Thus, we have made
crosses to produce PD and nematode resistant rootstock, and can use MAS for both PdR1 and the Xiphinema index
resistance gene, XiR1.  We made crosses to develop a number of additional mapping populations for fine-scale mapping
efforts with PdR1. We also replicated advanced 87.5% Syrah and Chardonnay selections with PdR1 to produce enough
fruit for wine evaluation studies next fall.  Finally, we are studying wine making and quality parameters at the 1L, 20L
and 2,000L levels to determine which quality parameters are predictive at all scales and which will be best suited to large
scale winemaking tests on single vine selections.

INTRODUCTION
This project is directed at breeding Pierce’s disease (PD) resistant winegrapes with Vitis vinifera fruit quality and the
ability to greatly suppress Xylella fasidiosa (Xf) populations and movement within the vine while preventing PD.
California’s V. vinifera-based vineyards are susceptible to PD and resistant varieties provide the best long-term solution
to this disease.  PD resistance exists in a number of Vitis species and in the related genus, Muscadinia.  In addition, many
resistant cultivars exist, which derive their resistance from these sources, but they lack V. vinifera fruit quality and the
genetics of their resistance is complex, and considered to be controlled by at least three independently inherited genes
(Mortensen 1968).  This complex genetics greatly limits the number of resistant progeny they produce when crossed to
V. vinifera cultivars, which dramatically slows breeding progress. However, we have discovered a unique form of
resistance to Xf that is controlled by a single dominant locus (PdR1) derived from forms of V. arizonica (Riaz et al. 2006
and see companion report in this Proceedings by Walker and Riaz), and are using this resistance source and PdR1
markers to rapidly backcross PD resistance into high quality V. vinifera winegrapes via marker assisted selection.  At the
same time we continue to incorporate other resistance sources to broaden the base of PD resistance.

We are uniquely poised to undertake this important breeding effort.  We have developed rapid screening techniques for Xf
resistance and have optimized ELISA and PCR detection of Xf (Buzkan et al. 2003, Buzkan et al. 2005, Krivanek et al. 2005a
2005b, Krivanek and Walker 2005).  We have unique and highly resistant V. rupestris x V. arizonica selections, as well as an
extensive collection of southeastern grape hybrids, that allow the introduction of extremely high levels of Xf resistance into
commercial grapes. We have seed that is 87.5% V. vinifera, from winegrape cultivars, with resistance from our b43-17 V.
arizonica/candicans resistance source.  There are two sources of PdR1, siblings from b43-17.  These selections – F8909-08
and F8909-17 have been introgressed into a wide range of winegrape backgrounds over multiple generations.  We are also
maintaining a number of lines with resistance from southeastern United States (SEUS) species. Although these lines have
complex genetics and we have not been able to develop markers associated with their resistance, we maintain these lines for
later crosses to broaden PD resistance.

OBJECTIVES
1. Breed PD resistant winegrapes through backcross techniques using high quality V. vinifera winegrape cultivars and Xf

resistant selections and sources characterized from our previous efforts.
2. Continue the characterization of Xf resistance and winegrape quality traits (color, tannin, ripening dates, flavor,

productivity, etc.) in novel germplasm sources, in our breeding populations, and in our genetic mapping populations
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RESULTS
Objective 1
We have reduced the breeding cycle for the development of PD resistant grapes to three years (seed to seed) using the
marker-assisted selection (MAS) with the b43-17 resistance sources and their progeny.  Last year we attempted to reduce this
cycle to two years by converting tendrils to clusters on seedlings known to have PdR1 using cytokinins.  This technique has
been used in the past on male vines and on plants generated from dormant cuttings.  Of the six plants treated, two produced
clusters: one was female flowered which we hoped to cross to the other, but it produced malformed flowers with non-
shedding adherent petals which prevented us from gathering pollen.  We will expand our tendril conversion efforts to gather
pollen for Spring 2007 primarily with advanced selections possessing the F8909-17 PdR1 allele.

The 2006 pollination season focused on broadening the use of winegrapes in the F8909-08 PdR1 allele background, and
over 9,500 seeds were produced.  Many more crosses were made to incorporate M. rotundifolia powdery mildew and PD
resistance genes from vinifera/rotundifolia (VR) sources from Olmo collections.  These crosses were also made to test
for the presence of the Run1 (powdery mildew resistance) marker.  We also made crosses for our recently re-funded
collaborative project with David Ramming (USDA- Parlier) focused on PD resistant table grapes.

2006 Crosses
The first group (Table 1a) utilized the F8909-08 allele originally from the b43-17 V. arizonica/candicans resistance
source in a third generation backcross to produce progeny with 87.5% V. vinifera parentage.  The second group (Table
1b) also utilizes the b43-17 resistance source and its progeny will contain 75% V. vinifera.

The third group of crosses (Table 1c) utilized the F8909-17 allele form also originally from the b43-17 V.
arizonica/candicans resistance source in a second generation backcross to produce progeny with 75% V. vinifera.

The fourth group (Table 1d) continues our efforts to use a broad range of SEUS PD resistant cultivars.  These crosses
included crosses with the BD5-117 resistance source (Daytona x Stover with resistance from V. shuttleworthii and other
SEUS species).  This cross of two highly resistant selections a cross of a seedless larger berried vinifera table grape
(C33-30) by BD5-117 and selections from the embryo rescued progeny 03187 population were crossed.  This population
will be used in a collaborative project with the USDA-Parlier to map PD resistance originating from BD5-117.  We also
crossed the resistant female 03187-80 with vinifera winegrapes.  Other winegrape crosses utilized sibling selections from
vinifera x the highly PD resistant DC1-39 and a series of crosses with the VR hybrid NC-11J with Cabernet Sauvignon,
Chenin blanc and Tempranillo.  The fifth group (Table 1e) consists of crosses we made to support our mapping efforts
(detailed in the fine-scale mapping report) and increase the number of individuals in two specific mapping populations
(further detailed in our companion report on fine-scale mapping of PD resistance genes).

The final group of crosses (Table 1f) was made to produce PD resistant rootstocks.  These rootstocks are not necessarily
expected to induce PD resistance, but are to be used with PD resistant varieties that may carry enough Xf to infect and
potentially kill the rootstock, although the scion would be unaffected by PD.  The first set of these crosses utilized PD
resistance from the F8909-08 and F8909-17 source, which are also resistant to the dagger nematode vector of fanleaf
degeneration.  We have an excellent DNA marker for this trait, XiR1, allowing us to screen for both markers at once.  We
also used 9365-85, a rootstock selection scheduled for release in Spring 2007 with exceptional resistance to root-knot,
dagger, citrus and lesion nematodes, the ability to resist multiple nematode strains, and maintain nematode resistance at
80F soil temperatures (a very rare trait).  Florilush (Dog Ridge x Tampa) is a PD resistant rootstock from Florida
reported to be resistant to PD and nematodes.  It was crossed with two selections both containing PdR1 and XiR1 so we
can expedite screening using MAS for two traits.

The 2006 plantings were primarily seedlings that had been pre-screened for PD resistance with PdR1 and constitute one
of the few examples of MAS in grape (for more detail see our April 2006 report).  Table 2 presents these progeny from
the 2005 crosses that went to the field for fruit evaluation and follow-up Xf resistance testing.  We also planted additional
individuals for mapping populations being used in our companion mapping and characterization of PdR1 project.  An
additional 373 PD resistant siblings of genotypes from populations screened in the greenhouse, but that do not carry
PdR1are detailed in Table 3.

Objective 2
Table 3 presents the percentage of seedlings in each of two possible resistance categories (strong resistance <150K
cfu/ml, or moderate <500K cfu/ml) from crosses based on Xf resistance from Midsouth and DC1-39.  Although these
progeny are expected to be PD resistant, they host higher levels of Xf than progeny based on the b43-17 V.
arizonica/candicans source.  The crosses include multiple combinations of resistant (R) and susceptible (S) selections.
The results of these tests helped confirm that the greenhouse screening system is well-adapted to a wide range of
genotypes, allowed use to make decisions about how many seedlings to plant in the field (see Table 3), and guided our
crosses for 2006.
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Table 4 presents testing results on seedling populations in the field.  These seedlings were from populations in alternative
mapping populations; for the production of PD resistant rootstocks; to verify PdR1 screening results and advance to wine
evaluations; to produce wine grapes based on SEUS resistance sources or from V. arizonica that has not yet been evaluated
for PdR1, but is known to be PD resistant; and to complete evaluation of remaining members of the 89 series V.
arizonica/candicans population.

Table 5 presents the horticultural characteristics of progeny that are 75% vinifera.  These progeny were evaluated for typical
vinifera winegrape appearance, with reference to their winegrape pollen parents.  We also screened them for erect cane
growth, a beneficial character in terms of reduced disease pressure, and brushy habit so that laterals and canopy density could
be reduced.  Evaluations of powdery mildew on the leaves, canes and clusters are being recorded, but are not yet complete.
The selections with PdR1 and optimal leaf form and growth habit will be used in the next generation crosses.

This spring/summer we planted eight promising PD resistant selections with PdR1 that are 87.5% vinifera; four from a cross
with Syrah, and the other four from a cross with Chardonnay, with six to seven replicates of each.  We should get some fruit
from these vines summer 2007 and will micro-vinify the fruit to begin testing wine quality of our advanced selections.  In
preparation of these winemaking tests, we have a MS student comparing wine making at 1L, 20L and 2,000L levels to see
what quality parameters are most accurate and predictive of high quality across the three quantities.  These results will help
us evaluate wine quality on a single-vine basis.

We continue to use the Beringer Yountville site to field test selection for PD resistance.  In May 2006 we inoculated a wide
range of PD resistant materials from the PdR1 and SEUS resistance sources.  ELISA sampling of these vines is scheduled for
October 2006.  We are also currently testing 60 recombinants from the 9621 mapping population in collaboration with the
fine scale mapping of PdR1 project with results expected in November.

CONCLUSIONS
This project continues to breed PD resistant winegrapes with the primary focus on the PdR1resistance source so that progress
can be expedited with MAS.  Populations with Xf resistance from other sources are being maintained and expanded, but
progress is slower with these sources. We continue to supply plant material, conduct greenhouse screens and develop new
mapping populations for our project on fine-scale mapping of PD resistance leading to the characterization of the PdR1
resistance.  Next year will see the first testing of wine from advanced selections with 87.5% vinifera from winegrapes.
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Table 1. 2006 PD breeding program crosses and the number of seeds collected or expected (in italics).
Female Male Seeds Comments
1a. Monterrey V. arizonica/candicans resistance source to produce progeny with 87.5% V. vinifera parentage.

A81-138
Alicante Bouschet, Cab Sauv, Carignane,
Chard, Chenin blanc, Colombard, Sauv. blanc,
Symphony, Syrah, Tannat

1224 Highly resistant table grape selection by classic wine grape
cultivars

1b. Monterrey V. arizonica/candicans resistance source (F8909-08) to produce progeny with 75% V. vinifera parentage.
504-60 Chenin blanc, Colombard, Symphony 750 504-60 is 50% V. vinifera, resistance from 8909-08 has PdR1.

03188-06 Chenin blanc, Colombard, Symphony, Tannat 650 03188 population is 50% V. vinifera resistance from 8909-08 has
PdR1.

03188-07 Chenin blanc, Colombard 300 “  ”
1c. Monterrey V. arizonica/candicans resistance source (F8909-17 allele) to produce progeny with 75% V. vinifera parentage.
F2-35 04191-019 100 Breeding population from F8909-17
Malaga Rosada 04191-019, 04373-49, 04373-56 600 “
F2-7 04373-49 150 Eliminates V. rupestris and uses 8909-17 allele
F2-7 04373-56 150 “
04373-64 Chenin blanc 75 “
1d. Other resistance sources.
03187-080 03187-143 100 R x R, BD5-117 resistance for mapping by USDA
03187-080 Aubun, Chenin blanc 225 R x S, BD5-117 source
0110-050 0110-090 200 DC1-39 resistance source and >50% V. vinifera
0110-092 0110-090, 0126-13 500 DC1-39 resistance source and >50% V. vinifera
NC-11J Cab Sauv, Chenin blanc, Tempranillo 450 M. rotundifolia resistance and >75% V. vinifera
1e. Mapping populations with V. arizonica PD resistance sources.
F2-7 F8909-17 600 Remake of 04191 mapping population
F2-35 b40-14 1050 Alternate to b42-26 resistance source
F2-35 b43-17 1000 Remake of 04373 mapping population
1f. Rootstock crosses to combine PD and nematode resistance.
03300-018, 9621-
050 9365-85 240 8909-08 or 8909-17 allele form of PdR1 with broad nematode

resistance
03300-088,
03305-07 9621-152, 9621-161 215 Combines 8909-08 and 8909-17 allele form of PdR1 with Xi1

Florilush 9621-161, 9621-244 1000 Combines broad nematode and PD tolerance with 8909-17 allele
form of PdR1 and XiR1

Table 2. 2005 progeny that went to University of California, Davis breeding blocks for evaluation.
2a. Genotypes tested for PdR1 prior to planting

Seedling
Percent
Vinifera

Seed Parent Pollen Parents Seeds
# PD Resistant

Seedlings
Planted

% R plants seed
to field

88% A81-138 Cab. Sauvignon, Chard, Sauv blanc, Syrah 307 66 21%

75% 03188-06 Airen, Barbara, Chard, Tempranillo, Viognier 419 86 21%

75% 03188-07 Barbara, Syrah, Viognier, Zinfandel 472 122 26%

75% 03188-12 Alicante B., Barbara, Cab Franc, Syrah, Viognier 664 178 27%

75% 03188-32 Airen, Syrah, Viognier 331 20 6%

75% F2-7, F2-35 03188-01, 03188-25, 03188-30, AT0062-81 701 131 19%

75% Cab. Sauv, S. blanc 03188-25, 03188-30, AT0062-81 163 10 6%
2b. Additions to mapping populations (genotypes were not marker screened)

50% F2-7 F8909-08 175
50% F2-35 b42-26 65
50% D8909-15 b42-26 55 breeding

2c. Plantings of rotundifolia resistance source (genotypes were untested)
>75% F2-35 b59-45 10
>75% NC-11J Cabernet Sauvignon 5
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Table 3.  Percentages of resistant seedlings from Midsouth and DC1-39 in greenhouse testing for Xf resistance and
number of untested siblings planted in field.

Cross Female Male Cross
Type

%<150k
cfu/ml

%<500k
cfu/ml # planted

05-357 0110-092 (G11-32) 0126-13 (G12-49) RxR 40% 50% 15
05-355 0028-44 (J28:44) 0028-35 (J28-35) RxR 6% 35% 50
05-378 0110-050 (G10-45) 0126-13 (G12-49) RxR 20% 35% 65
05-375 0110-092 (G11-32) 5025-102 (G32-18) RxR 10% 30% 30
05-308 0028-44 (J28:44) 0058-09 (J27-09) RxR 10% 25% 15
05-374 5025-073 (G31-51) 0126-13 (G12-49) SxR 0% 25% 5

05-361.1 0124-37 (G15-37) 0126-13 (G12-49) IxR 0% 20% 18
05-379 0110-050 (G10-45) 5025-102 (G32-18) RxR 0% 20% 25
05-371 5025-073 (G31-51) 5025-102 (G32-18) SxR 14% 14% 20
05-359 0110-092 (G11-32) 9967-52 (B11-52) RxS 6% 12% 30
05-358 0110-092 (G11-32) 9967-03 (B11-03) RxS 5% 11% 35
05-363 0110-092 (G11-32) 5025-033 (G31-21) RxS 8% 8% 15
05-362 0124-37 (G15-37) 5025-033 (G31-21) IxS 0% 0% 10
05-372 5025-073 (G31-51) 5025-033 (G31-21) SxS 0% 0% 15
05-380 0110-050 (G10-45) 5025-033 (G31-21) RxS 0% 0% 25

Total Planted 373

Table 4.  Evaluations of Xf resistance under our greenhouse screen completed Fall/Winter 2005- 2006.  Five replicates of
each were tested.

Group Name Resistance source Genotypes
tested Comments

0023 D8909-15 75 b42-26 mapping population
03305 b43-17 20 Production of PD resistant rootstock
03188 b43-17 33 Resistant winegrape breeding and also verifies PdR1 markers

04190 b43-17 114 Resistant winegrape breeding and mapping to refine PdR1
markers

89 Series untested
V. rupestris x V.

arizonica /candicans
types

56 Completes Xf resistance survey

Misc. types SEUS or V. arizonica 32 Types for wine breeding
045554 b43-17 26 Confirms resistance of PdR1 at 87.5% vinifera level
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Table 5.  Horticultural characteristics of progeny resulting from crosses of elite vinifera wine cultivars and breeding
genotypes with PdR1.  All progeny are 75% vinifera.

Female Pollen Parent
Vigor (Ave)

High=3
Dead=0

Vigor (n)
% with

Vinifera-like
leaves

% with Erect
canes Not brushy

03188-06 Airen 2.4 23 15% 36% 14%
03188-06 Chardonnay 1.7 22 20% 32% 14%

03188-06 Tempranillo 2.2 22 15% 59% 50%
03188-06 Viognier 1.4 17 10% 60% 20%
03188-07 Barbara 1.5 33 12% 35% 54%

03188-07 Syrah 1.9 46 10% 59% 71%
03188-07 Viognier 2.0 23 0% 79% 53%
03188-07 Zinfandel 1.8 20 29% 88% 59%

03188-12 Alicante Bouschet 1.9 33 10% 58% 55%
03188-12 Barbara 1.7 100 18% 57% 39%
03188-12 Cabernet Franc 1.9 29 8% 50% 17%

03188-12 Syrah 1.9 8 50% 50% 50%
03188-12 Viognier 2.0 8 0% 50% 33%
03188-32 Airen 1.7 7 14% 29% 43%

03188-32 Viognier 1.9 12 17% 42% 17%
F2-35 03188-01 2.3 22 43% 57% 33%
F2-35 03188-25 1.1 15 0% 92% 8%

F2-35 0062-81 2.5 23 24% 76% 57%
F2-7 03188-01 2.6 18 17% 72% 22%
F2-7 03188-25 1.3 21 15% 35% 15%

F2-7 03188-30 2.3 30 23% 63% 30%
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ABSTRACT
Homalodisca vitripennis and Spissistilus festinus populations were surveyed bi-monthly in Kern County at sites with a
variety of potential feeding and breeding hosts.  Insects collected by sweeps and sticky traps were tested for Xylella fastidiosa
(Xf) presence with vacuum-extraction and PCR.  Comparisons of four techniques to detect Xf in insects are ongoing in
greenhouse studies: live insect transmission to plants, vacuum-extraction PCR, culture of heads, and lyophilization with
chloroform-phenol extraction.  Assessment of each method’s accuracy will improve comparison of research projects and field
survey results.  This project will provide information for control decisions by investigating the importance of vegetation
management and targeted monitoring to reduce insect populations and inoculum potential.

INTRODUCTION
Despite an area-wide insecticide spray program, endemic glassy-winged sharpshooter (GWSS), Homalodisca vitripennis,
populations are still present near Bakersfield, especially in abandoned vineyards, and along roadsides and windbreaks.
Recently, three cornered alfalfa hopper (TCAH), Spissistilus festinus, populations increased in the San Joaquin Valley.
Histological studies show that TCAH normally feed in phloem tissue with occasional probes to xylem.  The highly
polyphagous feeding habits of TCAH may be of concern to researchers worried about the spread of Xf between and within
crops like alfalfa, grapes and almonds.  Common vineyard weeds and windbreak species are hosts of Xf (Costa et al. 2004,
Wistrom and Purcell 2005, Shapland et al. 2006).  While GWSS and TCAH feed on a wide range of plans, quantitative host
preference data for only GWSS has been collected, and the studies focused mainly on citrus, grapes and ornamentals (Daane
and Johnson 2005, Mizell et al. 2005).

Here, we investigated host plant preference and natural infectivity of GWSS and TCAH.  While there is little data about the
natural infectivity of GWSS in agricultural settings, between 10% and 20% of GWSS transmitted Xf in greenhouse tests
(Almeida and Purcell 2003) and 1.25% of GWSS tested positive for Xf when collected from urban landscapes in Bakersfield
(K. Daane, unpublished data).  GWSS can be tested for Xf presence by vacuum-extraction and PCR. Xf transmission to
grapes has only been correlated reliably with and bacterial presence in the precibarial region of sharpshooter mouthparts
(Almeida and Purcell 2006).  PCR-based vacuum-extraction (Bextine et al. 2005) of Xf in sharpshooter heads enabled more
rapid, efficient, and convenient bacterial detection, compared to transmission tests (Purcell and Finlay 1980), or insect head
culture (Hill and Purcell 1995). Lyophilization and maceration, followed by chloroform/phenol extraction, also reportedly
sensitively detects Xf in sharpshooter heads. Xf transmission to grapevines is highly sensitive, so sharpshooter infectivity can
be assessed when bacterial populations are below the detection thresholds of culture or PCR (Hill and Purcell 1995).

OBJECTIVES
1. Determine preference of insect vectors of Xf for common weeds known to host of Xf in the southern San Joaquin Valley.
2. Determine the proportion of collected insect vectors that carry Xf.
3. Compare the efficacy of Xf detection methods in insect vectors.
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RESULTS
Five collection sites in Kern County were selected based on the presence of endemic GWSS populations and diverse crop
plants.  Three sites were located in or near vineyards, and two had Pierce’s disease present.  Each site was divided into at
least seven areas, which were sampled twice a month for one year, beginning in October 2006.  Only one of seven sites
received a specific insecticide treatment for GWSS, where Admire (imidacloprid) was applied to eucalyptus, jojoba, and
citrus.

To date, 350 GWSS and 301 TCAH total were collected from the five field sites.  Populations of TCAH are reported because
they were unexpectedly high throughout the year and occurred on the same hosts at roughly the same populations as GWSS.
TCAH were the only other Cicadomorph species regularly observed.  The largest average populations of TCAH were on
alfalfa and of GWSS were on willow and eucalyptus (Figure 2).  Four percent of GWSS and two percent of TCAH collected
were nymphs.  The numbers of insects collected varied by site and host (Figure 1).  There was greater variability in insect
numbers collected by sticky traps than sweeps.

While the initial plan was to look at vector populations primarily on weeds, very few weeds inside and adjacent to the study
sites.  Over the year, there were no weeds at all for 22% of samples taken, less than 10% weedy ground cover for 72% of
samples, and only 6% of samples had more than 10% cover.  No GWSS were collected on sweeps of those weeds in October,
November, and May, and only TCAH were collected on white sweetclover (Melilotus alba) in May.  There was no
relationship between percent cover of weeds and the number of GWSS (one-way ANOVA, P = 0.95), but there may be some
relationship between TCAH populations and weeds (one-way ANOVA, P = 0.07).  Instead, GWSS and TCAH were
consistently collected on perennial crop plants.

Host plant condition influenced both TCAH and GWSS preference.  An average of 0.23 GWSS/100 sweeps were found on
hosts with mature fruit, compared to 0.14 GWSS/100 sweeps on plants without fruit, and 0.04 GWSS/100 sweeps for plants
with green fruit (one-way ANOVA, P = 0.003).  A similar relationship was found between fruit maturity and TCAH
preference (mature fruit = 0.64, no fruit = 0.35, and green fruit = 0.08 per 100 sweeps; one-way ANOVA, P< 0.0001).  Both
GWSS and TCAH preferred unpruned plants (0.128 GWSS, 0.323 TCAH per 100 sweeps) to recently-pruned plants (0.015
GWSS, and 0.12 TCAH per 100 sweeps; two-sample t-test, P = 0.05 for both comparisons).  On average, 0.14 GWSS and
0.37 TCAH were collected per 100 sweeps on hosts with suckers or new growth, and 0.02 GWSS and 0.08 TCAH were
collected on plants without (two-sample t-test, P = 0.005 for GWSS and P = 0.0003 for TCAH).

The highest populations of GWSS were collected in fall of 2006, decreasing from mid-December through early February.
Populations remained very low through July 2007, although collections in August and September 2007 indicate that GWSS
populations are rising, in the same locations and on the same hosts as they were initially collected in fall 2006.  TCAH
populations collected by sweeps were similar to GWSS populations, though TCAH increased continuously in fall 2006,
whereas GWSS fluctuated somewhat in that time.

Both insect populations decreased following unusually cold temperatures from 12 to 23 January 2005.  Nighttime low
temperatures averaged 26.5ºC, compared to an estimated historic average of 37.4ºC, 11ºC below normal (CIMIS temperature
data; Arvin Station; near sites 1 and 2).  New growth on the evergreen plants surveyed was delayed and/or damaged by the
cold temperatures, and citrus trees were pruned extensively to remove damaged shoots.  Populations of TCAH and GWSS
declined from a peak population in mid-December to the lowest populations eight weeks later in February.  The decline from
cold temperatures was long-lasting but not immediate.  At site 2, locations 2 (citrus), 3 (jojoba/ eucalyptus), 5 (jojoba), 8
(citrus), and 10 (eucalyptus) were treated with systemic imidacloprid during the first week of March 2007.  Prior to that
GWSS catches increased at a higher rate on sticky traps compared to collections with sweep nets.  Following the spray,
GWSS populations decreased to their lowest levels, but TCAH populations took another two weeks to peak and then
declined.

To date, no Xf was detected in any of the 635 adult GWSS or TCAH tested by vacuum-extraction and PCR.  Pierce’s disease
symptoms were observed at sites 3 and 5 in fall 2007.  Ivy and oleander samples with leaf scorch, collected at site 4 in spring
2006, were negative for Xf.

Comparisons between detection techniques are ongoing.  In experiments conducted in fall 2006, only two of 121 GWSS
tested transmitted Xf to grapes, none of the 45 insects tested by culture and one of 29 tested by vacuum-extraction PCR
positive for Xf. An additional 88 insects (blue-green sharpshooter; BGSS) were tested so far this summer, with none of the
42 tested by vacuum-extraction PCR and three of nine tested by culture positive for Xf. Lyophilization-PCR and culture of
plants inoculated by insects are ongoing, as are additional replications of this experiment.

DISCUSSION
The results reported here are still preliminary.  The major host plants used by both GWSS and TCAH are perennial crops and
windbreaks.  There was little ground cover at any of the sites, and populations of TCAH or GWSS were not appreciably
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larger where it was present.  Highest populations of TCAH and GWSS were on plants used as windbreaks: jojoba and
eucalyptus.  The weed control practiced by citrus growers for frost protection, combined with good sanitary practices and
targeted irrigation resulted in few weeds at any of the study sites.  Where there was ground cover, it was kept short through
frequent mowing.  When normal cultivation practices are followed, initial results suggest that it is unlikely that weeds or
other groundcover play a role in hosting GWSS or TCAH, except weedy legumes, which may be breeding hosts of TCAH.

The results so far show that plant condition plays a role in TCAH or GWSS preference. Plants with suckers or lush growth
were more attractive than plants that were recently pruned or had mature growth.  This follows the idea that GWSS require
very large volumes of xylem sap, and that host plant nutritional status is important for nymph development and survival
(Andersen et al. 1989, Brodbeck et al. 2004).  This would also show why plants with developing fruit were not as attractive to
GWSS or TCAH; the green fruit may act as a nutrient and carbohydrate sink, decreasing levels of nutrients and sugar in the
xylem and phloem tissues the insects feed upon.  More data analysis and research into published literature is needed to
speculate why plants with mature fruit were most attractive to GWSS and TCAH.

The cold snap in January also had unexpected results.  GWSS and TCAH continued to be collected so the low temperatures
did not kill the insects outright.  Instead, GWSS populations began declining in December, and continued to decrease over
the following two months.  As the cold caused extensive damage to green, growing shoots preferred as feeding sources,
perhaps there was reduced food available to the insects.  In particular, nymphs would be affected by damage to feeding hosts
since they are unable to move large distances to another host plant.  This is suggested by the low GWSS populations lasting
until late summer 2007.  The usual springtime increase in GWSS populations was not observed in this study, suggesting that
the cold had lasting impacts upon adult fecundity, nymph survival, and/or egg development.

The initial results from the field survey suggest that GWSS host plant use depends on the type and condition of host plants
available as well as the time of year.  Sweeps and visual inspection were different in the quantity of insects detected, although
they roughly mirrored one another in monitoring trends in TCAH and GWSS populations.  By detecting insects that are
mobile, sticky traps may be helpful when GWSS are moving between hosts, for either nutritional or egglaying purposes, but
underestimate GWSS populations when host plant conditions are attractive to GWSS, and thus remain on the plant for long
periods of time.

Results from this project may help improve control decisions, by investigating the necessity of vegetation management or
targeted insecticide sprays to reduce insect populations and inoculum potential, and providing some of the information
required to develop a treatment threshold for GWSS populations in areas with endemic GWSS populations and Pierce’s
disease.
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Figure 1. Average insect populations collected bi-monthly by A) 100 sweeps-beats or 30 second visual
survey and B) sticky traps at field sites between July 2006 and July 2007.
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ABSTRACT
Surveys in the native range of Homalodisca vitripennis (H. vitripennis) are continuing to discover nymphal parasitoids and to
determine the ecology and phenology of glassy-winged sharpshooter in undisturbed natural areas.  Fifteen sites with stands of
native Vitis spp. in southeastern Texas have been surveyed monthly from October 2005 to present.  The focus is on big-
headed flies (Pipunculidae), which are known to be nymphal parasitoids of sharpshooters.  Several methods have been used
to survey for the parasitic flies, including yellow sticky cards, malaise traps, sweeping, hand collection, and tethered nymphal
sentinels.  Pipunculid adults have been recovered from hand collected Oncometopia orbona feeding on mustang grapes
which have been identified as Eudorylas nr. vierecki.  Populations of H. vitripennis began to increase in March and peaked in
July.  While populations peaked in July, a small proportion of these insects tested positive for the presence of Xylella
fastidiosa (Xf) compared to the insects collected in later months (i.e. August, September, etc.).  Only 7% of H. vitripennis
tested positive in July, whereas 59% of H. vitripennis tested positive in September.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), H. vitripennis, is native to northeastern Mexico and the southeastern U.S., and the
origin of the invasive California populations is reported by de León et al. (2004) to be Texas.  Most of the entomological and
epidemiological information regarding this pest is derived from its status as a vector of Pierce’s disease, Xf, in cultivated
hosts.  Much less is known about the field ecology and phenology of GWSS and its natural enemies in its native habitat in the
Southeastern U.S.  Recent surveys in the native range and research on biological control agents have focused on egg
parasitoids of GWSS (Mizell and Andersen 2003, Hoddle and Triapitsyn 2004, Luck et al. 2004, Irwin and Hoddle 2005,
Jones et al. unpublished data). Gonatocerus spp. egg parasitoids have been collected from the native range of Texas, Florida
and Northeastern Mexico, and released in California where several species are now established (CDFA 2004).  Nymphal
parasitoids of H. vitripennis, including Pipunculidae, have not been evaluated as biological control agents.  Skevington and
Marshall (1997) review the natural history and rearing of Pipunculidae.  They indicate that many pipunculids are
oligophagous and show specificity at the genus level.  Five new pipunculid-sharpshooter host associations have been
documented by Skevington (unpublished).  The focus of our research is to discover, identify and evaluate the pipunculid
parasitoids of GWSS and other sympatric sharpshooters.  We will also use this survey of sharpshooters to determine the
seasonal percentage of adults infected Xf in native habitats for comparison to agricultural settings in California where GWSS
is invasive.

OBJECTIVES
1. Conduct monthly surveys in the native range of GWSS.
2. Determine the phenology and ecology of GWSS and other sharpshooters.
3. Determine the species composition of GWSS natural enemies in their native habitat.
4. Develop methods for collection of parasitized GWSS nymphs and adult parasitoids.
5. Investigate the biology and biological control potential of GWSS nymphal parasitoid species.

RESULTS
Fifteen field sites have been established in southeastern Texas (Goolsby & Setamou 2005).  The sites are located in eight
different biogeographic zones.  The transect starts at the southern tip of Texas in the Lower Rio Grande Valley in Weslaco,
extending northwest to the Texas Hill Country near New Braunfels, northeast to the Piney Woods near Houston, and south
along the coastal plain.  Each site has natural stands of native Vitis spp.  Five yellow sticky cards were placed monthly at
each location starting in October 2005.

The pooled mean number of H. vitripennis and Oncometopia spp. adults from yellow sticky card traps for all locations are
shown in Figure 1.  Populations of sharpshooters were lower in 2007, even though all sites experienced above average
rainfall. Oncometopia orbona populations peak in early spring followed by H. vitripennis.  This phenology results in
nymphal sharpshooter populations throughout the spring and summer which may be exploited by pipunculid parasitoids.
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Pipunculidae have been collected in yellow sticky traps and from hand collected sharpshooters from several survey locations
in Southeast Texas.  Many Eudorylas nr. vierecki have been recovered from Oncometopia spp., and possibly H. vitripennis,
but the latter host association has not been confirmed with host remains.

Several methods have been investigated for recovery of Pipunculidae in addition to yellow sticky traps, including Malaise
traps, hand collecting of adults for dissection and to hold for emergence of parasitic flies, sweeping, and tethering of nymphs.
Hand collecting of sharpshooter adults and nymphs has proven to be the most effective method for recovery of Pipunculidae.
Despite our success at collecting E. nr. vierecki from hand collected Oncometopia spp., the apparent failure to rear
pipunculids from H. vitripennis remains unclear.  Pipunculids could be parasitizing small, early instars of H. vitripennis and
then dropping them away from their feeding location, as per the published accounts by Jervis (1980) describing the life
history a Chalarus species on a typhlocybine leafhopper in the UK.  In this scenario, recovering parasitized H. vitripennis
could be difficult.  An alternative scenario could be that percent parasitism of H. vitripennis is very low and despite collecting
thousands of nymphs from many different locations over time we have not collected the unique pipunculid parasitoid.  Lastly,
pipunculid parasitoids of H. vitripennis may be more common in other parts of its range, i.e. Florida where proconiine
sharpshooter diversity is higher.  To this end, Dr. Jesusa Legaspi is surveying for pipunculid parasitoids near Tallahassee, FL.

Sharpshooters collected from the traps were assayed for the presence of Xf using molecular techniques developed by Bextine
et al. (2005).  Analysis of these samples is not complete, so this data set will grow in the coming months.  At this point,
95/345 (27%) H. vitripennis have tested positive from July to November.  This figure is consistent with the other common
sharpshooter species; Oncometopia nigricans (21%) and Oncometopia orbona (14%).  Although there was little discrepancy
in the percentage of insects testing positive, H. vitripennis was the most populous insect resulting on nearly four times the
number of positive insects.  Also, in July 2006, the percentages of Xylella-positive insects was low (H. vitripennis (7%), O.
nigricans (0%) and O. orbona (10%)) in comparison to later months.  For example, in September high numbers of Xylella-
positive insects were found (H. vitripennis (59%), O. nigricans (57%) and O. orbona (71%)).

CONCLUSIONS
A pipunculid parasitoid, Eudorylas nr. viereckii has been recovered in fair numbers from the sharpshooter, Oncometopia
orbona and O. nigricans.  Despite intensive efforts spanning two years and multiple field sites a pipunculid parasitoid of H.
vitripennis has not been positively recovered and identified.  Further collecting will take place in the eastern range of H.
vitripennis in northern Florida, where nymphal parasitoids of H. vitripennis may be more abundant.  As potential vector
species, all three sharpshooters have similar ratios of Xylella-positive insects and acquire greater amounts of Xylella as the
season progresses.  However, H. vitripennis occurs in higher numbers resulting in greater vectoral potential.

Figure 1. Yellow sticky trap catches of sharpshooter adults collected from mustang grape
stands in southeastern, TX (Oct. 05- Sept 07).
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ABSTRACT
Glassy-winged sharpshooter (GWSS) developmental and reproductive biology has received relatively little attention from
researchers investigating management strategies for this pest.  This is a major impediment to rearing this insect for
experimental work, developing management plans, understanding interactions with natural enemies, predicting incursion risk
into new areas, and spread in recently inoculated areas.  Field-oriented management plans for GWSS, if they are to be
effective, need solid data on day-degree accumulations to predict pest developmental times, number of expected generations
per year, and estimates of expected longevity and fecundity.  The purpose of this research is to generate these fundamental
biological data for GWSS to assist pest management programs, biological control efforts, and incursion risk management.
These laboratory-derived data, once collected and analyzed, can be compared to similar data for the major egg parasitoids
attacking GWSS.  When taken together, the influence of temperature on pest development and reproductive output, and its
natural enemies will enable pest managers to determine incursion risks and the expected level of biological control that
natural enemies could provide as GWSS continues to expand its range within California.

INTRODUCTION
Day-degree accumulation for development and estimates of adult longevity, fecundity, survival rates, and seasonal
generational turn over are the fundamental factors driving population growth.  Scientifically-based insect pest management
programs rely heavily on day-degree models to help with predictions on pest population growth so adequate control measures
can be initiated well in advance of the development of economically damaging populations.  While the role of day-degree
research in pest management is well recognized and employed widely across a diverse group of insect pests, these data can
also be invaluable for assessing invasion risk to areas currently uninfested by the pest, and the rate of spread and population
growth intensity in newly invaded areas.  Despite the high economic and pest profile of GWSS, relatively little is known
about the degree-day requirements for this pest or the effect of varying temperature regimens on the survivorship rates of
nymphs in various instars, the longevity of adults, adult fecundity and sex ratio of offspring.  The research currently being
conducted and reported here will address these important informational shortcomings for GWSS.

OBJECTIVES
1. Develop day-degree models for GWSS by quantifying the developmental biology at five different temperatures (20, 25,

27, 30, &33oC).
2. Quantify reproductive biology and generate demographic statistics from lxmx life tables at five experimental

temperatures.
3. Use day-degree data (Obj. 1), and demographic estimates (Obj. 2) in GIS to predict the geographic range of GWSS

within California, and intensity of population turnover in areas vulnerable to incursion. These predictions will be
compared to those generated for two egg parasitoids of GWSS, Gonatocerus ashmeadi and G. triguttatus, thus enabling
comparison to determine how well GWSS egg parasitoids will be able to track GWSS as this pest expands its range
northwards in California.

RESULTS
Developmental times for GWSS nymphs, adult longevity, adult fecundity, and progeny sex ratio have been determined for
eight-nine females at 25, 30 and 33oC.  At the time of writing this report, the final 260 nymphs were being reared to
adulthood and for reproductive demographic studies. An additional 20 nymphs are being reared at 20oC, 60 nymphs at 33oC
and 180 nymphs are being reared at 25oC (90 nymphs) and 30oC (90 nymphs).
Work is ongoing for 20oC for all developmental and reproductive biology work.  This low temperature is proving to be very
slow and difficult to complete because nymphal development is extremely slow and adult sharpshooters are tardy when
mating, maturing eggs, and ovipositing at 20oC.  In addition to the four experimental temperatures we are currently running
(20, 25, 30, and 33oC), we are planning to run a variable temperature experiment.  For this variable temperature study, the
mean daily maximum temperature will be set at 30oC and the mean nightly temperature will be set at 20oC.  This variable
temperature regimen will provide a mean temperature of 25oC.  Data from this experiment can be compared to those obtained
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for GWSS reared at a constant 25oC.  This additional temperature regimen is considered necessary for GWSS as previous
peer reviews of similar studies completed for the egg parasitoids Gonatocerus ashmeadi and G. triguttatus have correctly
pointed out that in nature animals are not subjected to constant temperatures in the environment.  Some studies suggest that
exposure to fluctuating temperatures may actually be beneficial for developmental times, survival times, and estimates of
fitness (e.g., longevity and fecundity).

Data analyses for fecundity and subsequent demographic statistics have not yet been completed as replicates at four
temperatures are still being run (20, 25, 30 and 33oC).  Partial data analyses on developmental times are provided in Table 1.
These data estimates will change as additional replicates are added to respective temperatures once completed.  Data on the
reproductive biology of GWSS at the four experimental temperatures has not been provided as these data are still being
collected from reproductively active females and fecundity estimates and progeny development is currently insufficient for
sex ratio analyses that are needed for jackknifing demographic statistics.  We anticipate having this project completely
finished, and analyzed by the winter of 2007, and a manuscript submitted for publication in early 2008.

Table 1. Partial developmental and reproductive statistics for GWSS at four different temperatures.  All
developmental times are presented in days.  These data are preliminary and estimates will change as additional
replicates are currently being run to bolster the number of GWSS used for analyses.

Temperature Egg Devpt Time
(Days)

Nymph to Adult
Devpt Time (Days)

Adult Longevity
(Days)

Female Fecundity &
Progeny Sex Ratio

20oC 16.4 82.3 70.2 Ongoing
25oC 8.3 65.8 56.2 Ongoing
30oC 6.1 54.9 46.8 Ongoing
33oC 7.6 41.9 32.5 Ongoing

Variable Temp
(20oC at night

30oC during day)
Yet to be started Yet to be started Yet to be started Yet to be started

CONCLUSIONS
Upon the anticipated completion of this ongoing project at the end of winter 2008, we expect to have collected sufficient data
to determine the day-degree requirements for GWSS, to have quantified survival and longevity for nymphs and adults, and to
have robust estimates of life time fecundity and sex ratio for populations reared at various experimental temperatures.  These
data are necessary for the development of day-degree models for pest management, to predict incursion risk and population
growth in new areas, and to determine what the overlap in range will be between GWSS and its mymarid egg parasitoids, for
which similar studies have already been completed.
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ABSTRACT
The black-winged sharpshooter, Oncometopia nigricans Walker, is considered a highly competent vector of several strains of
the xylem-inhabiting bacterium Xylella fastidiosa (Xf), the causal agent of a number of economically important plant diseases
including Pierce’s disease, phony peach disease, plum leaf scald and periwinkle wilt.  To better understand the biology of the
this leafhopper on a molecular level, our lab undertook a large-scale 5' end expressed sequence tag (EST) sequencing project
of cDNA clones derived from O. nigricans adults. Similar EST sequencing projects from other insect pests have definitively
proven their worth in answering biological questions relating to organismal behavior, development and physiology.  These
data enables the identification of target genes with potential for development of novel genomics-based management strategies
to reduce leafhopper impacts on agricultural crops.  To that end, we report on our advances on leafhopper genomic research
involving a vector of Pierce’s disease, the sharpshooter, O. nigricans. We produced a dataset containing 4,411 high-quality
ESTs, representing a set of 3,301 transcripts.  Assembly identified 14 full length transcripts which have important biological
functions.  Research centering around the annotation, characterization, and application of the genomic information is
demonstrated by work on a delta 9 desaturase and an Imaginal Disc Growth Factor, IDGF, isolated from O. nigricans. The
sequences reported in this paper have been submitted to NCBI’s dbEST under the following accession numbers:  DR755012-
DR759538

INTRODUCTION
Sharpshooter leafhoppers (Cicadellidae) are vectors of a number of destructive plant diseases.  Although the glassy-winged
sharpshooter, GWSS, Homalodisca vitripennis Germar, is the most notorious of these vectors due to its detrimental impacts
to commercial crops in California, a second leafhopper commonly referred to as the black-winged sharpshooter,
Oncometopia nigricans Walker, has also been associated with pathogen transmission.  Like GWSS, O. nigricans is a highly
polyphagous xylem-feeding leafhopper present throughout the southeastern United States (Tipping et al., 2004). Upon
feeding, bacteria are taken up into the insect’s mouthparts where they attach to the walls of the cibarium (Brlansky et al.,
1983).  During subsequent feedings, the bacteria are released into the plant.  The transfer of xylem-inhabiting bacteria,
including various Xf Wells pathotypes, is the cause of several economically important diseases including Pierce’s disease
(PD) of grape, phony peach disease, plum leaf scald, and periwinkle wilt.  In addition, O. nigricans has the ability to vector
citrus variegated chlorosis (CVC) Xylella sp. to citrus with a transmission rate of 20.3%, a much greater efficiency than most
other species tested to date (Brlansky et al., 2002).  These findings demonstrate the importance of O. nigricans as a vector
species with significant implications for the sustainability of Florida’s citrus industry.  The importance of having genomic
information generated from expressed sequence tag, EST, studies has been definitively demonstrated through such studies as
Drosophila, Honey bee, and other organisms.  Production of genomic information on O. nigricans which is now available
(Hunter et al., NCBI) which was derived from single-pass sequencing of cDNA clones prepared from this sharpshooter and
provides an invaluable resource for the identification of genes associated with the biology of the adult life stage. Annotation
of the resultant dataset will also help in the identification of the gene/enzyme pathways involved in processes such as insect
pathogen and insect-plant interactions.  The availability of genomic data on O. nigricans provides the scientific community a
foundation for future studies in functional genomics, and provides the genetic basis for tool development to advance creation
of novel genomics-based management strategies for this and other leafhopper vectors of plant diseases.  To that end, herein
we report on full-length transcripts of 14 putative proteins, and the annotation of a dataset produced from O. nigricans and
show their potential for quantification of global gene expression patterns, functional and comparative genomics studies.
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OBJECTIVES
Use a genomics approach to advance our understanding of the genetic basis of sharpshooter leafhopper biology.  The genetic
products produced provide the needed information to conduct further functional genomic studies.  The results from this study
support development of emerging management strategies to reduce leafhoppers and the spread of Pierce’s disease.

RESULTS
The assembled sequences were annotated using BLASTX, TBLASTX, and BLASTn analyses.  Translated proteins were
analyzed with BLASTP, and EXPASY. Sequences which had an E-value ≤-10 were considered as significant.  Only one
table is shown, Table 1, which list the significant matches to terms related to ‘Biological Processes.’  The putative full –
length sequences which have been annotated and published in the NCBI database are shown in Table 2.  The two genes
highlighted in yellow, (Table 2) have been mined from the dataset, and used to characterize genes with important functions in
leafhopper biology, IDGF and Delta-9 desaturase (Figure 1, and Table 3).

Imaginal Disc Growth Factor, IDGF, protein structure.  Several families of peptide growth factors are implicated in
regulating cell growth and proliferation of cells in culture.  Genetic studies in Drosophila implicate some of these factors in
growth control in vivo and  report a new family of growth factors, related to chitinase enzymes, required by Drosophila
imaginal disc cells in culture.  The importance of IDGF in insect development, and in the correct formation of wings makes
them an ideal target for disruption, wherein adult insects would be unable to fly, thus reducing their ability to disperse.  As
research on IDGFs and their interactions continues to advance, so will our understanding of insect development at the cellular
level.  New IDGFs are being identified but there are still only a small handful known (Huang et al., 2006; Kawamura et al.,
1999).  During larval stages, the cells of the imaginal disc primordia undergo extensive growth and proliferation, increasing
in number by three orders of magnitude.(Bryant 1978).  The rapid proliferation is accompanied by patterning events that
control the organization of cells in the growing disc.  Although the application of genomics approaches in recent years has
produced significant advances in identifying the molecules and mechanisms involved in patterning, and the role of the
imaginal discs, there is still much to understand about how cell proliferation is regulated, and the cell-to-cell signaling in the
development of specific structures, such as wings.

Expression of Δ9 Desaturase in Sharpshooters- The importance of producing and comparing multiple species of
sharpshooters is demonstrated in the annotation of two cDNA libraries from Oncometopia nigricans and the glassy-winged
sharpshooters (GWSS), Homalodisca vitripennis (Hemiptera: Cicadellidae).  Comparisons lead to the isolation and
description of a delta 9 desaturase transcript from each leafhopper.  The desaturase gene expression data is shown for the
GWSS leafhopper, covering the five developmental nymphal stages which feed on a variety of host plants.  Sharpshooter
leafhoppers are economically important agricultural pests due to their ability to transmit Xf, and other plant pathogens during
feeding.  Currently very little is known of leafhopper developmental physiology.  Since desaturases play a key role in insect
development and nutrition we chose to examine the expression of Δ9 desaturase in the GWSS.

CONCLUSIONS
Data mining of the genomic data produced from EST examinations provides rapid, cost effective insight into an organism’s
biology, pathology and development which would be difficult with any other methods.  The genomic data set for O. nigricans
has already produced valuable information on an important vector of plant diseases.  This data also provides the first
experimental access to these genes and builds the foundation for more in-depth molecular and functional genomic analysis by
the research community.  Moreover, it identifies genes that are critical in the physiology, reproduction, development, of
leafhoppers.  Genetic information is crucial to advancing our understanding of sharpshooter biology, and will play a major
role in the development of future non-chemical, gene-based control strategies against leafhopper pests.
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Table 1. Biological Process of ESTs from O. nigricans ESTs
% of total ESTs

Gene Ontology Terma # ESTs representedb # contigs # singlets
[p]  Behavior 8 0.41% 2 3
[p]  Cellular Process

[c]  Cell communication
[i]  Cell adhesion 15 0.78% 2 9
[i]  Cell-cell signaling 29 1.50% 2 2
[i]  Signal transduction 60 3.10% 7 17

[c]  Cell differentiation
[i]  Sporulation 1 0.05% 0 1

[c]  Cellular physiological process
[i]  Cell death 3 0.16% 0 3
[i]  Cell growth and/or maintenance

[ii]  Cell homeostasis 24 1.24% 2 1
[ii]  Cell organization and biogenesis

[iii]  Cytoplasm organization and biogenesis 50 2.59% 6 13
[ii]  Cell proliferation 29 1.50% 2 13
[ii]  Transport 8 0.41% 2 3
[ii]  General (no further information provided) 12 0.62% 1 2

[i]  Cell motility 20 1.03% 2 6
[p]  Development

[c]  Cell differentiation 124 6.41% 2 4
[c]  Embryonic development 5 0.26% 1 3
[c]  Growth 2 0.10% 0 2
[c]  Larval or pupal development (sensu Insecta) 4 0.21% 1 2
[c]  Mesoderm development 29 1.50% 6 4
[c]  Organ development

[i]  Organogenesis
[ii]  Heart development 1 0.05% 0 1
[ii]  Hemopoiesis 1 0.05% 0 1
[ii]  Muscle development 12 0.62% 1 1
[ii]  Neurogenesis 31 1.60% 5 4

[c]  Pattern specification 1 0.05% 0 1
[c]  Reproduction 2 0.10% 0 2
[c]  General (no further information provided) 2 0.10% 1 0

[p]  Physiological process
[c]  Coagulation 1 0.05% 0 1
[c]  Death 43 2.22% 8 10
[c]  Homeostasis 22 1.14% 4 3
[c]  Localization 106 5.48% 11 21
[c]  Metabolism

[i]  Alcohol metabolism 1 0.05% 0 1
[i]  Amine metabolism 5 0.26% 1 0
[i]  Amino acid and derivative metabolism 33 1.71% 5 15
[i]  Biosynthesis

[ii]  Cuticle biosynthesis 2 0.10% 0 2
[ii]  Nucleotide-sugar biosynthesis 1 0.05% 0 1

[i]  Catabolism
[ii]  Macromolecule catabolism

[iii]  Protein catabolism 57 2.95% 9 30
[i]  Cofactor metabolism 13 0.67% 3 4
[i]  Electron transport 119 6.16% 6 5
[i]  Heterocyte metabolism 1 0.05% 0 1
[i]  Hormone metabolism 1 0.05% 0 1
[i]  Lipid metabolism 72 3.72% 8 25
[i]  Macromolecule metabolism

[ii]  Carbohydrate metabolism 172 8.90% 18 26
[ii]  Protein metabolism

[iii]  Protein biosynthesis 232 12.00% 49 37
[iii]  Protein complex assembly 1 0.05% 0 1
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Table 1 (cont). Biological Process of ESTs from O. nigricans ESTs
% of total ESTs

Gene Ontology Terma # ESTs representedb # contigs # singlets
[iii]  Protein folding 13 0.67% 2 9
[iii]  Protein modification 5 0.26% 0 5
[iii]  General (no further information provided) 5 0.26% 0 5

[i]  Neurotransmitter metabolism 1 0.05% 0 1
[i]  Nucleobase, nucleoside, nucleotide and nucleic acid

metabolism 109 5.64% 11 38
[i]  Organic acid metabolism 3 0.16% 0 3
[i]  Phosphorous metabolism 282 14.59% 11 15
[i]  Sulfur metabolism 1 0.05% 0 1
[i]  General (no further information provided) 1 0.05% 0 1

[c]  Muscle contraction 78 4.04% 6 5
[c]  Organismal physiological process

[i]  Organismal movement 6 0.31% 2 2
[c]  Response to stimulus

[i]  Response to biotic stimulus 67 3.47% 12 21
[i]  Response to endogenous stimulus 1 0.05% 0 1
[i]  Response to external stimulus 1 0.05% 0 1
[i]  Response to stress 3 0.16% 0 3

[p]  Regulation of biological process 2 0.10% 0 2
Totals 1933 100.00% 211 395

aClassification hierarchial:  indented terms are children [c] of parent terms [p] listed above.  All functional
assignments of Oncometopia nigricans ESTs  described here are the "inferred from electronic annotation" (IEA) using
the top 5 BLASTX hits with an E-value of ≤-10
b% of total ESTs was calculated using only ESTs with a BLASTX hit at an E-value of ≤-10 and of known protein
function.
Unknown Biological Process 481 10.90% 48 217
NSS 1307 29.63% 115 659
Virus 1 0.02% 0 1
Mt 1 0.02% 0 1
RRNA 686 15.55% 6 2

4411 56.18% 381 1275

Table 2. Putative full-length protein sequences produced from Oncometopia nigricans, in silico characterization.  Sequences
published in the NCBI, public database. (Hunter et al., in prep).

Complete Putative Protein Sequences for WHON

Contig NCBI Descriptor
[0010] IDGF-like protein
[0015] Actin, Muscle
[0017] Actin, Cytoplasmic
[0018] ADP/ATP translocase
[0021] Rhodopsin
[0023] Delta-9 desaturase
[0095] Elongation factor 1-alpha (Posted)
[0124] Ferritin GF2
[0158] Fructose 1,6-bisphosphate aldolase
[0200] Arginine kinase
[0409] Glyceraldehyde 3-phosphate dehydrogenase
[0926] Enolase
[1317] CG7610
[1442] RAB7
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Table 3. Sequences producing significant alignments:

(Bits) Value
gb|AAU95195.1| delta-9 desaturase [Oncometopia nigrican 744 0.0
gb|AAT01079.1| delta-9 desaturase 1 [Homalodisca vitripennis 723 0.0
gb|AAK25796.1|AF338465_1 delta-9 desat.1 [Acheta domesticus 536 8e-151
gb|ABD72703.1| fatty acid desaturase [Acyrthosiphon pisum 518 2e-145
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Figure 1. The isolated Δ9 desaturase cDNA from O.
nigricans and GWSS.  The cDNA encodes a 367 (aa)
with 71% identity to A. domesticus desaturase, and
significant (>50%) identity with other insect Δ9
desaturases. In silico analyses place GWSS Δ9
desaturase in the Family 1 of ProDomain fatty acid
desaturases a Palmitoyl-CoA Δ9 desaturase-1.  No
detection of expression in eggs.  All other instars
expressed Δ9 desaturase at increasing levels for each
instar.  There was no significant difference in
expression of Δ9 desaturase among nymphs, adults
expressed significantly greater levels.  Adult females
showed a >7 fold increase over 1st-4th instars.  There
was no significant difference between adult sexes.
Sequences published Acc. no. AAT01079.
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ABSTRACT
A new viral pathogen of the glassy-winged sharpshooter, GWSS, (Homalodisca vitripennis, aka H. coagulata) was
discovered and characterized.  Few pathogens of leafhoppers have been discovered which have potential for use as a
biological control agent.  To identify new pathogens of GWSS we used a genomic approach to isolate, sequence, and identify
expressed sequence tags, ESTs, produced from field collected GWSS populations.  Viral sequences were identified out of the
initial 9,620 ESTs generated from single-pass 5’ end sequencing of the GWSS expression library.  Processing produced 8,795
ESTs which had lengths greater than 100 nucleotides post quality and vector trimming.  The ESTs had an average read length
of 689 bp, and an average inset size of 899 bp.  Sequences shorter than 200 contiguous bases were removed from analyses.
After assembly there were 3,008 sequences, 799 contigs with an average length of 1,113 bp, and 2,209 singlets.  Using these
sequences to get a start, it was possible to completely sequence the full virus genome, and the virus was labeled, HoCV-1.
Further analyses and characterization of HoCV-1 demonstrated that it infected and crossed the midgut barrier of GWSS.  The
virus was classified as a member of the family Dicistroviridae, which are single-stranded RNA viruses which do not have a
DNA stage.  Two other viruses were also identified which are currently being characterized and which were taxonomically
unrelated to HoCV-1.  These leafhopper viral pathogens appear to induce increased mortality, 40% or more, during the
nymphal stages of leafhopper development and may have further applications in the management of leafhopper pests to
reduce the spread of Pierce’s disease of grapes.

INTRODUCTION
Leafhoppers are the second most serious agricultural pest, after aphids, both of which transmit plant diseases.  Few
leafhopper pathogens are known and efforts to discover pathogens can be costly.  Where it occurs the glassy-winged
sharpshooter, GWSS, Homalodisca vitripennis Germar 1821 (Hemiptera: Cicadellidae) (Takiya et al., 2006) is the primary
vector in the spread of Pierce’s disease, PD, of grapes.  Pierce’s disease is caused by strains of the plant-infecting, Xylella
bacteria, which cause severe economic losses to viticulture and other tree crops in the USA.  The GWSS readily flies long
distances, thus spreading PD throughout and across grapes growing regions.  To maximize our efforts we chose an approach
which would advance our understanding of the genetic basis of leafhopper biology, while optimizing efforts to discover
leafhopper pathogens.  Therefore, we chose to create a large-scale 5′ end sequencing project of cDNA clones produced from
adult GWSS.  The use of expressed sequence tags (EST) have proven to be a rapid method to generate important genomic
information which permits researchers to address difficult questions concerning insect biology, pathology and disease
transmission.

OBJECTIVES
Search for viral pathogens of sharpshooters using the molecular approach of cDNA libraries which provide a rapid, cost
effective method that advances our understanding of an organism, plus identifies the invisible, unknown, internal/external
organisms associated with the target species, the GWSS, or other leafhopper.  Viral pathogens are tools for leafhopper
management and open new avenues to reduce PD.

RESULTS & DISCUSSION
GWSS Genomics: Adult GWSS were collected from a citrus grove near Riverside, CA.  Of the initial 9,620 ESTs generated
from single-pass 5’ end sequencing of the GWSS expression library, 8,795 ESTs had lengths greater than 100 nucleotides
post quality and vector trimming.  The ESTs had an average read length of 689 bp, and an average inset size of 899 bp.
Approximately 500 of these sequences were identified as having significant homology to a virus.  After assembly of the
dataset there were 3,008 sequences, 799 contigs with an average length of 1,113 bp, and 2,209 singlets, average length of 681
bp.  Of the total assembled 3,008 sequences, 1,574 or 52.3% corresponded with putative matches in GenBank at an E-value
of <-10, while 1,434 sequences, or 47.7%, had ‘no significant homology’ to sequences currently listed in GenBank,nr
database by in silico analyses (BLASTX, TBLASTX, BLASTN).  The sequence data described in this paper have been
submitted GenBank Accession Numbers CF194966 through CF195393.  National Center for Biotechnology Information,
NCBI.  The capsid protein sequence of HoCV-1 was submitted into GenBank (accession number: DQ308403).  The genomic
architecture was determined (Figure 1) and phylogenetic analyses performed as in Hunnicutt et al., 2006, (Figure 2),
(Table 1).
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Genomic characterization of the virus: demonstrated that HoCV-1 was a close member of the Family: Dicistroviridae, which
are single-stranded, RNA viruses, with no DNA stage. The complete nucleotide sequence of HoCV-1 infecting GWSS was
determined and further in silico analysis revealed a genome containing 9,321-polyadenylated nucleotides encoding two large
open reading frames (ORF1 and ORF2) separated by a 182-nt intergenic region (IGR) (Figure 1).  The deduced amino acid
sequence of the 5′-proximal ORF (ORF1, nt 420–5807) exhibited conserved core motifs characteristic of the helicases,
cysteine proteases, and RNA-dependent RNA polymerases of other insect-infecting picorna-like viruses. These viruses are
often reported to be in association with increased mortality of their infected host, as with fire ants, and honey bees.  Virus
analysis and detection from salivary gland (Sg) and midgut (Mg) tissues of Homalodisca vitripennis adults tested for
presence of HoCV-1, using rtPCR.  Both types of tissues from individual insects were dissected and analyzed in a pairwise
fashion.  Only midgut tissues were shown to test positively for virus presence.  Tissues were then prepared for examination
by transmission electron microscopy (Figure 3.).  Virions were observed to be present in high numbers within midgut tissues
of GWSS which tested positive for HoCV-1, and absent when GWSS tested negatively.  The virions appeared to be taken up
by the microvilli of the midgut and to propagate within the basal laminae (Fig 3).

Geographic Distribution:  A host range for HoCV-1 was conducted.  Adult leafhoppers were collected over a two year period
throughout various geographic locations, including Florida, Georgia, South Carolina, North Carolina, California, and Hawaii.
Other leafhopper species were also evaluated.  The presence of HoCV-1 was detected in both sexes and all developmental
stages of GWSS, including eggs (Hunnicutt et al., 2007).  Although no mode(s) of transmission could be conclusively
accepted/rejected, these results suggest that infection may be maintained through both transovarial and transstadial
transmission.  In Florida viruliferous samples were detected only in Gadsden and Suwannee counties, two of the three
localities in which GWSS were most abundant.  This account is similar with a distribution study conducted by Hoddle et al.
(2003) which found that significantly more GWSS inhabit north Florida than central and south Florida.  Infected GWSS were
found in Georgia, South Carolina, and North Carolina with the incidence of infection ranging from 8–100% (Hunnicutt et al.,
2007).  Conversely, our assay failed to detect HoCV-1 in any of the GWSS collected from the island of Oahu, HI.  Virus
infection was distributed among populations regardless of the host plant from which the insect was harvested.  Adults of two
additional sharpshooter vector species, H. insolita and O. nigricans, collected in north Florida were also demonstrated to be
natural hosts for HoCV-1 However, neither D. minerva nor G. atropunctata tested positive for the virus.  These findings
suggest that while HoCV-1 is not limited to H. vitripennis, infection was not ubiquitous to all sharpshooter genera evaluated.

Figure 1. Genomic organization of HoCV-1, Capsid proteins are encoded at the 3′ end.  Organization
follows that of other Dicistroviruses. The complete nucleotide sequence of HoCV-1 infecting GWSS in
silico analysis revealed a genome containing 9,321-polyadenylated nucleotides encoding two large open
reading frames (ORF1 and ORF2) separated by a 182-nt intergenic region (IG).

Figure 2. Phylogenetic analysis
of HoCV-1 and other positive-
sense ssRNA viruses based on
amino acid sequence of the
putative RNA-dependent RNA
polymerase (RdRp). Neighbor-
joining were produced using
PAUP 4.0b software, 1000
bootstrap replicates. Outgroup
was Sacbrood virus (SBV).
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Table 1. Comparison of amino acid sequence of Homalodisca vitripennis virus, HoCV-1, capsid
polyprotein to other viruses in Dicistroviridae.  Percent identity and similarity from BLASTX.

Capsid Polyprotein Identity
%

Similarity
%

HoCV-1 905 aa 100 100*
PSIV 874 aa 25 44
TrV 915 aa 27 44
HiPV 889 aa 26 44
BQCV 885 aa 27 44
DCV 937 aa 24 40
CrPV 926 aa 23 39
ALPV 888 aa 26 40
RhPV 893 aa 26 41
ABPV 968 aa 22 38

Drosophila C virus (DCV) (Johnson and Christian 1998), Cricket Paralysis virus (CrPV) (Koonin and
Gorbalenya 1992), Aphid lethal paralysis virus (ALPV) (Munster et al., 2002), Rhopalosiphum pisum virus
(RhPV) (Moon et al., 1998), Triatoma virus (TrV) (Czibener et al., 2000), Plautia stali intestine virus
(PSIV) (Sasaki et al., 1998), Himetobi P virus (HiPV) (Nakashima et al., 1999), Black Queen Cell virus
(BQCV) (Leat et al., 2000), Acute bee paralysis virus (ABPV) (Govan et al., 2000). (From Hunter et al.,
2006).

CONCLUSIONS
The production of cDNA libraries provides rapid and cost effective methods that advance our understanding of an organism
and the interactions of the invisible internal/external organisms associated with the target species, the GWSS.  We have been
using this method for the last four years to discover leafhopper pathogens, and to gather insights into the genetic basis of
leafhopper biology, pathogen interactions.  The first leafhopper virus characterized, HoCV-1, has demonstrated that it may
have use to decrease GWSS population numbers.  Insect viruses can cause indirect mortality by making the infected insects
more susceptible to insecticide applications, and/or to parasitization and predation by reducing the activity of the leafhopper.
Two other new leafhopper viruses which we have been discovered are currently being further characterized to determine if
they too have application as biological control agents, and/or as gene delivery tools, to be used in the management of GWSS
and other leafhopper pests, aimed as reducing the spread of Pierce’s disease of grapes as well as other Xylella caused plant
diseases.

Figure 3. Electron micrograph of a
single virion prepared from infected
adult leafhoppers, Homalodisca
vitripennis, glassy-winged
sharpshooter. Scale bar = 100 nm.
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ABSTRACT
The condition of diapause in the glassy-winged sharpshooter, GWSS, Homalodisca vitripennis, is poorly understood.
Diapause is better known from other, non hemipteran insects.  We used oligonucleotide microarrays to address the
specificities of transcriptional responses of adult female GWSS, which were in ‘diapause’, to different lighting regimes.  Two
of these lighting regimes were known to induce oviposition in diapause females under greenhouse conditions during winter
months.  Thus we examined female GWSS gene expression during diapause and during the ‘breaking’ of diapause induced
by light.  Upon ‘breaking’ diapause, the females’ ovaries became active, produced eggs and females oviposited similar to
springtime conditions.  The mRNA from 22 individual GWSS adult females was compared.  Each individual was hybridized
to a single chip.  There were six individuals in the control group, and eight individuals in each treatment.  Using strict criteria
(a twofold change in expression), we determined that a definable number of genes was differentially expressed between the
diapause females within the three lighting regimes.  Of the 2,126 genes surveyed, five genes showed an increase in
expression and two showed a decrease in expression (at least a 2.2-fold change) when comparing the control adult female
GWSS to the GWSS exposed to the light treatments.  Identification of the genetic basis of diapause will provide genetic
targets which may be subjected to ‘silencing’ or ‘down-regulation’ by emerging technologies in plant improvement, or
through virus delivery, or endophytic bacterial expression systems.

INTRODUCTION
Little is known about the genetic basis of diapause in the GWSS.  As winter season approaches the GWSS becomes
physiologically suppressed.  The ovaries shrink and appear to become non active.  These females, which survive the winter
months, will emerge in the spring and become active again, thus ovipositing eggs in the early spring which become the next
generation.  Attempts to mass rear GWSS is difficult and often halts when winter arrived due to the lack of eggs.  Some
females were noticed to continue to oviposit when under a different light source.  Having a condition which manifests a
biological response provided a unique opportunity to examine the genetic basis of the effect of light wavelength on the
induction of GWSS oviposition.

OBJECTIVES
Increase understanding of the genetic basis of diapause in sharpshooters, GWSS.  Use of a genomics approach permits
examination of leafhopper diapause at the genetic level.  Discoveries from these results will advance our understanding of the
triggers and biological pathways related to diapause.

RESULTS
The principles of Oligonucleotide and cDNA microarray assay of gene expression: Five genes were identified which
responded to Far-Red light (Figures 2, 3).  A microarray is a set of short Expressed Sequence Tags (ESTs) made from a
cDNA library of a set of known (or partially known) gene loci.  In this case the ‘Unigene’ set used in the production of this
array consisted of 2,126 selected genes, produced by Hunter (database NCBI).  The data set was mined from four different
cDNA libraries produced from 1) adults, 2) 5th instars, 3) midguts, 4) salivary glands.  The ESTs produced from previous
work are used as a template to prepare smaller oligonucleotides (35 bases long) which are mass produced and then spotted
onto a cover-slip-sized glass plate.  The GWSS microarray was produced by Combimatrix, Inc., (microarray slide format: 1
X 12,000 features) and was laid out in a repeat of four fields, each with the same 2,126 features to account for within
microarray variation (Figure 1).  Twelve chips were used for this experiment to evaluate 22 individual GWSS.  Four slides in
each of three treatments which were stripped and rehybridized with independent GWSS samples to account for between chip
differences.  A total of 22 individual GWSS were processed and hybridized to the arrays, six in the control, eight in treatment
I., eight in treatment II.   The control was: Normal grow lights-Phillips fluorescents, two banks of four blacklight 75Watt;
Treatment I: was two Sylvania GroLux, 400 Watt, and Treatment II: was one AgroSun Gold Universal 1,000 Watt.  Each
light was raised or lowered to provide approximately the same light intensity, as determined by a hand held light meter.  The
mRNA transcriptomes are prepared by extraction from the whole body of a GWSS.  Complementary DNA (cDNA) reverse
transcripts are prepared and labeled with two different fluorescent dyes.  The experimental and control libraries are
hybridized to the microarray.  Dual-channel laser excitation excites the corresponding dye, which fluoresces proportional to
the degree of hybridization that has occurred.  Relative gene expression is measured as the ratio of the two fluorescences:
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“up-regulation” relative to the control will be visualized as a red “pseudo-colour,” “down-regulation” shows as green, and
constitutive expression (1:1 versus control) as a neutral black. Intensity of color is proportional to the expression differential.

CONCLUSIONS
The use of Oligonucleotide or cDNA microarrays can measure life-stage and tissue specific patterns of gene expression
across tens, hundreds, or thousands of genes at a time, thus providing a powerful genomic tool.  Genomic approaches to the
investigation of diapause in insects have vastly expanded our knowledge about GWSS physiology.  Leafhopper genetic
analysis will undoubtedly expand and we will make new discoveries involved in the diapause of GWSS.  Gene profiling of
different leafhopper species, or even across insects, will assist in determining the complex pathways that comprise the
response that we call diapause.

Figure 1. Microarray chip layout design, 1x12K

Four printed fields each repeats the same 2,126 genetic
sequences.1

2

3

4

An Oligonucleotide that is 35 bases long is designed to
each gene sequence.  The oligo is then mass synthesized
and spotted onto the chip.

Total RNA is isolated from one insect, and labeled for
each chip Hybridization.

Within chip variation, and between chip variation is
controlled for, with significance being 2.5 fold difference
of Increase or decrease of detection.

Figure 2. Wavelength spectrum chart from 1000 Watt
bulb, Agrosun Gold Universal.  Microarray analysis
determined five genes were up regulated in response to
stimulation to light in the Far Red spectrum (RED
Arrow).  GWSS which were in ‘diapause’ show a
condition of reduced ovaries and no egg production.  A
light regime of two weeks, with an additional two weeks
to start egg production produced females which were
able to lay eggs and which had active, enlarged, ovaries.
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Homalodisca vitripennis

Figure 3. GWSS in diapause have reduced
ovaries, and no egg production.  In the
spring the ovaries become revitalized and
egg production starts again.  Light and
temperature affects the insect brain and
physiology.

To identify the wavelength of light which
may be involved in inducing the ‘breaking’
of diapause we evaluated gene expression
in GWSS that were in diapause, after they
were exposed to three different light
sources which had different light spectra.
We identified five genes which were
significantly upregulated during GWSS
exposure to far red light.  These GWSS
developed enlarged, active ovaries.
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ABSTRACT
Although Graphocephala atropunctata (Signoret) (Hemiptera: Cicadellidae) is the native ‘blue-green sharpshooter,’ BGSS,
which has been a major vector of Pierce’s disease in vineyards in California for nearly a century, only recently has any
genomic information become available.  Due to the importance of the BGSS as the principal native vector of Pierce’s disease
(Almeida et al., 2005), we chose to examine the biology of the BGSS using a genomics approach.  A cDNA library was made
from adult BGSS, and 8,160 expressed sequence tags, ESTs, were produced.  After quality scoring 6,836 sequences
underwent assembly which produced a set of 1,915 sequences that putatively represented distinct transcripts.  Initial
annotation of this dataset identified 44 putative protein sequences were characterized through in silico analyses, and
published in the NCBI database (Accession numbers are listed in Table 1).  BLASTX analysis identified 10 significant
homology matches to heat shock proteins, HSP, which are the focus of this study due to their overall importance and
functions in maintaining protein integrity and activity during stressful conditions, such as extreme heat, cold, drought or
crowding.  A putative full-length small heat shock protein was produced NCBI database accession DQ445538.1.  Many other
genes of interest which have various functions in leafhopper biology and physiology have also been identified but are not
reported herein.  The EST sequences reported in this study have been deposited in GenBank’s dbEST under accession
numbers EH655849-EH662328 and EH662332.

INTRODUCTION
Sharpshooter leafhoppers are vectors of a number of destructive plant diseases caused by the plant infecting bacterium,
Xylella fastidiosa.  The native leafhopper, Graphocephala atropunctata (Signoret) (Hemiptera) ‘blue-green sharpshooter,’
BGSS, is a major vector of Pierce’s disease, PD, in vineyards in California and has been spreading PD for nearly a century.
Unlike invasive glassy-winged sharpshooter (GWSS), the BGSS is smaller in size and prefers to feed in riparian habitats,
thus keeping most infections in grapevine to the bordering plants.  The crops grown in the San Joaquin Valley face extremely
hot temperatures in the summers, often over 38°C, and freezing temperatures during the winter months which creates a highly
stressful environment for sharpshooters and other insects.  The importance of BGSS as the principal native vector of PD in
grapes (Almeida et al., 2005), led us to examine the biology of BGSS using a genomics approach to determine how these
sharpshooters are dealing with these harsh environmental conditions.  The benefits gained from expressed sequence tag, EST,
studies have been definitively demonstrated through many studies on insects (Drosophila, Honey bee, Aphids, Silk worm)
and other organisms.  Current production of genomic information on the BGSS is now available (Hunter et al., NCBI) which
was derived from single-pass sequencing of cDNA clones.  The identification of genes associated with leafhopper biology
continues to expand as more ESTs are produced from different species. Annotation of these datasets advances current
understanding of leafhopper biological pathways while providing clues to the genetic basis of such processes as insect-
pathogen, and insect-plant interactions.  The availability of genomic data on BGSS, which is one of three sets of genomic
data on sharpshooters (Hunter, NCBI) provides a solid foundation for future studies in functional genomics to advance the
creation of novel genomics-based management strategies for this and other leafhopper vectors of plant diseases.  Herein we
report on the production and annotation of 44 putative proteins from BGSS, and the annotation of heat shock proteins from
BGSS.

OBJECTIVES
To produce, annotated, and identify genes critical to sharpshooter survival, such as heat shock proteins.  Genomics advances
our understanding of the genetic basis of leafhopper biology.  The results build the foundation for functional genomic studies,
aimed towards development of better leafhopper management strategies to reduce the spread and impact from Pierce’s
disease.

RESULTS & DISCUSSION
Adult G. atropunctata were obtained from a colony managed by Alexander Purcell at the University of California (Berkeley,
CA). Founder BGSS were field-collected from mugwort (Artemisia douglasiana L) in Guerneville, CA (Sonoma Co.) and
subsequently reared on sweet basil (Ocimum basilicum L.) at 25°C (+10°C/-5°C), 14 L: 10 D.  First-generation progeny were
macerated in RNAlater® RNA Stabilization Reagent (Ambion, Austin, TX) and stored at -40ºC prior to shipment.
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Sequence analysis - Base calling was performed using TraceTuner™ (Paracel, Pasadena, CA) and low-quality bases (quality
score <20) were stripped from both ends of each EST.  Quality trimming, vector trimming, and sequence fragment
alignments were executed using Sequencher™ software (Gene Codes, Ann Arbor, MI).  Sequencher contig assembly
parameters were set using a minimum overlap of 50 bp and 90% identity.  Contigs joined by vector sequence were flagged
for possible miss-assembly and manually edited.  Putative sequence identity was determined based on BLAST similarity
searches using the NCBI BLAST server (www.ncbi.nlm.nih.gov) with comparisons made to both non-redundant nucleic acid
and protein databases using BLASTN and BLASTX, respectively.  Matches with an E-value ≤-10 were considered
significant and were classified according to the Gene Ontology (GO) classification system.  The 5′-single pass sequencing of
a cDNA library derived from adult BGSS yielded 8,160 ESTs, of which 6,836 were designated as “high quality”.  Forty
putative proteins identified from BGSS are listed in Table 1.  Homologous matches to heat shock proteins, HSP 20, 40, 70,
and 90, are shown in Table 2.  A putative full-length protein was matched to a small heat shock protein Table 3.  Protein
sequence for the BGSS small heat shock protein, sHSP, to: Locust, Pink hibiscus mealybug, Honey bee, Parasitoid Nasonia,
and the Mosquito showed most similar to Locus and mealybug.

Small heat shock protein - Small heat shock considered α-crystallin proteins, sHSP, are defined by a conserved sequence of
approximately 90 amino acid residues, termed the α-crystallin domain (MacRae, 2000; Taylor & Benjamin, 2005).
Functionally, most sHSP display in vitro chaperone-like activity, that is, the capacity to interact with other HSP to prevent
aggregation and to keep proteins in a folded, competent state (Franck et al., 2004), they occur in all Kingdoms, but not in all
organisms.  Small HSP have been implicated in an astounding variety of processes, such as enhancing cellular stress
resistance (Feder & Hofmann, 1999), regulating actin and intermediate filament dynamics (Wieske et al., 2001), inhibiting
apoptosis, modulating membrane fluidity (Tsvetkova et al., 2002), and regulating vasorelaxation (Flynn et al., 2003).  Amino
acid sequence comparisons of the BGSS sHSP with other sHSP showed the common motif of the alpha-crystallin domain,
NCBI GenBank database (http://www.ncbi.nlm.nih.gov/blast).  The α-crystallin domain is a hallmark of the α-
crystallin/small HSP superfamily.  The putative α-crystallin domain was present at amino acid positions 64–146.  The
percentage identity among BGSS to other insect sHSP deduced amino acid sequences varied from 44% to 56%, with the
highest similarity between Locusta migratoria HSP 20.7 and Maconellicoccus hirsutus, sHSP, (Table 3) and the lowest to
Rattus norvegicus Alpha-crystallin A chain (not shown).

The occurrence of sharpshooters in high densities during summer months which may reach extremely hot temperatures as in
CA and FL produce similar conditions of stress on sharpshooters. The insects must be able to prevent the crosslinking or
deformation of proteins to maintain their function and life.  Comparative genomics permits us to examine the full length
cDNAs of HSP 20.5, 20.6, 20.7, 40, 70 and HSP 90 of the migratory locust which have been cloned and sequenced to make
reasonable associations to similar proteins in the BGSS.  The functions of HSP are well studied and further comparisons
between the BGSS and other organisms provide key information for the examination and characterization of HSP in BGSS.
We are using these findings in other insects, like locusts, to expand our understanding of the roles and pathways HSP play in
BGSS survival.

CONCLUSIONS
The information gained from this study represents the first investigation regarding the transcriptome of G. atropunctata,
BGSS.  The resultant sequence data has produced valuable information on sharpshooter heat shock proteins, and identified
many other physiologically important transcripts.  The data has been made available to the public to facilitate the use of this
information in further studies on sharpshooters.  The important role of heat shock proteins to sustain protein integrity and
other critical functions make them suitable for further examination as potential critical genetic targets which may be altered
to reduce leafhopper populations.  Collectively, these genetic sequences provide the strong foundation needed for further
functional genomics studies which will enable the development of more biorational management strategies to reduce losses
from the diseases spread by this and other leafhopper pests.
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Table 1. Proteins from Graphocephala atropunctata, the blue-green sharpshooter, 44 Putative
Protein Sequences, Published 03-03-06, NCBI. http://www.ncbi.nlm.nih.gov/sites/entrez

Definitions Clone Accesion Number
file WHGA0016 (similar to CG2210).sqn: WHGA0016        DQ445499
file WHGA0091 (ribonuclease).sqn: WHGA0091        DQ445500
file WHGA0096 (cytochrome C oxidase polypeptide: WHGA0096        DQ445501
file WHGA0097 (s9e ribosomal protein).sqn: WHGA0097        DQ445502
file WHGA0105 (ubiquitin fusion protein).sqn: WHGA0105        DQ445503
file WHGA0114 (tropomyosin 1).sqn: WHGA0114        DQ445504
file WHGA0124 (thioredoxin-like protein).sqn: WHGA0124        DQ445505
file WHGA0140 (CSF signaling molecule).sqn: WHGA0140        DQ445506
file WHGA0151 (mitochondrial ATP synthase).sqn: WHGA0151        DQ445507
file WHGA0169 (cytochrome c reductase).sqn: WHGA0169        DQ445508
file WHGA0271 (LIM protein).sqn: WHGA0271        DQ445509
file WHGA0283 (tumor protein): WHGA0283        DQ445510
file WHGA0301 (oligomyocin sensitivity protein): WHGA0301        DQ445511
file WHGA0310 (cytochrome oxidase Va): WHGA0310        DQ445512
file WHGA0380 (ferritin): WHGA0380        DQ445513
file WHGA0381 (calmodulin): WHGA0381        DQ445514
file WHGA0392 (ADP-ATP translocase): WHGA0392        DQ445515
file WHGA0411 (NADH dehydrogenase 1 alpha): WHGA0411        DQ445516
file WHGA0412 (ribosomal protein L23): WHGA0412        DQ445517
file WHGA0430 (Histone3A): WHGA0430        DQ445518
file WHGA0449 (vacuolar ATPase subunit E): WHGA0449        DQ445519
file WHGA0585 (ribosomal protein 4e): WHGA0585        DQ445520
file WHGA0587 (ribosomal protein L37Ae): WHGA0587        DQ445521
file WHGA0762 (ribosomal protein S23e): WHGA0762        DQ445522
file WHGA0689 (elongation factor 1d): WHGA0689        DQ445523
file WHGA0199 (ribosomal protein 49).sqn: WHGA0199        DQ445524
file WHGA0225 (V-ATPase).sqn: WHGA0225        DQ445525
file WHGA0228 (NADH-ubiquinone reductase).sqn: WHGA0228        DQ445526
file WHGA0230 (cytochrome oxidase VIa).sqn: WHGA0230        DQ445527
file WHGA0257 (ribosomal protein L27Ae).sqn: WHGA0257        DQ445528
file WHGA0270 (mitochondrial ATP synthase).sqn: WHGA0270        DQ445529
file WHGA0783 (cytochrome oxidase Vb): WHGA0783        DQ445530
file WHGA0824 (cytochrome c): WHGA0824        DQ445531
file WHGA0900 (tropomyosin): WHGA0900        DQ445532
file WHGA0927 (PPIase): WHGA0927        DQ445533
file WHGA1072 (ribosomal protein L19e): WHGA1072        DQ445534
file WHGA1215 (GABA): WHGA1215        DQ445535
file WHGA1242 (mito. ATP synthase gamma): WHGA1242        DQ445536
file WHGA1340 (mito. porin): WHGA1340        DQ445537
file WHGA1462 (small heat shock protein): WHGA1462        DQ445538
file WHGA1611 (ribosomal protein L18A): WHGA1611        DQ445539
file WHGA2669 (mito. ATP synthase e): WHGA2669        DQ445540
file WHGA2689 (reductase complex QP-C): WHGA2689        DQ445541
file WHGA3412 (ribosomal protein S7e): WHGA3412        DQ445542
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Table 2. Heat shock protein homologs to transcripts in Graphocephala atropunctata, the blue-green sharpshooter, cDNA
library.  The full-length cDNA to a small heat shock protein, HSP 20.1, was sequenced and posted in NCBI database
accession DQ445538.1.  Partial sequences were identified homologous to HSP 40, HSP 70, and HSP 90.

Clone Descriptor E-value
Contig[1462]928 bp gb|EAA04497.3| small HSP 20 Anopheles gambiae 8e-040

Contig[1012] 737 bp gb|AAG42838.1| heat shock 70 kDa proteinLeptinotarsa decemlineata (Colorado potato beetle) 6e-028

Contig[0130]1076 bp ref|XP_623939.1| 90 kDa heat shock protein Apis mellifera 3e-084

Contig[1050] 741 bp dbj|BAE44308.1| heat shock cognate protein 70 Chilo suppressalis e-104

Contig[1901] 833 bp gb|EAA08691.3| HSP cognate 70 Anopheles gambiae 6e-050

Contig[2381] 857 bp gb|EAA03148.2| heat shock 40kD Anopheles gambiae 9e-022

WHGA057-76  560 bp gb|AAL27404.1| 70 kDa heat shock protein Artemia franciscana brine shrimp 2e-045

WHGA051-87  578 bp gb|AAO65964.1| heat shock protein 70 Manduca sexta 1e-054

WHGA079-33  749 bp gb|AAO21473.1| hsp70 family member [Locusta migratoria] 2e-082

WHGA008-42  812 bp dbj|BAD74196.1| heat shock protein hsp20.1 Bombyx mori 2e-037

Table 3. Alignment of conserved domain for Small Heat Shock Protein, Essential for life, from Graphocephala
atropunctata, the blue-green sharpshooter.  Conserved domain alignments were most similar to Locusta migratoria and
Maconellicoccus hirsutus, sHSP (Expect = 5e-49), BLAST2, NCBI tools.

Similar alignment 182 aa SCORE P ACCESSION GI PROTEIN DESCRIPTION

Conserved Domain Database hits

Locusta migratoria
569 27 ABC84492 85816366 HSP 20.5 Expect = 5e-49

Graphocephala atropunctata
500 18 AB D98776 90820038 small HSP

Maconellicoccus hirsutus
500 18 ABM55532 121543671 small HSP Expect = 5e-49

Apis mellifera
431 18 XP_001... 110750766 Protein lethal(2) essential for life (Protein Efl21)

Aedes aegypti
423 18 XP_001... 157135561 lethal(2)essential for life protein,  l2efl

Aedes aegypti 423 18 XP_001... 157135559 lethal(2)essential for life protein,  l2efl
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ABSTRACT
The purpose of this project is to define and quantify specific environmental constraints that influence the population
dynamics and overwintering success of glassy-winged sharpshooter (GWSS), Homalodisca vitripennis (formerly coagulata),
and to field-test our laboratory findings.  Using data collected in our laboratory tests and field studies, we developed a
“cooling degree-day” (CDD) model to estimate the impacts of winter field temperatures on GWSS survival throughout
California.  Work on better understanding the feeding behaviors of GWSS at various temperatures is underway using an
electrical penetration graph (EPG).  Initial results from these studies indicate that GWSS adults may continue feeding during
the two hours after the air temperature falls below 50ºF (= 10ºC) (i.e., our estimated feeding threshold), but eventually stop.
Feeding activity data are currently being analyzed.  Field studies on GWSS overwintering were initiated by releasing field-
collected insects into the double-protected cages in secure areas in late November 2006 in the areas of Bakersfield (Kern
County) and Riverside (Riverside County).  Weekly monitoring was completed in February 2007.  The caged GWSS adults
at Bakersfield experienced 100% mortality in mid-January 2007 whereas 8.4% of GWSS at Riverside remained alive at that
time.  The number of surviving adults at Riverside in late February was equal to 0.4% of the initial cohort placed in the cages
in early December 2006. Using the data from these field studies and those conducted by Don Luvisi, Emeritus Farm
Advisor, during the winter season 2001-2002 in the Bakersfield area, we found that a non-linear model provided a good
estimation of the impact of accumulated CDD on GWSS mortality.  One hundred percent GWSS mortality was estimated
when accumulated CDD reached 215 CDD.

INTRODUCTION
Climate appears to play a significant role in the geographic distribution of diseases caused by Xylella fastidiosa (Xf) in
California and throughout the southeastern U.S. (Purcell 1997).  Similarly, populations of glassy-winged sharpshooter
(GWSS), Homalodisca vitripennis, in the southeastern US appear to be constrained by climatic factors that limit the pest’s
establishment and persistence (Hoddle 2004).  Presently, limited information exists on the overwintering biology and ecology
of GWSS in the San Joaquin Valley of California.  Our earlier results from this project indicated that survival and feeding
activity of GWSS adults were significantly influenced by temperature and exposure duration.  In particular, low temperatures
caused rapid mortality.  Access to host plants for feeding was a critical factor for survival at high temperatures (≥ 20°C).  We
developed models to approximate the influences of temperature on GWSS survival with changes in exposure duration.
Additional studies focused on the impacts of temperature on GWSS feeding rates with the aim of determining the thresholds
below which feeding stops and to further determine the critical duration of time spent in this non-feeding state, which may
result in increased mortality.  The results below advance our ability to define the specific environmental constraints that
influence GWSS population dynamics and overwintering success by increasing our present understanding of the
overwintering requirements of GWSS with a focus on critical environmental factors that may limit population distribution in
the Central Valley of California.

OBJECTIVES
1. Identify the critical environmental constraints that influence the spatial population dynamics and overwintering success

of GWSS in California’s Central Valley.
2. Characterize the impact of host plant species succession on the overwintering survivorship of GWSS populations that

constrain the insect’s ability to become established and persist throughout the San Joaquin Valley.
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RESULTS
Objective 1
Sub-objectives on a) temperature dependent-survival of GWSS under different feeding conditions; b) survival under diurnal
temperature cycles, and c) xylem excreta production bioassays have been completed with respect to data collection and
analysis.  A manuscript describing temperature dependent-survival of GWSS under different feeding conditions is being
prepared for submission to Environmental Entomology.  A second manuscript combing the results of the latter two sub-
objectives will be produced and submitted for publication.

Variable temperature Electrical Penetration Graph recordings
Given difficulties in obtaining lab-reared GWSS individuals during the winter months, Electrical Penetration Graph (EPG)
recordings were conducted using field-collected GWSS adults held within field cages.  A GWSS adult was individually
tethered to each Japanese euonymus plant used in the study (four replicates). To qualify and quantify real-time responses of
GWSS feeding, environmental conditions (i.e., light intensity, temperature) were monitored using a data-logger (HOBO
Pendant) to record climatic parameters. Recordings of EPG-generated waveforms were visually interpreted using the Windaq
software program.  Data analysis for the EPG experiment is in progress.  A waveform (see Figure 1) may be categorized into
pathway (p), ingestion (c), interruption (n), and baseline (z) (Joost et al. 2006). Preliminary results are provided below (Table
1, Figures 2B, C). Environmental conditions (i.e., light intensity and temperature) during the recording duration were
presented in hourly means (Figure 2A). The waveform duration (mean ± SEM) of feeding activity (p and c waveform of four
test insects) was also presented in hourly units (Figures 2B, C). During the EPG recording, temperatures ranged from 6.7 to
29.8ºC (mean SEM = 14.7 ± 0.4ºC) with an approximate photoperiod of 11:13 (L:D) hours. During the 24-hour period,
GWSS adults spent 2.23 hours (133.8 min) feeding with substantial feeding occurring during the mid-night hours following
initial set-up. Feeding intervals continued for two hours after the temperature fell below 10ºC.  However, once stopped,
feeding took about nine hours to resume as the temperature increased to greater than 10ºC. Following arsine data
transformation [X´= (X + 0.5)1/2], feeding activity (expressed as percentage of the observation time) was compared using a t-
test for the period when temperature was above 10ºC versus below 10ºC.  Overall, the GWSS adults spent less time feeding
when temperatures were less than 10ºC, and three of the four test-insects did not feed during that time.  GWSS spent
approximately two-fold more time feeding when the temperature was above 10ºC, although the results were not significantly
different.  Waveform analysis should be completed by April 2008.

Pathway Ingestion

10 sec
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Figure 1. This chart represents a small interval of a 24 hr-recording of adult GWSS
feeding at 30ºC.  A typical EPG waveform is shown that represents two components of
GWSS feeding activity:  Pathway (p) and Ingestion (c).  The larger output shows GWSS
probing and continuous ingestion (p + c), and the enlarged portion of the output
(enlarged box on right side of graph) shows the ingestion waveform (c) in finer scale.
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Table 1. Duration (min and %, mean ± SEM) of feeding activity (Pathway = P; Ingestion = C) of GWSS
in 24 hr-EPG monitoring under fluctuating temperature cycles.

Temperature in daily cycleb

Waveform Waveform
durationa

< 10ºC > 10ºC
Total

P Minutes 0.4 ± 0.4 12.1 ± 8.3 12.5 ± 8.6
Percentage 0.1 ± 0.1 1.2 ± 0.8 0.9 ± 0.6

C Minutes 20.2 ± 20.2 101.1 ± 77.1 121.3 ± 75.5
Percentage 5.0 ± 5.0 9.8 ± 7.5 8.4 ± 5.2

C + P Minutes 20.6 ± 20.6 113.2 ± 79.07 133.8 ± 79.4
Percentage 5.1 ± 5.1 10.9 ± 7.6 9.3 ± 5.5

a Minutes indicate the waveform duration when temperature is above or below 10ºC and % indicates the
percentage of waveform duration in a given time.

b As shown in Figure 2, temperatures below 10ºC occurred between 0040 and 0720 hours (405 min) and
remained above 10ºC during the rest of time (1035 min).

Objective 2
Field study of GWSS overwintering survival
Survival of overwintering GWSS adults (using field-cages) and accompanying environmental conditions (using mini data-
loggers) were monitored at two test sites in 2006-2007: Bakersfield (Kern County Extension Office at Mount Vernon Ave.)
and Riverside (Agricultural Operations, UC Riverside). Test plants were maintained within fenced secured zones and were
double-caged with yellow sticky traps and imidacloprid-treated citrus plants in the outer cages to reduce the chances of
insects escaping. Field-collected GWSS adults were obtained from the CDFA Arvin Field Station. In late November 2006, 50
GWSS adults were released into each test cage, which enclosed potted grapevine and citrus plants.  Weekly monitoring was
conducted from December 2006 through February 2007.  In each large cage, three smaller, test cages and one data-logger
(HOBO Pendent Temperature/Light) were installed to record temperature data.  The number of live adults per cage was
monitored weekly.  Insects were checked during the afternoon period (1300-1400), when the maximum daily temperatures (>
10ºC) permitted adults to feed on plants. Dead insects were usually found near the base of the plant or on the soil surface.
There was a substantial reduction in the number of surviving adults at both sites during the first week after release.  The high
mortality appeared to result from stress induced during the preparation process (i.e., field-collection, aspiration, and
anesthesia using CO2, and transfer), and was similar to that commonly observed in field-collected colonies under laboratory
conditions.  Over the entire monitoring period, the number of surviving adults per cage was not significantly different
between Riverside and Bakersfield (Repeated measures ANOVA, P > 0.05).  However, all adults at the Bakersfield site died
in mid-January 2007 whereas 8.4% of GWSS at Riverside still remained alive.  In late February, the number of surviving
adults in Riverside decreased to 0.4% of the original number.  GWSS egg masses were observed in March 2007 in one
Riverside cage.

Estimation of Cooling Degree-Days
Using the site-specific temperature data obtained from the data-loggers and monitoring data from two seasons (2001-2002 in
Bakersfield conducted by Don Luvisi and 2006-2007 in Bakersfield and Riverside by this project), a cooling degree-day
model was developed to describe the relationship between temperature condition and GWSS survival.  The models provided
good estimates of the percentage of GWSS overwintering mortality associated with accumulated CDD (Figure 3). The
nonlinear model provided a better estimate than the linear model (r2 of non-linear method > r2 of linear method).  The
nonlinear model predicted that 90 and 100% of GWSS mortality would occur at 143 and 215 CDD, respectively. The linear
model predicted that 90 and 100% of mortality would occur at 148 and 175 CDD, respectively.  Given that the non-linear
model does not account for ca. 24% of the variation, room for improvement exists. However, given that we only need to
estimate those areas where 95 to 100% mortality occurs, the non-linear model may well serve our needs.  Results from the
non-linear model could potentially be mapped using GIS methods to provide a visual estimate of the impact of winter
temperatures on GWSS survival.

CONCLUSIONS
Findings from our studies clearly indicate that survival and feeding activity of GWSS adults are significantly influenced by
cool temperatures and exposure duration.  In particular, low temperatures (< 10°C) caused rapid mortality.  This project has
generated significant new information regarding the thermo-biology of GWSS in California.  Models generated from these
data will permit spatial estimation of GWSS overwintering success to be expressed via GIS generated maps.  These maps
should be a valuable resource for individuals making decisions on where to apply pesticidal treatments to suppress spring
populations of GWSS within California.
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Figure 2. EPG waveform and environmental
condition during 24-hr recording under outdoor
condition: (A) hourly temperature (ºC) and light
intensity (lum/ft2), (B) duration in minutes of
ingestion waveform (c) duration in hourly intervals,
and (C) duration in minutes of feeding activity
waveform (p and c) in hourly interval.
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Figure 3. Linear (solid line) and non-linear (dotted line)
regression models to predict the mortality (%) of GWSS adults
based on cooling-degree days (CDD).
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ABSTRACT
After glassy-winged sharpshooter (GWSS), Homalodisca vitripennis, arrived in California, it was believed that the insect
would establish throughout much of the northern agricultural production areas.  However, GWSS appears to be limited to
discrete regions within the San Joaquin Valley where winter temperatures are mild and the temperature rarely drops below
freezing.  Prior research indicates that GWSS adults cannot feed at maximum daily temperatures below 50°F, thereby
reducing its ability to survive cold winters.  We plan to verify the impact of cool temperatures on GWSS adults by exposing
them to a regime of seasonal temperatures (within temperature cabinets) that reflect some of the marginal areas where we
expect GWSS to poorly survive California winters.  The goal of the study would be to determine the ability of GWSS adults
to survive winter conditions around the state by subjecting GWSS adults to low temperatures with daily temperatures below
10°C and nightly temperatures above 0°C.  Using temperature records to calculate numbers of cooling degree days, we plan
to construct maps to delineate areas where post-winter GWSS mortality should be substantial, thereby providing a tool to
estimate the springtime GWSS threat to different regions.  If successful, post-winter GWSS survival maps could be produced
each spring (e.g., April) that would provide estimates of where GWSS populations should be absent or minimal because of
winter conditions.

INTRODUCTION
The initial arrival of GWSS, Homalodisca vitripennis, into California’s Orange and Ventura Counties was predicted to
dramatically change Pierce’s Disease (PD) epidemiology within infested areas (Varela et al. 2001).  The insect soon spread
into other southern California localities.  PD devastated the wine grape industry in the Temecula Valley resulting in
significant losses.  First detected in Kern County in 1998, GWSS is now present in the San Joaquin Valley.  However, the
rapid population expansion first observed in southern California appears to be limited to discrete regions within the San
Joaquin Valley coincident with citrus production areas where overwintering populations are highest and winter temperatures
are relatively mild compared to locations elsewhere in the San Joaquin Valley.  Additionally, persistent, localized GWSS
populations are present within the urban areas of Fresno, Sacramento, and San Jose Counties where a range of perennial plant
host types and slightly elevated daytime high and evening low temperatures might favor the survival and persistence of
established populations.

Hoddle (2004) used the climate modeling program “CLIMEX” to estimate the potential worldwide distribution of GWSS.
His reported estimates for California (when all localities received supplemental irrigation water) suggested that GWSS could
establish reproducing populations along much of the California coast from San Diego north to the Eureka vicinity and within
the Central Valley from Bakersfield north to the Redding vicinity.  He did propose cold stress as a potential limitation to the
establishment of GWSS in states north of California (i.e., Oregon, Washington).  However, other observations and studies
suggest that low winter temperatures may be the “bottleneck” that limits GWSS survival and distribution in the higher
altitudes and northern regions of California.  Pollard and Kaloostian (1961) observed that overwintering GWSS generally
remained sessile at temperatures below 49°F (9.4°C) and that first flights occurred only after the ambient air temperature had
reached or exceeded 52°F (~11.1°C).  Russell Groves et al. (unpublished data from 2003) observed that seasonal patterns of
GWSS capture on sticky traps within and among selected, perennial tree crops (e.g. navel, lemon, olive, avocado, sweet
cherry, pomegranate, grape, peach, and plum) north of Porterville, CA, were surprisingly similar in the temperature
requirements necessary for flights of adult insects.  Specifically, regressions of logit-transformed, cumulative proportions of
adults captured against estimated cumulative degree-day totals yielded peak correlation coefficients when a base flight
temperature of 53°F (~11.1°C) was used in the development of the model.  This value is very near to that estimated by
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Pollard and Kaloostian (1961).  CDFA-funded research showed that GWSS adults do not feed near or below 50°F (10.0°C),
and that individuals will die if held below 50°F for long periods (e.g., 15 or more days) even in the presence of food and
water (Johnson et al. 2006).  Also of significant importance is the fact that the overwintering adult cohort is responsible for
producing the offspring in the spring.  Given this, if the daily maximum temperature infrequently surpasses the thermal
activation threshold (50°F) necessary for GWSS ingestion, then GWSS survivorship may be curtailed by extended periods of
cool temperatures in specific microclimatic regions of California.  We have experimentally shown this phenomenon using
programmable, temperature cabinets to simulate fluctuating diurnal temperature regimes based on January temperatures in
the locations of Riverside (Riverside County.), Oakville (Napa County), and Buntingville (Lassen County), CA.  In our
study, the temperature for Riverside always exceeded 50°F (= 10°C), and about 20% of the test insects remained alive after
115 days; for Oakville it exceeded 50°F for 18 hours a day and only 10% of GWSS survived after 115 days; and for
Buntingville the temperature never reached 50°F, and the entire test group died within 20 days (Youngsoo Son et al.,
unpublished data).  We have applied the concept of cooling degree-days (CDD) to estimate the impact of cool temperatures
on GWSS survival.  The equation for CDDGWSS may be expressed as:

Daily CDDGWSS = ⎥
⎦

⎤
⎢
⎣

⎡ <−

otherwise
Tm

,0
F50T if,50 o

m

where Tm = daily mean temperature in a given locality, | Tm – 50 | = absolute value of difference between Tm and the feeding
threshold of 50°F when the mean daily temperature is lower than 50°F.  Daily CDDGWSS equals zero if the daily mean
temperature (Tm) is higher than 50°F.  By summing the CDDGWSS for each day over an extended period, one can estimate the
cumulative CDDGWSS over the specified time period for that locality.  Using unpublished field data collected by Don Luvisi,
Farm Advisor Emeritus, in 2001-2002, we plotted the relationship between cumulative CDDGWSS and GWSS survival at
various sites in the vicinity of Bakersfield (Kern County).  Based on a curvilinear regression, GWSS survival dropped to 10%
or less when about 230 CDDGWSS are accumulated.  Further studies are needed to better refine the relationship between
cumulative CDDGWSS and GWSS survival.

Because most of our previous CDFA-funded work on the impact of cool temperatures on GWSS feeding and survival was
conducted using constant temperatures, it was necessary to validate our findings under actual fluctuating temperatures in the
field.  Prior efforts to field-validate the impact of cool winter temperatures on caged GWSS adults in the crop production
areas of the San Joaquin Valley (e.g., east and west of Bakersfield, central Fresno and Merced Counties) and farther north
(Napa and Sonoma Counties) were prevented.  This was due to concerns of growers and regulatory officials about potential
escapes of GWSS individuals that might threaten nearby crops via Xylella fastidiosa (Xf) spread or the establishment of new
GWSS populations.  Fortunately, we were permitted to establish one field test comparing GWSS adults caged in the urban
area of Bakersfield versus caged GWSS in Riverside (UCR Citrus Experiment Station).  The GWSS individuals died in a
shorter amount of time at the cooler Bakersfield site than the Riverside site.  However, only one field test of our hypothesis
using fluctuating temperatures is inadequate.  Therefore, we proposed to test the impacts of fluctuating temperatures on
GWSS survival using programmable temperature cabinets as we have done for the study mentioned above.  These additional
studies would provide insights into the benefits of using cumulative CDDGWSS to estimate GWSS survival.  We also plan to
analyze historical temperature data for various locations within the agricultural production areas of California to determine if
winter conditions (e.g. November to March) would permit significant GWSS survival based on CDDGWSS accumulation.  The
eventual product that we aim to produce from these efforts will be the production of GIS maps that estimate CDDGWSS
accumulation over the winter months (i.e., November to March) to provide estimates of the ability of local GWSS
populations to be a substantial threat to local agriculture in the following growing season (i.e., a risk assessment).  As
resources for GWSS management dwindle, government agencies will be forced to make decisions on which regions should
receive area-wide treatment to suppress GWSS populations.  Our studies suggest that the presence of the GWSS threat may
vary with the severity of local winter temperatures (i.e., reduced GWSS densities correlated with cold winters).  An annual
estimation of overwintering GWSS survival across agricultural regions will provide insights into where resources for GWSS
suppression should be most effectively allocated.

OBJECTIVES
1. Verify impacts of winter temperatures on GWSS survival from selected California sites;
2. Quantify and compare variation in “cooling degree day” accumulation within and among selected California sites using

historical temperature data; and
3. Construct Geographical Information Systems (GIS) maps that estimate GWSS survival during the winter period

RESULTS
Objective 1
Verify impacts of winter temperatures on GWSS survival from selected California sites

Dr. Hannah Nadel was hired in mid-September 2007 to replace Dr. Youngsoo Son, who started a position with CDFA in
early summer 2007.  Given the departure of Dr. Son, the study research site was moved from the CDFA Arvin Field Station
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in the San Joaquin Valley to the campus of the University of California at Riverside, where access to live GWSS would be
easier and not a quarantine issue.  Dr. Nadel has initiated activities to implement the experimental studies proposed under this
objective.  These studies will be conducted in temperature-controlled growth chambers on the UC Riverside campus.  Studies
will be conducted under laboratory conditions because using live GWSS in field-cage studies is prohibited outside of the
GWSS-infested areas of California.  Attempts to implement necessary field studies over the last two summers were impaired
due to growers’ concerns about potential escapes of field-caged GWSS individuals.  Temperature cabinets are currently being
procured for the studies.  Cabinets will be programmed to run various fluctuating, diurnal temperature patterns that are
representative of historical patterns from selected sites within California’s agricultural regions.  For ten CIMIS sites (e.g.,
Riverside, Santa Maria, Bakersfield, Porterville, Merced, Davis, Oakville, Chico, Gerber, and Glenburn), mean daily
maximum and minimum temperatures will be calculated for the months of November, December, January, February, and
March. Ten GWSS adults (five mated pairs) will be caged under a given temperature regime (e.g., Merced) for a five month
period. In chronological order (November, December, January, February, and March), the temperature cabinets will be
programmed to simulate the average maximum and minimum temperatures for the individual months (i.e., 30 days for
November, 31 days for December, 31 days for January, etc.).  GWSS adults are currently being field-collected for the
laboratory studies.  GWSS individuals will be provided with citrus and other host plants to feed upon.  Numbers of live and
dead individuals will be counted weekly until all insects die or the 5 month study period ends.  Each temperature regime will
be replicated 5 to 8 times.  The cumulative CDDGWSS will be calculated for each location regime (e.g., Merced) and percent
survival compared among regimes using Repeated Measures ANOVA.  The numbers of cumulative CDDGWSS required to kill
all GWSS individuals per cage will be compared across location regimes to determine if the value to kill all test insects
remains fairly constant across different diurnal temperature patterns.  Presently, we envision the actual laboratory
experiments being started by 1 November 2007 as planned.

Objective 2
Quantify and compare variation in “cooling degree day” accumulation within and among selected California sites using
historical temperature data

We are initiating activities on this objective.  We have some of the necessary temperature data and will purchase additional
data in the near future.  Historical temperature data (last 10 years) will be used to quantify and compare variation in “cooling
degree day” accumulation within and among selected California sites.  For 20 CIMIS sites, the monthly accumulation of
CDDGWSS will be calculated for the individual months of November, December, January, February, and March for each
winter season examined (e.g., winters of 1996-1997 through 2006-2007).  We will statistically compare the sites and
individual months to quantify the amount of variation in the accumulation of CDDGWSS among sites and within sites.  This
exercise should provide insights into the amount of variation that occurs relative to probable survival of overwintering GWSS
populations in various regions as a result of low temperatures.  Based on our findings, it may be possible to reduce the
number of regions in California that must be monitored for GWSS establishment.  Certain northern or high altitude areas may
consistently have temperatures so low that even annual temperature variation will not produce conditions under which
significant numbers of GWSS individuals would survive the winter cold.  Additionally, we should be able to compare our
estimates of cumulative CDDGWSS with historical CDFA records on GWSS sticky trap counts within specific areas.  Dr. Mark
Sisterson reports that CDFA will provide us access to their records on GWSS sticky trap counts within specific areas.  We
expect to find low numbers of GWSS trapped in those areas with high cumulative CDDGWSS values.

Objective 3
Construct Geographical Information Systems (GIS) maps that estimate GWSS survival during the winter period

No progress to report at this time because data collection will not begin until November 2007.  Using temperature data
collected between the months of November 2007 to March 2008 by CIMIS and the Western Regional Climate Center
(WRCC), we will estimate the accumulation of CDDGWWS for about 340 temperature monitoring sites.  We will then
construct GIS maps of California that show: 1) the variation in cumulative CDDGWSS; and 2) the estimated the risk of GWSS
populations surviving the winter period.  Spatial statistics techniques using ESRI ArcGIS® Geostatistical Analyst will be used
to create interpolated surface maps using one of two analysis strategies: Inverse Distance Weighted or Krig surface
generation.  Risk will be expressed as a simple rating system such as: 0 = less than 0.1% possibility of the GWSS population
surviving; 1 = possibility of between 0.1 and 1.0% of the GWSS population surviving; 2 = possibility of between 1.0 and
5.0% of the GWSS population surviving; and 4 = possibility of greater than 5% of the GWSS population surviving.  For the
time being, regions with ratings greater than 0 would probably require allocation of resources for GWSS suppression.
However, standard GWSS monitoring should continue in all areas where GWSS populations are routinely found or might be
expected to appear (e.g., areas along a transportation corridor, e.g., Hwy 65 in Tulare County).  With an improved
understanding of the climatological limits of GWSS overwintering survivorship, these risk estimates can help to spatially
define where GWSS can be expected to persist in the agricultural landscape and identify where continued management
efforts can be directed to limit introductions into currently non-infested areas.
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CONCLUSIONS
This project has a high probability of success both in terms of generating significant new information regarding the impact of
California winter temperatures on GWSS survival and also by providing a practical tool to use in the decision making process
for GWSS management.  Objectives outlined in this project address gaps in our present understanding that must be filled if
we are to develop a comprehensive management plan to best manage GWSS over regional areas.
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ABSTRACT
Host-plant water status is thought to influence dispersal of the glassy-winged sharpshooter (GWSS).  Preference of adult
GWSS for citrus plants maintained under different water deficit regimes was studied under laboratory and field conditions.
In laboratory studies, settling and oviposition preference were studied on potted ‘Washington navel’ orange in cage choice
tests, and feeding activity was estimated via insect excreta production.  A field study was conducted in a citrus orchard
(‘Valencia’) to determine the influence of plant water stress on population dynamics of GWSS.  Experimental treatments in
this study included irrigation at 100% of the crop evapotranspiration (ETc) and continuous deficit-irrigation (CDI) regimes at
80% and 60% ETc.  Plant conditions were monitored by measurements of leaf surface temperature, water potential, and fruit
quality and yield.  GWSS population density and activity were monitored weekly by visual inspections, beat net sampling,
and trapping.  In laboratory tests, insects settled, oviposited, and fed significantly more on surplus-irrigated plants than on
plants under moderate CDI. Plants under gradual deficit irrigation became less preferred after 7 d.  Citrus water consumption
at this point declined to 40% of the control and xylem-fluid tension was estimated at 9.3 Bar.  GWSS populations in the field
study were negatively affected by severe plant water stress; however, population density was not linearly related to
decreasing water availability in plants.  Citrus trees irrigated at 60% ETc had significantly warmer leaves, higher xylem
matrix potential, and consequently hosted smaller numbers of GWSS eggs, nymphs, and adults than trees irrigated at 80%
ETc.  Citrus trees irrigated at 100% ETc hosted the same number of insects as trees irrigated at 60% and 80% ETc.  Although
the adult GWSS population was reduced, on average, by 35% in trees under severe water stress, the total number of fruit and
number of fruit across several fruit grade categories were significantly lower in the 60% ETc than in the 80% and 100% ETc
irrigation treatments.

INTRODUCTION
The GWSS is a highly polyphagous leafhopper with over 100 known hosts (Turner and Pollard 1959).  Citrus is the most
common overwintering and first generation reproductive host found in southern California (Blua et al. 1999) and plays an
important epidemiological role in Pierce’s disease incidence in adjacent vineyards (Perring et al. 2001) because it influences
the spatial distribution of GWSS populations (Park et al. 2006).  Therefore, with over 109,384 ha of citrus distributed
throughout the state and nearly 13.1% of these hectares (14,356 ha) treated with imidacloprid in 2006 alone (CDFA 2006),
integrated management tactics that are considered more ecologically sustainable and have less overall reliance on area-wide
insecticide applications are warranted.

During the last 40 years, a considerable volume of information has been generated to characterize the impact of plant water
stress on insect outbreaks and regulation of insect population dynamics.  In general, resulting responses often appear to be
insect feeding-guild dependent (Larsson 1989).  In a recent analysis, which included results from 116 published studies,
Huberty and Denno (2004) found strong negative effects of water stress on phloem-, xylem-, and mesophyll-feeders.  Among
the selected studies, only one study investigated the effect of plant water stress on the performance of a xylem feeder.
Andersen et al. (1992) found that rates of GWSS adult feeding on water-stressed crape myrtle plants, Lagerstroemia indica
L., were observed to decrease exponentially with increases in water stress and GWSS feeding ceased above a xylem tension
of about 2.1 MPa.  In further laboratory studies, the feeding rate and survival of the xylem-feeding sharpshooter
Oncometopia facialis (Signoret), one of the vectors of Xylella fastidiosa (Xf) in citrus in Brazil (Krugner et al. 2000), were
significantly reduced in sweet orange seedlings (cv. ‘Caipira’), that were maintained under continuous water deficit irrigation
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(Pereira et al. 2005).  While the effect of plant water stress appears to be deleterious to xylem feeding sharpshooters, deficit
irrigation regimes applied during less vulnerable phenological stages of citrus fruit development have caused little to no
impact, and in some instances, increased gross yields, fruit loads, and fruit quality (Goldhamer and Salinas 2000).

Although significant new information is becoming available regarding the host selection behavior of xylem feeding
cicadellids, little is understood regarding the effect of plant water stress on GWSS host selection behavior and population
dynamics, which is critical to improving our understanding of vector ecology.  The goal of this research was to generate
novel information useful in the development of sustainable management strategies for control of GWSS populations, which
might limit the spread of Xf into susceptible crops.

OBJECTIVES
1. To evaluate host-plant factors utilized by adult GWSS and associated natural enemies as long-range cues to locate

feeding and ovipositional hosts in a complex agricultural landscape.
2. Investigate the effects of continuous deficit irrigation regimes in citrus trees on the population dynamics of GWSS and

associated natural enemies.

Objective 1
Olfactometer
An olfactometer system for studying the response of GWSS to host-plant volatiles was built and the airflow dynamics
adjusted to equally integrate odor fields from humidity or volatile sources.  Bioassays were performed using adult GWSS
collected from Bakersfield and Fillmore, CA.  However, data analysis showed no conclusive differences among a variety of
treatments, suggesting that GWSS may not use olfactory cues during host location.  Responses of female Gonatocerus
ashmeadi to humid air and to potential volatile cues in the excreta of gravid female GWSS were tested in a Y-tube
olfactometer, but preliminary analysis indicates no detectable response to these stimuli.

Laboratory choice bioassays
Field-collected adult GWSS were caged with a choice of two potted sweet orange (cv ‘Washington navel’) plants receiving
different nutritional treatments or different water-deficit treatments.  GWSS showed no apparent settling or ovipositional
preference for plants receiving nutritional treatments of 1:1 or 26:1 nitrate-N: ammonium-N. However, GWSS preferred to
settle (average of 62%) and oviposit (71% of egg masses) on surplus-irrigated citrus compared to plants under CDI during the
weeklong study.  Stressed plants received about 25% of the water applied to the surplus-irrigated plants, which imposed an
evapotranspiration rate of about 40% of the control.  Xylem-fluid tension was estimated at about 7.3 bars in the CDI-stressed
plants compared with 3.53 ± 0.19 bars in the controls.  When provided with a choice of a surplus-irrigated plant and one
undergoing drought, GWSS began to preferentially settle (about 70%) on surplus-irrigated plants on the eighth day after
initiation of drought, at a point when xylem-fluid tension began increasing rapidly (> 9.5 bars) beyond the control level.

Laboratory no-choice feeding bioassays
Results from GWSS confined in sachets on citrus receiving the two nutritional treatments revealed no significant differences
in excreta production, suggesting similar feeding rates on plants of either treatment.  As expected, GWSS produced more
excreta on surplus-irrigated plants than on plants under CDI (0.80 ± 0.10 vs. 0.09 ± 0.02 ml per day, respectively).  When
confined on non-watered citrus, excreta production was similar to the control for eight days, and decreased significantly
thereafter.  Unexpectedly, a single day of surplus irrigation applied to drought-stressed plants on the 14th day resulted in
significantly higher excreta production on these plants than on the control plants for about four days, after which it again fell
below the control level.

Objective 2
A study conducted at Agricultural Operations at the University of California, Riverside, from April 2005 to June 2007 in a
citrus orchard (cv. ‘Valencia’) was designed as a 3 x 3 Latin square with three irrigation treatments: 1) trees irrigated at 100%
of the crop evapotranspiration (ETc), 2) a continuous deficit-irrigated treatment maintained at 80% ETc, and 3) a continuous
deficit-irrigated treatment at 60% of ETc.  We monitored the temperature and humidity in the tree canopy, leaf surface
temperatures, and pre-dawn trunk water potential.  In June 2006 and 2007, all oranges were harvested and immediately taken
to a local commercial packing house where oranges were mechanically counted, sized, and color graded.  Measurements of
fruit sugar solids (°Brix) were also recorded. Populations of GWSS were sampled weekly from April 2005 to Dec 2005 and
Feb 2006 to Dec 2006.  A 3-min visual inspection of leaves and branches around sample trees was conducted to monitor for
GWSS egg masses, nymphs, adults, and natural enemies.  GWSS population density was also monitored by collecting beat
net samples.  Yellow sticky traps were used to monitor insect activity.  Repeated measures analyses were performed using
measurements of plant condition and insect density data.

Effect of irrigation deficit on microclimate and plant conditions
Higher temperatures inside the tree canopy were recorded during May to September 2005 in the 60% ETc treatment than in
the 100% ETc treatment.  Throughout the study, there were no significant differences in canopy relative humidity among the
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treatments. In general, leaf surface temperatures of trees irrigated with 60% ETc were higher than those of trees irrigated
with 80% and 100% ETc.  There was no difference between the 80% and 100% ETc treatments (P = 0.23). Pre-dawn water
potential measurements were higher in the 60% ETc treatment than in the 80% or 100% ETc treatments recorded among all
time periods.  There were no differences in water potential between the 80% and 100% ETc treatments. In 2006, no
differences in fruit sugar solid content were detected among the irrigation treatments (F = 0.91; df = 2, 134; P = 0.404).  In
2007, fruit sugar solid contents were higher in trees irrigated at 60% (14.22 ± 0.19 °Brix) and 80% ETc (14.31 ± 0.17) than at
100% ETc (13.56 ± 0.15) (F = 6.63; df = 2, 134; P = 0.001).  In 2006, there were no differences in total numbers of harvested
fruit and number of fruit per grade category among irrigation treatments.  In 2007, the total number of harvested fruit and
numbers of fruit across all fruit grade categories in the 60% ETc treatment were significantly lower than in the 80% and
100% ETc treatments.  There were no significant differences in total number of fruit and number of fruit per grade category
between the 80% and 100% ETc irrigation treatments.

Effect of irrigation deficit on GWSS populations
During the visual inspections in 2005, fewer GWSS adults were found on trees irrigated with 60% of the ETc than with 80%
and 100% ETc (F = 4.95; df = 2, 20; P = 0.017).  There was no difference in the number of GWSS adults found per tree
between the 80% and 100% ETc treatments (P = 0.96).  On average (± SEM), 1.1 ± 0.4, 2.4 ± 1.0, and 1.9 ± 0.4 GWSS adults
were found per tree at the population peak in mid-July 2005 in the 60%, 80%, and 100% ETc treatments, respectively.  In
2006, up to the peak of GWSS numbers in late-July, fewer adults were found on trees irrigated at 60% of the ETc than at 80%
and 100% ETc (F = 7.20; df = 2, 20; P = 0.004).  There was no difference in the number of GWSS adults found per tree
between 80% and 100% ETc treatments (P = 0.78).  In the early-July to early-Oct interval, fewer adult GWSS were found in
trees irrigated at 60% of the ETc than at 80% ETc (F = 10.08; df = 2, 20; P < 0.001).  The number of adult GWSS was not
different in the 100% ETc treatment vs. those in the 60% (P = 0.07) or the 80% ETc (P = 0.11) treatments.  On average (±
SEM), 5.4 ± 0.7, 13.1 ± 2.8, and 10.8 ± 1.7 adult GWSS were observed in visual counts per tree at the peak period in late-
July 2006 in the 60%, 80%, and 100% ETc treatments, respectively.  In 2005 and 2006, less than 1.0 and 2.2 GWSS egg
masses were found per sampled tree per week, respectively. In 2005, no differences in the mean number of GWSS egg
masses were observed among the irrigation treatments.  In 2006, there appeared to be four peaks of GWSS oviposition.  The
first peak occurred between late-February to early-March.  A second peak occurred from late-April to early-June and the third
peak occurred between early-July to early-September.  A discrete fourth peak occurred between late-September to late-
October.  Fewer GWSS egg masses were found in the 60% ETc treatment in comparison to the 80% or 100% ETc treatments
during the second peak oviposition period of 2006 (F = 12.22; df = 2, 20; P < 0.001).

In 2005, there were no differences among irrigation treatments in the number of GWSS nymphs (F = 0.77; df = 2, 20; P =
0.472) or adults (F = 0.48; df = 2, 20; P = 0.622) collected in beat net samples.  In 2006, however, significantly more GWSS
adults were collected in the 80% than in the 60% ETc treatment (F = 7.11; df = 2, 20; P = 0.004).  Population numbers in the
100% ETc treatment were not different from either the 80% (P = 0.10) or the 60% ETc (P = 0.26) treatments.  Significantly
more nymphal GWSS were collected from the 80% ETc treatment than in the 60% and 100% ETc treatments (F = 5.26; df =
2, 20; P = 0.014) between mid-April to early-July.  Yellow sticky traps documented the presence of adult GWSS throughout
the 117 weekly trapping periods, except for two and one trapping periods in late-June 2005 and early-June 2006,
respectively, when no adult GWSS were caught on any of the traps.  The following trapping periods showed a steady increase
in insect activity to a peak in late July 2005 and 2006, with an average (± SEM) of 11.96 ± 1.16 and 95.22 ± 4.81 adults
caught per trap per week, respectively.  There were no differences in numbers of GWSS adults per trap per week among the
irrigation treatments.

DISCUSSION
When given a choice, adult GWSS appear to select among host plants based on water stress, both for feeding and oviposition.
The results indicate that GWSS begin to move off citrus when xylem-fluid tension exceeds 0.7 MPa, but GWSS feed
normally on crape myrtle at levels up to 1.2 MPa (Andersen et al. 1992).  The discrepancy may due to reduced vigor of the
test insects under laboratory conditions.  The increased feeding observed in citrus after drought was broken for a day may
indicate a reduction in xylem-fluid tension below the level of the control.  Although this was not detected in our test, such an
extreme post-stress phenomenon was recorded in another citrus species when irrigation resumed after drought (Kaufmann
and Levy 1976).  This may be further evidence for the hypothesis that GWSS move into citrus directly after irrigation is
applied, and warrants further study.

Our measurements of microclimate and plant conditions in the field experiment indicated that water stress increased leaf
surface temperatures and trunk water potential.  The two irrigation deficit regimes, 60% and 80% ETc, differentially affected
the population dynamics of GWSS in the experimental citrus plots.  Severe to moderate water-stressed trees (60% and 80%
ETc) perhaps had increased solute concentrations used for osmotic adjustment (i.e., carbohydrates, amino acids, and organic
acids) that might serve as feeding stimulants and primary nutrients of insects (Mattson and Haack 1987).  However, increased
water potential in more severe water-stress irrigation treatments (60% ETc) might have been an impediment to GWSS
feeding because more energy would be required to extract xylem fluid out of the xylem vessels (Andersen et al. 1992).  In
contrast, well-watered plants (100% ETc) had lower mean water potentials that potentially facilitated extraction of xylem
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fluid, but more fluid would have to be ingested and filtered to compensate for a more dilute xylem food source.  Thus, citrus
trees irrigated with 80% ETc may combine two important plant characteristics for GWSS: 1) a nutrient-concentrated food
source and 2) a water potential at acceptable levels for GWSS xylem fluid extraction, at least during periods of low
transpirative demand by plants.

CONCLUSIONS
Findings from this study have generated significant new information regarding the host selection behavior of GWSS in
California.  Trees under severe water stress hosted fewer GWSS than trees maintained under moderate water stress.  A more
complete understanding of the effect of shorter water stress periods (i.e., regulated deficit irrigation regimes) and the
operative host-plant cues that influence GWSS host selection behavior may result in the deployment of strategies to improve
control efforts and contribute to limiting the spread of Xf induced diseases to susceptible crops.
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ABSTRACT
The effect of storage of adult G. ashmeadi at 2, 5 and 10°C on maternal and the unstored progeny fitness qualities was
examined.  The maternal generation did not survive five d exposure to 2°C and those stored at 10°C survived longer than
those held at 5°C.  Oviposition of the maternal generation continued for 13 d after storage at 10°C for 10 or 20 d and for eight
d for the wasps stored for 30, 40 or 50 d.  After storage for 60 d, the parasitoids did not oviposit for the first two d and then
there was only a four d oviposition period.  Cold storage reduced the fecundity of the parents and their F1 progeny, but not the
F2 generation.  After 20 d storage, the fecundity of the maternal generation decreased by 47% and for 60 d storage, it was
reduced 90%.  The longevity of F1 parasitoids was also less than that of F2 parasitoids.  After 30 d storage of the parents, the
longevity of the F1 generation was reduced 49% as compared to a 10 d parental storage period.  The F1 progeny of the stored
female parasitoids developed about one d more slowly than that of the F2 and F3 generations.  Moreover, cold storage caused
a reduction in the incidence of parasitism by parental generation, but this effect did not extend to F1 and F2 progeny.
Emergence of F1 parasitoids decreased as the length of storage of their parents increased.  Further, the parental generation
deposited more haploid than diploid eggs after storage for 20 d and after 50 d, production of males was increased by 132%.
The sex ratios of the F2 and F3 generations did not vary with the storage duration of the ancestral generation.

INTRODUCTION
Cold storage can be a valuable tool in mass-rearing of biological control agents.  It provides a steady supply of insects for
research, yields flexibility and efficiency in mass production, allows synchronization of a desired developmental stage for
releases, and facilitates availability to consumers (Leopold, 1998).  Maternal survival and offspring fitness are of great
concern when using cold exposure during production or storing of biological control agents.  Some reports indicate that the
quality of a variety of cold-stored pest and beneficial insects suffer by having reduced emergence, lifespan and/or
reproduction (Leopold, 1998).

The egg parasitoid, Gonatocerus ashmeadi Girault, is one of the most common natural enemies of the glassy-winged
sharpshooter (GWSS), Homalodisca vitripennis (Germar) (Hemiptera: Cicadellidae).  It accounts for 80-95% of the observed
parasitism of sharpshooter eggs in California.  As part of a control program, G. ashmeadi, along with two other mymarids, G.
triguttatus Girault and G. fasciatus Girault, has been imported, mass-reared and released in California.  However, there are
two main problems that reduce the effectiveness of Gonatocerus spp. in control programs.  One is that the native wasps do
not build up rapidly enough to make an impact on the spring generation of H. vitripennis in the colder regions of central and
northern California (Morse et al., 2005). Another problem is that effective mass production of these parasitoids can not be
realized due to a shortage of H. vitripennis eggs caused by a reproductive diapause (Hummel et al., 2006), especially in the
late winter season.  Thus, it would desirable to store large numbers of parasitoids to meet these fluctuating demands.

Methodology for cold storage of H. vitripennis and G. ashmeadi has been developed to aid the mass rearing of G. ashmeadi
(Leopold and Chen, 2005; Chen and Leopold, 2007; Chen et al. 2007).  We have also examined a number of fitness factors of
G. ashmeadi and progeny performance following the use of these storage protocols.  Using chilling-killed H. vitripennis eggs
as hosts for rearing G. ashmeadi, Chen and Leopold (2007) found that wasp progeny quality was severely reduced when their
parents were reared on H. vitripennis eggs that had been stored for 60 days before parasitization occurred.  Further, by
stockpiling immature G. ashmeadi within H. vitripennis eggs, quality of maternal and first generations also suffered
significantly with the length of storage duration (Chen et al. 2007).  In this study, we examined the post storage quality of the
parental, F1, F2 and F3 generations of G. ashmeadi after storing the adult female parents to further understand chilling injury
and its expression in this parasitoid.

OBJECTIVES
1. Determine the survival of adult parasitoid following cold storage.
2. Determine the effect of cold storage on fecundity and subsequent development of the progeny.
3. Determine progeny quality by examining some fitness factors including parasitism, emergence and sex ratio.
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RESULTS AND CONCLUSIONS
Objective 1. Effect of storage temperature on survival of adult parasitoid.
The survival of adult parasitoids was examined every 10 d after storage in the incubators set at 2, 5, and 10°C with a 8L:16D
photoperiod.  Figure 1 shows that survivorship of G. ashmeadi varied with storage duration when storage was at 5 and 10°C.
In addition, because all parasitoids died after 5 d storage at 2°C, their survivorship evaluation was excluded for this study.
Temperature during storage significantly affected the survivorship of adult parasitoid (F= 11.01, df =1,108, P = 0.0012).
However, under the same temperature, we found no significant difference in survivorship between female and male
parasitoids (5°C, F= 2.69, df =1,54, P = 0.107; 10°C, F = 0.96, df =1,54, P= 0.331) although the females slightly outlived the
males.

Objective 2. Post storage fecundity of parasitoid and development of progeny.
To determine the effect of cold storage on fecundity of the parental generation and the F1 and F2 progeny, 1 mated female
parasitoid was introduced into a container having a total of 80 GWSS eggs (<24 h old) on euonymus leaves (Euonymus
japonica Thumb.) and then held at 24°C and under a16L:8D photoperiod.  Mated parasitoids made up six groups of adult
females that were stored at 10°C for 10, 20, 30, 40, 50 and 60 d and five groups of F1 or F2 offspring obtained from the
storage experiments involving the parental generation.  Oviposition of G. ashmeadi after adult storage is shown in Figure 2.
After storage for up to 50 d, the females oviposited on the first day after removal from storage.  The duration of storage
affected the length of ovipositional period.  After storage for 10 and 20 d, oviposition of this parasitoid continued for 13 d,
and for 30, 40 and 50 d storage, it lasted for 8 d.  When storage was 60 d, oviposition was lacking for 2 d and then the eggs
were deposited for only 4 d.

Lifetime fecundity of G. ashmeadi following cold storage of adult female parasitoid varied significantly with the length of
storage duration (Table 1).  After storage for 20 and 60 d, fecundity of the parasitoids was decreased by 47%, and 90%,
respectively.  The fecundity of the F1 generation was also significantly affected by the length of storage of their parents.
When the parents were stored for ≥ 20 d, the fecundity of their F1 progeny decreased significantly.  However, fecundity of F2
generation was unaffected by storage duration of grandparental generation.  A two-way ANOVA, with storage duration and
generation as factors, revealed that lifetime fecundity of G. ashmeadi varied significantly with the length of storage of adult
parasitoid (F = 9.64, df = 4,114, P < 0.0001) and generation (F = 40.43, df = 2,114, P < 0.0001).  There was a significant
effect of interaction between storage duration and generation on lifetime fecundity of this parasitoid when storage was ≥20 d
(F = 3.32, df = 8,114, P = 0.0019).  For 10 d storage, the lifetime fecundity of the parental, F1 and F2 generations was
unaffected.

Development time of the F2 and F3 generations did not vary with the length of storage of parental generation (Figure 3A).
However, progeny of F1 generation developed significantly more slowly than that of F2 and F3 generations.  There was ca. 1 d
difference in progeny development between the F1 and F2 generations.  Only the storage period for 50 d led to significant
difference in development between the F1 and F2 and F3 generations.

Longevity of F1 and F2 generations was shown in Figure 3B.  The length of storage of the parental parasitoid had a significant
influence on the longevity of F1 parasitoids (F = 4.79, df = 4, 44, P = 0.003), but not on that of F2 generation (F = 0.12, df =
4,35, P = 0.976). After parental females were stored for 30 d, the longevity of F1 wasp was shortened by 49% when
compared to that of wasps stored for only 10 d.

Objective 3. Effect of cold storage on the quality of maternal generation and progeny.
To determine the incidence of parasitism by the maternal and F1 and F2 generations, six excised leaves of the euonymus plant
bearing a total of 80 GWSS eggs (< 24 h old) were provided for 1 wasp for 1 d at 24 °C and 16L: 8D photoperiod.  Wasps
were collected using a procedure described previously (Chen and Leopold, 2007).  The GWSS eggs were kept at the same
chamber to determine emergence rate and sex ratio of the offspring.  Figure 3C shows the data on the incidence of parasitism
by the P to the F2 generation for up to 50 d of storage.  Because the parasitoids did not deposit eggs during the first two days
after storage for 60 d, they were excluded from this study. Our results showed that post storage parasitism by the parental
generation varied significantly with storage duration (F = 7.14, df = 4, 40, P = 0.0002).  The incidence of parasitism by the F1
(F = 0.12, df = 4,45, P = 0.976) and F2 (F = 0.73, df = 4,45, P = 0.574) generations was not affected by storage duration of
the ancestral generation.
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Figure 1. Survivorship of G. ashmeadi as a function of
the length of adult storage. Each value represents means
of 5 separate determinations.

Figure 2. Oviposition of G. ashmeadi as a function of the length
of adult storage. Each value represents means of 10 separate
determinations.

Table 1. Lifetime fecundity of parental, F1 and F2 generations following cold storage of the
parental generation.

Parental (P) Storage Duration (Days)

Gen 10 20 30 40 50 60 F df P
P 111.8 ± 23.7Aa 59.8 ± 24.2Cb 32.1± 8.4Cc 30.9 ± 10.2Cc 30.7 ± 20.8Cc 11.4 ±10.6d 16.5 4,34 <0.0001
F1 106.7 ± 35.2Aa 74.1 ± 15.8Bb 61.7 ± 19.9Bb 61.6 ± 20.4Bb 59.2 ± 32.0Bb / 5.5 4,43 0.0011
F2 96.5 ± 15.8Aa 93.9 ± 32.6Aa 96.4 ± 13.1Aa 98.4 ± 29.3Aa 107.5 ± 47.7Aa / 0.26 4,37   0.902
F 0.40 3.96 35.46 23.68 12.13
df 2,16 2,23 2,23 2,25 2,27
P 0.679 0.033 < 0.001 < 0.001 0.0002

The emergence rate of the F1 adults was significantly affected by the length of storage duration of parental generation (F =
11.52, df = 4, 38, P < 0.0001) (Figure 3D).  However, adult emergence of the F2 (F = 0.55, df = 4, 45, P = 0. 697) and F3 (F =
0.08, df = 4, 45, P = 0.988) generations did not vary with storage duration of their ancestral generation

The length of storage duration of maternal generation significantly affected realized sex allocation of the F1 progeny (F =
2.92, df = 2, 92, P = 0.034).  The parental generation females produced more haploid than diploid eggs after storage for ≥20 d
(Figure 4).  After storage for 50 d, the male proportion of the wasp progeny was increased by 132.5%.  Although the female
proportion was slightly increased in the F1 generation after their adult parents were stored for ≥20 d, the sex ratios of F2 (F =
1.19, df = 4,33, P = 0.334) and F3 (F = 0.36, df = 4,34, P = 0.834) generations did not vary with storage duration of the
ancestral generation.

Chilling adult G. ashmeadi females for more than 10 days at 10°C or lower has a deleterious effect on fitness that carries over
to the F1 generation but not to subsequent generations.  These observations should be taken into account when producing
parasitoids as biocontrol agents for the GWSS.
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Figure 3. (A) developmental time of progeny of the F1, F2 and F3 generations; (B) F1 and F2 longevity as a function of the P
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Figure 4. Sex ratios of the F1, F2 and F3 generations of G. ashmeadi as a function of the length of storage of the P generation
of mated females. Columns with different letters are significantly different from each other.
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ABSTRACT
Xylem specialists in the Hemiptera: Auchenorrhyncha feed on xylem fluid and exhibit therefore the potential for transmission
of Xylella fastidiosa (Xf), the causal agent in Pierce’s disease of grapevine. An increasingly larger survey was initiated in
Texas in 2003 and remains ongoing with 45 locations currently monitored.  Over 25 insect species belonging in this group
were collected from yellow sticky traps.  Among these, two leafhoppers and one spittlebug, comprised over 90% of the
xylem specialists caught.  The glassy-winged sharpshooter Homalodisca vitripennis, the most commonly known vector of
Pierce’s disease of grapevine in the U.S. is the most common and abundant insect captured across the state.  Insect abundance
varied significantly over seasons, and among locations. Residual populations were found overwintering near vineyards, but
also in a variety of habitats including urban and vegetation found near natural sources of water.  Generalized additive models
which were originally developed to analyze complex population data were used with our Central Texas dataset as a tool to
identify changes in the distribution of leafhopper and spittlebug species near vineyards.  These models helped understanding
insect distribution through time.

INTRODUCTION
Pierce’s disease of grapevine is one of the most important limiting factors to grape production in Texas.  During the 1990’s,
the grape growing region of Central Texas witnessed an increase in the incidence and severity of Pierce’s disease (Texas
Pierce’s disease Task Force 2004).  A research program was initiated in Texas in 2002 with funding from the U.S.
Department of Agriculture.  Within this program, researchers are provided an opportunity to study glassy-winged
sharpshooters in their native habitat, and their interaction with cultivated vines.  Exploration for insect species involved, their
ecology, host plants used, molecular characterization of Xf, vectoring capacity of the Hemiptera captured, natural enemies
and population dynamics are all underway.

OBJECTIVES
1. Monitor xylem feeding insect populations in vineyards across Texas.  Identify all putative insect vectors of Pierce’s

disease. Determine the most common vectors requiring population management, make observations and analyze vector
distribution, abundance and seasonality.

2. Explore for host plants used as breeding sites by insect vectors throughout the year, assess the reproductive state of adult
females and determine the age structure composition of the vectors

3. Determine the extent of primary and secondary spread in vineyards.

RESULTS
Insect populations in the Hemiptera have been monitored (mostly) on a bi-weekly fashion in 45 vineyards statewide for over
three years.  A large database was assembled for analyses using a two-year dataset which included all insect counts per
species (from trap data) and a layer of geographical data.  Scientists and staff at Fredericksburg and Stephenville worked at
organizing the different fields of this database.  Predominant species were Homalodisca vitripennis, Graphocephala versuta
and Clastoptera xanthocephala, two leafhoppers and a spittlebug.  These species together comprised over 90% of all xylem
fluid feeding insects identified. Homalodisca vitripennis and C. xanthocephala were present at each of the surveyed
locations.  Relatively new (new to entomology) statistical analyses, generalized additive models (GAMs) were tested using
one of our first Central Texas trap dataset.  The power of those analytical methods is both impressive and very instructive and
useful.  This modeling technique is a semi-parametric extension of the more traditional general linear models (GLMs).  The
statistical models identify non-linear and non-monotonic relationships between the response and the set of explanatory
variables.  They are a useful tool to identify factors responsible for the distribution of species, and help in understanding
changes that occur through time via a model element known as a smooth function, similar in concept to a moving average.  A
distinctive feature of the data we collected was an over-abundance of zero counts, or zero xylem specialists on one given trap,
at a given location, and for a given time period.  Using a Poisson based GAM, we were able to better describe particular
factors of interest affecting insect populations, and the degree to which factor(s) is/are important to the presence of
sharpshooters and disease.  Because of the extensive multiyear dataset, this powerful approach will better explain variations
in insect populations through time and between locations in a large ecological setting.
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Because of its abundance in vineyards, diverse plant host range, high degree of association with Xf in Texas and the
economic problems it causes in California due to its vector status, the glassy-winged sharpshooter (GWSS) is a high priority
target for management.  Populations of the GWSS can be very high in Texas depending on where the data are collected.  In
Central Texas, populations have been consistent both in abundance and time of appearance.  Observational and census data
indicate that secondary spread of Pierce’s disease in vineyards is in play here.

Figure 1 summarizes GWSS census data from traps collected during 2003 – 2006 in Central Texas.  Insects were selected
from traps on multiple dates during these years and subjected to PCR to detect the presence of Xf. Xf is absent from the
earliest GWSS and accumulates over the course of the year, ending in nearly 70% prevalence within the insects.  Peak
bacterial prevalence does not coincide with the population peak in the four years examined.  Had primary spread been the
main mode of transmittal, one would expect the incoming insects to have a higher load of bacteria.  This graph alone is
insufficient to defend the point however, and other data are needed.

Table 1
Vineyard Status Species Total Tested # Positive # Negative % Positive % Negative
Impacted H. vitripennis 490 115 375 23.47% 76.53%
Unimpacted H. vitripennis 404 10 394 2.48% 97.52%

This supports the hypothesis that the increase in bacterial prevalence found within the GWSS arises from within the
vineyards and perhaps its vicinity.  Other vector species will likely play roles.  Data from the second most abundant putative
vector species, Graphocephala versuta, presents similar results (not shown).

CONCLUSIONS
Over the past months, we have worked on a two-year field database that was built with insect counts (of Central Texas alone)
and one layer of geographical data. GAMs are one approach being used to analyze this complex population data.  They are
more flexible and for this reason are sometimes more suitable than GLMs for some types of analysis.  More details can soon

Figure 1. Of the vineyards under census, six have been in the program since 2003.  Three of these
vineyards are seriously impacted by Pierce’s disease, three are not.  When the Xf prevalence data for
GWSS are compared between these vineyards, the following summary in Table 1 results.
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be found in our recently accepted paper at Environmental Entomology.  We demonstrated a rich fauna of xylem fluid feeding
insects where three species, H. vitripennis, G. versuta and C. xanthocephala, stood out from the others in terms of population
abundance and made up for over 90% of insects collected.  Extensive molecular analyses are being carried out to confirm
which of these insects are associated with the grape strain of Xf. A number of leafhopper species have been examined by RT-
PCR and many are contaminated with Xf, indicating an association and a possible vector relationship much broader than first
suspected.  We also are now in the process of building a much larger database that holds more sampling years and sampled
locations, along with more geographical and some environmental data to further test this approach.

Secondary spread of Pierce’s disease in Central Texas vineyards may be the main mode of transmission.  The data are not yet
analyzed and experimental detail is needed to confirm this, but should it be the case then management protocols for this type
of spread (vector management within the vineyard, roguing infected vines at the earliest opportunity) will be appropriate.

REFERENCES
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11: 34-38.
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ABSTRACT
The glassy-winged sharpshooter, (GWSS), Homalodisca vitripennis (Germar), as a vector of Xylella fastidiosa, is a threat to
grapes, almonds, stone fruit and oleander and impacts citrus and nursery crops throughout much of California.  It remains an
important high-risk quarantine pest for the Napa and Sonoma Valleys and other uninfested areas.  Accurate and precise
methods for detection of new colony infestations and for monitoring GWSS population dynamics on a temporal and spatial
basis are lacking.  Due to the unique behavior, biology and ecology of the xylophagous GWSS which is driven by plant
xylem chemistry and nutrition, conventional detection and monitoring approaches do not provide the necessary statistical
precision needed by the regulatory and producer communities for management decisions.  This proposal will address the
detection and monitoring needs as well as develop a more strategic approach to management of GWSS.

INTRODUCTION
In previous research we evaluated trap color, size, configuration and height. We compared a large number of commercially
available as well as home-made sticky traps in attempts to find a practical and reliable trap to detect and monitor GWSS
population dynamics.  The conventional two-sided Pherocon AM trap used in CA was tested as the standard for comparisons
to other trap types in FL.  Traps colored “Safety yellow” placed at 2 m or less from the ground captured the highest numbers
of GWSS in these tests.  Of all traps tested, we found that a 32.5 cm height x 7.6 cm dia. yellow cylinder (painted mailing
tube, referred to as “tube” trap) captured the highest number of GWSS.  However, when GWSS trap capture numbers were
related to visual counts on host plants, host plant species and nutritional condition were important variables affecting GWSS
capture rate.  In patches of non-preferred hosts such as peach, there was no significant relationship between trap capture rate
and GWSS numbers on trees. GWSS passed through the patches but spent very little time on the trees.  In monoculture
patches of a preferred host crape myrtle, higher numbers of GWSS were captured with better correlation to GWSS numbers
present on trees, but the results were inconclusive due to variation by date and patch type.  Moreover, on some sample dates
there was an inverse correlation between GWSS plant numbers and trap captures, suggesting that nearby high quality host
plants actually reduce trap capture rates.

We have compared the standard Pherocon AM trap configured with two flat surfaces to the same trap configured in the form
of a cylinder (somewhat smaller than the tube trap) and to the tube trap.  In all tests the mailing tube trap captured
significantly more GWSS adults of both sexes with tube capture rates of ca. 5-15 x higher than the other traps.  We have tried
other embellishments of the tube trap with limited success. We have also attempted to ascertain the “active distance” of
operation of the trap with respect to how far away GWSS will respond to the tube trap.  These experiments enabled an
estimation of the active distance of the tube trap to be at least 8-12m, but these results were inconclusive statistically.  In
other work we have combined single plants of various species with traps to determine whether combinations of traps with
plants will improve trap capture. Again, plant species affected the outcomes. We have also tested larger numbers of traps
alone and in combination with preferred crape myrtle and non-preferred peach plants to increase the visual presentation
offered to GWSS.  Also, we have done mark-recapture studies in large peach and crape myrtle plantings (Northfield et al.
2008b).  In these studies, more GWSS were captured by traps in crape myrtle for a longer period of time than on traps in
peach or on traps alone.  Emigration from the plots was much higher and more rapid in peach than crape myrtle.  Finally, the
landscape context of the study plots, i.e., whether the plots were isolated by at least 100 m of grassy area or had vegetation
within 100 m of the plot, affected GWSS emigration and immigration, as well as within plot trap capture rates.  We have
concluded that the searching flight, trap and host response behavior of GWSS, while highly visually oriented, is complex and
affected by host plants, and driven by a number of habitat variables, landscape structure and unknown innate GWSS
behaviors.  It appears that single traps will not provide the necessary accuracy in predicting the population dynamics of
GWSS for management decision making nor the reliability required for regulatory objectives.  However, the tube trap is
superior to the standard Pherocon AM trap in detection of GWSS and could easily be implemented for GWSS monitoring in
CA.  Our objectives are to develop and implement a practical detection and monitoring system for GWSS with requisite
statistical precision.  At the time of submission of this report we have not received the funds to initiate this project.
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OBJECTIVES
General Objective: To determine the most efficient and cost effective trapping system to detect and monitor GWSS
population dynamics and the potential to manage GWSS populations.
1a. Evaluate and summarize previous sampling and trapping efforts for GWSS.
1b. Trap configuration and number: Determine potential and optimize the number of traps that are most efficient and cost

effective in detecting and estimating GWSS populations.
1c. Effect of host plants in combination with traps: Determine the potential and optimize a combination of GWSS host

plants in sentinel plots to detect, estimate and manage GWSS population dynamics.

RESULTS
Objective 1a
Other investigators have addressed various aspects of our objectives in a number of crops with similar mixed results.  As part
of this project we will review and synthesize previous research into a summary document.

Objective 1b
We have initiated new experiments with only preliminary results at this time.

Objective 1c
While current trap methodology does not enable statistical quantification of GWSS population dynamics at the level needed
within crops, traps can be used for investigations that will contribute other important knowledge relevant to improving
detection and monitoring for GWSS.  Toward that end we have conducted several experiments investigating the landscape
level distribution and abundance of GWSS using tube traps.  We sampled a 52 trap grid covering 2.59 km2 of terrain at the
North Florida Research and Education Center in Quincy, FL throughout the year for a 3 year period (Northfield et al. 2008a).
Traps were placed 229 m apart to detect movement in the landscape, and to correlate GWSS trap catch with different types of
vegetation.  Tube traps were placed on steel rods in open areas approximately 1 m above ground.  Trap catch was recorded
and traps were cleaned weekly from 25 January to 6 September in 2001, from 28 February to 10 October in 2002 and from 13
March to 7 August 2003.  Years 2001 and 2003 differed from 2002 in rainfall with 2002 receiving much less rain.  The
location is divided in the middle by a 4 lane highway resulting in east and west sections with 25 and 27 traps, respectively.
The east section is characterized by greater irrigated acreage and more diverse vegetation including several plots of crape
myrtle, Lagerstroemia indica.  Weekly trap count distributions were analyzed (kriging) using spherical models in ESRI
ArcMap Version 9.2 to view spatial and temporal dynamics.  Trap counts indicated differences in abundance and distribution
of GWSS across years and between the east and west locations (Figure. 1).  To evaluate the response to habitat type over
time, traps were categorized into traps along forest edges, and traps away from the forest edges.  On the east side of the road
there were 13 traps along the forest edge and 12 traps away from the edge.  On the west side, there were 14 traps along the
forest edge and 13 away from the edge.  The proportion of the H. vitripennis trap catch that occurred near the forest edge was
plotted over time separately for each side of the road to evaluate the seasonal movement from the forest edge to summer
hosts.  A quadratic equation was fit to the data (Figure 2).  We quantified the movement of GWSS populations moving from
overwintering in the forest-forest edges out into managed areas during the growing season and back to the forest in the fall
(Figure 1) as suggested by Pollard and Kaloostian (1961).  Cluster indices, v were calculated using SADIE (Spatial Analysis
of Distance Indices, version 1.2, Harpenden, UK) red-blue methodologies (Perry et al., 1999).  Random permutations in
SADIE were then conducted to test for the probability that a randomly distributed population would be more clustered than
the data for each date and plot (Perry et al., 1999).  GWSS adults were rarely aggregated at the scale tested; indicating that
any population clusters had a radius smaller than 229 m (trap grid size).  The spatial association tests demonstrated a
difference in spatiotemporal stability in the east during the drought in 2002, in comparison to 2001 and 2003.  Further details
of this study will be published by Northfield et al. (2008a) as will the results from another study using mark-recapture
techniques to compare the behavior of GWSS in a preferred and non-preferred host block (Northfield et al. 2008b).  This and
other research has been synthesized into a model of GWSS biology and behavior that is also submitted for publication
(Mizell et al. 2008).

CONCLUSIONS
We are only beginning to understand what will be necessary to develop effective management schemes for GWSS.  Clearly,
understanding, quantifying and predicting GWSS population dynamics to meet strict regulatory and management objectives
will be neither easy nor simple for this unusual insect vector.  However, approaching the problem on several levels of
resolution will facilitate progress toward implementing useful tactics and strategies to detect and monitor GWSS
successfully.  We have established that quantitative trapping results will vary greatly depending on patch type (adjacent host
plant species, landscape structure, season, climate) and we are now working toward integrating these effects with trap type
and spatial distribution to develop functional and useful trapping protocols.  This should lead to better methods of disease
management.
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Figure 1. Mean trap catch of GWSS in East and West
plots in 2001, 2002 and 2003 on the North Florida
Research and Education Center in Quincy, FL.
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Figure 2. Proportion of total GWSS collected that were found on traps along the forest edge (as opposed
to away from the forest edge) on each sample date, in the east (A-left) and west (B-right) plots in 2001,
2002, and 2003. R2 values for quadratic trendlines in the east are 0.692, 0.451 and 0.686 for 2001, 2002
and 2003, respectively.  R2 values for quadratic trendlines in the west are 0.586, 0.608 and 0.826 for
2001, 2002 and 2003, respectively.
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ABSTRACT
This study was designed to define specific orientation and feeding behaviors by the glassy-winged sharpshooter (GWSS) in
association with grapevines that influence vine-to-vine spread of Xylella fastidiosa (Xf), the Pierce’s disease bacterium.  Thus
far, we conducted experiments in which we made hourly observations on the location of individual GWSS adults given
access to mature tissue and a terminal growing tip on the same cane. Although GWSS were observed on all tissues, both
males and females preferred immature tissues to mature tissues on Cabernet Sauvignon and Chardonnay grapevines, yet
sharpshooters moved frequently throughout the day.  Immature stems and leaves were consistently the most used tissue,
while immature petioles and mature stems and petioles were the least used.

INTRODUCTION
Pierce's disease (PD), a disease of grapes caused by the bacteria, Xylella fastidiosa (Xf) Wells et al., was described in
California in the 1880s during an epidemic in Orange County (Pierce 1882).  A second epidemic occurred in Tulare County
in the 1930s (Hewitt et al. 1949), and until the mid-1990s, it was considered only a minor problem in vineyards close to
riparian areas.  In the early 1990s a new vector, the GWSS, Homalodisca vitripennis (Germar) (formerly Homalodisca
coagulata Say), was introduced into the state (Sorenson and Gill 1996), and became associated with a devastating epidemic
of PD in the Temecula Valley.  Since 1994, at least 1,500 acres of vineyards have been lost to the disease in California; in the
Temecula Valley alone, losses have been estimated at $13 million (Wine Institute 2002). The GWSS has different feeding
and dispersal capabilities than native insect sharpshooter vectors and these attributes are thought to have contributed to the
increased number of PD-infected grapevines in California (Almeida et al. 2005a, Blua et al. 1999, Redak et al. 2004).  Like
other insect-borne plant pathogen systems, there are two potential types of pathogen spread: primary or secondary spread.
Primary spread occurs when the pathogen is obtained by the vector from sources outside the crop and transported and
inoculated into the crop.  Secondary spread occurs when the vector acquires the pathogen from infected vines in the vineyard,
and subsequently inoculates healthy vines within the same vineyard (i.e. vine to vine spread).  It is thought that Xf spread
with native California vectors was the result of primary spread, but that rapid spread by GWSS may be the consequence of
primary and secondary spread (Almeida et al. 2005a, Hill 2006). Consequently, the best strategy for managing PD spread by
GWSS is to control the vector.  This strategy, which is simple in concept, yet difficult and costly to implement over large
geographic areas, is exactly the approach of the area-wide management program being implemented by USDA, CDFA,
County Agricultural Commissioner’s Offices, and the University of California (for example Toscano and Gispert 2005,
Stone-Smith et al. 2005).  This strategy has been so effective at slowing the spread of PD throughout the state that the “crisis”
phase of the PD-GWSS problem appears to have passed.  Unknown, of course, is what will happen should the area-wide
management program be reduced.  Due to this uncertainty, researchers continue to search for alternative solutions, both short
and long term.  Understanding details of primary and secondary spread of Xf by GWSS can assist in the development of
alternatives to the area-wide management program.  For example, to reduce primary spread, efforts must focus on reducing
bacteria-carrying GWSS from entering healthy vineyards, through continued area-wide or local treatment programs outside
the vineyard, barriers, trap crops, and/or removal of pathogen sources outsides the vineyard.  Reduction of secondary spread
can be accomplished by in-field control of GWSS, finding and roguing infected vines in the vineyard (Varela et al. 2001),
and/or minimizing acquisition from infected vines and transmission to healthy vines.

The relationship among time of inoculation, location of inoculation, and disease progression in the vine likely plays a role in
determining whether disease becomes chronic and when a vine becomes a source plant for additional spread.  When another
PD vector, the blue-green sharpshooter, Graphocephala atropunctata, infected grapevines early in the season, more
persistent infections resulted than from later season infection (Purcell 1981).  A potential difference between blue-green
sharpshooter transmission and GWSS transmission is that the former is known to prefer feeding at the tips of canes (Purcell
1976), whereas the latter has been reported to feed on older plant parts.  Almeida et al. (2005b) demonstrated that GWSS
could even transmit Xf to dormant vines in the field.  However acquisitions from dormant vines in the field were negative.
Whether these transmissions and acquisitions are important to disease spread depends on GWSS feeding preferences during
the winter months when the vines are dormant.  Similarly, it is possible that infection at certain times of the season may not
become systemic because infection is pruned out at end of year, or environmental conditions limit bacterial spread (Feil and
Purcell 2001, Feil et al. 2003, Hill 2006).



- 55 -

OBJECTIVES
While this progress report addresses only the first objective, the objectives of the project are:
1. Document GWSS feeding preference, through the growing season, on established Cabernet Sauvignon and Chardonnay

grapevines that either are healthy or have been infected with Xf for 2, 3, or 4 years.
2. Evaluate the acquisition by GWSS, through the growing season, from established Cabernet Sauvignon and Chardonnay

grapevines that either are healthy or have been infected with Xf for 2, 3, or 4 years and determine the subsequent
transmission from these acquisitions.

3. Determine the relationship between Xf inoculation by GWSS at different times of the year and the development of the
vine as a source for further acquisition by GWSS.

RESULTS
We placed GWSS adults individually in observation cages fabricated from acetate cylinders (25cm x 17cm diameter) with
organdy sleeves attached to the ends.  The cage was place over the base of a Cabernet Sauvignon or Chardonnay grape vine
cane with the cane terminal looped back into it.  The ends of the observation cage were sealed giving each GWSS access to
immature and mature stems, petioles, and leaves inside.  The grapevines were from a mixed field-grown vineyard at the
University of California in Riverside that was covered with 60% shade-cloth to protect them from PD.  We made hourly
observations from 700 to 1800 hours over three days to determine which tissue each GWSS was on.  This experiment was
conducted in late August (Experiment 1) and again in mid September 2007 (Experiment 2).

In both experiments, GWSS were found on the cage in 12 to 16% of our observations (Figure 1).  When on the cane, GWSS
were observed on all tissue types, and although significant differences in tissues used occurred among varietals and genders
in both experiments, GWSS did not show a substantial preference for a specific tissue consistently.  However, they were
found more frequently on immature stems, petioles, and leaves (46-67% of our observations) than mature tissue (21-37%)
whether they were enclosed on Cabernet Sauvignon or Chardonnay vines, or were males or females (Figure 1).  In general,
GWSS were most likely to be found on immature stems and leaves, and least likely to be found on immature petioles and
mature stems and petioles (Figure 1).  Importantly, averages of 34% and 36% of experimental GWSS across gender in
experiments 1 and 2, respectively, switched from one tissue to another each hour on Cabernet Sauvignon.  Hourly averages of
30% and 37% of GWSS on Chardonnay switched tissues in experiments 1 and 2, respectively.  Averages of 34% and 39% of
females switched tissues each hour, and averages of 30% and 34% of males switched tissues each hour in experiments 1 and
2, respectively.

CONCLUSIONS
Vine to vine spread of Xf by GWSS has been hypothesized as a critical component of devastating PD epidemics that occurred
in Temecula and in the General Beale area of Kern County.  A fundamental understanding of this type of spread can lead to
strategies insuring that epidemics of these proportions do not occur elsewhere.  GWSS landing and feeding behavior, and
tissue feeding capacity combine with grapevine phenology, and Xf phenology to make vine to vine spread possible.
Particularly important is the tendency for GWSS to move frequently in grapevines, as shown in this study, and their
characteristic short hopping flights (Turner and Pollard 1959) that would maximize within-vineyard spread of Xf. Increased
movement by GWSS in search for optimal host tissue would increase the chance of contact with infected and healthy
grapevines alike.  Our future studies will compare GWSS feeding in no-choice circumstances, and GWSS flight orientation
and behavior when confronted with PD-infected and healthy grapevines.  We will also examine the relationship between Xf
inoculation by GWSS at different times of the year and the development of the vine as a source for further acquisition by
GWSS.
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Figure 1. GWSS preference on field-grown Cabernet Sauvignon and Chardonnay grapevines in choice
experiments conducted on 29 August 2007 (Experiment 1) and 11 September 2007 (Experiment 2).  Bars
represent average proportions of GWSS (+SE) observed on various tissue types. Different letters above bars
represent statistically significant differences among means at p = 0.05 (ANOVA followed by t-tests for mean
separation).
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ABSTRACT
At least twenty species of the genus Gonatocerus Nees (Mymaridae) were reared and recognized in Argentina and Mexico
from eggs of the proconiine sharpshooters (Hemiptera: Cicadellidae: Cicadellinae: Proconiini) in the course of the classical
and neoclassical biological control projects against the glassy-winged sharpshooter, Homalodisca vitripennis (Germar)
(GWSS), in California.  During the reporting period, they were identified taxonomically and three of them were described as
new species (two from Argentina and one from Mexico).  Work is under way to prepare a pictorial, annotated key to more
than 60 Neotropical species of the ater group of Gonatocerus.  Results obtained during the last six months of the first year
and the first three months of the second year of this two-year project are being reported.

INTRODUCTION
In the new World, eggs of the proconiine sharpshooters, which are known vectors of Xylella fastidiosa, are parasitized by
various Mymaridae; their natural biological control is mainly due to the beneficial activity of the numerous species of
Gonatocerus.  A key to the Nearctic mymarid egg parasitoids of the proconiine sharpshooters was published recently
(Triapitsyn 2006a).  Rationale and a more detailed introduction for this project, which will result in publication of an
illustrated, annotated key to the Neotropical species of Gonatocerus, were given by Triapitsyn (2006b).

OBJECTIVES
1. Identification of the numerous species of Gonatocerus reared by USDA researchers (G. Logarzo) in Argentina, Chile,

and Peru, colonies of some of which were established in the quarantine facilities in California and Texas, and also of
several species reared in Mexico from eggs of Homalodisca and other proconiine sharpshooters (mostly Year 1).

2. Preparation and submission for publication of a pictorial, annotated key to the ater species group of Gonatocerus, egg
parasitoids of proconiine sharpshooters in the Neotropical region, with emphasis on the species targeted for introduction
into California (Year 2).

RESULTS
Progress on Objective 1.

Types. All the available types of the Gonatocerus species (70 species), described from the Neotropical region, were located
and examined, and digital photographs were taken from them and arranged in plates.  All but one (lost) holotypes of the
species described by A. A. Ogloblin from Ecuador were remounted into Canada balsam because the original mounting
medium was so dark that the specimens were not visible.

Specimen preparation. Due to the enormous volume of the material of Gonatocerus from Argentina and Chile (more than
2,000 specimens have already been point-mounted in the course of this project), work on point-and slide-mounting of the
specimens, which began in October 2006, will continue until June 2008.
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Specimen identification. Morphologically, we recognized at least three more unidentified species among altogether at least
15 species of Gonatocerus reared in Argentina by G. Logarzo from eggs of the proconiine sharpshooters. Gonatocerus sp.
#12, previously misidentified by A. A. Ogloblin as G. nigriflagellum (Girault), turned out to be a new species. Gonatocerus
sp. #1 from Argentina and a similar, yet clearly different species, reared from eggs of Homalodisca sp. or Oncometopia sp. in
Veracruz, Mexico, are also new, undescribed species. Gonatocerus sp. #6 from Argentina was described taxonomically in
the course of this study (Triapitsyn et al. 2007).  Also described was a new species of Gonatocerus from Sonora, Mexico, an
egg parasitoid of Homalodisca liturata Ball (Triapitsyn & Bernal in review).  The identities of other species were also figured
out, particularly of seemingly the most promising neoclassical biological control agent, G. tuberculifemur (Ogloblin) [sp. #7]
(Virla et al. 2005), which turned out to be a complex of at least two different species, one of which was described
taxonomically as new (Triapitsyn et al. in review).  Because G. tuberculifemur was originally described from a single, poorly
preserved female specimen, G. Logarzo, S. Triapitsyn, and E. Virla made in February 2007 a collecting trip to its type
locality in Pucará, at the shore of Lago Lácar in Neuquén Province, Argentina, where G. tuberculifemur was collected using
sentinel eggs of Tapajosa rubromarginata (Signoret) on leaves of a citrus plant.  The collected specimens were used to
initiate a laboratory colony in Argentina (G. Logarzo) and also for molecular (J. de León) and morphological (S. Triapitsyn)
analyses in the USA.  The G. tuberculifemur complex also includes several morphological forms and molecular clades (de
León et al. 2006a,b,c and de León et al. in press), such as Gonatocerus sp. #3 from Argentina, whose identity remains to be
figured out. Gonatocerus metanotalis (Ogloblin) also turned out to be a complex of several molecular clades (de León et al.
2006d), which, however, were not found to differ morphologically.  Altogether, more than 2,000 specimens of Gonatocerus
from South America and Mexico were sorted to morphospecies, compared with the types of the described species, and
identified, many as undescribed taxa.  The newly collected specimens have been matched with the types of more than 30
described species of Gonatocerus from South America, and also more than 30 undescribed species have been recognized,
many of which were reared from eggs of the proconiine sharpshooters and thus are of interest to this project as potential
neoclassical biological control agents against the GWSS in California.

Progress on Objective 2.

Preparation of the illustrations.  High quality digital photographs (arranged in plates, as in Figure. 1) were taken, using an
Automontage system, of all the available types of the described Gonatocerus spp. from the Neotropical region and also of the
new species that will be included in the key, such as an undescribed species from Tamaulipas, Mexico (Figure. 1).
Additionally, scanning electron micrographs were taken from some of them to facilitate their recognition and to illustrate
some key morphological features.

Preparation of the key.  It is under way.

Publications and reports.  The project has already resulted in 11 scientific papers and reports that either have been published
or submitted for publication to the scientific journals.

CONCLUSIONS
All but one (lost) type specimen of the Neotropical species of Gonatocerus were located and examined.  High quality digital
photographs were taken (and arranged in plates) from the females and, when available, males of all the species of
Gonatocerus that will be included in the key, including at least ten new, undescribed species.  Three of these have already
been described.  Results of this project will be of significant benefit to biological control (especially to the CDFA/PD
Biological Control Program) specialists, ecologists, and other researchers that manage the Pierce’s disease threat posed by
GWSS.  When completed, this key will make possible identifications of the mymarid egg parasitoids of the proconiine
sharpshooters in America south of the USA, differentiation of native vs. introduced species of Gonatocerus, and also will
provide information on the candidate species of Mymaridae for introduction as part of biological control programs, facilitate
surveys for assessing levels of egg parasitism of the proconiine sharpshooters, and indicate all known host associations of the
mymarid species important for classical and neoclassical biological control of GWSS and other Proconiini.
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Figure 1. Gonatocerus sp. (female) from Tamaulipas, Mexico.  Top: antenna; center left: body (without head); center right:
dorsellum and propodeum; bottom: wings.
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ABSTRACT
Results of a 2-year study survey of species of leafhoppers found in vinifera vineyards in the Piedmont and Mountain regions
of North Carolina are reported. Graphocephala versuta and Agalliota constricta were the most abundant and ubiquitous
leafhoppers.  Five species of sharpshooters were found in this survey: Cuerna costalis, Homalodisca insolita, H. vitripennis,
Oncometopia orbona, and Paraulacizes irrorata.  Homalodisca vitripennis was found only in one vineyard located in Wake
County (Piedmont) in 2007 and this is the first report of this insect in this county.

INTRODUCTION
Vinifera grapes have become economically important in North Carolina (NC).  The acreage of vinifera grapes in the
Piedmont and Mountains regions of NC doubled from 600 to 1300 acres between 2000 and 2005, respectively; and in 2005
NC ranked 10th in the nation in grape production (MKF Research 2007).  However, Pierce’s disease (PD) has been
increasing rapidly and may be the most important factor limiting the development of the wine industry in NC.  In some cases,
entire vineyards have been removed and in others, many plants are being removed by the 4th or 5th year.  Leafhoppers are
vectors of Xylella fastidiosa (Xf), the bacterium that causes PD.  These Hemipterans are found in great numbers in NC;
however, the identity of the species found on vinifera grapes, their seasonal abundance and habitats are not well known.

We report a survey of leafhoppers that were collected on four vineyards, two each in the Piedmont (Wake and Alamance Co.)
and the Mountains (Polk Co.) of NC.  This survey was conducted using yellow sticky traps placed at heights 0.5, 1.0, 1.5 and
2.0 m above the soil in 2006 and at 0.5 and 2 m in 2007.  The yellow sticky traps were placed in the vineyards on 10 May and
5 March in 2006 and 2007, respectively.  They were replaced every 14 days, 8 November 2006 through 20 September, 2007.

OBJECTIVES
1. Identify the species of the Hemiptera in the families Cicadellidae, Cercopidae, Clastopteridae and Membracidae that are

present in vinifera vineyards in North Carolina.
2. Study the seasonal abundance of the most abundant species of leafhoppers present in vineyards.
3. Identify insects that carry Xf.

RESULTS
Leafhopper identification is still in progress.  We have identified a total of 40 species to date.  We have found five large
species (length ≥ 13 mm) of sharpshooters (Oncometopia orbona, Paraulacizes irrorata, Cuerna costalis, Homalodisca
insolita and H. vitripennis), 20 medium size species (length between 6 to 13 mm) including cicadellids (Paraphlepsius
irroratus, Graphocephala versuta, G. coccinea, G. hieroglyfica, Scaphytopious frontalis, S. acutus, Japanus hyalinus,
Scaphoideus titanus,  Gyponana sp., Colladonus clitellarius, Agalliota constricta, Stirrelus bicolor, Norvelina seminude,
Texananus scultus, Idiononus sp., Mesamia sp, Idiocerus sp, Draecucephala antica, D. angulifera, and Penthimia sp.), 4
membracids (Atymna sp., Spissistilus sp., Micrutalis calva, Entylia carinata), 2 clastopterids (Clastoptera obtusa and C.
xanthocephala.), 1 cercopid (Prosapia bicincta) and 7 small species (length < 5 mm) (Empoasca fabae, Erythroneura
vulnerata, E. vitis, E. tricincta, E. ziczac,  Illinigina illinoiensis, and Graminella sp.).  Many of the small species were
previously reported on muscadine grapes (Corrette 1981).

The most abundant leafhopper species collected during 2006 were G. versuta, A. constricta, P. irroratus, O. orbona.
However, in 2007, G. versuta, A. constricta, H. insolita and O. orbona were the most abundant. Paraphlepsius irroratus is a
carrier of Xf (Myers 2005), although its ability to transmit Xf has not been established. Homalodisca insolita was the most
abundant sharpshooter in 2007, but it was found mostly in the lower yellow sticky trap (0.5 m).  The glassy winged
sharpshooter, H. vitripennis, was found only in 2007 in the Wake County vineyard and this is the first report of its presence
in this county.  Most H. vitripennis were collected from the upper yellow sticky traps (2.0 m).  The presence of H. vitripennis
may reflect the unusually warm winter in 2007, because this insect has previously reported only from a vineyard located
along the coast of NC, in Currituck Co. and crape myrtle (Lagerstroemia indica) in Pender Co.
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CONCLUSIONS
Our data on the leafhopper species present in NC vinifera vineyards provide a framework for identifying which species of
leafhoppers are likely to be important in Xf transmission. Graphocephala versuta and O. orbona have been shown to
transmit Xf in NC (Myers 2005).  Previous research has demonstrated that C. costalis (Kaloostain, 1962), H. insolita (Purcell
1979), and H. vitripennis are vectors of Xf. The latter species has the ability to disperse long distances, and its presence in
Currituck Co. and Wake Co. may reflect the unusually warm winter in 2007.  If we continue to experience mild winters due
to global warming, H. vitripennis may spread further north and west in NC.  Other species such as P. irroratus may be
important in the spread of Xf. To identify other potential vectors of Xf, specimens of each species have been collected and
stored at ~ 1◦ C; they will be subjected to PCR analysis to test for the presence of Xf DNA.  In 2008 we are planning to
continue the survey and study the life history, host plants, and habitat preferences of the most abundant leafhoppers in
vinifera vineyards in NC.  We will also investigate potential pest management programs for leafhoppers in vinifera grapes.

Figure 1. Mean numbers of leafhopper species per yellow sticky trap in the Mountains and
Piedmont regions of North Carolina in 2006 (a) Paraphlepsius irroratus (b) Graphocephala
versuta, (c) Homalodisca insolita, (d) Oncomatopia orbona, (e) Agalliota constricta, , and (f)
several small species that includes Empoasca fabae and Erythroneura sp..  Each data point
represents the cumulated leafhopper mean numbers for a 2-week period.
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ABSTRACT
Nine species of Mymaridae and Trichogrammatidae parasitic on eggs of Proconiini sharpshooters were collected in
northwestern Mexico in relation to biological control of glassy-winged sharpshooter, Homalodisca vitripennis (Germar) in
California.  These included an unidentified (likely new) species of Gonatocerus Nees (Mymaridae), an egg parasitoid reared
from Proconiini eggs in Sonora state, Mexico.  The other species, also reared from Proconiini eggs in Sonora and Sinaloa,
included Gonatocerus atriclavus Girault, Gonatocerus morrilli (Howard), and Gonatocerus novifasciatus Girault, and the
trichogrammatids Burksiella sp(p)., Paracentrobia sp., Pseudoligosita sp., Ufens ceratus Owen, and U. principalis Owen.
Colonies of Gonatocerus atriclavus, Gonatocerus novifasciatus and Pseudoligosita sp. were successfully established in the
quarantine laboratory of the Department of Entomology, University of California, Riverside (UCR), on eggs of the glassy-
winged sharpshooter.

INTRODUCTION
Species of Mymaridae and Trichogrammatidae are common parasitoids of Proconiini sharpshooter eggs, such as glassy-
winged sharpshooter (GWSS) [Homalodisca vitripennis (Germar)].  GWSS is native to the southeastern U.S. and
northeastern Mexico, and became established in California ca. 1990 (Sorensen and Gill 1996).  The economic importance of
GWSS stems mostly from its efficiency as a vector of Xylella fastidiosa, which is the causal agent of Pierce’s disease in
grapes, among other important diseases.  Substantial research emphasis has been placed thus far on importation biological
control of GWSS.  To date, two approaches to importation biological control of GWSS in California are being followed.  The
“classical” approach of reuniting an exotic pest, such as GWSS, with its coevolved natural enemies from the pest’s area of
origin is being explored via importation of parasitoids from the southeastern U.S. and northeastern Mexico.  The
“neoclassical” approach of importing non-coevolved natural enemies (i.e. parasitic on closely related host species) against
exotic pests is being explored via importation of parasitoids from Minnesota (Anagrus epos Girault), southeastern Mexico,
and Argentina.

The long-term goal of the activities described herein was to contribute to neoclassical biological control efforts against
GWSS, through importation of natural enemies from central- and north-western Mexico.  At least six species of Proconiini
were known from those areas, though it was doubtful that GWSS occurred there (MacGregor and Gutiérrez 1983, Pacheco
Mendivil 1985, Takiya 2006).  A neoclassical approach against GWSS was considered promising because efforts to date
have not uncovered effective natural enemies in the pest’s native range, and because closely related host species occur in
central- and north-western Mexico.  This report presents the results of activities aimed at surveying and collecting egg
parasitoids of Proconiini in the Mexican states of Colima, Jalisco, Nayarit, Sinaloa, and Sonora between July 2006 and June
2007.

OBJECTIVES
1. Import to California via UC Riverside quarantine parasitoids of Homalodisca spp. and other Proconiini from the

Mexican states of Jalisco, Nayarit, Sinaloa, and Sonora.
2. Systematically document the parasitoid fauna associated with Homalodisca spp. and other Proconiini genera in the

Mexican states of Jalisco, Nayarit, Sinaloa, and Sonora.

RESULTS
Proconiini collections
Adult specimens of seven Proconiini species were collected and identified from the states of Colima, Jalisco, Sinaloa, and
Sonora.  These included Cyrtodisca major (Signoret), Homalodisca insolita (Walker), Phera centrolineata (Signoret),
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Homalodisca liturata Ball, and three unidentified species of Oncometopia Stål.  Adult Proconiini were not collected in
Nayarit.

Egg masses of Proconiini were shipped to UCR from Sinaloa and Sonora, and these were of Oncometopia sp., or
Homalodisca liturata, respectively.  Egg masses were not found in the states of Jalisco, Colima, and Nayarit.

Parasitoids of Proconiini eggs
Mymaridae
Gonatocerus sp.: One unidentified species of Gonatocerus was reared from eggs of Proconiini collected in Sonora.  This is
likely a new species of solitary parasitoid, and its taxonomic description will be published separately.

Gonatocerus atriclavus Girault:  This species was reared from eggs of Proconiini collected in Sinaloa. Gonatocerus
atriclavus is being reared under laboratory conditions on GWSS eggs on Euonymus japonica leaves.  It is a solitary
parasitoid, producing one adult per each host egg.

Gonatocerus morrilli (Howard):  This species was reared from eggs of Proconiini collected in Sonora.  It is a common,
solitary egg parasitoid of various Proconiini in the southern U.S., and Mexico.

Gonatocerus novifasciatus Girault:  This species was reared from eggs of Proconiini collected in Sonora. Gonatocerus
novifasciatus was being reared under laboratory conditions on GWSS eggs on E. japonica leaves, though was discontinued
after only males were obtained in the F2 generation.  It is a solitary parasitoid.

Trichogrammatidae
Burksiella sp(p).:  One or several species of Burksiella were reared from eggs of Proconiini collected in Sinaloa, and Sonora.
This (or these) species are solitary parasitoids.  Specific identifications are pending.

Paracentrobia sp.:  This species was collected from eggs of Proconiini collected in Sonora.  At least two other congeneres in
the Nearctic region are parasitic on Proconiini eggs (Triapitsyn 2003; Tipping et al. 2005).  Specific identification is pending.

Pseudoligosita sp.:  This species was collected from Proconiini eggs in Sonora. Pseudoligosita sp. is being reared under
laboratory conditions on GWSS eggs on E. japonica leaves. Pseudoligosita sp. is a gregarious parasitoid, producing two to
four adults per each egg of GWSS. Specific identification is pending.

Ufens ceratus Owen:  This species was reared from eggs of Proconiini collected in Sonora. Ufens ceratus is a common
parasitoid of GWSS eggs in southern California, and of eggs of other proconiine sharpshooters in Mexico and the U.S. (Al-
Wahaibi et al. 2005).

Ufens principalis Owen:  This species was collected from eggs of Proconiini collected in Sonora. Ufens principalis is a
common egg parasitoid of Homalodisca liturata in southern California, and of GWSS in California (Al-Wahaibi et al. 2005).

CONCLUSIONS
At least seven species of Proconiini were found in the central- and north-western states of Colima, Jalisco, Nayarit, Sinaloa,
and Sonora between July 2006 and July 2007: Cyrtodisca major, Homalodisca insolita, Phera centrolineata, Homalodisca
liturata, and three species of Oncometopia.  Proconiini egg masses were found and shipped to UCR from Sinaloa and Sonora.
These egg masses yielded at least nine species of Mymaridae and Trichogrammatidae parasitoids: Gonatocerus sp.,
Gonatocerus atriclavus, Gonatocerus morrilli, and Gonatocerus novifasciatus, and Burksiella sp(p)., Paracentrobia sp.,
Pseudoligosita sp., Ufens ceratus, and Ufens principalis, respectively.  Colonies of Gonatocerus atriclavus, Gonatocerus
novifasciatus and Pseudoligosita sp. were successfully established UCR quarantine on eggs of GWSS.

Discovery of apparently new species of both Proconiini sharpshooters and parasitoids of their eggs, and successful rearing of
three parasitoid species by the midpoint of the project’s tenure is encouraging because observations and experiences to date
will facilitate further searching in Mexico and successful colonization at UCR quarantine.  Search efforts in 2007-2008 will
focus on Colima, Jalisco, and Nayarit states, where egg masses have to date not been found, and intensive re-sampling of
sites and host plants at localities in Sinaloa and Sonora states, where Proconiini and parasitoids have thus far been found.
Efforts will continue at UCR quarantine to rear any novel parasitoids received from Mexico, and maintain existing parasitoid
cultures.
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ABSTRACT
A study was conducted to determine the toxic effects of systemic imidacloprid against the egg stage of the glassy-winged
sharpshooter, Homalodisca vitripennis (H. vitripennis), and its mymarid egg parasitoid Gonatocerus ashmeadi (G.
ashmeadi).  During the development of the sharpshooter embryo within the egg, imidacloprid did not have a lethal effect,
even at very high concentrations.  However, upon emergence from the egg mass, the first instar nymph encountered residues
of imidacloprid in the surrounding leaf tissues.  There was an excellent dose-response between the imidacloprid
concentration and emerging nymph mortality, giving an LC50 of 39 ng imidacloprid/cm2 leaf.  In the same way, G. ashmeadi
did not succumb to toxic levels of imidacloprid during its development within the sharpshooter egg.  However, parasitoid
adults were sensitive to imidacloprid residues during emergence from the sharpshooter egg.  The LC50 for parasitoid
mortality was 66 ng imidacloprid/cm2 leaf.  In a survey of commercial citrus trees that were treated with imidacloprid, the
mean residues of the insecticide within the leaves did not exceed the LC50 concentrations for either insect.

INTRODUCTION
In a previous study, imidacloprid was shown to be toxic to sharpshooter nymphs, but only during emergence from the egg
(Byrne and Toscano, 2005).  During development, the imidacloprid did not penetrate the egg membrane at sufficient levels to
cause toxicity.  In this study, we are continuing to evaluate the effects of the neonicotinoids against the sharpshooter nymphs
and its egg parasitoid, G. ashmeadi.  Neonicotinoid insecticides are the most widely used insecticides on citrus for the area-
wide management of the glassy-winged sharpshooter.  Dose-response data are being generated from bioassays to indicate
threshold residue levels of insecticides that are lethal to nymphs and parasitoids as they emerge from the sharpshooter egg.

OBJECTIVES
1. Determine the relative toxicities of neonicotinoids (imidacloprid, thiamethoxam and dinotefuran) to the adult and egg

stages of the glassy-winged sharpshooter.
2. Determine the impact of neonicotinoids (imidacloprid, thiamethoxam and dinotefuran) on egg parasitoids of the glassy-

winged sharpshooter.

RESULTS
The uptake of imidacloprid into excised cotton leaves was variable and ensured a broad range of concentrations to determine
its impact against the developing embryo and emerging first instar H. vitripennis.  Even at the highest concentrations of
imidacloprid (almost 1 µg imidacloprid per cm2 leaf), there was no mortality of the developing embryo.  The only mortality
that occurred was during the emergence of the first instar from the egg mass.  At the highest concentrations, the first instars
died as soon as they broke through the egg sac.  At lower doses, many of the nymphs emerged half way through the egg sac
before succumbing to insecticide.  There was an excellent dose-response, resulting in an LC50 of 39 ng imidacloprid per cm2

leaf (Figure 1).

We observed a similar pattern of mortality in bioassays with the parasitoid.  As with the sharpshooter nymphs, there was no
toxic effect on the developing parasitoid within the confines of the sharpshooter egg.  However, once the insect began to
emerge, it encountered insecticide and there was a dose-response between the concentration of imidacloprid and mortality.
The LC50 for the adult G. ashmeadi was 66 ng imidacloprid per cm2 leaf, indicating its greater tolerance to the insecticide
(Figure 1).

Imidacloprid concentrations were measured in the xylem and leaf tissues of citrus trees treated with 2.34 l ha-1 of 240 g
imidacloprid liter-1 SC (Figure 2).  There was a steady increase in xylem fluid levels of imidacloprid up to 40 days after the
application.  At this time, the titers remained steady, and only declined after 110 days.  Residues of imidacloprid within
leaves were measured at 60 days after the initial treatment when the imidacloprid concentration within the xylem system had
stabilized (Figure 2).  The level of variation between the four trees was not significant (F3,40 = 0.77, P = 0.52).  The apparent
differences between the imidacloprid concentrations in leaves sampled from the north and south sides of the trees were also
not significant (F1,40 = 2.30, P = 0.14).  The combined leaf residue data for the four trees was used to generate a frequency
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distribution curve (Figure 3), which showed more clearly that the residues present within most of the leaves were lower than
the LC50 values for the two insects.

Figure 2. Temporal profiles of imidacloprid concentrations
within the xylem fluid of citrus trees treated with 240 g l-1

imidacloprid.  Each point represents the mean (± SEM)
imidacloprid concentration in extracts from 12 trees.  The
arrow indicates the day on which leaves were sampled from
four of the trees to determine the leaf concentrations of
imidacloprid.

Figure 1. Dose response for GWSS nymphs and G.
ashmeadi adults as they emerge from sharpshooter eggs that
developed on imidacloprid-treated leaves.  Data for the
GWSS is copied from Byrne and Toscano (2005), and is
included to show comparative toxicity of imidacloprid to
emerging nymphs and parasitoid adults. Figure 3. Frequency distribution of imidacloprid

concentrations in citrus leaves sampled from trees treated
with 240 g-1 l imidacloprid.  The arrows indicate the LC50
values for H. vitripennis and G. ashmeadi.

CONCLUSIONS
In this study, we have provided further evidence that imidacloprid residues within leaves do not penetrate through the chorion
of the sharpshooter egg.  There was, however, a toxic effect on the emerging first instar nymph, which was most dramatic at
higher insecticide concentrations within the leaves.  Imidacloprid residues within the leaves had a similar effect against
parasitoids.  All parasitoids developed fully to the adult stage, and only upon emergence did they encounter insecticide
residues.  As with the emerging sharpshooter nymphs, there was a dose response between the levels of parasitoid mortality
and imidacloprid concentrations present within the leaves.

In the treated citrus trees (Figures 2 and 3), measurements of imidacloprid were taken from leaves when the insecticide levels
within the xylem system had stabilized.  The distribution of imidacloprid levels within the leaves (Figure 3) clearly showed
that the residues present would not have a dramatic effect on the emergence of either the sharpshooter nymph or the
parasitoid.  However, nymph populations have been shown to decline on treated citrus when concentrations of imidacloprid
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were as low as 3 ng/ml xylem fluid (Castle et al., 2005).  Therefore, the greater impact of the insecticide treatment would
occur on the sharpshooter nymphs when they began to feed on the xylem fluid since the imidacloprid concentrations were
above threshold levels necessary to induce mortality (Figure 2).

G. ashmeadi is an important parasitoid of the glassy-winged sharpshooter.  The success of this parasitoid against the
sharpshooter has highlighted the importance of biological control in the management of the sharpshooter (Triapitsyn et al.,
1998).  There is much interest in enhancing biological control through the search and release of additional egg parasitoids,
both Gonatocerus species and others (Hoddle and Triapitsyn, 2003, 2004; Morgan et al., 2000; Morse and Stouthamer,
2005).  The success of these efforts could depend in part upon the impacts that insecticide treatments have on their survival.
One of the primary objectives of the release program is to enhance the impact of biological control during the early part of
the year when the first generation is developing.  However, it is at this time that the first systemic treatments of imidacloprid
are applied.  It is important, therefore, that the interaction between the two management systems is fully understood, so that
the benefits of both systems can be maximized.  Our data show that there is great potential for the integration of the two
systems – imidacloprid has no toxic effect on the sharpshooter embryo during its development within the egg, ensuring that
the parasitoid will be able to develop to the adult stage.  The greater tolerance of the parasitoid to the insecticide will further
ensure that the leaf residues of insecticide will have a lesser impact on its survival during emergence.
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ABSTRACT
We utilized two molecular methods to aid in resolving the Gonatocerus tuberculifemur (G. tuberculifemur) complex,
potential glassy-winged sharpshooter (GWSS) biological control candidate agents from South America.  The two methods
used were DNA sequencing of both the mitochondrial cytochrome oxidase subunit I gene (COI) and the ribosomal internal
transcribed spacer region 2 (ITS2) and inter-simple sequence repeat-polymerase chain reaction (ISSR-PCR) DNA
fingerprinting.  COI sequence variation, as shown previously, was able to discriminate G. tuberculifemur individuals
belonging to clades 1 and 2, but G. tuberculifemur individuals from clade 2 were not discriminated from the G.
tuberculifemur specimens collected from the type locality (Pucará) or G. sp 3. G. tuberculifemur individuals emerging from
Hortensia similis (H. similis) (Cicadellini leafhopper) formed a new clade (Y). On the other hand, ITS2 rDNA sequence data
could not discriminate G. tuberculifemur individuals belonging to clades 1 and 2.  However, ITS2 was able to discriminate G.
sp 3 and G. tuberculifemur specimens from the type locality (Pucará), forming two new clades, Z and X, respectively.
Specimens emerging from H. similis were also discriminated by ITS2 analysis.  Interestingly, the separation of all of the
species or strains within the G. tuberculifemur complex was accomplished by ISSR-PCR DNA fingerprinting.  No single
gene (COI and ITS2) sequenced was able to discriminate all of the species within the G. tuberculifemur complex.  Based on
the current data, it appears that there could be four species within the G. tuberculifemur complex.  Because G. tuberculifemur
is under consideration as a potential biological control agent for the invasive GWSS in California, understanding possible
cryptic variation of this species is critical.

INTRODUCTION
The GWSS, Homalodisca vitripennis (Germar) (Hemiptera: Cicadellidae) that invaded California (CA) USA have their
origins in Texas USA (de León et al. 2004), an observation that was later confirmed by Smith (2005).  GWSS is a serious
economic pest that poses a serious threat to the wine and table industry, therefore, a biological control program is in place to
try to control this devastating pest (CDFA 2003).  Currently, our research is focused on developing a neoclassical biological
control program against GWSS in CA (de León et al. 2006a,b,c,d, 2007, Triapitsyn et al. 2007a,b).  Egg parasitoids of closely
related hosts belonging to the sharpshooter tribe Proconiini [Tapajosa rubromarginata (Signoret)] were sought from regions
in South America where climate types and habitats were similar to CA (Jones 2001, Logarzo et al. 2003, 2004, 2005).
Prospective egg parasitoid candidate agents were identified by S. Triapitsyn (UC-Riverside) among several Gonatocerus
Nees species (Hymenoptera: Mymaridae) reared from T. rubomarginata (Logarzo et al. 2005, Virla et al. 2005), including
specimens emerging from a different host tribe (Cicadellini).  Among the species identified was Gonatocerus tuberculifemur
(Ogloblin), one of the most promising biological control agents from South America because of its unique climate match to
CA and not to the southeastern U.S., as it would not be predicted to migrate to the southeastern U.S. and attack non-target
native leafhoppers.  This is very important because it can reduce the risk factors of releasing this egg parasitoid in CA.
However, it appears that G. tuberculifemur is part of a species complex involving several species [e. g., G. tuberculifemur
clades 1 and 2 (de León et al. 2006a,d, 2007, Triapitsyn et al. 2007b), G. tuberculifemur collected from the type locality
(Pucará, Neuquen Province, Argentina), G. tuberculifemur-like individuals emerging from a different host tribe (e. g.,
Hortensia similis), and G. sp 3 (de León et al. 2006b)].

OBJECTIVES
The aim of the present study was to continue resolving the G. tuberculifemur complex.  Two molecular methods, ISSR-PCR
DNA fingerprinting and DNA sequencing of both the mitochondrial cytochrome oxidase subunit I gene (COI) and the
ribosomal internal transcribed spacer region 2 (ITS2) were utilized and compared.  Included in the analyses were G.
tuberculifemur individuals belonging to both ‘clade 1’ and ‘clade 2’ (de León et al. 2006a,d, 2007), G. sp 3 (de León et al.
2006b), G. tuberculifemur-like individuals emerging from H. similis (Cicadellini leafhopper); and G. tuberculifemur
individuals collected from the type locality (Pucará, Neuquén Province, Argentina).  Included in the analyses to provide
phylogenetic support were several species belonging to the morrilli subgroup of the ater species group of Gonatocerus (de
León et al. 2007, Triapitsyn 2006).
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RESULTS AND CONCLUSIONS
Phylogenetic analysis of individuals belonging to the G. tuberculifemur complex inferred from COI sequence data
Ten Gonatocerus species (or strains) were included in this study.  A total of 33 ingroup specimens were analyzed and two
specimens from Anagrus ustulatus (Haliday) (also a mymarid species) were included as an outgroup.  Many species formed
their own taxonomic unit or distinct clade, confirming the species boundaries shown recently, including the two clades (1 and
2) of G. tuberculifemur (de León et al. 2006c,d, 2007, Triapitsyn 2006) (Figure 1).  In addition, a new clade (Y) was
observed in G. tuberculifemur individuals emerging from the host H. similis, suggesting that clade Y individuals are a valid
species.  However, COI sequence variation was unable to discriminate G. tuberculifemur clade 2 individuals (San Rafael)
from those of G. sp 3, as shown previously (de León et al. 2006b), and G. tuberculifemur (G. tub Pucará) individuals
collected from the type locality (Pucará).  The current data also suggests that individuals from the G. tuberculifemur complex
(main clade ‘A’) are related or could belong to the morrilli subgroup of the ater species group of Gonatocerus.  Very strong
bootstrap support (100%) was seen within the clades (1, 2, and Y) of the G. tuberculifemur complex.

Phylogenetic analysis of individuals belonging to the G. tuberculifemur complex inferred from ITS2 sequence data
The results of this analysis are shown on Figure 2.  Again, the species boundaries of many of these species utilizing the ITS2
rDNA fragment were confirmed (de León et al. 2006c), with very strong support (96-100%).  Clade Y (G. tub H. similis) was
again observed based on ITS2 phylogenetic analysis, confirming the results of the COI analysis.  ITS2 sequence variation
was able to discriminate individuals from both G. sp 3 (clade Z) and G. tub Pucará (clade X).  However, ITS2 was unable to
discriminate individuals of G. tuberculifemur belonging to clades 1 and 2.  This is an interesting observation because COI
sequence data and ISSR-PCR DNA fingerprinting were both able to discriminate these two clades (de León et al. 2006d,
2007); in addition, preliminary cross-mating data suggest that individuals from the two clades of G. tuberculifemur are
reproductively incompatible (de León et al. 2006a).  Furthermore, morphological analyses uncovered some differences
between the two clades [Triapitysn et al. 2007 (submitted)]. Taken together, all of these data highly suggest that the
individuals of G. tuberculifemur belonging to the two clades are valid species.

Figure 1 (COI) and Figure 2 (ITS2) show phylograms of egg parasitoid species belonging to the G. tuberculifemur complex
inferred from COI and ITS2 sequence data, respectively. Analyses were performed with the alignment program ClustalX and
the neighbor-joining distance trees utilizing the uncorrected ‘p’ genetic distance were reconstructed with the phylogenetic
program PAUP 4.0b10 for Macintosh (PPC).  The trees display bootstrap values, as percentage of 1000 replications.
Collections of G. tuberculifemur (G. tub) were from: San Rafael (SR) (Mendoza Province), these individuals belong to ‘clade
2’ (de León et al. 2006d, 2007).  RC, Rio Colorado (Rio Negro); SMT, San Miguel de Tucumán (Tucumán); TU, Tunuyán
(Mendoza); and CH, Chile; these individuals belong to ‘clade 1’ (de León et al. 2006d, 2007). G. sp. 3 are from two different
collection dates, January 2005 [emerged from T. rubromarginata (Proconiini leafhopper) and April 2006 emerged from
Plesiommata mollicella (Cicadellini leafhopper)] (de León et al. 2006b). G. tuberculifemur-like individuals emerged from H.
similis (Cicadellini leafhopper) (G. tub H. similis); the rest emerged from T. rubromarginata. G. tuberculifemur individuals
from Pucará (G. tub Pucará) are from the type locality.  Main clade ‘A’ are individuals from the G. tuberculifemur complex.
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ISSR-PCR DNA fingerprinting of individuals belonging to the G. tuberculifemur complex
The results of this experiment are shown on Figure 3.  ISSR-PCR uncovered fixed banding pattern differences in all of the
species or strains belonging to the G. tuberculifemur complex: G. tub Pucará (clade X); G. tub H. similis (clade Y); results for
G. sp 3 (clade Z) are shown elsewhere (de León et al. 2006b); and G. tuberculifemur clades 1 and 2, shown previously (de
León et al. 2006d, 2007).  Not sharing bands among species is usually an indication of reproductive isolation.  Cross-mating
studies and morphological analyses are in progress to confirm the current molecular results.
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Figure 3. ISSR-PCR DNA fingerprinting of various species within the G. tuberculifemur complex.
Reactions were performed with total genomic DNA from 2-5 separate individuals and a 5’-anchored ISSR
primer (de León et al. 2004, 2007).  Specimens from San Miguel de Tucumán and El Manantial are from
Tucumán Province; Pucará individuals are from Neuquén Province (type locality); and San Rafael, Rama
Caida, and General Alvear individuals are from Mendoza Province. G. sp. 3 specimens are not included
[see de León et al. 2006b]. G. tuberculifemur-like individuals emerged from H. similis, a different host
tribe (Cicadellini); the rest emerged from T. rubromarginata (Proconiini host tribe). M, 1.0-Kb Plus
DNA Ladder.
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ABSTRACT
To aid in identifying key predators of the glassy-winged sharpshooter (GWSS) egg stage, we developed ‘one-step’ molecular
diagnostic markers specific toward the internal transcribed spacer 2 region (ITS2) of five primary GWSS egg parasitoid
species belonging to the genus Gonatocerus Nees.  In addition, these markers will also serve to aid taxonomic identifications,
especially before the egg parasitoids emerge from GWSS egg masses.  The molecular markers were designed toward the
following species: G. triguttatus (Gtri-F/R); G. walkerjonesi (wjca-F2/R); G. morrilli (gmtx-F/R); G. ashmeadi (Gash-F/R);
and G. morgani (Gmorg-F/R).  Cross-reactivity assays with 21 Gonatocerus species, each with specific assay conditions,
demonstrated that the developed markers were highly specific toward the species that they were designed for, as cross-
reactivity was not observed with non-target species.  One of the markers (Gtri-F/R) was tested in predator gut content assays.
Positive reactions were observed in gut assays in which lacewings were allowed to feed on parasitized (G. triguttatus) GWSS
eggs.  In addition, positive banding was also seen with GWSS parasitized eggs alone, that is before the egg parasitoids
emerged from the GWSS egg masses.  The current results confirm the specificity and utility of the various one-step
molecular diagnostic markers.  In addition to the predation studies, these markers should be useful to the biological control
program.

INTRODUCTION
The glassy-winged sharpshooter, GWSS, Homalodisca vitripennis (Germar) [=H. coagulata (Say)] (Hemiptera: Cicadellidae)
was reported in California (CA) USA in 1989 (Sorenson and Gill 1996) and since then it has spread throughout CA (Blua et
al. 2001), posing a serious threat to the wine and table grape industry.  The GWSS that invaded CA have their origins in
Texas USA (de León et al. 2004), an observation that was later confirmed by Smith (2005).  A biological control program has
been put into place to try to control this devastating pest (CDFA 2003).  To effectively control GWSS, an area-wide pest
management approach is required.  However, limited knowledge is available pertaining to the GWSS generalist predator
complex.  At present, the two most common methods used to study predation by gut content analysis are immunoassasys
(ELISAs) (Hagler 1998; Fournier et al. 2006, 2007) that detect prey-specific proteins and polymerase chain reaction (PCR)-
based markers targeting prey DNA (Agustí et al. 2003; Greenstone and Shufran 2003; de León et al. 2006; Fournier et al.
2006, 2007).  Furthermore, some prey specific ELISAs are also life-stage specific, for example, toward the egg stage of
GWSS (Hagler et al. 1991, 1993; Fournier et al. 2006).  Combing this type of ELISA with a PCR-based analysis could
provide a more accurate definition of a predation event (Fournier et al. 2007).

OBJECTIVES
Our research is in the initial stages.  We plan to identify key predators of the GWSS egg stage [e.g., targeted (effective)
biological control] and GWSS parasitoid complex [e.g., non-targeted (interference) biological control].  We will also identify
and quantify egg parasitism for several of the key native and exotic GWSS parasitoid species.  Another objective of our
research is to aid in taxonomic identifications, a request from the CDFA (D. Morgan).  Our first immediate goal is to develop
‘one-step’ molecular diagnostic markers toward the internal transcribed spacer region 2 (ITS2) of several Gonatocerus
species (5): G. triguttatus (Girault), G. walkerjonesi S. Triapitsyn; G. morrilli (Howard); G. ashmeadi (Girault); and G.
morgani S. Triapitsyn (Hymenoptera: Mymaridae).  Our second immediate goal is to begin to test the utility of the developed
markers by examining the gut contents of predators (lacewings) feeding on parasitized (G. triguttatus) GWSS egg masses.
Along with these DNA markers, future studies will involve using an established GWSS-egg specific ELISA (Hagler et al.
2003; Fournier et al. 2006).

RESULTS AND CONCLUSIONS
Development and specificity of the ‘one-step’ species-specific molecular markers directed toward the ITS2 rDNA
fragments
ITS2 rDNA sequences from several Gonatocerus Nees species (21) from both North and South America were aligned with
the program DNAStar (DNAStar, Inc; Madison, WI) using the ClustalW algorithm (Higgins et al. 1994).  Five primer sets
were designed that discriminated the species of interest from each other and from the rest of the Gonatocerus species,
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including the most important species present in California.  To determine the specificity of the five molecular diagnostic
markers, we tested specific amplification assay conditions and screened a total of 21 Gonatocerus GWSS egg parasitoid
species for cross-reactivity.  Figure 1: A, Gtri-F/R (G. triguttatus); B, wjca-F2/R (G. walkerjonesi); C, gmtx-F/R (G.
morrilli); D, Gash-F/R (G. ashmeadi); and E, Gmorg-F/R (G. morgani) shows that all of the developed markers amplified
DNA fragments of the correct size, and all were highly specific as cross-reactivity with the specific amplification assay
conditions was not seen with any of the Gonatocerus species tested, including all species belonging to the morrilli subgroup
of the ater species group of Gonatocerus (Triapitsyn 2006).  Markers for G. morrilli and G. walkerjonesi have recently been
reported (de León and Morgan 2007), but the current study expands on those results.

Detection of parasitized GWSS eggs in predator gut contents
For this particular experiment, lacewings were allowed to feed (4 h) on GWSS egg masses parasitized by G. triguttatus, a
primary egg parasitoid of GWSS native to the southeastern U.S. (Texas) and northeastern Mexico and imported into CA as a
biological control agent of GWSS (Triapitsyn 2006).  Figure 2A demonstrates that the Gtri-F/R markers were able to produce
a positive band using parasitized (G. triguttatus) GWSS egg masses alone, that is, before the egg parasitoids emerged from
the GWSS egg masses.  Furthermore, a positive reaction was generated in the gut contents of lacewings that were allowed to
feed on parasitized (G. triguttatus) GWSS egg masses.  These reactions were highly specific, as the controls produced
negative banding with this specific marker.  The controls included: 1) GWSS egg alone, 2) starved lacewings alone, and 3)
lacewings fed on non-parasitized GWSS eggs.
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Figure 1. Specificity assays using the developed ‘one-step’ species-specific ITS2 diagnostic markers.
A) Gri-F/R (G. triguttatus) (Expected size: 296-bp); *B) wjca-F2/R (G. walkerjonesi) (249-bp); *C)
gmtx-F/R (G. morrilli) (204-bp); D) Gash-F/R (G. ashmeadi) (238-bp); and E) Gmorg-F/R (G.
morgani) (187-bp).  Total genomic DNA per Gonatocerus species (21) was used in amplification assays
to test for cross-reactivity of the markers, each with specific assay conditions.  Neg., negative control
(no template DNA).  M, 1.0-Kb Plus DNA Ladder.  *Previously reported with 16 Gonatocerus species
(de León and Morgan 2007).
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These same samples were also assayed with the GWSS-specific COI marker (HcCOI-F/R) [life-stage independent (de León
et al. 2006)] (Figure 2B).  As expected, positive reactions were generated with the lacewings that fed on non-parasitized
GWSS eggs.  Positive reactions were also produced with the parasitized (G. triguttatus) GWSS eggs alone.  These results
confirm that both the GWSS egg DNA and the egg parasitoid DNA can be detected using our specific molecular markers.
The detection of the GWSS egg DNA probably depends on the age of the parasitized egg, in other words, as the egg
parasitoid embryo is developing with time, the less likely it will be to detect GWSS remains or DNA.  Slight detection of
GWSS DNA was detected in lacewings allowed to feed on parasitized GWSS eggs.  As previously shown, the GWSS-
specific marker (HcCOI-F/R) is highly specific (de León et al. 2006).

Our proposed research addresses every ‘high priority’ research recommendation for biological control research set forth by
the National Academies, National Research Council review of the GWSS/Pierce’s disease research effort. The committee
strongly recommended that biological control efforts (predators and parasitoids) focus on the establishment of protocols for
the effective selection of natural enemies, the development of strategies that will increase the success of biological control
agents, and the rigorous evaluation of the effectiveness of natural enemies.

The National Research Council has identified the lack of information on GWSS natural enemies as a critical weakness with a
strong recommendation to develop more information on this topic (NRC 2004).  The experiments in this study are designed
to advance our ability to precisely identify the key GWSS parasitoids and predators and identify the non-target impact of the
GWSS generalist predator complex.

Figure 2. Detection of parasitized (G. triguttatus) GWSS eggs in predator
(lacewings) gut contents.  Diagnostic amplification assays were performed with
A) G. triguttatus markers (Gtri-F/R) (296-bp) and B) GWSS mitochondrial
cytochrome oxidase subunit I gene (COI) markers (HcCOI-F/R) (197-bp); this
marker was developed by de León et al. (2006).  The test predators included
were third-instar green lacewings, Chrysoperla carnea Stephens (Neuroptera:
Chrysopidae).  Experimental conditions on shown above the gel.  M, 1.0-Kb
Plus DNA Ladder.
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ABSTRACT
We examined the utility of molecular markers for discriminating between two very closely related species, Gonatocerus
morrilli (G. morrilli) (Howard), imported from Texas and Gonatocerus walkerjonesi S. Triapitsyn (G. walkerjonesi), native
to California, to determine whether post-release G. morrilli specimens could be detected and discriminated in the field.  We
started by analyzing post-release specimens collected in 2002 and 2003. Amplification size of the internal transcribed spacer
region (ITS2) demonstrated that all of the specimens were of the G. walkerjonesi ITS2 genotype.  ISSR-PCR DNA
fingerprinting experiments of specimens from the original G. morrilli ‘release’ colony showed that the DNA banding patterns
were superimposable to that of the native G. walkerjonesi, confirming a colony contamination.  A new G. morrilli colony
was initiated in the spring of 2005, and we continued to survey random post-release specimens from the 2004-2006
collections.  As expected, from 2004 and most of 2005, only the G. walkerjonesi ITS2 genotype was detected.  In the fall of
2005 and in the spring and fall of 2006, we detected the G. morrilli ITS2 genotype at sites where the new colony was
previously released.  Analyses with two newly developed ‘one-step’ species-specific ITS2 diagnostic markers were in
agreement with the results of the markers described above, demonstrating their usefulness in aiding the biological control
program. G. morrilli is now one of the most recovered imported natural enemies in certain regions of California.

INTRODUCTION
In the last 20 years, the glassy-winged sharpshooter (GWSS) has established and spread in southern California, where it
poses a serious threat to the wine and table grape industry. Recently, we demonstrated that the GWSS that invaded
California is of Texas USA origin (de León et al. 2004a), an observation that was later confirmed by Smith (2005).
Pinpointing the origin of a pest and examining the role that natural enemies play in that region can aid in designing biological
control strategies (Scheffer and Grissell 2003, Roderick 2004).  Natural enemies have usually co-evolved with the target pest
in the area of origin and therefore have highly specialized host-finding abilities that may increase the potential success of a
biological control program (Scheffer and Grissell 2003, Roderick 2004, Brown 2004, Narang et al. 1993).

Initially, populations of G. morrilli from Texas and California were identified as a single species (Phillips et al. 2001).  The
California population of G. morrilli was identified as such because it was similar in several morphological features, including
the antennae, coloration, and the wings, and also because it keyed to G. morrilli in Huber's key (Huber 1988, Triapitsyn
2006).  Populations of G. morrilli imported from Texas had supposedly been released in California since 2001.  It had
therefore been difficult to distinguish between the native and imported natural enemies to determine their establishment.
Molecular studies by de León et al. (2004a,b; 2006) strongly suggested that geographic populations of G. morrilli could be
cryptic species.  Molecular diagnostic markers were developed that distinguished the native and imported natural enemies
from California and Texas.  The two types of molecular markers were: 1) size differences in the internal transcribed spacer
region (ITS2) fragment and 2) different inter-simple sequence repeat-polymerase chain reaction (ISSR-PCR) DNA
fingerprinting banding patterns (de León et al. 2004a).  These studies prompted a closer morphological analysis of the
populations of G. morrilli (Triapitsyn 2006).  Based on these observations combined with molecular and hybridization
studies (de León et al. 2004a, 2006), the population of G. morrilli from California was determined to be a new species, G.
walkerjonesi S. Triapitsyn (Triapitsyn 2006). G. walkerjonesi and G. morrilli belong to the morrilli subgroup of the ater
species group of Gonatocerus.  The development and use of molecular diagnostic markers is very important for reasons
discussed extensively in the literature (Powell and Walton 1989, Narang et al. 1993, Karp and Edwards 1997, Unruh and
Woolley 1999, MacDonald and Loxdale 2004).

OBJECTIVE
The objective of the current study was to evaluate the utility of various types of molecular markers in detecting and
discriminating G. morrilli populations released in California against GWSS.  Two previously developed molecular markers
were tested: ISSR-PCR DNA fingerprinting and amplification size of the ITS2 (de León et al. 2004a, 2006).  In addition, two
newly developed ‘one-step’ species-specific primer sets targeting the ITS2 fragment of each parasitoid species were also
evaluated (de León and Morgan 2007).  Randomly chosen post-release specimens from collections made by the California
Department of Food and Agriculture (CDFA) from 2002-2006 from several counties in southern California were analyzed.



- 82 -

RESULTS AND CONCLUSIONS
The utility of the ITS2 size fragment in discriminating G. morrilli and evaluating post-release specimens
Releases and post-release collections were made by the CDFA from several locations in southern California, a total of 329
specimens were analyzed in 19 total locations (data not shown) (see Table in current poster presentation). The expected ITS2
fragment sizes were: G. morrilli (TX) = 1063-1067 bp and G. walkerjonesi (CA) = 851-853 bp (Figure 1).  Based on the size
(851-853 bp) of the ITS2 fragments, all the individuals from the representative San Juan Capistrano, CA location
corresponded to the G. walkerjonesi ITS2 genotype.  Analyses of the remaining specimens (total of 280) from the various
locations showed the same trend, that is, 100% of the individuals were of the G. walkerjonesi ITS2 genotype and none were
of the G. morrilli ITS2 genotype.
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Figure 1. Representative example of the utility of the size of the ITS2 rDNA fragment.  The ITS2 size was
used as a molecular tool for discriminating and evaluating post-release specimens of G. morrilli. The ITS2
rDNA fragment was amplified with standard primers from 16 individuals from randomly chosen post-release
specimens collected in San Juan Capistrano, CA.  The size of the expected ITS2 amplification products are as
follows: G. morrilli = 1063-1067 bp and G. walkerjonesi = 851-853 bp.  The G. morrilli (TX) is included as a
control.  (-), negative control (no template DNA). M: 1.0 Kb Plus DNA Ladder.

Molecular analysis of the original G. morrilli ‘release’ colony by ISSR-PCR DNA fingerprinting
Since egg parasitoids recovered from the 2002-2003 collections were only of the G. walkerjonesi ITS2 genotype, a
possibility existed that the released G. morrilli did not establish or the released colony was contaminated.  ISSR-PCR DNA
fingerprinting of several individuals per colony were performed to answer this question.  As controls, G. morrilli and G.
walkerjonesi were included.  The ISSR-PCR DNA banding pattern of the original G. morrilli ‘release’ colony was
superimposable to that of the native California G. walkerjonesi species, demonstrating that the individuals from the ‘release’
colony were not G. morrilli (Figure 2).  These results were in accordance with those seen with the post-release specimens
from the 2002 and 2003 collections based on ITS2 fragment size (Figure 1).
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Figure 2. Evaluation of the original G. morrilli colony that was used for releases in California.  ISSR-PCR
DNA fingerprinting was utilized as a molecular tool to evaluate the G. morrilli ‘release’ colony. G. morrilli and
G. walkerjonesi were included as controls. M: 1.0 Kb Plus DNA Ladder.
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Evaluation of post-release specimens from the 2004-2006 collections by ITS2 size fragment
After realizing that the original G. morrilli ‘release’ colony used for previous releases were G. walkerjonesi, J. de León
(ARS-Weslaco) sent the CDFA G. morrilli from Texas, the origin of GWSS.  The CDFA began releases with the new G.
morrilli colony in the summer of 2005.  We continued surveying G. morrilli specimens from post-release collections from
2004 through 2006 by amplification of the ITS2 fragment.  For the whole year of 2004 and most of 2005, we only detected
the G. walkerjonesi ITS2 genotype in most locations.  However, in three locations where CDFA made releases from the new
G. morrilli release colony, this species was detected in the fall of 2005 and in the spring and fall of 2006 (data not shown)
(see Table on current poster).

Development, specificity, and utility of the ‘one-step’ species-specific ITS2 markers for G. morrilli and G. walkerjonesi,
respectively
To determine the specificity of the two molecular diagnostic markers, we tested specific amplification assay conditions and
screened a total of 16 Gonatocerus Nees GWSS egg parasitoid species for cross-reactivity.  Figures 3A (gmtx; G. morrilli)
and 3B (wjca; G. walkerjonesi) show that the markers were specific.  Cross-reactivity with the specific amplification assay
conditions was not seen with any of the Gonatocerus species tested, including all species belonging to the morrilli subgroup
of the ater species group of Gonatocerus (Triapitsyn 2006).
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Figure 3. Specificity assays using the ‘one-step’ species-specific ITS2 diagnostic markers:  A) gmtx
(G. morrilli) and B) wjca (G. walkerjonesi).  Genomic DNA from two individuals per Gonatocerus species (16)
was used in amplification reactions to test for cross-reactivity of the two diagnostic markers with specific assays
conditions.  The species are listed on the figure.  Expected fragment sizes: gmtx = 204 bp and wjca = 249 bp.
(-), negative control (no template DNA). M, 1.0 Kb Plus DNA Ladder.

Molecular analysis of the original G. morrilli ‘release’ colony used before the summer of 2005 with the ITS2 species-
specific markers
To test the utility of the newly developed ‘one-step’ diagnostic markers, we analyzed the same individuals from the previous
G. morrilli release colony (those shown in Figure 2).  Amplification with the ‘gmtx’ marker showed positive banding in only
the control G. morrilli (TX) species (Figure 4A) but not in the control G. walkerjonesi species.  Amplification with this
marker of the G. morrilli ‘release’ colony also produced negative banding, confirming that the original release colony was
not G. morrilli.  Analysis of the same colony with the ‘wjca’ marker showed negative banding in the control G. morrilli
species and positive banding in both the control G. walkerjonesi species and in the original ‘release’ colony (Figure 4B),
confirming the results of ISSR-PCR DNA fingerprinting experiment and unambiguously confirming that the original
‘release’ colony was contaminated with the native species (G. walkerjonesi) from California.

The utility of the ‘one-step’ ITS2 species-specific markers in discriminating and evaluating post-release G. morrilli
specimens in California
To confirm the usefulness of these diagnostic markers, we randomly screened post-release specimens of G. morrilli,
including the specimens that tested positive by utilizing the amplification size of the ITS2 fragment.  Amplification with the
‘gmtx’ marker produced positive banding in the three locations (Figure 5A, Lanes e, g, and h) that tested previously positive,
whereas amplification with the ‘wjca’ marker tested positive only with the G. walkerjonesi specimens (Figure 5B, Lanes a-d
and f), confirming the results inferred by amplification of the ITS2 region.  In early 2007, the new G. morrilli release colony
was tested with the ‘gmtx” marker and the results showed that the colony was indeed G. morrilli, confirming the purity of the
colony (results not shown).
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ABSTRACT
We initiated a collaborative biotechnological effort to develop an RNA interference (RNAi) strategy to target and control
sharpshooter vectors of Xylella fastidiosa, the causal agent of Pierce’s disease.  We have constructed cDNAs corresponding
to specific genes of the glassy-winged sharpshooter (GWSS), Homalodisca vitripennis, and for two genes, actin and SAR1,
have generated dsRNAs in vitro.  We will evaluate these dsRNAs for their ability to induce RNAi effects against GWSS
using cells as well as whole leafhoppers.  We have established GWSS cells in culture (with help from Drs. George Kamita
and Bruce Hammock) and have established reproducing colonies of the GWSS insects (with help from Dr. R. Almeida) in the
UC Davis Contained Research Facility.  Initial experiments have shown that we can deliver and express genes in GWSS
cells.

INTRODUCTION
Pierce’s disease (PD), caused by the xylem-limited bacterium, Xylella fastidiosa (Xf), is an important threat to the California
grape industry (http://www.aphis.usda.gov/lpa/pubs/fsheet_faq_notice/fs_phglassy.html and
http://orsted.nap.edu/openbook.php?record_id=11060&page=21).  Although PD has been recognized in California for at least
a century, recent events have shown the destructive potential of this disease in the California grape industry.  For example, an
epidemic of PD devastated commercial grapes in the Temecula region of Southern California beginning in 1997 (Blua et al.,
1999).  This epidemic was found to be associated with the introduction into California of the GWSS, Homalodisca
vitripennis, an invasive sharpshooter leafhopper known to be indigenous to parts of the Southeastern United States (Blua et
al., 1999).  The GWSS is a large, robust leafhopper with a broad host range including many native, ornamental and crop
plants.  One of the preferred hosts in Southern California and other areas is citrus (Adlerz 1980; Blua et al., 1999).  The
combination of this new PD vector species, its wide host range, abundance of host plants, its affiliation for citrus as a host for
reproduction, and its ability for long-distance dispersal (Blua and Morgan, 2003) has raised concerns that PD and GWSS are
important threats to the California grape industry beyond the Temecula region.

In addition to being transmitted by Homalodisca vitripennis, Xf is transmitted to plants by several other species of xylem-
feeding leafhoppers (see Redak et al., 2004).  When sharpshooter vectors acquire Xf from the xylem of Xf-infected plants,
bacterial cells form a biofilm and attach in a polar fashion in the foregut (Newman et al., 2004).  There, Xf cells multiply
within the leafhopper foregut, establishing essentially a lifelong infection within the leafhopper vector.  It is interesting to
note that as opposed to phloem-feeding hemipterans, xylem feeders must ingest much greater volumes of plant sap.  This is
because xylem sap is much less nutrient rich than is phloem sap, and thus greater volumes are required to yield necessary
amounts of nutrients (Milanez et al., 2003; Redak et al. 2004).  However, because such large volumes are ingested, this offers
the potential to deliver toxic molecules to leafhoppers, even if they are produced in low concentration in xylem sap.  This is
an important component of our strategy.

The complex interactions between host plants, leafhopper vectors and Xf make controlling PD in grapes difficult.  Genetic
resistance to Xf or its leafhopper vectors is not yet generally or universally effective in commercial grape production.
However, several new strategies are being investigated for developing new resistance approaches.  Some of these include
several biotechnological approaches that may directly affect Xf or its leafhopper vectors.  Here we propose a new approach,
one based on RNA interference (RNAi) directed towards Homalodisca vitripennis.

OBJECTIVES
1. To identify and develop RNAi-inducers capable of killing or reducing the survival and/or fecundity of Homalodisca

vitripennis.
2. To generate transgenic plants capable of expressing and delivering Homalodisca vitripennis deleterious RNAi molecules

within their xylem.
3. To evaluate transgenic plants for their ability to generate RNAs capable of inducing RNAi vs. Homalodisca vitripennis.
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RESULTS
Objective 1 - To identify and develop RNAi-inducers capable of killing or reducing the survival and/or fecundity of
Homalodisca vitripennis
For this effort we will utilize in vitro and in vivo delivery systems.  We will assess RNAi effects in cultured Homalodisca
vitripennis cells as well as in whole leafhoppers.  Drs. George Kamita and Bruce Hammock, UC Davis, Entomology,
generously supplied these cells (see Kamita et al., 2005, GWSS cell line Z15) and have greatly assisted us in learning how to
maintain and manipulate them.  We have also established reproducing colonies of GWSS in the UC Davis Contained
Research Facility and will perform experiments using cultured cells as well as whole insects. Homalodisca vitripennis insects
were collected from southern California and donated to us by Dr. R. Almeida (UC Berkeley). The GWSS were transferred
into the CRF facility at UC Davis and have been maintained there for more than two and a half months.  So far, we have been
able to establish four colonies, but also to rear new generations of GWSS. The young colonies appear to be parasitoid free.

Choice of dsRNA inducers
Fourteen Homalodisca vitripennis nucleotide sequences, derived from EST based nucleotide sequences available in GenBank
and translatable in putative proteins, were used to design gene specific primers and to generate cDNAs from GWSS cell line
Z15.  Corresponding sequences were amplified by RT-PCR (Figure 1).  Two of the above mentioned sequences,
corresponding to the vitellogenin and rhodopsin genes, could not be amplified from the Homalodisca vitripennis cell line
mRNA pool.  This may be because these genes are expressed only in whole insects.  cDNAs of three actin mRNAs and
SAR1 mRNA expressed in the Homalodisca vitripennis cell line were cloned in pGMTeasy vector in both orientations
downstream of the T7 RNA polymerase promoter, and sequenced.  The vectors were directly used for T7 RNA polymerase-
mediated in vitro transcription to generate specific dsRNAs (Ambion, dsRNA MaxiScript; see Figure 2).  These dsRNA will
be delivered via transfection into GWSS cells, and via injection into Homalodisca vitripennis whole insects.

Cell transfection system
GWSS line Z15 cells were transfected with a plasmid expressing GFP under the control of an inducible insect promoter
(kindly provided by Dr. Shou-wei Ding, UC Riverside).  “DOTAP,” “FuGene HD” transfection reagents from Roche and
“Cellfectin” transfection reagent from Invitrogen were compared for their ability to assist in transfecting GWSS cells.
Manufacturer protocols were followed in all the transfection experiments.  The maximum transfection efficiency (equal to
5%) was obtained using the Cellfectin transfection system (Figure 3).

Realtime RT-PCR primers/ probe sets were designed and tested using real time RT-PCR assays of GWSS cell derived RNA.
The resulting amplifications plots were specific (Figure 4).  This system will be used to measure the amount of SAR1 and
actin mRNAs in transfected cells and whole Homalodisca vitripennis insects, following RNAi delivery.  Since the assays will
be performed using only one gene per experiment, the second gene will be used as an endogenous control.

We are attempting to develop a microscopic means to assess RNAi effects in GWSS cells also, and complement our real time
RT-PCR efforts.  This is based on actin development/staining assays.  Figure 5 shows light microscopic, fluorescent analysis
of actin when GWSS cells are grown on glass cover slips.

CONCLUSIONS
During the first three months of this project, we were able to successfully rear Homalodisca vitripennis insects, to amplify
and clone a pool of GWSS specific gene sequences, to produce dsRNAs for two genes and to develop different assays to test
the outcome of RNAi experiments in Homalodisca vitripennis cell lines and whole insects. We believe that we are in an
excellent position to move on to experiments within objective 1, and evaluate GWSS cells and whole insects for RNAi
effects.
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Figure 5. Image of GWSS cells grown on a glass cover and stained with phalloidin.  Using
transmitted light, actin filaments are white.  However when examined with a UV filter, actin filaments
are green.  Fibroblast like cell is visible in the middle.
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ABSTRACT
Results from exposing four to eight glassy-winged sharpshooter (GWSS) eggs to one female parasitoid for one h in a
‘complex experimental system’ showed that parasitism of eggs one-five days of age ranged from 81-97% for Gonatocerus
ashmeadi (G. ashmeadi), whereas, parasitism by Gonatocerus tuberculifemur (G. tuberculifemur) ranged from 18-66%.
Eggs five days of age were less suitable for G. tuberculifemur development (resulting in 18% parasitism).  When G.
ashmeadi and G. tuberculifemur were presented simultaneously with one GWSS egg mass for one h (complex system) or 15
min (simple system), parasitism by G. ashmeadi was consistently 12-54% higher than G. tuberculifemur for all egg ages.
There was no significant difference in overall percentage parasitism of GWSS eggs between vials containing G. ashmeadi
only and vials containing both G. ashmeadi and G. tuberculifemur for both simple and complex systems.  This may be
attributable to conspecific presence increasing non-ovipositional behavior such as aggressive chasing (up to 1.3% of time)
and antennating conspecifics (up to 1.3% of time), thereby reducing time available for oviposition.  This may suggest that the
addition of G. tuberculifemur to the resident parasitoid guild in California may not enhance biological control of GWSS.
Finally, in experiments where 50 GWSS eggs were exposed simultaneously to one female G. ashmeadi and G.
tuberculifemur for 24 h or five days, parasitism by G. ashmeadi was 44-53% higher than G. tuberculifemur for both exposure
times.  Results from all completed experiments assessing the effect of environmental complexity, egg age, and competition
indicate that G. tuberculifemur is an inferior competitor for GWSS egg masses when G. ashmeadi is present and that the
introduction of G. tuberculifemur into California may not benefit GWSS biological control unless this species can efficiently
exploit an unknown niche where competition with G. ashmeadi is likely to be low or non-existent.

INTRODUCTION
G. tuberculifemur is a sharpshooter parasitoid from Argentina that has been regularly imported into the UCR I & Q facility
since September 2002 and reared on GWSS egg masses.  There is substantial uncertainty about the safety of releasing this
agent and whether it would provide additional control of GWSS in California or disrupt the efficacy of the existing parasitoid
complex, which has been constructed with natural enemies that have evolved to exploit GWSS in the home range of this pest.
The purpose of this work is to ascertain in Quarantine whether this neoclassical biological control agent from Argentina can
outperform the dominant GWSS parasitoid in California, G. ashmeadi.  These data will help guide the decision to release the
Argentinean parasitoid from quarantine for liberation and establishment in California.

OBJECTIVES
This research project has five objectives:
1. Ascertain oviposition preferences of G. ashmeadi and G. tuberculifemur for GWSS egg masses of different ages.
2. Determine the competitiveness of these two parasitoid species simultaneously foraging for GWSS egg masses in

complex and simple environments.
3. Compare the functional response of each species attacking GWSS egg masses of different sizes.
4. Compare the mean daily and lifetime reproductive output for each species at 20, 25, and 30oC.
5. Determine mean developmental times for each species at 20, 25, and 30oC.

To date, we have completed Objectives 1-3.  Three experiments were conducted to investigate egg age preferences and
competitive ability of G. ashmeadi and G. tuberculifemur.  These involved complex and simple systems and an experiment
with long host exposure times. Objectives 4 & 5 will be completed in year 2.

RESULTS
Egg age preferences and competitive ability
Complex system:
One mated female G. ashmeadi and G. tuberculifemur (~24-36 h) was presented simultaneously to one GWSS egg mass
(~four-eight eggs) camouflaged amongst four other similar sized lemon leaves in a double ventilated vial.  This ‘complex
system’ was replicated 15 times for GWSS eggs aged one, three and five days of age.  After 60 minutes exposure to foraging
parasitoids, leaves with egg masses were placed into individual Petri dishes, labeled and held at 27oC for emergence of
parasitoids and GWSS nymphs.  The number of emerged and unemerged males and females of each parasitoid species was
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recorded. Fifteen control vials containing one
female parasitoid were set up for each species.
Percentage parasitism by G. ashmeadi and G.
tuberculifemur was calculated as the percentage
of total eggs.

Figure 1 shows percentage parasitism by G.
ashmeadi and G. tuberculifemur resulting when
GWSS egg masses one, three or five days of age
were exposed to three different treatments: (i) G.
ashmeadi control vials consisting of one female
G. ashmeadi, (ii) G. tuberculifemur control vials
consisting of one female G. tuberculifemur, and
(iii) vials containing one female of both G.
ashmeadi and G. tuberculifemur.  Results from
the G. tuberculifemur control vials show that 60-
66% of eggs one and three days of age were
successfully parasitized by G. tuberculifemur
(Figure 1).  Eggs five days of age were less
suitable for G. tuberculifemur development and
resulted in just 18% parasitism.  In contrast,
results from the G. ashmeadi control vials
showed that G. ashmeadi parasitism ranged from
81-97% and there was no significant difference in
parasitism between egg ages (Figure 1).  This
result for G. ashmeadi is similar to that observed
by Irvin & Hoddle (2005a).  The higher rates of
parasitism and larger host age range demonstrated
by G. ashmeadi may indicate that this species
may be more competitive than G. tuberculifemur
and may outcompete it in the field for GWSS egg
masses.

Results from vials containing one GWSS egg
mass exposed simultaneously to one G. ashmeadi
and G. tuberculifemur in a ‘complex experimental
system’ for one h showed that parasitism by G.
ashmeadi was consistently 25-51% higher than G.
tuberculifemur for all three egg ages (Figure 1).

Simple system
One mated female G. ashmeadi and G.
tuberculifemur (~24-36 h) was presented
simultaneously to one GWSS egg mass (~four-
eight eggs) on a single leaf in a double ventilated
vial.  This ‘simple system’ was replicated 15
times for GWSS eggs aged one and three days of
age.  Egg masses were not camouflaged amongst
four other similar sized leaves.  Exposure time
was 15 mins and each minute the behavior
[searching container (SC), searching leaf (SL),

searching egg mass (SE), oviposition (O), resting (R), grooming (G), aggressive chasing (C), antennating conspecific (AC),
searching egg mass from top side of leaf (SETS), ovipositing from top side of leaf (OTS), feeding (F)] of each female was
recorded.  Fifteen replicates of two types of control vials were also set up for each species.  These contained either one
female parasitoid or two female parasitoids of the same species.
Results from vials containing one GWSS egg mass exposed simultaneously to one G. ashmeadi and G. tuberculifemur in a
‘simple experimental system’ for 15 min showed that parasitism by G. ashmeadi was 12-54% higher than G. tuberculifemur
for both egg ages (Figure 2).

Long exposure time
Approximately 50 GWSS eggs (one-two days of age) were placed in a double ventilated vial cage and exposed to one mated
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with intraspecific or interspecific competition (A – control vial
containing one female G. ashmeadi; AA = control vial
containing two female G. ashmeadi; AT = one female G.
ashmeadi and G. tuberculifemur, TT = two female G.
tuberculifemur; T = one female G. tuberculifemur).
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female and male (24-48 h old) for either 24 h or five days. Approximately 20 replicates were set up for each exposure time.
The number of male and female G. ashmeadi and G. tuberculifemur offspring were recorded for each vial.  Figure 3 shows
that parasitism by G. ashmeadi was 44-53% higher than G. tuberculifemur for both exposure times.

Results described in Figures 1-3 suggest that G. ashmeadi is superior to G. tuberculifemur under complex and simple
experimental conditions with short and long exposure times. Results from competition experiments where both parasitoids
are presented simultaneously to host eggs demonstrated that G. ashmeadi should outcompete G. tuberculifemur in the field,
thereby possibly preventing widespread establishment and proliferation, of G. tuberculifemur in California.  This result is
similar to Irvin & Hoddle (2005b) who showed that G. ashmeadi was superior to G. triguttatus and G. fasciatus in laboratory
studies investigating egg age preference, GWSS parasitism rates and adult parasitoid longevity. Neither G. triguttatus nor G.
fasciatus have performed well following mass releases in California where G. ashmeadi is present, which suggests that the
results of these competitive lab experiments may accurately predict field performance.  Despite substantial effort and
significant cost being dedicated for several
years to the mass rearing and distribution of
these two poorly performing parasitoids.

There was no significant difference in
overall parasitism of GWSS eggs between
vials containing G. ashmeadi only (A) and
vials containing both G. ashmeadi and G.
tuberculifemur (AT) for the complex system
(Figure 4).  This may be attributable to host
availability since one female G. ashmeadi
already reached maximum percentage
parasitism (86-90%) and a small proportion
of GWSS eggs are always lost through
desiccation and superparasitism.  For the
simple system, parasitism remained at 55-
60% regardless of whether vials contained
one G. ashmeadi (A), two G. ashmeadi
(AA), or one G. ashmeadi and G.
tuberculifemur (AT) (Figure 5).  This may
be attributed to conspecific presence
increasing non-ovipositional behavior such aggressive chasing and antennating conspecifics, thereby reducing time available
for oviposition.

Table 1 shows that female G. ashmeadi and G. tuberculifemur allocated up to 1.3% of time to each aggressive behavior when
they were presented with a conspecific. These results may suggest that the introduction of G. tuberculifemur in California
may not benefit biological control of GWSS because no additive or synergistic effect on parasitism of GWSS eggs is observed
in the laboratory. Alternatively, the parasitism rates observed in treatments A, AA and AT (55-60%) may indicate that 60%
is the maximum mean parasitism obtainable in this experimental design since GWSS eggs were exposed for 15 min, and
there were always a small proportion of replicates that resulted in no parasitism which reduced overall parasitism estimates.
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Figure 3. The mean percentage of G. ashmeadi and G. tuberculifemur
offspring emerging when 50 GWSS eggs were exposed simultaneously to one
mated female G. ashmeadi and G. tuberculifemur for 24 h or 5 days.
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Figure 4. Overall percentage parasitism of GWSS egg
masses exposed to three treatments in a ‘complex
experimental system’ for 1 h.

Figure 5. Overall percentage parasitism of GWSS egg
masses exposed to five treatments in a ‘simple
experimental system’ for 15 min (see Figure 2 for
treatment legend).



- 93 -

Functional response
The functional response (Type I, II, or III) is a measure of how many hosts a parasitoid can process in a given exposure time.
Handling time and area of search are the two most significant quantifiable factors that affect the shape of the functional
response curve.  Figure 6 shows that both Gonatocerus species demonstrate a type II functional response curve (number of
hosts attacked per unit time decreases as host density increases), and that G. ashmeadi outperformed G. tuberculifemur at all
host densities greater than five eggs.

CONCLUSIONS
Preliminary results of studies completed thus far suggest that the potential impact of releasing G. tuberculifemur in California
on the biological control of GWSS may not out-weigh the cost of mass rearing and releasing G. tuberculifemur in California.
When time and labor costs for large-scale colony maintenance, long-term concerns about non-target impacts in California,
disruption of existing levels of control, and potential invasion by G. tuberculifemur back into the southeast USA where
GWSS originated are all considered there appears to be no quantifiable benefit to releasing G. tuberculifemur in California
for the biological control of GWSS.

The experiments addressing the five objectives outlined in this report will provide important biological data on the
neoclassical biological control agent, G. tuberculifemur, while in this parasitoid is still in quarantine.  Work presented in this
report demonstrates that G. tuberculifemur may be inferior to G. ashmeadi, and this would suggest no advantage to releasing
this neoclassical agent from quarantine.  A decision not to release based on these assessments would negate potential long-
term concerns about non-target impacts in California (i.e., against H. liturata, the smoketree sharpshooter), possible
infiltration of the home range of GWSS, and interference and reduction of current levels of biological control achieved with
the resident natural enemy guild of old association parasitoids.
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Table 1: The percentage
of time allocated to
eleven behaviors when
G. ashmeadi and G.
tuberculifemur were
exposed to one GWSS
egg mass for 15 min in
five experimental
treatments (see Section
3.1.2 and Figure 2 for
behavior and treatment
legends).
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ABSTRACT
What appear to be eight or nine different Anagrus species were obtained from 18 collection sites for morphological and
molecular examination.  Confirming our hypothesis that there might be cryptic species hidden in this complex, an Anagrus
species in Mexico, two species in Colorado, and one in the state of Washington were found to be genetically different from
the Minnesota strain of A. epos.  Genetic and morphological analyses are nearly complete and we are preparing a manuscript
on this work (Triapitsyn et al. 2008).  Rearing A. epos on GWSS eggs for field release has been problematic and to help solve
this, several studies were undertaken (Krugner et al. 2007, 2008) which compared alternative rearing hosts (i.e. eggs of
various leafhopper species) and investigated the basic biology of A. epos.  Limited field releases have been made during
summer 2006 and 2007 (due to rearing difficulties) but to date, A. epos has not been recovered.  Based on this work, we have
started rearing aster leafhopper as an alternative A. epos host to allow greater numbers of parasitoids to be released and field
sleeve cage releases are planned for next year.

INTRODUCTION
Anagrus epos is a common and seemingly widespread egg parasitoid of leafhoppers (Cicadellidae) in North America.
Location records for this species include Colorado, Kentucky, New Mexico, and New York in the U.S. as well as Baja
California and Sonora in Mexico (Triapitsyn 1998).  While commonly collected as a parasitoid of grape leafhopper species
(Erythroneura spp. and Erasmoenura spp.), a recent collection of A. epos from the egg mass of the sharpshooter genus
Cuerna in Minnesota was the first time this species had been collected from a sharpshooter species (Hoddle & Triapitsyn
2004).  Wasps from this collection have been reared continuously since June 2004 in the UC Riverside Quarantine facility on
eggs of the glassy-winged sharpshooter.

Like many minute parasitoids, identification to species in this group is exceedingly difficult because of the lack of adult
morphological features.  Species identifications have been made using light microscopy to determine the presence of key
morphological features for A. epos. A recent taxonomic revision of the genus Anagrus associated with vineyards in North
America (Triapitsyn 1998) has shown that: 1) More species are present than previously thought, 2) Some species have a wide
geographic distribution, and 3) Relatively few morphological characters are available for distinguishing these species, leaving
several authors to think that A. epos is not a single species but a complex of different species.

OBJECTIVES
1. Examination of Male and Female A. epos Complex Populations for Unique Morphological Characters.
2. Molecular Characterization of Mitochondrial and Ribosomal DNA of A. epos Populations.
3. Mating Compatibility Studies Between A. epos strains.
4. Field Release and Evaluation of the “Minnesota strain” of A. epos.
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RESULTS
Progress - Objective 1. Examination of Male and Female A. epos Complex Populations for Unique Morphological
Characters.
Proposed research is complete and we were able to collect and examine specimens from a larger number of locations that we
anticipated.  Line drawings are complete and a manuscript will be finished and submitted soon.
Table 1 summarizes the specimens we had available in several collections or that were collected to date and the results of
genetic examination.  We were fortunate that a number of the specimens Dr. Triapitsyn had collected earlier (a number as far
back as 1994) were preserved in very good condition allowing genetic study followed by slide-mounting for morphological
examination.  In addition, due to a number of productive trips by Dr. Triapitsyn and the assistance from several cooperators
(special thanks are due Dr. Larry Wright, Washington State University, Prosser and Dr. Kent Daane, UC Berkeley) we have
filled in all major “holes” in the A. epos species complex.

Scanning electron micrographs (SEMs) of the antennae and bodies were taken for the following specimens: A. epos (Grand
Junction, Colorado), A. epos (Sonora, Mexico), and A. epos (Minnesota origin).  Digital photographs (using the Automontage
system) of the antennae, forewings, and bodies were taken for the following specimens: A. epos (Grand Junction, Colorado),
A. epos (Sonora, Mexico), A. epos (Minnesota origin), and A. epos (Illinois).  Certain body part measurements were taken
from the following specimens: A. epos (Grand Junction, Colorado), A. epos (Sonora, Mexico), A. epos (Minnesota, both
original and CA progeny), and A. epos (Illinois).  Morphometric studies of these specimens have also been completed.
Genetic examination is complete (results are discussed below) as is morphological examination and Dr. Triapitsyn has
prepared line drawings of all relevant specimens.  We are currently discussing what journal would be most appropriate for a
combined taxonomic/ genetic presentation of our data in which a number of new species will be described.

Table 1. Summary of specimens collected for morphological (Objective 1) and genetic (Objective 2) research.
Collection  Genus Species Collection site

1 Anagrus epos UCR culture, originally collected near Glyndon, Clay Co., MN,
2004

2 Anagrus sp. Campo Experimental INIFAP, Sonora, Mexico, 1994
3 Anagrus sp. (same as 2) Near Caborca, Sonora, Mexico, 1994
4 Anagrus nigriventris UCR, Riverside, Riverside Co., CA, 2004
5 Anagrus daanei Kingsburg, Fresno Co., CA, 2005
6 Anagrus erythroneurae WSU-Prosser Research Center, Prosser, Benton Co., WA, 2005
7 Anagrus erythroneurae Oasis, Coachella Valley, Riverside Co., CA, 1994

8-10, 12 Anagrus tretiakovae Albuquerque, Bernalillo Co., NM, 2005 (ex. Erythroneura
triapitsyni eggs)

11 Anagrus erythroneurae Temecula, Riverside Co., CA, 2006
13 Anagrus tretiakovae Pavich vineyard, Harquahala Valley, Maricopa Co., AZ, 1994 (ex.

Erasmoneura variabilis eggs)
14 Anagrus new species Grand Junction, Mesa Co., CO, 2006 (ex. Erasmoneura vulnerata

eggs)
15 Anagrus sp. 1 near A. daanei Palisade, Mesa Co., CO, 2006 (ex. Erythroneura ziczac eggs)
16 Anagrus sp. 2 near A. daanei WSU-Prosser Research Center, Prosser, Benton Co., WA, 2006
17 Anagrus new species Grand Junction, Mesa Co., CO, 2007 (ex. Erasmoneura vulnerata

eggs)
18 Anagrus sp. 1 near A. daanei Palisade, Mesa Co., CO, 2007 (ex. Erythroneura anfracta eggs)

In September 2007, Dr. Triapitsyn made another trip to Colorado to collect Anagrus spp., ship them alive under permit to
UCR’s Quarantine Facility, and determine in Quarantine if they would attack GWSS eggs.  Collections were made on 4
September 2007 and were sent to Quarantine the same day.  Numerous parasitoids emerged 7-9 September and were exposed
in two or three replicates each, to fresh GWSS eggs on Euonymus japonica leaves at 22-23°C.  By 26 September, GWSS
nymphs had started to emerge and it was clear there were no signs of parasitism.  Collection #17 from Grand Junction, CO
was determined by Dr. Triapitsyn to be a new Anagrus species, obtained from eggs of Erasmoneura vulnerata (Fitch) on
wine grapes.  A manuscript describing this species is in preparation based on the 2006 specimens.  A second Anagrus species
tested in Quarantine were specimens from Collection #18 from Palisade, CO which were determined to be Anagrus sp. 1 nr.
daanei Triapitsyn from eggs of Erythroneura anfracta Beamer on Virginia creeper.  Both of these Anagrus species have
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shorter ovipositors compared with A. epos and we speculate this might be a reason why they failed to successfully parasitize
GWSS eggs.

Progress - Objective 2. Molecular Characterization of Mitochondrial and Ribosomal DNA of A. epos Populations.
Genetic analyses have confirmed our hypothesis that there are (at least three) cryptic species hidden within specimens that
morphologically appeared to be identical A. epos.  In addition, what was thought to be A. daanei in Washington appears to be
a different species from the California A. daanei.  Without genetic examination, this situation would have remained hidden.
Using the A. epos (Minnesota) strain that is kept in culture on GWSS eggs in the Department of Entomology, UC Riverside,
we first determined the DNA sequence of several indicator gene regions.  We optimized PCR conditions so that other “A.
epos” strains could be compared by amplifying and sequencing the chosen gene regions.  Methods were tested and adapted
from previous Scirtothrips research (Rugman-Jones et al. 2006) for use on Anagrus allowing us to extract DNA from whole
wasps in such a way that after DNA extraction, the remainder of the wasp could be used for morphological studies.  This
allowed a direct link between the DNA characters and the morphological characters for all the individuals that have been
studied.

Members of the genus Anagrus are very small and lack definitive species-specific morphological characters.  The 28sD2
region of ribosomal RNA has been shown to be well conserved within a species but is different between species.  The work
here illustrates the preponderance of species that would morphologically be classified as Anagrus epos, but are different
species (Collections 2/3 and 14/17 each different from the MN “A. epos” and each other) whereas Collections 15/18 and 16
morphologically resemble A. daanei.

Progress - Objective 3. Mating Compatibility Studies Between A. epos strains.
Because genetic studies clearly suggest there is a cryptic species in Mexico and one in Colorado different from the Minnesota
strain of A. epos, as well as a species in Colorado similar to A. daanei, we decided mating studies would not be productive.
Instead, we shipped the two Colorado species to UCR’s Quarantine facility to allow parasitoids to emerge and determine if
they would parasitize GWSS eggs.  As mentioned above, neither appeared able to do so.
Our original plan was to conduct mating studies between closely related strains of “A. epos” to confirm our genetic results.
However, we have run into unexpected problems rearing A. epos for field release and evaluation (see Objective 4 below).  In
addition, our genetic studies have identified what are clearly 23 different species in the “A. epos” complex and this, along
with their collection from different areas of North America (one in Mexico, one in Colorado, both distant from Minnesota)
suggests mating studies are not the highest priority at this time.  We decided instead that it was most productive to determine
if one or both of the Colorado species would attack and survive in GWSS eggs.  For this purpose, Dr. Triapitsyn traveled to
Colorado in early September 2007 (when parasitoid levels were high) to collect and ship (via permit) parasitized leafhopper
eggs to UCR’s Quarantine facility.  In Quarantine, emerging wasps were exposed to GWSS eggs to determine if
parasitization would occur (it did not).

In addition, we have shifted resources from mating studies to research on the basic biology of the Minnesota A. epos strain so
that we can improve insectary rearing to allow greater numbers of parasitoids to be released in the field (see Objective 4).

Progress - Objective 4. Field Release and Evaluation of the “Minnesota strain” of A. epos.
Completing this objective has been compromised by the difficulty in rearing the Minnesota strain of A. epos on GWSS eggs
during the winter, allowing us to build the colony to moderate numbers in spring for release.  To solve this problem, Ph.D.
student Rodrigo Krugner undertook a study examining other leafhopper species that might be used to rear the parasitoid
(Krugner et al. 2007).  Based on the results of that work, we have started to rear the aster leafhopper, Macrosteles severini, as
an alternative leafhopper egg host.

We have spent much of the past two years studying the basic biology of the Minnesota strain of A. epos and working with
CDFA on how to mass rear this species for field evaluation.  CDFA and UCR alternated bi-weekly monitoring of endemic
and released egg parasitoids at each of 6 lemon study sites, three in the coastal region and three in interior southern
California.

The CDFA currently has two colonies of A. epos, one in Riverside County and one in Kern County.  A total of 59 releases
were made in 2006 and a further 10 releases have been made in 2007 in Kern, Tulare, Riverside, and Orange Counties.  Over
9,000 parasitoids have been released to date but no recoveries have been made.  This may be due to poor survival of A. epos
in the field, but may also be due to the difficulty in maintaining field-collected specimens sufficiently long to allow
emergence of A. epos from egg masses.

CONCLUSIONS
See the Abstract.
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ABSTRACT
The uptake of dinotefuran (applied as Venom 70SG) and imidacloprid (applied as Admire Pro) was compared in vineyards
located in Napa Valley, Temecula Valley, and Coachella Valley.  Our study clearly showed the interaction between the
insecticide chemistry and the local soil and climatic conditions.  In Napa, imidacloprid uptake was poor.  Better uptake of the
more soluble product dinotefuran was achieved, and this may provide growers in that region with an effective pest
management tool for the protection of their vines against Pierce’s disease (PD) vectors.  In terms of the concentration of
active ingredient in the xylem fluid, dinotefuran uptake was also superior in Coachella and Temecula vineyards.  However,
imidacloprid remains an excellent chemical for the protection of Temecula vines against glassy-winged sharpshooter
(GWSS) and PD.

INTRODUCTION
Neonicotinoid insecticides play a major role in the management of the glassy-winged sharpshooter. The focus of this project
has been to identify the factors that influence the successful deployment of these insecticides within different cropping
systems affected by the GWSS.  Soil type and irrigation play a major role, and their effects vary depending on the chemical
properties and water solubility of the insecticides, as well as agronomic practices used in the production of table and wine
grapes.  In this project, we are studying the uptake and persistence of the neonicotinoids imidacloprid (Admire Pro) and
dinotefuran (Venom) in three viticulture regions of California – Coachella Valley (table grapes), South Coast (wine grapes at
Temecula Valley) and North Coast (wine grapes at Napa Valley) regions.  These regions represent the extremes in terms of
climate, soil type and irrigation practices, and are therefore good study sites for comparing the efficacy of the two most
important neonicotinoids used for sharpshooter management.  In terms of water solubility, imidacloprid and dinotefuran
represent the two extremes within the neonicotinoid insecticide class.  Dinotefuran has 80-fold greater solubility in water than
imidacloprid, and this may make it a more viable option for North Coast growers looking for an effective soil-applied
neonicotinoid insecticide under reduced irrigation.  In contrast, imidacloprid may be the preferred product in Coachella where
excessive use of irrigation water may compromise the use of highly soluble chemicals in favor of less soluble products.

OBJECTIVES
1. Determine regional differences in the uptake and persistence of imidacloprid and dinotefuran in grapevines in

order to maximize protection of vineyards.
2. Evaluate generic formulations of imidacloprid in grapevines.
3. Develop an ELISA for the detection and quantification of dinotefuran residues within plant tissues.

RESULTS
Trials to evaluate the uptake of imidacloprid and dinotefuran in vineyards located in three viticulture regions of California
have been completed (Figure 1).  In Coachella and Temecula Valley vineyards, two rates of Venom were evaluated – the full
label rate (6 oz/acre) and half the label rate (3 oz/acre) - and the half label rate of Admire Pro.  We used the half label rate of
Admire Pro (7 fl oz/acre) because this rate achieved the desired 10 ppb threshold concentration in the xylem necessary to kill
a sharpshooter (Byrne and Toscano, 2006).  In Napa, we examined the same rates of Venom used in Coachella and
Temecula, but used the full label rate of Admire Pro.  In an earlier study, both the half and full label rates resulted in poor
uptake (Weber et al., 2005), so we chose the maximum rate for this study.

The uptake of imidacloprid in at the Napa vineyard was poor, corroborating our earlier findings (Weber et al., 2005).  Of the
144 samples taken, only one vine recorded a value above the 10 ppb threshold.  Most vines were below the detection limit of
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the ELISA (4 ppb).  The uptake of imidacloprid in Coachella and Temecula was better, although levels were consistently
better in Temecula.  Levels in Coachella were marginally lower then the recommended threshold throughout most of the
assessment.  While we expected better concentrations, it is likely that the irrigation regime at this vineyard was not conducive
to providing the desired levels of uptake.  In Temecula, imidacloprid moved into vines quickly.  There was a period,
however, when levels dropped below the required threshold. This dip in concentration occurred when irrigation water was
reduced.  During the period when weekly irrigation was practiced, the uptake rose well above the threshold levels and the
vines were well protected from PD.

Dinotefuran was detected in vines at each vineyard location, and the concentrations in the xylem were highest in vines treated
at the full label rate.  In Napa, dinotefuran levels rose quickly, suggesting that the uptake occurred at the time the treatments
were made (the only time water was used in this vineyard). The rate of uptake in Coachella and Temecula was also rapid but
more sustained, again suggesting the influence of the irrigation at these sites.  In Temecula, the dip associated with
imidacloprid uptake was evident at the lower rate of dinotefuran, but not at the high rate.

The effect of the greater solubility of dinotefuran compared with imidacloprid is reflected in the higher levels of dinotefuran
at the three sites.  But this also results in a more rapid decline.

CONCLUSIONS
Dinotefuran proved better than imidacloprid in terms of uptake in the Napa vineyard.  In this region, imidacloprid uptake is
compromised by the heavy clay soils (which bind the insecticide tightly, making it unavailable for uptake through the roots)
and the lack of irrigation (a consequence of the local climatic conditions).  Although we observed rapid uptake at the full
label rate of Venom, the concentrations began to decline after the first week.  The spike in uptake occurred at the time of the
application and suggests that irrigation at the time of the application will need to be carefully controlled if optimal delivery of
the product is to be achieved.

It is clear from our data that the uptake of dinotefuran is superior to that of imidacloprid at all sites.  But the question remains
whether the levels attained are actually high enough to provide effective pest management.  This is an area of research that
will need to be investigated.

Figure 1. Uptake of imidacloprid and
dinotefuran in vines at three vineyard
locations in California.  Dinotefuran was
applied as Venom 70SG and imidacloprid
was applied as Admire Pro.  The full rate
of Venom was 6 oz/acre.  Both full and
half label rates were compared at each
location.  Imidacloprid was applied at half
label rate in Coachella and Temecula,
while the full label rate was used at the
Napa vineyard.  The final dinotefuran
sample set for Temecula has yet to be
analyzed.  Each point on the graphs
represents the mean for at least 12 vines.
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Imidacloprid remains the neonicotinoid of choice for Temecula vineyards.  The uptake at half the label rate provides good
protection to vines, both in terms of rapid uptake and persistence during the growing season.  In vineyards with a heavier soil,
growers might be advised to use a higher rate of application, particularly if there are periods when irrigation water is
withheld.  At these times, the imidacloprid is likely to bind to the clay particles, making it more difficult for uptake to occur
in the reduced water environment around the roots.

REFERENCES
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ABSTRACT
Riverside County has two general areas where citrus groves interface with vineyards, the Coachella and Temecula Valleys.
The Coachella Valley with 10,438 acres of table grapes in proximity to 12,000 acres of citrus and the Temecula Valley with
2,000 acres of wine grapes in proximity to 1,600 acres of citrus are vulnerable to Pierce’s disease (PD), Xylella fastidiosa
(Xf). The grapes in the Coachella and Temecula areas of Riverside County are in jeopardy because of the glassy-winged
sharpshooter (GWSS), the vector of the PD bacterium, builds up in adjacent citrus groves.  Citrus is an important year around
reproductive host of GWSS in Riverside County, but also one that concentrates GWSS populations over the winter months
during the time that grapes and many ornamental hosts are dormant.  GWSS weekly monitoring in citrus and in grapes began
in March 2000 in Temecula Valley and 2003 in Coachella Valley by trapping and visual inspections. Systemic insecticides
such as Admire (imidacloprid), gave excellent control. Temecula and Coachella Valley GWSS populations have decreased
since the treatment programs were initiated.  With the exception of a little upsurge in 2007 Temecula GWSS populations;
overall GWSS numbers in both valleys have declined substantially relative to the pre-action levels due to insecticide
applications.

INTRODUCTION
The GWSS vectors a bacterium that causes PD.  This insect and bacterium are a severe threat to California’s 833,644 acres of
vineyards and $30 billion dollar industry.  An area wide GWSS management program was initiated in Temecula in 2000 to
prevent this vector’s spread into other California grape growing regions.  In Temecula Valley itself, the wine grape industry
and its connecting tourist industry generate over $100 million of revenue for the economy of the area.  GWSS/PD caused a
40% vineyard loss and almost destroyed the connected tourist industry.  The area wide GWSS management program initiated
in the spring of 2000 saved the industry from a 100% loss.  Only a continuation of an area-wide GWSS management program
will keep the vineyards viable in Temecula.  The table grape industry in the Coachella Valley is represented by 10,465 acres
of producing vines, which generate fresh market grapes valued at an average of over $110 million annually.  The GWSS was
identified in the Coachella Valley in the early 1990’s.  Populations of this insect in Coachella Valley increased the danger of
PD occurrence in this area, as has occurred in similar situations in the Temecula and San Joaquin Valleys.  In July 2002, the
occurrence of Xf, the PD bacterium, was found in 13 vines from two adjacent vineyards in the southeastern part of Coachella
Valley.  With this discovery, and the increasing GWSS populations, there was and is a real need to continue an area-wide
GWSS/PD management program, to prevent an economic disaster to the work forces and associated businesses of Mecca,
Thermal, Coachella, Indio, etc. that depend upon the vineyards for a big portion of their incomes.  Only a continuation of an
area wide GWSS/PD management program will keep the vineyards viable in Coachella.  At present there are no apparent
biological or climatological factors that will limit the spread of GWSS or PD in that area.  GWSS has the potential to develop
high population densities in citrus.  Insecticide treatments in citrus groves preceded and followed by trapping and visual
inspections to determine the effectiveness of these treatments are needed to manage this devastating insect vector and
bacterium.  Approximately 950 acres of citrus in Riverside County were treated for the GWSS in June through September,
2007, through a cooperative agreement with USDA-APHIS and the Riverside County Agricultural Commissioner’s Office
for the area wide management of the GWSS in the Coachella and Temecula valleys.  The cost of 2007 Riverside County
GWSS insecticide treatments was approximately $126,000.
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OBJECTIVES
1. Delineate the areas to be targeted for follow-up treatments to suppress GWSS populations in the Temecula and

Coachella Valleys for 2007.
2. Determine the impact of the 2006 GWSS area-wide treatments to suppress GWSS populations in citrus groves and

adjacent vineyards.

RESULTS AND CONCLUSIONS
The programs in Coachella and Temecula were dependent upon participation of growers, pest management consultants, and
citrus and vineyard managers.  The areas encompass approximately 28,000 acres.  Representatives of various agencies were
involved in the program, they were as follows: USDA-ARS, USDA-APHIS, CDFA, Riverside County Agricultural
Commissioner, UC Riverside, UC Cooperative Extension, and grower consultants.  Representatives of these agencies meet
periodically to review the program.  Newsletters are sent to growers, managers, wineries, and agencies with information on
GWSS populations and insecticide treatments via e-mail.  The information from Temecula is sent weekly, while information
from Coachella goes to the various parties monthly.

The citrus groves and vineyards within the GWSS/PD management areas were monitored weekly to determine the need and
effect of insecticide treatments on GWSS populations.  Yellow sticky traps (7 x 9 inches) were used help determine GWSS
population densities and dispersal/movement within groves and into vineyards.  A total of 1,397 GWSS yellow sticky traps
are monitored weekly.  Based on trap counts and visual inspection, approximately 885 and 70 acres of citrus were treated in
Coachella and Temecula, respectively, for GWSS control in 2007.  In Temecula and Coachella Valley, treatments for GWSS
in citrus were initiated when at least two GWSS adults were found at the same trap location for two consecutive weeks.  In
Temecula Valley only the citrus where the GWSS was found were treated.  In Coachella Valley all citrus located within a 1.0
mile radius from the trap find were treated as a preventive measure to protect surrounding groves and vineyards.  The
decision to treat a greater area around GWSS finds in Coachella than what was treated in Temecula differed because of
terrain; urban development and the history of GWSS blow-ups in Kern County and Temecula Valley during the fourth year
after GWSS area-wide programs were initiated.  One hundred percent of the 885 acres of Coachella Valley citrus were
treated with a single application of Alias (imidacloprid) at 36 ounces per acre.  In Temecula Valley 40 acres of citrus were
treated with Lorsban (chlorpyrifos) at the rate of 7 pints per acre followed by an application of AdmirePro (imidacloprid) at
14 ounces per acre.  In the remaining 30 acres in the Temecula area where PyGanic was used to manage GWSS in organic
groves, a follow-up treatment of PyGanic was applied a month after the first application for two consecutive months.
PyGanic (5% pyrethrum) was applied at the rate of 7 pints per acre.  Treatment threshold numbers of GWSS were not trapped
until July (Figures 1, 2 & 3).  Therefore, 2007 Coachella and Temecula GWSS insecticide applications were applied in late
July and early August.  Application of imidacloprid in citrus this late into the season is not ideal for GWSS control.
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Figure 1. In 2007, high numbers of adult glassy-winged sharpshooters were caught on the yellow sticky traps in Temecula,
with populations peaking in August and reaching a total of 530 trapped the week of August 27.
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Figure 2. Glassy-winged sharpshooter populations in Coachella Valley peaked August 27 with a high of 19 trapped.
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ABSTRACT
The Gram-negative bacterium Xylella fastidiosa (Xf) is the causal agent of many economically important plant diseases.  This
bacterium attaches to, multiplies in, and is inoculated from the foregut of sharpshooter leafhoppers, which feed on plant
xylem sap.  Little is known about the specific interactions between Xf cells and its vectors’ foregut.  Constituents of the
foregut include mucopolysaccharides, chitin, proteins and other components.  We have developed an in vitro assay to study
the attachment of Xf to carbohydrates using nitrocellulose membranes coated with different polysaccharides.  We found that
Xf cells attach to polysaccharides that contain a chain of glucose or N-acetylglucosamine.  These results suggest that the
attachment of Xf cells to surfaces may be carbohydrate mediated. Xf cells treated with either protease K or pronase showed
less attachment to the polysaccharides tested.  Competition experiments with different sugars and lectins suggest that
attachment of Xf to vector’s foregut is carbohydrate mediated and that proteins of Xf may work as lectins that have affinity to
sugars, especially glucose and N-acetylglucosamine.  In order to identify carbohydrate binding proteins in Xf, we have
studied the attachment of 15 different mutants to foregut extracts and different polysaccharides blotted in nitrocellulose
membranes.  Only hemagglutinin-like protein mutants exhibited less attachment.  Insect transmission tests for the different
mutants were also done; we found a correlation between the in vitro attachment assays and vector transmission to plants of
the mutants tested.

INTRODUCTION
Sharpshooter transmission of Xf
Transmission of Xylella fastidiosa (Xf) by sharpshooters is unique in terms of vector-pathogen relationships.  Firstly, the
interactions seem to be group-specific when compared to other systems, i.e. virtually all xylem sap-sucking insects can (and
those tested do) transmit different strains of Xf (Almeida et al. 2005).  Such lack of specificity suggests that there is a general
mechanism for pathogen attachment, multiplication and detachment.  The lack of transstadial transmission and latent period
indicates that the Xf inoculum is limited to the cuticle of the foregut of vectors, which is shed with each nymphal molt.
Purcell et al. (1979) and Brlansky et al. (1983) showed the presence of Xf in the cibarium and precibarium of vectors,
corroborating the assumption that cells should be present in the foregut of infective individuals. Newman et al. (2003), using
cells with a GFP-Xf cells, demonstrated the presence of cells in the precibarium of infective vectors.  The direct association of
the precibarium as the source of inoculum, however, has only been recently demonstrated.  Newman et al. (2004) showed
that poorly-transmitted Xf mutants did not colonize the precibarium of vectors; and Almeida and Purcell (2006) showed that
insects transmitting Xf had the bacterium in their precibarium, whereas non-transmitting individuals did not.  The later work
indicated that Xf must attach to the precibarium of vectors to be inoculated into plants.

Molecular interactions between Xf cells and the foregut of vectors
Xf cells probably have complex interactions with the foregut of vectors, as other xylem-limited bacteria such as Leifsonia xyli
are acquired but not transmitted by insects (Barbehenn and Purcell 1993).  However, little is known about the specific
interactions between Xf and the foregut of vectors.  On the other hand, the insect’s cuticle structure is reasonably well
understood.  The cuticle lining of the foregut of sharpshooters, to our knowledge, has not been studied, but is assumed to be
similar to the cuticle of insects in general.  Considering the components of cuticle, we hypothesize that Xf’s attachment to
cuticle could be mediated by carbohydrates.  Those could be mucopolysaccharides, glycoproteins, chitin or other
polysaccharides and lipopolysaccharides.  Thus, our approach was to initially determine the general type of interaction
between Xf and components likely to be present on the surface it attaches to in insects.

OBJECTIVES
1. Determine the nature of molecular interaction between sharpshooter vectors and Xf.
2. Develop an in vitro assay to study attachment of Xf to sharpshooter foregut and polysaccharides.
3. Identifying Xf proteins involved the transmission process.

RESULTS
I- Characterization of Xf-vector interface
An in vitro assay was developed to study the attachment of Xf cells to polysaccharides.  In this method, pieces of
nitrocellulose membrane were soaked for one hour in different polysaccharide solutions (concentration 1%), which were
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washed and incubated with buffer or Xf cells.  Detection of cells was done with Ponceau S or amido black dyes.  Both of
them are protein specific dyes, but amido black is more stable and quantifiable.

Figure 2 shows results obtained from tests performed with wheat germ agglutinin (WGA) as a lectin and amido black as
protein staining dye.  In this experiment attachment of WGA to polysaccharides was used as a positive control and to
measure the binding of the Xf cells to polysaccharides. Xf cells showed an attachment profile similar to that of the lectin
WGA.  In contrast, bovine serum albumin (BSA) negative controls did not attach to any polysaccharide except chitosan, with
which we have consistently found background problems.  This experiment showed that the attachment to polysaccharides is
specific and confirms that Xf cells have outer membrane molecules which act as lectins and attach to polysaccharides.

We also studied the effect of treatment of Xf cells with proteases on its attachment to polysaccharides (Figure 3).  The aim of
the experiment was to determine if secreted and membrane proteins play a role in attachment.  Washed cells showed similar
attachment to polysaccharides as the control.  On the other hand proteinase treated cells attached less to the polysaccharides.
These results suggest that Xf secreted proteins may play a minor role in attachment and that membrane proteins have an
important role in this process.

II- Identification of Xf membrane proteins associated with attachment to polysaccharides in vitro
In order to identify carbohydrate binding proteins in Xf, we used several mutants including those of cell-cell signaling and
hemagglutinin-like proteins, pili and gum mutants.  Hemagglutinin genes affect the virulence of Xf in grapevines.  The
mutants hxfA- and hxfB- showed hypervirulence in plants; and interestingly attached less to glass than the wild type
(Guilhabert and Kirkpatrick 2005).  The series of rpf cell-cell signaling system mutants have different attachment to glass,
aggregation and biofilm formation phenotypes (Newman 2004, S. Chatterjee personal communication).  In addition, we also
used new mutants that were produced by the Lindow lab, which targeted Xf’s intracellular cell-cell signaling system; in our
study those mutants were labeled mut1 and mut2 (the difference is the mutation site in the gene).  Both mut1 and mut2
attached to glass and formed more cell aggregates than the wild type.  We also used another hxfB mutant, produced by
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homologous recombination (Feil et al. 2007).  Pili and fimbriae mutants were thought to be important in the attachment to
foregut and the insect transmission and were included in the study.  Bacterial gum production plays a role in virulence in
plant like host xylem vessel blockage (Roper et al 2007).  As the role of gum in the interactions with vector is unknown, we
included two gum mutants in our study. In vitro attachment assays were performed to test these mutants in their capacity to
bind to foregut extracts and polysaccharides.  In these assays, foregut extracts, foregut proteins (extracted by ultra sonication
and acetone precipitation), wing extracts, crab shell chitin, PBS, ovalbumine and BSA were dotted in strips of nitrocellulose
membrane and Xf cells added as an internal control in each strip. After blocking with 6% non fatty milk in PBS (0.1M),
strips were incubated with PBS containing Xf mutants.  The interaction buffer had 0.01M PMSF as anti-protease to protect
cells from degradation.  Immunological detection of attached Xf cells was performed using purified IgGs polyclonal
antibodies against Xf whole cells.

Results obtained from this experiment show that hemagglutinin-like protein mutants are affected in the attachment to
polysaccharides and foregut extracts.  In addition, only the mutant rpfF and the double mutant rpfF/rpfC were also affected in
attachment to the compounds tested.  In studies on the gene expression of HxfA in the rpfF mutant, Lindow`s group found
that hxfA was expressed less in the mutant in comparison to the wild type (Nian et al 2006).  These results suggest an
important role for hemagglutinin in Xf attachment to the foregut of sharpshooters.  Also the low expression of hemagglutinin
in the rpfF- mutant could explain the low percentage of its insect transmission (5% in the comparison with wild type)
(Newman et al. 2004).

III- Sugar affinity
Competition experiments with different sugars were carried out in order to determine the affinity of the carbohydrate binding
proteins in Xf. Results obtained showed that the presence of glucose, N-acetylglucosamine (GlcNAc), chitobiose
([GlcNAc]2), and chitotriose([GlcNAc]3) reduced the attachment of Xf to foregut extracts.  Mannose also had an effect in
reducing the attachment but no effect was observed for galactose.  This affinity suggests the presence of chitin binding
proteins (ChBPs) in the Xf cell membrane.  These ChBPs could play an important role in the attachment to foregut and the
efficient transmission of Xf to plants.

VI- Vector transmission of Xf mutants to plants
We conducted several experiments to determine the transmission efficiency of Xf mutants to plants in relation to the wild
type.  In the first one, we studied the transmission and retention of rpfB- mutant.  We observed that rpfB- mutants were

Figure 4. Attachment of Xf mutants to foregut extracts and polysaccharides in vitro. 1: PBS, 2: WT,
3: mut1, 4: mut2, 5: rpfC, 6: rpfF, 7: rpfF/rpfC, 8: hxfA, 9: hxfB, 10: hxfB (Feil), 11: fimA, 12: fimF,
13: pilB, 14: fimA, (6E11), 15: fimA/pilO (DM12), 16: GumD, 17: GumH.  Strips were incubated
with 2ml of 50μg/ml of Xf cells.  Immunodetection performed with polyclonal antibodies against
whole Xf cell followed with anti-rabbit IgG (Whole molecule) - Alkaline phosphatase antibodies.
Alkaline phosphatase activity was detected by BCIP/NBT substrate.
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transmitted similarly to the wild type, but that cells were not observed in the foregut of vectors by scanning electron
microscopy.  Instead, a complex matrix was detected (Almeida and Lindow, unpublished data).  We hypothesized that rpfB-
could be lost by vectors over time, and that transmission efficiency would be reduced with sequential transfers of infective
vectors to new plants.  This was confirmed with transmission experiments.  In another experiment, we looked at the
transmission of fimbrial adhesin mutants (fimA-, pilB- and a fimA-/pilQ double mutant).  Transmission experiments showed
that these appendages are not essential for vector transmission.  The mutants fimA- and pilB- were transmitted less efficiently
than the wild type, and the fimA-/pilO- double mutant was not transmitted, but we were not able to determine if that is due to
the Xf-vector interaction or low pathogen population in plants that may have affected acquisition efficiency.  S. Lindow, a
cooperator in this project, performed work with an rpfC- mutant. rpf genes are associated with Xf’s cell-cell signaling and
have been shown to affect pathogenicity and transmission to plants.  We have transmission data for three rpf mutants (F, C,
B). rpfF- is poorly transmissible, rpfC- has transmission rates slightly lower than the wild type and rpfB- is poorly retained
by vectors.  For a few of these mutants it is difficult to determine if they were not transmitted with similar rates as the wild
type because i) they were not acquired as well, ii) they did not attach to vector’s cuticle, iii) acquisition and retention
occurred, but inoculation events did not generate infections, or iv) those successful infections did not multiply/move within
plants and were not detected.  Nevertheless, the results show that fimbrial adhesins are not essential for Xf transmission and
that different genes are likely important for cell attachment, indicating that this is a complex biological process.  As a side
note, our results also demonstrated one more time how inefficient glassy-winged sharpshooter is in transmitting Xf to plants
when compared with Blue-green Sharpshooter (data not shown).  We are currently conducting tests with other mutants of
interest identified by our in vitro work.  In addition, gene expression data of several mutants and their analysis in relation to
transmission biology indicate that hemagglutinin expression is strongly correlated with vector transmission of Xf to plants.
On the other hand we showed that, fimbrial adhesions are not implicated in insect transmission.  Taken together, our results
suggest that hemagglutinin-like proteins are important for efficient vector transmission of Xf. Due to the biological properties
of hemagglutinin, much of our current work is focused on glycobiology.

CONCLUSIONS
The goal of this project was to generate information on how Xf interacts with leafhopper vectors at the molecular level.
Although this has been assumed to be a complex association, so far it has remained a ‘black box.’  We have started to dissect
this system.  We demonstrated that fimbrial adhesins, which were previously considered as essential for transmission, are not
required for it.  In addition, our biochemical characterization of these interactions indicated that proteins are associated with
attachment to vector’s cuticle and tentatively identified hemagglutinins as important for Xf transmission.  We are now testing
if that [hemagglutinin] gene (two copies in the Temecula genome) is essential for transmission.  In summary, we went from a
‘black box’ to testable hypotheses and the identification of genes that may be important for Xf vector transmission.  The
determination of how Xf interacts with vectors will open new venues to control disease spread, as understanding how
pathogen and vector interact may lead to strategies to block the transmission of Xf to plants.
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ABSTRACT
The main objective is to quantitatively and qualitatively determine how and when Xylella fastidiosa (Xf) loses pathogenicity
and potentially transmissibility, after serial passages in vitro.  We will replicate Xf in vitro for several generations, creating
parallel populations that are not pathogenic and maybe not transmissible by insects.  We will study host plant colonization by
and insect transmission to grape of these populations.  Once phenotypes of interest are identified (e.g. reduced pathogenicity
or transmissibility), we will compare these Xf populations with the original isolate and search for differences.  Tools to
identify phenotypical differences will include pathogenesis and insect transmission assays, molecular differences will be
identified with genomic and proteomic approaches.  We will also be able to quantify the rate of genetic change in these
populations, providing a molecular calibration data for researchers interested in Xf evolution, diversity and ecology.

INTRODUCTION
Much has been learned in the last few years regarding the biology of Xylella fastidiosa (Xf).  In addition, recently reported
research has demonstrated, under laboratory conditions, that proof-of-concept approaches to disease control may be
successful.  Hopkins (2005) tested the capability of weakly virulent and avirulent Xf isolates to control infections of
pathogenic isolates of the same pathogen.  Biological control of plant pathogens with avirulent strains is not a new idea in
phytopathology, in fact, it has been successfully used in many occasions.  However, it had never been tested for Xf. Hopkins’
work demonstrated that this approach has great potential to control Pierce’s disease (PD) under field conditions.

This project explores the idea developed by Hopkins (2005) that avirulent isolates of Xf can control PD symptom progression
in grapevines.  If such strategy is ever to be used to control PD, understanding how it works will be of paramount importance.
To achieve such objective, we propose to conduct research with a pathogenic isolate that has been sequenced, develop
avirulent descendent populations of such isolate, and study their ability to reduce disease progression in plants challenged
with the original pathogenic isolate.  We will also take advantage of the fact that Xf can be stored in -80oC to keep samples of
the pathogen as it becomes avirulent.  This will allow us to retrospectively study when and how an isolate lost pathogenicity,
and what is the impact of such change on Xf’s biology.

OBJECTIVES
1. Generation of in vitro evolved populations
2. Phenotypical and molecular characterization of populations
3. To test avirulent populations as PD biological control agents

RESULTS
This work is ongoing.  So far we have sequentially transferred 10 parallel populations of Xf on solid media for 50 weeks
(estimated 1,150 generations) and have those stored in a -80oC freezer for phenotypical characterization.

CONCLUSIONS
This work is ongoing (objective 1) and the characterization of populations and testing of avirulent isolates as biological
control agents will be performed in 2008
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ABSTRACT
The dynamics of vectored diseases are governed by the interplay of a variety of biotic and abiotic factors.  We studied some
of these factors that are expected to be important to the epidemiology of Pierce’s disease (PD) in California vineyards.  We
conducted a series of greenhouse transmission experiments to quantify how sharpshooter species, sharpshooter number, plant
inoculation access period, and temperature affect transmission of Xylella fastidiosa (Xf) to grapes and PD symptom
development.  For the blue-green sharpshooter (BGSS), vector number and inoculation period had similar strong effects on
infection rate.  Interestingly, larger numbers and longer inoculation periods increased the onset of PD symptoms.  However,
while the number of glassy-winged sharpshooters (GWSS) increased infection rate, inoculation access period did not.  In a
final experiment looking at the relationship between temperature and transmission efficiency, high temperature (30oC)
resulted in low BGSS survival yet marginally higher infection rate.  Moreover, Xf population in vines was positively related
to the number of vectors that tested positive for Xf using realtime PCR at the time of plant inoculation.  These results suggest
that high sharpshooter numbers may not only increase transmission rate but also decrease incubation period – presumably
because of a larger inoculum.  We expect that high vector densities and temperatures will increase the rate of disease cycling,
which is particularly relevant to disease prevalence in this system.

INTRODUCTION
Pierce’s disease (PD) epidemiology is complicated by the potential for several insects to vector Xylella fastidiosa (Xf)
(Severin 1949), by having many alternative reservoirs of the pathogen (Wistrom and Purcell 2005), by Xf strain- or grape
cultivar-specific differences in pathogenicity or resistance, and by seasonal acquisition and vine recovery (Hill and Hashim
2006).  These factors likely contribute to variability in disease spread, hampering efforts to quantitatively describe disease
dynamics in this system.

An understanding of transmission biology is critical to predicting PD epidemiology (Almeida et al. 2005).  Fortunately
experiments on vector transmission have been a major focus of PD research for over 50 years – contributing a vast amount of
biological data on important vectors and their ability to transmit Xf (Severin 1949, Purcell 1981, Hill and Purcell 1995, 1997,
Almeida et al. 2005).  None-the-less little effort has been made to synthesize this work into a quantitative framework.  To
date the only quantitative description of Xf transmission is that of Purcell (1981).  This statistical model predicts the
probability a plant becomes infected (P) as a function of vector number (n), inoculation access period (t), vector infectivity
(i), and inoculation efficiency (E): Pnt = 1-e-niEt.  Two aspects of this model are important to note.  First, any environmental
(e.g., temperature, humidity) or ecological factors (e.g., vector species, pathogen virulence, plant abundance) that affect
vector or pathogen abundance, vector feeding behavior, or efficiency will influence transmission.  Second, the model
assumes that vector number and inoculation access period are algebraically equivalent.  In other words, 10 vectors for one
day should result in the same infection rate as one vector for 10 days.

Our goal was to test and further refine this model via experimental estimation of the parameters explicitly included in this
model as well as certain other ecological or environmental factors which may influence transmission of Xf to grapes.  To this
end, we first tested the assumption that vector number and inoculation period have equivalent effects on transmission rate.
We also tested for effects of ambient temperature on transmission efficiency, as sharpshooter survival, growth, and feeding
rate depend on temperature (Johnson et al. 2006).  These two experiments were conducted with two important vectors of Xf,
the BGSS; Graphocephala atropunctata and the GWSS; Homalodisca vitripennis to compare species-specific differences.
Finally, in order to better understand how these factors ultimately contribute to disease dynamics, we tracked symptom
development and infection level in vines after insect transmission occurred.

OBJECTIVES
1. Decouple estimated effects of sharpshooter number and inoculation period on transmission.
2. Quantify effects of temperature on transmission efficiency.
3. Link transmission to disease progression in the plant.



- 113 -

MATERIALS AND METHODS
In the fall of 2006 we conducted two greenhouse transmission experiments
that varied independently sharpshooter species, number, and inoculation
access period (IAP).  In the first experiment we confined Xf-free BGSS
adults on infected (STL strain) grapevines for a four day AAP.  We then
caged one, two, or four of these BGSS on a healthy grape seedling (var.
Cabernet Sauvignon) for half, one, two, or four days.  There were at least
nine replicate plants for each of the 12 bug number-IAP treatment
combinations.  Beginning one month later we visually inspected plants one to
two times per week to determine when they first showed PD symptoms.
After three months, seedling infection status was determined by culturing
(Hill and Purcell 1995).  We compared the onset of symptoms among
treatments using a Cox proportional hazards survival analysis with bug
number and IAP as continuous variates.  We followed up significant effects
with a logistic regression of IAP and bug number versus plant infection
status.

Approximately one month later, we repeated this experiment with GWSS.
Xf-free GWSS adults from a Riverside, CA colony were placed on Xf-
infected (Temecula strain) grapevines for four days (AAP).  Afterwards one,
two, or four bugs were transferred to a healthy grape seedling for half, one,
two, or four days.  There were at least five replicate plants for each treatment
combination.  We did not inspect plants for PD symptoms, but after three
months they were all cultured for the presence of Xf. We used logistic
regression to quantify the effect of bug number and IAP on plant infection
status.

In the summer of 2007 we conducted a third transmission experiment that
varied BGSS number and ambient temperature.  We caged BGSS adults on
known Xf-infected source plants (STL strain) for four days (AAP), after
which we caged either one or four of these BGSS on healthy grape cuttings.
These insects and vines were then placed in one of three temperature
controlled rooms at UC Berkeley’s Jane Gray Research Greenhouse that
were set to approximately 20, 25, or 30°C during the day and 20°C at night.
The rooms received natural light filtered through a shade cloth, plus grow
lights on a 12:12 (L:D) photoperiod.  There were at least 10 replicates of
each treatment.  After two days (IAP) we removed bugs and froze them.
Three, six, and nine weeks later we sampled randomly two petioles from
each plant, and at 10 weeks we sampled the stem at the top of where the
sleeve cage was.  We quantified Xf populations in stems and petioles using
realtime PCR (qPCR; Francis et al. 2006), and qPCR was used on each
sharpshooter to estimate the total Xf inoculum potentially introduced into
each vine.  We analyzed effects of bug number and temperature on disease
status using logistic regression.  For all positive plants, we used multiple
regressions to quantify the effects of temperature, number of positive bugs,
and total inoculum on stem infection level.

RESULTS
For BGSS, both vector number and IAP were strongly related to infection
rate.  IAP had a slightly stronger effect (regression coefficient = 0.5718,
SE=0.1857) than did bug number (0.3963, SE=0.1785), though not
significantly (P=0.4730).  Both variables also increased the onset of first PD
symptoms (Figure 1).  Conversely, GWSS was not only less efficient over-all
(36% infection vs. 64% for BGSS), but there were substantially different
effects of bug number and IAP.  Number of GWSS strongly increased vine
infection rate, while IAP did not (Figure 2).

Temperatures in the third experiment averaged 24.3, 21.4, and 17.4°C.  Higher BGSS number increased infection rate and
temperature had a marginally significant effect (Figure 3).  The proportion of plants infected was the highest in the four
BGSS-high temperature treatment, despite substantially higher sharpshooter mortality at this temperature (45% at 24.3, 5% at
21.4, and 20% at 17.4°C).  Few petioles tested positive at weeks three and six, but several were positive by week nine – with
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Figure 2. Infection rate increased with
number of GWSS, while inoculation
access period had no effect.

Figure 1. PD symptom onset as a
function of BGSS number and
inoculation period.  Day 0 equates to
approximately one month post
inoculation.
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Figure 4. Xf population in the stems
increased as a function of the number
of BGSS identified as positive by
qPCR

generally increasing trends in infection level through time. Xf
population in the stems (excluding uninfected vines) was not
significantly affected by temperature or total Xf from bugs, but
there was a positive effect of the number of sharpshooters that
tested positive for Xf from qPCR analyses (Figure 4).

DISCUSSION
Our first goal was to quantify the independent contributions of
vector abundance and inoculation period on transmission rate,
which is necessary to begin to parameterize models such as that
of Purcell (1981). BGSS is clearly a more efficient vector of Xf
than is GWSS, though the mechanism is not known.  It may
relate to feeding site preference or probing behavior. Regardless,
our results suggest that sharpshooter species may differ in the
relative strengths with which vector number and inoculation
period contribute to transmission. Vector number and
inoculation period appear to have equivalent effects on BGSS
transmission, whereas IAP was weakly related to GWSS
transmission (Figures 1, 2). This result suggests that GWSS
inoculation, if it occurs, occurs soon after encountering the healthy plant (e.g., within 1 day) – a conclusion that is
inconsistent with previous transmission experiments (Almeida and Purcell 2003).

In conjunction with these two experiments we are compiling the results of
prior BGSS transmission experiments to conduct a meta-analysis on the role
vector number, acquisition period, and inoculation period play in determining
transmission of this efficient Xf vector.  This work will provide more
statistical power to precisely evaluate the fit of Purcell’s (1981) transmission
model.

The second set of results we collected relate to the effect of temperature on
sharpshooter transmission efficiency.  A study with GWSS indicated that its
survivorship and feeding rates are an increasing function of temperature up to
a point (maximum approximately at 30°C), above which mortality greatly
increases and feeding shuts down (Johnson et al. 2006).  Therefore, if
transmission is related to feeding rate, sharpshooter transmission efficiency is
expected to also be an increasing function of temperature.  In our experiment,
BGSS transmission was higher at the warmest temperature (mean=24.3°C)
despite substantially higher sharpshooter mortality at this temperature
(Figure 3).  These results are consistent with the hypothesis that stressed
sharpshooters may adjust feeding behavior, thereby affecting transmission
rates.  Testing this hypothesis would require estimates of BGSS feeding rates, movement on the plant, and probing behavior
over a range of temperatures.  We are currently conducting a similar experiment with GWSS to determine how temperature
affects its transmission efficiency.

The third set of results we collected relate to the link between transmission and disease progression in the plant.  In the first
experiment grape seedlings with more BGSS or with longer inoculation periods had shorter incubation periods.  We attribute
this result to the higher sharpshooter loads favoring the introduction of larger Xf inoculum.  In the last experiment we
measured infectivity of individual bugs using realtime PCR. This provided us with two related metrics of potential Xf
inoculum for each replicate – the number of positive insects that tested positive, and the total estimated Xf population among
insects on a given plant.  Quantitative measurements of Xf populations in insects were highly variable and therefore a poor
predictor of the infection level in the plant.  However, the number of positive insects was positively related to plant infection
level (Figure 4).  Together these results support the prediction that high vector loads increase PD onset because of larger
initial inoculum.  Based on previous research showing that temperature affects Xf growth (Feil and Purcell 2001), we
expected to see higher Xf populations in infected vines at higher temperature.  The weak affect of temperature on plant
infection levels is probably the result of relatively low sample sizes of infected plants in all but the highest temperature, high
bug number treatment.

These experiments quantitatively describe the effects of sharpshooter abundance, inoculation period, sharpshooter species,
and temperature on transmission of Xf to grapes.  The experiments also describe the consequence of these factors on disease
progression in the plant.  Collectively these results, along with other field and lab experiments, allow us to begin to link the
transmission biology of Xf to the epidemiology of PD.  Our ultimate goal is to begin to describe quantitatively how these
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environmental and ecological factors that affect transmission interact with other elements of PD epidemiology to predict
disease dynamics in different regions of California (Figure 5). We expect that high vector loads and warmer temperatures
will increase the rate of disease cycling by shortening the time required for Xf populations in the plant to build up to the level
where efficient re-acquisition can occur.  The ultimate consequence of this would be to increase the likelihood of secondary
spread, especially by the GWSS, and therefore increased PD severity.

FUNDING AGENCIES
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effects that require more study.

PD
severity

Climate Xf growth

Surrounding
habitat

Vine
recovery

Secondary
transmission

Sharpshooter
density/behavior

Primary
transmission



- 116 -

FEEDING BEHAVIORS OF THE GLASSY-WINGED SHARPSHOOTER THAT CONTROL
INOCULATION OF XYLELLA FASTIDIOSA

Project Leader:
Elaine Backus
USDA, ARS, PWA
SJVASC
Parlier, CA  93648
elaine.backus@ars.usda.gov

Primary Researchers:
P.H. Joost
formerly Dept. of Entomol.
University of California
Riverside, CA  92521

S. Dugravot
formerly Dept. of Entomol.
University of California
Riverside, CA  92521

B. Reardon
formerly Dept. of Entomol.
University of California
Riverside, CA  92521

Holly Shugart
USDA, ARS, PWA
SJVASC
Parlier, CA  93648

Cooperators:
JC Chen
USDA, ARS, PWA
SJVASC
Parlier, CA  93648
jianchi.chen@ars.usda.gov

G. Walker
Dept. of Entomology
University of California
Riverside, CA  92521

T. Miller
Dept. of Entomology
University of California
Riverside, CA  92521
thomas.miller@ucr.edu

David Morgan
Calif. Dept. Food & Agric.
Mt. Rubidoux Field Station
Riverside, CA  92521
dmorgan@jps.net

W. Holmes
Dept. of Biology
California State University
Fresno, CA  93710

F. Schreiber
Dept. of Biology
California State University
Fresno, CA  93710
freds@csufresno.edu

Reporting Period: The results reported here are from work conducted October 1, 2006 to May 30, 2007.

ABSTRACT
In the final eight months of this grant, we completed remaining studies and emphasized writing results for several
publications.  Overall, all objectives of this grant were successfully completed.  The work identified the electrical penetration
graph (EPG) waveforms responsible for both ingestion and egestion by the glassy-winged sharpshooter (GWSS), and
provided evidence that the mechanism of inoculation of Xylella fastidiosa (Xf) is a combination of egestion and salivation.
Objective 1 successfully showed that ingestion is represented by the EPG waveform C, which nearly always occurs in some
type of xylem cell on susceptible grape.  Earliest events of waveform C (usually short in duration) often occur in non-
functional, primary xylem, whereas later events (longer in duration) always occur in lignified, presumably functional,
secondary xylem.  GWSS adults virtually never ingest from non-xylem cells while on susceptible grape.  Objective 2 showed
that the B1s waveform is correlated with muscular fluttering of the precibarial valve, and that the B1w waveform represents
salivation.  These waveforms occur throughout the pathway phase of feeding, thus occur in all cell types that are penetrated.
During Objective 3 work, several experiments with both GWSS and smoke tree sharpshooter also identified for the first time
the sharpshooter X-wave, a waveform family that definitively represents xylem penetration by the stylets.  The X-wave
incorporates the waveforms B1w, B1s, proto-C, and C.  X-ray images of GWSS feeding taken at the Argonne National Lab
are also discussed.  Taken together, our findings support that the B1s and proto-C of the X-wave represent egestion
(expulsion) of fluids from the precibarium into xylem, and likely represent the instant that Xf cells are inoculated.

INTRODUCTION
The behaviors comprising within-plant feeding (a.k.a. stylet penetration) of hemipteran vectors are intricate and complex, and
vary enormously among species.  Yet, a deep understanding of stylet penetration is particularly important for sharpshooter
vectors because behavior plays a crucial role in transmission of non-circulatively transmitted pathogens like Xf. Thanks to
EPG monitoring, sharpshooter stylet penetration can now be observed in detail, in real-time.  Two stylet penetration
behaviors emphasized in this project likely control Xf inoculation.  They are uptake of plant fluids into the gut (ingestion) and
expulsion of bacteria-laden fluids (egestion or extravasation).

OBJECTIVES
1. Characterize ingestion behavior, especially to:  (a) identify in which cell types various durations of ingestion (C) are

occurring, and (b) how to recognize that by EPG alone.
2. Characterize extravasation (now termed egestion) behavior, especially to:  (a) correlate the B1 waveform with fluid flow

in and out of the stylets, and (b) determine in which plant cells this behavior occurs.
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3. Characterize behavior-Xf interactions that permit inoculation, especially to (a) identify the behaviors (i.e. ingestion,
egestion or both) during which bacteria are expelled, and (b) whether bacterial expulsion is into xylem, or any plant cell
type penetrated, or both.

RESULTS
Insect Availability
This year, we were able to resume use of lab-reared insects very kindly provided by D. Morgan, CDFA.

Objective 1 – Correlation of ingestion with EPG Waveforms
Study a:  Ingestion-waveform correlations and cell types in which ingestion occurs
Prior to this grant, we correlated the C waveform (Figure 1b) with ingestion via observation of particle movement in artificial
diets (Joost et al. 2005).  Last year’s electromyographic (EMG) study of cibarial muscle potentials by former post-doc S.
Dugravot showed that C waveform was also correlated with both cibarial dilator activity and excretory droplet production.
Two to four cibarial pumps produced a single droplet.  This year, additional analysis of the data showed that the fine structure
of the C waveform is correlated with directional flow of fluid through the foregut.  Thus, whether fluid is flowing into (rise
portion of each plateau) or out of (falling portion) the cibarium can be judged by voltage changes alone.  A paper of these
findings is in press (Dugravot et al. 2008).

Last year we also performed a study at the Argonne National Lab.  EPG waveforms were recorded from wired GWSS that
were subjected to high-energy X-ray imaging during feeding.  This allowed the cibarial muscle movements to be viewed via
movements of two sets of tracheae that apparently aerate different functional groups of the cibarial muscles.  Video images
and waveforms were further analyzed during this year.  Results to date confirm and expand upon the EMG study.  The two
sets of muscle groups move at different times during feeding.  Major, coordinated convulsions of both muscle groups are
correlated with the rise phase of the C waveform, and therefore with the muscle potentials and cibarial pumping previously
recorded.  However, very small contractions of the major cibarial muscle group were correlated with a new waveform, proto-
C.  We believe these small, C-like plateaus represent test pulls of the cibarial pump.  In addition, atypical C waveform
shapes, hypothesized to correlate with ingestion from non-xylem cells, were actually caused by unusual cibarial muscle
contractions.  In fact, C waveform fine structure was entirely correlated with cibarial muscle movements alone.

Last year, we reported results of a third project to determine which ingestion events were performed in xylem, and whether
xylem ingestion can be identified by waveform appearance alone.  Further analysis this year found that waveform C always
occurred in xylem, but any of several xylem cell types.  Very early, especially short-duration, C events occurred in primary
proto-xylem cells or small, unlignified secondary xylem cells.  In contrast, later, longer-duration, C events occurred in large,
lignified secondary xylem cells.  The thesis for this work was completed this year (Holmes 2007) and a manuscript is in
preparation.

Study b:  Recognizing ingestion from waveforms alone
Results from Study a, altogether, support that waveform C represents ingestion (i.e. cibarial pumping), but its fine structure is
not correlated with ingestion tissue type, as we hypothesized. Instead, waveform C predominantly occurs in xylem, and the
type of xylem cell is correlated with the C event’s order and/or event duration.

Objective 2 – Correlation of egestion with EPG Waveforms
Study a:  Correlate B1 waveform with muscle movements and fluid flow in and out of stylets
A second EMG study was also performed last year, and results were analyzed this year.  Muscle potentials were recorded
from the precibarial valve muscles, which were hypothesized to control egestion.  Results conclusively showed that the
valve’s muscle potentials occurred only during pathway and were temporally correlated with B1 spikelet bursts (B1s)

a b
B1w

B1s

B1 C

Figure 1. Examples of the main EPG waveforms studied in this project, in the order in which they occur during
stylet penetration. a. The B1 waveform, composed of B1w (wave) and B1s (spikelets).  This waveform occurs
frequently throughout pathway and interruption phases. b. The C waveform, following a length of B1.  C waveform
is the landmark waveform for ingestion phase.
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(Figure 1a).  Muscle potentials also strongly resembled waveform B1s (data not shown) (Backus & Dugravot 2008).  Thus,
B1s represents voluntary valve fluttering, and this occurs only during pathway phase, not during ingestion.  The directionality
of fluid flow (described in Objective 1 results, above) further supports that fluid moves up and down within (and possible out
of) the precibarium during B1s.

Study b:  Determine in which plant cells B1 occurs
A combination of the precibarial EMG study and Holmes sheath histology study, above, show that B1 occurs throughout
pathway, in all cell types penetrated by the stylets.  Work described below shows that B1 also can occur in xylem cells, just
prior to or interrupting ingestion events.

Objective 3 – Characterize behavior-Xf interactions that permit inoculation
Study a:  Identify the behaviors (ingestion, egestion, or both) during which bacteria are expelled
Last year’s report detailed findings by two previous post-docs, P.H. Joost and S. Dugravot, that green fluorescent protein
(GFP)-expressing Xf were seen embedded in salivary sheaths in artificial diet on which putatively inoculative GWSS fed.
Yet, only eight out of a combination of nearly 81 EPG-recorded probes revealed GFP, as confirmed by confocal microscopy.
Problems with our insects acquiring the GFP-Xf had been the cause.  This year, a third post-doc, B. Reardon, attempted this
diet-inoculation project again. He found two out of 30 confirmed salivary sheaths with GFP-Xf (Figure 2).  We suspect that
the rarity of GFP-Xf in diet was due to lack of acceptance of our diet.  Nonetheless, these findings strongly support that Xf is
inoculated during salivation.

During completion of the Holmes (2007) thesis project in the last year, fine-
structure analysis of the interruptions (waveform N) between trial ingestion (C)
events was performed.  We found that each interruption consistently was
composed of B1w, B1s, and proto-C waveforms (Figure 3).  At the same time,
further analysis of the Argonne X-ray data suggested (although the data are not
yet fully analyzed) that the smaller of the cibarial muscle groups twitches slightly
but rhythmically during B1w, during both pathway and interruption phases.  This
supports that “micro-ingestion” of a small amount of fluid occurs, probably into
only the precibarium, where it can be tasted by the precibarial chemosensilla.  In
addition, salivary sheath tips were always in a xylem cell during interruption and
trial ingestion events.  The first “interruption” (actually at the end of pathway,
before the first C event) marked the first stylet penetration of the ingestion cell;
this is the definition of a specialized EPG waveform family called the “X-wave”
that is seen in many vectors species.  Thus, we have now discovered the
sharpshooter X-wave (Figure 3), and theorize that it is the Xylella inoculation
behavior.

Figure 2. Confocal laser scanning
micrograph of green GFP-Xf inside
the lumen of a GWSS salivary
sheath in artificial diet.

Figure 3. A repetitive series of sharpshooter X-waves (one in pink box).  Each includes interruption and trial ingestion
events.  The red box, expanded below, shows components of the X-wave.
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The behaviors of the X-wave apparently function in tasting the fluid in the xylem cell to determine its acceptability, and
testing the strength of the mechanical seal of the stylets.  B1w represents watery salivation (Joost et al. 2005), perhaps
simultaneous with micro-ingestion into the precibarium for the purpose of tasting partially-digested xylem fluid.  If so, the
insect would be micro-ingesting a mixture of plant fluid and its own saliva.  B1s is precibarial valve fluttering, which
probably further aids movement of fluids back and forth across the sensilla, during tasting.  When tasting is nearly complete,
proto C may represent small contractions of the large cibarial muscle group, for “mini-ingestion” into the cibarium.  Perhaps
when these muscles release, some fluid can be pushed back into the precibarium, then leak past the valve and into the stylets.
This would be egestion of a mixture of plant fluid and saliva.

Thus, there is good evidence that the component waveforms of the X-wave represent all behaviors necessary for Xf
inoculation via a mechanism of combined salivation and egestion.  We are in the process of conclusively testing this
hypothesis with Xf inoculation studies underway.

Study b:  Determine into which plant cells bacteria are expelled
In Backus 2007, we describe a plant inoculation experiment using EPG-identified probes that artificially terminated stylet
penetration after 3-6 min of ingestion phase (3 to 8 X waves).  This work complemented the diet inoculation study described
above.  PCR evidence from that study showed that a single GWSS probe of this type could inoculate enough Xf to kill the test
plant (3 months later), in 100% of 36 plants tested.  This indirectly supports that Xf is inoculated into the xylem during X
waves, at the start of ingestion.  Thus, duration of ingestion probably does not directly relate to inoculation.  This experiment
is the first time that GWSS has been shown to exhibit 100% vector efficiency per individual insect, let alone from a single
probe.  This project will be repeated with histology of salivary sheaths in the coming year, using a new method we have
developed to retain the fluorescence of GFP-Xf through paraffin sectioning and process for confocal microscopy (see Backus
& Labavitch 2007).

CONCLUSIONS
We have succeeded in meeting all objectives of this grant proposal.  The accumulated evidence supports that the EPG
waveform C represents ingestion from xylem, and the B1s and proto-C waveforms represent egestion of a mixture of plant
fluid and saliva.  Our findings will help solve the PD/GWSS problem by providing:  1) insights into the mechanism of Xf
transmission (acquisition and inoculation); 2) a powerful tool in EPG for studies of host plant resistance, including a natural,
insect-inoculation bioassay and eventual development of a resistance index for genotype screening (the Stylet Penetration
Index); 3) numerous spin-offs from such basic findings, such as information for risk assessment models, with implications for
all levels of the Xylella-sharpshooter-grape pathosystem, including ecological, epidemiological and management; and 4)
knowledge of new potential targets for grape breeding and transgenic resistance.
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ABSTRACT
The purpose of this project is to determine whether β-1,4 glucanase (EGase), the major enzymatic protein in the watery saliva
of glassy-winged sharpshooter (GWSS), co-localizes via immunocytochemistry with the few ‘pioneer’ Xylella fastidiosa (Xf)
cells that are inoculated into a plant by this vector.  If it does, then this suggests that watery, enzymatic saliva of the vector is
a carrier of the bacteria during inoculation, and that therefore the saliva might somehow aid in this process.  This year, we: 1)
completed and tested the development of a method to retain fluorescence of Xf cells that are transformed to express green
fluorescent protein (GFP) through the paraffin-sectioning process, 2) dissected an additional 1500 pairs of salivary glands for
protein extraction, 3) extracted and purified EGase, and 4) contracted with a commercial company to produce antibodies to it.
Work in the coming year will complete the objectives by using secondary antibodies to the EGase and confocal laser
scanning microscopy to co-localize the EGase with GFP Xf.

INTRODUCTION
Many researchers, including ourselves, are investigating how Xf moves from cell to cell, because it is a crucial mechanism for
the earliest stages of infection.  It has been hypothesized that Xf can cause Pierce’s disease (PD) only if bacteria can ‘break
out’ of the initial, imprisoning inoculation xylem vessel(s) to produce a systemically increasing population (Hopkins 1989).
Thus, Xf lateral movement through adjacent vessels is one determinant of initial infection success.  Recent evidence by
Labavitch and colleagues (Roper et al. 2007) studying Xf movement through stems supports the idea that pit membranes limit
bacterial movement.  A sufficient quantity of cell wall-degrading enzymes can break down parts of the primary cell wall
network of the pit membrane, allowing bacteria to pass.  Mature Xf populations produce the enzymes polygalacturonase (PG)
and β-1,4 glucanase (EGase, often identified as cellulase in the literature) (Roper et al. 2007).  Thus, in later stages of
infection, those enzymes may function to facilitate systemic movement.  However, fewer than 200 cells are typically
inoculated by sharpshooters (Hill and Purcell 1995).  It seems to us, therefore, that these few pioneer bacteria first inoculated
by a vector are unlikely at first to produce a sufficient titer of enzymes to digest through the pit membrane.

It is routine to histologically image sheath saliva in fed-upon plants (e.g. Leopold et al, 2003, Backus et al 2005).  However,
no researcher has ever directly visualized watery saliva in plants, due to its fluid and dispersive nature.  Yet Backus and
colleagues have defined electrical penetration graph (EPG) waveforms that represent salivation and ingestion (Joost et al.
2006; Dugravot et al. 2008).  Histology of salivary sheaths in probed plant tissues, correlated with EPG waveforms, revealed
the cell types into which saliva is injected (Backus et al. 2005).  Watery saliva is mixed with and spreads out from the
salivary sheath, in all plant cells penetrated by the stylets, including xylem.  Labavitch and colleagues recently have found
very high activity of cell wall polymer-degrading enzymes, especially EGase, in GWSS salivary gland fractions (unpublished
data).  Thus, cell wall-degrading salivary enzymes are injected into xylem along with very few bacterial cells during Xf
inoculation by GWSS.  This finding led Backus to hypothesize that the small number of pioneer bacteria initially inoculated
are aided in their cell-to-cell movement (therefore their ultimate infection) by the enzymatic salivary secretions of their
vector.

OBJECTIVES
1. Purify and characterize β-1,4 glucanase (EGase), a putatively cell wall-degrading salivary enzyme of GWSS, and

develop antibodies for in planta localization of saliva.
2. Determine whether GWSS salivary proteins (injected into grape during EPG-controlled insect feeding) affect the

distribution of recently inoculated Xf, as detected systemically by PCR and locally by immunocytochemistry.
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RESULTS
Objective 1 – Purify and characterize β-1,4-glucanase and develop antibodies
Study a:  Enzyme purification and characterization
Over 1500 paired salivary glands were successfully dissected by Backus and colleagues from wild GWSS field-collected on
ornamental shrubs in Bakersfield, CA, during June and July, 2007.  Glands were frozen in extraction buffer at -20 oC and
hand-carried from Fresno to Davis.  Protein extraction, purification, and assaying of EGase were performed in the lab of
Labavitch by Greve in August to September, 2007, and purified EGase was delivered to Antibodies, Inc., in Davis, CA.
Polyclonal antibody serum will be raised in guinea pig by late November, then purified in the Labavitch lab, for later
Objective 2 work by Kingston planned for January 2008.  At present, enzyme characterization is scheduled for spring, 2008.

Objective 2 – Determine whether GWSS salivary proteins affect the presence/distribution of inoculated Xf
Studies a and b:  Immunocytochemistry of probes by clean vs. GFP-Xf inoculative GWSS
Our ultimate goal for this objective is to combine five challenging
procedures into one experiment with the following steps:
1) Allow one group of GWSS to acquire Xf expressing green

fluorescent protein (hereafter, GFP-Xf) (Study a) and another
(control) group to remain non-inoculative (Study b), then…

2) EPG-record a single, standardized probe consisting of pathway
followed by ingestion lasting no more than 3 – 6 min, as described
in Backus (2006), then…

3) Excise, histologically prepare, and section the fed-upon grape
tissue, using methods that retain fluorescence of GFP, then…

4) Probe the sectioned tissue with primary antibody to EGase (from
Objective 1) then secondary, fluorescently conjugated antibody,
and finally…

5) Use confocal laser scanning microscopy (CLSM) to simultaneously
locate and image autofluorescent salivary sheaths and cell walls,
GFP-Xf, and fluorescently-stained EGase/watery saliva.

Time permitting, these studies may also include a time-course in which
fed-upon plants are held for varying time periods before excision and
preparation for microscopy.  In this way, we hope to visualize the
location of both watery saliva (i.e. EGase) and sheath saliva in relation
to presence, location and movement of Xf bacterial cells, during certain
EPG waveforms.

This year, Backus and Shugart made further progress developing each
of the individual protocols to be combined in the larger test.  In
particular, we completed development of an all-new method for
retaining the fluorescence of GFP Xf throughout the entire procedure for
classical histology fixation, embedding in paraffin, sectioning and
examination.  An example of GFP-Xf in grapevine is shown in Figure 1.
Such a procedure has never been accomplished before, by any research
group using GFP, anywhere.

CONCLUSIONS
The described findings support the following hypotheses, which will be further tested this year: 1) watery saliva is injected
during the earliest stages of stylet penetration, as well as further along the pathway and into a xylem ingestion cell, 2) GFP-Xf
exit the stylets during all parts of the probe, and become embedded in the salivary sheath, as well as injected directly into
xylem cells, and 3) the bacteria move into areas first traversed by the watery saliva.  Findings from this study will help solve
the PD/GWSS problem by opening up all-new avenues for transgenic host plant resistance.  Novel transgenes could be
developed by engineering an inhibitor of the salivary components that aid inoculation.  In addition, differences in vector
efficiency among GWSS populations, or numerous other vector species, could be related to salivary enzyme composition.
Testing of other vector species (e.g. Brazilian vectors of Citrus Variegated Chlorosis, or vectors of Oleander and Almond
Leaf Scorches) could aid understanding of the epidemiology of all Xylella diseases.
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ABSTRACT
We provide evidence that twitching motility in Xylella fastidiosa (Xf) is controlled by a signal transduction pathway (pilG-
chpC cluster), which is highly similar to chemosensory systems controlling flagella rotation in several bacteria including
Pseudomonas aeruginosa.  The gene pilL is shown to be essential for twitching motility as three different insertional
mutations in this gene resulted in a twitching defective phenotype.  We have also identified a cheY homolog, cheY2, in this
pathway and show it is required for wildtype twitching motility. The cheY2 mutant was complemented by expression of the
wildtype gene cloned in pBBRMC5.  It was demonstrated that cheY2 is also involved in biofilm formation as the mutant
produced a reduced biofilm.  Transmission electron microscopy revealed type IV (and type I) pili are present in the cheY2
mutant and its complement.  In silico analysis of CheY2 predicts its role in a chemosensory transduction signal cascade.  In
addition we identified a gene near the pilG-chpC cluster, tonB3, that is also related to twitching motility.  We also report the
recent advances in the production of monoclonal antibodies against Xf pili.

INTRODUCTION
Twitching motility (TM) functions in host colonization of many gram-negative bacteria. Xylella fastidiosa (Xf) has both type
I pili and type IV pili, and exhibits twitching motility and biofilm formation (Meng et al, 2005).  We have identified several
genes in Xf associated with pili development and their associated phenotypes ( ie. fimT, pilB, pilQ, pilR, pilX and pilY1) (Li
et al, 2007).  In P. aeruginosa (Pa) TM is regulated by a chemosensory system that involves two gene clusters pilG-K and
chpA-E, that are analogous to bacterial chemotaxis systems that control swimming motility in response to environmental
stimuli (Whitchuch et al, 2004).  Chemosensory systems are composed of sensory receptors networking with components of
cytoplasmic phosphorylation and dephosphorilation cascades (Mariconda et al, 2006).  Here we describe three new genes in
Xf that are associated with expression of TM.  Two of them, cheY2 and pilL, are predicted to be part of a putative
chemosensory system that controls TM in Xf; the third is tonB3 that may be responsible for the transport of pili subunits
outside of the cell. CheY2 (ORF XP1757) was previously annotated as unnamed and part of a two-component regulatory
system.  In this report we predict by deduced protein structure that CheY2 most likely functions as a phosphoacceptor.

We also report our progress on the production of monoclonal antibodies against Xf pili that we propose to use for
development of diagnostic tests and eventually in the development of novel controls for Pierce’s Disease.

OBJECTIVES
1.  Identify the putative TM chemosensory cluster and phenotype-associated genes.
2.  Characterize three additional genes that are likely to be involved in the chemosensory control of TM and related functions.
3.  Develop monoclonal antibodies against Xf pili.

RESULTS
Screening and sequence analysis of twitching mutants. We previously generated a library of TM mutants through transposon
(EZ::TN Transposome system) mutagenesis of the Xf Temecula genome (Li et al., 2007). Sequence analysis identified three
mutants (2A5, 17A8 and TM25), that contain transposon insertions in the ORF XP0874 (gene pilL) (Figure 2A).  The
mutants showed a smooth colony margin i.e. a complete lack of peripheral fringe in PW medium (Figure 1).  We also
identified another mutant (TM26) which has transposon insertion in the region immediately downstream of pilL, ORF
XP0869 (predicted gene tonB) (Figure 1B; Figure 2A).  A third mutant (3E10) resulted from a transposon insertion in the
ORF XP1757 was annotated as part of a two-component regulatory system we designate as cheY2 (Figure 1; Figure 2B).

Sequence analysis of the Xf putative chemosensory cluster and related genes. The pilL mutant resulted from insertions in
different regions of the ORF XP0874. This 5178 bp ORF encodes a 1726 aa multidomain protein that belongs to the family
of CheA-like histidine kinases.  The predicted protein is believed to result from a fusion of PilL (the Tfp sensor histidine
kinase response regulator) and ChpA (Tfp chemotaxis-related protein kinase).  CheA-like proteins contain a CheY docking
domain, an autocatalytic histidine kinase domain that is required for ATP binding (HATPase) and a CheW-like domain that
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is involved in mediating CheA interactions with CheW (ChpC in Xf). Xf
PilL/ChpA is a predicted fusion protein that possesses four histidine-containing
phosphotransfer domains in its N-terminal - HPt (Figure 2B).  Upstream of
pilL resides a tonB homolog (XP0869); a 900 bp ORF divergently transcribed,
encoding a predicted 300 aa protein annotated as a TonB- dependent receptor.
TonB interacts with outer membrane receptor proteins in the process to
transduce cytoplasmic membrane energy. The TonB system is responsible for
energizing transport events at the outer membrane using the proton-motive
force of the cytoplasmic membrane (Postle, 2007). Xf contains thirteen TonB-
dependent receptor copies in its genome; the first is ORF XP0008 and the last
is the ORFXP2172.  We named the ORF XP0869 tonB3, as it is the third tonB
gene from the beginning of genome.  Upstream of pilL resides pilG (XP0871),
a 417 bp ORF that encodes a predicted 139 aa CheY-like protein.  Downstream is gene is pilI (XP0872) a 531 bp ORF that is
predicted to encode a 177 aa CheW-like protein that forms a complex with CheA (PilL/ChpA in Xf) that together functions as
an allosteric enzyme (Fan, 2006).  In P.a, the gene downstream of pilG is pilH (Figure 2. A).  In Xf however, pilH (XP1715)
comprises a 387pb ORF encoding a 129 aa protein located 8.4Mb downstream from the main putative chemosensory cluster.

The last gene upstream of pilL is pilJ (XP0873) an ORF comprised of 2043 bp
that encodes a putative 681 aa protein predicted to be a methyl accepting
chemotaxis protein (MCPs) that is known to be coupled via the adaptor protein
CheW (ChpC in Xf) to the multidomain histidine protein kinase CheA.
Downtrean of pilL are the genes chpB (XP0875 – 1170 bp) and chpC (XP0876 -
471bp) (Figure 2).  The protein ChpB (390 aa,) is homologous to the CheB
methylesterases, that in chemotaxis systems function to demethylate the sensory
MCPs and ChpC,  a CheW homolog that is believe to couple other MCPs with
ChpA in P.a. Xf does not have chpD or chpE or their homologs.

Sequence analysis of CheY2. Mutant 3E10 carries a transposon insertion in
ORF XP1757.  This 1701 bp ORF is predicted to encode a cytoplasmatic 567 aa
protein, that also belongs to the CheY family.  It has a CheY-like receiver
domain and an N-terminus comprised of amino acids 20 to 133 (Figure 3).  We
named this protein CheY2, with PiLG being the first CheY-like protein in this
chemosensory system.  CheY2 showed high identity with homologs in strains of
Xf; 98% identity with Xf Ann-1 (EAO33015), 97% identity with Xf Dixon

(ZP_00650939) and 96% identity with Xf 9a5c (NP_297691).  In all strains the
gene was annotated as part of a two component response regulator.  CheY2, CheY
and CheY-like proteins exhibited low identities with CheY and CheY-like proteins
in E. coli (20%), P.a (21%) and 31%
identity to CheYI of Caulobacter
crescentus.  The alignment of Xf

CheY2 and C. crescentus CheYI is shown in the Figure 3A.  We used 3D
modeling to examine the putative structure of Xf CheY2. E. coli CheY is a
129-residue protein, arranged in an alpha/beta parallel motif with five-stranded
parallel β-sheets surrounded by five α-helices.  The β-strands and α-helices
alternate along the sequence and are connected by loops (Sola et al, 2000)
where the central β-sheet plays the major role.  Based on sequence similarity
with other response regulators and CheY1 from C. crescentus, the conserved
backbone β-α-loop was predicted (β2-α1-loop) for CheY2 (Figure 3B).  This
putative conformational structure of CheY2 is predicted to function as the part
the twitching chemosensory system of Xf.

Agregation, growth and biofilm formation. Complementation analysis of the
CheY2 mutant, 3E10, was performed by cloning the gene into plasmid
pBBRMC5 and then electroporating it into competent cells of the mutant.  No
significant differences in growth rates between the mutant and its complement
were found when compared to Xf Temecula wild-type (not shown).

Differences in the dynamic formation and dispersal of bacterial aggregates and
cell movement were monitored by light microscopy and in microfluid chambers.
The CheY2 mutant showed aggregation patterns different from wildtype, which
shows mostly small transient aggregates.  The CheY2 mutant forms large clumps
of transient aggregates that move slower than wildtype aggregates.  The development of biofilms

Figure 1. Colony morphologies of
Wild-type Xf and the mutants grown
on modified PW agar for 4 days.

Figure 2. Organization of pilG-chpC
cluster in Xf and Pa. (a) Pa. PilG-K
and ChpA-E clusters (b) Xf
chromosome and the organization of
the chemosensory cluster and its
domains. Open arrows denote genes
disrupted in this study.

Figure 3. Similary and
modeling of CheY2. (a).
sequence aligments of
CheY2 (Xf) and CheY1
(C. crescentus) used for
structural modeling. (b).
Ribbon structures of the
two β-sheets and the α-
helix predicted for
CheY2.

CheY-like domain
=========================================

CheY2X.fastidiosa MRFTTISKAYDNVTTDDTQYRILIVEDDRSQALFAQSVLQGAGIHAQIEMSASEVLKVIE 60
CheYIC.crescentus -----------------MTRTVLTVDDSRTMRDMLRMALAGAGFNVVEAVDGEHGLEVLS 43

:* *:*.*:   : : .* ***::.   :.... *:*:.
CheY-like domain

============================================================
CheY2X.fastidiosa DYRPDLILMDLNMPELDGISLTTLIRQQPNQLLLPIVFLSGDTDPEKQFEVLDSGADDFL 120
CheYIC.crescentus AHRPDVIITDINMPKLDGFGFIEAVRVDDDYRAIPILVLTTESDPAKKQRAREAGATGWI 103

:***:*: *:***:***:.:   :* : :   :**:.*: ::** *: .. ::** .::
CheY-like domain
=============

CheY2X.fastidiosa TKPIQPRHLIAAVSNRMHRLRQQQQNAQQADTQINIQKTSITELQTRIHIVEQLEVALSS 180
CheYIC.crescentus VKPFNPEKLVDAIRRVAA------------------------------------------ 121

.**::*.:*: *: .

CheY2X.fastidiosa GAQGALFFIEVSSALNLRTRYGYTAFERLMNQVEYHLAQEAHPYSLARISDHSFLLLAID 240
CheYIC.crescentus ------------------------------------------------------------

CheY2X.fastidiosa LAATEHQALATHLREHLATLPLPIQDDELVHLRSAIGYAPLNQGFKNADDAVECTESATL 300
CheYIC.crescentus ------------------------------------------------------------

CheY2X.fastidiosa EARQNNEGIYAYVPLRTPENTGHLALLDGQLELAYQPIVEVAGSDTAQYQVLLRLRKADG 360
CheYIC.crescentus ------------------------------------------------------------

CheY2X.fastidiosa NLLSAGLVIPAAEAAGRIMELDQQVIEQALDILKLHQDTNQQLRLFVSQSVRTLIHEGFS 420
CheYIC.crescentus ------------------------------------------------------------

CheY2X.fastidiosa DWIIKNLRERNVNGTGLVIDLRLQDAVIHAIPLKQLCKELLKHNVKFCLSQFESNSEATV 480
CheYIC.crescentus ------------------------------------------------------------

CheY2X.fastidiosa LFSELPLNFVRLSQHFGDAHNHPERQKELPLLIEQAHEHNLHVIGQCIEDAQAATFMWMN 540
CheYIC.crescentus ------------------------------------------------------------

CheY2X.fastidiosa GVDLIQGNLFQNVSKDLNFNFHDMVL 566
CheYIC.crescentus -------------------------- A

B
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Figure 7. Immunocytochemical
detection of Xf surface antigens
with mice blood serum.  Cell
surfaces and, in many instances, a
‘bright’ polar spot (= type I pilus
domain) are detected.

by mutant, complement and wildtype in PD2 cultured in glass flasks with
continuous agitation are shown in the Figure 4.  The CheY2 mutant forms less
biofilm than wildtype. The biofilm formed by the complemented mutant was
visibly more pronounced as compared to the wildtype or mutant (Figure 4).
Furthermore, it was noted that the biofilms formed by both 3E10 and C-3E10

were more easily removed from the glass surfaces by swirling in distilled water
than the wild-type (data not shown).

Type I and IV Pili were observed on the CheY2 mutant and complement (Figure
5).  We predict the lack of twitching phenotype in the mutant is due to absence
of a functional CheY2 protein, responsible for initiating the signal transduction

cascade associated with pili retraction.

Twitching motility chemosensory model. We propose a model for TM
chemosensory in Xf (Figure 6); receptors at the cell surface detect changes in the
concentrations of attractants and generate shifts in the level of phosphorylation of
diffusible signaling proteins CheY2 and PilG.  Phosphorylated CheY2 and PilG
modulate the extension and retraction of Tfp, thus affecting twitching behavior of
the cell.  The entire signal transduction pathway includes chemotaxis proteins:
PilL/ChpA is a kinase that phosphorylates the response regulators CheY2 and
PilG and also the methylesterase ChpB; ChpC is an adaptor protein coupling
PilL/ChpA to MCPs (PilJ); ChpB, a methylesterase, mediates adaptation to a
constant attractant concentration by adjusting the methylation level of receptors.

Production of monoclonal antibodies against Xf. Monoclonal antibodies
(MAb’s) will be used for further characterization of Xf pili.  In addition, they
may be useful in inhibition of migration and colonization of Xf in vitro and in
planta, and in development of a field-applicable diagnostic biodetection sensor
with enhanced sensitivity and speed of detection.  We have thus proceeded to
produce MAb’s toward various surface proteins of Xf. Thus far, mice have been
immunized with whole live cells of Xf, and they demonstrate excellent
immunogenic reactions with the blood serum (both by ELISA and by
immunocytochemistry—see Figure 7).  We are scheduled to screen for MAb
producing cell lines during October-November 2007.

CONCLUSIONS
We provide evidence that the Xf proteins, PilL/ChpA and CheY2 are part of a
complex chemosensory system that controls type IV pilus-mediated motility in Xf.
This predicted chemosensory system contains many modules that are similar to the
chp system of P. aeurginosa (PilG-ChpC).  The CheY mutant possesses Tfp but
does not twitch again suggesting its role in the signal transduction pathways that
control TM.  Indeed, time-lapse video microscopy suggests that the CheY2 has
lower rate of cellular movements and abnormal frequency of cellular reversals
during twitching motility.  The in silico study of CheY2 predict the
conformational structure would confer the capacity to function as a
phosphoacceptor in the cascade of signal trasnduction in TM leading ultimately to
the movement of extension and retraction of the Tfp.  We also have observed
reduced biofilm formation by the mutant and an increase in the biofilm formation
following complementation. This outcome may result from an overexpression of
CheY2 possibly interfering not only with cell movement and direction but also
cellular attachment.  Within the vicinity of pilG-chpC cluster we have identified
another gene tonB3, that also affects the TM in Xf (Figure 2B); it may be involved
in some aspect of the transport and secretion of pili subunits or of a component
required for their formation.  TonB is known to provide energy to efflux systems for export molecules out of the cell (14).
Further research is required to understand the role of Xf tonB3 in TM.  As our knowledge of Xf Tfp production, regulation
and functioning advances, the coordinate regulation of Tfp as a virulence factor is being elucidated.  An understanding of
how this regulation occurs is central to determining how to counter movement and plant colonization.  The targeting of genes

Figure 4. Biofilm formation of Xf.
Wild-type, 3E10  and C-3E10 cells.
Following 10 days of growth in
culture with agitation.

Figure 5. Electron micrographs of Xf
cells. Transmission electron
microscopy micrographs of 3E10 (a)
and C-3E10 (b) cells negatively
stained. White arrows inside box type
IV pili.

Figure 6. Model proposed for
signal transduction pathway of Xf
chemosensory system for twitching
motility.
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required for pathogenicity including colonization may be an effective strategy.  The examination of the role of other genes
from pilG-chpC cluster and their relation to TM is a crucial step in this process.  The production of monoclonal antibodies
against Xf pili will certainly help contribute to this step as well as to the development of diagnostic tools and eventually for
the development of novel controls for Pierce’s Disease.
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ABSTRACT
Diseases caused by Xylella fastidiosa (Xf) have re-emerged as a serious threat to several economically important crops, such
as grape and almond, in the San Joaquin Valley of California.  Knowledge of the bacterial behavior in plant hosts under field
condition is important for disease control. This research characterized populations of Xf almond leaf scorch disease (ALSD)
strains in almond orchards. In 2006, two almond orchards were selected based on known history of ALSD.  One ALSD tree
and one non-ALSD tree were identified from each orchard.  The branch pattern of each tree was mapped.  Samples were
taken every month from each scaffold at both distal and proximal positions.  Presence of leaf scorch symptoms were
monitored, bacteria were isolated from different regions of the trees, and genotypes were determined by PCR analysis of both
conserved housekeeping genes and the hypervariable pspB locus.  We reported the population dynamics of ALSD bacteria
and the pattern of leaf scorching symptoms in 2006, and continued the study in 2007.  In 2007, the earliest occurrence of leaf
scorching symptoms was in July, almost one month later than that in 2006.  In both 2006 and 2007, PCR detected Xf in plant
tissue one month ahead of symptom development.  PCR was slightly more sensitive than cultivation method for early
bacterial detection.  However, uneven bacterial distribution and random sampling errors may contribute to the differences
among the assays.  Correlation between cultivation and PCR detection was over 90%.  Analyses of tandem repeat numbers
(TRNs) at the pspB locus showed that three TRN genotypes existed in the same almond tree, although one genotype
predominated.  To reduce PCR error that result from large volume sample processing, we developed an array-PCR protocol
using primers from seven housekeeping genes.  This array-PCR significantly improved detection accuracy.

INTRODUCTION
Xylella fastidiosa (Xf) is the causal agent for several economically important diseases including Pierce’s disease of grapevine
(PD) and almond leaf scorch disease (ALSD) in the San Joaquin Valley of California.  The bacterium has received extensive
laboratory characterization in the past few years, leading to the completion of genome sequencing of six Xf strains (9a5c,
Temecula-1, Dixon, Ann-1, M12, and M23).  Among them, three (Dixon, M12 and M23) are ALSD strains.  More research
in genomics, molecular genetics and phenotypic characterizations are underway.  However, knowledge of bacterial behavior
under field condition is limited. This information is important not only for the bacterial biology research, but also for
effective disease management programs.

In this project, we characterized the population of Xf ALSD strains in almond orchards in Fresno County of California.  In
2006, two almond orchards were selected based on the previously known history of ALSD.  One ALSD tree and one non-
ALSD tree were identified from each orchard.  The branch pattern of each tree was mapped.  Samples were taken every
month from each scaffold at both distal and proximal positions.  Presence of leaf scorch symptoms were monitored, bacteria
were isolated from different sections of the trees, and genotypes were determined by PCR using primers designed from 16S
rDNA sequence directly from freeze-dried pulverized tissue (FDPT).  The population dynamics of ALSD bacteria in 2006
was reported previously (Chen et al., 2006).  We continued to study disease development in these same trees in 2007.  In
addition to the use of FDPT as PCR template, petiole sap mixtures (PSM) derived from isolation experiment (Chen et al.,
2005, 2007) were also used.

To reduce PCR errors that result from large volume sample processing, the concept of multiple PCR was employed.  Using
the 96-well microplate format, we developed an array-PCR for Xf detection.  In this protocol, multiple primer sets were
designed based on different housekeeping genes identified from the genome sequence of strains Temecula-1 (causing PD)
and Dixon (causing ALSD).  By placing each well with a different primer sets along with appropriate controls, a row of 12
wells was used for simultaneous PCR for every sample.  Comparing to the previous one-well-one-sample PCR, the 12-well-
one-sample PCR was designed to tolerate occasional failures in PCR amplification.  Results from multiple primer sets allow
a conclusion on a sample detection to be drawn with high confidence.
Since sequences of housekeeping genes are highly conserved, they are reliable in detecting Xf at the species level.  Multiple
alignment sequence analyses can identify single nucleotide polymorphisms in housekeeping gene that differentiate A- and G-
genotype ALSD strains.  However, DNA polymorphisms in housekeeping genes are not sensitive enough to detect intra-
pathotype variation.  To further increase detection sensitivity in Xf population, the pspB locus was used.  The pspB gene
encodes a serine protease and contains a hypervariable tandem repeat region.  Specific primer set flanking the tandem repeat
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region was designed.  Tandem repeat number (TRN) from each strain could be determined from PCR amplicons and used as
a parameter to describe the bacterial population.

OBJECTIVES
1. To study the seasonal leaf scorch symptom expression patterns in the orchards and its association with pathogen

detection.
2. To study the distribution and variation of Xf in almond trees under the field conditions.
3. To develop a PCR–array protocol for better detection accuracy of Xf.

RESULTS
ALSD symptom expression in 2007 was one month later than that of 2006 (Figure 1).  However, the patterns of symptom
appearance in both years were similar, i.e. the disease severity showed a pattern of gradual increase.  In contrast, patterns of
the rates of bacterial isolation, PSM-PCR and FDPT-PCR showed a much higher level of fluctuation during the growing
season, although the trend of overall increases were still be seen (Figure 1).  Isolation of Xf from different sections of the
same almond petiole showed difference in bacterial titer.  The inconsistent detection rate in both culture and isolated methods
was at least in part related to the uneven distribution of Xf cells in planta.

A total of 312 samples were collected from both almond orchards in 2007, 46 % of the samples showed symptoms, 37 %
were culture positive, 35% were SM-PCR positive, and 50 % were FDPT-PCR positive.  The correlation between ALSD
symptom appearance and bacterial detection was from 80% to 100% as of September 2007.  Similar to 2006, PCR detection
of Xf in 2007 was also one month earlier than symptom expression.  PCR was slightly more sensitive than cultivation method
for early bacterial detection. However, uneven bacterial distribution and random sampling errors might contribute to the
differences among the assays.

Results of array PCR on 12 FDPT samples are tabulated in Table 1.  Primers used in this study were checked by BLAST
analyses using each primer set as query against the current GenBank database and they were specific to Xf. As expected, 10
out of the 12 samples had 1- 3 unsuccessful PCR amplifications that could lead to false negative conclusions, should there be
a one-well-one-sample PCR was performed. We considered these variations as random experimental errors. The use of
array-PCR minimized such errors.

Observation of TRN variation in the two Fresno almond orchards are shown in Table 2.  Contrasting to the limited variations
in the conserved genomic loci, at least three TRN genotypes, ranging from 12 to 14, were found in both orchards.  TRNs in
pspB seemed to decrease as the growing season proceeded.

CONCLUSIONS
1. The occurrence of ALSD symptoms is heavily influenced by environmental factors, as shown by the one month delay of

ALSD symptoms, as well as Xf detection, in 2007.  However, we do not know what exactly those environmental factors
are.

2. ALSD symptom expression is related to the increase of Xf titer.  Regardless of the variation in symptom expression, Xf
cells were detected consistently one month ahead of symptom expression.

3. Because of the uneven distribution of Xf cells in the affected almond tree, there exists a large margin of sampling error
for pathogen detection.  Such sampling errors could lead to false negative conclusion in disease diagnosis.  Array-PCR
significantly improved detection accuracy.

4. An almond tree can harbor multiple pspB TRN genotypes.  The role of these genotypic variations in ALSD development
remains to be studied in the future.
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Figure 1. Temporal development of almond leaf scorch disease from May 2006 to September 2007.  SYMP-leaf scorch
symptom observed; Cul-cultivation of Xf on PW-G medium; PSM-petiole sap mixture as template for PCR; and FDPT-
freeze-dried pulverized tissue as template from PCR.

Table 1. A summary of array-PCR on the detection of almond leaf scorch disease samples.
Genomic loci

NO SAMPLES GYR MDH DAS GLT T-D 16SG 16SA PspB ACON ICD
1 MC-asym + + + + + + + - + +
2 MC-symp + + + + + + + + + +
3 MC-asym + + + + + + + + + +
4 MC-symp + + + + + + + - + +
5 MC-asym + + + - + + - - + +
6 MC-asym - + + + + - - + + +
7 MC-symp + + + + + + - + + +
8 MC-asym + + + + + + - + + +
9 MC-symp + - + + + + - + + +

10 FS-asym + - + + + + - - + +
11 FS-symp + + + + + + - + + +
12 FS-symp + + + + + + - + + +
13 Teme DNA + + + + + + + + + +
14 Teme Cells + + + + + + + + + +
15 No  DNA - - - - - - - - - -

Table 2. Variation of tandem repeat numbers in pspB locus observed from two
locations in Fresno County.
Location Month Number of tandem repeats

May 13
June 14
July 14
August 13
September 13
October 13

MC

November 12
May 14
June 14
July 14
August 14
September 13
October 12

FS

November 12
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ABSTRACT
We are pursuing a strategy to identify traits important in virulence of Xylella fastidiosa (Xf) through the mutagenesis of
“global” regulatory genes, which are known to broadly regulate virulence functions in other microbes.  In addition to
phenotypic characterization of such mutants, we are using whole-genome microarrays to identify which genes are regulated
by these global regulators and examine these genes as putative virulence factors.  One such global regulatory gene, gacA,
controls various physiological processes and pathogenicity factors in many gram negative bacteria, including biofilm
formation in P. syringae pv. tomato (Pst) DC3000.  Cloned gacA of Xf was found to restore the hypersensitive response and
pathogenicity in gacA mutants of Pst and E. amylovora (Ea).  An Xf gacA mutant (DAC1984) had significantly reduced
abilities to adhere to a glass surface, form biofilm, and incite disease symptoms on grapevines compared to the parent A05.
cDNA microarray analysis identified seven genes positively regulated by GacA, including genes encoding putative outer
membrane proteins XadA and Hsf, and 20 negatively-regulated genes including gumC and cvaC, predicted to encode an
antibacterial toxin.  These results suggest that GacA of Xf regulates many factors, which contribute to attachment and biofilm
formation, as well as some physiological processes that may enhance the adaptation and tolerance of Xf to environmental
stresses and the competition within the host xylem.

INTRODUCTION
The xylem-limited, insect-transmitted bacterium Xylella fastidiosa (Xf) causes Pierce’s disease in grapes through cell
aggregation and vascular clogging.  Pathogenic bacteria use gene regulatory mechanisms to rapidly respond to and survive in
changing environments (Storz and Hengge-Aronis, 2000).  Inside the plant’s xylem, Xf is exposed to a range of variable
stress factors, such as changes in osmolarity, availability of nutrients, and agents generating reactive oxygen intermediates
(Alves et al., 2004).  To ensure survival, Xf may respond to these stress situations via specific regulatory mechanisms
involving specific regulatory genes.  We have previously reported the role in virulence of the regulatory gene, algU, and
identified a number of genes regulated by AlgU through microarray analysis of an algU mutant (Shi et al, 2007).  Among
other regulators identified in pathogenic and environmental bacteria, the GacS and GacA regulators are involved in sensing
environmental cues and signals (Heeb and Haas, 2001).  In this system, hypothetically, GacS is a putative sensor kinase that
perceives a signal or environmental cues, and GacA is a response regulator, which functions as the transcriptional activator of
one or more genes.  Genes controlled by GacA include those regulating pathogenicity factors, quorum sensing, and toxins,
and also genes involved in motility, biofilm formation, extracellular polysaccharides (EPS) in a wide range of pathogenic
bacteria including P. syringae, E. carotovora and P. aeruginosa (Chatterjee, 2003; Cui, 2001; Parkins, 2001).  The high
similarity between gacA of Xf (designed as gacAXf) and gacA of P. syringae (designed as gacADC3000) suggests that, like
gacADC3000, gacAXf may regulate pathogenicity of Xf by acting as a global regulator during infection and the process of
disease development.  Interestingly, while a gacA homolog was identified in Xf, a gacS homolog was not found, which
suggests that there may be specific regulatory roles for gacA in Xf (Simpson et al., 2000).  However, the role of gacA and its
regulation in Xf is unknown.  In this study, we cloned and characterized gacAXf and analyzed the effect of a gacA deletion of
Xf (DAC1984).  We also performed whole-genome microarray analysis of gene expression in the mutant in comparison with
the parent and identified genes whose expression in vitro is controlled by GacA.  Functional studies of global regulatory
genes in Xf should identify the specific regulatory pathways and roles of specific virulence factors in disease development,
which in turn, could reveal the pathogenicity mechanisms of the bacteria in responding to, adapting, and surviving in the
stress environment of xylem.

OBJECTIVES
1. Conduct DNA microarray analysis of gene expression patterns in regulatory mutants of Xf.
2. Characterize mutants in regulatory genes and genes that they regulate for changes in virulence and other phenotypes.

RESULTS
Effects of gacAxf on the hypersensitive response (HR) and pathogenicity
An alignment of the predicted amino acid sequences of GacA protein from Xf and Pst DC3000 showed that the sequences are
211aa in length and are 43% identical and 69% similar overall (data now shown).  In the HR and pathogenicity test
experiments, PstAC81 and PstAC812 elicited typical HR in tobacco (Nicotiana tabacum L. cv. Samsun), whereas water
control, PstAC811 and PstAC813 did not (Figure 1, left, A), confirming that it is gacAxf that restores the elicitation of HR in
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tobacco. EaEC19 and EaEC192 produced disease symptoms in African violet leaves.  In contrast, EaEC191 andEaEC193
failed to produce disease symptom (Figure 1 Left, B), suggesting that gacAxf restores the ability of EaEC192 to cause disease
in African violet leaves. This demonstrated that gacAxf can complement gacA deficiencies of P. syringae and E. amylovora
in the hypersensitive response and pathogenicity.

Characterization of a ∆gacA::Gm mutant
The replacement of the gacA ORF by a gentamycin cassette (Gm) in the genome of the ∆gacA::Gm mutant (DAC1984) was
confirmed by electrophoresis (data not shown).  Sequence analysis indicated that Gm physically replaced most of the gacA
ORF, from 25 bp downstream from the ATG start codon to 35 bp upstream of the TGA terminal codon of the gacA ORF.
After streaking five to eight times on PD3 Gelrite medium with 10 µg/ml gentamycin, DAC1984 still grew well and was
indistinguishable from the parent, indicating that the mutant is genetically stable.  RT-PCR analysis showed that there was no
expression of gacA within DAC1984 cells, but strong expression was detected in wild-type A05 cells (data not shown). In
vitro growth curves of Xf A05 and DAC1984 over 21 days were similar (data not shown), indicating that mutation of the
gacA gene did not affect the growth pattern of Xf in culture.  As is typical of Xf, cells of A05 attached to the surface of the
flasks and formed wide rings, but while DAC1984 cells attached to the surface formed rather light rings (Figure 1, Right).
An optical density assay was used to quantify the effect of DAC1984 on cell-to-cell aggregation and showed that the
percentage of aggregated cells of DAC1984 was significantly lower than that of A05 (Figure 2, Left).  The ability of

Figure 2. Cell-to-cell aggregation, biofilm formation and virulence of Xf DAC1984 and A05. Left. Quantitative
assessment of Xf A05 or DAC1984 cell-to-cell aggregation. Student’s t test, p < 0.05. Middle. DAC1984 had reduced
ability to form biofilm.  Student’s t test, p < 0.05. Right: Pierce’s disease progression of grapevines inoculated with Xf
A05 and its gacA-deficent derivative DAC1984.  Disease severity was based on a visual disease scale of 0 to 5 and was
assessed 4, 8, 12, 16, and 20 weeks after inoculation.  Student’s t test, p < 0.05. The data are an average of 10
independent replications.

Figure 1.  Left. Complementation of gacA function by gacAxf in gacA-deficient mutants of P. syringae pv. tomato
DC3000 (Pst) and E. amylovora (Ea). A. Effect of gacAxf in PstAC811 on the elicitation of the hypersensitive response
(HR) in tobacco leaf (Nicotiana tabacum L. cv. Samsun).  Leaf panels were infiltrated with bacterial cells.  Site 1, P.
syringae pv. tomato DC3000 (PstAC81) (1×107 CFU/ml); site 2, DC3000 gacADC3000

- (PstAC811) (1×107); site 3,
gacADC3000

- carrying gacAxf (PstAC812) (5×107); site 4, gacADC3000
- carrying pCPP47 (PstAC813) (5×107); and site 5,

water. B. Disease symptoms caused by E. amylovora and its gacA– mutant in Africa violet.  Site 1, E. amylovora
(EaEC19); site 2, E. amylovora GacA– mutant (EaEC191); site 3, E. amylovora gacA– mutant carrying gacAxf
(EaEC192) (5×107); site 4, E. amylovora GacA– mutant carrying pCPP47 (EaEC193) (5×107). Right. The ability of
DAC1984 to adhere to a glass surface was reduced.
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DAC1984 to form biofilm was investigated further by a crystal violet staining method. Xf A05 formed more biofilm in PD3
broth than did DAC1984 (Figure 2, Middle).

Virulence assay
Grapevines inoculated with the Xf DAC1984 mutant developed less severe disease than did those inoculated with the wild
type strain 12-20 weeks after inoculation (Figure 2).  Grapevines inoculated with DAC1984 showed i) later symptom
development, ii) slower disease progression over a period of 20 weeks, and iii) late appearance of leaf scorching, in
comparison with the wild type.  Bacterial populations at 25cm and 50cm above inoculation points were estimated from
ELISA assays by comparing the OD at 600nm with that of positive control Xf concentrations (data not shown).  The cell
populations of the DAC1984 were less than that of the wild-type, indicating that gacA affects the growth and possibly the
movement of Xf inside the xylem resulting in reduced pathogenicity.

Table 1. Genes differentially expressed in Xf ∆gacA::Gm mutant (DAC1984) in vitro

ORF Genec Description Mutant
/Wild type

bSignfig. The expression
in mutant

PD0264 oprO porin O precursor. 0.24 * lower
PD1926 pilus assembly fimbrial protein 0.12 * lower
PD1294 actP acetate permea-cotranscribed with the acs gene 0.337 * lower
PD2039 Oxidoreductase-Putative multicopper oxidases 2.75 * higher
PD1688 bioI cytochrome P450-like enzyme 2.45 * higher
PD1703 Conserved Domains: Lysophospholipase 6.31 * higher
PD1702 Conserved Domains:  LIP, Secretory lipase 5.29 * higher
PD0215
PD0216

cvaC
cvaC d

colicin V precursor-antibacterial polypeptides toxin
colicin V precursor-antibacterial polypeptides toxin

3.63
0.51

*
*

higher
lower

PD0731 XadA outer membrane protein-Autotransporter adhesin 8.93 * lower
PD0744 hsf surface protein-Autotransporter adhesin 3.24 * lower
PD1395 gumC protein involved in exopolysaccharide biosynthesis 3.17 * higher
PD0243 Conserved Domains-Membrane-fusion protein 3.01 * higher
PD0244 Conserved Domains-acriflavin resistance protein 2.7 * higher
PD0956 V8-like Glu-specific endopeptidase 4.77 * higher
PD1299 Conserved Domains-polyvinylalcohol dehydrogenase 6.18 * higher
PD1295 putative membrane protein-unknown function 0.20 * lower
PD0521 unknown 3.24 * higher
PD0657 unknown 3.28 * higher
PD0743 unknown 6.62 * higher
PD0955 unknown 2.67 * higher
PD0911 phage-related proteins, unknown function 6.04 * higher
PD0912 phage-related proteins, unknown function 8.41 * higher
PD0917 phage-related proteins, unknown function 3.94 * higher
PD0924 phage-related proteins, unknown function 6.39 * higher
PD0925 phage-related proteins, unknown function 9.12 * higher
PD0930 phage-related proteins, unknown function 3.96 * higher

a Hybridization signal intensity obtained with mutant was divided by that from wild-type in order to obtain the
M/W ratio. b Based on standard deviation calculations, genes having > 1.5 or < 0.66 final M/W ratios were
selected as statistically significant up-regulated or down-regulated genes, respectively.  Student’s t-test, p
<0.001. c Genes were detected based on Xf Temecula genomic sequences at the NCBI site. d Currently annotated
as colicin V precursor proteins.

DNA microarray analysis of gene expression in vitro
RNA was prepared from DAC1984 and wild type A05, and cDNA was synthesized to hybridize to a genomic DNA
microarray from NimbleGen Systems.  This oligo-based, high-density microarray contains multiple probes for every gene
found in the Pierce’s disease strain sequence as well as those unique to the CVC strain sequence.  Expression levels of 2188
genes between wild type and were analyzed. Twenty seven genes were differentially expressed in DAC1984 compared to
A05 (Table 1).  Differential expression of hsf, gumC, cvaC (PD0216), fimbrial protein (PD1926), and PD1295 were validated
by RT-PCR (data not shown).  Genes involved in surface structures and attachment components, such as fimbrial proteins,
PD1926, Hsf, and XadA, were positively regulated, and GumC was negatively regulated by GacA in Xf. hsf (PD0744) has a
high similarity to the hsf adhesin gene of Haemophilus influenza (St Geme et al., 1996), and XadA encodes a putative
afimbrial outer membrane protein adhesion (Simpson et al., 2000).  The expression of hsf and XadA were decreased in
DAC1984, likely contributing to a reduced ability to adhere to xylem cell walls.  GumC may be responsible for gum
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polymerization or secretion through the membrane of Xf (Vojnov et al., 1998; de Pieri et al., 2004). gumC was negatively
regulated by GacA in vitro, but is likely to be expressed in planta.  Genes involved in cell transport and physiological
metabolism, such as oprO and actP, were positively regulated, and an oxidoreductase and bioI were negatively regulated by
GacA in Xf. Culture-independent analysis of bacterial populations inside plants in relation to Xf suggest that bacterial
endophytic population are much more diverse than previously realized (Araujo et al., 2002; Cooksey and Borneman, 2005).
Colicin V is an antibacterial polypeptide toxin produced by E. coli, which acts against closely related sensitive bacteria
(Havarstein et al., 1994). cvaC may play a role for Xf in competing with indigenous microbes to survive in the poor
nutriment xylem environment.

CONCLUSIONS
Attachment and biofilm formation should be key mechanisms by which Xf persists in plants.  It is hypothesized that there are
different steps for attachment to xylem vessels and biofilm formation (de Souza et al., 2004).  Previously, we showed that
mutation of the regulatory gene algU resulted in decreased attachment, decreased biofilm formation, and decreased virulence
(Shi et al., 2007).  Similar results were obtained here with deletion of gacA.  However, of the many genes found to be
regulated by these two regulatory genes, only four were regulated by both.  PD0216, encoding a putative antibacterial toxin,
and PD1295, encoding a putative membrane protein, were positively regulated by both AlgU and GacA.  However, PD1926,
encoding a putative pilus assembly protein, was negatively regulated by AlgU but positively regulated by GacA.  Also,
PD0521, of unknown function, was positively regulated by AlgU but negatively regulated by GacA.  Several select candidate
pathogenicity genes that were regulated by AlgU and by GacA are being mutated, and the effects of the mutations on
phenotype and virulence are being assessed.  The intent of this research is to identify essential virulence factors that may
serve as targets for novel control approaches.
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ABSTRACT
Our investigation focused on aggregation and ‘autoaggregation’of Xylella fastidiosa (Xf) cells.  This study is particularly
directed toward elucidating how Xf cells aggregate to cause PD symptoms.  We have documented that both type IV and type I
pili are important in the process.  Furthermore, it was discerned that surface properties of WT cells change from being more
hydrophobic to more hydrophilic as the cells age, and that cell surface charge does not prevent aggregation.  In addition, all
cells with pili were effectively transmitted by BGSS while the double mutant, fimX/pilO, was apparently not transmitted
which may not be surprising since no pili are present on these mutants to adhere the cells to the insect foregut regions.

INTRODUCTION
The ability of Xylella fastidiosa (Xf) to cause symptoms of Pierce’s disease is generally assumed to be related to its
colonization of grapevine xylem where the pathogen forms biofilms and cell aggregates.  From a disease standpoint such
aggregates and biofilms are important for several reasons, including possible direct blockage of sap flow through xylem
vessels or indirect blockage through initiation of tylose formation.  Cell aggregates may also facilitate pathogen spread from
vessel element to vessel element via enzyme digested pit membranes (Newman et al., 2004) — individual cells likely lack
sufficient ‘enzymatic power’ to breach pit membranes, but a compact aggregate of cells would be much more effective in this
regard.  Furthermore, enzyme production may not be expressed in individual cells, but be regulated in aggregates associated
with quorum sensing.  From the standpoint of the pathogen, cell aggregates and biofilms likely facilitate nutrient adsorption,
protection from environmental stresses, and phytochemicals.

Determining how Xylella fastidiosa is able to inhabit the xylem environment and block the transpiration stream through the
production of biofilms and bacterial cell masses would be informative toward facilitating development of novel control
approaches.  Furthermore, insight into the selective acquisition,
retention, and transmission of Xf by leafhopper vectors represents a
priority area of interest.  Earlier, we demonstrated several unique and
important features of Xf biology not previously recognized, including
the observation that the bacteria posses functional type IV pili that allow
the cells to migrate via twitching motility upstream in grape xylem
elements (http://www.nysaes.cornell.edu/pp/faculty/hoch/movies/;
Meng et al., 2005), that they posses type I pili that function in adhering
the cells to xylem (De La Fuente et al., 2007a; 2007b; Li et al., 2007),
and more recently that at some as yet undefined time or condition
individual bacteria that are separated by relatively great distances
‘autoaggregate’ into large masses.  In our in vitro studies, this occurred
after six or more days of growth (initiated from only a few cells) in
PD2 media (http://www.nysaes.cornell.edu/pp/faculty/hoch/agg/).
Aside from a slow population build up of cells in xylem vessels at or
near sites of sap flow constrictions (pits, element end-wall openings)
which we consider cell aggregates, it is possible that many individual cells normally distributed throughout xylem elements
are able to quickly autoaggregate into large cell masses contributing to vessel blockage.  This phenomenon may explain, in
part, why PD symptom development (reddening and drying of leaf margins) often occurs within a short time span—from
overnight to a few days.

Figure 1. SEM of frozen-hydrated Xf colony
edge exhibiting a peripheral fringe of twitch-
migrating cells in ‘rafts.’



- 136 -

OBJECTIVES
Our overall goal is to understand the relationship of Xf cells within the confines of the xylem environment.  This project
centers on the development and importance of bacterial cell aggregates and biofilms, and their involvement in expression of
Pierce’s disease.  Recent observations in our lab revealed that Xf cells ‘autoaggregate’ as the cell population matures.  That
observation has led us to examine the biological and genetic mechanism associated with this phenomenon by generating
aggregation and autoaggregation-defective mutants.  Mutants thus obtained will be examined for their activities within
microfabricated ‘artificial’ xylem vessels (which provide superior observation opportunities) as well as in bona fide xylem
vessels, for disease development, and for vector transmission.

Specific objectives are to:
1. Identify genes associated with aggregation and autoaggregation of Xf cells.
2. Assess spatially and temporally aggregation and autoaggregation activities as they occur in planta and in microfluidic

‘artificial’ xylem vessels.
3. Assess selected aggregation and autoaggregation-defective mutants in planta for disease development and movement

within the plant.
4. Assess aggregation mutants generated in Objective 1, and related attachment mutants already in hand, for acquisition,

retention, and transmission by sharpshooter vectors.

RESULTS
Mutant generation.  In this period we screened for mutants with deficiencies in the ability to form tight ‘rafts at colony
peripheries (Figure 1).  A number of interesting and potentially useful mutants have been identified as a result of our
mutational screenings; however, to date we have not identified colonies with ‘raftless’ peripheries, viz., individual cells not
closely associated ‘side-by-side.’  The mutation and screening process is continuing.  We are encouraged about the prospects
of identifying such mutants, in part because the screening procedure is straight forward and relatively quick.  In addition to
screening for raftless mutants, we have identified and isolated a number of cell lines that are deficient in biofilm formation
and in the formation of large aggregates—all of which are being further characterized.

Influence of pilus type on autoaggregation.  Using microfluidic chambers (Meng et al., 2005) coupled with time-lapse
microscopy, we observed a process previously referred by our group as “autoaggregation.”  During this process, dispersed
WT Xf cells formed compact, aggregates over 3-10 hours (Figure 2a).  This autoaggregation process occurs after cells were
grown in PD2 broth medium within microfluidic chambers for 7-11 days.  We investigated the influence of both type I and
type IV pili in this process by using a series of mutants defective in biosynthetic and structural genes (Meng et al., 2005, Li et
al., 2007) (Table 1). pilY1 mutants (deficient in encoding for a putative tip adhesin protein of type IV pili) exhibited similar
aggregation processes as the WT cells.  Mutant cells lacking type I pili [fimX (previously designated fimA)] also formed cell
aggregates, but the process differed from the WT in that the cells repeatedly aggregated and dispersed, but eventually formed
relatively stable, albeit smaller aggregates (Figure 2b).  Adherence among fimX cells appeared reduced, probably due to the
lack of strong attachment conferred by type I pili (De La Fuente et al., 2007a; 2007b).  Mutants deficient in type IV pili (pilB)
did not form spherical aggregates; instead, loose lace-like cell-cell associations were formed (Figure 2c).  These looser cell

Table 1. Xylella fastidiosa Temecula mutants referenced in this report.  Gene, ORF, and Gene Product
designations are according to the recently revised annotation for Xylella (http://www.xylella.lncc.br/)

Gene Single Mutation ORF Gene Product Observed Characteristics in vitro
pilB 1A2 XP2038 Type IV fimbrial assembly

protein PilB
No twitching motility.

cheY2 3E10 XP1759 two-component system,
regulatory protein

Very poor twitching motility.

fimX 6E11 XP0065 Fimbrial adhesin protein Twitching motility.  Colony ‘fringe’
wider than wild type.

pilY1 TM14 XP0026 Type IV pilus assembly protein,
tip-associated adhesin PilY

Twitching motility.  Colony margin
smooth to crenulate.

pilL TM25 XP0876 PilL/ChpA fusion protein: pili
sensor histidine kinase-response
regulator / chemotaxis-related
protein kinase

Reduced twitching motility

Double Mutation
fimX,
pilO

DM12 XP0065
XP1782

Fimbrial adhesin protein
Fimbrial assembly protein PilO

No twitching motility.  Colony
‘fringe’ deficient.
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aggregates were generally non-adherent to the chamber walls.  Mutants deficient for both type I and IV pili (fimX, pilO) did
not form cell aggregates, and as a result generally remained separated from each other (Figure 2d).

Toward the pursuit of assessing aggregation, we noted that WT cells removed from PW agar plates and suspended in water or
buffer aggregated shortly thereafter, within 1-2 minutes.  We thus explored this approach as a means of screening mutant
cells for deficiencies in aggregation (Table 2).  Most notable were the observation that pilY1 and xadA mutants remained in a
homogenous suspension and that after 1 hour the pilY1 mutant suspension appeared as if it may have been starting to clump.
The hecA mutant exhibited clumps that were noticeably larger than in the wild-type.  All other mutants and the WT clumped
within seconds.

Cell surface physical properties related to autoaggregation:  To ascertain that autoaggregation occurred as a result of
pilus or other cell surface adhesin characteristics, we investigated other factors that may be involved—namely, cell surface
hydrophobicity and surface charge.

• Surface hydrophobicity.  The BATH (Bacterial Adhesion to Hydrocarbons) technique (Rosenberg et al., 1980) was
used to measure the adhesion of Xf cells to three hydrocarbons (n-hexadecane, n-octane and p-xylene).  WT cells
were grown in flasks on PD2, harvested, washed, and subjected to phase separation with each of the hydrocarbons.
The affinity for the organic phase (measured as a reduction in the optical density of the aqueous phase) is an
indication of the hydrophobicity of the cells.  Three-day old cell aggregates were more hydrophobic than 8-days old
cells (Figure 3).  The hydrophobic properties of ‘young’ cells may help on the process of cells aggregation, since
they are immersed in a hydrophilic environment (PD2 medium/xylem sap).  The increase in hydrophilic properties

Table 2. Aggregation assay.
Gene Single Mutation Observation

--- WT Aggregation observed immediately
pilB 1A2 Aggregation observed immediately
pilO TM1 Aggregation observed immediately
fimX 6E11 Aggregation observed immediately
pilY1 TM14 Aggregates did not form, or formed

very slowly; aggregation was not as
pronounced

pilY1 TM23 Aggregation observed immediately;
larger clumps

hecA Lindow Aggregation observed immediately;
larger clumps

xadA Lindow No aggregation observed
Double Mutation

fimX, pilO DM12 Aggregation observed immediately

Figure 2. Autoaggregation of Xf. A) wild-type Xf densely dispersed cells merged into small
aggregates within hours.  B-D: mutants defective in type I and/or type IV pili genes.
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of older cells may be a consequence of exopolysaccharide, since these molecules are generally hydrophilic
(Sutherland, 2001; Schär-Zammaretti and Ubbnik, 2003).

• Surface charge. The net charge at the surface of a particle affects the distribution of ions that surrounds it.  Zeta
potential is one means of assessing surface charge and is defined as the potential of the most outer stable ion layer
surrounding a particle.  When a particle moves, ions within this boundary layer move with it, but ions beyond this
boundary layer do not.  WT Xf cells from PD2 broth culture were washed with PBS (pH 7.4), and their zeta potential
was determined using a Zetasizer (Malvern Instruments Ltd, Worcestershire, UK).  No differences were noted for
the zeta potential between two or seven day old cells (Figure 4).  The average zeta potential for two-day old cells
was -16.0 mV, and -9.60 mV for seven-day old cells.  In general, particles with zeta potentials more negative than -
30 mV are considered stable.  Zeta potential values for WT Xf cells indicate that these bacterial cells are ‘non-stable’
and, thus the force is not strong enough to prevent cell aggregation.  These results indicate that Xf cells from both
time points have adequate zeta potential to form aggregates.

Assessment of acquisition, retention, and transmission by sharpshooter vectors
For this objective we supplied our collaborator, Rodrigo Almeida fimX, pilB, and fimX/pilO (double mutant) mutants with
which he inoculated greenhouse confined plants, and subsequently assessed transmission efficiencies by sharpshooters.  In
brief, both WT and the fimX mutant expressed severe symptoms in needle inoculated plants, pilB less severe symptoms, and
fimX/pilO very mild symptoms, all consistent with our previous observations.  However, both WT and the fimX mutant were
efficiently transmitted by BGSS followed by severe symptom development. pilB mutant cells were also efficiently
transmitted (which we would expect due the presence of type I pili), but it did not move in the infected plants. fimX/pilO
were apparently not transmitted and this may not be surprising since no pili are present on these mutants.

CONCLUSIONS
Observations from this period demonstrate the pronounced role that pili and fimbriae have in Xf attachment, aggregation, and
biofilm formation.  We have demonstrated that microfluidic devices can effectively serve as ‘artificial xylem vessels’ to gain
valuable information about the biology of Xf, and to infer roles for these phenomena in planta.  In this report we show that
autoaggregation in Xf, a phenomenon that could explain the rapid development of symptoms in grapevines affected by PD, is
reliant upon the presence of pili.
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Figure 3. Surface hydrophobicity of
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ABSTRACT
Autotransporters are multi-domain proteins that are responsible for secreting a single specific polypeptide (passenger
domain) across the outer membrane of Gram-negative bacteria.  Here, we report our studies on the putative autotransporter
protein PD0528 of Xylella fastidiosa (Xf), the causative agent of Pierce’s disease of grapevines.  The passenger domain of
PD0528 contains six tandem repeats of a 50-60 amino acid motif that is found only in Xf species.  To determine the role of
this passenger domain in Xf virulence, we have begun a detailed characterization of PD0528.  We have generated a mutation
in PD0528 by homologous recombination and shown that the PD0528 protein is not present in the outer membrane of this
mutant strain.  We have also constructed a transcriptional fusion between the PD0528 regulatory region and the luciferase
gene (luc), which has allowed us to identify bases important for PD0528 expression.  Finally, we have expressed PD0528 in
the Escherichia coli strain UT5600 and discovered that the resulting E. coli strain exhibits increased autoaggregation and
biofilm formation.

INTRODUCTION
Xf is a fastidious, Gram-negative bacterium, which is the causative agent of numerous plant diseases relevant to the
California agricultural economy.  Diseases caused by Xf strains include Pierce’s disease of grapevine (PD), citrus variegated
chlorosis (CVC), almond leaf scorch (ALS), and oleander leaf scorch (OLS) (Hopkins and Purcell, 2002).  The ability of Xf
to colonize the plant and to incite disease is dependent upon the capacity of the bacterium to produce a diverse set of
virulence factors.  Many of these virulence determinants are proteins that are either secreted to the bacterial cell surface or
released into the external environment.

In Gram-negative bacteria, secretion occurs through one of six major secretion pathways, numbered I to VI (Henderson et al.
2004, Pugsley et al. 2004, Pukatzki et al. 2006).  These pathways are highly conserved and exhibit functionally distinct
mechanisms of protein secretion.  One of the simplest secretion mechanisms is exhibited by the AT-1 autotransporters, a
subcategory of Type V secretion systems (Henderson et al. 2004).  AT-1 systems are dedicated to the secretion of a single
specific polypeptide called the passenger domain across the outer membrane.  Virulence functions associated with passenger
domains include proteolytic activity, adherence, biofilm formation, intracellular motility, cytotoxic activity, or maturation of
another virulence determinant.  Based on genomic analysis, there are six members of the AT-1 autotransporter family in
Xf-PD.  During the period under review, we have been conducting a detailed characterization of the putative autotransporter
protein, PD0528.  The passenger domain of PD0528 contains six tandem repeats of a 50-60 amino acid motif.  Interestingly,
this motif is only found in Xf species (Bateman et al. 2004).  Given the importance of AT-1 autotransporters in pathogenicity,
the secretion of this unique motif to the Xf cell surface could have important implications in the PD infectious cycle.

OBJECTIVES
The primary goal of this project is to determine the role of the six Xf-PD autotransporter proteins and their passenger domains
in Xf cellular physiology and virulence.  Given the importance of AT-1 proteins in the virulence of other Gram-negative
pathogens, it is highly likely that most of the Xf-PD AT-1 proteins will play an important role in Xf virulence.
1. Generate a mutation in each of the six AT-1 genes and determine their impact on Xf cell physiology and virulence.
2. Examine the biochemical properties and location of the six AT-1 passenger domains.  Priority will be given to any gene

identified in Specific Aim 1.

RESULTS
Characterization of TAM103, a strain containing a PD0528 null mutation:
PD0528 is a putative AT-1 autotransporter protein that has a passenger domain containing six tandem repeats of a species-
specific 50-60 amino acid motif.  In order to investigate the role of PD0528 in Xf cell physiology and virulence, we generated
a null mutation in the PD0528 gene by inserting a chloramphenicol cassette into a Nhe I site within the PD0528 open reading
frame.  Introduction of this construct into the Xf chromosome resulted in the PD0528::CmR mutant strain, TAM103.
Comparison of the membrane profiles of a wild-type Xf Temecula strain and the isogenic PD0528::CmR mutant revealed that
the band corresponding to the PD0528 protein is missing in the outer membrane of TAM103 (Figure 1).
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The next step was to perform complementation analysis.  For this experiment, we generated the plasmid pAM61, which
carries the wild-type PD0528 gene and is a derivative of the plasmid pBBR1MCS-5 (Kovach et al. 1995).  Introduction of
pAM61 into the PD0528::CmR mutant resulted in the strain TAM103/pAM61.   We then compared the membrane protein
profile of TAM103/pAM61 to the wild-type strain and the TAM103 mutant.  As shown in Figure 1, the band that is missing
in TAM103 is present in both the wild-type Temecula strain and TAM103/pAM61.  Thus, the PD0528 gene carried on the
pAM61 plasmid can complement the PD0528 defect in TAM103 and restore the presence of PD0528 in the Xf outer
membrane.

Once we had generated the PD0528 null mutation and confirmed that PD0528 is not present on the Xf cell surface, we began
to investigate the impact of this mutation on Xf cell physiology.  We discovered that the strain containing the PD0528 null
mutation (TAM103) has the same growth phenotype as wild-type in vitro.  Specifically, like wild-type, growth of TAM103
in liquid culture requires ~7-10 days and TAM103 is not able to form a confluent lawn on solid media.  Moreover, a variable
level of biofilm formation and autoaggregation was observed for TAM103, but not the wild-type strain.  Based on these
comparisons, the absence of PD0528 in the outer membrane may have an impact on Xf cell physiology in vitro.  Experiments
are currently underway to determine if the absence of PD0528 impacts the ability of Xf to cause PD in grapevines.

Our inability to detect a definitive phenotype for the PD0528 null mutation might be due to genetic redundancy.  The species
specific 50-60 amino acid motif found in the PD0528 passenger domain is also observed in two other Xf-PD proteins.
PD1379, which is an AT-1 autotransporter protein, contains three copies of this motif in its passenger domain.  Four copies
of this motif are also found in PD0794. Therefore, it is possible that the loss of PD0528 is compensated for by either PD1379
or PD0794.  To test this hypothesis, we have inserted a gentamicin cassette into the PD1379 gene and have introduced this
construct into both the wild-type strain and into TAM103. The creation of the PD0528/PD1379 double mutant should
provide insight into the role of the Xf specific 50-60 amino acid motif in Xf cell physiology and virulence.

Identifying the sequences important for PD0528 regulation:
In many bacterial pathogens, the production of key virulence proteins is tightly regulated at the transcriptional level, so that
the proteins are only produced under certain environmental conditions.  Therefore, in order to understand how Xf survives in
and interacts with its hosts, it is important to discover how different environmental conditions impact gene expression.
However, rapid progress in this area is affected by the lack of the genetic and molecular tools necessary to investigate how
environmental signals affect Xf transcription.  During the past year, we have developed a system for examining transcription
in Xf using the firefly luciferase (luc) gene as a reporter gene.

To establish the usefulness of the luc gene for studying transcriptional regulation in Xf, we constructed a transcriptional
fusion between the PD0528 regulatory region and the luc gene.  The PD0528-luc fusion was inserted into the plasmid
pBBR1MCS-5, which carries a gentimicin resistance marker.  As a negative control, we also constructed a similar plasmid
that carries a promoterless-luc gene.  The resulting plasmids were then introduced into both Escherichia coli strain DH5α and
Xf-PD and the relative activity of the PD0528-luc fusion was determined by comparing the amount of luminescence
produced by the four strains.  As shown in Figure 2A, high levels of luciferase were produced in the Xf-PD strain containing
the PD0528-luc fusion.  In contrast, the PD0528-luc fusion was not expressed in E. coli. A simple interpretation of this
result is that PD0528 expression involves regulatory elements and/or regulatory proteins, which are only present in Xf-PD.
To test this hypothesis, we first mapped the PD0528 transcriptional start site by 5’ RACE analysis.  We then generated
mutations in the regulatory region upstream of this start site in the PD0528-luc fusion.  Our first approach was to generate a
series of deletions that removed portions of the PD0528 regulatory region.  Our second approach was to introduce base
changes into the region immediately upstream of the PD0528 transcription site. We then examined the impact of these
mutations on PD0528 transcription by measuring luciferase activity. The results for some of these mutations are presented in
Figure 2B.
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Figure 1: Membrane protein profile of the PD0528 deletion mutant.
Outer membrane proteins were isolated from Xf-PD Temecula,
TAM103, and TAM103/pAM61.  The outer membrane proteins
were isolated using a sucrose gradient, separated on an 8% SDS-
PAGE gel and then stained with Sypro Ruby.  The sizes of the
molecular weight standards (lane M) are indicated on the right. The
position of the missing outer membrane protein in the PD0528
mutant is indicated by the arrow.  The identification of the band
indicated by the arrow as the PD0528 protein was confirmed by
MALDI-TOF mass spectrometry.
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We were able to draw two conclusions from these initial experiments.  First, deletion analysis indicates that there is a
regulatory element in the region between -153 and -42 upstream of the PD0528 transcription start site.  Removal of this
element is sufficient to eliminate PD0528 transcription.  In addition, introduction of three base changes in the -10 region also
severely impacts PD0528 promoter activity.  It is possible that the two regulatory elements work together as part of the RNA
polymerase recognition sequence.  However, it is also possible that one of these regulatory elements interacts with a
transcriptional activator protein.  We are currently generating additional mutations to refine the mapping of these two
regulatory elements and to distinguish between these two possibilities.

Expressing the PD0528 autotransporter protein in a heterologous system:
Another method for determining the role of the PD0528 passenger domain in Xf cellular physiology and virulence is to
express the protein in a heterologous system.  This strategy has successfully been used to generate E. coli strains that display
the passenger domain of heterologous autotransporter proteins on their cell surface. These recombinant strains have been
employed for binding assays, for developing antibody specificity tests, and for exposing antigenic determinants for vaccine
development (Yang et al. 2004).  In addition, these strains have provided important insights into the biological properties of
the heterologous protein.  For example, when expressed in E. coli, the Neisseria meningitis NadA protein is exported to the
surface and assembled in oligomers anchored to the outer membrane.  The resulting recombinant E. coli strain is able to
adhere and invade epithelial cells (Capecchi et al. 2005), suggesting that NadA may also play an important role in the
attachment of N. meningitis to epithelial cells.  Therefore, given the success in other systems, we predict that our use of a
similar strategy will uncover important information concerning the role of PD0528 in Xf virulence.

Although we would eventually like to introduce PD0528 into endophytic bacteria, we decided to test the feasibility of this
approach using E. coli in our initial studies.  Specifically, we introduced the plasmid pAM61, which carries the gene
encoding PD0528 into the E. coli strain UT5600.  UT5600, which has been successfully used for the heterologous expression
of other autotransporter proteins, is deficient in the outer membrane proteases OmpT and OmpP.  As shown in Figure 3, the
presence of the PD0528 gene in E. coli (UT5600/pAM61) results in an increase in the autoaggregation of the E. coli cells.  In
addition, UT5600/pAM61 exhibits increased biofilm formation when compared to the UT5600 strain.  Finally, membrane
profiles have established that the PD0528 protein has been localized to the E. coli outer membrane.  Although more
experiments need to be done to establish conclusively that the PD0528 protein is responsible for the new physiological
properties of the UT5600/pAM61 strain, these initial experiments are extremely promising and suggest that expression of the

Figure 3. Heterologous expression studies reveal a possible role for
PD0528 in autoaggregatation.
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Figure 2: Examination of PD0528 regulation using a PD0528-luc fusion.  For
the luminescence analysis, 1mM D-luciferin was added to cell extracts.
Luminescence (RLU) was measured by a Turner TD-2020 luminometer and
standardized using OD600.   The values are given as RLU/OD600.
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Xf autotransporter proteins in a heterologous system is a powerful approach for uncovering the role of these proteins in Xf cell
physiology and virulence.
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ABSTRACT
Xylella fastidiosa (Xf) is the causative agent of Pierce’s disease (PD) in grapevine.  Using 18 simple sequence repeat (SSR)
markers, we assessed variation within and between populations of Xf isolated from grapevine in California.  Eighty-three Xf
isolates from 15 populations present in four regions of California were evaluated for sequence variation.  Average genetic
diversity was substantial (H = 0.807, I=0.5385) across the 18 loci examined.  Diversity within populations varied from
0.227±0.058 (population Sangiacom) to 0.583±0.63 (population Temecula) but was not dependent upon the grape cultivar
serving as host.  Analysis of Molecular Variance (AMOVA) indicated no hierarchical population structure, as 98% of the
variation was attributed to within population diversity.  Higher order variation was minor; diversity among populations or
among regions each accounted for only 1% of the variation observed.  Principal component analysis (PCA) indicated that
only ~53% of the variation was explained by the first three components, further suggesting a lack of hierarchical population
structure in Xf infecting grape in California.  Collectively, these results indicate high levels of gene flow between populations
and further suggest that strong selection may dominate other population genetic forces responsible for structuring Xf
populations resident in Californian grapes.  We also initiated similar studies for almond specific Xf strains to better
understand host species specific diversity patterns and population structure, if any, for almond Xf strains.  While acquiring
and preparing infected almond samples for further SSR analysis, we observed that seasonal variation plays an important role
in extent of Xf infection.

INTRODUCTION
California has one of the most productive agricultural ecosystems in the United States.  Yet, limited genetic variation among
crop cultivars and monoculture practices may impose directional selection on pathogen populations.  Host plant resistance is
a critical component of integrated crop management.  Changes in pathogen population structure or virulence can lead to host
resistance breakdown.  Therefore, understanding pathogen genetic diversity is critical for development of effective disease
control strategies.  An important aspect of plant pathogen population genetics is the extent to which populations are
subdivided, either geographically or by host species/cultivar.  The goal of this project is to analyze Xylella fastidiosa (Xf)
haplotypes generated by SSR genotyping within a hierarchically structured (individual plants, individual vineyards, and
distinct growing regions) sampling strategy to understand pathogen population dynamics in grapevine hosts at various levels.
Previously, we reported development of multilocus simple sequence repeat (SSR) markers for Xf population genetic analysis.
This marker system appears to be sensitive in detection and powerful in discriminating Xf genotypes.  This marker system
also provides high throughput capability for a large scale sampling and analyses.

OBJECTIVES
1. Analyze Xf strain variation and diversity specific to individual host grapes, including hierarchical analysis of population

subdivision to understand population differentiation in host-specific pathogen populations.
2. Study the effect of host cultivar on structure of pathogen populations.
3. Evaluate pathogen population dynamics in almond-specific Xf strains from three almond populations.
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RESULTS AND DISCUSSION
Objective 1.
We analyzed genetic diversity and geographic population structure of Xf in Californian vineyards (Napa, Sonoma, Kern and
Riverside counties).  Results based on multi-locus SSR marker systems and hierarchical sampling showed that all 18 SSR
primers were able to discriminate among Xf strains (N=83), revealing diversity with a mean H value of 0.609 across all loci.
Diversity ranged from a low (H=0.093) for the loci GSSR6 and ASSR 19 to a high of H= 0.818 for locus OSSR 11.  The
average genotypic richness (no. of polymorphic loci) was high (67%) across populations.  However variation was not as
evenly distributed, ranging from a low of 38.9% for population Clos du Bois to a high of 88.9% for populations Monticello
and Temecula.

The hierarchical datasets allowed partitioning of genetic differentiation among regions, within a region among populations,
and within population among individuals.  Analysis of Molecular Variance (AMOVA) results revealed 1% diversity among
different regions and 1% among populations within a region.  Nearly all of the diversity (98%) was represented by individual
strains within populations (Table 1).  Lack of clear genetic structure was also evidenced by Principal Component Analysis
(PCA), where 53.13% of variation was explained by first three components across the hierarchical structure.  The conclusion
from the current 18 SSR loci analysis doesn’t agree with the analysis based on 6 SSR loci reported earlier (Lin et al., 2005).
The discrepancy may be due to the fact that when only a few loci were used, each locus contributes significant weight to the
overall genetic variation, which could overestimate genetic variation.  Absence of genetic differentiation observed among
grape Xf populations in the present study is supported by the observations of Schuenzel et al (2005), in which no genetic
differentiation among northern and southern California populations of Xf from grapes was observed. We hypothesize that the
reasons for this may include relatively recent spread of the pathogen and the geographic range of insects vectoring the
pathogen.  The values for overall gene flow (Nm =2.2272) supported lack of population differentiation. Sonoma region
showed least gene flow (Table 2) compared to highest for Temecula region.

Objective 2
In this study, observed genetic variation of Xf strains was not related to or dependent on the different grape cultivars from
which the strains were collected.  Preliminary cultivar effect results indicated that the type of grape cultivar did not play any
role in grouping Xf populations from various counties.  We observed that Xf isolated from Chardonnay grown in Sonoma
county grouped with other Xf strains isolated from other grape varieties grown within Sonoma county rather than grouping
with Xf isolated from Chardonnay grown in Napa or Temecula counties (Figure 1).  Although this is the first report to this
effect in grape, similar results were observed for Xf isolated from citrus; e.g., different sweet orange varieties did not affect
population structure of Xf in Brazil (Coletta-Filho and Machado (2002).  However, further research of this effect in grape is
necessary before concluding that grape cultivar does not affect Xf population structure.

Objective 3
Using the same SSR marker system, we extended our investigation to almond leaf scorch (ALS) disease in California’s San
Joaquin Valley.  The seasonal collection and detection studies (Figure 2) showed that Xf populations were low in early season
(March and April), when Xf is less easily detected with PCR. Xf populations quickly increased with increased vector activity
in late spring/early summer.  Successful Xf isolation/culture and PCR detection were comparable after July through October.
To increase the power of our analysis, we are analyzing the results from 13 additional SSR markers this year (in addition to
the five SSR markers used in previous years) from 73 Xf strains of almond.  Allelic types and allelic frequencies of
haplotypes among and within populations are being analyzed to better understand the genetic structure and population
dynamics of Xf strains in almond.

CONCLUSIONS
Hierarchical sampling and multilocus genetic marker analysis provided informative details of genetic diversity, population
structure, and the evolutionary process of selection/adaptation of grape Xf strains in grapevine growing regions.  Our
preliminary conclusions about the lack of a grape cultivar effect on Xf population dynamics may be an important addition to
the current knowledge of this pathogen in grape.  Information from population differentiation within grape specific Xf strains
facilitates better understanding PD epidemiology and the development of an effective disease management strategy.

REFERENCES
Lin, H., E.L. Civerolo, R. Hu, S. Barros, M. Francis, and M.A. Walker. 2005. Multilocus simple sequence repeat markers for

differentiating strains and evaluating genetic diversity of Xylella fastidiosa. Applied & Environmental Microbiology 71:
4888-4892.

Coletta-Filho H.D. and Machado, M.A. 2002. Evaluation of the genetic structure of Xylella fastidiosa populations from
different Citrus sinensis Varieties. Applied and Environmental Microbiology. 68(8): 3731-3736.

Schuenzel, E.L. Scally, M, Stouthamer, R, and Nunney. L. 2005. A multigene phylogenetic study of clonal diversity and
divergence in North American strains of the plant pathogen Xylella fastidiosa. Applied and Environmental Microbiology
71(7): 3832-3839.



- 146 -

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.

Table 1.  Summary of AMOVA analysis with population differentiation parameters.
Source df SS MS Est. Var. % Stat Value Prob

Among Regions 8 17.898 2.237 0.013 1% PhiRT 0.006 0.001

Among Pops/Regions 6 12.909 2.151 0.012 1% PhiPR 0.006 0.002

Within Pops 68 141.227 2.077 2.077 98% PhiPT 0.012 0.001

Total 82 172.033 6.466 2.102

Table 2. Population structure parameters of Xf strains from four regions of California.

Region name Diversity (H) Effective #
alleles (AE)

Migration
index (Nm)

Private
alleles

# of significant LD
(p=0.05)

Sonoma 0.4414 ± 0.23 2.08 ± 0.82 0.6050 0.06-0.33
Ave=0.18

0 - 223
Ave=71.3

Napa 0.4005 ± 0.22 1.95 ± 0.88 1.3891 0.06-0.50
Ave=0.39

24-74
Ave=41.2

Kern 0.4789 ± 0.29 2.50 ± 1.30 3.5660 0.22-0.28
Ave=0.25

89-129
Ave= 109

Temecula 0.5422 ± 0.22 2.55 ± 0.88 2000 0.6 180
Total 0.5347 ± 0.24 2.62 ± 1.09 2.2271 0.36 100.3
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Figure 1. Dendrogram representing grouping of Xf strains from four regions according to grape cultivar.
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Effect of season on Xylella fastidiosa detection in almond

0

0.2

0.4

0.6

0.8

1

1.2

Mar. Apr. May June July Aug. Sept. Oct.

PCR positive - 2004 PCR positive - 2005 Culture positive -2004 Culture positive -2005

Figure 2. Effect of seasonal variation on PCR and culture based detection levels of Xylella infection.
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ABSTRACT
In an effort to better understand the colonization of grapevines by the pathogen Xylella fastidiosa (Xf), and to develop a
method of screening for resistant plant genotypes, we are investigating the spatial distribution of cells of Xf within susceptible
and resistant grape varieties and to examine the spatial segregation of mixtures of Xf cells within the xylem vessel systems of
different grape varieties.  A single Xf strain or an equal mixture of two different isogenic Xf strains, were co-inoculated into
different varieties and their movement was followed closely by culturing and epifluorescence microscopy, with time and
distance from the point of inoculation.  We followed simultaneously the movement and population size of a gfp-marked
strain of Xf (KLN59.3) in Cabernet Sauvignon, Roucaneuf and Tampa grape varieties.  Very low population sizes of Xf and
infrequent occurrence in xylem vessels in the stem were seen in the resistant varieties.  The percentage of infected vessels in
a stem cross section (as determined by microscopy) and bacterial populations were very strongly and directly related
indicating that the low bacteria population detected in the resistant genotypes is due to a low number of infected vessels that
each were colonized to similar levels as in susceptible varieties, rather than poor growth in a many vessels.  In contrast,
similarly high percentages of vessels in petioles of susceptible and resistant plants were colonized, and similar population
sizes were attained, suggesting that Xf is unrestricted in movement within the petiole.  These results suggest that resistance to
Pierces disease is not due to inhibitory compounds that circulate through the xylem or to host defenses since they might be
expected to operate similarly in these two tissues.  Resistance to movement thus appears to be due to structural differences in
the vessels of the resistant varieties and is associated with a limitation of the number of vessels into which Xf can spread and
thus grow.  We have produced a cyan-marked strain of Xf that is being used in mixed inoculation studies with the gfp-marked
strain to better define the process of movement through the plant.

INTRODUCTION
Nearly all studies of Xylella fastidiosa (Xf) colonization of grapes have focused on the petioles, with little examination of Xf
movement and distribution of in the stems.  Importantly, the work from the Walker lab has noted that the mechanism of
resistance to Xf is localized within the stem xylem and not fully functional or absent in the xylem of petioles and leaf blades.
This was based on the observation that there was little difference in the colonization of the petioles and leaf blades, as
opposed to the stems. They speculate that a more constitutive resistance mechanism is present in the stem xylem based on
nutritional or structural differences between resistant and susceptible types.  Our study was designed to examine differences
in the colonization process of the stem of different grape genotypes to identify resistance mechanisms.

Before initiating studies of the segregation of differentially marked strains of Xf in various grape varieties, we explored the
process of colonization of Xf in stems of Cabernet Sauvignon to establish control data and optimize sampling schemes for the
strain mixtures.  We set out to determine how quickly Xf moves within stems throughout the plant, the fraction of the xylem
vessels colonized as a function of time and distance from the point of inoculation, and the relative likelihood of finding Xf in
xylem vessels as compared to tracheal elements.  We specifically considered the longitudinal movement of Xf in the xylem
vessels in the internodal stem locations and the rate at which segregation of the two strains occurs.  A more detailed
examination of the movement of Xf, using epifluorescence microscopy, was performed on stem sections at various locations
and times after inoculation with Xf strains harboring gfp marker genes.

We followed simultaneously the movement and population size of a gfp-marked strain of Xf (KLN59.3) in Cabernet
Sauvignon, Roucaneuf and Tampa grape varieties.  Plants were inoculated with the gfp-marked strain to directly compare the
movement and growth of Xf in resistant and susceptible grape genotypes. We then correlated the percentage of infected
vessels in a stem cross section (as determined by microscopy) and bacterial populations.  A strong correlation would indicate
that the low bacteria population detected in the resistant genotypes is due to a low number of infected vessels.

OBJECTIVES
1. Study the process of movement of Xf cells between xylem vessels and through plants by determining the changes in

proportion of genetically distinct strains of the pathogen initially inoculated into plants at an equal proportion with
distance and time from point of inoculation
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2. Determine if bottlenecks in movement of cells of Xf from xylem vessel to xylem vessel is more extreme in resistant
plants than in susceptible plants and whether this phenomenon can be exploited as a tool to screen germplasm for
resistance to Xf.

RESULTS
We initiated our investigation by co-inoculating Cabernet Sauvignon stems with a mixture containing an equal amount of the
wild-type and a gfp-marked (KLN59.3) Xf strain.  This was designed specifically so that the temporal and spatial patterns of
segregation of the two strains could be tracked and correlated to resistance characteristics of the plant variety.  The
population size of the gfp-marked strain of Xf was somewhat smaller at a given location and time after inoculation than the
wild-type strain.  It was known that this strain caused disease symptoms slightly slower than the wild-type strain, and this
difference thus appears to be due to a slower growth in the plant.  Given that future experiments will emphasize the spatial
segregation of this gfp-marked strain and a similar cfp-marked strain which is expected to have a similar growth rate as the
gfp-marked strain we do not expect that this lower growth compared to the wild-type strain will complicate our
measurements of ratios of these two strains in ongoing experiments.  The results of these initial experiments has provided us
the needed information on the speed with which these bacterial move through the plant and the rapidity with which
segregation is occurring; such results have enabled us to develop more detailed
experiments where intensive sampling will provide the needed information on the
rapidity with which bottlenecks occur in Xf populations during the movement process.
We also recently co-inoculated the gfp-marked strain with a strain (SC1) that we have
recently constructed that harbors a constitutively-expressed cyan fluorescent protein
(CFP) driven by a kan promoter and located in the same insertion site in the
chromosome as the GFP reporter gene is located in KLN59.3. (Figure 1).  These two
strains thus should exhibit identical behavior in plants but be differentiated by their
different colors of fluorescence emission.  On-going studies involve inoculation of this
combination of two marked strain into both resistant and tolerance genotypes.

Susceptible Cabernet Sauvignon and resistant varieties including Tampa and
Roucaneuf were inoculated with the gfp-marked Xf strain and examined by sequential culturing and epifuorescence
microscopy.  Roucaneuf is a complex hybrid that includes V. cinerea and V. berlandieri and has been described as “fully-
resistant” in field conditions to PD (A.F.Krinvanek at all. 2004).  Tampa also is a PD resistant genotype.  Microscopy did not
reveal any obvious differences in the stem and petiole anatomy of resistant and susceptible varieties (Figures 2 to 7).   We
followed population growth by culturing and also visually by microscopy of numerous cross sections of both stems and
petioles.  Culture sampling was done at weeks 2, 3, 4, 6, and 11 following inoculation.  A total of six plants at each time
point, two from each resistant genotype and two from the susceptible genotype were evaluated.  Each plant was sampled at
the petiole near the point of inoculation and at six internodal locations 10, 20, 30, 60, 80, and 120 cm away.  The sample sites
were examined the same day by epifluorescence microscopy of numerous sections near the site of culturing.  An average of
nine sections was prepared for each stem location and photos were taken from each sample.

Figure 1. cyan-marked cells of
Xf

Figures 2-3. Roucaneuf stem section (left) and petiole section (right) inoculated
with Xf Gfp. Week 11 post inoculation at 30 cm from point of inoculation.
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The proportion of infested vessels in five microscopy stem
cross sections per genotype assessed per sampling point for
each plant genotype at 6 and 11 weeks post-inoculation, in
different internodes locations.  The percentage was
calculated counting an average of five cross sections at four
different locations from the point of inoculation. The vessels
were counted positive if any presence of gfp-marked cells
were noted. It was clear that very few of the stem vessels at
sites away from the point of inoculation of Roucaneuf and
Tampa were colonized by any cells of Xf compared to that
of Cabernet (Figures 2-7). This correlates well with the
higher viable population sizes of Xf in Cabernet compared to
that of Roucaneuf and Tampa.  This procedure allowed us to
compare the Xf populations in each genotype to determine
cell viability as a function of time and distance from the
point of inoculation (Figure 8).  The direct relationship
between population size of Xf and the proportion of vessels
colonized indicates that that the low bacteria population
detected in the resistant genotypes is due to a low number of
infected vessels that each were colonized to similar levels as
in susceptible varieties, rather than poor growth in a many
vessels.

It was also clear from visualization of cells of Xf in petioles of Cabernet and Roucaneuf and Tampa that petioles of these
plants were all equally well colonized by the gfp-tagged cells of Xf (Figures 2 to 7).  This is in contrast with the stems of
these two varieties where very few vessels of Roucaneuf were colonized but a large percentage of vessels of Cabernet were
colonized (Figures 2 to 7).  It was evident that there was no significant difference in bacteria population between the resistant
and susceptible genotypes in the petioles (Table 1).

Comparison of Cabernet, Roucaneuf and Tampa infected stem  vessels with Gfp
Xf
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Figure 8. Direct relationship between increasing
incidence of xylem colonization and population size in
several grape varieties.

Figure 4-5. Tampa stem section (left) and petiole section (right) inoculated with Xf
Gfp. Week 11 post inoculation at 30 cm from point of inoculation.

Figures 6-7. Cabernet Sauvignon stem section (left) and petiole section (right) inoculated with
Xf Gfp. Week 11 post inoculation at 30 cm from point of inoculation.
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Table 1. Xf cells in petioles of different grape varieties (Log cells/g)
Week Roucaneuf Tampa Cabernet Sauvignon

3 7.77 4.86 7.6
4 7.71 5.55 7.43
6 7.18 4.79 6.26

11 5.59 8.46

The proportion of total stem xylem vessels that are colonized by Xf appears to be similar to that of xylem vessels in the
petiole.  That is, between 6-11 % of the total stem xylem vessels were colonized whereas 12-15% of the petioles of the same
plant were colonized in Cabernet Sauvignon.  We also observed that population sizes of Xf determined by plating, reached
higher values in the petioles in the same amount of time after inoculation.

It seems clear that the numbers of Xf in stems of resistant varieties such as Roucaneuf are low and apparently spatial variable.
Thus, at a given sampling time, not all one cm stem segments include detectable cells of Xf. Since Xf was frequently detected
in petioles, even some distance from the point of inoculation, it appears that Xf follows a sinuous path up the vessels in the
stem, never colonizing a large number of vessels, but when it enters the petiole it can multiply to high numbers (Table1).  In
contrast, the population in the Cabernet Sauvignon remained stable and Xf moved much further from the POI, reaching a
distance of 120 cm from the inoculation point after 11 weeks compared the 30 cm reached in Roucaneuf and 80 cm in Tampa
in the same amount of time.

To compare the spatial segregation between vessels within the
grapevine stems ninety individual Roucaneuf grapevines were
stem inoculated as described above, with an equal mixture of Xf
strains Temecula and rpfF- mutant KLN61. In Roucaneuf
bacterial growth was notably lower in both distance and time
compared to susceptible Cabernet.  Most importantly the
incidence of recovery of viable cells decreased greatly with time
(Figure 9).  While Xf could be recovered from a high proportion
of plants within the first 5 to 8 weeks after inoculation, the
proportion dropped precipitously by weeks 11 and 16.  This
suggests that cells in such resistant plants are not growing, and
are dieing after they colonize a vessel but can not move to new
ones.  This is being investigated using propidium iodide staining
to visualize dead cells.

CONCLUSIONS
These results all suggest that structural differences in the stems of grape account for resistance to Pierce’s disease.  These
results suggest that resistance to Pierces disease is not due to inhibitory compounds that circulate through the xylem or to host
defenses since they might be expected to operate similarly in these two tissues.  Resistance to movement thus appears to be
due to structural differences in the vessels of the resistant varieties and is associated with a limitation of the number of
vessels into which Xf can spread and thus in which they can grow.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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Figure 9. Incidence of isolation of Xf from various parts
of Roucaneuf grape at various times after inoculation
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petioles after 8 weeks.  This is in contrast with continued
high recovery in Cabernet (data not shown).
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ABSTRACT
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF) that changes its
gene expression in cells as they reach high numbers in plants.  We have investigated DSF-mediated cell-cell signaling in Xf
with the aim of developing cell-cell signaling disruption as a means of controlling Pierce’s disease.  We have investigated
both the role of DSF-production by Xf on its behavior within plants, the manner in which other bacterial strains affect such
cell signaling, the extent to which other endophytes could modulate density-dependent behaviors and virulence in Xf by
interfering with cell-cell signaling, performed genetic transformation of grape to express DSF, and explored other means to
alter DSF abundance in plants to achieve PD control. Xf mutant strains that overproduce DSF cause disease symptoms in
grape, but only at the site of inoculation and the cells do not move within the plant as do wild-type strains.  Thus elevating
DSF levels in plants should reduce movement of Xf in the plant and also reduce the likelihood of transmission by
sharpshooters.  We identified bacterial strains that can interfere with Xf signaling both by producing large amounts of DSF or
by degrading DSF.  We have identified the genes needed to degrade DSF and when they were transferred to and over-
expressed in other strains they conferred the ability of these strains to degrade DSF.  When co-inoculated into grape with Xf,
both DSF-producing strains and DSF-degrading strains greatly reduced the incidence and severity of disease in grape.  Given
that DSF overabundance appears to mediate an attenuation of virulence in Xf we have transformed grape with the rpfF gene
of Xf to enable DSF production in plants; such grape plants produce at least some DSF and are much less susceptible to
disease.  Higher levels of expression of DSF have been obtained in plants by targeting the biosynthetic enzymes to the
chloroplast.  Studies are underway to determine if DSF produced by rootstocks can move to scions and confer disease
control.

INTRODUCTION
Xylella fastidiosa (Xf) colonizes the internal tissues of grape and other hosts, forming a biofilm inside the plant.  Given that
there is a very strong correlation between the number of xylem vessels heavily colonized by Xf and disease symptoms in
grape (9, 24, 28) we thus think of Pierce’s disease as a result of uncontrolled proliferation of Xf in the plant, thereby causing
disruption in water flow.  Such an endophyte presumably acquires most of its nourishment from the dilute solutes present in
the xylem sap.  A key determinant of success for an endophyte such as Xf is the ability to move within the plant since its
success would be dependent upon moving from one xylem vessel to another, presumably though pits, where it could intercept
increasing amounts of xylem sap; the population size in the plant would be proportional to the number of xylem vessels into
which it had moved. Xf possess traits such as endoglucanases and polygalacturonases that allow it to degrade pit membranes
and hence move within the plant.   Work by Roper et al. (29) has shown that polygalacturonases are required for movement
in the plant, presumably by contributing to pit membrane degradation; other enzymes such as endoglucanases also probably
contribute. While occasional paths that transit significant distances within the plant occasionally occur (34) enabling passive
movement of Xf, it appears that Xf cells introduced into a given vessel are usually constrained by the anatomy of the vessel
and must actively move by altering the plant (19,20).

We have found that the virulence of Xf is strongly regulated in a cell density-dependent fashion by a process similar to
quorum sensing (the rpf locus) which involves a small signal molecule. Numerous species of bacteria communicate using
small molecules, such as N-acyl homoserine lactones, small peptides, butyrolactone derivatives or fatty acids, as signals.  The
signals, which increase in concentration with population density, typically coordinate the expression of genes involved in
exploitation of a host organism.  The virulence of many pathogens is greatly reduced when the ability to produce signaling
compounds is disrupted by mutation. Xf and Xanthomonas campestris pv. campestris (Xcc) are very closely related
pathogens. Xcc makes a farnesoic acid derivative, cis-11-methyl-2-dodecenoic acid called diffusible signal factor (DSF).  We
now have shown that Xf makes a molecule that is recognized by Xcc but probably slightly different than the DSF of Xcc.  In
striking contrast to that of Xcc, rpfF- mutants of Xf blocked in production of DSF, exhibit dramatically increased virulence to
plants, however, they are unable to be spread from plant to plant by their insect vectors since they do not form a biofilm
within the insect.  These observations of increased virulence of DSF-deficient mutants of Xf are consistent with the role of
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this density-dependent signaling system as suppressing virulence of Xf at high cell densities.  Our observations of
colonization of grapevines by gfp-tagged Xf are consistent with such a model.  We found that Xf normally colonizes
grapevine xylem extensively (many vessels colonized but with only a few cells in each vessel), and only a minority of vessels
are blocked by Xf. Importantly, rpfF- mutants of Xf plug many more vessels than the wild-type strain.  We thus believe that
Xf has evolved as an endophyte that colonizes the xylem; blockage of xylem would reduce its ability to multiply since xylem
sap flow would cease and thus the DSF-mediated virulence system in Xf constrains virulence.  That is, Xf would benefit from
extensive movement throughout the plant where it would partially colonize xylem vessels but would have evolved not to
grow too excessively within a vessel, thereby plugging it and hence blocking the flow of necessary nutrients in the xylem sap.
Given that the DSF signal molecule greatly influences the behavior of Xf we are investigating various ways by which this
pathogen can be “confused” by altering the local concentration of the signal molecule in plants to disrupt disease and/or
transmission.  We thus are further exploring how DSF-mediated signaling occurs in the bacterium as well as ways to alter
DSF levels in the plant.  Our work has shown that the targets of Rpf regulation are genes encoding extracellular
polysaccharides, cellulases, proteases and pectinases necessary for colonizing the xylem and spreading from vessel to vessel
as well as adhesins that modulate movement.  Our earlier work revealed that several other bacterial species can both
positively and negatively interact with the DSF mediated cell-cell signaling in Xf. In this period we have extensively
investigated both the role of DSF-production by Xf on its behavior within plants, the patterns of gene regulation mediated by
DSF, the extent to which other endophytes can modulate density-dependent behaviors and virulence in Xf by interfering with
cell-cell signaling, obtained genetic transformation of grape and other hosts of Xf to express DSF, and explored other means
to alter DSF abundance in plants to achieve PD control.

OBJECTIVES
1. Identify bacteria that interfere with DSF-mediated cell-cell signaling in Xf, and conduct pathogenicity tests on grapevines

colonized by DSF-interfering bacteria to determine potential for Pierce’s disease control.
2. Isolation of mutant strains of DSF-degrading and DSF-producing bacteria that can no longer interfere in cell-cell

signaling to verify that disease control is linked to cell-cell signal interference.
3. Molecular identification of genes conferring DSF-degrading activity.
4. Engineer the grapevine endophytes to express genes conferring DSF-degradation and DSF-synthesis activities and test

whether the resulting transgenic endophytes are capable of disease control.
5. Creation of grapevines expressing genes conferring DSF-degradation and DSF-synthesis activity to test for PD

resistance.
6. Evaluate topical application of DSF-degrading and DSF-producing bacteria with penetrating surfactants for PD Control.

RESULTS
Understanding the pathway of cell-cell signaling mediated by DSF
Analysis of the genome sequence of Xf revealed that several genes encoding proteins potentially involved in intracellular
signaling are present.  In many pathogenic bacteria, intracellular signaling couples extracellular cell-cell signaling to regulate
different cellular processes.  The Rpf signaling component RpfG encodes a response regulator with domain which modulates
the level of cyclic di-GMP.  In many pathogenic bacteria, it has been reported that di-Cyclic GMP influence many virulence
traits such as biofilm formation, motility, adhesion etc.  In Xf we have identified an ORF (PD0279), which encodes a GGDEF
domain protein predicted to be involved in the synthesis of di-cyclic GMP. Xf mutants in the GGDEF domain proteins were
produced and initial analysis revealed that
they are also altered in in vitro attachment
and biofilm formation, much like the other
cell-cell signaling mutants-rpfF and rpfC.
Comparative transcription analysis of the
GGDEF domain protein mutant revealed
that both RpfF and RpfC are involved in its
regulation.  Interestingly, transcription
analysis revealed that the GGDEF protein
(and indirectly, di-Cyclic GMP) is involved
in regulation of cell-cell signaling in Xf
(Table 1).  Mutants in this regulator highly
over-express rpfF and hence express very
high levels of DSF (Table 1).  Mutants in the
GGDEF protein, like rpfC mutants which
over-produce DSF are severely reduced in
their ability to incite Pierce’s disease to
grape (Figure 1).  This is consistent with our
other results that show that DSF over-production attenuates virulence of Xf (Figure 1).  We thus will be testing the DSF
overproducing GGDEF mutant strain for PD control.

Figure 1. Severity of Pierce’s disease of grapevines inoculated with DSF
overproducing strains of Xf (Wild type, rpfC and ggdef mutants).
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Table 1. Transcriptional activity of genes in the rpf cluster of Xf as well as other genes contributing
to virulence in rpfF, rpfC and GGDEF mutant backgrounds. * Relative quantification of RNA
calibrated with the wild type Xf RNA as 1, and normalized to the 16S ribosomal.

* Fold change in expression
Gene Name GGDEF mutant rpfF mutant rpfC mutant
rpfG 6.2 0.60 2.01
rpfE 3.65 0.33 1.6
tolC 1.78 6.53 3.80
rpfB 1.5 0.82 3.27
PD0279
(GGDEF domain protein)

n.d 6 3

pglA 3.0 5.83 6.80
rpfC 5.38 4.0 n.d
rpfF 10 n.d1 8.0

DSF negatively regulates twitching motility in Xf
Since rpfF mutants of Xf are hyper virulent and move more rapidly in the xylem vessel, we investigated whether DSF
overproduction can influence twitching motility in Xf. Assay for the twitching motility (1) revealed that the rpfF mutant
which does not produce any DSF, showed an increased colony fringe indicative of high twitching motility (Figure 2).
However an rpfC mutant which is a DSF over-producing strain of Xf showed reduced colony fringe.  Interestingly the
GGDEF domain protein mutant, which also greatly over-produces DSF and is deficient in di-cyclic GMP synthesis and also
altered in rpfF expression was severely reduced in twitching motility (Figure 2).  This suggests that DSF regulates adhesion
and motility at least partially via its indirect regulation of di-cyclic GMP levels.  Combined with our other studies of those
genes that are regulated by DSF accumulation in Xf as determined from microarray and quantitative RT-PCR studies, we
have developed a model for DSF-mediated gene regulation in Xf (Figure 3).

Figure 2. colonies of different Xf strains were spotted on cellophane placed on modified PWG media
with low BSA. Twitching motility is indicated by the formation of a peripheral fringe.

Wild type ggdefrpfCrpfF

Figure 3. A proposed model for DSF-mediated cell-cell signaling
regulation in Xylella fastidiosa. rpfF encodes the DSF synthase. RpfC
encodes a hybrid two component sensor which can sense DSF. DSF
levels negatively regulate the expression of rpfF by feed back which
acts as a negative feed back.  Expression of other virulence associated
functions is regulated by a putative intracellular DSF sensor/response
regulator (like-RpfG/Clp).  DSF can diffuse inside the cell and is
sensed by this putative intracellular DSF sensor/response regulator,
which acts as positive regulator of functions associated with
attachment-biofilm formation and other components of rpf regulon.
The intracellular DSF sensor/response regulator, in the presence of
RpfC, can negatively regulate the expression of other virulence
associated genes like pglA, tolC and GGDEF domain encoding gene.
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Production of DSF in transgenic plants for disease control.
We have expressed the rpfF gene in several different plant species to investigate whether DSF excess can lead to reduced
disease caused by Xf. In addition to grape, we have transformed genes conferring DSF production into tobacco since this
species is colonized by Xf and disease symptoms can be produced (Figure 4).  Because transformation of tobacco is much
quicker than grape, we have used studies of Xf infection of tobacco as a surrogate for studies in grape to speed our assessment
of different ways to produce DSF in grape.  The various mutants of Xf that are hyper and hypo virulence on grape yield
similar reactions on tobacco (Figure 5).

Grape has been transformed at the Ralph M. Parsons Foundation
Plant Transformation Facility at the University of California at
Davis.  Initially, we submitted a tested but un-optimized rpfF
construct to the facility.  The first transformed plants have been
tested for DSF production.  Initial assays reveal that DSF is
rapidly degraded by damaged plant tissue during extraction
procedures, making it hard to estimate the abundance of DSF
within the plants.  Therefore different assays are being developed
to avoid this complication in assessing DSF abundance.  Large
numbers of clonal rpfF-expressing grapes have now been
produced and inoculated with Xf to test for susceptibility to
Pierce’s disease.  The rpfF-expressing grape are MUCH less
susceptible to Pierce’s disease. (Figure 6).  The severity of disease
was reduced over 10-fold compared to non-transformed plants.
While Xf spread throughout non-transformed plants causing
disease on petioles located great distances from the point of
inoculation, disease was observed only very close to the point of
inoculation in rpfF-expressing plants.  We thus expect to find that
Xf is limited in its movement in plants having high indigenous levels of DSF due to the expression of rpfF, in a manner
similar to what we have observed in DSF-overproducing strains of Xf.

We are thus very excited about the prospects of enhancing DSF levels in plants as a means of reducing disease.  This might
best be done in transgenic plants or perhaps in topical applications of DSF or analogs or also by expression in plants by other
endophytic bacteria.

Enhancing the DSF levels in plants
Given that fatty acid synthesis in plants occurs primarily in the chloroplast and that DSF is presumably a fatty acid derivative,
we have recently transformed tobacco and Arabidopsis with an rpfF gene that has been modified to direct the protein product
to the chloroplast where fatty acid synthesis (and DSF synthesis) should be much enhanced compared to its production in the
cytosol, the presumed location of RpfF in the current transformed plants.  The Arabidopsis ribulose bisphosphate carboxylase
small subunit 78 amino acid leader peptide and mature N-terminal which is sufficient to target the protein to the chloroplast,
has been fused with the RpfF protein of both Xylella and Xcc.  Assay of DSF in transgenic SRI tobacco plants-where the
RpfF is targeted to the chloroplast, indicates that the DSF levels as well as expression of rpfF are much higher as compared

Figure 4.  Symptoms caused by Xf
on SR1 Tobacco.

Figure 5 Disease caused by WT Xf, an rpfF- mutant
(61), an rpfC- mutant, and a gfp-marked XF strain.
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to the plants in which the RpfF is expressed in the cytosol. Transcription analysis of the chloroplast targeted rpfF transformed
plants indicates high level expression of the rpfF gene (Figure 7).  We have generated seeds from the transgenic SRI tobacco
plants and we are conducting pathogenicity assay with Xf.

We have also initiated transformation of grapes with the improved chloroplast targeted rpfF constructs- with the Ralph M.
Parsons Foundation Plant Transformation Facility at the University of California at Davis.  Although RpfB is not required for
DSF synthesis in Xf, it presumably aids in DSF synthesis by encoding long chain fatty acyl CoA ligase which might increase
availably of the appropriate substrates for DSF synthesis by RpfF.  We expect that co-expression of RpfB and RpfF in the
chloroplast will further enhance the DSF levels in plants.  We have produced transgenic Arabidopsis plants with such a
construct and find evidence of high levels of DSF production.  Pathogenicity assays with the rpfF mutant of Xcc indicated
that the transgenic plants can complement the virulence of the nonpathogenic rpfF mutant of Xcc (Table 2).  Importantly,
transgenic plants expressing both rpfB and rpfF were more suseptable to the rpfF mutant of Xcc, indicating enhanced DSF
levels.

Table 2. Disease severity from topical application of bacteria varying in DSF production to Arabidopsis.  Bacteria
were inoculated on different Arabidopsis genotypes transformed with rpfF or with both-rpfB and rpfF
Arabidopsis Genotype Xcc strains

Wild type rpfF-

Col (wild type) ++++ -
rpfF transformed ++++ +
rpfF and rpfB transformed ++++ ++

To test whether DSF is mobile within the plant we are performing grafting experiments in which DSF-producing tobacco
transformed with the rpfF of Xf are used as rootstocks to which normal SR1 tobacco is grafted as a scion (Figure 8).  In
addition, a large number of greenhouse experiments are underway in which we have introduced purified DSF into plants,
have sprayed purified DSF onto plants, and have applied DSF as a soil drench to plants.  The results of these experiments will
soon be available as further disease development occurs.  Preliminary results indicate that direct introduction of purified DSF
into plants reduced Pierce’s disease by over 50%.

Producing DSF in bacterial endophytes. We have
previously been successful in producing large quantities of
DSF in endophytes like Erwinia herbicola and also in lab
strains of E. coli (Table 3). We recently were able to transform
a putative efficient endophyte of plants, Rizobium etili with
both the Xcc and Xf rpfF (DSF biosynthetic gene) and have
obtained production of DSF in this strain (Figure 9).  This
DSF-producing endophyte has been co-inoculated into grape
to determine both its ability to move and multiply within grape
as well as its ability to interfere with the disease process.

Figure 7. DSF extracted from transgenic tobacco SR1 plants expressing the
chloroplast targeted RpfF, compare to nontransgenic SR1 and native DSF
extracted from Xcc.  The DSF is spotted at the right hand side on a filter disc and
the Xcc DSF bioindicator is streaked on the left side of the spot.  The green GFP
fluorescence is indicative of DSF production.

Figure 8.  Grafted tobacco
plants into which Xf has been
inoculated.  A normal SR1
tobacco scion is grafted onto
transgenic DSF-producing
tobacco.  The graft point is
noted with blue tape, and Xf has
been inoculated above the graft
union.  The plant is as yet
asymptomatic.
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Further support for the role of carAB, required for production of carbamoyl phosphate (required for pyrimydine biosynthesis
in bacteria) in the ability of bacteria to degrade DSF and to control disease was obtained.  The carAB genes from
Pseudomonas strain G (which is a highly efficient degrader of DSF and capable of biological control of Pierce’s disease)
were cloned and used to restore CarAB function in a carAB mutant of strain G and restored its ability to reduce disease
caused by Xf. (Figure 10).  These results suggest that it should be possible to enhance biocontrol by DSF-degraders by over-
expressing CarAB.

CONCLUSIONS
Several methods of altering DSF levels in plants, including direct introduction of DSF producing bacteria into plants, topical
application of such bacteria to plants with surfactants, and direct application of DSF itself to plants appear promising as
means to reduce Pierce’s disease.  Transgenic DSF-producing plants appear particularly promising and studies should soon
indicate whether they could serve as a rootstock instead of a scion.  While the principle of disease control by altering DSF
levels has been demonstrated, more work is needed to determine how to achieve this in the most practical means.
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Table 3. Production of DSF by E. coli and Erwinia herbicola harboring cloned rpfF genes from Xf and Xcc.
Strains Relative DSF production (Units)
Xcc 100
Xf Temecula 4-5
E. coli DH10B (ptrpXccrpfF) 3000
E. coli DH10B (ptrpXfrpfF) 100
E. herbicola (ptrpXccrpfF) 6000
E. herbicola (ptrpXfrpfF) 200

Figure 9. Endophytic strains of R. etili producing Xcc and Xf DSF. The GFP
florescence produced by an Xcc DSF biosensor which is sprayed on the plates, is
indicative of DSF production.

Figure 10.  Severity of Pierce’s disease
of grape co-inoculated with Xf strain
STL and DSF degrading Pseudomonas
strain G, CarAB mutant G741 of
Pseudomonas strain G, or with mutant
G741 complemented with pSC4 when
measured 3 months after inoculation.
The vertical bars represent the standard
error of the mean of the number of
symptomatic leaves per vine.
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ABSTRACT
Xylella fastidiosa (Xf) is the causative agent of Pierce’s disease of grape. Xf genetics has not been evaluated in Texas despite
growing financial risk to the US grape industry, a Texas population of the insect vector now spreading in California, and
evidence that the bacterium is ubiquitous to southern states.  Using sequences of conserved gyrB and mopB genes, we have
established at least two strains in Texas, grape strain and ragweed strain, corresponding genetically with subspecies piercei
and multiplex, respectively.  The grape strain in Texas is found in Vitis vinifera varieties, hybrid vines and in wild Vitis near
vineyards; whereas, the ragweed strain in Texas is found in annuals, shrubs and trees near vineyards or other areas.  RFLP
and QRT PCR techniques were used to differentiate grape and ragweed strains with greater efficiency than sequencing and
are practical for screening numerous Xf isolates for clade identity.

INTRODUCTION
The bacterium, Xylella fastidiosa (Wells) (Xf) resides in the xylem tissue of many plant species and is moved within plant
communities through insect transmission.  While many plants are not impacted by Xf infection, colonization of the xylem
vessels of several economically important plants including citrus, coffee, grape, almond, oleander and oak result in disease
(Purcell 1997).  Symptoms of Xf infection include leaf chlorosis, leaf scorch, crop loss and plant death and are most severe in
non-native crops (Purcell 1997). Vitis vinifera grapevine varieties (Cabernet Sauvignon, Chardonnay, etc.) are not native to
the Americas and are susceptible to Xf infections or Pierce’s disease (PD) which causes the rapid decline and mortality of
vines.  PD occurs throughout the US and has consistently occurred along the Texas Gulf coast (Kamas et al. 2004) and
intermittently in the California grape growing regions for more than one hundred years (Purcell 1997).  In the 1990s, a PD
epidemic in southern California’s Temecula region resulted from the introduction and subsequent range expansion of the
glassy-winged sharpshooter (GWSS), (Homalodisca vitripennis) (de Leon et al. 2004) creating an enormous PD risk to the
California grape industry.

Investigation of disease ecology and epidemiology in Texas has scientific advantages over simply investigating PD in
California where it poses the greatest financial threat.  Genetic evidence used to develop a phylogeny of GWSS has revealed
that populations of this insect pest introduced into California originated from Texas (de Leon et al. 2004).  The temperate
Gulf climate of Texas and large numbers of Xf positive native plants (Buzombo et al. 2006) suggest that the bacterium has a
long evolutionary history in the region.  Therefore, genetic variability among Xf strains in Texas is critical to understanding
the natural history of the disease in the US.  Additionally, PD is the major limiting factor in the Texas Hill Country, a major
wine grape production area in Texas.  Despite the importance of understanding the genetics of Xf in this region, there are no
published reports on Xf diversity within the state of Texas.

Xf strains demonstrate variable host ranges with some strains causing disease symptoms only in a specific plant species and
others in multiple species (Almeida and Purcell 2003). Xf strains can be separated into clades, the most valuable first step in
determining strain diversity.  Current genetic analysis suggests five main clades: 1. isolates causing citrus variegated
chlorosis (CVC) and coffee leaf scorch (CLS), 2. isolates causing PD, 3. isolates causing oleander leaf scorch (OLS), 4.
isolates causing Dixon-like almond leaf scorch (ALS), and 5. isolates infecting hardwood (angiosperm) trees including oak,
maple, and mulberry (Chen et al. 2002, Hendson et al. 2001, Meinhardt et al. 2003, Rodrigues et al. 2003, Schaad et al.
2004).  Several techniques have been used in determining these clades genetically including REP-PCR and RAPD-PCR,
(Chen et al. 2002, Hendson et al. 2001, Pooler et al. 1995, Rodrigues et al. 2003) and CHEF analysis (Hendson et al. 2001).
Recently, three subspecies of Xf have been named and these subspecies are consistent with three of identified clades
(excluding ALS and OLS) (Schaad et al. 2004).  The PD strain has been labeled “subsp. piercei”; the hardwood group, peach
and plum group “subsp. multiplex” and CVC strain group is “subsp. pauca.  As these three clades have clear genetic
differences and are differentially pathogenic we consider these to be distinct strains
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Most genetic diversity studies have included sequencing a particular DNA fragment to determine phylogenetic relationships
between isolates including the 16S-23S rDNA intergenic spacer region, 16S rDNA gene (Hendson et al. 2001) and the gyrase
B (gyrB) gene (Rodrigues et al. 2003).  Another gene useful for phylogenetic analysis is the mopB gene.  The mopB protein
is an outer membrane protein of bacteria with a fairly conserved sequence within the OmpA family of proteins
(Fjellbirkeland et al. 2000).

OBJECTIVES
1. Analyze a preliminary collection of Xf isolates from Texas vineyards (grapevines and surrounding vegetation) as an

initial screen of genetic diversity.  Using mopB and gryB sequences, determine whether Xf isolates belonged to the grape
clade (subsp. piercei), the hardwood mulberry clade (subsp. multiplex), OLS or ALS groups.

2. Determine if restriction fragment length polymorphism (RFLP) digestion and quantitative real-time polymerase chain
reaction (QRT PCR) analyses of gyrB were consistent with gene sequence data.

RESULTS
Sequences of the gyrB and mopB genes were conserved within two strain groupings.  One group of isolates showed perfect
alignment with the PD strain ‘Temecula’ using BLAST and was designated the ‘grape’ strain.  Another strain group aligned
perfectly with the ‘multiplex Dixon’ strain and was designated the ‘ragweed’ strain.  There was no genetic variability
between ‘grape’ strains or ‘Texas ragweed’ strains for these two conserved genes and no evidence of OLS, CVC, or Coffee
strains in this analysis of 14 isolates.  Grape strain was identified from a variety of grapevines including: mustang grape (Vitis
mustangensis), SO4 rootstock (V. cinerea var. helleri x V. riparia), Black Spanish/Lenoir (V. aestivalis hybrid with V.
cinerea and V. vinifera parentage) and several European grape varietals (V. vinifera) (Table 1).  The ragweed strain was
identified from weed and woody species including: redspike Mexican hat flower (Ratibida columnifera), western ragweed
(Ambrosia psilostachya), giant ragweed (Ambrosia trifida var. texana), annual sunflower (Helianthus annuus), sea myrtle
(Baccharis halimifolia), cedar elm (Ulmus crassifolia) and heartleaf ampelopsis (Ampelopsis cordata) (Table 1).

Restriction digests of the gryB PCR amplicons indicated differential banding patterns consistent with predicted digestion
patterns given by ChromasPro.  Digestion of the gyrB PCR amplicons (408 bp) with the restriction enzyme BsrD1 showed a
single cut (at bp 174) resulting in two bands for grape strain DNA.  Ragweed DNA had no cuts for BsrD1 and one band for
ragweed strains (data not shown).  The enzyme Taq1 showed the opposite reaction. Taq1 cleaved grape strain gyrB
amplicons, but did digest ragweed PCR products (Table 1).

QRT-PCR of the internal gyrB gene of these isolates showed Tm differences between grape and ragweed strains that were
statistically distinct with grape strain DNA melting approximately 0.4-0.5oC lower than DNA from ragweed strains
(P<0.0001).  Tukey’s mean separation test showed strains could be placed into grape or ragweed categories based on Tm.
Five strains showed variability in at least one to two runs such that they could not be placed statistically into one category
(Table 1 on next page).

CONCLUSIONS
This initial investigation into the genetic variability of Xf strains in Texas indicates that there are two main strains in and near
central Texas vineyards, subsp. piercei and subsp. multiplex.  The strain isolated from grapevines in Texas is genetically
identical to the Temecula PD strain in California.  The grape strain was isolated from multiple European V. vinifera varieties,
from hybrid Vitis species and rarely from wild Vitis species.  Our preliminary data suggests that native Vitis species around
the vineyard can harbor the grape strain and therefore are potential reservoirs for novel PD infections.  With our current
selection of plants in and around vineyards it is not possible to determine if the Xf isolated from wild and hybrid grapevines
originated from infected vineyards or if the Xf isolated now in vineyards came from nearby wild or hybrid grapevines.  We
plan to analyze wild vines many kilometers from established vineyards for the presence and identity of Xf strains to help
answer this question.

The ragweed strain (subsp. multiplex) is present in numerous weed species surrounding Texas vineyards.  This strain is
common in a large diversity of plants from annuals such as giant ragweed, annual sunflower, and redspike Mexican hat to
perennial shrubs (sea myrtle) and woody trees (cedar elm).  Interestingly, the ragweed strain was also found in peppervine
(Ampelopsis cordata) a member of the Vitaceace, but not in the genus Vitis.  Future work is planned to isolate and
characterize Texas isolates from symptomatic oleander and stone fruit trees.  Previous work using a multigenic approach
indicate that Xf clades split 15,000 years ago and despite low variability within all subspecies, the subsp. multiplex shows the
greatest variability, presumably because of a large host range (Schuenzel et al. 2005).  Likewise, the California PD strain
(subsp. piercei) has the lowest genetic variability and is speculated to have the narrowest host specificity (Schuenzel et al.
2005).

RFLP digestion of PCR amplicons was useful for distinguishing an isolate as either grape or ragweed.  RFLP requires
standard PCR and a 5-hour digestion, faster than the cloning methods used for sequencing.  Even faster still was the
comparison of the Tm between grape and ragweed strains after QRT PCR reactions (Bextine, data not shown).  The QRT



- 160 -

PCR process allows for Tm to be measured for 96 samples in 1 hour allowing for a quick initial screen of multiple strains.
QRT PCR occasionally resulted in samples not falling into either grape or ragweed categories with statistical certainty but
was very useful for an initial screen of clade identity.  QRT PCR requires lower DNA concentrations so strains could be
identified directly from insect gut or sap.  Although clearly advantageous for its speed we suggest QRT PCR be combined
with RFLP for increased accuracy and that both techniques include controls of strains with known sequence identity.

Table 1.  List of Xf isolates and strain designation as G = ‘grape’ (subsp. piercei) or R = ‘ragweed’ (subsp.
multiplex) based on gyrB and mopB sequences, RFLP and QRT PCR analysis.

Isolate # Host plant Scientific name,
host plant

Texas county gyrB
**

mopB ** RF
LP

QRT
PCR

VAL VAL 048 Mustang grape Vitis mustangensis Val Verde G
EU026151

G
EU019700

G G*

LLA FAL 634 SO4 rootstock Vitis cinerea var. helleri x
Vitis riparia

Llano G
EU026150

G
EU019703

G G*

BLA TEX 001 Cabernet
Sauvignon

Vitis vinifera Blanco G
EU026149

G
EU19705

G G

TRA FLA 300 Torringa
Nacional

Vitis vinifera Travis G
EU026148

G
EU019702

G G

VAL VAL 036 Black Spanish Vitis  aestivalis hybrid Val Verde G
EU026147

G
EU019701

G G

GIL BEC 631 Wine grape Vitis vinifera Gillespie G
EU026146

G
EU019704

G G

HAR UHD 001 Sea myrtle Baccharis halimifolia Harris R
EU026138

R
EU019694

R R

TRA FLA 420 Redspike
Mexican hat

Ratibida columnifera Travis R
EU026139

R R R

LLA FAL 749 Western ragweed Ambrosia psilostachya Llano R
EU026142

R
EU019696

R R

LLA FAL 752 Giant ragweed Ambrosia trifida var. texana Llano R
EU026140

R
EU019695

R R

GIL BEC 626B Giant ragweed Ambrosia trifida var. texana Gillespie R
EU026141

R
EU019699

R R

LLA FAL 650 Annual
sunflower

Helianthus annuus Llano R
EU026143

R
EU019698

R R*

LLA FAL 651 Heartleaf
ampelopsis

Ampelopsis cordata Llano R
EU026144

R
EU019697

R R*

UVA TAM 241 Cedar elm Ulmus crassifolia Uvalde R
EU026145

R
EU019693

R R*

* indicates that on at least one of two runs the strain indicated could not be categorized statistically as grape or ragweed
(ANOVA, p <0.05)
** indicates NCBI accession number after strain designation
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ABSTRACT
Xylella fastidiosa (Xf) is a Gram-negative, endophytic bacterium, which is the causative agent of Pierce’s disease of
grapevine (PD). Current approaches to understanding the progression of PD are limited by the lack of genetic and molecular
tools that can be used to perform complementation analysis, an important step for establishing the importance of a particular
gene in Xf virulence.  To overcome this problem, we have developed integration vectors, which will allow researchers to
introduce genes into two different nonessential regions of the Xf chromosome.  The first set of vectors, the pAX1 series,
contains an antibiotic resistant gene and a multiple cloning site (MCS) flanked by sequences homologous to the intergenic
region between two divergently transcribed genes PD0702 and PD0703.  Each vector in pAX1 series carries a different
antibiotic resistance marker: pAX1Cm (chloramphenicol), pAX1Km (kanamycin), and pAX1Gm (gentamicin).  We have
introduced all three vectors into Xf and established that the antibiotic-containing cassette is integrated into the desired
location in the Xf chromosome.  We have also shown that the insertion of the antibiotic cassette between PD0702 and
PD0703 does not alter the growth properties of Xf in vitro.  Finally, we have cloned a wild-type copy of the Xf catalase gene
into the MCS of pAX1Cm and introduced the resulting construct into a catalase-defective Xf mutant. The complemented
strain showed a similar level of resistance to hydrogen peroxide as the wild type strain establishing the usefulness of our
insertion vector for complementation analysis in Xf. Recently, we have constructed an additional set of vectors, the pAX2
series, which results in the insertion of the antibiotic resistant cassettes into the intergenic region between PD1160 and
PD1161.  Experiments are currently underway to test the usefulness of the pAX2 vectors for complementation analysis in Xf.

INTRODUCTION
The causative agent of Pierce’s disease (PD) is the Gram-negative bacterium Xylella fastidiosa (Xf). Xf is highly specialized
and is capable of multiplying in both the foregut of xylem-feeding insects, such as the glassy-winged sharpshooter (GWSS)
and in the xylem system of susceptible host plants (Hopkins and Purcell 2002).  Successful colonization of these hosts is
dependent on the ability of Xf to subvert host defense networks and to acquire essential nutrients.  The virulence determinants
of Xf include proteins involved in adhesion and biofilm formation, extracellular enzymes, and toxins.  As with many bacterial
pathogens, the construction of directed gene deletion mutants has been crucial for identifying possible roles for specific Xf
genes in the development of PD.  These studies have led to the identification of a number of mutant strains that do not show
the normal PD infection cycle.  Although the simplest explanation for the phenotypes of these mutants is that the disrupted
gene is required for the normal development of PD, it is also possible that the gene disruption is affecting the expression of
neighboring genes through its impact on operon structure or that a secondary mutation was acquired during the construction
of the original mutation and that the secondary mutation is responsible for the phenotype.

The classic approach for conclusively establishing that a specific gene is responsible for a specific physiological and
virulence function is to perform complementation analysis.  Thus, if the reintroduction of a wild-type copy of the gene into
the mutant strain restores the normal PD infection cycle en planta, the researcher can conclude that the specific gene is
important for the development of PD.  Here, we report our construction of two series of integration vectors (the pAX1 series
and pAX2 series).  These vectors allow the insertion of a gene of interest and an antibiotic resistance cassette into specific
nonessential regions of the Xf chromosome. Complementation using these vectors will provide researchers with a clearer
interpretation of the precise role of specific genes in the PD infection cycle by eliminating issues concerning plasmid copy
number, polar effects on operons, secondary mutations, and plasmid stability.

OBJECTIVES
Specific Objective 1: Develop a stable plasmid vector for Xf
1A. Evaluate the potential of various plasmid addiction systems for ability to convert plasmids known to replicate in Xf into

stable vectors.
1B. Evaluate how plasmid maintenance by Xf is affected by other genetic mechanisms known to affect plasmid stability, such

as systems for multimer resolution and active partitioning systems.
Specific Objective 2: Evaluate the stability of the newly development plasmid vectors when propagate in Xf en planta.
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RESULTS
To better understand how Xf survives in and interacts with its hosts, many research laboratories have been working to identify
genes important for virulence and nutrient acquisition.  However, rapid progress in this area is affected by the lack of genetic
and molecular tools necessary to investigate the contribution of Xf genes to the infection process.  One extremely important
tool that is needed to advance these studies is molecular tools that will allow genes of interest to be stably maintained by Xf
throughout the infectious cycle. The primary goal of this project was to develop this type of molecular tool.  Our early studies
focused on examining the impact of various stability elements on the maintenance of autonomously replicating plasmids in Xf
in the absence of antibiotic selection.  We found that addition of the plasmid addiction module hok/sok resulted in a slight
increase in plasmid stably in vitro.  However, plasmids containing hok/sok were eventually lost from Xf in the absence of
selective pressure, eliminating the usefulness of these plasmids for studies en planta.  During the period under review, we
have focused on developing a chromosomal based complementation system, which relies on vectors that allow the integration
of genes into nonessential regions of the Xf chromosome.  A major advantage of integration vectors is that the introduced
genes are stably maintained as part of the bacterial chromosome in the absence of antibiotic selection.  Here we report our
progress on the development of these vectors.

Development of integration vectors for complementation analysis
In many Gram-negative bacteria, complementation analysis is performed using plasmid vectors that are capable of
autonomous replication in E. coli, but are unable to replicate in the host bacteria.  These integration vectors normally contain
a multiple cloning site for inserting the gene of interest and an antibiotic cassette that are flanked by DNA sequences from a
nonessential region of the bacterial chromosome.  The antibiotic resistance cassette is included on these vectors to facilitate
the identification of strains containing the integrated DNA fragment.  Recombination between the homologous regions of the
plasmid and the bacterial chromosome results in the integration of the gene of interest and antibiotic resistance gene into the
chromosome at the nonessential region.  One major advantage of using this type of vector is that once the gene of interest is
integrated into the host bacterial chromosome, it will be maintained without antibiotics selection.

The first set of integration vectors we developed is the pAX1 series.  The pAX1 plasmids contain an antibiotic resistant gene
and a multiple cloning site (MCS) flanked by sequences homologous to the intergenic region between two divergently
transcribed genes PD0702 and PD0703.  Based on the genomic sequence of Xf-PD, these genes are divergently transcribed
and both genes are predicted to contain multiple frameshift mutations (Van Sluys et al. 2003). Although they target the same
region of the Xf chromosome, each vector in the pAX1 series carries a different antibiotic resistance marker: pAX1Cm
(chloramphenicol), pAX1Km (kanamycin), and pAX1Gm (gentamicin).  These vectors are presented in Figure 1.

Figure 1. Restriction maps of pAX1 series of integration vectors
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Figure 1. Restriction maps of pAX1 series of integration vectors

We have introduced all three pAX1 vectors into Xf and selected for antibiotic resistant transformants.  Because these vectors
are unable to replicate in Xf, the antibiotic resistant transformants must have arisen as the result of recombination between the
integration vector and the Xf chromosome.  We were able to confirm that the recombination event had occurred at the
appropriate chromosomal location by PCR.  We then examined the impact of the insertion in the PD702/703 intergenic
region on the growth phenotypes of the resulting three strains in vitro.  The properties of the three strains are presented in
Table 1.  These experiments indicated that the insertion containing strains have growth properties that are similar to a
wildtype strain in both liquid culture and on solid medium. These strains also exhibit normal biofilm formation.  We are
currently evaluating the properties of the insertion strains en planta to make sure that these strains still exhibit the normal PD
infectious cycle.
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Table 1.  The integration strains exhibit a wild type phenotype.

Strain Integration vector Resistance marker In vitro
Wildtype Temecula --- --- Slow growth, biofilm

TAM22 pAX1Cm Cm Slow growth, biofilm
TAM91 pAX1Km Km Slow growth, biofilm

TAM105 pAX1Gm Gm Slow growth, biofilm

We also examined the usefulness of the pAX1 vectors for complementation analysis in Xf. For this analysis, we first
generated a null mutation by gene disruption in the cpeB gene, which encodes catalase.  The resulting catalase-defective Xf
mutant (ΔcpeB) exhibits greater sensitivity to hydrogen peroxide than the wild-type Temecula strain.  We then cloned a wild-
type copy of the Xf catalase gene into the MCS of pAX1Cm and introduced the resulting construct into the ΔcpeB mutant.
As shown in Figure 2, the complemented strain showed a similar level of resistance to hydrogen peroxide as a wild type
strain establishing the usefulness of our insertion vectors for complementation analysis in Xf.

To facilitate complementation analysis in strains containing double mutations, we are also developing a new series of
integration vectors that target a different region in the Xf chromosome.  These plasmids (the pAX2 series) contain an
antibiotic resistant gene and a multiple cloning site (MCS) flanked by sequences homologous to the intergenic region
between PD1160 and PD1161.  Based on the genomic sequence of Xf-PD, both of these genes are predicted to contain
frameshift mutations (Van Sluys et al. 2003). Like the pAX1 series, each pAX2 vector carries a different antibiotic
resistance marker: pAX2Cm (chloramphenicol), pAX2Km (kanamycin), and pAX2Gm (gentamicin).  Experiments are
currently underway to examine the in vitro properties of strains carrying an insertion in the PD1160/1161 intergenic region
and to test the usefulness of this set of vectors for complementation analysis in Xf.
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Figure 2. Complementation analysis of a catalase null mutation
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ABSTRACT
Xylella fastidiosa (Xf) is the etiologic agent of a wide range of plant diseases including citrus variegated chlorosis (CVC), a
major threat to citrus industry in Brazil.  The genomes of several strains of this phytopathogen were completely sequenced,
enabling largescale functional studies.  DNA microarrays representing 2608 (91.6%) coding sequences (CDS) of Xf CVC
strain 9a5c were used to investigate transcript levels under growth in different iron availabilities. When treated with the iron
chelator 2,2´-dipyridyl, 193 CDS were considered as up-regulated and 216 as down-regulated. Upon incubation with 100 µM
of ferric pyrophosphate, 218 and 256 CDS were considered as up- and down-regulated, respectively.  Differential expression
for a subset of 44 CDS was further evaluated by RT-qPCR.  Several CDS involved with regulatory functions, pathogenicity
and cell structure, were modulated in both conditions assayed suggesting that major changes in cell architecture and
metabolism occur when Xf cells are exposed to extreme variations in iron concentration.  Interestingly, the modulated CDS
include those related to colicin V-like bacteriocin synthesis and secretion and to pili/fimbriae functions.  We also investigated
the contribution of the ferric uptake regulator Fur to the iron stimulon of Xf. The promoter regions of strain 9a5c genome
were screened for putative Fur boxes and candidates were analyzed by electrophoretic mobility shift assays.  Taken together,
our data support the hypothesis that Fur is not solely responsible for the modulation of the iron stimulon of Xf and present
novel evidence for iron regulation of pathogenicity determinants.
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ABSTRACT
Pierce’s disease (PD) poses a grave threat to many commercially important plants, including grapevine, and has placed the
wine industries of Texas, California and other states at risk.  Although Xylella fastidiosa (Xf) is recognized as the causal agent
of the disease, the mechanism by which this xylem-limited, insect-transmitted bacterium induces sickness in plants remains
almost completely unknown.  Here, we present results from experiments that explore the role that cyclic diguanylate (c-di-
GMP), a small regulatory molecule produced by many human and plant bacterial pathogens, plays in regulating Xf virulence.
Specifically, we describe our efforts:  (1) To generate Xf strains harboring deletions in genes encoding putative c-di-GMP
signaling proteins;  (2) To examine the effects of c-di-GMP on Xf gene expression;  (3) To show that Xf biofilm formation in
vitro is inhibited by c-di-GMP treatment.  Taken together, these findings enhance our understanding of the molecular
mechanisms mediating Xf virulence, and thereby, provide new insights into controlling PD.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram-negative non-flagellated bacterium that causes a number of economically important plant
diseases, including PD of grapevine, citrus variegated chlorosis, pear leaf scorch, and almond leaf scorch (Purcell and
Hopkins 1996).  Disease symptoms occur as a result of water stress and nutritional deficiencies caused by blockage of xylem
vessels by bacterial biofilms.  The bacteria are transmitted to plants by xylem-feeding insect vectors, such as glassy-winged
and blue-green sharpshooters.  To date, the molecular virulence mechanisms of Xf, as well as how it interacts with plant
hosts, remain obscure.  Our project focuses on exploring the role that the putative c-di-GMP signaling system in Xf genes
plays in mediating these events.

Cyclic dinucleotide bis-(3'-5')-cyclic dimeric guanosine monophosphate (c-di-GMP) is a bacterial second messenger that
regulates cell-cell signaling, biofilm formation, motility, differentiation, and virulence (Tamayo et al 2007).  High
concentrations of c-di-GMP are associated with biofilm formation, exopolysaccharide production, attachment to surfaces, and
attenuation of motility and virulence. c-di-GMP is produced from two molecules of GTP by diguanylate cyclase enzymes
(DGCs).  DGC activity resides in the GGDEF (Gly-Gly-Asp-Glu-Phe) domain of these proteins. c-di–GMP is degraded to
GMP, via the linear pGpG by phosphodiesterases (PDEs).  PDE activity has been show to reside proteins containing EAL
(Glu-Ala-Leu) or HD-GYP (His-Asp, Gly-Tyr-Pro) domains.  The interplay of DGC and PDE activities controls intracellular
c-di-GMP concentration and hence c-di-GMP signaling.  GGDEF, EAL, and HD-GYP domain containing proteins have been
described in several bacterial species, and have generated significant interest as targets for the possible control of bacterial
pathogenesis.  In addition, a PilZ domain, which is thought to possess c-di-GMP binding activity, has recently been described
(Amikam and Galperin 2006, Ryjenkov et al. 2006).  Upon c-di-GMP binding, PilZ containing proteins are believed to
regulate downstream events, including biofilm formation, motility and virulence (Cotter1 and Stibitz 2007).  We are
exploring the possibility that proteins participating in the c-di-GMP signaling system may play a role in regulating Xf
virulence, and thereby, enable a strategy for Pierce’s disease control.

OBJECTIVES
1. To examine whether c-di-GMP suppresses Xf biofilm formation in vitro, and disease progression in planta.
2. To examine whether putative Xf c-di-GMP biosynthesis and catabolic genes regulate bacterial biofilm formation in

culture and disease in planta.

RESULTS
Cyclic di-GMP signaling proteins in Xf. Several GGDEF, EAL and HD-GYP domain containing proteins, which are
implicated in c-di-GMP signaling, were identified in the genome of Xf Temecula strain.  BLAST analysis revealed six
proteins containing GGDEF domains, EAL domains and/or HD-GYP domains.  Of the six proteins, two contained only a
single GGDEF domain, one contained only a single EAL domain, two contained both a GGDEF and EAL domain, and one
contained a single HD-GYP domain (Figure 1).  The BLAST analysis also revealed that the proteins with GGDEF, EAL and
HD-GYP domains contained additional signaling domains, including REC, conserved transmembrane regions (e.g., DUF21,
7TMR-DISMED2 and 7TMR-DISM_7TM), and a response regulator containing CheY-like receiver domain (COG3437),
which senses and responds to environmental cues.  Multiple proteins with PilZ domains, which are candidate receptors for c-
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di-GMP, have been identified in several bacteria (Amikam and Galperin 2006, Ryjenkov et al 2006).  BLAST analysis
revealed two proteins with PilZ domains (PD1497 and PD0726) in the Xf Temecula genome.

Generation of targeted gene deletion mutants of Xf Temecula. A replicative plasmid in Xf, pBBR1MCS-4, was used to
construct several gene deletion vectors.  The gene deletion vectors, p118LKR, p384LKR, p448LKR, p530LKR, p566LKR,
p594LKR and p690LKR, have been constructed for deleting PD1497, PD0405, PD0536, PD1617, PD1671, PD0297 and
PD1994 respectively.  These vectors have been transformed into Xf (Figure 2). The transformation efficiency is about 30
transformants per microgram of plasmid DNA.  The identification of knock-out mutants by PCR and Southern analysis is
underway.

c-di-GMP suppression of biofilm formation in vitro. Bacterial biofilm formation is thought to play an important role in Xf
pathogenesis and Pierce’s Disease.  To investigate the effect of c-di-GMP on biofilm formation, we treated bacterial cells
with concentrations of c-di-GMP that have been shown to affect biofilm formation and virulence in other bacterial pathogens,
including Vibrio cholerae and Pseudomonas aeruginosa (Tischler and Camilli 2005, Kulasakara et al 2006).  We then
quantified biofilm formation using the crystal violet method (Karaolis et al 2005).  When cells were grown in PD3 medium
for 10 days in the absence of c-di-GMP, significant amounts of biofilm formation was observed (our unpublished data).
However, when cells were similarly grown in the presence of c-di-GMP, a significant decrease in biofilm formation was seen
(our unpublished data).  Our preliminary data therefore indicate that bacterial c-di-GMP synthesis and signaling may
contribute to Xf biofilm formation.

Figure 1. Architectures of GGDEF, EAL and HD-GYP domain proteins
coded by the Xylella fastidiosa Temecula genome.  The protein codes are
shown to the left, and the number of amino acids in each protein number is
shown to the right.
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Figure 2.  Construction of gene deletion vectors and schematic of double
cross over strategy for the generation of gene deletions.
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Expression analysis of c-di-GMP pathway genes.  To examine whether Xf gene expression changes in response to c-di-GMP
treatment, we treated bacterial cells with c-di-GMP and then analyzed gene expression levels at different times post-treatment
using real-time PCR methods.  Eight genes (PD0726, PD1497, PD0405, PD0536, PD1617, PD1671, PD0297 and PD1994)
that participate in the putative Xf c-di-GMP signaling pathway were analyzed, and revealed that the expression of these genes
is not significantly altered by the tested concentrations of c-di-GMP (Figure 3).

CONCLUSIONS
We have initiated an effort to generate targeted deletions in genes contained in the putative Xf c-di-GMP pathway.  In
addition, we have shown that c-di-GMP addition to Xf liquid cultures inhibits bacterial biofilm formation.  Finally, we have
demonstrated that c-di-GMP treatment of Xf cultures does not alter the expression of genes contained in the c-di-GMP
pathway.  Taken together, these experiments provide a solid foundation for research into the role that the Xf c-di-GMP
signaling system plays in mediating Pierce’s disease.
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ABSTRACT
The aim of this project is to construct and express in grapevine, a protein or protein chimera (“anti-Xf protein”) capable of
inactivating or otherwise interfering with the infectivity of Xylella fastidiosa (Xf), the causative agent of Pierce’s disease (PD)
of grapevine.  As reported previously, we were able to select several Xf-cell-surface-binding peptides, and some of these
showed marginal ability to interfere with Xf infection of grapevine.  Although this result is encouraging, in this period we
have aimed at discovering proteins, rather than peptides, that can bind to the Xf cell surface, in order to achieve greater
affinity and more potent interference with Xf infectivity.  Other observations revealed that an activity of Xf cells which results
in the development of chlorosis in leaves of Chenopodium quinoa is due to the translation elongation factor EF-Tu, which in
Xf is found in an unusual aggregated or conjugated form unlike the soluble form that EF-Tu takes in most other bacteria.

INTRODUCTION
It is likely that the development of grapevine cultivars resistant to Xf presents the best approach to long term, effective,
economical and sustainable control of PD.  Our strategy is to create transgenic rootstock(s) that will secrete a protein or
proteins into the xylem for transport to scion xylem, where it is expected to provide protection against insect vector-delivered
Xf. An effective anti-Xf protein may kill Xf cells or merely interfere with their ability to colonize or spread in the scion
xylem.  No protein of the desired activity exists, and it is the immediate aim of this project to create anti-Xf protein(s).
Several approaches have been taken.  We reported (Bruening et al. 2006) the selection of Xf cell-surface-binding peptides and
showed that some selected peptides were able, marginally, to interfere with Xf infection when mixed with Xf cells prior to
inoculation of grapevine.  Stronger interaction, as likely can be provided by an Xf cell-surface-binding protein or protein-
domain, should prove to be more potent in bioassays.  We reported that amino acid sequences of motifs found in selected Xf
cell-surface-binding peptides were consistent with interactions between Xf cell-surface proteins.  Therefore, a strategy for
identifying Xf-cell-surface-binding protein domains is to search a library of Xf cell-surface-protein domains.  Given the power
of panning procedures using bacteriophage M13 libraries and the small size of the Xf genome, there is no need to limit a
library to protein domains from Xf cell-surface proteins; libraries from random fragments of total Xf DNA should be suitable.
The mechanisms by which Xf induces symptoms in infected grapevine have not been established.  In the second subsection of
Results we extend earlier research on the reaction of plants to invasion by Xf to study potential virulence factors derived from
Xf. Virulence factors are potential targets for interfering with Xf infection.

OBJECTIVES
1. Discover or develop peptides and proteins with high affinity for the Xf cell exterior.
2. Test surface-binding proteins for their ability to coat Xf cells, for possible bactericidal activity or for interference with

disease initiation following inoculation of grapevine or model plant with Xf.
3. In collaboration with the Gupta laboratory, develop gene constructions for chimeric proteins designed to bind tightly to

and inactivate Xf cells; express and test the chimeric proteins against Xf cells in culture and in plants.
4. In collaboration with the Dandekar laboratory, prepare transgenic tobacco and grapevine expressing and xylem-targeting

the candidate anti-Xf proteins; test the transgenic plants for resistance to infection by Xf

RESULTS
Selection of protein domains with high affinity for the Xf cell surface
Figure 1 describes the system we have developed for displaying domains of Xf proteins in the P3 protein of bacteriophage
M13.  In bacteriophage M13 panning procedures, a population (library) of M13 virions is created such that small sets of
individual virions have the same displayed peptide, protein domain or protein, but there are many (104 to 109) such sets, each
with a different display encoded in the bacteriophage M13 genome of the set.  The entire population is exposed to the target,
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in this case Xf cells.  After extensive washing, M13 virions are released by exposure of the cells to pH 2.2 buffer.  The
released M13 virions are increased by infection of E. coli cells, and the panning cycle is repeated.  To the extent that the
original M13 population can be limited to members whose infectivity is dependent on inserts, the process of selection
becomes more efficient and the chances of success are greatly enhanced.  In the scheme outlined in Figure 1, two steps were
designed to prepare M13 library members with the desired characteristics.  A version of the gene for the P3 protein was
prepared with a frameshift mutation.  Insertion of a Xf DNA fragment capable of restoring the reading frame register is
necessary to create a fusion protein with a full length P3 sequence.  No insert or any insert that does not restore the reading
frame register should result in a non-functional P3.  The P3 protein is mobilized into complete bacteriophage M13 virions by
inoculation of E. coli cells bearing the P3-encoding plasmid with the helper bacteriophage M3 described in Figure 1.
Treatment of the resulting M13 virions with 27K protease will remove the N and M domains of the P3 protein derived from
the helper bacteriophage, leaving the virions dependent on the P3 fusion protein derived from the plasmid.  Tests show
reductions in titer to 10-4 of the control value for 27KPro treatment of bacteriophage M13 with two cleavage sites as
described in Figure 1.

Figure 1. A solution to the problem of background infectivity during panning experiments with protein domains substituted
into bacteriophage M13 protein P3.  Random fragments of Xf DNA were inserted into a site in an out-of-reading-frame
register (not infectious) version of bacteriophage M13 protein P3.  About 1 in 18 such inserts can be expected to restore the
reading frame with sequence of the sense polarity, and a fraction of these will contain Xf protein domain-encoding sequences
possibly compatible with M13 infectivity.  There are five P3 proteins per wildtype bacteriophage particle.  To avoid steric
and avidity effects from multiple copies of the Xf protein domain, ideally there would be only a single copy of that domain
per M13 particle, and infectivity of the particle would be dependent on the presence of that P3 protein molecule.  Conditions
can be arranged so that most of the P3 molecules of a bacteriophage M13-infected cell are provided by a helper
bacteriophage M13.  The helper bacteriophage M13 was engineered to insert, into the P3 gene, sequences encoding two
cleavage sites for the Tobacco etch virus 27K protease (27KPro), one site between the N domain (orange) and the M domain
(blue), and one between the M domain and the C domain (green).  Infectivity of M13 requires at least one P3 protein with
intact N and M domains.  A library of E. coli cells bearing a plasmid with Xf DNA fragment inserts is inoculated with the
engineered helper bacteriophage M13.  The progeny bacteriophage virions are treated with 27KPro to inactivate virtually all
of the P3 molecules that do not bear an insert derived from Xf DNA.

Potential virulence factor(s) of Xf
Based on electrophoretic mobility, MopB, which likely is the major outer membrane protein of Xf, was tentatively identified
as a chlorosis-inducing factor in pressure-infiltrated Chenopodium quinoa leaves.  A procedure for partial purification of
MopB was developed.  When the MopB preparations were analyzed on a 10% or 11% polyacrylamide gel, rather than the
more usual 12.5% gel, a faint band was observed trailing the main MopB band and was found to contain the Xf protein-
synthesis-elongation-factor designated “temperature unstable” (EF-Tu).  Material from this trailing band induced chlorosis in
C. quinoa, and Xf MopB produced in transformed E. coli failed to induce chlorosis in C. quinoa.  These observations suggest
that the chlorosis-inducing factor in our MopB preparations may be Xf EF-Tu and not MopB. EF-Tu is one of a small number
of highly conserved eubacterial proteins (“pathogen-associated molecular pattern,” PAMP) that have been discovered to
induce defense responses in a variety of plants (Jones and Dangl 2006).  Subnanomolar E. coli EF-Tu was found to induce
alkalization in the medium of cultured Arabidopsis thaliana cells and to induce at 1 µM in pressure-infiltrated Arabidopsis
leaves resistance to Pseudomonas syringae and the accumulation of defense gene mRNAs (Kunze et al. 2004). E. coli EF-Tu
has been demonstrated to be amino-end-N-acetylated, which is unusual for a prokaryotic protein.  (Kunze et al. 2004) also
demonstrated that peptides corresponding to the first 18-26 amino acid residues of E. coli EF-Tu had the biological activities
of the intact protein.  Subnanomolar concentrations of EF-Tu amino end peptides from four plant pathogenic bacteria all
induced alkalinization of Arabidopsis cell medium, whereas the corresponding peptides from P. syringae and Xf required a
~100X greater concentration.  The recognition of EF-Tu was specific for brassicas among the plants tested (Kunze et al.
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2004).  The gene for the Arabidopsis EF-Tu receptor, ERF, when expressed in N. benthamiana leaves, conferred the ability to
bind the EF-Tu amino-end epitope (Zipfel et al. 2006).  Arabidopsis erf mutants showed enhanced disease susceptibility.

E. coli EF-Tu and Xf EF-Tu are 77% identical and 88% similar in amino acid sequence.  The regions of identity between the
E. coli and Xf EF-Tu sequences also showed >90% identity with >100 eubacterial sequences (Kunze et al. 2004).  We found
purified E. coli EF-Tu to be a strong inducer of chlorosis in pressure-infiltrated C. quinoa leaves (Figure 2, A-C).  However,
when we attempted to purify EF-Tu from Xf, we found that the bulk of the Xf EF-Tu and the bulk of the E. coli EF-Tu have
different states of association. Procedures for purifying E. coli EF-Tu are not applicable to Xf EF-Tu. When E. coli cell
suspension or crude extract of E. coli cells was heated in Laemmli SDS/mercaptoethanol disruption solution, as for SDS gel
electrophoresis, antibody against E. coli EF-Tu detected a band with a mobility corresponding to the expected molecular
weight of 43K (Figure 3, lanes 3’, 4 and 5).  Contrary to our expectation, we did not observe a band at 43K in immunoblots
to which extract of Xf cells had been applied (Figure 3, lanes 1’ and 2’).  Rather, we found immunoreactive material in the gel
well that adhered so poorly that streaks sometimes were observed emanating from the well. Weakly alkaline 10 M urea-
SDS-DTT was more effective than Laemmli disruption solution in extracting the anti-EF-Tu immuno-positive material; prior
treatment of the Xf cells with lysozyme did not increase the amount or mobility of immuno-positive material (data not
shown).

Centrifugation at 90,000 rpm for 90 min distributed the immuno-positive material between the supernatant and a clear,
gelatinous precipitate (compare lanes 1’ and 2’, Figure 3).  The fact that part of the immuno-positive material sedimented
suggests that buoyant density is not impairing sedimentation.  Therefore, Xf EF-Tu may be part of a very asymmetric
structure of aggregated EF-Tu molecules or EF-Tu molecules conjugated to other molecules.  These results suggest that a
fundamental difference exists between the Xf and E. coli EF-Tu molecules.  We postulate that Xf EF-Tu may occur
predominantly as an aggregate that is exposed on the cell surface, where it can be detected by a plant equipped with the
appropriate receptor(s). Mycoplasma pneumoniae and Lactobacillus johnsonii appear to use EF-Tu as an adhesion that is
responsible for the binding of these bacteria to human cells, and, in the case of M. pneumoniae, antibody to EF-Tu was
demonstrated to interfere with attachment to human cells (Dallo et al. 2002, Granato et al. 2004). Xf EF-Tu may have a
similar function. As a model for EF-Tu on the surface of an Xf cell, we prepared a construction designed to place Xf EF-Tu
on the surface of E. coli cells.  The plasmid construction encodes an EF-Tu-P3 (Figure 1).  In the absence of other
bacteriophage M13 components, P3 expressed alone accumulates in outer membrane.  In E. coli cells transformed to express
P3 (calculated molecular weight 44.6K), a band of the appropriate mobility was observed after gel electrophoresis,
immunoblotting and incubation with monoclonal antibody to P3, whereas no band was detected in the gel for the EF-Tu-P3
(calculated molecular weight 87.5K) fusion construction (data not shown). Xf EF-Tu-P3 fusion behaved like Xf EF-Tu from
Xf cells (Figure 3, compare lane 5 with lane 4), whereas E. coli EF-Tu showed its expected mobility in the gel (Figure 3,
lanes 3’, 4 and 5).  Partially purified Xf EF-Tu and nearly pure E. coli EF-Tu induced a similar chlorosis in C. quinoa
(Figure 2, D).

CONCLUSIONS
Based on results with Xf-cell-binding peptides, selection of Xf-cell-binding proteins likely will provide reagents capable
directly, or as conjugates with other protein motifs, of interfering with Xf replication.  These proteins are to be expressed in
grapevine rootstock for transport into the xylem for targeting of Xf cells.  The bulk of the protein EF-Tu of Xf accumulates in

Ec EF-Tu, 40hr
Ec EF-Tu
90hr

Ec EF-TuXf EF-TuA B C D

Figure 2. Purification and chlorosis-inducing capability of E. coli and Xf EF-Tu.  EF-Tu was
purified from logarithmic phase E. coli cells by the method of (Caldas et al. 1998).  Pooled
chromatography fractions were concentrated by centrifugal filtration through a 30K YM-30
filter, from which both retentate (protein) and filtrate fractions were saved.
(A) Coomassie brilliant blue-stained 10% polyacrylamide gel after electrophoresis of the column
eluate.  Infiltration into opposite sides of C. quinoa leaves of filtrate (left) and retentate (right)
produced a chlorosis for retentate that was readily apparent at 40 hr after infiltration (B) and was
more intense at 90 hr after infiltration (C). (D) Partially purified (50-80% pure) Xf EF-Tu and
more highly purified E. coli EF-Tu were infiltrated into the left and right halves, respectively,
inducing a similar chlorosis.  The infiltrated protein corresponded to about 20 pmole of EF-Tu.
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an aggregated or conjugated form that presumably is incompatible with EF-Tu function in protein synthesis.  A few
eubacteria enlist EF-Tu for cell-surface adhesion, and some plant species recognize the presence of bacteria by detecting
EF-Tu. C. quinoa apparently recognizes EF-Tu from Xf and E. coli.  Therefore, it is reasonable to suggest that the unusual
form of EF-Tu in Xf may mediate pathogenesis or symptom induction in grapevine.

Figure 3. Xf EF-Tu and of E. coli EF-Tu show distinct
properties.  Lanes 1-3 are from a Coomassie brilliant blue-stained
gel; immunoblots (lanes 1’-3’, 4 and 5) were visualized using
goat anti-EF-Tu (E. coli) IgG (gift from Dr. David Miller,
Institute for Basic Research in Developmental Disabilities,
Staten. Island, NY), rabbit anti-goat IgG coupled to horse radish
peroxidase, and “supersignal” (Pierce) substrate.  Mutant HxfB-
Xf cells grown in liquid culture were extracted with 10 M urea,
0.1 M dithiothreitol (DTT), 6 mg/mL SDS, 96  mM Tris-HCl
buffer, pH~8.7, at 90-95˚C for 4 min.  Lanes 1 and 1’ received an
aliquot of the supernatant, and lanes 2 and 2’ the precipitate,
from a 90,000 rpm, 90 min centrifugation of the extract.  Lanes 3
and 3’ received colored protein standards mixed with a 1 hr,
100,000 x g supernatant of lysozyme-treated E. coli cells (Cull
and McHenry 1990, Caldas et al. 1998).  Samples for lanes 4 and
5 were E. coli cells collected by centrifugation.  The E. coli
strains for lanes 4 and 5, respectively, were transformed to
express bacteriophage M13 protein P3 and a Xf EF-Tu-P3 fusion.
All samples were heated in Laemmli SDS/mercapto-ethanol
disruption buffer before electrophoresis through 10% (lanes 1-3;
1’-3’, gels run simultaneously) or 12.5% (lanes 4-5, same gel)
polyacrylamide gel.  The dot between lanes 3’ and 4 locates the
expected position for EF-Tu. Xf EF-Tu from wildtype Xf cells
grown on solid medium gave results similar to those for HxfB-
cells from liquid culture (data not shown).
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ABSTRACT
Chardonnay is a Vitis vinifera scion variety that is susceptible to Pierce’s disease (PD).  We are evaluating the effect of
rootstock variety on PD symptom expression in Chardonnay grown in an experimental vineyard at Weslaco, Texas with high
natural PD pressure and abundant vectors, including glassy-winged sharpshooter.  The rootstocks under evaluation are Dog
Ridge, Florilush, Tampa, Lenoir, and Freedom.  Natural Xylella fastidiosa (Xf) infection will be permitted to test the effect of
rootstock variety on PD in the Chardonnay scions.

INTRODUCTION
Rootstocks are widely in use in viticulture to manage damage from soil-borne pests and provide adaptation to soils.  In citrus
(He et al. 2000) and peach (Gould et al. 1991), rootstock variety has been reported to impact expression of Xf diseases in
scions.  Pierce (1905) reported that rootstock variety affected expression of "California vine disease" (PD) in grape.  Grape
rootstock trials in Mississippi showed a large effect of rootstock trial on vine longevity in a region recognized for high PD
pressure (Loomis 1952, 1965, Magoon and Magness 1937).  If grape rootstocks could contribute PD resistance or tolerance
to their scions, this would be a major benefit to viticulture in PD prone areas.  Elite wine, juice, and table grape varieties
could be grown in areas where viticulture is currently restricted to PD resistant and tolerant varieties whose consumer appeal
is low.

The Rio Grande Valley is an excellent location for the field evaluation of PD resistant plant germplasm and PD management
techniques.  Many insect vectors of Xf are native to the region, including the glassy-winged sharpshooter.  Susceptible
grapevine varieties are infected naturally with Xf in the vineyard and demonstrate characteristic PD symptoms and decline.
The Rio Grande Valley is similar to many viticultural regions in California; the region is flat, irrigated, and supports multiple
types of crops (citrus, grains, vegetables) in close proximity.  The Rio Grande Valley is an ideal test environment due to
heavy PD pressure, with abundant vectors and inoculum, in contrast to many other locations, especially California, which
demonstrate substantial cycling of PD incidence.  The USDA Agricultural Research Service Kika de la Garza Subtropical
Agricultural Research Center in Weslaco, Texas is located in the heart of the Rio Grande Valley and provides an ideal
experimental location for the evaluation of PD management practices, including rootstock evaluation.

Five rootstocks were chosen for evaluation in this project.  Freedom is a complex interspecific hybrid developed as a root-
knot nematode resistant rootstock by the USDA ARS, Fresno, California (Clark 1997); its parentage includes Vitis vinifera,
V. labrusca, V. x champinii, V. solonis, and V. riparia. Freedom is widely used in California viticulture.  Dog Ridge is a V. x
champinii selection recognized for its nematode resistance and resistance to PD, but it is rarely used as a rootstock.  Lenoir,
most probably a V. aestivalis/V. vinifera hybrid, was used historically as a rootstock and presently is cultivated as a wine
grape in PD prone regions (including some parts of Texas) (Galet 1988).  Tampa (Mortensen and Stover 1982) includes a V.
aestivalis selection and the juice grape Niagara (a V. labrusca hybrid) in its parentage.  Florilush (Mortensen et al. 1994) is a
selection from the cross Dog Ridge x Tampa.  Both Florilush and Tampa were selected by the University of Florida as PD
resistant rootstocks for bunch grapes.  PD resistance is necessary for rootstock mothervines to thrive in Florida, so the PD
resistance of Florilush and Tampa should not be construed necessarily as contributing to the PD response of the scions.

OBJECTIVE
1. To evaluate the impact of rootstock variety on expression of PD symptoms in naturally infected PD susceptible Vitis

vinifera scion varieties Chardonnay.

RESULTS AND CONCLUSIONS
Grafted vines of Chardonnay on five rootstocks (Freedom, Tampa, Dog Ridge, Florilush, and Lenoir) were planted at the
Kika de la Garza Subtropical Agricultural Research Center in Weslaco, Texas in July, 2006.  Evaluation of PD response of
the vines began in 2007.  Experimental vineyard establishment was good and several vines flowered and fruited in 2007.

Symptoms on leaves were assessed in August 2007 and vines given a numerical score from 0 to 5, with 0 representing no
symptoms, 1 = minor symptoms up to 15% of leaves with marginal necrosis (MN), 2 = 15-30% of leaves with MN, 3 = 30-
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50% of leaves with MN, 4 = 50-75% of leaves with MN, 5 = over 75% of leaves with MN or vine dead.  All vines in the
study (total vines = 47) showed MN symptoms.  In general, symptom development was minor, with 46 of 47 vines in
category MN = 1.  Only one vine was assigned to category MN = 2, a vine grafted on the rootstock Tampa.

The rapid development of PD symptoms on the vines in this project following natural inoculation under vineyard conditions
reflects the suitability of this location for PD management projects.
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ABSTRACT
Xylella fastidiosa (Xf) must survive multiple winters in an almond tree to reach sufficient populations for vector acquisition
and economic impact in the orchard. The effects of cold temperatures on the establishment and persistence of Xf infections
were measured in field and greenhouse-grown almond trees, with multiple Xf strains, and almond leaf scorch (ALS)-resistant
and susceptible tree varieties. Potted trees infected with Xf were over wintered outside, or in cold rooms at 1.7ºC or 7ºC, for
one, two, or four months.  Cold exposure time negatively influenced potted tree recovery from Xf infection, while cold
intensity did not: 21% of trees recovered after one month, 13% after two months, and 7% after four months.  In the field,
trees at UC Davis (UCD) and Intermountain Research and Extension Center in Tulelake (IRC) inoculated with either grape or
almond-strain Xf had similar initial infection rates and bacterial populations, but ALS symptoms were much more severe at
UCD, especially in 'Peerless' trees.  At UCD, 10% of trees with almond-strain, and 78% of trees inoculated with grape-strain
Xf were infected.  Both strains initially infected trees at equal rates at IRC (64% almond, 40% grape).  Winter conditions
killed all Xf infections at IRC and all but one at UCD.  These results partially support the hypothesis that almond-strain Xf is
common in northern California almond orchards because almond strains initially infect trees at low rates, but survive the
winter more frequently than grape strains to cause persistent ALS.  Grape and almond strains initially infected field-grown
trees similar to previously-reported infection rates.  However, no almond infections and only one grape Xf infection over
wintered in the field, even when the winter was mild.  Previous studies found that almost all almond strain infections
survived the winter, and 88 to 42% of grape-strain infections over wintered in field grown trees. Field inoculations at UCD,
and potted tree inoculations were repeated in 2007, to get more data on initial infection establishment and over wintering
rates.

OBJECTIVES
1. Compare establishment and over wintering of grape and almond strain Xf in susceptible and resistant almond cultivars.
2. Determine the effects of cold treatment on the over winter survival of Xf in almonds.

RESULTS
Controlled temperature study
Five months after inoculation with ALS 6 Xf, 72% of inoculated trees (89 of 125) developed almond leaf scorch, averaging
12.8 (SE =1.25) symptomatic leaves per infected tree, and a median population of 4.4 x 106 CFU/g.  None of the buffer-
inoculated trees were infected with Xf, and they averaged 0.3 scorched or yellowed leaves per tree.  Fourteen of 89 infected
trees died during or after cold treatment, compared to 1 of 27 buffer-inoculated trees (χ2 with Yates' correction = 3.17; P >
0.05; df = 1).  Six of 29 trees were negative for Xf after one month cold treatment, compared to 4 of 30 after two months, and
2 of 30 after four months (Figure 1A).  There were not significant differences in the number of recovered trees regardless of
temperature or time (χ2 with pairwise comparisons).

ALS symptoms were twice as severe after cold treatment as before.  In 2005, buffer-inoculated trees averaged 0.26 scorched
or yellowed leaves per tree (SE = 0.25), compared to 12.8 symptomatic leaves per Xf-infected tree (SE = 1.23).  In 2006,
there were an average of 1.29 (SE = 0.42) scorched and yellowed leaves per buffer inoculated tree and 30.24 (SE=2.57)
symptomatic leaves per Xf infected tree.  Symptoms were worse in trees following four months of cold treatment, compared
to trees with one and two months (Figure 1B).

The time of dormancy, but not the temperature, influenced symptom severity (2-way ANOVA, Standard Least Squares: Time
P = 0.0002, df =2; Temperature P = 0.593, df =2; Temperature*Time P = 0.39, df = 4; root mean square error = 17.65). Xf
populations in infected trees were similar across all treatments (2-way ANOVA, Time P = 0.74; Temperature P = 0.19;
Time*Temperature Interaction P =0.39) with a median population of 2.82 x 106 CFU/g.  Trees in the 1.7ºC and 7ºC
treatments were subjected to temperatures below the growth threshold of Xf for the entire period: 769 hours for one month,
1441 hours for two months, and 2905 hours for four months.  Outside, trees were below 7ºC for 262 hours in the one month
treatment, 557 hours in the two month treatment, and 673 hours for the four month treatments.  Only trees kept outside were
subjected to sub-freezing temperatures, for 10 hours, both in the two and four month treatments.
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Field sites
In 2005, two to four months after inoculation, Xf was recovered from 49% of bacteria-inoculated trees (76 of 155), and from
none of the buffer-inoculated trees.  There was no difference in the proportion of infected trees at UCD or at IRC (36 of 76 at
UCD; 40 of 79 at IRC; χ2 = 0.17; P > 0.05; df =1; Figure 4), nor in median Xf populations in infected trees (4.0 x 106 colony-
forming units per gram of petiole tissue at UCD; 1.2 x 107 CFU/g at IRC; t-test with log10-transformed data; P = 0.18; df =
75).  However, disease symptoms were more severe at UCD, especially in ‘Peerless’ trees, averaging 8.8 (SE = 2.1)
symptomatic leaves per infected tree, compared to 2.3 leaves per infected ‘Butte’ tree (SE = 0.7; P = 0.02; two-sample t-test;
df = 35).  At IRC, symptoms were negligible, as both varieties averaged 0.3 scorched leaves per infected tree (SE = 0.1; P =
0.76; two-sample t-test; df = 39).  Background yellowing and scorching in uninfected trees was 0.11 leaves per tree (SE =
0.08) at UCD and 0.21 (SE = 0.1) leaves per tree at IRC (Figure 2A).

Grape strain Xf infected trees more frequently than almond Xf at UCD but not at IRC (Figure 2B).  At UCD, 4 of 37 trees
inoculated with Dixon or ALS-6 developed infections, compared to 32 of 39 trees with Fresno-ALS or Medeiros (χ2 with
Yates' correction = 38.71; P < 0.001; df = 1).  At IRC, both almond and grape strains of Xf infected trees with the same
frequency (16 of 39 inoculated with almond; 24 of 40 inoculated with grape strain; χ2 = 2.84; P > 0.05; df = 1).  Grape and
almond strains reached similar titers in infected plants, median 3.48 x 106 CFU/g for almond strain Xf, and 5.71 x 106 CFU/g
for grape strain, both sites combined.  All Xf recovered from inoculated trees matched the type initially inoculated; there was
no Xf movement between trees at either field site.

Over the winter, two trees died at UCD, and 62 trees or inoculated branches died at IRC.  Surviving trees (previously infected
in 2005) at IRC were evenly distributed among PD, ALS and buffer isolate treatments, with 6 buffer-inoculated, 3 ALS 6-
inoculated, 4 Dixon-inoculated, 4 Fresno-inoculated, and 6 Medeiros-inoculated trees surviving.  While mortality was high,
similar losses were seen in previous studies examining the over winter survival of Xf in grapevines in extremely cold climates
(Purcell 1980). No Xf was recovered from trees at IRC in 2006.  At UCD, Xf was recovered from only one previously-
infected tree, the Medieros isolate in a 'Peerless' tree.  At both sites, there was negligible leaf scorch and chlorosis in
uninfected trees.  'Butte' trees at IRC were beginning to senesce at the time of assessment.  Trees at UCD were subjected to
1076 hours of temperatures below 7ºC between inoculation and rating in 2006 (1070 over winter), including 44 hours below
0ºC (an average of 2928 hours elapsed between inoculation and rating in 2005, and 12,223 hours in 2006).  Trees at IRC
received four times as much cold, 4659 hours over winter between inoculation in July 2005 and rating for disease in
September 2006 (4600 over winter) of 10,343 total hours.  Trees spent 1852 hours below 0ºC at IRC.

DISCUSSION
One hypothesis explaining the prevalence of almond-strain Xf in northern California almond orchards (Hendson 2001,
Shapland 2006) is that almond strains initially infect trees at low rates, but survive the winter more frequently than grape
strains to cause persistent disease (Almeida and Purcell 2003).  Data from this study supported half this hypothesis, since
almond strains initially infected 11 to15% of trees, similar to the 21 to 33% infection rate previously reported (Almeida and
Purcell 2003).  Grape Xf isolates infected 79% of inoculated trees at UCD in this study, and 64 and 75% in field trials in
Davis and Parlier.  In this study, no almond infections and only one grape strain Xf infections over wintered in field plots,
although almond-strain Xf over wintered in potted plants.  Almeida and Purcell (2003) found that almost all infections with
almond strains survived the winter and 88-42% of grape-strain infections over wintered, with field grown trees in Parlier,
CA, a similar climate to UCD.

Since only one infection survived the winter in the field plots, there is so far no data to support the hypothesis that Xf
infections over winter more frequently in susceptible 'Peerless' compared to 'Butte' since all but one Xf infections died over
winter.  The one surviving infection was in susceptible 'Peerless'.  Repeated inoculations at UCD in 2007 will provide more
data to test this hypothesis.  The effect of cold on Xf survival was previously investigated in grapes but not in almonds.
Exposure to very cold over wintering temperatures can eliminate Xf infections but also results in significant plant mortality
(Purcell 1980).  Potted almond trees in the controlled study exposed to four-month dormancy had more symptomatic leaves
than trees dormant for one or two months.  This is in contrast to previous studies in grapes (Feil and Purcell 2001), where Xf
populations decreased 320-fold in only 18 days at 5ºC (41ºF).  A second replication of the cold-chamber experiment is
ongoing to test the hypothesis that threshold temperatures to kill almond-strain Xf are lower than those needed to kill grape Xf
in almond trees.
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Figure 1.  A) Xf infections and B) Almond Leaf Scorch symptoms in previously-infected potted almond trees after one,
two or four months of dormancy at 1.7ºC, 7ºC, or outside in Parlier, CA.
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ABSTRACT
Xylella fastidiosa (Xf), a gram-negative bacterium, is the causative agent of Pierce’s disease (PD) in grapevines.  Because Xf
is xylem-limited, it will be essential that any anti-Xylella gene product be present in the xylem in an effective concentration.
Work on understanding the mechanism of how proteins are targeted to this plant compartment will be relevant for the
delivery of therapeutic proteins into the xylem.  In addition, it will be a useful tool for Xylella and glassy-wing sharpshooter
(GWSS) gene function studies.  This is a continuing project that began in late 2005.  In our earlier research we collected
xylem exudates from grapevines and analyzed its protein composition by two-dimensional gel electrophoresis.  Peptide
spectrum and Blast analysis showed that the proteins found in the exudates are secreted proteins that share function
similarities with proteins found in xylem exudates of other species.  The corresponding cDNA sequences of five of them
were found in the TIGR Vitis vinifera gene index.  Two of these sequences for xylem proteins Chi1b and one similar to
NtPRp27 were fused to the mature pear polygalacturonase inhibiting protein (pPGIP)-encoding gene.  We also made three
other constructs incorporating signal peptides from the xylem sap protein XSP30, the rice amylase protein Ramy3D that we
have described in earlier reports along with pPGIP lacking a signal peptide as control.  We have successfully transformed
Vitis vinifera ‘Thompson Seedless’ (TS) grape with the five vectors and callus and embryo cultures for all five vectors have
been obtained.  The expression of these chimeric genes is being evaluated in permanent transformations in order to evaluate
their ability to target pPGIP to the xylem.  We have successfully obtained Chi1b and Nt transformed TS plants that are PCR
positive for the transgene.  Using a zone inhibition assay, we have determined that seven out of 15 plants tested so far are
positive for polygalacturonase inhibiting activity.  Micropropagation of promising transformants and bench grafting of
transgenic rootstock to wildtype scions are currently underway.  The results of this research will not only be applied in
projects that test anti-Xylella gene products that should be delivered into the xylem but also in functional studies that are
intended to target the products of Xf and GWSS genes to the xylem.

INTRODUCTION
Signal peptides control the entry of virtually all proteins to the secretory pathway, both in eukaryotes and prokaryotes.  They
comprise the N-terminal part of the amino acid chain and are cleaved off while the protein is translocated through the
membrane of the endoplasmic reticulum (1).  Generally, signal peptides are interchangeable and secretion of non-secreted
proteins becomes possible by the attachment of a signal peptide at the N-terminus of the mature protein that allows the entry
into the vesicular transport system (2). Numerous reports of successful recombinant protein production using signal peptides
in transgenic plants have been reported; however, changing the signal sequence of recombinant proteins can affect the degree
of protein production.  For example, the efficiency of secretion of heterologous proteins in transgenic tobacco was improved
by replacing the heterologous endogenous signal peptide with a signal peptide from a tobacco protein (3).

In previous research, we have found that the product of the pPGIP encoding gene, heterologously expressed in transgenic
grapevines, is present in xylem exudates and moves through the graft union (4).  pPGIP has a peptide sequence that directs its
secretion to the apoplast and its presence in xylem vessels may represent protein secreted into the vessels through pit
membranes that serve as transfer pathways from neighboring parenchyma cells.  Then if pPGIP is secretion competent in
grapes, it constitutes a good alternative to inactivate Xf genes products like polygalacturonase (PG), the enzyme required for
Xf to successfully infect grapevines and as critical virulence factor for Xf pathogenesis in grapevines (5).  In previous
experiments we found GFP, when fused with the signal peptide XSP30, a xylem specific protein from cucumber (6) to either
not be recognized or not be secretion competent.  We intend to use the mature pPGIP as a secretion competent product fused
to the signal peptides to be analyzed.
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Peptide spectrum and Blast analysis showed that the proteins found in grape xylem exudates are secreted and share function
similarities with proteins found in xylem exudates of other species (7).  cDNA sequences of five of them were found in the
TIGR Vitis vinifera gene index.  However, it was possible to predict the signal peptide in two contigs only (TC 39929 and TC
45857, annotated as Chi1b and similar to NtPRp27 respectively).  Based on their sequences, we designed primers that were
used to amplify the predicted fragments from genomic DNA of ‘Chardonnay’ and ‘Cabernet Sauvignon’.  These fragments
were then fused to DNA sequences that contained the mature pPGIP gene through gene splicing using a PCR-based overlap
extension method (SOE) (8) and cloned into the pCR2.1-TOPO vector.  These two chimeric genes were then ligated into a
plant expression vector containing the 35S cauliflower mosaic virus promoter and the octopine synthase terminator and the
resultant expression cassettes were then ligated into the binary vector pDU99.2215, which contains an nptII-selectable marker
gene and a uidA (β-glucuronidase, GUS) scorable marker gene.  The mature PGIP sequences without any signal peptide
sequences was also incorporated into pDU99.2215 to serve as a control and this vector is designated pDU05.1002 (Table 1).
We also incorporated signal peptides from the xylem sap protein XSP30 and the rice amylase protein Ramy3D that we have
described in earlier reports.  These binary vectors are designated XSP and pDU05.0401 respectively (Table 1).

Table 1. Construction of vectors for the expression of mature PGIP with various signal peptide sequences

No Signal Peptide Reporter Gene Promoter Marker Genes Vector

1 None Mature PGIP CaMV35S GUS and Kan pDU05.1002

2 Rice amylase-
Ramy3Dsp

Mature PGIP CaMV35S GUS and Kan pDU05.0401

3 Xylem sap protein
30-XSP30sp

Mature PGIP CaMV35S GUS and Kan XSP

4 Chi1b signal peptide Mature PGIP CaMV35S GUS and Kan pDU06.0201

5 NtPRp27 signal
peptide

Mature PGIP CaMV35S GUS and Kan pDU05.1910

Binary vector #1 is the control and should be immobile although PGIP with its endogenous signal peptide is secretion
competent in grape.  In binary vector #2, mature PGIP has been fused to the signal sequence of rice amylase 3 (Ramy3D),
which has been very effective in secretion of human α1-antitrypsin in rice cell cultures (9).  In binary vector #3 mature PGIP
has been fused to the signal sequence of cucumber XSP30, which is a xylem-specific protein.  Constructs 4 and 5 have been
described above.  All five binary vectors have been transformed into the disarmed A. tumefaciens strain EHA 105 by
electroporation (10).

The proposed work described in this proposal carefully corresponds to research priorities developed by the National
Academies in their publication, “California Agriculture Research Priorities: Pierce’s Disease” as outlined in Chapter 4,
Recommendations 4.3, 4.4 and 4.5 and Chapter 3, Recommendation 3.3.  Additionally, the objectives of this research project
are relevant to the research recommendations from the CDFA PD/GWSS research scientific review final report from August
2007 as described on page 21 section F.1 by the CDFA Research Scientific Advisory Panel, specifically inhibition of Xf PG
enzyme.  The results of this research will not only be applied in projects that test anti-Xylella gene products that should be
delivered into the xylem but also in functional studies that are intended to target the products of Xf and GWSS genes to the
xylem.

OBJECTIVES
1. Obtain partial sequences of proteins found in grape xylem exudates and search cDNA databases for signal sequence

identification and selection.
2. Design and construct chimeric genes by fusing the selected signal sequences to a sequence coding for a mature secreted

protein (pPGIP).
3. Transform grapevines with the chimeric genes via Agrobacterium tumefaciens.
4. Evaluate the efficiency of the different signal sequences in targeting protein products to the xylem tissue of grapevine

through the:
a. analysis of the expression and secretion of pPGIP in embryo callus cultures of transformed grapevines.
b. analysis of the expression and secretion of pPGIP in grapevines bearing roots and grafted to wild type grapevine

scions.

RESULTS
The first three objectives have been accomplished and summarized in the introduction.  These results pertain to our progress
in accomplishing objective 4.  The permanent transformation of Vitis vinifera ‘Thompson Seedless’ (TS) has been initiated
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for all five vectors.  The methods for Agrobacterium-mediated transformation have been reported earlier by us (10).  We have
obtained transformed callus cultures for all five vectors (Table 2) and analysis of the expression and secretion of pPGIP in
embryo callus cultures of transformed grapevines is in progress.  All of the callus lines will be tested for the presence of the
transforming DNA gene segments using PCR, transcripts will be quantitated using TaqMan RT-PCR to identify high
expressing callus lines.  Five individual lines of callus cultures from each of the five vectors have been initiated into liquid
cultures to evaluate the secretion of PGIP into the culture medium as would be expected of the apoplast targeted protein.
PGIP secretion and activity will be evaluated using the zone inhibition assay with PG (Figure 2) (11).  Select callii that have
been transformed from each of the five constructs have been induced to undergo embryogenesis.  These callus cultures that
are embryogenic will be selected on kanamycin and these embryos will be used to obtain shoots for individual plants.  All the
methods that we will be using for the analysis of the callus or the plants have been described by us (4).

Table 2. Status of Vitis vinifera ‘Thompson seedless’ transformants

Vector insert Callus Embryo Plant Positive PCR for NPT II
1 pDU05.1002 yes yes no To be tested
2 pDU05.0401 yes yes no To be tested
3 XSP yes yes no To be tested
4 pDU06.0201 yes yes yes 10/10
5 pDU05.1910 yes yes yes 17/22

We have already obtained plants containing vectors #4 and #5 (Table 2).  Seventeen of the 22 plants transformed with vector
#5 and 10 out of 10 plants transformed with vector 4 have tested positive via PCR for the transgene using nptII primers
(Table 2).  Plants will be regenerated and the same detailed testing that is used for the callus and embryo cultures will be
done with the plants.  We have tested 15 of the plants transformed with vector #4 and #5 for PGIP activity using the zone
inhibition assay with PG and seven plants were showing PG inhibition activity.  Micropropagation of the more promising
plants is already underway.  Initially the micropropagated plants will be evaluated; these will then be transferred to soil and
transferred to the green house for growth. The vines will be allowed to grow in the green house for four to six months and
the xylem fluid will be extracted with a pressure bomb.  We also plan to do some grafting experiments where selected
transformed lines will be bench grafted with wild type TS scion, we have done this type of experiment previously to evaluate
the movement of the PGIP protein from the rootstock up into the xylem of the wild type scion (4).  Since we found in this
earlier research that pPGIP with its endogenous signal peptide is xylem competent we are using it as a positive control (4).
We have successfully bench grafted transformed rootstock containing pPGIP with its endogenous signal peptide to wild type
‘TS’ scion (Figure 1) and micrografts using plants transformed with vectors four and five are in progress.  An additional year
of work may be required to accomplish this last evaluation that requires grafted plants.

CONCLUSION
We have accomplished the first three objectives and we have already made significant progress toward achieving our fourth
objective.  We have successfully transformed TS with the five PGIP vectors and obtain both callus and embryo cultures.  In
the case of vectors #4 and #5 we have obtained plants as well.  The analysis of the expression and secretion of pPGIP in

Figure 1 (left). Photograph of a TS root stock and scion
successfully grafted together.  The red arrow indicates the
graft point. Figure 2 (above). Zone inhibition assay results.
Wells 9, 10, 17 and 18 are showing no polygalacturonic
inhibition activity and wells 25, 26, 33 and 34 are positive for
polygalacturonic inhibition activity.
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embryo callus cultures of transformed grapevines is underway.  Results from our initial analysis look promising.
Micropropagation and bench grafting of transformed TS has been initiated.  The results of this research will not only be
applied in projects that test anti-Xylella gene products that should be delivered into the xylem but also in functional studies
that are intended to target the products of Xf and GWSS genes to the xylem.
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ABSTRACT
Ground vegetation surveys were conducted in three North Carolina vineyards to determine plant composition of the vineyard
floor and to test for the presence or absence of Xylella fastidiosa (Xf) in these plants using ELISA and SYBR-Green based
quantitative real-time (QRT) PCR methods.  Ten out of 27 total plant species surveyed in the spring of 2007 tested positive
for Xf using ELISA techniques.  Analyses using QRT-PCR have not been completed.  The fall survey has been completed in
two of three vineyards.  The results of this project are significant because previous control methods have focused on
removing vegetation surrounding NC vineyards.  This is the first research in NC to provide evidence that Xf is present on
reservoir hosts within the vineyard.  This work will establish the first official plant host list for Xf in North Carolina.

INTRODUCTION
Xf is found commonly among vegetation in the southeastern US, where the bacterium is native (Hopkins 1989).  However, no
official reservoir host list for Xf has been developed for North Carolina, where the wine industry has more than doubled from
2002 to 2007 (North Carolina Winegrowers Association 2005).  It is common for NC vineyard managers to allow native
vegetation to proliferate on the vineyard floor, or to plant grasses as groundcover.  In the past, control recommendations
regarding reservoir hosts have focused on removing vegetation surrounding the vineyards.  The focus of this project is
directed towards identifying potential reservoir hosts of Xf within the vineyard, as these plants may be more easily managed
to reduce inoculum.  It is important to identify plant species that consistently test positive for Xf so that control
recommendations can include selecting groundcovers that are not among them.

OBJECTIVES
1. Determine the diversity and occurrence of plant species present on the vineyard floor in North Carolina vineyards.
2. Determine the presence or absence of Xf in plants collected from the vineyard floor using ELISA techniques and

determine Xf concentrations found in positive samples using QRT-PCR techniques.

RESULTS
Objective 1
A transect was established near the center of each vineyard by laying a 50m measuring tape at approximately a 45° angle
along the vineyard floor.  Ten sites 1m in length were selected randomly along the 50 meter transect.  At each of these 10
sites, a wooden 1m2 frame was placed on the ground and the percentage of each plant species within the frame was estimated
and samples of each species were taken.  Subsamples were put aside for identification and the samples were ground and
tested for Xf with ELISA.  Subsamples of the ground plant material are in cold storage for later analysis with QRT-PCR.  In
the spring, two surveys were conducted at each location, with the measuring tape arranged so that the two lines formed an
“X” transect along the vineyard floor.  For fall surveys, a third transect was added by sampling a straight line approximately
1m from the edge of one outer row of the vineyard.  Fall surveys and analyses are still underway.  The results reported here
are for spring surveys only.  Preliminary results from fall sampling, not shown, indicate that vineyard floor composition is
significantly different in spring and fall.  Vineyard floor composition for each of the three vineyards surveyed is shown below
in Figure 1.  Species that comprised less than 2% of the vineyard floor are grouped into the category “other.”

Objective 2
Samples from each species found were ground and tested for Xf with ELISA.  Plant species were sampled in proportion to the
number of times which they were encountered.  For example, for each 1m2 block, one sample was taken of each species,
therefore many species were recurrent and hence were sampled repeatedly.  Ten out of 27 species surveyed in spring tested
positive for Xf with ELISA.  Table 1 shows which species tested positive, the location(s) from which the plants were
sampled, the number of positives out of the total number of samples tested, and the percentage of the vineyard floor that is
comprised of that particular species.
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CONCLUSIONS
The results of this project show that NC growers who allow weeds to develop in the vineyard floor may be supporting Xf
inoculum within their vineyard.  As a result, weed control may become part of a management plan for PD in NC.  We have
begun preliminary studies to identify a suitable groundcover that is not a reservoir host of Xf.
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Table 1. List of host plants tested for Xf from three NC vineyards in Guilford, Yadkin and Polk counties in spring 2007.
Red font indicates plants that tested positive for Xf with ELISA.

Common Name Scientific Name Family

No. Positive/Total
Sampled

Guilford Yadkin Polk

Percent of Vineyard Floor

Guilford Yadkin Polk
Bahiagrass Paspalum notatum Poaceae 0/4 2%
Bermudagrass Cynodon dactylon Poaceae 1/1 1/1 1% 1%
unidentifiable broadleaf -- 1/5 4%

Dallisgrass Paspalum
dilatatum Poaceae 0/3 2%

Dandelion Taraxacum
officinale Asteraceae 0/9 2%

Fescue Festuca sp. Poaceae 1/7 9%
Rabbitfoot clover Trifolium arvense Fabaceae 0/2 1%
Poverty rush Juncus tenuis Juncaceae 0/1 1%

Greenbriar Smilax
rotundifolia Smilacaceae 0/3 1%

Grey Cudweed Gamochaeta
claviceps Asteraceae 5/11 5%

Hard Fescue Festuca spp. Poaceae 2/8 14%
Hop Clover Trifolium spp. Fabaceae 2/7 2.30%

Horse nettle Solanum
carolinense Solanaceae 0/1 0%

Italian (annual) ryegrass Lolium multiflorum Poaceae 0/9 8%

Johnsongrass

Lamarck's Bedstraw

Sorghum
halepense
Galium
divaricatum

Poaceae

Rubiaceae

0/10 0/1

4/4

7% 1%

2.30%

Little Barley Hordeum pusillum Poaceae 1/1 0/7 1% 3%

Orchardgrass Dactylis
glomerata Poaceae 0/6 3%

Oxalis, yellow
woodsorrel Oxalis stricta Oxalidaceae 0/1 0%

Prairie fleabane Erigeron strigosus Asteraceae 0/1 0/1 0% 1%

Prostrate spurge Chamaesyce
maculata Euphorbiaceae 0/2 1%

Ragweed Ambrosia
artemisiifolia Asteraceae 0/2 2%

Red Clover Trifolium pratense Fabaceae 0/2 1%
Rough bluegrass Poa trivialis Poaceae 1/1 1%
Smooth hawksbeard Crepis capillaris Asteraceae 0/2 1%
White Clover Trifolium repens Fabaceae 1/14 5/18 12% 23%
Wild Garlic Allium vineale Alliaceae 0/4 1%
Wild Strawberry, Indian
Strawberry Duchesnea indica Rosaceae 0/3 4%
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ABSTRACT
In previous work, marker exchange mutagenesis of the single tolC gene in Pierce’s Disease (PD) strain Temecula (PD1964)
was shown to result in a total loss of pathogenicity on grape.  The tolC mutant strains were not recovered after inoculation
into grape xylem, strongly indicating that drug efflux is critical to survival of this fastidious pathogen.  The multidrug efflux
role of TolC was investigated, and the tolC mutant strain M1 was found to be much more sensitive to antimicrobial
compounds than the wild type Temecula strain.  TolC in Xyllela fastidiosa (Xf) is the common outer membrane component of
two drug efflux systems (AcrF/A and AcrC/D) and two “toxin” secretion systems (CvaA/B and HlyB/D).  Knockout
mutations of acrD and acrF resulted in reduced symptoms of pathogenicity, in keeping with a redundant role in drug efflux.
Importantly, knockout mutations of cvaA, cvaB and hlyB/D also elicited reduced symptoms of pathogenicity, indicating a
potentially offensive role for Type I secretion in conditioning Xf pathogenicity.

INTRODUCTION
In Gram-negative bacteria, multidrug resistance (MDR) efflux pumps are composed of three protein components, two of
which are localized in the inner membrane, and one, TolC, that traverses both the periplasm and outer membrane (Koronakis
et al. 2004).  The process of MDR efflux is energy dependant and utilizes either ATP or the transmembrane electrochemical
gradient.  At least five characterized families of MDR efflux pumps exist in bacteria: the ATP-binding cassette (ABC) family
(Davidson and Chen 2004), the major facilitator (MF) family (Pao et al. 1998), the small multidrug resistance (SMR) family
(Paulsen et al 1997), the resistance-nodulation-cell division (RND) family (Tseng et al. 1999), and the multidrug and toxic
compound extrusion (MATE) family (Brown et al. 1999).  All utilize TolC as a common periplasm/outer membrane protein
component.

In addition to (defensive) MDR efflux, TolC is also essential for type-I dependent secretion of a variety of degradative
enzymes and offensive effectors, some of which are antibiotic and others involved in plant or animal pathogenicity.  These
include a variety of hydrolases (proteases, phosphatases, esterases, nucleases and glucanases) and protein toxins, including
hemolysins and bacteriocins (Koronakis et al. 2004).  Orthologs of tolC are highly conserved among diverse Gram-negative
pathogenic bacteria, and strains typically carry multiple homologues per strain (Sharff et al. 2001), including all sequenced
strains of Xanthomonas, Pseudomonas and Ralstonia.

Xylella fastidiosa is a xylem-inhabiting Gram-negative bacterium that causes serious diseases in a wide range of plant species
(Purcell and Hopkins, 1996).  Two of the most serious of these are Pierce’s Disease (PD) of grape and Citrus Variegated
Chlorosis (CVC).  Analyses of the CVC and PD published genomes showed that there was no type III secretion (hrp) system,
but there were at least two complete type I secretion systems present,  together with multiple genes encoding type I effectors
in the RTX (repeats in toxin) family of protein toxins, including bacteriocins and hemolysins.

OBJECTIVES
There are two main purposes for Type I secretion (refer Figure 1) :  multi-drug resistance or MDR efflux (in this case,
defense against presumably anti-microbial chemicals in the xylem sap of grape), and toxin secretion (offensive, to promote
pathogenicity).  The outer membrane protein TolC has been shown to be essential for MDR efflux and pathogenicity in
Erwinia chrysanthemi (Barabote et al., 2003) and more recently in Xf (Reddy et al., 2007).  The purpose of this study was to
further investigate the MDR efflux role and to determine a potential role for Type I secretion of (offensive) toxins by Xf.

1. Pathogenicity tests following disruption of four Temecula genes, in addition to tolC.    The additional genes encode
substrate-specific, periplasmic portions of at least four Type I Secretion Systems found in the Temecula genome:

a. multi-drug resistance (MDR) efflux pumps, specifically, mexC (PD0202), acrF (PD0783) and acrA (PD0784), and
b. toxin secretion, specifically, hemolysin (hlyD; PD1413) and colicin (cvaA; PD0496).

2. Assay the minimum inhibitory concentration of agents known to have an effect on bacteria that have been compromised
in MDR efflux capability, including a) the detergent SDS, b) the hydrophobic chemical DOC, c) the antimicrobial agent
from Rhubarb, Rhein, d) the isoflavonoid genistein, e) the alkaloid berberine and f) the grape phytoalexin resveratrol.  If
any of these assays are successful in inhibition of mutants, they may be very useful to help confirm complementation,
since they would be more rapid assays than pathogenicity tests.  However, they would not be a substitute for the
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pathogenicity tests needed to confirm potential offensive and/or defensive roles of the Type I secretion systems in PD
strain Temecula.

RESULTS
1. Pathogenicity tests following disruption of:
a.  MDR efflux pump genes mexC (PD0202), acrF (PD0783) and acrA (PD0784). The MDR efflux system genes mexC
(PD0202) and acrF (PD0783) were successfully disrupted by marker exchange as described (Reddy et al., 2006) and used in
assays described below.  Despite many repeated attempts, we failed to disrupt acrA (PD0784); it is possible that acrA
knockouts are lethal on the growth media used for selection.  Since we have confirmed a critical role for MDR efflux in
Reddy et al. (2007) and using acrF, we have dropped further attempts to disrupt acrA.

Plant inoculation assays using mexC and acrF were performed in collaboration with Dr. Don Hopkins, at the Mid-Florida
Research and Education Center, Apopka, Florida.  Grape plants (var. Carnignae) were inoculated with the wild-type Xf
Temecula strain and the mutant (mexC::nptII) strain in triplicates. The plants were maintained under green-house conditions
and were evaluated for Pierce’s disease symptoms at 60 and 90 days after inoculation.  Not surprisingly, the mexC::nptII and
acrF::nptII mutants on grapes had lost pathogenicity.  All plants inoculated with the wild-type Temecula strain exhibited
typical PD (not shown).

b.  Protein export mutants acrF (PD0783), acrD (PD1404), hlyBD; PD1412-1413), cvaA (PD0496) and cvaB (PD0499).
Mutations at these loci were generated using nptII as the marker and pGEM-T as the delivery vector.  The mutants were
verified Southern blot analysis and by using PCR analysis as described (Reddy et al., 2007; not shown)..  Plant inoculation
assays were performed as above. All mutants listed were less pathogenic than the wild type, even after 90 days (refer
Figure 2).

2.  Both tolC- and acrF- mutants were much more sensitive to antimicrobial chemicals berberine (an alkaloid DNA
intercalating agent), genistein (an isoflavone phytoalexin precursor), rhein (an anthraquinone), and also to the surfactant
Silwet L-77 than the wild type Temecula strain, confirming Reddy et al. (2007) that MDR efflux is required by Xf for
pathogenicity (Table I).

3.  Neither hlyBD, cvaB nor cvaA were sensitive to the antimicrobial chemical berberine, in keeping with their
presumed role in Type I protein export, rather than drug efflux. The colicin Type I system secretion protein cvaA
(PD0496) was successfully disrupted by marker exchange as described (Reddy et al., 2006) and used in assays as described
above.  However, in one experiment to date (to be repeated two additional times), no reduction of pathogenicity was observed
in comparisons with wild type Temecula.  These results provide a very preliminary indication that colicins may not be
strongly involved in elicitation of PD symptoms.

Despite repeated efforts, we have failed to date to disrupt hlyD ( PD1413), predicted to be involved in hemolysin secretion.
We do not yet understand the reasons for this, but are working to obtain this mutation, which is important to test the
hypothesis that Type I secretion of hemolysin results in some of the symptoms of PD.

Figure 1. Type I machine for MDR (“Drug) efflux in Xf utilize tolC and acrF/A or acrC/D (left).  Type I machine for
protein export or secretion in Xf utilize tolC and cvaA/B or hlyB/D (right).  Figures from Koronakis et. al. (2004).
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Table 1.  Minimum inhibitory concentrations (MICs) of four phytochemicals and Silwet L-77 on Temecula, tolC– and acrF-
Temecula mutants.

Chemical MIC (µg/ml) Fold difference
Temecula tolC- acrF-

Berberine 25 .02 .02 1000X
Genistein 5 0.5 NT 10X
Resveratrol 12.5 12.5 NT 1X
Rhein 50 .05 NT 1000X
Silwet L-77 >2000 ppm 20 20 >100X

CONCLUSIONS
This work demonstrates that not only is multidrug efflux critical to survival of Xf in grape, but also that Type I secretion is
needed for full pathogenicity.  Both multidrug efflux and Type I secretion depend upon a single tolC gene present in the Xf
genome.  Since TolC is exposed to the outer surfaces of bacteria, these combined results make TolC a vulnerable and specific
target for both chemical and transgenic approaches to control Pierce’s Disease.
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ABSTRACT
Methylobacterium mesophilicum, originally isolated as an endophytic bacterium from citrus plants, was genetically
transformed to express GFP (Green Fluorescent Protein).  The GFP-labeled strain of M. mesophilicum was inoculated into
Catharanthus roseus (model plant) seedlings and further observed colonizing its xylem vessels.  The transmission of this
endophyte by Bucephalogonia xanthophis, one of the insect vectors that transmit Xylella fastidiosa subsp. pauca (Xfp), was
verified by insects feeding from fluids containing the GFP bacterium, and isolating the endophyte from C. roseus plants.
Forty-five days after inoculation, the plants exhibited endophytic colonization by M. mesophilicum, confirming this
bacterium as a nonpathogenic, xylem-associated endophyte. Our data demonstrate that M. mesophilicum not only occupy the
same niche of Xfp inside plants, but also may be transmitted by B. xanthophis.  The transmission, colonization and genetic
manipulation of M. mesophilicum is a prerequisite to examining the potential use of symbiotic control to interrupt
transmission of Xfp, the bacterial pathogen causing Citrus variegated chlorosis, by insect vectors.

INTRODUCTION
Citrus variegated chlorosis (CVC) is a disease of sweet orange [Citrus sinensis (L.)] trees caused by Xylella fastidiosa subsp.
pauca (Xfp) (Schaad et al. 2004).  The disease continues to increase in severity, with 35% of the sweet orange trees in São
Paulo, Brazil currently showing loss of yield.  Endophytes colonize an ecological niche similar to that of phytopathogens, and
this fact might favor them as candidates for biocontrol agents (Hallmann et al., 1997) because they have access to and could
interact with phytopathogens (Azevedo et al., 2000).  Many endophytic bacteria have been isolated from sweet orange
(Araújo et al. 2002) but our research has focused on the genus Methylobacterium, which occupies the same ecological niche
as Xfp in the xylem vessels of plants (Araújo et al., 2002; Lacava et al. 2004).  The genus Methylobacterium is described as a
main player in the interaction between the endophytic community and the pathogen Xfp (Araújo et al., 2002; Lacava et al.
2004).  Cicadellinae leafhoppers, or sharpshooters, are considered xylem-fluid feeders (Young et al., 1968) and a clear
association has been observed between their xylem-feeding habit and ability to transmit Xf (Costa et al., 2000; Almeida and
Purcell, 2003).  In Brazilian citrus groves, Dilobopterus costalimai Young, Oncometopia facialis (Signoret), and Acrogonia
citrina Marucci & Cavichioli are the most common sharpshooters found, whereas Bucephalogonia xanthophis (Berg) is the
most commonly trapped in citrus nurseries and young groves (Redak et al., 2004).  A new genetic transformation tool, called
paratransgenesis, has been used to prevent the transmission of pathogens by insect vectors to humans (Rio et al., 2004).
Paratransgenesis means genetic alteration of symbiotic microbes that are carried by insects. The overall strategy of disease
prevention is called symbiotic control and is a variation on the theme of symbiotic therapy (Ahmed, 2003).  The key to
symbiotic control is finding a candidate microbe having an existing association with the ecosystem that includes the problem
or condition at hand and that occupies the same niche as or has access to the target pathogen.  Bacteria of the genus
Methylobacterium are known to occupy the same niche as Xfp inside citrus plants (Araújo et al 2002; Lacava et al. 2004), so
during feeding, insects could acquire not only the pathogen but also endophytes from host plants.

OBJECTIVES
In this paper we report the localization of the endophytic bacterium, M. mesophilicum, in C. roseus model plant and the
transmission of this endophyte by B. xanthophis. Also, we propose M. mesophilicum as a candidate for a symbiotic control
strategy to reduce the spread of Xfp.

RESULTS
When the pCM88 was introduced into the strain M. mesophilicum SR1.6/6, up to 102 transformants per μg of plasmid DNA
were obtained (now called SRGFP), indicating a high efficiency of transformation.  The analysis of randomly selected
SRGFP transformants revealed that pCM88 was stably maintained in medium without antibiotic, expressing both the
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resistance to tetracycline and the gfp gene, after twenty generations in 120 h, 95%, decreasing the stability on 0,25 % per
generations approximately (Fig 1).  The original bacterial community of B. xanthophis was comprised of five groups:
Methylobacterium sp., Actinomycetes, Curtobacterium sp., Sphingomonas sp. and Bacillus sp. (Fig 2).  The
Methylobacterium genus occurred naturally in B. xanthophis.  The ecological niche occupied by the endophytic bacterium M.
mesophilicum on C. roseus plants was determined by visualization with fluorescent microscope, of in vitro cultivated plants,
45 days after bacterium inoculation.  A preferential colonization of plant xylem by this bacterium is clearly observed in
fluorescence microscopy (Fig 3). The insects used in transmission experiments were monitored for the presence of the
SRGFP strain 24 hours after acquisition.  Bacteria isolation from insect heads revealed the average population density of M.
mesophilicum of 4.6 103 CFU/insect head-1, suggesting that the bacteria is capable of colonizing the foregut of the insect as it
was not washed way by the sap flux.  The ability of the sharpshooter B. xanthophis in transmitting M. mesophilicum was
accessed by insect acquisition of endophytic strain SRGFP and further feeding in C. roseus plants cultivated in greenhouse.
Forty-five days after the insect feeding on plants, leaves on which insects were trapped, were submitted to bacterial isolation.
The population density of M. mesophilicum found in C. roseus leaves 45 days after insect transmission presented an average
of 2.8 103 CFU.g-1 of fresh tissue.  Analyzing inoculated plants, from 45 plants used in insect traps, six presented the SRGFP
strain colonizing inner tissues endophytically.  It indicates that B. xanthophis is able to transmit the endophytic bacteria by
the same way it transmits Xf, with an efficiency of transmission of 13.3%.

CONCLUSIONS
The colonization and transmission of M. mesophilicum in the same host tissues and insect vector of Xfp makes it possible to
study the potential interactions between these bacteria in the insect body and makes M. mesophilicum an interesting candidate
for the symbiotic control of the CVC agent, e.g., through a paratransgenesis approach.

Figure 1. Plasmidial stability of pCM88 on Methylobacterium mesophilicum. The percent was obtained
collecting random samples after 24, 48, 72 and 120 hours of culture cells of SRGFP strain growing without
antibiotic tetracycline.
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ABSTRACT
Pierce’s disease (PD) is caused by a xylem limited gram-negative Xylella fastidiosa (Xf) bacterium.  Various species of
sharpshooters, including the important glassy-winged sharpshooter (GWSS), transmit Xf. Currently, there is no cure for PD.
Use of bacteriophage could be a good strategy for the management of PD.  Here we are presenting the results of study use of
apparent bacteriophage for the management of PD.

INTRODUCTION
Strains of Xylella fastidiosa (Xf), a gram-negative bacterium, cause a number of important plant diseases including Pierce’s
disease (PD) in grapevine, citrus variegated chlorosis (CVC) in citrus, phoney peach disease, periwinkle wilt, and leaf scorch
disease in plum, elm, maple, sycamore, and coffee (Hopkins 1989).

The principle vector for the transmission of Xf is the glassy-winged sharpshooter (GWSS) (Homalodisca vitripennis).  The
pathogen attaches to the cibarium and precibarium of sharpshooters by means of an extracellular matrix (ECM) and is
transmitted from infected plants to healthy plants when the sharpshooters feed (Brlansky et al. 1983).

Phages have been reported to be used for the plant protection against different plant bacteria (Jones et al. 2007).  Svircev et
al. (2006) controlled fire blight of pear by utilizing a strain of P. agglomerans for delivering and sustaining a mixture of four
phages, which were able to lyse strains of both P. agglomerans and E. amylovora, the causal agent of fire blight.  Certain
grapevines in PD areas appear to be resistant to the disease near other grapevines that show symptoms.  We hypothesize that
a bacteriophage survives in the soil and from there gets acquired by the plant where it kills the Xf.

OBJECTIVES
1. To isolate suspected bacteriophages for possible use in the management of PD.

RESULTS
Field observation has led us to suspect that an environmentally created immunity grapevines can impart resistance to PD.
This resistance is not inherent to the plant but thought to form when certain combinations of environmental conditions are
present in way that imparts symbiotic /apparent bacteriophage type immunity to the grapevine.

To test our theory we chipped up late season cane material and added it to water and soil from around the base of grapevines
in vineyard showing apparent resistance to PD.  This material was dried and then water was added.  The resulting infusion
was then filtered (using 0.2 μm filters) to remove all bacteria and fungi including their spores but allowing viral particles to
pass through.  We added the resulting liquid to PD3 media along with Xf bacteria and then allowed the mixture to incubate
for 10 days.  The finished product was clear indicating that our potion had inhibited bacterium growth.  To test the potion
further we autoclaved some and then repeated the test, this time Xf grew normally.

Currently we are continuing the study in the greenhouse.  If Xf can be prevented from reverting downward in affected
grapevine, the flush of pathogen the following spring will be prevented.  By reducing the rate of downward movement of the
PD bacterium we hope to provide a tool for reducing the number of chronic infections in grapevine which leads to vine death.

Since downward migration of the bacterium is directly correlated with chronic infections of grapevine. This is due to the fact
that the bacterium must reach areas of the plant that are not trimmed away annually in order to find permanent residence.
These areas are generally in the root ward direction from the point of infection.
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related to proteins that plants produce in response to pathogens, i.e. pathogenesis-related (PR) proteins (Kuwabara, et al,
2002).  Thus it may be possible that cold-stressed grapevines could produce proteins that are deleterious to Xf. To investigate
this possibility, xylem sap was extracted from healthy and Xf-inoculated, cold-stressed and control CS and PN vines using the
pressure bomb, proteins were concentrated by cold-acetone precipitation, and protein profiles determined by 1-dimensional
polyacrylamide gel electrophoresis (PAGE). We found that good PAGE profiles were obtained by concentrating 150ul of
sap to 30ul of sample each sample.  Thus we are able to have multiple PAGE profiles from any particular
temperature/variety/disease that can be compared to healthy control vine sap.  While most of the proteins were similar for the
various temperatures, a few unique proteins were found in the cold stressed and/or Xf-inoculated plants and these proteins
were end terminally sequenced by the UCD Molecular Structure Facility.  The potential effect of these unique proteins on Xf
viability will be assessed in Objective 3.

Table 2. pH of grapevine xylem sap collected from cold chamber treated vines.
pH +5 C +2.2 C 0 C -5 C
Pinot Noir 5.94 5.45 5.78 6.00
Cabernet Sauvignon 6.31 5.84 5.86 5.78

Table 3. Osmolarity of grapevine xylem sap collected from cold chamber treated vines.
Osmolarity +5 C +2.2 C 0 C -5 C
Pinot Noir 85.0 39.5 52.7 34.7
Cabernet Sauvignon 61.9 39.5 44.8 31.6

Objective 3
In this objective we assessed the effect of many of the physical, physiological and biochemical parameters we determined in
Objectives 1 and 2 on Xf viability in vitro.  In 2004-2005 we assessed the effect of various buffers on the viability of Xf cells
in vitro using media such as PD3 and various buffers such as sodium phosphate and potassium phosphate. Xf cells were
placed in potassium phosphate buffer with the pH of: 5.0, 5.4, 5.8, 6.2, 6.6 and 6.8 to assess the effect of pH on the survival
of Xf. Viability was assessed by plating the exposed cells on PD3 medium.  Results of these studies are presented in the
2004, 2005 and the 2006 PD Research Symposium Reports  Interestingly, the osmolarity of PD3, a common media used for
growing Xf, is approximately 113mmol/kg, whereas the osmolarity of dormant xylem sap averages between 25-60 mmol/kg.
This suggests that Xf is able to survive at various osmolarities.

Objective 4
Previous research has shown that herbaceous and woody plants exposed to sub-lethal cold conditions have significantly
elevated levels of plant hormones, such as ABA, that induces the synthesis of a number of cold shock proteins (Bravo, et al.,
1998; Thomashow, 1998;).  Some of these cold-shock proteins have been shown to inhibit the growth of certain fungal
pathogens (Kuwabara, et. al 2002), but no work has been done on their effect on bacterial pathogens.  These same cold-shock
genes can be induced under non-freezing temperatures by the exogenous application of ABA (Kuwabara, et al. 2002).

We determined the concentration of ABA in cold-stressed and control vines from the four field sites and the cold room
experiments. ABA concentration was determined using an immunological assay (Phytodetek ABA Test Kit, Agdia) that has a
sensitivity approximately 0.0064-0.16 picomoles ABA/ml and only requires a small volume of sap.  We found that ABA
concentrations in the April xylem sap collections were the lowest in the coldest field locations.  ABA levels were higher in
the February sap collections than in the April collections for the field locations.  ABA concentrations in the spring xylem sap
collections were the lowest in the coldest cold chambers.

In 2005 CS and PN grapevines were grown in one-gallon pots in the screen house to determine the effect of applying
exogenous ABA on the development and/or severity of PD.  At the suggestion of Sue Abrams, an ABA expert at Plant
Biotechnology Institute, National Research Council Canada, we contacted Valent Bioscience Corporation who has an active
research and development program on the use of ABA on agricultural crops.  We met Valent representatives at UCD and
described our proposed research.  They were interested in the project and agree to provide us with two types of ABA, one of
which (VBC-30030) is a proprietary material.  One set of treatments used regular ABA (VBC-30054) as a spray (1000ppm)
and a soil drench (100ppm).  The second material (VBC-30030) is an ABA analog that persists longer (1 week verses 1 day)
and is more active than VCB 30054.  VBC-30030 was used as a spray (100ppm) and soil drench (10ppm).  There were 16
healthy and 16 Xf -infected Cabernet Sauvignon and 16 healthy and 16 Xf-inoculated Pinot Noir vines used in each of the
treatments plus a set used as untreated controls.
For the 2006-2007 season, vines were prepared as described above and were subjected to slightly different applications.  One
of the treatments used VBC-30054 as a spray at 2000ppm at one week intervals for 3 weeks.  The other treatments were the
same as described for the 2005-2006 season.  VBC-30054 was applied as a drench at 100ppm.  VBC-30030 was applied as a
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Table 1. Percentage of positive plants of survey results from Temecula vineyards.

number 1-Apr- 15-Apr- 29-Apr- 12-May- 26-May- 10-Jun- 24-Jun- 9-Jul-
of vines 07 07 07 07 07 07 07 07

CL 41 0% 0% 0% 0% 0% 0% 0% 2.50%
CZ-1 19 0% 0% 32% 32% 32% 37% 79% 84%
CZ-2 28 0% 0% 4% 4% 4% 11% 50% 86%
ZSR 24 0% 0% 4% 4% 4% 42% 67% 92%
W 3 0% 0% 0% 0% 0% 0% 0% 0%
9F 8 0% 0% 0% 0% 0% 38% 38% 66%
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Figure 1.: A graph of percentage of positive plant of survey
result from Temecula vineyards

DISCUSSION
The result of the survey was obvious that the Imidacloprid-untreated vineyards turned positive and Imidacloprid-treated
vineyard was negative for Xf. Thus the treatment of Imidacloprid in late April was necessary to control the spread of PD in a
vineyard.  If vineyards were not treated in April, then Xf would be spread and cause substantial loss.

The organic vinyard owners are concerned about the use of non-organic insecticides.  At this point there is no effective
organic insecticide to control PD comparable to imidacloprid. We are searching for a nonrecombinant endophyte that can be
approved for use to control Xylella in organic vineyards.
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ABSTRACT
This project involves the evaluation of the biological control of Pierce’s disease (PD) with a strain of Xylella fastidiosa (Xf)
that is benign to grapevine.  The benign strain, EB92-1, will be evaluated in two vineyards in Southern California/Temecula
that are hotspots for PD and in two vineyards in the Napa Valley.  Different methods of utilization of the biocontrol strain are
also being evaluated, including using cuttings from mature vines that are infected with the EB92-1 strain, injection of plants
in the vineyard compared with those injected prior to transplanting, and injection of the rootstock, scion, or both.

INTRODUCTION
Pierce’s disease (PD) of grapevine is a chronic problem for the California grape industry and has become more of a threat to
the industry with the introduction of the glassy-winged sharpshooter (GWSS).  The only feasible control for PD is resistance.
Through 10 years of research on the biological control of PD of grapevine in Florida by cross protection with weakly virulent
strains of Xylella fastidiosa (Xf), we demonstrated that this also is a potential means of controlling this disease.  The overall
goal of this project is to develop a biological control system for PD of grapevine that would allow the production of Vitis
vinifera (V. vinifera) in California and other areas where PD and GWSS are endemic.

OBJECTIVES
1. To evaluate strain EB92-1 of Xf subsp. piercei which has provided effective biocontrol of PD in previous greenhouse and vineyard

tests in Florida for possible commercial application for the biological control of PD of grapevine in the vineyard in California.
2. To compare different methods of treatment with strain EB92-1 of Xf subsp. piercei for the biocontrol of PD in V. vinifera

in the vineyard.

RESULTS
This project is being initiated.  We are in the process of locating two test vineyards in the Temecula/Southern California area,
where the PD is chronic and severe.  We are also locating three test vineyards in the Napa Valley area.  Plants for the test
vineyards will be obtained this winter/early spring, injected with the biocontrol strain when new growth is two-three feet in
length and transplanted into the vineyard in the spring of 2008.

Experiments to evaluate different methods of treatment with EB92-1 were established in the MREC vineyard in Apopka,
Florida during the summer.  Four treatments were applied to the cultivar Merlot/101-14 on May 29 and the plants were
transplanted into the vineyard on June 21.  The treatments were 1) injection of EB92-1 into the scion only,  2) injection of
EB92-1 into the rootstock only, 3) injection of EB92-1 into both the rootstock and scion, and 4) nontreated.  Five treatments
were applied to the cultivar Chardonnay CL96/3309 on June 13 for the greenhouse treatments and on July 26 for the vineyard
treatment.  The plants were transplanted into the vineyard on July 3.  The treatments were 1) injection of EB92-1 into the
scion only in the greenhouse, 2) injection of EB92-1 into the rootstock only in the greenhouse, 3) injection of EB92-1 into
both the rootstock and scion in the greenhouse, 4) nontreated, and 5) injection of EB92-1 into the scion only in the vineyard.
In a third experiment, Chardonnay cuttings from the MREC vineyard were grafted onto Salt Creek rootstock rooted cutting
from the vineyard.  The grafted plants were transplanted into the vineyard on August 14.  The treatments included 1)
Chardonnay cuttings from mature vines that had been treated three years ago with EB92-1 on Salt Creek, 2) Chardonnay
cuttings from mature nontreated vines on Salt Creek, and 3) Chardonnay cuttings from mature nontreated vines on Salt
Creek, with the scion injected with EB92-1 in the vineyard on August 29.

CONCLUSIONS
The project was initiated in July.  There are no conclusions to report.
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ABSTRACT
In this reporting period we finished testing selected endophyte isolates for antagonism with our in vitro assay.  Isolates of
Bacillus pumilus, B. subtilis, Pantoea sp., and Pseudomonas sp. were the most effective inhibitors.  In this year’s movement
assays we identified one more isolate, Kocuria sp, that could move into grape petioles.  We subsequently used this isolate as
one treatment in the mechanical inoculation part of the 2007 biological control experiment.  While Pseudomonas species
were good inhibitors, none were capable of moving past the point of inoculation.

Results were obtained from two biological control experiments completed in December 2006.  We found that our vines in the
field, originally part of the 2003 biological control experiment did not retain endophyte protection.  All vines developed
severe Pierce’s Disease (PD) symptoms when challenged with Xylella fastidiosa (Xf).  In the 2006 biological control
experiment, we tested the protective capabilities of 3 Bacillus sp. strains, 3 Pseudomonas strains, and one treatment co-
inoculated with two Pseudomonas sp.  After 15 weeks post challenge with Xf, all vines across all treatments developed PD
symptoms and tested positive for Xf infection.  Based on this experiment and previous research in our lab, results suggest that
mechanical, rather than insect, inoculation may overwhelm endophyte protection.

Our biological control experiment established in 2007 evaluates five endophtytes for their protective abilities against Xf in the
vine: Kocuria sp., Bacillus subtilis, B. cereus, Curtobacterium flaccumfaciens, and Pantoea agglomerans.  Endophyte
treatments were split into two groups, those challenged with Xf by mechanical inoculation and those challenged by infective
blue green sharpshooters (BGSS).  We mechanically inoculated with 104 Xf cell suspensions so as not to overwhelm
endophyte treatments.  Symptoms have been rated on a weekly basis to compare disease progression and petioles have been
cultured to examine if any endophyte treatment is capable of reducing Xf concentrations in the vine.  Initial results indicate
that both mechanical and insect inoculations were efficient with no fewer than 11 out of 15 plants infected.  Concentration of
Xf in petioles is similar among endophyte treatments and controls.

INTRODUCTION
The environment inside grape vine xylem vessels is a distinct ecological niche that supports a sparse microbial community.
Xf, the causative agent of PD, is one inhabitant.  But our research, as well as work done in Nova Scotia reveals a diversity of
other bacterial species capable of surviving in grape xylem (Bell et al., 1994).  Endophytes are microbial organisms that do
not visibly harm the host plant but can be extracted from surface sterilized tissue (Hallman et al., 1997). Some bacterial
endophytes have been proven beneficial to plant health and are used to promote growth or as biological control treatments for
fungal and bacterial pathogens. Previous researchers in our lab isolated an extensive library of endophytes collected from
healthy grapevines, PD-infected vines, and asymptomatic vines in areas of high PD incidence (escape vines).  Some of these
bacterial endophytes are antagonistic against Xf in vitro and may be niche competitors within grapevine xylem.  Our library
includes endophytes, such as Pantoea agglomerans and several Pseudomonas sp., already tested as biological control agents
in other crop systems (Stockwell et al., 2002, Barka et al., 2002).  We have also isolated strains of Curtobacterium
flaccumfaciens, which is potentially associated with the control of citrus-variegated chlorosis, caused by a genetically
different strain of Xf (Lacava, et al, 2004).  While several endophyte isolates were capable of inhibiting Xf growth in vitro,
those able to systemically colonize the vine were rarer.  Furthermore, our results suggest that Xf inoculated at high
concentrations may out-compete endophytes and overwhelm any biological control they might provide.  In this year’s
biological control experiment we sought to achieve lower concentrations of Xf in endophtyte treated vines by using infective
BGSS to inoculate some groups of plants and use lower Xf concentrations for mechanically inoculated vines.  We also hoped
to achieve better endophyte colonization of vines by using multiple inoculations.  Current PD management practices
primarily involve keeping vector numbers low and removing infected vines. Biological control utilizing a systemic bacterial
endophyte would be an implementable and environmentally desirable solution to this problem.

OBJECTIVES
1. Finish screening our existing library and recently acquired grape endophytic bacteria to identify potential antagonists of

Xf.
2. Determine if Xf-antagonistic endophytes can systemically move in grapevines.
3. Evaluate the biocontrol abilities of endophytes against Xf including.
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a. prevention of infection.
b. suppression of Pierce’s disease symptoms in greenhouse and field studies.
c. long term health and survival of infected vines in the field.

4. Isolate additional endophytes from escape vines and characterize these for antagonistic traits.

RESULTS AND CONCLUSIONS
Conclusion of Antagonism assays The optimized screening protocol developed in the last reporting period was more
efficient and during this reporting period we concluded antagonism assays on our endophyte library.  This library included
bacteria isolated from vines used for the first biological control experiment in 2003, new isolates collected spring 2006 from
escape vines in Napa, and isolates collected in 2000-2002.  In total 124 new isolates were tested in this reporting period.
Fifty eight of these showed some ability to clear or reduce Xf growth and 34 of these isolates were identified as Bacillus
subtilis by 16S rDNA sequencing or morphology.  Isolates of Bacillus subtilis, various other Bacillus species, Pseudomonas
sp, and Pantoea sp. showed the largest zones of inhibition in the antagonism assays (Table 1).

Table 1. Summary of representative bacterial isolates screened in 2005-2007 showing some degree of Xf inhibition.
Endophyte

Isolate # Identification aZone of clearing Endophyte
Isolate # Identification aZone of clearing

Average 38 Bacillus subtilis 2mm- complete 200 Pseudomonas sp. complete
isolates inhibition

197 Pseudomonas viridiflava 20mm-complete 11 Pantoea agglomerans rg 3-8mm
393 Pseudomonas viridiflava rg over entire

plate
37 Pantoea agglomerans rg 1-2mm

403 Pseudomonas syringae complete 4 Pantoea sp. rg over entire plate
N37c Pseudomonas syringae complete W157 b Bacillus pumilus rg 6-10mm
205 Pseudomonas sp. complete 843 B. pumilus 8mm rg
329 Pseudomonas sp. complete 139 Bacillus sp. rg 10-15mm
168 Paenibacillus sp. 4mm rg 473 Stenotrophomonas sp. 4mm rg
177 Paenibacillus sp. 5mm

a. zone attained on lawn plates with Xf concentration of 105-106 cfu/ml.
b “W” indicates an isolate collected October 2005 from our 2003 biocontrol experiment in the field.
c “N” indicates an isolate collected from escape vines in Napa spring 2006
rg = reduced growth in these areas, ie. Xf colonies aren't cleared but are much smaller compared to controls

Assessment of endophytes’ ability to colonize and move systemically in grape xylem Isolates used in the 2007 movement
assays included, Bacillus megaterium, three isolates of Curtobacterium sp., two isolates B. Subtilis, two isolates of Pantoea
agglomerans, Stenotrophomonas sp., Bacillus pumilus, Pseudomonas syringae, Kocuria sp., Bacillus cereus, and
Paenibacillus sp (Table 2).  Two Chardonnay vines per isolate were inoculated at two places on the stem near the third or
fourth internode, reinoculated three days later, and then allowed to grow in the greenhouse.  After seven weeks, movement
past the point of inoculation (POI), was measured by culturing stem sections onto solid media.  Four of the isolates were
rifampicin resistant mutants: one isolate of B. subtilis, one isolate of P. agglomerans, one isolate of Curtobacterium
flaccumfaciens and Bacillus cereus.  All isolates maintained high concentrations at the POI and 8 out of 14 isolates moved up
to 10cm past the POI.  Only W218, Bacillus subtilis and B. cereus were able to colonize up to 30cm, and only D753, Kocuria
sp., was capable of colonizing the petiole.  We hypothesize that isolates capable of moving 30cm or into the petiole, are
likely capable of degrading pectins in the pit membranes connecting xylem elements, and would thus be able to colonize the
entire vine over time.  However, endophyte colonization may not be consistent throughout a plant and may be affected by
health and developmental stage (Rosenblueth and Martínez-Romero, 2006). Our Chardonnay vines used for this experiment
were three years old and inoculated at the end of the dormant period.  All of these factors could have restricted endophyte
growth.
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Table 2. Summary of isolates in movement assays completed in 2007.
Isolate Identification POI cfu/ml Petiolea cfu/ml 10cm cfu/ml 30cm cfu/ml

N6 Curtobacterium sp. 8.74 x 105 0 9.15 x 102 0
W94-rif Curtobacterium flaccumfaciens 9.00 x 104 0 3.30 x 103 0

D753 Kocuria 1.41 x 105 6.99 x 103 6.15 x 103 0
W121-rif B. cereus 3.70 x 104 0 3.00 x 102 2.00 x 102

W218 B. subtilis 2.54  x 105 0 1.34 x 105 4.00 x 103

D843 B. pumilus 5.03 x 105 0 1.40 x 104 0
W127 Pantoea agglomerans 3.20 x104 0 1.38 x 104 0
D37 Pantoea agglomerans 1.60 x 106 0 8.00 x 101 0

a First leaf petiole up from the POI.

Assessing Biological Control of Endophytes Against Xf.
Results of the biological control experiment for 2006 Seven groups of 15 Thompson seedless grapevines each were
inoculated with different endophyte treatments to evaluate these isolates as potential biological control agents against Xf
(Table 3).  These isolates were chosen based on prior movement assays and antagonistic ability in vitro.  We tested the
protective capabilities of three Bacillus sp. strains, three Pseudomonas strains, and one treatment co-inoculated with two
Pseudomonas sp.  Endophytes tested are summarized in Table 3. Seven weeks post endophyte treatment, vines were
inoculated with a 108 cfu/ml suspension of Stagg’s leap strain (STL) of Xf. Pierce’s disease symptoms rated at 15 weeks and
18 weeks post inoculation showed that across all treatments, vines developed similar symptom severity as compared to the
non-endophyte control.

Although endophyte treatments in this experiment were not effective control against Pierce’s disease, it is possible that a 108

cfu/ml cell suspension may overwhelm any protective effect that the endophytes might provide.  While it is not known
exactly how many Xf cells an infective insect introduces into the plant, populations as high as 105 cells have been cultured
from a single BGSS head (Hill and Purcell, 1994).  A cell suspension of 108 cfu/ml, or 106 cells in a 20µl drop, is far more
cells than an insect would transmit to plants.  Secondly, it is possible that endophyte protection was limited because isolates
tested in the biocontrol experiment had not fully colonized the plant.  Thompson seedless plants used for this experiment
were, on average, one-two meters tall, and seven weeks was not enough time for these isolates to completely move up the
vine.  Plant defense response to pinprick injury may also slow endophyte colonization.

Table 3. Summary of results for 2006 Biocontrol Experiment
Endophyte Identification Xf Infected Average severity Average severity
treatment (16S rDNA) Vines rating 15 weeks rating 18 weeks

147 Bacillus subtilis 15/15 2.1 3.2
100 Bacillus subtilis 13/15 2.7 3.6
169 Bacillus subtilis 14/15 2.8 4.0
329 Pseudomonas sp. 15/15 2.0 3.4
197 Pseudomonas viridiflava 15/15 2.8 3.8

329/197 Pseudomonas sp./ P. viridiflava 15/15 2.4 3.7
Control No endophyte 14/15 2.0 3.1

Continuing evaluation of biocontrol experiment initiated in 2003 During this reporting period we finished an experiment
that continued evaluation of vines growing in the field that were originally part of a biological control experiment in 2003. In
the 2003 experiment, Cabernet Sauvignon vines were inoculated with six endophyte treatments and challenged with infective
BGSS.  Vines with significantly lowered symptom severity were planted in the field.  We wanted to determine if, after two
years in the field, these vines were still protected against Pierce’s disease. In spring of 2005, propagated bud wood cuttings
from these vines were challenged via mechanical inoculation with Stagg’s leap strain Xf. Symptom rating at 14 weeks
showed that all vines inoculated with Xf had developed severe symptoms and these propagated cuttings showed no continued
protection against Pierce’s disease.  Again, the concentrated Xf inoculum may have obscured possible endophyte effect.
However, given the diversity of genera isolated from these same vines during fall 2005, we know the endophyte community
has changed since these vines were originally used in the biocontrol experiment.  Protection effected by the original
endophyte treatment could have been diluted or inactivated.
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Biological control experiment 2007 In this year’s biological control experiment, we wanted to make sure that endophytes
fully colonized test vines and that Xf was inoculated in a lower concentration such that potential endophyte protection would
not be overwhelmed.  We also wanted to compare potential endophyte protection between mechanically inoculated vines and
vines inoculated with Xf infective insects.  Five endophyte isolates were chosen for this year’s biological control experiment:
Pantoea agglomerans (D11), Bacillus subtilis (D147), Curtobacterium flaccumfaciens (W94), Bacillus cereus (W121), and
Kocuria sp. (D753).  Both isolates W121 and W94 were spontaneously generated rifampicin resistant mutants.

To achieve better colonization, endophytes were pin-prick inoculated into grapevines, first at the third internode and then at
15cm intervals up the stem.  After seven weeks, one group of endophyte treated vines was mechanically inoculated with STL
Xf and one group was inoculated with infective adult BGSS, Graphocephala atropunctata with the assistance of the Almeida
lab at UC Berkeley. We tried to avoid overwhelming endophytes with high concentration of Xf in the mechanical
inoculations by inoculating with 105cfu/ml instead of 108cfu/ml.  Unfortunately culturing confirmed that we had inoculated
with only a 104cfu/ml suspension which we felt was too low.  Given these results we reinoculated vines three weeks later.
Again the concentration was too low, 104 cfu/ml, and we inoculated a last time and achieved a cell concentration of 105

cfu/ml.  In summary, vines were inoculated three times with STL Xf over a seven week period.  Insect transmission was
achieved with four infective BGSS per plant that were allowed to feed on endophyte treated or control vines for four days.
First symptoms on all vines were rated eight weeks after the first inoculation.

Table 4 indicates endophyte treatments and preliminary results for the 2007 biological control experiment.   Insect
transmission was efficient although symptoms in these vines are developing more slowly that in mechanically inoculated
vines.  Unfortunately, mechanically inoculating three times, even with low concentrations, may have introduced too many Xf
cells.  Petioles cultured at 12 weeks post inoculation across all treatments contain similar concentrations of Xf. Symptom
ratings will continue through November and Xf will be isolated and quantified from petioles a second time.  Surviving vines
will be cultured to determine, if possible, the concentration of endophytes in the vine.

Table 4. Endophytes tested and preliminary results for 2007 Biocontrol Experiment

Endophyte
treatment Identification

Vines
infected
BGSS

inoculated

Vines infected
mechanically

inoculated

Average Xf
concentration
petiole BGSS

inoculated

Average Xf
concentration

petiole
mechanically

inoculated

Average
rating 12

weeks post
BGSS

inoculation

Average
rating 12

weeks post
first mech.
inoculation

D147 Bacillus subtilis 11/15 15/15 1.62x107 4.83x107 1.1 2.2
D11 Pantoea 13/15 15/15 1.21x107 1.04x107 1.2 2.4

agglomerans
W121-rif B. cereus 14/15 14/15 1.38x107 4.41x106 1.4 2.1
W94-rif Curtobacterium 14/15 15/15 2.32x107 5.80x107 1.3 2.4

flaccumfaciens
D753 Kocuria sp. --------- 14/15 --------- 4.66x106 --------- 2.1
Positive Water inoculated 13/15 13/13 9.49x107 5.35x107 1.5 2.8
control
Negative Water inoculated --------- 8/8 --------- 0 --------- 0
Control endophyte, no Xf
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ABSTRACT
We are attempting to characterize the biochemical factors that mediate the cold curing phenomenon of grapevines infected
with Xylella fastidiosa (Xf).  We are working towards completing project objectives that were initiated in July of 2004.  To
better understand the cold therapy phenomenon, we examined Pierce’s Disease (PD) disease severity, curing rates and
biochemical changes in control and Xf infected Pinot Noir and Cabernet Sauvignon grapevines grown in four locations in
Northern California and four cold chamber temperatures.  After the cold treatments, xylem sap was extracted using a pressure
bomb and the sap analyzed for pH, osmolarity, abscissic acid (ABA), glucose, sucrose, fructose, calcium and magnesium ion
concentrations.  Differences between varieties and between temperature treatments were observed.  In the field and cold
chamber experiments, pH and osmolarity of xylem sap from cold treated vines was lower than what is found in PD3 culture
medium used to grow Xf. PD severity was lowest and curing rates were highest for the coldest temperatures.

INTRODUCTION
Xylella fastidiosa (Xf) is a xylem-limited, gram-negative bacterium that causes (PD) in grapevines. PD is currently found in
many regions of California and the southern United States.  One factor that has been shown to be associated with the
observed limited geographical distribution of PD in North America is the severity of winter temperatures in those regions.
For example, PD does not occur in New York, the Pacific Northwest or at high altitudes in South Carolina, Texas and
California where the winter temperatures on average drop below 0 degrees Celsius (Hopkins & Purcell, 2002).  Purcell
(1977, 1980) demonstrated that relatively brief exposures to sub-freezing temperatures eliminated Xf in cold-treated Vitis
vinifera grapevines.  Purcell also found that a higher percentage of grapevines that were moderately susceptible to PD such as
‘Cabernet Sauvignon’ (CS), were cured by cold therapy treatments compared to susceptible varieties such as ‘Pinot Noir’
(PN).  More recently, Purcell’s group also showed that whole, Xf infected potted vines exposed to low temperatures had a
higher rate of recovery than PD-affected detached bud sticks exposed to the same cold temperatures (Feil, 2002).  This
implies that some factor(s) expressed in the intact plant, but not in detached bud sticks, helped eliminate Xf from the plants.

Despite documentation of the cold curing phenomenon, little is known about the physiological/biochemical basis that
mediates cold therapy.  Our objective is to elucidate the physiological/biochemical basis that mediates cold therapy and to
identify the physiological/biochemical factor(s) that occur or are expressed in cold treated vines that eliminate Xf. If such a
factor(s) is/are found, it may be possible to induce their expression under non-freezing temperatures and potentially provide a
novel approach for managing PD.

OBJECTIVES
1. Develop an experimental, growth chamber temperature regime that can consistently cure Pierce’s disease affected

grapevines without unacceptable plant mortality.
2. Analyze chemical changes such as pH, osomolarity, total organic acids, proteins and other constituents that occur in

xylem sap of cold-treated versus non-treated susceptible and less susceptible Vitis vinifera varieties.
3. Assess the viability of cultured Xf cells growing in media with varying pH and osomolarity and cells exposed to xylem

sap extracted from cold- and non-treated grapevines.
4. Determine the effect of treating PD-affected grapevines with plant growth regulators, such as abscisic acid (ABA), as a

possible therapy for PD.

Objective 1
All experimental work used PN (PD-susceptible) and CS (moderately resistant to PD) grapevines, the same varieties used by
Purcell (1977, 1980) and Feil (2002) in their previous cold therapy studies.

Temperatures inside of the growth chambers were recorded using HOBO data loggers (Onset Computer Co. Borne, MA).  In
addition, temperature data is also being monitored by sensitive chart recorders on the cold chambers and by adjacent weather
stations at all of our field plots.  In the -5C cold chamber, custom thermocouplers were made and inserted into the xylem of
10 grapevines to determine if there were differences  between the ambient chamber temperature and the internal xylem
temperature.  No significant differences in xylem temperature were detected.
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To evaluate the cold curing phenomenon under different field temperatures we established the following experiment.
Twenty-two vines of Cabernet Sauvignon and twenty-two vines of Pinot Noir for each of the four sites (176 vines total), were
grown during the spring and summer in five gallon pots at UC Davis.  One half of the vines were mechanically inoculated
with Xf in June, the other half were mock inoculated with water for comparison and proper statistical analysis.
In 2005-2006 (1st replicate) and 2006-2007 (2nd replicate), the vines were transported to the four field sites (in order of
warmest site to coldest site), UC Davis (Yolo County), UC Hopland Research Station (Mendocino County), McLaughlin
Reserve (Lake County) and Foresthill (Placer County) with the onset of cool fall temperatures in early November.  In the
2005-2006 season, dormant canes were collected from the vines in February and April, xylem sap was extracted using a
custom-made pressure bomb, and the expressed sap was subjected to the tests described in the objectives below.  The vines
were returned to UCD in the spring and planted in the field. The vines were then rated for PD symptoms and the presence of
Xf in the fall.  (The 2005-2006 results can be found in the 2006 Pierce’s Disease Symposium Proceedings).  Disease ratings
were the lowest and percent curing was the highest in the coldest field locations (Table 1).

Grapevines, using the same varieties and inoculated as described for the field studies but grown in six” standard pots, were
exposed to different temperature regimes in cold rooms located at the Department of Pomology, UC Davis during the winter
months.  Plants were subjected to one of four temperature regimes.

Regime 1:  -5°C Regime 2:  +0°C
Regime 3:  +2.2°C  Regime 4:  +5°C

There were 40 plants per treatment regime, 10 Xf-inoculated plants and 10 control plants for both varieties (160 plants total).
After three months of treatment, xylem sap was extracted from the plants, and the vines were planted in the Plant Pathology
field at UC Davis.  Late in the summer, the plants were evaluated for PD symptoms to determine the most effective
temperature regime for curing PD without causing unacceptable plant mortality.  Supporting the findings of the field study,
disease ratings were the lowest and percent curing was the highest in the coldest cold room temperature regimes for both
replicates (Table 1).

Table 1. PD-cured plants compared to the number of Xf-inoculated grapevines that survived until spring after
winter chilling at the field locations or after spending 3 months in the cold chambers.

Field Locations Cold Room
Davis Hopland McLaughlin Foresthill +5C +2.2C 0C -5C

Pinot Noir 3/11 9/11 8/11 8/11 3/9 3/10 4/10 6/6
Cabernet 1/11 8/11 7/11 10/11 0/9 4/10 5/10 7/7
Sauvignon

Objective 2
As described in the 2005 and 2006 PD Symposium Reports, we conducted similar analyses on canes collected from our field
sites as well as the vines that were placed at various cold temperatures in growth chambers.  Each potted vine was sampled in
February and in April when the potted vines were returned and planted at UCD.  The volumes of xylem sap that were
expressed from individual canes from the potted 1-year old vines used in the field and growth chamber experiments were
small, ranging from 1 to 200ul/cane.  Our hypothesis is that changes in the pH and osomolarity of xylem sap in vines that
undergo cold treatment may have significant effects on Xf viability.  The results of this study show that the pH of xylem sap
from both cold chamber and field cold treated vines is lower than culture media used to grow Xf (Table 2).  Osmolarity of
PD3 media is 113 mmol/kg in comparison to the osmolarity of xylem sap, 25-45 mmol/kg.  For the cold chamber
experiments the pH of CS xylem sap was significantly higher than PN sap overall (Table 3).  Sugar and select ion
concentration analysis of CS grapevines showed greater amounts of glucose and fructose in –5C cold chamber vines, whereas
Ca+ levels were greater in the warmest treatments.  Osmolarity was greatest in the coldest treatments and decreased with
increasing temperature.  Conversely, in PN grapevines, glucose and fructose levels were the lowest in the coldest treatments.
Ca+ levels showed a similar trend with CS vines, with increased Ca+ levels in the warmer temperature treatments.
Temperature appeared to have a less direct effect on osmolarity in Pinot Noir grapevines.

We also determined the relative water content of canes from cold-stressed and UC Davis vines by measuring the fresh weight
of the canes, dehydrating them in an oven, and measuring the dry weight.  Freezing temperatures are known to dehydrate
plant tissue and this dehydration could affect the ability of Xf to overwinter in xylem tissue.  No significant differences
between fresh and dry weights were found.

Previous research on a number of plant species has shown that several plant genes are expressed in response to freezing
temperatures (reviewed by Thomashow, 1998), and in some plants these low temperature-induced proteins are structurally
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related to proteins that plants produce in response to pathogens, i.e. pathogenesis-related (PR) proteins (Kuwabara, et al,
2002).  Thus it may be possible that cold-stressed grapevines could produce proteins that are deleterious to Xf. To investigate
this possibility, xylem sap was extracted from healthy and Xf-inoculated, cold-stressed and control CS and PN vines using the
pressure bomb, proteins were concentrated by cold-acetone precipitation, and protein profiles determined by 1-dimensional
polyacrylamide gel electrophoresis (PAGE). We found that good PAGE profiles were obtained by concentrating 150ul of
sap to 30ul of sample each sample.  Thus we are able to have multiple PAGE profiles from any particular
temperature/variety/disease that can be compared to healthy control vine sap.  While most of the proteins were similar for the
various temperatures, a few unique proteins were found in the cold stressed and/or Xf-inoculated plants and these proteins
were end terminally sequenced by the UCD Molecular Structure Facility.  The potential effect of these unique proteins on Xf
viability will be assessed in Objective 3.

Table 2. pH of grapevine xylem sap collected from cold chamber treated vines.
pH +5 C +2.2 C 0 C -5 C
Pinot Noir 5.94 5.45 5.78 6.00
Cabernet Sauvignon 6.31 5.84 5.86 5.78

Table 3. Osmolarity of grapevine xylem sap collected from cold chamber treated vines.
Osmolarity +5 C +2.2 C 0 C -5 C
Pinot Noir 85.0 39.5 52.7 34.7
Cabernet Sauvignon 61.9 39.5 44.8 31.6

Objective 3
In this objective we assessed the effect of many of the physical, physiological and biochemical parameters we determined in
Objectives 1 and 2 on Xf viability in vitro.  In 2004-2005 we assessed the effect of various buffers on the viability of Xf cells
in vitro using media such as PD3 and various buffers such as sodium phosphate and potassium phosphate. Xf cells were
placed in potassium phosphate buffer with the pH of: 5.0, 5.4, 5.8, 6.2, 6.6 and 6.8 to assess the effect of pH on the survival
of Xf. Viability was assessed by plating the exposed cells on PD3 medium.  Results of these studies are presented in the
2004, 2005 and the 2006 PD Research Symposium Reports  Interestingly, the osmolarity of PD3, a common media used for
growing Xf, is approximately 113mmol/kg, whereas the osmolarity of dormant xylem sap averages between 25-60 mmol/kg.
This suggests that Xf is able to survive at various osmolarities.

Objective 4
Previous research has shown that herbaceous and woody plants exposed to sub-lethal cold conditions have significantly
elevated levels of plant hormones, such as ABA, that induces the synthesis of a number of cold shock proteins (Bravo, et al.,
1998; Thomashow, 1998;).  Some of these cold-shock proteins have been shown to inhibit the growth of certain fungal
pathogens (Kuwabara, et. al 2002), but no work has been done on their effect on bacterial pathogens.  These same cold-shock
genes can be induced under non-freezing temperatures by the exogenous application of ABA (Kuwabara, et al. 2002).

We determined the concentration of ABA in cold-stressed and control vines from the four field sites and the cold room
experiments. ABA concentration was determined using an immunological assay (Phytodetek ABA Test Kit, Agdia) that has a
sensitivity approximately 0.0064-0.16 picomoles ABA/ml and only requires a small volume of sap.  We found that ABA
concentrations in the April xylem sap collections were the lowest in the coldest field locations.  ABA levels were higher in
the February sap collections than in the April collections for the field locations.  ABA concentrations in the spring xylem sap
collections were the lowest in the coldest cold chambers.

In 2005 CS and PN grapevines were grown in one-gallon pots in the screen house to determine the effect of applying
exogenous ABA on the development and/or severity of PD.  At the suggestion of Sue Abrams, an ABA expert at Plant
Biotechnology Institute, National Research Council Canada, we contacted Valent Bioscience Corporation who has an active
research and development program on the use of ABA on agricultural crops.  We met Valent representatives at UCD and
described our proposed research.  They were interested in the project and agree to provide us with two types of ABA, one of
which (VBC-30030) is a proprietary material.  One set of treatments used regular ABA (VBC-30054) as a spray (1000ppm)
and a soil drench (100ppm).  The second material (VBC-30030) is an ABA analog that persists longer (1 week verses 1 day)
and is more active than VCB 30054.  VBC-30030 was used as a spray (100ppm) and soil drench (10ppm).  There were 16
healthy and 16 Xf -infected Cabernet Sauvignon and 16 healthy and 16 Xf-inoculated Pinot Noir vines used in each of the
treatments plus a set used as untreated controls.
For the 2006-2007 season, vines were prepared as described above and were subjected to slightly different applications.  One
of the treatments used VBC-30054 as a spray at 2000ppm at one week intervals for 3 weeks.  The other treatments were the
same as described for the 2005-2006 season.  VBC-30054 was applied as a drench at 100ppm.  VBC-30030 was applied as a
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drench at 10ppm. A set of plants of unsprayed plants are being used as the untreated control to allow for meaningful
comparisons.

Vines were inoculated with Xf in June using a standard pinprick inoculation method (Hill and Purcell, 2000) and the presence
of Xf infection confirmed by IC-PCR later in the summer.  ABA treatments were applied in November when the vines still
had leaves but ambient temperatures were cooling off.  The pH, osmolarity, and proteins profiles of xylem sap extracted from
the treatments will be determined as described above in Objective 2.  Unique proteins expressed in ABA-treated vines will be
removed from the gels and end terminally sequenced as previously described.  PD symptoms will be rated in late summer and
Xf infection, or lack thereof, will be confirmed by IC-PCR.

CONCLUSIONS
This study begins to document some of the biochemical/physiological changes that occur within control and Xf-inoculated
grapevines that are exposed to various cold temperatures and attempts to better understand the cold curing phenomenon.

This study has documented that some of the temperatures examined in this study are able to induce cold curing of Pierce’s
disease-infected grapevines and cause significant changes in the chemistry of the xylem sap.  Further studies could
potentially utilize the associations between biochemical changes documented here and PD-curing to induce their expression
under non-freezing temperatures and provide a novel approach for managing Pierce’s disease.
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ABSTRACT
Polygalacturonases (PG) (EC 3.2.1.15), catalyze the random hydrolysis of 1, 4-alpha-D-galactosiduronic linkages in pectate
and other galacturonans. Xylella fastidiosa (Xf) possesses a single PG gene, pglA (PD1485) and Xf mutants deficient in the
production of PG result in lost pathogenicity and a compromised ability to systemically infect grapevines.  We have cloned
the pglA gene into a number of protein expression vectors and a small amount of active recombinant PG has been recovered,
unfortunately most of the protein expressed is found in inclusion bodies in an inactive form.  The goal of this project is to use
phage panning to identify peptides that can bind to and inhibit Xf PG.  Once peptides are discovered that can inhibit PG
activity in vitro these peptides will be expressed in grapevine root stock to determine if the peptides can provide protection to
the plant from Pierce’s disease.

INTRODUCTION
Polygalacturonases (PG) have been shown to be virulence factors of a number of plant pathogenic bacteria including
Ralstonia solanacearum, Xanthomonas campestris, and Erwinia carotova (Huang and Allen 2000; Dow et al. 1989; Lei et al.
1985). Xylella fastidiosa (Xf) possesses a single PG gene pglA (PD1485), and mutation of this gene results in lost
pathogenicity and reduced ability to systemically infect grapevines (Roper et al. 2007).  In order for Xf to systemically infect
a grapevine it must break down the pit membranes that separate individual xylem elements.  Pectic polymers determine the
porosity of the pit membrane (Baron-Epel, et al. 1988; Buchanan et al. 2000) and Xf PG allows the bacterium to breakdown
the pectin in these membranes.  The premise of this research is to identify a peptide that can be expressed in the xylem of a
grapevine that can suppress Xf PG activity thus limiting the ability of Xf to spread systemically through grapevines and cause
Pierce’s disease (PD).

To accomplish this we will use phage display of a random dodecapeptide library attached to the coat protein gp38 of M13
phage in a phage panning experiment using active recombinant Xf PG as the target.  After three rounds of panning, phage that
show a high binding affinity for Xf PG will be screened for their ability to inactivate PG activity in vitro in reducing sugar
assays.  Once a suitable inhibitory peptide is discovered it will be cloned into an Agrobacterium binary vector and used to
transform tobacco and grapevines by the UCD Plant Transformation Facility.  These transgenic plants will then be inoculated
with Xf and compared to non transgenic plants in PD symptom progression.  If significant disease inhibition is shown we will
use these transgenic grapevines as rootstock and see if they can also provide resistance to grafted scions.

OBJECTIVES
1. Isolate a sufficient amount of biologically active Xf polygalacturonase enzyme to conduct phage panning and PG-

inhibition assays.
2. Isolate M13 phage that possess high binding affinities to Xf PG from a M13 random peptide library.
3. Determine if selected M13 phage and the gp38 M13 protein which mediates phage binding to Xf PG can inactivate PG

activity in vitro.
4. Clone anti-Xf PG gp38 protein into an Agrobacterium binary vector and provide this construct to the UCD Plant

Transformation facility to produce transgenic SR1 tobacco and Thompson Seedless grapevine.
5. Determine if anti-Xf PG gp38 protein is present in xylem sap of transgenic plants.
6. Mechanically inoculate transgenic plants with Xf and compare PD development with inoculated, non-transgenic control

plants.

RESULTS
Objective 1.Currently we have obtained a small amount of active recombinant Xf PG, however, most of the expressed
protein is in the form of insoluble and inactive inclusion bodies.  Fortunately it is possible to measure the activity of the small
amount of active PG that we have obtained by using visible spectrum reducing sugar assays such as the dinitrosalicylic acid
(Figure 1) (Wang et al. 1997, Sumner 1921) and 3-Methyl-2-benzothiazolinonehydrazone methods (Anthon and Barrett
2002, Honda et al. 1981).  This is a significant improvement over the tedious High-performance liquid chromatography
(HPLC) assays that were previously used to demonstrate Xf PG activity (Roper et al. 2007).  These methods should also be
appropriate for the PG-inhibition assays once we have determined a suitable candidate peptide, however, we have yet to
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produce enough active PG to use as a target for panning experiments.  We are currently exploring different expression
systems and refolding conditions in order to obtain enough active protein for the panning experiments.

Objectives 1-6.It will be necessary to obtain a significant amount of active Xf PG in order to carry out the panning
experiments before the rest of the objectives can be completed.  Fortunately the panning procedure will benefit from the
experiences of Prof. George Bruening and Project Scientist Paul Feldstein who have used the phage display system
extensively in their own research.

CONCLUSIONS
We have made good progress thus far in finding suitable PG activity assays to use in the PG-inhibition assays.  We are
currently exploring different expression systems and continue to test different refolding protocols with the hopes of
generating enough active PG to begin the phage panning experiments.  Once a peptide is found that inhibits PG activity in
vitro we can then transform grapevines with the peptide and determine if they provide plants with resistance to PD.
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Figure 1. Dinitrosalicylic acid reducing sugar assay
showing activity of Xylella fastidiosa Polygalacturonase
(PG) versus positive control (commercial PG from
Aspergillus niger) and empty vector negative controls.
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ABSTRACT
Xylella fastidiosa (Xf) possesses genes for hemagglutinins (HAs), large adhesion proteins involved in cell-cell aggregation
and biofilm formation.  Mutations in either one of the functional HAs, HxfA (PD2118) or HxfB (PD1792), result in
hypervirulent strains that move faster and cause more severe disease in grapevines.  We divided Xf HAs into smaller domains
and generated antibodies against 3 possible adhesion domains (ADs) responsible for cell-cell and/or cell-surface binding.
The abs were used in Western blot analysis and determined that HxfB was approximately 220kDa while HxfA was slightly
larger.  Western blot analysis showed that both HAs are secreted into the culture supernatant as well as being found in the
bacterial outer membrane.  Monomeric Fab fragments against AD1-3 and AD4 of HxfB reduced cell-cell aggregation when
added to Xf cells growing in liquid culture.

Xf HxfB will be expressed in transgenic tobacco and grapevines where we hope the protein will act as a “molecular glue” to
aggregate insect-inoculated Xf cells, retard their ability to systemically colonize plants and potentially provide a unique form
of resistance against PD.

INTRODUCTION
Xylella fastidiosa (Xf) hemagglutinins (HAs) are large secreted proteins that play important roles in mediating cell-cell
contact and plant pathogenicity.  Mutations were made in both Xf HA genes, HxfA (PD2118) and HxfB (PD1792), by
transposon mutagenesis and the resulting mutants did not form aggregates in liquid culture and they had reduced biofilm
formation in vitro and in planta (1).  When inoculated into grapevines the mutant cells showed hypervirulence and more
rapid colonization of xylem vessels (1).  The premise of this research is to determine whether over-expressing Xf HA
adhesion domains in the xylem by transformation of grapevines, the HA will act as a “molecular glue” to clump Xf cells and
retard their ability to systemically colonize grapevine and cause Pierce’s disease (PD).

Because of the large size of the HA genes (10kb), it is difficult to transform grapevines with the whole HA gene.  Therefore
we are trying to identify the active adhesion domains (ADs) responsible for cell-cell aggregation by dividing the HA genes
into several smaller fragments that should contain the cell-cell AD.  Recombinant proteins derived from these fragments were
expressed in E. coli, purified and injected into rabbits to produce AD specific antisera.  The resulting antisera was used in
ELISA, Western blot analysis, immunolocalization studies and cell-cell clumping experiments to determine which of the HA
fragment(s) contain functional ADs that could later be transformed into plants.

OBJECTIVES
1. a. Use antibodies we have prepared against a conserved, putative binding domain (AD2) that is present in both Xf

hemagglutinins (HA) to determine the native size and location of Xf HA in cultured Xf cells and PD-affected
grapevines.

b. Determine if these antibodies (Fab fragments) can prevent cell-cell clumping in liquid Xf cultures.
c. Prepare an affinity column using HA domain antibodies and isolate native Xf HAs from culture cells.  Establish the

identity of affinity purified, putative HAs by N-terminal sequencing.
d. Determine if native HAs and HA domain fusion proteins can bind to Xf cells.
e. Inject affinity purified HA proteins into rabbits and obtain HxfA and B specific-antibodies.  Determine if HxfA and B

specific antibodies can block cell-cell clumping of Xf grown in liquid medium.
2. a. PCR-amplify, clone and express as fusion proteins, additional hypothetical adhesion domains of HxfA and B.

b. Prepare rabbit polyclonal antibodies against each Hxf A/B domain fusion protein.
c. Determine if antibodies against various HxfA/B domain fusions can block cell-cell clumping of Xf grown in liquid

medium.
3. a. Transform tobacco, an experimental host of Xf and an easily transformable plant, with Xf HA binding domains.  Use

antibodies prepared in Objective 2 to determine if Xf HA proteins can be found in tobacco xylem fluid.
b. Mechanically inoculate HA-transgenic tobacco with wild type (wt) Xf cells.  Compare disease progression and severity

in transgenic tobacco with non-protected controls.
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RESULTS
Objective 1a. Determination of native size and location of Xf HA in Xf cultured cells and grapevines by Western blot
analysis using AD2 antibodies. Western Blot analysis with AD2 abs using a variety of protein samples showed a faint band
of ~220kDa corresponding to HA.  But the signal was very weak and there were non-specific interactions between other Xf
cellular proteins and AD2 abs (2).  Objective 1a was repeated using higher quality abs (see objective 2b).

Objective 1b. Determine if AD2-antibodies can facilitate clumping of Xf. Due to the low quality of AD2 abs, there was no
difference in Xf cultures treated with AD2 abs versus cultures treated with preimmune serum (2). Objective 1b was repeated
using higher quality abs (see objective 2c).

Objective 1c. prepare affinity column using HA domain antibodies to isolate native HAs from culture cells. Since HAs
are secreted into the medium (see objective 2b), concentrated culture supernatant was used to isolate native HAs.  Antibodies
against AD1-3 and AD4 (see objective 2a) were bound to a Pierce protein A column and 1l of culture supernatant was
concentrated and passed through the column according to the manufacturer’s instructions.  Neither denatured nor native
supernatant protein samples interacted with the abs bound to the column and no HAs could be eluted from the column.
Additional immunocapture strategies are being evaluated.

Objective 1d. Determine if native HAs and HA domain fusion proteins can bind to Xf cells. In order to determine if HA
fusion proteins can bind to Xf cells, ELISA plates have been coated with AD1-3 or AD4 fusion protein (see objective 2) and
incubated with Wt, HxfA and HxfB mutant cells.  Results of this one experiment, which needs to be repeated, suggests the
denatured HA AD fusion proteins did not bind to and trap Xf cells.  This suggests that the whole HA protein may be needed
for binding to cells or that only cell bound HA has effective binding properties or that AD1-3 and AD4 did not contain the
cell binding domain.

Objective 2a. Identification, cloning and expression of additional ADs for antibody generation
It has been shown for FHA, the filamentous hemagglutinin of Bordetella pertussis (3) that the active HA domains are located
at the N-terminal half of the protein and that C-terminal deletions have no effect of the HA activity or secretion of the protein.

The secretion domain (TPS-domain) was identified at the N-terminal end of HxfA and HxfB (1) and RGD (Arg-Gly-Asp)
sites at position 2780 in HxfA and at positions 1805 and 3103 in HxfB were found (Figure1). The RGD site in FHA of
Bordetella pertussis mediates binding of B. pertussis to lung epithelial cells (4).

Data base analyses led us to divide HxfA and HxfB into 3
domains named AD1-3, AD4 and AD5, each for HxfA and
HxfB (Figure 1). All 6 ADs were cloned into the protein
expression plasmid pet30b, the identity and integrity of the
amplified fragments was verified by sequencing and the
constructs were transformed into E.-coli. AD1-3 and AD4
of HxfB were expressed to high levels and the integrity of
the affinity purified proteins was verified by sequencing.

Objective 2b. Prepare rabbit polyclonal antibodies
against each HxfA/B domain fusion protein. Purified
AD1-3 and AD4 antigen were each injected into two
rabbits and sera obtained.  In contrast to AD2 (objective 1),
indirect ELISA showed that high titer abs were obtained in
all injected rabbits.

Determine the native size and location of Xf HA in Xf
cultured cells using AD1-3 and AD4 antibodies. Outer
membrane proteins isolated from Wt, HxfA and HxfB
mutants by sucrose gradients (protocol of Michele Igo)

revealed that HxfA and HxfB are inserted into the outer membrane of Xf. Both HAs are ~220kDa with HxfA being slightly
larger (Figure 2).  In Wt samples a doublet of bands is detectable since the AD4 antibodies can detect both HxfA and HxfB.
Supernatants of Xf cultures concentrated by PEG and extracted using phenol/methanol also revealed bands of 220kDa (Figure
2).  HxfA is again slightly larger than HxfB.  This shows that HAs are not only inserted into the outer membrane, but also are
secreted into the culture medium.

Figure 1. Identification of putative Xf HA adhesion
domains (ADs) based on data base analysis. Antibodies
against AD1-3 and AD4 of HxfB were generated and used
in Western blot analysis.
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To evaluate if HAs are also secreted into the xylem of infected grapevines, xylem sap was obtained by using a pressure bomb
(5).  The proteins were purified as described for supernatant proteins and subjected to Western blot analysis.  No bands
corresponding to Xf HAs could be detected in either Wt or HA mutant cells although other xylem proteins were detectable on
a coomassie blue stained control gel.

Objective 2c. Determine if antibodies against
various HxfA/B domain fusions can block cell-cell
clumping of Xf grown in liquid medium. Incubation
of Xf cells with AD1-3 and AD4 abs resulted in an
increase of clumping due to cross linking of the cells.
To identify the ADs on the HA protein that are
responsible for cell-cell aggregation, monomeric Fab
fragments were generated from AD1-3 and AD4 IgG.
IgG was purified using protein A column
chromatography and digested with papain.  The Fab
fragments were purified by protein A column
chromatography and eluted from Tris/HCl gels.
Monomeric Fab fragment, which contains the HA
antigen recognition site was used in the clumping
experiments.  We would expect to see a decrease in
clumping in the Xf cultures treated with Fab fragment
if the abs were made against a possible HA cell-cell binding domain.  We observed a decrease in clumping after inoculation
of various amounts of both Fab fragments which suggests that the cell binding domains reside in AD1-3 and AD4 (Figure 3).

Objectives 3 and 4 Our data suggests that large portions of HA protein
will be needed for efficient clumping of Xf cells. Therefore we will try to
transform plant hosts (tobacco and grapevines) with a DNA fragment
containing both AD1-3 and AD4.  Arrangements with the Plant
Transformation facility on the UC Davis campus have been made and
plasmids needed for transformation have been obtained from the
Dandekar lab.  These plasmids will be used to fuse the pear signal peptide
pGIP to the HA fragment which will direct the HA fusion protein into the
xylem using a method called splicing by overlap extension.  This method
was successfully used by the Dandekar lab to transform grapevines (6).

Additional work not included in original project objectives: HAs
contain an N-terminal secretion domain for secretion mediated by
bacterial typeV secretion (two-partner secretion pathway, TPS).  In silico
analysis identified a putative β-barrel forming secretion partner of HAs
that is inserted in the outer membrane (PD1933) and we created knock-
out mutants (insertion and deletion) of PD1933. These mutants were
grown and supernatant proteins were isolated as described in objective
2b.  The samples were used in Western blot analysis for detection of
secreted HAs. No HAs were detected in the supernatant of mutant cells,
whereas HA proteins were found in wt cells.  This indicates that HAs in
Xf are secreted via the TPS pathway and that PD1933 represents their
secretion partner.

We are also in process to generate a HxfA/HxfB double mutant with a chloramphenicol cassette obtained from Ayumi
Matsumoto (Michele Igo).

CONCLUSIONS
By generating high quality abs we could show that Xf HAs are processed upon or during secretion because the predicted size
of the ~10kb HA gene product (365 kDa) was not be detected, instead proteins of approximately 220kDa were identified.
We also showed that Xf HAs are inserted into the bacterial outer membrane as well as secreted into liquid medium.  Since the
isolation of native HAs using HA abs in affinity column chromatography was not initially successful, we will now use FPLC
to isolate native HAs for additional experiments.  Native HAs will be sequenced to identify the processing/cleavage site.  The
cell clumping experiments using Fab fragments suggest that cell-cell binding domain(s) reside in AD1-3 and AD4.  Therefore
a portion of the HA gene containing AD1-3 and AD4 will be expressed in tobacco and grapevine that will be subsequently
challenged with Xf to determine if these proteins can bind to and retard the systemic movement of Xf in plant hosts.
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Figure 2. Western Blot analysis using AD4 abs
shows that HAs are both inserted into the Xf outer
membrane and secreted into liquid medium. HxfA is
approximately 220kDa and slightly larger then HxfB.

Figure 3. Blocking of cell-cell
aggregation by adding of Fab fragments
against AD1-3 and AD4 suggests that
cell-cell binding domains are contained
in AD1-3 and AD4.
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ABSTRACT
Symbiotic control is a strategy to deliver anti-pathogen effectors to plants or their insect vectors by modifying naturally
occurring symbiotic bacteria.  In order to deliver these effectors, secretion systems must be developed, especially for Gram –
negative bacteria that contain an inner and outer cell membrane.  We report here the development of secretion systems based
on secreted proteins isolated from the grapevine endophyte, Pantoea agglomerans (P. agglomerans).

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is the principle vector of the xylem-limited bacterium Xylella fastidiosa (Xf), which
causes Pierce’s disease (PD) in grapes.  Limiting the spread of this pathogen by rendering GWSS incapable of pathogen
transmission or by interfering with the replication of Xf in the plant may stop the spread of PD.  These endpoints can be
accomplished by genetically modifying bacteria that live in the sharpshooter, the plant, or both in a method called symbiotic
control.  Symbiotic control seeks to modify the phenotype of an organism indirectly by modifying its symbiotic bacteria.

Symbiotic control approaches to disrupt pathogen infection of humans are being developed by several groups.  These include
interference with the ability of triatomid bugs to transmit pathogens causing Chagas’ disease (Beard et al., 2001), interference
with HIV attachment to its target cells in the reproductive tracts of humans (Chang et al., 2003; Rao et al., 2005), and the
elimination of persistent Candida infections from biofilms in chronically infected human patients (Beninati et al., 2000).
Symbiotic control has also been applied to deliver cytokines mammalian guts to relieve colitis (Steidler et al., 2000; Steidler,
2001).  Thus, the method has wide applicability.

One way to deliver anti-Xf protein factors from symbiotic bacteria is by secretion.  Secreted anti-Xf factors might circulate
throughout the plant, reaching foci of infection across physical xylem boundaries.  Secretion from Gram-negative bacteria,
however, is complicated by the fact that these species have two membranes that a protein must cross before appearing outside
the cell.  Gram negatives contain at least 6 identified types of secretion systems.  Unfortunately, many of these systems are
unpredictable when expressed heterologously.

We report here the evaluation of three proteins secreted from the grapevine bacterial symbiont P. agglomerans for use as
secretion partners of anti-Xf protein effectors.

OBJECTIVES
1. To create a system to secrete anti-Xf effector proteins from the grapevine symbiont, P. agglomerans based on one or

more of its native secreted proteins.

RESULTS
While we have been successful in secreting a wide variety of proteins using the Escherichia coli (E. coli) hemolysin system,
not all proteins secreted in this way have proved to be functional.  We set out to develop a secretion system specifically for P.
(=Enterobacter) agglomerans.  To do this we first identified several major secreted proteins of P. agglomerans.   We
collected spent medium from log-phase cultures of P. agglomerans and subjected them to 2D electrophoresis.  We were able
to separate over 20 spots and picked each one for identification via MALDI-TOF using a facility at Harvard Medical School
(Figure 1).  We reasoned that since P. agglomerans was sufficiently similar to E. coli some of its proteins should be able to
be identified in this way, which normally requires a sequenced genome.  Of the 20 spots we picked, only three returned
identities in which we were confident.  Fortunately, these were among the most abundant secreted proteins.  These were: fliC
(flagellin, Figure 1); flgL (flagellar hook protein); and, ssb (single-stranded DNA-binding protein).

We designed degenerate PCR primers based on the peptide sequences obtained from MALDI-TOF and also designed another
set of degenerate primers aimed at isolating the flanking sequences of the genes by an “arbitrary” PCR method.  To date, we
have assembled all of the sequence of fliC and have partial sequences for flgL and ssbI.  The fliC gene is particularly
interesting to us since it has been used as the basis of a secretion system in E. coli already and it is the single most abundant
proteins secreted from P. agglomerans.
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We have begun to construct a secretion system for P. agglomerans based on the fliC gene.  We designed several gene fusions
between fliC and a single chain antibody (scFv) specific to bovine serum albumin (BSA).  The fusion protein is relatively
large and can be easily assayed for activity directly from spent media to determine if the protein is folding correctly.  Similar
experiments using the homologous gene in E. coli showed that only a portion of fliC is necessary to obtain secretion, perhaps
as little as the 5’untranslated region (Majander et al., 2005).  We designed constructs using the full-length fliC gene fused to
the scFv and several C-terminal deletions of fliC down to as little as the 5’UTR.  These will be tested for secretion by
collecting the medium of log-phase cultures of P. agglomerans carrying the different fusion constructs.  The smallest
sequence of fliC that can successfully mediate secretion of the scFv will be used to test secretion of known anti-Xf effector
proteins.

CONCLUSIONS
We were able to identify several abundant proteins secreted by the grapevine symbiont, P. agglomerans.  These are under
development for use in the secretion of anti- Xf effector proteins into grapevine xylem after colonization by the symbiont.
The most promising of them is flagellin, which in E. coli can secrete proteins using only the 5’ UTR of the fliC gene.  Similar
experiments will test this capacity of the P. agglomerans fliC gene.
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ABSTRACT
During the 1997-1990 Pierce’s disease (PD) epidemic in Temecula, the Weaver vineyard had relatively modest losses in
Chardonnay grapevines, while neighbors lost 100%.  The Weaver vineyard is near citrus and therefore supposedly
vulnerable.  The owners thought an area in the vineyard opposite a driveway across from the vineyard that opened into a
citrus orchard was a likely site of entry of glassy-winged sharpshooter (GWSS), Homalodisca vitripennis from the
neighboring citrus orchard.  Patterns of replacement grapevines were documented in the Weaver vineyard and tested
statistically for any underlying patterns.  The data gathered showed both parallel and perpendicular runs of replaced
grapevines in concentrated PD replacement sectors of the vineyard.  While there was an area of grapevine replacement
opposite the driveway mentioned, there were other groupings of grapevine replacement on the opposite side of the Weaver
vineyard.  Thus the area in question opposite the driveway remains a curiosity and not the only area affected.  What remains
unknown is why the Weaver vineyard escaped the serious losses suffered by adjacent vineyards with the same variety of
grapevine.  The cause of this apparent resistance to PD is being studied further.

INTRODUCTION
The GWSS is a xylem feeder and transmits various strains of the bacterium Xylella fastidiosa to a number of economically
important plants such as citrus, almond, and grapevine causing diseases [1-4].  In the late 1990’s, a surge of GWSS swept
through Southern California’s Temecula Valley causing significant plant loses due to PD.
One vineyard, the Weaver vineyard, remained largely
unaffected during this event, suffering only an 11% loss
of vines, though it features classic high-risk properties.
Characteristics of the Weaver vineyard that place it in a
high-risk category include its proximity to two citrus
groves [5] located directly across the street, and a
susceptible grapevine variety, Chardonnay [6].  The
effects of the citrus groves opposite the Weaver vineyard
were of interest as the vine replacements in the vineyard
showed signs of a possible GWSS entry point due to a
driveway (Figure 1) that runs between the groves.
Figure one was taken from the Weaver vineyard looking
directly across the street into the neighboring citrus
orchard.  The Weaver vineyard anomaly of apparent
resistance to PD could be due to such factors as
endophyte concentration, plant morphology, genotype, or
soil composition.

METHOD
The pattern of rabbit guards indicating new replacement grapevines was recorded and analyzed with respected to proximity to
each other and the vineyard’s perimeter.  There were 420 replaced vines, 38 of which were replaced due to rodent damage.
Data of replaced vines were tested with the logistic regression equation.  The rabbit guards were present in sectors in the
vineyard.

RESULTS
An analysis of row and column effects was performed using logistic regression to determine the direction of entry in all
significantly concentrated sectors.  Sector A had only a row effect.  Sector B had no significant column or row effect.  Sector
C is a combination of two sectors, which shared the same column data on the perimeter of the vineyard, and they had only a
column effect.

Figure 1. Driveway into neighboring citrus grove
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Model I: The driveway entry point was located across from vineyard rows 47 and 48.  Replacement grapevine data was
tested using the logistic regression equation: p = logit(α + β i × Distancei) .  Where α is the intercept, ßi is the
correlation, and the distance i is the distance from the entry point to the replaced vine i.  The p-value of the result was 0.0067
and the distance from the entry point to each replaced grapevine was found to be statistically significant (p-value less than
0.05).

Model II: The vineyard was evenly divided into 16 sectors.  The concentration of replacement grapevines in each sector was
tested against the average concentration using the logistic regression equation: p = logit(α + βi × Sectioni) .  Where α is
the intercept, ßi is the correlation and sector i is the concentration of replacements per sector.  There were four sectors (sector
C is a grouping of two separate but adjacent areas) with a significantly higher concentration (with p-value less than 0.05) of
lost grapevines than average (figure 2.).  All four sectors were near either a neighboring vineyard or a citrus grove.  Sector A:
p-value = 0.0026, concentration = 0.1857; Sector B: p-value = 0.0002, concentration = 0.2051; Sector C consists of two
adjacent sectors: first p-value < 0.0001, concentration = 0.2308, second p-value = 0.0055, concentration = 0.1786.

Model III: Data within significantly concentrated sectors (sector A-C) was tested for both horizontal (row) and vertical
(column) effects and against the concentration within each row or column using the equation:
p = logit(α + β i × Rowi + β i ×Columni) Sector A (rows 41-54 and columns 1-15) only showed a row effect in rows

45, 47, and 48 (Ri-R=1.3923, 1.9313, 1.1204 respectively, and p-values are less than 0.05). Sector B (rows 1-13 and columns
16-30) had no significant row or column effect (p-values are more than 0.05). Sector C (rows 14-26 and columns 46-61)
showed a column effect only in columns 53, 54, 55, 57 and 58 (Ri-R=1.1357, 1.4427, 1.1357, 1.4427, 1.1357, and p-values
are less than 0.05).

Model IV: This model was necessary since the replaced grapevine data included grapevines that were replaced due to rodent
damage as well as vines replaced to PD-related loss.  In this model, the probability of rodent damage was evenly subtracted
from each grapevine (P = C+(1-C)), where P = the probability of PD-related loss, and C = the probability of rodent damage
= 38/420 = 0.0905). Then the probability of PD-related loss for each grapevine was calculated using the modified logistic
regression equation: p = c + (1− c)logit(α i + β ixi).  The color map of the probability was plotted (figure 3.).

Figure 2. The map of Weaver’s vineyard. According to Model II,
sector A-C are the highly significant areas of PD loss.
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DISCUSSION
The concentrated sectors of the Weaver vineyard yield insight to GWSS behavior with respect to PD appearances.  A
theorized entrance point is supported by a perpendicular statistical pattern within a concentrated sector at the perimeter of the
vineyard.  Sector A of the Weaver vineyard shows this row effect, which is directly across from a road located between two
citrus groves, a common GWSS harbor.  GWSS tend to disperse intermittently while foraging [8], possibly to avoid predation
or competition.  The presence of a “corridor” absent of foliage may further aid the migration and dispersion of GWSS into a
field.  While the exact times of individual GWSS feeding and transmission are unavailable, regular and repeated contact with
specific plants can be visualized, as these plants will be less likely to recover from PD symptoms and have to be replaced.
Since the perimeter of a vineyard is necessarily more exposed to GWSS activity (the GWSS must cross the perimeter to enter
the vineyard), one would expect to see more symptomatic vines where the GWSS enter.

Thirty-eight grapevines were removed due to rodent damage from possibly California ground squirrel, the jackrabbit, and/or
the pocket gopher [9-11].  The vertical and horizontal logistic regression statistical analysis was performed to find a
correlation between runs of data within concentrated areas.  Only runs perpendicular to the perimeter could give rise to
GWSS entrance points while parallel runs could be attributed to rodent damage.  The runs of data in Sector C reflect the
feeding behavior of rodents in that they are localized, parallel runs in close proximity to the rodent habitat.  The habitat was
identified by burrows, droppings, and activity.

Another possible cause of localized vine replacement could be due to GWSS nymph feeding behavior supporting vine-to-
vine transmission locally.  This behavior may explain the pattern observed in Sector B.

Future Works. It is important to recognize other environmental factors that may affect the introduction and spread of PD
infection.  Possible effects include parasitic wasps, endophytic bacteria antagonistic to the pathogen, plant morphology, and
soil composition.  Also, the soil may contain micronutrients capable of disrupting biofilm formation by the pathogen in the
xylem of the grapevine.  It is likely that the apparent resistance of Chardonnay grapevines in the Weaver vineyard to PD has
several contributing causes.  If some of these factors are discrete, such as endophytes protecting grapevines against PD, it
may be possible to convert them into treatments to protect other vineyards.  There is some precedent for this non-recombinant
symbiotic control approach.
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ABSTRACT
The goal of this project is to evaluate a sampling method for rapidly identifying vineyards to sample for Pierce’s disease
(PD) infection.  Using aerial imagery to locate large “PD signature areas” we have searched 30,353 vineyard acres,
identifying 76 vineyards for sampling.  We have sampled 17 of these vineyards, finding PD in 8 of them.  It is important to
note that these infected sites had never been identified prior to our research.  This is the first step toward sampling large
areas for PD and it is the foundation for developing a sampling program for PD in California.

INTRODUCTION
Pierce's disease (PD), a disease of grapes caused by the bacteria, Xylella fastidiosa Wells et al., was described in California
in the 1880s during an epidemic in Orange County (Pierce 1882).  A second epidemic occurred in Tulare County in the
1930s (Hewitt et al. 1949), and until the mid-1990’s, it was considered only a minor problem in vineyards close to riparian
areas.  In the early 1990s a new vector, the glassy-winged sharpshooter (GWSS), Homalodisca vitripennis (Germar)
(formerly Homalodisca coagulata Say), was introduced into the state (Sorenson and Gill 1996), and this species was
associated with a devastating epidemic of PD in the Temecula Valley.  Since 1994, at least 1,500 acres of vineyards have
been lost to the disease in California; in the Temecula Valley alone, losses have been estimated at $13 million (Wine
Institute 2002).

Locating infected vines also is the most important component behind vineyard-level management strategies implemented by
individual growers.  For example, vineyards with high PD incidence would logically require more aggressive vector
management than vineyards with little or no PD in the field.  This does not mean that growers should relax their vigilance in
areas or vineyards with low PD incidence, but by knowing the distribution of PD in their field, growers could prioritize the
areas needing the most immediate attention.  Also, knowing the location of infected vines is necessary for growers to
implement roguing strategies to reduce Xf inoculum in vineyards.

Presently, the only proposed strategy for finding PD is to census vineyards in search for symptomatic vines; infection is
verified by ELISA.  This type of census was evaluated in Kern County, and it provided a cost-effective strategy for
identifying infected vines when incidence was low (Hashim and Hill 2003).  However, it becomes prohibitively expensive to
sample and test every symptomatic vine when the percentage of vines with PD-like symptoms exceeds 1% in the vineyard
(Perring et al. 2005).  It is especially difficult to use a symptom-based survey when other stress factors (e.g. drought and salt
damage) that express PD-like symptoms exist in vineyards (Krell et al. 2006).

While many growers are fastidious and have been diligent in conducting field censuses and roguing infected vines, the
majority of large vineyards in California have never been surveyed for PD.  Even vineyards in close proximity to citrus
which represent putative high risk areas have not been sampled. In this project, we will develop PD sampling strategies that
are not biased by variable symptom expression, that are economical so they can be applied to large geographic areas, and
that have sufficient detail so they can be used to locate diseased vines within vineyards.
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OBJECTIVE
1)  To evaluate the use of “PD-signatures areas,” visualized with aerial photography, for prioritizing vineyards for more
intensive PD sampling.  While this project focuses on table grapes in Kern and Tulare County (due to the funding source),
the protocol is adaptable to vineyards of all types throughout the state.

RESULTS
The goal of an area-wide-level PD sampling plan is to assess PD distribution over large geographic areas.  Clearly it is
impractical to visit every vineyard in California and search for PD infection, so a method is needed for prioritizing fields to
sample.  In previous studies, we found that 82% of the diseased vines in the Coachella Valley were adjacent to two to six
consecutive missing, dead, or replanted grapevines in a row.  We hypothesized that these holes were created by PD
infection, and putatively termed them “PD signature areas,” (Perring et al. 2005, Park et al. 2006).  We learned that these
signature areas can be seen in aerial photographs (Figure 1), and we evaluated the feasibility of using aerial images to
identify fields with PD.  In previous studies in the Coachella Valley, we identified 15 vineyards with putative signature areas
and sampling revealed 7 of them were infected with PD.  These vineyards represented new finds for our area-wide survey
that had not been identified in the previous 4 years of surveying by vehicle.  A subsequent study in September 2006 in Kern
County identified nine vineyards that had not been sampled previously; all nine were selected because they had PD signature
areas visible in aerial images.  Tissue collected around the signature areas confirmed PD in seven of the fields.

Currently, we are in the process of sampling table grape vineyards in Kern and Tulare County (Figure 2).  Using aerial
imagery, we have searched 163 vineyard sites representing 12,584 acres in Kern County and 363 sites representing 17,769
acres in Tulare County.  In Kern County, we identified 20 vineyards with large signature areas and to date, we have sampled
17 of these vineyards, collecting samples for ELISA analyses.  Eight of these fields were positive.  We are continuing to
search the aerial imagery in Kern County for additional sampling sites.  In Tulare County we have identified 56 sites for
sampling, and we are in the process of contacting growers to gain access to their vineyards for sampling.

CONCLUSIONS
The CDFA Research Scientific Advisory Committee (2007) noted that adding Pierce’s disease data to the current CDFA
GIS database is an “important and highly desirable objective.” With over 790,000 acres of grapes in the state, this is a
sizeable goal.  Our lab has been working for several years on sampling strategies for PD at the grapevine (Krell et al. 2006),
vineyard (Park et al. 2006), and area-wide scales.  Our results in the current study suggest that aerial imagery can provide a
rapid and efficient method for surveying large land areas and prioritizing vineyards for PD sampling.  This season, we have
identified 76 vineyards for priority sampling out of 526 sites representing 30,353 acres.  We have collected samples from 17
of the 76 sites and have verified PD in 8 of the vineyards that had not been identified previously.  This area-wide sampling is
the first step toward adding PD data to the CDFA database.

Figure 1. Aerial images of two vineyards in Kern County.  The left side image was
categorized as “healthy”, meaning that it had a low priority for sampling while the right side
image was categorized as having “PD signature areas”, thus qualifying the vineyard for
sampling.
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ABSTRACT
Central Texas vineyards with clayey limestone-based soils have usually developed Pierce’s disease (PD) caused by Xylella
fastidiosa (Xf) sooner, and epidemics have been more severe compared to vineyards with sandy granite-based soils.  Soils
collected from two vineyards representing each soil group (granite:  McCulloch and Gillespie Counties; limestone: Gillespie,
Blanco Counties) and MetroMix 366 (SunGro Horticulture, Bellevue, WA) peat-based potting mix were planted with highly
susceptible Chardonnay (bare-root 1-yr old plants).  Blow-molded black plastic pots (28 cm dia. x  24 cm ht ‘2.9 gal.’) were
fitted with one fiberglass wick (knit rope, 1.9 cm diameter, fired 4 hr at 400 C) across the inside bottom of the pot with one
end protruding 46 to 61 cm below the bench top to enhance drainage.  Experimental design was an unbalanced split-plot with
soils as main plots and inocula (five pots inoculated, three pots not inoculated) as sub plots.  No-inoculum treatments
(checks) were mock-inoculated with SCP buffer.  Runs one, two, and three had 9, 2, and 10 replications, respectively.  A
screened structure (woven HDPE insect screen 20x20 mesh, 40% shade) excluded xylem-feeding insect vectors.  White
shade cloth (22%) was positioned over the screen for the duration of runs one and two, but was removed during run three
after plants were established.  Irrigation was with distilled or RO (after softening) water to minimize potential for minerals in
water to alter soils.  Minimal urea fertilizer (0.1 g urea per pot in RO water) was used periodically to maintain growth.
Young cultures of Xf isolate GILBEC625-2 on PWG medium were suspended in SCP buffer until visibly turbid and
standardized (0.200<OD<0.300, 600 nm).  For run one, one 10-µl drop was placed on each of two adjacent internodes (20
µ/plant) and probed gently to xylem-depth with sterile 28- or 30-gauge syringes.  Runs two and three were repeat-inoculated
one or two days later on the opposite sides of the same internodes (40 µ/plant).  Symptoms of PD were recorded (one to five
index, one for no symptoms, five for dying/dead plants) and petiole samples were tested with ELISA (Agdia, Inc., Elkhart,
IN).  Data were analyzed with PC SAS PROC GLM.  Run one was evaluated in November 2005 and June 2006.  Run two
was evaluated in June 2007.  Run three was evaluated in August 2007.  Soil effects were never significant for ELISA OD,
incidence (proportion plants with ELISA OD>0.300), or PD symptoms intensity.  Inoculum effects were always significant
(P<0.05) for OD, incidence, and symptom intensity as expected because the comparison was some vs. none.  Soil x inoculum
interaction was never significant for OD, incidence, or symptom severity.  We conclude that soil type has no direct effect on
PD in Central TX.  Our previous work showed that vineyard sites with granite- or limestone-based soils vary for certain
important plant species.  Some supplemental plant host species for Xf (Helianthus annuus, Ambrosia trifida var. texana, Iva
annua) were mostly absent on droughty granite-based soils, but very frequent on higher-water-holding-capacity limestone-
based soils.  We propose an indirect soil effect on PD due to soil effects on plant communities.  These three annual weeds
sometimes occur in highway rights-of-way and farm staging yards in areas of granite-based soils, apparently because seeds
were introduced on mowing and other equipment.  These may represent significant corridors for vectors and the PD pathogen
into usually low risk sites.
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ABSTRACT
Alfalfa (Medicago sativa) occurs widely throughout the Central Valley, often adjacent to grape and other plants susceptible
to Xylella fastidiosa (Xf).  Although a previous epidemic of Pierce’s disease (PD) in the Central Valley was associated with
migration of infective insects from alfalfa fields to vineyards, little is known about alfalfa-Xf interactions and their
importance to disease epidemiology.  In this project we are studying the suitability of alfalfa as a perennial host of PD and
almond leaf scorch (ALS) strains of Xf and its role as a source of the pathogen for vector transmission.  In a first study, we
showed that several isolates of each strain can colonize alfalfa after mechanical inoculation, although the rate of infection and
bacterial population over successive cuttings varied depending on the isolate.  We are now testing transmission of an isolate
of each strain to/from alfalfa to grape and almond by the green sharpshooter (Draeculacephala minerva), as well as studying
the feeding sites of three sharpshooter vectors in relation to the distribution of Xf in the alfalfa plant.  These studies should
provide basic information on vector-alfalfa-Xf interactions, which may be considered in management strategies for
pathosystems that include alfalfa as a host.

INTRODUCTION
In recent years, many aspects of Xf diseases have been studied, providing information that can be used to develop
management practices.  However, some aspects of the epidemiology of diseases like PD and ALS are poorly understood,
such as the role of alfalfa (Medicago sativa) in the maintenance and spread of Xf in California.  This bacterium colonizes
alfalfa and it was associated with the alfalfa dwarf (AD) disease (Thomson et al. 1978).  Alfalfa occurs throughout the
Central Valley and it was directly associated with the largest PD epidemic that had occurred in this region (Hewitt et al.
1949) until the introduction of the glassy-winged sharpshooter (GWSS), Homalodisca vitripennis.  Studies on the epidemics
of the 1940s showed that PD was more frequent in areas adjacent to alfalfa fields, and that a disease gradient was observed,
in which PD incidence was higher near alfalfa fields (Hewitt and Houston 1941).  It was later found that the etiological agent
of AD was transmitted by sharpshooter leafhoppers (Hewitt et al. 1946) and that spread to adjacent grapevines was associated
to two sharpshooters commonly found on Bermuda grass and alfalfa fields, Xyphon fulgida (red-headed sharpshooter, RHSS)
and Draeculacephala minerva (green sharpshooter, GSS) (Purcell and Frazier 1985).

In relation to PD, interest in AD was primarily focused on its importance as a reservoir of Xf to grape rather than studies
aimed to understand the alfalfa-Xf association.  Weimer described AD in a series of publications (Weimer 1932, 1936,
1937a), but at that time the disease was presumed to be caused by a virus (Weimer 1937b).  Focus on AD was briefly
renewed when Davis et al. were able to culture Xf from infected grape and almond plants (1978, 1980).  Thomson et al.
(1978) were also able to culture Xf from alfalfa, although Koch’s postulates were not fulfilled for the disease.  Since then, no
further information was reported on AD.  We do no know which Xf strains cause disease in alfalfa, or which strains can
multiply in this plant.  The only work done on this aspect of the disease showed that Xf isolated from alfalfa caused disease in
almond (Thomson et al. 1978).  Recently, it was shown that grape and almond Xf are genetically and biologically different
(Almeida and Purcell 2003). Grape strains cause disease in grape and almonds, whereas almond strains do not cause disease
in grape.  This is of paramount importance in explaining the movement of Xf from vineyards to almond orchards and vice-
versa.  However, the role of alfalfa in this pathosystem remains unclear, as we do not know if these strains multiply in alfalfa
to numbers high enough for insect acquisition and subsequent transmission to grape or almond.  In this project we are
evaluating the fate of grape and almond strains of Xf in alfalfa, as well as their acquisition and inoculation by vectors on this
host plant, in order to determine the importance of alfalfa crop as a source for these strains.

OBJECTIVES
1. Assess multiplication, movement and survival of grape and almond strains of Xf in alfalfa.
2. Evaluate pathogenicity of Xf strains to alfalfa.
3. Determine vector transmission efficiency of Xf to/from alfalfa to grape and almond.

RESULTS
Objective 1.  Colonization of alfalfa by grape and almond strains of Xf
In this study, we are assessing the multiplication and survival in alfalfa (cv. WL625HQ) of 12 isolates of Xf from grape, 10
isolates from almond and two from alfalfa (Table 1).  Potted alfalfa seedlings were pin-inoculated in the stem (2” above soil
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level) with a 108-109 CFU/mL suspension of each isolate; we kept the plants in a vector-proof greenhouse and cut at 1.5”
above soil after each flowering stage. Xf infection and concentration at the base of the stem was determined by primary
isolation on solid PWG medium (Hill & Purcell 1995) at 8, 14 and 21 wks after the inoculation (just before the 1st, 2nd and 3rd

cuts, respectively).  At each cut, plants were evaluated for height, number of internodes and harvested dry mass, in order to
determine strain pathogenicity to alfalfa.  One last evaluation of Xf infection and alfalfa growth will be carried out at 35 wks
after inoculation (before the 5th cut).

The results obtained so far show that both grape and almond strains of Xf can multiply and survive in alfalfa for at least three
cuts.  The percentage of infected plants varied widely for grape (0-100%) and almond (11-100%) strains, and the mean
bacterial concentrations ranged from 106 to 108 CFU/g of alfalfa tissue for both strains (Table 1).  By the 3rd cut, however,
most grape isolates showed mean concentrations around 108 CFU/g, whereas concentrations of almond isolates were
generally 10 times lower.  Reductions in plant height and dry mass in relation to healthy controls (mock-inoculated plants)
were apparent at the 3rd cut for at least four grape isolates and one of alfalfa (Figure 1).  Statistical analyses for testing the
effects of different isolates on alfalfa growth parameters will be carried out after the 5th cut.

Objective 2.  Distribution of Xf strains in alfalfa in relation to vector feeding sites
We are conducting another study to determine bacterial movement and distribution in relation to vector feeding sites in
alfalfa.  Initially, a choice experiment including three sharpshooter species [GSS, GWSS and the blue-green sharpshooter
(BGSS), Graphocephala atropunctata] was carried out to examine vector preference for feeding on different parts of the
alfalfa plant.  This choice experiment showed that GSS feeds both on the basal and upper portions of the stems, while GWSS
prefers to feed on the stem at the medium and upper part of the plant and BGSS feeds exclusively on the upper part of the
plant (leaves and stems).  Based on the vector seeding sites, we designed a second experiment to measure the movement and
distribution of two almond and two grape isolates of Xf in alfalfa stems.  Potted alfalfa seedlings were mechanically
inoculated with cell suspensions of each isolate, as described above.  At 6 (1st cut) and 12 (2nd cut) wks after inoculation, the
bacterial concentrations at the base of the inoculated stem, in the tap root, and at the base and tip of an adjacent stem will be
determined by culturing.  As an additional measurement of systemic movement, we will confine healthy sharpshooter vectors
at the base and tip of the adjacent stem for an acquisition access period (AAP) and then tested for transmission to indicator
plants and assayed for infectivity by PCR.  Final results are pending.

Objective 3.  Transmission efficiency of Xf strains to/from alfalfa
A third study is being carried out to evaluate transmission efficiency by GSS of a grape and an almond isolate of Xf to/from
alfalfa to grape and almond plants.  Healthy adults of GSS were confined on source plants of these isolates for a 48-h AAP
and then transferred to test plants of alfalfa, grape and/or almond for an inoculation access period of 48 h.  For the grape
isolate, alfalfa, almond and grape are being tested as source and test plants, whereas for the almond isolate (not pathogenic to
grape), only alfalfa and almonds are being tested.  These experiments were already set up, but the results are not available
yet.

CONCLUSIONS
Grape and almond isolates multiply and persist in alfalfa to population levels ≥107 CFU/g of tissue, which exceed the
minimum threshold (104 CFU/g) required for Xf acquisition by sharpshooter vectors (Hill & Purcell 1997). Xf infection
reduces height and dry mass of alfalfa.  Pending experiments will determine the importance of alfalfa as a source of Xf for
vector acquisition.
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Figure 1. Growth parameters of infected alfalfa plants at successive cuttings following mechanical inoculation of Xf isolates.
A) Plant height in relation to healthy control; B) Regression of number of cuts versus relative plant height; C) Dry mass in
relation to healthy control; D) Regression of number of cuts versus relative dry mass; E) Number of stems in relation to
healthy control; F) Regression of number of cuts versus relative number of stems.  Black, gray and white columns represent
the 1st, 2nd and 3rd cuts, respectively (graphs A, C and E).  In graphs B, D and F, means (±SE) are based on pooled data of all
isolates.
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Table 1. Rate of infection and bacterial concentration of Xf isolates in plants of Medicago sativa at successive cuttings after
mechanical inoculation.

Proportion of infected plants Log CFU/g tissue (±SE)
Inoculation date 1st cut 2nd cut 3rd cut 1st cut 2nd cut 3rd cut
Isolate (County) Host of origin (8 WAIa) (14 WAÍ) (21 WAI) (8 WAÍ) (14 WAÍ) (21 WAÍ)

03/15/2007
Hopland (Mendocino) Grape 6/12b 1/7 100.0 (9/9) 6.6±0.5 8.0 8.6±0.2
Napa silverado (Napa) Grape 5/11 4/9 44.4 (4/9) 6.7±0.6 7.8±0.4 8.2±0.4
STL (Napa) Grape 7/9 4/8 57.0 (4/7) 7.2±0.4 8.7±0.2 7.6±0.5
SN1 (?) Alfalfa 7/9 6/8 87.5 (7/8) 8.1±0.5 8.6±0.2 7.9±0.3
M12 (?) Almond 7/9 5/8 44.4 (4/9) 6.3±0.4 7.6±0.2 7.3±0.5
Mock -
03/30/2007
M23 (?) Grape 7/7 7/7 6/7 8.0±0.4 8.8±0.2 8.6±0.1
Medeiros (Fresno) Grape 6/6 6/9 6/6 8.1±0.1 8.6±0.2 8.4±0.2
Conn (Napa) Grape 9/9 4/8 4/8 7.3±0.4 6.5±0.5 7.4±0.5
ALS1 (San Joaquin) Almond 8/8 8/8 7/7 7.9±0.2 8.2±0.2 8.7±0.2
ALS6 (San Joaquin) Almond 7/7 6/8 5/7 7.1±0.3 7.9±0.4 7.4±0.2
Butte (Butte) Almond 9/9 9/9 Ctc 8.3±0.2 7.6±0.3 -
ALS4 (San Joaquin) Almond 7/7 4/7 1/8 7.7±0.2 6.8±0.2 7.7
ALS9 (San Joaquin) Almond 6/9 5/8 Ctc 8.0±0.2 7.6±0.4 -
Mock -
04/10/2007
Buena Vista (Kern) Grape 9/9 9/9 9/9 8.4±0.2 8.4±0.1 8.7±0.1
Traver (Tulare) Grape 8/9 9/9 7/7 8.7±0.0 8.6±0.1 8.8±0.2
Pavich (Kern) Grape 8/9 9/9 9/9 8.3±0.1 8.6±0.2 8.2±0.1
Baja#5 (Mexico) Grape 6/9 7/8 7/9 7.3±0.2 8.1±0.3 8.7±0.1
Temecula (Riverside) Grape 1/9 0/8 2/7 5.2 - 8.4±0.5
UCLA (Los Angeles) Grape 5/9 0/9 1/9 6.3±0.3 - 5.7
M35 (?) Alfalfa 9/9 7/9 6/7 8.3±0.1 8.0±0.6 7.6±0.4
SJV1 (San Joaquin) Almond 4/9 2/7 5/9 6.0±0.2 7.3±0.5 7.2±0.6
ALS2 (San Joaquin) Almond 6/9 3/9 4/9 7.4±0.2 7.8±0.4 7.1±0.3
Glenn (Glenn) Almond 6/9 5/8 1/9 7.9±0.2 8.4±0.2 5.3
Dixon (Solano) Almond 3/9 3/9 1/9 7.5±0.2 8.3±0.5 8.0
Mock -
aWAI: weeks after inoculation.
bNumber of infected plants over the total number inoculated.
cData not obtained due to plate contamination during bacterial isolation.
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ABSTRACT
Xylella fastidiosa (Xf) can infect all winegrape varieties and some riparian plants, but its limited persistence and low titers in
many species means that a small subset of all hosts are likely important inoculum sources.  We examined the relationship
between the abundance of riparian host species in riparian areas and the incidence of Pierce’s disease in Napa Valley
vineyards.  Our preliminary finding of only one species, Vinca major (periwinkle), being positively correlated with a high
incidence of Pierce’s disease suggests that eradication of all twelve species recommended for removal, according to the
guidelines of riparian vegetation management, may be unnecessary.

INTRODUCTION
In California’s North-coastal grape-growing region, the Pierce’s disease pathogen, Xf, is vectored by a native insect,
Graphocephala atropunctata (blue-green sharpshooter; BGSS; Purcell 1975).  There are no effective controls for Pierce’s
disease on the North Coast.  Uptake of a soil-applied insecticide, imidacloprid, is effective against the invasive vector
Homalodisca coagulata (glassy-winged sharpshooter; GWSS) in the San Joaquin Valley and southern California (Castle et
al. 2005), but is known to be poor in North Coast soils (Weber et al. 2005).  The egg parasitoids released in southern
California to control GWSS do not attack the BGSS (Boyd and Hoddle 2006).  Furthermore, no commercially-viable,
resistant winegrapes yet exist.

Riparian areas contribute to Pierce’s disease in North Coast vineyards as evidenced by a correlation between disease
incidence and proximity of vines to riparian areas (Purcell 1974).  Eradication of riparian hosts, a technique known as
riparian vegetation management (Anonymous 2000), offers the promise of decreasing the pathogen reservoir and vector
densities outside of vineyards. However, there are some gaps in the knowledge that make it difficult to predict the efficacy of
this approach for control of Pierce’s disease.

Xf hosts have been identified primarily from greenhouse studies (Hill and Purcell 1995).  Greenhouse studies are important
for evaluating a pathogen’s host range.  However, the moderate greenhouse climate and the high pathogen concentrations
used for inoculations likely over-estimate a pathogen’s host range in the field.  The generalist feeding habit of the BGSS
(Hewitt et al. 1949) further complicates our ability to predict which hosts identified from greenhouse studies are significant
inoculum sources (i.e., competent reservoirs).  In the field, such hosts are situated within plant communities, where their
relative abundance and, thus, importance in the spread of a pathogen, can vary.  Therefore, field-based investigations are
needed to identify vegetation types that contribute most to the spread of Pierce’s disease.

Xf populations within infected hosts affect the probability of a vector first acquiring the pathogen while feeding on such
hosts, then transmitting the pathogen to other hosts (Hill and Purcell 1997).  While Xf populations tend to be higher in some
hosts (e.g., Vitis vinifera cv. Chardonnay) than in others (e.g., Artemisia douglasiana; mugwort), they are known to fluctuate
according to temperature (Feil and Purcell 2001) and plant hormones (Hopkins 1985).  In order for a host to serve as a
significant inoculum source, vector feeding must be synchronous with Xf populations at or above the acquisition threshold (≥
104 colony forming units (CFU) per g petiole tissue; Hill and Purcell 1997).  Such fluctuations make it difficult to determine
that all hosts identified in the greenhouse are likely to host high pathogen populations during high rates of feeding activity.
Given that Xf is not detectable in vines early in the growing season (Hopkins 1981), it is possible that overwintering BGSSs
acquire the pathogen from feeding on infected riparian hosts in spring (Purcell 1975).  In spring, we found that Xf was not
detectable in two riparian hosts [California grapevine (Vitis californica), blue elderberry (Sambucus mexicana)] at two North
Coast locations where infected plants of both species were placed the previous summer (Baumgartner and Warren 2005). Xf
was detected in spring in three riparian hosts [California blackberry (Rubus ursinus), Himalayan blackberry (Rubus discolor),
periwinkle (Vinca major)], but no plants of any of these species supported Xf populations ≥ 104 CFU/g petiole.  Our findings
suggest that seasonal fluctuations in Xf populations limit the ability of species identified as hosts in the greenhouse to serve as
hosts in the field.

We previously examined the relationship between Pierce’s disease and the spatial arrangement of vineyards and other
habitats (i.e., landscape structure).  Our objective was not to disprove the association between riparian areas and Pierce’s
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disease, but to clarify the influence of other habitats (vineyards, residential neighborhoods, wineries, etc...) known to support
both the pathogen and the vector.  Little work has been done on the influence of landscape structure on the spread of plant
diseases (e.g., the invasive forest pathogen, Phytophthora ramorum; Meentemeyer et al. 2004).  Nonetheless, landscape
structure is known to be a key factor in the spread of vector-borne mammalian diseases, such as Lyme disease (Allan et al.
2003), bubonic plague (Collinge et al. 2005), and malaria (Guerra et al. 2006).  Lyme disease and Pierce’s disease share some
similarities.  Both pathosystems are characterized by a generalist pathogen, a generalist vector, and numerous alternate hosts
that occupy different habitat types.  Natural habitats with more diverse host populations are likely to support lower densities
of alternate hosts via a dilution effect, and this is thought to contribute to lower incidence of Lyme disease in urban areas
surrounded by such habitats (Schmidt and Ostfeld 2001).  Based on the results of binary logistic regression analyses, we
found that Pierce’s disease was more likely to occur in Napa Valley vineyards situated in a landscape surrounded by more
vineyard and residential development, regardless of their proximity to riparian habitat (Greenleaf et al. In review).  Given that
vineyards and urban areas support high densities of BGSS and Xf hosts, specifically grapevines (Davis et al. 1978) and
landscape plants (Hewitt et al. 1949; Severin 1949; Freitag 1951), it is possible that these habitats are more important in the
spread of Pierce’s disease than previously thought.  Indeed, reports of pathogen titers in various hosts show that grapevines
support among the highest (Hill and Purcell 1995).

In 2006 and 2007, we investigated the relationship between plant community composition in riparian areas and disease
incidence in adjacent vineyards (Figure 1). Our study was the first to investigate which riparian plants are correlated with a
high incidence of Pierce’s disease in vineyards.

OBJECTIVES
1. Quantify the relative abundance of plant species in riparian areas adjacent to vineyards with a high incidence of Pierce’s

disease and vineyards with a low to zero incidence.
2. Quantify the incidence of Pierce’s disease in the vineyards.
3. Examine the correlation between the relative abundance of riparian species and Pierce’s disease in adjacent vineyards.

RESULTS
Based on preliminary analyses of ELISA results from 20 of 50 vineyards, we found that Pierce’s disease is significantly more
likely to occur in vineyards adjacent to riparian areas where periwinkle is more abundant (p < 0.05; Figure 2).  In riparian
areas adjacent to vineyards with Pierce’s disease, periwinkle was 21 times more abundant, on average, than in riparian areas
that were adjacent to disease-free vineyards.  In contrast, neither California blackberry, California grape, blue elderberry,
Himalayan blackberry, California mugwort, mulefat, nor stinging nettle was associated with a high incidence of Pierce’s
disease in nearby vineyards (p > 0.1).  Real-time PCR analyses are in progress for symptomatic grapevines and riparian hosts
at all 50 sites.

CONCLUSIONS
In applying knowledge of the Xf and BGSS host ranges to development of management strategies for control of Pierce’s
disease in the field, we find that there are some important gaps to fill.  Over the past several years, our efforts have been
aimed at testing hypotheses that fill such gaps, in order to help growers evaluate their riparian vegetation management efforts.
Our preliminary results from this previous year show that periwinkle is significantly correlated with a high incidence of
Pierce’s disease, and that other riparian hosts known to harbor the pathogen are not.  It is possible, therefore, species may be
more important in the spread of Pierce’s disease than previously thought.
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Figure 1. Study design for sampling the plant community composition in riparian areas.  We studied 19 randomly selected
vineyards in Napa County; each was adjacent to riparian vegetation.  In Fall 2005, at each of these sites we examined
grapevines for Pierce’s disease symptoms and confirmed the presence of Xf by ELISA, with the help of Dr. Barry Hill.  In
July 2006, we surveyed the riparian vegetation adjacent to each vineyard.  At each site, we established four transects.  Along
each transect, we measured the percent cover per species within each of 20 quadrats (0.5 x 0.5 m; Figure 1).  A geographic
information system (GIS) was used to measure the amount of residential and winery land within 1.5 km of each site.  In 20
quadrants positioned along each of four transects, as drawn in the riparian area pictured at left, we measured percent cover of
all riparian species present.  The rectangular box in the vineyard section was surveyed for Pierce’s disease.
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Figure 2. Abundance of riparian plants adjacent to vineyards with and without Pierce’s disease. Means and standard errors
are shown.  Periwinkle was significantly more abundant adjacent to vineyards with Pierce’s disease compared to vineyards
without Pierce’s disease (p < 0.05); differences were not significant for other plants (p > 0.1).
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ABSTRACT
Navigating the intellectual property (IP) rights of commonly used research tools is essential to prevent downstream legal or
regulatory obstacles for deployment of new technologies.  This is particularly true in the area of agricultural biotechnology
and specifically as related to plant transformation technologies.  In light of the complex patent landscape and recognizing the
robust intellectual property portfolio among universities and public research institutions, this project seeks to leverage the
public portfolio of technologies to support the development of a patent pool of technologies available for plant
transformation.  This research project will develop and test a grape-specific transformation system for the generation of
genetically engineered Vitis that addresses legal IP issues, meets high technical standards and is designed with attention to the
emerging regulatory framework.  The proposed plant transformation system can serve as a platform tool for the practical
deployment of transgenic Pierce’s disease (PD) control strategies.

INTRODUCTION
PIPRA, the Public Intellectual Property Resource for Agriculture, is a public sector multi-institutional program designed to
provide the framework to manage IP and develop tools that will facilitate humanitarian or commercial development of
promising agricultural innovations.  In research to control PD, several transgenic strategies have been tested and show long-
term promise.  However, the gene transfer tools utilized for research are, in general, proprietary and do not provide features
that are likely to be compatible with evolving regulatory frameworks.  As a consequence, promising research conducted
today may need to be replicated with different tools and technologies if transgenic plants are ever to be deployed for
commercial field production.  The objective of the research project is to design and test a plant transformation system that
addresses IP and regulatory issues and that could be used for research and commercial deployment of transgenic PD control
strategies in grapes.

OBJECTIVES
1. Design, develop, and validate a grape-specific transformation system that addresses legal IP, technical and regulatory

considerations.
2. Develop alternatives to Agrobacterium-mediated transformation for California wine grapes and/or cultivars suitable for

generating root stocks.
3. Develop strategies to disseminate biological resources under appropriate licensing agreements for the PD community.
4. Explore collaborative opportunities with researchers developing PD control strategies to link the developed

transformation technologies with specific PD resistance technologies.

RESULTS
Transformation vector system
Although excision and removal of selectable markers has been accomplished in many plant species that can be subjected to
subsequent rounds of breeding, this approach is not feasible in grape cultivars because of the inability to engage in
subsequent rounds of breeding.  Here we proposed a strategy that has been demonstrated in several model systems and uses
recombinase-mediated gene excision to remove the selectable marker from the genome, after selection of transformed plants,
by a mechanism which does not support re-integration (Dale and Ow 1991, Russell et al. 1992, Gleave et al. 1999, Sugita et
al. 1999, Sugita et al. 2000, Hohn et al. 2001, Zuo et al. 2001, Schaart et al. 2004).  The recombinase-based transformation
cassette is designed to incorporate three distinct functionalities: selection for cells that are initially transformed, an inducible
recombinase gene that can be transiently activated to excise the selectable marker cassette and a second negative selectable
marker (Perera et al. 1993, Gleave et al. 1999) to eliminate cells in which recombinase-mediated excision does not occur.
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This approach can achieve removal of the selectable marker during the first generation plant tissue culture stage.  PIPRA’s
legal and scientific staff performed a review of the intellectual property landscape surrounding recombinase-based plant
transformation systems and this scientific and legal information was subsequently used to design a Par A recombinase- based
marker removal transformation vector suitable for asexually propagated crops, such as grapes.  Although recombinase-
mediated gene excision systems have been filed for patent protection (Moller et al. 2004), preliminary evaluation and
licensing discussion indicate that the specific technologies incorporated in this vector are available for non-exclusive
licensing.  Thus far, PIPRA designed and initiated synthesis of the recombinase transformation vector (Figure 1).

Selectable markers
Genetic engineering of plants typically requires the co-integration of trait-conferring genes with genes that confer positive or
negative selection to facilitate identification of genetically modified cells.  The most common marker used for research and
commercial production is the bacterial neomycin phosphotransferase II (NptII) gene that grants resistance to several
antibiotics (Miki and McHugh 2004).  However, in spite of the fact that NptII has been determined to be safe by numerous
regulatory agencies, consumers express concern over residual non-plant antibiotic resistance genes in genetically modified
crops.  Furthermore, broad issued patents and new patent claims covering the use of antibiotic resistance genes for plant
transformant selection are in place in the U.S. and not generally available for license.  PIPRA has now tested two recently
described plant-derived markers (Dirk et al. 2001, 2002, Miki and McHugh 2004, Mentewab and Stewart 2005).  The plant
peptide deformylase (DEF) from Arabidopsis confers tolerance, when overexpressed, to DEF-specific inhibitors which are
otherwise lethal to plants.  The Arabidopsis ABC transporter, Atwbc19, provides kanamycin resistance levels comparable to
the bacterial-NptII gene when overexpressed.  In contrast to
the bacterial-NptII gene and bacterial homolog of Atwbc19,
which provide tolerance to a broader spectrum of antibiotics,
the plant transporter appears to provide tolerance only to
kanamycin.  These two markers have the advantage that,
because they are plant-derived genes, risk of horizontal gene
transfer resulting in bacterial chemical resistance is greatly
reduced.  PIPRA has engaged in productive licensing
discussions to include these technologies in the
transformation vector system.  In addition, we initiated the
experiments to test the plant-based, DEF2 and Atwbc19, and
more routinely used hygromycin and glufosinate selectable
markers.  For these experiments, young embryogenic grape
(Thompson Seedless) callus were plated on callus induction
medium containing increasing levels of inhibitors (Figure 2).
Callus was plated into 24 well plates containing increasing
concentrations of kanamycin, hygromycin, and glufosinate.
To test the efficacy of the DEF2 inhibitor in grapes,
increasing concentrations of actinonin (0, 15, 30, 60, and 120
mg/L) were added to the media.  Callus was subcultured
every two weeks onto fresh inhibitor containing media.
Plates were evaluated for callus development at eight weeks.
Thus far, we are observing some reduction in callus growth
with increasing levels of all the inhibitors, especially
hygromycin (Figure 2).  The preliminary results indicate that

Figure 1. Diagram of the Recombinase-
Excision Strategy.   Panel A:
Recombinase-based transformation
construct contains a gene of interest
cassette and two selectable marker
cassettes flanked by recombinase
recognition sequences (RRS).  Panel B:
Inducible expression of the recombinase
excises the selectable marker cassette.
Transgenic lines with successful
recombination events can be isolated by
treatment with a negative selection agent
and expression of the gene of interest,
i.e. marker gene, GFP.

Figure 2. Grape callus growth on various selective
agents (actinonin, kanamycin, hygromycin, and
glufosinate) (mg/L).  Control samples contain no
inhibitor (control) or a solvent used for the actinonin
inhibitor, DMSO.
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higher concentrations of actinonin are required to achieve better selection in grapes.  While the growth reduction with
actinonin is encouraging, we also observed some reduction in growth with increasing DMSO concentrations, a chemical
utilized in the actinonin buffer.

Promoters
PIPRA identified constitutive promoters (Purdue’s MAS, University of California’s UC FMV34S) suitable for grape
transformation.  In addition, we identified three 3’UTRs that are in the public domain and that could be used for the proposed
vectors; 3’UTRs from pea rubisco E9, nos, CaMV35S.

Agrobacterium alternatives
Of a limited number of high efficiency plant transformation methods, the method of choice for essentially all researchers is
Agrobacterium tumefaciens-mediated transformation.  Patent coverage for Agrobacterium-mediated transformation in the
U.S. is uncertain because of a long interference which has delayed issuance of the primary patent for over 20 years.  By
comparison to its European counterpart we can reasonably conclude that when the US patent issues, it will contain methods
claims to the use of Agrobacterium and T-DNA border sequences (Fraley et al. 1991).  PIPRA’s transformation strategy has
been to identify alternate strategies to the use of both Agrobacterium and T-DNA borders as components of the gene transfer
vehicle.

We have primarily explored the possibility of utilizing early 1980’s technology based on the use of Rhizobium trifolli to
transform plants. Rhizobium trifolii, Rhizobium, Sinorhizobium meliloti, and Mesorhizobium loti species have all been
demonstrated to introduce new genetic material into plants.  Although transformation rates are reduced, experimental data
indicates these bacterial species can provide an alternative to Agrobacterium-mediated transformation (Schilperoort et al.
1986, Broothaerts et al. 2005, Jefferson 2005).  We have assessed the legal landscape surrounding the use of these non-agro
strains for plant transformation and used the advice of a patent attorney to evaluate the use of Rhizobium strains as a legal
alternative to Agrobacterium strains for plant modification application.  In brief, the legal information suggests that the
Rhizobium trifolli strain, originally disclosed and patented in the early 1980’s, are in the public domain because the patents
have expired.  However, in spite of the likely viability of this gene delivery strategy, attempts to access the original
Rhizobium strains deposited by Dr. Hooykaas and colleagues at the Centraal Bureau voor Schimmel cultures (CBS) have
been unsuccessful to this point.

CONCLUSIONS
Several promising transgenic approaches have addressed the PD threat to California’s wine grape industry (Aguero et al.
2005, Reisch and Kikkert 2005).  Of the projects that tested transgenic strategies for PD resistance, each used proprietary
technologies that could not be deployed commercially due to IP issues and would likely not survive regulatory scrutiny.
Moving forward, it is important to develop a transgenic technology platform in grape with accompanying IP analysis that will
allow transfer of control strategies from the laboratory to commercial fields.  Anticipating potential IP roadblocks is
particularly important in Vitis research because it has a high market value, is recalcitrant to routine transformation protocols
and has a long tissue regeneration timeframe.  Grapes may take two to three years per generation and decades to breed
industry-acceptable cultivars and it is impractical to employ research strategies that ultimately need to be repeated for
commercial deployment due to IP issues that were not addressed at the start of the project.  PIPRA, as a clearinghouse of
patented technologies, accesses an IP portfolio that represents ~45% of the proprietary agricultural innovations developed in
the public sector.  Thus, PIPRA is well positioned to develop technology packages that provide a clear legal pathway for
research that is targeted towards practical PD and Glassy-winged sharpshooter applications.

REFERENCES
Aguero, C. B., S. L. Uratsu, C. Greve, A. L. T. Powell, J. M. Labavitch, C. P. Meredith, and A. M. Dandekar. 2005.

Evaluation of tolerance to Pierce's Disease and Botrytis in transgenic plant of Vitis vinifera L. expressing pear PGIP
gene. Mol Plant Pathology 6: 43-51.

Broothaerts, W., H. J. Mitchell, B. Weir, S. Kaines, L. M. Smith, W. Yang, J. E. Mayer, C. Roa-Rodriguez, and R. A.
Jefferson. 2005. Gene transfer to plants by diverse species of bacteria. Nature 433: 629-33.

Dale, E. C., and D. W. Ow. 1991. Gene transfer with subsequent removal of the selection gene from the host genome. Proc
Natl Acad Sci USA 88: 10558-62.

Dirk, L. M., M. A. Williams, and R. L. Houtz. 2001. Eukaryotic peptide deformylases. Nuclear-encoded and chloroplast-
targeted enzymes in Arabidopsis. Plant Physiol 127: 97-107.

Dirk, L. M., M. A. Williams, and R. L. Houtz. 2002. Specificity of chloroplast-localized peptide deformylases as determined
with peptide analogs of chloroplast-translated proteins. Arch Biochem Biophys 406: 135-41.

Fraley, R. T., R. B. Horsch, and S. G. Rogers. 1991. Genetically Transformed Plants. In EP0131620 [ed.]. Monsanto
Company.

Gleave, A. P., D. S. Mitra, S. R. Mudge, and B. A. Morris. 1999. Selectable marker-free transgenic plants without sexual
crossing: transient expression of cre recombinase and use of a conditional lethal dominant gene. Plant Mol Biol 40: 223-
35.



- 242 -

Hohn, B., A. A. Levy, and H. Puchta. 2001. Elimination of selection markers from transgenic plants. Curr Opin Biotechnol
12: 139-43.

Jefferson, R. A. 2005. Biological gene transfer system for eukaryotic cells (patent application), US20050289667A1.
CAMBIA.

Mentewab, A., and C. N. Stewart. 2005. Overexpression of an Arabidopsis thaliana ABC transporter confers kanamycin
resistance to transgenic plants. Nat Biotechnol.

Miki, B., and S. McHugh. 2004. Selectable marker genes in transgenic plants: applications, alternatives and biosafety. J
Biotechnol 107: 193-232.

Moller, S. G., J. Zuo, and N. H. Chua. 2004. Inducible site-specific recombination for the activation and removal of
transgenes in transgenic plants The Rockefeller University.

Perera, R. J., C. G. Linard, and E. R. Signer. 1993. Cytosine deaminase as a negative selective marker for Arabidopsis. Plant
Mol Biol 23: 793-9.

Reisch, B., and J. Kikkert. 2005. Testing transgenic grapevines for resistance to Pierce's Disease. 2005 Pierce's Disease
Research Symposium: 58-61.

Russell, S. H., J. L. Hoopes, and J. T. Odell. 1992. Directed excision of a transgene from the plant genome. Mol Gen Genet
234: 49-59.

Schaart, J. G., F. A. Krens, K. T. B. Pelgrom, O. Mendes, and G. J. A. Rouwendal. 2004. Effective production of marker-free
transgenic strawberry plants using inducible site-specific recombination and a bifunctional selectable marker gene. Plant
Biotechnology Journal 2: 233-240.

Schilperoort, R. A., P. J. J. Hooykaas, A. Hoekema, R. J. M. van Veen, and H. den Dulk-Ras. 1986. A process for the
incorporation of foreign DNA into the genome of dicotyledonous plants, pp. 11. In E. P. Office [ed.]. Leiden University,
Netherlands.

Sugita, K., E. Matsunaga, and H. Ebinuma. 1999. Effective selection system for generating marker-free transgenic plants
independent of sexual crossing. Plant Cell Reports 18: 941-7.

Sugita, K., T. Kasahara, E. Matsunaga, and H. Ebinuma. 2000. A transformation vector for the production of marker-free
transgenic plants containing a single copy transgene at high frequency. Plant J 22: 461-9.

Zuo, J., Q. W. Niu, S. G. Moller, and N. H. Chua. 2001. Chemical-regulated, site-specific DNA excision in transgenic plants.
Nat Biotechnol 19: 157-61.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board, and the
University of California Pierce’s Disease Grant Program.



- 243 -

SUPPORT FOR THE MANAGEMENT OF INTELLECTUAL PROPERTY
WITHIN THE PIERCE’S DISEASE RESEARCH INITIATIVE AND RESEARCH COMMUNITY

Project Leader:
Alan B. Bennett
PIPRA
University of California
Davis, CA  95616
abbennett@ucdavis.edu

Collaborators:
Cecilia Chi-Ham
PIPRA
University of California
Davis, CA  95616
clchiham@ucdavis.edu

Sara Boettiger
PIPRA
University of California
Davis, CA  95616
sboettiger@ucdavis.edu

Rohan V. Patel
PIPRA
University of California
Davis, CA  95616
ropatel@ucdavis.edu

Reporting Period: The results reported here are from work conducted September 2006 to September 2007.

ABSTRACT
The Public Intellectual Property Resource for Agriculture (PIPRA) and the California Department of Food and Agriculture
Pierce’s Disease and Glassy-winged Sharpshooter Board (Board) began collaborations in 2005 with the goal of instituting an
intellectual property (IP) management strategy inline with the Pierce’s disease (PD) research consortium’s mission.  Within
the last year, a number of information resources have been developed by PIPRA specifically tailored for the PD research
community.  These resources include a publicly accessible, live and comprehensive database of all PD related IP and
scientific literature, an analysis of the IP and scientific literature surrounding PD research, and an IP landscape surrounding a
promising PD specific technology.  Collectively, these resources provide scientists an integrated view of the technical and
legal aspects involved in their projects.

INTRODUCTION
PIPRA is a not-for-profit research organization hosted by the University of California, Davis. PIPRA currently represents 47
public sector organizations from thirteen different countries and its mission is to enable access to agricultural IP.  PIPRA
offers a range of services to address legal issues that arise during research and deployment of bio-technologies.  PIPRA and
the California Department of Food and Agriculture Pierce’s Disease/Glassy-winged Sharpshooter Board (PD/GWSS Board)
began collaboration in 2005 to address IP issues surrounding PD research and development.  California’s wine industry is a
$51.8 billion industry in terms of total economic impact on the State of California, and a $125.3 billion industry in terms of
total economic impact on the national economy 1.  Therefore, the threat PD poses to California’s wine industry requires
foresight to seek and secure commercial deployment of feasible technologies resulting from funded research.  In terms of IP,
the Board would like to ensure that technologies with the potential to control PD could be promptly deployed without
becoming tangled in a legal web of licenses, rights, and lawsuits.

Technologies resulting from research funded by issue-focused consortia and conducted at multiple institutions, as in the case
of the PD consortium, can face three basic IP problems during research and development.  First, the researchers themselves
may not be aware of their obligations or opportunities with regard to patenting research discoveries.  Second, once patented,
new discoveries are rightfully the property of the funded research institution or university, which may have internal policies
regarding licensing that may be inconsistent with the objectives of the consortia.  And third, the new technologies may be
blocked by already existing patented technologies.  These kinds of IP issues are not uncommon in industry consortia.  They
are, however, often resolved up front by contractual relationships or formal joint ventures that take into account the
participants’ IP management strategy.  Consortia of universities and other public research entities, however, typically do not
have well developed IP management strategies in place, in part due to the fact that public sector researchers often pay little
heed to the proprietary nature of their research inputs and outputs.

PIPRA recognizes that an IP management strategy for the PD consortium needs to take a multilateral approach toward
maximizing the effectiveness of the consortium’s intellectual assets.  Rather than focusing solely on IP protection, IP
management for the PD consortia should also set milestones for technology development, assess marketing opportunities, and
seek a better negotiating position during IP exchange.  PIPRA seeks to aid the Board in coordinating IP to allow for access
and protection, both of which are essential to the productivity of research across multiple institutions, while creating
opportunities and incentives for further commercial development.

The first step toward effective IP management is the availability of information resources specifically tailored to Board
funded PD researchers.  Such resources provide scientists with technical and legal information critical for the deployment of
marketable products with maximum security over IP rights.  This report discusses the information resources specific to the
PD research consortium developed by PIPRA.

Details of objectives set out regarding maintenance of the PD/GWSS-PIPRA IP and Literature databases, as well as an IP and
technical audit of a PD related technology will be included. Additionally, ongoing and future objectives will be discussed in
detail.
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OBJECTIVES
1. Maintenance of the PD/GWSS-PIPRA IP and Literature databases.
2. Development of an annual impact statement of sponsorship based on IP and publication indicators.
3. Conduct an IP and technical audit of a commercially promising PD related technology.

RESULTS
Objective 1:  Maintenance of the PD/GWSS-PIPRA IP and Literature databases
The PD/GWSS-PIPRA Database currently contains over 6,000 IP records and over 2,500 scientific publications.  This
electronic library of IP and scientific publications has been updated on a quarterly basis to include the most recent IP
disclosures, science publications, and licensing information available to PIPRA.

New additions made to the database include the conference proceedings from the 2006 Pierce’s Disease Research
Symposium.  This update was unique in that PIPRA employed a different method to extract information from the published
symposium proceedings.  This new method allowed PIPRA to capture additional information which was not displayed in the
2005 version of the database, such as the focus area in which the proceeding appeared in, funding acknowledgements, and
reference citations.  This sort of information is valuable to both the CDFA PD/GWSS board and PIPRA because it allows for
determining metrics which can then be used in the broad context of an impact statement.  This improved method of data
extraction was also used on all previous symposium proceedings, thus replacing all of PIPRA’s old symposium records with
new and more thorough records.

Maintenance and data updates of the PD/GWSS-PIPRA Database will continue on a quarterly basis.  Furthermore, PIPRA
anticipates making alterations to the current database interface so that it can clearly display the newly captured information.

Objective 2:  Development of an annual impact statement of sponsorship based on IP and publication indicators
In 2003 a National Academy of the Sciences panel, reviewed the research conducted by the PD/GWSS research community.
A report of this review was published in 2004 and made some suggestions as to the direction PD research should take.  Since
the publication of this report, no internal or external assessment was conducted to follow up on the progress of PD research.
PIPRA suggested conducting one such assessment in the current service year by interpreting research outputs as indicators of
PD research impact and progress.  Typically, impact statements aim to answer two questions, what was/is the issue and what
has been done to address it.  While in the process of developing this impact assessment, PIPRA became aware of an
independent external assessment (Research Scientific Advisory Panel [RSAP]), headed by Dr. Nancy Irelan, to evaluate
progress of CDFA PD/GWSS Board sponsored research activities.  Because the PIPRA impact statement and RSAP
assessment have converging goals, collaboration between both groups was setup to design and execute a more thorough
assessment of all agencies funding PD/GWSS research activities.

Assignment of tasks was divided into two parts.  Nancy Irelan was
responsible for recruiting the members of RSAP as well as
recruiting the cooperation of program administrators and
individual researchers to participate in this assessment.  PIPRA
was responsible for 1) collecting funding and scientific information
on every PD/GWSS project sponsored by CDFA, USDA-APHIS,
USDA-ARS, and the UC PD program, and 2) presenting this
material in a concise two page summary format for RSAP
members to review.  Information necessary for this assessment
were collected from multiple sources.  Fundamental information,
which is inclusive of project names, associated researchers,
funding amounts and years, were provided to PIPRA by the
administrators of each funding agency.  This information was then
used for querying bibliographic information on scientific
publications and patents which seemed directly related to funded
research.  PIPRA searched for scientific publications and patents
across multiple, large-scale databases available online, namely:
ISI Web-of-Science, PubMed, PD/GWSS-PIPRA Database, and
Delphion Patent Database.

A principal function of this database is to allow funding agencies to track the progress of research as a result of their funding.
Another function is to allow researchers to update their peers on progress of research conducted, as well as to research
duplication.  Within this database, researchers may view all of the past and current PD projects, including the project
objectives, publications, patents and related research projects.  Researchers can also directly review and modify entries in the
database related to their projects and other biographical information.  This increases the efficiency and accuracy of updating
the database.

Figure 1. PD/GWSS-PIPRA Database.
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Objective 3: Conduct an IP and technical audit of a commercially promising PD related technology
PIPRA conducted an IP audit pertaining to a promising PD technology, funded by the CDFA PD/GWSS Board.  This audit
consisted of a thorough IP landscape and prior art analysis along with an analysis of all contractual agreements affecting
research and development of the target technology.

After a solution to PD has been developed, securing IP rights in relation to the invention will be vital.  This means that all IP
rights in the technology and the components, including the manufacturing process and method of application of the invention
will need to be identified, in order to fully protect the technology.  This should reduce the hurdles in the process of
commercialization of the invention.  The CDFA PD/GWSS Board along with RSAP recommended that PIPRA conduct
analysis on a promising technology developed by Dr. Steven Lindow and colleagues.

Dr. Lindow and colleagues developed a novel genetic construct which can be used to disrupt extracellular bacterial signaling,
preventing Xylella fastidiosa from effectively proliferating within its host. A patent application for the technology had been
filed on behalf of Dr. Lindow by UC Berkeley.  At the time this report was being written, the patent application was still
unpublished by the United States Patent and Trademark Office, thus no information regarding its prosecution status was
available.  Analysis of the IP surrounding Dr. Lindow’s technology revealed an extensive list of biological components
which may require licensing in order to commercialize the technology.  Some of these biological components may be
replaceable with functionally equivalent components that carry fewer IP restrictions.  PIPRA can work with Dr. Lindow
collaboratively to design a plant transformation vector that is technically and legally suitable for research and development of
this agricultural biotechnology.

Attention should also be given to regulatory challenges Dr. Lindow’s technology may face prior to commercialization.  A
consumer-friendly approach should be taken when introducing a “genetically modified grape” so to increase consumer
acceptance.  Dr. Lindow’s technology may be better accepted by grape growers and consumers if the technology is contained
to the rootstock rather than spread onto the whole plant. This will allow the grapes resulting from plants with rootstock
containment will be able to circumvent a “GM” label.  It was recommended that the IP landscape around Dr. Lindow’s
technology be revisited prior to any commercialization so that infringement risks may be minimized.

CONCLUSIONS
The development of a successful IP management strategy is essential to creating a strong IP portfolio.  With the advent of the
information resources made available by PIPRA, scientists within the PD research community are now better capable to plan
research projects with commercialization issues in mind.  PIPRA also recognizes that these resources are only a part of a
successful IP management strategy.  Over the course of the next year, a number of objectives have been set out.  These
include maintenance of the PD IP and Impact database, streamlining PD research progress reporting, and an overall
assessment of current IP policies and practices within the research community.

As previously noted, maintenance and updating of the PD IP and Impact databases will take place on a quarterly basis.  At
present, PIPRA is working to further improve the IP database through the use of a ‘tier’ system for the patent records
included in this database.  The database contains over 6000 patent records, all of varying relevancy to PD.  At present, there
is no way of sorting by relevancy to Pierce’s disease.  To make the database more useful, it has been proposed that a tiered
system will be developed to address the issue of relevancy among the various patent records.  In this way, any user of the
database will be able to conduct an IP search and then sort the records by relevancy to PD.  This work is ongoing at present.

Other ongoing and future work includes the work conducted on the objective of streamlining PD research reporting for
research assessment.  Currently, researchers must send in a report by certain deadlines.  These reports must then be manually
entered into the database.  It has been proposed that an electronic research reporting system be developed to streamline the
process of research reporting.  To this end, a prototype demonstration of an electronic research reporting system has been
made available online at: http://pd.pipra.org/database/cdfa-demo.html.  This form allows for online submission of reports.
When the form is filled out, it submits the information by email to PIPRA.  This online form is composed of a number of
fields, in which researchers are able to fill in the required information, as set out by the CDFA's guidelines.  Additionally,
there is a field included that allows researchers to upload PDF versions of their reports, which will then be submitted to
PIPRA.  There are many benefits to this type of system.  First, it is simple.  Second, the most important fields are filled in
electronically, but the researcher submits a PDF and therefore has control of the formatting of the document.  Finally, there is
almost no maintenance required and the form can be easily hosted on any website, including CDFA's.

Another option would be to create a Microsoft Word document template.  This template would include fields that could then
be filled in individually by researchers.  This option may prevent the loss of formatting and would allow data -- such as
author names, abstracts, etc -- to be extracted automatically by software created by PIPRA.  The final option would be to
create a PDF document template.  This has the same benefits as the MS Word template, but does not, in general, support
including images and complicated markup.  A decision will have to be reached regarding the form this electronic research
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reporting system will take, and whether or not it is needed by the research community.  Again, this work will be ongoing
through the year.

These services will help implement an IP management strategy as the PD consortium prepares to advance the research and
development of emerging industry solutions.

REFERENCES
MKF Research. (2007). MKF Research Report on Economic Impact of California Wine 2006: 2.
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ABSTRACT
Several projects working toward understanding the genetic basis for susceptibility or resistance at the molecular level in
grape to Pierce’s disease (PD) need to test the ability of candidate genes to alter disease progression or activity of Xylella
fastidiosa (Xf) in planta.  A major limitation to developing assays to test candidate genes is the inability to regulate
expression of these genes in time and space relative to the presence of the pathogen.  We report here the initial
characterization of transgenic grape plants with unique DNA sequences from grape (promoters) that specifically regulate the
expression of a marker protein (GFP) in grape tissues that are inoculated with Xf, but not with a related bacterium,
Xanthomonas campestris (Xc).

INTRODUCTION
Among the potential solutions to PD in grapes are approaches based on gene transfer technology.  One research priority
identified in 2004 by the PD/GWSS Program was the need to identify, clone, and characterize unique DNA sequences that
specifically regulate the expression of grape genes in tissues that are infected with Xf. This means candidate genes with the
potential to suppress or block PD, when driven by Xf promoters will be off (not expressed) and only on (expressed) when the
bacteria or their secreted signals are present in the vascular system of the grape plant.  Emphasis was placed on the urgency
and practical utility of isolating promoters of PD responsive genes.  In contrast, constitutive promoters are expressed in all
cells all the time. Xylella-inducible promoters have the potential to confer transgene expression at the time and location of
bacterial infection, thus delivering therapeutic proteins more precisely to their intended site of action.  In addition to
increasing the specificity of transgene expression, such promoters would reduce the possibility of unintended side affects in
non-target tissues (Figure 1).  The results displayed herein confirm that we have detected, cloned, expressed and validated the
fact that two of the promoters tested to date are activated by the presence of Xf in the xylem of both detached branch and
whole plant assays of plants expressing promoter-GFP fusions.  Mock inoculation and inoculation with the related Xc under
the same conditions do not activate the promoters.

Water uptake Xylella uptake

Figure 1. Expression of promoter G7061-11 fused to GFP detected after seven days in petioles of leaves
attached to a detached branch into which the Temecula strain of Xf (10 ml of 107 cfu/ml) was taken up through
the cut end of the branch.  Water control and uptake of Xc shows no promoter activation under the same
conditions.
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pBG7061minG cassette

nptII (Kan resistance)

mGFP5ER nos promoter
CaMV 35S -90

G7061 promoter nos terminator3' ocs

Figure 2. Schematic of expression cassette.  An Xf responsive grape promoter is fused
upstream of a nonfunctional minimal promoter from CaMV.  This creates a functional Xf
inducible promoter to drive GFP expression in grape.

OBJECTIVES
1. Characterization of the transgenic plants expressing promoter constructs, identified previously in this project, designated

as G8946, G9353 and G7061.
a. Determine the extent to which the transgenic promoter-GFP fusions reproduce the patterns of expression for the

endogenous promoters.
b. Define temporal and spatial aspects of promoter-GFP expression, especially as a function of the location and

quantity of bacterial colonization in the vascular tissue.
c. Assess the specificity of the promoters for activation by Xf compared with Xc.

2. Develop a new generation of expression cassettes that control the specificity of gene expression and the subcellular
destination of candidate proteins.

RESULTS
With prior funding from this program, an Affymetrix GeneChip was used to characterize the expression of ~15,000 Vitis
vinifera genes in response to Xf infection and drought stress.  Promoters for three of the Xylella-responsive vascular tissue
localized genes, referred to as G8946, G9353 and G7061, were sequenced from bacterial artificial chromosome (BAC)
clones.  Regions 5' to the coding sequence were isolated by PCR and used to produce promoter-GFP-reporter fusions (Figure
2) for transformation into the Xf susceptible Thompson Seedless grape background.  We have received transformants (Table
1) from the UC Plant Transformation Facility within the past year from constructs of the initial promoters fused to GFP

Table 1. Transgenics received.
VARIETY: Thompson Seedless # Lines or Independent Transformants

7061minGFP 22
8946minGFP 18
9353minGFP 9

Callus derived control 7
total 53

Each of the individual plants was verified by PCR of genomic DNA to contain the appropriate construct.  The transgenic
plants were then grown in the greenhouse and cuttings made to produce a small population of each transgenic plant (ramets).
While the ramets of the transgenics were being made over a several months period preliminary assays were conducted using,
the cut-branch and detached leaf assays described in our 2006 PD-GWSS symposium report.  Briefly, these assays enabled
the bacteria to enter and spread though the grape vascular system of a cut branch or petiole in days to with a few weeks
accompanied by PD symptoms.  These short term pathogenicity tests were used to assess the relative level of expression of
the transformed promoter-reporter gene fusions in the Xf- induced tissue (Figures 3 and 4).  For the cut leaf assay, young,
fully expanded, leaves are cut from greenhouse or growth chamber grown grape, the petioles re-cut under water and the
leaves placed individually in 2ml plastic tubes containing 2x107 Xf cells per ml water.  The detached branch uptake method is
similar to the leaf method using individual branches with attached leaves are cut from the plant.  Analysis of gene expression
is by confocal microscopy showing evidence of the GFP-fused transgenes being expressed in the presence of Xf but not in the
water control (Figure 1).  RT-PCR of the endogenous genes in Thompson seedless indicated that this promoter was expressed
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Figure 3. Confocal microscopic analysis at 4x of the activation of the G7061
Xf responsive promoter in the laminar tissue following uptake of the bacterium
via the petiole in cut leaf assay.  The promoter construct is fused to GFP for
visualization of activation.  The images above were captured two weeks after
exposure to the bacteria.  Green = GFP; Blue = chlorophyll autofluorescence;
Red= polyphenolics released in dying cells.  Insert shows an expanded view
(25x) of a vascular element with intense GFP fluorescence indicating promoter
activity.

in the presence of Xf. This is
confirmation that both the endogenous
gene and the promoter gene fusion in
transgenic plants are expressed in the
presence of Xf. Comparable tests with
Xc failed to show activation of the
promoter and appeared the same as the
water control.

The results to date indicate that in both
assays methods, the promoter
activation is Xylella responsive and
appears near, but not directly in
contact with the bacteria as indicated
by preliminary analysis of the bacteria
by RT-PCR.  The PCR based method
for detection and quantifying the
bacterial presence in relation to
promoter activation enabled both the
bacteria and the promoter-GFP fusion
transgene to be assayed in the same
tissue.  In comparison of the leaf and
branch uptake methods, the results at
this point suggest that the detached
leaf assay is somewhat faster than the branch uptake with similar results but is more sensitive to activation of the promoter in
the water control tissues than the branch uptake method.  In both cases, it appears that, at least for the promoter assays done
to date, that this method of placing the bacteria in the vascular system and detecting a response to the presence of the bacteria
at the level of plant gene expression is valid.  Interestingly, the two promoters illustrated in Figure 2 are both active in the
presence of Xf but are expressed in different cells types within the cross-section of the petiole.  These cell-specific locations
are consistent with the previous in situ detection of RNA of these genes from the Cook lab (1), the original analysis that
provided the basis for selection of the promoters used herein.

As indicated earlier, the leaf scorching indicative of PD occurs within several weeks in the detached tissue assays.  Confocal
imaging of GFP tagged Xf in these same tissues detected only very small amounts of bacteria in the stems and none in the
leaf lamina where the genes were detected as being expressed.  This indicates that the activation of these promoters is highly
sensitive to the presence of bacteria but is active at a distance from where the bacteria were easily detected.  However, we
also observed that these promoters were frequently activated in water controls of detached leaves making interpretation of
expression patterns difficult with this system.  Therefore, we are now focusing on whole plant assays (Figure 5).

The whole plant assays are conducted on full-sized (~1m tall) greenhouse grown plants.  Inoculations are done by piercing
the petiole of mature leaves with a 25G needle attached to a syringe of 2x107 Temecula strain of Xf per ml water.  While still
through the petiole, a small drop of Xf solution is expelled from the needle and the needle is gently withdrawn from the
petiole leaving a 3-5ul drop of bacteria to be sucked into the petiole by negative vascular pressure.  This method results in
sufficient amounts of bacteria into the xylem of the pierced petiole to be detected by confocal microscopy to visualize the
activated promoter (data not shown).

CONCLUSIONS
Transgenic technology offers the possibility of modifying specific traits (e.g., PD susceptibility) based on the introduction of
novel genes.  In addition to their utility for engineering PD resistance in grape, the advent of Xf-induced reporter gene
expression provides an extremely powerful tool to study and characterize host response to Xf in intact tissue.  With such
tools, it should be possible to examine the chemical and/or physical cues from the insect or pathogen that trigger host gene
expression and the deleterious effect of the disease.  In the absence of site or response-specific promoters, transgenic
strategies for control of PD can use only so-called constitutive promoters.  The expression cassettes we are developing will
allow precise regulation of gene expression, in particular tissues (e.g., vascular tissue) and/or in response to particular
situations (e.g., sharpshooter feeding or Xylella infection), and direct secretion of transgenic proteins or small RNAs to the
apoplastic compartment where the pathogen resides.

Results summarized in this report indicate that within the first set of three potential Xf-inducible promoters; at least two
(G7061 and G9353) have been confirmed to be induced in detached tissue in the presence of the bacterium within one to two
weeks after exposure to the bacterium.  The detached tissue assays appear to have utility in assaying for bacterial-induced
transgene expression.  Whole transgenic plants expressing the first three promoter-GFP fusions have been inoculated and the
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results show that one of the promoters (G9353) is induced within four days of inoculation.  Further characterization of the
biotic regulation of their expression, including proximity to Xf, is ongoing.  A new set of potential promoters have been
identified and are being assembled into a Gateway binary-based system for higher through put expression and analysis.

Day 0

Confocal
images

Inoculation
sites

Day 7
Figure 5. In planta activation of promoter G9353. Leaves of the transgenic
plant 9353#2 were inoculated with Xf by petiole piercing while still attached to
the plant.  No detectable activation of the promoter is seen just prior to
inoculation (Day 0). While after 7 days cells near the xylem can be seen
expressing GFP. Water control and Xc were negative.

Untransformed
control

7061 #2

9353 #2

Leaf
lamina

Approximate location of sections

Figure 4.  Confocal
microscopic analysis
of the activation of
two putative Xf
responsive promoters
following uptake of
the bacterium via the
cut leaf assay.  The
promoter constructs
are fused to GFP for
visualization of
activation.  The
petiole cross section
images were captured
two weeks after
exposure to the
bacteria.  The green
color is GFP
indicating that the
promoter was
activated, while the
blue color indicates
chlorophyll
autofluorescence and
the red color is
polyphenolics
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ABSTRACT
The goal of this research is to identify, clone, and express plant genes that can functionally suppress the symptoms of Pierce’s
disease (PD) in grape.  It is well established that several relatives of grape, including Vitis californica, and other host plants
can harbor otherwise lethal titers of Xylella fastidiosa (Xf) without exhibiting PD symptoms.  Hence, Xf does not have to kill
in order to colonize the vascular system and, death-based symptoms are not necessary for Xf to exist as benign endophyte.
We now have identified several grape genes from a programmed cell death (PCD) suppressive functional cDNA library
screen that block PCD when over-expressed in the presence of known pathogen-derived chemical inducers of PCD.  These
genes were then put into grapes transgenically being driven by the constitutive 35S promoter.  First cycle experiments
indicate that three of these genes have homology to genes from other sources whereby their presence is associated with
situations in which PCD is suppressed.  For example, VVPR1A, is expressed in situations in which PCD is blocked in
humans, nematodes, hookworms and several plant species.  The images presented here indicate that the first three of these
putative anti-apoptotic genes tested suppress PCD induced by Xf and the commensurate PD disease symptoms.  In addition,
the data confirm that the bacteria remains present in the asymptomatic transgenic plants at a titre level equivalent to that
supported by V. californica and at levels that were lethal to untransformed or GFP-transformed grape plants used as controls.

INTRODUCTION
We confirmed before beginning this project that the symptoms of PD are due to the induction of apoptosis or PCD.  In
animals PCD is regulated by many genes but the functional regulators in plants are unknown.  We then designed a
conditional life-death screen to attempt to identify plant genes that could modulate the activity of the signaling interactions
between the bacteria and the grape plant that lead to PCD.  The questions posed were: a) are there genes in the plant that
respond to Xf signals by triggering PCD in certain grape genotypes, b) can this response be blocked genetically, and 3) if so,
does this then allow the bacteria to return to the endophytic state, leaving the plant otherwise unaltered but free of disease
symptoms or 4) does suppressing PD symptoms negatively affect the ability of the bacteria to colonize the vascular system?

The basic premise is that strategies for disease suppression and characterizing the bacterial-plant interaction were high
priority areas in the Pierce’s Disease/GWSS Research Program and as noted in the NAS report.  Pierce’s Disease is defined
as plants expressing several symptoms resulting from cell death (leaf scorch) or changes in tissue differentiation (green
islands) with the potential to kill plants over time once the infection is established.  However, it also is established that
several relatives of grape, including Vitis californica, and other host plants can harbor otherwise lethal titers of Xf without
exhibiting PD symptoms.

The goal of this project is to identify novel genes from cDNA libraries of either grape or heterologous plants that, when over
expressed in grape, will prevent infection, spread or symptom development due to the presence of Xf in the xylem.

OBJECTIVES
1. Produce grape transgenic plants over-expressing candidate anti-apoptotic plant genes obtained through conditional life-

death cDNA library screens.
2. Measure the effect of blocking PD symptoms with anti-apoptotic transgenes on bacterial population and movement in

planta.
3. Determine grape gene expression changes in transgenic compared with non-transgenic plants infected with Xf.

RESULTS
Genes identified as potential anti-PCD genes from the conditional life-death screen.
Previous funding on this project lead to the development of a functional cDNA screen to identify plant genes, which when
over-expressed as transgenes, suppress cell death triggered by chemical inducers of PCD.  The genes in Table 1 have been
described in earlier reports to this symposium.  These genes were then transferred to the UC Davis plant transformation
facility to insert these genes in cv Freedom and Thompson Seedless, chosen for their high relative susceptibility and ease of
transformation.  Within the past year we have obtained 42 Freedom and 195 Thompson seedless independent transgenics
with a variety of these anti-PCD genes being expressed from the 35S, a strong constitutive promoter.
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Grape transgenic plants over-expressing candidate anti-apoptotic plant genes (Tables 2 and 3).  All plants were tested in
the laboratory for the presence of the test gene and expression of the gene by Northern analysis before moving to the
greenhouse.  Individual plants were then cloned into ramets of each line and tested again for expression of the transgene
before being inoculated with Xf.

Cv.Freedom grape plants expressing anti-apoptotic genes were inoculated after creating ramets of these transgenic lines.
The transformed plants were individually inoculated March thru June of 2007.  The inoculation method was by needle
puncture of the stem to allow uptake of 10-20 ul of Xf at 2x108 cfu/ml of the Temecula strain.  The plants were monitored for
symptoms and bacterial movement by PCR. They were scored for disease severity in September 2007 using a 5 point scale
(1=dead and 5= asymptomatic) (Figure1 and Table 4) and photographed.

The effect of anti-apoptotic transgenes on Xf bacterial populations and movement in planta was measured by
RealTime quantitative PCR of the stem of primary branches (Table 4).  It is essential to determine the effect of blocking
PCD-based symptoms in the transgenic plants on the bacterial multiplication and spread in terms of the overall impact of the
transgenes.  Based on initial experiments to ascertain which tissue to sample for Xf quantitation, we have sampled the stem of
primary branches of individual plants.  This also allows repeated sampling of an individual plant over the course of the
experiment.  We find that Xf bacterial concentrations are similar for all of the asymptomatic plants including V. californica

Table 1. Plant anti-apoptotic genes, derived from functional screen of cDNA libraries, for transformation into grape plants
Construct Gene Source
CBWG8 glutathione-S-transferase Chardonnay
CB390 metallothionein Chardonnay
CB456 Nematode induced gene Chardonnay
CBWG23 unknown function Chardonnay
CBWG29 unknown function Chardonnay
CBWG33 unknown function Chardonnay
CBWG71 cytokine-like gene Chardonnay
CBWG75 germin-like gene Chardonnay
CBPR1A VVPR1A Chardonnay
CBI35 Intron p35 (anti-PCD control gene) baculovirus
CBP14LD*# P14 (homolog of PR1A) tomato
CB376# Mycorrhizal induced gene tomato

Table 2. VARIETY:  Freedom

Genotype # of Independent Transformants # of Plants
293FR - CBP14 16

FR - CB456 7 112
FR – CBGFP control 10 140
FR - CB390 9 126
FR-Walker control 1 122
FR-FPS control 1 39
total 44 832
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Table 4

Genotype
# of Inoculated

independent
transformants

# of Plants evaluated
to date

Category 3-5 plants
similar to images in

Figure 1

Mean bacterial load
per gm of stem

in asymptomatic
category 5 branch

FR - CBP14 5 32 58% 106

FR - CB456 2 15 71% 106

FR - CB390 3 24 76% 106

FR – CBGFP (control)
V. californica

4
asymptomatic host

29
3

0%
100%

not applicable
104

CONCLUSIONS
Genetic strategies for disease suppression and information characterizing the bacterial-plant interaction are high priority areas
in the Pierce’s Disease/GWSS Research Program and the NAS report.  The 2007 RFP for research on Pierce’s Disease lists
as one focused area of research the effect of blocking disease symptoms, defined primary as cell death, initially of foliar
tissue with leaf scorch and matchsticks, culminating under heavy disease pressure in death of the entire plant.  The overall
goal of our research is to determine the molecular basis for the symptomatic cell death and attempt to genetically block the
Xylella- triggered cell death as a means of blocking the deleterious effects of the disease.  We have identified novel genes
from cDNA libraries of either grape or heterologous plants that, when over expressed in grape, prevented symptom
development due to the presence of Xf in the xylem.  We have previously reported that susceptibility of several plants to a
range of pathogens depends on the ability of the pathogen to directly or indirectly trigger the activation of genetically
determined pathways leading to apoptosis or PCD.  The anti-PCD genes isolated through earlier research in our laboratory
are the focus of the current studies that now demonstrate that blocking PCD initiated by Xf can block disease rending the
grape plant an asymptomatic endophytic host.  The current experiments provide initial information that the effect of the genes
appears to be on symptom expression and not a direct effect on the bacteria.  Therefore, the symptom suppressive genes do
not act as antibiotics and do not affect the natural endophytic ecology of the bacteria in the xylem.  In essence, an endophyte
gone bad has been returned to the state of a benign endophyte.
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Table 3. VARIETY: Thompson Seedless now available with putative anti-PCD genes under control of the 35S promoter.

Genotype # Lines or Independent Transformants # of Plants
TS – CBPR1A 24 30
TS CBP14LD 27 27
TS - CB376 28 29
TS - CB456 27 31
TS - I35 14 15
TS - SGFP-RIN 10 12
TS – CB390 22 24
TS - CBWG23 23 25
TS - CBWG71 20 23
TS – Control 7 72
TS - GFP 1 1
total 203 289
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GFP Transgenic Control
VV P14 PD-protective gene

VV 390 PD-protective geneVV 456 PD-protective gene

Figure 1. Anti-PCD genes expressed in transgenic grape (cv. Freedom) plants suppress symptom
appearance in PD susceptible plants without affecting the presence of Xf in the asymptomatic branches.
The transgenic control plants and non-transgenic plants were uniformly killed under the same conditions
with the same level of initial inoculum.
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ABSTRACT
The overall goal of the work in this project is to characterize the role of the pit membranes of grapevine xylem vessels in
limiting the systemic movement of Xylella fastidiosa.  Work carried out in the project in the last year has made use of
monoclonal antibodies that recognize specific cell wall polysaccharides (pectins with varying degrees of methyl esterification
and xyloglucan [XyG]) to identify polysaccharides in grapevine pit membranes.  The demonstration that these
polysaccharides are present is consistent with earlier observations indicating that polygalacturonase (PG) and endo-ß-1,4-
glucanase (EGase) are used by the pathogen to digest pit membranes as its population expands and spreads systemically
because these enzymes would be expected to digest pectins and XyG.  Another study in this project year was carried out to
see if we could increase the information content of the MRI analyses we have been doing on Pierce's Disease- (PD) infected
grapevines.  Our earlier work in a now concluded CDFA-supported project had shown that MRI could non-destructively
identify xylem vessels that are cavitated (i.e., air-filled) and non-functional.  However, our studies and those of other PD
researchers have shown that more permanent obstructions (tyloses and pectin-rich gels) also occur in the vessels of PD-
infected vines. Work in this project year has shown that adjustments in the instrument protocols used to obtain MRI images
of grapevine stems may allow discrimination between these different potential vessel obstructions

INTRODUCTION
For five years, Labavitch and the listed collaborators have been testing a model proposed to describe the development of
Pierce’s Disease (PD) in grapevines (Labavitch et al., 2001, 2002; Labavitch and Matthews, 2003; Labavitch et al., 2004,
2005; Pérez-Donoso, 2006; Pérez-Donoso et al., 2006).  Findings reported in the last three PD Symposia indicate that PG and
EGase enzymes, likely produced by Xf resident in xylem water-conducting cells (also Roper et al. 2007) are important
contributors to the escape of the pathogen from the vessels into which it has been introduced by GWSS, thus initiating its
systemic spread through the vine and the subsequent development of PD symptoms.  However, observations made only in the
past year have suggested that seasonal changes in normal grapevine development may also contribute to the systemic spread
of Xf, beginning in late Spring.  These observations may be linked to those made by collaborators Rost, Matthews et al.
(Thorne et al., 2006) suggesting that relatively long xylem conduits, likely to be of primary xylem origin, may allow
relatively long distance passage (i.e., the length of 2-3 internodes) of Xf into grape leaves.  While this pathway is not likely to
facilitate long distance systemic spread of the pathogen through stems, it may facilitate rapid movement from stems into
which Xf has been introduced, into leaves where disease symptoms then become evident.  Work in this project will examine
aspects of these reports, with a strong focus on factors that might affect the integrity of the pit membranes in grapevine xylem
water conduits.

OBJECTIVES
1. To characterize the biochemical action of Xf EGase, in vitro and in planta and determine if it is inhibited by plant

proteins that have been identified as xyloglucan-specific endoglucanase (EGase)-inhibiting proteins.
2. To examine the full range of effects on grapevine pit membrane porosity that result from introduction of cell wall-

degrading polygalacturonase (PG) and EGase.
3. To repeat our 2005 observations of a late Spring, dramatic increase in the porosity of grapevine pit membranes.

RESULTS
Objective 1. Characterization of the biochemical action of Xf EGase, in vitro and in planta and determine if it is
inhibited by plant proteins that have been identified as xyloglucan-specific endoglucanase (EGase)-inhibiting proteins.
We reported on our work on this Objective in last year's symposium proceedings (Labavitch, 2006).  The one EGase-
inhibiting protein reported thus far is from tomato.  It specifically inhibits EGase enzymes that digest XyG.  It was provided
to us by a colleague, Dr. Will York, at the Complex Carbohydrate Research Center at the University of Georgia.  However,
while the Xf EGase cloned and expressed by Dr. Caroline Roper does digest XyG polysaccharides, presumably targeting
XyGs in pit membranes (see Objective 2, below), it is not inhibited by the tomato EGase-inhibiting protein.  Further work on
this aspect of the work must await the identification of new EGase-inhibiting proteins from other plants.
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Objective 2. To examine the full range of effects on grapevine pit membrane porosity that result from introduction of
cell wall-degrading polygalacturonase (PG) and EGase
Before joining our research program, postdoctoral researcher Qiang Sun had collaborated with us to show that the
introduction of PG and EGase to the xylem of healthy grapevine stems resulted in the digestion of pit membranes resulting in
perforations that would likely permit unhindered passage of Xf cells.  Dr. Sun’s work in the past year made use of antibodies
that bind specifically to epitopes in pectin and XyG polysaccharides to provide the first demonstration that pit membranes
contain polysaccharides typically found in the primary cell walls of dicots.  While this has been a long-standing presumption,
Dr. Sun's use of immuno-localization techniques has confirmed it.  Because the Xf PG and EGase are likely to digest these
polymers, Sun's work explains why these enzymes had digested grapevine pit membranes.

These studies were carried out using monoclonal antibodies that recognize (1) homogalacturonan (HG) with a low level of
methyl-esterification (antibody JIM 5), (2) HG with a high level of methyl-esterification (antibody JIM 7), (3) HGs that are
cross-linked via Ca2+-cross bridges (antibody 2F4) and (4) fucosylated xyloglucan (antibody CCRC-M1). After reaction with
the primary antibody (i.e., the antibody that recognizes specific wall polysaccharide structures), the bound primary antibody
is revealed by using a secondary antibody labeled with green fluorescent FTIC that can be observed using a confocal or
fluorescence microscope (Figures 1, 2 & 3).  In some of the images we have also used these antibodies to ask what the cell
walls surrounding tyloses are composed of (Figures 1 & 2, right images).  This is an important question related to vascular
system obstructions in PD-infected grapevines.  Tyloses form early in inoculated vines and numerous tyloses have been
reported to accumulate on grape vessels, often completely obstructing them.  Tyloses develop from parenchyma cells that are
adjacent to vessels and the primary walls of these parenchyma cells share the vessel-parenchyma pit membranes illustrated in
some of the images above (Figure 1) and below (Figures 2 & 3).

The MRI analysis of grape stems developed by Dr. Alonso Pérez-Donoso proved to be very useful for detecting cavitated
vessels but could not distinguish between water- and pectin-filled vessels.  Drs. Greve and Sun first prepared glass capillary
tubes filled with either water or water solutions of pectins with a high degree of methyl esterification (71-72%; this is Pectin
#1)) or a low degree of esterification (33-40%; this is Pectin #2).  An additional variable in the experiment (Figure 4) was the
concentration of each pectin that was tested.  Capillaries with 1%, 2% and 4% solutions of pectins #1 and #2 were prepared.
Figure 4 shows the array of the capillaries that was placed in the core of the NMR instrument.  The pattern of the array
identified in Figure 4A, with water in the larger, central capillary is the same in panels B & C.

The images in Figure 4A used the NMR settings routinely used by Alonso in his work with grape stems (Pérez-Donoso et al.,
2007).  For panel B, the NMR operational parameters were adjusted.  An additional adjustment was made in panel C (see
figure legend).  In panels B and C, note that as TI (the time of inversion delay) is increased the image of the water-filled
capillary fades and the images of the pectin-filled capillaries begin to be discriminated from one another, based on pectin
concentration and type.  The images in panel C demonstrate that the signal is stronger for the more highly Me-esterified
pectin #1.

The encouraging results demonstrated by the images in Figure 4 led to an additional experiment in which the grapevine
xylem perfusion system used by Perez-Donoso and Greve was used to fill the xylem systems of different 'Chardonnay' grape
vines with air, water, a 4% water solution of the low Me-esterified pectin (pectin #2 in Figure 4), and then a 4% gel of that
pectin (made by adding CaCl2, once the 4% pectin solution had been perfused into the xylem).  The distinctions revealed in
the capillary experiments were then shown to work with grape stems (Figure 5).

Objective 3. To repeat our 2005 observations of a late Spring, dramatic increase in the porosity of grapevine pit
membranes.
Work on these objectives was started in Spring-Summer, 2007 but was not completed.  Dr. Sun was made an offer he could
not refuse.  At the start of August, 2007 he and his family moved to Steven's Point, WI where Qiang began work as an Asst.
Professor.  The full season series of measurements will be made in Spring-Summer, 2008.

CONCLUSIONS
1. The cell wall substrates for the Xf PG and EGase have been demonstrated to be structural components of grapevine pit

membranes.
2. Preliminary tests have shown that modifications of the way grapevine stem MRIs are obtained should be able to

distinguish between air-embolised (i.e., cavitated) vessels and vessels that are filled with water or pectin.
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Figure 2.  The use of CCRC-M1 reveals the presence of xyloglucan in the walls of grapevine intervessel
pit parenchyma pit membranes (middle image) and in developing tyloses (right image).  The arrows in
the left and middle images point to the rows of pit membranes that are aligned in the vertical orientation
along the length of a vessel.  In the right image, the arrow points to the wall of one tylose in a vessel that
contains at least two tyloses.  The left and center images were made using the confocal microscope.  The
right image is from the fluorescence microscope.

Figure 1.  The use of JIM 5 reveals the presence of weakly Me-esterified HGs in the walls of grapevine
intervessel pit membranes (left image), in vessel-parenchyma pit membranes (middle image) and in
developing tyloses (right image).  The arrows in the left and middle images point to the rows of pit
membranes that are aligned in the vertical orientation along the length of a vessel.  In the right image, the
arrow points to the wall of one tylose in a vessel that contains at least two tyloses.   The left and center
images were made using the confocal microscope. The right image is from the fluorescence microscope.

Figure 3. These images of intervessel pit membranes make clear the ladder-like arrangement of pits and pit
membranes in the vessel walls. The left image shows the fluorescent fucosylated xyloglucan revealed by
the CCRC-M1 antibody.  The right image shows the fluorescent Ca-cross linked HG network revealed by
the 2F4 antibody.  The images were made using the confocal microscope.
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Figure 5. Stems segments (ca. 5 cm in length) were perfused with the indicated solutions.  The images in
panel A were obtained with the NMR settings shown for Figure 4B.  The images in panel B were obtained
with the settings used for Figure 4C.
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Figure 4. In panel A, the NMR TR (time of repetition) was set at 1906 msec and TE (time of echo) at 15
msec.  In panel B the TR and TE were 3005 msec and 10 msec, respectively and TI (time of inversion
delay) was set at 800 msec.  In panel C, the TR and TE were as in panel B and the TI was set at 1000 msec.
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ABSTRACT
In previous years we have analyzed gene expression profiles of Pierce’s Disease (PD) resistant and susceptible genotypes of
Vitis arizonica hybrids in response to infection by Xylella. fastidiosa (Xf), the bacterium causing PD.  Here we report gene
expression of the PD susceptible European grapevine, V. vinifera in response to Xf infection. RNA was extracted from
healthy and infected leaf tissues at 4, 8 and 10 weeks post inoculation.  Isolated RNA was converted into cDNA and used for
microarray-based global gene expression analysis.  Data analysis results indicated that there were a total of 2,385
differentially expressed transcripts from early (4 week), middle (8 week) and late (10 week) stages of disease development.
Of these 2,385 transcripts, 1,050 transcripts were up-regulated (2 to 100 fold) and 1,335 transcripts were down-regulated (0.5
to 0.02 fold) across the three stages. Comparative analysis of the differentially regulated transcripts has identified common
and distinctive features of the host response from V. arizonica hybrids and V. vinifera to Xf infection that are important for
understanding of PD resistant and susceptible mechanisms.  An online relational database is now publicly available that has
Vitis transcriptome data along with other relevant information and bioinformatics tools.

INTRODUCTION
The impact of PD on the California grape industry has been significant since the introduction and establishment of a more
effective vector, Homalodisca coagulata, the glassy-winged sharpshooter (Almeida and Purcell 2003).  Development of
resistance in grape is stymied by the relatively limited amount of genetic and molecular information regarding genotype
specific resistance to PD infection (Davis et al. 1978).  From genotypic screening and genetic mapping studies, it was
concluded that a dominant allele controls PD resistance and recently, Krivanek et al. (2006) identified a major quantitative
trait locus that controls PD resistance and denoted it as ‘Pierce’s disease resistance 1’ (PdR1).  The above studies confirm
that the genetic basis of PD resistance in grapes varies from tolerance to resistance and suggest that host responses to the
pathogen are genotype dependent.  Our recent studies further confirmed that PD response differs between resistance and
susceptible genotypes at molecular and physiological levels (Lin et al., 2007; Fritschi et al, 2007). Further, in the PD
resistant genotypes, differential responses between stem and leaf tissues were also noted (Krivanek and Walker, 2005).  The
results from these studies prompted study of genome-wide molecular basis of this host / pathogen interaction.

Plants respond to pathogen attack through a variety of signaling pathways consisting of a large number of regulatory as well
as effector genes.  Microarrays facilitate automated analysis of transcriptional profiling data to enable an understanding of
such gene function and interactions.  The goal of this study was to identify and characterize the molecular events in the
grape/Xf interaction using genome wide transcriptome profiling between resistant and susceptible genotypes and among the
different tissue types.

OBJECTIVES
1. Perform a microarray gene expression analysis.
2. Develop a grape transcriptional relational database.

RESULTS AND DISCUSSIONS
Objective 1 - Microarray gene expression analysis.
Experimental set-up: Total RNA from leaf tissues of V. vinifera from 4, 8 and 12 weeks post-infection with Xf was
hybridized to nine slides in a two-color experiment using the monochromatic dyes Cy5 and Cy3. For each time point, there
were three slides (biological replicates) including a dye flip.

Data analysis: For each gene there were 54 data points per each stage (18 per slide x 3 biological replications) of disease
development. Data representing raw spot intensities generated by the GenePix software were first normalized with RMA
algorithm (Robust multichip average) and data was further subjected to quantile normalization. SAM software was used to
identify statistically significant genes expression changes using a cut-off value of two-fold differential expression and a q-
value of 0.5.  Clustering of the significantly differentially expressed genes was carried out using TMEV software.
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Overview of transcriptional responses: A total of 2,385 transcripts and 1,955 individual genes from early (4 week), middle
(8 week) and late (10 week) stage of infection were differentially regulated.  Of these 2,385 transcripts, 1,050 transcripts are
up-regulated (2 to 100 fold) and 1,335 transcripts are down-regulated (0.5 to 0.02 fold) across the three stages (Table 1).
Below we briefly describe the expression pattern of the differentially expressed genes.

1. Early disease development response
Out of the 1,955 transcripts that were differentially regulated, 158 were exclusively up or down-regulated four weeks after
infection. Of these, 33 genes were up-regulated (2 to 5.4-fold) and 125 genes were down-regulated (-2 to -5.9-fold). Some of
the up-regulated genes included ABC transporter, adenosine 5' phosphosulfate reductase, polygalacturonase and the down-
regulated ones included flavonol synthase, calcium binding protein and heat shock protein 18.

2. Mid-disease development response
There were 57 transcripts that were exclusively up or down-regulated eight weeks after infection. Of these, 17 genes were up-
regulated (2 to 2.8-fold) and 40 genes were down-regulated (-2 to -9-fold).  Some of the up-regulated genes included
chlorophyll A-B binding protein, Glycoside hydrolase family 1 genes.  The down-regulated ones included pectinesterase and
Serine carboxypeptidase family protein coding genes.

3. Late disease development response
Similarly, after 12 weeks of infection, 1,345 transcripts were exclusively up or down-regulated 12 weeks after infection.  Of
these, 713 genes were up-regulated (2 to 47-fold) and 632 genes were down-regulated (-2 to -37.5-fold).  Some of the up-
regulated genes included CBF-like transcription factor, pathogenesis-related protein 5-1, Tyrosine protein kinase, chitinase
genes.  The down-regulated ones included subtilase, heat shock protein 22, suphate transporter and phosphate transporter,
desiccation-related protein and salicylic acid-binding protein 2.

4. Over lapping transcriptional response
In addition, there were three genes that were differentially regulated in early and mid stages of disease development, 167
genes that were differentially regulated in mid and late stages, and 190 genes that were differentially regulated in early and
late stages of disease development. 35 genes were found to be differentially regulated at all the three stages.

5. Comparison of V. vinifera vs. V. arizonica transcriptional responses
Comparison of the PD susceptible V. vinifera transcriptional responses to Xf infection with the responses observed from V.
arizonica hybrids that are resistant (9621-67) and susceptible (9621-94) genotypes suggests common as well as distinct
responses.  Transcripts such as WRKY transcription factor 30, CBF like transcription factor, NDR-1 like protein, phi-1 (an
AvrPto-Pto, or AP responsive gene) are commonly upregulated in V. vinifera and the resistant (9621-67) genotypes (Figure
1A).  Similarly, genes such as polygalacturponase inhibitor like protein, amino acid carrier, sulfate transporter-2, integral
membrane protein Nrampl, cholone phosphate cytidylyltransferase and CXE carboxylesterase are commonly downregulated
between the V. vinifera and the susceptible (9621-94) genotypes.  On the other hand, there are genes that are differentially
regulated in V. vinifera species alone.  This includes homologues of metallothionein like proteins, aspartic proteinase 2,
starch phosphorylase, putative purine permease, and few hypothetical proteins that are down-regulated only in the V. vinifera
species (Figure 1B).  Similarly, transcripts of genes such as Glycoside hydrolase family-1, dirigent protein oxidase,
nucleotide sugar epimerase, ubiquitin protein ligase, NAF protein kinase are only up-regulated in the V. vinifera species.

Objective 2 - Develop of a grape transcriptional relational database
VitisExpDB is an online MySQL-PHP driven relational database that houses annotated expressed sequence tags (ESTs) and
gene expression data for V. vinifera and non-vinifera grape varieties.  Currently, the database has over 300,000 EST
sequences derived from 8 species/hybrids, their annotation details and gene ontology based structured vocabulary.  The
database has information on probe sequence and annotation features of the 60-mer gene expression chip consisting of
~20,000 non-redundant set of ESTs.  There is data on 14 processed global microarray expression profile sets.  Data from 12
of these Expression profile sets have been mapped onto metabolic pathways.  A web interface with multiple search indices
and hyperlinked result features has been developed.  Several online bioinformatics tools have been added.  In addition, users

Table 1. Summary of the gene expression profile of V. vinifera infected with Xf. Expression profile data for the
spotted genes was generated using the RMA algorithm (Robust multichip average) and was further subjected to
quantile normalization.  SAM software was used to identify statistically significant genes expression changes
using a cut-off value of 2-fold differential expression and a q-value of 0.5.

Microarray Results
Expression Pattern 4 weeks 8 weeks 12 weeks
Upregulated 86 (2 to 6 fold) 100 (2 to 100 fold) 864 (2 to 60 fold)
Downregulated 300 (0.12 to 0.49-fold) 162 (0.05 to 0.49-fold) 873 (0.02 to 0.49-fold)
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can submit their ESTs to the database.  VitisExpDB database is available at http://cropdisease.ars.usda.gov/vitis_at/main-
page.htm

Database architecture and Web interface
The server uses Red Hat Enterprise Linux 4 RPM (x86).  The relational database was developed using MySQL 4.0 as the
back end. The website is powered by an Apache server.  A number of useful query interfaces for data mining, analysis and
visualization have been developed.  This includes simple and advance search forms that facilitate either single query or
multiple query search options for both EST and microarrays components.  The EST component of the database can be
searched using GB number, GI number, Gene Ontology ID, enzyme number or putative function as a key word.  Other
additional parameters can be included to build a stringent query.  A separate web page is provided for listing the homologous
gene sets in the major Vitis varieties using nWayComp.  To query the microarray data, a simple form can be used where the
user can enter a GB number, an array ID(s) or a putative function. Alternately, an advance search form is designed where the
user can build stringent Boolean searches such as a cut-off expression value or select a particular stage of the experiment,
tissue or genotype, or based on Arabidopsis gene ID, for data retrieval.  Under the microarray warehouse, a separate HTML
page has been designed that has hyperlinked icons to various metabolic pathways.  There are 25 different pathways for each
of the studied 12 microarray experiments.

Online data analysis tools
Several online tools have been developed that will either interact with the database such as BLAST, CLUSTALW, Tandem
Repeats Finder (TRF), and Cluster, or work independently such as CAP3, and other BioPHP modules.  Annotated Vitis
databases such as EST and microarray probe sequence sets have been added to the BLAST database that will help the grape
scientific community for quick and efficient identification and annotation of their ESTs.  The developed VitisExpDB also
includes other online software tools such as bioPHP modules and CAP3 software that will help the user in carrying out DNA,
protein and microarray data manipulation. An EST sequence submission form has been developed where users can submit
their sequence directly to the database.

CONCLUSIONS
Characterizing the molecular basis of the grape response to Xf is critical to understanding the mechanisms of PD resistance
and pathogenesis.  Based on our transcript profiling, it is clear that grape plant response to Xf infection is different among
species, tissues and between resistant and susceptible genotypes, and early and late stages.  While a broad spectrum and
presumably non specific plant response was observed in V. vinifera species as well as in the susceptible V. arizonica
genotype, a majority of this did not overlap with the resistance genotype response.

(A)
(B)

Figure 1. Expression profiling of the differentially regulated transcripts. Red indicates transcriptional activation and
green represents repression. Transcripts that are not significantly regulated are shown in black. (A) Transcripts that are
up-regulated in V. vinifera and the resistant genotype (9621-67) of the V. arizonica hybrids, (B). Transcripts that are
downregulated only in the V. vinifera species
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ABSTRACT
A specific strain of the bacterium Xylella fastidiosa causes Pierce’s Disease of grapevine (PD).  This disease has caused
significant disruption to the wine industry centered in the Temecula, California region; at the height of the most recent PD
epidemic in the late 1990s, 25% of the grapevines in this area were lost before emergency quarantine and control measures
could be instituted. Under these circumstances, the 2006 discovery of a population of apparently PD-resistant grapevines in
the area was of particular interest. The vines were all located in a single vineyard, which had total PD-related losses of
approximately 10%, while a neighboring vineyard suffered a nearly 100% loss of the same variety. In addition, a similar
phenomenon was observed in a grapevine population located in the Agricultural Operations grounds at the University of
California, Riverside. While the cause of this apparent resistance is unknown, one possible explanation for this resistance is
that it is being conferred by certain endophytic bacteria present in resistant vines but not in susceptible vines. In order to test
this hypothesis, cane samples from both the apparently susceptible populations and the apparently resistant populations were
surface sterilized and plated onto standard microbiological media. Any observed bacterial growth was diluted into standard
liquid media and then streaked out in order to obtain pure cultures, which were identified using 16S sequencing.

INTRODUCTION
Specific strains of the bacterium Xylella fastidiosa (Xf) cause disease in almonds, grapevines, and a variety of other
economically important plants (1,2,3). Xf is spread by the glassy-winged sharpshooter (GWSS), Homalodisca vitripennis,
formerly known as H. coagulata (4,5).

In grapevines, one strain of this bacterium is the cause of Pierce’s Disease (PD).  Since the preferred host of GWSS is citrus,
vineyards close to a citrus grove are at increased risk for the development of PD (6). In addition, Chardonnay vines are
known to be more susceptible to PD than other varieties (7).  The Weaver vineyard is planted with Chardonnay vines and is
immediately across from two citrus groves, meaning that it is at high risk of developing PD.  However, while adjacent
Chardonnay vineyards suffered catastrophic crop failure, the Weaver vineyard had a PD-related loss of far less,
approximately 10%.  This observation was of special interest since many of the plants in this vineyard were old enough to
have survived the initial PD epidemic that occurred after the GWSS was accidentally introduced into California.  The
Agricultural Operations vineyard at the University of California, Riverside contains both symptomatic and asymptomatic
Chardonnay vines in close proximity.  These vines are younger than the ones at the Weaver vineyard.

One possible explanation for this phenomenon is that it is being conferred by bacterial endophytes that live inside the
apparently resistant plants but not in the more susceptible plants.  The endophytic bacterium, Curtobacterium flaccumfaciens
has already been shown to confer resistance to Xf in sweet orange plants (8).

To test this hypothesis, cane samples from asymptomatic and symptomatic grapevines at both locations were surface-
sterilized and then plated on microbiological media.  The genus of any resulting bacterial growth was then identified using
16S gene sequencing.  The 16S gene has been widely used to classify unknown organisms (9). Because this gene evolves
very slowly, it is most useful for classifying organisms at the genus level, but not at the species or subspecies level (10).
Even so, it is widespread practice to include a species name when identifying bacteria based on this sequence.  These
designations can be considered putative in nature.

OBJECTIVES
The primary goal of this research was and continues to be to test the initial hypothesis through isolating bacterial endophytes
from asymptomatic and symptomatic grapevines at both locations and using 16S sequencing to identify them.

RESULTS
Table 1 lists currently identified endophytic bacteria isolated from symptomatic and asymptomatic vines at the Weaver
vineyard and the UCR Agricultural Operations vineyard (AgOps).  Two pieces of data from the BLAST results are also
included with the identifications; one is the bit score and the other is the E-value.  Typically, the lower the E-value, the higher
the probability that the similarities in the two sequences are due to a close genetic relationship and not to random chance.  All
species designations included are considered putative because 16S analysis does not permit resolution below the genus level.
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Table 1
Code Genus Putative Species Bit Score E-value Symptomatic Source
45V16 2D C1 Bacillus niacini 863 0 N Weaver
45V16 2E C1 Bacillus thuringiensis 2771 0 N Weaver
46V16 2D C1 Bacillus cereus 500 7.00E-138 N Weaver
46V19 1C C7 Bacillus massiliensis 2454 0 N Weaver
46V19 2D C1 Bacillus cereus 2736 0 N Weaver
46V19 2F C1 Bacillus M4 2605 0 N Weaver
47V1 1B C1 Bacillus LMG 20241 1844 0 N Weaver
47V1 1C C2 Bacillus cereus 2389 0 N Weaver
47V1 1F C1 Bacillus thuringiensis 2365 0 N Weaver
47V1 2C C3 Bacillus 9B_1 2692 0 N Weaver
47V3 1B C1 Bacillus MB-9 2351 0 N Weaver
47V3 1C C2 Bacillus drentensis 1015 0 N Weaver
47V3 1E C12 Bacillus LMG 20241 401 2.00E-108 N Weaver
47V3 2D C13 Bacillus gibsonii 1009 0 N Weaver
47V3 O C3 Planococcus maitrii 2609 0 N Weaver
47V8 1A C9 Bacillus cereus 2561 0 Y Weaver
47V8 R6 Bacillus thuringiensis 2627 0 Y Weaver
48V10 1B C1 Bacillus pumilus 2591 0 N Weaver
48V10 1B C2 Bacillus EP23 2407 0 N Weaver
48V15 1C C3 Bacillus cereus 1084 0 N Weaver
48V15 1D C2 Bacillus licheniformis 2605 0 N Weaver
48V15 2A C7 Bacillus ge15 910 0 N Weaver
48V19 2F C2 Bacillus thuringiensis 2379 0 N Weaver
49V9 1A C2 Bacillus subtilis 979 0 N Weaver
49V9 1C C2 Bacillus niacini 2533 0 N Weaver
49V9 1C C3 Bacillus niacini 2670 0 N Weaver
49V9 1D C3 Bacterium 8-gu2-10 880 0 N Weaver
49V9 1F C1 Bacillus cereus 1203 0 N Weaver
49V9 1F C2 Bacillus cereus 2660 0 N Weaver
49V9 1F C7 Bacillus cereus 1154 0 N Weaver
49V9 2B C1 Bacillus cereus 2577 0 N Weaver
49V9 2C C1 Bacillus GB02 650 0 N Weaver
A-4 1A C1 Erwinia tasmaniensis 722 0 N AgOps
A-4 1E C2 Bacillus pumilus N AgOps
A-4 2A C1 Bacillus endophyticus 1352 0 N AgOps
A-4 2A C12 Bacillus licheniformis 2448 0 N AgOps
B-3 1B C1 Bacillus thuringiensis 2674 0 Y AgOps
B-3 1D C2 Bacillus megaterium 2750 0 Y AgOps
B-3 2C C6 Bacillus megaterium 2710 0 Y AgOps
B-3 2C C7 Paenibacillus illinoisensis 1070 0 Y AgOps
C-1 1D C12 Staphylococcus epidermidis 2545 0 N AgOps
C-1 1E C1 Bacillus acidicola 1029 0 N AgOps
C-1 2A C6 Bacillus pumilus 989 0 N AgOps
C-1 2B C12 Bacillus LMG 20241 946 0 N AgOps
C-1 2B C13 Bacillus subtilis 2441 0 N AgOps
C-1 2D C12 Bacillus pumilus 2753 0 N AgOps
D-7 2D C12 Bacillus pumilus 2640 0 N AgOps
D-7 2F C16 Erwinia psidii 543 6.00E-151 N AgOps
E-1 2F C16 Erwinia tasmaniensis 2127 0 Y AgOps
F-15 1D C12 Bacillus M31 2246 0 Y AgOps
F-15 1D C7 Pantoea MMB047 852 0 Y AgOps
G-6 1A C2 Bacillus megaterium 2020 0 N AgOps
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Table 1 (continued)
Code Genus Putative Species Bit Score E-value Symptomatic Source
G-6 1B C16 Bacillus LMG 20241 385 3.00E-103 N AgOps
G-6 1E C13 Bacillus subtilis 1076 0 N AgOps
G-6 1F C12 Bacillus licheniformis 2561 0 N AgOps
G-6 2D C2 Bacillus M31 2246 0 N AgOps
G-6 2E C8 Bacillus pumilus 722 0 N AgOps
G-6 2F C6 Bacillus oleronius 2629 0 N AgOps
G-6 2F C16 Staphylococcus caprae 562 9.00E-137 N AgOps
H-11 1D C2 Bacillus PC1 2658 0 N AgOps
H-11 1E C2 Bacillus benzoevorans 2520 0 N AgOps
H-11 2C C7 Bacillus benzoevorans 1061 0 N AgOps
I-6 1C C12 Bacillus herbersteinensis 1110 0 Y AgOps
J-9 1A C2 Bacillus pumilus 2789 0 Y AgOps
J-9 1A C7 Bacillus pumilus 997 0 Y AgOps
J-9 1C C1 Brevibacillus laterosporus 2678 0 Y AgOps
J-9 2A C16 Erwinia tasmaniensis 2452 0 Y AgOps

CONCLUSIONS
Members of the genus Bacillus were most frequently isolated from both symptomatic and asymptomatic plants at the Weaver
Vineyard and the Agricultural Operations Vineyard.  Bacteria tentatively identified as Bacillus thuringiensis were isolated
slightly more frequently from asymptomatic vines than from symptomatic vines at both locations.  Other bacteria much less
commonly isolated from these populations included members of Staphylococcus, Pantoea, Brevibacillus, and Planococcus.

There also appeared to be several location-specific effects.  For example, bacteria that were tentatively identified as Bacillus
cereus were isolated solely from asymptomatic vines found at the Weaver Vineyard but were not recovered from any vines in
the Agricultural Operations Vineyard. In addition, bacteria tentatively identified as Bacillus pumilius were much more
frequently isolated from asymptomatic and symptomatic vines at the Agricultural Operations Vineyard than from either
symptomatic or asymptomatic vines at the Weaver Vineyard. Finally, members of the genus Erwinia were also commonly
isolated from symptomatic and asymptomatic vines growing at the Agricultural Operations Vineyard.  However, members of
this genus have not yet been isolated from any vines in the Weaver Vineyard. The reasons for these differences remain
unclear.
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ABSTRACT
The goal of this project is to evaluate the importance of many crops, cover crops and common weeds that are found in close
proximity to vineyards as sources of Xylella fastidiosa (Xf) from which glassy-winged (GWSS) and smoketree (STSS)
sharpshooters can acquire and transmit Pierce’s Disease (PD) into grapevines. Acquisition from non-grapevine hosts and
subsequent transmission to grape is of fundamental importance to primary spread of Xf in California vineyards.  Identifying
the plants that are contributing to primary spread enables growers to target these plants around their vineyards as a
mechanism to reduce spread.

INTRODUCTION
Over 140 plants are known to host PD strains of Xylella fastidiosa (Xf) (Freitag 1951, Raju et al. 1980, 1983,
http://www.cnr.berkeley.edu/xylella/temp/hosts.htm).  Many of these plants are found in close proximity to vineyards, and
some are even used as cover crops in vineyards.  While considerable research has identified Xf hosts, little work has been
done to determine if sharpshooters can acquire the bacteria from these hosts and transmit it to grapevines.  If this does not
occur, then the alternate host is of little consequence in PD epidemiology.  Conversely, plants that contribute inoculum for
sharpshooter acquisition and transmission to grape should be removed if growers wish to reduce primary spread into their
vineyards.

To successfully implement a program to remove pathogen sources, we first must identify those sources.  The introduction
into California of GWSS, an insect with a broad host range, theoretically increases the probability of disease spread from the
these alternate host plants to grape.  For this to occur, GWSS must feed on the infected plant in such a way to acquire Xf from
the plant, and successfully transmit the acquired pathogen to grapevines.  While studies have shown mechanical and insect
transmission to wide variety of alternate hosts (Freitag 1951, Purcell and Saunders 1999) they have demonstrated
transmission from only a handful of alternate hosts to grapevines (Hill and Purcell 1995, 1997). We are unaware of research
published on transmission of Xf, PD strain, from alternate hosts into grapevines using GWSS or STSS, a native California
sharpshooter also found in grape growing regions, as the vector.

OBJECTIVES
Using GWSS and STSS vectors:
1. Evaluate the acquisition and transmission of Xf to grapevines from agricultural crop plants known to be PD hosts that are

grown in the vicinity of vineyards.
2. Evaluate the acquisition and transmission of Xf to grapevines from weed plants known to be PD hosts that are grown in

the vicinity of vineyards.
3. Evaluate the acquisition and transmission of Xf to grapevines from vineyard cover crop plants.

RESULTS
Plants for our studies were selected using the UC IPM lists of common weed and cover crop species found in and around
California grape vineyards (Statewide IPM Program 2007) to determine the plants that would likely be found near vineyards.
This list of plants then was cross-referenced with previously published inoculation studies and field surveys of Xf and we
selected plants that developed systemic infections in 50% or more of the plants inoculated by Wistrom and Purcell 2005, and
plants identified as Xf hosts in almond orchards (Shapland et al. 2006) and in vineyard areas of southern California (Costa et
al. 2004).  Additional plants were chosen because they are commonly found in or around vineyards, but they have not been
previously inoculated with Xf or used in transmission studies for GWSS and STSS.  Our plant list includes:
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Table 1: Selected Plants
Common Name Scientific Name Plant Type

Alfalfa Medicago sativa Agriculture Crop
Bell Pepper Capsicum annuum Agriculture Crop
Cotton, Upland Gossypium hirsutum Agriculture Crop
Lima Bean, Fordhook 242 Phaseolus lunatus Agriculture Crop
Tomato, Rutgers Solanum lycopersicum Agriculture Crop
Annual Bluegrass Poa annua Weed
Annual Bursage Ambrosia acanthicarpa Weed
Black Nightshade Solanum nigrum Weed
Cheeseweed Malva parviflora Weed
Chickweed Stellaria media Weed
Cocklebur Xanthium strumarium Weed
Common Groundsel Senecio vulgaris Weed
Common Morning Glory Ipomoea purpurea Weed
Common Sunflower Helianthus annuus Weed
Field Bindweed Convolvulus arvensis Weed
Filaree Erodium sp. Weed
Goosefoot Chenopodium sp. Weed
Horseweed Conyza canadensis Weed
London Rocket Sisymbrium irio Weed
Poison Hemlock Conium maculatum Weed
Prickly Lettuce Lactuca serriola Weed
Shepherd’s Purse Capsella bursa-pastoris Weed
Spanish Broom Spartium junceum Weed
Speedwell Veronica sp. Weed
Stinging Nettle Urtica sp. Weed
Tree Tobacco Nicotiana sp. Weed
Alyssum Alyssum sp. Cover Crop
Annual Ryegrass Festuca sp. Cover Crop
Annual Fescue, Zorro Lolium multiflorum Cover Crop
Black Mustard Brassica nigra Cover Crop
Birdsfoot Trefoil Lotus spp. Cover Crop
Buckwheat Fagopyrum sp. Cover Crop
Burr Medic Medicago polymorpha Cover Crop
Cilantro Coriandrum sativum Cover Crop
Clover, New Zealand White Trifolium repens Cover Crop
Clover, Hykon Rose Trifolium hirtum Cover Crop
Cowpea, California Blackeye Vigna unguiculata Cover Crop
Fava Bean, Windsor Vicia faba Cover Crop
Field Pea, Miranda Pisum sativum Cover Crop
Oat, California Red Avena sativa Cover Crop
Sweetclover Medicago sp. Cover Crop
Vetch, Cahaba White Vicia sativa Cover Crop

Seeds have been obtained for all of the agricultural and cover crops and we have secured seeds for 11 of the 21 weed species
listed in Table 1.  We have completed inoculations of 7 plant species (Table 2).  From the agricultural crop group, we have
worked with bell pepper and tomato.  Bell pepper appears to be a non-host for PD.  Five of 20 PD-inoculated bell pepper
plants tested positive with ELISA at 2-weeks, but they all tested negative at 4-weeks, suggesting a transient infection.
Attempts to isolate Xf from bell pepper by culturing have been negative.  A third culture attempt for all inoculated bell pepper
plants in currently underway and final results are pending.  Of the 20 tomato plants inoculated with PD, 1 died before the first
assay, and 10 have tested positive with ELISA.  PD has been successfully isolated from these plants and confirmed with
PCR.  Insect transmissions with both sharpshooter species have been done for bell pepper and data are being collected on this
study.  Transmissions from tomato to grapevine will be conducted in late October.

From the weed category, we have studied goosefoot and it appears to be a non-host for PD.  Only 1of the 20 PD-inoculated
plants tested positive and all cultures have been negative.  A third isolation attempt is underway for all 20 goosefoot test
plants and final results are pending.  Experiments on four cover crop species (buckwheat, cowpea, fava bean, and field pea)
are underway.  All four tested positive for Xf with ELISA and bacteria was successfully cultured from these plants (Table 2).
Two of the 20 buckwheat plants died before the two-week assay.  Most of the field pea plants were dying by two-weeks post-
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inoculation.  Three were dead at four-weeks post-inoculation and at five-weeks post-inoculation there were only six plants
alive, of which one was confirmed positive for PD, but it was in poor condition and could not be used for insect transmission.
Field pea inoculations will be repeated in the spring 2008.  Insect transmissions have been done for buckwheat and cowpea
and we are in the process of evaluating those studies.  Insect transmission from fava bean to grape is planned for late October
2007.

Table 2: First Test Group Needle Inoculation Results.

Plant Type Plant Name # Inoculated # Positive
2-Week ELISA

# Positive
4-Week ELISA Cultured

Agric. Crop Bell Pepper 20 5 0 Negative
Agric. Crop Tomato 19 5 6 Positive
Cover Crop Buckwheat 18 5 12 Positive
Cover Crop Cowpea 20 4 7 Positive
Cover Crop Fava Bean 20 11 17 Positive
Cover Crop Field Pea 20 4 9 Positive

Weed Goosefoot 20 0 1 Negative
Control Grapevine 20 9 16 Positive

CONCLUSIONS
This project addresses the 2006 Scientific Summit category of “Understanding transmission of the disease,” and relates
directly to the acquisition and transmission of Xf by GWSS.  It also has relevance to several of the recommendations
developed by the National Academy of Science, National Research Council (2004).  First and foremost, the definition of the
Category 1 research option is that it “holds a reasonable promise of generating successful tools for management of
PD/GWSS, either in the short term or the long term.”  By determining the plants that truly contribute to primary spread by
sharpshooters, we can give growers another strategy (i.e. removing those plants) in an effort to reduce bacterial inoculum
around their vineyards.  This proposal also meets the general criteria defined in the NRC report in recommendation 2.2, of
“contributing to PD/GWSS management and its sustainability,” and it applies specifically to recommendation 3.9 of
examining plants “for effective transmission rates from host to grape.”
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ABSTRACT
Fifteen BC3 and two BC2 crosses between the V. arizonica source of Pierce’s disease (PD) resistance and seedless table and
raisin grape selections were made, seedless ovules were cultured and produced 3,396 berries, 4,459 ovules and 1,840
embryos.  Two additional seedless crosses from Southeast United States (SEUS) and V. tiliifolia were also made.  Two
seeded BC1 crosses based on a SEUS PD resistance source were made, resulting in 349 seed. Ten 2006 BC2 families (V.
arizonica source of resistance) consisting of 765 individuals were screened at the seedling stage in the greenhouse with SSR
markers for resistance.  A total of 262 were resistant and planted in the field.  Resistance and susceptibility segregated in a
1:1 ratio in all but one family.  Greenhouse screening of the BC2 raisin family 04-5554 confirmed that 17 of 18 individuals
with resistant markers were resistant.  Four of the 13 resistant fruiting plants had small aborted seed and they will be useful as
parents for continued backcrossing.  Progress in developing fruit quality improved as rapidly in resistant progeny as in
susceptible progeny.  An additional 33 plants and 241 embryos have been produced to increase the C33-30 x BD5-117 family
size for maker development.  This year 424 SSR primers were screened against the parents and resistant and susceptible
bulks.  From these 30 were confirmed to be polymorphic.

INTRODUCTION
Pierce’s disease (PD) has existed in California since the late 1800s when it caused an epidemic in Anaheim.  A number of
vectors for PD already exist in California, and they account for the spread and occurrence of the disease.  The introduction of
the glassy-winged sharpshooter to California in the 1990’s significantly increased the spread and damage caused by PD.
Other vectors exist outside California and are always a threat.  All of California’s commercially grown table and raisin grape
cultivars are susceptible to PD.  An effective way to combat PD and its vectors is to develop PD resistant varieties so that PD
epidemics or new vectors can be easily dealt with.  PD resistance exists in a number of Vitis species and in Muscadinia.  PD
resistance has been introgressed into grape varieties in the southeastern United States, but fruit quality is inferior to V.
vinifera table and raisin grape cultivars grown in California.  Greenhouse screening techniques have been improved to
expedite the selection of resistant individuals (Krivanek et al. 2005, Krivanek and Walker 2005).  Molecular markers have
also been identified that make selection of PD resistant individuals from V. arizonica in these families even quicker
(Krivanek et al. 2006).  The USDA, ARS grape breeding program at Parlier, CA has developed elite table and raisin grape
cultivars and germplasm with high fruit quality.  Embryo rescue procedures for culturing seedless grapes are being used to
help introgress the seedless trait with PD resistance quickly (Emershad et al. 1989).  This collaborative research gives the
unique opportunity to develop high quality PD resistant table and raisin grape cultivars for the California grape industry.

OBJECTIVES
1. Develop PD resistant table and raisin grape germplasm/cultivars with fruit quality equivalent to standards of present day

cultivars.
2. Develop molecular markers for Xf/PD resistance in a family (SEUS) other than those from V. arizonica.

RESULTS
Objective 1 This year the majority of seedless embryo culture crosses concentrated on using the V. arizonica source of
resistance.  Fifteen BC3 and 2 BC2 crosses were made and produced 3,396 berries, 4,459 ovules and 1,840 embryos (41%
embryos/ovules) (Table 1).  The percent embryos recovered is twice the amount normally recovered from seedless embryo
rescue.  One BC1 cross from SEUS source of resistance and one cross to increase the population from a unique source of
resistance from V. tiliifolia were also made (Table 1).  Two seeded BC1 crosses from SEUS source of resistance were made
(Table 2).  Fruit has been harvested and 349 seeds extracted for germination in January.
Ten BC2 families (89-0908 V. arizonica source of resistance) produced in 2006 and growing in the greenhouse as small
plants were tested for molecular markers associated with the PdR1 locus on chromosome 14 (Table 3).  A total of 765
individuals were tested with SSR markers and 680 showed markers on both sides of the PdR1 region as expected.  Eighty-
two percent had either resistant or susceptible bands making selection for resistance effective. A total of 262 individuals
(39% of those showing markers) were resistant and planted to the field from the greenhouse.  The susceptible individuals
were discarded.  All families segregated in a 1:1 ratio except for family 06-5552 which had a higher percent of resistant
individuals.  Greenhouse testing of selected individuals from the BC2 V. arizonica raisin family 04-5554 was completed.
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Twenty-nine individuals were tested in the greenhouse.  Four of the susceptible individuals based on molecular markers were
tested and had > 6x106 cfu/ml bacteria and >5 PD symptoms, indicating that they were susceptible.  Seventeen of the 18
individuals identified as resistant with markers fell in the resistant class based on the greenhouse test (<250,000 cfu/ml
bacteria and <2.8 PD symptom rating).  This gives good confidence in the use of molecular markers for the V. arizonica (89-
0908) source of resistance.  Plants from this family fruited in the field for the first time this year.  Thirteen were resistant and
consisted of seven seeded, two with large aborted seeds, and four with small aborted seeds. This was comparable to the
fourteen susceptible which consisted of 10 seeded, one with large aborted seeds, and three with small aborted seeds.  The
mean berry weight for the resistant individuals was 2.11 g compared to 1.96 g for the susceptible individuals.  This shows
that progress can be made as fast in developing resistant types with high fruit quality as in susceptible types, and that seedless
resistant genotypes can be produced.  This family is 87% V. vinifera and most of the seedlings are neutral in flavor without
off flavors.  Seedlings from 2005 crosses have also started to fruit.  In the raisin family 05-5551 (seeded x seedless), all
resistant seedlings produced seedless fruit, with 13 having large aborted seeds and 10 with small aborted seed traces.  The
susceptible individuals have not yet been analyzed for their seed content.  The 23 resistant individuals were composed of 12
with white fruit and 11 with colored fruit which fits the expected ratio.  The average fruit size between the resistant and
susceptible individuals was comparable at 1.45 g and 1.48 g respectively.  This also indicates that progress is being made
equally in the resistant compared to the susceptible types based on berry size.  Additional families are still being evaluated
for their fruit quality.  All PD selections from the California State University, Fresno have been propagated and moved to the
USDA/ARS research center at Parlier, California.

Table 1. 2007 table and raisin grape PD resistant seedless crosses and the number of ovules and embryos produced.

Female Male Type No. Emas-
culations

No. berries
Opened

No.
Ovules

No.
Embryos

89-0908 V. rupestris x V.arizonica
Scarlet Royal 04-5012-2 Table      BC3 2,687 219 297 192

C45-25 04-5012-3 Table      BC3 2,997 107 117 34
A38-7 05-5551-39 Table      BC3 1,530 169 299 99
C49-96 05-5551-62 Table      BC3 942 0 0 0
C49-96 04-5012-3 Table      BC3 1,018 2 0 0
B48-17 05-5551-26 Table      BC3 1,421 94 19 3
A49-82 05-5551-110 Raisin     BC3 a4 bags 252 367 78

04-5554-08 A63-85 Raisin     BC3 4 bags 415 657 283
A57-27 05-5551-116 Raisin     BC3 3,365 74 2 0
A50-85 05-5551-109 Raisin     BC3 3,496 300 335 63
A61-97 04-5554-01 Raisin     BC3 2,097 61 63 14
A51-21 04-5554-01 Raisin     BC3 2,404 82 94 15
B82-43 05-5551-30 Raisin     BC3 1,827 251 344 59
B82-43 05-5551-62 Raisin     BC3 2,029 275 350 147

04-5554-08 A50-33 Raisin     BC3 4 bags 492 590 221
A81-138 Summer Muscat Raisin     BC2 7 bags 265 450 309
A81-138 Selma Pete Raisin     BC2 8 bags 338 475 323

Total 25,831 3,396 4,459 1,840

V. tiliifolia source of resistance
C33-30 IAC572 Genetic family 5 bags 641 850 261

SEUS source of resistance

C33-30 BD5-117 Genetic family 10 bags 588 724 241
01-5026-20 C56-11 Table BC1 7 bags 190 450 87

aParents with female flowers were not emasculated, only bagged and pollinated.

Table 2. 2007 table and raisin grape PD resistant seeded x seedless crosses and the number of seeds produced.

Female Male Type No.
Emasculations

No.
Seeds

SEUS BD5-117 source of resistance
01-5026-15 C56-11 Table      BC1 1099 25
01-5026-21 B49-128 Table      BC1 a6 bags 324

aParents with female flowers were not emasculated, only bagged and pollinated.
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Table 3. Determination of seedling resistance based on molecular markers for 89-0908 BC2 families made in 2006.

Family Type Cross No. Resistanta No. Susceptible No. Recombinantsb No datac Total

06-5501 Table 40 56 21 7 124
06-5502 Table 24 22 21 9 76
06-5503 Table 30 42 18 14 104
06-5504 Table 27 33 9 8 77
06-5551 Raisin 37 37 4 5 83
06-5552 Raisin 37 20 29 9 95
06-5553 Raisin 50 59 15 13 137
06-5554 Raisin 1 1 0 0 2
06-5555 Raisin 0 0 0 2 2
06-5556 Raisin 16 24 7 18 65

Total 262 294 124 85 765
aResistant = marker on both sides of PdR1 region.
bSusceptible = no markers.
cNo data = genotypes that amplified with one marker, off types and that failed with both markers

Objective 2 The PD resistant grape selection BD5-117 from Florida was hybridized with the seedless table grape selection
C33-30 and a family with 154 individuals was produced.  Additional plants are being made to increase the family size.  In
2006, 33 plants were produced.  In 2007, 724 ovules were cultured and produced 241 embryos that have been sub-cultured on
fresh medium for growth into plants.  Fruit from the 154 individuals has been collected and is being evaluated for berry size,
seed/trace weight and fruit characteristics. This year 424 SSR primers were screened against the parents, a resistant bulk of
five individuals and a susceptible bulk of five individuals.  Of these SSR primers, 30 showed polymorphism amongst the
resistant and susceptible parents and bulks.  These polymorphic SSR primers have been retested against the parents and
individuals from the bulks and continue to show polymorphism.  The next step is to test all 154 individuals and parents with
these 30 polymorphic SSR markers.

CONCLUSIONS
Families for the development of PD resistant seedless table and raisin grape cultivars continue to be produced and the first
BC3 crosses in the V. arizonica source of resistance were made this year.  This generation is 93% V. vinifera.  The use of
molecular markers has simplified and sped up the identification of PD resistant individuals from V. arizonica. Resistance
based on molecular markers continues to segregate in a 1:1 ratio in V. arizonica BC2 families.  Seedless table and raisin
grape selections with PD resistance and improved fruit quality have been made.  Thirty Polymorphic SSR primers have been
identified in the BD5-117 family in the search for molecular markers from sources of resistance other than V. arizonica.
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ABSTRACT
In grape, there are very few xylem differences between susceptible and tolerant varieties, except for smaller vessel diameters
and more parenchyma rays in the tolerant variety examined. These findings in the tolerant grape suggest a restriction to
bacterial movement imposed at the level of the vessels.  The systemic and non-systemic alternate hosts studied here showed
relatively similar xylem characteristics with large variations. Overall, the comparison of the basic xylem characteristics
(vessel length, diameter, stem-petiole-leaf connectivity) is not conclusive and more studies are needed.  First, more species
needs to be studied as Xylella fastidiosa (Xf) is found in numerous species.  Second, Xf movement and patterns of
colonization needs to be determined in more details (time, distance, location).  Third, differences in the vessel network,
vessel overlapping, spatial organization of the pit fields, structure (thickness, porosity) of the pit membrane, need to be
considered to fully understand the role of the xylem network in bacterial movement.

INTRODUCTION
The capacity for Xf to move in the xylem differs greatly among species (Freitag, 1951), ranging from moving efficiently
throughout the plant to instances where the bacterium moves only a few centimeter from the infection point (Hill and Purcell,
1995; Purcell and Saunders, 1999; Costa et al., 2004; Wistrom and Purcell, 2005; Baumgartner et al., 2005).  Our lab has
observed the presence of long xylem conduits from stem to leaves in chardonnay and cowart (Thorne et al., 2006; Chatelet et
al, 2006) and we reported last year that these conduits seemed to be shorter in alternate hosts in which bacterial movement is
limited.  Other aspects of the xylem system, for example, a higher number of tracheids, shorter and narrower vessels, the
spatial organization of the vessels, and the number and location of paratracheal parenchyma cells could be part of a passive
strategy to limit bacterial movement.  Another strategy in non-systemic species, where the bacteria do not move, could be to
confine the bacteria to a limited area by a more timely production of tyloses or, in the case of asymptomatic species showing
systemic bacterial movement, to limit the population size under a harmless threshold.  The objective of this study was to
study the comparative anatomy of different species of plants supporting a range of Xf population sizes and movement
characteristics described by previous studies (Purcell and Saunders, 1999; Costa et al., 2004; Wistrom and Purcell, 2005;
Baumgartner et al., 2005).  Our hope is to understand how the xylem network might control bacterial movement in
susceptible plants.

OBJECTIVES
1. Conduct an anatomical comparison of plant species that support high, medium and low population sizes of Xf.
2. Conduct an anatomical comparison of plant species that show systemic movement of Xf vs. those that do not.

A range of species chosen from previous studies (Purcell and Saunders, 1999; Costa et al., 2004; Wistrom and Purcell, 2005;
Baumgartner et al., 2005) was examined:
1. grapevines with a low infection rate, medium bacterial population and showing very little to no bacterial movement

(non-systemic): Vitis vinifera cv. Cabernet sauvignon and Vitis vinifera cv. Sylvaner.
2. grapevines with a high infection rate, high bacterial population and showing systemic movement: Vitis vinifera cv.

Chardonnay and Vitis vinifera cv. Pinot noir,
3. other plant species with a high infection rate, medium bacterial population and showing systemic movement: Ipomoea

purpurea (morning glory), Vinca major (periwinkle), Citrus sinensis (orange), Prunus anygdalus (almond),
4. plant species showing non-systemic movement: Alnus rhombifolia (white alder), Umbellularia californica (California

laurel), Artemisia douglasiana (mugwort) and Chenopodium quinoa (quinoa), Datura wrightii (datura), Eucalyptus
globules (eucalyptus).

RESULTS
Stem-petiole-leaf lamina connectivity - Grape shoots have open xylem conduits that allow the passive movement of GFP-Xf
from the stem to 50-60% of the leaf length through the primary xylem (Rost et al., PD symposium report 2005; Chatelet et
al., 2006). However, there was no difference between the resistant and susceptible grapevine varieties (Table 1).  Also,
despite large variations, the alternate species categorized as supporting the systemic spread of Xf seemed to have longer open
conduits compared to the non-systemic plants (Table 1).  Another important difference between systemic and non-systemic
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species resides in the continuity of these conduits between the stem and the leaves. In most of the non-systemic hosts, air or
paint moved only into the first leaf above the stem loading point as opposed to several leaves in systemic species.

Table 1: Xylem vessel lengths measured as the total distance (mm) from the base of the petiole to the
leaf margin divided by the distance moved by low pressured air and paint and expressed as a percentage
for primary laminar veins, in grapevine varieties and in plants allowing or not the movement of Xf.

Node 3 Node 7 Node 12 Node 16 Node20
Grapevine
Sylvaner 71.9 (2.9)a 68.6 (2.1)a 71.1 (2.4)a 71.5 (2.6)a 69.5 (1.9)a

Cabernet Sauvignon 71.7 (2.8)a 69.9 (2.3)a 73.6 (3.1)a 70.6 (2.6)a 69.4 (2.9)a

Pinot Noir
Chardonnay

71.8 (2.9)a

52.9 (4.2)b
64.3 (3.8)a

47.0 (2.9)b
68.7 (4.0)a

54.9 (4.3)b
71.2 (2.9)a

61.2 (2.0)b
69.9 (2.9)a

62.5 (2.4)b

Systemic
Morning glory
Periwinkle
Orange
Almond
Sunflower
Tobacco

30.6 (1.6)c

69.5 (1.6)a

52.7 (2.6)b

67.1 (2.0)a,b

34.9 (2.2)d,e

68.9 (2.4)a,b

53.4 (3.5)c

59.0 (3.4)b,c

73.1 (2.1)a,b

53.9 (1.8)c

55.9 (3.6)c

42.3 (4.2)d

77.7 (1.6)b

54.5 (2.9)c,d

58.8 (5.9)c

50.0 (4.5)d

86.6 (1.6)a

54.8 (2.7)b

58.9 (2.9)b

56.1 (2.7)b

Non-systemic
Laurel 45.4 (2.9)b 39.6 (3.2)d

White alder
Datura
Eucalyptus
Mugwort

30.2 (2.4)c

70.9 (2.7)a

34.1 (4.2)c

27.9 (2.1)e

76.6 (2.6)a

32.2 (8.6)d,e

19.9 (1.1)f

29.7 (2.7)e

70.3 (1.9)b

35.3 (2.3)d,e

20.0 (2.2)f

84.1 (2.5)f

34.8 (1.9)a,b

20.8 (1.1)e 21.1 (1.4)c

Quinoa 66.1 (4.3)a 72.6 (4.5)a 79.9 (1.8)a 86.8 (1.4)a 80.8 (2.4)a

Leaf vessel length distribution (Figure 1, left) - The species with limited Xf movement have slightly shorter vessels.  With
the exception of morning glory (systemic) and quinoa (non-systemic), at least 40% of the vessels are less than 3cm.  The
longest vessels [24-27cm] were found in systemic plants: morning glory, sunflower and tobacco.  The vessel lengths in
grapevine leaves are within the range of those from alternate hosts.

Stem vessel length distribution (Figure 1, right) - The vessel length distributions in stems of systemic or non-systemic
hosts are similar. In all alternate hosts except orange, 30 to 80% of the vessels were less than 3cm.  In contrast in grapevine,
the majority of the vessels (55%) were less than 6cm.  Also, the longest vessel measured in alternate hosts was about 30cm
(eucalyptus), while in grapevines it was about 100cm.

Vessel diameter distribution at the base of the stem (Figure 2, left)- The diameter distributions of the vessels at the base
of the stem of the alternate hosts are similar, ranging mostly from 10 to 35µm, except for the vessels from sunflower
(systemic) and datura (non-systemic) whose diameter ranged from 40 to 65µm.  In contrast, the grapevines have most of their
vessels ranging from 150 to 400µm at the exception of the resistant Sylvaner whose vessels are slightly smaller and mostly
ranged from 80 to 250µm.

Vessel diameter distribution at the base of the petiole (Figure 2, right) - Petioles of the four grapevine varieties showed
similar vessel diameter distributions with about 70% of the vessels ranging from 10 to 45μm.  Alternate hosts (systemic and
non-systemic) showed a lower vessel diameter distribution, in the range 0-25μm, with the exception of sunflower (systemic)
and datura (non-systemic) whose diameter ranged  from 30 to 55μm (Sunflower) and 15 to 45μm (datura).

Anatomical differences from stem cross-sections - Among grapevines, the only difference resides in the number of rays.
The resistant grapevine (Sylvaner) has significantly more rays separating the vessels (Table 2) than the other grapevines in
which bacterial movement is more efficient.  Regarding the other plant species hosting Xf, no discernable differences between
systemic and non-systemic were observed.
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Table 2: Anatomical comparisons of stems of similar age
Nb vessel at
cane / stem
base (SE)

Vessel density
(SE)

% vessel
≤ 3cm
(SE)

Longest vessel
(SE)

Nb of rays /
stem base (SE)

Grapevine
Sylvaner
Cabernet Sauvignon
Pinot Noir
Chardonnay

513 (38)a

487 (27)a

474 (27)a

433 (19)a

12 (2)a

14 (1)a

13 (2)a

10 (1)a

17 (5)a

24 (2)a

20 (3)a

26 (2)a

69 (9)a

60 (3)b

64 (9)a

72 (9)a

40 (2)a

34 (1)b

34 (2)b

35 (1)b

Systemic
Morning glory
Periwinkle
Orange
Almond
Sunflower
Tobacco
Non-systemic

298 (26)g

584 (5)b,c

446 (4)d,e

731 (11)a

314 (22)f,g

474 (23)d,e

15 (2)f,g

58 (5)c

75 (5)b

28 (2)e

8 (2)g

6 (1)g

66 (5)b,c

84 (2)a

21 (1)g

70 (2)a,b

42 (7)e,f

64 (7)b,c

13 (2)e,f

17 (1)c,d,e

12 (1)f

18 (1)b,c,d

21 (2)b

15 (2)d,e,f

84 (3)f

82 (2)f

137 (1)d

146 (2)c

19 (1)i

116 (1)e

Laurel
White alder
Datura
Eucalyptus
Mugwort
Quinoa

434 (19)d,e

657 (18)a,b

485 (14)d,e

507 (5) c,d

489 (52)d,e

391 (20)e,f

14 (1)f,g

87 (7)a

25 (1)e,f

65 (3)b,c

40 (4)d

20 (3)e,f,g

37 (4)f

71 (3)a,b

45 (2)d,e,f

53 (2)c,d,e

58 (5)b,c,d

35 (3)f

20 (1)b,c

6 (1)g

27 (1)a

28 (1)a

12 (1)f

18 (1)b,c,d

56 (2)g

170 (3)b

32 (2)h

198 (3)a

18 (1)i

30 (2)h

CONCLUSIONS
From this study, it appears that the comparison of the basic xylem characteristics (vessel length, diameter, stem-petiole-leaf
connectivity) in relation to the limitation of bacterial movement is not conclusive.  In grape, the only differences consisted of
smaller vessel diameters and higher number of rays in the tolerant grapevine variety, suggesting a restriction of the bacterial
movement imposed at the level of the vessel elements. T he alternate hosts showed similar xylem features with a lot of
variability.  Overall, the comparison of the basic xylem characteristics (vessel length, diameter, stem-petiole-leaf
connectivity) is not conclusive and needs to be extended.  First, more species needs to be studied as Xf is found in numerous
species.  Second, Xf movement and patterns of colonization needs to be determined in more details (time, distance, location).
Third, differences in the vessel network, vessel overlapping, spatial organization of the pit fields, structure (thickness,
porosity) of the pit membrane, need to be considered to fully understand the role of the xylem network in bacterial
movement.
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Figure 1: Vessel length distribution in the mature leave (left) and in the stem (right) of grapevines
and alternate hosts to Xf. For each length class, the number of painted-vessels was calculated as a
percentage of the total number of painted vessels at the petiole or stem base.
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ABSTRACT
The potential for forage alfalfa to serve as a primary inoculum source of Pierce’s disease (Xylella fastidiosa; Xf) in the San
Joaquin Valley of California was evaluated.  Laboratory inoculation of fourteen cultivars of alfalfa indicated that all alfalfa
cultivars tested were equally suitable hosts for Xf. Incidence of Xf in forage alfalfa averaged across all field sites located in
the San Joaquin Valley of California was low (0.1%), although incidence in one field on one date was 9%.  Green
sharpshooter (Draeculacephala minerva), a known vector of Xf, was prevalent at field sites and preferred field edges.  The
three cornered alfalfa hopper (Spissistilus festinus), whose vector competency is unknown, was more abundant in field
samples than green sharpshooter.  Greenhouse transmission tests with the three cornered alfalfa hopper have not documented
competent transmission.  The results indicate that alfalfa has the potential to be an important inoculum source due to its
suitability as a host for Xf and the presence of vectors, but that measured incidence of Xf in alfalfa is typically low.

INTRODUCTION
Pierce’s disease (PD) of grape and almond leaf scorch disease threaten grape and almond production in California’s San
Joaquin Valley. Little is known about where potential insect vectors acquire the pathogen, when they move into
orchards/vineyards, and when they spread the pathogen.  Alfalfa is widely planted in the Southern San Joaquin Valley and
alfalfa fields often border vineyards and almond orchards.  Alfalfa is a host of Xylella fastidiosa (Xf) and often harbors high
numbers of known vectors (Freitag and Frazier 1954).  Due to the large acreage planted to this crop in the San Joaquin
Valley, it’s potential to serve as a host of Xf, and it’s propensity to harbor vectors, we initiated studies to quantify the
potential of alfalfa forage crops to serve as a primary source of Xf inoculum.

OBJECTIVES
1. Estimate Xf incidence in forage alfalfa planted adjacent to grape and/or almond.
2. Characterize the seasonal abundance and dispersal of green sharpshooters present within and emigrating from alfalfa.
3. Determine the relative susceptibility of selected alfalfa cultivars to infection by Xf.
4. Determine the vector competence of a potentially new insect vector, the three-cornered alfalfa hopper, Spissistilus

festinus, (Hemiptera: Membracidae).

RESULTS
Objective 1.  Estimate Xf incidence in forage alfalfa planted adjacent to grape and/or almond. We sampled alfalfa fields
in Fresno, Tulare, and Kern County seasonally (Winter, Spring, Summer, Fall) to estimate the incidence of Xf starting in the
summer of 2005 to the present.  To date, 5,533 samples have been screened for the presence of Xf using conventional PCR
(Minsavage et al. 1994).  Of those samples, six have been confirmed positive. Two positives came from a collection in
Fresno County during the summer of 2005.  The other four positives came from another collection in Fresno County during
the summer of 2007.

Objective 2.  Characterize the seasonal abundance and dispersal of green sharpshooters present within and
emigrating from alfalfa.  The abundance and spatial distribution of the green sharpshooter was monitored in alfalfa fields in
Fresno, Kern, and Tulare Counties throughout 2006 and 2007.  Four transects of yellow sticky traps were placed in each
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field.  Traps were counted and replaced biweekly.  Peaks in trap catches occurred in May/June and in July/August (Figure 1).
Trap catches were generally higher on field edges than in the middle (Figure 1).

Objective 3.  Determine the relative susceptibility of selected alfalfa cultivars to infection by Xf. Fourteen alfalfa
cultivars were screened to determine their relative susceptibility to
infection by four different Xf strains (Temecula, Dixon, M12, and
M23).  Six plants of each cultivar were needle inoculated with each
strain of Xf. Plants were screened for infection using conventional
PCR 12 weeks after inoculation.  The pathogen was detected in at
least three out of 24 plants for each cultivar and the percentage of
plants infected averaged across the four Xf strains varied from 13 to
48% (Figure 2).  After screening, only infected plants and control
plants were kept.  Plants were screened again in early fall and
infections were confirmed in 35% of plants previously determined to
be infected.

Objective 4.  Determine the vector competence of a potentially
new insect vector, the three-cornered alfalfa hopper, Spissistilus
festinus.
Transmission assays were conducted in August of 2006.  Three
needle inoculated alfalfa plants were used as acquisition hosts.
Approximately, 150 S. festinus adults were collected from the field
and placed in a cage with Xf source plants for a four day acquisition
access period (AAP).  After the four day AAP, insects were caged in
groups of five on uninfected alfalfa for a 4 day inoculation access
period (IAP).  After the four day IAP, all insects were frozen and
plants held.  This experimental protocol was repeated three times and
a total of 430 S. festinus were tested on 86 test plants (86 plants x
five insects per plant = 430).  Plants were screened using
conventional PCR 3 months and 5 months after the IAP for each
experimental replicate.  PCR screening failed to detect the presence
of Xf in test plants and attempted cultures of Xf from a subset of
plants also detected no infections.  A subset of S. festinus heads was
screened via PCR for the presence of Xf with no positives.  Results of
this experiment do not suggest that S. festinus is a competent vector
of Xf. This experiment is currently being repeated.

CONCLUSIONS
All alfalfa cultivars tested were suitable hosts for Xf (Figure 2) and
green sharpshooters were abundant in alfalfa fields (Figure 1).
Incidence of Xf in field collections averaged over all sites and dates
was low (6 out of 5,533 of tillers tested = 0.1%).  However, four of
six positive samples came from a single collection of 45 tillers
collected from a field in Fresno County during the summer of 2007,
giving an incidence of 9% in that field on that date.  This suggests
that incidence of Xf in alfalfa may typically be low, but that there
may be localized ‘hot spots’ in some locations during some years.
This observation combined with high vector activity in alfalfa
suggests that continued investigation into the role of alfalfa in the
epidemiology of xylellae diseases is warranted.
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ABSTRACT
In this report we present the results of refined mapping of the Pierce’s disease (PD) resistance locus, PdR1, in the 04190 and
9621 population (both with resistance from V. arizonica b43-17).  The PdR1 locus is 0.2 and 0.4 cM from flanking markers
in 9621 population and 0.9 and 5.0 cM in the 04190 population.  BAC library screening is more effective and allows more
precise selection of positive BAC clones when flanking distances are within one cM. BAC library development from the b43-
17 genotype is complete. We developed two libraries each with one restriction enzyme (Hind III and Mbo I).  The Hind III
library consists of 34,504 clones with an average insert size of 140 Kb.  The Mbo I library consists of 23, 000 clones with an
average insert size of 130 Kb.  We initiated the screening of the Hind III BAC library with two markers that flanked PdR1
and identified 10 positive BAC clones with marker VVCh14-10.  A total of 15 positive clones were identified with VVCh14-
56.  Three of the positive clones were flanked by both markers, implying that they contain the entire region harboring PdR1.
All positive clones from Hind III library were large and range from 120-196 Kb.  We are in the process of determining the
size of positive clones identified with the VVCh14-56 marker. Ten positive clones are already in the process of BAC end
sequencing and results will be presented in 2008.  We also developed 48 new markers from the newly released Pinot noir
genome sequence and 16 of these markers were polymorphic for both the 9621 and 04190 populations.  These markers can
be used for MAS screening and as well as mapping.  We completed the characterization of the UC Davis Mexican Vitis
collection, the source of the exceptional resistance to Xf that was collected by Dr. Olmo in 1961.  We are using these unique
selections in our genetic and molecular breeding to produce PD resistant table and wine grape cultivars.

INTRODUCTION
Previous reports described the mapping of resistance to Xylella fastidiosa (Xf) in four (9621, 0023, 04190, and 04373)
populations.  The preliminary AFLP-based 9621 genetic map and refined 9621 map with SSR, EST-SSR and ESTP markers
have been published (Doucleff et al. 2004; Riaz et al. 2006).  A manuscript detailing the genetic mapping of the PD
resistance locus, PdR1, in three populations (04190, 04373 and 9621 populations all of which derive resistance from the
single dominant gene resistance source V. arizonica b43-17) and an explanation of segregation distortion mechanisms is in
preparation.  A manuscript detailing the mapping of QTLs for PD resistance in 0023 population (which derives its multigenic
resistance from V. arizonica b42-26) is also in preparation.  A complete report on the origin of the “89 group” seedlings, two
of which, D8909-15 and F8909-17, are the parents of the 9621 population is in press (Riaz et al. 2007).  During the last three
months, we have refined the position of PdR1 in the 9621 and 04190 populations by increasing the number of recombinants
and adding more markers.  We completed mapping of the 04373 and 04191 populations and completed greenhouse screening
of 64 genotypes in the 04373 population.  We also completed the development of a BAC library from the homozygous
resistant b43-17 and started BAC library screening with tightly flanking markers.

This report details the results of three genetic maps (9621, 04190, and 04373), the screening of 48 new markers developed
from the newly released Pinot Noir genome sequence, and most importantly the development, characterization and screening
of the b43-17 BAC library.  A high quality BAC library with good coverage is essential for the isolation of the BAC clones
that harbor the PdR1 resistance gene(s). BAC end sequencing of these clones will allow us to develop a physical map in
conjunction with the genetic map, develop more markers around the PdR1 region, and lead to genetic engineering of
susceptible V. vinifera grapes with PdR1 gene candidates to evaluate their function.

OBJECTIVES
1. Develop genetic linkage maps for chromosome 14 around the Xf resistance locus, PdR1, in three populations 04190 (V.

vinifera F2-7 x F8909-08), 04191 (V. vinifera F2-7 x F8909-17), both segregating for Xf resistance, and 04373 (V.
vinifera F2-35 x V. arizonica b43-17).

2. Summarize inheritance of PD resistance from other genetic sources.
3. Develop a BAC library for the homozygous resistant genotype b43-17, parent of F8909-08, F8909-17 and the 04373

population.
4. Utilize map-based positional cloning to identify the resistance gene(s) candidates prior to testing in a transformation

system.



- 282 -

RESULTS
Objective 1. As mentioned in the previous report, the resistant genotypes F8909-17 and F8909-08 inherited different sister
chromatids from the homozygous resistant parent b43-17.  It was noted that F8909-08 has a 50 cM region in which marker
segregation is distorted and the same markers are distorted in b43-17 indicating that this is a region of segregation distortion.
However, these markers on the F8909-17 map were not distorted in this region.  Two mapping software programs were used;
Join Map and TMAP, and marker order did not change.  In the 9621 population, the flanking markers are 0.4 cM (VVCh14-
56) and 0.2 cM (UDV095) away from PdR1.  In the 04190 population, the flanking marker distance is 0.9 (UDV095,
VVCh14-10) and 5.0 cM (UDV025).  In previous reports the flanking marker distance was 2.0 and 6.0 cM away.  Marker
VVCh14-56 was not polymorphic for this population.  We are in process of screening seven more markers developed from
the Pinot Noir genome sequence in an effort to find additional polymorphic markers for the 04190 and 04373 populations.
The 9621 map was developed from 425 genotypes (26 genotypes were not included due to a lack of screening data, these
genotypes are being re-screened).  A total of 361 genotypes were used for 04190 population and screening data was available
for all of them.  The majority of the markers were homozygous for the parental genotype b43-17.  A total of 282 progeny
from the 04373 population were used to create the 04373 map.  This map of chromosome 14 spans 86 cM with a gap of 44
cM between two groups of markers (Figure 1).  Sixty-four plants of 04373 population were selected for greenhouse PD
screening. All these genotypes were resistant proving that b43-17 is homozygous resistant.

The 04191 population (V. vinifera F2-35 x F8909-17) provides genotypes with 50% vinifera background for breeding wine
and table grapes as well as more recombinant plants for genetic mapping.  It also allows the possible confounding impact of
resistance coming from D8909-15 to be examined.  Currently, there are 212 genotypes in this population.  We are in the
process of adding only those markers that are tightly linked to PdR1.  We categorized resistant, recombinant and susceptible
genotypes based on marker information, with recombinant genotypes being selected based on flanking markers.  The plants
were propagated and inoculated with Xf. All marker work is complete and mapping analysis will be carried out as soon as
greenhouse screen results are available.

To develop new markers that map only to chromosome 14 and most importantly in the region associated with PdR1, we
utilized the new released draft of the 11X coverage Pinot noir grape genome sequence, available on NCBI.  This sequence
information is a great resource and its use is not only confined to determining a DNA sequence.  It will also allow predictions
of gene positions and comparisons of gene functions.  We searched the Pinot noir genome sequence database with the cloned
sequences of 16 SSR markers tightly linked to PdR1 and identified 16 contigs that provide coverage of 55.0 Kb (more detail
in report June 2007).  We developed 48 new primers and tested them on a small set of parental and progeny DNA from the
three populations above.  A total of 41 markers amplified cleanly and 16 of them were polymorphic in the 04190 and 9621
populations (data not shown).  We added VVCh14-10 to entire set of 361 genotypes from 04190 and it co-segregated with
UDV095 (Figure 1).  We are in process of adding polymorphic markers to the entire 04373 mapping population, which did
not have polymorphic markers in the PdR1 region.  These markers are also candidates for use in MAS screening projects.

Objective 2. So far we have used two resistance sources (b42-26 and b43-17).  The populations and genotypes examined are
noted in Table 1, and their segregation patterns are reported in previous reports.  It is easier to manipulate single locus
resistance traits in breeding and when attempting to use map based positional cloning of genes.  Resistance from b43-17 is
inherited as a single gene while resistance from b42-26 and its offspring D8909-15 is quantitatively inherited and appears to
involve multiple genes that might be present on multiple chromosomes.  Screening of a wide range of V. arizonica genotypes
revealed other resistant selections, of which b40-14 is another promising homozygous resistant genotype.  We screened 45
genotypes from an F1 cross of V. rupestris x b40-14 and all were resistant except three genotypes with intermediate results.
In Spring 2007, we made crosses with these resistant F1 genotypes to other susceptible and resistant genotypes to verify the
single dominant gene mode of inheritance.  Seeds are harvested and progress will be presented in interim report 2008.  Our
plan is to select 188 genotypes from F2 population to develop a genetic map to position this potentially different PD
resistance locus.

Objective 3. Genetic analyses determined that b43-17’s Xf resistance segregates as a major single locus and that the full
sibling progeny, F8909-08 and F8909-17, inherited different sister chromatids for chromosome 14. PdR1 has been mapped
in the F8909-17 genome, and it is possible that the PD resistance gene from F8909-08 is a different allele of the same gene or
that it may be a different gene.  Based on the genetic map information, the exact number of genes involved could not be
determined and a physical map of the PdR1 region is essential.  We developed two BAC libraries (each with different
restriction enzymes) from the homozygous resistant b43-17.  Young leaves were used to isolate high molecular weight DNA.
Two restriction enzymes, Hind III and Mbo I were used to digest the DNA.  The development of two libraries was done to
reduce the bias in the distribution of restriction sites in the grapevine genome.  The use of two restriction enzymes on one
library might generate DNA fragments too large or small to clone, and thus not a complete representation of the genome.

Hind III and Mbo I libraries: The Hind III BAC library consisted of a total of 34,560 clones that are stored in ninety 384
wells plates. The average insert size is about 140 Kb. The BAC cloning vector is pCC1 (Epicenter) and Invitrogen DH10B T-
R competent cells were used.  This library provides almost 12X genome coverage of grape genome (W=NI/G, where W is the
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genome coverage, N is the total number of BAC clones, I is the mean length of DNA insertion and G is the genome size of
grape).  With only 3X coverage, the chance of finding a particular genomic sequence in a library is approximately 95%.  The
Mbo I library consisted of 23,040 clones with average insert size of 130 Kb.  The same cloning vector and competent cells
were used.  This library provides about an 8X coverage of grape genome.  With both libraries we have average of 10X
genome coverage.  Both libraries were also gridded onto 22.5 × 22.5 cm2 Hybond N+ filters. Clones were double-spotted
using a 4x4 array.  The grid pattern allowed all clones to fit on two filters for each library.

Library screening:  The Hind III BAC library was screened with hybridization using ECL Direct Nucleic Acid Labelling and
Detection System (Amersham, GE Healthcare, Buckinghamshire, UK).  Standard protocol for screening was used as
provided with the kit. Screening was carried out twice with two markers (VVCh14-10 and VVCh14-56), which are tightly
linked to PdR1 (Figure 1).  VVCh14-10 was developed from Pinot noir genome sequence.  We blasted the UDV095 clone
sequence and obtained a 50,000bp contig that was used to develop more markers.  VVCh14-10 segregated and amplified
cleanly in the 04373 and 04190 populations.  There were a total of 10 positive BAC clones.  BAC DNA was isolated and
verified by PCR-screening (Figure 2).  To determine the size of the positive BAC clones, bacteria containing the positive
BAC clones were cultured overnight and clones were isolated. BAC DNA was digested with restriction enzyme Not I (New
England Biolabs) and analyzed with Chef gel DRIII system (BioRad, Calif.) run for 15.5 hours at 14C with 6 v/cm and pulse
5-35 s (Figure 3).  Eight of the positive clones have more than 140Kb inserts.  Two clones H23-P13 and H64-M16 had two
additional bands. Not I is a GC rich eight-base cutter and there are two Not I sites on the vector, and releases about 8.1 Kb
fragments with additional cuts at other Not I sites in the insert.  Other bands represent additional Not I sites that are inside the
grape genomic DNA insert.  H23-P13 has an insert that is 145 Kb + 20 Kb + 25 Kb = 190 Kb. Similarly, H64M16 is
probably ~155 Kb (100 + 25 +30).

The Hind III library was also screened with the other flanking marker VVCh14-56 using the same procedures.  A total of 15
positive clones were selected based on an X-ray image.  We are in process of PCR screening to verify and size the positive
clones.  Interestingly, three of the positive clones that were selected based on the VVCh14-10 screening were also positive
for the VVCh14-56 marker.  These three clones are H23-P13, H34-B5 and H64-M16 and they are 190Kb, 160Kb and 155Kb
in size, respectively. VVCh14-10 and VVCh14-56 flank the PdR1 locus and the identified clones should contain the
complete PdR1 region.  BAC end sequencing of these clones is in process and results will be presented in 2008.

CONCLUSIONS
Results from this project have allowed us to: 1) understand the segregation of PD resistance in two different backgrounds; 2)
develop a framework genetic map for Xf resistance; 3) select markers for effective MAS for grape breeding; 4) begin
development of a physical map of genomic fragments that carry PdR1; and finally 5) work towards map-based positional
cloning of genes.  We focused on chromosome 14 in a variety of genetic backgrounds to verify the single gene nature of
PdR1 expression, and are using quantitative trait loci (QTL) analysis in the 0023 population to study PD resistance from b42-
26.  These genetic linkage maps will enable us to characterize and clone different variants of PD resistance genes, and
ultimately lead to the genetic transformation of susceptible grape varieties with grape resistance genes.  PD resistance makers
generated in this study are also used in our breeding program to optimize and expedite selection, allowing us to screen larger
populations and make more rapid progress in the production of resistant winegrapes.
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Table 1.  Parentage and species information for populations and genotypes being used to map PD resistance.

Population / Genotype Species / Parentage
b42-26
b43-17
D8909-15
F8909-08 and F8909-17
F2-7 and F2-35 (both females)
9621

V. arizonica/girdiana
V. arizonica/candicans
V. rupestris A. de Serres x b42-26
V. rupestris A. de Serres x b43-17
V. vinifera (Carignane x Cabernet Sauvig
D8909-15 x F8909-17

0023 F8909-15 x V. vinifera B90-116
03300/5
04190

101-14Mgt (V. riparia x V. rupestris) x F
F2-7 x F8909-08

04191 F2-7 x F8909-17
04373 F2-35 x b43-17

non)
  
 

 8909-08

Scu15**

VMCNg1e1

VMC9c1
UDV050
VVIQ32
VMC1e12

VVC34
VMC9f4-1
VVIP22
VrZAG112
VMC6c10
VMC5b3
UDV33
VMC2a5 VVIV69
VMCNg2b7.2a
VMCNg3h8
UDV095
PdR1a
A010 VVCh14-56
VVIN64
UDV025
VVIS70 VVIP26
ctg1025882
VMC6e1
VMCNg1g1.1
ctg1010193

7.0

11.5

1.0
3.6
3.0

12.7

3.1
3.7
5.1
0.2
3.5
3.2
1.3
6.6
0.7
2.4
0.2
0.4
3.3
3.1
0.8
0.3
0.5
0.5
9.9

SCU15**
VVC62*******
VMCNg1e1*******
UDV50*******
VMC1e12*******

VMC5b3**

ctg1026876

ctg1025828
UDV025
VVIS70
VMCNg1g1.1
VMC6e1

3.2
0.1
3.2
5.6

44.4

11.3

15.8

0.8
0.7
0.4
0.7

VMCNg1e1*******

VVC62*******
VVIP05*******

UDV050*******
VMC9c1*******
VVIQ32*******
VMC1e12*******
VVC34*******
VVIP22*******
Vrip112****
VMC6c10*******
VMC5b3***
UDV033****
VVIV69****
VMC2a5****
Ctg1026876****
VMCNg2b7.2
VVCh14-10 UDV095
PdR1b
UDV025
ctg1025882
VVIS70 VVIP26
VMC6e1
VMCNg1g1.1
VVIN94
ctg1010193
VVIN70

6.3

3.5

7.5
0.4
4.6
2.1

7.1

4.3
4.1
3.4
5.0
3.4
1.0
0.4
4.6
3.9
5.4
0.9
5.0
0.9
0.4
0.9
0.7
2.3
1.1
1.5

F8909-17
9621 population

b43-17
04373 population

F8909-08
04190 population

Figure 1. Genetic maps of F8909-17, b43-17 and F8909-08 genotypes
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Figure 2. PCR screening of positive BAC clones with VVCh14-10 marker.

Figure 3. Size determination of Positive BAC clones.
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Reporting Period:  The results reported here are from work conducted from October 2006 through September 2007.

ABSTRACT
Progress continues on Pierce’s disease (PD) resistant winegrapes and has been greatly accelerated by the incorporation of
marker-assisted selection (MAS) for the Pierce’s disease resistance gene, PdR1 (see companion report).  The use of MAS and
our acceleration of the seed to seed breeding cycle to three years have allowed very rapid progress towards PD resistant
winegrapes.  Populations from the 2006 crosses were screened with MAS for both PD and powdery mildew (Run1) where
appropriate and only those with the markers were planted in the field.  The 2007 crosses were made to: 1) produce
populations with PdR1 and 93.75% vinifera; 2) broaden the base of vinifera wine grape types with PdR1 at the 87.5%
vinifera level; 3) broaden the base of vinifera wine grapes with PdR1 from the 8909-17 allele; 4) produce vinifera wine grape
types with resistance from two other non-PdR1 V. arizonica resistance sources (b42-26 and b40-14); and 5) to produce
additional rootstock lines with PdR1 and XiR1 (the Xiphinema index resistance gene). Vinifera wine grape types with PdR1
and 87.5% vinifera in were planted in a Beringer, Napa county trial.  Finally, small scale wine lots were made from four of
eight selected 87.5% vinifera PdR1 containing wine grape types.  Fruit evaluation and must analysis were performed on
numerous other promising progeny at this level.

INTRODUCTION
The Walker lab is uniquely poised to undertake this important breeding effort, having developed rapid screening techniques
for Xf resistance (Buzkan et al. 2003, Buzkan et al. 2005, Krivanek et al. 2005a 2005b, Krivanek and Walker 2005), and in
possession of unique and highly resistant V. rupestris x V. arizonica selections, as well as an extensive collection of
southeastern grape hybrids, to allow the introduction of extremely high levels of Xylella fastidiosa(Xf) resistance into
commercial grapes.  They have produced seed that is 93.75% V. vinifera, from winegrape cultivars, with resistance from our
b43-17 V. arizonica/candicans resistance source.  There are two sources of PdR1, 8909-08 and 8909-17, both siblings of b43-
17.  These selections have been introgressed into a wide range of winegrape backgrounds over multiple generations, and
resistance from southeastern United States (SEUS) species is being advanced in other lines.  However, the resistance in these
later lines is complex and markers have not been developed to expedite breeding.

OBJECTIVES
1. Breed PD resistant winegrapes through backcross techniques using high quality V. vinifera winegrape cultivars and Xf

resistant selections and sources characterized from our previous efforts.
2. Continue the characterization of Xf resistance and winegrape quality traits (color, tannin, ripening dates, flavor,

productivity, etc) in novel germplasm sources, in our breeding populations, and in our genetic mapping populations.

RESULTS
Objective 1 The breeding cycle for the development of PD resistant grapes has been reduced to three years (seed to seed)
using marker-assisted selection (MAS) with the b43-17 resistance sources and their progeny.  The 2006 crosses, number of
seedlings produced and the number of seedlings that went to the field are presented in the 2006 Proceedings and in March
2007 Report.  Our goal at this point is to introgress our PD and PdR1 resistance sources into a large number of V. vinifera
winegrapes backgrounds.  Until we get to the backcross 4 (BC4) (96.8% V. vinifera), there is not much point to growing very
large numbers of progeny from any given cross.  With the now standard three-year seed-to-seed cycle we will plant BC4
progeny in 2010.

Table 1 presents the crosses made and seed produced in 2007.  The goals of this year’s crosses were to: 1) Use the PdR1
allele from the 8909-08 to make 93.75% vinifera level progeny; 2) Broaden the vinifera winegrape lines in the 8909-08
resistance source at the 87.5% vinifera level; 3) Combine PdR1 with the powdery mildew resistance gene Run1 at the 87.5%
vinifera level; 4) Use 8909-17 and 8909-08 based resistance with diverse vinifera winegrapes to produce resistant progeny at
the 75% vinifera level; 5) Use the 8909-15 resistance source with a broad range of vinifera winegrapes; and 6) Produce
rootstocks with PdR1 and broad-based nematode resistance.

Five groups of plants were greenhouse screened for Xf resistance in 2007.  Group A tests (160 genotypes) were done to verify
the expression of PdR1 from b43-17 in the 04190 (V. vinifera F2-7 x 8909-08) population, and confirm PdR1 in parents used
in 2006.  The Group B tests (76 genotypes) examined progeny of Midsouth and BD5-117 crossed to advanced vinifera wine
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types.  Both of these parents continue to produce resistant progeny, but very few and in ratios that suggest a complex
inheritance.  The progeny of Haines City (n=9) were all resistant by ELISA in the greenhouse screen, but do not contain
PdR1.  Eleven genotypes from Olmo's e-series BC2 that carry Run1 (the powdery mildew resistance marker) were also
tested, none were resistant and they seemed more sensitive to PD than typical vinifera.  Group C tested the use of b43-17 as a
rootstock and interstock to examine Xf transmission and expression through a graft union.  b43-17 did not induce PD
resistance in Chardonnay, but preliminary results found that it and A8909-05 (V. rupestris x M. rotundifolia) prevented PD
expression in Chardonnay scions when they were used as interstocks.  Group D tests (120 genotypes) focused on mapping
population progeny to verify recombinants and establish resistance ratios. Recombinants from 04190 were tested and aided
fine-scale PdR1 mapping efforts; three recombinants from the 04191 (vinifera F2-7 x 8909-17) were also tested.  The 05347
population (vinifera F2-35 x V. arizonica b42-26) was also tested (n=60) to establish the R/S ratios derived from b42-26,
which is quantitatively inherited and provides an alternative and strong source of PD resistance.  Progeny from these tests
will be used for mapping studies and as parents with a non-PdR1 resistance.  Group E tests (150 genotypes) included
additional 04190 progeny and remnants from the 9621 (8909-15 x 8909-17) that had not been tested.  This group also tested
advanced PdR1 carrying parents, which were used in the 2007 crosses based on marker data alone, to confirm their
resistance.

Objective 2 Although resistance from other backgrounds is complex and quantitative, which results in few resistant progeny
from crosses to vinifera cultivars, we continue to advance a number of lines.  In order to better understand the limits of other
PD resistance sources the following resistance sources are being studied:

V. arizonica b42-26  – Xf resistance in the 0023 (D8909-15 (V. rupestris x b42-26) x vinifera B90-116) population is strong,
but is quantitatively inherited.  Quantitative trait locus (QTL) analysis has identified a major QTL that accounts for about
20% of the variability (preliminary results).  Previous efforts with the 0023 were focused on table grape breeding, and found
that the 0023 population (F1, 1/4 b42-26) had about 30% resistant progeny.  This population has a large number of weak
genotypes, few females with viable seeds, and generally lacks fertility.  The progeny of a cross of a resistant 0023 genotype
crossed back to vinifera (BC1) were tested and only 7% were resistant.  We are now testing 05347 (vinifera F2-35 x b42-26)
to examine the b42-26 resistance source in a less complex background (without the confounding effect of V. rupestris).
Crosses using elite V. vinifera wine type pollen were made to a number of females in this population in Spring 2007 (Table
1f).

V. arizonica b40-14 – In 2006 we crossed F2-35 x b40-14, produced 1,385 seeds and established 198 seedlings for testing.
We are planning on using this population, or one generated from its progeny for mapping efforts to better characterize this
very strong, and morphologically and genetically different source of PD resistance (Table 1f).

Field and Wine Evaluations The A81 series (BC1, 75% vinifera) F8909-08 allele type of PdR1 is in its second year of field
testing at the Beringer Yountville test site; ELISA and visual symptom results have been consistent with greenhouse assays.
Selections from the 045554 (BC2, 88% vinifera) have been made onto Dog Ridge (currently the only certified PD resistant
rootstock) and were planted at Yountville on May 14, 2007.  These genotypes have been marker tested and their PD
resistance status confirmed by greenhouse testing.  Twelve genotypes were resistant, four were recombinants (one resistant
and three susceptible in the greenhouse test).  They will be inoculated in Spring 2008.

Three of eight advanced red wine selections (U0501-12, U0502-01 and -10) containing PdR1 that are 87.5% vinifera from
crosses with Syrah and Chardonnay were replicated for small-scale fermentation this Fall.  About four liters of wine from
each were produced along with similar amounts of Cabernet Sauvignon and Pinot noir as V. vinifera controls and Midsouth
and Lenoir as standard PD resistant controls.  These selections were evaluated for their productivity, flowering and ripening
dates, and berry and cluster weights.  Vine, fruit and juice analyses are presented in Tables 2a, 2b and 2c, and images of the
leaves and fruit are in Figure 1.

Numerous other genotypes from crosses involving elite vinifera wine cultivars were examined for fruit evaluation and must
analysis. ETS Laboratories (www.etslabs.com) of St. Helena kindly donated their fruit analysis and phenolics panel, which
uses a wine-like extraction to model a larger fermentation. Surprisingly, none of the U05 series analyzed contained
significant levels of diglucoside anthocyanins, which are negative quality markers for hybrid wines with American grape
species and which would create problems with exporting wines to the EU.  Cuttings of the best of these will be taken in the
winter so that we can get small-scale wine lots made for evaluation in 2009.  Plants will be grown in both Davis and Napa
when possible.  A new MS student is examining the reasons for the lack of diglucoside anthocyanins in these selections to
determine whether the arizonica-resistance sources possess these anthocyanins. A second MS student is in the second year
of examining what wine quality parameters are useful at micro (2L), mini (20L) and macro (2,000L) scales.  Determining
how to best select for wine quality at the micro scale will be critical as we begin to evaluate large populations of PD resistant
and 96% vinifera selections.
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Powdery Mildew - Any new PD resistant variety should also be resistant to powdery mildew.  We have been exploring
powdery mildew resistance in a number of backgrounds including Olmo’s VR (vinifera x rotundifolia) hybrids, which form
the base of international efforts at characterizing Run1, the rotundifolia-based locus responsible for resistance to powdery
mildew.  Current season field evaluations of the 2006 crosses show the markers correlating perfectly with field resistance on
leaf and cane.  Berry and cluster observations will begin in Fall 2008.  The goal with these individuals is to cross our
advanced PD resistant selections with selections from these powdery mildew resistant progeny. We also made crosses to
examine powdery mildew in two other backgrounds, Villard blanc and Tamiami.  Powdery mildew resistance markers are
being developed for these resistance sources by labs in Germany and the US.

CONCLUSIONS
This project continues to breed PD resistant winegrapes with the primary focus on the PdR1resistance source so that progress
can be expedited with MAS.  Populations with Xf resistance from other sources are being maintained and expanded, but
progress is slower with these sources. We continue to supply plant material, conduct greenhouse screens and develop new
mapping populations for our companion project on fine-scale mapping of PD resistance leading to the characterization of the
PdR1 resistance.  Fall 2007 will see the first testing of wine from advanced selections with 87.5% vinifera from winegrapes.
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Table 1. 2007 crosses and numbers of seed produced.

Resistant Type Vinifera Parent
of Resistant Type Vinifera Types used in 2007 crosses # Seeds

Produced

1a. Monterrey V. arizonica/candicans resistance source (F8909-08) to produce progeny with 93.75% V. vinifera
parentage.

U0501 Syrah F2-7, F2-35 478
U0502 Chardonnay F2-7, F2-35 2,769
U0503 Sauvignon blanc Chardonnay, Palomino, Semillon 126
U0505 Cabernet Sauvignon Chardonnay, F2-7, LCC, Merlot, Palomino, Petite Syrah 3,229

1b. Monterrey V. arizonica/candicans resistance source (F8909-08) to produce progeny with 87.5% V. vinifera parentage
05310 Alicante Bouschet Burger, Carignane, LCC 1,666
05312 Cabernet Franc Zinfandel 194
05317 Tempranillo Burger, LCC 371
05319 Zinfandel Cabernet Franc, LCC 144
A81-17 A38-7 Carignane, Grenache noir, LCC 705

1c. Monterrey V. arizonica/candicans resistance source (F8909-08) and Run1 powdery mildew resistance.
U0501, U0504 Syrah e-series, e78 and e88 allele patterns 499
U0502 Chardonnay e-series, e78 and e88 allele patterns 837
U0505 Cabernet Sauvignon e-series, e78 and e88 allele patterns 642
A81-17 A38-7 e-series, e78 allele pattern 603

1d. Monterrey V. arizonica/candicans resistance source (F8909-08) and Vitis PM resistance source.
U0505, A81-17 Cabernet Sauv, A38-7 Villard blanc 348

1e. Monterrey V. arizonica/candicans resistance source (F8909-17 allele) to produce progeny with 75% V. vinifera.
Alicante Bouschet, Aligote, Carignane, Chardonnay,04373-02 F2-35 (Cab x Carignane) 597Zinfandel

04373-08 F2-35 (Cab x Carignane) Aligote, Cabernet Franc, Carignane 938
04373-64 F2-35 (Cab x Carignane) Grenache noir 293

1f. Other resistance sources. R89 is 50% vinifera, 25% resistance source. 05347 is 75% vinifera and 25% resistance source
R89 (b40-14) NR Airen 238
05347 (b42-26) F2-35 Aligote, Chardonnay, Grenache noir, Zinfandel 1,877

1g. Rootstock crosses to combine PD and nematode resistance.
9621-257 9365-85 653
9365-43 9621-161 112

Table 2a.  Phenotypic observations of reference varieties and select progeny with the PdR1 resistance source.

Genotype Parentage Percent
vinifera

2007
Bloom
Date

Berry
Color

Berry
Size (g)

Ave
Cluster
Wt. (g)

Ripening
Season

Prod
1=v low
9=vhigh

Cab. Sauv. Cab. Franc x S. blanc 100% 5/20/07 B 1.0 168 mid-late 6
Pinot noir Historic 100% 5/7/07 B 1.1 259 Early 6
U0501-12 A81-138 x Syrah 87.5% 5/7/07 B 1.0 90 mid-late 4
U0502-01 A81-138 x Chardonnay 87.5% 5/1/07 B 1.6 128 mid-late 4
U0502-10 A81-138 x Chardonnay 87.5% 5/1/07 B 1.4 160 very early 7
Lenoir V. aestivalis hybrid <50% 5/12/07 B 0.8 201 Late 7
Midsouth DGxGalibert 255-5 <50% 5/5/07 B 2.2 211 mid-late 6
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Table 2b. Analytical evaluation of reference varieties and advanced selections with the PdR1 resistance source.  Diglucoside
anthocyanins were detected in Midsouth and Lenoir.  All analysis courtesy of ETS Laboratories, St. Helena, CA.

Genotype
L-malic

acid
(g/L)

°Brix potassium
(mg/L ) pH TA

(g/100mL)

YAN
(mg/L
(as N)

catechin
(mg/L)

tannin
(mg/L)

Total
antho-

cyanins
(mg/L)

Cab. Sauvignon 2.19 24.9 2460 3.65 0.62 227 59 250 404
Pinot noir 2.43 26.5 2190 3.83 0.49 279 321 842 568
U0501-12 4.20 29.4 2900 3.87 0.68 420 88 802 979
U0502-01 2.90 25.9 2530 3.77 0.61 301 91 564 380
U0502-10 4.92 23.7 2220 3.48 0.85 301 87 588 845
Lenoir 4.32 26.9 2920 3.67 0.75 164 195 341 1801
Midsouth 4.60 18.2 2220 3.49 0.81 278 32 230 971

Table 2c. Sensory evaluation of reference varieties and advanced selections with the PdR1 resistance source.

Skin Seed Seed

Genotype Juice Hue Juice
Intensity Juice Flavor Skin Flavor Tannin

(1=low,
Color
(1=gr, Seed Flavor Tannin

(1=high,
4= high) 4= br) 4= low)

Cab. Sauv. pink-brown light-med fruity-CS fruit jam 2 3 nutty-full 4
Pinot noir pink-brown medium hay, honey mildly fruity 1 4 spicy 4
U0501-12 red med-dark fruity fruit jam 2 4 neutral 2
U0502-01 pink-brown medium fruity-PN sweet fruit 1 3 spicy 1
U0502-10 pk-red-orng med-dark slight vegetal mildly fruity 1 4 nutty,spicy 1
Lenoir red dark mildly fruity fruity 1 4 nutty 1
Midsouth red-orange med-dark veg-fruity neutral 1 4 neutral 4
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IN VITRO STUDY OF THE EFFECTS OF GRAPE XYLEM SAPS AND CELL-WALL CONSTITUENTS
ON GROWTH AND VIRULENCE-RELATED GENE EXPRESSION OF XYLELLA FASTIDIOSA

Project Leaders:
Davis Chen
USDA, ARS
SJVASC
Parlier, CA  93648
Davis.Chen@ars.usda.gov

Hong Lin
USDA, ARS
SJVASC
Parlier, CA  93648
Hong.Lin@ars.usda.gov

Cooperators:
Andrew Walker
Department of Viticulture and Enology
University of California
Davis, CA  95616

Drake Stenger
USDA, ARS
SJVASC
Parlier, CA  93648

Edwin L. Civerolo
USDA, ARS
SJVASC
Parlier, CA  93648

Pierce’s disease (PD) of grapevines is caused by the xylem-inhabiting bacterium Xylella fastidiosa (Xf). The widely
cultivated Vitis vinifera-based grape cultivars are susceptible to PD.  However, grape species V. aestivalis, V. arizonica, V.
shuttleworthii, V. simpsonii, V. smalliana, and Muscadinia rotundifolia, are highly resistant to PD.  In this study, we
investigated the effect of PD resistant and susceptible grape xylem sap and several cell-wall constituents on bacterial growth,
biofilm formation, and virulence-related gene expression in vitro.  Xylem sap from susceptible grape species provided better
support for bacterial growth and biofilm formation compared to xylem sap from resistant grape species.  Bioassay of Xf, co-
cultured in PW medium with various purified cell-wall constituents, demonstrated that cellulose, xylan, laminarin, and glucan
significantly promoted bacterial growth whereas lichenan strongly suppressed growth.  A study of pathogenicity and
virulence-related gene expression using RT-PCR revealed that glucanase, protease, and a number of virulence genes were
expressed differentially in response to treatment with xylem sap from resistant and susceptible grape species.  This
preliminary study suggests that differences in xylem cell wall properties and chemical composition of xylem sap between PD
resistant and susceptible grape species may effect development of PD.
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ABSTRACT
The overall goal of our project is to determine whether β-1,4 glucanase (EGase), the major enzymatic protein in the saliva of
glassy-winged sharpshooter (GWSS), co-localizes via immunocytochemistry with the few ‘pioneer’ Xylella fastidiosa (Xf)
cells that are inoculated by this vector’s probing (stylet penetration) behaviors.  If it does, then this suggests that the
enzymatic portion of GWSS saliva is a carrier of the bacteria during inoculation. This year, we acquired commercially-
produced, polyclonal antibody serum to purified EGase from GWSS salivary glands, and developed methods for separate
immunolocalization of:  1) this purified EGase, and 2) Green fluorescent protein (GFP) Xf in grape petioles, using
commercial Xf antibody, to complement the GFP Xf detection method devised last year.  We also performed three
experiments to monitor feeding of inoculative GWSS, via Electrical Penetration Graph (EPG) technology.  Feeding was
recorded on healthy grape petiole, followed by histological processing of the fed-upon grape tissues.  To date, results show
that glucanase is found throughout the solid salivary sheath that encases stylets (the piecing-sucking mouthparts of GWSS
that penetrate the plant).  However, glucanase was not found diffused into adjoining plant cells along the stylet pathway, as
was hypothesized.  Glucanase was the major constituent of the deep, narrow sheath branches that enter the xylem, indicating
that glucanase is injected into xylem during feeding.  If our hypothesis on the role of saliva in inoculation is supported, it
suggests that future development of salivary antagonists could enable interference with Xf inoculation of grape.

INTRODUCTION
As introduced in detail in Backus and Labavitch (2006, 2007), this goal of this project is to determine whether the major
enzyme in glassy-winged sharpshooter (GWSS) saliva histologically co-localizes with Xylella fastidiosa (Xf). Sheath saliva
of hemipterans in fed-upon plants can be routinely imaged histologically (e.g. Leopold et al. 2003, Backus et al. 2005).
However, no researcher studying hemipteran feeding has ever directly visualized enzymatic watery saliva in plants, due to its
usually fluid and dispersive nature.  This project will also partially test Backus’s hypothesis that enzymatic salivary
secretions of GWSS aid in the cell-to-cell movement of newly inoculated Xf cells.  Salivary enzymes may break down pit
membranes, allowing the few pioneer bacterial cells inoculated during feeding to move between adjoining xylem cells.
Carbohydrase enzymes with very high activity for cell wall polymer-degradation, especially β-1,4 glucanase (EGase, often
identified as cellulase in the literature), have been found in GWSS salivary gland fractions (Labavitch 2006, unpub. data).
We use immunohistological methods combined with Electrical Penetration Graph (EPG) monitoring of GWSS feeding, to
determine whether Xf co-localizes with EGase in saliva.

OBJECTIVES
1. Purify and characterize β-1,4-glucanase (EGase), a putatively cell wall-degrading salivary enzyme of GWSS, and

develop antibodies for in planta localization of saliva.
2. Determine whether GWSS salivary proteins (injected into grape during EPG-controlled insect feeding) affect the

distribution of recently inoculated Xf, as detected by immunocytochemistry.

RESULTS
Objective 1 – Purify and characterize β-1,4-glucanase and develop antibodies.
Study a: β-1,4-glucanase isolation and purification
EGase was isolated and purified last year in the Labavitch lab, from GWSS salivary glands previously dissected in the
Backus lab (Backus & Labavitch 2007).
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Study b:  Determination of cell-wall degrading properties of β-1,4-glucanase
The glucanase enzyme was purified based on its ability to digest carboxymethyl cellulose.  However, tests showed that it
could also digest xyloglucan (XyG), a major cell wall hemicellulosic polysaccharide that is present in grape tissues, including
leaf petioles. At least one of the β-1,4-glucanase enzymes of Xf also digests XyG.  Therefore, the ability of the tomato
xyloglucanase-inhibiting protein to block the action of the GWSS glucanase was tested.  Unfortunately, as was found for the
Xf glucanase, no inhibition was detected (Labavitch, 2006).

Study c:  Development of antibody to β-1,4-glucanase
Polyclonal antibodies were raised in guinea pig by Antibodies, Inc. (Davis, CA) in late November 2007, then were further
purified in the Labavitch lab in December 2007.  This objective was completed when antibody serum was delivered to the
Backus lab, in January 2008.

Objective 2 – Determine whether GWSS salivary proteins (from EPG-controlled insect feeding) affect the
presence/distribution of inoculated Xf.
Studies a and b:  Immunocytochemistry of probes by a) clean and b) GFP-Xf inoculative GWSS
Our ultimate goal for this objective is to combine five challenging procedures into one large experiment with the following
steps (first described in Backus & Labavitch 2007):
1) Allow one group of GWSS to acquire Xf expressing green fluorescent protein (hereafter, GFP-Xf)(Study a) and another

(control) group to remain non-inoculative (Study b), then…
2) EPG-record a single, standardized probe consisting of pathway followed by ingestion lasting no more than three – six

min, as described in Backus & Labavitch (2006), then…
3) Excise, histologically prepare, and section the fed-upon grape tissue, using methods that retain fluorescence of GFP,

then.
4) Probe the sectioned tissue with primary antibody to EGase (from Objective 1) then secondary, fluorescently conjugated

antibody, and finally.
5) Use confocal laser scanning microscopy (CLSM) to simultaneously locate and image autofluorescent salivary sheaths

and cell walls, GFP-Xf, and fluorescently-stained EGase/saliva.

In this way, we hoped to visualize the location of both watery saliva (i.e. EGase) and sheath saliva in relation to presence,
location and movement of Xf bacterial cells, during certain EPG waveforms.

Postdoctoral Research Associate Kim Kingston worked in the Backus lab from 1st July 2007 until 30th June 2008, under joint
supervision by Backus and Labavitch.  Prior to her arrival, preliminary attempts were made to achieve steps 1 – 3, above,
which partially failed.  We attempted to view salivary sheaths containing GFP Xf left by inoculative GWSS, using the
fluorescence-retaining protocols developed last year (Backus & Labavitch 2007).  To our dismay, sheath saliva was so
strongly autofluorescent (at all excitation wavelengths) that its brightness overwhelmed and overlaid the lesser brightness of
the GFP Xf (except in a few rare cases wherein the sheath was very diffuse, confirming presence of bacteria in the sheath;
Backus 2007).  Also, Xf were not seen outside the salivary sheath, only embedded within sheath saliva.  These results
confounded the rest of our tests because we could not be sure that all bacteria injected by every insect would consistently be
visible.

Consequently, we spent the first six mo. of Kingston’s tenure (including the
first four mo. of the reporting period) successfully developing a protocol for
a more reliable means of histologically detecting Xf, i. e. immunolocaliza-
tion. We used commercially-prepared Xf primary antibody from rabbit
(Agdia, Elkhart, IN) and secondary, anti-rabbit conjugated with Alexa Fluor
647 (Invitrogen, Carlsbad, CA) with mechanically inoculated vs. control
grape petioles (Figure 1).  We anticipate that this protocol will enable
visualization of GFP Xf inoculated into the plant by GWSS, even if bacteria
are embedded in the salivary sheath.

Also in Kingston’s first six mo., we performed two major experiments to
EPG-record feeding of putatively inoculative GWSS on healthy grape
petioles, following the procedure outlined in step 2, above.  Putatively clean
GWSS were provided by David Morgan (CDFA).  Recordings were
performed in the dark, using a petiole whose leaf was masked by wet tissue
paper and plastic wrap (according to a procedure developed with advice of
Andrew McElrone, ARS Davis, CA).  This was to reduce the likelihood that
bacteria injected into the xylem would be rapidly pulled out of the confocal
field of view by xylem tension.  Following each recording, the insect head
was fixed in 4% paraformaldehyde, for separate examination by confocal
microscopy to verify the presence of GFP Xf in the cibarium and

*

*

Figure 1. Immunohistological confocal image
of grape petiole xylem (autofluorescent cell
walls, blue) mechanically inoculated with Xf
(yellow).  White coloration is overlay of
yellow and blue.
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precibarium.  Petiole tissue was excised and fixed under dim light,
then further prepared for sectioning and later confocal microscopy.

Once the EGase antibody serum arrived, we spent Kingston’s last six
mo. developing a successful protocol for its use in immunoprobing and
-localizing EGase in GWSS salivary sheaths.  The protocol visualizes
the EGase primary antibody (from Objective 1) with goat-anti-guinea
pig secondary antibody conjugated with Alexa Fluor 647 or 568
(Invitrogen, Carlsbad, CA) (Figures 2a and b).

Contrary to our initial hypothesis, there was no evidence that
glucanase diffused into plant tissues adjoining the salivary sheath
(Figure 2).  At no concentration of EGase antibody was a diffuse
‘halo’ seen only around the salivary sheath, as has been enzymatically
detected surrounding aphid salivary sheaths (Ma et al. 1990).  Salivary
glucanase was strictly localized to the sheath, though along its entire
length.  The polyclonal EGase antibody also bound non-specifically to
small plastids and certain vacuole contents (Figure 2a, *’s).
Nonetheless, these were easily distinguished from saliva by their paler
coloration and their widespread distribution in all parenchy-mous
tissues (Figure 2a).  For most of the sheath length, EGase was co-
localized with the hardening (autofluorescent) constituents of the
sheath.  However, the narrowest, deepest branches of the sheath
(which ultimately enter the target xylem cell), were composed almost
exclusively of EGase.  They did not autofluoresce like the rest of the
sheath.  Also, EGase both bound to and evidently infiltrated the cell
walls of the xylem, probably due to cell wall loosening caused by the
enzyme (Figure 2b).  This would produce a very strong seal of the
stylets into the cell, as hypothesized by Backus et al. (2005).  In
addition, glucanase-labeled saliva was found in xylem cells distant
from the sheath, indicating that it traveled from the site of injection
(Figure 3).

Toward the end of Kingston’s tenure, we performed one more EPG
experiment to generate GWSS-inoculated grape petioles,
this time with young, newly eclosed adults from a
putatively clean GWSS colony in Fresno, CA.  Thus, a
total of about 160 GWSS probes were EPG-recorded on
grape petiole, producing salivary sheaths for
immunohistology work.

Although proposal funding has ended, work on this project
will continue to completion using ARS in-house funds.
Steps 4 and 5 (above) will be performed during the coming
year, with the addition of immunolocalization of Xf from
probed grape petioles.  We will attempt to co-localize both
Xf and EGase in the GWSS saliva within probed grape
petioles (step 5, above).

CONCLUSIONS
The described findings continue to support the following
hypotheses: 1) cell wall-degrading salivary enzymes are
injected during the earliest stages of stylet penetration, as well as further along the pathway and into a xylem ingestion cell,
2) GFP-Xf exit the stylets during stylet penetration, and become embedded in the salivary sheath, as well as injected directly
into xylem cells, and 3) EGase-containing saliva infiltrates xylem cell walls at its site of injection and further distant; it could
potentially interact with pit membranes at any site.  Findings from this study will help solve the PD/GWSS problem by
opening up all-new avenues for transgenic host plant resistance.  Novel transgenes could be developed by engineering an
inhibitor of the salivary components that aid inoculation.  In addition, differences in vector efficiency among GWSS
populations, or other vector species, could be related to salivary enzyme composition.  Biochemical analysis of saliva in other
vectors (e.g. Brazilian vectors of Citrus Variegated Chlorosis, or vectors of Oleander and Almond Leaf Scorches) could aid
understanding of the epidemiology of all xylellae diseases.

Figure 3.  a. EGase-containing sheath saliva lining a xylem
cell several sections away from a salivary sheath.  Note
infiltration of walls. b. A large blob of EGase-containing
sheath saliva inside a xylem cell, many sections away from,
but in the same terminal xylem cell as, a salivary sheath.

ba

*

*

Figure 2.  a. Immunohistological confocal
image of a GWSS salivary sheath in grape
petiole.  Single-branched sheath penetrates to a
large, lignified xylem cell (autofluorescent cell
walls, blue).  Sheath is brightly autofluorescent
in blue and green wavelengths, while the
EGase fluorochrome is red.  White coloration
is overlay of all wavelengths.  * plastids and
vacuole contents also binding polyclonal
EGase. b. Higher magnification view of the
terminal sheath branch and xylem cell.

a

b

*

*
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ABSTRACT
The glassy-winged sharpshooter (GWSS), Homalodisca vitripennis (Germar) is a xylophagous insect that is an endemic pest
of several economically important plants in Texas.  GWSS is the main vector of Xylella fastidiosa (Xf; Wells), the bacterium
that causes Pierce’s disease (PD) of grapevine, and can travel long distances putting much of the Texas grape production at
risk.  Understanding the movement of GWSS populations capable of transmitting Xf into PD-free areas is critical for
developing a management program for PD.  To that end, the USDA-APHIS has developed a program to sample vineyards
across Texas to monitor populations of GWSS. From this sampling, GWSS collected during 2005 and 2006 over the months
of May, June, and July from eight vineyards in different regions of Texas were recovered from yellow sticky traps and tested
for the presence of Xf. The foregut contents were vacuum extracted and analyzed using Quantitative Real-Time PCR (QRT-
PCR) to determine the percentage of GWSS within each population that harbor Xf and have the potential to transmit this
pathogen.  GWSS from vineyards known to have PD routinely tested positive for the presence of Xf. While almost all GWSS
collected from vineyards with no history of PD tested negative for the presence of the pathogen, three individual insects
tested positive.  Furthermore, all three insects were determined to be carrying the PD-strain of the pathogen through DNA
sequencing, signifying them as a risk factor for new Xf infections.

INTRODUCTION
With the ability to travel long distances, the glassy-winged sharpshooter [GWSS; Homalodisca vitripennis (Germar)] can
spread quickly once established and have recently been found in French Polynesia, Tahiti, and Hawaii (Hoddle et al. 2003).
GWSS have the ability to ingest in excess of 100 times their weight in xylem fluid in a day (Purcell 1999).  They have been
reported to feed on host plants from at least 35 families including both woody and herbaceous types (Hoddle et al. 2003).
GWSS feeding can impact plant health directly by depriving the plant of nutrients and damaging the xylem sufficiently to
preclude vascular flow.  Indirectly, plant damage is done by the transmission of the xylem-limited bacterium Xylella
fastidiosa (Xf) (Purcell 1999).

Xf infection in grapevines may result in Pierce’s disease (PD), which has caused major losses in both wine and table grape
production in the US (Davis et al. 1978).  In the grapevine (Vitis sp.), PD symptoms include marginal leaf scorch, chlorosis,
necrosis, stunted growth, leaf loss and dieback, all of which result from occlusion of the xylem tissue by polymeric matrix
enclosed bacterial aggregates attached to the inner xylem wall (Hopkins 1989). Xf can cause systemic failure of a grapevine
within one to five years of initial infection and previous studies have shown that as few as 100 cells (Hill and Purcell 1995)
can initiate an infection.  As there is currently no cure for PD (Pooler et al. 1997), grapevines showing characteristic
symptoms must be uprooted and replanted, usually resulting in a two or three year loss of individual plant productivity.

Many economically important plants including citrus, almond and oleander are affected by separate strains of Xf resulting in
a multitude of plant diseases such as citrus variegated chlorosis (Chang et al. 1993; Pooler and Hartung 1995), almond leaf
scorch (Mircetich et al. 1976) and oleander leaf scorch (Purcell 1999).  Many strains of Xf are host specific and in
transmission studies the strain that causes disease symptoms in oleander will not cause disease symptoms in grape or almond.
Additionally, the grape and almond strains were unable to cause disease symptoms in oleander.
Greenhouse studies suggest that between 10% and 20% of GWSS are able to transmit Xf (Almeida and Purcell 2006) but
there is little data on naturally occurring infectivity (Daane et al. 2007).  Many methods have been developed to detect Xf in
natural and experimental environments including transmission (Purcell and Finlay 1980), insect head culture (Almeida and
Purcell 2003), plant tissue culture (Hill and Purcell 1995), chloroform/phenol extraction (Frohme et al. 2000) and PCR-based
vacuum extraction (Bextine et al. 2005).  Culture based detections methods are difficult and time consuming given the
fastidious nature of the bacterium and are inherently less sensitive than PCR based techniques.  QRT-PCR can be used to
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detect as few as five Xf cells in an insect head (Bextine et al. 2005) and is a viable approach even when dealing with dead
insects making it a highly valuable procedure when compared to other forms of detection.

In Xf, gyrase B is conserved in all strains and is diverse enough to also be used as a molecular marker for both detection and
strain differentiation (Bextine et al. 2005).  In this study, eight vineyards from different regions of Texas were surveyed for
the presence of GWSS and potential vectors were tested for the presence and strain of Xf.

MATERIALS AND METHODS
Sample Preparation. Eight vineyards in different regions of Texas were sampled for the presence of Xf vector species.
Vineyard A is in Washington County, Vineyard B is in  Anderson County, Vineyard C is in Camp County, Vineyard D is in
Tarrant County, Vineyard E is in Wichita County, Vineyard F is in Lubbock County, Vineyard G is in Tom Green County
and Vineyard H is in Val Verde County (Figure 1).  Monitoring of  insect populations took place using standard double-
sided traps (Seabright Laboratories, Emeryville, CA), each 23 x 14 cm in size, bright yellow in color (Pantone® Matching
System (PMS) 102) and coated with Stikem Special® glue. Traps were tightly stapled to a 1.8 m bamboo stake driven into
the ground a little lower than grapevine canopy. Between 6 and 13 traps were placed in each vineyard (Lauziere et al. 2008).
Upon retrieval from the vineyard, the traps were placed into Ziploc bags and stored at 4˚ C.  The traps were then removed
from the bags and GWSS were removed by applying the solvent orange oil (Citrus King, St. Petersburg, FL) around the
insect to dissolve the adhesive and remove the insect from the trap.  Each insect was then washed in 95% ethanol and then in
deionized water to remove any residual orange oil.  Insect heads were removed (Bextine et al. 2004) and a novel silica-based
DNA extraction was performed to test for the presence of Xf.

DNA Extraction. Each head was placed into a well of a 96-well plate (VWR International – North American, West Chester,
PA) and submerged in 100 μL of PBS buffer.  Vacuum pressure was applied to the plate four times for two minutes each
(Bextine 2004).  With Xf cells dislodged during vacuum extraction, the heads were discarded and the vacuum solution was
retained.  To each well, 100 μL of Lysis Buffer L6 [50 samples - 18.6 g Guanadine Thiocyanate, 1.5 ml Tris-HCL (1M, 6.8
pH), 1.2 ml EDTA (0.5M, 8.0 pH), 390 μl Triton X-100, 26.9 ml ddH2O] was added to lyse bacterial cells.  The contents
were mixed by pipetting and the mixture was centrifuged for 5 min at 5000 rpm to separate DNA from the cellular debris.
The contents of each well were then transferred into the corresponding wells of 0.2 mL eight-well strips and 53 μL of silica
slurry (molecular grade H2O and silicon dioxide) were added and mixed by pipetting.  The eight-well strips were then
returned to their corresponding rows in a 96-well plate.  The plate was incubated at RT for 5 min and centrifuged at 2000 rpm
for 5 min.  The supernatant was then discarded and the DNA pellet was retained.  DNA pellets were washed four times by
resuspending the silica in 200 μL wash buffer [40% vol/vol 100 mM Tris-Cl (pH 7.5), 20 mM EDTA (pH 8.0), 0.4 M NaCl
and 60% vol/vol 100% EtOH] and centrifuging for 5 min at 2000 rpm.  After the wash buffer was removed, the resulting
pellets were dried in an incubator at 60º C for 10 min.  The silica was resuspended in 100 μL of TE Buffer and incubated
again for 5 min at 60º C, followed by a final centrifuge for 5 min at 5000 rpm.  Seventy μL of the resulting DNA elution were
then saved for PCR analysis.

Xf Detection. A SYBR-green based quantitative real-time PCR (QRT-PCR) was performed on the subsequent elutions using
Xf specific primers (Bextine and Child 2007).  A master mix was made using 10 μL of IQ Supermix (BioRad, Hercules, CA),
0.8 μL of both primers (at a concentration of 10 μM), 5.4 μL of autoclaved molecular grade water, 1 μL of 10 μM Sybr Green
(Invitrogen, Carlsbad, CA) and 2 μL DNA template per reaction.  The run conditions for the PCR were 95˚ C for 3 min then
40 cycles of 95˚ C for 20 sec, 55˚ C for 30 sec and 72˚ C for 60 sec followed by DNA melting temperature curve analysis
which ramped from 77-90˚ C by 0.5˚ C each step.

Xf Strain Differentiation. Another SYBR-Green based QRT-PCR was performed on the GWSS testing positive for Xf using
GyrBLONG primers.  A master mix was made using 10 μL of IQ Supermix (BioRad, Hercules, CA), 0.8 μL of both primers
(at a concentration of 10 μM), 5.4 μL of autoclaved molecular grade water, 1 μL of 10 μM Sybr Green (Invitrogen, Carlsbad,
CA) and 2 μL DNA template per reaction.  The run conditions for the PCR were 95˚ C for 3 min then 40 cycles of 95˚ C for
30 sec, 53˚ C for 60 sec and 72˚ C for 120 sec followed by DNA melting temperature curve analysis which ramped from 70-
99˚ C by 0.1˚ C each step.

The positive PCR products were purified using the QIAquick PCR purification kit (Qiagen, Valencia, CA, USA) according to
the manufacturer’s protocol. A DNA-sequencing PCR was performed in a 10-μl reaction containing 4 μl of DTCS Quick
Start Master Mix (Beckman Coulter, Fullerton, CA, USA), 2 μl of either the forward or reverse primer, 2 μl of autoclaved
nanopure water, and 2 μl of a DNA template. The sequencing PCR (30 cycles) was conducted under the following
conditions: 95°C for 20 s, 50°C for 20 s, and 60°C for 4 min, with the product then held at 4°C until removal from the
machine. The DNA product was purified using standard ethanol precipitation, which resulted in samples re-suspended in
40 μl of sample-loading solution (Beckman Coulter).
The resuspended samples were transferred to the appropriate Beckman Coulter 96-well microplates, centrifuged at 300 rpm at
2°C for 30 s, and then overlaid with one drop of mineral oil. Samples then were sequenced in a CEQ 8000 Genetic Analysis
System (Beckman Coulter) using the manufacturer’s protocol. Sequences were processed using BioEdit (Ibis Biosciences,
Carlsbad, CA, USA) and matched to known sequences using basic local alignment search tool (BLAST) (www.ncbi.nih.gov).
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RESULTS
As expected, some vineyards were more heavily infested with GWSS than others.  Vineyards such as H and A had as many
as two-hundred or more GWSS recovered from their yellow-sticky cards whereas other vineyards like D and G had around
one-hundred.  More northern vineyards (E and C) had as few as three and as many as a few dozen individuals while the
Vineyard F, the only vineyard sampled on the High Plains had no GWSS at all.  While this trend may seem concordant with
the presence or absence of PD in a vineyard, there were exceptions and irregular sampling at various sites. Vineyard B was
collected from only once in 2005 which prevented statistical analysis of this site.
Of those GWSS collected, many tested negative for the presence of Xf. Taking all vineyards into account, the statewide
percentage positive was 6.16 (79/1283), this is a lower percentage than estimation given by Almeida and Purcell (2003). The
highest percentage positive occurred in the same vineyard as the highest number of individuals positive (Vineyard A,
11.96%, 25/209).  Other vineyards such as B and D had similar percentage positives (9.09 and 9.33 respectively) but lower
GWSS counts.  The northern-most vineyards (Vineyard F, E and C) tended to have not only the lowest numbers of
individuals but also the lowest percentages positive for both years sampled (0/0, 0/17 and 1/85 respectively).  Almost all
samples that tested positive for the presence of Xf contained the PD strain of the pathogen.

Samples that tested positive for the presence of Xf from vineyards that had no history of PD were reanalyzed to determine
strain through DNA sequencing. Sequence data from the gyrB and mopB genes were analyzed to determine the strain of Xf
that was detected within the vector insects (Morano et al. 2008). The GWSS that were collected from vineyards that were
considered PD-free (E, G and C) were found to be positive for a Temecula-like PD-strain.

Figure 1. Regional map of Texas showing collection locations in counties sampled.  Percentages
shown reflect Xf infectivity for 2005 and 2006.  Also shown are independent results of PD known
for each vineyard.

Vineyard F:
2005  0% (0/0)
2006  1.69% (0/0)
PD  (-)

Vineyard G:
2005  0% (0/64)
2006  1.69% (2/118)
PD  (-)

Vineyard H:
2005  5.5% (11/200)
2006  4.65% (6/129)
PD  (+) Vineyard A:

2005  11.96% (25/209)
2006  2.82% (2/71)
PD  (+)

Vineyard B:
2005  9.09% (1/11)
2006  8.20% (10/122)
PD  (+)

Vineyard C:
2005  0% (0/21)
2006  1.56% (1/64)
PD  (-)

Vineyard D:
2005  9.33% (14/150)
2006  6.54% (7/107)
PD  (+)

Vineyard E:
2005  0% (0/3)
2006  0% (0/14)
PD  (-)
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DISCUSSION
Screening of samples was conducted using the INF2 and INR1 primer set. These primers were originally designed to
differentiate between strains of Xf through melt curve analysis; however, the results were difficult to interpret due to the
influence of background noise that caused overlapping melt temperatures between strains. Using GyrBLONG primers
(another primer set that is being developed for Xf strain identification), we determined that while the majority of the samples
tested positive for the PD strain of Xf (about 99%), some of the GWSS that tested positive for Xf contained an ornamental
strain (Xf multiplex) (Schaad et al., 2004) of the bacterium.  Strains of Xf are specific in respect to their role in pathogenicity
and as such colonization by ornamental strain Xf multiplex or Xf sandyi) (Schaad et al., 2004) will be benign and not result in
the overt symptomology typical among PD infections (Almeida and Purcell 2003).

Although the results reported here are reasonably consistent with greenhouse infectivity estimates published by Almeida and
Purcell (2003), there is always the possibility of false negatives or inconclusive "positives" due to environmental background.
Some potential false negative could be the results of trap exposure to the elements.  The two-week period in which the traps
were exposed to cycles of mid-day heating and nighttime cooling could have lead to degradation of Xf DNA.  However, in
previous studies DNA was recoverable and detection by PCR was competent from insects on traps that were exposed to the
elements in southern California as long as 10 days (the longest period tested). We feel confident that false negatives did not
impact the integrity of the studies.

Most GWSS collected within vineyards with a documented history (B, D and A) tested positive for the PD strain of Xf. This
was not surprising, given the presence of this bacterial strain in the immediate plant community. However, the detection of
the non-PD strain in insects collected from vineyards with a known history of PD was not expected and suggests a level of
migration between vineyard and non-vineyard wild populations.  This is an interesting finding, given the availability of the
PD strain of Xf.

Overall, the majority of GWSS collected from multiple locations in Texas over two years in this study (more then 93%)
tested negative for the presence of Xf. Yet, GWSS is considered one of the greatest risk factors in relation to the
epidemiology of Xf spread in the grape-growing regions of the US (Hoddle et al. 2003). The specifics of Xf spread are not
simple; in fact, two modes of spread can be involved in PD epidemiology. Primary spread, or the movement of the pathogen
into an area from an outside source, is of major concern in non-PD vineyards. Understanding where new infections come
from is of paramount importance when attempting to control the problem through area-wide management programs.
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ABSTRACT
Xylella fastidiosa (Xf) Wells is a plant pathogenic bacterium that causes many economically important agricultural diseases
and is transmitted by the glassy-winged sharpshooter (GWSS), Homalodisca vitripennis (Hemiptera: Cicadellidae).  Effective
detection of Xf in field collected GWSS in an area-wide management program can contribute to the assessment of risk
associated with insect presence in vineyards.  Prior to conducting molecular assays for detection of Xf in individual insects,
GWSS must be removed from yellow sticky traps using a solvent. In this study, we determined the effect of orange oil
concentration in individual GWSS on detection of Xf by QRT-PCR.  In a ten-fold dilution series of orange oil, increased
amounts of orange oil caused decreased levels of Xf detection in standardized positive samples.  Additionally, we determined
methods for lowering the concentration of orange oil found in processed field samples below the point where detection of Xf
is negatively impacted.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), Homalodisca vitripennis (Hemiptera: Cicadellidae), is the major vector of Xylella
fastidiosa (Xf) Wells in the southern USA (Adlerz 1980; Blua et al., 1999).  The plant pathogenic bacterium, Xf, has caused
economic losses to a several agricultural industries in North, Central, and South America.  Pierce’s disease (PD) of grapevine
has become a well understood Xylella-related disease; the vector complement is well known and the epidemiology of the
disease is well documented (Hopkins et al., 2002).  The introduction of GWSS into new areas is directly related to increased
occurrence of PD in vineyards (Perring et al., 2001).  Therefore, the management and control of PD depends heavily on the
ability to closely and accurately monitor its vectors, especially GWSS.

In area-wide management studies in California and Texas, GWSS are collected using yellow sticky cards such as the Trece
Inc. adhesive trap T3306 (Trécé, Inc., Adair, OK).  This method works very well for monitoring population numbers and
identifying species that occur in the field; however, the adhesive that coats the yellow sticky card can be problematic when
applying molecular techniques (DNA and RNA studies) to these samples.  Therefore, the sticky adhesive on the yellow sticky
cards must be removed.  This specimen extraction process involves application of a strong organic solvent to remove the
adhesive.  Because the downstream molecular assays involving DNA extraction and PCR both require the heating of
samples, a solvent with a low flashpoint must be used.  Orange oil has the lowest flashpoint of any organic solvent on the
market, 118˚F/48˚C (Florida Chemical Co. Inc., Winter Haven, FL).  In addition to its non-volatile composition, this product
is inexpensive, nontoxic and effective at removing sticky adhesives.  Orange oil is the most common product used in studies
involving the removal of insects from yellow sticky cards and is usually applied directly to insects on the adhesive traps.
Because all specimens come in direct contact with the solvent, they often absorb unknown amounts of the orange oil.  As a
result of this, concern was expressed as to whether or not orange oil retained in the insect bodies interfered with quantitative
real-time polymerase chain reaction (QRT-PCR).  It was speculated that the presence of orange oil in an GWSS specimen
containing Xf would inhibit either the extraction of DNA, the amplification of target DNA during PCR, or the fluorescence
signal emitted during QRT-PCR.  In this study, a 10-fold dilution series of different volumes of orange oil mixed with
positive Xf control specimens were analyzed by QRT-PCR to determine the amount of interference caused by the solvent.
We also determined the amount of orange oil contained in a typical extracted sample and discussed the potential effect this
will have on Xf detection in field samples.

MATERIALS AND METHODS
Sample Collection. Samples were collected using sticky adhesive-based double-sided traps (Seabright Laboratories,
Emeryville, CA), each 23 x 14 cm in size, bright yellow in color (Pantone® Matching System (PMS) and coated with Stikem
Special® glue, stored at -4˚C, and transported to the University of Texas at Tyler in Tyler, TX.  Traps were processed one at
a time by individually marking GWSS that were to be recovered and then placing traps in plastic containers and soaking them
in orange oil (Citrus Depot, St. Petersburg, FL) for five minutes per two-sided card.  Then, using tweezers, the insects were
removed individually from the traps, and placed into micro centrifuge tubes (MCTs).  Each MCT was labeled according to its
corresponding trap with its vineyard’s location and its individual location within said vineyard.
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DNA Extraction. Once extracted from sticky traps, GWSS bodies were separated from their heads and placed back in their
original MCTs (Bextine et al. 2004).  Briefly, the heads were then placed in 96 well plates, with one head per well, and
covered with 200µL PBS buffer.  The plates were placed under vacuum suction for two minutes a total of five consecutive
times.  The heads were removed, and 200µL of Lysis Buffer L6 was added to each well.  The plates were centrifuged at
5,000rpm for 5 minutes, and 300µL of the supernatant in each well was transferred into a corresponding MCT.  Afterward,
53µl of silica slurry was mixed into the 300µL solution, and the MCTs were incubated at room temperature for five minutes,
and centrifuged at 2000rpm for another five minutes.  Afterward, the supernatant was drawn off and discarded, and 200µL of
wash buffer was added to each MCT.  The MCTs were then centrifuged at 2,000rpm for five minutes, and the supernatant
was drawn off and discarded.  This washing step was repeated twice for a total of three washes.  The MCTs were dried at
60˚C with their caps open for ten minutes, or until the silica was dry.  One hundred µL of TE buffer was gently mixed with
the silica in each MCT, and the MCTs were incubated at 60˚C for another five minutes, and centrifuged at 5,000rpm for
another five minutes.  Seventy µL of the supernatant was transferred into a sterile MCT, without picking up any silica, and
the MCT’s were labeled and placed in the freezer.

QRT-PCR. The PCR hood was left under UV light for a minimum of thirty minutes prior to use.  Once UV light was turned
off, the station was sterilized using 10% bleach.  All samples to be run were placed in a cold block, and the master mix
reagents were allowed to defrost.  PCR was conducted in 10µL reactions, including two Xf positive controls and two No
Template Controls (NTCs).  Each sample reaction, a total of 10µL, included 5µL iQ™ Supermix (Bio-Rad Laboratories,
Hercules, CA), 0.5µL SYBR® Green nucleic acid gel stain (Molecular Probes™, Eugene, OR), 1.7µL nanopure water, 0.4µL
forward primer, 0.4µL reverse, and 2µL sample DNA.  Each Xf positive control contained only 1µL DNA, and each NTC
contained only 10µL master mix (every reagent except DNA).  Each reaction was carried out in 0.1mL PCR tubes (Corbett
Research, St. Neots, Cambridgeshire, UK).  The prepared samples were placed into a Rotor-Gene RG-3000 QRT-PCR
machine (Corbett Research, St. Neots, Cambridgeshire, UK) and run to determine if they contained Xf positive DNA.

Determining Orange Oil Retained. In order to create an applicable orange oil dilution series, the average amount of orange
oil retained in each GWSS body was first determined.  Ten empty MCTs were weighed and logged.  The average MCT mass
was found to be 965.7mg.  The same ten MCTs were each filled with 100µL orange oil and weighed once more.  The average
MCT + 100µL orange oil mass was found to be 1044.5mg.  Ten GWSS bodies were soaked in orange oil for five minutes,
following the trap removal protocol. The heads were removed, placed in ten MCTs, and centrifuged at maximum rpm
(14,000rpm) for one minute.  The heads were then removed and the MCTs containing retained orange oil were weighed.  The
average mass of the MCTs + retained orange oil was 965.84mg. The average mass of an MCT containing retained orange oil
minus the average mass of an empty MCT was found to be the average mass of retained orange oil in an GWSS head
(965.84mg - 965.7mg = 0.14mg).

Dilution Series. Two orange oil dilution series were run through QRT-PCR in this test.  The first was a ten-fold dilution
series.  Triplicates of samples containing 8µL master mix, 1µL positive Xf DNA, and 1µL of either 100%, 10%, or 1%
orange oil were run through QRT-PCR.  With the information gained from the ten-fold dilution series, a more precise
dilution series was developed.  This dilution series was a 1/1 – 1/10 dilution of orange oil.  The same reaction volumes were
used, and the same procedure was followed.

RESULTS AND DISCUSSION
Determining Orange Oil Retained. The average mass of an MCT containing retained orange oil minus the average mass of
an empty MCT was the average mass of retained orange oil in an GWSS head (965.84mg - 965.7mg = 0.14mg).  The average
mass of an MCT containing 100µL orange oil minus the average mass of an empty MCT equaled the average mass of 100µL
of orange oil (1044.5mg - 965.7mg = 78.8mg).  Since M1/M2 = V1/V2, the average mass of orange oil retained divided by
the average mass of 100µL of orange oil was equal to the volume of orange oil retained divided by 100µL orange oil
(0.14mg/78.8mg = V1/100µL).  The average volume of orange oil retained by an individual GWSS head was 0.178µL
(0.14mg/78.8mg x 100µL).  This figure was used to determine the range of an orange oil dilution series.

Dilution Series. From the QRT-PCR data collected (Figure 1), 1µL of 100% as well as 1µL of 10% orange oil in a 10µL
reaction completely inhibited binding of fluorescent binding proteins to Xf DNA, and 1% orange oil had no effect on binding.

Following the first dilution series, a more precise dilution series was developed.  This dilution series was a 1/1 – 1/10 dilution
of orange oil.  The same reaction volumes were used, and the same procedure was followed.  The result was a strong
deviation from fluorescence expected under normal conditions in samples containing between 1µL and 0.1µL of orange oil.
The average volume of retained orange oil per GWSS head, 0.178µL, is within this range, proving that the orange oil present
in GWSS heads interferes with Xf DNA fluorescence in QRT-PCR.
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CONCLUSIONS
The presence of orange oil does inhibit the ability to detect Xf DNA by QRT-PCR by inhibiting the extraction of Xylella
DNA, the amplification of target DNA during PCR, or the fluorescence signal emitted by fluorescent binding proteins during
QRT-PCR.  In our protocol, care was taken to avoid an overabundance of orange oil in samples.  Primarily, we were
extremely selective and conservative with the amount of orange oil used during insect extraction.  Instead of soaking an
entire trap, our procedure calls for a squeeze bottle that can directly apply small amounts of orange oil to each individual
insect.  Another step is the prompt transfer of each insect into a 70% ethanol wash, followed by a DI water wash, before
being placed in a sterile MCT.  This step ensures that each insect has been thoroughly washed of enough orange oil that
contamination is no longer a concern.  Seventy percent ethanol also cleanses each insect of many other contaminants as well.
Concentrated orange oil can also be diluted, but loses its solvent strength the more it is diluted.  We use concentrated orange
oil in our trap extractions because it dissolves the sticky trap adhesive faster and more efficiently.  Again, other solvents may
be more efficient and less contaminating, but we must use orange oil in our extractions due to its high flashpoint.  Other
strong organic solvents, such as turpentine, hexanes, or ethers have flashpoints too low to be used in silica-based DNA
extraction or QRT-PCR.  The temperatures reached in these processes are too high for other organic solvents except orange
oil.

Another factor in the inhibition of QRT-PCR performance by Xylella DNA may be the sticky adhesive that is dissolved in
orange oil during the trap extraction process.  We believe that this does not have an inhibiting effect due to the adhesive’s
inability to absorb into the bodies of GWSS.  However, our follow up experiment will test this theory using the same
methods discussed in this test.

The results of this experiment are crucial in further understanding the insect vector, GWSS.  The management and control of
Pierce’s disease depends heavily on the ability to closely and accurately monitor its vectors.  This experiment impacts any
insect extraction and trap removal procedure involving organic solvents, a prominent practice in entomology across the
globe.
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ABSTRACT
Leafhoppers are considered the second most important vector of agricultural diseases.  We examined the gene expression
across three leafhopper species, the glassy-winged sharpshooter (GWSS; Homalodisca vitripennis), the blue-green
sharpshooter (BGSS; Graphocephala atropunctata), and the black-winged sharpshooter (BWSS; Oncometopia nigricans),
which are vectors of the plant-infecting bacterium, Xylella fastidiosa, which causes Pierce’s disease (PD) of grapes.  The use
of genomic data is providing new information on the biology and relatedness of these and other leafhoppers.  Using a
genomics approach has also advanced the understanding of leafhopper immunity, pathology, and development.  As new
developments in genomics and RNAi methodologies emerge, researchers will be able to use this genetic information to
design highly specific and effective management tools to reduce either leafhopper populations, and/or leafhopper-transmitted
diseases.  The importance of these leafhoppers as the vectors of PD, the abundance of Expressed Sequence Tags (ESTs)
produced for each, and their differences in host plant preferences, provide an excellent opportunity to conduct comparative
examination of these leafhoppers.  Several cDNA libraries which had been made from adult GWSS, BGSS, and BWSS, plus
nymphs, and tissues, provided a resource totaling almost 50,000 ESTs.  When assembled, we obtained ~5,000 specific
transcripts for each species for comparison. This is approximately one-third of all the predicted active genes available, as
other insect genomes have demonstrated ~15,000 total genes.  These were used for analyses between these species as well as
for larger analysis to known genomes. Further analyses were conducted in silico using software programs available online
Internet Resources, NCBI, EXPASY, and others to compare assembled data, predict proteins and compare them to the
broader scope of insect genomes.

Many other genes of interest which have various functions in leafhopper biology and physiology have also been identified
but are not reported herein.  The EST sequences reported in this study have been deposited in GenBank’s dbEST (see
references: Hunter 2005, 2006, 2007).

INTRODUCTION
Sharpshooter leafhoppers are vectors of a number of economically important destructive plant diseases caused by the plant
infecting bacterium, Xylella fastidiosa (Xf).  Understanding how these leafhoppers interact with their host plants and the
pathogens they transmit is key to developing new management strategies against Pierce’s disease (PD).  Advances in
genomic sequencing now permits researchers to examine thousands of genes which leafhoppers depend during feeding,
development, and which are associated with disease acquisition and transmission.  We compared the available genetic data
for three leafhopper species, Homalodisca vitripennis (glassy-winged sharpshooter; GWSS), Graphocephala atropunctata,
and Oncometopia nigricans, (Hunter 2003, Hunter et al., 2005, 2006, 2007) which are vectors of the plant-infecting
bacterium, Xf, which causes PD of grapes, and other ‘scorch-like’ diseases in other woody crops. (Hopkins and Purcell,
2002).

Sharpshooter leafhoppers, belong to the insect order Hemiptera, and feed primarily from the plant xylem, with minor
amounts of feeding from the mesophyll and phloem (Backus and Hunter 1989, Hunter and Backus 1989).  Xylem unlike
plant phloem does not contain large amounts of sucrose and amino acids. Amino acids and soluble proteins are the primary
nitrogen nutrients in xylem fluid (Andersen et al., 1989,1992).  The dietary nitrogen impacts survival, growth, and
reproduction of phytophagous insects (Bi et al., 2005).  Consequently, the nutritionally dilute chemistry of the xylem fluid is
a probable cause of the extremely high rate of feeding by leafhoppers (Brodbeck et al., 2004).  The reported ability of
leafhoppers to physiologically assimilate at least 99% of the amino acids, organic acids, and sugars is an evolutionary
adaptation in response to their unique food source (Andersen et al., 1989; Brodbeck et al., 1999, 2004, Redak et al., 2004).
This adaptation has a genetic basis and using genomics we can start to identify many of the genetic components which are
key to leafhopper feeding, digestion, and growth.
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Thus an important part of our project involves gaining a better understanding of the digestive physiology of leafhoppers
vectors of PD.  Genomics is providing the molecular tools needed to investigate the role proteins and peptides play in
leafhopper nutrition.  The increased comprehension of leafhopper digestive physiology also provides a more thorough
understanding of the nutritional requirements, effects of host plants, and will provide the information needed to produce more
effective mass rearing methods for application in the production of leafhoppers for parasitoid production.

Although the full extent to which leafhoppers, like GWSS, utilize host plant proteins is not understood, the ability to utilize
xylem proteins as a nutrient source depends heavily on the presence and activity of the kinds of proteases within the digestive
tract.  Therefore, identifying these proteases and other enzymes will influence current tenets and advance our understanding
of the underlying mechanisms of leafhopper digestive physiology.  The use of expression libraries is a timely approach to
understanding the genetic basis of proteolytic activity as it relates to insect development (Hunter et al., 2003; Sabater-Munoz
et al., 2006), feeding and digestion (Colebatch et al., 2002; Coudron et al., 2007).

OBJECTIVES
Apply comparative genomics to advance the understanding of leafhopper biology, digestion, and development.  These data
support development and application of emerging management strategies which rely on an understanding of leafhopper
genetics.

RESULTS
The datasets were produced in the Hunter lab (2005-2007), with sequencing performed at the Genomic lab, ARS, U.S.
Horticultural Research Lab, Ft. Pierce, FL.

Sequence Analysis: Base calling was performed using TraceTuner™ (Paracel, Pasadena, CA) and low-quality bases (quality
score <20) were stripped from both ends of each Expressed Sequence Tag (EST).  Quality trimming, vector trimming, and
sequence fragment alignments were executed using Sequencher™ software (Gene Codes, Ann Arbor, MI).  Sequencher contig
assembly parameters were set using a minimum overlap of 50 base pairs (bp) and 90% identity.  Contigs joined by vector
sequence were flagged for possible misassembly and manually edited.  Putative sequence identity was determined based on
BLAST similarity searches using the NCBI BLAST server (www.ncbi.nlm.nih.gov) with comparisons made to both non-
redundant nucleic acid and protein databases using BLASTN and BLASTX, respectively (Altschul et al., 1997).  Matches
with an E-value ≤-10 were considered significant and were classified according to the Gene Ontology (GO) classification
system (Schäffer et al., 2001).  A partial list of ~29 transcripts (Table 1) show homologous matches between leafhoppers,
and the E-values showing relative homology.  As the value approaches zero, the more significant the homology match
(yellow), as sequences diverge, having less homology the values become farther away from zero, approaching a positive
number (note: all values in Table 1 under E-value are negative or zero).

Digestive Enzymes:  Aminopeptidases, several cathepsin L–like cysteine proteases, and other proteases have been identified
in these leafhoppers which are also in other piercing-sucking feeding insects (Foissac et al., 2002, Wright et al., 2006, Zhu et
al., 2003).  In aphids, a cathepsin B protease has been shown to be constitutively expressed in all aphid individuals,
suggesting gene duplication and evolution of a novel biological function of cathepsin B in the aphid lineage (Houseman and
Downe 1983).  Cathepsin B proteases were also identified in these leafhoppers and may show similar duplication.

Cleavage of food proteins into peptides and amino acids is an important process for which an array of proteases of different
substrate specificity and enzymatic activities are produced in the alimentary tract and are involved in protein digestion (Terra
et al., 1996, Sajid and McKerrow 2002).  Gene duplications relevant to biological requirements such as those which encode
digestive proteases, have been documented in:  lepidopteran insects (Chougule et al. 2005), coleopteran insects (Zhu-Salzman
et al. 2003; Brown et al. 2004), parasitic helminths (Dvora´k et al. 2005), and will most likely be found to have occurred
within leafhoppers.  The number of genes associated with leafhopper biology continues to expand as more genetic
information is produced and compared from different species of leafhoppers (Figure 1). Annotation of these data advances
current understanding of leafhopper biological pathways while providing clues to the genetic basis of such processes in
insect-pathogen, and insect-plant interactions (Figures 2 and 3).  The availability of genomic data for these leafhoppers
continues to increase, thus uses of the current data provides a solid foundation for future studies in leafhopper functional
genomics.

CONCLUSIONS
The information gained from this study provides the first investigation using comparative genomics of the transcriptomes
from three leafhopper vectors of PD of grapes: H. vitripennis, G. atropunctata, and O. nigricans.  Amino acid sequence
comparisons BLASTX, BLASTP with other known proteins relies on conserved motifs of specific domain(s), NCBI
GenBank database (http://www.ncbi.nlm.nih.gov/blast). In silico analysis based on protein domains is a widely accepted
method which continues to increase in quality and demonstrates the application of Bioinformatics to address many biological
questions.  Many of the discoveries made in other insects, such as Drosophila, Honey Bee, or Lepidopteran species, can be
applied within the Hemiptera when the same genetic transcripts can be identified.  For example, we increased our
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understanding of the roles and pathways of heat shock proteins in leafhoppers by examining the data completed in Locusts,
Flies, and Nematodes.  The same is true for digestive enzymes.
The increasing application of transcriptional data is leading the way in the development of new strategies to reduce plant
diseases and their insect vectors.  Application of RNAi against a wide range of insect species from spruce budworm to
whiteflies are viewed as the future in insect pest control, and many new methods which incorporate the use of native
endophytic bacteria and/or viruses as the mechanism for delivery or expression of dsRNA within plants are being widely
evaluated.  The main advantages of applying genomic data in this manner to solve agricultural problems is that the plants are
not ‘transformed’, thus the quality of the crop is not altered, saving time, money, and reducing the effort needed to find
solutions to many emerging devastating agricultural problems.  Collectively, these genetic sequences provide the foundation
needed for further functional genomic studies which will enable the development of more biorational management strategies
to reduce losses from the diseases spread by these and other leafhopper pests.
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Table 1. Partial Comparison of cDNA’s in three leafhopper species, Homalodisca vitripennis, Graphocephala
atropunctata, and Oncometopia nigricans.  Analysis using BlastX, Values approaching zero are more significant in sequence
identities (Yellow).  Genes which have more variability (Blue).  Sequence homology was greater between Homalodisca and
Oncometopia than to Graphocephala, which supports current taxonomy separating these leafhoppers.  Only a partial list is
shown for sequences within Molecular Function.
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Figure 1.  Composite figure showing distribution of Homalodisca vitripennis transcripts across other species (along left),
with the top 6 species homologies being in these insects whose genomes have been completed: Drosophila melanogaster,
Aedes aegyptii, Tribolium castaneum, Anopheles gambiae, Nasonia vitripennis, and Apis mellifera. Molecular functions of
transcripts gave the greatest number within: Catalytic activity=1,945; Binding=1,731; and then transporter activity=505.
Broad Categories.  Represents EST’s from three cDNA libraries, Adults, 5th instar, and Midgut. H. vitripennis, (Blast2GO
analysis).
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Sequence Distribution: Molecular Function- cutoff 50.0/category

Figure 2. Sequence Distribution: Molecular Functions. Categories had to have at least 50 members.  Represents EST’s
from three cDNA libraries, Adults, 5th instar, and Midgut. Homalodisca vitripennis, (Blast2GO analysis).  Highest Categories
in descending order: Ribosome structure= 296, Calcium ion binding=218, ATPase activity=154, Actin binding= 134,
Microfilament motor activity=180, Endopeptidase activity=114, Oxidoreductase activity= 109, Protein Kinase activity= 107.

Sequence distribution: Cellular Component- cutoff=20.0/categorySequence distribution: Cellular Component- cutoff=20.0/category

Figure 3.  Sequence Distribution: Cellular Component. Categories had to have at least 20 members.  Represents EST’s
from three cDNA libraries, Adults, 5th instar, and Midgut. Homalodisca vitripennis, (Blast2GO analysis).
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ABSTRACT
Glassy-winged sharpshooter (GWSS), Homalodisca vitripennis, appears to be limited to discrete regions within the San
Joaquin Valley where winter temperatures are mild and the temperature rarely drops below freezing.  Prior research indicates
that GWSS adults cannot feed at maximum daily temperatures below 50°F (= 10°C), thereby reducing its ability to survive
cold winters.  We verified the impact of cool temperatures on GWSS adults by exposing them to a regime of seasonal
temperatures (within temperature cabinets) that reflect a variety of areas within the state.  As expected, mortality rates varied
greatly among sites tested, and it appears that mortality is related to both length of exposure as well as intensity of exposure
(i.e., amount of cold endured).  Using temperature records to calculate numbers of cooling degree days, we constructed ten
GIS maps to delineate areas where post-winter GWSS mortality should be substantial, thereby providing a tool to estimate
the springtime GWSS threat to different regions.  However, estimates of post-winter GWSS mortalities were usually smaller
(< 90%) than expected across much of the agricultural production areas of the Central Valley.

INTRODUCTION
The initial arrival of glassy-winged sharpshooter (GWSS), Homalodisca vitripennis, into California’s Orange and Ventura
counties was predicted to dramatically change Pierce’s disease (PD) epidemiology within infested areas (Varela et al. 2001).
The insect soon spread into other southern California localities.  PD devastated the wine grape industry in the Temecula
Valley resulting in significant losses.  First detected in Kern County in 1998, GWSS is now present in the San Joaquin
Valley. However, the rapid population expansion first observed in southern California appears to be limited to discrete
regions within the San Joaquin Valley coincident with citrus production areas where overwintering populations are highest
and winter temperatures are relatively mild compared to locations elsewhere in the San Joaquin Valley.  Additionally,
persistent, localized GWSS populations are present within the urban areas of Fresno, Sacramento, and San Jose Counties
where a range of perennial plant host types and slightly elevated daytime high and evening low temperatures might favor the
survival and persistence of established populations.

Hoddle (2004) used the climate modeling program “CLIMEX” to estimate the potential worldwide distribution of GWSS.
His reported estimates for California (when all localities received supplemental irrigation water) suggested that GWSS could
establish reproducing populations along much of the California coast from San Diego north to the Eureka vicinity and within
the Central Valley from Bakersfield north to the Redding vicinity.  He did propose cold stress as a potential limitation to the
establishment of GWSS in states north of California (i.e., Oregon, Washington).  However, other observations and studies
suggest that low winter temperatures may be the “bottleneck” that limits GWSS survival and distribution in the higher
altitudes and northern regions of California (Pollard and Kaloostian 1961, Russell Groves et al., unpublished data from
2003).

CDFA-funded research showed that GWSS adults do not feed near or below 50°F (10.0°C), and that individuals will die if
held below 50°F for long periods (e.g., 15 or more days) even in the presence of food and water (Johnson et al. 2006).  Also
of significant importance is that the overwintering adult cohort is responsible for producing the offspring in the spring, which
may start as early as late-February in some southern California areas (Krugner 2007).  Given this, if the daily maximum
temperature infrequently surpasses the thermal activation threshold (50°F) necessary for GWSS ingestion, then GWSS
survivorship may be curtailed by extended periods of cool temperatures in specific microclimatic regions of California.  We
experimentally showed this phenomenon using programmable, temperature cabinets to simulate fluctuating diurnal
temperature regimes based on January temperatures in the locations of Riverside (Riverside County.), Oakville (Napa
County), and Buntingville (Lassen County), CA.  In our study, the Riverside temperature always exceeded 50°F (= 10°C),
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and about 20% of the test insects remained alive after 115 days; for Oakville it daily exceeded 50°F for 18 hours and only
10% of GWSS survived after 115 days; and for Buntingville the temperature never reached 50°F, and the entire test group
died within 20 days (Youngsoo Son et al., unpublished data).  We have applied the concept of cooling degree-days (CDD) to
estimate the impact of cool temperatures on GWSS survival.  The equation for CDDGWSS may be expressed as:

Daily CDDGWSS = ⎥
⎦

⎤
⎢
⎣

⎡ <−

otherwise
Tm

,0
F50T if,50 o
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where Tm = daily mean temperature in a given locality, | Tm – 50 | = absolute value of difference between Tm and the feeding
threshold of 50°F when the mean daily temperature is lower than 50°F.  Daily CDDGWSS equals zero if the daily mean
temperature (Tm) is higher than 50°F.  By summing the CDDGWSS for each day over an extended period, one can estimate the
cumulative CDDGWSS over the specified time period for that locality.  Using unpublished field data collected by Don Luvisi,
Farm Advisor Emeritus, in 2001-2002, we plotted the relationship between cumulative CDDGWSS and GWSS survival at
various sites in the vicinity of Bakersfield (Kern County).  Based on a curvilinear regression, GWSS survival dropped to 0%
when about 321 CDDGWSS in °F (or 178 in °C) were accumulated.

Because most of our previous CDFA-funded work on the impact of cool temperatures on GWSS feeding and survival was
conducted using constant temperatures, it was necessary to validate our findings under actual fluctuating temperatures in the
field.  Prior efforts to field-validate the impact of cool winter temperatures on caged GWSS adults in the crop production
areas of the San Joaquin Valley (e.g., east and west of Bakersfield, central Fresno and Merced Counties) and farther north
(Napa and Sonoma Counties) were prevented due to concerns over potential escapes of GWSS individuals.  Fortunately, we
were permitted to establish one field test comparing GWSS adults caged in the urban area of Bakersfield versus caged GWSS
in Riverside (UCR Citrus Experiment Station).  The GWSS individuals died in a shorter amount of time at the cooler
Bakersfield site than the Riverside site.  However, only one field test of our hypothesis using fluctuating temperatures is
inadequate.  Therefore, we proposed to test the impacts of fluctuating temperatures on GWSS survival using programmable
temperature cabinets as we have done for the study mentioned above.  These additional studies would provide insights into
the benefits of using cumulative CDDGWSS to estimate GWSS survival.  We also planned to analyze historical temperature
data for various locations within the agricultural production areas of California to determine if winter conditions (e.g.
November to March) would permit significant GWSS survival based on CDDGWSS accumulation.  The eventual product that
we aim to produce from these efforts will be the production of GIS maps that estimate CDDGWSS accumulation over the
winter months to provide estimates of the ability of local GWSS populations to pose a substantial threat to local agriculture in
the following growing season (i.e., a risk assessment).  As resources for GWSS management dwindle, government agencies
will be forced to make decisions on which regions should receive area-wide treatment to suppress GWSS populations.  Our
studies suggest that the presence of the GWSS threat may vary with the severity of local winter temperatures.  An annual
estimation of overwintering GWSS survival across agricultural regions will provide insights into where resources for GWSS
suppression should be most effectively allocated.

OBJECTIVES
1. Verify impacts of winter temperatures on GWSS survival from selected California sites;
2. Quantify and compare variation in “cooling degree day” accumulation within and among selected California sites using

historical temperature data; and
3. Construct Geographical Information Systems (GIS) maps that estimate GWSS survival during the winter period.

RESULTS AND DISCUSSION
Objective 1
Verify impacts of winter temperatures on GWSS survival from selected California sites

Dr. Hannah Nadel conducted experimental studies in temperature-controlled growth chambers at the University of California
at Riverside.  Laboratory studies were conducted because using live GWSS in field-cage studies was prohibited outside of the
GWSS-infested areas of California.  Cabinets were programmed to run various fluctuating, diurnal temperature patterns that
were representative of historical patterns from selected sites within California’s agricultural regions.  For nine CIMIS sites
(i.e. Riverside, Santa Ynez, Porterville, Merced, Davis, Oakville, McArthur, Gerber, and Arvin), mean daily maximum and
minimum temperatures were calculated for the months of November, December, January, February, and March.  GWSS
adults were caged under a given temperature regime (e.g., McArthur) for a five month period. In chronological order
(November, December, January, February, and March), the temperature cabinets were programmed to simulate the average
maximum and minimum temperature patterns for the individual months (i.e., 30 days for November, 31 days for December,
31 days for January, etc.).  To avoid mortality due to freezing, the minimum temperature was set at 3°C.

Adult GWSS were collected by beat-netting from lemon trees at the UCR Agricultural Operations citrus orchard in Riverside,
CA, between late October and early December 2007.  They were held on potted sweet orange and prostrate acacia in mesh
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and vinyl cages in a greenhouse at 25 ± 4°C with natural light (supplemented with sodium vapor lamps L:D 12:12) for 4 – 7
days before use.

Two plant species were selected as winter hosts for the study, ‘Washington Navel’ orange (Citrus sinsensis [L.] Osbeck)
grafted on trifoliate orange (Poncirus trifoliata [L.] Rafinesque) rootstock, and prostrate acacia (Acacia redolens Maslin cv
‘prostrata’).  Grapevines were not used as originally planned because of difficulty locating nursery stock not treated with
insecticides.  Prostrate acacia is a leguminous evergreen shrub that is an overwintering host for GWSS (H. Nadel, personal
observation).  One orange (75 cm tall) (TreeSource Citrus Nursery, Exeter, CA) and one acacia (Parkview Nursery,
Riverside, CA) were potted together in a 180 cm2 (7-inch) pot and all plants were acclimated at least 1 month in a greenhouse
before the study started.  A 3.0 mm layer of white sand was placed over the potting medium to facilitate observation of
insects on the soil.  A 10-day study revealed that the nursery plants were apparently free of toxic residues.

Exposure of GWSS to simulated November temperatures began on the following dates: Riverside 11/9/07; Arvin 11/14/07;
McArthur, Oakville and Merced 11/16/07; Porterville, Gerber and Davis 11/30/07; and Santa Ynez 12/6/07.  Five male and
five female GWSS were transferred in vials from holding cages to each experimental cage.  Seven replicate cages were
placed individually in water saucers in each temperature cabinet and the plants and insects allowed to acclimate at 18°C for
24 hours before winter temperature simulations began.  Cabinets were lighted from 6:00 AM to 6:00 PM by four 32 W
fluorescent tubes and two 15 W incandescent bulbs.

GWSS mortality was recorded weekly.  Cages were removed from temperature cabinets only long enough to examine and
remove dead insects, and were quickly returned (2-5 min).  Insects that appeared to be dead were removed from cages, placed
on paper under room temperature (20-21°C), and covered with a clear vial.  Those that did not revive within two hours were
recorded as dead; revived GWSS were returned to their respective cages.  Examination of cages was done during the warmest
hours of the simulated day, when the insects were likely to show movement.  Dead insects were counted and sexed.  The
potting medium was kept moist with weekly or biweekly watering, as needed.

Numbers of live and dead individuals were counted weekly until all insects died or the 5-month study period ended.  The
cumulative CDDGWSS were calculated for each location regime (e.g., Riverside, McArthur) based on temperatures recorded
with HOBO recorders within the temperature cabinets (Table 1) and percent survival will be compared among regimes using
survival analysis.  The numbers of cumulative CDDGWSS required to kill all GWSS individuals per cage will be compared
across location regimes to determine if the value to kill all test insects remains fairly constant across different diurnal
temperature patterns.  Mortality in all environments was > 97% at the end of the study (Figure 1).  As expected, all GWSS
died in the McArthur environment by early December, after exposure to temperatures below feeding threshold.  All insects
died in the Davis and Oakville environments before accumulated CDD reached the average predicted value for 100%
mortality.  Although the Riverside environment accumulated no CDD, ~ 98% of the insects died by the end of the study.  A
modification of the planned analysis will therefore be necessary, possibly including a senescence function.  It was apparent
that there was a relationship between the rate of CDD accumulation and how quickly the insects died.

Objective 2
Quantify and compare variation in “cooling degree day” accumulation within and among selected California sites using
historical temperature data

Daily maximum and minimum temperature data were downloaded for 10 winter periods (November through March 1997 –
2007) from 15 CIMIS stations in several climatic regions of California, including areas expected to be suitable and unsuitable
for GWSS winter survival.  Two CIMIS stations, Merced and Porterville, were operative less than 10 years prior to 2007, and
had only eight and seven years of data, respectively.  CDD were calculated for each date and summed for each winter month,
then averaged (Figure 2).  Most of the sites accumulated less than 300 CCDs (based on °C).  Five sites accumulated less than
200 cumulative CDDs.

Objective 3
Construct Geographical Information Systems (GIS) maps that estimate GWSS survival during the winter period

We produced 10 GIS maps that show estimates of post-winter mortality of GWSS populations (estimated as % mortality) in
regions across California following the periods of November through March for each year from 1998-1999 to 2007-2008.
These maps were based on temperature data collected during the target months of November through March by CIMIS and
the Western Regional Climate Center (WRCC).  We estimated the cumulative CDDGWWS based on mean daily temperatures
for about 340 temperature monitoring sites.  One hundred percent mortality was achieved at 321 cumulative CDDGWWS
(based on °F).  Spatial statistics techniques using ESRI ArcGIS® Geostatistical Analyst were used to create interpolated
surface maps using an Inverse Distance Weighted Analysis with a standard search of 206 points using 15 neighbors (at least
10 were found for each search).  Two examples of the maps are provided showing dramatic differences in estimated GWSS
mortality in the Central Valley in 1998-1999 (Figure 3A) versus 2007-2008 (Figure 3B) with much less mortality during the
latter period.
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Contrary to our initial assumptions, estimated post-winter mortality was not as high as we expected (i.e., 100%) in most of
the agricultural areas of the state and was quite variable throughout the ten years examined.  Within the Central Valley,
estimated GWSS mortality resulting from cool temperatures (that inhibit normal feeding) usually varied from 80 to 95%.
Based on these results, we now realize that there is a need to be able to estimate the size of GWSS populations at the end of
the winter months as well as the potential for increase in various areas based on climatic conditions.  Small post-winter
populations in cool areas (Santa Ynez) may not pose a threat to agriculture compared to large post-winter populations in
warmer areas (e.g., Merced).  Also of importance is the time when GWSS females initiate egg laying in the spring.  Egg
laying may be as soon as late February in Riverside compared to later dates farther north in cooler areas.

CONCLUSIONS
This project has generated significant new information regarding the impact of California winter temperatures on GWSS
survival and also provides a practical tool to use in the decision making process for GWSS management.  However,
estimated post-winter GWSS mortality due to cold inhibition of feeding was smaller (< 90%) than expected across much of
the agricultural production areas of the Central Valley in most of the winters for which maps were produced.  In much of the
Central Valley, mortality estimates ranged from 80 to 90%, which may be insufficient to prevent the initiation of threatening
spring populations of the GWSS.  However, occasionally estimates were as high as 90 to 99%.  Another important factor is
geographical location because GWSS populations in southern latitudes are typically able to initiate egg-laying earlier than
populations farther north.  More northern populations will suffer greater temperature-related mortality before they can initiate
egg-laying activities.
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Table 1. GWSS adult mortality and total CDD (based on a feeding
threshold of 10°C) accrued to reach > 95% mortality.
CA Site Accumulated CDD Mortality (%) Weeks elapsed
Riverside 0 98.6 17
Arvin 86 95.7 12
Oakville 117 97.1 9
McArthur 144 97.1 4
Davis 145 97.1 11
Santa Ynez 154 97.1 11
Porterville 221 95.7 18
Merced 236 97.1 21
Gerber 237 96.7 16
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Figure 1. Relationship between accumulated CDD (Based on °C) and GWSS mortality under
simulated winter conditions for nine California sites. Points represent mean weekly mortality data.
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Figure 2.  Mean (± SEM) accumulated CDD (in ºC) for each winter month at CIMIS sites in California over
a recent 10-year period (November 1997 through March 2008).  The selected CIMIS stations represent
climates in the San Joaquin Valley (Arvin, Porterville, Merced, Manteca), Sacramento Valley (Davis,
Brown’s Valley, Durham, Orland, Gerber), south coast (Riverside), central coast (Sta. Ynez), north coast
(Oakville, Hopland), Cascades Range (McArthur), and Klamath Basin (Tulelake Fire Station).
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A B

Figure 3. Estimated percentage of cold-induced mortality of adult GWSS populations throughout California
regions experiencing different levels of cumulative cooling day degrees (CCD) from A) November 1998 thru
March 1999 and B) November 2007 thru March 2008. Dark blue represents 100% GWSS mortality (> 321
cumulative CDD based on ºF or > 178 cumulative CDD based on ºC) and red represents 0 to 69% GWSS
mortality.  Green circles indicate CIMIS weather stations.
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REPRODUCTIVE BEHAVIOR OF A KEY VECTOR OF XYLELLA FASTIDIOSA IN TEXAS
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Reporting Period: The results reported here are from work conducted July 2005 through October 2008.  Greenhouse data
are from studies carried out in 2002-2003.

ABSTRACT
The glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) is a xylem specialist in the Hemiptera Auchenorrhyncha
which has the potential to transmit Xylella fastidiosa, the causal agent in Pierce’s disease of grapevine.  It is the most
common leafhopper associated with vineyards in Texas.  Using wild GWSS adults collected in Central Texas parks and
vineyards, egg loads and biometrics were obtained and used to determine the seasonality of reproduction in females of this
insect species.  Captive adults reared in the greenhouse during the summer and fall months were studied throughout their
lifespan.  During this study, caged females produced large numbers of eggs in the same seasons as wild females do.  Fall
females delayed oviposition by about 75 days, with nymphal emergence being postponed then until late winter.  More
suitable rearing conditions are needed to reduce the duration of the pre-oviposition period in fall emerged females.

INTRODUCTION
Between 1995 and 2004, (fresh) grape production in the United States averaged 6.5 million tons annually (NASS, Crops
Branch, 2005).  With citrus and commercial apples, grapes are the most important fruit crop in the country.  In recent years,
grapes have been a very popular fruit crop in Texas, the fifth largest wine producing state in the nation.  There are currently
over 220 family-owned vineyards and about 3,700 acres under production; this industry contributes over $1 billion a year to
the state’s economy (Texas Wine and Grape Growers Association).  The leading grape varieties are the French/European
hybrids of Vitis vinifera traditionally associated with the highest quality wines.  These varieties are susceptible to Pierce’s
disease (PD), an incurable and fatal bacterial infection of disseminated by xylem specialist insects such as the glassy-winged
sharpshooter (Homalodisca vitripennis; GWSS; Hemiptera: Cicadellidae).  These insect pests are often designated as vectors.
Certain grape varieties such as Blanc du Bois, Le Noir, Champanel or the muscadines may be better adapted for Texas and
are considered fairly immune to this disease, whereas the most popular V. vinifera are susceptible to diverse degrees.  PD of
grapevine is the most important limiting factor to grape production in Texas (Texas Pierce’s Disease Task Force 2004).  A
research program was initiated in 2002 with funding from the U.S. Department of Agriculture.  Within this program,
researchers are provided an opportunity to study the vectors in their natural habitat and their interaction with cultivated vines
and other vegetation.

OBJECTIVES
1. Wild GWSS populations have been monitored in Central and North Central Texas since 2003-2004.  A number of adult

females were sorted out to assess biometrics and evaluate their reproductive status through time based on egg load.
2. Using GWSS reared in captivity, total fecundity, daily oviposition pattern and longevity of GWSS females produced in

summer and fall months were determined.  Embryonic and nymphal survival and sex ratio of the first generation were
measured in both seasons.

RESULTS
GWSS populations are monitored using sticky traps in Texas vineyards and in situ in urban areas of Central and North
Central Texas.  Wild adult females used in this study were from a subsample of insects harvested from July 2005 to October
2008 and stored at 10°C until processed.  Dissections of the ovaries were carried out under stereomicroscope and egg loads
were assessed individually.  Only mature eggs were counted.  Over 3,000 adult GWSS females were sorted out, with
numbers varying from 44 in the combined months of January 2006-2008 to 700 in the months of June 2006-2008.  These data
reflected well the seasonal abundance of GWSS in our area (Lauzière et al. 2008).  Females exhibiting active egg production
(vitellogenesis) were harvested from February to September.  Eggs loads varied significantly between months (F = 60.0; df =
11, 3152; P < 0.0001).  Highest egg loads were observed in March (13.8 ± 7.2 eggs/female; n = 155).  The length of the left
hind tibia was measured individually and used as an indicator of adult size.  Tibia are relatively well conserved in trap
collected adults and therefore a suitable choice for this study.  The size of the tibia in wild females varied significantly
between months (F = 36.8; df = 11, 3069; P < 0.0001).  The largest females were caught in May, June and July (4.1 ± 0.2
mm; n = 1605), the smallest ones in December (3.9 ± 0.2 mm; n = 44).

GWSS adults were reared to adulthood under greenhouse conditions using black-eyed peas and hibiscus as hosts.  Newly
emerged females (n = 30) were selected and individually introduced into cages, each with five adult males.  Adults and plants
(leaves) were monitored once daily.  The duration of the pre-oviposition period (time elapsed between adult emergence and
first egg laid) was determined.  Oviposition was recorded as the number of eggs per day.  Host plants were renewed every
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two weeks and observations continued until females died.  After their death, tibias were individually measured under
stereomicroscope.  Females reared during the summer months initiated oviposition within 13 days of the last molt to
adulthood and deposited on average 187 eggs (range: 36-457) in approximately one month.  The duration of the pre-
oviposition period in females reared during the fall months was 5.6-fold longer than in summer individuals (F = 48.12; df = 1,
48; P < 0.0001).  Both the oviposition (F = 2.30; df = 1, 48; P < 0.0001) and post-oviposition (F = 1.21; df = 1, 48; P <
0.0001) periods were not affected by the season.  The mean number of eggs laid by females in confinement did not vary
significantly with seasons (F = 2.2; df = 1, 49; P = 0.2).  In both seasons, a high proportion of females (≥ 80%) deposited at
least one egg during their lifespan and season did not affect the egg laying ability of captive females (χ2 = 1.2; df = 1; P =
0.3).  Three of the summer females and six of the fall females never laid eggs in captivity.  The mean size of an egg mass was
5.4 and 5.7 eggs in the summer and fall, respectively.  The largest egg mass contained 39 eggs in the summer and 37 eggs in
the fall group.  A mixed model analysis showed that in greenhouse-reared individuals, both the size of the female (F = 0.1; df
= 1, 54; P = 0.8) and the season (F = 0.2; df = 1, 54; P = 0.7) did not affect total fecundity.  However, the total number of
eggs laid by GWSS females was significantly and positively affected by their longevity (F = 5.5; df = 1, 54; P = 0.02).
Unlike many insect species where longevity is positively determined by size, in captive H. vitripennis, we observed that
longevity was strongly dependent upon the season in which the adults emerged (F= 124.0 ; df = 1, 176; P < 0.001).  Mated
summer adult females lived on average 49.3 ± 2.9 days, as compared to 104.0 ± 7.9 days in the fall counterparts.  The
viability of H. vitripennis eggs exceeded 77% and there was no significant difference observed between seasons (F = 0.8; df
= 1, 49; P = 0.4).  However, nymphal survival to adulthood was season dependent (F = 5.5; df = 1, 49; < 0.001 ).  The
ultimate percentage of adult emergence (from egg to adult) was also affected by the season with significantly more adults
obtained from eggs laid by the fall emerged females.  Of all the F1 adults emerged, the sex ratio was near 50:50 in both
seasons (F = 0.3; df = 1, 49; P = 0.6).

CONCLUSIONS
In captivity, the onset of the oviposition period in summer females occurred two weeks after emergence, whereas in fall
emerged females, oviposition was delayed for about 75 days, which in turn postponed nymphal emergence to mid February-
early March of the following year.  Under the greenhouse conditions tested, i.e., warm temperatures and supplemented
artificial lighting maintained throughout the winter, adult fall females behaved as they would have under field conditions
(mortality due to harsh weather and predators excluded) where no reproduction was observed between November and
January.  Additional research is underway to better understand reproductive behaviors in H. vitripennis, stimulate mating and
reproduction in captivity off season so that a reliable rearing procedure that would allow fall-winter production of GWSS
immatures needed for other research activities can be developed.

REFERENCES CITED
Lauzière, Isabelle, Simon Sheather and Forrest Mitchell. 2008. Seasonal abundance and spatio-temporal distribution of

dominant xylem fluid-feeding Hemiptera in vineyards of Central Texas and surrounding habitats. Environmental
Entomology 37: 925-937.

NASS, Crops Branch. 2005. Statistics of fruits, tree nuts and horticultural specialties. 202 : 720-2127.
Texas Pierce’s Disease Task Force. 2004. Does Texas hold the key to eradicating Pierce’s disease? Wine Business Monthly

11: 34-38.
Texas Wine and Grape Growers Association. http://www.txwines.org/

FUNDING AGENCIES
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service.



- 30 -

INVESTIGATION INTO THE INCIDENCE AND DISTRIBUTION OF PIERCE’S DISEASE AND ITS VECTORS
IN A PREVIOUSLY CONSIDERED “VERY LOW RISK” TEXAS WINEGRAPE GROWING REGION.

Principal Investigator:
Isabelle Lauzière
TX PD Research Program
Texas AgriLIFE Research
Texas A&M System
Fredericksburg, TX
IMLauziere@ag.tamu.edu

Co-Principal Investigator:
Jacy L. Lewis
TX PD Research Program
Texas AgriLIFE Research
Texas A&M System
Lubbock, TX
JLLewis@ag.tamu.edu

Cooperators:
David M. Appel
Dept. Plant Pathol. & Microbiol.
Texas A&M University

Forrest L. Mitchell
Texas AgriLife Research
Texas A&M University

Reporting Period: The results reported here are from work conducted May 2008 to September 2008.

ABSTRACT
An ecological model taking into account climactic, environmental and ecological factors was presented as a poster at the
2007 CDFA Pierce’s Disease Symposium.(Lewis, 2007)  The resulting risk map showed that conditions in the High Plains
growing region of Texas were similar enough to other regions where Pierce’s disease (PD) had been previously diagnosed to
suggest this area could be vulnerable to the disease as well. In response, considerations for a new risk map for the state of
Texas were proposed and sampling of suspect vineyards was carried out.  Results of this sampling were used as a basis for
the proposal of a program to examine the distribution of disease in this growing region.  Additionally, possible agents of
transmission were explored starting with an evaluation of the local insect population for putative vectors.  The disease was
found to be widely distributed in this growing region and a number of xylem specialists previously unrecognized to reside in
this area were identified.  Further analysis showed a percentage of these putative vectors to be positive for multiple strains of
Xylella fastidiosa.

INTRODUCTION
There have been periodic observations and diagnostic results to indicate Pierce’s disease (PD) has been an ongoing problem
in the far west Texas grape growing region for decades.  The vineyard originally diagnosed with PD in west Texas is situated
at an elevation of 5410 ft. above sea level and experiences average winter low temperatures of 32˚ F with frequent drops well
below freezing.  When in 2007, testing for possible causes to explain symptoms observed in vineyards in far west Texas
returned negative results, PD was considered as a possible cause.  Sampling of all west Texas vineyards in commercial
production indicated that PD had at that time become geographically widespread in this growing region.  In the process of
compiling statewide ecological and environmental information for addition to a GIS for vineyard information for the state of
Texas, similarity of environmental and ecological conditions between these vineyards and those in what was then described
as an “extremely low risk” wine grape growing region in the Texas High Plains became evident (Perry and Bowen 1974).
Based on this realization, a new risk model for the state of Texas was initiated taking these factors into account.

During the compilation of information for this GIS, current and historical information regarding vineyard establishment and
decline, disease symptoms, and cultural practices was obtained. During the course of this data collection, it was ascertained
that for several years, growers in this area had reported symptoms of “unusual” leaf discoloration, decline in yield and fruit
quality, higher than expected loss of vines to winter injury, and unexplained difficulty in successfully establishing previously
successful varieties such as 'Chardonnay' (Lewis unpublished data, Burns personal communication September 2007).  While
this region has historically been considered to be in a zone of “very low risk” for PD, the combination of these factors lead
researchers and extension personnel to consider the possibility that PD might be implicated in some of these previously
unexplained grower reports.

While the premise for this study was realized well past the optimal season for the collection of plant samples for detection of
Xylella fastidiosa (Xf), the decision was made to begin a preliminary sampling of some of the vines in this area to be used
both to potentially justify further investigation into PD in this growing region and to serve as a pilot study for a potential
research program, should these results be positive.  While certainly not conclusive, based in part on the deteriorated quality of
the plant material at the time of sampling; this investigation returned positive results for Xf by QrtPCR from 31 of 39 samples
in 12 of 12 vineyards with 3 negative and 5 inconclusive results.

Due to what was historically considered a very low potential for PD in this area, the High Plains was not considered a high
priority area for the evaluation of potential vectors for Xf. Trapping in this area was limited to 12 traps in three vineyards,
returning only 10 individual insects representing eight species of potential vectors over a three year period.  The near absence
of potential vectors in this area, presented as a contradiction in the understanding of how Xf infection may have become so
apparently widespread across this region.  Non-traditional possibilities that might account for disease spread in this area
needed to be considered, however a more thorough investigation into potential vector populations needed first to be
completed.  It was in order to narrow the gap in knowledge and understanding of both the incidence of Xf and of the potential
for the range of known vectors to extend into this region that this project was designed and initiated.  Over time, a
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comprehensive understanding of both the vector ecology and bacterial pathogenicity in this area may increase the
understanding of the epidemiological effects of PD in temperate regions world wide.

OBJECTIVES
1. Assess the distribution of Xf infection and PD in the Texas High Plains Growing Region.
2. Asses the presence and distribution of putative vectors of Xf in the Texas High Plains Growing  Region.
3. Evaluate putative vectors for association with Xf.

RESULTS
Objective 1
Assess the distribution of PD in the Texas High Plains Growing Region.
Twenty-six vineyards in the High Plains were selected for potential PD infections based on a number of criteria.  Eleven
vineyards had previously tested positive for Xf in a 2007 pilot survey with QRT-PCR.  A representative sample was selected
to include the range of growing conditions in the High Plains grape growing region.  In addition to meeting ecological and
geographic criteria, several of the selected vineyards had histories of unexplained symptoms and mortality.  Each vineyard
was sampled in May, July, and October.  The sampling procedure consisted of collecting petioles with blades attached from
vines exhibiting suspicious symptoms.  A minimum of 3-4 petioles were removed, starting with the basal position and
moving acropetally to the end of a cane.  When no symptoms were present, a random sample of vines were included to
represent the entire vineyard, bringing the total number of vines to 10/vineyard.  The presence of foliar scorching, green
islands, matchsticks and other appropriate observations were made for the sampled vines.

Samples were placed in an ice chest with blue ice and returned to the laboratory for processing with ELISA, QRT-PCR, and
direct isolation of the pathogen on culture media.  ELISA analyses were done according to manufacturer’s instructions
(Agdia, Elkhart, IN  46514).  QRT_PCR procedures have been established and described in previous studies (Schaad et al.
2002). Culturing of tissue samples for pathogen isolations was done on PW media according to previously accepted practices.

Table 1. Summary of survey and diagnostic results for PD on vines testing
positive in Texas High Plains vineyards in samples collected in June, 2008.

Vineyard
No.

No. Samples
Processed

No. ELISA
Positive

No. QRT-PCR
Positive

No.
Isolations

1 20 3 2 0
2 19 1 1 0
3 13 1 1 0
4 19 1 2 0
5 18 1 0 0
6 22 3 1 0
7 21 2 2 0
8 16 0 1 0
9 22 4 4 0

10 19 1 0 0
11 16 0 2 0
12 16 0 1 0
13 16 0 1 0

Thirteen of the 26 surveyed vineyards tested positive for PD (Table 1).  Seven of those 13 positive vineyards were among
those testing positive in the original 2007 pilot survey.  Although QRT-PCR proved to be more sensitive to detection of the
pathogen in terms of numbers of vineyards, in a few cases ELISA positives were obtained with the sample testing negative
by QRT-PCR.  In no case was the pathogen isolated from the samples, regardless of the results of the indirect tests.
Due to the implications of expanding the recorded range of PD into a previously unaffected, major Texas grape growing
region every precaution has been taken to insure the reliability of the diagnostic results.  The results of the ELISA and QRT-
PCR are considered to be sufficiently reliable to conclude that Xf infections of grape are widespread on the Texas High
Plains.  However, the diagnostic step of isolating the pathogen and completing strain analyses will continue to be pursued in
order to further define the status of PD on the High Plains.

The results from the 2008 sampling extend the range of PD in Texas well into the High Plains growing region.  The apparent
widespread distribution of the disease within this region would suggest that it has been present in this area for several years
and that a competent vector of the bacteria is active in the environment.  The High Plains of Texas is the most productive
wine-grape region in the state, with approximately 1500 acres in commercial production with production expanding yearly.
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Environmental conditions are very different from most other grape growing regions of the state where PD has become a
limiting factor.  It is possible that PD has been responsible for many of the chronic problems for vine production in the past
on the High Plains.  The environmental conditions on the High Plains may be less conducive to epidemic development of PD,
such as that seen in the more southern Texas growing regions.  If so, the economic impact and prospects for control may be
vastly better than in those areas where the disease has been historically devastating.

Objective 2
Assess the presence and distribution of putative vectors of Xf in the Texas High Plains Growing Region.
A number of trapping sites within the High Plains growing region were selected in an effort to identify the presence and
distribution of putative vectors for Xf in grapevines.  In order to identify occupant vector species in the High Plains, a
trapping program which included both active and passive trapping methodologies was designed and implemented during the
2008 growing season.  Results available for this report come from the passive portion of this program.
Nineteen sites were selected for the placement of yellow sticky traps.  These traps were scheduled to be collected on a 14 day
rotation, which was at times amended due to adverse weather or vineyard conditions which made trap collection on the
planned day impossible.  Other factors forced researchers to change the collection schedule for three trapping areas to once
monthly.

Traps placed within vineyards were placed at a density of 10 traps per acre.  A trapping protocol developed to both address
the unique environmental conditions and lack of knowledge of target species was utilized (unpublished).  Trap height varied
with trellis height but was standardized primarily to be wholly or partially within the canopy level for that location.
Additionally, in some locations traps were standardized to heights both “short” approximately two feet from the ground and
“high” approximately four feet from the ground.  Finally, in some “non-vineyard” locations, traps were set using local
vegetation as the indicator for trap height.  This technique helped to increase trapping efficiency for a variety of insect
species, giving a more comprehensive representation of the resident population of putative vectors.

Trapping locations within vineyards were selected based on the following criteria:

1. The 11 vineyards that tested positive for presence of Xf in the 2007 pilot study were given priority.
2. Vineyards not included in any pre-existing trapping programs were prioritized over those that were.
3. Vineyards were grouped into five geographic areas in order to properly assess the entire growing region. A minimum of

one vineyard per geographic region was selected.
4. Vineyards were further selected based on surrounding vegetation in order to include as many ecological/environmental

types as possible.

Trapping sites outside vineyards were selected in order to adequately represent as many of the environmental and
ecologically distinct areas within the region as possible.  In addition, both areas directly adjacent to and several miles from
the nearest vineyard were selected.

This report contains the first nine trapping periods in the 2008 cycle beginning in May and ending in September.  As
previously stated, some trapping periods were either shortened or lengthened as a result of weather conditions, or other
vineyard considerations including pesticide applications and harvesting (Tables 2 and 3).

This program resulted in the capture of approximately seven distinct species of xylem feeders, six which are known vectors
of Xf in grape.  Of these, the range of at least two were not known to extend into this area and at least one species is currently
classified as “undescribed.”  Previous to this study, 10 individual insects representing seven species of xylem feeders had
been observed by vineyard trapping efforts in this area over a three year period (Lauzière et al. unpublished).
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Table 2. Putative vector’s captured during the months of May through August of 2008
on traps set inside vineyards. In addition to total # of xylem specialists recovered, data is
reported for the three most commonly occurring species in this study.

Trapping
Site

Total # Xylem
Specialists H. vitripennis G. hieroglyphica Cuerna sp.

1 15 0 8 3
2 8 0 5 2
3 2 2 0 0
4 2 0 2 0
5 0 0 0 0
6 7 0 0 7
7 7 0 0 7
8 17 0 0 17
9 8 0 1 7

10 1 0 1 0
11 6 0 0 4
12 4 0 0 4
13 10 0 0 6
14 13 0 0 12

Table 3. Putative vector’s captured during the months of May through August of 2008
on traps set outside vineyards. In addition to total # of xylem specialists recovered, data
is reported for the three most commonly occurring species in this study.

Trapping
Site

Total # Xylem
Specialists H. vitripennis G. hieroglyphica Cuerna sp.

15 59 0 53 1
16 2 0 0 2
17 1 0 1 0
18 199 0 198 0
19 1 0 1 0
20 32 1 2 26
21 2 1 0 1

Objective 3
Evaluate putative vectors for the presence of Xf.
A number of insects from this region representing eight species were examined by PCR using an established protocol
(Schaad et al. 2002), for the presence of Xf. Of those tested, approximately 30% tested positive for Xf. The insects that were
selected for testing were chosen based on overall condition and preservation of the available specimens and represent a
random sample of insects with regard to where within the research area they were captured.  Specimens from this area are in
the process of being analyzed in order to determine which specific strain of the bacteria is present in these insects.  As of the
time of this report, this data is still pending.  The presence of Xf, in xylem specialists captured on the High Plains would
suggest that it is likely that vectors are active in this region.  It appears likely that at least some portion of the widespread
presence of Xf and PD in this growing region is the result of vine to vine transmission by insect vectors.

CONCLUSIONS
This study was designed as a first step to examining the occurrence of Xf infection in the High Plains growing region as well
as the potential for increased incidence of infection over time.

Findings from Objective 1.would suggest that Xf infection occurs widely in this area and that PD should be considered in
previously unexplained grower reports of vine decline and reductions in fruit quality and yields as well as other symptoms
such as higher than expected percentages of vine loss due to winter injury.  During this study, symptoms indicative of PD
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including leaf blade scorching, petiole retention and uneven periderm formation were observed in vineyards across the
region.

The presence of Xf in samples taken in early June, supports the hypothesis that the bacteria is able to over-winter in vines in
this area both serving as a source for inoculum for subsequent spread within and among vineyards, and potentially impacting
vine health from season to season.  The widespread distribution of infection appears to imply that infection may have been
actively spreading in this area for some time.  Coupling the current distribution of the disease with the historical accounts
reported by growers further supports the conclusion that Xf has been present and active in this growing region for a number
of years.  Lack of suitable historical records and the relatively new nature of large scale grape production in this area will
make it extremely difficult to ever make an accurate estimate of how long PD may have been impacting vineyards in this
region.

The data collected in order to satisfy Objectives 2. and 3. support the conclusion that the potential exists for continued spread
of Xf in the High Plains region of Texas.  While the first season of trapping recovered low numbers of potential and known
vectors, the diversity of these putative vectors was moderately high and species known to be very competent vectors of the
bacteria were among those recovered.  Of the species captured, 30% of these species were found to be carrying Xf. Because
the 2008 trapping program results contained in this report represents only a single “short” (May-Aug) season of collection
and the trapping protocol was in the process of being refined, this data is far from comprehensive.  Only with several seasons
of collection and an increase in trapping intensity can an in depth understanding of the vector ecology of this area begin to
become clear.  A solid understanding of how vectors behave in the environment over time is necessary in order to develop
targeted strategies for management of this disease.

The newly recognized range of PD in this growing region brings attention to the danger of making assumptions about the
susceptibility of vineyards to disease based on geographical location or historic climactic patterns.  While it is impossible to
be certain, it is logical to conclude that a lack of recognition of disease and the subsequent complacency with regard to
preventive strategies to control the spread of the bacteria may be at least partially responsible for the widespread presence of
the bacteria in this region today.  Based on the preliminary findings of this study, it seems prudent to re-evaluate the potential
for vineyards across much of temperate North America to be affected by PD, and to reconsider the potential for further
disease spread into regions currently considered to be at very low risk.

Continuation of this study will further define the vector population in this area as well as serve to provide an initial
understanding of  the local ecology of the guild of xylem specialists in this and other temperate regions.  More in depth
knowledge of possible migratory, reproductive, and over-wintering behaviors as well as feeding strategies of the individual
species in this group will aid in both an understanding of the current and historical epidemiology of the disease as well as the
development of control strategies specifically targeted at this region.  Preliminary data suggests that this guild may have a
very different species composition and exhibit behaviors that differ from their functional equivalents in warmer and/or higher
precipitation areas.  Further, continued investigation into the long term health and productivity of individual vines and
vineyards will aid in the understanding of the epidemiology both at the vineyard and the landscape level of this disease in
more temperate regions.  This is an area of knowledge for which there is currently very little data and could prove invaluable
in the future protection of vineyards in these lower temperature regions.
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ABSTRACT
The emergence pattern was changed after immature G. ashmeadi were stored within their Homalodisca vitripennis egg hosts
under a fluctuating temperature and a short-day photoperiod for 30 d.  The fitness of parasitoids collected from three
emergence peaks coming 1-5, 12-16, and 23-26d after the onset of the first emergence was investigated by examining
developmental and reproductive parameters.  Likewise, these parameters were also determined for the F1 and F2 progeny.
The development to adulthood of the parental parasitoids collected from second and third emergence peaks was delayed by
approximately 106% and 279% while the parasitoids collected from first emergence period had no developmental delay.
Compared to the control group, the parasitism of the egg hosts by parasitoids collected from the first, second, and third
emergence periods was decreased by 43, 68 and 80%; the fecundity by 53, 84 and 89%; and the longevity by 27, 72 and 67%,
respectively. The F1 parasitoids derived from parents collected from second and third emergence periods also had a lower
incidence of parasitism.  The fecundity and longevity of F1 and F2 parasitoids derived from parents collected from second and
third emergence periods were significantly reduced.  However, development and emergence of the F1, F2 and F3 parasitoids
were not influenced by any of the periods from which their ancestors emerged.

INTRODUCTION
Dormancy is one of the major strategies employed by insects and mites to survive harsh environmental conditions (Leopold,
1998).  It is an adaptive response of arthropods to adverse environmental conditions by often entering a state of diapause or
quiescence.  Diapause is an indirect response to unfavorable conditions.  It is mediated via the endocrine system, resulting in
developmental arrest and adaptive physiological changes (Blum, 1985).  Development usually resumes upon exposure to the
appropriate environmental signals.  Quiescence is a direct response to harsh conditions and results in suppression or arrest of
development. Once adverse conditions cease, the organism can quickly recover and resume immediate development (Tauber
et al., 1986).  Either diapause or quiescence can be used in devising cold storage methods to facilitate mass-rearing of
beneficial insects in classic biological control programs.

The egg parasitoid, Gonatocerus ashmeadi Girault, is one of the most common natural enemies of the glassy-winged
sharpshooter (GWSS), Homalodisca vitripennis (Germar), in California.  Augmentative release of this parasitoid is a feasible
approach for control of the GWSS in affected areas where other methods are not accepted or appropriate.  Mass-rearing
parasitoids for control of the GWSS becomes problematic when there is a shortage of host eggs because there is currently no
artificial diet to rear these wasps.  Shortage of GWSS eggs can occur because there is a reproductive diapause in this insect
that occurs during the winter months. Oftentimes there are insufficient numbers of parasitoids in the colder areas of
California to produce an impact on sharpshooter populations (Morse et al, 2005), so it is important to develop effective
methods to store a large number of hosts and parasitoids to meet these fluctuating demands in the field.

The effects of cold storage on parasitized and non-parasitized eggs of the glassy-winged sharpshooter have been recently
studied to aid the mass-rearing of G. ashmeadi (Chen and Leopold, 2007, Chen et al, 2008a).  Chen et al (2008b) also
developed a method to store adult G. ashmeadi and examined the subsequent storage effects on maternal and progeny fitness.
Storage at 4.5-7.5°C for 30 d induces quiescence in parasitoids stored within H. vitripennis eggs deposited beneath the
surface of euonymus (Euonymus japonica Thumb.) leaves (Chen et al, 2008a).  After cold storage, emerging adults have
three emergence peaks after the initial onset (Chen et al. 2008a) whereas parasitoids reared continuously at 16-32°C have
only one peak (Chen et al. 2006).  In this study, we examined the biological and reproductive fitness of the parental
generation of this parasitoid collected separately from the three emergence peaks and also of the F1 and F2 progeny to
determine whether the gated emergence response elicited by extended storage had an effect on the fitness of maternal and
progeny G. ashmeadi.

OBJECTIVES
1. Determine whether the extended emergence pattern affects reproduction and/or development of the post-storage parental

generation.
2. Determine whether the extended emergence pattern affects fecundity and longevity of parental, F1 and F2 generations

and progeny development.
3. Determine the post storage incidence of parasitism, emergence pattern and sex ratio of the parents and their progeny.
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RESULTS AND CONCLUSIONS
Objective 1.  Adult emergence pattern and developmental time of post-storage parasitoids.
After the parasitoids were stored within their host at 4.5, 6.0 and 7.5 °C, (each temperature changing at eight h intervals over
a 24 h period for 30 d) the emerging adult parasitoids displayed an emergence pattern consisting of three peaks while the
control group only had one emergence peak (Figure 1).  To determine possible effects on development after cold storage,
parasitoids were collected during each period of emergence (i.e., 1-5 d; 12-16 d; and 23-26d after the initial onset of
emergence).  Development time in this study was measured from the removal from cold storage to the medium time of adult
emergence.  Wasps emerging from the control group were also collected during their emergence peak. Figure 2 shows that
development time of stored parasitoids varied significantly with the emergence periods (F = 835.72, df = 3,15, P < 0.0001).
After storage for 30 d, more than 60% of the wasps emerged during first period and the development time was similar to the
control group (Figure 1).  These results indicate that a large of number of immature G. ashmeadi could quickly recover from
the cold-induced quiescence and resume normal development.  However, when compared to the control, the development
time of wasps collected from second and third emergence periods was delayed approximately one-(106%) and three-fold
(279%), respectively.  Approximately 26% and 4% of parasitoids collected from the second and third emergence periods
(Chen et al, 2008a) did not quickly resume development after removal from cold storage.  It is uncertain what causes this
significant delay in development time.  These results are being studied further.

Objective 2. Parasitism, fecundity and longevity of parents and progeny.
A repeated measure ANOVA showed that the incidence of parasitism by the parasitoids varied significantly with generation
(F = 6.08, df = 2,56, P = 0.004) and emergence period (F = 13.73, df = 3,28, P < 0.0001)  and that there was significant
interaction between generation and the emergence period of the parasitoids (F = 2.37, df = 6,56, P = 0.042).  Parental (F =
9.77, df = 3,29, P < 0.0001) and the F1 (F = 2.78, df = 3,28, P = 0.034) generations showed a significant decrease in
parasitism of host eggs across the emergence periods.  When compared to the control group, the parasitism by the wasps
collected from the first, second, and third emergence periods declined by 43, 68 and 80%, respectively.  There was no
difference in the rate of parasitism by the F2 generation whose grandparents were collected from different emergence periods
(F = 1.49, df = 3,36, P = 0.235) (Figure 3A).

Lifetime fecundity varied significantly with generation (F = 24.02, df = 2,56, P < 0.0001) and the emergence period (F =
37.55, df = 3,28, P < 0.0001).  There was a significant interaction between generation and the emergence period of
parasitoids (F = 6.07, df = 6,56, P < 0.0001).  The fecundity of parental parasitoids was significantly influenced by the period
that the wasps emerged.  Compared to the control group, the fecundity of parasitoids collected from the first, second, and
third emergence periods decreased by 53, 84 and 89%, respectively.  There was also a significant decrease in fecundity of F1
and F2 parasitoids derived from the parents that were collected during the second and third emergence periods (Figure 3B).
Longevity of the parasitoid varied significantly with generation (F = 9.81, df = 2,56, P = 0.0002) and the emergence period
(F = 54.64, df = 3,28, P < 0.0001).  There was no significant interaction between generation and the emergence period of
parasitoids (F = 1.36, df = 6,56, P = 0.247).  The longevity of parental parasitoids was significantly influenced by the
emergence period.  Compared to the control group, the longevity of parasitoids collected from the first, second, and third
emergence periods decreased by 27, 72 and 67%, respectively.  The longevity of F1 and F2 parasitoids derived from the
parents that were collected during the first emergence period was similar to that of the control group.  However, there was a
significant decrease in longevity of F1 and F2 parasitoids derived from the parents there collected during the second and third
emergence periods (Figure 3C).

Objective 3. Development, emergence and sex ratio of F1, F2 and F3 generations.
A repeated measures ANOVA showed that emergence of parasitoids was not significantly influenced by generation (F =
2.45, df = 2,50, P = 0.097) and the period (F = 0.47, df = 3,25, P = 0.703) that the parasitoids emerged.  There was no
significant interaction between generation and the emergence period of parasitoids (F = 0.74, df = 6,50, P = 0.620)
(Figure 4A).  The development time of parasitoids emerging from non-stored, recently collected H. vitripennis eggs (< 24 h
old) was not significantly influenced by generation (F =2.81, df = 2,36, P = 0.074) or the peak (F = 2.37, df = 3,18, P =
0.079) from which the parasitoids emerged.

There was no significant interaction between generation and the emergence period of parasitoids (F = 0.74, df = 6,36, P =
0.082) (Figure 4B).  Data on sex ratio of F1, F2 and F3 generations are not shown here because of a lack of a sufficient number
of replicates.  The complementary experiments are in the process of being conducted.
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Figure 1. Adult emergence pattern of G. ashmeadi after
being held in cold storage under the 4.5-7.5 °C daily
fluctuating temperature for 30 d.

Figure 2. Development time of G. ashmeadi collected from
various emergence periods after being held in cold storage
under the 4.5-7.5 °C daily fluctuating temperature for 30 d.
Columns denoted by differing letters are significantly
different.

Figures 3 A-C. Parasitism (A), fecundity (B), and
longevity (C) of the parental, F1 and F2 generations of
G. ashmeadi collected from various emergence periods
after cold storage under the 4.5-7.5 °C daily fluctuating
temperature for 30 d.
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Figures 4A & B. Developmental time (A), emergence (B) of the F1, F2 and F3 generations of G. ashmeadi collected
from various emergence peaks after cold storage of their ancestors that were stored under the 4.5- 7.5°C daily
fluctuating temperature for 30 d.
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ABSTRACT
Plum leaf scald (PLS) is a severe disease caused by Xylella fastidiosa (Xf), which drastically affects cultivation of plum in
Brazil, but little is known about its epidemiology.  We carried out faunistic analyses of sharpshooter leafhoppers in two plum
orchards of Rio Grande do Sul (RS) State, in order to identify potential vectors in this crop, based on their ecological
characteristics.  Sharpshooters were sampled fortnightly by yellow sticky cards placed on the plum tree canopy (1.7 m above
ground) and just above the ground vegetation (0.5 m), in 10 sampling points per orchard.  A total of 23 and 18 species were
trapped in orchards located in the municipalities of Farroupilha and Bento Gonçalves, respectively, in 50 sampling dates from
Sept/2006 to Sept/2008.  Seven sharpshooters were classified as predominant (dominant, very abundant, very frequent and
constant) in the plum orchards: Bucephalogonia xanthophis (Berg), Dilobopterus dispar (Germar), Erythrogonia dorsalis
(Signoret), Macugonalia cavifrons (Stal), Molomea lineiceps Young, Sibovia sagata (Signoret) and Spinagonalia
rubrovittata Cavichioli.  Among them, D. dispar, M. cavifrons and M. lineiceps are likely associated with disease spread
because of their activity on the plum canopy.  Considering the diversity of sharpshooter species in plum orchards, additional
data on spatial patterns of disease, alternative hosts of Xf, vector infectivity and transmission efficiency are needed to
determine key vectors for PLS spread.

INTRODUCTION
A major factor limiting cultivation of plum in Brazil is the widespread occurrence of Plum leaf scald (PLS), a bacterial
disease caused by Xylella fastidiosa (Xf) (Raju et al. 1982).  First detected in plum in Pelotas, Rio Grande do Sul (French &
Kitajima, 1978), PLS is now endemic in most plum production areas not only in RS, but also in the states of Santa Catarina,
Paraná, São Paulo and Minas Geraes (Ducroquet et al. 2001).  This disease is thought to be the main reason for the decline in
cultivated areas of plum since the 1970’s (Leite et al., 1997; Hickel et al., 2001). Xf can be transmitted by several species of
leafhoppers in the subfamily Cicadellinae (Hemiptera: Cicadellidae), commonly known as sharpshooters, and by a few
spittlebugs (Redak et al. 2004).  Despite the importance of PLS in Brazil, sharpshooters involved in the spread of this disease
have not been identified.  The only vector survey in this crop was done with sweep nets and Moericke yellow water-pan traps
in orchards of a single locality in the State of Santa Catarina, Brazil, indicating the presence of five sharpshooter and two
spittlebug species (Hickel et al. 2001).  However, little information on activity and abundance of these potential vectors in
plum orchards is available.  Because there is virtually no specificity for transmission of Xf within Cicadellinae (Almeida et al.
2005), any sharpshooter species that visit host plants of this bacterium is a potential vector. Indeed, three sharpshooter
species found by Hickel et al. (2001) in plum orchards [Bucephalogonia xanthophis (Berger), Ferrariana trivittata (Signoret)
and Plesiommata corniculata Young] have been reported as vectors of Xf in citrus (Redak et al. 2004).  In order to identify
potential vectors of Xf in plum, we carried out a faunistic analysis of Cicadellinae species in two orchards of the ‘Serra
Gaúcha’, a major production region in State of Rio Grande do Sul, Brazil.

OBJECTIVES
1. Determine the composition of sharpshooter (Cicadellinae) species in plum orchards of Rio Grande do Sul, Brazil.
2. Identify predominant species based on faunistic indices.
3. Determine potential vectors of Xf based on prevalence in the orchards and activity on the plum canopy.

RESULTS
We sampled sharpshooters in two plum orchards located in the municipalities of Farroupilha and Bento Gonçalves, State of
Rio Grande do Sul, from September 2006 to September 2008.  In Farroupilha, the survey was carried out in 1-half orchard of
European plum (Prunus domestica L.) cv. Italianinha, located in a hilly area surrounded by woody vegetation (29° 08’ 47’’S,
51° 23’ 21’’ W).  The orchard was five years old when the survey started, and >20% trees showed PLS symptoms.  In Bento
Gonçalves, the experimental area (1 half) was a four-year old orchard of P. domestica cv. Italianinha and Rubimel, located in
the District of Pinto Bandeira (29° 07’ 43’’ S, 51° 26’ 58’’ W).  The orchard was neighbored by a road in one edge and by
peach orchards in the other edges, and showed 10% trees with PLS symptoms.  The ground vegetation of these two orchards
was comprised mainly by grasses [Digitaria sanguinalis (L.) Scop., Paspalum conjugatum P.J. Bergius and Brachiaria
plantaginea (Link) Hitchc.] and herbs of the Polygonaceae (Rumex obtusifolius L.), Asteraceae (Bidens pilosa L., Galinsoga
parviflora H. St. John & D. White), Fabaceae (Trifolum repens L.) families.  Sharpshooters were sampled by rectangular (8.5
x 11.5 cm) yellow sticky cards (Biocontrole®, Sao Paulo, SP, Brazil).  Two cards were installed per sampling point in 10
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points that were spaced 35 m apart, in two lines.  In each point, one card was attached to a wood stick at a height of 0.5 m
above soil, and the other was fixed on the north face of the plum canopy, at a height of 1.7 m.  We exchanged the yellow
sticky cards every 15 days and the trapping data of all sharpshooter species were submitted to a faunistic analysis.  Prevalent
species were determined based on higher constancy, frequency, abundance and dominance índices (Silveira Neto et al.,
1995).  We also calculated indices of diversity of Shannon-Weaner (H’), equitability (E) and similarity of sharpshooter
species for the two experimental orchards.

In Bento Gonçalves, a total of 214 individuals of 18 species of sharpshooter leafhoppers were trapped by yellow sticky traps
in 50 sampling dates.  Based on the faunistic analysis, eight species were dominant and four of them, B. xanthophis,
Erythrogonia dorsalis (Signoret), Macugonalia cavifrons (Stal)  and Molomea lineiceps Young were classified as
predominant because they were also very abundant, very frequent and constant (Table 1).  In Farroupilha, 899 specimens of
23 species were captured in the 50 sampling dates.  Five out of 13 dominant species in this locality were considered
predominant, Dilobopterus dispar (Germar), E. dorsalis,, M. cavifrons, Sibovia sagata (Signoret) and Spinagonalia
rubrovittata Cavichioli (Table 2).

The diversity index (H’) was significantly higher in the plum orchard of Farroupilha (2.26) compared with Bento Gonçalves
(2.18) (P<0.05), showing that the two areas were distinct regarding the composition of sharpshooter species, with higher
diversity in the former one.  Species richness was also higher in Farroupilha, but there was no difference in the equitability
index between the two locations, indicating uniformity in abundance of sharpshooter species in the two communities.  The
higher diversity of species in the plum orchard of Farroupilha may be explained by the presence of adjacent woody
vegetation with a variety of native trees, which might serve as natural hosts for a larger number of sharpshooter species, as
well as a refugium when the orchard does not offer adequate conditions for feeding or reproduction of these insects.

Concerning the sharpshooter activity on the plum canopy, measured by trap catches at 1.7 m above ground, we noticed that
most species from tribe Proconiini were captured mainly on the tree canopy, in both areas (Tables 1 and 2).  Conversely,
Cicadellini species (including the very abundant E. dorsalis) were usually trapped in much larger numbers at 0.5 m, which
suggests a greater activity of these species on the ground vegetation (herbaceous plants); an exception was D. dispar,
captured mostly (89%) on the tree canopy.  Among the predominant species, D. dispar, M. cavifrons and M. lineiceps were
the most trapped on the plum canopy.  Other less abundant dominant species, e.g. B. xanthophis, Oncometopia facialis
(Signoret), O. fusca Melichar and Pawiloma victima (Germar), were also trapped in significant numbers on the tree canopy.
Considering that the probability of Xf transmission is enhanced by vector abundance, natural infectivity and preference for
the host plant (Purcell 1981), these sharpshooters trapped more frequently on the plum canopy are more likely to play an
important role in PLS epidemiology.  Two of them, B. xanthophis, O. facialis, are considered key vectors of Xf in citrus
orchards, for similar reasons (Lopes, 1999; Almeida et al. 2005).  It should be noted, however, that abundant sharpshooter in
the ground vegetation of plum orchards, such as E. dorsalis, S. sagata and S. rubrovittata (Table 2), may also be important
for disease spread if the pathogen colonizes herbaceous weedy hosts.  Information on spatial patterns of PLS, possible
alternative hosts of the pathogen in plum orchards, as well as on sharpshooters associated with those hosts, will be critical to
determine key vectors for PLS epidemiology.  Because most sharpshooters tested for transmission of Xf to other host plants
have been confirmed as vectors (Redak et al. 2004), we expect that sharpshooters considered here as potential vectors will be
shown to transmit the causal agent of PLS if tested in future studies.

CONCLUSIONS
Plum orchards in Rio Grande do Sul, Brazil show a high diversity of sharpshooter species that may serve as vectors of Xf,
particularly in areas surrounded by native woody vegetation.  The faunistic analyses classified five sharpshooter species as
predominant in the plum orchards: B. xanthophis, D. dispar, E. dorsalis, M. cavifrons, M. lineiceps, S. sagata and S.
rubrovittata (Tables 1 and 2).  Among them, D. dispar, M. cavifrons and M. lineiceps are likely associated with spread of
PLS because of their higher activity on the plum canopy.
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Table 1.  Total number of individuals and faunistic indices of leafhopper species of the subfamily Cicadellinae trapped by
yellow sticky traps in a plum orchard of Bento Gonçalves, Rio Grande do Sul, Brazil, from September/2006 to
September/2008.

Leafhopper species Total (1)

D (2)

Faunistic indices

A (3) F (4) C (5)
per trap height
0,5 m 1,7m

Tribe Cicadellini

Bucephalogonia xanthophis (Berg, 1879)* 34 D va VF W 100 -
Caragonalia sp. 1 ND r LF Z - 100
Diedrocephala variegata (Fabricius, 1775) 2 ND d LF Z 50 50
Dilobopterus dispar (Germar, 1821) 2 ND d LF Z 88 12
Erythrogonia dorsalis (Signoret, 1853)* 30 D va VF W 97 3
Macugonalia cavifrons (Stal, 1862) * 30 D va VF W 73 27
Macugonalia geografica 1 ND r LF Z 100 1
Macugonalia leucomelas (Walker, 1851) 2 ND d LF Z 50 50
Morfo 5 1 ND r LF Z - 100
Pawiloma victima (Germar, 1821) 9 D c F Y 50 50
Sibovia sagata (Signoret, 1854) 5 ND c F Y 100 -
Spinagonalia rubrovittata Cavichioli 2008 11 D c F W 90 10

Tribe Proconiini

Molomea consolida Schoder, 1959 2 ND d LF Z 50 50
Molomea lineiceps Young, 1968* 60 D va VF W 15 85
Molomea personata (Signoret, 1854) 1 ND r LF Z - 100
Oncometopia facialis (Signoret,1854) 8 D c F Y 25 75
Oncometopia fusca Melichar, 1925 14 D c F W 52 48
Homalodisca ignorata Melichar, 1924 1 ND r LF Z - 100

Capture (%)

(1) Total number of individuals of each species captured in all traps and sampling dates
(2) Dominance - D: dominant; ND: non-dominant
(3) Abundance – va: very abundant; c: common; d: dispersive; r: rare
(4) Frequency – VF: very frequent; F: frequent; LF: little frequent
(5) Constancy – W: constant; Y: accessory; Z: accidental
* predominant species
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Table 2.  Total number of individuals and faunistic indices of leafhopper species of the subfamily Cicadellinae trapped by
yellow sticky traps in a plum orchard of Farroupilha, Rio Grande do Sul, Brazil, from September/2006 to September/2008.

Leafhopper species Total (1)

D (2)

Faunistic indices

A (3) F (4) C (5)
per trap height
0,5 m 1,7m

Tribe Cicadellini
Bucephalogonia xanthophis (Berg, 1879)
Caragonalia sp
Diedrocephala variegata (Fabricius, 1775)
Dilobopterus dispar (Germar, 1821) *
Erythrogonia dorsalis (Signoret, 1853)*
Hortensia similis (Walker, 1951)
Macugonalia sp.
Macugonalia cavifrons (Stal, 1862) *
Morfo 5
Morfo 2
Morfo 9
Morfo 8
Pawiloma victima (Germar, 1821)
Fonsecaiulus sp.
Sonesimia sp.
Sibovia sagata (Signoret, 1854) *
Spinagonalia rubrovittata Cavichioli 2008*

Tribe Proconiini

Aulacizes quadripunctata (Germar, 1821)
Molomea consolida Schoder, 1959
Molomea lineiceps Young, 1968
Oncometopia facialis (Signoret,1854)
Oncometopia fusca Melichar, 1925
Tapajosa rubromarginata (Signoret, 1855)

37
1

11
185
114
1
9

215
5
4
1
2

11
18
1
74
77

1
3

32
61
26
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D
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D
D
D
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D
D
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D
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LF
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F
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F

LF 

W
Z
Y
W
W
Z
Y
W
Z
Z
Z
Z
Y
Y
Z
W
W

Z
Z
Y
Y
W
Z 

64
-

90
11
95
100
100
60
60
100
100
100
72
72
-

84
88

-
67
3

19
27
- 

36
100
10
89
5
-
-

40
40
-
-
-

28
28
100
16
12

100
33
97
81
73

100
(1)

Capture (%)

Total number of individuals of each species captured in all traps and sampling dates
(2) Dominance - D: dominant; ND: non-dominant
(3) Abundance – va: very abundant; c: common; d: dispersive; r: rare
(4) Frequency – VF: very frequent; F: frequent; LF: little frequent
(5) Constancy – W: constant; Y: accessory; Z: accidental
* predominant species
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ABSTRACT
This study is part of our larger project aimed at understanding the feeding biology of the glassy-winged sharpshooter
(GWSS) as it relates to acquisition and transmission of Xylella fastidiosa (Xf).  GWSS feeding biology was studied in three
seasons (summer, fall, winter) on mature Cabernet Sauvignon and Chardonnay grapevines using choice and no-choice
studies.  When given a choice, GWSS males and females chose to feed on young leaf, petiole, and stem tissue compared to
the same tissues on older parts of the cane.  However, there was substantial time spent feeding on old stem tissue, a
phenomenon that would result in more rapid chronic infection than feeding on young tissue.  We also learned that throughout
the day, GWSS adults change position frequently between the various tissues, a characteristic that would support the rapid
spread of Xf that has been associated with GWSS. In no-choice studies, we found that GWSS adults were not able to feed on
cordon tissue, regardless of the time of year.  They were able to feed on old and young grapevine tissue throughout the year,
but the relative amount of feeding on this tissue varied with the season.  Future work will evaluate GWSS feeding behavior
when confronted with PD-infected grapevines.

INTRODUCTION
Pierce's disease (PD), a disease of grapes caused by the bacteria, Xylella fastidiosa (Xf) Wells et al., was described in
California in the 1880s during an epidemic in Orange County (Pierce 1882).  A second epidemic occurred in Tulare County
in the 1930s (Hewitt et al. 1949), and until the mid-1990s, it was considered only a minor problem in vineyards close to
riparian areas.  In the early 1990s a new vector, the glassy-winged sharpshooter (GWSS), Homalodisca vitripennis (Germar)
(formerly Homalodisca coagulata Say), was introduced into the state (Sorenson and Gill 1996), and became associated with
a devastating epidemic of PD in the Temecula Valley.  Since 1994, at least 1,500 acres of vineyards have been lost to the
disease in California; in the Temecula Valley alone, losses have been estimated at  $13 million (Wine Institute 2002).  The
GWSS has different feeding and dispersal capabilities than native insect sharpshooter vectors and these attributes are thought
to have contributed to the increased number of PD-infected grapevines in California (Almeida et al. 2005a, Blua et al. 1999,
Redak et al. 2004).  Like other insect-borne plant pathogen systems, there are two potential types of pathogen spread: primary
or secondary spread.  Primary spread occurs when the pathogen is obtained by the vector from sources outside the crop and
transported and inoculated into the crop. Secondary spread occurs when the vector acquires the pathogen from infected vines
in the vineyard, and subsequently inoculates healthy vines within the same vineyard (i.e. vine to vine spread).  It is thought
that Xf spread with native California vectors was the result of primary spread, but that rapid spread by GWSS may be the
consequence of primary and secondary spread (Almeida et al. 2005a, Hill 2006).  Understanding details of primary and
secondary spread of Xf by GWSS can assist in the development of alternatives to the areawide management program.  For
example, to reduce primary spread, efforts must focus on reducing bacteria-carrying GWSS from entering healthy vineyards,
through continued areawide or local treatment programs outside the vineyard, barriers, trap crops, and/or removal of
pathogen sources outsides the vineyard.  Reduction of secondary spread can be accomplished by in-field control of GWSS,
finding and roguing infected vines in the vineyard (Varela et al. 2001), and/or minimizing acquisition from infected vines and
transmission to healthy vines.

The relationship among time of inoculation, location of inoculation, and disease progression in the vine likely plays a role in
determining whether disease becomes chronic and when a vine becomes a source plant for additional spread.  When another
PD vector, the blue-green sharpshooter, Graphocephala atropunctata, infected grapevines early in the season, more
persistent infections resulted than from later season infection (Purcell 1981).  A potential difference between blue-green
sharpshooter transmission and GWSS transmission is that the former is known to prefer feeding at the tips of canes (Purcell
1976), whereas the latter has been reported to feed on older plant parts.  Almeida et al. (2005b) demonstrated that GWSS
could even transmit Xf to dormant vines in the field.  However acquisitions from dormant vines in the field were negative.
Whether these transmissions and acquisitions are important to disease spread depends on GWSS feeding preferences during
the winter months when the vines are dormant.  Similarly, it is possible that infection at certain times of the season may not
become systemic because infection is pruned out at end of year, or environmental conditions limit bacterial spread (Feil and
Purcell 2001, Feil et al. 2003, Hill 2006).
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OBJECTIVES
The objectives of the project are:
1. Document GWSS feeding preference, through the growing season, on established Cabernet Sauvignon and Chardonnay

grapevines that either are healthy or have been infected with Xf for 2, 3, or 4 years.
2. Evaluate the acquisition by GWSS, through the growing season, from established Cabernet Sauvignon and Chardonnay

grapevines that either are healthy or have been infected with Xf for 2, 3, or 4 years and determine the subsequent
transmission from these acquisitions.

3. Determine the relationship between Xf inoculation by GWSS at different times of the year and the development of the
vine as a source for further acquisition by GWSS.

In order to proceed with Objectives 2 and 3, we first must determine where GWSS feed on mature vines and this is the focus
of the current report.

RESULTS
Choice Tests for Grapevine Tissue Selection
For this research, we placed GWSS adults individually in observation cages fabricated from acetate cylinders (25cm x 17cm
diameter) with organdy sleeves attached to the ends.  The cage was placed over the base of a Cabernet Sauvignon or
Chardonnay grapevine cane with the cane terminal looped back into the cage.  The ends of the observation cage were sealed
giving a single GWSS in each cage access to old and young stems, petioles, and leaves inside the cage.  The grapevines were
from a mixed field-grown vineyard at the University of California in Riverside (UCR) that was covered with 60% shade-
cloth to protect them from PD.  We made hourly observations during daylight hours over three consecutive days to determine
the location of each GWSS.  This experiment was executed twice in the fall of 2007, twice in the winter 2008 and once in
summer 2008.

Results of the two fall trials were pooled, as were the results of the two winter trials.  In the fall, GWSS were found on the
cage in 14% and 16% of our observations on Cabernet Sauvignon and Chardonnay vines, respectively (Figure 1).  We also
found that a high proportion (35%) of GWSS, averaged across variety and gender, switched from one tissue to another each
hour (data not shown).  Clearly, GWSS moved frequently among the vegetation, important for the spread of bacteria within
and among vines.  When GWSS were present on the canes, they utilized all tissues with no consistent preference for any
type.  However, over the course of the trial and averaged across both varieties, GWSS were found more frequently on young
tissue (18.2%) than on old tissue (10.7%).  Looking further at the data, GWSS were found more frequently on young stems,
petioles and leaves (28.5%, 6%, and 20%, respectively) than on old stems, petioles and leaves (7.5%, 7.5%, and 14.5%,
respectively).  Interestingly, the insects spent the least amount of time on petiole tissue of any age than on any other tissue
type.  There also were some interesting results with respect to variety.  GWSS were found more frequently on leaves (old and
young) of Cabernet Sauvignon compared to the leaves of Chardonnay while the reverse was seen for petioles and stems (old
and young).  These results suggest that the two grapevine varieties vary in the xylem components that are important for
GWSS feeding, a result that could impact the location where Xf cells are introduced into healthy grapevines.  To finish the
discussion of this trial, there appeared to be little difference between sexes in their selection of feeding sites (Figure 1).

In the winter trial, GWSS were found on the cage walls in 49% of our observations.  At this time of year, neither leaves nor
petioles were available to the sharpshooters, and GWSS were found on old stems and young stems in 11% and 40% of the
observations, respectively.  Those tissue preferences differed somewhat among the two varietals and the two sexes (Figure
1).  The major departure from these numbers was the preference for the old stem among sexes; females and males were on
the old stem in 20% and 1% of the observations, respectively.  The general preference for the young stem over the old stem
was consistent among varietals and among sexes.  Changes in GWSS position occurred in 14% of the observations,
considerably less than the 35% exhibited in the fall 2007 trials.  There was little difference in the tendency of GWSS to
change positions among variety or sexes.

The summer trial again offered GWSS young and old leaf and petiole tissue in addition to young and old stems.  GWSS were
found on the cage wall 12% of the time (Figure 1).  The general preference for young tissue that was found in the fall and
winter also occurred in the summer.  GWSS chose young leaves, petioles, or stems in 67% of the observations compared to
21% for the older tissues.  The young stem was the preferred tissue, both among varietals and among sexes.  However, there
were some differences in tissue selection among varietals and among sexes.  The old stem was selected 24% of the time on
Cabernet Sauvignon but only 5% of the time on Chardonnay.  The young leaf and young petiole each were selected in 1% of
the observations on Cabernet Sauvignon, while they were selected 8% and 7% of the time on Chardonnay.  Among sexes,
females chose the old stem in 22% of the observations, but males chose that tissue in only 7% of the observations.  Among
tissue types of any age, leaves, petioles, and stems were chosen in 12%, 5%, and 83% of the observations, respectively.
Changes in GWSS position occurred in 21% of the observations, and that rate of change was consistent among the varietals
and among the sexes.
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Figure 1. GWSS preference on field-grown Cabernet Sauvignon and Chardonnay grapevines in choice experiments initiated
on 29 August and 11 September 2007 (Fall 2007), 16 January and 6 February 2008 (Winter 2008) and 1 July 2008 (Summer
2008).  Bars represent average proportions of GWSS (+SE) observed on various tissue types for the two varieties and for the
two GWSS genders.

No-choice Tests Quantifying Feeding on Grapevine Tissues
No-choice feeding trials were conducted on the same mixed field-grown vineyard at the University of California in Riverside.
Individual GWSS were caged on selected grapevine tissue in 50 ml polypropylene centrifuge tubes (Thermo Fisher Scientific
Inc., Waltham, MA) by one of two methods.  The first method, modified from Andersen et al. (1992), was for use on
cordons, stems, and petioles.  The cages were made by melting a transverse hole in the side of the tube using hot metal
cylinders of diameters similar to the grape tissues.  The tube was pressed onto the plant tissue, so the GWSS had access to
about 2.5 cm length of the plant through the hole.  The cage was affixed and sealed to the tissue by wrapping the tube and
tissue with ca. 2 cm wide strips of Parafilm (Pechiney Plastic Packaging, Menasha, WI).  The screw cap was tightened, and
the cage rested vertically so that excreta collected in the bottom of the tube.  The second cage design was for use on leaf
tissue.  The mouth of an intact 50 ml tube was pressed to the abaxial leaf surface with a piece of coiled spring steel in a
clothes-pin like fashion (Blua and Perring 1992).  One end of the spring held the 50 ml tube.  The other end of the spring had
a plastic ring on which was glued a foam pad 1 cm thick by 3 cm in diameter which gently held the leaf against the
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polypropylene tube, giving the insect access to leaf tissue of ca. 5.7 cm2.  This cage, too, was oriented vertically, so excreta
drained to the bottom of the cage.  Each cage type was loosely covered with aluminum foil in order to shade it from direct
sunlight.

The day before the start of each test, GWSS adults were collected from citrus at Agricultural Operations, UCR, and placed in
a cage with a potted rough lemon plant.  The following morning, adults were isolated and sexed and then placed individually
into the tube cages.  Cages were inspected daily and the presence of excreta noted.  Cages with dead GWSS were removed,
and the amount of excreta was weighed.  Up to 1.5 ml of excreta from each cage was frozen for future analysis of chemical
content.  At the end of the trial, all remaining cages were collected, GWSS mortality was noted, and excreta was weighed.

During the winter trials, GWSS were placed on cordons, old stems, and young stems; leaves and petioles were not available.
The overall GWSS feeding rate was 0.37 g of excreta per day, but there was considerable variation among sharpshooters
(Figure 2).  In no case did discernible feeding occur on cordons, tissue several years old with thick dry bark.  The old stems
were covered with dry, but much thinner bark.  Feeding on the old stem averaged 0.92 g of excreta per day and on the young
stem, 0.57 g, however those amounts were not significantly different at p=0.05.  There were no significant differences in
feeding among varietals or among the sexes.  Survivorship in the winter trials averaged 2.04 days, and there were no
significant differences in survivorship among varietals or sexes.  There were significant differences in survivorship among
GWSS on different tissues (Figure 2).  Of 29 GWSS on cordons, only 6 lived into the second day for an average survivorship
of 1.2 days, significantly less than on the other tissues.  Among all insects, only one insect that produced no excreta survived
as long as 3 days, and only one insect that produced excreta died before the end of the trial.

Sharpshooters fed on all tissues except cordons in the summer trial (Figure 2), averaging 0.51 g of excreta per day.  Feeding
on non-cordon tissues was highly variable, but there were some significant differences.  Sharpshooters produced significantly
more excreta on young stems than on young petioles, old leaves, and cordons.  There were no significant differences among
varietals, sexes, or tissue age (i.e. old leaves, petioles, and stems vs. young leaves, petioles, and stems).  Among tissue types
there were significant differences in feeding.  Significantly more excreta was produced on stems (0.92 g) than on petioles
(0.45 g), leaves (0.41 g), and cordons (0 g), and excreta from the petioles and leaves was significantly greater than from the
cordons.  Average GWSS survivorship in the July trial was 4.06 days.  As in the winter, only survivorship on cordons was
significantly less than that on other tissues (Figure 2).  Other than cordons, there were no significant differences among
leaves, petioles, and stems.  In addition, survivorship among varietals and among sexes was not significantly different.

In the fall trial, GWSS again fed on all tissues except cordons (Figure 2), averaging 0.229g of excreta per day (range 0-
1.18g).  This was less excreta than that produced by sharpshooters feeding in the winter (0.37g) and summer (0.51g) trials.
While we are not sure why this reduction in feeding might occur, it may signal a natural decline in feeding as the
sharpshooters enter the winter months.  There was substantial variation among GWSS feeding in this trial (Figure 2).  While
it appears that GWSS feeding on old stems and young stems were nearly the same as the other non-cordon tissue, the means
in this case are misleading.  For the old stem, there were only 2 GWSS that survived longer than 1 day and of these 2 only 1
produced any measurable excreta (0.168g).  On the young stems, only 5/20 GWSS survived longer than 1 day, and these
insects produced an average of 0.24g of excreta per day (range 0.014-0.779g).  This is a contrast to the summer trials, during
which the insects survived well on the young stems.  We noticed that in the fall trial, the young stem tissue had become
hardened and woody, and while GWSS were able to feed on this tissue in the summer, they were not able to do so in the fall.
It also is interesting that survival on old stem tissue seemed much better in the winter than in the fall.  This may be due to the
adaptability of GWSS that were field collected for our trials.  In the winter months, GWSS may be better adapted for feeding
on woody tissue than populations in the fall.  Survival was consistently high on the leaves and petioles and production of
excreta was consistent with this survival.  The tissue yielding the most excreta was the young petiole (0.311g/day), followed
by young leaves (0.233g/day), and old leaves (0.208g/day).
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Figure 2. GWSS feeding on field-grown Cabernet Sauvignon and Chardonnay grapevines in no-choice
experiments conducted in Winter 2008 (26 February, 4 March), Summer 2008 (15 July), and Fall 2008
(19 September).  Bars represent A) average amount (g) of excreta per day (+SE) measured from various
tissue types, B) average GWSS survivorship (days) (+SE) on the same tissues.  Different letters above
bars represent statistically significant differences among means at p = 0.05 (ANOVA followed by
Tukey’s studentized range test for mean separation). At the writing of this report, statistical analyses
were not complete on the Fall trial, therefore only means ( + SE) are presented.

CONCLUSIONS
Vine to vine spread of Xf by glassy-winged sharpshooter (GWSS) has been hypothesized as a critical component of
devastating PD epidemics that occurred in Temecula and in the General Beale area of Kern County.  GWSS landing and
feeding behavior and tissue feeding capacity combine with grapevine phenology, and within-vine Xf distribution and
phenology to make vine to vine spread possible.  Our overall goal is to provide information on these various components to
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enhance our understanding of vine to vine spread so that strategies can be defined to reduce widespread epidemics in other
regions.  We have conducted experiments in the fall, winter and summer in which we made hourly observations on the
location of individual GWSS adults given access to mature tissue and young tissue on the same cane.  Both males and
females preferred young tissues (particularly the stems) to mature tissues on Cabernet Sauvignon and Chardonnay grapevines
throughout the year.  However, GWSS spent a substantial amount of time feeding on old stem tissue (7.5%, 11%, 15% in fall,
winter, and spring trials, respectively), where Xf could potentially be transmitted leading to chronic infection.  A significant
finding is that GWSS moved frequently throughout the days of our studies, changing position in 35%, 14%, and 21% of the
observations in the fall, winter and spring, respectively.  This has serious consequence for moving Xf around the vineyard at
various times of the year.  Further characterization of GWSS feeding behavior was conducted in no-choice studies.  We
learned that at no time of the year, were individuals able to feed on the cordon tissue.  While others have reported observing
GWSS feed in this tissue, we were not able to demonstrate it in our trials on mature vines.  Aside from cordons, GWSS were
able to feed on old and young stems, petioles, and leaves.  However, the amount of feeding varied with the season.  In the
winter and summer, GWSS utilized old stems and young stems, while during the fall they were not able to feed on old stems.
In addition, the young stems became hardened and woody, and survival and feeding on the young stems at this time of the
year were reduced.  Our goal is to integrate the information from the work reported here with planned studies on infected
grapevines at different times of the year.  Through this work, we will understand the interaction between feeding behavior on
specific grapevine tissues that contribute to the spread of Xf from infected to healthy vines. With this knowledge, we can
direct management strategies to mitigate vine to vine spread.
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ABSTRACT
The already described Neotropical species of the speciose fairyfly genus Gonatocerus Nees (Hymenoptera: Mymaridae) are
reviewed and re-diagnosed in the forthcoming publication, which is near completion (Triapitsyn et al. in preparation).  82
valid species are recognized including 10 newly described ones, and an illustrated identification key (based on females) to 77
species is provided (the remaining five species are known from the male sex only).  The known distribution ranges and host
associations of the included species are indicated, with emphasis on the egg parasitoids of the proconiine sharpshooters
(Hemiptera: Cicadellidae: Cicadellinae: Proconiini), all of which belong to the ater species group (the ater and morrilli
subgroups) of Gonatocerus.  Results obtained during the last year of this three-year project (a one-year no-cost extension was
granted by the funding agency) are being reported.

INTRODUCTION
In the New World, eggs of the proconiine sharpshooters, which are known vectors of Xylella fastidiosa, are parasitized by
various Mymaridae; their natural biological control is mainly due to the beneficial activity of the numerous species of
Gonatocerus.  A key to the Nearctic mymarid egg parasitoids of the proconiine sharpshooters was published recently
(Triapitsyn 2006a).  A rationale and a more detailed introduction for this project, which will result in publication of an
illustrated, annotated key to the Neotropical species of Gonatocerus, were given by Triapitsyn (Triapitsyn 2006b).

OBJECTIVES
1. Identification of the numerous species of Gonatocerus reared by USDA researchers (G. A. Logarzo) and others in

Argentina, Chile, and Peru, colonies of some of which were established in the quarantine facilities in California and
Texas, and also of several species reared in Mexico from eggs of Homalodisca and other proconiine sharpshooters.

2. Preparation and submission for publication of a pictorial, annotated key to the ater species group of Gonatocerus, egg
parasitoids of proconiine sharpshooters in the Neotropical region, with emphasis on the species targeted for introduction
into California (Years 2 and 3).

RESULTS AND DISCUSSION
Progress on Objective 1.
Specimen preparation. Due to the enormous volume of the material of Gonatocerus from Argentina and Chile (more than
5,000 specimens have already been point-mounted in the course of this project), work on point-and slide-mounting of the
specimens and their curation, which began in October 2006, will continue until July 2009.

Specimen identification. Sorting of the new material has continued. We described two new species of Gonatocerus reared in
Argentina from eggs of Tapajosa rubromarginata (Signoret) (Triapitsyn et al. 2007, 2008) and also a new species of
Gonatocerus from Sonora, Mexico, an egg parasitoid of Homalodisca liturata Ball (Triapitsyn & Bernal 2008).  Many other
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species of Gonatocerus egg parasitoids of Proconiini were identified using both morphological and molecular methods (de
León et al. 2008; Virla et al. 2008).

Progress on Objective 2.
Preparation of the illustrations. High quality digital photographs were taken, using an Automontage system, of all the
available types and many non-type specimens of the described Gonatocerus spp. from the Neotropical region and also of the
new species that are included in the key. All the illustrations have been arranged into plates (more than 100).

Preparation of the key. All keys have been completed and all the already described Neotropical species of Gonatocerus have
been re-described; descriptions of the 10 new species are under way.

Publications and reports. The project has already resulted in at least 12 scientific papers and reports that either have been
published or submitted for publication to the scientific journals (in press).  We expect that a review of the described species
of Gonatocerus in the Neotropical region will be completed in early 2009, and then it will be submitted to Zootaxa
(Triapitsyn et al. in preparation); it currently has more than 200 manuscript pages.

CONCLUSIONS
A review of the described species of Gonatocerus in the Neotropical region is near completion; it also includes descriptions
of 10 new species.  Additionally, two new species of Gonatocerus egg parasitoids of Proconiini were described during the
reporting period.  Results of this project will be of significant benefit to biological control (especially to the CDFA/PD
Biological Control Program) specialists, ecologists, and other researchers that manage the Pierce’s disease threat posed by
GWSS.  When published, this key will make possible identifications of the mymarid egg parasitoids of the proconiine
sharpshooters in America south of the USA, differentiation of native vs. introduced species of Gonatocerus, and also will
provide information on the candidate species of Mymaridae for introduction as part of biological control programs, facilitate
surveys for assessing levels of egg parasitism of the proconiine sharpshooters, and indicate all known host associations of the
mymarid species important for classical and neoclassical biological control of GWSS and other Proconiini.
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ABSTRACT
The glassy-winged sharpshooter, Homalodisca vitripennis, has a red pigment that is found in its wings during the final
immature stage of its life.  Over the course of the sharpshooter’s lifespan, the red pigment darkens with maturation and
eventually becomes a brown/black color.  These pigments are unidentified but believed to be pheomelanin and eumelanin,
respectively.  The age of the sharpshooter can be determined by analyzing the amount of red pigment found in the wings.  In
this study, we attempted to identify the red pigment and quantify the amount of red pigment contained in wings via chemical
analysis.  Ultimately, we found that it was more practical to determine the amount of red pigment compared to brown/black
pigment using an image analyzing software (ImageJ) to compare the ratios of each color present.

INTRODUCTION
In area-wide management studies in California and Texas, glassy-winged sharpshooters (GWSS; Homalodisca vitripennis)
are collected using yellow sticky cards such as the Trécé Inc. adhesive trap T3306 (Trécé, Inc., Adair, OK).  This method
works very well for monitoring population numbers and identifying species that occur in the field.  However, determining the
age of sharpshooter off of traps can be difficult due to the degradation of internal tissues.  However, the GWSS’s wing color
changes from red to black based on its age and this is a static change that is not altered postmortem.  This compound is
proposed to be pheomelanin which is red-brown and can be converted in to eumelanin (a dark brown/black pigment)
(Wakamatsu 2002, Tran 2006).

MATERIALS AND METHODS
Determination of red and brown/black pigment. Age determination was done by scanning the wings using a Hewlett Packard
Scanjet 3500c scanner (Figure 1).  These images were labeled properly and then analyzed by ImageJ software.  A color
histogram was obtained along with the area of selection in square pixels, and the mean gray value.  A numerical value was
calculated for each wing (x=(R-((G+B)/2))*mean/area).  These values were used to set up a standard scale using known ages.

Figure 1. Development of Standards and Age Determination for field-collected insects.  GWSS were
reared from eggs at the Texas Agrilife Research facility in Fredricksburg, TX.  Each day, newly molted
adults were collected and transferred to separate cages. These insects were allowed to survive 3, 6, 9, and
15 days.  At that time the insects were sacrificed and analyzed for the ratio of red pigment to brown/black
pigment as described above.  From the yellow sticky traps, GWSS wings were collected and analyzed.

RESULTS AND DISCUSSION
GWSS collected on different days had significantly different levels of red pigment in their wings (Figure 2).  We tested a
large group of field-collected GWSS and where able to determine the relative age of the insects.  However, many of the
tested insects were determined to be older than 21 days.  Therefore, we need to refine the system and set standards at the max
age of the insects.
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Figure 2.  Decreasing levels of red pigment found in GWSS wings over time.

CONCLUSIONS
The unknown pigment in the sharpshooter wings is believed to be pheomelanin.  The other proposed pigments of
xanthomattin and erythropterin absorbance spectra are similar in shape to that of other organic pigments unlike the unknown
compound.  Pheomelanin is commonly found in nature and can be easily converted to eumelanin which is a darker, almost
black hue.  Pheomelanin (red) can be converted to eumalanin (black) if the solution is lacking a high concentration of sulfur
compounds.  Therefore if cysteine (sulfur containing) concentration is low, the pheomelanin will readily convert into
eumelanin.  In the sharpshooter this lack of cysteine would most likely come from a change in diet.  Further research is
needed to verify that the pigment is in fact pheomelanin.

The age of the sharpshooters can be determined by ImageJ.  In an area-wide management program, it is important to
understand as many biological factors as possible.  Age may have a direct correlation to the vectoral capacity of the insects.
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ABSTRACT
The impact of systemic treatments of dinotefuran on the adult and egg stages of the glassy-winged sharpshooter (GWSS;
Homalodisca vitripennis) is being evaluated using greenhouse and laboratory scale bioassays.  One reason for the use of
systemic treatments is that they exploit the xylophagous feeding behavior of the GWSS adult and immature stages.  Our
current data show that these treatments have an additional contact activity on emerging first instars before they begin feeding.
Preliminary data indicate that dinotefuran is inherently more toxic than imidacloprid to first instar GWSS.  In bioassays with
adults exposed to treated grapevines, we quantify dinotefuran concentrations within the xylem and related mortality.  From
these bioassays, we expect to generate a value that represents the effective concentration of dinotefuran needed to kill a
GWSS adult feeding on a vine.  This target threshold can then be used to guide growers in the selection of treatment rates,
and as an indicator of the efficacy of treatments and the level of protection their vines are receiving.

INTRODUCTION
Our research program focuses on the use of chemical insecticides for the management of the glassy-winged sharpshooter
(GWSS; Homalodisca vitripennis).  We are dedicated to formulating safe and effective treatment programs for California
growers, given the almost complete reliance by the grape industry on this method of control.  We have conducted extensive
trials in Coachella, Napa and Temecula valley vineyards to evaluate the uptake and persistence of three neonicotinoids –
imidacloprid, thiamethoxam, and dinotefuran – under the diverse range of climatic, soil, and agronomic conditions associated
with these regions.  We have an understanding about how the different chemical properties, particularly water solubility, of
these neonicotinoids can be exploited to achieve optimum uptake into vines, and we have developed sensitive techniques that
allow us to monitor the levels of insecticide present within the vines.  To exploit this knowledge further for the benefit of
California grape production, we need to ensure that the concentrations of insecticide present within the vines are reaching
levels that are effective at rapidly killing GWSS before they can infect vines with Pierce’s disease (PD).  We also need to
understand whether there is a sub-lethal impact of these insecticides on GWSS, since anti-feedant activity may not
necessarily eliminate the threat that an infective sharpshooter poses to a vine.  Our past and current research projects have
established the threshold levels of imidacloprid needed to kill a GWSS at 10 ng/ml xylem fluid, and optimized treatment
regimes for growers that will ensure these thresholds are attained following applications via different irrigation methods
(drip, sprinkler).  In 2007, a new systemic neonicotinoid, Venom (active ingredient dinotefuran), received full registration for
use on grapes.  An additional systemic neonicotinoid, Platinum (active ingredient thiamethoxam), is scheduled for
registration in 2008 (it will soon go through the 30 day posting process according to a personal communication from David
Belles, Syngenta).  Our work in this area has demonstrated the excellent uptake of these new insecticides following systemic
application to vines (Toscano et al., 2007).  This is good news for vineyard operators who have experienced problems with
imidacloprid.  Imidacloprid has been the predominant neonicotinoid in use in vineyards, but our research has shown that its
uptake and persistence within vines varies dramatically between regions (Coachella Valley, Napa Valley, Temecula Valley).
Despite its apparent poor uptake, growers continue to rely on imidacloprid in many areas.  The perception is that the
insecticide will work well in all areas given its successful implementation in Temecula vineyards (Byrne and Toscano, 2006).
Thiamethoxam and dinotefuran offer a potential solution to overcoming the problems encountered with imidacloprid use –
their rates of uptake are faster and they reach higher concentrations at peak uptake than imidacloprid under the more
challenging situations.  They also exhibit favorable persistence. Having established that the uptake and persistence of these
systemic insecticides is superior to imidacloprid in terms of insecticidal titers reached in the xylem, it is important to
determine the threshold levels of these insecticides to ensure that the levels attained in the xylem are active against
sharpshooters.  Comparative data on the efficacies of systemic thiamethoxam and dinotefuran against GWSS are not
available.

OBJECTIVES
1. Determine target thresholds for systemic neonicotinoids against glassy-winged sharpshooters in grapevines.

RESULTS
We are currently running two sets of experiments.  Potted grapevines have been treated with Venom (active ingredient
dinotefuran) at recommended field rates (6 oz/acre), and dilutions of this rate.  The efficacy of dinotefuran at these treatment
rates is being assessed by confining adult sharpshooters on the vines and determining the levels of mortality after one day of
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exposure.  The concentrations of dinotefuran in the vines are measured after the mortality has been scored so that we can
derive a lethal concentration for the insecticide.  Xylem fluid is extracted using a pressure bomb and the dinotefuran in the
extract is then quantified by ELISA.  In the first tests, the use of the field rate resulted in 100% mortality.  This is not
surprising since the concentrations of dinotefuran in the xylem fluid exceeded 100 ppb, the upper limit we set for the ELISA.
We are continuing with the evaluation of lower treatment rates, and will present the results at the annual symposium.

In the second set of experiments, we are evaluating the effect of dinotefuran against the eggs of the GWSS.  Adult GWSS are
confined in cages with cotton, which is an excellent host for GWSS oviposition.  Leaves with egg masses (not older than 24
hours) are cut from the plants and the petioles inserted into vials containing a range of insecticide solutions.  The uptake of
insecticide into each leaf is allowed to proceed for 24 hours and the leaves are then transferred to leaf boxes.  The leaf boxes
are maintained under lights until the normal period of embryonic development is completed.  Mortality is assessed at the time
of emergence of the first instar.  In our first set of experiments, we tested 0.1 ppm dinotefuran (prepared from Venom 70SG).
After 24 hours, the average concentration of dinotefuran present in the leaves was 7.3 ng/cm2 leaf.  At this concentration, we
observed 100% mortality of emerging nymphs.  As with imidacloprid, the nymphs developed fully within the egg mass and
only succumbed to the effects of contact with dinotefuran during emergence.  The high mortality at this concentration is in
contrast to our previous data for imidacloprid, where we observed an LC50 of 39 ng/cm2 leaf.  Our results show that
dinotefuran is more toxic to the 1st instar than imidacloprid.

CONCLUSION
In previous work, we showed that the rate of uptake of dinotefuran into grapevines was faster than imidacloprid.  Also,
concentrations of dinotefuran at peak uptake were higher.  The results we are generating from this project are encouraging
from two standpoints.  First, we have shown that dinotefuran is highly toxic to GWSS adults, indicating that it will be an
effective product for the control of the insect in vineyards. The use of dinotefuran will provide growers with a product that
acts effectively against sharpshooters, particularly in situations where growers must respond quickly to an infestation to
prevent the potential transmission of PD.  When we conclude our bioassays, we will generate a threshold level of dinotefuran
necessary to kill a sharpshooter quickly once it feeds from the xylem.  We will then be able to determine the level of
persistence that a treatment will provide.  And second, dinotefuran is highly toxic to emerging 1st instars.  Systemic
treatments exploit the xylophagous feeding behavior of the GWSS adult and immature stages.  We now know that these
treatments have an additional impact on emerging 1st instars before they begin feeding.

The systemic neonicotinoids imidacloprid and dinotefuran are effective insecticides that growers can use for long-term
management of GWSS populations.  Because of the contrasting chemical properties of these insecticides, growers can now
choose the most suitable product to meet their pest management needs.
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ABSTRACT
Here are presented the progress on a collaborative biotechnological work aimed to develop an RNA interference (RNAi)
strategy designed to control sharpshooter vectors of Xylella fastidiosa, the causal agent of Pierce’s disease.  In the year 2007-
2008 we constructed cDNAs corresponding to specific genes of the glassy-winged sharpshooter (GWSS), Homalodisca
vitripennis, and evaluated dsRNAs for their ability to induce RNAi effects against GWSS.  We performed injection
experiments in GWSS insects and evaluated effects by assessing target RNA degradation.  Identified genes will be used to
develop transgenic basil plants such that dsRNAs are expressed in xylem tissues via EgCAD2, a xylem-specific promoter.
Transgenic plants will be evaluated for their ability to induce RNAi effects on GWSS.

INTRODUCTION
Pierce’s disease (PD), caused by the xylem-limited bacterium, Xylella fastidiosa (Xf), is an important threat to the California
grape industry (http://www.aphis.usda.gov/lpa/pubs/fsheet_faq_notice/fs_phglassy.html
http://orsted.nap.edu/openbook.php?record_id=11060&page=21).  The most important recent epidemic of PD in California
was found to be associated with the introduction of the glassy-winged sharpshooter (GWSS), Homalodisca vitripennis, an
invasive sharpshooter leafhopper known to be indigenous to parts of the Southeastern United States (Blua et al., 1999).  The
GWSS is a large, robust leafhopper with a broad host range including many native, ornamental and crop plants.  The
combination of this new PD vector species, its wide host range, abundance of host plants, its affiliation for citrus as a host for
reproduction, and its ability for long-distance dispersal (Blua and Morgan, 2003) has raised concerns that PD and GWSS are
important threats to the California grape industry beyond the Temecula region.

In addition to being transmitted by GWSS, Xf is transmitted to plants by several other species of xylem-feeding leafhoppers
(Redak et al., 2004).  It is interesting to note that as opposed to phloem-feeding hemipterans, xylem feeders must ingest much
greater volumes of plant sap.  And it is the ingestion of large volumes of plant sap that offers the potential to deliver toxic
molecules to leafhoppers, even if these molecules are produced in low concentration in xylem sap.  This is an important
component of our strategy.

We propose a new approach, one based on RNA interference (RNAi) directed towards GWSS.  RNAi leads to sequence
specific degradation of target RNA molecules within the cell cytoplasm, resulting in eliminating or reducing gene expression
(mRNA degradation) or antiviral immunity (degradation of viral genomic RNAs) (Lu et al., 2004; Brodersen and Voinnet
2006).  There are already several examples of practical implementation of RNAi-based technologies for agriculture.  For
example, RNAi-based strategies for conferring plant resistance to bacterial, nematode and virus induced plant diseases have
been demonstrated, and some have been even used in commercial agriculture (Escobar et al., 2001; Huang et al., 2006;
Gonsalves 1998).  Recently, particular attention was devoted to RNAi efforts targeting insects.  For example in the
November 2007 issue of Nature/biotechnology, the “news and views” article was entitled “RNAi for insect-proof plants”
(Gordon, K.H. and P.M. Waterhouse, 2007) and two research articles in that issue presented current RNAi efforts towards
insect pests of plants (Baum, J.A., et al., 2007; Mao, Y.B., et al., 2007).  In 2008, in Trends in Biotechnology another article
was titled “RNAi-mediated crop protection against insects” (Price, D.R. and J.A. Gatehouse, 2008). Of relevance to this
proposal is that RNAi offers opportunities for targeting H. vitripennis via RNAi-based disruption of essential GWSS genes,
thereby resulting in insect deleterious effects.

OBJECTIVES
The objectives of our research effort are to develop new and effective, environmentally sound strategies for controlling the
GWSS and other leafhopper vectors of Xf. Our goal is to develop strategies that are effective and will provide control for PD
of grapes, but also have flexibility for use in other important California crops.

The specific objectives of our effort are:
1. To identify and develop RNAi-inducers capable of killing or reducing the survival and/or fecundity of GWSS.
2. To generate transgenic plants capable of expressing and delivering GWSS deleterious RNAi molecules within their

xylem.
3. To evaluate transgenic plants for their ability to generate inducers capable of inducing RNAi vs. GWSS.
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RESULTS AND DISCUSSION
For this effort we utilized in vitro and in vivo delivery systems.  We assessed RNAi effects in cultured GWSS cells. We also
screened dsRNAs in whole leafhoppers by injection, and we are optimizing dsRNA insect delivery by feeding in vitro.

Rearing GWSS and other PD vectors. A colony of GWSS insects was collected from Riverside and donated to us by Dr.
R. Almeida (UC Berkeley). The colony was transferred into the Controlled Research Facility (CRF) at UC Davis and insects
were reared there for more than one year. We were able not only to keep the original colony in good condition, but also to
rear continuously new generations of GWSS.  Dr. Almeida also provided us with a colony of Draeculacephala minerva (D.
minerva).  We decided to rear these insects because they are not quarantined in northern California, they are easy to rear and
they are California native vectors of PD. As for GWSS, we were able to maintain and rear colonies of D. minerva.

GWSS cells. Since GWSS insects are quarantined in Northern California, we decided to test the effect of RNAi in the
GWSS cells.  We received these cells from the Dr. Bruce Hammock laboratory (Kamita et al., 2005, GWSS cell line Z15).
We were able to optimize a cell transfection protocol with an efficiency higher than 50%, as measured using a siRNA
fluorescein labeled control. Cell viability was measured with trypan blue staining (data not shown).  Alexa-Fluor 488
phalloidin (Invitrogen) was used to label F- actin of GWSS cells grown and fixed on glass slides. This labeling procedure
allowed a first evaluation of actin integrity and structural appearance in GWSS cells transfected with actin dsRNA
(Figure 1).

Choice of dsRNA inducers: Fourteen GWSS nucleotide sequences, derived from EST based nucleotide sequences available
in GenBank and translatable in putative proteins, were used to design gene specific primers and to generate cDNAs from
GWSS cell line Z15. The same approach was used for D. minerva. Corresponding sequences were amplified by RT-PCR,
cloned and sequenced to confirm their identity.

cDNAs of actin, arginin kinase, lian 2 (a non-LTR retrotransposon) and sar1 mRNAs expressed in the GWSS cell line and
D. minerva insects were cloned in pGMTeasy vetor in both orientations relative to the T7 RNA polymerase promoter, and
sequenced. The vectors were used for T7 RNA polymerase-mediated in vitro transcription to generate specific dsRNAs
(Ambion, dsRNA MegaScript). These dsRNA were delivered via transfection in GWSS cells, and two of them (sar1 and
actin) via injection in GWSS insects.

Evaluation of RNAi effects in GWSS cells and whole insects. Realtime RT-PCR primer/probe sets were designed and
tested via real time RT-PCR assays of GWSS cell derived RNA.

RNAi in GWSS cells. Real time RT-PCR was used to measure the amount of target mRNA in GWSS cells.
Actin mRNA was first used as the RNAi target in GWSS cells. Upon cell transfection with actin dsRNA, a reduction of the
corresponding mRNA was observed, indicating effective RNAi in cells (data not shown). In a time course experiment, actin
dsRNA and actin hairpin loop (cloned in the Gateway pMT-Dest 48 plasmid, Invitrogen) were used in cell transfection. The
strongest RNAi effects were observed upon dsRNA delivery at 72 hours post transfection (hpt) (Figure 2).

When cells were transfected with actin dsRNA, siRNA and the actin hairpin loop plasmid to identify the best effector for
RNAi, the most efficient RNAi inducer proved to be actin dsRNA (data not shown). SiRNA was found to be a good
alternative RNAi inducer.

Actin and sar1 mRNAs were compared as targets for RNAi, via transfection of GWSS cells with actin and sar1 dsRNA
respectively. In these experiments, sets of GWSS cells were also transfected with GWSS arginin kinase and lian2 dsRNAs as
control of genes expressed in GWSS; and gfp dsRNA as exogenous control. RNAi was evaluated 72 hpt. Experiments were
repeated three times. Of these, twice the cell transfection was performed in three replicates and once in two duplicates. Real
time RT-PCR samples were always loaded in duplicates. As result, actin dsRNA seems to be a better RNAi inducer than sar1
dsRNA (Figure 3).

RNAi in GWSS insects. RNA interference was experimentally assessed in GWSS insects. Sets of 15 nymphs were injected
with 1µg of dsRNAs (gfp, actin or sar1) or buffer, and groups of 5 insects were sacrificed 1 and 3 dpi. Total RNA was
extracted from the insects and the amount of the mRNA was measured by two methods, real time RT-PCR and semi-
quantitative RT-PCR. Experiments were repeated three times.  Semi-quantitative RT-PCR and real time RT-PCR results
were comparable, and both confirmed that injection of dsRNA of corresponding endogenous genes in insects produced a
reduction of the mRNA, indicating RNAi in insects (Figures 4 and 5).

Xylem specific promoter cloning. We cloned the full length EgCAD2 xylem specific promoter from Eucalyptus gunii in
pGEMTeasy, and we are subcloning this promoter into the binary vector AKK 1431, obtained from Govindarajulu Manjula,
(C.G. Tylor lab Donald Danforth Plant Science Center, St. Louis). The plasmid contains the GUS gene. Our contructs will be
evaluated in transgenic basil plants and then the GUS sequence will be replaced by an RNAi inducer as identified above.
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CONCLUSIONS
RNAi effects have been demonstrated in GWSS cells and insects after delivery of dsRNA, and GWSS cells can be used to
screen candidate gene silencing targets. This study provides the evidence that RNAi might be useful as part of the overall
strategy to control Xf leafhopper species and to break the cycle between bacterial diseases and their hosts. Future work
includes the identification of suitable RNAi targets, the production of transgenic plants expressing dsRNAs in their xylem
and the study of the fate of ds/siRNA delivery in insects after feeding.
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Figure 2.  Cells transfected with dsRNA actin, or the actin hairpin loop plasmid were
harvested 24, 48 and 72 hpt and their actin mRNA levels were quantified by real time
RT-PCR. Actin mRNA was reduced the most at 72hpt.
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Figure 1.  Microscope observations at 24 hpt.  GWSS cells were grown on a glass slide
and treated with Alexa-Fluor 488 phalloidin (Invitrogen).
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Figure 3.  Actin, lian2, arginin kinase, and GFP dsRNAs (upper panel) and sar1, lian2, arginin kinase and
GFP dsRNAs (lower panel) were transfected in GWSS cells. Cells were harvested 72 hpt and the level of
sar1 or actin mRNAs were quantified by real time PCR.  RNAi was reached as proven by the sar1 and actin
mRNA reduction in sar1 and actin dsRNA transfected cells, compared to cells treated with transfection
reagent only (control). Transfection of cells with actin dsRNA generated a better RNAi response compared
to transfection of cells with sar1 dsRNA. Data were generated in three biological independent experiments,
with 8 replicates total. Error bars above the columns indicate the standard deviation among the 8 replicates.
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Figure 4.  Gel representative of three separate experiment results. Semi-quantitative RT-PCR results,
showing the RNA level in insects injected with 1µg of dsRNAs. Insects were collected 24 and 72 hour post
injection. Each RT-PCR was performed using 100 ng total RNA. The PCR was stopped after 15, 18 and 21
cycles.

Figure 5.  Real time RT-PCR on same samples as above.
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ARE GLASSY-WINGED SHARPSHOOTER POPULATIONS REGULATED IN CALIFORNIA?  LONG-TERM
PHENOLOGICAL STUDIES FOR GLASSY-WINGED SHARPSHOOTER IN AN ORGANIC LEMON ORCHARD

Principal Investigator:
Mark S. Hoddle
Department of Entomology
University of California
Riverside, CA  92521
Mark.hoddle@ucr.edu

Reporting Period: The results reported here are from work conducted March 2002 to October 2008.

ABSTRACT
Glassy-winged sharpshooter (GWSS) population densities have been steadily declining over a 6.5 year period in organic
lemons grown in an experimental study plot at UC Riverside Ag. Ops. Peak adult GWSS populations in July 2008 were just
21% of those observed around August 2002.  It is uncertain if egg parasitism, which has consistently averaged ~22% per year
of GWSS egg masses, is responsible for the observed decline.  Density dependent analyses of time series data are planned
once data sets are large enough to provide greater insight into factors (i.e., parasitism [density dependent mortality] or
weather [density independent mortality]) affecting GWSS population dynamics.

INTRODUCTION
Data collected from bi-weekly monitoring over the last 6.5 years from organic commercially-managed lemons at Ag. Ops.
UC Riverside indicates that glassy-winged sharpshooter (GWSS) populations are declining steadily each year (Figure 1).  It
is uncertain whether parasitism of GWSS eggs by mymarid parasitoids is responsible for this downward population trend
(Figure 2).  In California, there is a guild of natural enemies attacking GWSS.  The dominant parasitoid attacking GWSS in
California is Gonatocerus. ashmeadi followed by G. morrilli. G. triguttatus from Texas and G. fasciatus from Louisiana have
been released in California, but widespread establishment and proliferation has not occurred.  Other minor parasitoid species
include G. novofasciatus, Ufens sp., and Zagella sp.  Together, this guild of parasitoids provides an average of ~22%
parasitism of GWSS eggs over the entire 6.5 yrs that this study site has been monitored.  There are at least four possible
reasons for low seasonal parasitism levels in California: (1) competitive exclusion amongst members of the GWSS parasitoid
guild is reducing effective biological control; (2) An extremely aggressive and efficacious natural enemy that can outcompete
G. ashmeadi and completely dominate the system year round to the almost total exclusion of all current parasitoids has not
been established in California and is needed for successful biological control of GWSS (this would require exploitation of
non-GWSS hosts during long periods of host egg unavailability); (3) The absence of resource subsidies such as nectar
provided by flowering plants in agroecosystems may limit parasitoid efficacy because longevity and fecundity is significantly
reduced when parasitoids can not access carbohydrates.  Understory management may be an important cultural strategy to
benefit GWSS parasitoids if it can be demonstrated not to enhance GWSS and Xylella populations; and (4) Climate, in
particular, prolonged cool periods over winter when GWSS eggs are unavailable probably has a severe affect on parasitoid
reproductive success and the ability of G. ashmeadi populations to propagate through the winter.  Long-term phenology
studies which generate data similar to the project reported on here, can be used to tease out density-dependent and density-
independent factors affecting population dynamics to elucidate factors affecting GWSS population growth.

OBJECTIVES
This project has one objective:
1. Conduct bi-weekly surveys of GWSS eggs, nymphs, and adults, and associated rearing of parasitoids from harvested egg

masses from organic lemons at Ag. Ops., UC Riverside.

RESULTS
The population monitoring study and measures of percentage parasitism clearly indicate that GWSS densities have continued
to decline steadily at the long-term monitoring plot (Figure 1) and percentage parasitism have remained relatively constant
over this time period (Figure 2).  Detection of density-dependent mortality from sequential census data, such as that
presented here, is notoriously difficult and the results of analytical models differ in outcomes depending on assumptions
made even when dummy data sets have been constructed to show density dependent mortality.  One of the major problems
with these types of analyses is serial correlation, where densities at Nt directly influence the population at Nt+1.  Recent
developments in analyses of time series data, such as those we are collecting for GWSS, are now providing much more
robust tests that overcome autocorrelation problems.  The Partial Rate Correlation Function (PRCF) is a relatively new
statistical procedure specifically designed for time series analysis of biological populations to detect density dependent feed
back.  Literature searches so far indicate that PRCF is the best of the extant techniques for analyzing long-term population
counts.  Consequently, census data collected from GWSS monitoring will be subjected to PRCF once we have data for a
minimum of 10 consecutive years to determine if density dependent or density independent feed back is responsible for
observed fluctuations from generation to generation.  Detection of density dependent mortality will indicate that populations
are being regulated, and could suggest that natural enemy populations are responsible.  Currently, our data set is too short to
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determine if parasitoid activity is providing density dependent mortality and is subsequently responsible for decreasing
GWSS densities at the study site.

CONCLUSIONS
GWSS populations appear to be showing a steady annual decrease in numbers in an organic lemon orchard at the University
of California, Riverside.  Percentage parasitism of GWSS eggs by mymarid parasitoids, in particular, G. ashmeadi, has
remained relatively constant from year to year at ~22%.  It is unknown if this level of parasitism is sufficient to have caused
the steady decline in GWSS numbers observed over the past 6.5 years or whether climatic variables such as wet winters (e.g.,
2006), or very cold and dry winters (e.g., 2007) suppressed GWSS population growth, while warmer than normal spring
periods (e.g., 2008) accounts for observed rebounds in GWSS populations.
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Figure 1. Phenology of adult GWSS in organic Eureka lemons. Data are total counts from timed five minute surveys made
every two weeks of 10 mature lemon trees at Ag. Ops. University of California, Riverside.
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Figure 2. Percentage parasitism estimates of GWSS eggs in Eureka lemons. GWSS egg masses are collected from timed
five minute surveys made every two weeks of 10 mature lemon trees at Ag. Ops. University of California, Riverside.
Harvested leaves are returned to the laboratory, the number of eggs per egg mass are counted and parasitoid emergence and
species identity is determined.
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SHOULD NEOCLASSICAL BIOLOGICAL CONTROL AGENTS FROM ARGENTINA BE RELEASED
IN CALIFORNIA FOR CONTROL OF THE GLASSY-WINGED SHARPSHOOTER?
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ABSTRACT
To date, we have conducted experiments investigating the egg age preference and competitive ability of clade 1 (Hoddle and
Irvin 2007) and clade 2 (presented here), G. tuberculifemur against G. ashmeadi.  Results strongly suggest that G. ashmeadi
is superior to G. tuberculifemur clades 1 and 2 when parasitizing GWSS eggs in “complex” and “simple” experimental
conditions with short and long exposure times.  The higher rates of parasitism and larger host age range demonstrated by G.
ashmeadi suggest that this species will be more competitive than G. tuberculifemur clades 1 and 2 in the field when
competing for GWSS egg masses and will likely prevent the widespread establishment of G. tuberculifemur clades 1 and 2.
Consequently, it would appear that G. tuberculifemur (clades 1 and 2) will contribute little to the biological control of GWSS
in California.

INTRODUCTION
Gonatocerus tuberculifemur is a sharpshooter parasitoid from Argentina that attacks glassy-winged sharpshooter (GWSS)
egg masses.  This parasitoid is being considered for use as a neo-classical or new association biological control agent for
GWSS in California.  A recent molecular study (de Leόn et al. 2008) has identified two distinct clades within the species
currently considered to be G. tuberculifemur. Populations of G. tuberculifemur collected from San Rafael in Argentina
cluster into clade 2 and the rest of the populations for which DNA was analyzed clustered into clade 1.  There is substantial
uncertainty about the safety of releasing these agents (i.e., unintended spread and non-target impacts) and whether these
neoclassical natural enemies would provide additional control of GWSS in California or disrupt the efficacy of the existing
parasitoid complex which has been constructed with natural enemies that have evolved to exploit GWSS.  The purpose of this
work has been to ascertain in quarantine whether these neoclassical biological control agents from Argentina in clades 1 and
2 can outperform the dominant GWSS parasitoid in California, G. ashmeadi.  To date, we have completed experiments
assessing clade 1 and a summary of these results were presented in the 2007 Pierce’s Disease Symposium Proceedings.  This
report presents experimental results for “G. tuberculifemur” that are representative of populations that compose clade 2.

OBJECTIVES
1. Ascertain oviposition preferences of G. ashmeadi and G. tuberculifemur clade 2 for GWSS egg masses of different ages.
2. Determine the competitiveness of these two parasitoid species simultaneously foraging for GWSS egg masses in

complex and simple environments.

RESULTS
Objectives 1 & 2: Egg age preferences and competitive ability

Experiment 1 - Complex environmental system:
One mated female G. ashmeadi and G. tuberculifemur (~24-36 h of age) was presented simultaneously with one GWSS egg
mass (composed of ~4-8 eggs) camouflaged amongst four other similar sized lemon leaves in a double ventilated vial. This
‘complex system’ was replicated 15 times for GWSS eggs aged one, three and five days of age. After 60 minutes exposure to
foraging parasitoids, leaves with egg masses were placed into individual Petri dishes, labeled and held at 27oC for emergence
of parasitoids and GWSS nymphs. The number of emerged and unemerged males and females of each parasitoid species was
recorded. Fifteen control vials containing one female parasitoid were set up for each species. Percentage parasitism by G.
ashmeadi and G. tuberculifemur was calculated as the percentage of total eggs.

Figure 1 shows percentage parasitism by G. ashmeadi and G. tuberculifemur resulting when GWSS egg masses one, three or
five days of age were exposed to three different treatments: (i) G. ashmeadi control vials consisting of one female G.
ashmeadi; (ii) G. tuberculifemur control vials consisting of one female G. tuberculifemur; and (iii) vials containing one
female of both G. ashmeadi and G. tuberculifemur competing for GWSS eggs. Results from vials containing one egg mass
exposed simultaneously to one G. ashmeadi and G. tuberculifemur showed that parasitism by G. ashmeadi was consistently
53-81% higher than G. tuberculifemur for all three egg ages (one, three and five days of age) tested (Figure 1).  Results from
the control vials (those containing only one female) showed that G. tuberculifemur demonstrated no egg age preference,
parasitizing 7% of eggs one, three and five days of age (Figure 1).  Results for the G. ashmeadi controls showed that GWSS
egg parasitism ranged from 58-82% (Figure 1).  Statistical analyses are currently underway to determine whether egg age
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had a significant effect on parasitism by G. ashmeadi.  The higher rates of parasitism demonstrated by G. ashmeadi suggest
that this species will be more competitive than G. tuberculifemur in the field when attacking GWSS egg masses.

There was no significant difference in overall parasitism of GWSS eggs between vials containing G. ashmeadi only (A) and
vials containing both G. ashmeadi and G. tuberculifemur (AT) for the complex system (Figure 2).  Female G. ashmeadi
dominated the mixed parasitoid system and the contributions to overall parasitism by G. tuberculifemur were negligible.

Experiment 2 - Simple environmental system:
One mated female G. ashmeadi and G. tuberculifemur (~24-36 h) was presented simultaneously to one GWSS egg mass (~4-
8 eggs, 1-2 days of age) on a single leaf in a double ventilated vial.  This ‘simple system’ was replicated 15 times.  Egg
masses were not camouflaged amongst four other similar sized leaves.  Exposure time of GWSS eggs to parasitoids was 15
minutes and each minute the behavior [searching container (SC), searching leaf (SL), searching egg mass (SE), oviposition
(O), resting (R), grooming (G), aggressive chasing (C), antennating conspecific (AC), searching egg mass from top side of
leaf (SETS), ovipositing from top side of leaf (OTS), and feeding on honey (F)] of each female was recorded.  Fifteen
replicates of two types of control vials were also set up for each species.  These contained either one female parasitoid or two
female parasitoids of the same species to account for interaction effects independent of species.
Results from vials containing one egg mass exposed simultaneously to one G. ashmeadi and G. tuberculifemur in a ‘simple
experimental system’ with just one leaf for 15 minutes showed that parasitism by G. ashmeadi was 61% (Figure 3), while G.

Figure 1. Percentage parasitism by G. ashmeadi and G. tuberculifemur resulting when
GWSS egg masses aged one, three, and five days of age were exposed to parasitoids
either alone or in competition with each other.

Figure 2. Overall percentage parasitism of GWSS egg masses exposed to three
treatments in a ‘complex experimental system’ for 1 h.
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tuberculifemur parasitized no GWSS eggs within the 15 minute exposure time (Figure 3).  Behavioral data are currently
being analyzed.

Experiment 3 - Long exposure time: When ~50 GWSS eggs were exposed to one female G. ashmeadi and G. tuberculifemur
for either 24 hours or five days, parasitism by G. ashmeadi was 82-94% higher than G. tuberculifemur for both exposure
times (Figure 4).

CONCLUSIONS
Gonatocerus tuberculifemur is a sharpshooter parasitoid from Argentina that is being considered for release from quarantine
for biological control of GWSS in California.  There is substantial uncertainty about the safety of releasing this agent and
whether it would provide additional control of GWSS in California or disrupt the efficacy of the existing parasitoid complex
which has been constructed with natural enemies that have evolved to exploit GWSS in the home range of this pest (i.e., the
southeast USA and northeast Mexico).  By studying the egg age preference, competitive ability and functional response of G.
ashmeadi and G. tuberculifemur (clades 1 and 2) we sought to determine which of these three parasitoids is likely to be the

Figure 3. Percentage parasitism by G. ashmeadi and G. tuberculifemur resulting when GWSS
egg masses aged 1-2 days of age were exposed to parasitoids either alone or with intraspecific
or interspecific competition (A = vial containing one female G. ashmeadi; AA = vial
containing two female G. ashmeadi; AT = one female G. ashmeadi and G. tuberculifemur, T =
one female G. tuberculifemur; TT = two female G. tuberculifemur).

Figure 4. The mean percentage of G. ashmeadi and G. tuberculifemur offspring emerging
when 50 GWSS eggs were exposed simultaneously to one mated female G. ashmeadi and G.
tuberculifemur for 24 h or five days.
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most efficacious.

Results from experiments involving clade 2 of G. tuberculifemur, as shown here, suggest that G. ashmeadi is superior to G.
tuberculifemur when parasitizing GWSS eggs in “complex” and “simple” experimental conditions with short and long
exposure times.  Results from competition experiments where both parasitoids were presented simultaneously to host eggs
demonstrated that G. ashmeadi outcompeted G. tuberculifemur clade 1. These results suggest that G. ashmeadi may prevent
widespread establishment and proliferation of G. tuberculifemur clade 1 in California.  This result is similar to Hoddle &
Irvin (2007) who showed that G. ashmeadi was superior to G. tuberculifemur clade 2, and to G. triguttatus and G. fasciatus
under similar experimental conditions (Irvin and Hoddle 2005).  Neither G. triguttatus or G. fasciatus have performed well
following mass releases in California where G. ashmeadi is present, which suggests that the results of these competitive lab
experiments may accurately predict field performance.

Our data thus far suggests that the potential impact of releasing G. tuberculifemur clade 2 (and clade 1) in California on the
biological control of GWSS may not out-weigh the cost of mass rearing and releasing of this biological control agent.  When
time and labor costs for large-scale colony maintenance, disruption of existing levels of control achieved with the resident
natural enemy guild (especially G. ashmeadi), and potential invasion by G. tuberculifemur back into the southeast USA
where GWSS originated are all considered, there appears to be no quantifiable benefit to releasing G. tuberculifemur clade 2
in California for the biological control of GWSS.  Similar conclusions have been reached from completed work on G.
tuberculifemur clade 1 (Hoddle and Irvin 2007).

REFERENCES CITED
de Leόn, J. H., Logarzo, G. A., Triapitsyn S. V. (2008). Molecular characterization of Gonatocerus tuberculifemur (Ogloblin)

(Hymenoptera : Mymaridae), a prospective Homalodisca vitripennis (Germar) (Hemiptera : Cicadellidae) biological
control candidate agent from South America : divergent clades. Bulletin of Entomological Research 98: 97-108.

Hoddle, M. S., Irvin, N. A. (2007). Should neoclassical biological control agents from Argentina be released in California for
control of the glassy-winged sharpshooter? Proceedings of the Pierce’s Disease Research Symposium, Dec. 12-14, 2007,
The Westin Horton Plaza, San Diego, California, pp. 90-93.

Irvin, N. A., Hoddle, M. S. (2005). The competitive ability of three mymarid egg parasitoids (Gonatocerus spp.) for glassy-
winged sharpshooter (Homalodisca coagulata) eggs. Biological Control 34: 204-214.

FUNDING AGENCIES
Funding for this project was provided in part by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.



- 70 -

IMPROVED DETECTION, MONITORING, AND MANAGEMENT OF
THE GLASSY-WINGED SHARPSHOOTER

Principal Investigator:
Russell F. Mizell, III
NFREC-Quincy
Quincy, FL
rfmizell@ufl.edu

Co-Principal Investigator:
Peter C. Andersen
NFREC-Quincy
Quincy, FL
pcand@ufl.edu

Cooperator:
Brent V. Brodbeck
NFREC-Quincy
Quincy, FL

Reporting Period: The results reported here are from work conducted in 2008.

ABSTRACT
Efficient and precise methods for detection of new colony infestations and for monitoring glassy-winged sharpshooter
(GWSS), Homalodisca vitripennis (Germar) population dynamics on a temporal and spatial basis for IPM related decision-
making are lacking.  This proposal provides an approach that will address the detection and monitoring needs as well as
develop a new strategic approach to management of GWSS.

INTRODUCTION
The glassy-winged sharpshooter (GWSS), Homalodisca vitripennis (Germar), as a vector of Xylella fastidiosa (Xf) remains a
threat to grapes, almonds, stone fruit and oleander and impacts citrus and nursery crops throughout much of California.  It
remains an important quarantine pest for the Napa and Sonoma Valleys and other uninfested areas.  Due to the unique
biology and behavior of the xylophagous GWSS which is driven by plant xylem chemistry and nutrition, conventional
detection and monitoring approaches may not provide the necessary statistical precision needed by the regulatory and
producer community for management decisions.  This proposal provides an approach that will address the detection and
monitoring needs as well as develop a new strategic approach to management of GWSS.

OBJECTIVES
Overall:  To determine the most efficient and cost effective trapping system to detect and monitor GWSS population
dynamics and the potential to manage GWSS populations.
1. Evaluate and summarize previous sampling and trapping efforts for GWSS.
2. Trap configuration and number: Determine the potential and optimize the number of traps that are most efficient and cost

effective in detecting and estimating GWSS populations.
3. Determine the effects of host plants in combination with traps: Determine the potential and the optimization of a

combination of GWSS host plants in sentinel plots to detect, estimate and manage GWSS population dynamics.

RESULTS AND DISCUSSION
Since the initiation of the Pierce’s Disease-Glassy-winged Sharpshooter Research Program, a number of investigators have
addressed sampling methodology for estimating population parameters of GWSS.  Here we discuss trap and related sampling
methodology with potential for the development of effective monitoring and detection of GWSS (Figure 1) and summarize
the results to date.  We do not include all of the literature that used traps to sample GWSS or the literature tangentially related
to sampling methodology, such as marking methods for mark-recapture studies.  However, new effective methods have been
developed within the program (Hagler et al. 2005).

Turner and Pollard (1959) first used sticky board traps (size not described) at 3 heights 0.6, 1.8 and 3 m above ground.  Traps
at these three heights captured 23, 37 and 42% of the GWSS captures, respectively.  Ball (1979) used masonite board traps
(27 × 13.5 cm) and screen traps of yellow, white and red covered with either Tack Trap™ or Stickem Special™ in peach
orchards in Monticello, FL to trap GWSS and H. insolita (Wlk).  Traps were placed at 1 and 1.3 m above the ground and data
were collected for three years. Yellow boards captured the highest number of leafhoppers of both species.  Results relative to
brands of stickem were equivalent.  The 1.3 m trap height captured 61% of the GWSS, however, the 0.6 m traps captured
significantly more H. insolita.  GWSS populations began to appear on the traps in late March–early April, peaked in June-
July and disappeared in late September-early October.  Leafhopper populations fluctuated by an order of magnitude from
year to year.

Blua et al. (2002) compared yellow sticky cards, beat-net sampling and timed counts to estimate GWSS nymph and adult
populations in citrus compared to total tree counts of GWSS obtained with knockdown (pyrethrin canister) pesticide
applications.  They also estimated trap efficiency as a function of the number of GWSS already on the traps which addressed
the physical function of the trap.  However, a potential effect on trap attraction due to reduced visual stimulation or trap
active distance was not discussed, but may have been involved.  A significant inverse relationship (Y=6.584-0.0022X-8E-
05X2, R2=0.71, P<0.001) was detected between number of GWSS already present on traps and subsequent trap catch.  No
correlations were observed for nymph or adult GWSS counts between beat-net samples, timed counts or stick card samples.
GWSS adult sticky card samples did not correlate with any other sampling method.  Absolute counts of GWSS nymphs
correlated significantly (P=0.035) with timed counts.  For nymphs, adults and total GWSS, beat-net samples correlated
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significantly (P<0.01) with timed counts.  Blua and Redak (2003) compared trapping methods in small citrus trees versus
large commercial trees.  Adult counts showed significant correlations between all methods tested.  In large commercial trees
about 50% of variation was explained by a regression of GWSS sticky card counts on total counts.  Beat-net and visual
counts were less accurate.  In small trees, beat-net and visual counts of nymphs had a correlation with total counts near to or
greater than 80%.

Blackmer et al. (2002, 2004, 2006) conducted a mark-recapture study using cylindrical traps (40 × 60 cm sheet rolled into a
cylinder of 16 cm dia.) at three heights (ground level , 2-3 m and 6-7 m relative to alfalfa and citrus canopies) to determine
the dispersal rate and distance of GWSS as well as H. liturata.  While trap comparison was not part of the studies, a number
of parameters that could affect GWSS trap capture rates were evaluated.  Pertinent findings included: higher numbers of
GWSS were collected on traps at heights below 3 m, 95% of released GWSS were captured within 90 m of the release point
in alfalfa and within 31-150 m in citrus, GWSS peak flight activity occurred between 1000 and 1400 h and trap capture was
rare at temperatures below 18 0C.  Wind speeds above 3 m/sec decreased flight activity.  No flight activity was observed
between 2200 and 0600 h and this was similar to observations in Florida (Mizell et al. 2008).

Bartels et al. (2002) used Seabright (Seabright Labs, Emeryville, CA) yellow traps (36 cm2 trapping surface) at 2 m in height
to trap GWSS in several types of crop habitats in Kern County, CA. Grape, peach/nectarine, almond and cherry orchards
were sampled at 11 locations using a grid approach where traps were placed in 3 transects 24 m apart on the exterior and
interior of the habitats.  Traps were checked weekly.  GWSS were captured throughout the year.  An early season peak was
observed in citrus but not in the other crops.  From July-October most GWSS captures were found in grape and cherry while
the organic grape location had the most GWSS.  Late in the year GWSS peaked in peach/nectarine.

Hix (2002, 2003) trapped GWSS in wine grape vineyards that were either organically or minimally farmed in Temecula, CA.
Commercially-available yellow traps, and plate and nymph traps (not described) in a number of colors were tested and
compared against visual counts of GWSS life stages.  Adult GWSS trap captures and oviposition in adjacent vegetation (3
sets of 25 vines) were correlated.  Also, the number of nymphs found in July-September was strongly correlated to the
number of captured female GWSS.  The relationship between nymphs and females was described (y=b1(X) –b0)): number of
nymphs per search = 3.4 GWSS females-2.4 (R2 = 0.97, F=379, P =0.003).  Yellow plates captured higher numbers of GWSS
than commercial yellow traps.  Orange plate traps also captured more GWSS than the Seabright trap.  Seabright traps
configured as a cylinder did not capture more GWSS than regularly configured (two-sided) traps. Four trap sizes (125, 249,
499 and 998 cm2) were compared and trap catch increased with size.  However, the trap size of 499 cm2 captured higher
numbers on an area/trap basis.  Two types of sticky material were also tested but without manifesting differences in trap
captures.  GWSS phenology in Temecula grapes was characterized with peak numbers occurring in August-September.
Using trap color comparisons, it was demonstrated that GWSS were behaviorally attracted to both yellow and orange.

Blua and Morgan (2003) used Pherocon AM/NB (18 × 25 cm, two sides) (Trece', Salinas, CA) to sample GWSS for 21
months in grape-growing areas of southern California.  Their methods consisted of trapping the areas between citrus and
grape plantings and 0-40 m into the vineyard interiors along with surrounding vegetation consisting of natural coastal sage
scrub and riparian areas.  They also investigated the effect of trap height on GWSS capture rate.  They reported that >97% of
GWSS trap captures occurred at trap heights at or below 5 m.  Citrus harbored higher numbers of GWSS than the other
vegetation types, especially during winter months, but unlike most native leafhopper vectors in CA, GWSS were detected far
into the interior of the vineyards.  Peak GWSS trap captures were observed in August-September in all vegetation types with
citrus exhibiting an additional peak in December.

Castle and Naranjo (2008) compared yellow sticky trap captures of GWSS using four sampling methods: D-Vac, A-Vac,
pole-bucket and beat-net for their ability to estimate relative densities of GWSS in citrus.  Similar estimates of GWSS
distribution and phenology were produced by each of the methods, however, precision, accuracy and relative cost differed
between methods.  While a male bias was indicated in the sampling method data, female counts correlated well (R2 =0.95)
with yellow sticky trap captures.  The pole bucket was judged using precision and costs as the criteria to be the best overall
sampling method for both nymph and adult GWSS.

CONCLUSIONS
With the notable exception of the results reported for citrus by Blua and Redak (2003) and  Castle and Naranjo (2008) that
compared four sampling methods useful to estimate GWSS population parameters in citrus groves, trapping methods for
GWSS remain ill defined with respect to relative cost, accuracy and precision for both regulatory and management purposes.
Yellow sticky traps available commercially from either Seabright or Trece' remain the primary method for detection and
monitoring GWSS.  However, “homemade” or non-commercial traps of various sizes, including dinner plates (Hix 2003),
painted a bright hue of yellow or orange have been shown to be behaviorally attractive to and equally effective for the
leafhoppers vectors.

The quantification of sampling efficiency and efficacy remains incomplete for crops and habits other than citrus.  In grape,
Hix (2003) did report significant correlations between trap captures of nymphs and adults at specific times of the season as
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well as correlations of GWSS numbers in the vineyard with those captured on exterior vegetation.  Investigations from a
number of perspectives with the objective of trap improvement are ongoing.  Unlike many other insect pests, GWSS
behaviors involved in mating and host plant selection do not appear to be predominantly mediated by olfactory cues.  Patt
and Sétamou (2007) investigated the response of GWSS nymphs and adults to visual and olfactory cues in the laboratory.
They reported that host odors changed the orientation behavior of both nymphs and adults and likely functions as stimulant
for enhanced visual attraction to hosts.  Potential exploitations of these findings remain to be elucidated.  Unfortunately,
GWSS is a strong flyer capable of long range dispersal whose nutritional requirements force it to use different host plants
over its long lifetime (Mizell et al. 2008).  It has demonstrated the ability to spread and establish in non-native habitats in CA
and in other parts of the world.  Therefore, efficient methods for detection and monitoring remain important tools that need
further development to facilitate suppression of this leafhopper vector of Xf-caused diseases.  A number of behavioral,
biological and ecological factors conceptualized in Figure 1 may perhaps be exploited to further address the problem and
these are being investigated.
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Figure 1. A conceptual "mind map" model of the parameters and potential relationships involved in detection and
monitoring of the glassy-winged sharpshooter, Homalodisca vitripennis.
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ABSTRACT
Riverside County has two general areas where citrus groves interface with vineyards, the Coachella and Temecula Valleys.
The Coachella Valley with 10,438 acres of table grapes in proximity to 12,000 acres of citrus and the Temecula Valley with
2,000 acres of wine grapes in proximity to 1,600 acres of citrus are vulnerable to Pierce’s disease (PD), caused by the
bacterial pathogen Xylella fastidiosa. The grapes in the Coachella and Temecula areas of Riverside County are in jeopardy
because of the glassy-winged sharpshooter (GWSS; Homalodisca vitripennis), the vector of the PD bacterium, build up in
adjacent citrus groves.  Citrus is an important year around reproductive host of GWSS in Riverside County, but also one that
concentrates GWSS populations over the winter months during the time that grapes and many ornamental hosts are dormant.
GWSS weekly monitoring in citrus in grapes began in March 2000 in Temecula Valley and 2003 in Coachella Valley by
trapping and visual inspections.  Temecula valley GWSS populations in 2008 reached levels not seen prior to the initiation of
the area wide GWSS program in 2000.  Coachella Valley GWSS populations have decreased dramatically since the treatment
program was initiated in 2003.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) vectors a bacterium that causes Pierce’s disease (PD).  This insect and bacterium
are a severe threat to California’s 830,000 acres of vineyards and $30 billion industry.  An area-wide GWSS management
program was initiated in Temecula in 2000 to prevent this vector’s spread into other California grape-growing regions.  In
Temecula Valley itself, the wine grape industry and its connecting tourist industry generate $100 million of revenue for the
economy of the area.  GWSS/PD caused a 30% vineyard loss and almost destroyed the connecting tourist industry.  The area
wide GWSS management program initiated in the spring of 2000 saved the industry from a 100% loss.  Only a continuation
of an area-wide GWSS management program will keep the vineyards viable in Temecula.  The table grape industry in the
Coachella Valley is represented by 10,465 acres of producing vines, which generate fresh market grapes valued at an average
of $110 plus million annually.  The GWSS was identified in the Coachella Valley in the early 1990’s.  Population increases
of this insect in Coachella Valley in the last three years have increased the danger of PD occurrence in this area, as has
occurred in similar situations in the Temecula and San Joaquin Valleys.  In July 2002, the occurrence of Xylella fastidiosa,
the PD bacterium, was found in 13 vines from two adjacent vineyards in the southeastern part of Coachella Valley.  With this
discovery, and the increasing GWSS populations, there was and is a real need to continue an area-wide GWSS/PD
management program, to prevent an economic disaster to the work forces and connecting small businesses of Mecca,
Thermal, Coachella, Indio, etc. that depend upon the vineyards for a big portion of their incomes.  Only a continuation of an
area-wide GWSS/PD management program will keep the vineyards viable in Coachella.  At present, there are no apparent
biological or climatological factors that will limit the spread of GWSS or PD. GWSS has the potential to develop high
population densities in citrus.  Insecticide treatments in citrus groves preceded and followed by trapping and visual
inspections to determine the effectiveness of these treatments are needed to manage this devastating insect vector and
bacterium.  A total of 106 acres of citrus in Riverside County were treated for the GWSS in February through September,
2008 between a cooperative agreement with USDA-APHIS and the Riverside Agricultural Commissioner’s Office under the
“Area-Wide Management of the Glassy-Winged Sharpshooter in the Coachella and Temecula Valleys”.

OBJECTIVES
1. Delineate the areas to be targeted for follow-up treatments to suppress GWSS populations in the Temecula and

Coachella Valleys for 2009.
2. Determine the impact of the GWSS area-wide treatments to suppress GWSS populations in citrus groves and adjacent

vineyards.
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METHODS, RESULTS AND CONCLUSIONS
The programs in Coachella and Temecula were dependent upon grower, pest management consultants, citrus and vineyard
manager’s participation.  The areas encompass approximately 28,000 acres.  Representatives of various agencies were
involved in the program, they were as follows: USDA-ARS, USDA-APHIS, CDFA, Riverside County Agricultural
Commissioner, UC Riverside, UC Cooperative Extension, and grower consultants.  Representatives of these agencies meet to
review the program.  Newsletters are sent to growers, managers, wineries, and agencies with information on GWSS
populations and insecticide treatments via e-mail.  The information from Temecula is sent weekly, while information from
Coachella goes to the various parties monthly.

The GWSS/PD citrus groves and vineyards within the GWSS/PD management areas were monitored weekly to determine the
need and effect of insecticide treatments on GWSS populations.  In August, because of the lack of GWSS trap catches in
Coachella Valley, a bi-weekly schedule was initiated.  Yellow sticky traps (7 x 9 inches) were used to help determine GWSS
population densities and dispersal/movement within groves and into vineyards (Figures 1 & 2).  Approximately 1,400
GWSS yellow sticky traps are monitored weekly.  Based on trap counts and visual inspection, only 106 acres of citrus were
treated in Temecula valley for GWSS.  No insecticide treatments were needed in Coachella Valley for the management of
GWSS in 2008.  In Temecula Valley, treatments for GWSS in citrus were initiated when at least 1-2 GWSS adults were
found at the same trap location for two consecutive weeks.  In Temecula Valley, only the citrus where the GWSS was found
were treated.  Because of various reasons, some citrus acreage in Temecula should have be treated that was not.  These
additional acres were not treated because of one of the following three reasons:  uncooperative citrus growers, close
proximity to homes and the late time of the season that the GWSS appeared.  In Temecula Valley, 93 acres of the 106 citrus
acres were treated with Admire Pro (imidacloprid) at the rate of 14 oz./acre.  In June, 37 of the 93 acres were treated with
Lorsban 4E (chlorpyrifos) at the rate of 7 pts./acre.  Thirteen acres were treated with PyGanic 5.0 (1.4% Pyerthrins) at 18
oz./acre. PyGanic was used to treat organically grow citrus. On the 13 citrus acres where PyGanic was used to manage
GWSS, a follow-up treatments of PyGanic was applied a month after the first application for two consecutive months.
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Figure 1. In 2008, high numbers of adult GWSS were caught on the yellow sticky traps in Temecula, with populations
peaking in July reaching a total of approximately 2,400 trapped.
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Total Coachella GWSS Catch per Week for 2008
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Figure 2. GWSS populations in Coachella Valley peaked in July with a high of 100 trapped.
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ABSTRACT
Three insecticide programs were evaluated in two vineyards in North Carolina from 2006 to 2008 for managing leafhopper
vectors of Xylella fastidiosa (Xf), the bacterium that causes Pierce’s disease in grapes.  In 2006, the treatments consisted of
applications of Assail®, Danitol®, Provado®, or Venom®, in different sequences and frequencies during the growing
season.  The same insecticides were used in 2007, except Provado®, whereas Admire-Pro®, Belay® and all insecticides used
in 2007 were used in 2008.  Most insecticides were applied as a foliar spray except Venom which was applied to the foliage
and soil and Admire-Pro and Belay which were only applied to the soil.  Soil applications were made along the base of the
vines.  Leafhoppers were monitored in each plot with yellow sticky traps which were changed every two weeks.
Graphocephala versuta was the most abundant and ubiquitous leafhopper that was trapped in the test plots.  Five other
species of sharpshooters were identified: Cuerna costalis, Paraulacizes irrorata, Oncometopia orbona, Homalodisca
insolita, and H. vitripennis. However, the latter was only detected in 2007 and 2008.  All insecticide treatments significantly
reduced the number of leafhoppers trapped compared with the control during the three seasons.

INTRODUCTION
Several species of leafhopper vectors of Xylella fastidiosa (Xf), the causal agent of Pierce’s disease (PD), are abundant in
vinifera vineyards in North Carolina (Myers et al. 2007).  PD severely affects vinifera grapes debilitating the plants, reducing
the productivity life span of vines and increasing costs in vineyards (Purcell and Hopkins 1996).  This disease is a limiting
factor for the development of the vinifera industry in North Carolina and has been detected in many of the grape growing
regions in the eastern two-thirds of the state (Anas et al. 2008).  In this paper we report preliminary results of insecticide tests
for managing leafhoppers conducted between 2006 and 2008.  These tests were conducted in two vineyards located in Wake
and Alamance counties.  Insecticide classes and rates used are presented in Table 1.  In 2006, the treatments consisted of
single applications of Assail®, Danitol®, Provado®, or Venom®, in different sequences and frequencies during the growing
season (Table 2a).  All insecticides used in 2006 were used in 2007, except Provado® (Table 2b), whereas Admire-Pro®,
Belay® and all insecticides used in 2007 were used in 2008 (Table 2c).  Venom was applied to the foliage and soil, whereas
Admire-Pro, and Belay were only used as soil applications, and the remainder of insecticides were applied to the foliage.
Leafhoppers were monitored with yellow sticky traps placed in the middle row of each plot and replaced every two weeks.
All vines in the middle rows of each plot were tested for the presence of Xf using an ELISA test kit (Agdia Inc., Elkhart, IN).

OBJECTIVES
1. To evaluate the effectiveness of insecticide programs on populations of leafhoppers in vineyards of North Carolina.
2. Develop an IPM program for leafhoppers for vinifera vineyards in North Carolina.

RESULTS AND DISCUSSION
During peak population periods, and throughout most of the growing season, fewer leafhoppers were found in the insecticide
treatments than the control in 2006, 2007, and 2008, (Figures 1 and 2). Graphocephala versuta was the most abundant and
ubiquitous leafhopper trapped during the three growing seasons.  Significantly more G. versuta (P < 0.05) were found in the
control compared to all the insecticide treatments in 2006, 2007, and 2008 (Figures 1a, 1b, 1c, and 3a).  A similar trend was
observed for all sharpshooters though there was no significant difference among treatments in 2008 (Figures 2a, 2b, 2c, and
3b).  Five species of sharpshooters were found in the traps: Cuerna costalis, Homalodisca insolita, H. vitripennis,
Oncometopia orbona, and Paraulacizes irrorata.  The most abundant were H. insolita and O. orbona.  The glassy-winged
sharpshooter H. vitripennis was only found in 2007 and 2008 in the Wake Co. vineyard.  The peak population of O. orbona
occurred from mid-June to the first week of July whereas, H. vitripennis peaked between mid-July and mid-August.  Peak
numbers of G. versuta were delayed by ~3 weeks in 2007 compared with 2006 (Figures 1a and 1b) which may be due to a
hard freeze from 6 to 10 April 2007.  Similarly, a severe late freeze between 13 and 16 April 2008 may have decreased
leafhopper numbers in 2008 compared to the two previous years (Figures 1, 2 and 3).  These two freeze events may also
have affected the survival of Xf because the incidence PD in the Alamance Co. vineyard was reduced in 2007 and 2008
(Table 3).  The Wake Co. grower removed the vines in August 2008 and no PD evaluation was possible.  There were no
significant treatment effects on PD incidence as measured by ELISA.
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Table 1. Insecticide classes and rates.
Type Insecticide (Trade name) Rate/Ha
Neonicotinoid acetamiprid (Assail 30 SG ) 77.0 g

“ imidacloprid (Provado 1.6 F*) 274.1 ml
“ (Admire Pro▲♦ ) 1024.8 ml
“ dinotefuran (Venom insecticide) 210.0 g

(Venom insecticide♦) 420.1 g
clothianidin (Belay▲♦) 878.4 ml

Pyrethroid fenpropathrin (Danitol 2.4 EC) 1460.5 ml
(*) Provado was used only in 2006 and (▲) Admire Pro and Belay were used only in 2008. (♦) Indicates soil application.  In
all other cases insecticides were applied to the foliage, unless indicated.

Table 2. Insecticide application schedule for (a) 2006, (b) 2007, and (c) 2008.

(a) 2006
Treat. 15-Apr 3-May 17-May 1-Jun 15-Jun
T1 Danitol Assail Danitol Assail Venom
T2 Danitol Provado Danitol Provado Venom
T3 Venom♦ - Venom Danitol Assail
Control - - - - -

(b) 2007
Treat. 27-Mar 12-Apr 26-Apr 9-May

Venom Danitol
23-May
Assail

5-Jun 19-Jun 3-Jul
-

17-Jul
-T1 Venom♦ - Danitol Assail

T2 - Venom♦ - Venom Danitol Assail Danitol Assail -
T3 - Venom♦ - Venom Danitol - Assail Danitol Assail

Control - - - - - - - - -

(c) 2008
Treat. 2-Apr

Venom♦
15-Apr

-
29-Apr
Venom

12-May 27-May
Assail

10-Jun
Danitol

24-Jun
Assail

8-Jul
-

22-Jul
-T1 Danitol

T2 - Venom♦ - Venom Danitol Assail Danitol Assail -
T3
Control

-
-

Venom♦
-

-
-

AdmirePro♦
- -

Belay♦
-

-
-

Danitol
-

Danitol
-

Table 3. Percentages of PD in middle row plants (Wake: n=96, Alamance: n=142).  The grower removed all plants in the
Wake Co. vineyard in 2008.  The Alamance Co. grower replaced vines killed by PD in the spring of 2008.  If these vines are
considered, the percentage vines affected would be 13.1% for 2008.

Year County Location
Wake* Alamance

2006 24.5% 73.1%
2007 72.2% 11.8%

2008* n/a 4.2%
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CONCLUSIONS
All the insecticide management programs we studied reduced the numbers of total sharpshooters and G. versuta in the treated
plots compared with the control.  In addition, in most cases, the insecticide treatments also reduced the numbers of other
leafhopper species (data not shown) during the three-year study. Graphocephala coccinea, Ponana puncticollis,
Paraphlepsius irroratus, Texananus scultus, Norvellina seminude, Gyponana, Draecucephala sp., Scaphoideus titanus,
Scaphytopius, and Agalliota sp. were some of the species collected in this study and may be potential vectors Xf. Some of
these species had been reported as carriers of Xf (Purcell 1979, Myers et al. 2007) but have not been shown to transmit Xf.
Based on our tests, North Carolina vinifera grape growers have several options that will suppress populations of leafhoppers.
However, the program still needs to be refined to be more cost effective.  Additionally, the effect of these programs on
reducing vines infected with Xf needs further evaluation.  Although we did not see any differences in the incidence of PD
between treated and non-treated vines in our small test plots, we have some evidence from a vineyard trial that insecticide
applications will reduce the incidence of PD.  In 2008, we initiated a test in a newly planted vineyard to assess the
effectiveness of one of our programs (T3, 2008) compared to the grower’s program.  When our program was used in a
vineyard planted in 2008 (n=592), PD symptoms were observed in only 4.4% of vines in late September whereas in an
adjacent vineyard with replanted vines (n=74) where our program was not used, 44 plants (59.4%) had PD symptoms.  Only
one vine in each plot tested positive for Xf using ELISA.  Visible symptoms (marginal leaf scorch) occurred late in the season
consequently the titer of Xf may have been too low to detect using ELISA.  This test will be continued to evaluate the long-
term effectiveness of the program.
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ABSTRACT
The interactions between the economically important plant pathogenic bacterium Xylella fastidiosa (Xf) and its leafhopper
vectors have been poorly characterized.  We used different approaches to determine how Xf cells interact with the cuticular
surface of the foregut of vectors.  We demonstrate that Xf binds to different polysaccharides with variable affinities, and that
these interactions are mediated by cell surface carbohydrate-binding proteins.  In addition, competition assays showed that N-
acetylglucosamine inhibited bacterial adhesion to vector foregut extracts and intact wings, demonstrating that attachment to
leafhopper surfaces can be affected in the presence of specific polysaccharides. In vitro experiments with several Xf
knockout mutants indicated that hemagglutinin-like proteins were associated with cell adhesion to polysaccharides.  These
results were confirmed with biological experiments, when hemagglutinin-like proteins mutants were transmitted to plants at
lower rates when compared to the wild type.  Furthermore, although these mutants were defective in adhesion to the cuticle
of vectors, their growth rate once attached to leafhoppers was similar to the wild type, suggesting that these proteins are
important for Xf initial adhesion to leafhoppers.  We propose that Xf colonization of leafhopper vectors is a complex,
stepwise process, similar to the formation of biofilms on surfaces.  Results presented here and in the 2007 report have been
combined and submitted to publication.

INTRODUCTION
The interaction of Xylella fastidiosa (Xf) with the foregut cuticle differ from other xylem-limited bacteria such as Leifsonia
xyli which can be acquired from plants but are not transmitted by insects (Barbehenn and Purcell 1993).  Only two studies
with Xf knockout mutants have addressed aspects of vector transmission (Chatterjee et al. 2008, Newman et al. 2004).
However, both studies focused on Xf’s cell-cell signaling system, which regulates cascades of genes and pathways, thus
allowing the identification of target genes, but not identifying specific interactions between vector and pathogen.  The rpfF
gene (Regulation of Pathogenicity Factors F) encodes an enzyme that synthesizes the signaling molecule DSF (diffusible
signaling factor), whereas rpfC is part of a hybrid two-component DSF sensor (Chatterjee et al. 2008).  An rpfF- mutant is
not transmissible by insects because it does not colonize the foregut of vectors (Newman et al. 2004), while rpfC- colonizes
insect’s foregut but is transmitted at lower rates compared to the wild type (Chatterjee et al. 2008).  In vitro adhesion assays
indicated that rpfF- did not form biofilms, while rpfC- adhered to surfaces more strongly than did the wild type.  Targeted
gene expression analyses of Xf adhesins indicated that hemagglutinin-like proteins (afimbrial adhesins) and type I pili were
associated with adhesion and transmission of these knockout strains, but type IV pili were not (Killiny and Almeida
submitted).  Thus, indirect evidence allowed us to hypothesize that some adhesins are important for Xf attachment to and
colonization of vectors, and subsequent inoculation into susceptible hosts, while other adhesins are putatively of little or no
role in this process.  In this study we sought to determine the nature of Xf-vector interactions using biochemical, molecular
and biological assays.

OBJECTIVES
1. Determine the nature of the Xf-vector interactions.
2. Identify Xf surface proteins involved in the transmission process.
3. Develop an artificial diet system to study Xf transmission.
4. Identify molecules that disrupt Xf adhesion to vectors.

Here we report on the first two objectives mentioned above.

RESULTS AND DISCUSSION
N-acetylglucosamine blocks Xf adhesion to insect surfaces.
To determine the affinity of Xf cells to different sugars we used a competition assay based on the concept that
polysaccharide-binding proteins on the surface of Xf can be saturated by exogenous molecules, reducing overall cell
attachment to leafhopper foregut extracts.  D(+)-galactose did not interfere with the binding of Xf to foregut extracts while
D(+)-mannose had a small effect (Figure 1A).  However the monomeric moiety of chitin, N-acteylglucosamine, as well as its
dimmer chitobiose and its trimer chitotriose, as well as its core molecule glucose, blocked cell adhesion to leafhopper foregut
extracts (Figure 1A).  Thus, specific carbohydrates inhibit Xf adhesion to extracts from leafhopper vectors.  The affinity of Xf
carbohydrate-binding proteins to sugars was also tested using synthetic copolymers as described by (Chadli et al. 1992).  Our
goal was to eliminate potential sources of error on the competition assays, as the previous experiment was performed using
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leafhopper extracts mimicking in vivo conditions that could have other factors affecting the tests.  We also used GFP (green
fluorescent protein)-labeled Xf (Newman et al. 2003) to limit sample processing.  We determined that cells specifically bound
to the glucosyl ligand “poly (O-α-D-glucopyranosylacrylamide) copolymer”.  A negligible interaction was obtained with the
galactosyl ligand, while binding of Xf to the mannosylated copolymer was detected half way through the dilution series used
(Figure 1B).

In order to compare our in vitro observations to in vivo cell adhesion to leafhoppers we used the hindwings of insect vectors
to mimic the cuticular surface of the foregut canal that Xf colonizes.  The entire exoskeleton of insects is generally assumed
to have similar chemical composition, although details are lacking for this specific system.  We used N-acetylglucosamine as
competitor molecule in assays testing for GFP-labeled Xf cell attachment to hindwings. Attachment diminished as N-
acetylglucosamine concentration increased in the dilution series (Figure 1C).  These results indicate that Xf binding to
polysaccharides in vitro is similar in its characteristics to its binding to the cuticle of leafhoppers.  Lastly, in order to test the
specificity of bacterial adhesion to leafhopper hindwings, we tested if other GFP-labeled bacteria, including the plant
pathogens Pseudomonas syringae, Xanthomonas campestris, and Erwinia herbicola, and Escherichia coli attached to that
surface (Figure 1D).  Interestingly, only Xf cells attached to the wings.  Thus, Xf cells have surface proteins with affinity to

Figure 1. Carbohydrate-mediated inhibition of Xf cell attachment to surfaces.  A) Carbohydrate inhibition
of Xf attachment to leafhopper foregut extracts spotted on nitrocellulose membrane, indicating that cell
surface adhesins can be saturated if incubated with certain molecules (GlcNac - N-acetylglucosamine).  B)
Adhesion of GFP-labeled Xf to carbohydrate-acrylamide copolymers (O-glycosylacrylamides) dilution
series.  C) Dilution series of N-acetylglucosamine inhibition of GFP-labeled Xf attachment to leafhopper
hindwings.  D) Specific adhesion of Xf to insect hindwings compared to other plant pathogenic bacteria
and Escherichia coli.
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polysaccharides on the surface of insects wings and glucosylated molecules, which can be saturated by N-acetylglucosamine
and similar molecules.

Transmission of hxfA- and hxfB- mutants.
In previous reports, we presented biochemical results indicating that the hemagglutinin-like proteins (HxfA and HxfB) were
associated to cell adhesion to insect surfaces and polysaccharides in vitro.  Thus, we conducted two experiments to determine
the role of hxfA and hxfB in Xf transmission by sharpshooters to plants.  In the first experiment, we confined non-infected G.
atropunctata on plants mechanically inoculated with the wild type, hxfA- and hxfB- cells, after which groups of two
individuals were moved to healthy plants for four days as an inoculation access period.  Transmission occurred in all
treatments, with hxfA- and hxfB- being transmitted less than the wild type (70, 80 and 100%, respectively), albeit not with any
statistical difference (X2 test, P = 0.1864).  In a second experiment we used individuals instead of pairs to more precisely
estimate single insect transmission efficiency.  With this more discriminating approach we found that hxfA- and hxfB-
mutants were transmitted at lower rates than the wild type (36, 46 and 88%, respectively X2 test, df = 1, P <0.001).  Because
Xf transmission rates are correlated with bacterial population in plants, we quantified the infection level in plants used in
these tests.  Plants infected with hxfA- and hxfB- mutants used for the transmission tests had populations ~10-fold higher than
the wild type (data not shown, results similar to Guilhabert and Kirkpatrick 2005), suggesting that hxfA- and hxfB- mutants
were transmitted less than the wild type because of their impaired interactions with insects rather than because of lower
populations in source plants.

We hypothesized that the reduced transmission rate of hxfA- and hxfB- mutants was due to limited colonization of vectors
early in biofilm formation.  In order to test this hypothesis we conducted another experiment and quantified the number of Xf
cells in the head of vectors over time after a 12-hour pathogen acquisition access period.  Overall, 80% of insects that fed on
grapevines infected with the wild type were positive for Xf, whereas only 38% and 42% of those fed on hxfA- and hxfB-
mutants were infected, respectively (X2 test, df = 2, P <0.001).  We quantified the number of cells of these strains within
vectors (positive samples only).  There were significant effects of strain (F2,54=23.229, P<0.0001), time (F1,54=803.341,
P<0.0001), and an strain by time interaction (F2,54=5.362, P=0.0075).  Populations of the two mutants soon after leafhopper
access to infected plants were similar to each other but statistically different from the wild-type (Figure 2B).  Twelve hours
after acquisition we found insects fed on the wild type averaged 415 detectable cells, whereas average of 96 and 120 cells
were detected in leafhoppers fed on hxfA- and hxfB- plants respectively.  However, after 96 hours the bacterial populations of
all three strains were similar to each other (Figure 2B).  It was interesting to find that the slopes for the 2 mutants were
similar (Figure 2B), suggesting that hxfA and hxfB may have redundant roles in relation to vector transmission and that,
importantly, the knockouts were impaired in early attachment to insects, but after they attached, their patterns of foregut
colonization (i.e. population growth) were similar to the wild type (slope of regressions).  Testing of a hxfA-/hxfB- double
mutant is necessary to determine if these proteins have redundant roles on cell attachment to vectors as our data suggest.
However until recently, there were no protocols available for complementation studies with Xf, or to generate double
mutants, prohibiting this test here (Reddy et al. 2007).

Figure 2. A) Transmission of X. fastidiosa by
leafhopper vectors.  Both experiments show that
hxfA- and hxfB- were transmitted less often than
the wild type, but results from larger experiment
using individuals instead of groups were
statistically significant. Different letters on bars
indicate statistically difference (P<0.05). B)
Bacterial populations within leafhopper vectors
over time after a 12-hour pathogen acquisition
access period.  Wild type (solid regression line),
hxfA- (dotted regression line) and hxfB- (dashed
regression lines).  Note values immediately after
acquisition (12-hour period) and 4 days
afterwards.  Fewer hxfA- and hxfB- cells adhered
to vectors, but after a few days populations were
of equal size.
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CONCLUSIONS
We propose that Xf colonization in vectors is similar to the formation of biofilms on surfaces.  Scanning electron microscopy
observations we have made support this hypothesis (Almeida and Purcell 2006).  We hypothesize that cells initially adhere
laterally to the foregut cuticle via carbohydrate-binding proteins, such as HxfA and HxfB (Figure below A and B).  As these
proteins are assumed to occur throughout cells, adhering laterally increases the cell surface area in contact with the substrate
and streamline the bacteria to the flow of xylem sap ingested by the insect vector.  After initial adhesion, cells may produce
large quantities of EPS that can result in the concentration of resources and DSF in microcolonies.  As the colony size
increases, cells at the center of the biofilm became polarly attached (step C, below), potentially through polar short type I pili,
increasing surface area for nutrient absorption.  Lastly, a typical mature Xf biofilm within vectors is formed, with all cells
polarly attached (step D).  At this stage, newly divided cells are not anchored on the cuticle of insects and may be
occasionally detached from vectors and inoculated into plants.  This hypothesis may be useful to guide future studies on this
system by providing testable questions, as up until know no data on these interactions, with the exception of microscopy
observations, were available.
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ABSTRACT
The goals of this objective are to quantitatively and qualitatively determine how and when Xylella fastidiosa (Xf) loses
pathogenicity and potentially vector transmissibility, after serial passages in vitro.  We replicated Xf in vitro for one year (80
passages on solid rich medium), creating parallel populations that have phenotypes in vitro that differ from the ancestral
isolate.  We are now studying host plant colonization and insect transmission for selected populations (several passages were
frozen at -80oC for 10 lineages).  Once phenotypes of interest are identified (reduced pathogenicity or transmissibility, results
pending), we will compare these Xf populations with the original isolate and search for other phenotypic and molecular
differences. We will also be able to quantify the rate of genetic change in these populations, providing a molecular calibration
data for researchers interested in Xf evolution, diversity and ecology.

INTRODUCTION
Hopkins (2005) demonstrated the potential of avirulent Xylella fastidiosa (Xf) as a tool to control Pierce’s disease (PD).  He
also illustrated the challenges of such an approach.  For example, not all weakly virulent or avirulent isolates resulted in
similar degree of control, and in most cases plants eventually become symptomatic.  Understanding the biology of avirulent
isolates and by which mechanisms they may reduce disease symptoms is of importance if this approach is to be widely
adopted.  This project tackles those questions by comparing evolved avirulent isolates with a parent pathogenic isolate.
Being able to retrospectively compare these isolates using high resolution tools and biological assays will allow us to
determine when, and how, Xf loses avirulence.  We will also shed light on the mechanism how avirulent isolates suppress
pathogenic ones.  This proposal seeks to understand the evolution of avirulent Xf through serial passages in vitro.  Such
isolates have recently been shown to have potential to biologically control PD. We are studying how avirulent isolates
evolve, biologically and genetically, and will test their potential as control agents of pathogenic Xf.

We have different Xf populations in the laboratory maintained under a selection protocol to obtain lineages that are avirulent
in plants.  This process is finished and now we are characterizing the phenotype of four out of 10 lineages we have created.
We are comparing the evolved populations with the original one to determine if they have different phenotypes.

OBJECTIVES
Original objectives in the proposal submitted in 2007 were:
1. Generation of in vitro evolved populations.
2. Phenotypical characterization of populations.
3. Molecular characterization of populations.
4. To test avirulent populations as biological control agents.

Here we report on the first two objectives mentioned above.  This project was funded for one year.

RESULTS AND DISCUSSION
We have started to work on Objectives 2-4.  Objective 1 has been finished.  For every 10 passages of the populations in rich
medium (PWG), we stored a sample in a -80oC freezer.  We have recovered some of those for phenotypical and molecular
characterizations.  We have a total of 80 passages in this experiment, totaling eight frozen populations per lineage.  We are
using four randomly selected lineages and passages 0, 10, 20, 40 and 80 for our characterization studies.  The general
protocol is illustrated in the Figure below:
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Although we do not have final data on the phenotype of these populations, we have noticed that on solid medium they are
growing approximately twice as fast as the original population from which they derived, suggesting fast adaptation to new
environmental conditions under selective pressure.  One indirect measurement of growth on PWG medium is a change of pH
to basic conditions, indicated by a pink color.  Below, populations from selected passages were plated at the same time on
PWG, illustrating the change in pH for later passages (40 and 80) that have been subject to the selection process longer than
passages 10 and 20.  Other factors may be increasing the pH on these plates, although we have not started to investigate this
process at this point.  To measure the growth rate of different passages we have tested different liquid medium-based
approaches.  However, we noted that cell attachment to surfaces and clumping varies significantly among these populations.
Therefore, we are testing alternative protocols to determine the growth rate of representative populations.  Ongoing
experiments for phenotypic characterization of lineages include: growth rate, adhesion, biofilm formation, gum and protein
production.

Passage 10 Passage 20 Passage 40 Passage 80

We have also inoculated these lineages/passages into plants (final results pending).  Passages 0, 10, 20, 40 and 80 40d 80
from four parallel lineages were inoculated into almond plants.  We will determine movement and multiplication of these
populations by culturing from samples two and four months after inoculation (15 cm above inoculation site).  From our two-
month samples, we have determined that early passages were recovered in higher frequency than later passages.  The
proportion of infected plants for each passage (different lineages combined) 2 months after inoculation were: passage (P) 0 -
25%, P10 – 9.4%, P20 – 12.5%, P40- 0%, P80- 3%.  We interpret these preliminary results as a gradual loss of pathogenicity
by evolved populations, here interpreted as reduced movement and multiplication compared to ancestral population.  We note
that additional sampling will be performed on this experiment and we will repeat these assays next Spring.

Because we have noticed dramatic changes in growth rate of the lineages on rich solid media, we are also looking into
potential protocols for identifying mutations in these clones if some of them are not pathogenic to plants.  This would
possibly identify spontaneous mutations and new pathogenicity factors in Xf, which could be used as targets for disease
control.  Lastly, we are conducting a multilocus sequence typing study to determine how fast these loci vary over time and to
confirm the identity of the isolate we started our experiments with.
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ABSTRACT
Multiple subspecies of Xylella fastidiosa (Xf) exist which are differentially pathogenic.  Previously, DNA sequence analysis
of the mopB and gyrB gene has been used to separate Xf strains into their subspecies groups.  The TonB gene family can be
used to confirm this genetic diversity between Xf strains and regions within these genes can be used to separate strains
beyond subspecies due to increased variability. TonB protein is a cytoplasmic outer membrane protein that can be found on
gram negative bacteria, such as Xf. The protein functions as an energy transducer to support a variety of transport events
across the outer membrane and interacts with outer membrane receptor proteins which carry out high-affinity binding and
energy-dependant uptake of specific substrates into periplasmic space. In this study, five different TonB genes (TonB-a
through TonB-e) were used to differentiate between three Xf strains (grape, ragweed, and oleander).  The results of this study
were consistent with genotype differentiation using conserved mopB and gyrB genes.  Additionally, sequencing of another
gene, analogous to the zonula occludens toxin (ZOT) gene, was used to separate groups below the strain level. The discovery
of new variable genes provides another genomic location to be exploited for the improvement of diagnostics to aid in the
management of Pierce’s disease.

INTRODUCTION
Xylella fastidiosa (Xf) is a fastidious, xylem-limited, Gram negative bacterium that resides in the xylem tissue of many plants.
This bacterium, which contains multiple subspecies can disease in multiple plants taxa, such as Pierce’s disease (PD) on
grapevine, oleander leaf scorch (OLS), and citrus leaf chlorosis (CVC) (Schaad 2004). One unique structure to Gram-
negative bacteria is the outer membrane. This membrane has distinctive permeabiality process and possesses active transport
system called TonB-dependent transport system. This system has high affinity and specificity for binding and transporting
scarce nutrient across the outer membrane (Cadieux and Kadner 2003). TonB is an outer membrane protein that localized in
the cytoplasmic membrane by its uncleaved amino-terminal signal sequence, with the bulk of the protein extending into the
periplasmic membrane (Skare and Postle 1991).  The function of this protein is as an energy transducer to couple cytoplasmic
protonmotive force to active transport of nutrients and metabolic products across the outer membrane. TonB-dependent
transport system consists of high affinity membrane receptor, a periplasmic binding protein, and a cytoplasmic membrane
transporter homologous to other traffic ATPases (Skare 1993). TonB genes, which encodes for TonB, can be used to
differentiate different Xf strains due to multiple singe base pair
alterations. A search of the Xf genome determined that multiple
TonB genes were present in the genome.

The zonula occludens toxin has been suggested as a new
potential virulence factor in the CVC system (da Silva 2004).
This protein is similar to one found in Vibrio cholerae which has
been linked to disruption of tight junctions (Johnson 1993).
DNA sequence variation in this gene may be useful in separating
strains from one another and potentially separating populations
with in a strain group.

MATERIALS AND METHODS
Extracted DNA from grape and ragweed strains of Xf were
received from Lisa Morano. DNA from oleander strain was
cultured Hercules, CA), 6.4-µl auctoclaved nanopure water, 0.8
µl forward and reverse primers, and 2-µl of DNA template. PCR
was conducted using initial denaturing step of 3 min at 94°C, the
reaction was cycled 35 times under the following parameters:
94°C for 60 s, 65°C for 90 sec, 72°C for 150 s and followed with
another extension at 72°C for 7 min. A non-template control
(NTC) was also run with each assay as a negative control. The
presence of the desired amplicon was determined by agarose
DNA gel electrophoresis that was run at 75V for 60 minutes.

Figure 1.  Location of multiple TonB genes in the
X. fastidiosa genome.
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The positive samples PCR products were purified using QIAquick PCR purification kit (Qiagen, Valencia, CA), using the
manufacturer’s protocol.  DNA sequencing reaction was performed in a I CyclerTM Thermal Cycler (Bio-Rad Laboratories,
Hercules, CA). The reaction was carried out in a10-µL reaction contained 4 µL DTCS Quick Start Master Mix (Beckman and
Coulter, Fullerton, CA), 2 µL of either forward or reverse primer, 2 µL autoclaved nanopure water, and 2 µL DNA template.
The reaction was cycled 30 times under the following parameters: 95°C for 20 s, 50°C for 20 sec, and 60°C for 4 min,
followed by holding at 4°C. DNA samples were precipitated using ethanol precipitation process according to Beckman and
Coulter’s protocol.  DNA pellets were resuspended with 40 µL of sample loading solution (Beckman and Coulter, Fullerton,
CA) and transferred to the appropriate wells of a sample plate and loaded into a CEQTM 8000 Genetic Analysis System
(Beckman and Coulter, Fullerton, CA) for DNA sequencing. Sequences were retrieved and analyzed in BioEdit and
compared to GenBank database (http://www.ncbi.nlm.nih.gov/).

Sequence data is currently being collected for nearly 2,000bp of the ZOT gene for these strains. The same procedures apply.

RESULTS AND DISCUSSION
BLAST search shows alignment of grape, ragweed, and oleander strains with Xf Temecula and Xf 9a5c.  Alignment of grape,
ragweed, and oleander strains using BioEdit software shows multiple single base pair alterations between grape, ragweed,
and oleander strains. From these multiple base pair alterations, oleander strain shows partial alignment to both grape and
oleander strain (Figure 2 and 3).

Figure 2.  Alignment of TonB sequences from multiple Xf strains from Texas.

Figure 3.  Alignment of gyrB sequences from multiple Xf strains from Texas (also analogous to mopB).
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The multiple single-base alterations in oleander strain and single base alteration in ragweed strain result in different polarity
and acid-base properties of amino acids to be translated. For instance, single base alteration in ragweed strain causes neutral-
polar amino acid (serine)  to be translated instead of neutral-non-polar amino acid (proline). The multiple single-base
alterations in oleander strain cause basic-polar (histidine), neutral-polar (serine and alanine), and neutral-non-polar (proline)
amino acids to be translated instead of  neutral-polar (serine and threonine), and basic-polar (arginine) amino acids. These
will have an effect on absorption properties, different reactions with other amino groups, and different functionality since
different proteins will be produced.

We are currently working through the ZOT gene for all of our strains. Within this gene, we have found a conserved domain
(most likely a beta barrel associated with attachment to the Xf membrane) and another domain that appears to be
hypervariable. Analysis of this preliminary sequence data indicates that the conserved domain follows the same separation as
gyrB, mopB, and tonB (i.e. separation by strain). However, the hypervariable region may be useful for separation beyond
strain.

CONCLUSIONS
Sequencing using TonB genes and the ZOT gene highlights genetic variability between three different strains of Xf (grape,
ragweed, and oleander strains). The results of this study are consistent with genotype differentiation using conserved mopB
and gyrB genes. The discovery of this variable gene provides another genomic location to be exploited for the improvement
of diagnostics to aid in the management of PD.
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ABSTRACT
We have determined that type I and type IV pili of Xylella fastidiosa (Xf) play essential roles in biofilm development,
based on their individual contributions to cell adhesion and motility.  Our recent studies with grape xylem sap indicate
that it triggers the development of a more robust and structured biofilm than caused when the bacterium is grown in
PD2 medium.  Cell viability in the Xf cell matrix showed the interior of biofilms to contain a high level of dead cells
whereas the outer periphery consists of mainly live cells. We also found that the signal molecule DSF inhibits
twitching motility as does the chemical stressor EDTA.

INTRODUCTION
Biofilm formation is recognized as a major virulence factor of Xf, being essential for bacterial survival in planta and
disease development (Newman et al., 2004; Koide et al., 2004; Li et al., 2007).  Maintaining Xf in axenic culture over
several passages gradually changes the expression of pathogenicity factors and leads to loss of virulence (de Souza et
al., 2003).  It has been shown previously that when Xf is grown in media that are intended to mimic xylem fluid
chemistry growth, biofilm formation and aggregation are affected.  (Andersen et al., 2007).  Here we show that
culturing Xf in xylem sap is more suitable for biofilm studies than standard culture media broadly used, such as PD2
and PW, given it enhances the adhesive characteristic of the bacterium and induces a more realistic in planta
phenotype.

We have demonstrated that two distinct classes of Xf pili are associated with the cell’s ability to move in grapevine
xylem (via twitching motility) and to form biofilms and cellular aggregates (Meng, et al., 2005; Burr and Hoch 2006,
Li et al., 2007). Whereas wild-type Xf is able to move against the transpiration stream within grape to colonize vines,
mutants without type IV pili were unable to move (Meng et al., 2005).  Mutants lacking shorter, type I pili, moved
faster than the wild-type indicating that type I pili serve to anchor and slow movement (De La Fuente et al., 2007b).
This scenario is supported by the fact that mutants with only type I pili form biofilms that have a more spreading
phenotype on surfaces as compared to the wild-type and to mutant strains that have only type IV pili (Burr and Hoch
2006, Li et al., 2007).  Biofilms formed by the wild-type have a denser-appearing phenotype  and therefore we
hypothesize that type IV pili function in secondary structure.  Mutants that do not produce type I pili form biofilms that
are sparse but appear to be made of dense clusters of cells again suggesting a role for type IV pili in cell-cell attachment
and secondary structure of biofilms.

The signal molecule DSF (Diffusible Signal Factor) produced by Xf has been recently identified and shown to be
required for insect colonization and to reduce its virulence to grape (Simionato et al., 2007; Chatterjee et al., 2008).

OBJECTIVES
1. Assess and understand the biology and role of Xf biofilms in Pierce’s disease.  For this objective, we will be

particularly interested in:
a. Understanding the developmental stages and architecture of biofilm formation.
b. Determine how the presence of type I and type IV pili affect biofilm morphology and integrity.
c. Assess the viability of Xf cells temporally and spatially in biofilms.
d. Determine whether Xf secretes DNA into the extracellular environment and how it affects biofilm morphology

and integrity.
e. Evaluate effect of DSF on motility and biofilm regulation.

2. Determine how the stage of biofilm development and structure (dependent on pili) influence Xf sensitivity to
chemical and environmental stresses.



- 94 -

3. Determine the role of type IV pili in Xf uptake of extracellular DNA (natural transformation).

RESULTS
Developmental stages and architecture of biofilm formation.
Whether or not Xf forms a structured community with specialized cell functions or if it is merely a consequence of cell
to cell aggregation has been a point of interest of our group. We recently started growing Xf in pure grape sap, allowing
a more “natural” environment for growth.  This was done by initially transferring the cells growing in PD2 medium to a
mixture containing 50% sap and then gradually increasing the sap concentration in each passage.  The supplementation
with sap not only induced faster growth (Hoch and Burr et al., 2008), but also increased the attachment of cells to glass
surfaces, as assessed in test tubes and on microscope slides (Hoch and Burr et al., 2008). Besides the greater biomass
visible in both assays, the biofilm formed in tubes containing 100% sap or sap:PD2 mixes were denser and difficult to
disrupt by vortexing (Hoch and Burr et al., 2008).  We are quantifying this by crystal violet staining and
spectrophotometry.

To study spatial-temporal biofilm development we are
using microscope slides fixed inside 500mL jars that
receive 20mL of culture media.  The jars are shaken at
100 rpm and the biofilm is formed on the slide
surfaces at the air-media interface.  Biofilm
development and architecture were found to be greatly
influenced by medium i.e. PD2 or grape sap.
Preliminary results using light and laser scanning
microscopy indicate that aggregates up to 20µm in
height were observed in PD2 whereas in a mixture of
sap and PD2 (90% sap, 10% PD2) aggregates of
100µm in height were commonly seen.  This might be
related to a quicker aggregation of cells that appears to
occur in sap.  Whether in PD2 or sap, Xf
characteristically forms small aggregates that retain
mobility and eventually merge together.  We observed
that such aggregates are retained even when the
extracellular matrix accumulates in later
developmental stages.  These denser cell aggregates
consist mainly of live cells and are surrounded mostly
by dead cells within the large aggregates (Figure 1).
At the substrate surface level, there is a higher
proportion of live cells at the periphery of the biofilm.

Another distinctive feature of biofilm formation in sap
is what appears as “fluid channels” throughout the
matrix.  They might function in increasing exchange
rates of nutrients and toxic by-products of metabolism,
enabling biofilms to develop as a functional unit.
Initial investigations reveal what appears to channel
formation in biofilms formed in microfluidic
chambers and on surfaces of microscope slides (Hoch
and Burr et al., 2008).

Further studies will use the fluorescence-tagged strain
KLN59.2 (Newman et al., 2003) to study biofilm
architecture in different types of devices and in planta.
This strain displays attachment and motility on
surfaces similar to wild-type Temecula.

Influence of type I and type IV pili on biofilm morphology and integrity.
We have been conducting studies to investigate how the type of pili (I and IV) affect biofilm development and
structure.  Mutant cells lacking either type I (fimA) or type IV pili (pilB) showed reduced biofilm formation, consistent
with reduced adherence to surfaces among fimA- cells; probably due to the lack of the strong anchoring character
conferred by type I pili (De La Fuente et al., 2007a; 2007b).  Mutant cells deficient for both type I and IV pili (fimA,
pilQ) did not form a biofilm on the glass surface (Li et al., 2007), and as a result generally remained in a planktonic
state.  Our results suggest that the type of pili affects cell clustering and biofilm morphology.  We are also studying a
chemosensory system of Xf involved in motility and biofilm formation (Burr and Hoch, 2008).

Figure 1. Cell viability within biofilm formed by
Xylella fastidiosa. Cells were stained with SYTO-9
(green) and propidium iodide (red), equivalent to a “live
and dead assay” (Boulos et al., 1999).  The figure shows
a portion of a mature biofilm formed after 7 days in PD2
medium. Small compact cellular aggregates can be seen
embedded in and outside the biofilm matrix.  The yellow
and magenta lines indicate cross-sections in the Z-plane,
shown on the bottom and right side of center image.
The green lines on border images indicate the position of
the plane shown on the center image.  Obtained with
confocal imaging.
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Effect of DSF on motility and biofilm regulation.
The effect of Diffusable Signal Factor (DSF) (Newman et al., 2004) on Xf twitching motility is being studied by our group in
collaboration with Steve Lindow (UC, Berkeley).  Purified DSF produced by Xf was obtained from the Lindow laboratory
and re-suspended in 60% methanol.  The DSF suspension (approximately 1 unit/µl) was used to supplement culture media.
The effect of DSF on Xf movement has been observed using three different approaches:

(i) Agar plates diffusion assays: a 5mm-diameter well was made in the center of each plate and filled with the DSF solution
referred above (10, 20, 30, 40, 50 and 60µl) (Figure 2). Bacterial colonies of Xf WT and a fimA mutant (Meng et al., 2007)
were spotted at two different distances (8 and 15mm) from the center of the plate
(Figure 2).

We observed an absence of peripheral fringe in WT colonies spotted closest to the DSF
(8mm distance) and specifically the colony edge facing the DSF-containing well.
Normal colony fringe was observed on the edge of the colony opposite to the center
(15mm).

(ii) Microfluidic chambers: addition of DSF to culture media: Dual channeled
microfluidic chambers (De La Fuente et al., 2007a) were used to microscopically
observe the direct effect of DSF on twitching movement.  The feeding syringes were
interchanged every 1-2 days, thus exchanging between fresh and supplemented media.
Whenever DSF was introduced in the chambers, the twitching movement was greatly
reduced after 8-12h.  We observe only a few cells moving short distances in the
presence of DSF.  Control cells in PD2 supplemented with methanol, showed normal
twitching activity.

iii) Twitching movement of DSF non-producing mutant: A mutant deficient in the
production of DSF (rpfF-DIF2) was obtained from the Lindow lab.  Preliminary
observations on solid media (Figure 3) and
in microfludic chambers showed that the
speed of twitching movement of the rpfF
mutant is slightly higher than the WT.  The
speed was calculated as 0.98µm/min (as
compared to the reported 0.86µm/min for
the WT strain) (De La Fuente et al., 2007b).

The characterization of this mutant is still
ongoing in our laboratory.  Other
observations indicate that aggregation of the
rpfF-DIF2 mutant in chambers resembles
the phenotype of mutants reduced in biofilm
formation, such as fimA- (see above).  These results suggest that the presence of DSF reduces movement in Xf. We are
continuing to investigate the effect of DSF on biofilm formation.

Effect of chemical and environmental stresses on movement and biofilms.
Previous studies with other microorganisms have shown the importance of biofilm in increasing resistance to detergents,
toxins and environmental stresses like salinity, acidity and low humidity (Xavier et al., 2005).  The protectiveness conferred
by the biofilm can be studied by comparing cell viability between planktonic cells to those within biofilms after exposure to
the stresses.

We have found that a chelating agent, such as EDTA has an effect on WT Xf cell movement.  Whenever EDTA was added to
the cells (8, 6, 4, and 2 mm) they slowly reduced movement and eventually stopped their displacement.  Nevertheless, the
presence of the chelating agent did not affect cell division or growth.  We are now investigating the effect of EDTA on Xf cell
aggregates.  Based on the fact that movement affects morphology of cell clusters, we expect to see an effect of EDTA on
biofilm formation.
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ABSTRACT
Understanding regulatory pathways controlling microbial pathogenesis can lead to a better understanding of virulence factors
as potential targets for disease control strategies.  Preliminary research has shown that citrus is tolerant or resistant to Pierce’s
disease (PD) strains of Xylella fastidiosa (Xf) but may serve as a reservoir for the bacterium.  Commercial citrus (lemon,
orange and grapefruit) orchards in proximity to vineyards in Temecula Valley were selected to determine the effect of xylem
fluid on Xf. Current results revealed that pure xylem fluid of grapefruit, orange, and lemon caused the bacterial cells to form
aggregations of large whitish clumps, whereas the xylem fluid of grape caused them to form a visible thick biofilm.
Macroarray analysis was conducted with 111 genes, predicted by the Xf genome sequence to have roles in virulence, as well
as nucleic acid and protein metabolism, cellular transport and stress tolerance.  There were 28 genes with greater expression
in xylem fluid of grape, vs. that of citrus.  The virulence regulator xrvA, transcriptional regulators algU, agmR, gcvR, two-
component regulators gacA and colS, and posttranscriptional regulator hsq, were expressed at higher levels in grape xylem
fluid.  Other genes that were over expressed in grape xylem included hsf, xadA, fimT, pilI, pilT, pilU,and pilY1, related to
attachment, biofilm formation, and twitching motility of Xf within xylem.  The data indicated that grape xylem fluid
stimulates the expression of virulence genes, likely contributing to PD in grapevine. Xf may use gene regulatory mechanisms
to respond to changing environments in the xylem of plants, and host range may in part be determined by differential
regulation of virulence genes in different host xylem conditions.

INTRODUCTION
Xylella fastidiosa (Xf) is mainly vectored by the glassy-winged sharpshooter (GWSS) in southern California (Raju et al,
1983; Sorensen and Gill, 1996).  Previous studies in California have identified 94 plant species in more than 28 plant families
as hosts of Xf (Costa et al., 2004).  Most of them are symptomless but may serve as inoculum sources for vector acquisition
of Xf. Studies in the Temecula Valley showed that the proximity of citrus groves to vineyards influenced the incidence and
severity of Pierce’s disease (PD) in grapevine (Perring et al., 2001).  PD infection is most severe when the grapevines are
adjacent to citrus, and the damage declines as one moves away from citrus.  Although the GWSS feeds on and moves back
and forth between citrus and grape plants, there is no Xf-caused disease symptom in citrus in the area.  This implies that citrus
plants are resistant or tolerant to Xf but may be a reservoir, harboring the pathogen for GWSS acquisition while grape plants
are susceptible (Bi et al., 2007b).  Transmission of PD by leafhoppers from citrus to grapevines has indeed been documented
(Hopkins et al., 1978).  Little is known about the biochemical mechanisms involved in host plant resistance/susceptibility to
Xf in this citrus and grape system.

It was recently reported that certain amino acids are essential for Xf growth, and that glucose stimulates growth, while
fructose and sucrose have an inhibitory effect (Leite et al., 2004).  Our preliminary data indicated that there were large
differences in xylem fluid amino acid and sugar contents between grapes and citrus currently growing in the Temecula Valley
(Bi et al., 2007a).  Xylem fluid of citrus significantly inhibits biofilm formation by PD strains of Xf compared to xylem fluid
of grape (Bi et al., 2007b).  However, the xylem fluid chemical components in citrus and grape, and their role in Xf gene
expression and host plant resistance and susceptibility to Xf, are not well known.  Further research is needed to determine the
effect of host plant xylem fluid on expression of Xf virulence factors and to elucidate the mechanisms that are involved.  Host
plant resistance has been recognized as the most cost effective and environmentally safe method for controlling many major
microbial pathogens of economic plants.  Understanding the biochemical mechanisms involved may lead to the development
of resistant varieties or anti-Xf chemicals for existing grapevines.

OBJECTIVES
1. Investigate the effect of host plant xylem fluid on Xf aggregation, biofilm formation, and gene expression in vitro.
2. Determine the role of specific chemical components in citrus xylem fluid in Xf resistance.

RESULTS AND DISCUSSION
Bacteria cell aggregation in xylem fluid. Aggregation and attachment of Xf was observed after culturing a PD strain in pure
xylem fluid of grapefruit, orange, lemon, and grape.  The bacterial cells aggregated to form large clumps in grapefruit,
orange, and lemon fluid (Figure 1).  This may cause the bacteria to remain in only a few xylem vessels after introduction to
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the citrus by a sharpshooter, without much mobility within the xylem of citrus.  In contrast, the bacterium formed less
aggregation in grape fluid, consistent with the known ability of PD strains to move easily within the xylem of grapevines.

Figure 1. A fresh Xf Temecula A05 culture (Costa et al., 2004) was inoculated into xylem fluid of grape, grapefruit, orange,
and lemon at OD600=0.02 in borosilicate glass culture tubes on a rotary shaker at room temperature (around 24°C). All tubes
were covered with a black box to prevent the xylem fluid from light during the shaking culture. Photographs were taken after
10-12 weeks. The red arrow indicates the aggregated cells in xylem fluid.

DNA macroarray analysis of gene expression in citrus and grape xylem fluid. DNA macroarray membranes were
prepared with 111 selected genes with putative roles in virulence, as well as others involved in nucleic acid and protein
metabolism, cellular transport and stress tolerance, based on the genome sequences of Xf 9a5c (a CVC strain) (Simpson, et al,
2000) and Temecula1 (a PD strain) (Van Sluys, et al., 2003).  Total RNAs were extracted from Xf Temecula1 cultured in the
pure xylem fluid of grapefruit, orange, lemon and grape using a Quiagen RNAeasy mini kit (Quiage, CA).  The purified
mRNA was separated from total RNA using an mRNA-ONLY™ Prokaryotic mRNA Isolation Kit according to the
manufacturer’s protocol (Epicentre, WI), and used for synthesizing cDNA probes for array hybridization by reverse
transcription (RT).  DNA macroarray nylon membranes were hybridized with DIG-labeled cDNA probes following the
manufacturer instructions (Roche, Molecular Biochemical, Indianapolis, IN).  The signal intensities of spots on the
membranes were analyzed using the Quantity one® software (Biorad).  Thirty genes were differentially expressed in grape
fluid compared to citrus fluid (Table 1).

Validation of macroarray data. Several potential virulence-related genes were chosen to validate the differential expression
levels of genes in xylem fluid of grape and citrus using RT-PCR (Figure 2).  rRNA was detectable in all xylem fluid in this
RT-PCR condition.  No RNA was detectable in a water control.  Expression of the genes xrvA, hsq, gacA, algU, PD0062,
pilI, pilU, PD0312, hsf, pcp, secG, hspA, clpP, msrA and tapB RNA was increased in grape fluid, and pglA and PD0143 RNA
were increased in grapefruit, orange and lemon fluids (Figure 2).  Genes predicted to be involved in virulence regulation,
such as the virulence regulator xrvA, transcriptional regulators algU, agmR, gcvR, two-component regulators gacA and colS,
and posttranscriptional regulator hsq, were expressed at higher levels in grape fluid.  Inside the plant’s xylem, Xf is exposed
to a range of variable stress factors, such as changes in osmolarity, availability of nutrients, and agents generating reactive
oxygen intermediates (Alves et al., 2004).  To ensure survival, Xf may respond to these stress situations via regulatory
mechanisms involving specific regulatory genes.  The regulatory genes algU (Shi et al, 2007) and gacA (Cooksey, 2007)
were previously shown to have roles in regulating many potential virulence factors in Xf. Hfq, an abundant RNA-binding
protein, may indirectly affect biofilm formation in Xf through a complex hfq/rsmB/rsmA-mediated system (Shi et al, 2007).
Genes involved in surface structures and attachment components, such as PD0312, hsf, and xadA, were expressed more
highly in grape fluid than citrus. hsf (PD0744) has a high similarity to the hsf adhesin gene of Haemophilus influenza (St
Geme et al., 1996), and xadA encodes a putative afimbrial outer membrane protein adhesion (Simpson et al., 2000).  The
expression of hsf and XadA was increased in grape fluid, likely contributing to an enhanced ability to adhere to xylem cell
walls.  It was reported that hsq and hspA were regulated by algU (Shi et al, 2007) and xadA and hsf were regulated by gacA
(Cooksey, 2007).  Genes involved in the biogenesis and twitching motility of type I pili and type IV pili in Xf, such as
PD0062, fimT, pilI, pilT, pilU, pilY1 (Simpson et al., 2000), were shown to have higher expression in grape fluid.  It is
reported that type I pili function in cell-cell aggregation and biofilm formation, and type IV pili are involved in twitching
motility within the xylem of host plants (Meng et al., 2005).  The expression of genes encoding type I and type IV pili was
increased in grape fluid, likely contributing to an enhanced ability to aggregate, form biofilm, and move within the xylem,
contributing to PD symptoms in grapevines.  Since the expression of secD and secG was increased in grape fluid, the
secretion of proteins by the type II, sec-dependent secretion system may enhance bacterial survival in grape.  Genes involved
in physiological metabolism under stress, such as heat shock protein genes hspA and cplP, and sulfoxide reductase gene
msrA, cation tolerance protein cutA, and hypothetical protein PD0008, PD1741 and PD2031, were also more highly
expressed in grape fluid.  In contrast, the polygalacturonase gene, pglA, and hemolysin, had increased expression in citrus
fluid.  The data indicate that the chemical compounds or elements in xylem fluid of different plants differentially affect the
regulation of virulence and the survival of Xf within xylem.
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Table 1.  Differential expressed genes of Xf in grape fluid comparing to citrus fluid

Gene IDa NAME HYPOTHETICAL FUNCTION Grape/Citrusb ,c P Valued Expression
in Grape

PD1905 xrvA Virulence regulator 1.8 1.2E-03 Higher
PD2040 acvB Virulence protein  1.9 3.4E-03 Higher
PD0066 hsq RNA-binding protein 2.7 1.5E-03 Higher
PD2068 gacA Two-component regulator 1.8 3.0E-04 Higher
PD1276 algU Transcriptional regulator  1.6 1.5E-03 Higher
PD0268 agmR Transcriptional regulator (luxr/uhpa family)  1.9 5.2E-03 Higher
PD1738 gcvR Transcriptional regulator  1.6 2.4E-03 Higher
PD1920 colS Two-component system, sensor protein  1.6 1.4E-03 Higher
PD0019 fimT Pre-pilin like leader sequence  2.0 1.8E-03 Higher
PD0062 - Fimbrial subunit precursor 2.6 1.1E-03 Higher
PD0846 pilI Pilus biogenesis protein  1.8 4.5E-03 Higher
PD1147 pilT Twitching motility protein 1.6 3.2E-03 Higher
PD1148 pilU Twitching motility protein  1.8 1.5E-03 Higher
PD1611 pilY1 Fimbrial assembly protein  2.3 2.1E-04 Higher
PD0312 - Outer membrane protein precursor 2.5 1.2E-03 Higher
PD0731 xadA Outer membrane protein 2.3 4.5E-03 Higher
PD0744 hsf Surface protein  1.7 3.4E-03 Higher
PD0757 pcp Peptidoglycan-associated outer membrane 1.6 1.7E-03 Higher

lipoprotein precursor
PD0182 secD Protein-export membrane protein  2.1 1.4E-03 Higher
PD0246 secG Protein-export membrane protein  2.4 1.2E-03 Higher
PD1280 hspA Low molecular weight heat shock protein  2.3 1.8E-03 Higher
PD0472 clpP ATP-dependent Clp protease proteolytic subunit 1.6 1.1E-03 Higher
PD0859 msrA Peptide methionine sulfoxide reductase  1.6 2.1E-03 Higher
PD1536 cutA Periplasmic divalent cation tolerance protein  1.8 1.6E-03 Higher
PD1475 ccmA Heme ABC transporter ATP-binding protein  1.8 4.1E-03 Higher
PD2031 - Hypothetical protein 2.5 1.2E-03 Higher
PD0008 - Hypothetical protein 1.8 1.2E-03 Higher
PD1741 - Hypothetical protein 2.0 1.7E-04 Higher
PD1485 pglA Polygalacturonase precursor -1.7 1.8E-03 Lower
PD0143 - Hemolysin III protein -1.6 1.7E-03 Lower

aGenes were determined on the basis of Xf Temecula1 genomic sequences at the NCBI website (Simpson et al. 2000). bThe
hybridization signal intensity (mean of three hybridization replicates) obtained with grape was divided by that obtained with
citrus to obtain grape/citrus ratio. cThe normalized hybridization signals for those genes between grape and citrus are
significantly different as analyzed by Student’s t test (P < 0.05). dGenes having >1.5 or <0.66 final grape/citrus ratios were
designated as having higher or lower expression in grape, respectively.

Figure 2.  Reverse transcription polymerase chain reaction (RT-PCR) of differentially expressed genes of Xf in xylem fluid
of citrus and grape.  Water was the control.
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CONCLUSIONS
Aggregation and biofilm formation of Xf were differentially influenced by the xylem fluid of citrus vs. grape.  Grape fluid
stimulated the expression of genes predicted to be involved in virulence, attachment, biofilm formation, and twitching
motility of Xf within xylem, likely contributing to PD in grapevine. Citrus may be resistant or tolerant to the PD strain of Xf,
in part, because citrus xylem fluid does not support the induction of a number of virulence genes, or has substances that
repress expression.  Identification of specific chemical components of citrus xylem fluid which influence expression of
virulence genes in Xf is being assessed.
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ABSTRACT
In previous work, we discovered that: 1) tolC was absolutely required not only for pathogenicity, but also for survival of
Xylella fastidiosa (Xf) strain Temecula in Vitis vinifera grapevines; 2) that the loss of multi-drug resistance (MDR) efflux
through the Type I secretion system was the primary reason that tolC– Temecula could not survive in grapevines; and 3) that
gene knockouts of Type I system components associated with offensive Type I effector secretion also resulted in significant
loss of pathogenicity.  Both hemolysins and colicin V effectors are found in the Temecula genome.  Surprisingly, knockout
mutations of both 1) the Type I components associated with colicin secretion and 2) the three colicin V effectors in Temecula
resulted in a significant loss of pathogenicity of the mutants, raising the possibilities that colonization and pathogenicity of
grapevines by Xf involves the exclusion of other bacteria from the xylem niche and/or that these colicins might directly affect
plant cells.

INTRODUCTION
In Gram-negative bacteria, multidrug resistance (MDR) efflux pumps are composed of three protein components, two of
which are localized in the inner membrane, and one, TolC, that traverses both the periplasm and outer membrane (Koronakis
et al. 2004).  The process of MDR efflux is energy dependant and utilizes either ATP or the transmembrane electrochemical
gradient.  At least five characterized families of MDR efflux pumps exist in bacteria: the ATP-binding cassette (ABC) family
(Davidson and Chen 2004), the major facilitator (MF) family (Pao et al. 1998), the small multidrug resistance (SMR) family
(Paulsen et al 1997), the resistance-nodulation-cell division (RND) family (Tseng et al. 1999), and the multidrug and toxic
compound extrusion (MATE) family (Brown et al. 1999).  All utilize TolC as a common periplasm/outer membrane protein
component (Figure 1).

In addition to (defensive) MDR efflux, TolC is also essential for type-I dependent secretion of a variety of degradative
enzymes and offensive effectors, some of which are antibiotic and others involved in plant or animal pathogenicity.  These
include a variety of hydrolases (proteases, phosphatases, esterases, nucleases and glucanases) and protein toxins, including
hemolysins and bacteriocins (Koronakis et al. 2004).  Orthologs of tolC are highly conserved among diverse Gram-negative
pathogenic bacteria, and strains typically carry multiple homologues per strain (Sharff et al. 2001), including all sequenced
strains of Xanthomonas, Pseudomonas and Ralstonia.

Xylella fastidiosa (Xf) is a xylem-inhabiting Gram-negative bacterium that causes serious diseases in a wide range of plant
species (Purcell and Hopkins, 1996).  Two of the most serious of these are Pierce’s disease (PD) of grape and Citrus
Variegated Chlorosis (CVC).  Analyses of the CVC and PD published genomes showed that there was no type III secretion
(hrp) system, but there were at least two complete type I secretion systems present,  together with multiple genes encoding
type I effectors in the RTX (repeats in toxin) family of protein toxins, including bacteriocins and hemolysins.

There are two main purposes for Type I secretion (refer Figure 1):  multi-drug resistance or MDR efflux (in this case,
defense against presumably anti-microbial chemicals in the xylem sap of grape), and effector secretion (offensive, to either
promote pathogenicity or secrete antimicrobial peptides).  The outer membrane protein TolC has been shown to be essential
for MDR efflux and pathogenicity in Erwinia chrysanthemi (Barabote et al., 2003) and in Xf (Reddy et al., 2007).  Our
general working hypothesis has been that Xf is a highly opportunistic species and that (at least) many of its strains have a very
wide host range that is limited by at least two factors of unknown weight:  the host range of its insect vectors, and its intrinsic
host range factors that may or may not elicit obvious pathogenic symptoms.  This working hypothesis was based on several
observations.  First, Freitag (1951) identified 75 asymptomatic host species for PD out of 100 plant species tested.  In support
of these older published test results, it is now clear that at least some PD, CVC and coffee leaf scorch strains of Xf can grow
well in coffee, tobacco and periwinkle.  These results all strongly indicate that some strains are capable of using the xylem
sap of many plant species as growth medium, and may be restricted primarily by the lack of vectors to take them to other
plant species.

Second, PD strains inoculated on grape both grow and elicit leaf scorch symptoms, but on tobacco cultivar Samsun, PD
strains grow, but elicit no symptoms (Harakava Ph.D. thesis); on citrus, PD strains neither grow nor elicit symptoms
(Hopkins, 1977).  Similarly, the coffee strain does not grow or cause symptoms in citrus, but the CVC strain causes limited
symptoms in coffee and mainly chlorosis in tobacco (Harakava, personal communication).  These results indicate: 1) that
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symptoms are host specific and induced only in a subset of host species; and 2) that the host specific symptom induction
depends on the Xf strain as well as the plant species infected.

PD strains produce a host-specific elicitor of PD involving programmed cell death (PCD).  Symptoms of leaf scorch in PD
are not expected of a pathogen that merely blocks xylem vessels. Vascular wilts, such as periwinkle wilt, are more typical of
xylem vessel blockage.  Leaf scorch must be caused by another factor, long ago proposed to be a toxin (Raju and Wells,
1986).  However, the limited evidence provided to support the toxin theory at the time was found to be an artifact caused by
components of the culture medium (Goodwin et al., 1988) and the matter seemed settled (Hopkins, 1989) until very recently.
At the 2007 Pierce’s Disease Research Symposium, Gilchrist and colleagues reported evidence that Xf PD strains elicited PD
and programmed cell death (PCD) or apoptosis in V. vinifera, but not V. california grapes, and that anti-apoptotic genes
cloned from grape variety Chardonnay and retransformed into plants using a strong (CaMV) promoter strongly suppressed
symptoms of PD and PCD (Gilchrist & Lincoln, 2007 Pierce’s Disease Research Symposium Proceedings, pp 252-5). In
recent years, a large and growing number of bacterial protein toxins have been discovered that behave as virulence factors,
and many of these bacterial toxins induce apoptosis (Schiavo,G.; van der Goot, F.G. 2001).  One emerging theme from
studies of these bacterial toxins is that they frequently interfere with host pathways, thereby eliciting programmed cell death
(for a review see Weinrauch and Zychlinsky, 1999).  Since symptoms of PD are suppressed by anti-apoptotic gene
expression, it becomes likely that the pathogen is producing a PCD elicitor, or “toxin”.  This “toxin” or elicitor has yet to be
identified.

Elicitation of symptoms of PD and PCD enhances Xf growth in hosts.  A major question has always been whether or not the
symptoms of leaf scorch on grape contribute to pathogen growth or spread on grape or are merely gratuitous.  Gilchrist’s lab
discovered that the anti-apoptosis genes both strongly suppressed symptoms of PD and in addition, limited the bacterial titer
(at six months post inoculation) to that which is usually seen on the asymptomatic host, V. californica (ie., to ca. 104 cfu/gram
stem tissue instead of 108 cfu/gram stem tissue observed at point of death of V. vinifera ; refer Table 2 of the PowerPoint
presentation by Gilchrist, Lincoln, Ward and Cook, 2007 Pierce’s Disease Research Symposium, available online; confirmed
by Dave Gilchrist in personal communication).  This data indicates that elicitation of programmed cell death (PCD) can
contribute to additional Xf growth in hosts, but is not required for opportunistic (parasitic) growth of Xf, at least not in some
hosts.

Of course, the early work of Freitag (1951) mentioned above demonstrated that PD symptom elicitation is not required for
growth of PD strains in a variety of hosts.  The converse is also true; several non-PD Xf strains are known to be capable of
asymptomatic growth in V. vinifera (Hopkins, 2005).  Indeed, Xf strain EB92-1, isolated from elderberry, has been found to
be highly effective as a biological control agent against PD in the field for 12-18 months, and “only strains that were able to
multiply and systemically colonize without producing significant symptoms were able to protect against virulent strains”
(Hopkins, 2005).  An important series of questions regarding host specific symptoms and host range now may be quantitative
in nature:  how much additional growth is provided by ability to elicit PCD and/or PD symptoms?  Are multiple elicitors
involved?  How host-specific are these elicitors?  Is some low level of PCD, below the level required to elicit symptoms,
required for host range?  The anti-apoptosis genes in Gilchrist’s study suppressed, but presumably did not eliminate,
programmed cell death (PCD) in the host, thereby resulting in suppression of symptoms and limiting bacterial growth.  What
if PCD were eliminated?  Would all or most Xf growth also then be eliminated, and the plant be a nonhost?

A related question is whether or not ability to elicit PCD ultimately restricts ability to infect plants that might otherwise be
hosts, such as PD strains inoculated on citrus.  In other words, since PD strains do not grow in all plants, is (are) the PCD
elicitors (all) host specific?  Are there additional factors, aside from insect transmission and symptom elicitation that may
limit host range?  As described in some detail below, recent work from our lab indicates that the answer to the host range
question indicates that there are likely dditional factors aside from elicitors that may limit host range.  These factors may
involve colicins used for competitive exclusion of other bacteria that may colonize the same ecological niche.  Our general
working hypothesis regarding the very wide host range of the entire, highly opportunistic Xf species but more limited range
of individual strains has been expanded to include three factors affecting host range:  1) the host range of its insect vectors
(not examined by our methods); 2) the ability of Xf to elicit PCD with or without leaf scorch symptoms on V. vinifera; and 3)
ability of Xf to competitively exclude other bacteria from its xylem vessel niche.  If the primary factor(s) that determine host
range can be identified, then additional targets for chemical, biological and/or transgenic controls would be made available.
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OBJECTIVES
Two specific Type I toxin secretion systems are found in both CVC strain 9a5c and PD strain Temecula.  These are an alpha-
hemolysin-like system [in Temecula, it utilizes TolC (outer membrane, PD1964) and HlyB/D (inner membrane,
PD1412/periplasm, PD1413)], and a colicin V-like system [in Temecula, it utilizes TolC (outer membrane, PD1964) and
CvaA/B (inner membrane, PD0496/periplasm, PD0499)].  These Type I systems are also found together with multiple genes
encoding type I effectors of the RTX (repeats in toxin) family of protein toxins (Lally et al., 1999).

Critically, all sequenced Xf strains carry only a single tolC gene; therefore, a knockout of this single gene in Temecula
eliminated all Type I secretion, both offensive and defensive (Reddy et al. 2007).  Unfortunately, the loss of MDR efflux in
Temecula resulted in the strain being undetectable even a few minutes after inoculation of the tolC– mutation; therefore, the
loss of pathogenicity reflected the loss of the strain itself and any offensive role of Type I secretion in pathogenicity, due to
loss of secretion of either hemolysin and/or colicins could not be tested.

Type I secreted effectors found in the sequenced CVC and PD strains were a bacteriocin (XF2407 in CVC and ortholog
PD1427 in PD) that resembles a Rhizobium host range factor (Oresnik et al., 1999), three hemolysins (XF0175, XF0984 and
XF1280) in CVC and orthologs PD0413, PD0282 and PD0536, respectively, in PD), calcium binding hemolysin-type
proteins (XF0668, XF1011, XF2759 in CVC and orthologs PD1506, PD0305, PD2094, respectively, plus an additional
calcium binding protein PD2097), and three colicin V precursors (XF0262, XF0263 in CVC and orthologs PD0215, PD0216
and PD0217 in PD).  The discovery of such a large group of RTX toxins is likely significant because both genomes carry
representatives of both major RTX toxin types: the alpha-hemolysin group that are toxic to a very wide range of eukaryotic
cell types (Lally et al., 1999), and the colicin V group, which is not known to us to affect eukaryotic cells.  Among the
symptoms elicited by CVC strains on citrus are brown, necrotic and slightly gummy lesions on the undersides of leaves that
are suggestive of toxin activity.  The earliest symptom caused by PD strains on grape is leaf scorch, which is also strongly
suggestive of toxin activity.

RESULTS
Rather than attempt knockouts of multiple and potentially redundant effectors, initial experiments focused on knockouts of
three apparently separate components of Type I secretion:  1) MDR efflux only: acrD (PD1404) and acrF (PD0783); 2) Type
I hemolysin secretion only: the periplasmic component hlyB (PD1412) and the inner membrane component hlyD (PD1413);
and 3) colicin V secretion only:  the inner membrane component cvaA (PD0496) and the periplasmic component cvaB
(PD0499).  Surprisingly, knockouts of any of the three Type I system strongly reduced pathogenicity (Figure 2).

The colicin V precursors (PD0215, PD0216 and PD0217) are clustered in the Temecula genome, allowing the simultaneous
knockouts of all three colicins in a single recombination event by marker exchange, which was accomplished and
documented as described (Reddy et al. 2006).  Plant inoculation assays using the colicin V knockout mutant were performed
in collaboration with Dr. Don Hopkins, at the Mid-Florida Research and Education Center, Apopka, Florida. Grape plants
(var. Carnignae) were inoculated with the wild-type Xf Temecula strain and the mutant Δ (PD0215, PD0216 and
PD0217)::nptII strain (labeled “colicins” in Figure 2). The plants were maintained under green-house conditions and were
evaluated for PD symptoms at 60 and 90 days after inoculation. All plants inoculated with the wild-type Temecula strain
exhibited typical PD (not shown).

Again to our surprise, pathogenicity was strongly reduced by eliminating just the colicin effectors (Figure  2).
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Figure 1: Type I machine for MDR (“Drug) efflux in X. fastidiosa utilize tolC and acrF/A or acrC/D (left).  Type
I machine for protein export or secretion in X. fastidiosa utilize tolC and cvaA/B or hlyB/D (right).  Figures from
Koronakis et. al. (2004).
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Figure 2.  Grape var. Carignane inoculated with marker exchanged mutants of acrF (PD0783), acrD
(PD1404), hlyBD; PD1412-1413), cvaA (PD0496) and cvaB (PD0499), and the three colicin V precursors
PD0215, PD0216 and PD0217 (labeled “colicins”) and assessed for % diseased leaves at 40 and 88 days
post inoculation.

Note that genes considered to be dedicated to both hemolysin (hlyBD) and colicin (cvaAB) secretion exhibited greatly
reduced symptoms, and not just delayed symptoms.  The acrF (MDR efflux) mutant, but not hlyBD (hemolysin secretion)
was sensitive to berberine chloride (Gabriel, 2007 Pierce’s Disease Research Symposium Proceedings, p190-3), as expected.
These results strongly support a role of both colicins and hemolysins in pathogenicity.  In this regard, it is important to note
that hemolysins are known to behave as apoptotic toxins in insects and animal pathogens (Vigneux et al., 2007).  Therefore
hemolysins may have a direct role in PD pathogenicity.  Some colicins have a structural domain similar to Bcl-2 like proteins
that are involved in apoptosis of animal cells (Boya et al. 2001), and can inhibit proliferation of cancer cells.  Therefore the
colicins may have a direct role in PD pathogenicity as well; alternatively or additionally, they may have a role in suppressing
growth of bacteria that may compete for colonization of the xylem niche.  These potential roles are currently under
investigation.

CONCLUSIONS
This work demonstrates that not only is multidrug efflux critical to survival of Xf in grape, but also that Type I secretion is
needed for full pathogenicity, including the putative Type I effectors annotated as “colicin V precursors”.  Both multidrug
efflux and Type I secretion depend upon a single tolC gene present in the Xf genome.  Since TolC is exposed to the outer
surfaces of bacteria, these combined results make TolC a vulnerable and specific target for both chemical and transgenic
approaches to control PD.  Additionally, since colicin-like effectors appear to be important in conditioning pathogenicity,
they represent additional targets for chemical, biological and/or transgenic disease control strategies.
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Figure 1.  ‘Rafts’ of Xf cells actively
migrate outward from colony margins
(upper).  Migration is through extension
and retraction of type IV pili at one pole of
the cell.  Immunostaining of similar rafts
with an antibody (Agdia) reveals the
common polar site of both type I and type
IV pili and the cell alignment that allows
raft migration.  Bars, 10μm.
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ABSTRACT
Investigations reported herein focused on aggregation and ‘raft’ development by Xylella fastidiosa (Xf) cells.  This study was
particularly directed toward elucidating how Xf cells aggregate, to cause Pierce’s disease symptoms.  It was shown that 100%
grape xylem sap, for the first time, could be routinely used to culture Xf. Furthermore, the biofilm formed in sap was
significantly different than biofilms formed in the more commonly used nutrient rich PD2 media.  Additionally, we were able
to visualize using immunocytochemical approaches, type I and type IV pili by light microscopy.

INTRODUCTION
Colonization of grapevine xylem by Xylella fastidiosa (Xf) develops over an
extended period of time before symptoms of Pierce’s disease are recognized.
Such colonization, initially as individual cells, then as aggregates of a few
cells, and finally as very large multicellular aggregates, coalesce to from a
biofilm.  From a disease standpoint such aggregates and biofilms are
important for several reasons, including possible direct blockage of sap flow
through xylem vessels or indirect blockage through initiation of tylose
formation.  Cell aggregates may also facilitate pathogen spread from vessel
element to vessel element via enzyme digested pit membranes (Newman et
al., 2004) — individual cells likely lack sufficient ‘enzymatic power’ to
breach pit membranes, but a compact aggregate of cells would be much
more effective in this regard.  Furthermore, enzyme production may not be
expressed in individual cells, but be regulated in aggregates associated with
quorum sensing.  From the standpoint of the pathogen, cell aggregates and
biofilms likely facilitate nutrient adsorption, protection from environmental
stresses, and phytochemicals.

Ascertaining how Xf inhabits the xylem environment and how it blocks the
transpiration stream through the production of biofilms and bacterial cell
masses is deemed informative toward facilitating development of novel
control approaches.  Furthermore, insight into the selective acquisition,
retention, and transmission of Xf by leafhopper vectors represents a priority
area of interest.  Earlier, we demonstrated several unique and important
features of Xf biology not previously recognized, including the observation
that the bacteria posses functional type IV pili that allow the cells to migrate
via twitching motility upstream against the transpirational flow in grape
xylem elements (http://www.nysaes.cornell.edu/pp/faculty/hoch/movies/;
Meng et al., 2005; Figure 1), that they possess type I pili that function in
adhering the cells to xylem (De La Fuente et al., 2007a; 2007b; Li et al.,
2007), and more recently that, at some as yet undefined time or condition,
individual bacteria that are separated by relatively great distances
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Figure 2. Aggregation of Xf WT cells on PD2
medium and in a 50:50 mixture of grape
(Chardonnay) sap and PD2 after 7-8 days of
growth.

‘autoaggregate’ into large masses (De La Fuente et al., 2008).  In our in vitro studies, this occurred after six or more days of
growth (initiated from only a few cells) in PD2 media.  Aside from a slow population build up of cells in xylem vessels at or
near sites of sap flow constrictions (pits, element end-wall openings) which we consider cell aggregates, it is possible that
many individual cells normally distributed throughout xylem elements are able to quickly autoaggregate into large cell
masses contributing to vessel blockage.  This phenomenon may explain, in part, why Pierce’s disease symptom development
(reddening and drying of leaf margins) occasionally occurs within a short time span.

OBJECTIVE
Understanding the relationship of Xf cells within the confines of the xylem environment is our long term goal.  To that end,
this project centers on the development and importance of bacterial cell aggregates and biofilms, and their involvement in
expression of Pierce’s disease. We previously reported that Xf cells ‘autoaggregate’ as the cell population matures in PD2
media within microfluidic devices (De La Fuente et al., 2008).  That observation has led us to examine the biological and
genetic mechanism associated with this phenomenon by generating aggregation and autoaggregation-defective mutants.
Such mutants were examined for their activities within microfabricated ‘artificial’ xylem vessels (which provide superior
observation opportunities) as well as in bona fide xylem vessels, for disease development, and for vector transmission.  More
recently we have directed our attention toward similar aggregation phenomena and biofilm development in these artificial
xylem vessels using grape xylem sap in addition to the nutrient rich PD2 medium.

Specific objectives are to:
1. Identify genes associated with aggregation and autoaggregation of Xf cells.
2. Assess spatially and temporally aggregation and autoaggregation activities as they occur in planta and in microfluidic

‘artificial’ xylem vessels.
3. Assess selected aggregation and autoaggregation-defective mutants in planta for disease development and movement

within the plant.
4. Assess aggregation mutants generated in the first objective, and related attachment mutants already in hand, for

acquisition, retention, and transmission by sharpshooter vectors.

We reported previously many aspects of the results of our studies toward these objectives (in 2005, 2006, 2007 Pierce’s
Disease Research Symposium Proceedings, as well as in several publications—De La Fuente et al., 2007a; 2007b; 2008).
This report summarizes our most recent observations pertaining to aspects of the objectives which remained to be
investigated, as well as reporting coincidental observations made during the course of our studies.

RESULTS
Mutants, aggregation, rafts.  Numerous Xf mutants, including pilB, pilO, fimA, pilY1, hecA, xadA, double mutants fimA-
pilO, etc, were generated and screened for deficiencies in the ability to form cell aggregates when suspended in a fluid
environment.  Thus far, only the xadA mutant from Lindow’s group exhibited such a deficiency; all other mutants formed
aggregates.  Furthermore, mutants deficient in either type I or type IV pili, or both (e.g., fimA-pilO), aggregated from cell
suspensions.  This indicates that cell aggregation is not entirely dependent upon pilus-related adhesins, but more likely on cell
surface adhesins.  In addition, raft formation in vitro on firm surfaces (agar, cellophane, etc.), a phenomenon we relate to
aggregation in liquid environments (xylem sap, PD2, etc.) occurred in fimA mutants, indicating that type I pili were not
necessary for this phenotype and that the sole presence of type IV pili was sufficient for rafts to form.  Rafts do not form in
mutants deficient for type IV pili, e.g., pilB, because they cannot twitch-migrate (Meng et al., 2005).  The side-to-side
arrangement of Xf cells in rafts is likely reliant upon cell surface adhesins, in addition to the presence of type IV pili (for
movement and alignment).  We were not able to relate the surface
adhesin of xadA to raft development since this mutant was either
developed from a twitch-deficient parent or this characteristic was lost in
to course of the mutation.  Our next goal will be to site direct a xadA
mutation into an existing fimA mutant to test this possibility.

Xf aggregation and biofilm development in PD2 and xylem sap.
Until now all our studies with cell motility, aggregation and biofilm
development were in PD2 broth—in both microfluidic devices and in
culture flasks (Meng et al., 2005; De La Fuente et al., 2008).  This was
because we were not able to culture Xf in grape xylem sap, even though
that is where the organism lives in planta.  Either collected sap was
oxidized and became inhospitable to Xf, or possibly Xf lost its ability to
grow in sap after being continually cultured in a nutrient rich media such
as PD2.  We were able to grow Xf in summer grape xylem sap
(Chardonnay, provided by Hong Lin, USDA, Parlier, CA) following initial growth in PD2, and gradually increasing the
percentage of sap over several days.  Subsequently, we used spring sap obtained from Chardonnay as well as from Vitis
riparia and Vitis labrusca grapes grown in Geneva, NY and noted no difference in Xf growth. Xf grown in side-by-side
microfluidic channels, one with PD2 and one with a mixture of 50:50 (PD2:Chardonnay sap) exhibited different growth
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Figure 4. Biofilm formation and
growth of Xf in mixtures of PD2 and
grape xylem sap. Xf biofilms were
most robust and greatest in 80-90%
sap following 7 days growth (upper).
Similarly, growth of Xf was greatest in
sap:PD2 mixtures (lower).

Figure 3.  Sequential development of WT Xf
biofilm over 6 days in a mixture of 10:90
PD2:Chardonnay sap in microfluidic channels.

habits; grown in PD2, Xf developed cell aggregates by seven days as
observed previously (De La Fuente et al., 2008), while in the
PD2:sap mixture Xf growth occurred as a ‘lawn’ of cells (biofilm)
(Figure 2).  Best growth occurred in mixtures of 20:80 (PD2:sap),
although continual growth and biofilm formation also occurred in
90 and 100% sap in microfluidic devices (Figure 3).  Also, while
not quantitatively assessed, it appeared that Xf cell type IV pili
motility was significantly greater in sap and sap mixtures than in
PD2 alone.  Being able to grow Xf in grape sap provides a more
natural environment in the microfluidic devices to assess other
aspects of Xf biology.  Since culturing of Xf in sap in microfluidic
devices, we have now been able to grow it in tubes and flasks
containing sap, again by increasing sap concentrations gradually to
100%.  Also, we are now able to store Xf at -80 C in 100% sap, and
retrieve viable cells, shortening the time interval for sap media
culture.  Notable is the observation that not only is biofilm
formation in 80-90% sap significantly more robust and greater than
in PD2, but cell growth is also greater in higher percentage mixtures
of sap and PD2 (Figure 4).

Production of antibodies against Xf.  Characterization of Xf pili
and other cell surface characteristics, e.g., adhesins, is important to
understanding the biology of the pathogen.  One means of
approaching this is to use antibodies and specifically monoclonal
antibodies (MAb’s) to visualize localization of these properties.  In
addition, such antibodies may be useful in inhibition of migration
and colonization of Xf in vitro, and possibly in planta.  We have
thus produced MAb’s in mice toward various surface proteins of Xf.
A number of cell surface localizations are visualized using these
antibodies (Figure 5).  In addition, blood serum (polyclonal antibodies) from immunized mice exhibited excellent
recognition of Xf cell surface antigens including both type I and type IV pili (Figure 5).

Presentation of antibodies, ligands, dispersion chemicals, etc. to Xf cells.
One of our goals is to examine temporally, activities of Xf cells when
presented with various chemicals that may affect cell motility, aggregation,
and biofilm development.  We wish to do this in a way that excess non-bound
chemical can be removed from the cell environment, and at the same time
observe cell behavior.  To accomplish this, we developed microfluidic
devices with valves that can be activated open or closed have been devised in
which the environment around treated cells can be flushed, and the treated
cells moved to an adjacent chamber for observation (Figure 6).  We will next
expose cells to fluorescent protein stains such as CY3 to observe activities of
the type IV pili under different environmental conditions, as well as to
treatments that may influence cell activities.
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Figure 6.  ‘Valved’ microfluidic
device (upper) and schematic of
components (lower).  Five
pneumatic independently
operated valves (gray
components) control flow and
exposure of Xf cells to various
treatments.

CONCLUSIONS
Observations from this period demonstrate the pronounced role that pili have in Xf attachment, aggregation, and biofilm
formation.  We have demonstrated that microfluidic devices can effectively serve as ‘artificial xylem vessels’ to gain
valuable information about the biology of Xf, and to infer roles for these phenomena in planta.  To our knowledge, this is the
first time that Xf has been reported to be cultured in 100% grape xylem sap, and advancement that should provide better
insight into Xf cell colonization and biofilm development.
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Figure 5. Immunocytochemical localization of cell surface components of
WT Xf with MAb’s reveals predominately one cell pole (left top), the site of
type I pili, and outer surface proteins (left middle, left bottom).  Polyclonal
mouse serum localizes several cell surface features, including cell surface,
type IV pili, and type I pili as a bright pole (right), and individual type I pili
(right inset).
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Figure 1.  Model for chemosensory regulation of twitching
motility in X. fastidiosa.  PilJ, the single polar methyl-
accepting chemotaxis protein senses environmental signal(s).
PilL phosphorylates , PilG, PilH and ChpB.  ChpC and PilI
couples PilL to PilJ.  ChpB mediates adaptation to a constant
chemical concentration by adjusting the methylation level of
the receptor.  Some aspects still unknown are, for example,
the nature of the signal(s) and whether they diffuse or are
actively transported across the outer membrane. For
schematic purposes not all pili components are shown. (from
Burr et al. 2007)
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ABSTRACT
Here we provide evidence that twitching motility (TM) in Xylella fastidiosa (Xf) is dependent on a cluster of signal
transduction pathway proteins (tonB, pilG, pilI, pilJ, pilL, chpB and chpC), which is related to the system that controls
flagella movement in Escherichia coli, and highly similar to chemosensory system controlling TM in Pseudomonas
aeruginosa.  The gene pilL, coding for a putative kinase, is shown to be essential for TM as an insertional mutation in this
gene resulted in a twitching –minus phenotype in agar and inside microfluid chambers, and reduced biofilm formation.  We
constructed a new site-directed mutant on pilL (called pilL2), which confirms the minus phenotype observed for this gene.
This second mutation on pilL affects biofilm formation as well.  We demonstrate that pilG-chpC region is organized as an
operon.  In addition, we showed that tonB gene is also required for TM and complementation experiments restore the TM
phenotype of tonB mutant.  TEM revealed that type IV (and type I) pili are present on all mutants in the cluster, indicating
that none of the chemosensory-related genes affects the pili production and instead are likely to be involved in the sensory
regulation of TM.  We also report our advances on the heterologous complementation of swarming motility phenotype in E.
coli methyl-accepting chemotaxis protein (MCP) mutant using the Xf chemoreceptor, pilJ.

INTRODUCTION
Bacteria sense and respond to changes in their
environment, integrating the signals to produce a
balanced response. Xf is non-flagellated xylem-restricted
gram-negative bacterium that moves inside of grapevines
via TM that employs type I and type IV pili (Meng et al.
2005).  Movement controlled by a chemosensory system
was first reported in E. coli where a group of che genes
regulated the rotation movement of its flagella.  These
proteins work by means of a phosphorylation cascade to
ultimately control the direction of flagella rotation
(Blair,1995). In P. aeruginosa the chemosensory
regulation of type IV pili is controlled by genes in the
clusters pilGHIJK and chpABCDE (Whitchurch, 2006).
We previously described the new cluster of genes
involved in TM likely to be responsible for the
chemosensory regulation of type IV pili in Xf. (Figure 1).
Herein, we further characterize this cluster reproducing
mutations in pilL and describing a new gene tonB as part
of this cluster.

OBJECTIVES
1. Complete characterization of the single chemosensory regulatory system of Xf and its function in Pierce’s disease and, in

particular, we will focus on its role in mediating bacterial movement and biofilm formation.  Toward this we will:
a. Obtain Xf mutants in the pilJ gene that encodes the single methyl-accepting chemotaxis protein in Xf.
b. Assess virulence and motility of pilJ mutants in grapevines, as well as previously created mutants deficient in

related chemosensory genes, pilL.
2. Identify environmental signals that bind PilJ and activate chemosensory regulation.  Toward this we will:
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a. Express PilJ or a chimeric form of PilJ in a strain of E. coli previously deleted of all methyl-accepting chemotaxis
protein genes.

b. Subsequently, candidate signals will be screened using the above E. coli system for activation of motility.

RESULTS
Construction of null mutants strains of Xf for the chemosensory cluster.  The construction of an allelic exchange mutant
for pilL gene in Xf was performed according to Chatterjee et al. 2008 with slight modifications.  The disruption of the pilL
locus in marker-exchange mutants was confirmed by sequencing and PCR.  The mutation occurred in the codon 968.  The
pilL mutant was designated as pilL2.  The construction of a null mutant for the pilJ gene is underway.

Growth, biofilm, and pilus formation. We previously described a tonB mutant (Burr et al. 2007) and here we show that
complementation analysis of the tonB mutant was accomplished by cloning the gene in pBBR1MCS-5 followed by
transformation.  No significant differences in growth rates between the mutant and complemented mutant were observed
when compared to wild-type (Figure 2).  Therefore, the lack of twitching observed in mutants was not correlated with
growth.  The development of biofilms by wild-type, pilL, pilL2, tonB mutant, and complemented tonB are shown in Figure 3.
The tonB mutant formed significantly less biofilm than the wild-type strain, and biofilm formed by complemented tonB was
similar to the wild-type (not shown).  Similarly, the pilL and pilL2, mutants formed less biofilm than the wild-type.  Electron
microscopy revealed that pilL, pilL2, and tonB mutants as well as the complemented tonB possess type I and type IV pili
confirming that these genes are not involved in pili biogenesis.  The twitching phenotype by tonB mutant therefore is due to
the absence of a functional TonB protein, which is predicted to be accessory to the type IV pilus machinery contributing to
the release of pili subunits.  Similarly, we predict the abolishment of twitching in the pilL mutant is due to lack of histidine
kinase binding to the chemoreceptor.

Twitching motility. Examination of pilL, pilL2, and tonB mutants on PW agar surfaces revealed colony morphologies with
smooth margins consistent with loss of twitching function (Figures 4a and 4c).  Complementation tonB (C) showed the
restored fringe phenotype similarly observed in the wild-type (Figures 4b
and 4d)

We measured the speed of movement of Xf wild-type, pilL and tonB mutant
and tonB-complemented on PW agar surface.  The complemented mutant
shows a slight reduction in the speed of movement when compared to the
wild-type, but TM phenotype was restored (Figure 5).

Transcriptional analysis of the chemosensory cluster.  We also
investigated the effect of the transposon insertion in pilL on the
transcription of neighboring coding sequences by semi-quantitative RT-
PCR.  This analysis showed not only that wild-type expression levels are
retained in the mutant (in this case pilL) but also that pilG -chpC comprise
an operon (Figure 6).  Transcriptional analysis of tonB and tonB-
complemented are underway.

Figure 2. Growth curves of Xf wild-type, tonB mutant
and complemented mutant from a 10-day period (4-day
data shown). Experiments were repeated at least three
times using five replicates each.

Figure 3. Biofilm formation by Xf grown for 10 days in
culture flasks. The tonB, pilL and pilL2 mutant biofilm
layers were significantly smaller than Xf wild-type.

Figure 4. Colony morphology of tonB mutant
(a, c) and tonB-complemented (b, d) grow on
PW agar surface (a, b) and on cellophane
overlaid on agar (c, d) for 4 days.  TM fringe
is pronounced in b and d.
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Virulence and movement on grapevines. The pilL, pilL2, and tonB,
mutants were inoculated into grapevines in September 2008.  The
virulence and movement will be assessed in about 12 weeks. pilJ and
tonB-complemented will be assayed in the Spring of 2009.

Complementation of Xf chemoreceptor in E. coli. The putative Xf
chemoreceptor, pilJ, was cloned and expressed in an E. coli strain lacking
all chemoreceptors and methylating proteins, UU1535 (Bibikov, et al.
2004). SDS-PAGE analysis of whole cell lysates suggested that limited
PilJ protein was produced, presumably due to differences in codon usage
between the two organisms (not shown).  We are currently working
towards eliminating this problem.

Construction of a chimeric chemoreceptor. A chimeric chemoreceptor was constructed that contains the periplasmic ligand
binding domain of the Xf putative chemoreceptor PilJ fused to the cytoplasmic signaling domain of E. coli chemoreceptor
Tsr. The construct was expressed in an E. coli strain UU1535 (Bibikov et al. 2004), and Western blot analysis, using
antibodies to the E. coli chemoreceptor portion (Ames and Parkinson. 1994), suggested that the chimeric chemoreceptor was
produced, although at lower levels than wild-type E. coli chemoreceptor.  Again differences in codon usage were suspected to
be affecting protein production.  Over-expression of the chimera protein revealed its ability to activate the chemotaxis kinase
as measured by pseudotaxis (Wolfe and Berg, 1989; Ames and Parkinson, 1996), an assay measuring expansion of the colony
on a soft agar plate (Figure 7). We are currently examining if the chimera supports chemotaxis.

CONCLUSIONS
Our results with the complementation of tonB and a construction of a second mutation in pilL, pilL2 , show these genes are
required for twitching motility in Xf. They also play a role in biofim formation i.e. the mutation reduces the amount of
biofilm and may play a role in virulence.  Initial studies with the chemoreceptor suggest that both the Xf chemoreceptor, pilJ,
and chimeric protein express in E. coli and that the chimeric protein successfully interacts with the chemotaxis kinase. This
project is in initial stages and over the next nine months we will finish investigating pilL and the roles of pilJ.  We will also
be able to begin exploring the signals that trigger the chemosensory regulation in Xf.

Figure 7. Expansion of colonies (pseudotaxis) in mm on
soft agar plates indicates activation of the chemotaxis
kinase. E. coli chemoreceptor optimal induction at 100μM
IPTG while chimeric protein required ten-fold more
induction. Chemoreceptors were expressed in an E. coli
strain lacking chemoreceptors and methylating proteins,
and grown on tryptone soft agar plates incubated for 22.5
hours at 30 C.

Figure 5. Speed of twitching movement of X.
fastidiosa wild-type, tonB mutant, and
complemented tonB mutant cells on PW agar.
Values shown are means of at least 15 cells.

Figure  6. RT-PCR showing operon structure of pil-chp
cluster. Total RNA treated with DNAse was used to amplify
fragments indicated by black arrows in the top diagram. (1)
pilG-pilI; (2) pilI-pilJ; (3) pilJ-pilL; (4) pilL-chpB; (5) chpB-
chpC; (6) pilG-pilI with no reverse transcriptase but with
DNA polymerase; (7) pilG-pilI fragment amplified from
genomic DNA.
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ABSTRACT
Autotransporters are multi-domain proteins that are responsible for secreting a single specific polypeptide (passenger
domain) across the outer membrane of Gram-negative bacteria. Based on genomic analysis, there are six members of the
AT-1 autotransporter family in Xylella fastidiosa (Xf) Temecula 1 (Xf-PD).  Most of our work during the period under review
has focused on PD0528 and PD1379, the AT-1 autotransporters whose passenger domains contain tandem repeats of a 50-60
amino acid motif that is only found in Xf species.  These studies indicated that both PD0528 and PD1379 have a major
impact on autoaggregation and biofilm formation in vitro.  Furthermore, grapevines infected with a strain carrying a mutation
in PD0528 do not develop Pierce’s disease.  We have also initiated experiments to characterize PD0218, PD0313, and
PD0950, the three autotransporters predicted to have proteolytic activity.  We have generated strains containing single
mutations and a strain containing mutations in both PD0218 and PD0950.  Experiments are currently underway to generate a
strain carrying mutations in all three genes.  Characterization of the triple mutant should provide insight into the role of the
secreted serine proteases in the Xf infection cycle.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram-negative, xylem-limited bacterium and is the causative agent of Pierce’s disease (PD), a
devastating disease of grapevines (for a recent review, see (Chatterjee et al. 2008)).  The ability of Xf to colonize grapevines
and to incite disease is dependent upon the capacity of this bacterium to produce a diverse set of virulence factors.  Many of
these virulence factors are proteins that must be secreted to the bacterial cell surface or released into the external environment
before they can contribute to pathogenicity.  In Gram-negative bacteria, this secretion occurs through one of seven major
pathways, Types I to VI and the chaperone-usher pathways (Henderson et al. 2004, Hodak and Jacob-Dubuisson 2007,
Cascales 2008).  These pathways are highly conserved and exhibit functionally distinct mechanisms of protein secretion.

One of the simplest secretion mechanisms is exhibited by the AT-1 autotransporters, a subcategory of Type V secretion
systems (Henderson et al. 2004, Hodak and Jacob-Dubuisson 2007). AT-1 systems are dedicated to the secretion of a single
specific polypeptide called the passenger domain across the outer membrane.  Virulence functions associated with passenger
domains include proteolytic activity, adherence, biofilm formation, intracellular motility, cytotoxic activity, or maturation of
another virulence determinant.  Based on genomic analysis, there are six members of the AT-1 autotransporter family in
Xf-PD.  Functional sequence predictions of these genes indicate that three of these secreted proteins have proteolytic activity
(PD218, PD0313, PD0950), one protein has lipase/esterase activity (PD1879), and two of the proteins encode tandem repeats
of a 50-60 amino acid motif that is only found in Xf species (PD0528, PD1379).  Establishing the role of these secreted
proteins in Xf cell physiology and virulence will provide new targets for researchers to use in generating tactics that disrupt
the ability of Xf to colonize plant tissue and to initiate the PD disease cycle in susceptible grapevines.

OBJECTIVES
The primary goal of this project is to determine the role of the six Xf-PD autotransporter proteins and their passenger domains
in Xf cellular physiology and virulence.  Given the importance of AT-1 proteins in the virulence of other Gram-negative
pathogens, it is highly likely that most of the Xf-PD AT-1 proteins will play an important role in Xf virulence.
1. Generate a mutation in each of the six AT-1 genes and determine their impact on Xf cell physiology and virulence.  The

construction of strains carrying double and triple mutations in the various autotransporters is also part of this objective.
2. Examine the biochemical properties and location of the six AT-1 passenger domains.  Priority will be given to any gene

identified in Specific Aim 1.

RESULTS AND DISCUSSION
We have successfully generated mutations in five of the six AT-1 genes by the gene replacement method (Feil et al. 2003).
This procedure involved generating plasmids, which contain an antibiotic resistance marker flanked on each side by ~750
base pairs of the appropriate chromosomal sequence.  To facilitate the construction of double and triple mutants, one of four
different antibiotic resistance markers was used:  chloramphenicol (CmR), erythromycin (EmR), gentamicin (GmR), or
kanamycin (KnR).  The resulting plasmids were then introduced into Xf by electroporation. Xf cells containing the desired
mutations were identified by plating the cells onto antibiotic-containing PD3 plates.  Polymerase chain reaction (PCR) was
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then used to confirm that a double crossover event had occurred between the disrupted gene carried on the plasmid and the
wild-type gene on the Xf chromosome.

To date, this series of experiments has resulted in the construction of five strains carrying a mutation in one of the AT-1
autotransporters.  We have also generated a strain, which carries a mutation in PD0794.  Although PD0794 is not predicted to
encode an AT-1 autotransporter or to be localized to the outer member, it is classified as a paralog of PD0528 and PD1379
based on its similarity to their passenger domains.  Since PD0794 might be secreted to the cell surface by a different type of
secretion system, we decided to include it in our characterization of the PD0528 and PD1379 passenger domains.

Characterization of the AT-1 autotransporters with Xf-species specific passenger domains:
The passenger domains of PD0528 and PD1379 contain tandem repeats of a 50-60 amino acid motif.  PD0528 contains six
copies of this repeat, whereas PD1379 contains three copies.  Their paralog PD0794 contains four copies.  To investigate the
role of this Xf-species specific motif in cell physiology and virulence, we first generated strains that carried a single mutation
in each of the genes: TAM103 (PD0528::CmR), TAM127 (PD1379::GmR), and TAM145 (PD0794::EmR).  We then began to
construct strains containing mutations in multiple genes.  To date, two of these strains have been generated:  the double
mutant TAM128 (PD0528::CmR, PD1379::GmR) and the triple mutant TAM140 (PD0528::CmR, PD1379::Gm R,
PD0794::EmR).

Table 1. Properties of strains carrying mutations in genes having the Xf-
species specific motif.

Strain Mutations Doubling
Time (hr)

Clumping in
Liquid

Biofilm
formation

Temecula Wild-type 13.8 ++ 0.55 ± 0.13

TAM103 RPD0528::Cm 13.5 + 0.34 ± 0.14
TAM127 RPD1379::Gm 13.9 + 0.42 ± 0.13
TAM145 PD0794::EmR 13.4 + 0.29 ± 0.04
TAM128 RPD0528::Cm 13.7 + 0.23 ± 0.07

RPD1379::Gm
TAM140 RPD0528::Cm 13.5 + 0.23 ± 0.11

RPD1379::Gm
PD0794::EmR

The next step was to investigate the impact of these mutations on Xf cell physiology.  As shown in Table 1, the growth rate
of Xf is not affected by the elimination of genes carrying the Xf-species specific passenger domain.  However, even single
mutations had an impact on the ability of Xf to form clumps in liquid and a biofilm on a glass surface.  This would suggest
that all three genes contribute to the ability of Xf to autoaggregate and to form a biofilm on a solid surface.

Another method for determining the contribution of the individual Xf-species specific passenger domains to cell physiology
and virulence is to express the protein in a heterologous system.  This strategy has been used to generate E. coli strains that
display the passenger domain of heterologous autotransporter proteins on their cell surface.  These recombinant strains have
been employed for binding assays, for developing antibody specificity tests, and for exposing antigenic determinants for
vaccine development (Yang et al. 2004).  In last year’s Symposium Report (Igo 2007), we described our successful use of
this strategy for analyzing the PD0528 passenger domain.  Specifically, we introduced the plasmid pAM61, which carries the
gene encoding PD0528 into the E. coli strain UT5600.  UT5600, which has been used to express other autotransporter
proteins, is deficient in the outer membrane proteases OmpT and OmpP.  The presence of the PD0528 gene in UT5600
(UT5600/pAM61) results in autoaggregation and the formation of a biofilm, properties not normally demonstrated by the
parental E. coli strain.  Thus, expression of PD0528 in E. coli establishes that PD0528 plays a direct role in autoregulation
and biofilm formation in this heterologous system and by inference, in Xf.

During the period under review, we performed a more detailed analysis of the E. coli strain containing the PD0528 gene.  To
facilitate this analysis, we generated an antibody to the PD0528 passenger domain and then used it to perform Western
analysis on UT5600 and UT5600/pAM61.  As expected, the antibody did not hybridize to any proteins in UT5600 and
recognized a single band in UT5600/pAM61 that corresponds to the predicted size of the PD0528 protein.  We next
examined the location of PD0528 in E. coli.  Using a protease accessibility assay (Yen et al. 2007), we established that
PD0528 is present on the E. coli cell surface.  The PD0528 antibody was also used to perform immunofluorescence
microscopy. Together, these results indicated that PD0528 is localized to the E. coli surface and suggest that the components
necessary for secreting autotransporters like PD0258 to the cell surface are conserved between E. coli and Xf.
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We also performed Western analysis on a number of Xf strains.  In one study, we examined the specificity of the PD0528
antibody by comparing the hybridization pattern obtained for three Xf strains: Temecula, TAM103 (PD0528::CmR), and
TAM127 (PD1379::GmR).  This study revealed that antibody made with the PD0528 passenger domain does not hybridize to
the PD1379 protein.  Given the fact that there is only ~50% identity between the two proteins, this is not surprising.  Based
on this result, we plan to use the PD0528 antibody to examine the localization of PD0528 to the Xf cell surface using the
protease accessibility assay and immunofluorescence microscopy.

Finally, we examined the impact of the absence of PD0528 on Xf virulence in planta. In this experiment, grapevines were
infected by pinprick using the protocol provided by our cooperator Dr. Bruce Kirkpatrick (Guilhabert and Kirkpatrick 2005).
Briefly, Xf-Temecula and TAM103 were grown at 28◦C on PD3 plates.  The cells were harvested after 7-10 days and the
suspension was adjusted to a concentration of 109cells/ml. Then, 20 µl of the adjusted suspension was used to inoculate three
Thompson seedless grapevines by the standard pinprick method.  The parental Temecula wild strain served as a positive
control, whereas a water inoculation served as a negative control. The vines were then monitored for symptom development.

Figure 1. PD0528 impacts Xf virulence in planta. An Xf suspension of Temecula or
TAM103 was used to inoculate Thompson seedless grapevines using the standard
pinprick method.  These photographs show a representative vine 16 weeks after infection.

As shown in Figure 1, the vine inoculated with TAM103 does not exhibit the symptoms associated with Pierce’s disease,
suggesting that PD0528 plays an important role in Xf virulence.  As expected, symptoms were observed in the grapevines
inoculated with Xf-PD Temecula and were not observed in the grapevines inoculated with water. To confirm the presence of
Xf in both the Temecula-infected and TAM103-infected vines, petiole tissues from each vine were harvested one inch and six
inches above the inoculation sites.  The samples were then processed using published protocols (Guilhabert and Kirkpatrick
2005).  Serial dilutions of the samples were made and plated onto PD3.  The plates were then incubated at 28◦C for 7-10 days
and the numbers of Xf colonies were compared. Xf colonies were observed on both sets of PD3 plates, confirming the
presence of Xf in the Temecula-infected and TAM103-infected vines.  Interestingly, the TAM103-infected vines appeared to
have approximately 10-fold fewer Xf cells.  However, further experiments are needed to determine whether or not this 10-
fold difference is significant.

Characterization of the AT-1 autotransporters with subtilisin-like serine protease passenger domains:
The passenger domains of three AT-1 autotransporter proteins (PD0218, PD0313, and PD0950) are predicted to encode
subtilisin-like serine proteases (Bateman et al. 2004).  Extracellular subtilisin-like serine proteases have been implicated in
defense, growth on proteinaceous compounds, and the proteolytic maturation of virulence factors (Henderson et al. 2004).  In
order to investigate the role of these genes in Xf pathogenicity, we first generated null mutations in each of these genes and
then examined their impact on Xf cell physiology.  As summarized in Table 2, the mutation in PD0218 affects clumping in
liquid and biofilm formation, whereas the mutation in PD0950 only affects clumping in liquid.  In contrast, the mutation in
PD0313 does not appear to affect clumping in liquid, but may result in increased biofilm formation.  Although still
preliminary, these results suggest that the proteolytic activities of the PD0218, PD0313, and PD0950 passenger domains may
make different contributions to Xf-PD physiology and virulence.

TAM103 waterTemecula
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Table 2. Properties of strains carrying mutations in genes having a serine
protease passenger domain.

Strain Mutations Single Colonies In Liquid Formation
Temecula Wild-type 6-8 days ++ 0.55 ± 0.13
TAM148 RPD0218::Cm 6-8 days + 0.34 ± 0.09
TAM100 ΔPD0313::KmR 6-8 days ++ 0.79 ± 0.11
TAM147
TAM149

PD0950::EmR

RPD0218::Cm
PD0950::EmR

6-8 days
6-8 days

+

+

0.50 ± 0.03
0.44 ± 0.07

Appearance of Clumping Biofilm
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ABSTRACT
Purified cell-wall constituents or grape xylem sap added to media affected Xylella fastidiosa (Xf) in vitro growth, biofilm
formation, cell aggregation and gene expression.  Media containing xylem sap from Pierce’s disease (PD)-susceptible plants
provided better support for bacterial growth and biofilm formation than media supplemented with xylem sap from PD-
resistant plants.  Culturing Xf on media containing various purified cell-wall constituents demonstrated that CM-cellulose,
xylan, β-D-glucan, k-carrageenan, cello-oligosaccharide and laminarin promoted bacterial growth whereas lichenan strongly
suppressed growth.  However, only laminarin, xylan, and k-carrageenan promoted biofilm formation in vitro. Lichenan,
oligosaccharide, k-carrageenan, laminarin, xylan and β-D-glucan all significantly decreased bacterial cell aggregation in
vitro.  Quantitative real-time PCR assays revealed that expression of genes encoding extracellular endoglucanase, endo-1,4-
beta-glucanase, and periplasm protease were differentially regulated in response to amendment of media with xylem sap from
PD-resistant and PD-susceptible grapevines.  This study indicates that composition of xylem sap and cell walls may influence
the interaction of Xf with grape hosts in planta and may account for differences in pathogenesis of Xf on PD-resistant and –
susceptible grapevines.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram negative, xylem-limited bacterium causing Pierce’s disease (PD) of grapevine (1). Xf is
transmitted by xylem-feeding insects, including the polyphagous and invasive glassy-winged sharpshooter, Homalodisca
vitripennis (Germar) (2).  However, the mechanisms of Xf pathogenicity in host plants are not fully understood.  The
currently accepted explanation for development of PD in grapevine is water stress resulting from occlusion of xylem vessels
by bacterial biofilm and/or accumulation of extracellular polysaccharides and subsequent blockage of xylem vessels with
pectins, tyloses and gums produced by the plant host in response to Xf infection (2).  There also is a functional relationship
between xylem chemistry and Xf planktonic growth, aggregation and biofilm formation within Vitis germplasm (3, 4).  We
hypothesize that cell wall degradation products may affect Xf cell growth, aggregation, biofilm formation, and movement
within xylem vessels either directly as a source of nutrients and/or indirectly by induction or repression of Xf genes.

OBJECTIVES
1. Determine the comparative effects of xylem sap from PD-resistant and PD-susceptible grapes on growth, biofilm

formation, and cell aggregation in vitro;
2. Determine the effects of a variety of cell-wall constituents on Xf growth, biofilm formation, and cell aggregation in vitro;

and
3. Analyze the effects of xylem saps from PD-resistant and PD-susceptible grapes pre-inoculated with or without Xf on the

cell-wall degrading enzyme-related gene expression in vitro.

RESULTS
Effects of xylem sap from PD-resistant and PD-susceptible grapevines and other cell-wall constituents on bacterial
planktonic growth: After one day of culture in liquid PW (-BSA) medium amended with 1X PW medlum (minus BSA) –
containing xylem sap from PD-resistant or -susceptible plants, no significant differences (p<0.4873) in Xf growth was
observed.  However, after three or seven days, growth of Xf in liquid PW (-BSA) medium amended with xylem sap from PD-
susceptible plants was significantly greater than growth in the same medium amended with xylem sap from PD-resistant
plants (p<0.0282 and p<0.0177, respectively) (Figure 1A).  Inclusion of BSA in the growth medium at half the normal
concentration (1/2X BSA) resulted in more rapid growth of Xf (Figure 1B) than in PW (-BSA) medium (Figure 1A).
Nonetheless, Xf growth after three days was significantly greater (p<0.0071) when cultured in PW (1/2X BSA) medium
amended with xylem sap from susceptible plants relative to growth in the same medium  amended with xylem sap from PD-
resistant plants (Figure 1B).  To confirm this result, Xf cells grown in liquid PW (-BSA) medium amended with xylem sap
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for seven days were plated onto complete solid PW medium (Figure 1C).  The number of viable cells recovered from growth
medium amended with xylem sap from PD-susceptible plants averaged 2.24-fold more than the number of viable cells
recovered from medium supplemented with xylem sap from PD-resistant plants (number of Xf colonies: 431±7 for xylem sap
from PD-susceptible plants versus 192±89 for xylem sap from PD-resistant plants, with n = 3, p < 0.01).  In addition, we
determined the effects of cell-wall components on Xf growth.  Most cell-wall components had positive effects on bacterial
growth in vitro, among these, cellulose had the most promoting effect for all time points examined (p<0.0001 at Day 1,
p<0.0001 at Day 3 and p<0.0014 at Day 7), followed by laminarin (p<0.0550 at Day 1, p<0.0111 at Day 3 and p<0.0014 at
Day 7), xylan (p<0.1163 at Day 1, p<0.0228 at Day 3 and p<0.0182 at Day 7), glucan (p<0.8569 at Day 1, p<0.0126 at Day 3
and p<0.0244 at Day 7), and carragerran (p<0.0476 at Day 1, p<0.0009 at Day 3 and p<0.9496 at Day 7); oligosaccharides
promoted Xf growth only at one day (p<0.0120 at Day 1, p<0.8030 at Day 3 and p<0.1636 at Day 7).  In contrast, lichenan
inhibited bacterial growth on the third and seventh days (p<0.2126 at Day 1, p<0.0004 at Day 3 and p<0.0001 at Day 7) of
culture (Figure 1D).

Effects of in vitro growth medium amendment with xylem sap from resistant or susceptible grapevines and cell wall
components on bacterial biofilm formation and aggregation: As shown in Figure 2A, xylem sap from PD-susceptible
grapevine significantly increased Xf biofilm formation in vitro (1.57 times higher than in unamended control, p<0.0162; 1.60
times higher than resistant xylem sap, p<0.0082).  In contrast, xylem sap from both PD-susceptible and -resistant grapevines
significantly decreased Xf cellular aggregation in vitro by factors of 3.28 (p<0.0074) and 2.20 (p<0.0333) times lower than
the unamended control (Figure 2B).  Laminarin and k-carrageenan significantly enhanced Xf biofilm formation (2.48 fold
greater than control, p<0.0006 for laminarin; 1.59 fold greater than unamended control, p<0.0055 for k-carrageenan).
Laminarin and k-carrageenan also significantly decreased Xf cellular aggregation 5.25- fold (p<0.0397) and 4.2 fold
(p<0.0178), respectively, compared to that in unamended control medium (Figure 2B).  Lichenan and cello-oligosaccharide
decreased the Xf cellular aggregation very significantly (3.00 fold less than control, p<0.0090) and significant (4.67 fold less
than unamended control, p<0.0137) levels, respectively, but did not affect Xf biofilm formation (Figures 2A and 2B).  In
contrast, Xf biofilm formation and cellular aggregation were not significantly different in medium supplemented with xylan
and β-D-glucan from that in unamended medium controls.

Effects of xylem sap from resistant and susceptible grapevines on bacterial cell-wall degrading-related gene expression:
Expression of endo-1,4-β-glucanase gene was significantly increased (2.83 fold greater, p<0.05) in PW medium  amended
with plant xylem sap from PD-resistant grapevine pre-infected with Xf, but increased only slightly in medium  amended with
susceptible plant xylem sap from PD- susceptible grapevine pre-infected with Xf (Figure 3A).  The Xf periplasm protease
gene was significantly down-regulated (1.67 fold less, p<0.01) in medium amended with xylem sap from PD-resistant
grapevines pre-infected with Xf. In contrast, the periplasm protease gene expression was significantly up-regulated (2.21 fold
greater, p<0.01) in medium amended with xylem sap from PD-susceptible grapevines pre-infected with Xf (Figure 3B).

Total protein content and composition changes in PD-resistant and PD-susceptible grape plant xylem sap in response to Xf
infection: As shown in Figure 4, the majority of Xf-induced host proteins in PD-resistant plants are of low molecular weight
(15 – 35 Kd) with high pI values (pI 7 – 10), although a small group of proteins with lower pI values (pI 3.5 - 4) were also
induced (Figures 4A and 4B).  In contrast, only a few host proteins with the similar range of molecular weights and pI
values were induced by Xf in PD- susceptible plants (Figures 4C and 4D).  Some Xf-induced xylem sap proteins were
genotype specific, whereas others were specific to Xf infection.

DISCUSSION
Genetic differentiation of xylem sap from PD-resistant and PD-susceptible grapevines
Highly PD-resistant and -susceptible Vitis’ species were used in this study.  Differential host responses to Xf infection
between the two lines are controlled by a single major locus (the dominant resistance allele is PdR1) (7).  Host plant response
to Xf infection differs between resistant and susceptible genotypes at both molecular and physiological levels and also varies
with plant organ, as stem and leaf tissues of the same plant respond differently (5,10).  Given that Xf is limited to xylem
vessels, we hypothesized that xylem cell wall properties and chemical composition of xylem fluid may significantly affect Xf
pathogenesis.  Although the biochemical properties of xylem sap from these two grapevines have not been determined in
detail, our bioassay and protein analysis indicated that xylem sap from PD-resistant and PD-susceptible grapevines differed
in protein composition, especially following Xf infection (Figure 4).

Roles of cell-wall constituents in bacterial growth, biofilm formation and cellular aggregation of Xf
Within xylem, Xf is confined to a poor nutritive environment (8, 9). Upon degradation of xylem cell-walls, xylem fluid in
PD-resistant and -susceptible grapevines likely differ both qualitatively and quantitatively with respect to the chemical
composition of cell wall degradation products.  Our results suggest that different cell-wall constituents have different effects
on growth, biofilm formation and cellular aggregation of Xf at least in vitro (Figures 1 and 2).  Several cell-wall constituents
(cellulose, xylan, glucan, laminarin, carragerran and oligosaccharides) enhanced Xf growth in vitro.  Some cell-wall
constituents (laminarin, k-carrageenan, cellulose, lichenan and oligosaccharides) inhibited Xf cellular aggregation.  Only
laminarin and k-carrageenan significantly enhanced biofilm formation, and only cellulose significantly enhanced cellular
aggregation in vitro.  It seems clear that different cell-wall constituents are required and actively involved in the different
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processes of bacterial growth, biofilm formation and cell aggregation, of which algae and seaweed laminarin- and k-
carrageenan-related cell wall components significantly enhanced both bacterial growth and biofilm formation in vitro,
whereas only cellulose significantly enhanced  bacterial growth and aggregation, and most other cell-wall ingredients tested
inhibited  cell aggregation in vitro.  Aggregation may result from clumping of cells facilitated by extracellular
polysaccharides and may be the initial step of biofilm formation (11, 12).  Cellular aggregation of Xf in response to xylem sap
from PD- resistant and -susceptible grapevine plants, and to different cell-wall constituents, did not mirror responses in
planktonic growth and biofilm formation to the same treatment.  It is not clear whether cellular aggregation process in vitro is
different from that in planta.

Cell-wall degrading enzymes potentially involved in the early stage of pathogenicity through interaction of Xf with xylem sap
of host plants
Pathogenicity of Xf likely requires biofilm formation leading to xylem vessel blockage and subsequent water stress (12, 13).
Regulatory pathways are responsible for the transition from planktonic growth to biofilm formation (14, 15).  Gene
expression during the early stage of biofilm formation with planktonic bacteria exposed to plant xylem sap resulted in
expression of endo-β-1,4-glucanase and periplasm protease genes in the xylem sap from PD-susceptible grapevines pre-
infected was elevated.  Increased expression of these genes by Xf in PD-susceptible grapevines presumably would result in
more efficient degradation of cell-walls and release more free cell-wall constituents available to support bacterial growth
(Figures 3A and 3B).  This conclusion is supported by recent studies showing plant pathogenic bacteria are able to lyse and
grow on viable host cells by producing a variety of cell-wall degrading enzymes, including endo-β-1,3-glucanases, proteases,
β-1,6-glucanases, mannanases, and chitinases (16).

CONCLUSIONS
Our observations support the hypothesis that Xf-grapevine host- pathogen interactions are mediated by xylem sap
constituents, as opposed to a direct connection between bacteria and metabolically active host cells.  Therefore, xylem vessels
may serve as a unique niche for host plants to recognize and interact with Xf in xylem sap in planta.  If this is the case,
identification of components of xylem sap that differ among PD-resistant and -susceptible grapevines may facilitate
elucidation of mechanisms through which Xf- host plant interactions result in resistance or susceptibility.  Xylem sap could
be used to screen grapevines for PD resistance breeding.
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Figure 2.  Effects of amendment of
liquid PW medium with xylem sap from
PD-resistant (9821-67) and PD-
susceptible (9621-94) grape plants or
cell wall components on Xf biofilm
formation (A) or cell aggregation (B).
Asterisk (*) indicates ANOVA-test
results of significance at P < 0.05;
double asterisk (**) indicates
significance at P < 0.01.

Figure 1. Effects of amendment of liquid PW medium with
xylem sap from PD-resistant (9821-67) and PD-susceptible
(9621-94) grape plants (A-C) or cell wall components (D)
on Xylella fastidiosa (Xf) growth in vitro.  Asterisk (*)
indicates ANOVA-test results of significance at P < 0.05;
double asterisk (**) indicates significance at P < 0.01.  A. Xf
growth in PW medium containing 1/10 X BSA and
amended with xylem sap.  Bacterial growth was measured
after 1, 3 and 7 days of culture in amended media. B. Xf
growth in PW medium containing 1/2 X BSA and amended
with xylem sap.  Bacterial growth was measured after 1.5
and 3 days of culture.  C. Xf colony formation on agar-
solidified PW medium (1X BSA) following culture for 7
days in liquid PW (1/10 X BSA) amended with xylem sap
from PD-resistant or PD-susceptible plants.  D. Effects of
cell-wall components on Xf growth.  Bacterial growth was
measured after 1 (1D), 3 (3D), and 7 days (7D) of culture in
liquid PW medium  (1/10 X BSA) amended with purified
cell-wall polymers.  Control cultures were grown under the
same conditions without amendment with cell-wall
polymers.
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Figure 3. Effect of grape xylem saps on Xf
gene expression in vitro. PW represents PW
liquid medium, PW+RC indicates PW liquid
medium plus xylem sap from uninoculated PD-
resistant plants, PW+RT indicates PW liquid
medium plus xylem sap from PD- resistant
plants  pre-infected with Xf, PW+SC indicates
PW liquid medium plus xylem sap from
uninoculated PD- susceptible plants, and
PW+ST indicates PW liquid medium plus
xylem sap from PD- susceptible plants pre-
infected with Xf. Bacterial cultures were
subsequently collected for RNA isolation and
gene expression analyses.

Figure 4. 2D- PAGE analyses of proteins in
xylem sap from PD-resistant (9621-67) and
PD-susceptible (9621-94) grape plants in
response to Xf infection. A. 9621-67
uninoculated control; B. 9621-67 Xf- infected;
C. 9621-94 uninoculated control; D. 9621-94
Xf- infected. The pI range is shown on the top,
molecular weight standards and sizes are
shown on the left. The Xf-induced protein
zones are boxed, constitutively expressed
proteins are circled with solid lines or dashed
lines to highlight the different display patterns
of protein spots on the gels. Only qualitative
analysis was performed to show the presence
and variation of major visible protein spots
between different xylem sap samples.
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ABSTRACT
We have followed the movement and population size of a green fluorescent protein (gfp)-marked strain of Xylella fastidiosa
(Xf), simultaneously in both the stems and petioles of Cabernet Sauvignon, Chenin Blanc, Roucaneuf and Tampa grape
varieties which differ in susceptibility to Pierce’s disease (PD).  Very low populations of Xf and less frequent occurrence in
xylem vessels in the stem were observed in the resistant varieties compared to more susceptible varieties.  There was no
simple relationship between the population size of Xf in the stem and the proportion of vessels colonized when considered
over the several varieties; a much higher population size of Xf was observed than expected, even after accounting for the
higher number of infected vessels, in susceptible varieties.  To better understand the distribution of the Xf population,
particularly in the stem vascular system, we distinguished between high moderate and low levels of cell numbers in a given
infested vessel.  The higher populations in susceptible genotype stems are achieved because of both higher numbers of
infected vessels and particularly due to the much higher extent of colonization of those vessels that become infested with Xf.
Lower populations in resistant genotype stems are achieved because of both lower numbers of infected vessels and also
because of a  lower number of cells in the vessels that are colonized.  This suggests that in resistant genotypes the movement
and multiplication of Xf in the stem are both impaired and are co-dependent phenomena.  In contrast, similarly high
percentages of vessels in petioles of susceptible and resistant plants were colonized, and similar population sizes were
attained, suggesting that Xf is unrestricted in movement and growth within the petiole.  These results indicate that resistance
to PD is not due to inhibitory compounds that circulate through the xylem or to host defenses since they might be expected to
operate similarly in all tissues.  Also, large-scale cell agglomeration in a single vessel is not required for Xf to move laterally
in the stem to adjacent vessels as the majority of vessels were categorized as having few cells in the vessels in all the
genotypes.  These results are consistent with earlier work done on Cabernet petioles.  In the resistant genotype Roucaneuf we
found only low numbers of cells in any vessel, although Xf was able to move a distance greater then the average vessel length
from the point of inoculation.

Work is continuing using mixtures of isogenic strains of Xf to examine the apparent bottlenecks that occur when cells move
from one infected vessel into other adjacent uninfected vessel.  The efficiency with which cells move from one vessel to
another is expected to be related directly to overall susceptibility to PD and should be manifest as a rate of spatial segregation
in the plant of the two strains that is inversely related to susceptibility to disease.

INTRODUCTION
Nearly all studies of Xf colonization of grapes have focused on the petioles, with little examination of Xf movement and
distribution in the stems has been made.  Importantly, the work from the Walker lab has noted that the mechanism of
resistance to Xf is localized within the stem xylem and not fully functional or absent in the xylem of petioles and leaf blades.
This was based on the observation that there was little difference in the colonization of the petioles and leaf blades, as
opposed to the stems.  They speculate that a more constitutive resistance mechanism is present in the stem xylem based on
nutritional or structural differences between resistant and susceptible types.  Our study was designed to examine differences
in the colonization process of the stem of different grape genotypes to identify resistance mechanisms.

In an effort to better understand the process of colonization of grapevines by Xf, and develop a method of screening for
resistant plant genotypes, we are investigating the spatial segregation of Xf cells within the xylem vessel systems of different
grape varieties.  Single Xf strains or an equal mixture of two different isogenic Xf strains, are being co-inoculatied in different
varieties and their movement is being  followed closely by culturing and epifuorescence microscopy, with time and distance
from the point of inoculation to determine how rapidly spatial segregation of the cells might occur, presumably due to
stochastic proceses occurring by transfer of only a few cells from one infected vessel to other uninfected vessels.  Before
initiating studies of the segregation of differentially marked strains of Xf in various grape varieties, we explored the process
of colonization of Xf in stems of Cabernet Sauvignon to establish control data and optimize sampling schemes for the Xf
strain mixtures.  We set out to determine how quickly Xf moves within stems throughout the plant, the fraction of the xylem
vessels colonized as a function of time and distance from the point of inoculation, and the relative likelihood of finding Xf in
xylem vessels as compared to tracheal elements.  We specifically considered the longitudinal movement of Xf in the xylem
vessels in the internodal stem locations and the rate at which segregation of the two strains occurs.
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OBJECTIVES
1. Study the process of movement of Xf cells between xylem vessels and through plant by determining the changes in

proportion of genetically distinct strains of the pathogen initially inoculated into plants at an equal proportion with
distance and time from point of inoculation

2. Determine if bottlenecks in movement of cells of Xf from xylem vessel to xylem vessel is more extreme in resistant
plants than in susceptible plants and whether this phenomenon can be exploited as a tool to screen germplasm for
resistance to Xf.

RESULTS
Objective 1:
We initiated our investigation by co-inoculating Cabernet Sauvignon stems with a mixture containing an equal amount of
wild-type and gfp-marked (KLN59.3) Xf strains.  This was designed specifically so that the segregation of the two strains
could be tracked and correlated to resistance characteristics of the plant variety. The population size of the gfp-marked strain
of Xf was somewhat smaller at a given location and time after inoculation than the wild-type strain.  It was known that this
strain caused disease symptoms slightly slower than the wild-type strain, and this difference thus appears to be due to a
slower growth in the plant.  Given that future experiments will emphasize the spatial segregation of this gfp-marked strain
and a similar cyan fluorescent protein (cfp)-marked strain which is expected to have a similar growth rate as the gfp-marked
strain we do not expect that this lower growth compared to the wild-type strain will complicate our measurements of ratios of
these two strains in up-coming experiments.  To best test our model of stochastic processes influencing spatial segregation, it
is important that two isogenic bacterial strains used in such studies have nearly identical behavior in the plant.  We thus have
tested other such strain pairs for suitability for this study.  It was found that an rpfB mutant of Xf was more virulent to grape
and moved and multiplied somewhat better in Cabernet than the wild type Xf. This was unexpected given that when
inoculated singly they each had yielded similar disease severity and progression in the plant.  Studies are underway with
other isogenic strain pairs of Xf. These strain pairs include Xf harboring different marker genes introduced into the same
intergenic region in Xf by the Igo lab, as well as random Tn5 mutants of Xf generated by the Kirkpatrick lab that exhibited
similar virulence as the wild type strains.

Objective 2:
Colonization of susceptible Cabernet Sauvignon and resistant genotypes like Tampa and Roucaneuf  by Xf was examined by
sequential culturing and epifuorescence microscopy. Roucaneuf is a complex hybrid that includes Vitis. cinerea and V.
berlandieri and has been described as “fully-resistant” in field conditions to PD.  Tampa also is a PD resistant genotype.
Microscopy did not reveal any obvious differences in anatomy of the stem and petiole tissues of the resistant and susceptible
varieties. Cabernet Savignon, Roucaneuf and Tampa plants were inoculated with a gfp-marked Xf strain.  We followed
population growth by culturing and also visually by microscopy (Figure 1).  Culture sampling was done at weeks two, three,
four, six, and 11 following inoculation. A total of six plants at each time point, two from each resistant genotype and two
from the susceptible genotype were evaluated.  Each plant was sampled at the petiole near the point of inoculation and at six
internodal locations 10, 20, 30, 60, 80, and 120 cm away.  The sample sites were examined the same day by epifruorescence
microscopy.  Petioles and portions of the stems were sectioned and prepared for microscopy.  An average of nine sections
was prepared for each stem location and photos were taken from each sample.

It was clear from our observations that a very low proportion of the stem vessels at sites away from the point of inoculation
of Roucaneuf and Tampa were colonized by any cells of Xf compared to that of Cabernet. There was also a higher viable
population sizes of Xf in Cabernet in the stem tissue compared to that of Roucaneuf and Tampa.  However, there was no
simple relationship between the population size of Xf in the stem and the proportion of vessels colonized when considered

Figure 1: Visualization of colonization of
Cabernet Sauvignon stems wth a gfp-marked
strain of X. fastidiosa.  The plant was sectioned
11 weeks after inoculation and this section was
taken from the stem at 30 cm from the point of
inoculation.  This image is typical of stem tissue
from susceptible grape varieties in that a
relatively high proportion of vessels harbor at
least some cells of Xf while most vessels harbor
relatively few cells of the pathogen.
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over the several varieties; a much higher population size of Xf was observed than expected, even after accounting for the
higher number of infected vessels, in susceptible varieties (Figure 2).  This raised the question as to whether cells in the
resistant varieties may die as they age, or whether there was a large difference in the extent of colonization of those vessels
that become infested with Xf.
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In contrast to the stem tissue, visualization of cells of Xf in petioles of Cabernet, Roucaneuf and Tampa reveal that petioles of
these plants were both equally well colonized by the gfp-tagged cells of Xf . This is in contrast with the stems of these two
varieties where very few vessels of Roucaneuf were colonized but a large percentage of vessels of Cabernet were colonized
It was evident that there was no significant difference in bacteria population between the resistant and susceptible genotypes
in the petioles (Table 1) which is consistent with the work of the Walker lab. In addition, The proportion of the total stem
xylem vessels that are colonized by Xf appears to be much less than that of the xylem vessels in the petiole for a given
variety.  Thus the petiole seems to offer little resistant to movement and or multiplication of Xf compared to stem tissue.

Figure 2: Relationship between
incidence of colonization of stem
vessels of different grape
varieties by Xf as determined by a
microscopic detection of gfp-
tagged Xf strain (Y-axis) and the
population size of Xf determined
by culturing of small samples of
tissue near the site of
examination (X-axis).
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Table 1. Xf populations in petioles of different grape varieties determined
by dilution plating at a given time after inoculation.

X f C on c e n tra tio n , lo g [(c fu /g + 1 )]
P e tio le

C ab e rn e t
w e e k R o u ca n e u f T a m p a S a u v ig n o n

3 7 .7 7 4 .8 6 7 .6 0
4 7 .7 1 5 .5 5 7 .4 3
6 7 .1 8 5 .2 2 6 .2 6

11 6 .1 2 8 .4 6

To investigate the model that not only does Xf move into more vessels of susceptible varieties than resistant varieties, but it
also multiplies more extensively in those vessels into which it moves we performed a more robust examination of
colonization of the varieties Tampa, Roucaneuf, Cabernet, as well as Chenin Blanc, a susceptible variety with a slightly more
resistance to PD than Cabernet.  In addition, to counting number of stem vessels that were colonized by any number of Xf
cells, we distinguished between those having high levels of colonization (which we estimated to be about 100,000 cells/
vessel (labeled “full” in the figures, those having moderate levels of colonization (about 1000 cells/vessel) (labeled
“medium” in the figures) or those having minor colonization (less than 10 cells/vessel) (labeled “few” in the figures).  The
colonization was assessed in the stem for each variety at several different times and distances from the point of inoculation.
At each sampling location and time, 12 stem sections were examined under the fluorescence microscope to obtain robust
estimates of both incidence and intensity of colonization of vessels.  More then 10,000 plant vessels were observed at each
sampling.  It was clear that the incidence of infestation of stem xylem vessels by Xf was related directly to the resistance of
these varieties to PD; The highest incidence of colonization of vessels was observed in the highly susceptible Cabernet
sauvignon with the lowest in the most resistant variety, Roucaneuf (Figure 3).  The varieties with intermediate
susceptibilities exhibited intermediate levels of colonization incidence.  It is evident that near the point of inoculation the
proportion of vessels that harbor any number of cells of Xf are higher than at more distal sites.  With increasing time, the
number of vessels colonized also increase.  The reduced number of colonized vessels, particularly at distal sites suggests that
in resistant genotypes the lateral movement to adjacent vessels is what it is impaired.  More importantly, a large difference in
the extent of colonization of vessels was observed between varieties.  In all varieties, the large majority of vessels harbored
relatively few cells of Xf (Figures 4 and 5).  Vessels that harbored very large numbers of Xf were only observed in the most
susceptible variety Cabernet sauvignon (Figures 4 and 5).  Likewise, the more susceptible varieties Cabernet Sauvignon and
Chenin Blanc both had higher numbers of vessels that harbored intermediate extents of colonization by Xf (Figures 4 and 5).
These differences in extent of colonization were highly statistically different between varieties in most cases (Table 4).  At
increasing distances from the point of inoculation, the resistant genotypes respond more like each other and become more
statistical divergent from Cabernet and Chenin Blanc varieties, having lower colonized vessels.
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Figure 3. Percentages of infected vessels determined by microscopy (12 stem cross sections each of 28 µm thickness
examined per location) sampled at different times and distances from the point of inoculation for four grape varieties.
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Table  2:LSD test for mean number of  colonized vessels

Few cells colonization
10 cm 60 cm 120 cm

Cabernet Sauvignon 68.2a 75.7b 8.1a
Tampa 25.5b 13.3a 38c
Chenin Blanc 60.9c 46.9c 4.1ab
Roucaneuf 8d 4.7a 0b

Medium vessels colonization
10 cm 60 cm 120 cm

Cabernet Sauvignon 5.7b 8.3b 0a
Tampa 3.4a 0.41a 0a
Chenin Blanc 3.2a 1.41a 0a
Roucaneuf 0c 0a 0a

Full vessel colonization
10 cm 60 cm 120 cm

Cabernet Sauvignon 0.9b 0a 0a
Tampa 0a 0a 0a
Chenin Blanc 0a 0a 0a
Roucaneuf 0a 0a 0a
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Figure 4. Proportion of colonized vessels having different extents of colonization by Xf in Cabernet (left) and Chenin Blanc
(right).

Table 3 :LSD test for mean number of  colonized vessels

Few cells colonization
10 cm 60 cm 120 cm

Cabernet Sauvignon 68.2a 75.7b 8.1a
Tampa 25.5b 13.3a 38c
Chenin Blanc 60.9c 46.9c 4.1ab
Roucaneuf 8d 4.7a 0b

Medium vessels colonization
10 cm 60 cm 120 cm

Cabernet Sauvignon 5.7b 8.3b 0a
Tampa 3.4a 0.41a 0a
Chenin Blanc 3.2a 1.41a 0a
Roucaneuf 0c 0a 0a

Full vessel colonization
10 cm 60 cm 120 cm

Cabernet Sauvignon 0.9b 0a 0a
Tampa 0a 0a 0a
Chenin Blanc 0a 0a 0a
Roucaneuf 0a 0a 0a

Table 3: Differences in extent of colonization
of stem xylem vessels in different grape
varieties determined by microscopic detection
of a gfp-marked strain of Xf at different
distances from the point of inoculation.  The
results of an LSD test performed on the mean
number of colonized vessels 11 weeks post-
infection are shown.  Means followed by the
same letter within a column do not differ
(P<0.05).  Vessels having large numbers
100,000 cells/vessel (full), moderate numbers
(1000) of cells/vessel (medium) or few (<10)
cells/vessel were differentiated.

Table 2: Differences in extent of colonization
of stem xylem vessels in different grape
varieties determined by microscopic detection
of a gfp-marked strains of Xf at different
distances from the point of inoculation.  The
results of an LSD test performed on the mean
number of colonized vessels 11 weeks post-
infection are shown.  Means followed by the
same letter within a column do not differ
(P<0.05).  Vessels having large numbers
100,000 cells/vessel (full), moderate numbers
(1000) of cells/vessel (medium) or few (<10)
cells/vessel were differentiated.
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Figure 5. Proportion of colonized vessels having different extents of colonization in Tampa (left) and Roucaneuf (right).

Table 4:  LSD test for proportion mean of vessels colonizatio
Few cells colonization

10 cm 60 cm 120 cm
Cabernet Sauvignon 0.91a 0.88b 1a
Tampa 0.93a 0.97a 0.99a
Chenin 0.9a 0.92c 1a
Roucaneuf 0.96a 0.98a 0b
Medium vessels colonization

10 cm 60 cm 120 cm
Cabernet Sauvignon 0.07a 0.07a 0a
Tampa 0.06a 0.16b 0a
Chenin 0.09a 0.07a 0a
Roucaneuf 0b 0c 0a
Full vessel colonization

10 cm 60 cm 120 cm
Cabernet Sauvignon 0.01b 0.01b 0a
Tampa 0a 0.01a 0a
Chenin 0.03c 0.07c 0a
Roucaneuf 0a 0a 0a

Since we had made independent measures of both the incidence and extent of colonization of stem xylem vessels by Xf by
microscopy as well as direct measures of viable population sizes of Xf by culturing of the adjacent tissue, we tested the model
that cells of Xf had similar frequencies of viability in different grape varieties.  We estimated population sizes from
microscopy measurements by multiplying the number of infected vessels by the number of cells enclosed in a given vessel
and with knowledge of the amount of plant material that had been examined (28 um/section examined).  In locations more
proximal to point of infection (POI), the total populations estimated by microscopy were very similar to that of the culturable
population, suggesting that most of the cells were viable, irrespective of grape variety (Figure 6).  At the most distal sites
from the point of inoculation, the numbers of Xf estimated by microscopy were somewhat lower than the culturable
populations; we believe this is due to sampling issues since the relatively few vessels that were colonized by Xf at such
distances (Table 3) made accurate estimates of incidence and extent of colonization difficult and subject to underestimation.
Given that the numbers of Xf in stems of resistant varieties such as Roucaneuf are low and apparently spatial variable, at a
given sampling time, not all visualized stem segments (28 um/section  x 12sections/sample) include detectable cells of Xf.

Table 4. Differences in the proportion of vessels
from different grape varieties that had been
colonized by any cells of Xf that exhibited varying
extents of colonization.  Microscopic detection of a
gfp-marked strain of Xf at different distances from
the point of inoculation was determined.  The
results of an LSD test performed on the mean
number of colonized vessels 11 weeks post-
infection are shown.  Means followed by the same
letter within a column do not differ (P<0.05).
Vessels having large numbers 100,000 cells/vessel
(full), moderate numbers (1000) of cells/vessel
(medium) or few (<10) cells/vessel were
differentiated. (Data of Table 3 expressed as a
proportion of the total colonized vessels).
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CONCLUSIONS
Resistance to movement of Xf in different grape varieties appears to be restricted to the stem tissue and is due to structural
differences in the vessels of the resistant varieties and is associated with a limitation of the number of vessels into which Xf
can spread and thus in which they can grow.  It is apparent that the relatively high populations in susceptible genotype stems
are achieved because of higher numbers of infected vessels and also due to more extensive colonization of the vessels into
which it moves.  Since Xf was frequently detected in petioles, even in resistant varieties and at some distance from the point
of inoculation, it appears that Xf follows a sinuous path up the vessels in the stem, never colonizing a large number of vessels,
but when it enters the petiole it can multiply to high numbers.  The similar populations, estimated by microscopy or plating
suggest that most cells in the stem appear to be alive.  This suggests that in resistant genotypes in-stem tissue movement and
multiplication are impaired as separate or co-dependent phenomena, which doesn’t seem to be the case in petioles.
Presumably the process of movement of Xf from one infected vessel to other adjacent vessels involves the degradation of pit
membrane.  This degraded plant material is apparently a source of considerable nutrition to Xf. That is, those grape varieties
that are most easily digested by Xf will be both more easily invaded and support more extensive multiplication by Xf.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.

Figure 6. Comparison of population sizes of
Xf in in Tampa and Cabernet sauvignon stem
segments at different distances from the point
of inoculation estimated by culturing (blue)
and by microscopy (red) at week 11 post-
infection.
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ABSTRACT
Pierce’s disease (PD) pressure has always been intense along the Texas Gulf Coast, but the disease has been steadily moving
north and west.  Additionally, PD has been discovered in counties thought to be beyond the ecological range of either the
Xylella fastidiosa (Xf) bacterium or the insect.  As part of our genetic analysis we are analyzing conserved genes (such as
gyrB) to distinguish new isolates as either ‘grape,’ ‘ragweed’ or ‘oleander.’  However, base pair changes within conserved
genes are usually too limited to track genetically relatedness within short time periods.  To improve discrimination power, we
are using multi-locus simple sequence repeat markers for genotyping each individual isolate.  Eighteen grape isolates have
been fingerprinted so far.  The most similar isolates are found in the same county, but some counties have multiple,
genetically distinct isolates.  Isolates from new infection areas will be run to determine the relationships with other sources.
Additionally, Xf SSR genotyping profile in Texas will be analyzed and compared with the profile from California isolates.

FUNDING AGENCIES
Funding for this project was provided by the Texas Pierce’s Disease Research and Education Program, and the USDA
Animal and Plant Health Inspection Service.
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ABSTRACT
Ten plant species with potential benefits as groundcovers in and near vineyards at risk for Pierce’s disease were grown in
containers in greenhouse and screenhouse for mechanical inoculation with Xylella fastidiosa isolated from weed, tree, or
grape in Texas.  Isolates were from Ambrosia trifida var. texana, Helianthus annuus, Iva angustifolia, Nerium oleander,
Platanus occidentalis, and Vitis vinifera.  No symptoms developed and evaluations were with ELISA.  Based on mechanical
inoculations, lower risk (susceptible to fewer isolates and no grape isolates, low test mean ELISA OD, low test mean Rx
[proportion OD≥0.300]) species were Coreopsis tinctoria, Verbena rigida, and Lolium multiflorum.  Higher risk species were
Phlox drummondii, Lupinus texensis, Medicago polymorpha, M. polymorpha, Trifolium incarnatum, T. repens, and
Gaillardia pulchella.  Data from plant species interactions with vector species and senescence dates (vs. vector peak
populations) under field conditions may alter our interpretation of risk status.

INTRODUCTION
Pierce’s disease (PD) management suggestions include vegetation management in and near vineyards (Black et al., 2005,
2008), including competition from plants that are poor hosts of Xylella fastidiosa (Xf) and not commonly used by insect
vectors.  Traits of Xf-safe plants may include low cost to establish, re-seed or re-grow from roots/crowns, require minimal
maintenance once established, senesce without mowing or herbicide, provide temporary standing mulch, minimal
competition with grapevines for water and nutrients, fix nitrogen, affect other pests in neutral or beneficial manner, enhance
vector biological control as insectary plants, and/or seasonal tourist appeal.

Our long term approach to ranking species for risk as ground cover includes ELISA testing (positive was OD≥ 0.300,
reaction [Rx] was proportion positive) of a) environmental samples from the vicinity of PD vineyards, b) mechanically
inoculated greenhouse and/or screenhouse container-grown plants (Black et al., 2006), and c) seeded or transplanted small
plots near a PD vineyard.  This report addresses only mechanical inoculations with selected isolates (Table 11) in the absence
of Xf vectors.

OBJECTIVES
Mechanically inoculate diverse Texas Xf isolates into potential ground cover plants and compare PD risk in and near
vineyards.

RESULTS
Candidate species for vineyard and vicinity use represented Polemoniaceae (Table 1), Fabaceae (Tables 2-6), Asteraceae
(Tables 7, 8), Verbeneaceae (Table 9) and Poaceae (Table 10).  Every potential ground cover species was infected with one
or more Texas Xf isolates (Tables 1-10).  Species were ranked using arbitrary criteria (number of grape isolate treatment
means OD≥0.3, test mean OD≥0.7, test mean Rx≥0.6).  Based on mechanical inoculations of container-grown plants, lower
risk species were Coreopsis tinctoria, Verbena rigida, and Lolium multiflorum.  Higher risk species (susceptible to more
isolates and grape isolates, high mean OD, high mean Rx) were Phlox drummondii, Lupinus texensis, Medicago polymorpha,
M. polymorpha, Trifolium incarnatum, T. repens, and Gaillardia pulchella.  Data from plant species interactions with vector
species and senescence dates vs. vector peak populations under field conditions may alter our interpretation of risk status.

CONCLUSIONS
No species was immune to grape and non-grape Xf isolates.  With the criterion of mechanical inoculation in the absence of
insect vectore, three plant species may pose low PD risk if used in and near vineyards.  Seven plant species may pose
significant PD risk if planted or allowed to grow in and near vineyards.  Data from field plants exposed to Xf vectors are
needed to confirm risk status.
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Table 1. Responses of Drummond phlox (Phlox drummondii) to diverse Xf. Test A inoculated 17-25Mar08; evaluated
21May08.  Test B inoculated 7-22Apr08; evaluated 16Jun08.
Test Isolate OD Rx OD Rx
A GILGRA288 Ha 2.53 a 1.00 a

GILGRA286 At 2.04 ab 1.00 a
TRAFLA377 Vv 1.58 bc 1.00 a
GIL007 Po 1.47 bc 0.75 abc
GILBEC625 Vv 1.18 cd 0.83 ab
UVA119 Po 0.68 de 0.58 bc
MEDPRI025 No 0.53 ef 0.50 c Mean 1.26 0.71
SCP Buffer 0.08 f 0.00 d C.V., % 57 48

B GILGRA286 At 2.45 a 1.00 a
TRAFLA377 Vv 1.32 b 1.00 a
GILBEC625 Vv 1.30 b 0.83 ab
GILGRA288 Ha 1.04 b 0.71 bc
UVA119 Po 0.50 c 0.50 cd
GIL007 Po 0.49 c 0.25 de
MEDPRI025 No 0.13 cd 0.08 e Mean 0.90 0.54
SCP Buffer -0.01 d 0.00 e C.V., % 54  60
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Table 2. Responses of Texas bluebonnet (Lupinus texensis) to diverse Xf. Test A inoculated 13Apr07; evaluated
2May07.  Test B inoculated 3-6Dec07, 22-25Jan08; evaluated 14Jan-11Mar08, 8Apr08.  Test C inoculated 22-25Jan08;
evaluated 8Apr08.
Test Isolate OD Rx Site OD Rx
A GILGRA286 At 0.37 a 0.53 a Inoculation 0.38 a 0.50 a

TRAFLA302 Vv 0.37 a 0.33 ab Above 0.10 b -0.03 b
GILBEC625 Vv 0.27 ab 0.33 ab
GILBEC532 Vv 0.18 b 0.19 ab
TRAFLA377 Vv 0.16 b 0.08 b Mean 0.27 0.29
SCP Buffer 0.09 b -0.06 b C.V., % 52 107

B UVA119 Po 1.74 a 0.85 ab
GIL007 Po 1.74 a 0.95 a
GILGRA286 At 1.19 b 0.70 b
GILGRA288 Ha 1.16 b 0.90 a
GILBEC625 Vv 1.15 b 0.68 b
TRAFLA377 Vv 1.03 b 0.90 a Mean 1.13 0.72
SCP -0.13 c 0.01 c C.V., % 40 40

C GILGRA286 At 1.99 a 1.56 a Inoculation 0.89 a 0.79 a
GILGRA288 Ha 1.67 b 1.51 a Above 0.77 b 0.70 b
GIL007 Po 0.67 c 0.49 b
UVA119 Po 0.53 c 0.51 b
TRAFLA377 Vv 0.45 c 0.51 b
GILBEC625 Vv 0.43 d 0.66 b Mean 0.83 0.74
SCP 0.07 e -0.03 c C.V., % 32  41

Table 3. Responses of burr medic (Medicago polymorpha 'Armadillo') to diverse Xf. Test A inoculated 17-25Mar08;
evaluated 23Apr08.
Test Isolate OD   Rx      OD   Rx
A GILGRA288 Ha 1.58 a 1.00 a

GIL007 Po 1.36 ab 1.00 a
GILGRA286 At 1.30 ab 0.92 ab
TRAFLA377 Vv 1.23 ab 1.00 a
UVA119 Po 1.18 ab 0.83 ab
GILBEC625 Vv 1.02 bc 1.00 a
MEDPRI025 No 0.68 c 0.75 b Mean 1.06 0.81
SCP Buffer 0.11 d 0.00 c C.V., % 49 29
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Table 4. Responses of small burr medic (Medicago polymorpha 'Devine') to diverse Xf. Test A inoculated 17-
25Mar08; evaluated 28Apr08.  Test B inoculated 7-22Apr08; evaluated 28May08.
Test Isolate OD   Rx    Site OD   Rx
A UVA119 Po 2.71 a 1.00 a Inoculation 1.89 a 0.88 a

GILGRA286 At 2.45 ab 1.00 a Above 1.72 b 0.77 b
GIL007 Po 2.34 b 1.00 a
GILBEC625 Vv 2.22 bc 1.00 a
GILGRA288 Ha 2.17 bc 1.00 a
TRAFLA377 Vv 1.94 c 1.00 a
MEDPRI025 No 0.51 d 0.58 b Mean 1.81 0.82
SCP Buffer 0.11 e 0.00 c C.V., % 23 22

B GILGRA286 At 3.16 a 1.02 a
UVA119 Po 2.92 ab 1.00 a
GILGRA288 Ha 2.90 ab 1.02 a
GIL007 Po 2.47 ab 1.02 a
MEDPRI025 No 1.74 c 1.00 a
GILBEC625 Vv 1.50 cd 0.75 b
TRAFLA377 Vv 1.10 cd 0.75 b Mean 1.86 0.79
SCP Buffer 0.15 e 0.00 c C.V., % 34  31

Table 5. Responses of crimson clover (Trifolium incarnatum) to diverse Xf. Test A inoculated 7-22Apr08; evaluated
14May08.  Test B inoculated 29Apr-5May08; evaluated 3Jun08.
Test Isolate OD Rx OD Rx
A GILGRA286 At 1.37 a 1.00 a

GILBEC625 Vv 1.33 a 1.00 a
UVA119 Po 1.22 ab 0.83 a
GIL007 Po 1.12 ab 0.92 a
GILGRA288 Ha 0.97 abc 1.00 a
MEDPRI025 No 0.83 bc 0.83 a
TRAFLA377 Vv 0.58 cd 0.92 a Mean 0.96 0.83
SCP Buffer 0.26 d 0.17 b C.V., % 56 34

B GILGRA288 Ha 1.86 a 0.92 ab
GILBEC625 Vv 1.77 a 0.92 ab
GILGRA286 At 1.76 a 0.75 ab
TRAFLA377 Vv 1.65 a 1.00 a
MEDPRI025 No 1.53 a 0.83 ab
UVA119 Po 1.49 a 0.67 b
GIL007 Po 1.47 a 0.75 ab Mean 1.45 0.73
SCP Buffer 0.07 b 0.00 c C.V., % 58  46
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Table 6. Responses of white clover (Trifolium repens 'Durana') to diverse Xf. Test A inoculated 1-8Apr08; evaluated
9Jun08.  Test B inoculated 16-23Apr08; evaluated 10Jun08.
Test Isolate OD Rx OD Rx
A TRAFLA377 Vv 1.62 a 1.00 a

MEDPRI025 No 1.52 ab 0.83 ab
GILGRA286 At 1.16 abc 0.67 b
GILBEC625 Vv 1.15 abc 0.83 ab
GILGRA288 Ha 1.09 bc 0.83 ab
GIL007 Po 1.05 bc 0.83 ab
UVA119 Po 0.94 c 0.75 ab Mean 1.07 0.72
SCP Buffer 0.04 d 0.00 c C.V., % 57 47

B MEDPRI025 No 1.59 a 1.00 a
GILGRA286 At 1.19 b 1.00 a
GIL007 Po 1.09 b 0.92 a
GILBEC625 Vv 0.86 bc 0.75 ab
GILGRA288 Ha 0.74 c 0.83 a
UVA119 Po 0.67 cd 0.50 b
TRAFLA377 Vv 0.37 de 0.50 b Mean 0.82 0.69
SCP Buffer 0.03 e 0.00 c C.V., % 52  49

Table 7. Responses of plains coreopsis (Coreopsis tinctoria var. tinctoria) to diverse Xf. Test A inoculated 7-22Apr08;
evaluated 18Jun08. Test B inoculated 29Apr-5May08; evaluated 24Jun08.
Test Isolate OD Rx Site OD Rx
a GILGRA288 Ha 1.19 a 0.92 a

GILGRA286 At 0.96 b 1.00 a
GIL007 Po 0.22 c 0.20 b
UVA119 Po 0.05 c 0.00 c
TRAFLA377 Vv 0.05 c 0.00 c
GILBEC625 Vv 0.03 c 0.00 c
SCP Buffer 0.03 c 0.00 c Mean 0.32 0.27
MEDPRI025 No 0.02 c 0.00 c C.V., % 78 63

B GILGRA286 At 1.14 a 0.83 a Inoculation 0.264 b 0.27
GILGRA288 Ha 0.80 b 0.83 a Above 0.418 a 0.31
UVA119 Po 0.39 c 0.42 b
GIL007 Po 0.20 cd 0.17 bc
MEDPRI025 No 0.06 d 0.08 c
GILBEC625 Vv 0.05 d 0.00 c
TRAFLA377 Vv 0.05 d 0.00 c Mean 0.34 0.29
SCP Buffer 0.04 d 0.00 c C.V., % 98  109
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Table 8. Responses of Indian blanket (Gaillardia pulchella var. pulchella) to diverse Xf. Test A inoculated 1-8Apr08;
evaluated 18Jun08.  Test B inoculated 16-23Apr08; evaluated 23Jun08.
Test Isolate OD Rx OD Rx
A GILGRA286 At 2.53 a 1.00 a

GIL007 Po 2.42 a 1.00 a
UVA119 Po 2.38 a 1.00 a
GILGRA288 Ha 2.34 a 1.00 a
GILBEC625 Vv 2.29 a 1.00 a
TRAFLA377 Vv 1.25 b 0.67 b
MEDPRI025 No 0.19 c 0.17 c Mean 1.68 0.73
SCP Buffer 0.02 c 0.00 c C.V., % 23 31

B GILGRA286 At 2.76 a 1.00 a
GILGRA288 Ha 2.74 a 1.00 a
GIL007 Po 2.24 ab 1.00 a
UVA119 Po 1.91 bc 0.92 ab
TRAFLA377 Vv 1.46 c 0.67 b
GILBEC625 Vv 1.35 c 0.75 ab
MEDPRI025 No 0.26 d 0.33 c Mean 1.60 0.72
SCP Buffer 0.08 d 0.08 c C.V., % 45 44

Table 9. Responses of tuber vervain (Verbena rigida) to diverse Xf. Test A inoculated 17-25Mar08; evaluated 14Jul08.
Test B inoculated 7-22Apr08; evaluated 15Jul08.  Test C inoculated 9-17Jun08; evaluated 13oct08.
Test Isolate OD   Rx    Site OD   Rx

GILGRA286 At 1.08 a 0.79 a Inoculation 0.462 a 0.40 ab
GILGRA288 Ha 0.70 b 0.67 a Above 0.588 a 0.48 a
UVA119 Po 0.44 c 0.46 b Below 0.258 b 0.27 b
GILBEC625 Vv 0.23 d 0.33 b Other stem 0.087 c 0.06 c
TRAFLA377 Vv 0.11 d 0.04 c
GIL007 Po 0.11 d 0.08 c
SCP Buffer 0.08 d 0.04 c Mean 0.35 0.30
MEDPRI025 No 0.05 d 0.00 c C.V., % 102 108

GILGRA286 At 1.13 a 0.79 a Inoculation 0.53 a 0.46 a
GILGRA288 Ha 0.70 b 0.54 b Above 0.471 ab 0.44 a
UVA119 Po 0.39 c 0.42 b Below 0.324 b 0.25 b
TRAFLA377 Vv 0.16 d 0.21 c Other stem 0.078 c 0.06 c
GILBEC625 Vv 0.15 d 0.21 c
MEDPRI025 No 0.10 d 0.13 c
SCP Buffer 0.09 d 0.08 c Mean 0.35 0.30
GIL007 Po 0.07 d 0.04 c C.V., % 112 119

GILGRA286 At 0.51 a 0.38 ab Inoculation 0.238 a 0.20 a
GILGRA281 At 0.47 a 0.50 a Above 0.23 a 0.20 a
LLAFAL650 Ha 0.24 b 0.29 b Below 0.144 ab 0.09 b
TRAFLA345 Vv 0.11 bc 0.08 c Other stem 0.107 b 0.07 b
LLAFAL718 Ig 0.07 c 0.00 c
GILBEC530 Vv 0.07 c 0.00 c
GILBEC625 Vv 0.07 c 0.04 c
TRAFLA344 Vv 0.04 c 0.00 c Mean 0.18 0.14
SCP 0.04 c 0.00 c C.V., % 145  201



- 141 -

Table 10. Responses of annual ryegrass (Lolium multiflorum 'Jumbo') to diverse Xf. Test A inoculated 17-25Mar08;
evaluated 5Jun08.  Test B inoculated 7-22Apr08; evaluated 5Jun08.
Test Isolate OD Rx OD Rx
A GILGRA288 Ha 1.48 a 1.48 a

GILGRA286 At 1.31 a 1.31 a
MEDPRI025 No 1.08 ab 1.08 ab
GIL007 Po 0.65 bc 0.65 bc
TRAFLA377 Vv 0.30 cd 0.30 cd
GILBEC625 Vv 0.19 d 0.19 d
UVA119 Po 0.16 d 0.16 d Mean 0.65 0.52
SCP Buffer 0.01 d 0.01 d C.V., % 83 66

B GILGRA286 At 0.67 a 0.50 a
GILGRA288 Ha 0.44 ab 0.50 a
MEDPRI025 No 0.20 bc 0.17 b
TRAFLA377 Vv 0.16 c 0.25 ab
GIL007 Po 0.15 c 0.25 ab
GILBEC625 Vv 0.14 c 0.17 b
UVA119 Po 0.05 c 0.00 b Mean 0.23 0.23
SCP Buffer 0.00 c 0.00 b C.V., % 133  170

Table 11. Host plant origins of Xf isolates.
Acronym Family   Species Common name
At Asteraceae Ambrosia trifida var. texana Giant ragweed
Ha Asteraceae Helianthus annuus Common sunflower
Ig Asteraceae Iva angustifolia Narrowleaf sumpweed
No Asclepiadaceae Nerium oleander Oleander
Po Platanaceae Platanus occidentalis American sycamore
Vv Vitaceae Vitis vinifera European grape
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ABSTRACT
The aim of this project is to construct and express in grapevine, a protein or protein chimera capable of inactivating or
otherwise interfering with the infectivity of, or disease-induction by, Xylella fastidiosa (Xf), the causative agent of Pierce’s
disease (PD) of grapevine.  A single-chain, monoclonal (scFv) antibody was selected for its ability to bind to Xf cells
recovered by centrifugation of Xf liquid culture.  Immunoblot analysis of total protein extracts from Xf cells revealed a single
band corresponding to a ~47K protein target of this antibody. The identity of the target is unknown but is not likely to be
major outer membrane protein MopB or the protein synthesis elongation factor EF-Tu, both of which have gel electrophoretic
mobilities similar to the scFv antibody target.  Previously we demonstrated that Xf EF-Tu induces chlorosis when pressure
infiltrated into leaves of Chenopodium quinoa, suggesting that EF-Tu may be a protein recognized by plants as a signal of Xf
infection.  Although the primary function of EF-Tu in eubacteria is in protein synthesis, specific bacterial species have
evolved to use EF-Tu for other applications, including binding the bacterium to host cells.  We found Xf EF-Tu to be
associated with an insoluble fraction which remains after treating Xf cells with lysozyme.  Expression of Xf EF-Tu in
Escherichia coli altered the cell morphology.  The transformed E. coli, when introduced into the petioles of grapevine
transformed with reporter constructions driven by a Xf-infection-specific promoter, activated synthesis of the reporter.  These
results suggest that EF-Tu may be a signal in grapevine of Xf infection, in addition to its role in protein synthesis.

INTRODUCTION
Grapevine cultivars resistant to or tolerant of Xf presumably present the best approach to long term, effective, economical and
sustainable control of PD.  The mechanisms by which Xf induces symptoms in infected grapevine have not been established.
However, interference with symptom development (i.e., creation of tolerance) is conceivable, and Xf virulence factors are
potential targets for interfering with Xf infection and symptom induction.  A strategy is to create transgenic rootstock(s) that
will secrete a protein or proteins into the xylem for transport to scion xylem to provide protection against insect vector-
delivered Xf or interfere with symptom development. Xf surface proteins are candidate targets in this strategy. Examples of
Xf surface proteins are a major outer membrane protein MopB, the hemagglutinin-like minor outer membrane proteins HXfA
and HXfB (Guilhabert and Kirkpatrick 2005), a protein that is recognized by a single chain, monoclonal antibody (described
below), and possibly a form of the protein synthesis elongation factor “temperature-unstable” (EF-Tu). We report here on the
single-chain, antibody and then, more extensively, on the properties of Xf EF-Tu.

We reported last year that EF-Tu was the major component of a minor trailing band observed after electrophoresis of partially
purified MopB through sodium dodecyl sulfate- (SDS-) permeated polyacrylamide gel. Xf EF-Tu was recovered by elution
from excised gel pieces from the trailing band and was shown to induce chlorosis in Chenopodium quinoa (Bruening et al.
2007), whereas Xf MopB produced in transformed E. coli failed to induce chlorosis in C. quinoa.  These observations suggest
that the chlorosis-inducing factor in our MopB preparations may be Xf EF-Tu and not MopB, formerly the candidate
chlorosis-inducing factor.  EF-Tu is one of a small number of highly conserved eubacterial macromolecules (“microbe-
associated molecular patterns” = MAMPs) that have been discovered to induce defense responses in a variety of plants (Jones
and Dangl 2006).  Flagellin, chitin, certain lipopolysaccharides, and a few other molecules are other MAMPs. EF-Tu is the
most abundant soluble protein of rapidly growing E. coli cells, so it is reasonable for it to be a signal for the presence of
bacteria.  That is, at least some EF-Tu proteins act as elicitors. The MAMP activity of E. coli EF-Tu is illustrated by
alkalization of the medium of cultured Arabidopsis thaliana cells on exposure to subnanomolar concentrations of EF-Tu.
EF-Tu, when introduced at 1 µM by pressure-infiltration into Arabidopsis leaves, induced resistance to Pseudomonas
syringae and accumulated defense gene mRNAs (Kunze et al. 2004). E. coli EF-Tu and Xf EF-Tu gene sequences show 77%
identical and 88% similar in amino acid sequence.  The regions of identity between the E. coli and Xf EF-Tu gene sequences
also revealed >90% identity with >100 eubacterial EF-Tu sequences (Kunze et al. 2004).  Some bacteria have evolved an
EF-Tu protein with an additional function, beyond participating in polypeptide chain elongation or acting as an elicitor.
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Mycoplasma pneumoniae and Lactobacillus johnsonii appear to use EF-Tu as an adhesin that is responsible for the binding of
these bacteria to human cells, and, in the case of M. pneumoniae, antibody to EF-Tu was demonstrated to interfere with
attachment to human cells (Dallo et al. 2002, Granato et al. 2004).

OBJECTIVES
1. Discover or develop peptides and proteins with high affinity for the Xylella fastidiosa (Xf) cell exterior.
2. Test surface-binding proteins for their ability to coat Xf cells, for possible bactericidal activity or for interference with

disease initiation following inoculation of grapevine or model plant with Xf.
3. In collaboration with the Gupta laboratory, develop gene constructions for chimeric proteins designed to bind tightly to

and inactivate Xf cells; express and test the chimeric proteins against Xf cells in culture and in plants.
4. In collaboration with the Dandekar laboratory, prepare transgenic tobacco and grapevine expressing and xylem-targeting

the candidate anti-Xf proteins; test the transgenic plants for resistance to infection by Xf.

RESULTS AND DISCUSSION
A single chain antibody selected for affinity to Xf cell suspension
We obtained a library of single chain (scFv) antibodies, expressed on bacteriophage M13 particles, from the University of
Cambridge, UK. Cultures of the rapidly growing and minimally aggregating Xf strain HXfA-, which has a transposon
insertion in the HXfA gene (Guilhabert and Kirkpatrick 2005), were centrifuged to collect the cells.  This cell preparation was
used to “pan” the M13-scFv library through three cycles.  Ten of the 24 selected M13-scFv clones were sequenced, and all
had the same deduced amino acid sequence.  Therefore, all subsequent analyses were applied to just one selected scFv
antibody, designated A2scFv.  To identify the epitope bound by the A2scFv, Xf proteins were resolved by electrophoresis and
were subjected to immunoblot detection using the A2scFv-p3 fusion protein-carrying bacteriophage particle as the “primary
antibody” and anti-M13 major coat protein as the target of the secondary antibody conjugate.  A single band was observed
with mobility corresponding to slightly less than an apparent molecular weight of approximately 47K (results not shown).
This is comparable in electrophoretic mobility to two other Xf proteins which we have investigated: Xf EF-Tu (formula
weight 42.9K) and Xf mopB (mobility corresponding to molecular weight 45K).  To test whether the A2scFv is recognizing
either of these Xf proteins, we attempted to interfere with A2scFv binding by pre-incubating two immunoblots with peptide
polyclonal antibody against Xf EF-Tu or polyclonal antibody against Xf MopB.  No apparent interference with the binding of
the A2scFv-carrying bacteriophage M13 particles was observed (data not shown), but the anti-EF-Tu peptide antibody might
not block scFv binding to other parts of EF-Tu.  However, results from experiments involving digestion of Xf cells with
lysozyme, as described below, are not consistent with recognition of either MopB or EF-Tu as possessing the epitope of
A2scFv (data not shown).

The A2scFv was purified under non-denaturing conditions from solution using its encoded hexahistidine sequence and was
labeled with Alexa-488 (fluorescein).  The
Alexa-488 labeled A2 scFv was incubated with
Xf cell preparations in phosphate-buffered
saline-Triton X100 (PBS-T) (Figure 1), and the
cell preparations were washed with PBS-T
before observing fluorescence.  The
fluorescence was observed not in association
with the cells, as might be expected, but with
somewhat larger, amorphous structures that
apparently had been collected with the cells
during centrifugation or formed during
centrifugation.  Similar results were observed
with the Temecula Xf strains bearing mutations
in hemaglutinin-like protein genes, HxfA- and
HxfB- (Guilhabert and Kirkpatrick 2005).
These experiments do not eliminate the
possibility of weak binding of the scFv to intact
Xf cells, since weak binding would not have
been detected after the washing procedures
followed here.  At this point, both the protein
target and the larger-than-cells target of the A2
scFv monoclonal antibody remain unknown.

Figure 1. A Temecula strain Xf cell suspension, prepared by
centrifugation, was observed under white light (upper panel) and 488nm
light using an epifluorescence microscope.  Alexa-488 (fluorescein)
labeled A2scFv monoclonal antibody was added to the cell suspension,
which subsequently was washed 3 times with phosphate-buffered saline
containing 0.1% Triton X-100 (PBS-T).  The red oval identifies an in-
focus field of Xf cells.
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Xf protein synthesis elongation factor “temperature unstable” (EF-Tu) in an insoluble fraction of a Xf extract
Since EF-Tu was found in MopB preparations, and the MopB purification procedure (Bruening and Civerolo 2004) includes
extraction from insoluble material, it is likely that at least some EF-Tu of Xf is in an insoluble form.  Results presented in
Figure 2 suggest that EF-Tu is associated with an insoluble fraction from which some other proteins, including MopB, had
been released.  HXfA- cells were exposed to a proprietary detergent solution, “BugBuster®,” or they were exposed to
lysozyme, or to both. Prior exposure of HXfA- cells to BugBuster® solution reduced the intensity of, or eliminated, a few
protein bands (Figure 2, lanes 1 and 2), whereas treatment with lysozyme had no apparent effect on the pattern of protein
bands (lane 4 compared to lane 1).  Incubating the cells with BugBuster® and lysozyme together resulted in diminution or
elimination of several protein bands (lane 3 compared to lane 1), including a prominent band with a mobility corresponding
to an apparent molecular weight of about 43K, i.e., to the mobilities of Xf EF-Tu and Xf MopB.

Figure 2. Effects of lysozyme treatment on the recovery of MopB and EF-Tu from an insoluble fraction of Xf
cells.  Each of the three images, lanes 1-4, 5-8 and 9-12, was derived from a different 12% polyacrylamide gel
after electrophoresis of extracts of the relatively rapidly growing Xf strain HXfA-. Cells were harvested from
liquid culture in late logarithmic phase.  Cells were washed with water and cell pellets were quick-frozen in
liquid nitrogen and stored at -70˚C.  Rapidly thawed cells were suspended to approximately 0.3 µg/µL total
protein in 20 mM Tris-HCl, pH 8, alone (T, lanes 1, 5 and 9), in Tris-buffered “BugBuster®” (EMD
Biosciences, proprietary detergent solution, T+D, lanes 2, 6 and 10), in Tris-buffered BugBuster® containing 45
U/µL recombinant lysozyme (EMD Biosciences, T+D+L, lanes 3, 7 and 11), and in Tris-buffered 45 U/µL
recombinant lysozyme (T+L, lanes 4, 8 and 12).  Samples were incubated at room temperature for 15 min with
mixing, and insoluble material was collected by centrifugation at 14K rpm for 10 min.  Precipitates were
suspended in one-eighth the original volume of water, were mixed with SDS-mercaptoethanol-dithiothreitol
disruption solution and were heated before loading the equivalent of 27 µg (lanes 1-4) or 8.5 µg (lanes 5-12) of
starting protein on the gels.  Detection was by staining with Coomassie Brilliant Blue (lanes 1-4), by
immunoblotting using anti-MopB (lanes 5-6) or anti-EF-Tu peptide polyclonal antibody.  Horse radish
peroxidase-conjugated goat-anti-rabbit secondary antibody was located using the DuraSignal (Pierce)
chemiluminescense system.  The locations of bands for molecular markers and a presumed band for recombinant
lysozyme (rLys) are indicated by arrows.

Immunoblot analysis using chemiluminescense detection is subject to a characteristic bleaching reaction when the target
protein is present above a threshold amount.  The apparent MopB signal of Fig. 2, lanes 5, 6 and 8, shows bleaching, as
expected for the 8.5 µg of Xf cell total protein and the known abundance of MopB.  In contrast, the anti-MopB antibody
provided only a weak signal from the insoluble fraction left after treatment with BugBuster® and lysozyme (lane 7).  The
anti-MopB antibody was raised against an immunogen MopB preparation that likely contained traces of EF-Tu, so it is
possible that the lane 7 signal at about 43K apparent molecular weight reflects EF-Tu rather than MopB. Most of the EF-Tu
remained in the insoluble fraction after treatment with BugBuster® and lysozyme (Fig. 2, compare lanes 11 and 9).  Anti-Xf
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HXfA polyclonal antibody (gift from Tanja Voegel and Bruce Kirkpatrick), which cross-reacts with Xf HXfB, and the A2
scFv antibody, gave a greatly diminished signal for cells treated with BugBuster® and lysozyme (data not shown).  Thus, it
appears that the treatment with the two reagents results in solubilizing two outer-membrane proteins, MopB, HXfB, and the
scFv target, but not EF-Tu.

The insoluble product of the BugBuster® and lysozyme incubation (Figure 3A) was applied to a 50%-to-80% (w/v) sucrose
gradient, which was centrifuged under conditions which should result in the various components of the digest moving
through the gradient and reaching their own density.  The main band of material (Figure 3B) was found to retain EF-Tu
according to immunoblot results (Figure 3C).  The centrifugation process, in effect, performs multiple washing steps as the
main band material moves from the top of the tube to its isopycnic position, suggesting that the association of EF-Tu with the
insoluble material is strong.  Presumably this EF-Tu is not participating in protein synthesis but, as has been found for other
systems (Dallo et al. 2002, Granato et al. 2004), Xf EF-Tu may have more than one function.

Figure 3. Xf EF-Tu is tightly associated with an insoluble fraction released from Xf cells by treatment with
lysozyme A. Xf cells were suspended in a mild detergent solution (“BugBuster®,” EMD Biosciences), and the
suspension was incubated at room temperature with lysozyme and then with a general nuclease (Benzonase, EMD
Biosciences), which greatly reduced the viscosity of the suspension.  Differential centrifugation produced a small
brown precipitate (B), a white, fluffy precipitate (P), and a supernatant fraction (S). B. The P fraction was applied
to a 50%-to-80%(w/v) sucrose gradient in 20 mM Tris-HCl, pH 8. Centrifugation was for 4 hr at 35,000 rpm in a
Beckman SW-41Ti rotor at 4˚C.  The tube was mounted in a blue clamp, visible near the bottom of the image.  In
addition to the main band (MB) of white, turbid material, material also accumulated at the bottom of the tube, in a
pellicle (Pel) floating on the gradient, and in two other small bands (UB and LB). C. Fractions from centrifugation
and sucrose gradient centrifugation were heated in SDS-urea solution and were analyzed by SDS-PAGE on an 8-
16% gradient gel.  The bulk of the material reacting with peptide antibody to Xf EF-Tu in an immunoblot was
associated with the MB fraction, which had a buoyant density of about 1.24 g/mL.

Phenotype of Xf EF-Tu expression in E. coli cells
An E. coli strain was designed and constructed to express a fusion of the M13-like single-stranded DNA bacteriophage fd
outer membrane protein P3 with Xf EF-Tu, Xf EF-Tu forming the amino end of the fusion. P3 is an adhesin protein
responsible for initiating attachment of the bacteriophage M13 particle to the bacterial F-pilus.  Prior to extrusion of the
bacteriophage particle from the infected cell, or when P3 is expressed in transformed but uninfected cells, P3 resides in the
cell outer membrane.  Therefore, our expectation is that the fusion protein EF-Tu-P3 will be targeted to the outer membrane.
When cells from the EF-Tu-P3-expressing and control P3-expressing strains were collected and treated with lysozyme
(Figure 4), an insoluble residue remained.  The insoluble material was subject to analysis by sucrose gradient centrifugation
and electrophoresis in a fashion similar to the analysis of Xf cells presented in Figure 3.  Figure 4A reveals a difference
between the results obtained for P3-generating and EF-Tu-generating E. coli, in both amount and buoyant density of the
product.  Wildtype E. coli cells, incubated under the conditions reported in the Figure 2 or Figure 3 legends, in BugBuster®
and lysozyme solution, were completely liquefied, leaving no insoluble residue (data not shown).  These results suggest that
targeting a protein to the outer membrane may induce the accumulation of a new, lysozyme-resistant substance in the E. coli
cell.  Presumably proteases of E. coli prevent the accumulation of more than a trace of intact EF-Tu-P3 (Fig. 4C).
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Comparison of Figure 3B and Figure 4A reveals that accumulation of EF-Tu-P3 in E. coli cells and EF-Tu in Xf cells do not
generate lysozyme-resistant, insoluble materials of similar densities.
E. coli transformed and induced, by IPTG, for P3 expression increased in culture at a rate that was comparable to that for the
corresponding untransformed strain.  However, the E. coli strain bearing the EF-Tu-P3 construction grew slowly and very
slowly after induction by IPTG.  Cells from the two cultures, as viewed by light microscopy, had very different appearances.
The presumed EF-Tu-P3-expressing cells were larger, in both length and diameter, than the P3-expressing or wildtype cells
(data not shown).  These results are consistent with incorporation of Xf EF-Tu, but not E. coli EF-Tu, into the E. coli cell
wall.

Does EF-Tu of Xf act as a MAMP or contribute to the symptoms seen on Xf-infected grapevines?
The above results suggest that Xf EF-Tu is present in Xf in an immobilized or insoluble form unlikely to be active in protein
synthesis.  What function might this altered form of Xf EF-Tu have?  The chlorotic response of C. quinoa leaves to pressure-
infiltrated Xf EF-Tu (Bruening et al. 2007), although no defense response has been documented, suggests that Xf EF-Tu may
be a MAMP in some plants.  It is well established that local concentrations of Xf cells and symptom intensities on leaves do
not correlate (Gambetta et al. 2007).  Therefore, symptom development could be the result of factor(s) secreted or otherwise
released by Xf cells.  Such factors could accumulate at the leaf margin, for example, where scorch symptoms are first
observed.  Whether a Xf factor such as EF-Tu is involved in symptom induction or in defense response in grapevine, the
relevant events must include recognition of the factor by grapevine as may be indicated, for example, by altered transcription.

Previous work from the laboratory of Prof. Douglas Cook identified grapevine promoters whose transcription was increased
specifically in Xf-infected plants (Cook et al. 2005, da Silva et al. 2005).  Transgenic Thompson Seedless grapes containing
constructs with these promoters coupled to a green fluorescent protein (GFP) sequence were prepared in the laboratory of
Prof. David Gilchrist (Gilchrist et al. 2007).  Plants of the transformed line have been demonstrated to accumulate GFP in the
pith region of petioles after inoculation of Xf but not after inoculation of another xylem-invading bacterium, Xanthomonas
campestris (Gilchrist et al. 2008).

Figure 4. Expression of Xf EF-Tu in E. coli alters
the insoluble residual found after digestion with
lysozyme A. A 40 mg/mL (wet weight) suspension
of E. coli cells that had been induced with IPTG was
exposed to 30 U/µL recombinant lysozyme in
BugBuster® detergent for 15 min and then to
0.05U/µL nuclease (EMD benzonase) for 10 min at
room temperature.  The resulting white precipitate
was applied to the top of preformed 45%w/v –
75%w/v sucrose gradients.  Gradients were
centrifuged at 35,000 rpm for 4 hr at 4˚C. B. An
immunoblot was prepared using anti-Xf EF-Tu
antibody.  Lanes 1 and 3 received the flocculent
lysozyme digestion product whereas lanes 2 and 4
were loaded with material recovered from the
sucrose gradients.  The uppermost band in lanes 3
and 4 has a mobility expected for a Xf EF-Tu-P3
fusion protein.  Arrows indicate the locations of
reference proteins by their molecular weight.

Significant accumulation of GFP was observed by confocal microscopy in the transgenic grapevine petioles after inoculation
of the petiole with E. coli cells of the strain transformed for expression (Figure 4B, lanes 3 and 4) of the EF-Tu-P3 fusion
protein, provided the cells were induced by exposure to IPTG (lower right panel, Figure 5).  This image does not show GFP
accumulation in pith cells, which is unlike the pith-cell accumulation seen when Xf cells were inoculated (Gilchrist et al.
2008).  Significant GFP signals were not observed for the E. coli cells not exposed to IPTG or to cells transformed for P3
protein expression (Figure 5).  In the Figure 5 experiment, E. coli cells had been stored at 4oC overnight before infiltration.
Cold storage may lead to substantial bacterial death (data not shown).  Therefore, based on these results, we are not able to
connect the observed induction of GFP synthesis to live cells actively accumulating EF-Tu-P3 or even to intact, EF-Tu-P3-
containing cells.  In a subsequent experiment, the transformed E. coli cells were held at room temperature, and GFP
accumulation in pith cells was observed (not shown).  The results presented here suggest that Xf EF-Tu protein may act as an
elicitor that is recognized by grapevine.  Whether this recognition has a role in symptom development or defense against Xf
infection remains to be determined.
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CONCLUSIONS
A single-chain monoclonal antibody was isolated that reacts with a Xf protein that is most readily accessible in unusual
structures found in liquid cultures of Xf cells but is also present in Xf cells. This protein is a potential target for interfering
with Xf growth or colonization of grapevine.  The protein synthesis elongation factor of Xf was demonstrated to have a bound
form that may be recognized by grapevine in symptom development or defense reactions.

Figure 5. A Xf-specific grapevine promoter
is activated by E. coli expressing EF-Tu-P3.
The transgenic Thompson seedless grape
plants bear constructions for green
fluorescent protein (GFP) expression under
the control of the Xf-infection inducible
9353 promoter (da Silva et al. 2005,
Gilchrist et al. 2007). Transgenic grape
petioles were inoculated with E. coli cells
bearing either P3 (left panels) or EFTu-P3
(right panels), all at 2 x 108 cells per ml.
An aliquot of cells was supplied with the
gratuitous inducer IPTG (lower two panels)
for two hr before storing the cells overnight
at 4oC and inoculation.  At 13 days post
inoculation, transverse sections of petiole
taken a few mm from the inoculation site.
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ABSTRACT
Xylella fastidiosa (Xf), a Gram-negative bacterium, is the causative agent of Pierces’s disease.  Because Xf is xylem-limited,
any potential anti-Xf gene product must be present in xylem at an effective concentration to provide disease control.
Understanding how existing proteins are transported to xylem is necessary to target delivery of therapeutic proteins to this
organ.  We collected xylem exudate from Vitis vinifera cv. Chardonnay and analyzed its protein composition by two-
dimensional gel electrophoresis, then purified and sequenced some of the abundant proteins to identify corresponding genes
in the grapevine EST database.  We identified the signal sequences present in these gene sequences and made vectors where
these signals were fused to mature polygalcturonase inhibiting protein (mPGIP), which is secretion competent.  Five different
vectors were successfully constructed to test four signal sequences.  These vectors were incorporated into Agrobacterium and
used to transform grapevine.  Callus and embryos were successfully selected and regenerated to give transformed grapevine
lines for each construct.  Plants have been obtained for all five constructs and protein inhibiting activity for two constructs
has been tested.  Next we will validate that our signal sequences are essential and sufficient to mobilize proteins into
grapevine xylem.  Such transgenic proteins, if synthesized in a rootstock, could confer resistance to xylem-specific infections
such as Pierce’s disease and assist in control of Xf.

As an alternative to signal peptide fused to PGIP, we designed a chimeric anti-microbial protein with two functional domains.
One domain (the surface recognition domain, SRD) specifically binds to the bacterium outer-membrane and the other domain
lyses the membrane and kills Xf. In this chimera, human neutrophil elastase (HNE) is the SRD that recognizes MopB, the
major outer membrane protein of Xf. The second domain is cecropin B (CECB), a lytic peptide that targets and lyses gram-
negative bacterial membranes.  We have combined HNE and CECB using a flexible linker such that both components can
simultaneously bind to their respective targets.  This chimeric gene was synthesized in two versions, one with a mammalian
signal peptide sequence designated HNE-CECB and the other with a signal peptide sequence from a plant pgip gene
designated pgip-HNE-CECB, incorporated into binary vectors, and transformed into grapevine (Vitis vinifera var ‘Thompson
Seedless’) and SR1 tobacco using Agrobacterium. Plant transformation experiments with both HNE-CECB and pgip-HNE-
CECB were successful and plants have been obtained.  Using PCR, the presence of HNE-CECB or pgipHNE-CECB was
confirmed in 37 and 7 plants, respectively.  Methylation assay is in progress to confirm the presence of functional expression
of HNE.

Preliminary testing of transgenic tobacco plants looks promising. To evaluate the signal sequences and to test the efficacy of
the antimicrobial protein in grapevine, individual transgenic lines will be validated for transgene expression using RT-PCR.
Plants  will be tested as such and as rootstocks for wild type scions.  Resistance will be validated in the greenhouse by
challenging them with infected insects and by needle inoculations of Xf.

INTRODUCTION
Pierce’s disease (PD) in grapevines is caused by the Gram-negative bacterium Xylella fastidiosa (Xf).  This bacterium infects
xylem and kills grapevines by occluding the water-conducting vessels.  The University of California reported that the disease
destroyed over 1,000 acres of northern California grapevines between 1994 and 2000, causing $30 million in damages.
Globally, one-fifth of potential crop yields are lost to plant diseases primarily of bacterial origin.  Xylem, the target tissue for
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this organism, is composed of nonliving cells (tracheids and vessel elements) which join end to end to form water-conducting
“pipes” from roots to the leaves and fruits.  An oversimplified definition of xylem is a tissue involved in transporting water
and dissolved mineral nutrients from soil to all other parts of the plant.  However, xylem sap also contains significant organic
material such as amino acids, proteins, sugars, and organic acids (Satoh 2006). Proteins have been reported in xylem sap
from many species (Alvarez et al. 2006, Biles and Abeles 1991, Kehr et al. 2005, Young et al. 1995) and the number of
identified proteins has recently increased considerably through multiparallel protein analysis (Aguero et al. 2006, Almeida
and Purcell 2003a, Almeida and Purcell 2003b).  In grapevine, proteins have been isolated from xylem tissue and separated
through capillary electrophoresis to compare Muscadinia and V. vinifera profiles (Jain and Basha 2003).

The purpose of the present study was to identify xylem sap proteins from grapevine and determine the signal sequences
necessary for their secretion to the apoplast and xylem (Figure 1). Because Xf is xylem-limited, xylem-targeted expression
of transgenic therapeutic proteins, such as PGIP and the antimicrobial chimera HNE-cercropinB, may be used to prevent and
control PD infestations.  The product of the pear PGIP gene, when expressed in transgenic grapevines, is present in xylem
exudates and moves through the graft union (Aguero et al. 2006). This movement to the scion implies that a few transgenic

rootstocks could be used with many different scions, provided
that the anti- Xf therapeutic protein is synthesized in effective
concentrations in roots and targeted to the xylem for transport to
the scion with the bulk flow of water through the root system
(Figure 2).

Signal peptides control entry of virtually all proteins to the
secretory pathway in both eukaryotes and prokaryotes.  The N-
terminal part of the amino acid chain is cleaved off when the
protein is translocated through the endoplasmatic recticulum
membrane (Nielsen et al. 1997).  Signal peptides are generally
interchangeable, so proteins that are not usually secreted can
become secretion-competent through attachment of a signal
peptide to the N-terminus of the mature protein, allowing its entry
into the vesicular transport system (Figure 1: Vitale and Denecke
1999).  While many reports show successful recombinant protein
targeting by signal peptides in transgenic plants, the signal
sequence of recombinant proteins can affect the amount of protein
produced.  For example, the secretion efficiency of heterologous
proteins in transgenic tobacco was improved by replacing the
heterologous signal peptide with one from tobacco (Yoshida et al.
2004).  Our final goal is to use signal sequences from grapevine
xylem proteins to deliver therapeutic proteins into the xylem of
transgenic rootstocks, thus conferring resistance to PD in the
entire plant without modifying the scion or affecting the fruit
(Figure 2).

In this project, we have taken a structure-based approach to
develop chimeric anti-microbial proteins for rapid destruction of
Xf. The strategy is based upon the fundamental principle of
innate immunity: that plants recognize and clear pathogens
rapidly (Pieters 2001, Baquero and Blazquez 1997 ).  Pathogen
clearance by innate immunity occurs in three sequential steps:
pathogen recognition, activation of anti-microbial processes, and
finally pathogen destruction.  Different plant factors are involved
in different steps of innate immunity.  Our strategy of combining
a pathogen recognition element and a pathogen killing element in

the chimeric molecule is a novel concept and has several immediate and long term impacts. During very early stages of Xf
infection, specific carbohydrates/lipids/proteins on the outer membrane of Xf interact with plant cells and are important for
virulence (Pieters 2001).  A protein inhibitor that interrupts this step of plant-Xf interaction will be useful in anti-microbial
therapy and controlling PD.  In this project, we developed a novel, protein-based therapy that circumvents the shortcomings
of traditional antibiotics.  We designed a chimeric, anti-microbial protein with two functional domains (Figure 3).  One
domain (the surface recognition domain, SRD) specifically targets the bacterium’s outer membrane and the other will lyse the
membrane and thus kills Xf. In this chimera, human neutrophil elastase (HNE) is the SRD that recognizes MopB, the major
outer membrane protein of Xf (Bruening et al. 2002). The second domain is cecropin B, a lytic peptide that targets and lyses
Gram-negative bacteria. We have combined HNE and cecropin B using a flexible linker so both components can bind
simultaneously to their respective targets.  This chimeric gene was synthesized and cloned into Agrobacterium vectors for

Figure 1: Theory: Identification of signal peptides
of grapevine xylem proteins, modification of mPGIP
with these peptides to test their secretion
competence.

Figure 2: Application:  Rootstock delivery of
therapeutic proteins to enhance disease resistance in
the scion.
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plant transformation.  Transformation experiments are
completed and we have plants of Nicotiana tabacum var SR1
and plants of Vitis vinifera ‘Thompson Seedless’ transformed
with this gene.  Preliminary results with some tobacco lines
were very encouraging, as they showed tolerance/resistance
to Xf infection of tobacco leaf tissues.  This proposal will
focus on evaluating transgenic grapevines expressing the
chimeric antimicrobial protein for resistance to Xf.

The work described in this proposal corresponds to research
priorities developed by the National Academies in their
publication, “California Agriculture Research Priorities: Pierce’s Disease” as outlined in Chapter 4, Recommendations 4.3,
4.4, and 4.5 and Chapter 3, Recommendation 3.3. Additionally, the objectives of this research project are relevant to the
research recommendations from the August 2006 PD/GWSS Scientific Summit: specifically, enhancing host resistance via
transgenics, biological control of Xf, understanding the transmission of the disease, and perhaps biological control of GWISS
through plant-incorporated proteins delivered through the xylem into the scion from the rootstock.

OBJECTIVES
1. Evaluate the efficiency of different signal sequences in targeting PGIP to grapevine xylem tissue, through the graft

union, and inhibiting infection with X.
2. Validate expression of chimeric antimicrobial proteins in transgenic grapevines, test for anti-Xf activity in planta, and

test for graft transmissibility.

RESULTS AND DISCUSSION
1.  Evaluate the efficiency of different signal sequences in targeting PGIP to grapevine xylem tissue, through the graft union,
and inhibiting infection with Xf:
In our previous research. Peptide spectrum and BLAST analysis showed that the proteins found in grape xylem exudates are
secreted and share function similarities with proteins found in xylem exudates of other species (Buhtz et al. 2004).  cDNA
sequences matching two of them found in the TGI Vitis vinifera gene index (http:compbio.dfci.harvard.edu/tgi/plant.html)
were used to design primers that were used to amplify the predicted fragments from genomic DNA of ‘Chardonnay’ and
‘Cabernet Sauvignon’ (Aguero et al. 2008).  These fragments were annotated as Chi1b and NtPRp27 (Table 1).  These
fragments were then fused to DNA sequences that contained the mature polygalacturonase inhibiting protein (mPGIP) gene
through gene splicing using a PCR-based overlap extension method (SOE) (Horton et al. 1990) and cloned into the pCR2.1-
TOPO vector (Invitrogen, Carlsbad, CA). These two chimeric genes were then ligated into a plant expression vector
containing the 35S cauliflower mosaic virus promoter and the octopine synthase terminator and the resultant expression
cassettes were then ligated into the binary vector pDU99.2215 (Escobar, et al. 2001) which contains an nptII-selectable
marker gene and a uidA (β-glucuronidase, GUS) scorable marker gene.  The mature PGIP sequences without any signal
peptide sequences was also incorporated into pDU99.2215 to serve as a control and this vector is designated pDU05.1002
(Table 1). We also incorporated signal peptides from the xylem sap protein XSP30 and the rice amylase protein Ramy3D
that we have described in earlier reports.  These binary vectors are designated pDA05.XSP and pDU05.0401, respectively
(Table 1).

Table 1. Construction of vectors for the expression of mature PGIP with various signal peptide sequences.
No Signal Peptide Binary Plasmid Map Reporter Gene Promoter Marker Genes Vector
1 None LB mas-KAN 35S-mPGIP Ubi3-GUS RB Mature PGIP CaMV35S GUS and Kan pDU05.1002

pDU05.1002 Gm

2 Rice amylase-
Ramy3Dsp

LB mas-KAN 35S-RSPmPGIP

pDU05.0401

Ubi3-GUS RB

Gm

Mature PGIP CaMV35S GUS and Kan pDU05.0401

3 Xylem sap
protein 30-
XSP30sp

LB mas-KAN 35S-XSPmPGIP

pDA05.XSP

Ubi3-GUS RB

Gm

Mature PGIP CaMV35S GUS and Kan pDA05.XSP

4 Chi1b signal
peptide

LB mas-KAN 35S-CHImPGIP

pDU06.0201

Ubi3-GUS RB

Gm

Mature PGIP CaMV35S GUS and Kan pDU06.0201

5 NtPRp27
signal peptide

LB mas-KAN 35S-NTmPGIP

pDU05.1910

Ubi3-GUS RB

Gm

Mature PGIP CaMV35S GUS and Kan pDU05.1910

Figure 3: Structures of the components of the chimeric
anti-microbial proteins for the rapid clearance of Xylella.
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Binary vector # 1 is the control and should be immobile although PGIP with its native signal peptide is secretion competent
in grape. In binary vector #2, mature PGIP has been fused to the signal sequence of rice amylase 3 (Ramy3D), which has
been very effective in secretion of human α1-antitrypsin in rice cell cultures (Trexler et al. 2002).  In binary vector # 3 mature
PGIP has been fused to the signal sequence of cucumber XSP30, which is a xylem-specific protein.  Constructs 4 and 5 have
been described above.  All five binary vectors were transformed into the disarmed A. tumefaciens strain EHA 105 pCH32
(Hamilton, 1997) by electroporation (Wen-jun and Forde 1989) and  the stable transformation of Vitis vinifera ‘Thompson
Seedless’ (TS) has been completed in all five vectors.  The methods for Agrobacterium-mediated transformation have been
reported earlier by us (Aguero et al. 2006).

Table 2. Status of Vitis vinifera ‘Thompsons seedless’ transformants
No. Signal peptide Plasmid Callus Embryos Plants

1 Mature pDU05.1002 yes Yes Yes
2 Ramy pDU05.0401 yes Yes Yes
3 XSP pDA05.XSP yes Yes Yes
4 Chi pDU06.0201 yes Yes Yes
5 Nt pDU05.1910 yes Yes Yes

As a result of the above transformation callus, embryos and plants have been obtained for all five vectors (Table 2).  Callus
cultures that were embryogenic were selected on kanamycin and grown into plants.  We have tested all the plants containing
vectors 4 and 5 using PCR (Table 3).  DNA was isolated from leaves using DNeasy Plant Mini Kit (Qiagen, Valencia, CA).
Primers used for detection of nptII were Aph3: 5’ ATGATTGAACAAGATGGATTGCACGCA  and Aph4:  5’
GAAGAACTCGTCAAGAAGGCGATAGA.  Primers for detection of PGIP were 5’ Mature PGIP: 5’
ATGGATCTCTGCAACCCCGACGAC  and 3’PGIP: 5’ TTACTTGCAGCTTGGGAGTG.  Tissue from these plants has
been tested individually for PGIP activity using the zone inhibition assay with PG (Table 3, Figure 1)(Taylor and Secor
1988).  PG preparations were obtained from Botrytis cinerea strain Del 11 isolated from grape (Aguero et al. 2005). Protein
from leaf tissue (~100mg) was extracted in extraction buffer (Dandekar, et al. 1998) at a ratio of 1 ul/mg.  Tissue was ground
in a 2 ml tube containing a 5mm stainless steel bead in a TissueLyzer (Qiagen). The homogenate was centrifuged at 16000
xg for five minutes.  Protein concentration of the supernatant was determined according to Bradford (1976). The inhibition of
endo-PG activity from culture filtrates of B. cinerea was determined by zone inhibition assay in a 1% agarose gel in a 0.1M
sodium acetate buffer pH 5 supplemented with 100mg/L pectin (modified from Taylor and Secor, 1988).

Twenty four of the plants transformed with Nt and ChiPGIP were tested for PGIP activity using the zone inhibition assay
with PG (Table 3, Figure 4).  Select lines were looked at quantitatively.  All 11 ChiPGIP plants were assayed and had a
range of inhibition from 6-62 %. The 10 remaining NtPGIP plants were also assayed and had a range of 0-45 % inhibition.
The ChiPGIP plants had a greater number of lines with strong inhibition than the NtPGIP plants, 6 vs 2, respectively.  Also,
there were more, 3 NtPGIP vs 0 ChiPGIP, that had no inhibition activity.  The 6 ChiPGIP plants with strong inhibition and 5
of the NtPGIP with strong to medium inhibition are being micropropagated to obtain 40 clones of each line for testing with
Xylella to determine efficacy of the PGIP protein. In vitro plants have also been received from the Parsons Plant
Transformation Facility transformed with the plasmids pDU05.1002
(mature PGIP, mPGIP) and pDA05.XSP (PGIP with xylem sap protein
signal peptide, XSP).  They have been PCR tested for PGIP using the
primers 5’ Mature PGIP: 5’ ATGGATCTCTGCAACCCCGACGAC  and
3’PGIP: 5’ TTACTTGCAGCTTGGGAGTG.

FigFiguurree 44.. ZZoneone iinhnhZoiibbne iniittiionon aahssssiaabyyitiorreessululn assay resuttss.. WWeellllss 9,9, 10,10,lts.1717 aanndd
1818Welararee sshhlsoo 9wwii, nngg10nnoo, popo17llyy anggaalld aactct18uurronon areaassee shiinnhhiiobbwiiittiioonnng aaccnottiivivittyy aanndd
wweellllss 2525,, 2266,, 3333 aanndd 3434 araree popossiittiiveve ffoorr polpolygygaallaaccttururononaassee
iinhinhipbibiolyalactuttiioonn aaccttiivivittryyon.. ase inhibition activity and

wells 25, 26, 33 and 34 are positive for
polygalacturonase inhibition activitiy.

Figure 4.
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Table 3. Evaluation of Vitis vinifera ‘Thompsons seedless’ transformed plants
No
.

Signal
peptide

Plasmid Plant Positive PCR
for PGIP

Positive  for
PGIP Activity

Lines
Cloned

Lines
grafted

Moved
greenhouse

1 Mature pDU05.
1002

Yes 2/7 2 2

2 Ramy pDU05.
0401

Yes To be tested To be tested

3 XSP pDA05.
XSP

Yes 8/10 In progress

4 Chi pDU06.
0201

Yes 11/11 10 6 2 In progress

5 Nt pDU05.
1910

Yes 17/22 5 5 In progress

Table 4. Construction of vectors for the expression of HNE-CECB and pgipHNE-CECB
N
o

Signal
Peptide

Binary Plasmid Map Reporter
Gene

Promoter Marker Genes Vector

1 HNE-CECB
LB mas-KAN HNE-CECB

pDU05.6105

Ubi3-GUS RB

Gm HNE-CECB CaMV35S GUSand KAN pDU04.6105

2 pgipHNE-
CEPB

LB mas-KAN pgipHNE-CECB

pDU05.1002

Ubi3-GUS RB

Gm HNE-CECB CaMV35S GUSand KAN pDA05.0525

In the meantime individual clones of Chi and nt PGIP are being acclimated to the soil for transfer to the greenhouse for initial
experiments with Xylella.  The vines will be allowed to grow up to 6”-12” (about 10 nodes long), then inoculated with Xf by
hand and by insect and evaluated for symptoms of Pierce’s disease (PD) after three months. Since we found in earlier
research that pPGIP with its endogenous signal peptide is xylem competent, we are using a grapevine successfully
transformed with this construct and highly expressed as a positive control in the inoculation experiments (Aguero et al.
2005).  The screening of mature-PGIP and XSP-PGIP plants has been initiated. We have also initiated grafting experiments
where selected transformed lines will be grafted with wild type TS scion; we have done this type of  experiment previously to
evaluate the movement of the PGIP protein from the rootstock up into the xylem of the wild type scion (Aguero et al. 2005).

2. Validate expression of chimeric antimicrobial proteins in transgenic grapevines, test for anti-Xf activity in planta, and
test for graft transmissibility:
In vitro grape plants transformed with the constructs, pDU04.6105 (Elastase-Cecropin = HNE-CECB) and pDA05.0525
(pgipSP-Elastase-Cecropin= pgipHNE-CECB) (Table 4), have been received from the Parsons Plant Transformation Facility.
69 HNE-CECB plants and 18 pgipSP-HNE-CECB plants have been screened by PCR to verify the individual transformation
events.  PCR was performed on DNA isolated from leaves using the Qiagen DNeasy Plant Mini Kit.  Primers used for
detection of elastase were: CaMV355-2: 5’ GACGTAAGGGATGACGCACAAT  and 3HNEb:  5’
TTACTAGAGTGCTTTTGCTTCTCCCAG.  As an additional screen, the micro-propagated plants were tested for
methylation of the elastase gene using digestion with McrBC.  Methylated DNA is not expressed and, therefore, we would
not be interested in these plants.  The McrBC enzyme cleaves DNA containing methylcytosine on one or both strands and
was obtained from New England BioLabs Inc., catalog #M0272S.  This assay involves preparing a reaction mix of 100ng
DNA, 1X NEBuffer 2, 1X BSA, 100mM GTP and 5 units of McrBC in a volume of 25ul.  Following 4 hour incubation at
37ºC, a 10 ul aliquot of this reaction was tested by PCR for elastase using the above primers; no product will be amplified if
the gene is methylated.  The resulting 33 HNE-CECB plants (Table 5) are being micropropagated for future transfer to the
greenhouse and for RNA and protein analysis.  This will be followed up with a more significant evaluation of disease
susceptibility using both needle and insect inoculations in the greenhouse.
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Table 5. Current status of testing transgenic lines of Vitis vinifera var. Thompson Seedless grapevines with HNE-
CECB and pgipHNE-CECB genes.
Signal peptide Plasmid Plant Positive

PCR
Negative for
methylation

Lines
Cloned

Lines
grafted

Moved
greenhouse

HNE-CECB pDU04.6105 yes 37/69 33 In
progress

pgipHNE-CEPB pDA05.0525 yes 7/18 In progress In
progress

Table 6. Current status of testing transgenic lines of N Tabacum
SR1with HNE-CECB and pgipHNE-CECB genes.

Plasmid Plant Positive
PCR

Lines
Cloned

Moved
greenhouse

pDU04.6105

pDA05.0525

20

34

15

24

15

29

15

29

We also obtained transgenic tobacco transformed with either the HNE-CECB or pgipHNE-CECB constructs.  We have tested
13 tobacco SRI lines transformed with pgipHNE-CECB, of which 11 performed measurably better than controls after
inoculation with Xf (Table 6; Figure 5).

CONCLUSIONS
The main objective of this project is to develop a potent therapy against Xf by utilizing the principles of innate immunity by
which plants counteract virulence factors like PG with PGIP or that recognize pathogens using their surface characteristics
and then rapidly clear them by cell lysis. Because Xf is xylem-limited, xylem-targeted expression of transgenic therapeutic
proteins, such as PGIP and the antimicrobial chimeric proteins, may be used to prevent and control PD.  Five different
vectors were successfully constructed to test four signal sequences to target PGIP to the xylem of grapevine.  Plants have
been obtained for all five constructs and PG inhibiting activity for two constructs has been tested. We are testing two

Figure 5. In planta testing of 8SRone tobacco transformed with pgip-
HNE-Cecropin vector (pDA05.0525).  Three leaves on three plants each
line (9 leaves) were inoculated with hypervirulent HXfB strain of Xf.
Plants were scored after two months.  Infected controls had no surviving
leaves (0/9), one line was low (3/9) five were moderate (5/9) and two
showed a strong response of leaf survival (6/9).  Line 051095-005 is an
example of moderate and 051095-004 and 051095-003 are examples of
transgenic lines showing strong response indistinguishable to the
uninfected controls.
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constructs containing two versions of the chimeric protein Elastase-Cecropin and have transformed tobacco and grapevine.
Expression in tobacco indicates that protection against Xf looks promising.  Transgenic grapevines expressing these two
constructs have been obtained and are being screened and propagated for greenhouse testing.  Next we will validate the
efficacy of  these two types of proteins to ensure that our signal sequences are essential and sufficient to mobilize proteins
into grapevine xylem and that the targeted chimeric proteins control Xf in grapevine tissues.  Such transgenic proteins, if
synthesized in a rootstock, could confer resistance to xylem-specific infections such as Pierce’s disease and assist in control
of Xf infestations.
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ABSTRACT
Xylella fastidiosa subsp. pauca (Xfp) causes citrus variegated chlorosis (CVC) disease in Brazil, resulting in significant
production problems in the citrus industry. Xfp is mainly transmitted by three species of sharpshooters (Hemiptera:
Cicadellidae) in Brazil, Dilobopterus costalimai (Young), Acrogonia citrina Marucci & Cavichioli and Oncometopia facialis
(Signoret).  Endophytic bacteria have been defined as those that do not visibly harm the host plant but can be isolated from
surface-disinfected plant tissue or the inner parts of plants, showing potential benefits in the biocontrol of pathogens causing
diseases.  Some endophytes colonize the same niche of phytopathogens, such as Xfp, allowing interaction with the
phytopathogen during plant colonization and transmission.  We evaluated the bacterial communities associated with the
heads of the insect vectors of Xfp that were collected from CVC affected citrus groves in Brazil. Bacteria were isolated from
the heads of three insect species (O. facialis, D. costalimai and A. citrina).  Total DNA of insect heads was analyzed by
denaturing gradient gel electrophoresis (DGGE).  The compositon of the microbial community was found to be characteristic
of the insect species and period of evalution.  Specific polymerase chain reactions (PCRs) for detection of two important
citrus endophytes, Curtobacterium flaccumfaciens and Methylobacterium mesophilicum were performed, and the highest
frequency of detection was 89.6% for C. flaccumfaciens, which has been described as a citrus endophyte that interacts with
Xfp.

INTRODUCTION
Citrus variegated chlorosis (CVC) was first reported in Brazil in 1987 (Rossetti et al. 1990) and has spread over at least 90%
of the orchards in Brazil (Lambais et al. 2000) and is caused by the xylem-limited gram-negative bacterial pathogen, Xylella
fastidiosa subsp. pauca (Xfp) (Schaad et al. 2004).  In Brazil, CVC is responsible for losses of US $100 million per year to
the citrus industry (Della-Coletta et al. 2001).  Endophytic microorganisms, not visibly harmful to the host plant, can be
isolated from surface-disinfected plant tissue or the inner parts of plants (Hallmann et al. 1997).  Endophytes were reported to
be contributing to host plant protection and ultimately survival (Azevedo et al. 2000).  Furthermore, endophytes can colonize
an ecological niche similar to that of phytopathogens, which makes them possible candidates as biocontrol agents (Hallmann
et al. 1997).  Araújo et al. (2002) found that the endophytic bacteria Methylobacterium spp. and Curtobacterium
flaccumfaciens were present in asymptomatic citrus trees.  Lacava et al. (2004) reported that the growth of Xfp was inhibited
by endophytic C. flaccumfaciens and stimulated by Methylobacterium sp. and Lacava et al. (2007) demonstated that C.
flaccumfaciens reduced the severity of CVC symptoms when co-inoculated with Xfp in planta. Cicadellinae leafhoppers,
commonly named sharpshooters, are xylem-feeders (Young 1968). In Brazilian citrus groves, Dilobopterus costalimai,
Oncometopia facialis and Acrogonia citrina are the most common sharpshooters found (Lopes et al. 1996).  After acquisition
of Xf by the insects, colonies of bacterial cells were visible in the cibarium and pre-cibarium of transmitting insects attached
to the foregut walls (Purcell & Finlay 1979; Newman et al. 2003).  Many aspects can influence the transmission of a
pathogen by an insect vector such as the low concentration of Xfp cells in the citrus plants (Almeida et al. 2003) and the low
number of colonized vessels in affected plants (Alves et al. 2003).  The interaction between different bacteria inside the insect
foregut can also influence the transmission, as once inside the foregut, bacterial interaction, such as competition for nutrients,
space and other complex interactions, could occur.

OBJECTIVES
The aims of this work were:
1. Access the bacterial population associated with the main sharpshooters responsible for the transmission of Xfp in citrus.
2. Compare the bacteria collected from insects to endophytic bacteria collected from citrus by denaturing gradient gel

electrophoresis (DGGE).
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RESULTS
A total of 17,230 bacteria were isolated and they were classified according to morphological groups.  The morphological
groups found during isolation and the results of the sequencing of one representative of each group were: G1) actinomycetes,
G2) dark pink colonies (Curtobacterium sp.), G3) light pink colonies (Methylobacterium sp.), G4) yellow colonies
(Sphingomonas sp.), G5) white colonies (Bacillus sp.), and G6) transparent colonies (Microbacterium sp.).  From the heads
analyzed, 51.7% of insects from the species O. facialis were positive for the presence of the endophytic bacteria M.
mesophilicum, 8.7% of the D. costalimai and 20% of the A. citrina. C. flaccumfaciens was found in 89.6% of O. facialis,
39.1% of D. costalimai and 70% of A. citrina.  A summary of the results comparing to previous data of Xpf transmission by
the insect vectors and the presence of Curtobacterium sp. is presented in Table 1.  The DGGE analysis showed considerable
variability between the different insect species and also between sampling periods. Figure 1 shows that the samples from
March are more similar to samples from May than the ones from July.  The bacteria isolated from insects are represented by
the code IAB (Insect Associated Bacteria) described on Table 2.  In the present study, Curtobacterium sp. was the most
important bacteria colonizing insect heads. Curtobacterium flaccumfaciens was implicated in playing an important role in
the prevention of CVC symptoms in citrus trees.  The presence of the citrus endophyte, Curtobacterium sp., colonizing the
insect heads could explain why the transmission efficiency of Xfp by vectors is low (5 to 10%), when compared to the
transmission of Xf subsp. piercei by GWSS, which transmit Pierce’s disease (PD) (45%). Table 1 illustrates that
Curtobacterium, can play an important role in the transmission of Xfp, as it could be influencing pathogen adhesion to the
vector foregut or inhibiting growth of the pathogen.

CONCLUSIONS
The bacterial communities associated with insects appear to change with changes in environmental conditions.  Endophytic
bacteria could influence disease development by reducing the insect transmission efficiency due to competition with
pathogens in host plants and also in insect foreguts.  In addition the bacterial communities in the foregut of insect vectors of
Xfp changed with time, environmental conditions and in different insect species.  However, since members of the genus
Curtobacterium were consistently detected in the insect vectors of Xfp, they maybe candidates for biological control of Xfp,
which requires endophytic bacteria that can colonize both the insect vectors of CVC and citrus plants.

Table 1. Resume of the results of the present work, comparing to previous data of Xfp transmission by the insect
vectors and the presence of Curtobacterium sp.

O. facialis A. citrina D. costalimai
Curtobacterium sp. frequency of
isolation (G2) 1.01 x 103 2.16 x 102 4.33 x 101

Curtobacterium sp. positive
specific PCR 89.6% 70% 39.1%

Presence of Haplotype 1
(Curtobacterium sp.) from 120 45 17 0
total isolates

Transmission rate of Xfp (Krügner
et al., 2000) 1% 2% 5%
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Figure 1. Dendogram representing the insect associated bacteria clustered with citrus endophytes. Bootstraps
of 1,000 repetitions.

Table 2. Average of the number of colony forming units per head of insect (CFU/head) found in each isolation
experiment. Groups: G1) actinomycetes, G2) dark pink (Curtobacterium sp.), G3) light pink (Methylobacterium sp.),
G4) yellow (Sphingomonas sp.), G5) white (Bacillus sp.), G6) transparent (Microbacterium sp.).

Vector insect Isolation G1 G2 G3 G4 G5 G6
O. facialis March

May
June

100,4 (+44,6) 
23 (+11,1) 
12,73 (+5,03) 

1225,7 (+253,2)
0 
1,5 (+0,47) 

 51 (+11,1) 
101,7 (+46,5) 
0,4 (+0,10) 

627,7 (+176,3) 
2,75 (+1,2) 
0,8 (+0,26) 

185,13 (+33,8) 
82,25 (+36,3)
1,6 (+0,5) 

48 (+21,4)
0
3,1 (+1,38)

A. citrina March
May
June

0
0
0

16,2 (+5,18) 
0
0,6 (+0,17) 

2 (+0,89)
0
0 

0
1 (+0,35) 
1,5 (+0,5) 

0
6,5 (+1,16) 
0,2 (+0,08) 

0
176,9 (+48,1)
0,4 (+0,17)

D. costalimai March
May
June

0,2 (+0,08) 
0
0,4 (+0,1) 

584,6 (+258,8) 
1 (+0,35) 
0 

1 (+0,44) 
0,25 (+0,12) 
0 

121,1 (+49,6) 
1,625 (+0,65) 
0 

8,5 (+3,8) 
1,5 (+0,47) 
0,2 (+0,08)

4 (+1,78)
1,25 (+0,37)
0
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ABSTRACT
The development of a bacteriophage (phage) and/or high molecular weight bacteriocin-based biocontrol strategy offers a
novel approach for the control of Pierce’s disease caused by Xylella fastidiosa (Xf).  We have isolated, propagated and
characterized a functional Xylella phage, designated Xfas53.  Phage morphology was examined by electron microscopy and
was classified as belonging to the family Podoviridae with a head diameter of 55 nm and a short non-contractile tail having a
diameter of 12 nm.  The dsDNA genome of Xfas53 was determined to be 36,673 base pairs with a GC content of 57%.
Bioinformatic analysis of the Xfas53 genome predicted a total of 46 protein coding genes.

INTRODUCTION
Pierce’s disease of grapes, caused by the xylem-limited, fastidious bacterium Xylella fastidiosa (Xf), is a limiting factor in the
cultivation of high quality wine grapes.  This disease is particularly damaging to Texas vineyards.  The Texas Wine
Marketing Institute in 2007 reported that the Texas wine industry currently consists of 2,900 bearing acres which produced
8,500 tons based on 2005 year end data (http://www.depts.ttu.edu/hs/texaswine/docs/TX_ECONOMIC_IMPACT_2007.pdf).
The full economic benefit of Texas wine and grape industry is estimated at $997.3 million to the state’s economy and
provides over 8000 jobs.  It is estimated that the disease has resulted in several millions of dollars in damage due to lost
vines, replanting costs, and the closure of numerous productive vineyards. Pierce’s disease has also become a major threat to
the nation’s most valuable wine producing regions in California, with the potential to have an economic impact in the billions
of dollars.  Other strains of the same bacterium cause disease in oleander, peach, plum, and several shade trees including
sycamore and a number of oak species native to Texas. Xf has a wide host range and is transmitted by several species of
sharpshooter leafhoppers.

The search for new ways to combat microbial pathogens is an ongoing process in both medicine and agriculture.  The long-
term goal of our project is to ultimately develop a phage and/or bacteriocin–based biocontrol agents to control Xf, the causal
agent of Pierce’s disease in grapes. The double-stranded DNA (dsDNA)-containing phages are very likely the most
numerically abundant group of similar organisms in the biosphere (Hendrix et al. 1999).  Treatment of a disease with phages,
a practice also termed phage therapy, involves the use of bacterial viruses that can only attack specific bacteria to kill the
targeted pathogenic microorganism.  Despite a controversial legacy arising from the pre-DNA era of microbiology, there is
growing interest in reconsidering therapy as an additional weapon against both human (Chibani-Chennoufi et al. 2004,
Bruttin and Brussow 2005) and plant bacterial pathogenesis (Federal Register /Vol. 70, No. 248/Wednesday, December 28,
2005, Balogh et al. 2003, 2008). Phage therapy pre-dates antibiotics by decades, but was largely abandoned when chemical
antimicrobials became readily available.  Now, however, the emerging threat posed by antibiotic-resistant pathogens is
spurring a resurgence of interest in phage as a potential therapy to cure or prevent infections, and as a tool to kill food-borne
pathogens.  A combination of six phages were recently approved by the FDA to be sprayed on ready-to-eat meat and poultry
products, including sliced ham and turkey (Federal Register Vol. 71, No. 160, Friday, August 18, 2006). Multiple
commercial efforts to develop phage therapeutics are underway (www. evergreen. edu/phage/companies.htm for a list).  We
submit that it is necessary to address experimentally the key scientific issues that are involved to establish practical phage
and/or bacteriocin therapy for Pierce’s disease.

The genomes of the Xylella strains have a high number of phage-related sequences dispersed in their chromosomes,
constituting 7% of the CVC strain 9a5c genome and 9.02% of the Temecula strain genome (Simpson et al. 2000) suggesting
that bacterial viruses have contributed to the evolution of Xylella. The 9a5c genome exhibits five potential prophage regions
(Simpson et al. 2000, Canchaya, 2004) with a different GC content (57%) and several other phage-related genes dispersed
throughout the sequence, which result in a high percentage of repeated fragments.  These regions and genes are organized
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differently in the Temecula strain genome.  A total of eight clusters of phage-related genes have been identified in the
Temecula strain, none of which is present in strain 9a5c genome (Moreira et al. 2005).  A more recent analysis using the
“Prophage Finder” program indicates four and three potential prophage clusters in the strain 9a5c and Temecula genomes,
respectively (Bose and Barber 2006). Using manual annotation, we have identified three and four potential prophage clusters
in the draft sequence contigs of the Dixon and Ann-1 strains, respectively.  Presumptive phage particles associated with the
Temecula strain grown in PW broth were recently observed by transmission electron microscopy (Chen and Civerolo 2008).

OBJECTIVES
1. To develop a method for the isolation and propagation of Xylella phage.
2. To isolate lysogenic and/or virulent phage.
3. To characterize the isolated phage.

RESULTS AND DISCUSSION
The formulation of a semi-solid medium that is conducive to even dispersal and confluent growth of Xf, a technique which is
required for the efficient manipulation and study of phages and bacteriocins, has not been previously reported in the
literature.  We have established such techniques and developed an efficient plate assay for detection of phage and
bacteriocins (Figure 1).  Using this novel method we were able to screen a 30 X 30 matrix using each isolate as an indicator
to test supernatants of isolates grown in PW-M broth.  California Xf isolates
included in the study were Temecula, Ann1 and Dixon (Feil and Purcell
2001).  Texas isolates included one each from American Sycamore
(Plantanus occidentalis), seacoast sumpweed (Iva annua), annual sunflower
(Helianthus annuus), redspike mexican hat (Ratibida columnifera), and
western ragweed (Ambrosia psilostachya), black Spanish grape (Vitis
aestivalis hybrid), mustang grape (Vitis mustangensis), as well three giant
ragweed (Ambrosia trifida var. texana) isolates, two oleander (Nerium
olenander), and 15 grape isolates (Vitis vinifera) isolated from different
commercial varieties of grapevines grown in Texas.

Using the overlay method, we were able to identify plaque production on
plates seeded with hosts. Phage activity was indicated by plaque formation.
Serial dilutions of supernatants indicating activity were plated using the
overlay method in which the bacterial suspensions
and phage were added and mixed before being
applied.  After incubation for five-seven days at
28 ºC, individual plaques were excised from the
overlay, suspended in phage buffer and titered.
This procedure was repeated twice to obtain a
single clonal plaque isolate. High titer lysates
(1010 PFU/ml) were prepared by harvesting
overlays of plates exhibiting confluent lysis
(Figure 2A).  To perform further analysis, high
titer lysates were purified using a CsCl gradient
(Figure 2B).

Transmission electron microscopy of purified
phage revealed that phage Xfas53 belonged to the
family Podoviridae with a head diameter of 55
nm and a short non-contractile tail having a
diameter of 12 nm (Figure 3 A and B).

Figure 1.  Plate overlay method for
isolation and propagation of Xylella
phage.

A B

Figure 2. A. Dilution series of phage Xfas53 exhibiting
confluent lysis of host. B. CsCl gradient showing phage band
(red arrow).
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The adsorption of Xfas53 was characterized by measuring the disappearance of free phage after mixing with the susceptible
host cells. We observed 95% adsorption to susceptible host in 15 min at an MOI of 10-3. Both sensitive and resistant Xf
isolates from a variety plant hosts were identified in a host range study.  Representative Xf isolates from a range of hosts or
grape varieties that exhibited sensitivity to phage Xfas53 are listed in Table 1.

Table 1.  Representative isolates, plant source and origin exhibiting
sensitivity to phage Xfas53.
Plant source-variety Isolate Origin
Oleander Xf 95 M. Black (TX)
Black Spanish Grape Xf 39 M. Black (TX)
Mustang Grape Xf 41 M. Black (TX)
Grape-Chambourcin Xf 48 Apple/Torres(TX)
Grape-Sangiovese Xf 76 Gonzalez/Enderle (TX)
Grape-Zinfandel Xf 67 Apple/Torres(TX)
Grape-Zinfandel Xf 78 Gonzalez/Enderle (TX)
Grape-Syrah Xf 66 Gonzalez/Enderle (TX
Grape Temecula Temecula (CA)

The genome size of phage Xfas53 was estimated to be approximately 36
kb by pulsed-field gel electrophoresis (Figure 4), and no genomic ladder,
indicating end annealed multimers, was observed, suggesting that the
phage uses pac-type rather than cos-type DNA packaging.

A random library of the phage DNA was sequenced with eight-fold
coverage.  The assembled reads resulted in the production of a single
contig of 36,673 base pairs with a GC content of 57 %.  A total of 46
protein coding genes were predicted.  The genes are organized into two
transcription units with the first 19 genes being transcribed from the
reverse strand and all but three of the remaining 27 genes being
transcribed from the forward strand (Figure 5).  Genes at the divergent
promoter region include some with similarity to proteins implicated in
lysogenic control in other temperate phage. Xfas53 has a lysis cassette
that includes a holin, endolysin, Rz, and Rz1 equivalent.  Functional
annotation of the 46 genes indicates these include genes for DNA
replication and metabolism, lysogenic control, host cell lysis, and virion
morphogenesis.  Comparison of the Xfas53 encoded proteins to those
from other phages indicated that the predicted structural proteins are most
closely related to the Bpp-1 – like podophages as well as Thalassomonas
phage BA3.

BA

Figure 3A and B.  Electron micrograph of CsCl purified phage Xfas53
stained with 2% (w/v) aqueous uranyl acetate.
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Figure 4.  Ethidium bromide stained gel
showing 0.5 μg (lane 2) and 0.05 μg (lane
3) of genomic DNA from phage Xfas53.
MidRange PFGE Marker I (lanes 1 and 4).
Marker sizes are indicated.
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Figure 5.  Map of phage Xfas53. Boxes are predicted genes drawn to scale and placed above or below the genome scale bar,
based on transcription orientation.  Gene numbers are listed in the boxes and homolog or functional assignments, where
possible, are indicated.  Yellow boxes indicate novel hypothetical proteins.  Red boxes indicate proteins unique to Xylella.
Green boxes indicate conserved hypothetical proteins.

CONCLUSIONS
We have isolated and characterized a functional lysogenic phage of Xf. This is a significant step forward in understanding the
biology of Xf and its phages, which will allow us to study the phage-Xylella interaction and the potential use of phages as
biocontrol agents.  Our results increase the probability of success in identifying functional virulent phage and/or bacteriocins
for the implementation of a control strategy that is not currently available against this economically important pathogen.
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ABSTRACT
This project includes the evaluation of the biological control of Pierce’s disease (PD) in California with a strain of Xylella
fastidiosa, EB92-1, which has provided effective control of PD in previous greenhouse and vineyard tests in Florida.  On
June 26, 2008 in greenhouses at UC Davis, fifty plants of Orange Muscat, Cabernet Sauvignon, Reisling, Chardonnay,
Barbera, and Viognier were inoculated with strain EB92-1 and fifty plants of each were left untreated as controls.  The
Orange Muscat and Cabernet Sauvignon vines were transplanted into the Bella Vista Vineyard in Temecula on July 21-22.
Barbera and Viognier were transplanted into Preston Vineyards in the Sonoma Valley during the last week of July and
Reisling and Chardonnay were transplanted into Beringer Vineyard in Napa Valley in October.  The development of PD in
these trials will be monitored for two-five years.  In Florida, different methods of obtaining young plants colonized with
strain EB92-1 were evaluated for the effectiveness in biological control of PD.  In the greenhouse, rooted Chambourcin
cuttings from vines in the UF research vineyard that had been treated with EB92-1 had fewer PD symptoms than rooted
cuttings from control vines; however, Chardonnay rooted cuttings from treated vines had similar PD symptoms as from the
untreated.  In the vineyard at Mid-Florida REC, scion, rootstock, and scion plus rootstock treatments with EB92-1 all had
significantly lower incidences of PD than the untreated vines of Merlot and there were no significant differences among these
treatments.

INTRODUCTION
Pierce’s disease (PD) of grapevine is a chronic problem for the California grape industry and has become more of a threat to
the industry with the introduction of the glassy-winged sharpshooter.  PD is especially damaging in the southeastern USA
where it is endemic and is the primary factor limiting the development of a grape industry based on the high-quality
European grapes (Vitis vinifera L.).  The only feasible control for Pierce’s disease is resistance.  Through 10 years of research
on the biological control of Pierce’s disease of grapevine in Florida by cross protection with weakly virulent strains of Xf, we
demonstrated that this also is a potential means of controlling this disease. In a vineyard study, Xf strain EB92-1, benign to
grapevine, provided excellent control of PD in V. vinifera cv. Cabernet Sauvignon for four years in the vineyard in central
Florida (Hopkins, 2005).  Strain EB92-1 was introduced into the vines only once at the beginning of the 4-year trial and was
still controlling the disease at the end; whereas, all unprotected vines were dead.  These treated vines were still healthy and
producing fruit in 2008, 11 years after treatment.   The overall goal of this project is to develop a biological control system
for Pierce’s disease (PD) of grapevine that would allow the production of V. vinifera in California and other areas where PD
and the glassy-winged sharpshooter (GWSS) are endemic.

OBJECTIVES
1. To evaluate strain EB92-1 of Xf which has provided effective biocontrol of PD in previous greenhouse and vineyard tests

in Florida for possible commercial application for the biological control of Pierce’s disease of grapevine in the vineyard
in California.

2.    To compare different methods of treatment with strain EB92-1 of Xf for the biocontrol of PD in V. vinifera in the
vineyard.

RESULTS
Establishment of field trials of strain EB92-1 for biological control of PD in vineyards in California
It took from July to December 2007 to obtain the USDA Permits to test the biocontrol strain in California.  The field plot
locations are in the Bella Vista Vineyard in Temecula, CA, in the Beringer vineyard in the Napa Valley, and in Preston
Vineyards in the Sonoma Valley.
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All plants for the vineyard tests were planted in April in greenhouses at UC Davis.  The cultivars were Orange Muscat
(propagated by the grower, Imre Cziraki, and starting budbreak when planted April 6), Cabernet Sauvignon/110R (dormant
rooted vines from Vintage Nursery, planted April 30), Reisling/3309 (dormant rooted vines from Vintage Nursery, planted
April 30), Chardonnay/3309 (dormant rooted vines from Vintage Nursery, planted April 30), Barbera/110R (dormant rooted
vines from Sunridge Nursery, planted April 30, and Viognier/110R (growing potted vines from Vintage, planted April 30.

The biocontrol strain, EB92-1 was recovered from storage in glycerol at -70 C.  Five and six-day cultures of second transfer
of the bacterium from storage on PD3 solid medium were hand-carried by Don Hopkins on a flight to California.  For
biocontrol treatment of the grape plants, a slightly cloudy solution of EB92-1, approximately 0.25 OD at 600 nm (107 – 108

CFU/ml) was prepared in 75 ml of SCP buffer (disodium succinate, 1.0 g/L; trisodium citrate, 1.0 g/L; K2HPO4, 1.5 g/L;
KH2PO4, 1.0 g/L; pH 7.0) in Bruce Kirkpatrick’s laboratory at UC Davis.  A pin pricking technique was used to inoculate the
biocontrol into the xylem vessels of the treated grapevine.  A drop (0.02 ml) of the biocontrol suspension was placed onto
each of two lower internodes of the plants.  The stem was pierced three-five times through the drop with a syringe needle.
The inoculum was pulled into the plant by the negative pressure of the pierced xylem vessels.  Approximately 5 x 105 to 5 x
106 bacteria were inoculated into each node.

For transplanting into the Bella Vista Vineyard in Temecula, 50 Orange Muscat were inoculated with the biocontrol strain
(EB92-1) on June 26, and 50 were left untreated as controls.  Fifty Cabernet Sauvignon/110R were treated and 50 were
untreated controls.  These plants were transported to Temecula and transplanted into plots in the Bella Vista Vineyard on July
21-22..

For Preston Vineyards in Sonoma, 50 Barbera/110R and Viognier/110R from were inoculated with EB92-1 and 50 vines of
each were left as untreated controls.  These plants were transported to Sonoma and transplanted the last week of July, 2008.
For transplanting into the Beringer Vineyard in Napa, 50 Reisling/3309 and 50 Chardonnay/3309 were treated with EB92-1
on June 25 and 50 vines of each were left untreated as controls.  The vines were transplanted in Beringer Vineyard in
October.

Comparison of treatment methods with strain EB92-1 for biocontrol of PD
Cuttings of the cultivars Chardonnay and Chambourcin (French/American hybrid) in the UF Mid-Florida REC vineyard were
taken both from vines that are colonized by biocontrol strain EB92-1 and vines not colonized by Xf. Rooted cuttings of these
vines were potted in the greenhouse and 12 of the cuttings from untreated vines were injected with strain EB92-1.  Two
weeks later all plants were inoculated with pathogenic PD strains and observed weekly for symptoms.  In both cultivars,
plants injected with strain EB92-1 in the greenhouse had significantly lower PD rating than the untreated plants (Table 1).
There did not seem to be any effect of taking the cuttings from an infected vine in the vineyard with Chardonnay, but PD was
significantly less severe in the plants derived from cuttings of biocontrol vines of the cultivar Chambourcin than in plants
derived from untreated vines.  This may mean that the biocontrol strain is not consistently carried over into propagated
plants.  Recent experiments have indicated that the 0.25 OD inoculum of pathogen can overcome the biocontrol strain in
some cases; therefore, this experiment is being repeated with lower pathogen inoculum levels.

Table 1. Comparison of treatment method with EB92-1 on control of PD in the greenhouse.

PD rating after 8 wks:1,2

Source of EB92-1 treatment

Untreated rooted cuttings

Rooted cutting from field EB92-1,
biocontrol plant

Injected EB92-1 untreated rooted cuttings

Chardonnay

2.9 b

3.0 b

2.2 a

Chambourcin

4.1 b

2.8 a

2.6 a
1Plants were rated on a 0 - 5 scale with 0 = no symptoms and 5 = a dead plant.  Ratings were
averaged for treatments.
2Mean separation in columns by Duncan's New Multiple Range Test, 5% level.
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Experiments to evaluate different methods of treatment with EB92-1 were established in the Mid-Florida REC vineyard
during the summer, 2007.  Four treatments were applied to the cultivar Merlot/101-14 (dormant rooted vines from Vintage
Nursery planted in pots in mid-April) on May 29 and the plants were transplanted into the vineyard on June 21.  The
treatments were 1) injection of EB92-1 into the new growth of the scion only,  2) injection of EB92-1 into the rootstock only,
3) injection of EB92-1 into both the rootstock and scion, and 4) nontreated.  Five treatments were applied to the cultivar
Chardonnay CL96/330914 (dormant rooted vines from Vintage Nursery planted in pots in mid-April) on June 13 for the three
greenhouse treatments and on July 26 for the scion field injection..  The plants were transplanted into the vineyard on July 3.
The treatments were 1) injection of EB92-1 into the scion only in the greenhouse, 2) injection of EB92-1 into the rootstock
only in the greenhouse, 3) injection of EB92-1 into both the rootstock and scion in the greenhouse, 4) nontreated, and 5)
injection of EB92-1 into the scion only in the vineyard.  In a third experiment, Chardonnay cuttings from the MREC vineyard
were grafted onto Salt Creek rootstock rooted cutting from the vineyard.  The grafted plants were transplanted into the
vineyard on August 14.  The treatments included 1) Chardonnay cuttings from mature vines that had been treated three years
ago with EB92-1 on Salt Creek, 2) Chardonnay cuttings from mature nontreated vines on Salt Creek, and 3) Chardonnay
cuttings from mature nontreated vines on Salt Creek, with the scion injected with EB92-1 in the vineyard on August 29.

One year after these trials were established, PD incidence was still low and there were not any significant differences
between treatment methods and the untreated in Chardonnay/3309 (Table 2).  However, on October 7, 2008, scion,
rootstock, and scion plus rootstock treatments with EB92-1 all had significantly lower incidences of PD than the untreated
vines of Merlot.  This early, preliminary data indicates that it may not be critical whether the strain EB92-1 is injected into
xylem of rootstock, scion, or both.  Disease development in these trials in years two and three is most important to any
conclusions on the most effective treatment methods.  In the first year, there were no significant differences among the
Chardonnay/Salt Creek treatments.  This evaluation of cuttings from treated vines is especially significant, because rooting
cuttings from infected mother vines would be a preferred treatment method over having to inject every vine by the pin
pricking method.

CONCLUSIONS
There are no results or conclusions for the California field trials, since the vines treated with strain EB92-1 were not
established in vineyards until mid-summer to fall of this year. Preliminary results in Florida indicated that rooted cuttings
from EB92-1 mother vines did not consistently have reduced incidence of PD in greenhouse tests.  This method of using the
biocontrol strain may not be feasible, but field tests are underway to evaluate this treatment method, because rooting cuttings
from infected mother vines would be a preferred treatment method over having to inject every vine by the pin pricking
method.  As symptoms of PD began to develop in Merlot in Florida trials, the strain EB92-1 appeared to reduce PD incidence
whether it was applied to rootstock or scion.
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Table 2.  Effect of methods of treatment of grape plants with Xylella fastidiosa
strain EB92-1 on biological control of PD.

% PD incidence in:1

Treatment Merlot/101-14 Chardonnay/3309
Scion injection 0 a 0
Rootstock injection 0 a 0
Scion & Rootstock injection 11 a 11
Scion field injection NT 11
Untreated 33 b 0
1Mean separation in columns by Duncan's New Multiple Range Test, 5% level.
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ABSTRACT
Pierce’s disease (PD) is currently found in many regions of California and the southeastern United States.  One factor that has
been shown to be associated with the observed limited geographical distribution of PD in North America is the severity of
winter temperatures in those regions. For example, PD does not occur in New York, the Pacific Northwest or at high
altitudes in South Carolina, Texas and California where the winter temperatures on average drop below zero degrees Celsius
(Hopkins & Purcell, 2002).  Purcell (1977, 1980) and Feil’s (2002) research suggested that some factor(s) expressed in the
intact plants helps eliminate Xyllela fastidiosa (Xf) from grapevines.

To elucidate the mechanism(s) of the “cold curing” phenomenon, it is necessary to determine the cold curing temperature
threshold that maximizes PD recovery and minimizes vine mortality.  This research should also allow us to generate
projection maps to determine if vineyards in cold boundary areas (i.e., foothills of the Sierra and northern-most California)
are at risk for developing PD.  The information obtained from these experiments will facilitate basic research on mechanisms
causing cold therapy and provide data that could be used by grape growers for risk assessment and management purposes.
It has been well documented that xylem sap contains many metabolites such as mono- and disaccharides, organic acids, plant
growth regulators and other organic compounds (Andersen et al., 1989; Bollard, 1960; Pate, 1976; Wormall, 1924; reviewed
by Seyedbagheri & Fallahi, 1994).  Though it is well known that these compounds are in the sap, little is known about the
effects of cold temperatures on the synthesis or quantity of these compounds in sap.  Also, little is known about the effect of
cold temperatures on factors such as pH and osmolarity of xylem sap and how these factors may be contributing to the cold
curing phenomenon.  Assessing the effect of pH and osmolarity on the viability of Xf cells in vitro, could provide insight into
the factors that contribute to the cold curing phenomenon.

Previous research has shown that herbaceous and woody plants exposed to sub-lethal cold conditions have significantly
elevated levels of plant hormones, such as abscisic acid (ABA), which induce the synthesis of a number of cold shock
proteins (Guy, 1990; Bravo, et al., 1998; Thomashow, 1998).  Kuwabara et al. (2002) elicited cold-shock proteins at 23°C in
winter wheat using an exogenously applied 100ppm ABA solution.  The ABA treated plants elicited the synthesis of proteins
that inhibited the in vitro growth of a wheat fungal pathogen.  Although nothing is known about the effects of these cold-
induced proteins on the growth of Xf, if they were antagonistic the application of ABA could lead to a potentially novel
approach for managing Pierce’s disease.

INTRODUCTION
Xylella fastidiosa (Xf) is a xylem-limited, gram-negative bacterium that causes Pierce’s disease (PD) in grapevines.  The Xf
strains that cause PD in grapevines also cause alfalfa stunt and almond leaf scorch, while other strains of Xf cause citrus
variegated chlorosis, oleander leaf scorch, phony peach, and several other diseases (Purcell, 1997). Little is known about host
specificity of strains or the mechanisms by which Xf causes plant disease (Purcell & Hopkins, 1996).  Symptoms of this
“mysterious disease” were first described by Newton Pierce in 1882.  Today, typical symptoms of PD in grapevines include
leaf margin necrosis, leaf blade drop, irregular lignification of canes, “raisining” of fruit clusters, dieback and death of
grapevines  (Hopkins & Purcell, 2002; Varela, et al., 2003).

PD is currently found in many regions of California and the southern United States.  One factor that has been shown to be
associated with the observed limited geographical distribution of PD in North America is the severity of winter temperatures
in those regions.  For example, PD does not occur in New York, the Pacific Northwest or at high altitudes in South Carolina,
Texas and California where the winter temperatures on average drop below zero degrees Celsius (Hopkins & Purcell, 2002).
Purcell (1977, 1980) demonstrated that relatively brief exposures to sub-freezing temperatures eliminated Xf in cold treated
Vitis vinifera grapevines.  Purcell also found that moderately susceptible ‘Cabernet Sauvignon’ had a higher curing rate
following cold treatment compared to the PD-susceptible variety ‘Pinot Noir’.  More recently, Purcell’s group also showed
that whole, Xf infected potted vines that were exposed to low temperatures had a higher rate of recovery than PD-affected
detached bud sticks exposed to the same cold temperatures (Feil, 2002).  This implies that some factor(s) expressed in the
intact plant, but not in detached bud sticks, helped eliminate Xf from the plants.
Despite documentation of the cold curing phenomenon, little is known about the physiological/biochemical basis that
mediates cold therapy.  To further understand the basis of this phenomenon, we are conducting several studies to identify the
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physiological/biochemical factor(s) that occur or are expressed in cold treated vines that contribute to the elimination of Xf.
If such a factor(s) is/are found, it may be possible to induce their expression under non-freezing temperatures and potentially
provide a novel approach for managing PD.

OBJECTIVES
1. Develop an experimental, growth chamber temperature regime that can consistently cure Pierce’s disease affected

grapevines without causing unacceptable plant mortality.
2. Analyze chemical changes such as pH, osmolarity, total organic acids, proteins and other metabolites that occur in the

xylem sap of cold-treated versus non-treated susceptible and less susceptible Vitis vinifera varieties.
3. Assess the viability of cultured Xf cells growing in media with varying pH and osmolarity and cells exposed to xylem

sap extracted from cold- and non-treated grapevines.
4. Determine the effect of treating PD-affected grapevines with cold-induced plant growth regulators, such as abscisic acid

(ABA), as a possible therapy for PD.

RESULTS AND CONCLUSIONS
Objective 1: The results described in previous reports show that our field plots and cold chamber plants showed lower disease
ratings and higher curing rates in the colder temperature treatments.  In 2005-2007 sites, vine mortality was minimal due to
better cold acclimation of the grapevines prior to establishing the plots in the fall.

The data collection for the field and cold chamber studies is complete and analysis of the data to determine the critical
temperature thresholds for inducing the cold curing phenomenon is underway.  We are continuing to work with Len Coop
from the University of Oregon to generate a cold temperature model to determine if vineyards in cold boundary areas (i.e.,
foothills of the Sierra and northern-most California) are at risk for developing PD.  The information obtained from these
models could provide data that could be used by grape growers for risk assessment and management purposes.

Objective 2:  Xylem sap was extracted from vines from each field location and cold chamber treatment using a pressure
bomb.  The samples were then tested for potential changes in pH, osmolarity, protein profiles, total sugars, and calcium and
magnesium concentrations in xylem sap.  The results for the 2005-2006 field and cold chamber grapevine xylem sap pH,
osmolarity, and calcium and magnesium concentrations can be found in previous reports.  The 2006-2007 xylem sap samples
were analyzed for sugars, calcium and magnesium levels. The results of these analyses will be reported in our 2008 Pierce’s
Disease Meeting poster in December once the statistical analyses are completed.

Xylem sap protein profiles were analyzed for the 2005-2007 samples.  The sap proteins were concentrated by acetone
precipitation and the proteins were electrophoresed in a 12% Tris-HCl 1-dimensional polyacrylamide gel (PAGE).  Protein
profiles of the PAGE gels were compared for each treatment.  Unique protein bands that were found in the cold treated plants
were cut from the gel, and end terminally sequenced by the UCD Molecular Structure Facility.  Some of the constitutively
expressing xylem sap proteins were also sequenced to determine their identity.

Cold Chamber Experiment Results:
The results reported in previous reports show that the pH of Cabernet Sauvignon (CS) xylem sap was significantly higher
than Pinot Noir (PN) sap overall.  Sugar and select ion concentration analysis of CS grapevines showed greater amounts of
glucose and fructose in –5ºC cold chamber vines, whereas Ca+ levels were greater in the warmest treatments.  Osmolarity
was greatest in the coldest treatments and decreased with increasing temperature.  Conversely, in PN grapevines, glucose and
fructose levels were the lowest in the coldest treatments.  Ca+ levels showed a similar trend with CS vines, with increased Ca+

levels in the warmer temperature treatments.  Temperature appeared to have a less direct effect on osmolarity in Pinot Noir
grapevines.  ABA concentrations in the spring xylem sap collections were the lowest in the coldest cold chambers.
Protein profiles of grapevine xylem sap exposed to various temperatures were determined by PAGE (Figure 1).  Most of the
proteins were similar for the various temperatures, but a few unique proteins were found in the cold stressed and/or Xf-
inoculated plants and these proteins were end terminally sequenced by the UCD Molecular Structure Facility.  Sequencing of
xylem proteins from cold-treated vines identified proteins that had high sequence homology with stress proteins that are
produced by Cabernet Sauvignon berries under water deficit stress conditions, proteins that are similar to proteins produced
in Pinot Noir roots, tryptase inhibitors and a thaumatin-like protein which is reported to have anti-fungal properties.
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Field Experiment Results:
ABA concentrations in the spring xylem sap collections were the lowest in the coldest field locations.  ABA levels were
higher in the late winter sap collections than in the spring collections for the field locations.  Osmolarity, pH, calcium and
magnesium levels show similar trends to those seen in the cold chamber experiments.

Objective 3:  The solutions used for these viability experiments included: water, extracted V. vinifera (‘Pinot Noir’ and
‘Cabernet Sauvignon’ varieties) xylem sap, PD3, HEPES, sodium and potassium phosphate buffers.  All buffers and media
were adjusted to pH 6.8. Xf cells suspended in the various buffers and media were exposed to various temperatures (28ºC,
5ºC, 2.2ºC, 0ºC, -5ºC, -10ºC and -20ºC).  Potassium phosphate buffer at various pH values (5.0-6.8) was also used to
determine the effects of pH on the survival of Xf. 104 Xf cells were suspended in 1ml of the various test solutions which were
then incubated at various temperatures.  Aliquots of the suspensions were plated on PD3 medium and Xf CFUs were counted
seven days post plating.

The results of these experiments were reported in detail in the 2007 progress report.  To summarize the results, these
experiments indicate that Xf can survive at 28ºC in most media except water.  The mortality rate was the lowest in PD3
medium in the 5˚C and 2.2˚C temperature treatment.  The deionized water treatment had the highest mortality rate followed
by potassium phosphate at pH 6.2.  The highest survival at 0˚C occurred with PD3 media and in xylem sap collected from
grapevines growing in a cold climate (Placer County, CA).  These experiments showed that Xf can survive at -5ºC in all
buffers at pH 6.8, media and xylem sap for at least four days.  No cultivable Xf was recovered from any of the media, buffers
or xylem sap after 24 hours at -10˚C or at -20˚C.

Objective 4: To assess the possibility of using a plant hormone to artificially induce cold curing, we contacted Valent
Bioscience Corporation who has an active research and development program on the use of ABA on agricultural crops.  In
November of 2005, 2006, and 2007, healthy and Xf-inoculated Cabernet Sauvignon and Pinot Noir vines grown and
inoculated with Xf as described in Objective 1 were foliar sprayed or soil drenched with solutions of ABA in the fall.  The
2005-2006 results showed interesting trends and were repeated in the 2006-2007and 2007-2008 seasons.
Our applications of ABA in the 2005-2006 season appeared to have a curing effect in PD-infected grapevines.  ABA
application that was the most effective was VBC-30030 applied as a drench, but some of the other forms and concentrations
of ABA also had some curing effect.  For this first application in 2005-2006, there was no rain until a week following the
application. In 2006-2007, this experiment was replicated with some modifications to the treatments used in 2005-2006.  The
resulting curing rates were not the same as in the 2005-2006 treatments.  The only treatment that seemed to have more curing
than the control treatment was the VBC-30030 drench in Pinot Noir grapevines, but the curing rate was not as high as in the
2005-2006 season.  This difference could possibly be due to a rain event that occurred a few hours after the ABA application,
possibly diluting, washing off, or leaching out the applied ABA.

To evaluate the reproducibility of the 2005-2006 results, a third ABA trial was conducted in the 2007-2008 season.  In 2007,
there were four treatments with Xf- infected vines and healthy controls.  The curing rates for the various treatments are
currently being evaluated by IC-PCR.

To examine the mechanism behind the possible curing due to ABA application, the xylem sap of the grapevines was
extracted using a pressure bomb four days after the application of the ABA treatments.  To examine the proteins produced
when grapevines are exposed to ABA, protein profiles were made of each treatment.  The 150 ul of xylem sap was
precipitated with cold acetone to concentrate the proteins.  The proteins were resuspended in 30 uL of SDS-loading buffer
and electrophoresed in a BioRad 12% Tris-HCl gel.  Some of the proteins that were sequenced in the ABA treated vines were
similar to those found in our cold treated vines.

Lane 1: Dual Color SDS-ladder.
Lane 2: CS +5ºC xylem sap from control vines.
Lane 3: CS -5ºC xylem sap from control vines.
Lane 4: CS +5ºC xylem sap from inoculated vines.
Lane 5: CS -5ºC xylem sap from inoculated vines.

Figure 1. Protein profiles of grapevine xylem sap as
determined by PAGE analysis. 150 uL of xylem sap was
precipitated with cold acetone. Proteins were suspended
in 30 uL of SDS-loading buffer and electrophoresed in a
12% Tris-HCl polyacrylamide gel.
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2008-2009:
To evaluate the reproducibility of the 2006-2007 Chardonnay results a third ABA spray trial is being prepared for the 2008-
2009 season.  In the fall, treatments will be applied to healthy and Xf- infected Chardonnay vines as follows:

Control:                 16 Chardonnay plants sprayed with water
2000 ppm spray:   16 Chardonnay plants sprayed with VBC-30054
100 ppm spray:     16 Chardonnay plants sprayed with VBC-30030
100 ppm drench: 16 Chardonnay plants drenched with VBC-30054
10 ppm drench: 16 Chardonnay plants drenched with VBC-30030

Our first unique cold expressed protein found in Objective 2 has been cloned and expressed (Figure 2).  Expressed and
purified xylem sap proteins will be used to determine if the proteins demonstrate any anti-Xf activity in vitro.  If anti- Xf
activity is shown, future work would focus on expressing the anti-Xf proteins in transgenic rootstocks as a possible Pierce’s
disease control method.

1       2               3               4                5

CONCLUSIONS
The results of our field and cold chamber experiments show lower disease ratings and higher curing rates in the colder
temperature treatments.  The coldest treatments had the highest rate of recovery from PD, but also the highest grapevine
mortality.  These findings will be used to determine a Pierce’s disease Risk Assessment Model based on curing rates and
winter temperatures.

Analysis of the biochemical factors in sap revealed some interesting results.  For the cold chamber experiments, the pH of CS
xylem sap was significantly higher than PN sap overall.  Sugar and select ion concentration analysis of CS grapevines
showed greater amounts of glucose and fructose in –5ºC cold chamber vines, whereas Ca+ levels were greater in the warmest
treatments.  Osmolarity was greatest in the coldest treatments and decreased with increasing temperature.  Conversely, in PN
grapevines, glucose and fructose levels were the lowest in the coldest treatments.  Interestingly, the osmolarity of PD3 media
is 113 mmol/kg, whereas the osmolarity of xylem sap was 25-45 mmol/kg. Ca+ levels showed a similar trend with CS vines,
with increased Ca+ levels in the warmer temperature treatments.  Temperature appeared to have a less direct effect on
osmolarity in Pinot Noir grapevines.

ABA concentrations in the spring xylem sap collections were the lowest in the coldest field locations and coldest cold
chambers.  ABA levels were higher in the late winter sap collections than in the spring collections for the field locations.
PAGE protein profile analysis showed that most of the proteins we found were similar for the various temperatures, but a few
unique proteins were found in the cold stressed and/or Xf-inoculated plants.  Sequencing results of xylem proteins from cold-
treated vines showed proteins that are similar to stress proteins that are produced by Cabernet Sauvignon berries developing
under water deficit stress conditions, proteins that are similar to proteins produced in Pinot Noir roots, and tryptase inhibitors.
One of the   proteins that was expressed at comparatively high concentrations in cold-exposed vines is a thaumatin-like
protein which has been reported to have anti-microbial activity.  We will assess the potential anti-Xf properties of this protein
by cloning, expressing, purifying and using this protein in Xf growth inhibition assays in the future.
The in vitro culture experiments indicate that Xf can survive at 28ºC in most media except water.  At 28˚C, the survival rate
was the highest in PD3 media followed by potassium phosphate at pH 6.8, sodium phosphate, and xylem sap.  At the coldest
temperatures, the highest survival at 0˚C occurred with PD3 media and in xylem sap collected from grapevines growing in a
cold climate (Placer County, CA), whereas survival was the lowest in deionized water and potassium phosphate at pH 6.2.
Interestingly, Xf can survive at -5ºC in all buffers at pH 6.8, media and xylem sap for at least four days.  No cultivable Xf was

1. Molecular size markers.
2. Cloned and expressed Cabernet TLP protein.
3. Cloned and expressed PG protein (positive control).
4. Cloned, non-induced Cabernet TLP protein.
5. Cloned, non-induced PG protein.

Figure 2. Cloning and expression of an Xf
polygalacturonase and Vitis vinifera thaumatin-like
protein in E. coli.



- 171 -

recovered from any of the media, buffers or xylem sap after 24 hours at -10˚C or at -20˚C. Xf in potassium phosphate buffers
with pH values at 5.0, 5.4 and 5.8 died rapidly at all temperatures.

The results the ABA application experiments in the 2005-2006 season indicate that ABA appears to have a curing effect
when applied as a drench.  The synthetic ABA had the most interesting result with 100% curing in Pinot Noir vines.  Disease
ratings for both ABA drench treatments were significantly less than untreated controls.

In 2006-2007 this experiment was replicated with some modifications to the 2005-2006 treatments.  Curing rates were not as
high as what we saw in the 2005-2006 treatments.  The only treatment that seemed to have more curing than the control
treatment was the VBC-30030 drench in Pinot Noir grapevines.  The difference observed in the 2006-2007 ABA application
could possibly be due to a rain event that occurred a few hours after the ABA application, possibly diluting, washing off, or
leaching out the applied ABA.  We are repeating the ABA experiment this season to determine if ABA applications could be
used as a possible tool in the management of Pierce’s disease.
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ABSTRACT
Polygalacturonases (PG) (EC 3.2.1.15), catalyze the random hydrolysis of 1, 4-alpha-D-galactosiduronic linkages in pectate
and other galacturonans. Xylella fastidiosa (Xf) possesses a single PG gene, pglA (PD1485) and Xf mutants deficient in the
production of PG lose pathogenicity and have a compromised ability to systemically infect grapevines.  We have cloned the
pglA gene into a number of protein expression vectors and a small amount of active recombinant PG has been recovered,
unfortunately most of the protein expressed is found in inclusion bodies in an inactive form.  The goal of this project is to use
phage panning to identify peptides or single chain fragment variable (scFv) antibodies that can bind to and inhibit Xf PG.
Once peptides or scFvs are discovered that can inhibit PG activity in vitro these peptides will be expressed in grapevine
rootstock to determine if the peptides can provide protection against Pierce’s disease (PD).

INTRODUCTION
Polygalacturonases (PG) have been shown to be virulence factors of a number of plant pathogenic bacteria including
Ralstonia solanacearum, Xanthomonas campestris, and Erwinia carotova (Huang and Allen 2000; Dow et al. 1989; Lei et al.
1985). Xylella fastidiosa (Xf) possesses a single PG gene pglA (PD1485), and mutation of this gene results in a loss of
pathogenicity and reduced ability to systemically infect grapevines (Roper et al. 2007).  In order for Xf to systemically infect
a grapevine, it must break down the pit membranes that separate individual xylem elements.  Pectic polymers determine the
porosity of the pit membrane (Baron-Epel, et al. 1988; Buchanan et al. 2000) and Xf PG allows the bacterium to breakdown
the pectin in these membranes.  The premise of this research is to identify a peptide that can be expressed in the xylem of a
grapevine that can suppress Xf PG activity thus limiting the ability of Xf to spread systemically through grapevines and cause
PD.

To accomplish this we will use phage display of a random dodecapeptide library and a scFv antibody library attached to the
coat protein gp38 of M13 phage in a phage panning experiment using active recombinant Xf PG as the target.  After three
rounds of panning, phage that show a high binding affinity for Xf PG will be screened for their ability to inactivate PG
activity in vitro in reducing sugar assays.  Once a suitable inhibitory peptide, or the peptide embedded in a small protein
carrier, is discovered it will be cloned into an Agrobacterium binary vector and used to transform tobacco and grapevines by
the UCD Plant Transformation Facility.  These transgenic plants will then be inoculated with Xf and the progression of PD
symptoms will be compared to non-transgenic plants.  If significant disease inhibition is shown, we will use these transgenic
grapevines as rootstock to determine if they can also provide resistance to grafted non-transgenic Vitis vinifera scions.

OBJECTIVES
1. Isolate a sufficient amount of biologically active Xf polygalacturonase (PG) enzyme to conduct phage panning and PG-

inhibition assays.
2. Isolate M13 phage that possess high binding affinities to Xf and/or Aspergillus aculeatus (AA) PG, or synthetic peptides

specific for the active sites of several PGs, from a M13 random peptide and scFv library.
3. Sequence candidate binding phage and determine if selected M13 phage and the gp38 M13 protein which mediates

phage binding to Xf PG can inactivate PG activity in vitro.
4. Clone anti-Xf PG gp38 protein into an Agrobacterium binary vector and provide this construct to the UCD Plant

Transformation facility to produce transgenic SR1 tobacco and Thompson seedless grapevines.
5. Determine if anti-Xf PG gp38 protein is present in xylem sap of transgenic plants.
6. Mechanically inoculate transgenic plants with Xf and compare Pierce’s disease development with f-inoculated, non-

transgenic control plants.

RESULTS
Objective 1.
Although we now have in hand a PG enzymatic activity assay, we would still like to obtain greater amounts of active Xf PG.
The first attempt at using a recently developed agroinfection-compatible tobacco mosaic virus protein expression system
(Lindbo, 2007) did not provide us with active Xf PG.  However, we have produced a new Xf PG plant expression construct to
help improve our yields using the plant expression system.  This construct employs the use of a Rice Alpha Amylase signal
peptide that will export Xf PG to plastids and extracellular compartments (Chen et al. 2004).  Targeting the Xf PG to these



- 173 -

areas could be important if the reason we are not getting active Xf PG is because the plant is recognizing it and degrading it in
the cytoplasm.  In addition to the plant expression system, we are also generating constructs for an E. coli expression system
that fuses Xf PG to Maltose Binding Protein (MBP) in the hopes the MBP will help overcome some of the insolubility issues
we have encountered with other E. coli protein expression systems.  The method we described previously for generating
active Xf PG remains the method that delivers the most protein in active form, however we hope that one of these new
strategies will provide us with a greater amount of active protein.

As reported in the previous PD/GWSS Proceedings, we feel confident that the reducing sugar assays that we are using to
detect Xf PG activity dinitrosalicylic acid (Wang et al. 1997) and 3-Methyl-2-benzothiazolinonehydrazone methods (Anthon
and Barrett 2002), will be suitable for the PG-inhibition assays.

Objective 2.
We have done extensive in silico analyses of the enzymatic active sites of several phytopathogenic bacterial and fungal PGs
such as Pectobacterium carotovora ssp. carotovora and Aspergillus aculeatus (Pickersgill et al. 1998, Cho et al. 2001). The
PGs from these other microbes have been well studied and structural studies have shown that the active site consists of
roughly eight amino acids and the tertiary structure of the PGs are highly conserved across all fungal and bacterial PGs
(Pickersgill et al. 1998, Cho et al. 2001, Shimizu et al. 2002, Abbott and Boraston 2007).  Furthermore, previous research
using phage display technologies showed that many of the phage that bound to a variety of enzymes also bound to and
inactivated the enzyme (Hyde-deRuyscher et al. 1999).

Having a very good idea of where the Xf PG active site is likely located on the PG protein, and which amino acids are
involved in catalysis and substrate binding, we had synthesized two 14-mer peptides derived from the Xf PG sequence, one
which will target the active site directly and a second that will target an area providing substrate entry into the active site.
Additionally, these peptides were injected into rabbits to create polyclonal antibodies.  These polyclonal antibodies were used
in Western blot analyses that confirmed that the antibodies created against each 14-mer peptide could also recognize full
length Xf PG (Figure 1).

←

1     2   ladder     1      2   ladder

We have completed the phage panning procedure for peptide 2 using the Tomlinson I and J scFv libraries.  At the end of the
third round of selection a polyclonal ELISA with BSA conjugated peptide 2 as the target was run which showed that each
library (I and J) of scFv’s showed a higher binding affinity to BSA conjugated peptide 2 than to BSA alone, or to other
negative control wells in the plate.  With this knowledge, 90 individual colonies from each library were picked from the third
round phage pool and used in a monoclonal based ELISA to determine which monoclonal scFvs had the highest binding
efficiencies for the Xf PG peptides.  Eight clones from each library (I and J) providing the highest ELISA absorbances
readings were chosen for sequencing.  We have currently only sequenced the heavy chain variable portion of the scFv and
although none of the eight clones from each of libraries shared the exact same sequence they did have similarities to each
other.  We are in the process of sequencing the light chain portion of these clones.

The eight monoclonal phages from each library (I and J) were then used individually as the primary antibodies in a Western
blot to confirm that monoclonal phage raised against the 14-mer peptide 2 conjugated to BSA would also be able to indentify
full length recombinant PG (Figure 2) (Tanaka et al. 2002).  Now that we have monoclonal phage that can bind to Xf PG, we
will finish sequencing the variable regions and begin testing the efficacy of each monoclonal phage to inhibit Xf PG activity
in vitro.

Figure 1. Western blot analysis of polyclonal
antibodies to Xf PG peptides 1 and 2. Lane 1 is
E.coli lysate containing no Xf PG.  Lane 2 is
E. coli lysate containing recombinant Xf PG.
Arrow represents location of Xf PG band.
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←

1             2              3                4

Objectives 3-6.
We have sequenced the heavy chain variable regions of the 16 candidate monoclonal phage and although none of the eight
clones from each of libraries shared the exact same sequence, they did have similarities to each other.  We are in the process
of obtaining the sequences of the light chain variable portions.  Once all variable region sequences have been determined we
will use the monoclonal phages in Xf PG inhibition assays.  Once a candidate phage is found that can inhibit Xf PG in vitro
we will then express the scFv protein alone and determine if the protein itself can also inhibit Xf PG activity in vitro. We will
then be able to clone the anti-Xf PG protein into an Agrobacterium binary vector and provide this construct to the UCD Plant
Transformation facility to produce transgenic SR1 tobacco and Thompson seedless grapevines.  Once we have transgenic
plants, we will be able to complete Objectives 5 and 6.

CONCLUSIONS
We have made good progress thus far in identifying suitable PG activity assays to use in the PG-inhibition assays.  We are
currently exploring different plant and E. coli protein expression systems to generate more active PG to use in phage panning
and activity assays.  We have identified 16 candidate scFv phage, by panning against peptide 2 conjugated to BSA, that are
capable of binding to full length Xf PG in Western blot analyses. These phage will now be used in in vitro Xf PG inhibition
assays identified in Objective 1.  If one of the candidate phage can inhibit Xf PG activity in vitro, then we will transform
tobacco and grapevines with the peptide(s) and determine if the expressed anti-PG peptides are present in xylem sap and
evaluate their potential for providing resistance to Pierce’s disease.
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ABSTRACT
Xylella fastidiosa (Xf) possesses genes for hemagglutinins (HAs), large adhesion proteins involved in cell-cell aggregation
and biofilm formation.  Mutations in either one of the functional HAs, HxfA (PD2118) or HxfB (PD1792), result in
hypervirulent strains that move faster and cause more severe disease in grapevines.  We generated antibodies against portions
of the HA proteins, used them in Western blot analyses and showed that HA proteins are secreted into the supernatant as
soluble proteins, associated with membrane vesicles, and inserted into the outer membrane of Xf. Native HA proteins are
processed from a predicted size of 360 kD to 220 kD.  We identified two N-terminal portions of the HA proteins that will be
expressed in transgenic tobacco and grapevines where we hope the protein will act as a “molecular glue” to aggregate insect-
inoculated Xf cells, retard their ability to systemically colonize plants and potentially provide a unique form of resistance
against PD.

INTRODUCTION
Xylella fastidiosa (Xf) HAs are large secreted proteins that play important roles in mediating cell-cell aggregation and plant
pathogenicity.  Mutations were made in both Xf HA genes, HxfA (PD2118) and HxfB (PD1792), by transposon mutagenesis.
The resulting mutants did not aggregate in liquid culture and they had reduced biofilm formation in vitro and in planta (1).
When inoculated into grapevines the mutant cells showed hypervirulence and more rapid colonization of xylem vessels (1).
The premise of this research is to determine if by expressing Xf HA adhesion domains in the xylem of transformed
grapevines, the HA can act as a “molecular glue” to clump Xf cells and retard their ability to systemically colonize grapevine
and cause Pierce’s disease (PD).

Because of the large size of the HA genes (10 kb), it is difficult to transform grapevines with the whole HA gene.  Therefore
we have been trying to identify the active adhesion domains (ADs) responsible for cell-cell aggregation by dividing the HA
genes into several smaller fragments that should contain the cell-cell AD.  Recombinant proteins derived from these
fragments were expressed in E. coli, purified and injected into rabbits to produce AD specific antisera.  The resulting antisera
were used in ELISA, Western blot analysis, immunolocalization studies and cell-cell clumping experiments to determine
which of the HA fragment(s) contain functional ADs that could be transformed into plants.

OBJECTIVES
1a. Use antibodies we have prepared against a conserved, putative binding domain (AD2) that is present in both Xf

hemagglutinins (HA) to determine the native size and location of Xf HA in cultured Xf cells and PD-affected grapevines.
b. Determine if these antibodies (Fab fragments) can prevent cell-cell clumping in liquid Xf cultures.
c. Prepare an affinity column using HA domain antibodies and isolate native Xf HAs from culture cells.  Establish the

identity of affinity purified, putative HAs by N-terminal sequencing.
d. Determine if native HAs and HA domain fusion proteins can bind to Xf cells.
e. Inject affinity purified HA proteins into rabbits and obtain HxfA and B specific-antibodies.  Determine if HxfA and B

specific antibodies can block cell-cell clumping of Xf grown in liquid medium.

2a. PCR-amplify, clone and express as fusion proteins, additional hypothetical adhesion domains of HxfA and B.
b. Prepare rabbit polyclonal antibodies against each Hxf A/B domain fusion protein.  Use antibodies to determine native

size and location of Xf HAs in cultured cells.
c. Determine if antibodies against various HxfA/B domain fusions can block cell-cell clumping of Xf grown in liquid

medium.
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3a. Transform Thompson seedless grapevines and tobacco, an experimental host of Xf and an easily transformable plant,
with Xf HA binding domains.  Use antibodies prepared in Objective 2 to determine if Xf HA proteins can be found in
tobacco and grapevine xylem fluid.

b. Mechanically inoculate HA-transgenic grapevines and tobacco with wild type (wt) Xf cells.  Compare disease
progression and severity in transgenic plants with non-protected controls.

RESULTS
Objectives 1a-d, 2a
The results of these objectives have been reported in the Proceedings, 2007 Pierce’s Disease Research Symposium, CDFA,
Sacramento, CA.  Because of the low quality of the AD2-antibodies, we repeated Objectives 1a-d with high quality
antibodies that were generated against AD1-3 and AD4 in Objective 2a (2).

Objective 2b
Determination of native size and location of Xf HAs in cultured cells.

The antibodies that were raised against AD1-3 and AD4 of the HA proteins (2), were used in Western blot analysis of
isolated Xf soluble, secreted proteins (Figure 1A), HA proteins associated with secreted vesicles (Figure 1B) and HAs
present in the outer membrane (Figure 1C);  HA proteins were detected in all three fractions.

A doublet of proteins at approximately 220 kD that corresponds to HxfA and HxfB was observed in wild type supernatant
(Figure 1A, lane 2), and only one protein band was detected in the HxfA- and HxfB- mutant supernatant samples (Figure 1A,
lanes 3 and 4).  The large protein corresponding to HxfA is missing in the HxfA- mutant, the slightly smaller protein band
corresponding to HxfB is missing in the HxfB- mutant strain (Figure 1A).

To distinguish between secreted soluble HA proteins, and HA proteins that are associated with membrane vesicles, the
vesicles were isolated by centrifugation and proteins remaining in the supernatant were precipitated using trichloroacetic acid
(TCA).  Western blot analysis of the precipitate confirmed the presence of HA proteins as secreted soluble proteins (Figure
1B).  Interestingly, 220 kD proteins in the vesicle fraction were also detected by the anti-AD4 antibody (Figure 1B).
Vesicles that are released from the envelope of growing bacteria may contain virulence factors in many Gram-negative
bacteria (3).

Western blot analysis of isolated outer membrane proteins of Xf wild type Temecula also revealed a doublet of bands at 220
kD corresponding to both HA proteins (Figure 1C).  To ensure that the outer membrane were indeed being isolated, Western
blots were also probed with anti-MopB antibodies (kindly provided by the Bruening lab).  MopB is the major outer
membrane protein in Xf (4), and a 38.5 kD protein corresponding to MopB was detected in the membrane fraction thus
confirming that Xf HAs are inserted into the outer membrane (data not shown).

The size of the mature protein detected by Western blot analysis (220 kD) was smaller than the predicted size based on the
amino acid sequence of the protein (360 kD). To identify the processing site of the mature HA proteins, we isolated secreted

Figure 1 A. Western blot analysis of soluble
proteins extracted Xf media supernatant and
probed with anti-AD4 antibodies. Lane 1:
Molecular weight standards; lane 2: Wild type
Temecula; lane 3: HxfA-, lane 4: HxfB-. A
doublet of bands in the wild type Temecula is
detectable. The larger protein band corresponding
to HxfA is missing in the HxfA- mutant, the
slightly smaller protein band corresponding to
HxfB is missing in the HxfB- mutant strain.
Figure 1 B. Western blot analysis of Xf vesicle
preparation developed with anti-AD4 antibodies.
Lane 1: Molecular weight standards; lane 2: Wild
type Temecula vesicle preparation; lane 3: TCA-
precipitated supernatant after isolation of vesicles,
proteins represent soluble HA proteins. C:
Western blot analysis of an Xf outer membrane
protein preparation. Lane 1: Molecular weight
standards; Lane 2: outer membrane preparation of
wild type Temecula.
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HA proteins by size exclusion chromatography and subjected the native HA proteins to LC MS/MS mass spectrometry
(Genome Center Proteomics Core, University of California, Davis).  Identified peptides were associated only with the N-
terminal portion of the HA protein, suggesting that the C-terminal portion is cleaved off in the mature protein and does not
play a role in cell-cell aggregation(Figure 2).

Objectives 2c
The results of these objectives were reported in the 2007 Pierce’s Disease Research Symposium Proceedings.

Objectives 3
AD1-3 and the entire processed 220kD HA protein (protein220) will be used for transformation of tobacco SR-1 and
Thompson seedless grapevines.  These constructs were both cloned into the vector pCR-2.1 resulting in pCR2.1-AD1-3 and
pCR2.1-220.  Several clones of both constructs were sequenced to confirm the integrity of the cloned genes.  We obtained
suitable clones for both pCR-2.1-AD1-3 and pCR-2.1-220 that can be used for plant transformation.  We obtained the pGIP-
signal sequence, which directs the secretion of proteins into the plant apoplast and xylem, fused to the N-terminal portion of
AD1-3 from a biotech company ( DNA2.0) in a plasmid called pJ202:21008.  This construct can be used to insert the pGIP-
signal sequence (5) in front of AD1-3 as well as for protein220 to direct the secretion of the expressed proteins outside the
plant cell.  This secretion signal sequence has been successfully inserted into pCR2.1-220 and we are in the process of putting
the secretion signal on pCR-2.1-AD1-3.  After successful fusion of the pGIP-signal peptide to the HA proteins, the constructs
will be cloned into a Agrobacterium binary vector that is available in the Dandekar lab (5) and used to transform
Agrobacterium tumifaciens.  The Agrobacterium cultures will then be used by the UC Davis Plant Transformation facility to
transform tobacco SR-1 and Thompson seedless grapevine with the two HA protein constructs.  Xylem sap will be expressed
from transgenic tobacco and grapevines and analyzed by ELISA and Western blots to determine if Xf HA proteins are present
in the sap of transgenic plants.  The transgenic plants will be mechanically and insect incoculated with Xf and the plants will
be evaluated for the presence of Xf and the severity of PD symptoms.

CONCLUSION
Our data suggests that HA proteins are needed for efficient aggregation of Xf cells because Xf cells that have a mutation in
either HxfA or HxfB lose the ability to aggregate and to form biofilms.  Also, Xf cell cultures that were incubated with Fab
fragments against AD1-3 and AD4 of HxfB were inhibited in their ability to aggregate (2).  We showed that HA proteins are
secreted and processed to a mature 220 kD protein and that contain N-terminal hemagglutination domains.  Taken together,
this suggests that the secreted N-terminal portion of the HA proteins is responsible for cell-cell aggregation and biofilm
formation.  We hope that free Xf HA protein in the plant xylem may mediate increased cell-cell aggregation of  insect
inoculated Xf cells and increase the agglutination of Xf cells in the plant xylem, thereby retarding the systemic colonization of
grapevines and possibly providing a novel resistance to Pierce’s disease.
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ABSTRACT
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF) that changes its
gene expression in cells as they reach high numbers in plants.  We have investigated DSF-mediated cell-cell signaling in Xf
with the aim of developing cell-cell signaling disruption as a means of controlling Pierce’s disease (PD).  We have
investigated both the role of DFS-production by Xf on its behavior within plants, the manner in which other bacterial strains
affect such cell signaling, the extent to which other endophytes could modulate density-dependent behaviors and virulence in
Xf by interfering with cell-cell signaling, performed genetic transformation of grape to express DSF, and explored other
means to alter DSF abundance in plants to achieve PD control. Xf mutant strains that overproduce DSF cause disease
symptoms in grape, but only at the site of inoculation and the cells do not move within the plant as do wild-type strains.  Thus
elevating DSF levels in plants should reduce movement of Xf in the plant and also reduce the likelihood of transmission by
sharpshooters.  When co-inoculated into grape with Xf DSF-producing strains such as Rhizobium etli, harboring rpfF from Xf
greatly reduced the incidence and severity of disease in grape; lesser effects were observed when these strains were
inoculated into plants separately, suggesting that the biological control strains did not move efficiently within the plant and
hence were not coincident with Xf. Topical application of DSF extracted from over-producing strains of Erwinia herbicola
harboring rpfF cloned from Xf reduced the severity of Pierce’s disease when applied shortly before inoculation with Xf. We
have transformed tobacco, tomato and grape with the rpfF gene of Xf to enable DSF production in plants.  While expression
of RpfF in the cytoplasm has yielded modest levels of DSF that were sufficient to greatly reduce the movement of Xf in
grape, and thus reduce Pierce’s disease, targeting of RpfF to the chloroplast of plants has led to much higher levels of DSF
production that should provide even high levels of disease control.  Grafting studies are underway to determine if DSF
produced by rootstocks can move to scions and confer disease control.

INTRODUCTION
We have found that the virulence of Xylella fastidiosa (Xf) is strongly regulated in a cell density-dependent fashion by
accumulation of  a signal molecule called DSF encoded by rpfF and involving signal transduction that requires other rpf
genes.  We now have shown that Xf makes a DSF molecule that is recognized by Xanthomonas campestris pv. campestris
(Xcc) but slightly different than the DSF of Xcc (Figure 1).
In striking contrast to that of Xcc, rpfF- mutants of Xf
blocked in production of DSF, exhibit dramatically
increased virulence to plants, however, they are unable to
be spread from plant to plant by their insect vectors since
they do not form a biofilm within the insect.  These
observations of increased virulence of DSF-deficient
mutants of Xf are consistent with the role of this density-
dependent signaling system as suppressing virulence of Xf at high cell densities.  Our observations of colonization of
grapevines by gfp-tagged Xf are consistent with such a model.  We found that Xf normally colonizes grapevine xylem
extensively (many vessels colonized but with only a few cells in each vessel), and only a minority of vessels are blocked by
Xf. Importantly, rpfF- mutants of Xf plug many more vessels than the wild-type strain.  We thus believe that Xf has evolved
as an endophyte that colonizes the xylem; blockage of xylem would reduce its ability to multiply since xylem sap flow would
cease and thus the DSF-mediated virulence system in Xf constrains virulence.  That is, Xf would benefit from extensive
movement throughout the plant where it would partially colonize xylem vessels but would have evolved not to grow to
excessively within a vessel, thereby plugging it and hence blocking the flow of necessary nutrients in the xylem sap.  Given
that the DSF signal molecule greatly influences the behavior of Xf, we are investigating various ways by which this pathogen
can be “confused” by altering the local concentration of the signal molecule in plants to disrupt disease and/or transmission.
We thus are further exploring how DSF-mediated signaling occurs in the bacterium as well as ways to alter DSF levels in the
plant.  Our work has shown that the targets of Rpf regulation are genes encoding extracellular polysaccharides, cellulases,
proteases and pectinases necessary for colonizing the xylem and spreading from vessel to vessel as well as adhesins that
modulate movement.  Our earlier work revealed that several other bacterial species can both positively and negatively
interact with the DSF-mediated cell-cell signaling in Xf. In this period we have extensively investigated both the role of
DSF-production by Xf on its behavior within plants, the patterns of gene regulation mediated by DSF, the extent to which
other endophytes can modulate density-dependent behaviors and virulence in Xf by interfering with cell-cell signaling,
obtained genetic transformation of grape and other hosts of Xf to express DSF, and explored other means to alter DSF
abundance in plants to achieve PD control.

Figure 1
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Table 1. Proportion of leaves of wild-type and
DSF-producing SR1 tobacco with marginal leaf
scorch after inoculation with Xf

Treatment Fraction of leaves

Wild-type SR1 0.52 a
Xf rpfF-expressing SR1 0.38 b
Xcc rpfF-expressing SR1 0.27 b
No Xf control 0.22 c

OBJECTIVES
1. Evaluate plants with enhanced production of DSF for disease control.
2. Determine if DSF is transferable within plants – eg. whether DSF production in rootstocks can confer resistance to

Pierce’s disease in the scion.
3. Evaluate enhanced DSF-producing endophytic bacteria for control of Pierce’s disease.
4. Investigate DSF-overproducing strains of Xf as biocontrol agents for Pierce’s disease and whether Xf strains previously

identified with biocontrol potential exhibit an elevated production of DSF.
5. Determine if resistance to Pierce’s disease is associated with low rates of degradation of DSF by plants.
6. Determine those plant factors that confer induction of virulence genes in Xf and whether susceptibility to Pierce’s disease

is due to differences in induction of virulence factors in the pathogen by the plant.

RESULTS
Objective 1.  Production of DSF in transgenic plants for disease control.
We have expressed the rpfF gene in several different plant species to investigate whether DSF excess can lead to reduced
disease caused by Xf. In addition to grape, we have transformed genes conferring DSF production into tobacco since this
species is colonized by Xf and disease symptoms can be produced (Figure 2).  Because transformation of tobacco is much
quicker than grape, we have used studies of Xf infection of tobacco as a surrogate for studies in grape to speed our assessment
of different ways to produce DSF in grape.  The various mutants of Xf that are hyper and hypo virulence on grape yield
similar reactions on SR1 tobacco (Figure 3).

Further tests of SR1tobacco as a surrogate host to evaluate transgenic expression of rpfF as a means to increase DSF
abundance in plants were performed.  SR1 tobacco which had been
transformed with the untargeted rpfF genes from either Xf or Xcc
were inoculated with Xf ; the incidence of disease was dramatically
reduced in rpfF-expressing SR1 compared to untransformed
tobacco (Table 1).  Some of the more mature leaves on the base of
the plant had exhibited leaf scorching even on uninoculated plants
(Table 1), suggesting that the extent to disease control conferred
by expression of rpfF was much greater than 50%.

Grape has been transformed at the Ralph M. Parsons Foundation
Plant Transformation Facility at the University of California at
Davis with a non-targetted rpfF construct.  These plants produced
only very low levels of DSF but are MUCH less susceptible to Pierce’s disease (Figure 4).  While Xf spread throughout non-
transformed plants causing disease on petioles located great distances from the point of inoculation, disease was observed
only very close to the point of inoculation in rpfF-expressing plants.  We thus expect to find that Xf is limited in its
movement in plants having even higher levels of DSF due to the expression of rpfF, in a manner similar to what we have
observed in DFS-overproducing strains of Xf.

We have recently transformed tobacco and Arabidopsis with an rpfF gene that has been modified to direct the protein product
to the chloroplast where fatty acid synthesis (and DSF synthesis) should be much enhanced compared to its production in the
cytosol, the presumed location of RpfF in the current transformed plants.  Assay of DSF in transgenic SRI tobacco plants-
where the RpfF is targeted to the chloroplast, indicates that the DSF levels as well as expression of rpfF are much higher as
compared to the plants in which the RpfF is expressed in the cytosol.  Transcription analysis of the chloroplast targated rpfF
transformed plants indicates high level expression of the rpfF gene (Figure 5).  We have generated seeds from the transgenic

Figure 3. Severity of disease on
SR1 tobacco inoculated with WT Xf
and an rpfF mutant (61), an rpfC
mutant, and a gfp-marked strain.

Figure 2.  Symptoms
caused by Xf on SR1
tobacco.
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SRI tobacco plants and we are conducting pathogenicity assays with Xf comparing these enhanced producing plants with
normal and untargeted RpfF plants.

Further tests of the efficacy of chloroplast targeting of rpfF implants were preformed by evaluating DSF production in
transgenic Moneymaker tomato.  Substantial levels of DSF could be detected in the chloroplast-targeted tomato and
sufficient amounts of DSF were present to alter the behavior of Xanthomonas campestris pv. vesicatoria (Xcv) that was
inoculated onto leaves.  While an average of 323 lesions formed when Xcv was inoculated onto normal tomato, 570 lesions
formed per leaf on the DSF-producing plants, a finding expected if DSF was present since virulence of Xcv is enhanced by
DSF.  We have also initiated transformation of grapes with a chloroplast targeted rpfF construct.  We expect to receive the
transformed plants by December, 2008, and then will grow them to larger sizes, make green cuttings to produce enough
plants for pathogenicity testing by mid-2009.  Although RpfB is not required for DSF synthesis in Xf, it presumably aids in
DSF synthesis by encoding long chain fatty acyl CoA ligase which might increase availably of the appropriate substrates for
DSF synthesis by RpfF.  We expected that co-expression of RpfB and RpfF in the chloroplast will further enhance the DSF
levels in plants.  We have produced transgenic Arabidopsis plants with such a construct and find evidence of high levels of
DSF production.  Pathogenicity assays with the rpfF mutant of Xcc indicated that the transgenic plants can complement the
virulence of the non pathogenic rpfF mutant of Xcc
(Table 2).  Importantly, transgenic plants expressing
both rpfB and rpfF were more susceptible to the rpfF
mutant of Xcc, indicating enhanced DSF levels.  Given
this evidence of enhanced DSF production in
transgenic Arabidopsis, and recent results with
similarly-transformed tomato, we are initiating
transformation of grape with similar constructs.

Direct application of DSF to non-transgenic grape can
also confer disease control.  While we have very
recently determined the chemical structure and have
synthesized DSF of Xf, for these studies we used crude
ethyl acetate extracts of a DSF-producing E. herbicola
strain as a source of DSF.  The DSF was either topically applied as well as needle inoculated into the stems of grape either
once a day before inoculation with Xf or weekly.  While a single needle application of DSF reduces disease index, a weekly
application of DSF into the stem of the plant was much more effective (Figure 6).  These results are exciting in that they
suggest that disease control from external applications of DSF might be a practical means of disease control.  We have
recently been successful in determining the structure of Xf DSF and have synthesized gram quantities of DSF.  Plants have
recently been treated with topical and injected synthetic DSF and then inoculated with Xf; disease assessment will commence
in mid-November.

Table 2.  Disease severity from topical application
of bacteria varying in DSF production to Arabidopsis. Bacteria
were inoculated on different Arabidopsis genotypes
transformed with rpfF or with both-rpfB and rpfF

Arabidopsis genotype Xcc strains
Wild type rpfF-

Col (WT) ++++ -
rpfF transformed ++++ +
rpfF & rpfB transformed ++++ ++

-2

0

2

4

6

8

10 wild type
TRA1
TRA1
TRA3
TRA4
TRA5
TRA6
TRA7
TRA8
TRA9

Figure 4.  Disease severity (#
symptomatic leaves/plant) on Freedom
grape transformed with the rpfF gene
encoding DSF production and inoculated
with Xf.

Figure 5.  DSF extracted from transgenic tobacco SR1 plants
harboring a chloroplast targeted RpfF (left) or from WT
tobacco (center) or purified DSF from Xcc (right). DSF is
spotted on a paper disc on the right side of each image and
the Xcc DSF bioindicator is to the left.  gfp fluorescence is
evidence of DSF.
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Objective 2.  Graft transmissibility of DSF.
To test whether DSF is mobile within the plant we are performing grafting experiments in which DSF-producing tobacco
transformed with the rpfF of Xf are used as rootstocks to which normal SR1 tobacco is grafted as a scion (Figure 7).  Over
100 of such grafted plants have now been made, and they have been inoculated with Xf to test whether normal SR1 scions on
DSF-producing rootstocks have a lower susceptibility to Xf colonization; disease will be rated by mid-November.  Non-
chloroplast targeted RpfF-expressing transgenic Freedom grape plants have been propagated in sufficiently large numbers to
produce enough plants to serve as rootstocks to test with Xf inoculations in larger scale studies.  Over 100 such plants have
now been propagated and green-grafting of Cabernet Sauvignon has been successfully employed to produce grafted plants
with a normal Freedom and a DSF-producing Freedom rootstock (Figure 7).  Initial attempts at green grafting of grape
produced a low frequency of successful grafts, but a new procedure has provided a satisfactory level of graft success; the
grafted plants have been inoculated with Xf to test for graft transmissibility of DFS as evidenced by reduced movement of Xf
and disease severity.

Objectives 3 and 4.  Disease control with endophytic bacteria.
We have been successful in producing large quantities of DSF in endophytes like Erwinia herbicola and also in lab strains of
E. coli (Table 2).  We recently were able to transform a putative efficient endophyte of plants, Rizobium etili G12 with both
the Xcc and Xf rpfF (DSF biosynthetic gene) and have obtained production of DSF in this strain.  This DSF-producing
endophyte has been inoculated into grape to determine both its ability to move and multiply within grape as well as its ability
to interfere with the disease process.  The R. etli strain G12 was found to move within grape tissue after inoculation into
either the stem or the leaves.  When measured four weeks after inoculation by puncture inoculation into one site in the stem,
measurable populations of R. etli were seen as far as 50 cm away from the point of inoculation (Figure 8).  While the
population size away from the point of inoculation were relatively low in this short time interval since inoculation, this strain
clearly has the ability to move within grape; we are excited about this result since no other of several bacterial strains that we
have investigated for the ability to move within grape has ever exhibited any ability to move beyond the point of inoculation.
Further studies are underway to determine the population sizes to which R. etli will grow given more time after inoculation.
R. etli also has the ability to move within grape leaves and multiply to high population sizes.  When applied as a point source
to leaves using a penetrating surfactant, cells of R. etli could be found up to three cm away within one week, and population
sizes of this strain increased 100-fold within three weeks after inoculation (Figure 9).  Studies are continuing to determine
the maximum population size that this strain can achieve in grape leaves.

Figure 7. Grafted SR1 tobacco plants
(left) and Cabernet Sauvignon grape
grafted onto DSF producing Freedom
rootstocks (right) onto which Xf has
been inoculated.  The plants are as yet
asymptomatic.

Figure 6. Disease incidence-severity
relation (disease index) for grape
inoculated with Xf and to which DSF
was topically applied or introduced
into the stem.
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Various DSF-producing bacteria were tested for their ability to control Pierce’s disease when applied to grape in different
ways.  DSF-producing R. etli were both needle inoculated one or more times at sites near where Xf was subsequently
inoculated, as well as co-inoculated with Xf into grape stems and sprayed onto leaves with 0.5% of the penetrating surfactant
Breakthru 1 week before Xf was inoculated into stems.  The co-inoculation of R. etli with Xf greatly decreased the incidence
of colonization of grape petioles compared to control plants inoculated with Xf alone (Figure 10) while topical application or
injection elsewhere in the stem provided little control.  We presume that the relatively slow movement of R. etli in the stems
of plants (Figure 8) explains why co-inoculation was most effective. R. etli was somewhat susceptible to damage from
Breakthru and its population sizes were reduced during application with this detergent.  We will continue to test different
ways in which R. etli can be introduced into plants to determine its ability to control PD.  We expect that introduction of R.
etli into stems far in advance of Xf will provide much better disease control. RpfC- mutants of Xf greatly over-produce DSF
so we tested them for their ability to control PD when applied in various ways as discussed above for R. etli.  The incidence
of colonization of grape petioles with Xf was greatly reduced when plants were needle inoculated into grape either two weeks
before plants were inoculated with Xf or when coinoculated with the pathogen (Figure 11).  While the RpfC mutant does not
move as well within grape as the wild-type Xf, its presence locally in plants can suppress the movement of wild-type Xf and
thus lead to control of PD.  These studies are promising and are being repeated.

Objective 5.  Degradation of DSF by plants. Development of an Xcc biosensor efficient in detecting Xylella DSF.
For many of the objectives of this project, in addition to the study of DSF degradation in plants an improved bioindicator for
DSF would be very valuable.  We are presently using an Xcc-based biosensor in which the endoglucanase gene is linked to a
green fluorescent protein (GFP) reporter gene.  Previous studies have shown that this biosensor is able to detect the DFS
made by Xf but that it detects Xf DSF with a lower efficiency then the Xanthomonas DSF since the two molecules apparently
differ slightly.  We have devised a strategy to develop a surrogate Xcc biosensor system which will express all the

Figure 10. Incidence of colonization of
petiols of grape by Xf when plants were
treated with DSF-producing R. etli in
various ways.

Figure 11. Incidence of colonization
of petioles of grape by Xf when plants
were treated with RpfC mutants of Xf
in various ways.

Figure 8. Population size of R. etli in
stems four weeks after inoculation at one
point.

Figure 9. Population size of R. etli in leaves one,
two, and three weeks after inoculation at a single
point.
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components of DSF signal transduction of Xf. This should give rise to a system which is close to DSF signal transduction
system in Xcc.  We have made two different Xanthomonas strains in which the endogenous signal synthesis as well as signal
recognition system (consisting of the hybrid two component RpfC and RpfG response regulators) has been knocked out.  In
one of these strains the DSF signal synthase RpfF and the DSF signal sensor RpfC has been knocked out (Figure 12).  We
have also made an Xcc strain in which the DSF synthase gene RpfF has been knocked out in a background of a RpfCHG
deletion.

These mutants will enable us to express the Xf RpfC-RpfG two component system and should serve as a more sensitive
surrogate host biosensor.  Completion of the biosensor is expected within three more months.  It then will be applied to the
study of Xf DSF stability in plant extracts as originally proposed.

We also are investigating the use of Xf itself to detect DSF. Among the several genes that we know to be regulated by DSF,
those genes most strongly regulated include pil genes involved in twitching motility, several genes such as fimA and hxfA and
HxfB which are involved in cell-surface adhesion, and gum genes involved in production of EPS.  We thus have examined
the phenotypes of an rpfF- mutant of Xf exposed to different amounts of DSF to determine if it can be used to bioassay for
the presence of DSF.  Initial results are encouraging.  Suppression of twitching motility of the rpfF- mutant was observed
when DSF was added at concentrations greater than about 10 uM (Figure 13).  Likewise, cells of the rpfF- mutant which
were not adherent, and thus which did not form cell-cell aggregations became much more adherent to each other when DSF
was added at concentrations greater than about 10 uM (Figure 14).  Thus it appears that we can assess the concentration of
DSF in samples using either a cell twitching assay or a cell adhesion assay using Xf cells, although both assays are time
consuming and somewhat qualitative.

Initial results have shown relatively little induction of EPS production in an rpfF- mutant of Xf by the addition of DSF; little
EPS was observed whether DSF was added to culture medium or not.  We are investigating, in cooperation with Rodrigo
Almeida, other medium contents which might be needed for EPS production and have very preliminary evidence that EPS
production can be stimulated by DSF under the correct culture conditions.  EPS abundance will then be measured both
chemically and immunologically as an estimator of DSF abundance.

Figure 13                                                                               Figure 14

Wild type Xcc rpfF::Spec rpfC-Kan rpfF-rpfC

Figure 12. Different Xcc mutants constructed to serve as surrogate host for expressing the Xf RpfC-
RpfG two component DSF signal transduction system. The presently used Xcc biosensor
8523/pKLN55 is sprayed over the colonies. Presence of DSF is detected by the GFP fluorescence of
the biosensor.
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Objective 5. Plant regulation of Xf virulence factors.
Before investigating the effects of plant extracts on gene expression in Xf, we have further examined the complex pattern of
gene regulation in Xf that is DSF dependent to better understand which virulence genes might be most informative to
examine.  Analysis of the genome sequence of Xf revealed that several genes encoding proteins potentially involved in
intracellular signaling are present.  Gene expression of several genes was thus examined in both an rpfF and rpfC mutant
background as well as a double mutant (Table 3).  The results have enabled the production of a more complete model of
DSF-dependent gene expression in Xf (Figure 15).  The several genes identified in Table 3 will be examined by RT-PCR in
cultures of Xf to which plant extracts have been applied as proposed.

CONCLUSIONS
Several methods of altering DSF levels in plants, including direct introduction of DSF-producing bacteria into plants, and
direct application of DSF itself to plants appear promising as means to reduce Pierce’s disease.  Given that DSF
overabundance appears to mediate an attenuation of virulence in Xf we have transformed grape with the rpfF gene of Xf to
enable DSF production in plants; such grape plants produce at least some DSF and are much less susceptible to disease.
Higher levels of expression of DSF have been obtained in plants by targeting the biosynthetic enzymes to the chloroplast.
Studies are underway using grafting experiments to determine if DSF produced by rootstocks can move to scions and confer
disease control.  Transgenic DSF-producing plants appear particularly promising and studies should soon indicate whether
they could serve as a rootstock instead of a scion.  Several genes encoding traits such as exoenzyme production, type IV pili
involved in twitching motility, and a variety of fimbrial and non-fimbrial adhesins are most strongly regulated by the
accumulation of DSF in bacterial cultures as well as in planta.  The expression of these genes will be assessed when Xf is
within different plant species to determine the host plant specificity of expression of such virulence genes.  While the
principle of disease control by altering DSF levels has been demonstrated, more work is needed to determine how to achieve
this by the most practical means.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.

Figure 15.  A proposed model for DFS-
mediated cell-cell signaling regulation in
Xylella fastidiosa.

Table 3. Relative quantification of gene expression
regulated by rpfF and rpfC by real-time RT-PCR.
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ABSTRACT
The movement of Xylella fastidiosa (Xf) in plants and insect transmission is controlled by a small diffusible signal factor
(DSF) that accumulates when cells are at high cell densities. Pathogen behavior can be dramatically changed and disease
reduced by altering the abundance of DSF in plants in a form of “pathogen confusion.”  To enable new strategies of pathogen
confusion we have chemically characterized the DSF produced by grape strains of Xf as 2-Z-tetradecenoic acid (hereafter
called C14-cis).  The DSF is structurally related to, but distinct from, the DSF made by Xanthomonas campestris pv.
campestris (Xcc). While an Xcc eng:gfp based biosensor for DSF can detect as little as about 1 uM of DSF produced by Xcc,
more than about 100 uM of C14-cis is required for detection.  Biological assays for the presence of C14-cis are being
developed in Xf. As the expression of genes conferring type IV pili and thus twitiching are suppressed while those involved
in extracellular polysaccharide (EPS) production and production of various cell adhesins are induced in the presence of DSF
in Xf, we are developing bioassays for C14-cis using an rpfF mutant of Xf that cannot produce DSF but which can respond to
exogenous C14-cis.  Twitching motility of the rpfF mutant was suppressed in the presence of as little as 1 uM exogenous C14
cis while cell-cell adhesiveness and cell-surface adhesiveness was enhanced.  Preliminary results indicate that Xf responds to
C14-cis concentrations that are at least 10-fold less than that of the DSF produced by Xcc suggesting that the responsiveness
of different DSF-producing bacteria is likely species specific; eg. they respond best to the DSF that they produce.  Further
bioassays based on immunological detection of cell surface adhesins or EPS as well as by quantifying mRNA associated with
these genes in Xf are being developed.  Sufficiently large amounts of C14-cis, as well as the sodium salt of this fatty acid,
which is highly water soluble, have been produced and have been used as topical and injected treatments of grape that have
subsequently been challenge inoculated with Xf for tests of disease control.  We have designed and will soon initiate
synthesis of DSF-analogs and test them for their ability to alter pathogen gene expression and behavior in culture as well as
control disease.

INTRODUCTION
Research in the Lindow lab has provided considerable evidence for a diffusible signal factor (DSF) encoded by rpfF, which
was considered likely to be a fatty acid derivative, that operates in quorum sensing and biofilm initiation in Xylella fastidiosa
(Xf). Xf rpfF- mutants, blocked in production of DSF, exhibit increased virulence to plants, however, they are unable to be
spread from plant to plant by their insect vectors.  We found that Xf colonizes grapevine xylem extensively, with many
vessels harboring relatively few Xf cells and only a minority blocked by Xf. We thus believe that Xf has evolved as an
endophyte that colonizes the xylem; blockage of xylem would reduce its ability to multiply and thus the DSF-mediated
virulence system in Xf constrains virulence when cell density increases to high levels in the plant.  Preliminary data indicate
that DSF perception is central to the expression of a large number of genes in Xf, including those that are involved in
virulence to plants as well as acquisition by insect vectors. DSF accumulation results in the expression of several fimbrial
and afimbrial adhesins, resulting in the cells becoming “sticky” in the plant.  DSF accumulation also results in the
suppression of expression of extracellular enzymes such as polygalacturonases and endoglucanases that are required for
erosion of pit membranes and hence movement through the plant. As the pathogen apparently acquires substantial nutrition
from the degradation products of the pit membranes, DSF thus suppresses the multiplication in vessels as cell numbers, and
hence DSF, accumulate. Xf thus appears to coordinate its behavior in a plant to have both an “exploratory” phase (non-sticky
cells highly expressing pit membrane-macerating enzymes) that enable it to spread widely through the plant but not be easily
acquired and transmitted by insect vectors, that occurs until cells start to become locally abundant.  This phase is followed by
an “acquisition phase” (sticky cells that no longer express extracellular enzymes) in a subset of the cells that are maximally
transmitted, by insects.  Thus, because the plant lifestyle (as an endophyte) conflicts with its ability to adhere to insects and
be transmitted the pathogen apparently takes on a “bi-polar” lifestyle of two different physiologies that are adapted for plant
invasion and insect transmission, respectively.  DSF serves as the switch to coordinate the plant lifestyle and convert cells
into the insect acquisition phase.

Our earlier work demonstrated that the severity of Pierce’s disease is reduced when the levels of DSF are increased in the
plant in various ways.  For example, the severity of Pierce’s disease is greatly reduced when DSF-producing bacteria are co-
inoculated with Xf into grape or when DSF expression is enhanced in Xf itself.  In a direct approach to altering DSF levels in
plants we have transformed grape with the rpfF gene from Xf. Large numbers of clonal rpfF-expressing grapes have been
produced and inoculated with Xf to test for susceptibility to Pierce’s disease. In very exciting results, the DSF-expressing
grapes are MUCH less susceptible to Pierce’s disease.  The severity of disease was reduced over 10-fold compared to non-
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transformed plants.  While Xf spread throughout non-transformed plants causing disease on petioles located great distances
from the point of inoculation, disease was observed only very close to the point of inoculation in rpfF-expressing plants.  A
major goal of this proposal is to determine the structure of Xf DSF so that it and analogs can be evaluated in a strategy of
control of diseases caused by Xf that rely on “pathogen confusion”.  Synthetic DSF and analogs will be made and tested for
efficacy in controlling Pierce’s disease by introducing these materials on or into the plant in various ways.

OBJECTIVES
1. Identification and characterization of low molecular weight signaling molecule (DSF) central to behavior of Xf.
2. Design and synthesize low molecular weight compounds capable of interfering with signal molecule function in Xf.
3. Evaluate efficacy of signal analogs for control of disease and insect transmission of Xf.

RESULTS AND DISCUSSION.
Objective 1.  Characterization of DSF. We determined the conditions that led to optimum production of DSF by Xf and
surrogate hosts.  An rpfC mutant of Xf that is de-repressed for DSF production was cultured in defined media for the harvest
of signal molecules. We found that an RpfC- mutant of Xf produces about 11-fold more DSF than a wild type strain.  We also
expressed rpfF from Xf in E. coli and Erwinia herbicola strain 299R under strong promoters.  The yield of DSF from these
surrogate hosts was much larger than even from the rpfC mutant of Xf because of the much larger number of cells that could
be produced in culture.  We obtained more than 100-fold more DSF than normally produced by a comparable number of Xf
cells in such surrogate hosts, and found that that E. herbicola is a superior surrogate host.

The scheme depicted in Figure 1 was used to isolate and characterize the DSF from Xf. Initial characterization of DSF was
made from the large amounts of DSF produced in these surrogate hosts.  DSF was extracted from culture media using ethyl
acetate partitioning.  Among several fractions from separations of materials made from these crude extracts made by flash
column chromatography, the fraction containing organic acids showed
higher activity in an Xcc DSF bioassay than other fractions above the
background.  The Xf DSF isolated from reverse phase HPLC of the active
fraction showed NMR spectral data consistent with a fatty acid containing
one site of unsaturation.  The DEPT 135 indicates that this is a straight
chain acid with no branching.  Spectral data suggest the Xf DSF has a
molecular formula of C14H26O2.  The methyl ester was synthesized for
GCMS analysis.  The methyl ester has a molecular formula of C15H28O2
which means the XfDSF has a formula of C14H26O2.  DSF was then
extracted from Xf and used to verify that the compounds made by Xf and
the surrogate hosts are the same. Xf was grown on periwinkle wilt (PW)
gel in solid culture.  From 200 plates (~4 L volume), we were able to
obtain 0.8 mg of the XfDSF.  The gel medium was cut into 0.4 x 0.4 cm
squares and sonicated with twice the volume of ethyl acetate.  Extracts
were purified by flash column chromatography and HPLC as described
above.  The isolable active compound (DSF) from Xf was identified as 2-Z-
tetradecenoic acid (hereafter called C14-cis).  Isolates from an rpfF mutant
of Xf strain did not produce C14-cis.  The putative Xf DSF was synthesized
using a Still-Gennari olefination followed by saponification (Figure 2).
The spectral data for the acid isolated from E. herbicola match those
obtained for the synthetic 2-Z-tetradecenoic acid.

Figure 1. Process by which Xf DSF was
isolated and characterized.
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Based on the finding that the DSF from the E. coli and E. herbicola surrogate hosts harboring Xf rpfF, and that isolated from
rpfC mutants of Xf were the same and that all matched that the synthetic material, we conclude that DSF from Xf is C14-cis
(Figure 3).  The putative DSF from Xf differs somewhat from the DSF made by Xcc in that it has a longer, but unbranched
acyl chain (Figure 4).

Figure 4.  Structure of DSF made by Xanthomonas campestris.

The biological activity of C14 cis was assessed using the Xcc based biosensor Xcc 8523 (pKLN55).  In this biosensor gfp
fluorescence conferred by cells harboring an eng:gfp reporter gene fusion that is responsive to Xcc DSF is measured. While
the Xcc based biosensor for DSF can detect as little as about 1 uM of DSF produced by Xcc, more than about 100 uM of C14-
cis is required for detection. (Figure 5).  It is important to note that the biological activity of C14-cis was much less than that
of Xcc DSF; this was expected as earlier work had revealed that while the Xcc biosensor could detect DSF from Xf the signal
was much lower than from a corresponding amount of cells of Xcc.  It is also clear that the trans form of the C14 enoic acid
has no biological activity in this assay (Figure 5).

Figure 2.  Synthesis of C14-cis.

Figure 3. Putative structure of C14-cis, the DSF made by Xf.
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Biological assays for the activity of  C14-cis are also being developed in Xf. As the expression of genes conferring type IV
pili and thus twitching are suppressed while those involved in EPS production and production of various cell adhesins are
induced in the presence of DSF in Xf, we are developing bioassays for C14-cis using an rpfF mutant of Xf that cannot
produce DSF but which can respond to exogenous C14-cis.  Twitching motility of the rpfF mutant was suppressed in the
presence of as little as 1 uM exogenous C14 cis while cell-cell adhesiveness and cell-surface adhesiveness was enhanced
(Figure 6).  Preliminary results indicate that Xf responds to  C14-cis concentrations that are at least 10-fold less than that of
the DSF produced by Xcc (Figure 7) suggesting that indicating that the responsiveness of different DSF-producing bacteria is
likely species specific; eg. they respond best to the DSF that they produce.

Further bioassays based on immunological detection of cell surface adhesins or EPS as well as by quantifying mRNA
associated with these genes in Xf are being developed to better assess the activity of DSF and synthetic analogs in future

Figure 5.  Dose response relationship for DSF from
Xcc and that from Xf as well as other related enoic
acids.

Figure 6.  Twitching motility of Xf evident as a fringe around
the colony of an rpfF mutant (top) on PWG medium but not
around the colony when grown on medium containing C14-cis.

Figure 7.  Inhibition of twitching activity of an
rpfF mutant of Xf in the presence of different
concentrations of DSF from Xf and Xcc.
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experiments.  The current biodetector for DSF that we developed earlier is based on an eng:gfp fusion that is expressed in
Xanthomonas campestris pv. campestris (Xcc) (it was known that the endoglucanas gene of Xcc was induced in the presence
of DSF).  The Xcc DSF biosensor (8523/PKLN55) will detect DSF of Xf but we have now shown it to be much less
responsive to C14-cis.  This may be due to considerable differences in the components involved in DSF sensing like RpfC
and RpfG which are hybrid two component sensor and response regulators in Xcc and Xf. We thus will produce improved
biosensors by two different means: A)  The rpfC and rpfG genes from Xf that are believed to be required for signal
transduction in the presence of DSF will be used to replace these homologs in Xcc.  To increase the sensitivity of Xcc
biosensor for Xylella DSF, we will express the whole DSF signal transduction component (RpfC, RpfG and RpfE) of Xf in an
rpfF- Xcc mutant background.  In this strategy, we will clone the entire operon of rpfC, rpfG and rpfE of Xf and insert the
operon in a construct containing the flanking sequence of the Xcc rpf genomic region.  The entire region will be recombined
in the rpfF- and wild type Xcc background.  We have already made constructs which can express high levels of Xf rpfC.
Thus this Xcc bioreporter should respond more efficiently to DSF from Xf; and B) as an alternative, we will take advantage of
the fact that we now know what genes in Xf are induced in the presence of DSF. For example, we now know that gumJ,
involved in extracellular polysaccharide (EPS) biosynthesis is strongly induced in the presence of DSF from Xf and that DSF-
deficient strains produce noticeably less EPS in culture.  We will fuse this gene to a gfp reporter gene and introduce it into the
genome of Xf by homologous recombination to yield cells of Xf that will become green fluorescent in the presence of DSF.
Such cells should be much more responsive to Xf DSF and be useful in assaying biochemical fractions for DSF in the
purification processes below and in assaying DSF analogs.  Alternatively, we can detect EPS production by Xf both in culture
and in plants by use of antibodies that recognize the EPS of Xf. Such antibodies have recently been described by the group of
Bruce Kirkpatrick.  We expect that DSF-deficient RpfF- mutants of Xf will exhibit little or no EPS production as monitored
by use of fluorescently-labeled antibodies directed against EPS.  A GFP-marked RpfF- strain of Xf could be used as a DSF
detector both in culture and in planta by examining co-localization of constitutive GFP fluorescence and red fluorescence
when a red-fluorophore-labeled anti-EPS antibody is applied to a sample; GFP fluorescent cells that were not also labeled
with the antibody stain would indicate lack of DSF availability while cells that were both GFP and red fluorescent would
indicate the presence of DSF.

Objective 2.  Design and synthesize DSF analogs.  We have made several synthetic analogs of C14-cis for testing for
biological activity in Xf (Figure 8).  As these materials have only recently been synthesized, the biological activity of most
have not yet been assayed.  As noted above and as expected, the trans variant of the C14 enoic acid exhibited no activity in
any of the biological assays performed today.  In addition to the DSF analogs noted in Figure 8, various halogenated variants
will also be synthesized.

Figure 8. Analogs of the DSF produced by Xf that have been synthesized to date.

Objective 3.  Synthesis of sufficient DSF analogs for in planta evaluations.  We have synthesized gram quantities of C14 cis
as well as the Sodium salt of this fatty acid which is highly water soluble.  These quantities are sufficiently large for initial
greenhouse studies. These materials have been sprayed onto leaves as well as injected into stems and used as a soil drench in
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initial studies to determine their efficacy for disease control.  After treatment plants have been challenge inoculated with Xf
and disease incidence will be measured; the first disease symptoms are expected by mid-November.

CONCLUSIONS
The DSF produced by grape strains of Xf has tentatively been characterized by C14-cis.  Both its relatively higher biological
activity as assessed in Xf than that of the DSF from Xcc and lesser activity in an Xcc bioassay  is as expected, indicating that
there is considerable specificity in the structure-function relationships between different bacterial DSF signal molecules.  The
production of sufficient Xf for testing for pathogen confusion has been shown to be possible and we are anxiously awaiting
initial tests to determine if topical applications of the material can lead to disease control via pathogen confusion.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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WHICH GRAPE VARIETALS ARE SOURCES OF PIERCE’S DISEASE SPREAD?  DECOUPLING
RESISTANCE, TOLERANCE, AND GLASSY-WINGED SHARPSHOOTER DISCRIMINATION

Principal Investigator:
Rodrigo Almeida
Dept. Environ. Sci., Policy, & Mgmt.
University of California
Berkeley, CA  94720
rodrigo@nature.berkeley.edu

Cooperators:
Jennifer Hashim-Buckey
UC Cooperative Extension
Bakersfield, CA  93307
jmhashim@ucdavis.edu

Matthew Daugherty
Dept. Environ. Sci., Policy, & Mgmt.
University of California
Berkeley, CA  94720
fezzik@berkeley.edu

Reporting Period: This project has just been funded.  We have no results to report at this time.

ABSTRACT
The glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) is an important vector of Xylella fastidiosa (Xf), the
etiological agent of Pierce’s disease (PD).  Grape species and cultivars differ in PD severity, suggesting there is variability
among cultivars in resistance or tolerance to Xf. Quantifying the relative levels of resistance and tolerance among different
varietals is critical because each may impact GWSS spread of Pierce’s disease in different ways.  Tolerant varietals,
especially, may act as Xf sources.  We will evaluate the feasibility of using existing Vitis vinifera cultivars to control PD
spread by quantifying resistance, tolerance, and GWSS behavior for several important table and wine grape varietals.  This
work will provide recommendations to growers in high risk PD areas on which varietals to use to minimize spread.

OBJECTIVES
We propose to independently quantify Xylella fastidiosa (Xf) infection level (i.e. resistance), symptom severity (i.e.
tolerance), and glassy-winged sharpshooter (GWSS) preference for infected versus healthy plants, for several economically
important raisin, table and wine grape varietals. Our specific objectives are:
1. Measure the relative levels of both resistance and tolerance for important California grape varietals.
2. Measure GWSS discrimination against infected vines and Xf spread for different grape varietals.
3. Measure overwinter recovery from infection for different grape varietals.

We will address the first objective in both greenhouse and field experiments that evaluate comprehensively Xf infection and
symptom development in several table and wine grape varietals.  The second objective is needed to understand how GWSS
movement and feeding preference (for healthy vs. infected) differ among grape varietals, and what are the consequences for
Xf spread.  We will address the third objective with field and greenhouse measurements of recovery from Xf infection for
different varietals – an important epidemiological determinant of Pierce’s disease (PD) prevalence.  Collectively, this
research will allow us to pinpoint which of the current table and wine grape varietals are most and least likely to promote
spread of Xf. Such information will allow vineyard managers to temper PD outbreaks with targeted plantings of low risk
varietals.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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EPIDEMIOLOGY OF PIERCE’S DISEASE IN TEXAS VINEYARDS

Principal Investigator:
David N. Appel
Dept. of Plant Pathol. &

Microbiol.
Texas A&M University
College Station, TX  77843

Co-Principal Investigator:
Cruz Torres
Dept. of Plant Pathol. &

Microbiol.
Texas A&M University
College Station, TX  77843

Cooperators:
Tom Kurdyla,
Dept. of Plant Pathol. &

Microbiol.
Texas A&M University
College Station, TX  77843

Lisa D. Morano
Dept. of Natural Sciences
Univ. of Houston- Downtown
Houston, TX  77002

Reporting Period: The results reported here are from work conducted April 2005 through September 2008.

ABSTRACT
Multiple studies are being conducted to improve current recommendations for control of Pierce’s disease (PD) of grapes in
Texas.  These studies focus on epidemiology of the pathogen, Xylella fastidiosa (Xf), in several Texas vineyards.  Sequential
surveys in one of those vineyards for PD symptoms and vine mortality were conducted annually between 2005 – 2007.  Very
different disease progress and mortality rates were recorded for four varieties, including Chambourcin, Ruby Cabernet,
Shiraz, Primitivo, and Blanc du Bois.  Chambourcin exhibited the high mortality rate, while Blanc du Bois had the least
mortality.  Two different plantings of Shiraz responded very differently to the pathogen.  Attempts were made to isolate the
pathogen from throughout the vineyard and relate the success to the survey results.  The pathogen was most easily isolated
from vines in the advanced stages of disease development, but the pathogen could also be isolated from apparently healthy,
symptomless vines.  Vine recovery from infected plants was common in some varieties.  The collection of isolates was
analyzed using 5 Single Sequence Repeat (SSR) markers, confirming the population was exclusively in the Xf subsp.
fastidiosa group.  Three distinct strains were delineated within the pathogen population.  Studies are ongoing to determine the
significance of the strains with the population and how they may be influencing disease development.  The results of these
studies are particularly important to how we recommend roguing for control of within-vineyard spread of the pathogen.

INTRODUCTION
Xylella fastidiosa (Xf), the causal agent of Pierce’s disease (PD) of grapes, is considered to be a native, endemic pathogen in
Texas.  PD is a limiting factor for growth of Vinifera varieties in many of the winegrape regions in the state.  Current
recommendations for PD control can be expensive and inconsistent.  As a result, growers face a great deal of anxiety over
sustained production in existing vineyards, as well as a lack of confidence in selecting varieties for replanting and
establishing new vineyards.  Information on disease progress in preferred grape varieties is needed to for growers in high risk
PD areas.

Another problem for growers concerning PD relates to routine, timely and reliable diagnostic results.  Each of the currently
available methods for diagnosing PD has strengths and weaknesses when needed for locating diseased vines.  This is
particularly true when attempting to relate the appearance of visual symptoms to the results of diagnostic testing.  The
practice of roguing to reduce within-vineyard sources of inoculum is dependent on quickly identifying suspect vines.  Failure
to do so may lead to additional infections, but removal of falsely identified diseased vines will unnecessarily reduce
productivity.

Vine to vine spread of Xf appears to be an important element in the development of a PD epidemic in a vineyard.  Patterns of
disease incidence in some vineyards suggest that there are clusters of diseased vines from which the pathogen is transmitted
in distinct directions by sharpshooters (Tubajika et al. 2004).  Roguing is intended to prevent this sort of spread.  A better
understanding of this process might be provided by analyzing the population structure of Xf within a vineyard.  The existence
of multiple subspecies of Xf, and the potential for the introduction of different subspecies into vines by sharpshooters,
provides an additional source of unknown variation to the epidemiology of PD in Texas.  An understanding of strain diversity
within a subspecies might also be useful for identifying potential sources of inoculum and subsequent spread of the pathogen
through a vineyard.

The goal of this project is to improve current recommendations for control of PD by learning more about the epidemiology of
the pathogen.  Different approaches are being used to analyze disease incidence and severity over time and space to reveal
underlying influences on disease development.

OBJECTIVES
1. Compare rates of PD development among common grape varieties in a Texas vineyard.
2. Relate symptom development in diseased vines to the isolation of Xf.
3. Analyze population structure of Xf in a Texas vineyard.
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RESULTS AND DISCUSSION
Disease progress rates. Sequential surveys of symptom development in individual vines were carried out annually in a
vineyard near Brenham, TX.  This vineyard, planted in 2000 and 2001, is located in the south eastern winegrape region of the
state.  Eight grape varieties were planted in 2000 and 2001 in blocks ranging from 512 – 1270 vines.  The results from 7 of
these vineyard blocks containing 5 varieties are reported here, including only those blocks containing greater than 1000 vines
(Table 1).  Vines were rated on a 1 – 5 scale, where 1 was a symptomless, healthy vine and 5 was dead.  A vine rated 2 had a
few leaves with typical foliar scorch, a 3 extensive scorching, and a 4 exhibited various combinations of matchsticks, green
islands, and scorching combined with significant dieback.

Table 1. Attributes of 7 blocks containing 5 grape varieties in a vineyard near
Brenham, TX.

Variety No. of Vines Year Planted Rootstock

Chambourcin 1071 2001 own
Shiraz (4) 1270 2001 101-14
Primitivo (4) 1270 2001 SO4
Primitivo (3) 1280 2000 101-14
Shiraz (3) 1280 2000 101-14
Ruby Cab 1152 2000 101-14
Blanc du Bois 1071 2001 own

The surveys revealed a variety of responses to PD.  In Figure 1, the decline in vines rated “healthy”, with no scorching
(Rating 2) is depicted for each of the varieties.  A few of the varieties, such as Chambourcin, Shiraz block 4, and the Ruby
Cab block 5 had little decline in the numbers of healthy vines.  In contrast, the decline in symptomless vines dropped steeply
for the Chambourcin, Blanc du Bois, Ruby Cab block 5, and Shiraz block 4.  There was a noted trend of recovery of
Chambourcin, Blanc du Bois, Shiraz and Ruby Cab Block 5 in 2006, but the proportions of symptomless vines declined again
the following year.
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Figure 1. Proportions of healthy, or symptomless vines, in 7 vineyard blocks
containing 5 grape varieties in a Texas vineyard.

Figure 2 depicts the mortality curves for the same varieties.  The two steepest rates of mortality are exhibited by the varieties
Cahmbourcin and Shiraz Block 4.  As would be expected, Blanc du Bois, a muscadine hybrid x French varietal cross, had the
lowest mortality rate during the 2 years of the survey.  Shiraz Block 3 also had one of the lowest mortality rates, in contrast to
Block 3 of the same variety that was planted a year earlier and was located just a few yards away.
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Figure 2. Disease progress in seven grape varieties as measured by vine mortality.

Chambourcin is a French-American hybrid producing red grapes with an uncertain genealogy.  There is some evidence that
this variety is prone to overcropping, and without compensating for this tendency can undergo significant vine stress and
decline.  Blanc du Bois is a wine grape developed in Florida as a result of a cross between another American hybrid and the
Cardinal table grape.  It is known to be resistant to PD. Although these mortality rates are largely consistent with
expectations concerning susceptibility to Xf, the differences in mortality between the two blocks of Shiraz were unexpected.
The reasons for the dramatic differences in response are unknown.  The Shiraz block 3 was planted in 2000, and block 4 in
2001.   Although they both came from the same nursery, the different disease responses suggest there are some differences in
the genetic backgrounds of the two blocks.  They are on the same rootstocks and located adjacent to one another, making site
differences unlikely.

Attempted culturing for isolation of Xf. Six blocks in the Brenham vineyard were extensively sampled for laboratory
culturing and isolation of Xf (Table 2). Vines were randomly distributed from throughout each of 6 blocks representing 4
different varieties in order to obtain a representative sample from throughout the block and from vines in various states of
health.  Samples were collected during the first two weeks of June and rated two months later in August.  Samples were
surface sterilized and cultured on PW media.  From a total of 103 culture attempts in these blocks, the pathogen was
successfully isolated from 66 vines after one or two attempts.  The health status of the sampled vines is included in Table 2.
The 66 vines testing positive for isolation of Xf in June of 2007 were largely symptomless in 2005, two years before they
were sampled.  Twelve of the vines testing positive were ranked symptomless at the end of the growing season, illustrating
the ability of some vines to recover from infection and survive.  The majority of vines testing negative were rated
symptomless or in the earliest stages of disease development in 2007 as well as the two years previous.

Table  2.  Numbers of vines testing positive or negative for isolation of Xf ranked according to health where: 1 = healthy,
no symptoms, 2 = incipient symptoms with 1 or a few scorched leaves, 3 = majority of foliage symptomatic, 4 - 6 =
scorching, dieback, matchsticks, green islands, dead or removed.  Vines were rated at the end of the season after samples
were taken.

Numbers of Positive
Vines

Numbers of Negative
Vines

Year Rating =
1

Rating =
2

Rating =
3

Rating =
4-6

Rating =
1

Rating =
2

Rating =
3

Rating =
4-6

2005 30 33 2 1 24 10 0 1

2006 13 24 21 8 26 5 3 1

2007 12 6 20 28 19 7 3 6

Strain differentiation of isolates. Repeated sampling from several vines and sampling of vines from some smaller blocks in
the Brenham vineyard resulted in collection of 97 Xf isolates.  Simple sequence repeat (SSR) markers (Lin et al. 2005) are
being utilized to analyze the population structure of the isolates.  When 5 SSR markers were used with conventional PCR
(polymerase chain reaction), hierarchical clustering analysis resulted in delineation of 3 strain groups containing 14 – 44
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isolates per group.  There appears to be no selection of strains for different cultivars.  Spatial relationships and the association
between the occurrence of the strains and variation in disease progress will be analyzed.

CONCLUSIONS
Differences in susceptibility, tolerance, and resistance to Xf are being observed in popular grape varieties in Texas vineyards.
However, these differences are not entirely consistent with expectations based on previous observations (Fry and Millholland
1990).  Blanc du Bois proved to be extremely resilient, as expected, even though large proportions of the vines exhibit low
levels of scorching.  Even though we were unable to isolate the pathogen from the Blanc du Bois, vines in this vineyard have
tested positive with ELISA (enzyme linked immunosorbent assay) in other studies.  Another hybrid, Ruby Cab was also
extremely tolerant in the Brenham vineyard.  The two blocks of Shiraz responded very differently and illustrate the
difficulties that still remain in predicting the course of Pierce’s isease.  One planting is sustaining heavy losses, while a
nearby planting is proving very tolerant.  The reasons for these differences are unclear.  Insect control, irrigation, and other
management practices for the two Shiraz blocks were the same.  Since the two blocks were planted in different years, the
relative susceptibilities may result from different genetic backgrounds of the grapes.

There are always questions concerning the use of symptoms, particularly scorching, as basis for diagnosing PD.  Minor
scorching early in the season was prevalent on all varieties throughout the vineyard annually, and was used to select potential
vines for sampling and laboratory isolations.  These isolations illustrated that the pathogen was widely distributed throughout
the six vineyard blocks.  Consistent isolation of the pathogen does not occur until the vines are in advanced stages of disease
severity.  Yet the pathogen was also isolated at lesser frequencies from vines that were entirely symptomless by the end of the
growing season.  These results show why there are uncertainties in knowing when to rogue for disease control.  Although
scorching may reflect infection, it is not a good symptom for determining the ultimate fate of the vine.  Also, infected vines
may be symptomless and continue to yield.  Even though they may be colonized at levels too low to serve as inoculum
sources, they may unexpectedly collapse and thus become infective. This unpredictability will continue to confound efforts to
successfully rogue.

All of the isolates obtained from this vineyard were grape strains in the subsp. fastidiosa.  There has been some concern in
Texas that ELISA results may be identifying other subspecies in grapevines, but in the Brenham vineyard this does not
appear to be the case.  The significance of the three strains delineated with the 5 SSR markers has yet to be determined.  The
strains do not, however, appear to be associated with differences in disease development observed in the grape varieties.
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ABSTRACT
The release of new technologies is often hampered by downstream legal and regulatory roadblocks.  A thorough analysis of
the current intellectual property (IP) rights of commonly used research tools is crucial to avoiding these obstacles, especially
in regards to agricultural biotechnology, specifically plant transformation-related technologies.  Keeping in mind the intricate
patent landscape as well as the strong IP technology portfolio in the public sector, this project looks to combine these
available technologies for plant transformation.  The goal of this research project is to develop a grape-specific recombinase-
based marker excision system for the generation of genetically engineered Vitis that is marker free and can be more
amenable to market entry.  The anticipated construct will provide a convenient means of instituting the various Pierce’s
disease control strategies.  In this reporting period, we present our results in validating key components of the transformation
platform.

INTRODUCTION
PIPRA, Public Intellectual Property Resource for Agriculture, is a nonprofit, public sector organization comprising a
multitude of universities and institutions designed to manage the complex Intellectual Property (IP) landscape as well as
develop the tools for the deployment of commercial and humanitarian agricultural technologies.  Pierce’s disease (PD)
research has already generated promising long-term transgenic control strategies.  Unfortunately, the proprietary nature of
these gene transfer tools is unlikely to incorporate features that are compatible with evolving regulatory frameworks.  Thus,
research output with commercial potential but developed using technologies with limited freedom-to-operate (FTO) may
need to be reengineered with legal and regulatory considerations.  This research project aims to develop and test a
transformation system not only for research, but for commercial development of PD control strategies in grape that address
IP and regulatory issues.

OBJECTIVES
1. Design, develop, and validate a grape-specific transformation system that addresses legal IP, technical and regulatory

consideration.
2. Develop alternatives to Agrobacterium-mediated transformation for California wine grapes and/or cultivars suitable for

generating root stocks.
3. Develop strategies to disseminate biological resources under appropriate licensing agreements for the PD community.
4. Explore collaborative opportunities with researchers developing PD control strategies to link the developed

transformation technologies with specific PD resistance technologies.

RESULTS
Tranformation vector system: There are several marker removal strategies that have been employed in various plants
species.  However, because of the long generation time of grapes, those strategies which depend on multiple plant
generations are not feasible for grape cultivars.  Our strategy, which has been tested in several model plant systems, utilizes a
recombinase-based excision for removal of the selectable marker, after transgenic lines have been selected for, without the
possibility for re-integration of the marker (Dale and Ow 1991, Russell et al. 1992, Gleave et al. 1999, Sugita et al. 1999,
Sugita et al. 2000, Hohn et al. 2001, Zuo et al. 2001, Schaart et al. 2004).  The recombinase-mediated transformation vector
is designed with a three-part system: a plant marker to select for early transformants, a recombinase gene driven by an
inducible promoter that can be transiently activated to remove the plant selectable marker, and a negative selectable marker
(Perera et al. 1993, Gleave at al. 1999) to kill the cells in which poor or incomplete recombinase-mediated excision has
occurred.  With this strategy, we will be able to eliminate the selectable marker during the first generation of the plant tissue.
Currently, PIPRA’s recombinase transformation vector is in its final stages of cloning.
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Figure 2. GUS expression in grape callus transformed with
pER8:GUS grown on medium without estradiol (left) and grape callus
grown for 48 hours on medium containing 50 uM estradiol (right)

Figure 1.  Negative selection construct to test efficacy
Par-A mediated recombinase activity in tobacco and
grape.

Selectable markers: Previous research focused on testing other plant selectable markers such as DEF and Atwbc19; however,
neither of these markers is suitable for grape transformation.  Thus far, NPTII and hygromycin have shown to be more
efficient plant selectable markers.  Though there is a pending application, it appears the NPTII marker may have greater FTO
in the near future.

Negative Selection System: In addition, PIPRA has proposed using a negative marker selection which will provide a means
of eliminating transformants in which the recombinase gene has failed to properly excise the unwanted DNA.  Our negative
selection system makes use of cytosine deaminase which shows impressive sensitivity when exposed to 5-fluorocytosine.
This negative selection system has already been tested with the recombinase-mediated excision strategy for plastid
transformation (Corneille, Lutz et al. 2001) and strawberry (Schaart, Krens et al. 2004).  IP analysis revealed that we had
appropriate freedom to operate (FTO) to isolate the cytosine deaminase gene from E. coli K12 MG1655.  Cloning of this
cassette is complete, with the cytosine deaminase gene being driven by the FMV34S constitutive promoter.  The cassette has
been successfully cloned into a binary transformation vector and transformed into grape and tobacco callus.  The transformed
tissue will be treated with increasing amounts of 5-fluorocytosine to identify the concentration necessary to eliminate the
tissue.  Those experiments are currently ongoing.

A parallel experiment aims to test the efficacy of the Par-A
excision activity prior to commercial and humanitarian
development of our vector.  We will employ another type
of negative selection involving DsRed and GUS reporter
genes (Figure 1, panel A).  The recombinase efficiency
can be evaluated by comparing expression levels of the
two visual markers.  A successful recombination event will
result in the deletion of the RRS-flanked DNA, which
contains the hygromycin plant selection marker as well as
the DsRed marker.  Therefore, only the GUS marker,
placed in the GOI cassette should be expressing in the
plant (Figure 1, panel B).  We are currently in the final
stage of the cloning of this construct.  The last step is the
insertion of the completed Par-A recombinase cassette
module.

Promoters: This transformation platform will
include a number of constitutive promoters for
expression in grapes (Purdue’s MAS, University
of California’s UC FMV34S, G10-90 from Zuo,
Niu et al. 2000).  In addition, we have
incorporated an estrogen-inducible promoter
system for tight control of transcription activity.
This promoter will be used to regulate the
expression of the recombinase gene.  Precise
control of expression of the recombinase gene is
preferred to avoid premature excision which
may occur due to the leaky expression of
constitutive promoters.  The estrogen-induced
XVE system has been previously used in a cre-lox-mediated marker free system in Arabidopsis (Zuo, Niu et al. 2001).  This
system was preferred over another inducible promoter, the glucocorticoid-system (Aoyama and Chua 1997; Ouwerkerk, de
Kam et al. 2001), which requires the use of dexamethasone treatment that can often inhibit plant tissue regeneration as well
as contain high background levels (Zuo, Niu et al. 2000).  The XVE system (Zuo, Niu et al. 2001) with a GUS reporter gene
was tested in tobacco and grape transformants with promising results (Figure 2).

In addition, with support from legal counsel, we recently concluded the IP analysis of the XVE system.  To conduct the IP
evaluation of the XVE system, we divided this system into three parts.  Part A considered the three components of the XVE
fusion protein: LexA Binding Domain (X), VP16 Transcription-Activation Domain (V), and Estrogen Receptor (E).  Part B
considered IP related to the LexA Operator sequence.   The LexA Operator sequence would be situated before the gene it is
regulating, in this case the recombinase Par-A gene.  Finally, part C reviewed the legal landscape around the constitutive
G10-90 promoter which drives the XVE fusion protein (Figure 3).  The results from this review show the technology would
require licensing from Rockefeller University.  PIPRA originally obtained the XVE system from Rockefeller University
under a research only material transfer agreement.  To consider commercial use of Rockefeller’s promoter, we have initiated
conversations in order to include this critical component as part of the patent pool that would be made available to the PD
community.
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CONCLUSIONS
Research to combat the threat of PD on California’s wine grape industry has led to the development of several promising
transgenic approaches (Aguero et al. 2005, Reisch and Kikkert 2005).  Regardless of the success of these projects, they
encompassed proprietary technologies that would hinder their downstream commercial production due to IP restrictions.  In
order to advance the transgenic grape technology, it is critical that thorough IP analysis be conducted in conjunction with the
research such that new control strategies in the lab can be adopted by the commercial sector without unnecessary delays or
need to reengineer transgenic plants.  Because of the incredibly long generation time of grapes, up to two-three years, it is not
feasible to develop technologies that must be repeated during the commercial phase of development because of IP restrictions
that could have been avoided at the beginning of the project.  For example, the thorough IP analysis on the recombinase-
mediated plant transformation system for grape provides a clear legal pathway for commercial applications of these
technologies.  PIPRA’s approach to form a patent pool of the technologies necessary or the PD community has paved the
way for the development of technologies with maximum FTO for research on PD and glassy-winged sharpshooter
applications.
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Figure 3.  The XVE fusion protein driven
by the constitutive G10-90 promoter.
Completed IP analysis of this piece now
provided us complete FTO.
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Figure 1. Xylella fastidiosa responsive promoters were obtained from genes found
to be up-regulated in X. fastidiosa infected field grown plants but not up-regulated
by water stress alone. Example data used to identify individual genes from which
promoters were recovered as illustrated for G7061 and G9353.
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ABSTRACT
The goal of this research was to clone and characterize unique DNA sequences from grape that specifically regulate the
expression of grape genes in tissues that are infected with Xylella fastidiosa (Xf) or are receiving systemic signals of pathogen
presence.  In addition, these promoters, when fused to GFP, are specific tools to non-destructively study the presence and
movement of the bacteria in infected grape canes or petioles. This project was initiated in July 2004 as a priority research
area by the Pierce’s Disease Research Board and will conclude in August 2009 with the delivery of two Xf-responsive
promoters from grape to a) drive the site-specific expression of any candidate gene at locations where the bacteria reside and
b) provide an induced reporter gene expression system that can be used as a powerful tool to study and characterize host
responses to Xf and Xf-secreted effector molecules in intact xylem cells by observing fluorescence due to GFP.  The
promoters, G9353 and G7061 each will be available as GFP fusion constructs in transgenic Thompson Seedless clonally
propagated lines. Illustration of the use of these promoter fusions as diagnostic tools for grape response to Xf EF-Tu
infiltration can be found in the 2008 PD Symposium Proceedings report from Professor George Bruening’s group.

INTRODUCTION
This project was initiated in July 2004 as a priority research area by the Pierce’s Disease Research Board (3).  The need for
Xylella fastidiosa (Xf)-inducible promoters was based on the fact that the constitutive promoters, used universally to drive the
expression of transgenes, suffer from two disadvantages.  Firstly, they are protected by existing patents with the attendant
limitation for commercial use, and secondly, the constitutive expression of certain transgenes is widely considered to have
deleterious effects.  For example, there are recent reports showing a deleterious effect from constitutive expression of disease
resistance genes, effects that are remedied by expression from an inducible promoter (5, 6).  Specifically, the constitutive
expression of genes that normally are under control of stress-responsive promoters (infection responsive and resistance
genes) is likely to be disadvantageous to the plant (5).  An Affymetrix GeneChip was used to characterize the expression of
~15,000 Vitis vinifera genes in response to Xf infection and drought stress (1,2) (Figure 1).
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Figure 2.  Binary plasmid containing the G9353 promoter sequence
fused to GFP, which will be available to Pierce’s Disease researchers
upon request.

Promoters for two of the Xylella-
responsive vascular tissue localized genes,
referred to as G9353 and G7061, were
sequenced from bacterial artificial
chromosome (BAC) clones.  Regions 5' to
the coding sequence were isolated by PCR
and used to produce promoter-GFP-
reporter fusions (Figure 2) for
transformation into the Xf susceptible
Thompson Seedless grape background.
We received 42 transformants (Table 1)
from UC Plant Transformation Facility in
2006 from constructs of the promoters
G9353 and G7061 fused to GFP.  A line
bearing each promoter will be selected
from the 42 independent transformants for
maximum specificity and sensitivity to the
presence of Xf.

In addition to their utility for engineering
PD resistance in grape, the availability of
Xf-induced reporter gene expression can
provide an extremely powerful tool to
study and characterize host responses in their intact cellular and tissue context.  With such tools, it should be possible to
examine the chemical and/or physical cues from the insect or pathogen that trigger host gene expression and the deleterious
effect of the disease.  Lastly, an immediate and direct application has been identified through our collaboration with the
Bruening laboratory wherein, promoter G9353 expression is activated by injection into the grapevine petiole of Escherichia
coli cells expressing a single Xf protein, the protein synthesis elongation factor EF-Tu.  Please see article by Dr. Bruening in
these Proceedings for specific information on the EF-Tu assay.

OBJECTIVES
1. Evaluation of whole plant transgenics G9353 and G7061 with stem inoculation under greenhouse conditions.
2. Confirm the specificity of response of promoter G9353 to Xf vs Xanthomonas campestris using intact stem inoculation

under greenhouse conditions.
3. Promoter distribution to current researchers and long-term storage.

RESULTS AND DISCUSSION
Two of the original 14 putative promoters, G9353 and G7061, have been advanced to the transgenic stage as GFP (green
fluorescent protein) fusions (4) and show a response to infection by Xf as visualized by RT-PCR (Figure 3) and GFP
expression in the inoculated plants using confocal microscopy ( Figure 4).  A total of 42 plants were received (Table 1).
Prior to any functional analysis, the transgenic grape plantlets were grown in the greenhouse and each primary transgenic was
assayed for the presence of the transgenes by genomic PCR prior to any further experimentation.  Currently we have tested
50% of the primary transgenic plant lines. While all plants tested to date contain the transgene not all are activated to the
level of detectable fluorescence, even though analysis by qPCR confirmed that the promoter was active; just not sufficiently
active for GFP detection.

Table 1. Transgenic plants containing promoters G7061 and G9353
Promoter ID Putative total # of # of Results Xf # transformants # transformants

function of the transformants transformants uptake into petiole inoculated to be petiole
microarray with the tested to date detached leaf; and  analyzed inoculated and
transcript promoter-GFP analyzed

induced  by Xf
unknown

fusions
G7061 22 12 9 of 12 show 4 of 10 show 12/22

GFP expression GFP expression
G9353 Alpha-tubulin 20 10 3 of 10 3 of 10 show 10/20

show GFP GFP expression
expression
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Figure 4.  Specificity of the response of promoter G9353 fused to GFP in
response to the presence of Xf in the vascular system of grape compared with
Xanthomonas campestris.Blue color represents chlorophyll auto-fluorescence;
Green color indicates the translation of GFP and, therefore, activation of the
promoter 9353 in the presence of Xf.
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Figure 3. RT-PCR analysis of the G9353 transcript from greenhouse grown
grape leaves. RNA in lane 1 healthy cv. Freedom; lane 2 Xf-infected
cv.Freedom; lanes 3and 5 are healthy Thompson Seedless; and lanes 4 and 6
are Xf-infected Thompson Seedless. Lanes 1-4 were amplified with G9353
specific primers and lanes 5-6 were amplified with actin specific primers as a
control. Lanes 2 and 4 indicate the induction of the G9353 transcript in the
infected plants in the greenhouse.

Hence, there is sufficient variation in the strength of the GFP fluorescence response to require that all independent
transformants must be tested to identify the plants with the most rapid and strongest response with minimal background.  For
example, quantitative data indicates that the activation must be greater than four-fold to be visualized as differential by
confocal fluorescence microscopy.   The remaining plants will be subjected to final testing with whole plant inoculations
(Table 1). Clonal copies of each line will be made before evaluation by inoculation.  Following clonal propagation, 10
transgenic lines of each promoter remain to be inoculated with Xf under greenhouse conditions, assessed by confocal
microscopy and qPCR for timing and location of response of the respective promoters to the presence of the bacteria.  These
studies will develop a sufficiently detailed picture of the temporal and spatial aspects of Xylella-induced gene expression
during bacterial colonization in stems, leaves and petioles of grapes as a base line for use as a diagnostic tool for the effect of
pathogen secreted molecules as indicated earlier.  Criteria for selecting the prime transgenic lines are that they express a
specific, rapid and strong response to Xf infection with low background response.  RT-PCR of the endogenous genes in
Thompson Seedless indicated that this promoter was expressed in the presence of Xf. This is confirmation that both the
endogenous gene and the promoter gene fusion in transgenic plants are expressed in the presence of Xf.

In addition to the Xf-activated response of these promoters, it is essential that the response to Xf be specific to this bacterium.
To assess the specificity, Xanthomonas campestris pv. vesicatoria (Xcv, another xylem dwelling bacteria that closely
resembles Xf but is not pathogenic on grape served as the bacterial test case.  Transgenic G9353 was inoculated with Xcv and
compared to clonal plants inoculated with pathogenic X f at the same cell density and evaluated by confocal microscopy after
21 days.  The presence of Xcv in the xylem did not trigger the expression of G9353-GFP whereas the promoter driven GFP
was activated by Xf, as shown previously.  These observations indicate that the promoter was responsive to Xf in planta but
not to the related Xcv (Figure 5). In addition, recent results from collaborative efforts between the Gilchrist laboratory and
the Bruening laboratory have demonstrated that promoter G9353 expression is activated by injection into the grapevine
petiole of Escherichia coli cells expressing a single Xf protein, the temperature unstable protein synthesis elongation factor
EF-Tu. The same E. coli strain, not induced to generate Xf EF-Tu, and another strain, not bearing the EF-Tu construction,
both failed to induce GFP accumulation, indicating that the effect is due to Xf EF-Tu and not, for example, to endogenous E.
coli EF-Tu. In other systems, examples of plant recognition of the EF-Tu from specific plant pathogenic bacteria are well
documented.
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Please see the report in this volume of the Proceedings of the 2008 Pierce’s Disease Research Symposium by George
Bruening entitled “Exploiting Xylella fastidiosa Proteins for Pierce’s Disease Control” for additional research description of
the diagnostic application of G9353 transgenic plants.

CONCLUSIONS
The activation of these two promoters following infection with Xf, but not Xcv, confirms the proof of concept that we can
supply Xf-inducible promoters to PD researchers. Our intention is to package and release the most responsive transgenic
lines of each of the two promoters and binary plasmids containing the validated Xf-inducible promoters, G9353 and G7061 to
all interested researchers.  These promoter-GFP fusions are currently being used for studying the timing and incidence of Xf
infection, action of pathogen effector molecules (Bruening) and could be used to determine plant response to mechanical
inoculation or sharpshooter feeding (Figure 1).

Lastly, this project will generate intellectual property; specifically promoters that drive expression of grape genes due to the
presence of Xf. The issue of IP will be handled in the following manner: 1) all sequences derived will be placed in the public
domain; 2) IP protection will be sought for functionally verified promoters sequences, and 3) all materials will be made
available to qualified researchers, including all those associated with the PD projects through a standard material transfer
agreement.
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presence of Xf in the vascular system of grape. Bacteria were introduced by puncture inoculation as
illustrated in Figure 2.  Analysis is by confocal microscopy. Blue color represents chlorophyll auto-
fluorescence; Green color indicates the translation of GFP and, therefore, activation of the promoter 9353
in the presence of Xf.
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ABSTRACT
Xylella fastidiosa (Xf) is both an endophyte and a pathogen.  Cell death symptoms associated with the pathogenic state result
from the activation of programmed cell death (PCD) pathways with morphological markers of apoptosis in the susceptible
grape.  The goal of this project is to identify novel genes from cDNA libraries of either grape or heterologous plants that are
capable of suppression of Pierce’s disease (PD) symptoms when constitutively expressed as transgenes.  We identified, using
a functional cDNA screen, several novel genes from grape and heterologous plants that suppressed PCD when expressed as
transgenes.  We reported in 2007, several transgenes expressed in the root stock cultivar Freedom that suppressed PD
symptoms.  In addition, the level of bacteria in the vascular tissue are maintained four orders of magnitude lower than in
untransformed control plants, all of which died.  We now report that transgene expression in the fruited PD susceptible
cultivar Thompson Seedless also affords protection against PD symptoms and limits the bacterial titer up to four to six orders
of magnitude below that reached in untransformed plants that are killed within two months after inoculation.  The protected
plants have remained alive and asymptomatic nine months after inoculation. From the perspective of the grape-bacterial
interaction, it appears that the anti-PCD genes tested to date suppress PD symptoms and functionally restore the bacteria to an
endophytic ecology in the xylem equivalent to that seen in the asymptomatic host Vitis californica.

INTRODUCTION
At the outset of this project in 2001, little was known about the mechanisms or genes involved in symptoms or death of the
grape plants infected with Xylella fastidiosa (Xf).  In the course of these studies, we established that the cell death leading to
leaf scorch symptoms in Pierce’s disease (PD) is the result of the activation of programmed cell death (PCD) with
morphological markers of apoptosis.  In addition, Dr. Tom Rost and we, independently, determined that PD symptoms can
occur distal to sites where the bacteria are detected suggesting the presence of mobile signals from the bacteria.  It also is
documented that several relatives of grape, including Vitis californica, and other host plants can harbor otherwise lethal titers
of Xf without exhibiting PD symptoms.  The questions posed in this research were: a) are there genes in the plant that respond
to Xf signals by triggering programmed cell death in certain grape genotypes, b) can this response be blocked genetically; and
c) if so, does this then allow the bacteria to maintain the endophytic state, leaving the plant otherwise unaltered but free of
disease symptoms; and/or d) does suppressing PD symptoms negatively affect the ability of the bacteria to colonize the
vascular system.

Current literature and results from our laboratory indicate a number of plant diseases result from induction of PCD in the host
cells in advance of microbial growth (2,11,12).  The induction of PCD results in an orderly dismantling of cells that includes
maintaining integrity of the plasma membrane until internal organelles and potentially harmful contents including phenolics,
reactive oxygen and hydrolytic enzymes have been rendered harmless to contiguous cells.  However, when the cell contents
are released, they can serve as nutrients for microbial cells when they are present in the immediate environment (2,9).  Hence,
bacteria like Xf could receive nutrients from cells adjacent to the xylem that are triggered to undergo PCD and gradually
releasing contents of the grape cell into the apoplastic space surrounding the xylem.  The fact that we measure bacterial titers
three-six orders of magnitude higher in symptomatic (ultimately dead) grape plants than in either asymptomatic wild grapes
or the transgenic asymptomatic grape plants is consistent with enhanced nutrition in the xylem of infected symptomatic
plants.  The working scenario in this research is; blocking death, limits death dependent nutrient release, and thereby restricts
bacteria multiplication but does not act as an antibiotic against the bacteria.  If true, this scenario does not apply novel
selection pressure on the bacteria any more than residing in V. californica or any other asymptomatic host.

Genetic strategies for disease suppression and development of a biological understanding of  the bacterial-plant interaction
are high priority areas in the PD/GWSS Research Program and the NAS report.  The goal of this project is to identify novel
genes from cDNA libraries of either grape or heterologous plants that, when expressed in grape, will prevent colonization,
systemic spread or symptom development due to the presence of Xf in the xylem.  Recent published information from our
laboratory established that susceptibility of several plants to a range of pathogens depends on the ability of the pathogen to
directly or indirectly trigger the activation of existing, genetically regulated, pathways leading to apoptosis or programmed
cell death (PCD) (1,2,3,4,5,6).  These discoveries parallel investigations now widely reported and accepted in human
medicine whereby genes, signaling pathways and chemical signals expressed by animal pathogens initiate infection by
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activating or blocking apoptosis through constitutive gene expression or signaling pathways present in all cells.  These
studies are the basis for extensive searches for apoptosis-based therapeutic approaches and agents in human medicine (7,18).

Hence, this research on PD is conducted within a global context in which the process of PCD with apoptotic morphologies is
functionally conserved across the animal and plant kingdoms while sharing diagnostic markers of apoptosis including
chromatin condensation and segregation into distinct masses referred to as pycnotic DNA bodies 10,13,14,15),
oligonucleosomal DNA ladders, externalization of phosphatidylserine,  and TUNEL-positive nuclei in the incipient plant
disease lesions (2).  Also, it is known that many proteins and several regulatory RNAs function in the induction or
suppression of animal PCD and exhibit cross-functionality in the plant kingdom.  Ectopic expression of known apoptosis-
blocking animal and animal virus genes, or treatment with anti-apoptotic pharmacologically active peptides, has been shown
to block PCD and suppress disease in plants where cell death is a symptom of disease, as is the case of PD (3,4,16,17).

However, mining of plant genome sequences in the available databases has not revealed plant sequence homologs of either
the core pro- or anti-PCD pathway genes found in animals, even though the induction or suppression of PCD in transgenic
plants by cross-kingdom expression of pro- and anti-apoptotic animal genes suggested that anti-death homologs likely exist
in plant genomes (2,7,18).  Consequently, identification of plant genome derived anti-death genes must be based on
functional screens and is the premise that defined the direction of our research.  Results presented this year and in 2007 (8)
indicate that the approach has been successful.

OBJECTIVES
The objectives of the proposed research for 2008-2010 are as follows:
1. Continue to evaluate recently obtained Thompson Seedless transgenic grape plants expressing the eight candidate anti-

apoptotic genes for blocking of PD symptoms (Table 1).
2. Measure the effect, over a time course, of blocking PD symptoms with anti-apoptotic transgenes on Xf bacterial

population levels and movement in the xylem by quantitative PCR (qPCR) and confocal laser scanning fluorescence
microscopy to monitor GFP-tagged Xf.

3. Determine grape gene expression changes in transgenic compared with non-transgenic plants in response to Xf infection
by differential transcriptional profiling using quantitative PCR.

4. Produce grape transgenic plants with modified candidate anti-apoptotic genes designed to enhance systemic movement
in planta.

5. Secure patent protection as intellectual property for those genes that prove to be capable of blocking PD in grape.
6. Graft the resistant transgenic Cv Freedom  rootstocks of PR1 and cDNA 456 onto untransformed scions of Thompson

Seedless and Chardonnay to monitor movement of either expressed proteins of these genes that contain a secretory
leader on VVPR1  or the RNA derived from the 3’UTR from the ortholog of the potato p23 gene that shares stem and
loop homology to the Bcl 2 3’UTR. The transformed grafted plants will be inoculated with Xf and scored for disease
reaction in the untransformed scion.

Table 1. Thompson Seedless now available with putative
anti-PCD genes under control of the 35S promoter.

Genotype # Lines or Independent
Transformants # of Plants

TS – CBP14B 24 30
TS - CBP14LD 27 27
TS - CB376 28 29
TS - CB456 27 31
TS - I35 14 15
TS - CBMT 22 24
TS - CBWG23 23 25
TS - CBWG71 20 23
total 185 204

RESULTS
Genes identified as potential anti-PCD genes from the conditional life-death screens.
Previous funding on this project led to the development of a functional cDNA screen to identify plant genes, which when
over-expressed as transgenes, suppress cell death triggered by chemical inducers of PCD.  The genes in Table 1 have been
described in earlier reports to this symposium and the results of inoculation of the first set of transgenic plants of Cv Freedom
was reported in 2007 (8).  In summary of the 2007 Cv Freedom results, resistance against PD was observed in the susceptible
grape rootstock by two anti-apoptotic transgenes (P14LD and MT) and one 350 bp DNA sequence associated with a
nematode up-regulated gene designated p23.  Furthermore, the  expression of these three sequences, not only protected the
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transgenic plants against PD symptoms and plant death but maintained the population of Xf at  four orders of magnitude
below the level observed in untransformed plants that died within two months (108 bacteria per gram of stem tissue)
compared with the asymptomatic transgenic plants that  carried a level of 104 cells/gm stem tissue in the most resistant lines
that were alive at nine months.  Interestingly, the 104 titer is equivalent to what we observed in the asymptomatic host V.
californica 12 months after inoculation.  In 2008,  we began testing the anti-PCD genes expressed in Cv Thompson Seedless
and report the early results of two inoculations of the Thompson Seedless transgenics bearing the CBP14LD and the CB456
genes.

Thompson Seedless grape plants expressing anti-apoptotic genes.
After creating clones of these transgenic lines, the plants were trained to grow as two or three canes and maintained by
periodic pruning of side and top branches (Figure 1).  Half of the transformed plants were individually inoculated November
and December of 2007 and the second half in April and May of 2008.  The inoculation method was the same for both sets
however the concentration of Xf bacteria was 1000 fold less for the second set.  The inoculation method was by needle
puncture of the stem to allow uptake of 10-20 µl of Xf at 2x108 cfu of the GFP-tagged Xf /ml for the 2007 inoculations and a
1000 fold less at 2x105 cfu of the GFP-tagged Xf /ml for the 2008 inoculations.  The plants were monitored visually for
symptoms and by quantitative PCR (qPCR) for bacterial movement and multiplication.  They were scored for disease
severity in May 2007 (first set) and in October 2008 (second set), using a five point scale (1=dead and 5= asymptomatic) and
photographed.  Representative control (scored as 1) and transgenics from the second set (scored as 5) are shown in Figures 1,
2, and 3).

9353 Control 456-1 Uninoculated
Control

P14LD-19

Figure 2. PD assay on the first set of inoculated Thompson Seedless plants
transformed with anti-PCD transcripts P14 and 456 were inoculated with 20µl
of 2x108 Xf/ml and photographed three months later. The protected plants are
compared with  9353, an Xf-inducible promoter fused to GFP, and an
uninoculated untransformed Thompson Seedless plant.

Figure 1. Five point Rating scale for PD
symptoms on transformed grape plants,
compared with untransformed  plants
and GFP-transformed controls,
following inoculation with 40 µl 108

cells/ml of GFP-tagged Xf by stem
puncture. The plants pictured were rated
six months after inoculation at which
point all the inoculated control plants
(transformed with GFP and
untransformed) were dead (category 1).
Stem death began to appear within four
months in the GFP transgenic control
plants. Plants rated in categories 4 and 5
at six months were unchanged at nine
months, after which parent plants
discarded. Ramets of all protected plants
are maintained for future experiments.
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P14LD-12 P14LD-5Control
9353-6

456-8 456-24

Figure 3. PD assay on the second set of Transgenic Thompson Seedless plants inoculated
in 2008 with 20µl of 2x105 Xf/ml and photographed three month later.  This inoculum is
1000-fold less than that used for the inoculations shown in Figure 1.  The 9353 control
plant has a PD disease score of 1 and all others were scored as 5 on a 5 point scale.

The effect of anti-apoptotic transgenes on Xf bacterial populations was measured by RealTime quantitative PCR (qPCR)
(Table 2).  Analysis of Xf inoculated plants revealed that although bacteria can be detected everywhere in a infected plant,
the inoculated cane samples are more consistent than the cane of the stem of primary branches.  It is essential to determine
the effect of blocking PCD-based symptoms in the transgenic plants on the bacterial multiplication and spread in terms of the
overall impact of the transgenes.  Based on initial experiments to ascertain which tissue to sample for Xf quantization, we
sampled the stem of primary branches or petioles of individual plants.  Although, this would allow repeated sampling of an
individual plant over the course of the experiment, we found that it is not a reliable indicator of the overall bacteria level and
could vary by as much as six orders of magnitude.  These results indicate that equivalent results were obtained at the two
inoculum concentrations.  In both cases the mean bacterial load of unprotected control plants reached the same level (108)
after two-three months at which point the plants began to die.  The transgenic plants remained healthy appearing (categories
4-5) after assaying at six and nine months with bacterial titres ranging from 102to 104 in the main canes of the inoculated
plants (Table 2).  Representative images of plants in the first inoculation with 20 µl at 2X108 are shown in Figure 2 with
equivalent images of the second inoculation with 20 µl at 2X105 are shown in Figure 3.

Table 2. Thompson Seedless Transgenics Genotype analyzed to date.

Thompson Seedless Transgenics
Genotype analyzed to date

# of Lines
evaluated

to date

Percent of plants
rated as Figure 1

categories 4 and 5
and protected as in

Figures 2 and 3

Mean bacterial
load per 0.1 gm of

stem in each
respective line

Inoculation 1 @ 2X108 cfu
TS - CBP14LD 4 3/4 104

TS - CB456 4 3/4 104

TS - 9353 (control) 6 0/6 108

Inoculation 2 @ 2X105 cfu
TS - CBP14LD 23 20/23 102

TS - CB456 26 23/26 102

TS – 9353 (Control) 6 0/6 108
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Bacterial plating for determination of bacterial viability in the control and transgenic plants.
The pathogenic Xf used to inoculate the plants shown in Figures 1, 2, and 3 and Table 2 were obtained from Dr. Steven
Lindow.  These bacteria-expressed GFP and were resistant to Kanamycin. Stems sections from the tissue used to generate the
data in Table 2 were further sectioned, incubated in water and centrifuged to pellet the bacteria, re-suspended in water and
plated on Xf media containing Kanamycin.  Bacteria expressing GFP were obtained from the control and transgenic protected
plants as shown in Figure 4.  The schematic illustrations indicate the relative amounts of bacteria estimated by qPCR and the
color plates indicate representative fields on the media plates with colonies of GFP-expressing bacteria.  These data confirm
that many more bacteria were present in the control cane sections and that the bacteria recovered on the plates were viable
progeny cells of the inoculated Xf. In summary, the qPCR and plating data indicate that the two anti-PCD genes analyzed to
date suppress symptoms of PD, do not eliminate the bacteria from the tissue but do reduce the bacterial titre to a level that,
while detectable, is orders of magnitude lower than the untransformed control plants.

CONCLUSIONS
In the past year, we successfully demonstrated resistance against PD in the susceptible grape rootstock cv. Freedom by two
anti-apoptotic transgenes (PR1 and MT) and one 350 bp DNA sequence associated with a nematode up-regulated gene
designated p23.  All three cDNAs were recovered anonymously from the plant-based cDNA screen and all have functional
links with conserved domains to anti-apoptotic orthologs in the animal kingdom (1,18).  We further demonstrated that
expression of these three sequences, not only protected the transgenic plants against PD symptoms and plant death but
maintained the population of Xf at four orders of magnitude or greater below the level observed in untransformed plants that
died within two months (108 bacteria per gram of stem tissue) following controlled inoculations in the greenhouse.  The key
point is that altered expression of the anti-apoptotic transgenes does not kill the bacteria but does restrain the titer in the
asymptomatic transgenic plants from a lethal level of 108 to a level of 104 to 102 cells/gm stem tissue in the most resistant
lines; the 104 titer is equivalent to that which we measured  in the asymptomatic host V. californica 12 months after
inoculation.  Interestingly, the 104 cells/gm stem tissue titer level in the asymptomatic transgenic plants and V. californica is
equivalent to that observed by Dr. Lindow in his rpfF transformed plants that also are asymptomatic suggesting that
susceptible grape plants can tolerate a bacterial population at the 104 without showing PD symptoms. Hence, the current
experiments indicate that the effect of the anti-PCD genes suppresses symptom expression but does not exert a direct
inhibiting effect on the bacteria.  The symptom suppressive genes do not act as antibiotics and do not affect the natural
endophytic ecology of the bacteria in the xylem.  In essence, an endophyte gone bad has been returned to the state of a benign
endophyte.
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ABSTRACT
In response to the strategy recommended by the Advisory Board, to express plant genes for particularly effective
polygalacturonase inhibiting proteins (PGIPs) or other inhibitors of Xylella fastidiosa (Xf) polygalacturonase (PG) in
transgenic grape rootstocks, this approach was adopted to enhance grapevine Pierce's disease (PD) resistance.  This proposal
describes integrated studies aimed at the eventual deployment of that strategy.  To ease the path to commercialization, PIPRA
investigators will examine relevant Intellectual Property and regulatory issues associated with the use of this strategy.  A
reliable source of recombinant Xf PG will be developed and the PG will be used to screen diverse PGIPs for their ability to
effectively inhibit the Xf PG enzyme.  Grape rootstock lines will be transformed with the most effective PGIPs and signal and
target sequences that maximize PGIP expression in the rootstock and its export to the non-transgenic scions.  At the
conclusion of the project, the capacity of the non-transgenic vines grafted on the transgenic rootstock to resist PD and
produce high quality grapes will be tested.

INTRODUCTION
Xylella fastidiosa (Xf), the causative agent of Pierce’s disease (PD) in grapevines, has been observed in infected portions of
vines.  Several lines of evidence support the hypothesis that Xf uses cell wall-degrading enzymes (CWDEs) to digest the
polysaccharides of plant pit membranes separating the elements of the water-conducting vessel system of plants (Thorne et
al., 2006). Xf CWDEs breakdown and thereby increase the porosity of these these primary cell wall barriers, allowing the
systemic expansion of the pathogen.  The genome of Xf contains genes putatively encoding a polygalacturonase (XfPG) and
several ß-1,4-endo-glucanases (EGase), CWDEs that digest cell wall pectin and xyloglucan polymers, respectively.  These
CWDEs are good candidates as factors that facilitate Xf systemic movement and PD development.  To demonstrate this,
Roper et al. (2007) developed a PG-deficient strain of Xf and showed that the mutant bacterial strain was unable to cause PD
symptoms, thus identifying the pathogen's PG as a PD virulence factor. Labavitch et al. (2006) reported that introduction of
PG and EGase into explanted stems of uninfected grapevines caused breakage of the cell wall of the PM and, subsequently
(Labavitch, 2007), demonstrated that substrates for these enzymes, pectins and xyloglucans, are present in grapevine PMs.

PG-inhibiting proteins (PGIPs) produced by plants limit damage caused by fungal pathogens (B. cinerea, the gray mold
pathogen) as well as by insects (Lygus hesperus, the western tarnished plant bug) (Powell et al., 2000; Shackel et al., 2005).
PGIPs have been shown to be selective inhibitors of PGs produced by some fungal pathogens and insects, but were reported
to be ineffective in inhibiting bacterial PGs (Cervone et al., 1990).  However, Agüero et al. (2005) by introducing a pear fruit
PGIP gene (Stotz et al., 1993; Powell et al., 2000) into transformed grapevines demonstrated that transgenic vines expressing
the pear PGIP exhibit decreased susceptibility to both fungal (B. cinerea) and bacterial (Xf) pathogens.  This result implied
that the pear PGIP provided protection against PD by inhibiting the Xf PG virulence factor, and in vitro assays using purified,
recombinant XfPG expressed in E. coli, Roper (2006) demonstrated that XfPG was inhibited by the pear PGIP (Labavitch,
2006).  In addition, Agüero et al. (2005) demonstrated that transgenic pear PGIP could be transported across a graft junction
of genetically engineered grapevines into the aerial portions of wild-type scions.

The overall goal of the project is to develop transgenic grape rootstock lines that optimally express PGIPs that most
effectively inhibit XfPG.  The project is designed to identify PGIPs that most effectively inhibit XfPG and to optimally
express that PGIP in grape.  The optimization of expression includes the use of transformation components with defined
Intellectual Property (IP) and regulatory characteristics, as well as sequences that result in the maximal expression of the
PGIPs in rootstocks and the efficient transport of PGIP proteins through the graft junctions to inhibit Xf PG produced by the
pathogen in scions.
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OBJECTIVES
1. Define a path for commercialization of a PD control strategy using PGIPs, focusing on IP and regulatory issues

associated with the use of PGIPs in grape rootstocks.
2. Identify plant PGIPs that maximally inhibit Xf PG.
3. Assemble transcription regulatory elements, Xf-inducible promoters and signal sequences that maximize PGIP

expression in and transport from roots.
4. Create PGIP-expressing rootstocks and evaluate their PD resistance.

RESULTS AND DISCUSSION
Research Objectives for Year 1-
A. Use existing pear PGIP-expressing grapes, test PD susceptibility of normal scions grafted to PGIP-expressing and -
exporting roots.
Agüero et al. (2005) described the use of transgenic 'Thompson Seedless (TS)' and 'Chardonnay (Ch)' grapevines expressing
the pear fruit PGIP in experiments that showed that (1) high level PGIP expression in grape tissues slows the development of
PD symptoms in needle-inoculated vines and (2) PGIP expressed by a transgenic rootstock is transported via the xylem
through the graft junction and into the stems of untransformed TS and Ch scions.  The inoculation tests were performed on
non-grafted transgenic vines, thus both root and shoot tissues would have been expressing the pear PGIP-encoding transgene
(PcPGIP).  However, to date, we have not shown that PGIP expressed in and translocated from roots into non-transgenic
shoots can provide PD protection.  Initial tests of this idea will use grafted portions of the transgenic TS and Ch vines that
were generated by Dr. Agüero.

We (Greve and Labavitch) have maintained several of these transgenic grape lines and have increased the number of plants
available vegetatively.  In addition, we have confirmed that they still transport PGIP in the xylem sap.  Zac Chestnut, a
graduate student funded through this project, also has analyzed the plants by PCR to confirm PcPGIP expression.  We are
now planning our grafting strategy in consultation with Dr. Andy Walker.  Over the Fall and Winter, we will generate plants
with pear PGIP-expressing lines as rootstocks and non-transgenic lines as scions.  These will be managed in the greenhouse
over the Winter and the expression and transport of pear PGIP will be confirmed in early Spring.  In Spring, we will do
inoculations of these plants and comparable plants with non-transgenic roots and scions and follow the development of
disease symptoms and, near the end of the incubation of these inoculated plants, use destructive sampling to determine the
extent to which the Xf population has spread in the vine.  We will use both the virulent "Fetzer" Xf strain and the "Fetzer"
strain whose single PG-encoding gene was knocked out (Roper et al., 2007).  Dr. Roper used the PG knock-out line to
demonstrate that the pathogen's PG is a PD virulence factor.

B. Express PGIPs in Arabidopsis and test for optimal inhibition of Xf PG.
Our strategy is to identify plant PGIPs that are maximally effective in inhibition of the Xf PG and identifying that optimal
PGIP is another objective of the first year's work. Arabidopsis lines have been transformed through the floral dip technique
using Agrobacterium-mediated transformation vectors (Clough and Bent, 1998).  Transformation vectors were assembled
using pCAMBIA vectors (http://www.cambia.org.au/daisy/cambia/585.html) that are free from intellectual property
restrictions.  We have successfully expressed sequences encoding five fruit PGIPs (one from pear and four from tomato)
using the CAMBIA vector p1301, linking the PGIPs to the poly-His tag with an intervening protease Xa cleavage site
(Figure 1).  To prepare the transformation vectors, we removed the GUS coding region from p1301 and replaced that
sequence with the PGIP full-length coding sequences including the signal peptide sequences for extracellular targeting.  We
have self-crossed these lines and obtained homozygous progeny identified by resistance to the selectable marker and by PCR
for the transgenic sequences.  We are evaluating whether the PGIPs we have expressed in Arabidopsis using the modified
p1301 and the CaMV 35S promoter are active and have appropriate inhibition specificities, and we will continue to include
the intervening protease Xa cleavage site so that, if it is necessary for obtaining active inhibiting protein, the poly-His tag
used for affinity purification of the expressed PGIPs can be removed by protease Xa after purification.  We also have
identified three M. truncatula PGIP-like sequences and are in the midst of preparing Arabidopsis transformation vectors for
their expression.  For this proposal, we would like to add to the collection 5-6 other PGIP-like sequences that we have
identified based on phylogenetic comparisions and charge comparisons of PGIPs (Tables 1 & 2; Figure 2).

The total charge on proteins is determined by pH and the sequences of each protein.  The total charge of the proteins may
serve as a general guide towards predicting whether PGs and PGIPs interact and therefore whether a specific PGIP is likely to

Figure 1. Schematic diagram of constructs for PGIPs
and PGIP-like proteins linked to the cleavable poly-His
tag and expressed in Arabidopsis.

Protease Xa site Poly-His tagPGIP sequence



- 216 -

inhibit specific PGs.  Certainly, the specific local chemistry is most important, but the total charge may serve as a deal
breaker, so to speak, of the possibility that a PG interacts with a PGIP.  Dan King (Taylor Univ.) is beginning to examine the
XfPG protein, as it is quite unusual.  The charge of the XfPG is unusually positive (+22).  The only PGs King has come across
with such positive charges are putative plant PGs, such as a grape PG (AAK81876).  Interestingly, the grape PGIP is
particularly positive as well (+19).  Regardless of local chemistries, it would be hard to imagine the XfPG and the grape PGIP
proteins having a strong interaction for each other.  From another point of view, the pear PGIP has shown some ability to
inhibit the XfPG, and the pear PGIP has a particularly small charge (+9). Table 1 shows some examples of the total charges
of PGs and PGIPs at six pH values.

Table 1. Total Protein Charge vs. pH of selected PGs and PGIPs
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4.00 31.30 11.25 -9.53 18.45 -11.40 12.86 -2.13 25.51 27.26 24.98 16.07 17.62 19.62 24.43 21.86 29.49 17.42 18.85

4.50 22.24 5.44 -23.56 9.92 -26.43 4.08 -14.38 20.03 22.4 18.63 9.27 12.95 14.95 18.01 15.23 22.56 10.88 13.31

5.00 16.39 2.07 -32.08 4.67 -35.56 -1.35 -21.80 16.26 19.23 14.54 5.03 10.17 12.17 13.8 10.96 18.02 6.793 10.18

5.50 11.90 -0.13 -36.17 1.86 -39.77 -4.36 -25.41 13.54 17.15 11.84 2.64 8.55 10.55 11.14 8.405 15.22 4.344 8.333

6.00 6.79 -2.36 -38.46 -0.20 -41.90 -6.69 -27.53 10.68 15.14 9.21 0.73 7.13 9.129 8.733 6.236 12.75 2.216 6.637

This total charge analysis has suggested to us that by examining PGIPs that have been identified in other plants, we can select
PGIPs that are likely to be good candidates for inhibiting XfPG and express these PGIPs in Arabidopsis for evaluation.  To
accomplish this, we have identified 52 non-redundant PGIPs in GenBank (Table 2) and we have evaluated their sequence
similarities (Figure 2).
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Table 2. List of PGIP sources.
Common name Species Protein a Accession Numberb

Common bean, pinto bean Phaseolus vulgaris cv. Pinto PvPGIP1 AJ864506
Common bean, pinto bean Phaseolus vulgaris cv. Pinto PvPGIP2 AJ864507
Common bean, pinto bean Phaseolus vulgaris cv. Pinto PvPGIP3 AJ864508
Common bean, pinto bean Phaseolus vulgaris cv. Pinto PvPGIP4 AJ864509
Soybean Glycine max cv. Williams 82 GmPGIP1 AJ972660
Soybean Glycine max cv. Williams 82 GmPGIP2 AJ972661
Soybean Glycine max cv. Williams 82 GmPGIP3 AJ972662
Soybean Glycine max cv. Williams 82 GmPGIP4 AJ972663
Ume (Japanaese apricot) Prunus mume cv. Dali PmuPGIP DQ364056
Chinese plum, Japanese plum Prunus salicina cv. xiaohuangli PsaPGIP DQ364055
Common pepper Capsicum annum cv. arka abhir CaPGIP AM181174
Chinese cabbage Brassica rapa subsp. pekinensis BrPGIP AY964100
Granny Smith apple Malus x domestica cv. Granny Smith MdPGIP DQ185063
Peach Prunus persica PpePGIP AY903218
Wild plum, American plum Prunus americana PamPGIP AY883418
Flemish Beauty pear Pyrus communis cv. Flemish Beauty PcFPGIP AY333105
Asian pear Pyrus pyrifolia cv. Kinchaku PpyKuPGIP AY333103
Potato Solanum tuberosum cv. Istrinskii StPGIP AY662681
Wild carrot Daucus carota DcPGIP AY081214
False Spiraea Sorbaria sorbifolia SsPGIP AF196947
Chinese Firethorn Pyracantha fortuneana PfPGIP AF196929
Taiwanese Photinia Photinia serratifolia PsePGIP AF196907
Oneseed Hawthorne Crataegus monogyna CmPGIP AF196881
Mahaleb cherry Prunus mahaleb PmaPGIP AF263465
Bartlett pear Pyrus communis cv. Bartlett PcBPGIP L09264
Thale cress Arabidopsis thaliana (Col.) AtPGIP1 NM_120769
Thale cress Arabidopsis thaliana (Col.) AtPGIP2 NM_120770
Bowman's root Gillenia trifoliata GtPGIP AF196915
Flowering Quince Chaenomeles speciosa CspPGIP AF196871
Rape Brassica napus cv. DH12075 BnPGIP1 AF529692
Rape Brassica napus cv. DH12075 BnPGIP2 AF529694
Rape Brassica napus cv. DH12075 BnPGIP3 AF531456
Rape Brassica napus cv. DH12075 BnPGIP4 AF531457
Apricot Prunus armeniaca cv. Marille Bauer ParPGIP AF020785
Cherry tomato Solanum lycopersicum cv. VFNT

Cherry
LePGIP L26529

Kiwi Actinidia deliciosa cv. Hayward AdPGIP Z49063
Iyokan Citrus iyo CiPGIP1 AB016205
Iyokan Citrus iyo CiPGIP2 AB016206
Rough lemon Citrus jambhiri CjPGIP1 AB013397
Rough lemon Citrus jambhiri CjPGIP2 AB015198
Sweet orange Citrus sinensis cv. Hamlin CsiPGIP Y08618
Mikan Citrus unshiu CuPGIP AB016204
Carrot Daucus carota cv. Autumn King DcAFP AF055480
Red River Gum Eucalyptus camaldulensis EcPGIP AF159168
Rose gum (Flooded gum) Eucalyptus grandis EgPGIP AF159167
Shining gum Eucalyptus nitens EnPGIP AF159171
Sydney Blue Gum Eucalyptus saligna EsPGIP AF159170
Timor White Gum Eucalyptus urophylla EuPGIP AF159169
Kumquat Fortunella margarita FmPGIP AB020529
Trifoliate orange Poncirus trifoliata PtPGIP AB020528
Asian pear Pyrus pyrifolia cv. Kikusui PpyKiPGIP AB021791
Red raspberry Rubus idaeus cv. Autumn Bliss RiPGIP AJ620336
aProtein names given to match abbreviations used in Figure 2.
bGenBank nucleotide accession numbers.
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XfPG Sequence

Figure 3.  Schmatic diagram of the pMTBiP vector used to transform
Drosophila cells for XfPG expression

C. Optimally express Xf PG, using recombinant
protein expression systems
Since previous E. coli PG over-expression studies
resulted in significant amounts of protein but little
activity (Roper, 2006), we (with co-PI Booth at
Texas State U. - San Marcos) will utilize a
Drosophila expression system.  For expression in
Drosophila, we probably want two versions of the
XfPG, if possible; one with the antibody epitope and
one without (in case the epitope causes trouble).
The XfPG gene will be ligated into pMTBiP/V5-
HisA (Figure 3) and transformed into Drosophila
Schneider 2 cells using protocols provided by
Invitrogen and modified by Prof. Booth.  Existing
cloned XfPG will be reamplified by PCR to create an
NcoI site at the N terminus and probably an XhoI
site at the C terminus.  The sequence of the XfPG
will be checked and the C terminus of the inserted
XfPG will be modified by PCR to produce an in-
frame fusion to C terminal additions (V5 (the epitope
for detection) + 6xHis (for affinity purification with
Ni)) without an intervening stop codon.  A second
expression construct will also be prepared that
includes the XfPG stop codon before the C terminal
additions in case they interfere with protein folding.
More detailed assays of active preparations (Gross,
1982; Roper et al., 2007) will be done at UC Davis

to characterize the expressed recombinant Xf PG.  Once enzyme activity is confirmed, expression will be optimized by
varying the concentration and time of exposure to the inducer followed by purification with nickel affinity chromatography.

D. Evaluate IP and licensing status of the plant expression construct components for the PGIP-based rootstock strategy.

For this project, we proposed to
develop a PGIP plant transformation
construct that optimally confers
tolerance to PD AND that has
maximum legal freedom-to-operate
(FTO) with respect to the underlying
intellectual property, thus providing the
maximum potential to gain regulatory
approval.  The results of a preliminary
IP audit of the original PGIP expression
construct (see Agüero et al. 2005)
revealed the DNA module contained a
number of proprietary components
including: the CaMV35S promoter and
the nptII (kanamycin) selection marker
patented by Monsanto Company, the
GUS marker gene patented by
CAMBIA, and the pear PGIP gene
patented by the University of
California. Licensing these proprietary
technologies, particularly from the
private sector, may prove to be a hurdle
for commercial deployment.
Furthermore, this analysis also noted
the presence of the GUS-marker gene
and His tags, which although necessary
during the proof-of-concept phase, may
compromise downstream regulatory
approval of commercial transgenic
plants.  To advance this project beyond

Figure 2. Unrooted phylogenetic tree of PGIPs.
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the “proof of concept” stage, the Public Intellectual Property Resource for Agriculture (PIPRA) is conducting an in-depth
analysis of all component technologies that will be integrated into the PGIP gene construct as well as the enabling
technologies required to transfer the PGIP construct into a grape rootstock.  This analysis also will assess the likelihood that
components of the PGIP gene construct will be able to gain regulatory approval for commercialization.

CONCLUSIONS
1. Because of the limited time that the funds have been available for this project (2 months), this report documents only the

activities accomplished in that time.
2. XfPG protein has an unusually high positive charge at the pH expected in plant tissue.
3. The sequences for currently available PGIPs have been collected and compared so selections of additional PGIPs to be

expressed in Arabidopsis represent the diversity of PGIP sequences.
4. The total charge of the PGIP proteins can be used as an indicator of the likelihood of interaction with and inhibition of

the XfPG.
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Reporting Period: The results reported here are from work conducted November 2007 to October 13, 2008.

ABSTRACT
The overall goal of the work in this project is to characterize the role of the pit membranes (PMs) of grapevine xylem vessels
in limiting the systemic movement of Xylella fastidiosa (Xf).  Work carried out in the project in previous years has made use
of monoclonal antibodies that recognize specific cell wall polysaccharides (pectins with varying degrees of methyl
esterification and xyloglucan [XyG]) and this work has revealed the presence of these polysaccharides in grapevine pit
membranes.  The demonstration that these polysaccharides are present is consistent with earlier observations indicating that
polygalacturonase (PG) and endo-b-1,4-glucanase (EGase) are used by the pathogen to digest pit membranes as its
population expands and spreads systemically because these enzymes would be expected to digest pectins and XyG.  We now
report on tests showing that PG and EGase introduction into grape stem explants is sufficient to open the PMs so that Xf can
freely traverse the stem explants containing several internodes.  In addition, several groups, including our own, have reported
that tyloses, induced barriers to pathogen movement in the grapevine xylem system, also are important in limiting Pierce’s
disease (PD) spread but are also an important cause of the breakdown in water movement through infected vines.  Other
studies have suggested that ethylene synthesis by grapevines may be an important factor in PD development and tylose
formation.  In this report we describe an experiment that may pave the way for testing the extent to which ethylene produced
by an infected vine is responsible for the full development of PD symptoms.

INTRODUCTION
For several years, Labavitch and the listed collaborators have been testing a model proposed to describe the development of
Pierce’s disease (PD) in grapevines (Labavitch et al., 2001, 2002; Labavitch and Matthews, 2003; Labavitch et al., 2004,
2005; Pérez-Donoso, 2006; Pérez-Donoso et al., 2006).  Findings reported in the last four PD Symposia indicate that PG and
EGase enzymes, likely produced by Xf resident in xylem water-conducting cells (also Roper et al. 2007) are important
contributors to the escape of the pathogen from the vessels into which it has been introduced by GWSS, thus initiating its
systemic spread through the vine and the subsequent development of PD symptoms.  However, observations made only in the
past year have suggested that seasonal changes in normal grapevine development may also contribute to the systemic spread
of Xf, beginning in late Spring.  These observations may be linked to those made by Rost, Matthews et al. (Thorne et al.,
2006) suggesting that relatively long xylem conduits, likely to be of primary xylem origin, may allow relatively long distance
passage (i.e., the length of two-three internodes) of Xf into grape leaves.  While this pathway is not likely to facilitate long
distance systemic spread of the pathogen through stems, it may facilitate rapid movement from stems into which Xf has been
introduced, into leaves where disease symptoms then become evident.  Work in this project will examine aspects of these
reports, with a strong focus on factors that might affect the integrity of the pit membranes in grapevine xylem water conduits.
In this report, we report on work that may have identified a way to test the role of ethylene produced by Xf-infected vines in
the development of tyloses, vessel blockages that are likely to be more permanent barriers of Xf movement in grapevines
which also are barriers that reduce nine water movement and, thus, may play an important role in the vine decline that
accompanies PD.

OBJECTIVES
1. To characterize the biochemical action of Xf EGase, in vitro and in planta and determine if it is inhibited by plant

proteins that have been identified as xyloglucan-specific endoglucanase (EGase)-inhibiting proteins.
2. To examine the full range of effects on grapevine pit membrane porosity that result from introduction of cell wall-

degrading polygalacturonase (PG) and EGase.
3. To repeat our 2005 observations of a late Spring, dramatic increase in the porosity of grapevine pit membranes.
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RESULTS AND DISCUSSION
Objective 2. In previous PD Research Symposia (Labavitch et al., 2006, 2007), we reported observations suggesting that that
the Xf PG and EGase play important roles in digestion of PMs so that the pathogen can spread through infected grapevines
via the xylem.  However, we had not shown that the combined actions of the two pathogen enzymes did, in fact, open a
pathway that Xf could use to move through PMs.  We have now used our grapevine xylem flushing system (Labavitch, 2006)
to introduce PG and EGase to the lower (proximal) end of explanted stems and then followed enzyme introduction with cells
of the Xf 'Fetzer' strain.  Then the stem was continuously flushed with water and fractions of the water eluted from the distal
stem end were collected.  These fractions were then assayed for Xf presence by PCR.  This experiment was replicated and in
each case, PCR revealed the pathogen's presence in collected fractions.  Thus, the PG and EGase open up PMs so that they no
longer block pathogen movement.

A continuing objective. Remaining from another project that has ended and also to the overall interest in barriers that serve to
limit pathogen spread that is a theme of this current project was an experiment to determine whether the production of
ethylene plays a role in PD symptom development in Xf-inoculated grapevines.  A key to performing that experiment has
been the need to have a way to block the grapevine's responses to ethylene.  Earlier, inconclusive tests were based on spray
applications of the ethylene receptor-blocking compound 1-methylcyclopropene (1-MCP).  These did not suppress the vine's
ethylene response.  However, earlier this year we obtained a new, sprayable formulation of 1-MCP.  Postdoctoral researcher
(now Asst. Prof.) Qiang Sun had reported that grapevines respond to Winter pruning by producing tyloses in vessels near to
the pruning cuts (within two-three cm of the cuts), thereby blocking the vessels and showed that this was a response to the
ethylene made by the cut grapevine stem tissues (Sun et al., 2006, 2007).  We therefore carried out a test of the ability of the
new 1-MCP spray to block pruning-induced tylose formation.  Sets of 'Chardonnay' vines were used for the test.  One set of
six vines (the test vines) was sprayed with a solution of the new 1-MCP formulation at a concentration calculated to provide a
1-MCP concentration of 200 ppm.  The other set of vines (control vines) was not treated.  On the following day, the test vines
were again sprayed with 1-MCP and all control and test vines were pruned. Dr. Sun's study (Sun et al., 2006) had reported
extensive tylose formation in pruned vines within one week of pruning.  Therefore, seven days after pruning, the terminal
three cm of each of the pruned stems in the control and test vines was removed and fixed for histochemical examination of
tylose development.  Sections from the distal five mm of these stem explants were cut, stained with toluidine blue, and
examined with the light microscope (Shackel and Labavitch, 2006).  These observations indicated that there was extensive
tylose development near the tips of pruned stems that had not been treated with 1-MCP and that the 1-MCP treatment had
dramatically reduced tylose formation.

This result per se demonstrates that grapevine responses to ethylene that affect vessel function can be inhibited.  The pruning-
induced tylose formation is a response to ethylene produced by wounded grapevines.  However, we presume that the inhibitor
will also influence a vine's response to infection-promoted ethylene.  Thus, we are now in a position to test the possible role
of inoculation/infection-induced ethylene production in PD symptom development.  This test will be carried out in the
Spring/Summer, 2009.

CONCLUSIONS
1. The introduction of pure PG and EGase, two enzymes produced by Xf within the grapevine xylem system, into grapevine
stem explants will introduce a pathway through the vessels (presumably via their pit membranes) that permits free passage of
the pathogen.
2. 1-MCP sprays can block grapevine responses to vine-produced ethylene, paving the way to studies that test the role of
ethylene in PD symptom development.
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ABSTRACT
The development of Pierce’s disease (PD) in grapevines depends, at least in part, on the ability of the Xylella fastidiosa (Xf)
pathogen to spread from the point of infection and ultimately develop a population that is systemic in the infected plant.  This
systemic spread of the pathogen is limited by the pit membranes (PMs) that separate one xylem water conduit from its
neighbors and, perhaps, by the production of tyloses and polysaccharide-rich gels that are produced in and block xylem cells
following infection.  The work in this proposal will describe the polysaccharides of PMs, tylose cell walls and gels by using
immunohistochemical tools and determine whether situations in which grapevine infection with Xf does not result in PD are
situations in which PM integrity is not disrupted by the pathogen so that pathogen spread is limited by intact PMs and/or
production of tyloses or gels.

INTRODUCTION
The introduction of Xylella fastidiosa (Xf) to grapevine xylem tissues often results in Pierce's disease (PD) and, ultimately, to
vine death.  Several studies over the past five years have indicated that the expansion of the locally introduced, relatively
small population of Xf cells throughout the vine, creating a systemic infection, is the cause of vine death (Krivanek and
Walker, 2005; Labavitch, 2007; Lin, 2005; Lindow, 2006a, b, 2007a, b; Rost and Matthews, 2007).  The individual elements
of the water-conducting tubes in xylem are separated from one another by the so-called pit PMs, primary cell wall "filters"
whose meshwork is too small to permit Xf passage (Labavitch et al., 2004).  Thus, it has been generally believed that the
pathogen uses cell wall-degrading enzymes (CWDEs) to digest the polysaccharides of the PMs, opening the primary cell wall
barrier and permitting the systemic expansion of the pathogen population.

The genome of Xf contains genes encoding polygalacturonase (PG) and a few ß-1,4-endo-glucanases (EGase), CWDEs that
digest cell wall pectin and xyloglucan polymers, respectively. Such enzymes are good candidates for pathogen factors that
facilitate Xf systemic movement and PD development.  This supposition has been supported by several studies performed
over the past several years.  Roper et al. (2007) reported the generation of a PG-deficient strain of Xf and showed that it was
unable to cause PD symptoms, thus identifying the pathogen's PG as a PD virulence factor. Labavitch et al. (2006) reported
that introduction of PG and EGase into explanted stems of uninfected grapevines caused the breakage of the PM cell wall
network and, subsequently (Labavitch, 2007), that substrates for these enzymes, pectins and xyloglucans, are present in
grapevine PMs.

Research in the laboratory of the PI on the present proposal has shown that PG-inhibiting proteins (PGIPs) limit the
development of PD in grapevines (Agüero et al., 2005).  Research in Cooperator Steve Lindow's program has focused on the
role of a diffusible signal factor produced by Xf in controlling the pathogen's expression of virulence functions that affect
whether the pathogen spreads systemically in grapevines and causes PD or does not (Lindow, 2007a, b).  Cooperator Andy
Walker and his colleagues have identified a grapevine quantitative trait loci (QTL) that contains the PD resistance (PdR1)
locus (Walker and Riaz, 2007) that eventually will be deployed in grapevine genotypes that will have enhanced resistance to
PD.  Walker, Lindow and Cooperator Hong Lin (Lin, 2007), have all made use of natural variations in the PD
resistance/susceptibility of different grape germplasm in order to understand the factors that influence Xf movement in
grapevines and, therefore, PD development. It is reasonable to assume that differential PD susceptibility of grape genotypes
is determined by (1) genetic variation in PM barriers to pathogen movement; differences in porosity, polysaccharide
composition or susceptibility to Xf's CWDEs or/and (2) the post-infection deployment of tyloses and gels, factors that could
restrict the pathogen to the few vessels into which it has been introduced.

While the production of gels and tyloses in response to infection has been examined in several programs (e.g., Lin, 2005;
Stevenson et al., 2004), this has not been done using techniques that can specifically identify the polysaccharides that make
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up the gels and tylose walls.  The utility of immunohistochemical techniques in identifying the polysaccharides of grapevine
PMs has recently been demonstrated by Co-PI Sun (Labavitch, 2007).  These techniques may contribute to an understanding
of the differences in xylem water-conducting cell structures that have been thought by many to hold the key to grapevine
resistance to PD.  This proposal will use these techniques in several systems where differential resistance to PD have been
shown in order to obtain the detailed structural and spatial information that may help explain why some grapevine genotypes
are resistant to PD while others are not.  It is important to note that while the research in this program is likely to enhance our
understanding of grapevine PD resistance it will not lead immediately to new approaches to PD control.

OBJECTIVES
1. Determine if the development of xylem obstructions (tyloses and pectin-rich gels) and the polysaccharide structure and

integrity of pit membranes are affected by Xf inoculation of grapevines transformed to express the PGIP from pear and
other plant species in rootstocks and in scions.

2. Determine whether there are differences in pit membrane porosity or polysaccharide structure between resistant and
susceptible grapevines.  To what extent are these PM characteristics and the production of tyloses and gels modified by
introduction of Xf to PD-resistant and -susceptible genotypes?

3. Determine the extent to which changes in pathogen virulence resulting from altered production of diffusible signal factor
(DSF) correlate with the appearance of tyloses, gels and damaged PMs in inoculated vines.

4. Determine whether the impacts of inoculation on PM integrity and the production of vascular system occlusions
identified in tested greenhouse-cultured vines also occur in infected vines growing in the field.

RESULTS AND DISCUSSION
The primary work on this project will be performed at the University of Wisconsin-Stevens Point, where Co-PI Dr. Qiang
Sun is an Asst. Professor.  The project is currently funded only for the first of the two years of work that were proposed in
January, 2008.  Unfortunately, because Dr. Sun did not have a history of funding from the CDFA at his university, he could
not be "advanced" research support from his Office of Research, thus his full effort at Wisconsin could not be started until the
sub-contract could be established with UC Davis and UCD could not establish that until funding was available from the
CDFA (mid-August).  Nevertheless we have made considerable progress, primarily in developing the techniques required for
addressing our four objectives in several grape genetic backgrounds.  We have shown that PMs of these different grapes
contain homogalacturonans, the target cell wall substrate for the Xf PG "PD virulence factor,” setting the stage for the
detailed studies identified under Objective 1.  We have also begun describing variations in the gross vascular system
architectures of the different grape germplasms.

The following five grape species/cultivars of different susceptibilities to PD have been selected for our experiment: Vitis
vinifera cv. Chardonnay (susceptible), V. vinifera cv. Riesling (less susceptible), Muscadinia rotundifolia (highly tolerant),
89-0908 and 89-0917 (both are selected from V. arizonica x vinifera and are resistant to PD).  We have succeeded in using
two monoclonal cell wall antibodies (JIM 5 and JIM 7) to distinguish pectin wall components of the living parenchyma cells
adjacent to water-conducting vessels of the secondary xylem tissue (wood) in Chardonnay and Riesling (Figure 1).  Our
results indicate that homogalacturonans (HGs) with different levels of methyl esterification are present in PMs between
vessels as well as between vessel and axial parenchyma cells (Figure 1A-C).  Cell walls of developing tyloses (Figure 1D)
and inner secondary wall of xylem fibers (Figures 1C and D) also contained the HGs. In our next step, the protocols
established will be used to identify HGs in the other grape species/cultivars, particularly in PMs that are thought to be the
barriers that should limit systemic spread of Xf in grapevines.  Some other wall antibodies (CCRC-M1 and 2F4 etc.) will also
be tested to detect other possible cell wall components (pectins and xyloglucans) in all the five grape groups.  Our ultimate
goal is to use these tools for localized cell wall component visualization to determine whether the post-inoculation integrity
of pit membranes differs between PD-susceptible, -tolerant and -resistant grape germplasm (Objectives 1 to 3).

Understanding vessel morphology is essential to elucidate any possible differences in susceptibility of these grape groups,
thus we have also made some anatomical analyses of secondary xylem. Our results indicate that there are major differences
among these groups in the arrangement, density and diameter of vessels. In Riesling (Figure 2A and E) and Chardonnay
(Figure 2D), vessels are relatively evenly distributed in xylem, are mostly solitary and have less difference to one another in
size.  Vessel density is also close in these two cultivars (34.6/mm2 in Chardonnay and 30.7/mm2 in Riesling).  However,
vessel diameters in Chardonnay (68.2 μm) are generally smaller than those in Riesling (84.7 μm).  In 89-0917, vessels are not
uniformly distributed in xylem tissue with a density of 42.8/mm2.  They are usually solitary or in multiples of 3-5 cells.
Solitary vessels are usually larger while most vessels in multiples are much smaller.  Vessels in 89-0908 are more or less
evenly spread through the secondary xylem and usually form radial chains of 3-6 cells.  Vessels have an average diameter of
66.4 μm, but individual vessels show large size differences. In Muscadinia rotundifolia, vessels usually forms radial chains of
2-5 cells and individual vessel sizes (56.5 μm diameter, at average) vary less than in some other groups.  The vessel density is
highest (53.1/ mm2) among the five groups.  Morphological analysis of pits and pit membranes on lateral vessel walls has
also been made (Figure 3).  Two types of pits (intervessel pits and vessel-parenchyma pits) are common in all the five grape
groups (Figure 3A).  As for vessel parenchyma pits, PMs are intact in all groups (Figure 3E), except for 89-0917 in which
PMs that are broken in a relatively regular pattern are common.  No other obvious differences have been found in the



- 225 -

structures and distributional patterns of pits on vessel walls (Figure 3B-D).  Further investigation is still needed to clarify any
interconnection between these anatomical characteristics and susceptibility.  As for vessel-parenchyma pits, PMs are intact in
all the groups (Figure 3E) except 89-0917 in which PMs that are broken in a relatively regular pattern are common.

Figure 1.  Cell wall composition revealed by JIM 5 (A) and JIM 7 (B-D) in Chardonnay, a susceptible cultivar. JIM 5 and
JIM 7 can be used to distinguish weakly methyl esterified homogalacturonans (Me-esterified HG) and heavily Me-esterified
HGs, respectively.  A. Green fluorescence from the rows of pit membranes  (PMs) between a vessel and axial parenchyma
cells indicates the presence of weakly Me-esterified HGs. B. Image of xylem tissue under transmission illumination, showing
vessels, parenchyma cells surrounding vessels, and fiber cells. C. Image of xylem tissue under both transmission light and
fluorescent light. Green fluorescence is emitted from parenchyma cell walls, PMs between vessel and parenchyma cells and
fiber inner wall layers, indicating the presence of heavily Me-esterified HGs in these locations. D. Transverse section of a
vessel containing tyloses, showing HG presence in tylose cell walls.

Figure 2.. Differences in the distribution, arrangement and sizes of vessels among grapes of different PD susceptibilities. A
and E. Riesling. Vessels are larger in diameter than other grape groups and mostly solitary, occasionally in groups of up to 3
vessels. B and G. 89-0917 grape. Vessels are usually in multiples of 3 – 5 and individual vessels differ in size. C and H.
Muscadinia rotundifolia. Vessels of similar size are usually in radial chains of 3-5 cells. D. Chardonnay. Vessel arrangement
is similar to Riesling. F. 89-0908 grape. Radial chains of 3-6 vessels are common and vessels differ in size.
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Figure 3. Pits and pit membranes in lateral vessel walls in grapes of three different susceptibilities. A-C. Muscadinia
rotundifolia (highly resistant grape species). A. Two types of pits are present on vessel lateral walls: vessel-axial parenchyma
pits (the vessel on the left) and intervessel pits (the vessel on the right). B. Vessel-axial parenchyma pits. Vessel secondary
walls have been partially peeled on the right. C. Pit membranes between vessel and axial parenchyma cells are in a ladder-
like arrangement (scalariform) along the vessel axis.  D and E. Riesling (less susceptible vinifera cultivar), showing that
scalariform intervessel pit membranes are arranged tightly. E. Bordered vessel-axial parenchyma pits, showing intact pit
membranes. F. Bordered vessel-axial parenchyma pits in tolerant 89-0917 grape (V. vinifera x arizonica, tolerant grape).
Many pit membranes are broken in a more or less regular way.

CONCLUSIONS
1. Because of the limited time that the funds have been available for this project, this report documents only a small portion

of the work planned for year 1.
2. Immunohistochemical studies indicate the presence of simple homogalacturonan pectins in the cell wall fabric of pit

membranes from PD-susceptible, -tolerant and -resistant grape grapevines.
3. Xylem vessel diameters and distribution patterns of vessels within the secondary xylem tissues of PD-susceptible, -

tolerant and -resistant grape grapevines are described.
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ABSTRACT
Specific strains of the bacterium Xylella fastidiosa are economically important plant pathogens and cause scorch diseases in a
variety of plants.  One of these strains causes a scorch disease known as Pierce’s disease (PD) of grapevine.  This disease has
caused significant disruption to the wine industry centered in the Temecula, California region; at the height of the most recent
PD epidemic in the late 1990’s, 25% of the grapevines in this area were lost before emergency quarantine and control
measures could be instituted.  Under these circumstances, the 2006 discovery of a population of apparently PD-resistant
grapevines in the area was of particular interest.  The vines were all located in a single vineyard, which had total PD-related
losses of approximately 10%, while a neighboring vineyard suffered a nearly 100% loss of the same variety.  In addition, a
similar phenomenon was observed in a grapevine population located on the Agricultural Operations grounds at the University
of California, Riverside.  While the cause of this apparent resistance is unknown, one possible explanation for this resistance
is that it is being conferred by bacteria present in resistant vines but not in susceptible vines.  In order to test this hypothesis,
cane samples from both the apparently susceptible populations and the apparently resistant populations were surface
sterilized and plated onto standard microbiological media.  Any observed bacterial growth was diluted into standard liquid
media and then streaked out in order to obtain pure cultures, which were identified using 16S sequencing. Current results
show that multiple Paenibacillus species are present more often in asymptomatic plants than in symptomatic plants at both
locations.

INTRODUCTION
Specific strains of the bacterium Xylella fastidiosa (Xf) cause disease in almonds, grapevines, and a variety of other
economically important plants (Davis 1978, 1980 and Purcell 1999). Xf is spread by the glassy-winged sharpshooter
(GWSS), Homalodisca vitripennis, formerly known as H. coagulata (Redak et al. 2004 and Takiya et al. 2006).

In grapevines, one strain of this bacterium is the cause of Pierce’s disease (PD).  Since the preferred host of GWSS is citrus,
vineyards close to a citrus grove are at increased risk for the development of PD (Perring et al. 2001). In addition,
Chardonnay vines are known to be more susceptible to PD than other varieties (UC IPM).  The Weaver vineyard is planted
with Chardonnay vines and is immediately across from two citrus groves, meaning that it is at high risk of developing PD.
However, while adjacent Chardonnay vineyards suffered catastrophic crop failure, the Weaver vineyard had a PD-related loss
of far less, approximately 10%.  This observation was of special interest since many of the plants in this vineyard were old
enough to have survived the initial PD epidemic that occurred after the GWSS was accidentally introduced into California.
The Agricultural Operations vineyard at the University of California, Riverside contains both symptomatic and asymptomatic
Chardonnay vines in close proximity.  These vines are younger than the ones at the Weaver Vineyard.

One possible explanation for this phenomenon is that it is being conferred by bacterial endophytes that live inside the
apparently resistant plants but not in the more susceptible plants.  The endophytic bacterium, Curtobacterium flaccumfaciens,
has already been shown to confer resistance to Xf in sweet orange plants (Lacava et al. 2004).

To test this hypothesis, cane samples from asymptomatic and symptomatic grapevines at both locations were surface-
sterilized and then plated on microbiological media.  The genus of any resulting bacterial growth was then identified using
16S gene sequencing.  The 16S gene has been widely used to classify unknown organisms (Turner 1997).  Because this gene
evolves very slowly, it is most useful for classifying organisms at the genus level, but not at the species or subspecies level
(Weisburg et al. 1991).  Even so, it is widespread practice to include a species name when identifying bacteria based on this
sequence.  These designations can be considered putative in nature.

OBJECTIVES
The primary goal of this research was and continues to be to test the initial hypothesis through isolating bacterial endophytes
from symptomatic and asymptomatic grapevines at both locations and using 16S analysis to identify them.

RESULTS AND DISCUSSION
A comparison of the endophytes isolated from the vines at both locations showed that members of the genus Paenibacillus
occurred more frequently in asymptomatic vines than in symptomatic vines (Table 1) (Parker 2008).  This observation was
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of special interest since it is already known that Paenibacillus polymyxa can confer resistance to the bacterial plant pathogen
Erwinia carotovora in gnotobiotic Arabidopsis thaliana plants (Timmusk and Wagner 1999).  It is possible that
Paenibacillus could be playing a similar role inside the asymptomatic grapevines, since one of the Paenibacillus isolates
tested in the laboratory was found to retard the growth of the PD strain of Xf in both co-culture and in grapevines (A. Arora,
personal communication). In addition, it has recently been shown that other members of Paenibacillus can reduce the growth
of Xf or even clear it altogether on microbiological media (Kirkpatrick and Wilhelm 2007).

In addition, the presence of certain endophytes within the plants (most notably Bacillus) appeared to be dependent on the
time of year the plants were sampled (Parker 2008).  In the Weaver vineyard, Bacillus was most commonly isolated in May.
However, in the Agricultural Operations vineyard, Bacillus was most frequently in May and October (see Tables 2 and 3).
The reasons for this are not yet clear.

Table 1.
Symptomatic

Code Genus Bit Score E-value Plant Date Collected

45V16 1F C1 Achromobacter 2039 0 No 4-May-06
45V16 2D C1 Bacillus 863 0 No 4-May-06
45V16 2E C1 Bacillus 2771 0 No 4-May-06
46V16 2D C1 Bacillus 500 7.00E-138 No 4-May-06
46V19 1C C7 Bacillus 2454 0 No 27-Jul-06
46V19 2D C1 Bacillus 2736 0 No 4-May-06
46V19 2F C1 Bacillus 2605 0 No 4-May-06
47V1 1A C1 Paenibacillus 2789 0 No 4-May-06
47V1 1B C1 Bacillus 1844 0 No 4-May-06
47V1 1C C2 Bacillus 2389 0 No 18-May-06
47V1 1E C1 Bacillus 1162 0 No 4-May-06
47V1 1F C1 Bacillus 2365 0 No 4-May-06
47V1 2B C1 Paenibacillus 293 1.00E-75 No 4-May-06
47V1 2C C3 Bacillus 2692 0 No 31-May-06
47V3 1B C1 Bacillus 2351 0 No 4-May-06
47V3 1C C2 Bacillus 1015 0 No 18-May-06
47V3 1E C12 Bacillus 401 2.00E-108 No 5-Oct-06
47V3 2D C13 Bacillus 1009 0 No 19-Oct-06
47V3 O C3 Planococcus 2609 0 No 31-May-06
47V8 1A C9 Bacillus 2561 0 Yes 24-Aug-06
47V8 R6 Bacillus 2627 0 Yes 4-May-06
48V10 1B C1 Bacillus 2591 0 No 4-May-06
48V10 1B C2 Bacillus 2407 0 No 18-May-06
48V15 1C C3 Bacillus 1084 0 No 31-May-06
48V15 1D C2 Bacillus 2605 0 No 18-May-06
48V15 2A C7 Bacillus 910 0 No 27-Jul-06
48V19 2F C2 Bacillus 2379 0 No 18-May-06
49V9 1A C2 Bacillus 979 0 No 18-May-06
49V9 1C C2 Bacillus 2533 0 No 18-May-06
49V9 1C C3 Bacillus 2670 0 No 31-May-06
49V9 1D C3 Bacterium 880 0 No 31-May-06
49V9 1F C1 Bacillus 1203 0 No 4-May-06
49V9 1F C2 Bacillus 2660 0 No 18-May-06
49V9 1F C7 Bacillus 1154 0 No 27-Jul-06
49V9 2B C1 Bacillus 2577 0 No 4-May-06
49V9 2C C1 Bacillus 650 0 No 4-May-06
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Table 2. Presence of Bacillus in Grapevines in the Weaver Vineyard, by Month.
May June July August September October November December

Plant

45V16 X
46V16 X
46V19 X X
47V1 X
47V3 X X
47V8 X
48V10 X
48V15 X X
48V19 X
49V9 X

Table 3. Presence of Bacillus in Grapevines in Agricultural Operations, by Month.

May June July August September October November December
Plant

A-4 X X
B-3 X X
C-1 X X X
D-7 X
E-1
F-15 X
G-6 X X
H-11 X X
I-6 X
J-9 X   X  X
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ABSTRACT
The goal of this project is to evaluate the importance of many common weed, agricultural, and cover crop plants that are
found in close proximity to vineyards as sources of Xylella fastidiosa (Xf) from which glassy-winged sharpshooter (GWSS)
and smoketree (STSS) sharpshooters can acquire and transmit Xf into grapevines.  In our studies, we were unable to recover
Xf from bell pepper, cotton, sunflower, horseweed, annual fescue ‘Zorro’, birdsfoot trefoil, or sudangrass plants. Xf was
successfully isolated from needle-inoculated alfalfa, basil, lima bean, tomato, goosefoot, Spanish broom, tree tobacco, annual
ryegrass, black mustard, Blando brome, New Zealand white clover, Hykon rose clover, cowpea, fava bean, field pea, meadow
barley, and California red oats.  We have determined that STSS can transmit Xf between fava bean plants, between alfalfa
plants, and from alfalfa to grapevines.  We were unable to detect successful transmission from fava bean-to-grapevine,
tomato-to-tomato, tomato-to-grapevine, cowpea-to-cowpea, or cowpea-to-grapevine.  All 36 STSS died on goosefoot before
the end of the 48-hr acquisition access period, indicating that goosefoot is a poor host for STSS.  Goosefoot also appears to
be a poor host for Xf. We have confirmed successful transmission of Xf by GWSS for cowpea-to-cowpea and tomato-to-
tomato tests (Table 3).  GWSS transmission of Xf from cowpea-to-grapevine or tomato-to-grapevine could not be detected.

INTRODUCTION
Over 140 plants are known to host Pierce’s disease (PD) strains of Xylella fastidiosa (Xf) (Costa et al. 2004, Freitag 1951,
Raju et al. 1980, 1983, Shapland et al. 2006, Wistrom and Purcell 2005,
http://www.cnr.berkeley.edu/xylella/temp/hosts.htm).  Many of these plants are found in close proximity to vineyards, and
some are even used as cover crops in vineyards (Statewide IPM Program 2007).  While considerable research has identified
Xf hosts, little work has been done to determine if sharpshooters can acquire the bacteria from these hosts and transmit it to
grapevines.  If this does not occur, then the alternate host is of little consequence in PD epidemiology.  Conversely, plants
that contribute inoculum for sharpshooter acquisition and transmission to grape should be removed if growers wish to reduce
primary spread into their vineyards.

To successfully implement a program to remove pathogen sources, we first must identify those sources.  The introduction
into California of GWSS, an insect with a broad host range, theoretically increases the probability of disease spread from the
these alternate host plants to grape.  For this to occur, GWSS must feed on the infected plant in such a way to acquire Xf from
plant, and successfully transmit the acquired pathogen to grapevines.  While studies have shown mechanical and insect
transmission to wide variety of alternate hosts (Freitag 1951, Purcell and Saunders 1999), they have demonstrated
transmission from only a handful of alternate hosts to grapevines (Hill and Purcell 1995, 1997). We are unaware of research
published on transmission of Xf, PD strain, from alternate hosts into grapevines using GWSS or STSS, a native California
sharpshooter also found in grape growing regions, as the vector.

OBJECTIVES
Using GWSS and STSS vectors:
1. Evaluate the acquisition and transmission of Xf to grapevines from agricultural crop plants known to be PD hosts that are

grown in the vicinity of vineyards.
2. Evaluate the acquisition and transmission of Xf to grapevines from weed plants known to be PD hosts that are grown in

the vicinity of vineyards.
3. Evaluate the acquisition and transmission of Xf to grapevines from vineyard cover crop plants.

RESULTS AND DISCUSSION
Twenty-four of 42 proposed plant species have been needle-inoculated with Xf (Table 1). Xf does not appear to be able to
survive in bell pepper, cotton, sunflower, horseweed, annual fescue ‘Zorro,’ birdsfoot trefoil, or sudangrass plants.  A few
positives were detected at two weeks post-inoculation with ELISA for bell pepper, cotton, and horseweed, but no plants
tested positive by ELISA at four-weeks, nor were they positive by culture, indicating a possible transient infection or
detection of dead Xf cells by early ELISA.  Cultures were clean and negative for Xf. Sunflower tested positive by ELISA for
all 20 plants, but the cultures were clean and negative.  However, the sunflower also died very quickly, which may explain
why it was not detected by culture.  We will repeat needle inoculations for this plant species this winter.  Final tests are
pending for birdsfoot trefoil and annual fescue before we can comfortably say they are not hosts for Xf.
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Xf was successfully isolated from needle-inoculated alfalfa, basil, lima bean, tomato, goosefoot, Spanish broom, tree tobacco,
annual ryegrass, black mustard, Blando brome, New Zealand white clover, Hykon rose clover, cowpea, fava bean, field pea,
meadow barley, and California red oats.  We did not isolate Xf from basil until 16 weeks post-inoculation.  All ELISA tests
for Basil were positive, including for the negative controls, indicating that the commercial kit for Xf from Agdia, Inc., is not
suitable for testing this plant species.  The cultures for the negative controls were always negative, including at 16-weeks
post-inoculation when the other cultures were obtained.

Table 1. ELISA and culture results for plant species needle-inoculated with Xf.

*        False positives.
**      Most or all positives in 2-week ELISA test; possible transient infection or dead cells detected.
***    Very slow-growing Xf, detected well after 4-weeks.
****  Fava bean contains many other microorganisms that contaminate and probably obscure positive culture results.

Also, fava bean   occasionally produces false positives by ELISA.

Insect transmissions have been done for both vectors on alfalfa, cowpea, fava bean, tomato, basil, and goosefoot (Tables 2
and 3).  We confirmed successful transmission of Xf by STSS for fava bean-to-fava bean, alfalfa-to-alfalfa, and alfalfa-to-
grapevine (Table 2).  Therefore, STSS can transmit Xf between fava bean plants, between alfalfa plants, and from alfalfa to
grapevines.  We were unable to detect successful transmission from fava bean-to-grapevine, tomato-to-tomato, tomato-to-
grapevine, cowpea-to-cowpea, or cowpea-to-grapevine.  All 36 STSS died on goosefoot before the end of the 48-hr
acquisition access period (AAP), indicating that goosefoot is a poor host for STSS.  Goosefoot also appears to be a poor host
for Xf, as few cultures were obtained from needle-inoculated plants, and all were extremely slow growing, except for one.
Transmission tests using STSS on basil are underway at the time of this writing and results are not yet available.
We have confirmed successful transmission of Xf by GWSS via culture for cowpea-to-cowpea and tomato-to-tomato tests
(Table 3).  GWSS transmission of Xf from cowpea-to-grapevine or tomato-to-grapevine could not be detected.  Transmission
tests for GWSS on alfalfa are underway and the results are pending.  Only four of 24 GWSS survived the 48-hr acquisition

Type Common Name Scientific Name ELISA + Culture + Xf
Recovered?

Agriculture
Crops

Alfalfa

Basil

Medicago sativa

Ocimum basilicum

20/20

20/20*

14/20

10/20

Yes

Yes

Bell Pepper Capsicum annuum 5/20** 0/20 No

Cotton, Upland Gossypium hirsutum 2/15** 0/15 No

Lima Bean, Fordhook 242 Phaseolus lunatus 2/18 1/18 Yes

Tomato, Rutgers Solanum lycopersicum 15/39 8/38 Yes
Weeds Common Sunflower

(commercial variety) Helianthus annuus 20/20* 0/20 No

Goosefoot Chenopodium sp. 7/40*** 5/33 Yes

Horseweed Conyza Canadensis 2/20** 0/20 No

Spanish Broom Spartium junceum 17/20 17/20 Yes

Tree Tobacco Nicotiana sp. 12/20** 2/20 Yes
Cover
Crops

Annual Ryegrass

Annual Fescue, Zorro

Festuca sp.

Lolium multiflorum

6/20

0/20

6/20

0/20

Yes
Final test
pending

Black Mustard Brassica nigra 17/20 13/20 Yes

Blando Brome Bromus hordeaceus 16/20 13/20 Yes

Birdsfoot Trefoil Lotus spp. 10/20 0/20 Final test
pending

Clover, New Zealand White Trifolium repens 15/20 2/20 Yes

Clover, Hykon Rose Trifolium hirtum 16/20 10/20 Yes

Cowpea, California Blackeye Vigna unguiculata 22/40 16/35 Yes

Fava Bean, Windsor Vicia faba 30/40 7/20**** Yes

Field Pea, Miranda Pisum sativum 14/39 3/11 Yes

Meadow Barley Hordeum brachyantherum 9/20 4/20 Yes

Oat, California Red Avena sativa 12/20 2/20 Yes

Sudangrass Sorghum bicolor var. sudanense 0/20 0/20 No
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access period (AAP) on goosefoot. The surviving four insects were placed on a clean grapevine test plant, although they
appeared to be in the process of dying.  Results for the single goosefoot-to-grapevine test will be available by the December
meeting.  Goosefoot appears to be a poor host for Xf, STSS, and GWSS, and is probably insignificant in PD epidemiology.
Transmission tests for basil using GWSS have been completed, but results are not available at the time of this writing.

We had established clean, captive-reared GWSS and STSS for experiments.  However, they were decimated by an infestation
of the parasitoid wasp, Gonatocerus ashmeadi early this year. We determined the source of infestation, corrected it, and have
been rebuilding the colonies since Spring 2008 by regularly collecting adults from the field for oviposition in captivity.  Eggs
produced are collected from field colonies and hatched in the laboratory, and then transferred to clean plants. We currently
have a few hundred captive-reared nymphs of each species, and several mating pairs and gravid females still producing eggs.
We resumed insect transmission experiments in early September 2008, and we are in the process of conducting transmission
tests as the current captive-reared nymphs reach maturity.  In the meanwhile, we have continued to grow, needle-inoculate,
and evaluate potential PD hosts from the list.

Table 2. STSS transmission results for cowpea, fava bean, tomato, and alfalfa.

Transmission Test ELISA + Culture + Successful
Transmission?

Cowpea-to-Cowpea 5/5 0/5 Not detected
Cowpea-to-Grapevine 2/5 0/5 Not detected
Cowpea Group Grapevine-to-Grapevine Controls 3/6 0/6 Not detected
Fava Bean-to-Fava Bean 1/5 1/5 Yes
Fava Bean-to-Grapevine 4/5 0/5 Not detected
Tomato-to-Tomato 1/5 0/5 Not detected
Tomato-to-Grapevine 3/5 0/5 Not detected
Fava Bean/Tomato Group Grapevine-to-Grapevine Controls 2/4 0/4 Not detected
Alfalfa-to-Alfalfa 3/5 2/5 Yes
Alfalfa-to-Grapevine 2/5 2/5 Yes
Alfalfa Group Grapevine-to-Grapevine Controls 1/5 1/5 Yes
Goosefoot (none survived AAP) 0/0 0/0 No
Basil-to-Basil Pending Pending Pending
Basil-to-Grapevine Pending Pending Pending
Basil Group Grapevine-to-Grapevine Controls Pending Pending Pending

Table 3. GWSS transmission results for cowpea, fava bean, tomato, goosefoot, and basil.

Transmission Test ELISA + Culture + Successful
Transmission?

Cowpea-to-Cowpea 4/5 2/5 Yes
Cowpea-to-Grapevine 3/5 0/5 Not detected
Cowpea Group Grapevine-to-Grapevine Controls 3/5 0/5 Not detected
Fava Bean-to-Fava Bean 2/5 0/5 Not detected
Fava Bean-to-Grapevine 1/5 0/5 Not detected
Tomato-to-Tomato 3/5 1/5 Yes
Tomato-to-Grapevine 2/5 0/5 Not detected
Fava Bean/Tomato Group Grapevine-to-Grapevine Controls 2/10 0/10 Not detected
Basil-to-Basil Pending Pending Pending
Basil-to-Grapevine Pending Pending Pending
Basil Group Grapevine-to-Grapevine Controls Pending Pending Pending
Goosefoot-to-Grapevine Pending Pending Pending
Alfalfa-to-Alfalfa Pending Pending Pending
Alfalfa-to-Grapevine Pending Pending Pending
Alfalfa Group Grapevine-to-Grapevine Controls Pending Pending Pending

CONCLUSIONS
This project addresses the 2006 Scientific Summit category of “Understanding transmission of the disease,” and relates
directly to the acquisition and transmission of Xf by GWSS.  It also has relevance to several of the recommendations
developed by the National Academy of Science, National Research Council (2004).  First and foremost, the definition of the
Category 1 research option is that it “holds a reasonable promise of generating successful tools for management of
PD/GWSS, either in the short term or the long term.”  By determining the plants that truly contribute to primary spread by
sharpshooters, we can give growers another strategy (i.e. removing those plants) in an effort to reduce bacterial inoculum
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around their vineyards.  This proposal also meets the general criteria defined in the NRC report in recommendation 2.2, of
“contributing to PD/GWSS management and its sustainability,” and it applies specifically to recommendation 3.9 of
examining plants “for effective transmission rates from host to grape.”

Bell pepper, cotton, horseweed, and sudangrass did not sustain infection after needle-inoculation with Xf, indicating that these
plants are very unlikely to harbor Xf infection in the field.  This is especially good news about horseweed since it is an
extremely common weed in vineyards and is reported as resistant to herbicides.  It appears that Xf is also unable to infect
annual fescue or birdsfoot trefoil via needle-inoculation, although results from the 16-week (final) test are still pending.
Sunflower has been reported as a host by other researchers and we were surprised that we did not obtain any Xf isolates from
it.  We used a commercial variety, which we grow for our insect colonies, while obtaining seed from wild sunflower.  We
will test the wild sunflower along with the commercial variety again.

We obtained Xf isolates from alfalfa, basil, lima bean, tomato, goosefoot, Spanish broom, tree tobacco, annual ryegrass, black
mustard, Blando brome, New Zealand white clover, Hykon rose clover, cowpea, fava bean, field pea, meadow barley, and
California red oats.  We recovered Xf from at least 50% of test plants for alfalfa, basil, Spanish broom, black mustard, Blando
brome, and Hykon rose clover, indicating that these are likely hosts for Xf in the field.  Although we obtained some isolates
from lima bean, tree tobacco, annual ryegrass, New Zealand white clover, field pea, meadow barley, and California red oats,
further testing is required to gain a better understanding of their potential as alternative hosts for Xf in the field, since needle-
inoculation is a severe and unnatural form of infection that is unlikely to happen in the field.  As in the case of the goosefoot,
we found that we could obtain isolates from a needle-inoculated plant, but that it was a poor host overall for PD and both
vectors tested.  Therefore, goosefoot is unlikely to serve as a source or reservoir of Xf in the field.  If these plants have natural
defenses against acquiring or sustaining a Xf infection when needle-inoculated with millions of bacteria, it is likely that an
infection by a vector transmitting far fewer bacterial cells would not be sustained either.  However, there are insect-pathogen-
plant interactions involved that must be tested before such a conclusion can be made definitively.  Further studies mimicking
more natural acquisition and transmission using insects should be done for a more complete understanding of the roles each
plant and vector species might play in the field.
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ABSTRACT
Twenty-two seedless x seedless crosses to develop additional BC2 and BC3 V. arizonica and BC1 SEUS BD5-117 families
were made in 2008.  Powdery mildew resistance was included in five of these crosses.  These crosses produced 5,148 berries,
8,824 ovules and 1,861 embryos.  Nine seeded BC1 crosses based on V. arizonica and SEUS PD resistance sources were
made, resulting in 1,393 seed. Two BC2 and 12 BC3 families (V. arizonica source of resistance) consisting of 1,191
individuals were screened at the seedling stage in the greenhouse with SSR markers for resistance.  A total of 363 were
resistant and planted in the field.  Greenhouse screening was completed on 57 selections and 20 of the 21 resistant individuals
were from V. arizonica.  Twelve resistant selections have been planted in the field at Weslaco, Texas to determine their field
resistance.  An additional 89 plants and 692 embryos have been produced to increase the size of the C33-30 x BD5-117
family for molecular maker development.  A total of 105 SSR primers are polymorphic between the parents and screening of
the first 154 individuals to develop a framework map has started.  Greenhouse testing of 75 individuals was completed with
21 being resistant.  An additional 49 are currently in greenhouse tests.

INTRODUCTION
Pierce’s disease (PD) has existed in California since the late 1800’s when it caused an epidemic in Anaheim.  A number of
vectors for PD already exist in California, and they account for the spread and occurrence of the disease.  The introduction of
the glassy-winged sharpshooter to California in the 1990’s significantly increased the spread and damage caused by PD.
Other vectors exist outside California and are always a threat.  All of California’s commercially grown table and raisin grape
cultivars are susceptible to PD.  An effective way to combat PD and its vectors is to develop PD resistant cultivars so that PD
epidemics or new vectors can be easily dealt with.  PD resistance exists in a number of Vitis species and in Muscadinia.  PD
resistance has been introgressed into grape cultivars in the southeastern United States, but fruit quality is inferior to V.
vinifera table and raisin grape cultivars grown in California.  Greenhouse screening techniques have been improved to
expedite the selection of resistant individuals (Krivanek et al. 2005, Krivanek and Walker 2005).  Molecular markers have
also been identified that make selection of PD resistant individuals from V. arizonica in these families even quicker
(Krivanek et al. 2006).  The USDA, ARS grape breeding program at Parlier, CA has developed elite table and raisin grape
cultivars and germplasm with high fruit quality.  Embryo rescue procedures for culturing seedless grapes are being used to
help introgress the seedless trait with PD resistance quickly (Emershad et al. 1989).  This collaborative research gives the
unique opportunity to develop high quality PD resistant table and raisin grape cultivars for the California grape industry.

OBJECTIVES
1. Develop PD resistant table and raisin grape germplasm/cultivars with fruit quality equivalent to standards of present day

cultivars.
2. Develop molecular markers for Xf/PD resistance in a family (SEUS) other than those from V. arizonica.

RESULTS
Objective 1
This year the seedless embryo culture crosses concentrated on using V. arizonica and SEUS (BD5-117) sources of resistance.
Twenty-two crosses were made and produced 5,184 berries, 8,824 ovules and 1,861 embryos (21% embryos/ovules)
(Table 1).  Five of the seedless crosses combined V. arizonica PD resistance with powdery mildew resistance.  Nine seeded
crosses from V. arizonica and SEUS sources of resistance were made (Table 2).  Fruit has been harvested and 1,393 seeds
extracted for germination in January.

Two BC2 and twelve BC3 families (89-0908 V. arizonica source of resistance) produced in 2007 and growing in the
greenhouse as small plants this spring were tested for molecular markers associated with the PdR1 locus on chromosome 14
(Table 3).  A total of 1,191 individuals were tested with SSR markers and 1,121 showed markers on both sides of the PdR1
region as expected.  Eighty-seven percent had either resistant or susceptible bands, similar to 2007 results, which makes
selection for resistance effective.  A total of 363 individuals (32% of those showing markers) were resistant and planted to
the field from the greenhouse.  The susceptible individuals were discarded making use of field space much more efficient.
Greenhouse testing of 57 selected individuals from BC2 V. arizonica and SEUS populations was completed and 21 identified
as resistant.  All resistant individuals were from V. arizonica except one from SEUS, showing the high level of resistance
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passed on by V. arizonica.  Another 70 selections are in greenhouse tests that will be completed this fall.  Greenhouse testing
is absolutely necessary to make the final decision about resistance of individual selections.  Because the highest levels of
resistance are being obtained from V. arizonica and BD5-117, we have and will continue to emphasize their use over other
sources of resistance in the breeding program.  Fruit samples have been taken from four populations observed last year to
continue comparing fruit quality between resistant and susceptible seedlings to verify that fruit quality is segregating
independently from PD resistance.  Raisins are being produced from the resistant V. arizonica with small aborted seeds.
Evaluation of over 2,000 fruiting seedlings in the field is being conducted this year to determine those with fruit quality good
enough to consider as parents or potential cultivars.  Twelve advanced selections that were rated as resistant in the
greenhouse have been planted in a replicated plot at the USDA ARS research station, Weslaco, Texas.  This is an area with
high levels of PD and glassy-winged sharpshooters and is being used to determine field resistance of these selections.

Table 1.  2008 table and raisin grape PD resistant seedless crosses and the number of ovules and embryos produced.
Female Male Type No. Emas-

culations
No. berries
Opened

No.
Ovules

No. Embryos

89-0908 V. rupestris x V. arizonica
05-5502-05 A 85- 40 Table      BC3 2,691 452 650 147
Scarlet Royal 05-5502-42 Table      BC3 3,860 92 127 19
04-5554-8 A63-85 Raisin    BC3 a7 bags 296 650 173
05-5555-108 A56-92 Raisin     BC3 2,054 306 525 114
05-5551-49 Selma Pete Raisin     BC3 3,897 487 556 49
05-5502-05 Y315-400 PM Table BC3 2,529 443 795 72
Y314-360 05-5502-05 PM Table BC3 2,310 59 54 11
04-5554-19 Y313-137 PM Raisin BC3 800 94 136 26
04-5554-8 Y313-137 PM Raisin BC3 7 bags 440 882 230
05-5551-108 Y313-137 PM Raisin BC3 2,435 129 154 8
Total 20,576 2,798 4,529 849(18.7%)
B43-17 V. rupestris x V. arizonica
04-5002-42 Y129-161 Table      BC1 2,902 264 675 189
04-5051-14 A56-92 Raisin     BC1 4,168 345 700 177
04-5051-4 A63-85 Raisin     BC3 6 bags 333 434 159
Total 7,070 942 1,809 525(29.9%)
SEUS source of resistance BD5-117
C33-30 BD5-117 Genetic family 10 bags 1,847 2,350 692
01-5026-20 B28-128 Table BC1 7 bags 165 350 31
01-5026-28 B28-126 Table BC1 7 bags 285 328 73
01-5026-31 C62-109 Table BC1 7 bags 149 350 126
01-5026-20 01-5026-8 Table F1 sib 7 bags 152 207 7
01-5026-20 01-5026-33 Table F1 sib 7 bags 206 375 52
01-5026-10 A56-66 Raisin BC1 2,602 188 350 91
01-5026-20 A56-92 Raisin BC1 7 bags 140 351 51
01-5026-20 A51-55 Raisin BC1 7 bags 16 11 0
01-5026-10 Y313-137 PM Raisin BC1 2,683 143 164 56
Total 5,285 3,291 4,836 1,179(24.4%)

aParents with female flowers were not emasculated, only bagged and pollinated.
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Table 2.  2008 table and raisin grape PD resistant seeded x seedless crosses and the number of seeds produced.
Female Male Type No.

Emasculations
No.

Seeds
89-0908 V. rupestris x V. arizonica
05-5501-26 C45-64 Table BC3 a3 bags 41
05-5501-26 A40-93 Table BC3 3 bags 12
04-5554-1 A56-94 Raisin BC3 800 385
05-5501-26 Y315-400 PM Raisin BC3 3 bags 29
05-5501-26 Y314-360 PM Raisin BC3 3 bags 10
B43-17 V. rupestris x V. ariconica
04-5001-11 C58-37 Table BC1 3 bags 334
04-5001-8 C61-123 Table BC1 5 bags 191
SEUS BD5-117 source of resistance
01-5026-11 C45-64 Table BC1 3 bags 15
01-5026-21 A50-33 Raisin BC1 3 bags 376
Total 800 + 26 bags 1,393

aParents with female flowers were not emasculated, only bagged and pollinated.

Table 3. Determination of seedling resistance based on molecular markers for 89-0908 BC2 families made in 2007.
Family Type Cross aNo. Resistant bNo. Susceptible No. Recombinants cNo data Total
07-5001 Table BC3 1 78 39 2 120
07-5002 Table BC3 0 15 4 0 19
07-5003 Table BC3 3 58 5 0 66
07-5006 Table BC3 0 1 0 0 1
07-5051 Raisin BC3 13 23 1 1 38
07-5052 Raisin BC3 72 90 14 10 186
07-5054 Raisin BC3 5 20 2 1 28
07-5055 Raisin BC3 1 7 1 2 11
07-5056 Raisin BC3 3 2 4 0 9
07-5057 Raisin BC3 14 17 5 1 37
07-5058 Raisin BC3 27 49 8 5 89
07-5059 Raisin BC2 111 108 25 12 256
07-5060 Raisin BC2 60 95 21 2 178
07-5061 Raisin BC3 53 48 18 34 153
Total 363 611 147 70 1,191

aResistant = marker on both sides of PdR1 region.
bSusceptible = no PdR1 markers.
cNo data = genotypes that amplified with one marker, off types and that failed with both markers

Table 4. Results of greenhouse test for determination of PD reaction.
Population Resistance

Source
Total
sent

Testing Compete
No. tested       No. resistant

Test pending
No. tested

Total
Tested

No. to
repropagatea

BD5-117 BD5-117 154 75 21 49 124 30
map
Arizonica PdR1 113 28 20 70 98 24
Other PD SEUS 65 29 1 16 45 20
Total 332 112 42 135 267 74

a Not all selections had enough replications in greenhouse for definitive results.

Objective 2
The PD resistant grape selection BD5-117 from Florida was hybridized with the seedless table grape selection C33-30 and
154 individuals have been produced that are fruiting.  BD5-117 has given the highest number of resistant offspring of any of
the SEUS resistant selections to date and makes an excellent choice for study for molecular markers.  The fruit of these
seedlings is being evaluated for berry size, fruit quality and seed/aborted seed size.  Cuttings of all 154 were made for
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evaluation of PD resistance in the greenhouse.  Testing is complete on 75 individuals, with 21 being resistant.  An additional
49 are currently being tested and 37 need to be repropagated for testing (Table 4).  Additional plants are being made to
increase the family size to at least 500 individuals.  In 2006, 65 plants were produced.  In 2007, an additional 89 plants were
produced and planted in the field.  This year 1,847 berries were produced for this cross from which 2,350 ovules were
cultured and 692 embryos produced.  In 2008 SSR primers that have shown polymophism are being tested on all 154
individuals to develop a framework map.  A total of 105S polymorphic markers have been identified to date.

CONCLUSIONS
Families for the development of PD resistant seedless table and raisin grape cultivars continue to be produced.  Emphasis was
placed on making additional V. arizonica BC3 crosses (93% V. vinifera)and BC1 crosses of BD5-117.  The use of molecular
markers has simplified and sped up the identification of PD resistant individuals from V. arizonica. Seedless table and raisin
grape selections with PD resistance and improved fruit quality have been made in both BC2 V. arizonica and F1 BD5-117
families.  One hundred five polymorphic SSR primers have been identified in the BD5-117 family in the search for molecular
markers from sources of resistance other than V. arizonica.  SSR primers are now being tested on all 154 individuals from the
BD5-117 family to develop a frame work map.  The development of PD resistant table and raisin grape cultivars will make it
possible to keep these grape industries viable in PD infested areas.  Molecular markers will greatly aid the selection of PD
resistant individuals from SEUS populations.
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ABSTRACT
The role of alfalfa in the epidemiology of xylellae diseases in the San Joaquin Valley of California was assessed.  Alfalfa was
investigated as it is a known host of Xylella fastidiosa (Xf) and often harbors large populations of a native vector,
Draeculacephala minerva. Laboratory inoculation of 14 cultivars of alfalfa indicated that all cultivars tested were suitable
hosts.  The persistence of infections in alfalfa was followed in four cultivars over one year.  For plants held outdoors,
detection of Xf via PCR declined during the winter and increased again during the summer, suggesting that cool winter
temperatures decreased titers of Xf. Sampling of alfalfa fields seasonally found that incidence of Xf in alfalfa was low with
only six positive samples detected out of >4,000 screened.  All positive samples were collected in summer agreeing with
seasonal trends in Xf detection observed in controlled studies.  Abundance of D. minvera in alfalfa was high, although the
highest numbers were caught on traps located on weedy field margins.  Preference of D. minerva for weeds in alfalfa fields
would limit the spread of Xf in alfalfa.  The results indicate that alfalfa can serve as a source of vectors, but its role as an
inoculum source is unclear.  Future work should determine the incidence of Xf in weeds commonly found in alfalfa fields that
are preferred feeding hosts of D. minerva.

INTRODUCTION
Pierce’s disease of grape and almond leaf scorch disease has been chronic problems in California’s San Joaquin Valley.  In
the San Joaquin Valley of California, the green sharpshooter (Draeculacephala minerva) is thought to be the most important
vector.  Green sharpshooters are often abundant in alfalfa fields and alfalfa is a known host of Xylella fastidiosa (Xf). Alfalfa
is thought to play an important role in the epidemiology of xylellae diseases because alfalfa is often planted in proximity to
almond and grape and clusters of diseased almond trees and grape vines are often observed on orchard or vineyard edges
which border alfalfa.  Due to the large acreage planted with alfalfa in the San Joaquin Valley, its potential to serve as a host
of Xf, and its propensity to harbor vectors, we initiated studies to assess the role of alfalfa in the epidemiology of xylellae
diseases.

OBJECTIVES
1. Estimate Xf incidence in forage alfalfa planted adjacent to grape and/or almond.
2. Characterize the seasonal abundance and dispersal of green sharpshooters present within and emigrating from alfalfa.
3. Determine the relative susceptibility of selected alfalfa cultivars to infection by Xf.

RESULTS
Objective 1.  Estimate Xf incidence in forage alfalfa planted adjacent to grape and/or almond. We sampled alfalfa fields in
Fresno, Tulare, and Kern counties seasonally (winter, spring, summer & fall) to estimate incidence of Xf starting in summer
of 2005 to present.  To date, >4,000 samples have been screened for the presence of Xf using conventional PCR (Minsavage
et al. 1994).  Of those samples, six have been confirmed positive.  Two positives came from a collection in Fresno County
during the summer of 2005 (Figure 1).  The other four positives came from another collection in Fresno County during the
summer of 2007.
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Objective 2.  Characterize the seasonal abundance and dispersal of green
sharpshooters present within and emigrating from alfalfa. The abundance and
spatial distribution of the green sharpshooter was monitored in alfalfa fields in
Fresno, Kern, and Tulare counties throughout 2006, 2007, and 2008.  Four
transects of yellow sticky traps were placed in each field.  Traps were counted
and replaced biweekly.  Preliminary analysis of the distribution of green
sharpshooter within alfalfa fields indicates some important trends.  First, green
sharpshooters were more abundant on field edges than in the middle of fields
(Figure 2A).  Similarly, the number of insects caught per trap was often
associated with the percentage of ground cover that was weeds (Figure 2B).
Together, this indicates that D. minerva adults prefer weeds that are found along
field margins.

Objective 3.  Determine the relative susceptibility of selected alfalfa cultivars to
infection by Xf. Fourteen alfalfa cultivars were screened to determine their
relative susceptibility to infection by four different Xf strains (Temecula, Dixon,
M12, and M23).  Plants were screened for infection using conventional PCR
methods 12 weeks after inoculation. Xf was detected in at least three out of 24
plants for each cultivar and the percentage of plants infected averaged across the four
strains varied from 13 to 48%.
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Figure 2. Examples from preliminary analysis of trap catch data.  A) Mean number of D. minerva caught on sticky traps
located on the edge of an alfalfa field verses the middle of an alfalfa field in Fresno County during 2007.  B) Association of
the number of D. minerva caught per trap between January 8, 2007 and August 3, 2007 and the percentage of ground cover
surrounding a trap that was weeds for an alfalfa field in Kern County.
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the same date in July of 2007.

For 5 cultivars (CUF 101, Moapa 69, WL 530 HQ, WL 625 HQ, and WL 342 HQ) a more detailed experiment was
conducted to determine the seasonal fate of Xf in alfalfa.  Approximately 20 plants of each cultivar were needle inoculated in
July of 2007.  Half of the plants were held outdoors in a screen cage and the other half were held indoors in a greenhouse.
Plants were screened for the presence of Xf regularly using standard PCR methods.  Screening of samples in October of 2007
indicated no differences between plants held outdoors versus those held in the greenhouse (Figure 3).  However, by January
of 2008 all samples from plants held outdoors were negative for Xf whereas most samples from plants held in the greenhouse
were positive (Figure 3).  This suggests that cool winter temperatures reduced the titer of Xf in plants held outdoors.   By
July of 2008, the incidence of Xf was the same for both sets of plants suggesting that cool winter temperatures did not
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eliminate infections from plants held outdoors, but simply reduced Xf titers to levels that were not detectable via PCR.  These
results indicate important seasonal fluctuations in Xf titer.

CONCLUSIONS
All alfalfa cultivars tested were suitable hosts for Xf and green sharpshooters were abundant in alfalfa fields (Figure 2).
Incidence of Xf in field collections averaged over all sites and dates was low (six out of >4,000 samples tested) and all Xf
positive samples were collected during the summer.  Monitoring of needle inoculated plants held throughout the year suggest
that Xf titers decline during the winter (Figure 3), supporting the observation that Xf positive alfalfa samples were collected
only in the summer.  Trapping of D. minerva in alfalfa fields indicates that they prefer weedy field margins and likely feed
preferentially on weeds versus alfalfa. If true, this would limit the spread of Xf in alfalfa.  The results suggest that alfalfa can
serve as a source of vectors, but that the role of alfalfa as an inoculum source is unclear.  Future work should focus on
examining the incidence of Xf in weeds commonly found in alfalfa fields that are preferred feeding hosts of D. minerva.
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ABSTRACT
This report presents updated results of refined mapping of the Pierce’s disease (PD) resistance locus, PdR1, in the 04190 (397
plants) and 9621 population (433 plants) (both with resistance from V. arizonica b43-17). The PdR1 locus is 0.38 and 0.97
cM from flanking markers in 9621 population and 0.39 and 0.23 cM in the 04190 population. Positioning of resistance locus
has slightly changed, but marker-assisted screening and physical mapping efforts have not been affected.  Between July 2007
and July 2008 two BAC libraries, each with one restriction enzyme (Hind III and Mbo I), were completed and we initiated
the screening of the Hind III BAC library with flanking markers and identified 24 positive BAC clones.  BAC end
sequencing was carried out on 14 of BAC clones and complete sequencing of two clones (H23P13 and H64M16) that
represented two haplotypes (either allele) of b43-17 was initiated. With the availability of new greenhouse screen data from
both 9621 and 04190 populations and utilization of new SSR markers from chromosome 14 to refine marker data, the
placement of PdR1 locus was slightly shifted.  The new flanking markers are VVCh14-56 and VVCh14-70, instead of
VVCh14-56 and VVCh14-10.  We then began using the Pinot Noir genome sequence to develop homologous markers that
could be used for BAC library screening, and developed a set of nine markers (without SSR repeats) for BAC library
screening.  We are in process of isolating the BAC clones that represent VVCh14-70 end of the genomic sequence.

INTRODUCTION
Previous reports have described the mapping of resistance to Xylella fastidiosa (Xf) based on b43-17 in four (9621, 04191,
04190, and 04373) populations (Doucleff et al. 2004; Riaz et al. 2006).  A complete report on the origin of the “89 group”
seedlings, two of which, D8909-15 and F8909-17, are the parents of the 9621 population has been published (Riaz et al.
2007).  The genetic mapping of the Pierce’s disease resistance locus, PdR1, in three populations (04190, 04373 and 9621
populations) with emphasis on chromosome 14 and an explanation of segregation distortion mechanism was also completed
(Riaz et al. 2008).  A manuscript describing marker-assisted screening for breeding table and wine grape cultivars is in final
revision (Riaz et al. 2009) and a report on the multigenic resistance from V. arizonica b42-26 is in preparation.  We have
recently refined the position of PdR1a and PdR1b in the 9621 and 04190 populations by increasing the number of
recombinants that were generated from the ongoing wine and table grape breeding program and the addition of new markers.
Greenhouse screening of 64 genotypes in the 04373 population showed that all plants are resistant verifying homozygous
resistance in b43-17.  We also completed the development of a BAC library from the resistant b43-17 and started BAC
library screening with tightly flanking markers.  Mapping populations were developed from b40-14 and b42-26 background
to allow mapping of PD resistance from these two additional sources.  Greenhouse screening of selected F1 genotypes
containing b40-14 as a male parent verify b40-14 is homozygous resistant.

This report details three genetic maps (9621, 04190, and 04373), the initial screening of the 07744 and 04191 populations,
the development of new markers from the Pinot Noir genome sequence, and most importantly the development,
characterization and screening of the b43-17 BAC library.  The initial physical mapping in conjunction with the genetic map
is also reported and will lead to understanding how these resistance genes function.

OBJECTIVES
1. Completely characterize and refine the Xf resistance locus on chromosome 14 by genetic mapping in four populations

04190 (V. vinifera F2-7 x F8909-08), 9621 (D8909-15 x F8909-17), 04191 (F2-7 x F8909-17), and 04373 (V. vinifera
F2-35 x V. arizonica b43-17).

2. Study the inheritance of PD resistance from other genetic sources (b42-26 and b40-14).
3. Develop a BAC library for the homozygous resistant genotype b43-17 (parent of F8909-08 and F8909-17) and screen the

library with closely linked markers.
4. Complete the physical mapping of PdR1a and PdR1b and initiate the sequencing of BAC clones that carry PdR1a gene

candidates.

RESULTS AND DISCUSSION
Objective 1. As mentioned in the previous report, the resistant genotypes F8909-17 and F8909-08 inherited different sister
chromatids (haplotypes) from the homozygous resistant parent b43-17.  It was noted that F8909-08 has a 50 cM region in
which marker segregation is distorted and the same markers are distorted in b43-17 indicating a region with suppressed
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recombination.  However, the same markers on the F8909-17 map were not distorted in this region (Riaz et al. 2008).  This
report presents an updated map of the 9621 population developed with 433 genotypes and additional markers.  The genetic
position of the PdR1a resistance locus is slightly shifted and it is between marker VVCh14-56 and VVCh14-70 (Figure 1).
Table 1 shows the key recombinants from this population.  We also marker screened a total of 458 additional plants from the
9621 population with linked markers (VVIP26 and VMC2a5) and a subset of 49 recombinant plants were selected to
greenhouse screen, which are key to fine-scale positioning of PdR1.  Tightly linked markers were added to the set of
recombinant plants and three key recombinants were detected. Greenhouse screen results will be available next year.  The
F8909-17 resistance source was also used in breeding PD resistant grapes and 24 recombinant plants were selected from five
different crosses (180 plants) and are being greenhouse screened which result in updates of these genetic maps.

Previously, the 04190 population consisted of 361 progeny and PdR1b mapped between markers VvCh14-02 and
UDV095/VvCh14-10 within a 0.4 cM distance.  We have completed screening and mapping of 36 additional plants from this
population.  The position of PdR1 moved from between VvCh14-02 and UDV095/VvCh14-10 to VvCh14-02 and VvCh14-
28/VVCh14-29/VVCh14-30.  These new markers were developed from the Pinot Noir genomic region that corresponded to
the VMCNg3h8 clone sequence (Table 2).  Using the cloned VMCNg3h8 sequence, we obtained a 99Kb contig and new
markers were developed.  In the previous published map, VMCNg3h8 was not polymorphic for the 04190 population and
that genomic region was not represented.  The new markers were added to the base population of 397 plants and map was
updated (Figure 1).  The greenhouse screen was repeated for key recombinants, which also helped refine the data.  In
addition, marker analysis discovered 23 recombinants from 15 different crosses (1000 plants) that contain F8909-08.  These
recombinant plants are in the process of being greenhouse screened.  Data on these recombinants is critical for fine scale
mapping, so greenhouse screens are repeated to rule out all possible mistakes.

A V. vinifera F2-35 x F8909-17 cross generated a fourth mapping population, 04191, of 153 progeny.  This population
provides genotypes with a 50% vinifera background for breeding and more recombinant plants for genetic mapping.  It also
provides a population where resistance from F8909-17 can be examined without possible confounding effects from D8909-
15 (since D8909-15 has a multigenic resistance from b42-26).  We added markers that are tightly linked to PdR1 to this set,
categorized resistant, recombinant and susceptible genotypes based on marker information, and selected recombinant
genotypes based on flanking markers.  This population will be critical for the identification of any minor genes that might
contribute to resistance.  Therefore, we are expanding the framework genetic mapping to all 19 chromosomes.  For this
purpose, we are initiating greenhouse screen of all 153 plants. The plants were propagated and results will be available by
March 2009.

Objective 2. Thus far we have used three resistance sources (b43-17, b40-14 and b42-26 – Table 3).  It is easier to breed with
single locus traits as is the identification of genes using map-based positional cloning.  Resistance from b43-17 is inherited as
a single gene while resistance from b42-26 and its offspring D8909-15 is quantitatively inherited perhaps by multiple genes
on multiple chromosomes.  We initiated genetic mapping in the F1 population from the b42-26 background (05347 –
Table 1).  Greenhouse screening of  a subset found 48 genotypes were resistant and 13 were susceptible.  A total of 337
markers were tested on small a parental data set.  Results found a high level of homozygosity for b42-26 (only 113 markers
were polymorphic); 184 markers were homozygous for the male parent b42-26, 40 markers did not amplify.  We completed
70 markers on a set of 64 genotypes and the remaining polymorphic markers are in process to develop a framework map.
This set of 64 genotypes is not an adequate number for this mapping project, and this cross was repeated in Spring 2008 to
produce at least 188 plants in the core population.

Previous results determined that V. arizonica b40-14 is a promising homozygous resistant genotype.  We screened 45
genotypes from an F1 cross of V. rupestris x b40-14 and all were resistant except three genotypes with intermediate results.
In Spring 2007, these resistant F1 genotypes were crossed to other susceptible and resistant genotypes to verify the single
dominant gene mode of inheritance (07744 and 07386 – Table 1).  We completed DNA extractions from 122 seedlings from
07744 and 105 seedlings for 07386.  Marker testing is in the process to create a framework map of the 19 chromosomes, and
polymorphic markers will be added to the 07744 population. Greenhouse screening results from these plants will be
completed by March 2009.  Initially framework genetic maps in F1 and BC1 populations will be developed utilizing 96 to
188 genotypes.  Once the resistance locus and QTLs are localized, markers will be added to saturate the linkage groups where
the resistance loci reside.

Objective 3 and 4. Two BAC libraries (each with a different restriction enzymes) from the homozygous resistant b43-17 were
developed.  Library screening was carried out twice with two markers (VVCh14-10 and VVCh14-56), both tightly linked to
PdR1.  This identified 24 positive clones– four of the positive clones were positive with both markers: H23-P13, H34-B5 and
H64-M16 and H45-J22.  The inclusion of new marker and greenhouse screen information moved the PdR1 locus between
markers VVCh14-56/VVCh14-02 and VVCh14-70 (Figure 1 and Table 2), which required the BAC library be screened to
find the clones in the genomic region at the end of  VVCh14-70 marker.  The 14 positive BAC clones that were selected with
flanking marker were amplified with marker VVCh14-56, which is polymorphic (with two alleles) for b43-17 and can be
used to distinguish and group clones.  In an attempt to develop more markers, we utilized the 695Kb region from the Pinot
noir genome sequence that covers the marker VVCh14-56 and VVCh14-27/VMCNg2b7.2 (Figure 1).  It is important to note
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that this region is from two different scaffolds (9 and 21). A total of 10 primers were developed that spread across 60 to
80Kb of the 695Kb sequence from Pinot noir.  Nine of these markers amplified successfully (Figure 2).  We also developed
SSR markers from this region that were placed in between the screening markers (Figure 2).  Currently the resistance locus
resides between Ch14-56 and Ch14-70; a physical distance of 340Kb.  Based of the genetic map from 9621 population, the
physical and genetic distance correlates as 1cM is equal to about 216Kb.  Based on the previous reported position of the
PdR1 locus, we initiated shotgun sequencing of the H23P13 and H64M16 clones.  These clones represent two haplotypes of
b43-17.  A total of 173Kb region of H23P13 clone was assembled after primer walking.  Given the new position of PdR1, we
will be able to utilize the 35Kb region that spans the region from marker VVCh14-56 and beyond, and rescreen the BAC
library.

CONCLUSIONS
Results from this project have allowed us to: 1) understand the segregation of PD resistance in two different backgrounds; 2)
develop a framework genetic map for Xf resistance; 3) select markers for effective marker-assisted selection (MAS) in grape
breeding; and 4) begin development of a physical map of genomic fragments that carry the PdR1 locus, leading to map-based
positional cloning of PD resistance genes. MAS has allowed the generation of PD resistant BC3 progeny with 94% of their
parentage from elite V. vinifera wine grapes in a dramatically shortened time period. We have also constructed a BAC library
for b43-17 to isolate the PdR1a gene candidates. In order to expand the range of PD resistances by exploiting other resistant
accessions, we are studying the inheritance of PD resistance in two other backgrounds.  Resistance in V. arizonica b40-14 is
inherited as a single gene.  We are using quantitative trait loci (QTL) analysis in the 0023 and 05347 populations to study PD
resistance from V. arizonica b42-26 whose resistance is controlled by several genes.  The genetic mapping, placement of a
variety of resistance genes/traits will allow MAS to broaden resistance and make it more durable.  Map-based efforts will
also enable us to characterize the variants of PD resistance genes.
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Table 1. The key recombinants from the 9621 population. The genotypes in bold red font are key recombinants with a
recombination event between the marker and the PdR1a resistance locus. “0” indicates a susceptible allele and “1”
indicates a resistant allele.

9621
Genotype UDV095 A0101 VVCh14-56 PdR1a VVCh14-70 VVCh14-29 VMCNg

3h8
VMCNg

2b7.2
-36 0 0 0 0 0 1 1 1
-45 0 0 0 0 0 1 1 1
-259 0 0 0 0 0 1 1 1
-320 0 0 0 0 0 1 1 1
-363 0 0 0 0 0 1 1 1
-376 0 0 0 0 0 1 1 1
-400 0 0 0 0 0 1 1 1
-416 0 0 0 0 0 1 1 1
-426 0 0 0 0 0 1 1 1
-470 0 0 0 0 0 1 1 1
-08 0 0 0 0 1 1 1 1
-194 0 0 0 0 1 1 1 1
-554 0 0 0 0 1 1 1 1
-629 0 0 0 0 1 1 1 1
-28 0 0 0 1 1 1 1 1
-38 0 0 0 1 1 1 1 1
-15 - 1 1 1 1 0 0 0
-23 1 1 1 1 1 0 0 0
-31 1 1 1 1 1 0 0 0
-337 1 1 1 1 1 0 0 0
-345 1 1 1 1 1 0 0 0
-360 1 1 1 1 1 0 0 0
-337 - 1 1 1 1 0 0 0
-397 1 1 1 1 1 0 0 0
-409 1 1 1 1 1 0 0 0
-428 1 1 1 1 1 0 0 0
-505 - 1 1 1 1 0 0 0
-595 1 1 1 1 1 0 0 0
-697 1 1 1 1 1 0 0 0

Table 2.  List of new markers that were developed from Pinot noir genome sequence and were utilized on 4
different populations.
Name PN contig id New marker Amp size 04190 9621 04373 04191
A010 VV78X214158.8 VVCh14-02 170 Y Y N Y

VVCh14-56 Y Y
UDV095 VV78X004565.11 VVCh14-09 170 Y Y

VVCh14-10 210 Y N Y N
VMCNg2b7.2 VV78X072246.8 VVCh14-27 193 Y Y Y Y
VMCNg3h8 VV78X190796.4 VVCh14-28 167 Y Y Y Y

VVCh14-29 200 Y Y N Y
VVCh14-30 206 Y Y N Y
VVCh14-70 193 Y Y N Y
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Table 3. Parentage and species information for populations and genotypes being
used to map PD resistance.
Population / Genotype Species / Parentage
b42-26 V. arizonica/girdiana
b43-17 V. arizonica/candicans
b40-14 V. arizonica
D8909-15 V. rupestris A. de Serres x b42-26
F8909-08 and F8909-17 V. rupestris A. de Serres x b43-17
F2-7 and F2-35 (females) V. vinifera (Carignane x Cabernet Sauvignon)
9621 D8909-15 x F8909-17
0023 F8909-15 x V. vinifera B90-116
03300/5 101-14Mgt (V. riparia x V. rupestris) x F8909-08
04190 F2-7 x F8909-08
04191 F2-7 x F8909-17
04373 F2-35 x b43-17
05347 F2-35 x b42-26
07744 R8918-05 x V. vinifera Airen
07386 R8917-02 x V. vinifera Airen

Figure 1. SSR-based genetic map of chromosome 14 from the 9621 (left) and 04190 (right) populations.
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ABSTRACT
The use of marker-assisted selection (MAS; see our companion report) and our acceleration of the seed to seed breeding
cycle to three years have allowed very rapid progress towards our goal of Pierce’s disease (PD) resistant winegrapes.
Populations from the 2007 crosses were screened with MAS for both PD and powdery mildew (Run1) where appropriate and
only those with the markers were planted in the field.  The 2008 crosses were made to: 1) Use the PdR1 allele from 8909-08
to broaden the vinifera winegrape lines at the 93.75% vinifera level; 2) Combine PdR1 with the powdery mildew resistance
gene Run1 at the 90.6% vinifera level; 3) Combine PdR1 with the LG13 powdery mildew resistance gene REN1 at the 87.5%
vinifera level; 4) Use 8909-17 based resistance with diverse vinifera winegrapes to produce resistant progeny at the 87.5%
vinifera level; 5) Use the F1 progeny of the homozygous PD resistant b40-14 V. arizonica to produce a breeding and
mapping population that is 75% vinifera; 6) use elite winegrapes to broaden and expand the V. shuttleworthii breeding lines
producing progeny that are 75% and 87.5% vinifera; and 7) Produce rootstocks with PdR1 and broad-based nematode
resistance.  Inoculations were made to selections with PdR1 and either 87.5% and 75% vinifera at our Beringer, Napa County
trial.  Finally, small-scale wine lots were made from five 87.5% vinifera PdR1 selections from wine grape backgrounds.
Fruit evaluation and must analysis were performed on numerous other promising progeny at this level.

INTRODUCTION
The Walker lab is uniquely poised to undertake this important breeding effort, having developed rapid screening techniques
for Xylella fastidiosa (Xf) resistance (Buzkan et al. 2003, Buzkan et al. 2005, Krivanek et al. 2005a 2005b, Krivanek and
Walker 2005), and in possession of unique and highly resistant V. rupestris x V. arizonica selections, as well as an extensive
collection of southeastern grape hybrids, to allow the introduction of extremely high levels of Xf resistance into commercial
grapes.  They have produced plants that are 93.75% V. vinifera, from winegrape cultivars, with resistance from our b43-17 V.
arizonica/candicans resistance source.  There are two sources of PdR1, 8909-08 and 8909-17, both siblings of b43-17.  These
selections have been introgressed into a wide range of winegrape backgrounds over multiple generations, and resistance from
southeastern United States (SEUS) species is being advanced in other lines.  However, the resistance in these later lines is
complex and markers have not been developed to expedite breeding.

OBJECTIVES
1. Breed Pierce’s disease (PD) resistant winegrapes through backcross techniques using high quality V. vinifera winegrape

cultivars and Xf resistant selections and sources characterized from our previous efforts.
2. Continue the characterization of Xf resistance and winegrape quality traits (color, tannin, ripening dates, flavor,

productivity, etc.) in novel germplasm sources, in our breeding populations, and in our genetic mapping populations.

RESULTS AND DISCUSSION
Objective 1 – The breeding cycle for the development of PD resistant grapes has been reduced to three years (seed to seed)
using marker-assisted selection (MAS) with the b43-17 resistance sources and their progeny.  Our goal at this point is to
introgress our PD and PdR1 resistance sources into a large number of V. vinifera winegrapes backgrounds.  Until we get to
the backcross 4 (BC4) (96.8% V. vinifera), there is not much point to growing very large numbers of progeny from any given
cross.  With the 3-year seed-to-seed cycle, we will plant BC4 progeny in 2010. Table 1 presents the crosses made in Spring
2008 with the numbers of seeds produced.  The goals of this years crosses were: 1) Use the PdR1 allele from 8909-08 to
broaden the vinifera winegrape lines at the 93.75% vinifera level; 2) Combine PdR1 with the powdery mildew resistance
gene Run1 at the 90.6% vinifera level; 3) Combine PdR1 with the LG13 powdery mildew resistance gene REN1 at the 87.5%
vinifera level; 4) Use 8909-17 based resistance with diverse vinifera winegrapes to produce resistant progeny at the 87.5%
vinifera level; 5) Use the F1 progeny of the homozygous PD resistant b40-14 V. arizonica to produce a breeding and
mapping population that is 75% vinifera; 6) Use elite winegrapes to broaden and expand the V. shuttleworthii breeding lines
producing progeny that are 75% and 87.5% vinifera; and 7) Produce rootstocks with PdR1 and broad-based nematode
resistance.

To date, three groups of plants have been greenhouse screened for Xf resistance in 2008 (Table 2).  Group A tests were done
to verify the expression of PdR1 from b43-17 in the 04190 (V. vinifera F2-7 x 8909-08) population.  This group also tested
advanced 87.5% V. vinifera PdR1 carrying parents, which were used in the 2007 crosses to create 94% V. vinifera progeny
with PdR1.  This group also included the parents of new mapping populations:  one based on single gene resistance from V.
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arizonica b40-14 (R89); and the other based on multigenic resistance from V. arizonica/girdiana b42-26 (05347).  The Group
B tests examined progeny of Midsouth and BD5-117 crossed to advanced vinifera wine types. Both of these parents continue
to produce resistant progeny, but very few and in ratios that suggest a complex inheritance; the use of BD5-117 produced
seven resistant plants in population of 18 and none in an additional population of eight.  The use of Midsouth and a V.
smalliana x vinifera parent both resulted in one resistant plant of six progeny.  All 13 progeny from a cross using Haines City
had lower ELISA values than the known resistant Blanc du Bois in the greenhouse screen.  Two of these progeny were used
as parents in the 2008 crosses (Table 1e) and greenhouse tests found them to be as resistant as parents carrying PdR1,
although Haines City does not contain PdR1.  Eight promising rootstocks based on PdR1 were also tested in this group and
all were resistant.  Group C tests focused on recombinants from our 2006 breeding populations to aid fine-scale PdR1
mapping efforts and on the F1 progeny of b40-14 crossed to V. vinifera discussed below.

Objective 2 – Although resistance from other backgrounds is complex and quantitative, which results in few resistant progeny
from crosses to vinifera cultivars, we continue to advance a number of lines.  In order to better understand the limits of other
PD resistance sources, the following resistance sources are being studied:

V. arizonica b42-26 – Xf resistance in the 0023 (D8909-15 (V. rupestris x b42-26) x V. vinifera B90-116) population is
strong, but is quantitatively inherited. Quantitative trait locus (QTL) analysis has identified a major QTL that accounts for
about 20% of the variability (preliminary results).  Previous efforts with the 0023 were focused on table grape breeding, and
found that the 0023 population (F1, 1/4 b42-26) had about 30% resistant progeny. This population has a large number of
weak genotypes, few females with viable seeds, and generally lacks fertility. The progeny of a cross of a resistant 0023
genotype crossed back to vinifera (BC1) were tested and only 7% were resistant.  Greenhouse testing of 05347 (vinifera F2-
35 x b42-26) to examine the b42-26 resistance source in a less complex background (without the confounding effect of V.
rupestris) was completed last year.  In 2007, crosses using elite V. vinifera wine type pollen were made to a number of
females in this population and 140 genotypes were planted this spring for future evaluation.  This spring the cross 05347 was
repeated to expand this mapping population (Table 1e).

V. arizonica b40-14 – Over the last seven years, we have greenhouse tested 45 F1 progeny of PD susceptible V. rupestris
Wichita Refuge crossed with PD resistant b40-14 (R89 series).  Only one genotype has failed to test resistant over that time
period (data not shown).  In 2006, we crossed V. vinifera F2-35 x b40-14 and established 198 seedlings for testing.  In 2007,
we crossed the V. vinifera variety Airen onto two of the PD resistant R89 genotypes and planted a total of 163 genotypes in
Spring 2008.  We have initiated greenhouse screening of these two populations for initial mapping of a new PdR locus.  From
our previous R89 testing, we expect the F1 progeny of b40-14 crossed to V. vinifera to all be PD resistant.  To date, we have
completed greenhouse testing of seven genotypes. Lack of PD phenotypic symptoms on all seven and very low mean cfu/ml
ELISA values for the first three give some credibility to that expectation.  We are planning on using the progeny of the 06339
crosses made this year (Table 1e) for further mapping efforts to better characterize this very strong, and morphologically and
genetically different source of PD resistance.

V. shuttleworthii Haines City – Based on the encouraging greenhouse screen results for this resistance source as reported
above, in 2008 we made the BC1 (75% vinifera) and BC2 (88% vinifera) using a BC1 from our earlier table grape work that
tested particularly well and had reasonable wine grape characteristics (Table 1e).

Given that low levels of Xf exist in resistant plants, it will be important to also have PD resistant rootstocks to graft with
resistant scions and prevent them from dying on susceptible rootstocks.  We completed screening of eight promising progeny
from crosses of 101-14 x F8909-08.  Evaluation for grafting ability and testing against phylloxera and nematodes and finally
field testing will follow.  In 2008, we made additional PD resistant rootstock crosses resulting in 1397 seeds (Table 1f).

Field and Wine Evaluations – The A81 series (BC1, 75% vinifera) 8909-08 allele type of PdR1 is in its third year of field
testing at the Beringer Yountville test site; ELISA and visual symptom results have been consistent with greenhouse assays.
Selections from the 045554 (BC2, 88% vinifera) were grafted onto Dog Ridge (currently the only certified PD resistant
rootstock) and were planted at Yountville in Spring 2007.  These genotypes have been marker tested and their PD resistance
status confirmed by greenhouse testing.  Twelve genotypes were resistant, four were recombinants (one resistant and three
susceptible in the greenhouse test).  These were needle inoculated for the first time on May 22, 2008.   The A81 series was
inoculated at the same time for the second time.  Both groups will be sampled for ELISA testing this fall.

Three of eight advanced red wine selections (U0501-12, U0502-01 and -10) containing PdR1 that are 87.5% vinifera from
crosses with Syrah and Chardonnay were replicated for small-scale fermentation in 2006 and wines made again this fall.
Between four and 20 liters of wine from each were produced along with similar amounts of Barbara and Zinfandel as V.
vinifera controls and Lenoir as the standard PD resistant control to standardize these very small-scale fermentations.  Two
additional wines were made for the first time this year from siblings of the above crosses: U0502-20 (white) and U0502-26
(red).  All these selections were evaluated for their productivity, flowering and ripening dates, and berry and cluster weights.
Vine, fruit and juice analyses are presented in Tables 3a and 3b, and images of the leaves and fruit are in Figure 1.
Numerous other genotypes from crosses involving elite vinifera wine cultivars were examined for fruit evaluation and must
analysis.  ETS Laboratories (www.etslabs.com) of St. Helena kindly donated their fruit analysis and phenolics panel, which
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uses a wine-like extraction to model a larger fermentation. Surprisingly, none of the U05 series analyzed contained
significant levels of diglucoside anthocyanins, which are negative quality markers for hybrid wines with American grape
species and which would create problems with exporting wines to the EU.  Cuttings of the best of these were established in
our Davis vineyard this spring so that we can get small-scale wine lots made for evaluation in 2009.  A new MS student is
examining the reasons for the lack of diglucoside anthocyanins in these selections to determine whether the arizonica-
resistance sources possess these anthocyanins.

Powdery Mildew
Any new PD resistant variety should also be resistant to powdery mildew.  We have been exploring powdery mildew
resistance in a number of backgrounds including Olmo’s VR (vinifera x rotundifolia) hybrids, which form the base of
international efforts at characterizing Run1, the rotundifolia-based locus responsible for resistance to powdery mildew.  The
2008 season field evaluations of the 2006 crosses show the markers correlating perfectly with field resistance to powdery
mildew on the leaves, canes, rachis and fruit.  The goal with these individuals is to cross our advanced PD resistant selections
with selections from these powdery mildew resistant progeny (Table 1b).  This spring 537 plants of crosses between
genotypes with PdR1 and other types with Run1 were planted on 1’ x 1’ spacing in a nursery to screen for powdery mildew
resistance.  This allowed the elimination of weak plants and reduces the cost of MAS screening where we continue to see
segregation distortion against the Run1 locus in some lines.  We tested 136 plants in the nursery screen for powdery mildew
resistance celll of which are preparing for marker testing for both Run1 and PdR1 to verify the utility of MAS for the
combined traits.  Plants with both loci will go to the field for evaluation of fruit and horticultural characteristics.  In 2008 we
also made crosses to examine powdery mildew in two other backgrounds: a source of the REN1 locus (a separate powdery
mildew resistance locus on chromosome 13, from the V. vinifera table grape Karadzhandal (Table 1c) and the Chinese
species V. romanetii.  We produced 564 seeds using Karadzhandal, clusters from crosses with V. romanetii are being
processed.

CONCLUSIONS
This project continues to breed PD resistant winegrapes with the primary focus on the PdR1resistance source so that progress
can be expedited with MAS.  Populations with Xf resistance from other sources are being maintained and expanded, but
progress is slower with these sources. We continue to supply plant material, conduct greenhouse screens and develop new
mapping populations for our companion project on fine-scale mapping of PD resistance leading to the characterization of the
PdR1 resistance locus.  The first testing of small-scale wine from advanced selections with 87.5% vinifera from winegrapes
was done in Fall 2007, and they scored remarkably well. Evaluation of the 2008 wines is pending.
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Table 1. 2008 crosses and numbers of seed produced.

Resistant Type
Vinifera Parent of Resistant

Type Vinifera Types used in 2007 crosses
# Seeds

Produced
1a. Monterrey V. arizonica/candicans resistance source (F8909-08) 
parentage.

to produce progeny with 93.75% V. vinifera

U0502 Chardonnay F2-7 (Cab x Carignane) 262
U0505 Cabernet Sauvignon Tannat 694
1b. Monterrey V. arizonica/candicans resistance source (F8909-08) and Run1 powdery mildew resistance to produce
progeny with 90.6% vinifera parentage.
U0502 Chardonnay 06353, e78 allele pattern 82
U0505 Cabernet Sauvignon 06717, e78 allele pattern 138
1c. Monterrey V. arizonica/candicans resistance source (F8909-08) and a vinifera PM resistance source to produce
progeny with 87.5% vinifera parentage.
A81-17 A38-7 Karadzhandal 564
1d. Monterrey V. arizonica/candicans resistance source (F8909-17 allele) to 
parentage.

produce progeny with 87.5% V. vinifera

06324 Chenin blanc Airen, Cabernet Sauvignon, Chardonnay, Tannat 484
06372 Malaga Rosada Clairette blanche, Tannat 946
06381 F2-7 (Cab x Carignane) Tannat 151
1e. Other PD resistance sources: b40-14 V. arizonica (06339) progeny are 87.5% vinifera. The V. shuttleworthii PD
resistance sources 0098-03 progeny are 87.5% vinifera and 04394 progeny are 75% vinifera
06339 F2-35 (Cab x Carignane) Malaga Rosada, Tannat 325
0098-03 NR Cabernet Sauvignon, Chardonnay 324
04394 NR Cabernet Sauvignon, Clairette blanche, F2-35,

Tannat
1,130

b42-26 NR F2-35 827
1f. Rootstock crosses to combine PD and nematode resistance.
03300-048 06301,Wyoming Riparia,

Riparia Gloire, 44-53 mgt
1,397

Table 2. PD resistant winegrape progeny just completed or currently in greenhouse screening for PD resistance.

Group Genotypes N Inoculation
Date ELISA Date Resistance Source(s)

A 04190, 9621, 2007 parents 150 10/18/2007 1/31/2008 b43-17 (both alleles)

B
D89, R89, 9621, 03300/5 (PD
rootstocks) , 03182, 03187, 04183,
04394, 2007 parents retest

157 3/20/2008 6/26/2008 b43-17, BD5-117,
Midsouth, Haines City

C 2006 recombinants, 06339 29 5/20/2008 8/21 & 9/25/08 b43-17, b40-14

Table 3a. Phenotypic observations of reference varieties and select progeny with the PdR1 resistance source.

Genotype Parentage Percent
vinifera

2008
Bloom
Date

Berry
Color

Berry
Size (g)

Avg
Cluster
Wt. (g)

Ripening
Season

Prod
1= v low

9 = v high
Barbara Historic 100% 5/5/08 B 2.4 290 Late 6
Zinfandel Historic 100% 5/5/08 B 2.6 405 Mid 7
U0501-12 A81-138 x Syrah 87.5% 5/11/08 B 1.0 160 late 4
U0502-01 A81-138 x Chardonnay 87.5% 5/5/08 B 2.0 210 mid-late 4
U0502-10 A81-138 x Chardonnay 87.5% 5/5/08 B 1.7 275 very early 8
U0502-20 A81-138 x Chardonnay 87.5% 5/10/08 W 2.0 201 Late 8
U0502-26 A81-138 x Chardonnay 87.5% 5/9/08 B 2.1 375 mid-late 6
Lenoir V. aestivalis hybrid <50% 5/16/08 B 0.8 201 Late 6
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Table 3b. Analytical evaluation of reference varieties and advanced selections with the PdR1 resistance source.  All analysis
courtesy of ETS Laboratories, St. Helena, CA.

Genotype
L-malic

acid
(g/L)

°Brix potassium
(mg/L ) pH TA

(g/100mL)

YAN
(mg/L
(as N)

catechin
(mg/L)

tannin
(mg/L)

Total
antho-

cyanins
(mg/L)

Barbara 2.83 25.0 2170 3.36 0.87 431 31 201 300
Zinfandel 2.43 23.5 1870 3.55 0.62 191 34 322 386
U0501-12 3.22 27.2 2020 3.51 0.74 3.98 48 781 1161
U0502-01 7.36 23.3 3240 3.70 0.96 567 81 364 530
U0502-10 4.36 22.3 1800 3.47 0.82 305 73 565 828
U0502-20 4.94 24.0 2600 3.62 0.90 544 - - -
U0502-26 5.55 24.3 2420 3.64 0.91 699 65 225 811
Lenoir 5.54 28.7 3050 3.63 0.83 230 160 405 2396

Table 3c. Sensory evaluation of reference varieties and advanced selections with the PdR1 resistance source.

Genotype Juice Hue Juice
Intensity Juice Flavor Skin Flavor Tannin

(1=low,
Color
(1=gr, Seed Flavor Tannin

(1=high,
4= high) 4= br) 4= low)

Barbara pink-brown low neutral, acidic jam, berry 2 4 nutty,spicy 3
Zinfandel orng-brown medium jam, hay fruity 2 4 nutty,bitter 1
U0501-12 red med-dark fruity fruit jam 2 4 neutral 2
U0502-01 pink-brown medium fruity-PN sweet fruit 1 3 spicy 1
U0502-10 pk-red-orng med-dark slight vegetal mildly fruity 1 4 nutty,spicy 1
U0502-20 green medium neutral, fruity fruity 1 4 spicy,bitter 1
U0502-26 pink medium bright, spicy fruity 2 4 nutty 3
Lenoir red dark mildly fruity fruity 1 4 nutty 4

Skin Seed Seed
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Figure 1.  Pictures of the 87.5% vinifera PD resistant wine grape selections used for small-scale winemaking at UCD in
2008.
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ABSTRACT
The goal of this research project is to estimate the medium to long-run economic impact to growers and consumers of
California’s diverse agricultural crops, and to taxpayers from the establishment of the glassy-winged sharpshooter (GWSS) in
California, and to estimate how different public policy responses affect the costs and benefits to growers and consumers.  The
costs and benefits to consumers, producers and taxpayers will be estimated using market models that take into account
changes in the costs of production, total production by newly infested growers in California and all other growers, trade, and
consumer demand.

INTRODUCTION
In 1989, a pest new to California, the glassy-winged sharpshooter (GWSS), was collected in Irvine, CA.  Since then the
GWSS has spread throughout most of southern California and limited infestations of the GWSS are found as far north as the
southern San Joaquin Valley counties of Kern and Fresno (CDFA 2008).  Initially thought to mimic the feeding patterns of
native California sharpshooters, by the late 1990s it became apparent that the GWSS was a more deadly vector of the
bacterium Xylella fastidiosa (Xf) than native sharpshooters because of its wide host range and ability to feed on and transmit
the pathogen to older grape wood.  Pierce’s disease (PD) has been endemic to California since the 19th century.  However,
because the GWSS is a more deadly vector of the bacterium, its establishment in southern counties has led to an increase in
both the severity and incidence of the disease in infested regions.  Initial infestations in the Temecula Valley caused large
losses for growers due to vine death and the removal of vineyards. In 1999, losses to growers were estimated to be $46
million (Brown et al. 2002).

In 2000, soil applied imidacloprid (Admire®) was granted a Section 18 emergency use permit (Jetter et al. 2001) and has
since proven to be the most effective chemical treatment of GWSS (Barry Hill, CDFA, 2008, personal communication;
Jennifer Hashim-Buckey, UCCE, 2008, personal communication; Judy Leslie-Stewart, Consolidated Central Valley Table
Grape Pest and Disease Control District, 2008, personal communication).  In the Central Valley, the use of Admire® replaced
the use of Provado®, a foliar formulation of imidacloprid that was less effective in controlling the GWSS.  Consequently, one
cost to the grape industry to treat GWSS is not the cost of Admire®, but the difference in cost between Admire® and
Provado®.  Manual controls include pulling out infected vines, or in some cases, vines that may be infected (Barry Hill,
CDFA, 2007, personal communication) in order to remove the bacterium from the vineyard before it can be transmitted by
GWSS or other vectors.

Public agencies, including research universities and governmental agencies, have also been conducting research on effective
techniques to manage the GWSS.  With regard to the management of GWSS and PD, universities have been engaged in
research involving the use of biological control agents for the GWSS and developing hybrid varieties resistant to PD.  For the
biological control program, a number of egg parasitoids have been imported into California and released to reduce
populations of GWSS.  To date, these parasitoids appear to be most effective in citrus, and in the coastal and interior regions
of southern California.  With regard to plant breeding, research on a new variety of PD resistant wine grapes used in the
production of blended wines is promising, but is still in the testing stage (Andrew Walker, UC Davis, 2008, personal
communication).

Governmental agencies have been involved in two control programs to manage and contain the GWSS.  One treatment
involves the control of the GWSS on citrus before it can move into vineyards and transmit the PD bacterium.  This program
overcomes the divide created between the citrus growers who are not typically affected by GWSS and would not typically
treat for GWSS, and grape growers who are negatively affected by large populations of GWSS migrating from citrus to
grapes.  Currently any citrus grove within ¼ mile of a trapped vine (i.e. a trap placed in a vineyard contains a GWSS) is
treated, unless the grove is located along the northern boundary of the infestation, in which case the barrier is ½ mile from a
trapped vine.  While some citrus growers may benefit from the control of the GWSS and other pests in their groves, chemical
treatments may also disrupt IPM pest control practices, imposing additional costs on the citrus industry.  All these effects are
important to include in any economic analysis of PD in California.

Finally, there is a state quarantine in place to limit the spread of the GWSS into uninfested grape growing areas of California.
The quarantine consists of on-site sanitation practices, inspections and surveys, and spraying plant leaves with a chemical
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such a methomyl (Lannate®) to treat difficult to detect egg masses not caught by inspectors.  As a result, management of PD
in California includes a bundle of methods that have economic impacts on the wine, table and raisin grape, citrus, and
nurseries industries.  These different methods to control GWSS and PD have significantly improved the situation, and
damages today are not as severe as initially anticipated.  Even though better methods have been developed to manage GWSS,
the costs of production for each industry have not returned to pre-GWSS infestation levels.

Due to the size of the industries affected by the control of GWSS and PD in California, even small changes in the costs of
production can have a major impact on the benefits and costs to producers, consumers and taxpayers.  The grape industry is a
major agricultural producer in California. With average annual revenues (2004-2006) to the wine, table and raisin grape
industries totaling $3 billion, grape production is the largest fruit industry in California (USDA 2006a).  When revenues from
the citrus and nursery industries are combined with the revenues from the grape industry, their total revenues of $20.8 billion
make this the second largest agricultural sector in the U.S. behind corn ($26.8 billion) and before soybeans ($18.3 billion)
(USDA 2006a; USDA 2006b; Jetter 2007).

Growers with GWSS and PD are affected economically though higher costs of production.  Given the size of the grape
industries in infested counties, higher costs of production will put upward pressure on market prices.  With higher market
prices newly infested growers are able to recoup a portion of their higher costs of production.  Higher market prices will
cause consumers to purchase less, however.  With higher prices and lower consumption, consumers are also worse off from
the establishment of GWSS.  The higher prices will make growers in uninfested areas of California, and in the rest of the U.S.
better off.  These growers receive the higher market prices, but do not incur the higher costs of production.  Additional costs
accrue to taxpayers who bear the costs of the public management programs.  An economic analysis needs to include all these
effects.

OBJECTIVES
1. Estimate the costs and benefits to wine grape, table grape and raisin growers, consumers and taxpayers from changes in

the costs of grape production due to the establishment of the GWSS.  The changes in production costs will be based on
current best practices and will include chemical treatments, removal of infested vines, quarantine restrictions and public
control programs.

2. Estimate the costs and benefits of public policies to manage and contain the GWSS.  The public control policies include
public programs to treat the GWSS in citrus to prevent its spread into grape vineyards in the spring, and the associated
containment program.  An additional public policy to contain the spread of GWSS and, thus, the transmission of PD, is a
state quarantine on the movement of nursery, citrus and other host crops out of infested regions.

3. Estimate the optimal check-off rate for the grape industries that benefit from the treatment of the GWSS on
overwintering crops.  The rate will take into account the costs and benefits to the grape growers in both infested areas
and areas that benefit from the containment of the GWSS within infested areas, and the costs and benefits to growers of
overwintering crops.  The results of the first two objectives will be used as parameters in the model that estimates check-
off rates.

Analytical Approach to Measuring the Economic Effects of Pierce’s Disease in California
The increase costs of production affect newly infested producers directly because they bear the burden of paying the
increased costs of production; however, consumers and producers are also affected through the market effects of the changes
in the costs of production.  These effects can be shown graphically. Figure 1 presents the market effects of the increased
incidence of PD due to the establishment of the GWSS on the market for grapes (here defined as wine, table and raisin
grapes) and the development of effective GWSS control methods.  The market contains suppliers, who are willing to supply
grapes and initially represented by supply curve S*.  The supply curve is upward sloping because as prices increase growers
will grow more grapes and supply more grapes to the market. The market also contains consumers who purchase grapes and
are represented by the demand curve D. The curve is downward sloping because as prices decrease, consumers will want
more grapes.  The market is in equilibrium at point d.  At point d, price is equal to P* and the quantity demanded by
consumers, Q*, is exactly equal to the quantity supplied by producers.

At the initial equilibrium point there are some consumers who are willing to pay more than P* and some producers who
could offer their products at a market price less than P* and still make a profit.  The consumers who are willing to pay more
may have more income than other consumers, or just a greater preference for grapes and grape products.  The maximum
amount that each consumer would be willing to pay for grapes is represented by the demand curve.  The difference between
what consumers are willing to pay and the actual price that they do pay is called consumer welfare.  In Figure 1, consumer
welfare is equal to area P*gd.

The producers who could profitably accept less than the market price are producing grapes at a lower cost than other
producers.  The minimum amount at which each producer would supply grapes to the market is represented by the supply
curve.  The difference between the price at which producers would offer their goods to market and the actual price they
receive is called producer welfare.  In Figure 1, producer welfare is equal to area P*ad.
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The establishment of the GWSS in select counties in California initially causes the supply curve to shift up from S* to S’.
For supply curve S’ the new equilibrium point is f.  At point f, the equilibrium price is P’, and the equilibrium quantity is Q’.
For example, this shift could represent the losses in the Temecula Valley as PD spread with the GWSS and diseased vines
were removed.

Figure 1.  Market effects for grapes produced in GWSS infested counties.

Over time, management of the GWSS improves and losses decrease.  This causes the supply curve to shift from S’ to S’’.
Thus, supply curve S’’ represents the current situation with respect to the management of GWSS and PD.  For supply curve
S’’, the new equilibrium point is e, price is P’’ and market supply is Q’’.  For example, over time growers in the Temecula
Valley learned that treating a vineyard with the Admire® formulation of imidacloprid can effectively reduce GWSS
populations and the incidence of PD.  While vineyards can now be replanted, the cost to produce grapes has increased above
the pre-GWSS environment because growers must now incur the additional expense of applying Admire®.

For Objective 1, the losses to the different grape industries in California will be estimated assuming a shift in the supply
curve from S to S’’.  The estimated losses to consumers and producers will be equal to area beda.  For Objectives 2 and 3, the
initial market equilibrium will reflect the current situation and practices in California.  In Figure 1, this is at point e, where
the demand curve, D, and supply curve, S’’, intersect.  It is assumed that should the public management of GWSS be
discontinued, the supply curve would shift upward again.  As an example, assume that the supply curve S’’ shifts back up to
S’ if the public programs are discontinued.  The estimated losses to producers and consumers would then be equal to area
cfeb.

The graphical analysis above illustrates the situation in which all grape production in a specific region is affected.  Within
that region all growers are worse off due to higher costs, but losses to some degree are minimized through higher market
prices.  Consumers are worse off due to higher prices, and lower consumption.  With regard to the case of PD in California,
growers located in regions free of the GWSS, and growers in other states where the GWSS is native, will be better off due to
the establishment and spread of GWSS in select counties of California.  Growers without GWSS receive higher prices, but do
not incur higher management costs due to control of GWSS.  Additional costs accrue to taxpayers who bear the costs of the
public management programs.  An economic analysis needs to include all these effects. Due to the relative newness of the
establishment of the GWSS, the scenarios estimated will include a sensitivity analysis that reflects the best estimates of the
range of possible effects by scientists researching and managing the GWSS.

Once all costs and benefits of the establishment of the GWSS are estimated, and the costs and benefits of the public program
to treat GWSS in citrus are estimated, the check-off rates that growers would need to pay in order to take over the citrus
GWSS control program will be determined. Because research and the most effective means to complete the public control
program is still being conducted, there is still a vital role public agencies have in reducing the short-term effects on producers
and, especially, consumers, of commodities affected by Xf and GWSS.  In the long-run though, taxpayer financed control of
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the GWSS will probably not continue.  Even though public funding will continue for the foreseeable future, this research
project will put the economic evaluation tools into place if budgetary shortfalls at the state or federal level put pressure on
policy makers to downsize the public program, and the industries affected by GWSS need to respond quickly.

RESULTS
Economic Effects in the Southern San Joaquin Valley
A meeting was held with grape growers, and public agencies involved with the public control program to determine how the
establishment of GWSS has affected different groups in this area.  Three groups are affected by control of the GWSS in the
southern San Joaquin Valley, grape growers, citrus growers and tax payers.  A majority of grape growers apply imidacloprid
annually to control GWSS and prevent the vine-to-vine transmission of PD.  Applications are typically at the maximum rate
of 14 fl oz an acre (4.6 lb ai/gal formulation) through the irrigation system.  While there is a low incidence of PD in Kern and
Fresno counties, the incidence can rapidly increase should GWSS not be controlled. The treatments with imidacloprid also
provide some benefits to the control of variegated leafhopper and are a suppressant of the grape and vine mealybug.  No
quarantine costs are incurred by grape growers as mature fruit destined for the fresh market is hand harvested and field
packed.

Citrus growers are affected by the public control program and quarantines against moving citrus out of infested areas.  With
the public control program, citrus growers are reimbursed for their treatments of GWSS.  Participation in the public program
is currently voluntary for the citrus grower.  To control for GWSS in citrus, an application of Assail is made in the fall
followed by an application of imidacloprid in the spring.  Imidacloprid is applied at a rate of 32 fl oz an acre (2 lb ai/gal
formulation) through the irrigation system.  The control program is conducted on an area-wide basis to achieve longer-term
reductions in GWSS populations.  The control in citrus occurs once every three years unless monitoring indicates an increase
in GWSS populations.  The treatments with imidacloprid may provide minor benefits to control of other pests.  Imidacloprid
may help suppress nematodes, citrus peelminer and California red scale.  Better control of these insects can be achieved by
applying an additional amount of imidacloprid when treating for GWSS; however, the grower is responsible for those costs.
The citrus industry is affected by the interior quarantine and fruit from infested areas needs to be inspected and treated before
leaving a quarantine area.  Quarantine treatments involve fumigation using EverGreen (pyrethrum + piperonyl butoxidor).
Turbocide has also been mentioned as a material that can be used as a fumigant. Taxpayers bear the costs of the public
program and the state quarantine.  These costs include the payments to citrus growers, management costs of the program, and
inspection and monitoring cots.

The remaining areas that will be included in this study are the southern California grape growing areas that also treat for
GWSS, but where the public program is less widespread, the northern San Joaquin Valley grape growing area that is
currently free of GWSS, but has a higher incidence of PD, and the major wine grape growing areas of northern California that
are also currently free of GWSS.  Growers in the areas free of GWSS do not incur any direct costs due to the presence of
GWSS.  They are also beneficiaries of the quarantine program to contain GWSS in the southern San Joaquin Valley.  Thus,
their benefits need to be included in the analysis of Objective 3.

CONCLUSIONS
The containment of GWSS affects both the grape and citrus industries, especially in the southern San Joaquin Valley
counties.  Even though grapes are treated annually and citrus once every three years, citrus receives treatments with two
pesticide applications and a greater amount of imidacloprid.  Thus, even though GWSS is a minor pest of citrus, the per acre
costs of control are similar to the costs being born by the grape growers.  While the per acre costs are similar, because the
treatments in citrus are being born by the taxpayer there are no market effects with respect to changes in market prices or
production.  In comparison, treatments by grape growers are partially passed through to consumers, making consumers worse
off.  The complete economic analysis will take all these effects into account.
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ABSTRACT
The glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) is an invasive pest that has spread across the southern and
western United States.  It is highly polyphagous, feeding on at least 100 species in 31 families (Hoddle et al., 2003; Turner
and Pollard, 1959), and a voracious feeder, having been known to consume up to 100 times its weight in xylem fluid daily.
This insect is a vector of the phytopathogen Xylella fastidiosa (Xf), which is the causative agent of Pierce’s disease (PD) in
grapevines.  In order to evaluate the microbial flora associated with GWSS hemolymph, alimentary canal excretions and
whole insect bodies were subjected to 16S pyrosequencing using the bTEFAP methodology and the resulting sequences (370-
520 bp) were compared to a curated high quality 16S database derived from NCBI’s GenBank. Species from the genera
Wolbachia, Delftia (formerly Pseudomonas), Pectobacterium, Moraxella, Serratia, Bacillus and many others were detected
and a comprehensive picture of the microbiome associated with GWSS was established. Some of the bacteria identified in
this report are initial discoveries and having a breadth of knowledge as to the microbial flora of this insect pest can serve as a
reservoir of information for developing biological control strategies.  One method for biological control can be the genetic
engineering of a particular bacterium to deliver certain molecules known to affect the life stage development of an insect.
Another method, could be isolating a bacterium that competes with Xf, and re-delivering it to wild populations in excess of
their natural bacterial load.  Within this study, we have identified the types of bacteria which may be ubiquitous among
GWSS providing us with targets to begin to investigate these future directions.

LAYPERSON SUMMARY
The glassy-winged sharpshooter is an insect pest that spreads the bacterium Xylella fastidiosa, the causal agent of Pierce’s
disease in the grapevine.  Both wine and table grape production is affected by this disease and it has become a major financial
burden on the industry.  Bacterial DNA can be used to screen for such pathogens in insect populations and having knowledge
of the bacterial pathogens of the insect can be used to develop a biological control strategy.  Hemolymph, alimentary canal
excretions and whole insect tissue were subjected to DNA sequencing and the resulting sequences were matched to groups of
bacteria using NCBI’s GenBank database.  This study shows that bacteria such as Wolbachia, Delftia, Pectobacterium,
Moraxella, Serratia, and Bacillus spp may be useful targets to develop biological control strategies.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is a highly mobile pest and transmits the xylem-limited bacterium Xylella
fastidiosa (Xf).  This bacterium can cause disease in many economically important plants including the grapevine, peach, and
citrus and has become a major limiting factor in their mass production.  The bacterium can also cause disease in ornamentals
such as the oak, elm and sycamore. Once a plant has become infected with Xf, it becomes a reservoir for bacterium and can
be easily spread from plant to plant by the near-continuous feeding of GWSS.  Although pesticides are available for the
control of the insect, resistance and harm to non-target insects is an issue of concern.  Naturally occurring forms of control
have been successful and should be further pursued as a complimentary strategy for insect and disease control.

Many insect taxa have obligate endosymbionts that supplement nutrition in exchange for vertical or horizontal transfer
among individuals (Moran et al 2005, Buchner 1965).  This mutualism has allowed insects to occupy or thrive in otherwise
hostile niches.  The GWSS, a xylem feeder, is known to host several bacterial species including Baumannia cicadellinicola
and Sulcia muelleri (Wu et al 2006).  The B. cicadellinicola genome is devoted to the biosynthesis of vitamins and cofactors
but lacks most amino acid biosynthetic pathways, whereas S. muelleri apparently produces most of the amino acids needed
for the host.  DGGE has been used to find other symbiotic bacteria including Wolbachia, Bacillus, Pseudomonas,
Pedobacter, Methylobacterium, and Curtobacterium flaccumfaciens which the authors suggest could be used as forms of
symbiotic control (Lacava et al 2007).  Curly et al (2007) identified bacteria closely related to Stenotrophomonas and
Acinetobacter in hemolymph samples.

OBJECTIVES
1. Identify major groups of bacteria in the hemolymph, alimentary canal and whole insect.
2. Identify species of bacteria for possible transgenesis and biological control.
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RESULTS AND DISCUSSION
Using 16S pyrosequencing based upon the bTEFAP methodology (Dowd et al., 2008a; Dowd et al., 2008b) optimized for the
Titanium pyrosequencing platform (Roche, Indianapolis, IN) , we were able to identify 17 orders (Figures 1-3), 28 families
and at least 38 genera (Figures 4-6) of bacteria.  Sequences were taken from separately prepared extracts of hemolymph,
alimentary canal excretions and macerated whole insects suspended in 1X PBS. The sequences were approximately 500 bp
(370-520 bp) and were compared to NCBI’s basic local alignment search tool (BLAST) for homologies.  Some of the shorter
sequences aligned to multiple genera and were placed in a separate category called “Other” because it was not clear which
identification was appropriate.

The hemolymph extracts (Figures 1 and 4) contained over 1000 sequences aligning with the order Enterobacteriales
although no Enterobacter were found at the genus level.  Up to 27 sequences from Burkholderiales were found in the
hemolymph but no Burkholderia, Bordetella or Oxalobacter related sequences were found at the genus level.  A single
sequence aligning with Rhizobiales and two sequences aligning with Clostridium were also found in the hemolyph.

The alimentary canal excretions (Figures 2 and 5) contained Enterobacteriales related sequences.  This coupled with the
Enterobacteriales found in the hemolymph may be a sign of cross-contamination with respect to preparation of samples.  The
hemolymph vessels and the alimentary canal lie close to one another in the body of the insect and may have been punctured
in some trials.  Thirteen sequences from Bacillus, 52 Moraxella (an opportunistic cattle and human pathogen) and 72 Serratia
(a human pathogen and lab-colony limiting agent) were recovered as well.

Whole insect macerations (Figures 3 and 6) contained 74 sequences related to Wolbachia, a well-known intracellular insect
pathogen that has been characterized in previous studies.  This symbiont has been shown to be obligate in many arthropods
and nematode species (Mavingui et al 2005) and may be a target for limiting populations of GWSS.  Sequences related to
Cardiobacterium spp. were also recovered in large numbers from all but hemolymph samples.  It is not clear why this
particular bacterium is present.

Sequences of Pectobacterium were recovered from all extracts of the glassy-winged sharpshooter.  This bacterium is known
to cause soft rot and black leg in potato plants through its arsenal of extracellular pectinases (Chan et al 2009).  This
identification is believed to be the first report of this phytopathogen in GWSS.

Although not clearly understood at this moment, sequences relating to Delftia sp were only recovered from the hemolymph
extracts. Delftia sp are ubiquitous, rod-shaped, gram-negative bacteria (Hai et al 2007) that are able to degrade di-n-
butylphthalate (DBP), an industrial pollutant and phthalate derivative, as a sole source of carbon and energy
(Neelakanteshwar et al 2006).

Fifty two (52) sequences associated with Moraxella spp. were recovered from the alimentary canal excretions.  This
bacterium is a polymorphous gram-negative opportunistic pathogen of both humans and cattle and is known to cause
conjunctivitis in both animals.  It also causes ear, nose and throat infections and is known to be transmitted by flies
(Ala'Aldeen 2007).

Although many different types of bacterial taxa were recovered from the extracts of GWSS it is important to recall that these
sequences are small relative to even the whole 16S gene.  While these 500 bp sequences are sufficient to identify bacteria to
the order and perhaps even family level, their predictive ability can be less absolute at the genus and species level.  However,
this data can be used to design primers to “walk” down the gene and may be more adept at resolving the species level
identifications.  In addition, because it is estimated that less that 10% of all bacteria have ever been fully identified this study
has shown that many novel genera may be associated with the GWSS microbiome.  Further study of the microflora of GWSS
will be needed to identify possible targets of paratransgenesis or obligate symbiont knockdown.



- 5 -

Figure 1.  Order level sequencing results for the hemolymph of the GWSS.  Larger numbers of sequences related to
Enterobacteriales were recovered as well as Bacteroidales and Burkholderiales.

Figure 2.  Order level sequencing results for the alimentary canal excretions of the GWSS.  Sequences related to
Cardiobacteriales, Thiotrichales, Enterobacteriales and others were recovered.
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Figure 3.  Order level sequencing results for the whole insect macerations of the GWSS.  Sequences related to
Cardiobacteriales, Thiotrichales, Enterobacteriales and others were recovered.

Figure 4.  Genus level sequencing results for the hemolymph of the GWSS.  Large numbers of Pectobacterium and Serratia
were recovered.  Some Delftia (formerly Pseudomonas) and other non-specific identifications were made.  Note that no
sequences from Wolbachia, an intracellular symbiont, were recovered.
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Figure 5.  Genus level sequencing results for alimentary canal excretions of the GWSS.  Many sequences  of
Cardiobacterium, Pectobacterium, Piscirickettsia and Serratia were recovered.  Other non-specific identifications were made.
Note that no sequences from Wolbachia, an intracellular symbiont, were recovered.

Figure 6.  Genus level sequencing results for whole insect macerations of the GWSS.  Many sequences  of Cardiobacterium,
Pectobacterium, Piscirickettsia and Serratia were recovered.  Other non-specific identifications were made.  Note that
sequences from Wolbachia, an intracellular symbiont, were only recovered from whole tissue extracts.

CONCLUSIONS
Studies on the tsetse fly (Glossina spp.) have shown that transinfection by a genetically transformed strain of endosymbiont
and expression of foreign gene products can be used to block transmission of a disease causing agent (Aksoy et al 2008).
Paratransgenesis in the glassy-winged sharpshooter has not yet been extensively studied but one trial (Bextine et al 2004) did
succeed in delivering Alcaligenes xylosoxidans denitrificans, expressing a red fluorescent protein to GWSS using a novel
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feeding strategy.  The bacterium was able to occupy the same area in the foregut normally associated with Xf infection.  Using
this system as a template and the results from the 16S pyrosequencing, we can now pursue multiple avenues of
paratransgenesis.

The presence of Delftia sp exclusively in the hemolymph of GWSS  provides an exciting possibility for this bacterium as a
potential tool.  A study by Wang et al (2008) showed that a new formulation of media was successful in culturing Delftia
tsuruhatensis to a level 4.7 times higher than with un-optimized media.  Other culture media are also available.
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ABSTRACT
The glassy-winged sharpshooter (GWSS) is an invasive pest and important vector of Xylella fastidiosa (Xf), a xylem-limiting
bacteria that causes Pierce’s disease (PD) in grapes as well as other agricultural diseases.  The primary method of managing
the spread of Xf is controlling its insect vector populations.  Methods such as chemical control are not target specific and lead
to problems such as residue contamination, injury to non-target organisms, and insecticide resistance.  Identifying agents that
can impact GWSS populations is the goal of a biological control strategy.  In this study, we have identified and extracted
whole GWSS Virus 01 ( HoCV-01) from populations of GWSS collected in Texas. HoCV-01 is a novel virus that harbors
pathogenic potential with regard to GWSS.  Future plans for HoCV-01 include reintroduction into GWSS populations
through feeding.  Increased amounts of HoCV-01 ingestion may lead to weakened populations of GWSS that are more
susceptible to control methods such as insecticides.  This would decrease the amount of insecticide needed to produce a
desired mortality rate in insect populations.

LAYPERSON SUMMARY
The glassy-winged sharpshooter (GWSS) is the most economically important insect with respect to the spread of Xylella
fastidiosa (Xf), the causal agent of Pierce’s disease (PD).  Therefore control of this insect is of paramount importance to the
management of the disease.  While insecticides have been used successfully to reduce the economic impact of this disease
system, alternate methods of population insect control are needed to continue management in the future.  Biological control
offers alternatives to chemical control that can be effective in negatively impacting insect population without harmful
environmental effects or concern for insecticide resistance.  In this work, we molecularly describe a virus that shows promise
as a tool for biological control.  While this virus does not cause significant acute mortality, it may reduce the fitness of insects
to a point where other control methods would be more effective.  We suggest that viral infection will make insects more
sensitive to insecticide treatment, resulting in lower LD50 rates for achievement of significant control.  This means that lower
levels of insecticide can be used effectively.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is the major vector of Xylella fastidiosa (Xf) Wells in the southern USA (Adlerz
1980; Blua et al., 1999).  The plant pathogenic bacterium, Xf, has caused economic losses to several agricultural industries in
North America and is associated with many plant diseases such as Pierce’s disease (PD), and oleander leaf scorch.  PD of
grapevine has become a well recognized Xylella-related disease; the vector profile is well known and the epidemiology of the
disease is well documented (Hopkins et al., 2002).  The introduction of GWSS into new areas is directly related to increased
occurrence of PD in vineyards (Perring et al., 2001). Therefore, the management of PD depends heavily on the ability to
control its vectors, especially GWSS.

Methods of vector manipulation such as chemical control with the use of insecticides are not target specific and lead to
problems such as residue contamination, injury to non-target organisms, and insecticide resistance.  The search for more
benevolent pest management strategies has led to the use of biocontrol agents such as fungi and parasitoids.  However, by
utilizing viruses that currently reside in GWSS populations,a viral bio-control that is even more precise may be developed
(Hunnicutt et al., 2006).

HoCV-01 is a member of the genus Cripavirus and family Dicistroviridae (Hunnicutt et al., 2006).  It is a novel virus that
harbors pathogenic potential with regard to GWSS.  The focus of this study was the identification and extraction of whole
HoCV-01 found in populations of GWSS collected in Texas.  Once identification was complete, the genome was sequenced
and checked for variation which may produce an increase in virulence.  Following sequencing, whole HoCV-01 was extracted
in order to reintroduce it into GWSS populations.

OBJECTIVES
1. Identify HoCV-01 in populations of GWSS collected in Texas.
2. Sequence viral capsid protein and check for variation between strain found in Texas and strain found in California.
3. Extract and purify whole HoCV-01 with intent to reintroduce into uninfected populations of GWSS.
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MATERIALS AND METHODS
RNA Extraction. GWSS bodies were collected in microcentrifuge tubes and homogenized.  GWSS RNA was separated from
the solution and purified using a Qiagen RNeasy kit (Qiagen™, Germantown, MD).

RT-PCR & Gel Electrophoresis. Each 1µL GWSS RNA sample was combined with 10µL 2X Reaction Mix (Invitrogen
Molecular Probes™, Eugene, OR), 0.4µL forward primer, 0.4µL reverse primer, 0.4µL Platinum® Taq DNA Polymerase
(Invitrogen Molecular Probes™, Eugene, OR), and 8µL DEPC H2O in solution.  Samples were then subjected to a Reverse
Transcriptase Polymerase Chain Reaction (RT-PCR) using an iCycler Thermal Cycler (Bio-Rad Laboratories, Hercules, CA).
2µL of each GWSS DNA sample was subjected to gel electrophoresis using 2µL ladder, 2µL loading dye per sample, and a
1% agarose gel containing 100mL TAE buffer  and 1g agarose gel.  Gels were subjected to 100V and 400A for 50 min. and
checked under Ultraviolet light in a Bio Doc-It Imaging System (Cole-Parmer™, Hanwell, London).

Sequencing PCR & Ethanol Precipitation. Sequencing was done on sight in the Bextine Molecular Biology Laboratory at
The University of Texas at Tyler.  An amount of 2µL of each GWSS DNA sample was combined with 2µL Nano-pure H2O,
2µL primer (only the forward or the reverse primer were used in this step), 4µL GenomeLab™ DTCS Quick Start Mix
(GenomeLab™, Fullerton, CA), and taken through a Sequencing  Polymerase Chain Reaction, or Sequencing PCR in an
iCycler Thermal Cycler (Bio-Rad Laboratories, Hercules, CA).  Each sample was then combined with 2µL 3M NaOAc, 2µL
100nM EDTA, 1µL 20mg/mL Glycogen, vortexed thoroughly, and subjected to an ethanol precipitation.  During the ethanol
precipitation, sample DNA was purified for sequencing with separate washes of ice cold 95% and 70% ethanol.  The
resulting pellet of purified DNA was mixed with 40µL Sample Loading Solution, vortexed, and transferred to a sequencing
plate.

DNA Sequencing. DNA samples were sequenced using a CEQ 8000 Genetic Analysis System (Beckman Coulter Inc.,
Fullerton, CA).  Prior to loading the samples into the sequencer, each sample was combined with one drop of Mineral Oil.
Data was analyzed using Bioedit® Sequence Alignment Editor (Ibis Biosciences, Carlsbad, CA).

Whole Virus Extraction. Infected GWSS bodies were placed in a mortar and pestle and homogenized in 100mL of phosphate
buffer containing 0.02mg DETCA.  The homogenate was then transferred to 50mL centrifuge tubes and centrifuged at
1600rpm for 20 minutes in an Eppendorf 5804R Centrifuge (Eppendorf , Hamburg, Germany).  The resulting supernatant
was split into two ultra-centrifuge tubes, combined with more phosphate buffer with DETCA, vortexed, and ultra-centrifuged
at 22,000rpm for 16 hours in a Sorvall® RC-5B Refrigerated Superspeed Centrifuge (DuPont Instruments, Wilmington, DE).
Following ultra-centrifugation, the supernatant was discarded, and the pellet was dissolved with 5mL phosphate buffer with
0.4% Na-deoxycholic acid and 4% Brij 52.  The resulting solution was centrifuged and 1600rpm for 15 minutes, passed
through a 0.45μm filter, and collected into large Eppindorf tubes.  The unrefined HoCV-01 solution was placed in a dialysis
membrane, placed in a large beaker containing a stir-bar and ddH20, and placed in a refrigerator at 4°C.  The ddH20 was
changed out ever five-six hours until a white precipitate could be seen in the dialysis membrane.  The purified HoCV-01
solution was collected into micro-centrifuge tubes and stored at -80°C.

RESULTS AND DISCUSSION
HoCV-01 was detected in GWSS populations collected in Texas. Sequence comparison of the Texas strain of HoCV-01
against the sequenced California strain (Hunnicutt et al., 2006) shows some variation.  The percent similarity between the
strains is 98.8%.

Base pair 828, Cytosine in the California strain, is a Thymine in the consensus strain (Figure 1).  This changes the amino
acid translation from Serine (polar side chain) into Leucine (non-polar side chain).  Also, due to a Guanine insertion in the
consensus strain at base pair 904 (possibly a deletion in the California strain), variation downstream in the amino acid chain
was observed (Figure 1).

The presence of variation between the Texas HoCV-01 sequence and the California HoCV-01 sequence is a possible
indication that the Texas strain may exhibit increased virulence.  The Guanine insertion at base pair 904 caused variation in
all downstream amino acid translation.  This could lead to changes in protein folding and ultimately changes in protein
function.  Altered protein functions may cause an increase in virulence in the Texas HoCV-01 strain.



- 11 -

Figure 1. Sequence comparison with protein translation of the California HoCV-01 strain and the Texas HoCV-1
strain. Note the circled areas which indicate variation between the two strains.

CONCLUSIONS
The presence of HoCV-01 in populations of GWSS collected in Texas is crucial in developing an ideal viral bio-control and
pest management strategy.  The possible increase in virulence in the Texas strain is also an indication of the pathogenic
potential of HoCV-01.  This novel virus has been extracted and purified.  In a following study, purified HoCV-01 will be
reintroduced to a population of uninfected GWSS in order to determine increases in population weakness or mortality that
may result.  The results of this experiment are crucial in further understanding the insect vector, GWSS. The management of
PD depends heavily upon the ability to control its insect vectors.
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ABSTRACT
The glassy-winged sharpshooter (GWSS; Homalodisca vitripennis (Germar); Hemiptera: Cicadellidae) is the major vector of
Xylella fastidiosa (Xf), the causal agent of Pierce’s disease (PD) of grapes. As genomic information becomes available more
research on leafhopper stress responses are possible.  Due to the importance of the GWSS in transmission and spread of Xf, a
cDNA library was constructed from adult and fifth-instars GWSS, resulting in 5,906 expressed sequence tags (ESTs).  After
quality scoring, 4,445 sequences underwent assembly which produced a set of 2,123 sequences that putatively represented
distinct transcripts.  BLASTX analysis identified four significant homology matches to heat shock proteins, (HSP) which are
the focus of this study.  The overall importance and function of HSPs lie in their ability to maintain protein integrity and
activity during stressful conditions, such as extreme heat, cold, drought, or other stresses.  Phylogenetic analyses using these
four HSP sequences provided further support of transcript by the identification of specific motifs.  This study shows that
highly conserved genes like HSPs are a viable alternative to ribosomal DNA in elucidating phylogenetic relationships.

LAYPERSON SUMMARY
In this study, we generated and analyzed a cDNA library, which is a representation of all the protein coding genes in an
organism, of the insect pest glassy-winged sharpshooter (GWSS).  We isolated four incomplete sequences from a large
family of proteins called heat shock proteins (HSP).  Although they are called HSP, these proteins actually perform many
activities in the cell that allow for GWSS to survive stresses like extreme temperatures, pesticides, and even viral infection.
This study compares the HSP sequences from GWSS to those of other insect species to help describe the relationship and
history of GWSS to find ways to track changes in GWSS territory and life history.

INTRODUCTION
Organisms respond to heat shock or other environmental stress by inducing the synthesis of proteins some of which are
known as heat shock proteins (HSP) (Lindquist 1986, Sorenson 2003).  Infections, temperature changes, inflammation,
toxins, hypoxia, starvation and even exercise can result in increased production of heat shock proteins (Sorenson 2003).  HSP
aid in folding, targeting and tracking of nascent proteins, promote transcription, are involved in cellular division and can be
up regulated via cell signaling in addition to environmental stimuli (Feder and Hofmann 1999).

Small heat shock proteins (sHSP) have an approximate molecular weight of less than 30kDa and are molecular chaperones,
maintaining proper protein structure by blocking aggregation of denaturing proteins, aiding nascent protein folding and
assisting construction of quaternary structure (Fu and Chang 2004, Gu et al. 2002, Bova et al. 2002, Sobott 2002).

Among the HSP families is a group of well-conserved proteins with an approximate molecular weight of 70 kDa, known as
the HSP70 family.  Most species have several proteins belonging to this family.  Some of these members are only expressed
under stress conditions (strictly inducible), while some are present in cells under normal growth conditions (Craig 1989) and
are not heat-inducible (Pelham 1986), and are known as heat shock cognates (HSC).  In eukaryotes, HSP70 can work with
sHSP to restore functionality to heat-denatured proteins (Lee and Vierling 2000) or co-chaperone with HSP40 to fold nascent
proteins into proper tertiary structure by temporarily binding to hydrophobic domains until sequence translation is complete
(Douglas et al. 1994).

The 90 kDa heat shock proteins (HSP90) is one of the most prolific proteins in eukaryotic cells, constituting 12% of cellular
proteins under baseline conditions (Sreedhar 2004).  Their functions and morphological evolution have been extensively
studied and include signal transduction, protein folding and degradation of denatured proteins (Nadeau 1993, Jakob 1994).
Increased functionality of HSP90 is acquired when associated with its co-chaperones, playing an important role in the folding
of newly synthesized proteins.  Apart from its co-chaperones, HSP90 binds to an array of substrate proteins, where the
necessary co-chaperones varies and depends on the actual substrate (Jakob 1995).  Understanding heat shock proteins in
insects, especially leafhoppers, will provide insights into the biological adaptive elasticity of these important agricultural
pests to stressors such as insecticides, parasitization, and temperature.

The glassy-winged sharpshooter (GWSS; Homalodisca vitripennis (Germar); Hemiptera: Cicadellidae), is an insect pest that
occurs throughout most of the southern USA and is endemic to most regions of Texas (Young 1958; Turner and Pollard
1959).  Without naturally occurring forms of biological control, GWSS have established populations in new areas and have
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negatively affected the yields of the grape industry (de Leon et al. 2004).  GWSS is a voraciously-feeding, xylem-limited pest
that has been reported to feed on host plants from at least 35 families, including both woody and herbaceous types (Hoddle et
al. 2003), and can impact the plant’s health directly by depriving the plant of nutrients and damaging the xylem sufficiently to
preclude vascular flow.  However, indirect plant damage occurs during feeding and subsequent transmission of the xylem-
limited bacterium Xylella fastidiosa (Xf) Wells (Xanthomonadales: Xanthomonadaceae). The invasion of GWSS into grape
growing regions of California, namely the Temecula valley, produced an enormous risk to the California wine and table
grape industry by spreading the phytopathogen Xf, the causative agent of Pierce’s disease (PD) (Purcell 1997, de Leon et al.
2004).  Additionally, many other economically important plants including citrus, almond and oleander are affected by
separate strains of Xf resulting in a multitude of plant diseases including citrus variegated chlorosis (Chang et al. 1993; Pooler
and Hartung 1995), almond leaf scorch (Mircetich et al. 1976) and oleander leaf scorch (Purcell 1999).

A search of the National Center for Biotechnology Information (NCBI) for GWSS genes or protein sequences revealed less
than 25 complete, non-mitochondrial genes or complete proteins.  Although the complete mitochondrial sequence of GWSS
has been described (Genbank AY875213), the genomic DNA sequence is incomplete.  Over 20,000 Expressed Sequence
Tags (ESTs) from GWSS have been submitted to NCBI; however, many of these EST’s are duplicates and this study is an
initial step in examining the potential use of this information by examining the utility of these heat shock proteins to describe
the phylogeny of leafhoppers in relation to other insects.  Further management approaches have been proposed to disrupt
HSP in insects as a means to suppress leafhopper populations.

OBJECTIVES
1. Identify the phylogenic relationship of important leafhopper species using heat shock protein sequences.
2. Develop a methodology to distinguish between populations of GWSS.

RESULTS AND DISCUSSION
Mining of the 5,906 cDNA clones produced from cDNA library constructed from 140 adult and fifth-instar GWSS using
Stratagene’s ZAP-cDNA Synthesis Kit (Stratagene, La Jolla, CA, USA) resulted in 4,445 high-quality (i.e., ≥200 bases with
a TraceTuner™ score of 20 or better) GWSS ESTs sequenced by ABI 3730 DNA Analyzer (Applied Biosystems, Foster
City, CA, USA).  Sequence alignment of these ESTs resulted in a Unigene set of 2,123 total assembled sequences, at Phred
20 score, 40bp overlap, 100 bp minimum length, using Sequencher™ 8.0, (Gene Codes Corp, Ann Arbor, MI, 48108).
Translated proteins were analyzed with National Center for Biotechnology Information’s (NCBI) BLASTp, Pfam
(www.pfam.org), InterProScan (www.ebi.ac.uk) and Expert Protein Analysis System (www.expasy.org).  Four partial protein
sequences were analyzed for phylogenetic relationships with homologous HSP sequences.  A BLASTp and BLASTn analysis
showed that WHWTC-contig[1627] and WHWTC-contig[1325] showed significant homology with the sHSP, while WHHC-
contig[1333] displayed homology with HSP70, and WHWTC-contig[1285] was homologous with HSP90 (Table 1).  A
homology search conducted in the Pfam database identified protein sequences with their respective HSP families (Table 2).
A functional analysis and homology search using PantherDB annotated and classified the sequences as belonging to the HSP
superfamily (data not shown).

Table 1.  Protein sequence similarities from GWSS contigs.  Nucleotide matches
(accesion|protein description organism) and e-values for query contigs using National
Center for Biotechnical Information (NCBI)’s BLASTx.

GWSSclones Descriptor E-Value

WHWTC-Contig[1627]
694 bases

gb|ABC84494.1|  heat shock protein
20.7 Locusta migratoria 3.00E-43

WHWTC-Contig[1325]
954 bases

gb|ACH85196.1|heat shock protein 20
Bemisia tabaci 2.00E-44

WHHC-Contig[1333]
1047 bases

gb|AAZ17399.2|  70 kDa heat shock
protein Bemisia tabaci 2.00E-149

WHWTC-Contig[1285]
1144 bases

gb|AAZ17403.1|  90 kDa heat shock
protein Bemisia tabaci 6.00E-179
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Table 2.  Hidden Markov models (HMM) homology search of in silico-translated protein sequences using
Pfam protein database (www.pfam.org) with protein family description, Pfam identification, sequence
coverage and corresponding e-value.

Contig Number Description Pfam
Family ID

Sequence HMM
E-value

Start End From To

WHWTC-
Contig[1627]

Hsp20/alpha
crystallin family PF00011 86 182 1 109 1.50E-40

WHWTC-
Contig[1325]

Hsp20/alpha
crystallin family PF00011 63 159 1 109 2.30E-38

WHHC-
Contig[1333] Hsp70 protein PF00012 1 325 291 619 2.20E-201

WHWTC-
Contig[1285] Hsp90 protein PF00183 3 380 101 489 0

The heat shock proteins (HSPs) from GWSS had homology to the HSP from other insects, and grouped most closely with
other Hemiptera when subjected to phylogenetic analysis.  Phylogenetic trees illustrated accurate grouping of taxa into clades
relative to known HSP from closely related Hemipteran species (Figures 1-3).  The clades were separated according to
taxonomic Order.  Two small heat shock protein sequences (sHSP) from GWSS grouped with another sharpshooter
Graphocephala atropunctata sHSP (Figure 1).  The HSP70 sequence from GWSS grouped with two HSP70 sequences from
the pea aphid (Acyrthosiphon pisum) (Figure 2).  Finally, the HSP90 sequence from GWSS grouped with three sequences
from the pea aphid (A. pisum) (Figure 3).

These phylogenetic analyses corroborate evidence from Pfam and PantherDB protein databases that describe the GWSS
partial protein sequences as HSP.  Additionally, the phylogenetic trees created using these protein sequence comparisons
show that HSP can be used to determine phylogenetic and cladistical associations.

Heat shock proteins, HSPs have a variety of functions within the cell including the prevention of protein aggregation and
denaturation due to heat and are well conserved across all taxa, and are present in every species analyzed (Feder and
Hofmann 1999, Sorensen 2003).  HSP families are organized via their level of expression in the cell (i.e. inducible or
constitutive expression) as well as the complexes formed by the HSP; however, the greatest organization criteria is the
molecular weight of the HSP which include families of 20kDa, 40kDa, 60kDa, and 90kDa proteins (Gething 1997).  Finally,
conserved domains exist in these families, including alpha-crystalline structure in sHSP, an N-terminal pentapeptide
sequence in HSP70, and a highly conserved N-terminal domain in HSP90.  The HSP sequences collected from GWSS
contain these conserved domains permitting significant in silico comparisons (data not shown).

Phylogenetic analysis and alignment searches of the four HSP sequences were confounded by the overwhelming number of
HSP sequences isoforms submitted to NCBI.  However, with careful consideration paid to HSP isoforms, phylogenetic
comparisons showed accurate clades of GWSS HSP with those of other closely related insect taxa (Figures 1-3).
Phylogenetic trees formed on HSP comparison verified other phylogenetic analyses based on mitochondrial DNA.  Although
many ESTs in this study were found to be HSP homologues, there remain many as yet unanalyzed HSP in the GWSS
genome, including members of the small Heat Shock Proteins (sHSP), HSP60, and HSP70 families.  Additionally, many
members of the HSP90 family and its co-chaperones have yet to be sequenced.  The need for more in depth sequencing of
GWSS is evident by the paucity of HSPs currently identified in the GWSS genomic database.  In Drosophila melanogaster,
whose genome is completely sequenced, over 200 HSPs have been identified and submitted to the National Center for
Biotechnology Information (NCBI).  GWSS has a predicted genome size of ~1.24 pg (Hunter, unpublished), similar to the
haploid male Whitefly, Bemisia argentifolii at ~1.1pg (Leshkowitz et al. 2006), three times the size of the Asian citrus psyllid
~0.35pg (Hunter et al., 2009) and roughly five times the size of the fruitfly D. melanogaster, which is ~0.18pg (Brown et al.
2005).  Thus, we suspect that sharpshooters will have a number of HSPs that would approximate the number in other insect
genomes.
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Systematic biases can distort evidence via improper gene sampling. Therefore, it is necessary to limit the effects of these
entanglements by analyzing multiple genes that undergo relatively uniform evolution.  Ribosomal DNA is a useful molecule
for examining phylogenetic relationships among many eukaryotes, primarily because no other molecule has been sequenced
as extensively (Stechmann 2003).  However, phylogenetic analysis using ribosomal DNA can cause artefactual groupings of
unrelated genera that have undergone rapid rRNA evolution (Philippe and Adoutte 1998; Philippe et al. 2000).  Previous
studies have used HSPs to elucidate phylogenetic relationships in eukaryotes (Plesofsky-Vig 1992, Stechmann 2003).  The
ubiquitous and metropolitan prevalence of HSP allow for comparison of organisms as distantly related as that of bacteria,
Escherichia coli and flies, Drosophila melanogaster (Lindquist 1986).  Additionally, the importance of HSP in evolution and
speciation has been well documented (Sorensen 2003).  Finally, the difference between families of HSPs allows researchers
many options in determining precision and resolution in describing phylogenetic relationships by utilizing the more
conserved HSP90 domain or the more varied sHSP family to define relationships at any level of categorization, from
kingdom to species (Feder and Hofmann 1999).  One of the greatest determining factors in host range for an invasive species
is stress tolerance; an attribute directly related to HSP expression (Feder and Hoffman 1999).  As such, the sequence
variation of heat shock proteins offer an excellent resource to apply in defining phylogenetic relationships, and also to aid in
revealing pest species range.

Figure 1. Cladogram of small heat shock proteins
constructed using Glassy-winged sharpshooter sequences
WHWTC-Contig[1627] and WHWTC-Contig[1325].
Subject sequences were analyzed using NCBI BLASTp
search and aligned using T-Coffee multiple alignment
tool (www.tcoffee.org) and visualized using Treeview
v1.6.6.  (Organism name|accession number| reference
number).

Figure 2.  Cladogram of heat shock 70 proteins
constructed using sequence WHHC-Contig[1333].
Subject sequences were analyzed NCBI BLASTp search
and aligned using ClustalW2 multiple alignment tool
(www.ebi.ac.uk/Tools/clustalw2/index.html) and
visualized using Treeview v1.6.6.  (Organism
name|accession number| reference number).
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CONCLUSION
These results show that HSP can be used to accurately describe the phylogenetic history of GWSS, thus offering a novel
target for molecular systematics.  Additionally, this study is the first to describe any of the HSP sequences found inGWSS.
We believe that understanding and sequencing heat shock protein encoding genes is an important step elucidating the
underlying genetic determinants of pest species range and stress tolerance of GWSS.
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ABSTRACT
Glassy-winged sharpshooter (GWSS) population densities have been steadily declining over a 7.5 year period in organic
lemons grown in an experimental study plot at UC Riverside Agricultural Operations.  Peak adult GWSS populations in
September 2009 were just 16% of those observed around August 2002.  It is uncertain if egg parasitism, which has
consistently averaged ~25% per year of GWSS egg masses is responsible for the observed decline.  Density-dependent
analyses of time series data are planned once data sets are large enough to provide greater insight into factors (i.e., parasitism
[density-dependent mortality] or weather [density-independent mortality]) affecting GWSS population dynamics.

LAYPERSON SUMMARY
Glassy-winged sharpshooter (GWSS) populations in an organic lemon orchard in Riverside, southern California have been
declining steadily since 2002.  In September 2009, GWSS densities at their peak were only 16% of those observed at a
similar peak in August 2002.  This downward trend seems to have occurred in most of southern California but there are
occasionally flare ups of GWSS as populations undergo localized outbreaks.  The exact reasons for the significant decline in
GWSS population densities is unknown, but could be due to the activity of natural enemies like egg parasitoids, or the
weather, especially winter conditions, could be responsible.  Consequently, the goal of this study is to figure out why GWSS
populations have largely collapsed in southern California.

INTRODUCTION
Data collected from bi-weekly monitoring over the last 7.5 years from organic commercially-managed lemons at Agricultural
Operations (Ag. Ops.), UC Riverside indicates that glassy-winged sharpshooter (GWSS) populations are declining steadily
each year (Figure 1).  It is uncertain whether parasitism of GWSS eggs by mymarid parasitoids is responsible for this
downward population trend (Figure 2).  In California, there is a guild of natural enemies attacking GWSS.  The dominant
parasitoid attacking GWSS in California is Gonatacerus ashmeadi followed by G. morrilli. G. triguttatus from Texas and G.
fasciatus from  Louisiana  have  been  released  in  California, but  widespread establishment and proliferation has not
occurred.  Other minor parasitoid species include G. novofasciatus, Ufens sp., and Zagella sp.  Together, this guild of
parasitoids provides an average of ~25% parasitism of GWSS eggs over the entire 7.5 yrs that this study site has been
monitored.  There are at least four possible reasons for low seasonal parasitism levels in California:  (1) Competitive
exclusion amongst members of the GWSS parasitoid guild is reducing effective biological control.  (2) An extremely
aggressive and efficacious natural enemy that can outcompete G. ashmeadi and completely dominate the system year round
to the almost total exclusion of all current parasitoids has not been established in California and is needed for successful
biological control of GWSS (this would require exploitation of non-GWSS hosts during long periods of host egg
unavailability over winter).  (3) The absence of resource subsidies such as nectar provided by flowering plants in
agroecosystems may limit parasitoid efficacy because longevity and fecundity is significantly reduced when parasitoids can
not access carbohydrates.  Understory management may be an important cultural strategy to benefit GWSS parasitoids if it
can be demonstrated not to enhance GWSS and Xylella populations.  (4) Climate, in particular, prolonged cool periods over
winter when GWSS eggs are unavailable probably has a severe affect on parasitoid reproductive success and the ability of G.
ashmeadi and populations of other parasitoids to propagate through the winter.  Long-term phenology studies which generate
data similar to the project reported on here, can be used to tease out density-dependent and density-independent factors
affecting population dynamics to elucidate factors affecting GWSS population growth.

OBJECTIVE
This project has one objective:
1. Conduct bi-weekly surveys of GWSS eggs, nymphs, and adults, and associated rearing of parasitoids from harvested egg

masses from organic lemons at Ag. Ops., UC Riverside.  These data will be analyzed to determine if density-dependent
(e.g., natural enemies) or density-independent (e.g., winter temperatures and rainfall) influence observed GWSS
population trends at the study site at UC Riverside.

RESULTS
The population monitoring study and measures of percentage parasitism clearly indicate that GWSS densities have continued
to decline steadily at the long-term monitoring plot (Figure 1) and percentage parasitism have remained relatively constant
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over this time period (Figure 2).  Detection of density-dependent mortality from sequential census data such as that presented
here is notoriously difficult and the results of analytical models differ in outcomes depending on assumptions made even
when dummy data sets have been constructed to show density-dependent mortality.  One of the major problems with these
types of analyses is serial correlation, where densities at Nt directly influence the population at Nt+1.  Recent developments in
analyses of time series data, such as those we are collecting for GWSS are now providing much more robust tests that
overcome autocorrelation problems.  The Partial Rate Correlation Function (PRCF) is a relatively new statistical procedure
specifically designed for time series analysis of biological populations to detect density dependent feed back.  Literature
searches so far indicate that PRCF is the best of the extant techniques for analyzing long-term population counts.
Consequently, census data collected from GWSS monitoring will be subjected to PRCF once we have data for a minimum of
10 consecutive years to determine if density-dependent or density-independent feedback is responsible for observed
fluctuations from generation to generation.  Detection of density-dependent mortality will indicate that populations are being
regulated, and could suggest that natural enemy populations are responsible.  Currently, our data set is too short to determine
if parasitoid activity is providing density-dependent mortality and is subsequently responsible for decreasing GWSS densities
at the study site.

CONCLUSIONS
GWSS populations appear to be showing a steady annual decrease in numbers in an organic lemon orchard at UC Riverside.
Percentage parasitism of GWSS eggs by mymarid parasitoids, in particular, G. ashmeadi, has remained relatively constant
from year to year at ~25%.  It is unknown if this level of parasitism is sufficient to have caused the steady decline in GWSS
numbers observed over the past 7.5 years or whether climatic variables such as wet winters (e.g., 2006), or very cold and dry
winters (e.g., 2007) suppressed GWSS population growth while warmer than normal spring periods (e.g., 2008) accounts for
observed rebounds in GWSS populations.
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Figure 1. Phenology of adult GWSS in organic Eureka lemons.  Data are total counts from timed five minute surveys made
every two weeks of 10 mature lemon trees at UC Riverside Ag. Ops.

Sampling Interval

T
ot

al
 N

um
be

r 
of

 G
W

SS
 A

du
lts

 C
ou

nt
ed



- 21 -

Figure 2. Percentage parasitism estimates of GWSS eggs in Eureka lemons.  GWSS egg masses are collected from timed
five minute surveys made every two weeks of 10 mature lemon trees at UC Riverside Ag. Ops.  Harvested leaves are
returned to the laboratory, the number of eggs per egg mass are counted and parasitoid emergence and species identity is
determined.  Percentage parasitism of GWSS eggs across all years has averaged ~ 25%.
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ABSTRACT
The glassy-winged sharpshooter (GWSS) is a vector of Xylella fastidiosa (Xf), the causal agent of Pierce’s disease of
grapevine.  It is the most common leafhopper associated with vineyards in Texas, with the exception of the High Plains.  In
the Hill Country grape growing region of Central Texas, the insect overwinters in the adult stage. The earliest egg masses are
laid in February and March when relatively cool temperatures prevail.  Our interest was to determine the effect of ten
constant temperatures on GWSS egg development and the effect of exposure periods of 6 to 120 hours in duration to
subfreezing temperatures.  The effect of temperature on nymphal growth and development was also measured.  However,
adverse artificial rearing conditions in the growth incubators negatively affected nymphal development which was twice as
long as expected in the optimal temperature range under natural conditions.  We were unable to draw conclusions without
modifying the rearing conditions.  The study on the effect of temperature on adult survival is underway and results are not
available for this report.

LAYPERSON SUMMARY
The glassy-winged sharpshooter (GWSS) is an insect pest which can transmit the bacterium responsible for Pierce’s disease
of grapevine.  The insect and the disease are commonly associated with vineyards in Texas and are the main limiting factor to
grape production in the State.  We studied the effect of ten temperatures on the life cycle of GWSS and the effect of short
exposure periods to subzero temperatures on the eggs.  Tests using the adults are underway.  The data generated by these
studies are critical to optimizing rearing techniques and for developing control strategies for grape growers.

INTRODUCTION
Grapevine hybrids of Vitis vinifera which are traditionally associated with the highest quality wines are varieties susceptible
to various degrees of damage by Pierce’s disease (PD).  This disease is an incurable, debilitating and often fatal bacterial
infection caused by Xylella fastidiosa (Xf) and disseminated by xylem fluid-feeding insects such as the glassy-winged
sharpshooter (GWSS).  In Texas we also recorded an additional 28 xylem fluid-feeding species associated with vineyards
(Lauzière et al 2008). Many of these insect pests can vector the bacterium (Mitchell et al in press).  PD is the most important
limiting factor to grape production in Texas (Texas Pierce’s Disease Task Force 2004).  Funded by the U.S. Department of
Agriculture, a statewide research program was initiated in 2002 to study vectors in their natural habitat, their interaction with
cultivated vines and other vegetation, and investigate their biology in order to develop pest and disease management
strategies.

GWSS is native to the Gulf Coast states of the USA (Young 1968).  Indigenous populations of GWSS depend on the insects’
ability to survive under the environmental conditions prevailing in the different grape growing regions of Texas.  Among
abiotic factors, temperature plays a major role influencing an insect’s life cycle. Temperature interacts jointly with other
factors such as humidity, food availability and light and since temperature is easily measured and controlled, it is common
practice to examine its influence upon species of economic importance (Howe 1967). Thorough knowledge of the effects of
temperature on development and survival, among other aspects of the biology and behavior of GWSS, is also critical for
developing and optimizing rearing techniques under carefully regulated environmental conditions and for conducting field
research aimed at developing control strategies.

OBJECTIVES
1. Determine the effect of constant temperatures on the life cycle of GWSS (embryo, nymph and adult)
2. Determine the effect of subzero temperatures on embryos and adults

RESULTS AND DISCUSSION
These studies were conducted at the Texas AgriLife Pierce Disease Research and Education Program facility in
Fredericksburg, TX.  Containerized Euonymus japonica were grown in a greenhouse setting and placed into cages with
reproductively mature GWSS.  The plants were monitored daily for leaves bearing egg masses. These were left in situ and
enclosed in an organza pouch fastened with twist-ties.  The egg masses were incubated in a growth chamber at the following
temperatures: 12, 15, 18, 21, 24, 27, 30, 32.5, 35, and 37.5°C.  Development of the eggs was monitored twice daily and
emergence of nymphs was recorded.  Undeveloped eggs were dissected under a stereomicroscope after 21 days and the total
number of eggs was recorded.  Because of the non linearity of development rates (the reciprocal of the developmental



- 23 -

period), only temperatures between 12 and 30˚C were used to compute the linear regression for embryonic development of
GWSS.  Nonlinearities of insect development at high temperatures justified the development of a nonlinear regression model.
Therefore, embryonic development rate was fitted to the model of Logan et al. (1976).  Embryonic survival was subjected to
one-way analysis of variance (ANOVA) to test for temperature effect.  When significant F-values were obtained, treatment
means were discriminated using the Student Newman Keuls (SNK) test (P < 0.01).

We also studied the effect of freezing temperatures (-0.9± 0.21°C) on GWSS eggs exposed for 0, 6, 24, 48, 72 and 120
consecutive hours.  After each specified time period, the plants bearing egg masses were transferred into a second growth
chamber held at a constant 25°C and the eggs were monitored daily for nymphal emergence.  Mortality was assessed as
described above, 21 days after the mean emergence period when the eggs were assumed to be non-viable.  We used a one-
way ANOVA to estimate the effect of the exposure period on development time and survival.  When significant F-values
were obtained, treatment means were discriminated using the SNK test (P < 0.01).

Embryonic development of GWSS was successful to nymphal emergence between 15 and 35°C.  Ultimate embryonic
survival varied with temperature (F = 3.09; df = 7, 156; P = 0.004).  The proportion of egg hatching was not significantly
different for temperatures between 18 and 35°C and averaged 74.2% ± 2.9.  At 15°C, percent survival was significantly lower
with 43.8% ± 8.8 of the embryos developing into nymphs.  Embryos continuously exposed to 12 or 37.5°C did not develop.
The lower embryonic development threshold was calculated using a linear regression over the 15-30°C range and was
estimated at 12.1°C.  Using the Logan model and all temperatures tested, we determined that the optimal development
temperature for GWSS eggs is 30.6°C.  Embryonic development time decreased linearly between 15 and 30°C, ranging from
22.7 to 4.7 days.

Exposure to freezing temperatures delayed embryonic development for all exposure periods as compared to unexposed egg
masses (F = 201.17; df = 4, 384; P < 0.0001).  Eggs exposed to freezing temperatures for 6 and 24 hours required about nine
days to complete their development, whereas embryogenesis of eggs treated for 48 hours and 72 hours took 11.8 and 13.2
days, respectively.  Lethal effects occurred when eggs were kept below freezing for a consecutive 120 hours.  This was also
the only treatment which affected the plant.  Percent survival was significantly different among the 24-120-hour exposure
periods (F = 16.99; df = 5, 113; P = 0.001) with 26.6% survival measured after a 24-hour exposure down to 0% survival at
120 hours.

Nymphal development of GWSS fed black-eyed pea plants was studied by M. Sétamou at Weslaco in a similar fashion under
controlled constant temperatures of 18, 21, 24, 27, 30, 34°C.  In the optimal temperature range, development to adulthood
required 45 days.  In a previous study, nymphs reared by Lauzière and Sétamou (2009) at 25°C developed in 29.8 ± 0.7 days.
We are critical of the data obtained from the temperature study and are concerned that food and light may have deeply
affected the development of the nymphs reared under artificial light without sun light.  Steps are being taken to correct our
methodology so that we may draw conclusions that are more applicable to insect populations under natural conditions.

Temperature data summarized for the Hill Country of Central Texas indicated that the coldest months are usually December,
January and February, with average temperatures of 8.8 to 15.1°C for the years 2003 to 2008.  The warmest months are
usually July and August which ranged 26.8 to 30.9°C in 2003-2008.  During the past six years, the coldest year was 2004.
Data from a previous study indicated that during the winter of 2004, temperatures in the vineyards remained below 0°C for a
total of 100-140 hours (Lauzière et al. 2008).  The winter of 2005 was not as cold as it was the previous winter, however,
temperatures remained below zero for a total of 200-240 hours.  On average, in this region, temperatures remain below zero
for 8.6 ± 7.7 consecutive hours at a time and minimal temperatures of -2.8 ± 2.23°C (range -13.5-0.16°C) are recorded.  It
would be interesting to study this insect’s development under cyclical temperature fluctuations in the low to freezing
temperature range.

CONCLUSIONS
These studies showed that temperature had a strong influence on growth and development of GWSS.  Embryonic
development times decreased with increasing temperatures whereas mortality increased with increasing temperatures.  For
rearing purposes, temperatures of 28-30°C are optimum for the eggs and will yield the highest percentage of emerging
nymphs.

Field data from 2005-2008 indicated that GWSS females actively produced eggs from February to September, with highest
egg loads observed in March (13.8 ± 7.2 eggs/female; n = 155; (Lauzière 2008).  During these months in Central Texas,
relatively cool temperatures are usually observed which will affect glassy-winged sharpshooter development. However, the
data suggest that egg development is possible and is correlated by field observations of the first generation of adults in early
April.
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Bioclimatic studies on insect hosts and their natural enemies can help explain their geographic distribution and also provide
insight into the potential physiological limitations for their spread into other regions, either naturally or through unintentional
translocations.
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ABSTRACT
The glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) was found in several North Carolina counties that were
not previously reported between 2006 and 2009.  Data from this four-year study showed that GWSS has been expanding to
new sites; this movement appeared to start in the south coastal region and move to the northern and western parts of the state.
Several GWSS specimens were found in Currituck Co. (in the most northeastern part of the state) in 2006 and none was
found in Wake Co. (Piedmont) the same year in a vineyard that was heavily monitored since 2004, but GWSS appeared in
this vineyard in 2007 and 2008.  In addition, we found that GWSS preferred the mimosa tree, Albizia julibrissin. In areas
close to creeks, large numbers of adults and nymphs were recorded in these plants.  In the laboratory, this insect laid eggs and
completed its life cycle feeding only on this plant.  Currently, GWSS appears to have established populations in most of the
Coastal Plain and in several areas of the Piedmont.  However, GWSS was not detected in the Yadkin Valley (major vinifera
growing region of NC) in the northwestern Piedmont, or the Mountain region of NC in 2009.

LAYPERSON SUMMARY
Data collected in this study showed that the glassy-winged sharpshooter (GWSS) has expanded its range to new sites in
North Carolina.  This movement appeared to start in the southern coastal region and move to the northern and western parts
of the state.  The GWSS was found in Currituck Co. (northeastern part of the state) but none was found in Wake Co.
(Piedmont) in 2006 in a vineyard that was heavily monitored since 2004, but GWSS appeared in this vineyard in 2007 and
2008.  In addition, we found that GWSS preferred the mimosa tree, as large numbers of adults and nymphs were recorded in
these plants close to creeks.  In the laboratory, this insect laid eggs and completed its life cycle feeding only in this plant.
Currently, GWSS appears to be established in most of the Coastal Plain, and several areas of the Piedmont. However, GWSS
was not been detected in the Yadkin Valley in the northwestern Piedmont (major vinifera growing region of NC) or the
Mountain region of NC in 2009.

INTRODUCTION
Leafhoppers are vectors of Xylella fastidiosa (Xf), the causal agent of Pierce’s disease (PD) in European grapes (Vitis
vinifera).  The glassy-winged sharpshooter (GWSS) has become a well known subject of study since its introduction to
California.  There, the grape growers faced a dire situation after the arrival of GWSS - vines infected with Xf increased and
the disease became widespread.  Reports comparing the transmission of Xf by GWSS with native Californian species such as
Graphocephala atropunctata showed a lower transmission capacity of the former (Hill and Purcell 1995); however, its
dispersion capacity (ability to fly long distances) facilitated the expansion of the disease.

In vinifera growing areas of NC, four species of sharpshooters were reported prior to the beginning of this study (Villanueva
et al. 2007).  The presence of the GWSS may increase the incidence of PD, and further limit development of the vinifera
industry in North Carolina.  In a preliminary study, we observed that the mimosa tree (Albizia julibrissin) was apparently a
good host of GWSS and leafhoppers were monitored with yellow sticky traps placed in several vineyards of NC and in areas
where mimosa trees grows.

OBJECTIVES
1. To evaluate the distribution of GWSS in North Carolina.
2. To study the importance of Albizia julibrissin as preferred host of GWSS.
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RESULTS AND DISCUSSION
GWSS was first reported in NC in Pender Co. in 2002 (David Stephan, personal communication) prior to this study (Figure
1).  Pender Co. is located in the southeastern Coastal Plain.  In 2006, GWSS was found on yellow sticky traps collected from
Currituck Co. (the most northeastern county of NC), which indicates that GWSS has moved to the north.  Myers et al (2007)
using yellow sticky traps, did not collect any GWSS in two Piedmont vineyards, one located in Wake Co. and the second in
Alamance Co. in 2004 and 2005 (Figure 1).  However, in this study we sampled intensively (>12 traps/vineyard) the same
vineyards from 2006 to 2009 and GWSS was found in large numbers in 2007 and 2008 in the Wake Co. vineyard and in
addition, live specimens were collected in the NC State University campus in 2009 (in the same county).  Also, one GWSS
was found in Alamance Co. in August 2009 (Figure 1).  These results indicate that GWSS has moved from the eastern NC to
the west over the past three years.  GWSS could have been present in the Coastal Plain counties before this study started in
2006.  This area is where muscadine grapes are grown and large numbers of GWSS were detected in traps near muscadine
vineyards from mid-June to October in 2007 and 2008.  Additionally, they were more abundant in muscadine vineyards than
Oncometopia orbona the most well distributed sharpshooter in NC.  The cause of this migration may be the warmer
temperatures which have been observed in recent years (Anas et al. 2008).

We also sampled areas where Albizia julibrissin grows; these sites were near vineyards or beside roads and creeks.  In most
cases we captured GWSS, especially in areas close to creeks.  More GWSS were captured in traps hung close to young A.
julibrissin than plants of Lonicera albiflora (honeysuckle), a Rhus sp. (sumac) and Rubus sp. (blackberry) growing nearby,
cherry (Prunus sp.), wild grape (Vitis sp.) or an old A. julibrissin tree (20 ft tall) (Figure 2a).  The young A. julibrissin plants
were cut every year from the base and trunks by highway maintenance crews and can grow 2.5 to 3.5 m from April to
September.  Also, by mid-June large numbers of O. orbona were caught in traps in old A. julibrissin (~20 ft height) plants.
The reason for this is unknown but this plant may be important not only as preferred host of GWSS but it may be a temporary
host of O. orbona during this time of the year.  However, in live counts, GWSS was generally found in greater numbers
compared with other species in A. julibrissin plants (Figure 3).  In addition, GWSS females -placed in cages containing six-
eight month old A. julibrissin plants- were able to laid eggs, and complete their development on these plants alone.

CONCLUSION
In this study we found that GWSS has expanded to new areas of North Carolina.  This insect might have been undetected
along the coast and southern part of the state for many years.  However, in spite of intensive monitoring, it was not detected
in the central part of the state until 2007 when we captured it in a vineyard in Wake Co. and 2009 in Alamance Co.  Many
species of leafhoppers that are vectors of Xf are endemic to NC, but GWSS may cause Xf to spread more rapidly.
Additionally, we found that the mimosa tree is a preferred host of GWSS.  GWSS was able to lay eggs, and completed its life
cycle on this plant.  Also, direct visual counts and trap catches showed a preference for it compared to the surrounding
vegetation.  Additionally, large numbers of O. orbona were found in old A. julibrissin trees.
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Figure 1. North Carolina maps showing counties where GWSS were present, absent, and not sampled.
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Figure 2. Cumulated numbers of (a) GWSS (GWSS)
and (b) Oncometopia orbona caught in yellow sticky
traps placed in honeysuckle, sumac- Rubus, wild grape,
cherry, and old and young A. julibrissin trees in 2008.
Traps were replaced every 2 weeks.

Figure 3. Numbers of GWSS (GWSS adult or
nymphs), Oncometopia orbona, and Paraulacizes
irrorata found during 5-min interval counts in Albizia
julibrissin plants in 2007

FUNDING AGENCIES
Funding for this project was provided by the North Carolina Tobacco Trust Fund, and the Golden Leaf Foundation.

AKNOWLEDGMENTS
We thank the owners of the North Carolina vineyards for providing access to the field sites.



- 29 -

Section 2:

Vector

Management



- 30 -



- 31 -

UNDERSTANDING THE DYNAMICS OF NEONICOTINOID INSECTICIDAL ACTIVITY AGAINST
THE GLASSY-WINGED SHARPSHOOTER:  DEVELOPMENT OF TARGET THRESHOLDS IN GRAPEVINES

Principal Investigator:
Frank J. Byrne
Department of Entomology
University of California
Riverside, CA  92521
frank.byrne@ucr.edu

Co-Principal Investigator:
Nick C. Toscano
Department of Entomology
University of California
Riverside, CA  92521
nick.toscano@ucr.edu

Reporting Period: The results reported here are from work conducted July 2009 to September 2009.

ABSTRACT
The impact of systemic treatments of dinotefuran on the adult and egg stages of the glassy-winged sharpshooter (GWSS) is
being evaluated using greenhouse and laboratory scale bioassays. One reason for the use of systemic treatments is that they
exploit the xylophagous feeding behavior of the GWSS adult and immature stages.  Our current data show that these
treatments have an additional contact activity on emerging first instars before they begin feeding.  In bioassays with adults
exposed to grapevines treated systemically with dinotefuran, we quantified concentrations within the xylem by ELISA and
related the concentrations to insect mortality.  From these bioassays, we expect to generate a value that represents the
effective concentration of dinotefuran needed to kill a GWSS adult feeding on a vine.  This target threshold can then be used
to guide growers in the selection of treatment rates, and as an indicator of the efficacy of treatments and the level of
protection their vines are receiving.

LAYPERSON SUMMARY
The systemic neonicotinoids imidacloprid and dinotefuran are effective insecticides that growers can use for long-term
management of glassy-winged sharpshooter (GWSS) populations.  Because of the contrasting chemical properties of these
insecticides, growers can now choose the most suitable product to meet their pest management needs.  One of the interesting
observations from this study has been that the concentrations of insecticide present within the xylem can be managed by
choosing the appropriate application rate.  This is a very powerful tool that can be used to optimize insecticide applications
and manage insecticide use more effectively.  In this study, we are determining the concentration of dinotefuran that is
needed within the xylem of plants to kill a feeding GWSS.  We have already demonstrated that dinotefuran is toxic to the
GWSS adults, and we have also shown that nymphs emerging from an egg mass are susceptible to the contact activity of the
insecticide before they commence feeding.

INTRODUCTION
Our research program focuses on the use of chemical insecticides for the management of glassy-winged sharpshooter
(GWSS).  We are dedicated to formulating safe and effective treatment programs for California growers, given the almost
complete reliance by the grape industry on this method of control.  We have conducted extensive trials in Coachella, Napa
and Temecula valley vineyards to evaluate the uptake and persistence of three neonicotinoids – imidacloprid, thiamethoxam,
and dinotefuran – under the diverse range of climatic, soil, and agronomic conditions associated with these regions.  We have
an understanding about how the different chemical properties, particularly water solubility, of these neonicotinoids can be
exploited to achieve optimum uptake into vines, and we have developed sensitive techniques that allow us to monitor the
levels of insecticide present within the vines.  To exploit this knowledge further for the benefit of California grape
production, we need to ensure that the concentrations of insecticide present within the vines are reaching levels that are
effective at rapidly killing GWSS before they can infect vines with Pierce’s disease (PD).  We also need to understand
whether there is a sub-lethal impact of these insecticides on GWSS, since anti-feedant activity may not necessarily eliminate
the threat that an infective sharpshooter poses to a vine.  Our past and current research projects have established the threshold
levels of imidacloprid needed to kill a GWSS at 10 ng/ml xylem fluid, and optimized treatment regimes for growers that will
ensure these thresholds are attained following applications via different irrigation methods (drip, sprinkler).  In 2007, a new
systemic neonicotinoid, Venom (active ingredient dinotefuran), received full registration for use on grapes.  Our work in this
area has demonstrated the excellent uptake of these new insecticides following systemic application to vines (Toscano et al.,
2007).  This is good news for vineyard operators who have experienced problems with imidacloprid.  Imidacloprid has been
the predominant neonicotinoid in use in vineyards, but our research has shown that its uptake and persistence within vines
varies dramatically between regions (Coachella Valley, Napa Valley, Temecula Valley).  Despite its apparent poor uptake,
growers continue to rely on imidacloprid in many areas.  The perception is that the insecticide will work well in all areas
given its successful implementation in Temecula vineyards (Byrne and Toscano, 2006).  Dinotefuran offers a potential
solution to overcoming the problems encountered with imidacloprid use – its rate of uptake is faster and it can reach higher
concentrations at peak uptake than imidacloprid under the more challenging situations.  It also exhibits favorable persistence.
Having established that the uptake and persistence of dinotefuran is superior to imidacloprid in terms of insecticidal titers
reached in the xylem, it is important to ensure that the levels attained in the xylem are active against sharpshooters.
Comparative data on the efficacies of systemic dinotefuran against GWSS are not available.
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OBJECTIVE
1. Determine target thresholds for systemic neonicotinoids against GWSS in grapevines.

RESULTS AND DISCUSSION
The concentrations of dinotefuran in cotton plants used for bioassays of adult GWSS can be effectively controlled (Figure 1).
In three independent experiments, the concentrations of dinotefuran in extracts of xylem fluid were consistent with the
application rates used.  After dilution of samples to eliminate matrix effects, the lower limit of detection of the ELISA was 30
ppb dinotefuran.  This result shows that there is potential to control the levels of insecticide present in plants, provided there
is a good understanding of the environment (soil type, irrigation, etc) under which the insecticide is being used.

The results of two independent bioassays are shown in Figure 2.  Adult GWSS were caged on treated plants and mortality
was assessed at 12 and 24 hours.  In both bioassays, the control mortality was high.  GWSS adults are difficult to work with
because of the high control mortality, so it will be necessary to increase the number of replicates in subsequent bioassays in
order to minimize this effect.  Nevertheless, the results indicate the toxic nature of dinotefuran, with a clear dose response.
The results from both bioassays were very consistent, indicating a robust bioassay system.

In the second set of experiments, we evaluated the effect of dinotefuran against the eggs of the GWSS.  Adult GWSS were
confined in cages with cotton, which is an excellent host for GWSS oviposition.  Leaves with egg masses (not older than 24
hours) were cut from the plants and the petioles inserted into vials containing a range of insecticide solutions.  The uptake of
insecticide into each leaf was allowed to proceed for 24 hours and the leaves are then transferred to leaf boxes.  The leaf
boxes were maintained under lights until the normal period of embryonic development was completed.  Mortality was
assessed at the time of emergence of the first instar.

As with imidacloprid, the nymphs developed fully within the egg mass and only succumbed to the effects of contact with
dinotefuran during emergence.  In contrast to our previous data for imidacloprid, where we observed an LC50 of 39 ng/cm2

leaf, the indications from our current data set show that dinotefuran is slightly more toxic to the first instars than imidacloprid
(Figure 3).  Also, the slope of the dose-response curve is extremely steep, as was observed for imidacloprid.
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CONCLUSION
At current label recommendations, the rate of uptake of dinotefuran into grapevines is faster than imidacloprid and
concentrations of dinotefuran at peak uptake are higher (Toscano et al., 2007).  These two properties make dinotefuran a
strong candidate for inclusion in a sharpshooter management strategy, provided that effective concentrations are reached
within the xylem.  Our bioassay data are inconclusive at this point due to high control mortality, which is making the true
insecticidal effects difficult to ascertain.  It will be important to minimize the impact of control mortality in order to derive an
effective target concentration for dinotefuran against adult GWSS, so further bioassays are needed.  Dinotefuran is highly
toxic to emerging first instars, and our data suggest that the insecticide is slightly more toxic than imidacloprid.  As with
imidacloprid, the toxic effect is not manifested until the nymphs emerge from the egg mass, suggesting that dinotefuran and
imidacloprid act as contact insecticides.

The systemic neonicotinoids imidacloprid and dinotefuran are effective insecticides that growers can use for long-term
management of GWSS populations.  Because of the contrasting chemical properties of these insecticides, growers can now
choose the most suitable product to meet their pest management needs.  One of the interesting observations from this study
has been that the concentrations of insecticide present within the xylem can be managed by choosing the appropriate
application rate.  This is a very powerful tool that could be used to optimize insecticide applications and manage insecticide
use more effectively.
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ABSTRACT
This project relates to ongoing efforts of the Pierce's Disease Control Program to assess the efficacy of the sharpshooter egg
parasitoid biocontrol program. Gonatocerus morgani, G. morrilli, and G. triguttatus have been reared and released by the
program at sites throughout southern California and the southern Central Valley since 2000.  California Department of Food
and Agricultiure (CDFA) reports, the most recent in 2007, have demonstrated the effectiveness of these efforts.  However,
current methods to assess released species populations, the extent of parasitism by native competitors, and host preferences of
the parasitoids involved are limited.  D. Cooksey conducts research in comparative and functional genomics of Xylella
fastidiosa (Xf) to identify key virulence factors through construction of specific mutations in the bacterial genome.  To
facilitate this work, his laboratory has developed a multiplex PCR system for the simultaneous identification of Xf strains
(Hernandez-Martinez et al., 2006).  D. Morgan, Supervisor of the release program, is thoroughly familiar with the biology,
ecology, systematics, and identification of the host and parasitoid species targeted in the proposed study.  The development
of the proposed multiplex PCR system will greatly enhance the data acquisition of the CDFA parasitoid release biocontrol
program.

LAYPERSON SUMMARY
The suppression of glassy-winged sharpshooter (GWSS) populations is accomplished in part by biological control agents.
An accurate and rapid method for identification of the eggs of sharpshooter species, determining whether eggs are
parasitized, and by which parasitoid species, is essential for estimating success.  Current methods are flawed and expensive.
Development of a single-step multiplex real-time PCR assay for sharpshooters and their parasitoids would allow for accurate
reporting of GWSS occurrences and facilitate development of effective control agents.

OBJECTIVES
1. Develop primer pairs that can be used in a multiplex PCR system for each species of sharpshooter and parasitoid.

Several genes have been partially sequenced for GWSS and smoketree sharpshooter and for a number of their
parasitoids.  These sequences will be analyzed for primer design.

2. Clone the target genes from those species of parasitoid for which there is no sequence data available.  This will be
accomplished through the use of published primers or the development of degenerate primers.

3. Determine the limits of detection of each species of sharpshooter and parasitoid.  Based on other studies, we are
confident we will be able to detect developing parasitoid embryos in sharpshooter eggs.  We hope to be able to determine
both the host and parasitoid species from sharpshooter egg cases from which the parasitoids have eclosed by amplifying
the layer of cells which remain in the parasitoid egg (Oda and Akiyama-Oda, 2008).
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ABSTRACT
This report presents the progress obtained in the development and application of an RNA interference (RNAi) based system
aimed to target genes of the vector of Xylella fastidiosa(Xf), the glassy-winged sharpshooter (GWSS; Homalodisca
vitripennis).  After demonstrating that RNAi induction in GWSS cells and insects is achievable, in the year 2008-2009 we
started screening a large pool of candidate genes to find the best target to control the survival of the insect vector.  These data
will be used to develop transgenic plants expressing dsRNAs of the target genes in their xylem tissues via EgCAD2, a xylem-
specific promoter.  Transgenic plants will be evaluated for their ability to induce RNAi effects on GWSS and other
sharpshooter vectors of Xf.

LAYPERSON SUMMARY
This work presents fundamental efforts towards long term application of using RNA interference, RNAi, to help combat a
plant disease of great economic importance.  The disease, Pierce’s disease (PD) of grapevines, is a significant threat to grape
production in California and other parts of the U.S., and the causal agent of the disease, Xylella fastidiosa (Xf), a xylem-
limited bacterium, also causes several other extremely important plant diseases worldwide.  Our effort here does not directly
target Xf, but instead targets one of its most significant insect vectors, the glassy-winged sharpshooter (GWSS), and we
combine the use of an in vivo system (GWSS whole insects) with an in vitro GWSS cell based system and demonstrate
genetic and phenotypic RNAi effects.  RNAi is an extremely important and broadly studied area in contemporary biology,
and terms such as “magic bullet” for human medicine, and “genetic insecticide” for targeting insects have been used in the
literature.  Our work represents the first demonstrated RNAi effort in GWSS and our data will help to expand the possibilities
to study plant-associated insects and at the same time to target the sharpshooter vectors of Xf, the causal agent of PD.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is among the most robust and thus most threatening vectors of Xylella fastidiosa
(Xf), the bacterium that causes Pierce’s disease (PD) (Davis, Purcell et al. 1982), a devastating disease occurring in wine
grapes from California to Texas to Florida (Myers, Sutton et al. 2007).  New strategies that will lead to environmentally
sound approaches to control GWSS and other insect vectors are needed.  RNA interference (RNAi) has been suggested as a
strategy to develop “insect-proof plants” (Gordon and Waterhouse 2007) and even referred to as a “genetic insecticide”
(Scharf 2008). RNAi is a eukaryotic gene regulation/defense mechanism in which small RNA segments, small interfering
RNAs (siRNAs) (21-25 nt), generated by processing of dsRNA molecules often of viral origin, specifically down-regulate
complementary RNA sequences (Meister and Tuschl 2004).  Recent efforts demonstrate that RNAi is inducible in many
insects.  Intrathoracic injection of dsRNAs has been shown to be the most effective way to induce RNAi in whole insects of
many species including Anopheles gambiae (Blandin, Moita et al. 2002; Blair, Sanchez-Vargas et al. 2006), Blattella
germanica (Ciudad, Piulachs et al. 2006), Drosophila melanogaster (Dzitoyeva, Dimitrijevic et al. 2001), Spodoptera litura
(Rajagopal, Sivakumar et al. 2002), Culex pipiens (Sim and Denlinger 2009), Lutzomyia longipalpis (Mauricio R.V.
Sant’Anna), Cecropia pupae (Bettencourt, Terenius et al. 2002), Acyrthosiphon pisum (Mutti, Louis et al.), Rhodnius
prolixus (Araujo, Soares et al. 2009), Aedes aegypti (Cooper, Chamberlain et al. 2009), Bemisia tabaci (Murad Ghanim),
Dermacentor variabilis (Mitchell Iii, Ross et al. 2007) and Tribolium castaneum (Arakane, Dixit et al.).  Oral induction has
also been demonstrated in several of these same species.  Our effort demonstrates for the first time that RNAi activity can be
induced in a leafhopper species, but also is inducible in GWSS cell lines.  In the long term, RNAi can be used as an effective
fundamental tool to better understand the dynamics of plant: pathogen: vector interactions as well as GWSS physiology and
of course we hope as a strategy to complement overall efforts for PD control.
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OBJECTIVES
The specific objectives of our effort are:
1. To identify RNAi-inducers capable of killing or reducing the survival and/or fecundity of GWSS and other sharpshooter

vectors of Xf.
2. To generate transgenic plants capable of expressing GWSS deleterious interfering RNA molecules within their xylem.
3. To evaluate transgenic plants for their ability to induce RNAi effects vs. GWSS and other sharpshooter vectors of Xf.

RESULTS AND DISCUSSION
RNAi in GWSS cells and insects. Initially, we used 14 GWSS GenBank cDNA sequences corresponding to known proteins
in order to synthesize RNAi inducer molecules, dsRNAs.  We then tested whether RNAi was inducible in GWSS cells and
insects, and we were able to show that RNAi activity is inducible in GWSS.  Sets of dsRNA molecules were delivered to
GWSS cells via lipid-based transfection, and to GWSS nymphs via intrathoracic injection or by feeding on cuttings immersed
in a solution containing dsRNAs.  Real time RT-PCR, semi quantitative RT-PCR, Northern blot of small and large RNA
fractions showed that RNAi was achieved in cells and insects injected with dsRNA, where target mRNAs were partially
degraded and specific siRNA, hallmarks of RNAi, were detected.

Because there are several potential sharpshooter vectors of Xf, the sequences isolated from GWSS were also amplified from
the blue-green sharpshooter (BGSS; Graphocephala atropunctata) and from the green sharpshooter (Draeculacephala
minerva) and cloned.  This demonstrated a high degree of sequence conservation among these distinct sharpshooters, and the
resulting sequences could be used to develop a general RNAi strategy to control multiple Xf vectors.

The above results showed anticipated reductions in target mRNAs.  Therefore we evaluated if corresponding encoded
proteins were reduced and if visible phenotypic results were induced.  Western Blot analysis also showed a reduction of actin
protein in GWSS nymphs injected with actin dsRNA (Figure 1).  In addition, some of the injected nymphs did not complete
ecdysis, demonstrating a striking phenotypic effect in whole insects vs. those injected with control gfp dsRNAs (Figure 2).
A visible phenotypic effect was also obtained in GWSS cells transfected with actin dsRNA, where aberrations of the actin
filaments occurred starting 72 hours post transfection. (Figure 3).

Because our results so far were dependent on a limited number of GWSS sequences so far available in Genbank, we analyzed
three EST libraries deposited in GenBank.  Twenty thousand thirty (20,030) EST sequences were analyzed using the
Arthropod EST analysis pipeline at Kansas State University.  One thousand nine hundred seventeen (1917) contigs were
assembled and 6561 input reads were retained.  The average length of the assembled contigs was 570 bp. NCB BLASTX was
used to find sequence similarities in GenBank for the assembled contigs and singletons.  One thousand seventy three (1073)
contigs and 2057 singlets returned significant hits from GenBank, for a total of more than 3100 sequences.  As expected, the
great majority of these sequences correspond to structural and housekeeping genes, but a great number correspond to genes of
potential interest as RNAi targets, including genes for cuticle formation, larval development, juvenile hormones, central
nervous system development, eye morphogenesis and development, lipid and carbohydrate metabolism expressed in gut
tissues and genes expressed specifically in salivary glands.  Experiments are underway to begin assessing these potential
RNAi targets.

Xylem specific promoter cloning.
The specific xylem promoter EgCAD2 was cloned from Eucalyptus gunii.  The sequence was fused to the GUS reporter gene
in the binary PCB 301 vector.  Then, GUS expression driven by the xylem specific promoter was accessed in a transient
Agrobacterium tumefaciens assay in N. benthamiana plants.  Upon staining for GUS activity, results showed that blue
product was restricted to the main vascular tissues.  This gives confidence in this promoter, which will now be used to
attempt to express specific interfering RNAs in the xylem of transgenic plants.  Choosing which plant to use initially is
difficult.  However, citrus has been implicated as an important GWSS host plant in southern California, and Carrizo citrange
is one of the plants easily transformed and manipulated at UC Davis.  It also is a host of GWSS in our studies (Figure 4),
thus it will allow us to rapidly test our hypothesis for xylem delivery of RNAi molecules.

CONCLUSIONS
Xf is an important bacterial pathogen of economically important crops such as grape, but also citrus and almond.  The ability
to minimize the economic impact of this bacterium depends on the presence and abundance of its biological vectors and
GWSS is the most effective vector of Xf transmission in some agricultural areas. RNAi-based efforts directed toward the
control of insect plant pests are now becoming more feasible, and RNAi for insects as GWSS has great potential application.

The results presented here show that RNAi can be induced both in vitro (GWSS -Z15 derived cell line) and in vivo in GWSS
nymphs.  We showed that GWSS -Z15 cells can be used to screen candidate gene silencing targets, and that since RNAi is
active in cells, it could also be used to study GWSS gene function via mRNA knockdown.  The mRNAs targeted for RNAi in
this study were chosen from a limited number of sequences currently available for GWSS, but the same approach can be
applied to the other genes identified in the analysis of the GenBank GWSS EST libraries.  More notably, the employment of
RNA silencing in whole GWSS insects could offer help towards a potential solution for control of the vector.  Future work
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includes the screening of more RNAi targets, the production of transgenic plants expressing dsRNAs in their xylem and the
study of GWSS insects grown on the transgenic plants.
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Figure 1.  GWSS nymph  injected with actin dsRNA shows decreased actin protein level.
Fifteen third and fourth instar GWSS nymphs were injected with 1µg actin dsRNA in 1µl
volume, with 1 µg GFP dsRNA or with 1 µl injection buffer and left on basil plants for five
days. Then, proteins were extracted from three living and one dead insect and subjeted to
Western blot analysis, using actin antibodies specific for Drosophila melanogaster .
Results show a decrease in actin protein in the nymph injected with actin dsRNA and alive
five days post injection (gel lane 2 panel A), compared to the other insects (gel lanes 1, 3
and 4 in panel A).  Coomassie staining shows equal amounts of proteins loaded for each
sample (panel B), 15 µg total proteins were loaded in each lane.  Treatments: Lane 1: Actin
dsRNA injected nymph, collected dead one day after injection. Lane 2: Actin dsRNA
injected nymph collected dead five days after injection.  Lane 3: GFP dsRNA injected
nymph collected dead five day after injection.  Lane 4: Uninjected adult.

Figure 2. GWSS nymphs injected with actin dsRNA died during molting. Fifteen third and
fourth instar GWSS nymphs were injected with 1ug actin dsRNA in 1ul, or with 1 ul injection
buffer and left on basil plants for five days.  During this period, two of the actin dsRNA injected
insects couldn’t complete molting and died.  In panel A, one of the nymphs with incomplete
molting is shown.  In other panels the presence of exoskeletons on a basil leaf indicate the
completion of molting in the observed group of nymphs (picture B).  Shot of an exoskelton
close to an adult that succesfully completed molting (picture C).  Injected nymph showing a
normal phenotype (picture D).  Experiment was repeated three times with similar outcome.
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Figure 3. Actin representative morphology in GWSS -Z15 cells after transfection with actin dsRNA.  Cells
were transfected with 2 µg of actin dsRNA (A and C), or GFP dsRNA (B and D) and harvested 72 hpt. Actin
filaments in the cell membrane and cytoplasmic area were largely disturbed (arrows in A and C).  (A) GWSS
cells showing partial disruption of the actin organization at the cell plasma membrane. Some filaments began
to break and the cells failed to branch out.  (B) GWSS cells showing no changes in actin filament distribution
and polymerization.  Healthy isolated cells were connected through a densely branched actin filament
network.  (C) GWSS cells showing severe disruption of actin filaments.  The short fragments of actin
filaments were scattered throughout the cytoplasm.  Some actin fragments tended to aggregate into clusters
below the plasma membrane and obvious twisted actin cables could be observed.  (D) Actin filaments were
found primarily in the cell cytoplasm as a continuous and organized net in the control cells.  All observations
were at 72 hours post treatment.
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Figure 4. GWSS adults and nymphs feeding on Carrizo seedlings.  Two GWSS adults and
two nymphs were introduced in cylindrical plastic cages containing one month old Carrizo
seedlings and left feeding for one week.  After this period of time, all insects were alive and
were feeding on the seedlings.  Plants did not show any damage caused by the GWSS feeding.
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ABSTRACT
Efficient and precise methods for detection of new colony infestations and for monitoring glassy-winged sharpshooter
(GWSS; Homalodisca vitripennis (Germar)) populations are lacking.  This proposal addressed detection and monitoring
methods and accompanying leafhopper behavior toward improved management of GWSS.

LAYPERSON SUMMARY
Management of the vector glassy-winged sharpshooter (GWSS) and Pierce’s disease (PD) is contingent on the availability of
efficient field-sampling methods. This proposal aimed to improve upon the current monitoring methods.  GWSS behavior in
response to various types of traps in combination with host plants and other factors with potential to increase trap efficiency
were investigated.  Current trapping relies on use of the yellow Seabright trap which is flat with two sides covered with
stickem to capture the insects.  The trap attracts in two directions and has a total yellow attraction area of 653.8 cm2 and a
trapping surface area (stickem covered) of 409.4 cm2.  We have found that a yellow cylinder (tube) trap 7.6 × 30.5 cm (3 × 12
in, 730 cm2 area) that samples in all directions (3600) usually improves trap capture rate by two-four times for males and
somewhat less for females.  We have used Glidden Alkyd Industrial Enamel 4540, Safety Yellow, as the standard color and
Tangletrap™ (Gemplers.com) as the standard sticky substance.  Trap capture efficiency is inversely proportional to the
distance from a host plant.  GWSS respond to other leafhoppers when searching for and landing on a host plant and
apparently in response to traps.  Adding a leafhopper or model of a leafhopper to a trap can increase trap catch by 20-50%
under low vector populations.  Trap capture efficiency does not correlate well to leafhopper numbers found on host plants
with the exception of within large blocks of citrus (Castle and Naranjo 2008), and may be inversely related on host plants
with high nutritional quality such as crape myrtle when the plant is at peak quality with respect to xylem nutrients.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) as a vector of Xylella fastidiosa (Xf), remains a threat to grapes, almonds, stone
fruit and oleander and impacts citrus and nursery crops throughout much of California.  It remains an important quarantine
pest for the Napa and Sonoma Valleys and other critical uninfested locations.  Due to the unique biology and behavior of
GWSS which is driven by plant xylem chemistry and nutrition, conventional detection and monitoring approaches may not
provide the necessary statistical precision needed by the regulatory and producer community for management decisions.  This
proposal addressed the detection and monitoring needs.

OBJECTIVES
Overall: To determine the most efficient and cost effective trapping system to detect and monitor GWSS population
dynamics and the potential to manage GWSS populations.
1. Evaluate and summarize previous sampling and trapping efforts for GWSS.
2. Trap configuration and number: Determine the potential and optimize the number of traps that are most efficient and cost

effective in detecting and estimating GWSS populations.
3. Determine the effects of host plants in combination with traps: Determine the potential and the optimization of a

combination of GWSS host plants in sentinel plots to detect, estimate and manage GWSS population dynamics.

RESULTS AND DISCUSSION
A series of data are provided to indicate some of the approaches we have undertaken.  In brief, we have looked at trap size,
color, height, shape, orientation, background contrast, placement relative to vegetation, distance from vegetation and a
number of other factors relative to GWSS behaviors with the objective of understanding and improving trap efficiency.  We
have also made some novel discoveries about GWSS behavior in response to congeners.  We have used the commercially-
available Glidden Alkyd Industrial Enamel 4540 Safety Yellow, as the standard color in all tests versus commercial traps,
Tangletrap™ (www.Gemplers.com) as the standard sticky substance, and a standard height of 1 m from the ground for trap
placement.

We have shown that GWSS capture rate may be increased by changing the trap configuration from a flat two-sided trap into a
cylinder (tube) shape which apparently samples the entire surrounding 3600.  A comparison of safety yellow mailing tubes
5.1 cm width × 15.2 cm or 30.5 cm length, 7.62 cm width × 15.2 cm or 20.5 cm width, and 10.2 cm width × 15.2 cm length
or 20.5 cm length indicated that total GWSS trap capture increased approximately 40-50% in response to each incremental
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increase in trap size either in width or length.  All tube sizes captured significantly more GWSS than the Pherocon AM trap
used as the standard in these experiments.  We choose a 7.62 cm × 15.2 cm as a standard size of the tube trap because it
improves capture rate, is easy to work with and less expensive.  In other experiments we tested the tube trap versus the
Pherocon AM and the Seabright flat, 2-sided yellow traps as well as versions of the commercial traps configured into a
cylinder shape with mixed results.  The tube trap always captures numerically greater numbers of GWSS but it was usually
only the male leafhoppers that were captured in significantly higher numbers.  For example in one test the tube captured 125
(total) leafhoppers (93 males, significantly greater than other treatments, t-test, P<0.001) while 31 (24 males), 25 (17 males)
and 37 (23 males) were captured by the Pherocon AM, Seabright and the Seabright cylinder, respectively.  In another test, the
Pherocon AM captured 10.5 ± 3.5 (mean ± SEM)/trap/sample period, Pherocon AM cylinder captured 12 ± 3.5 and the tube
captured 21 ± 3.4.  In another test we deployed 10 traps of the tube, the standard Seabright and two Seabright traps together
formed into a cylinder with staples to provide the same surface area and relative profile as the tube trap.  We placed the traps
on one m high stakes in a RCB design in a block of large crape myrtle.  The Seabright captured a total of 142 GWSS (122
males), the Seabright cylinder 295 (260 males) and the tube captured a total of 389 (337 males) over the duration of the test.
All the trap types were significantly different (P<0.0001) using SAS PROC GENMOD and contrast tests to compare means.
These results appear to indicate that the cylinder shape provides an advantage but we did not control for the difference in
yellow hue inherent in the trap colors.  Nevertheless, color does not appear to be the main factor because it is likely that the
Seabright cylinder capture rate was in part lower due to our inability to make it completely smooth when we constructed it
from two separate traps.  However, the Seabright cylinder trap presented a larger target overall because we formed the trap
such that the area covered with stickem was equal to that of the tube trap.  All things being equal, the tube trap provided a
significant increase in capture rate.

Another method to potentially increase trap capture rate and efficiency may be to increase the number of traps used together
or to enhance the attraction of the main sticky trap with some additional visual cues.  Size matters as explained above.  The
addition of a host plant clearly increases the number and/or the residence time of responding leafhoppers thereby bringing
them in closer contact with the trap.  This might function by increasing the active distance of the trap to the leafhoppers, thus
in effect sampling more area around the trap. We tested this concept in several ways in several tests with both Seabright and
tube traps as follows but found no significant increase in trap capture rate.  We placed traps in the field using an randomized
complete block (RCB) design with treatments of one, two and three traps together two m apart.  We placed sticky traps ≤ 0.5
m away from another yellow tube without stickem that was 7.6 cm in width but 91 cm in length (bottom 30 cm next to trap
and top 60 cm above the sticky trap).  We also placed the larger yellow tube without stickem directly above the target sticky
trap.  These results appear to indicate that GWSS respond directly to traps and do not spend time in any behavior around
traps once they respond such as moving down, repeated flying around into the trap, etc. that may be exploited.  We also
tested a treatment that placed the larger tube without stickem below the target trap (ground -one m) without significant
improvement in trap catch.

GWSS respond strongly to host plant quality and change host plants often.  Optimum trap placement relative to host plants
was considered as one potential method to improve trap capture rates.  Several tests were conducted to investigate GWSS
response to traps relative to the presence of a host plant, host plant quality and the trap distance from a host plant. Figure 1
shows the effect of host plant presence on trap catch using tube traps and a poor host peach vs a good host crape myrtle.
Twenty-five container plants each of peach and crape myrtle with adjacent traps and 25 traps without plants were placed in
the field in adjacent blocks in a five × five m grid.  GWSS were recorded each day in the morning and afternoon by position
either on the plant or trap.  The treatments were re-randomized one time per week to remove any positional effects in the field
plot.  Clearly, the presence and quality of the host plant affected the number of GWSS trapped with the better host crape
myrtle attracting more and inducing a higher trap capture rate than peach, the poor host plant, and the traps alone.  In a
different study we used tube traps in combination with an array of host plants in containers and compared trap capture
between traps with plants within one m distance and traps without plants.  Host plants used were apple, red oak, ‘Tonto’
crape myrtle, ‘Flordaking’, and ‘Elberta’ peach, redbud, ‘Santa Rosa’ plum and ‘Bradford’ pear.  We used seven replicates of
each treatment in a RCB design and conducted the test for 38 days.  The trap alone captured 135 GWSS and all trap + plant
treatments, except for ‘Flordaking’ peach and ‘Santa Rosa’ plum which captured less, numerically captured a higher number,
on average 47% more, GWSS than the control.  Apple, oak, redbud and Bradford pear traps captured statistically
significantly higher GWSS than the control (P<0.05, LSD).

Along with plant quality differences, the distance a trap is placed from a plant may also be a factor potentially affecting
GWSS trap capture rates. In another test we placed a seven × seven m grid of tube traps 10 m apart centered on a large
planting of ‘Natchez’ crape myrtle of ca. two m in height (see other results from this test reported in Northfield et al. 2009).
Response of GWSS to traps located at different distances from the crape myrtle plants are shown in Figure 2.  A linear
relationship inversely related to distance was significant at P< 0.001 with an r2 =0.58.  In another test we placed five
replicates of tube traps and Seabright traps at one m and five m from large ‘Natchez’ crape myrtles.  In this test GWSS
response was: tube 8.7/trap period  ± 0.86 (mean ± SEM) at 1 m, and 4.4 ± 0.6 at 5 m, and Seabright 5.2 ± 1.24 at one m and
4.6 ± 0.75 at 5 m.  The tube at one m had significantly higher GWSS (P < 0.0006) using SAS Proc GENMOD and contrast
statements.  Again, the majority of leafhoppers captured were males.  Finally, trap efficiency is directly related to how much
surface area the trap actually samples termed here as the trap’s “active distance”.  In the case of a cylinder this would be
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circle of some size around the trap.  This parameter is directly related to the size of the trap given that color and height are
optimized.  We attempted to determine the active distance of the tube trap by placing a set of five traps in a configuration
where a center trap was surrounded by four other traps in a square around it.  We varied the distance of the surrounding
square of four traps by six, eight, 10 and 12 m.  We also placed a single control trap 35 m away from the treatment trap sets.
We used five replicates in a RCB design.  Theoretically, the active distance is determined by comparing the treatment capture
rates in the center trap to the control trap rates and by comparing the total capture rate between treatments.  When the center
and control rates are equal then the active distance of the trap is somewhere near this spacing because at lower distances the
four companion traps interfere with the center trap capture rate which is lower than the control as a result.  When the total
capture rates per treatment decrease, the trap groupings change at that distance into independent traps rather than acting
together (overlapping as in a single visual presentation) as they would at lower distances.  Our results were unclear, however,
we observed no differences between the center and control traps but total GWSS trap capture rate by treatment did increase
linearly from six, eight and 10 m and then declined in the 12 m treatment.  This suggests that the tube trap may have an active
distance of approximately 10 m.
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Figure 1. Relationship of GWSS trap capture rate to the
presence and absence of host plants: peach and crape myrtle
represent poor and good host plants, respectively.  Traps
used were standard tube traps.

Figure 2. Response of GWSS to traps located at different
distances from large 'Natchez' crape myrtle plants.  Data
points have been normalized by placing them in increments
of 10 m centered on the values along the X axis.

The above results, observations of GWSS aggregation behavior in the field on host plants, in response to host plants and on
traps led us to examine in depth the response of leafhoppers to traps and to other leafhoppers.  The distribution of GWSS
landing on traps was investigated with and without other GWSS present. Figure 3 indicates the natural distribution of both
sexes of GWSS on the Seabright trap and shows that GWSS tend to aggregate naturally in the lower right hand quadrant.
That is in blocks three-five (left to right) of the Seabright trap. Figure 4 shows how the GWSS responded to the Seabright
trap when there was a dead GWSS carcass added to the center block on the trap. In this test we allowed only one leafhopper
to respond each time to eliminate the confounding effect of previously trapped leafhoppers on the behavior of newly arriving
leafhoppers.  The presence of a leafhopper carcass shifted the distribution of the arriving leafhoppers to the center area of the
trap with males landing at significantly higher numbers in blocks one and two from the center while females landed in higher
numbers in blocks two and four.  In another test, GWSS response to an unbaited control Seabright trap was compared to
treatments of one, two or three GWSS carcasses or one, two or three black plastic models similar in size to GWSS added to
the center boxes of one side of Seabright traps.  Five replicates of each treatment were used in a RCB design.  Responding
GWSS were recorded by the block number away from the carcass where they landed as was the number of GWSS that landed
on the unbaited side of the trap.  Overall the baits increased trap catch by 55% on the baited side versus the unbaited side
(data not shown).  Other tests conducted included the addition of a small 15 cm long tree branch with GWSS carcasses on it
to tube traps in parallel with the trap orientation and the addition of a similar small branch with carcasses attached to the tube
trap in the middle and sticking out at a 450 angle away from the trap versus an unbaited control.  Neither of these treatments
provided significant increase in trap captures.  Thus, the response to congeners appears to be a short range landing
orientations.  Nevertheless, we are pursuing this response to congener behavior by GWSS to further describe what is actually
occurring and our results will be reported orally at the symposium.
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Figure 3. GWSS landing distribution on a Seabright
trap without any other GWSS present.  M is peak point of
males and F indicates female peaks.

Figure 4. Response of GWSS to Seabright traps baited in
the center block with a GWSS carcass.

CONCLUSIONS:
The experiments conducted in Florida under this grant were all completed in locations with relatively low GWSS
populations.  These low population conditions typify what would occur under a regulatory/quarantine function when the
objective is to detect newly establishing populations when they first likely occur in very low numbers.  The collective results
of these studies suggest that the detection and monitoring efficiency of trapping of GWSS may be improved in a number of
ways.  Some are highly practical, whereas others would require a much different approach than the conventional deployment
of traps haphazardly in some fashion in the field using a transect or a grid of traps.  Use of traps for estimating populations
within plants appears to be highly ineffective in most cases with the exception of crops in large acreage blocks where there is
little immigration and emigration occurring in the sample location (Castle and Naranjo 2008, Northfield et al. 2009).
Changing from the Seabright trap to a cylinder tube trap would improve detection levels but may be impractical relative to
costs and logistics required shipping, moving and storage.  Response by GWSS to congeners is novel and may have
significant value.  We are pursuing this aspect of GWSS behavior.  The addition of a printed black silhouette GWSS model to
the middle of the Seabright trap may improve its efficiency but this requires more testing under high populations.  An
increase in trap capture rate may accrue simply from the model’s result of shifting the position of GWSS landings on the trap
to nearer the center where they are surrounded by larger areas of sticky surface which may decrease their ability to escape the
trap.  Once leafhoppers arrive on the trap the model effect may lose value.  However, from a regulatory perspective this
change may be of value, but requires more tests.  The attention to trap placement relative to host plant quality, distance from
plants and trap size all can be considered for improving trap efficiency and the probability of early detection of low GWSS
populations.  It does not appear that GWSS exhibit any unusual and exploitable behaviors in either long or short range
response to single or multiple trap configurations that may be exploited to improve trap capture rate.
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ABSTRACT
Riverside County has two general areas where citrus groves interface with vineyards, the Coachella and Temecula Valleys.
The Coachella Valley with 10,438 acres of table grapes in proximity to 12,000 acres of citrus and the Temecula Valley with
2,000 acres of wine grapes in proximity to 1,000 acres of citrus are vulnerable to Pierce’s disease (PD). The grapes in the
Coachella and Temecula areas of Riverside County are in jeopardy because of the glassy-winged sharpshooter (GWSS), the
vector of the PD bacterium, build up in adjacent citrus groves.  Citrus is an important year around reproductive host of
GWSS in Riverside County, but also one that concentrates GWSS populations over the winter months during the time that
grapes and many ornamental hosts are dormant.  GWSS weekly monitoring in citrus in grapes began in March 2000 in
Temecula Valley and 2003 in Coachella Valley by trapping and visual inspections. Temecula valley GWSS populations in
2008 reached levels not seen prior to the initiation of the area wide GWSS program in 2000.  Coachella Valley GWSS
populations have decreased dramatically since the treatment program was initiated in 2003.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) vectors a bacterium that causes Pierce’s disease (PD).  This insect and bacterium
are a severe threat to California’s 890,000 acres of vineyards and $30 billion dollar industry.  An area-wide GWSS
management program was initiated in Temecula in 2000 to prevent this vector’s spread into other California grape growing
regions.  In Temecula Valley itself, the wine grape industry and its connecting tourist industry generate $100 million of
revenue for the economy of the area.  GWSS/PD caused a 40% vineyard loss and almost destroyed the connecting tourist
industry.  The area wide GWSS management program initiated in the spring of 2000 saved the industry from a 100% loss.
Only a continuation of an area-wide GWSS management program will keep the vineyards viable in Temecula.  The table
grape industry in the Coachella Valley is represented by 10,465 acres of producing vines, which generate fresh market grapes
valued at an average of $110 plus million annually.  The GWSS was identified in the Coachella Valley in the early 1990’s.
Population increases of this insect in Coachella Valley in the last three years have increased the danger of PD occurrence in
this area, as has occurred in similar situations in the Temecula and San Joaquin Valleys.  In July 2002, the occurrence of Xf,
the PD bacterium, was found in 13 vines from two adjacent vineyards in the southeastern part of Coachella Valley.  With this
discovery, and the increasing GWSS populations, there was and is a real need to continue an area-wide GWSS/PD
management program.  The GWSS area wide management  program is needed to prevent an economic disaster to the work
forces and connecting small businesses of Mecca, Thermal, Coachella, Indio, etc. that depend upon the vineyards for a big
portion of their incomes.  Only a continuation of an area wide GWSS/PD management program will keep the vineyards
viable in Coachella.  At present there are no apparent biological or climatological factors that will limit the spread of GWSS
or PD.  GWSS has the potential to develop high population densities in citrus.  Insecticide treatments in citrus groves
preceded and followed by trapping and visual inspections to determine the effectiveness of these treatments are needed to
manage this devastating insect vector and bacterium.  Approximately 1,600 acres of citrus in Riverside County were treated
for the GWSS in April through September, 2009 between a cooperative agreement with USDA-APHIS and the Riverside
Agricultural Commissioner’s Office under the “Area-Wide Management of the Glassy-Winged Sharpshooter in the
Coachella and Temecula Valleys”.

OBJECTIVES
1. Delineate the areas to be targeted for follow-up treatments to suppress GWSS populations in the Temecula and

Coachella Valleys for 2010.
2. Determine the impact of the GWSS area-wide treatments to suppress GWSS populations in citrus groves and adjacent

vineyards.

METHODS, RESULTS AND CONCLUSIONS
The programs in Coachella and Temecula were dependent upon grower, pest management consultants, citrus and vineyard
manager’s participation.  The areas encompass approximately 28,000 acres.  Representatives of various agencies were
involved in the program, they were as follows: USDA Agricultural Research Service, USDA Animal and Plant Health
Inspection Service, California Department of Food and Agriculture, Riverside County Agricultural Commissioner’s Office,
University of California-Riverside, UC Cooperative Extension, and grower consultants.  Representatives of these agencies
meet to review the program. Newsletters are sent to growers, managers, wineries, and agencies with information on GWSS
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populations and insecticide treatments via e-mail.  The information from Temecula is sent weekly, while information from
Coachella goes to the various parties monthly.

The GWSS/PD citrus groves and vineyards within the GWSS/PD management areas were monitored weekly to determine the
need and effect of insecticide treatments on GWSS populations.  In August, 2008, because of the lack of GWSS trap catches
in Coachella valley, a bi-weekly schedule was initiated.  Yellow sticky traps (7 x 9 inches) were used help determine GWSS
population densities and dispersal/movement within groves and into vineyards (Figures.1 & 2).  Approximately 1,400
GWSS yellow sticky traps are monitored in the Riverside county area wide program.  Based on trap counts and visual
inspection, approximately 1,000 acres of citrus were treated in Temecula valley for GWSS in 2009.  In 2009, 600 acres of
citrus were treated in Coachella Valley for GWSS area wide management.  Because of high Temecula GWSS trap catches in
the late summer and early autumn of 2008 and GWSS trap catches in January, 2009, imidacloprid (Admire Pro) applications
in citrus were initiated in April, 2009 (Figure 3).  Admire Pro was applied at the rate of 14 oz/acre.  Of the 1,000 acres of
treated citrus, 72 acres of organically farmed  citrus were treated with Omni Oil 6E at the rate of 1%/acre and PyGanic (1.4%
Pyrethrins) at 18 oz/acre.  Because of  the low residual of the organic insecticides the organic citrus was treated three times
during the season.  Omni Oil was applied in June on the citrus, followed by PyGanic treatments in July and September.

For a successful area-wide GWSS management program with large acreages of citrus, a management program has to be
maintained.  Organic insecticides are not as effective as the neonicotinoid insecticides such as imidacloprid for controlling
GWSS.  Therefore, organic insecticides will have to be applied more frequently than its synthetic counterpart.  In our
Riverside County GWSS area wide program organic citrus groves pose challenges to area-wide GWSS management
programs.

Total Temecula GWSS Catch per Week for 2009
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Figure 1.  In 2009, high numbers of adult glassy-winged sharpshooters were caught on the yellow sticky
traps in Temecula, with populations peaking in July reaching a total of approximately 1,100 trapped.
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Total Coachella GWSS Catch per Week for 2009
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Figure 2. Glassy-winged sharpshooter populations in Coachella Valley peaked in June with a high of 25 trapped.

Temecula Glassy-winged Sharpshooter Populations Compared Over The Last Six Years
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Figure 3.  Glassy-winged Sharpshooter populations compared over the last six years
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ABSTRACT
Xylella fastidiosa (Xf) has complex life histories because it must colonize both plant host and its vectors for successful
dissemination.  The switch from host to vector environments may require changes in gene expression prior to the Xylella’s
departure from the plant.  We found that structural polysaccharides of plant host origin are important in regulating Xf gene
expression and mediating vector transmission of this pathogen.  Through the addition of pectin and glucan to a simple
defined medium we showed dramatic changes in Xf’s phenotype and gene expression profile. Cells grown in the presence of
pectin become more adhesive than in other media tested.  In addition, the presence of pectin and glucan in media result in
significant changes in the expression of several genes previously identified as important for Xf’s pathogenicity in plants.
Furthermore, vector transmission of Xf is induced in the presence of both polysaccharides. Our data show that host structural
polysaccharides mediate gene regulation in Xf which results in phenotypic changes required for vector transmission.  A better
understanding of how vector-borne pathogens shift from host to vector, and vice-versa, may lead to novel disease control
strategies.

INTRODUCTION
The interactions between Xylella fastidiosa (Xf) cells and the foregut of vectors probably are complex and specific, as other
xylem-limited bacteria such as Leifsonia xyli are acquired but not transmitted by insects (Barbehenn and Purcell 1993).
However, little is known about the specific interactions between Xf and the foregut of vectors. In previous work, we used
different approaches to determine how Xf cells interact with the cuticular surface of the foreguts of vectors.  We demonstrate
that Xf binds to different polysaccharides with various affinities and that these interactions are mediated by cell surface
carbohydrate-binding proteins.  In addition, competition assays showed that N-acetylglucosamine inhibits bacterial adhesion
to vector foregut extracts and intact wings, demonstrating that attachment to leafhopper surfaces is affected in the presence of
specific polysaccharides. In vitro experiments with several Xf knockout mutants indicated that hemagglutinin-like proteins
are associated with cell adhesion to polysaccharides (Killiny & Almeida 2009).  These results were confirmed with biological
experiments in which hemagglutinin-like protein mutants were transmitted to plants by vectors at lower rates than that of the
wild type.  Furthermore, although these mutants were defective in adhesion to the cuticle of vectors, their growth rate once
attached to leafhoppers was similar to that of the wild type, suggesting that these proteins are important for initial adhesion of
Xf to leafhoppers. It seems that Xf colonization of leafhopper vectors is a complex, stepwise process similar to the formation
of biofilms on surfaces. In order to more characterize these complex interactions, setting up an artificial diet system with
which Xylella cells can be acquired by the insect vector, is essential. The artificial diet system would allow the delivery of
cells directly to sharpshooters without the requirement of source plants.  Because cells interact with plants, are unevenly
distributed in the xylem network, and have different gene expression profiles depending on individual vessel colonization
stage, it has always been challenging to study how Xf colonizes its vectors.  In addition, an artificial diet system would permit
us to control the delivery of cells and compounds that may block transmission, to sharpshooters under various conditions.
We and other groups have tried to develop this protocol, on and off, for 30 years.  Here we report on our successful efforts to
deliver transmissible Xf cells to vectors.  This is an essential component of our project, as now we can easily compare cells
that are transmissible if grown on certain conditions with others that are not transmissible.  Here we describe for the first time
a successful Xf transmission through sachet.

OBJECTIVES
1. Establishment an artificial diet system to deliver Xf to vectors.
2. Characterization of chitin-binding proteins in the Xf surface.
3. Identification of molecules that disrupt Xf adhesion to vector foregut surface.

We focus on Objective 1 in this report due to space limitations.  We have preliminary data for objective 2 and have already
set up experiments to test a large number of molecules to block Xf transmission (Objective 3, results pending).
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RESULTS AND DISCUSSION
Host polysaccharides induce phenotypic changes necessary for the vector transmission of Xf.
Cells were grown in vitro, suspended in buffer, confined in parafilm sachets and given to sharpshooters in small cages.
Insects are then transferred to grape seedlings for an inoculation access period. Our group and others have successfully
shown acquisition of cells from such a system before.  However, those cells were never transmitted to plants. Our work
started with two assumptions.  First, the most commonly used medium to grow Xf, PWG, is too rich, does not mimic
conditions cells encounter in nature, and likely results in pathogen gene expression profiles that are not correlated with those
in plants or insects.  Therefore, we modified a previous published medium (Almeida et al. 2004) to obtain XFM, a simple
defined medium to grow Xf. Our second assumption was that a plant component induced pathogen transmission, as cells
colonizing plants are obviously transmitted by insects.  We highlight that, although our work focuses on transmission, these
results should be useful for the Xf community in general, especially those interested in how this bacterium colonizes plants.
Our approach to understand the biology of our system was to compare 4 different media for different phenotypic,
biochemical and molecular characteristics (Figures 1 and 2).  These media are: PWG (rich medium, most commonly used for
Xf research), XFM, XFM-glucan (XFM with glucan), and XFM-pectin (XFM with pectin).  We choose glucan and pectin as
plant polysaccharides because they occur on pit membranes and xylem cell walls, surfaces with which Xf interacts and is
capable to degrade. The pglA mutant was also used to confirm results (Figure 3)

Figure 1. Growth characterization of Xf on XFM media.
Xf (Temecula isolate) cells reached higher populations on all XFM-
based media compared to PWG (A). These results are interesting,
suggesting that although PWG is the most robust medium for
growth of different Xf strains, it either suppresses growth or does
not provide adequate growth conditions as the much nutrient poorer
XFM.  Similar results can be observed in (B), where populations
were higher on XFM-media than PWG.

Of interest to our work, and of many other groups, are Xf’s adhesion
phenotypes.  In (B) we compared the number of planktonic versus
attached cells grown in tissue culture tubes in these media.  Both
glucan and pectin induced cell adhesion, compared to the basal
XFM medium. Xf adhesion is mediated by a large number of
surface proteins, such as pili and hemagglutinins.

Figure (C) shows adhesion ‘rings’ on culture flasks when cells were
grown on these different media, illustrating the data presented in
(B) In addition, colony phenotype on these media were different on
solid surfaces.  On solid media (D), cells formed a uniform, glossy
lawn on XFM-glucan and –pectin, when compared to individual
colonies on PWG, which were more typical of Xf. Colonies on
XFM medium were intermediate among these treatments.  These
results suggest, among other things, that gum is up-regulated in
XFM media.
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Figure 2. In (A) we compared gene expression of multiple Xf
genes when cells were grown in different XFM-based media
compared to PWG.  Equal gene expression was represented by the
value of ‘1.’  In (B) we compared the role of glucan and pectin on
transcription, in this case ‘1’ represents expression equal to XFM.
We focused on adhesion and pathogenicity genes.  It is clear that all
these genes are repressed in PWG.  In relation to XFM, however,
hemagglutinins were up-regulated many fold, while other genes
were up-regulated but not as much.  The type IV pilus gene tested
(pilY1) was down-regulated.  These data suggesting that these
carbohydrates induce a cell ‘adhesion’ phenotype and limit
movement within plants; similarly to Xf occurring in high cell
density. In (D) we quantified the amount of hemagglutinin-like
proteins on cells grown in the four media.  We have previously
shown that these proteins were associated with vector transmission
of Xf to plants.  The results show that the proteins were expressed at
higher rates in cells grown on pectin and glucan compared to PWG
and XFM.  Our in vitro transmission tests (C), using the artificial
diet system described above, show that transmission was above
90% efficient if cells were grown on XFM-pectin, while no
transmission was observed on PWG.  It is interesting to note a good
correlation between the quantity of hemagglutinin on cells and
vector transmission of Xf using the in vitro system. Lastly, in (E),
we compared the amount of gum produced by cells on these
different conditions.  Gum production was similar in all XFM
media, but much lower on PWG, which may explain why colonies
have different phenotypes on solid media (previous Figure)

Figure 3. Growth characterization of Xf pglA
mutant grown in four different media. (A)
Populations of planktonic versus glass-attached
cells grown in vitro, bars with the same letter
are not different from each other within media
treatments (t-test, P < 0.05); and B) biofilm
formation at air/broth interface in different
media. (C) visual aspect of bacterial lawns on
solid media, ‘glossy’ phenotype likely
associated with exopolysaccharide production.
D) EPS production quantified immunologically
in four media (unwashed cells – filled bars,
washed cells – empty bars), asterisks (P < 0.05
for one, P < 0.001 for two) indicate within
media differences, bars with the same letter are
not different from each other within wash
treatments.
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The main subunit of pectin is responsible for gene induction in Xf.
We showed that pectin mediates the transmission of Xf, but pectin is a very large and complex molecule.  Thus, we also
studied the effect of different subunits of pectin in the changes in phenotype and gene expression we observed.  Pectin is
primarily composed of galacturonic acid with rhamnose side chains; the ratio of these sugars is host plant species dependent
(Cho et al 2001, Coutinho & Henrissant 1999).  We tested the effect of rhamnose and galacturonic acid separately.  Results
are described in Figures 4 and 5.

Taking together, it seems that galacturonic acid is the selective sugar for Xf and it is the responsible of the change in
phenotype and gene expression profiles.  In order to confirm these results we used the pglA mutant, the mutant grow in the
presence of galacturonic acid just like the wild type in the presence of pectin, which corroborates other observations that this
sugar is responsible for the phenotypic changes we found.

Figure 5. Phenotype of wild type and
pglA mutant colonies on XFM media
supplied with pectin or one of its
major component.  Pictures focus on
the edge of plated cells for
comparative purposes Images were
taken using LEILKA M125
steromicroscope with 100X total
magnification.  Inoculums were
adjusted to OD600 of 0.2 before
plating on the media.

Figure 4 . The main subunit of pectin is
responsible for gene induction in Xf. A)
Biofilm formation at air/broth interface for
the Xf wild-type and polygalacturonase
(pglA) mutant in four media; XFM, and XFM
supplemented with -P(ectin), -
G(alacturonate-Na) and -R(hamnose). B)
Populations of planktonic versus glass-
attached cells grown in four media, bars with
the same letter are not different from each
other within media treatments (t-test, P <
0.05); and C) visual aspect of bacterial lawns
on solid media.  D) Quantification of hxfB
and pilY1 transcription under the same
conditions for the wild-type and mutant;
value of 1 indicates transcription level equal
to cells grown in the basal medium XFM.
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Host polysaccharides induce changes in gene regulation profiles.
In order to better understand the changes to cells when grown on XFM-pectin, we carried out a gene expression microarray
analysis for Xf’s whole genome. Not surprisingly given the phenotypic changes observed, we found the presence of pectin
induced many changes on the transcriptome of Xf (Figure 6).

(A) Hierarchical clustering analysis of microarray expression data for 187 genes found to be differentially regulated during
growth in PWG, XFM, XFM-pectin, and XFM-glucan, respectively.  (B) Up-regulated genes in the presence of pectin.  (C)
Down-regulated genes in the presence of pectin when compared to XFM. Note the gradient increasing or decreasing gradient
of expression data are the average of 4 independent replicates of each treatment.  The most intense red and blue colors
correspond to increased or decreased expression values respectively.  Genes having ratios of ≥ 1.6 or ≤ 0.6 fold for
expression were selected as up-regulated or down-regulated respectively.  PWG was used as baseline for other media.  (D)
Scatter plots of XFM media against PWG showing difference on gene expression.

Figure 6. Microarray analysis for gene expression of cells grown in different media.

CONCLUSIONS
In this report we described the first successful transmission through artificial diet systems for Xf. We found that Xf cells
grown in a minimal media XFM supplied with polysaccharides from host, especially pectin were capable to be acquired and
transmitted by the vector to grape plants. Pectin induced gene regulation and subsequently, a different growth phenotype than
cells grown in the complex medium PWG.  Hemagglutinin-like proteins and exopolysaccharides were found to be
significantly over expressed and thus associated with the transmission.  These results support our previous work (Killiny &
Almeida 2009).  This artificial diet system (transmission through sachet) will be a powerful tool to study and identify
molecules may disrupt the transmission using competition assays. Furthermore, we can study the transmissibility of certain
mutants that may grow in lower populations in plants than required for the transmission from plant to plant by insects.
Lastly, our results should be useful to other Xf research groups interested in plant-pathogen interactions.
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ABSTRACT
Plant resistance to pathogens and the feeding behavior of the pathogen vectors can influence patterns of disease spread.  This
study is aimed at evaluating the two above ecological factors that could limit the negative impact of Pierce’s disease (PD) on
the economically valuable grapevine, Vitis vinifera.  Eighteen commonly used varieties are being scored for symptom
severity and quantified for Xylella fastidiosa (Xf) infection level. We will investigate the vector, glassy-winged sharpshooter
(GWSS), feeding-choice behavior for infected versus healthy plants.  In addition, we will compare the vector transmission
efficiency among different grape varietals.  Our preliminary results for symptom severity, in weeks eight and 12 post-
inoculation, indicates that Rubired has the least symptom development score among 17 other tested varieties.  Chardonnay
and Chenin Blanc also show a relatively slow symptom development.  Our study on vector feeding behavior showed that,
while GWSS does not discriminate against water stressed plants (which mimic PD symptoms); they had a greater tendency to
position themselves on lower and woody parts of the stem due to its response to brown colors.  Our experimental setup and
preliminary finding will be described and discussed.

LAYPERSON SUMMARY
The degree of resistance (and tolerance) to Pierce’s disease (PD) is under evaluation for 18 commonly used grapevine
varieties.  We also quantify feeding and host-choice behaviors of glassy-winged sharpshooter, a key vector for the pathogenic
bacteria.  This project has been just started.  Our preliminary results showed that the variety Rubired has the least symptom
development score among 18 varieties.  Chardonnay and Chenin Blanc are also showing slower symptom development
relative to the other tested varietals. The insect vector did not discriminate against water stressed plants (with similar
symptoms as PD) though showed a distinct preference for the brown coloration of the lower main shoot.  Our experimental
setup and preliminary finding will be described and discussed.

INTRODUCTION
Plant resistance to pathogens is important for limiting disease in many agro-ecosystems (e.g. Kolmer 1996; Leung et al.
2003).  The levels of resistance and tolerance (infected with limited or no symptoms) exhibited among host genotypes
typically vary continuously (Kover & Schaal 2002).  The used definition of resistance and tolerance is important because
each may differ in its effect on disease spread, especially plant pathogens that are transmitted by insect vectors (see below).

Pierce’s disease (PD) is caused by the bacterial pathogen Xylella fastidiosa (Xf).  This bacterium is xylem-limited and
pathogenic to a wide range of agricultural crops, such as alfalfa, almond, citrus, coffee, peach, plum, and also infects dozens
of native, ornamental, and weedy species in the U.S. (Purcell 1997, Hopkins and Purcell 2002, Costa et al. 2005, Wistrom
and Purcell 2005).  PD symptoms include leaf scorch, irregular maturation of the cane, and dieback of the apex of the plant
(Krivank et al. 2005).  Typically, infected susceptible vines die within two to three years. Xylem sap-feeders are known to be
the vectors for the bacterial pathogen.  In the 1990s severe outbreaks of PD occurred in southern California that was
attributed to the invasion by the glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) (Sorensen and Gill 1996,
Blua et al.1999).

Vector preference for infected versus uninfected plants can dramatically impact disease prevalence (McElhany et al. 1995).
For example, vector preference for healthy plants (i.e. discrimination against infected plants) should limit pathogen spread.
Under this scenario, relatively tolerant varieties that are infected but yet have no (or limited) symptoms may potentially act as
a source for the bacteria.  Needless to say that this can potentially promote disease spread in nearby healthy vines.  Likewise,
a lack of discrimination against infected plants would also increase the pathogen spread.  Whether susceptible varieties can
act as a source for Xf spread also depends on GWSS behavior and acquisition efficiency.  Two aspects of GWSS feeding
behavior may be important for Xf acquisition and spread: 1) preference for feeding on certain grape varietals (e.g., Purcell
1981), and 2) discrimination against infected vines of a given varietal (e.g., McElhany et al. 1995, Marucci et al. 2005).
Thus, understanding vector feeding-choice behavior and varietal resistance versus tolerance are directly relevant to
understanding the epidemiology of PD in vineyards.

In general, Vitis vinifera cultivars are susceptible to Xf infection (Krivanek and Walker 2005).  While anecdotal field
observations (Raju and Goheen 1981, A.H. Purcell and J. Hashim-Buckey, personal communication) are indicative of
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differences in symptoms severity among varietals, studies quantifying Xf infection levels have also documented substantial
variability among cultivars (Raju and Goheen 1981, Krivanek and Walker 2005).  Thus, in order to predict which grape
varietals are most likely to act as Xf sources for vectors we need to independently measure both the varietal infection level
(i.e. resistance) as well as symptom severity for that particular variety in relation to vector transmission efficiency.

In this project our goal is to evaluate: i the differential response of V. vinifera to Xf infection, and ii feeding-choice behavior
of the pathogen vector GWSS.

OBJECTIVES
1. Measure the relative levels of both resistance and tolerance for important California grape varietals.
2. Evaluate GWSS feeding behavior in grapevine and measure discrimination against infected vines and Xf spread for

different grape varietals.

RESULTS AND DISCUSSION
The project currently is at the beginning and therefore this report presents some preliminary results and experimental setup
and preparation for upcoming time blocks scheduled for mid-October and mid-December 2009.

In order to quantify the levels of resistance and tolerance we have obtained and planted dormant cuttings of 18 different
commonly used varieties of Vitis vinifera in March 2009.  We now have an estimated 100 plants per genotype for each of
those varieties.  We have mechanically inoculated Xf into 22 plants of each variety in two different time blocks within 24 hrs.
All plants were inoculated at the base of the main shoot.

Inoculated plants were quantified for symptoms on the weeks eight and 12 post inoculation.  The same plants will again be
quantified on weeks 16 and 20.  The disease symptoms were scored following Guilhabert and Kirkpatrick (2005).  The PD
symptom development appears to be most aggressive for the varieties Flame Seedless, Red Globe, Crimson Seedless,
Cabernet Sauvignon and Syrah consistently across the two time blocks.  The varieties Chardonnay and Chenin Blanc should
a weaker symptom development compare to the other tested varieties Red Globe seem to show a slight but non-significant
recovery in its symptom severity (see Figure 1).  However, PD symptoms are sometime hard to distinguish from water stress
or nutrition stress symptoms.  Therefore, a final conclusion needs to be made following culturing and qPCR, which verify the
bacterial presence and quantify the infection level, respectively.

On weeks eight and 12 post-inoculation we sampled leaf petioles of all inoculated varieties at +10 cm above the inoculation
point.  In addition, we took one sample at +30 cm above the inoculation point (per plant) to also compare the bacterial
movement within different grape varietals.  All samples are stored in -80oC freezer for later processing.  Plants will also be
sampled on weeks 16 and 24.  For the sake of consistency, we will start qPCR after the labor-intensive greenhouse
experiments are finalized.  This approach would provide us with a sufficient measure of bacterial populations at the three
different stages of disease progress, which allow us to track within host disease spread over time for each variety and enables
us to compare population growth of bacteria among our varietals.
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a.

By contrasting bacterial growth rate within the plant and visible plant symptoms we will provide an accurate classification for
susceptible, tolerant and resistant varieties.  Tolerance and resistance are used as relative terms within V. vinifera among its
varietals.

No-choice transmission experiments (in progress)
Adult GWSSs were caged individually on the 22 mechanically inoculated plants (see above-block 1: n=10; block 2: n=12)
per variety (18 varieties in total) for 48 hours (acquisition period).  After 48 hours insects were gently removed from the
infected plants and caged (again individually) on healthy plants of corresponding variety.

Insects were kept on healthy plants for six days (transmission period).  Insects were removed and plants are currently being
monitored for symptoms.  Transmission rates will be calculated and compared among varieties.  We stored the collected
insects in -80oC freezer for future qPCR.  Through this process we will be able to quantify the bacteria acquisition by insects
across the 18 varieties.

Figure 1: Symptom development scores for all tested grape varieties following a 0 to 5 scale
(Guilhabert and Kirkpatrick 2005): a) time block 1; n= 10, b) time block 2; n= 12.  Light-
Gray fill marks the symptom development score on week eight and dark-gray marks the
symptom development score on week 12.
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The same procedure will be repeated on weeks 16 and 24 post-inoculation (using the original mechanically inoculated
plants).  Thus, the transmission/acquisition rates will also be compared across three different stages of bacterial growth
within plants for each variety.

Feeding behavior of H. vitripennis- choice experiments
Morphological, physiological and nutritional changes in plants due to pathogen infection has bee suggested to influence
insect vector choice of the host plant (Hammond and Hardy 1988).  For example aphids that are attracted to yellow color
show preference to feed on yellow leaves caused by virus infection (e.g. Baker 1960).  Although such behavior maybe an
adaptation to detect higher amounts of nitrogen in plant resources (see Kennedy et al 1961), it also could lead aphids to plants
that are more susceptible due to weakness.

In a previous study, however, Marucci et al. (2005) showed that sharpshooter vectors, Dilobopterus costalimia and
Oncometopia facialis (Hemiptera: Cicadellidae) both prefer to feed on healthy asymptomatic plants rather than symptomatic
plants infected by the pathogenic Xf. Likewise, anecdotal observations are suggestive of a similar host choice pattern in
GWSS.  Based on these observations GWSS is expected to choose healthy hosts more frequently compared to a symptomatic
plant.  However, this proposed behavior has never been formally tested.

PD symptoms are similar to water stress possibly due to xylems being blocked by the Xf colonies.  Thus, GWSS response to
water-stressed plants is expected to follow that of Xf infected plants, if indeed GWSS chooses its host plant based on visual
signals.  We conducted this experiment as a preliminary test preparing for assays to be conducted as part of Objective 2,
which we are preparing plants and insects for at this point.

One water-stressed and one healthy V. vinifera (var. Zinfandel) plant was placed an observational bugdorm cage.  A plant
was considered water stressed when at least two thirds of its leaves showed wilting and scorching symptoms.  One adult
GWSS was gently aspirated into the cage and its movement with in the cage was monitored every 30 minutes until a choice
was made.  The choice was recorded and the individual’s position was double-checked after two hours to make sure that no
host plant switches occurred.  None of the GWSS in our 20 trials moved to a different plant once they made their host-choice.
Unexpectedly, GWSS did not discriminate against water stressed plants (Sign test (two-tailed): P = 0.66).  Similar pairwise
experiments will be conducted with inoculated plants on week 24 post-inoculation, when PD symptoms are visually
detectable, to a considerable extend, to human eye.

In addition to between-plant choice, within-plant feeding site may also influence the transmission efficiency of an insect
vector.  Insect preference for a particular feeding site may coincide with the pathogen colonization and thus increase the
acquisition and transmission rates, as a result.  We have shown this to be the case for sharpshooter transmission of Xf from
alfalfa plants (Daugherty, Lopes and Almeida, submitted).  Anecdotal observations indicated GWSS preference for feeding
on the lower parts of the grapevine stem.  However, the exact reason for such a choice is yet to be confirmed.  Here we tested
the possibility of color matching in GWSS since the lower parts of grapevines turn into brown following maturation.
Detecting a link between GWSS feeding site choice is significantly important because: i) cane color in grapevine changes in
response to Xf infection (Krivanek et al. 2005) and ii) different grape varieties may vary in their time of cane maturation and
the amount of brown color of the stem.  We hypothesize that this may explain the lower transmission rates of Xf from grape
to grape by the GWSS (Almeida and Purcell 2003).
.
To test for this possibility we presented individual sharpshooters with grape cuttings Vitis vinifera (var Cab Sauv), 20-30 cm
in length and with equal proportions of green and brown colors (to the experimenter eye).  Our experimental data verified the
fact that GWSS prefers to feed on the lower and brownish-colored parts of the stem (sign-test (two-tailed): P= 0.011; n=20).

To confirm the existence of background color preference, we also caged GWSS individually in a 30x30x30 cm cage covered
with paper sheets of brown and green checkers and observed them for 15 minutes.  We showed not only insects chose to
jump to brown first (sign-test (two-tail): P=0.04; n=30), but also showed that they spend significantly more time on brown
squares compared to the green squares (Figure 2).  This additional test of the feeding site preference addresses questions
directly associated with those Objectives related to GWSS feeding site preference and within-plant behavior and color
attraction, which may explain the lower transmission rates observed in previous experiments by this species compared to
other native CA sharpshooters (Almeida and Purcell 2003; Almeida et al. 2005).

We have ongoing experiments addressing the Objectives proposed.  Monitoring and sampling of field experiments is also
ongoing.
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Figure 2. H. vitripennis individuals prefer to spend more
time on brown colored- compared to green colored-squares
(Wilcoxon brown-green: Z= -2.407; n=30; P=0.015).

CONCLUSIONS
This work directly addresses a recommendation by the PD advisory panel for more research to distinguish between Xf-
resistant and Xf-tolerant varietals and the role of GWSS in spreading Xf. Our early visual inspection of the PD symptom
development indicates that the varieties Flame Seedless, Red Globe, Crimson Seedless, Cabernat Sauvignon and Syrah show
more susceptibility to Xf infection.  The varieties Chardonnay and Chenin Blanc showed slower symptom development
compared to the other tested varieties.  Rubired seems to show a slight but non-significant recovery in its symptom severity.
However, final conclusions cannot be made without further analysis upon a completed data collection.  While, our finding, so
far, indicates that GWSS does not discriminate against water stressed plants, which more-or-less mimic PD symptoms, they
show a strong preference to feed on the lower parts of the stem where the colonization of the bacteria may be more difficult.
Experiments are ongoing.  Our final results will directly benefit growers by evaluating which varietals are most likely and
least likely to promote spread of PD by GWSS.  Targeted planting of more resistant varietals could be used as a vineyard
management strategy to reduce PD incidence in high-risk areas.
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ABSTRACT
Xylella fastidiosa (Xf) is a plant pathogenic bacterium that is transmitted between hosts by the glassy-winged sharpshooter
(GWSS; Homalodisca vitripennis).  Multiple subspecies of Xf occur and are host specific. Xf subsp. fastidiosa is the causal
agent of Pierce’s disease (PD). Xf subsp. multiplex and Xf subsp. sandyi are commonly found in North America but do not
cause PD.  Rapid diagnostics to determine presence of Xf and differentiation of these subspecies is necessary for effective
management of PD.  In this study, three methods by which the subspecies can be distinguished by QRT-PCR were compared.
SYBR green, Eva Green®, and Takara SYBR Green® melt curve analysis of partial gyraseB amplicons, Zot gene amplicons,
and five TonB amplicons were evaluated for consistency and quality.  Multiple melts were performed to find the ideal
conditions for distinguishing between the subspecies. Emphasis was placed on a Ragweed insertion in the Zot gene, for
which a probe was designed to increase the reliability of rapid diagnostics and differentiation of Xf subspecies.  These new
methods provide a more reliable protocol by which the subspecies of Xf can be determined.

LAYPERSON SUMMARY
Detection of the pathogen in an agronomic disease system is an important component of a management strategy.  This is
especially true in cases where incredibly mobile insects (like the glassy-winged sharpshooter) are the primary vectors of a
pathogen (like Xylella fastidiosa; Xf).  In short, it is important to know which plants are infected with the pathogen and which
insects in the vineyards are carrying the pathogen.  To further confuse our understanding of the system, three subspecies of Xf
exist in our grape growing areas which are currently detectible by standard assays; however, only one of these subspecies will
lead to Pierce’s disease if it is in a vine.  So in this study, we have developed a detection assay that is inexpensive and more
sensitive than any detection protocols available.  Furthermore, we have designed the protocol to distinguish between strains
of Xf.

INTRODUCTION
Xylella fastidiosa (Xf) is a plant pathogenic bacterium residing in the xylem vessels and is the causal agent of many plant
diseases including Pierce’s disease (PD) of the grapevine (Hopkins and Purcell, 2002; Bextine et al, 2007).  In the
southwestern region of the United States, there are three common strains of Xf: Xf subsp. fastidiosa (PD), Xf subsp. multiplex
(RW) (Schaad et al, 2004), and Xf subsp. sandyi (OLS) (Hernandez-Martinez et al, 2007).  Previous methods of
distinguishing Xf subspecies are slow and more prone to error.  Initially, these previous methods, using SYBR Green, were
evaluated and compared to new methods which used Takara SYBR Green® and Eva Green®.  Melt analysis was used to
analyze the strains.  The gyraseB gene was used in the evaluation of subspecies determination protocols.  In the second part
of the experiment, new primers were designed for the Zot and TonB genes in order to attempt differentiation of the species
based on melting temperature analysis. In the Zot gene of the Ragweed strain an insertion from base pair 379-426 (Figure 1)
was the main focus of the Zot primers.

Figure 1: Section of Zot gene in PD, OLS, and RW Xf subspecies showing Ragweed insertion.
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OBJECTIVES
1. Determine accuracy of currently used QRT-PCR methods for identification of Xf.
2. Compare to new methods using Eva Green and Takara SYBR Green.
3. Develop rapid and more reliable methods for identification of Xf subspecies.

MATERIALS AND METHODS
DNA Extraction. Xf colonies were collected from agar plates using a sterilized metal loop and placed in 100µl of PBS buffer
in a MCT.  The bacteria were vortexed until mixed into the solution and 100µl Lysis Buffer L6 was added to each MCT.  The
samples were centrifuged at 5000 rpm for five minutes.  Next 53µl of silica slurry was added to each MCT and vortexed.
The samples were incubated at room temperature for five minutes, followed by five minutes of centrifugation at 2000 rpm.
The supernatant was drawn off and discarded and 200µl of wash buffer was added to each MCT.  The MCTs were
centrifuged at 2000 rpm for five minutes and the wash step was repeated three times for a total of four washes.  The MCTs
were then placed in an incubator at 60° C until the silica was dry, approximately 10 minutes.  After the silica dried, 100µl of
TE Buffer was added to each sample and mixed with the silica, followed by incubation for another five minutes at 60° C.
The MCTs were centrifuged for five minutes at 5000 rpm.  Afterward 70µl of the supernatant was drawn off, without any
silica, and placed into a sterile MCT, labeled, and stored in the freezer.

QRT-PCR. Prior to use the, PCR hood was subjected to a minimum of 30 minutes of UV light and sterilization with 10%
bleach.  All sample MCTs were placed in a cold block during preparation and all master mix reagents were placed on ice.
QRT-PCR was conducted in 10µl reactions consisting of 5µl iQ™ Supermix (Bio-Rad Laboratories, Hercules, CA), 0.4µl
forward primes, 0.4µl reverse primes, 1.0µl nanopure water, 1.0µl SYBR® Green nucleic acid gel stain (Molecular Probes™,
Eugene, OR) and 2µl sample DNA.  The sample DNA consisted of RW, OLS, and PD Xf strains.  Two No Template Controls
(NTCs) were included each time QRT-PCR was conducted and consisted of 10µl master mix. Eva Green (Phenix Research
Products, NC) and Takara SYBR Green (Takara Bio USA, WI) were each switched with SYBR® Green nucleic acid gel stain
for comparison.  QRT-PCR reactions were carried out in 0.1mL PCR tubes and consisted of an initial denaturing step at 95 C
for ten minutes, followed by 40 cycles of  30 seconds denature, 30 seconds anneal, and one minute elongation at varying
temperatures.  Melt analysis was performed after a final elongation step and consisted of ramping the temperature a varying
number of degrees per second.

QRT-PCR Probe Prior to use the, PCR hood was subjected to a minimum of 30 minutes of UV light and sterilization with
10% bleach.  A 96-well plate was placed on ice along with all reagents used during preparation.  QRT-PCR was conducted in
10µl reactions consisting of 5µl iQTM Supermix (Bio-Rad Laboratories, Hercules, CA), 1µl forward primes, 1µl reverse
primes, 0.6µl nanopure water, 0.4µl probe and 2µl sample DNA.  Only the PD and RW strains of Xf were used with the
probe.  A minimum of two No Template Controls, consisting of 10µl master mix, and no positive controls were used. QRT-
PCR was performed on a Bio-Rad iCycler (Bio-Rad Laboratories, Hercules, CA).

RESULTS AND DISCUSSION
Analysis of current QRT-PCR Protocols. Current QRT-PCR protocols consisted of using SYBR® Green to measure
fluorescence of PCR products.  After comparison of SYBR® Green to Eva Green and Takara SYBR Green, it was found that
the Takara SYBR green provided the most consistently reliable results of the three during melt analysis (Table 1). The results
from the best QRT-PCR run/melt from each method were used in the comparison, in order to compare the best possible
outcome from each method.
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Zot and TonB gene regions. The primers designed in the TonB gene region were better at differentiating between the different
Xf subspecies using melt analysis then Sybr Green. The primers that did yield some seemingly useful differentiation of the
strains were found to have standard deviations of equal or larger magnitude than the difference in melting temperature.
Primers in the Zot gene region were designed in the Ragweed insertion sequence as well as bridging over the insertion site.
Melt analysis after QRT-PCR found considerable differentiation of the Xf subspecies.

Zot Probe. Although primers in the Zot gene region provided a relatively reliable method to differentiate Xf strains, the
melting temperatures did not separate far enough to conclude the identity of an experimental unknown. Dual-labeled probes
were designed in the Ragweed insertion sequence and in the grape sequence around where the insertion would be. Using
QRT-PCR and the Ragweed insertion probe, the Ragweed strain was successfully isolated from the grape strain.

Using the bridge probe, the PD strain was differentiated from the Ragweed strain, but not necessarily isolated as with the
ragweed insertion probe (Figures 2-4).

CONCLUSIONS
For QRT-PCR in general, Takara SYBR Green provides a statistically more accurate and consistent method of measuring
fluorescence.  Although more accurate, only using Takara SYBR Green instead of the previously used SYBR Green provides
no significant advantage in identification of Xf subspecies in an unknown sample.  Takara SYBR Green paired with primers

Table 1:  Average Tm & SD for Xf
subspecies using each SYBR Green method
under ideal melt conditions
SYBR Green Type &
Xf Subspecies

Avg. Tm Avg
SD

SYBR® Green
PD 85.42° C 0.3869
RW 85.66° C 0.0520
OLS 85.89° C 0.0346

®Eva Green
PD 86.58° C 0.0458
RW 86.43° C 0.0346
OLS 86.87° C 0.0458
Takara SYBR Green®

PD 84.90° C 0.0346
RW 85.30° C 0.0346
OLS 85.57° C 0.0346

GrapeOLS

RW

Figure 3. QRT-PCR using Grape bridge probe.

Grape

RW

Figure 4.  QRT-PCR using Ragweed insertion probe.

Figure 2.  Melt analysis of OLS (Bin A), RW (Bin B), & PD
(Bin C) using set6 primer set and Takara SYBR Green®
melted at a rate of 0.3° C every five seconds.
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designed to take advantage of the insertion in the ragweed sequence provides a decent method of identifying strains, although
the results were not consistent enough to come to conclude the Xf strain present based solely on QRT-PCR fluorescence or
melt analysis.

The probe designed the using a bridge ragweed insertion provided an identification method while the Ragweed insertion
provided a reliable and unmistakably accurate method of identifying between Grape and Ragweed strains.  Utilizing the set6
primer set initially used in the comparison of the three SYBR green reagents with the Ragweed insertion probe provides a
fast, reliable and accurate protocol by which strains of Xf can be identified using only QRT-PCR.
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ABSTRACT
Multiple subspecies of the phytopathogenic bacterium Xylella fastidiosa (Xf) exist which are pathogenic to distinct plant
hosts, such as grapes, oleander, almonds, and citrus.  Previously, DNA sequence analysis of the mopB and gyrB genes has
been used to separate Xf strains into their subspecies groups.  In this study, DNA sequence analysis of the Zot gene was used
to corroborate the genetic variation found between three Texas strains of Xf, a grape strain, a weed strain, and an oleander
strain (BAN POL 055, GIL BEC 628A, and MED PRI 025 respectively).  This approach provided variable gene sequences
that allow for categorization of Xf at the population level.  The Xf gene that encodes the zonula occludens toxin (Zot) is
homologous to the Zot found in Vibrio cholerae, which is involved in tight junction modulation and disruption between host
cells.  The results of the analysis of this gene were consistent with the phylogeny found using the more conserved mopB and
gyrB genes at the subspecies level and can be used to differentiate populations within subspecies.  The analysis of these
variable genes and gene regions provide additional opportunities for new diagnostic and disease management techniques.

LAYPERSON SUMMARY
In this study, we sequenced several regions of the Xylella fastidiosa (Xf) genome. Xf has been implicated as the cause of
several plant diseases that cause plant death and crop loss, including PD, almond leaf scorch, and citrus variegated chlorosis.
By identifying and comparing the sequences of Zot, we are able to determine the relationship of the different Xf subspecies,
and may also be able to identify different populations of Xf, such as those from California versus those from Texas.  This will
allow researchers to track the spread of Pierce’s disease (PD) among others, and may be useful in detailing the mechanisms
by which Xf causes disease.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram-negative, xylem-limited, fastidious, insect-transmitted, gammaproteobacteria (26).  Multiple
subspecies have been described, including Xf piercei which causes Pierce’s disease (PD), Xf sandyi which cases oleander leaf
scorch (OLS), Xf multiplex which causes almond leaf scorch (ALS), Xf 9a5c which causes citrus variegated chlorosis (CVC)
and others  (19) (21) (23). Xf has distinctly different host ranges; though some strains of Xf are only pathogenic in a single
host species, others cause disease in a variety of hosts (1) (10).

The Zonula occludens toxin (Zot) in Xf strains has been suggested as a new potential virulence factor in CVC caused by Xf
strain 9a5c (23).  A homologous protein of the Zot family is found in many Vibrio cholerae strains and has been linked to
disruption of tight junctions (11), and diarrheagenicity in V. cholerae that lack the cholerae toxin (5).  Recently, a Zot-like
protein was found in Stenotrophomonas maltophilia strains, which can cause severe health problems such as endocarditis and
bacteremia (7).  A Zot gene can also be found in strains of phytopathogens that are closely related to Xf, namely
Xanthomonas campestris, which causes lesions and loss of water in plant tissue (2), and Ralstonia solanacearum, which
causes bacterial wilt in a variety of plants (9).

Previous studies have shown that most of the sequence variation in Xf subspecies occurs in coding regions derived from
bacteriophages (15).  These regions are responsible for alterations to the chromosomes, including sequence rearrangements
and deletions, of Xf subspecies, and therefore have an impact on the evolution of the genome of Xf (16) (24) (25).  Several
studies have shown that bacterial Zot genes have originated from bacteriophages (3) (7) (11) (13).  The Zot gene found in V.
cholerae has great sequence similarity to the protein product I (pI) of the filamentous phage Pf1, and is most likely derived
from a Pf1-like phage (13).  The pI protein, which shares similarity to many Zot proteins in Xf, has both an extracellular and
intracellular region, and is necessary for phage packing and transport across the cell membrane in many filamentous phages
(13) (22).  The Zot gene discovered in S. maltophilia is reported to originate from the phage φSMA9, which is similar to the
phage φLf which infects Xanthomonas species (3) (7). Zot genes in Xf share 55% identity with orthologs in the filamentous
phage φLf of Xanthomonas campestris pv. vesicatoria and phage φSMA9 of Stenotrophomonas maltophilia , and with less
than 30% identity to orthologues of X. campestris pv. campestris and RSM1 phage of Ralstonia solanacearum (15).

The Zot gene and respective protein are useful in comparing Xf because of its prophage origins, link to pathogenicity,
cosmopolitan nature, and its variability in both nucleotide and amino acid sequences.  In this work, the Zot genes of three
Texas Xf strains, a grape strain (BAN POL 055), an oleander strain (MED PRI 025), and a multiplex strain (GIL BEC 628A)
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were compared.  These sequences were then translated and modeled in silico to compare the effects of the substitutions on
protein structure.  Finally, phylogenetic analysis was used to show the utility of the Zot gene in indentifying subspecies as
well as populations within clades.

OBJECTIVES
1. Identify taxonomic differences between Xf strains that allow Xf population dynamics to be studied below the subspecies

level.
2. Investigate the role of the ZOT protein in grape pathogenicity.

RESULTS AND DISCUSSION
Genbank accession numbers for Xf BAN POL 055, MED PRI 025, GIL BEC 628A were GQ429146, GQ429147, and
GQ891884, respectively.  These samples are labeled according to their subspecies (i.e. Xf BAN POL 055 is labeled Xf piercei
for ease of use). Sample Xf BAN POL 055 had nucleotide sequences that align to the Xf Temecula1 and M23 with 99%
identity while sample Xf MED PRI 025 aligned with 99% identity the unfinished nucleotide sequence of Xf Ann-1, and Xf
GIL BEC 628A aligned with to Xf M23, Temecula1 and Ann-1 with greater than 87% identity (Table 1).

Table 1.  Nucleotides, Protein, and Homologous Structure Alignment Scores of Zot1.

Xf

Nucelotide Protein

Temecula1 M23 Ann-1 e-value samples

e-
value Identity e-

value Identity e-
value Identity

BAN
POL
055

d1ixza c2r2aB
BAN
POL
055

BAN
POL
055

0 99% 0 99% 0 93% Identity MED
PRI 025

9.7

E-16
NA Identity

MED
PRI
025

MED
PRI
025

0 92% 0 92% 0 99% 92.50% Identity

2.1

E-20
1.80 E-

27 92.50% Identity

GIL
BEC
628A

0 91% 0 91% 0 90% 89.70% 89.10% 0.012 8.10 E-
17 88.30% 89.90%

These results reveal homology between Xf BAN POL 055 and Xf M23 and Temecula1 and homology between Xf MED PRI
025 and Xf Ann-1.  Sequence variation between sample strains was also found. Xf BAN POL 055 and Xf MED PRI 025
shared 92.5% identity, Xf BAN POL 055 and Xf GIL BEC 628A shared 87.9% identity, and Xf MED PRI 025 and Xf GIL BEC
628A shared 87.1% identity.  A hypervariable region was found between base pairs 40 to 160 in all three subspecies.
Additionally, Xf GIL BEC 628A contained a large insertion at basepairs 344 to 387 not found in either Xf BAN POL 055 or
Xf MED PRI 025 (Figure 1).

Figure 1. The insertion sequence appeared in multiple samples of Xf GIL BEC 628A, all collected in central Texas.

In silico translation of the Zot gene in all three subspecies yielded several amino acid changes and as well as changes in the
predicted tertiary structure (data not shown). Sequence variation exists between members of Xf subspecies particularly in a
hypervariable region found at the N-terminus of the Zot1 protein (data not shown).  Protein sequences submitted to Pfam
returned significant results from the Zot family (PF05707) with e-values of at least 2.8e-11.  In a homologous structure search,
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the Xf subspecies were placed in two different groupings. Xf GIL BEC 628A and MED PRI 025 matched the crystal structure
of the N-terminus domain of the Zot protein of the Neisseria meningitidis (SCOP code c2r2aB) with an e-value of 8.1e-17 and
1.8e-27 respectively (Table 1).  While Xf BAN POL 055 matched a protein in the P-loop containing nucleoside triphosphate
hydrolases superfamily (SCOP code d1ixza) with an e-value of 9.7e-16 (Table 1).  As a reference, Xf Temecula1 was also
submitted to PHYRE and also matched the protein d1ixza in the triphosphate superfamily. Xf GIL BEC 628A and MED PRI
025 also aligned to the protein d1ixza, but with a higher e-value than their respective alignments to c2r2aB (Table 1).

Phylogenetic comparison shows three distinct groupings of Xf Zot proteins (data not shown).  These groupings were not
consistent with current organization of Xf clades.  Closer analysis of the individual Zot proteins revealed that three distinct
homologues of Zot proteins exist in Xf. Each form was placed in the Zot superfamily according to HMM searches performed
at Pfam.  Additionally, these homologues of Zot are found across many taxa, including Xanthomonas campestris and
Stenotrophomonas maltophilia.  Finally, protein sequence comparisons between the four copies of the Zot gene found in Xf
Ann-1 show that only two copies share a high degree similarity (an error value of 0.0) while all other comparisons show
positive error value scores, thus indicating high sequence variation.  The Zot proteins thus form three distinct homologues
hereby named Zot1, Zot2, and Zot3. Zot1 includes the three sequences from Xf BAN POL 055, MED PRI 025, and GIL BEC
628A as well as two additional sequences from Xf Temecula1 (gi|28198830| and gi|28198817|), two additional sequences
from Xf M23 (gi|182681531| and gi|182681517|), and one additional sequence from Xf Ann-1 (gi|71902114|). Zot2 includes
one sequence from Xf Temecula1 (gi|28198835|), one sequence from Xf M23 (gi|182681534|), two sequences from Xf Ann-1
(gi|71901575| and gi|71728661), one from Xf Dixon (gi|71164684|) and two sequences from Xf M12 (gi|170730250| and
gi|170730245|). Zot3 includes one sequence from Xf Ann-1 (gi|71728117) and two sequences from Xf 9a5c (gi|15838473|
and gi|15838468|).

Phylogenetic analysis comparison of Zot1 proteins corroborated analysis of the mopB and gyrB proteins.  The Xf BAN POL
055 sample grouped with Xf Temecula1 and M23 sequences, and the Xf MED PRI 025 sequence grouped with the sequence
from Xf Ann-1, while the Xf GIL BEC 628A sequence branched separately from the other sequences (Figure 2).

Figure 2. Cladogram of Zot1 using sequences found in NCBI.  Alignment performed using ClustalW  and
visualized using Treeview v1.6.6.  Genbank accession numbers follow organism name.  Sequences labeled
according to source organism and genomic location.  Sequence from Xanthomonas campestris pv vesicatoria str 85-
10 is a filamentous phage Cf1c related protein belonging to the Zot family.

The sequence variation in Zot1 found in Texas subspecies of Xf is evident and can be exploited for classification and
identification.  All tested isolates contained Zot1 representing all three clades of Xf present in Texas. In silico protein
analysis revealed changes in amino acid sequence, as well as predicted changes in tertiary structure.  Phylogenetic analysis
using the Zot1 protein accurately grouped the sample Xf strains to their respective clades. Finally, sequence variation within
the Zot1 gene was great enough to show differentiation between populations of Xf piercei populations in California and
Texas, thus allowing a greater degree of classification of Xf.
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Zot1 was chosen for this study as the Zot1 gene is the most common form of Zot in Xf Temecula1 and M23. Future study will
elucidate the relationship between Zot1, Zot2, and Zot3 and determine if they are paralogous, xenologous, or a combination
of the two.  Additionally, future study will describe which Texas isolates, if any, contain the Zot2 or Zot3 gene.  Alignment
analysis performed using BLASTn and BLASTp shows that several Xf genomes, including Xf M12, and 9a5c do not contain
Zot1 based on searches conducted in the EST, Genome, Chromosome, and Nucleotide libraries of NCBI (data not shown).
Additionally, Zot1 does not appear in Xf Dixon, though this may be a result of an incomplete Dixon genome.

The exact origin of Zot1 is not certain; however, by examining other, closely related Zot genes, we may make inferences.
Zot2 appears to have evolved from filamentous bacteriophages in Vibrio cholerae and Stenotrophomonas maltophilia (7)
(13).  The Zot2 protein found in Xf has significant homology to another Zot-like protein found in strains of S. maltophilia (7).
This Zot protein is the first virulence factor in clinical isolates of S. maltophilia strains, and shows a similarity to the Zot2
protein in Xf Dixon with an error value of  1e-128, and appears to have arisen from infection from phage φSMA9 (7).  Though,
Zot1 and Zot2 share little identity (less than 5%), it can be deduced that Zot1 arose in Xf through phage integration as in
Stenotrophomonas maltophilia and Vibrio cholerae.  In a BLASTx search at NCBI, Xf BAN POL 055 matched Xanthomonas
phage Cf1c protein labeled Cf1cp4, which contains a putative Zot protein.  Additionally, several of the phage related proteins
found in S. maltophilia strain c5 match phage related protein sequences surrounding a Zot1 gene found in Xf Temecula1.
Finally, the direction of the open reading frame of the Zot1 gene in Xf BAN POL 055 and GIL BEC 628A differs from Xf
MED PRI 025, and the genomic context of the Zot1 gene differs between each strain. Genomic rearrangements of Xf
prophage regions have been described before (16). Initial analysis of the alignment of the Xf Ann-1 partial genome to both Xf
Temecula1 and M23 shows that the Zot1 gene and its associated phage integrases are found in the opposite direction and in
different locations in the genome as can be inferred from the necessary use of different primer sets at the beginning and end
of the Zot1 gene, as well as a study of the genomic context of Xf M23, Temecula1, and Ann-1 found at NCBI.
Reorganizations such as these have previously been attributed to large prophage regions that act as recombination sites (16).
Thus, it is possible that some Xf ancestors received the Zot1 gene after branching.  Another possibility is that phage-related
recombination removed the Zot1 gene from some Xf subspecies after a branching event

Little is known about the Zot protein’s structure due to the complexity of isolating Zot for analysis as a result of its
transmembrane region (7) (13) (22). In silico translations and structure predictions offer great insights into protein function
and classification and has been found to be accurate and sensitive.  By using in silico analysis, the sequence variation found
in Zot genes between subspecies has been shown to yield differences in protein structure.  These differences appear near the
N-terminus of the Zot1 protein, which is extracellular in other species of bacteria (7) (13) (22).  It is possible to infer that
changes made in the Zot protein are driven by host-pathogen interactions.  Further study regarding the location and
expression of the Zot1 protein is necessary to fully elucidate the relationship.

The first step in determining host range in differentially pathogenic bacteria is placing the bacteria into clades (17).  Many
techniques for identification and classification exist; however, the complexity of Xf pathogen makes categorization based on
morphology or pathogenicity difficult (1).  Additionally, Xf has been shown to have limited genomic variability within clades
and region, and that the majority of strain specific genes occur in prophage regions, though they contain genomic islands
which enable rapid evolution (25).  Techniques that focus on classification based on well conserved regions shared by all Xf
subspecies might then miss putative evolutionary growth and adaptation.  The Zot1 gene insertion is an excellent target for
QRT-PCR, and the small sequence differences can be targeted by restriction enzyme digestion analysis for quick and
accurate identification and classification of Xf subspecies and populations.

CONCLUSIONS
Comparative analysis Zot1genes and proteins provide accurate, population level differentiation therefore allows researchers
greater ability to track the spread of economically important phytopathogens.  Additionally, in silico translation and analysis
of Zot1 describes in greater detail differences between strains, and describes possible conformation changes that result from
sequence changes between strains.  Taken together, these results show that Zot1 is a useful target for differential sequence
analysis and can be used to elucidate the phylogenetic history of Xf, and its spread through the U.S.
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ABSTRACT
This project follows our previous work on virulence gene regulation in Xylella fastidiosa (Xf) and other plant pathogens using
DNA microarray techniques (Shi et al., 2007; 2009; Shi and Cooksey, 2009).  Virulence genes in bacterial pathogens of
plants and animals are regulated by complex pathways that are often responsive to environmental and host signals.  We have
studied several of these regulatory pathways in Xf and have begun to understand the regulation of specific virulence genes
that contribute to functions, such as growth, biofilm formation, gum formation, and motility, which are important for this
pathogen to cause disease.  At the end of that project, we began to look at the effect of different host xylem fluids on
expression of virulence genes.  Our work with a Pierce’s disease (PD) strain of Xf showed that several virulence genes were
more highly expressed in xylem fluid of grapevine vs. xylem fluid of citrus, a non-host plant for the PD strain (Cooksey,
2008).  This finding suggests that host range of Xf may be influenced by differential expression of virulence genes in
response to different host xylem chemistry.  This proposal is to further explore that hypothesis with several strain/host com-
binations and to investigate components of xylem fluid that are responsible for either inducing or repressing virulence in Xf.

LAYPERSON SUMMARY
We have shown that genes involved in disease induction by a Pierce’s disease (PD) strain of Xylella fastidiosa (Xf) were
expressed differently in sap of a susceptible plant (grape) vs. a resistant plant (citrus).  This raises the possibility that the host
range of different strains of Xf is in part due to differential regulation of bacterial genes in response to differences in chemical
components of plant sap.  We propose to further test this idea by examining gene expression in Xf grown in sap with several
different strain/host combinations for which we have already defined whether the particular combinations result in
susceptibility, resistance, or tolerance. We will also examine specific chemical components of plant sap that influence
bacterial gene expression, with the goal of discovering components that could be used for practical disease control by
reducing expression of genes necessary for disease induction.

OBJECTIVES
1. Assess virulence gene expression of several different host-range strains of Xf in the xylem fluid of a comment set of plant

hosts.
2. Assess the influence of specific components of plant xylem fluids on the expression of virulence genes of Xf.

REFERENCES CITED
Cooksey, D. A. 2008. Differential expression of genes of Xylella fastidiosain xylem fluid of citrus and grapes. Pages 97-100.

IN: Pierce’s Disease Research Symposium, 2008, CDFA.
Shi, X. Y., C. K. Dumenyo, R. Hernandez-Martinez, H. Azad, and D. A. Cooksey. 2007. Characterization of regulatory

pathways in Xylella fastidiosa: genes and phenotypes controlled by algU.  Appl. Environ. Microbiol. 73:6748-6756.
Shi, X. Y., C. K. Dumenyo, R. Hernandez-Martinez, H. Azad, and D. A. Cooksey. 2009. Characterization of regulatory

pathways in Xylella fastidiosa: genes and phenotypes controlled by gacA. Appl Environ. Microbiol. 75:2275-2283.
Shi, X.Y., and D. A. Cooksey. 2009. Identification of hrpL up-regulated genes of Dickeya dadantii. Eur. J. Plant Pathol.

124:105-116.
Yang, S., N. T. Perna, D. A. Cooksey, Y. Okinaka, S. E. Lindow, A. M. Ibekwe, N. T. Keen, and C.-H. Yang. 2004.

Genome-wide identification of plant-up-regulated genes of Erwinia chrysanthemi 3937 using a GFP based leaf array.
Mol. Plant Microbe Interact. 17:999-1008.

Yang, S., Q. Zhang, J. Guo, A. O. Charkowski, B. R. Glick, A. M. Ibekwe, D. A. Cooksey, and C.-H. Yang. 2007. Global
effect of Indole-3-acetic acid (IAA) biosynthesis on multiple virulence factors of Erwinia chrysanthemi 3937. Appl.
Environ. Microbiol., 73:1079-1088.

FUNDING AGENCIES
Funding for this project was provided by the University of California Pierce’s Disease Research Grants Program.



- 73 -

DIFFUSIBLE SIGNALING FACTOR AND C-DI-GMP LEVELS REGULATE TRANSITION BETWEEN MOTILE
AND AGGREGATIVE BEHAVIOR IN XYLELLA FASTIDIOSA, THEREBY CONTROLLING VIRULENCE

Principal Investigator:
Alessandra A. de Souza
Centro APTA Citros Sylvio Moreira
/IAC Cordeirópolis,  SP-BR
CP 04  3490000
alessandra@centrodecitricultura.br

Cooperators:
Steven E. Lindow
Dept. of Plant & Microbial Biology
University of California
Berkeley, CA  94720
icelab@berkeley.edu

Michael Ionescu
Dept. of Plant & Microbial Biology
University of California
Berkeley,  CA 94720
michael.ionescu@mail.huji.ac.il

Reporting Period: The results presented here are from work conducted February 2009 to October 2009.

ABSTRACT
We have determined that an EAL domain containing protein (PD1617) of Xylella fastidiosa (Xf) plays an essential role in
biofilm formation and the aggregative behavior.  The ΔealXF and ΔrpfF mutants exhibited similar phenotypes such as
enhanced twitching motility and virulence in grape.  Surprisingly, the double mutant (ΔrpfFΔealXF) resulted in a significant
loss of pathogenicity and exhibited an opposite phenotype to that of the individual mutants, having an absence of twitching
motility and more highly aggregated cells.  These findings suggest that C-di-GMP is involved in the regulatory pathway of
the genes controlled by DSF.  The higher virulence of this mutant reinforces the model that colonization and pathogenicity of
Grapevines by Xf is facilitated by its capacity to move into the xylem; higher endogenous levels of c-di-GMP promotes
higher motility while less c-di-GMP increases adhesion and biofilm formation.  Curiously, these results are opposite to that
observed in a majority of other bacterial species, where more c-di-GMP promotes biofilm formation and suppresses motility.

LAYPERSON SUMMARY
The mechanism of Xylella fastidiosa (Xf) pathogenicity is associated with its capacity to multiply and spread widely from the site
of infection to colonize the xylem vessel.  Cells of Xf attach to the vessel walls forming biofilms (large aggregate of cells), that can
completely occlude xylem vessels and block water transport. In this work we have verified that Xf biofilm formation and
movement are determined by signals that trigger the expression of specific genes.  This regulatory pathway involves
Diffusible Signaling Factor (DSF) and levels of a small intracellular molecule named cyclic-di-GMP (c-di-GMP).  We
determined that different levels of c-di-GMP in Xf cells may regulate genes associated with both biofilm formation and
motility.  Our data suggests that low levels of c-di-GMP suppresses virulence in Xf, therefore c-di-GMP is directly involved
in the regulation of pathogenic behavior.  This work thus has determined the internal mechanisms by which external signals
which determine cell density-dependent changes in bacterial behavior (DSF) lead to such large changes in virulence.

INTRODUCTION
Cyclic di-GMP (c-di-GMP) is a novel second messenger in bacteria that is synthesized by a class of enzymes containing
GGDEF domains and hydrolyzed by another protein family containing EAL domains. C-di-GMP regulates a range of cellular
functions, mainly those related to developmental transitions, aggregative behavior, adhesion, biofilm formation, and
virulence (Jenal and Malone, 2006).  In Xylella fastidiosa (Xf) the formation of biofilms and movement through the xylem
vessels have strong effects on pathogenicity, with adhesion and biofilm formation reducing virulence while motility generally
enhancing virulence.  Cell-cell signaling mediated by Diffusible Signaling Factor (DSF), synthesized by RpfF, is involved in
the regulation of genes associated with these functions (Newman et al., 2004; Chatterjee et al., 2008).  It was recently
demonstrated in Xanthomonas campestris that DSF signaling is mediated by c-di-GMP, where the HD-GYP domain of RpfG
also functions as a c-di-GMP phosphodiesterase (Ryan et al., 2006, He et al., 2007).  Besides these results with X. campestris,
analysis of gene expression in a Xf rpfF mutant, reveled that DSF negatively regulates a protein with a GGDEF domain
(Chatterjee et al., 2008).  These results suggest that the levels of c-di-GMP may have a role in the DSF cell-cell signalization
network, which modulates the expression of several genes associated with pathogenicity and adaptation.  Besides RpfG that
can hydrolyze c-di-GMP, Xf has also three other genes (PD1617, PD1671 and PD1994), with EAL domains that may also
hydrolyze c-di-GMP.  However, only PD1617 has an EAL domain without an associated GGDEF domain, suggesting that it
is dedicated only to a specific function in c-di-GMP degradation.

OBJECTIVES
The goal of this work was to investigate the role of PD1617 (EAL domain) in the DSF signaling pathway and its effect on the
virulence of Xf. The work had the following specific objectives:
1. Generation of mutants for the gene encoding EAL domain protein PD1617 (ΔealXF) and the double mutant

ΔrpfFΔealXF.
2. Evaluate the in vitro phenotypes of these mutants such as colony morphology, aggregative behavior and biofilm

formation.
3. Study the virulence of Xf mutants (ΔrpfF, ΔealXF, ΔrpfFΔealXF) compared with the WT strain.
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RESULTS AND DISCUSSION
Generation of mutants of the EAL domain protein PD1617 (ΔealXF) and double mutants ΔrpfFΔealXF-

A fragment from pBBR1MCS-2 encoding nptII which confers kanamycin resistance, was ligated into pUC19, resulting in
pFXF.  Genomic regions each of about 1kb both downstream and upstream from the PD1617 gene (which we named ealXF),
were amplified by PCR from the PD Temecula strain total DNA without its native promoter.  These PCR fragments were
ligated to pFXF, flanking the nptII marker gene, resulting in pFXF1.  The PCR-amplified insert carrying ealXF was verified
by sequencing to ascertain the absence of PCR amplification errors. The transformation of the WT strain Temecula with this
suicide vector was done by exploiting the natural competence Xf by methodologies developed by Rodrigo Almeida (U.C
Berkeley, personal communication), using XFM media (Almeida et al., 2004).  Colonies were picked and then screened for
interruption of ealXF by PCR using appropriate primers.  The double mutant was obtained by deletion of ealXF in the genetic
background of ΔrpfF (Chatterjee et al., 2008) to generate ΔrpfFΔealXF. Two colonies from each mutant ΔealXF and
ΔrpfFΔealXF were used in this study.

Evaluation of mutant phenotypes
The ΔrpfF, ΔealXF and ΔrpfFΔealXF mutants exhibited distinct growth patterns and colony morphologies from each other.

To evaluate the possible alteration in growth and colony morphology caused by the altered  C-di-GMP and DSF levels in
cells, the same concentration of cells (OD600 = 0.1) were placed as a drop of suspension on two different media, PWG and
XFM (plus 1% pectin).  Serial dilutions were also performed to obtain individual colonies. The different phenotypes of
growth morphology can be observed in Figure 1. In both media (Figures 1 A and B) no strong difference was observed
between the ΔealXF and WT.  In both a thick ring around the colony was observed. ΔrpfF also has this ring, but it was much
thinner than that in the WT and ΔealXF mutant.  No ring was observed in the ΔrpfFΔealXF double mutant. The center of the
WT and ΔealXF colonies seems to be the same, with less growth and EPS accumulation apparent compared to that on the
edges of the colony.  The ΔrpfF mutant showed more growth at the center of the colony compared with WT and ΔealXF.
The double mutant showed strong aggregative cells behavior at the center of the colony. Similar growth was also observed
when the cell suspensions were spread on the plates (Figure 1 C).

When individual colonies were evaluated, a clearer difference in colony appearance was observed between the mutant and
WT strains (Figure 2).  The WT strain exhibited a circular colony with smooth surface with no apparent twitching motility
around the colony evident as a lack of a “fringe of cells (minor twitching motility was observed only in the smallest
colonies).  The ΔealXF mutant had small dome-shaped colonies with a wrinkled surface and obvious twitching motility
around the cells.  Twitching motility was also observed in the ΔrpfF mutant but the colony surface was smoother than
ΔealXF.  The most interesting phenotype was observed in colonies of  the double mutant that had a smooth surface and
absence of twitching motility.  The presence of twitching motility in ΔealXF is an indication that under normal condition the
degradation of c-di-GMP can negatively regulate genes associated with twitching motility; this is opposite to that in most
bacteria, where less c-di-GMP is associated with motility.

We also investigated the mutant phenotype in comparison with wild type by scanning electron microscopy. Cells of the WT,
ΔealXF and ΔrpfF strain had more polar pili than the double mutant ΔrpfFΔealXF (Figure 3). These polar pili were more
abundant in the ΔealXF mutant.  These results are consistent with the twitching motility colony observation, since the long
pili are associated with this characteristic (Meng et al., 2005).  Although polar pili were also occationally observed in the
double mutant (data not shown) they are much less frequent than in ΔrpfF and ΔealXF.  On the other hand cells of the
ΔrpfFΔealXF double mutant had more connected cells than the other strains (Figure 3C).

WT ΔealXF ΔrpfΔealXF ΔrpfF WT ΔealXF ΔrpfFΔealXF ΔrpfF

A

B

Figure 1.  Growth morphology of WT and mutants from droplets of inoculum on PWG (A) XFM (B) media
and spread on PWG (C).
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The double mutant show aggregative cells behavior
Bacterial cells grown for five days at 28°C in PWG were scraped and suspended in 1mL of 10mM KPO4 buffer.  The
suspension was vortexed for 30s to thoroughly disperse the cells and an aliquot was used to microscopy analyses and the
samples were left for 10 min in room temperature to verify the aggregative behavior of the cells.  Unlike the other strains, the
double mutant showed obvious visible cellular aggregates in the buffer (Figure 4).  Transmission microscopy demonstrated
the presence of more planktonic cells of ΔealXF and WT than the ΔrpfFΔealXF double mutant.  In the ΔrpfF mutant only
small aggregates and planktonic cells were observed.  In the ΔrpfFΔealXF double mutant there mainly only huge cell
aggregates were observed (Figure 5).  A similar phenotype of huge cell aggregation was observed in the Xathomonas
campestris double mutant ΔrpfFΔclp (He et al., 2007).  However the authors had no explanation for this phenotype. Clp is a
conserved global regulator that may be able to bind cGMP or c-di-GMP and activate the expression of different sets of genes.
In Xanthomonas, Clp was identified as the downstream global regulator in the DSF signaling pathway.  So the similar
phenotype observed in the ΔrpfFΔealXF double mutant from Xf and the ΔrpfFΔclp mutant from X. campestris may be
explained by a higher imbalance of intracellular c-di-GMP and thus probably a corresponding effect on the activity of the Clp
protein.  The higher imbalance in Xf double mutant could be explained due to the additive effect of the lack of activity of two
different enzymes that degrade c-di-GMP, EalXF and RpfG .  RpfG has a HD-GYP domain and is apparently activated by
phosphorylation by RrpfC which, in turn, is activated by DSF binding).  Thus, in the absence of DSF, RpfG may have less or
no activity in c-di-GMP degradation. However this hypothesis remains to be further investigated.

WT ΔealXF ΔrpfF Δ rpfFΔealXF

WT ealXF- rpfF- F-ealXF-

Figure 3.  Scanning electron micrography of wild-type and mutant cells. Red arrows indicate the polar pili on WT,
ΔealXF, ΔrpfF and connected cells on ΔrpfFΔealXF double mutant.

Figure 2. Colony morphologies of wild-type Xf Temecula strain and mutants grown on PWG for 4
days.
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Figure 4.  Phenotypic analyses of wild type and mutant strains of Xf
for DSF production, c-di-GMP degradation and double mutant to both
characteristics. Aggregative cells are quickly formed in the double
mutant.

ΔealXF mutants produce less biofilm
Mutants were evaluated for biofilm formation in XFM medium in both glass tubes and 12-well polystyrene culture plates.
The tubes were incubated for seven days at 28ºC with agitation at 200 rpm.  The plates were maintained under the same
conditions without agitation.  The biomass attached at the liquid-air interfaces (glass tubes) and adhered onto the wells in the
culture plates were quantified by Crystal violet 0.1% staining. Both mutant ΔrpfF and ΔealXF accumulated less biofilm than
the wild-type strain (Figure 6), but this reduction was significantly different only for the ΔealXF mutant.  These results
suggest that degradation of c-di-GMP can positively regulate genes associated with biofilm formation.  The phenotype of the
ΔrpfFΔealXF double mutant suggests that c-di-GMP and DSF may both be involved in the regulatory pathway that converge
to the same gene regulation, but in absence of both, an imbalance of c-di-GMP level occurs, thereby affecting gene
regulation.

Figure 5.  Microscopic analysis of mutants cells of Xf showing single cells
of wild-type (A), which were similar to the Δ ealXF deletion mutant (B), to
small scale cell aggregates of the Δ rpfF deletion mutant (C) and extensive
cell aggregates formed by the double ΔrpfF Δ eaXF deletion mutant (D).

A

B

C

D

WT Δ ealXF- Δ rpfF Δ rpfF Δ ealXF-
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Mutants with altered c-di-GMP levels show different level of virulence in plants
To access the pathogenicity of the mutants generated in this work and to also compare their virulence with a mutant deficient
in c-di-GMP synthesis, we included in our experiment a PD0279 mutant that has a GGDEF domain (made by Chatterjee et
al., not published).  Each strain was mechanically inoculated into 15 Thompson seedless grapevines.  The number of
symptomatic leaves was counted weekly. Symptomatic leaves were scored for the presence of typical PD symptoms (loss of
chlorophyll and drying of the leaf margins).  For cell migration assays, petioles of leaves were harvested at six different
distances (30 cm apart) at 11 weeks after inoculation.  The petioles were surface sterilized and droplets of petiole macerate
was placed  on PWG plates to determine the presence or absence of the bacteria.  As previously demonstrated by Chatterjee
et al (2008) plants inoculated with ΔrpfF mutants show disease symptoms at about the same time as plants inoculated with
the wild type (Figure 7).  However, subsequently the number of symptomatic leaves was higher in plants inoculated with the
rpfF mutant  than the WT strain (Figure 7).  The plants inoculated with ΔealXF also showed higher number of symptomatic
leaves at all sampling times.  The amount of the symptomatic leaves for this mutant was significantly higher than for the
Δggdef mutant.  Almost no symptoms were observed in plants inoculated with the double mutant.  Some symptomatic leaves
were observed only in some plants near the point of inoculation with the ΔrpfFΔealXF double mutant, and no increase of the
disease was subsequently observed (Figure 7).  The movement of the Xf strains was determined by estimating the presence of
cells in leaf petioles at different distances away from the point of inoculation.  At 11 weeks after inoculation, cells of the WT,
ΔrpfF, ΔealXF and Δggdef were detected at 170, 180, 150 and 110 cm respectively.  No cells were observed for the
ΔrpfFΔealXF double mutant (data not shown).  The leaf symptoms for each mutant and WT are shown in Figure 8.  These
results indicate that the ΔrpfF and ΔealXF mutants are highly virulent and apparently much more efficient in migration than
the ΔrpfFΔealXF double mutant that exhibited an avirulent phenotype.  Also, the ΔealXF mutant was more virulent than the
Δggdef mutant suggesting that the low level of c-di-GMP suppresses virulence in Xf.

Taken together, our results, along with others, suggest a signal regulatory pathway, where c-di-GMP levels are essential for
regulation of bacterial virulence factors in Xf (Figure 9).
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Figure 6.  Biofilm formation by the Xf wild type and ΔrpfF, ΔealXF and ΔrpfFΔealXF mutants after
7-day of growth at 28°C on glass tube (A) and polystyrene plates. Biofilms were stained with 0.1%
crystal violet.  The results shown are average of four or three repetitions.

Figure 7.  Progression and severity of Pierce’s disease of grape incited by a wild type and
mutants of Xylella fastidiosa. The vertical bars represent the standard error of the mean of
the number of infected leaves per vine determined from 15 replicate plants for each
treatment.
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CONCLUSIONS
The results from this work demonstrate that the levels of c-di-GMP in Xf regulate genes involved with biofilm formation, and
that virulence of this pathogen to plants is low when c-di-GMP levels are low favoring gene expression leading to biofilm
formation.  The regulation of these genes is also mediated by DSF levels (Charteejee et al., 2008).
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Figure 9. Hypothetical model for the DSF and c-di-GMP network in Xf. Proteins with c-di-GMP metabolizing
domains such as GGDEF, EAL and HD-GYP contribute to the balance of c-di-GMP level, and as a consequence
alter the transcriptional expression of genes regulated by DSF. DSF (produced by RpfF) is recognized by rpfC or
another unknown intracellular DSF sensor that activates RpfG. RpfG degrades c-di-GMP to GMP decreasing its
levels. Similar function is observed for the EAL domain protein, which has a transmembrane domain that could
also sense environmental signals and change the levels of the second massager c-di-GMP. c-di-GMP level could
directly or indirectly (Clp protein?) modulate the expression of genes associated with biofilm and motility in Xf.
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after 11 weeks. The Δggdef and ΔrpfFΔealXF show less severity.
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ABSTRACT
The aim of this project is to understand the role played by surface proteins, especially the elongation factor "temperature
unstable" (EF-Tu) in recognition of and disease induction by Xylella fastidiosa (Xf), the causative agent of Pierce’s disease
(PD) of grapevine, with the goal of interfering with this recognition and, if possible, disease induction.  Previously we
demonstrated that Xf EF-Tu induces chlorosis when pressure infiltrated into leaves of Chenopodium quinoa, suggesting that
EF-Tu may be a protein recognized by plants as a signal of Xf infection.  Although the primary function of EF-Tu in
eubacteria is in protein synthesis, specific bacterial species have evolved to use EF-Tu for other applications, including
binding the bacterium to host cells.  Expression of a Xf EF-Tu fusion protein in Escherichia coli altered the cell morphology
and seems sickening to the cell if targeted to the extracellular space.  The transformed E. coli , when introduced into the
petioles of grapevine transformed with reporter constructions driven by a Xf-infection-specific promoter, activated synthesis
of the reporter.  Further analysis showed that purified intact E. coli EF-Tu and an N-terminal 18 amino acid peptide of E. coli
EF-Tu were also capable of inducing reporter gene expression.  These results suggest that, in addition to its role in protein
synthesis, EF-Tu may be a signal in grapevine of Xf infection and that its recognition may be mediated by a known receptor,
EFR.

LAYPERSON SUMMARY
The elongation factor "temperature unstable," EF-Tu, is a protein found on the outside of Xylella fastidiosa (Xf) bacteria.  It
has been shown that the presence of Xf in grape turns on certain grape genes.  Purified E. coli EF-Tu protein, which is a very
close match to the Xf EF-Tu protein, is capable of turning on at least one of these same genes.  This suggests that the EF-Tu
found on the outside of the Xf bacteria may be recognized by the grape plant.  Release of the Xf EF-Tu from the bacteria may
explain the distance between the bacteria replication sites in the xylem and the Pierce's disease sites at the leaf margins.
Interference with grape recognition of the released EF-Tu may lead to a reduction in the disease symptoms.

INTRODUCTION
Long term, economical and sustainable control of Pierce’s disease (PD) is likely to be achieved most effectively by deploying
grapevine cultivars resistant to or tolerant of Xylella fastidiosa (Xf).  Interference with symptom development (i.e., creation of
tolerance) is conceivable by preventing the full functioning of Xf virulence factors.  The mechanisms by which Xf induces
symptoms in infected grapevine have not been established. Xf surface proteins are candidates for symptom-inducing factors.
Examples of Xf surface proteins are a major outer membrane protein MopB (Bruening and Civerolo 2004), the
hemagglutinin-like minor outer membrane proteins HXfA and HXfB (Guilhabert and Kirkpatrick 2005), a protein that is
recognized by a single chain, monoclonal antibody (Bruening et al. 2008), and possibly a form of the protein synthesis
elongation factor “temperature-unstable” (EF-Tu) (Bruening et al. 2008).  We reported earlier that EF-Tu was the major
component of a minor trailing band observed after electrophoresis of partially purified MopB through sodium dodecyl
sulfate- (SDS-) permeated polyacrylamide gel. Xf EF-Tu was recovered by elution from excised gel pieces from the trailing
band and was shown to induce chlorosis in Chenopodium quinoa (Bruening et al. 2007), whereas Xf MopB produced in
transformed E. coli failed to induce chlorosis in C. quinoa.  These observations suggest that the chlorosis-inducing factor in
our MopB preparations may be Xf EF-Tu and not MopB, formerly the candidate chlorosis-inducing factor.

EF-Tu is one of a small number of highly conserved eubacterial macromolecules that have been categorized as “microbe-
associated molecular patterns” = MAMPs because of their ability to induce defense responses in specific plants (Jones and
Dangl 2006). Flagellin, chitin, certain lipopolysaccharides, and a few other molecules are other MAMPs. EF-Tu is the most
abundant soluble protein of rapidly growing E. coli cells, so it is reasonable for it to serve as a signal for the presence of
bacteria.  That is, at least some EF-Tu proteins act as elicitors.  The MAMP activity of E. coli EF-Tu is illustrated by
alkalization of the medium of cultured Arabidopsis thaliana cells on exposure to subnanomolar concentrations of EF-Tu.
EF-Tu, when introduced at 1 µM by pressure-infiltration into Arabidopsis leaves, induced resistance to Pseudomonas
syringae and caused Arabidopsis to accumulate defense gene mRNAs (Kunze et al. 2004). E. coli EF-Tu and Xf EF-Tu gene
sequences show 77% identity and 88% similarity in amino acid sequence, and both proteins induce chlorosis when pressure
infiltrated into C. chenopodium leaves (Bruening et al. 2007).  Those regions that show identity between the E. coli and Xf
EF-Tu gene sequences also showed >90% identity with >100 eubacterial EF-Tu sequences (Kunze et al. 2004).  Some
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bacteria have evolved an EF-Tu protein with at least one additional function, beyond participating in polypeptide chain
elongation or acting as an elicitor. Mycoplasma pneumoniae and Lactobacillus johnsonii appear to use EF-Tu as an adhesin
that is responsible for the binding of these bacteria to human cells, and, in the case of M. pneumoniae, antibody to EF-Tu was
demonstrated to interfere with attachment to human cells (Dallo et al. 2002, Granato et al. 2004).  Therefore, it will not be
surprising if Xf EF-Tu is found to be capable of inducing reactions in grapevine, including reactions that lead to symptom
development.  This work is an extension of our previous grant entitled "Exploiting Xylella fastidiosa Proteins For Pierce’s
Disease Control." The objectives for the current project are given below.

OBJECTIVES
1. Test Xf EF-Tu for its ability to induce scorching in grapevine.
2. Identify a grapevine receptor for Xf EF-Tu.
3. Interfere with Xf EF-Tu-induction of scorching using RNAi or by expression of alternative receptor.
4. Characterization of Xf EF-Tu and its immobilization and localization.

RESULTS AND DISCUSSION
Grape 9353 promoter activation by purified E. coli  EF-Tu
The insoluble character of Xf EF-Tu, although interesting as an indicator of possible non-protein-synthesis functions of this
protein, has prevented us from purifying Xf EF-Tu and therefore from having it available for direct injection into grapevine
petiole.  As is indicated below, all attempts at expressing intact Xf EF-Tu on its own directly in E. coli also were not
successful.  However, E. coli transformed to express Xf EF-Tu as part of a fusion protein was successful and resulted in
possibly biologically active material, as indicated below.

In the previous reporting period, we described the effect of expression of a fusion protein with Xf EF-Tu as its amino end and
the bacteriophage fd adhesin protein P3 as its carboxyl end.  During bacteriophage fd infections or when the P3 gene is
expressed in E. coli, P3 is targeted to the outside of E. coli cells, so we expect the fusion protein to be similarly localized.
The fusion protein construction was placed under the control of the lac promoter and has the usual P3 signal peptide for
extracellular targeting replaced by another signal peptide, dsbA, that should enhance folding for the Xf EF-Tu-P3 fusion
protein (Steiner et al. 2006).

Work by the laboratory of Prof. Douglas R. Cook resulted in the discovery of a few genes whose expression is associated
with Xf infection but not with, for example, abiotic stress.  The laboratory of Prof. David Gilchrist prepared transgenic
Thompson’s Seedless grapevine lines bearing a green fluorescent protein (GFP)-encoding sequence under the control of two
of the Xf-infection specific promoters, one of them being designated here as 9353 (Cook et al., 2005, da Silva et al., 2005,
Gilchrist et al., 2007, 2008).  The specificity of the 9353 promoter to Xf infection was demonstrated by observations of GFP
expression after inoculation of Xf but not after inoculation of the xylem-invading bacterium Xanthomonas campestris
(Gilchrist et al., 2008).  Last year we reported that a set of four E. coli cell suspensions were petiole-injected into 9353:GFP
grapevine lines.  One suspension was of E. coli cells bearing the gene for the Xf-EF-Tu-P3 fusion protein and stimulated by
exposure to the gratuitous inducer of the lac promoter, IPTG.  This cell suspension induced accumulation of GFP, whereas
the same E. coli strain not exposed to IPTG and a control E. coli strain bearing a P3 construction (no EF-Tu), and exposed
or not to IPTG, failed to mediate GFP accumulation (Bruening et al., 2008).  These results suggest that Xf EF-Tu alone may
be sufficient to trigger transcription under control of the Xf-infection-specific 9353 promoter, a conclusion consistent with Xf
EF-Tu having MAMP activity in grapevine.  It is possible that the Xf EF-Tu protein represents a signal that is released in
some way by the Xf bacteria and then accumulates in the leaf margins, leading to PD symptoms at a distance from known
sites of bacterial accumulation (Gambetta et al., 2007).

As described previously, changes were noted in E. coli cells expressing the Xf EF-Tu-P3 fusion protein, compared to control
cells. Growth was greatly slowed and cells became elongated and more fragile.  An alternative hypothesis, to the hypothesis
that the Xf EF-Tu-P3 fusion protein acts as a MAMP, is that the Xf EF-Tu-P3-expressing cells ruptured after injection into the
petiole, thereby releasing E. coli EF-Tu.  That is, the stimulator of 9353 promoter-controlled GFP expression could be E. coli
EF-Tu rather than the Xf EF-Tu-P3 fusion protein, serving as a surrogate for Xf EF-Tu.  It also is possible that both the E. coli
and the Xf EF-Tu proteins are MAMPs in grapevine.

To test E. coli EF-Tu for MAMP activity in grapevine, we injected E. coli EF-Tu protein, purified by covalent
chromatography (Caldas et al., 1998), into the petioles of 9353:GFP grapevine and examined them for GFP expression after
various times post injection.  As Figure 1 reveals, GFP accumulation in pith cells, which is the characteristic response of the
9353:GFP grapevine petioles to infection by Xf cells, was observed in petioles that had been injected days earlier with E. coli
EF-Tu (right hand three panels).

Controls not injected (leftmost panels) or injected with bovine serum albumin (BSA, middle panels) did not show fluorescent
pith cells.  This result shows that expression from the 9353 promoter of grapevine is stimulated by the presence of purified E.
coli EF-Tu. The EF-Tu amino acid sequences of Xf and E. coli are 77% identical and 88% similar.  Therefore, it is entirely
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possible that Xf EF-Tu, could it be obtained in pure and injectable form, also would induce GFP accumulation in 9353:GFP
grapevine.

Full length EF-Tu protein expression extracellularly appears to be toxic to expressing E. coli  cells
As mentioned above, expression of Xf EF-Tu extracellularly from E. coli cells seems to have a toxic effect on the cells.  Our
initial construction produced the Xf EF-Tu protein either as untethered Xf EF-Tu with a small addition of amino acids at the
C-terminus, which should accumulate in the extracellular space, or as EF-Tu fused to the N-terminus of the bacteriophage fd
p3 protein, which should anchor the entire fusion protein to the outside of the E. coli .  These two forms of the Xf EF-Tu are
produced from the same gene construction by the action of a suppressible stop codon that separates the Xf EF-Tu from the
bacteriophage fd P3.  Previous experiments showed a marked decrease in growth of E. coli expressing this initial construct
containing the suppressible stop codon
within two hours of induction.

Figure 1.  Either chromatographically purified E. coli EF-Tu or bovine serum albumin (BSA) (each at about ~0.9 µM in
water) was injected into petioles of transgenic grapevine containing a green fluorescent protein (GFP) open reading frame
under control of the grapevine Xf-infection-specific 9353 promoter. Each petiole was injected twice, ~0.5 cm apart and near
the stem.  At five and nine days after injection, leaves were removed and cross-sections were prepared at a site ~1 cm
towards the lamina from the injection site. E. coli EF-Tu (Ec EFTu) was far more effective than BSA at inducing GFP
accumulation We have attempted in numerous experiments to express intact Xf EF-Tu in a pure extracellular form from E.
coli .  No clones have been obtained, suggesting that extracellular EF-Tu may be very sickening to E. coli .  The fusion
protein construction was modified by insertion of a frameshift downstream of the Xf EF-Tu coding region.  This should cause
the Xf EF-Tu protein produced and exported to be free of the cell for easy purification.  We have attempted to produce this
construct several times, being careful to ensure that all of the steps are working appropriately, but have been unsuccessful
each time.  We have recovered only the starting material or constructions that have been substantially deleted in the Xf EF-Tu
region.  Given that even the fusion protein described above has substantial adverse effects, perhaps it is not surprising that we
have not been able to generate Xf EF-Tu as an export from E. coli .

Our interest in the idea that Xf EF-Tu has a detrimental effect on the cells relates to results from the Gilchrist laboratory that
suggests that high density cultures of Xf bacteria contain substantial numbers of non-viable cells.   To investigate the
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possibility that there is a role for the free form of the Xf EF-Tu in the deaths of the E. coli cells that were expressing it, we
made constructs that deleted portions of the p3 region including the suppressible stop but maintained the reading frame so the
C-terminal anchor sequence would hold the Xf EF-Tu to the cells themselves.   If the free form of Xf EF-Tu is required to
generate this phenotype, removing the suppressible stop should relieve this phenotype.   An experiment with E. coli bearing
this deleted construct without the suppressible stop codon showed a decrease in growth with similar kinetics compared to that
seen with induced cells containing the initial construction suggesting that this aspect of the phenotype does not depend on the
presence of a free form of the Xf EF-Tu.  However, we cannot be sure that the presence of the free form of Xf EF-Tu would
not generate a more extreme phenotype.   We are currently extending this experiment by adding back the deleted region
without the suppressible stop codon to more closely match the original
construct.

Figure 2.  Full length E. coli EF-Tu protein solution was prepared at 0.9 µM and injected as in Figure 1.  Peptides
corresponding to the amino-end 18 amino acid residues of Xf-EF-Tu and E. coli EF-Tu, both amino-end acetylated, were
prepared at 200 µM in water. A. Injection sites and cross-section sites in the petiole are shown relative to the leaf lamina.
The petiole injections were as described in figure 1. B.  At 17 days post-injection, leaves with petioles were collected and
cross-sections both near the injection sites and near the leaf lamina were examined. No GFP expression was seen near the
injection site.  The three upper panels show results for an uninjected control, a control petiole exposed to bacteria-free LB
microbiological media [known to activate GFP expression from the 9353 promoter (Lincoln, unpublished observation)], and
a control petiole exposed to Xf bacteria (image provided by Lincoln from previous experiments).  The lower three panels
show three experimental injections: full length E. coli EF-Tu protein and amino-end peptides of E. coli and Xf EF-Tu
proteins, respectively.  Images were captured and provided by James Lincoln, Gilchrist laboratory

Grape 9353 promoter stimulation by E. coli  and a Xf EF-Tu-amino-end-sequence-derived peptide
We obtained a commercially synthesized peptide having a sequence corresponding to the 18 amino acid sequence of the
amino end of E. coli EF-Tu, followed by tyrosine and cysteine residues for convenient labeling or immobilization.  A second
peptide of similar design corresponds to the Xf EF-Tu amino end.  The two 20-mer peptides are amino-end acetylated, as is E.
coli EF-Tu. Kunze et al. (2004) demonstrated that an E. coli EF-Tu peptide of this design was recognized by, and induced
defense responses in, Arabidopsis.
Neither of our synthetic peptides induced development of chlorosis when solutions were pressure-infiltrated in to leaves of C.
quinoa, suggesting that recognition of EF-Tu in C. quinoa operates under a different mechanism from EF-Tu recognition by
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brassica species. To test for the possible activation of the 9353:GFP gene of grapevine by the peptides, peptide solutions were
petiole-injected.

Even though the GFP expression seen after injection of either full length E. coli EF-Tu protein or an amino-end 18 amino
acid EF-Tu peptides, the peptide signal was weak compared to that seen for Xf bacteria (compare Figure 2, lower left and
middle with upper right), it is in the same region of grapevine petiole seen when the cross-sections from near the leaf lamina
of positive samples are examined.  The amino end peptide has been shown to invoke response from Arabidopsis that is
dependent on the EFR receptor (Kunze et al., 2004).  Hence, grapevine may have an EFR-like receptor that could be
responsible for signaling involving the 9353 promoter.

The response to injection of the Xf EF-Tu amino-end 18-mer peptide, although also weak, was more generalized spatially
(Figure 2, lower right panel).  It is known that the strength of the response by the Arabidopsis EFR receptor to an amino-end
18-mer peptide from Xf EF-Tu is weaker than that seen with the E. coli EF-Tu peptide (Kunze et al., 2004).  It is also
possible that the overall weak responses seen when compared to previous experiments (compare Figure 1 and Figure 2) may
be due to the reaction of the plant itself at the time of this assay.  It has been suggested that the overall reaction of the plant to
the Xf bacteria might be reduced during the winter months (Gilchrist and Lincoln, personal communication).  To determine
which is the case, we will repeat this experiment when the weather improves. (The green margins seen in the lower images of
Figure 2 represent overflow of the red autofluorescence seen by the confocal microscope into the green photomultiplier tube.
The white arrows indicate sites of GFP expression which did not correspond to sites with strong red autofluorescence) follow
up experiment was performed using the purified intact E. coli EF-Tu and a peptide corresponding to the amino-end 18 amino
acid sequence of E. coli EF-Tu at the same concentrations that were used above.  Similar levels and locales for GFP
expression were seen using the intact EF-Tu protein and the N-terminal peptide (compare Figure 3 left and right panels).

Figure 3.  Confocal micrograph of 9353 promoter-GFP transgenic Thompson Seedless grapes infiltrated with intact E. coli
EF-Tu (left panel) and E. coli EF-Tu N-terminal 18 amino acid peptide (right panel) in water.  Images are of intact petioles
with their long axis aligned left to right. Confocal microscopy kindly performed by Dr. Jim Lincoln.Both samples show a
region of GFP expression near the site of infiltration, although the GFP response is higher in the peptide injected petiole.
This could be due to the higher molar concentration of the peptide used.  To confirm this result and to allow assays without
consideration for the visibility of the GFP signal, we are currently checking these results by quantitative reverse transcription
PCR using the actin mRNA as a control and both the GFP mRNA and the native 9353 mRNA as a more sensitive assay.

CONCLUSIONS
Xf EF-Tu, when expressed extracellularly on E. coli cells, leads to induction of a known Xf-responsive promoter as well as
conferring a deleterious phenotype on the E. coli cells.  Injection of either purified E. coli EF-Tu or its N-terminal 18 amino
acids leads to qualitatively similar responses from this same promoter.  The known EF-Tu receptor from Arabidopsis, EFR,
recognizes both EF-Tu and the amino end peptide, suggesting that the grapevine response may be due to the presence of a
grapevine EFR homologue.  This recognition could be involved in disease symptom development and may explain the
apparent separation of Xf bacterial accumulation site and PD symptoms sites. If so, it may be possible to interfere with this
recognition and block Pierce's disease symptoms.
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Figure 1. Model for chemosensory regulation of
twitching motility in Xf. PilJ, the single polar methyl-
accepting chemotaxis protein senses environmental
signal(s).  PilL phosphorylates , PilG, PilH and ChpB.
ChpC and PilI couples PilL to PilJ. ChpB might mediate
adaptation to a constant chemical concentration by
adjusting the methylation level of the receptor. Some
aspects still unknown are, for example, the nature of the
signal(s) and whether they diffuse or are actively
transported across the outer membrane. For schematic
purposes not all pili components are shown. (from Burr
et al. 2007)
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ABSTRACT
Previously we demonstrated that twitching motility (TM) in Xylella fastidiosa (Xf) is dependent on an operon encoding signal
transduction pathway proteins (pilG, pilI, pilJ, pilL, chpB and chpC), which is related to the system that controls flagella
movement in Escherichia coli.  We report four advances in examining this system.  First, the gene pilJ, putatively coding for
a methyl-accepting chemotaxis protein (MCP), is shown to be essential for TM as an insertional mutation in this gene
resulted in a twitching-minus phenotype on agar.  Further characterization of such mutant is underway.  Second, we have
results on Pierce’s disease (PD) reduction with previous mutants in the operon gene pilL.  Third, we have made advances on
identifying the Xf chemotaxis attractant using a chimera protein fusing the Xf MCP, pilJ, to an E. coli MCP. Fourth, we have
begun exploring the localization of PilJ in relation to the Xf pili.

LAYPERSON SUMMARY
This project involves studies targeting the regulation of chemical sensing pathways by which Xylella fastidiosa is able to
control its movement within the plant environment.  Several genes and gene products of this chemical sensing pathway are
being examined.  We found that one gene in particular is essential for cell movement (twitching motility), and we found
differences in grapevine saps that may influence the sensing pathway.

INTRODUCTION
Bacteria sense and respond to changes in their environment,
integrating the signals to produce a balanced response.
Xylella fastidiosa (Xf) is a non-flagellated xylem-restricted
Gram-negative bacterium that moves within grapevines via
TM that employs type I and type IV pili (Meng et al. 2005).
Movement appears to be controlled by a chemosensory
system similar to that first reported in E. coli where a group
of che genes regulated the rotation movement of flagella.
These proteins work by means of a phosphorylation cascade
to ultimately control the direction of flagella rotation
(Hazelbauer, 2008). We previously described the new
operon involved in TM and likely to be responsible for the
chemosensory regulation of type IV pili in Xf (Figure 1).
Herein, we further characterize this operon creating a
mutation in pilJ and analyzing the effect of a pilL mutant in
planta and describing our advances in understanding the role
of pilJ signaling in Xf.
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OBJECTIVES
1. Complete characterization of the single chemosensory regulatory system of Xf and its function in PD and, in particular,

focus on its role in mediating bacterial movement and biofilm formation.  Toward this we will:
a. Obtain Xf mutants in the pilJ gene that encodes the single methyl-accepting chemotaxis protein in Xf.
b. Assess virulence and motility of pilJ mutants in grapevines, as well as previously created mutants deficient in

related chemosensory genes, pilL.
2. Identify environmental signals that bind PilJ and activate chemosensory regulation.  Toward this we will:

a. Express PilJ or a chimeric form of PilJ in a strain of E. coli previously deleted of all methyl-accepting chemotaxis
protein genes.

b. Subsequently, candidate signals will be screened using the above E. coli system for activation of motility.

RESULTS
Construction of null mutants strains of Xf for the chemosensory operon. The construction of an allelic exchange mutant
for pilJ gene in Xf was performed according to Chatterjee et al. 2008 with slight modifications.  The disruption of the pilJ
locus in marker-exchange mutants was confirmed by PCR (not shown).

Twitching motility. Examination of pilJ on PW agar surfaces revealed colony morphologies with smooth margins consistent
with loss of type IV pili twitching motility function (Figure 2)

Virulence and movement on grapevines. The pilL mutants were inoculated into Cabernet sauvigon grapevines.  Symptom
expression was assessed 12 weeks following inoculation            (Figure 3). pilJ mutant will be assayed in the Spring of 2010.

Complementation of Xf chemoreceptor in E. coli. Chemoreceptors are transmembrane proteins that bind ligand in the
periplasmic domain and associate with a kinase, CheA, in their cytoplasmic portion.  Changes in ligand binding result in a
phosphorylation cascade:  CheA autophorphorylation, CheA phosphorylates a shuttle protein (CheY), CheY modifies flagella
proteins, and the flagella alter their rotation and the bacteria moves from random tumbling (“tumble”) to smooth swimming
(“run”) (Hazelbauer, 2008).  The putative Xf chemoreceptor, pilJ, was cloned and expressed in an E. coli strain lacking
chemoreceptors.  To determine if PilJ complemented the E. coli system and activated the E. coli CheA, we used the ligand-
independent pseudotaxis assay (Wolfe, 1989; Ames, 1996).  In this assay, cells lacking both chemoreceptors and the normal
ligand adaptation system are locked in a smooth swimming response (Bibikov, 2004).  In agar at levels to support swimming
(0.25%), these cells become trapped in the agar pores, unable to tumble and leave agar dead ends.  When E. coli
chemoreceptors are expressed in these cells, the receptors interact with the CheA kinase and allow the cells to alternate
between smooth swimming and tumbling.  As a result, the cells can maneuver through the agar alleyways and form a swarm
on the plate.  PilJ failed to form a swarm, indicating that PilJ does not activate the CheA and complement the E. coli
chemotaxis system (Figure 4).

Figure 2. Example of colony morphologies
of pilJ mutant (lower) and Wild-type
Temecula isolate (upper) grown on PW agar
for 5 days.
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Figure 3. PD expression in greenhouse
grown Cabernet sauvignon vines 12
weeks following inoculation.
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Construction of a chimeric chemoreceptor. To
facilitate PilJ functioning in an E. coli system, we
constructed chimeric chemoreceptors that contain
the periplasmic ligand binding domain of the Xf
PilJ fused to the cytoplasmic signaling domain of
the E. coli serine chemoreceptor, Tsr (Figure 5).
The chimeras should only detect the PilJ ligand as
we swapped the periplasmic serine binding site of
Tsr with the proposed PilJ ligand binding site.
The chimera also should successfully activate the
E. coli CheA kinase as the CheA binding site is
maintained in the Tsr cytoplasmic portion.  We
constructed two chimeras; one chimera linked
PilJ and Tsr in the transmembrane domain and
the other, based on published MCP chimeras
(Kristich, 2004), linked in the HAMP domain
(Histidine kinases, Adenyl cyclases, Methyl-
accepting proteins and Phosphatases).  The two
fusion proteins activate the E. coli signaling
pathway as measured in the pseudotaxis assay
(Wolfe, 1989; Ames, 1996) (Figure 5).  Western
blot analysis, using antibodies to the E. coli
chemoreceptor portion (Ames, 1994), suggest that
the chimeric chemoreceptors are produced at 10-

15 times lower levels than wild-type E.
coli Tsr (data not shown). PilJ contains
codons rare to E. coli, which
presumably affects protein production.
We are currently modifying the
promoter region to enhance protein
production.
Identifying the attractant. In order to
confirm that PilJ binds to a molecule in
grape sap, we tested the chimeras using
a standard swarm plate assay (Adler,
1966).  In this qualitative assay, cells
are patched onto soft agar plates with a
uniform amount of potential attractant.
Cells expressing the ligand adaptation
system (as oppose to the pseudotaxis
assay) alternate between running and
tumbling (Eisenbach, 2007).  When
chemoreceptors bind attractant the cells
run smoothly until Brownian motions
force them to tumble and reorient.  As the cells “sense” ligand via the chemoreceptors, consume the attractant, and migrate
through the plate they create a visible smooth ring at the interface between metabolized ligand and available attractant.
Behind the ring, the attractant is depleted because the cells have consumed it; in front of the ring the attractant is abundant.
Cells lacking chemoreceptors or cells patched onto plates without a chemoreceptor ligand are “blind”; do not experience
extended runs, do not progress as far from the original patch, and fail to create a smooth ring even though the media may
contain desired nutrients.

When we tested the PilJ-Tsr chimeras in the swarm plate assay, they produced a noticeable ring on soft agar plates containing
Vitis riparia sap harvested in New York (Figure 6).  The E. coli serine chemoreceptor, Tsr, also formed a ring indicating that
V. riparia contains detectable levels of serine.  Tsr supported a larger swarm ring than the chimeras, which may reflect the
different levels of a) PilJ-Tsr chimera attractant compared to serine and/or b) PilJ-Tsr chimera and Tsr proteins as discussed
above.  As expected, PilJ did not support a swarm as the earlier tests showed that it failed to interact with the E. coli kinase
CheA.  Based on these results, we are currently testing various known components of sap (Anderson, 2007) to identify the
PilJ ligand/s.  As chemoreceptors can have multiple ligands (Kondoh, 1979) and attractants may not be metabolized (Topp,
2007), we are also testing the PilJ chimeras in established chemotaxis assays that do not require consumption of the ligand
(Adler, 1973; Grimm, 1997; Yu, 1997).
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Figure 4. Pseudotaxis of cells expressing PilJ constructs.
Constructs were expressed in E. coli strain UU1535 (Δmcp, Δaer,
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Figure 5. E. coli chemoreceptors (including serine receptor, Tsr) contain a
periplasmic ligand binding domain and a cytoplasmic HAMP (Histidine
kinases, Adenyl cyclases, Methyl-accepting proteins and Phosphatases)
domain and signaling domain. Xf PilJ is proposed to have similar domains. We
constructed chimeras that connect the PilJ to Tsr through the proposed HAMP
domain or transmembrane (TM) domain. These chimeras should bind Xf PilJ
ligand but successfully interact with E. coli cytoplasmic proteins involved in
chemoreceptor signaling.
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Localization of the chemoreceptor. Chemoreceptor localization has been studied in only a handful of organisms and found
to be polar or cytoplasmic (Maddock, 1993; Harrison, 1999; Bardy, 2005; DeLange, 2007).  In E. coli, chemoreceptors
cluster into a polar lattice that presumably allows the receptors to work in concert and amplify the signal (Parkinson, 2005).
As a result, the chemoreceptors are physically at a distance from the flagella.  Likewise in Pseudomonas aeruginosa the
chemoreceptor PilJ is polar localized (DeLange, 2007). We wish to learn if the Xf PilJ is a) polar localized, b) at one or both
poles, and c) if it co-localizes with the pili.  To answer these questions, we are taking two approaches.  First, we are
expressing PilJ protein for antibody production, which can then be used to label the chemoreceptor as previously reported
(Maddock, 1993; Harrison, 1999; Bardy, 2005; Lamanna, 2005).  Additionally, similar to earlier chemotaxis studies
(Wadhams, 2002; Homma, 2004; DeLange, 2007) we will visualize the physical location of PilJ using a GFP-tagged PilJ
protein.  From these studies, we hope that determining the physical organization of the chemoreceptor system will help
elucidate the nature of the Xf chemosensory signaling system.

CONCLUSIONS
Our results with a construction of a mutation in pilJ, and the previously reported pilL , show that these genes are required for
twitching motility in Xf. They also play a role in virulence as vines inoculated with pilL showed less disease. Currently we
are studying other phenotypes of the pilJ mutant including growth and biofilm formation.  We are attempting to find the
chemoattractant in grape sap and the localization of PilJ in Xf. We are also creating three new mutants (pilG, pilI and chpC)
to further characterize the chemosensory operon.
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ABSTRACT
Autotransporters are multi-domain proteins that are responsible for secreting a single specific polypeptide (passenger
domain) across the outer membrane of Gram-negative bacteria.  Members of this protein family have been identified as
rational targets for the design of novel vaccines directed against Gram-negative pathogens (Wells et al., 2007).  Based on
genomic analysis, there are six members of the AT-1 autotransporter family in Xylella fastidiosa Temecula 1 (Xf-PD).
During the period under review, we have completed our construction of strains containing single or multiple mutations in
these genes and are examining how the absence of one or more autotransporters affect Xf cell physiology and virulence.  We
have shown that two of the autotransporters (PD0528 and PD1379) are present on the bacterial cell surface and are involved
in autoaggregation and biofilm formation.  Studies in grapevines indicate that the absence of either PD0528 or PD1379
reduces the virulence of Xf in grapevines.  We have also initiated experiments to characterize PD0218, PD0313, and PD0950,
the three autotransporters predicted to have proteolytic activity.  Strains carrying a mutation in either PD0218 or PD0950
exhibit a hypervirulent phenotype in grapevines.  In contrast, grapevines infected with a strain missing all three proteases
exhibit symptoms much later than wildtype.  Comparisons of the secreted proteins from the three single mutants suggest that
each protease has a different set of target proteins.  Experiments are currently underway to identify the protein targets of the
individual proteases and the virulence factors that require these proteases for their maturation.  The ultimate goal is to
develop methods for interfering with this maturation, thereby reducing the virulence of this important plant pathogen.

LAYPERSON SUMMARY
Autotransporters are virulence proteins that are found on the surface of many bacterial pathogens.  These proteins have been
identified as rational targets for the design of novel vaccines and control strategies.  The goal of this project is to characterize
the six autotransporters of Xylella fastidiosa (Xf).  Four of these proteins have enzymatic activity.  It seems likely that
strategies developed to disrupt the function of these proteins in other systems will also be effective against the Xf proteins.
The remaining two proteins are unique to Xf and appear to be involved in the attachment of the bacterium to solid surfaces.
Treatments designed to prevent this attachment could have a profound impact on the ability of Xf to cause Pierce’s Disease.

INTRODUCTION
The causative agent of Pierce’s disease (PD) is the Gram-negative bacterium, Xylella fastidiosa (Xf) [for a recent review, see
(Chatterjee et al., 2008)].  An important feature of the Xf infection cycle is the ability of this pathogen to colonize and interact
with the xylem tissue of susceptible plants and with the foregut of insect vectors. Successful establishment of the pathogen is
dependent on the ability of Xf to acquire essential nutrients, to adhere to the host cell surfaces, and to escape any host defense
mechanisms.  Comparison of the Xf-PD genome to other bacterial pathogens has resulted in the identification and
characterization of a number of genes that are potential virulence factors.  Many of these virulence determinants are proteins
that are either secreted to the bacterial cell surface or released into the external environment (Dautin and Bernstein, 2007;
Henderson et al., 2004).  Our work has focused one category of virulence determinants, the AT-1 autotransporters.

AT-1 autotransporters are dedicated to the secretion of a single specific polypeptide, the passenger domain, across the outer
membrane.  Based on genomic analysis, there are six members of the AT-1 autotransporter family in Xf-PD.  Functional
sequence predictions indicate that three of these secreted proteins have proteolytic activity (PD218, PD0313, PD0950), one
protein has lipase/esterase activity (PD1879), and two of the proteins encode tandem repeats of a 50-60 amino acid motif that
is only found in Xf species (PD0528, PD1379).  The goal of this project is to establish the role of these secreted proteins in Xf
cell physiology and pathogenicity.  Given the importance of AT-1 proteins in the virulence of other Gram-negative
pathogens, it is highly likely that most of the Xf-PD AT-1 proteins will play a role in Xf virulence.  Thus, characterizing of
these proteins and identifying methods for disrupting their function should allow the development of strategies that impact
the ability of Xf to colonize plant tissue and to initiate the PD disease cycle in susceptible grapevines.

OBJECTIVES
1. Generate a mutation in each of the six AT-1 genes and determine their impact on Xf cell physiology and virulence.  The

construction of strains carrying double and triple mutations in the various autotransporters is also part of this objective.
2. Examine the biochemical properties and location of the six AT-1 passenger domains.
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RESULTS AND DISCUSSION
Characterization of the AT-1 autotransporters with Xf-species specific passenger domains:
Two of the most interesting Xf-PD autotransporters are PD0528 and PD1379. The passenger domains of these proteins
encode tandem repeats of a 50-60 amino acid motif that is only found in Xf species.  PD0528 has six repeats, whereas
PD1379 has three repeats.  In addition, both passenger domains contain WD40 repeats.  WD40 repeats are predicted to create
a specific structure, a β propeller-like platform (Hudson and Cooley, 2008).  In other systems, binding partners associate with
this platform either stably or reversibly. Usually, the binding partner is a protein that recognizes a specific consensus binding
motif within the β-propeller.  Therefore, the presence of WD40 repeats makes it highly likely that the passenger domains of
PD0528 and PD1379 are each interacting with a specific protein or set of proteins.

We have created a number of strains and tools that have facilitated our analysis these proteins.  Specifically, we have
generated strains containing null mutations in either PD0528 or PD1379 and a double mutant that eliminates both proteins.
The resulting mutants exhibit decreased autoaggregation and biofilm formation in vitro.  Interestingly, grapevines infected
with either the double mutant or the PD0528::Cm mutant do not exhibit PD symptoms.  The major difference is that the
double mutant can only be recovered close to the site of inoculation, whereas the PD0528::Cm mutant can be recovered 12
cm above the inoculation site.  In contrast, grapevines infected with the PD1379::Gm mutants still exhibit some PD
symptoms.  However, the symptoms are not as severe as those observed with the wildtype Temecula1 control.  To confirm
these phenotypes, we are in the process of constructing a series of strains for complementation analysis.  We have also
generated antibodies against the passenger domains of PD0528 and PD1379 and have used these antibodies in localization
studies.  Based on immunofluorescence microscopy, the passenger domains of both proteins are exposed on the Xf cell
surface.  Furthermore, fractionation studies indicate that PD0528 is an extremely abundant protein in the Xf outer membrane
and can also be found in membrane vesicles and in the supernatant.  In contrast, PD1379 is present at much lower levels and
is only found in the outer membrane.  The difference in the localization patterns of PD0528 and PD1379 suggest that these
autotransporters may be involved in different aspects of the PD infection cycle.

We have also expressed both PD0528 and PD1379 on the surface of the E. coli strain UT5600.  UT5600, which is deficient
in the outer membrane proteases OmpT and OmpP, is commonly used for autodisplay (also known as live-cell surface
display) (Jose and Meyer, 2007).  Although the expression levels were low, both proteins were localized to the E. coli outer
membrane and conferred the ability to autoaggregate and to form a biofilm.  The ability of PD0528 and PD1379 to confer
new phenotypic properties to E. coli indicates that these proteins are directly responsible for the observed traits.  Moreover,
the fact that these proteins are functional and present in the E. coli outer membrane has allowed us to perform preliminary
tests concerning how these autotransporters are secreted.   Genetic analysis in E. coli has established that the secretion and
correct folding of most outer membrane proteins occurs through the BAM (β-barrel assembly machine) complex, which is
composed of five proteins BamA-BamE (Knowles et al., 2009).  There are orthologs to four of these proteins in Xf: PD0326
(BamA), PD1620 (BamB), PD1756 (BamD), and PD1375 (BamE).  Our studies using the E. coli system suggest that the
translocation and correct insertion of autotransporters into the Xf outer membrane is mediated by the Xf BAM complex.  As
shown in Figure 1, a mutation that disrupts the BAM complex (bamB::KmR) interferes with the autoaggregation phenotype
conferred to E. coli by the PD0528 protein (--■--vs --□--).  A simple explanation for this result is that the PD0528 requires
BamB for its localization to the E. coli outer membrane.  It also implies that the mechanism for outer membrane protein
localization is conserved between E. coli and Xf.

Figure 1: The autoaggregation phenotype conferred by PD0528 requires a function BAM complex.
At the beginning of the experiment, the E. coli cultures were adjusted to approximately the same optical density (OD550)
and vigorously shaken for 10 s. Samples were then taken ~0.5 cm from the top of the culture tube at the indicated times
and the OD550 was measured.

The serine protease AT-1 autotransporters:
PD0218, PD0313, and PD0950 are members of the phylogenetic clade containing the S8 subtilisin-like serine protease
autotransporters (Tripathi and Sowdhamini, 2008).  Members of this family have been implicated in defense, growth on
proteinaceous compounds, and the proteolytic maturation of virulence factors.  Although many serine proteases have broad
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specificities, some are very specialized.  One of the best studied members of this clade is the SphB1 autotransporter protein
of Bordetella pertussis (Coutte et al., 2001).  SphB1 serves as a specialized maturation protease, responsible for the timely
maturation and extracellular release of the filamentous haemagglutinin FHA.  One of the goals of this project is to determine
the specificity and targets of PD0218, PD0313 and PD0950.

As a first step in this analysis, we have generated strains containing mutations in one, two, or all three of the AT-1 serine
proteases.
These strains and some of their properties are listed in the following table (Table 1):

Table 1: The properties of the AT-1 serine proteases mutants.

Strain AT-1 Mutation(s) Biofilm formation in vitro Week PD symptoms
first appear*

Temecula
TAM147

Wildtype
R

PD0218::Cm
0.688 ±0.12
0.536 ±0.08

11
8

TAM152 R
PD0313::Gm 0.248 ±0.02 10

TAM146 R
PD0950::Em 0.469 ±0.02 8

TAM148
TAM150
TAM151
TAM153

R R
PD0218::Cm , PD0950::Em

R R
PD0218::Cm , PD0313::Gm

R R
PD0313::Gm , PD0950::Em

R R R
PD0218::Cm , PD0313::Gm , PD0950::Em

0.531 ±0.07
0.479 ±0.09
0.580 ±0.07
0.633 ±0.11

8
8

10
14

* Three plants were inoculated for each mutant on 6/22/09. Disease severity was assessed weekly using the visual scale (0 to 5)
described by Guilhabert and Kirkpatrick (2005).  On this scale, healthy plants receive a score of 0.  The table lists the week
when the infected grapevines first receive a score of 1 (only one or two leaves with scorching symptoms starting on the
margins of the leaves).

Our characterization of the single mutants suggests that the three serine proteases are involved in different aspects of Xf cell
physiology and pathogenicity.  The mutations in PD0218 and PD0950 result in reduced clumping in liquid and a slight
decrease in biofilm formation.  In contrast, the mutation in PD0313 eliminates clumping in liquid and has a more severe
impact on biofilm formation.  The PD0313 mutant also forms a confluent lawn on solid medium.  When introduced into
grapevines, all three mutants produced symptoms earlier than Temecula1.  The phenotype observed for our PD0218 mutant is
similar to the phenotype reported by Guilhabert and Kirkpatrick (2005) for a strain carrying a Tn5 insertion in this locus.  In
contrast, grapevines inoculated with the triple mutant TAM153 exhibited symptoms much later than Temecula1.  We plan to
continue monitoring disease progression every two weeks for a total of 32 weeks after inoculation.  Then, experiments will
be conducted to determine the bacterial population at various points above the inoculation site.

We have also conducted preliminary experiments testing the feasibility of two approaches to determine the targets of the
proteases.  One approach is to compare the protein composition of the outer membrane, the membrane vesicles, and the
secretome of the single mutants to wildtype on SDS-PAGE gels stained with Syphro Ruby.  An example of this type of
analysis is shown in Figure 2.  Based on MALD-TOF-MS analysis of the proteins in indicated band, the PD0218 secretome
is missing bacteriocin, which is encoded by PD1427.  Bacteriocins are known to contribute to the competitiveness of the
producing organisms and have been identified as potential targets for alternative approaches for plant disease control
(Holtsmark et al., 2008).  The PD1427 bacteriocin resembles the Rhizobium leguminosarum RTX (repeats in toxin) protein, a
bacteriocin that is similar to hemolysin and leukotoxin (Machado et al., 2001).  Subtilisin-like serine proteases are known to
function as the maturation enzyme for the bacteriocin-like lantibiotics produced by some Gram-positive bacteria (Tripathi
and Sowdhamini, 2008).  Therefore, although more experiments are needed, the simplest explanation for our results is that
PD0218 is required for the maturation of PD1427.

The first approach works well for abundant proteins, but is of limited usefulness for less highly expressed proteins.  Our
second approach will be to compare the protein composition of the outer membrane, the membrane vesicles, and the
secretome of the single mutants to wildtype by Western analysis.  The rate-limiting step for this approach will be the
availability of suitable antibodies.  In our initial experiments, we used the Anti-PD0528 and Anti-PD1379 antibodies.
Although we did not detect any differences using Anti-PD0528 antibody, we obtained an extremely interesting result using
the Anti-PD1379 antibody.  As shown in Figure 3, we are unable to detect PD1379 in the outer membrane of the PD0313
mutant using Anti-PD1379 antibody.  It is not clear why the absence of the PD0313 protease is impacting PD1379
localization to the outer membrane.  Although we are considering a number of models, further experiments are needed to
establish whether or not this is a direct or an indirect effect.
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Figure 2: Proteins secreted by the PD0218 mutant.  The secreted proteins from PD3-grown wildtype (lane 1) and
PD0218 mutant (Lane 2) were concentrated using an Amicon centricon filter.  The proteins were separated on a 6%
SDS-PAGE gel and stained with Syphro Ruby.  The band indicated by the star was excised and then analyzed by
MALDI-TOF-MS at the UC Davis Molecular Structure Facility.

Figure 3: Western analysis of the outer membrane proteins using Anti-PD1379 antibody.  The outer membrane proteins
from wildtype and the protease mutants were separated on a 8% SDS-PAGE gel and then visualized by Western

Finally, we plan to examine how the protease mutants affect the maturation of hemagglutinin using antibodies prepared by
Dr. Bruce Kirkpatrick (UC Davis).  Based on analogy to SphB1 and its role in the maturation of filamentous hemagglutinin
in B. pertussis, it is tempting to speculate that one of the three serine protease autotransporters will serve as a specialized
maturation protease for Xf-PD hemagglutinin.

CONCLUSION
Autotransporters have been identified as rational targets for the design of novel vaccines and control strategies.  The goal of
this project is to characterize the six autotransporters of Xf. During the period under review, we have completed our
construction of strains containing single or multiple mutations in these genes and are examining how the absence of one or
more autotransporters affect Xf cell physiology and virulence.  We have shown that two of the autotransporters (PD0528 and
PD1379) are involved in autoaggregation and biofilm formation. Studies in grapevines indicate that the absence of either
PD0528 or PD1379 reduces the virulence of Xf in grapevines.  We have also initiated experiments to characterize the three
autotransporters predicted to have proteolytic activity.  Strains carrying a mutation in either PD0218 or PD0950 exhibit a
hypervirulent phenotype in grapevines, whereas strain lacking all three proteases is less virulent than wildtype.  Comparisons
of the secreted proteins from the three single mutants suggest that each protease has a different set of target proteins.
Experiments are currently underway to identify the protein targets of the individual proteases and the virulence factors that
require these proteases for their maturation.  The ultimate goal is to develop methods for interfering with this maturation,
thereby reducing the virulence of this important plant pathogen.
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ABSTRACT
Xylella fastidiosa (Xf) produces extracellular DNA in PD3 liquid medium. This extracellular DNA may play a role in
enhancing biofilm formation, a factor that is required by Xf to establish infection in host plants. Amounts of extracellular
DNA generated by Xf in vitro were positively correlated with planktonic cell growth and biofilm formation, but were
negatively correlated with cell viability.  DNase I treatment of actively growing Xf cultures in PD3 medium resulted in
decrease or inhibition of biofilm formation.  In contrast, addition of Xf genomic DNA to Xf cultures promoted biofilm
formation.  These results support the hypothesis that biogenesis of extracellular DNA may play a role in Xf biofilm formation
leading to successful host plant infection.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) generates extracellular DNA in PD3 culture medium.  This extracellular DNA may enhance biofilm
formation, the process of which the matrix of extracellular polymeric substance is formed, which facilitates establishment of
Xf infection in plants. The planktonic Xf cell growth and its biofilm formation in vitro culture were positively correlated with
extracellular DNA produced by Xf, but negatively correlated with Xf cell viability.  Biofilm formation was decreased or
inhibited when growing cells were treated with DNase I, an enzyme which degrades DNA.  In contrast, addition of Xf
genomic DNA to cultures promoted biofilm formation.  These results suggest that biogenesis of extracellular DNA may play
a role in Xf biofilm formation and, therefore, contribute to development of Pierce’s disease.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram negative, xylem-limited bacterium that causes Pierce’s disease of grapevine, as well as other
diseases of economically important crops and landscape plants (Hopkins, 1989). Xf is transmitted by xylem-feeding insects,
including the polyphagous and invasive glassy-winged sharpshooter (GWSS; Homalodisca vitripennis (Germar)) (Almeida
and Purcell, 2003).  The mechanism of Xf pathogenicity in host plants is not fully understood.  It has been reported that a
functional relationship exists among Xf planktonic growth, aggregation, biofilm formation and pathogenesis in Vitis species
(Leite et al., 2004, Andersen et al., 2007).  Previously, we reported that differences in xylem sap composition and cell wall
properties among PD- resistant and -susceptible grapes may play a role in affecting PD development (Cheng et al., 2009).
Bacterial biofilms are structured communities of cells enclosed in self-produced hydrated polymatrixes that adhere to inert or
living surfaces (Costerton et al., 1999).  The matrix, which holds bacterial biofilms together, is a complex mixture of
macromolecules including exopolysaccharides, proteins and nucleic acids (Sutherland, 2001).  A diffusible signal molecule is
reportedly required for biofilm formation by Xf in the vector(s) and for vector transmission of Xf to plants (Newman et al.,
2004).  In addition, cell density-dependent exopolysaccharide synthesis (EPS) is required for virulent biofilm formation in
planta (Koutsoudis et al., 2006).  The objective of this study was to determine if extracellular genomic DNA is involved in
the Xf biofilm formation in vitro.

OBJECTIVE
Determine if extracellular genomic DNA is involved in the Xf biofilm formation in vitro.

RESULTS AND DISCUSSION
Bacteria produce substantial quantities of extracellular DNA through a mechanism that is thought to be independent of
cellular lysis and that appears to involve the release of small vesicles from the outer membrane (Muto and Goto 1986,
Kadurugamuwa and Beveridge 1995).  We assayed cell-free PD3 liquid culture medium following growth of Xf in vitro for
extracellular DNA.  As shown in Figure 1A, extracellular genomic DNA was present in cell-free PD3 liquid medium of Xf
cultures with fragment sizes ranging from less than 100 bp to 10 kb approximately.  The most abundant Xf extracellular DNA
size was ~100 bp detected by agarose gels and was readily distinguished from the intact Xf genomic DNA.
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We investigated the effect(s) of extracellular genomic DNA
produced by Xf in PD3 liquid culture medium on Xf
planktonic growth, biofilm formation and cell viability in
vitro.  As shown in Figure 1B, the production of
extracellular DNA in the Xf culture medium at different
time periods of growth was  positively correlated with Xf
planktonic growth and biofilm formation, but  was
negatively correlated with the Xf cell viability (R² = -
0.9947). Xf cell viability decreased with the increase of Xf
planktonic growth and biofilm formation (R² = - 0.9967 and
R² = - 0.9997, respectively).  In contrast, Xf planktonic
growth and biofilm formation increased during growth. To
confirm that there was no contamination, 96 cloned DNAs
were randomly picked for sequencing.  BLAST reports
showed that all DNA sequences matched Xf genome
sequences in the NCBI Xf database, indicating that there
was no contamination in the Xf culture by other bacteria.  In
addition, no specific DNA sequence may be required for the
enhancement of Xf biofilm formation in vitro.  This result is consistent with a previous study in which no specific DNA
sequences were found in the population of extracellular DNAs (Allesen-Holm et al., 2006).  The occurrence of extracellular
DNA in the Xf growing medium may result from Xf cell death during growth in vitro and biofilm formation.  However, it is
not clear if there are other mechanisms also involving secretion of extracellular DNA by Xf. Whitchurch et al (2002) reported
that extracellular DNA derived from membrane vesicles promotes biofilm formation by Pseudomonas aeruginosa.
Characterization of DNA release in P. aeruginosa cultures and biofilms provided evidence that extracellular DNA was
generated via lysis of a subpopulation of the bacteria (Allesen-Holm et al., 2006).  The results of a more recent study also
suggested that extracellular DNA was generated in Staphylococcus epidermidis cultures through autolysin AtlE-mediated
lysis of a subpopulation of the bacteria (Qin et al., 2007).

In this study, while there was no direct evidence to determine whether the extractcellular DNA in liquid PD3 Xf culture was
derived mainly from membrane vesicles rather than by cell lysis, Xf genomic DNA added into culture medium to mimic
extracellular Xf DNA resulted in enhancement of biofilm
formation.  Moscoso et al. reported that simultaneous
inactivation of Streptococcus pneumoniae’s LytA amidase and
LytC lysozyme abolished DNA release in liquid culture
(Moscoso and Claverys, 2004, Moscoso et al., 2006).  A
choline-binding protein D (CbpD) is essential for competence-
induced cell lysis in S. pneumoniae, but DNA release is also
strongly attenuated in its (cbpD) mutant (Kausmally et al.,
2005).  It is, therefore, possible that biogenesis of extracellular
DNA could be a genetically regulated process in bacteria
including Xf. It is not clear if extracellular DNAs released
from host cells could also function in regulating bacterial
biofilm formation in vivo.  In this regard, it would be
interesting to evaluate whether the host extracellular DNA
released in PD-resistant and -susceptible grapevines could
differentially affect cell attachment, aggregation and biofilm
formation in planta.  This may provide insight into
understanding the role of extracellular DNA in regulation of
host-pathogen interactions toward genetic resistance or
susceptibility in planta.

Xf bacterial planktonic growth, biofilm formation and cellular
aggregation are dependent on the chemistry of xylem sap and
can be manipulated by altering xylem chemistry (Andersen et
al, 2007, Leite et al., 2004). Xf biofilm formation likely plays
a key role in xylem vessel occlusion and is a key virulence
factor probably required for Xf pathogenicity (de Souza et al.,
2005, Marques et al., 2002, Newman et al., 2004).  We
examined a potential role of extracellular DNA as an
additional factor in Xf biofilm formation in vitro by adding
different amounts of DNase I and Xf genomic DNA into the
pre-cultured Xf growing medium.  DNase I treatments
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diminished the effect of Xf biofilm formation in both Xf strains, Temecula-1 and Fetzer (kindly provided by Dr. Bruce
Kirkpatrick) (Figure 2A).  In contrast, addition of Xf genomic DNA (Temecula-1) greatly enhanced biofilm formation by
both Xf strains.  Quantitative analyses of the effects of DNase I and Xf genomic DNA on biofilm formation revealed that all
DNase I treatments decreased the cell density of Xf biofilm by nearly 50%, although there were no significant differences
between the DNase I concentrations used.  As expected, addition of Xf genomic DNA significantly increased the cell density
of Xf biofilms 1.5- to 3-fold depending on the concentrations of Xf genomic DNA added (Figure 2B).

Extracellular DNA plays a role in the maintenance of biofilms formed by gram-positive and gram-negative bacteria (Tetz et
al., 2009).  Digestion of P. aeruginosa and S. pneumoniae extracellular DNA changed the properties of the biofilms formed
by these bacteria (Whitchurch et al., 2002, Izano et al., 2008, Moscoso et al., 2006).  However, the mechanism(s) of how
extracellular DNA functions in Xf biofilm formation is not clear.  A functional DNA binding and uptake system was
suggested to be involved in the biofilm formation by S. mutans, where the presence of synthetic competence-stimulating
peptide significantly promoted the release of DNA and enhancement of biofilm formation (Petersen et al., 2005).  The DNA
binding-uptake system is a multi-protein complex that is required for the assembly of type IV pili and for the secretion of
certain proteins in gram-negative bacteria (Chung and Dubnau 1998).  In addition, pseudopili cross the cell wall and allow
the extracellular DNA to access a membrane-bound receptor in B. subtilis (Chen and Dubnau, 2004).  Type IV pili,
flagellum-mediated motility and quorum sensing-controlled DNA releases are involved in the formation of mature
multicellular structures in P. aeruginosa biofilms (Barken et al., 2008).  Based on a biophysical study of the bacterial
organization in a model extracellular DNA matrix, bacteria can spontaneously become ordered in a matrix of aligned
concentrated DNA, in which rod-shaped cells of P. aeruginosa follow the orientation of extended DNA chains (Smalyukh,
2008).  It is likely, therefore, that extracellular DNA may function through interaction with specific proteins on the bacterial
membrane that would favor or facilitate biofilm formation. This process may be coordinately regulated by bacterial pili
and/or flagellum-mediated motility and/or quorum sensing systems.

CONCLUSIONS
The present study suggests that biogenesis of extracellular DNA may be a result of autolysis of Xf cells or other cellular
mechanism(s) or both during the planktonic growth that was associated with enhanced biofilm formation in vitro.  Further
research is needed to assess the role of extracellular Xf DNA in biofilm formation and pathogenesis in planta.
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ABSTRACT
This project focuses on the lipopolysaccharide (LPS) component of the outer membrane of Xylella fastidiosa (Xf). In
particular, we are investigating if the O-antigen portion of this molecule contributes to Xf surface attachment and biofilm
formation.  More importantly, by targeting genes involved in O-antigen biosynthesis, we will determine if LPS is an
important virulence factor for Xf infection of grape.  Additionally, we will determine if LPS contributes to the high level of
host specificity observed for this pathogen.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) is a bacterium that has the ability to infect many different plant species. In some plants, this bacterium
can cause serious disease. In grapevine, this disease is known as Pierce’s disease (PD) and has caused millions of dollars of
damage to the California grape industry alone. Xf species also infect other economically important crops such as almond,
oleander and citrus.  Interestingly, while all Xf isolates belong to the same group or species, some isolates can cause disease
in one host but not another.  For example, oleander strains cannot cause disease in grapevine and vice versa.  One major goal
of this project is to understand the bacterial mechanisms that dictate this high level of host specificity.  We are focusing on a
key component of the bacterial cell membrane, called lipopolysaccharide (LPS), and how certain parts of this molecule may
be important in dictating host specificity.  We are also investigating how the LPS molecule is related to bacterial virulence
and other key aspects of the disease process, like attachment to the plant cell wall.  This molecule makes up more than 70%
of the bacterial membrane and if LPS does prove to be an important factor during Xf plant infection, its abundance in the
bacterial cell membrane makes it a logical target for disease control.  Furthermore, antimicrobial compounds that weaken the
LPS molecule generally make the bacterium more sensitive to other stresses.  Therefore, compounds targeted towards LPS
synthesis could increase the efficacy of other anti-Xylella compounds currently being developed when both are used in
conjunction.

INTRODUCTION
Xylella fastidiosa (Xf) is a gram negative, xylem-limited bacteria with a broad host range encompassing at least 28 families of
monocots and dicots, and causes disease in hosts such as grape, almond, peach, plum, alfalfa, elm, sycamore, coffee,
oleander, maple, and citrus (Hopkins and Purcell, 2002).  The molecular mechanisms that determine this host specificity are
poorly understood.  This project aims to explore the role of lipopolysaccharides (LPS) as both a virulence factor and host
specificity determinant of Xf. We will focus on the O-antigen portion of the LPS molecule in three strains of Xf, the PD strain
(Temecula 1), the almond leaf scorch strain (Dixon-ALS), and oleander leaf scorch strain (Ann-1).  These three strains were
chosen because either full or draft sequences of the genome are available.  This will allow us to easily identify genes that are
putatively involved in O-antigen biosynthesis and to construct targeted deletion knockouts in these genes.  Additionally, these
three strains infect different hosts, grape, almond and oleander.  Interestingly, while grape and almond isolates are considered
to be separate subspecies or pathovars, grape strains can cross colonize and cause both PD and ALS symptoms.  Whereas
almond strains do not cause PD symptoms in grape but can sometimes colonize grape, albeit at low titer (Almeida and
Purcell, 2003).  Furthermore, the oleander strain cannot infect grape or almond and both the almond and grape strains cannot
infect oleander (Almeida and Purcell, 2003).  This provides an opportunity to study the role of the O-antigen moiety of the
LPS molecule as a potential host specificity determinant for Xf.

LPS comprises approximately 70% of the outer membrane of gram-negative bacteria and is therefore essential for growth and
viability (Figure 1A).  Because LPS is what is largely displayed on the cell surface it mediates interactions between the
bacterial cell and its surrounding environment. LPS (sometimes called “endotoxin”) has been implicated as a major virulence
factor in both plant and animal pathogens, such as Escherichia coli, Xanthomonas campestris pv. campestris, and Ralstonia
solanacearum just to name a few (Muhldhorfer and Hacker 1994, Dow et al. 1995; Hendrick et al. 1984).  Because of its
location in the outer membrane, LPS can also contribute to the initial adhesion of the bacterial cell to a surface or host cell
(Genevaux et al. 1999, Nesper et al. 2001).  Additionally, host perception of LPS is well documented and occurs in both
plants and animals (Newman et al. 2000).  The immune system can recognize several regions of the LPS structure and can
mount a defense response in response to bacterial invasion based on this recognition. Bacteria can also circumvent the host’s
immune system by altering the structure of their LPS molecule or by masking it with capsular or exopolysaccharides.
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LPS is composed of three parts: 1) lipid A, 2) core oligosaccharide and 3) O-antigen polysaccharide (Figure 1 B).  Lipid A is
anchored in the membrane and core oligosaccharides are assembled on the preformed lipid A molecule.  O-antigen is
assembled elsewhere and ligated onto the core oligosaccharide-lipid A complex.  Both lipid A and core oligosaccharide are
relatively conserved among bacterial species.  O-antigen is highly variable even amongst strains of the same species.  O-
antigen is the immunodominant portion of the LPS molecule and contributes to serotype designation of different strains
within the same species.  O-antigen is not required for bacterial viability but is often implicated in virulence and host
specificity.  Even small changes in the type and order of the sugars comprising the O-antigen can result in major changes in
virulence.

The lifestyle of Xf requires attachment to diverse carbohydrate substrates such as the plant xylem wall and chitin in the
mouthparts and foregut of the sharpshooter insect vector.  In both environments, Xf forms biofilms or biofilm-like structures.
Previous studies show that Xf produces an extracellular exopolysaccharide (EPS) that is present in minute quantities during
initial surface attachment and early biofilm formation.  However, in mature biofilms this EPS (termed fastidian gum) is a
major component of the three-dimensional Xf biofilm both in vitro and in planta (Roper et al. 2008).  Other studies have
demonstrated that proteinacous adhesins such as type I pili and hemagluttinins contribute to surface adhesion and cell-cell
aggregation (Li et al. 2007, Guilhabert and Kirkpatrick, 2005).  Because of the location and abundance of LPS in the outer
membrane we hypothesize LPS also plays a key role in mediating initial attachment to the carbohydrate substrates Xf
encounters in the plant and insect.

In this project, we will construct mutants in the O-antigen biosynthesis pathway that will either be completely devoid of O-
antigen or produce truncated versions of O-antigen.  We will assay these mutants for virulence in their respective host plants
as well as their ability to infect non-hosts.  Furthermore, because of its abundance in the outer membrane (70%) of Xf, LPS is
a logical target for developing novel therapeutics against Xf for control of PD.  In fact, a bacterium with defective LPS is
often more susceptible to oxidative stress, antimicrobial peptides, and other stresses bacteria encounter in planta.  Therefore,
treating PD infected grapevines with antimicrobial compounds designed to inhibit or truncate LPS synthesis may be one way
to control PD.

OBJECTIVES
1. a. Characterization and comparison of the LPS profiles from the grape, almond and oleander strains of Xf grown in PW

broth and PW solid media
b. Investigate the possibility of phase variation in Xf LPS

2. Construct Xf mutants in O-antigen biosynthetic genes
3. Test virulence and host specificity of the O-antigen mutants in planta
4. Test attachment and biofilm formation phenotypes of Xf O-antigen mutants

PRELIMINARY RESULTS AND FUTURE STUDIES
Objective 1: Characterize the LPS profiles from the grape, almond and oleander strains of Xf.

Figure 1. A. Schematic of a gram-negative bacterial cell wall indicating the location of LPS in the outer
membrane. B. Schematic of a single LPS molecule composed of lipid A, core oligosaccharide and O-
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A. Comparison of the LPS profiles from Xf grown in vitro:

A bacterium with only lipid A and core oligosaccharide is said to have “rough” LPS and one with lipid A, core
oligosaccharide and O-antigen is said to have “smooth” LPS. There can be both smooth and rough variants of the same
bacterial species.  Preliminary data indicate that the LPS extracted from Xf Temecula 1 grown on solid medium has both
rough (core LPS) and smooth (O-antigen) components of the LPS molecule (Figure 3A).  In this study we will compare the
LPS profiles of Xf Temecula 1, Xf Ann1 and Xf Dixon by Sodium deoxycholate PAGE electrophoresis to determine if all
three strains have smooth and rough forms of LPS and if there are any variations in the bandings patterns in the O-antigen
fraction.  Furthermore, we will analyze the Xf LPS on Tricine-SDS PAGE gels to provide better resolution of the individual
LPS bands. Figure 3B is a Tricine SDS PAGE gel of LPS extracted from Pantoea stewartii subsp. stewartii, another xylem
dwelling phytopathogen.  This figure is included merely to demonstrate that this technique is capable of resolving individual
bands in both the core and O-antigen portions of the LPS molecule.  By using this technique we will be able to detect even
subtle differences in the LPS banding patterns of the three strains of Xf as well as the mutants we will construct in Objective
2.

B. Comparison of the Xf Temecula 1 (grape strain) LPS profile in PW medium vs. grapevine xylem sap. The outer
membrane of a bacterial cell is strongly influenced by its surrounding environment.  Gram-negative bacterial pathosystems
can undergo a process called phase variation, which is defined as a reversible change in the antigenic determinants in
response to environmental conditions.  It is well documented that this phenomenon occurs in the extracellular and membrane
bound polysaccharide portion of the bacterial cell surface (Bergman et al. 2006; Lerouge et al. 2002).  This includes
exopolysaccharide, capsular polysaccharide and LPS. Specifically in the LPS fraction, bacteria can display different O-
antigen profiles by varying the degree of polymerization or by completely abolishing synthesis of the O-antigen.  The cells
can alternate from smooth to rough or semi-rough (truncated O-antigen) LPS variants depending on the developmental phase
of the cell.  The structure of the O-antigen expressed can be a key factor in how the bacterium interacts with its host or
vector.  A bacterium may display different O-antigen sugars on its surface that essentially changes its external appearance to
the host (Bergman et al. 2006, Guerry et al. 2002).  This putative masking effect may be important when Xf cells are initially
introduced into the plant by the sharpshooter vector and presumably not covered or protected in large amounts of EPS.

The aim of this objective is to determine if Xf LPS undergoes phase variation in different growth conditions.  We will assay
this by growing the Xf Temecula 1 grape strain of Xf in PW broth vs. PW broth amended with increasing concentrations of
grapevine xylem sap vs. pure xylem sap.

Objective 2: Construct Xf mutants with altered LPS profiles. The goal of this objective is to construct Xf mutants that
either 1) completely lack O-antigen (“rough” LPS mutants) or 2) produce truncated forms of O-antigen (“semi-rough”
mutants).  Genomic analyses reveal approximately 30 Xf genes involved in LPS biosynthesis.  In this objective we will focus
on two of these genes that are involved in the biosynthesis of O-antigen as well as the attachment of O-antigen to core LPS.
While the mechanism of assembly is likely the same for O-antigen assembly and ligation for all Xf strains, the composition of
the O-antigen could be markedly different depending what sugars are incorporated into the O-antigen chain.

The first gene of interest is a waaL ortholog, designated PD0077 in the genome of the Temecula 1 grape strain.  All three
strains (oleander, grape and almond) have a single copy of this gene.  We will construct deletion mutants in this gene in all
three strains by site-directed mutagenesis.  In other bacterial systems, mutations in waaL prevent the ligation of O-antigen
(Perez et al. 2008).  Therefore, a Xf mutant in waaL would produce rough LPS composed only of lipid A + core and be
completely devoid of O-antigen as depicted in Figure 4B.  The LPS phenotype of the waaL mutants will be confirmed by
Tricine-SDS PAGE gel electrophoresis described in Objective 1.  As documented in other bacterial species, we expect Xf
∆waaL mutants to be decreased in virulence if the O-antigen expressed in planta is indeed providing some kind of masking
effect from the host defense responses (Berry et al. 2009; Carroll et al. 2004; Moran 2008).  However, a mutation in waaL

Figure 3. A. Sodium deoxycholate PAGE gel
of Xf LPS grown on  PW medium indicating
the presence of both smooth (O-antigen) and
rough (core) LPS. All lanes contain LPS from
the grape strain of Xf. B. Tricine-SDS PAGE
gel of P. stewartii LPS grown on  nutrient
indicating the presence of both smooth (O-
antigen) and rough (core) LPS. All lanes
contain LPS from wild type P. stewartii. Note
the enhanced resolving power of the Tricine-
SDS PAGE gel compared to the Sodium
deoxycholate gel.

A B
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could very well have the opposite effect.  These mutants could potentially be hypervirulent if the host has evolved to
recognize Xf O-antigen and absence of the molecule leaves the plant partially blind to Xf invasion.

The second gene we will target is the wzy ortholog, designated PD0814 in the Temecula 1 grape genome.  This gene is also
present in single copy in all three strains.  Wzy is an O-antigen polymerase responsible for the assembly of O-antigen prior to
its ligation to the core.  Wzy acts in concert with Wzz, a chain length regulator or “molecular ruler” to polymerize LPS O-
antigen subunits to a certain chain length.  We predict that Xf mutants in wzy will produce an O-antigen that look likes Figure
4C.

*All mutants constructed in this study will be complemented with the wild type copy of the gene.  We will use the
complementation vectors now available for Xf or introduce a wild type copy of the gene into a neutral part of the
chromosome as reported by the Igo lab at UC-Davis.

Objective 3: Test Xf O-antigen mutants for virulence and host specificity. For all experiments described below, we will
mechanically inoculate plants using the pin-prick method originally described by Hill and Purcell 1995. All plants will be
rated on a disease scale of 0-5 with 0 being healthy and 5 being dead (Guilhabert and Kirkpatrick, 2005).  First, for the
virulence assays, each of the LPS mutants we constructed for each strain will be tested for virulence in their respective
susceptible host plants.  If a particular mutant is no longer pathogenic or hypervirulent, we will quantify Xf populations/gram
of plant tissue by performing isolations on petioles harvested nearest the point of inoculation.  The results of these
experiments will indicate if the O-antigen portion of the LPS molecule is indeed a virulence factor for Xf. Secondly, for the
host specificity assays, we will inoculate all strains into “non-host” plants and determine if an alteration in O-antigen
correlates with a shift in host range or specificity.  It is well documented that different pathovars or serotype groups display
different O-antigens on their surface (Benedict et al., 1990; Lerouge et al. 2002).  It is assumed that presence/absence and
carbohydrate composition of the O-antigen correlates with the ability of a particular bacterial strain to infect one host but not
another.  However, there are very few studies actually documenting this. In one study, a spontaneous mutant of Xanthomonas
campestris pv. citrumelo was altered in core LPS and lost O-antigen displayed an altered host range (Kingsley et al. 1993).
Normally, this pathogen has a wide host range that includes citrus and bean.  The spontaneous mutant lost the ability to infect
citrus but retained its ability to infect bean.  The authors attributed this difference to the change in the LPS profile although
other polysaccharides were affected.  It will be interesting to see if by removing O-antigen or altering its chain length if the
Temecula 1 strain will retain its ability to infect both grape and almond and if Dixon-ALS can gain the ability to cause
disease in grape.  Furthermore, can these changes in O-antigen allow the oleander Xf Ann1 strain to become a pathogen of
grape or almond and the Xf Dixon and Xf Temecula1 strains become pathogens of oleander?

For these experiments, Xf Temecula 1 grape strain mutants will be inoculated into almond and oleander.  The Xf Ann1
oleander strain mutants will be inoculated into grape and almond and the Xf Dixon almond strain mutants will be inoculated
into grape and oleander.  This is outlined in Table 1.  All mutants and wild type will also be inoculated in their respective
host plants in order to compare symptoms; *WT=wild type

Objective 4: Test surface attachment and biofilm formation of Xf O-antigen mutants. Xf is known to attach to glass
surfaces and form a biofilm at the air/liquid interface when grown in liquid culture (Figure 5).  In this objective we will
further characterize the Xf Temecula 1 ΔwaaL and Δwzy mutants by assaying 2 different behaviors: surface attachment and
biofilm formation.  In order to quantify surface attachment, Xf wild type Temecula 1, ΔwaaL and Δwzy mutants will be
grown in PD3 medium in 10 ml borosilicate glass tubes and attachment on the surface walls of the tubes will be assessed by a

Truncated O-antigen

A. wild type Xf LPS B. putative Xf ΔwaaL LPS C. putative Xf Δwzy LPS

Figure 4. A.  Model of wild type Xf LPS molecule containing all three components: lipid A, core
polysaccharide, and O-antigen B. Model of hypothetical ΔwaaL Xf LPS molecule containing no O-antigen.
C. Model of hypothetical Δwzy Xf LPS molecule with truncated O-antigen. Images adapted from
http://www.wikipedia.org/
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crystal violet staining method (Espinosa-Urgel et al. 2000).  We will assess the capability of the Xf Temecula 1 ΔwaaL and
Δwzy O-antigen mutants to form biofilms on glass surfaces.  Biofilms will be imaged using a confocal laser scanning
microscope available in the UCR core microcopy facility.

Table 1.  Inoculations for Xf host specificity tests. Xf Temecula 1 grape strain mutants will
be inoculated into almond and oleander.  The Xf Ann1 oleander strain mutants will be
inoculated into grape and almond and the Xf Dixon almond strain mutants will be inoculated
into grape and oleander.  All mutants and wild type (WT) will also be inoculated in their
respective host plants in order to compare symptoms.

Host
Inoculations

Xf mutant Grape Almond Oleander
WT Temecula 1 x x
∆waaL Temecula 1 x x
∆wzy Temecula 1 x x
WT Dixon x x
∆waaL Dixon x x
∆wzy Dixon x x
WT Ann1 x x
∆waaL Ann1 x x
∆wzy Ann1 x x

CONCLUSIONS
This project aims to further elucidate the molecular mechanisms of Xf virulence.  At the same time, we will investigate the
possibility of O-antigen as a host specificity determinant for this pathogen.  While there are likely several factors that
contribute to host specificity of Xf, we are investigating if O-antigen presence and composition is involved.  We feel that the
wide host range and stringent host specificity of different Xf strains affords a unique opportunity to study the molecular
mechanisms underlying the host specificity observed for this pathogen.
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ABSTRACT
To create a reliable genetic fingerprint of the Texas Pierce’s disease (PD) strains of Xylella fastidiosa we have been
evaluating both highly variable sequences (small sequence repeats) and genes that are either highly conserved (gyraseB) or
moderately conserved (ZOT).  To speed the hunt for genes with fingerprinting potential we performed a whole genome
comparison (Nimblegen microarray) between the Temecula strain (ATCC) and a Texas strain (Gil Bec 514).  Gene regions
with potential single nucleotide polymorphisms (SNPs) were further analyzed by individual gene sequencing.  We sequenced
four genes (pilY, a multi-drug efflux transporter, a phage-related tail protein and a periplasmic protease) for five Texas PD
strains in triplicate.  On one gene all Texas strains showed one SNP difference from the Temecula strain, two genes showed
variable SNPs with only some Texas strains giving a complete match with Temecula.  Finally, one gene showed one or more
SNP difference between all Texas PD strains and Temecula. These SNP differences will be compared to other genetic
analyses to determine the most reliable method for identifying genetic variability within Texas.



- 107 -

Section 4:

Pathogen

and Disease

Management



- 108 -



- 109 -

GRAPE ROOTSTOCK VARIETY INFLUENCE ON PIERCE’S DISEASE SYMPTOMS IN CHARDONNAY

Principal Investigator:
Peter Cousins
Grape Genetics Research Unit
USDA-ARS
New York State Agric. Exp. Station
Geneva, NY  14456
peter.cousins@ars.usda.gov

Co-Principal Investigator:
John Goolsby
Beneficial Insects Research Unit
USDA-ARS
Kika de la Garza Subtrop. Agric. Res. Cntr.
Beneficial Insects Research Unit
Weslaco, TX  78596
john.goolsby@ars.usda.gov

Reporting Period: The results reported here are from work conducted October 2008 through September 2009.

ABSTRACT
Chardonnay is a Vitis vinifera scion variety that is susceptible to Pierce’s disease (PD).  We are evaluating the effect of
rootstock variety on PD symptom expression in Chardonnay grown in an experimental vineyard at Weslaco, Texas with high
natural PD pressure and abundant vectors, including glassy-winged sharpshooter.  The rootstocks under evaluation are Dog
Ridge, Florilush, Tampa, Lenoir, and Freedom.  Natural Xylella fastidiosa (Xf) infection is permitted to test the effect of
rootstock variety on PD in the Chardonnay scions.  Vines grafted on Dog Ridge are much larger than on other rootstocks,
which are similar in size; PD symptoms in vines grafted on Dog Ridge were the lowest observed amongst the rootstocks.

LAYPERSON SUMMARY
Rootstocks that reduce Pierce’s disease (PD) symptoms of the scion could be one way to reduce damage from PD without
changing scion varieties or clones.  Rootstocks have been reported to reduce PD symptoms, but have not definitely been
shown to provide or confer sufficient protection against PD to be recommended as a PD management tool.  We are
evaluating several rootstocks in a PD prone area, the Lower Rio Grande Valley of Texas.  Chardonnay (PD susceptible) vines
grafted on Dog Ridge rootstock were the largest in the trial and had the fewest PD symptoms.

INTRODUCTION
Rootstocks are widely in use in viticulture to manage damage from soil-borne pests and provide adaptation to soils.  In citrus
(He et al. 2000) and peach (Gould et al. 1991), rootstock variety has been reported to impact expression of Xylella fastidiosa
(Xf) diseases in scions.  Pierce (1905) reported that rootstock variety affected expression of "California vine disease"
(Pierce’s disease; PD) in grape.  Grape rootstock trials in Mississippi showed a large effect of rootstock trial on vine
longevity in a region recognized for high PD pressure (Loomis 1952, 1965, Magoon and Magness 1937).  If grape rootstocks
could contribute PD resistance or tolerance to their scions, this would be a major benefit to viticulture in PD prone areas.
Elite wine, juice, and table grape varieties could be grown in areas where viticulture is currently restricted to PD resistant and
tolerant varieties whose consumer appeal is low.

The Rio Grande Valley is an excellent location for the field evaluation of PD resistant plant germplasm and PD management
techniques.  Many insect vectors of Xf are native to the region, including the glassy-winged sharpshooter.  Susceptible
grapevine varieties are infected naturally with Xf in the vineyard and demonstrate characteristic PD symptoms and decline.
The Rio Grande Valley is similar to many viticultural regions in California; the region is flat, irrigated, and supports multiple
types of crops (citrus, grains, vegetables) in close proximity.  The Rio Grande Valley is an ideal test environment due to
heavy PD pressure, with abundant vectors and inoculum, in contrast to many other locations, especially California, which
demonstrate substantial cycling of PD incidence.  The USDA Agricultural Research Service Kika de la Garza Subtropical
Agricultural Research Center in Weslaco, Texas is located in the heart of the Rio Grande Valley and provides an ideal
experimental location for the evaluation of PD management practices, including rootstock evaluation.

Five rootstocks are being evaluated in this project.  Freedom is a complex interspecific hybrid developed as a root-knot
nematode resistant rootstock by the USDA ARS, Fresno, California (Clark 1997); its parentage includes Vitis vinifera, V.
labrusca, V. x champinii, V. solonis, and V. riparia (Garris et al. 2009).  Freedom is widely used in California viticulture.
Dog Ridge is a V. x champinii selection recognized for its nematode resistance and resistance to PD, but it is rarely used as a
rootstock.  Lenoir, most probably a V. aestivalis/V. vinifera hybrid, was used historically as a rootstock and presently is
cultivated as a wine grape in PD prone regions (including some parts of Texas) (Galet 1988).  Tampa (Mortensen and Stover
1982) includes a V. aestivalis selection and the juice grape Niagara (a V. labrusca hybrid) in its parentage.  Florilush
(Mortensen et al. 1994) is a selection from the cross Dog Ridge x Tampa.  Both Florilush and Tampa were selected by the
University of Florida as PD resistant rootstocks for bunch grapes.  PD resistance is necessary for rootstock mothervines to
thrive in Florida, so the PD resistance of Florilush and Tampa should not be construed necessarily as contributing to the PD
response of the scions.
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OBJECTIVE
To evaluate the impact of rootstock variety on expression of PD symptoms in naturally infected PD susceptible Vitis vinifera
scion varieties Chardonnay.

RESULTS AND CONCLUSIONS
Grafted vines of Chardonnay on five rootstocks (Freedom, Tampa, Dog Ridge, Florilush, and Lenoir) were planted at the
Kika de la Garza Subtropical Agricultural Research Center in Weslaco, Texas in July, 2006.  Evaluation of PD response of
the vines began in 2007.  Experimental vineyard establishment was good and several vines flowered and fruited in 2007 and
2008.

Symptoms on leaves were assessed in October 2008.  Percent leaves with marginal necrosis symptom of PD were determined
for each vine.  Dormant pruning was conducted in January, 2009, and the weight of prunings of each vine, head trained and
spur pruned, was collected.

Table 1. Marginal leaf necrosis and dormant pruning weight of vines by rootstock

Rootstock Number
of vines

Mean % leaves with marginal
necrosis, Oct. 2008

Weight of dormant prunings,
Jan.  2009, kg

Florilush 7 7.0 0.41
Freedom 9 9.0 0.41
Lenoir 10 4.4 0.46
Tampa 10 5.0 0.48
Dog Ridge 10 3.2 1.08

Preliminary results (Table 1) indicate that Chardonnay vines grafted on Dog Ridge were the largest and had the least PD
symptoms.  Additional years of vineyard observations will be necessary before making rootstock recommendations based on
vineyard performance.  In the Lower Rio Grande Valley at the USDA ARS research vineyard, vines are not demonstrating
downy mildew or black rot or more than slight powdery mildew infection; PD remains the chief disease in the research
vineyard.
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ABSTRACT
Xylella fastidiosa (Xf), a xylem-limited Gram-negative bacterium, is the causative agent of Pierce’s disease (PD).  A key
feature of Xf resides in its ability to digest pectin containing pit pore membranes inside the xylem elements permitting its long
distance movement enhancing its virulence and vector transmission.  In this project we are analyzing the efficacy of xylem
targeted effector proteins like polygalacturonase inhibiting protein (PGIP) and a chimeric antimicrobial protein to restrict the
movement and to clear Xf. The expectation is that expression of these proteins will prevent Xf movement and reduce its
inoculum leading to a reduction of the spread of PD.  Transgenic grapevine plants expressing either PGIP, the human
neutrophil elastase-cecropin B (HNE-CECB) chimeric antimicrobial protein and pgip-HNE-CECB have been obtained and
the first batches have been tested to validate their efficacy against PD.

Plants expressing pear PGIP have five different modifications to better understand its ability to restrict disease spread.  Four
of the PGIPs contain different signal peptide sequences (to identify which most efficiently localizes PGIP to xylem tissues
and which provides the best distribution through the graft union into untransformed scion tissues) and one without a signal
peptide which serves as a control.  Based on PGIP activity eight of 10 mPGIP, two of five Ramy, three of 11 XPS, eight of
11 ChiPGIP and six of 10 NtPGIP in vitro lines have been transferred to the greenhouse.  Fifteen of 27 PGIP transgenic lines
(one mPGIP, eight ChiPGIP and six NtPGIP) have been manually inoculated with Xf and are in early stages of evaluation for
tolerance to PD and movement of PGIP protein.  The remaining mPGIP, Ramy, XPS and Chi lines are in the process of
multiplication for future Xylella infection challenge experiments.

Transgenic grapevine plants expressing a chimeric anti-microbial protein HNE-CECB with its own signal peptide and pgip-
HNE-CECB expressed with the signal peptide from pear PGIP have been obtained.  The expressed chimeric anti-microbial
protein have two functional domains, one (the surface recognition domain, SRD) that specifically binds to the Xf outer-
membrane protein MopB and the other domain inserts into the membrane causing pore formation that results in the lyses of
Xf causing its mortality. Twenty-one of 36 HNE-CECB transgenic grapevine lines have been manually inoculated with Xf in
the greenhouse. Observations from the first two rounds are very promising - five of these transgenic lines had low, and six
lines had moderate symptoms when compared with wild type Thompson seedless control plants whose symptoms were
severe. Magnetic resonance imaging (MRI) of stem sections revealed a variation in number of vessels clogged between
negative control and transgenic lines.  The remaining HNE-CECB and pgip-HNE-CECB are in the process of greenhouse
multiplication to conduct future Xylella challenge infections.

LAYPERSON SUMMARY
Transgenic grapevines are being evaluated as rootstocks to mobilize two types of effector proteins to control Pierce’s disease
(PD) in wild type scion cultivars grafted to such rootstocks. The growth and productivity of grapevines is compromised by
growth and movement of Xylella fastidiosa (Xf), its invasion of individual xylem elements and its ability to colonize and
occlude the water-conducting vessels which stresses the plant leading to its death.  In this project we are analyzing the
efficacy of xylem targeted effector proteins like polygalacturonase inhibiting protein (PGIP) and a chimeric antimicrobial
protein, the former to restrict the movement Xf across xylem elements reducing its pathogenicity and the latter to clear Xf
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preventing its ability to colonize.  Plants expressing PGIP have five different modifications to better understand its ability to
restrict disease spread.  These plants are being evaluated in the greenhouse for resistance to PD and in grafted plants to
evaluate the long distance movement of PGIP.  We have also evaluated 21of 36 HNE-CECB that we have in the greenhouse
for clearance of Xf. We have obtained good evidence that at least four of the 11 evaluated lines show good tolerance to Xf
infection and magnetic resonance imaging (MRI) of infected stem sections further revealed less number of vessels clogged in
the transgenic as compared to control grapevine plants indicating clearance of the infected bacteria.  Further experiments with
these transgenic lines will confirm the efficacy of these two effector proteins in controlling this important disease of
grapevines.

INTRODUCTION
Pierce’s disease (PD) in grapevines is a vector transmitted disease where the causative agent a Gram-negative bacterium
Xylella fastidiosa (Xf) is deposited into the xylem tissue by the feeding action of the glassy-winged sharpshooter (GWSS), the
insect vector that efficiently transmits the disease and is of greatest concern to growers in California.  The virulence of the
bacterium is associated with its ability to colonize xylem and its ability to move through pit pore membranes into adjacent
water conducting elements (Roper et al. 2007).  The growth and productivity of grapevines is compromised by growth and
movement of this bacteria that limits itself to xylem tissues and its ability to occlude the water-conducting vessels.  The
University of California reported that the disease destroyed over 1,000 acres of California grapevines between 1994 and
2000, causing $30 million in damages.  Globally, one-fifth of potential crop yields are lost to plant diseases primarily of
bacterial origin.  Our strategy is based on developing and testing proteins that will limit movement of Xf and proteins that will
clear the bacteria.  Xylem, the target tissue for this organism, is composed of nonliving cells (tracheids and vessel elements)
which join end to end to form water-conducting “pipes” from roots to the leaves and fruits.  We are developing a transgenic
rootstocks that will produce proteins that can migrate through the graft union into the xylem of the scion to immobilize and
clear infecting Xf bacteria (Aguero et al. 2006).  We have previously shown that grapevine plants expressing a
polygalacturonase inhibitory protein (PGIP) are able to protect the plant presumably by limiting the movement of Xf (Aguero
et al. 2005).  Recently, it has been shown that Xf expresses a polygalacturonase (PG) a virulence factor that it uses to degrade
the pectin containing pit pore membranes in grapevines allowing it to move from one xylem vessel to another (Roper 2007).
We also showed that expression of PGIP in grapevine rootstocks is associated with secretion of this protein into the xylem
and it movement through the graft union and its presence in xylem sap of the grafted wild type scion grapevine (Aguero et al.
2005).  Because Xf is xylem-limited, xylem-targeted expression of transgenic therapeutic proteins, such as PGIP and potential
antimicrobial proteins needs to occur to prevent and control PD infestations.  Signal peptides control entry of virtually all
proteins to the secretory pathway in both eukaryotes and prokaryotes.  The N-terminal part of the amino acid chain is cleaved
off when the protein is translocated through the endoplasmatic recticulum membrane (Nielsen 1997).  Signal peptides are
generally interchangeable, so proteins that are not usually secreted can become secretion-competent through attachment of a
signal peptide to the N-terminus of the mature protein, allowing its entry into the vesicular transport system (Vitale and
Denecke 1999).  We and others have characterized proteins naturally secreted to the xylem of grapevines as they are
excellent sources of potential signal peptides (Aguero et al. 2008; Jain and Basha 2003).  Our final goal is to use signal
sequences from grapevine xylem proteins to deliver therapeutic proteins into the xylem of transgenic rootstocks, thus
conferring resistance to PD in the entire plant without modifying the scion or affecting the fruit.  Additionally we have taken
a structure-based approach to develop a chimeric anti-microbial protein for rapid destruction of Xf (Kunkel et al. 2007). The
designed chimeric anti-microbial protein has two functional domains, one a surface recognition domain, SRD that
specifically targets the bacterium’s outer membrane and the other domain contains a lytic protein to lyse the membrane and
kill Xf. In this chimera, human neutrophil elastase (HNE) is the SRD that recognizes MopB, the major outer membrane
protein of Xf (Bruening et al. 2002).  The second domain is cecropin B, a lytic peptide that targets and lyses Gram-negative
bacteria (Kunkel et al. 2007). We have combined HNE and cecropinB using a flexible linker so both components can bind
simultaneously to their respective targets. Our strategy of combining a pathogen recognition element and a pathogen killing
element in the chimeric molecule is a novel concept and has several immediate and long term impacts.  The strategy is based
upon the fundamental principle of innate immunity in which pathogen clearance occurs in three sequential steps: pathogen
recognition, activation of anti-microbial processes, and finally pathogen destruction (Pieters 2001, Baquero and Blazquez
1997).

OBJECTIVES
1. Evaluate the efficiency of different signal sequences in targeting PGIP to grapevine xylem tissue, through the graft

union, and inhibiting infection with Xf.
2. Validate expression of chimeric antimicrobial proteins in transgenic grapevines, test for anti-Xf activity in planta, and

test for graft transmissibility.

RESULTS AND DISCUSSION
1.  Evaluate the efficiency of different signal sequences in targeting PGIP to grapevine xylem tissue, through the graft union,
and inhibiting infection with Xf:
12 mPGIP, 5 Ramy, 11 XSP, 11 ChiPGIP and 10 NtPGIP, plants were assayed for polygalacturonase inhibiting activity in
transgenic tissue extracts to validate the introduced transgene expression and were found to display a range of PG inhibitory
activity from 0-22%, 0-44%, 0-28%, 0-57 % and 0-45 %, respectively corresponding to the source of  the indicated signal
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peptide (Table 1).  The ChiPGIP expressing plants displayed the greater number of lines with strong inhibition than the other
lines and all lines assayed showed some level of polygalacturonase inhibiting activity.  Also, compared to ChiPGIP there
were more lines, three Ramy, five NtPGIP vs one ChiPGIP, which had barely detectable inhibitory activity (Table 1).  Based
on PGIP activity eight mPGIP lines with none (expected) to medium, two Ramy with strong, three XPS with medium, six
ChiPGIP with medium to strong  and eight NtPGIP with medium to strong PGIP activity  have been transferred to the
greenhouse and acclimated (Figure 1 A, B).

Each acclimated transgenic line was propagated to obtain four-
six plants (Figure 1C) that are used as mother plants for
further propagation to provide cuttings for Xylella infection
and grafting experiments. From each line, 25-35 plants are
propagated (from cuttings) at the same time (Figure 1D-F).
Xylella infection experiments are done in multiple rounds.
Each round consists of five-six transgenic lines and two
controls, wild type Thompson (TS) and TS50 as negative and
positive control, respectively.  Each round of experiments
includes 30 plants from each transgenic line, 15 of these are
inoculated and the remaining 15 are non-inoculated controls.
The positive control, T50 is a transgenic PGIP expressing
grapevine previously described (Aguero et al. 2005).

Transgenic TS and controls (wild type TS and TS50) plants
are inoculated with 20µl of the GFP expressing Xf 3A2
(Newman et al. 2003) containing ~20,000,000 cells.  The
plants are inoculated with 10 µl the first day and re-
inoculated with 10μl the second day; for each inoculation an
independently grown Xylella culture was used. The Xylella
is introduced to each plant approximately three-four inches
above the soil using an insect pin number zero as shown in
the Figure 1G.  Plants are pruned regularly and kept
approximately 90-100cm tall until PD symptoms appear.
The time required to conduct each round of Xylella challenge
is 33 to 37 weeks, starting from in vitro plants transferred to
greenhouse until the appearance of the first PD symptoms
(Figure 2).

Fifteen of 27 PGIP transgenic lines (one mPGIP, eight ChiPGIP and six NtPGIP) have been manually inoculated (Almeida
and Purcell 2003a) with Xf and they are in early stages of evaluation for tolerance against PD.  Inoculated grapevines will be
evaluated for symptoms of PD after three months.  The remaining mPGIP, Ramy, XPS and Chi lines are in the process of
multiplication for Xylella challenge in the greenhouse.  Those lines that show low or moderate PD symptoms after manual
inoculation will be tested by insect inoculation of Xylella (Almeida and Purcell 2003b). Transgenic grapevines after
inoculation with Xf are scored for PD symptoms at regular intervals after infection using a standardized score based on
percentage of leaf area  scorching , a characteristic of PD (Krivanek et al. 2005a, 2005b).

Table 1. Current status of testing of transgenic Vitis vinifera var Thompson Seedless grapevines  lines
expressing PGIP fused with different signal peptides

No. Signal
peptide

Binary
Vector

Plant
Lines

(+) PCR
for PGIP

(+) PGIP
Activity

Moved to
Greenhouse

Xf
inoculated

Lines
grafted

1 none pDU05.1002 12 10 9 8 1 1
2 Ramy pDU05.0401 5 5 4 2 0 0
3 XSP pDA05.XSP 11 11 5 3 0 0
4 Chi pDU06.0201 11 11 10 8 8 1
5 Nt pDU05.1910 10 10 5 6 6 1
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Figure. 2 Xylella Infection Experiment Timeline (Weeks)
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Figure. 2 Xylella Infection Experiment Timeline (Weeks)

33-37 Weeks

To evaluate the efficiency of secretion each
transgenic line expressing each of the signal
sequences fused to PGIP will be used as
transgenic rootstocks grafted to wild type scion.
After growth xylem sap will be extracted from
the stem and leaves of the wild type scion to
evaluate the amount of PGIP that is
translocated via the xylem into the wild type
tissues.  We have initiated grafting experiments
where selected transformed lines (rootstocks)
were grafted with wild type TS (scion).  The
movement of the PGIP protein from the
rootstock up into the xylem of the wild type
scion was evaluated using the radial assay
(Aguero et al. 2005). Preliminary testing of
PGIP activity using leaf extracts and xylem sap

from non-grafted TS50 (positive control), ChiPGIP 45-35 and ChiPGIP 45-83 showed PG inhibiting activity.  The same lines
when grafted also showed inhibiting activity from leaf extract and xylem sap.  TS50 showed the highest activity in grafted
and non-grafted leaf and non-grafted xylem sap.  Interestingly xylem sap from Chi45-35 and Chi45-83 showed a greater
inhibition when they were grafted with wild type TS as compared to non-grafted, indicating that the PGIP was moving quite
efficiently from the rootstock to the scion with these particular signal peptides (Figure 3).

Figure 3.  Zone inhibition assay to evaluate PG inhibition activity. A, assay plate image; B, percent
inhibition measured in the assay. Leaf extracts and xylem sap from non-grafted and grafted transformed
TS50, CHI 45-35 and CHI 45-83 lines were positive for PGIP activity. Transgenic mPGIP 31-32 that has
no signal peptide and wild type TS that has no PGIP show no inhibitory activity. PG is the negative control
and TS50 is a positive control.

2.  Validate expression of chimeric antimicrobial proteins in transgenic grapevines, test for anti-Xf activity in planta, and test
for graft transmissibility.
Transgenic grapevine plants were obtained as described in earlier reports with the two constructs, pDU04.6105 (Elastase-
Cecropin = HNE-CECB) and pDA05.0525 (pgipSP-Elastase-Cecropin= pgipHNE-CECB).  Sixteen of 21 HNE-CECB lines
are currently being evaluated for resistance/tolerance to PD.  The first two rounds of infection have been completed for the
testing of 11 transgenic lines.  First PD associated leaf scorch symptoms were visible on control TS grapevines within six-
seven weeks post inoculation which consists of cane color change to red and scorching around outer edge of the lower leaves.
Most transgenic HNE-CECB expressing lines showed less or delayed disease symptom compared to non-transgenic control
and five lines were substantially more resistant than the rest (Figure 4).  PD symptoms on each of the infected plants were
numerically scored based on percentage scorch (Table 2).
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Table 2. Disease phenotypic scoringa for transgenic grapevines infected with Xf.

Mean Mean Mean Mean

Round 1 7 weeks post-
inoculation

11 weeks post-
inoculation Round 2 10 weeks post-

inoculation
14 weeks post-

inoculation
TS 0.73 4.90 TS 4.15 4.40
40-39 0.80 4.18 40-36 2.30 3.00
40-41 0.80 3.34b 40-74 2.80 3.10
40-151 0.14 b 2.70b 40-89 2.00 b 2.50b

40-168 0.50 3.74 40-92 1.50 b 2.50b

40-179 0.60 4.78 40-146 2.12 b 2.50b

aScoring system is base on scale of 0 to 5, 0 = 0% and 5 = 40-157 2.30 3.10
100% scorch (leaf dropped). bP value is less than 0.001.

MRI images from stem sections from approximately 15-20cm above point of inoculation reveal clearance of bacterial
inoculums in transgenic lines expressing less PD symptoms correlated to a variation in number of vessels clogged between
negative control and transgenic lines (Figure 5).  To obtain MRI xylem vessel cross section images an Avance 400
instrument was used.  Instrument setting was: TR: 110.7, TE: 4.5ms, FA: 30.0deg, TA: 1:25NEx4, FOV: 1.2cm, MTX
256/192, Pos-0.80mmF.

CONCLUSIONS
The main objective of this project is to validate the efficacy of xylem targeted effector proteins like polygalacturonase
inhibiting protein (PGIP) to limit movement and a chimeric antimicrobial protein to clear Xf.

PGIP transgenic grapevines lines that are secreted with four different signal peptides are being evaluated for their improved
ability to secrete PGIP long distance through the graft union. These plants are also being manually inoculated with Xf to
evaluate increased tolerance against PD associated with increased secretion efficiency associated with specific signal peptide
sequence.  Initial grafting experiments showed that Chi signal peptide mobilized PGIP efficiently when Chi transgenic plant
was used as rootstock to the TS wild plant used as scion.

Eleven HNE-CECB transgenic grapevine lines have been evaluated for PD resistance by inoculating with Xf. Several
promising transgenic lines showed low or moderate symptoms of PD. MRI stem sectioned images revealed a variation in
number of vessels clogged between negative control and HNE-CECB transgenic lines indicating that clearance of the bacteria
may be occurring in some of the transgenic lines.

Round 1 Round 2

40-151 TS 40-89 TS

Figure 4. Leaf number 8 above point of inoculation harvested 10 -11 weeks
post-inoculation

41-151 TS 40-92 TS

Round 1 Round 2

Figure 5. MRI images from experimental and non-transgenic control (TS).
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ABSTRACT
Xylella fastidiosa (Xf) can persist as an endophyte or a pathogen depending on the host with which it is associated.  We
established that cell death symptoms in susceptible grapes result from the activation of programmed cell death (PCD)
pathways with morphological markers of apoptosis.  The goal of this project is to identify novel genes from cDNA libraries
of either grape or heterologous plants that are capable of suppression of Pierce’s disease (PD) symptoms when expressed
constitutively as transgenes.  Using a functional cDNA screen, we identified several novel genes from grape and
heterologous plants that suppressed PCD when expressed as transgenes.  In 2007, we reported transgenes PR1 and CB456,
expressed in the root stock cultivar Freedom, suppressed PD symptoms.  In 2008, we reported comparable suppression of PD
symptoms and a 4-6 fold reduction in the amount of bacteria present in inoculated transgenic Thompson Seedless plants
expressing PR1 and CB456 fused to the 35S promoter when compared with untransformed control plants.  All of the
untransformed control plants died within two-three months after inoculation while the transgenic plants were asymptomatic
up to 12 months, after which they were pruned, and cuttings made for a second inoculation.  Current results from 2009
inoculations confirm the protection observed in 2008 and indicate a positive relationship between message level of CB456, a
reduction in PD symptoms and a several fold reduction in bacteria titre in the inoculated plants. From the perspective of the
grape-bacterial interaction, it appears that the anti-PCD genes tested to date suppress PD symptoms and functionally confine
the bacteria to an endophytic ecology in the xylem equivalent to that seen in the related asymptomatic host Vitis californica.
Experiments underway will determine if the protective effect of these genes is capable of being transferred across a graft
union to protect a susceptible scion.  In total, eight commercial wine varieties will be evaluated under controlled greenhouse
conditions for susceptibility to PD when grafted to transgenic and to untransformed rootstocks as controls.

LAYPERSON SUMMARY
The mechanism by which Xylella fastidiosa (Xf) leads to death of susceptible grape plants is by activation of a genetically
regulated form of programmed cell death (PCD), also known as apoptosis, which is functionally conserved in both animals
and plants.  Altered expression of known apoptosis-blocking animal and animal virus genes is a widely sought strategy for
suppressing disease in animals where cell death is a basis for disease.  We developed a functional screen for anti-PCD plant
genes, identified six potential anti-PCD genes from cDNA libraries of grape, and transformed them into Pierce’s disease (PD)
susceptible plants.  Two of these grape sequences (PR1 and CB456), when constitutively expressed as transgenes in
susceptible grape lines, suppressed PD symptoms and reduced bacterial titer in the inoculated plants.  These protective
sequences are capable of being secreted outside the cell and will be evaluated for their ability to protect untransformed
winegrape scions across a graft union.  The current efforts will move the proof-of-concept protection strategy to potential
application and quantify the effect of the transgenes on the bacteria resident in the plants.  The eight inoculated
untransformed winegrape varieties used as controls will simultaneously provide quantitative data on their relative
susceptibility of to PD, a data set which at the present does not exist.

INTRODUCTION
Published information from our laboratory and others established that susceptibility of several plants to a range of pathogens
depends on the ability of the pathogen to directly or indirectly trigger the activation of genetically determined pathways
leading to apoptosis or programmed cell death (PCD) (1,2,3,4,9).  The induction of PCD results in an orderly dismantling of
cells that includes maintaining integrity of the plasma membrane until internal organelles and potentially harmful contents
including phenolics, reactive oxygen and hydrolytic enzymes have been rendered harmless to contiguous cells.  However,
when the cell contents are released in this manner they can serve as nutrients for microbial cells when they are present in the
immediate environment (1, 7).  Hence, bacteria, like Xylella fastidiosa (Xf) ,could receive nutrients from cells adjacent to the
xylem that are triggered to undergo PCD and gradually releasing contents of the grape cell into the apoplastic space
surrounding the xylem.  These discoveries parallel investigations, now widely reported and accepted in human medicine,
whereby genes, signaling pathways and chemical signals expressed by animal pathogens initiate infection by activating or
blocking apoptosis through constitutive gene expression or signaling pathways present in all cells.  Hence, this research on
Pierce’s disease (PD) is conducted within a global context in which the process of PCD with apoptotic morphologies is
functionally conserved across the animal and plant kingdoms.  Altered expression of known apoptosis-blocking animal and
animal virus genes, or treatment with anti-apoptotic pharmacologically active peptides, and  regulatory RNAs have been
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shown to block PCD and suppress disease in plants where cell death is a symptom of disease, as is the case of PD
(2,3,4,5,6,10).

In the case of Xf and many other plant pathogenic bacteria, the bacteria live predominantly as endophytes or epiphytes but
occasionally as pathogens.  The relative susceptibility of the individual plant species is determined by unknown genetic
factors.  Presumably, sensitivity to the presence of the bacteria expressed as cell death-dependent symptoms is the result of
signals expressed by the bacteria that lead to activation of PCD as appears to be the case with PD.  With past funding we 1)
developed a functional screen that enabled us to identify six novel genes (out of ~200,000 screened) from grape that
suppressed programmed cell death (PCD) in laboratory studies (7, 11).  We reported in 2008 (8) that the first of these genes
tested involving two different anti-PCD DNA sequences (P14LD and CB456) were very effective in suppressing PD
symptoms when introduced into the fruited PD-susceptible cultivar Thompson Seedless.  Of equal importance to control of
the disease was data indicating that  the bacterial titer in the protected plants were reduced in amount by up to two to four
orders of magnitude below that reached in untransformed Thompson Seedless vines that are killed within two months after
inoculation.  Analysis of the disease level in transgenic and non-transformed control plants was based on a five point visual
rating scale, measurement of the bacterial titer by quantitative qPCR, and visualization of the GFP-expressing Xf by confocal
microscopy (8).  These results established that protection is related to suppression of symptoms (cell death) and suppression
in bacterial multiplication.  We have extended the analysis to include additional transgenes, quantitatively measured the
amount of bacteria present by qPCR in plants expressing different transgenes, and measured the movement of bacterial in
transgenic and control plants.  Initial data indicates a positive correlation between the qPCR determined bacterial titre and the
message level of CB456; high message, low bacteria titre.  Lastly, the protective sequences are active in suppression of PD
only when secreted outside the cells suggesting they may function across a graft union.  This latter possibility is being tested
with eight commercial grape varieties grafted to two different rootstocks expressing PR1 and CB456.

OBJECTIVES
1. Continue to evaluate recently obtained Thompson Seedless transgenic grape plants expressing the six candidate anti-

apoptotic genes for blocking of PD symptoms (Table 1 and Figure 1).
2. Determine the bacterial movement within an inoculated susceptible grape stem by qPCR over time following inoculation

(Figure 1).
3. Assess relationships between message level of CB456 and PR1 and the  level of bacterial titre in transgenic plants

(Figure 2).
4. Measure the effect, over a time course, of blocking PD symptoms with anti-apoptotic transgenes on Xf bacterial

population levels and movement in the xylem by quantitative PCR (qPCR) and confocal laser scanning fluorescence
microscopy to monitor GFP-tagged Xf . (Figures 2 and 2A)

5. Assess efficacy of protection against PD across a graft union by PR1 and CB456, first with Thompson Seedless. (Figure
3).

6. Perform parallel inoculations of the suite of eight winegrape varieties both on their own rootstocks and on untransformed
Freedom and Thompson Seedless rootstocks. This objective addresses the research priority in the RFP regarding short
term collection of quantitative data of the relative resistance (susceptibility) of commercial winegrape varieties.

7. Secure patent protection as intellectual property for those genes that prove to be capable of blocking PD in grape.
8. Collaborate with PIPRA to obtain permits to enable field evaluation of transgenic PR1 and CB456 in a location

providing for controlled inoculation.

RESULTS AND DISCUSSION
Genes identified as potential anti-PCD genes from the conditional life-death screens and cross graft protection
potential.
The protective genes or DNA sequences, isolated by a functional anti-PCD screen, have been described in earlier reports to
this symposium and the results of inoculation of the first set of transgenic plants of Cv Freedom  and Thompson Seedless
were reported in 2007 and 2008 (7,8).  In summary of the previous results, resistance against PD was observed in the
susceptible grape rootstock by the first two anti-apoptotic transgenes tested,  P14LD and 350 bp DNA sequence associated
with a plant pathogenic nematode up-regulated gene designated p23.  The expression of these two sequences, not only
protected the transgenic plants against PD symptoms and plant death but maintained the population of Xf at four or more
orders of magnitude below the level observed in untransformed plants that died within 2 months (107 to 108 bacteria per gram
of stem tissue) compared with the asymptomatic transgenic plants that carried a level of 102 to 104 cells/gm stem tissue.  We
are continuing to extensively evaluate the remaining four potential anti-PCD genes using the easily transformable susceptible
test variety Thompson Seedless.  These results have been extended to experiments designed to determine if the protection
afforded by a rootstock expressing these transgenes can protect the scion of susceptible commercial winegrape varieties.
Selected asymptomatic P14LD and CB456 transgenic Thompson Seedless and Freedom (commercial rootstock) plants were
propagated and are being grafted to eight commercial winegrape varieties; Chardonnay, Pinot Gris, Sauvignon Blanc,
Cabernet Sauvignon, Pinot Noir, Zinfandel, Syrah and Merlot.  These combinations are being tested first under controlled
greenhouse conditions.  Plans are made to for field testing if the greenhouse results are positive. The first set of  grafted
plants have been inoculated with Xf. Data collection is scheduled to begin in November (Figure 3; example of micro-
propagated grafted plant).
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Controlled inoculation of Thompson Seedless grape plants expressing anti-apoptotic genes.
Clonal populations of transgenic lines bearing the genes indicated in Table 1 and additional copies of transgenic PR1 and
CB456, the plants were trained to grow as two or three canes and maintained by periodic pruning of side and top branches as
illustrated in Figure 1.  The transformed plants were individually inoculated April 29 through May 1 of 2009.  The
inoculation method was by needle puncture of the stem to allow uptake of 20 µl of GFP-tagged Xf at 2 x 107 cfu/ml.  The
plants were monitored visually for symptoms with each plant being photographed at four-five months post-inoculation
(Figure 1).  The level of Xf bacteria was monitored by qPCR for bacterial movement and multiplication.  Plants were initially
scored for disease severity in October 2009, using a five point scale (1=dead and 5= asymptomatic).  Representative control
(scored as 1) and transgenics (scored as 5) are shown in Figure 1.  Data collection and qPCR analysis of all the plants in
Table 1 is continuing.  We anticipate completion of this extensive data set by the end of 2009.

The effect of anti-apoptotic transgenes on Xf bacterial populations measured by qPCR
The effect of blocking PCD-based symptoms in the transgenic PR1 and CB456 plants on the bacterial multiplication and
spread is not known but is critical to establish the limiting parameters of protection against PD.  The first experiment in this
series was to stem-inoculate control and transgenic CB456 plants with Xf. Inoculated canes were sampled at 1 cm sections
from the point of inoculation to 20 cm above the inoculation site (Figures 2 and 2A).  Bacterial movement in the susceptible
control plant was limited to the first 10 cm at three weeks post inoculation with an average titre of 500 to 1,000 cells per cm
of stem but by three months had progressed to the 20 cm distance with a relatively uniform distribution in all sections of 106

to 107 cells per cm of stem (Figure 2).  In contrast, the CB456 had no detectable bacteria (<100 cells) in any of the stem
sections at the three week interval but cell numbers increased by the three month while the transgenic plants remained
asymptomatic.  At three months, the distribution of cells in the CB456 transformed plants was uniform over the 20 cm length
at a titre of 5x103 to 104 cells per cm.  The net effect of the CB456 transgene under these conditions is to limit bacterial titre
but not distribution/movement of bacteria in the asymptomatic plants.

Relationship between the level of Xf bacteria in the grape stem to the quantitative expression level of transcript
CB456. A question of biological importance is the relationship between the amount of message, bacterial titre in the stem
and PD symptoms. Figure 4 shows the results of the first experiment using CB456 as the target wherein there is a strong
positive relationship between high message level and suppression of Xf bacterial titre in the inoculated transgenic CB456.
The transcript level and bacterial titre  in the stem were  measured by simultaneous qPCR (Figure 4 with representative
plants).  Another point is apparent from these data; there is a wide range of expression levels of the CB456 transcript seen in
independent transformants.  This underscores the need to assay multiple transformants as in any genetic screen.  The net
result is that,  given the observed relationship between message level and protection level, it is important to establish the level
of transcript expression when selecting individual transformant plants to propagate and carry forward as rootstocks or clonal
populations of potential protected plants. These analyses will continue until all current populations of plants bearing the
respective transgenes have been characterized.

Assessment of potential protect of untransformed scions from transformed rootstock expressing PR1 and CB456
Micro-grafting is conducted in sterile Magenta GA-7 Plant Culture Boxes (3 x 3 x 4") containing 50 ml media under a 16 h
light, eight h dark photoperiod at 25oC.  The rootstocks and scions for micro-grafting are selected from established, actively
growing plants in agar culture. Rootstock plantlets obtained in vitro are allowed to grow until several leaves are produced
(six–eight weeks) and divided into three–four explants, each containing a single node.  The apex of the rootstock nodal
explants arr then cut longitudinally with a new, sharp scalpel blade, producing a small (two–four mm) longitudinal cleft, and
placed on the medium.  A scion with a single node and a leaf was selected to match the size of the rootstock.  The basal part
of the stem of the scion was cut into a wedge to match the cleft of the rootstock and was carefully fitted on to the cleft of the
rootstock on the medium.  After four weeks incubation healing in a magenta box, the rooted plantlet is transferred to sterile
soil and covered with an inside out plastic bag to avoid desiccation.  The bag is slowly removed over a one week period and
the grafted plant is ready to be transferred to the greenhouse for assays.  Success rate is greater than 90% using this
procedure.  The first set of grafted plants was moved to the greenhouse June 2009.

CONCLUSIONS
The experiments and results described herein indicate progress toward identifying DNA transcripts of grape which, if
regulation of the natural transcripts is altered in transgenic plants, result in the suppression of symptoms of PD with an
associated limitation in bacterial titre to levels generally associated with a benign endophytic association.  A natural example
of such an asymptomatic endophytic relationship is given by Vitis californica where the bacterial titre (~102 to 104 cells per
cm stem) is similar to the asymptotmatic PR1 and CB456 transgenic plants.  In contrast, untransformed control plants
exhibiting PD death symptoms had bacteria levels four orders of magnitude higher.  Further, we observed a positive
relationship between high message levels of CB456 with  suppressed symptoms of PD and suppressed bacterial titre in the
protected plants.  To date the most effective of the anti-PCD transgenes are a pathogenesis related gene designated PR1 and a
non-coding 350 bp DNA sequence associated with a nematode up-regulated gene designated p23. Rootstocks derived from
transgenic PR1 and CB456 plants, shown to be protected against PD symptoms, have been grafted to eight different
susceptible commercial winegrape varieties to be tested under controlled greenhouse conditions for the possibility of
movement of the protective effect across a graft union.  In summary, the current experiments indicate that the effect of the
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anti-PCD genes leads to suppression of symptom expression but exert a bacterial growth limiting activity but are not lethal to
the bacteria.  The symptom suppressive genes do not act as antibiotics and do not affect the non pathogenic endophytic
ecology of the bacteria in the xylem.
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Table 1. Thompson Seedless plants transformed with anti-PCD
genes under control of the 35S promoter being tested for
susceptibility under controlled greenhouse conditions. Plants, each
with two canes, were inoculated in April and May, 2009. First
cane assays using qPCR were initiated at 5 months post
inoculation (August 2009). © = control plants.

Genotype # Independent
transformants # of Plants

TS – CBP14B © 5 5

TS - CBP14LD 18 38

TS - CB376 7 12

TS - CB456 13 28

TS - I35  © 4 6

TS - CBMT 3 3

TS - CBWG23 5 8

TS - CBWG71 4 6

TS- control  © 7 different genotypes 20

total 66 126
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Reporting Period: The results reported here are from work conducted July 2007 through September 2009.

ABSTRACT
Fifty Orange Muscat and Cabernet Sauvignon/110R treated with Xylella fastidiosa (Xf) strain EB92-1, along with 50
untreated controls of each, were transplanted into plots in the Bella Vista Vineyard in Temecula on July 21-22, 2008.  In
August 2009, Pierce’s disease (PD) symptoms were extensive in the Bella Vista Vineyard, with 35-50% of the vines having
symptoms in this first full season in the vineyard.  Differences in the incidence of PD between the treated and untreated vines
were not significant.  Symptoms were generally mild and were less severe in the EB92-1 treated Cabernet Sauvignon vines
than in the untreated vines.  There were no definitive PD symptoms in the Beringer Vineyard in Napa and only a few possible
PD symptoms in the Preston Vineyard in Sonoma.  In comparisons of methods of treatment with EB92-1 in 2009, symptoms
began to develop in Chardonnay and Merlot that had been injected in different tissues with the biocontrol strain.  There were
no significant differences in PD among vines injected in the scion, rootstock, or both.  In 2009, the incidence of PD
symptoms in the UF vineyard with scion from clean Chardonnay was high.  Field injection of these clean scion plants with
EB92-1 reduced the incidence of PD from 70% to 9%.  The scion wood from Chardonnay mother vines infected with EB92-1
had slightly less PD than the uninfected scion wood.  This indicates that there could be some transfer of the biological control
from the mother plant through scion wood, which would be a preferred treatment method over having to inject every vine by
pin pricking.

LAYPERSON SUMMARY
In a test planting of Orange Muscat and Cabernet Sauvignon in Bella Vista Vineyard in Temecula, almost 50% of the vines
had developed Pierce’s disease (PD) symptoms by August 2009, only 13 months after transplanting.  The incidence in the
vines treated with EB92-1 was very similar to the vines not treated.  Under these kinds of severe PD pressure and high
populations of leafhopper vectors in tests in Florida and Georgia, it is often the second year after planting before a beneficial
effect from the biocontrol is observed.  PD development over the next two years should determine whether the biocontrol
strain EB92-1 will be effective under these extreme conditions. In the biocontrol tests in Preston vineyard in Sonoma and
Beringer Vineyard in Napa, symptoms that are PD-like have only occurred in a vine or two.  There should be enough disease
to begin to evaluate the biocontrol in these vineyards next year.  Currently, treatment with the biocontrol strain involves
needle injection of every grapevine with a suspension of the bacteria.  This is a laborious and time-consuming job.  We are
evaluating the use of mother vines infected with the biocontrol strain EB92-1 as propagation material for scion wood and/or
rooted cuttings.  If the biocontrol strain can be transmitted through scion wood, it would eliminate the inoculation step.  In
2009, vines developed using scion wood from mother vines of Chardonnay infected with EB92-1 had slightly less PD than
the uninfected scion wood had after two years in the vineyard in Florida.  This indicates that there could be some transfer of
the biological control from the mother plant through scion wood.  Further observation of these plants will be made next year.

INTRODUCTION
Pierce’s disease (PD) of grapevine is a chronic problem for the California grape industry and has become more of a threat to
the industry with the introduction of the glassy-winged sharpshooter (Hopkins and Purcell, 2002).  PD is especially damaging
in the southeastern USA where it is endemic and is the primary factor limiting the development of a grape industry based on
the high-quality European grapes (Vitis vinifera L.).  The only feasible control for PD is resistance.  The results of our 10
years of research on the biological control of PD of grapevine by cross protection with weakly virulent strains of Xf have
demonstrated that this is a potential means of controlling this disease (Hopkins, 2005).  We have identified at least one strain
that was able to control PD in V. vinifera for 13 years in Central Florida.  We are testing this strain in commercial vineyards
on a limited basis and, if these tests are successful, the strain will be ready for commercial use.  The overall goal of this
project is to develop a biological control system for PD of grapevine that would allow the production of V. vinifera in
California and other areas where PD and the glassy-winged sharpshooter (GWSS) are endemic.
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In previous research with the biocontrol strain, the bacteria were injected into the grapevines after they were transplanted into
the vineyard.  This is a labor-intensive procedure.  Three methods in order of increasing desirability are vineyard injection,
nursery injection, and propagating wood from mother vines that are infected with the biocontrol strain.  We are currently
evaluating injection of the biocontrol strains into the vines in the nursery, prior to transplanting into the vineyard.  The use of
scion or rootstock propagating wood from mother vines that are already infected with the biocontrol strain would make this
technology less labor-intensive, less costly, and more consistent.  It would eliminate any variability in the relative
effectiveness of injections into different plants.

OBJECTIVES
1. To evaluate strain EB92-1 of Xf which has provided effective biocontrol of PD in previous greenhouse and vineyard

tests in Florida for possible commercial application for the biological control of PD of grapevine in the vineyard in
California.

2. To compare different methods of treatment with strain EB92-1 of Xf for the biocontrol of PD in V. vinifera in the
vineyard.

RESULTS AND DISCUSSION
Establishment of field trials of strain EB92-1 for biological control of PD in vineyards in California
All plants for the vineyard tests in the Bella Vista Vineyard in Temecula, in the Beringer vineyard in the Napa Valley, and in
Preston Vineyards in the Sonoma Valley were planted in April, 2008 in greenhouses at UC Davis.  For transplanting into the
Bella Vista Vineyard in Temecula, 50 Orange Muscat were inoculated with the biocontrol strain, EB92-1, on June 26, and 50
were left untreated as controls.  Fifty Cabernet Sauvignon/110R were treated and 50 were untreated controls.  These plants
were transported to Temecula and transplanted into plots in the Bella Vista Vineyard on July 21-22.

In late fall 2008, PD-like symptoms were observed in most of the vines at Bella Vista, treated or untreated (Observation by
Barry Hill).  However, it was very hot and dry in 2008 and some of these symptoms may have been due to the weather.  In
the summer of 2009, PD symptoms were still extensive in the Bella Vista Vineyard, but were observed in only about half of
the vines that had symptoms in 2008.  Differences in the incidence of PD between the treated and untreated vines were not
significant (Table 1).  Symptoms did appear to be more severe in the untreated Cabernet Sauvignon vines than in the EB92-1
treated vines.  The Orange Muscat planting was interspersed with mature vines that were nearly 100% infected with PD.
This entire planting, except our experimental vines probably will be removed this year.  There have been similar experiments
in Georgia and Florida where leafhoppers were abundant and 40% of the vines developed PD in a single year.  Under this
situation, EB92-1 did not reduce PD incidence during that year, but slowed the spread in the second and third years.  The
effectiveness of the biocontrol has appeared to increase after the first year in the vineyard.  The next two years will indicate
whether the biocontrol can be effective under the severe disease pressure in this Temecula vineyard.

Table 1. Effect of EB92-1 on PD incidence in new grape plantings transplanted on July 21-
22, 2008 into Bella Vista Vineyard in Temecula.

Treatment % PD1
8/25/09

Rating2

Cabernet Sauvignon
Untreated 35 1.9
EB92-1 treated 40 1.4

Orange Muscat
Untreated 50 2.3
EB92-1 treated 44 2.2
1Percentage of total vines that have PD symptoms.
2Disease rating was an average per symptomatic vine on a scale of: 1 = any symptom of PD,
such as marginal necrosis (MN) on a basal leaf or two; 2 = moderate marginal necrosis, more
than 5 %; and 3 = severe symptoms.

For Preston Vineyards in Sonoma, 50 Barbera/110R and Viognier/110R from were inoculated with EB92-1 and 50 vines of
each were left as untreated controls.  These plants were transported to Sonoma and transplanted the last week of July, 2008.
On August 26, 2009, these vines were mapped for symptoms.  Most of the Viognier vines had been pruned back to a two bud
spur last winter.  There were no definite symptoms on August 26.  There were a few vines that had minor yellow and/or
necrotic leaf margins on the basal leaves of the 2009 growth.  Some of these were sampled for the presence of the PD
pathogen or the biocontrol strain EB92-1.  All of the Barbera vines appeared to be healthy with no PD symptoms.  The
Viognier block has significant PD incidence in the mature vines and these test vines should begin to develop PD symptoms in
2010.  The block of Barbera did not appear to have any PD symptoms, even in the older vines.  The disease pressure appears
to be very low in this Barbera block.
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For transplanting into the Beringer Vineyard in Napa, 50 Reisling/3309 and 50 Chardonnay/3309 were treated with EB92-1
on June 25, 2008 and 50 vines of each were left untreated as controls.  The vines were transplanted in Beringer Vineyard in
early April 2009.  On August 26, these vines had not started to develop PD symptoms.  Many of these vines were exhibiting
drought stress.

Comparison of treatment methods with strain EB92-1 for biocontrol of PD
On May 29, 2007, Merlot/101-1 plants were injected with EB92-1 in the greenhouse.  Treatments were (1) EB92-1 in scion
only, (2) EB92-1 in rootstock only, (3) EB92-1 in both rootstock and scion, and (4) Nontreated.  On June 21, vines were
transplanted into the vineyard in 3 replications of 3 plants per treatment.  On June 13, 2007, Chardonnay CL96/3309 were
injected with EB92-1 in the greenhouse.  Treatments were (1) scion only, (2) rootstock only, (3) rootstock plus scion, (4)
nontreated, and (5) scion only after transplanting into vineyard (These injections were done on July 26).  On July 3, vines
were transplanted into the MREC vineyard.

In 2009, PD began to occur in a number of these vines, especially in the Chardonnay test (Table 2).  There was no significant
difference among treatments, but symptoms were very mild and often do not develop any further in plants treated with EB92-
1.  There was less PD in the Merlot plants, with two treatments having no symptoms.

Plants of Chardonnay/Salt Creek were obtained by grafting green cuttings from Chardonnay plants from the vineyard onto
rooted cuttings of Salt Creek.  The grafting was done between May and July in 2007.  Grafted plants were transplanted into
the vineyard on August 14, 2007.  Treatments included (1) Cuttings from Chardonnay not infected with EB92-1 on Salt
Creek, (2) Cuttings from EB92-1 inoculated Chardonnay on Salt Creek, and (3) Cuttings from Chardonnay not infected with
EB92-1 on Salt Creek, but injected in the vineyard with EB92-1 on August 29. In the first year, there were no significant
differences among the Chardonnay/Salt Creek treatments.

In 2009, the incidence of PD symptoms in the scion from clean Chardonnay was high (Table 3).  As expected, field injection
of these clean scion plants with EB92-1 reduced the incidence of PD from 70% to 9%.  Plants developed using scion wood
from mother vines of Chardonnay infected with EB92-1 had slightly less PD than plants developed with uninfected scion
wood.  This indicates that there could be some transfer of the biological control from the mother plant through scion wood.
Further development of the symptoms will be observed.  This evaluation of scion from treated mother vines is especially
significant, because scion wood from infected mother vines would be a preferred treatment method over having to inject
every vine by pin pricking.

Table 3. Transmission of biocontrol in scion from infected Chardonnay mother plant grafted onto
Salt Creek rootstock.

% PD incidence in September
2009:

Treatment
Scion from clean Chardonnay
Scion from clean Chardonnay injected with EB92-1 in the field
Scion from EB92-1 Chardonnay mother plant

70
9
55

CONCLUSIONS
The biocontrol strain did not reduce the incidence of PD in the Bella Vista Vineyard in Temecula.  Leafhopper vectors are
not controlled in this vineyard and PD incidence is extremely high in the vineyard.  Plants treated with EB92-1 did appear to
have milder symptoms and than the untreated plants.  Symptoms are just beginning to develop in the tests in Sonoma and
Napa.  Vines developed using scion wood from mother vines of Chardonnay infected with EB92-1 had slightly less PD than
vines developed with uninfected scion wood after two years in the vineyard in Florida.  Development of plants with scion

Table 2. Effect of methods of treatment of grape plants with Xylella fastidiosa strain EB92-1 on
biological control of Pierce’s disease.

% PD incidence in September 2009 in:1

Treatment Merlot/101-14 Chardonnay/3309
Scion injection 0 29
Rootstock injection 0 43
Scion & Rootstock injection 25 33
Scion field injection - 29
Untreated 11 38
1%PD is the number of plants with symptoms divided by total number of plants x 100.
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wood from infected mother vines would be a preferred treatment method over having to inject every vine by pin pricking.
The successful completion of the biocontrol tests in Temecula, Sonoma, and Napa would lead to an effective control of PD
that is environmentally friendly.  This project should yield results within the next two years and if the control is successful,
there should be a biological control for PD available for commercial use in vineyards in California.
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ABSTRACT
This work builds on discoveries made in the past six years of research on better understanding the mechanism(s) responsible
for the PD(PD) cold curing phenomenon.  A thaumatin-like (TLP) grape protein was found in elevated levels in the xylem
sap from cold-exposed vines.  We have cloned and expressed TLP in E .coli and our preliminary finding show that crude
TLP protein extract possesses anti-Xylella fastidiosa (Xf) activity in vitro.  Greater amounts of total phenolics were measured
in xylem sap extracted from cold-exposed vines.  We are beginning to characterize these phenolic compounds, and assess
their potential anti-Xf activity in vitro.

LAYPERSON SUMMARY
Previous work on “cold curing” of Pierce’s disease (PD) affected grapevines led to the identification of thaumatin-like
protein (TLP) in grapevine xylem sap.  TLP is expressed in greater amounts in vines that have been exposed to cold
temperatures and may be associated with the cold curing phenomenon.  Currently we have cloned and expressed TLP in E.
coli.  Producing TLP in E. coli should allow us to produce enough protein to better evaluate the role of TLP in curing of PD.
Crude extracts of E. coli expressing TLP were applied to PD3 medium plates and initial results showed TLP-amended
medium plates greatly inhibited the growth of one strain of Xylella fastidiosa.  We are currently working on producing
purified and biologically active TLP.  Previous work also identified polyphenolic compounds as a possible mediator of the
“cold curing” phenomenon.  Here, we show that a specific polyphenolic compound, resveratrol, is produced in vines that
experience cold curing, while it is absent from grapevines grown in warmer environments.

INTRODUCTION
In our previous project we characterized many biological parameters of xylem sap from cold-exposed (freezing temperatures)
and “warm”, (non-freezing) temperatures in both field grown and cold chamber exposed grapevines. We found that Xylella
fastidiosa (Xf) infected potted grapevines that were exposed to freezing temperatures at several sites in northern California
and vines exposed to -5C in cold chamber emerged pathogen free the following summer (Meyer and Kirkpatrick, 2004-
2008).  We measured many different biological parameters, such as pH, organic acid, sugar and ion concentrations, and
osmolarity in Pierce’s disease (PD) susceptible Vitis vinifera ‘Pinot Noir’ and PD-less susceptible V. vinifera ‘Cabernet
Sauvignon’ grapevines over three winters.

One of the parameters determined in these previous studies was the protein profiles of cold- and warm-treated xylem sap.
One of these proteins, a thaumatin-like protein (TLP), was significantly up regulated in cold exposed vines.  We have cloned
and expressed the V. vinifera TLP protein and showed some inhibition of Xf growth when crude protein extracts from TLP-
expressing E. coli were applied to PD3 medium plates.  Work is currently being conducted to purify and demonstrate the
biological activity of recombinant TLP protein.

We have also been assessing the potential role that xylem sap phenolic compounds may play in the “cold curing” process.  In
collaboration with the Waterhouse lab at UC Davis, we have characterized the phenolic compounds in cold and warm xylem
sap by HPLC/MS, and identified that the major polyphenol in cold-exposed xylem sap is trans-resveratrol.  We have also
begun to evaluate the potential toxicity of trans-resveratrol to Xf.
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OBJECTIVES
1. Over-express the grapevine thaumatin-like protein (TLP) in transgenic grapevines.  Prepare anti-TLP antibodies to

quantify TLP in transgenic xylem sap using ELISA and western blot analyses..
2. Inoculate TLP-expressing grapevines with Xf and determine the incidence and severity of PD in TLP-transgenic versus

non-transgenic V. vinifera.
3. a. Fractionate and chemically characterize the phenolic compounds that are present in xylem sap from cold-exposed

grapevines.
b. Compare the phenolic compound composition and concentration in xylem sap extracted from cold- and warm-

exposed V.   vinifera grapevines as well as grapevines treated with abscisic acid (ABA) under  non-freezing
conditions.

c. Determine if these compounds affect Xf growth/survival in vitro.
4. Determine if foliar and drench applications of ABA can increase PD-curing rates in field-grown vines under non-

freezing conditions.

RESULTS AND DISCUSSION
We have cloned and expressed Vitis vinifera thaumatin-like protein in E.coli (Figure 1).  We have used various methods of
protein expression and purification to attempt to produce TLP protein that is both relatively pure and biologically active.  The
presence of disulfide bonds in the protein structure has presented some challenges as much of the recombinant TLP protein is
found as inclusion bodies in E. coli.  We are continuing to try different approaches to overcome some of the problems we
have experienced.

Xylem sap total phenolics from ABA-treated and non-treated controls have been measured.  Trends showing that total
phenolics were found in higher concentrations in cold-exposed vines were also seen in the ABA-treated vines (Meyer and
Kirkpatrick, 2008).  In addition, the phenolic content in ABA-treated vines was higher than non-treated vines (Figure 2).

Xylem sap was expressed from dormant ‘Cabernet Sauvignon’ and ‘Pinot Noir' grape vine canes obtained from the Chateau
Leidigh Estate Winery located in Placer County in February, 2009.  Previous work has shown that grape vines infected with
Xf show significant recovery when exposed to cold winter temperatures, such as those experienced in this Placer county
vineyard.  As a control, we also collected sap from Davis grown vines where curing, due to warmer temperatures, is
significantly less than that observed in Placerville.  Sap was expressed by placing canes in a “pressure bomb”, allowing one
end of the cane to protrude from the cylinder, and then pressurizing the chamber with air to pressures between 300 and 400
psi, to collect the xylem sap exudate.  These samples were kept frozen at -80C until they were analyzed by High Performance
Liquid Chromatography/Mass Spectrometry by Mauri Anderson of the Waterhouse Lab.

The xylem sap samples were chromatographed using reversed-phase high-performance liquid chromatography (RP-HPLC)
coupled with electrospray ionization (ESI) mass spectrometry (MS), which produced good resolution.  Phenolic compounds
were identified based on retention time, UV spectra from diode array detection, and MS using commercially available
reference standards.  In the Placerville (cold) Pinot Noir samples, a number of phenolic compounds were identified: B
procyanidins, catechin, epicatechin, trans-resveratrol, caftaric acid, and a resveratrol tetramer.  Cabernet Sauvignon samples
produced an identical polyphenol profile except that the resveratrol tetramer was not present.  Interestingly, the warm Pinot
Noir sap lacked characteristic peaks for trans-resveratrol as well as the resveratrol tetramer. The fact that resveratrol is
present in vines that experience “cold curing” while it is absent in vines that do no undergo “cold curing” suggests that
resveratrol may play a role in the curing process.

We decided to analyze trans-resveratrol’s potential anti-Xf activity in vitro because it was the most abundant polyphenol in
cold xylem sap based on the RPHPLC/MS analyses.  Resveratrol has also been shown to have positive effects on human
cardiovascular health, and negative effects on several diverse microbes including certain bacteria (Chan 2002, and Frémont
2000),  life, which further justified our interest in evaluating its effects on Xf.

Commercially available Trans-Resveratrol from Sigma-Aldrich (product number R5010) was used in a plate based assay.  A
7.5 µg/ml stock solution of Trans-Resveratrol was prepared by dissolving 7.5 mg of trans-resveratrol in 100 ml of water
overnight, and in the dark to prevent isomerization to the cis-resveratrol form (Bonnefont-Rousselot et al. 2009).  Solid PD3
media was autoclaved for 15 min and allowed to cool to approximately 50-60C (comfortable to the touch). 100 µl and 250 µl
of the trans-resveratrol stock solution were added to 500 mls of PD3 media to achieve concentrations of 15 ng/ml and
38ng/ml respectively.  These values were chosen based on the concentrations of trans-resveratrol detected in xylem sap from
cold exposed grapevines.  The plates were allowed to solidify in the dark for two hours.  After solidification, approximately
10 µl of a 108 CFU/ml suspension of Xf ‘Fetzer’ or Xf ‘Temecula’ were spread onto each plate using a plastic inoculating
loop.  These plates were then placed in a crisper which had been wrapped with aluminum foil, to prevent light from causing
isomerization of the trans-resveratrol, and incubated for 10 days at 28C.  Both strains grew well on PD3 plates which
contained no trans-resveratrol, while there was no apparent growth of Xf Temecula on the reserveratrol supplemented PD3
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plates. Surprisingly, similar growth inhibition was not observed with the ‘Fetzer’ strain (Figure 3).  This experiment has only
been performed once and it is now being repeated with the same, as well as additional, strains of Xf.
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Figure 2. Total phenolic content of xylem sap from ABA treated vines as measured by a gallic acid colorometric assay.  PN
= Pinot noir xylem; CS = Cabernet sauvignon xylem sap. 30054 = a natural ABA, 30030 a chemically modified ABA.
Different letters are significantly different by unpaired t-test with a 2-tailed p-value<=0.05

Figure 1: Thaumatin-like Protein (TLP) that was cloned and
expressed using a E. coli expression vector. Note that arrow
points to the correct size of grapevine TLP protein (~35 kD).

Lane1: Dual color SDS ladder.
Lane 2: Cell lysate from IPTG induced E. coli with TLP
construct.
Lane 3: Cell lysate from IPTG induced E. coli with a
polygalacturonase (PG) construct (positive control).
Lane 4: Cell lysate from E. coli with TLP construct, not
induced.
Lane5: Cell lysate from E. coli with PG construct, not
induced.
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CONCLUSIONS
Though the production of a purified and biologically active TLP protein has had its challenges due to the formation of TLP
inclusion bodies, we believe that TLP protein in the inclusion bodies can still be used in the production of good quality anti-
TLP antibodies.  Efforts using other expression systems and methods to denature and renature the TLP inclusion bodies are
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underway.  The anti-TLP antibodies will be used to quantify TLP in xylem sap from cold and ABA-treated grapevines and
detect TLP in transgenic grapevines.  Assuming that TLP expressed in grapevine sap has increased anti-Xf activity, it is
possible that TLP-expressing transgenic grapevines could decrease the incidence and/or severity of PD.

Phenolic compounds, specifically trans-resveratrol, show promise as agents that are harmful to the growth of at least one
strain of Xf. The results of our plate assay are supported by the fact that we detected no resveratrol in warm winter sap
collected in Davis, where we observe significantly less overwinter curing than in Placerville.  It has been previously reported
that resveratrol production in Vitis vinifera can be up-regulated by several diverse factors such as plant injury, UV light
exposure, and pathogen invasion (Pryce et al. 1976, and Gautheron et al. 1991).  It is possible that cold temperatures may
serve as an external stress that increases the production of trans-resveratrol.
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ABSTRACT
Polygalacturonases (PG) (EC 3.2.1.15), catalyze the random hydrolysis of 1, 4-alpha-D-galactosiduronic linkages in pectate
and other galacturonans. Xylella fastidiosa (Xf) possesses a single PG gene, pglA (PD1485) and Xf mutants deficient in the
production of PG result in lost pathogenicity and a compromised ability to systemically infect grapevines.  We have cloned
the pglA gene into a number of protein expression vectors and a small amount of enzymatically active recombinant PG has
been recovered, unfortunately most of the protein expressed is found in inclusion bodies in an inactive form.  The goal of this
project is to use phage panning to identify peptides or single chain fragment variable antibody (scFv) libraries that can bind to
and inhibit Xf PG.  Once peptides or scFvs are discovered that can inhibit PG activity in vitro these peptides will be expressed
in grapevine root stock to determine if the peptides can provide protection to the plant from Pierce’s disease.

LAYPERSON SUMMARY
This period we have again made progress on Objectives 1-3. We have been able to overcome the solubility issues with
expression of Xylella fastidiosa (Xf) PG in E. coli using FPLC techniques.  We now are able to produce large quantities of
soluble purified Xf PG.  We also hope that the Pichia pastoris yeast expression system we are currently using will provide us
with active Xf PG.  Additionally; we have completed the panning procedure for peptide 2 and the commercially available
Aspergillus aculeatus PG.  We have shown that the antibodies raised against peptide 2 can bind to full length Xf PG, and thus
have produced our first candidate monoclonal phage to use in the inhibition assays.  We hope to soon have enough active Xf
PG to test these phages in inhibition assays

INTRODUCTION
Polygalacturonases (PG) have been shown to be virulence factors of a number of plant pathogenic bacteria including
Ralstonia solanacearum, Xanthomonas campestris, and Erwinia carotova (Huang and Allen 2000; Dow et al. 1989; Lei et al.
1985). Xylella fastidiosa (Xf) possesses a single PG gene pglA (PD1485), and mutation of this gene results in lost
pathogenicity and reduced ability to systemically infect grapevines (Roper et al. 2007).  In order for Xf to systemically infect
a grapevine it must break down the pit membranes that separate individual xylem elements.  Pectic polymers determine the
porosity of the pit membrane (Baron-Epel, et al. 1988; Buchanan et al. 2000) and Xf PG allows the bacterium to breakdown
the pectin in these membranes.  The premise of this research is to identify a peptide that can be expressed in the xylem of a
grapevine that can suppress Xf PG activity thus limiting the ability of Xf to spread systemically through grapevines and cause
Pierce’s disease (PD).

To accomplish this we will use phage display of a random dodecapeptide library and a scFv antibody library attached to the
coat protein gp38 of M13 phage in a phage panning experiment using active recombinant Xf PG as the target.  After three
rounds of panning, phage that show a high binding affinity for Xf PG will be screened for their ability to inactivate PG
activity in vitro in reducing sugar assays.  Once a suitable inhibitory peptide is discovered it will be cloned into an
agrobacterium binary vector and used to transform tobacco and grapevines by the UCD Plant Transformation Facility.  These
transgenic plants will then be inoculated with Xf and compared to non transgenic plants in PD symptom progression.  If
significant disease inhibition is shown we will use these transgenic grapevines as rootstock and see if they can also provide
resistance to grafted scions.

OBJECTIVES:
1. Isolate a sufficient amount of biologically active Xf PG enzyme to conduct phage panning and PG-inhibition assays.
2. Isolate M13 phage that possess high binding affinities to Xf and/or Aspergillus aculeatus (Aa) PG, or synthetic

peptidesspecific for the active sites of several PGs from a M13 random peptide and scFv library.
3. Sequence candidate binding phage and determine if selected M13 phage and the gp38 M13 protein which mediates

phage binding to Xf PG can inactivate PG activity in vitro.
4. Clone anti-Xf PG gp38 protein into an Agrobacterium binary vector and provide this construct to the UCD Plant

Transformation facility to produce transgenic SR1 tobacco and Thompson Seedless grapevines.
5. Determine if anti-Xf PG gp38 protein is present in xylem sap of transgenic plants.
6. Mechanically inoculate transgenic plants with Xf and compare PD development with  inoculated, non-transgenic control

plants.
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RESULTS AND DISCUSSION
Objective 1.
The method we described previously for generating active Xf PG remains the method that delivers the most protein in active
form, however we would still like to obtain greater amounts of active Xf PG.  The biggest problem we have had with
expressing Xf PG in E. coli is that recombinant Xf PG aggregates in inactive, insoluble, inclusion bodies.  We have been able
to overcome the solubility problem of expressing Xf PG in E. coli and can now produce large quantities of purified soluble Xf
PG.  We were able to first solubilize recombinant protein in a denaturing buffer.  The Xf PG was then bound to a FPLC metal
affinity column (Ni2+).  While the Xf PG was bound to the column we slowly renatured it using buffer exchange to remove
the denaturant.  Once the all of the denaturant was removed we eluted purified soluble Xf PG (Figure 1). We have not been
able to detect polygalacturonase activity in assays of the FPLC solubilized and purified Xf PG thus far, however because the
protein is soluble we are continuing our efforts to detect activity using this preparation.  We are also currently using this
solubilized Xf PG in panning experiments with the Tomlinson I and J phage libraries.

Additionally, we are using a Pichia pastoris yeast expression system to produce active PG.  The Pichia pastoris expression
system has a few advantages; it can form disulfide bonds in the cytoplasm unlike E. coli and it is able produce glycosolated
proteins which an E. coli expression system cannot.  Additionally, Pichia pastoris is able to secrete recombinant proteins into
the medium making the following protein purification and activity assays steps easier.  We are currently screening our P.
pastoris expression constructs for Xf PG production.

As was reported previously we feel confident that the reducing sugar assays that we are using to detect Xf PG activity
dinitrosalicylic acid (Wang et al. 1997) and 3-Methyl-2-benzothiazolinonehydrazone methods (Anthon and Barrett 2002) will
be suitable for the PG-inhibition assays.

A 1 10        B  1 10

←

Figure 1. A: Coomassie stained Polyacrylamide gel electrophoresis of purified, soluble Xf PG fractions from FPLC
refolding/ purification experiment, arrow denotes correct Xf PG band size.  Lane 1 Bio-rad dual color protein ladder, lane 2
column flow through, lanes 3-10 soluble Xf PG fractions B: Western blot analysis of purified, soluble Xf PG fractions from
FPLC refolding/purification experiment using Xf PG polyclonal antibodies.  Lane 1 Bio-rad dual color protein ladder, lane 2
column flow through, lanes 3-10 soluble Xf PG fractions

Objective 2.
We have done extensive in silico analyses of the enzymatically active sites of several phytopathogenic bacterial and fungal
PGs such as Pectobacterium carotovora ssp. carotovora and Aspergillus aculeatus (Pickersgill et al 1998, Cho et al 2001).
The PGs from these other microbes have been well studied and structural studies have shown that the active site amino acids,
consisting of roughly eight amino acids and the tertiary structure of the PGs are highly conserved across all fungal and
bacterial PGs (Pickersgill et al 1998, Cho et al 2001, Shimizu et al 2002, Abbott and Boraston 2007).  Furthermore, previous
research using phage display technologies showed that many of the phage that bound to a variety of enzymes also bound to
and inactivated the enzyme (Hyde-deRuyscher et al, 1999).

Having a very good idea of where the Xf PG active site may be located on the protein, and which amino acids are involved in
catalysis and substrate binding, we had synthesized two 14mer peptides derived from the Xf PG sequence, one which will
target the active site directly and a second that will target an area providing entry into the active site.  Additionally, these
peptides were injected into rabbits to create polyclonal antibodies.  These polyclonal antibodies were used in a western blot
that confirmed that the antibodies created against each 14-mer peptide could also recognize full length Xf PG (Figure 2).
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We have completed the phage panning procedure for peptide 2 using
the Tomlinson I and J scFv libraries.  At the end of the third round of
selection a polyclonal ELISA with BSA conjugated peptide 2 as the
target was run which showed that each library (I and J) of scFvs
showed a higher binding affinity to BSA conjugated peptide 2 than to
BSA alone, or to the wells of the plate.  With this knowledge 90
individual colonies from each library were picked from the third round
phage pool and used in a monoclonal ELISA to determine which
monoclonal scFvs had the highest binding efficiencies.  The eight
clones from each library (I and J) providing the highest ELISA
absorbance readings were chosen for sequencing.  We have currently
only sequenced the heavy chain variable portion of the scFv and
although none of the eight clones from each of libraries shared the
exact same sequence they did have similarities to each other.  We are in
the process of sequencing the light chain portion of these clones.

The eight monoclonal phages from each library (I and J) were then
used individually as the primary antibodies in a western blot to confirm
that monoclonal phage raised against the 14-mer peptide 2 conjugated
to BSA would also be able to indentify full length recombinant PG
(Figure 3) (Tanaka et al 2002).

Additionally, we have finished phage panning against the commercially available Aspergillus aculeatus PG and are nearly
finished panning against the solublized Xf PG.  We are currently screening the monoclonal phages for specificity to
Aspergillus aculeatus PG and Xf PG.  Once we confirm specificity for either target we will use these phages in PG inhibition
assays.

Objectives 3-6.
We have sequenced the heavy chain variable regions of the 16 candidate monoclonal phage and although none of the eight
clones from each of libraries shared the exact same sequence they did have similarities to each other.  We are in the process
of obtaining the sequences of the light chain variable portions.  Once all variable region sequences have been determined we
will use the monoclonal phages in Xf PG inhibition assays.  Once a candidate phage is found that can inhibit Xf PG in vitro
we will then express the scFv protein alone and determine if the protein itself can also inhibit Xf PG activity in vitro.  We will
then be able to clone the anti-Xf PG protein into an Agrobacterium binary vector and provide this construct to the UCD Plant
Transformation facility to produce transgenic SR1 tobacco and Thompson Seedless grapevines.  Once we have transgenic
plants we will be able to complete objectives 5 and 6.

CONCLUSIONS
We have made good progress thus far in finding suitable PG activity assays to use in the PG-inhibition assays.  We are
currently exploring different expression systems to generate more active PG to use in phage panning and activity assays.  We
have acquired 16 candidate scFv phage, by panning against peptide 2 conjugated to BSA that are capable of indentifying full
length Xf PG that we will be using in Xf PG inhibition assays, as we have described previously.  If one of the candidate phage
can inhibit Xf PG activity in vitro then we can transform grapevines with the peptide and determine if they provide plants
with resistance to Pierces disease.

←

1             2              3                4 Figure 3. Western blot analysis of three representative
monoclonal scFv phages (J-library). Lanes 1-3 are E. coli
lysate containing recombinant Xf PG each membrane strip was
reacted with a single monoclonal phage from the third round of
panning.  Arrow represents location of Xf PG band.  Molecular
weight markers are on the left side of each gel strip.  Lane 4 is
a conjugate control that was not reacted with any monoclonal
phage.

←

←

1     2   ladder             1     2  ladder

Figure 2. Lane 1 is E.coli lysate
containing no Xf PG.  Lane 2 is E. coli
lysate containing recombinant Xf PG.
Arrow represents the location of the Xf PG
band.
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ABSTRACT
Xylella fastidiosa (Xf) possesses genes for hemagglutinins (HAs), large adhesion proteins involved in cell-cell aggregation
and biofilm formation.  Mutations in either one of the functional HAs, HxfA (PD2118) or HxfB (PD1792), result in
hypervirulent strains that move faster and cause more severe disease in grapevines.  In previous work, we showed that Xf HA
proteins are secreted into the supernatant as soluble proteins, inserted into the outer membrane, and associated with
membrane vesicles.  Furthermore, the HA proteins are secreted via a two-partner secretion pathway and processed from a
predicted molecular weight of 360 kD to a 220 kD mature protein.  Based on this information we generated HA-expressing
transgenic Nicotiana tabacum SR-1 (Petite Havanah) tobacco and Vitis vinifera cv. Thompson seedless grapevines.  We show
that the T-DNA is successfully integrated into the tobacco genome and that HA mRNA is transcribed in the transformed
plants.  The T2 tobacco generation is being evaluated for resistance against Pierce’s disease (PD). We hope that the expressed
HA protein will act as “molecular glue” to aggregate insect-inoculated Xf cells, retard their ability to systemically colonize
plants, and potentially provide a unique form of resistance against PD.

LAYPERSON SUMMARY
Hemagglutinin (HA) proteins play an important role in adhesion and biofilm formation of Xylella fastidiosa (Xf). Previous
studies by Guilhabert and Kirkpatrick, 2005, showed that mutants in the identified HA genes no longer formed clumps in
liquid medium like wt Xf cells (1).  Clearly the HA proteins play an important role in mediating cell-cell interactions.
Research in the Almeida lab has also shown that HA proteins play important roles in attachment processes during vector
transmission (2).  Research conducted in our lab showed that HA proteins are present in the outer membrane of Xf cells and
that these proteins are also secreted into culture medium and in vesicles at low concentrations.  The 10.5 kb HA genes should
theoretically encode a protein of approximately 360 kD, however we showed that the native size of the HA proteins in the
outer membranes, culture supernatants and membrane of vesicles is approximately 220 kD (3).  The cleavage site lies
downstream of the N-terminal 2300aa and approximately one third of the C-terminal part is cleaved off (3).  Based on this
information, we created two different binary plasmids that we used for transformation of tobacco and grapevines.  The first,
smaller construct codes for the N-terminal hemagglutination domain that is proposed to mediate clumping of Xf. The second,
larger construct codes for the mature 220 kD protein that we found to be secreted.  Here, we show that the transformation was
successful and that the tobacco plants express the HA gene. We are now evaluating the second transgenic tobacco generation
for resistance against PD.  We believe that the expressed HA proteins may mediate clumping of insect inoculated Xf cells.
Therefore, the Xf infection may stay local at the point of introduction in form of cell clumps, and spreading of Xf cells
through the plant can potentially be minimized. Regular pruning of grapevines in fall might eliminate the infections, leaving
healthy plants behind.

INTRODUCTION
Xylella fastidiosa (Xf) hemagglutinins (HAs) are large secreted proteins that play important roles in mediating cell-cell
aggregation and plant pathogenicity.  Mutations made in either HA gene HxfA (PD2118) or HxfB (PD1792) resulted in
strains that did not aggregate in liquid culture and had reduced biofilm formation in vitro and in planta (1).  When inoculated
into grapevines the mutant cells showed hypervirulence and more rapid colonization of xylem vessels (1).  The premise of
this research is to determine if by expressing Xf HA proteins in the xylem of transformed grapevines, the HAs can act as a
“molecular glue” to clump Xf cells and retard their ability to systemically colonize grapevine and cause Pierce’s disease (PD).
In our previous work we showed that Xf HA proteins contain an N-terminal hemagglutination domain that is putatively
responsible for the aggregation of Xf cells (3).  We also showed that the HA proteins are secreted into the outer membrane
and into the supernatant, and that they are processed from a predicted 365 kD pre-protein to a mature 220 kD protein (3).

Here we describe the generation of transformed tobacco and grapevine plants by using two constructs for agrobacterium
mediated plant transformation; firstly, plants were transformed to express the N-terminal portion of HxfB protein containing
the hemagglutination domains, and secondly, plants were transformed to express the portion of HxfB corresponding to the
mature 220 kD protein.
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OBJECTIVES
1. a. Use antibodies we have prepared against a conserved, putative binding domain (AD2) that is present in both Xf

hemagglutinins (HA) to determine the native size and location of Xf HA in cultured Xf cells and PD-affected
grapevines.

b. Determine if these antibodies (Fab fragments) can prevent cell-cell clumping in liquid Xf cultures.
c. Prepare an affinity column using HA domain antibodies and isolate native Xf HAs from culture cells. Establish the

identity of affinity purified, putative HAs by N-terminal sequencing.
d. Determine if native HAs and HA domain fusion proteins can bind to Xf cells.
e. Inject affinity purified HA proteins into rabbits and obtain HxfA and B specific-antibodies. Determine if HxfA and

B specific antibodies can block cell-cell clumping of Xf grown in liquid medium.
2. a. PCR-amplify, clone and express as fusion proteins, additional hypothetical adhesion domains of HxfA and B.

b. Prepare rabbit polyclonal antibodies against each Hxf A/B domain fusion protein. Use antibodies to determine
native size and location of Xf HAs in cultured cells.

c. Determine if antibodies against various HxfA/B domain fusions can block cell-cell clumping of Xf grown in liquid
medium.

3. a. Transform Thompson seedless grapevines and tobacco, an experimental host of Xf and an easily transformable plant,
with Xf HA binding domains. Use antibodies prepared in Objective 2 to determine if Xf HA proteins can be found in
tobacco and grapevine xylem fluid.

b. Mechanically inoculate HA-transgenic grapevines and tobacco with wild type (wt) Xf cells. Compare disease
progression and severity in transgenic plants with non-protected controls.

RESULTS
Objectives 1 and 2
The results of these objectives have been reported in the Proceedings, 2008 Pierce’s Disease Research Symposium. CDFA,
Sacramento, CA.

Objective 3
Transformation of tobacco and grapevines
The 5’ part of the HA gene coding for the hemagglutination domain (AD1-3), and the longer part coding for the 220 kD
protein  (220) were PCR amplified from the gene HxfB (PD1792).  The resulting 4000 bp and 6300 bp PCR products were
cloned into pCR-2.1-TOPO and sequenced using primers generated every 600 bp on the gene sequence to confirm the
integrity of the cloned fragments.  To enable secretion of the expressed HA proteins outside the eukaryotic cells of tobacco
and grapevines, a signal peptide pGIP (4) was synthesized by the company DNA2.0 (Menlo Park, CA) and fused N-
terminally to the cloned HA products.  The codon usage of the synthesized signal peptide was optimized for expression in
eukaryotes.  The pGIP-HA fusions were cloned into vector pDE00.0113 (Dandekar lab) containing the 35S promoter and
ocs3’ terminator creating pDE00.0113-pGIP-AD1-3 and pDE00.0113-pGIP-220.  Upon verification by sequencing,
pDE00.0113-pGIP-AD1-3 was digested with AscI and the resulting cassette cloned into the binary vector pDU97.1005
(Dandekar lab) creating pDU08.2407.  The plasmid was transformed into Agrobacterium tumefaciens strain EHA101 and the
culture submitted to the Ralph M. Parsons foundation transformation facility on the UC Davis campus for transformation of
tobacco SR-1.  Unfortunately, the pDU97.1005 marker gene nptII confers resistance to kanamycin. In transformation
experiments with grapevines using binary plasmids containing the nptII gene, many escapes were observed that prolonged
the time needed to generate transformed grapevines.  Therefore, we digested pDE00.0113-pGIP-AD1-3 and pDE00.0113-
pGIP-220 with EcoRI and ligated the obtained cassette into the binary plasmid pCAMBIA1300 (Canberra, Australia).
Vector pCAMBIA confers resistance to hygromycin.  This marker gene is more suitable for transformation of grapevines
than nptII and is functional in grapevines as well as is tobacco.  Binary plasmids pCAMBIA-pGIP-AD1-3 and pCAMBIA-
pGIP-220 were transformed into Agrobacterium tumefaciens strain LBA4404 and the culture submitted to the Ralph M.
Parsons foundation transformation facility for transformation of Thompson seedless grapevines as well as transformation of
tobacco SR-1 for pCAMBIA-pGIP-220.

Analysis of transformed tobacco plants
Four months after submission of the constructs to the transformation facility, 11 transgenic tobacco plants T0 representing
single transformation events were obtained for both plasmids pDU-pGIP-AD1-3 (lines 1-11) and pCAMBIA-pGIP-220 (lines
A-K).  The lines were maintained in a growth chamber at the controlled environmental facility (CEF, UC Davis, CA) at 25°C
with a photoperiod of 16 h and 50% relative humidity. Genomic DNA was isolated and PCR with primers that bind to the
HA gene was positive for 10 out of 11 tobacco plants for each construct. Untransformed wild type plants were used as
negative control (Figure 1).
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RNA was extracted from all PCR positive lines and cDNA generated by reverse transcription. PCR analysis using primer
pair pGIP-HAfor and HArev confirmed that all plants were expressing the transgene coding for AD1-3 (Figure 2).

After three months, seed pods of the HA expressing T0 plants were harvested, the seeds sterilized and plated for germination
of the T1-generation on MSO medium supplemented with kanamycin sulfate or hygromycin B, according to the selectable
marker gene present on the T-DNA.  For plants transformed with pDU-pGIP-AD1-3, 8 out of 10 plants germinated in a 1:3
segregation pattern according to Mendel on MSO supplemented with kanamycin (Figure 3). The germinated 75% seedlings
are either homo- or heterozygous regarding the transgene.  The remaining 25% seedlings are azygous.  Although PCR
positive, lines 3 and 7 did not germinate on the selective medium.  It is possible that the transgene is located in an area of the
tobacco genome where expression is silenced; these lines were not further considered.  For plants transformed with
pCAMBIA-pGIP-220 all 10 PCR positive lines were germinating in 1:3 segregation pattern on MSO supplemented with
hygromycin B.

The germinated T1 generation plantlets were transferred into single pots and kept in a mist chamber (Figure 4).  After 10
days, the plantlets were transferred to a greenhouse and grown for an additional three months until the production of T2 seeds
(Figure 5).  Plating and analysis of the germination pattern on selective medium will be repeated for the T2 seeds. T2 lines
that show a germination rate of 100% are homozygous and will be used for ELISA and Western blot analysis using the anti-
HA antibodies we generated in our earlier work to test for expression of HA protein.  Positive plants will be challenged with
Xf to determine if movement of the bacteria is inhibited or delayed in the HA-expressing tobacco plants.
Unfortunately, transformation of grapevines takes considerably more time than transformation of tobacco and we expect to
obtain transformed grapevine plants in spring of 2010.

Figure 1: Confirmation of T-DNA insertion
into the genome of tobacco SR-1 by PCR
analysis of genomic tobacco DNA.
Numbers 1-11 indicate transgenic lines that
were transformed with pDU-pGIP-AD1-3,
letters A-K indicate transgenic lines that
were transformed with pCAMBIA-pGIP-
220. Lines 2 and I do not have the T-DNA
insertion.  Wild type plants were used as
negative controls and isolated plasmids
pDU-pGIP-AD1-3 and pCAMBIA-pGIP-
220 were used as positive controls (+).

Figure 3. Tobacco seeds germinated on MSO
medium supplemented with kanamycin. A: wild type
SR-1 is not resistant. B: Transgenic line shows a 1:3
segregation pattern according to Mendel.  Arrow
indicate examples of the 25% azygous seedlings, the
remaining 75% are homo- or heterozygous.

Figure 2. RT-PCR of transformed tobacco SR-1 using primer pair pGIP-HAfor and HArev. Numbers
indicate transgenic lines that were transformed with pDU-pGIP-AD1-3. Wild type plants were used as
negative controls and isolated plasmid pDU-pGIP-AD1-3 was used as positive control (+).
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CONCLUSIONS
Our data suggests that HA proteins are needed for efficient aggregation of Xf cells because Xf cells that have a mutation in
either HxfA or HxfB lose the ability to aggregate and to form biofilms (1).  We showed that HA proteins are secreted and
processed to a mature 220 kD protein and that they contain N-terminal hemagglutination domains (3).  Taken together, this
suggests that the secreted N-terminal portion of the HA proteins is responsible for cell-cell aggregation and biofilm
formation.  We transformed tobacco plants with the N-terminal portion of the HA proteins and could show that the genes are
integrated in the tobacco genome and that HA mRNA is transcribed. We are in the process of generating T2 homozygous
plants and will evaluate them for expression of HA proteins.  We hope that free Xf HA protein in the plant xylem may
mediate increased cell-cell aggregation of insect inoculated Xf cells and increase the agglutination of Xf cells in the plant
xylem, thereby retarding the systemic colonization of grapevines and possibly providing a novel resistance to PD.
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ABSTRACT
Methylobacterium mesophilicum, originally isolated as an endophytic bacterium from citrus plants, was genetically
transformed to express green fluorescent protein (GFP).  The GFP-labeled strain of M. mesophilicum was inoculated into
Catharanthus roseus (model plant) seedlings and further observed colonizing its xylem vessels.  The transmission of this
endophyte by Bucephalogonia xanthophis, one of the insect vectors that transmit Xylella fastidiosa (Xf) subsp. pauca, was
verified by insects feeding from fluids containing the GFP bacterium followed by transmission to plants and isolating the
endophyte from C. roseus plants.  Forty-five days after inoculation, the plants exhibited endophytic colonization by
M. mesophilicum, confirming this bacterium as a nonpathogenic, xylem-associated endophyte.  Our data demonstrate that
M. mesophilicum not only occupy the same niche of Xf subsp. pauca inside plants but also may be transmitted by
B. xanthophis.  The transmission, colonization, and genetic manipulation of M. mesophilicum is a prerequisite to examining
the potential use of symbiotic control to interrupt the transmission of Xf subsp. pauca, the bacterial pathogen causing citrus
variegated chlorosis by insect vectors.

LAYPERSON SUMMARY
We report the localization of the endophytic bacterium, M. mesophilicum, in Catharanthus roseus model plant and the
transmission of this endophyte by Bucephalogonia xanthophis. The results indicated that M. mesophilicum as a good
candidate for a symbiotic control strategy to reduce the spread of Xylella fastidiosa (Xf) subsp. pauca.  The transgenic
endophytic M. mesophilicum tested has most of the prerequisites, for a successful strategy using paratransgenesis, that is,
M. mesophilicum that colonize citrus plants and B. xanthophis is amenable to isolation, culture, and transformation with
foreign genes.  Also, we used the green fluorescent protein gene, which does not affect the fitness of the bacteria, as a marker
gene makes transfer of bacteria and the plasmid traceable, was done with success in M. mesophilicum.  The colonization and
transmission of M. mesophilicum in the same host tissues and insect vector of Xf subsp. pauca makes it possible to makes
M. mesophilicum an interesting candidate for the symbiotic control of the citrus variegated chlorosis agent, e.g., through a
paratransgenesis approach.

INTRODUCTION
Citrus variegated chlorosis (CVC) is a disease of sweet orange (Citrus sinensis (L.)) trees caused by Xylella fastidiosa (Xf)
subsp. pauca (Schaad et al., 2004).  In Brazil, CVC is responsible for losses of US $100 million per year to the citrus industry
(Della-Coletta et al., 2001).  Endophytes colonize an ecological niche similar to that of phytopathogens, and this fact might
favor them as candidates for biocontrol agents (Hallmann et al., 1997) because they have access to and could interact with
phytopathogens (Azevedo et al., 2000).  Many endophytic bacteria have been isolated from sweet orange (Araújo et al.,
2002), but our research has focused on the genus Methylobacterium, which occupies the same ecological niche as Xf subsp.
pauca in the xylem vessels of plants (Araújo et al., 2002; Lacava et al., 2006).  The genus Methylobacterium is described as a
main player in the interaction between the endophytic community and the pathogen Xf subsp. pauca (Araújo et al., 2002;
Lacava et al., 2004). Catharanthus roseus (L.) G. Don has been shown to be an excellent experimental host for Xf subsp.
pauca (Monteiro et al., 2001). Catharanthus roseus has also been used to study the interactions between Xf subsp. pauca and
endophytic bacteria (Lacava et al., 2007). Xylem-feeding leafhoppers (Homoptera: Cicadellidae, tribes Cicadellini and
Proconiini) are unique organisms in terms of their nutritional ecology; they are able to feed from xylem fluid, which is
difficult to access and a nutritionally dilute food (Young, 1968).  A clear association has been observed between Cicadellinae
leafhoppers xylem-feeding habit and ability to transmit Xf (Almeida and Purcell, 2003). In Brazilian citrus groves,
Dilobopterus costalimai Young, Oncometopia facialis (Signoret), and Acrogonia citrina Marucci & Cavichioli are the most
common sharpshooters found, whereas Bucephalogonia xanthophis (Berg) is the most commonly trapped in citrus nurseries
and young groves (Redak et al., 2004).  A new genetic transformation tool, called paratransgenesis, has been used to prevent
the transmission of pathogens by insect vectors to humans (Beard et al., 1998).  Paratransgenesis means genetic alteration of
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symbiotic microbes that are carried by insects.  The overall strategy of disease prevention is called symbiotic control and is a
variation on the theme of symbiotic therapy (Ahmed, 2003).  The key to symbiotic control is finding a candidate microbe
having an existing association with the ecosystem that includes the problem or condition at hand and that occupies the same
niche as or has access to the target pathogen (Miller, 2007).

OBJECTIVES
In this work, we report the localization of the endophytic bacterium, M. mesophilicum, in C. roseus model plant and the
transmission of this endophyte by B. xanthophis.  Also, we propose M. mesophilicum as a candidate for a symbiotic control
strategy to reduce the spread of Xf subsp. pauca.

RESULTS
When the pCM88 was introduced into the strain M. mesophilicum SR1.6/6, up to 102 transformants per μg of plasmid DNA
were obtained (now called SRGFP), indicating a high efficiency of transformation.  The analysis of randomly selected
SRGFP transformants revealed that pCM88 was stably maintained in medium without antibiotic, expressing both the
resistance to tetracycline and the gfp gene, after 20 generations in 120 h, 95%, decreasing the stability on 0.25% per
generations approximately (Table 1).  To evaluate the bacterial community of insect heads, five insects were used.  After
isolation, a total of 2.14×103 bacteria with an average of 3.56×102±23.2 bacteria per insect head were isolated.  The original
bacterial community of B. xanthophis was comprised of five groups: Methylobacterium sp., Actinomycetes, Curtobacterium
sp., Sphingomonas sp., and Bacillus sp. (Figure 1).  The Methylobacterium genus occurred naturally in B. xanthophis.  The
ecological niche occupied by the endophytic bacterium M. mesophilicum on C. roseus plants was determined by visualization
with fluorescent microscope, of in vitro cultivated plants, 45 days after bacterium inoculation.  A preferential colonization of
plant xylem by this bacterium is clearly observed in fluorescence microscopy (Figures 2C and D). Figures 2A and B show
vessels from control plants, where no fluorescent cell can be observed. The insects used in transmission experiments were
monitored for the presence of the SRGFP strain 24 h after acquisition. Bacteria isolation from insect heads revealed the
average population density of M. mesophilicum of 1.64×102 ±11.33 CFU/insect head suggesting that the bacteria are capable
of colonizing the foregut of the insect as they were not washed way by the sap flux.  The ability of the sharpshooter B.
xanthophis in transmitting M. mesophilicum was accessed by insect acquisition of endophytic strain SRGFP and further
feeding in C. roseus plants cultivated in greenhouse.  Forty-five days after the insect feeding on plants, leaves on which
insects were trapped, were submitted to bacterial isolation. The population density of M. mesophilicum found in C. roseus
leaves 45 days after insect transmission presented an average of 2.8×103 CFU/g of fresh tissue.  In analyzing inoculated
plants, from 45 plants used in insect traps, six presented the SRGFP strain colonizing inner tissues endophytically.  It
indicates that B. xanthophis is able to transmit the endophytic bacteria in the same way it transmits Xf, with an efficiency of
transmission of 13.3% (Table 2).

CONCLUSIONS
The results from this study suggest that the pCM88 plasmid was stably maintained in planta and sharpshooter for at least 180
generations in the transmission assay.  As shown in this study, the transgenic endophytic M. mesophilicum has most of the
prerequisites, for a successful strategy using paratransgenesis. The use of GFP, which does not affect the fitness of the
bacteria, as a marker gene makes transfer of bacteria and the plasmid traceable, was done with success in M. mesophilicum in
this work.  Many aspects can influence the transmission efficiency, such as phytopathogen populations in feeding plant and
the interaction between bacterial communities residing vector foregut and inoculated plant. Furthermore, bacteria community
present in plants and insects could influence disease development by reducing the insect transmission efficiency due to
competition with pathogens or by symbiotic control of Xf. The colonization and transmission of M. mesophilicum in the
same host tissues and insect vector of Xf subsp. pauca makes it possible to study the potential interactions between these
bacteria in the insect body and makes M. mesophilicum an interesting candidate for the symbiotic control of the CVC agent,
e.g., through a paratransgenesis approach.

Table 1. Plasmidial stability of pCM88 on Methylobacterium mesophilicum. The percent of reaming colonies caring out the
pMC88 was obtained from randomly collected samples after 24, 48, 72, and 120 h of culture cells of strain SR1.6/6 growing
without antibiotic tetracycline.

Generation number Reaming colonies caring out pCM88 (%) SDa

0 (0 h) 100 0
4 (24 h) 99 1
8 (48 h) 98 3.21
12 (72 h) 95 2.08

20 (120 h) 95 1
a SD for four replicates
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Figure 1. Most dominant group of bacteria isolated from Bucephalogonia xanthophis.

Figure 2. Fluorescent microscopy evidencing the ecological niche occupied by endophytic Methylobacterium mesophilicum,
expressing GFP in Catharanthus roseus plants. Xylem vessels observed under a fluorescence microscope (Leica MZ FLIII)
45 days after inoculation. Images are the result of the overlay of images produced using filters DAPI and GFP. A and B)
Xylem vessels of a control plant, scale bar=10 μm. C and D) Colonized xylem vessel, scale bar=10 μm and 5 μm.

Table 2. Evidence of the transmission of M. mesophilicum expressing GFP (SRGFP) to
healthy plants (C. roseus) by insects (B. xanthophis). Plants were inoculated by insects, which
acquired the fluorescent bacteria from membrane system. Endophytic bacteria were isolated
from inoculated plants after 45 days of inoculation and fluorescent bacteria were counted. The
average of SRGFP in inoculated plants was calculated as colony forming unit (CFU)/g of fresh
tissue.

Number of plantsNumber of Transmission SRGFP in plantspositive to presence ofinoculated plants rate (CFU/g fresh tissue)SRGFP
45 6 13.3% 2.8 x 103
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ABSTRACT
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF) that modulates
gene expression in cells as they reach high numbers in plants.  By increasing the expression of a variety of afimbrial adhesins
while decreasing the expression of pili involved in twitching motility as well as extracellular enzyme involved in degrading
pit membranes, DSF accumulation suppresses virulence of Xf in grape.  We thus are exploring different ways to elevate DSF
levels in plants to achieve “pathogen confusion.”  Plants expressing rpfF from Xf produce low levels of DSF and are highly
resistant to Pierce’s disease (PD).  Chloroplast targeting of RpfF substantially increased DSF production in grape; these
plants are currently being tested for disease resistance. Xf moved much less rapidly in rpfF-transformed grape, colonized
many fewer xylem vessels, and achieved a much lower population size indicating that elevated DSF levels suppressed
movement within the plant.  Topical applications of DSF-containing bacterial extracts also reduced the severity of PD
suggesting that DSF is relatively mobile within the plant and that exogenous sources of DSF might also be applied in various
ways to achieve suppression of pathogen mobility and hence virulence.  Some reduction in disease severity was observed in
grape scions grafted to DSF-producing rootstocks suggesting that DSF produced by rootstocks can somewhat move to scions
and confer disease control’ the control of disease was substantially less than  that seen in transformed scions however.  While
certain bacteria such as Rhizobium etli can produce DFS when transformed with rpfF from Xf, and to colonize grape slowly
after inoculation, modest levels of disease control are conferred by pre-treatment of grape suggesting that a more rapidly
multiplying and internally mobile endophytic bacterium might be superior for disease control as a surrogate DSF producer.
As studies of pathogen confusion will be greatly facilitated by having an improved bioassay for the DSF produced by Xf, we
have been developing several immunological and biochemical means to assay for the presence of DSF using Xf itself as a
bioindicator.

LAYPERSON SUMMARY:
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF) that changes its
gene expression in cells as they reach high numbers in plants.  Accumulation of DSF in Xf cells, which presumably normally
occurs as cells become numerous within xylem vessels, causes a change in many genes in Xf, but the overall effect is to
suppress the virulence of Xf in plants.  We have investigated DSF-mediated cell-cell signaling in Xf with the aim of
developing cell-cell signaling disruption (pathogen confusion) as a means of controlling Pierce’s disease (PD).  We have
investigated both the role of DFS-production by Xf on its behavior within plants, the manner in which other bacterial strains
affect such cell signaling, the extent to which other endophytes could modulate density-dependent behaviors and virulence in
Xf by interfering with cell-cell signaling, performed genetic transformation of grape to express DSF, and explored other
means to alter DSF abundance in plants to achieve PD control. Elevating DSF levels in plants should reduce movement of Xf
in the plant. We have produced bacterial endophyte strains that can produce large amounts of DSF and, by moving within
plants apparently they can alter the abundance of DSF sufficiently to reduce the virulence of Xf. Given that DSF
overabundance appears to mediate an attenuation of virulence in Xf we have transformed grape with the rpfF gene of Xf to
enable DSF production in plants; such grape plants produce at least some DSF and are much less susceptible to disease.
Higher levels of expression of DSF have been obtained in plants by targeting the biosynthetic enzymes to the chloroplast.
Some reduction in disease severity was observed in grape scions grafted to DSF-producing rootstocks suggesting that DSF
produced by rootstocks can somewhat move to scions and confer disease control.

INTRODUCTION
We have found that the virulence of Xylella fastidiosa (Xf) is strongly regulated in a cell density-dependent fashion by
accumulation of  a signal molecule called diffusible signal factor (DSF) encoded by rpfF and involving signal transduction
that requires other rpf genes.  We now have shown that Xf makes a DSF molecule that is recognized by Xanthomonas
campestris pv. campestris (Xcc) but slightly different than the DSF of Xcc (Figure 1).  In striking contrast to that of Xcc,
rpfF- mutants of Xf blocked in production of DSF, exhibit dramatically increased virulence to plants, however, they are
unable to be spread from plant to plant by their insect vectors since they do not form a biofilm within the insect.  These

Figure 1



- 145 -

observations of increased virulence of DFS-deficient mutants of Xf are consistent with the role of this density-dependent
signaling system as suppressing virulence of Xf at high cell densities.  Our observations of colonization of grapevines by gfp-
tagged Xf are consistent with such a model.  We found that Xf normally colonizes grapevine xylem extensively (many vessels
colonized but with only a few cells in each vessel), and only a minority of vessels are blocked by Xf. Importantly, rpfF-
mutants of Xf plug many more vessels than the wild-type strain.  We thus believe that Xf has evolved as an endophyte that
colonizes the xylem; blockage of xylem would reduce its ability to multiply since xylem sap flow would cease and thus the
DSF-mediated virulence system in Xf constrains virulence.  That is, Xf would benefit from extensive movement throughout
the plant where it would partially colonize xylem vessels but would have evolved not to grow to excessively within a vessel,
thereby plugging it and hence blocking the flow of necessary nutrients in the xylem sap.  Given that the DSF signal molecule
greatly influences the behavior of Xf we are investigating various ways by which this pathogen can be “confused” by altering
the local concentration of the signal molecule in plants to disrupt disease and/or transmission.  We thus are further exploring
how DSF-mediated signaling occurs in the bacterium as well as ways to alter DSF levels in the plant.  Our work has shown
that the targets of Rpf regulation are genes encoding extracellular polysaccharides, cellulases, proteases and pectinases
necessary for colonizing the xylem and spreading from vessel to vessel as well as adhesins that modulate movement.  Our
earlier work revealed that several other bacterial species can both positively and negatively interact with the DSF-mediated
cell-cell signaling in Xf. In this period we have extensively investigated both the role of DFS-production by Xf on its
behavior within plants, the patterns of gene regulation mediated by DSF, the extent to which other endophytes can modulate
density-dependent behaviors and virulence in Xf by interfering with cell-cell signaling, obtained genetic transformation of
grape and other hosts of Xf to express DSF, and explored other means to alter DSF abundance in plants to achieve Pierce’s
disease (PD) control.

OBJECTIVES
1. Evaluate plants with enhanced production of DSF for disease control
2. Determine if DSF is transferable within plants – eg. whether DSF production in rootstocks can confer resistance to PD in

the scion
3. Evaluate enhanced DSF-producing endophytic bacteria for control of PD
4. Investigate DSF-overproducing strains of Xf as biocontrol agents for PD and whether Xf strains previously identified

with biocontrol potential exhibit an elevated production of DSF
5. Determine if resistance to PD is associated with low rates of degradation of DSF by plants
6. Determine those plant factors that confer induction of virulence genes in Xf and whether susceptibility to PD is due to

differences in induction of virulence factors in the pathogen by the plant

RESULTS AND DISCUSSION
Objective 1.  Production of DSF in transgenic plants for disease control.
We have expressed the rpfF gene in several different plant species to investigate whether DSF excess can lead to reduced
disease caused by Xf. In addition to grape, we have transformed genes conferring DSF production into tobacco since this
species is colonized by Xf and disease symptoms can be produced.  Because transformation of tobacco is much quicker than
grape, we have used studies of Xf infection of tobacco as a surrogate for studies in grape to speed our assessment of different
ways to produce DSF in grape.  The various mutants of Xf that are hyper and hypo virulence on grape yield similar reactions
on SR1 tobacco.

Further tests of SR1tobacco as a surrogate host to evaluate transgenic expression
of rpfF as a means to increase DSF abundance in plants were performed.  SR1
tobacco which had been transformed with the untargeted rpfF genes from either
Xf or Xcc were inoculated with Xf ; the incidence of disease was dramatically
reduced in rpfF-expressing SR1 compared to untransformed tobacco

Grape has been transformed at the Ralph M. Parsons Foundation Plant
Transformation Facility at the University of California at Davis with a non-
targeted rpfF construct. These plants produced only very low levels of DSF but
are MUCH less susceptible to PD (Figure 2). While Xf spread throughout non-
transformed plants causing disease on petioles located great distances from the
point of inoculation, disease was observed only very close to the point of
inoculation in rpfF-expressing plants.   We measured the movement of Xf in
these plants by measuring both the population size of Xf in stems and petioles at
different distances from the point of inoculation, as well as to observe the
fraction of vessels to which a gfp-marked strain of Xf had moved using fluorescence microscopy (Figure 3). Xf was greatly
limited in its movement in plants producing DSF as evidenced by both a lower population size at sites distal to the point of
inoculation and a lower incidence of vessel colonization at all points; both would contribute to low disease severity.
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Figure 3. (Left) Population size of Xf in 1 cm stem segments at different distances from the point of inoculation on
non-transformed Freedom grape (green) and in rpfF-transformed Freedom (red).  The vertical bars represent the
standard error of mean log population size. (Right). Proportion of xylem vessels in stems of transformed Freedom
grape (green) and in rpfF-transformed Freedom (orange) colonized with a gfp-marked strain of Xf at different
distances from the point of inoculation.

We have recently transformed tobacco, Arabidopsis, tomato, and grape with an rpfF gene that has been modified to direct the
protein product to the chloroplast where fatty acid synthesis (and DSF synthesis) should be much enhanced compared to its
production in the cytosol, the presumed location of RpfF in the current transformed plants.  Assay of DSF in transgenic SRI
tobacco plants-where the RpfF is targeted to the chloroplast, indicated that the DSF levels as well as expression of rpfF are
much higher as compared to the plants in which the RpfF is expressed in the cytosol.  Further tests of the efficacy of
chloroplast targeting of rpfF implants were preformed by evaluating DSF production in transgenic Moneymaker tomato.
Substantial levels of DSF could be detected in the chloroplast-targeted tomato and sufficient amounts of DSF were present to
alter the behavior of Xanthomonas campestris pv. vesicatoria (Xcv) that was inoculated onto leaves.  While an average of 323
lesions formed when Xcv was inoculated onto normal tomato, 570 lesions formed per leaf on the DSF-producing plants, a
finding expected if DSF was present since virulence of Xcv is enhanced by DSF.  We obtained the chloroplast-targeted grape
in June, 2009 and have very recently produced enough vegetative clones of these grapes and have initated pathogenicity
studies; results are expected by November, 2009.  We also have inoculated the chloroplast-targeted rpfF plants with a gfp-
marked strain of Xf to assess differences in its movement within the DSF-producing and normal Thompson seedless grape
using fluorescence microscopy.

Although RpfB is not required for DSF synthesis in Xf, it
presumably aids in DSF synthesis by encoding long chain fatty
acyl CoA ligase which might increase availably of the
appropriate substrates for DSF synthesis by RpfF.  We expected
that co-expression of RpfB and RpfF in the chloroplast will
further enhance the DSF levels in plants.  We have produced
transgenic Arabidopsis plants with such a construct and find
evidence of high levels of DSF production.  Pathogenicity assays
with the rpfF mutant of Xcc indicated that the transgenic plants
expressing both rpfB and rpfF transgenic plants can better
complement the virulence of the non pathogenic rpfF mutant of
Xcc. We thus are preparing genetic constructs to transform grape
with these two genes to further enhance DSF production.

Direct application of DSF to non-transgenic grape can also confer
disease control.  While we have very recently tentatively
determined the chemical structure and have synthesized the
putative DSF of Xf,, for these studies we used crude ethyl acetate
extracts of a DSF-producing E. herbicola strain as a source of DSF.  The DSF was either topically applied as well as needle
inoculated into the stems of grape either once a day before inoculation with Xf or weekly.  While a single needle application
of DSF reduces disease index, a weekly application of DSF into the stem of the plant was much more effective (Figure 4).
These results are exciting in that they suggest that disease control from external applications of DSF might be a practical
means of disease control.  We are currently repeating these studies using DSF extracted from various surrogate hosts as well
as from an rpfC mutant of Xf to compare the efficacy of these various sources of DSF to determine whether the amount and
chemical identity of DSF from these sources are the same. This will be very helpful in our continuing efforts to
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unambiguously determine the chemical structure of DSF and to justify the synthesis of large amounts of DSF for plant
experiments.

Objective 2.  Graft transmissibility of DSF.  To test whether DSF is mobile within the plant we are performing grafting
experiments in which DSF-producing tobacco and grape transformed with the rpfF of Xf are used as rootstocks to which
normal SR1 tobacco or grape is grafted as a scion.  These plants have been inoculated with Xf to test whether normal scions
on DSF-producing rootstocks have a lower susceptibility to Xf colonization.  The average disease severity rating on  the
normal SR1 tobacco grafted onto the rpfF-expressing rootstock was 0.97 compared to a rating of 0.84 on SR1 grafted onto
normal SR1 rootstocks (control); these ratings did not differ significantly.  However, the average disease rating on rpfF-
expressing SR1 tobacco scion grafted onto an rpfF-expressing rootstock was only 0.24, which was significantly lower than
that of a normal scion grafted onto an rpfF-expressing rootstock or onto a normal rootstock.  These preliminary results
suggest that putative DSF production in the scion is much more effective on reducing the movement and growth of Xf in the
scion than that of the rootstock.  This work is being repeated.

Non-chloroplast targeted RpfF-expressing transgenic Freedom grape were also sued as a rootstock for green-grafted Cabernet
Sauvignon scions.  Initial estimates of disease severity indicate that there were about 30% less symptomatic leaves of the
normal Cabernet scion when grafted onto a rpfF-expressing rootstock compared with plants on a normal Freedom rootstock
(Figure 5).  Thus, like in the studies of the rpfF-expressing tobacco, it appears that DSF production in the scion is more
efficacious for disease control than is the expression of rpfF in the rootstock.  We are repeating these experiments and will be
inoculating the plants in a variety of ways to determine the efficiency of disease control from rootstock modification.

Objectives 3 and 4.  Disease control with endophytic bacteria. We have been successful in producing large quantities of DSF
in endophytes like Erwinia herbicola and also in lab strains of E. coli).  We recently were able to transform a putative
efficient endophyte of plants, Rizobium etili G12 with both the Xcc and Xf rpfF (DSF biosynthetic gene) and have obtained
production of DSF in this strain.  This DSF-producing endophyte has been inoculated into grape to determine both its ability
to move and multiply within grape as well as its ability to interfere with the disease process.  The R. etli strain G12 was found
to move within grape tissue after inoculation into either the stem or the leaves.  When measured four weeks after inoculation
by puncture inoculation into one site in the stem measurable populations of R. etli were seen as far as 50 cm away from the
point of inoculation.  While the population size away from the point of inoculation were relatively low in this short time
interval since inoculation, this strain clearly has the ability to move within grape; we are excited about this result since no
other of several bacterial strains that we have investigated for the ability to move within grape has ever exhibited any ability
to move beyond the point of inoculation.  Further studies are underway to determine the population sizes to which R. etli will
grow given more time after inoculation. R. etli also has the ability to move within grape leaves and multiply to high
population sizes.  When applied as a point source to leaves using a penetrating surfactant, cells of R. etli could be found up to
3 cm away within one week, and population sizes of this strain increased 100-fold within three weeks after inoculation.
Studies are continuing to determine the maximum population size that this strain can achieve in grape leaves.  The evidence,
however, suggests that the bacteria move relatively slowly in grape, and thus such strains would have to be inoculated into
grape substantially in advance of the pathogen in order to achieve high levels of disease control.  We thus are exploring the
possibilities of introducing these bacteria throughout the plant by various means as a way to rapidly increase their population
size in the plant, and thus their ability to elevate the DSF levels within the plant.  As the use of surfactants to introduce the
bacteria into the plant sometimes resulted in some phytotoxicity to leaves, we are exploring an experimental strategy of
forcing the bacteria physically into leaves using either pressure or a vacuum in order to achieve leaves that have high levels
of bacteria but without any leaf damage that will complicate the interpretation of disease control by such bacteria.
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Various DSF-producing bacteria were tested for their ability to control PD when applied to grape in different ways.  DSF-
producing R. etli were both needle inoculated one or more times at sites near where Xf was subsequently inoculated, as well
as co-inoculated with Xf into grape stems and sprayed onto leaves with 0.5% of the penetrating surfactant Breakthru 1 week
before Xf was inoculated into stems.  The co-inoculation of R. etli with Xf greatly decreased the incidence of colonization of
grape petioles compared to control plants inoculated with Xf alone (Figure 6) while topical application or injection elsewhere
in the stem provided little control.  We presume that the relatively slow movement of R. etli in the stems of plants and
explains why co-inoculation was most effective. R. etli was somewhat susceptible to damage from Breakthru and its
population sizes were reduced during application with this detergent.  We will continue to test different ways in which R. etli
can be introduced into plants to determine its ability to control PD.  We expect that introduction of R. etli into stems far in
advance of Xf will provide much better disease control. RpfC- mutants of Xf greatly over-produce DSF so we tested them for
their ability to control PD when applied in various ways as discussed above for R. etli.  The incidence of colonization of
grape petioles with Xf was greatly reduced when plants were needle inoculated into grape either two weeks before plants
were inoculated with Xf or when co-inoculated with the pathogen (Figure 7).  While the RpfC mutant does not move as well
within grape as the wild-type Xf, its presence locally in plants can suppress the movement of wild-type Xf and thus lead to
control of PD.  These studies are promising and are being repeated.

Objective 5.  Degradation of DSF by plants. Development of an Xcc biosensor efficient in detecting Xylella DSF. For many
of the objectives of this project, in addition to the study of DSF degradation in plants, an improved bioindicator for DSF
would be very valuable.  We are presently using an Xcc-based biosensor in which the endoglucanase gene is linked to a GFP
reporter gene.  Previous studies have shown that this biosensor is able to detect the DFS made by Xf but that it detects Xf DSF
with a much lower efficiency then the Xanthomonas DSF since the two molecules apparently differ slightly.  Elsewhere have
described another project in which we are developing a surrogate Xcc biosensor system which will express all the
components of DSF signal transduction of Xf. This should give rise to a system which is close to DSF signal transduction
system in Xcc but which will be most responsive to DSF from Xf. We have made much effort in this reporting period to
developing  methods to use Xf itself to detect DSF. Among the several genes that we know to be most strongly regulated by
DSF include pil genes involved in twitching motility, several genes such as fimA and hxfA and HxfB which are involved in
cell-surface adhesion, and gum genes involved in production of EPS. We thus have examined the phenotypes of an rpfF-
mutant and WT strain of Xf exposed to different amounts of DSF to determine if it can be used to bioassay for the presence of
DSF.  Initial results are encouraging.  For example, cells of the rpfF- mutant which are not adherent, and thus which do not
form cell-cell aggregations became much more adherent to each other when DSF was added to shaken broth cultures.  The
increased adherence is readily visualized as an enhanced ring of cell-cell aggregates that forms at the liquid-air interface of
shaken cultures (Figure 8).  Thus it appears that we may be able to assess the concentration of DSF in samples using a cell
adhesion assay using Xf cells, although both assays are time consuming and somewhat qualitative.

Figure 6 Incidence of colonization of petiols of
grape by Xf when plants were treated with
DSF-producing R. etli in various ways.

Figure 7 Incidence of colonization of petioles of
grape by Xf when plants were treated with RpfC
mutants of Xf in various ways.
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We are also exploring several other methods of assessing the presence of DSF using Xf itself as a bioindicator.  We are taking
advantage of the fact that we now know what genes in Xf are induced in the presence of DSF.  For example, we now know
that gumJ, involved in extracellular polysaccharide (EPS) biosynthesis is strongly induced in the presence of DSF from Xf
and that DSF-deficient strains produce noticeably less EPS in culture. We are fusing this gene to a gfp reporter gene that has
been optimized for expression in E. coli (and thus hopefully will also have higher levels of expression in Xf – see progress
report for project 08-0170 for more details) and will introduce it into the genome of Xf by homologous recombination to yield
cells of Xf that will become green fluorescent in the presence of DSF.  Likewise, we have cloned the gene encoding alkaline
phosphatase from Xf and are determining if it can be used in in vitro bioassays when fused to DSF-responsive genes in an
alkaline phosphatase-deficient background in Xf. Such cells should be much more responsive to Xf DSF and be useful in
assaying biochemical fractions for DSF in the purification processes below and in assaying DSF analogs.

In addition to estimating the transcriptional expression of genes known to be regulated in response to accumulation of DSF,
we are also exploring ways of measuring the amounts of gene products (proteins) or EPS that are made in response to the
presence of DSF.  For example, we are exploring whether we can detect EPS production by Xf both in culture and in plants
by use of antibodies that recognize the EPS of Xf. Such antibodies have recently been described by the group of Bruce
Kirkpatrick.  Our initial results suggest that DSF-deficient RpfF- mutants of Xf exhibit little or no EPS production as
monitored by use of fluorescently-labeled antibodies directed against EPS.  A gfp-marked RpfF- strain of Xf could be used as
a DSF detector both in culture and in planta by examining co-localization of constitutive GFP fluorescence and red
fluorescence when a red-fluorophore-labeled anti-EPS antibody is applied to a sample; GFP fluorescent cells that were not
also labeled with the antibody stain would indicate lack of DSF availability while cells that were both GFP and red
fluorescent would indicate the presence of DSF.

We are also exploring the use of a simple staining procedure to estimate the abundance of EPS produced by Xf. For example,
our work on the mechanism by which DSF mediates changes in gene expression in Xf has uncovered the important role of
cyclic di-GMP as a so-called second messenger within cells.  We have made mutants in gene PD 0279 which encodes a
GGDEF domain protein the apparently functions in the synthesis of cyclic di-GMP.  The GGDEF mutant produces much
more EPS ion culture as apparent from observing colonies, and this difference in EPS can be readily visualized by staining of
colony lifts on nitrocellulose filters by staining with Alcian Blue; the GGDEF mutant stains a much darker blue than the wild
type, which the over-expression of this GGDEF proteins stains much less intensely (Figure 9).  This Alcian blue staining
method thus is being pursued as a means to estimate DSF-mediated changes in EPS production in an rpfF mutant of Xf
exposed to different amounts of DSF.

We have also explored the use of immunofluorescence to detect other DSF-regulated proteins in Xf. This work is very
promising.  Antibodies to XadA were provided by Dr. Alessandra Souza who had developed this tool to detect a homologous
protein in CVC strains of Xf. The antibodies cross-reacted strongly to the XadA from grape strains of Xf. In preliminary
experiments we find that cells of an rpfF mutant of Xf harbor very little XadA when grown on XFM minimal medium
without added DSF, but that significant amounts of XadA is detected with the antibody when DFS-containing extracts from
an rpfC mutant of Xf were added (Figure 10).  These are very exciting results in that it suggests that such a biosensor would
be very useful within plants to monitor the temporal and spatial patterns of DSF production within plants, as well as allow us
to monitor the dispersal and stability of DSF that has been applied to plants, or of DSF which has been produced by

Figure 9.  Staining of
colony lifts of streaks of
WT Xf (left), a GGDEF
mutant (center) and a
GGDEF mutant in which
gene PD 0279 has been
over-expressed in trans
(right) with Alcian Blue.

Figure 8.  Cellular aggregations that
formed at the air-liquid interface in
broth cultures of a rpfF- mutant of Xf
grown in XFM minimal medium
without added DSF (top) or with 100
uM of added C14-cis enoic acid, the
presumptive DSF produced by grape
strains of Xf. The yellow arrows note
the presence of the ring of adhered
cells.
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transgenic plants themselves.  We also observed a very curious effect of DSF on XadA; while some of this protein is cell-
associated, a much lower proportion of this protein is released to the outside of the cell when cells are exposed to DSF
(Figure 11).  This phenomenon also should provide a useful means to estimate DSF abundance in vitro.  We are exploring
the use of other antibodies such as those directed against PilC as well for such studies.

Objective 5. Plant regulation of Xf virulence factors. Before investigating the effects of plant extracts on gene expression in
Xf we have further examined the complex pattern of gene regulation in Xf that is DSF dependent to better understand which
virulence genes might be most informative to examine.  Analysis of the genome sequence of Xf revealed that several genes

Figure 12.  A proposed model for DSF-mediated
cell-cell signaling regulation in Xylella fastidiosa.

Figure 10 Cells of rpfF- mutant of Xf grown on a
minimal medium and then stained with Syto-9 (green)
and probed with rhodamine-labeled anti-XadA
antibody (red).  Cells were grown in XFM minimal
medium without added DSF extract (top) or with
added DSF-containing cell culture extract (Bottom).
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Figure 11. (A) Western blot analysis of cell-
associated and cell-free XadA in Xf Tem and
ΔrpfF after 14 days of growth on minimal media
(XFM) supplemented with pectin.  (B) Effect of
Xf ΔrpfC DSF extract on XadA level in ΔrpfF.
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encoding proteins potentially involved in intracellular signaling are present.  Gene expression of several genes was thus
examined in both a rpfF and rpfC mutant background as well as a double mutant.  The results have enabled the production of
a more complete model of DSF-dependent gene expression in Xf (Figure 12).  A central role for modulation of cyclic d-
GMP in altering expression of cell surface features central to virulence of Xf has been noted (see Figure 9).  The several
genes identified here will be examined by RT-PCR in cultures of Xf to which plant extracts have been applied as proposed.

CONCLUSIONS
Since we have shown that DSF accumulation within plants is a major signal used by Xf to change its gene expression patterns
and since DFS-mediated changes all lead to a reduction in virulence in this pathogen we have shown proof of principle that
disease control can be achieved by a process of “pathogen confusion”.  Several methods of altering DSF levels in plants,
including direct introduction of DSF producing bacteria into plants, topical application of such bacteria to plants with
surfactants, and direct application of DSF itself to plants appear promising as means to reduce PD.  Transgenic DSF-
producing plants appear particularly promising and studies indicates that such plants provide at least partial protection when
serving as a rootstock instead of a scion.  Based on work done on other plant species in which a chloroplast-targeted DFS
synthase has provided much higher levels of DSF production, we are hopeful that such a construct in grape will provide even
higher levels of PD control in our current studies.  While the principle of disease control by altering DSF levels has been
demonstrated, this work addresses the feasibility of how achieve this goal, and what are the most practical means to achieve
disease control by pathogen confusion. Our continuing work will address which method is both most practical and
efficacious.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.



- 152 -

EXPLOITING PATHOGEN SIGNAL MOLECULES FOR CONTROL OF PIERCE’S DISEASE

Principal Investigator:
Steven Lindow
Dept. Plant & Microbial Biol.
University of California
Berkeley, CA  94720-3102
icelab@berkeley.edu

Cooperators:
Dirk Trauner
Department of Chemistry
University of California
Berkeley, CA  94720-1460
trauner@cchem.berkeley.edu

Ellen Beaulieu
Department of Chemistry
University of California
Berkeley, CA  94720-1460

Michael Ionescu
Dept. Plant & Microbial Biol.
University of California
Berkeley, CA  94720-1460

Clelia Baccari
Dept. Plant & Microbial Biol.
University of California
Berkeley, CA  94720-1460

Reporting Period: The results reported here are from work conducted July 2008 to October 2009.

ABSTRACT
The movement of Xylella fastidiosa (Xf) in plants as well as insect transmission is controlled by a small diffusible signal
factor (DSF) that accumulates when cells are at high cell densities.  Pathogen behavior can be changed and disease reduced
by altering the abundance of DSF in plants in a form of “pathogen confusion.”  To enable new strategies of pathogen
confusion we have chemically characterized the most abundant DSF produced by grape strains of Xf under the control of the
rpfF gene as 2-Z-tetradecenoic acid (hereafter called C14-cis). Additional related chemicals forms of DSF with biological
activity may exist, and we are currently determining their relative activity and if such molecules cooperate in regulating gene
expression in Xf. The DSF of Xf is structurally related to, but distinct from, the DSF made by Xanthomonas campestris pv.
campestris (Xcc). While an Xcc eng:gfp based biosensor for DSF can detect as little as about 1 uM of DSF produced by Xcc,
more than about 100 uM of C14-cis is required for detection.  Biological assays for the presence of C14-cis are being
developed in Xf. As the expression of genes conferring type IV pili and thus twitching are suppressed while those involved in
EPS production and production of various cell adhesins are induced in the presence of DSF in Xf, we are developing Xf-based
bioassays for C14-cis using an rpfF mutant of Xf that cannot produce DSF but which can respond to exogenous C14-cis.
Twitching motility of the rpfF mutant was suppressed in the presence of as little as 1 uM exogenous C14 cis while cell-cell
adhesiveness and cell-surface adhesiveness was enhanced.  Further bioassays based on immunological detection of cell
surface adhesins or EPS as well as by quantifying mRNA associated with these genes in Xf are being developed.  Initial
results suggest that the responsiveness of Xf to C14-cis is dependent on the physiological state of cells; young, actively-
growing cells appear to respond less than older cells.  C14-cis, as well as the Sodium salt of this fatty acid which is highly
water soluble, have been produced and have been used as topical and injected treatments of grape that have subsequently
been challenge inoculated with Xf for tests of disease control; modest decreases in disease control with these treatments
revealed a need to better assess the efficiency with which DSF was introduced into plants.  Substantial decreases in disease
severity and incidence of vessel colonization with cells of Xf were obtained after application of DSF-containing bacterial
extracts, revealing the importance of efficient methods of introduction of this signal molecule for disease control.  We have
also designed and synthesized some DSF-analogs and will soon test them for their ability to alter pathogen gene expression
and behavior in culture as well as control disease.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF) that changes its
gene expression in cells as they reach high numbers in plants.  Accumulation of DSF in Xf cells, which presumably normally
occurs as cells become numerous within xylem vessels, causes a change in many genes in Xf, but the overall effect is to
suppress the virulence of Xf in plants.  The DSF produced by grape strains of Xf has tentatively been characterized as a 14
carbon, unsaturated molecule we will refer to as C14-cis.  Both its relatively lower biological activity as assessed in a
bioassay in the bacterium Xanthomonas campestris pv. campestris (Xcc)  than that of the DSF from Xcc itself and lesser
activity in an Xcc bioassay indicates that there is considerable specificity in the structure-function relationships between
different bacterial DSF signal molecules.  We have focused on developing a bioassay for the DSF made by Xf in Xf itself so
that we can monitor the fate of DSF applied to grapes for the purpose of  pathogen confusion.  Preliminary studies conducted
in the greenhouse in which synthetic DSF and DSF extracted from bacterial cultures was applied as a topical spray to plants,
and by direct injection into the stems of plants before inoculation with Xf have shown that some reduction of disease
symptoms and extent of colonization of grape vessels is achieved by these treatments.

INTRODUCTION
Research in the Lindow lab has provided considerable evidence for a diffusible signal factor (DSF) encoded by rpfF, which
we have now shown to be a fatty acid derivative, operates in quorum sensing and biofilm initiation in Xylella fastidiosa (Xf).
Xf rpfF- mutants, blocked in production of DSF, exhibit increased virulence to plants, however, they are unable to be spread
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from plant to plant by their insect vectors.  We found that Xf colonizes grapevine xylem extensively, with many vessels
harboring relatively few Xf cells and only a minority blocked by Xf. We thus believe that Xf has evolved as an endophyte that
colonizes the xylem; blockage of xylem would reduce its ability to multiply and thus the DSF-mediated virulence system in
Xf constrains virulence when cell density increases to high levels in the plant.  Preliminary data indicate that DSF perception
is central to the expression of a large number of genes in Xf, including those that are involved in virulence to plants as well as
acquisition by insect vectors.  DSF accumulation results in the expression of several fimbrial and afimbrial adhesins,
resulting in the cells becoming “sticky” in the plant.  DSF accumulation also results in the suppression of expression of
extracellular enzymes such as polygalacturonases and endoglucanases that are required for erosion of pit membranes and
hence movement through the plant.  As the pathogen apparently acquires substantial nutrition from the degradation products
of the pit membranes, DSF thus suppresses the multiplication in vessels as cell numbers, and hence DSF, accumulate. Xf thus
appears to coordinate its behavior in a plant to have both an “exploratory” phase (non-sticky cells highly expressing pit
membrane-macerating enzymes) that enable it to spread widely through the plant but not be easily acquired and transmitted
by insect vectors, that occurs until cells start to become locally abundant.  This phase is followed by an “acquisition phase”
(sticky cells that no longer express extracellular enzymes) in a subset of the cells that are maximally transmitted by insects.
Thus, because the plant lifestyle (as an endophyte) conflicts with its ability to adhere to insects and be transmitted the
pathogen apparently takes on a “bi-polar” lifestyle of two different physiologies that are adapted for plant invasion and insect
transmission, respectively.  DSF serves as the switch coordinate the plant lifestyle and convert cells into the insect acquisition
phase.

Our earlier work demonstrated that the severity of Pierce’s disease (PD) is reduced when the levels of DSF are increased in
the plant in various ways.  For example, the severity of PD is greatly reduced when DSF-producing bacteria are co-inoculated
with Xf into grape or when DSF expression is enhanced in Xf itself.  In a direct approach to altering DSF levels in plants we
have transformed grape with the rpfF gene from Xf. Large numbers of clonal rpfF-expressing grapes have been produced
and inoculated with Xf to test for susceptibility to PD.  In very exciting results, the DSF-expressing grape are MUCH less
susceptible to PD.  The severity of disease was reduced over 10-fold compared to non-transformed plants.  While Xf spread
throughout non-transformed plants causing disease on petioles located great distances from the point of inoculation, disease
was observed only very close to the point of inoculation in rpfF-expressing plants.  A major goal of this proposal is to
determine the structure of Xf DSF so that it and analogs can be evaluated in a strategy of control of diseases caused by Xf that
rely on “pathogen confusion”.  Synthetic DSF and analogs will be made and tested for efficacy in controlling PD by
introducing these materials on or into the plant in various ways.

OBJECTIVES
1. Identification and characterization of low molecular weight signaling molecule (DSF) central to behavior of Xf
2. Design and synthesize low molecular weight compounds capable of interfering with signal molecule function in Xf
3. Evaluate efficacy of signal analogs for control of disease and insect transmission of Xf

RESULTS AND DISCUSSION
Objective 1.  Characterization of DSF. We determined the conditions that led to optimum production of DSF by Xf and
surrogate hosts.  An rpfC mutant of Xf that is de-repressed for DSF production was cultured in defined media for the harvest
of signal molecules.  We found that an RpfC- mutant of Xf produces about 11-fold more DSF than a wild type strain and that
optimum production is on solidified media after growth for 10 days or more.  We also expressed rpfF from Xf in E. coli and
Erwinia herbicola strain 299R under strong promoters.  The yield of DSF as detected in Xcc from these surrogate hosts was
much larger than even from the rpfC mutant of Xf because of the much larger number of cells that could be produced in
culture.  We obtained more than 100-fold more DSF than normally produced by a comparable number of Xf cells in such
surrogate hosts, and found that that E. herbicola is a superior surrogate host compared to E. coli.

The scheme depicted in Figure 1 was used to isolate and characterize the DSF from Xf. Initial characterization of DSF was
made from the large amounts of DSF produced in surrogate hosts.  DSF was extracted from culture media using ethyl acetate
partitioning.  Among several fractions from separations of materials made from these crude extracts made by flash column
chromatography, the fraction containing organic acids showed higher activity in an Xcc DSF bioassay than other fractions
above the background.  The Xf DSF isolated from reverse phase HPLC of the active fraction showed NMR spectral data
consistent with a fatty acid containing one site of unsaturation. The DEPT 135 indicates that this is a straight chain acid with
no branching.  Spectral data suggest the Xf DSF has a molecular formula of C14H26O2.  The methyl ester was synthesized for
GCMS analysis.  The methyl ester has a molecular formula of C15H28O2 which means the Xf DSF has a formula of C14H26O2.
DSF was then extracted from Xf and used to verify that the compounds made by Xf and the surrogate hosts are the same. Xf
was grown on periwinkle wilt (PW) gel in solid culture.  From 200 plates (~4 L volume), we were able to obtain 0.8 mg of
the Xf DSF.  The gel medium was cut into 0.4 x 0.4 cm squares and sonicated with twice the volume of Ethyla acetate.
Extracts were purified by flash column chromatography and HPLC as described above.  The isolable active compound (DSF)
from Xf was identified as 2-Z-tetradecenoic acid (hereafter called C14-cis).  Isolates from an rpfF mutant of Xf strain did not
produce C14-cis.  The putative Xf DSF was synthesized using a Still-Gennari olefination followed by saponification.  The
spectral data for the acid isolated from E. herbicola match those obtained for the synthetic 2-Z-tetradecenoic acid.
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Based on the finding that the DSF from the E. coli and E. herbicola surrogate hosts harboring Xf rpfF , and that isolated from
rpfC mutants of Xf were the same and that all matched that the synthetic material, we tentatively conclude that DSF from Xf
is C14-cis (Figure 2).  The putative DSF from Xf differs somewhat from the DSF made by Xcc in that it has a longer, but
unbranched acyl chain.

We are continuing to investigate whether other, related enoic acids are made by
Xf in addition to the numerically dominant C14-cis.  The possibility exists that
some of these related enoic acids may be biologically active and perhaps act in
synergy with C14-cis to regulate gene expression in Xf.

The biological activity of C14 cis was initially assessed using the Xcc based
biosensor Xcc 8523 (pKLN55).  In this biosensor gfp fluorescence conferred by
cells harboring an eng:gfp reporter gene fusion that is responsive to Xcc DSF is
measured. While the Xcc-based biosensor for DSF can detect as little as about
1 uM of DSF produced by Xcc, more than about 100 uM of C14-cis is required
for detection. (Figure 3).  It is important to note that the biological activity of
C14-cis was much less than that of that of Xcc DSF; this was expected as earlier
work had revealed that while the Xcc biosensor could detect DSF from Xf the
signal was much lower than from a corresponding amount of cells of Xcc.  It is
also clear that the trans form of the C14 enoic acid has no biological activity in
this assay in Xcc (Figure 3).

Biological assays for the activity of  C14-cis are also being developed in Xf to ensure that the C14-cis molecule detected in
Xcc is also biologically active in Xf.  This is a critical step in also monitoring the translocation and stability of DSF in treated
plants (Objective 3).  As the expression of genes conferring type IV pili and thus twitiching are suppressed while those
involved in EPS production and production of various cell adhesins are induced in the presence of DSF in Xf, we are
developing bioassays for C14-cis using an rpfF mutant of Xf that cannot produce DSF but which should respond to
exogenous C14-cis.   Twitching motility of the rpfF mutant was suppressed in the presence of as little as 1 uM exogenous

Figure 2.  Putative structure of C14-cis, the DSF made by Xf
that can be detected in Xcc.

Figure 4.  Twitching motility of Xf evident as
a fringe around the coloniy of an rpfF mutant
(top) on PWG medium but not around the
colony when grown on medium containing
C14-cis.

Figure 3.  Dose response relationship for DSF from
Xcc and that from Xf as well as other related enoic
acids.

Figure 1. Process by which Xf DSF as
detected in Xcc was isolated and
characterized.
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C14 cis while cell-cell adhesiveness and cell-surface adhesiveness was enhanced (Figure 4).  The twitching assay tends to be
highly variable from one assay to another, presumably due to small differences in the physiological state of the Xf indicator
bacteria or of the agar surface on which twitching is being assayed.  More quantitative assays based on expression of the
genes involved in twitching motility and in adhesion to surfaces are being developed using quantitative RT-PCR to assess
expression of genes such as hxfA, fimA, and pilA. Since it is possible that a functional rpfF gene may be needed to properly
respond to DSF, the responsiveness of these genes to exogenous DSF is being assessed in both a WT strain as well as an rpfF
mutant of Xf. Initial results suggest that the responsiveness of Xf to C14-cis is dependent on the physiological state of cells;
young, actively-growing cells appear to respond much less than older cells.  Since RT-PCR assays are time consuming and
expensive, we are also exploring the use of cell “dot blots” to directly test for expression of EPS and afimbrial adhesins using
antibodies obtained from the Kirkpatrick lab and from Dr. de Souza from Brazil.

The current biodetector for DSF that we developed earlier is based on
an eng:gfp fusion that is expressed in Xanthomonas campestris pv.
campestris (Xcc) (it was known that the endoglucanase gene of Xcc
was induced in the presence of DSF).  The Xcc DSF biosensor
(8523/PKLN55) will detect DSF of Xf but we have now shown it to be
much less responsive to C14-cis.  This may be due to considerable
differences in the components involved in DSF sensing like RpfC and
RpfG which are hybrid two-component sensor and response regulators
in Xcc and Xf..  We thus have done considerable work on developing
an improved DSF biosensor in Xcc.  Much of our work has focused on
producing a chimeric rpfC that will recognize DSF from Xf but will
function in signal transduction in Xcc.  Our analysis of RpfC from Xf
indicates that it has a similar cytoplasmic domain as that from RpfC
from Xcc.  In fact, models that predict the 3-dimentional structure of
proteins predict that the cytoplasmic domain of these two proteins will
have very similar structure.In contrast to the cytoplasmic domain
which is predicted to function in signal transduction by phosphorelay,
the transmembrane domain of the RpfC of Xf is somewhat shorter than

that of RpfC from Xcc. Given that the transmembrane domain is thought to serve as the DSF binding domain, we
hypothesized that an improved DSF biosensor could be made in Xcc by replacing its native RpfC with a chimeric RpfC
which had the N-terminal transmembrane domain of Xf with the cytoplasmic phospho-transfer domain of Xcc.  This has now
been accomplished by forming the hybrid protein with an appropriate fusion point.

The production of EPS in Xcc normally increases in response to accumulation of DSF.  We therefore assessed the regulation
of EPS production wild type and rpfF mutants of Xcc.  There is a large reduction of EPS production as measured by total
sugar concentration in extracted cells of an rpfF mutant compared to wild type, while EPS content of an rpfC mutant is even
lower (Figure 5).  Introduction of a chimeric rpfC into the rpfFC double mutant in trans restored production of EPS to levels
similar to that in an rpfF mutant, suggesting that it functioned in a manner similar to the native Xcc rpfC.  In contrast, the
rpfC from Xf conferred high levels of EPS production in this mutant background, suggesting that it was inappropriately de-
repressed in Xcc.  Thus the chimeric RpfC appears to be functioning properly in Xcc.  We are currently determining the levels
of EPS production in an rpfFC double mutant of Xcc harboring the chimeric rpfC in the presence and absence of added DSF;
we how to see elevated EPS levels with added DSF.

We have done extensive work to develop alternative reporter genes for use in Xf. In our past work we found that gfp and ice
nucleation reporter genes were not efficiently expressed, and significant expression of these reporter genes could be detected
only when transcription was driven by strong promoters such as the 16S rRNA promoter.  We thus have explored the use of
two other reporter genes.  In one example, we have cloned the gene encoding alkaline phosphatase (phoA) from Xf and
introduced it into a stable plasmid vector suitable for introduction into Xf (Figure 6).  We also have knocked out the
expression of the indigenous alkaline phosphatase gene in Xf since such a background would be required to measure
expression of this gene in response to an environmentally-responsive gene such as those encoding EPS production, adhesins
or other genes that are regulated upon increases in DSF concentration.  We are in the process of determining if alkaline
phosphatase activity can be detected in strains harboring various fusions to this phoA reporter gene.  We also have obtained
variants of a gfp reporter gene that confer much higher levels of expression in E. coli than the native gfp reporter gene.  We
are determining whether fusions to these gfp variants yield sufficient green fluorescence for detection in Xf.

Figure 5.  EPS production in various Xcc
strains as estimated by total sugar content  of
extracted cells as measured by an anthrone
assay
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Objective 2.  Design and synthesize DSF analogs.  We have made several synthetic analogs of C14-cis for testing for
biological activity in Xf (Figure 7).  As these materials have only recently been synthesized the biological activity of most
have not yet been assayed.  We have been waiting to assay them in Xf until we have produced a better bioassay for DSF in
this pathogen.  As noted above and as expected, the trans variant of the C14 enoic acid exhibited no activity in any of the
biological assays performed today in Xcc.  In addition to the DSF analogs noted in Figure 7, various halogenated variants
will also be synthesized.

Objective 3.  Testing of  DSF in in planta evaluations.  We have synthesized gram quantities of C14 cis as well as the
sodium salt of this fatty acid which is highly water soluble. These quantities are sufficiently large for initial greenhouse
studies.  To understand how best to test these synthetic materials we have used bonafide DSF-containing extracts from both a
RpfC mutant of Xf as well as from an E. herbicola strain harboring the rpfF gene from Xf and applied them to grape in
different ways before inoculating with Xf. These materials were injected into stems in initial studies to determine their
efficacy for disease control.

rpfF
hxfB
pglA

gumB
16SrRNA

::phoA

Figure 6 Expression vector harboring phoA from Xf being tested for
expression in a phoA mutant of Xf.

Figure 7 Analogs of the DSF produced by
Xf that have been synthesized.
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The DSF-containing extracts, particularly those from the E. herbicola surrogate harboring rpfF from Xf substantially reduced
both disease severity when injected into stems of grape before Xf, as well as reduced the multiplication of Xf both in petioles
and stems of treated plants (Figure 8).  The reduction in population size of Xf increased with increasing distance from the
point of inoculation, suggesting that the DSF reduced the movement of Xf within the plant.  These results are very promising
and have enabled us to initiate further tests to compare different means of introducing synthetic and extracted DSF for
disease control.

CONCLUSIONS
Since we have shown that DSF accumulation within plants is a major signal used by Xf to change its gene expression patterns
and since DFS-mediated changes all lead to a reduction in virulence in this pathogen we have shown proof of principle that
disease control can be achieved by a process of “pathogen confusion.”  This study addresses an obvious means of achieving
pathogen confusion since direct introduction of DSF via topical application to plants should enable us to alter the abundance
of this signal molecule.  While the principle of disease control by altering DSF levels has been demonstrated, this work
addresses the feasibility of how achieve this goal using synthetic DSF.  Our results show promising effects of topical
application of DSF in disease control.  We have made considerable progress in developing a biological sensor for the DSF
produced by Xf so that we can better assess methods by which DSF can be introduced into plants and monitor its fate after
introduction.  Our continuing work will address whether this is a practical means to achieve disease control by pathogen
confusion.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.

Figure 8.  (Top) Severity of disease symptoms
on grape injected with a DSF-containing extract
from an E. herbicola strain harboring rpfF from
Xf (green), from an RpfC mutant of Xf (yellow)
or with methanol alone (red) before being
inoculated with Xf. Disease severity of leaves
(numbered) at various distances above the point
of inoculation is shown.  Disease severity was
rated as 0= healthy, 1= minor marginal necrosis,
2 = moderate marginal necrosis, and 3= leaves
dead.  (Middle) Population size of Xf in petioles
at different distance from the point of inoculation
after pre-treatment with DSF as noted above.
(Bottom) Population size of Xf in 1 cm stem
segments collected at different distances from
the point of inoculation after pre-treatment of
plants with DSF solutions as noted above.
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RESPONSES OF ADDITIONAL GROUND COVER PLANT SPECIES TO MECHANICAL
INOCULATION WITH DIVERSE XYLELLA FASTIDIOSA ISOLATES
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Reporting Period: The results reported here are from work conducted November 2008 to October 2009.

ABSTRACT
Nine additional plant species and one other cultivar were evaluated in 2009 for reactions to Xylella fastidiosa (Xf) mechanical
inoculations.  We investigated relative safety for species use in and near Texas vineyards at risk for Pierce’s disease.
Seedlings started in the cool season were grown in containers in greenhouse and screenhouse until caulescent and flowering.
Mechanical inoculation used Texas Xf isolates from grape, weeds, shrub, and tree (Vitis vinifera, Ambrosia trifida var.
texana, Helianthus annuus, Nerium oleander, Platanus occidentalis).  SCP buffer was the control.  Each plant was twice
needle-inoculated on different days into xylem of two adjacent lower internodes with two 10-μm drops of ca. 108 cfu/ml
SCP-suspended cells.  No obvious symptoms developed.  Evaluations used ELISA on stem tissue that we recovered after
several weeks, from the inoculation site and above the inoculation site.  Experiments were repeated but repetitions of yarrow
and blanketflower experiments were not yet complete at this writing because late planted seedlings were acaulescent through
the summer.  Safety as estimated by mechanical inoculation reflected the number of isolates that colonized (OD≥0.300),
mean OD, and whether grape isolates colonized the species.  All SCP controls were negative.  All species were colonized to
some extent by at least one isolate.  Tissue location for ELISA (inoculation zone vs. above the inoculation zone) was
significant (P<0.05) only for the four species with safer reactions.  Those safe species were Coreopsis tinctoria (plains
coreopsis 'Dwarf red'), Coriandrum sativum (cilantro), Fagopyrum sagittatum (buckwheat), and Silene armeria (catchfly).
Species rated as unsafe under conditions of these studies were Achillea millefolium (yarrow), Gaillardia aristata
(blanketflower), Linum rubrum (scarlet flax), Machaeranthera tanacetifolia (Tahoka daisy), Oenothera speciosa (showy
primrose), and Petunia x violaceae (petunia ‘Laura Bush’). Coreopsis tinctoria (plains coreopsis), Verbena rigida (tuber
vervain), and Lolium multiflorum (annual ryegrass) met safe plant criteria in previous greenhouse and screenhouse work.
Future vineyard evaluations of plant safety may differ from these results due to interactions of plant species and vector
species phenologies.

LAYPERSON SUMMARY
An aggressive inoculation technique was used to screen selected groundcover plant species for potential safe use in and near
Texas vineyards at risk for Pierce’s disease.  Relatively safe reactions were detected in 2009 in Coreopsis tinctoria (plains
coreopsis 'Dwarf Red'), Coriandrum sativum (cilantro), Fagopyrum sagittatum (buckwheat), and Silene armeria (catchfly).

FUNDING AGENCIES
Funding for this project was provided by a cooperative agreement between USDA Animal and Plant Health Inspection
Service, and Texas A&M University.
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Reporting Period: The results reported here are from work conducted October  2008 to October 2009.

ABSTRACT
In response to a recommendation by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Research Scientific
Advisory Panel to express plant genes for particularly effective inhibitors of Xylella fastidiosa (Xf) polygalacturonase (PG) in
transgenic grape, optimal plant polygalacturonase inhibiting proteins (PGIPs) are being selected and expressed in grape
rootstocks to enhance grapevine Pierce's disease (PD) resistance.  This project includes integrated approaches aimed at the
eventual deployment of that strategy in commercial lines.  To ease the path to commercialization, PIPRA investigators are
examining the relevant Intellectual Property and regulatory issues associated with the use of selected PGIPs in transgenic
grape rootstocks in combination with elite scion lines.  The PGIPs that most effectively inhibit XfPG are predicted to be the
best candidates for providing significant PD resistance.  Recombinant XfPG is being developed to screen diverse PGIPs
selected from a wide variety of plant sources for their ability to effectively inhibit the XfPG enzyme.  We are cloning the
selected PGIPs so they can be expressed in plants for the tests of their efficacy in inhibiting XfPG.  Grape rootstock lines will
be transformed with the most effective PGIPs and signal and target sequences will be used as needed to maximize PGIP
expression in the rootstock and its export to the non-transgenic scions.  At the conclusion of the project, the capacity of non-
transgenic scions to resist PD and produce high quality grapes when grafted on transgenic rootstocks will be tested.

LAYPERSON SUMMARY
Plant proteins have been selected to inhibit a key enzyme called polygalacturonase (PG) that Xylella fastidiosa (Xf) uses to
spread from the point of inoculation throughout the grapevine and cause Pierce’s disease (PD).  Proteins called PG-inhibiting
proteins (PGIPs) are produced by many plants.  PGIPs are selective in their ability to inhibit the PG enzymes of plant
pathogens.  We know that the pear fruit PGIP can inhibit XfPG and that expression of the pear PGIP in transgenic grapevines
slow PD development.  We also know that pear PGIP produced in a rootstock can move into scions by crossing the graft
union in the water-conducting tissues.  The PGIPs from different plants are being tested for their ability to inhibit XfPG and
structural modeling is being used to characterize what parts of the PGIP are important for inhibition.  The best inhibiting
PGIPs will be expressed in grape and their ability to reduce PD development in grafted scions will be determined.
Regulations regarding the release and use of transgenic rootstocks and intellectual property considerations associated with
this approach are being addressed to maximize the commercial potential of this PD management strategy, an approach that
has been advocated by the CDFA PD/GWSS Advisory Panel.

INTRODUCTION
Xylella fastidiosa (Xf), the causative agent of Pierce’s disease (PD) in grapevines, has been detected in infected portions of
vines.  Several lines of evidence support the hypothesis that Xf uses cell wall-degrading enzymes to digest the
polysaccharides of plant pit membranes separating the elements of the water-conducting vessel system, the xylem, of the
vines (Thorne et al., 2006). Xf cell wall degrading enzymes break down these primary cell wall barriers between cells in the
xylem, facilitating the systemic spread of the pathogen.  The genome of Xf contains genes predicted to encode a
polygalacturonase (PG) and several β-1,4-endo-glucanases (EGase), cell wall degrading enzymes that are known to digest
cell wall pectin and xyloglucan polymers, respectively.  To demonstrate that these wall degrading proteins facilitate Xf
systemic movement and PD development, Roper et al. (2007) developed a PG-deficient strain of Xf and showed that the
mutant bacterial strain was unable to cause PD symptoms; thus, the XfPG is a virulence factor of the bacteria that contributes
to the development and spread of PD.  Labavitch et al. (2006) reported that introduction of PG and EGase enzymes into
explanted stems of uninfected grapevines caused breakage of the pit membranes and demonstrated that substrates for these
enzymes, pectins and xyloglucans, are present in grapevine pit membranes (Labavitch, 2007).

PG-inhibiting proteins (PGIPs) produced by plants limit damage caused by fungal pathogens (B. cinerea, or gray mold) as
well as by insects (Lygus hesperus, the western tarnished plant bug) (Powell et al., 2000; Shackel et al., 2005) because PGIPs



- 162 -

are selective inhibitors of the PGs produced by fungal pathogens and insects (Cervone et al., 1990).  Agüero et al. (2005)
demonstrated that by introducing a pear fruit PGIP gene (Stotz et al., 1993; Powell et al., 2000) into transformed grapevines,
the susceptibility to both fungal (B. cinerea) and bacterial (Xf) pathogens decreased.  This result implied that the pear PGIP
provided protection against PD by inhibiting the Xf PG, reducing its efficiency as a virulence factor. Using in vitro assays
with XfPG expressed in E. coli, Roper (2006) demonstrated that the recombinantly expressed XfPG can be inhibited by the
pear PGIP (Labavitch, 2006).  In a key preliminary observation for the PD control approach investigated in this project,
Agüero et al. (2005) demonstrated that transgenic pear PGIP protein could be transported across a graft junction of
genetically engineered grapevines into the aerial portions of wild-type scions.

The overall goal of the project is to develop transgenic grape rootstock lines that optimally express PGIPs that most
effectively reduce the virulence of Xf..  The project is designed to identify specific PGIPs that optimally inhibit the virulence
factor, XfPG, and to express efficiently the optimal PGIPs in grape rootstocks to provide PD protection in scions.  The
optimization of the expression of PGIPs includes the use of transformation components with defined intellectual property (IP)
and regulatory characteristics, as well as expression regulating sequences that result in the maximal production of the PGIPs
in rootstocks and efficient transport of the proteins through the graft junctions to the aerial portions of the vines so that XfPG
produced by the pathogen in scions is inhibited.

OBJECTIVES
1. Define a path to commercialization of a PD control strategy using PGIPs, focusing on IP and regulatory issues associated

with the use of PGIPs in grape rootstocks.
2. Identify plant PGIPs that maximally inhibit XfPG
3. Assemble transcription regulatory elements, Xf-inducible promoters, and signal sequences that maximize PGIP

expression in and transport from roots.
4. Create PGIP-expressing rootstocks and evaluate their PD resistance.

RESULTS AND DISCUSSION
Objective 1: Regulatory issues associated with commercialization of transgenic rootstocks
A visit by PIPRA staff to federal agencies regulating the environmental release into the environment of genetically modified
(GM) plants gave us insights on the regulatory issues related to PGIP expressing grape rootstocks.  From a USDA/APHIS
perspective, it will be recommended that field trials start with GM rootstocks and wild type scions will be grafted on later for
deregulation of future commercial products.  From an EPA
standpoint, one potential issue for this project to address will be
gene-flow from transgenic pollen.  For regulatory approval only, it
will be necessary to allow rootstocks to flower in commercial
settings even though under normal practices, the rootstocks will
not be allowed to flower.  The EPA will have the final word on
defining if grapes harvested from non-GM scions grafted on the
PGIP-expressing rootstocks will be considered transgenic.  This
will determine if the FDA needs to be consulted before
commercialization.

Objective 2: Propagation and grafting of existing grape lines
expressing and exporting pear PGIP
Agüero et al. (2005) described the use of transgenic grapevine
cultivars ‘Thompson Seedless’ and ‘Chardonnay’ expressing the
‘Bartlett’ pear fruit PGIP (PcBPGIP).  These plants have been
maintained in our greenhouse facilities with the intent to use them
in grafting and Xf inoculation experiments.  Vegetative
propagation efforts to increase the total number of plants for these
experiments yielded 66% efficiency last winter.  PCR analysis has
been used to verify the transgene identity in both grape cultivars
containing either the PcBPGIP transgene or the empty vector.

Further work related to this objective has been delayed
substantially due to quarantine measures implemented in response
to a Panicle Rice Mite infestation in the greenhouse facilities.  For
more information regarding these matters, please refer to the
August 2009 progress report for CDFA contract number 08-0171.
The CDFA and UC Davis issued directives for treating the
affected grape vines including drastic pruning and isolation,
resulting in rootstocks with only one or two viable buds remaining
prior to intensive chemical disinfestations treatments.  Some of the

Figure 1. Unrooted phylogenetic tree of PGIP
proteins.  The 14 candidate PGIPs for XfPG inhibition
are circled in red.  The protein names and organisms
are given in Labavitch, 2008.
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grape lines did not survive the mandated action and all remaining lines have shown slower than normal regeneration.  Due to
the considerable amount of time and effort to follow these directives and regenerate the plants, the grafting experiments to be
conducted in years 1 and 2 have been delayed until the affected grapevines can be moved back to the appropriate facilities.
As of October 2009, the grapevines remain in isolation.

Objective 2: Selection of PGIPs
The previously reported phylogenetic tree of PGIP sequences (Labavitch 2008) has been expanded upon to include a total of
68 PGIP-like amino acid sequences.  These PGIPs represent a diverse array of plant families and expression patterns.  The
PG inhibition activities of some of them are known.  The full-length protein sequences from GenBank were aligned using
ClustalX 2.0.9.  An unrooted, neighbor-joining tree (Figure 1) was constructed in ClustalX and visualized with TreeView
1.6.  PGIPs are typically characterized by 10 leucine rich repeats (LRR) in the region thought to influence inhibition of PGs.
The PGIP sequence diversity in this phylogenetic tree mirrors the diversity among plant families, crediting the use of PGIP
sequence data in plant family classification studies.

Fourteen candidate PGIPs (Figure 1, Table 1) were selected from the phylogeny, representing the major clades of the tree
and the inherent sequence variation dividing them.  The candidates were also chosen by their predicted total protein charge at
a given pH.  The predicted charges were calculated for all 68 PGIP sequences but the lower total charges predicted for the
candidates should prevent interference or repulsion between each PGIP and the highly charged XfPG.  The large positive
charge on AtPGIP2 and the minimal charge on OsPGIP2 will be particularly informative as we correlate XfPG inhibition with
total PGIP charge.

Table 1. Predicted total protein charge analysis for the 14 candidate PGIPs and XfPG in different pH environments.

Common name Organism Protein
Charge of Protein (at certain pH)

3.5 4.0 4.5 5.0 5.5 6.0
Thale cress Arabidopsis thaliana (Col.) AtPGIP1 27.5 20.9 14.2 10.0 7.4 5.2
Thale cress Arabidopsis thaliana (Col.) AtPGIP2 35.4 28.5 21.6 17.0 14.2 11.8
Rapeseed Brassica napus cv. DH12075 BnPGIP1 30.5 22.2 14.2 9.4 6.8 4.8
Pepper Capsicum annum cv. arka abhir CaPGIP 20.7 15.2 9.5 5.9 3.8 2.2
Sweet orange Citrus sinensis cv. Hamlin CsiPGIP 28.0 21.7 15.2 11.1 8.7 6.7
Strawberry Fragaria x ananassa FaPGIP 25.4 18.7 12.1 8.0 5.6 3.7
Rice Oryza sativa cv. Roma OsPGIP1 18.4 12.9 7.6 4.3 2.2 0.2
Rice Oryza sativa cv. Roma OsPGIP2 17.5 9.3 1.6 -3.1 -6.1 -8.8
Common bean Phaseolus vulgaris cv. Pinto PvPGIP2 22.7 17.6 12.9 10.2 8.5 7.1
Peach Prunus persica PpePGIP 28.7 21.9 14.9 10.3 7.5 5.3
Chinese Firethorn Pyracantha fortuneana PfPGIP 16.9 11.7 6.6 3.4 1.4 -0.3
Bartlett pear Pyrus communis cv. Bartlett PcBPGIP 23.1 16.1 9.3 5.0 2.6 0.7
Tomato Solanum lycopersicum cv. VFNT Cherry LePGIP 29.8 23.4 17.0 12.8 10.1 7.7
Grape Vitis vinifera cv. Pinotage VvPGIP 30.5 24.0 17.7 13.6 11.1 8.7

XfPG 41.0 31.3 22.2 16.4 11.9 6.8

Objective 2: Express PGIPs and test for optimal inhibition of XfPG
The 14 candidate PGIPs will be tested for their ability to inhibit XfPG.  The previously reported plant transformation strategy
(Labavitch 2008) is being used to generate plant transformation vectors containing a PGIP sequence under control of the
CaMV 35S constitutive promoter and linked to a C-terminal poly-His tag for protein purification.  These plant proteins are
highly glycosylated (Figure 3B) and therefore require expression in a plant-based system.  Arabidopsis lines transformed to
express each PGIP will be used to obtain the proteins necessary for in vitro radial diffusion assays, testing the inhibitory
capacity of each PGIP.  Cloning each of the candidate PGIPs from its source species into the proper plant transformation
vector is in progress (Table 2).  The stably expressing Arabidopsis lines will provide PGIPs for inhibition assays against the
PD causing XfPG, as well as against PGs from other pathogens and pests linked to many plant diseases and resulting crop
losses.
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Table 2. Research progress for cloning the 14 candidate PGIPs.  “X” = completed checkpoint, “O” =
work in progress, “-“= checkpoint to be completed.

Cloning Progress Checkpoints

Protein Plant tissue
acquired

PGIP cDNA
isolated

Transformed
into E. coli into A.

tumefaciens
plant

transformation
AtPGIP1 X X X O -
AtPGIP2 X X X O -
BnPGIP1 O - - - -
CaPGIP X O - - -
CsiPGIP X O - - -
FaPGIP X X - - -
OsPGIP1 X O - - -
OsPGIP2 X O - - -
PvPGIP2 X O - - -
PpePGIP
PfPGIP

O
X

-
O

-
-

-
-

-
-

PcBPGIP X X X X O
LePGIP X X X X O
VvPGIP O - - - -

Transformed PGIP ready for

The in vitro assays require optimal expression and activity of XfPG, a topic covered below.  We are developing another assay
to test each candidate PGIP’s ability to inhibit XfPG in planta. This assay will provide an environment more similar to the
potential PG-PGIP interaction taking place in the plant apoplastic space.  Separate plant transformation vectors carrying a
candidate PGIP and the XfPG coding sequence will be used to transiently co-express both proteins in tobacco leaves by
Agrobacterium tumefaciens pressure infiltration.  An analogous assay was used to test the effectiveness of a grape PGIP
(VvPGIP) in inhibiting a PG from B. cinerea (Joubert et al., 2007).  Both the PG and PGIP were transiently expressed in
tobacco leaves by co-infiltration of A. tumefaciens clones
carrying the genes of interest.  Expression of the PG alone
resulted in PG-dependent lesions which were visible and could
be measured.  Co-infiltration of PG and PGIP-expressing
clones resulted in inhibition of PG-mediated lesion
development (Figure 2). Xf is known to cause local lesions in
tobacco leaves after infection.  Two plant transformation
constructs have been developed containing XfPG for this
experiment: one with the native coding sequence and one with
an apoplastic targeting sequence attached upstream of the
coding region to ensure XfPG secretion by the plant cells.  We
expect to see results similar to those from the earlier work:
local lesions induced by the expression of XfPG will be
lessened when the XfPG is co-expressed with an inhibiting
PGIP.  This will support rapid comparisons of the
effectiveness of each PGIP in inhibiting XfPG in planta.

Objective 2: XfPG cloning and expression
The XfPG gene was subcloned from the pET29b vector into pMT/BiP/V5-HisA, a vector compatible with the Drosophila
protein expression system used by R. Booth.  The construct was confirmed by performing digestions with EcoRI, XhoI,
EcoRV, and sequencing by the UC Davis DNA Sequencing facility.  Transfections were performed with the confirmed XfPG
construct or an expression vector containing a GFP marker as the positive control; non-transfected cells were tested as the
negative control.  Cellular components (pellet) and supernatant (SN) from the transfected lines were collected.  Protein
expression was validated by SDS-PAGE and Western Blot analyses (Figure 3).  The XfPG protein has an apparent molecular
weight of 70 kD, slightly greater than expected, possibly due to the effects of glycosylation. Crude extracts will be assayed
for PG activity while further steps to purify the protein using the attached His-tag will provide XfPG for future in vitro PGIP
inhibition assays.

Figure 2. Co-expression of Bcpg2 with either (A)
empty vector control or (B) Vvpgip in N. benthamiana
leaves at 24 h postinfiltration.  Leaves were infiltrated
with the two A. tumefaciens strains in a 1:1 ratio.
Figure from Joubert et al., 2007.

A B
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Objective 2: Model PGIP and XfPG interactions to aid in optimal PGIP prediction for PD defense
The interaction between PG and PGIP proteins influences whether the plant PGIP is able to successfully inhibit the pathogen
virulence factor, XfPG.  The crystal structure of PvPGIP2 (Di Matteo et al., 2003) has facilitated structural inquiries into what
regions of the PGIP are responsible for PG inhibition.  One study found that a single amino acid, Q224, is responsible for
Fusarium moniliforme PG (FmPG) inhibition by PvPGIP2 by comparison to PvPGIP1, which is unable to inhibit FmPG
(Leckie et al., 1999).  While sequence variation can account for some of the specificity, the ability of PvPGIP2 to have
competitive, non-competitive, and mixed modes of inhibition for FmPG, A. niger PGII, and B. cinerea PG1, respectively,
suggests that additional recognition and specificity sequences or motifs occur (Federici et al., 2001; King et al., 2002; Sicilia
et al., 2005).  PGIPs are heavily glycosylated proteins with 7 potential N-linked glycosylation sites on PcBPGIP (Lim et al.,
2009) thereby adding 14.5 kD to the molecular weight (Powell et al., 2000).  It has been hypothesized that differing
glycosylation patterns also affect PGIP specificity.

Homology modeling efforts by D. King created in silico interactions between the predicted structures of XfPG and each of the
14 candidate PGIPs to visualize the possible interactions and predict the likelihood of a successful inhibition.  Each structural
model was created by threading the PGIP amino acid sequence onto the PvPGIP2 crystal structure.  Models were then
optimized with molecular mechanics, MM3, using the Swiss PDB Viewer DeepView 3.7 and the modeling suite
BioMedCAChe 6.1 (Figure 4A).  Glycosylated versions of the models were created by attaching three Man3XylGlcNAc2 and
four Man3XylGlcNAc2Fuc groups to the appropriate sites (NxS/T) on the optimized protein structures as previously
determined for PcBPGIP (Figure 4B; Lim et al., 2009).  The putative XfPG model was visualized and optimized with the
same techniques used for each PGIP.

The inhibitory capability of each PGIP was determined through a series of dynamic reaction simulations where the
effectiveness of the potential inhibition was measured by the ability of amino acids or glycosylations on the PGIPs to block
key amino acids on the surface of the XfPG that are responsible for cleaving the modeled polygalacturonan (PGA) substrate.
The XfPG model was put through a series of simulations with the PGA in its active cleft and keeping various groups of amino
acid residues on the outer β sheet locked in place until immobilizing a particular group of residues inhibited the enzyme’s in
silico cleavage of the substrate (Figure 5A).  It was determined that two clusters of amino acids, 63-74 & 223-226, control
the ability of XfPG to cleave its substrate.  Dynamic reaction simulations were carried out with the PG, PGIP, and PGA
substrate to determine if the PGA was cleaved and therefore, to what extent the PGIP inhibited the PG (Figure 5B).  The
dynamic reaction simulations were supplemented by preliminary surface chemistry mapping in BioMedCAChe to determine

1 2 3 4 5 6 7 8

70 kD

Figure 3. Lanes 1-4 are protein collected from the SN of the
transfection reaction.  Lanes 5-8 are protein collected from the pellet.
Lanes 1, 5: negative control; lanes 2, 3, 6, 7: XfPG transfection; lanes
4, 8: positive control of GFP marker-expressing cells.
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Figure 4. Homology models of (A) the PcBPGIP protein and (B) the protein with N-
linked glycosylations.  The concave face of the PGIP is thought to interact with PGs.
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if compatible acid/base regions were present on the LRR face of the PGIP and the previously demonstrated controlling region
of XfPG.  Both techniques identified PcBPGIP, CsiPGIP, and OsPGIP1 as the potentially most effective inhibitors of XfPG.

A B

Objectives 3 and 4
No activity planned for this reporting period.

CONCLUSIONS
1. Fourteen selected PGIPs have been identified that are likely candidates to effectively inhibit XfPG.
2. Cloning has progressed to obtain each of the selected PGIPs in a format so their in planta and in vitro XfPG inhibiting

activities can be tested.
3. Molecular modeling has progressed so that differences in ability to inhibit XfPG can be related to unique conformational

properties of the selected PGIPs.
4. XfPG has been expressed in Drosophila cells to obtain material for in vitro analysis of the inhibition activity of the

selected PGIPs.
5. Relevant federal agencies have been consulted for regulatory issues related to commercial product development.
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ABSTRACT
The development and progression of Pierce’s disease (PD) symptoms depends largely on the ability of the pathogen to spread
via xylem, more specifically, its vessel system, in the infected grapevine.  We believe that to the Xylella fastidiosa (Xf)
entering vessels, pit membranes (PM) separating neighboring vessels should become barriers which the pathogen must digest
to enhance its systemic spread.  Production of occlusions (tyloses and pectin-rich gels) in vessels in response to the presence
of Xf may also be related to disease symptom development or the host plant’s resistance.  The research included in this report
focuses on these two factors of the host plant which should affect Xf’s systemic spread in the host plant.  Our data revealed
that grape varieties with different PD resistance were different in some cell wall polysaccharides of PMs, that intervessel
PMs may be modified in infected PD susceptible grapes and that development of many vessel-obstructing tyloses in response
to the presence of Xf should contribute to the PD symptom development of the host plant.  These observations provide
information for understanding of the possible roles of these factors in grape’s resistance to PD and are also likely to
contribute to identification of an efficient approach for control of the disease.

LAYPERSON SUMMARY
Several of the approaches currently being investigated as strategies for management of Pierce’s disease (PD) in vineyards are
based on studies that identified the way the disease becomes established in a grapevine.  The relative resistance/susceptibility
of range of grape genotypes has been studied in the past decade.  The work described here asks whether the pathway used by
Xylella fastidiosa (Xf) to spread through a grapevine, the so-called pit membranes (PMs), differ between susceptible and
tolerant grape lines.  It also asks whether the development of vascular system obstructions, barriers that could either prevent
Xf spread or shut down vine water transport, or both, differ in susceptible and resistant vines.  The data suggest that the
polysaccharide compositions of the PMs are different (in terms of kinds or amounts of polymers present) in susceptible and
resistant vines.  Whether these differences are important in determining whether a given grape germplasm will be PD
resistant or tolerant is not yet known.

INTRODUCTION
Pierce’s disease (PD) is a devastating grapevine disease caused by the xylem-limited bacterium, Xylella fastidiosa (Xf). It is
clear that vine death is caused by the systemic spread of the locally introduced Xf throughout the vine (Krivanek and Walker,
2005; Labavitch, 2007; Lin, 2005; Lindow, 2006a, b, 2007a, b; Rost and Matthews, 2007).  The initial introduction of Xf by
the glassy-winged sharpshooter (GWSS) involves only in few vessels.  To spread throughout the grapevine, Xf cells must
move successively from one vessel to another.  The neighboring vessels are separated from one another by the so-called pit
membranes (PMs), primary cell wall "filters."  Since the meshwork of PMs is too small to permit Xf passage, an increase in
PM porosity is a prerequisite for spread of the Xf population in a host plant (Labavitch et al., 2004).

Xf’s genome contains genes encoding cell wall-degrading enzymes (CWDEs), including polygalacturonase (PG) and a few ß-
1,4-endo-glucanases (EGase).  We believe that Xf cells use the CWDEs to digest the polysaccharides of the PMs, opening the
primary cell wall barrier and allowing Xf passage.  This supposition has been supported by several studies performed over the
past several years.  Roper et al. (2007) reported the generation of a PG-deficient strain of Xf and showed that it was unable to
cause PD symptoms, thus identifying the pathogen's PG as a PD virulence factor.  Labavitch et al. (2006) reported that
introduction of PG and EGase into explanted stems of uninfected grapevines caused the breakage of the PM cell wall
network.

Research in the laboratories of the PIs on the present proposal has shown that the substrates for Xf’s CDWEs, pectins and
xyloglucans, are present in grapevine PMs (Labavitch, 2007; Labavitch and Sun, 2008) and that PG-inhibiting proteins
(PGIPs) limit the development of PD in grapevines (Agüero et al., 2005).  Research in Cooperator Steve Lindow's program
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has focused on the role of a diffusible signal factor produced by Xf in controlling the pathogen's expression of virulence
functions that affect whether the pathogen spreads systemically in grapevines and causes PD (Lindow, 2007a, b).  Cooperator
Andy Walker and his colleagues have identified a grapevine QTL that contains the Pierce's disease resistance (PdR1) locus
(Walker and Riaz, 2007) that eventually will be deployed in grapevine genotypes that will have enhanced resistance to PD.
Walker, Lindow and Cooperator Hong Lin have all made use of natural variations in the PD resistance/susceptibility of
different grape germplasm in order to understand the factors that influence Xf movement in grapevines and, therefore, PD
development.  It is reasonable to assume that differential PD susceptibility of grape genotypes is determined by (1) genetic
variation in PM barriers to pathogen movement that are expressed as differences in porosity, polysaccharide composition or
susceptibility to the pathogen's CWDEs or/and (2) the post-infection deployment of tyloses and gels, factors that could
restrict the pathogen to the few vessels into which it has been introduced.

Grape genotypes show differential PD resistance.  Most vinifera varieties are susceptible to PD, while wild Vitis species and
some of their hybrids with vinifera varieties have been demonstrated to have PD tolerance or resistance in greenhouse and
field evaluations.  Quantitative analyses of the concentration and distribution of the pathogen have clarified that Xf's spread
from the inoculation site in resistant genotypes is limited relative the its spread in susceptible vinifera varieties (Lindow,
2007a), suggesting differences in PM polysaccharide composition among the genotypes with differential PD resistance.
Therefore, the clarification of any possible cell wall compositional differences in PMs of those grape varieties/genotypes is
essential to the better understanding of the natural PD resistance mechanisms of grapes.

While the production of gels and tyloses in response to infection have been examined in several programs (e.g., Lin, 2005;
Stevenson et al., 2004), detailed information about the spatial and temporal distributions and of vascular occlusions in
susceptible and resistant germplasm is still lacking.  This information is crucial to clarify the role of the vascular occlusions
in PD symptom development or disease resistance of host plant.  An efficient system to evaluate the development of vascular
occlusions in grapevines quantitatively and qualitatively has been developed by Co-PI Sun (Sun et al., 2006, 2007 and 2008)
and was used in this study.  The utility of immunohistochemical techniques in identifying the polysaccharides of grapevine
PMs and vascular occlusions has recently been demonstrated by Co-PI Sun (Labavitch, 2007).  These techniques may
contribute to an understanding of the differences in xylem water-conducting cell structures that have been thought by many to
hold the key to grapevine resistance to PD.  This proposal will use these techniques in several grape germplasms where
differential resistance to PD has been shown in order to obtain the detailed structural and spatial information that may help
explain why some grapevine genotypes are resistant to PD while others are not.  These results may provide the information
useful for finding an effective approach for control of grape PD.

OBJECTIVES
1. Determine if the development of xylem obstructions (tyloses and pectin-rich gels) and the polysaccharide structure and

integrity of pit membranes are affected by Xf inoculation of grapevines transformed to express the PGIP from pear and
other plant species in rootstocks and in scions.

2. Determine whether there are differences in pit membrane porosity or polysaccharide structure between resistant and
susceptible grapevines.  To what extent are these PM characteristics and the production of tyloses and gels modified by
introduction of Xf to PD-resistant and -susceptible genotypes?
(Note: The original proposal had four Objectives, but only Objectives 1 and 2 were approved for funding.)

RESULTS AND DISCUSSION
Differences in cell wall polysaccharide compositions of pit membranes of grapevines with differential PD resistance
In this research, we have used the following grape genotypes/varieties with different PD susceptibility: Vitis vinifera var.
Chardonnay (susceptible), Muscadinia rotundifolia (highly tolerant) and 89-0908 (resistant, a hybrid of V. arizonica x
rupestris).  The immunohistochemical techniques and confocal laser scanning microscopy we established previously were
used to identify and compare polysaccharide compositions of the vessel PMs in these genotypes/varieties.  The research
covered both intervessel PMs and vessel-parenchyma PMs, which exist in vessel lateral walls.  The former are the barriers to
Xf’s systemic spread, while the latter are related to the development of vascular occlusions (tyloses and gels) and may
contribute to disease resistance or symptom development.

Our experiments focused on two major groups of cell wall polysaccharides: homogalacturonans (the predominant
components of pectin) which polygalacturonases may attack, and xyloglucans (XyGs, a major group of hemicellulosic
polysaccharides), the substrates of endo-glucanases.  We have used three different kinds of monoclonal cell wall antibodies to
identify the polysaccharide composition of PMs: JIM5, JIM7 and CCRC-M1. JIM5, JIM7 and CCRC-M1 can recognize
weakly methyl-esterified homogalacturonans (low Me- HGs), heavily Me-esterified HGs (high Me-HGs), and fucosylated
XyGs, respectively.  Our aim is to determine whether there are any differences in the presence or distributions of these two
groups of polysaccharides in the PMs of the four genotypes/varieties studied.
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Our results have indicated that the four genotypes with different PD susceptibility all have intervessel PMs and vessel-
parenchyma PMs in their vessel lateral walls.  Individual intervessel PMs are transversely elongated across the whole surface
of the shared (i.e., common) wall of neighboring vessels and are arranged in a tight scalariform pattern along the vessel long
axis (Fig. 2A). Vessel parenchyma PMs are round, oval or slightly transversely elongated (Figure 2D).

Figure 2. Cell wall compositions in intervessel  PMs (A,C,E) and
vessel-parenchyma PMs (B,D,F) in Muscadinia rotundifolia, a
highly PD-tolerant grape genotype.  A-B, Cell wall composition
revealed by CCRC-M1, showing the presence of fucosylated XyGs
in both intervessel PMs (A) and vessel-parenchyma PMs (B).  C-D.
Cell wall composition revealed by JIM5. Low Me-HGs are not
obvious in intervessel PMs (C) but are present abundantly in vessel-
parenchyma PMs (D).  E-F. Cell wall composition revealed by JIM7.
Fluorescence signal is detected from both intervessel PMs and
vessel-parenchyma PMs, but is relatively weak, indicating a limited
amount of high Me-HGs in both types of PMs.

Figure 3.  Cell wall compositions of intervessel
PMs (A,C,E) and vessel-parenchyma PMs (B,D,F)
in Vitis vinifera cv. Chardonnay, a PD-susceptible
genotype.  A. Intervessel PMs have strong
fluorescence when incubated with CCRC-M1,
indicating the abundant presence of fucosylated
XyGs.  B. Xylem tissue incubated with JIM5,
showing that low Me-HGs are common
components of both intervessel PMs (arrow head)
and vessel-parenchyma PMs (arrow).  C-D. Xylem
tissue incubated with JIM7. Fluorescence is below
the detectable level in intervessel PMs (arrow, C)
and is strong from vessel-parenchyma PMs (D),
indicating high Me-HGs is weakly present in
intervessel PMs (C) but is abundantly present in
vessel-parenchyma PMs (D).

Figure 1.  Cell wall compositions in
intervessel pit membranes (A, C, E) and
vessel-parenchyma PMs (B, D, F) in 89-
0908, a PD-resistant Vitis genotype.  A-B, No
green fluorescence from intervessel PMs (A)
and vessel-parenchyma PMs (B) in xylem
tissue treated with CCRC-M1, indicating that
fucosylated XyGs in both types of PMs are
below the detectable level.  C-D. PM
composition revealed by JIM 5. Low Me-
HGs are detected in vessel-parenchyma PMs
(arrowed, D) but not in intervessel PMs
(arrows, C).  E-F. PM wall composition
revealed by JIM7.  Very weak fluorescence
and relatively strong fluorescence are
detected from intervessel PMs and vessel-
parenchyma PMs, respectively, indicating
that high Me-HGs are at a low concentration
in intervessel PMs but in larger amount in
vessel-parenchyma PMs.
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The genotypes also showed differences in the polysaccharide compositions of intervessel and vessel-parenchyma PMs.  In
89-0908, both intervessel PMs (Figure 1A) and vessel-parenchyma PMs (Figure 1B) lack fucosylated XyGs In addition,
their intervessel PMs do not have a detectable amount of low Me-HGs (Figure 1C) or high Me-HGs (Figure 1E).  However
the vessel-parenchyma PMs contain both low Me-esterified (Figure 1D) and high Me- HGs (Figure 1F).  In Muscadinia
rotundifolia, strong fluorescence signals were detected from both intervessel PMs (Figure 2A) and vessel-parenchyma PMs
(Figure 2B) when incubated with CCRC-M1 (showing fucosylated XyGs) in both types of PMs.  Some high Me-HGs are
also present in both types of PMs (Figures 2E and 2F).  Low Me-HGs occur in vessel-parenchyma PMs (Figure 2D) but are
not detected in intervessel PMs (Figure 2C).  In V. vinifera var. Chardonnay, fucosylated XyGs (Figure 3A) and low Me-
HGs (Figure 3B) are abundantly present in both intervessel PMs and vessel-parenchyma PMs.  High Me-HGs occur in a
large quantity in vessel-parenchyma PMs (Figure 3D), but are undetectable in intervessel PMs (Figure 3C).

Comparison of vascular occlusion formation between control vines and sick vines
PD susceptible Chardonnay vines were used in our experiment.  Each chardonnay vine on rootstock was pruned back with
only two buds left at the base.  The two buds thus develop into two branches.  When the branches are six weeks-old, one
branch of each treatment vine was needle-inoculated with Xf at the 12th internode from the base.  Vines for controls were
inoculated at the corresponding internode with phosphate buffer also on one of the two branches for each vine.  Both

Figure 4.  Xylem structure of control (A and B)
and inoculated (C-E) vines. A-B.  No vascular
occlusions occurred in secondary xylem vessels
(A); a closer image shows that vessel lumens are
empty (B). C.  Vascular occlusions developed in
secondary xylem of inoculated branches and
showed uneven distribution.  D. A xylem region
with extensive vascular occlusions, showing most
vessels blocked by tyloses. E.  Xylem region with
fewer vascular occlusions and some empty
vessels.

Figure 5.  Comparison of vascular occlusion occurrence among
different internodes of the two shoots of a same vine.  “Ai” and
“A” are the shoots with Xf inoculation and without inoculation,
respectively.  The number following “Ai” indicates a specific
internode with the positive or negative number showing that the
counting of internode started from the inoculated internode and
moved upward (positive) or downward (negative), respectively.
The number following “A” shows the internode in the non-
inoculated shoot, counted from its base.

Figure 6.  Other types of vascular occlusions in infected
grapevines. A. Gels in a vessel lumen. B.  Gels covering the
lateral wall of a vessel. C. Gels sparsely attached to the vessel
lateral walls. D. Crystals filling a vessel lumen.
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branches of each vine (control and treatment) were kept about 25 nodes in height by pruning the top off.  Samples were
collected from both branches of each vine for both control and treatment vines at different times after the inoculation.
Included here are only the data from the vines at Week 12 after inoculation when severe external PD symptoms of the
treatment vines have developed.

The vines inoculated with Xf and those inoculated with buffer showed obvious differences in secondary xylem structure
(Figure 4).  In control vines, no vascular occlusions were observed in secondary xylem, even in the internode with the
inoculation of buffer (Figures 4A and B).  In vines treated with Xf, extensive formation of vascular occlusions occurred in
secondary xylem vessels (Figure 4C).  Vascular occlusions in infected vines were not even in vessels across the transverse
section.  Instead, in some regions of xylem, they were present in most of the vessels (Figure 4D), while in other regions,
some vessels were free of vascular occlusions (Figure 4E).  The cause for patchy occurrence of vascular occlusions in
secondary xylem is not known.

Investigation of the spatial distribution of vascular occlusion indicated that it occurred to the internodes of both branches of
each infected vine, no matter how far away the internodes were from the inoculation site.  Quantitative analysis of vascular
occlusions revealed that the percentage of the vessels with one or more vascular occlusions was usually around 60% in all the
examined internodes and that no big difference can be distinguished between the two branches of each vine as well as among
different internodes of each branch (Figure 5).

When tracking through vessels in the longitudinal direction, we found that tyloses did not always continuously block a whole
vessel; a given vessel may have some gaps where no occlusions developed.  With this in consideration, the actual percentage
of vessels affected by vascular occlusions should be higher than the value measured at any transverse section.  The effect of
vascular occlusion on hydraulic conductivity of xylem is to be evaluated.

Our investigation also clarified that three types of vascular occlusions excluding Xf formed in secondary xylem.  Tyloses are
the predominant type and accounted for over 95% of the occlusions in vessels (Figures 4C and D).  Pectin-rich gels were
another type of occlusion observed; these formed usually in less than 3% of the total vessels (Figures 6A-C).  Occasionally,
crystals were found in the vessels of infected vines and may partially or completely block the affected vessels (Figure 6 D).

Distribution of Xf after inoculation
In the vines with severe external PD symptoms, Xf cells were observed in all the examined internodes of the two branches
(Figure 7).  This indicated that the bacteria could move not only upward from the inoculation site in the shoot, but also
travelled downward, from the inoculated shoot to the trunk shared by the two branches, and then moved into the non-
inoculated branch and travelled up towards its top internodes.

Figure 7. Distribution of Xf in infected vines. A. Bacteria are
mostly present freely in the internode just above the internode
with the inoculation site. B. Many bacteria in an aggregate in
the 9th internode (the counting started from the inoculated
internode with it as zero). C. Some free bacteria and some
bacteria in an aggregate in the 9th internode of the non-
inoculated shoot (the counting started from the shoot base with
the lowest internode as one). D. Free bacteria in the 17th
internode of the non-inoculated shoot (the counting started
from the shoot base with the lowest internode as one). E. A
vessel filled with tyloses in the lowest internode of the non-
inoculated shoot. Gels were present between tyloses. F.
Enlargement of the rectangle region in E, showing bacteria
embedded in the gels.
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Our observations also indicated that bacteria in the vines with severe external PD symptoms were present in very few vessels.
Vessels with Xf were usually less than 10% and 3% of all vessels in the inoculated and non-inoculated shoots, respectively.
The number of bacteria in the affected vessel was also larger in the internodes of an inoculated shoot than in those of a non-
inoculated shoot.  However, no vessels with enough bacteria to completely block vessels were observed, as suggested by
some earlier studies .  Since Xf are only present in few vessels in limited amount, a direct influence of bacterial inhabitation
on the water transport through the vessel system should be very limited.

Xf were present in vessel lumens in several different forms.  Most commonly, they occurred as free individuals (Figures 7A
and D). Bacteria in this form were observed in the internodes of both inoculated and non-inoculated shoots.  Aggregates of 2-
6 cells were also common, in which bacteria are loosely bound together through a filamentous network (Figure 7C).
Occasionally, aggregates formed by tens or hundreds of bacteria were observed in some vessel lumens (Figure 7B).  Bacteria
were also observed between loosely or compactly arranged tyloses (Figures 7E and F).  In this case, bacteria were always
embedded in gels whose origin (tylose or bacterium) is not clear.

CONCLUSIONS
1. Grape varieties/genotypes with differential PD resistance show differences in the cell wall polysaccharide composition of

intervessel PMs.  The intervessel PMs of resistant genotypes lack fucosylated xyloglucans and weakly Me-esterified
HGs, and contain only a little amount of heavily Me-esterified HGs, while the PMs of the more susceptible
genotypes/varieties all have fucosylated xyloglucans, and contain substantial amounts of either heavily Me-esterified
HGs or weakly Me-esterified HGs.  The absence of polysaccharide substrates for Xf's CWDEs in intervessel PMs of
resistant genotypes may limit the ability of the pathogen to move away from the inoculation point and, thus, may
contribute to the localized distribution of Xf in host plant and its PD resistance.

2. Multiple types of vascular occlusions (tyloses, gels and crystals) may develop in infected vines, but tyloses are the
principal occlusion type which blocks the majority of vessels, contributing the symptom development.

3. Xf may occur in diverse forms (singly, or in groups) and in different parts of the vines with severe PD symptom, but the
Xf cells are present in only few vessels where they are too low in number to block the vessels.
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ABSTRACT
This study is part of our larger project aimed at understanding the feeding biology of the glassy-winged sharpshooter
(GWSS) as it relates to acquisition and transmission of Xylella fastidiosa (Xf).  Over the course of this two year project we
have determined that GWSS males and females choose to feed on young leaf, petiole, and stem tissue compared to the same
tissues on older parts of the grapevine cane, regardless of the time of year.  However, they will feed on old stem tissue, which
logically should result in more rapid chronic infection than feeding on young tissue.  GWSS adults frequently change
position between various tissues through the day, which may contribute to the apparent effectiveness in spreading Xf. We
have determined that GWSS adults do not feed on cordon tissue, regardless of the time of year.  In winter studies, we found
that GWSS prefer to feed on grapevine tissue that is infected with Xf over tissue that is not infected.  This has tremendous
implication for bacterial acquisition during the dormant periods of the year, and since GWSS adults retain Xf for life, this
represents another interesting feature of this invasive vector that may contribute to Pierce’s disease (PD) spread.  In fall
studies when vines were in full flush, the preference for infected tissue was not present.  Both GWSS and the closely related
smoketree sharpshooter (STSS) fed equally on infected and non-infected grapevine tissue. This work shows yet another
aspect of GWSS and STSS biology that is important to the spread of Xf.

LAYPERSON SUMMARY
The detailed experiments that have been conducted in this project have tremendous implication for the movement of Xylella
fastidiosa (Xf) by the glassy-winged sharpshooter (GWSS).  We have learned that GWSS showed a strong preference for
grapevine canes from infected vines in the winter months.  This aspect of GWSS biology is interesting and contributes to its
status as a vector of Xf in grapevines.  If we can determine the cause of this preference, we may be able to design methods to
reduce it.  Studies in the fall months did not reveal a preference for infected or non-infected grapevine tissue.  We found that
GWSS and smoketree sharpshooter (STSS) move readily between infected and non-infected tissue, again a behavior that
would contribute to Xf in the field.  Studying these detailed behaviors contributes to our understanding of the epidemiology of
Pierce’s disease vectored by GWSS and STSS.

INTRODUCTION
Pierce’s disease (PD), a disease of grapes caused by the bacteria, Xylella fastidiosa (Xf) Wells et al., was described in
California in the 1880s during an epidemic in Orange County (Pierce 1882).  A second epidemic occurred in Tulare County
in the 1930s (Hewitt et al. 1949), and until the mid-1990s, it was considered only a minor problem in vineyards close to
riparian areas.  In the early 1990s a new vector, GWSS, was introduced into the state (Sorenson and Gill 1996), and became
associated with a devastating epidemic of PD in the Temecula Valley.  Since 1994, at least 1,500 acres of vineyards have
been lost to the disease in California; in the Temecula Valley alone, losses have been estimated at $13 million (Wine Institute
2002).
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The glassy-winged sharpshooter (GWSS) has different feeding and dispersal capabilities than native insect sharpshooter
vectors and these attributes are thought to have contributed to the increased number of PD-infected grapevines in California
(Almeida et al. 2005a, Blua et al. 1999, Redak et al. 2004).  Like other insect-borne plant pathogen systems, there are two
potential types of pathogen spread: primary or secondary spread. Primary spread occurs when the pathogen is obtained by
the vector from sources outside the crop and transported and inoculated into the crop.  Secondary spread occurs when the
vector acquires the pathogen from infected vines in the vineyard, and subsequently inoculates healthy vines within the same
vineyard (i.e. vine to vine spread).  It is thought that Xf spread with native California vectors was the result of primary spread,
but that rapid spread by GWSS may be the consequence of primary and secondary spread (Almeida et al. 2005a, Hill 2006).
GWSS landing and feeding behavior and tissue feeding capacity combine with grapevine phenology, and within-vine Xf
distribution and phenology to make vine to vine spread possible.  Our overall goal is to provide information on these various
components to enhance our understanding of vine to vine spread so that strategies can be defined to reduce widespread
epidemics in other regions.

We have conducted experiments in the fall, winter, and summer in which we made hourly observations on the location of
individual GWSS adults given access to mature tissue and young tissue on the same cane.  Both males and females preferred
young tissues (particularly the stems) to mature tissues on Cabernet Sauvignon and Chardonnay grapevines throughout the
year.  However, GWSS spent a substantial amount of time feeding on old stem tissue (7.5%, 11%, 15% in fall, winter, and
spring trials, respectively) (Perring et al. 2008), where Xf could potentially be transmitted leading to chronic infection.  A
significant finding is that GWSS moved frequently throughout the days of our studies, changing position in 35%, 14%, and
21% of the observations in the fall, winter and spring, respectively.  This has serious consequence for moving Xf around the
vineyard at various times of the year.  Further characterization of GWSS feeding behavior was conducted in no-choice
studies.  We learned that at no time of the year, were individuals able to feed on the cordon tissue.  While others have
observed GWSS feeding in this tissue (Almeida et al. 2005b), we were not able to demonstrate it in our trials on mature
vines.  Aside from cordons, GWSS were able to feed on old and young stems, petioles, and leaves.  However, the amount of
feeding varied with the season.  In the winter and summer, GWSS utilized old stems and young stems, while during the fall
they were not able to feed on old stems.  In addition, the young stems became hardened and woody, and survival and feeding
on the young stems at this time of the year were reduced.  Our goal is to integrate the information from these past studies
with present and future research on infected grapevines at different times of the year.  Through this work, we will understand
the interaction between feeding behavior on specific grapevine tissues that contribute to the spread of Xf from infected to
healthy vines.

OBJECTIVES:
1. Document GWSS feeding preference, through the growing season, on established Cabernet Sauvignon and Chardonnay

grapevines that either are healthy or have been infected with Xf for two, three, or four years.
2. Evaluate the acquisition by GWSS, through the growing season, from established Cabernet Sauvignon and Chardonnay

grapevines that either are healthy or have been infected with Xf for two, three, or four years and determine the
subsequent transmission from these acquisitions.

3. Determine the relationship between Xf inoculation by GWSS at different times of the year and the development of the
vine as a source for further acquisition by GWSS.

We were forced to modify the original objectives due to the fact that suspected infections of our grapevines were not present.
At the time we started in July 2007, selected vines in our field cages had been needle-inoculated in May 2003, May 2004, and
May 2005 by cooperator Groves.  An evaluation of all the vines on August 28, 2007 showed almost no infection with Xf. It
is unclear why the infections did not become systemic, but the fact that we had no multi-year infections dictated a revision of
our original plans.  We re-inoculated the set of vines that had been inoculated in 2003 by scraping the bark on the cordons to
expose green tissue for needle inoculation.  This procedure was done on November 5, 2007 and September 8, 2008 and has
yielded severe infections for us to use.  While waiting for infections, we proceeded with experiments to document GWSS
feeding biology through the season in choice and no-choice studies.  Below we summarize these studies, the data of which
are presented in Perring et al. (2008).

RESULTS AND DISCUSSION
Choice and No-choice Studies
Choice studies were conducted in the fall 2007 (August 29, and September 11, 2007), winter 2008 (January 16, and February
6, 2008) and summer 2008 (July 1, 2008).  For this research, we placed GWSS adults individually in observation cages
fabricated from acetate cylinders (25cm x 17cm diameter) with organdy sleeves attached to the ends.  The cage was placed
over the base of a Cabernet Sauvignon or Chardonnay grapevine cane with the cane terminal looped back into the cage.  The
ends of the observation cage were sealed giving a single GWSS in each cage access to old and young stems, petioles, and
leaves inside the cage.  We made hourly observations during daylight hours over three consecutive days to determine the
location of each GWSS.  When given a choice, GWSS males and females chose to feed on young leaf, petiole, and stem
tissue compared to the same tissues on older parts of the cane.  However, there was substantial time spent feeding on old stem
tissue, a phenomenon that would result in more rapid chronic infection than feeding on young tissue.  We also learned that
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Figure 1. Acetate cage uses to evaluate GWSS feeding
preference for infected (marked with yellow wire label
(in circle) and non-infected grapevine tissue.  Notice
GWSS feeding in center of infected cane (arrow).

throughout the day, GWSS adults change position frequently between the various tissues, a characteristic that would support
the rapid spread of Xf that has been associated with GWSS.

No-choice studies were conducted in the winter 2008 (February 26, March 4), summer 2008 (July 15), and fall 2008
(September 19).  Individual GWSS were caged on selected grapevine tissue in 50 ml polypropylene centrifuge tubes by one
of two methods.  The first method, modified from Andersen et al. (1992), was for use on cordons, stems, and petioles.  The
cages were made by melting a transverse hole in the side of the tube using hot metal cylinders of diameters similar to the
grape tissues.  The tube was pressed onto the plant tissue, so the GWSS had access to about 2.5 cm length of the plant
through the hole.  The cage was affixed and sealed to the tissue by wrapping the tube and tissue with ca. 2 cm wide strips of
Parafilm.  The screw cap was tightened, and the cage rested vertically so that excreta collected in the bottom of the tube.  The
second cage design was for use on leaf tissue. The mouth of an intact 50 ml tube was pressed to the abaxial leaf surface with
a piece of coiled spring steel in a clothes-pin like fashion (Blua and Perring 1992).  One end of the spring held the 50 ml tube.
The other end of the spring had a plastic ring on which was glued a foam pad 1 cm thick by 3 cm in diameter which gently
held the leaf against the polypropylene tube, giving the insect access to leaf tissue of ca. 5.7 cm2.  This cage, too, was
oriented vertically, so excreta drained to the bottom of the cage.  Each cage type was loosely covered with aluminum foil in
order to shade it from direct sunlight.  The day before the start of each test, GWSS adults were collected from citrus at
Agricultural Operations, UCR, and placed in a cage with a potted rough lemon plant.  The following morning, adults were
isolated and sexed and then placed individually into the tube cages.  Cages were inspected daily and the presence of excreta
noted;  cages with dead GWSS were removed, and the amount of excreta was weighed.  The sharpshooters were allowed to
feed for four days.

In these studies, we found that GWSS adults were not able to feed on cordon tissue, regardless of the time of year.  They
were able to feed on old and young grapevine tissue throughout the year, but the relative amount of feeding on this tissue
varied with the season.

GWSS preference for infected/non-infected grapevine tissue
We selected canes from putative infected and non-infected
Cabernet Sauvignon and Chardonnay grapevines to study
GWSS choice for infected or non-infected tissue.  Trials were
conducted with GWSS on February 19-21 and February 25-27
2009.  Because of the time of year, there were no leaves or
petioles on the canes.  All tissue had a brown hardened outward
appearance, but we confirmed that the internal tissue was
green, so GWSS would be able to feed.  We placed GWSS
adults individually in observation cages, which were placed
over a section of cane from an infected vine and a section of
cane from a non-infected vine (Figure 1).  The infected cane
was marked with a small wire label.  All sharpshooters were
placed on the cage, so they were forced to make a choice to
find a feeding host.  The ends of the observation cage were
sealed giving a single GWSS in each cage access to infected or
non-infected cane tissue.  Twenty cages were used for each
trial.  We made hourly observations from 8am to 5pm over
three consecutive days to document the cane (infected or non-
infected) on which the GWSS fed.

At the conclusion of the studies, we conducted a variety of procedures to verify the infection status of the cane tissue to
which the GWSS were exposed.  First each section of both canes that were inside the acetate cages was removed from the
vine and a small section (0.5 in) was macerated and subjected to ELISA immediately after the trial was concluded.  Second,
the cane sections were marked and planted into pots.  Following growth of these cuttings, we conducted ELISA and culturing
to determine the infection status of the section of cane to which GWSS was exposed.  Third, when we pruned the vines, we
selected six canes and planted an approximately 14 inch section from each cane into pots to grow in the greenhouse.  After
they pushed leaves, we assayed these plants by ELISA.  Finally, each vine was visually assessed in the fall for symptoms of
Xf infection.  Symptomatic canes were sampled and subjected to ELISA.

From the various tests, we determined the infection status of all the canes used in the experiments and discarded the cages in
which we were unable to make a confident determination.  We also discarded cages in which the GWSS died, because this
indicated the inability of the insect to successfully feed on either cane.  This filtering resulted in nine total cages for the
February 19-21 trial (four Cabernet Sauvignon, five Chardonnay, four females and five males) and a total of 11 cages for the
February 25-27 trial (four Cabernet Sauvignon, seven Chardonnay, six females, and five males).  Because of the small
numbers present in each variety and gender, the data are presented as totals for each trial.
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Results from both trials showed that GWSS was found more often on the infected vines (Figure 2).  For the February 19-21
test, GWSS were present on the infected tissue 71% of observed times, while they were on non-infected tissue just 22% of
the time.  They were found on the cage only 7% of the time.  In the second trial (February 25-27), they again were found
more often on the infected cane (71%) compared to the non-infected cane (22%) or the cage (7%).  We were surprised that
the proportions for each of these trials were the same, and have no explanation for this similarity.  This is particularly
remarkable, given that there was a total of 215 observation times in the first trial and 303 observation times in the second trial
(Table 1) and the two trials were conducted with different insects on different canes, often from different vines, and at two
distinct times.

Also interesting were the movements that sharpshooters made throughout the studies.  More GWSS moved to infected canes
and stayed for three or more hours than to non-infected canes (Table 1).  Additionally, there were more sharpshooters that
fed on infected canes, left these canes and returned to the infected canes, than those on non-infected canes.  Clearly there was
something unique about the infected canes that the sharpshooters preferred.  It also is apparent that sharpshooters in this study
moved about the cages often (17 of a possible 215 observations in trial 1 (8%) and 36 of a possible 303 observations (12%) in
trial 2).

Table 1. Actions taken by GWSS in two trials (February 19-21 and February 25-27, 2009).  Sharpshooters
were given a choice between infected and non-infected cane tissue over the 3 day period and observations
were made hourly during the daylight hours.

Parameter Trial 1 (Feb 19-21) Trial 2 (Feb 25-27)

Chose Infected and stayed 3h or more 12 13

Chose Non-Infected and stayed 3h or more 3 3

Chose Inf. for 3h, left, returned for 3h or more 3 4

Chose Non-I for 3h, left, returned for 3h or more 0 0

Moved from Cage to Inf. 7 12

Moved from Cage to Non-I 1 7

Moved from Inf. to Cage 5 5

Moved from Non-I to Cage 1 4

Moved from Inf. to Non-I 1 4

Moved from Non-I to Inf. 2 4

Total number of Times insect moved 17 36

Total number of Observed Times 215 303
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Figure 2. GWSS preference on field-grown Cabernet Sauvignon and Chardonnay grapevines in choice experiments
initiated on 19 February (left) and 25 February (right), 2009.  Bars represent average proportions of GWSS (+ SE)
observed on the cage, on the infected canes, and on the non-infected canes.
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A second set of choice experiments was conducted in September, 2009.  These studies, which had the same design as those
conducted in February, utilized infected canes that were severely diseased.  A healthy, asymptomatic cane was paired with
each diseased cane and the canes were stripped of all but 1 leaf within the experimental cage.  Twenty cages were established
on Chardonnay vines on September 17, and into each cage we introduced a single GWSS female.  Observations were made
hourly from 8am to 6pm for three days.  Utilizing the same 20 cages on the same canes, a second trial was initiated on
September 20 with 20 female smoketree sharpshooters (STSS). Observations again were made each hour from 8am to 6pm
for a period of three days.
Sharpshooter responses from these trials were distinctly different from the studies conducted in February.  In the September
17-19 trial, a slightly higher proportion of GWSS were observed on the non-infected cane (56%) than on the infected canes
(40%), with just 4% of the observations on the cage (Figure 3).  Interestingly, similar results were found for the STSS.  This
species showed a slight preference for the non-infected canes (51%) rather than the infected canes (40%), with 9% of the
observations on the cage (Figure 3).  We will be collecting the canes from this study in an effort to analyze the xylem sap to
see if any particular chemical constituents were present in the canes on which sharpshooters predominantly fed.

Table 2. Actions chosen by GWSS (September 17-19) and STSS (September 25-27) in choice studies between
infected and non-infected cane tissue over the three day period .  Observations were made between 8am and 6pm.

Parameter GWSS (Sept. 17-19) STSS (Sept. 25-27)

Chose Infected and stayed 3h or more 11 21

Chose Non-Infected and stayed 3h or more 19 25

Chose Inf. for 3h, left, returned for 3h or more 3 9

Chose Non-I for 3h, left, returned for 3h or more 10 5

Moved from Cage to Inf. 15 23

Moved from Cage to Non-I 14 26

Moved from Inf. to Cage 3 17

Moved from Non-I to Cage 10 14

Moved from Inf. to Non-I 12 10

Moved from Non-I to Inf. 8 12

Total number of Time insect moved 62 102

Total number of Observed Times 485 633

Figure 3. Female GWSS preference (left graph) and STSS preference (right graph) on field-grown Chardonnay
grapevines in choice experiments initiated on September 17 (STSS) and September 20 (STSS).  Bars represent
average proportions of sharpshooters (+ SE) observed on the cage, on the infected canes, and on the non-infected
canes.
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Sharpshooters moved slightly more often in this set of experiments than in the February study. In the GWSS trial, insects
moved 62 out of a possible 485 observations (13%) and 102 out of 633 observations (16%) (Table 2).  There were more
GWSS that settled and had prolonged feeding (at least 3 hr) on non-infected canes than on infected canes.  There was only a
slightly higher number of STSS that had prolonged feeding on the non-infected canes than the infected canes.

CONCLUSIONS
In winter choice studies in which GWSS were given access to infected and non-infected grapevine tissue, GWSS were found
more often on grapevine tissue that was infected with Xf over tissue that was not infected.  The reason why this choice was
made is unknown, but likely is related to the biochemical components in the various cane tissues (Anderson et al. 1992).
Regardless, the fact that GWSS prefers infected tissue has important epidemiological ramifications.  Specifically, feeding on
infected tissue increases the likelihood of sharpshooters acquiring Xf. Movement by these sharpshooters to non-infected
tissue, which occurred 1/17 (6%) and 4/36 (11%) times in the two winter trials, could rapidly move the bacteria causing new
infections.  It is important to remember that the cane tissue was woody (although green inside) and sharpshooters easily fed
on this tissue.

In fall experiments, on vines containing green leaves, sharpshooter preference for infected tissue was not apparent.  Both
GWSS and STSS fed equally on infected and non-infected grapevine tissue.  These data suggest that there was nothing in
either infected or non-infected tissue that caused sharpshooters to feed preferentially.  Both insect species moved readily from
infected to non-infected tissue (12/62 = 19% and 10/102 = 10% for GWSS and STSS, respectively).  They also moved from
non-infected tissue to infected tissue with similar frequency. These results suggest that transmission between infected and
healthy vines may be greater at this time of year.

The work reported here is valuable to our understanding of GWSS and STSS feeding behavior that can influence
transmission of Xf. These studies fill an important data gap in our knowledge of GWSS- and STSS-vectored epidemiology at
various times of the year.  We plan to continue studies through next year, to confirm the preference of sharpshooters for
infected tissue.  During this work, we will conduct biochemical assays similar to Andersen et al. (1992) to determine what
components are correlated with GWSS and STSS feeding.
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ABSTRACT
This project is designed to evaluate the importance of many common weed, agricultural, and cover crop plants that are found
in close proximity to vineyards as sources of Xylella fastidiosa (Xf) from which glassy-winged (GWSS) and smoketree
(STSS) sharpshooters can acquire and transmit Xf into grapevines.  In our studies Xf was successfully isolated from needle-
inoculated alfalfa, basil, lima bean, tomato, annual bluegrass, cheeseweed, wild-type sunflower, goosefoot, London rocket,
Spanish broom, tree tobacco, annual ryegrass, black mustard, Blando brome, New Zealand White clover, Hykon Rose clover,
cowpea, fava bean, Miranda field pea, meadow barley, California Red oats, and White sweetclover.  We were unable to
recover Xf from bell pepper, cotton, black nightshade, common groundsel, Evening Sun sunflower, horseweed, Zorro annual
fescue, birdsfoot trefoil, or sudangrass plants. We have confirmed successful transmission of Xf by GWSS for alfalfa-to-
alfalfa, alfalfa-to-grapevine, basil-to-basil, basil-to-grapevine, tomato-to-tomato, Blando brome-to-Blando brome, Blando
brome-to-grapevine and cowpea-to-cowpea.  GWSS transmission of Xf from tomato-to-grapevine, cowpea-to-grapevine, fava
bean-to-fava bean, and fava bean-to-grapevine could not be confirmed with culturing.  We have determined that STSS can
transmit Xf between alfalfa plants, from alfalfa to grapevines, between Blando brome plants, from Blando brome to
grapevines, and between fava bean plants.  We were unable to confirm successful transmission by STSS from tomato-to-
tomato, tomato-to-grapevine, cowpea-to-cowpea, or cowpea-to-grapevine, or from fava bean to grapevines.  Goosefoot
appears to be a poor host for GWSS, STSS, and Xf, as nearly all the vectors died before the end of the 48-hr acquisition
access period. Xf isolates obtained from goosefoot were few and slow-growing.

LAYPERSON SUMMARY
Evaluating the potential of various common plant species found in and near vineyards to serve as reservoirs of Pierce’s
disease (PD), and the ability of glassy-winged (GWSS) and smoketree (STSS) sharpshooters to acquire and transmit PD from
these alternative plant hosts, is fundamental to managing the primary spread of PD in California vineyards.  Identifying the
plants that contribute to primary spread enables growers to target these plants around their vineyards as a mechanism to
reduce spread.  Understanding how these two vectors contribute to primary and secondary spread can assist in the
development of alternatives to the area-wide management program.  To reduce primary spread, efforts must focus on
reducing bacteria-carrying vectors from entering healthy vineyards through continued area-wide or local treatment programs
outside the vineyard, barriers, trap crops, and/or removal of pathogen sources outside the vineyard.

INTRODUCTION
Over 140 plants are known to host Pierce’s disease (PD) strains of Xylella fastidiosa (Xf) (Costa et al. 2004, Freitag 1951,
Raju et al. 1980, 1983, Shapland et al. 2006, Wistrom and Purcell 2005, http://www.cnr.berkeley.edu/xylella/temp/hosts.
htm).  Many of these plants are found in close proximity to vineyards, and some are even used as cover crops in vineyards
(Statewide IPM Program 2007).  While considerable research has identified Xf hosts, little work has been done to determine
if sharpshooters can acquire the bacteria from these hosts and transmit it to grapevines.  If this does not occur, then the
alternate host is of little consequence in PD epidemiology.  Conversely, plants that contribute inoculum for sharpshooter
acquisition and transmission to grape should be removed if growers wish to reduce primary spread into their vineyards.

To successfully implement a program to remove pathogen sources, we first must identify those sources.  The introduction
into California of the glassy-winged sharpshooter (GWSS), an insect with a broad host range, theoretically increases the
probability of disease spread from the these alternate host plants to grape.  For this to occur, GWSS must feed on the infected
plant in such a way to acquire Xf from plant, and successfully transmit the acquired pathogen to grapevines.  While studies
have shown mechanical and insect transmission to a wide variety of alternate hosts (Freitag 1951, Purcell and Saunders 1999)
they have demonstrated transmission from only a handful of alternate hosts to grapevines (Hill and Purcell 1995, 1997).  We
are unaware of research published on transmission of Xf, PD strain, from alternate hosts into grapevines using GWSS or
STSS, a native California sharpshooter also found in grape growing regions, as the vector.
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OBJECTIVES
Using GWSS and STSS vectors:
1. Evaluate the acquisition and transmission of Xf to grapevines from agricultural crop plants known to be PD hosts that are

grown in the vicinity of vineyards.
2. Evaluate the acquisition and transmission of Xf to grapevines from weed plants known to be PD hosts that are grown in

the vicinity of vineyards.
3. Evaluate the acquisition and transmission of Xf to grapevines from vineyard cover crop plants.

RESULTS AND DISCUSSION
Needle Inoculated Plants
Thirty-four plant species have been needle-inoculated with Xf (Table 1). Xf does not appear to be able to survive in bell
pepper, cotton, black nightshade, common groundsel, Evening Sun sunflower, horseweed, Zorro annual fescue, birdsfoot
trefoil, or sudangrass plants.  A few positives were detected at two-weeks post-inoculation with ELISA for bell pepper,
cotton, common groundsel, and horseweed, but no plants tested positive by ELISA at four weeks, nor were they positive by
culturing.  These results suggest a transient infection or detection of dead Xf cells by the early ELISA.  Evening Sun
Sunflower tested positive by ELISA for all 20 plants, but the cultures were clean and negative.  However, the Evening Sun
sunflower also died very quickly, which may explain why it was not detected by culture.  Final results are pending for filaree,
Shepherd’s purse, and stinging nettle.

Xf was successfully isolated from needle-inoculated alfalfa, basil, lima bean, tomato, annual bluegrass, cheeseweed, wild-
type sunflower, London rocket, goosefoot, Spanish broom, tree tobacco, annual ryegrass, black mustard, Blando brome, New
Zealand White clover, Hykon Rose clover, cowpea, fava bean, Miranda field pea, meadow barley, California Red oats, and
White sweetclover.  We recovered one isolate of Xf for lima bean in the first needle-inoculation set, so we repeated this test.
No isolates were recovered from a second needle-inoculated set, suggesting that lima bean is a poor host for Xf. We did not
isolate Xf from basil until 16 weeks post-inoculation.  All ELISA tests for Basil were positive, including those for the
negative controls, indicating that the commercial kit for Xf from Agdia, Inc. is not reliable for testing this plant species.  The
cultures for the negative controls were always negative, including at 16-weeks post-inoculation when the positive cultures
from other plants were obtained.  We only recovered one isolate from annual bluegrass.  Cultures from annual bluegrass and
fava bean have been routinely heavily contaminated, regardless of plant age or inoculation status.  Other microbes present in
the plants may be obscuring the presence of Xf in those species.  Healthy grapevines also were needle inoculated with every
inoculation group as positive controls for each set.

Table 1. ELISA and culture results for plant species needle-inoculated with Xf.

Type Common Name Scientific Name ELISA + Culture + Xf Recovered?
Agriculture
Crops

Alfalfa Medicago sativa 20/20 14/20 Yes
Basil, Italian Large Leaf Ocimum basilicum 20/20* 10/20 Yes
Bell Pepper, Taurus Capsicum annuum 5/20** 0/20 No
Cotton, Upland Gossypium hirsutum 2/15** 0/15 No
Lima Bean, Fordhook 242 Phaseolus lunatus 2/38 1/38 Yes
Tomato, Rutgers Solanum lycopersicum 15/39 8/38 Yes

Weeds Annual Bluegrass Poa annua 8/20 1/20**** Yes
Black Nightshade Solanum nigrum 0/20 0/20 No
Cheeseweed Malva parviflora 7/20 16/20 Yes
Common Groundsel Senecio vulgaris 3/20** 0/20 No
Common Sunflower, Evening Sun Helianthus annuus 20/20* 0/20 No
Common Sunflower, wild-type Helianthus annus 19/20 7/20 Yes
Filaree Erodium species Tests in Progress
Goosefoot Chenopodium species 7/40*** 5/33 Yes
Horseweed Conyza Canadensis 2/20** 0/20 No
London Rocket Sisymbrium irio 5/20 13/20 Yes
Shepherd’s Purse Capsell bursa-pastoris Tests in Progress
Spanish Broom Spartium junceum 17/20 17/20 Yes
Stinging Nettle Urtica species Tests in Progress
Tree Tobacco Nicotiana species 12/20** 2/20 Yes
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Table 1. ELISA and culture results for plant species needle-inoculated with Xf (continued).

* False positives
** Most or all positives in 2-week ELISA test; possible transient infection or dead cells detected.
*** Very slow-growing Xf, detected well after 4-weeks.
**** Fava bean contains many other microorganisms that contaminate and probably obscure positive culture results.

Also, fava bean   occasionally produces false positives by ELISA.

Insect Transmission
Last year we lost our clean, captive-reared GWSS and STSS colonies to infestations of the parasitoid wasp, Gonatocerus
ashmeadi. Several of the needle-inoculated plant species died before we were able to rebuild our colonies and perform
transmission with them.  Therefore, we re-grew and needle-inoculated new sets of those alternative host plants to use for
transmission after the colonies sufficiently recovered.  To date, transmission using both vector species has been completed
for alfalfa, basil, tomato, annual bluegrass, cheeseweed, wild-type sunflower, goosefoot, London rocket, tree tobacco, annual
ryegrass, Blando brome, cowpea, fava bean, California Red oats, and White sweetclover.  Although transmission has been
completed, we are still evaluating the test plants for basil, annual bluegrass, cheeseweed, wild-type sunflower, London
rocket, annual ryegrass, California red oats, and White sweetclover, and final data are still pending.  At the time of preparing
this report, transmission was underway for Spanish broom, black mustard, New Zealand White clover, Hykon Rose clover,
Miranda field pea, and meadow barley, with the final data expected to be available in four-eight weeks.

We have confirmed (by culture) successful transmission of Xf by GWSS for alfalfa-to-alfalfa, alfalfa-to-grapevine, basil-to-
basil, basil-to-grapevine, tomato-to-tomato, Blando brome-to-Blando brome, Blando brome-to-grapevine and cowpea-to-
cowpea (Table 2).  GWSS transmission of Xf from tomato-to-grapevine, cowpea-to-grapevine, fava bean-to-fava bean, and
fava bean-to-grapevine tested negative by culturing.   Only four of 24 GWSS survived the 48-hr acquisition access period
(AAP) on goosefoot.  The surviving four insects were placed on a clean grapevine test plant, although they appeared to be in
the process of dying.

We confirmed successful transmission of Xf by STSS for alfalfa-to-alfalfa, alfalfa-to-grapevine, Blando brome-to-Blando
brome, Blando brome-to-grapevine and fava bean-to-fava bean (Table 2).  We were unable to confirm successful
transmission by STSS from tomato-to-tomato, tomato-to-grapevine, cowpea-to-cowpea, or cowpea-to-grapevine.  All 36
STSS died on goosefoot before the end of the 48-hr acquisition access period (AAP), indicating that goosefoot is a poor host
for STSS.  Goosefoot also appears to be a poor host for Xf, as few cultures were obtained from needle-inoculated plants, and
all were extremely slow growing, except for one.

Table 2. Results for transmission of Xylella fastidiosa by GWSS and STSS to date.
GWSS STSS

Host Plant
Type PD Acquisition Host PD Inoculation Host ELISA + Culture + ELISA + Culture +

Agriculture
Crop

Alfalfa Alfalfa 4/5 4/5 5/5 3/5
Alfalfa Grapevine 4/5 4/5 4/5 4/5
Basil Basil 9/9 9/9 Tests in Progress
Basil Grapevine 8/9 8/9 Tests in Progress
Tomato, Rutgers Tomato, Rutgers 3/5 1/5 1/5 0/5
Tomato, Rutgers Grapevine 2/5 0/5 3/5 0/5

Type Common Name Scientific Name ELISA + Culture + Xf Recovered?
Cover
Crops

Annual Ryegrass Festuca species 6/20 6/20 Yes
Annual Fescue, Zorro Lolium multiflorum 0/20 0/20 No
Black Mustard Brassica nigra 17/20 13/20 Yes
Blando Brome Bromus hordeaceus 16/20 13/20 Yes
Birdsfoot Trefoil Lotus species 10/20 0/20 No
Clover, New Zealand White Trifolium repens 15/20 2/20 Yes
Clover, Hykon Rose Trifolium hirtum 16/20 10/20 Yes
Cowpea, California Blackeye Vigna unguiculata 22/40 16/35 Yes
Fava Bean, Windsor Vicia faba 30/40 7/20**** Yes
Field Pea, Miranda Pisum sativum 14/39 3/11 Yes
Meadow Barley Hordeum brachyantherum 9/20 4/20 Yes
Oat, California Red Avena sativa 12/20 2/20 Yes
Sudangrass Sorghum bicolor var. sudanense 0/20 0/20 No
Sweetclover, White Melilotus alba 20/20 16/20 Yes
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Table 2. Results for transmission of Xylella fastidiosa by GWSS and STSS to date (continued).
GWSS STSS

Host Plant
Type PD Acquisition Host PD Inoculation Host ELISA + Culture + ELISA + Culture +

Weed

Annual Bluegrass Annual Bluegrass Tests in Progress Tests in Progress
Annual Bluegrass Grapevine Tests in Progress Tests in Progress
Cheeseweed Cheeseweed Tests in Progress Tests in Progress
Cheeseweed Grapevine Tests in Progress Tests in Progress
Common Sunflower, wild-type Common Sunflower, wild-type Tests in Progress Tests in Progress
Common Sunflower, wild-type Grapevine Tests in Progress Tests in Progress
Goosefoot Goosefoot 0/0 0/0 0/0 0/0
Goosefoot Grapevine 0/1 0/1 0/0 0/0
London Rocket London Rocket Tests in Progress Tests in Progress
London Rocket Grapevine Tests in Progress Tests in Progress
Spanish Broom Spanish Broom Tests in Progress Tests in Progress
Spanish Broom Grapevine Tests in Progress Tests in Progress
Tree Tobacco Tree Tobacco Tests in Progress Tests in Progress
Tree Tobacco Grapevine Tests in Progress Tests in Progress

Cover Crop

Annual Ryegrass Annual Ryegrass Tests in Progress Tests in Progress
Annual Ryegrass Grapevine Tests in Progress Tests in Progress
Black Mustard Black Mustard Tests in Progress Tests in Progress
Black Mustard Grapevine Tests in Progress Tests in Progress
Blando Brome Blando Brome 1/4 1/4 4/4 3/4
Blando Brome Grapevine 2/4 1/4 0/4 1/4
Clover, New Zealand White Clover, New Zealand White Tests in Progress Tests in Progress
Clover, New Zealand White Grapevine Tests in Progress Tests in Progress
Clover, Hykon Rose Clover, Hykon Rose Tests in Progress Tests in Progress
Clover, Hykon Rose Grapevine Tests in Progress Tests in Progress
Cowpea, California Blackeye Cowpea, California Blackeye 4/5 2/5 5/5 0/5
Cowpea, California Blackeye Grapevine 3/5 0/5 2/5 0/5
Fava Bean, Windsor Fava Bean, Windsor 2/5 0/5 1/5 1/5
Fava Bean, Windsor Grapevine 1/5 0/5 4/5 0/5
Field Pea, Miranda Field Pea, Miranda Tests in Progress Tests in Progress
Field Pea, Miranda Grapevine Tests in Progress Tests in Progress
Meadow Barley Meadow Barley Tests in Progress Tests in Progress
Meadow Barley Grapevine Tests in Progress Tests in Progress
Oat, California Red Oat, California Red Tests in Progress Tests in Progress
Oat, California Red Grapevine Tests in Progress Tests in Progress

Sweetclover, White Sweetclover, White Tests in Progress Tests in Progress
Sweetclover, White Grapevine Tests in Progress Tests in Progress

CONCLUSIONS
Bell pepper, cotton, black nightshade, common groundsel, Evening Sun sunflower, horseweed, Zorro annual fescue, birdsfoot
trefoil, and sudangrass did not sustain infection after needle-inoculation with Xf, indicating that these plants are very unlikely
to harbor Xf infection in the field.  This is particularly good news for horseweed since it is an extremely common weed in
vineyards and is reported to be resistant to herbicides.  In their PD management program, growers can choose to target weeds
other than those identified here, knowing that these species do not sustain infection with Xf. In addition, growers can safely
select

Zorro annual fescue, birdsfoot trefoil, and sudangrass as cover crops with confidence that their choice will not contribute to
PD spread in their vineyards.

We recovered Xf from at least 50% of test plants for alfalfa, basil, cheeseweed, London rocket, Spanish broom, black
mustard, Blando brome, Hykon Rose clover, and White sweetclover, indicating that these can serve as hosts for Xf in the
field.  We obtained isolates from three-46% of needle-inoculated plants for lima bean, tomato, wild-type sunflower,
goosefoot, tree tobacco, annual ryegrass, New Zealand White clover, cowpea, fava bean, Miranda field pea, and meadow
barley.  The results from the transmission studies using these plants (pending) should provide a better understanding of their
potential as alternative hosts for Xf in the field, since needle-inoculation is a severe and unnatural form of infection that is
unlikely to happen in the field.  As in the case of the goosefoot, we found that we could obtain isolates from a needle-
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inoculated plant, but that it was a poor host overall for PD and both vectors tested.  Therefore, goosefoot is unlikely to serve
as a source or reservoir of Xf in the field.  If these plants have natural defenses against acquiring or sustaining a Xf infection
when needle-inoculated with millions of bacteria, it is likely that an infection by a vector transmitting far fewer bacterial cells
would be sustained.  However, there are insect-pathogen-plant interactions involved that must be tested before such a
conclusion can be made definitively.  Further studies mimicking more natural acquisition and transmission using insects
should be done for a more complete understanding of the roles each plant and vector species might play in the field.

Alfalfa and Blando brome are good hosts for Xf, GWSS, and STSS, indicating that they can serve as a reservoir of Xf and
source of infection in the field for these vectors.  Both GWSS and STSS successfully transmitted Xf between alfalfa plants,
between Blando brome plants, from alfalfa into grapevines, and from Blando brome into grapevines.  These two plant species
(one a crop plant and the other a cover crop) should not be around or in vineyards where Xf or sharpshooters are present.

GWSS successfully transmitted Xf between basil plants, from basil to grapevines, between cowpea plants, between tomato
plants, and from fava bean to grapevines, but not between fava bean plants, or from cowpea to grapevines.  STSS also
successfully transmitted between fava bean plants, but not from fava bean into grapevines, between cowpeas, or from cowpea
into grapevines.   It is possible that Xf isolates were obscured by other microbes present in the plants and on the media plates
(cowpea and fava bean contain numerous other microbes that grow on media plates for PD), and positive transmission
occurred, but was not detected.  It also is possible that these plant species would not naturally serve as acquisition sources by
these vectors, but because they were unnaturally needle-inoculated, some transmission did occur.  Pending further results,
careful consideration should be applied when using cowpea or fava bean as cover crops in vineyard areas with known Xf
infection, or sharpshooter populations, since they can serve as sources.  In the unlikely event that basil is grown near
vineyards, it could may be a major contributor to the spread of PD, since both GWSS and STSS favor this host, and it could
sustain high populations of vectors and harbor Xf. The final transmission results (pending) will provide a better
understanding of which plant hosts, in combination with GWSS or STSS vectors, are more important in the epidemiology of
this plant pathogen.
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ABSTRACT
Twenty-two seedless x seedless crosses to develop additional BC2 and BC3 V. arizonica and BC1 SEUS BD5-117 families
were made in 2008.  Powdery mildew resistance was included in five of these crosses.  These crosses produced 5,148 berries,
8,824 ovules and 1,841 embryos.  Nine seeded BC1 crosses based on V. arizonica and SEUS PD resistance sources were
made, resulting in 1,393 seed. Two BC2 and 12 BC3 families (V. arizonica source of resistance) consisting of 1,191
individuals were screened at the seedling stage in the greenhouse with SSR markers for resistance.  A total of 363 were
resistant and planted in the field.  In November, seedlings from 12 crosses made in 2008 were tested with molecular markers
and 159 resistant plants identified from 319 individuals.  Greenhouse screening was completed on 150 selections and 63 of
the 64 resistant individuals were from V. arizonica.  Twelve resistant selections have been planted in the field at Weslaco,
Texas to determine their field resistance.  An additional 89 plants and 692 embryos have been produced to increase the size
of the C33-30 x BD5-117 family for molecular maker development.  A total of 105 SSR primers are polymorphic between
the parents and screening of the first 154 individuals to develop a framework map has started.  Greenhouse testing of 125
individuals was completed with 25 being resistant.

LAYPERSON SUMMARY
Although Pierce’s disease (PD) has existed in California since the late 1800s, the introduction of the glassy-winged
sharpshooter to California in the late 1990’s significantly increased the spread and damage caused by PD.  A collaborative
breeding program was started in 2000 to develop PD resistant table and raisin grapes with high fruit quality comparable to
that existing in markets today.  The first crosses to make the BC4 generation of table and raisin grapes with V. arizonica
source of PD resistance were made this year.  These families will have high fruit quality as they consist of 97% V. vinifera.
An example of increased fruit quality would be this year’s selection of five raisin grapes made from BC3 V. arizonica
families which will be propagated for production trials.  An additional fifteen BC2 V. arizonica raisin selections were made
and will be propagated for production trials.  The use of molecular markers has allowed the selection of PD resistant
seedlings while they are still in test tubes. Three hundred twenty-seven resistant seedlings were selected from 885 seedlings
this year, thereby making the program more efficient.  Advanced selections are screened in the greenhouse to verify PD
resistance.  Powdery mildew (PM) resistance is being combined with PD resistance and this year 54 of 97 PD resistant
seedlings showed PM resistance after greenhouse screening.  A family from BD5-117 source of resistance that is different
from V. arizonica has been made to develop molecular markers for this source of resistance.  To date, 154 seedlings have
been tested with 70 fluorescent labeled SSR markers.  The PD resistance of 125 of these seedlings has been tested in the
greenhouse.  This collaborative research between USDA/ARS, Parlier and University of California, Davis has the unique
opportunity to develop high quality PD resistant table and raisin grape cultivars for the California grape industry where PD
might restrict the use of conventional table and raisin grape cultivars.

INTRODUCTION
Pierce’s disease (PD) has existed in California since the late 1800s when it caused an epidemic in Anaheim.  A number of
vectors for PD already exist in California , and they account for the spread and occurrence of the disease.  The introduction of
the glassy-winged sharpshooter to California in the 1990’s significantly increased the spread and damage caused by PD.
Other vectors exist outside California and are always a threat.  All of California’s commercially grown table and raisin grape
cultivars are susceptible to PD.  An effective way to combat PD and its vectors is to develop PD resistant cultivars so that PD
epidemics or new vectors can be easily dealt with.  PD resistance exists in a number of Vitis species and in Muscadinia.  PD
resistance has been introgressed into grape cultivars in the southeastern United States, but fruit quality is inferior to V.
vinifera table and raisin grape cultivars grown in California.  Greenhouse screening techniques have been improved to
expedite the selection of resistant individuals (Krivanek et al. 2005, Krivanek and Walker 2005).  Molecular markers have
also been identified that make selection of PD resistant individuals from V. arizonica in these families even quicker
(Krivanek et al. 2006).  The USDA, ARS grape breeding program at Parlier, CA has developed elite table and raisin grape
cultivars and germplasm with high fruit quality.  Embryo rescue procedures for culturing seedless grapes are being used to
help introgress the seedless trait with PD resistance quickly (Emershad et al. 1989).  This collaborative research gives the
unique opportunity to develop high quality PD resistant table and raisin grape cultivars for the California grape industry.



- 187 -

OBJECTIVES
1. Develop PD resistant table and raisin grape germplasm/cultivars with fruit quality equivalent to standards of present day

cultivars.
2. Develop molecular markers for Xf/PD resistance in a family (SEUS) other than those from V. arizonica.

RESULTS AND DISCUSSION
Objective 1
Fifty-one crosses using V. arizonica and SEUS (BD5-117 and Zehnder) sources of resistance were made in 2009 and
produced 5,918 berries, 6,661 ovules, and 1,719 embryos (25% embryos/ovules) (Table 1).  The first BC4 crosses (97% Vitis
vinifera) was made this year and consisted of 31 crosses of which 19 produced 3,931 berries, 5,000 ovules and 1,372
embryos.  These crosses were made before observing fruit on the 18 month old seedlings and the size of the seed/aborted
seed was unknown at bloom.  The seed traces were too small to culture from six of these crosses.  The seedlings obtained
from these crosses should have high fruit quality as they now have 97% V. vinifera in their background.  In additional to the
BC4 crosses, 17 BC3 crosses were made and consisted of 1,313 berries, 987 ovules and 312 embryos.  Five and three crosses
combined V. arizonica and SEUS PD resistance respectively with powdery mildew resistance.  No seeded crosses were made
in 2009.

Leaves were taken from seedlings in test tubes in November from 2008 crosses and tested for resistance with molecular
markers for the PdR1 locus on chromosome 14.  Results for three BC1 and ten BC3 seedless x seedless families (89-0908 V.
arizonica source of resistance) is shown in Table 2.  A total of 885 individuals were tested with SSR markers and 812
showed markers on both sides of the PdR1 region as expected.  A total of 327 individuals (43% of those showing markers)
were resistant and planted to soil in cups for growth in the greenhouse before planting to the field in April, 2009.  Thirty-nine
percent of the plants showing markers were susceptible.  This is very similar to the percent resistant and susceptible plants
obtained for over 1,600 F1, BC1, BC2 table and raisin seedlings reported by Riaz et al. 2009.  The susceptible and
recombinant individuals were discarded making more efficient use of greenhouse and field space.  A total of 172 seeded by
seedless BC3 seedlings were also screened with molecular markers and 34% and 44% were resistant and susceptible
respectively.  Only the resistant plants were planted in the field.  Four BC3 crosses made in 2008 combined PD resistance
from V. arizonica with powdery mildew (PM) resistance from V. romanetii.  Usually resistance from this source of PM
resistance segregates in a 1:1 resistant:susceptible ratio.  The seedlings that had PD resistant markers were screened in the
greenhouse for PM resistance.  Of the 97 PD resistant seedlings screened to date, 54 were resistant, which is as expected.
Inoculation of plants with Xylella in the Greenhouse (method by Krivanek et al. 2005, Krivanek and Walker 2005) was done
to determine resistance of 105 selected individuals from BC2 V. arizonica and F1, BC1 SEUS (Table 3).  Sixty-three resistant
individuals were from V. arizonica and only one was from SEUS source of resistance.  This shows that a  high level of
resistance is being passed on by V. arizonica.  Greenhouse testing is absolutely necessary to make the final decision about
resistance of individual selections.  The highest level of resistance is being obtained from V. arizonica and BD5-117 and their
use as parents will be emphasized.

Fifty percent of the 400 resistant BC2 and BC3 V. arizonica seedlings planted in 2008 produced fruit.  From these seedlings,
3 BC2 and 3 BC3 tray dried raisin, and 2 natural DOV raisin selections were made that are good enough for propagation into
advanced production trials.  An additional 15 tray dried raisin, 4 natural DOV raisin, 10 table grape and 2 wine selections
were kept for use as parents and for additional evaluations.  Raisin samples were dried from 41 PD resistant seedlings from 2
BC2 raisin families.  Nine seedlings were selected for propagation in production trials and as parents.  One selection had a
rating of 52 which was higher than Selma Pete (50), Fiesta (48) and DOVine (47) and equal to Diamond Muscat (52).  Nine
table grape selections from BC2 V. arizonica have been selected for further observation and as parents.  Four have been
tested in the greenhouse for Xylella infection and were resistant.  Five table grapes and nine raisin grapes were also selected
from 227 BC2 V. arizonica seedlings that were planted in 2007 and fruited for the first time in 2009.  Three of the raisin
selections will be propagated for yield trials.  Twelve advanced selections, with a range of PD resistant in greenhouse tests,
have been planted in a replicated plot at the USDA ARS research station, Weslaco, Texas.  Samples were taken in
September, 2009 to determine if any plants have become infected after one year’s growth

Objective 2
The PD resistant grape selection BD5-117 from Florida was hybridized with the seedless table grape selection C33-30 and
300 individuals are fruiting.  Fruit samples were taken from all seedlings for cluster weight, berry weight and seed/seed trace
weight as an indication of fruit quality.  Greenhouse testing for PD resistance is complete on 125 individuals, with 25 being
resistant (Table 3).  Three hundred additional plants were planted this year to increase the family size to over 500
individuals.  Of the 105 SSR polymorphic primers identified last year, 70 have been labeled with fluorescent dyes and run on
all 154 individuals plus the parents.  The additional 35 labeled polymorphic primers are being tested on the 154 seedlings.
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Table 1.  Successful 2009 table and raisin grape PD resistant seedless crosses and the number of ovules and embryos
produced.

Female Male Type No. Emas-
culations

No. berries
Opened

No.
Ovules

No.
Embryos

89-0908 V. rupestris x V. arizonica
B71-60 07-5054-12 Table      BC4 2,823 229 408 234

Scarlet Royal 07-5054-12 Table      BC4 3,115 11 20 6
07-5061-04 A63-85 Raisin    BC4 a2 bags 252 285 68
07-5061-04 A50-33 Raisin     BC4 a3 bags 391 411 148
07-5061-14 Y143-39 Raisin     BC4 a3 bags 256 460 69
07-5061-14 B82-43 Raisin     BC4 a4 bags 643 1,168 97
07-5061-14 Y144-157 Raisin     BC4 a2 bags 298 441 239

A49-82 07-5061-34 Raisin     BC4 3,000 74 50 24
A50-39 07-5061-34 Raisin     BC4 3,315 402 394 100
A50-91 07-5051-28 Raisin     BC4 1,500 108 117 21
A50-91 07-5061-146 Raisin     BC4 1,830 160 178 44
A61-79 07-5058-16 Raisin     BC4 2,800 142 144 37
B82-43 07-5052-43 Raisin     BC4 2,606 223 250 64
Y142-76 07-5061-34 Raisin     BC4 496 42 45 14
Y142-76 07-5061-72 Raisin     BC4 1,492 88 84 13
Y142-76 07-5061-106 Raisin     BC4 1,156 38 31 7
Y143-161 07-5053-33 Raisin     BC4 3,946 207 229 28
Y144-132 07-5061-34 Raisin     BC4 2,390 32 50 10
05-5501-27 Y129-176 Table      BC3 a5 bags 36 3 1
05-5501-27 05-5501-28 Table      BC3 a4 bags 170 16 2
05-5501-28 Y133-191 Table      BC3 1,564 21 23 4
05-5502-25 Y129-176 Table      BC3 2,631 163 162 30
05-5501-68 C57-60 Table      BC3 a5 bags 240 287 99
05-5501-68 C45-64 Table      BC3 a5 bags 48 13 2
05-5501-40 Y129-161 Table      BC3 a5 bags 51 52 7
05-5502-15 04-5514-2443 Table      BC3 2,708 382 290 39
05-5551-19 A63-58 Raisin     BC3 650 77 94 18
04-5514-28 C61-123 Table      BC2 1,375 75 93 23
07-5061-14 Y308-344 PM Raisin

BC4
a3 bags 210 235 149

Total 39,397 44,256 6,033 1,597(26%)
SEUS source of resistance
(BD5-117 or Zehnder)
03-5003-10 C45-64 Table BC1 a5 bags 2 2 1
03-5003-10 Y308-314 PM Table

BC1
1,554 69 88 20

Y305-58 C61-123 PM Table
BC1

3,097 308 436 101

Total 5,285 3,291 4,836 1,179(23%)
aParents with female flowers were not emasculated, only bagged and pollinated.
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Table 2.  Determination of seedling resistance based on molecular markers for 89-0908 BC2 families made in 2008.

Family Type Cross No.
Resistanta

No.
Susceptibleb

No.
Recombinantc

No
ddata

Off
Types Total

08-5001 Table BC3 46 17 13 1 19 96
08-5002 Table BC1 40 35 29 9 14 127
08-5003 Table BC3 6 6 2 1 0 15
08-5054 Raisin BC1 38 37 13 5 0 93
08-5055 Raisin BC1 29 33 18 8 1 89
08-5056 Raisin BC3 27 45 14 16 0 102
08-5057 Raisin BC3 29 28 6 2 2 67
08-5058 Raisin BC3 6 2 0 3 4 15
08-6002 Table BC3 PM 35 28 18 9 3 93
08-6003 Table BC3 PM 2 2 0 2 0 6
08-6052 Raisin BC3 PM 5 3 1 6 2 17
08-6053 Raisin BC3 PM 62 59 18 11 10 160
08-6054 Raisin BC3 PM 2 2 1 0 0 5

Total 327 (43%e) 297 (39% e) 133 (18% e) 73 55 885
Seeded x Sdlss

08-5504 Table BC3 7 8 3 4 0 22
08-5505 Table BC3 1 0 1 0 0 2
08-5552 Raisin BC3 47 66 16 6 0 135
08-6501 Table BC3 PM 3 2 5 2 0 12
08-6502 Table BC3 PM 1 0 0 0 0 1

Total 59 (37% e) 76 (48% e) 25 (16% e) 12 0 172
aResistant = marker on both sides of PdR1 region.
bSusceptible = no PdR1 markers.
cRecombinant= genotypes that amplified with one PdR1 marker.
dNo data = genotypes that failed to amplify properly.
e%= Number of seedlings in each category / total number of seedlings showing markers properly.

Table 3.  Results of greenhouse test for determination of PD reaction.

Population Resistance
Source

Total
sent

Testing Compete
No. tested       No. resistant

BD5-117 map BD5-117 154 125 25
Arizonica PdR1 113 105 63
Other PD SEUS 65 45 1

Total 332 275 109

CONCLUSIONS
Families for the development of PD resistant seedless table and raisin grape cultivars continue to be produced.  Emphasis was
placed on V. arizonica BC3 crosses (93% V. vinifera) and BC1 crosses of BD5-117.  The use of molecular markers has
simplified and sped up the identification of PD resistant individuals from V. arizonica. Seedless table and raisin grape
selections with PD resistance and improved fruit quality have been made in both BC2 V. arizonica and F1 BD5-117 families.
One hundred five polymorphic SSR primers have been identified in the BD5-117 family in the search for molecular markers
from sources of resistance other than V. arizonica.  SSR primers are now being tested on all 154 individuals from the BD5-
117 family to develop a frame work map.  The development of PD resistant table and raisin grape cultivars will make it
possible to keep these grape industries viable in PD infested areas.  Molecular markers will greatly aid the selection of PD
resistant individuals from SEUS populations.
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ABSTRACT
The use of marker-assisted selection (MAS) using DNA markers tightly linked with Pierce’s disease (PD) resistance (see our
companion report) and the acceleration of the seed-to-seed breeding cycle to three years have allowed very rapid progress
towards the creation of PD resistant winegrapes.  Seedlings from the 2008 crosses were screened for PD resistance with MAS
and only those seedlings with the markers were planted in the field.  The goals of the 2009 crosses were to: 1) create 97% V.
vinifera seedlings with PD resistance using PdR1 from V. arizonica hybrid– F8909-08; 2) create 75% V. vinifera seedlings
with PD resistance from V. arizonica b40-14; and 3) enlarge the V. arizonica/girdiana b42-26 PD resistance mapping
population by remaking the V. vinifera F2-35 x b42-26 cross.  Numerous greenhouse-based PD resistance screens were
performed on breeding lines, mapping populations and new PD resistant rootstocks.  Selections with PdR1 at the 87.5% and
75% vinifera level at our Beringer, Napa County trial were inoculated and a similar trail at the 93.75% vinifera level was
planted.  Finally, small-scale wine lots were made from three 93.75% vinifera and five 87.5% vinifera PdR1 selections.  Fruit
evaluation and juice analysis were performed on numerous other promising progeny at the 93.75% vinifera PdR1 level.

LAYPERSON SUMMARY
Rapid progress breeding Pierce’s disease (PD) resistant winegrapes continues to be made by combining the use of MAS with
PdR1 and aggressive vine training to produce clusters in a seedling’s second season to produce the next generation crosses of
PD resistant populations.  Wines were made this Fall from PD resistant selections that contain 94% vinifera.  These
selections resulted from the original cross of vinifera x F8909-08 (the V. arizonica/candicans resistance source from
Monterrey, Mexico), followed by crossing back to a vinifera parent over three more generations (modified Back Cross 3 –
mBC3).  This Fall, wine was made from three of these 94% vinifera, PD resistant selections.  Two years of wines have also
been made from the previous generation 88% vinifera (mBC2) PD resistant selections with very favorable results.  This year
also saw the creation of the next generation back cross to vinifera (mBC4), which will result in 97% vinifera seedlings with
PdR1 resistance for planting in Spring 2010.  PD resistant selections are also being tested at the Beringer ranch in Napa
Valley, and wines will be made from these vines.  Major advances have also been made in the production and greenhouse
testing of seedling populations that will allow the characterization of PD resistance genes from multiple backgrounds (see
companion project on the genetics of resistance to PD).

INTRODUCTION
The Walker lab is uniquely poised to undertake this important breeding effort, having developed rapid screening techniques
for Xylella fastidiosa (Xf) resistance (Buzkan et al. 2003, Buzkan et al. 2005, Krivanek et al. 2005a 2005b, Krivanek and
Walker 2005), and having unique and highly resistant V. rupestris x V. arizonica selections, as well as an extensive collection
of southeastern grape hybrids, to allow the introduction of extremely high levels of Xf resistance into commercial grapes.
They have made wine from vines that are 93.75% V. vinifera, and possess resistance from the b43-17 V. arizonica/candicans
resistance source.  There are two sources of PdR1, 8909-08 and 8909-17 – sibling progeny of b43-17.  These selections have
been introgressed into a wide range of winegrape backgrounds over multiple generations, and resistance from southeastern
United States (SEUS) species is being advanced in other lines. However, the resistance in these later lines is complex and
markers have not yet been developed to expedite breeding.

OBJECTIVES
1. Breed Pierce’s disease (PD) resistant winegrapes through backcross techniques using high quality V. vinifera winegrape

cultivars and Xf resistant selections and sources characterized from our previous efforts.
2. Continue the characterization of Xf resistance and winegrape quality traits (color, tannin, ripening dates, flavor,

productivity, etc) in novel germplasm sources, in our breeding populations, and in our genetic mapping populations.

RESULTS AND DISCUSSION
Objective 1 – The breeding cycle for the development of PD resistant grapes has been reduced to three years (seed-to-seed)
using MAS with the b43-17 resistance sources and their progeny.  The breeding goal at this point is to introgress PD and
PdR1 resistance sources into a large number of V. vinifera winegrape backgrounds.  Now that the backcross four (BC4)
(96.9% V. vinifera) level has been produced (seedlings will be planted in 2010) larger numbers of progeny within populations
will be produced to increase chances of selecting the best winegrape quality in a PD resistant background. Table 1 shows the
crosses made in 2009.  The goals of the 2009 crosses were to: 1) use the PdR1 allele from F8909-08 to advance the vinifera
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winegrape populations to the 96.9% vinifera level; 2) create populations of 93.75% vinifera with the PdR1 F8909-08
resistance allele; 3) select V. vinifera x V. arizonica b40-14 progeny and produce 75% vinifera populations with an
alternative PD resistance source; and 4) increase the V. arizonica/girdiana b42-26 mapping population by remaking the V.
vinifera F2-35 x b42-26 cross.

During this period, eight groups of plants were tested in the greenhouse for Xf resistance (Table 2).  Group A tests confirmed
the resistance of the parents used in the 2008 crosses, previously selected on the basis of their DNA markers; initiated the
exploration of the PdR1 alleles among resistant genotypes and vinifera parents; and tested the progeny from one initially
promising 87.5% vinifera VR (vinifera x rotundifolia) hybrid from Olmo’s breeding program.  Unfortunately, all of these VR
progeny were ELISA tested as PD susceptible at over 1,000,000 cfu/ml (data not shown), confirming the complex nature of
PD resistance derived from rotundifolia.  Groups B, D and E evaluated the greenhouse-based PD resistance of the 50%
vinifera, 25% b40-14 V. arizonica resistance source 07744 and 07386 populations. Table 3 shows that for the 07744
population, 24% were classed as resistant, approximately 26% were in either of two intermediate classes and 50% were in the
susceptible class.  The clearly PD resistant genotypes identified in groups B & E allowed us to make 75% vinifera crosses in
2009 and advance this promising new PD resistance line by another generation (Table 1c).  Group D was tested to evaluate
the impact of between pot spacing on mean ELISA cfu/ml values in an 87.5% vinifera PdR1 background.   Consistent with
Baumgartel (2009), tighter spacing increased the mean ELISA values relative to the standard spacing in both susceptible and
resistant selections.  Group F consisted of additional 9621 population recombinants that were tested to aid the fine scale
mapping of PdR1.  Concurrently, additional 2007 crosses were tested to continue the exploration of PdR1 resistance initiated
in Group A.  Groups G & H focus on the F8909-17 allele of PdR1 to elaborate differences in resistance behavior of this allele
compared to the F8909-08 allele.  The new PD resistant rootstocks were tested in Group G.  Chardonnay was used as a
susceptible scion to determine if high Xf levels in the scion increase Xf levels in the rootstock downward across the graft
union.  A81-17, a rigorously tested 75% vinifera PdR1 genotype, was used as the resistant scion to determine whether
grafting on PdR1 rootstocks impacts the titer of X. fastidiosa found in the scion.

Objective 2 - Although resistance from other backgrounds is complex and quantitative, which results in few resistant progeny
from crosses to vinifera cultivars, we continue to advance a number of lines.  In order to better understand the limits of other
PD resistance sources the following resistance sources are being studied:

V. arizonica/girdiana b42-26 – Xf resistance in the 0023 (D8909-15 (V. rupestris x b42-26) x V. vinifera B90-116)
population is strong, but is quantitatively inherited. Quantitative trait locus (QTL) analysis has identified a major QTL that
accounts for about 20% of the variability (preliminary results).  Previous efforts with this population focused on table grape
breeding, and found that the 0023 population (F1, 1/4 b42-26) had about 30% resistant progeny.  The 0023 population has a
large number of weak genotypes, few females with viable seeds, and generally lacks fertility.  The progeny of a cross of a
resistant 0023 genotype crossed back to vinifera (BC1) were tested and only 7% were resistant.  In 2007, we tested the 05347
(vinifera F2-35 x b42-26) population to examine the b42-26 resistance source in a background without the confounding effect
of V. rupestris.  That same year, crosses using elite V. vinifera wine type pollen were made to a number of females in this
population and 140 genotypes were planted in 2008, which flowered for the first time in Spring 2009.  We planted an
additional 100 05347 genotypes to the field in May 2009 and again repeated this cross, producing approximately 200 seeds,
to further expand this F1 mapping population.

V. shuttleworthii Haines City – Based on encouraging greenhouse screen results for this resistance source, in 2008 the BC1
(75% vinifera), and BC2 (87.5% vinifera) using a BC1 from earlier table grape work were made.  This BC1 is very resistant
and has reasonable winegrape characteristics.  If reliable genetic markers for Xf resistance from this resistance source can be
developed, it will be relatively easy to incorporate this form of resistance with sources carrying PdR1 at later stages of the
program, with the goal of broadening resistance.

V. arizonica b40-14 – Over the last seven years, 45 F1 progeny of PD susceptible V. rupestris Wichita Refuge crossed with
PD resistant V. arizonica b40-14 (the R89 series) have been tested.  Forty-two were highly resistant and three had
intermediate reactions (data not shown).  In 2006, the 06339 population (V. vinifera F2-35 x b40-14) was made and contains
198 seedlings for testing.  In 2007, V. vinifera cv. Airen was crossed onto two of the PD resistant R89 series genotypes and a
total of 163 progeny were planted in Spring 2008.  One of these is the 07744 population (F1 50% vinifera, 25% b40-14 – see
Tables 1c, 2 and 3).  Preliminary mapping of this population places PD resistance from b40-14 on LG14 but in a different
location than PdR1.  To date greenhouse testing has been completed for seven 06339 genotypes (F1 50% vinifera, 25% b40-
14); they all lack PD symptoms and have low ELISA values.  The progeny of the 06339 x V. vinifera crosses made in 2008
will be used for further mapping efforts to better characterize this very strong, and morphologically and genetically different
source of PD resistance.

Given that low levels of Xf exist in resistant plants it will be important to have PD resistant rootstocks to graft with resistant
scions, thus preventing failure if Xf moved into the rootstock.  The rooting and grafting ability (with two scion varieties) of
eight selections with PD resistance from PdR1 have been tested, and they will soon be greenhouse tested for resistance and
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examination of Xf movement across the graft union.  The best selections will be tested for nematode and phylloxera
resistance followed by field testing.

Field and Wine Evaluations – Field testing of advanced PD resistant selections continues at the Beringer vineyard in
Yountville, CA.  Natural sharpshooter vectoring is not depended on, rather each plant is needle inoculated with Xf each
Spring. Selections from the BC3, 94% vinifera crosses from the 07355 (U0505-01 x Petite Sirah) and 07370 (vinifera F2-35
x U0502-38) populations were grafted onto Dog Ridge (currently the only certified virus-free PD resistant rootstock) in
February 2009 and planted at Beringer in June 2009.  These genotypes have been marker tested and their PD resistance status
will be confirmed by greenhouse testing in the coming months.  This Spring, selections from the 045554 (BC2, 87.5%
vinifera) population were needle inoculated for the second time and selections from the A81 population (BC1, 75% vinifera)
both with the PdR1b (F8909-08) allele were inoculated for the third time.  This year the seven most promising 87.5% vinifera
PdR1 wine types (06325-42, 06325-43, U0502-01, U0502-10, U0502-35, U0502-38, U0502-41 – 2 white and 5 red; 6 reps
each) grafted onto Dog Ridge and planted at the Beringer site for small-scale winemaking trials.

In 2006, at least six vines of eight 87.5% vinifera PdR1 selections (50% Syrah or Chardonnay from the last cross) were
planted for small-scale wine making tests.  Wine lots of these selections made in 2007 and 2008 have shown significant
promise.  Sensory evaluation as well as fruit evaluation and must analysis from numerous other genotypes from crosses
involving elite wine cultivars were reported in our last two progress reports.  These wines were also evaluated at the UCD
Viticulture and Enology alumni gathering on May 15, 2009 and at the North American Grape Breeders Conference in
Tallahassee, Florida on August 7, 2009 with similar results.  In 2008, at least six vines of four other particularly promising
87.5% vinifera PdR1 selections, siblings of the 2006 plantings, were planted.  Concurrently we planted at least six vines of
eight 93.75% vinifera PdR1 selections (50% Petite Syrah, Chardonnay or F2-35 from the last cross).  This fall, 12
fermentations were made: three (two red, one white) at the 94% vinifera level; five (four red, one white) at the 87.5% vinifera
level; and four (two red, two white) vinifera and PD controls.  Vine, fruit and juice analyses are presented in Tables 4a-c and
images of the vines, leaves and fruit are in Figures 1 and 2.  Numerous other genotypes from crosses involving elite vinifera
wine cultivars were examined for fruit evaluation and must analysis.  ETS Laboratories (www.etslabs.com) of St. Helena
kindly donated their fruit analysis and phenolics panel, which uses a wine-like extraction to model a larger fermentation.

CONCLUSIONS
This project continues to breed PD resistant winegrapes with the primary focus on the PdR1 resistance source so that
progress can be expedited with MAS.  Populations with Xf resistance from other sources are being maintained and expanded,
but progress is slower with these sources. We continue to supply plant material, conduct greenhouse screens and develop new
mapping populations for our companion project on fine-scale mapping of PD resistance to allow the characterization of the
PdR1 resistance locus.  The first testing of small-scale wine from advanced selections with 87.5% vinifera from winegrapes
was done in Fall 2007, then again in 2008 and they scored remarkably well.  Small-scale wine lots from advanced selections
with 93.75% vinifera were made in Fall 2009 and appear even more promising.
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Table 1. 2009 Wine and mapping crosses with estimated number of seeds produced.

Table 2. PD resistant winegrape progeny completed or currently in greenhouse screening for PD resistance.

Group Genotypes
#

Genotypes
Inoculation

Date ELISA Date
Resistance
Source(s)

A 2008 PdR1 Parents, mini-mapping, e6-
23 VR series

47 11/25/2008 2/26/2009 b43-17 (both
alleles), VR

B 07744 mapping population 37 12/16/2008 4/2/2009 b40-14
C Greenhouse spacing trial NR 1/15/2009 5/21/2009 F8909-08
D 07386 Mapping population 45 2/3/2009 5/21/2009 b40-14
E 07744 mapping populations 70 2/12/2009 5/21/2009 b40-14
F 9621 recombinants, 2007 

interest
crosses of 122 4/21/2009 8/13/2009 F8909-08

G 04191 mapping 
Rootstocks

population, PD 82 6/23/2009 9/22/2009 F8909-08

H 04191 mapping pop (MPP) 130 10/8/2009 1/7/2010 F8909-08

Resistant Type
Vinifera Parent of
Resistant Type Vinifera Parents used in 2009 Crosses

Est.
No.
Seeds

1a. Monterrey V. arizonica/candicans resistance source (F8909-08) to produce progeny with 96.875% V.
vinifera parentage.
07354-50 Merlot Cab. Sauv., Chard. 125
07355-020 Petite Syrah Cab. Sauv., Chard., Chenin blanc, Zinfandel 1750
07370-039 F2-35 (Cab. Sauv. x

Carignane)
Cab. Sauv., Chenin blanc, Riesling, Sylvaner, Zinfandel 1450

07370-097 F2-35 Cab. Sauv., Chard., Chenin blanc, Pinot noir 650
07370-28 F2-35 Cab. Sauv., Chenin blanc, Pinot noir, Zinfandel 950
07371-19 F2-35 Cab. Sauv., Chard., Chenin blanc, Sylvaner 375
07371-20 F2-35 Cab. Sauv., Chenin blanc, Pinot noir, Sylvaner 925
07371-36 F2-35 Cab. Sauv., Chard., Chenin blanc, Mourvedre, Riesling,

Zinfandel
800

1b. Vitis arizonica/candicans resistance source (F8909-08) to 
parentage.

produce progeny with 93.75% V. vinifera

07307-10 Zinfandel Cab. Sauv., Chenin blanc 115
1c. Crosses to the b40-14 V. arizonica resistance source to produce progeny that are 75% vinifera and 12.5% the
resistance source.
07744-038,-
120

Airen Cab. Sauv., F2-35, Malaga Rosada 790

1d. Cross to increase the b42-26 V. arizonica x vinifera mapping population.
b42-26 F2-35 (Cab. Sauv. x

Carig.)
F2-35 200
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Table 3. Greenhouse screen results for the 07744 cross (R8918-05 x Airen).

Resistance
Class Resistance Class Parameters

No. in
Class % Total

R mean cfu/ml ~<100k 26 24%
R? mean cfu/ml >~100k and max cfu/ml <1M cfu/ml 9 8%
S? mean cfu/ml >~300k and <~3M cfu/ml 18 17%
S mean cfu/ml >~1M and max cfu/ml >3.5M 54 50%
Total 107 100%

Table 4a.  Phenotypic observations of reference varieties and select progeny with the PdR1 resistance source used for small
lot winemaking in 2009.

Genotype Parentage Percent
vinifera

2009
Bloom
Date

Berry
Color

Berry
Size
(g)

Ave
Cluster
Wt. (g)

Ripening
Season

Prod
1=v low,
9=v high

Barbara Historic 100% 05/09/09 B 2.4 290 late 6
Chardonnay

07355-12

Gouais blanc x Pinot noir

U0505-01 x Petite Sirah

Historic

93.75%

05/14/09

05/10/09

W

B

1.0

1.0

190

137

early
early-
mid

5

6
07355-75 U0505-01 x Petite Sirah 93.75% 05/07/09 B 1.3 234 early 8
07713-51 F2-35 x U0502-48 93.75% 05/07/09 W 1.4 210 early 8
U0501-12 A81-138 x Syrah 87.50% 05/18/09 B 1.1 194 late 4
U0502-10 A81-138 x Chardonnay 87.50% 05/07/09 B 1.4 198 early 7
U0502-20 A81-138 x Chardonnay 87.50% 05/14/09 W 1.7 313 late 8
U0502-26 A81-138 x Chardonnay 87.50% 05/10/09 B 1.6 375 mid 7
U0505-35 A81-138 x Cab. Sauvignon 87.50% 05/10/09 B 1.1 158 early 6
Blanc du Bois Fla D6-148 x Cardinal ~66% 05/14/09 W 1.2 125 mid-late 7
Lenoir V. aestivalis hybrid <50% 05/20/09 B 0.8 201 late 6

Table 4b.  Analytical evaluation of advanced selections with the PdR1 resistance source used for small lot winemaking in
2009.  All analysis courtesy of ETS Laboratories, St. Helena, CA.

Genotype
L-malic

acid
(g/L)

°Brix potassium
(mg/L ) pH TA

(g/100mL)

YAN
(mg/L,
as N)

catechin
(mg/L)

tannin
(mg/L)

Total
antho-

cyanins
(mg/L)

07355-12 2.79 26.8 2050 3.42 0.78 275 127 585 2178
07355-75 2.88 28.2 2180 3.49 0.74 217 5 680 1941
07713-51 1.31 23.4 1700 3.56 0.49 146 - - -
U0501-12 2.11 21.8 1610 3.46 0.58 263 49 555 1026
U0502-10 3.97 24.9 2170 3.60 0.73 362 48 1006 1162
U0502-20 4.18 23.3 2230 3.51 0.76 383 - - -
U0502-26 2.24 24.0 1900 3.40 0.73 237 67 411 947
U0505-35 4.03 28.7 2450 3.66 0.81 476 47 886 1446
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Table 4c. Sensory evaluation of reference varieties and advanced selections with the PdR1 resistance source used for small
scale winemaking in 2009.

Skin Seed Seed

Genotype Juice Hue Juice
Intensity Juice Flavor Skin Flavor Tannin

(1=low,
4= high)

Color
(1=gr,
4= br)

Seed Flavor Tannin
(1=high,
4= low)

Barbara pink-brown low neutral, acidic jam, berry 2 4 nutty, spicy 3
Chardonnay green-gold medium apple, pear sl fruity 1 4 nutty 4
07355-12 red med-dark red fruit plum, berry 3 3.5 woody, spicy 1
07355-75 red medium plum, fig jam,prune 2 3 hot, woody 2
07713-51 green-gold medium apple, pear neutral 2 3.5 woody, spicy 3
U0501-12 red med-dark fruity fruit jam 2 4 neutral 2
U0502-10 pk-red-orng med-dark slight vegetal sl fruity 1 4 nutty, spicy 1
U0502-20 green medium neutral, fruity grass 1 4 spicy, bitter 1
U0502-26 pink medium bright, spicy fruity 2 4 nutty 3
U0505-35 red medium CS-veg, berry sl CS-veg 2 4 spicy 2
Blanc du Bois gold med-dark floral, vegetal sl vegetal 1 4 spicy, bitter 4
Lenoir red dark mildly fruity fruity 1 4 nutty 4

Figure 1. Images of the two red 94% vinifera PD resistant winegrape selections (U0505-01 x Petite Sirah) used for small-
scale winemaking at UCD in Fall 2009. 07355-12 is above and 07355-75 is below.
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Figure 2. Images of the white 94% vinifera PD resistant wine grape selection (F2-35 (Cabernet Sauvignon x Carignane) x
U0502-48) used for small-scale winemaking at UCD in Fall 2009.
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MAP-BASED IDENTIFICATION AND POSITIONAL CLONING OF XYLELLA FASTIDIOSA
RESISTANCE GENES FROM KNOWN SOURCES OF PIERCE’S DISEASE RESISTANCE IN GRAPES
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Andrew Walker
Dept. of Viticulture and Enology
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Cooperator:
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Reporting Period: The results reported here are from work conducted August 2009 to October 2009

ABSTRACT
This report presents updated results on the refined mapping of the Pierce’s disease (PD) resistance locus, PdR1, in the 04190
(397 plants) and 9621 population (900 plants).  In both populations, the resistance locus is within a 1cM distance.  The
flanking markers VVCh14-78 and VVCh14-81 were added to key recombinant plants from both populations and greenhouse
screening was repeated to avoid any error.  Genetic mapping was initiated in the 07744 (resistance from V. arizonica b40-14),
04191 (resistance from F8909-17 PdR1a) and 05347 (resistance from V. arizonica/girdiana b42-26) populations.  A total of
152 markers were completed for 07744 to develop the framework map and greenhouse screening of the 07744 population is
complete and underway for the 04191 population.  In 07744, preliminary analysis indicated that PD resistance (PdR1c)
resides on chromosome 14, in the same region where PdR1a (resistance from F8909-17) and PdR1b (resistance from F8909-
08) mapped from the b43-17 background.  However, the SSR alleles for resistance are very different between b43-17 and
b40-14.  Between October 2007 and March 2009 two BAC libraries, each with one restriction enzyme (Hind III and Mbo I),
were completed and the screening of the Hind III BAC library with flanking markers was initiated.  The Pinot noir genome
sequence was used to develop markers to screen the BAC library, and these SSR markers were used to reduce the physical
distance to PdR1.  Two screenings of the libraries identified 24 (with markers VVCh14-56 and VVCh14-10) and 17 positive
BAC clones (with marker VVCh14-58).  Complete sequencing of two clones (H23P13 and H64M16), representing the two
haplotypes of b43-17 was completed.  Five clones were positive with VVCh14-56 and VVCh14-58.  Clone ‘H69J14’ (which
is bigger than 200Kb) was selected for 454-based sequencing.  This clone spans scaffold 21 and nine of the Pinot noir
genome sequence.  A total of 42,000 sequences were assembled with the help of two different assembly programs.  The
DNASTAR program was used to obtain assembly at 99% stringency, and yielded more than 79 contigs larger than 5Kb in
size. Primers will be designed from the ends to improve the assembly with BAC walking by filling the gaps and verifying the
sequences on the ends of contigs. Assembled sequence will be used for the identification of resistance gene(s).

LAYPERSON SUMMARY
Genetic mapping efforts have identified a Pierce’s disease (PD) resistance region on chromosome 14 termed PdR1, which
originated from Vitis arizonica/candicans b43-17.  This resistance acts as a single dominant gene and we have mapped the
two forms from the homozygous parent – PdR1a from F8909-17 and PdR1b from F8909-08.  We have also mapped another
form of PdR1 from V. arizonica b40-14, and are examining how the multi-gene PD resistance from V. arizonica/girdiana
b42-26 maps and relates to PdR1.  In the future these multiple resistance forms will be combined in our PD breeding program
to ensure the strongest resistance possible.  The combination of these forms of PD resistance can only be done with the
tightly linked genetic markers discovered in these mapping efforts so that the combination of the various forms of resistance
can be confirmed in the interbred progeny. These mapping efforts are also essential to physically locating and characterizing
PD resistance genes.  At present, the chromosome region that PdR1 exists on has been sequenced and these pieces of
sequence are being arranged and compared to the Pinot noir genome sequence and that of other plants to characterize their
function and determine which are likely to be involved in PD resistance.

INTRODUCTION
This project continues to genetically map Pierce’s disease (PD) resistance in forms of V. arizonica (Riaz et al. 2007).  These
efforts are closely linked to a breeding program focused on developing PD resistant winegrapes (see companion report).  The
breeding program produces and greenhouse screens the seedling populations upon which this genetic mapping program
depends.  While the tightly linked genetic markers generated in these mapping efforts are used to optimize and greatly
accelerate the PD breeding program (Riaz et al. 2009).  These markers are also essential to the successful introgression of
resistance from multiple sources, and thus for the production of broader and more durably resistant grapevines (Riaz et al.
2008a).  Genetic maps associate DNA markers with phenotypic traits, and allow the linking of these traits with markers
positioned relative to each other on linkage groups, which since the sequencing of the Pinot noir genome, are now known to
be chromosomes.  Fine scale mapping of given regions and careful screening of recombinant progeny (those with a given
genetic marker but without resistance, or vice versa, because of a recombination event) is critical to the identification of
relatively short genetic regions that can then be sequenced so the genes responsible for PD resistance can be characterized
and their function studied (Riaz et al. 2008b).



- 199 -

OBJECTIVES
1. Completely characterize and refine the PD resistance locus on chromosome 14 by genetically mapping in four

populations that derive resistance from V. arizonica/candicans b43-17 and its V. rupestris x b43-17 progeny F89090-08
(PdR1b) and F8909-17 (PdR1a):  04190 (V. vinifera F2-7 x F8909-08), 9621 (D8909-15 x F8909-17), 04191 (F2-7 x
F8909-17), and 04373 (V. vinifera F2-35 x V. arizonica/candicans b43-17).

2. Genetically map PD resistance from other forms of V. arizonica:  b42-26 (V. arizonica/girdiana) and b40-14 (V.
arizonica).

3. Develop a BAC (bacterial artificial chromosome) library for the homozygous resistant genotype b43-17 (parent of
F8909-08, and F8909-17) and screen the library with closely linked markers.

4. Complete the physical mapping of PdR1a and PdR1b and initiate the sequencing of BAC clones that carry PdR1a gene
candidates.

RESULTS AND DISCUSSION
Objective 1. We previously reported that the genetic position of the PdR1a resistance locus was between marker VVCh14-56
and VVCh14-70.  In the past three months, we have developed three additional SSR markers derived from Pinot noir genome
sequence that allowed us to narrow down the physical distance from 300Kb to 200 Kb.  These markers (VVCh14-77,
VVCh14-78 and VVCh14-81) were added to the composite set of recombinants from the 9621 population as well as to the
resistant and susceptible parents used for crosses in 2008 to determine if the resistance allele is unique and not present in
susceptible selections.  The resistance allele was unique in size, which made these markers very valuable and robust for
marker-assisted screening.  There are three key recombinants from the tested set of more than 900 plants.  For two plants, the
recombination event happened between VVCh14-78 and PdR1a, and other plant had a recombination event between
VVCh14-81 and PdR1a.  With the addition of new markers, the PdR1a locus is within a 1cM window and it completely
correlates to the physical distance between the markers that were developed from Pinot noir genome sequence.

F8909-08 possesses the PdR1b resistance locus, which is being mapped in the 04190 population.  Previously we reported that
PdR1b maps between VvCh14-02 and VVCh14-70.  Additional markers (VvCh14-28/VVCh14-29/VVCh14-30) were added
to the entire set of 397 plants in the 04190 population.  The greenhouse screen was repeated for key recombinants, which also
helped refine the data.  In addition, marker analysis identified 14 recombinants from 15 different crosses (1,000 plants) based
on resistance from F8909-08.  We completed the greenhouse screen on 35 recombinants (including seedlings from PdR1b
background crosses).  The screen identified four key recombinants: in two plants the recombination event occurred between
PdR1b and VVCh14-02; and in one plant the recombination event occurred between PdR1b and VVCh14-70.  The
greenhouse screen is being repeated for four other recombinants that had inconclusive first test results.  In the most updated
map, we have placed the PdR1b locus between markers VVCh14-81 and VVCh14-78 (Table 1).  Both of these markers are
less than 200Kb apart from each other based on the Pinot noir genome sequence.

The 04191 population (V. vinifera F2-35 x F8909-17) has 153 progeny and a population where resistance from F8909-17
(PdR1a) can be examined without possible confounding effects from D8909-15 (since D8909-15 has a multigenic resistance
from b42-26).  The resistance locus PdR1a is mapped in the 9621 (D8909-15 x F8909-17) population, and the 04190
population mentioned above, and refined mapping focused only on chromosome 14.  The 04191 population will be critical
for the identification of any minor genes that might contribute to resistance.  Therefore, we are expanding the framework
genetic mapping to all 19 chromosomes, and the 153 plants in 04191 will be greenhouse screened.  Greenhouse results will
be available in Spring 2010 and the framework map will follow.

Objective 2. Previous mapping and greenhouse screen data from the 0023 population (D8909-15 x V. vinifera) with
resistance from V. arizonica/girdiana b42-26 found that PD resistance is quantitative.  The 05347 population (b42-26 x V.
vinifera) was created to better study this resistance source.  A total of 337 markers were tested on a small parental data set.
Results found a high level of homozygosity for b42-26 (only 113 markers were polymorphic); 184 markers were
homozygous for the male parent b42-26, 40 markers did not amplify.  A total of 70 markers were added on a set of 64
progeny, and many will have marker data soon.  The current population size is 165 and crosses were made to increase the
population size this Spring.  Greenhouse screening results will be available in Summer 2010, and a framework map will be
developed on a core set of 165 seedlings; this population is being expanded for the future mapping of this quantitative PD
resistance trait.

Vitis arizonica b40-14 is a third promising resistance source with PD resistance that seems to be homozygous and controlled
by a single dominant gene.  Previously, we reported that all F1 progeny from a cross of V. rupestris x b40-14 (the R8918
population) were resistant except three genotypes with intermediate results.  Two resistant siblings were used to develop two
populations:  07388 (R8918-02 x V. vinifera) and 07744 (R8918-05 x V. vinifera).  We completed DNA extractions from 122
seedlings of the 07744 and 105 seedlings from the 07386.  A total of 277 markers were polymorphic for one or the other
parent in preliminary marker screening.  One hundred fifty two polymorphic markers were completed on the entire set of 122
plants in the 07744 population.  Mapping analysis was carried out on each parent separately.  The framework map of R8918-
05 was produced with 152 markers on 121 genotypes with JOINMAP (3.0).  Only three markers were unlinked and the
remaining 149 markers were grouped into the expected 19 chromosomes.  QTL analysis was performed with MAP QTL (4.0)
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and the Kruskal-Wallis approach was used to complete the preliminary analysis.  No association with PD resistance was
found on any other chromosome except 14 – the same chromosome where PdR1a and PdR1b map.  PD resistance from b40-
14 (which we have named PdR1c) also maps in the same general region between flanking markers VVCh14-78 and VVIN64
and within 1.5 cM.  The LOD threshold for the presence of this QTL was very high (Table 2).  Next, interval and MQM
analysis will be carried out after the selection of markers as cofactors, to determine the level of variance contributed by this
b40-14 based resistance locus.

Objective 3 and 4. Two BAC libraries (each from different restriction enzymes) created from the homozygous resistant b43-
17 were developed.  In the first phase of the project, library screening was carried out with markers (VVCh14-10 and
VVCh14-56), both tightly linked to PdR1.  This process identified 24 positive clones – four of the clones were positive with
both markers: H23-P13, H34-B5 and H64-M16 and H45-J22. New markers (both SSR and non-repetitive) were developed
from the 695Kb region from the Pinot noir genome sequence covered by markers VVCh14-56 and VVCh14-70/77/78 (see
previous reports).  This region overlaps two different scaffolds from the Pinot noir genome sequence (9 and 21).  Currently,
PdR1 is placed between Ch14-81 and Ch14-78 at a physical distance of ~200Kb.  Based on the genetic map from the 9621
population, the physical and genetic distance correlates because 1cM is equivalent to about 216Kb.  The second round of
BAC library screening was carried out with the Ch14-58 marker.  A total of 17 clones were positive, five of them were also
positive with the VVCh14-56 marker (see details in previous report).  Clone H69J14 was selected for 454 sequencing.  A
total of 42,000 sequences were generated.  Two different programs were used to assemble the sequence.  The DNASTAR
program seqman allowed assembly at a stringency level of 99%, which generated more than 4,000 contigs representing
38,000 sequences.  A total of 79 sequences were bigger than 5 KB. Table 3 presents the contigs that are bigger than 6 Kb
and have sequence similarity to the Pinot noir genome sequence (Figure 1).  It is important to note that the sequence
similarity to scaffold 21 of Pinot noir was almost 98% identical for most of the contigs, however, the b43-17 sequences that
overlap with scaffold nine of Pinot noir matched to multiple sites and level of similarity was less.  This result suggests that
either the b43-17 genomic region with the PD resistance gene(s) is divergent from Pinot noir, or the 8X assembly of Pinot
noir’s scaffold 9 has lots of gaps and errors.  The 12X coverage of Pinot noir genome would be more helpful to conduct
meaningful sequence comparison.  In the next step, primers will be designed to fill the gaps, improve the coverage and to
verify the sequences at the ends of the contigs.

CONCLUSIONS
Genetic mapping efforts have identified valuable genetic markers for marker-assisted selection and enabled rapid progress
towards PD resistant winegrapes (see companion report).  These mapping efforts have now identified three alleles of PdR1:
PdR1a and PdR1b derived from V. arizonica/candicans b43-17; and PdR1c derived from V. arizonica b40-14.  These alleles
were found to map within the same general region, but suggest that although PdR1 seems to be a single gene trait, the region
may be composed of a number of tightly linked genes.  BAC library sequence analysis of b43-7 is resulting in candidate
genes suggestions for PdR1 and these are being compared to the Pinot noir genome sequence and to similar regions in other
plants.  The genomic characterization of this region will help us determine how this form of PD resistance functions and
which genes control it.
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Table 1.  Key recombinants from the 9621 (PdR1a) and 04190 (PdR1b) populations.  The genotypes in bold red font are key
recombinants with a recombination event between the marker and the resistance locus. “0” indicates a susceptible allele and
“1” indicates a resistant allele.

Genotypes with
PdR1a
background A010

VVCh
14-56

VVCh1
4-81 PdR1a

VVCh
14-78

VVCh
14-77

VVCh
14-70

VVCh14
-29

VMCNg2
b7.2

-416 0 0 0 0 0 0 0 1 1
-426 0 0 0 0 0 0 0 1 1
-470 0 0 0 0 0 0 0 1 1
-554 0 0 0 0 0 0 1 1 1
-1064 1 1 1 1 1 1 0 0 0
-8 0 0 0 0 1 1 1 1 1
-194 0 0 0 0 1 1 1 1 1
-38 0 0 0 1 1 1 1 1 1
-15 1 1 1 1 1 1 1 0 0
-23 1 1 1 1 1 1 1 0 0
-901 1 1 1 1 1 1 1 0 0
-915 1 1 1 1 1 1 1 0 0
-919 0 0 0 0 0 0 0 1 1

Table 1.  Cont’d.
Genotypes with
PdR1b
background

VVCh
14-10

VVCh
14-02

VVCh
14-81

PdR1
b

VVCh
14-78

VVCh
14-77

VVCh
14-70

VVCh
14-30

VVCh
14-27

06314-24 0 0 0 0 0 0 0 1 1
06328-05 0 0 0 0 0 0 0 1 1
04190-026 0 0 0 0 0 0 0 1 1
06317-50 1 1 1 1 1 1 1 0 0
04190-383 1 1 1 1 1 1 1 0 0
06317-50 1 1 1 1 1 1 1 0 0
04190-320 1 1 1 ? 1 1 1 0 0
04190-065 1 1 1 ? 1 1 1 0 0
04190-109 1 1 1 1 1 1 0 0 0
04190-381 1 1 1 1 0 0 0 0 0
06711A-60 0 0 0 ? 1 1 1 1 1
04190-236 1 1 1 ? 0 0 0 0 0
06315-49 1 0 0 0 0 0 0 0 0
06326-23 1 0 0 0 0 0 0 - -
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Table 2.  The Kruskal-Wallis analysis LOD values for the PdR1c locus in the 07744 population based on resistance from V.
arizonica b40-14.

Genetic map Map locus K* (df)
0 VVIN70 5.392 (1) **
3.5 VVIn94 9.323 (1) ****
9.5 ctg1025882 16.293 (1) *******

10.4 VVIP26 12.764 (1) ******
10.7 VVIS70 17.315 (1) *******
11.6 UDV025 16.160 (1) *******
15.0 VVIN64 21.081 (1) *******
16.7 VVCh14-78 22.692 (1) *******
16.7 VVCh14-77 22.946 (1) *******
17.7 VVCh14-70 19.350 (1) *******
20.3 VMCNg2b7.2 17.282 (1) *******
21.5 VVMD24 20.496 (1) *******
22.0 VMC5b3 20.631 (1) *******
22.5 VMC2a5 22.915 (1) *******
22.5 VVIV69 21.978 (1) *******
23.2 UDV033 22.857 (1) *******
28.9 VMC6c10 15.577 (1) *******
36.2 VMC2c3 8.872 (1) ****
36.5 VMC2b11 8.057 (1) ****
36.9 VChr14a 7.229 (1) ***
39.0 ctg1008359 8.772 (1) ****
39.8 VMC9f4 9.360 (1) ****
41.1 VMC2h12 8.967 (1) ****
49.8 VMC1e12 3.507 (1) *
59.2 VVIP05 1.714 (1) -
61.1 VChr14b 0.398 (1) -
65.4 VVC62 0.386 (1) -
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Table 3.  Contig size, level of similarity and match location to Pinot noir contigs 9 and 21.  Majority of the contigs that were
similar to scaffold 9 matched to different locations.  The similarity of the b43-17 sequence is greater when it is closer to
scaffold 21.

Contig
number

Contig
length
(Kb)

Number of
sequences Coverage

% Match to
Pinot noir Scaffold Start position

4154 11,020 158 5.74 98 21 15,201,490
2454 11,011 108 3.55 94 9 15,002,217
2620 10,109 87 3.01 98 21 15,165,403
2801 9,741 82 3.36 97 21 15,183,600
1824 9,375 96 3.55 93 9 15,096,377
1834 9,324 113 4.49 98 21 15,200,996
2554 8,240 78 3.60 92 9 multiple sites,
440 8,177 64 3.14 95 9 15,103,036
673 8,066 73 3.09 98 21 15,175,438
2410 7,779 84 4.04 96 9 15,078,745
3944 7,703 69 3.57 98 21 15,165,453
3654 7,463 61 3.05 98 21 15,180,883
2411 7,288 84 4.36 97 21 15,208,989
3773 7,269 157 8.19 98 21 15,179,580
2341 7,267 102 5.89 - - -
1658 7,247 49 2.63 - - -
1918 7,230 62 3.14 90 9 multiple sites,
3997 7,226 141 7.2 92 9 multiple sites,
45 7,217 66 3.59 87 9 multiple sites,
1734 6,996 170 9.68 98 21 15,180,952
1885 6,985 87 4.77 - - -
496 6,945 90 5.09 99 21 15,181,699
530 6,763 319 19.75 90 9 multiple sites,
3606 6,713 57 3.17 98 21 15,181,366
959 6,647 87 4.8 99 21 15,168,301
420 6,599 99 6.07 92 9 multiple sites,
1259 6,593 155 9.28 - - -
2510 6,585 66 3.76 - - -
4108 6,545 66 3.91 98 21 15,168,284
1741 6,463 43 2.24 91 9 15,002,306
1216 6,410 184 12.05 94 9 15,070,922
3562 6,354 103 6.42 90 9 15,004,525
2610 6,331 83 4.94 97 21 15,168,523
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Figure 1.  Assembly detail of the H69J14 BAC clone that spans two scaffolds from the Pinot noir genome (scaffold 21 and
9).  Currently the PD resistance locus resides between SSR markers Ch14-81 (on scaffold 21) and Ch14-77 (on scaffold 9).
The relative position and distance of all the markers that have been used in mapping and library screening are on the right.
Non-overlapping contigs were grouped based on their position on the Pinot noir.  Primers will be developed for the contig
ends to enable BAC walking in order to fill the gaps and verify the sequences.
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Section 6:
Economics
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ABSTRACT
We propose to address economic questions related to Pierce’s disease (PD) by developing and applying a quantitative model
of the supply and demand for California wine and wine grapes.  The economic component of this model will combine
existing wine market models with some entirely new elements.  The biophysical component will draw on a range of technical
information and, where appropriate, evidence from crop and disease simulation modeling.  To begin, we have consulted with
scientists the study the disease and its vectors.  As a result of their advice, we have begun to model the problem of the blue-
green sharpshooter in northern California.  We hope that by doing so, we will gain a better understanding of how to model
the statewide PD problem including the role of the glassy-winged sharpshooter and the problems it poses across the state.
The end result will be a model that is designed specifically to evaluate the likely expected benefits from investments in
alternative research and development projects related to the management of PD.

LAYPERSON SUMMARY
In the first year of the project we have concentrated on gathering data and other information and learning about Pierce’s
disease and the sharpshooters that spread it.  Our progress has led us to revise some aspects of the research strategy, but the
work has gone generally according to plan, albeit after a delayed start.  We have laid the foundation to develop a working
(but simplified) model by the end of 2009 that can be used for initial applications and as a basis for consultation to establish
directions for elaboration and refinement.

INTRODUCTION
It is widely accepted that Pierce’s disease (PD) with its vectors, including the glassy-winged sharpshooter (GWSS), has large
current and very large potential economic consequences.  However, we are not aware of other studies that have modeled and
measured the economic consequences.  Siebert (2001) discussed the economics and he estimated that the value of lost wine
grape production—in Temecula, Riverside County, alone, in 1988 and 1989—was worth $37.9 million to California.
Echoing that sense of economic importance, the National Academy of Science (2004) undertook an extensive study and
published a book on California research priorities focused on PD.  That book does not contain estimates of the economic
consequences of PD or alternative management or control methods, but it does provide a comprehensive documentation of
knowledge about the problem, as well as a useful classification of types of research and priorities for them, including
economic research.  Further work is needed to develop a quantitative economic understanding of PD and alternative policies
to address it.

OBJECTIVES
The overall objective of this project is to develop a detailed, practical, quantitative understanding of the economic
consequences of PD and alternative management strategies.  More specific objectives are to quantify the current and potential
economic impact of the disease, to estimate the potential economic payoff to investments in PD research and development
(R&D), to evaluate alternative management strategies including alternative research investments, and to guide policy
decisions, including research priorities.  Additionally, we aim to study regional differences across California in PD and its
associated vectors, allowing for a better understanding of the problem and a more precise evaluation of alternative
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management regimes.  To pursue these objectives, we propose to develop an economic model of the California wine and
wine-grape sector.  The model will be structured to allow us to simulate market outcomes under alternative scenarios for the
prevalence of PD, and alternative technologies and policies for its management, and to assess the economic consequences of
these alternatives for various stakeholder groups.  The model will be designed specifically with a view to using it to evaluate
the likely expected benefits from investments in alternative R&D projects related to the management of PD.

RESULTS AND DISCUSSION
Our project commenced formally on September 1, 2008.  Kate Fuller has been employed as a Graduate Student Researcher to
work half-time on the project.  In the work to date we have emphasized investment in developing our own knowledge and
information resources.  One important element of this is to develop a detailed data base on the economics of wine and wine
grape production in California.  We have completed the data-gathering phase, and we are compiling the information into a
report documenting by county and crush district for each important grape variety the area planted, yield, quantity produced
(crush volume), and price over the past 30 years.  We have also made some investment in learning about how to structure and
use models of spatial-dynamic processes such as the spread of disease, and made significant progress in developing an
understanding of the pest and disease problem, and an overview of the issues, through consulting with scientists and others
and reviewing literature.  We have learned that the PD/GWSS problem will be difficult to model, so we have opted to focus
initially on studying the issues as they arise in the north coastal valleys where PD is spread by native sharpshooters (in
particular, the blue-green sharpshooter).  This approach will enable us to develop some economic data and insight into the
problem, management strategies, and costs of prevention, control, and eradication strategies, which will help us in designing
approaches to study the more general problem, including the role of the GWSS.

Based on this work, Kate Fuller wrote a research essay (as required by the Ph.D. program in Agricultural and Resource
Economics at UC Davis), titled: “Optimal Management Strategies for Vector-Borne Agricultural Pests and Diseases: Theory
and Application to Pierce’s Disease of Wine Grapes in Northern California.”  This essay entailed a review of relevant
literature as well as the development of the framework for a general economic model of vector-borne disease as applicable to
PD.  As well as providing a useful reference document for our project, it formed the basis for Kate’s oral qualifying
examination, which she successfully took and passed on July 14 2009.  Kate’s dissertation research plan, to be conducted
over the next two years, entails elements related to the main objectives of the project.  It will begin with work on the BGSS in
northern California as a basis for work on the GWSS, ultimately providing a basis for evaluating payoffs to research.

As described above, we have been developing data and information but do not have any specific accomplishments to report
beyond making progress as planned towards achieving the specified objectives for the first-year.

CONCLUSIONS
None to date.
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ABSTRACT
The first goal of this research project is to estimate the medium to long-run economic impact to growers and consumers of
California’s grape and orange industries, and to taxpayers from the establishment of the glassy-winged sharpshooter (GWSS)
in California.  The public control program to date has managed to contain the GWSS in the southern part of the State.  As
part of the public program citrus growers are reimbursed their expenses for winter control of GWSS and a quarantine that
regulates the movement of fresh citrus, fresh grapes, and nursery host crops to areas currently free of GWSS.  In the southern
San Joaquin County due to effective winter GWSS control in citrus, the cost for grape growers to treat GWSS using one soil
application of imidacloprid a year ($50-$60 per acre) is offset by reductions in the use of other insecticides such as the foliar
applications of imidacloprid and treatments for pests such as the grapeleaf skeletonizer.  In the Temecula Valley; however,
GWSS becomes active earlier, orchards and vineyards are generally smaller, and the orange/grape land interface is more
complex causing growers in this area to incur additional costs.  In addition to a soil application of imidacloprid, vineyards in
the Temecula valley may also need an additional irrigation at $12.50 an acre at the time of the imidacloprid application, plus
two additional spray treatments with Danitol at $35.50 an acre. Total costs for GWSS control in the Temecula Valley is $98
to $108 an acre.  About $50-$60 of that cost is also offset by reductions in the use of insecticides needed to treat pests that are
now controlled with the soil application of imidacloprid.  The net increase in costs is about $48 an acre per year.  The average
number of acres cultivated in grapes from 2005 to 2007 in the Temecula Valley is about 200, making the total estimated
annual losses to growers in the Temecula Valley about $9,600 a year.  These losses could increase substantially if the public
control program were discontinued as winter GWSS treatment in citrus would cease and, without a quarantine, GWSS would
spread.  Costs for grape growers would increase throughout grape growing regions due to higher control costs where GWSS
is currently established, and the need to implement control measures in areas currently free of GWSS.

LAYPERSON SUMMARY
The first goal of this research project is to estimate the medium to long-run economic impact to growers and consumers of
California’s grape and orange industries, and to taxpayers from the establishment of the glassy-winged sharpshooter (GWSS)
in California.  The public control program to date has managed to contain the GWSS in the southern part of the State.  As
part of the public program citrus growers are reimbursed their expenses for winter control of GWSS and a quarantine that
regulates the movement of fresh citrus, fresh grapes, and nursery host crops to areas currently free of GWSS.  In the southern
San Joaquin County due to effective winter GWSS control in citrus, the cost for grape growers to treat GWSS using one soil
application of imidacloprid a year ($50-$60 per acre) is offset by reductions in the use of other insecticides such as the foliar
applications of imidacloprid and treatments for pests such as the grapeleaf skeletonizer.  In the Temecula Valley; however,
GWSS becomes active earlier, orchards and vineyards are generally smaller, and the orange/grape land interface is more
complex causing growers in this area to incur additional costs.  In addition to a soil application of imidacloprid, vineyards in
the Temecula valley may also need an additional irrigation at $12.50 an acre at the time of the imidacloprid application, plus
two additional spray treatments with Danitol at $35.50 an acre. Total costs for GWSS control in the Temecula Valley is $98
to $108 an acre.  About $50-$60 of that cost is also offset by reductions in the use of insecticides needed to treat pests that are
now controlled with the soil application of imidacloprid.  The net increase in costs is about $48 an acre per year.  The average
number of acres cultivated in grapes from 2005 to 2007 in the Temecula Valley is about 200, making the total estimated
annual losses to growers in the Temecula Valley about $9,600 a year.  These losses could increase substantially if the public
control program were discontinued as winter GWSS treatment in citrus would cease and, without a quarantine, GWSS would
spread.  Costs for grape growers would increase throughout grape growing regions due to higher control costs where GWSS
is currently established, and the need to implement control measures in areas currently free of GWSS.

INTRODUCTION
The establishment of newly introduced pests in California has resulted in significant costs to growers and consumers in
California, and to consumers in the rest of the U.S.  Infestations of the ash whitefly (Siphonius phillyreae (Haliday)) in the
late 1980s and early 1990s caused aesthetic damages to ash and ornamental pear trees estimated between $324 million and
$412 million before a biological control agent brought the infestation under control (Pickett et al., 2003).  Losses to
consumers and producers due to the establishment of the avocado thrips (Scirtothrips perseae) were estimated at $4.45
million a year (Hoddle et al., 2003).  Losses from the establishment and potential spread of the red imported fire ant, first
identified in California in 1997, were estimated to be about $900 million a year (Jetter et al., 2002).  Should a newly
introduced pest into California, the Diaprepes root weevil, become established throughout the state, the losses to consumers
and producers of citrus and nursery crops from pest treatments and quarantines are estimated to be $100 million a year (Jetter
2007).
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In 1989 a pest new to California, the glassy-winged sharpshooter (GWSS), was collected in Irvine, CA.  Since then it has
spread throughout southern California, into the southern San Joaquin Valley including Kern County and parts of southern
Tulare County, and along the coastal counties of Santa Barbara and San Luis Obispo.  Detections, mainly of egg masses on
nursery shipments, have been found in many counties throughout the Central Valley as far north as Tehama County, in the
Napa Valley, and in the Bay Area counties (CDFA 2007; http://max.cdfa.ca.gov/pdcp-gis/pdcp-gis.asp).  The main hosts for
the GWSS are citrus, grapes, almonds and alfalfa.  The GWSS overwinters in citrus, avocados, in riparian vegetation and
some ornamentals such as crape myrtle.  As grape vines and almond trees leaf out in the springtime, the GWSS moves onto
those hosts.

Governmental agencies have been involved in two control programs to manage and contain the GWSS.  One program
involves the control of the GWSS on citrus before it can move into vineyards and transmit the Pierce’s disease (PD)
bacterium.  This program overcomes the divide created between the citrus growers who are not typically affected by GWSS
and would not typically treat for GWSS, and grape growers who are negatively affected by large populations of GWSS
migrating from citrus to grapes.  Currently any citrus grove within ¼ mile of a trapped vine (i.e. a trap placed in a vineyard
contains a GWSS) is treated, unless the grove is located along the northern boundary of the infestation, in which case the
barrier is ½ mile of a trapped vine.  While some citrus growers may benefit from the control of the GWSS in their groves,
chemical treatments may also disrupt IPM pest control practices, imposing additional costs on the citrus industry.  All these
effects are important to include in any economic analysis of PD in California.

Finally, there is a state quarantine in place to limit the spread of the GWSS into uninfested grape growing areas of California.
The quarantine consists of on-site sanitation practices, inspections and surveys, and spraying plant leaves with a chemical
such a methomyl (Lannate®) to treat difficult to detect egg masses not caught by inspectors.  As a result, management of PD
in California includes a bundle of methods that have economic impacts on the wine, table and raisin grape, citrus, and
nurseries industries.  These different methods to control GWSS and PD have significantly improved the situation, and
damages today are not as severe as initially anticipated.  Even though better methods have been developed to manage GWSS,
the costs of production for each industry may not have returned to pre-GWSS infestation levels.

Due to the size of the industries affected by the control of GWSS and PD in California, even small changes in the costs of
production can have a major impact on the benefits and costs to producers, consumers and taxpayers.  The grape industry is a
major agricultural producer in California. With average annual revenues (2004-2006) to the wine, table and raisin grape
industries totaling $3 billion, grape production is the largest fruit industry in California (USDA 2006a).   When revenues
from the citrus and nursery industries are combined with the revenues from the grape industry, their total revenues of $20.8
billion make it the second largest agricultural sector in the U.S. behind corn ($26.8 billion) and before soybeans ($18.3
billion) (USDA 2006a; USDA 2006b; Jetter 2007).

OBJECTIVES
The first objective of this study is to estimate the costs and benefits to wine grape, table grape and raisin growers, consumers
and taxpayers from changes in the costs of grape production due to the establishment of the GWSS.  The changes in
production costs will be based on current best practices and will include chemical treatments, removal of infested vines,
quarantine restrictions and public control programs.  The increase costs of production affect newly infested producers directly
because they bear the burden of paying the increased costs of production; however, consumers and producers are also
affected through the market effects due the changes in the costs of production.

The remaining objectives are to address the following: 1) estimate the benefits and costs of the public program, and 2) to use
those results to estimate check-off rates to the different industries that are protected by the public program.  To determine the
benefit of the public program the industry costs with respect to GWSS management need to be determine.  A two-step
process is currently being done to obtain these data and includes 1) a survey of growers to determine the economic impacts
before Admire was recommended to treat GWSS and 2) using that information to discuss control alternatives for grape
growers that would be most likely now.  Surveys of grape, orange, and nursery producers are currently being developed.

Objective 1 will be completed through the use of economic market models.  Market models are used to estimate the losses to
both producers and consumers when changes in the costs to grow and market a crop are significant enough to affect market
prices, production and supply.  These effects can be shown graphically. Figure 1 presents the market effects of the increased
incidence of PD due to the establishment of the GWSS on the market for grapes (here defined as wine, table and raisin
grapes) and the development of effective GWSS control methods.  The market contains suppliers, who are willing to supply
grapes and initially represented by supply curve S*.  The supply curve is upward sloping because as prices increase growers
will grow more grapes and supply more grapes to the market. The market also contains consumers who purchase grapes and
are represented by the demand curve D. The curve is downward sloping because as prices decrease, consumers will want
more grapes.  The market is in equilibrium at point d.  At point d, price is equal to P* and the quantity demanded by
consumers, Q*, is exactly equal to the quantity supplied by producers.
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At the initial equilibrium point there are some consumers who are willing to pay more than P* and some producers who
could offer their products at a market price less than P* and still make a profit.  The consumers who are willing to pay more
may have more income than other consumers, or just a greater preference for grapes and grape products.  The maximum
amount that each consumer would be willing to pay for grapes is represented by the demand curve.  The difference between
what consumers are willing to pay and the actual price that they do pay is called consumer welfare.  In Figure 1, consumer
welfare is equal to area P*gd.

The producers who could profitably accept less than the market price are producing grapes at a lower cost than other
producers.  The minimum amount at which each producer would supply grapes to the market is represented by the supply
curve.  The difference between the price at which producers would offer their goods to market and the actual price they
receive is called producer welfare.  In Figure 1, producer welfare is equal to area P*ad.

The establishment of the GWSS in select counties in California initially causes the supply curve to shift up from S* to S’.
For supply curve S’ the new equilibrium point is f.  At point f, the equilibrium price is P’, and the equilibrium quantity is Q’.
For example, this shift could represent the losses in the Temecula Valley as PD spread with the GWSS and diseased vines
were removed.  Over time, management of the GWSS improves and losses decrease.  This causes the supply curve to shift
from S’ to S’’.  Thus, supply curve S’’ represents the current situation with respect to the management of GWSS and PD.
For supply curve S’’, the new equilibrium point is e, price is P’’ and market supply is Q’’. For example, over time growers in
the Temecula Valley learned that treating a vineyard with the Admire® formulation of imidacloprid can effectively reduce
GWSS populations and the incidence of PD.  While vineyards can now be replanted, the cost to produce grapes has increased
above the pre-GWSS environment because growers must now incur the additional expense of applying Admire®.

Figure 1.  Market effects for grapes produced in GWSS infested counties.

For Objective 1, the losses to the different grape industries in California will be estimated assuming a shift in the supply
curve from S to S’’.  The estimated losses to consumers and producers will be equal to area beda.  For Objectives 2 and 3, the
initial market equilibrium will reflect the current situation and practices in California.  In Figure 1, this is at point e, where
the demand curve, D, and supply curve, S’’, intersect.  It is assumed that should the public management of GWSS be
discontinued, the supply curve would shift upward again.  As an example, assume that the supply curve S’’ shifts back up to
S’ if the public programs are discontinued.  The estimated losses to producers and consumers would then be equal to area
cfeb.

The graphical analysis above illustrates the situation in which all grape production in a specific region is affected.  Within
that region all growers are worse off due to higher costs, but losses to some degree are minimized through higher market
prices.  Consumers are worse off due to higher prices, and lower consumption.  With regard to the case of PD in California,
growers located in regions free of the GWSS, and growers in other states where the GWSS is native, will be better off due to
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the establishment and spread of GWSS in select counties of California.  Growers without GWSS receive higher prices, but do
not incur higher management costs due to control of GWSS.  Additional costs accrue to taxpayers who bear the costs of the
public management programs.  An economic analysis needs to include all these effects.  Due to the relative newness of the
establishment of the GWSS, the scenarios estimated will include a sensitivity analysis that reflects the best estimates of the
range of possible effects by scientists researching and managing the GWSS.

RESULTS
Changes in treatment costs due to the establishment of the GWSS and the public control program.
For Objective 1 data are needed on the changes in the costs of production for affected growers due to the establishment of the
GWSS in California.  For Objective 1 data are also needed on grape, citrus and nursery production, prices, revenues and trade
data from 1998 through 2007 (the last year for which data are available); current costs of production; and elasticities
(elasticities measure the percentage change in a quantity variable for a one percent change in a price variable – for example it
could measure the percentage change in production for a one percent change in the farm price.)

How the GWSS affects current production was determined through meetings held with UCCE farm advisors and growers to
discuss how the establishment of the GWSS affected their pest control programs for grapes.  The meetings were held in
November and December 2008 in the southern San Joaquin Valley in November and December 2008.  The results of these
meetings were compared to University of California Cooperative Extension Budgets to determine how all pest control
treatments changed as a result of the treatments required for GWSS (Hashim-Buckley 2007; Peacock et al. 2007; Peacock et
al. 2007b; Vasquez et al. 2007).  Production and price data for grapes were collected from the National Agricultural Statistics
Service.

Economic Effects in the Southern San Joaquin Valley
A meeting was held with grape growers, and public agencies involved with the public control program to determine how the
establishment of GWSS has affected different groups in this area.  Three groups are affected by control of the GWSS in the
southern San Joaquin Valley, grape growers, citrus growers and taxpayers.  While there is currently a low incidence of PD in
Kern and Fresno counties, the incidence can rapidly increase should GWSS not be controlled.

The first line of defense against the spread of PD by the GWSS is the public control program whereby citrus is treated during
the winter months to prevent the build up of GWSS populations. To control for GWSS in citrus an application of Assail is
made in the fall followed by an application of imidacloprid in the spring.  Imidacloprid is applied at a rate of 32 fl oz an acre
(2 lb ai/gal formulation) through the irrigation system.  The control program is conducted on an area-wide basis to achieve
longer-term reductions in GWSS populations.  The control in citrus occurs about once every three years based on monitoring
of GWSS populations.  Under the public program citrus growers are reimbursed for their treatments of GWSS and
participation in the public program is currently voluntary for the citrus grower.

The second line of defense against the spread of PD is to treat grape vines for GWSS.  A majority of grape growers apply
imidacloprid once annually to control GWSS and prevent the transmission of PD.  Applications of Admire Pro are typically
at the maximum rate of 14 fl oz an acre (4.6 lb ai/gal formulation) through the irrigation system.  The cost of applying
Admire Pro is currently about $50-$60 an acre.  The patent for Admire expired in 2005.  As a result the initial cost to control
the GWSS was higher.  Growers from the southern San Joaquin Valley will provide the costs for earlier treatments with
Admire.

The treatments with imidacloprid also provide some cost savings as the GWSS also controls the variegated grape leafhopper,
grape skeletonizer, and is a suppressant of the grape vine mealybug.  The cost savings by growers is $62 an acre based on
UCCE budgets, or about the same amount as the current costs to apply Admire Pro.  No quarantine costs are incurred by
grape growers, as mature fruit destined for the fresh market is hand harvested and field packed.

Total costs of production for citrus growers are also affected by the public control program and quarantines against moving
citrus out of infested areas.  Treatments with imidacloprid may help suppress nematodes, citrus peelminer and California red
scale.  Better control of these insects can be achieved by applying an additional amount of imidacloprid when treating for
GWSS; however, the grower is responsible for those costs.  The citrus industry is affected by the interior quarantine and fruit
from infested areas needs to be inspected and treated before leaving a quarantine area. Quarantine treatments involve
fumigation using EverGreen (pyrethrum + piperonyl butoxide).  Turbocide has also been mentioned as a material that can be
used as a fumigant.  If GWSS are found in a grower’s orange shipments, the grower bears the cost of treating for GWSS in
his or her grove if the grower did not participate in the area wide program.  This aspect of the public control program is
believed to encourage greater participation by citrus growers in the control of GWSS.

Economic Effects in the Temecula Valley
In the Temecula Valley there is also a public program to control GWSS.  In contrast to the program in the southern San
Joaquin Valley, individual groves are treated following identification of an outbreak.  Area wide coordination of treatments
has been more difficult in the Temecula Valley.  Many groves are being carved up into rural homesteads and cultural



- 213 -

procedures are completed by farm management companies instead of a grower/owner.  With a lower proportion of groves
being treated in the Temecula Valley than in the southern San Joaquin Valley, GWSS pest pressure in greater in the
Temecula Valley.

Private treatment of GWSS in the Temecula Valley also consists of an annual treatment of Admire.  However, because there
is greater GWSS pest pressure, higher costs of production for grape growers in the Temecula Valley are being realized as the
application of Admire is being supplemented with annual sprays of Danitol in some areas.  For vineyards located near citrus
groves about two applications of Danitol are needed a year.  Growers in the Temecula Valley would also no longer be
required to treat for the grapeleaf skeletonizer.  There is no problem with leafhoppers in this area.

The Temecula Valley has a drier climate than the San Joaquin Valley.  In order for growers to apply Admire when it can do
the most good, a separate irrigation may be required.  Farm managers with whom meetings were held estimate that half the
time they need to complete a separate irrigation in order to apply Admire.  The extra irrigation costs are estimated to be
$12.50 on average.  Danitol is applied at a rate of 11 oz per acre, with the cost per ounce equal to $1.62.  With two treatments
a year the cost to treat GWSS with Danitol is $35.86.   The total additional cost to grape growers to treat GWSS in the
Temecula Valley is about $48 a year when rounded.

Market effects of GWSS control and PD to date.
Grape growers in the southern San Joaquin Valley produce about 87% of all grapes in California while growers in the
Temecula Valley account for only 3.4%.  Given the low share of production in California that would be affected by higher
costs of production due to the GWSS, there is no shift up in the supply curve and no market effects.  Consequently, market
prices would not be affected and growers in the Temecula Valley incur all losses due to the additional treatments for GWSS.

DISCUSSION
The public control program to date has managed to contain the GWSS in the southern part of the State.  Due to the effective
control of GWSS in citrus in the southern San Joaquin Valley, the cost to grape growers of GWSS control has been offset by
cost reductions in the use of other insecticides.  The area with a net increase in the costs of production for grape production,
the Temecula Valley contributes a very small share to California, and U.S. production of grapes (2.8% of U.S. production).
Given the low percentage of grape production in the area with the increase in costs and no net change in costs in the areas
with the greatest percentage of U.S. production, there is no shift up of the U.S. grape supply curve due to GWSS control in
the southern San Joaquin Valley.  Market prices do not change and market demand is unaffected.

One implication of the success of the public program with regards to the absence of widescale changes in the costs of
production is that consumers to date have been unaffected by the spread of the GWSS and the increase in the incidence of PD
that would have happened had the program not been successful.  Based on NHANES data, grapes are the fourth most widely
consumed fruit in the U.S. after oranges, apples and bananas.  Because grapes are so widely consumed, even small changes in
price (say less than 10%), would result in large losses due to the number of people who consume grapes.

While the public GWSS control program has managed to keep the change in the costs of production to levels that do not
affect market demand, the consequence for growers in the Temecula Valley is that their extra treatment costs are not partially
offset by changes in market prices.  The increase in changes in the costs of production then result in a decrease in profits for a
grower.

If the public control program were discontinued winter GWSS treatment in citrus would cease and, without a quarantine,
GWSS would spread.  Costs for grape growers would increase throughout grape growing regions due to higher control costs
where GWSS is currently established, and the need to implement control measures in areas currently free of GWSS.  The net
effect would be an increase in market prices and lower market supply, making consumers worse off in additional to
producers.
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SUPPORT FOR THE SALIVATION-EGESTION HYPOTHESIS FOR XYLELLA FASTIDIOSA INOCULATION:

BACTERIAL CELLS CAN PENETRATE VECTOR SALIVA IN XYLEM

Principal Investigator:

Elaine A. Backus
Crop Dis., Pests & Genet. Res. Unit
USDA, ARS
Parlier, CA  93648
elaine.backus@ars.usda.gov

Researcher:

Kim Andrews
Dept. of Primary Industries
Attwood Centre
Attwood, Victoria 3049, Australia

Reporting Period: The results reported here are from work conducted October 1, 2009 to September 30, 2010.

ABSTRACT

Research is underway to develop varieties of grape that are resistant to Pierce’s disease (PD) caused by Xylella fastidiosa

(Xf).  PD has become economically important since introduction of an exotic vector, glassy-winged sharpshooter (GWSS).
However, achieving resistance to vector acquisition and inoculation is hampered by lack of knowledge of the Xf inoculation
mechanism, despite nearly 70 years of research on this topic.  Recent work suggests that bacterial cells spread from the
cibarium (the retention reservoir) into the precibarium, from which inoculation occurs.  Backus’s recently published
salivation-egestion hypothesis for inoculation proposes that saliva is brought up into the precibarium, where it is
mechanically swept across taste organs by the precibarial valve.  This mechanical action, combined with the enzymatic action
of the saliva, dislodges bacteria in the precibarium, which are then forcefully egested (expelled) out of the stylets in a mixture
of plant fluid and saliva that enters a xylem cell.  The present preliminary study tested whether Xf bacteria can penetrate
existing, hardened GWSS salivary sheaths.  GWSS were allowed to feed for 24 hours on a grape stem, depositing salivary
sheaths.  After the insects were removed, the stem was needle-inoculated with Xf in the feeding area, then immunoprobed for
Xf and examined by confocal laser scanning microscopy.  Results showed Xf-lined needle punctures into xylem cells. Xf

bacteria were drawn into xylem vessels and traveled varying distances from the punctures.  Bacteria encountered and
penetrated into undamaged, existing sheath saliva in xylem cells.  The apparent ability of bacteria to penetrate into hardened
sheaths suggests that Xf should be able to migrate out of newly-secreted, soft saliva, thereby providing indirect support for
the egestion-salivation hypothesis.

LAYPERSON SUMMARY

Although the inoculation mechanism of Xylella fastidiosa (Xf) has been sought by scientists for nearly 70 years, it is still not
known exactly how Xf is injected into a healthy plant by feeding sharpshooter vectors.  This lack of knowledge hampers
development of a novel means of host plant resistance to Pierce’s disease, i.e. selection of plant traits that reduce the
likelihood of inoculation by the glassy-winged sharpshooter (GWSS).  Similar resistance to vector inoculation has been
successfully developed in several crops with insect-vectored plant pathogens. Backus’s recently published salivation-
egestion hypothesis for inoculation proposes that Xf bacterial cells are forcefully egested (expelled) out of the vector’s mouth
parts in a mixture of plant fluid and saliva secreted into xylem cells.  To determine whether bacteria could move into or out of
saliva, GWSS were allowed to feed for 24 hours on a grape stem, depositing saliva in xylem cells.  After the insects were
removed, the stem was needle-inoculated with Xf near the feeding sites, then antibody-stained for Xf and examined by
confocal microscopy.  Results showed that Xf entered xylem cells and penetrated into sheath saliva already present in xylem.
Bacterial penetration into such hardened saliva suggests that Xf should be able to penetrate out of newly-secreted, soft saliva.
This finding provides indirect support for the egestion-salivation hypothesis.

INTRODUCTION

Despite nearly 70 years of research, it is still not known exactly how Xylella fastidiosa (Xf) is inoculated by feeding
sharpshooter vectors.  This lack of knowledge hampers development of a novel means of host plant resistance to Pierce’s
disease (PD), i.e. selection of plant traits that reduce the likelihood of inoculation by the glassy-winged sharpshooter
(GWSS).  Recent research (Backus and Morgan ms. submitted) demonstrates that bacterial cells spread/grow from part of the
foregut (the cibarium, the retention reservoir) into another part (the precibarium) from which inoculation occurs.  The
egestion-salivation hypothesis for inoculation (Backus et al. 2009) proposes that a mixture of plant fluid plus newly secreted
saliva is brought up into the precibarium, where it is mechanically swept across taste organs (Backus and McLean 1983,
1985) by the precibarial valve.  This mechanical action, combined with the putative enzymatic action of β-1,4-glucanase in
the saliva (Backus and Labavitch 2007), dislodges bacteria in the precibarium, which are then forcefully egested (expelled)
out the stylets in saliva that is injected into a xylem cell just before fluid sucking (ingestion) commences. Research is
underway to definitively test the egestion-salivation hypothesis.  The present study was designed to finalize protocols for
spectral separation of Xf and GWSS saliva, by studying the interaction between GWSS saliva and Xf in planta.
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OBJECTIVES

1.  Microscopically determine whether Xf cells can penetrate into existing hardened salivary sheaths in xylem.

RESULTS AND DISCUSSION

Eight GWSS were restricted to a marked, 5 cm-long area of grape (V. vinifera cv. ‘Chardonnay’) stem for 24 hrs.
Approximately one hour after removal of cage and insects, a total of 200 µl of Xf culture (strain ‘Temecula’) were needle-
inoculated within the marked, insect-probed area of stem.  Within 30 – 60 minutes after inoculation, 15 ca. 3-mm blocks of
stem tissue were excised.  Blocks were microwave-fixed in paraformaldehyde, embedded in paraffin, sectioned at 10 µm, and
mounted on glass slides.  Wax sections were examined using epifluoresent light and a GFP filter cube using a Leica DM5000
compound light microscope (Deerfield, IL), which caused needle punctures, hardened salivary sheaths, and xylem cells to
fluoresce against a dark background.  Accumulations inside xylem cells that resembled bacterial biofilm also were slightly
visible.  Ten salivary sheaths from all over the stem were identified as lying close to needle punctures, so that Xf likely would
be nearby.  Eight of the ten sheaths were undamaged and intact; two (described below) had been punctured by the needle and
were slightly damaged.  Slides with sections containing these sheaths were immunoprobed for Xf using rabbit primary
antibody (Agdia, Elkhart, IN) and goat secondary antibody with an Alexa Fluor 647 flourochrome (Invitrogen, Carlsbad,

CA). BSA and secondary antibody controls were
run with the test samples to determine levels of
non-specific binding.  Tissues were examined and
imaged using a Leica SP2 AOBS confocal laser
scanning microscope, and later edited in Adobe
PhotoShop v. CS2 (Mountain View, CA) and
Microsoft PowerPoint (Edmonds, WA).

Needle punctures into grape stem caused extensive
cellular damage, leaving large gaps that were lined
with red-stained Xf deposits (Figure 1).  Xylem
cells in the direct path of needle-punctures had
moderate to severe rupture of cell walls (Figure 1,

1 and 2).  This process introduced bacteria into the
xylem transpiration stream.  Either an air embolism
caused by cavitation or the intact transpiration
stream would rapidly pull bacteria away from the
site of puncture.  Thus, intact xylem cells not
continuous with broken xylem cells within one
section often contained bacteria.  Inoculation in this
manner is demonstrated in cells 3, 4, and 5 (Figure

1), which are separate from the needle-punctured
gap, yet lined with bacteria.  These cells were likely
inoculated by other needle punctures many sections
above or below the imaged section.

GWSS salivary sheaths resembled those seen in
other studies (Figure 2a).  A salivary flange on the
surface of the stem was confluent with the salivary
sheath inside the stem.  The hollow lumen of the

1 3
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2

Figure 1. Needle puncture into grape stem.  Red is immunostained
Xf, pink is non-specific binding to certain vesicles in parenchyma
cells, blue is autofluorescence of cell walls. Needle puncture
directly into xylem cells (1 and 2) caused extensive cell wall damage,
and introduced bacteria into xylem.  Nearby, undamaged xylem
cells (3, 4 and 5) were inoculated with Xf by other needle punctures,
above or below this section.  Scale bar 25 µm.

Figure 2. a. GWSS salivary sheath whose tip entered a xylem cell that did not contain bacteria (upper right, with scale bar).
Sheath saliva is bright bluish-white due to stronger autofluorescence than cell walls.  All other colors same as Figure 1.  Intact,
inoculated xylem cell (*, also imaged in part b) near the sheath. b. Close-up of same inoculated xylem cell (*) from part a, but
in an adjoining section. c. Close-up of two intact, inoculated, immature metaxylem cells near the sheath.  Scale bars 25 µm.
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Figure 4. a. Close-up of boxed
area in Figure 3b, full 10 µm
section. b. Same, 0.5 µm
optical section through interior
of bolus, showing bacteria in
the edge (arrows). c. Close-up
of boxed area in Figure 3c, 0.5
µm optical section.  Arrow-
head, chunk of dislodged
saliva.  Circle, possible wild-
type Xf inoculated by insect.
Scale bars all 25 µm.
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Figure 3. Three contiguous sections containing a salivary
sheath with two branches. a. Side section of all but the tip of
main branch, approaching a xylem cell with large amount of
red-stained Xf (*). b. Section of the central part of main
branch, showing saliva bolus inside same xylem cell (*). c.
Other side section of main branch, showing smaller amount
of saliva, more Xf.  Colors same as Figure 2. Scale bars 25 µm.

sheath trunk was visible as the sheath narrowed, indicating the furthest extension of the mandibular stylets.  One or more
branches extended from the trunk into the stem interior (Figure 2a) (Backus et al. 2005).  Pictured is one of the four salivary
sheaths that were immunoprobed but did not penetrate xylem cells into which Xf bacteria were later inoculated.  However,
inoculated xylem cells were nearby (Figure 2a, b, c).

Close-ups of intact, inoculated xylem cells showed that Xf bacteria not only lined the walls of the cells, but also penetrated
the cell walls to varying depths (Figure 2b), sometimes the full width of the wall (Figure 2c).  Such bacterial penetration
strongly suggests that Xf can loosen the microfibrils of cellulose and other polysaccharides that form the secondary cell walls
of xylem cells.  It is known that the Xf genome codes for several cell wall-loosening enzymes such as β-1,4 endoglucanases,
β-endoxylanases and β-xylosidases (three types of cellulases) and polygalacturonase (a pectinase) (Roper et al. 2007).  It is
also known that bacterial movement between xylem cells, establishing a systemic infection, occurs primarily through so-
called pit membranes (actually primary cell wall containing pectin and cellulose, inside pits in the secondary cell wall)
(Thorne et al. 2006).  The pectin polymer lattice determines the pore size in pit membranes, explaining why the polygalactur-
onase gene has been found to be critical for establishment of systemic infection (Kirkpatrick et al. 2006, Roper et al. 2007).
Nonetheless, our images suggest that (given enough time) individual or small numbers of bacteria also might be able to
penetrate directly through the secondary cell walls of xylem, perhaps via action their secreted cellulases.

Six of the ten salivary sheaths entered xylem cells that were
later inoculated with Xf.  Four of these were not close to
needle punctures, so the intersected xylem cells were
inoculated from distant needle punctures.  Images from one
representative sheath are displayed in Figure 3.  This sheath
was notable because it had a bolus of sheath saliva that was
injected into its terminal xylem cell, probably after a bout of
ingestion (sucking) (Backus et al. 2005) (Figure 3b).  It is
common for GWSS sheaths to terminate in a bolus of saliva,
but usually the bolus has been pulled some distance away
from the site of stylet penetration into the xylem cell (Backus
and Labavitch 2007).  The sheath’s terminal xylem cell has a
large accumulation of red-staining Xf bacteria (Figure 3a, c)
as do several other, nearby xylem cells (Figure 3b, right
side).  In the cell with the saliva bolus, most bacteria are
clearly outside the sheath, in fact, located directly sur-
rounding the saliva bolus.  However, a small number are
inside the saliva near the edge of the bolus (Figure 4a).
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The large saliva bolus in the latter images has a crack running through its center (Figure 4a, b, previous page).  This
disruption of the hardened saliva may have occurred from pressure on surrounding tissues during needle puncturing, even
though there was no apparent damage to cell walls.  Although large accumulations of bacteria were transported into this
xylem cell, none were found near or inside the crack in the salivary bolus.  If bacteria had entered the saliva by mechanical
damage during puncturing, we would expect them to be near or in this crack.  This suggests that the few bacteria inside the
saliva entered by some other means, perhaps via enzyme-mediated dissolving and penetrating.  Because salivary sheaths of
sharpshooters and other hemipterans are primarily lipoproteinaceous (Miles 1999, Alhaddad et al. ms. submitted), this
suggests action of a protease.

The salivary sheath in Figures 3 and 4 was also notable because three discrete bacterial cells were located at the apparent
entry point of the stylet tips, on one side of the saliva bolus (Figure 4c, previous page, circle).  It is possible that these
bacteria could have penetrated into the saliva from outside.  However, it is also possible, given their position compared with
that of other bacteria (surrounding the salivary bolus, on the periphery of the cell) that these bacteria were wild-type Xf from
the insect, inoculated during probing of the xylem cell.  The immunostain would bind equally to any Xf, i.e. both naturally
insect-inoculated as well as needle-inoculated GFP Xf.  The innoculativity status of the colony GWSS used for this test was
not known, however, some Xf contamination is likely.  Clearly, however, the vast majority of bacteria found in xylem were
needle-inoculated, because bacterial
accumulations were only found in regions of
the stem that had been punctured.

Of the six sheaths that entered xylem cells
later inoculated with Xf, two were directly
intersected by needle punctures at some
point along their length.  Yet other portions
of both sheaths also entered xylem cells
inoculated by a distant puncture.  One of
these two salivary sheaths is pictured in
Figures 5 and 6. Figure 5 shows a section
that nicked the side of this two-branched
sheath, thus only portions of sheath material
are visible.  But they clearly show the
trajectory of the two branches (Figure 5,
line 1), and how they were both intersected
by a needle puncture (Figure 5, line 2) at
nearly a right angle to the sheath trunk.

The structure of the left-hand sheath branch
(as viewed in the image, Figure 6, next

page, which shows the main section that
contains most of the salivary sheath)
supports the following interpretation.
During feeding, the insect’s stylets entered
and salivated into a xylem cell (labeled by
an asterisk in Figure 5).  Saliva is indicated
by the blue-white ring in the xylem cell
(Figure 6, next page).   However, the insect
apparently abandoned that cell, because the
sheath branch was extended further.  This
behavior occurs commonly during
sharpshooter feeding (Backus et al. 2005,
Backus et al. 2009). The upper (as viewed,
Figure 5 and 6a) extension of the left branch
was later intersected by a needle puncture
and associated Xf bacteria (red).

a b

Figure 5. Side-section, showing portions of a large, two-branched salivary
sheath (line 1) that was intersected by an Xf inoculation puncture (line 2).
Box shows outline of similar image in Figure 6.  Cell with asterisk is same cell
as the one boxed in Figure 6. Colors as in Figure 2. Scale bar 25 µm.

*

1

2
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In contrast, the lower portion of the
left branch that had entered the
abandoned xylem cell was
undamaged by the needle puncture
(Figure 6a, b).  This xylem cell was
inoculated by a distant puncture, not
the nearby one, because its cell wall
was unbroken and bacteria were not
connected to the puncture in this or
any adjoining section.  A thick
bacterial biofilm developed in this
cell during the 30 – 60 minutes after
needle-inoculation. It formed a
circular, near-continuous lining of
the cell wall that was also seen in
adjoining sections (Figure 5).
Optical sectioning through the
sheath material in the xylem cell
shows bacteria inside the saliva, in

the same, near-continuous configuration as bacteria outside the saliva (Figure 6b).

In summary, the following evidence supports that Xf bacteria can penetrate into the portion of hardened saliva that is left by
feeding GWSS inside xylem cells.  1) All six of the existing, hardened salivary sheaths that were later encountered by Xf

needle-inoculated into xylem were found to contain small to large amounts of bacteria.  2) The Xf cells were embedded only
in the portion of the sheath found inside the inoculated xylem cell.  Therefore, the hardened saliva was not a conduit through
which later-inoculated Xf could migrate into any plant cell.  3) Xf probably was not forced into salivary sheaths by the
mechanical action of needle-puncturing, because:  a) Xf was often found in undamaged xylem cells or sheaths, and b) in one
sheath that was slightly torn, bacteria did not enter the sheath through the tear, but instead were found elsewhere in the
sheath.

It is not known whether Xf penetration of GWSS sheath saliva occurs via: 1) hydrostatic pressure from transpiration or 2)
cavitation propelling the bacteria forcefully into the saliva, or 3) secretion of enzymes, allowing bacteria to dissolve their way
into the saliva.  In any case, our findings suggest that even hardened saliva is not perfectly solid, but may be composed of a
network of microfibrils with some porosity, similar to sclerotized, proteinaceous insect cuticle.  Bacterial penetration into
hardened saliva also suggests that Xf should be able to either actively or passively move out of newly-secreted, soft saliva.
This finding provides indirect support for the egestion-salivation hypothesis for vector inoculation of Xf.

CONCLUSIONS

Results from this study show that Xf bacteria in grape xylem cells can penetrate GWSS saliva deposited therein, even when
the saliva is 1 – 24 hours old and completely hardened.  This supports that sheath saliva is a porous network of microfibrils
similar to insect cuticle that, at minimum, does not present an impediment to passive bacterial movement via the transpiration
flow.  Additionally, it is possible that Xf bacteria can actively penetrate into or out of GWSS saliva, perhaps via secretion of
bacterial proteases.  Results of this test support the egestion-salivation hypothesis for the Xf inoculation mechanism, which
proposes that bacteria are carried into a xylem cell by a mixture of plant fluid and saliva that is ejected into the xylem before
sucking (ingestion) commences.  Bacteria encased within secreted saliva can probably penetrate out into the xylem
transpiration flow.  Tests to definitively prove this inoculation mechanism are underway.  If proven, this mechanism will
support use of salivary antagonists for novel genetic approaches to PD management.  Also, because both egestion and
salivation into xylem have been correlated with a unique Electrical Penetration Graph (EPG) waveform (Backus et al. 2009),
definitive proof of the egestion-salivation hypothesis will facilitate rapid testing of transgenic or classically bred grape plants,
or plants inoculated with a benign strain of Xf, to determine their effects on vector inoculation behavior.
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ABSTRACT
The glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) is an invasive pest and important vector of Xylella
fastidiosa (Xf), xylem-limited bacteria that causes Pierce’s disease in grapevine as well as other agricultural diseases. The
primary method of managing the spread of Xf is controlling its insect vector populations.  Methods such as chemical control
are not insect specific and lead to problems such as residue contamination, injury to non-target organisms, and insecticide
resistance.  Identifying agents that can impact vector populations is the goal of a biological control strategy.  In this study, we
have extracted HoCV-01 from populations of GWSS collected in Texas. GWSS primary cell cultures were produced then
inoculated with the viral extract.  The introduced virus killed all treated cell cultures within 5 days.  Increase in virus titer in
treated cell culture was monitored over time by virus-specific PCR.  Increased amounts of HoCV infection may lead to
weakened populations of GWSS.

LAYPERSON SUMMARY
The glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) is the most economically important insect with respect to
the transmission of Xylella fastidiosa, the causal agent of Pierce’s disease. Therefore, control of this insect is of paramount
importance to the management of the disease.  While insecticides have been used successfully to reduce the economic impact
of this disease system, alternate methods of population insect control are needed to continue management in the future.
Biological control offers alternatives to chemical control that can be effective in negatively impacting insect population
without harmful environmental effects or concern for insecticide resistance.  In this work, we introduced the extracted virus
to GWSS cell cultures as a tool for biological control.  While this virus, at natural doses, does not shown to cause significant
acute mortality in live insects, it may reduce the fitness of insects to a point where other control methods would be more
effective.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) is the major vector of Xylella fastidiosa (Xf) in the southern USA (Adlerz 1980;
Blua et al., 1999).  The plant pathogenic bacterium, Xf, has caused economic losses to several agricultural industries in North
America and is associated with many plant diseases such as Pierce’s disease (PD), and oleander leaf scorch.  PD of grapevine
has become a well recognized Xylella-related disease; the vector profile is well known and the epidemiology of the disease is
well documented (Hopkins et al., 2002).  The introduction of GWSS into new areas is directly related to increased occurrence
of PD in vineyards (Perring et al., 2001).  Therefore, the management of PD depends heavily on the ability to control its
vectors, especially GWSS.  Methods of vector manipulation such as chemical control with the use of insecticides are not
target specific and lead to problems such as residue contamination, injury to non-target organisms, and insecticide resistance.
The search for more benevolent pest management strategies has led to the use of biocontrol agents such as fungi and
parasitoids.  However, by utilizing viruses that currently reside in GWSS populations, a viral bio-control that is even more
precise may be developed (Hunnicutt et al., 2006).

Homalodisca coagulata virus 01 (HoCV-01) is a member of the genus Cripavirus and family Dicistroviridae (Hunnicutt et
al., 2006).  It is a novel virus that harbors pathogenic potential with regard to GWSS.  The focus of this study was to extract
whole HoCV-01 from GWSS then inoculate GWSS cell cultures with the extracted HoCV-01 in hopes that the cell culture
would act as a medium for amplification of the virus.

OBJECTIVES
1. Inoculate the cell culture with HoCV-01.
2. Use cell culture as a medium to produce large volumes of HoCV-01 for extraction.

RESULTS AND DISCUSSION
Cell Culture of GWSS. The Hv cells were cultured from eggs which were ready to hatch, eyespots were visible.  In a sterile
hood, eggs were surface sterilized with 70% Ethanol for 15 min. The eggs were rinsed twice with syringe filtered (0.22 um)
sterilized water.  Then ~10 eggs were placed onto a sterile watch glass, along with 20 uL of medium.  The eggs were then
crushed with a single tap from a sterile, rounded tip, glass rod. More medium was added to suspend cells and tissues, which
were then dispensed into a 24 well, multi-well tissue culture plate (Costar®, Corning, NY).  Culture media containing
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antibiotics Gentamicin (10,000 U/mL) (Invitrogen, Carlsbad, CA) was added to 1.5 ml total volume in each well and
incubated at 23°C.

The medium is classified as modified Wayne Hunter-2, WH2, Honey bee cell culture medium (Hunter 2010).  Schneider’s
Insect Medium (Sigma),   0.06 Histidine solution, Hanks’ Salts, Medium CMRL 1066 (Invitrogen), Gentamicin, Insect
medium supplement (Cat. No. 17267, 10X, 500 ml, Sigma), Fetal Bovine Serum (Invitrogen).

Within 48 hours cells were observed attached to the substrate.  Both fibroblast and monolayers developed.

Whole Virus Extraction. Infected GWSS bodies were placed in a mortar and pestle and homogenized in 100mL of phosphate
buffer containing 0.02mg DETCA.  The homogenate was then transferred to 50mL centrifuge tubes and centrifuged at
1600rpm for 20 minutes in an Eppendorf 5804R Centrifuge (Eppendorf, Hamburg, Germany).  The resulting supernatant was
split into two ultra-centrifuge tubes, combined with more phosphate buffer with DETCA, vortexed, and ultra-centrifuged at
22,000rpm for 16 hours in a Sorvall® RC-5B Refrigerated Superspeed Centrifuge (DuPont Instruments, Wilmington, DE).
Following ultra-centrifugation, the supernatant was discarded, and the pellet was dissolved with 5mL phosphate buffer with
0.4% Na-deoxycholic acid and 4% Brij 52.  The resulting solution was centrifuged and 1600rpm for 15 minutes, passed
through a 0.45μm filter, and collected into large Eppindorf tubes.  The unrefined HoCV-01 solution was placed in a dialysis
membrane, placed in a large beaker containing a stir-bar and ddH20, and placed in a refrigerator at 4°C.  The ddH20 was
changed out ever five-six hours until a white precipitate could be seen in the dialysis membrane.  The purified HoCV-01
solution was collected into micro-centrifuge tubes and stored at -80°C.

Cell Culture Inoculation with HoCV-01. The Hv culture plates were labeled V (Virus), and C (Control).  Plate V was
inoculated with virus (5.0 uL/well).  For the next five days samples (100 uL/day) were taken from each well of plates (C,V).
After virus inoculation, the plates were examined under an inverted microscope (Olympus DP30BW, IX2-SP, IX71) at 40X
everyday for five days (Figure 2).

RNA Isolation and PCR. Total RNA was isolated from the samples collected over the five day experiment (Plates C,V)
Qiagen RNeasy kit (Qiagen™, Germantown, MD); according to manufacturer’s protocol.  The samples (2.0 uL) were
analyzed on a ND-1000 Spectrophotometer (Figure 1).

Each 2μL Hv RNA sample was combined with 12.5μL 2X Reaction Mix (Invitrogen Molecular Probes™, Eugene, OR),
0.5μL forward (HoCV-01 specific) primer, 0.5μL reverse (HoCV-01 specific) primer, 0.5μL Platinum® Taq DNA
Polymerase (Invitrogen Molecular Probes™, Eugene, OR), and 9.0μL DEPC H2O in solution.  Samples were then subjected
to a Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) using an iCycler Thermal Cycler (Bio-Rad Laboratories,
Hercules, CA).  The thermal profile used was: (A)pre-denaturation: 50ºC for 25 min, 94 ºC for 2 min. (B)PCR amplification:
40 cycles 94 ºC  for 15 sec, 52 ºC  for 30 sec, 72 ºC for 30 sec. (C) Final extension: .72 ºC for 7 min. After the PCR, 7.0μL of
each Hv DNA sample was subjected to gel electrophoresis using 7.0μL ladder, 2μL loading dye per sample, and a 1%
agarose gel containing 100mL TAE buffer and 1g agarose gel. Gels were subjected to 100V and 400A for 50 minutes and
observed under Ultraviolet light in a Bio Doc-It Imaging System (Cole-Parmer™, Hanwell, London) (Figure 2).

Figure 1. Total RNA increased over five days of viral inoculation (Blue).  Total
RNA remained the same over five days in the control plate (yellow).
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The presence of HoCV-01 was confirmed in the extract; since this is a general virus extraction protocol, it is possible that
other known or unknown viral particles were extracted during the process.  Previous studies found a new photoreovirus
(Stenger et al. 2009) and phytoreovirus-like sequences (Katsar et al. 2007) present in GWSS.  We hope to confirm all viral
constituents that may be in our extract.  We have successfully replicated HoCV-01 through Hv cell culture.  The
concentration of HoCV-01 increased throughout the experiment (Figures 1 and 2).  In all trials, cell culture death was
observed within five days (Figure 3).  With these results we plan to scale up production of HoCV-01.

CONCLUSIONS
The presence of HoCV-01 in populations of GWSS collected in Texas is vital in developing an ideal viral biocontrol and pest
management strategy.  We now have a method for mass HoCV-01 production through the successful use of cell culture.  In
the future, we plan to extract the virus from the cell culture plates in hopes that in combination with other insecticides will
increase the mortality rate of GWSS populations.  The results of this experiment are crucial in further understanding the
insect vector,GWSS.  The management of PD depends heavily upon the ability to control its insect vectors.
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Figure 2. Increased concentration of HoCV-01
produced from Hv cell cultures over five days.
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Figure 3. Shows the comparison of cells over the five day experiment assuming that day 1 was similar to day 2 of
the control. Day 1 – all cells look healthy after initial inoculation (C,V). Day 2 – both plates look fairly similar,
healthy (C,V). Day 3 – Low amounts of movement in the medium and within cells (V). Cells are healthy (C). Day 4
– Medium has turned a light shade of pink, high movement throughout the medium and cells, cells are looking
unhealthy in appearance (V). Cells are healthy (C). Day 5 – Medium has tuned bright pink, cells are very unhealthy
in appearance, assumed dead (V). Cells are healthy (C).
Note: Gentamicin was used in the medium allowing for little to no bacterial contamination.
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ABSTRACT
The glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) feeds on a wide variety of host plants including grapes,
oleander, and citrus and is the primary vector of Xylella fastidiosa (Xf), the causal agent of Pierce’s disease of grapevine,
oleander leaf scorch, and citrus variegated chlorosis.  Additional bacterial species have been identified within GWSS which
may contribute to the insect’s survival and ability to adapt to the environment. Delftia sp., a gram negative bacterium which
belongs to rRNA superfamily III or the β subclass of the Proteobacteria, was detected only in the insect’s hemolymph.
Therefore, in this study, Delftia sp. associated with GWSS hemolymph was further identified through direct sequencing, and
the relationship between this symbiont and its host was investigated. Delftia is a D-amino acid amidase-producing
bacterium.  D-amino amidases are increasingly being recognized to be important catalysts in the stereospecific production of
D-amino acids. Delftia may be found in the hemocoel of the GWSS to hydrolyze D-amino acid amides to yield D-amino
acid and ammonia which can perform as the insect’s chiral building blocks.

LAYPERSON SUMMARY
The glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) is a xylem feeding insect pest that has the ability to
transmit the bacterium, Xylella fastidiosa (Xf).  This bacterium is the causal agent of Pierce’s disease in the grapevine which
has had a detrimental impact on the wine and grape industries.  Among extensive studies done on Xf , many other bacteria
that reside in GWSS have been identified.  In a recent survey where bacterial extractions were taken from different parts of
the insect’s body, Delftia sp. was the only symbiont found only in the hemolymph (Bextine et al., 2009).  Identification and
isolation of Delftia sp. from GWSS hemolymph preludes investigative techniques that will describe the symbiotic role of this
particular bacterium with its host.

INTRODUCTION
The bacterium, Xylella fastidiosa (Xf), is the causal agent of several economically important plant diseases.  This insect
transmitted bacterium has a well understood relationship with its insect vector, the glassy-winged sharpshooter (GWSS).
Many other bacteria that survive inside GWSS have been identified through next generation high throughput sequencing and
these symbiotic relationships have not been elucidated (Bextine et al., 2009). Delftia sp. was found exclusively in the
sharpshooter hemolymph and not in the insect’s hemolymph.  To confirm Delftia sp. presence in the insect’s hemolymph, the
bacterium was isolated in culture media and a genus-specific primer set [Delf63F (5’ TAACAGGTCTTCGGACGC 3’) and
Delf440R (5’ CCCCTGTATTAGAAGAAGCT 3’)] was used to confirm presence.

Delftia sp. is a known D-amino acid amidase-producing bacterium.  Investigating the symbiotic role of this bacterium in the
hemolymph can be hypothesized based on this known amidase formation.  In one study on amidase production, soil samples
were used and based on morphology, physiological traits and 16S rRNA sequence analysis, Delftia tsuruhatensis was
identified as the only bacterium capable R-enantioselective degradation of 2, 2-dimethylcyclopropanecarboxamide.  Two
other strains in the genus Delftia have been reported to produce R-stereospecific amidase: Comamonas acidovorans and
Delftia acidovorans (Zheng et al., 2007).  In another soil sample study, bacteria were monitored for amidase production and
the strain exhibiting the strongest activity was identified as Delftia acidovorans strain 16.  This strain produced intracellular
D-amino acid amidase constitutively (Hongpattarakere et al., 2005).  In order to investigate characteristics of the enzyme,
amidase, was produced intracellularly, Hongpattarakere et al. (2005) analyzed its activity which was only seen in the
supernatant of sonicated cell-free extract and no activity was seen from in the supernatant of culture broth.  Obviously,
amidase is a major enzyme produced by Delftia sp.  The relationship between Delftia sp. and GWSS hemolymph is unknown
Additionally, the possible role of amidase in the insects hemolymph warrents further investigation.

OBJECTIVES
1. Identify Delftia sp. in hemolymph.
2. Investigate relationship between Delftia sp. and its host.

RESULTS AND DISCUSSION
16S pyrosequencing based upon the bTEFAP methodology (Dowd et al., 2008a; Dowd et al., 2008b) optimized for
theTitanium pyrosequencing platform (Roche, Indianapolis, IN) was used to identify bacterial species in GWSS whole
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bodies, hemolymph, and alimentary canal.  Seventeen orders (Figure 1) and at least 38 genera (Figure 2) of bacteria were
detected in the insect’s hemolymph.  In a replicated study; sequences were taken from separately prepared extracts of
hemolymph suspended in 1X PBS.  The sequences were approximately 500 bp (370-820 bp) and were compared to NCBI’s
basic local alignment search tool (BLAST) for homologies.  Some of the shorter sequences aligned to multiple genera and
were placed in a separate category called “Other” because it was not clear which identification was appropriate.

Figure 1. Order level sequencing results for the hemolymph of the GWSS. Larger numbers of sequences related to
Enterobacteriales were recovered as well as Bacteroidales and Burkholderiales.

Figure 2. Genus level sequencing results for the hemolymph of the GWSS.  Large numbers of Pectobacterium and Serratia
were recovered.  Some Delftia (formerly Pseudomonas) and other non-specific identifications were made.  Note that no
sequences from Wolbachia, an intracellular symbiont, were recovered.
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Delftia sp. sequences were recovered in all GWSS hemolymph samples and in whole insect preparations.  This genus was
never detected in the insect’s alimentary canal. Delftia sp. is known to be D-amino acid amidase-producing bacteria.  An
interesting finding was that in contrast to other amidases inhibited by low concentrations (0.5e10 mM) of urea, amidase from
D. tsuruhatensis ZJB-05174 was not significantly inhibited by urea even at a high concentration (500 mM).  (Zheng et al.,
2007).  Because inhibition of amidase activity was reported to involve binding of urea to the active site of the enzyme, these
results suggested that this amidase from D. tsuruhatensis ZJB-05174 might have a different active site structure.  This
specific D. tsuruhatensis amidase stability could be a reason Delftia has a permanent residence in the hemocoel of GWSS.
Even more excitingly, studies done on Drosophila have demonstrated that flies exhibit strong hemolymph amidase activity
that hydrolyzes peptidoglycan into nonstimulatory fragments and that peptidoglycan recognition protein (PGRP-LB)
contributes to this activity in vivo (Zaidman et al., 2006).  This information could signify the presence of Delftia amidase as
an immune defender.  However, there was a study that somewhat disproves this hypothesis.  In that study, the D. acidovorans
amidase enzyme was active preferentially toward D-amino acid amides rather than their L-counterparts (Hongpattarakere et
al., 2005).  It exhibited strong amino acid amidase activity toward aromatic amino acid amides including D-phenylalanine
amide, D-tryptophan amide and D-tyrosine amide, yet it was not specifically active toward low-molecular-weight D-amino
acid amides such as D-alanine amide, L-alanine amide and L-serine amide.  Moreover, it was not specifically active toward
oligopeptides.  Because the bacterial peptidoglycan layer is made up in part by a short (4- to 5-residue) amino acid chain,
containing D-alanine, D-glutamic acid, and meso-diaminopimelic acid in the case of a gram negative bacteria or L-alanine,
D-glutamine, L-lysine, and D-alanine in the case of a gram positive bacteria, amidase activity would not be seen hydrolyzing
these low-molecular weight amino acids. Further studies must be done to prove the importance of Delftia sp., its amidase
production, and its occurrence in the hemolymph of GWSS.

CONCLUSIONS
Delftia sp. was identified in all hemocoel samples collected from GWSS and not from the alimentary canal.  This symbiont’s
known prominent D-amino acid amidase activity has lead to the hypothesis that this enzyme is playing a key role on the
insect’s survival.  In particular, this amidase could contribute as a means of immune protection by its ability to hydrolyze the
peptidoglycan layer of invasive pathogenic organisms.  More studies must be done to describe the relationship between this
symbiont and its host, but its presence in the GWSS definitely provides another avenue to study when finding an answer for
GWSS managment.
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ABSTRACT
Considerable effort and expense has been invested in the classical biological control of glassy-winged sharpshooter (GWSS)
with natural enemies, in particular, mymarid parasitoids that attack the eggs of GWSS.  However, no comprehensive long
term studies have been under taken to ascertain why GWSS populations have declined by ~93% over the last 8.5 years.  The
most probable cause for GWSS population declines are natural enemies, in particular egg parasitoids, with G. ashmeadi being
the major contributor to GWSS suppression at UCR Ag. Ops. We have documented that natural enemies provide on average
year round around egg  parasitism of ~25%.  A critical question to ask:  “Is this sufficient mortality to cause GWSS
populations to decline?”  Preliminary investigations using very simple models suggest that this consistent level of egg
mortality, irrespective of GWSS population density and other mortality factors, may have been sufficient to cause the
declines observed in this study.

LAYPERSON SUMMARY
Glassy-winged sharpshooter (GWSS) populations have declined dramatically in southern California over the last 8.5 years.
In 2010, average peak population densities of GWSS were only ~7% of what was measured in 2002, indicating that pest
populations have declined by around 93%.  The major question that needs to be answered from this study is WHY has this
population decline occurred? If we can figure out the underlying mechanism causing GWSS populations to decrease then we
will better understand how stable GWSS populations are likely to be in southern California over the long-term, and perhaps,
be able to predict factors and conditions that could lead to GWSS outbreaks.  Consequently, the results from these simple
surveys could be of immense value to managing GWSS in southern California, especially understanding the contributions of
parasitoids that attack the eggs of this pest.  This understanding could greatly help agricultural producers that experience
problems with this pest (e.g., grape growers) and assist with the development of sustainable management plans.

INTRODUCTION
Homalodisca vitripennis (Hemiptera: Cicadellidae), the glassy-winged sharpshooter (GWSS), and Xylella fastidiosa (Xf)
have been the target of a major long-term research effort in California because Xf, a xylem-limited bacteria which is vectored
by GWSS, causes a lethal malady of grapes which is known as Pierce’s disease.  In an effort to reduce the population
densities of GWSS in California, a classical biocontrol program against GWSS was undertaken against the backdrop of an
established and self-introduced parasitoid of GWSS eggs, Gonatocerus ashmeadi (Hymenoptera: Mymaridae).  To measure
the impacts of the self-established G. ashmeadi, a number of native Californian mymarid and trichogrammatid parasitoids
that attacked GWSS eggs, and two deliberately introduced species of Gonatocerus from the home range of GWSS, a long-
term monitoring study of GWSS and impact these parasitoids attacking GWSS eggs were having was set up and run in
organic lemons at the University of California, Riverside.  The results of these monitoring studies from the last 8.5 years are
presented here.

OBJECTIVES
1. To conduct long-term monitoring of GWSS populations and associated egg parasitoids in organic citrus at the University

of California Riverside Agricultural Operations (Ag. Ops) facility. The purpose of these long-term surveys was to
document the long-term population trends of GWSS and percentage parasitism of GWSS eggs at this study site. These
data will be used to determine which factors are responsible for the year to year variations observed in GWSS densities.

RESULTS AND DISCUSSION
Data collected from bi-weekly monitoring over the last 8.5 years from organic commercially-managed lemons at Ag. Ops.
UC Riverside indicates that GWSS populations have declined steadily since this project was initiated in March 2002
(Figure 1).  Peak population densities in August 2010 were only 7% of those observed in August 2002.  In this 8.5 year
period, GWSS populations have declined by 93% at the study site (Figure 1).  It is uncertain whether parasitism of GWSS
eggs by mymarid parasitoids is completely responsible for this downward population trend (Figure 2), but his possibility
seems extremely likely.  In California, there is a guild of natural enemies attacking GWSS eggs.  The dominant parasitoid
attacking GWSS in California is G. ashmeadi which was self-introduced into California from the home range of GWSS.
Other Gonatocerus parasitoids associated with GWSS eggs are G. morrilli, G. walkerjonesi, G. novofasciatus, G. triguttatus
and G.  fasciatus. The latter two, G. triguttatus and G. fasciatus, were imported from Texas and Louisiana, respectively, for
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the classical biological control of GWSS.  Widespread establishment of these two parasitoids appears doubtful and their
impact on GWSS has been negligible.  Trichogrammatid parasitoid species include, Ufens sp., and Zagella sp. parasitize
GWSS eggs infrequently in organic lemons at UCR Ag. Ops. G. ashmeadi is the dominant parasitoid at this study site, and it
has provided an average of ~25% parasitism of GWSS eggs over the entire ~8.5 yrs that this study site has been monitored
(Figure 2).  It is possible that this consistent year to year level of mortality inflicted upon GWSS eggs (in addition to other
mortality factors [e.g., predation and accidental death of nymphs]) by G. ashmeadi has caused sufficient population-level
mortality that GWSS densities have steadily declined in each year of this study.  Rigorous statistical analyses are now
required to provide a deeper understanding of the trends in the data that have been recorded and for elucidating mechanisms
most likely to be responsible (e.g., parasitism vs. weather patterns).  This analysis process has begun and preliminary results
from simple modeling efforts suggests that a 25% parasitism rate each year by G. ashmeadi could be sufficient to cause
GWSS populations to decline at the rate that has been observed at the study site used for field observations.

CONCLUSIONS
GWSS populations have declined by 93% in organic lemons at UC Riverside AG. Ops over the last ~8.5 years.  Preliminary
analysis of this long term data set suggest that parasitism of GWSS eggs at a rate of 25% each year by the mymarid egg
parasitoid G. ashmeadi could have been sufficient enough to have caused this decline.  More detailed statistical analyses are
currently underway to more thoroughly explore the trends observed in this data set.
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Figure 1. Phenology of adult GWSS in organic Eureka lemons. Data are total counts from timed five minute surveys made every two weeks of 10 mature lemon trees at Ag. Ops.
University of California, Riverside.

Adult GWSS densities have declined by 93% in organic
lemons at UCR Ag Ops. over the last 8.5 years
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Figure 2. Percentage parasitism estimates of GWSS eggs in Eureka lemons. GWSS egg masses are collected from timed five minute surveys made every two weeks of 10 mature
lemon trees at Ag. Ops. University of California, Riverside. Harvested leaves are returned to the laboratory, the number of eggs per egg mass are counted and parasitoid emergence
and species identity are determined.
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ABSTRACT
Genomics approaches permit the identification of gene functions within insect pests which can then be targeted to reduce
fitness.  Genomic analyses of several leafhoppers identified the leafhopper delta-9 desaturase motif.  Disruption of desaturase
by RNAi or other strategies should reduce the biological fitness of leafhoppers, thus aiding efforts to stop the spread of
Pierce’s disease (PD), and other leafhopper transmitted diseases.  The glassy-winged sharpshooter (GWSS; Homalodisca
vitripennis) and other leafhoppers are vectors of Xylella fastidiosa), a xylem-limited bacteria that causes PD in grapevine as
well as ‘Scorch-like’ pathology of other woody agricultural fruit, nut, and ornamentals.  Management of PD currently
depends heavily upon insecticides to suppress these vector populations.  Unfortunately chemical controls are not insect
specific, can lead to resistance, and often reduce non-target beneficial organisms.  To extend current IPM programs
alternatives need to be developed which can work within these programs.  Thus, we provide genetic sequences identified with
links to food utilization and oviposition, these may serve as RNAi targets to reduce leafhopper fitness.

LAYPERSON SUMMARY
The identification of genes which are critical for the survival and reproduction of insect pests opens the door for applications
of natural insect management based on gene disruption, such as RNA interference (RNAi).  We identified the desaturase
enzymes in leafhoppers which they need to digest food, store fats, and produce eggs.  This is the first step in the development
of safe, advanced, management based upon the specific genetics of leafhopper pests.  The glassy-winged sharpshooter
(GWSS; Homalodisca vitripennis) causes economic losses to growers by spreading the plant infecting bacterium, Xylella
fastidiosa.  This bacterium causes Pierce’s disease of grapevine, which can stop grape production and kill vines.  Therefore,
development of effective population management strategies are needed.  Insecticides although successful to reduce the
economic impact of these insects, ultimately will result in resistance and/or resurgence of insect pests.  Thus alternative
methods of population suppression are continually being developed. Here we propose the use of gene targeting (desaturases)
to reduce the ability of the leafhoppers to grow and reproduce, and describe the desaturase enzymes from leafhoppers.

INTRODUCTION
Genomic approaches, these data are providing new information on the genetic basis of biology, behavior, and refinement of
their phylogenetic classification (Hunter et al. 2003).  Three leafhopper species, referred to as sharpshooters (Hemiptera:
Cicadellidae) were examined by comparison of the available expressed sequence tags, ESTs, (Hunter datasets, NCBI).  The
glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) is the major vector of Xylella fastidiosa (Xf) in the southern
USA.  The plant pathogenic bacterium, Xf, has caused economic losses to several agricultural industries in North America
and is associated with many plant diseases such as Pierce’s disease (PD) of grapevine.  The introduction of GWSS into new
areas is directly related to increased occurrence of PD in vineyards (Perring et al., 2001).  Therefore, the management of PD
depends heavily on the ability to reduce the sharpshooter vectors, especially GWSS.  Methods of vector manipulation such as
chemical control with the use of insecticides are not target specific and lead to problems such as resistance, water
contamination, and injury to non-target organisms.  Current efforts to develop more benevolent pest management strategies
has led to the use of biocontrol agents such as fungi and parasitoids.  One of the most exciting developments on the horizon
however is in the applications of gene disruption, RNA interference, RNAi.  But before RNAi can be implemented gene
targets within the sharpshooters need to be identified.  Thus, we have started to characterize genes within these sharpshooter
species.

OBJECTIVES
1. Use in silco analyses to characterize delta-9 desaturase in sharpshooters.
2. Ultimately develop RNAi to disrupt desaturases in sharpshooters.
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RESULTS AND DISCUSSION
The identified sharpshooter Δ-9 desaturases were submitted to NCBI database [gb|AAU95195.1| O. nigricans;
gb|AAT01079.1| H. vitripennis].  Desaturase enzymes have been shown to be highly conserved throughout Eukarya (Fungi,
Protists, Plants, and Animals) and function in the processing of lipids by placing double bonds between the adjacent carbons
of fatty acids.  The Δ-9 desaturase also occurs embedded in the membrane of endoplasmic reticulum, ER, and functions as
either palmitoyl or stearoyl Δ- 9 desaturase.

Delta-9 desaturase-1 identified as a palmitoyl desaturase within H. vitripennis (Hunter, 2004), and similar Δ-9 desaturase
were identified within O. nigricans and G. atropunctata with the specificity of the later two unknown.  The sequence analysis
of sharpshooter desaturase provides evidence as to the degree of homology between these species.
Sequence analysis - Base calling was performed using TraceTuner™ (Paracel, Pasadena, CA) and low-quality bases (quality
score <20) were stripped from both ends of each EST.  Quality trimming, vector trimming, and sequence fragment
alignments were executed using Sequencher™ software (Gene Codes, Ann Arbor, MI).  Sequencher contig assembly
parameters were set using a minimum overlap of 50 bp and 90% identity.  Contigs joined by vector sequence were flagged
for possible miss-assembly and manually edited.  The Δ-9 desaturase sequences obtained from each of the three species were
then aligned using Bioedit and conserved domains identified. Further sequence identity was determined based on BLAST
similarity searches using the NCBI BLAST server (www.ncbi.nlm.nih.gov) with comparisons made to both non-redundant
nucleic acid and protein databases using BLASTN and BLASTX, respectively.  Matches with an E-value ≤-10 were
considered significant and were classified according to the Gene Ontology (GO) classification system.  Translated proteins
were analyzed with National Center for Biotechnology Information’s BLASTp, Pfam (www.pfam.org), InterProScan
(www.ebi.ac.uk), and Expert Protein Analysis System (www.expasy.org) (Figure 1).

Figure 1. Tree based on ∆9 desaturase protein sequences of various insect species.  Three leafhopper species are
shown circled below and accession numbers as follows: Homalodisca vitripennis (gi|46561748|gb|AAT01079.1|.)
and Oncometopia nigricans (gi|53830704|gb|AAU95195.1|.) based on BLAST alignments performed through NCBI
(http://blast.ncbi.nlm.nih.gov/ Blast.cgi).
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Another partial protein sequence that was identified as Graphocephala atropunctata showed 70% coverage and a 9e-109 e-
value when aligned with H. vitripennis. Multiple sequence alignments of predicted desaturase amino acid sequences were
performed using ClustalX version 1.81 algorithms (Thompson et al., 1997).

The fact that the largest percentage of ESTs from these leafhoppers, code for lipid metabolism or related processes which
should not be surprising considering that lipids and lipid transport play vital roles in insect physiology.  The insect cuticle,
often accounts for up to 50% of the dry weight of an insect, contains a number of layers containing lipid mixtures with lipid
transport systems used for movement into these layers (Lockey 1984).  Significant levels of lipids are also deposited into the
oocyte during oogenesis to be used as energy for the embryo (Downer and Matthews, 1976) with approximately 30-40% of
the dry weight of an egg being lipids (Ziegler and Antwerpen, 2006).

Expression analyses by real-time rtPCR across all life stages resulted in lack of detection of desaturase expression in eggs.
However, all other instars 1st-5th expressed Δ9 desaturase showing a significant increase in the 5th instar and adults which
correlated to increased feeding on a widening host plant range to complete development, and the formation of new organs (ie.
Ovaries).  There was no significant difference in expression levels of Δ9 desaturase among 1st- 4th instars.  The 5th instars
showed significantly increased levels of desaturase compared to the previous instars, while adults expressed significantly
greater levels from all other life stages.  The expression of the GWSS Δ9 desaturase for pheromone production is unlikely as
there is agreement between the absence of reports of pheromone production in adult GWSS females or males, and the lack of
a significant difference in the levels of gene expression between the adult females and males.

CONCLUSIONS
We isolated sharpshooter sequences with homology to Δ9 desaturase 1.  Desaturase plays crucial roles in lipid biosynthesis
and their levels have been linked to the developmental age of organisms (Aguilar and Mendoza 2006).  Desaturases are
essential components of a variety of cellular tasks such as catalysis, transmembrane transport and signaling, and are
intimately associated with cellular membranes.  The majority of analyses performed on insect fatty acyl-CoA desaturases
thus far have been focused on Dipteran and Lepidopteran insects leaving scant information from Hemipterans.  The deduced
amino acid sequence from the GWSS Δ9 desaturase shares 77% similarity with the Acheta domesticus desaturase and has
significant (>50%) similarity with other insect delta-9 desaturases plus having many features of acyl-CoA desaturase to
provide evidence towards its function and importance in sharpshooter biology.
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ABSTRACT
Short interfering RNAs which can be used to reduce gene expression, or ‘silence’ this expression in a sequence specific
manner is call RNA interference, RNAi.  In the case of hemipteran pests, RNAi has only recently been shown to disrupt their
biology.  We propose that RNAi has the potential to be applied in an area wide management strategy, thereby suppressing the
pest populations to reduce disease spread.  Previously we generated leafhopper genetic datasets from three species of known
vectors of Xylella fastidiosa (Xf), the plant infecting bacterium which causes Pierce’s disease (PD) of grapevine.  Using
genomic analyses we identified a subset of potential genetic targets which may be used to suppress these sharpshooter
leafhoppers.  The primary disease vector, the glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) vectors the Xf
xylem-limited bacteria that causes PD in grapevine as well as ‘Scorch-like’ pathogens of other woody agricultural fruit, nut,
and ornamental crops.  But many other species of sharpshooters are also capable of transmitting Xf. Therefore, we chose to
produce two constructs of dsRNA to Arginine kinase, one from the GWSS leafhopper, and one for the Asian citrus psyllid.
Both insects feed on citrus and transmit different bacterial pathogens.  We treated several host plants (Grapevine, Citrus,
Okra, and Chrysanthemum), using cut flush, to seedlings, to mature grapevines and citrus trees for this study.  The dsRNA
treated plants caused an increase in mortality for both the GWSS and ACP.  However, when each insect fed upon the dsRNA
specific to the other insect no increase in mortality was observed.  RNAi due to this specificity may be an excellent treatment
to reduce insect pests while protecting the non-target beneficial organisms.

LAYPERSON SUMMARY
We demonstrate that a naturally occurring molecule, double-stranded RNA, dsRNA, can induce an RNA interference, RNAi,
response in leafhoppers and psyllids.  This means that insect specific genes can be down regulated such that the insects’
fitness is reduced (ie. lays fewer eggs or dies).  The specificity of the dsRNA’s showed that each was only functional within
the designed species, so the leafhopper –dsRNA worked only in leafhoppers but not in the psyllid, and vice versa.  RNAi has
become one of the most studied systems and is being developed for human health, as well as to solve problems in agriculture.
The RNAi strategy uses the natural systems already in place within animals, insects and plants.  We propose that RNAi
strategies should be pursued for area wide insect pests suppression programs, and may further provide new management
approaches to other pest species.

INTRODUCTION
RNA interference, RNAi, refers to the process of sequence-specific post-transcriptional gene silencing in animals mediated
by short interfering RNAs (siRNAs) (Fire et al., 1998) and is a phenomenon that may be useful in many avenues of disease
and pest management, including , we hypothesize, management of hemipteran pests.  These approaches, such as the
implementation of RNAi in insect pest management are rapidly being developed on many fronts, such as to improve the
health of beneficial insects (Hunter et al, 2010).  RNAi applications have been proposed and evaluated for their use in many
biological problems from human health to agricultural pests.  Thus, we propose that RNAi has the potential to be applied in
an area wide management strategy, thereby suppressing leafhopper and psyllid populations to reduce disease spread.

To identify the mRNA’s, which would be targeted by RNAi, we previously generated expression libraries from sharpshooter,
based on expressed sequence tags, EST’s, from three species of known vectors of Xylella fastidiosa (Xf), which causes
Pierce’s disease (PD) of grapevine (Hunter et al,2003-2010, NCBI).  Using genomic analyses we identified a subset of
potential genetic targets which may be used to suppress these sharpshooter leafhoppers.

One of the major breakthroughs which launched RNAi approaches into the realm of practical applications has been the
development of the ability to produce kilogram quantities of dsRNA (www.beeologics.com).  An example of this is the
power of an RNAi product which has been shown to increase the health of honey bees in the presence of bee viruses,
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demonstrating the first study of its kind (Hunter et al, 2010). With the development of similar RNAi products it is predicted
that soon these products will be approved and commercially available for agricultural use.  Once there is a pathway for the
evaluation and approval of RNAi products it is possible to envision many such solutions being developed to address PD and
other insect transmitted diseases.

OBJECTIVES
1. Get dsRNA into grapevines and citrus trees for delivery of RNAi to leafhoppers and psyllids.
2. Demonstrate functionality of RNAi in leafhoppers and psyllids.
3. Ultimately develop RNAi for leafhopper and psyllid area wide suppression and disease management.

RESULTS AND DISCUSSION

Figure 1.  Plants from seedlings to mature citrus trees and grapevine were successfully treated
with dsRNA.  When the glassy-winged sharpshooter (GWSS; Homalodisca vitripennis), and
the Asian citrus psyllid were fed on these treated plants they were both shown to have
ingested the dsRNA.  This is an important finding as the leafhoppers are feeding from the
xylem and the psyllids are feeding from the phloem, thus the dsRNA moved throughout the
trees vascular system.
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Preliminary results:  Successfully show that we can get dsRNA uptake in trees (Key Limes) as tall as 2.5 meters {~8 ft}
within four days, at a dosage of 250 ml (10 mg/ml) dsRNA in 18.93 L {5 gal US} water.  Injection trials were also used on
citrus as well as into grapevines.  Grapevines and/or citrus trees had root mass rinsed to remove some of the soil, and then set
into a plastic barrel where they soaked in the solution.  Insects were placed on either controls treated with water or dsRNA
treated grapevines or citrus trees for three days post treatments.

Soil interaction study: Citrus seedlings (Valencia, 95 cm {~3 ft}) tall in octagon pots, either rinsed of soil from roots, or left
fully intact in pots were also permitted to soak for five d in solution, water level roughly 1/3 up the container.  Soil did not
deter uptake nor detection of the dsRNA.

Figure 2.  Detection of ingested dsRNA in both glassy-winged sharpshooter (GWSS), and
the Asian Citrus Psyllid after feeding for 3 days on either grapevine or citrus treated with
dsRNA.

RNAi  increases GWSS mortality: In two separate studies using the same dsRNA for Arginine kinase (dsRNA-AK) [Hunter,
ARS, FL using citrus, and grapevine] and [Bextine and Hail, using Chrysanthemum stems], both determined that when
GWSS fed upon plant seedlings or flush which had absorbed the dsRNA-AK, the sharpshooters died earlier and at a higher
rate than the controls within a five day period.

Future studies:  Currently in Florida we have eight citrus trees (sweet orange) (>2.5 m) and 4 grapevine (Noble) being treated
by injection to determine dsRNA movement and persistence under field conditions.

CONCLUSIONS
RNAi was successful in increasing the mortality of GWSS and the Asian citrus psyllids.  Sharpshooters and Psyllids were
shown to ingest dsRNA from cuttings, seedlings, mature grapevine and/or citrus trees.  This is the first demonstration of an
RNAi effect for these insects, and the ability to induce RNAi in these insects from feeding on plants containing dsRNA.  The
results support the proposal that a  RNAi  host delivery strategy  may be an efficient area wide approach to population
suppression against these hemipteran insects {ie. The GWSS and the Asian citrus psyllid}.
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ABSTRACT
Xylella fastidiosa (Wells) (Xf) is a gram-negative, xylem-limited bacterium that causes diseases in various crops by blocking
xylem or water vessels of plants.  It can induce Pierce's disease (PD) of grapevine, almond leaf scorch, oleander leaf scorch
(OLS), and citrus variegated chlorosis.  The xylem sap-feeding insects generally serve as the biological vectors in the process
of Xf transmission, which occurs when the insect inserts its mouthparts into the plant's xylem vessels.  The glassy-winged
sharpshooter (GWSS), plays an important role in Xf transmission for it has an extremely broad host plant range and spreads
across the southern and western states.  Because it was reported that GWSS previously inoculated with OLS strain was not
able to transmit the subsequently acquired PD strain to grapevine, the competition for space and nutrition among different
strains of Xf might impact the ability of an insect to be a proficient vector.  In order to evaluate if biofilm formation by the PD
strain is negatively impacted by the presence of a non-PD strain, we inoculated GWSS with various combinations of Xf
strains.  The competition between two strains of Xf was evaluated via the melting curve analysis and a novel molecular
beacon system.  When introduced first, the antecedent non-PD Xf strain was likely to become dominant in the foregut of
GWSS and significantly suppress of the biofilm formation of PD strains that colonized later.



- 29 -

EXPERIMENTAL ANALYSIS OF BIOLOGICAL PARAMETERS AND VECTOR ABILITY OF GLASSY-
WINGED SHARPSHOOTERS FROM ALLOPATRIC POPULATIONS IN CALIFORNIA

Principal Investigator:
Rodrigo Krugner
Crop Diseases, Pests, & Genetics Unit
USDA, ARS
Parlier, CA 93648
rodrigo.krugner@ars.usda.gov

Co-Principal Investigators:
Mark S. Sisterson
Crop Diseases, Pests, & Genetics Unit
USDA, ARS
Parlier, CA 93648
mark.sisterson@ars.usda.gov

Hong Lin
Crop Diseases, Pests, & Genetics Unit
USDA, ARS
Parlier, CA 93648
hong.lin@ars.usda.gov

Reporting Period: The results reported here are from work conducted July 2008 to July 2009.

ABSTRACT
The glassy-winged sharpshooter [GWSS; Homalodisca vitripennis (Germar)], is native to the southeastern United States and
northeastern Mexico.  It was detected in southern California in the late 1980s and in the San Joaquin Valley in 1999, where it
transmits the bacterium Xylella fastidiosa (Xf) to grapevines and other crops. The transmission efficiency of Xf to grapevines
and the reproductive success of hybrid and pure line GWSS from two allopatric populations in California (Riverside (RIV)
and Bakersfield (BAK)) were evaluated under identical controlled conditions.  To tests the effects of GWSS origin (RIV
versus BAK), gender, and age on transmission, insects were given a 96h acquisition access period on infected grapevines and
a 72h inoculation access period on healthy grapevines.  At conclusion of the test, ~33% of test plants were infected, with no
effect of GWSS origin, gender, or age on transmission, confirming that these factors do not affect transmission.  Comparison
of reproductive success based on origin found that the preoviposition period in both female generations was significantly
shorter for RIV (F0 = 28.2 days and F1 = 62.3 days) than BAK females (F0 = 46.1 days and F1 = 170.4 days).  There were no
significant differences in fecundity and longevity among the F0 and F1 mating pair treatments.  There was a gradual decrease
in the number of viable eggs deposited by GWSS females, suggesting that females exhausted sperm reserves and that re-
mating may be necessary to produce viable progeny.  From a management perspective, delayed reproductive maturity and
polyandry are weak links in GWSS’s biology that may be exploited through mating disruption or insect sterilization
strategies to reduce population growth and augment pressure by natural enemies.
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ABSTRACT
Pierce’s disease and almond leaf scorch disease have an episodic history in California that predates arrival of the glassy-
winged sharpshooter.  Within California’s Central Valley, the green sharpshooter (Draeculacephala minerva) is the most
abundant and widely distributed vector of Xylella fastidiosa. Previous reports indicate that grape and almond are occasional
hosts of D. minerva, whereas grassy weeds present in pastures and irrigated alfalfa fields are preferred hosts.  To better
understand movement of D. minerva into vineyards, eight vineyards in the San Joaquin Valley were sampled.  At each
vineyard, potential source habitats for D. minerva were identified: pastures, alfalfa fields, and grassy ditches.  Abundance of
D. minerva in source habitats was assessed using sticky traps and/or sweeps.  To document movement of D. minerva into
vineyards, 16-20 sticky traps were placed around each vineyard and changed biweekly.  Finally, weed ground cover in each
vineyard was evaluated and if present swept on a monthly basis.  Abundance of D. minerva was greatest in permanent
pastures followed by alfalfa fields.  Populations of D. minerva were largely absent from grassy ditches.  Catches of D.
minvera on traps surrounding vineyards was rare, but occurred at seven of eight vineyards during the study.  As a blunder
trap was used and traps covered only a small fraction of vineyard perimeter, low trap catches were unsurprising and the fact
that catches occurred at nearly all sites suggests regular movement of D. minerva into vineyards.  However, D. minerva was
observed in weedy ground cover at only two vineyard sites and was never observed on the vines themselves, suggesting that
movement into vineyards was transient.  Lack of establishment of D. minerva populations in vineyards may be due to the
ephemeral nature of vineyard weed populations.  The results reinforce previous reports that grape is not a preferred host of D.
minerva and that habitats outside of vineyards are likely to play a key role in D. minerva population dynamics, particularly
locations with permanent irrigated grasses.
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ABSTRACT
Systemic neonicotinoid insecticides are effective against adult and immature stages of the glassy-winged sharpshooter.  One
reason for the use of systemic treatments is that they exploit the xylophagous feeding behavior of the insect. Our current data
show that neonicotinoid treatments have an additional contact activity on emerging first instars before they begin feeding.
Egg masses that were exposed to systemic treatments of dinotefuran were unaffected by the treatments and the first instars
developed fully within the eggs.  However, upon emergence, the insects became susceptible to the effects of insecticide
residues that were present in the surrounding tissues.  In a series of bioassays, we were able to show that there was a dose-
response between insecticide residues and first instar mortality.  From these data, and data currently being generated from
additional bioassays, a target threshold for dinotefuran will be derived.  This target value can then be used as an indicator of
the efficacy of treatments and the level of protection vines are receiving.

LAYPERSON SUMMARY
The systemic neonicotinoids imidacloprid and dinotefuran are effective insecticides that growers can use for long-term
management of glassy-winged sharpshooter (GWSS) populations.  Because of the contrasting chemical properties of these
insecticides (e.g. dinotefuran is about 80-fold more water soluble than imidacloprid), growers can now choose the most
suitable product to meet their pest management needs.  In this study, we are determining the concentration of dinotefuran that
is needed within the xylem of plants to kill a feeding GWSS.  We have demonstrated that the toxicity of dinotefuran against
GWSS adults is close to that of imidacloprid, and we have also shown that nymphs emerging from an egg mass are
susceptible to the contact activity of dinotefuran before they commence feeding.

INTRODUCTION
Our research program focuses on the use of chemical insecticides for the management of glassy-winged sharpshooter
(GWSS).  We are dedicated to formulating safe and effective treatment programs for California growers, given the almost
complete reliance by the grape industry on this method of control.  We have conducted extensive trials in Coachella, Napa
and Temecula valley vineyards to evaluate the uptake and persistence of three neonicotinoids – imidacloprid, thiamethoxam,
and dinotefuran – under the diverse range of climatic, soil, and agronomic conditions associated with these regions.  We have
an understanding about how the different chemical properties, particularly water solubility, of these neonicotinoids can be
exploited to achieve optimum uptake into vines, and we have developed sensitive techniques that allow us to monitor the
levels of insecticide present within the vines.  To exploit this knowledge further for the benefit of California grape
production, we need to ensure that the concentrations of insecticide present within the vines are reaching levels that are
effective at rapidly killing GWSS before they can infect vines with Pierce’s disease.  We also need to understand whether
there is a sub-lethal impact of these insecticides on GWSS, since anti-feedant activity may not necessarily eliminate the threat
that an infective sharpshooter poses to a vine.  Our past and current research projects have established the threshold levels of
imidacloprid needed to kill a GWSS at 10 ng/ml xylem fluid, and optimized treatment regimes for growers that will ensure
these thresholds are attained following applications via different irrigation methods (drip, sprinkler).  In 2007, a new systemic
neonicotinoid, Venom (active ingredient dinotefuran), received full registration for use on grapes.  Our work in this area has
demonstrated the excellent uptake of these new insecticides following systemic application to vines (Toscano et al., 2007).
This is good news for vineyard operators who have experienced problems with imidacloprid.  Imidacloprid has been the
predominant neonicotinoid in use in vineyards, but our research has shown that its uptake and persistence within vines varies
dramatically between regions (Coachella Valley, Napa Valley, Temecula Valley).  Despite its apparent poor uptake, growers
continue to rely on imidacloprid in many areas.  The perception is that the insecticide will work well in all areas given its
successful implementation in Temecula vineyards (Byrne and Toscano, 2006).  Dinotefuran offers a potential solution to
overcoming the problems encountered with imidacloprid use – its rate of uptake is faster and it can reach higher
concentrations at peak uptake than imidacloprid under the more challenging situations.  It also exhibits favorable persistence.
Having established that the uptake and persistence of dinotefuran is superior to imidacloprid in terms of insecticidal titers
reached in the xylem, it is important to ensure that the levels attained in the xylem are active against sharpshooters.
Comparative data on the efficacy of systemic dinotefuran against GWSS is not available.  This study addresses the gap in our
knowledge of dinotefuran thresholds needed for effective control of adult and immature GWSS.
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OBJECTIVE
1. Determine target thresholds for systemic neonicotinoids against GWSS in grapevines.

RESULTS AND DISCUSSION
Update on Adult Bioassays
In our previous report, we showed that the concentrations of dinotefuran in the xylem of cotton plants used for bioassays of
adult GWSS could be effectively controlled (Byrne and Toscano, 2009).  To further validate this finding, we have conducted
additional tests that have incorporated lower dose rates.  The inclusion of these lower rates will ensure that a full range of
dose-response data will be available for the probit analysis.

Dinotefuran levels within the xylem are quantified by ELISA.  Although the lower limit of detection of the ELISA is 1.5 ppb,
the limit of detection for grape xylem is 10 ppb because of the need for a dilution step to eliminate matrix effects.  In
bioassays, we are detecting mortality when insects feed on xylem that has levels of insecticide below the detection range of
the ELISA.  For this reason, we need to better understand the correlation between treatment rate and xylem concentration.
With a better understanding of the relationship, we hope to develop a simple model from which the concentrations in xylem
from plants treated at the lowest rates (and which are undetectable by ELISA because they are out of range) can be
determined by extrapolation.

Update on Bioassays of Egg Masses
We evaluated the effect of dinotefuran against the eggs of the GWSS.  Adult GWSS were confined in cages with cotton,
which is an excellent host for GWSS oviposition.  Leaves with egg masses (not older than 24 hours) were cut from the plants
and the petioles inserted into vials containing a range of insecticide concentrations.  The uptake of insecticide into each leaf
was allowed to proceed for 24 hours and the leaves were then transferred to leaf boxes.  The leaf boxes were maintained
under lights until the normal period of embryonic development was completed (untreated controls were used to indicate the
normal period of development).  Mortality of nymphs was assessed for up to five days after the beginning of emergence.

As with imidacloprid (Byrne and Toscano, 2007), the nymphs developed fully within the egg mass and only succumbed to
the effects of contact with dinotefuran during emergence.  In contrast to our previous data for imidacloprid, where we
observed an LC50 of 39 ng/cm2 leaf, the indications from our current data set show that dinotefuran is slightly more toxic to
the first instars than imidacloprid (Figure 1).  Also, the slope of the dose-response curve is extremely steep, as was observed
for imidacloprid.

CONCLUSIONS
At current label recommendations, the rate of uptake of dinotefuran into grapevines is faster than imidacloprid and
concentrations of dinotefuran at peak uptake are higher (Toscano et al., 2007).  These two properties make dinotefuran a
strong candidate for inclusion in a sharpshooter management strategy, provided that effective concentrations are reached
within the xylem.  Dinotefuran is highly toxic to emerging first instars, and our data suggest that the insecticide is slightly
more toxic than imidacloprid.  As with imidacloprid, the toxic effect is not manifested until the nymphs emerge from the egg
mass, suggesting that dinotefuran and imidacloprid act as contact insecticides.

The systemic neonicotinoids imidacloprid and dinotefuran are effective insecticides that growers can use for long-term
management of GWSS populations.  Because of the contrasting chemical properties of these insecticides, growers can now
choose the most suitable product to meet their pest management needs.  One of the interesting observations from this study
has been that the concentrations of insecticide present within the xylem can be managed by choosing the appropriate
application rate.  This is a very powerful tool that could be used to optimize insecticide applications and manage insecticide
use more effectively.
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ABSTRACT
Assessing the efficacy of the ongoing sharpshooter egg parasitoid biocontrol program is the focus of this project.  Since 2000
Gonatocerus morgani, G. morrilli, and G. triguttatus have been reared and released by the program at sites throughout
Southern California and the southern Central Valley.  While data presented in the most recent CDFA report (2009)
demonstrates the effectiveness of the release program, more data concerning the extent of released species populations, the
effects of parasitism by native competitors, and the host preferences of the parasitoids involved is needed.  D. Cooksey has
developed a multiplex PCR system for the simultaneous identification of Xylella fastidiosa (Xf) strains (Hernandez-Martinez
et al., 2006), in conjunction with his research in comparative and functional genomics of Xf. As Supervisor of the release
program, D. Morgan is an expert in the biology, ecology, systematics, and identification of the host (Son et al., 2009) as well
as the parasitoid species targeted in this study.  C. LeVesque has developed a high throughput testing program for citrus
Huanglongbing disease that employs high resolution melting curve analysis.  The development of the proposed multiplex
high resolution melting real-time PCR system will greatly enhance the data acquisition of the CDFA parasitoid release
biocontrol program.

LAYPERSON SUMMARY
Glassy-winged sharpshooter (GWSS) populations are partially controlled by biological control agents.  It is essential to have
the capacity to identify the parasitoid species, host species and the extent of parasitism in order to evaluate the effectiveness
of the control strategy.  The current methods rely on identification of eclosed parasitoids after long incubations under
artificial conditions which many do not survive.  An accurate and rapid method for identification of the eggs of sharpshooter
species, determining whether eggs are parasitized, and by which parasitoid species, would greatly facilitate the development
of the release program.  A single-step multiplex real-time PCR assay for sharpshooters and their parasitoids is such a method,
and its development will significantly enhance the reporting of GWSS parasitism.

INTRODUCTION
The only methodology currently available for post-release monitoring of glassy-winged sharpshooter (GWSS) parasitoids
involves the collection and incubation of field-collected GWSS eggs.  Since the eggs are removed from the field before
development has been completed, the possibility of further parasitism is eliminated.  Therefore, parasitism rates are
underestimated.  Because optimal incubation conditions vary for each parasitoid species, significant developmental mortality
can occur during the two-week or longer incubation period needed for wasps and GWSS to eclose, resulting in some species
being significantly underreported.  No economical method for identifying whether eggs are from GWSS or the native smoke
tree sharpshooter (STSS) is currently available.  Therefore, a more efficient method for monitoring biological control activity
is essential if we are to have more accurate, timely, and economic reporting of GWSS parasitism.

Development of a single-step multiplex high resolution melting (HRM) curve real-time PCR assay for sharpshooters and
their parasitoids will allow for accurate reporting of GWSS parasitism.  This method can identify the species of host, GWSS
or STSS, and its parasitoids simultaneously within half a day of collection, rather than two weeks.  In addition, old egg
masses should be able to be used after wasp eclosion, as the pupal and sharpshooter egg casing can be analyzed.
Determining the effectiveness of the different parasitoid species in the various environments encompassed in the current
range of GWSS will facilitate the refinement of control strategies and lead to better suppression of GWSS.

OBJECTIVES
1. Develop primer pairs that can be used in a multiplex high resolution melting curve analysis real-time PCR system for

each species of sharpshooter and parasitoid.
2. Through the use of degenerate primers, clone the target genes from those species of parasitoid for which there is no

sequence data available.
3. Determine the limits of detection of each species of sharpshooter and parasitoid.  Based on other studies, we are

confident we will be able to detect developing parasitoid embryos in sharpshooter eggs.  We hope to be able to determine
the both the host and parasitoid species from sharpshooter egg cases from which the parasitoids have eclosed by
amplifying the layer of cells which remain in the parasitoid egg (Oda and Akiyama-Oda, 2008).
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RESULTS AND DISCUSSION
Because the available sequences proved unsuitable for the development of satisfactory HRM primers we have used the
iCODEHOP program of the University of Washington (Rose et al., 1998), in conjunction with the Lasergene suite of
sequence analysis programs, to design degenerate primers targeting a number of genes characterized in various insect species
(Table 1).  Amplification parameters are being developed using the Epicentre Biotechnologies (Madison, WI) FailSafe™
PCR PreMix Selection Kit. PCR products are being cloned using the pGem T-Easy (Promega Corporation, Madison, WI) and
the TOPO TA (Invitrogen Corporation, Carlsbad, CA).  Cloned PCR products are being sequenced by the Genomics Core
sequencing service of the Institute for Integrative Genome Biology on the U.C. Riverside campus.

Table 1.  All sequences are 5’ to3’.  The consensus portions of primers are in uppercase letters while the degenerate portions
are in lower case.  R = A,G; Y = C,T; M = A,C; K = G,T; S = G,C; W = A,T; H = A,C,T;  B = G,T,C; V = G,C,A; D =
G,A,T; and N = A,C,G,T.
Gene Primer Sequence Reference
Antennapedia AP-1CHBF TGCCATACCCAAGATTCccnccntayga Hoskins et al., 2007

AP-1CHCR CAGGAGGCGTACACAACTGgytgytgytgyt
AP-2CHDF AAGTGCATCAAAACCATCATCAyatggsnatgt
AP-2CHER TTCCAGGGTTTGGTATCTGgtrtangtytg

Cryptochrome CC-1CHCF GGAATAAATAAAATATGTTTCGAACAAgaytgygarcc Yuan et al., 2007
CC-1CHDR TCCACGGTATGCAGGAACatytgrtangt

KAAT1/CAATCH1  KCAT- GGGCCTGGGCAACGTntggmgnttyc Castagna et al. ,1998
1CHAF
KCAT- CCACGTAGGGGAAGATGgcnarraarta
1CHER
KCAT- GCCTACTTCCTGGCCATCttyccntayrt
2CHEF
KCAT- AGAAGTCGAACTTGGCGATGryrtcnggrta
2CHGR

Maltase MAL-1CHAF TGGCAGCACGGAAACTTCtaycarrtnta Russell et al., 2009
MAL- CCGGGTTCCGGTAGTTCarrtcngsytg
1CHDR

V-ATPase c VATPc- TGTCCGACGACCTGggnaarytnga Merzendorfer et al.,
1CHAF 2000
VATPc- GTGGTCAGGTATTCGGAGTCCwrdatraartg
1CHCR
VATPc- GCTTCCAGTGGGATATGgcnaartaycc
2CHCF
VATPc- CATCAGCTTGGTCATCTCGttyttnccngc
2CHER

Vitellogenin VIT-1CHDF CCAAGAACAAAAACAAGGTCTGTTCmgnaaratgga Meng et al., 2006
VIT-1CHFR CTGGTTTATGGGCGGTAccngtccaytc
VIT-2CHGF CTGGTAAACAAGGTCCAATTTACaargcngarac
VIT-2CHJR TCGGATTTTGGCATGTTGttnggrttytg
VIT-3CHNF CGCCCATAACTTCTACCCAACncayatgtayg
VIT-3CHQR GCCACTCTCACTTCGTATGGTtcngcngtrtt
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ABSTRACT
Here we present our progress obtained in the development and application of an RNA interference (RNAi) based
system aimed to target genes of sharpshooter vectors of Xylella fastidiosa, the causal agent of Pierce’s disease (PD). We
have demonstrated RNAi effects in glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) whole insects after
intrathoracic injection of dsRNAs, by monitoring insect phenotype and molecular markers.  Phenotypic effects vary from
none observed to death, but the latter has been observed so far only when specific instars were injected with actin dsRNA
inducers.  We have also developed tools for RNAi, including constructs designed for expressing dsRNAs as RNAi inducers
to be employed in generation of transgenic plants.  The constructs were inserted in a user-friendly Gateway binary vector that
facilitated simple cloning steps.  This vector has two forms, one including the 35S promoter and a second version containing
the Eucalyptus gunii minimal xylem-specific promoter.  Some of these constructs have been already employed and transgenic
plants are being developed by the Ralph Parsons UC Davis Plant transformation facility, while other constructs have been
developed to use in 'in house' generation of transgenic Arabidopsis thaliana via flower dipping.  We broadened the choice of
target GWSS genes including genes expressed in the insect midgut, since our results showed that ingested dsRNA is
concentrated mainly in that specific insect body part.  We believe that our efforts are well spent, and that results in the use of
RNAi to assist in efforts to control the PD vectors are well on their way.

LAYPERSON SUMMARY
Pierce's disease (PD) of grapevines is one of the plant diseases caused by the Gram-negative bacterium Xylella fastidiosa
(Xf). This bacterium, upon inoculation in the plant host, travels within and attaches to the plant xylem vessels where, after
multiplication, produces biofilms which interfere with the water-flow in the infected plants.  Resulting infected plants can die
between one and five years after inoculation. Xf is vectored by many leafhoppers, but one of the most important vectors in
many areas is the glassy-winged sharpshooter (GWSS). The importance of GWSS can be attributed to its ability to colonize
more than 100 species of plants, its propensity for long distance dispersal and its capacity for ingesting large volumes of
fluids from colonized plants.  We are taking a contemporary molecular targeting approach to disrupt normal gene expression
in GWSS and other sharpshooter vectors of Xf as a strategy to help control these important insect vectors of Xf. We are
attempting to develop RNA-interference (RNAi) as a tool to target and kill GWSS and other sharpshooter vectors of Xf.
RNAi is normally used by plants, arthropods, some fungi and even nematodes to degrade specific mRNAs, including those of
the host during normal organismal development, but also those of pathogenic viruses. We have clearly demonstrated that
introducing specific double-stranded RNAs (dsRNAs) into GWSS cells, and by intrathoracic injection into whole insects we
can inititate the RNAi-mediated degradation of homologous mRNAs, and in some cases death.  We are now attempting to
identify genes necessary for the fitness and survival of GWSS, and we are generating transgenic plants (grapevines but also
potential trap plants such as citrus and potatoes) expressing dsRNAs corresponding to the identified GWSS mRNAs.  Our
hope is that ingestion of these dsRNA molecules by GWSS will trigger RNAi activity in the recipient insects, resulting in the
subsequent degradation of the targeted mRNAs and corresponding debilitating effects on sharpshooters, thereby contributing
to strategies for PD control.

INTRODUCTION
During the work supported by this research program, we developed tools to induce RNA interference (RNAi) in the insect
vectors of Pierce's disease, and in particular in glassy-winged sharpshooter (GWSS).  We were able to induce RNAi for
specific genes in vitro in a GWSS cell line developed at UC Davis (Kamita et al., 2005; Rosa et al., 2010) and in whole
insects (Rosa et al., 2011).  We also optimized protein, small and large RNA hybridization and real time PCR techniques to
detect the extent of RNAi induced in the different systems.  We were able to generate phenotypes in both cells and 5th
GWSS instars affected by RNAi.  While our previous efforts were limited by the scarce amount of nucleotide sequences
available in GenBank, our present research is based on the sequence analyses of extensive GWSS EST data released via
GenBank.  We cloned a series of genes predicted to be expressed during insect digestion and during molting, and we inserted
sequences for these genes into an easy to manipulate binary vector (Lei et al., 2007) set up for hairpin RNA transcription in
plants.  We also modified this vector substituting the 35S promoter with a minimal xylem specific promoter cloned by us
from Eucalyptus gunii.  The potential of these series of vectors is great, in fact we are using these plasmids now to generate
transgenic plants of different species (grape, citrus and potatoes) via the Ralph M. Parson Foundation facility of UCD and at
the same time to generate in a fast and convenient way Arabidopsis thaliana plants via flower dipping Clough (1998).
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OBJECTIVES
1. To evaluate existing transgenic plants for their ability to generate RNAs capable of inducing RNAi effects vs. GWSS.
2. To identify GWSS interfering RNAs for practical application.

2.a. To utilize transgenic Arabidopsis thaliana plants as efficient alternatives for identifying, delivering, and evaluating
efficacious interfering RNAs.

2.b. To enhance production of interfering RNAs in planta.
2.c. To evaluate alternative strategies to deliver and screen high number of RNAi inducers to GWSS.

RESULTS AND DISCUSSION
To evaluate existing transgenic plants for their ability to generate RNAs capable of inducing RNAi effects vs. GWSS .
Grapevines Thompson seedless and Carrizo citrange were transformed and regenerated at the Ralph M. Parsons Foundation
Plant Transformation Facility.  So far, we have received seven grape transformants engineered to express the GUS reporter
gene under control of the 35S promoter.  These plants, which will be used as controls in our experiments, are already in our
greenhouse and will be tested for GUS expression once they reach appropriate size (in the next month).  Unfortunately,
transformation and regeneration of grape and citrus plants has not been successful using our initial xylem promoter
constructs.  We have modified this promoter to now be a minimal, easier to use promoter.  In order to make more rapid
progress we investigated using herbaceous GWSS host plants for transformation/regeneration.  Potato is a good host for
GWSS (Figure 1) and is readily transformed and regenerated.  Therefore, transformation and regeneration of potato plants is
proceeding, and we expect to obtain the first explants containing specific GWSS genes before the summer 2011.  These will
be vegetatively propagated, analyzed for the desired transgene and RNAi effectors, and used for GWSS-RNAi experiments in
the UC Davis CRF.

Figure 1.  GWSS adults and nymphs colonizing potato plant.

To identify GWSS interfering RNAs for practical application.
To generate binary vectors for simple cloning and which can express hairpin dsRNAs in plants, we used the Gateway
modified pCB2004B vector (Figure 2).  This vector has a 35S promoter cloned between DraIII directional restriction enzyme
sites, and 4 attR sequences in a head to tail orientation, flanked by a spacer region.  The 4 attR sequences are efficient sites
for recombination, and any insert cloned in the compatible pCR8-TOPO entry clone can be moved in both pCB2004B
recombination sites in one simple clonase reaction, resulting in a fully functional plasmid expressing a dsRNA hairpin loop.
The pCB2004B plasmid has a glufosinate resistance gene for plant selection and we will use it for transformation of the
species indicated here.  The 35S promoter can be digested and replaced by any other promoter flanked by DraIII restriction
sites.

We have already cloned 10 novel cDNA sequences of GWSS genes involved in digestion processes and cuticle formation.
These genes encode for the following proteins:

a hydrolase, a glucosyltransferase, a peptidase, two trypsins, a transladolase, a sugar transporter a serine-type
endopeptidase inhibitor,  a transketolase, a cuticle regeneration and a structural cuticle proteins.

All the constructs are now in a head to tail orientation to generate hairpin RNA in the binary vector under the control of the
35S promoter. We are now in the process of moving the same constructs so hairpin dsRNAs will be expressed via the
minimal xylem specific promoter cloned previously by us from Eucalyptus gunii.
We also identified and are cloning GWSS genes expressing the following proteins:
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a triosephosphate isomerase involved in glycolysis, gluconeogenesis and fatty acid biosynthesis, a sugar transporter,
three yellow proteins involved in male courtship and cuticle pigmentation, two additional lipid transporters,  an
additional serine-type endopeptidase.

We will assess these candidate sequences for RNAi effects during the upcoming year.
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Figure 2. Map of pCB2004b, binary plasmid, Gateway compatible
and designed for generating hairpin dsRNAs in transgenic plants

2.a. To utilize transgenic Arabidopsis thaliana plants as efficient alternatives for identifying, delivering, and evaluating
efficacious interfering RNAs.
We selected and propagated the Arabidopsis thaliana ecotype Cape Verdi Islands (CVi-0).  This ecotype has larger leaves
and presents a more robust growth, and will be more appropriate in supporting insects of large size such as GWSS
(Figure 3).  Every ten days, groups of A. thaliana plants are flower-dipped in solutions of Agrobacterium tumefaciens
transformed with the binary plasmids made as described above.  To enhance the percentage of transgenic seeds at collection,
set seeds are removed before dipping. After the dipping, plants are returned for continued growth.  When seeds show signs of
maturity, the dipped plants are set aside to dry down before seeds are collected.  The collected seeds are air-dried and then
planted at the CRF.  Selection for transgenic seedlings is done by 2-3 applications of glufosinate ammonium (200-300 µM ),
as transgenic A. thaliana carries bacterial bialophos resistance gene (BAR) encoding the enzyme phosphinotricin acetyl
transferase (PAT) and thus, plants with this gene are resistant to glufosinate ammonium.  The surviving seedlings will be
used to perform RNAi experiments.  GWSS nymphs will be caged in groups of five on individual transgenic seedlings.  Non-
transgenic A. thaliana plants will be used as controls.  GWSS fitness and survival will be monitored for 10 days, at that time
insects as well as plant tissues will be collected.  The amount of target mRNAs will be measured in insects by real time PCR
or northern blot, and the presence of specific siRNAs will be assessed.  Transgenic plants will be also tested for the presence
of transgenes by PCR.  The use of transgenic A. thaliana plants as alternative to identify efficacious interfering RNAs has
shown to be a feasible method in our hands, and we are planning to complete the first experiments on insect survival in the
next three months.

2.b. To enhance production of interfering RNAs in planta.
We used a transient Agrobacterium tumefaciens assay to generate an exogenous hairpin mRNAs accompanied by linear
mRNA (with the same sequence of one of the two polarities present in the hairpin mRNA) in Nicotiana benthamiana plants,
and we estimated by northern blot analysis, the amount of specific siRNA generated compared to plants infiltrated only with
the exogenous hairpin mRNA.  Our results suggest that there were not differences between the two treatments, and that
amount of siRNAs generated by dicing of the dsRNA produced by the hairpin construct should be sufficient to induce RNAi
in the insects feeding on the plants.  This suggests that we will use the more simple approach to generate transgenes only
expressing the hairpin dsRNAs.
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Figure 3. GWSS nymphs colonizing Arabidopsis thaliana plant.

2.c. To evaluate alternative strategies to deliver and screen high number of RNAi inducers to GWSS.
We are considering the use of viral vectors based on Cucumber mosaic virus (CMV), to deliver RNAi inducers to GWSS.
We already performed preliminary experiments and were able to infect both basil and Arabidopsis thaliana plants with
different strains of CMV, belonging to subgroup I and II.  We also have determined that we can detect by RT-PCR the virus-
specific RNAs in GWSS nymphs fed on the virus-infected melon plants.  CMV is a virus that invades most tissues, except it
is not believed to invade the xylem of the plant host.  Our results here raise interesting questions as to whether GWSS
acquires RNAs (and other compounds) from other plant tissues than just xylem, or if CMV may also invade xylem tissues.
In any case our results also suggest that we can possibly viruses to deliver RNAi inducers molecules GWSS via virus-
infected plants.  We are proceeding with that now as a strategy to complement the above efforts, and to quantify the amount
of specific RNAs ingested by GWSS from CMV-infected vs. transgenic plants.

CONCLUSIONS
We are moving forward with development and potential application of RNAi as a tool to assist in efforts to
control sharpshooter vectors of Xf. Efforts are underway by many groups to assess RNAi strategies for controlling insect
vectors of plant pathogens and thus we are likely to learn more not only from our efforts, but also from those of the many
labs working in this new research area.  We have demonstrated RNAi effects, including death of GWSS, after injection of
dsRNAs corresponding to specific mRNA targets.  Other dsRNAs directed towards different targets showed no effects.
Taken together these data show that identifying the correct target will be critical.  So far effects have come from intrathoracic
injection of dsRNAs, we are now focused on dsRNA oral delivery and comparison with results obtained from injection.  We
are in good position to continue to make progress and the upcoming year should be even more informative for RNAi-based
studies on insect vectors of plant pathogens.
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ABSTRACT
Minor disruption of the endocrine system can result in dramatic changes in insect development.  Juvenile hormone analog
(JHA) insecticides are green compounds that selectively disrupt the insect endocrine system.  In this project we are testing the
efficacy of JHAs against glassy-winged sharpshooter (GWSS) eggs, nymphs, and adults.  We are also evaluating the potential
of juvenile hormone esterase (JHE)- and juvenile hormone epoxide hydrolase (JHEH)-encoding genes as a target for gene
silencing-based control of GWSS.  In terms of mode of action, the effects of JHA application, and JHE and/or JHEH
knockdown are similar in that both approaches can enhance “JH action” during periods of developmental when endogenous
levels of JH are exceptionally low.

LAYPERSON SUMMARY
The overall goal of this project is to study and exploit targets within the endocrine system of the glassy-winged sharpshooter
(GWSS) that can be used to reduce the spread of Pierce’s disease.  We are taking two complementary approaches in this
project.  The first is a direct approach in which the efficacy of juvenile hormone analog (JHA) insecticides such as
fenoxycarb and pyriproxyfen are being tested against GWSS eggs, nymphs, and adults. The objective of this direct approach
is to identify JHAs that can efficiently (i) reduce the emergence of nymphs from eggs, (ii) keep nymphal insects in the
nymphal stage, and/or (iii) reduce egg viability prior to oviposition.  The results of the JHA efficacy trials will have near-term
applicability since the JHAs that we are testing are US-EPA registered and commercially available.  The second approach
involves the identification and characterization of GWSS genes that metabolize a key hormone in insects called JH.  The
objective of this approach is to evaluate these genes as a potential target for gene silencing.

INTRODUCTION
Insect development is precisely regulated by the relative titers of juvenile hormone (JH) and molting hormones (i.e.,
ecdysteroids).  JHs form a family of sesquiterpenoids (Figure 1A) that regulate key biological events in insects including
reproduction, behavior, polyphenisms, and development (reviewed in (Riddiford, 2008).  Minor disruption of an insect’s
hemolymph JH levels can result in dramatic alterations its development.  Juvenile hormone analog (JHA) insecticides are
green compounds that selectively target the insect endocrine system (reviewed in (Dhadialla et al., 2005; Henrick, 2007).
JHAs such as methoprene, fenoxycarb, and pyriproxyfen (Figure 1B) are US EPA-registered compounds that are commonly
used to control mosquitoes, fleas, whiteflies, ants, and other insect pests.  JHAs function as mimics (both structural and
biological) of juvenile hormone (JH), a key insect developmental hormone.  When pest insects are exposed to JHAs at a time
during development when JH titer is normally undetectable, abnormal nymphal-pupal development and/or death is induced.
Similar abnormal development morphology can also be induced by the inhibition of a JH-selective esterase (JHE) with a
chemical inhibitor such as OTFP (Abdel-Aal and Hammock, 1985). Inhibition of JHE putatively results in JH titers that are
not below the threshold required for normal development.  In this project we are attempting to identify and clone the jhe gene
and related JH epoxide hydrolase, jheh, gene.  The potential of these genes as a target for gene silencing (so that glassy-
winged sharpshooter (GWSS) development can be disrupted) will also be evaluated.
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methoprene

hydroprene

kinoprene

fenoxycarb

pyriproxyfen

A

B

JH 0: R=R'=R"=CH2CH3; JH I: R=CH3,
R'=R"=CH2CH3 ; JH II: R=R'= CH3,
R"=CH2CH3 ; JH III: R=R'=R"=CH3

Figure 1. Chemical structures of juvenile hormones (A)
and juvenile hormone analog insecticides (B).

OBJECTIVES
1. Evaluate the efficacy of JHA insecticides

A. Determine median lethal dose and effective time in nymphs
B. Determine median lethal dose in eggs
C. Evaluate ovicidal effects following treatment of adult females

2. Characterize authentic JH esterase (JHE) activity in GWSS
A. Quantify authentic JHE activity in 5th instar nymphs
B. Evaluate the ability of OTFP to inhibit JHE activity in nymphs

3. Isolate jhe gene and characterize recombinant JHE protein
A. Isolate JHE coding sequence from GWSS
B. Express and biochemically characterize recombinant GWSS JHE
C. Test the efficacy of an RNAi approach to silence GWSS jhe

RESULTS AND DISCUSSION
I. Evaluate the efficacy of JHA insecticides
A laboratory colony of GWSS has been established at the UC Davis Contained Research Facility with the help of our
cooperator Bryce W. Falk.  The GWSS colony is reared in an environmental growth chamber (Percival Scientific, Perry, IA)
set for a 14 h:10 h light:dark cycle at 24ºC and 70% relative humidity.  Within the chamber the GWSS are grown in Bug
Dorm insect cages each containing two cowpea, two cotton, and two basil plants in five-inch pots.  The colony appears to be
very robust with a full range of nymphal instars and adults. Oviposition of eggs occurs primarily on cotton and cowpea.
Experiments to determine the development time of GWSS reared on basil are currently in progress.  In these experiments,
newly emerged nymphs are placed on a single basil plant (ca. 10 cm in height) that is placed in a cylindrical (10 x 24 cm)
acrylic cage that is capped at one end with nylon mesh.  These cages are also placed in the environmental growth chamber
described above.  The development of insects is scored daily. The current data indicate that the development times of each
nymphal instar on basil (i.e., first instar: 5.3±0.5 days; second instar: 4.3±0.5 days; third instar: 5.0 days) are very similar to
those found on sweet potato by Lauziere and Setamou (2009).  In preliminary experiments in which first instar nymphs were
exposed to the JHA methoprene, no mortality or delays in development (approximate 30 day long development time to adult
eclosion) were found.  These nymphs were exposed to the methoprene (0.2 ml of a 0.5 or 5.0 ppm solution applied to the
surface of a 20- ml glass vial (32 cm2 surface area)) for only one hour.  As soon as we determine the exact development times
of GWSS under our rearing conditions, a full complement of dose- and time-respnse experiments with methoprene and other
JHAs will be performed.
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II. Characterize authentic JH esterase (JHE) activity in GWSS
Experiments to characterize JHE activity in GWSS will be performed using precisely staged nymphs.  Experiments to
determine the developmental times of GWSS under our rearing conditions are still in progress (see Section I above).

III. Isolate jhe gene and characterize recombinant JHE protein
In order to clone potential JHE- and JHEH-encoding genes of GWSS, total RNAs were collected from 5th instar nymphs.
The total RNAs (1.2 µg) were used for first strand cDNA synthesis using the poly-T primer CDS III/3’ PCR (Clontech,
Mountain View, CA).  Attempts to PCR-amplify the 3’-end and 3’-UTR of the putative jhe and jheh genes of GWSS were
made using numerous degenerate primers that recognized conserved sequences in known JHE and JHEH gene (reviewed in
(Kamita and Hammock, 2010).  Candidate amplicons following the PCRs are now being cloned into plasmid vectors and will
be sequenced.

CONCLUSION
A little over two months have passed since we started this project, during this time we have established our laboratory colony
of GWSS and are in the process of determining precise developmental times under our rearing conditions.  Determination of
precise developmental times is critical for quantifying the efficacy and effects of the JHAs, effects of JHE-inhibitors, and
JHE/JHEH levels in GWSS.  We expect to complete determining GWSS developmental times during the next month.
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ABSTRACT
Riverside County has two general areas where citrus groves interface with vineyards, the Coachella and Temecula Valleys.
The Coachella Valley with 10,438 acres of table grapes in proximity to 12,000 acres of citrus and the Temecula Valley with
2,000 acres of wine grapes in proximity to 1,000 acres of citrus are vulnerable to Pierce’s disease (PD), caused by the
bacterium Xylella fastidiosa. The grapes in the Coachella and Temecula areas of Riverside County are in jeopardy because
of the glassy-winged sharpshooter (GWSS), the vector of the PD bacterium, build up in adjacent citrus groves.  Citrus is an
important year around reproductive host of GWSS in Riverside County, but also one that concentrates GWSS populations
over the winter months during the time that grapes and many ornamental hosts are dormant.  GWSS weekly monitoring in
citrus in grapes began in March 2000 in Temecula Valley and 2003 in Coachella Valley by trapping and visual inspections.
Temecula valley GWSS populations in 2008 reached levels not seen prior to the initiation of the area wide GWSS program in
2000.  Coachella Valley GWSS populations have decreased dramatically since the treatment program was initiated in 2003.

INTRODUCTION
The glassy-winged sharpshooter (GWSS) vectors the bacterium that causes Pierce’s disease (PD).  This insect and bacterium
are a severe threat to California’s 890,000 acres of vineyards and $61 billion dollar industry.  An area-wide GWSS
management program was initiated in Temecula in 2000 to prevent this vector’s spread into other California grape growing
regions.  In Temecula valley itself, the wine grape industry and its connecting tourist industry generate $100 million of
revenue for the economy of the area.  GWSS/PD caused a 40% vineyard loss and almost destroyed the connecting tourist
industry.  The area wide GWSS management program initiated in the spring of 2000 saved the industry from a 100% loss.
Only a continuation of an area-wide GWSS management program will keep the vineyards viable in Temecula.  The table
grape industry in the Coachella Valley is represented by 7,797 acres of producing vines, which generate fresh market grapes
valued at an average of $117 plus million annually (Coachella Valley Acreage and Agricultural Report 2009).  The GWSS
was identified in the Coachella Valley in the early 1990’s.  Population increases of this insect in Coachella Valley in the last
three years have increased the danger of PD occurrence in this area, as has occurred in similar situations in the Temecula and
San Joaquin Valleys.  In July 2002, the occurrence of Xylella. fastidiosa, the PD bacterium, was found in 13 vines from two
adjacent vineyards in the southeastern part of Coachella Valley.  With this discovery, and the increasing GWSS populations,
there was and is a real need to continue an area-wide GWSS/PD management program.  The GWSS area wide management
program is needed to prevent an economic disaster to the work forces and connecting small businesses of Mecca, Thermal,
Coachella, Indio, etc. that depend upon the vineyards for a big portion of their incomes.  Only a continuation of an area wide
GWSS/PD management program will keep the vineyards viable in Coachella.  At present there are no apparent biological or
climatological factors that will limit the spread of GWSS or PD.  GWSS has the potential to develop high population
densities in citrus.  Insecticide treatments in citrus groves preceded and followed by trapping and visual inspections to
determine the effectiveness of these treatments are needed to manage this devastating insect vector and bacterium.
Approximately 1,600 acres of citrus in Riverside County were treated for the GWSS in April through September, 2010
between a cooperative agreement with USDA-APHIS and the Riverside Agricultural Commissioner’s Office under the
“Area-Wide Management of the Glassy-Winged Sharpshooter in the Coachella and Temecula Valleys.”

OBJECTIVES
1. Delineate the areas to be targeted for follow-up treatments to suppress GWSS populations in the Temecula and

Coachella Valleys for 2010 and 2011.
2. Determine the impact of the GWSS area-wide treatments to suppress GWSS populations in citrus groves and adjacent

vineyards.

METHODS, RESULTS AND CONCLUSIONS
The programs in Coachella and Temecula were dependent upon grower, pest management consultants, citrus and vineyard
manager’s participation.  The areas encompass approximately 28,000 acres.  Representatives of various agencies were
involved in the program, they were as follows: USDA-ARS, USDA-APHIS, CDFA, Riverside County Agricultural
Commissioner, UC-Riverside, UC Cooperative Extension, and grower consultants.  Representatives of these agencies meet to
review the program. Newsletters are sent to growers, managers, wineries, and agencies with information on GWSS
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populations and insecticide treatments via e-mail.  The information from Temecula is sent weekly, while information from
Coachella goes to the various parties monthly.

The GWSS/PD citrus groves and vineyards within the Temecula GWSS/PD management areas were monitored weekly to
determine the need and effect of insecticide treatments on GWSS populations.  In August, 2008, because of the lack of
GWSS trap catches in Coachella valley, a bi-weekly schedule was initiated.  Yellow sticky traps (7 x 9 inches) were used
help determine GWSS population densities and dispersal/movement within groves and into vineyards (Figures 1 and 2).
Approximately 1,400 GWSS yellow sticky traps are monitored in the Riverside county area wide program.  Based on trap
counts and visual inspection, approximately 1,000 acres of citrus were treated in Temecula valley for GWSS in 2010.  In
2010, a total of 596 acres of citrus were treated to manage GWSS in Coachella valley. Three hundred acres of citrus of the
citrus were treated with Admire Pro (imidacloprid) and 296 acres were treated with Nuprid (imidacloprid) in Coachella
Valley for GWSS area wide management.  Admire Pro and Nuprid were both applied at the rate of 14 oz/acre.  Because of
high Temecula GWSS trap catches in the late summer and early autumn of 2008 and 2009, imidacloprid (Admire Pro)
applications in citrus were initiated in April, 2010 (Figure 3).  Admire Pro was applied at the rate of 14 oz/acre.  Of the 1,000
acres of treated citrus, 46 acres of organically farmed citrus were treated with PyGanic (1.4% Pyrethrins) at 18 oz/acre.
Because of the low residual of the organic insecticides the organic citrus was treated three times during the season.  PyGanic
treatments were applied to the 46 citrus acres in early June, late July and September.

Total Temecula GWSS Catch per Week for 2010
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Figure 1. In 2010, the highest numbers of adult GWSS were trapped in July, reaching a total of 131.
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Total Coachella GWSS Catch per Week for 2010
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Figure 2. GWSS populations in Coachella Valley peaked in June with a high of 53 trapped
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For a successful area-wide GWSS management program with large acreages of citrus, a management program has to be
maintained.  Organic insecticides are not as effective as the neonicotinoid insecticides such as imidacloprid for controlling
GWSS.  Therefore, organic insecticides will have to be applied more frequently than its synthetic counterpart.  In our
Riverside County GWSS area wide program organic citrus groves pose challenges to area-wide GWSS management
programs.

For more information on the management of GWSS visit the web site http://ucbugdr.ucr.edu.
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ABSTRACT
Natural predators or parasitoids may be attracted to prey by specific volatiles emitted from prey-infested host plants.  Glassy-
winged sharpshooter (GWSS), Homalodisca vitripennis (Germar), is a pest of particular concern as a vector of the Pierce’s
disease pathogen, Xylella fastidiosa.  GWSS egg parasitoids (e.g. Gonatocerus ashmeadi Girault and related species) are
attracted to GWSS-infested plants via olfactory cues (Krugner et al. 2008).  This project evaluated infested grape hosts for
production of novel or increased quantities of volatiles that may attract egg parasitoids.  In a closed-chambered system,
volatile compounds were captured on PorpakQ sorbent over an eight-hour period from grapes that were either infested or not
infested with GWSS eggs.  Volatile compounds were desorbed into methyl tert-butyl ether and analyzed by gas
chromatography.  Early results suggest at least one compound (putatively identified as 1,8-cineole) was present in higher
amounts around infested plants than non-infested plants, and was positively associated with number of egg masses per plant.
This compound subsequently will be examined for ability to attract GWSS egg parasitoids. Discovery of a host-produced
compound that attracts parasitoids to GWSS egg masses could affect pest management programs.  For instance, breeders
could screen for host cultivars that produce higher levels of the parasitoid-attracting compound when infested.  The attractant
compound also could act as a lure for egg parasitoids, aiding studies that monitor parasitoid numbers.

LAYPERSON SUMMARY
Glassy-winged sharpshooter (GWSS) populations are being controlled, in part, by egg parasitoids, which apparently detect
one or more volatile chemicals to find hosts with egg masses.  This study examined both GWSS-infested and non-infested
grapes to discover which volatile compounds, if any, may be produced by the host as a result of being infested.  Early results
suggest that at least one compound (putatively identified as 1,8-cineole) was present at higher concentrations around infested
plants, and concentration was significantly correlated with number of egg masses on infested grapes.  Following the
confirmation of these results, these compounds will be tested for ability to attract parasitoids of GWSS.  These results should
allow breeders to select cultivars which naturally produce more parasitoid-attracting compounds when infested by GWSS
(increasing efficacy of egg parasitism as a management strategy), and to provide a lure to attract egg parasitoids.

REFERENCE CITED
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ABSTRACT
The insect-transmitted bacterium Xylella fastidiosa (Xf) colonizes the foregut of its insect vectors.  We provide evidence
suggesting that chitin in the cuticle of leafhopper vectors of Xf may serve as a carbon source for this bacterium.  Chitin-
enhanced media resulted in Xf growth to larger populations.  In addition, chitin induced phenotypic changes such as increased
adhesiveness.  Furthermore, transcriptional changes in the presence of chitin were observed.  We demonstrated chitinolytic
activity by Xf and identified an ortholog of chitinase A (chiA) in the Xf genome. chiA encodes a protein of 351 amino acids
with an expected molecular mass of 40 kDa. chiA is in a locus that consists of genes implicated in polysaccharide
degradation; ChiA was determined to be secreted by cells.  We cloned chiA into Escherichia coli and endochitinase activity
was detected in transformants.  These findings show that Xf has chitinolytic activity and that chitin utilization may be
important for vector colonization.  Moreover, chitin induces Xf’s gene regulation and biofilm formation.  The data presented
here were recently published (Killiny et al 2010)

INTRODUCTION
Xylella fastidiosa (Xf) has a complex life history since it has to interact with host plants and insect vectors.  In our previous
work we characterized the molecular interactions of Xf with the surface of its vector’s foregut.  We showed that the initial
attachment occurs through carbohydrate binding proteins including hemagglutinins (Killiny & Almeida 2009b).  Moreover,
we found that pectin from the host plant induced the transmissibility of Xf by regulating gene expression and making cells
stickier to surfaces.  This adhesive state is essential for the initial attachment to foregut and eventually transmission to plants
(Killiny & Almeida 2009a).  In this report we focus on the characterization of a chitinase we found in Xf. Similarly to pectin,
chitin induces strong phenotypic changes in this bacterium. Chitin can also be used as the sole carbon source by Xf. The
utilization of chitin as a signal resulting in phenotypic changes to cells, including adhesiveness, may be essential for
sharpshooter colonization.

OBJECTIVES
1. Molecular characterization of the Xf-vector interface.
2. Identification of new transmission-blocking chitin-binding proteins.

RESULTS
I- Chitin enhances Xf growth and induces the adhesiveness: Xf has chitinase activity.
Our previous work revealed the importance of plant polysaccharides in inducing Xf cells into a transmissible (adhesive) state
(Killiny & Almeida 2009a).  Additionally, we demonstrated that Xf cells have carbohydrate binding proteins, including
hemagglutinin-like proteins and fimbrial adhesins, which are required for the efficient transmission (Killiny et al 2009b).
These proteins bind to the cuticle surface of the vector foregut in the initial step of mouthpart colonization.  We showed that
these proteins are up-regulated in a defined medium (XFM) supplemented with pectin.  Once the cells are acquired by the
insect vector they attach to the surface of foregut, multiply, and form a biofilm. Adult vectors then can transmit Xf throughout
its life.  Here we provide evidence that chitin affects gene expression and maintains Xf cells, possibly in a ‘permanent’
adhesive state. Figure 1 describes the effect of chitin in Xf growth, phenotype, and the gene expression of genes implicated
in the adhesions to surfaces.  We also provide the first evidence of the chitinase activity presence in Xf cells.

II- Xylella fastidiosa uses chitin as a sole carbon source.
The in silico analyses revealed the presence of an ortholog of chitinase A (PD1826) in the genome of Xf (Figure 2).  We
confirmed the chitinase activity of PD1826 by the expression of gene in E. coli and then detected the activity using ([4-
MU(GlcNAc)3 ] (Figure 3D).  The growth of Xf in XFM, which contains colloidal chitin as a sole carbon source (Figure
3A), and on Chitin-yeast plates (Figure 3C) suggest that Xf uses chitin as a carbon source.  Using quantitative PCR, we
showed that the expression of chiA (PD1826) is correlated by bacterial population growth through time (Figure 3A).  By
using [4-MU(GlcNAc)3], we also detected an increase in the chitinase activity (Figure 3B). In Figure 4 we used the hind
wings of the glassy-winged sharpshooters to mimic the foregut surface.  GFP-Xf cells were initially suspended on XFM
medium with no carbon source and then this suspension was placed on the wing tissue.  The increase of fluorescence over
time reflected the growth of cells and confirms that Xf can utilize chitin from the wing surface as a carbon source.  GFP-rpfF-
Xf cells (Newman et al 2003) did not grow as much as the wildtype strain.  It is known that rpfF mutant is not transmissible
due to lack of the diffusible signaling factor (DSF) (Newman et al 2004).  DSF regulates the expression of important genes
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such as the fimbrial and afimbrial adhesions and also ChiA.  We predicted genes implicated in the chitin utilization
machinery similar to those in other chitinolytic bacteria.  Here, we present a Hypothetical model for this machinery in Xf
(Figure 5A). Figure 5B provides evidence for degradation of blue-green sharpshooter foregut surface by Xf.

Figure 1. Effect of chitin on Xf. A) Growth curve of Xf in XFM in presence or absence of
colloidal chitin.  B) Log-transformed cell numbers present as planktonic or attached as a biofilm
on glass in liquid XFM. Different letters on bars indicate statistically different treatments. C)
Biofilm formation of Xf in a shaking culture; the biofilm is stained at the broth-air interface. D)
Chitin induced transcriptional changes in Xf. E) In-gel chitinase activity ([4-MU(GlcNAc)3]
cleavage) of Xf whole-cell culture extracts.

Figure 2. In silico analyses of chiA and its translated protein. A) Alignment of putative catalytic
region in bacterial chitinases family 18 of Xylella fastidiosa (Xf), Xanthomonas campestris
campestris (Xcc), Serratia marcescens (Sm), Bacillus cereus (Bc), Clostridium paraputrificum
(Cp), and Bacillus circulans (Bc). Conserved amino acids are indicated with black shading and
those with high similarity score are in gray.  The glutamic acid residue identified as a proton donor
necessary for activity is marked with an asterisk. B) Predicted three-dimensional structure and C)
molecular surface of Xf ChiA; regions with similarity to the glycoside.
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Figure 3. Chitin utilization by Xf. A) Bacterial growth curve in XFM medium without carbon
sources (XFM ∆) or with chitin added as the only carbon source (XFM ∆-chitin); bars (second
Y-axis) show the progression of chiA expression over time. B) In-gel chitinase activity ([4-
MU(GlcNAc)3] cleavage) over time for Xf culture filtrates in liquid XFM ∆-chitin,
demonstrating ChiA secretion. C) Xf colonies grown on chitin-agar medium; the clear zones
around colonies indicate chitin degradation.  D) In-gel chitinase activity ([4-MU(GlcNAc)3]
cleavage) for Escherichia coli strains grown in LB medium.
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Figure 4. Xf growth and biofilm formation on hindwings of leafhopper vectors.  Cells were suspended in
XFM ∆ and drops were placed on wings.  A) Wild-type and B) cell-cell signaling rpfF mutant cells were
incubated up to 10 days on wings.  C) Control, medium XFM ∆ without cells.  The upper pictures were
taken at 25x magnification and are suspension droplets; the lower pictures were taken at 80X
magnification after removing the drop of medium and rinsing the wings with water.  D) chiA expression
in the cell-cell signaling mutant rpfF compared to the wild-type; different letters on bars represent
statistically different treatments.

Figure 5. A) Hypothetical model for chitin utilization in Xf. Chitin is hydrolyzed to chitobiose outside the
cell by chiA and passively transported into the periplasmic space as a dimer. nahA converts the substrate into
N-acetylglucosamine, which is phosphorylated and transported into the cytoplasm via an ABC transporter.
B) Scanning electron microscopy micrograph of Xf cells colonizing the mouthparts of a leafhopper vectors.
The arrows indicate potential degradation of the chitinous surface at the fringe of microcolony.
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CONCLUSIONS
The aim of this project is to learn more about molecular interactions of Xf with its insect vector and to identify moleculess
that can be used to disrupt such interactions, and subsequently block the transmission.  We found that Xf uses chitin as a
carbon source.  We also showed that fimbrial and afimbrial adhesions are up regulated in response to chitin utilization.  These
findings suggest that the chitin is second to pectin in its importance as an environmental factor regulating gene expression in
Xf. While pectin is essential in introducing the adhesive state of the bacterial cells, chitin functions to maintain this state.
Both components are required for the successful transmission of Xf by its leafhopper vectors to other host plants.
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ABSTRACT
We evaluated the susceptibility of different Vitis vinifera varieties to Xylella fastidiosa (Xf) infection under greenhouse
conditions.  We further compared Xf transmission efficiency by the glassy-winged sharpshooter in no choice trials for the
tested varieties.  Our results indicated that there is a great degree of variability in symptom development among the tested
varieties.  Furthermore, a significant variation in bacterial populations in leaf petioles was also detected among experimental
varietals.  While Crimson seedless and Grenache Noir had the lowest bacterial populations, Flame seedless had the highest
bacterial population.  Transmission efficiency was not influenced by grape variety or by the bacterial population in leaf
petioles.

LAYPERSON SUMMARY
The degree of susceptibility to Pierce’s disease is under evaluation for 18 commonly used grapevine varieties.  Our results
indicate that symptom severity and pathogen populations in leaf petioles vary among varietals.  For example, while Crimson
Seedless and Grenache Noir had the lowest pathogenic bacterial populations within petiole tissue, Flame Seedless possessed
the highest bacterial population.  The transmission efficiency of the plant pathogen by the glassy-winged sharpshooter did not
differ among tested varieties.  Vector transmission rate was also not affected by the pathogen’s population in petioles.
Establishing an objective categorization of the degree of susceptibility of grape varieties is currently ongoing.

INTRODUCTION
The degree of plant susceptibility to infectious pathogens is a measure, understanding of which is important for managing
disease spread in agricultural systems (e.g. Kolmer 1996; Leung et al. 2003). Genetic variability among host plants may
influence the level of plant resistance and/or tolerance to infections (Kover & Schaal 2002).  Here, we consider a plant
tolerant if it shows limited or no visual disease symptoms despite being infected by a large pathogen population.  We refer to
a host as resistant if the pathogen population (hereafter, ‘infection level’) remains low in the infected host.  ‘Resistance’ and
‘tolerance’ are used as relative terms.

The xylem-limited bacterium Xylella fastidiosa (Xf) is the etiological agent of the epidemic Pierce’s disease (PD) in
grapevines (Purcell 1997, Hopkins and Purcell 2002). PD symptoms include leaf scorch, irregular maturation of the cane, and
dieback of the apex of the plant (Krivanek et al. 2005).  Although Vitis vinifera cultivars are generally susceptible to Xf
infection (Krivanek and Walker 2005), anecdotal field observations (A.H. Purcell and J. Hashim-Buckey, personal
communication) and a few experimental studies (e.g. Raju and Goheen 1981; Fry and Milholland 1990; Krivanek et al. 2005)
indicate that differences exist in symptom severity among varietals.  Indeed, symptom severity is correlated with the infection
level of the host (Fry and Milholland 1990; Alves et al 2004; Krivanek and Walker 2004).  In addition to variation in
symptom severity, bacterial populations may also affect vector transmission efficiency among varietals as it has been shown
that Xf transmission efficiency depends on the level of infection in the source plants (Hill & Purcell 1997).  A greater
exposure to bacteria can increase acquisition efficiency and, subsequently, the inoculation rate. This report includes data on
evaluations of bacterial population growth and the transmission efficiency of glassy-winged sharpshooter (GWSS) among
several commonly used grape varietals.

OBJECTIVES
1. Evaluating the degree of varietal susceptibility to Xf infections
2. Comparing Xf transmission efficiency by the glassy-winged sharpshooter among grape varietals
3. Measuring overwinter recovery from infection for different grape varietals

RESULTS AND DISCUSSION
Objective 1.
Variation in Xf populations colonizing different host plant species have been documented previously (e.g. Alves et al. 2004;
Krivanek et al 2005).  Our objective was designed to evaluate the extent of host colonization and symptom severity among
eighteen varieties of Vitis vinifera that are commonly used in California.  In March 2009 grape cuttings were needle-
inoculated with the STL strain of Xf at the base of the main shoot (n=22 per variety).  We reported the results of symptom
development among several commonly used grapevine varieties in a previous report.  We also quantified bacterial
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populations in the petioles of respected varieties using quantitative PCR (Figure 1a, b).  Our ANOVA results (repeated-
measures) showed significant differences among varieties in bacterial populations within petioles (F13, 166 = 2.4, P = 0.005).
There was no significant effect of sampling week 8 (Figure 1a) or 12 (Figure 1b) on the bacterial populations (F1, 166 = 0.13,
P = 0.7).  No interaction between variety and sampling date was detected (F13, 166 = 1.55, P = 0.10). Grenache Noir and
Crimson seedless formed a statistically homogeneous subset with the lowest bacterial populations.  Rubired, Merlot, French
Colombard, Syrah, Pinot Noir, Cabernet Sauvignon, Thompson Seedless, Barbera, Ruby seedless, Red Globe, and
Chardonnay were the 11 varieties forming a statistically homogeneous intermediate subset (varieties are arranged in an
ascending order of infection level).  Flame seedless was the single variety with the greatest bacterial population in petioles,
which did not fall into any of the above subsets (Figure 1a, b).  By comparing bacterial population growth and symptom
severity it can be safely concluded that Rubired represents one of the least susceptible varieties tested in this study.
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Figure 1. Scatter plots of mean infection levels (qPCR) versus mean symptom development scores (0 to 5 scale) for each of
the 14 tested grape varieties (N=20 for most varieties); a) week 8, b) week12. Error bars represent ±1se.
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We are currently in the process of analyzing petioles samples of another time block of the similar experiment with a subset of
10 varieties.  We chose to perform a second time block as we thought some of the variations in symptom development during
our summer experiment (Figure 1a) could have been affected by random environmental factors.  Symptoms have been
scored for the latest time block on weeks 8, 12, 16 and 20 (results not presented here) and following the completion of our
quantitative PCR analysis our goal would be to establish an objective measure to categorize grape varietals base on their
degree of susceptibility to Xf infection.  This will be done by contrasting bacterial population level against symptom severity
score in every single variety (currently in progress).

Objective 2:
Three hundred and ninety six GWSS were caged individually on 22 mechanically inoculated plants of each of the 18 varieties
for a 48-hour acquisition access period.  Insects were moved individually to a healthy host of the same variety and were
allowed to feed for six days (inoculation access period).  After four months petioles of the test plants were cultured on PWG
medium to detect successful transmission events. Data from source plants, which tested negative for Xf presence based on
the quantitative PCR data from ‘objective 1’, were not included in the transmission rate analyses.  A binary logistic
regression model with variety as a category, date as a repeated category, and infection level as a covariate (continuous)
showed that transmission success of the glassy-winged sharpshooter was independent from plant genotype (Wald X13

2= 8.13,
P= 0.83), transmission date (Wald X1

2= 0.89, P= 0.35) and infection level of the source plant (Wald X1
2= 0.16, P= 0.68;

Figure 2) (mean infection level (± SE): Successful transmissions, 6382.5 (700.6); failed transmissions, 6395.5 (212)).  Our
finding is also supported by Lopes et al (2009), who detected no association between host plant species (with different
infection levels) and GWSS transmission.  In contrast, Hill and Purcell (1997) showed that a relationship between the
infection level of the source plant and the probability of a successful transmission is expected. Our failure to find a
relationship may be the result of an overall low successful transmission incidence or the relatively low variations in bacterial
populations among varieties.  Indeed, with the exception of Flame Seedless, Crimson Seedless and Grenache noir, the rest of
the tested varieties formed a statistically homogeneous group with respect to bacterial populations.  In addition, the GWSS
tends to prefer stem tissue rather than leaf petioles for feeding.  Testing of stems to determine Xf populations in that tissue is
more challenging and such large experiments would not have been possible.  Ongoing studies are addressing this question in
more detail.
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Objective 3 (in progress):
Twenty cuttings of 11 commonly used grapevine varieties have been inoculated with STL strain of Xf in July 2010.  All
inoculated plants will be tested to confirm successful inoculations.  Infected plants are scheduled to be transferred to an
outdoor facility in November 2010.  Starting April 2011, petioles of the experimental plants will be tested for Xf presence by
PWG culturing.  The goal of these assays is to determine overwinter recovery of varieties from Xf infections during the
previous year.

In addition to the objectives listed in this report, our original proposal includes questions addressing GWSS feeding behavior
and its role in transmission and pathogen spread.  In particular, we are investigating host-choice as well as within-host
feeding site preference of the GWSS.  In previous reports we presented our findings on feeding site selection and its link to
bacterial acquisition efficiency.  Briefly, we showed that in spite their preference to feed on stem tissue, possibly due to

Figure 2: An illustration of the overall relationship between the transmission rate and the
bacterial infection level of the source plant.
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background matching behavior, GWSS acquire more bacterial cells from petioles and leaves (although statistically non-
significant).  This part of the study is currently under review for publication.  The GWSS’s response to bacterial presence as
well as visual PD symptoms is also under investigation.

CONCLUSIONS
This study follows a recommendation by the PD advisory panel and aims to objectively quantify Xf-resistant and Xf-tolerant
varietals and the role of GWSS in spreading Xf. We showed the variability of symptom development and bacterial
population growth among several grape varieties.  Although our final results is pending upon completion of our second time
block analysis, so far we showed that Flame seedless has the greatest bacterial population growth compared to the other
tested varieties.  The varieties Grenache Noir and Crimson Seedless had the lowest bacterial population growth.  The
transmission efficiency of the GWSS did not differ among our tested varietals.  Likewise, the transmission efficiency was not
affected by the variations in the bacterial population levels.  Experiments are ongoing and our final results can be used to
evaluate the feasibility of using existing Vitis vinifera cultivars to control PD spread by quantifying resistance, tolerance, and
GWSS behavior for several important table and wine grape varietals.  This work will provide recommendations to growers in
affected areas on which varietals to use in order to minimize and contain the pathogen spread.
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ABSTRACT
Multiple subspecies of the phytopathogenic bacterium Xylella fastidiosa (Xf) exist which are pathogenic to distinct plant
hosts, such as grapes, oleander, almonds, and citrus.  Previously, DNA sequence analysis of the mopB and gyrB genes has
been used to separate Xf strains into their subspecies groups.  In this study, DNA sequence analysis of the Zonula occludens
toxin (Zot) gene was used to corroborate the genetic variation found between 44 Texas strains of Xf. This approach provided
variable gene sequences that allow for categorization of Xf at both the subspecies and population level. In silico translation
of the Zot gene sequence, and subsequent protein model predictions showed conserved secondary structure, transmembrane
regions, and signal cleavage sites despite differences in amino acid code.  Results of the analysis of this gene were consistent
with the phylogeny found using the more conserved mopB and gyrB genes at the subspecies level and can be used to
differentiate populations within subspecies.  The analysis of these variable genes and gene regions provide additional
opportunities for new diagnostic and disease management techniques.

LAYPERSON SUMMARY
In this study, we sequenced one of the genes, the Zot gene, in the Xylella fastidiosa (Xf) genome. Xf has been implicated as
the cause of several plant diseases that cause plant death and crop loss, including Pierce’s disease (PD), almond leaf scorch,
and citrus variegated chlorosis.  By identifying and comparing the sequences of Zot, which has been implicated as a disease
causing gene, we are able to determine the relationship of the different Xf subspecies, and may also be able to identify
different populations of Xf, such as those from California versus those from Texas.  This will allow researchers to track the
spread of PD, among others, and may be useful in detailing the mechanisms by which Xf causes disease.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram-negative, xylem-limited, fastidious, insect-transmitted, gammaproteobacteria (Wells et al.
1987).  Five subspecies of Xf exist, including Xf fastidiosa which causes Pierce’s disease (PD), Xf sandyi which cases
oleander leaf scorch (OLS), Xf multiplex which causes almond leaf scorch (ALS), Xf pauca which causes citrus variegated
chlorosis (CVC), and Xf tashke (Purcell 1997, Schaad et al. 2004, da Silva et al. 2007, Randall et al. 2009). Xf has distinctly
different host ranges; though some strains of Xf are only pathogenic in a single host species, others cause disease in a variety
of hosts (Hopkins and Purcell 2002, Almeida et al. 2003).  As much as 30% of the Xf genome is prophage in origin(Simpson
et al. 2000, Van Sluys et al. 2003, Monteiro-Vitorello et al. 2005).  Other research has shown that most of the sequence
variation in Xf subspecies occurs in coding regions derived from bacteriophages (de Mello Varani et al. 2008).

The Zonula occludens toxin (Zot) in Xf strains has been suggested as a new potential virulence factor in CVC caused by Xf
9a5c, a member of subspecies pauca (da Silva et al. 2007). Zot genes are also found in the genomes of several other
gammaproteobacteria, including Vibrio cholera, Xanthomonas campestris, Stenotrophomonas maltophilia and Ralstonia
solanacearum (Koonin 1992, Johnson 1993, Chang et al. 1998, Hagemann et al. 2006).  The Zot gene found in V. cholerae
has great sequence similarity to the protein product I (pI) of the filamentous phage Pf1, and is most likely derived from a Pf1-
like phage (Koonin 1992).  The pI protein, which shares similarity to many Zot proteins in Xf, has both an extracellular and
intracellular region, and is necessary for phage packing and transport across the cell membrane in many filamentous phages
(Koonin 1992, Di Pierro et al. 2001, Schmidt et al. 2007).  A homologous protein of the Zot family is found in many Vibrio
cholerae strains and has been linked to disruption of tight junctions (Johnson 1993), and diarrheagenicity in V. cholerae that
lack the cholerae toxin (Di Pierro et al. 2001).  A Zot gene can also be found in strains of pathogens that, like Xf, are found in
the Xanthomonadaceae family, namely Xanthomonas campestris, which causes lesions and loss of water in plant tissue
(Block et al. 2005), and a Stenotrophomonas maltophilia strain, which can cause severe health problems such as endocarditis
and bacteremia (Hagemann et al. 2006).  A search of available Xf genomes in NCBI reveals that each Xf strain possesses
multiple copies of Zot genes (Schreiber et al. 2010).  Three distinct subgroups exist amongst these Zot genes.  Most abundant
are the members of the Zot1 subgroup, which are found in PD strains Temecula1, M23, GB 514, and Ann-1 (Schreiber et al.
2010).

OBJECTIVES
1. Sequence the Zot1 gene in Texas strains of Xylella fastidiosa
2. Translate the Zot1 nucleotide sequence in silico to identify amino acid changes
3. Identify changes in predicted protein structure resulting from changes in amino acid sequence
4. Analyze the phylogeny of the Zot1 gene in Texas strains of Xylella fastidiosa
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RESULTS AND DISCUSSION
Subspecies identification was performed using gyrB and mopB (Morano et al. 2008) (Table 1).  Direct sequencing yielded 41
Zot1 sequences useful for phylogenetic analysis.  Quality trimming yieldegd 861bp sequences that shared 96.0% sequence
identity.  The sequences were fairly divergent, with XX synonymous substitutions and XX nonsynonymous substitutions.  The
Texas strains identified as subspecies fastidiosa differed from California fastidiosa strains in six fixed, synonymous
substitutions.  These substitutions were found in the middle region of Zot1, and may prove to be useful in identifying populations
of subspecies fastidiosa in the future.  Subspecies fastidiosa sequences shared 98.9% identity, subspecies sandyi sequences
shared 99.7% identity, and subspecies multiplex sequences shared 96.1% identity.  The increased divergence between subspecies
multiplex Zot1 sequences may be a result of the larger number of hosts that the multiplex strains were collected from.

Table 1. Sample ID, Collection Site, County of Collection, Host Plant, Scientific Name of Host Plant, and Subspecies ID.
Sample ID Collection ID County Host Plant Scientific Name Subspecies ID
A MCC CER 040 McCulloch Vigonier grape Vitis vinifera fastidiosa

B VAL VAL 041 Val Verde Herbemont grape Vitis sp. cross fastidiosa

C LLA FAL 747 Llano Chardonnay grape Vitis vinifera fastidiosa

D XFJK 13.87 Erath Glassy-winged sharpshooter Homalodisca vitripennis fastidiosa

E LLA FAL 634 Llano SO4 Rootstock for grape Vitis sp. cross fastidiosa

F XFJK 12.57 Erath Cabernet Sauvignon grape Vitis vinifera fastidiosa

G XFJK 12.69 Erath Zinfandel grape Vitis vinifera fastidiosa

H XFJK 14.11 Erath Ruby Cabernet grape Vitis vinifera fastidiosa

I GIL GRA 315 Gillespie Wine grape Vitis vinifera fastidiosa

J 2018 GIL 007 Gillespie innoc. Chardonnay,
reisolated

Plantanus sp. (Vitis sp.) fastidiosa

K BAN POL 055 Bandera Black Spanish grape Vitis sp. cross fastidiosa

L HEN GRA 038 Henderson Blanc du Bois grape Vitis sp. cross fastidiosa

N LLA FAL 738 Llano SO4 Rootstock for grape Vitis sp. cross fastidiosa

O LLA FAL 745 Llano SO4 Rootstock for grape Vitis sp. cross fastidiosa

1 GIL BEC 514 Gillespie Wine grape Vitis vinifera fastidiosa

2 GIL BEC 519 Gillespie Wine grape Vitis vinifera fastidiosa

3 GIL BEC 528 Gillespie Wine grape Vitis vinifera fastidiosa

4 GIL GRA 316 Gillespie Wine grape Vitis vinifera fastidiosa

5 MCC CER 011-1 McCulloch Cabernet Sauvignon grape Vitis vinifera fastidiosa

7 TRA FLA 338 Travis Muscat Blanc grape Vitis vinifera fastidiosa

8 TRA FLA 380 Travis Tinta Madiera Vitis vinifera fastidiosa

9 VAL VAL 033 Val Verde Black Spanish grape Vitis sp. cross fastidiosa

10 XFJK 21.4 Erath Ruby Seedless grape Vitis vinifera fastidiosa

11 MED PRI 023 Medina Oleander Nerium oleander sandyi

12 MED PRI0 45-1 Medina Oleander Nerium oleander sandyi

13 MED PRI 047 Medina Oleander Nerium oleander sandyi

14 MED PRI 049-2 Medina Oleander Nerium oleander sandyi

15 MED PRI 054 Medina Oleander Nerium oleander sandyi

18 BAN POL 039 Bandera Golden Rod Solidago sp. multiplex

20 GIL BEC 626B Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex

21 GIL BEC 627 Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex

22 GIL BEC 628A Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex

24 GIL GRA 281 Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex

27 KIM 001 Kimble Redbud Cercis canadensis multiplex

28 KIM 004 Kimble Redbud Cercis canadensis multiplex

30 LLA FAL 651 Llano Heart leaf Peppervine Ampelopsis cordata multiplex

31 LLA FAL 718A Llano Narrow leaf Sumpweed Iva texensis multiplex

33 LLA FAL 752 Lamar Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex

34 MCC CER 044 McCulloch Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex

36 UVA 122A Uvalde Sycamore Plantanus sp. multiplex

37 UVA 521-2B Uvalde Red Bud Cercis sp. multiplex

38 UVA TAM 115 Uvalde Western Soapberry Sapindus saponaria L. var. drummondii multiplex

39 VAL VAL 072A Val Verde Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex
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The Zot1 nucleotide sequences were then translated in silico to identify amino acid differences.  This produced sequences of
281 amino acids long that shared 96.4% identity.  These sequences were submitted to Pfam for identification (Finn et al.
2008).  Each sequence was noted as belonging to the Zot protein family with an error value greater than 5e-10.  Tertiary
structure homology was predicted using the PHYRE program (Kelly and Sternberg 2009).  The PHYRE search identified the
N-Terminus of the Zot protein of Neisseria meningitidis (PDB code 2R2A) (data not shown) as the most similar structure to
the sequences submitted, with a minimum error value of 2e-10.  This, too, points to a conserved structure in the Zot1 protein in
Xf. The Zot1 protein sequences were then subjected to secondary-structure prediction, transmembrane region prediction, and
signal sequence cleavage site prediction (Figure 1) (Drummond et al. 2009).  The predicted secondary structures, signal
sequence cleavage sites, and transmembrane regions were very similar, indicating a degree of conservation amongst the
structure of Zot1 proteins, despite the divergent nucleotide sequences.  Particularly promising, the signal cleavage site
predictions indicate two areas where cleavage may occur.  The Zot protein is known to have a cleaved, exotoxic C-Terminus
in Vibrio cholerae (Di Pierro et al. 2001).  The predicted cleavage sites closest to the C-Terminus in the Zot1sequences from
Xf correspond to the expected cleavage site of the Zot protein in other bacteria.  Additionally, these regions of the Zot1
protein exhibits 98.7% sequence identity, higher than the average for the entire sequence.  Further research to determine the
exact cleavage site of the Zot1 protein.

Figure 1. Protein structure prediction produced using EMBOSS tool plug-in for Geneiousv. 5.1.  A
representative sequence from each phylogenetic cluster is represented to display structure homology across
groups.  Cellular region is indicated by pink arrows, transmembrane regions are indicated by red arrows,
signal cleavage sites are indicated by green arrows.  Secondary structure prediction is above the amino acid
sequence.  Blue arrows indicate turns, yellow arrows indicate alpha helices, and purple cylinders indicate
beta sheets.
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Phylogenetic analysis yielded a tree topology that was predicted by the gyrB and mopB identification (Figure 2).  The Texas
samples of this study were supplemented with sequences retrieved from NCBI’s GenBank, including two sequences from
both Xf M23 and Temecula1, one sequence from Xf Ann-1, and three Zot1 sequences previously sequenced in house.  Though
recombination blurred distinctions between groups, sequences separated into complexes according to their subspecies.  These
complexes are highly supported, as evidenced by their high bootstrap values.  Additionally, the California fastidiosa strains
(Xf M23 and Temecula1) separated from the Texas fastidiosa strains (Xf Texas 1 and Samples 10, K, N, and O).  The group
composition of the complexes was not reflective of geographic proximity or host plant identity (data not shown).  The high
degree of similarity between sequences despite geographic range, and the high levels recombination indicate a large amount
of mixing between different strains of Xf.

Figure 2. Phylogenetic tree produced using the Maximum-Likelyhood method and the HKY
evolutionary model with a ratio of 0.774 invariable sites, four categories of substitution, and a gamma
shape of 0.931.

Little is known about the Zot protein’s structure due to the complexity of isolating Zot for analysis as a result of its
transmembrane region (Koonin 1992, Hagemann et al. 2006, Schmidt et al. 2007). In silico translations and structure
predictions offer great insights into protein function and classification and has been found to be accurate and sensitive.  By
using in silico analysis, the sequence variation found in Zot1 genes between subspecies has been shown to yield differences
in protein structure.  Predictive modeling shows that the variation found in the amino acid code does not translate to altered
protein structure.  This similarity in structure, despite changes in both the nucleotide and amino acid code, indicates that the
Zot1 gene may not be evolving due to host-pathogen interactions.

The first step in determining host range in differentially pathogenic bacteria is placing the bacteria into clades (Morano et al.
2008).  Many techniques for identification and classification exist; however, the complexity of Xf pathogen makes
categorization based on morphology or pathogenicity difficult (Almeida et al. 2003).  Additionally, Xf has been shown to
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have limited genomic variability within clades and region, and that the majority of strain specific genes occur in prophage
regions, though they contain genomic islands which enable rapid evolution (Van Sluys et al. 2003).  Techniques that focus on
classification based on well conserved regions shared by all Xf subspecies might then miss putative evolutionary growth and
adaptation.  The Zot1 gene insertion is an excellent target for QRT-PCR, and the small sequence differences can be targeted
by restriction enzyme digestion analysis for quick and accurate identification and classification of Xf subspecies and
populations.

CONCLUSIONS
Comparative analysis Zot1genes and proteins provide accurate, population level differentiation therefore allows researchers
greater ability to track the spread of economically important phytopathogens.  Additionally, in silico translation and analysis
of Zot1 describes in greater detail differences between strains, and describes possible conformation changes that result from
sequence changes between strains.  Taken together, these results show that Zot1 is a useful target for differential sequence
analysis and can be used to elucidate the phylogenetic history of Xf, and its spread through the U.S.
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ABSTRACT
Xylella fastidiosa (Xf) is a Gram-negative gamma proteobacteria that is responsible for several economically important plant
diseases.  The Zonula occludens toxin (Zot) is an exotoxin produced and secreted by Xf that has been suggested as a potential
virulence factor in other research.  This report is a description of the recombination rates, nucleotide diversity, and rates of
linkage disequilibrium of both the Zot gene and the housekeeping gene gyraseB (gyrB).  The Zot gene has a much higher
degree of nucleotide diversity, recombination rate, and less intragene linkage disequilibrium.  This indicates that the Zot gene
is undergoing more selection pressure than the gyrB gene.  Additionally, this report suggests that Xf has higher than reported
rates of recombination, but that this recombination is masked by similar sequence identity.

LAYPERSON SUMMARY
In this study, we examined the rates of recombination in two genes in the Xylella fastidiosa (Xf) genome.  Recombination
occurs when strands of DNA interact, and sometimes switch. These instances occur in bacteria when bacteriophages, viruses
that infect bacteria, insert their genetic material into a bacterial cell, when bacteria undergo a form of mating, called
conjugation, or when bacteria uptake foreign DNA from outside of their cell.  Recombination plays an important role in
evolution, by rearranging chromosomes, inserting new genetic sequences, or exchanging bits of genes from one strand of
DNA to another.  It is an important source of mutation in bacteria, and little work has been done to study recombination in Xf.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram-negative, xylem-limited, fastidious, insect-transmitted, gamma proteobacteria (Wells et al.
1987).  Five subspecies of Xf exist, including Xf fastidiosa which causes Pierce’s disease (PD), Xf sandyi which cases
oleander leaf scorch , Xf multiplex which causes almond leaf scorch, Xf pauca which causes citrus variegated chlorosis
(CVC), and Xf tashke (Purcell 1997, Schaad et al. 2004, da Silva et al. 2007, Randall et al. 2009). Xf has distinctly different
host ranges; though some strains of Xf are only pathogenic in a single host species, others cause disease in a variety of hosts
(Hopkins and Purcell 2002, Almeida et al. 2003).  As much as 30% of the Xf genome is prophage in origin (Simpson et al.
2000, Van Sluys et al. 2003, Monteiro-Vitorello et al. 2005).  Research has shown that most of the sequence variation in Xf
subspecies occurs in coding regions derived from bacteriophages (de Mello Varani et al. 2008).  High rates of chromosomal
rearrangements, recombinations, and gene loss has been detected in the prophage regions of Xf (Monteiro-Vitorello 2005).
The Zonula occludens toxin (Zot) has been suggested as a new potential virulence factor in CVC caused by Xf 9a5c, a
member of subspecies pauca (da Silva et al. 2007). Zot genes are also found in the genomes of many other pathogenic
bacteria, including Vibrio cholera, Xanthomonas campestris, Stenotrophomonas maltophiliaand Ralstonia solanacearum
(Koonin 1992, Johnson 1993, Chang et al. 1998, Hagemann et al. 2006).  The Zot genes in Xf appear in prophage regions of
the genome (Monteiro-Vitorello et al. 2005, de Mello Varani et al. 2008).  Several of these Zotgenes share sequence
homology with the Zotgene found in Vibrio cholera, which is derived from the pI protein of a bacteriophage (Johnson 1993).
The prophagic pI protein is integral to proper virus packaging and export (Change et al. 1998).  A search of available Xf
genomes in NCBI reveals that each Xf strain possesses multiple copies of Zot genes (Schreiber et al. 2010).  Three distinct
subgroups exist amongst these Zotgenes.  Most abundant are the members of the Zot1 subgroup, which are found in PD
strains Temecula1, M23, GB 514, and Ann-1 (Schreiber et al. 2010).

Recombination events can affect bacterial evolution (Maynard Smith et al. 1994), but little work on the recombination of
prophage regions of Xf has been done.  Recombination rates have been shown to affect clonal complex composition and
influence the phylogenetic structure of Xf(Scally et al. 2005).  However, short divergence times, and a low rate of mutation
has led to a high degree of clonality amongst Xf strains (Schuenzel et al. 2005).  This high degree of similarity means reduces
the chances of accurately identifying recombination rates, as recombination events between identical sequences are
undectable via sequence analysis (Posada et al. 2002).  As such, only a small fraction of recombination events are accurately
identified in sequences with high degrees of similarity (>99%), resulting in underestimates of recombination rates (Hudson
and Kaplan 1985).

This study is a presentation of materials describing the differences in recombination between a housekeeping gene, gyrB, and
a prophage gene with significant sequence divergence, Zot1.  The gyrBgene was chosen because of its use in phylogenetic
analysis and its conserved nature (Morano et al. 2008), while the Zot1 gene was chosen because it is most prevalent amongst
the PD strains of Xf, is significantly divergent, and is prophage in origin.



- 71 -

OBJECTIVES
1. Sequence the Zot1and gyrBgenes in Texas strains of Xf.
2. Identify areas of recombination using visual inspection methods as well as in silico analysis.
3. Compare rates of recombination between a prophage gene, Zot1 and a housekeeping gene, gyrB.

RESULTS AND DISCUSSION
Subspecies identification was performed using gyrB and mopB (Morano et al.2008) (Table 1).  Quality trimming of the Zot1
sequences yielded 861bp sequences that shared 96.0% sequence identity.  The sequences were fairly divergent, with 69
synonymous substitutions and 35nonsynonymous substitutions.  Quality trimming of the gyrB sequences yielded 631bp
sequences that shared 99.0% sequence identity.  The gyrB sequences contained 15 synonymous substitutions and
3nonsynonymous substitutions.  This indicates that the Zot1 gene is more divergent than the gyrB gene.

Table 1. Sample ID, Collection Site, County of Collection, Host Plant, Scientific Name of Host Plant, and Subspecies ID.
Sample ID Collection ID County Host Plant Scientific Name Subspecies ID

A MCC CER 040 McCulloch Vigonier grape Vitisvinifera fastidiosa
B VAL VAL 041 Val Verde Herbemont grape Vitis sp. cross fastidiosa
C LLA FAL 747 Llano Chardonnay grape Vitisvinifera fastidiosa
D XFJK 13.87 Erath Glassy-winged sharpshooter Homalodiscavitripennis fastidiosa
E LLA FAL 634 Llano SO4 Rootstock for grape Vitis sp. cross fastidiosa
F XFJK 12.57 Erath Cabernet Sauvignon grape Vitisvinifera fastidiosa
G XFJK 12.69 Erath Zinfandel grape Vitisvinifera fastidiosa
H XFJK 14.11 Erath Ruby Cabernet grape Vitisvinifera fastidiosa
I GIL GRA 315 Gillespie Wine grape Vitisvinifera fastidiosa
J 2018 GIL 007 Gillespie innoc. Chardonnay, reisolated Plantanus sp. (Vitis sp.) fastidiosa
K BAN POL 055 Bandera Black Spanish grape Vitis sp. cross fastidiosa
L HEN GRA 038 Henderson Blanc du Bois grape Vitis sp. cross fastidiosa
N LLA FAL 738 Llano SO4 Rootstock for grape Vitis sp. cross fastidiosa
O LLA FAL 745 Llano SO4 Rootstock for grape Vitis sp. cross fastidiosa
1 GIL BEC 514 Gillespie Wine grape Vitisvinifera fastidiosa
2 GIL BEC 519 Gillespie Wine grape Vitisvinifera fastidiosa
3 GIL BEC 528 Gillespie Wine grape Vitisvinifera fastidiosa
4 GIL GRA 316 Gillespie Wine grape Vitisvinifera fastidiosa
5 MCC CER 011-1 McCulloch Cabernet Sauvignon grape Vitisvinifera fastidiosa
7 TRA FLA 338 Travis Muscat Blanc grape Vitisvinifera fastidiosa
8 TRA FLA 380 Travis TintaMadiera Vitisvinifera fastidiosa
9 VAL VAL 033 Val Verde Black Spanish grape Vitis sp. cross fastidiosa

10 XFJK 21.4 Erath Ruby Seedless grape Vitisvinifera fastidiosa
11 MED PRI 023 Medina Oleander Nerium oleander sandyi
12 MED PRI0 45-1 Medina Oleander Nerium oleander sandyi
13 MED PRI 047 Medina Oleander Nerium oleander sandyi
14 MED PRI 049-2 Medina Oleander Nerium oleander sandyi
15 MED PRI 054 Medina Oleander Nerium oleander sandyi
18 BAN POL 039 Bandera Golden Rod Solidago sp. multiplex
20 GIL BEC 626B Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex
21 GIL BEC 627 Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex
22 GIL BEC 628A Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex
24 GIL GRA 281 Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex
27 KIM 001 Kimble Redbud Cerciscanadensis multiplex
28 KIM 004 Kimble Redbud Cerciscanadensis multiplex
30 LLA FAL 651 Llano Heart leaf Peppervine Ampelopsis cordata multiplex
31 LLA FAL 718A Llano Narrow leaf Sumpweed Iva texensis multiplex
33 LLA FAL 752 Lamar Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex
34 MCC CER 044 McCulloch Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex
36 UVA 122A Uvalde Sycamore Plantanus sp. multiplex
37 UVA 521-2B Uvalde Red Bud Cercis sp. multiplex
38 UVA TAM 115 Uvalde Western Soapberry Sapindussaponaria L. var. drummondii multiplex
39 VAL VAL 072A Val Verde Giant Ragweed Ambrosia trifida L. var. Texana Scheele multiplex

The sequenced genes were aligned using Geneious v. 5.1.  Analysis of the sequences was performed using DnaSP to identify
sequence characteristics (Rozas et al. 2003).Nucleotide Diversity, per nucleotide (π) and average number of nucleotide
changes per gene (θ) were calculated to identify the differences in nucleotide variability between the Zot1 and gyrB genes
(Table 2).  These numbers show that the Zot1 gene has a much higher rate of variability than the gyrB gene.  The rate of
recombination per gene, R, was calculated using the minimum number of recombinations statistic (Rm) following the
protocol of Hudson and Kaplan (1987), (Table 2).  Although the minimum number of recombinations was much higher for
the Zot1 gene, the gyrBgene displayed a higher rate of recombination overall.  Finally, the rate of linkage disequilibrium of
each gene was calculated, as an indirect measure of recombination (Table 3).  The ZZ statistic of Rozas et al. (2001) was
used in place of the ZnS proposed by Kelly (1999) for greater accuracy in determining the rates of recombination.  The higher
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ZZ value of the Zot1 gene indicates a greater amount of recombination is apparent in the Zot1 gene than in the gyrBgenes.
The much larger number of informative sites, corrected using the Bonferroni calculations, for the Zot1 gene supports the
conclusion derived from the ZZ statistic.

Table 2. Results of sequence analysis using DnaSP v. 5.1.
Sequence Characteristics Test Zot gene gyrB gene
Nucleotide Diversity Nucleotide Diversity,

per nucleotide (π)
0.0355 0.0112

Average number of
nucleotide changes per
gene (θ)

29.31 2.394

Recombination Minimum number of
recombinations, Rm

20 0

Estimate of
recombination per gene,
R

4.1 6.3

Linkage Disequilibrium Fisher's Exact Test 1444 12
with Bonferroni
correction

129 11

Chi squared Test 2408 12
with Bonferroni
correction

545 11

ZZ Value 0.2371 0.2004

Coalescent simulations were performed using DnaSP v. 5.1 based on the θ statistic and the observed rate of recombination for
each gene to predict the Rm statistic and ZZ statistic in a hypothetical population (Rozas et al 2003).  Simulations were run
1000 times in order to obtain a predicted average, and a 95% confidence interval.  This average was then compared to the
observed value to identify the probability that the observed value lies outside the predicted bell curve.  The coalescent
simulations show that the observed values of the Zot1 gene lie outside the predicted bell curve for both the Rm and ZZ
statistic.  This indicates either relaxed negative selection or positive selection pressures are working on the Zot1 gene to
increase genetic diversity by overcoming negative selection sweeps that are common to gene recombination.

Table 3. Coalescent simulations performed using DnaSP v. 5.1.  Simulations were run using observed values of Rm and the θ
statistic.
Rm Observed

Value
Simulated
Average

95% confidence
interval

p-value of observed Rm statistic

Zot gene 20.00 3.49 1.00 to 7.00 0.000***
gyrB gene 2.00 2.20 0.00 to 3.00 0.681(ns)

ZZ
Statistic

Observed
Value

Simulated
Average

95% confidence
interval

p-value of observed ZZ statistic

Zot gene 0.237 0.053 -0.015 to 0.159 0.001 **
gyrB gene 0.200 0.041 -0.077 to 0.213 0.07(ns)

CONCLUSIONS
The results of the experiments performed in this project suggest that the Zot1 gene is evolving rapidly and is prone to
recombination events.  As Zot proteins have been identified as potential virulence factors, this phenomenon deserves greater
scrutiny.  Previous reports have identified relatively low rates of recombination in Xf. The high sequence similarity between
strains of Xf, as much as 98% between subspecies, may be masking high rates of recombination that leave no genetic trace
when they occur between highly similar strains. Further research into divergent regions of the Xf genome to determine actual
rates of recombination is warranted, given the rate of cohabitation common to Xf strains.
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ABSTRACT
Epidemiological studies of Pierce’s disease (PD) can be confounded by a lack of genetic information on the bacterial
causative agent, Xylella fastidiosa (Xf).  PD in grape is caused by genetically distinct strains of Xf subsp. fastidiosa (Xff), but
is not caused by numerous other strains or subspecies of Xf that typically colonize plants other than grape.  Detection assays
such as ELISA and qPCR are effective at detecting and quantifying Xf presence or absence, but offer no information on Xf
subspecies or strain identity.  Surveying insects or host plants for Xf by current ELISA or qPCR methods provides only
presence/absence and quantity information for any and all Xf subspecies, potentially leading to false assessments of disease
threat.  This study provides a series of adjacent-binding fluorescence resonance energy transfer (FRET) DNA melt analysis
probes (Cardullo et al. 1988) that are capable of efficiently discriminating Xf subspecies and strain relationships in one hour
real-time PCR reactions.

LAYPERSON SUMMARY
Pierce’s disease (PD) of grape is the single greatest factor limiting grape production in Texas.  PD outbreaks have caused
major economic loss to the grape industry in California as well. The disease is caused by a particular grape strain of a
bacterium that is spread between plants by insects that feed on grapevines.  Diagnostic tests to detect the bacterium will
detect the grape strain as well as numerous other closely related strains of the bacterium that do not cause PD.  Lack of an
efficient means to distinguish the grape strain of the bacterium from other closely related strains that cause no harm to grape
is hindering an understanding of the disease cycle.  This project provides efficient DNA-based tests to distinguish the closely
related bacterial strains from one another.

INTRODUCTION
Xylella fastidiosa (Xf) is a xylem-limited bacterium that causes leaf scorch diseases in a wide array of plant species, and it is
vectored by a number of xylophagous insects.  Several subspecies of the bacterium have been named, including Xf subsp.
fastidiosa (Xff) that causes PD in grape; Xf subspecies sandyi (Xfs) (Schuenzel et al. 2005) that causes oleander leaf scorch;
Xf subsp. pauca (Xfp) that causes citrus variegated chlorosis, Xf subsp. taschke (Xft) that causes leaf scorch in chitalpa
(Randall et al. 2007); and a genetically diverse subspecies, Xf subsp. multiplex (Xfm) that causes leaf scorch diseases in a
large number of tree species (Schaad et al. 2004; Schaad et al. 2004).  Many of the subspecies may occupy multiple hosts, but
cause disease symptoms in only a select subset of potential plant hosts (Hopkins et al. 2002).  While methods for efficient
detection of the bacterium exist, such as ELISA and qPCR, epidemiological studies can be hindered because the detection
assays commonly used detect all subspecies, but do not provide subspecies or strain identification.  Isolating and culturing
strains is a laborious and time-consuming process due to the fastidious nutritional requirements and slow growth habit of the
bacterium.  A multilocus sequence typing (MLST) system for Xf has been developed that is capable of generating sufficient
genetic information to easily discriminate subspecies and strains (Scally et al. 2005), and although the method has been
streamlined (Yuan et al. 2010), it remains a time-consuming process.  In order to complement more informative and more
time-consuming assays such as MLST, we have developed several real-time PCR probe sets capable of rapid and robust
subspecies and strain identification by DNA melt analysis.  The probe sets target many of the same genes utilized in the
established MSLT assay, so that a rapid preview of important strain differences can be generated.  These probe sets are
shown to be capable of identifying Xf DNA polymorphisms even when the Xf DNA is a small proportion of a mixed DNA
isolation containing plant, insect, and microbial DNA from other species.

OBJECTIVES
1. Develop rapid genotyping methods capable of distinguishing Xf subspecies and strains using plant and insect DNA

extractions where the proportion of Xf DNA may be very small in relation to contaminating DNA.

RESULTS AND DISCUSSION
Ten genes that have been previously identified as highly conserved among Xf strains in previous work to develop a MLST
assay (Yuan, Morano et al. 2010) were selected and aligned using VectonNTI (Invitrogen, Carlsbad CA) to visually select
informative single nucleotide polymorphisms (SNPs).  Alignments included the 26 stains used in the MLST project.
AlleleID software (Premier Biosoft International, Palo Alto, CA) was used to align sequences and indicate SNPs that could
potentially discriminate between the fully sequenced type strains for each Xf subspecies.  AlleleID was then used to design
adjacent-binding FRET probes for DNA melt assays to discriminate the SNP differences.  Real-time PCR was carried out in a
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384-well Roche LightCycler 480 real-time PCR instrument.  Immediately following amplification, a DNA melt assay was
conducted by annealing probe and amplicon, then ramping up sample temperature while continuously collecting fluorescence
data.  Melt curves and negative first derivative plots of DNA melt data were generated with the melt curve analysis module in
the LightCycler software suite.  An example of  two SNPs used for Xf probe design are shown in Figure 1.

Figure 1. Partial DNA sequence alignment of the Xf nuoN gene.  Forward primer, fluorescent probe, and quencher
probe binding sites are shown above the type strains for Xfm (Dixon), Xff (Temecula), and Xfs (Ann-1).  Identical
sequence has a blue background while SNP positions have a white background.

For the nuoN gene, two variable sites are present within the sequence of the quencher probe.  The probe is designed to have
100% identity to the Xfm strains described in the MLST work.  The quencher probe has 1 G/C mismatch with the Xff nouN
amplicon at the 15th nucleotide.  The quencher probe has two mismatches with the Xfs nuoN amplicon, a C/T mismatch at the
5th nucleotide and the same G/C mismatch as with Temecula at the 15th nucleotide from 5’ to 3’ (quencher probe reverse
complement is shown in Figure 1).

Figure 2.  Melting analysis of Xf strains using nuoN FRET probes.  The quencher probe has 100% sequence identity
to the Dixon strain of Xfm, and the melt is indicated in green.  The Temecula strain of Xff has a single base mismatch
with the probe and its melt is indicated in blue.  The Ann-1 strain of Xfs has two mismatches with the probe, and its
melt is indicated in red.

The melting curves for the nuoN gene allow easy discrimination between the Xfm, Xff, and Xfs type strains by using only 2
adjacent-binding DNA FRET probes (Figure 2).  As expected, the Xfm melt has the highest melting temperature (Tm) at
60.7° C, since the probe has 100% sequence identity to the Dixon Xfm strain.  The Temecula Xff Tm is slightly lower at
59.07° C due to the 1 bp mismatch between the probe and Xff amplicon.  The Ann-1 Xfs melt displays two Tm’s, one at
59.07° C, equivalent to the Xff melt, and due to the same mismatch that occurs in Xff. The second Xfs Tm is at 50.53° C, and
gives the Xfs melt profile two distinctive and characteristic troughs, allowing extreme ease of interpretation in scoring melt
differences.  Additionally, the nuoN probes function equally well when used on pure DNA from axenically-grown cultures,
or when used on plant or insect DNA extractions where the proportion of Xf DNA is a very small part of a complex DNA
sample.

1 10210 20 30 40 50 60 70 80 90(1)
--GTGTACCTGGGGCTTGAGCTGTTG----------------------------------------------------------------------------nuoN F primer (1)
------------------------------------------------------------------------------------------------------nuoN R primer rc (1)
------------------------------------------------TTGGGGTCAATCGCGATA------------------------------------nuoN Quencher Probe rc (1)
---------------------------CGCTTTGTTCCTATGCGTTG-------------------------------------------------------nuoN Fluorescent Probe rc (1)
TGGTGTACCTGGGGCTTGAGCTGTTGGCGCTTTGTTCCTATGCGTTGGTTGGGGTCAATCGCGATAGCAAAATATCGACTGAGGCAGCGATGAAGTACATCGnuoN Dixon (1)
TGGTGTACCTGGGGCTTGAGCTGTTGGCGCTTTGTTCCTATGCGTTGGTTGCGGTCAATCGCGATAGCAAAATATCGACTGAGGCAGCGATGAAGTACATCGnuoN Temecula (1)
TGGTGTACCTGGGGCTTGAGCTGTTGGCGCTTTGTTCCTATGCGTTGGTTGCGGTCAATCGTGATAGCAAAATATCGACTGAGGCAGCGATGAAGTACATCGnuoN Ann-1 (1)
TGGTGTACCTGGGGCTTGAGCTGTTGGCGCTTTGTTCCTATGCGTTGGTTG GGTCAATCG GATAGCAAAATATCGACTGAGGCAGCGATGAAGTACATCGConsensus (1)

Xfs

Xff

Xfm
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nuoN off – types

Figure 3. Melt analysis of 93 insect DNA extractions using the nuoN probe set.  Melt standard curves included in the
analysis are Dixon Xfm in green, Temecula Xff in blue, and Ann-1 Xfs in red.  Insect sample melts are gray, except for several
with unusual melt characteristics that are black and indicated by the arrow.

As a step in developing these assays, non-specific DNA binding dyes such as sybr green I and LCgreen plus were explored as
an inexpensive option in developing a multilocus melt typing assay for Xf. These assays were unsatisfactory due to close and
variable melting temperatures when using pure DNA from cultured type strains.  The assays were simply unusable when
amplifying Xf DNA from plant and insect DNA extractions, presumably due to melt variation caused by novel alleles not
encountered in sequence databases when designing assays, as well as by inherent variation in melting PCR amplicons with
non-specific DNA binding dyes.  This probe-based genotyping method is robust in the face of unexpected genetic variation,
and highly consistent due to short probe length.  For example, Figure 3 shows nuoN melting curves from a number of insect
DNA extractions.  A group of samples, all from Gillespie County Texas do not show the characteristic melt of Xfm, Xff, or
Xfs.  Instead, these samples all melt at 55.44° C.  The nuoN assay alone would not be sufficient to group these samples with
any of the identified subspecies.  Additional probe melt assays with genes such as lacF, petC, pilU, and gyrB have identified
these nuoN off-types as Xfm (Figure 4).  Thus, a novel nuoN allele has been identified for Xfm in insect samples from
Gillespie County Texas.  Probe-based melt analysis may be used in this way to quickly and efficiently screen for strains that
should be given a more thorough genetic evaluation by additional methods.
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Figure 4. Melt analysis of nuoN off-types using the gyrB probe set.  Melt standard curves included in the analysis are Dixon
Xfm in green, Temecula Xff in blue, and Ann-1 Xfs in red.  Off-types from the nuoN probe melt analysis are black. Xfm and
Xfs have identical melts with the gyrB probe set, and all nuoN off-types show a non-Xff melt profile.

CONCLUSIONS
Probe-based DNA melt assays for several Xf genes have been developed that allow rapid discrimination of subspecies and
strain relationships.  The assays are efficient, requiring little DNA template, so that Xf DNA can be genotyped even if it is a
small proportion of the DNA in a sample originating from a plant on insect DNA extraction.  Many of the genes in the assay
are already part of a MLST assay for Xf, so that the probe-melt assay may complement the MLST assay as an indicator of
samples that require genotyping of greater depth.
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ABSTRACT
Xylella fastidiosa (Xf) is a bacterium that can cause leaf scorch disease in many plant species, is an asymptomatic colonizer of
many plant species, and cannot successfully colonize other plants (Hopkins et al. 2002). Although some molecular
determinants of successful colonization have been discovered (Chatterjee et al. 2008), much work remains in order to unravel
the genetics of host specificity in various Xf strains.  Additionally, the same can be said of virulence determinants.  Many
questions remain about why certain strains cause disease in one plant species but not in other species (Almeida et al. 2008).
This project is an attempt to develop a high-density DNA marker system that can quickly and efficiently screen for variation
in the Xf genome at hundreds of loci.  Hundreds of highly conserved Xf genes have been aligned using the seven fully
sequenced Xf genomes currently available, and the alignments have been screened for informative DNA polymorphisms.  A
multiplex PCR strategy using amplification tags has been employed (Boutin-Ganache et al. 2001), and electrophoresis in
capillary sequencing instruments is being utilized to accurately assess DNA amplicon size differences.  A 50 marker proof-
of-concept test has been conducted and marker number is being increased towards a goal of 400 total.  An evaluation of Xf
strain collections with a high-density marker system should facilitate the identification of additional genetic factors
influencing host specificity and virulence, and should provide additional information about recombination frequency among
Xf strains.

LAYPERSON SUMMARY
Different strains of the bacterium Xylella fastidiosa (Xf) cause many different plant diseases of economic significance, such
as Pierce’s disease of grape and citrus variegated chlorosis.  Different strains of Xf are specific to certain host plants and
cause disease in a small subset of potential host plants.  Many of the genetic factors that provide host specificity and
development of disease remain unknown.  This project is an effort to develop enough molecular markers in the Xf genome so
that additional genetic determinants of host specificity and disease can be mapped using Xf strain collections.

INTRODUCTION
Genetic tests for Xylella fastidiosa (Xf) range from single gene tests that only detect presence or absence of any strain of the
bacterium, either by conventional PCR (Minsavage et al. 1994) or qPCR (Schaad et al. 2002), to complete genome
sequencing projects that sequence every base pair (Simpson et al. 2000).  At one end of the spectrum, the single gene tests
produce almost no genetic information except that the target gene is conserved and present.  Either conventional PCR or
qPCR are rapid, inexpensive, and simple to analyze.  At the other end of the spectrum, complete genome sequencing is
expensive, though cost is decreasing rapidly, and time-consuming.  Although automated annotation of a genome sequence
can be accomplished with a limited number of keystrokes, the important biological data can be difficult to discern due to the
sheer volume of information to contend with.  Indeed, each of the seven completely sequenced Xf genomes contain important
answers to Xf biology that are now unexplained, even though many of the sequences have been available for years, and these
answers will be explained in months and years to come as proper questions are framed.  Genetic tests that are intermediate in
information content include multiplex PCR assays (Hernandez-Martinez et al. 2006) and multilocus sequence typing (MLST)
(Scally et al. 2005).  Multiplex PCR is as rapid and inexpensive as conventional PCR and provides information about both
presence/absence and also produces a limited amount of genetic information to distinguish subspecies as well.  Multiplex
PCR lacks the sensitivity of detection that single gene assays can achieve, and thus far has been used to amplify a limited
number of loci.  MLST involves sequencing seven housekeeping genes and it produces a few kilobases of sequence data.
The method is more time-consuming, more laborious, and more expensive than multiplex PCR, but it produces much more
genetic information than any method other than complete genome sequencing.  The amount of data produced by MLST is
easily analyzed, will easily discriminate between subspecies and strains, and can even detect genetic recombination.

While each of the genotyping methods described above may be appropriately used to answer different questions related to Xf
genetics, no method currently available can rapidly survey a large number of genetic loci.  This project is an effort to create a
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large number of genetic markers to saturate the Xf genome so that a genetic fingerprint can be rapidly generated at minimal
expense.  Presently the goal is to generate 400 informative DNA markers.  Each individual marker will have low information
content, but together, due the number of markers, a highly informative genetic fingerprint will be generated.  Roughly
assuming an average Xf genome size of 2.5 Mb, and roughly assuming an average of 2,500 genes per Xf genome, 400
markers would give average genome coverage of one marker every 6250 bp, or one marker every 6.25 genes among Xf
strains.

A densely-saturated marker system can be utilized in several ways.  There are a number of questions concerning Xf host
specificity determinants and Xf virulence determinants that could use additional tools such as these to help identify important
genomic regions in given strains that may be involved.  Very little is known about the genetics of host specificity in Xf. Any
new information would be beneficial.  While there are a number of genes that have been identified as generally important in
the colonization of plants (Reddy et al. 2007; Chatterjee, Wistrom et al. 2008), few are plant host specific.  The possibility
exists that the genetic components of disease response are entirely in the plant genome.  Given the highly interconnected
nature of other plant-microbe interactions, this seems unlikely, and a high-density marker system may help identify important
genomic regions common to most Xf infecting grape, for example.  Additionally, this marker system should provide a
substantive assessment of the importance of horizontal gene transfer in Xf strains.  In other gamma proteobacteria such as
Escherichia coli, horizontal gene transfer has been shown to be much more prevalent among virulent strains than among
commensal strains (Wirth et al. 2006).  Virulent E. coli often possess a mosaic genome composed of genetic segments from
several other E. coli groups, and additionally show higher levels of recombination and mutation than do non-pathogenic
groups.  The genes responsible for horizontal gene transfer exist in the Xf genome (Monteiro-Vitorello et al. 2005), and
recombination is detected in MLST studies using only seven genes and a limited number of isolates.  This project should, on
a broader scale, complement previous studies documenting genetic recombination in Xf strains, and could potentially help
identify additional genomic regions and genes associated with pathogenicity.

OBJECTIVES
1. Identify and align 450 informative sequence polymorphisms using all seven fully sequenced Xf genomes.
2. Design 200 insertion/deletion (indel) and 200 single nucleotide polymorphism (SNP) assays for subspecies and strain

identification.
3. Use multiplex PCR amplification to efficiently create highly informative genetic fingerprints in a single day.

RESULTS AND DISCUSSION
Complete genomes for the seven fully sequenced Xf strains have been downloaded and are being used to create gene
alignments for conserved genes.  Previous bioinformatics projects have identified conserved genes among all the sequenced
genomes (Doddapaneni et al. 2006).  The conserved genes are being aligned and screened visually for informative
polymorphisms using VectorNTI software (Invitrogen, Carlsbad CA).

Figure 1. DNA sequence alignment of the 7 available Xf genomes at the XF0613 locus.  A
representative 2 bp indel polymorphism that would allow discrimination of Xfs from other
subspecies is included in this portion of the alignment.  Forward and reverse primer binding sites are
also indicated.

In the first iteration of the project 200 indel markers are being developed.  A typical alignment is shown in Figure 1, with the
indel in the center of the sequence.  Primers are designed that flank the indel marker in areas of conserved sequence using the
primer3 website.  Primers are designed to fit in size groups so that PCR amplicons are between 100 bp and 400 bp in size.
The 200 indel markers are being amplified in multiplex PCR reactions with approximately 10 loci per reaction.  The entire
200 gene indel set will require 20 PCR reactions for marker generation.  Forward primers are labeled with an amplification
tag as previously described (Boutin-Ganache, Raposo et al. 2001).  Depending on the capillary electrophoresis instrument,
several color channels can be used for efficient data collection.  We are currently using ABI 3130 sequencing instruments
capable of three colors for samples and one color for size markers.  Amplification reactions labeled with FAM, HEX, and
NED can be pooled into the same well following PCR and data can be collected simultaneously for three different bacterial
strains.  Gene designations follow those of the Xfp genome sequencing project (Simpson and ONSA 2000).  A 10-plex
multiplex grouping with expected amplicon sizes for the seven sequenced strains is shown in Table 1.  A representative
electropherogram from a 11-plex PCR reaction is shown in Figure 2.  A 50 marker proof-of-concept experiment has already
been carried out with both local isolates and fully sequenced type strains.

390 493400 410 420 430 440 450 460 470 480(390)
GGTAATTTCATGGCAGCCAAAATGTCGGCGGTGCGCAGGCTTGTTGCAATGCAG--GAGTTGTGGATTCACGTAGCAGCCTGCGTGCTCAATTCTAAGCTGCGCXF0613 Temecula Xff (140)
GGTAATTTCATGGCAGCCAAAATGTCGGCGGTGCGCAGGCTTGTTGCAATGCAG--GAGTTGTGGATTCACGTAGCAGCCTGCGTGCTCAATTCTAAGCTGCGCXF0613 M23 Xff (124)
GGTAATTTCATGGCAGCCAAAATGTCGGCGGTGCGCAGGCTTGTTGCAATGCAG--GAGTTGTGGATTCACGTAGCAGCCTGCGTGCTCAATTCTAAGCTGCGCXF0613 GB514 Xff (390)
GGTAATTTCATGGCAGCCAAAATGTCGGCGGTGCGCAGGCTTGTTGCAATGCAG--GAGTTGTGGATTCACGTAGCAGCCTGCGTGCTCAATTCTAAGCTGCGCXF0613 Dixon Xfm (123)
GGTAATTTCATGGCAGCCAAAATGTCGGCGGTGCGCAGGCTTGTTGCAATGCAG--GAGTTGTGGATTCACGTAGCAGCCTGCGTGCTCAATTCTAAGCTGCGCXF0613 M12 Xfm (128)
GGTAATTTCATGGCAGCCAAAATGTCGGCGGTGCGTAGGCTTGTTGCAATGCAGAGGAGTTGTGGATTCACGTAGCAGCCTGCGTGCTCAATTCTAAGCTGCGTXF0613 Ann-1 Xfs (120)
GGTAATTTCATGGCAGCCAAAATGTCGGCGGTGCGCAGGCTTGTTGCAATGCAG--GAGTTGTGGATTCACGTAGCAGCCTGCGTGCTCAATTCTAAGCTGCGTXF0613 9a5c Xfp (201)
---AATTTCATGGCAGCCAAAAT---------------------------------------------------------------------------------XF0613F primer (1)
-----------------------------------------------------------TTGTGGATTCACGTAGCAGC-------------------------XF0613R primer (1)
GGTAATTTCATGGCAGCCAAAATGTCGGCGGTGCGCAGGCTTGTTGCAATGCAG GAGTTGTGGATTCACGTAGCAGCCTGCGTGCTCAATTCTAAGCTGCGCConsensus (390)
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Table 1.  Expected amplicon sizes for 10 loci amplified by multiplex PCR.

Locus Temecula Xff M23 Xff GB514 Xff Ann-1 Xfs Dixon Xfm M12 Xfm 9a5c Xfp
XF0053 88 88 88 95 95 95 88
XF1419 112 112 112 109 109 109 109
XF0294 129 129 129 127 127 127 127
XF1470 158 158 158 159 154 154 154
XF2759 179 179 179 197 197 197 197
XF2316 237 237 237 230 230 230 230
XF0388 267 267 267 267 269 269 269
XF1972 292 292 292 292 293 293 286
XF1267 345 345 345 345 355 355 345
XF0454 371 371 371 380 380 380 381

Figure 2.  A representative 11-plex amplification of Xf indel loci. Peak sizes in the electropherogram are
determined by comparison to internal size standards contained in every sample.  Size standards are indicated
by asterisks on the red line above the samples.

The second iteration of the project involves the development of 200 SNP markers. SNP markers are ubiquitous in Xf gene
comparisons, so that in cases where no suitable indel exists for amplification in a given Xf conserved gene, there are
invariably several SNPs in the gene that can be used for marker development.  The level of multiplexing possible with SNP
markers should be higher than is possible with indel markers. By using a similar amplification tag strategy to that used for
the indel markers with the addition of size adapters (Lindblad-Toh et al. 2000), an even greater number of SNPs can be
assayed per well than is possible with indel multiplex reactions, because the single base extension amplification products are
precisely known sizes a priori.  SNP markers can thus be designed in closer size ranges so that more can be analyzed per lane
in single capillary gel runs.

CONCLUSIONS
In this project we are developing a large number of molecular markers to screen the Xf genome for important traits, to detect
recombination levels, and to create a rapid and informative genetic fingerprinting system.  Numerous markers have been
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developed to date, and proof-of-concept experiments indicate that the system will perform as expected.  At this time, marker
development is approaching the halfway point.
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ABSTRACT
Xylella fastidiosa (Xf), a xylem-limited plant pathogen, causes leaf scorch diseases in many plant hosts, but individual strains
may exhibit considerable host specificity.  In previous work, we began to look at the effect of different host xylem fluids on
expression of virulence genes.  In a Pierce’s disease (PD) strain of Xf, several virulence genes were more highly expressed in
xylem fluid of grapevine vs. xylem fluid of citrus, a non-host plant for the PD strain  (Shi et al., 2010).  This finding
suggested that host range of Xf may be influenced by differential expression of virulence genes in response to different host
xylem chemistry.  This project is to further explore that hypothesis with several strain/host combinations and to investigate
components of xylem fluid that are responsible for either inducing or repressing virulence in Xf. We have inoculated strains
of Xf from grapevine, almond, mulberry (Temecula-1, Ann1, M12 and Mul024) into xylem fluid extracted from each of those
hosts and citrus to detect differential growth patterns and compare the gene expression using DNA macroarray and
microarray techniques.  Our progress in this work is described here.

LAYPERSON SUMMARY
We have shown that genes involved in disease induction by a Pierce’s disease strain of Xylella fastidiosa (Xf) were expressed
differently in sap of a susceptible plant (grape) vs. a resistant plant (citrus).  This raises the possibility that the host range of
different strains of Xf is in part due to differential regulation of bacterial genes in response to differences in chemical
components of plant sap.  We are further testing this idea by examining gene expression in Xf grown in sap with several
different strain/host combinations for which we have already defined whether the particular combinations result in
susceptibility, resistance, or tolerance. We will also examine specific chemical components of plant sap that influence
bacterial gene expression, with the goal of discovering components that could be used for practical disease control by
reducing expression of genes necessary for disease induction.

INTRODUCTION
Xylella fastidiosa (Xf) is a gram-negative gamma-proteobacterium limited to the xylem system of plants (Wells et al. 1987)
and is transmitted by xylem-feeding insects (Purcell, 1990).  It has been known to cause disease in a wide range of
economically important plants in America, such as grapevine, citrus, mulberry, almond, peach, plum, coffee, oleander, and
etc (Hopkins, 1989). Xf has been divided into four different subspecies (Schaad et al. 2004; Schuenzel. Et al. 2005): i) subsp.
fastidiosa, ii) subsp. sandyi, iii) subsp. multiplex, and iv) subsp. pauca.  The subspecies of Xf differ in host range, and strains
within some of the subspecies can also differ widely in their host specificity.  We are interested in the possible contribution of
differences in host xylem fluid chemistry in determining the host specificity of specific strains.

Xf not only causes diseases at variety of host plants, but it can grow in symptomless hosts that can serve as sources of
inoculum (Costa et al., 2004).  Our previous study reported differential growth and expression profiles of a Pierce’s disease
(PD) strain inoculated into pure sap from grapevine (a symptomatic host for PD) and citrus (symptomless with PD).  A
number of virulence-related genes were expressed at a greater level in grapevine sap compared with citrus sap.  However,
some genes had greater expression in citrus sap (Shi et al. 2010).  We have also shown differential growth and expression
patterns in sap from different genotypes of grapevines (PD-tolerant vs. PD-susceptible) with a PD strain (Shi et al.,
Unpublished data).  Understanding which specific chemical components of plant sap influence virulence gene expression
could lead to strategies for practical disease control.

OBJECTIVES
1. Assess virulence gene expression of several different host-range strains of Xf in the xylem fluid of a common set of plant

hosts.
2. Assess the influence of specific components of plant xylem fluids on the expression of virulence genes of Xf.

RESULTS AND DISCUSSION
Preparation of xylem fluid
Xylem fluid of grape, citrus, almond and mulberry was collected in August and September, 2010 in Riverside using a
pressure chamber apparatus as previously described (Anderson et al., 1992; Bi et al., 2007).  After sterilized using 0.22 um
filters, all the xylem fluids were stored at −80°C until use.



- 83 -

In total, at least 40ml fluid was needed from each plant host: four (isolates) x three (replicates) x three ml (minimum volume
for Xf growth in vitro). So far, we have collected the following amounts: grapevine (42ml), almond (12ml), mulberry (21ml)
and citrus (50ml) and are continuing to collect xylem fluid this fall.

DNA macroarray preparation
DNA macroarray membranes were prepared with 110 selected genes with putative roles in Xf virulence, as well as others
involved in the metabolism of nucleic acids and proteins, and cellular transport and stress tolerance, based on the genome
sequences of Xf 9a5c (a CVC strain) (Simpson et al., 2000) and Xf Temecula-1(a PD strain) (Van Sluys et al., 2003).  DNA
fragments (average 600 bp) of the ORFs of the 110 genes were individually amplified by specific PCR from the genomic
DNA of Xf Temecula-1, purified, and spotted onto nylon membranes (Hybond, Amersham Pharmacia Biotech Inc., NJ) using
a manual 384-pin replicator (V&P Scientific Inc., CA).  Spotted DNA was denatured with 0.4M NaOH, neutralized with
standard saline phosphate EDTA, UV cross-linked, and boiled in 0.1% sodium dodecyl sulfate (Hernandez-Martinez, 2005).
The primers for specific regions of genes XF0077, XF0889 and XF1968 were modified, because the original primers gave no
amplification.  The updated primer sequences are XF0077 (for-CGGCCTAGTGTGATAGCTT-, rev-
CCAAGTTGAACTGATCAAGAC-); XF0889 (for-GGCAAGAAACATCACCATC-, rev-CCGATTTGAAAGGTGCTC-);
and XF1968 (for-GCAAATATTGGGGAATCG-, rev-AAACTCAACGCCGAAGAT-).  In total, 74 membranes were
prepared for macroarray hybridization.  Total RNA extracted for Temecula-1 cells grown on PD3 was used to verify that the
hybridization protocol as described previously (Shi et al., 2010) was working well, and we are now growing Xf strains in the
different xylem fluids for extraction of RNA to conduct our macroarray studies.
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ABSTRACT
A draft genome of infectious but asymptomatic Xylella fastidiosa (Xf) strain EB92.1 that currently contains 2,478,730 bps of
genomic sequence in 191 contigs has been created.  By far the majority of the primary Blast hits were to Xf strain Temecula;
based on the size of the Temecula genome (2,519,802 nt); based on the size of the Temecula genome (2,519,802 nt), this
draft EB92.1 genome is ca. 98% complete. Comparative analyses of Temecula vs. EB92.1 revealed that EB92.1 is highly
similar to Temecula in both gene order and synteny.

Type I, II and V secretion system effectors are all found in Temecula and were comparatively examined in EB92.1.  No
additional Type I effectors (hemolysins or colicins) were found to date in the draft EB92.1 genome that were not found in
Temecula and the complete repertoire of known Temecula Type I effectors were found.  This might indicate that Pierce’s
disease (PD) symptoms per se are not likely caused by these effectors, although an essential role in host colonization or
adaptation is still indicated for these effectors.  However, two EB92.1 type V subtilisin-like serine protease autotransporters
were found to be only 71% and 69% identical, respectively, to their Temecula homologs, PD0218 and PD0313.  It is possible
that these variant serine proteases affect maturation of one or more Type I effectors.  This idea is under experimental
investigation.

A type II secreted Temecula lipase, PD1703, appeared to be completely missing from EB92.1.  An in vitro lipase assay
confirmed that EB92.1 showed no secreted lipase activity, while Temecula exhibited strong secreted lipase activity in the
same assay.  This lipase is an apparent lipA homolog of Xanthomonas oryzae; lipA is known to directly contribute to
pathogenic symptoms of X. oryzae.  A DNA clone carrying PD1703 conferred strong secreted lipase activity to
Xanthomonas; similar tests are underway to transform EB92.1 with this lipase.

LAYPERSON SUMMARY
Xylella fastidiosa strain EB92.1 is infectious to grapevines but causes no symptoms and has been used for biological control
of Pierce’s disease (PD).  We have determined the genomic DNA sequence of EB92.1 to 98% completion, allowing
comparisons of most genes of this strain to strain Temecula, which causes PD.  What are the PD-determining genes in
Temecula that are not found in EB92.1?  Most of the EB92.1 genes are nearly identical in gene order and protein coding with
those found in Temecula.  However, notable exceptions were found in three genes that are suspected to be involved either in
creating the symptoms of PD or in combating competitive bacterial strains in the same xylem niche.  If any of these three
genes can be proven to contribute to the disease, it will become a new molecular target with potential to control the disease.

INTRODUCTION
Type I multidrug resistance (MDR) efflux system of Xylella fastidiosa (Xf) is absolutely required for both pathogenicity, and
more importantly, survival of the Pierce’s disease (PD) pathogen in grape (Reddy et al., 2007).  Knockout mutations of the
single tolC gene in strain Temecula are extremely sensitive to compounds produced by susceptible Vitis vinifera grapes,
including phytoalexins, and mutants such as strain M1 were not recovered from Vitis vinifera grapes after inoculation (Reddy
et al., 2007).  As a part of the work involving defense compound and phytoalexin sensitivity tests, we discovered that the
wild type strain Temecula, with its lone multidrug resistance (MDR) efflux system, is much more sensitive to plant-derived
antimicrobial chemicals than most other bacterial plant pathogens, which all carry multiple MDR efflux systems.  This may
mean that the opportunistic Xf is living at the quantitative edge of survival, and Xf may only be capable of surviving in the
xylem vessels of hosts in which a defense response is not triggered.

Hopkins (2005) discovered an effective PD biocontrol strain, Xf EB92-1, which infects grapevine and survives for many
years.  EB92-1 can be inoculated in a single location in a V. vinifera grapevine and the entire plant is protected from PD for
years (Hopkins, 2005).  How does this strain infect grape, and yet not cause disease?  What factors are present in Temecula
that may be triggers of host defense?  What factors are different?
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OBJECTIVES
This is the first year of a two year project.  The first year’s objectives were:
1. Obtain nearly the complete EB92-1 genome DNA sequence.
2. Compare EB92-1 with Temecula and identify all unique ORFs and differences, ranking the top 40 candidate ORFs for

evaluation as elicitors.

RESULTS AND DISCUSSION
A draft genome of infectious but asymptomatic Xf strain EB92.1 that currently contains 2,478,730 bps of genomic sequence
in 191 contigs has been created.  The average contig length is currently 12,977 bps (Min: 100 bps, Max: 149,098 bps).  By far
the majority of the primary Blast hits were to Xf strain Temecula; based on the size of the Temecula genome (2,519,802 nt);
based on the size of the Temecula genome (2,519,802 nt), this draft EB92.1 genome is ca. 98% complete.  Comparative
analyses of Temecula vs. EB92.1 revealed that EB92.1 is highly similar to Temecula and the gene order exhibits a very high
level of synteny.  The average GC Content is 53% (Min: 30%, Max: 70%).  The gene coding percentage is 81%.

Predicted gene elements:
* 2387 genes coding for mRNA (protein coding ORFs)
* 48 genes coding for tRNA
* 3 genes coding for rRNA
* 0 repetitive elements

No additional hemolysins or colicins were found to date in the draft EB92.1 genome that were not found in Temecula.  More
importantly, no additional hemolysins or colicins were present in Temecula that were not found in EB92.1.  The fact that the
complete repertoir of known Temecula Type I effectors were found, with 100% identity, in EB92.1 (which does not cause
PD), means that PD symptoms per se are not likely caused by these effectors, although an essential role in host colonization
or adaptation is still indicated (Flores-Cruz et al. 2009).

Type I, II and V secretion system effectors are all found in Temecula and were comparatively examined in EB92.1.  No
additional Type I effectors (hemolysins or colicins) were found to date in the draft EB92.1 genome that were not found in
Temecula and the complete repertoire of known Temecula Type I effectors were found, with 100% identity, in EB92.1.  This
might indicate that PD symptoms per se are not likely caused by these effectors, although an essential role in host
colonization or adaptation is still indicated for these effectors. However, two EB92.1 type V subtilisin-like serine protease
autotransporters were found to be only 71% and 69% identical, respectively, to their Temecula homologs, PD0218 and
PD0313.  Guilhabert and Kirkpatrick (2005) reported a Tn5 mutation in PD0218 as mildly reduced in pathogenicity.  Since a
mutation in PD0218 causes failure of Temecula to secrete a Type I bacteriocin, PD1427 (Igo, 2009 PD Symposium
Proceedings, p97-101), it is possible that these variant serine proteases affect maturation of one or more Type I effectors.  A
modified, but functional PD0218 may secrete a modified bacteriocin that is toxic to Temecula and help explain the biological
control properties of EB92.1.  This idea is under experimental investigation.

A potentially significant discovery is that a type II secreted Temecula lipase, PD1703, was completely missing within an
assembled contig of EB92.1, evidently as a result of a genomic deletion.  This result was confirmed by multiple PCR
analyses of the evidently deleted region.  An in vitro lipase assay was conducted using Tween 20 as the substrate and 0.01%
Victoria Blue B as indicator, exactly as described by Samad et al. (1989)

In the figure at left, each row of four wells was filled with 50 ul of cell
culture supernatant in the following order (top row to bottom row):

<--Temecula (labeled PDT)

<--EB92.1 (labeled EB92-1)

<--Xanthomonas citri B21.2 (labeled Xc B21.2)

<--X. citri B21.2 transconjugant plus cloned PD1703, driven by native
promoter and cloned in pBBR1-MCS5 (downstream from lacZ
promoter).

<--X. citri B21.2 transconjugant plus cloned PD1702, driven by native
promoter and cloned in pBBR1-MCS5 (downstream from lacZ
promoter).
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The top row (Temecula supernatant) and fourth row (X. citri B21.2 transconjugant plus cloned PD1703 supernatant), clearly
demonstrate strong amounts of secreted lipase in the culture supernatants (not concentrated or purified).  This level of lipase
activity is not present in the supernatants of EB92.1, X. citri B21.2, or X. citri B21.2 transconjugant with another lipase
(PD1702) cloned from Temecula, but also present (with one amino acid substitution) in EB92.1.  These assays were repeated
twice, and including as a control X. citri / pBBR1-MCS5 (not shown).

The PD1703 lipase is a homolog of lipA from Xanthomonas oryzae (GenBank Accession XOO0526).  The X. oryzae lipA is
known to be a cell wall degrading esterase/lipase that elicits host defenses, including programmed cell death, in rice (Jha et
al. 2007; Aparna et al. 2009).  Mutations of lipA in X. oryzae lead to a partial loss of pathogenicity on rice (Rajeshwari et al.
2005; Jha et al. 2007).

Finally, a unique hemagglutin-like protein in Temecula, PD0986, appeared to be missing in the EB92.1 genome.  Since
mutations of hemagluttinins in Xf show increased virulence are thought to be important in impairing Xf movement in the
plant xylem (Guilhabert & Kirkpatrick, 2005), loss of PD0986 may well assist the asymptomatic EB92.1 in increasing its
movement in grapevine and make it more effective as a biocontrol agent.  Although the EB92.1 genome is incomplete, it
deserves mention that the Temecula region in which this locus is found appears to be missing from the middle of a large
EB92.1 contig.  There were no good hits of PD0986 to any small contigs, making it appear unlikely that further sequencing
will uncover this locus in EB92.1.

CONCLUSIONS
The identification of two genes that encode comparatively significantly different modified serine protease autotransporters
that in turn may affect Type I effectors  provides potential additional support for the idea that Type I effectors, such as
colicins and hemolysins, can affect pathogenicity.  However, even knockout mutations of these autotransporters do not
explain the major differences between the biocontrol strain EB92.1 and PD-causing Temecula.  The discovery of a lipA
homolog in Temecula that is missing in EB92.1, and which is known in the literature as a pathogenicity factor and defense
elicitor may help explain, at least in part, why EB92.1 fails to elicit PD symptoms.  This must be confirmed, but this potential
lead would not have been made without the genomic sequence of both Temecula and EB92.1.  If pathogenicity genes are
found in Temecula that are not found in biological control strain EB92-1, and if these genes can be demonstrated to be
primarily responsible for generating PD symptoms, then methods to interfere with the mechanism of action of such genes
may be found that would not be otherwise considered.
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ABSTRACT
Specific biological characteristics of Xylella fastidiosa (Xf) Temecula were investigated in microfluidic flow chambers in
vitro by examining the effect of xylem sap from Pierce’s disease (PD) susceptible V. vinifera and resistant V. smalliana
grapevines on Xf cell growth, aggregation, biofilm formation, and motility.  Growth of Xf was observed in both V. smalliana
and V. vinifera xylem saps in microfluidic flow chambers.  While Xf cell density increased in V. smalliana sap, the cells
exhibited a reduction in aggregation and biofilm formation compared to that observed in V. vinifera sap.  In addition, motility
via pilus twitching activity was reduced in V. smalliana sap when compared to similar activities in V. vinifera sap, indicating
V. smalliana sap may inhibit the function of type IV pili.  Normal twitching motility of Xf was restored once V. smalliana sap
was exchanged with V. vinifera sap, indicating that chemical components of V. vinifera sap possibly influence the function of
type IV pili of Xf cells, that in turn may affect aggregation.

LAYPERSON SUMMARY
Cells of Xylella fastidiosa (Xf) aggregate, form biofilms, and occlude the host’s vascular (xylem) system, resulting in Pierce’s
disease symptoms in grapevine. Colonization of grapevine xylem by Xf involves migration of individual cells through a
process of twitching motility by which hair-like type IV pili are repeatedly extended from the cell, attach to the xylem
surface, and are retracted, pulling the cell forward.  Using microfluidic ‘artificial’ chambers through which xylem sap from
highly susceptible and resistant grapevines is flowing, the biological behavior of Xf in these saps was assessed.  Toward this
we have observed reduced motility in sap from a resistant grapevine, V. smalliana.  Also reduction in formation of cell
aggregates and biofilms.

INTRODUCTION
This project continues efforts toward understanding the biological relationship between Xylella fastidiosa (Xf) cells and the
xylem environment, and specifically the roles of fimbrial adhesins (type I and type IV pili, and associated proteins) in Xf
virulence, motility, aggregation and autoaggregation, and biofilm development.  The research targets the functional biology
of Xf in xylem sap.  It tests and explores traits of sap and xylem vessels from resistant and susceptible grapevines, and
eventually that of citrus, that may inhibit or promote Xf cell activities associated with pil and fim gene products.

Previous observations describing roles for fimbrial adhesins (type I and type IV pili) in Xf virulence, motility, aggregation,
and biofilm development have provided insight into their genetic mechanisms and regulation (De La Fuente, 2007; 2008).
Studies on Xf motility and biofilm formation under natural conditions viz., in planta, have been hindered in part by the
optical inaccessibility of vascular tissue.  Recent studies have shown the importance of xylem sap chemistry on growth,
aggregation, and attachment of Xf cells, highlighting the establishment of stable cultures in 100% xylem sap (Andersen,
2007; Zaini, 2009).  Studies with V. riparia and V. vinifera cv. Chardonnay sap (100%) in either microfluidic chambers or in
culture tubes have shown that the pathogen responds to this more natural chemical environment differently than it does in
rich artificial media such as PD2 (Zaini, 2009).  Aggregation and biofilm development are enhanced (Zaini, 2009), and early
indication is that twitching motility is also greater—in both the number of Xf cells and in rate of movement.  It was reported
that xylem sap from Pierce’s disease (PD) resistant V. rotundifolia maintained Xf in a planktonic state, whereas the bacterium
was more likely to form aggregates when incubated in xylem sap from susceptible V. vinifera cultivars (Liete, 2004).  Those
directed the attention to a more natural environmental system for Xf—one that will greatly enhance the value and significance
of information generated in studying Xf in an in vitro system: the inclusion of xylem sap and xylem vessel tissue.

Previous work that both type I and type IV pili are involved in aggregation and biofilm development (Li, 2007), type IV pili
of Xf are involved in twitching motility within the xylem vessels of grapevine (Meng, 2005).  Citrus is often grown adjacent
to vineyards in California and may be considered a potential reservoir for PD Xf (Bi, 2007).  Xylem sap from commercial
citrus plantings in Temecula (grapefruit, orange, lemon) did not support Xf biofilm development while at the same time
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grapevine xylem sap obtained from adjacent vineyards supported thick biofilms (Shi, 2010).  Citrus xylem sap did not
support the induction of a number of pil and fim genes, such as pilT, a gene that encodes for type IV pilus retraction
(necessary for twitching motility), pilY1, a gene encoding a type IV pilus tip adhesion protein, pilI, pilU, and fimA that
encodes the type I pilus subunit (Shi, 2010).  The significant reduction in pil and fim gene expression in citrus sap is notable
for at least two reasons: i) it may explain, in part, why the PD strain of Xf is not symptomatically expressed in citrus i.e. it
does not move from the sites of introduction (no twitching motility), nor does it form biofilms, and ii) it may provide
valuable clues into what chemical factors from citrus sap may be exploited in grape to reduce or inhibit similar gene product
expression.  Based on those data, it may be that in xylem sap from Pierce’s disease resistant grapevines that pili function is
suppressed.

OBJECTIVES
Objectives covered in this report include:
1. Establish a baseline of Xf activity in vitro for grapevine sap.  This will include temporal and spatial activities for pili-

associated functions—motility, cell aggregation, and biofilm formation.
2. Assess pili-associated functions in grapevine sap from Vitis vinifera cultivars and Vitis species expressing distinct PD

resistance and susceptibly.

RESULTS
Xf survives in V. vinifera and V. smalliana sap
We used grapevine xylem sap from bleeding V. vinifera and V. smalliana vines collected in Geneva, NY during the Spring of
2009 and 2010. V. vinifera is known to be susceptible to PD and V. smalliana is resistant (Fritschi, 2007; Lu, 2008).  To
verify whether V. smalliana sap was inhibitory to Xf, growth of Xf was assessed in V. vinifera and V. smalliana sap as well as
in PD2 broth.  The Xf cell density in V. smalliana sap was lower than in V. vinifera sap. However, overtime the cell density in
V. smalliana sap increased (Figure 1).  At 5, 8, 24, 72 and 120 hours after introducing Xf cells into PD2 broth, V. vinifera,
and V. smalliana saps in glass tubes described as above, 100µl xylem sap or PD2 broth containing Xf cells was removed from
the tubes, serial diluted, and plated onto PD2 agar, and incubated at 28ºC for 7 to 10 days.  The resulting bacterial colonies
were counted for each dilution, and were described as colony forming unit (CFU)/ml-1. CFU/ml-1 in V. smalliana sap
increased after introducing Xf cells into xylem sap. Xf cells grew well in V. vinifera sap, which is consistent with previous
observations for growth of Xf in xylem sap (Andersen, 2007; Zaini, 2009; Shi, 2010).  The increase in the number of Xf cells
in V. smalliana sap (Figure 1) suggest V. smalliana sap is not lethal to Xf and supports growth, but at a reduced rate.

Xf aggregation and biofilm formation in V. vinifera and V. smalliana sap
The relative percentage of Xf cell aggregation in PD2 broth, V. vinifera and V. smalliana sap was measured as previously
described (Burdman, 2000).  Aggregation of Xf cells, overtime, was lower in V. smalliana sap than in V. vinifera sap and PD2
broth.  Biofilm formation of Xf in PD2 broth, V. vinifera and V. smalliana sap was determined by a crystal violet staining
method (Leite, 2004). Xf had a reduced biofilm development in V. smalliana sap compared to V. vinifera sap and PD2 broth
(Figure 2).  This indicates that Xf cells were able to survive and multiply in V. smalliana sap, but with reduced aggregation
and biofilm formation.

Figure 1. Growth of X. fastidiosa in PD2, V. vinifera and V. smalliana sap.
The cell concentration in the xylem sap and PD2 was measured at OD600 at
every 2 days after inoculation.
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Aggregation of Xf cells in V. vinifera and V. smalliana sap in microfluidic flow chambers
A new four-channeled chamber was developed and used to facilitate experimental observations of several parameters at the
same time (Figure 3).  The width and depth of the individual channels was designed so that in subsequent experiments thin
sections of grapevine xylem wood can be placed in the channels for direct observation of Xf on xylem vessel walls—in xylem
fluid.

In PD2, Xf cells were observed to aggregate and form large clumps at 2-7 days after introduction of the Xf cells into the
microfluidic flow chamber (Figure 4).  The aggregates eventually developed a thick biofilm and slowed flow. Xf cells in V.
vinifera sap formed many small clumps throughout the chamber.  However, Xf cells in V. smalliana sap aggregated to form
smaller clumps distributed throughout the chamber.  This result indicates V. smalliana sap may inhibit aggregation of Xf
cells.

Twitching of Xf in V. vinifera and V. smalliana sap in microfluidic flow chamber
Microfluidic flow chambers provide a constant supply of ‘new’ sap and represent a condition more akin to that in planta as
opposed to culturing in test tubes. Xf cells twitched in PD2 broth and V. vinifera sap at 2-8 days after introducing of the Xf
cells into microfluidic flow chamber.  The cells aggregated and formed relatively homogenous biofilms after nine days in the
chamber.  In V. smalliana sap, relatively few Xf cells attached to the glass surface; furthermore, few Xf cells exhibited

Figure 4. Images taken after 7 days of introducing Xf in PD2 and xylem sap. Large aggregates
are formed in PD2, small aggregates in V. vinifera sap; and smaller clumps in V. smalliana
sap. Scale bar equals 50 µm.

Figure 3. Four-channeled microfluidic device with each
channel having media in and out ports, and one access
port for introduction of Xf.

Figure 2. Quantitative assessment of biofilm formation of Xf in various
media. Data represent three replicates for each experiment.
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twitching motility.  Long non-separated cell profiles with clear division points were observed, and confirmed that Xf cells
were able to grow in V. smalliana sap.  The fact that Xf cells in V. smalliana sap exhibit greatly reduced twitching activity
may explain the observation that Xf spreads faster in xylem vessels of PD-susceptible grapevines compared to PD-resistant or
tolerant grapevines (Hopkins, 1984; Fry & Milholland, 1990).

Effect of changing PD2 to V. smalliana sap on the twitching motility of Xf cells
Xf cells were observed to twitch and to form large aggregates in PD2 broth, but not in V. smalliana sap during the 1st-2nd day
after introducing the Xf cells into the chamber (Figure 5).  On day three, PD2 was exchanged with V. smalliana sap for 3-5
additional days.  Interestingly, after about eight hours, the aggregated clumps disaggregated, and Xf cells dramatically
reduced twitching motility (Figure 4).  Finally, Xf cells became uniformly distributed within the chamber.  The data suggest
that either the presence or absence of a chemical component of V. smalliana sap prevents efficient aggregation of Xf cells,
and prevents Xf cells from twitching.

Effect of changing V. vinifera to V. smalliana sap on the twitching motility of Xf cells
Xf cells were observed to readily twitch and to form aggregates in V. vinifera sap during the 1st-2nd day after introducing the
Xf cells (Figure 6).  On day three, V. vinifera sap was exchanged with V. smalliana sap for three additional days.  After eight
hours, aggregated clumps disaggregated. Xf cells dramatically reduced twitching motility and appeared to attach to chamber
surface at one cell pole (presumably, the pilus pole).  Five days after exchanging sap, the Xf cells were uniformly distributed
within the chamber and without the formation of large aggregates.  As a control, Xf cells in V. vinifera sap in an adjacent
channel continued to twitch and form aggregates, eventually forming a robust biofilm.  These results indicate that V.
smalliana sap affect the function of type IV pili of Xf cells, and thus prevents Xf cells from twitching and aggregating.

Effect of changing V. smalliana to V. vinifera sap on the twitching motility of Xf cells
In V. smalliana sap during the 1st -9th day after introducing the Xf cells into the chamber, Xf cells were observed to not be
twitching, but were attached at one pole to the chamber surface (Figure 7).  On day nine, V. smalliana sap was exchanged
with V. vinifera sap (Figure 7).  After one hour, few Xf cells were twitching; however, after five hours cells within the
aggregates dispersed, and many initiated twitching activity; after twenty-four hours, many more cells were actively twitching.
The loss of twitching motility of Xf in V. smallaina sap was recovered once the sap was exchanged with V. vinifera sap
(Figure 7), suggesting the function of type IV pili was inhibited by a components in V. smallaina sap.  The chemical
components of V. vinifera sap may activate/induce the function of type IV pili of Xf cells.

Figure 6. Images taken before and after V. vinifera sap was exchanged with V. smalliana sap.  In Channel 1, aggregates in V. vinifera sap
were disaggregated in V. smalliana sap. In Channel 2, Xf aggregated and twitched to form biofilm in continuously V. vinifera sap. Scale bar
equals 50 µm.

Figure 5. Images taken before and after PD2 was changed to V. smalliana sap.  Aggregates in PD2 disaggregated in V. smalliana sap. Scale
bar equals 50 µm.
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CONCLUSIONS
The symptomatic development of PD in grapevine is related to biological features of the Xf pathogen and how it interacts
with its host.  By establishing more natural features of xylem vessels environment to study the motility and aggregation of Xf,
we hope to provide a better understanding of the biological features of the Xf in natural xylem sap.  The long-distance
directional upstream migration of Xf might enhance intraplant spread of the bacteria and colonize grape xylem vessels from
the initial site of infection.  The present results might suggest that the inhibition of twitching motility of Xf by the chemical
components in V. smallaina sap may limit the spread of Xf in xylem vessels in PD-resistant grapevines, resulting in the
restriction of Xf to fewer xylem vessels and less proportion of Xf colonized vessels, which results in a limitation of systemic
infection and no PD development in resistant grapevine.
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ABSTRACT
Previously we demonstrated that twitching motility in Xylella fastidiosa is dependent on an operon encoding signal
transduction pathway proteins (pilG, pilI, pilJ, pilL, chpB and chpC), which is related to the system that controls flagella
movement in Escherichia coli.  We report three advances in examining this system.  First, we have examined the operon
genes more closely.  We have discovered that the operon is essential for the twitching phenotype, determined the importance
of each gene individually, and discovered that the chpB gene is non-functional.  Further characterization of these genes is
underway.  Second, we have found that the chemoreceptor, PilJ, is localized to one pole of the cell. We are currently
determining if the chemoreceptors and pili are found at the same pole of the cell.  Third, we have continued our examination
of chpY, a gene similar to pilG, which plays a role in Pierce’s disease development.

LAYPERSON SUMMARY
This project involves studying the chemical sensing pathway by which the plant pathogen Xylella fastidiosa is able to control
its movement within the plant environment.  We examined a gene cluster essential for cell movement (twitching motility), we
identified where the initial protein regulating the signaling response is located in the cell, and we determined that chemical
sensing is important for developing disease symptoms.  These results give insight into targets for preventing Pierce’s disease.

INTRODUCTION
Bacteria sense and respond to changes in their environment, integrating the signals to produce a directed response. Xylella
fastidiosa (Xf) is a non-flagellated, xylem-restricted Gram-negative bacterium that moves within grapevines via twitching
motility that employs type I and type IV pili (Meng et al. 2005).  Movement appears to be controlled by a chemosensory
system similar to that first reported in E. coli in which a group of che genes regulates the rotational movement of flagella.
Transmembrane chemoreceptors bind chemical stimuli in the periplasmic domain and activate a signaling cascade in their
cytoplasmic portion to ultimately control the direction of flagella rotation (Hazelbauer et al. 2008).  We previously found that
the chemosensing gene cluster is an operon (named Pil-Chp) that regulates type IV pili, and that disruption of the operon
leads to a decrease in Pierce’s disease (PD) symptoms (Figure 1).  Herein, we further characterize the genes in the Pil-Chp
operon and describe our advances in understanding the role of pilJ signaling in Xf.

OBJECTIVES
1. Complete characterization of the single chemosensory regulatory system of Xf and its function in PD. In particular, we

will focus on its role in mediating bacterial movement and biofilm formation. Toward this end we will:
a. Obtain Xf mutants in the pilJ gene that encodes the single methyl-accepting chemotaxis protein in Xf.
b. Assess virulence and motility of pilJ mutants in grapevines, as well as previously created mutants deficient in related

chemosensory genes, pilL and chpY.
2. Identify environmental signals that bind PilJ and activate chemosensory regulation.  Toward this end we will:

a. Express PilJ or a chimeric form of PilJ in a strain of E. coli previously deleted of all methyl-accepting chemotaxis
protein genes.

b. Subsequently, candidate signals will be screened using the above E. coli system for activation of motility.

RESULTS AND DISCUSSION
Construction of the Xf chemosensory operon null mutant strains. The construction of a non-polar, allelic exchange
mutant of pilJ gene in Xf was performed according to Chatterjee et al. 2008 with slight modifications.  We also disrupted the
other genes in the Pil-Chp operon: pilG, pilI, chpB, and chpC.  The disruption of each gene in marker-exchange mutants was
confirmed by PCR (not shown).  The pilL gene was disrupted previously with polar transposon mutations (Hoch et al.
2008a).
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Construction of plasmids to complement the Xf chemosensory operon null mutant strains. To complement the non-
polar pilJ, pilG, pilI, chpB, and chpC gene disruptions, we needed to construct plasmids containing the chemotaxis operon
promoter region.  The Pil-Chp operon lies 256 bp downstream of the unrelated gene gshB, which is transcribed in the
opposite direction (Figure 1).  Based on computer programs and the spacing between gshB and the Pil-Chp operon, we
cloned two potential Pil-Chp operon promoters into Xf-compatible plasmids.  We then cloned the various Pil-Chp genes into
these constructs.  We are currently preparing to transform the constructs into the null mutants in order to perform
complementation studies.

Twitching motility of the Xf chemosensory operon null mutant strains. Previously we observed that the pilL mutant was
twitching minus on both PW agar surfaces and in microfluidic chambers (Hoch et al. 2008a).  Examination of the pilJ mutant
on PW agar surfaces revealed colony morphologies with smooth margins consistent with loss of type IV pili twitching
motility function (data not shown) (Meng et al. 2005).  These findings were confirmed by measuring twitching motility of
cells in microfluidic chambers.  Similarly, the pilG and pilI mutants exhibited no movement, whereas the chpB mutant
performed twitching motility like wild-type cells.  We are currently characterizing the chpC mutant.

Identifying the chemosensory attractant. To examine what sap component results in a motility response, the putative Xf
chemoreceptor was expressed in E. coli. The pilJ gene failed to complement the E. coli chemotaxis system (Hoch et al.
2009).  To facilitate PilJ functioning in an E. coli system, we constructed chimeric chemoreceptors that contained the
periplasmic ligand binding domain of the Xf PilJ fused to the cytoplasmic signaling domain of the E. coli serine
chemoreceptor, Tsr.  The chimera successfully activated the E. coli CheA kinase as the CheA binding site is maintained in
the Tsr cytoplasmic portion (Hoch et al. 2009).

To confirm that PilJ binds to a molecule in grape sap, we tested the chimeras using a modified capillary assay (Grimm and
Harwood, 1997).  In this assay, a chamber is created between a microscope slide and coverslip separated by a capillary tube
bent into a U-shape (Figure 2). Capillaries containing potential attractant or buffer in 2% agar are placed in the chamber.
Cells suspended in aerated buffer are then added. Cells expressing the ligand adaptation system “sense” ligand via the
chemoreceptors and migrate to the tip of the attractant-containing capillary creating a visible dense swarm of cells within 10-
15 minutes.  Cells expressing the chimera construct failed to respond to saps known to support twitching motility of Xf.
Numerous reasons could explain this result.  The attractant may have been at a concentration too low for assay detection, the
attractant may require a Xf transporter protein to enter the periplasmic space, or the attractant may bind a Xf periplasmic
binding protein before docking to the chemoreceptor.  Alternative approaches are being explored.
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Figure 1. The Xf chemotaxis system. A) Model for chemosensory regulation of
twitching motility in Xf. The chemoreceptor PilJ senses environmental signal(s).
ChpC/PilI couples PilL to PilJ. PilL phosphorylates its hybrid CheY-like receiver
domain and PilG. ChpB is homologous to ligand adaptation proteins but appears non-
functional. B) The Pil-Chp chemosensory operon genes with E. coli homologous genes
shown above and direction of transcription shown below.
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Localization of the chemoreceptor. Chemoreceptor localization has been studied in only a handful of organisms and found
to be polar or cytoplasmic (Maddock and Shapiro 1993; Harrison et al. 1999; Bardy and Maddock 2005; DeLange et al.
2007).  In E. coli, chemoreceptors cluster into a polar lattice that presumably allows the receptors to work in concert and
amplify the signal (Parkinson et al. 2005).  As a result, the chemoreceptors are physically at a distance from the flagella.  In
Pseudomonas aeruginosa the chemoreceptor PilJ is polar localized, however it was found to be at both poles and its location
relative to the type IV pili was not identified (DeLange et al. 2007).  We wish to learn if the Xf PilJ is a) polar localized, b) at
one or both poles, and c) if it co-localizes with the pili. To answer this question, we expressed PilJ protein for antibody
production and used it to label the chemoreceptor.  We discovered that PilJ is expressed at a single cell pole (Figure 3).
Immunocytochemical localization of an antibody that highlights an array of Xf proteins, including pili, revealed a distinct
labeling at one end of the Xf cells consistent with the single pole location of type I and type IV pili (Meng et al. 2005; Hoch
et al 2008b). We will next perform co-localization experiments to determine if the chemoreceptors and pili are at the same or
opposite pole.

Pil-Chp operon and ChpY. The chpY gene lies downstream of the Pil-Chp operon and has homology to the Xf pilG gene.  In
a similarly organized chemosensing-like system, the P. aeruginosa Pil-Chp operon has downstream genes that produce
proteins that associate with the operon protein products (Whitchurch et al. 2004).  In addition to the pilG-like domain, the
chpY has GGDEF and EAL related regions indicating its involvement in biofilm formation (Burr et al 2008).  Deletion of
chpY results in reduced cellular motility, unaltered pili biogenesis, and increased biofilm formation (Burr et al 2008).
To determine if there was a regulatory relationship between the Pil-Chp operon and chpY, we performed RT-PCR on the pill
gene in a chpY null strain.  When chpY is deleted, Xf shows no changes in the expression of pilL (Figure 4a).  However, chpY
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Figure 2. Modified capillary assay and results. A)
Cells are placed in a chamber with capillaries filled
with agar and the appropriate attractant. If a capillary
contains an appropriate chemical stimulus, the cells
will swarm around the capillary tip. B) Cells were
grown in T broth at 30oC and induced at log phase. At
OD600=0.4 they were washed 3 times in 10mM
phosphate buffer pH 7.0 with 0.1mM EDTA and
resuspended to OD600=0.01. Capillary tubes were
filled with 2% agar and appropriate attractant (LB
media or serine for wt cells; PW media or sap for
chimera-expressing cells) or buffer. Cells either
swarmed (+) or did not swarm (-) at the tips as
observed by 40X magnification. nd = not determined.

PilJ Pili

Figure 3. Localization of PilJ. Microscope images of wt
Xf cells with anti-PilJ antibody (left) or anti-Xf antibody
(right) that highlights the pili.



- 95 -

does have an effect on PD.  Grapevines inoculated with the chpY mutant had increased PD progression compared to a wt Xf
infection (Figure 4b), which may stem from increased biofilm formation or reduced twitching motility.

CONCLUSIONS
Our results with the Pil-Chp mutants show that the operon is required for twitching motility in Xf. Interestingly, some of the
genes in the operon may not be functional.  Currently we are studying additional phenotypes of the mutants including growth
and biofilm formation.  We have determined that PilJ is polar localized in Xf and will learn if it is co-localized with the pili.
We are attempting new approaches to find the chemosensing stimuli in grape sap.  Additionally, we are exploring chpY,
which does not appear to be directly involved in chemosensing, but plays a role in biofilm formation and twitching motility.
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ABSTRACT
The Xylella fastidiosa Temecula1 genome encodes six proteins that have been classified as AT-1 autotransporters.
Autotransporters are multi-domain proteins that are responsible for secreting a single specific polypeptide (passenger
domain) across the outer membrane of Gram-negative bacteria.  Here, we describe our genetic characterization of PD0218,
PD0313, and PD0950, the three autotransporters predicted to have proteolytic activity.  In the laboratory, a strain carrying a
mutation in all three protease genes has properties similar to wild type in terms of its growth rate and its ability to aggregate
and form a biofilm.  When infected into grapevines, the triple mutant shows very few PD symptoms in spite of the fact that
its ability to migrate and colonize the xylem is indistinguishable from wild type.  We have also compared of the properties of
strains missing only one protease versus strains missing two proteases.   These studies suggest that PD0313 and PD0950 are
both virulence factors and that PD0218 is involved for reducing virulence, possibly through its interaction with PD0950.
Finally, comparisons of the secreted proteins from the three single mutants suggest that each protease has a different set of
target proteins.  Experiments are currently underway to examine the secreted protein profiles for the double and triple
mutants.

LAYPERSON SUMMARY
Bacteria have developed numerous strategies for infecting and colonizing host organisms; many involve proteins that are
either secreted to the cell surface or released into the external environment.  Some of these proteins are virulence factors that
allow the bacteria to adhere to the host tissue, utilize nutrients available within this tissue, and counteract any defense
response launched by the host.  However, other proteins are involved in minimizing the damage caused by these virulence
factors.  Here, we describe our work on three proteins secreted by Xylella fastidiosa Temecula1 that are classified as serine
protease autotransporters.  Mutational analysis indicates that two of the proteins act as virulence factors, whereas the third
protein appears to decrease virulence.  Understanding the mode of action for each of the proteases will allow us to develop
methods for interfering or enhancing their function, thereby reducing the damage caused by this important plant pathogen.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram-negative, endophytic bacterium, which is responsible for a number of economically
important plant diseases [reviewed in (1, 7)]. Xf is spread from infected plants to uninfected plants by xylem-feeding insects,
such as sharpshooters and spittle bugs.  The ability of Xf to colonize the plant and to incite disease is dependent upon the
capacity of the bacterium to produce a diverse set of virulence factors.  Comparison of the Xf genome to other bacterial
pathogens has resulted in the identification and characterization of a number of genes that are potential virulence factors.
Many of these virulence determinants are proteins that are either secreted to the bacterial cell surface or released into the
external environment (4, 6).  Another important category of proteins are “anti-virulence factors” or host-protective virulence
factors (13).  These proteins are not as easy to identify using genomic methods.  These pathogen-encoded “anti-virulence”
proteins are thought to be important in modulating the activity of the host-damaging virulence factors.  It has been suggested
that protecting the host cell from too much damage may be an integral part of the strategy adopted by bacterial pathogens to
survive and reproduce in their host organisms.

The focus of this project is the Type V secretion AT-1 autotransporters of Xf strains that cause Pierce’s disease (PD) of
grapevines (Xf-PD).  AT-1 autotransporter proteins have been identified as rational targets for the design of novel vaccines
directed against Gram-negative pathogens (15).  AT-1 systems are dedicated to the secretion of a single specific polypeptide,
the passenger domain, across the outer membrane.  What happens to the passenger domain after it reaches the cell surface is
dependent upon the specific autotransporter.  Some passenger domains are not cleaved and protrude from the cell surface.
This is a common feature of the adhesin autotransporters.  Other passenger domains are cleaved from their membrane anchor
(the β-barrel domain) and either remains loosely associated with the cell surface or are released into the environment.  Not
surprising, the ultimate location of each passenger domain appears to be integrally associated with its physiological function.

Based on genomic analysis, there are six members of the AT-1 autotransporter family in Xf-PD.  Functional sequence
predictions indicate that three of these secreted proteins have proteolytic activity (PD218, PD0313, PD0950), one protein has
lipase/esterase activity (PD1879), and two proteins are thought to act as adhesins (PD0528, PD1379).  The goal of this
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project is to determine the role of the AT-1 autotransporters in cell physiology and virulence and to examine how we might
exploit these proteins to control PD.

OBJECTIVES
1. Identify the proteins/molecules that interact with the two adhesin autotransporters.
2. Identify proteins and virulence factors requiring one of the three serine protease autotransporters for their maturation.
3. Identify peptides/small molecules that interfere with the function of the Xf-PD autotransporters.
4. Examine the feasibility of exploiting the unique properties of the autotransporters to develop strategies for controlling

PD.

RESULTS AND DISCUSSION
Overview of the serine protease autotransporters
Functional sequence predictions indicate that three Xf-PD proteins (PD0218, PD0313, and PD0950) are members of the
phylogenetic clade containing the S8 subtilisin-like serine protease autotransporters (14).  Members of this family have been
implicated in defense, growth on proteinaceous compounds, and the proteolytic maturation of virulence factors.  Although
many serine proteases have broad specificities, some are very specialized.  One of the best studied members of this clade is
the SphB1 autotransporter protein of Bordetella pertussis (3). SphB1 serves as a specialized maturation protease, responsible
for the timely maturation and extracellular release of the filamentous haemagglutinin FHA.  One of the goals of this project is
to determine the specificity and targets of PD0218, PD0313 and PD0950. As a first step in this analysis, we have generated
strains containing mutations in one, two, or all three of the AT-1 serine proteases.  A list of these mutants and some of their
phenotypic properties is presented in Table 1.

Table 1. The AT-1 serine protease mutants.
Strain AT-1 Mutation(s) Biofilm formation Disease

Severity*
Temecula1
TAM147

Wildtype
R

PD0218::Cm
100%
78%

3.3
4.5

TAM152 R
PD0313::Gm 36% 1.2

TAM146 R
PD0950::Em 68% 4.2

TAM148
TAM150
TAM151
TAM153

R R
PD0218::Cm , PD0950::Em

R R
PD0218::Cm , PD0313::Gm

R R
PD0313::Gm , PD0950::Em

R R R
PD0218::Cm , PD0313::Gm , PD0950::Em

77%
70%
84%
92%

4.5
4.3
1.2
2.0

* Three plants were inoculated for each mutant.  Disease severity was assessed weekly using the visual
scale (0-5) described by Guilhabert and Kirkpatrick (5).

Our examination of the properties of these mutants under laboratory conditions and in grapevines has provided some insights
into the roles of the individual proteases.  These studies have also revealed that the interactions between these proteases are
complex.

Properties of the triple mutant, TAM153
Based on comparison of the growth properties of TAM153 to Xf Temecula1, the absence of the three AT-1 serine proteases
does not impact the growth rate and has only a modest impact on biofilm formation (92% wild type levels).  However, their
absence has a profound impact on the properties of TAM153 in grapevines.  For this analysis, Thompson seedless grapevines
were infected by the pinprick method and disease severity was assessed weekly using the visual scale (0 to 5) described by
Guilhabert and Kirkpatrick (5).  As shown in Figure 1A, by week 21, grapevines infected with wild type were exhibiting
marginal leaf scorching and matchsticks characteristic of PD.  In contrast, the grapevines infected with TAM153 display very
few symptoms and appear similar to the uninfected control plants.  We also assessed the bacterial population and movement
at week 26 following inoculation.  In this experiment, petiole tissues were harvested at different distances above the point of
inoculation.  The bacterial population within each sample was then determined by plating onto PD3 agar (5).  As shown in
Figure 1B, high populations of TAM153 were recovered within the petiole tissue at the different locations and the colony-
forming units per gram (CFU/g) were typically greater than wild type.  Based on these results, we conclude that the lack of
PD symptom development in TAM153 is not due to the impact of the three mutations on the ability of Xf to migrate or
colonize the xylem.
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Figure 1. The impact of the triple mutant on Xf virulence in planta. An Xf suspension of wild type or the triple mutant
TAM153 was used to inoculate Thompson seedless grapevines using the standard pinprick method.  (A)Photographs
show a representative vine 21 weeks after infection.   (B) Petiole tissues were harvested at 26 weeks and the bacterial
populations were determined at different locations above the site of inoculation.

What can we learn about the function of the individual proteases from the single mutants?

The PD0218 mutant TAM147: A strain carrying a mutation in PD0218 (TAM147) was only slightly defective in biofilm
formation (80% wild-type levels); its major impact was on virulence in grapevines.  Grapevines infected with TAM147
showed earlier symptom development, higher disease scores over a period of 26 weeks, and earlier vine death than wild-type
infected plants.  Hypervirulent phenotypes have been reported for numerous Xf mutants, such as the hemagglutinin HxfA
mutant (5) and the cell-cell signaling-deficient RpfF mutant (11).  One hypothesis is that proteins like HxfA and RpfF
facilitate the attenuation of Xf pathogenicity by limiting colonization, thereby reducing the rate of xylem vessel occlusion (1,
5).  It is possible that the PD0218 protease plays a similar role, perhaps through the maturation of a target protein that is
important for grapevine colonization.

The PD0313 mutant TAM152: The strain carrying a mutation in the PD0313 locus (TAM152) had a number of
characteristics that distinguished it from wild-type Xf. First, TAM152 cells did not aggregate (clump) when grown in PD3
broth.  Second, there was a significant decrease in biofilm formation under laboratory conditions (36% wild-type levels;
Table 1).  Finally, grapevines infected with TAM152 exhibited very few PD symptoms and we were unable to recover
TAM152 from petiole tissue at 26 weeks.  This would suggest that PD0313 is required for Xf to survive in grapevines, a
phenotype previously reported for mutations in tolC (12).  Interestingly, both double and triple mutants containing the
PD0313 mutation can be recovered from infected grapevines.  This suggests that the PD0313 protease may only be important
for grapevine survival when one of the other AT-1 proteases is present.

The PD0950 mutant TAM146:  Strains carrying a mutation in PD0950 (TAM146) exhibited a phenotype very similar to
strains carrying a mutation in PD0218 (TAM147).  Both mutants were only slightly defective in biofilm formation and
exhibited a hypervirulent phenotype in grapevines.  Based on these properties, we initially assumed that PD0950 would
facilitate the attenuation of Xf pathogenicity.  However, as described below, studies of the double mutants revealed a more
complex role for PD0950 in Xf virulence.

What can we learn about the function of the individual proteases and their interactions from the double mutants?

Comparison of triple mutant TAM153 to the three double mutants allowed us to examine how the presence of a single AT-1
protease impacted Xf cell physiology and virulence. The data concerning the contributions of the three proteases are
presented in Figure 2.

PD0218:  The double mutant TAM151, which is missing both PD0313 and PD0950, exhibited very few PD symptoms and its
ability to colonize and migrate within the xylem was similar to wild type.  The reduction of virulence in the presence of
PD0218 is consistent with the hypervirulent phenotype observed for strains missing PD0218.  Together, these results imply
that the PD0218 protease actually reduces the virulence of Xf, making it an “anti-virulence” factor.

PD0313:  The double mutant TAM148, which is missing both PD0218 and PD0950, exhibited a hypervirulent phenotype.
Since PD0313 is the only AT-1 protease present in the strain, this would suggest that PD0313 is responsible for the observed
increase in PD symptoms.  This result, together with the results obtained for the PD0313 single mutant (TAM152), support
the hypothesis that PD0313 is a virulence factor.
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PD0950:  Based on the hypervirulent phenotype exhibited by strains missing PD0950, we initially classified PD09050 as an
“anti-virulence” factor.  However, the double mutant TAM150, which has only the PD0950 protease, also exhibited a
hypervirulent phenotype.  How might the presence and absence of PD0950 produce the same phenotype in grapevines?  One
possible explanation was revealed by TAM152, which carries the wild-type genes for both PD0950 and PD0218.  The low
level of disease in TAM152 infected grapevines suggests that the virulence-reducing PD0218 protease is masking the activity
of PD0950.

Figure 2. Contributions of the AT-1 proteases to disease severity.
Grapevines were inoculated with different Xf strains and their impact on disease
severity was assessed at week 21.  The colors of the bars indicate the number of
mutations present in the strain: gold (three), purple (two), blue (one), and green
(none).

What are the potential targets of the AT-1 serine proteases?

To address this question, we compared the protein composition of the outer membrane, the membrane vesicles, and the
secretome of the various mutants to wild type on different percentage SDS-PAGE gels stained with Syphro Ruby.
Comparisons of the banding patterns of the various samples allowed us to identify proteins that are affected by the presence
or absence of a specific protease.   Some of the most interesting results came from our analysis of the secretome of the single
mutants.

Figure 3. Comparison of the proteins secreted by the protease mutants and wild type.
The secreted proteins were concentrated using an Amicon centricon filter and separated on a 8%
SDS-PAGE gel.  The gels were stained with Syphro Ruby and the indicated bands were excised
and analyzed by MALDI-TOF-MS at the UC Davis Molecular Structure Facility.
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As shown in Figure 3, each mutant exhibits a unique protein profile.  In some cases, a specific protein is missing, such as the
absence of peptidyl-dipeptidase in TAM147 and TAM 146.  In other cases, a protein appears in the secretome of a specific
mutant that is missing from the supernatant fraction prepared from wild-type cells.  One example is the Xf ortholog to the cell
surface protein Hsf, which is found in the secretome of the PD0950 mutant, but not wild type.  In Haemophilus influenza, Hsf
has been shown to mediate adherence to host cells and plays an important role in its pathogenicity (2). Hsf is a large protein
that has been classified as a trimeric autotransporter adhesin (TAA) protein [for a review, see (9)].  TAA proteins, which
belong to AT-2 autotransporter family, form fibers that are attached to the bacterial cell surface through their C-terminal β-
barrel domain.  Unlike AT-1 autotransporters, the passenger domains of TAA proteins remain covalently linked to β-barrel
domain and are not normally released into the extracellular milieu.  The presence of the Hsf passenger domain in the
supernatant of the PD0950 mutant suggests that the PD0950 protease is involved either directly or indirectly in controlling
whether or not the Hsf passenger domain is released from the bacterial cell surface.

What can we learn from the heterologous expression studies in E. coli?

Another way in which we have studied the function of the individual AT-1 proteases is to express each of these proteins on
the surface of the E. coli strain UT5600.  UT5600, which is deficient in the outer membrane protease OmpT, is commonly
used for autodisplay (also known as live-cell surface display) (8). These studies support the hypothesis that each protease has
a different set of target proteins. For example, when plated on a solid medium containing Tween 20 and CaCl2 (10), E. coli
strains expressing the PD0218 protein are surrounded by a halo, which is indicative of lipase activity (Figure 4).  Halos are
not found around strains expressing either PD0313 or PD0950 (data not shown).   The simplest explanation for this result is
that PD0218 acts on one or more of the inactive lipases of E. coli and the resulting maturation of a lipase is responsible for
the observed phenotype.  We are currently trying to determine the identity of this lipase(s) in order to help identify PD0218
substrates in Xf.

Figure 4. Phenotype of an E. coli strain expressing PD0218.
E. coli strain UT5600 containing either the vector pBBR1MCS-5 (control) or plasmid pAM216
(+PD0218) were grown on solid medium containing Tween 20 and CaCl2.  The presence of a halo
on this medium is indicative of lipase activity.

CONCLUSIONS
Autotransporters have been identified as rational targets for the design of novel vaccines and control strategies.  The goal of
this project is to characterize the six autotransporters of Xf. During the period under review, we have been examining how
the absence of one or more autotransporters affects Xf cell physiology and virulence.  Here, we described our characterization
of strains carrying mutations in the three autotransporters predicted to have proteolytic activity.  Specifically, we compared
the phenotypic properties of strains carrying mutations in one, two, or all three serine protease autotransporters.  These
studies suggest that PD0313 and PD0950 are both virulence factors and that PD0218 is involved for reducing virulence,
possibly through its interaction with PD0950.  Furthermore, comparisons of the secreted proteins from the three single
mutants suggest that each protease has a different set of target proteins.  Experiments designed to probe the interactions
between the individual proteases and to investigate the mechanism underlying their different role in Xf virulence are currently
underway.
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ABSTRACT
A key component of the initial plant response to bacterial infection is the rapid production and accumulation of reactive
oxygen species (ROS), such as hydrogen peroxide (H2O2) and superoxide anions.  These elevated levels ROS are highly toxic
to the bacteria and can disrupt many cellular processes through their oxidation of lipids, modification of proteins and damage
to DNA.  Therefore, most pathogens have evolved a variety of enzymes capable of detoxifying ROS. The goal of this project
is to understand how Xylella fastidiosa (Xf) responds to different types of ROS and to characterize the enzymes and
regulatory proteins induced in this response.  Our initial studies have focused on OxyR, a regulatory protein involved in the
response to hydrogen peroxide.  Strains carrying a null mutation in oxyR are more sensitive to killing by hydrogen peroxide
and are impaired in their ability to attach to solid surfaces.  Experiments are underway to determine the impact of the oxyR
null mutation on survival and symptom development in grapevines.

LAYPERSON SUMMARY
One of the immediate responses of plants to invading microorganisms is the release reactive oxygen species (ROS), such as
hydrogen peroxide.  ROS are thought to serve as antimicrobial agents and as signals to activate further plant defense
reactions.   This project is designed to uncover the vulnerabilities of Xylella fastidiosa (Xf) to reactive oxygen species (ROS)
during the initial stages of infection and during the later stages when the bacteria are protected by a biofilm.  These
vulnerabilities could be exploited for disease control.  Another goal is to genetically engineer a bioluminescent Xf strain that
will allow researchers to monitor Xf ’s response to specific prophylactic or curative measures for Pierce’s disease (PD) in
living tissues.  This strain would facilitate many different types of research, thereby expediting the development of treatments
for mitigating PD.

INTRODUCTION
An important stress for plant pathogens are reactive oxygen species (ROS), such as hydrogen peroxide (H2O2) and
superoxide anions (O2

•-).  ROS are a key component of the initial plant defense response (often termed the “oxidative burst”)
and are produced by the plant at the point of invasion during the first five minutes after exposure to a potential pathogen
(Apel and Hirt, 2004; Bolwell and Daudi, 2009).  This initial response is often followed by a second response, which
involves more prolonged production of ROS (1.5-3 hours after invasion) (Apel and Hirt, 2004).  The plant defense response
typically requires contact between the pathogen and metabolically active cells.  Since xylem tissue, for the most part, is not
living, the introduction of a pathogen into the xylem might not result in significant ROS production by the xylem tissue itself.
However, pathogens in the xylem make contact with the adjacent living parenchyma cells via the pit membranes, which
could result in higher ROS levels in the xylem.  Another source of ROS comes from differentiating thin-walled xylem cells
and particular non-lignifying xylem parenchyma cells, which are capable of sustained H2O2 production (Barcelo, 2005).  This
H2O2 is important for the cross-linking that occurs during the lignification process of developing xylem elements.  Since the
H2O2 produced by the xylem parenchyma can diffuse widely between neighboring xylem cells, bacteria present in the xylem
are likely exposed to H2O2, especially when introduced into the tips of growing shoots where the majority of xylem
lignification is occurring.  Therefore, it seems likely that the immediate detoxification of ROS is critical for bacterial survival
in the plant xylem.

The immediate detoxification of ROS is accomplished, in part, by scavenging enzymes designed to cope with specific
oxidative stresses.  Comparative genomics suggests that many of these enzymes are present in Xylella fastidiosa (Xf)
(Table 1).

Table 1. Predicted Xf enzymes.
Enzyme Xf gene(s) Oxidative signal Regulator
Alkyl hydroperoxide reductase ahpC, ahpF H2O2, organic peroxides OxyR
Catalase cpeB H2O2. OxyR
Superoxide dismutase sodA, sodM superoxides unknown
Thiol-dependent peroxidase ohr organic peroxides unknown
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One predicted Xf scavenger enzyme is the alkyl hydroperoxide reductase AhpCF, a two-component NADH peroxidase.  This
enzyme, which is required for optimal resistance to both hydrogen and organic peroxides, is the predominant scavenger at
low concentrations of H2O2 (Imlay, 2008).  In contrast, at high H2O2 concentrations, catalases are induced and become the
primary scavenging enzymes.  We have already established that Xf catalase is encoded by the cpeB gene (Matsumoto et al.,
2009).  The primary scavenger enzymes of superoxides are the superoxide dismutases (SODs), which convert O2

•- to H2O2.
Xf is predicted to encode two members of the iron/manganese superoxide dismutase family (SodA and SodM).  Finally,
studies of Xf-CVC identified a thiol-dependent peroxidase, encoded by the ohr gene (Cussiol et al., 2003).  Unlike the other
scavenging enzymes, Ohr belongs to a family of proteins that are only present in bacteria.  This property led Cussiol et al.
(Cussiol et al., 2003) to suggest that Ohr might be a promising target for drug development in medicine and agriculture.  The
goal of Objective 2 is to characterize these key scavenger enzymes.

Not surprisingly, since peroxide and superoxide stresses do not always occur simultaneously, many bacteria have evolved
distinct sensing mechanisms to detect different forms of oxidative stress and to induce the synthesis of a particular set of
scavenging enzymes.  In most bacteria, the response to hydrogen peroxide stress is regulated by the transcription factor
OxyR.  The Xf ortholog of this protein is encoded by PD0747.  Our screening of the Xf genome for potential OxyR binding
sites suggests that both catalase (CpeB) and alkyl hydroperoxide reductase (AhpCF) are controlled at the transcriptional level
by OxyR.  OxyR-like systems are widespread among bacteria (Imlay, 2008), including many plant pathogens.  The resulting
transcription regulatory network allows differential expression of H2O2-induced genes in terms of growth phase, cell density,
and biofilm formation (Imlay, 2008; Shanks et al., 2007).  Therefore, the OxyR-mediated oxidative stress response pathway
helps bacteria survive the initial exposure to ROS through induction of scavenger enzymes and later exposure from ROS that
may be present during biofilm formation.  Based on this link between oxidative stress and biofilm formation, we hypothesize
that OxyR participates in the signaling that triggers Xf to enter and maintain the biofilm state within the plant.  The resulting
biofilm, in turn, affects plant colonization, virulence and acquisition by the insect. We will test this hypothesis in the series of
experiments in Objective 1, 3, and 4.

The goal of objective 5 is to develop a sensitive reporter system for detecting the response of Xf to ROS with the plant xylem.
Our strategy will be to generate luciferase fusions using the Lux reporter system from Photorhabdus luminescens (Meighen,
1993).  The bioluminescent reaction is catalyzed by bacterial luciferase (LuxAB) that oxidizes FMNH2 and a long-chain
fatty-acid aldehyde the presence of molecular oxygen.  The fatty-acid aldehyde is synthesized by LuxC, LuxD, and LuxE.
The advantage of this system over other luciferase reporter systems is that it does not require an exogenous substrate.  The
development of a LUX reporter system will allow Pierce’s disease (PD) researchers to monitor the response of their gene of
interest in a noninvasive manner in the host insect or plant.  It might also be used to monitor the early responses of Xf to
various treatments, including treatments involving transgenic plants and for some high throughput screening applications.

OBJECTIVES
1. Determine the key components in the response of Xf to ROS and the contribution of OxyR to this regulation.
2. Determine the role of the scavenging enzymes designed to cope with specific oxidative stresses in Xf cell physiology and

virulence.
3. Determine the role of the transcription factor OxyR in oxidative stress sensing, biofilm formation, and virulence.
4. Test mutants generated in Objectives 2 and 3 for virulence in grapevines and for sharpshooter transmission.
5. Develop a bioluminescent (Lux) reporter system for Xf.

PRELIMINARY RESULTS
The Igo laboratory has already described their characterization of a Xf strain containing a null mutation cpeB, the gene
encoding catalase (Matsumoto et al., 2009).  This mutant is more sensitive to hydrogen peroxide than a wild-type strain.
Moreover, our preliminary experiments suggest that a functional catalase is required for virulence in grapevines.

The Roper laboratory has generated a null mutation in the oxyR gene by site-directed mutagenesis and has begun to examine
how this mutant responds to oxidative stress.  The results from the hydrogen peroxide degradation assay are shown in Figure 1.

A B

Figure 1. Hydrogen peroxide degradation assay.
Bubbles indicate the presence of gaseous oxygen resulting from the breakdown of H2O2.
A Xf wild type. (B) Xf oxyR null mutant.
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In this assay, a 3% H2O2 solution was added to Xf wild type and oxyR null mutant liquid cultures.  Within 30 seconds,
bubbles formed in the tube containing the wild-type culture.  In contrast, few bubbles were present in the oxyR null mutant
culture, indicating that this mutant is significantly impaired in its ability to degrade H2O2 (Figure 1).  Furthermore, the oxyR
null mutant exhibited greater sensitivity to H2O2 than wild type in a disk diffusion assay.  For this analysis, Xf wild type and
the oxyR null mutant was grown in liquid medium to an OD600=0.1.  Inocula from these cultures (300 μL) were added to 3
mls of PD3 top agar, which was poured onto PD3 plates.  A paper disk treated with 10 μL of 100 mM H2O2 was then placed
on the center of the top agar and zones of growth inhibition were measured after seven days of incubation.  Three replications
were performed. The inhibition zone diameter of the oxyR null mutant was higher than wild type indicating that the oxyR
null mutant was significantly more sensitive to H2O2 than wild type (Figure 2).  Taken together, these results suggest that the
oxyR null mutant is likely compromised in its ability to mount an effective oxidative stress response.

The OxyR protein may also play an important role in regulating gene products (at the transcriptional level) involved in the
attachment of Xf to surfaces and biofilm formation. Figure 3 shows the results from experiments examining the impact of
the oxyR null mutation on surface attachment to both polystyrene and glass tubes, which was assessed based on a protocol
described in (Espinosa-Urgel et al., 2000).  Cultures of wild type Xf or the oxyR null mutant were grown in polystyrene tubes
and glass tubes at 28°C, upright without agitation.  After seven days, 100 µL of 0.1% crystal violet was added to the culture
medium and incubated for 20 min.  The presence of attached cells was visualized as a purple ring on the tube side wall.
Cultures containing Xf wild type had clear purple rings at the air-medium interface in both polystyrene and glass tubes.
Notably, there was no purple ring observed for the oxyR null mutant, indicating the absence of attachment by the ΔoxyR
mutant.  Cell attachment was then quantified by measuring the absorbance of the eluted crystal violet solution.  These data
support the conclusion that the Xf oxyR null mutant is significantly reduced in its ability to attach to the solid surfaces
(Figure 3).

Figure 2. Measurements of the diameter of the zone of inhibition
surrounding a paper disc containing 10 μL of 100 mM H2O2.  Results
are shown for both Xf wild type and the oxyR null mutant.  The larger
zone of inhibition correlates to an increase in sensitivity to H2O2.  The
error bars indicate the standard deviation.

Figure 3. Quantification of surface attached cells for Xf wild type and oxyR
null mutant for polystyrene and glass tubes surfaces. Attached cells were
stained with crystal violet, and then eluted with ethanol; the OD600 of the
eluted solution was measured. The error bars indicate the standard deviation.
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ABSTRACT
Xylella fastidiosa (Xf) is an important pathogen causing diseases on several economically important crops, such as grape and

almond, in California.  Despite recent intensive efforts to study this nutritionally fastidious pathogen, many biological traits
of the bacterium, such as bacteriophages, remain unclear and deserve more research attention.  We have consistently
observed the presence of phage particles from supernatants of Xf culture.  Further study on phage requires genome
characterization.  In this study, we conducted an experiment to induce the release of lysogenic phage particles from bacterial
hosts in PD3 broth.  Phage particles were enriched from culture supernatant.  Examination by electron microscopy showed
particles with morphology similar to those in Family Podovirideae.  Strain Dixon showed a relatively higher phage titer and
therefore was used for phage genome characterization. Bacterial chromosomal DNA in the phage preparation was removed
by DNAse digestion.  Phage DNA was amplified by PCR using random primers, cloned, and sequenced.  A BLAST search
identified a cloned sequence matching to a prophage region in the whole genome sequence of several Xf strains. This
sequence also shares similarity (but was not identical) with a phage sequence from a Texas strain of Xf. Using the published
whole genome sequences as a guide, we are trying to identify the whole phage genome.  Several challenges need to be
overcome: 1) Phage titer is still not sufficiently high to generate large quantity of phage DNA for analysis; 2) DNAse
inhibitor are present in phage preparations; and 3) The genome sequence of strain Dixon is not enclosed and sequence quality
remains to be evaluated.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) is a bacterium causing many plant diseases including grape Pierce’s disease and almond leaf scorch
disease in California.  This research is to study a virus or bacteriophage that could infect the pathogenic bacterium.  Current
efforts are to identify the genetic make-up of the bacterial virus, which has received little studies by far.  Five genes have
been detected and more studies are underway.  Our research goal is to learn more about this bacterial virus so that more
information will be available for future use to control xylellae diseases.

INTRODUCTION
Xylella fastidiosa (Xf) is an important pathogen causing disease on several economically important crops, such as grape and
almond, in California.  Despite recent intensive efforts to study this nutritionally fastidious pathogen, many biological traits
of the bacterium, such as bacteriophages, remain unclear and deserve more research attention.  Bacteriophages play important
roles in bacterial biology including nutrient cycling, horizontal gene transfer, environmental adaptation and pathogenicity.
Characterization and understanding the bacteriophage could lead to the identification of critical genes or biological processes
useful for disease control.

Typically, bacteriophages are observed and enumerated using a plaque assay.  The host bacterial cells are exposed to some
environmental stress such as heat, UV radiation or chemical compound such as mitomycin C.  These stresses trigger the shift
for bacteriophage from lysogenic to lytic phase and form phage particles.  Bacterial cells are plated as a lawn and bacterial
phage plaques can be observed as clearings in the lawn.  However, Xf is nutritionally fastidious and grows very slowly on
agar plates of the available media. Chen and Civerolo (2008) developed a technique to collect phage particles from
supernatants of prolong broth culture.  Phage particles were morphologically characterized and most of them belong to
Family Podovirideae.  Summer et al (2010) reported the use of a Texas strain of Xf that formed bacterial lawn to isolate a
phage through plaque assay.  Although we have not tested the Texas strain, our attempts to develop culture lawn with our Xf
collection have not been successful.

OBJECTIVE
In this study, we continued the protocol of Chen and Civerolo (2008) to collect Xf phage particles and explored the use of
whole genome sequence information to characterize a lysogenic phage from Xf. Strain Dixon was selected because it
generated relatively high titer of phage particles under our experimental condition, and a shot-gun whole genome sequence
for strain Dixon is also available for reference.

MATERIALS AND METHODS
Bacterial cultivation and phage isolation. Xf strain Dixon was maintained in PW (Periwinkle wilt) broth culture at room
temperature on a shaker table.  From a two week old culture, five ml were used to inoculate 250 ml of either PW broth or
PD3 broth.  The cultures were grown at 25 ºC for four weeks.  Broth cultures were then centrifuged to pellet cells and
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supernatant was retained.  Supernatant was filtered through Centricon Plus-70 100K MWCO filters (Millipore, Carrigtwohill,
Co Cork. Ireland).  The presence of phage particles in the phage prep were confirmed by electron microscopy examination
after negative stain.

For phage genomic analysis, 17µl of phage prep was treated with Baseline-ZERO DNase (Epicentre, Madison WI) at the
concentration of 1 MBU for 0.5 hours at 37ºC.  This step was to digest any remaining bacterial chromosomal DNA, leaving
only phage DNA contained within the phage capsid.  The removal of chromosomal DNA was confirmed by the lack of PCR
amplification with primers ( four Primers, namely) for the detection of Xf chromosomal DNA (Table 1).

Ampification and confirmation of phage DNA. Phage prep treated with DNase was then used for  direct PCR.  Phage DNA
was amplified using random primers OPA02, OPA3, OPA09, OPA11 and OPA18 with the following PCR procedure; PCR
master mix per reaction contained: 16.8 µl molecular biology grade water, 2.5 µl dNTPs, 2.5 µl 10x PCR buffer, 0.2 µl
TaKaRa Taq (5U/μl, TaKaRa Taq™ Hot Start Version, TaKaRa BIO INC.  Otsu, Shiga, Japan), 0.5 µl of each primer (5 μM)
and 2 µl of phage prep. PCR was run on a PTC-200 Peltier Thermal Cycler (MJ Research). RAPD PCR program was set as
96 ºC denature one min, 35 ºC annealing two min, 72 ºC extension two min for each cycle and a total of 40 cycles with a final
72 º extension of six minutes.  Amplified DNA was visualized after agarose gel electrophoresis and staining.

RAPD PCR amplicons were cloned in pGEM-T plasmid vector.  Cloned plasmids were sequenced using BigDye Turminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, Austin TX).  Excess dye was removed using BigDyeXTerminator
Purification kit (Applied Biosystems, Austin TX).  Sequencing reaction was run on a 16 capillary 3130xl Genetic Analyzer
(Applied Biosystems, Austin TX).  DNA sequences were used as query for BLAST search against GenBank DNA sequence
database that included seven whole genome sequences of Xf strains.  Among them, the sequences of strain 9a5c, Temecula1,
M12, M23 and GB514 were enclosed and the sequences of strain Ann-1 and Dixon were not enclosed.

Genomic characterization of phage genome. BLAST search with cloned RAPD identified a prophage region in the genome
of Temecula1, GB514, M23 and 9a5c.  Sequences in the open reading frame (ORF) up- and down- streaming this genomic
locus were then used to design PCR primer sets using Primer 3 program (http://frodo.wi.mit.edu/primer3/).  These primer sets
were used for PCR amplifications in the attempt to identify more genes in the phage genome.  Initial primers used were
designed using the genome sequence of strain Temecula1 as a reference.  These primers were not specific enough to amplify
prophage genes of strain Dixon.  Primers were then redesigned by finding the homologous sequence in Dixon chromosome
using NCBI’s BLAST analysis and Primer3 program.  The following PCR procedure was used: PCR master mix included
16.8 µl molecular biology grade water, 2.5 µl dNTPs, 2.5 µl 10x PCR buffer, 0.2 µl TaKaRa Taq (TaKaRa Taq™ Hot Start
Version, TaKaRa BIO INC. Otsu, Shiga, Japan) 0.5 µl of each primers and 2 µl phage prep.  Setting for PCR program was:
96 ºC  denature for one min., 55 ºC  annealing for 30 sec, 72 ºC extension for 30 sec per cycle with a total of 30 cycles and a
final extension of 72 ºC for onr min.  Amplified DNA was visualized after agarose gel electrophoresis and staining.

RESULTS AND DISCUSSION
A total of 250 µl of phage preparation (phage prep) was obtained from 250 ml of bacterial culture. Figure 1 shows phage
particles from electron microscopy.  Phage preps from PD3 broth showed more particles than those from PW broth culture.
Previously, strain Dixon was considered not capable of growing on PD3 medium.  In this study, strain Dixon was able to
grow on PD3.  However, initial inoculum was grown in PW medium and may have provided limited amount of essential
nutrients.  Nevertheless, strain Dixon was growing under stress.  This explains why more phage particles were observed from
PD3 medium, rather than PW medium.  Morphology of phage particles is consistent with Podovirideae type phage particles
(Figure 1).

Among the five RAPD primers, only OPA03 amplified a DNA band of ~1,200 bp from the phage prep (Figure 2).  Sequence
from this PCR amplicon matched with prophage regions in the whole chromosomal sequence of Xf strains GB514, M23,
Temecula1, and 9a5c (Figure 3).  Shorter sequence with high similarity were also found from strain M23 and phage Xfas53,
isolated from a Texas strain of Xf. All these evidence indicates that the observed particles were indeed true phages.
Interestingly, the amplicon from phage particles was slightly larger than the strain Dixon chromosomal DNA.

Since phage particles were induced from pure Xf culture, it is assumed that the phage genome was a direct excision of a
prophage sequence from the bacterial genome.  Both phage and prophage should share the same set of genes.  Data obtained
so far seem to support this assumption (Table 2).  The 4Primer used in this study targets the 16S rDNA locus of the bacterial
chromosome and does not amplify DNA from phage prep if chromosomal DNA was completely digested by DNase.  This is,
however, not always true in our experiment.  This may be due to the incomplete removal of chromosomal DNA in some
batches of the phage preps.  Repeating PCR experiment helped to correct the problem.  The whole genome sequence of Xf
strain Dixon is currently available in public domain.  Yet the genome has not been enclosed.  The five ORFs tested in this
study are located on contig 89.  Using the whole genome sequence as a guide, we will continue to characterize the whole
genome of the phage isolated from this bacterial strain.
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CONCLUSIONS
This research provides genomic evidence, in addition to our previous morphological observation, that Xf strains harbor
bacteriophage(s).  One practical perspective of phage research is to review the mechanisms of phage-bacteria interaction, or
how a phage lyses a bacterial cell.  Phage research has a potential for disease control.
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Table 1.  List of primers for phage genomic characterization from Xf strain Dixon.
Primer Name Primer sequence Size (bp)
Dix1091_564f TAGCGATACCGCTCAGACCT 564
Dix1091_564r GTGCACAGACATTGGATTGG

Dix1092_572f GCTGTTTTGCTTGACGTTGA 572
Dix1092_572r TCCACCGTTGAGTATGACGA

Dix1093_800f GACGCGCTTTCTGTTACCTC 800
Dix1093_800r ATTTTTGTCCGCAAAATTCG

Dix1094_518f GCAAAGTCGAAGCCCTACTG 518
Dix1094_518r GAACGATCCGTAACCACCAC

Dix1095_448f TCCCAAACCTCGTTCATACC 448
Dix1095_448r GCGACAGATTGAGGGGTAAA

OPA 03  AGTCAGCCAC  variable
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Table 2. Summary of phage genomic characterization from Xf strain Dixon .
Template Primer PCR

1 2 3 4
Phage prep DIX1091 + + + +
Dixon DNA DIX1091 + + + +
Phage prep 4Primer + + - -
Dixon DNA 4Primer + - + +

Phage prep DIX1092 + + + +
Dixon DNA DIX1092 + + + +
Phage prep 4Primer - - - +
Dixon DNA 4Primer + + + +

Phage prep DIX1093 + + + +
Dixon DNA DIX1093 + + + +
Phage prep 4Primer - - - -
Dixon DNA 4Primer - - + +

Phage prep DIX1094 + + + +
Dixon DNA DIX1094 + + + +
Phage prep 4Primer - - - -
Dixon DNA 4Primer - - + +

Phage prep DIX1095 + + + +
Dixon DNA DIX1095 + + + +
Phage prep 4Primer - - - +
Dixon DNA 4Primer - - + +

Figure 1.  Electron micrograph of phage preparation from prolong (four weeks) culture of Xf
strain Dixon.
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Figure 2. RAPD PCR from phage preparation of Xf strain Dixon.

Figure 3. BLAST results of a phage sequence from Xf strain Dixon against GenBank DNA database.
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ABSTRACT
Xylella fastidiosa (Xf) causes Pierce’s disease (PD) in grapevine.  Here, we report genetic diversity and population genetic
structure of grape Xf strains between two important grape growing regions in the United States, California and Texas.  Using
multilocus microsatellite (also known as simple sequence repeat) markers, genetic diversity of Xf was measured in California
and Texas populations with a grand mean haploid genetic diversity of 0.427.  Partitioning of genetic diversity
(heterozygosity) across 13 microsatellites (SSR) found high values within the two different grape growing regions with 0.460
within Californian isolates, and 0.452 within Texas isolates, respectively.  Cluster analysis of Nei’s genetic distances and
hierarchical analysis of molecular variance separated Californian isolates from Texas regardless of host, and also showed
significant genetic differentiations between the isolates collected from these two broad geographic regions.  Pairwise (FST)
comparisons of local level geographical structure within Californian populations found significant genetic differentiations
among the isolates collected from Mendocino, Sonoma, Napa Kern and Riverside counties.  However, some populations
from the most genetically diverse Napa County differed from each other, and shared genetic similarities with Kern and
Riverside separately.  On the other hand, in Texas no geographic association was observed with grape or non-grape strains
although host-associated structure was observed with these strains there. Bayesian modeling using the STRUCTURE
software indicated that Xf in California and Texas may be derived from different origins regardless of host.  However, the
observation that some California counties had stains with up to 17% Texas origin leading us to hypothesize the introduction
of Texas origin into California.  The introduction of Texas Xf strains seems to have initiated in southern California (Temecula
region) followed by range expansion throughout different regions in California.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) causes Pierce’s disease in grapevine.  In this study, we report genetic diversity and population genetic
structure of grape Xf strains between two improtant grape growing regions in the United States, California and Texas.  Using
multiple sets of molecular markers, analysis showed genetic differentiations in both in California and Texas’ populations.
Further genetic analyses indicates local level geographical structure within Californian populations where significant genetic
differentiations were found among the isolates collected from Mendocino, Sonoma, Napa, Kern and Riverside counties.
However, some isolates from Napa County differed from each other and showed some genetic similarity with Kern and
Riverside separately.  On the other hand, no geographic association was observed in grape or non-grape strains in Texas.
Sharing and distribution of 17% Texas origin in different regions (counties) in Californian implied the possibility of recent
introduction of Texas strains into California.

INTRODUCTION
California and Texas are productive agricultural ecosystems, and are both important American viticultural regions in United
States.  California accounts for nearly 90 percent of the entire American wine production, and the Texas wine industry is
continuing its steady pace of expansion and has gained a reputation as an established wine growing region in the United
States.  The winegrowers of Texas have dealt with Pierce’s disease (PD) for over a century.  PD has also been a serious but
intermittent threat in the California grape-growing regions for more than 100 years (Purcell 1997).  Limited genetic variations
among crop cultivars and oftentimes mono-culture practices may impose directional selection on the pathogen (Xylella
fastidiosa (Xf) populations.  Changes in pathogen population structure or virulence can lead to resistance breakdown.
Therefore, to understand about the epidemiology of the PD disease caused by Xf, it is critical to understand the genetic
diversity, gene flow and genetic structure of this pathogen.  Until now, no detailed genetic information at the population level
is available for the Xf grape strains within the United States from Florida to California or outside the USA in Central and
South America.  Previous molecular genetics studies mostly by conserved genes were unable determine population
differentiations of grape strains of Xf at the local level even at the wider geographical ranges of the United States (Hendson et
al. 2001; Schuenzel et al. 2005; Yuan et al. 2010).  PD strains have been present in the United States since at least since the
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1880s (Pierce 1892), and the evolutionary process associated with the genetic variation was expected to be considerably more
rapid at non-coding loci (e.g. microsatellite) than conserved gene regions (Yuan et al. 2010), therefore, here we have
investiagated Xf grape strains using highly variable microsatellite markers.  We also incorporated some non-grape strains
(based on the availabily of samples), and comapreted their genetic diversity and structure with grape strains.  In this study,
we have employed the 13 most informative microsatellite markers (Lin et al. 2005), and used them to analyze Xf grape
populations at the local as well as wider geographic level i.e., within and between two important grape growing regions in the
United States i.e., California and Texas.

OBJECTIVES
1. To investigate genetic structure of Xf grape strains between two important grpae growing regions in the United States

(California and Texas).
2. To analyze the genetic diversity and population structure of Xf grape populations at the local geographic areas within

California and within Texas.
3. To investigate some non-grape strains (based on the availabily of samples) and compare their structre with grape strains.

Figure 1. Sampling locations of Xylella fastidiosa populations across California and Texas.

RESULTS AND DISCUSSION
Within population genetic diversity in California and Texas
We investigated 12 Xf populations across five areas (counties) from California including some sub-populations from Sonoma
and Napa countries based on the location of vineyard or type of cultivar.  In Texas, 10 populations (both grape and non-grape
strains) were investigated from ten different areas (counties) (Figure 1).  Overall, strain diversity of Xf throughout California
and Texas was found to be high in microsatellite DNA polymorphism analyses.  The allelic diversity at the microsatellite loci
analyzed where 7-13 alleles were detected per locus (data not shown).  Grand mean genetic diversity (0.427) for overall Xf
isolates at California and Texas was found to be high.  Highly variable microsatellite markers were capable of distinguishing
genetic diversities across the populations in different regions in California and Texas.  Partitioning of genetic diversity in
California showed that Napa county is the most diversified regions for Xf where heterozygosities ranged from 0.246
(Oakville) to 0.620 ( north of the city of Napa).  In Texas, the lowest diversity was found in non-grape population i.e, Medina
(within oleander strains) (Table 1).  Although the overall diversity was high, there were relatively lower levels of allelic
diversities at individual population levels in California and Texas separately (Table 1).  Np, or number of private alleles
(alleles unique to a single population in the data set), were low overall and only slightly higher at a single locus in a single
population of St. Helena Napa (variety: Cabernet Sauvignon) in California.  This Np of 0.077 did not indicate strong
distinction of this population from others.  However, higher frequencies of rare alleles at two Texas populations (Medina at
0.308 and Val Verde at 0.231) indicate private distinction of these populations from others (Table 1).  This distinction likely
resulted from the strains variations based on the specific host plants as the respective private alleles were found within all
Oleander strains in Medina and giant ragweed strains in Val Verde.
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Table 1 Population information and descriptive statistics of microsatellite loci across different populations of
Xylella fastidiosa in California and Texas, USA

Population
ID Counites Vineyear or Location Host Cultivar N Na Ne Np H
California
CA-1
CA-2
CA-3
CA-4
CA-5
CA-6
CA-7
CA-8
CA-9
CA-10
CA-11
CA-12
Average

M e ndocino
Sonoma
Sonoma
Sonoma
Sonoma
Napa
Napa
Napa
Napa
Napa
Kern
Riverside

Hopland, southern
Russ ian River, Healdsburg
Northern Santa Rosa,
Dry Creek Valley,
Alexander Valle y,
Rutherford
St. He lena(1)
Oakville
St. He lena(2)
North of the  city of Napa
Eastern Bakersfie ld
Temecula

Grape
Grape
Grape
Grape
Grape
Grape
Grape
Grape
Grape
Grape
Grape
Grape

Sauvignon Musque
Sauvignon blanc
Pinot noir
Caberne t franc
Merlot
Chardonnay
Chardonnay
Caberne t Sauvignon
Caberne t Sauvignon
Chardonnay
Colombard
Chardonnay

5
10
9
3
5
7
6
5
8
10
10
5
6.9

1.9
2.4
2.6
2.2
1.5
2.2
2.1
1.8
2.5
4.0
3.8
2.8
2.5

1.8
2.0
1.8
2.0
1.3
1.8
1.6
1.6
2.0
3.1
2.6
2.5
2.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0

0.404
0.461
0.356
0.466
0.172
0.317
0.325
0.246
0.438
0.620
0.517
0.550
0.406

Texas
TX-1
TX-2
TX-3
TX-4
TX-5
TX-6
TX-7
TX-8
TX-9
TX-10

Average

Gillespie
Bandera
Earth
Lamar
M cCollouch
Llano
M edina
Travis
Uvalde
Val Verde

7 Grape  ; 2 Ragweed
1 Grape ; 1 Ragweed
3 Grape , 2 Ragweed
Grape
1 Grape ; 1 Ragweed
5 Grpae ; 1 Ragweed
Oleander
Grape
1 Grape , 2 ragweed
4 Grape  ; 1 Ragweed

9
2
5
3
2
6
4
4
3
5

4.3

4.2
1.7
4.0
1.9
1.5
3.1
1.5
2.2
2.3
2.7

2.5

2.8
1.7
3.8
1.8
1.5
2.5
1.4
2.0
2.2
2.5

2.2

0.0
0.0
0.0
0.0
0.0
0.0
0.3
0.1
0.0
0.2

0.1

0.625
0.346
0.695
0.380
0.231
0.560
0.198
0.424
0.509
0.549

0.452
N, Number of  individuals; Na,  number of alleles per locus;  Ne, Number of effective alleles per locus;  Np, Number of private alleles per locus,
H, Gene diversity.

Genetic differentiation and population genetic structure at the wider and local geographic level
Cluster analysis of Nei’s genetic distances (Nei 1978) with microsatellite loci separated Californian isolates from Texas
isolates (Figure 1A).  This was expected based on their geographical range due to geographic isolation or their sources of
origin.

A B
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Figure 1 A. Dendrogram of genetic similarity of Xf within between grape growing regions in California (five regions with 12 grape
populations) and Texas (10 regions with 10 populations contains grape and non- grape). B. Only grapes strains in California and Texas.
We excluded Bandera and Uvalde from this analysis as they contained only one isolates when we excluded non-grape strains from these
two populations.
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Within California some local level population differentiations were identified.  Different sub-populations at the most
diversified wine grape producing regions in California i.e., Napa County produced two major groups.  Each of the major
genetic group of Napa mixed with the populations of two geographically distant counties i.e., Kern, Riverside (Temecula).
However, in a broad sense, clear separation was observed among the isolates of Mendocino, Sonoma, Napa (except those
isolates shared genetic similarity with Kern and Riverside), Kern and Riverside (Figure 1 A).  Similar observations were
found in the previous study though there was some relation between Kern and Riverside (Lin et al. 2005).  No grouping was
observed according to grape cultivar in California.  In Texas, three smaller groupings were also formed but the remainder of
the populations were found to be independent i.e., did not group with other populations.  Though the genetic similarity of
Gillespie-Uvalde–Earth is not recognized based on the geography, the host is likely influencing these on groupings, as these
populations contain both grape and with few non-grape strains.  When we excluded non-grape populations from those
populations, Gillespie-Earth did not fall in one group (Figure 1B).  Therefore, it can be inferred that in Texas genetic
differentiations between the populations is influenced by the host i.e. grape and ragweed (subsp. multiplex) as described by
(Morano et al. 2008).

Comparisons of pairwise FST values between the populations also evaluated the genetic differentiations among populations
for short divergence time.  Local level genetic variation within two important grape growing regions in the United States i.e.,
California and Texas are presented in Table 2.

Table 2 Pairwise FST comparison between Xylella fastidiosa grape populations in Californa and Texas

Russian Northern Dry Creek Alexander
Hopland, River, Santa Rosa, Valley, Valley, North of Eastern
southern Healdsburg, Windsor, Healdsburg, Healdsburg, Rutherford, St. Helena Oakville, St. Helena the city Bakersfield,

Californai-All Host Mendocino Sonoma Sonoma Sonoma Sonoma Napa (1), Napa Napa (2), Napa of Napa Kern
Russian River, Healdsburg, Sonoma 0.199
Northern Santa Rosa, Windsor, Sonoma 0.352 0.172
Dry Creek Valley, Healdsburg, Sonoma 0.113 0.029 0.010
Alexander Valley, Healdsburg, Sonoma 0.458 0.259 -0.046 0.098
Rutherford, Napa 0.331 0.196 0.373 0.295 0.527
St. Helena (1), Napa 0.286 0.202 0.383 0.255 0.540 -0.045
Oakville, Napa 0.333 0.224 0.422 0.327 0.597 0.114 0.020
St. Helena (2), Napa 0.183 0.170 0.335 0.151 0.438 0.041 -0.003 0.074
North of the city of Napa 0.205 0.177 0.306 0.122 0.378 0.168 0.155 0.178 0.149
Eastern Bakersfield, Kern 0.205 0.158 0.286 0.115 0.384 0.019 0.032 0.163 0.051 0.102
Temecula, Riverside 0.284 0.308 0.444 0.201 0.537 0.347 0.316 0.398 0.273 0.017 0.160

Texas-All Host Gillespie Bandera Erath Lamar McCollouch Llano Medina Travis Uvalde
Bandera 0.112
Erath 0.031 -0.109
Lamar 0.286 0.203 0.095
McCollouch 0.058 0.071 -0.215 0.229
Llano 0.212 0.121 0.056 0.215 0.020
Medina 0.450 0.493 0.325 0.576 0.503 0.472
Travis 0.159 0.280 0.119 0.334 0.228 0.252 0.576
Uvalde -0.019 -0.025 -0.027 0.304 0.039 0.190 0.464 0.216
Val Verde 0.236 0.036 0.071 0.242 0.034 0.162 0.417 0.247 0.198

TX-Grape Only in Texas Gillespie Erath Lamar McCollouch Llano Travis
Erath 0.086
Lamar 0.262 0.054
McCollouch 0.066 -0.150 0.205
Llano 0.250 0.156 0.245 0.141
Travis 0.153 0.085 0.315 0.205 0.304
Val Verde 0.245 0.099 0.253 0.072 0.235 0.274

Gray highlighted pairs showed no significant genetic differentiation

Our microsatellite marker analysis showed significant genetic differentiations among the local geographic areas (Mendocino,
Sonoma-Napa-Kern-Riverside) or even at the very local level i.e., within the counties (between some isolates of Napa and
Sonoma County) in California.  However, some populations of Napa County did not show significant genetic differentiations
with geographically distant countries Kern and Riverside separately.  These results suggest the evidence of the genetic
similarity or the possibility of gene flow between Napa and Kern, and Napa and Riverside.  In Texas, most of the populations
(combining grape and non-grape strains) strains were not well differentiated according to the geography.  Geographic
structures were not observed as well from the few number of genetically differentiated population pairs when we excluded
non-grape populations (Table 2).  However, significant genetic differentiations were observed between the all populations
pairs that were compared with Medina (all oleander strains), which indicates host associated genetic differentiations.  Some
clues about the influences of host on differentiating population were also noticed from the pairs compared with Lamer i.e.,
when we excluded non-grape (ragweed strains), genetic differentiations was not significant with Llano and Val Verde
(Table 2).

In individual-based clustering analysis, Bayesian modeling approach within STRUCTURE predicted that Xf strains
throughout the grape growing regions in California (grape), and Texas (grape and non-grape) derived from two different
clusters i.e., two different origins/ancestors (Figure 2).  Majority of the Californian strains (83%) fall into its own distinct
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origin i.e., cluster1 (Red).  In Texas 98% individuals (both grape and non-grape strains) fall into another distinct cluster II
(Yellow) with a pure ancestry.  Seventeen % strains in California showed genetic similarity to Texas strains, and which are
more or less distributed every region in California we studied.  Though a very small percentage of Californian origin is found
admixed within one population of Texas (Gillespie County, 11% individuals admixed with 27% Californian ancestry), it
certainly indicates the evidence of appearing Californian origin in Texas.  The diversity of Texas isolates from grape and
non-grape hosts is consistent with the idea that there have been at least two different types of ancestor/ strains since at least
the 1880s (Pierce 1892), a non-grape and a grape strain.  This work also suggests that populations of the grapevines have
evolved uniformly as a unique genetic structure over the past 100 plus years in their own geographical areas with strong
selection pressure, and with perhaps one episode of gene flow between these two grape growing regions.

Figure 2 Individual assignment by STRUCTURE analysis; there were two clusters (K). Black lines within the squares distinguish
populations.

However, sharing and distribution of 17% Texas origin in different regions (counties) in Californian let us propose  a
hypothesis of recent introduction of Texas strains into California (or less likely California strains back to Texas).  This close
genetic similarity of Texas and California grape strain populations could be explained by the introduction of the insects
vectors, the glassy-winged sharpshooter (GWSS) (Homalodisca vitripennis), into the Southern California (Temecula region)
in the early time, and its subsequent range expansion throughout California (De Leon et al. 2004; Morano et al. 2008).  A
phylogeny of GWSS has revealed that populations of this insect pest introduced into California likely originated from Texas
(De Leon et al. 2004).

CONCLUSIONS
Xf genetic analysis clearly identified two different genetic structures of Xf grape strains in California and Texas, and  are
consistent with the introduction of Texas origin to California though the insects vectors, the GWSS.  This multi-locus marker
system is able to distinguish local level genetic differentiations based on the geography in California, and identified some
clues on host associated genetic differentiations in Texas.  These findings may provide necessary information to better
understanding genetic diversity and evolutionary potential of Xf populations in California and Texas.
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ABSTRACT
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF) that modulates
gene expression in cells as they reach high numbers in plants.  By increasing the expression of a variety of afimbrial adhesins
while decreasing the expression of pili involved in twitching motility as well as extracellular enzymes involved in degrading
pit membranes and hense movement between vessels, DSF accumulation suppresses virulence of Xf in grape.  We thus are
exploring different ways to elevate DSF levels in plants to achieve disease control via “pathogen confusion.”  Plants
expressing rpfF from Xf produce low levels of DSF and are highly resistant to Pierce’s disease (PD).  Chloroplast targeting of
RpfF substantially increased DSF production. Xf moved much less rapidly in rpfF-transformed grape, colonized many fewer
xylem vessels, and achieved a much lower population size indicating that elevated DSF levels suppressed movement within
the plant.  As exogenous sources of DSF applied in various ways to grape suppressed pathogen mobility and hence virulence
we have further studied the chemical identity of DSF.  Preliminary evidence suggests that DSF is comprised of three closely
related fatty acid molecules.  One component is 2-Z-tetradecenoic acid (hereafter called C14-cis) while a second compound
termed C12-cis is apparently also produced.  The chemical identity of a third component is as yet undetermined.  We are
currently determining the relative activity of these forms of DSF and if such molecules cooperate in regulating gene
expression in Xf. Preliminary evidence suggests that C12-cis may preferentially participate in processes related to insect
colonization compared to plant virulence, hinting that the various forms of DSF may preferentially affect different behaviors
of Xf. Some reduction in disease severity was observed in grape scions grafted to DSF-producing rootstocks suggesting that
DSF produced by rootstocks can somewhat move to scions and confer disease control’ the control of disease was
substantially less than that seen in transformed scions however.  Naturally-occurring endophytic bacteria within grape are
being assessed for DSF production; only about 1% of the endophytic bacteria in grape produce DSF and these are being
tested for their ability to move within plants after inoculation. As studies of pathogen confusion will be greatly facilitated by
having an improved bioassay for the DSF produced by Xf, we have been developing several immunological and biochemical
means to assay for the presence of DSF using Xf itself as a bioindicator.  Bioassays based on immunological detection of the
cell surface adhesion XadA and EPS as well as by quantifying mRNA associated with these genes in Xf have been developed.
Gene expression in Xf exposed to various levels of DSF can also be directly assessed using phoA reporter gene fusions.
RpfF- mutants of Xf that do not produce DSF adhere much less tenaciously to grape vessels than do WT strains and we thus
are developing assays to more rapidly screen transgenic plants for their resistance to PD as well the efficacy of chemical
analogs of DSF to induce resistance

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusile signal factor (DSF).  Accumulation
of DSF in Xf cells, which presumably normally occurs as cells become numerous within xylem vessels, causes a change in
many genes in Xf, but the overall effect is to suppress the virulence of Xf in plants.  We have investigated DSF-mediated cell-
cell signaling in Xf with the aim of developing cell-cell signaling disruption (pathogen confusion) as a means of controlling
Pierce’s disease (PD). We have investigated both the role of DSF-production by Xf on its behavior within plants, the manner
in which other bacterial strains affect such cell signaling, the extent to which other endophytes could modulate density-
dependent behaviors and virulence in Xf by interfering with cell-cell signaling, performed genetic transformation of grape to
express DSF, and explored other means to alter DSF abundance in plants to achieve PD control.  Elevating DSF levels in
plants should reduce movement of Xf in the plant.  We have found naturally-occurring bacterial endophyte strains that can
produce large amounts of DSF; we are testing them for their ability to move within plants and to alter the abundance of DSF
sufficiently to reduce the virulence of Xf. Given that DSF overabundance appears to mediate an attenuation of virulence in Xf
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Figure 1.

we have transformed grape with the rpfF gene of Xf to enable DSF production in plants; such grape plants produce at least
some DSF and are much less susceptible to disease.  Higher levels of expression of DSF have been obtained in plants by
targeting the biosynthetic enzymes to the chloroplast.  Some reduction in disease severity was observed in grape scions
grafted to DSF-producing rootstocks suggesting that DSF produced by rootstocks can somewhat move to scions and confer
disease control.  The chemical composition of DSF itself is being determined so that synthetic forms of this signal molecule
can be made and applied to plants in various ways.  We have found that the adherence of Xf to grape tissue is much more
tenacious in the presence of DSF, and we thus are developing assays to more rapidly screen transgenic plants for their
resistance to PD as well the efficacy of chemical analogs of DSF to induce resistance.

INTRODUCTION
We have found that the virulence of Xylella fastidiosa (Xf) is strongly regulated in a cell density-dependent fashion by
accumulation of a signal molecule called diffusible signal factor (DSF) encoded by rpfF and involving signal transduction
that requires other rpf genes.  We now have shown that Xf makes a DSF molecule that is recognized by Xanthomonas
campestris pv. campestris (Xcc) but slightly different than the DSF of Xcc (Figure 1).

Our on-going work suggests that it also makes other, closely related signal molecules as well.  In striking contrast to that of
Xcc, rpfF- mutants of Xf blocked in production of DSF, exhibit dramatically increased virulence to plants, however, they are
unable to be spread from plant to plant by their insect vectors since they do not form a biofilm within the insect.  These
observations of increased virulence of DFS-deficient mutants of Xf are consistent with the role of this density-dependent
signaling system as suppressing virulence of Xf at high cell densities.  Our observations of colonization of grapevines by gfp-
tagged Xf are consistent with such a model.  We found that Xf normally colonizes grapevine xylem extensively (many vessels
colonized but with only a few cells in each vessel), and only a minority of vessels are blocked by Xf. Importantly, rpfF-
mutants of Xf plug many more vessels than the wild-type strain.  We thus believe that Xf has evolved as an endophyte that
colonizes the xylem; blockage of xylem would reduce its ability to multiply since xylem sap flow would cease and thus the
DSF-mediated virulence system in Xf constrains virulence.  That is, Xf would benefit from extensive movement throughout
the plant where it would partially colonize xylem vessels but would have evolved not to grow too excessively within a vessel,
thereby plugging it and hence blocking the flow of necessary nutrients in the xylem sap.  Given that the DSF signal molecule
greatly influences the behavior of Xf we are investigating various ways by which this pathogen can be “confused” by altering
the local concentration of the signal molecule in plants to disrupt disease and/or transmission.  We thus are further exploring
how DSF-mediated signaling occurs in the bacterium as well as ways to alter DSF levels in the plant.  Our work has shown
that the targets of Rpf regulation are genes encoding extracellular polysaccharides, cellulases, proteases and pectinases
necessary for colonizing the xylem and spreading from vessel to vessel as well as adhesins that modulate movement.  Our
earlier work revealed that several other bacterial species can both positively and negatively interact with the DSF-mediated
cell-cell signaling in Xf. In this period we have extensively investigated both the role of DFS-production by Xf on its
behavior within plants, the patterns of gene regulation mediated by DSF, the frequency with which other endophytes can
produce signal molecules perceived by Xf, have further characvterized the behavior of Xf in grape genetically transformed to
produce DSF, and explored other means to alter DSF abundance in plants to achieve Pierce’s disease (PD) control.  We have
particularly emphasized the development of various methods by which DSF abundance in plants can be assessed so that we
can make more rapid progress in testing various ways to modulate DSF levels in plants, and have also developed more rapid
means by which the behavior of Xf in plants can be assessed that does not require the multi-month PD assay.  Lastly, we have
developed better methods to assess DSF-mediated changes in phenotypes in Xf.

COMBINED OBJECTIVES
1. Evaluate plants with enhanced production of DSF for disease control
2. Determine if DSF is transferable within plants – eg. whether DSF production in rootstocks can confer resistance to PD in

the scion
3. Evaluate enhanced DSF-producing endophytic bacteria for control of PD
4. Investigate DSF-overproducing strains of Xf as biocontrol agents for PD and whether Xf strains previously identified

with biocontrol potential exhibit an elevated production of DSF
5. Determine if resistance to PD is associated with low rates of degradation of DSF by plants
6. Determine those plant factors that confer induction of virulence genes in Xf and whether susceptibility to PD is due to

differences in induction of virulence factors in the pathogen by the plant
7. Identification and characterization of low molecular weight signaling molecule (DSF) central to behavior of X. fastidiosa
8. Design and synthesize low molecular weight compounds capable of interfering with signal molecule function in Xf
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9. Using novel, improved biosensors for the DSF produced by Xf, identify naturally-occurring endophytic bacteria which
produce Xf DSF, and evaluate them for biological control of PD after inoculation into plants in various ways.

10. Evaluate plants with enhanced production of DSF conferred by co-expressing RpfB, an ancillary protein to DSF
biosynthesis, along with the DSF synthase RpfF for disease control as both scions and as rootstocks.

11. Optimize the ability of DSF-producing in rootstocks to confer resistance to PD in the scion.
12. Determine the movement and stability of synthetic DSF and chemical analogs of DSF applied to plants in various ways

to improve disease control.

RESULTS AND DISCUSSION
Production of DSF in transgenic plants for disease control.
We have expressed the rpfF gene in several different plant species to investigate whether DSF excess can lead to reduced
disease caused by Xf. Grape (Freedom) has been transformed at the Ralph M. Parsons Foundation Plant Transformation
Facility at the University of California at Davis with a non-targetted rpfF construct.  These plants produced only very low
levels of DSF but are MUCH less susceptible to PD (Figure 2).  While Xf spread throughout non-transformed plants causing
disease on petioles located great distances from the point of inoculation, disease was observed only very close to the point of
inoculation in rpfF-expressing plants.  We measured the movement of Xf in these plants by measuring both the population
size of Xf in stems and petioles at different distances from the point of inoculation, as well as to observe the fraction of
vessels to which a gfp-marked strain of Xf had moved using fluorescence microscopy (Figure 3). Xf was greatly limited in
its movement in plants producing DSF as evidenced by both a lower population size at sites distal to the point of inoculation
and a lower incidence of vessel colonization at all points; both would contribute to low disease severity.
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Figure 4. Detection of DSF, visualized as green gfp fluorescence from macerates of leaves from
wild-type Thompson seedless (left panel) or different rpfF-transformed plants (right panel).  In
each panel the left-most column is from samples taken near the point of inoculation while the
center and right column are from stem segments taken 60 cm and 120 cm from the point of
inoculation, respectively.

We have recently transformed grape (Thompson seedless) with an rpfF gene that has been modified to direct the protein
product to the chloroplast where fatty acid synthesis (and DSF synthesis) should be much enhanced compared to its
production in the cytosol, the presumed location of RpfF in the current transformed plants.  Our preliminary results with an
improved DSF bioindicator (described below) revealed that DSF could be detected in several of the transgenic targeted RpfF
lines (Figure 4) – this is in contrast to the non-targeted plants were levels of DSF are apparently too low to detect with this
biosensor.

We also have inoculated the chloroplast-targeted rpfF plants with a gfp-marked strain of Xf to assess differences in its
movement within the DSF-producing and normal Thompson seedless grape using fluorescence microscopy.  Ten Transgenic
Chloroplast-targeted rpfF Thompson seedless plants, (which was a mix of several trnasformed lines) and ten non-transformed
Thompson seedless were stem inoculate with a gfp-marked wild type Xf. At eight weeks after inoculation one cm stem
segments were sampled at 10,60,120, cm distal from the point of inoculation, and Xf populations were determined  by
culturing and CFU/gr populations were estimated via dilution plating.   While the population size of Xf in the rpfF-
transformed lines were similar to that in untransformed lines near the point of inoculation, population sizes were about 10-
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Figure 3. (Left) Population size of Xf in one cm stem segments at different distances from the point of inoculation on non-
transformed Freedom grape (green) and in rpfF-transformed Freedom (red).  The vertical bars represent the standard error of
mean log population size. (Right). Proportion of xylem vessels in stems of transformed Freedom grape (green) and in rpfF-
transformed Freedom (orange) colonized with a gfp-marked strain of Xf at different distances from the point of inoculation.
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Figure 5.  Population size of Xf in wild type Thompson seedless grape (squares) or
transgenic rpfF-expressing grape (circles) at different distances from the point of
inoculation.

Figure 6: Average of Xf- infected vessels per grape stem cross section in transgenic rpfF-
transformed Thompson grape (red circle) and in non-transformed Thompson seedless in
(green squares).

fold lower in the rpfF-transformed lines at more distal sites on the vine such as 120 cm from the point of inoculation
(Figure 5).
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Microscopy was also carrying out at the same sampling sites to assess the frequency with which xylem vessels were
colonized by Xf. We recorded as positive any vessel harboring Xf irrespective of whether they harbored few cells or many
cells.  An average of five stem cross sections were examined for each sampling distance from the point of inoculation on each
plant (Figure 6).  The proportion of vessels of the rpfF-transformed grape that were colonized by Xf was only about 50% that
in non-transgenic lines, suggesting that the movement of the pathogen through the plant was inhibited by expression of rpfF
and thus production of DSF in the plant.  It was also noteworthy that the incidence of vessel colonization varied greatly
between transgenic lines evaluated, with some lines having a similar incidence of colonization as the wild-type line while
others having very little colonization.
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Figure 7.  Fatty acids resolved by TLC from a RpfF mutant of Xf (left
lane) a RpfB mutant (center lane) and a wild type strain of Xf (right
lane).  Fatty acids were visualized after exposure to iodine vapor.

Further support for the possibility that more than one fatty acid signal molecule is made by RpfF was obtained by the use of a
Thin Layer Chromatography (TLC) method to assess the fatty acids produced by Xf. In this method, acidified ethyl acetate
extracts of culture supernatants of a wild-type Xf strain and an RpfF- mutant and a RpfB mutant were subjected to TLC and
fatty acids visualized by iodine vapors.  Interestingly, three different fatty acids were visualized in the wild type strain, while
these were largely missing in an RpfF- mutant, with only very small amounts of two other putative fatty acids present
(Figure 7).  It also was of interest to see that the RpfB mutant produced an altered pattern of putative fatty acids, with the
major chemical species produced by the WT strain missing, and much larger amounts of one of the other species produced.
The top-most spot observed in extracts of a WT strain of Xf co-migrates with C14-cis, a chemical form of DSF that we have
previously characterized.  Interestingly, the middle band found in the WT strain, which migrated similarly to the topmost, and
most abundant band seen in the rpfB mutant, co-migrates with C12-cis.  It is noteworthy, that a re-examination of the DSF
species produced by Xanthomonas campestris pv. campestris using different methods have revealed that this species also
produces C12-cis.  The most prominent, lower, band seen in the WT strain is not observed in the rpfB mutant.  This supports
the model that RpfB, a putative long-chain fatty acyl CoA ligase, serves to produce suitable substrates for RpfF, the DFS
synthase.  Although RpfB is not required for DSF synthesis in Xf, it presumably aids in DSF synthesis by encoding long
chain fatty acyl CoA ligase which might increase availably of the appropriate substrates for DSF synthesis by RpfF.  It is
interesting to note that rpfB mutants have an altered behavior compared to rpfF mutants and WT strains of Xf. While rpfF
mutants are hypervirulent in grape, rpfB mutants were nearly as virulent as WT strain.  In contrast, while rpfF mutants are
non-transmittiable by sharpshooters, the rpfB mutants exhibit only a slight decrease in their transmission (Figure 8)
suggesting that they are retained by sharpshooters more efficiently than the rpfF mutant.  Given that the rpfB mutant appears
to make C12-cis but not C14-cis, this suggests that C12-cis is sufficient to enable signaling that leads to insect transmission
but does not greatly affect virulence.  We expect that co-expression of RpfB and RpfF in the chloroplast will further enhance
the DSF levels in plants.  We have produced transgenic Arabidopsis plants with such a construct and find evidence of high
levels of DSF production.  Pathogenicity assays with the rpfF mutant of Xcc indicated that the transgenic plants expressing
both rpfB and rpfF transgenic plants can better complement the virulence of the non pathogenic rpfF mutant of Xcc. Based
on this and other data, we are expressing both RpfF and RpfB simultaneously in transgenic for optimum production of
suitable DSF molecules.  We thus are preparing genetic constructs to transform grape with these two genes to further enhance
DSF production.
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Figure 8.  Retention of wild type and rpfB mutant strains of Xf by leafhopper vectors as indicated
by their transmission rates on successive plant transfers.  Individual leafhoppers were transferred
to new grapevines every 4 days after acquiring the bacteria on source vines infected with rpfB
mutant or the wild type.  Circles represent the wild type transmission rates, squares the rpfB
mutant; solid symbols include rates only for insects that transmitted to at least one plant in the
serial transfer, empty symbols represent total proportion of plants infected.

Studies of movement of Xf in plants
Our studies  have suggested strongly that adhesion of Xf to plant tissues inhibits movement of the pahtoen through the plant,
and hence tends to reduce the virulence of  the pathogen.  RpfF- mutants of Xf that do not produce DSF adhere to glass
surfaces and to each other much less effectively than WT strain that produce DSF.  This is consistenty with the apparent rpfF-
regulation of adhesins such as HxfA, HxfB and XadA etc.  To better correlate levels of DSF in the plant and the stickiness of
the Xf cells we have developed a practical assay to measure and compare stickiness of Xf cells in grapes infected with Xf gfp-
Wt and Xf mutants.  In this assay, the release of cells of Xf from stems and petioles tissue from grape infected with Xf wild
type Tem and gfp-rpfF mutant were compared.  Tissues from infected Thompson seedless grapes were surface sterilized with
70% alcohol, and 30 % bleach.  From the sterile tissues, 5mm stem or petiole segments were cut and placed individually in
sterile buffer and shaken gently for 20 minute.  After 20 minutes the number of cells released from the cut end of the segment
were estimated by dilution plating on PWG.  To determine the total number of cells in a given sample (the number of cells
that potentially could have been released by washing) the washed segment was macerated and Xf populations again evaluated
by dilution plating.  Total cell populations were calculated by summing the cells removed by washing and those retained in
the segment.  The ratio of easily released cells to the total cells recovered in the samples was termed the release efficiency. In
both stems and petioles the release efficiency of the rpfF mutant was much higher than that of the WT strain (Figure 9).  This
very striking difference in the adhesiveness of the Xf cells experiencing different levels of DSF in the plant suggest that this
release efficiency assay will be valuable for rapidly assessing the susceptibility of grapes treated in various ways.  For
example, the adhesion of cells could be measured within a couple of weeks after inoculation of WT Xf cells into transgenic
plants harboring various constructs designed to confer DSF production in plants, or in plants treated with DSF producing
bacteria or topical application of chemicals with DSF-like activity.  Such an assay would be far more quick than assays in
which disease symptoms must be scored after several months of incubation, and could be employed during those times of the
year such as the fall and winter when disease symptoms are difficult to produce in the greenhouse.
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While the movement of Xf has been recognized as an important trait necessary for disease, the process is still poorly
understood.  Other studies we have performed in our lab are strongly supportive of a model of progressive and sequential
colonization of a large number of xylem vessels by Xf after inoculation of a single vessel.  Furthermore, we believe that the
process of movement of Xf through plants is a stochastic one which is characterized by growth in a given xylem vessel into
which it is introduced followed by “active escape” of at most a few cells into adjacent uncolonized vessels, and then further
multiplication of the cells which starts the process anew.  We thus are exploiting the use of mixtures of phenotypically
identical strains of Xf differing by only one or two genes to better understand the process of progressive movement of Xf
through plants.  We hypothesize that anatomical features of plants (nature of pit membranes and other barriers to vessel to
vessel movement in the stem) limit the number of Xf cells that can transit from one vessel to another and are major factors
conferring resistance in plants.  It would be expected that the stochastic (random) processes that would tend to segregate cells
of one strain from another in the process of progressive movement would increase the degree of segregation with distance
from the point of inoculation (with increasing numbers of vessels the cells had to traverse to get from one part of the stem to
another given that each vessel in grape is an average of only about 10 cm long).  That is, Xf must move from one xylem
vessel to another dozens or hundreds of times to be able to move longitudinally down a vine as well as laterally across the
vine to achieve the extensive colonization of the stem that are typical of diseased vines.  If, at each step in this movement
process only a few cells are transferred then, by chance, xylem cells distal to the inoculation point will receive by chance only
one of the two genotypes of the pathogen.  Thus, for a given plant inoculated with a mixture of cells, the proportion of one
strain compared to the other would either increase or decrease along a predictable trajectory given the stringency of the
“bottleneck” that it faced while moving from one vessel to another.  Our efforts to test this model of movement of Xf through
grape tissue has been hindered by the fact that isogenic strains of this pathogen that differ even slightly in virulence (ability to
move within the plant) result in one strain predominating at distal parts of the plant, presumably due to a slightly higher
likelihood of successful movement to adjacent xylem vessels at each step in the colonization process.  For example, WT cells
of Xf always moved further and at higher frequency than rpfB mutants.  Likewise, random Tn5-mutants of Xf generated by
the Kirkpatrick lab also were inferior to the WT strain and were not recovered when mixtures were inoculated into grape.
We now have identified phoA mutants as having identical behavior in grape as the WT strain, enabling us to examine the
process of spatial segregation of cells of Xf during colonization of grape.  The population size of the WT strain of Xf was
similar to that of the phoA mutant whether inoculated singly or in a mixture (Figure 10).  More importantly, the proportion of
cells of the two strains that were recovered from different locations within a given plant differed greatly between plants
(Figure 11).  For example, eight plants were inoculated with an equal mixture of the WT and phoA mutant, yet in some
plants all of the cells recovered from locations either 10 cm or 120 cm from the point of inoculation were either one strain or
the other; seldom was a mixture of both strain found, and a similar fraction of the plants harbored one strain or the other,
suggesting that the two strains had an equal likelihood to move within the pant, but that stochastic processes determined the
movement. We hypothesize that resistant grape varieties harbor anatomical differences from susceptible varieties that limit
the movement of Xf from vessel to vessel.  Such plant would thus present a more extreme “bottleneck” to Xf at each
movement event and hence we would expect a more rapid segregation of mixtures of Xf at a given point away from
inoculation.  We thus are currently further exploring the spatial dependence of this segregation process in different grape
varieties that differ in resistance to PD.  Not only should this provide considerable insight into the process of movement
which, while central to the disease process, remains very poorly understood, but it should also provide new tools for
screening grape germplasm for resistance to Xf.
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Figure 10.  Population size of a WT strain of Xf (green) or of a PhoA mutant (orange) at various
distance from the point of inoculation when inoculated single (left panel) or in equal mixtures (right
panel).

Graft transmissibility of DSF.  To test whether DSF is mobile within the plant we are performing grafting experiments in
which DSF-producing Freedom grape transformed with the rpfF of Xf are used as rootstocks to which normal Cabernet
Sauvignon grape were green-grafted  as a scion.  As a control, normal Freedom was also used as a rootstock.  These plants
were inoculated with Xf to test whether normal scions on DSF-producing rootstocks have a lower susceptibility to Xf
colonizationed as a rootstock scions.  Initial estimates of disease severity indicate that there were about 30% less
symptomatic leaves of the normal Cabernet scion when grafted onto a rpfF-expressing rootstock compared with plants on a
normal Freedom rootstock (Figure 12).  Thus, like in the studies of the rpfF-expressing tobacco, it appears that DSF
production in the scion is more efficacious for disease control than is the expression of rpfF in the rootstock.  We are
repeating these experiments and will be inoculating the plants in a variety of ways to determine the efficiency of disease
control from rootstock modification.  We are repeating these grafting experiment both with the non-targeted rpfF Freedom as
a rootstock as well as the chloroplast-targeted rpfF Thomson seedless as a rootstock.  Pesticide injury suffered by these plants
in our greenhouses during the summer of 2010 have delayed the completion of these studies since the plants were severely
stunted and the grafts had to be redone.
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Figure 12. Severity of PD (left box) or number of leaves per vine infested with Xf (right box) of Freedom grape
having a Cabernet sauvignon grape scion grafted onto the rootstock noted on the abscissa.  Plants were inoculated
with either Xf strain Temecula (blue) or strain STL.

Disease control with endophytic bacteria. The severity of PD is reduced when DSF-producing bacteria such as rpfF-
expressing E. coli and E. herbicola and certain Xanthomonas strains are co-inoculated with Xf into grape.  Importantly, the
control of disease by DSF-producing bacteria was associated with their ability to produce DSF since strains that were blocked
in ability to produce DSF were greatly reduced in their ability to suppress disease, indicating that elevated DSF in the plants
was the cause of disease suppression.  We have been successful in producing large quantities of DSF in endophytes such as
Erwinia herbicola and also in lab strains of E. coli.  Unfortunately, these bacterial strains do not move within grape after
inoculation, thereby restricting their ability to interact with Xf except at sires of co-inoculation.  Presumably to achieve
control of PD by endophytic bacteria where Xf might be inoculated at any point in the plant by insect vectors it will be
important to utilize endophytic bacteria that can colonize much of the plant in order that DSF be present at all locations
within the plant.  Naturally-occurring endophytic bacteria that produced the DSF sensed by Xf and which might move
extensively within the plant would presumably be particularly effective as such biological control agents, but until now it was
impossible to identify such strains.  We recently were able to transform a putative efficient endophyte of plants, Rizobium
etili G12 with both the Xcc and Xf rpfF (DSF biosynthetic gene) and have obtained some production of DSF in this strain.
This DSF-producing endophyte has been inoculated into grape to determine both its ability to move and multiply within
grape as well as its ability to interfere with the disease process.  The R. etli strain G12 was found to move within grape tissue
after inoculation into either the stem or the leaves.  When measured four weeks after inoculation by puncture inoculation into
one site in the stem measurable populations of R. etli were seen as far as 50 cm away from the point of inoculation.  While
the population size away from the point of inoculation were relatively low in this short time interval since inoculation, this
strain clearly has the ability to move within grape.  The evidence we have obtained so far, however, suggests that this
bacterium moves relatively slowly in grape, and thus such a strain would have to be inoculated into grape substantially in
advance of the pathogen in order to achieve high levels of disease control.  In addition, the DSF-producing R. etli strain is
recombinant, and hence may face regulatory scrutiny before it might be used in production viticulture.  For that reason we
have initiated a study of naturally-occuring bacterial endophytes for their ability to produce DSF.  This objective was
possible since much effort devoted in the last two years has resulted in the development of  better biosensors for the DSF
produced by Xf (C14-cis and related molecules) (discussed below).  We now have several highly sensitive assays for Xf DSF.
The DSF produced by Xcc and that made by Xf are slightly different and the Xcc-based biosensor for DSF is MUCH more
responsive to the Xcc DSF than to the C14-cis produced by Xf; while the Xcc-biosensor can detect as little as about 100 nM
of Xcc DSF it can detect C14-cis only in concentrations above about 1 mM.  We thus previously could not easily the
production of molecules in bacterial endophytes that were similar to the DSF made by Xf. Our new biosensor, however has
allowed us to screen large numbers of bacteria for Xf DSF production.

Both the older Xcc and new Xf-DSF specific biosensors developed in our lab were used to screen natural bacterial endophytes
recovered from bluegree sharpshooter(BGSS) insect heads and grape plants.  We are executing this part of the project using
two approaches; the first approach is building our own endophytes library using mainly endophytes isolated from insect head
and wild grapes.  The second approach involved screening an existing large grape endophyte library which was kindly made
available to us by Dr. B. Kirkpatrick.

BGSS adults and nymphs were surface sterilized, macerated, and diluted onto 10% TSA.  The emerging colonies were
harvested and transferred to KB plates where they were over-sprayed with either of the two biosensors and GFP fluorescence
monitored.

Our initial results reveal that 0.9% of the endophytes recovered from either insect mouthparts or from grape xylem produce
either a DSF detected by the Xcc-specific DSF biosensor, or the Xf DSF-specific biosensor or both.  More that twice as many
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Figure 13. GFP fluorescence exhibited by a mutant strain of Xcc lacking its own rpf C
and rpfF genes but into which the various rpf genes from Xf noted on the top of each
column were added.  GFP fluorescence in the presence or absence of added DSF were
then visualized.  Note that this biosensor yields gfp fluorescence specifically in the
presence of DSF when the XF rpfG, rpfC and rpfF genes have been added.

strain produce a DSF detected by the Xcc-specific DSF biosensor, suggesting that the DSF produced by Xf is not as common
as that produced by other bacteria such as environmental Xanthomonas strains etc.  Many more strains remain to be tested
and a relatively large library of DS-producing bacteria is anticipated.  This collection of DSF-producing bacteria will then be
assessed for their ability to grow and move within grape plants as well as their ability to reduce symptoms of PD when co-
inoculated and pre-inoculated into grape before Xf.

Development of an Xcc biosensor efficient in detecting Xf DSF. For many of the objectives of this project, an improved
bioindicator for DSF would be very valuable.  Such a biosensor will be needed to accurately screen transgenic plants for DSF
production as well as to screen to endophytic bacteria capable of DSF produciotn.  Likewise, the direct application of DSF to
plants as well as the application of analogs of DSF for disease control will be greatly expedited by use of direct assays for
DSF abundance in treated tissues.  Until now, we have been using an Xcc-based biosensor in which the Xcc endoglucanase
gene is linked to a GFP reporter gene.  Previous studies have shown that this biosensor is able to detect the DFS made by Xf
but that it detects Xf DSF with a much lower efficiency then the Xanthomonas DSF since the two molecules apparently differ
slightly.  In this reporting period we have made considerable progress in the construction and characterization of
Xanthomonas campestris -based Xf-DSF specific biosensors.  In order to be able to sense Xf DSF we constructed two
independent Xcc -based DSF biosensors specific to the DSF produced by Xf RpfF and which is sensed by Xf RpfC.  In the
first sensor, we replaced the Rpf-DSF detection system of Xcc with that of homologous components from Xf. An Xcc mutant
in which both rpfF and rpfC was deleted was transformed with a pBBR1MCS-2 based plasmid harboring Xf rpfC and rpfF
genes.  In a previous study, Xf rpfC was introduced into an Xcc rpfC mutant resulting in the repression of DSF production
(the Xcc rpfC mutant itself is a DSF hyper-producer) but not of EPS production and protease activity.  Based on that
observation it was concluded that the Xf RpfC is capable of interacting with the Xcc RpfF to control its DSF production
activity, but that the Xf rpfC was not capable of interacting with the Xcc RpfG to initiate down-stream signal transduction.  In
that sensor the Xcc rpfG was left intact. Xf RpfG, RpfC and RpfF are presumed to function in concert to mediate signal
transduction in the following manner: Xf RpfF synthesize DSF, and we have shown that it produces DSF molecules
recognizable by Xcc RpfC and in other bacterial hosts (E. coli, E. herbicola R. etli etc.).  RpfC, upon interaction with DSF, is
thought to phosphorelay to RpfG. RpfG is a cyclic di-GMP phosphodiesterase.  Since cyclic di-GMP plays a regulatory role
in many bacteria species, it is expected that the Xf rpfGCF system, capable of reducing the levels of cyclic di-GMP, will
affect the expression of genes regulated by cyclic di-GMP in any host which its gene expression relays upon cyclic di-GMP.
In Xcc, DSF and cyclic di-GMP were shown to regulate the expression of many virulence genes including the cellulase gene
engXCA.  Therefore, the functionality of the Xf rpfGCF system was determined in Xcc based on the activity of an
engXCA’::gfp transcriptional fusion.  Introduction of Xf rpfG to the Xcc rpfCF mutant, did not affect the GFP fluorescence
signal produced by the engXCA’::gfp fusion suggesting that Xf rpfG was in its inactive state.  Introduction of Xf rpfG and
rpfC together however, resulted in a two-fold increase in the engXCA promoter activity.  This strain, although it harbors Xf
rpfC, exhibited a slight increase in gfp fluorescence in response to only high levels (100 µM) of 2-Z- tetradecenoic acid, the
putative DSF molecule produced by Xf. In order to address this puzzling observation, Xf rpfF was subsequently introduced to
this strain.  Upon addition of Xf rpfF the engXCA promoter activity decreased to background level and was similar to that of
the strain harboring Xf rpfG only, suggesting that it represses the RpfC-RpfG interaction.  Addition of 0.1-100 µM 2-Z-
tetradecenoic acid, de-repressed RpfC-RpfG interaction allowing gfp to be expressed in a dose-response manner (Figure 13).

NO DSF

2-Z-tetradecenoic
acid (100 µM)

Xf rpfGC           Xf rpfG            Xf rpfGC        Xf rpfGCF

promoterless::gfp      engXCA’::gfp         engXCA’::gfp         engXCA’::gfp
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The DSF production activity of Xf RpfF in this strain was tested - yielding no observed DSF production.  Assuming that Xf
RpfC, like Xcc RpfC, represses DSF production, the DSF production activity of Xf RpfF was further tested in the absence of
Xf RpfC or both Xf RpfG and RpfC.  In both cases, activity was restored suggesting that Xf RpfC interact with RpfF and
controls its DSF production activity.

A second Xcc-based Xf DSF sensor was constructed that is composed of an Xcc rpfF and rpfC double mutant into which Xf
rpfF and rpfG and a hybrid rpfC allele composed of the predicted trans-membrane domain of Xf RpfC and the cytoplasm
domain of the Xcc RpfC has been added.  The eng’::gfp transcriptional fusion in Xcc that was described above was inactive
in the absence of DSF but was strongly induced by ≥0.1 µM 2-Z- tetradecenoic acid.  We compared the activity of these two
Xf-DSF specific biosensors to the activity of our original Xcc-DSF specific biosensor (Xcc rpfF mutant harboring an
eng’::gfp reporting fusion) in response to diluted DSF extracts obtained from Xcc and from Xf. We named the three different
sensors based on their DSF sensing element, Xcc-rpfC, Xf-RpfC and Xf-Xcc chimeric RpfC.  While both of the Xf-DSF
specific biosensors (Xf-RpfC and Xf-Xcc-RpfC) did not respond at all to the diluted DSF extract obtained from Xcc culture,
the Xcc-DSF specific strain (Xcc-RpfC) exhibited a clear dose-dependent behavior to an elevated extract strength (Figure 14
left).  When exposed to DSF extract obtained from Xf cultures, Xf-RpfC and Xf-Xcc-RpfC clearly responded to increased
levels of Xf DSF while the Xcc-RpfC biosensor barely responded to the lowest dilution tested (Figure 14 right).

To test the specificity of the DSF biosensors we compared the activity of those sensors to a panel of pure DSF analogues.
Inspection of the intensity of the respond (GFP level) by fluorescence microscopy revealed that Xcc-RpfC is activated in a
stronger manner by DSF-like molecules with shorter acyl chain lengths (C11-cis, C12-cis and C13-cis) than by DSF
homologs with either  shorter or longer acyl chain lengths (Figure 15).  In contrast, the Xf DSF-specific biosensors Xf-RpfC
and Xf-Xcc-RpfC responded more strongly to C13-cis and C14-cis then to shorter chain fatty acids (Figure 17).  Given that
C14-cis is produced by Xf it appears that the RpfC-based biosensors respond more strongly to the DSF molecule to which the
cell has evolved to respond.  Thus the two Xf DSF specific DSF biosensors, particularly the Xf-Xcc RpfC biosensor is much
more responsive to C14-cis, and hence will be far more useful that the original Xcc RpfC biosensor for assessing DSF levels
in plants and bacterial cultures.

Figure 14. GFP fluorescence of the Xf DSF specific biosensors (red and dark blue) of the Xcc-
specific DSF biosensor (black) to increasing concentrations of DSF from culture extracts of
Xcc (left panel) or from Xf (right panel).
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Identification of additional DSF molecules.  Since we were successful in developing a DSF biosensor that is much more
responsive to the DSF produced by Xf (compared to the original DSF biosensor that was much more responsive to Xcc DSF
than to Xf DSF) we have continued studies to determine the structures of the various molecules made by Xf that are involved
in rpfF-mediated signaling.  It is clear that Xf produces C14-cis and that this molecule is active in regulating the behavior of
Xf. As shown in Figure 9 preliminary evidence has been obtained, that like Xcc, Xf may produce more than one related
signal molecule.  That is, DSF may not be a single molecule, but instead may be a family of closely related molecules.  We
expect that the molecules will be closely related to each other structurally, but they might have different effects on the cell.
The Xf-RpfC sensor was used to quantify biologically active fractions of crude extracts of Xf cultures of a wild type strain
(500-series of fractions) and from an Xf rpfC mutant (900-series of fractions) that were separated on the basis of polarity by
HPLC.  Fractions No. 504 and 901 (not assayed here) had previously been shown to contain C14-cis and thus perhaps other
fatty acids and therefore, were sub-fractionated here.  In both extracts, a more polar fraction (fractions 507 and 905) was
found to contain an active compound as assayed by the Xf-Xcc RpfC biosensor. Fraction 507 was further fractionated and its
sub-fraction 2.2 was found to be active (Figure 16).  Thus more than one molecule besides C14-cis with biological activity
appears to be active in both extracts.  Work is underway to chemically characterize these additional biologically active
compounds.

Development of reporter gene systems for us in Xf. The study of the response of Xf to DSF as well as other studies of its
response to other plant compounds etc. would be greatly enhanced by the ability to easily monitor gene expression via the use
of reporter genes.  Previous attempts to establish gfp or inaZ-based transcriptional fusions in Xf failed, presumably due to its
incapability to express foreign genes properly (a phenomena though to be related to Xf peculiar genetic codon usage).  We
have now successfully developed a reporter gene system by utilizing Xf endogenous phoA gene (encoding alkaline
phosphatase) as a reporter gene. Xf phoA was cloned under the control of E. coli lacZ promoter and its activity was

Figure 15.  GFP fluorescence exhibited by the Xcc-based biosensors listed on each row when grown
in culture media to which 100 uM of the DSF-like compounds with different acyl chain lengths
shown in each column.

Figure 16.  GFP fluorescence detected in various fractions of an ethyl acetate extract of a WT Xf culture (left
panel) or of a culture of an RpfC mutant (right panel).  Sub-fractionation of active fractions is noted with the
brackets.
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confirmed in E. coli.  Six different promoter::phoA transcriptional fusions were established, each harboring an Xf promoter of
a gene associated with virulence (hxfA, hxfB, pglA, pilB and rpfF) and as a control, the 16S-rRNA gene promoter (Figure
17).  Three of these constructs, cloned in the broad host range vector pBBR1MCS-5 were transformed to an Xf phoA mutant
along with the promoterless phoA vector that serves here as a negative control. Xf PhoA relative level in these four strains
(Xf ΔphoA harboring hxfA’::phoA, hxfB’::phoA, 16S-rRNA'::phoA or promoterless::phoA) which reflects promoter activity,
was determined following four days of growth on PWG plates supplemented with 15 ug/ml gentamicin (to force maintenance
of the plasmids).  Activity of the promoterless::phoA construct was subtracted from the activity of the promoter::phoA
fusions.  As expected, induction of the 16S-rRNA promoter was always the strongest; hxfA promoter induction was ca. 20-
fold higher than that of hxfB but ca. 10-folds lower than that of the 16S-rRNA promoter (Figure 18).  These results suggest
that the phoA reporter gene system will be quite valuable for assessing gene expression in vitro.
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We have made much effort in this reporting period to developing methods to use Xf itself to detect DSF. Among the several
genes that we know to be most strongly regulated by DSF include pil genes involved in twitching motility, several genes such
as fimA and hxfA and HxfB which are involved in cell-surface adhesion, and gum genes involved in production of EPS.  We
thus have examined the phenotypes of an rpfF- mutant and WT strain of Xf exposed to different amounts of DSF to
determine if it can be used to bioassay for the presence of DSF. Initial results are encouraging.  For example, cells of the
rpfF- mutant which are not adherent, and thus which do not form cell-cell aggregations became much more adherent to each
other when DSF was added to shaken broth cultures.  The increased adherence is readily visualized as an enhanced ring of
cell-cell aggregates that forms at the liquid-air interface of shaken cultures (Figure 19).  Thus it appears that we may be able
to assess the concentration of DSF in samples using a cell adhesion assay using Xf cells, although both assays are time
consuming and somewhat qualitative.

In addition to estimating the transcriptional expression of genes known to be regulated in response to accumulation of DSF,
we are also exploring ways of measuring the amounts of gene products (proteins) or EPS that are made in response to the
presence of DSF.  For example, we are exploring whether we can detect EPS production by Xf both in culture and in plants

rpfF
hxfB
pglA

gumB
16SrRNA

::phoA

Figure 17. Expression vector harboring phoA from Xf that is fused to promoters from
several virulence genes in Xf.

Figure 18.  PhoA activity measured in Xf harboring
fusions of a promoterless phoA reporter gene with the
promoters of the genes noted on the abscissa.
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by use of antibodies that recognize the EPS of Xf. Such antibodies have recently been described by the group of Bruce
Kirkpatrick.  Our initial results suggest that DSF-deficient RpfF- mutants of Xf exhibit little or no EPS production as
monitored by use of fluorescently-labeled antibodies directed against EPS.  A gfp-marked RpfF- strain of Xf could be used as
a DSF detector both in culture and in planta by examining co-localization of constitutive GFP fluorescence and red
fluorescence when a red-fluorophore-labeled anti-EPS antibody is applied to a sample; GFP fluorescent cells that were not
also labeled with the antibody stain would indicate lack of DSF availability while cells that were both GFP and red
fluorescent would indicate the presence of DSF.

We have also explored the use of immunofluorescence to detect other DSF-regulated proteins in Xf. Antibodies to XadA
were provided by Dr. Alessandra Souza who had developed this tool to detect a homologous protein in CVC strains of Xf.
The antibodies cross-reacted strongly to the XadA from grape strains of Xf. In preliminary experiments we find that cells of
an rpfF mutant of Xf harbor very little XadA when grown on XFM minimal medium without added DSF, but that significant
amounts of XadA is detected with the antibody when DFS-containing extracts from an rpfC mutant of Xf were added (Figure
19).  These are very exciting results in that it suggests that such a biosensor would be very useful within plants to monitor the
temporal and spatial patterns of DSF production within plants, as well as allow us to monitor the dispersal and stability of
DSF that has been applied to plants, or of DSF which has been produced by transgenic plants themselves.  We also observed
a very curious effect of DSF on XadA; while some of this protein is cell-associated, a much lower proportion of this protein
is released to the outside of the cell when cells are exposed to DSF (Figure 20).  Quite importantly, the proportion of XadA
that is retained by the cell is strongly influenced by the amount of DSF that the cell is exposed to.  Addition of DSF from an
extract of a DSF-producing strain of Xf reduced its secreted portion in both the wild type and the rpfF mutant (Figure 20).
The DSF-dependent retention of XadA is being exploited as a measure of DSF content of samples in further analysis of DSF
analogs as well as further reexamination of related DSF molecules that are being made by Xf and other bacteria.

Figure 19 Cells of rpfF- mutant of Xf grown on a minimal medium and then stained
with Syto-9 (green) and probed with rhodamine-labeled anti-XadA antibody (red).
Cells were grown in XFM minimal medium without added DSF extract (top) or with
added DSF-containing cell culture extract (Bottom).
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rpfF mutant

NO DSF       1/1         1/50      1/1000   NO DSF    1/1         1/50       1/1000

CA                                                          EE

Wild type rpfF mutant

CA            EE                       CA            EE

CONCLUSIONS
Since we have shown that DSF accumulation within plants is a major signal used by Xf to change its gene expression patterns
and since DFS-mediated changes all lead to a reduction in virulence in this pathogen we have shown proof of principle that
disease control can be achieved by a process of “pathogen confusion”.  Several methods of altering DSF levels in plants,
including direct introduction of DSF producing bacteria into plants, and direct application of DSF itself to plants appear
promising as means to reduce PD.  Transgenic DSF-producing plants appear particularly promising and studies indicate that
such plants provide at least partial protection when serving as a rootstock instead of a scion.  Based on work done on other
plant species in which a chloroplast-targeted DFS synthase has provided much higher levels of DSF production, we are
hopeful that such a construct in grape will provide even higher levels of PD control in our current studies.  While the
principle of disease control by altering DSF levels has been demonstrated, this work addresses the feasibility of how achieve
this goal, and what are the most practical means to achieve disease control by pathogen confusion.  Our continuing work will
address which method is both most practical and efficacious.  The tools we have developed to better detect the specific DSF
molecules made by Xf will be very useful in our on-going research to test the most efficacious and practical means to alter
DSF levels in plants to achieve disease control.  These tools are being used to screen for more efficacious naturally-occurring
DSF producing bacterial endophytes, as well as to identify chemical compounds that more strongly induce changes in
behavior of Xf.

FUNDING AGENCIES:
Funding for the three projects described here was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter
Board.

Figure 20: Left panel: Expression of XadA in wild type and rpfF mutant (CA = Cell-Associated; EE =
Extracellular Environment). Right panel: Effect of DSF-crude extract (1/1 = 1 % strength [200 µl / 20 ml],
1/50 = diluted by 50 and 1/1000 = diluted by 1000) on XadA localization to the extracellular environment in
Xf rpfF mutant. A non-specific band appears under the XadA band and can be seen only in the CA samples.
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Reporting Period: The results reported here are from October 2009 to October 2010.

ABSTRACT
In this report we present the final completion of the first Xylella fastidiosa (Xf) genome from Texas, Xf grape strain GB514.
Preliminary report of the genome was presented at the Southwestern Entomology meetings in spring 2010, but the genome
has now been uploaded to NCBI.  We present the accession numbers and initial findings as we begin to compare this genome
to two California Xf grape strains.  Not surprisingly, GB514 shows strong homology to the California grape strain of Xf (M23
and Temecula).  GB514 also includes a plasmid which contains genes for a completely functional Type IV secretion system
and shows 94% query coverage with a plasmid recently published from a Xf mulberry strain.  The mulberry strain plasmid
(and ours) shows alignment to a plasmid from the earthworm symbiont Verminephrobacter eiseniae. We report differences
between the California Xf grape genomes and this Texas grape strain for the zonula occludens toxin (zot) gene (a possible
virulence gene).  In addition to analyzing this genome, we report on our planned sequence of a second Texas Xf isolate called
MM067-2 from Pecan.  According to preliminary genome comparison (MLST) this isolate is from an “oak” type of the Xf
multiplex subsp.  This “oak” type has been isolated from multiple states and no oak isolates of Xf have yet been sequenced.

LAYPERSON SUMMARY
Comparison of Xylella fastidiosa (Xf) genomes is a powerful tool to search for virulence genes and to map the evolutionary
history of an organism.  Instead of comparing strains one gene at a time, genome comparisons allow scientists to quickly
identify where strains are different.  These differences likely hold the key as to why some isolates are pathogenic in some
plants and not others.  Genome studies also allow us to search for better sequences to use in detection (making detection more
efficient or strain specific).  We have sequenced a Xf grape strain from Texas and uploaded the genome (and plasmid) to the
NCBI (national genomic database) for all to use.  This is the first Xf genome from outside California (with the exception of
the first Xf genome which was done in Brazil).  We have uncovered a few distinctions between this Texas grape strain and
those in California.  We have also begun sequencing a second genome from Texas.  This second genome is from pecan and
preliminarily looks like an ‘oak’ type.  This will be the first ‘oak’ type of Xf sequenced and will likely present useful
information about the natural history of Xf in North America.

INTRODUCTION
Xylella fastidiosa (Xf) Wells et al. is the gram-negative plant pathogen which causes Pierce’s disease in grapevines, as well as
diseases in other plants such as almonds, citrus and oleander.  Over the last decade a total of six Xf genomes have been
sequenced including the citrus variegated chlorosis strain 9a5c from Brazil (Simpson et al. 2000), Temecula grape strain
(Van Sluys et al. 2003), the California oleander strain Ann-1 and almond leaf scorch strain Dixon (Copeland et al. 2002a, b)
and two additional Xf isolates form California, a grape strain M23 and an almond strain M12 (Chen et al. 2007).  The analysis
of genomes of Xf outside of California is essential for us to address questions about the natural history of Xf in North
America.  Preliminary analysis suggested that the grape strains in Texas and California were highly similar (Yuan et al.
2007), but the whole genome comparison is required to search for small but potentially significant differences in the
genomes.  We have also begun sequencing an additional Xf isolate from pecan.

OBJECTIVES
1. Sequence and upload the genome from a Texas grape strain of Xf (Xylella fastidiosa subsp. fastidiosa).
2. Compare the Texas grape strains to the two grape Xf genomes which have been done in California.
3. Report on the new Texas Xf genome sequencing project underway.
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RESULTS AND DISCUSSION
We have sequenced aTexas grape strain of Xf (GB514) using whole genome shotgun titanium pyrosequencing with 25X
coverage.  The project revealed two primary contigs, a main chromosome of 2.49 megabases and a possible low copy
plasmid.  Accession numbers for this project are CP002165 for the main chromosome and CP002166 for the plasmid.  Not
surprisingly, the main chromosome of GB514 shows strong homology to the California grape strain of Xf (M23 and
Temecula).  However, comparison of grape Xf genomes in Texas and California has and will likely continue to uncover small
differences which can help us address questions about the natural history of Xf in North America.  For example, the
California grape strains each have two versions of a potential virulence factor called the zonula occludens toxin (zot) gene (da
Silva et al. 2007).  There are two copies of zot1 and one copy of zot2 in California grape strains whereas GB514 contains
only one version (one copy zot2 and no zot1).  Did GB514 lose its copy of zot1 or did zot1 evolve only among the California
Xf grape strains?

The plasmid of Xf GB514 codes for 39 functional genes of which 11 are for proteins used in the Type IV secretion system of
gram negative bacteria, virulence factors involved in the injection of DNA or substrates into host plants (Cascales and
Christie 2003).  According to Cascales and Chirsite (2003) and Christie (personal communication) these genes are sufficient
for a completely functional Type IV secretion system.  What role might this plasmid play in virulence of this particular
isolate?  Of additional interest, the plasmid from grape strain of Xf GB514 shows 94% query coverage with a plasmid
recently published from a Xf mulberry strain (Stenger et al. 2010).  This plasmid (and our plasmid) shows strong homology
with a plasmid from a bacterial symbiont Verminephrobacter eiseniae of earthworms.  We thought this alignment unusual
(and perhaps unlikely) until we read about the published finding of Stenger and colleagues (2010).  Does this plasmid may
have some broad host range within environmental bacteria?  Is this plasmid frequent in Xf isolates regardless of strain or
host?

In addition to analyzing the GB514 genome, we are currently underway with our second Texas Xf genome sequencing
project.  We plan to sequence the Xf isolated called MM067-2.  This isolate was isolated from the host of pecan in Texas.
This “oak” type has been isolated from multiple states and no oak isolates of Xf have yet been sequenced.  Preliminary
analysis of this isolate using MLST (Schuenzel et al. 2005), suggests it is a multiplex isolate (Xf subs. multiplex) of the “oak”
type.
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ABSTRACT
The CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board’s Research Scientific Advisory Panel review in 2007
and subsequent RFPs have given top priority to delivery of Pierce’s disease (PD) control candidates, including
polygalacturonase-inhibiting proteins (PGIPs), from grafted rootstocks.  Four currently funded projects – two scientific
research projects and two field trials of transgenic PD control lines – use PGIPs as a control strategy to limit the spread of
Xylella fastidiosa (Xf) in the xylem network and thereby limit PD symptom progression in infected vines.  A monoclonal
antibody to the pear fruit PGIP, the protein expressed by the aforementioned grape lines, is being developed to detect,
quantify, and observe the localization of the pear PGIP in transformed grapevines and grafted vines with transformed
rootstocks.  Pear PGIP is being isolated from previously transformed Arabidopsis thaliana plants and from mature green
‘Bartlett’ pear fruit tissue.  Monoclonal antibody production by Antibodies, Inc. will begin once sufficient quantities of
properly glycosylated, active PGIP have been purified.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) utilizes a key enzyme, polygalacturonase (XfPG), to spread from one xylem vessel to the next,
eventually leading to the development of Pierce’s disease (PD) symptoms in infected vines.  Plant proteins called PG-
inhibiting proteins (PGIPs) selectively inhibit PGs from bacteria, fungi, and insets.  Our collective work has identified a PGIP
from pear fruits as partially inhibiting PD symptom development in grapevines expressing the pear fruit PGIP.  Current
projects, including field trial evaluations, require a monoclonal antibody specifically recognizing the pear fruit PGIP to
detect, quantify, and characterize the protein’s role in XfPG inhibition in transformed grapevines.  We are currently purifying
active pear PGIP from two plant sources for commercial antibody production.

INTRODUCTION
Pierce’s disease (PD) incidence has been associated in several studies with the spread of the causal agent, Xylella fastidiosa
(Xf), throughout the xylem vasculature of infected grapevines.  The spread of bacteria from one vessel to the next utilizes
bacterial cell wall modifying enzymes to degrade the pit membranes separating adjacent vessels (Pérez-Donoso et al., 2010).
One such enzyme, a polygalacturonase (XfPG), has been well characterized and is a PD virulence factor (Roper et al., 2007).
Several previous projects have analyzed the effectiveness of PG-inhibiting proteins (PGIPs) in minimizing the detrimental
effects of pathogen and pest attack on various plants.  Two currently funded projects both use pear fruit PGIP (pPGIP) to
restrict Xf movement:  “Optimizing grape rootstock production and export of inhibitors of X. fastidiosa PG activity” (PI
Labavitch) and “In planta testing of signal peptides and antimicrobial proteins for rapid clearance of Xylella” (PI Dandekar).

This project was developed to generate a monoclonal antibody that selectively recognizes the pear fruit pPGIP protein.  The
monoclonal antibody is a necessary tool for both aforementioned research projects and the related project “Field evaluation of
grafted grape lines expressing PGIPs” (PI Powell) and will allow for detection and quantification of pPGIP without cross-
reactive interference from the native PGIP.  Plants can therefore be more efficiently screened for the presence of the pPGIP
protein, whether directly produced in, or transported to the plant tissue of interest.

OBJECTIVES
1. Using existing plants expressing histidine-tagged pPGIP and fresh pear flesh, prepare pPGIP protein and provide it to

Antibodies, Inc. to develop mouse hybridoma lines expressing monoclonal antibodies against the pear PGIP.
2. Calibrate the antibodies produced by the hybridoma clones to determine effective dilutions for use in detecting the

pPGIP protein.
3. Use the antibody to detect transgenic pear PGIP in xylem sap of own-rooted and grafted grapevines.

RESULTS AND DISCUSSION
Objective 1: Purification of pear PGIP from transgenic Arabidopsis leaves and pear fruit.
The generation of a monoclonal antibody requires purified protein to be used as the antigen.  PGIPs are heavily glycosylated
plant cell wall proteins that require certain glycosylation levels for activity (Powell et al., 2000).  The project “Optimizing
grape rootstock production of and export of inhibitors of X. fastidiosa PG activity” (Labavitch, 2008) generated transgenic
Arabidopsis thaliana plants expressing the pPGIP protein fused to a C-terminal histidine tag for purification.  Rosette leaves
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from these transgenic plants were frozen in liquid nitrogen and ground with a mortar and pestle.  The resulting powder was
mixed with a binding buffer (20 mM sodium phosphate, 0.5 M NaCl, 20 mM imidazole, pH 7.4) and centrifuged at 500 x g to
remove the leaf debris.  The supernatant was mixed with an equal volume of immobilized nickel-sepharose matrix for
separation and purification of the histidine tagged pPGIP from the crude extract.  The matrix-pPGIP slurry was washed with
several volumes of binding buffer and bound protein was eluted with several volumes of elution buffer (20 mM sodium
phosphate, 0.5 M NaCl, 500 mM imidazole, pH 7.4).  A minimal amount of total protein was found in the eluate after
centrifugation and removal of the matrix, as determined by Bradford assays.  Work to refine the transgenic protein
purification process is ongoing.

In addition to obtaining pPGIP from the Arabidopsis protein expression system, pPGIP extraction from fresh pear fruit flesh
is underway.  pPGIP was purified from mature green ‘Bartlett’ pears according to Stotz et al. (1993) with modifications.
Peeled, cored, and sliced pears (2 kg) were homogenized in 2 L of extraction buffer (1 M sodium acetate, pH 6, 1 M NaCl, 1
% [w/v] polyvinylpolypyrrolidone, 0.2% [w/v] sodium bisulfite). The homogenate was stirred at 4°C for 1 hour then filtered
through three layers of Miracloth with manual pressure.  The liquid fraction was centrifuged (10,000 rpm, 20 min, 4°C) and
the supernatant collected.  The pellet fraction and Miracloth rententate were combined and resuspended in 1 L extraction
buffer, stirring 1 hour at 4°C.  In some aliquots, the initial homogenate was degassed prior to centrifugation, eliminating the
need for the Miracloth filtration.  After centrifugation, the supernatants were combined.  Total protein precipitating between
50% and 100% ammonium sulfate saturation was collected and resuspended in 100 mM sodium acetate, pH 6, and
extensively dialyzed at 4°C against 10 mM sodium acetate, pH 6, using 6000-8000 molecular weight cut-off membranes.

The dialyzed ammonium sulfate fraction was mixed with an equal volume of 2x ConA buffer (200 mM sodium acetate, pH 6,
2 M NaCl, 2 mM CaCl2, 2 mM MgCl2, 2 mM MnCl2).  A small volume was applied to a Concanavalin A-sepharose column
which was then washed with several volumes of 1x ConA buffer.  Bound protein was eluted with 250 mM methyl-α-D-
mannopyranoside, followed by 1 M methyl-α-D-mannopyranoside.  The initial column chromatography purification has not
separated the glycosylated pPGIP protein from the dialyzed fraction, potentially due to improper binding conditions.  Current
efforts center on concentrating pPGIP protein and optimizing the column chromatography protocol.

pPGIP activity was measured throughout purification by radial diffusion assays (Taylor and Secor, 1988).  Samples of the
pear homogenate were able to fully inhibit a PG (BcPG) mixture from Botrytis cinerea (B05.10) culture filtrates.  For BcPG
preparation, fungal cultures were grown for 12 days in total darkness in 250 mL modified Pratt’s medium, supplemented with
1 g/L Difco yeast extract and 3 g/L citrus pectin, inoculated with 1x105 spores (Fergus, 1952).  The fungus and media were
filtered through 11 µm cellulose filters then 1.2 µm glass microfiber filters to remove any residual fungus and concentrated
by dialysis against polyethylene glycol through 6000-8000 molecular weight cut-off membranes.  The pPGIP purification
preparations resulted in 66% and 59% reductions in BcPG activity after ammonium sulfate precipitation and subsequent
dialysis, respectively.

CONCLUSIONS
Tagged pPGIP protein is being isolated from Arabidopsis thaliana.  Concurrently, native pPGIP is being purified from
‘Bartlett’ pear fruits.  pPGIP activity against B. cinerea PG has been maintained in all purification steps.  Purified pPGIP
protein will be delivered to Antibodies, Inc. for monoclonal antibody production.

REFERENCES CITED
Pérez-Donoso A, Sun Q, Roper MC, Greve LC, Kirkpatrick B, Labavitch JM.  2010.  Cell Wall-Degrading Enzymes Enlarge

the Pore Size of Intervessel Pit Membranes in Healthy and Xylella fastidiosa-Infected Grapevines. Plant Physiol.  152:
1748-1759.

Fergus CL.  1952.  The Nutrition of Penicillium digitatum Sacc.  Mycologia.  44: 183-199.
Labavitch JM.  2008.  Optimizing Grape Rootstock Production and Export of Inhibitors of Xylella fastidiosa

Polygalacturonase Activity.  Proceedings of the 2008 Pierce’s Disease Symposium, p. 214-219.
Powell ALT, van Kan J, ten Have A, Visser J, Greve LC, Bennett AB, Labavitch JM.  2000.  Transgenic Expression of Pear

PGIP in Tomato Limits Fungal Colonization.  Mol. Plant Microbe Interact.  13: 942-950.
Roper MC, Greve LC, Warren JG, Labavitch JM, Kirkpatrick BC.  2007. Xylella fastidiosa Requires Polygalacturonase for

Colonization and Pathogenicity in Vitis vinifera Grapevines.  Mol. Plant Microbe Interact.  20: 411-419.
Stotz HU, Powell ALT, Damon SE, Greve LC, Bennett AB, Labavitch JM.  1993.  Molecular Characterization of a

Polygalacturonase Inhibitor from Pyrus communis L. cv Bartlett.  Plant Physiol.  102: 133-138.
Taylor RJ and Secor GA.  1988.  An Improved Diffusion Assay for Quantifying the Polygalacturonase Content of Erwinia

Culture Filtrates.  Phytopathology.  78: 1101-1103.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.



- 139 -

THE ROLE OF LIPOPOLYSACCHARIDE IN VIRULENCE, BIOFILM FORMATION,
AND HOST SPECIFICITY OF XYLELLA FASTIDIOSA

Principal Investigator:
Caroline Roper
Dept. Plant Pathol. and Microbiology
University of California
Riverside, CA 92521
mcroper@ucr.edu

Cooperator:
Bruce Kirkpatrick
Dept. of Plant Pathology
University of California
Davis, CA 95616
bckirkpatrick@ucdavis.edu

Reporting Period: The results reported here are from work conducted December 2009 to September 2010.

ABSTRACT
This project aims to further elucidate the molecular mechanisms Xylella fastidiosa (Xf) employs during the infection of its
host.  We are focusing on the lipopolysaccharide (LPS) component of the outer membrane of Xf. LPS contains a conserved
lipid A and core portion and a variable O-antigen portion.  In particular, we are examining the variable portion of the LPS
molecule, the O-antigen.  O-antigen as been implicated in virulence in many bacterial species and we hypothesize it may also
be involved in Xf virulence.  More specifically, we are investigating if this particular portion of the LPS molecule contributes
to Xf surface attachment and biofilm formation, two critical steps for successful infection of the xylem of the host.
Additionally, we will determine if LPS contributes to the high level of host specificity observed for this pathogen.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) is a bacterium that has the ability to infect and colonize many different plant species, causing
significant damage in some. In grapevine, this disease is known as Pierce’s disease (PD), which has caused major losses to
the California grape industry. Xf also infects other economically important crops such as almond, oleander and citrus.
Interestingly, while all Xf isolates belong to the same group or species, some isolates can cause disease in one host but not
another.  For example, oleander isolates cannot cause disease in grapevine and vice versa.  One major goal of this project is to
understand the bacterial mechanisms that dictate this high level of host specificity.  This research project is specifically
focused on understanding the role of the Xf cell surface component lipopolysaccharide (LPS) in the pathogenic interaction
between the grapevine, almond, and oleander hosts.  LPS plays an important role in virulence for many bacterial pathogens.
We are investigating the involvement of LPS in Xf colonization of its host and other key aspects of the disease process, like
attachment to the plant cell wall.  Most importantly, should LPS prove to be an important factor during Xf plant infection, its
abundance on the bacterial cell surface makes it a logical target for disease control.  Furthermore, antimicrobial compounds
exist that disrupt LPS synthesis or weaken the LPS layer, making the bacterium more sensitive to other stresses.  Therefore,
compounds targeted towards LPS synthesis could increase the efficacy of other anti-Xf compounds currently being developed
by other researchers when both are used in conjunction.

INTRODUCTION
Xylella fastidiosa (Xf) is a gram negative, xylem-limited bacterium with a broad host range. Xf causes disease in
economically important hosts such as grape, almond, citrus, coffee, peach, plum and alfalfa as well as several tree and
ornamental hosts such as oleander.  Additionally, Xf colonizes many plant species that never develop any visible symptoms
or stresses. (Hopkins and Purcell, 2002).  The molecular mechanisms that determine this host specificity are poorly
understood.  We are currently exploring the role of lipopolysaccharides (LPS) as both a virulence factor and host specificity
determinant of Xf. We are focusing on the O-antigen portion of the LPS molecule in 3 isolates of Xf that colonize different
hosts:  Fetzer, a Pierce’s Disease (PD) isolate; Dixon, an almond leaf scorch (ALS) isolate; and Ann-1, an oleander leaf
scorch (OLS) isolate.  While the grape and almond isolates are considered to be separate subspecies or pathovars, both ALS
and PD isolates can cause disease in grapevine (Almeida and Purcell, 2003).  However, Xf isolated from grapevines cannot
cause disease in almonds indicating a fundamental difference between ALS and PD isolates.  Furthermore, the oleander strain
cannot infect grape or almond and both the almond and grape strains cannot infect oleander.  This provides an opportunity to
study the role of the O-antigen moiety of the LPS molecule as a potential host specificity determinant for Xf.

LPS is primarily displayed on the cell surface, thereby mediating interactions between the bacterial cell and its environment
by way of initial adhesion of the bacterial cell to a surface or host cell (Genevaux et al. 1999, Nesper et al. 2001).  LPS
(sometimes called “endotoxin”) has also been implicated as a major virulence factor in animal and plant and pathogens, such
as Escherichia coli, Xanthomonas campestris pv. campestris, and Ralstonia solanacearum (Muhldhorfer and Hacker 1994,
Dow et al. 1995; Hendrick et al. 1984).  Additionally, host perception of LPS is well documented and occurs in both plants
and animals (Newman et al. 2000).  The immune system can recognize several regions of the LPS structure and can mount a
defense response against bacterial invasion based on this recognition.  Bacteria can also circumvent the host’s immune
system by altering the structure of their LPS molecule or by masking it with capsular or exopolysaccharides.

LPS is composed of 3 parts: 1) lipid A, 2) core oligosaccharide and 3) O-antigen polysaccharide (see Figure 1).  Lipid A is
anchored in the membrane and the core oligosaccharides are attached on the preformed lipid A molecule.  O-antigen is
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assembled in the cytoplasm and subsequently ligated onto the core oligosaccharide-lipid A complex.  Both lipid A and core
oligosaccharide are relatively conserved among bacterial species while the O-antigen is highly variable even amongst strains
of the same species, thus contributing to the serotype designation of different strains within the same species.  To our
knowledge, O-antigen is not required for bacterial viability but is often implicated in virulence and host specificity where
even small changes in the type and order of the sugars comprising the O-antigen can result in major changes in virulence.

The lifestyle of Xf requires attachment to diverse carbohydrate-based substrates such as the plant xylem wall and chitin in the
mouthparts and foregut of the sharpshooter insect vector.  In both environments, Xf forms biofilms or biofilm-like structures.
Previous studies show that Xf produces an extracellular exopolysaccharide (EPS) that is present in small quantities during
initial surface attachment and early biofilm formation.  However, in mature biofilms this EPS (termed fastidian gum) is a
major component of the 3-dimensional Xf biofilm both in vitro and in planta (Roper et al. 2008).  Other studies have
demonstrated that proteinacous adhesins such as type I pili and hemagluttinins contribute to surface adhesion and cell-cell
aggregation (Li et al. 2007, Guilhabert and Kirkpatrick, 2005).  Because of the location and abundance of LPS in the outer
membrane we hypothesize that LPS also plays a key role in mediating initial attachment to the carbohydrate substrates Xf
encounters in the plant and insect as well as the development of a mature biofilm.  To accomplish our objectives, we are
utilizing mutants that are disrupted in the O-antigen biosynthesis pathway to better understand the role of LPS in virulence,
host-specificity, and biofilm formation.

OBJECTIVES
1a. Characterization and comparison of the LPS profiles from the grape, almond and oleander strains of Xf .
1b. Investigate the possibility of phase variation in Xf LPS.
2. Construct Xf mutants in O-antigen biosynthetic genes.
3. Test virulence and host specificity of the O-antigen mutants in planta.
4. Test attachment and biofilm formation phenotypes of Xf O-antigen mutants.

RESULTS AND DISCUSSION
Objective 1a. Characterization and comparison of the LPS profiles from the grape, almond and oleander strains of Xf. LPS
is a tripartite molecule consisting of lipid A, an oligosaccharide core, and O-antigen.  LPS variants can be classified as
“rough” (those lacking the O-antigen) and “smooth” (those with all three components).  A bacterial species can possess both
rough and smooth variants and this difference is easily discerned by electrophoretic analysis.  Three experimental isolates: Xf
Fetzer (grape), Dixon (almond), and Ann-1 (oleander) were grown in PW broth or on solid PW medium.  Cells were
harvested and LPS was extracted using the hot-phenol method described by Westphal and Jann (1965) followed by
electrophoresis on sodium deoxycholate-PAGE and Tricine-SDS PAGE gels.  Preliminary results suggest that LPS extracted
from the grape strain Temecula 1 grown on solid media contains both rough and smooth forms.  Sodium deoxycholate gels is
used to visualize the general forms of LPS (i.e., rough vs. smooth), while Tricine-SDS PAGE gels provide enhanced
resolution of individual LPS bands, allowing the visualization of subtle differences in LPS profiles between the three isolates,
a method we are also using when characterizing the LPS mutants (ΔwaaL and Δwzy) generated in this study.
In other systems, it has been shown that the rate of LPS biosynthesis differs with respect to growth phase and that, generally,
LPS is synthesized in greater quantities when bacterial populations have reached stationary phase.  Therefore, we are
currently determining detailed growth curves for the three Xf isolates to ensure that we harvest LPS from similar points in
their growth phase (mid-log and stationary) before comparing LPS profiles.  We have conducted detailed growth curves by
enumerating cell density (OD600nm) coupled with dilution plating and colony counts and found that for the Fetzer and Dixon
isolates, exponential growth occurs between ~2-5 days of incubation and stationary phase is reached at ~7-8 days of
incubation.  Growth curves are still in progress for the slower growing Ann-1 isolate.  At this time, both solid and liquid
cultures are being utilized for the hot phenol LPS extraction and subsequent visualization by sodium deoxycholate-PAGE and
Tricine-SDS PAGE analyses.

Objective 1b. Investigate the possibility of phase variation in Xf LPS. Phase variation is the process by which Gram-negative
bacteria undergo changes in antigenic properties in response to shifts in environmental conditions.  Such changes are
documented to occur in the extracellular and membrane-bound polysaccharide portions of the cell surface, including
exopolysaccharide, capsular polysaccharide, and LPS (Bergman et al. 2006; Lerouge and Vanderleyden, 2002).  We expect
that the O-antigen moiety of LPS may differ depending on the types of carbohydrate available.  We are investigating the
possibility of phase variation in Xf Fetzer LPS by examining if there is a change in the LPS profile in cells grown in different
culture conditions: i) PW, ii) PW amended with grapevine xylem sap, and iii) grapevine xylem sap alone.
Xylem sap (springtime bleeding sap) from 15 year-old ‘Cabernet Sauvignon’ grapevines was kindly provided by Dr. Philippe
Rolshausen (Dept. of Plant Pathology & Microbiology, UCR).  The collected fluid was filter-sterilized and assayed for
carbohydrate content.  Analysis of carbohydrate content (Dygert et al. 1965) indicated a reducing sugar content of  ~1mg per
mL of xylem sap.  This will provide us with a means of normalizing the xylem sap based on carbohydrate content before
adding it to the PW growth medium and ensure that equivalent concentrations of xylem sap constituents are added to each
culture tube.  Characterized xylem sap was aliquoted into10 mL volumes and stored at -80 C. Xf cells were successfully
grown in PD3 amended with either 50% or 90% xylem sap using a protocol previously described by Zaini et al. 2009.  LPS
has been isolated from these cultures and is awaiting electrophoretic characterization.
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Objective 2. Construct mutants in Xf with altered LPS profiles.
Genes targeted for mutation in the LPS biosynthetic pathway encode proteins necessary for the completion of a fully
functional O-antigen moiety.  We have identified two genes (waaL and wzy) putatively involved in Xf O-antigen
biosynthesis.  Both genes occur in single copy in all three Xf genomes used in this study. waaL (PD0077) encodes an O-
antigen ligase that is responsible for attaching the completed O-antigen onto the assembled lipid A/core component of the
LPS.  Mutations in the waaL homologue of Escherichia coli prevent the ligation of O-antigen (Perez et al. 2008).  Therefore,
we predict that mutation of waaL will result in Xf strains that lack O-antigen (“rough” LPS mutants) (Figure 1).  The second
gene of interest is wzy (PD0814). wzy encodes an O-antigen polymerase protein that plays a role in chain length
determination of the O-antigen, prior to its ligation onto the core component of LPS.  Mutations in wzy in E. coli and Shigella
flexneri resulted in severely truncated O-antigen (Carter et al. 2007; Cheng et al. 2007; Daniels et al. 1998).  We predict that
a wzy deletion will result in Xf strains that carry a truncated O-antigen (“semi-rough” mutants) (Figure 1).

Prior to designing our mutant construction strategies, we conducted protein alignment and domain analyses using NCBI
(www.ncbi.nlm.nih.gov), Wellcome Trust SangerInstitute Pfam (pfam.sanger.ac.uk), and Integrated Microbial Genomes
(www.img.jgi.doe.gov/cgi-bin/pub/main.cgi) software. These analyses ensure that when creating the waaL and wzy mutants,
we delete the proper catalytic domains of both the WaaL and Wzy proteins rendering them non-functional.  The protein
alignment results indicate that WaaL and Wzy are highly conserved among all the Xf strains used in this study (Figure 2).
Additionally, protein domain analysis identified a Wzy_C catalytic domain in both WaaL and Wzy, providing further
evidence that these proteins are involved in LPS biosynthesis (Wzy_C domain is enclosed in the box in Figure 2A and 2B).
Wzy_C domains are found in the family of proteins containing O-antigen ligase (including the well characterized E. coli O-
antigen ligase, RfaL).  This domain contains the necessary amino acid residues for O-antigen ligase activity (Perez et al.
2008).  There is considerable variation in primary amino acid sequence among O-antigen ligases and O-antigen polymerases,
even between closely related bacterial species (Raetz et al. 2007; Schnaitman and Klena, 1993).  When analyzed by blastx,
WaaL homologues in Xf Dixon and Ann-1 have 80 and 81% identity, respectively, compared to Temecula 1 PD0077.
Similarly, Wzy homologues in Xf Dixon and Ann-1 have 80 and 79% identity compared to PD0814.

Furthermore, we analyzed the gene neighborhood surrounding the waaL and wzy genes in each of the 3 Xf genomes using the
Xf Comparative Genome Project site (www.xylella.lncc.br) as well as Integrated Microbial Genomes
(www.img.jgi.doe.gov/cgibin/ pub/main.cgi).  Understanding the genomic context within which waaL and wzy lie provides
further insight into the Xf LPS biosynthetic pathway.  Not unexpectedly, these analyses demonstrated that both waaL and wzy
are located in similar gene neighborhoods in all three strains.  Function prediction for proteins encoded by genes neighboring
waaL and wzy include those known to be important in LPS biosynthesis in enteric bacteria (Schnaitman and Klena, 1993).
Representation of the genomic context of waaL and wzy is shown in Figure 3.

Figure 1. Models of a wild type Xf LPS molecule containing all three components (lipid A,
core polysaccharide, and O-antigen), a hypothetical Δwzy Xf LPS molecule with truncated O-
antigen (i.e., consists only of undecaprenyl pyrophosphate linked to a single trisaccharide unit),
and a hypothetical ΔwaaL Xf LPS molecule completely devoid of O-antigen.
IM=Inner membrane; OM= Outer membrane; C= cytoplasm; P=periplasm
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Figure 3. Representation of the genomic context of waaL and wzy in Xf. The gene arrangement
within all 3 genomes of interest is highly similar. A, waaL lies within a cluster of several genes
involved in LPS biosynthesis: waaG encodes glycerol transferase which transfers sugars to the core
component; waaM encodes lauroyl acyltransferase, an enzyme responsible for transferring activated
myristate or laurate to the lipid A moiety; kdtA encodes 3-deoxy-D-manno-octulosonic acid
transferase, the enzyme that initiates the synthesis of core oligosaccharides to lipid A. B, wzy is
located directly upstream of waaE, the gene that encodes a glycosyl transferase. PD0816 and PD0817
are currently annotated as genes belonging to protein families involved in teichoic acid and riboflavin
biosynthesis, respectively.

A mutagenesis construct to make the waaL mutants in all three strains (due to high nucleotide sequence similarity between
strains, the same construct can be used for all three strains) has been completed (Figure 4).  Briefly, Fetzer waaL was PCR
amplified and cloned into pCR8/GW/TOPO (Invitrogen).  Restriction digest with AgeI and EcoNI removed a 1383 bp
fragment from the waaL amplified region and was replaced by the 1239 bp EcoRI Kan-2 (kanamycin resistance) fragment
from pUC18 (Guilhabert et al, 2001) by blunt-end cloning, resulting in pJC3 (pJCwaaL::kan-2).  pJC3 was electroporated
into Xf Fetzer, Dixon, and Ann-1 competent cells as previously described (Matsumoto et al, 2009) where a double
recombination event would replace the full length waaL ORF with the selective marker, kan-2.  The genomic context of the

Figure 2. Protein Alignment and evidence for a Wzy_C domain in A, WaaL and B, Wzy of Xf
strains Temecula1 (grape), Dixon (almond), and Ann-1 (oleander).  The Wzy_C domain
belongs to Pfam 04932, a family of proteins that includes the O- antigen ligases.  The predicted
Wzy-C domain is enclosed in the box in both A and B.
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waaL deletion mutant is shown in Figure 5.

A waaL deletion mutant in Ann-1 has been confirmed by PCR amplification of the waaL region with waaL primers and kan-
2 primers as well as being resistant to 5µg/mL kanamycin (Figure 4).  Further confirmation using primers designed to the
flanking region at the point of the Kan-2 cassette insertion is underway.  Candidate mutant strains of waaL deletion mutants
in Fetzer and Dixon are currently being evaluated.  All strains are confirmed at the genus-species as well as strain level by
PCR and restriction digest analysis (Minisavage et al. 1994, Chen et al. 2005, Huang, 2009).  A similar strategy is currently
underway to create pJC4 (pJCwzy::kan-2). Preliminary data indicate that the Ann-1 ∆waaL mutant is devoid of smooth LPS
(ie. O-antigen) as predicted.  We are currently analyzing the LPS of this mutant more closely and have begun characterization
of the Fetzer ∆waaL mutant.

Figure 5. The waaL ORF with its promoter was amplified from Xf strains Fetzer, Dixon, and Ann-1
using primers containing XbaI ends and was cloned into the XbaI site of the multiple cloning region
upstream of the chloramphenicol resistance gene (cat) in pAX1Cm. pAX1Cm plasmid courtesy of
Dr. Michelle Igo (UCD).

Using the method of Matsumoto et al (2009), we have constructed complementation vectors with amplified ∆waaL and its
promoter from each of the Xf strains of interest (Fetzer, Dixon, and Ann-1) (represented in Figure 5).  Because of the
divergence in amino acid sequence, we are interested to see if waaL from one strain can complement the ∆waaL mutant
phenotype in other strains, as well as its own. For example, we will introduce the wild-type waaL from Fetzer back into the
Fetzer ∆waaL mutant strain and also into the Dixon and Ann-1 ∆waaL mutant strains (Table 1).  We will analyze the LPS
isolated from the cross complemented mutants by running electrophoretic gels as described above.  The same course of
action will be taken with wzy mutants and complemented strains.

Figure 4. The construction of a ∆waaL mutant. A, mutagenesis construct pJC3 (pJCwaaL::kan-2).  After cloning the
wild-type fragment into pCR8/GW/TOPO, 1384 bp of the waaL ORF was replaced by kan-2, a gene encoding for
kanamycin resistance.  The left flanking region consists of the 31 end of the PD0076 ORF (waaG), which has partial
overlap with waaL, the 51end of which remains intact in this construct. The stippled arrow represents the kan-2 cassette.
The white box to the right of kan-2 represents the right flanking region (3’ waaM).  Note, figure not drawn to scale. B,
waaL in the wild-type genomic context and C, waaL in the deletion mutant where waaL is replaced with kan-2.  The 5’

region of waaL remains intact to ensure a fully functional WaaG.
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Objective 3. Test virulence and host specificity of the O-antigen mutants in planta.
As stated in Objective 2, mutant strains complemented with the wild-type locus will also be used for in planta studies.  This
approach will provide insight into whether LPS plays a role in virulence as well as host specificity observed in these three
isolates.  This can be determined by inoculating plants with each wild type, mutant, and complemented strain into their hosts
as well as their non-hosts (Table 1).  Inoculating with the complemented mutant strains will confirm any role of O-antigen in
the ability to promote disease on grapevine, almond, and oleander.

Plant experiments are currently underway to evaluate the Xf Ann-1∆waaL and Xf wild-type in the oleander host as well as
almond and grapevine.  The plants are six weeks post-inoculation and we are awaiting symptom development (ie. usually
occurs 12 weeks post-inoculation).

Table 1. Virulence and host specificity assays.
Host inoculation – for LPS profile and disease progress

Xf straina Grape Almond Oleander
WT Fetzer host + +
∆waaL Fetzer host + +
∆waaL/waaL+. Fetzer host + +
∆wzy Fetzer host + +
∆wzy/waaL+. Fetzer host + +
WT Dixon + host +
∆waaL Dixon + host +
∆waaL/waaL+ + host +
∆wzy Dixon + host +
∆wzy/wzy+ Dixon + host +
WT Ann-1 + + host
∆waaL Ann-1 + + host
∆waaL/waaL Ann-1 + + host
∆wzy Ann-1 + + host
∆wzy/wzy+ Ann-1 + + host

a WT=wild-type, waaL and wzy mutant strains are or will be constructed as deletions, complemented strains are
mutant strains with a wild-type copy of the gene of interest introduced into the genome via homologous
recombination from the pAX1Cm vector (provided courtesy of Dr. Michele Igo; UCD). + represents inoculation of a
non-host.

Objective 4. Test attachment and biofilm formation phenotypes of Xf  O-antigen mutants.
No activity for this reporting period.

CONCLUSIONS
The primary goal of this project is to further understand the molecular mechanisms of Xf virulence and host specificity in
planta.  We are investigating if the O-antigen component of the LPS molecule plays a key factor in behaviors associated with
xylem colonization, such as attachment to the plant cell wall and biofilm formation.  While there are likely several factors
that contribute to host specificity of Xf, we hypothesize that O-antigen presence and composition plays a major role in host
specificity.  We feel that the wide host range but stringent host specificity of different Xf isolates affords a unique opportunity
to study the molecular mechanisms underlying the host specificity observed for this pathogen.  Should LPS prove to be an
important factor during Xf plant infection, its abundance in the bacterial outer membrane makes it a rational target for disease
control.
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ABSTRACT
Using DNA microarray hybridization we have previously identified significant differences in gene composition between
Xylella fastidiosa (Xf) CVC (Citrus Variegated Chlorosis) strains 9a5c and J1a121.  Strain 9a5c exhibit virulent phenotype
both in citrus and in hosts used as models of infection while strain J1a12 displays less virulent phenotype in citrus and
tobacco.  The genomic differences identified include the absence or high divergence of 14 coding sequences in the genome of
J1a12, which correlates with its less virulent phenotype. To deepen the comparison between virulent and less virulent CVC
strains, as well as between strains isolated from infected plants in South America, we are conducting a project aiming the
complete genome sequencing and comparison of several Xf strains.  Through the comparison of these new genomic
sequences with known genomes of other Xf strains as well as other phytopathogens we hope to enlarge the knowledge of the
repertoire of genes potentially associated with evolution, adaptation to hosts, pathogenicity and virulence.  Currently, we
have sequenced the genomes of four strains (J1a12, U24d, Fb7 and 3124). Strains and U24d and Fb7 were isolated from
citrus plants with symptoms of CVC, respectively in the State of São Paulo (Brazil) and Argentina.  Strain 3124 was isolated
from a coffee plant with leaf scald symptoms.  Initial analysis of these four new genomes confirm the previously observed
differences between the genomes of J1a12 and 9a5c and allowed identification of additional differences between the genomes
of J1a12 and 9a5c, including sequences that are apparently unique J1a12.  Among these differences is the presence of an
additional 27,258 bp plasmid that has not been described in other citrus isolates and shows extensive identity with the
recently described plasmid from Xf mulberry-infecting strains 2.  Moreover phylogenetic trees based on multiple loci,
separate, as expected, the strains from North and South America into distinct groups and suggest the occurrence of a higher
frequency of genetic recombination between South American strains.
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ABSTRACT
Xylella fastidiosa (Xf) strains differ in host specificity, although the molecular basis of the specific plant-bacteria interactions
has not been identified.  There is also evidence of variability in host range among isolates collected from within the same host
species.  Due to the lack of knowledge about the relationship between host specificity and genetic variability among Xf
strains, this project was implemented to identify traits involved in Xf host preference.  A collection of Xf isolates was
screened for genetic and phenotypic characteristics that may be related to the interaction with the host.  The preliminary
collection consists of 24 Xf isolates collected from diverse plant hosts and multiple geographic locations in the US.  For the
genetic characterization, Multi Locus Sequence Analysis (MLSA) was performed using 10 candidate environmentally-
mediated genes.  Selected genes are hypothesized to be influenced by environmental factors and include genes related to
surface attachment, motility, virulence, chemotaxis, and membrane transport functions.  Primers for PCR amplification of
these genes were designed and validated, and phylogenetic analyses were conducted on sequence information obtained from
the amplified genes.  For phenotypic characterization, traits related to interaction with the plant hosts and insect vectors, such
as twitching motility and attachment, were analyzed in vitro.  Preliminary genotypic and phenotypic results indicate that
differences in environmentally-mediated gene sequences and differences in the motility and attachment of Xf isolates are
related to the host plant from which the isolate was collected.  Future expansion of this work will include adding more strains
to the culture collection and including new genes and phenotypic traits in the analysis.
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ABSTRACT
Xylella fastidiosa (Xf) strain RIV11 harbors a 25 kbp plasmid (pXF-RIV11) belonging to the incP1 incompatibility group.
Replication and stability factors of pXF-RIV11 were identified and used to construct plasmids able to propagate in both Xf
and Escherichia coli.  Sequences required for replication in E. coli and conferring antibiotic resistance were derived from the
cloning vector pCR2.1.  Replication in Xf required a 1.4 kbp region from pXFRIV11 containing a replication initiation gene
(trfA) and the adjacent origin of DNA replication (oriV).  This region also conferred plasmid replication in Agrobacterium
tumefaciens, Xanthomonas campestris, and Pseudomonas syringae.  Constructs containing the trfA gene and oriV derived
from pVEIS01, a similar 31 kbp incP1 plasmid of the earthworm symbiont Verminephropbacter eiseniae, also were
competent for replication in Xf. As expected, constructs bearing only trfA or oriV from either incP1 plasmid were unable to
replicate in Xf. Although these incP1 replicons could be maintained in Xf under antibiotic selection, removal of selection
resulted in loss of the plasmid.  A novel toxin/antitoxin (pemI/pemK) addiction system of pXFRIV11 conferred stability of
incP1 replicons in Xf in the absence of antibiotic selection.  The resulting 6 kbp Xf shuttle vector (pXF20-PEMIK) also
contains 10 unique endonuclease recognition sites for insertion of foreign DNA.
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LAYPERSON SUMMARY
There are no direct control recommendations for the management of Pierce’s disease (PD) of grapes caused by Xylella
fastidiosa (Xf).  As a result, losses in productivity to this recalcitrant bacterium are heavy in Texas with sometimes disastrous
consequences for winegrape growers.  Disease control still depends largely on suppressing insect vector populations,
eliminating competing weeds and supplemental hosts, and the use of less desirable, resistant grape cultivars.  A new
biological control option has been successfully tested in other states for protecting high risk, susceptible vines with a
“benign” strain of the pathogen.  This strain, designated EB92-1, was originally isolated from an elderberry plant and shown
to cause only mild, or no symptoms when inoculated into grape.  Several experimental approaches previously have been used
to demonstrate the protective properties of the benign strain. These approaches include both greenhouse and vineyard tests
where plants were inoculated with EB92-1 prior to artificial inoculation with the pathogen.  The use of a benign strain of a
pathogen to protect plants from a more virulent strain of the same pathogen has been demonstrated in numerous other plant
diseases.  There are unique reasons why such a biocontrol agent might be realistic for the PD problem on grapes.  Should the
use of EB92-1 successfully protect grapevines in Texas from colonization by Xf, this will be the first and only direct control
method designed to increase vine productivity growing in high risk PD regions.

INTRODUCTION
This project is designed to test a potential biological control agent for Pierce’s disease (PD) of grapes, caused by Xylella
fastidiosa (Xf) subsp. Piercei.  Biological control agents of plant diseases come in many forms (Agrios 2005).  Their success
not only depends on properties of the pathogen and the host, but also on the economics involved in production of the affected
crop.  PD of grapes has the attributes for which biological control would be a particularly attractive approach for management
(Hopkins 1989, Purcell and Hopkins 1996, Raju and Wells 1986).  The crop is very high in value, is intensively managed and
the pathogen threatens grapevines over a wide range of the area where they are grown. Should a biological control be proven
effective, there will be a huge demand for its use.  Also, Xf has a complex population structure in which there is a wide
variety of strain specificity occurring throughout a very large host range.  The cross infectivity among these hosts makes it
possible for the bacterium to successfully colonize different hosts while eliciting a variety of responses, some of which may
be minimal or non-existent.

Xf is a native, endemic pathogen in Texas.  PD is a limiting factor for growth of Vitis vinifera varieties in many of the
winegrape regions in the state.  Current recommendations for PD control can be expensive and inconsistent.  As a result,
growers face a great deal of anxiety over sustained production in existing vineyards, as well as a lack of confidence in
selecting varieties for replanting and establishing new vineyards.  These circumstances present the ideal environment in
which to test a potential biocontrol agent to reduce losses from PD.

One approach for biocontrol of a plant disease is the introduction of a unique strain of the relevant pathogen that can mitigate
the properties of the virulent, problematic strain of the same pathogen.  Tests have shown that a strain of Xf from elderberry
can be inoculated into grape and reduce the ability of the virulent, native grape strain to cause disease (Hopkins 2005,
Hopkins et al. 2007).  This strain, designated EB92-1 has been applied to grapevines and successfully reduces disease
severity when the vines were subsequently challenged by a virulent strain of Xf (Hopkins 2005).
This project would be a new line of investigation under the Texas Pierce’s Disease Research and Education Program.  The
use of EB92-1 is already being tested in the California Program (Hopkins et al.  2007). This project would compliment the
California research and add valuable information to the use of this potential biocontrol under conditions found in Texas.  The
proposed project would be one of the few projects in the Texas Program aimed at directly controlling the pathogen in the
vine.  Although a management program for PD exists for Texas growers (Kamas et al., 2004), losses continue to mount
throughout all winegrape regions in the State.  If successful, it would represent a valuable addition to our ability to prolong
vine productivity and relieve the current losses being sustained by Texas grape producers.
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The following Objectives are proposed to thoroughly test the use of EB92-1 under a variety of conditions as a potential
biocontrol for PD of grapes in Texas.  Each is needed to investigate promising conditions for which the potential biological
control agent might be applied.

OBJECTIVES
1. Treat grapevines in greenhouses with EB92-1 prior to inoculation with a native virulent grape strain of Xf subsp.

fastidiosa.
2. Treat grapevine cuttings with EB92-1 prior to planting into vineyards at high risk to Xf.
3. Treat grapevines in infected vineyards with EB92-1 to test for preventive and therapeutic properties of the potential

biocontrol agent.

RESULTS AND DISCUSSION
Objective 1 Greenhouse tests. The elderberry strain EB92-1 was inoculated into potted grapevines either alone or four weeks
prior to inoculation with a fresh grapevine-strain of the pathogen.  There were 10 vines of four varieties (Merlot, Viognier,
Cabernet Sauvignon, and Blanc du Bois) in each of the treatments.  A proven needle-inoculation technique was used to
directly introduce the bacterium  (adjusted for concentration of 105 to 106 CFU/ml)  into the vascular system of the vine
(Hopkins and Adlerz 1988, Hopkins 2005).  Two additional treatments consisted of the grapevine strain alone and a buffer
inoculated control.  The greenhouse trials were initiated in June, 2009 and monitored weekly for symptom development and
survival for two growing seasons.  Typical symptoms were quantified and verified utilizing ELISA (enzyme linked
immunosorbent assay) and/or QRT-CPR (quantitative real time – polymerase chain reaction).  Symptoms, or a disease rating
scale of 1 - 6 was used, where 1 = healthy, 2 = 5-40% scorch, 3 = 50 - 90% scorch, 4 = 100% scorch with no dieback, 5 =
100% scorch with dieback, and 6 = dead.

At the end of the first growing season, some trends in the responses of vines to the treatments were evident (Figure 1).
Merlot and Viogner exhibited the greatest level of symptom development when inoculated only with the grapevine strain of
the pathogen.  The Cabernet sauvignon and Blanc du Bois did not react negatively in any of the treatments.  The EB92-1
inoculations resulted in some symptom development, but also appeared to suppress symptoms in the combination treatment
relative to the grape strain inoculations. At the end of the second growing season (Figure 1, B.), the trends were very similar
to the first.  One notable difference was the development of symptoms in the Cabernet sauvignon in the grape strain
inoculations, but again, the combined treatment appeared to suppress symptoms in that variety.

Figure 1.   Average disease ratings (A. September, 2009 and B. September, 2010) for grapevines injected
with 4 treatments consisting of a grape strain of Xf, a benign strain (EB92-1), both, or a buffer control.
Vines were treated in June 2009.

Objective 2.  Treated cuttings. Cuttings of the same four varieties used in Objective 1were grown in greenhouses prior to
treatment and transplanting to vineyards in June – July, 2009.  Ten vines of each variety were treated by inoculating the
lower stem in the same manner described in Objective 1.  Treatments consisted of a bacterial suspension of Xf strain EB92-1
(n = 10), a buffer “inoculation” (n = 10), and 10 untreated vines.  Four weeks after inoculation, the vines were planted in
Palacios Vineyard, a production vineyard near Brenham, TX.  This location is considered to be a high risk vineyard  for
natural infection by native Xf subsp. piercei and has been the focus of numerous PD research projects.  The vines were
monitored monthly for development of typical PD symptoms, rated, and analyzed as described for Objective 1.

There were no symptoms of natural infection during the first growing season in any of the treatments, nor have any
symptoms developed thus far during the 2010.  The levels of PD in Palacios vineyard have been much lower during the 2010
growing season, probably due to frequent rainfall, massive roguing efforts, weed control and vector management.  This plot



- 153 -

will continue to be monitored and will be sampled for analyses with ELISA and QRT-PCR to assess the level of infections in
the vines.

Objective 3.  Mature vine treatments in vineyards. This objective was accomplished by inoculating mature, high risk vines in
two vineyards with the potential biocontrol Xf strain EB92-1.  The first was Palacios Vineyard where Objective 2 was
completed.   Four varieties were treated, including Merlot, Shiraz, Cabernet sauvignon, and Blanc du Bois. Vines for
treatment were selected in blocks according to records of vine health and current observations regarding status of infection by
Xf. There were two treatments consisting of an injection with EB92-1 (n = 5), a buffer injection (n = 5), and 5 vines were left
untreated in the block.  The two treatments and untreated checks were repeated 4 times for each variety, bringing the total
number of vines for each variety in the experiment to 60.  A set (n = 15 vines) of the three groups were arranged in sequence
in 3 – 4 adjacent rows.  Bacterial suspensions were prepared as in the first two objectives.  However, 4 – 6 ml of bacterial
suspension or buffer was injected into the stems of the vines with a 50 ml syringe. Vines were be monitored in the same
manner as in Objective 2. Mean disease severity ratings for the treatments will be compared separately.

As in the case of Objective 2, the low level of disease development in Palacios vineyard during the 2010 growing season has
obscured any obvious potential treatment effects to date.  None of the Blanc du Bois vines show any signs of scorching.
Only two Merlot vines have developed symptoms, each in the untreated set of vines. In the Cabernet sauvignon, 2 untreated
vines and 3 vines treated with EB92-1 have developed symptoms.  One vine injected with buffer has developed symptoms in
the Shiraz.

The treatment of mature vines was repeated at the Fredericksburg Experimental Vineyard in Fredericksburg, TX.  The
treatments were similar to those at Palacios but with more varieties.  An analysis of the Fredericksburg plots was underway at
the time of submission of this report.

CONCLUSIONS
These experiments are testing the ability of the elderberry strain of Xf (EB92-1) to protect grapevines from the effects of the
more aggressive grape strain of the pathogen.  Of the three experiments, the greenhouse inoculations gave the most
convincing case for suppression of disease development in vines inoculated with a preventive dose of the biocontrol strain
prior to inoculating with the virulent strain.  The effect was seen best in two varieties, Merlot and Viognier, but further
analyses are needed to determine the significance of these results.  These are probably the most susceptible of the four
varieties.  Blanc du Bois is considered to be tolerant to Xf, and this was again confirmed in the greenhouse inoculations.
Although Cabernet sauvignon exhibited some resistance in the first year of treatment with the Xf grape strain, the vines may
be succumbing in the second year.  This experiment will be maintained and analyzed for at least one more year to determine
if the biocontrol is lasting, and whether there is a varietal influence on the ability of EB92-1 to protect vines.  However, these
preliminary results are encouraging.

Results of the field trials will also need more time to become sufficient for proper analyses.  During the interim, we will be
sampling vines for ELISA and QRT-PCR to determine the presence of the pathogen and assist in evaluating their health in
the absence of symptoms.  A few of the vines inoculated with EB92-1 have developed classic PD symptoms in both
greenhouse studies and field trials.  This was also noted to occur in previous studies, but was shown to have no lasting
detrimental impact on vine health.  At this point it should not be considered problematic for the potential use of EB92-1 in
prolonging the productivity of grapevines at high risk to infection by the grape strain of Xf.
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ABSTRACT
We are documenting Pierce’s disease (PD) progress, vigor, and bud break dates in selected Vitis vinifera scion x rootstock
combinations.  Own-rooted ‘Chardonnay,’ ‘Merlot,’ and ‘Cabernet Sauvignon’ (checks) and these scions grafted in all
combinations on Freedom, Paulsen 1103, and Dog Ridge were established at Uvalde and Stonewall, TX in 2009.  Selected
border plants at Uvalde were inoculated with the PD bacterium (Xylella fastidiosa subsp. fastidiosa) 10-11May2010 and
insecticide was not used.  There was no inoculation or insecticide in plots at Stonewall but imidacloprid was injected through
drip irrigation on adjacent established vines for control of glassy-winged sharpshooter (GWSS) and other vectors.  Incidence
of early-stage PD was 81% by 10Sep2010 at Uvalde but near 0% at Stonewall 26Aug2010.  Scion accounted for more or
similar proportions of variability of variables compared to rootstock.  There were several significant low level scion x
rootstock interactions.  We expected scions to hold up the best on Dog Ridge, but Paulsen 1103 looked better for PD and
vigor in September of the second-leaf vines at Uvalde.  We attribute the higher-than-anticipated PD incidence to inoculation
of border Chardonnay plants and high GWSS populations which facilitating vector acquisition.  GWSS was the predominant
vector species, and adult and nymph numbers were high for several weeks.  Rootstocks most delayed bud break on
Chardonnay.  Evaluations of both plantings will continue, with fruiting in 2011.

LAYPERSON SUMMARY
Two ongoing vineyard trials explore rootstock effects on Pierce’s disease (PD) in Gillespie and Uvalde Counties in Texas.
While all Vitis vinifera scions are considered susceptible to Xylella fastidiosa subsp. fastidiosa, the bacterium that causes PD,
there are noticeable differences in timing of symptom expression.  On 10Sep2010, ‘Cabernet Sauvignon’ had less severe
symptoms but the greatest incidence and ELISA optical density (OD) reading in positive plants compared to ‘Merlot’ and
‘Chardonnay.’  In Texas where late spring freezes often occur, Chardonnay is unsuited due to early bud break, severe PD
symptoms soon after infection, and ultimate death.  At the high vigor Uvalde site, all three rootstocks somewhat delayed bud
break date and increased vigor, vine diameter, and leaf color (before Fe supplementation) compared to own-rooted scions.
To date, Paulsen 1103 rootstock provided more PD and vigor benefits than Dog Ridge.  Freedom has inefficient Fe uptake in
the high pH soil and requires aggressive Fe supplementation for green leaf color.  At the moderate vigor Stonewall site,
essentially no PD has occurred and Fe uptake is not limiting.

INTRODUCTION
There is anecdotal evidence in Texas that progress of Pierce’s disease (PD), caused by Xylella fastidiosa (Xf) subsp.
fastidiosa, differs among Vitis vinifera scions (e.g., ‘Chardonnay’>‘Merlot’>’Cabernet Sauvignon’).  PD symptom severity
and vine mortality are apparently greater under environmental stresses, including over-cropping.  Rootstocks are used to
overcome environmental stresses and can affect vine vigor and fruit load.  In a previous 3-year study we found that 12
ungrafted rootstocks commonly used in Texas had PD reactions ranging from vine mortality to mild leaf scorch symptoms.
More information is needed on rootstock effects on scion PD symptom development (3), vine growth, and productivity.  This
study compares PD progression in Vitis vinifera scions (representing a limited range of PD progress rates) grafted on
rootstocks previously shown to exhibit severe, intermediate, and mild PD reactions.  Both vineyards will be allowed to fruit
in 2011 and crop load potential will be adjusted according to pruning weights.  Evaluations will continue as vines at both
sites experience winter cold, spring pruning, fruit load stress, and PD vector activity.

OBJECTIVES
1. Document scion x rootstock effects on progress of PD, vigor, and bud break date.
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RESULTS AND DISCUSSION
Chardonnay, Merlot, and Cabernet Sauvignon were omega-grafted, callused, and rooted in spring 2008 in all combinations
with rootstocks we previously showed had severe (Freedom, interspecific cross includes V. labrusca, V. riparia, V.
champinii, V. vinifera) (1), intermediate (Paulsen 1103, V. berlandieri x V. rupestris), and mild (Dog Ridge, V. champinii)
PD symptoms.  Dormant virus-tested scion and rootstock wood was procured for propagation (Foundation Plant Services,
University of California, Davis).

Treatments (3 scions x 3 rootstocks) and controls (own-rooted scions) were established in 2009.  Sites near Stonewall, TX
(Gillespie County, pH 6.5, PD history, imidacloprid use in adjacent vineyard block, Malbec/Paulsen 1103 border) and Uvalde
(Uvalde County; pH 8.3; no vineyard nearby; own-rooted Chardonnay in a mixed border; adjacent to citrus, piñon pine and
other ornamentals used by GWSS) had five replications and five plants per plot.  Plants in first-leaf (2009) had no definite
symptoms, and rare ELISA positive reactions (optical density, OD≥0.300) in leaf samples biased towards PD symptoms
(Stonewall 1% 24Aug09, 0% 27Oct09; Uvalde 0% 31Aug09, 1% 16Nov09).  Borders at Stonewall were not inoculated and
GWSS feeding was probable but not observed.  Stonewall plots and borders had no definite symptoms on 26Aug2010 and
symptom-biased leaf samples had 0% ELISA positives.  Own-rooted Chardonnay new growth in the Uvalde border was
twice inoculated 10-11May2010 with Xf winegrape isolate GIL BEC 625 and glassy-winged sharpshooter (GWSS) feeding
activity occurred for >5 months.  PD symptoms at Uvalde developed first in borders then in many plots.  All Uvalde plants
received soil drenches and foliar sprays of Fe and other minor element supplements with extra applications for own-rooted
and Freedom treatments.

We emphasize Uvalde main factor effects in this report (Tables 1, 3), although five parameters had low level significant
scion x rootstock interactions.  Scion choice accounted for the most variability (compare MS values) of six parameters in
2010 (Table 2).  Growth stage and pruning weights at Stonewall had similar responses (data not presented).

Late summer 2010 ELISA tests were all negative at Stonewall but 81% positive for Xf at Uvalde where PD symptoms overall
mean (including own-rooted checks) was 6% leaves (Table 1).  Consistent with previous observations in young plantings,
Cabernet Sauvignon had less severe PD symptoms than Merlot and Chardonnay, but Cabernet Sauvignon had the most
positive plants and highest mean OD values (Tables 1,3).  Perhaps Xf numbers peak and collapse sooner in infected
Chardonnay than in Merlot and Cabernet Sauvignon.

Table 1. Responses in 2010 of three V. vinifera cultivars own-rooted and grafted on three rootstocks at Uvalde, TX adjacent to
GWSS refuges where selected border plants were inoculated with Xf and imidacloprid insecticide was not used for sharpshooter
control.

Scion Rootstock
Pruning

awt., g
Vine dia.,

bmm
Canopy
colorc

PD
symptomsd

Positive,
%e

Positive
plants ODf

‘Chardonnay’ 
‘Chardonnay’
‘Chardonnay’
‘Chardonnay’
‘Merlot’
‘Merlot’
‘Merlot’
‘Merlot’
‘Cabernet Sauvignon’
‘Cabernet Sauvignon’
‘Cabernet Sauvignon’
‘Cabernet Sauvignon’

Own 
Dog Ridge
Freedom
Paulsen 1103
Own
Dog Ridge
Freedom
Paulsen 1103
Own
Dog Ridge
Freedom
Paulsen 1103

119 
382
293
434

52
156
114
198
80

397
179
333

fg

ab
c
a
h
e
f
d
g
ab
de
bc

9
14
13
15

8
12
11
13
12
19
16
17

g
cd
def
c
g
f
f
cde
ef
a
bc
b

1.5
2.7
2.7
2.9
2.4
2.4
2.4
3.0
2.3
1.9
2.1
2.5

g
ab
ab
a
cd
cde
cde
a
de
f
e
bc

9.4
11.4

4.8
5.8
7.0
7.8
7.4
6.2
5.0
4.6
3.5
3.5

de
e
ab
abc
bcd
cde
bcd
bcd
abc
ab
a
a

49
81
66
83
61
97
93
69
98
97

100
77

a
cde
abc
cde
ab
de
de
bc
e
de
e
bcd

1.291
1.157
1.035
1.162
1.214
1.106
1.071
1.013
1.349
1.264
1.369
1.401

bcd
abc
a
abc
abcd
ab
ab
a
cd
bcd
cd
d

aPruning weights 2April2010.  Days-after-planting was significant covariate.  Data were transformed (log10 y) before analysis.
De-transformed least squares means (10x) are geometric means.

b25Feb2010 at 10 cm above graft union or equivalent for own-rooted.
c1=chlorotic, 2=intermediate, 3=green on 10Sep2010; wind damage was significant covariate; least squares means.
dPercent leaves with PD symptoms including scorched and defoliated ,10Sep10.  Data were transformed (square root (y+0.5))
before analysis.  De-transformed least squares means (x2 + error mean square) are presented here.

ePercent plants Xf-positive with ELISA (optical density ≥0.300) from 10Sep2010 leaf samples biased towards PD symptoms.
fOD means for Xf-positive plants only.
gMeans followed by the same lower case letter were not significantly different (P≤0.05); least squares means, PDIFF option.

More scion PD symptoms on Dog Ridge than Freedom and Paulsen 1103 rootstocks was unexpected, as was the high PD
incidence in scions on Dog Ridge (90%, based on ELISA tests) (Table 3).  Once infections crosses the graft union, Freedom
is expected to succumb to PD.  Dog Ridge rootstock sustained new scion growth into late summer on several plants, and
infected GWSS may have preferred feeding on that new growth, allowing Xf to increase in the new scion growth.
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Cabernet Sauvignon and Chardonnay had greater pruning weight than Merlot (Table 3).  Cabernet Sauvignon had greater
vine diameter than Chardonnay, and Merlot had less vine diameter than the other two scions.  Freedom had less pruning
weight and vine diameter than Dog Ridge and Paulsen 1103.  Rootstock explained more variability in vine diameter than in
pruning weight (Table 2).

Spring freezes in April are a frequent problem in Texas and growers need information on practices that affect bud break date.
Pruning after bud break is used for some scions and locations. At Uvalde, Chardonnay began growth very early, as expected
(E-L growth stage 3 woolly bud 23-27Feb10) (Figure 1).  Merlot and Cabernet Sauvignon had similar growth stage at
22Mar10, then Merlot accelerated (E-L3 22-24Mar10) compared to Cabernet Sauvignon (E-L3 28Mar-10Apr10).
Rootstocks somewhat delayed growth stage compared to own-rooted vines of all scions, but scion had far more effect on
growth stage date than rootstock.  Paulsen 1103 delayed Chardonnay E-L5 about 1 week.  It is widely recognized that this
rootstock effect is highly specific to scion.

Own rooted plants at Uvalde mostly had low vigor, pruning weight, and vine diameter, and poor leaf color (even with
additional Fe supplements) as expected due to high soil pH (Table 1).  September chlorotic canopy in Cabernet Sauvignon
and Dog Ridge may be related to propensity for prolonged vegetative growth after the last Fe application during summer
stress which can reduce Fe uptake.  On 10Sep10, Paulsen 1103 had the best green canopy color (Table 3).  Poor plant
condition probably reduced GWSS adult feeding, and this may explain less PD in Chardonnay.  Freedom rootstock had more
early-season chlorosis in 2009 and 2010 than Dog Ridge and Paulsen 1103, but Freedom eventually responded to extra Fe
supplements.

CONCLUSIONS
Benefits from rootstocks are apparent in second-leaf at both Uvalde and Stonewall including vigor, a slight delay in bud
break, and tolerance of high pH limestone-based soils (Tables 1,3).  Rootstocks had some effects on PD in second-leaf at
Uvalde.  ELISA OD was quite high even for mild PD symptoms in Cabernet Sauvignon, reminiscent of reports for native
American hybrid scions.  Own-rooted V. vinifera cultivars are clearly not adapted at Uvalde (Table 1), where own-rooted and
Freedom treatments received more iron supplements from late winter through early summer than other treatments.  Vigor and
chlorosis differences may have influenced PD insect vector usage among plants at Uvalde.  Significant GWSS refuges at the
Uvalde site where PD increased dramatically highlight the importance of site selection, vegetation management near
vineyards, and sharpshooter control.  Nearby sources of Xf are very dangerous for vineyards with V. vinifera scions, and rapid
PD development at Uvalde points to the need for early detection and vigorous roguing in highly susceptible cultivars.
Imidacloprid used adjacent to the Stonewall site suppressed GWSS and other xylem-feeding vectors in 2010, providing
impetus for trap crop experiments.  We will continue evaluations in late fall 2010 and beyond.

Table 2. Sources of variance in 2010 of three V. vinifera cultivars grafted on three rootstocks (own-rooted checks data
deleted) at Uvalde, TX adjacent to GWSS refuges where selected border plants were inoculated with Xf and imidacloprid
insecticide was not used for GWSS control.

Pruning wt, Vine dia., Canopy Pos. plants
ag bmm colorc PD sympt.d Positivee ODf

Source of
gvariance df MSh Pr > F MS Pr > F MS Pr > F MS Pr > F MS Pr > F MS Pr > F

Replication 4 0.07 0.0093 52.1 0.0003 0.69 0.0139 1.4 0.2781 25 0.0643 0.34 0.0211
Scion 2 2.74 0.0001 303.5 0.0001 7.55 0.0001 16.6 0.0001 49 0.013 1.41 0.0001
Rootstock 2 0.14 0.0009 163.7 0.0001 5.13 0.0001 8.6 0.0004 46 0.0161 0.01 0.8854
Scion x rootstock 4 0.06 0.0208 44.3 0.0013 0.55 0.0406 2.8 0.0371 40 0.0074 0.12 0.4101
Days-after-
planting 1 0.11 0.0207 208 0.0001
Wind damage 1 8.09 0.0001 0.57 0.028
Total df 206 207 224 224 224 118
aPruning weights 2April2010.  Data were transformed (log10 y) before analysis.
b25Feb2010 at 10 cm above graft union or equivalent for own-rooted.
c1=chlorotic, 2=intermediate, 3=green 10Sep2010.
dPercent leaves with PD symptoms (scorching, defoliation) 10Sep2010; data transformed (square root (y+0.5)) before

analysis.
ePercent plants positive for Xf with ELISA (OD ≥0.300) from 10Sep2010 leaf samples biased towards PD symptoms.
fNegative plants were omitted for optical density analysis.
gSingle df indicate significant covariates used to adjust least squares means.
hMean square from PROC GLM.
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Table 3. Responses in 2010 of three V. vinifera cultivars grafted on three rootstocks (own-rooted checks data deleted) at
Uvalde, TX adjacent to GWSS refuges where selected border plants were inoculated with Xf and imidacloprid insecticide was
not used for GWSS control.  Scion x rootstock interactions were significant (P<0.05) for all variables (data not presented).

Factor
Pruning wt,

ag
Vine dia,

bmm cCanopy color PD symptomsd Positive, %e Positives ODf

--------------------------------------------------------------------------Scion----------------------------------------------------------------------
g‘Chardonnay’ 354 a 14 b 2.8 a 6.7 b 75 a 1.113 a

‘Merlot’ 147 b 12 c 2.6 b 6.7 b 85 ab 1.061 a
‘Cabernet Sauvignon’ 336 a 16 a 2.2 c 3.5 a 92 b 1.340 b
---------------------------------------------------------------------------Rootstock----------------------------------------------------------------
Dog Ridge 277 a 15 a 2.3 b 7.3 b 90 b 1.173
Freedom 211 b 12 b 2.4 b 4.7 a 87 ab 1.155
Paulsen 1103 299 a 15 a 2.8 a 4.7 a 75 a 1.186
aPruning weights 2April2010; analysis on transformed (log10 y) data; de-transformed least squares means (10x) are geometric
means.

b25Feb2010 at 10 cm above graft union or equivalent for own-rooted.
c1=chlorotic, 2=intermediate, 3=green on 10Sep2010.
dPercent leaves with PD symptoms (scorching, defoliation) 10Sep2010; analysis on transformed (square root (y+0.5)) data;
de-transformed least squares means (x2 + error mean square) are presented here.

ePercent plants Xf-positive with ELISA (OD ≥0.300) from 10Sep2010 leaf samples biased towards PD symptoms.
fNegative plants deleted from analysis.
gMeans followed by the same lower case letter were not significantly different (P≤0.05); least squares means, PDIFF option.

Figure 1. Second leaf early season growth stages
at Uvalde, TX for ‘Chardonnay’ (C), ‘Merlot’
(M), and ‘Cabernet Sauvignon’ (CS) own-rooted
and grafted on Dog Ridge (DR), Freedom (F),
and Paulsen 1103 (P).  Data are the greatest
growth stage (modified E-L system, 5=rosette of
leaf tips visible) anywhere on a plant.
Observations Julian (and calendar) dates were
43(12Feb), 50 (19Feb), 71 (12Mar), 81 (22Mar),
and 91 (1Apr2010).
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ABSTRACT
Chardonnay is a Vitis vinifera scion variety that is susceptible to Pierce’s disease (PD).  We are evaluating the effect of
rootstock variety on PD symptom expression in Chardonnay grown in an experimental vineyard at Weslaco, Texas with high
natural PD pressure and abundant vectors, including glassy-winged sharpshooter.  The rootstocks under evaluation are Dog
Ridge, Florilush, Tampa, Lenoir, and Freedom.  Natural Xylella fastidiosa infection is permitted to test the effect of rootstock
variety on PD in the Chardonnay scions.  Vines grafted on Dog Ridge are much larger than on other rootstocks, which are
similar in size; PD symptoms in vines grafted on Dog Ridge were the lowest observed amongst the rootstocks.

LAYPERSON SUMMARY:
Rootstocks that reduce  Pierce’s disease (PD) symptoms of the scion could be one way to reduce damage from PD without
changing scion varieties or clones.  Rootstocks have been reported to reduce PD symptoms, but have not definitely been
shown to provide or confer sufficient protection against PD to be recommended as a PD management tool.  We are
evaluating several rootstocks in a PD prone area, the Lower Rio Grande Valley of Texas.  Chardonnay (PD susceptible) vines
grafted on Dog Ridge rootstock were the largest in the trial and  had the fewest PD symptoms.

INTRODUCTION
Rootstocks are widely in use in viticulture to manage damage from soil-borne pests and provide adaptation to soils.  In citrus
(He et al. 2000) and peach (Gould et al. 1991), rootstock variety has been reported to impact expression of Xylella fastidiosa
(Xf) diseases in scions.  Pierce (1905) reported that rootstock variety affected expression of "California vine disease" in
grape.  Grape rootstock trials in Mississippi showed a large effect of rootstock trial on vine longevity in a region recognized
for high Pierce’s disease (PD) pressure (Loomis 1952, 1965, Magoon and Magness 1937).  If grape rootstocks could
contribute PD resistance or tolerance to their scions, this would be a major benefit to viticulture in PD prone areas.  Elite
wine, juice, and table grape varieties could be grown in areas where viticulture is currently restricted to PD resistant and
tolerant varieties whose consumer appeal is low.

The Rio Grande Valley is an excellent location for the field evaluation of PD resistant plant germplasm and PD management
techniques.  Many insect vectors of Xf are native to the region, including the glassy-winged sharpshooter.  Susceptible
grapevine varieties are infected naturally with Xf in the vineyard and demonstrate characteristic PD symptoms and decline.
The Rio Grande Valley is similar to many viticultural regions in California; the region is flat, irrigated, and supports multiple
types of crops (citrus, grains, vegetables) in close proximity.  The Rio Grande Valley is an ideal test environment due to
heavy PD pressure, with abundant vectors and inoculum, in contrast to many other locations, especially California, which
demonstrate substantial cycling of PD incidence.  The USDA Agricultural Research Service Kika de la Garza Subtropical
Agricultural Research Center in Weslaco, Texas is located in the heart of the Rio Grande Valley and provides an ideal
experimental location for the evaluation of PD management practices, including rootstock evaluation.

Five rootstocks are being evaluated in this project.  Freedom is a complex interspecific hybrid developed as a root-knot
nematode resistant rootstock by the USDA ARS, Fresno, California (Clark 1997); its parentage includes Vitis vinifera, V.
labrusca, V. x champinii, V. solonis, and V. riparia (Garris et al. 2009).  Freedom is widely used in California viticulture.
Dog Ridge is a V. x champinii selection recognized for its nematode resistance and resistance to PD, but it is rarely used as a
rootstock.  Lenoir, most probably a V. aestivalis/V. vinifera hybrid, was used historically as a rootstock and presently is
cultivated as a wine grape in PD prone regions (including some parts of Texas) (Galet 1988).  Tampa (Mortensen and Stover
1982) includes a V. aestivalis selection and the juice grape Niagara (a V. labrusca hybrid) in its parentage.  Florilush
(Mortensen et al. 1994) is a selection from the cross Dog Ridge x Tampa.  Both Florilush and Tampa were selected by the
University of Florida as PD resistant rootstocks for bunch grapes.  PD resistance is necessary for rootstock mothervines to
thrive in Florida, so the PD resistance of Florilush and Tampa should not be construed necessarily as contributing to the PD
response of the scions.
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OBJECTIVES
1. To evaluate the impact of rootstock variety on expression of PD symptoms in naturally infected PD susceptible Vitis

vinifera scion varieties Chardonnay.

RESULTS AND CONCLUSIONS
Grafted vines of Chardonnay on five rootstocks (Freedom, Tampa, Dog Ridge, Florilush, and Lenoir) were planted at the
Kika de la Garza Subtropical Agricultural Research Center in Weslaco, Texas in July, 2006.  Evaluation of PD response of
the vines began in 2007.  Experimental vineyard establishment was good and several vines flowered and fruited in 2007 and
2008.

Symptoms on leaves were assessed in October 2009.  Percent leaves with marginal necrosis symptom of PD were determined
for each vine.  Dormant pruning was conducted in January, 2010, and the weight of prunings of each vine, head trained and
spur pruned, was collected.

Rootstock Number
of vines

Mean % leaves with
marginal necrosis, Oct.

2009

Weight of dormant
prunings, Jan.  2010, kg

Florilush 10 98 0.73
Freedom 9 98 0.82
Lenoir 10 82 0.65
Tampa 10 73 0.88
Dog Ridge 9 57 1.70

Preliminary results indicate that Chardonnay vines grafted on Dog Ridge were the largest and had the least PD symptoms.
Additional years of vineyard observations will be necessary before making rootstock recommendations based on vineyard
performance.  In the Lower Rio Grande Valley at the USDA ARS research vineyard, vines are not demonstrating downy
mildew or black rot or more than slight powdery mildew infection; PD remains the chief disease in the research vineyard.
Marginal necrosis symptoms are increasing from year to year.
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ABSTRACT
We have successfully initiated two field trials to investigate two greenhouse-tested strategies to control the movement of and
to clear Xylella fastidiosa (Xf), a xylem-limited, Gram-negative bacterium that is the causative agent of Pierce’s disease (PD).
A key virulence feature of Xf is its ability to digest pectin-rich pit pore membranes inside the host plant’s xylem elements,
permitting long distance movement and potentially enhancing vector transmission.  The first strategy being evaluated tests
the ability of a xylem-targeted polygalacturonase-inhibiting protein (PGIP) from pear as an effector protein to counter
virulence associated with bacterial PG activity.  Our second strategy enhances clearance of bacteria from Xf-infected xylem
tissues via the expression of a chimeric antimicrobial protein, HNE-CecB.  The expectation is that expressing these proteins
will prevent Xf movement and reduce its inoculum, curbing the spread of PD in California vineyards.  Transgenic grapevine
plants expressing either PGIP or the HNE-CecB chimeric antimicrobial protein have been planted in two locations, one in
Riverside County and the other in Solano County.  These transgenic grapevines will be evaluated as plants on their own roots
and as rootstocks grafted with wild type Thompson Seedless (TS) scions.  At the Riverside County site, the plants will be
naturally infected.  At the Solano County site, plants will be mechanically infected with Xf to validate resistance to PD under
field conditions.  Two hundred and thirteen transgenic and wild type control vines, own rooted and grafted with wild type TS,
were planted in Riverside County on 5/8/10.  In Solano County, 112 transgenic and wild type controls on their own roots
vines were planted on 8/2/2010.  HNE-CecB- and PGIP-grafted plants for the Solano County site are being generated for
planting in November 2010.

LAYPERSON SUMMARY
Transgenic grapevines are being evaluated as rootstocks to demonstrate the field efficacy of two strategies to control Pierce’s
disease in California grapevines.  The first strategy uses transgenic rootstocks to control the movement of the bacterium
Xylella fastidiosa (Xf) in the water-conducting xylem of the vine through the expression of polygalacturonase-inhibiting
protein.   The second strategy tests whether transgenic rootstocks can clear Xf infections in xylem tissues through the
expression of an HNE-CecB chimeric antimicrobial protein.

INTRODUCTION
Xylella fastidiosa (Xf), a xylem-limited Gram-negative bacterium, is the causative agent of Pierce’s disease (PD).  A key
feature of Xf resides in its ability to digest pectin-rich pit pore membranes inside the xylem element (Roper et al., 2007),
permitting its long distance movement and enhancing its virulence and vector transmission.  In this project, we are examining
the ability of the xylem-targeted effector proteins polygalacturonase inhibiting protein (PGIP, Aguero et al., 2005, 2006) and
a chimeric antimicrobial protein (HNE-CecB, Kunkel et al., 2007) to restrict bacterial movement and to clear Xf under field
conditions (Dandekar et al., 2009).  The expectation is that expression of these proteins will prevent Xf movement and reduce
its inoculum, reducing spread of PD.

We are field testing four independent transgenic lines (40-41, 40-89, 40-92, and 41-151) resulting from transforming
grapevine plants with the vector pDU04.6105 expressing the chimeric HNE-CecB protein (Figure 1).  In each location, 24
plants are being field tested:  12 replicates of each line as non-grafted plants and 12 as transgenic rootstocks grafted with wild
type Thompson seedless scions.

We have also planted vines carrying four different constructs of PGIP (Figure 2).  The four different modifications allow us
to better understand how to control/restrict disease spread and virulence of Xf. Two versions have different signal peptide
sequences to identify which most efficiently localizes PGIP to xylem tissues and which provides the best distribution through
the graft union into untransformed scion tissues.  In vector pDU05.1910 (event 52-08), the pear PGIP signal peptide was
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replaced with a signal peptide from a grapevine xylem-secreted protein that is similar to the PRp27-like protein from
Nicotiana tobacum.  In vector pDU06.0201 (event 45-77), the pear PGIP protein was linked to a signal peptide from the
Ch1b chitinase protein found in the xylem of grapevine (Vitis vinifera).  The remaining two vectors, with and without the
endogenous signal peptide, serve as controls.  Vector pDU05.1002 (event 31-25) eliminates the endogenous signal peptide so
the expressed PGIP cannot be secreted and should not limit Xf spread. The construct pDU94.0928 (event TS50), which uses
the pear PGIP’s own endogenous peptide, will serve as a control to evaluate the efficiency of exogenous signal peptides in
targeting PGIP to the xylem tissue.

The objective described in this report directly address the number 1 RSAP priority outlined in the “Top 5 to 10 Project
Objectives to Accelerate Research to Practice” handout released at the December 2009 Pierce’s Disease Research
symposium: “Accelerate regulatory process:  Establish and facilitate field trials of current PD control candidate vines /
endophytes / compounds in multiple locations”.  This document updates the priority research recommendations provided in
the report “PD/GWSS Research Scientific Review:  Final Report” released in August 2007 by the CDFA’s Pierce’s Disease
Research Scientific Advisory Panel.

OBJECTIVES
The goals of this project are to field test four HNEC-CecB and four PGIP transgenic grapevine lines to evaluate their
horticultural characteristics and their resistance to PD.  Transgenic grapevines will be tested in two field locations as non-
grafted plants and as transgenic rootstocks grafted with wild type scions.  One field location has PD pressure and plants will
be naturally infected with Xf. In the location with no PD pressure, grapevines will be mechanically inoculated with Xf.

Objective 1. Validate the efficacy of in planta expressed chimeric HNE-CecB and PGIP proteins containing different signal
peptides to inhibit and clear Xf infection in xylem tissue and through the graft union in grapevines under field conditions.
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RESULTS AND DISCUSSION
Propagation, field planting, and grafting of HNE-CecB and PGIP transgenic grapevines.
Four selected transgenic grapevine lines expressing HNE-CecB and four expressing different PGIP constructs were
propagated from cuttings in the greenhouse to obtain 48 clones of each line.  These lines showed resistance to PD under
greenhouse conditions after mechanical Xf inoculation.  After the root system was developed, the plants were transferred to
5.5-inch pots.  Twenty-four clones were grafted with wild type TS scions (Figure 3).  Once acclimatized, they were
transferred to the lath house and finally planted in two experimental fields.  Two hundred and thirteen transgenic and wild
type controls, own rooted or grafted with wild type TS scions, were planted in Riverside County on 5/8/10, where they are
exposed to glassy-winged sharpshooters (GWSS), the insect vector for Xf. We also planted 112 transgenic and wild type
controls on their own roots in Solano County on 8/2/2010 (Figure 4).  Additional HNE-CecB and PGIP grafted plants for
Solano County field are being generated for planting in November 2010.

Figure 3. A) Propagated plants from vegetative tissue; B) Rooted plants and C) Grafted plant

Figure 4. Riverside and Solano County transgenic grape fields.

Evaluate preservation of varietal characteristics in transgenic grapevines grown as plants on their own roots or used
as rootstocks.
HNE-CecB- and PGIP-expressing lines will be evaluated in the field in 2011.  Grafted and non-grafted transgenic grapevine
lines will be evaluated phenotypically for shoot growth and leaf shape to see if they are normal and have maintained the
horticultural and varietal characteristics of the parental genotype TS.  This examination will use the variables proposed by the
International Organization of Vine and Wine (OIV, 1983).

Riverside County Solano County

CBA
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Evaluate PD resistance of HNE-CecB  and PGIP grapevines after inoculation with Xf.
Grafted and non-grafted transgenic and control grapevines planted in Riverside County will be naturally infected with Xf to
validate resistance to PD under field conditions in 2011.  Grafted and non-grafted grapevines planted in Solano County will
be mechanically inoculated with Xf (Almeida and Purcell, 2003). PD symptoms will be scored on each infected plant using a
standardized score based on percentage of leaf area scorching, a characteristic of PD (Krivanek et al., 2005a, 2005b).
Expression of hne and pgip genes will be analyzed using Quantitative Real-Time PCR (qRT-PCR).  PGIP movement from
transformed rootstocks into wild type scions will be monitored using antibody detection and a radial diffusion assay that
evaluates PGIP activity.

CONCLUSIONS
Selected HNE-CecB- and PGIP-expressing grapevines and wild type controls were successfully planted as non-grafted plants
and as transgenic rootstocks in Riverside County.  Presence of the GWSS at the Riverside County field is very promising,
since natural insect inoculation of these plants is one of the main objectives of this trial.  Non-grafted HNE-CecB- and PGIP-
expressing grapevines and wild type controls were also successfully planted in the Solano County field.  Grafted plants for
the Solano County field are being generated to be planted in November 2010.
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ABSTRACT
Xylella fastidiosa (Xf), a xylem-limited, Gram-negative bacterium, is the causative agent of Pierces’s disease (PD).  A key
feature of Xf is its ability to digest pectin containing pit pore membranes inside the host plant’s xylem elements, permitting
long distance movement and enhancing virulence and vector transmission.  In this project, we are evaluating the ability of
xylem-targeted effector proteins polygalacturonase inhibiting protein (PGIP) and a chimeric antimicrobial protein to restrict
the movement of Xf and clear infection.  The expectation is that expressing these proteins will prevent Xf movement and
reduce its inoculum, curbing the spread of PD.  Transgenic grapevine plants expressing either PGIP (six versions) or the
human neutrophil elastase-cecropin B (HNE-CecB) chimeric antimicrobial protein (two versions), have been obtained and
the first plants have been tested to validate their susceptibility to PD.

Plants expressing pear PGIP have six different modified sequences to target gene expression.  Four constructs contain
different signal peptide sequences to identify which most efficiently localizes PGIP to xylem tissues and which provides the
best distribution through the graft union into untransformed scion tissues.  A fifth construct has the original pear signal
peptide and the sixth lacks a signal peptide as a control.  Forty-four PGIP in vitro transgenic lines have been transferred to the
greenhouse.  Sixteen were manually inoculated with Xf and scored for tolerance to PD and movement of PGIP protein.
Quantitative Real-Time PCR (qRT-PCR) analyses to compare pgip gene expression among different transgenic lines and
untransformed control lines have been initiated.  The remaining lines are being multiplied for future Xylella inoculation
experiments.

Transgenic Thompson Seedless grapevines expressing the chimeric anti-microbial protein HNE-CecB expressed with its own
signal peptide or with that from pear PGIP (pgip-HNE-CecB) have been obtained.  The expressed chimeric anti-microbial
protein has two functional domains.  The surface recognition domain, SRD, specifically binds to the Xf outer-membrane
protein MopB.  The other domain inserts into the membrane, forming pores that lyse and kill Xf. Twenty-one of 47 HNE-
CecB transgenic grapevine lines have been manually inoculated with Xf in the greenhouse.  Preliminary observations show
that most transgenic HNE-CecB-expressing lines showed limited or delayed disease symptoms compared to the severe PD
symptoms of untransformed control plants.  Five lines were substantially more resistant than the rest.  Magnetic resonance
imaging (MRI) of stem sections revealed fewer clogged vessels in these transgenic lines.  Xylem sap from HNE-CecB
transgenic lines with the resistant phenotype killed Xf more efficiently than that from untransformed controls.  Interestingly,
DNA extracted from the same HNE-CecB transgenic lines showed lower pathogen load than control plants.  HNE protein
expressed in transgenic plants was detected using enzyme-linked immunosorbent assay (ELISA).  The remaining HNE-CecB
and pgip-HNE-CecB lines are in the process of greenhouse propagation to conduct future Xf infection tests.

In addition to ongoing mechanical inoculation, we are in the initial preparation steps of a new and more precise experiment
which is using blue-green sharpshooters (BGSS) (transmitting insect vector) to infect our more promising transgenic lines
determined from previous results (Figure 1).

Collection of
BGSS

(Only summer)

Maintain the
colonies in the

growth
chambers

Preparing cells
(Xf)

Feeding BGSSs
on Xf

containing diet

Infecting
transgenic
plants

Figure 1: Steps involved in infection experiment by BGSS.
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LAYPERSON SUMMARY
Transgenic grapevines are being evaluated as rootstocks that produce two types of effector proteins that may control Pierce’s
disease (PD) in untransformed scion cultivars grafted to such rootstocks.  PD is caused by growth and movement of the
bacterium Xylella fastidiosa (Xf) in the water-conducting xylem of the vine.  As individual xylem elements are invaded and
blocked, the vine is stressed, reducing vigor and productivity and eventually killing the vine.  In this project, we are
examining the ability of the xylem-targeted effector proteins polygalacturonase inhibiting protein (PGIP) to reduce disease
severity by restricting the movement Xf across xylem elements and of a chimeric antimicrobial protein (HNE-CecB) to clear
Xf, preventing its ability to colonize.  We have created 44 vines expressing six different modifications of PGIP to better
understand its ability to restrict disease spread. Sixteen of these plants are being evaluated in the greenhouse for resistance to
PD and five lines show increased tolerance to PD over untransformed controls.  Untransformed scions have been grafted
movement of PGIP across the graft union.  We have also evaluated 21of 47 HNE-CecB/pgipHNE-CecB lines in the
greenhouse for clearance of Xf. At least five of the 21 evaluated lines show good tolerance to Xf infection and magnetic
resonance imaging (MRI) of infected stem sections revealed fewer clogged vessels in the transgenic vines than in the
controls, indicating clearance of the bacteria. Xylem sap from HNE-CecB transgenic lines inhibited growth of Xf more than
sap from control vines.  Interestingly, DNA extracted from the same HNE-CecB lines showed lower pathogen load than
control plants.  Further experiments with these transgenic lines will confirm the efficacy of these two effector proteins in
controlling this important disease of grapevines.

OBJECTIVES
1. Evaluate the efficiency of different signal sequences in targeting PGIP to grapevine xylem tissue, through the graft

union, and inhibiting infection with Xf.
2. Validate expression of chimeric antimicrobial proteins in transgenic grapevines, test for anti-Xf activity in planta, and

test for graft transmissibility.

RESULTS AND DISCUSSION
1. Evaluate the efficiency of different signal sequences in targeting PGIP to grapevine xylem tissue, through the

graft union, and inhibiting infection with Xf

Transgenic vines were created that express pear PGIP with six different signal peptide options (pDU06.0201 used chiPGIP;
pDU05.1910, ntPGIP; pDA05.XSP, xspPGIP; pDU05.0401, ramyPGIP;  pDU05.1002, mPGIP; and pDU94.0928, pPGIP).
Four constructs contained different signal peptide sequences to identify which most efficiently localizes PGIP to xylem
tissues and which provides the best distribution through the graft union into untransformed scion tissues.  One construct used
the pear signal peptide and the sixth was a control with no signal peptide.  PGIP transgenic tissue extracts were assayed to
validate transgene expression, which was highly variable.  Based on polygalacturonase inhibiting activity, 44 PGIP in vitro
transgenic lines (1 pPGIP, 6 ntPGIP, 8 chiPGIP, 12 mPGIP, 8 ramyPGIP, and 9 xspPGIP) have been transferred to the
greenhouse.

Each acclimated transgenic line was propagated to obtain four to six mother plants that were further propagated to provide
cuttings for Xylella fastidiosa (Xf) infection and grafting experiments.  From each line, 25 to 35 plants were propagated
from cuttings at the same time. Xf infection experiments were done in multiple rounds.  Each round consisted of five to six
transgenic lines with wild type Thompson Seedles s(TS) and TS50 as negative and positive control, respectively.  Each
round of experiments included 30 plants from each transgenic line.  Fifteen were inoculated (Almeida and Purcell 2003)
and the remaining 15 were non-inoculated controls.  The positive control, TS50, is a transgenic PGIP-expressing grapevine
previously described (Aguero et al. 2005).

Transgenic and control plants were inoculated with 20µL of a GFP-expressing Xf 3A2 culture (Newman et al. 2003)
containing ~20,000,000 cells.  The plants were inoculated with 10 µL the first day and re-inoculated with 10μL the second
day; for each inoculation an independently grown Xf culture was used. The Xf was introduced into each plant three to four
inches above the soil using an insect pin.  Plants were pruned regularly and kept approximately 90-100cm tall until Pierce’s
Disease (PD) symptoms appeared. The time required to conduct each round of Xf challenge was 33 to 37 weeks, starting
from in vitro plants transferred to greenhouse until the appearance of the first PD symptoms.

Twenty-two out of 44 PGIP transgenic lines are currently being evaluated for resistance to PD.  Three rounds of infection
have been completed on 16 PGIP transgenic lines manually inoculated with Xf. PD symptoms were scored on each infected
plant using a standardized score based on percentage of leaf area scorching, a characteristic of PD (Krivanek et al. 2005a,
2005b).  TS50 and five PGIP transgenic lines showed more tolerance to PD than the untransformed control (Table 1).
Quantitative Real-Time PCR (qRT-PCR) analyses to compare pgip gene expression in PGIP transgenic lines and the
untransformed control have been initiated.  RNA was isolated from bottom and top stem sections of each infected and
uninfected grapevine.  Preliminary qRT-PCR data (Ct value, Figure 2) confirm that transgenic lines with more tolerance to
PD had higher pgip gene expression.  The remaining ntPGIP, chiPGIP, mPGIP, ramyPGIP, and xspPGIP lines are being
propagated for future Xf challenge in the greenhouse.  Those lines with low or moderate PD symptoms after manual
inoculation will be tested by insect inoculation of Xf.
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Table 1. PGIP transgenic lines status and results
Lines with yellow highlight are included in the field trial at Riverside and Solano counties.
Siganl peptides: Chitinase (chi) and pathogen related protein 27 (PRp27)-like protein from
Nicotiana tobacum (nt) from Vitis vinifera, polygalacturonase inhibiting protein from pear
(pPGIP), rice amylase from Oryza sativa (Ramy), xylem sap protein from Cucumis sativus
(XSP)

Line ID # Gene Construct Status Result
061045-015 chiPGIP pDU06.0201 Tested-Round3 No Resistance
061045-056 chiPGIP pDU06.0201 Tested-Round3 No Resistance
061045-070 chiPGIP pDU06.0201 Tested-Round3 No Resistance
061045-077 chiPGIP pDU06.0201 Tested-Round3 Low Resistance
061045-078 chiPGIP pDU06.0201 Tested-Round3 No Resistance
061045-083 chiPGIP pDU06.0201 Tested-Round3 No Resistance
061034-007 ntPGIP pDU05.1910 Tested-Round4 No Resistance
061034-010 ntPGIP pDU05.1910 Tested-Round4 No Resistance
061052-008 ntPGIP pDU05.1910 Tested-Round4 High Resistance
061052-016 ntPGIP pDU05.1910 Tested-Round4 High Resistance
061036-27 ntPGIP pDU05.1910 Tested-Round5 No Resistance
061131-22 mPGIP pDU05.1002 Tested-Round5 High resistance
061131-25 mPGIP pDU05.1002 Tested-Round5 Low Resistant
061131-29 mPGIP pDU05.1002 Tested-Round5 Low Resistance
061131-32 mPGIP pDU05.1002 Tested-Round5 No Resistance

TS50 pPGIP pDU94.0928 Tested-Round3-4 High resistance
061131-17 mPGIP pDU05.1002 Tested-Round9 Exp. in progress
061131-35 mPGIP pDU05.1002 Tested-Round9 Exp. in progress
061132-30 Ramy pDU05.0401 Tested-Round9 Exp. in progress
061132-32 Ramy pDU05.0401 Tested-Round9 Exp. in progress
061133-21 XSP pDA05.XSP Tested-Round9 Exp. in progress
061133-24 XSP pDA05.XSP Tested-Round9 Exp. in progress
061036-30 ntPGIP pDU05.1910 To be tested
061045-032 chiPGIP pDU06.0201 To be tested
061045-035 chiPGIP pDU06.0201 To be tested
061131-19 mPGIP pDU05.1002 To be tested
061131-21 mPGIP pDU05.1002 To be tested
061131-24 mPGIP pDU05.1002 To be tested
061131-27 mPGIP pDU05.1002 To be tested
061131-28 mPGIP pDU05.1002 To be tested
061131-31 mPGIP pDU05.1002 To be tested
061132-19 Ramy pDU05.0401 To be tested
061132-24 Ramy pDU05.0401 To be tested
061132-28 Ramy pDU05.0401 To be tested
071073-33 Ramy pDU05.0401 To be tested
071073-40 Ramy pDU05.0401 To be tested
071073-83 Ramy pDU05.0401 To be tested
061133-2 XSP pDA05.XSP To be tested

061133-22 XSP pDA05.XSP To be tested
061133-23 XSP pDA05.XSP To be tested
061133-25 XSP pDA05.XSP To be tested
061133-27 XSP pDA05.XSP To be tested
061133-28 XSP pDA05.XSP To be tested
061133-29 XSP pDA05.XSP To be tested
061133-32 XSP pDA05.XSP To be tested

To evaluate the efficiency of secretion, each transgenic line expressing each of the signal sequences fused to PGIP will be
used as transgenic rootstocks grafted to wild type scions.  After growth xylem sap will be extracted from the stem and leaves
of the wild type scion to evaluate the amount of PGIP that is translocated via the xylem into the wild type tissues.  The
movement of the PGIP protein from the rootstock up into the xylem of the wild type scion was evaluated using a radial
diffusion assay (Aguero et al. 2005).  Preliminary testing of PGIP activity using leaf extracts and xylem sap from non-grafted
TS50 (positive control), ChiPGIP 45-35 and ChiPGIP 45-83 showed PG inhibiting activity.  The same lines when grafted
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also showed inhibiting activity from leaf extract and xylem sap. TS50 showed the highest activity in grafted and non-grafted
leaf and non-grafted xylem sap.  Interestingly, xylem sap from Chi45-35 and Chi45-83 showed a greater inhibition when they
were grafted with wild type TS as compared to non-grafted, indicating that the PGIP was moving quite efficiently from the
rootstock to the scion with these particular signal peptides.
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2. Validate expression of chimeric antimicrobial proteins in transgenic grapevines, test for anti-Xf activity in planta,
and test for graft transmissibility

Transgenic grapevine plants were obtained with the two constructs pDU04.6105 (Elastase-Cecropin = HNE-CecB) and
pDA05.0525 (pgipSP-Elastase-Cecropin= pgipHNE-CecB) as described in earlier reports.  Twenty-six of 47 HNE-CecB
lines are currently being evaluated for resistance/tolerance to PD. The first four rounds of infection have been completed for
21 transgenic lines.  Within six to seven weeks post inoculation, the first PD-associated leaf scorch symptoms appeared:
formation of green islands on the cane and scorching around outer edges of the lower leaves were visible on control
grapevines (Figure 3).  Most transgenic HNE-CecB-expressing lines showed less or delayed disease symptoms than controls
and five lines were substantially more resistant than the rest. PD symptoms on each infected plant were numerically scored
based on percentage leaf area scorch (Table 2).

Figure 2: Expression of pgip gene on top and bottom stem section of
transgenic grapevines inoculated with Xf. Lower Ct values represent higher
pgip expression.

Figure 3: Transgenic line (40-60) in the right showing less
disease symptom compared to non-transgenic TS on the left.



- 169 -

Table 2. HNE-CecB and pgipHNE-CecB Transgenic Lines Status and results
Lines with yellow highlight are included in the field trial at Riverside and Solano counties.

Line ID Num. Gene Construct Status Result
0999040-39 HNE-CecB pDU04.6105 Tested-Round1 Low Resistance

0999040-41 HNE-CecB pDU04.6105 Tested-Round1 Moderately Resistance

0999041-151 HNE-CecB pDU04.6105 Tested-Round1 High Resistance

0999041-166 HNE-CecB pDU04.6105 Tested-Round1 Moderately Resistance

0999041-179 HNE-CecB pDU04.6105 Tested-Round1 Low Resistance

0999040-36 HNE-CecB pDU04.6105 Tested-Round2 Moderately Resistance

0999040-74 HNE-CecB pDU04.6105 Tested-Round2 Moderately Resistance

0999040-89 HNE-CecB pDU04.6105 Tested-Round2 High Resistance

0999040-92 HNE-CecB pDU04.6105 Tested-Round2 High Resistance

0999041-146 HNE-CecB pDU04.6105 Tested-Round2 Highly Resistance

0999041-157 HNE-CecB pDU04.6105 Tested-Round2 Moderately Resistance

0999040-87 HNE-CecB pDU04.6105 Tested-Round6 Not Resistance

0999040-96 HNE-CecB pDU04.6105 Tested-Round6 Not Resistance

0999040-97 HNE-CecB pDU04.6105 Tested-Round6 Not Resistance

0999041-164 HNE-CecB pDU04.6105 Tested-Round6 Moderately Resistance

0999041-181 HNE-CecB pDU04.6105 Tested-Round6 Low Resistance

0999040-60 HNE-CecB pDU04.6105 Tested-Round7 Moderately Resistance

0999040-80 HNE-CecB pDU04.6105 Tested-Round7 Not Resistance

0999040-85 HNE-CecB pDU04.6105 Tested-Round7 Not Resistance

0999041-180 HNE-CecB pDU04.6105 Tested-Round7 Not Resistance
099946-019 pgip HNE-CecB pDA05.0525 Tested-Round7 Not Resistance
099944-007 pgip HNE-CecB pDA05.0525 Tested-Round8 Exp. in progress

099946-002 pgip HNE-CecB pDA05.0525 Tested-Round8 Exp. in progress

099946-014 pgip HNE-CecB pDA05.0525 Tested-Round8 Exp. in progress

0999040-4 HNE-CecB pDU04.61pDU04.610505 Tested-Round8 Exp. in progress

099944-026 pgip HNE-CecB pDA05.0525 To be tested

099946-018 pgip HNE-CecB pDA05.0525 To be tested

099946-020 pgip HNE-CecB pDA05.0525 To be tested

061073-016 pgip HNE-CecB pDA05.0525 To be tested

061073-028 pgip HNE-CecB pDA05.0525 To be tested

061073-036 pgip HNE-CecB pDA05.0525 To be tested

0999040-11 HNE-CecB pDU04.6105 To be tested

0999040-42 HNE-CecB pDU04.6105 To be tested

0999040-51 HNE-CecB pDU04.6105 To be tested

0999040-62 HNE-CecB pDU04.6105 To be tested

0999040-69 HNE-CecB pDU04.6105 To be tested

0999040-78 HNE-CecB pDU04.6105 To be tested

0999040-79 HNE-CecB pDU04.6105 To be tested

0999040-81 HNE-CecB pDU04.6105 To be tested

0999040-106 HNE-CecB pDU04.6105 To be tested

0999040-112 HNE-CecB pDU04.6105
To be tested

0999041-125 HNE-CecB pDU04.6105
To be tested

0999041-132 HNE-CecB pDU04.6105 To be tested

0999041-155 HNE-CecB pDU04.6105 To be tested

0999041-168 HNE-CecB pDU04.6105 To be tested

0999041-169 HNE-CecB pDU04.6105 To be tested

0999041-171 HNE-CecB pDU04.6105 To be tested

0999041-174 HNE-CecB pDU04.6105 To be tested

MRI images from stem sections approximately 15 to 20 cm above the inoculation point revealed that clearance of bacterial
inoculums in transgenic lines expressing fewer PD symptoms correlated to fewer clogged vessels than in the control lines. To
obtain MRI xylem vessel cross section images, an Avance 400 instrument was used.  Instrument settings were: TR: 110.7,
TE: 4.5ms, FA: 30.0deg, TA: 1:25NEx4, FOV: 1.2cm, MTX 256/192, Pos-0.80mmF.
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Xylem sap extracted from grape plants expressing HNE-CecB kills bacteria. Xf was incubated with xylem sap extracted from
transgenic lines at 28°C on a shaker. For each sample, three different dilutions of the Xf-xylem sap mixture were plated on
PD3 media each hour for five hours.  This experiment reveals the antimicrobial activity of sap from transgenic lines
expressing HNE-CecB antimicrobial protein.  Transgenic lines expressing high phenotypic resistance (Table 2) also
displayed higher Xf mortality rates than  untransformed and buffer controls.

Semi-Quantitative PCR analysis of Xf DNA accumulation was performed on groups of three stems sections collected
approximately 10 to15 cm above the point of inoculation.  For each transgenic line, DNA was extracted from groups of three
stem samples representing three individual plants.  Plants expressing HNE-CecB contained less bacterial DNA, and thus a
lower pathogen load in the plant tissue, indicating more clearance.

We detected the HNE protein in transgenic plants using enzyme-linked immunosorbent assay (ELISA).  Commercially
available polyclonal antibody generated against elastase was used to create an ELISA sandwich assay; however, for greater
precision we must generate a more specific monoclonal antibody against the chimeric protein (Figure 4).  Total protein was
extracted from transgenic plant tissue using a sodium bicarbonate extraction buffer (0.1M NaHCO3, pH 8.6).  A 96-well
MaxisorpTM microtiter plate (NUNC, NY, USA) was coated with 100 µL of the transgenic or control crude protein extracts
overnight at 4ºC.  The wells were washed one time with PBS-T 0.1% and blocked for one hour at 37ºC with PBS-BSA 3%.
After blocking, wells were washed twice with PBS-T 0.1% followed by incubation with anti-elastase antibody (1:1000) at
37ºC for 1 hour.  The plate was washed three times with PBS-T 0.1% followed by incubation with AP-conjugated anti-rabbit
diluted (1:5000) in PBS-BSA 3% for 1 h at 37ºC.  The plate was washed four times in PBS-T 0.1%, developed at 405 nm.

Figure 4. HNE detection by ELISA

CONCLUSIONS
The main objective of this project is to validate the efficacy of the xylem targeted effector proteins polygalacturonase
inhibiting protein (PGIP) to limit movement and of a chimeric antimicrobial protein HNE-CecB to clear Xf.

Transgenic grapevines lines expressing PGIP with four different signal peptides are being evaluated for their improved ability
to secrete PGIP long distance through the graft union.  Sixteen of these plants are being evaluated in the greenhouse for
resistance to PD and five lines show increased tolerance to PD over untransformed controls.  Untransformed scions have
been grafted onto PGIP transgenic lines to evaluate the long distance movement of PGIP.  Quantitative Real-Time PCR
(qRT-PCR) analyses to compare pgip gene expression among different transgenic lines and untransformed control lines have
been initiated.

Twenty one HNE-CECB transgenic grapevine lines have been evaluated for PD resistance by inoculating with Xf. Several
promising transgenic lines showed low or moderate symptoms of PD. MRI stem sectioned images revealed a variation in
number of vessels clogged between negative control and HNE-CECB transgenic lines, indicating that clearance of the
bacteria may be occurring in some of the transgenic lines (Dandekar et al.  2009).  Further protein assays are required to
detect and quantify the expression of transgenic protein.
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Insect inoculation of transgenic plants via bluegreen sharpshooter has been initiated to test a more natural mode of disease
transmission and better predict field resistance levels, since these vines will be inoculated with a more realistic number of
bacteria.
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ABSTRACT
The aim of this project is to understand the role played by surface proteins of Xylella fastidiosa (Xf), especially the translation
elongation factor "temperature unstable" (EF-Tu), in disease induction by this bacterium, the causative agent of Pierce’s
disease (PD) of grapevine, and to use this information to interfere with disease induction.  Previously we demonstrated that
Xf EF-Tu induces chlorosis when pressure infiltrated into leaves of Chenopodium quinoa, suggesting that EF-Tu may be a
protein recognized by plants as a signal of Xf infection.  Although the primary function of EF-Tu in eubacteria is in protein
synthesis, certain bacterial species have evolved to use EF-Tu for other applications, including binding the bacterium to host
cells.  EF-Tu is associated an insoluble fraction of Xf cells and hence cannot be purified by conventional methods.  The use of
Agrobacterium to program plant cells to synthesize and target this protein to the plant apoplast has allowed the testing of EF-
Tu's ability to cause PD-like symptoms in both Nicotiana tabacum cv. SR-1 and Thompson seedless grapes without purifying
the EF-Tu protein.  For both plant species, infiltration of Agrobacterium carrying an engineered binary vector allowed in
planta expression and apoplast secretion of EF-Tu, resulting in PD-like symptoms in the absence of Xf cells or other Xf
proteins.  To introduce Agrobacterium into the difficult-to-infiltrate grapevine leaf, we developed a new infiltration
procedure.  To locate EF-Tu within the Xf cell, we treated Xf cells with detergent and lysozyme and examined the resulting
spheroplast-like structures, which were found to retain EF-Tu.  The EF-Tu that is present in these spheroplast-like structures,
compared to EF-Tu in intact cells, is far more accessible to staining by fluorescent anti-EF-Tu antibody.  Intact Xf cells were
examined by immunogold electron microscopy of thin sections from centrifuged Xf cell pellets.  EF-Tu and MopB, a major
outer membrane protein of Xf, were very similarly distributed, primarily near the cell surface.  These results support our
earlier assertion that a fraction of EF-Tu is associated with the outer or inner membrane of the Xf cell surface.

LAYPERSON SUMMARY
The elongation factor "temperature unstable," EF-Tu, is an abundant soluble protein in most bacteria but in Xylella fastidiosa
(Xf) is a protein found mainly at or just under the bacterial cell surface and in an insoluble fraction when the cells are
disrupted.  Insolubility prevents purification of EF-Tu by conventional means and makes determining the functions of Xf EF-
Tu difficult. Agrobacterium tumefaciens is a bacterium capable of delivering genes to plant cells.  We engineered A.
tumefaciens to induce, when infiltrated into leaves, plant cells to generate Xf EF-Tu and to secrete the protein into
intercellular spaces, bypassing the need to purify EF-Tu.  Infiltrated leaves of both tobacco and grapevine developed
symptoms characteristic of Pierce’s disease (PD). That Xf EF-Tu, in the absence of Xf cells or any other Xf protein, appears to
induce PD-like symptoms suggests that host plant reaction to EF-Tu released from Xf cells may be important in PD and may
explain the observation of leaf-margin scorching in natural Xf infections even though Xf bacteria may be present only more
centrally in the leaf or petiole. Understanding how this protein is recognized and how recognition leads to symptoms may
lead to new ways of ameliorating PD symptoms.

INTRODUCTION
Long term, economical and sustainable control of Pierce’s disease (PD) is likely to be achieved most effectively by deploying
grapevine cultivars resistant to or tolerant of Xylella fastidiosa (Xf).  Interference with symptom development (i.e., creation of
tolerance) is conceivable by preventing the full functioning of Xf virulence factors.  The mechanisms by which Xf induces
symptoms in infected grapevine have not been established. Xf surface proteins are candidates for symptom-inducing factors.
Examples of Xf surface proteins are a major outer membrane protein MopB (Bruening and Civerolo 2004), the
hemagglutinin-like minor outer membrane proteins HXfA and HXfB (Guilhabert and Kirkpatrick 2005), a protein that is
recognized by a single chain, monoclonal antibody (Bruening et al. 2008), and possibly a form of the protein synthesis
elongation factor “temperature-unstable” (EF-Tu) (Bruening et al. 2008).  We reported earlier that EF-Tu was the major
component of a minor trailing band observed after electrophoresis of partially purified MopB through sodium dodecyl
sulfate- (SDS-) permeated polyacrylamide gel. Xf EF-Tu was recovered by elution from excised gel pieces from the trailing
band and was shown to induce chlorosis in Chenopodium quinoa (Bruening et al. 2007), whereas Xf MopB produced in
transformed E. coli failed to induce chlorosis in C. quinoa.  These observations suggest that the chlorosis-inducing factor in
our MopB preparations may be Xf EF-Tu and not MopB, formerly the candidate chlorosis-inducing factor.

EF-Tu is one of a small number of highly conserved eubacterial macromolecules that have been categorized as “microbe-
associated molecular patterns” (MAMPs) because of their ability to induce defense responses in specific plants (Jones and
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Dangl 2006).  Flagellin, chitin, certain lipopolysaccharides, and a few other molecules are other MAMPs. EF-Tu is the most
abundant soluble protein of rapidly growing E. coli cells, so it is reasonable for it to serve as a signal for the presence of
bacteria.  The MAMP activity of E. coli EF-Tu is illustrated by alkalization of the medium of cultured Arabidopsis thaliana
cells on exposure to subnanomolar concentrations of EF-Tu. When introduced at 1 µM concentration by pressure-infiltration
into Arabidopsis leaves, E. coli EF-Tu induced resistance to Pseudomonas syringae and caused Arabidopsis to accumulate
defense gene mRNAs (Kunze et al. 2004). E. coli EF-Tu and Xf EF-Tu gene sequences show 77% identity and 88%
similarity in amino acid sequence, and both proteins induce chlorosis when pressure infiltrated into C. chenopodium leaves
(Bruening et al. 2007).  Those regions that show identity between the E. coli and Xf EF-Tu gene sequences also showed
>90% identity with >100 eubacterial EF-Tu sequences (Kunze et al. 2004).  Some bacteria have evolved an EF-Tu protein
with at least one additional function, beyond participating in polypeptide chain elongation or acting as an elicitor.
Mycoplasma pneumoniae and Lactobacillus johnsonii appear to use EF-Tu as an adhesin that is responsible for the binding of
these bacteria to human cells, and, in the case of M. pneumoniae, antibody to EF-Tu was demonstrated to interfere with
attachment to human cells (Dallo et al. 2002, Granato et al. 2004).  Therefore, it will not be surprising if Xf EF-Tu is found to
be capable of inducing reactions in grapevine, including reactions that lead to symptom development.  This work is an
extension of our previous project entitled "Exploiting Xylella fastidiosa Proteins For Pierce’s Disease Control". The
objectives for the current project are given below.

OBJECTIVES
1. Test Xf EF-Tu for its ability to induce scorching in grapevine
2. Identify a grapevine receptor for Xf EF-Tu
3. Interfere with Xf EF-Tu-induction of scorching using RNAi or by expression of alternative receptor
4. Characterization of Xf EF-Tu and its immobilization and localization

RESULTS AND DISCUSSION
Xf EF-Tu expression from Agrobacterium induces PD-like symptoms in SR-1 Nicotiana tabacum
Results reported here advance Objective 1.  The Xf cell surface location and known MAMP activity of EF-Tu suggest that
accumulation of this protein in the intercellular spaces of leaves could induce scorching symptoms at locations not reached by
Xf cells.  The occurrence of Xf EF-Tu in an insoluble fraction after disruption of Xf cells prevents EF-Tu purification by
conventional liquid phase separation methods.  Therefore, we took the alternative approach of inducing plant cells to
synthesize Xf EF-Tu and to secrete the protein into the (extracellular) apoplast.  The apoplastic targeting sequence P14 from
the plant pathogenesis-related protein PR-1 (Vera et al. 1989) has been shown by Jim Lincoln of the David Gilchrist
laboratory to direct green fluorescent protein (SGFP) to intercellular spaces (data not shown).

The state of the expressed EF-Tu amino end could be significant to its biological activity because the known receptor for E.
coli and other EF-Tu’s in brassicas, designated elongation factor receptor (EFR), appears to recognize the EF-Tu amino end
(Kunze et al. 2004).  Therefore, the Cowpea mosaic virus 24K protease (CPMV 24KPro, a protease that includes cleavage of
Q/M bonds in its range of specificity and capable of releasing itself from the interior region of a polyprotein) was interposed
between P14 and Xf EF-Tu (Figure 1, construction E1) to create the native methionine amino end of the Xf EF-Tu protein.
The Xf EF-Tu construct, P14-CPMV24KPro-Xf Ef-Tu, that replaces the SGFP with Xf EF-Tu, construct was difficult to
make.  Creation of construction E1, but not G1, required strong selection accomplished by use of a chloroamphenicol
resistance gene cassette, suggesting a sickening effect of Xf EF-Tu on E. coli even without intentional expression of the
protein.

Figure 1.  Coding portions of constructs used to export SGFP or Xf EF-Tu to the apoplast
after Agrobacterium infiltration.  P14 and SGFP are defined above. CPMV 24K Pro is the
protease of Cowpea mosaic virus.  The open arrowheads locate the cleavage site of the P14
apoplastic targeting sequence removing protease and the closed arrowheads locate the
cleavage site of the CPMV 24K Pro, intended to release Xf EF-Tu with the authentic amino
end methionine.
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The presence of the CPMV 24KPro in construction E1 could interfere with apoplast targeting of Xf EF-Tu.  Therefore,
agroinfiltration into N. benthamiana of constructions G (gift from the Gilchrist laboratory) and G1 were compared
(Figure 2).  As expected, construction G targeted GFP to the intercellular spaces.  Construction G1 produce little or no GFP
signal but apparently induced a spongiform appearance suggesting loss of cells in the stomatal cavities.  Similar results were
observed for agroinfiltration of N. tabacum line SR-1 (not shown).  Although these results, and our observation of only
limited accumulation of 24KPro (not shown), both suggest that construction E1-mediated accumulation of Xf EF-Tu will be
limited, the loss of plant cells could result in greater release of EF-Tu into intercellular spaces.

Figure 2.  Laser confocal microscope images of N. benthamiana infiltrated with
Agrobacterium strain GV2260 containing the binary vector pCB4NN with
inserts G or G1 (Figure 1).

Agroinfiltration of constructs G (image not shown), G1 and E1 resulted in development of chlorosis within two days.
However, the leaf areas infiltrated with construct E1 (P14-CPMV24KPro-EF-Tu) SGFP (Figure 3, panel A, right leaf panel)
showed an incipient necrosis at two days post infiltration and, at five days, substantial necrosis (Figure 3).  Areas infiltrated
with G or G1 constructions remained chlorotic at five days post infiltration.  These necrotic symptoms are similar to those
seen for SR-1 tobacco inoculated with Xf (Francis et al. 2008).

Figure 3.  Opposite half-leaf agroinfiltrations of SR-1 tobacco with constructs E1 and G1
(Figure 1) for expression of P14-CPMV24KPro-SGFP and P14-CPMV24KPro-Xf EF-Tu,
respectively.  Photographs were taken at two and five days post infiltration.

The obvious interpretation of the Figure 3 result is that EF-Tu is recognized by SR-1 tobacco, resulting in the development
of symptoms characteristic of Xf infection of SR-1 tobacco but without an actual Xf infection or the presence of Xf cells or
even the presence of any other Xf protein.  There is, however, a reservation about this interpretation.  Although similar binary
vectors were used for the E1 and G1 constructions, the 3’ and 5’ untranslated regions flanking the fusion protein open
reading frames (ORFs) of Figure 1 are different.  The E1 construct has CPMV RNA2 5' and 3' untranslated regions to
increase translation efficiency (pEAQ-HT vector from George Lomonosoff , Sainsbury Laboratory, Norwich, UK)
(Sainsbury and Lomonossoff 2008).  The G and G1 constructs use the TMV omega 5’ untranslated region (Gallie et al.

G G1
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1987).  Therefore, it is conceivable that the untranslated regions contribute to the differential seen in Figure 3.  Constructs
with the same 3’ and 5’ regions are complete and will be tested shortly. EF-Tu and GFP constructs without CPMV 24KPro
also are being prepared.  Another complicating factor is the possibly sickening effects of the constructs on E. coli and A.
tumefaciens itself.  We will be preparing constructs with introns inserted into either the CPMV24KPro, or Xf EF-Tu coding
regions, or both, to allow the bacteria to escape the putative toxic effects of these constructions.

Xf EF-Tu expression from Agrobacterium induces PD-like symptoms in Thompson seedless grapevine
Results reported in this section advance Objective 1.  The leaves of tobacco plants are readily pressure infiltrated with
Agrobacterium cell suspensions by simply pressing a syringe (no needle) against the lower leaf epidermis, supporting the leaf
at the opposite upper epidermis, and gradually pressing the syringe piston.  The infiltrated leaf area is demarcated by the
appearance of water logging.  Grapevine leaves resist pressure infiltration so effectively that only a region corresponding to
the bore of the syringe end shows water logging or, subsequently, reporter gene (typically GFP) activity. For most infiltration
sites, no reporter activity is observed under the microscope (J. E. Lincoln, personal communication).

To test the constructions for symptom induction by agroinfiltration into grapevine, the infiltration process must be improved.
In the new method developed here, grapevine leaves, detached or still on the excised cane or the intact potted plant, were
very lightly abraded on the lower epidermis by dusting with 600 grit carborundum, wetting with water, and then rubbing very
lightly with a gloved finger for 15 -20 seconds.  The leaf was rinsed with distilled water and placed, lower epidermis up, on a
glass frit filter support connected to house vacuum.  The weak vacuum holds the leaf in place.  200ul of Agrobacterium
suspension in dilute wetting agent was applied to the lower epidermis.  Substantial entry of the liquid was evidenced by
apparent water soaking in a number of small areas spread over carborundum-rubbed area of the leaf.  At one day post
infiltration (dpi), there was no evidence of macroscopic damage or any negative effects on the leaf from the infiltration
process.

GFP fluorescence was observed in areas infiltrated with either the G (Figure 4.) or G1 (data not shown) constructions.  A
distinction between the results for  the Nicotiana species and grapevine is that the 24KPro of the G1 construction did not
seem to cause cell death in grapevine.

Figure 4.  Images of grape leaf infiltrated with Agrobacterium containing the G
(P14-GFP) construct.  A.  White light image.  B.  36 second exposure using
488nm light and GFP expression filters.  Note the SGFP expression is directly
below the gouge seen in the upper left of panel A.

Figure 5 shows results from an experiment in which the E1 construction, designed to express EF-Tu, was agroinfiltrated into
leaves on a detached cane of Thompson Seedless grapevine.  A necrosis was visible at one dpi, and the necrotic area
expanded with time.  These symptoms were similar to those seen for E1-infiltrated SR-1 tobacco (Figure 3).  Infiltration with
the GFP-expressing G1 construction did not induce necrosis (image not shown).

A B
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Figure 5.  Symptoms induced on Thompson seedless grapevine leaves after infiltration
with Agrobacterium containing the E1 construct (Figure 1).  A.  Symptoms at one dpi.  B.
Symptoms at two dpi.  The yellowing that appears below the brown area in panel B is a
photographic artifact resulting from removal of an infiltrated panel for microscopy, which
allowed a leaf below to be observed through the opening.

EF-Tu and mopB localization in Xf cells by electron microscopy and immunogold labeling
This section is concerned with Objective 4. Xf strains HxfA- and HxfB- were used in these experiments.  These Xf strains
bear transposon-inactivated genes for hemagglutinin-like proteins A and B (Guilhabert and Kirkpatrick, 2005) and were
selected because of their rapid growth in culture.  We have previously shown that treatment of Xf cells with Bugbuster (EMD
BioSciences), a proprietary detergent solution, and recombinant egg white lysozyme, followed by low speed centrifugation
leads to recovery of roughly two thirds, by volume, of the original cell pellet material (Bruening et al. 2008).  In contrast,
similar treatment of E. coli cells or Xanthomonas campestris cells resulted in complete clearing of the solution with
insignificant recovery of material after low speed centrifugation.  The Xf-derived material that survived Bugbuster and
lysozyme treatment was layered on a 50 to 80% sucrose gradient and centrifuged, resulting in a substantial band of
intermediate density (Bruening et al. 2008).  Immunoblots showed that most of the EF-Tu protein is present in this sucrose-
buoyant band. Ms. Darlene Hoffmann of USDA-ARS Parlier examined these samples by electron microscopy, comparing
untreated and Bugbuster- and lysozyme-treated Xf cells.  A rough estimate of the surface area of intact HxfA- Xf cells cells
(Figure 6A), which are approximately 2 µ long and 0.5 µ diameter, is comparable to an estimate for the surface area of the
apparently spherical entities, of average diameter 0.7 µ, that survived treatment of HxfA- Xf cells with Bugbuster and
lysozyme (Figure 6B).  The spherical particles were not seen in electron micrographs of Xf cell treated with Bugbuster alone.

A B
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Figure 6.  Thin section transmission electron micrographs of Xf cells and material
released from Xf cells by treatment with detergent and lysozyme. A. intact HxfA- Xf
cells. B. HxfA- Xf cells treated with Bugbuster detergent and recombinant egg white
lysozyme. Material was centrifuged, and the resulting pellet was sectioned.  Sections
were stained with uranyl acetate to prepare the sample for microscopy.  For C and D,
sections were not stained but were exposed to rabbit polyclonal antibody raised against
(C) partially purified Xf MopB (abundant outer membrane protein) or against (D) a
synthetic peptide from the Xf EF-Tu amino acid sequence coupled to keyhole limpet
hemocyanin, each antibody at a dilution of 1:250.  The secondary was immunogold-
labeled goat anti-rabbit antibody.

EF-Tu and mopB localization in Xf cells by electron microscopy and immunogold labeling
This section is concerned with Objective 4. Xf strains HxfA- and HxfB- were used in these experiments.  These Xf strains
bear transposon-inactivated genes for hemagglutinin-like proteins A and B (Guilhabert and Kirkpatrick, 2005) and were
selected because of their rapid growth in culture.  We have previously shown that treatment of Xf cells with Bugbuster (EMD
BioSciences), a proprietary detergent solution, and recombinant egg white lysozyme, followed by low speed centrifugation
leads to recovery of roughly two thirds, by volume, of the original cell pellet material (Bruening et al. 2008).  In contrast,
similar treatment of E. coli cells or Xanthomonas campestris cells resulted in complete clearing of the solution with
insignificant recovery of material after low speed centrifugation.  The Xf-derived material that survived Bugbuster and
lysozyme treatment was layered on a 50 to 80% sucrose gradient and centrifuged, resulting in a substantial band of
intermediate density (Bruening et al. 2008).  Immunoblots showed that most of the EF-Tu protein is present in this sucrose-
buoyant band. Ms. Darlene Hoffmann of USDA-ARS Parlier examined these samples by electron microscopy, comparing
untreated and Bugbuster- and lysozyme-treated Xf cells.  A rough estimate of the surface area of intact HxfA- Xf cells cells
(Figure 6A), which are approximately 2 µ long and 0.5 µ diameter, is comparable to an estimate for the surface area of the
apparently spherical entities, of average diameter 0.7 µ, that survived treatment of HxfA- Xf cells with Bugbuster and
lysozyme (Figure 6B).  The spherical particles were not seen in electron micrographs of Xf cell treated with Bugbuster alone.

As was observed previously, intact Xf cells bind antibody to Xf MopB but did not bind Alexa-488-labeled anti-EF-Tu
antibody sufficiently to show localized fluorescence.  However, the material that survived treatment with Bugbuster detergent
and lysozyme was found to bind the fluorescent anti-EF-Tu antibody tightly enough to survive centrifugal washing. As is
shown by Figure 7, detergent- and lysozyme-treated Xf cell  material that was partially purified by sucrose gradient
centrifugation bound the fluorescent antibody.  However, much more of the fluorescent antibody bound to the pellet material

Immunogold labeling
with anti‐EFTu

Uranyl acetate‐stained Xf
HxfA‐ cells

Immunogold labeling with
anti‐MopB

Xf HxfA‐ cells treated with
Bugbuster and lysozyme
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recovered after conventional centrifugation, suggesting that the EF-Tu, though immobilized in the treated Xf cell material,
can be released by the multiple washing steps that occur as the treated Xf cell material passed from the top of the gradient to
its buoyant position.

Figure 7.  Binding of Alexa-488-labeled anti-EF-Tu antibody to HxfB- Xf cells that had
been treated with Bugbuster and lysozyme.  Intact HxfB- Xf cells and HxfB- Xf cells
incubated with detergent and lysozyme were compared.  The latter were treated in two
ways, either recovered after incubation by conventional centrifugation or by conventional
centrifugation followed by centrifugation through a 50% to 80% sucrose gradient and then
recovery from sucrose solution by another centrifugation step.  Preparations were exposed
to Alexa-488-labeled anti-EF-Tu antibody for one hour, and the materials were washed
three times by centrifugation.  After the final centrifugation, the bottoms of the Eppendorf
tubes were examined under 488 nm illumination using a stereo microscope.

Figure 6, panels C and D, provide evidence about the distribution of MopB and EF-Tu within intact HxfA- cells, using
immunogold labeling with antibodies against these two proteins.  As expected, MopB, which is presumed to be the major
outer membrane protein of Xf, appears to localized primarily at the periphery of the cells.  As EF-Tu is a component of the
cellular translational machinery, it would be expected that it would be localized to the interior of the cells.  However, the
majority of Xf EF-Tu appeared to be distributed similarly to the distribution for MopB, also apparently localized to the
cellular periphery, consistent with a possible role for Xf EF-Tu in a cytoskeleton-like structure.  That exposure of XxfA- cells
to detergent and lysozyme makes EF-Tu available for binding fluorescent antibody, whereas MopB antibody can react
directly of HxfA- cells suggests that EF-Tu may not be as close to the cell surface as MopB is.  A preliminary analysis of the
spatial relationship between the immunogold particles bound by antibody to MopB and the immunogold particles bound by
antibody to EF-Tu  suggests that they are essentially coincident, but more sophisticated analyses are in progress.

CONCLUSIONS
Xf EF-Tu has been demonstrated to be present in a peripheral location of the Xf cell, similar to that of the outer membrane
protein MopB, using fluorescent antibody and immunogold labeling.  A peripheral location could allow for the release and
recognition by the plant of EF-Tu, consistent with our earlier observation that E. coli EF-Tu protein, introduced as the
purified protein into leaf intercellular spaces, is capable of activating a Xf-responsive grapevine promoter.  Here we used
transient expression and constructions designed to cause EF-Tu to be synthesized in leaf cells and be secreted into leaf
intercellular spaces.  This construct induced PD-like symptoms in tobacco and grapevine, without the presence of Xf cells or
other Xf proteins.  Very likely, grapevine has a receptor, possibly similar to the EFR receptor of Arabidopsis, that can detect
Xf EF-Tu.  The system developed here should allow us to identify regions of the Xf EF-Tu protein molecule that are
recognized by the grapevine receptor.  With this information in hand, we can attempt to reduce PD symptom development by
interfering with this recognition.
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ABSTRACT
Previous and ongoing research in our lab: 1) established a determinative role for apoptosis, a genetically regulated process of
programmed cell death (PCD), in the leaf scorch and cane death symptoms in Pierce’s disease (PD), 2) developed a
functional cDNA screen for PCD-suppressing plant genes and isolated six candidate DNA sequences capable of suppressing
PCD when expressed as transgenes.  Subsequent experiments confirmed that two different anti-PCD DNA sequences (VvP14
and UT456), when introduced into the fruited PD-susceptible cultivar Thompson Seedless and the commercial rootstock
Freedom, protected against PD symptoms and limited bacterial titer four to six orders of magnitude below that reached in
untransformed control vines.  All untransformed control plants died within 2-3 months after inoculation while the transgenic
plants were asymptomatic for 12 months, after which they were pruned, and cuttings made for a second inoculation.  Results
from the second inoculation showed a positive relationship between message level of UT456, a reduction in PD symptoms, a
several fold reduction in bacteria titre in the inoculated plants and that the bacteria were uniformly distributed in the stem
over the 20 cm sampled length at 103-104 cells per 0.1 gm stem tissue.  The net effect of these transgenes is to limit bacterial
titer but not distribution of bacteria in the asymptomatic plants. From the perspective of the grape-bacterial interaction, it
appears that the anti-PCD genes suppress PD symptoms and functionally confine Xylella fastidiosa (Xf) to an endophytic
ecology in the xylem equivalent to that seen in the related asymptomatic host Vitis californica.  Although the data is
preliminary, results from grafting experiments indicate the protective effect of these genes may be transferred across a graft
union to protect a susceptible untransformed scion.  Eight commercial wine varieties are being evaluated under controlled
greenhouse conditions for susceptibility to PD.  First sampling data indicates considerable variation among the varieties
exists in degree of symptom severity and bacterial titer.  Lastly, under an APHIS permit secured by PIPRA, the first set of
transgenic plants expressing VvP14 and UT456 have been planted in the field.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) induces Pierce’s disease (PD) symptoms that are the result of the activation of a genetically regulated
process of programmed cell death (PCD). We identified six novel anti-PCD genes from a grape cDNA library functional
screen for ability to suppress PCD.  Two of these grape sequences, VvP14 and UT456, when expressed as transgenes in the
PD susceptible Thompson Seedless plants, suppressed PD symptoms and dramatically reduced bacterial levelS in inoculated
plants.  The remaining four genes were tested this year, along with VvP14 and UT456; each of the four provided substantial
suppression of both PD symptoms and bacterial titer.  However, none were as effective as VvP14 and UT456.  Currently in
progress are a series of experiments designed to evaluate whether the protective effect of these two sequences can protect
untransformed susceptible winegrape scions across a graft union.  Preliminary data suggest that 50% or more of the
susceptible scions grafted to either VvP14 or UT456 showed less PD symptoms and had lower bacterial titers than the
unprotected control plants.  While these results are encouraging, they are not complete or definitive and the experiment is
continuing.  Currently, comparable grafted plants are being prepared for field planting in the coming year and a suite of
commercial winegrape varieties are being grafted to the transgenic rootstocks for inoculation experiments similar to those
used in these preliminary tests.  The relative susceptibility of the suite of eight commercial winegrape varieties is being tested
under controlled conditions prior to field testing these varieties as scions on the transgenic rootstocks.  Mechanism of action
experiments initiated recently suggests a genetically conserved basis for suppression of PCD and the protection against PD.
This project is now moving the proof-of-concept to potential application and characterization of these plants under field
conditions with appropriate APHIS permits: initial field plantings were begun in July 2010.

INTRODUCTION
Susceptibility in most plant-microbe interactions depends on the ability of the pathogen to directly or indirectly regulate
genetically determined pathways leading to apoptosis or programmed cell death (PCD).  The induction of PCD results in an
orderly dismantling of cells while maintaining integrity of the plasma membrane until internal organelles and potentially
harmful contents including phenolics, reactive oxygen and hydrolytic enzymes have been rendered harmless to contiguous
cells.  However, when the cell contents are released in this manner they can serve as nutrients for microbial cells when they
are present in the immediate environment (2).  In the case of Xylella fastidiosa (Xf) and many other plant pathogenic bacteria,
the bacteria live predominantly as endophytes or epiphytes but occasionally as pathogens.  The relative susceptibility of the
individual plant species is determined by unknown genetic factors.  Presumably, sensitivity to the presence of the bacteria
expressed as cell death-dependent symptoms is the result of signals expressed by the bacteria that lead to activation of PCD
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as appears to be the case with Pierce’s disease (PD).  Hence, bacteria, like Xf ,could receive nutrients from cells adjacent to
the xylem that are triggered to undergo PCD and gradually releasing contents of the grape cell into the apoplastic space
surrounding the xylem.  Subsequent experiments indicated that two different anti-PCD DNA sequences (P14 and UT456),
when introduced into the fruited PD-susceptible cultivar Thompson Seedless and the commercial rootstock Freedom,
protected both against PD symptoms and limited bacterial titer four to six orders of magnitude below that reached in
untransformed control vines.  While protection against PD appears to be feasible with this transgenic approach, the next step
is to determine whether transfer of this protection can occur across a graft union.  Our current experiments involve
transformed rootstocks (Freedom and Thompson Seedless) expressing P14 or UT456 grafted to untransformed winegrape
scions to be tested through greenhouse inoculation with analysis of PD symptoms, quantitative assessment of message level,
message movement, and bacterial titer in untransformed grafted scions.  Initial testing will evaluate these parameters with
untransformed Thompson Seedless scions.  Concurrently, controlled greenhouse testing of relative susceptibility is being
done on eight commercial winegrape varieties (Chardonnay, Pinot Gris, Sauvignon Blanc, Cabernet Sauvignon, Pinot Noir,
Zinfandel, Syrah and Merlot) to establish quantitative and qualitative base line data on these commercial varieties before any
field evaluation is undertaken.  In addition, these experiments will provide quantitative data on bacterial population dynamics
and PD symptoms on the entire suite of winegrape varieties.  This data set addresses one of the stated needs in the 2010 RFP,
namely, that much anecdotal but little quantitative data exists on the relative susceptibility of commercial winegrape
varieties. In summary, experimental results to date confirm progress in identifying DNA transcripts of grape which, if
regulation of the natural transcripts is altered in transgenic plants, result in the suppression of symptoms of PD with an
associated limitation in bacterial titer to levels generally associated with a benign endophytic association.

OBJECTIVES  2010-2012
1. Complete the evaluation of the additional four candidate anti-apoptotic genes now successfully transformed into PD

susceptible Thompson Seedless plants. Table 1 includes the four genes plus VvP14, UT456 and baculovirus p35.
2. Evaluate the relative susceptibility of eight commercial winegrape varieties to PD and titer of Xf in the tissues.

Varieties: Chardonnay, Pinot Gris, Sauvignon Blanc, Cabernet Sauvignon, Pinot Noir, Zinfandel, Syrah and Merlot.
Untransformed Thompson Seedless, VvP14 and UT456 are reference lines used in previous experiments.  This objective
addresses the research priority in the RFP regarding short term collection of quantitative data of the relative resistance
(susceptibility) of commercial winegrape varieties.

3. Initiate experiments to assess the potential for protection against PD across a graft union by VvPR1 and UT456, first
with Thompson Seedless as the untransformed scion.

4. Perform inoculations the eight winegrape varieties, initially on their own rootstocks and subsequently on Freedom and
Thompson Seedless rootstocks expressing VvPR1 and UT456.

5. Investigate the mechanism underlying the protection against PD by VvP14 and UT456. (2010-2012).
6. Determine presence and movement of the mRNA and/or protein of VvP14 and UT456 across the graft union into the

untransformed Thompson Seedless O2A scion. (2010-2012)
7. Collaborate with PIPRA to obtain permits to enable field evaluation of transgenic VvPR1 and UT456 in a location

providing for controlled inoculation.
8. Secure patent protection as intellectual property for those genes that prove to be capable of blocking PD in grape.

RESULTS AND DISCUSSION
Evaluation of the additional four candidate anti-apoptotic genes to suppress PD symptoms in susceptible Thompson
Seedless plants. The protective genes or DNA sequences, isolated by a functional anti-PCD screen (1), have been described
in earlier reports to this symposium in 2008 and 2009 (3,4). Table 1 summarizes the results of the final series of inoculations
of remaining four potential anti-apoptotic genes designated WG71, WG23, Y390, and Y376. DNA sequence analysis of these
genes indicates the presence of orthologs in other plants including potato and tomato.  These sequence relationships are
presented in Table 1.  Inoculation of individual canes by the needle prick method delivered 10-20 µl at of the Temecula
strain Xf at a concentration of 105 cfu/ml (2,000 cells or less) (10).  Presence of bacteria in the inoculated tissue is determined
by qPCR and reported as the number of cells per 0.1 gm of stem tissue (Table 1).  All four candidate genes suppressed PD
symptoms and reduced bacterial titer in the inoculated canes but were not superior to VvP14 or UT456 in either case.  These
genes will be maintained in clonally propagated plants and patent protection sought but will not be tested further.  Ongoing
greenhouse and field experiments will focus on VvP14 and UT456.

Relative susceptibility of eight commercial winegrape varieties to PD and measurement of Xf titer in the tissues under
controlled greenhouse inoculation conditions.
We initiated experiments to obtain quantitative data on bacterial population dynamics and relative PD susceptibility of a suite
of commercial winegrape varieties under controlled greenhouse inoculation conditions and is designed to avoid any vagaries
associated with natural infection and glassy-winged sharpshooter (GWSS) preferences.  This objective addresses one of the
stated needs in the 2009-2010 RFP, namely, that much anecdotal but little quantitative data exists on the relative
susceptibility of commercial winegrape varieties.  The varieties tested include  Chardonnay, Pinot Gris, Sauvignon Blanc,
Cabernet Sauvignon, Pinot Noir, Zinfandel, Syrah and Merlot with untransformed Thompson Seedless, VvP14 and UT456 as
reference lines.  These experiments also provide baseline disease information for 2011-2012 experiments to test potential
protection of these varieties when grafted to rootstocks expressingVvP14 and UT456.  Data collected will include bacterial
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titer, movement and disease symptoms.  Selected clones of each variety were inoculated by the needle prick method with
Temecula  strain of Xf delivering 10-20 µl at bacterial concentration of 105 cfu/ml (2,000 cells or less).  Results of the first
series of evaluations are shown in Figure 2.  All varieties were susceptible PD in terms of symptom expression and exhibited
1-3 orders of magnitude higher bacterial titers four months after inoculation than the asymptomatic Vitis californica or
transgenic Vv P14 or UT456 comparison plants.  Pinot Gris had the highest bacterial titer and exhibited the most severe
symptoms while Syrah was the most tolerant with symptoms and bacterial titer nearly as low as V. californica.  The symptom
level and bacterial titers appeared to be well correlated as seen in the photos of representative plants of each variety.

Initiate experiments to assess the potential for protection against PD across a graft union by VvPR1 and UT456
Experiments were undertaken to determine if the protective effect of these genes is capable of being transferred across a graft
union to protect a susceptible scion.  PD susceptible untransformed Thompson Seedless was grafted onto Freedom and
Thompson Seedless transgenic for VvP14 and UT456.  The preliminary data suggest that 50% or more of  the susceptible
scions showed less PD symptoms and had reduced bacterial titer (Table 2 and Figure 3).  While these results are
encouraging, they are far from complete or definitive.  Currently, comparable grafted plants are being prepared for field
planting in the coming year and the entire suite of commercial winegrape varieties are being grafted to the transgenic
rootstocks for inoculation experiments similar to those shown in these preliminary tests (see objective 4).

Initiate mode of action studies for VvP14 and UT456
These studies are just beginning but to date we have found two novel and possibly linked mechanisms for VvP14 and UT456
action.  First, the transgenic P14 coding sequence is translationally blocked in healthy cells but is readily translated when the
tobacco, tomato or grape cells are under chemical or pathogenic (death) stress.  Secondly, the noncoding UT456 sequence
contains small RNA hairpin structures that show a high degree of sequence conservation with the P14 3’UTR.  Initial in vitro
protein translation studies indicate that the UT456 contains a signal that activates translation. There is precedent for
translational blockage by the 3’UTR in plant systems and for RNA movement from roots to tubers (5).  Expression of the
UT456 activated the translation of the P14 protein in transgenic tobacco leaves.  In addition P14 antibodies, used in
immunoprecipitation assays to detect potential P14 interacting factors, were successful in identifying 3 P14-interacting
proteins, HP70, HP90 and RACK1 from plant extracts.  Interestingly, these three proteins have previously been reported to
interact directly with each other and occur in a membrane associated complex involved in innate immunity in rice plants.
Work has also begun to assess a role for the potential small RNA hairpin loops within UT456  to activate P14 translation
using RNA protection assays.

Table 1.  List of potential plant anti-apoptotic genes derived
from functional cDNA screen. Each is then evaluated as
transgenes in the PD susceptible grape clone, Thompson
Seedless O2A.  Disease rating is a 1-5 scale with 1 =
asymptomatic and 5 = defoliated. Bacterial titers are expressed
as bacterial cells per 0.1gm of stem tissue. Evaluations were
done at 4 months post inoculation. See Figure for representative
pictures

Designation Gene Ortholog Link Results
(rating/Xf
titer)

O2A Untransformed Thompson R=5; 107

Seedless control plant
WG71 cytokine-like protein R= 2; 104

WG23 Cupin-like protein R= 2; 104

Y390 Metallothionein R= 2; 104

Y376 Mycorrhizal up regulated R= 2; 103

gene
I35 Baculovirus P35, caspase R= 2; 104

inhibitor
UT456 3’UTR of grape ortholog of R=1; 103

the p23 gene from potato
and tomato

Vv P14 Pathogenesis related protein R=1; 103
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Figure 1. Summer 2010 results of greenhouse Pierce’s disease assay of transgenic grapes expressing PCD
blocking genes.  Photos taken and Xf titers were measured by qPCR at 4 months after inoculation. White inset is
the name of the transgenic line and blue inset numbers indicate the titer of Xf bacteria in 0.1g of stem tissue.

Figure 2. Relative sensitivity of wine grapes to Pierce’s Disease. Eight commercial wine grape
cultivars including Cabernet Sauvignon, Chardonnay, Sauvignon Blanc , Pinot Gris, Pinot Noir,
Merlot, Syrah and Zinfandel were mechanically inoculated with Xf and compared to inoculated
controls Vitis californica and Thompson seedless (see figure 1).  Photos taken and Xf titers (red inset
numbers) in 0.1g of stem tissue were measured by qPCR at 4 months after inoculation.
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Table 2.  Rootstock expressing transgenes grafted to untransformed Thompson Seedless scions

Develop methods for and determine presence and movement of the mRNA and/or protein of P14 and UT456 across
the graft union into the untransformed Thompson Seedless O2A scion. (2010-2012)
We have developed protocols for amplifying, cloning and sequencing microRNAs generated from transgenic expression of
P14 and UT456.  RNA was isolated from grape tissue (MirVana miRNA isolation kit; Applied Biosystems); poly(A) tails
were added and cDNA synthesized (nCODE VILO miRNA cDNA synthesis; Invitrogen); cDNA was amplified by PCR and
cloned into plasmids for sequencing.  These protocols will be used to look for mobile microRNA in extracts from
untransformed scions grafted to transgenic rootstocks.  P14 antibodies will also be used to test directly for the presence of
transgenic P14 protein in the grafted scions.

Transgenic
notation

Relevant genotype
(transgenic rootstocks grafted to
untransformed Thompson
seedless scions)

Percent of transgenic  graft-
protected plants with Xf titers
less than or equal to Vitis
californica

Range of  bacterial load per 0.1 gm
of stem in at 4 months post
inoculation

TS02A
FD456-15

CaMV 35S-driven 456
Freedom rootstock

50% 10
3
- 10

4

TS02A
FDP14-13

CaMV 35S-driven P14
Freedom rootstock

50% 10
3
- 10

4

TS02A
TS456-8

CaMV 35S-driven 456
Thompson seedless rootstock

66% 10
3
- 10

4

TS02A
TSP14-9

CaMV 35S-driven P14
Thompson seedless rootstock

100% 10
4
- 10

5

TS02A
Control

Untransformed  Thompson
Seedless scion

none 10
6
- 10

7

Vitis
californica

Asymptomatic wild type
untransformed host.

no death after 12 months
post inoculation 10

4

Transgenic
notation

Relevant genotype
(transgenic rootstocks grafted to
untransformed Thompson
seedless scions)

Percent of transgenic  graft-
protected plants with Xf titers
less than or equal to Vitis
californica

Range of  bacterial load per 0.1 gm
of stem in at 4 months post
inoculation

TS02A
FD456-15

CaMV 35S-driven 456
Freedom rootstock

50% 10
3
- 10

4

TS02A
FDP14-13

CaMV 35S-driven P14
Freedom rootstock

50% 10
3
- 10

4

TS02A
TS456-8

CaMV 35S-driven 456
Thompson seedless rootstock

66% 10
3
- 10

4

TS02A
TSP14-9

CaMV 35S-driven P14
Thompson seedless rootstock

100% 10
4
- 10

5

TS02A
Control

Untransformed  Thompson
Seedless scion

none 10
6
- 10

7

Vitis
californica

Asymptomatic wild type
untransformed host.

no death after 12 months
post inoculation 10

4
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Figure 3. Potential protection across a graft union. Representative control and transgenic plants expressing
the genes indicated in Table 2. All grafts have untransformed Thompson seedless “02A” scions.  FD is
untransformed Freedom rootstock control.  All plants photographed and Xf titers taken 4 months after
inoculation with Xf. Age of plants at the time of inoculation was approximately 22 months. Samples and
photos were taken at four months after inoculation.

Figure 4. Field Trial. Panel A illustrates the time –course development of transgene expressing rootstocks
grafted to untransformed PD susceptible Thompson Seedless scions.  The inset shows northern blot analysis
of the P14 transgenic lines currently planted in the field trial confirming the presence of the introduced P14
message. Panels B and C are field views of the transgenic plants and controls in the APHIS approved
location: (A) at the time of planting and (B) 3 months after planting.
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Collaborate with PIPRA to obtain permits to enable field evaluation of transgenic PR1 and CB456 in a location
providing for controlled inoculation. APHIS  permit was obtained, secure field located, and planting initiated in July, 2010
(Figure 4).

Secure patent protection as intellectual property for those genes that prove to be capable of blocking PD in grape.
The grape plants containing the anti-PCD genes and the grafted rootstocks will require the use of several patented enabling
technologies.  Record of invention disclosures have been submitted to the UC Office of Technology Transfer.  The research
proposed reported herein will provide data on the activity and mechanism of action of the protective transgenes in grape
relative to the presence, amount and movement of Xf in the transformed and untransformed grape plants

CONCLUSIONS
Xf induces PD symptoms that result from activation of a genetically regulated process of programmed cell death in
susceptible grapes.  We identified six novel anti-PCD genes from cDNA libraries of grape.  Two of these grape sequences
expressed as transgenes in grape, suppressed PD symptoms and dramatically reduced bacterial titer in inoculated plants.
Preliminary data suggest that protective sequences may function across a graft union.  This project has identified a basis for
PD symptoms and a genetic mechanism to suppress symptoms and bacterial growth with an infected plant.  If needed in the
future, a transgenic strategy exists to address PD.  The next two years are committed to assessing this strategy in eight
commercial winegrape varieties under field conditions and evaluating the mechanism of action to develop data for patent
protection of the DNA sequences.
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ABSTRACT
In the Bella Vista Vineyard in Temecula, loss of plants to extreme water stress and nutritional problems have forced
abandonment of the trial on Orange Muscat and, probably, will also eliminate the Cabernet Sauvignon trial.  In the Orange
Muscat test, 35-40% of the vines had died after two years from something other than Pierce’s disease (PD), probably water
stress.  In Preston Vineyards in Sonoma, EB92-1 was reducing the incidence of PD in Viognier when compared to untreated
vines in this first year of characteristic PD symptom development in the trial.  The test on Barbera has been discontinued due
to lack of PD.  With adequate irrigation, both the Chardonnay and Reisling test vines in the Beringer Vineyard in Napa were
vigorous and grew well in this second growing season.  PD began to develop in the test vines of both varieties and trends
were for reduced PD in the EB92-1 treatments compared to the untreated.  In comparisons of methods of treatment with
EB92-1 in three-year-old Merlot vines, EB92-1 was controlling PD equally well after injection into the rootstock, scion, or
rootstock and scion.  Vines developed using scion wood from mother vines of Chardonnay infected with EB92-1 had less PD
than vines developed with uninfected scion wood or even from clean plants injected with EB92-1.  Development of plants
with scion wood from infected mother vines could eliminate the need to inject every vine by pin pricking.

LAYPERSON SUMMARY
In trial plantings of Orange Muscat and Cabernet Sauvignon in Bella Vista Vineyard in Temecula, almost half of the Orange
Muscat, treated or untreated vines have died from something other than Pierce’s disease (PD), probably water stress.  Many
of the surviving vines were severely stunted and barely reached the trellis wire after more than two years and three growing
seasons.  This makes it impossible to obtain good data so the trial has been abandoned.  Approximately a fourth of the
Cabernet Sauvignon also have died and this test will be abandoned unless plant survival and vigor improve.  Since there was
no PD in the Barbera in Preston Vineyards in Sonoma, no data can be obtained from this test either.  The other three tests are
going well.  In Preston Vineyards in Sonoma, EB92-1 was controlling PD in Viognier when compared to untreated vines.  In
Beringer Vineyard in Napa, PD began to develop in the tests on Chardonnay and Reisling and trends were for reduced PD in
the EB92-1 treated compared to the untreated.  In both the Sonoma and Napa trials, symptoms are just beginning to develop
so it is early to draw definitive conclusions on the control trends.  We are evaluating the use of mother vines infected with the
biocontrol strain EB92-1 as propagation material for scion wood.  In 2010, vines developed using scion wood from mother
vines of Chardonnay infected with EB92-1 had less PD than vines developed with uninfected scion wood.  This indicates that
there could be transfer of the biological control from the mother plant through scion wood.  Development of plants with scion
wood from infected mother vines could eliminate the need to inject every vine by pin pricking.

INTRODUCTION
Pierce’s disease (PD) of grapevine is a chronic problem for the California grape industry and has become more of a threat to
the industry with the introduction of the glassy-winged sharpshooter (GWSS) (Hopkins and Purcell, 2002).  PD is especially
damaging in the southeastern USA where it is endemic and is the primary factor limiting the development of a grape industry
based on the high-quality European grapes (Vitis vinifera L.).  The only feasible control for PD is resistance.  The results of
our 10 years of research on the biological control of PD of grapevine by cross protection with weakly virulent strains of X.
fastidiosa (Xf) have demonstrated that this is a potential means of controlling this disease (Hopkins, 2005).  We have
identified at least one strain that was able to control PD in V. vinifera for 14 years in Central Florida.  We are testing this
strain in commercial vineyards on a limited basis and, if these tests are successful, the strain will be ready for commercial
use.  The overall goal of this project is to develop a biological control system for PD of grapevine that would allow the
production of V. vinifera in California and other areas where PD and the GWSS are endemic.

In previous research with the biocontrol strain, the bacteria were injected into the grapevines after they were transplanted into
the vineyard.  This is a labor-intensive procedure.  Three methods in order of increasing desirability are vineyard injection,
nursery injection, and propagating wood from mother vines that are infected with the biocontrol strain.  We are currently
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evaluating injection of the biocontrol strains into the vines in the nursery, prior to transplanting into the vineyard.  The use of
scion or rootstock propagating wood from mother vines that are already infected with the biocontrol strain would make this
technology less labor-intensive, less costly, and more consistent.  It would eliminate any variability in the relative
effectiveness of injections into different plants.

OBJECTIVES
1. To evaluate strain EB92-1 of Xf for the biological control of PD of grapevine in new plantings in the vineyard in

California.
2. To evaluate strain EB92-1 of Xf for the protection of older established grapevines against PD in California vineyards.
3. To develop a PCR based assay that can quickly differentiate the PD biocontrol strain EB 92-1 from pathogenic, wild type

Xf strains.
4. To evaluate rapid, efficient methods of treatment with strain EB92-1 of Xf for the biocontrol of PD in V. vinifera in the

vineyard.

RESULTS AND DISCUSSION
Field trials evaluating strain EB92-1 for biological control of PD in vineyards in California
All plants for the vineyard tests in the Bella Vista Vineyard in Temecula, in the Beringer vineyard in the Napa Valley, and in
Preston Vineyards in the Sonoma Valley were planted in April, 2008 in greenhouses at UC Davis.  For transplanting into the
Bella Vista Vineyard in Temecula, 50 Orange Muscat were inoculated with the biocontrol strain, EB92-1, on June 26, and 50
were left untreated as controls.  Fifty Cabernet Sauvignon/110R were treated and 50 were untreated controls.  These plants
were transported to Temecula and transplanted into plots in the Bella Vista Vineyard on July 21-22.

In late fall 2008, PD-like symptoms were observed in most of the vines at Bella Vista, treated or untreated (Observation by
Barry Hill).  However, it was very hot and dry in 2008 and some of these symptoms may have been due to the weather.  In
the summer of 2009, PD symptoms were still extensive in the Bella Vista Vineyard, but were observed in only about half of
the vines that had symptoms in 2008.  All of the vines, treated and untreated, were under severe water stress and this may
have caused some of the PD-like symptoms.  Differences in the incidence of leaf scorch between the treated and untreated
vines were not significant.  The Orange Muscat planting was interspersed with mature vines that were nearly 100% infected
with PD.  This entire planting, except our experimental vines were removed during the winter of 2009, leaving only our
young plants scattered in the vacant vineyard.

In September 2010, all the young plants in the Bella Vista vineyard appeared to have severe water and nutritional stress.  PD-
like symptoms were extensive in the plants that were still alive, treated and untreated.  Many plants died without ever having
any PD symptoms, probably due to the lack of water and poor nutrition.  It is difficult to discern whether the PD-like
symptoms are due to water stress or whether water stress increases PD.  In the Orange Muscat test, 35-40% of the vines had
died after two years from something other than PD, probably lack of water.  Twenty-two percent of the Cabernet Sauvignon
also had died, probably from water stress.  In both the Cabernet Sauvignon and Orange Muscat, many of the vines were
severely stunted and barely reached the trellis wire after three seasons and more than two years.  Therefore, the Orange
Muscat test is definitely lost.  The Cabernet Sauvignon test will probably have to be abandoned also, but better irrigation and
fertilization could salvage it.  We will re-evaluate it in 2011.

For Preston Vineyards in Sonoma, 50 Barbera/110R and Viognier/110R from were inoculated with EB92-1 and 50 vines of
each were left as untreated controls.  These plants were transported to Sonoma and transplanted as replants for missing vines
in a mature vineyard the last week of July, 2008.  On August 26, 2009, these vines were mapped for symptoms. All of the
Barbera vines appeared to be healthy with no PD symptoms.  The block of Barbera did not appear to have any PD symptoms,
even in the older vines.  The disease pressure appears to be very low in this Barbera block.  In September 2010, there were
still no symptoms in the Barbera block, either in the new test vines or the older vines.  This test will not be evaluated in 2011,
because of the lack of disease.

In the Viognier test, there were a few vines that had minor yellow and/or necrotic leaf margins on the basal leaves in 2009,
but there were no definitive symptoms.  The Viognier block has significant PD incidence in the mature vines and these new
test vines began to develop PD symptoms in 2010 (Table 1).  Symptoms were not very severe, but there were more
symptomatic vines in the untreated vines than in the EB92-1 vines.  This trend indicated that EB92-1 was reducing the
incidence of PD in the Viognier.  With the amount of symptoms in the mature Viognier vines, PD should continue to develop
in the young test vines.

For transplanting into the Beringer Vineyard in Napa, 50 Reisling/3309 and 50 Chardonnay/3309 were treated with EB92-1
on June 25, 2008 and 50 vines of each were left untreated as controls.  The vines were transplanted as replants for missing
vines in Beringer Vineyard in early April 2009.  On August 26, 2009, these vines had not started to develop PD symptoms.
Many of the vines were exhibiting drought stress.
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Table 1. Biocontrol of PD in two-year-old grapevines in Northern California vineyards, 9/8/10.
EB92-1 treated vines: Untreated vines:

Cultivar #PD vines/total Disease rating1 #PD vines/total Disease rating1

Beringer Vineyard, Napa
Chardonnay 3/45 (7%) 0.1 4/48 (8%) 0.1
Reisling 4/47 (9%) 0.1 6/51 (12%) 0.1

Preston Vineyard, Sonoma
Viognier 8/48 (17%) 0.2 13/48 (27%) 0.3

UTotalU 15/140 (11%) 0.1 23/147 (16%) 0.2
1Disease rating was an average per vine on a scale of: 0 = no symptoms; 1 = any symptom of PD, such as
marginal necrosis (MN) on a basal leaf; 2 = definite, moderate symptoms on <50% of vine; 3 = severe
symptoms on >50% of vine; 4 = dead plant.

With better irrigation, both the Chardonnay and Reisling test vines in the Beringer Vineyard were vigorous and grew well in
this second growing season.  PD began to develop in the test vines of both varieties (Table 1).  The trends were for less PD in
the EB92-1 treatments and more PD in Reisling than Chardonnay.  However, these are very early results as the plants are
only in their second season and less than two years old.  With extensive PD in the mature Chardonnay and Reisling vines,
disease should continue to develop in the young test vines.

Field trial evaluating EB92-1 for the protection of older established grapevines against PD in California vineyards
Since PD is rapidly developing in the mature Chardonnay block at Beringer Vineyard in Napa, it was chosen for an
evaluation of EB92-1 for the prevention of PD development in mature, producing grapevines.  Randomly, forty vines were
inoculated with EB92-1 and 40 vines were chosen as controls.  On September 8, 2010, the vines were inoculated with strain
EB92-1 in the main trunk, approximately equidistant from the graft and the trellis wire  Vines were injected by boring a small
hole into the trunk with an electric drill.  Two ml of the bacterial suspension will be injected into each hole using a nail-
injector syringe.

Comparison of treatment methods with strain EB92-1 for biocontrol of PD
On May 29, 2007, Merlot/101-1 plants were injected with EB92-1 in the greenhouse.  Treatments were (1) EB92-1 in scion
only, (2) EB92-1 in rootstock only, (3) EB92-1 in both rootstock and scion, and (4) Nontreated.  On June 21, vines were
transplanted into the vineyard in 3 replications of three plants per treatment.   In 2009, PD began to occur in these vines, but
there were no obvious differences between treatments.

In 2010, the EB92-1 treated vines had less PD than the untreated (Table 2).  PD biocontrol was obtained whether EB92-1
was injected into the scion, the rootstock, or both. The treatments appeared to be equally effective.

Plants of Chardonnay/Salt Creek were obtained by grafting green cuttings from Chardonnay plants from the vineyard onto
rooted cuttings of Salt Creek.  The grafting was done between May and July in 2007.  Grafted plants were transplanted into
the vineyard on August 14, 2007.  Treatments included (1) Cuttings from Chardonnay not infected with EB92-1 on Salt
Creek, (2) Cuttings from EB92-1 inoculated Chardonnay on Salt Creek, and (3) Cuttings from Chardonnay not infected with
EB92-1 on Salt Creek, but injected in the vineyard with EB92-1 on August 29. In the first year, there were no significant
differences among the Chardonnay/Salt Creek treatments.

In 2009, plants developed by injecting clean scion with EB92-1 in the field or by using scion wood from mother vines of
Chardonnay infected with EB92-1 had less PD than plants developed with uninfected scion wood.  In 2010, injection with
EB92-1 and the use of scion wood from mother vines infected with EB92-1 had less PD than untreated vines (Table 3).
Surprisingly, there was less PD in plants developed from scion wood from EB92-1 infected mother plants than in plants that

Table 2. Effect of methods of treatment of grape plants with Xf strain EB92-1 on
biological control of PD.

Treatment
% PD incidence in August 2010 in:1

Merlot/101-14
Scion injection 13
Rootstock injection 11
Scion & Rootstock injection 14
Scion field injection -
Untreated 38
1%PD is the number of plants with symptoms divided by total number of plants x 100.
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were injected directly with EB92-1.  While it may be too early to draw conclusions, this indicates that there could be transfer
of the biological control from the mother plant through scion wood.  Further development of the symptoms will be observed.
This evaluation of scion from treated mother vines is especially significant, because scion wood from infected mother vines
could be an efficient treatment method that does not require a lot of additional hand labor over normal production practices.

Table 3. Transmission of biocontrol in scion from infected Chardonnay mother plant
grafted onto Salt Creek rootstock.

Treatment % PD incidence in August
2010:

Scion from clean Chardonnay 40
Scion from clean Chardonnay injected with EB92-1 in
the field 27

Scion from EB92-1 Chardonnay mother plant 9

CONCLUSIONS
In three-year-old Merlot vines in Apopka, FL, EB92-1 was controlling PD equally well after injection into the rootstock,
scion, or rootstock and scion.  Vines developed using scion wood from mother vines of Chardonnay infected with EB92-1
had less PD than vines developed with uninfected scion wood or from uninfected scion wood injected with EB92-1.
Development of plants with scion wood from infected mother vines could eliminate the need to inject every vine by pin
pricking.

In the Bella Vista Vineyard in Temecula,  loss of plants to extreme water stress and nutritional problems have forced
abandonment of the test on Orange Muscat and, probably, will also destroy the Cabernet Sauvignon test.  If vigor can be
restored to the plants, it may be possible to salvage the Cabernet Sauvignon test.  This will be determined in 2011.  In Preston
Vineyards in Sonoma, the Barbera test was discontinued because there was no PD, but the Viognier block was doing very
well.  In this first year of clear symptom development, EB92-1 was reducing the incidence of PD in Viognier.  In this second
growing season for tests in Beringer Vineyard in Napa, both the Chardonnay and Reisling tests were growing very well and
PD was developing in both tests.  There were no significant differences yet, but there was a trend toward less PD in the
EB92-1 treated vines.  Of the six tests of biocontrol of PD in new plantings established in 2008-2009, two tests will probably
have to be discontinued due to plant death from water stress and nutritional problems and one test discontinued due to the
lack of PD.  Early in the other three tests, EB92-1 appears to be reducing PD incidence. The successful completion of the
biocontrol tests in Temecula, Sonoma, and Napa would lead to an effective control of PD that is environmentally friendly.
This project should yield results within the next two years and if the control is successful, there should be a biological control
for PD available for commercial use in vineyards in California.
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ABSTRACT
This work builds on discoveries made in the past six years of research on better understanding the mechanism(s) responsible
for the Pierce’s disease (PD)-cold curing phenomenon.  A thaumatin-like (TLP) grape protein was found in elevated levels in
the xylem sap from cold-exposed vines.  We have cloned and expressed TLP in E .coli and our preliminary findings show
that crude TLP protein extract possesses anti-Xylella fastidiosa (Xf) activity in vitro.  Greater amounts of total phenolics were
measured in xylem sap extracted from cold-exposed vines. We are beginning to characterize these phenolic compounds, and
assess their potential anti-Xf activity in vitro.  Previously, greenhouse grown Pinot Noir and Cabernet Sauvignon vines
treated with commercial abscisic acid (ABA) were shown to have higher levels of recovery from PD than non-treated vines
as well as producing higher levels of polyphenolic compounds. This fall applied ABA, both soil drench and foliar sprays, to
PD-affected field grown Riesling vines in the Napa Valley.

LAYPERSON SUMMARY
Previous work on “cold curing” of Pierce’s disease (PD) affected grapevines led to the identification of thaumatin-like
protein (TLP) in grapevine xylem sap.  TLP is expressed in greater amounts in vines that have been exposed to cold
temperatures and may be associated with the cold curing phenomenon.  Currently we have cloned and expressed TLP in
E. coli.  Producing TLP in E. coli should allow us to produce enough protein to better evaluate the role of TLP in curing of
PD.  Crude extracts of E. coli expressing TLP were applied to PD3 medium plates and initial results showed adding TLP to
PD3 growth media greatly inhibited the growth of one strain of Xylella fastidiosa.  We are currently preparing to make
transgenic grapevines that express this protein at higher levels.  Previous work also identified polyphenolic compounds as a
possible mediator of the “cold curing” phenomenon.  Here, we show that a specific polyphenolic compound, resveratrol, is
produced in vines that experience cold curing, while it is absent from grapevines grown in warmer environments.  In a
previous project, we were able to induce “cold curing” of PD in Davis, CA (an area that traditionally does not show extensive
PD “cold curing”) by applying the plant hormone ABA to the vines.  This fall we applied ABA to PD-affected, field-grown
vines in Napa.

INTRODUCTION
In our previous work we characterized many biological parameters of xylem sap from cold-exposed (freezing temperatures)
and “warm,” (non-freezing) temperatures in both field grown and cold chamber exposed grapevines.  We found that Xylella
fastidiosa (Xf)-infected potted grapevines that were exposed to freezing temperatures at several sites in Northern California
and vines exposed to -5C in cold chamber emerged pathogen free the following summer (Meyer and Kirkpatrick, 2004-
2008).  We measured many different biological parameters, such as pH, organic acid, sugar and ion concentrations, and
osomolarity in Pierce’s disease (PD)-susceptible Vitis vinifera ‘Pinot Noir’ and PD-less susceptible V. vinifera ‘Cabernet
Sauvignon’ grapevines over three winters.

One of the parameters determined in these previous studies was the protein profiles of cold- and warm-treated xylem sap.
One of these proteins, a thaumatin-like protein (TLP), was significantly up regulated in cold exposed vines.  We have cloned
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and expressed the V. vinifera TLP protein and showed some inhibition of Xf growth when crude protein extracts from TLP-
expressing E. coli were applied to PD3 medium plates.
We have also been assessing the potential role that xylem sap phenolic compounds may play in the “cold curing” process.  In
collaboration with the Waterhouse lab at UC Davis, we are characterizing the phenolic compounds in cold and warm xylem
sap by HPLC/MS, and have identified that a major polyphenol in cold-exposed xylem sap is trans-resveratrol.

OBJECTIVES
1. Over-express the grapevine thaumatin-like protein (TLP) in transgenic grapevines.  Prepare anti-TLP antibodies to

quantify TLP in transgenic xylem sap using ELISA and western blot analyses.
2. Inoculate TLP-expressing grapevines with Xf and determine the incidence and severity of PD in TLP-transgenic versus

non-transgenic V. vinifera.
a. Fractionate and chemically characterize the phenolic compounds that are present in xylem sap from cold-exposed

grapevines.
b. Compare the phenolic compound composition and concentration in xylem sap extracted from cold- and warm-

exposed V.vinifera grapevines as well as grapevines treated with ABA under  non-freezing conditions.
c. Determine if these compounds affect Xf growth/survival in vitro.

3. Determine if foliar and drench applications of ABA can increase PD-curing rates in field-grown vines under non-
freezingconditions.

RESULTS AND DISCUSSION
We have cloned and expressed Vitis vinifera thaumatin-like protein using the pet-30b (Invitrogen) protein expression vector
in Novagen BL21(DE3) E. coli (Figure 1).  To obtain recombinant TLP for anti Xf experiments, BL21 cells were grown
overnight and harvested by centrifugation.  The supernatant was discarded and the pellet was resuspended in 5 ml of 20 mM
phosphate buffer pH 7.0.  Lysozyme (2 mg/mL) was added and incubated for 30 minutes at room temperature on a shaker.
The solution was then sonicated eight times at 10 second bursts.  This suspension was centrifuged at 5000rpm for 20 minutes
at 4°C.  The supernatant was discarded and the pellet was purified in a modified protocol originally described by Daniell et
al. (2000).  The pellet was resuspended in 5ml of solubilisation buffer (100 mM Tris/Acetate, pH 8.6, 6 M guanidine-HCl,
and 0.5mM EDTA).  The solution was then passed through a 0.22 um filter.

1      2                3                4               5

Figure 1. Thaumatin-like Protein (TLP) that was cloned and expressed using
a E.coli expression vector. Note that arrow points to the correct size of
grapevine TLP protein (~35 kD).

Lane 1: Dual color SDS ladder.
Lane 2: Cell lysate from IPTG induced E.coli with TLP construct.
Lane 3: Cell lysate from IPTG induced E.coli with a polygalacturonase (PG)
construct (positive control).
Lane 4: Cell lysate from E.coli with TLP construct, not induced.
Lane 5: Cell lysate from E.coli with PG construct, not induced.
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The filtered solution was then dialyzed for 16 hours at 4°C in 1 L of stirred phosphate-buffered saline (8 g NaCl, 0.2 g KCl,
1.44 g Na2HPO4, 0.24 g KH2PO4, pH 7.2), with 0.306 g/l oxidized glutathiones and 0.307g/l reduced glutathiones.  The
solution in the dialysis tubing was collected and centrifuged at 5000rpm for 30 minutes.  The pellet and supernatant were
separated.  The pellet was resuspended in 5ml of phosphate buffer and passed through a sterile 0.22 um filter.  The
supernatant was also filter sterilized.

Sterile dialysis prepared protein suspensions and potassium phosphate buffer solutions were combined at a 1:1 ratio with 10-
14 day old liquid grown Xf. Xf and deionized water combined at a 1:1 ratio, applied at 200ul/plate, provided baseline control
for treatment comparisons. Xf was added at a ratio of 1:1 with the following suspensions: supernatant from the dialysis
product for both the empty vector (Pet30b with no TLP insert) and the Cabernet TLP protein (CS3), pellet from the dialysis
product resuspended in 20mM phosphate buffer (pH 7.0) for both the empty vector and the CS3 protein, and 20mM
phosphate buffer (pH 7.0) only.

Survival of Xf was measured at by plating the bacterial suspensions at the following five time points: immediately after
combining the buffer or protein suspension with the bacterial cells, 16 hours after the first sampling, 24 hours after the first
sampling, 40 hours after the first sampling, and 48 hours after the first sampling.  The plates were incubated at 28°C for 11-
14 days, photographed, and the effectiveness of the treatments was determined visually (Figure 3).

Xylem sap total phenolics from ABA-treated and non-treated controls have been measured.  Trends showing that total
phenolics were found in higher concentrations in cold-exposed vines were also seen in the ABA-treated vines (Meyer and
Kirkpatrick, 2008).  In addition, the phenolic content in ABA-treated vines was higher than non-treated vines (Figure 2).
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Figure 2. Total phenolic content of xylem sap from ABA treated vines as measured by a gallic acid colorometric assay. PN =
Pinot noir xylem; CS = Cabernet sauvignon xylem sap. 30054 = a natural ABA, 30030 a chemically modified ABA.
Different letters are significantly different by unpaired t-test with a 2-tailed p-value<=0.05

Xylem sap was expressed from dormant ‘Cabernet Sauvignon’ and ‘Pinot Noir' grape vine canes obtained from the Chateau
Leidigh Estate Winery located in Placer County in February, 2009.  Previous work has shown that grape vines infected with
Xf show significant recovery when exposed to cold winter temperatures, such as those experienced in this Placer county
vineyard.  As a control, we also collected sap from Davis grown vines where curing, due to warmer temperatures, is
significantly less than that observed in Placerville.  Sap was expressed by placing canes in a “pressure bomb”, allowing one
end of the cane to protrude from the cylinder, and then pressurizing the chamber with air to pressures between 300 and 400
psi, to collect the xylem sap exudate.  These samples were kept frozen at -80C until they were analyzed by High Performance
Liquid Chromatography/Mass Spectrometry by Mauri Anderson of the Waterhouse Lab.

The xylem sap samples were chromatographed using reversed-phase high-performance liquid chromatography (RP-HPLC)
coupled with electrospray ionization (ESI) mass spectrometry (MS), which produced good resolution.  Phenolic compounds
were identified based on retention time, UV spectra from diode array detection, and MS using commercially available
reference standards.  In the Placerville (cold) Pinot Noir samples, a number of phenolic compounds were identified: B
procyanidins, catechin, epicatechin, trans-resveratrol, caftaric acid, and a resveratrol tetramer.  Cabernet Sauvignon samples



- 194 -

produced an identical polyphenol profile except that the resveratrol tetramer was not present.  Interestingly, the warm Pinot
Noir sap lacked characteristic peaks for trans-resveratrol as well as the resveratrol tetramer. The fact that resveratrol is
present in vines that experience “cold curing” while it is absent in vines that do no undergo “cold curing” suggests that
resveratrol may play a role in the curing process.  Over the next two winters we will continue to make sap collections and
hope to make a clear profile of what polyphenolic conmpounds are present in cold sap, as well as when in the year these
polyphenolics appear.  Last year we reported on the anti-Xf activity of trans-resveratrol in vitro.  These results have been
subsequently supported by Maddox et al. (2009).

In 2010 we began an effort to identify and quantify different polyphenolic compounds in xylem sap over the winter months.
We collected sap from Pinot Noir and Cabernet Sauvingon vines (not infected with PD) in Winters, Ca (warm environment)
and Placervlle, Ca (cold environment) during the months of January, February, March, and April.  As of this writing, we have
only been able to analyze the January Pinot Noir samples.  In the cold samples we found B procyanidins (flavanoids),
Catechin, Epicatechin, Caftaric acid, Coutaric acid, and Quercetin 3-glucuronide.  The warm sap had the same polyphenolic
profile.  The the amount of each phenolic compound in these sap xylem samples have yet to be quantified, but based on
relative signal strength, quercetin 3-glucuronide is present at concentrations seven fold higher in cold sap than in warm sap.
We are currently working on analyzing the rest of the samples in order to gain a clearer understanding of what phenolic
compounds are present in xylem sap, and when exactly they appear.  We are also in the process of studying the effect on
viability of Xf grown in these sap samples in vitro.

Figure 3. Dialyzed protein product plate assay results.  Time 0=buffer/protein combined initially; 48 hours=48 hours after time
0.  Treatments from the top left corner: column 1: Xf and water 108 CFU- time 0; CS3 pellet and Xf- time 0; Empty vector
pellet-time 0; column 2: Xf and 0.2M phosphate buffer- time 0; CS3 supernatent and Xf- time 0; Empty vector supernatent and
Xf- time 0; column 3: Xf and water- 48 hours; CS3 pellet and Xf- 48 hours; Empty vector pellet- 48 hours; column 4: Xf and
0.2M phosphate buffer-48 hours; CS3 supernatent and Xf- 48 hours; Empty vector supernatent and Xf- 48 hours.

CONCLUSIONS
The expression of recombinant Vitis vinifera TLP, and the subsequent plating experiments suggest that this protein may play
a role in the cold curing process.  We are currently preparing the appropriate constructs in order to make transgenic
grapevines that over express TLP under non-freezing temperatures.
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Phenolic compounds, specifically trans-resveratrol, show promise as agents that are harmful to the growth of Xf. The results
of our plate assays are supported both in the literature and by the fact that we detected no resveratrol in warm winter sap
collected in Davis, where we observe significantly less overwinter curing than in Placerville.  It has been previously reported
that resveratrol production in Vitis vinifera can be up-regulated by several diverse factors such as plant injury, UV light
exposure, and pathogen invasion (Pryce et al. 1976, and Gautheron et al. 1991).  It is possible that cold temperatures may
serve as an external stress that increases the production of trans-resveratrol.  Based on our preliminary 2010 data, in which
higher concentrations of xylem sap phenolics were found in areas that experience cold curing suggest that elevated levels of
xylem sap phenolic compounds may play a role in the cold curing process.
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ABSTRACT
Polygalacturonases (PG) (EC 3.2.1.15), catalyze the random hydrolysis of 1, 4-alpha-D-galactosiduronic linkages in pectate
and other galacturonans. Xylella fastidiosa (Xf) possesses a single PG gene, pglA (PD1485) and Xf mutants deficient in the
production of PG lose pathogenicity and are compromised in their ability to systemically infect grapevines.  We have cloned
the Xf pglA gene into a number of protein expression vectors and a small amount of active recombinant PG has been
recovered, unfortunately most of the protein expressed is found in inclusion bodies in an inactive form.  The goal of this
project is to use phage panning to identify peptides or single chain fragment variable antibody (scFv) libraries that can bind to
and inhibit Xf PG.  Once peptides or scFvs are discovered that can inhibit PG activity in vitro these peptides will be expressed
in grapevine root stock to determine if the peptides can protect the plant against PD.

LAYPERSON SUMMARY
This period we have made significant progress on Objectives 1-3.  Most importantly we seem to have made progress on what
has been the biggest obstacle thus far in this project, which is creating enough enzymatically active Xf PG to pan and test our
putative inhibitory phage against.  Initial Xf PG over-expression experiments in Xylella fastidiosa (Xf) have been
encouraging.  Once we confirm the results by repeating our activity assay we should have the ability to produce a large
quantity of enzymatically active Xf PG.  We can then test the efficacy of the inhibitory phage we have obtained from panning
against the peptides representing the active site of Xf PG.

INTRODUCTION
Polygalacturonases (PG) have been shown to be virulence factors of a number of plant pathogenic bacteria including
Ralstonia solanacearum, Xanthomonas campestris, and Erwinia carotova (Huang and Allen 2000; Dow et al. 1989; Lei et al.
1985). Xylella fastidiosa (Xf) possesses a single PG gene pglA (PD1485), and mutation of this gene results in lost
pathogenicity and reduced ability to systemically infect grapevines (Roper et al. 2007).  In order for Xf to systemically infect
a grapevine it must break down the pit membranes that separate individual xylem elements.  Pectic polymers determine the
porosity of the pit membrane (Baron-Epel, et al. 1988; Buchanan et al. 2000) and Xf PG allows the bacterium to breakdown
the pectin in these membranes.  The premise of this research is to identify a peptide that can be expressed in the xylem of a
grapevine that can suppress Xf PG activity thus limiting the ability of Xf to spread systemically through grapevines and cause
Pierce’s disease (PD).

To accomplish this we will use phage display of a random dodecapeptide library and a scFv antibody library attached to the
coat protein gp38 of M13 phage in a phage panning experiment using active recombinant Xf PG as the target.  After three
rounds of panning, phage that show a high binding affinity for Xf PG will be screened for their ability to inactivate PG
activity in vitro in reducing sugar assays.  Once a suitable inhibitory peptide is discovered it will be cloned into an
agrobacterium binary vector and used to transform tobacco and grapevines by the UCD Plant Transformation Facility.  These
transgenic plants will then be inoculated with Xf and compared to non transgenic plants in PD symptom progression.  If
significant disease inhibition is shown we will use these transgenic grapevines as rootstock and see if they can also provide
resistance to grafted scions.

OBJECTIVES
1. Isolate a sufficient amount of biologically active Xf polygalacturonase (PG) enzyme to conduct phage panning and PG-

inhibition assays.
2. Isolate M13 phage that possess high binding affinities to Xf and/or AA PG, or synthetic peptides specific for the active

sites of several PGs from a M13 random peptide and scFv library.
3. Sequence candidate binding phage and determine if selected M13 phage and the gp38 M13 protein
4. which mediates phage binding to Xf PG can inactivate PG activity in vitro.
5. Clone anti-Xf PG gp38 protein into an Agrobacterium binary vector and provide this construct to the
6. UCD Plant Transformation facility to produce transgenic SR1 tobacco and Thompson Seedless
7. grapevines.
8. Determine if anti-Xf PG gp38 protein is present in xylem sap of transgenic plants.
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9. Mechanically inoculate transgenic plants with Xf and compare PD development with  inoculated, non-transgenic control
plants.

RESULTS
Objective 1: Isolate a sufficient amount of biologically active Xf polygalacturonase (PG) enzyme to conduct phage
panning and PG-inhibition assays.
Our previous work in trying to express Xf PG using commercially available E. coli and P. pastoris expression systems, as
well as, an agroinfection-compatible Tobacco mosaic virus protein expression system (Lindbo 2007) did not provide us with
a sufficient amount of active enzyme.  An inducible expression system has not yet been developed for Xf; however previous
work has shown that it is possible to over-express proteins in Xf (Newman et al 2003).  Newman et al. were able to stably
over-express the green fluorescent protein (GFP) in Xf; because of this we decided it may be a viable option to over-express
Xf PG in a similar manner.

Modifying the same vectors used to construct GFP over-expressing Xf with the Xf PG gene and using the transformation
protocols of Matsumoto et al. (2009) we have generated 22 putative Xf PG over expressing transformants.  Transformants
were tested by colony PCR to confirm that they contained the correct size insert.  Fourteen of the 22 transformants were
grown in PD3 Kan for 10 days at 28C.  The cultures were centifuged at 10,000g for 10 minutes and the media fraction was
collected.  One ml of media fraction was concentrated using TCA precipitation resulting in a 20X concentration of the media
fraction, these samples were then analyzed by polyacrylamide gel electrophoresis and Western blot analysis.  Media fractions
from two of the transformants were concentrated 20X using centrifugal concentrators with a 9 Kd molecular weight cut off.
These concentrated samples were used in a PG cup plate assay and one of the transformants XF-6 appears to be
enzymatically active (Figure 1) (Taylor and Secor 1988).  We have repeated this experiment with similar results; however,
the amount of PG produced is still rather small.  In order to create a larger amount of active enzyme we are currently moving
the constructs onto plasmids known to replicate in Xylella, e.g., pBBR1MCS-5 and pXF20-PemIK (Kovach et al. 1995,
Reddy et al. 2007, Stenger in press).  If we can show these results to be repeatable we are confident that using these
transformants we can easily produce a large amount of  enzymatically active Xf PG for use in this experiment as well as to
others who need this enzyme for use in their work.

Additionally, we are using the pProbe vector series to characterize the Xf PG promoter region (Miller et al., 2000).  When a
promoter on the plasmid is active or activated gfp will be produced, giving a visual indication of gene expression from the
promoter.  The promoter region of Xf PG was PCR amplified and inserted into pProbe gfp tagless and we are in the process of
testing them.  These constructs should allow us to determine if there is a compound that can induce the production of Xf PG
from the native Xf PG promoter.

PG Cup Plate Assay

NEG POS

XF-1XF-6

PG Cup Plate Assay

NEG POS

XF-1XF-6

PG Cup Plate Assay

NEG POS

XF-1XF-6

Figure 1. PG cup plate assay, a clear halo representing enzyme activity is
evident in the positive control (POS) from A. acleatus and PG over-
expressing transformant XF-6.
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Objective 2: Isolate M13 phages that possess high binding affinities to Xf PG from a M13 random peptide library.
We have done extensive in silico analyses of the enzymatically active sites of several phytopathogenic bacterial and fungal
PGs such as Pectobacterium carotovora ssp. carotovora and Aspergillus aculeatus (Pickersgill et al 1998, Cho et al 2001).
The PGs from these other microbes have been well studied and structural studies have shown that the active site amino acids,
consisting of roughly eight amino acids and the tertiary structure of the PGs are highly conserved across all fungal and
bacterial PGs (Pickersgill et al 1998, Cho et al 2001, Shimizu et al 2002, Abbott and Boraston 2007).  Furthermore, previous
research using phage display technologies showed that many of the phage that bound to a variety of enzymes also bound to
and inactivated the enzyme (Hyde-deRuyscher et al, 1999).

Having a very good idea of where the Xf PG active site may be located on the protein, and which amino acids are involved in
catalysis and substrate binding, we had synthesized two 14mer peptides derived from the Xf PG sequence, one which will
target the active site directly and a second that will target an area providing entry into the active site (Figure 2).

Figure 2. Sequences of synthesized peptides.

Additionally, these peptides were injected into rabbits to create polyclonal antibodies. These polyclonal antibodies were used
in a western blot that confirmed that the antibodies created against each 14-mer peptide could also recognize full length Xf
PG (data not shown).

We have completed the phage panning procedure for peptide 2 using the Tomlinson I and J scFv libraries. At the end of the
third round of selection a polyclonal ELISA with BSA conjugated peptide 2 as the target was run which showed that each
library (I and J) of scFvs showed a higher binding affinity to BSA conjugated peptide 2 than to BSA alone, or to the wells of
the plate.  With this knowledge 90 individual colonies from each library were picked from the third round phage pool and
used in a monoclonal ELISA to determine which monoclonal scFvs had the highest binding efficiencies.  The eight clones
from each library (I and J) providing the highest ELISA absorbance readings were chosen for sequencing.  We have currently
only sequenced the heavy chain variable portion of the scFv and although none of the eight clones from each of libraries
shared the exact same sequence they did have similarities to each other. The eight monoclonal phages from each library (I
and J) were then used individually as the primary antibodies in a western blot to confirm that monoclonal phage raised
against the 14-mer peptide 2 conjugated to BSA would also be able to identify full length recombinant PG (Figure 3)
(Tanaka et al 2002).

←

1             2              3                4

Figure 3. Western blot analysis of 3 representative monoclonal scFv
phages (J-library).Lanes 1-3 are E. coli lysate containing recombinant Xf
PG each membrane strip was reacted with a single monoclonal phage from
the third round of panning .  Arrow represents location of Xf PG band.
Molecular weight markers are on the left side of each gel strip.  Lane 4 is a
conjugate control that was not reacted with any monoclonal phage.

Peptide                      Sequence
Peptide 1         DSPNSNGLQMKSDAC
Peptide 2         STGDDHVAIKARGKC
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Objective 3: Determine if selected M13 phage and the gp38 M13 protein which mediates phage binding to Xf PG can
inactivate PG activity in vitro.
We have sequenced the heavy chain variable regions of the 16 candidate monoclonal phage and although none of the eight
clones from each of libraries shared the exact same sequence they did have similarities to each other.  Once we obtain enough
active Xf PG we will use the monoclonal phages in Xf PG inhibition assays.  Once a candidate phage is found that can inhibit
Xf PG in vitro we will then express the scFv protein alone and determine if the protein itself can also inhibit Xf PG activity in
vitro.  We will then be able to clone the anti-Xf PG protein into an Agrobacterium binary vector and provide this construct to
the UCD Plant Transformation facility to produce transgenic SR1 tobacco and Thompson Seedless grapevines.   Once we
have transgenic plants we will be able to complete objectives 5 and 6.

Objective 4: Clone anti-Xf PG gp38 protein into an Agrobacterium binary vector and provide this construct to the
UCD Plant Transformation facility to produce transgenic SR1 tobacco and Thompson Seedless grapevine.
Once suitable inhibitory phage peptides are discovered in objective 3 we can begin objective 4.

Objective 5: Determine if anti-Xf PG gp38 protein is present in xylem sap of transgenic plants.
Objective 4 needs to be completed before work on objective 5 can begin.

Objective 6: Mechanically inoculate transgenic plants with Xf and compare PD development with inoculated, non-
transgenic control plants.
All previous objectives must be completed before we can start objective 6.

CONCLUSIONS
We have made good progress thus far in finding suitable PG activity assays to use in the PG-inhibition assays.  We are
currently exploring different expression systems to generate more active PG to use in phage panning and activity assays.  We
have acquired 16 candidate scFv phage, by panning against peptide 2 conjugated to BSA that are capable of indentifying full
length Xf PG that we will be using in Xf PG inhibition assays, as we have described previously.  If one of the candidate phage
can inhibit Xf PG activity in vitro then we can transform grapevines with the peptide and determine if they provide plants
with resistance to PD.
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ABSTRACT AND INTRODUCTION
Xylella fastidiosa (Xf) cell-cell attachment is an important virulence determinate in Pierce’s disease (PD).  Our previous
research has shown that if two hemagglutinin (HA) genes which we named HxfA and HxfB are mutated Xf cells no longer
clump in liquid medium and the mutants form dispersed “lawns” when plated on solid PD3 medium (Guilhabert and
Kirkpatrick, 2005).  Both of these mutants are hypervirulent when mechanically inoculated into grapevines, i.e. they colonize
faster, cause more severe disease symptoms and kill vines faster than wild-type (wt) Xf. If either HxfA or HxfB is
individually knocked out there is no cell-cell attachment, which suggests that BOTH HA genes are needed for cell-cell
attachment.  It is clear that these proteins are very important determinants of pathogenicity and attachment in Xf/plant
interactions.  The Xf HAs essentially act as a “molecular glue” that is essential for cell-cell attachment and likely plays a role
in Xf attachment to xylem cell walls and contributes to the formation of Xf biofilms.  Recent work reported by the Almeida
lab has also shown the importance of HAs in vector transmission (Killiny and Almeida, 2009). The knowledge we gained
here about the basic biology of Xf HA proteins provided the foundation for completing the last step of this project, where we
transformed tobacco and grapevine plants with HA genes. Hopefully, these genes will be expressed in the xylem of
transgenic plants and potentially act as a ‘molecular glue’ to retard systemic movement of inoculated Xf cells through
grapevine xylem.  If successful, this approach might provide a novel form of resistance against PD.

LAYPERSON SUMMARY
Hemagglutinin (HA) proteins play an important role in adhesion and biofilm formation of Xylella fastidiosa (Xf). Previous
studies by Guilhabert and Kirkpatrick, 2005 showed that mutants in the identified HA genes no longer formed clumps in
liquid medium like wild-type (wt) Xf cells. Clearly the HA proteins play an important role in mediating cell-cell interactions.
Research in the Almeida lab has also shown that HA proteins play important roles in attachment processes during vector
transmission (Killiny and Almeida 2009).  Research conducted in our lab has shown that HA proteins are present in the outer
membranes of Xf cells and that these proteins are also secreted into culture medium at low concentrations.  Interestingly, we
also showed that HAs are embedded in vesicles as it has been reported for some pathogenic Gram-negative bacteria (Kuehn
and Kesty, 2005). The 10.5 kb HA genes should theoretically encode a protein of approximately 360 kD, however we have
shown that the native size of the HA proteins in the outer membranes, culture supernatants and membrane of vesicles is
approximately 220 kD. To identify the cleavage site where the processing occurs, we isolated native secreted HA proteins
from culture supernatant. These proteins were analyzed by mass spectrometry and we determined that the cleavage site lies
2300aa downstream from the N-terminus of the gene such that approximately one third of the C-terminal part is cleaved off
forming the full-length native HA . We used this information to create binary plasmids containing the identified portions of
the HA proteins that mediate attachment and used them to generate putatively HA-expressing transgenic tobacco and
grapevines. Transgenic tobacco were evaluated by PCR, RT-PCR and serological assays to detect expressed Xf HA. We
verified that the transformed tobaccos produced HA mRNA but were unable to detect HA in the xylem sap by ELISA and
western blot analysis.  Ten transgenic grapevines lines were produced using a HA construct that should contain the cell-cell
binding domains and 13 independent grapevine lines have been produced using the full-length native 220kD HA protein.
The transgenic grapevines are now being grown and propagated to produce plants that will be further evaluated using
molecular and Xf pathogenicity assays.

OBJECTIVES
1.  a. Use antibodies we have prepared against a conserved, putative adhesion domain (AD2) that is present in both Xf

hemagglutinins (HA) to determine the native size and location of Xf HA in cultured Xf cells and PD-affected
grapevines.

b. Determine if these antibodies (Fab fragments) can prevent cell-cell clumping in liquid Xf cultures.
c. Prepare an affinity column using HA domain antibodies and isolate native Xf HAs from culture cells. Establish the

identity of affinity purified, putative HAs by N-terminal sequencing.
d. Determine if native HAs and HA domain fusion proteins can bind to Xf cells.
e. Inject affinity purified HA proteins into rabbits and obtain HxfA and B specific-antibodies. Determine if HxfA and B

specific antibodies can block cell-cell clumping of Xf grown in liquid medium.
2.  a.   PCR-amplify, clone and express as fusion proteins, additional hypothetical adhesion domains of HxfA and B.
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b. Prepare rabbit polyclonal antibodies against each HxfA/B domain fusion protein. Determine the native size and
location of Xf HA in Xf cultured cells using AD1-3 and AD4 antibodies.

c. Determine if antibodies against various HxfA/B domain fusions can block cell-cell clumping of Xf grown in liquid
medium.

3.  a. Transform grapevines and tobacco, an experimental host of Xf and an easily transformable plant (Francis et al., 2008),
with Xf HA binding domains. Use antibodies prepared in Objective 2 to determine if Xf HA proteins can be found in
tobacco xylem fluid.

b. Mechanically inoculate HA-transgenic grapevines and tobacco with wild type (wt) Xf cells. Compare disease
progression and severity in transgenic tobacco and grapevines with non-protected controls.

RESULTS
Objectives 1 and 2 are completed and results were reported previously (Pierce’s Disease Research Symposium Proceedings
2007-2009 and in the manuscript: Voegel, et al., 2010. Localization and characterization of Xylella fastidiosa hemagglutinin
adhesins, Microbiology 156: 2172 – 2179.

Objective 3.
To overcome problems that might occur trying to transform plants with a full-length hemagglutinin (HA) gene, we first
determined the size of native Xf HA proteins. We found that both native HxfA and HxfB were processed from their potential
size of 360 kD to 220 kD native size. Furthermore, we identified the cleavage site in the HA proteins. We also identified
domains in the N-terminal portion of the HA proteins that mediate cell-cell attachment and showed that the active protein is
secreted (Voegel, et al, 2010). Based on these results we prepared 2 different constructs for transformating grapevines and
tobacco; one construct contained the N-terminal hemagglutination domains (AD1-3) and one contained the entire native 220
kD protein (220).

AD1-3 and 220 were PCR amplified from the gene HxfB (PD1792) using proof reading polymerase and wt Temecula
genomic DNA as template. The resulting 4000 bp and 6300 bp PCR products were cloned into pCR-2.1-TOPO and fully
sequenced using primers generated every 600 bp along the cloned HA fragments. The obtained sequences were aligned into a
contig using the program Sequencher to verify amplification of the correct sequences. To enable secretion of the bacterial
HAs outside the eukaryotic cells of tobacco and grape, a signal peptide pGIP (Aguero et al., 2005) was synthesized by
DNA2.0 (Menlo Park, CA) and fused N-terminally to the cloned HA products. The codon usage of the synthesized signal
peptide was optimized for expression in eukaryotes. The pGIP-HA fusions were cloned into vector pDE00.0113 (Dandekar
lab) containing the 35S promoter and ocs3’ terminator creating pDE00.0113-pGIP-AD1-3 and pDE00.0113-pGIP-220. After
verifying its integrity by sequencing, pDE00.0113-pGIP-AD1-3 was digested with AscI and the resulting cassette cloned into
the binary vector pDU97.1005 (Dandekar lab) creating pDU08.2407. The plasmid was transformed into Agrobacterium
tumefaciens strain EHA101 and the culture given to the Ralph M. Parsons foundation transformation facility on the UC Davis
campus who performed the transformation of SR-1 tobacco.

Unfortunately, the pDU97.1005 marker gene nptII confers resistance to kanamycin. In transformation experiments with
grapes using binary plasmids containing the nptII gene many escapes were observed by the transformation facility which
prolonged the time needed to identify and generate transformed grapevines. Therefore we digested pDE00.0113-pGIP-AD1-3
and pDE00.0113-pGIP-220 with EcoRI and ligated the resulting cassette into the binary plasmid pCAMBIA1300 (Canberra,
Australia) which confers resistance to hygromycin. This marker gene is more suitable for transformation of grapevines than
nptII and is functional in grapevines as well as is tobacco. Binary plasmids pCAMBIA-pGIP-AD1-3 and pCAMBIA-pGIP-
220 were transformed into Agrobacterium tumefaciens strain LBA4404 and the cultures given to the Ralph M. Parsons
foundation transformation facility who will transform Thompson seedless grapevines and SR-1 tobacco with pCAMBIA-
pGIP-220 and pCAMBIA-PGIP-AD1-3.

We received our first AD1-3 transformed tobacco plants in 2009.  DNA was extracted from the T0 tobacco plants and tested
by PCR for the presence of T-DNA and 9/11 and 10/11 tested positively as shown in Figure 1. The PCR positive lines were
tested by RT-PCR to determine whether the constructs were expressed; all of the T-DNA positive lines tested positively by
RT-PCR indicating the HA constructs were being transcribed. Attempts were made to detect hemagglutinin in both tobacco
xylem sap and in total leaf proteins using both ELISA and Western blot analysis. Unfortunately we were not able to detect
measurable amount of HAs using either serological technique.

Six transgenic tobacco plants of lines 1 and 5, which were transformed with the AD1-3 construct and 6 plants from lines G
and J, which were transformed with the 220kD construct were mechanically inoculated with wild type Fetzer Xf. Eight weeks
after inoculation Xf was isolated from leaves that were 25cm above the point of inoculation.  The results are shown in
Table 1 below.
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Figure 1. PCR analysis to confirm T-DNA insertion in 11 tobacco transformed lines T0 for AD1-3 and 220.

Table 1.
Tobacco Plant inoculated with Xf CFU/g of tissue 25 cm above P.O.I.
Wild type SR1 tobacco 9.9 (+/- 7.3) x 105

Line 1 9.1 (+/- 16.2) x 102

Line 5 1.3 (+/- 1.5) x 106

Line G 3.3 (+/- 8) x 102

Line J 2.5 (+/- 3.8) x 103
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Figure 2. Disease severity ratings (0=healthy to 5 = severe symptoms) showed Lines 1, G and J developed
significantly less severe disease symptoms that the non-transformed Sr1 tobacco 8 weeks following
inoculation with Xf.

There was a good correlation between the number of Xf CFUs that could be isolated 25cm above the point of inoculation and
the severity of disease symptoms 8 weeks after inoculation with Xf (Figure 2). Lines 1, G and J yielded fewer Xf bacteria
upon isolation and the severity of symptoms in those lines was less than Xf-inoculated non-transformed SR1 tobacco.

AD1-3
construct

220 kD
construct
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Unfortunately similar analyses of T2 generation transgenic tobacco were not as encouraging because the amount of variation
in the plant reps rendered no statistically significant differences in disease severity between the T2 lines and the wild type
SR1 tobacco (Figure 3).

Figure 3. Disease severity in T2 HA-transgenic SR1 tobacco based on a 0
(healthy) to 5 (dead) 8 weeks after inoculation with wild type Fetzer Xf.

Table 2. Percentage of HA-transgenic and wild type SR1 tobacco plants in which NO
Xf was isolated at 25cm above the point of inoculation.  Lines 1, 5, 6, 8, 9, 10 and 11 are
SR1 tobacco transformed with the AD1-3 hemagglutinin construct while lines A-K
were transformed with the 220kD hemagglutinin construct.

line wt 1 5 6 8 9 10 11

% 14 36 16 25 10 40 60 18

line wt A B C F G H J K

% 33 33 60 42 33 60 50 28 14

While there was no statistically significant differences in disease severity of transformed versus non-transformed SR1
tobacco, we did observe differences in the number of inoculated plants in which Xf could be isolated 25cm from the point of
inoculation (Table 2). For example, for the AD1-3 construct Xf was not isolated in only 145 of the wild type SR1 tobacco,
while 60% of the Line 10 transgenic plants were devoid of Xf at 25cm above the POI, suggesting that the HA transgenic line
maybe slowing the systemic movement of Xf compared to the movement in non-transformed tobacco.  There 2 lines (B and
G) whose numbers of Xf-free plant reps were less than non-transformed tobacco but a larger number of the control plants
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were Xf-free at 25cm compared to the Ad1-3 experiment.  Because we now have transgenic grapevines in hand to evaluate
we felt that it wasn’t worth additional effort to repeat testing of the T2 tobacco lines.

In mid-August 2010 we began receiving Thompson seedless grapevines from the UCD Plant transformation facility. In mid-
October we received the final transgenic lines: 10 lines transformed with the AD1-3 HA construct and 13 lines transformed
with the 220kD construct.  These were grown in a growth chamber until they were hardened off enough to be moved into a
greenhouse where they are being raised under supplemental lighting.  We anticipate that the vines will have grown
sufficiently by the end of November that cutting can be taken and rooted to generate more plants to work with. These vines
will be subjected to the same PCR, RT-PCR, ELISA and western blot analyses that we used on the transgenic tobaccos. Reps
of each line will be mechanically, and hopefully with the assistance of the Almeida lab at UC Berkley, sharpshooter
inoculated with Xf in the spring.  To date the production of the transgenic grapevines has taken 14 months and likely another
4 to 5 months will be required to assess their potential resistance or susceptibility to PD.
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ABSTRACT
The CDFA Pierce’s Disease (PD) and Glassy-winged Sharpshooter Board’s Research Scientific Advisory Panel review in
2007 and subsequent RFPs have given top priority to delivery from grafted rootstocks of PD control candidates, including
polygalacturonase-inhibiting proteins (PGIPs).  Optimal PGIPs for inhibition of Xylella fastidiosa (Xf) polygalacturonase
(PG) are being selected from several plant sources.  Fourteen candidate PGIPs have been chosen and homology models were
generated to predict interactions with and potential inhibition of XfPG.  PGIPs from pear, rice, and orange were determined to
be the most likely inhibitory proteins for XfPG.  Recombinant protein expression systems have been developed for XfPG and
each candidate PGIP.  Initial inhibition assays have shown that the pear fruit PGIP is a more effective inhibitor of XfPG than
the PGIP from tomato, however both PGIPs limit XfPG symptom development in tobacco leaf infiltration assays.
Expression of additional PGIPs to test is underway and other non-vinifera Vitis PGIPs are being pursued.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) uses a key enzyme, polygalacturonase (PG), to spread from the initial point of inoculation throughout
the grapevine; this spread leads to Pierce’s disease (PD) symptom development.  Plant proteins called PG-inhibiting proteins
(PGIPs) are produced by many plants and selectively inhibit PGs from bacteria, fungi, and insects.  Pear fruit PGIP is known
to inhibit XfPG and to limit PD development in inoculated grapevines which have been transformed to express the pear
protein.  PGIPs are graft transmissible so we are interested to determine which PGIP best inhibits XfPG and how well, when
expressed in transgenic rootstocks, this PGIP prevents PD development in Xf inoculated wild-type scions.  We have modeled
14 candidate PGIPs to predict how they physically interact with XfPG and to combine this knowledge with in vitro and in
planta assay results measuring the ability of each candidate PGIP to inhibit XfPG.  For these inhibition assays we are
developing separate systems to generate high levels of active XfPG and PGIPs.  The best inhibiting PGIPs will be expressed
in test grape rootstock germplasm and, after grafting, their ability to limit PD development in non-transgenic scions will be
determined.

INTRODUCTION
Xylella fastidiosa (Xf), the causative agent of Pierce’s disease (PD) in grapevines, has been detected in infected portions of
vines.  Several lines of evidence support the hypothesis that Xf uses cell wall-degrading enzymes to digest the
polysaccharides of plant pit membranes separating the elements of the water-conducting vessel system, the xylem, of the
vines. Xf's cell wall degrading enzymes break down these primary cell wall barriers between cells in the xylem, facilitating
the systemic spread of the pathogen.  Recombinantly expressed Xf polygalacturonase (PG) and β-1,4-endo-glucanase
(EGase), cell wall degrading enzymes that are known to digest cell wall pectin and xyloglucan polymers, respectively, have
been shown to degrade grapevine xylem pit membranes and increase pit membrane porosity enough to allow passage of the
bacteria from one vessel to the next (Pérez-Donoso et al., 2010). Xf cells have been observed passing through similarly
degraded pit membranes without the addition of exogenous cell wall degrading enzymes, supporting the conclusion that the
enzymes are expressed by Xf and allow its movement within the xylem (Labavitch and Sun, 2009).  Roper et al. (2007)
developed a PG-deficient strain of Xf and showed that the mutant bacterial strain was unable to cause PD symptoms; thus, the
XfPG is a virulence factor of the bacteria that contributes to the development and spread of PD.
PG-inhibiting proteins (PGIPs) produced by plants are selective inhibitors of PGs and limit damage caused by fungal
pathogens (B. cinerea; Powell et al., 2000) as well as by insects (Lygus hesperus; Shackel et al., 2005).  Agüero et al. (2005)
demonstrated that by introducing a pear fruit PGIP (pPGIP) gene (Stotz et al., 1993) into transformed grapevines, the
susceptibility to both fungal (B. cinerea) and bacterial (Xf) pathogens decreased.  This result implied that the pPGIP provided
protection against PD by inhibiting the Xf PG, reducing its efficiency as a virulence factor.  In fact, recombinant XfPG is
inhibited in vitro by pPGIP-containing extracts from pear fruit (Pérez-Donoso et al., 2010).  In a key preliminary observation
for the PD control approach investigated in this project, Agüero et al. (2005) demonstrated that transgenic pPGIP protein
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could be transported from transformed grapevine rootstocks, across a graft junction and into wild-type scions.  pPGIP also
has been shown, this year, to be transported from rootstocks across grafts into the aerial portions of tomato plants.
The overall goal of the project is to develop transgenic grape rootstock lines that express PGIPs that effectively reduce the
virulence of Xf. The project is designed to identify specific PGIPs that optimally inhibit the virulence factor, XfPG, and to
express these PGIPs in grape rootstocks to provide PD protection in scions.  The expression of PGIPs will utilize
transformation components with defined intellectual property (IP) and regulatory characteristics, as well as expression
regulating sequences that result in the maximal production of PGIPs in rootstocks and efficient transport of the proteins
through the graft junctions to the aerial portions of vines so that Xf movement is limited in infected scion tissues.

OBJECTIVES
1. Define a path to commercialization of a PD control strategy using PGIPs, focusing on IP and regulatory issues associated

with the use of PGIPs in grape rootstocks.
2. Identify plant PGIPs that maximally inhibit XfPG.
3. Assemble transcription regulatory elements, Xf-inducible promoters, and signal sequences that maximize PGIP

expression in and transport from roots.
4. Create PGIP-expressing rootstocks and evaluate their PD resistance.

RESULTS AND DISCUSSION
Objective 1: A path to commercialization of transgenic rootstocks
PIPRA IP analyst, Gabriel Paulino, has served as the main liaison for issues associated with the potential commercialization
of transgenic grapevine rootstocks for several CDFA PD/GWSS Board funded projects.  He has obtained the necessary
APHIS-USDA authorizations to begin testing these PD control strategies in field locations.  ‘Thompson Seedless’ and
‘Chardonnay’ grapevines expressing the pear fruit PGIP (pPGIP) gene were planted in a jointly operated field trial in Solano
County during July, 2010.  More details can be found in the report “Field evaluation of grafted grape lines expressing PGIPs”
(PI Powell).

Objective 2A: Propagation and grafting of grape lines expressing and exporting pPGIP
The transgenic ‘Thompson Seedless’ and ‘Chardonnay’ grapevines expressing the pPGIP described in Aguero et al. (2005)
have been maintained in the greenhouse.  Previous attempts at vegetative propagation for grafting studies proved
inconsistent.  Total plant numbers for both cultivars and control plants not expressing pPGIP were increased during this
reporting period with the help of an aeroponic cloner (EZ-Clone, Inc., Sacramento, CA).  Non-lignified stem segments, three
nodes in length, were transferred to individual sites within the cloner.  Roots began forming on dark-grown, constantly
misted basal regions in 1-2 weeks.  The application of 1000 ppm IBA to basal regions immediately after cutting did not result
in increased rooting time or yield.

Grafted plants are being generated to verify the transport of pPGIP protein from transgenic rootstocks, across the graft
junction, into scion tissue not expressing any foreign PGIP.  Grafting has been attempted with both green and semi-lignified
stem segments for all graft combinations.  Grafts of six ‘Thompson Seedless’plants and one ‘Chardonnay’ plant have been
formed by a modified wedge grafting technique whereby scion sections of 1 to 2 nodes were stripped of foliage and cut with
perpendicular apical ends and wedge basal ends.  These sections were fitted into notched rootstock stems of equal maturity.
The grafts were secured with Parafilm M, a clothespin, and a translucent bag to prevent desiccation.  Other green grafting
techniques, such as chip budding, have been attempted with limited success.

Work in the project “Tools to identify PGIPs transmitted across grapevine grafts” (PI Powell) is developing a monoclonal
antibody to recognize pPGIP, but not the native grape PGIP, in these own-rooted and grafted grapevines.  UC Davis
Biochemistry and Molecular Biology Ph.D. candidate, Victor Haroldsen, has shown pPGIP crossing graft junctions from
transgenic tomato rootstocks into wild-type tomato scion leaf tissue.  For these experiments, he used existing stocks of
polyclonal pPGIP antibodies after concentrating leaf extract samples 30-fold.  Similar experiments using the aforementioned
grafted grapevines will probe isolated xylem sap from scion tissues.  Combined with the monoclonal antibody, the increased
reactivity will allow for quantification of pPGIP crossing the graft junction into wild-type tissues.

Objective 2B: Selection of PGIPs as PD defense candidates and PGIP-XfPG modeling
The 14 candidate PGIPs were previously selected for in vitro and in vivo XfPG inhibition assays based on predicted protein
charge and phylogenetic analyses.  The homology models created for XfPG, the polygalacturonic acid substrate for PG, and
each of the candidate PGIPs have provided unique predictive tools to interpret the inhibition mechanisms and physical
interactions between XfPG and the PGIPs (Labavitch, 2009). Dynamic reaction simulations predicted that two clusters of
amino acids, #63-74 and #223-226, must be unblocked for XfPG to cleave its substrate in silico.  The long columns of
electronegative residues on the concave faces of the PGIP’s leucine rich repeat structure bind to these critical regions
(Figure 1).  This information coupled with surface chemistry mapping predicts pPGIP, CsiPGIP, and OsPGIP1 to be the best
inhibitors of XfPG.
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Figure 1. Homology models of 3 prime candidate PGIPs (CsiPGIP-orange;,OsPGIP-rice).  The column of
electronegative residues (red) on the concave faces of each protein may align with critical residues on XfPG
important for inhibition.

A closer look at the dynamic reaction simulations highlighted other specific residues that may also influence PG-PGIP
binding.  Strong hydrogen bonding occurs between residues on PPGIP and Tyr303 of XfPG, bringing them together in a
potentially inhibitory manner (Figure 2).  Electrostatic repulsions between VvPGIP residues and XfPG Tyr303 prevent a
similar alignment and may predict a failure to inhibit XfPG.  Combining modeling predictions and future inhibition data will
allow us to score the results of predicted interactions and infer other potentially useful interactions between the candidate
PGIPs and other PGs.

Adding to the information gained from the 14 candidate PGIP homology models, other unpublished PGIP sequences from
non-vinifera Vitis varieties will be modeled in the future.  These sequences will be obtained as part of a collaboration,
currently in negotiation, with a research group at Stellenbosch University, South Africa.  The sequences are the property of
an industry board associated with the Institute for Wine Biotechnology at Stellenbosch University.  It will be of interest to
note how the models of these non-vinifera PGIPs compare to the modeled structure of VvPGIP from Vitis vinifera cv.
‘Pinotage.’

Objective 2C: XfPG expression and purification
The XfPG expression system utilizing Drosophila S2 cells is being developed to yield large amounts of active, stable XfPG
protein for in vitro inhibition assays.  The cloning strategy fused the coding sequence of XfPG to a C-terminal histidine tag
for purification and an N-terminal targeting sequence for protein secretion (Labavitch, 2009).  Media from transiently
transfected cells induced to express XfPG has a small amount of PG activity, as shown by radial diffusion assay (Figure 3;
Taylor and Secor, 1988). XfPG was purified from the medium and pelleted Drosophila cell lysate by immobilized nickel
column chromatography.  The medium and resuspended cell lysate were separately loaded onto the gravity flow column and
each was eluted with several volumes of EB (50 mM sodium phosphate, 0.3 M NaCl, 250 mM imidazole).  The eluate was
analyzed by Western blotting and Coomassie staining SDS-PAGE.  Proposed XfPG bands, cross-reacting with a tagged
antibody recognition site on the recombinant protein, were visualized at 78 kDa in Western blots for cell lysate preparations
(Figure 4).  The protein bands in the cell medium preparation eluant were visualized at 68 kDa by Coomassie staining
(Figure 5).  Each of these preparations showed slight PG activity, as measured by reducing sugar analysis (Gross, 1982).
These activities, however, diminished over time.  Current work is focused on generating stably transfected recombinant cell
lines to provide more consistent stocks of XfPG.  The methods for purifying and storing the protein are also being analyzed to
reduce possible causes of the loss of PG activity.

Figure 2. PG-PGIP complexes.  Tyr303 of XfPG (blue) binds strongly with
a region of pPGIP (green) which is not possible with VvPGIP (purple).
Interactions such as this might influence PG-PGIP interaction and
inhibition.
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Figure 4. Western blot analysis of partially purified cell lysate after
XfPG protein expression.  15 mL crude XfPG lysate was purified by
column chromatography and selected fractions were analyzed by
Western blotting.  Lane 1 = pre-stained ladder, lane 2 = flow-through #4,
lane 3 = wash #10, lanes 4-7 = elution fractions #1-4, lane 8 and 9 =
cellular medium.  Recombinant XfPG protein was eluted with 250 mM
imidazole and probed with the anti-V5 primary antibody and anti-mouse
HRP secondary antibody.

Figure 5. Partially purified XfPG protein eluted with 250
mM imidazole.  Coomassie stained polyacrylamide gel
electrophoresis.  Lane 1 = pre-stained ladder, lanes 2-4 =
cell lysate fractions #1-3, lanes 5-7 = cellular medium
fractions #1-3.

Figure 3. Radial diffusion assay of concentrated PG from Botrytis cinerea
(A) or culture media from induced XfPG-expressing Drosophila cells (B).
The clearing zone diameter is related to amount of PG activity.
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Objective 2D: Expression of PGIPs in Arabidopsis and tobacco for XfPG assays
The previously reported strategies for cloning each of the 14 candidate PGIPs into pCAMBIA-1301 and transformation into
Agrobacterium tumefaciens (EHA105 pCH32) continues (Table 1; Labavitch, 2009).  The full-length XfPG construct was
successfully cloned into the transformation vector and transformed into Agrobacterium.  This construct, and soon the
pPGIP::XfPG fusion construct (still in progress) provide a potential diagnostic tool to test the efficacy of each PGIP in planta.

Table 1. Cloning progress chart.  Checkmarks indicate completed checkpoints while circles indicate work in progress.

Protein (Organism)

Cloning Progress Checkpoints
Source
tissue

PGIP
cDNA Transformed Transformed

into Plant

AtPGIP1 (Arabidopsis)
AtPGIP2 (Arabidopsis)
BnPGIP1 (Rapeseed)
CaPGIP (Pepper)
CsiPGIP (Orange)
FaPGIP (Strawberry)
OsPGIP1 (Rice)
OsPGIP2 (Rice)
PvPGIP2 (Bean)
PpePGIP (Peach)
PfPGIP (Firethorn)
pPGIP (Pear)
LePGIP (Tomato)
VvPGIP (Grape)
XfPG (Xylella)
pPGIP::XfPG

Co-infiltration of Agrobacterium
described by Joubert et al. (2007).  Fully formed leaves of Nicotiana benthamiana and N. tabacum were infiltrated with
constant manual pressure using a needle-less syringe, forcing bacterial cultures into the abaxial leaf tissue.  In most cases,
initial infiltration zones were marked on the adaxial surface and had measured areas of approximately 35 mm2.  Visual
symptom development was observed at 24 and 72 hours post infiltration (hpi, Figure 6).  Infiltration with cultures harboring
the XfPG construct resulted in marked wilting, localized water soaking, and chlorotic lesions developing in the infiltration
zone.  Leaves co-infiltrated with XfPG and PGIP cultures displayed attenuated symptoms while leaves infiltrated with just
PGIP or empty vector cultures showed no symptom development.  LePGIP was less effective than pPGIP at inhibiting
wilting and lesion development when co-infiltrated with XfPG.  Further work to quantify the results will provide a measure of
the inhibition of XfPG by each cloned PGIP.  We anticipate that the fusion construct pPGIP::XfPG will yield more easily
scored results than the native XfPG construct due to the signal sequence from pPGIP predicted to target the translated XfPG
protein to the cell apoplastic space where it can either degrade the pectin-rich middle lamellae and cell walls or be inhibited
by any co-infiltrated PGIP.  PGIP is naturally targeted to the apoplast.
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Figure 6. Transient expression of XfPG, pPGIP, and LePGIP in N. benthamiana leaves by infiltration with Agrobacterium
cultures.  Chlorotic lesions and water soaking mark the site of agro-infiltrations with XfPG (A).  Symptoms are reduced when
XfPG is co-infiltrated with pPGIP (B) or LePGIP Agrobacterium (C).  Inserts show details of infiltration sites.  Black marks
indicate the borders of the initial zone infiltrated.

Objective 3: Maximize PGIP expression in and transport from roots
Information pertaining to potential signal sequences targeting PGIPs to xylem tissues for transport to and across graft
junctions into wild-type scions has been reported by the project “In planta testing of signal peptides and anti-microbial
proteins for rapid clearance of Xylella” (PI: A. Dandekar).

Objective 4: No activity for this reporting period.

CONCLUSIONS
The ability of one of the candidate PGIPs discussed here, pPGIP, to provide PD resistance to wild-type scions will be
determined by the recently initiated field trial.  This will be a key step in advancing the use of transgenic rootstocks for PD
control in commercial applications.  Homology models of all 14 candidate PGIPs have been constructed and critical residues
for XfPG-PGIP interaction were discovered.  Recombinant XfPG, produced from transiently transfected Drosophila cells, was
purified and shown to have a low level of PG activity.  Further work to clone and express the candidate PGIPs continues. In
planta co-infiltration assays have shown that both pPGIP and LePGIP are able to inhibit the chlorotic lesion development in
tobacco leaves that is caused by XfPG-harboring Agrobacterium.
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ABSTRACT
Xylella fastidiosa (Xf) subsp. Pauca causes citrus variegated chlorosis (CVC) disease in Brazil, resulting in significant
production losses in the citrus industry. Xf is mainly transmitted by three species of sharpshooters (Hemiptera: Cicadellidae)
in Brazil; Dilobopterus costalimai (Young), Acrogonia citrina Marucci & Cavichioli and Oncometopia facialis (Signoret).
We identified bacterial communities associated with the heads of surface-sterilized insect vectors of Xf that were collected
from CVC affected citrus groves in Brazil.  Bacteria were isolated and analyzed by amplified ribosomal DNA restriction
analysis (ARDRA) and sequencing, revealing the presence, among the most abundant genera, of the well-known citrus
endophytes Methylobacterium spp. and Curtobacterium spp.  Specific PCR systems for the detection of these genera
indicated high frequencies of presence of these bacteria in sharpshooters.  The remaining bacterial community was compared
in distinct vector species and at different period of the year by denaturing gradient gel electrophoresis (DGGE), showing its
responsiveness to the climate change over the year.  These results represent a new basis for the knowledge about the
interaction symbiotic-pathogenic bacteria inside insect vectors and provides a basis for further work on the biocontrol of
phytopathogens like Xf.

LAYPERSON SUMMARY
We report the bacterial communities associated with the heads of surface-sterilized insect vectors of Xylella fastidiosa (Xf)
that were collected from citrus variegated chlorosis (CVC) affected citrus groves in Brazil.  Many aspects can influence the
transmission of a pathogen by an insect vector such as the low concentration of Xf cells in the citrus plants and the low
number of colonized vessels in affected plants.  The interaction between different bacteria inside the insect foregut can also
influence the transmission, as once inside the foregut, bacterial interaction, such as competition for nutrients, space and other
complex interactions could occur. C. flaccunfaciens is a potential candidate for biological control of CVC because an
antagonism between C. flaccumfaciens and Xf was strongly indicated in vitro and in vivo including inhibition of growth of Xf
and reduced severity of the disease symptoms in the presence of this phytopathogen.  The ability demonstrated by C.
flaccumfaciens to colonize plant tissues in the presence of Xf and the reduction of disease symptoms caused by Xf are
prerequisites for the use of this endophytic bacterium as a biocontrol agent.  Since members of the genus Curtobacterium
were consistently detected in the insect vectors of Xf as demonstrated in the present study, they fulfill another requirement of
candidates for biological control of Xf.

INTRODUCTION
Brazil is the largest producer of citrus fruit in the world, also supplying most of the international market for concentrated
orange juice.  By 2005, the percentage had increased to 43%, and citrus variegated chlorosis (CVC) was present in all citrus
growing regions of Brazil (Bové & Ayers 2008).  The disease is caused by the xylem-limited gram-negative bacterial
pathogen, Xylella fastidiosa (Xf) subsp. Pauca (Hartung et al. 1994).  Endophytic microorganisms live within plants without
causing apparent harm to the host.  We have studied the possible use of endophytes as vehicles to control both
phytopathogens and insects (Azevedo et al. 2000).  Endophytes colonize ecological niches similar to that of phytopathogens
(Gai et al 2009a), which gives them access as possible candidates as biocontrol agents.  In citrus, several endophytic bacteria
were isolated and Methylobacterium spp. and Curtobacterium flaccumfaciens were further determined as the main
endophytic species interacting with Xf (Araújo et al. 2001).  These species vary in population density when CVC-affected and
asymptomatic plants are compared.  Later, Lacava et al. (2004) reported that the growth of Xf was inhibited by endophytic C.
flaccumfaciens and stimulated by Methylobacterium sp.  A similar effect was demonstrated by the reduced severity of the Xf
colonization in plants priory colonized by C. flaccumfaciens (Lacava et al. 2007a).  In Brazilian citrus groves, Dilobopterus
costalimai, Oncometopia facialis and Acrogonia citrina are the most common sharpshooters found.  The transmission
efficiency of bacteria is a measure of the ability to successfully acquire bacteria from an affected plant and transmit to healthy
ones.  The efficiency of Xf transmission leafhopper species ranges from 0 to 100%, however the lower values are found when
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transmission among citrus plants is considered.  The transmission rates for the main species associated with CVC vary from
1% to 5% (Redak et al. 2004).  Many aspects can influence the transmission of a pathogen by an insect vector such as the low
concentration of Xf cells in the citrus plants (Almeida & Purcell 2003) and the low number of colonized vessels in affected
plants.  The interaction between different bacteria inside the insect foregut can also influence the transmission, as once inside
the foregut, bacterial interaction, such as competition for nutrients, space and other complex interactions could occur.

OBJECTIVES
The aims of this work were:
1. Access the bacterial population associated with the main sharpshooters responsible for the transmission of Xf in citrus.
2. Evaluate the diversity of heterotrophic bacteria by amplified ribosomal DNA restriction analysis (ARDRA).
3. Compare the bacterial community colonizing insects from distinct species and collected from citrus at distinct period of

the year by denaturing gradient gel electrophoresis (DGGE).

RESULTS
A total of 17.230 bacterial colonies were counted in plating from different species and at distinct sampling time.  These
colonies were classified into three distinct morphological groups.  The concentration of bacteria (CFU/insect head) belonging
to each morphological group.  The populations of group G1 (Methylobacterium) remained constant for O. facialis and D.
costalimai in March and May, decreasing in June.  From A. citrina the presence of G1 bacteria decreased from May.  Group 2
(Curtobacterium) was higher in March for O.. facialis and D.. costalimai, decreased in May and was undetected in D.
costalimai in June and group G3 other bacteria.  The population of Curtbacterium spp. in A. citrina remained constant during
the period of analysis.. A subsample of the total number of colonies obtained (120 colonies) was subjected to the genotypic
characterization by ARDRA.  In total, 16 cleavage patterns were observed, determining the ribotypes constituting the
heterotrophic bacterial communities from sharpshooter heads.  Among these ribotypes, the colonies from the two targeted
groups, Curtobacterium spp and Methylobacterium spp., has revealed a fidelity in the pattern of the 16S rRNA gene
cleavage, allowing this approach to measure the proportion of these bacteria within the sampled colonies (Figure 1).  Other
bacterial haplotypes were characterized randomly and sequences have shown the affiliation of the isolates to the genera
Bacillus, Brachybacterium, Brevibacillus, Brevundimonas, Nocardia, Paenibacillus, Pseudoclavibacter, Rhodococcus,
Sphingomonas and Staphylococcus.. DNA samples directly extracted from insect heads were used for specific amplification
of DNA from bacteria affiliated with the genera Curtobacterium and Methylobacterium.  The number of positive samples
was unique to each sharpshooter species.. The detection of DNA from Curtobacterium spp. was positive in 89.6% of the
samples from O. facialis, 39.1% of D. costalimai and 70% of A. citrina.  In a similar analysis for Methylobacterium spp. the
numbers of positive PCR were 51.7% for O. facialis, 8.7% for D. costalimai and 20% of the A. citrina.  Another point found
in this work was the comparative phylogeny of isolates from both targeted groups with endophytic isolates obtained in
previous works.  The sequences UIA-12-R, UIA-13-R, UIA-14-R and ER1.6 are Curtobacterium flaccumfaciens and
AR1.6/11, SR1.6/2 and SR3/27 are Methylobacterium species isolated from citrus.  Sequences from DGGE bands were also
included in the clustering and it was possible to observe a clustering of some sharpshooter-associated bacteria with
endophytes for both bacterial groups; Curtobacterium spp. (Figure 2) and Methylobacterium spp (Figure 3).  Hence, besides
the partial grouping of vector bacteria and endophytes, clusters containing only bacteria from one source were found.  The
DGGE analysis showed variable fingerprinting according to the period when insects were collected.  The first separation was
observed for samples collected in June, with a further sub-branching for samples from May and March (Figure 4).  These
variations were based on changes in the abundance of bands and also in the intensity of similar bands found in distinct
samples..

CONCLUSIONS
The bacterial communities associated with vector insects and plants differ in abundance through the yearly season..
Endophytic bacteria could influence disease development by reducing the insect transmission efficiency due to competition
with pathogens in host plants and also in insect foreguts. In addition the bacterial communities in the foregut of insect
vectors of Xf changed with time, environmental conditions and in different insect species.  However, members of the genus
Curtobacterium were consistently detected in the sharpshooters foregut and are commonly isolated from the xylem of citrus
plants, and because of this, they may be candidates for biological control.  Since members of the genus Curtobacterium were
consistently detected in the insect vectors of Xf as demonstrated in the present study, they fulfill another requirement of
candidates for biological control of Xf, i.e. they can colonize both the insect vectors of Xf and citrus plants.
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Figure 1. Proportion of the ARDRA ribotypes I and II (cleavage made with endonuclease AluI),
related to Methylobacterium spp and, Curtobacterium spp. respectively.

Figure 2. Neighbor-joining clustering among
sharpshooters and plant associated bacteria
sequences with types strains of Curtobacterium
spp. A partial fragment of the 16SrRNA gen was
used for comparisons.

Figure 3. Neighbor-joining clustering among
sharpshooters and plant associated bacteria
sequences with types strains of Methylobacterium
spp. A partial fragment of the 16SrRNA gen was
used for comparisons.



- 216 -

40 50 60 70 80 90 100

similarity (%)

M
ar

ch
5t

h
M

ay
5t

h
Ju

ne
14

th

40 50 60 70 80 90 100

similarity (%)

40 50 60 70 80 90 100

similarity (%)

M
ar

ch
5t

h
M

ay
5t

h
Ju

ne
14

th

Figure 4. Clustering of DGGE fingerprinting generated by UPGMA based on the similarity
calculated by the Pearson correlation. Sharpshooters species are represented by dark gray bars (O.
facialis), light gray (A. citrina) and black bars (D. costalimai).
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ABSTRACT
A cell density-dependent gene expression system in Xylella. fastidiosa (Xf) mediated by a small signal molecule called
diffusible signal factor (DSF) which we have now characterized as 2-Z-tetradecenoic acid (hereafter called C14-cis) controls
the behavior of Xf. The accumulation of DSF attenuates the virulence of Xf by stimulating the expression of cell surface
adhesins such as HxfA, HxfB, Xada, and fimA (that make cells sticky and hence suppress its movement in the plant) while
down-regulating the production of secreted enzymes such as polygalacturonase and endogluconase which are required for
digestion of pits and thus for movement through the plant.  Artificially increasing DSF levels in plants in various ways
increases the resistance of these plants to Pierce’s disease (PD).  Disease control in the greenhouse can be conferred by
production of DSF in transgenic plants expressing the gene for the DSF synthase from Xf; such plants exhibit high levels of
disease resistance when used as scions and confer at least partial control of disease when used as rootstocks.  This project is
designed to test the robustness of disease control by pathogen confusion under field conditions where plants will be exposed
to realistic conditions in the field and especially under conditions of natural inoculation with insect vectors.  We are testing
two different lineages of DSF-producing plants both as own-rooted plants as well as rootstocks for susceptible grape varieties
in two field sites.  Plants were established in one field site on August 2, 2010.  Disease severity and population size of the
pathogen will be assessed in the plants as a means of determining their susceptibility to PD.

LAYPERSON SUMMARY
Xylella. fastidiosa coordinates its behavior in plants in a cell density-dependent fashion using a diffusible signal factor (DSF)
which acts to suppress its virulence in plants.  Artificially increasing DSF levels in grape by introducing the rpfF gene which
encodes a DSF synthase reduces disease severity in greenhouse trials.  We are testing two different lineages of DSF-
producing plants both as own-rooted plants as well as rootstocks for susceptible grape varieties.  Disease severity and
population size of the pathogen will be assessed in the plants as a means of determining their susceptibility to Pierce’s
disease.

INTRODUCTION
Our work has shown that Xylella fastidiosa (Xf) uses diffusible signal factor (DSF) perception as a key trigger to change its
behavior within plants.  Under most conditions DSF levels in plants are low since cells are found in relatively small clusters,
and hence cells do not express adhesins that would hinder their movement through the plant (but which are required for
vector acquisition) but actively express extracellular enzymes and retractile pili needed for movement through the plant.
Disease control can be conferred by elevating DSF levels in grape to “trick” the pathogen into transitioning into the non-
mobile form that is normally found only in highly colonized vessels.  While we have demonstrated the principles of disease
control by so-called “pathogen confusion” in the greenhouse, more work is needed to understand how well this will translate
into disease control under field conditions.  That is, the methods of inoculation of plants in the greenhouse may be considered
quite aggressive compared to the low levels of inoculum that might be delivered by insect vectors.  Likewise, plants in the
greenhouse have undetermined levels of stress that might contribute to Pierce’s disease (PD) symptoms compared to that in
the field.  Thus we need to test the relative susceptibility of DSF-producing plants in the field both under conditions where
they will be inoculated with the pathogen as well as received “natural” inoculation with infested sharpshooter vectors.  We
also have recently developed several new sensitive biosensors that enable us to measure Xf DSF both in culture and within
plants.  We could gain considerable insight into the process of disease control by assessing the levels of DSF produced by
transgenic rpfF-transformed grape under field conditions.

OBJECTIVES
1. Determine the susceptibility of DSF-producing grape as own-rooted plants as well as rootstocks for susceptible grape

varieties for Pierce’s disease.
2. Determine population size of the pathogen in DSF-producing plants under field conditions.
3. Determine the levels of DSF in transgenic rpfF-expressing grape under field conditions  as a means of determining their

susceptibility to Pierce’s disease.
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RESULTS AND DISCUSSION
Disease susceptibility of transgenic DSF-producing grape in field trials.
Field tests are being performed with two different genetic constructs of the rpfF gene in grape and assessed in two different
plant contexts.  The rpfF has been introduced into Freedom (a rootstock variety) in a way that does not cause it to be directed
to any subcellular location (non-targeted).  The rpfF gene has also been modified to harbor a 5’ sequence encoding the leader
peptide introduced into grape (Thompson seedless) as a translational fusion protein with a small peptide sequence from
RUBISCO that presumably causes this RpfF fusion gene product to be directed to the chloroplast where it presumably has
more access to the fatty acid substrates that are required for DSF synthesis (chloroplast-targeted).  These two transgenic grape
varieties are thus being tested as both own-rooted plants as well as rootstocks to which susceptible grape varieties will be
grafted.  The following treatments are thus being examined in field trials:

Treatment 1 Non-targeted RpfF Freedom
Treatment 2 Chloroplast-targeted RpfF Thompson
Treatment 3 Non-targeted RpfF Freedom as rootstock with normal Thompson scion
Treatment 4 Chloroplast-targeted RpfF Thompson as rootstock with normal Thompson scion
Treatment 5 Normal Freedom rootstock with normal Thompson scion
Treatment 6 Normal Thompson rootstock with normal Thompson scion
Treatment 7 Normal Freedom
Treatment 8 Normal Thompson

Treatments 5-8 serve as appropriate control to allow direct assessment of the effect of DSF expression on disease in own
rooted plants as well as to account for the effects of grafting per se on disease susceptibility of the scions grafted onto DSF-
producing rootstocks.

One field trial was established in Solano County on August 2, 2010.  Twelve plants of each treatment were established in
randomized complete block design.  Self-rooted plants were produced by rooting of cuttings (about 3 cm long) from mature
vines of plants grown in the greenhouse at UC Berkeley.  Cuttings were placed in a sand/perlite/peatmoss mixture and
subjected to frequent misting for about four weeks, after which point roots of about 10 appeared.  Plants were then be
transferred to one gallon pots and propagated to a height of about 1 m before transplanting into the field.  Grafted plants were
produced in a similar manner.  20 cm stem segments from a susceptible grape variety were grafted onto 20 cm segments of
an appropriate rootstock variety and the graft union wrapped with grafting tape.  The distal end of the rootstock variety
(harboring the grafted scion) was then be placed in rooting soil mix and rooted as described above.  After emergence of roots,
the grafted plant were then transplanted and grown to a size of about 1 m as above before transplanting into the field site.

The plants have all survived and are growing well (Figure 1).  The plants are too small to inoculate in the 2010 growing
season and hence will be inoculated in 2011 (no natural inoculum of Xf occurs in this plot area and so manual inoculation of
the vines with the pathogen will be performed.  Because researchers from both UC-Berkeley and UC-Davis will be
contributing treatment to each plot, and since the controls for some researchers will be the same, some control plants will be
shared between research groups.  All plants in Solano County will be inoculated by needle puncture through drops of Xf of
about 106 cells/ml as in previous studies.  Due to severe damage suffered by some plants in the greenhouse at UC Berkeley
due to pesticide applications, there were not sufficient plants available to initiate the trial at Riverside County: The plants
needed for this trial are being regenerated and will be ready for planting before the 2011 growing season.  The plants at the
Riverside County location will not be artificially inoculated, but instead will be subjected to natural infection from infested
sharpshooter vectors having access to Xf from surrounding infected grape vines. Disease symptoms will be measured bi
weekly starting at eight weeks after inoculation at the Solano County site, or about eight weeks after transplanting into the
field site at the Riverside County location.  Leaves exhibiting scorching symptoms characteristic of PD will be counted on
each occasion, and the number of infected leaves for each vine noted.  ANOVA will be employed to determine differences in
severity of disease (quantified as the number of infected leaves per vine) that are associated with treatment.
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Figure 1.  Overview of research plot in which DSF-producing plants are established (left).  Closeup
of transgenic Freedom vines in mid-September (right).

CONCLUSIONS
The transgenic plants have been successfully established in one of two field sites, with the second field site to be established
in late 2010.  The first disease assessments should be made in 2011.  Since substantial disease control has been observed in
these plants in the greenhouse, these tests should provide a direct assessment of the utility of such transgenic plants for
disease control in the field.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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ABSTRACT
The CDFA Pierce’s Disease (PD) and Glassy-winged Sharpshooter Board’s Research Scientific Advisory Panel review in
2007 and subsequent RFPs have given top priority to delivery of PD control candidates, including polygalacturonase-
inhibiting proteins (PGIPs), from grafted rootstocks.  Previously transformed ‘Thompson Seedless’ and ‘Chardonnay’
grapevines expressing a PGIP from pear fruit show reduced PD incidence when inoculated with Xylella fastidiosa (Xf).
These grapevines were propagated vegetatively for PD assessment in field trial locations in Solano and Riverside Counties.
Fifty-one transgenic and null-transformed control, own-rooted, grapevines were planted in Solano County on 7/6/2010.
Grafted plants, utilizing the pPGIP-expressing vines as rootstocks, are being generated to be planted in 2011.  PD resistance
and agronomic viability will be assessed in future seasons.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) utilizes a key enzyme, polygalacturonase (PG), to spread from one xylem vessel to the next, eventually
leading to the development of Pierce’s disease (PD) symptoms in infected vines. Plant proteins called PGIPs selectively
inhibit PGs from bacteria, fungi, and insets.  Our collective work has identified a PGIP from pear fruits as partially inhibiting
PD symptom development in grapevines expressing the pear PGIP.  These vines are being analyzed in two field trials to
measure their resistance to both mechanical Xf inoculations and to natural PD pressure in Solano and Riverside Counties,
respectively.  PGIPs have been shown to be graft transmissible so the transgenic grapevines will also be used as rootstocks to
measure how much resistance will be provided to scion tissues taken from grapevines without the transgenic PGIP.

INTRODUCTION
Pierce’s disease (PD) symptom development has been extensively linked to the spread of the causal bacterium, Xylella
fastidiosa (Xf), throughout the xylem network of infected grapevines.  Previous research has highlighted a plant cell wall
modifying enzyme of Xf, polygalacturonase (XfPG), as a PD virulence factor and therefore, a target of potential PD resistance
strategies (Roper et al., 2007). Xf uses cell wall modifying enzymes, such as XfPG, to degrade the pectin-rich pit membranes
separating adjoining xylem vessels, permitting the spread of the bacterium throughout the xylem tissue.  Plant PG-inhibiting
proteins (PGIPs) are selective inhibitors of bacterial, fungal, and insect PGs and have provided protection from pests
producing such PGs when upregulated in transgenic crop plants.  Agüero et al. (2005) generated ‘Chardonnay’ and
‘Thompson Seedless’ grapevines expressing a PGIP (pPGIP) from pear fruit.  These plants had reduced PD susceptibility and
it was shown that the pPGIP was active across a graft junction when the transgenic lines were used as rootstocks grafted to
wild-type scions.

The grapevines transformed with the pPGIP protein are part of a funded project to optimize the activity, expression, and
export of PGIP proteins from transgenic rootstocks to provide PD protection in wild-type scions: “Optimizing grape
rootstock production and export of inhibitors of Xf PG activity” (PI Labavitch).  These plants have previously only been
observed in greenhouse settings.  The goal of this project is to verify that the transgenic grapevines expressing pPGIP (1)
have increased resistance to PD and (2) maintain the appropriate agronomic traits necessary for commercial release.  This
will be examined in own-rooted plants and in grafted plants where the pPGIP grapevine is the rootstock.

This field trial proposal was funded jointly with proposals from D. Gilchrist, A. Dandekar and S. Lindow.  The plants from
these trials have been planted at the same locations and the APHIS-USDA authorizations have been handled by G. Paulino
through PIPRA.

OBJECTIVES
1. Scale up the number of grafted and own-rooted pPGIP expressing lines.
2. Plant and maintain grafted and own-rooted lines in two locations with different PD pressure.
3. Evaluate relevant agronomic traits of vines in two locations.
4. Determine PD incidence in pPGIP expressing grafted and own-rooted lines.  Test for Xf presence and, if present,

determine the extent of infection.
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Figure 1. Grapevine cuttings rooting in the EZ-Clone
aeroponic manifold.

RESULTS AND DISCUSSION
Objective 1: Generate enough grafted and own-rooted grapevines for the field trial
The pPGIP expressing ‘Chardonnay’ and ‘Thompson Seedless’ grapevines generated by Agüero et al. (2005) have been
maintained in the greenhouse.  Vegetative cuttings of non-lignified stem sections from transgenic and null-transformed plants
of both cultivars were rooted in an aeroponic cloning manifold (EZ-Clone Inc., Sacramento, CA).  Stem cuttings, three nodes
in length, were basally dipped in 1000 ppm IBA solution for five minutes and transferred to individual sites in the misting
chamber.  Apical regions received continuous light while basal nodes received constant misting in darkness until roots began
to form (Figure 1).  Rooted cuttings were transferred to soil and maintained in the greenhouse.  Grafting was attempted with
both green and semi-lignified stem segments for all possible graft combinations.  A modified wedge grafting technique was
used whereby scion sections of 1 to 2 nodes were stripped of foliage and cut into wedge.  These sections were fit into notched
rootstock stems regions of equal maturity.  The graft union was covered with Parafilm M, secured by a clothespin, and the
entire scion piece was covered loosely by a translucent bag to prevent desiccation.  Other green grafting techniques, such as
saddle grafting and chip budding, were attempted with the rooted cuttings.  So far, no technique has proven effective enough
to generate the required number of grafted plants for either field trial location.  More cuttings are being vegetatively
propagated for grafting during the winter.

Objective 2: Establish field trial sites
Two field trial sites were chosen to assess the PD resistance and general agronomic viability of own-rooted and grafted
pPGIP expressing grapevines.  The primary site in Solano County, CA has no natural PD pressure while the secondary site in
Riverside County, CA has high natural PD pressure.  The two locations will provide natural variation in climate and PD
pressure so that trait assessments will be relevant to much of California’s viticultural land.

Rooted cuttings of transgenic ‘Chardonnay’ and ‘Thompson Seedless’ grapevines were genotyped by PCR analysis for the
presence of the pPGIP transgene.  PCR primers were used to amplify the pPGIP gene from 0.5 mm leaf punches taken from
young leaves near the growing tip (Figure 2).  For this purpose, the Phire Plant Direct PCR Kit (Finnzymes Oy.) was used
without the need for manual DNA extraction prior to PCR analysis.  Grapevines with the proper gene expression were moved
to lathe house facilities five weeks before field planting for hardening off.  During this time, the vines were trained to one
major shoot and pruned biweekly to encourage vigorous growth.

Figure 2. Representative DNA analysis. The pPGIP coding sequence was
amplified from 12 cuttings taken from transgenic ‘Thompson Seedless’ (TS)
grapevines.  This band was absent in null-transformed control plants.
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The field sites are shared by projects testing other transgenic PD control grapevines from PIs: D. Gilchrist, A. Dandekar, and
S. Lindow.  The 1.66 acre field in Solano County, CA was planted July 6, 2010.  At this time, all own-rooted vines satisfying
PCR analysis were hand-planted in a randomized block design with blocks consisting of two or three individuals in the same
treatment (Table 1).  The grapevines were planted approximately 8 ft. apart and tied to wooden stakes.  After several weeks,
trellising wires were added at 40 in. and 52 in.  The vines grew vigorously throughout the summer, with most reaching at
least the lower trellising wire (Figure 3).  Flowers and fruit were not observed during year one.  PD incidence recordings will
begin in year two after mechanical inoculations with Xf. Newly generated grafted vines will be moved into the Solano
County field early in year two.

Table 1. Total number of grapevines planted in Solano County.  Dashed shapes
represent pPGIP expressing grapevine rootstocks and/or scions; solid shapes are
null-transformant controls (no pPGIP).  Vines will be mechanically inoculated
with Xf during year 2.
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aGrafted plants are currently being generated and will be planted in year 2

Figure 3. The Solano County field location 15 weeks after planting. A, Panoramic view of the
field, including PD control grapevines from other researchers. B-C, pPGIP-expressing
Thompson Seedless and Chardonnay grapevines showing vigorous vegetative growth.



- 223 -

CONCLUSIONS
Fifty-one own-rooted Chardonnay and Thompson Seedless grapevines, including those expressing pPGIP, were generated by
vegetative propagation, genotyped by PCR, and planted as part of a field trial in Solano County, CA.  Planned grafted vines
are being generated to be planted next year.  Mechanical Xf inoculations in Solano County and field plantings in Riverside
County will take place next year.
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ABSTRACT
The goal of this research is to identify xylem dwelling fungi that are antagonistic to Xylella fastidiosa (Xf) that could be
implemented as a preventive or curative treatment for Pierce’s disease. We hypothesize that some of the fungal endophytes
present in PD-escaped grapevines possess anti-Xf properties, likely due to the production of secondary metabolites.  We have
identified and sampled from vineyards located in Napa and Riverside Counties that are under high disease pressure and
identified both diseased and PD-escaped grapevines.  We isolated fungal endophytes living in the xylem sap and in one-year-
old canes and wood spurs of these vines.  We identified them by PCR and sequence analysis of the ribosomal DNA.
Aureobasidium and Cladosporium were predominant in both the xylem sap and wood tissue in all vineyards sampled.
Several other fungi had a low incidence and were found only in certain varieties.  Notably, three fungal strains have
inhibitory effects on Xf growth in vitro.  Furthermore, crude extracts of one of these antagonistic fungi showed similar
inhibitory effects.  In future work, we will test these strains and fungal products in planta.

LAYPERSON SUMMARY
Several management strategies for Pierce’s disease (PD) are currently being deployed but as of today, successful
management largely involves vector control through the use of insecticides.  Here we propose to test an alternative control
strategy to complement those currently in place or being developed.  Our goal is to identify fungi inhabiting grapevine that
are antagonistic to Xylella fastidiosa (Xf).  We hypothesized that in natural field settings grapevine escape PD because the
organisms residing in the vine do not allow the establishment of Xf. In 2009 and 2010, we have sampled from vineyards in
Napa and Riverside Counties that are under high disease pressure and identified fungi living in the sap, canes and spurs of
diseased and escaped grapevines.  We have selected three fungi that inhibit Xf growth in culture.  We also extracted
compounds secreted by these fungi and identified one fungus able to make natural products inhibitory to the bacterium.  In
the future our goals are to; 1) extend our sampling in order to screen more fungi with potential for Xf growth inhibition; 2)
pre-introduce the selected fungal candidates in PD inoculated grapevine cuttings to see if it results in prophylactic control; 3)
identify the chemical nature of the natural products produced by the fungi that are antagonistic to Xf and determine if we can
use them as a curative treatment on PD-infected grapevines.

INTRODUCTION
Current Pierce’s disease (PD) management strategies largely involve vector management through the use of insecticides
(Byrne and Toscano, 2009).  This has contained the spread of the disease (Jetter and Morse, 2009).  However, for sustained
control of PD, strategies that either target the bacterium or impart resistance to the plant host are required.  There are several
ongoing research avenues investigating the use of transgenic grapevines and rootstocks that show resistance to PD (Aguero et
al., 2005; Kirkpatrick, 2009; Lindow, 2009; Gilchrist and Lincoln, 2009).  There is also a traditional breeding approach
focused on introducing PD resistance into Vitis vinifera grapevines (Walker and Tenscher, 2009).  Integrated control
strategies are also being investigated in natural vineyard settings.  These include the use of natural parasitoids to the glassy-
winged sharpshooter (GWSS) (Cooksey, 2009) and inoculation of grapevine with mild Xylella fastidiosa (Xf) strains that may
provide cross protection prior to infection with a virulent three strain of Xf (Hopkins, 2009).  However, there are no effective
curative measures that can clear an infected grapevine of Xf besides severe pruning, assuming that the bacteria have not
colonized the trunk of the grapevine resulting in a chronic infection.

Notably, control of PD with fungi or fungal metabolites is a largely unexplored research area, although fungi are known to
produce an array of secondary compounds that have antimicrobial properties (Getha et al., 2009; Mathivanan et al., 2008).
Indeed, using fungi as biocontrol agents against plant disease is an active area of research.  Some examples include the use of
Trichoderma species to control avocado white root rot, the use of Penicillium oxalicum to control powdery mildew of
strawberries, and the use of fungal endophytes to control frosty pod of cacao (Cal et al. 2008; Mejia et al, 2008; Rosa and
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Herrera, 2009). In addition, bio-pesticides that are fungal spore-based are commercially available and registered on
grapevine in California.

This proposal focuses on identifying endophytic fungi in grapevine and evaluating their potential as biocontrol agents against
Xf. Our objectives are to characterize the microbiological diversity in grapevines that escaped PD in natural vineyard
settings, and compare this population to PD-infected grapevines with the goal of identifying fungi that are unique to PD-
escaped vines.  We hypothesize that some of these fungal endophytes possess anti-Xf properties, likely due to the production
of secondary metabolites.  Once identified, we will assess the ability of these endophytes and their natural products (ie.
secondary metabolites) for inhibitory activity against Xf in vitro.  Finally we will determine in greenhouse tests if 1)
endophytic fungi have potential use as prophylactic bio-control agents for control by inoculating grapevine cuttings with
endophytic, Xf-antagonistic fungi has a prophylactic effect against PD; and 2) if injection of fungal natural products have
curative properties in PD-infected grapevines cuttings.  If successful, we envision that these control strategies can be
implemented at the nursery level (for endophytes) or directly in the field (for natural products).

OBJECTIVES
1. Identify fungal endophytes that are present in xylem sap and xylem tissues of PD-escaped grapevines but not in PD-

symptomatic grapevines.
2. Evaluate the antagonistic properties of the fungal candidates to Xf in vitro and conduct a preliminary characterization of

the chemical nature of the inhibitory compound(s).
3. Evaluate biological control activity of the fungal candidates in planta.

RESULTS AND DISCUSSION
Field Sampling and identification of fungi. In August 2009, we sampled one-year-old canes from grapevines varieties
Chardonnay and Cabernet Sauvignon at the research farm on the UC Riverside campus.  Although apparently healthy, these
grapevines were submitted to the constant disease pressure present in Riverside County, especially given that this vineyard
was next to the UCR Citrus Germplasm Depository that supports a large population of the GWSS. Canes were pressure-
bombed and 100µl of the sap was plated on general fungal medium, Potato Dextrose Agar (PDA), amended with tetracycline
to inhibit bacterial growth.  After two weeks of growth at room temperature, the fungi growing were transferred to fresh PDA
medium in order to obtain pure cultures.  Fungal DNA was extracted from these pure cultures with a Qiagen DNA extraction
kit.  Following this, the ribosomal DNA was PCR-amplified (600 base pairs) and sequenced (forward and reverse).  Fungal
taxa were identified after comparing the r-DNA sequence to homologous sequences posted in the GenBank database.  We
identified five taxa from the sap of these vines, namely Aureobasidium, Cladosporium, Cryptococcus, Cochliobolus and
Chaetomium.

In August 2010, we sampled from four varieties in two vineyards in Napa County and one vineyard in Riverside. Grapevine
varieties included Chardonnay, Merlot, Riesling and Cabernet Sauvignon.  We collected one-year-old canes including the
wood spur from blocks that had both diseased and PD-escaped grapevines (Figure 1). Samples were brought back to the lab
and canes were pressure-bombed to extract the xylem sap. Following extraction, 100µl of the xylem sap was plated on
general fungal medium, Potato Dextrose Agar (PDA), amended with tetracycline to inhibit bacterial growth.  In addition,
wood chips were excised from the one-year-old cane and spur and were also plated on PDA-tetracycline medium. Fungi were
cultured and identified as described above.  The list of endophytic fungi present in escaped and diseased grapevines is
presented in Table 1. Cladosporium and Aureobasidium were present in all grapevine varieties and were also found in the
xylem sap.  Other fungi listed were only found in one grapevine variety of the four sampled and primarily from one-year-old
canes and spurs.  Additional gene sequencing and morphological identification is currently being conducted to determine the
species name of the fungal taxa isolated from the escaped and PD-diseased grapevines.

In vitro inhibition assays. Culturable fungal candidates were evaluated in an in vitro inhibition assay for antagonism against
Xf. In brief, Xf liquid cultures were adjusted to OD600nm=0.1 (approx. 107 CFU/ml). 300 µl of the Xf cell suspension was
added to 3 ml of PD3 medium containing 0.8% agar and briefly vortexed.  This mixture was overlayed onto a petri plate
containing PD3 medium.  A #4 size cork borer was flame sterilized and used to cut out a circle of agar containing fungal
mycelium from a petri plate containing a fungal culture.  This circle was placed onto the plates previously inoculated with Xf.
Plates were incubated at 28ºC for 10 days and then observed for an inhibition zone around the fungal colony.  Measurements
were taken of the inhibition zone and recorded (Figure 2).  Fungal species with inhibition zones were considered inhibitory
to Xf. To date, we have identified three fungal taxa that are antagonistic to Xf in vitro.  We are currently testing the other
fungi for inhibition of Xf using this assay.
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PD- Escaped grapevine

Table 1: Identification and percent recovery of fungal taxa from PD-escaped and
PD-infected grapevines. Results are based on sampling from three vineyards in
Napa and Riverside County, and include four grapevine varieties (Merlot, Cabernet
Sauvignon, Chardonnay, Riesling). Fungi were isolated from xylem sap and one-
year-old cane and spur wood.

Escaped Grapevine (n=11) Diseased Grapevine (n=11)

Fungal Taxa % Recovery Fungal Taxa % Recovery

Fusarium 18
Ulocladium 27
Pezizomycete 9
Didymella 9
Unknown taxon 4 9

Cladosporium 82 Cladosporium 63
Aureobasidium 82 Aureobasidium 91
Alternaria 27 Alternaria 27
Cryptococus 9 Cryptococus 18
Geomyces 9 Geomyces 9
Penicillium 9 Penicillium 9
Ustilago 18
Drechslera 9
Discostroma 9
Unknown taxa 1 9
Unknown taxa 2 9
Unknown taxa 3 9

Figure 1. PD‐escaped‐ and diseased grapevines in a Riesling block in Napa County.
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Isolation of fungal natural products inhibitory to Xf. Crude extracts of the three  inhibitory fungi were prepared as
follows. Agar plugs of 0.5 cm diameter of each fungus were used to inoculate 250 mL liquid media, and the fungi cultivated
at room temperature with shaking.  After seven days, each culture was extracted with three portions of 125 mL ethyl acetate,
the extracts dried over sodium sulfate, and the solvent removed in vacuo.

In vitro inhibition assay using crude natural product extracts. Xf cultures were prepared as described above.  Crude
extracts from the three different inhibitory fungi were re-suspended in sterile ethyl acetate to a concentration of 2 mg/ml.
Volumes corresponding to a total extract mass of 1 mg, 0.1mg, and 0.01mg were pipetted onto sterile paper discs and allowed
to dry in a laminar flow hood.  Once dry, the paper discs containing the crude extracts were placed onto the Xf cultures and
incubated at 28ºC for seven days.  Following this, plates were observed for a halo of inhibition around the paper disc.  To
date, we have identified one fungal taxon producing natural compounds that are antagonistic to Xf in vitro (Figure 3).

A B

C D

Figure 3: In vitro inhibition assay for natural fungal products. Crude fungal
natural product extracts were re-suspended in ethyl acetate and pipetted onto
paper disc to yield a range of extract masses. Solid PD3 medium was inoculated
with Xf and overlayed with the paper discs. A (Xf only) and B (ethyl acetate
only) show no halo of inhibition, whereas, C (0.1 mg crude extract) and D (1 mg
crude extract) show a halo of inhibition that increases as the concentration of
crude extract increases.

Figure 2: In vitro inhibition assay. Two fungal taxa were co-cultured
with Xf on PD3 medium. Results show a halo of inhibition around the
fungal growth (A) indicated by the blue circle and total inhibition of
Xf growth (B) in comparison to the control (Figure.3A).
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CONCLUSIONS
The goal of this research is to identify fungal strains or natural fungal products that have an antagonistic effect towards Xf.
Thus far, we have isolated three promising fungal candidates that inhibit Xf in vitro.  In addition, one of these fungi is
producing measurable amounts of a secreted natural product that is inhibitory to Xf. We are currently characterizing and
testing the other fungi that we have isolated from PD-escaped vines as well as the natural product extracts produced by these
fungi.  In future work, we will inoculate these fungal strains into grapevine cuttings to evaluate their efficacy as a
prophylactic control treatment for PD that would limit the establishment of the bacterium in grapevines in natural vineyard
settings.  Additionally, we are further characterizing the natural products by anti-Xf fungi and will evaluate their efficacy as
an application product that may have curative effects for grapevines already infected with PD.
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ABSTRACT
Xylella fastidiosa (Xf) is a gram-negative, xylem-limited plant pathogenic bacterium and the causal agent of Pierce’s disease
(PD) of grapevine  (Wells et al., 1981). Xf is closely related to Xanthomonas oryzae pv. oryzae (Zoo).  Recent findings
indicate that the sulfated Type 1 secreted protein Ax21 is required for density-dependent gene expression and consequentially
pathogenicity of Xoo. Two two-component regulatory systems (TCSs) are required for Ax21 mediated immunity.  Orthologs
for both of the TCSs and Ax21 have been found in Xf. In this study, we will investigate the role of Ax21 and the two TCSs
that regulate Ax21 in Xf.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) is a plant pathogenic bacterium and the causal agent of disease in a variety of economically important
crops, including PD of grapevine. Xf causes disease by colonizing the xylem vessels, blocking the flow of water in the
grapevine.  In many plant pathogenic bacterium’s, biofilm formation plays a key role in virulence.  A biofilm is a population
of microorganisms attached to a solid or liquid interface.  The production of biofilm is regulated by quorum sensing system,
in which bacteria communicate with one another via small molecular weight compounds.  In Xanthomonas oryzae pv. oryzae
(Xoo), a bacterial species related to Xf, it has been shown that Ax21, a sulfated peptide, is a quorum sensing compounds that
is required for biofilm formation and virulence.  Furthermore, two two-component regulatory systems (TCSs) have been
identified that are required for Ax21 activity in Xoo.  In this research, we will investigate the biological function of Ax21 and
the two TCSs orthologs that were identified in the Xf genome.

INTRODUCTION
Xylella fastidiosa (Xf) is a gram-negative, xylem-limited plant pathogenic bacterium and the causal agent of Pierce’s disease
(PD) of grapevine (Wells et al., 1981). Xf is found embedded in the plant matrix in clumps, which leads to the xylem vessel
blockage.  The formation of biofilms allows for bacteria to inhabit an area different from the surrounding environment,
potentially protecting itself from a hostile environment.  Furthermore, biofilm formation is an important factor in the
virulence of bacterial pathogens.  Biofilm formation is a result of density-dependent gene expression (Morris and Monier,
2003).  Density-dependent biofilm formation is triggered by the process of quorum sensing (QS).  In QS, bacteria are able to
communicate with each other via small signal compounds, generically called “auto-inducers” and the specific case of
Xanthomonas and Xf the molecules are referred to as diffusible signal factors (DSF).  The auto-inducer is a means by which
bacteria recognize population size, and mediate the expression of specific genes when bacterial populations reach a threshold
concentration. (Fuqua and Winans, 1994; Fuqua et al., 1996).

In Xanthomonas oryzae pv. oryzae (Xoo), Ax21 is a sulfated, Type 1 secreted protein that is a quorum sensing compound.
Ax21 was recently shown to be a requirement for induction of density-dependent gene expression, including biofilm
formation (Lee et al., 2006; Lee et al., 2009).  In Xoo, two two-component regulatory systems (TCSs) required for Ax21-
mediated activity have been found and orthologs of the TCSs and Ax21 were identified in the Xf genome (Simpson et al.,
2000).  In order for an active Ax21 gene product to be produced, two TCSs are required: RaxR/H and PhoP/Q (Burdman et
al., 2004; Lee et al., 2008).  The goal of this research is to investigate the role of Ax21 and the associated two component
regulatory genes in Xf.

OBJECTIVES
1. Determine the functional role of the Ax21 homolog in Xf.
2. Determine the functional role of the PhoP/PhoQ two-component regulatory system in Xf.
3. Identify GacA-regulated genes in Xoo through microarray analysis and compare with Xf GacA-regulated genes.
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RESULTS AND DISCUSSION
In the few months that we have worked on this project we made deletion knockout strains of Ax21, PhoP and PhoQ in Xf.
For the Ax21 knockout strain, we conducted a variety of assays including pathogenicity on grapevines, biofilm formation,
cell-cell aggregation and growth rate.  Unfortunately, the grapevine pathogenicity assay did not give us any meaningful data
this year because the plants in the greenhouse inoculated with both the wild-type Xf and XfΔax21 exhibited foliar symptoms
unrelated to PD.  We will repeat these pathogenicity assays again next year.  We will also inoculate grapevines with XfΔPhoP
and XfΔPhoQ mutants.

Xf has an ortholog of ax21 gene (Lee, et al. 2009).  To test if Xf has Ax21 activity, we carried out Ax21 activity assay with a
previous described method (Lee, et al., 2006).  Rice leaves from TP309, susceptible to Xoo PXO99, and TP309-XA21,
resistant to PXO99, were cut at the tip and pretreated with supernatants from wild type (Xf) and Ax21 knockout (Xf∆ax21) of
Xf. Supernatants from Xoo PXO99 and PXO99∆ax21 were used as positive and negative control, respectively.  Five hours
later the pretreated leaves were inoculated with the raxST knockout strain (PXO99∆raxST), which lacks Ax21 activity. Ax21
activity was evaluated by measuring lesion lengths three weeks after inoculation.  If Xf had Ax21 activity, leaves of TP309-
XA21 pretreated by supernatants from Xf would show resistance to PXO99∆raxST strain, but not leaves pretreated by
supernatants from XfΔax21.  However, both leaves pretreated by supernatants from Xf and XfΔax21 were susceptible to
PXO99∆raxST.  It means Xf does not possess Ax21 activity, indicating it is unable to trigger XA21-mediated immunity in
our rice plant bioassay (Figure 1).  A lack of secretion and/or sulfation system in Xf may be the cause of the lack of Ax21
activity because Xf does not have orthologs of raxA, which is required for secretion of Ax21, and raxST, which is required for
sulfation on Ax21.  Further research will be conducted to better understand the role of Ax21 in Xf pathogenicity and cell-cell
communication.

Figure 1: Lesion length on 6 week old TP309, susceptible to Xoo PXO99 strain, and TP309-XA21,
resistant to PXO99 rice plants inoculated with PXO99∆raxST strain five hours after pretreatments of
supernatants. PXO99 and Xf indicate wild type of Xoo and Xf strains, respectively. PXO99∆ax21 and
XfΔax21 indicates ax21 deletion mutants of Xoo and XF, respectively. -1 represents supernatants from 8
days incubation culture, -2 represents supernatants from 11 days incubation culture. Each value
represents the mean +/- SD.

Based on cell growth, cell-cell aggregation and biofilm production assays, we found some differences between the wild-type
Xf and XfΔax21.  Based on preliminary cell growth results, it appears that the XfΔax21 mutant grows to a lower population
density than wild type Xf , although it does grow at a similar rate to the wild-type (Figure 2).  Biofilm production of XfΔax21
is slightly higher than the wild-type (Figure 3) when grown statically and measured by the crystal violet method.  However,
when the mutant and wild type strains were grown in a flask on a shaker, visual inspection showed there was considerably
less biofilm formed by the mutant than the wild type strain.  This observation needs to be repeated and the amount of biofilm
produced will be quantified by the crystal violet method.

Based on the cell-cell aggregation assay, XfΔax21 form less aggregated cells than wild type (Figure 4).
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Figure 2. Bacterial growth of wild type Xf fetzer, XfΔax21-A, and XfΔax21-B. . Values shown are the means of 5 samples
+/- error.

Figure 3. Comparison of biofilm formation in wild-type Xf fetzer, XfΔax21-A, and XfΔax21-B in stationary cultures as
determined by the crystal violet staining method. Values shown are the means of 10 samples +/- error.

Figure 4. Comparison of percent aggregated cells in wild-type Xf fetzer, XfΔax21-A, and XfΔax21-B. Percentage of
aggregated cells was determined as described by Guilhabert and Kirkpatrick, 2005.  Values shown are the means of 10
samples +/- error.
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CONCLUSIONS
We have made good initial progress on determining the functional role of Ax21 in Xf, although further comparison of wild-
type Xf and XfΔax21 needs to be done.  We have also begun work on objective 2.  We are in the process of looking at the
differences in cell growth, biofilm formation and cell-cell aggregation of XfΔPhoP and XfΔPhoQ. We anticipate the
combined data from objectives one and two will allow us to better understand the effects of Xa21 and the TCSs the mediate
Ax21 activity in Xf. Next spring, pathogenicity assays on grapevines will allow us to assess the effects of both Ax21 and the
PhoP/Q TCS on the virulence of Xf. We will begin work on objective 3 in the coming year.
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ABSTRACT
Pierce’s disease (PD) management in southern California vineyards hinges on chemical control of populations of the vector,
the invasive glassy-winged sharpshooter (GWSS) residing in citrus.  Growers also frequently apply systemic insecticides in
vineyards, but the efficacy of these treatments for disease management is not known.  We are conducting a series of surveys
in treated and untreated vineyards in Temecula Valley to determine the relative economic value of within-vineyard chemical
control for PD management.  Thus far the results from preliminary surveys suggest that although PD prevalence varies
greatly among vineyards, those that were regularly treated with systemic insecticide tend to have lower prevalence than fields
that were intermittently treated or untreated.  These surveys will be continued over the next few years to evaluate the relative
importance of vector pressure and chemical control for disease spread.  Ultimately, survey data will be used to quantify rates
of secondary spread and the spatial distribution of Xylella fastidiosa strains, which is needed for drawing inferences regarding
GWSS movement and pathogen sources.

LAYPERSON SUMMARY
One of the main tools for dealing with the glassy-winged sharpshooter (GWSS) in southern California and the southern San
Joaquin vineyards is the application of insecticides.  Systemic insecticides (imidacloprid) are regularly applied to citrus,
which is a preferred plant type for GWSS, to reduce insect abundance before they move into vineyards.  These treatment
programs have been successful, reducing GWSS populations to a fraction of what they once were.  Grape growers frequently
use systemic insecticides in vineyards as well to reduce further the threat of GWSS spreading Pierce’s disease among vines.
However, no measurements have been made about whether these costly insecticide treatments are effective at curbing disease
spread.  We are conducting a series of disease surveys in Temecula Valley to understand whether chemical control of GWSS
in vineyards is justified.  Results from preliminary surveys indicate that the frequency of disease in vineyards varies greatly,
but generally fields that are treated regularly tend to have less diseased vines than those that are not treated.  We will continue
these disease surveys over the next few years to more fully evaluate this question.

INTRODUCTION
Chemical control of insect vectors plays a crucial role in many disease mitigation programs.  This is true not only for the
management of mosquito-borne diseases of humans, such as malaria and dengue fever, but also for limiting disease
epidemics in a wide range of agricultural crops.  In southern California vineyards chemical control at both the area-wide and
local scales may affect the severity of Pierce’s disease (PD), by reducing the density or activity of the primary vector, the
glassy-winged sharpshooter (GWSS; Homalodisca vitripennis; Castle et al. 2005).

The bacterial pathogen Xylella fastidiosa (Xf) is endemic to the Americas, and is widespread throughout the western and
southeastern U.S.  This xylem-limited bacterium is pathogenic to a wide variety of plants, including several important crop,
native, ornamental, and weedy species (Purcell 1997).  In the Western U.S. the most economically significant host is
grapevine, in which Xf causes PD.  Multiplication of the bacterium in vines plugs xylem vessels, which precipitates leaf
scorch symptoms and typically kills susceptible vines within a few years (Purcell 1997).

Xf can be spread by several species of xylem sap-feeding insects, the most important being the sharpshooter leafhoppers
(Severin 1949).  Historically PD prevalence has been moderate, with a pattern that is consistent with primary spread into
vineyards from adjacent riparian habitats by the native blue-green sharpshooter (Graphocephala atropunctata). However,
beginning in the late 1990s severe outbreaks occurred in southern California and the southern San Joaquin Valley that are
attributable to the recent establishment of the GWSS.  This invasive sharpshooter is not inherently more efficient at
transmitting the pathogen than are native sharpshooters (Almeida and Purcell 2003). Instead its threat as a vector appears to
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stem from a combination of ability to achieve extremely high densities (Blua et al. 1999) and promote vine-to-vine (i.e.
secondary) disease spread (Almeida et al. 2005).

Citrus trees themselves are not susceptible to the strains of Xf found in the U.S. (though strains found in Brazil have caused
significant economic losses to their citrus industry – Purcell 1997).  None-the-less citrus plantings figure prominently in the
epidemiology of Xylella diseases in California.  Many portions of southern California and the southern San Joaquin Valley
have vineyards in close proximity to citrus groves (Sisterson et al. 2008).  This is important because citrus is a preferred
habitat for the GWSS at key times of the year, allowing this vector to achieve very high densities (Blua et al. 2001). High
vector populations then disperse seasonally out of citrus into nearby vineyards, resulting in clear gradients of PD prevalence
(i.e. proportion of infected plants) as a function of proximity to citrus (Perring et al. 2001).

Given the importance of citrus in PD epidemiology, citrus groves have been the focus of area-wide chemical control
programs, initiated in the Temecula and Coachella Valleys in the early 2000s and shortly afterward in Kern and Tulare
Counties (Sisterson et al. 2008).  The southern California programs use targeted application of systemic insecticides, such as
imidacloprid, to limit GWSS populations residing within citrus.  Census data in citrus show substantial year to year variation
in GWSS abundance that may stem from incomplete application, the use of less effect organically-derived insecticides, or
inadequate irrigation to facilitate uptake - which makes the consistent management of sharpshooter populations a challenge
(Toscano and Gispert 2009).  None-the-less trap counts have been, overall, much reduced compared to pre-area-wide counts.
The effect of chemical control can be seen clearly in early insect surveys which found significantly fewer GWSS in treated
relative to untreated citrus and in vineyards bordering treated versus untreated groves (R. Redak and N. Toscano, unpublished
data).  Thus, these area-wide control programs have been considered successful in southern California (Toscano and Gispert
2009), and the swift implementation of an area-wide management program in Kern County has been credited with limiting
the severity of PD outbreaks (Sisterson et al. 2008).

Research into imidacloprid uptake by grape also has been initiated, and target concentrations high enough to suppress GWSS
activity (approx. 10 μg/L of xylem sap) can be achieved and will endure for several weeks in mature vines (Byrne and
Toscano 2006).  This information coupled with the success of area-wide programs in citrus appears to have led to relatively
widespread adoption by grape growers of imidacloprid application in vineyards to reduce further exposure to Xf. In
Temecula Valley, for example, it is estimated that 70% of vineyards use imidacloprid, at an approximate cost of $150-200
per acre (N. Toscano, personal communication).  Yet consistent treatment of vineyards with systemic insecticides is neither
universal, nor have there been any measures of how effective these costly treatments are at reducing PD incidence.

We are studying the epidemiological significance of chemical control in vineyards, via a multi-year series of field surveys in
Temecula Valley.  This work will address gaps in empirically-derived observations regarding the cascading effects of
vineyard imidacloprid applications on GWSS abundance and, ultimately, PD severity.

OBJECTIVES
The overall goal of this project is to understand does within-vineyard sharpshooter chemical control reduce vector
pressure and PD spread?

This project was initiated this summer. We are currently in the middle of the first of three seasons of Fall disease surveys.
Over the next two additional seasons we will continue these surveys and collect additional data on vector abundance,
imidacloprid concentrations, and Xf genotype distribution.

RESULTS AND DISCUSSION
In the Fall of 2009 we conducted a pilot survey of some Temecula vineyards.  These surveys relied on visual PD symptoms
for five pairs of regularly treated and untreated vineyards, plus a 6th unpaired treated vineyard.  Disease prevalence varied
greatly among fields, ranging from 0 to 22%, with lower overall prevalence in treated compared to untreated fields
(Figure 1).  For all five pairs, the untreated field had equal or higher (by up to 20%) prevalence, with four of the six treated
fields having no apparent infected vines.

This summer we interviewed several vineyard owners and vineyard managers in the Temecula region to identify vineyards
with a range of imidacloprid treatment histories.  Of the 88 distinct properties for which we acquired information 66 were
treated regularly with imidacloprid, 14 were treated intermittently, and eight properties were not treated with imidacloprid for
at least the last four years.  These treatment histories will be verified this Fall and next Spring by sampling plant tissue and
quantifying imidacloprid concentration.  In September we began the first of three years of disease surveys in a collection of
these Temecula vineyards.  For each vineyard we noted the proportion of vines showing PD symptoms and we collected plant
tissue samples which are being cultured, to verify infection in putatively symptomatic vines, and ELISA, to estimate latent
(i.e. non-symptomatic) infections.  Thus far, we have results of just the visual symptoms from 14 vineyards. The results from
these preliminary data support the pilot study.  Although PD prevalence varies greatly among vineyards, those that were
treated consistently with systemic insecticide tend to have lower prevalence than fields that were intermittently treated or
were untreated (Figure 2).



- 237 -

CONCLUSIONS
Results so far suggest that within-vineyard sharpshooter chemical control may be effective at reducing disease pressure.
However these results should be viewed as preliminary.  More complete surveys are needed to estimate the effect of chemical
control on vector abundance in vineyards and year-to-year increases in disease (i.e. incidence).
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Figure 1. Proportion of plants displaying Pierce’s
disease symptoms in pairs of imidacloprid treated or
untreated vineyards. Observations from Temecula
Valley pilot surveys, Fall 2009. Lines connect
untreated vineyards with a treated neighboring
vineyard. Some data points for the Treated fields
overlap (n=6).

Figure 2. Proportion of plants with Pierce’s
disease symptoms in fields categorized as being
regularly treated with imidacloprid, a mixed
treatment history, or never been treated with
imidacloprid. Observations from preliminary
2010 surveys in Temecula Valley. Some points
overlap (n=7, 4, 3 for Untreated, Mixed and
Treated respectively).
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ABSTRACT
Symptom development of grapevine Pierce’s disease (PD) is determined largely by the extent to which the bacterial pathogen
Xylella fastidiosa (Xf) spreads in infected vines via their water-conducting system.  Thin primary cell wall regions called pit
membranes (PMs) separating the adjacent vessels of the water-conducting system are the barriers to the systemic spread that
Xf must clear by using its cell wall degrading enzymes (CWDEs). Therefore, the presence/absence of the CWDEs’ target
polysaccharides in the intervessel PMs may determine the movement of Xf in the water-conducting system, contributing to
PD susceptibility/resistance of the host grapevine.  This report introduces our recent development of a new method for
detecting the presence, relative concentration and distribution of potential target polysaccharides of Xf’s CWDEs in grapevine
PMs.  This method combines scanning electron microscopy and immunohistochemical techniques and is effective in
visualizing some polysaccharides in intervessel and vessel-parenchyma PMs.  Compared with the technique we developed
previously, this method provides a way to visualize PM structure at a much higher resolution while revealing the PM's
polysaccharide composition.  Our technique has the potential to identify cell wall polysaccharides exposed at the PM surface
and changes in the PM polysaccharide components and quantities that occur during the degradation of intervessel PMs.  This
should provide some essential information for a better understanding of the PD resistance mechanisms of grapevines.

LAYPERSON SUMMARY
Understanding of grapevine Pierce’s disease (PD) resistance/susceptibility mechanisms is essential to development of new
PD-resistant grapevine germplasm to be deployed in vineyards.  Our study focused on the structural factors of grapevines
which limit the systemic spread of Xylella fastidiosa (Xf) and thus contribute to the PD resistance of grapevines.  This report
deals with the cell wall structural barrier to the bacterial spread, the so-called pit membrane (PM), describes a new method to
detect the PM’s polysaccharide compositions in situ,  and reveals the spatial distributions and quantities of a group of
polysaccharides which might affect Xf systemic spread.  The further development of this method should contribute to a
comprehensive understanding of the PD resistance of grapevines and help identify PD-resistant grapevine germplasm
obtained through genetic improvement programs.

INTRODUCTION
As a vascular disease, Pierce’s disease (PD) is causing a severe threat to the wine industry in the United States and some
other countries.  The causal pathogen is the xylem-limited bacterium, Xylella fastidiosa (Xf), which is introduced to the vessel
system of a grapevine by xylem sap-feeding insect vectors and spreads, multiplies and establishes its population only via the
vessel systems of an infected vine (Purcell and Hopkins, 1996).  It is clear that PD symptom development depends largely on
whether the systemic spread of the initially introduced Xf throughout the vine can occur (Krivanek and Walker, 2005;
Labavitch, 2007; Lin, 2005; Lindow, 2006a, b, 2007a, b; Rost and Matthews, 2007). Xf cells are initially introduced by an
insect vector to few vessels and must carry out successive movement across vessels for the bacterial population to become
systemic in the grapevine.  The neighboring vessels are separated from one another by lignified cell walls; however, pits
provide a possible communication pathway through the lignified cell walls because the only barrier presented by a pit is the
thin primary wall regions called pit membranes(PMs) which contain the primary cell walls of the two adjacent vessels and a
middle lamella (Esau, 1977).  While the mesh of wall polysaccharides in a PM does not impede the passage of water, its
pores are too small for Xf cells to pass through (Labavitch et al., 2004).  Thus, it has been proposed that Xf cells secrete cell
wall-degrading enzymes (CWDEs) to remove some wall polysaccharides, thus enlarging the PM porosity to permit systemic
spread of Xf.

Xf’s genome contains genes whose sequences suggest that they encode two types of CWDEs: polygalacturonase (PG) and
endo-1,4-β-glucanase (EGase) (Simpson et al., 2000)  and heterologous expression of the putative Xf PG and EGase genes
(Agüero et al., 2005; Labavitch et al., 2006; Roper et al., 2007; Pérez-Donoso et al., 2010) produces proteins capable of
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digesting homogalacturonan pectin and xyloglucan, respectively, polysaccharides that are often found in dicot cell walls
(Carpita and Gibeaut, 1993). Furthermore, the introduction of PG and EGase to explanted grapevine stems causes breaks in
the PM polysaccharide network and permits Xf cells to pass through intervessel PMs (Pérez-Donoso et al., 2010). These
studies also demonstrate the presence of these potential polysaccharide targets of the bacterial CWDEs in grapevine
intervessel PMs.

In our previous studies, we developed a technique which combines immunohistochemistry and confocal laser scanning
microscopy (CLSM) to detect polysaccharide compositions of PMs (Labavitch and Sun, 2008).  By comparing several
candidate pectic and hemicellulosic polysaccharides among grape genotypes with different PD resistance, we have identified
in grapevine PMs the kinds of polysaccharides which are the potential substrates of Xf’s PG and EGase (Labavitch and Sun,
2008, 2009).  Our previous investigation on intervessel PM integrity in infected PD-susceptible grape genotypes has also
clarified the process of PM degradation (Labavitch and Sun, 2009).  The CLSM combined with the immunohistochemical
method is excellent in identifying the PM cell wall compositions without obvious tissue damage and artifacts, but it poses
some limitations in resolution when detailed structure and structural changes of intervessel PMs must be investigated.  In this
report, we describe our recent exploration of combining of the immunohistochemical method and scanning electron
microscopy (SEM) to investigate PM polysaccharides.  This technique provides a substantial resolution improvement suitable
for the investigation of delicate structures and structural changes while it is still useful in identifying polysaccharide
compositions.  We expect this new technique can reveal PM polysaccharide compositions and dynamic changes in PMs
during the process of intervessel PM degradation simultaneously.  This combination of benefits may provide an efficient
approach to evaluate the PD resistance/susceptibility of grapevine germplasm.

OBJECTIVES (Note: Only Objectives 1 and 2 in the proposal were approved for funding.)
1. Determine if the development of xylem obstructions (tyloses and pectin-rich gels) and the polysaccharide structure and

integrity of PMs are affected by Xf inoculation of grapevines transformed to express the PGIP from pear and other plant
species in rootstocks and in scions.

2. Determine whether there are differences in PM porosity or polysaccharide structure between resistant and susceptible
grapevines.  To what extent are these PM characteristics and the production of tyloses and gels modified by introduction
of Xf to PD-resistant and -susceptible genotypes?

3. Determine the extent to which changes in pathogen virulence resulting from altered production of diffusible signal factor
(DSF) correlate with the appearance of tyloses, gels and damaged PMs in inoculated vines.

4. Determine whether the impacts of inoculation on PM integrity and the production of vascular system occlusions
identified in tested greenhouse-cultured vines also occur in infected vines growing in the field.

RESULTS AND DISCUSSION
Xf-infected vines of Vitis vinifera var. Chardonnay were used in this investigation.  Each grapevine was grown in a
greenhouse from a grafted root stock and two robust buds from each scion were left at the base, subsequently leading to the
development of two shoots.  At week four, vines were inoculated with Xf at the 6th internode from the base of one shoot for
each vine.  The two shoots of each vine were maintained with 20-25 internodes by pruning the tops off.

Samples were collected from all the internodes of each vine at week 12 after inoculation and were fixed in 4%
paraformaldehyde.  Internode samples were then trimmed into thin xylem segments exposing the transverse, radial and
tangential surfaces.  After being washed in PIPES buffer and in 3% MP (milk powder)/phosphate-buffered saline (PBS),
some segments were used for control and the others for treatment.  For treatment, xylem segments were incubated first with
JIM5 (a rat monoclonal antibody recognizing weakly methyl-esterified homogalacturonans—Me-HGs) diluted in 3%
MP/PBS and then with anti-rat IgG antibody conjugated with colloidal gold particles of 10 nm.  After removing the excess
antibody with PBS and distilled water washes, the samples were treated with a silver enhancement kit in a darkroom.  This
process causes silver particles to associate the gold particles, increasing the sizes of the silver-enhanced gold particles so that
they are visible under SEM.  Then, the samples were dehydrated via an ethanol series, critical point dried, and coated with
Au-Pt. The coated samples were observed and photographed with a scanning electron microscope at 3.0kV under the modes
of secondary electron and backscatter electron, respectively.  As an experimental control, samples were processed in the same
way except that they were incubated with 3% MP/PBS instead of JIM 5.

Our data indicate that the technique described above will detect the presence and distribution of weakly Me-HGs recognized
by JIM5 in the vessel PMs (Figures 1-3).  Silver-enhanced particles were observable under the secondary electron and
backscatter electron modes (Figures 1-3).  In experimental controls (samples not incubated with JIM5), silver-enhanced
particles were very few and were randomly distributed over lateral vessel walls, indicating the background noises with this
technique could be efficiently suppressed in both backscatter electron  (Figure 1A, B) and secondary electron (Figure 1C, D)
modes. In all the samples treated with the primary and secondary antibody followed by silver enhancement, enhanced gold
particles were found to be mostly restricted in the PM parts with intact structure, including both vessel-parenchyma PMs
(Figure 2A-C) and intervessel PMs (Figure 2D). This has indicated the presence of weakly Me-HGs in the PMs, which is
consistent with the result we obtained previously using the combined CLSM and immunohistochemistry method (Labavitch
and Sun, 2008, 2009).  However, the silver-enhanced particles were randomly distributed through each type of PM,



- 240 -

suggesting the random distribution of weakly Me-HGs.  This information cannot be obtained using our initial method due to
its relatively low resolution.

Figure 1. Xylem tissue incubated without JIM 5 but with colloidal gold-conjugated secondary
antibody followed by silver enhancement in experimental controls. Silver enhanced gold particles are
visible even at a low magnification under SEM and are randomly distributed in small amounts. A-B.
Scanning electron micrographs taken under backscattering electron mode, showing white, easy-to-
distinguish silver-enhanced gold particles (arrows). C-D. Images taken under secondary electron
mode, showing silver-enhanced gold particles (arrows) are not easy to distinguish from their
background. Bars in A, B, C and D are equal to 25, 5, 10 and 5µm, respectively.

Figure 2. Images of xylem tissues treated with both JIM 5 and gold-conjugated secondary antibodies
followed by silver enhancement, taken under secondary electron mode (A-B) and backscatter electron
mode (C-D). A-C. Silver-enhanced particles are present on vessel-parenchyma PMs, showing the rich
presence of weakly Me-HGs. D. Abundant presence of weakly Me-HGs on intervessel PMs is indicated by
silver enhanced particles. Bars in A, B, C and D are equal to 5, 2.5, 10 and 5µm, respectively.
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Degrading intervessel PMs were compared with intact PMs to reveal any possible differences that are due to the PM
degradation process.  As in the intact PMs, weakly Me-HGs were detected in both slightly and more completely degraded
intervessel PMs and were randomly distributed throughout the PMs (Figure 3).  There was no obvious difference in the
density of silver-enhanced particles between intact PMs (Figure 2D) and slightly degraded PMs (Figure 3A), but the density
of the particles decreased in the more completely degraded PMs.  It seems reasonable to believe that Xf’s CWDEs should first
attack the polysaccharides exposed at the PM surface because the relatively small pore size of the PMs (5 to 20 nm) would
prevent diffusion of the relatively large CWDE molecules into the PM.  However, removal of the superficial polysaccharides
should subsequently loosen the PM’s polysaccharide meshwork and make the underlying target polysaccharides accessible to
the enzymes.  That here is no difference in the distribution and quantity of silver-enhanced particles between intact and
slightly degraded PMs suggests that weakly Me-HGs might be present at some depth into the PM as well as being present on
the PM surface.  If so, our enhanced method should also be suitable for the investigation of spatial distribution and quantity
of a polysaccharide type both throughout the PM thickness as well as across its exposed face.

CONCLUSIONS
1. The technique we developed is effective for visualizing pectic polysaccharides in both intervessel and vessel-

parenchyma PMs under conventional SEM.
2. The technique has revealed the distribution and quantity of weakly Me-HGs in both intact and degrading PMs of

Chardonnay vines.
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ABSTRACT
The first BC4 Vitis arizonica crosses made in 2009 resulted in 283 resistant seedlings with molecular markers for PdR1 that
were planted in the field.  These seedlings will have high fruit quality as they consist of 97% V. vinifera.  A total of 998
seedlings from all V. arizonica crosses made in 2009 were screened with molecular markers for PdR1 while still in test tubes
from embryo culture and 413 (47%) were resistant.  The use of molecular markers to select for Pierce’s disease (PD)
resistance and greenhouse screening to select for powdery mildew(PM) resistance allows the pyramiding of these two types
of resistance and 31 plants with both were planted in the field.  In 2010, 28 of 41 crosses attempted were successful and
produced 1,600 berries, 2,114 ovules and 293 (13.9%) embryos for PD resistance.  An additional 13 crosses to pyramid PD
and PM resistance produced 1,782 berries, 2,172 ovules and 341 (15.7%) embryos.  Eight seeded crosses made in 2010
produced 415 seed for PD resistance.  Evaluation of BC3 fruiting seedlings continued with the selection of 19 new raisin
seedlings with PdR1 molecular markers for propagation in production trials.  The fruit quality of these selections is similar to
the most advanced selections in our raisin breeding program.  Over 500 seedlings from the BD5-117 family, with PD
resistance different than V. arizonica, are being evaluated for cluster size, berry size and color, and seed/aborted seed size to
determine fruit quality.  Two hundred and forty-seven seedlings of this family have been evaluated in the greenhouse for PD
resistance.  A rough molecular map is being developed from this population to determine additional molecular markers for
PD resistance.

LAYPERSON SUMMARY
Although Pierce’s disease (PD) has existed in California since the late 1800s, the introduction of the glassy-winged
sharpshooter to California in the late 1990’s significantly increased the spread and damage caused by PD.  A collaborative
breeding program was started in 2000 to develop PD resistant table and raisin grapes with high fruit quality comparable to
that existing in markets today.  Fifth generation (BC4) crosses for quality table and raisin grapes with Vitis arizonica source
of PD resistance were made again this year.  These families will have high fruit quality as they consist of 97% V. vinifera.
An example of increased fruit quality is the selection this year of 19 new raisin grapes made from BC3 V. arizonica families
which will be propagated for production trials.  Three new BC2 V. arizonica raisin selections were made and will be
propagated for production trials.  The use of molecular markers has allowed the selection of PD resistant seedlings while they
are still in test tubes.  Four hundred thirteen resistant seedlings were selected from 998 seedlings this year, thereby making
the breeding program more efficient.  Advanced selections are screened in the greenhouse to verify PD resistance.  The use of
molecular markers and greenhouse screening has made possible the pyramiding of PD with PM resistance.  Forty-five PD
resistant plants were selected by markers from 98 plants and 31 of these were resistant to PM in the greenhouse screen.  Over
500 seedlings from BD5-117 family, a source of resistance that is different from V. arizonica, are being evaluated a second
time for fruit characteristics to map with resistance.  To date, 247 seedlings have been tested in the greenhouse for resistance
to PD.  A frame-work molecular map is being made with 65 fluorescent labeled SSR markers.  This collaborative research
between USDA/ARS, Parlier and University of California, Davis has the unique opportunity to develop high quality PD
resistant table and raisin grape cultivars for the California grape industry where PD could restrict the use of conventional
table and raisin grape cultivars.

INTRODUCTION
Pierce’s disease (PD) has existed in California since the late 1800s when it caused an epidemic in Anaheim.  A number of
vectors for PD already exist in California, and they account for the spread and occurrence of the disease.  The introduction of
the glassy-winged sharpshooter to California in the 1990’s significantly increased the spread and damage caused by PD.
Other vectors exist outside California and are always a threat.  All of California’s commercially grown table and raisin grape
cultivars are susceptible to PD.  An effective way to combat PD and its vectors is to develop PD resistant cultivars so that PD
epidemics or new vectors can be easily dealt with.  PD resistance exists in a number of Vitis species and in Muscadinia.  PD
resistance has been introgressed into grape cultivars in the southeastern United States, but fruit quality is inferior to V.
vinifera table and raisin grape cultivars grown in California.  Greenhouse screening techniques have been improved to
expedite the selection of resistant individuals (Krivanek et al. 2005, Krivanek and Walker 2005).  Molecular markers have
also been identified that make selection of PD resistant individuals from V. arizonica even quicker (Krivanek et al. 2006).
The USDA, ARS grape breeding program at Parlier, CA has developed elite table and raisin grape cultivars and germplasm
with high fruit quality.  Embryo rescue procedures for culturing seedless grapes are being used to quickly introgress the
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seedless trait with PD resistance (Emershad et al. 1989).  This collaborative research gives the unique opportunity to develop
high quality PD resistant table and raisin grape cultivars for the California grape industry.

OBJECTIVES
1. Develop PD resistant table and raisin grape germplasm/cultivars with fruit quality equivalent to standards of present day

cultivars.
2. Develop molecular markers for Xf/PD resistance in a family (SEUS) other than V. arizonica.

RESULTS AND DISCUSSION
Objective 1
Twenty-eight of 41 crosses using V. arizonica source of resistance made in 2010 were successful and produced 1,601 berries,
1,700 ovules, and 293 embryos (17% embryos/ovules) (Table 1).  The majority of these crosses were BC4 and BC3 crosses.
The seedlings obtained from these crosses should have high fruit quality as they now have 93 to 97% V. vinifera in their
background.  Berry set was very poor this year due to the late spring and poor weather conditions.  An additional 13 crosses
to pyramid PD (V. arizonica) resistance with powdery mildew (PM) (V. romanetii) resistance produced 1,782 berries, 2,172
ovules and 341 (15.7%) embryos.  Molecular markers should be available soon to select for PM resistance.  Eight seeded
crosses made in 2010 produced 415 seed for PD resistance (Table 2).

The first BC4 crosses (97% Vitis vinifera) was made in 2009 and consisted of 31 crosses of which 19 produced 3,931 berries,
5,000 ovules and 1,372 embryos and 846 plants.  A total of 283 BC4 PD resistant plants based on PdR1 markers were planted
in the field.  Leaves from all 2009 V. arizonica PdR1 plants were taken when seedlings were still in test tubes starting in
November, 2009.  They were tested for resistance with molecular markers for the PdR1 locus on chromosome 14.  Results
for one BC2, six BC3 and 19 BC4 seedless x seedless families (89-0908 V. arizonica source of resistance) is shown in
Table 3.  A total of 998 individuals were tested with SSR markers and 877 showed markers on both sides of the PdR1 region
as expected.  A total of 413 individuals (47% of those showing markers) were resistant and planted to soil in cups for growth
in the greenhouse before planting to the field in April, 2010.  Forty-six percent of the plants showing markers were
susceptible.  This is very similar to the ratio of resistant and susceptible plants obtained for over 1,600 F1, BC1, BC2 table
and raisin seedlings reported by Riaz et al. 2009.  The susceptible and recombinant individuals were discarded, making more
efficient use of greenhouse and field space.  One BC4 cross made in 2009 which combined PD resistance from V. arizonica
with PM resistance from V. romanetii.  Usually resistance from this source of PM resistance segregates in a 1:1
resistant:susceptible ratio.  The seedlings that had PD resistant markers were screened in the greenhouse for PM resistance.
Of the 44 PD resistant seedlings screened, 31 were PM resistant and planted to the field.  Inoculation of plants with Xylella
fastidiosa (Xf) in the Greenhouse (method of Krivanek et al. 2005, Krivanek and Walker 2005) was done to determine
resistance of 63 selected individuals from V. arizonica (Table 4) of which 49 were resistant.  These seedlings represent the
best table and raisin selections that have been used as parents or planted in production trials.  An additional 95 selections are
in the greenhouse tests and will be evaluated for PD resistance before the end of this year.  Greenhouse testing is absolutely
necessary to make the final decision about resistance of individual selections.  The highest level of resistance is being
obtained from V. arizonica and BD5-117 and their use as parents will continue to be emphasized.

The majority of the 400 resistant BC2 and BC3 V. arizonica seedlings planted in 2008 have fruited and have been evaluated.
From these seedlings, three BC2 and 19 BC3 tray dried raisin selections were made in 2010 which are good enough for
propagation into advanced production trials in 2011.  These selections range in berry size from Thompson Seedless down to
Zante Currant size.  The seedlings planted in 2009 had very little fruit production this year and will be evaluated in 2011.
Older seedlings are being evaluated again for fruit quality to determine the best to propagate for production trials or for use as
parents.  In 2010, 13 raisin selections (11 BC2 and two BC3) were planted in production trials.  No Xf infections have been
found to date in the twelve advanced selections planted in a replicated plot at the USDA ARS research station, Weslaco,
Texas.

Objective 2
The PD resistant grape selection BD5-117 from Florida was hybridized with the seedless table grape selection C33-30 and
500 individuals are now fruiting of the 565 seedlings.  Fruit samples were taken from all seedlings for cluster weight, berry
weight and seed/seed trace weight as an indication of fruit quality.  Two years data for most of the seedlings has now been
collected.  Greenhouse testing for PD resistance has been accomplished on 210 individuals, with 109 rated clearly resistant or
clearly susceptible.  One hundred twenty-one of the 210 individuals were evaluated in 2010 (Table 3).  The 70 polymorphic
markers tested on 154 individuals, greenhouse PD resistance evaluations and fruit characteristics are ready to be mapped.
Thirty-five additional polymorphic primers have been labeled and are being tested on the 154 seedlings.

CONCLUSIONS
Additional families for the development of PD resistant seedless table and raisin grape cultivars are being produced.
Emphasis was placed on making additional BC4 V. arizonica PD resistant families.  These families will have high fruit
quality as they consist of 97% V. vinifera.  The use of molecular markers has simplified and sped up the identification of PD
resistant individuals from V. arizonica. Seedless table and raisin grape selections with PD resistance and improved fruit
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quality have been made in both BC3 V. arizonica and F1 BD5-117 families.  For example, 19 new raisin selections were
made from BC3 V. arizonica families and will be propagated for production trials.  Two hundred and forty-seven seedlings
from the BD5-117 family to develop a frame-work map for this source of PD resistance have been evaluated in the
greenhouse for PD resistance. The development of PD resistant table and raisin grape cultivars will make it possible to keep
these grape industries viable in PD infested areas.  Molecular markers will greatly aid the selection of PD resistant
individuals from SEUS populations.
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Table 1. 2010 table and raisin grape PD resistant seedless crosses that set fruit and the number of ovules and embryos
produced.

Female

  

  

  
  
  

Male Type No. Emas-
culations

No. berries
Opened

No.
Ovules

No.
Embryos

89-0908 V. rupestris x V. arizonica
07-5052-036 Y538-58 Table      BC4 1000 9 14 8
07-5052-036 Y151-58 Table    BC4 500 47 54 33
07-5052-71 07-5054-12 Table     BC3 1950 28 26 9
06-5501-229 Y129-176 Table     BC3 1468 80 42 18
06-5501-229 Y529-4 Table     BC3 1411 49 23 2
06-5501-229 Y540-193 Table     BC3 1936 86 54 11
06-5501-229 Y537-32 Table     BC3 1500 384 416 62
05-5502-15 Y129-161 Table     BC3 687 31 38 2
06-5501-423 05-5501-53 Table      BC2 2905 6 13 0
07-5052-090 Y143-39 Raisin     BC4 1081 9 7 0
07-5058-016 Y124-203 Raisin     BC4 2359 29 29 0
07-5058-016 Y144-135 Raisin     BC4 2609 24 31 0
07-5058-029 B82-43 Raisin     BC4 1400 92 121 12
07-5058-029 Y143-39 Raisin     BC4 2100 155 165 39
07-5058-029 A51-60 Raisin     BC4 806 27 12 1
B82-43 07-5052-109 Raisin     BC4 2500 152 254 55
07-5058-029 05-5551-049 Raisin     BC4 2572 79 120 17
07-5052-086 05-5551-049 Raisin     BC4 2800 2 2 0
07-5052-086 06-5551-239 Raisin     BC4 2910 78 50 7
A63-85 07-5052-61 Raisin  BC4 3500 9 8 0
07-5052-52 07-5054-6 Raisin     BC4 1600 6 5 1
07-5058-016 07-5052-61 Raisin  BC4 2500 3 4 0
07-5061-134 07-5052-182 Raisin     BC4 2037 125 128 12
07-5061-86 07-5052-182 Raisin  BC4 2384 35 3 1
05-5551-012 05-5551-049 Raisin  BC3 2500 7 10 0
05-5551-012 A51-60 Raisin  BC3 1500 4 5 1
05-5551-116 Y144-157 Raisin     BC3 3056 15 16 0
A49-82 06-5551-239 Raisin      BC3 2800 30 50 2
Total 56,371 1,601 1,700 293
PM resistance combined with
89-0908 V. rupestris x V. arizonica
07-5052-032 B88-69 Table BC4 550 101 2 0
07-5052-036 B88-69 Table BC4 1100 29 40 12
Y314-17--04 05-5502-05 Table BC3 2574 307 474 68
Y314-17--04 05-5501-53 Table BC3 2570 24 67 13
05-5501-06 Y308-289 Table BC3 2590 105 112 44
05-5502-15 Y308-311 Table BC3 436 54 55 2
07-5058-029 Y302-152 Raisin BC4 2568 66 50 3
Y302-178 06-5551-242 Raisin BC3 806 87 118 1
Y309-397 06-5551-242 Raisin BC3 600 13 25 4
Y520-202--08 06-5551-239 Raisin BC3 2647 667 850 115
05-5551-012 Y308-345 Raisin BC3 2500 11 11 3
Y518-112 05-5551-049 Raisin BC3 2100 32 19 0
Y309-397 07-5060-061 Raisin BC3 2306 62 50 10
Total 23,347 1,558 1,873 275
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Table 2. 2010 table and raisin grape PD resistant seeded crosses and the number of seeds produced.
89-0908 V. rupestris x V. arizonica

Female Male Type No. Emas-
culations No. seed

07-5052-061 Y129-161 Table BC4 600 49
07-5052-061 07-5052-36 Table BC4 1200 68
04-5002-18 Y536-1 Table BC2 1069 115
04-5002-23 Y536-1 Table BC2 1127 80
04-5002-23 Y129-161 Table BC2 1145 13
07-5052-168 A51-60 Raisin BC4 1035 9
07-5052-168 Y144-157 Raisin BC4 1177 1
04-5002-18 Y133-206 Raisin BC2 1206 80
Total 8,559 418

Table 3. Determination of seedling resistance based on PdR1 molecular markers for all 89-0908 families made in 2009.

Family Type Cross No.
Resistanta

No.
Susceptibleb

No.
Recombinantc

No
ddata

Off
Types Total

09-5003 Table BC2 7 6 2 15
09-5007 Table BC3 6 9 4 3 22
09-5008 Table BC3 18 17 35 70
09-5009 Table BC3 2 1 3
09-5010 Table BC3 0 2 2
09-5011 Table BC3 12 7 1 1 7 28
09-5013 Table BC4 92 67 12 1 6 178
09-5016 Table BC4 2 1 1 4
09-5055 Raisin BC3 7 3 1 1 12
09-5056 Raisin BC4 4 8 2 2 16
09-5057 Raisin BC4 21 45 8 1 2 77
09-5063 Raisin BC4 17 16 2 35
09-5064 Raisin BC4 21 21 5 2 1 50
09-5066 Raisin BC4 82 89 11 4 1 187
09-5067 Raisin BC4 4 7 2 1 14
09-5068 Raisin BC4 30 21 1 52
09-5069 Raisin BC4 1 2 8 11
09-5070 Raisin BC4 8 6 8 22
09-5071 Raisin BC4 8 6 8 22
09-5072 Raisin BC4 6 5 1 20 32
09-5073 Raisin BC4 8 4 1 13
09-5074 Raisin BC4 6 2 8
09-5075 Raisin BC4 0 3 1 1 5
09-5076 Raisin BC4 7 6 2 15
09-5077 Raisin BC4 0 7 7
09-6054 Raisin BC4 44 46 7 1 98
Total 413 (47% e) 407 (46% e) 57 (7% e) 14 107 998
aResistant = marker on both sides of PdR1 region.
bSusceptible = no PdR1 markers.
cRecombinant= genotypes that amplified with one PdR1 marker.
dNo data = genotypes that failed to amplify properly.
e%= Number of seedlings in each category / total number of seedlings showing the proper markers.
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Table 4.  Results of greenhouse test for determination of PD reaction in 2010.

Population Resistance
Source

Testing Compete
No. tested       No. resistant

In greenhouse test
For evaluation by December

BD5-117 map BD5-117 121 44 70
Arizonica PdR1 63 49 74
Other PD SEUS 0 0 21
Total 184 93 165
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ABSTRACT
Grapevine Pierce’s disease (PD) caused by the bacterium Xyllela fastidiosa (Xf) is a devastating vascular disease and is
jeopardizing the grape and wine industries in the United States due to the PD susceptibility of most important commercial
grape genotypes.  In our recent study, we compared the PD-susceptible commercial grapevine genotypes with some PD-
resistant genotypes newly obtained from traditional breeding program.  Comparisons included intervessel pit membrane (PM)
integrity, bacterial distribution, and tylose development, which are the most important factors determining the vascular
disease resistance of a host plant.  Our data indicate that Xf-infected PD-resistant genotypes could well maintain the integrity
of their intervessel PMs and were found to have a very localized distribution of Xf cells while infected PD-susceptible
genotypes were observed to have very porous or broken intervessel PMs and a systemic distribution of Xf cells.  This
demonstrates the strong correlation of intervessel PM integrity and limited bacterial distribution in infected vines.  It is also
revealed that grape genotypes with different PD resistances could develop tyloses in response to Xf infection.  However,
tylose development occurred to different spatial and quantitative extents among the genotypes, with an intensive tylose
development throughout a vine in PD-susceptible genotypes but only small amounts of tyloses, these close to the inoculation
site in PD-resistant genotypes.  This also indicates that tylose development in PD-resistant genotypes does not seriously
affect the water status of infected vines and suggests that the tylose development in PD-susceptible genotypes should make
the PD symptom development worse by blocking vine water transport.  These results provide information for identifying the
factors affecting grape resistance to PD and, most likely, have identified vine characteristics useful to efforts aimed at the
development and evaluation of an efficient approach to control this terrible disease.

LAYPERSON SUMMARY
Efficient approaches in control of Pierce’s disease (PD) based on the understanding of the PD-resistance mechanism of
grapevine are being sought as strategies for management of PD in vineyards.  This work investigated grapevine genotypes
with different PD resistances by focusing on three important factors that may affect the pathogen's spread in a host grapevine
and water status of an infected grapevine. Our data indicate that pit membranes (PMs; barriers of the bacterial spread through
a grapevine’s water conducting system) and tyloses (occluding tissues of the water-conducting tissue) may be related to the
PD resistance of the host grapevine.  In PD-susceptible grapevines, the causal pathogen can become systemic by breaking the
PMs in the vine water conducting system and PD disease symptoms may become more extensive due to tylose blockage of
the water conducting tissue in infected vines.  In PD-resistant grapevines, the PMs were well maintained and restricted
bacterial spread and tyloses did not significantly affect the water transport in infected vines.  The information is essential for
the understanding and evaluation of PD resistance of new grape germplasm obtained from traditional breeding programs.

INTRODUCTION
Pierce's disease (PD) of grapevines has caused tremendous economic losses to the wine and table grape industries in the
United States.  The causal Xylella fastidiosa (Xf) is a xylem-limited bacterium that spreads only through the vessel system of
a host grapevine (Purcell and Hopkins, 1996), thus, any factors affecting the systemic expansion of the Xf population that has
been introduced initially into one or very few vessels should be relevant to the resistance vs. susceptibility of the infected
vine.

As the only avenue for the pathogen’s spread, the vessel system of grapevine has attracted a lot of research attention (e.g.,
Chatelet et al., 2006; Sun et al., 2006, 2007; Thorne et al., 2006).  Individual vessels in a grapevine’s secondary xylem are
relatively short (average length of 3-4 cm, Thorne et al., 2006), thus systemic movement of water, minerals or bacteria
requires passage through multiple adjacently interconnected vessels.  Movement from one vessel to the next requires passage
through pit pairs, specialized wall structures that connect a vessel to its neighbors.  In grapevines, contact with neighboring
vessels occurs at multiple locations along the vessel's length and scalariform (i.e., organized in a ladder-like pattern) pit pairs
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always occur in the wall regions where two adjacent vessels are in contact (Sun et al., 2006).  At each pit pair, two adjacent
vessels are separated only by two thin primary cell walls and one middle lamella, which are collectively called an intervessel
pit membrane (PM) (Esau, 1977).  Intervessel PMs of grapevines have pores with sizes varying between 5 and 20 nm (Choat
et al., 2003; Pérez-Donoso et al., 2010) and thus should prevent the passage of Xf cells (0.25-0.5 µm x 1-4 µm in size;
Mollenhauer and Hopkins, 1974) as long as the PMs remain intact.

It has been proposed that Xf cells use cell wall-degrading enzymes (CWDEs) to digest PM polysaccharides and achieve their
systemic spread (Newman et al., 2003; Labavitch et al., 2006; Labavitch, 2007).  Some microscopic examinations on xylem
sections of infected grapevines have shown Xf cells traversing intervessel PMs (Newman et al., 2003; Ellis et al., 2010).
Furthermore, the introduction of certain CWDEs to explanted grapevine stems caused breaks in the PM polysaccharide
network and permitted Xf cells to pass through intervessel PMs (Pérez-Donoso et al., 2010).  These studies have suggested
that the systemic spread of the bacterial cells is achieved by disrupting the integrity of intervessel PMs.

Vascular occlusions were reported in grapevines with external PD symptoms (Stevenson et al., 2004; Lin, 2005).  As the
major type of vascular occlusion, tyloses (outgrowths of parenchyma cells adjacent to a vessel that expand into the vessel
lumen), were found to be abundantly present in secondary xylem of the susceptible genotypes (Labavitch and Sun, 2009).
Among the few studies on tylose development, most were done with PD-susceptible genotypes and the rest dealt with some
susceptible and resistant grape genotypes but were focused on the vessel systems in leaf blades or petioles (Fry and
Milholland,1990a,b).  The lack of comprehensive information about tylose development has led to two opposed opinions
about the functional roles of tyloses in grape PD; i.e., they either improve the host grapevine’s PD resistance or worsen the
grapevine’s PD symptom development.  Our previous study reported intensive tylose development in stem secondary xylem
of susceptible genotypes, suggesting a possible role in enhancing the infected grapevine’s PD symptoms (Labavitch and Sun,
2009).  To further clarify this, studies comparing tylose development among grape genotypes with different PD resistances
became important.

Although most commercial genotypes of Vitis vinifera are susceptible to PD, many wild Vitis genotypes and some hybrid V.
vinifera crossed with wild Vitis genotypes have shown strong PD resistance in greenhouse evaluations (Loomis, 1958;
Krivanek and Walker, 2005).  In this study we used up to four grape genotypes with different PD resistances: two PD
susceptible lines, V. vinifera var. Charodanny and V. vinifera var. Riesling, and two PD-resistant lines, V. arizonica X
rupestris (89-0908) and V. vinifera X arizonica (U0505-01).  The work in this report examined infected vines of these
genotypes from the following three perspectives: integrity of intervessel PMs, distribution of Xf cells, and spatial distribution
and quantitative character of tyloses.  Our aims are to clarify the relationships between these three important factors affecting
the systemic spread of the bacterial pathogen and/or plant water status and, in addition, further describe their possible
relationship to the PD resistance of grapevines.

OBJECTIVES
1. Determine whether xylem structural features vary among grape genotypes with different PD resistance and clarify what

structural features are related to the PD resistance of grapevines.
2. Determine whether PM polysaccharide composition and porosity and the extent of Xf’s spread from the inoculation site

vary in grape genotypes with different PD resistance, and clarify the extent to which PM polysaccharide structure and
integrity are affected by Xf inoculation of these genotypes.

RESULTS AND DISCUSSION
Differences in Intervessel PM Integrity among Grape Genotypes with Different PD Resistances

Grapevines of three genotypes, PD-susceptible Chardonnay and PD-resistant U0505-01 and 89-0908, were used to
investigate effects of Xf infection on grapevine PM integrity.  Vines of Chardonnay and 89-0908 were grown each from a
grafted root stock in the greenhouse.  Buds of each scion were removed with only two robust buds left at the base, which
were allowed to develop into two shoots.  When the vines of the two genotypes were four weeks-old, some were inoculated
with Xf while others were inoculated with phosphate buffered saline (PBS) as experimental controls.  The bacterial
inoculation was carried out only on one shoot of each treated vine, at the 6th internode counting from the shoot base.  PBS
inoculation for each control vine was done in the same way except that the 0.2M PBS instead of the Xf inoculum was used.
The two shoots of each control or Xf-inoculated vine were limited to about 20-25 internodes in length by pruning the tops off.
U0505-01 vines were grown and inoculated in the same way except that each vine was trained to have one shoot by initially
leaving only one bud at the base of the scion.  That sole shoot was inoculated, either with Xf suspension or PBS.
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The grapevines of the three genotypes were examined for the integrity of their intervessel PMs 12 weeks after Xf inoculation,
with plants inoculated with PBS used as controls. In all the genotypes, intervessel PMs were intact with no pores detectable
under SEM at a magnification of 20,000 in the vessels not associated with Xylella cells and those of control vines
(Figure 1A).  In the Xylella-infected vines of the two PD resistant genotypes (U0505-01 and 89-0980), intervessel PMs
remained intact in all the internodes examined, including the internode with the inoculation site (Figure 1B). In infected
Chardonnay vines, partially broken intervessel PMs (Figure 1C) and/or the complete removal of PMs (Figure 1D) were
observed in most vessels containing bacterial cells throughout the plants.  Thus, Xylella infection and intervessel PM
disruption are strongly correlated in PD-susceptible genotypes, but not in PD-resistant genotypes.

Distributional Differences of Xf among Grapevines with Different PD Resistances
Four grape genotypes, including PD-susceptible Chardonnay and Riesling and PD resistant 89-0908 and U0505-01, were
used in our experiment.  Grapevines of each genotype were grown, trained and inoculated as described above.  Samples were

Figure 1. Effect of Xf infection on intervessel pit membrane (PM) integrity of grapevines with
different PD resistances.  Shown are inner surface views of intervessel PMs after the secondary
wall borders of each pit were removed to expose the whole intervessel PM.  A. Intact intervessel
PMs in a vessel not associated with the bacteria in a Xf-infected PD-susceptible Chardonnay
vine. B. Intact intervessel PMs in a Xf-infected PD-resistant U0505-01 vine. C-D. Xf-infected
Chardonnay vines, showing partial (C) and complete (D) removal of intervessel PMs in vessels
that also contain bacterial cells.

1internode
Chardonnay (PD-susceptable)

2Inoculated shoot Non-inoculated shoot
Riesling (PD-susceptable)

Inoculated shoot Non-inoculated shoot
89-0908 (PD-resistant)

Inoculated shoot Non-inoculated shoot
U0505-01 (PD-resistant)

Inoculated shoot
1 + + - - - - -
3 + - + + + - -
5 + + + - + - +
7 + + + + - - -
9 + + - + - - -

11 + + + + - - -
13 + + + + - - -
15 + - + + - - N/A
17 + + + + - N/A N/A
19 + + N/A + N/A N/A N/A
21 + N/A N/A - N/A N/A N/A
23 + N/A N/A N/A N/A N/A N/A

1Internodes are numbered from each shoot base upwards with its first internode at the base as internode 1. 2Inoculation site was at the 6th internode from the shoot base
in Chardonnay and 89-0908 vines and at the 4th internode for the U0505-01 vine. 3+ or - indicate that Xylella cells were observed or not observed in a specific internode,
and N/A represents inavailability of a specific internode due to the short shoot.

Table 1. Distributional Comparison of Xylella fastidiosa in Some Examplary 12-week-post-inoculation Grapevines with Different PD Resistance
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Figure 2. Effect of Xf infection on tylose development in grapevines with different PD resistances.  Scanning electron
micrographs of stem secondary xylem of a PD-susceptible Chardonnay vine (A-B) and a PD-resistant U0505-01 vine (C-F).
A.  A majority of the vessels were occluded with tyloses and vessels with tyloses were relatively evenly distributed in the 3rd

internode above the inoculation site (internodes above the inoculation site were counted upwards with the inoculated
internode designated as “zero”).  B. Enlargement of part of xylem tissue in A, showing most vessels fully occluded by
tyloses.  C. The second internode below the inoculation site , showing presence of tyloses in the vessels of some xylem
regions.  D. Enlargement of part of the xylem with tylose development in C, showing a few vessels filled with tyloses.  E. A
majority of vessels did not contain tyloses and tylose development occurred in a few vessels in some small xylem regions in
the 8th internode above the inoculation site.  F. Enlargement of part of the vessels containing tyloses in E, showing a small
cluster of vessels associated with tyloses.

collected from both inoculated and non-inoculated shoots (only the sole inoculated shoot for each U0505-01 vine) of each
vine at week 12 after inoculation.  Every other internode of each shoot was used SEM examination of the distribution of
Xylella cells in the vines.

Our data have indicated that in Chardonnay and Riesling vines, bacterial cells were observed in most or all of the internodes
examined, including those in both the inoculated and non-inoculated shoots of each vine (Table 1).  This showed not only
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that the spread of Xf cells from the inoculation point occurred in the susceptible vines, and also that the bacterial cells moved
downward from the inoculation site on an inoculated shoot to reach the non-inoculated shoot through the common trunk that
the two shoots share.  In 89-0908 vines, Xf cells were not observed in the non-inoculated shoots of all the vines that were
examined.  Furthermore, Xf cells were not always found in the inoculated shoots in some vines examined and, when pathogen
cells were detected, they were seen only within a few internodes downward or upward from the inoculation sites (Table 1).
A similar situation also was seen in the U0505-01 vines examined (Table 1).  These observations therefore demonstrate the
localized distribution of Xf cells in the PD-resistant genotypes and the systemic distribution in the PD-susceptible grapevines.
When this is considered with the data of intervessel PM integrity, it also provides the evidence for the correlation of the
systemic spread of Xf cells and the disruption of intervessel PM structure, which has been hypothesized in earlier reports.

Differences in Tylose Development  in Grapevines with Differential PD resistance
Two grape genotypes (PD-susceptible Chardonnay and PD-resistant U0505-01) were studied for tylose development in Xf-
infected vines at week 12 after inoculation.  Growth and inoculation of the experimental vines was conducted in the same
way as described above.  A few internodes along the inoculated shoot, including those above and below the internode
inoculated, were examined to clarify both qualitative and quantitative characteristics of tylose development.

Tylose development occurred in all the Xf-infected vines but was not observed in the buffer-inoculated control vines for the
two genotypes.  However, the infected vines of the two genotypes had difference in the spatial distribution of tyloses.  In
Chardonnay vines intensive tylose development occurred in all the internodes examined from the base to the tip of an
infected vine (Figure 2A), and vessels with tyloses were more or less evenly distributed in the transverse sections of a stem
(Figure 2B).  In U0505-01 vines, more tyloses were observed in the internodes close to the inoculation site (Figure 2C-D)
than in the internodes more towards the tip and base (Figure 2E-F), and tylose development mostly occurred in one or
several secondary xylem regions in which most vessels were associated with tyloses (Figure 2C, E).  When quantitatively
compared for tylose development among the two genotypes, Chardonnay vines generally had over 60% of vessels blocked in
the internodes examined throughout the vines (Figure 3A), but U0505-01 vines contained 5-27% tylose associated vessels
(Figure 3B).  Our previous study revealed that Xf cells themselves did not affect water conduction in infected Chardonnay
vines because there were relatively few bacterial cells in only a few vessels in the vines even with severe PD symptoms.  This
led us to conclude that tyloses were the key factors influencing water transport inside sick vines (Labavitch and Sun, 2009).
Furthermore, since tylose development did not always continue along individual vessels in grapevines and open vessels
observed in one cross section could be occluded at other places along the vessel lengths (Sun et al., 2006, 2008).  This
suggests that the percentage of the vessels actually occluded by tyloses should be higher than any value based on the analysis
of a single cross section.  Therefore, blockage of the majority of vessels in the secondary xylem of a Chardonnay vine should
inevitably affect its water supply, consequently contributing to exacerbation of PD symptom development and vine
deterioration.  As for the resistant genotype, vessels associated with tyloses were much fewer and were restricted to limited
xylem regions.  Tylose development should have limited effect on the water transport in the infected vines of resistant
genotypes.

CONCLUSIONS
1. Grape genotypes with differential PD resistances show differences in intervessel PM integrity and Xf distribution.  Large

amounts of broken intervessel PMs and systemic bacterial distribution are observed in PD-susceptible genotypes while

Figure 3. Quantitative comparison of tylose development in PD-susceptible Chardonnay vines and PD-resistant U0505-01
vines.  Arrows indicate the internode with inoculation site.  Internodes above and below the one with inoculation are indicated
by “A+” and “B-“, respectively and numbered upward and downward, respectively, with the internode with the inoculation site
defined as zero.
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intact intervessel PMs and restricted bacterial distribution are seen in PD-resistant genotypes.  This strongly suggests the
positive correlation between intervessel PM integrity and limited Xf distribution

2. Tyloses are present in Xf-infected grapevines with different PD resistances, but tylose development occurred, both
spatially and quantitatively, to much lower extents in PD-resistant and –tolerant genotypes.  In these genotypes, tylose
development should be considered as a factor that does not lead to PD symptom development.
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ABSTRACT
The use of marker-assisted selection (MAS) using DNA markers tightly linked with the Pierce’s disease (PD) resistance
gene, PdR1 (see our companion report), and the acceleration of the seed-to-seed breeding cycle to two years have allowed
very rapid progress towards the creation of PD resistant winegrapes.  Seedlings from the 2009 and 2010 crosses were
screened for PD resistance with MAS and only those seedlings with the markers were planted in the field.  The goals of the
2010 crosses were to: 1) expand the 97% Vitis vinifera seedling populations with PD resistance using PdR1 from F8909-08 (a
V. rupestris x V. arizonica / candicans b43-17 hybrid); 2) create 94% vinifera populations with PdR1 from b43-17 to avoid
possible disruption of resistance from V. rupestris; 3) enlarge the 75% vinifera populations with PD resistance from V.
arizonica / girdiana b42-26 to create an alternative source of PD resistance and one controlled by multiple genes; and 4) to
expand the mapping population based on b42-26 to enable identification of useful markers to expedite selection of resistant
progeny based on this resistance.  Numerous greenhouse-based PD resistance screens were performed on breeding lines,
mapping populations and new PD resistant rootstocks.  Selections with PdR1 at the 87% and 75% vinifera level at our
Beringer, Napa County trial were inoculated and a trial with the 94% vinifera level was expanded.  An additional field plot
with 87% and 94% vinifera selections was planted in Healdsburg and 87% vinifera selections were sent to Alabama and
Texas for evaluation.  Finally, small-scale wine lots were made from five 94% vinifera and four 87% vinifera PdR1
selections.  The fruit and juice were evaluated of many other promising progeny at the 94% vinifera PdR1 level.

LAYPERSON SUMMARY
Rapid progress breeding Pierce’s disease (PD) resistant winegrapes continues to be made by combining the use of marker-
assisted selection (MAS) for the single dominant gene PdR1, and aggressive vine training to produce clusters in a seedling’s
second season, allowing us to rapidly generate the next generation crosses of PD resistant populations.  We created the first
populations of 97% vinifera seedlings last year and many more were created in 2010.  We hope to release PD resistant
cultivars from the 97% vinifera populations.  The first seedlings of the 97% vinifera generation will fruit in 2011.  We made
wines from the 94% vinifera selections last year and again this fall. Last year’s evaluations found the 94% vinifera wines to
be much improved over the previous 87% vinifera generation; color and aroma flaws associated with American species were
absent in the 94% vinifera wines.  These selections are based on PdR1 resistance from V. arizonica / candicans b43-17.  We
are expanding populations from other resistance sources that contain multiple genes for PD resistance.  It is much slower to
breed with these resistance sources and fewer resistant progeny are produced from the crosses, but they provide a very
valuable alternative resistance source that we can incorporate with PdR1 to broaden PD resistance and potentially make it
more durable.  We expanded our Napa Valley test site with more 94% vinifera selections in anticipation of evaluating wines
made from there.  We also planted 87% and 94% vinifera selections at a severe PD hot spot in Healdsburg and sent 87%
vinifera selections to Alabama and Texas for evaluation under severe PD pressure.

INTRODUCTION
The Walker lab is uniquely poised to undertake this important breeding effort, having developed rapid screening techniques
for Xylella fastidiosa (Xf) resistance (Buzkan et al. 2003, Buzkan et al. 2005, Krivanek et al. 2005a 2005b, Krivanek and
Walker 2005), and having unique and highly resistant V. rupestris x V. arizonica selections, as well as an extensive collection
of southeastern grape hybrids, to allow the introduction of extremely high levels of Xf resistance into commercial grapes.  We
have made wine from vines that are 94% V. vinifera, and possess resistance from the b43-17 V. arizonica / candicans
resistance source.  There are two sources of PdR1, 8909-08 and 8909-17 – sibling progeny of b43-17.  These selections have
been introgressed into a wide range of winegrape backgrounds over multiple generations, and resistance from southeastern
United States (SEUS) species is being advanced in other lines. However, the resistance in these later lines is complex and
markers have not yet been developed to expedite breeding.

OBJECTIVES
1. Breed Pierce’s disease (PD) resistant winegrapes through backcross techniques using high quality V. vinifera winegrape

cultivars and Xf resistant selections and sources characterized from our previous efforts.
2. Continue the characterization of Xf resistance and winegrape quality traits (color, tannin, ripening dates, flavor,

productivity, etc) in novel germplasm sources, in our breeding populations, and in our genetic mapping populations.
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RESULTS AND DISCUSSION
Objective 1 – The breeding cycle for the development of PD resistant grapes has been reduced to two years (seed-to-seed)
using MAS with the b43-17 resistance sources and their progeny.  In order to take full advantage of PdR1 we have focused
our breeding efforts on backcrossing through multiple generations as quickly as possible to achieve a high percentage of V.
vinifera parentage in hybrids containing resistance from PdR1.  This is only possible with MAS and aggressive training
practices in the vineyard to force seedlings to bloom in their second year.  We produced 97% V. vinifera progeny last year,
which were established in the vineyard this spring, and have added additional populations this year.  Progeny from the 97%
V. vinifera populations will begin fruiting in 2011.  We will select individuals from these populations for wine evaluation and
field-testing.

Table 1 presents the crosses made in 2010.  The goals of the 2010 crosses were to: 1) Use the PdR1 allele from F8909-08 to
advance vinifera winegrape populations to the 97% vinifera (modified backcross 4 (BC)) level.  These populations will be
evaluated for winegrape quality and potential, and individuals will be moved to field testing followed by selection and testing
for cultivar release.  Seedlings from these populations will be germinated in late fall and planted in the Field in spring 2011
with the first fruit production in 2012. 2) Create populations at the 94% vinifera level (BC3) using resistance from V.
arizonica/candicans b43-17.  b43-17 is the source of PdR1 and using it in crosses avoids possible confounding effects from
V. rupestris, which was crossed with b43-17 to produce the F8909-08 and F8909-17 PD resistance selections. Vitis rupestris
may interfere with PdR1 expression and it is the likely source of diglucoside anthocyanins (blue purple wine color) that we
detect in early generations of the backcrossing program.  3) Expand and develop BC1 populations with V. vinifera
winegrapes using resistance from V. arizonica/girdiana b42-26.  b42-26 has strong resistance to PD but has a complex
resistance controlled by multiple genes.  These crosses create 75% vinifera populations with an alternative PD resistance
source and one controlled by multiple genes.  The multigenic nature may provide a more durable resistance, but progress in
selecting and backcrossing will be much slower than with PdR1.  4) Finally we made crosses to expand a mapping population
to study the genetics of PD resistance from b42-26 and determine whether DNA makers linked to this resistance source can
be found and used.  We have commenced mapping in the 05347 population and this next generation (07344A) will help
confirm the location and usefulness of the multiple markers we are discovering.

During this period, eight groups of plants were tested in the greenhouse for Xf resistance (Table 2).  Table 2 presents the
inoculation date and the “take-down” date when ELISA samples are gathered.  Group A was a retest of the 94% vinifera
PdR1 parents used in the 2009 crosses.  They were tested three times to ensure they had the highest resistance and to follow
the extent that level of resistance (based on the level of Xf in a ml of macerated stem tissue) is passed through to the next
generation.  We run a series of bio-controls with these tests that consist of PdR1 containing selections with consistently
relatively high, medium and low levels of Xf in stem tissue.  This process also helps judge the severity of each greenhouse
screen, the results of which vary based on how well the greenhouse temperatures are regulated and the temperature’s
interaction with irrigation needs.  Group B and D tests also focused on further assessing 94% vinifera PdR1 selections some
of which we have made wines from.  Selections from these populations were also made to evaluate the impact of different
vinifera winegrapes on the level of PD resistance.  The results found that although there are cultivar differences in the levels
of Xf in stem tissue after inoculation, the impact on resistance breeding is small if detectable (see below).

Group C was an examination of the impact of Xf strain selection on the severity of the greenhouse testing system.  These tests
were initiated after the severity of the greenhouse testing results, both in terms of plant symptoms and ELISA values, was
declining when the Stag’s Leap Xf strain was used.  This strain still grew well in culture but was not being passaged back to
susceptible vinifera hosts as often as in the past.  We compared new isolates from Yountville (Beringer) and Dry Creek
(Mounts) with lab cultures of Temecula and Stag’s Leap strains, and Stag’s Leap that was inoculated and re-extracted from
Chardonnay in the greenhouse.  The Beringer strain was the most aggressive while Mounts and Temecula were intermediate.
Both Stag’s Leap strains were less aggressive and lab cultured Stag’s Leap strain was the least aggressive.

Groups E and F are the continued testing on PdR1 containing rootstock crosses we have made.  These rootstocks are being
created to prevent vine death if PD resistant scions are grafted onto standard rootstocks, the majority of which are susceptible
to PD.  The PdR1 winegrape selections greatly suppress Xf populations, but to avoid having low levels of Xf work their way
down to the rootstock and killing it, resistant rootstocks are needed.  We have done some nematode testing of these
rootstocks as well.   This year’s tests were done to fine-tune the selection of those with the highest level of resistance.

The Group G tests are the first series of greenhouse screens for the 97% vinifera PdR1 containing winegrapes that were
planted in the spring of 2010.  We planted the strongest of this group on our Y-trellis in anticipation of some fruit next year
and adequate amounts for micro-scale wine making in 2011.  Micro-scale winemaking will be much more possible now that
the new Department winery is competed with its adjustable volume mini-fermenters with computer controlled temperatures
and automated pump-overs.  The final group, H, consists of 122 members of a mapping population created and tested to
position the resistance genes from b42-26.  We hope to link simple sequence repeat (SSR) markers to the genes controlling
this resistance.  These markers will be very important in efforts to combine this resistance with PdR1 selections to broaden
their PD resistance.
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Objective 2 - Although resistance from other backgrounds is complex and quantitative, which results in few resistant progeny
from crosses to vinifera cultivars, we continue to advance a number of lines.  In order to better understand the limits of other
PD resistance sources the following resistance sources are being studied:

V. arizonica/girdiana b42-26 – We have two mapping populations to explore Xf resistance from b42-26.  A framework map
of the first population, 0023, has been developed and found that resistance is controlled by multiple genes.  The 0023 is a
cross of (D8909-15 (V. rupestris x b42-26) x V. vinifera B90-116).  Please see past reports for more information on results
with the 0023 population.  Because this resistance source is multigenic we need far more individuals to detect useful markers
to resistance genes and to help determine which of these markers are linked to the genes responsible for the greatest extent of
the resistance.  We also wanted a population without V. rupestris, and so created the 05347 (vinifera F2-35 x b42-26)
population.  We have several hundred 05347 progeny and made crosses this year (760 seed expected) to further expand the
population to allow better mapping.

We are also incorporating resistance from V. shuttleworthii Haines City and V. arizonica b40-14.  Preliminary results found
that b40-14 has a different form of PdR1.  We are backcrossing to V. vinifera winegrapes with these resistance sources and
working towards developing markers in our companion project, “Map-based identification and positional cloning of Xf
resistance genes from different known sources of PD resistance in grapes”.

Evaluating V. vinifera cultivars and parental selections –  A previous study by Raju and Goheen (1981 Am. J. Vitic. Enol.
32:155-158) ranked 25 V. vinifera cultivars as sensitive to tolerant to PD based on ELISA readings from greenhouse screened
plants.  We wanted to retest many of our parents to determine if there was any possible contribution of varying levels of
susceptibility or tolerance in our parents to the progeny.  If this effect exists it does not seem to be consistent in our
populations.  This screening also gave us the opportunity to compare our greenhouse results with those of Raju and Goheen.
Table 3 presents these data on 34 winegrapes and bio-control standards.  Our bio-control standards were included in this test
and behaved as expected with V. arizonica/candicans b43-17 having very low values (equivalent to un-inoculated
Chardonnay).  The values for U0505-01 were also typically low as was Roucaneuf, a French hybrid (SV 12.309).  We also
use U0505-35 and -22 as bio-controls because although they contain PdR1 they typically have moderate levels of Xf.
Genotypes with PdR1 generally have mean values of Xf (cfu/ml) lower than 500,000.  We try to select parents with values
below 100,000.  Chenin blanc and Sylvaner were the least susceptible in the Raju and Goheen study and Sylvaner had the
lowest values in our test.  Its values were equivalent to Blanc du Bois, which hosts relatively high levels of Xf but suppresses
symptom expression and survives in the southern US.  Chenin blanc was intermediate in our test.  Other contradictory results
were Cabernet Sauvignon, which was highly susceptible in Raju and Goheen’s test but moderately intermediate in our test.
However, overall the groupings were similar.  Although both tests were performed in the greenhouse, the inoculation
techniques were different (needle inoculation vs vacuum infusion) and the greenhouse conditions, including irrigation and
temperature control, which have a large influence on symptom expression and Xf build up but were hard to compare

Field Testing – Testing of advanced selections continues at the Beringer vineyard in Yountville, CA.  In addition to natural
PD pressure in this Napa Valley hot spot, we needle inoculate each spring.  Eleven selections from the BC3, 94% vinifera
crosses, grafted on our PD resistant rootstock selections, were planted at Beringer in July 2010.  They are listed next followed
with their last V. vinifera parent: 07329-01, 07329-037 (Chardonnay), 07355-042, 07355-048, 07355-057, 07355-075 (Petite
Sirah), 07370-128, 07371-025, 07371-027 and 07713-051 (Carignane x Cabernet Sauvignon).  We also planted a field trial at
the Mounts Vineyard in Healdsburg in June 2010 with 07329-37, 07355-75 and 07713-51 (all three 94% vinifera with PdR1),
and U0502-20 (87% vinifera with PdR1).  These vines were planted with varying numbers of five vine replicates.  The site is
surrounded by PD habitat on two sides and is chronically and severely infected, they will also be needle inoculated. We sent
87% vinifera PdR1 to Dr. Elina Coneva at Auburn University in Alabama 501-12 (50% Syrah) 30 plants, 502-01 (50%
Chardonnay) 32 plants and 502-10 (50% Chardonnay) 34 plants. They were repotted there and will be planted out in spring
2011.  We also sent cuttings of five 87% vinifera PdR1 selections to Jim Kamas in Fredericksburg, TX for a trial there
(U0502-10, U0502-20, U0502-26, U0502-38 and U0505-35).  A trial with most of these is underway in Galveston, TX in
collaboration with Lisa Morano.

Wine Making – Wines were made this fall from four 88% and five 94% vinifera PdR1 selections growing in the evaluation
block at UCD.  A full description of the fruit and juice is in Table 4.  ETS Laboratories (www.etslabs.com) of St. Helena
kindly donated their fruit analysis and phenolics panel, which uses a wine-like extraction to model a larger fermentation.
Wine evaluations will occur later this winter.

CONCLUSIONS
This project continues to breed PD resistant winegrapes with the primary focus on the PdR1 resistance source so that
progress can be expedited with MAS.  Populations with Xf resistance from other sources are being maintained and expanded,
but progress is slower with these sources.  We continue to supply plant material, conduct greenhouse screens and develop
new mapping populations for our companion project on fine-scale mapping of PD resistance to allow the characterization of
the PdR1 resistance locus.  Small-scale wine making continues with advanced 94% vinifera selections and these selections
scored very well last year.  In 2011, we should make the first small wines from Napa trials with the 94% vinifera selections.
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We plan to release PD resistant cultivars from the 97% vinifera populations we planted this year – they will begin fruiting in
summer 2011, and continue to produce additional 97% vinifera populations with different last generation winegrape parents.
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Table 1. 2010 crosses to produce winegrapes and mapping populations with the estimated number of seeds produced.

Resistant Type
Vinifera Parent\grandparent
of Resistant Type Vinifera Types used in 2010 crosses

Estimated
# of Seed

1a. Monterrey V. arizonica/candicans resistance source (F8909-08 = V rupestris x V. arizonica/candicans b43-17) to
produce progeny with 96.875% V. vinifera parentage. F2-35 is 100% vinifera cross of Cabernet Sauvignon x Carignane.
07355-020 Petite Sirah\Cabernet

Sauvignon
Barbera 85

07370-028 F2-35\Chardonnay Chardonnay, Riesling 750
07371-20 F2-35\Chardonnay Barbera 350
1b. Monterrey V. arizonica/candicans (b43-17) PdR1a resistance source to produce progeny with 93.75% V. vinifera
parentage, without the possible confounding effect of V. rupestris, which is in 8909-08 or 8909-17.
08329-035 Tannat\Chenin blanc Cabernet Sauvignon 85
08329-074 Tannat\Chenin blanc Cabernet Sauvignon, Carignane 900
08329-095 Tannat\Chenin blanc Cabernet Sauvignon 240
1c. Crosses to the b42-26 V. arizonica/girdiana resistance source to 
resistance source.

produce progeny that are 75% vinifera and 25% the

07344A-09 Grenache Carignane 225
07344A-11 Grenache Carignane, Cabernet Sauvignon, Chardonnay 315
07344A-12 Grenache Carignane 180
07344A-15 Grenache Carignane 360
07344A-25 Grenache Carignane 360
07344A-32 Grenache Carignane 180
07344A-33 Grenache Carignane, Cabernet Sauvignon 180
07344A-51 Grenache Carignane 225
07344A-54 Grenache Carignane, Cabernet Sauvignon 270
07344A-56 Grenache Carignane, Cabernet Sauvignon 270
07344A-61 Grenache Carignane, Cabernet Sauvignon 360
1d. Cross to increase the 07344A V. arizonica/girdiana b42-26, 75% vinifera possible mapping population.
05347-02 F2-35 Grenache 760
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Table 2. PD resistant winegrape progeny completed or currently in greenhouse screening for PD resistance.

Group Genotypes #
Genotypes

Inoculation
Date ELISA Date Resistance

Source(s)

A 2009 PdR1 parents 50 11/24/09 2/25/10 F8909-08
B 94% vinifera parents and selections 68 12/8/09 3/9/10 F8909-08
C Xf strain trial 6 3/30/10 7/6/10 F8909-08
D 94% vinifera parents and selections -2 145 4/13/10 7/22/10 F8909-08
E PD rootstock test 35 6/8/10 9/30/10 F8909-08
F 08 PD stocks & recombinants 22 7/15/10 10/14/10 F8909-08
G 97% vinifera tests 23 7/26/10 11/22/10 F8909-08
H 05347 b42-26 mapping 122 9/23/10 12/19/10 b42-26

Table 3. Greenhouse screen results for V. vinifera cultivars used in our crosses and a broad range selected from a previous
screen by Raju and Goheen (Amer. J. Vitic. Enol. (1981) 32:155-158)

Genotype t-test GH Screen Result
(ref U0505-01)

Geometric
mean (cfu/ml)

Mean (ln
cfu/ml)

Std Error (ln
cfu/ml) Reps

Chard un-inoculated A R 11,959 9.4 0.1 5
b43-17 A R 14,830 9.6 0.4 5
U0505-01 B R 36,268 10.5 0.5 5
Roucaneuf C R 90,174 11.4 0.8 5
U0505-35 D S 403,729 12.9 0.9 5
U0505-22 DE S 695,510 13.5 0.8 4
Sylvaner EF S 1,099,207 13.9 0.8 4
Blanc du bois EFG S 1,290,448 14.1 0.4 4
Exotic FGH S 1,985,339 14.5 0.3 5
Zinfandel FGHI S 2,408,705 14.7 0.3 5
Grenache FGHI S 2,519,321 14.7 0.3 5
Napa Gamay GHIJ S 2,985,566 14.9 0.1 4
Chenin blanc GHIJ S 3,089,439 14.9 0.3 5
Gewurztraminer GHIJ S 3,104,925 14.9 0.3 5
Carnelian GHIJ S 3,552,279 15.1 0.2 3
Carignane HIJ S 3,612,462 15.1 0.2 5
Helena HIJ S 3,794,260 15.1 0.2 4
Green Hungarian HIJ S 4,171,557 15.2 0.2 5
Cabernet Franc HIJ S 4,654,290 15.4 0.1 5
Alicante Bouschet HIJ S 4,654,756 15.4 0.2 4
Mataro IJ S 4,753,539 15.4 0.1 5
Merlot IJ S 4,800,353 15.4 0.1 5
White Riesling IJ S 5,103,310 15.4 0.1 5
Sauvignon blanc IJ S 5,113,016 15.4 0.1 5
Colombard IJ S 5,147,903 15.5 0.1 5
F2-35 IJ S 5,192,366 15.5 0.2 5
Chardonnay IJ S 5,480,462 15.5 0.2 3
Melon IJ S 5,554,950 15.5 0.1 5
Early Burgundy IJ S 5,623,698 15.5 0.1 4
Mission IJ S 5,991,785 15.6 0.1 4
F2-7 IJ S 6,009,788 15.6 0.1 4
Palomino J S 6,036,289 15.6 0.0 5
Malbec IJ S 6,194,052 15.6 0.0 3
Petite Sirah J S 6,337,532 15.7 0.0 5
Rosa Minna J S 6,366,115 15.7 0.0 4
Ugni blanc J S 6,394,188 15.7 0.0 5
Monukka J S 6,496,018 15.7 0.0 5
Barbera J S 6,499,917 15.7 0.0 4
Cabernet Sauvignon J S 6,499,917 15.7 0.0 5
Flora IJ S 6,499,917 15.7 0.0 3
Pinot noir J S 6,499,917 15.7 0.0 5
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Table 4a. Phenotypic observations of reference varieties and select progeny with the PdR1 resistance source used for small
lot winemaking in 2010.

2009 Berry Ave Prod
Percent Bloom Berry Size Cluster Ripening 1=v low,

Genotype Parentage vinifera Date Color (g) Wt. (g) Season 9=v high
Chardonnay Gouais blanc x Pinot noir 100 5/22/10 W 1.0 190 early 5
07355-12 U0505-01 x Petite Sirah 94 5/25/10 B 1.2 246 early-mid 6
07355-42 U0505-01 x Petite Sirah 94 5/27/10 B 1.4 169 late 6
07355-75 U0505-01 x Petite Sirah 94 5/20/10 B 1.4 265 early 8
07713-51 F2-35 x U0502-48 94 5/19/10 W 1.4 310 early 8
07713-55 F2-35 x U0502-48 94 5/21/10 W 1.2 270 early-mid 5
U0502-10 A81-138 x Chardonnay 87 5/21/10 B 1.3 320 early 7
U0502-20 A81-138 x Chardonnay 87 5/28/10 W 1.3 150 late 8
U0502-26 A81-138 x Chardonnay 87 5/24/10 B 2.0 480 mid 7
U0505-35 A81-138 x Cab. Sauvignon 87 5/25/10 B 1.3 158 early 6
Blanc du Bois Fla D6-148 x Cardinal ~66 5/26/10 W 2.8 175 mid-late 7
Lenoir V. aestivalis hybrid <50 6/2/10 B 1.3 157 late 6

Table 4b. Analytical evaluation of advanced selections with the PdR1 resistance source used for small lot winemaking in
2010.  Analysis courtesy of ETS Laboratories, St. Helena, CA.

Total
L-malic YAN antho-

acid potassium TA (mg/L, catechin tannin cyanins
Genotype (g/L) °Brix (mg/L ) pH (g/100mL) as N) (mg/L) (mg/L) (mg/L)
07355-12 1.38 27.7 1990 3.25 0.90 326 82 512 2369
07355-42 1.69 26.4 1820 3.53 0.59 356 148 642 1787
07355-75 2.93 28.3 2230 3.43 0.80 275 14 555 1680
07713-51 2.59 22.6 1400 3.48 0.59 194 - - -
07713-55 5.87 24.3 1230 3.25 0.98 293 - - -
U0502-10 3.65 25.5 1850 3.40 0.80 340 78 640 1193
U0502-20 2.33 23.5 1640 3.37 0.75 357 - - -
U0502-26 2.71 24.6 2000 3.40 0.79 340 85 272 741
U0505-35 5.44 27.9 2010 3.41 9.60 397 118 820 1609
Lenoir 7.03 24.8 2240 3.22 1.21 183 186 268 2486

Table 4c. Sensory evaluation of reference varieties and advanced selections with the PdR1 resistance source used for small-
scale winemaking in 2010.

Skin Seed Seed
Tannin Color Tannin

Juice (1=low, (1=gr, Seed (1=high,
Genotype Juice Hue Intensity Juice Flavor Skin Flavor 4= high) 4= br) Flavor 4= low)
Chardonnay gold-brown medium apple, pear sl fruity 1 3.5 nutty 4
07355-12 red med-dark red fruit berry, fruity 2 3 spicy, hot 3
07355-42 pink-red lt-med fruity, honey CS-veg 2 3 spicy 1
07355-75 pink-red medium plum, fruity ripe red fruit 1 3 spicy 1
07713-51 gold-brown medium floral neutral 2 4 mild spice 4
07371-55 green pale neutral, tart neutral 1 4 woody 4
U0502-10 pink light red fruit sl fruity, hay 2 4 nutty, spicy 2
U0502-20 pink-brown lt-med fruity-spicy neutral, hay 1 3 spicy, bitter 1

green-
U0502-26 brown medium honey, spicy

CS-veg,
neutral 1 4 clove, spice 3

U0505-35 red-sl brown medium berry sl vegetal 1 3 nutty 3
Blanc du brown- woody,
Bois green medium floral, apple sl vegetal 1 4 bitter 3
Lenoir red med-dark mildly fruity fruity 1 4 hot 4
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Reporting Period: The results reported here are from work conducted September 2009 to October 2010.

ABSTRACT
This report presents updated results on the refined genetic and physical mapping of the Pierce’s disease (PD) resistance locus,
PdR1, which originates from Vitis arizonica/candicans b43-17 and is flanked by the SSR markers, VVCh14-78 and
VVCh14-81, within a 1cM distance.  We have two BAC libraries for b43-17, each with one restriction enzyme (Hind III and
Mbo I), and the screening of the Hind III BAC library with flanking markers was completed.  The Pinot noir genome
sequence was used to develop SSR markers to screen the BAC library, and these markers were used to reduce PdR1’s
physical distance.  Two screenings of the libraries identified 24 (with markers VVCh14-56 and VVCh14-10) and 17 positive
BAC clones (with marker VVCh14-58).  Five clones were positive with VVCh14-56 and VVCh14-58.  Clone ‘H69J14’
(which is bigger than 200Kb) was selected for sequencing and clone spans scaffold 68 and 171 of the Pinot noir genome
sequence.  A total of 42,000 sequences were generated, however assembly was complicated by a large number of
transposable elements in the resistance region.  A Fosmid library of H69J14 is now being generated to obtain larger (35kb
inserts) to help resolve assembly problems based on the repetitive regions.  Clones in the region from the Pinot noir genome
possess four tandem repeats of serine threonine protein kinase with leonine rich repeat domains, genes that are involved in
microbial recognition and plant defense reactions.  Genetic mapping is also underway in three other populations to enable a
better understanding of PD resistance and of PdR1: the 07744 (resistance from V. arizonica b40-14); the 04191 (resistance
from F8909-17 PdR1a); and the 05347 (resistance from V. arizonica/ girdiana b42-26).  A total of 152 markers were
completed for 07744 to develop the framework map.  Greenhouse screening of the 07744 population is complete.
Preliminary results with the 07744 indicated that PD resistance (PdR1c) resides on chromosome 14, in the same region where
PdR1a (resistance from F8909-17) and PdR1b (resistance from F8909-08) mapped from the b43-17 background.  However,
b40-14’s SSR alleles for resistance are very different from those of b43-17.  Genetic mapping of the quantitative resistance
from V. arizonica/girdiana b42-26 continues in the 05347 (V. vinifera F2-35 x b42-26) population.  About 70% of the
population has been greenhouse screened, the remaining 75 seedlings will be tested early next year.  b42-26 is surprisingly
homozygous with the SSR markers we have available, which prompted the development of 71 new markers and the
acquisition of about 200 others so that genetic mapping can be improved.

LAYPERSON SUMMARY
Genetic mapping from two different forms of Vitis arizonica have identified a region on chromosome 14 that is responsible
for Pierce’s disease (PD) resistance, which we termed PdR1.  We have mapped two forms of PdR1 from V. arizonica /
candicans b43-17, and have mapped a third form, PdR1c, that originated from V. arizonica b40-14.  These forms are both
single dominant genes for PD resistance. We are also examining another source of resistance that is controlled by multiple
genes that originated from V. arizonica / girdiana b42-26 and have begun the fine-scale mapping necessary to determine if
markers are tightly enough linked to these multiple resistance genes to be used for marker-assisted selection.  We plan to
combine these multiple resistance sources in our breeding program to ensure broad and durable resistance to PD.  Genetic
markers to these forms of resistance will make this possible and allow the confirmation and tracking of interbred progeny.
These mapping efforts are also essential to physically locating and characterizing PD resistance genes.  At present, the
chromosome region where PdR1 exists has been sequenced and the pieces of sequence were arranged and compared to the
Pinot noir genome sequence.  This comparative analysis indicates that the susceptible Pinot region carries four genes.  The
Pinot noir region was compared to the sequences we have from the resistant b43-17 and we identified four candidate resistant
genes.  We are in the process of characterizing their function and determining which are likely to be involved in PD
resistance.

INTRODUCTION
Genetic mapping to identify genomic regions that carry disease resistance genes can greatly facilitate breeding and lead to the
map-based positional cloning of the resistant genes.  In this project, we initiated mapping of Pierce’s disease (PD) resistance
in different forms of V. arizonica (Riaz et al. 2007).  These efforts are closely coupled to a breeding program focused on
developing PD resistant winegrapes (see companion report).  The breeding program produces and greenhouse screens the
seedling populations upon which the genetic mapping program depends.  While the tightly linked genetic markers generated
in these mapping efforts are used to optimize and greatly accelerate the PD breeding program (Riaz et al. 2009).  These
markers are essential to the successful introgression of resistance from multiple sources, and thus for the production of
broader and more durably resistant grapevines (Riaz et al. 2008a).  Genetic maps associate DNA markers with phenotypic
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traits, and allow the linking of these traits with markers positioned relative to each other on chromosomes.  Fine scale
mapping of given regions and careful screening of recombinant progeny (those with a given genetic marker but without
resistance, or vice versa, because of a recombination event) is critical to the identification of relatively short genetic regions
that can then be sequenced so the genes responsible for PD resistance can be characterized and their function studied (Riaz et
al. 2008b).

OBJECTIVES
1. Completely characterize and refine the PD resistance locus on chromosome 14 by genetically mapping in four

populations that derive resistance from V. arizonica/candicans b43-17 and its V. rupestris x b43-17 progeny F89090-08
(PdR1b) and F8909-17 (PdR1a):  04190 (V. vinifera F2-7 x F8909-08), 9621 (D8909-15 x F8909-17), 04191 (F2-7 x
F8909-17), and 04373 (V. vinifera F2-35 x V. arizonica/candicans b43-17).

2. Genetically map PD resistance from other forms of V. arizonica:  b42-26 (V. arizonica/girdiana) and b40-14 (V.
arizonica).

3. Develop a BAC (bacterial artificial chromosome) library for the homozygous resistant genotype b43-17 (parent of
F8909-08, and F8909-17) and screen the library with closely linked markers.

4. Complete the physical mapping of PdR1a and PdR1b and initiate the sequencing of BAC clones that carry PdR1a gene
candidates.

RESULTS AND DISCUSSION
Objective 1. We have refined the genetic position of the PdR1a and PdR1b resistance loci between marker VVCh14-56 and
VVCh14-77 in the maps of two populations 9621 and 04190.  These SSR markers have unique allele sizes for resistant
parents that are not found in susceptible vinifera parents.  This characteristic makes these markers very valuable for marker-
assisted selection (MAS) in our ongoing wine grape-breeding program (see companion project report).  The physical distance
between these markers is 200-230 Kb, and they have been used to test additional plants and identify key recombinants critical
for fine-scale mapping.  Currently there are three key recombinants in the 9621 population from a tested set of more than 900
plants.  F8909-08 possesses the PdR1b resistance locus, which is being mapped in the 04190 population.  The greenhouse
screen was repeated for key recombinants, which also helped to refine the data.  In addition, marker analysis identified 14
more recombinants from 15 different crosses (totally about 1,000 plants) based on resistance from F8909-08.  An additional
11 recombinants were found from the PdR1a source, and greenhouse screening was completed on the 35 recombinants.  This
screen identified four key recombinants.  In two plants the recombination event occurred between PdR1b and VVCh14-02,
and in one plant the recombination event occurred between PdR1b and VVCh14-70.  The greenhouse screen is being
repeated for four other recombinants that had inconclusive first test results.  In the most recent map, we have placed the
PdR1b locus between markers VVCh14-81 and VVCh14-77.  Both of these markers are roughly 200Kb apart based on the
Pinot noir genome sequence.

The 04191 population (V. vinifera F2-35 x F8909-17) has 153 progeny plants and has PdR1a-based resistance.  This
population allows PdR1 to be examined without possible confounding effects from D8909-15, the other parent of the 9621
population, since D8909-15 has a multigenic resistance from b42-26.  The resistance locus PdR1a is mapped in the 9621
(D8909-15 x F8909-17) population, and the 04190 population mentioned above, and refined mapping focused only on
chromosome 14.  The 04191 population is critical for the identification of any minor genes that might contribute to PD
resistance.  Therefore, we expanded the framework genetic map to all 19 chromosomes.  A total of 143 SSR markers
representing all 19 chromosomes were added to the set of 153 seedlings, of which 141 were greenhouse screened for
resistance.  The greenhouse screen results of seven of the plants did not match with the marker data.  These plants are being
rescreened with results expected later in Fall 2010.  ELISA results from remaining the 134 plants matched with the marker
results.  A total of 75 seedlings have low bacterial titer values and carried resistant alleles with the tightly linked flanking
markers and fifty-nine seedlings had high bacterial numbers and they inherited alleles linked to the susceptibility to PD,
which confirmed a single dominant gene 1:1 segregation.  We are in the process of evaluating the greenhouse results, genetic
mapping with 138 markers and QTL(Qualitative Trait Loci) analysis.

Objective 2. In response to recommendations from the CDFA-PD board and reviewer recommendations to broaden
resistance, we are characterizing resistance from two additional sources and making good progress.  The main purpose is to
identify additional resistance sources, genetically map them and use tightly linked molecular markers to pyramid resistance
from different backgrounds into single line.  We are pursuing two other resistant V. arizonica forms:  b42-26 V.
arizonica/girdiana from Loreto, Baja California; and b40-14 V. arizonica from Chihuahua, Mexico.  Although they are
morphologically different than b43-17, they both posses strong resistance to PD and greatly suppress Xylella. fastidiosa
levels in stem tissue after greenhouse screening.

Greenhouse screening data indicate that resistance from b42-26 is quantitative.  A small breeding F1 population 05347 (V.
vinifera F2-35 x b42-26) was produced in 2005, and a subset of 48 genotypes was greenhouse screened and found 35 were
resistant and 13 were susceptible.  A total of 337 markers were tested on small a parental data set.  Results found a high level
of homozygosity for b42-26 (only 113 markers were polymorphic); 184 markers were homozygous for the male parent b42-
26, and 40 markers did not amplify.  In the Spring of 2008 and 2009, crosses were made to increase the population size.
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Currently, 239 seedlings exist in the field and greenhouse screening is complete on 63 seedlings, underway on 111, and the
final set of 75 will be screened in 2011.  In addition to increasing the population size, we also need more markers that are
polymorphic for b42-26, a very homozygous selection.  We developed 71one new SSR markers from clone sequences
generated from the Vitis Microsatellite Consortium.  These clones had microsatellite repeats in the beginning or end of the
sequence, which left no room for primer design.  A total of 238 of these clone sequences were compared to the nearly
homozygous 12X Pinot noir genome in order to obtain additional flanking sequences.  There were good matches for 71 of the
clones and primers were designed for them; 69 of the newly designed primers amplified and 67 of them generated a clean
banding pattern with V. vinifera DNA samples (results form this study were submitted as a research note in AJEV).  We also
acquired primer sequences of an additional 200 markers that have not been tested with b42-26.  Marker testing on small set of
parents and progeny is underway.  We are now adding markers to develop a framework map of the entire population set; 50
markers have been completed and more are being added.

Resistance in V. arizonica b40-14 seems to be homozygous and is controlled by a single dominant gene.  We mentioned in
previous reports that all F1 progeny from a cross of V. rupestris x b40-14 (the R series) were resistant to PD except three
genotypes with intermediate results.  Two resistant siblings of this population were used to develop the 07388 (R8918-02 x
V. vinifera) and 07744 (R8918-05 x V. vinifera) populations.  A summary of the genetic mapping and QTL analysis is
presented below:  227 markers were polymorphic for one of the parents; 152 were analyzed on the entire set of 122 plants; a
framework map of R8918-05 was produced with MAP QTL (4.0) and the Kruskal-Wallis approach was used to complete the
preliminary analysis.  PD resistance mapped only on chromosome 14 – the same chromosome where PdR1a and PdR1b
mapped.  PD resistance from b40-14 (which we have named PdR1c) also maps in the same general region between flanking
markers VVCh14-77 and VVIN64 and within 1.5 cM.  The LOD threshold for the presence of this QTL was 33 and 82% of
the phenotypic variation was explained (Figure 1).  In 2009, crosses were made with F1 resistant selections from 07744
population.

Objective 3 and 4. Two BAC libraries were created from the homozygous resistant b43-17.  Screening of the library with
markers VVCh14-10, VVCh14-56 and VVCh-58 identified 41 positive clones– four of the clones were positive with
VVCh14-10, VVCh14-56 markers (H23-P13, H34-B5 and H64-M16 and H45-J22) and five of them were positive with the
VVCh14-56 and VVCh14-58 marker (Figure 1a).  Two clones were selected for sequencing with an overlap of 60Kb and a
spanned region of 340Kb.  A shotgun library of BAC clone H64M16 was Sanger sequenced.  Clone H69J14 was selected for
454 sequencing.  A total of 42,000 sequences were generated and two different programs were used to assemble the
sequence.  However, the sequenced region was highly enriched with repetitive elements, which complicated the assembly.
Newbler software as well as Lasergene program SEQMAN do not work well with sequences containing many repeated
regions.  In order to generate longer sequence fragments, a shot gun library was constructed for clone H69J14; 384 sequences
were generated in both directions to develop paired ends in order to fill the gaps between the contigs from the 454 sequence
data.  We then masked the repetitive region from all the sequences (both H69J14 and H64M16 clones) to carry on the
assembly with MIRA assembler program.  This improved the assembly, but the contig number was still very high and not
suitable for primer walking.  Moreover, all the major contigs had masked repetitive regions on both ends indicating that the
primer design effort would not generate sequence specific results capable of bridging the gaps.  We are now in the process of
developing a Fosmid library with an insert size of 35-40Kb, and the resulting 384 sequences in both directions will allow us
to tag smaller contigs from the 454 and shotgun reads data.  Because the fosmid clones are 35Kb inserts, it will help resolve
assembly problems based on the repetitive regions.

Recently, the 12X assembly of Pinot noir (PN400204) sequence became available.  It is an improved version of the 8X
assembly we used previously.  Detailed analyses identified four tandem repeats of serine threonine protein kinase with a
leucine-rich repeat domain gene family in the resistance region (Table 1).  All four genes have large introns indicating that
they may carry transposable element like sequences.  We utilized CENSOR software to screen query sequences against a
reference collection of repeats to generate a report classifying all detected repeats (Table 1).  All four genes carry DNA
transposons as well as LTR(Long Terminal Repeat) retrotransposons documenting the complexity of the region.  In this
situation, a direct comparison of the H69J14 clone sequence to the PN40024 sequence is not advisable because it is possible
that the arrangement of repetitive elements is significantly different between the resistance region of the two genomes.  A
comparison of a larger sequence of the region, without the resistance genes, shows up to 98% homology with the susceptible
PN40024.  However, the b43-17 resistance region sequences that overlap with scaffold 68 of Pinot noir matched to multiple
sites and the level of similarity was reduced.  These results suggest that the b43-17 genomic region with the PD resistance
gene(s) is divergent from PN40024 and that transposable elements may play a major role in these sequence differences.  Our
main emphasis is assembling the complete region in order to make comparisons to the susceptible sequence.  This will help
us understand the causes of sequence divergence and the evolution of the PD resistant gene family.  Previous studies have
indicated that the sequence of chromosome 14 is known to carry members of 13 different families of DNA transposons and
retrotransposon (Moisy et al. 2008).  We identified four potential candidate genes from the partial assembly of the H69J14
clone sequence (Table 2).  Three of the candidate genes are 94 to 98% identical to each other and they are also 50 to 70 %
identical to four PN40024 genes (Figures 2 and 3).  We have initiated cloning work with candidate gene C4000-1.  In later
stages, as the fosmid sequence data becomes available, more detailed analysis will be carried out.
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CONCLUSIONS:
Genetic mapping efforts have identified valuable genetic markers for marker-assisted selection and enabled rapid progress
towards PD resistant winegrapes (see companion report).  These mapping efforts have now identified three alleles of PdR1:
PdR1a and PdR1b derived from V. arizonica / candicans b43-17; and PdR1c derived from V. arizonica b40-14.  These alleles
were found to map within the same general region, but suggest that although PdR1 seems to be a single gene trait, the region
may be composed of a number of tightly linked genes.  BAC library sequence analysis of b43-17 is resulting in candidate
genes suggestions for PdR1 and these are being compared to the PN40024 genome sequence and to similar regions in other
plants.  The genomic characterization of this region will help us determine how this form of PD resistance functions and
which genes control it.  Genetic mapping of the multigenic source of resistance, b42-26, is progressing and tightly linked
markers will greatly expedite the interbreeding of this resistance with that from b43-17 to increase the durability of PD
resistance.

Table 1. Details for the transposable elements, sizes of exons and introns in four genes that are present in the Pinot noir
(PN40024) 12X genome sequence in the region correlated to the PdR1 region of b43-17.  The analysis of the sequence was
carried out with Censor program, which compares the sequence to known repeat regions from Vitis, Maize, Wheat and Pine.

Gene ID (12X genome of
PN40024)

Gene
size (bp)

No. of
exons and

introns

Size
without

introns (bp)
Repeat class categories Fragments Length

GSVIVT01033116001 7,729 6, 5 2,496 DNA transposon 1 294

GSVIVT01001802001 33,894 10, 9 3,360 Transposable Element
DNA transposon

EnSpm
Harbinger
Helitron
MuDR
hAT

LTR Retrotransposon
Copia
Gypsy

Non-LTR Retrotransposon
L1

31
18

3
3
3
5
1

12
3
8

1

13969
2747

485
305
474
640
408

11164
406

10613

58

GSVIVT01001803001 11,310 10, 9 3,309 Transposable Element
DNA transposon

Harbinger
MuDR
hAT

LTR Retrotransposon
Gypsy

8
7
1
4
2
1
1

2453
2182
377

1121
684
271
271

GSVIVT01001804001 12,165 11, 10 2,691 Transposable Element
DNA transposon

Harbinger
MuDR
hAT

LTR Retrotransposon
Gypsy

9
8
1
5
2
1
1

2778
2520
383

1450
687
258
258

Table 2. Information for four candidate genes from a partial assembly of
the resistance region of b43-17.
Contig ID size (Kb) current gene ID Size (Kb)
Contig 4000 47.3 Contig 4000-1 3.07
Contig 4002 25.1 Contig 4002-1 2.12
Contig 3995 7.34 Contig 3995-1 2.97
Contig 3974 22.2 Contig 3974-1 2.94



- 265 -

REFERENCES CITED
Moisy C., Garrison K.E., Meredith C.P., Pelsy F.  2008. Characterization of ten novel TyI/copia-like retrotransposon families

of the grapevine genome. BMC Genomics 9:469
Riaz, S., S. Vezzulli, E.S. Harbertson, and M.A. Walker.  2007. Use of molecular markers to correct grape breeding errors

and determine the identity of novel sources of resistance to Xiphinema index and Pierce’s disease. Amer. J. Enol.
Viticult. 58:494-498.

Riaz, S, A.C. Tenscher, B.P. Smith, D.A. Ng and M.A. Walker.  2008.  Use of SSR markers to assess identity, pedigree, and
diversity of cultivated muscadine grapes. J. Amer.  Soc. Hort. Sci. 133:559-568

Riaz, S., A.C. Tenscher, J. Rubin, R. Graziani, S.S. Pao and M.A, Walker.  2008.  Fine-scale genetic mapping of two Pierce’s
disease resistance loci and a major segregation distortion region on chromosome 14 of grape.  Theor. Appl. Genet.
117:671-681

Riaz, S., A.C. Tenscher, R. Graziani, A.F. Krivanek and M.A. Walker.  2009.  Using marker-assisted selection to breed
Pierce’s disease resistant grapes. Amer. J. Enol. Viticult. 60:199-207.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.  Additional
support from the Louis P. Martini Endowed Chair in Viticulture is also gratefully acknowledged.

Figure 1. Interval mapping of PdR1 indicating a peak at LDD 34.0 with the 95% confidence interval. The X-axis
indicates the position of the markers; LOD values are plotted on the Y-axis.
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Figure 2. The arrangement of BAC clones and relative positions in comparison to the Pinot noir (PN40024)
sequence. Three markers in red were used to screen the BAC library. H69J14 clone has been sequenced via 454 and
sanger shotgun method. H64M16 clone has been sequenced by sanger method only. Both clones overlap for 60Kb
approximately. These two clones represent the haplotype PdR1b region of b43-17.

Figure 3. The sequence comparisons of genes identified from the Pinot noir (PN40024) and from the partial assembly of the
BAC clone of the resistant genotype b43-17
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ABSTRACT
Significant advances in the classical and molecular breeding of Pierce’s disease (PD) resistance have been made by
exploiting resistance from North American Vitis species.  The resistant species, Vitis arizonica/candicans b43-17, was used
to study the inheritance of resistance to Xylella fastidiosa (Xf), generate mapping populations and to position loci on genetic
maps linked to this homozygous dominant resistance gene termed PdR1.  BAC clones were identified with markers linked to
the PD resistance locus, and they were separated into PdR1a and PdR1b categories using a polymorphic marker for b43-17
and sequencing was completed for a clone carrying the PdR1b locus.  Preliminary data analysis found that the resistance
region is enriched with repetitive transposable elements, making the sequence assembly process very challenging.  From the
partial assembly of the region, we identified four tandem repeats of Serine Threonine Protein Kinase with a Leucine-rich
Repeat domain gene family in the resistance region.  The availability of the 12X genome assembly of Pinot noir (PN40024)
provided a sequence without any gaps and allowed us to make comparisons.  The 12X assembly of the PD susceptible
PN40024 also carried four tandem repeats of the Serine-Threonine Protein Kinase gene family and all of them carried introns.
We initiated cloning of one candidate gene PdR1b.1 for further sequence verification and to develop constructs for use in
complementation experiments.  We also initiated cultures of embryogenic callus of two V. vinifera cultivars, Chardonnay and
Thompson Seedless, and one rootstock, St. George.  These cultures are now embryogenic and will be used for
transformation/complementation studies with PdR1 gene candidates.  To reduce the time span for generating healthy
transgenic plants we also tested two different methods that employ organogenesis for Agrobacterium-mediated
transformation.  We were successful in streamlining one method that will allow us to cut down the time period needed to
generate transformed plants to four to six months.

LAYPERSON SUMMARY
Our companion project “Map-based identification and positional cloning of Xylella fastidiosa resistance genes from known
sources of Pierce’s disease (PD) resistance in grapes” has identified four candidate genes coming from V. arizonica /
candicans b43-17 that may be responsible for PD resistance.  The next step in the process is to test these candidate genes by
transforming them into a PD susceptible grapevine to see if one or more of the gene candidates are responsible for resistance.
To do this we have to more completely sequence the PD resistance region (PdR1) since it contains complicating genetic
factors called transposable elements.  We have started this “clean-up” process.  We have also developed callus tissue that is
capable of developing into new plants (embryogenic) from flower tissue of Chardonnay, Thompson Seedless and St. George.
The gene candidates can be inserted into these embryogenic callus tissues and if these genes are responsible for resistance the
plantlets regenerated from these tissues will be PD resistant. Development of embyrogenic callus is difficult and slow and
this spurred the development of an alterative technique based on meristem tissue from shoots.  We now have embryogenic
tissue developed from this meristematic tissue that will allow the PdR1 gene candidates to be tested in a wider range of
winegrapes and more rapidly.

INTRODUCTION
New cultivars bred to resist Xylella fastidiosa (Xf) infection and subsequent expression of PD symptoms will provide long-
term sustainable control of PD.  Disease resistant cultivars can be obtained by conventional breeding through the
introgression of resistance from Native American species into elite vinifera wine and table grapes.  Another approach is
“cisgenesis” – the transformation of elite V. vinifera varieties with grape resistance genes with their native promoters, cloned
from disease resistant American Vitis species.  The cisgenic approach may have a more limited impact on the genome of the
elite V. vinifera parent since very limited amounts of the Vitis species genome would be added to the elite parent, thus
limiting the impact on its fruit and wine quality while making it PD resistant.  The linkage-drag-free cisgenic approach is
attractive, and also allows the opportunity to stack additional resistance genes from other Vitis sources, even if these genes
originate from the same chromosomal position in different species or accessions (Jacobsen and Hutten 2006).  We have been
breeding PD resistant wine grapes, and it has been possible for us to maintain and characterize genetic populations that were
by-products of the breeding program.  These populations have allowed: the construction of genetic maps; identification of
genomic regions associated with PD resistance and other traits of interest; the selection of markers that are tightly linked to
PD resistance to greatly expedite breeding through marker-assisted selection (MAS); and the use of genetic maps to lay the
foundation for the construction of physical maps to identify resistance genes (Riaz et al. 2008; Riaz et al. 2009).  The
physical map of the resistance region from V. arizonica/candicans b43-17, PdR1, allowed the identification of potential
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candidate resistance gene(s).  Preliminary comparison indicated that the PdR1 region contains multiple tandem repeats of
Serine Threonine Protein Kinase with a LRR domain (STPK-LRR) gene family.  This category of genes belongs to a group
involved in plant resistance.  Their defense mechanism is based on compounds involved the recognition of microbe-
associated molecular patterns (MAMP) like compounds, which lead to the initiation of a defense response (Bent and Mackey
2007).  In order to gain insight and to verify the function of resistance gene(s), cloning and functional characterization is
required.  In this report, we present the cloning progress of one of the candidate resistance genes, PdR1b.1.

OBJECTIVES
1. Cloning, structural analysis and gene annotation via comparison of the PdR1b locus to the susceptible Pinot noir genome

sequence using the assembled sequence of the BAC clone H64J14.
2. Expression studies of candidate genes.
3. Development of alternative protocols for genetic transformation for the validation of gene constructs

a) Agrobacterium-meditation transformation of the susceptible Vitis cultivars (Chardonnay and Thompson Seedless,
and the rootstock St. George).

b) Transformation of tobacco.

RESULTS AND DISCUSSION
Objective 1.  Cloning, structural analysis and gene annotation via comparison of the PdR1b locus to the susceptible Pinot noir
genome sequence using the assembled sequence of the BAC clone H64J14: The preliminary assembly of the BAC clone
sequence generated 8-10 contigs of significant size, but a large portion of the sequence remained unassembled.  Further detailed
analysis of the assembled, as well as the unassembled, sequences revealed the presence of a high number of transposable
elements (TE).  In fact chromosome 14 is the second largest carrier of transposable elements in the sequenced Pinot noir
genome (Moisy et al. 2008).  Transposable elements play key role in the diversification of disease resistance genes by allowing
rapid adaptive change due to their ability to insert into regions of the genome and alter gene function; so called TE-induced
gene alteration (Michelmore 1995).  Considering the complexity of the PdR1b region, we are in the process of developing a
fosmid library that would help overcome the problem of many short fragment sizes resulting from the 454 and Sanger shot gun
sequencing reads.  The fosmid library should produce much longer fragments and work towards a complete assembly of the
region (see the companion report “Map-based identification and positional cloning of Xf resistance genes from known sources
of PD resistance in grapes” for additional information).  Meanwhile, we identified four candidate genes from the assembled
contigs and have initiated cloning work with one of the candidate genes (PdR1b.1), which is 3.1 Kb in size.

Two pairs of primers were designed to clone the first candidate gene into a pCR4-Topo vector.  The first set of primers was
designed using the sequence builder program, and the second set utilized the Vector NTI program.

PD1-1F TTCTCTTTCATCCGTGAATGTAG
PD1-1R AAAAAATTCYTGGAGAGATGCT

PD1-2F GTAGGCATGATTGGGCCA
PD1-2R AAAATTCYTGGAGAGAGATGCTTATTTT

The PCR reaction was done using AccuPrime Taq Polymerase, which has improved fidelity (PCR Selection Kit- High
Specificity, Invitrogen).  The PCR reaction was performed at 60ºC annealing temperature and only the second set of primers
amplified a fragment the size of the gene.  The product of the PCR reaction was inserted into a pCR4-Topo vector.  The
vector was used to transform chemically competent cells of E. coli DHά5.  In next step, we will sequence the DNA to verify
it and the construction of binary vector will be initiated.

Objective 2. Expression studies of candidate genes by nested RT-PCR:  To conduct the expression studies of the candidate
genes, hardwood cuttings will be collected in November to generate plants.  The stem and leaf tissue of these plants will be
used for the total RNA from both resistant (b43-17, F8909-08) and susceptible genotypes (A de Serres, Chardonnay) using a
cetyltrimethylammonium bromide (CTAB)-based RNA extraction protocol as described by Iandolino et al. (2004) with
minor modifications.  Results of this experiment will be available in the next report.

Objective 3. Development of alternative protocols for genetic transformation for the validation of gene constructs and in-
vivo complementation of the candidate genes.  Currently the most commonly used method for the production of transgenic or
cisgenic grapes is based on Agrobacterium transformation followed by regeneration of plants from the embryogenic callus.
We have established cultures of pre-embryogenic callus derived from anthers of V. vinifera ‘Thompson Seedless’ and
‘Chardonnay’ and the V. rupestris rootstock ‘St. George’.  These cultures of embryogenic calli have been used for
transformation (Aguero et al, 2006).

In addition to embryogenic callus, we are testing two additional transformation methods.  The first one is based on
development of transgenic plants from shoot apical meristems via Agrobacterium-mediated transformation (Dutt et al. 2007).
The ease of producing and maintaining in vitro micro-propagation cultures from a large number of cultivars makes shoot tip
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based transformation a very effective system.  The second method employs genetic transformation of V. vinifera via
organogenesis (Mezzetti et al 2002).  This method utilizes shoot apical meristem slices prepared from the entire meristematic
bulk for Agrobacterium-mediated transformation of grape plants with the gene DeH9-iaaM.  With this procedure, they were
able to generate transgenic plants in much shorter time interval.  We have streamlined this procedure and have already
obtained transgenic shoots using Mezzetti’s method in three months expressing GFP (Figure 1).  So we expect that the time
required for transformation will be shortened to approximately six months instead of one year via embryogenic callus.  In
later steps, we will use transformation with green fluorescent protein (GFP) to test the uniformity and effectiveness of this
procedure as well as its utility with a range of cultivars; currently it is only being used with Thompson Seedless.

Figure 1. Regeneration and selection of meristematic transformed tissue with GFP protein (the green tissue is transformed).

CONCLUSIONS
The last step in the characterization of a resistance gene is to verify that the isolated gene functions in a host plant.  This
process requires that the gene be transformed into susceptible host and challenged by the disease agent. Agrobacterium-
based transformation can be used with grape but initiating transformable and regenerable tissue is often a problem with
grape.  We have obtained regenerating callus of Chardonnay, Thompson Seedless and St. George for use in testing the four
PdR1 region gene candidates.  We have also utilized another technique to speed the development of embryogenic tissue in
this case from meristems that will allow PdR1 gene candidates to be tested in a much broader range of genotypes.  If PdR1
gene candidates function they could be transformed into a wider range of winegrapes with this technique.

The classical methods of gene introgression have the disadvantage of potential linkage drag (inclusion of unselected genes
associated with a trait) and the time required for time-consuming backcrosses and simultaneous selection steps.  Cisgene
micro-translocation is a single-step gene transfer without linkage drag; as well as a possible means of stacking resistance
genes in existing winegrape varieties.
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ABSTRACT
Since 2002 a grapevine genetic transformation program has been carried out at La Platina Research Station of the National
Agriculture Institute (INIA, Santiago de Chile) by development of a high throughput Agrobacterium tumefaciens-mediated
transformation system using ‘Thompson Seedless’ somatic embryos (Reyes et al., 2005).  Formerly focused on Botrytis
control, the more advanced lines from this program were developed using the chi42 and nag70 genes from Trichoderma
harzianum P1, and the chi33 gene from a local isolate of T. virens.  About 3,000 candidate transgenic lines have been
successfully established at greenhouse level (Hinrichsen et al., 2005), from which 103 lines represented by 568 GM plants
were released into a biosafety field in September 2004.  Results allowed the generation of a fungus tolerant population (20
top lines) based on a discriminant multivariate analysis of B. cinerea and E. necator tolerances after three seasons of assays.
Scaling up of the somatic embryogenesis (SE) technology was conducted by design of a bioreactor assisted SE platform
(Tapia et al., 2009), useful in the genetic transformation work flow of rootstock germplasms. Generation of Grapevine
Fanleaf Virus resistant lines have been then started together to different approaches evaluating gene silencing in grapevines
and the use of ds hairpin inducing DNA strategy.  Several GM rootstock lines have been already generated and current
evaluation procedures include micro-grafting assays on a population of GFLV infected Saint George plants.  Lately,
additional gene silencing studies are being developed as a proof of concept using undescribed Vitis vinifera inducible
promoters conducting the expression of artificial microRNA based vectors in these species.  Results and strategies will be
shown in order to analyze and discuss the generation of new knowledge for grape biotechnology by networking with different
research groups.
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ABSTRACT
The bacterium Xylella fastidiosa (Xf) causes Pierce's disease and a number of other plant diseases of significant economic
impact.  To date, progress determining mechanisms of host plant susceptibility, tolerance or resistance has been slow, due in
large part to the long generation time and limited available genetic resources for grape and other known hosts of Xf. To
overcome many of these limitations, Arabidopsis thaliana has been evaluated as a host for Xf. A pin-prick inoculation
method has been developed to infect Arabidopsis with Xf. Following infection, Xf multiplies robustly and can be detected by
microscopy, PCR and isolation.  The ecotypes Van-0, LL-0 and Tsu-1 all allow more growth of Xf strain Temecula than the
reference ecotype Col-0.  Affymetrix ATH1 microarray analysis of inoculated vs. non-inoculated Tsu-1 reveals gene
expression changes that differ greatly from changes seen after infection with apoplast colonizing bacteria.  Many genes
responsive to abiotic stress are differentially regulated while classic pathogenesis-related (PR) genes are not induced by Xf
infection.

FUNDING AGENCIES
Funding for this project was provided by the USDA Agricultural Research Service, appropriated project 5302-22000-008-
00D.
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ABSTRACT
We propose to address economic questions related to Pierce’s disease (PD) by developing and applying a quantitative model
of the supply and demand for California wine and wine grapes.  The economic component of this model will combine
existing wine market models with some entirely new elements.  The biophysical component will draw on a range of technical
information and, where appropriate, evidence from crop and disease simulation modeling.  To begin, we have consulted with
scientists the study the disease and its vectors.  Drawing on their advice, combined with information gleaned from interviews
with vineyard managers, we have modeled the problem of the Blue-Green Sharpshooter (BGSS) in Northern California.  By
doing so, we have gained a better understanding of how to model the statewide Pierce’s Disease problem.  Additionally, we
have begun to study the role of the Glassy-Winged Sharpshooter (GWSS) and the problems it poses in southern regions of
the state.  The end result will be a model that is designed specifically to evaluate the likely expected benefits from
investments in alternative R&D projects related to the management of PD.

LAYPERSON SUMMARY
In the first two years of the project we have concentrated on gathering data and other information and learning about PD and
the sharpshooters that spread it, creating a model of the economic impacts of the disease in the Napa Valley, and working to
extend that model so that it can reflect the situation across the state.  Our progress has led us to revise some aspects of the
research strategy, but the work has gone generally according to plan, albeit after a delayed start.  In the coming months we
will work to extend that model so that it better incorporates the role of PD/GWSS in southern California and can be used to
evaluate the benefits from investments in alternative R&D projects.

INTRODUCTION
It is widely accepted that Pierce’s disease (PD) with its vectors, including the glassy-winged sharpshooter (GWSS,
Homalodisca coagulata), has large current and very large potential economic consequences.  However, we are not aware of
other studies that have modeled and measured the economic consequences.  Siebert (2001) discussed the economics and he
estimated that the value of lost wine grape production—in Temecula, Riverside County, alone, in 1988 and 1989—was worth
$37.9 million to California.  Echoing that sense of economic importance, the National Academy of Science (2004) undertook
an extensive study and published a book on California research priorities focused on PD. That book does not contain
estimates of the economic consequences of PD or alternative management or control methods, but it does provide a
comprehensive documentation of knowledge about the problem, as well as a useful classification of types of research and
priorities for them, including economic research.  Further work is needed to develop a quantitative economic understanding
of PD and alternative policies to address it.

OBJECTIVES
The overall objective of this project is to develop a detailed, practical, quantitative understanding of the economic
consequences of PD and alternative management strategies.  More specific objectives are to quantify the current and potential
economic impact of the disease, to estimate the potential economic payoff to investments in PD R&D, to evaluate alternative
management strategies including alternative research investments, and to guide policy decisions, including research priorities.
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Additionally, we aim to study regional differences across California in PD and its associated vectors, allowing for a better
understanding of the problem and a more precise evaluation of alternative management regimes.  To pursue these objectives,
we propose to develop an economic model of the California wine and wine-grape sector.  The model will be structured to
allow us to simulate market outcomes under alternative scenarios for the prevalence of PD, and alternative technologies and
policies for its management, and to assess the economic consequences of these alternatives for various stakeholder groups.
The model will be designed specifically with a view to using it to evaluate the likely expected benefits from investments in
alternative R&D projects related to the management of PD.

RESULTS AND DISCUSSION
Our project commenced formally on September 1, 2008.  Kate Fuller has been employed as a Graduate Student Researcher to
work half-time on the project.  In the work to date we have emphasized investment in developing our own knowledge and
information resources and creating preliminary models.  One important element of this is to develop a detailed data base on
the economics of wine and wine grape production in California.  We have completed the data-gathering phase, and we are
compiling the information into a report documenting by county and crush district for each important grape variety the area
planted, yield, quantity produced (crush volume), and price over the past 30 years.  We have also made some investment in
learning about how to structure and use models of spatial-dynamic processes such as the spread of disease, and made
significant progress in developing an understanding of the pest and disease problem, and an overview of the issues, through
consulting with scientists and others and reviewing literature. Having learned that the PD/GWSS problem will be difficult to
model,  we opted to focus initially on studying the issues as they arise in the north coastal valleys where PD is spread by
native sharpshooters (in particular, the BGSS).  To guide our efforts to understand the issue in that area, we conducted
interviews with vineyard managers there, utilizing a process known as “participatory mapping,” in which managers were
asked to sketch out PD incidence, controls, and associated costs onto aerial images of their vineyards.  This approach has
enabled us to develop some economic data and insight into the problem, management strategies, and costs of prevention,
control, and eradication strategies, which will help us in designing approaches to study the more general problem, including
the role of the GWSS.  We will continue this interview strategy in the Temecula area to gain insight into the issue there.

Based on this work, Kate Fuller has written two  research essays (as required by the Ph.D. program in Agricultural and
Resource Economics at UC Davis).  These essays entailed a review of relevant literature as well as the development of the
framework for a general economic model of vector-borne disease as applicable to PD.  As well as providing a useful
reference document for our project, they formed the basis for Kate’s oral qualifying examination and prospectus.  Kate’s
dissertation research plan, to be conducted over the next year, entails elements related to the main objectives of the project. It
begins with work on the BGSS in Northern California as a basis for work on the GWSS, ultimately providing a basis for
evaluating payoffs to research.

As described above, we have been developing data and information but do not have any specific accomplishments to report
beyond making progress as planned towards achieving the specified objectives for the first-year.

CONCLUSIONS
None to date.

REFERENCES CITED
National Research Council of the National Academies. 2004. California Agricultural Research Priorities: Pierce’s Disease.
Washington, D.C.: National Academies Press.
Siebert, J. 2001. “Economic impact of Pierce’s disease on the California grape industry.” Proceedings of the CDFA Pierce’s
Disease Research Symposium: 111-116.  Referenced in National Research Council 2004.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board and the
University of California, Giannini Foundation of Agricultural Economics.



- 277 -

THE ECONOMICS OF PIERCE’S DISEASE IN CALIFORNIA

Principal Investigator:
Karen M. Jetter
UC Agricultural Issues Center
University of California
Davis, CA 95616
jetter@ucdavis.edu

Co-Principal Investigator:
Joseph G. Morse
Department of Entomology
University of California
Riverside, CA 92521
joseph.morse@ucr.edu

Reporting Period: The results reported here are from work conducted July 1, 2009 to September 30, 2010.

ABSTRACT
The first goal of this research project is to estimate the medium to long-run economic impact to growers and consumers of
California’s grape and orange industries, and to taxpayers from the establishment of the glassy-winged sharpshooter (GWSS)
in California.  The public control program to date has managed to contain the GWSS in the southern part of the State.  As
part of the public program citrus growers are reimbursed their expenses for winter control of GWSS and a quarantine that
regulates the movement of fresh citrus, fresh grapes, and nursery host crops to areas currently free of GWSS.  In the southern
San Joaquin County due to effective winter GWSS control in citrus, the cost for grape growers to treat GWSS using one soil
application of imidacloprid a year ($50-$60 per acre) is offset by reductions in the use of other insecticides such as the foliar
applications of imidacloprid and treatments for pests such as the grapeleaf skeletonizer.  In the Temecula Valley; however,
GWSS becomes active earlier, orchards and vineyards are generally smaller, and the orange/grape land interface is more
complex causing growers in this area to incur additional costs.  In addition to a soil application of imidacloprid, vineyards in
the Temecula valley may also need an additional irrigation at $12.50 an acre at the time of the imidacloprid application, plus
two additional spray treatments with Danitol at $35.50 an acre. Total costs for GWSS control in the Temecula Valley is $98
to $108 an acre.  About $50-$60 of that cost is also offset by reductions in the use of insecticides needed to treat pests that are
now controlled with the soil application of imidacloprid.  The net increase in costs is about $48 an acre per year.  The
incidence of Pierce’s disease (PD) in the Temecula Valley is also higher than before GWSS became established.  Growers are
replanting between 2% and 3% of vines every year due to PD for an additional cost to growers of $65 an acre.  The total
increase in per acre costs to control GWSS and PD is  $103 a year.  The average number of acres cultivated in grapes from
2005 to 2007 in the Temecula Valley is about 1,300, making the total estimated annual losses to growers in the Temecula
Valley about $133,900 a year.  These losses could increase substantially if the public control program were discontinued as
winter GWSS treatment in citrus would cease and, without a quarantine, GWSS would spread.   Costs for grape growers
would increase throughout grape growing regions due to higher control costs where GWSS is currently established, and the
need to implement control measures in areas currently free of GWSS.

LAYPERSON SUMMARY
The first goal of this research project is to estimate the medium to long-run economic impact to growers and consumers of
California’s grape and orange industries, and to taxpayers from the establishment of the GWSS in California.  The public
control program to date has managed to contain the GWSS in the southern part of the State.  As part of the public program
citrus growers are reimbursed their expenses for winter control of GWSS and a quarantine that regulates the movement of
fresh citrus, fresh grapes, and nursery host crops to areas currently free of GWSS.  In the southern San Joaquin County due to
effective winter GWSS control in citrus, the cost for grape growers to treat GWSS using one soil application of imidacloprid
a year ($50-$60 per acre) is offset by reductions in the use of other insecticides such as the foliar applications of imidacloprid
and treatments for pests such as the grapeleaf skeletonizer. In the Temecula Valley; however, GWSS becomes active earlier,
orchards and vineyards are generally smaller, and the orange/grape land interface is more complex causing growers in this
area to incur additional costs.  In addition to a soil application of imidacloprid, vineyards in the Temecula valley may also
need an additional irrigation at $12.50 an acre at the time of the imidacloprid application, plus two additional spray
treatments with Danitol at $35.50 an acre.  Total costs for GWSS control in the Temecula Valley is $98 to $108 an acre.
About $50-$60 of that cost is also offset by reductions in the use of insecticides needed to treat pests that are now controlled
with the soil application of imidacloprid.  The net increase in costs is about $48 an acre per year.  The incidence of PD in the
Temecula Valley is also higher than before GWSS became established.  Growers are replanting between 2% and 3% of vines
every year due to PD for an additional cost to growers of $65 an acre.  The total increase in per acre costs to control GWSS
and PD is  $103 a year.  The average number of acres cultivated in grapes from 2005 to 2007 in the Temecula Valley is about
1,300, making the total estimated annual losses to growers in the Temecula Valley about $133,900 a year.  These losses could
increase substantially if the public control program were discontinued as winter GWSS treatment in citrus would cease and,
without a quarantine, GWSS would spread.   Costs for grape growers would increase throughout grape growing regions due
to higher control costs where GWSS is currently established, and the need to implement control measures in areas currently
free of GWSS.
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INTRODUCTION
In 1989 a pest new to California, the glassy-winged sharpshooter (GWSS), was collected in Irvine, CA.  Since then it has
spread throughout southern California, into the southern San Joaquin Valley including Kern County and parts of southern
Tulare County, and along the coastal counties of Santa Barbara and San Luis Obispo.  Detections, mainly of egg masses on
nursery shipments, have been found in many counties throughout the Central Valley as far north as Tehama County, in the
Napa Valley, and in the Bay Area counties (CDFA 2007; http://max.cdfa.ca.gov/pdcp-gis/pdcp-gis.asp).  The main hosts for
the GWSS are citrus, grapes, almonds and alfalfa.  The GWSS overwinters in citrus, avocados, in riparian vegetation and
some ornamentals such as crape myrtle.  As grape vines and almond trees leaf out in the springtime, the GWSS moves onto
those hosts.

Governmental agencies have been involved in two control programs to manage and contain the GWSS.  One program
involves the control of the GWSS on citrus before it can move into vineyards and transmit the Pierce’s disease (PD)
bacterium.  This program overcomes the divide created between the citrus growers who are not typically affected by GWSS
and would not typically treat for GWSS, and grape growers who are negatively affected by large populations of GWSS
migrating from citrus to grapes.  Currently any citrus grove within ¼ mile of a trapped vine (i.e. a trap placed in a vineyard
contains a GWSS) is treated, unless the grove is located along the northern boundary of the infestation, in which case the
barrier is ½ mile of a trapped vine.  While some citrus growers may benefit from the control of the GWSS in their groves,
chemical treatments may also disrupt IPM pest control practices, imposing additional costs on the citrus industry.  All these
effects are important to include in any economic analysis of PD in California.

Finally, there is a state quarantine in place to limit the spread of the GWSS into uninfested grape growing areas of California.
The quarantine consists of on-site sanitation practices, inspections and surveys, and spraying plant leaves with a chemical
such a methomyl (Lannate®) to treat difficult to detect egg masses not caught by inspectors. As a result, management of PD
in California includes a bundle of methods that have economic impacts on the wine, table and raisin grape, citrus, and
nurseries industries.  These different methods to control GWSS and PD have significantly improved the situation, and
damages today are not as severe as initially anticipated.  Even though better methods have been developed to manage GWSS,
the costs of production for each industry may not have returned to pre-GWSS infestation levels.

Due to the size of the industries affected by the control of GWSS and PD in California, even small changes in the costs of
production can have a major impact on the benefits and costs to producers, consumers and taxpayers.  The grape industry is a
major agricultural producer in California. With average annual revenues (2004-2006) to the wine, table and raisin grape
industries totaling $3 billion, grape production is the largest fruit industry in California (USDA 2006a).  When revenues from
the citrus and nursery industries are combined with the revenues from the grape industry, their total revenues of $20.8 billion
make it the second largest agricultural sector in the U.S. behind corn ($26.8 billion) and before soybeans ($18.3 billion)
(USDA 2006a; USDA 2006b; Jetter 2007).

OBJECTIVES
1)  The first objective of this study is to estimate the costs and benefits to wine grape, table grape and raisin growers,
consumers and taxpayers from changes in the costs of grape production due to the establishment of the GWSS.  The changes
in production costs will be based on current best practices and will include chemical treatments, removal of infested vines,
quarantine restrictions and public control programs.  The increase costs of production affect newly infested producers directly
because they bear the burden of paying the increased costs of production; however, consumers and producers are also
affected through the market effects due the changes in the costs of production.

Objectives 1 will be completed through the use of economic market models.  Market models are used to estimate the losses to
both producers and consumers when changes in the costs to grow and market a crop are significant enough to affect market
prices, production and supply.

Changes in treatment costs due to the establishment of the GWSS and the public control program.

For Objective 1 data are needed on the changes in the costs of production for affected growers due to the establishment of the
GWSS in California, and the amount of acreage lost to PD around the turn of the century.  For Objective 1 data are also
needed on grape, citrus and nursery production, prices, revenues and trade data from 1998 through 2007 (the last year for
which data are available); current costs of production; and elasticities (elasticities measure the percentage change in a
quantity variable for a one percent change in a price variable – for example it could measure the percentage change in
production for a one percent change in the farm price.)

How the GWSS affects current production was determined through meetings held with UCCE farm advisors and growers to
discuss how the establishment of the GWSS affected their pest control programs for grapes.  The meetings were held in
November and December 2008 in the southern San Joaquin Valley in November and December 2008.  Additional
information was obtained through phone interviews with Pest Control Advisors in southern California and  The results of
these meetings were compared to University of California Cooperative Extension Budgets to determine how all pest control
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treatments changed as a result of the treatments required for GWSS (Hashim-Buckley 2007; Peacock et al. 2007; Peacock et
al. 2007b; Vasquez et al. 2007).  Production and price data for grapes were collected from the National Agricultural Statistics
Service.
Economic Effects in the Southern San Joaquin Valley – Data to use in the market model

Objective 1. A meeting was held with grape growers, and public agencies involved with the public control program to
determine how the establishment of GWSS has affected different groups in this area. Three groups are affected by control of
the GWSS in the southern San Joaquin Valley, grape growers, citrus growers and taxpayers. While there is currently a low
incidence of PD in Kern and Fresno counties, the incidence can rapidly increase should GWSS not be controlled.

The first line of defense against the spread of PD by the GWSS is the public control program whereby citrus is treated during
the winter months to prevent the build up of GWSS populations. To control for GWSS in citrus an application of Assail is
made in the fall followed by an application of imidacloprid in the spring.  Imidacloprid is applied at a rate of 32 fl oz an acre
(2 lb ai/gal formulation) through the irrigation system.  The control program is conducted on an area-wide basis to achieve
longer-term reductions in GWSS populations.  The control in citrus occurs about once every three years based on monitoring
of GWSS populations.  However, treatments are scheduled based on monitoring and trapping.  Under the public program
citrus growers are reimbursed for their treatments of GWSS and participation in the public program is currently voluntary for
the citrus grower.  There is no economic effect on citrus growers based on changes in the costs of production.

The second line of defense against the spread of PD is to treat grape vines for GWSS.  A majority of grape growers apply
imidacloprid once annually to control GWSS and prevent the transmission of PD.  Applications of the soil formulation of
imidacloprid (such as Admire Pro) are typically at the maximum rate of 14 fl oz an acre (4.6 lb ai/gal formulation) through
the irrigation system.  The cost of applying imidacloprid is currently about $50-$60 an acre.

Treatments for GWSS sharpshooter control affect the control of other pests, and in turn are affected by the control of other
pests.  The GWSS also controls the variegated grape leafhopper and grape skeletonizer.  The cost savings by growers is $62
an acre based on UCCE budgets, or about the same amount as the current costs to apply Admire Pro.  GWSS control is also
affected by control for the vine mealybug (VMB) (Planococcus ficus).  In 1994 VMB was first found in the Coachella Valley
and has since spread throughout most grape growing counties in California including the southern San Joaquin Valley.
Treatment for the VMB consists of a soil application in late May or early June of imidacloprid and 2–3 spray treatments.  The
soil treatment is in addition to the soil treatment for GWSS in the spring.

According to the PCAs interviewed during August 2010 the incidence of PD in the southern San Joaquin Valley is at about
the same, or slightly less than it was before the GWSS invaded.  As a result no additional costs due to changes in the
incidence of PD are being born by growers in the southern San Joaquin County.  There are also no additional quarantine costs
incurred by grape growers as mature fruit destined for the fresh market is hand harvested and field packed.

Total costs of production for citrus growers are also affected by the public control program and quarantines against moving
citrus out of infested areas.  Treatments with imidacloprid may help suppress nematodes, citrus peelminer and California red
scale.  Better control of these insects can be achieved by applying an additional amount of imidacloprid when treating for
GWSS; however, the grower is responsible for those costs.  The citrus industry is affected by the interior quarantine and fruit
from infested areas needs to be inspected and treated before leaving a quarantine area. Quarantine treatments involve
fumigation using EverGreen (pyrethrum + piperonyl butoxidor).  Turbocide has also been mentioned as a material that can be
used as a fumigant.  If GWSS are found in a grower’s orange shipments, the grower bears the cost of treating GWSS in his or
her grove if the grower did not participate in the area wide program.  This aspect of the public control program is believed to
encourage greater participation by citrus growers in the control of GWSS.  Because growers are reimbursed for their control
costs for GWSS in citrus, there are no additional costs to the citrus industry for this program.

Economic Effects in the Temecula Valley

In the Temecula Valley there is also a public program to control GWSS.  Area wide coordination of treatments has been more
difficult in the Temecula Valley.  Many groves are being carved up into rural homesteads and cultural procedures are
completed by farm management companies instead of a grower/owner.  With a lower proportion of groves being treated in
the Temecula Valley than in the southern San Joaquin Valley, GWSS pest pressure is greater in the Temecula Valley.

Private treatment of GWSS in the Temecula Valley also consists of an annual treatment of Admire.  However, because there
is greater GWSS pest pressure, higher costs of production for grape growers in the Temecula Valley are being realized as the
application of Admire is being supplemented with annual sprays of Danitol in some areas.  For vineyards located near citrus
groves about two applications of Danitol are needed a year.  Growers in the Temecula Valley would also no longer be
required to treat for the grapeleaf skeletonizer.  There is no problem with leafhoppers in this area.
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The Temecula Valley has a drier climate than the San Joaquin Valley.  In order for growers to apply Admire when it can do
the most good, a separate irrigation may be required.  Farm managers with whom meetings were held estimate that half the
time they need to complete a separate irrigation in order to apply Admire.  The extra irrigation costs are estimated to be
$12.50 on average.  Danitol is applied at a rate of 11 oz per acre, with the cost per ounce equal to $1.62.  With two treatments
a year the cost to treat GWSS with Danitol is $35.86.  The total additional cost to grape growers to treat GWSS in the
Temecula Valley is about $48 a year when rounded.

In addition to GWSS treatments growers in the Temecula Valley also have a slightly higher incidence of PD than before the
establishment of the GWSS.  The incidence of PD is currently about 2% to 3% in the valley, up from about 1% before the
GWSS established.  While there are a few large plots that are infested, PD in grape vineyards tends to be localized.  Growers
will pull vines and replant instead of removing a whole plot.  The costs to replant about 2% of vines a year is $65 an acre
based on UCCE wine grape budgets for the San Joaquin Valley.  The total cost to treat GWSS and manage PD is equal to
$103 an acre per year in the Temecula Valley.  Total grape acreage in the Temecula Valley is about 1,300 acres.  Total
annual costs to the grape industry in California is estimated to be about $133,900 a year.

The Temecula Valley was one of the areas hardest hit by the spread of PD by the establishment of the GWSS.  Acreage lost
to PD is approximately 336 acres, or 15.6% of total acreage between 1998 and 2000.

Economic Effects to the Nursery Industry

A survey was sent to 114 nursery operators to determine how the GWSS has affected their production of nursery stock and
the costs associated with GWSS and PD control.   A total of 35 nursery operators responded to the request.  Out of the 35
nursery operators who responded eight operations had to destroy plants due to the presence of GWSS.  The total wholesale
value of the destroyed plants was $ 95,500 for an average loss of $10,611 per infested operation.

Questions were asked on the barrier methods used to prevent the entry of GWSS and inspections of traps installed by CDFA.
Almost 30% of the operators who responded to the question used some type of barrier method.  The methods used were
shade cloths, an insect screen, oleander hedge or some combination of barriers.  Most of the barrier methods used also
provide additional protection against other pests.  Oleander hedges also protect against various sucking insects, shade cloth
protects against grasshoppers, and the insect screen protects against aphids and thrips.  Half of the operators do some in-
house monitoring of the traps installed by CDFA.  Monitoring varies though from as frequently as once a week to as little as
every other month.

Over 50% of the nursery operators applied pesticides to manage the GWSS.  The operators used a variety of chemical
treatments including Tame, Sevin, Tristar and Avid.  Total application costs varied from $175/acre to $2160/acre for an
average of $940 an acre.

Objectives 2 and 3

Objective 2:  Estimate the costs and benefits of public policies to manage and contain the GWSS.  The public control policies
include public programs to treat the GWSS in citrus to prevent its spread into grape vineyards in the spring, and the
associated containment program.  An additional public policy to contain the spread of GWSS and, thus, the transmission of
PD, is a state quarantine on the movement of nursery, citrus and other host crops out of infested regions.

The current treatment scenarios for GWSS and PD provide the baseline data for the analysis for objectives 2 and 3.  For
objective 2 the benefits of the public program will be estimated assuming that if no program exists individual growers will
not treat the GWSS in way to prevent its spread throughout California.  This will impose additional treatment costs on
growers in areas currently free of the GWSS.  The amount of additional treatments that will need to be completed will vary
with the presence of the vine mealybug and other sharpshooters.  Pest control advisors and UCCE farm advisors were
surveyed by phone to determine how their costs of production would change if the public program were discontinued.  In the
Temecula Valley and the San Joaquin Valley where there are vine mealybug infestations if the public program were
discontinued it is believed that pest pressures would increase resulting in growers spraying an additional 1-2 spray treatments
a year.  Growers would spray either imidacloprid or Danitol and average control costs would be about $35.00 to $50.00 a
treatment, causing pest control costs to go up by $70 to $100 per acre.  In counties located in the Central Valley that are not
currently infested with vine mealybugs PCAs believe that growers will complete an additional 4-5 spray treatments a year for
an additional cost of $140 to $200 an acre.

In the Coastal wine grower counties growers are currently treating for the blue-green sharpshooter to prevent the spread of
PD in that area.  The blue-green sharpshooter has one generation a year, but is usually not treated based on UCCE Sample
Costs of Production.  In comparison the glassy-winged sharpshooter has two generations a year and, due to its greater ability
to transmit the bacterium that causes PD, it is expected that growers will treat it to prevent populations from increasing.  An
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additional soil application of imidacloprid and an additional two to three spray applications of Danitol or imidacloprid will be
needed to keep GWSS populations suppressed.  The total increase in costs is about $105 to $150 an acre per year.
This data will be used in a market model to estimate the net losses to growers and consumers. The losses to growers will be
estimated by the type of grape produced (i.e. table, raisin, wine) in order to complete objective 3.

3)   Estimate the optimal check-off rate for the grape industries that benefit from the treatment of the GWSS on overwintering
crops.  The rate will take into account the costs and benefits to the grape growers in both infested areas and areas that benefit
from the containment of the GWSS within infested areas, and the costs and benefits to growers of overwintering crops.  The
results of the first two objectives will be used as parameters in the model that estimates check-off rates.

DISCUSSION
The public control program to date has managed to contain the GWSS in the southern part of the State.  Due to the effective
control of GWSS in citrus in the southern San Joaquin Valley, the cost to grape growers of GWSS control has been offset by
cost reductions in the use of other insecticides.  The area with a net increase in the costs of production for grape production,
the Temecula Valley contributes a very small share to California, and U.S. production of grapes (2.8% of U.S. production).
Given the low percentage of grape production in the area with the increase in costs and no net change in costs in the areas
with the greatest percentage of U.S. production, there is no shift up of the U.S. grape supply curve due to GWSS control in
the southern San Joaquin Valley.

While the public GWSS control program has managed to keep the change in the costs of production to levels that do not
affect market demand, the consequence for growers in the Temecula Valley is that their extra treatment costs are not partially
offset by changes in market prices.  The increase in changes in the costs of production then result in a decrease in profits for a
grower.

If the public control program were discontinued winter GWSS treatment in citrus would cease and, without a quarantine,
GWSS would spread.  Costs for grape growers would increase throughout grape growing regions due to higher control costs
where GWSS is currently established, and the need to implement control measures in areas currently free of GWSS.  The net
effect would be an increase in market prices and lower market supply, making consumers worse off in additional to
producers.
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GLASSY-WINGED SHARPSHOOTER FEEDING DOES NOT CAUSE AIR EMBOLISMS 
IN THE XYLEM OF WELL-WATERED PLANTS 

Principal Investigator: 
Elaine A.  Backus 
Crop  Dis.,  Pests, &  Genet.  Res.  Unit 
USDA ARS 
Parlier,  CA   93648 

Co-Principal  Investigator: 
Wah  Keat  Lee 
Advanced  Photon Source 
Argonne  National Laboratory 
Argonne,  IL 60439 

elaine.backus@ars.usda.gov 

Reporting Period: The results reported here are from work conducted October 1, 2010 to September 30, 2011. 

ABSTRACT 
Plant xylem vessels are under negative hydrostatic pressure (tension) as evapotranspiration of water from the leaf surface 
pulls the column of water in xylem upwards. When xylem fluid flux is under extreme tension, any puncture or breakage of 
the xylem vessel wall can cause formation of air embolisms that instantaneously empty the length of the xylem vessel 
(cavitation), disrupting xylem flow. Xylem fluid-ingesting hemipteran insects like the glassy-winged sharpshooter (GWSS), 
Homalodisca vitripennis (Germar), penetrate their stylets into xylem cells and imbibe many times their body weight in xylem 
fluid each day. It has not been known whether GWSS stylet penetration embolizes xylem, however, embolisms from vector 
feeding have been suggested as one mechanism of xylem blockage in Pierce’s disease symptoms. To date, no method has 
been successful in visualizing xylem during real-time stylet penetration, to determine whether or not air embolism occurs. 
The present study used videography of live, feeding GWSS under X-ray phase contrast microscopy at the Argonne National 
Laboratory, to determine whether air was present in stylets or xylem before, during, or after xylem penetration. Air is an 
excellent contrast agent for X-ray microscopy, and is readily visible in both plant cells and insect stylets. Insects were 
monitored via electrical penetration graph, to identify when their stylets had penetrated xylem in cowpea stems. After 
feeding was terminated, stems were cut; subsequent entry of air into xylem was visible in stems under X-ray. X-ray 
videographs before, during, and after stylet penetration to and inside xylem showed no air present in stylets, and only in cut, 
not intact, xylem cells. It is hypothesized that salivary sheaths secreted by GWSS during stylet penetration prevent 
cavitation. 

LAYPERSON SUMMARY 
Xylem-feeding insects like the glassy-winged sharpshooter (GWSS) penetrate their needle-like mouth parts (stylets) into 
xylem (water-conducting) cells in plants, and swallow many times their body weight in xylem fluid each day. This is in spite 
of the fact that plant xylem cells are under extreme hydrostatic suction (tension). Any puncture of the xylem vessel wall can 
cause formation of explosive air bubbles, disrupting xylem flow. It has not been known whether GWSS stylet penetration 
causes air bubbles in xylem, however, it has been suggested that air bubbles induced by GWSS feeding might contribute to 
xylem blockage causing Pierce’s disease (PD) symptoms. To date, no method has been successful in directly visualizing 
xylem real-time during GWSS feeding, to determine whether or not air bubbles develop. The present study video-recorded 
live, feeding GWSS under an X-ray microscope at the Argonne National Laboratory, to determine whether air was present in 
stylets or xylem before, during, or after GWSS feeding. Air is an excellent contrast agent for X-ray microscopy, and is 
visible in both plant cells and insect stylets. X-ray images before, during, and after GWSS feeding inside xylem showed no 
air present in either stylets or xylem cells. After feeding ended, stems were cut; subsequent air bubble formation in xylem 
was visible in stems. Thus, air bubble formation probably does not contribute to PD symptoms. Hardened saliva that is 
secreted by GWSS during feeding may prevent formation of bubbles. 

INTRODUCTION 
Xylem  vessels  are under  extreme negative hydrostatic pressure (i.e.  tension)  as  evapotranspiration  from  the leaf  surface 
draws  the column  of  water  in  xylem  upwards. This  metastable  column of  water  is  highly prone  to  physical  rupture 
(cavitation) leading to an  air  embolism  that can completely  halt xylem  flux (i.e.  hydraulic  failure).   Evidence  is  mounting that 
Pierce’s  disease (PD)  symptoms  in  grapevine are the result of  a cascade of  plant  responses (Chatelet et al.  2011) that include 
xylem  embolism in  its  earliest  stages, well before  onset  of  symptoms (Pérez-Donoso et  al.  2007, McElrone et  al.  2008). 
Xylem  embolism  occurs  more  often  in Xf-infected  than  control  plants  and  precedes  significant hydraulic  failure (McElrone et 
al.  2008). Therefore,  it is  likely  that air  embolism  plays  an  important,  albeit incompletely understood,  role  in Xylella 
fastidiosa (Xf) pathogenesis. 

Three  hypotheses  have  been  proposed for  induction  of  embolisms  in Xf pathogenesis. First,  the  earliest embolisms  might 
result  from  sharpshooter  stylet  penetration  of  xylem  vessels  (Backus,  J.M.  Labavitch,  A.  McElrone,  A.  Pérez-Donoso, pers. 
comm.; Crews  et  al.  1998).   Second,  early  embolisms  could be  directly  induced by Xf bacteria in  xylem  vessels,  either  by 
reducing  water  surface  tension or  by  damaging  pit  membranes (McElrone et  al.  2008).   Third, xylem  plugging  by  bacteria, 
gums,  and tyloses  could exacerbate hydraulic failure via additional cavitation (McElrone et  al.  2003).   This  would  not explain 
air  embolisms  early  in  pathogenesis,  but  could  explain  the interaction  of  water  stress  and  air  embolisms  in Xf pathogenesis 
(McElrone et  al.  2003). The present  project  tested  the first  of  these three hypotheses. 

- 3 -
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OBJECTIVE 
1. Determine whether air occurs in GWSS stylets or xylem before, during, or after vector feeding on a well-watered 

sunflower plant using real-time videography of live insects, feeding under X-ray phase contrast microscopy. 

RESULTS AND DISCUSSION 
GWSS,  sunflower  plants, and electrical  penetration  graph  (EPG) equipment were shipped  to  the Advanced  Photon  Source at 
the Argonne National  Laboratory  under  appropriate USDA  APHIS  PPQ  permits. GWSS’s feeding  on  sunflower  stems  were 
simultaneously  subjected to X-ray  phase contrast  microscopy  and  recorded  via EPG,  using  the  following experimental 
protocol. Insects  were tethered  to  gold  wire, then held on  sunflower  for  1 – 10  hrs,  then were  starved for  1 – 3  hrs  prior to 
recording. A sunflower  plant  was  placed in a  holder  in the  X-ray  room, in  the path  of  the beam. A wired  insect  was  plugged 
into  the  head  stage  amplifier  of  the  EPG  monitor,  positioned  on  the  vertical stem,  and  EPG monitoring begun. Lights  were 
turned  out  and  the room  was  vacated  and  sealed  in  anticipation  of  beam-on;  however,  to  minimize deleterious  effects  on the 
insect from  X-rays,  the  beam  was  not  immediately  turned  on. When  the insect’s  stylets  probed  the plant,  feeding  waveforms 
were digitally recorded  and displayed on  a  Dell  Latitude  laptop computer, as  previously  described (Dugravot  et  al.  2008, 
Backus  et  al.  2009). The GWSS was  allowed to probe  without  X-ray exposure until its  stylets  reached xylem  (as  indicated by 
X  waves)  (Backus  et  al.  2009) and  ingestion  had ensued for  15 to 40 min.   The  X-ray  beam  was  then turned  on and  video-
recording  of  the  plant  and insect’s  proboscis  begun. Using  The Observer®  video  acquisition  software, EPG  waveforms  and 
video  output  from  the  X-ray  microscope were synchronized  and  simultaneously  displayed  on the  computer. After  a  few 
minutes  of  recording,  the  X-ray was  turned  off,  lights  turned  on,  and  the  room  was  re-opened  and  entered.   The site of 
probing  was  marked  and  the  insect was  gently  disturbed  to  artificially  terminate  the  probe.   The  plant  stem  was  then cut  1 – 3 
cm  below  the mark,  allowing  air  to  begin  to  enter  the xylem.   The lights  were turned  off,  room  vacated,  sealed,  and  the X-ray 
turned  back on,  to  video-record the  progression  up the  stem  of  air  entering  xylem  cells  (requiring  about  10 – 30  min,  due  to 
slow  evapotranspiration  in  the  cool,  dark  room). Each experiment lasted 2 – 3 hrs,  and  was  repeated six times,  although one 
insect did  not achieve  xylem  ingestion  (see  below). 

To visualize air inside stylets, three additional sharpshooters were X-rayed and video-recorded while attempting to feed on 
empty, air-filled Parafilm® sachets, although no EPG was possible due to lack of electrical conductivity of air. Four intact 
sunflower stems were also X-ray video-recorded for 5 min without sharpshooter feeding, as controls, including two stems 
that were used several minutes later for experiments, described above. Thus, plants were X-ray imaged before, during and 
after sharpshooter feeding and stem cutting, and air was clearly visualized both inside insect and plant controls. 

X-ray microscopy reveals the interior of biological specimens in unaccustomed ways. First, X-rays have infinite depth of 
field, so X-ray images are completely flattened. Thus, all visible structures in the interior of a specimen that lie in the cross-
sectional area of the beam are superimposed on one another in the same focal plane, regardless of the thickness of the 
specimen. Second, structures are variably visible based on the strength of contrast agents present in the specimen. Heavy 
metals such as iodine are excellent contrast agents, but difficult to use with live insects. On the other hand, air is an excellent 
contrast agent for X-rays, and visible inside both insects and plants. However, degree of visibility depends upon 
brightness/amount of air relative to the thickness of the subject. We used air as the sole contrast agent in this study. 

Figure 1. X-ray  image of  the vascular  region  of  a 
sunflower  stem  10  min  after  the  start of GWSS 
probing  and 5 cm  above  the  probing  area.   Note 
bright,  reticulated  pattern  of  air  in  intercellular 
spaces  around  parenchyma cell,  but  absence of 
xylem  cell striation. 

Figure 2. False-colored X-ray image of the 
vascular region of a sunflower stem 80 min after 
the start of GWSS probing and 1 cm below the 
probing area, showing air-filled xylem vessels 
with superimposed intercellular spaces. Yellow 
color, here and elsewhere denotes air. 
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Prior to cutting, sunflower stems were mostly opaque to X-rays, with a tight pattern of reticulation that was probably caused 
by intercellular air spaces between cells in the ground tissue on the stem periphery (Figure 1). No vertical striations were 
visible. In contrast, obvious, white vertical striations interpreted to be air-filled xylem vessels (Figure 2; yellow 
highlighting) became visible 3 – 5 min after stems were cut, slowly spreading from the cut end of the stem upwards. This 
occurred in every cut stem, regardless of whether or not the stem had been probed by sharpshooters. The stem in Figure 2 
was imaged 39 min after cutting; air filling of the full length of xylem vessels generally occurred within 90 min of cutting. 

Further evidence that white striations represent air-filled xylem is shown in Figure 3, displaying a series of X-ray 
images taken within one minute of each another. We observed two air bubbles in a single xylem vessel, with a narrow strip 
of fluid between the two bubbles. As we watched, the shape and position of the fluid strip changed (Figures 3a – c), and 
eventually disappeared completely as the two air bubbles suddenly merged (Figure 3d). Air bubble movement in this shape 
and manner could only be explained by air filling of a xylem vessel. 

b c da 

P 
Sheath saliva 

Pr 

Stylet bundle 

Figure 3. False-colored X-ray images  of  two  air  bubbles  in  a  xylem  cell,  moving and  merging. 
a. Two air  bubbles  in  a  xylem  vessel,  70 min  43 sec  after  start  of  stylet  probing. b. Same vessel,  11  sec 
later. c. Same vessel,  5  sec later. d. Same vessel,  43  sec later,  after  bubbles  merged. 

GWSS attempting to ingest from an air-filled Parafilm® sachet briefly sucked air into their stylet food canals (Figure 4; 
yellow highlighting), proving that air would be readily visible inside the proboscis (external to the feeding substrate) and 
stylets (internal to the substrate) using X-ray microscopy. In contrast, sharpshooter stylets inserted into sunflower stems, 
both before and during xylem ingestion, did not contain air (Figure 5). Only a faint outline of the stylets was visible 
shallowly inserted into the stem, and no air-filled xylem vessels were visible during or after xylem ingestion. The image in 
Figure 5 was taken 38 min after the start of stylet probing, during xylem ingestion. Two min later, this insect (no. 1) pulled 

Figure 4. False-colored X-ray image of a GWSS 
proboscis (Pr) pressed to a Parafilm® (P) feeding 
sachet, with stylet bundle extended into a recently 
secreted bead of sheath saliva. Orange, outlined 
insect structures; pink, outlined saliva. 

Pr 

Figure 5. False-colored X-ray  micrograph  of  insect 
no.  1’s   proboscis  (Pr)  pressed  to a  sunflower  stem, 
during xylem  ingestion recorded  via  EPG.   Orange, 
outlined  insect  structures;  green,  outlined  trichomes 
on  stem  surface.   Note  intercellular  reticulation. 

- 5 -



 

                    
              

   

         
            

           
               

               
          

            
           

out its stylets and the stem was cut. At no time before, during, or after xylem contact and ingestion was air observed either 
inside the proboscis, stylets, or xylem vessels. The only time air could be seen inside xylem vessels was after air embolisms 
were artificially introduced via stem cutting. 

After  air  had  completely  filled  the xylem  vessels  and  intercellular  spaces  of  the first sunflower  stem observed (for  insect  no. 
1), an X-ray survey  of  the entire stem  revealed  a structure closely  resembling  a GWSS salivary  sheath (Figure 6a) inside  the 
stem,  in  the same location  as  the marked  probe.   Thereafter,  a whole-stem X-ray  survey  was  performed  at  the end  of  each 
repetition. Similar  structures  were seen  in X-ray  images  for three out of  the  six  repetitions  (Figure 6b).   One-mm  blocks  of 
sunflower  tissue were excised  from  the marked  areas  of  all probed stems,  fixed and later prepared for  paraffin-sectioning, 
saffranin-fast  green counterstaining, and  examination via  light  microscopy,  using previously described methods (Backus  et 
al.  2009). In  all  six  cases,  typical GWSS salivary  sheaths  were later  found in  probed tissues  (Figure 6c),  demonstrating that 
the structures  seen in X-ray  images  were  sheaths.   However,  they  were  only  visible  when  air  had  filled  the  stem,  and  not in  all 
cases. Likelihood  of  observing salivary  sheaths  in stems was related  to  stem  thickness; very thick  stems  did  not allow 
observation, even  though  salivary  sheaths  were present. 

a 

c 

b 

* 
X 

Figure 6. X-ray and light micrographs of GWSS salivary sheaths in probed sunflower stems. a. X-ray micro-
graph (side view, from transversely viewed stem) of sheath from insect no. 1; image was taken before the sheath 
was observed, hence only part is visible. b. Light micrograph of same salivary sheath from insect no. 1 
(viewed from above, from cross-sectioned stem). Note thin-walled, hollow, lower sheath branch (*) to large 
xylem cell (X). The last sheath branch made is always hollow when the probe is artificially terminated. X-ray 
sheath image in Figure 6a corresponds to the red-stained saliva; blue-stained saliva is not visible in X-ray. c. 
X-ray micrograph of salivary sheath from insect no. 2, more clearly showing the full size of the sheath in 
relation to xylem vessels from multiple, superimposed bundles. Pink, outlined saliva; green, outlined trichome. 

Another  observation  of  GWSS  saliva  is  noteworthy,  although  not related  to  air  embolisms  in  xylem. Figure 7 shows  a large 
deposit  of  presumed  watery  (digestive enzyme-containing)  saliva  on the  periphery  of  the stem,  immediately  below  the 
salivary  flange  marking  the  entry  point of  the  saliva.   This  deposit was  left by  insect no.  6,  the  only  insect that died  from X-
ray  exposure before its  stylets  could  reach  xylem.   EPG  waveforms  indicated  that  this  insect  performed  pathway  activities 
(formation of  the  salivary  sheath)  for  20  min (a  very long time)  without  beginning xylem  ingestion.   Indeed,  later  paraffin-
sectioning  showed  that  the weakened  insect  made a large,  multi-branched  salivary  sheath  that  never  arrived  at a  xylem  cell. 
The  sheath was  not  visible  under  X-ray,  probably  due  to  the  thickness  of  that particular  stem.   Nonetheless,  this  insect’s 
probe is  remarkable because,  in  its  weakened  condition,  the insect  apparently  left  a large accumulation  of  watery  saliva that 
loosened  cell walls  sufficiently  to  cause  more  air-entry  than for  the  surrounding cells.   Watery  saliva,  though hypothesized  to 
be  produced by  GWSS (Alhaddad et  al.  2011, Backus  et al.  ms.  submitted),  has  never  been visualized in planta. 

Embolism  of  xylem  vessels  may  be  one  of  the  first  steps  in  the  cascade  of  plant  responses  underlying  symptom  development 
in  Pierce’s  disease (PD) (McElrone et  al.  2008). However,  the present  work  demonstrates  that  air  embolism  cannot  be caused 
by  GWSS  stylet penetration  into  a  xylem  vessel,  at least for  a  well-watered  plant,  for  which  these results  are most  applicable. 
Water  stress  due to  extreme light,  temperature,  and/or  lack  of  soil  moisture interacts  with Xf infection in an additive  manner 
to  worsen  hydraulic  failure  and  PD  symptoms (McElrone et  al.  2003).    It  is  possible  that  GWSS  feeding under  those 
circumstances  might trigger  air  embolisms.   This  possibility  will need  to  be  examined  using  X-ray microscopy  in future 
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studies. It is interesting to note, however, that once a stem had been cut and xylem 
cells artificially embolized, GWSS refused to initiate stylet penetration, let alone 
ingestion. Insects also were very reluctant to probe air-filled Parafilm® sachets. It is 
possible that presence of too much air in plant tissues, including xylem, could be a 
deterrent to GWSS feeding. 

CONCLUSIONS 
Real-time videography of GWSS feeding under X-ray microscopy revealed no air in 
the proboscis, stylets, or xylem vessels inside well-watered sunflower stems. In 
contrast, air was visible inside the stylet food canal of insects that had probed an air-
filled Parafilm® sachet and briefly sucked up air, as well as in xylem vessels that had 
been artificially embolized via severing of the stem. The latter controls demonstrate 
that it would have been possible to detect air in the stylets or xylem if GWSS feeding 
had triggered air embolisms. We conclude that stylet penetration of a xylem vessel 
during GWSS feeding does not cause air embolisms in well-watered plants. 
Continued research will be necessary to determine whether the same is true for water-
stressed or Xf-infected plants. 

Figure 7. X-ray  micrograph 
of  sharpshooter  watery  saliva 
deposit  from  insect  no.  6. 
Round deposit  of  saliva  on  the 
left-outside  of  stem  (F)  is  the 
salivary flange,  marking the 
entry  point of  the  stylets. 
Watery  saliva  mixed  with 
sheath  saliva was  injected  at 
this point,  flowing  downward 
with gravity.   Pink,  outlined 
saliva. 

Development  of  novel  strategies  for  PD  management  depend  upon understanding Xf 
pathogenesis.   Eliminating  the  role  of  vector  feeding  in  onset  of  xylem  embolism  will 
allow  researchers  to  concentrate on  the impact  of  bacterial  colonization  of  pit 
membranes,  production  of  gums, and  plant  responses  such  as  tyloses.   Because plant 
responses  are  under  strong  genetic  control,  it is  possible  that  new  transgenic 
mechanisms  of  resistance to Xf could  result  from  such studies. 
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ABSTRACT 
Invasive species management is crucial in agricultural production. The glassy-winged sharpshooter (GWSS, Homalodisca 
vitripennis) is the primary vector for Xylella fastidiosa, a xylem-limited bacterium. A dicistroviridae virus known as 
Homalodisca coagulata virus-01 (HoCV-01) has been identified that infects and increases mortality rates in GWSS when 
used alongside chemical insecticides. The virus requires an insect host for propagation, thus making a cell culture approach a 
logistical and economical method towards producing a biological control agent. In this study, we have developed a system 
for large-scale propagation of GWSS cell cultures from primary cell cultures. Mass production of GWSS cells via culturing 
techniques will allow us to produce HoCV-01 virus in large enough quantities to be utilized as a method of insect control. 

LAYPERSON SUMMARY 
The glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) is an invasive leafhopper species that has been the source 
of great economic loss in agriculture throughout California and the southwest. GWSS are the primary mode of transmission 
of Xylella fastidiosa, the causal agent of Pierce’s disease. Developing a biological control agent for this disease has become 
increasingly vital towards controlling insect populations and overcoming the problems of harmful environmental effects and 
insect resistance to chemical insecticides. Utilizing a virus that has been shown to increase mortality in GWSS colonies, this 
work focuses on a cell culture based approach to propagate GWSS cell lines that act as vectors to grow live virus, which can 
then be extracted. Since the target virus cannot grow outside of the insect, successful cultivation of GWSS cells is critical to 
the development of a viral based biological control agent 

INTRODUCTION 
The xylem-limited bacterium Xylella fastidiosa (Xf) is the causal agent in Pierce’s disease (PD) and is principally transmitted 
by the glassy-winged sharp shooter (GWSS, Homalodisca vitripennis), an invasive leafhopper species. GWSS are 
indigenous to the southern United States and northeastern Mexico but have successfully invaded new territory including 
California and the Hawaiian island of Oahu (Hunnicutt, 2008). PD has been a source of great economic loss in many 
agricultural arenas throughout North America, particularly in grape vineyards. Introduction of GWSS into new vineyards has 
been linked directly with an increase in PD (Perring et al., 2001). GWSS are voracious xylem feeders, enabling them to 
rapidly spread the plant pathogen and making control of this invasive pest crucial to disease management. The ability of 
GWSS to cover large ranges presents a great risk to agriculture within the United States as well as internationally if this 
invasive species is not managed. 

Use of other vector management techniques such as insecticides that are non-specific has lead to additional problems 
including insecticide resistance and residue contamination, whereas utilizing a virus that is already present within GWSS 
populations to develop a viral biological control presents a target specific option for pest management (Hunnicutt et al., 
2006). A dicistroviridae virus known as Homalodisca coagulata virus-01 (HoCV-01) has been identified that infects and 
increases mortality rates in GWSS. The focus of this study was to expand on previously unsuccessful attempts to rear 
infected glassy-winged sharpshooters to adulthood by utilizing cell culture techniques versus live insect colonies. 

OBJECTIVES 
1. Successfully propagate primary cell lines of glassy-winged sharp shooters via tissue cell culture techniques. 
2. Establish production of the target virus HoCV-01 in vitro. 
3. Amplify extracted HoCV-01 to develop biological control agent. 

RESULTS AND DISCUSSION 
The  GWSS cell  cultures of established  cell  lines  were obtained  from  the USDA  Agricultural  Research  Service and 
centrifuged at  350rpm  for  six  minutes in  a  15 amp 5804 R  centrifuge  (EppendorfTM,  Hamburg,  Germany).   A  loose  pellet was 
observed  in  each  tube (Figure 1).   The  supernatant  was  drawn  off  without  disturbing the  pellet  and  then 8mL  of  fresh 
medium, classified  as  modified  Wayne Hunter-2,  WH2,  Honey  bee  cell  culture  medium  (Hunter,  2010), was  added to disturb 
each  pellet.   The suspended  cells  were transferred  to 25cm2 tissue  culture  flasks (4mL  per flask) that  have been  treated  to 
promote  cell attachment (Corning®,  Lowell,  MA),  and  kept  in  an  incubator  at  an  approximate temperature of  24  degrees 
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Celsius  and 53%  humidity. All  handing of cell cultures took place inside a Purifier  Class  II  Biosafety  Cabinet 
(LABCONCOTM,  Kansas City,  MO) culture  hood. 

Culture flasks were examined using an inverted microscope (Olympus DP30BW, IX2-SP, IX71) at 10X magnification. Cells 
were observed to attach to the substrate within 48 hours of initial transfer. Over a 10-day period the flasks were examined 
every-other day, and at the end of the period fibroblasts had developed and were observed across the flask surface (Figure 2). 

With successful  cultivation  in  flasks,  the cells were transferred to  48-well sterile  tissue  culture  plates,  with  lids,  that have 
been  treated  to  promote cell  attachment  (GREINER  CELLSTAR®,  Monroe,  NC). Transfer  of  cells was completed using 
0.25%  Trypsin  EDTA  (InvitrogenTM,  Carlsbad,  CA)  to  detach  cells from  the  culture  surface,  centrifugation in a  15  amp  5804 
R  centrifuge  (EppendorfTM,  Hamburg,  Germany) at  350rpm  for  six  minutes, and introduction  of  0.5mL  of  fresh  medium  per 
well. 

Figure 1. Initial GWSS cells received formed loose pellets 
upon centrifugation in preparation for transfer to cultures. 

CONCLUSIONS 
Successful cultivation of GWSS cells is critical to the development of a viral based biological control agent. We now have a 
system for mass production of cells. In this future, we plan to inoculate cell culture plates with HoCV-01 and extract viral 
titers until optimal viral extraction time frames are determined and use this method of cell culturing to mass produce the 
novel HoCV-01 virus as an alternative method for disease control. The results of this work are essential in furthering 
methods of management of the insect vector for PD, reducing the prevalence of the disease and lessening its economic 
impacts. 
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Figure 2. Timeline of growth of GWSS cell cultures over the 10-day incubation period. Substrate attachment and 
formation of fibroblasts was observed on day 2, 48-hours after initial culture introduction. Continued growth was observed 
over the 10-days until both fibroblast and monolayer development was observed across the growth surface. 
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A METAPOPULATION ANALYSIS OF GLASSY-WINGED SHARPSHOOTER IN TEXAS 
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ABSTRACT 
An understanding of the metapopulation dynamics of the glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) and 
its interaction with associated bacteria, most notably Xylella fastidiosa (Xf), is essential for detecting and predicting shifts in 
Pierce’s disease (PD) dynamics and the development of long term and effective management strategies for PD. With this 
study we attempt to understand how GWSS populations are laid out across Texas vineyards and what factors affect how 
those populations interact with associated bacteria, most importantly Xf. GWSS were collected on sticky traps from nine 
vineyards across Texas. Wings collected from the insects were use to determine relative ages based on red pigmentation in 
the wings. In future work, the presence and relative quantities of PD strain Xf contained in the insects will be determined and 
analyzed along with relative age data to attempt to identify any correlation between these two factors. For 3-4 insects from 
each vineyard, total genomic DNA was extracted, and used for amplified fragment length polymorphism analysis (AFLP) 
and 454 pyrosequencing of DNA fragments generated. The AFLP/sequencing data will be used to determine if there are 
genetically distinct populations of GWSS across Texas vineyards and the structure of those populations. 

LAYPERSON SUMMARY 
Because of its ability to cause Pierce’s disease (PD) by transporting Xylella fastidiosa to grapevine, the glassy-winged 
sharpshooter (GWSS; Homalodisca vitripennis) is, economically, one of most important insect pests to the wine and table 
grape industries in Texas, California, and Florida. By looking at samples of GWSS from vineyards across Texas, an effort is 
being made to understand where distinct populations of GWSS exist in the state, how those populations interact with another, 
and how they change over time. The information gained from this study may help to provide a forecast for the future of PD 
in vineyards across Texas, as well as, provide information that may prove useful in the development of management 
strategies to combat PD. In this work, relative age was determined for GWSS collected from vineyards across Texas and 
genetic analysis was performed to identify distinct populations of GWSS in Texas. 

INTRODUCTION 
The glassy-winged sharpshooter (GWSS) is a potential vector of a number of plant pathogens including those that affect 
oleander, almond, and grapevine. This insect has been identified as the primary vector of Xylella fastidiosa (Xf), the causal 
agent of Pierce’s Disease (PD) in grapevine (Davis et al. 1978). Within Xf, a single strain group has been identified to 
contain all PD causing strains of the species (Chen et al. 2002). With new techniques being developed in the study of the 
both the GWSS and Xf it is important to utilize those techniques to track the population dynamics the insect vector and how 
the organisms interact with one another at the population and metapopulation level. 

In 2010, Hail et al. identified three GWSS carrying PD strain Xf in vineyards that had no previous history of Xf positive 
GWSS. A state-wide population study incorporating this information could help answer how likely an event like this would 
be to occur again and if it is already occurring. Molecular markers have been utilized in the past to study GWSS populations. 
In 2004, using inter-simple sequence repeat (ISSR) analysis, de León et al. identified genetically distinct populations across 
the United States and divided these populations into the western (California) and southwestern (Texas and Florida) groups. 
This study was; however, was unable to resolve specific details of population structure within Texas. It also suggested that 
distinct biotypes may be present within GWSS (deLeon et al. 2004). Additional population analysis specific to Texas may be 
able to resolve population structure within the state as well as provide clues to the origin(s) of Texas populations and the 
presence of distinct biotypes within those populations. Amplified fragment length polymorphism (AFLP) analysis which, in 
many studies, has outperformed other molecular markers (Meudt and Clarke 2006), may provide the information needed to 
answer these questions. Direct sequencing of AFLP fragments may increase the information provided by these markers and 
allow for more robust analysis. 

The age structure of a GWSS population may prove an important factor in the population’s ability to spread PD. Once an 
adult GWSS has been colonized by Xf, infectivity is sustained throughout the lifetime of the insect as the bacteria multiply 
within the foregut of the sharpshooter. This gives GWSS the ability to infect a host at any time after colonization during its 
adult life (Severin 1949; Hill and Purcell 1995).  Also, the age of GWSS has been shown to be correlated with the number of 
sensilla of mouthparts of the insect. This may have some effect on the vectoring ability of the sharpshooter (Leopold et al. 
2003).  Timmons et al. 2011 showed that it is possible to accurately estimate the age of a GWSS by using digital photography 
to measure the amount of red pigmentation in the wings of the sharpshooter. If the ages of glassy-winged sharpshooters 
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could the correlated with the quantity of Xf housed within those insects, this could provide information regarding the risk of 
PD infection. Along with population structure analysis, this could provide valuable insight on the probability of PD 
becoming more prevalent and spreading to new areas in the near future. 

OBJECTIVES 
1. Successfully determine relative ages of GWSS collected from vineyards across Texas for use in additional analysis 

incorporating insect associated Xf data. 
2. Complete amplified fragment length polymorphism (AFLP) and direct sequencing of AFLP fragments for use in 

population analysis. 

RESULTS AND DISCUSSION 
The average relative ages from GWSS collected from seven vineyards were shown in Figures 1 and 2. It can be seen from 
Figure 2 that the results suggest that both Post Oak Vineyard and Oak Creek Vineyard show significantly but slightly higher 
predicted population mean of GWSS relative ages than Delaney Grapevine Vineyard. Despite these noted differences, the 
sample sizes used for this portion of the study, especially for Oak Creek Vineyard and relatively small variation seen from 
this dataset, it is difficult to state any conclusions concerning differences average ages of sharpshooters across Texas 
vineyards. Future work will focus on the collection of larger sample sizes of GWSS from vineyards for aging at later dates 
and the estimation of actual ages of GWSS collected. This will allow for comparisons between vineyards based on a more 
informative data set as well as information regarding the change in age structure of populations of GWSS over large 
segments of time (seasons and years). Additional future work will attempt to detect any correlation between GWSS age and 
presence and quantity of PD strain Xf present in the foregut of the insect. 

The AFLP and 454 pyrosequencing analysis generated a total of 31,593 sequence fragments from 25 GWSS genomic DNA 
samples from collected from seven vineyards (Table 1) with sequence sizes ranging from to 124 to 467 bp. Figure 3 shows 
a subset of sequences from sample 10D from Post Oak Vineyard. Future analysis of the AFLP sequencing data will focus on 
clustering the data into identical sequences within samples and performing metapopulation structure population structure 
analysis using a variety of techniques. 
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Figure 1. The average relative  ages  of GWSS from seven vineyards  across  Texas. Relative ages  of  GWSS  collected  from 
Texas  vineyards  between  the dates  of 07/31/2007 and 09/04/2007 were  determined by  measuring  red pigmentation  in  the 
wings,  averaged  for  each  vineyard,  and  representing  those ages  as  circle with  amounts  of  red  proportional  to  the average 
amount  of  red  pigment  found  in  the wings.   Lower  red  pigmentation  values  represent  greater  age and  vice versa. 
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Figure 2. The average relative ages of GWSS from seven vineyards across Texas. Relative ages of GWSS collected from 
Texas vineyards between the dates of 07/31/2007 and 09/04/2007 were determined by measuring red pigmentation in the 
wings and averaged for each vineyard. Lower red pigmentation values represent greater age and vice versa. Error bars 
represent confidence intervals of 95% for the population mean. 
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Table 1. Quantity of AFLP sequence fragments generated from AFLP PCR and sequencing analysis. Total genomic DNA 
was extracted from 25 GWSS from seven different vineyards and amplified with amplified fragment length polymorphism 
(AFLP) PCR. Fragments generated from AFLP were sequenced with 454 pyrosequencing. 

Vineyard Sample # 
# of AFLP sequence 

fragments 

Flat Creek Estates Vineyards and Winery, Marble Falls, Burnet Co. 32A 1037 

Flat Creek Estates Vineyards and Winery, Marble Falls, Burnet Co. 33A 496 

Flat Creek Estates Vineyards and Winery, Marble Falls, Burnet Co. 34A 923 

Haak  Vineyard, Santa Fe,  Brazoria Co. 
Haak Vineyard, Santa Fe, Brazoria Co. 
Haak Vineyard, Santa Fe,  Brazoria Co. 
Haak Vineyard, Santa Fe, Brazoria Co. 

53A 

57G 

57J 

57V 

1049 

1353 

1913 

1463 

Oak Creek Vineyard, St. Jo, Montague Co. 23A 1136 

Oak Creek Vineyard, St. Jo, Montague Co. 23B 1286 

Oak Creek Vineyard, St. Jo, Montague Co. 24A 1327 

Post  Oak Vineyard,  Burleson,  Johnson Co. 
Post  Oak Vineyard,  Burleson,  Johnson Co. 
Post  Oak Vineyard,  Burleson,  Johnson Co. 
Post Oak Vineyard, Burleson, Johnson Co. 

10D 

12E 

40I 
43D 

1095 

1638 

1661 

1153 

Sister Creek Vineyards, Sisterdale, Kendall Co. 26B 1095 

Sister Creek Vineyards, Sisterdale, Kendall Co. 29A 1903 

Sister Creek Vineyards, Sisterdale, Kendall Co. 30B 1539 

Sister Creek Vineyards, Sisterdale, Kendall Co. 31A 1026 

TAES  Research  Plots, Stephenville,  Erath Co. 
TAES  Research Plots, Stephenville,  Erath Co. 
TAES  Research  Plots, Stephenville,  Erath Co. 
TAES Research Plots, Stephenville, Erath Co. 

17A 

18A 

21B 

22A 

1169 

1063 

1214 

1102 

TJ 27C 1071 

TJ 27E 976 

TJ 27JK 1905 

Total 31593 
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Figure 3. A subset of sequences generated from amplified fragment length polymorphism (AFLP) and sequencing analysis 
from GWSS DNA sample 10D from Post Oak Vineyard, Burleson, Johnson Co. TX. Total genomic DNA was extracted from 
25 GWSS from seven different vineyards and amplified with amplified fragment length polymorphism (AFLP) PCR. 
Fragments generated from AFLP were sequenced by 454 pyrosequencing. 

. 
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VOUCHERING  SPECIMENS  OF  EGG  PARASITOIDS  OF  THE GLASSY-WINGED  SHARPSHOOTER 
COLLECTED  BY  THE CDFA  PIERCE’S  DISEASE  BIOLOGICAL  CONTROL  PROGRAM  IN CALIFORNIA 

AND TEXAS  A&M  IN TEXAS 

Principal  Investigator: 
Serguei V.  Triapitsyn 
Department of  Entomology 
University of  California 
Riverside,  CA 92521 
serguei.triapitsyn@ucr.edu 

Cooperator: 
David  J.  W.  Morgan 
Pierce’s Disease  Control  Program 
Calif. Dept. of  Food and Agriculture 
Riverside,  CA 92501 
dmorgan@cdfa.ca.gov 

Cooperator: 
Forrest L.  Mitchell 
Texas  AgriLife Res. & Exten.  Center 
Stephenville,  Texas 76401 
FMitchel@ag.tamu.edu 

Reporting Period: The results reported here are from work conducted July 2011 to October 2011. 

ABSTRACT 
This is a new project which has just started; its main objectives are to label (using archival paper and unique plastic database 
numbers), identify, database (including georeferencing), preserve, and partially dry from ethanol and point-mount about 
17,000 voucher specimens of mymarid and trichogrammatid egg parasitoids of the glassy-winged sharpshooter (GWSS). 
These were either collected (reared) by the CDFA GWSS Biological Control Program personnel in California since 2001 in 
the course of pre- and post-release surveys, are irreplaceable vouchers of the colonies of the biological control agents that 
were released in California (both exotic and native), or were collected by staff of Texas A&M in Texas since 2007. The 
specimens from Texas will be transferred into leak-proof vials with good stoppers to prevent alcohol leakage, labeled 
properly using acid-free archival paper, and databased using UC Riverside Entomology Research Museum numbering system 
which then can be made available online if desired. Valuable representatives of each species (at least 10% of all the 
specimens) will be dried from ethanol using a critical point dryer and point-mounted as museum quality vouchers, and also 
will be labeled and databased. Taxonomic identifications will be checked and, when necessary, corrected by the PI. Most 
voucher specimens will be eventually transferred for storage to the California State Collection of Arthropods (CDFA) in 
Sacramento, its permanent depository; some duplicate representatives and a few taxonomically important specimens will be 
also deposited in the UC Riverside Entomology Research Museum. 

LAYPERSON SUMMARY 
Important, irreplaceable, and numerous voucher specimens of the glassy-winged sharpshooter egg parasitoids from California 
and Texas will be curated in the course of this one-year project. Museum-quality specimens will be prepared and preserved. 

INTRODUCTION 
Recently (since 1997), major efforts have been undertaken by the CDFA/glassy-winged sharpshooter (GWSS) Biological 
Control Program to survey for egg parasitoids of GWSS in California and to release several egg parasitoid species (Anagrus 
epos Girault, Gonatocerus spp.) from other states in the USA and also northeastern Mexico as part of the classical biological 
control effort (CDFA 2011). 

It is  well known  that the  taxonomic  impediment in  identification  of  natural enemies  may  adversely  affect the  biological 
control efforts  against agricultural pests. In  the case of the GWSS,  early  misidentifications  (due to  objective reasons,  such  as 
partially  inaccurate existing  keys)  of  one of  the species  of  the California native egg  parasitoids  of  GWSS  (as Gonatocerus 
morrilli (Howard))  resulted  in  the  inability  of  biological control practitioners  to  distinguish  them  from  the  introduced  “real” 
G. morrilli from  Texas  and  northwestern  Mexico. Therefore,  contamination of  the  colonies  in the  mass-rearing  program  was 
noticed only  after  the  molecular  methods  distinguished them  as  two genetically  different entities. The “California G. 
morrilli” was  later  described  taxonomically  as  a new  species, Gonatocerus walkerjonesi Triapitsyn,  based  on the 
combination  of  molecular  evidence and  some morphological  differences  that  are difficult  to  observe without  special 
preparation  of  the  specimens  (Triapitsyn  2006). Another  native species, Gonatocerus morgani Triapitsyn,  was  also  described 
from  Orange  Co.,  CA  (Triapitsyn  2006);  it  is  now  being  mass-produced and released in  other  parts  of  California infested  with 
GWSS  (Son  et  al.  2011). As  proper  part  of  the  ongoing  biological  control  program  against  GWSS,  the  CDFA  GWSS 
Biological  Control  Program  has  conducted extensive  pre- and post-surveys  of  the  egg parasitoids  of  GWSS  in California 
from  2001. These  surveys,  which also  included  egg parasitoids  of  the  native  sharpshooter  in California,  the  smoke-tree 
sharpshooter Homalodisca liturata Ball,  have  resulted in  collection  of  about  10,000 specimens  of  egg  parasitoids 
(Mymaridae and  Trichogrammatidae)  which  are  stored,  along  with  voucher  specimens  of  the  numerous  colonies  of  GWSS 
egg  parasitoids  maintained  by  the CDFA,  in  several  thousand  vials  at  the CDFA  Mt.  Rubidoux  Field  Station  in  Riverside, 
CA. Also,  Dr.  Forrest L.  Mitchell has  kindly  donated  to  the  CDFA  GWSS  Biological  Control  Program  900 vials  of  GWSS 
parasitoids  collected  in  Fredricksberg  Co.,  TX,  by  Texas  A&M  staff. These insects  were collected  since 2007,  each  vial 
containing  parasitoids  that have  emerged  from  a  single  egg  mass  (ca.  8  individuals  per  vial). Date and  location  from  which 
each  mass  emerged  have been  recorded. 
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OBJECTIVES 
1. Check the taxonomic identities of all the specimens of GWSS egg parasitoids from California; pull out specimens of 

taxonomic and voucher interest. 
2. Transfer of the bulk of the voucher specimens from Texas into leak-proof vials for long-term storage; label properly 

(using archival, acid-free paper) and database all the vials using barcodes with unique numbers. Fully identify and 
catalog approximately 7,000 GWSS parasitoids collected by Texas A&M in the native range of GWSS. 

3. Prepare valuable representatives of each species (at least 10% of all the specimens) that will be dried from ethanol using 
a critical point dryer, point-mounted as museum quality vouchers, labeled, and databased. 

RESULTS AND DISCUSSION 
This is a new project, currently the PI is working on the identifications of the thousands of specimens from California and on 
pulling out the voucher specimens of taxonomic interest for drying from alcohol and point-mounting, followed by labeling 
and databasing. Particularly, all the specimens of Ufens (Trichogrammatidae) are being identified to species: two are known 
in North America as GWSS egg parasitoids (Triapitsyn 2003; Al-Wahaibi et al. 2005). As soon as specimens from Texas are 
received (they are now being prepared to be shipped), work will begin on them as well. 

CONCLUSIONS 
We are curating these collections to preserve the invaluable voucher specimens for further analyses (including molecular, 
distributional, taxonomic, biological, etc.), thus making them available. The specimens and information on them will be 
useful for the California Department of Agriculture GWSS/PD Biological Control Program and biological control research 
practitioners in this state and beyond. 
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Cicadellidae) in the Nearctic region, with description of two new species of Gonatocerus. Zootaxa 1203: 1-38. 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce's Disease and Glassy-winged Sharpshooter Board. 

ACKNOWLEDGMENTS 
We thank Jessica Nichols (CDFA) for excellent technical assistance. 

- 18 -

http://www.cdfa.ca.gov/phpps/pdcp/Biological_Control.html


           

      
           

            
           

              
          

            
               

             
          

         
                

            
               

           

 
            

 

         

EFFECTS  OF  PLANT WATER  STRESS  AND  TEMPERATURE  ON GLASSY-WINGED  SHARPSHOOTER 
FEEDING  IN  RELATION  TO  TRANSMISSION  OF XYLELLA FASTIDIOSA 

Co-Principal Investigator: 
Elaine A.  Backus 
Crop  Dis.,  Pests, &  Genet.  Res. 
USDA ARS 
Parlier,  CA   93648 
elaine.backus@ars.usda.gov 

Co-Principal  Investigator: 
Rodrigo Krugner 
Crop  Dis.,  Pests, &  Genet.  Res. 
USDA ARS 
Parlier,  CA   93648 
rodrigo.krugner@ars.usda.gov 

Principal  Investigator: 
Marshall  Johnson 
Kearney  Agric.  Res.  Center 
Univ. of Calif., Riverside 
Parlier,  CA   93648 
mjohnson@uckac.edu 

Researcher: 
Youngsoo Son 
Pierce’s  Disease Control  Prog. 
Calif.  Dept.  Food &  Agric. 
Arvin,  CA    93203 

Reporting Period: The results reported here are from work conducted October 1, 2004 to September 30, 2011. 

ABSTRACT 
The glassy-winged sharpshooter (GWSS), Homalodisca vitripennis (Germar), is an economically important pest of 
grapevine, stone fruits, nursery trees, and ornamental plants in California because it transmits Xylella fastidiosa (Xf). Two 
related studies examined whether GWSS feeding behaviors that control Xf acquisition and inoculation are affected by 
environmental stresses such as plant water stress, cold ambient temperature, and diel light conditions. Both studies 
monitored feeding via electrical penetration graph (EPG). Effects of ambient air temperatures and light intensities on GWSS 
feeding on Euonymus japonica plants were studied outdoors (in Bakersfield, CA; a certified infested, non-agricultural area) 
during early spring. Effects of plant water stress were studied indoors, comparing feeding on well-watered vs. water-stressed 
citrus under high-pressure sodium vapor lamps. For both studies, EPG waveforms representing pathway phase (searching for 
xylem), X waves (xylem contact, likely to control Xf inoculation), and waveform C (ingestion of xylem fluid, Xf acquisition) 
were analyzed. Results showed no significant differences in feeding duration on Euonymus japonica for daylight vs. 
nighttime light intensities. However, xylem-sap ingestion occurred for significantly longer duration when ambient 
temperatures were higher than 10°C, and only occurred at temperatures below 10°C when ingestion was continued from a 
preceding, warmer period. Xylem-sap ingestion also was longer on well-watered than water-stressed citrus plants. 
Frequencies of X waves were higher, both at high temperatures and when plants were well-watered. Thus, both acquisition 
and inoculation behaviors are increased during warm air temperatures and when plants are well-watered. 
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University of California Pierce’s Disease Research Grants Program. 
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IDENTIFICATION  OF  APPROPRIATE  SYMBIONTS  FOR PARATRANSGENIC-BASED CONTROL  OF 
THE GLASSY-WINGED  SHARPSHOOTER 

Principal  Investigator: 
Blake  Bextine 
Department of  Biology 
University of Texas 
Tyler,  TX  75799 
bbextine@uttyler.edu 

Co-Principal  Investigator: 
Daymon Hail 
Department of  Biology 
University of  Texas 
Tyler,  TX  75799 
daymon.hail@gmail.com 

Reporting Period: The results reported here are from work conducted April 2010 through October 2011. 

ABSTRACT 
Glassy-winged sharpshooter (GWSS; Homalodisca vitripennis (Germar, 1821)) is a highly polyphagous Hemipteran pest of 
wine and table grapevines and transmits the xylem limited bacterium Xylella fastidiosa, the causal agent of Pierce’s disease 
in grapevines (Vitis, L.). In a previous study which surveyed the GWSS microbiome, sequences homologous to Delftia sp. 
were identified exclusively in the insect’s hemolymph. Based on the results of the survey, this bacterium was selected as the 
most likely candidate for future paratransgenesis-based control studies. In this study, Delftia was isolated from the 
hemolymph of GWSS and identified by PCR. 
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PHENOLOGY OF XYLELLA FASTIDIOSA AND DRAECULOCEPHALA MINERVA IN CALIFORNIA ALMOND 
NURSERIES: AN ASSESSMENT OF PLANT VULNERABILITY TO ALMOND LEAF SCORCH DISEASE 

Principal  Investigator: 
Rodrigo Krugner 
Crop  Dis.,  Pests,  & Genet.  Res.  Unit 
USDA ARS 
Parlier,  CA  93648 
Rodrigo.krugner@ars.usda.gov 

Co-Principal  Investigator: 
Craig  A.  Ledbetter 
Crop  Dis.,  Pests, &  Genet.  Res.  Unit 
USDA  ARS 
Parlier,  CA  93648 
craig.ledbetter@ars.usda.gov 

Reporting Period: The results reported here are from work conducted October 2007 to September 2011 

ABSTRACT 
Almond leaf scorch disease is caused by the xylem-limited bacterium Xylella fastidiosa (Xf), which is transmitted by several 
species of leafhoppers. The objectives of this research were to elucidate the fate of bacterial inoculations in almond nursery 
plants; to elucidate patterns of insect vector population dynamics and movement relative to host plant assemblages in habitats 
surrounding commercial nurseries; and to investigate the temporal distribution of Xf-infected plants in those habitats. In an 
experimental nursery, disease incidence was markedly affected by rootstock type. Prior to budding, nursery plants were 
immune from bacterial infection if using Nemaguard roostock. After budding with a susceptible scion, plants were 
vulnerable to infection regardless of the rootstock type. Surveys in commercial nurseries revealed that only habitats with 
permanent grass cover sustained vector populations throughout the season. A total 87 plant samples tested positive for Xf 
(6.3%) using ELISA, with a higher number of Xf-infected plants found in weedy alfalfa fields than in other habitat types. 
Among Xf-positive plants, 33% were winter annuals, 45% were biannuals or perennials, 22% were summer annuals. 
Collectively, these findings identified an infection pathway other than primary spread that may occur in established orchards. 
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GLASSY-WINGED SHARPSHOOTER EXCRETA PRODUCTION AND EGG MATURATION ON GRAPEVINES 

Principal  Investigator: 
Mark  Sisterson 
Crop  Dis.,  Pests, &  Genet.  Res.  Unit 
USDA  ARS 
Parlier,  CA 93648 
mark.sisterson@ars.usda.gov 

Co-Principal Investigator: 
Christopher  Wallis 
Crop  Dis.,  Pests, &  Genet.  Res.  Unit 
USDA  ARS 
Parlier,  CA 93648 

Reporting Period: The results reported here are from work conducted June 2010 to current. 

ABSTRACT 
To better understand glassy-winged sharpshooter (GWSS) movement and reproduction in vineyards, studies evaluating 
GWSS feeding (as measured by excreta production) and egg maturation on grapevines were conducted. In 2010, studies 
compared excreta production and egg maturation of female GWSSs on self-rooted grapevines (cv. Chardonnay) that were 
inoculated with Xylella fastidiosa (Xf) or water. For reference, excreta production and egg maturation was simultaneously 
evaluated on cowpea. The mean number of eggs matured per female on each test plant was determined by confining females 
to plant stems, allowing females to feed but discouraging them from ovipositing. After five days, each female was dissected 
to determine egg load (number of mature eggs carried in the abdomen). A subset of females was dissected prior to the start 
of the experiment (referred to as baseline), so that the mean number of eggs matured during the test could be determined. 
Females held on cowpea produced 3.6 times more excreta and carried 3.6 times more eggs than females held on grapevines, 
regardless of whether the grapevines were inoculated with Xf. Further, egg loads of females held on grapevines for five days 
were not significantly greater than egg loads of females that were dissected prior to the start of the experiment, suggesting 
that females on grapevines did not mature any eggs during the test. Two studies were completed in 2011, both using 
grapevines (cv. Chardonnay) grafted on a 101-14mg rootstock. The first study in 2011 compared excreta production and 
female preference for Xf inoculated versus water inoculated grapevines. While females on water inoculated grapevines 
produced more excreta than females on Xf inoculated grapevines the difference was not significant. Nonetheless, in choice 
tests females were most frequently observed on water inoculated versus Xf inoculated grapevines. The second study in 2011 
compared excreta production and egg maturation of females on non-inoculated grapevines and cowpea. Similar to tests in 
2010, egg maturation was evaluated by comparing egg loads of females after one week of feeding on test plants to egg loads 
of females dissected prior to the start of the test. While females on cowpea produced 1.5 times more excreta and 1.4 times 
more eggs than females on grapevine, the relative differences in excreta production and egg maturation between cowpea and 
grapevine were smaller in 2011 than in 2010. Further, whereas females on grapevine in 2010 did not produce significantly 
more eggs than baseline females, females on grapevine during tests in 2011 carried 2.3 times more eggs than baseline 
females. Accordingly, excreta production and egg maturation of females on grapevines in tests in 2011 appeared to be 
greater than that of females on grapevines in 2010. One possible explanation for this observation is that tests in 2010 used 
self-rooted Chardonnay whereas tests in 2011 used Chardonnay grafted on a rootstock. Tests in 2012 will directly compare 
GWSS performance on self-rooted Chardonnay versus Chardonnay grafted on a rootstock. 

FUNDING AGENCIES 
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DEVELOPMENT OF EFFECTIVE MONITORING TECHNIQUES FOR SHARPSHOOTERS 
AND THEIR PARASITOIDS. 

Principal  Investigator: 
Donald A.  Cooksey 
Dept.  Plant Pathol.  &  Microbiology 
University of  California 
Riverside,  CA  92521 
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Cooperator: 
David  Morgan 
Pierce's  Disease Control  Program 
Calif. Dept. of  Food and Agriculture 
Riverside,  CA  92501 
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Cooperator: 
Cynthia LeVesque 
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Reporting Period: The results reported here are from work conducted October 9, 2010 to October 9, 2011. 

ABSTRACT 
Gonatocerus morgani, Gonatocerus morrilli,  and Gonatocerus triguttatus have been  reared  and  released  by  the Pierce’s 
Disease program  at  sites  throughout  Southern California  and  the  southern Central  Valley since  2000.   However,  data 
concerning  the extent  of  released  species  populations,  the  effects  of  parasitism  by  native  competitors,  and  the  host 
preferences  of  the parasitoids  involved  is  still  needed,  even  though  data presented  in  the most  recent  CDFA  report  (2010) 
demonstrates the effectiveness  of  the release program. In conjunction with his research  in  comparative and  functional 
genomics  of Xylella fastidiosa (Xf),  D. Cooksey  has  developed  a  multiplex  PCR  system  for  the  simultaneous  identification  of 
Xf strains  (Hernandez-Martinez et al.,  2006).  D.  Morgan, an  expert  in the  biology,  ecology,  systematics,  and identification  of 
the  host (Son et al.,  2009)  as  well as  the parasitoid  species  targeted  in this study,  is  the supervisor  of  the release program. C. 
LeVesque directs a  high throughput  testing program  for  citrus  Huanglongbing disease  that  employs high resolution melting 
curve  analysis as  developed  by Lin et al.,  2011. The  development  of  the  proposed high resolution melting (HRM) real-time 
PCR  system  will greatly  enhance the data acquisition  of  the CDFA  parasitoid  release biocontrol  program which  will assist in 
assessing the  efficacy of  the  ongoing sharpshooter  egg  parasitoid strategy. 

LAYPERSON SUMMARY 
In order to efficiently use biological control agents it is essential to have the capacity to identify the parasitoid species, host 
species and the extent of parasitism. These parameters must be known in order to evaluate the effectiveness of the control 
strategy. The current method used in the glassy-winged sharpshooter (GWSS) biological control program relies on 
identification of eclosed parasitoids after long incubations under artificial conditions. Often the parasitoids do not survive. It 
would greatly facilitate the development of the release program if an accurate and rapid method for identification of the eggs 
of sharpshooter species, determining whether eggs are parasitized, and by which parasitoid species, were available. The 
proposed single-step real-time HRM PCR assay for sharpshooters and their parasitoids will provide such a tool and will 
significantly enhance the reporting of GWSS parasitism. 

INTRODUCTION 
The post-release collection and incubation of field-collected glassy-winged sharpshooter (GWSS) eggs is currently the only 
methodology available for monitoring the GWSS biocontrol program. Since the eggs are removed from the field before 
development has been completed, the possibility of further parasitism is eliminated and, therefore, parasitism rates are 
underestimated. In addition, because optimal incubation conditions vary for each parasitoid species, significant 
developmental mortality can occur during the two-week or longer incubation period needed for wasps and GWSS to eclose. 
This results in some species being significantly underreported. If there is no sharpshooter emergence, there currently is no 
economical method for identifying whether eggs are from GWSS or the native smoke tree sharpshooter (STSS). Therefore, it 
is essential that a more efficient method for monitoring biological control activity be developed if we are to have more 
accurate, timely, and economic reporting of GWSS parasitism. 
Accurate reporting of GWSS parasitism will be accomplished with the development of a single-step HRM real-time PCR 
assay for sharpshooters and their parasitoids. The identity of the species of host, GWSS or STSS, and its parasitoids can 
simultaneously be determined with this method within half a day of collection, rather than two weeks. In addition, because 
the wasp pupal and sharpshooter egg casing can be analyzed, old egg masses should be able to be used after wasp eclosion. 
The refinement of control strategies by determining the effectiveness of the different parasitoid species in the various 
environments encompassed in the current range of GWSS will lead to better suppression of GWSS populations. 

OBJECTIVES 
1. Develop primer pairs that can be used in a multiplex high resolution melting curve analysis real-time PCR system for 

each species of sharpshooter and parasitoid. 
2. Through the use of degenerate primers, clone the target genes from those species of parasitoid for which there is no 

sequence data available. 
3. Determine the limits of detection of each species of sharpshooter and parasitoid. Based on other studies, we are 

confident we will be able to detect developing parasitoid embryos in sharpshooter eggs. We hope to be able to determine 
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the both the host and parasitoid species from sharpshooter egg cases from which the parasitoids have eclosed by 
amplifying the layer of cells which remain in the parasitoid egg (Oda and Akiyama-Oda, 2008). 

RESULTS AND DISCUSSION 
Degenerate primers were designed to target the COI gene in each of the wasp species, while a separate pair of primers were 
designed to target the STSS and GWSS COI genes (Table 1). These were used to clone ~150 bp fragments from each 
species to be used as control plasmids for HRM (Figure 1). 

While HRM primers and reaction conditions are being optimized, GWSS eggs are being collected which have been 
parasitized by the different wasp species included in the study. These eggs are obtained by setting up fresh egg masses with 
recently eclosed female wasps. The GWSS eggs are dissected from the leaf tissue at specific intervals after the wasps have 
been observed ovipositioning. 
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Table 1. Primer sequences where R = A,G; K = G,T; and W = A,T. 

Primer Name Sequence 

WP-COI-F 5’-CATAGAGGWCCWTCWGTAGATTTATC-3’ 

WP-COI-R 5’-GATCAACAAAATAARGTWAKTTTTTC-3’ 

SS-COI-F 5’-GCAACTATAATTATTGCAGTACC-3’ 

SS-COI-R 5’-GATCATATTATTGAAATTGATATA-3’ 

- 26 -



           

  
  
  
  
  
  
  

  
  
  
  
  
  
  

  
  
  
  
  
  
  

A GA AA AA GTA ACAT TA T TT TGTT GA T CTT T AA TA TT AA CAGCA AT TT T AT T A TT AT TA TCA TT ACCA GT ATT AGCT GGAG Majority 

490 500 510 520 530 540 550 560 

A GA AA AA GTT ACAT TA T TT TGTT GA T CTT T AA TA TT AA CAGCA AT TT T AT T A TT AT TA TCA TT ACCA GT ATT AGCT GGAG 382Gonatocerus ashmeadi COI.seq 
A GA AA AA T TA ACGT TA T TT TGTT GA T CATT AT TA T T AA CTT CA AT TT T AT TA TT AT T A TCT TT ACCA GT ATT AGCT GGAG 382Gonatocerus incomptus COI.seq 
A GA AA AA GTT ACAT TA T TT TGTT GA T CATT AA TA T T AA CAGCA AT TT T AT TA TT AT T A TCA TT ACCT GT ATT AGCT GGAG 382Gonatocerus morgani COI.seq 
A GA AA AA GTA ACAT TA T TT TGTT GA T CATT AA TA T T AA CAGCA AT TT T AT TA TT AT T A TCA TT ACCA GT ATT AGCT GGAG 560Gonatocerus morrilli COI.seq 
A GA AA AA TTA ACAT TA T TT TGT T GA T CTTT AT TA T T AA CAT CA AT TT T AT TA TT AT T A TCT TT ACCT GT ATT AGCA GGT G 382Gonatocerus novifasciatus COI.seq 
A GA AA AA GTT ACAT TA T TT TGT T GA T CTTT AA TA T T AA CAGCA AT TT T AT TA TT AT T A TCA TT ACCA GT T TT AGCT GGAG 382Gonatocerus triguttatus COI.seq 
A GA AA AA GTA ACAT TA T TT TGT T GA T CTTT AA TA T T AA CAGCA AT TT T AT TA TT AT T A TCA TT ACCA GT T TT AGCT GGAG 382Gonatocerus w alkerjonesi COI.seq 

GAA CT GGATGAA CT GT TTA TCCT CCTT TAT CA AT AA AT TTA TCT CAT AGA GGACCA TCXGT AGAT T T AT CAA TT T T TT CT Majority 

330 340 350 360 370 380 390 400 

GAA CT GGTTGAA CT GT TTA TCCT CCTT TAT CA AT AA AT TTA TCT CAT AGA GGACCT TCAGT AGAT T T AT CTA TT T T TT CA 222Gonatocerus ashmeadi COI.seq 
GAA CT GGATGAA CT GT TTA TCCT CCTT TAT CA T CAA AT TTA TCT CAT AGA GGACCT TCTGT AGAT T T AT CAA TT T T TT CT 222Gonatocerus incomptus COI.seq 
GAA CT GGATGAA CT GT TTA TCCT CCTT TAT CA AT AA AT TTA TCT CAT AGA GGACCA TCGGT AGAT T T AT CTA TT T T TT CT 222Gonatocerus morgani COI.seq 
GAA CA GGATGAA CA GT TTA TCCT CCAT TAT CA AT AA AT TTA TCT CAT AGA GGACCA TCAGT AGAT T T AT CAA TT T T TT CT 400Gonatocerus morrilli COI.seq 
GT A CT GGATGGA CA GT TTA TCCA CCTT TAT CT T CAA AT TTA TCCCAT AGA GGT CCA TCTGT AGAT TT AT CAA TT T T TT CT 222Gonatocerus novifasciatus COI.seq 
GT A CA GGATGAA CA GT TTA TCCT CCTT TAT CA AT AA AT TTA TCT CAT AGA GGT CCA TCTGT AGAT TT AT CAA TT T T TT CT 222Gonatocerus triguttatus COI.seq 
GAA CT GGATGAA CT GT TTA TCCT CCTT TAT CA AT AA AT TTA TCT CAT AGA GGACCA TCAGT AGAT TT AT CTA TT T T TT CT 222Gonatocerus w alkerjonesi COI.seq 

T T A CA TA TTGCT GGAGCT T CT T CAA T T AT A GCTT CA AT TAA T T TT AT TT CTA CT AT TA TTA AT AT AA GA ATA T A TA AA AT Majority 

410 420 430 440 450 460 470 480 

T T A CA TA TTGCT GGT GCAT CA T CAA T T AT A GCTT CA AT T AA T T TT AT TT CTA CT ACAA TTA AT AT AA AA ATA T A TA AA AT 302Gonatocerus ashmeadi COI.seq 
T T A CA TA TTGCT GGAGTT T CT T CAA TT AT A GCAT CA AT T AA T T TT AT TGT AT CA AT TA CTA AT AT AA TT ATT T A TA AA AT 302Gonatocerus incomptus COI.seq 
T T A CA TA TTGCT GGAGCAT CT T CTA TT AT A GCTT CA AT T AA T T TT AT TT CTA CT AT TA TTA AT AT AA AA ATA T A TA GA AT 302Gonatocerus morgani COI.seq 
T T A CA TA TTGCT GGT GCT T CT T CTA TT ATA GCTT CA AT T AA T T TT AT TT CTA CT ACTA TTA AT AT AA GA ATA T A TA AA AT 480Gonatocerus morrilli COI.seq 
T TA CA TA TTGCT GGAA TT T CT T CAA TT ATA GCAT CA AT T AA T T TT AT TGT AT CA AT TGTTA AT AT AA TT ATT T A TA AA AT 302Gonatocerus novifasciatus COI.seq 
T TA CA TA TTGCT GGAGCAT CA T CAA TT ATA GCTT CA AT T AA T T TT AT TT CTA CT AT TA T TA AT AT AA GA ATA TA TA AA AT 302Gonatocerus triguttatus COI.seq 
T TA CA TA TTGCT GGAGCT T CA T CAA TT ATA GCTT CA AT T AA T T TT AT TT CTA CT AT TA T TA AT AT AA GA ATA TA TA AA AT 302Gonatocerus w alkerjonesi COI.seq 

Figure 1. Alignment of Gonatocerus COI sequences using ClustalW (Slow/Accurate, IUB) with sequence differences boxed and primers indicated by arrows: 
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LINKING WITHIN-VINEYARD SHARPSHOOTER MANAGEMENT TO PIERCE’S DISEASE SPREAD 
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Department of  Entomology 
University of  California 
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Reporting Period: The results reported here are from work conducted November 2010 to October 2011. 

ABSTRACT 
Pierce’s disease (PD) management in southern California vineyards hinges on chemical control of populations of the vector, 
the invasive glassy-winged sharpshooter (GWSS), residing in citrus. Growers also frequently apply systemic insecticides in 
vineyards, but the efficacy of these treatments for disease management is not known. We are conducting a series of surveys 
in treated and untreated vineyards in Temecula Valley to determine the relative economic value of within-vineyard chemical 
control for PD management. In each of the past two seasons we have surveyed 34 vineyards in the Temecula Valley that 
differ in their use of systemic insecticides. In 2011, as in 2010, vineyards that either consistently or irregularly applied 
imidacloprid to vines had similarly low PD prevalence. Prevalence was more variable in those vineyards that have not 
treated with systemic insecticides, with several vineyards having nearly no diseased vines but also two vineyards that showed 
more than 5% disease. These surveys will continue for a final season, after which we will use changes in prevalence among 
years and estimates of GWSS abundance to estimate rates of pathogen spread. Ultimately, survey data will be used to 
quantify rates of secondary spread and the spatial distribution of Xylella fastidiosa strains, which is needed for drawing 
inferences regarding sharpshooter movement and pathogen sources. 

LAYPERSON SUMMARY 
One of the main tools for dealing with the glassy-winged sharpshooter (GWSS) in southern California and the southern San 
Joaquin vineyards is the application of insecticides. Systemic insecticides (imidacloprid) are regularly applied to citrus, 
which is a preferred plant type for GWSS, to reduce insect abundance before they move into vineyards. These treatment 
programs have been successful, reducing sharpshooter populations to a fraction of what they once were. Grape growers 
frequently use systemic insecticides in vineyards as well to reduce further the threat of sharpshooters spreading Pierce’s 
disease (PD) among vines. However, no measurements have been made about whether these costly insecticide treatments are 
effective at curbing disease spread. We are conducting a series of disease surveys in Temecula Valley to understand whether 
chemical control of GWSS in vineyards is justified. Results thus far indicate that on average vineyards that employ systemic 
insecticides tend to have low PD prevalence. Yet, given that some of the untreated or intermittently treated fields had 
extremely low prevalence, it is plausible that systemic insecticides may not need to be applied every year – at least for sites or 
years with low vector pressure. We will continue these disease surveys for a final year, and then calculate overall estimates 
of disease spread in the region. 

INTRODUCTION 
Chemical control of insect vectors plays a crucial role in many disease mitigation programs. This is true not only for the 
management of mosquito-borne diseases of humans, such as malaria and dengue fever, but also for limiting disease 
epidemics in a wide range of agricultural crops. In southern California vineyards chemical control at both the area-wide and 
local scales may affect the severity of Pierce’s disease (PD), by reducing the density or activity of the primary vector, the 
glassy-winged sharpshooter (GWSS; Homalodisca vitripennis; Castle et al. 2005). 

The bacterial pathogen Xylella fastidiosa (Xf) is endemic to the Americas, and is widespread throughout the western and 
southeastern U.S. This xylem-limited bacterium is pathogenic to a wide variety of plants, including several important crop, 
native, ornamental, and weedy species (Purcell 1997). In the Western U.S. the most economically significant host is 
grapevine, in which Xf causes PD. Multiplication of the bacterium in vines plugs xylem vessels, which precipitates leaf 
scorch symptoms and typically kills susceptible vines within a few years (Purcell 1997). 

Xf can be spread by several species of xylem sap-feeding insects, the most important being the sharpshooter leafhoppers 
(Severin 1949). Historically PD prevalence has been moderate, with a pattern that is consistent with primary spread into 
vineyards from adjacent riparian habitats by the native blue-green sharpshooter (Graphocephala atropunctata). However, 
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beginning  in  the late 1990s  severe outbreaks  occurred  in  southern  California and  the southern  San  Joaquin  Valley  that  are 
attributable  to  the  recent establishment of  the  glassy-winged sharpshooter. This  invasive  sharpshooter  is  not  inherently more 
efficient  at  transmitting  the pathogen  than  are native sharpshooters  (Almeida and  Purcell  2003). Instead  its  threat  as  a vector 
appears  to  stem  from  a combination  of  ability  to  achieve extremely  high  densities  (Blua et  al.  1999)  and promote  vine-to-vine 
(i.e.  secondary)  disease spread  (Almeida et  al.  2005). 

Citrus trees themselves are not susceptible to the strains of Xf found in the U.S. (though strains found in Brazil have caused 
significant economic losses to their citrus industry – Purcell 1997). None-the-less citrus plantings figure prominently in the 
epidemiology of Xylella diseases in California. Many portions of southern California and the southern San Joaquin Valley 
have vineyards in close proximity to citrus groves (Sisterson et al. 2008). This is important because citrus is a preferred 
habitat for the glassy-winged sharpshooter at key times of the year, allowing this vector to achieve very high densities (Blua 
et al. 2001). High vector populations then disperse seasonally out of citrus into nearby vineyards, resulting in clear gradients 
of PD prevalence (i.e. proportion of infected plants) as a function of proximity to citrus (Perring et al. 2001). 

Given the importance of citrus in PD epidemiology, citrus groves have been the focus of area-wide chemical control 
programs, initiated in the Temecula and Coachella Valleys in the early 2000s and shortly afterward in Kern and Tulare 
Counties (Sisterson et al. 2008). The southern California programs use targeted application of systemic insecticides, such as 
imidacloprid, to limit GWSS populations residing within citrus. Census data in citrus show substantial year to year variation 
in sharpshooter abundance that may stem from incomplete application, the use of less effect organically-derived insecticides, 
or inadequate irrigation to facilitate uptake - which makes the consistent management of sharpshooter populations a challenge 
(Toscano and Gispert 2009). None-the-less trap counts have been, overall, much reduced compared to pre-area-wide counts. 
The effect of chemical control can be seen clearly in early insect surveys which found significantly fewer sharpshooters in 
treated relative to untreated citrus and in vineyards bordering treated versus untreated groves (R. Redak and N. Toscano, 
unpublished data). Thus, these area-wide control programs have been considered successful in southern California (Toscano 
and Gispert 2009), and the swift implementation of an area-wide management program in Kern County has been credited 
with limiting the severity of PD outbreaks (Sisterson et al. 2008). 

Research into imidacloprid uptake by grape also has been initiated, and target concentrations high enough to suppress GWSS 
activity (approx. 10 μg/L of xylem sap) can be achieved and will endure for several weeks in mature vines (Byrne and 
Toscano 2006). This information coupled with the success of area-wide programs in citrus appears to have led to relatively 
widespread adoption by grape growers of imidacloprid application in vineyards to reduce further exposure to Xf. In 
Temecula Valley, for example, it is estimated that 70% of vineyards use imidacloprid, at an approximate cost of $150-200 
per acre (N. Toscano, personal communication). Yet consistent treatment of vineyards with systemic insecticides is neither 
universal, nor have there been any measures of how effective these costly treatments are at reducing PD incidence. 

We are studying the epidemiological significance of chemical control in vineyards, via a multi-year series of field surveys in 
Temecula Valley. This work will address gaps in empirically-derived observations regarding the cascading effects of 
vineyard imidacloprid applications on glassy-winged sharpshooter abundance and, ultimately, PD severity. 

OBJECTIVES 
1. Understand if within-vineyard sharpshooter chemical control reduces vector pressure and PD spread. 

We are currently in the middle of the second of three seasons of fall disease surveys. Next year we will conduct the final 
season of surveys, then use the three years of disease prevalence estimates, vector abundance, imidacloprid concentrations, 
and Xf genotype distribution to draw inferences regarding the relative rates of pathogen spread in fields differing in 
management tactics. 

RESULTS AND DISCUSSION 
Last summer we interviewed several vineyard owners and vineyard managers in the Temecula region to identify vineyards 
with a range of imidacloprid treatment histories. This season we collected leaf samples from all 34 vineyards included in the 
study (Figure 1), based on those interviews, to verify that our information regarding imidacloprid treatment history was 
accurate. Those samples are currently being processed. 

Beginning in February 2011 we deployed yellow-sticky traps in each of the vineyards to monitor GWSS populations. The 
traps were collected monthly, GWSS and generalist predators were counted, then new traps were deployed. This monitoring 
data is still being collated. June sharpshooter counts up through June were very low, with no obvious difference in catches 
between vineyards differing in chemical control strategy. 

Like last year, we again surveyed PD prevalence in the 34 vineyards. This work is ongoing. Thus far the estimates based 
only on visual symptoms have been completed (Figure 2). The results suggest that there is substantial variability in disease 
prevalence among sites. Sites treated every year or irregularly with systemic insecticide had similarly low apparent disease 
prevalence based on visual scores (1.1% and 1.5%, respectively). On average, sites that were not treated with imidacloprid 
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for at least several years had higher prevalence (2.6%), but with a large range from just 0.5% to nearly 7%. Given the 
potential for misidentification of disease status based on visual surveys we collected up to 50 putatively symptomatic samples 
from each vineyard to be cultured for the presence of Xf. In addition we collected 100 asymptomatic samples from each 
vineyard to be tested for latent infection using ELISA. These asymptomatic and symptomatic samples are currently being 
processed, the results of which will be used to refine the estimate of disease prevalence based on symptoms alone. 

Figure 1.  Field  sites  included  in  the  2010 and 
2011  Pierce’s  disease surveys.   Collectively  the 
sites  represent  34  separate vineyard  blocks  that 
have been  untreated  (n=9),  intermittently  treated 
(n=12),  or  regularly  treated  (n=13)  with 
imidacloprid. 

Figure 2.  Proportion  of  vines  with  Pierce’s  disease 
symptoms  in  fields  with  different insecticide  treatment 
histories. Observations  from  preliminary  2011 surveys  in 
Temecula Valley  based  on  putative symptoms  alone.   Some 
points  overlap (n=9,  12,  13 for  Untreated,  Mixed and 
Treated  respectively).   Filled  symbols  represent  means. 

CONCLUSIONS 
Results so far suggest that current PD prevalence throughout the Temecula Valley region is low. There is a trend for 
differences in prevalence based on chemical control strategies, with untreated vineyards having the highest average 
prevalence, but whether those differences are due to recent management, historical artifacts, or differences in vector pressure 
remains unclear. Ultimately estimates of year-to-year changes in prevalence are needed (i.e. incidence), which are ongoing, 
to determine the precise impact of within-vineyard systemic insecticides on disease spread. 
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Reporting Period: The results reported here are from work conducted August 2011 to October 2011. 

ABSTRACT 
The  glassy-winged  sharpshooter  (GWSS; Homalodisca vitripennis)  is  an  efficient vector  of Xylella fastidiosa (Xf), causal 
agent  of  Pierce’s  disease of  grapevines.   We are investigating  using  recombinant  insect  viruses  to  deliver  toxic peptides 
and/or  induce systemic RNA  interference (RNAi)  and  thereby  induce mortality  in  recipient  GWSS.   We are attempting  to 
develop recombinant Homalodisca coagulata virus-1 (HoCV-1)  so  as  to  specifically  infect  GWSS.   We  will  engineer  HoCV-
1 to deliver  and express  toxic  peptides  and/or  effector  RNAs  only  upon  infection  of  recipient  GWSS. We are taking  two 
approaches  to develop recombinant  HoCV-1,  one a straightforward  cDNA  cloning  approach  and  the second  involves 
amplification  using  a baculovirus.   We are also  using  a second  virus, Flock house virus,  for  which  recombinant  clones  are 
already  available.   It is  our  hope  that the  results  obtained  from  these studies  will  be used  for  developing  an  effective 
biological-based control strategy  to help control  GWSS and other  sharpshooter  vectors  of Xf. 

LAYPERSON SUMMARY 
The glassy-winged sharpshooter (GWSS, Homalodisca vitripennis) transmits the bacterium, Xylella fastidiosa (Xf), which 
causes Pierce’s disease of grapevines. We are attempting to use natural, GWSS-infecting viruses as part of a strategy to kill 
GWSS. We are attempting to engineer viruses to deliver toxic peptides, and or deliver GWSS RNAs that will activate the 
RNA interference (RNAi)-based immune system. We hope that one or both approaches will result in GWSS mortality 
thereby preventing the spread of Xf. RNAi can be triggered by effector RNAs, and results in degradation of the specific 
RNAs that have sequence homology with the effector RNA. It is known that in plants and some insects, RNAi occurring in 
localized tissues can trigger RNAi in the whole organism. For example, actin is a protein that is indispensible in normal cell 
function, and if a double-stranded RNA containing actin mRNA sequence is introduced to a localized tissue of an organism, 
the organism will not have enough actin produced locally in the inoculated tissue or in whole system depending on whether a 
systemic RNAi occurs in the organism or not. We are attempting to determine whether systemic RNAi can be induced in 
GWSS by using recombinant Homalodisca coagulata virus-1 (HoCV-1), a naturally-occurring virus that specifically infects 
GWSS. If successful, our studies may lead to new and effective methods to help control the GWSS population. 

INTRODUCTION 
The glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) is a highly efficient vector of Xylella fastidiosa (Xf), the 
causal agent of Pierce’s disease (PD) of grapevines. We are investigating new approaches based on using a GWSS-infecting 
virus, Homalodisca coagulata virus-1 (HoCV-1), as a tool to help manage GWSS. We will engineer HoCV-1 to express 
toxic peptides which can kill infected GWSS upon virus replicaion. As a second approach we are attempting to use HoCV-1 
to deliver GWSS RNAs so as to induce RNA interference (RNAi) in recipient GWSS. 

RNAi is a gene silencing mechanism that is initiated by a presence of double stranded RNA (dsRNA). The resulting RNAi 
activates the cell machineries for identification and degradation of the target RNA, which is the RNA having homologous 
sequence to the dsRNA that has triggered RNAi. This mechanism is known to occur in many eukaryotes such as plants, 
animals and insects as an indispensible part of normal developmental processes and innate immunity. In plants, locally 
triggered RNAi induced by viral RNA replication or an experimental inoculation of dsRNA sends a warning signal to the 
whole plant so that the cells not invaded by the dsRNA are prepared to silence the foreign RNA that may invade them. This 
phenomenon is called systemic RNA interference, and the signal responsible for triggering the systemic silencing is a small 
interfering RNA (siRNA) that results from the RNAi pathway. The resulting siRNA is presumed to be amplified by a plant 
RNA dependent RNA polymerase (RdRp). Although insects are not known to have RdRp, systemic silencing occurs in some 
insects through some unknown mechanisms (Huvenne and Smagghe). It is unknown whether feeding of dsRNA or short-
hairpin RNA (shRNA) can cause systemic silencing in GWSS or not. 
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We are now attempting to develop an infectious clone of Homolodisca coagulata virus-1 (HoCV-1). HoCV-1 is a virus 
isolated from field-collected GWSS. It is a single-stranded, positive-sense RNA virus belonging to the family 
Dicistroviridae. It has a monopartite genome composed of uncapped 5’-end and polyadenylated 3’-end. Although its 
sequence has been published, no infectious clone is yet available. We will use the GWSS embryonic cell-line, Z-15 (Kamita 
et al., 2005), as well as whole GWSS as tools for our work. Once the infectious clone is developed, we will modify the 
HoCV-1 genome sequence to produce a highly-specific, recombinant virus either delivering toxic peptides or anti-GWSS 
RNA effectors with the ultimate goal of helping to control GWSS populations. 

OBJECTIVES 
1. Development of HoCV-1 infectious cloned cDNAs; 
2. Expression of GFP or other stable sequences in GWSS-Z15 cells or whole GWSS insects by using HoCV-1. 

RESULTS AND DISCUSSION 
We are only three months into this project. Our primary focus so far has been to develop a virus, preferably HoCV-1, that we 
can use for our peptide/RNA expression studies. While our main effort has been with HoCV-1, we have also added a second 
virus that should be easier to manipulate at least initially. This is Flock house virus (FHV). FHV belongs to the family 
Nodaviridae, and is a non-enveloped, positive-sense RNA virus originally isolated from the grass grub (Costelytra 
zealandica) in New Zealand. It has a bipartite genome and has been shown to multiply in insects from four different orders 
(Hemiptera, Coleoptera, Lepidoptera, Diptera). In adult mosquitoes, FHV has been used successfully to systemically express 
GFP (Dasgupta et al., 2003), and thus we are attempting to use the FHV system (Dasgupta et al., 2003) to systemically 
express GFP in GWSS. This will serve as a surrogate virus system until our HoCV-1 system is optimized. FHV will be used 
to express peptides, and to perform initial systemic RNAi experiments using GWSS. 

Testing for Systemic Silencing in GWSS 
We have FHV cDNA clones that can produce FHV genomic RNAs and make infectious FHV particles in Drosophila S2 
cells. In order to confirm the biological activity of the constructs, we co-transfected S2 cells with the copper-inducible 
Drosophila metallothionein promoter driven FHV RNA1 cDNA and FHV RNA2 cDNA, and collected the transfected cells 
and the medium 4 days post transfection. Also, in parallel, we co-transfected another batch of S2 cells with FHV RNA1 
cDNA fused to GFP sequence and FHV RNA2 cDNA. As expected, the S2 cells transfected with these constructs produced 
GFP signal (Figure 1) 

Figure 1. GFP signal produced by 
FHV in transfected Drosophila S2 cells. 

In adult mosquitoes, FHV has been engineered to systemically express GFP (Dasgupta et al., 2003). We hope to adapt this 
system to test for systemic silencing in GWSS. GFP will be systemically expressed in GWSS with FHV DIeGFP (Figure 2). 
A defective interfering (DI) RNA of FHV originating from the genomic RNA 2 interferes with FHV genomic RNA 
replication through greater template efficiency with the viral replicase. The construct DIeGFP that contains the viral 
replication sites, packaging signal and expresses GFP is available, which we will use to produce FHV virions containing 
DIeGFP. This will be accomplished by transfecting Drosophila Schneider 2 (S2) cells with the pMT vectors expressing FHV 
RNA1, RNA2, and DIeGFP. 
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Figure 2. Lab-engineered DI RNA expressing GFP (Dasgupta, et al., 2003.) 

Once infectious virions have been produced in the cell system we will begin whole insect experiments. The purified virions 
will be injected into GWSS for GFP expression, which we will confirm with fluorescent microscopy. To then test for 
systemic silencing of GFP we will feed GFP-expressing GWSS GFP dsRNA or short-interfering RNA and analyze insect 
tissues using fluorescent microscopy. 

Making an Infectious Clone of Homalodisca coagulata Virus-1 
We are using two approaches to develop recombinant, infectious HoCV-1. First, we will use a binary expression system 
involving expression of bacteriophage T7 polymerase and a double-stranded DNA with a T7 promoter driven HoCV-1 
sequence in GWSS embryonic cell-line, Z-15. Such a binary expression system has been used in animal cells to produce 
infectious viruses including poliovirus. We have constructs expressing T7 polymerase with or without nuclear localization 
signal (NLS) that has been tested in yeasts, plants, and mammalian cells (Dunn et al., 1988). We have subcloned the T7 
polymerase gene under an insect promoter (IE) and will co-transfect Z-15 cells with T7 driven HoCV-1 construct (Figure 3). 

Figure 3. Maps of pIE T7 gene-1 with (A) or without (B) nuclear localization 
signal (thin line indicates pUC8 sequences. 

We will test for the virion formation with electron microscopy and Northern blot analysis, then test for GWSS infectivity in 
whole insects. If infectious HoCV-1 virions are produced from this binary expression system, we will modify the HoCV-
1sequence to carry a dsRNA or shRNA for VIGS experiments with the ultimate goal of using the virus as a tool to help 
control the GWSS population. 

Our second approach uses an insect baculovirus-based approach. The Bac-to-Bac Baculovirus Expression System 
(Invitrogen) was used to generate recombinant baculoviruses. The first step of this process involves cloning of the target 
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sequence, in this case the complete genome of the HoCV-1, into the shuttle vector pFASTBac1. Because of the large size of 
the HoCV-1 genome, the cloning was performed in three steps (Figure 4). In Step I, the 5’-end of the HoCV-1 genome was 
amplified by RT-PCR from total RNA isolated from GWSS adults using tailed PCR primers. The tailed PCR primers were 
designed to incorporate BamHI restriction endonucleases sites at the ends of the amplicon. The amplicon was digested with 
BamHI and inserted at the BamHI site of pFastBac1. The insert of the resulting plasmid, pFB-HoCV1-5’end, was checked 
for orientation and sequenced. In Step II, the 3’-end of the HoCV-1 genome was RT-PCR amplified as in Step II using a 
tailed 3’-PCR primer that incorporated a HindIII site at the 3’-end of the amplicon and a HoCV-1-specific 5’-primer. The 
resulting amplicon was digested with SalI and HindIII and inserted at the SalI and HindIII sites of pFB-HoCV1-5’end in 
order to generate the plasmid pFB-HoCV1-5’/3’ ends. Finally, in Step III, the AflII-XbaI internal fragment of HoCV-1 from 
pRzHoCV1 was excised and ligated into the corresponding sites of pFB-HoCV1-5’/3’ ends to generate pFB-HoCV1. 

Figure 4. Cloning HoCV-1 cDNA into pFastBac1. 

Recombinant  baculoviruses  carrying  the complete HoCV-1  genome were constructed in  two  steps as shown  in Figure 5.   In 
the  first step,  the  recombinant baculovirus  shuttle  vector  pFB-HoCV1 was  transformed into competent  DH10Bac E. coli 
cells.   White colonies  that  formed  on  the selection  medium  (i.e.,  colonies  formed  by E. coli carrying recombinant  bacmid 
DNAs) were  re-isolated  by  streaking  on  the  same  selection  medium  and  individual colonies  were  amplified  in  liquid  medium 
containing  selection  antibiotics.   Bacmid  DNAs  were  isolated  from  the  liquid  medium  cultures  and  confirmed  by  PCR to 
carry  the HoCV-1  genome.   In  the second  step,  recombinant  baculoviruses  were generated  in  Sf-9  cells  by  transfection  of  Sf-
9  cells  with  bacmid  DNAs  carrying  the HoCV-1  genome  using Cellfectin reagent.   Following transfection the  recombinant 
baculoviruses  were  subject  to one  round of  amplification  in  Sf-9  cells. 

The ability of the recombinant baculoviruses (i.e., AcHoCV1) to express HoCV-1-specific RNA (i.e., positive-sense HoCV-1 
RNA) was investigated by RT-PCR (Figure 5, step 2). Total RNA was first isolated from the cells of recombinant 
baculovirus-infected Sf-9 cells, then treated with DNAse I. First strand cDNA synthesis for the RT-PCR reaction was done 
using strand-specific primers that were specific for either the positive- or negative-sense RNA of HoCV-1. The positive 
signal using the positive-sense RNA specific primer indicated that the HoCV-1 genomic RNA is expressed by the 
recombinant baculovirus. The positive signal using the negative-sense RNA specific primer indicated that RNA dependent 
RNA polymerase (RdRP) is translated from the baculovirus expressed HoCV-1 genomic RNA. And, furthermore, that this 
RdRP is capable of producing the intermediate negative-sense RNA that is required for the replication of HoCV-1. 
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     Figure 5. Generation of recombinant bacmid and baculovirus. 

CONCLUSIONS 
We have only been working on this effort for three months so far. During the reporting period, we began working with two 
viruses so as to ensure success. We have conceived the experimental strategies, tested the FHV constructs for its biological 
activity, and made the plasmid constructs that can express T7 polymerases in insects. The experiments described above are 
on-going and rapidly progressing. FHV is easy to work with and our HoCV effort looks very promising so far. The results 
of the experiments using FHV system will be critical in designing RNAi strategies for controlling GWSS population, and the 
infectious HoCV-1 cDNA clones will be invaluable in assessing the feasibility of using virus infecting GWSS as a 
biopesticide. 
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Reporting Period: The results reported here are from work conducted July 2011 to October 2011. 

ABSTRACT 
Here we present our progress towards the development and application of an RNA interference (RNAi) based system aimed 
to target genes of the vector of Xylella fastidiosa, the glassy-winged sharpshooter (GWSS). After demonstrating that RNAi 
induction in GWSS cells and insects is achievable, we began screening a large pool of candidate genes to find the best targets 
to control the survival of GWSS. These data were used to develop transgenic Arabidopsis and potato plants that express 
dsRNAs of the targets. We also made stable Arabidopsis transgenic plants that express GUS marker genes using 35S and a 
Eucalyptus gunii minimal xylem-specific promoter. Transgenic plants are being evaluated for their ability to produce 
dsRNAs and will be tested against GWSS adult insects. Encouraged by our efforts to find effective targets, we adopted large 
scale sequencing of the GWSS transcriptome as well as the small RNA complement from GWSS adult insects. We were able 
to generate 35 million reads and nine million reads of the short read sequence data for transcriptomic and small RNA 
sequences in our initial run. 

LAYPERSON SUMMARY 
This work presents fundamental efforts towards long term application of using RNA interference, RNAi, to help combat a 
plant disease of great economic importance. The disease, Pierce’s disease (PD) of grapevines, is a significant threat to grape 
production in California and other parts of the U.S. The causal agent of the disease, Xylella fastidiosa (Xf), is a xylem-limited 
bacterium that also causes several other extremely important plant diseases worldwide. Our effort here does not directly 
target Xf, but instead targets one of its most significant insect vectors, the glassy-winged sharpshooter (GWSS), Homalodisca 
vitripennis, and we combine the use of transgenic and next generation sequence based methods to effectively target GWSS 
RNAs. RNAi is an extremely important and broadly studied area in contemporary biology, and terms such as “magic bullet” 
for human medicine, and “genetic insecticide” for targeting insects have been used in the literature. Our work represents the 
first demonstrated RNAi effort towards GWSS and our data will help to expand the possibilities to study plant-associated 
insects and at the same time to target the sharpshooter vectors of Xf, the causal agent of PD. 

INTRODUCTION 
The leafhopper Homalodisca vitripennis (Germar) (formerly H. coagulata), also known as the glassy-winged sharpshooter 
(GWSS), is among the most robust and thus most threatening vectors of Xylella fastidiosa (Xf), the bacterium that causes 
Pierce’s disease (PD) [1], a devastating disease occurring in winegrapes [2]. New strategies that will lead to environmentally 
sound approaches to control GWSS and other insect vectors of plant pathogens are needed. RNA interference (RNAi) has 
been suggested as a strategy to develop “insect-proof plants” [3] and even referred to as a “genetic insecticide” [4]. RNAi is 
a eukaryotic gene regulation/defense mechanism in which small RNA segments, small interfering RNAs (siRNAs) (21-25 
nt), generated by processing of dsRNA molecules often of viral origin, specifically down-regulate complementary RNA 
sequences [5]. Recent efforts demonstrate that RNAi is inducible in many insects. Intrathoracic injection of dsRNAs has 
been shown to be the most effective way to induce RNAi in whole insects of many species including Anopheles gambiae [6-
7], Blattella germanica [8], Drosophila melanogaster [9], Spodoptera litura [10], Culex pipiens [11], Lutzomyia longipalpis 
[12], Cecropia pupae [13], Acyrthosiphon pisum [14], Rhodnius prolixus [15], Aedes aegypti [16], Bemisia tabaci [17], 
Dermacentor variabilis [18] and Tribolium castaneum [19]. Oral induction has also been demonstrated in several of these 
same species. Our present and previous efforts demonstrate for the first time that RNAi activity can be induced in a 
leafhopper species, but also is inducible in GWSS cell lines [20]. In the long term, RNAi can be used as an effective 
fundamental tool to better understand the dynamics of plant: pathogen: vector interactions as well as GWSS physiology and 
we hope as a strategy to complement overall efforts for Pierce’s disease control. 
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OBJECTIVES 
The specific objectives of our effort are: 
1. To generate and evaluate existing transgenic plants for their ability to generate RNAs capable of inducing RNAi effects 

in GWSS. 
2. To identify GWSS-interfering RNAs for practical application. 

a. To utilize transgenic Arabidopsis thaliana plants as efficient alternatives for identifying, delivering, and 
evaluating efficacious interfering RNAs. 

b. To enhance production of interfering RNAs in planta. 
c. To evaluate alternative strategies to deliver and screen high numbers of RNAi inducers in GWSS. 

RESULTS AND DISCUSSION 
RNAi in GWSS cells and insects 
Initially, we used 14 GWSS Genbank cDNA sequences corresponding to known proteins in order to synthesize RNAi inducer 
molecules, dsRNAs. We then tested whether RNAi was inducible in GWSS cells and insects, and we were able to show that 
RNAi activity is inducible in GWSS [20]. Real time RT-PCR, semi quantitative RT-PCR, and Northern blot of small and 
large RNA fractions showed that RNAi was achieved in cells and insects injected with dsRNA where target mRNAs were 
partially degraded and specific siRNA, hallmarks of RNAi, were detected [20]. The inducibility of RNAi in the GWSS cells 
helped us design the following set of experiments. 
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Figure 1. Diagrammatic representation of the vector pCB2004B used for 
generation of GWSS transgene constructs. The binary construct is designed 
to produce short hairpin between the sense and antisense target genes that 
will result in the production of small RNAs in the transgenic plants 
(Arabidopsis and potato plants). 

Generation of transgenic lines 
For  the  purpose  of  generating the Arabidopsis transgenic  lines  we used  a different  ecotype,  Cape Verdi (Cvi).   Compared to 
Columbia  (Col-0) it  has  larger  leaves  and  presents   more robust  growth,  and  will  be more appropriate in  supporting  insects  of 
large size such  as GWSS. In  order  to  generate dsRNAs  that  can  target  the insect,  GWSS  target  sequences  (Table  1)  were 
cloned  into  a  gateway-compatible binary  vector  pCB2004B  (Figure 1). The target  sequences were cloned  in  head  to  tail 
direction in the  gateway vector  with a non-homologous  sequence  between them.   Upon transcription in transgenic  plants, 
these  constructs  will yield  double-stranded,  hairpin  RNAs  of  the desired  sequence. The expression  vectors  carrying  the 
insect  target  sequences  of  interest  were first  cloned  into E.coli and Agrobacterium tumefaciens and  they  have  been sequence 
verified. A. tumefaciens cultures  carrying  the sequences  of  interest  were used  to  transform A. thaliana Cvi plant ecotypes 
through the floral  dip process.  Arabidopsis  T0 plants  were screened  for  resistance against  the selectable marker BAR gene,  and 
we were able to  confirm T1 transgenics. Further  sets  of  transformation  of Arabidopsis plants  were underway  to  generate more 
independent  transgenic  lines  for  the  GWSS  target  genes  that  had  less  than three  independent  transgenic  lines.   Also,  efforts 
are underway  to  generate more transgenic lines  for  other  target  genes  of  GWSS  that  were not  previously  described.   We are 
in the  process  of  obtaining the  homozygous  transgenic Arabidopsis lines  that will  be used  for  screening  against  GWSS. 

We have used three of the constructs (Table 2) to transform potato plants. Transformation/regeneration was performed via 
recharge at the UC Davis Ralph M. Parsons plant transformation facility (http://ucdptf.ucdavis.edu/) and approximately ten 
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independent  transgenic lines  were obtained  for  each  of  the constructs. We have performed  screening  of  these transgenic 
potato  plants  for  insert composition and  have  established  the  presence of  a transgene similar  to  the procedure as  described  for 
Arabidopsis transgenic  lines. The presence of  chitin  deacetilase transgene in  the potatoes  resulted  in  the production  of  small 
RNAs  in  those  transgenic  plants. In contrast  to the  approach with A. thaliana,  we will  vegetatively  propagate the T0 plants 
and  use them  for  RNAi  experiments  with  GWSS.   Potatoes  are an  excellent  host  plant  for  GWSS  so  we expect  them  to  be 
very  useful  for  our  efforts  here. 

Table 1. GWSS insect sequences used for cloning and generation of Arabidopsis transgenic lines. 

Construct 
Name* 

Protein Encoded Length  of 
PCR 

Product  (bp) 

E. coli DH5-α 
Sequence  Verified 

A.  tumefaciens 
EHA105 

PCR Verified 

Number  of Arabidopsis 
transgenic  lines 

generated 
GWSS 965 Zinc Metalloproteinase 443 Yes Yes None 
GWSS 989 Glucosyltransferase 576 Yes Yes 3 independent lines 

GWSS 1591 Sugar Transporter 668 Yes Yes One independent line 
GWSS 1377 Serine Proteaseserpin 645 Yes Yes 2 independent lines 
GWSS 364 Trypsin 605 Yes Yes 2 independent lines 
GWSS 975 Transaldolase 800 Yes Yes 3 independent lines 
GWSS 366 Sugar Transporter 888 Yes Yes None 
GWSS 500 Serpin 418 Yes Yes 4 independent lines 
GWSS 745 Trypsin 756 Yes Yes None 
GWSS 512 Transketolase 1435 Yes Yes None 

In addition to the promoter effects of the GWSS target genes under the 35S promoter, we have started generating the 
constructs under a specific xylem promoter EgCAD2 was cloned from Eucalyptus gunii. The sequence was fused to the GUS 
reporter gene in the binary pCB301 vector. Then, GUS expression driven by the xylem specific promoter was accessed in a 
transient Agrobacterium tumefaciens assay in N. benthamiana plants. Upon staining for GUS activity, results showed that 
blue product was restricted to the main vascular tissues. This gives confidence in this promoter, which will now be used to 
attempt to express specific interfering RNAs in the xylem of transgenic plants. We have generated our initial set of 
transgenic plants in Arabidopsis which expresses the GUS gene under the xylem specific promoter, but we have not yet tested 
the T2 generation. 

Table 2. GWSS insect sequences used for cloning and generation of potato transgenic lines in the variety Desiree. 

Name (pCB2004B) pedigree variety selection Small RNA northerns GSP F/R 

Kennebee\ 
Chitin deacitilase 102203 Desiree BAR Produce small RNAs primers giving multiple bands 

GWSS actin 112064 Desiree BAR Not done 9 out of 11 tested are positive 

GWSS cuticle 112073 Desiree BAR Not done 9 out of 9 are positive 

Feeding assays 
In addition to the transgenic plant approaches, based on recent reports in the literature (Killiny and Almeida, 2009, PNAS 
106:22416) and personal communications from other scientists, we have evaluated in vitro feeding approaches for GWSS 
(Figure 2). If successful this will allow for much more rapid screening of candidate sequences for their abilities to induce 
RNAi effects via oral acquisition. We have a number of candidate sequences which we are testing for RNAi (Table 3). 
These are used for in vitro transcription and known quantities of dsRNAs are used for in vitro acquisition, followed by using 
three different in vitro oral acquisition approaches. These included using a modified membrane feeding approach based on 
Killiny and Almeida, a modified tygon tubing delivery system, and using basil infusion (basil stems directly inserted into 
dsRNA solutions). We have used the basil infusion in the past and it offers some advantages as well as disadvantages. 
Together, these approaches can supplement the transgenic plant approaches, and if we can make any consistent, this will 
allow us to rapidly screen target sequences without having to develop transgenic plants, thereby saving time and effort 
towards our ultimate goal. 
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Table 3. GWSS insect sequences used for cloning and generation of potato transgenic lines in the variety Desiree. 

S.No: List of GWSS target genes Cloned into plasmid dsRNA 
prepped 

1 Actin pGEMT-easy Yes 
2 Ferritin pGEMT-easy Yes 
3 Ubiquitin pGEMT-easy Yes 
4 Lian2 pGEMT-easy Yes 
5 SAR1 pGEMT-easy Yes 
6 Fructose1,6 aldolase pGEMT-easy Yes 
7 RAB1 pGEMT-easy Yes 
8 Tropomyosin pGEMT-easy Yes 
9 Delta 9 desaturase pGEMT-easy Yes 
10 Mitochondrial porin pGEMT-easy Yes 
11 GFP pJL24 XX 

Next Generation Sequencing of GWSS Adult Insects 
The developmental regulation of insects through the use of small RNAs has been well studied. In our efforts to study the 
regulation of GWSS insect genes and identify RNAi targets, we took an alternate approach using high throughput parallel 
sequencing to identify the small RNAs from the GWSS insects. For our work, we noticed GWSS transcriptome data is 
lacking information for the identification of small RNA reads. To address this and identify the loci of the small RNAs that 
were originated from the short read sequencing, we sequenced the transcriptome of GWSS through the use of mRNA 
sequence methods as described in Figure 2. The sequencing of GWSS mRNA transcriptome was done through paired end 
sequencing on Illumina GA-II Platform. Both the mRNAseq library data and the small RNAseq library data were generated 
from the GWSS adult insects (Figure 2). 

The sequencing reads from the transcriptomic data were assembled into scaffolds with a minimum size of 200 bases using 
Oases transcriptome assembler. We were able to assemble approximately 32.9Mb of the transcriptome across 47,265 loci 
and 52,708 transcripts. The average transcript length assembled was 624 nucleotides. Roughly 15 million of the total reads 
were found to be unique for the genome (Table 4) and 51% of the reads were incorporated into the assembly. The 
sequencing reads were then mapped back to the assembled transcripts with up to one mismatch. The reads that could not be 
mapped back to the reference assembly are being analyzed for the possible discovery of new viruses that may be infecting the 
GWSS insects. With the help of these sequencing reads, we aim to study the GWSS insect target genes and we hope to 
identify the small RNAs that target the GWSS target genes in a highly specific manner. 

Table 4. Sequencing summary of the GWSS adult insect reads after the quality control. 

Samples No: of reads Unique reads %unique %GC 

mRNA seq-left 32,947,747 14,891,609 45.20% 46.56% 

mRNA seq-Right 32,948,747 15,112,284 45.87% 46.68% 

Small RNA seq 22,133,363 4,081,113 18.44% 55.59% 
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Figure 2. Comparison of three different feeding assays on GWSS insects. PCR amplification of GFP PCR product 
from the adult GWSS insects after they are fed with the GFP PCR product in either of the following forms: Tube 
feeding, Membrane feeding and Basil feeding. 

CONCLUSIONS 
Xf is an important bacterial pathogen of economically important crops such as grape, citrus and almond. The ability to 
minimize the economic impact of this bacterium depends on the presence and abundance of its biological vectors and GWSS 
is the most effective vector of Xf transmission in some agricultural areas. RNAi-based efforts directed toward the control of 
insect plant pests are now becoming more feasible, and RNAi for insects such as GWSS has great potential applications. 
The results presented here show that RNAi can be induced both in vitro (GWSS -Z15 derived cell line) and in vivo in GWSS 
nymphs. We showed that GWSS -Z15 cells can be used to screen candidate gene silencing targets, and that since RNAi is 
active in cells, it could also be used to study GWSS gene function via mRNA knockdown. More notably, the employment of 
RNA silencing in whole GWSS insects could offer help towards a potential solution for control of the vector. Future work 
includes the screening of more RNAi targets, the production of transgenic plants expressing dsRNAs in their xylem and the 
study of GWSS insects grown on the transgenic plants. 
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ABSTRACT 
Death or dramatic changes in normal insect development can result from minor disruption of the insect endocrine system. 
Juvenile hormone (JH) is a key insect developmental hormone that has biological effects at low nanomolar levels in the 
hemolymph. JH analog (JHA) insecticides are green compounds that can mimic the action of JH and selectively disrupt the 
insect endocrine system. In this project we are testing the efficacy of JHAs against glassy-winged sharpshooter (GWSS) 
eggs, nymphs, and adults. We are also evaluating the potential of juvenile hormone esterase (JHE)- and JH epoxide 
hydrolase (JHEH)-encoding genes as a target for gene silencing-based control of GWSS. In terms of mode of action, the 
effects of JHA application, and JHE and/or JHEH knockdown are similar in that both approaches can enhance “JH action” 
during periods of developmental when endogenous JH levels are exceptionally low. 

LAYPERSON SUMMARY 
The insect endocrine system is a highly selective and highly sensitive target for insect control and for reducing vector 
competence. The overall goal of our project is to study and exploit targets within the endocrine system of glassy-winged 
sharpshooter (GWSS) that can be used to control GWSS or reduce its ability to spread Pierce’s disease. We are taking two 
complementary approaches. Our direct approach is to determine the efficacy of various concentrations of juvenile hormone 
analog (JHA) insecticides against GWSS eggs, nymphs, and adults. A key objective of this approach is to quantify the 
minimum level of JHA insecticide that can efficiently reduce the emergence of nymphs from eggs and keep nymphal insects 
in the nymphal stage. The results of this direct approach will have near-term applicability since the JHA insecticides that we 
are testing are US-EPA registered and commercially available. Our indirect approach involves the identification and 
characterization of genes that are unique to GWSS endocrine system that metabolize a key insect hormone called JH. The 
objective of this approach is to evaluate these genes as potential targets for gene knockdown. 

INTRODUCTION 
Insect development is precisely regulated by the relative titers of juvenile hormone (JH) and molting hormones (i.e., 
ecdysteroids) (Figure 1). JHs form a family of sesquiterpenoids (Figure 2A) that regulate key biological events in insects 
including reproduction, behavior, polyphenisms, and development (reviewed in Riddiford, 2008). Minor disruption of an 
insect’s hemolymph JH levels can result in insect death or dramatic alterations in insect development. Juvenile hormone 
analog (JHA) insecticides are green compounds that selectively target the insect endocrine system by mimicking the 
biological action of JH (reviewed in Dhadialla et al., 2005; Henrick, 2007). JHAs such as methoprene, fenoxycarb, and 
pyriproxyfen (Figure 2B) are US EPA-registered compounds that are commonly used to control mosquitoes, fleas, 
whiteflies, ants, and other insect pests. JHAs function as structural and/or biological mimics of JH. When pest insects are 
exposed to JHAs at a time during development when JH titer is normally undetectable, abnormal nymphal-pupal 
development and/or death is induced. 

Abnormal developmental morphologies, similar to those induced by JHAs are also induced by the inhibition of a JH-selective 
esterase (JHE) with a chemical inhibitor such as OTFP (Abdel-Aal and Hammock, 1985). Inhibition of JHE putatively 
results in JH titers that are not below the threshold required for normal development. In this project we are attempting to 
clone and characterize the jhe gene and related JH epoxide hydrolase, jheh, gene as potential target genes for an RNAi-based 
strategy for the control of glassy-winged sharpshooter (GWSS). 

OBJECTIVES 
The current project is a continuation of our previous UC Pierce’s Disease Research Grants Program (UC PDRGP)-funded 
project (#2010-259, 8/1/10-7/31/11). Objectives I, II, and III are from our previous project. Objectives IV and V are from 
our current UC PDRGP-funded grant. We are continuing work on all five of these objectives. 

1. Evaluate the efficacy of JHA insecticides. 
2. Characterize authentic JH esterase (JHE) activity in GWSS. 
3. Isolate jhe gene and characterize recombinant JHE protein. 
4. Investigate delayed effects of low dose JHA insecticide exposure. 
5. Characterize recombinant JH epoxide hydrolase (JHEH) from GWSS. 
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MATERIALS AND METHODS 
Insect Rearing. Laboratory colonies of GWSS are maintained at the UC Davis Contained Research Facility in an 
environmental growth chambers set at 24ºC, 70% relative humidity, and a light:dark cycle of 14 h:10 h. Within the chambers 
the GWSS are grown in Bug Dorm insect cages each containing at least two cowpea, two cotton, and two basil plants. 

Bioassays. The life cycle of GWSS was determined using freshly emerged nymphs placed on a single, caged, basil plant (ca. 
10-15 cm in height) where the lower stems were removed (Figure 1C). The insects were observed daily for signs of molting 
(i.e., the presence of exuviae and increased head size). 

Bioassays. First  instar  nymphs  were  exposed to the  methoprene  (0.2 ml  of  a  0.5 or  5.0  ppm solution  applied to the  surface  of 
a 20- ml glass  vial (32  cm2 surface  area)  for  1 hour.   Following  exposure  groups  of  five  nymphs  were  placed on  a  single  basil 
plant  and observed daily  as  described above. 
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Gene cloning. Total RNAs  were  isolated  from  5th instar  nymphs  at  days  6,  7,  8,  9,  and 10  post  ecdysis.   First  strand cDNAs 
were generated  from  total  RNA  using  a Creator  SMART  cDNA  library  construction  kit  (Clontech).   Random  amplification  of 
the  3’-cDNA  ends  (3’RACE)  was  performed using  an  anchor  primer  and  degenerate primers  that  recognized  conserved 
sequences  (reviewed  in Kamita  and Hammock,  2010) in known  JHEs  (e.g.,  GQSAG)  and  JHEHs  (e.g.,  KPDTIG). 

RESULTS AND DISCUSSION 
A  simple bioassay  was  developed  to  measure the development  time of  GWSS.   The bioassay  uses  a single host  basil  plant  for 
rearing  the insects  (Figure 2C).   Using this  bioassay,  the  duration of  1st, 2nd, 3rd, 4th,  and  5th instar  nymphs  was  6.2±0.8, 
4.9±0.8,  5.5±0.8,  7.0±1.1,  and 10.7±1.0  days,  respectively.   The  combined length  of  all  of  the  nymphal  stages  was  about  34 
days.   The developmental  times  were the same regardless  of  oviposition  substrate (cotton  or  cowpea)  on  which  the eggs  were 
laid  (Table  1). 

Table 1. Mean development time of GWSS reared on basil. 

Nymphal instar Development time (days ± s.d.)1 

Eggs from cotton No. of insects Eggs from cowpea No. of Insects 

1st 

2nd 

3rd 

4th 

5th 

total days 

6.2 ±  0.9 
4.9 ±  0.6 
5.4 ±  0.8 
7.0 ±  1.3 
10.5 ±  0.9 

34.0 

110 
68 
57 
47 
43 

6.1 ±  0.7 
4.9 ±  0.8 
5.5 ±  0.7 
7.0 ±  0.9 
10.7 ±  1.0 

34.2 

103 
76 
61 
56 
49 

1No statistical differences were found in development times based on egg source (i.e., cotton or cowpea) 

When first instar nymphs were exposed to the JHA methoprene at a dose 0.5 ppm for 1 h, the duration of the 1st instar was 
shorter by about one day, whereas that of 2nd, 3rd, 4th, and 5th instars was similar to nymphs that were not exposed to 
methoprene (Table 2). When the methoprene dose was increased 10-fold to 5.0 ppm, the length of the 5th instar was longer 
by about two days (Table 2). However, unlike insects that were not exposed to methoprene, there was tremendous variation 
in the length of this instar with some insects remaining as 5th instars for more than 20 days. We hypothesize that methoprene, 
a highly non-polar compound that easily penetrates the cuticle, is retained within the tissues of some insects and exerts a 
biological effect even after multiple molts. These finding suggest that exposure even at a dose as low as 5 ppm will have 
significant effects on the life history of GWSS. We are currently repeating these experiments with the JHA pyriproxyfen. 

Table 2. Mean development time of GWSS following methoprene exposure. 

Nymphal instar Development time (days ± s.d.)/concentration 
0.5 ppm 5.0 ppm 

1st 4.8 ± 1.3 4.7 ± 0.8 
2nd 5.7 ± 2.2 5.8 ± 0.9 
3rd 4.7 ± 0.6 5.4 ± 0.9 
4th 6.8 ± 0.5 7.2 ± 0.8 
5th 10.7 ± 1.4 12.7 ± 8.8 

total days 32.7 35.8 

Both JHE  and  JHEH  activities  were  found  in the  hemolymph of  5th instar  GWSS  nymphs.   JHE  activity  was  highest at days 
six,seven,  and  eight  of  the  5th instar with  values  of  24.4 ±  3.5,  21.8  ±  1.9,  22.7  ±  2.4 pmol  of  JH  acid formed per  min  per  ml 
of  hemolymph.   JHEH  activity  was  consistently  lower  than  JHE  activity  and showed a  peak  of  9.3 ±  1.7  pmol  of  JH  diol 
formed per  min  per  ml  of  hemolymph  at  day  six  of  the  5th instar.   Semiquantitative  PCR  analyses  were  consistent with  the 
enzymatic activity  assays,  and  identified  putative jhe and jheh gene  expression at  days  eight,  nine,  and  10  of  the  5th nymphal 
instar  (Figure 3).   We are currently  attempting  to  clone JHE- and  JHEH-encoding  sequences  by  3’- and 5’-RACE 
approaches. 
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Figure 3. Expression of  the  putative jheh (left  arrowhead) and jhe 
(right  arrowhead)  genes  in 5th instar GWSS  nymphs  at  day  8 (lanes  1 
and 4),  day  9 (lanes  2 and 5),  and day  10 (lanes  3 and 6)  of  the instar. 
The  size  of  molecular  weight  standards  (lane  M)  is  shown in kDa. 

CONCLUSIONS 
We have established a robust and easy to use bioassay for GWSS. Using this bioassay we have determined precise 
developmental times under standard rearing conditions. Knowledge of precise developmental times are critical for 
quantifying the efficacy and effects of the JHAs, effects of JHE-inhibitors, and enzyme activity levels of JHE/JHEH in 
GWSS. We have also used our bioassay to determine baseline lethal dose values with the JHA standard methoprene. We are 
continuing our bioassays at low doses and are in the process of isolating and characterizing JHE and JHEH encoding 
sequences as possible targets of RNAi. 
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Reporting Period: The results reported here are from work conducted October 2010 to September 2011. 

ABSTRACT 
Riverside County has two general areas where citrus groves interface with vineyards, the Coachella and Temecula Valleys. 
The Coachella Valley with 8,270 acres of table grapes in proximity to 12,000 acres of citrus and the Temecula Valley with 
2,000 acres of wine grapes in proximity to 1,000 acres of citrus are vulnerable to Pierce’s disease (PD) caused by the 
bacterium Xylella fastidiosa. The grapes in the Coachella and Temecula areas of Riverside County are in jeopardy because 
of the glassy-winged sharpshooter (GWSS), the vector of the PD bacterium, build up in adjacent citrus groves. Citrus is an 
important year around reproductive host of GWSS in Riverside County, but also one that concentrates GWSS populations 
over the winter months during the time that grapes and many ornamental hosts are dormant. GWSS weekly monitoring in 
citrus in grapes began in March 2000 in Temecula Valley and 2003 in Coachella Valley by trapping and visual inspections. 
Temecula valley GWSS populations in 2008 reached levels not seen prior to the initiation of the area wide GWSS program in 
2000. Coachella Valley GWSS populations have decreased dramatically since the treatment program was initiated in 2003. 

INTRODUCTION 
The glassy-winged sharpshooter (GWSS) vectors a bacterium that causes Pierce’s disease (PD). This insect and bacterium 
are a severe threat to California’s 890,000 acres of vineyards and $61 billion dollar industry. An area-wide GWSS 
management program was initiated in Temecula in 2000 to prevent this vector’s spread into other California grape growing 
regions. In Temecula valley itself, the wine grape industry and its connecting tourist industry generate $100 million of 
revenue for the economy of the area. GWSS/PD caused a 40% vineyard loss and almost destroyed the connecting tourist 
industry. The area wide GWSS management program initiated in the spring of 2000 saved the industry from a 100% loss. 
Only a continuation of an area-wide GWSS management program will keep the vineyards viable in Temecula. The table 
grape industry in the Coachella Valley is represented by 10,465 acres of producing vines, which generate fresh market grapes 
valued at an average of $110 plus million annually. The GWSS was identified in the Coachella Valley in the early 1990’s. 
Population increases of this insect in Coachella Valley in the last three years have increased the danger of PD occurrence in 
this area, as has occurred in similar situations in the Temecula and San Joaquin Valleys. In July 2002, the occurrence of 
Xylella fastidiosa, the PD bacterium, was found in 13 vines from two adjacent vineyards in the southeastern part of Coachella 
Valley. With this discovery, and the increasing GWSS populations, there was and is a real need to continue an area-wide 
GWSS/PD management program. The GWSS area wide management program is needed to prevent an economic disaster to 
the work forces and connecting small businesses of Mecca, Thermal, Coachella, Indio, etc. that depend upon the vineyards 
for a big portion of their incomes. Only a continuation of an area wide GWSS/PD management program will keep the 
vineyards viable in Coachella. At present there are no apparent biological or climatological factors that will limit the spread 
of GWSS or PD. GWSS has the potential to develop high population densities in citrus. Insecticide treatments in citrus 
groves preceded and followed by trapping and visual inspections to determine the effectiveness of these treatments are 
needed to manage this devastating insect vector and bacterium. Approximately 2,469 acres of citrus in Riverside County 
were treated for the GWSS in April through June 2011 between a cooperative agreement with USDA-APHIS and the 
Riverside Agricultural Commissioner’s Office under the “Area-Wide Management of the Glassy-Winged Sharpshooter in the 
Coachella and Temecula Valleys”. 

OBJECTIVES 
1. Delineate the areas to be targeted for follow-up treatments to suppress glassy-winged sharpshooter (GWSS) populations 

in the Temecula and Coachella Valleys for 2011 and 2012. 
2. Determine the impact of the GWSS area-wide treatments to suppress GWSS populations in citrus groves and adjacent 

vineyards. 
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METHODS, RESULTS AND CONCLUSIONS 
The programs in Coachella and Temecula were dependent upon grower, pest management consultants, citrus and vineyard 
manager’s participation. The areas encompass approximately 28,000 acres. Representatives of various agencies were 
involved in the program, they were as follows: USDA-ARS, USDA-APHIS, CDFA, Riverside County Agricultural 
Commissioner, UC-Riverside, UC Cooperative Extension, and grower consultants. Representatives of these agencies meet to 
review the program. Newsletters are sent to growers, managers, wineries, and agencies with information on GWSS 
populations and insecticide treatments via e-mail. The information from Temecula is sent weekly, while information from 
Coachella goes to the various parties monthly. 

The GWSS/Pierce’s disease (PD) citrus groves and vineyards within the Temecula GWSS/PD management areas were 
monitored weekly to determine the need and effect of insecticide treatments on GWSS populations. In August, 2008, 
because of the lack of GWSS trap catches in Coachella valley, a bi-weekly schedule was initiated. Yellow sticky traps (7 x 9 
inches) were used help determine GWSS population densities and dispersal/movement within groves and into vineyards 
(Figures 1 & 2). Approximately 1,400 GWSS yellow sticky traps are monitored in the Riverside county area wide program. 
Based on trap counts and visual inspection, 775.25 acres of citrus were treated in Temecula valley for GWSS in 2011. In 
2011, a total of 1,694 acres of citrus were treated to manage GWSS in Coachella valley. All the citrus were treated with 
Admire Pro (imidacloprid), with the exception of 13 acres in Temecula valley. Admire Pro was applied at the rate of 14 
oz/acre. The thirteen acres were treated with PyGanic (1.4% pyrethrins) at 18 oz/acre. Because of Temecula GWSS trap 
catches in the late summer and early autumn of 2008, 2009, and 2010, imidacloprid (Admire Pro) applications in citrus were 
initiated in April, 2011 (Figure 3). 

For a successful area-wide GWSS management program with large acreages of citrus, a management program has to be 
maintained. For more information on the management of GWSS visit the web site http://ucbugdr.ucr.edu. 

FUNDING AGENCIES 
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service, and the CDFA Pierce’s 
Disease Control Program. 
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Figure 1. In 2011, the highest numbers of adult GWSS were trapped in July, reaching a total of 125. 
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Figure 2. Coachella GWSS population comparisons from 2007-11. 
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Figure 3. Temecula GWSS population comparisons from 2008-11 
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INFLUENCE OF  HOST XYLEM  CHEMISTRY  ON  REGULATION  OF XYLELLA FASTIDIOSA 
VIRULENCE GENES  AND  HOST SPECIFICITY 
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Xiaoli Yuan 
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Reporting Period: The results reported here are from work conducted November 2010 to October 2011. 

ABSTRACT 
Xylella fastidiosa (Xf),  a  xylem-limited  plant  pathogen,  causes  leaf  scorch  diseases  in  many  plant hosts,  but individual strains 
may  exhibit considerable  host specificity.   In  previous  work,  we  began  to  look  at the  effect of  different host xylem  fluids  on 
expression  of  virulence genes.   In  a Pierce’s  disease (PD)  strain  of Xf, several  virulence genes  were more highly  expressed  in 
xylem  fluid  of  grapevine  vs.  xylem  fluid  of  citrus,  a  non-host plant for  the  PD  strain  (Shi et al.,  2010).   This  finding  suggested 
that  host  range  of Xf may  be influenced  by  differential  expression  of virulence  genes  in response  to  different  host  xylem 
chemistry.   This  project is  to  further  explore  that hypothesis  with  several strain/host combinations  and  to  investigate 
components  of  xylem  fluid that  are  responsible  for  either  inducing  or  repressing  virulence  in Xf. In  the  reporting  period,  we 
cultured  Temecula-1 (a  PD  strain)  into grapevine,  mulberry  and citrus  in  vitro,  with  inoculated PD3 medium  and non-
inoculated  xylem  fluid  as  controls,  to  detect  differential  growth  and  expression  patterns.   Temecula-1  grew  similarly  in pure 
xylem  fluid of  grapevine,  mulberry  and citrus.   Transcriptional  profiles  based on  macroarray  analysis  of  110 pathogeneticity-
related  genes  showed  that  27  genes  had  higher  expression,  and  three lower,  in  grape xylem  fluid  compared  with  that of 
mulberry  and  citrus.   Expression of  these  genes  in mulberry  vs.  citrus  was  not  significantly  different.   Although the  PD  strain 
grew  similarly in xylem  fluid  from  all  three  hosts,  the  increased  expression of  pathogenicity genes  likely contributes  to 
disease development  in  grape by  Temecula-1,  whereas  there  were no  symptoms  are produced  by  this  strain  in  mulberry  and 
citrus. 

LAYPERSON SUMMARY 
We have previously shown different gene expression profiles of Pierce’s disease (PD) strain A05 in the xylem fluid of 
grapevine (PD-susceptible) vs. citrus (PD-tolerant). This raised the possibility that the differential host range of Xylella 
fastidiosa (Xf) strains may to some extent be related to their genetic response to the chemical composition of xylem fluid 
from the different hosts. In this report we used grape, mulberry and citrus fluid to compare the expression patterns of another 
PD strain, Temecula-1. With its fully annotated genomic information, we hope to more accurately explain the influence of 
host xylem chemistry on the growth and pathogenesis of Xf, and to use this information to develop strategies to interfere with 
disease development in susceptible plants. 

INTRODUCTION 
Xylella fastidiosa (Xf) is a gram-negative gamma-proteobacterium limited to the xylem system of plants (Wells et al. 1987) 
and is transmitted by xylem-feeding insects (Purcell, 1990). It has been known to cause disease in a wide range of 
economically important plants in America, such as grapevine, citrus, mulberry, almond, peach, plum, coffee, oleander, and 
etc (Hopkins, 1989). Xf has been divided into four different subspecies (Schaad et al. 2004; Schuenzel. Et al. 2005): i) subsp. 
fastidiosa, ii) subsp. sandyi, iii) subsp. multiplex, and iv) subsp. pauca. The subspecies of Xf differ in host range, and strains 
within some of the subspecies can also differ widely in their host specificity. We are interested in the possible contribution of 
differences in host xylem fluid chemistry in determining the host specificity of specific strains. 

Xf not only causes diseases in a variety of host plants, but it can grow in symptomless hosts that can serve as sources of 
inoculum (Costa et al., 2004). Our previous study reported differential growth and expression profiles of a Pierce’s 
disease(PD) strain inoculated into pure xylem fluid from grapevine (a symptomatic host for PD) and citrus (symptomless 
with PD). A number of virulence-related genes were expressed at a greater level in grapevine xylem fluid compared with 
citrus xylem fluid. However, some genes had greater expression in citrus xylem fluid (Shi et al. 2010). We have also shown 
differential growth and expression patterns in xylem fluid from different genotypes of grapevines (PD-tolerant vs. PD-
susceptible) with a PD strain (Shi et al., Unpublished data). Understanding which specific chemical components of plant 
xylem fluid influence virulence gene expression could lead to strategies for practical disease control. 

OBJECTIVES 
1. Assess virulence gene expression of several different host-range strains of Xf in the xylem fluid of a common set of plant 

hosts. 
2. Assess the influence of specific components of plant xylem fluids on the expression of virulence genes of Xf. 
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RESULTS AND DISCUSSION 
Preparation of Xylem Fluid 
Xylem fluid of grape, citrus, almond and mulberry was collected from February to August 2011 in Riverside using a pressure 
chamber apparatus as previously described (Anderson et al., 1992; Bi et al., 2007). After sterilized using 0.22 um filters, all 
the xylem fluids were stored at −80°C until use. 

Bacteria Growth in Vitro 
Cells  of Xf strain  Temecula-1  were collected  from  seven-day-cultured PD3 agar  and adjusted to an  optical  density  of  0.05 at 
600  nm  in  xylem  fluid  from  grapevine,  mulberry  and  citrus  in  borosilicate glass  culture tubes,  which  were placed  on  a rotary 
shaker  under  constant  agitation  at  28°C  for  20 days  as  previously  described (Shi et al.,  2010).   Xylem  fluid  without  the 
bacteria,  and  bacteria inoculated  in  PD3  broth  were used  as  controls.   Bacterial  cells  were dispersed  by  repeated  pipetting  and 
vortexing.  Bacterial  cell concentration in the  tubes  was  determined  by  measuring the  OD600 at  10  and  20  days  after  culture. 
Cells  from  the tubes  were cultured  on  plates  containing  PD3  medium  ,  and  then  confirmed  to  be Xf using  specific primer  pair 
RST31/RST33 (Minsavage et al. 1994). 

The Temecula-1 strain of Xf could grow in pure xylem fluid of grapevine, mulberry and citrus with low densities compared to 
those in PD3 medium. Xf cell densities in grape xylem fluid were not significantly different than in mulberry and citrus fluid, 
and the cell densities increased by 20 days in all xylem fluids (Figure 1). Xf cells have been reported to grow in xylem fluid 
of grape (Andersen et al, 2007; Zaini et al, 2009, Shi et al, 2010) and citrus (Shi et al, 2010). In this study, mulberry was 
used as another symptomless host for the PD strain, and its xylem fluid could also support the growth of Xf stain Temecula-1. 

Figure 1. One Xf stain Temecula-1 was inoculated into xylem fluid of grape, mulberry, and citrus at 
OD600 nm of 0.05 in borosilicate glass culture tubes, which were placed on a rotary shaker at 28°C. 
PD3 medium and non-inoculated xylem fluids were used as controls. The cell concentrations in xylem 
fluid of grape, mulberry and citrus were measured at OD600 nm at 10 and 20 days after inoculation. 
All tubes were covered with a black cardboard box to protect the culture from light. 

RNA Isolation and Macroarray Analysis 
The extraction of total RNA from the cultures of Xf isolated grown in xylem fluid, the determination of qualities of isolated 
prokaryotic RNA, the synthesis of cDNA, and cDNA digoxigenin (DIG)-labeled by reverse transcription (RT), were all done 
using previously described methods (Shi et al., 2010). DNA macroarray nylon membranes were hybridized with DIG-
labeled cDNA following the manufacturer’s instructions (Roche Applied Science, IN, USA). Signal intensities of spots on 
the membranes were analyzed using Quantity one® software (Bio-Rad, CA) per the methods of Shi et al. (2010). Briefly, 
one-way analysis of variance of the expression values was used to select differentially expressed genes among mRNA 
samples. Genes with expression levels significantly different among combinations were identified using the student’s t-test 
(α=0.05). 

Of 110 selected genes (Hernandez-Martinez, 2005) from Xf tested in the DNA macroarray, 30 genes were differentially 
expressed in grape xylem fluid vs. mulberry and citrus fluid, but there is no significant difference between the expression of 
these genes in mulberry and citrus fluids (Table 1). Three genes had lower expression in grape fluid compared with citrus 
and mulberry, and 27 genes had higher expression in grape fluid, which included some virulence factors and virulence 
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XF2228 algH Transcriptional regulator 3.73/3.17 2.3E-04/1.9E-03 

XF2466 pglA polygalacruronase precursor 2.93/2.65 6.0E-03/7.0E-03 

XF0125 rsmA Carbon  storage regulator 2.87/2.60 1.1E-03/1.0E-04 

XF2625 htpX Heat shock  protein 2.86/2.62 1.1E-04/9.9E-03 

XF2538 pilC Fimbrial assembly  protein 2.86/2.50 6.5E-03/5.9E-03 

XF2239 algU or algT RNA  polymerase  sigma-H factor 2.85/2.37 6.1E-03/5.5E-03 

XF0478 pilY1 Fimbrial assembly  protein 2.80/2.56 1.6E-03/1.0E-04 

XF1940 msrA or pms Peptide methionine sulfoxide reductase 2.77/2.50 7.7E-03/6.9E-03 

XF2420 mviN Virulence factor 2.68/2.18 5.2E-03/4.6E-03 

XF2608 gacA Transcriptional regulator (luxr/uhpa  family) 2.65/2.25 2.0E-04/1.7E-04 

XF2397 hlyB Toxin  secretion  ABC  transporter  ATP-binding  protein 2.62/2.34 1.7E-03/2.8E-03 

XF0432 brk Brkb protein 2.61/2.43 8.0E-03/9.3E-03 

XF0028 fimT Pre-pilin  like  leader  sequence 2.58/2.19 1.7E-04/1.6E-04 

XF1804 sphIM Site-specific DNA-methyltransferase 2.52/2.16 6.6E-03/5.6E-03 

XF0619 cutA, cycY periplasmic  divalent cation  tolerance  protein 2.45/2.53 1.3E-04/1.0E-04 

XF0132 copA Copper  resistance protein  A  precursor 2.42/2.22 6.8E-03/5.9E-03 

XF0506 vapE Virulence-associated  protein  E 2.14/1.96 1.1E-04/2.9E-03 

XF0285 hrA Heat shock  protein 2.13/1.95 2.6E-03/3.3E-03 

XF1954 pilIalgH pilus  biogenesis  protein 2.08/1.88 4.2E-03/3.7E-03 

XF1858 exsb Transcriptional factor 2.07/1.93 7.1E-03/6.8E-03 

XF0962 gcvR Transcriptional regulator 2.06/1.79 3.0E-04/2.4E-03 

XF1379 HI1201 Luciferase 2.05/1.84 1.0E-04/7.7E-03 

XF0591 - Virulence factor 2.04/1.86 5.1E-03/4.4E-03 

XF1182 act lipase  modulator 1.98/1.66 4.2E-03/3.2E-03 

XF2539 - Fimbrial protein 1.98/1.61 1.0E-02/1.1E-02 

XF0677 pilZ Type  4 fimbriae  assembly  protein 1.93/1.77 5.2E-03/4.7E-03 

XF2545 pilR Two-component  system,  regulatory  protein 1.83/1.58 1.3E-04/1.0E-04 

XF0122 lexa Lexa repressor 0.50/0.45 2.0E-04/1.0E-04 

XF0081 fimD outer  membrane  usher  protein 0.10/0.08 1.0E-04/8.7E-03 

XF0858 surE Survival protein 0.07/0.06 3.2E-04/1.0E-04 

Gene 
ID 1 

Index 2,3 P  value 4 

Name Hypothetical function 
G/M    G/C G/M           G/C 

             
  

               
           

regulatory genes, such as rsmA, algU and gacA, In addition, some genes involved in the biogenesis of pili and twitching 
motility were also highly expressed in grape xylem fluid compared with xylem fluid from other the non-host plants. 

Table 1. Genes of Xf strain Temecula-1 differentially expressed in cells growing in xylem fluid of grape, mulberry, and citrus. 

1Genes  ID  were determined  on  the basis  of  9a5c genomic sequences  at  the NCBI  website
2Hybridization  signal intensity  (mean  of  three  hybridization  replicates)  obtained  with  grape  was  divided  by  that obtained 
with  mulberry(G/M)  and  citrus  (G/C)  respectively  to  obtain  the  ratio
3Normalized hybridization signals for grape, mulberry and citrus for indicated genes were significantly different based on 
ANOVA and t- test (P<0.05) 
4Genes having > 1.5 or < 0.6 ratios were designated as having a higher or a lower expression in grape respectively. There is 
no transcriptional difference of all loci between Temecula-1 inoculated into mulberry and citrus. 
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CONCLUSIONS 
Xylem fluid is nutrient-poor compared with culture media, but it is still feasible for culturing Xf in vitro (Andersen et al. 
2007; Zaini et al. 2009; Shi et al.2010). In this study, we compared the influence of grape, mulberry and citrus xylem fluids 
on one PD strain Temecula-1 in vitro. Results showed that the PD strain grew similarly in the xylem fluid from host and 
non-host plants, but different gene expression profiles were observed with Temecula-1 inoculated into grape xylem fluid vs. 
that from mulberry and citrus. We will also examine specific chemical components of xylem fluid that influence virulence 
gene expression, with the goal of discovering components that could be used to reduce virulence gene expression for practical 
disease control. 
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ABSTRACT 
Xylella fastidiosa (Xf) infects a wide range of plant hosts and causes economically serious diseases, including Pierce’s disease 
(PD) of grapevines. Xf biocontrol strain EB92-1 is infectious to grapevines but does not cause symptoms. The draft genome 
of EB92-1 revealed: 1) that it was nearly identical in gene order and sequence to Temecula; 2) no unique or additional genes 
were found in EB92-1 that were not previously identified in Temecula, and 3) EB92-1 appeared to be missing genes 
encoding 10 potential pathogenicity effectors found in Temecula (Zhang et al 2011). The latter included a type II secreted 
lipase (LipA; PD1703), two identical genes from a duplicated prophage region encoding proteins similar to zonula occludens 
toxin (Zot; PD0915 and PD0928) and all six predicted hemagglutinin-like proteins (PD0986, PD1792, PD2108, PD2110, 
PD2116 and PD2118). PCR analyses and subsequent sequencing of the PCR products confirmed that all 10 genes were 
missing, at least from their expected locations, in EB92-1. Leaves of tobacco and citrus inoculated with crude protein 
extracts of the Temecula PD1703 gene over-expressed in Escherichia coli exhibited hypersensitive cell collapse in less than 
24 hrs. PD1703, driven by its native promoter, was cloned in shuttle vector pBBR1-MCS5 downstream from the lacZ 
promoter; this construct conferred strong secreted lipase activity to Xanthomonas citri, E. coli, and EB92-1 in plate assays. 
Although pathogenicity of the X. citri exconjugant expressing PD1703 was not evidently increased on citrus, pathogenicity of 
the EB92-1 exconjugant with PD1703 showed significantly increased symptoms on grapes as compared with an EB92-1 
exconjugant carrying the empty vector. Similarly, Temecula PD0928 (Zot) and PD0986 (hemagglutinin) were also cloned in 
shuttle vector pBBR1-MCS5 and downstream from the lacZ promoter; when moved into EB92-1, both exconjugants also 
showed significantly increased symptoms on grape in comparison to EB92-1 with the empty vector. These results suggest 
that the Temecula PD1703 lipase, the two redundant PD0915 and PD0928 Zot proteins and at least one hemagglutinin all 
contribute to the pathogenic symptoms elicited by Xf on grapes. 

LAYPERSON SUMMARY 
Xylella fastidiosa strain EB92-1 is infectious to grapevines but causes no symptoms and has been used for biological control 
of Pierce’s disease (PD). We determined the genomic DNA sequence of EB92-1 to 98% completion, allowing comparisons 
of this strain to strain Temecula, which causes PD. Most of the EB92-1 genes were nearly identical in gene order and protein 
sequence with those found in Temecula. No unique or additional genes were found in EB92-1 that were not previously 
identified in Temecula. However, 11 genes found in Temecula were not found in EB92-1; 10 of these encoded predicted 
secreted pathogenicity effectors that had not previously been associated with PD. Four of these missing genes were 
functionally tested to determine if they actually contributed to disease or not, and all four were found to enhance PD 
symptoms. This data identifies new molecular targets with potential to suppress disease symptoms. 

INTRODUCTION 
Symptoms of Pierce’s disease (PD) include concentric rings of leaf scorch, almost reminiscent of a toxin. Symptoms of 
citrus variegated chlorosis (CVC) include brown, gummy lesions with necrotic centers. How these symptoms are elicited has 
been an open question for years. Hopkins (2005) discovered an effective PD biocontrol strain, Xylella fastidiosa (Xf) EB92-
1, which infects grapevine and survives for many years, yet without causing any symptoms of PD. EB92-1 can be inoculated 
in a single location in a Vitis vinifera grapevine and the entire plant is protected from PD for years (Hopkins, 2005). How 
does this strain infect grape, and yet not cause disease? What factors are different? We reasoned that comparisons of the 
genomic sequence of EB92-1 with Temecula might reveal genetic differences enabling discovery of important PD 
pathogenicity factors and/or factors present in EB92-1 that may be triggers of host defense. 

OBJECTIVES 
The objectives of the two-year proposal are listed below. 
1. Obtain nearly the complete EB92-1 genome DNA sequence. This objective was completed and is now published (Zhang 

et al., 2011); 
2. Compare EB92-1 with Temecula and identify all unique open reading frames (ORFs) and differences, ranking the top 40 

candidate ORFs for evaluation as elicitors. This objective was completed and is now published (Zhang et al., 2011). 
3,   4,   &   5. Evaluate two defense response assays designed to test the hypothesis that EB92-1 produces an elicitor that 

Temecula does not, to identify such elicitors and perform defense response assay screens. These objectives were not 
pursued because it became apparent from the results of sequence comparisons in Objective 2 that Temecula produced 
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pathogenicity  effectors  that  EB92-1 did not.   No genes  were  identified  in  EB92-1  that  were not  already  present  in 
Temecula.   EB92-1  appeared  to  be a more highly  evolved  PD  strain  than  Temecula,  having  lost  specific pathogenicity 
factors---some redundant---that  cause disease.   It  is  not  yet  clear  if  EB92-1 is  more  likely to  survive  than Temecula,  as 
some of  the pathogenicity  factors  may  enhance parasitic survival. 

RESULTS AND DISCUSSION 
The Xf biocontrol  strain  EB92-1  genome is  very  similar and  syntenic to  Pierce’s  disease (PD)  strains. By  far  the 
majority  of  the primary  BLAST  hits  were to  Temecula;  92%  of  predicted  EB92-1  proteins  had  more  than 99%  identity with 
Temecula proteins. Genome comparisons  of  EB92-1  revealed a  high  level of  synteny  with  Temecula1.   A  plasmid sequence 
similar  to the  Temecula  plasmid (pXFPD1.3)  was  also found  in  EB92-1.   No unique  or  additional  genes  were  found in  EB92-
1 that  were  not  previously  identified in  Temecula1.   However,  11 genes  found in  Temecula  were  not  found in  EB92-1;  10 of 
these encoded  predicted  secreted  pathogenicity  effectors  (Zhang  et  al.,  2011).   Two  predicted  Temecula type II  secreted 
enzymes,  a  serine  protease  (PD0956)  and a  lipase  (PD1703),  appeared to be  missing  from  EB92-1.   Two of  three  predicted 
zonula  occludens  toxin  (Zot)  genes,  PD0928 and PD0915,  also appeared  to be  missing  in  EB92-1.   Zot is  an  important 
secreted  virulence factor  for Vibrio cholerae (Uzzau  et  al.,  1999)  and  has  been  suggested  as  a potential  virulence factor  in 
CVC  strain  9a5c  (da  Silva  et al.,  2007).   Surprisingly,  all six  predicted  hemagglutinin-like  proteins  (PD0986,  PD1792, 
PD2108,  PD2110,  PD2116,  and PD2118)  appeared to be  missing  in  EB92-1.   Two of  these  (PD1792 and PD2118)  carry  a 
type  V  two-partner  secretion  (TPS)  domain  (Clantin  et  al.,  2004);  the remaining  four  have  no  TPS  domain.   Independent 
knockout  mutations  of  PD1792  and  PD2118  in Temecula1  caused  an increase  in virulence  (Guilhabert  et  al.,  2005).   In 
contrast,  a  knockout  of  the  only functional  hemagglutinin-like  protein with a  TPS  domain in Xanthomonas axonopodis pv. 
citri caused  a loss  of  virulence  (Gottig  et al.,  2009).   Reported below  are  the  results  of  experiments  designed to functionally 
test  the roles  of  four  representatives  of  these 10  potential  secreted  pathogenicity  factors. 

A predicted type II secreted esterase, LipA, (PD1703), was entirely missing from EB92-1, evidently as a result of a 
deletion. This conclusion was confirmed by PCR analysis (Figure 1) and subsequent sequencing. PD1703 is an apparent 
lipA ortholog of Xanthomonas oryzae; lipA is known to directly contribute to pathogenic symptoms of X. oryzae by 
degradation of host cell walls, eliciting programmed cell death (Rajeshwari et al, 2005; Jha et al, 2007; Aparna et al 2009). 

PD1703 exhibited strong esterase activity in Xanthomonas citri, E.coli, and EB92-1. PD1703 was cloned with its native 
promoter (690bp) and predicted secretion leader peptide in pBBR1MCS-5 (downstream from the lacZ promoter), creating 
pSZ26. An in vitro lipase assay was conducted using Tween 20 as the substrate and 0.01% Victoria Blue B as indicator, 
exactly as described by Samad et al. (1989). 

Figure 1. PCR confirmation of PD1703 in Temecula and EB92-1. 

Agar  plates  containing  the substrate and  indicator  were poured  and  wells  created  by  removal  of  agar  with  a cork  borer. 
Culture  supernatants  from  centrifuged  cells  grown  to  late  mid-log  phase (ca.  OD  = 0.7)  were added  to  the wells  as  indicated 
in Figure 2. The  third  row  in Figures  2A  and  2B shows  the  reaction  of  the  indicator  to  supernatants  from X. citri B21.2 and 
E. coli Mach1-T1  exconjugants,  respectively,  carrying cloned  PD1703  (pSZ26),  respectively,  and  the  fourth row  in Figure 
2C,  shows  the reaction to  the  supernatant  from  the  EB92-1 exconjugant  carrying  cloned PD1703 (pSZ26),  demonstrating 
relatively  strong  amounts  of  secreted  lipase in  these culture supernatants  (the crude supernatants  were not  concentrated  or 
purified).   These levels  of  lipase activity  were not  present  in  the supernatants  of  wild  type Temecula or  EB92-1,  nor  in X. citri 
B21.2, E. coli Mach1-T1, X. citri B21.2 and E. coli Mach1-T1 transconjugant  with another  lipase  (PD1702,  with its  native 
promoter)  cloned  from  Temecula1,  or  these same strains  carrying  the empty  vector  pBBR1MCS-5. 
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Figure 2. In vitro secreted esterase assay of culture supernatants from X. citri B21.2, E. coli, and Xf strains 
Temecula and EB92-1. 

Crude protein extracts of PD1703 overexpressed in BL21 (DE3)/pET-27b induced hypersensitive cell collapse in 
tobacco and citrus. Crude protein was extracted from E. coli BL2 (DE3) carrying pET27b and expressing PD1703 from 
lacZ using a Qiagen protein extraction kit. Protein was resuspended in 200 ul of supplied buffer; some protein remained 
insoluble but was applied in a suspension and labeled “total protein” in Figure 3 below. Total protein was centrifuged at 
high speed to pellet the insoluble protein, and the remaining soluble protein is labeled “supernatant” in Figure 3 below. A 
total of 50 ul of total and 50 ul of soluble protein was added to the wells created in the agar plate shown in Figure 3A, below. 
Approximately 10 ul of crude protein suspension (“total protein”) was injected into the tobacco and citrus leaves for each 
inoculation zone circled in Figure 3B. 

An amount of crude protein suspension that measured 15-18 mg/ml elicited a rapid cell collapse that was visible starting 14 
hrs post inoculation in tobacco. The reaction became stronger by two days. Photos of reacting tobacco and citrus leaves at 
48 hrs post inoculation are shown in Figure 3B. By comparison, 4-5 ug/ml of purified X. oryzae LipA were required to elicit 
browning of rice in infiltrated zones by degradation of cell walls (Jha et al. 2007). 

Figure 3 PD1703 crude protein exhibited esterase activity in agar plate assays (A), and induced 
hypersensitive cell collapse in SR1 tobacco (B, left and center) and citrus (B, right). Equivalent amounts of 
crude protein from empty vector (pET-27b) or expressing PD1703 (pET-27b::PD1703) were inoculated. A 
dilution range of 1:1, 1:2, and 1:5 was applied to these leaves; the 1:2 dilution represents 15 – 18 mg/ml of 
suspended crude (“total protein”). 

Temecula PD1703 lipase  (in  pSZ26),  PD0928 Zot  (in  pSZ41),  and  PD0986 (in  pPC3.1)  hemagglutinin  all  contribute to 
the  pathogenic  symptoms  elicited by Xf on  grapes. All Xf strains  were  grown  in  PD3 medium  for  36-48 hours  at  28o C. 
As  mentioned  above, PD1703 was  cloned with  its  native  promoter  (690bp)  and predicted secretion  leader  peptide  in 
pBBR1MCS-5  (downstream  from  the lacZ promoter),  creating  pSZ26. For  pathogenicity assays,  4-6 week  old V. vinifera cv. 
Carignane were inoculated  with 10  ul  cultures  of  each strain (OD600 = 0.245).   Bacterial  cultures  were diluted  in  SCP  buffer 
and  were inoculated  by  stem  puncture at  two  points  in  each  of  the three internodes,  starting  with  the second  internode.   Each 
experiment  was  repeated  at  least  three times  with  3-4  replications  in  each  independent  experiment.   Plants  were maintained 
under  green  house and  carefully  observed  for  the appearance  of  symptoms.   Observations  were recorded  from  the time the 
first visible  symptoms  appeared  (6-7  weeks post  inoculation).   Inferences  were drawn  from  at  least  three independent 
experiments. 

Pathogenic symptoms  elicited  by  Temecula began  to  appear  by  the 5th week  after  inoculation,  and continued to develop up to 
12  weeks.   Most  of  the inoculated  plants  were killed  after  12  weeks.   Plants  inoculated  with  EB92-1/pSZ26 (Lipase; 
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Figure 4) and  EB92-1/pSZ41 (ZOT; Figure 5)  showed  slightly  delayed  pathogenesis  with visible  symptoms  becoming 
evident  by  the end  of  six  weeks.   The infection  progressed  slowly  and  remained  restricted  to  9-10  internodes  in  case of  strains 
pSZ26 and pSZ41.   At  the  end of  three  months,  plants  inoculated with  EB92/pSZ26 reached a  total  of  30% infection and 
EB92/pSZ41 reached a  total  of  22 %.   EB92-1/  pBBRMCS5  (empty vector)  never  reached  higher  than 12%  during the  period 
(Table  1).   Plants  inoculated  with  EB92-1/pPC3.1 (hemagglutinin; Figure 6)  exhibited  symptoms  almost  as  rapidly  as  the 
wild type  (by the  5th week  after  inoculation)  but with  reduced  severity  (40%  infection  for  EB92-1/pPC3.1 vs.  62%  for 
Temecula by  48  days  post  inoculation). 

Plants inoculated with EB92-1/pSZ26 produced necrosis delimited with pinkish areas. As the infection progressed the entire 
lamina underwent necrosis leading to defoliation. However the infection progressed slowly compared to wild type strains 
and remained restricted to 9-10 internodes above the lowest point of inoculation. By contrast, wild type Temecula infections 
advanced to the tip of the vine (refer Figure 4). 

Figure 4. Pathogenic symptoms elicited by Temecula, EB92-1/ pBBRMCS5 (empty vector), and pSZ26 
(PD1703 lipase), respectively. (Enlargement shows boxed area on right). Photos taken 90 days post-
inoculation. 

The infection of EB92-1/pSZ41 (ZOT) was also comparatively slow with visible symptoms becoming evident only by the 
end of six weeks. The inoculated plants showed prominent anthocyanosis with green veinal areas. As the infection advanced 
the infected leaves underwent necrosis resulting in defoliation (Figure 5). 

Figure 5. Pathogenic symptoms elicited by pSZ41 (ZOT; PD0928). These 
lower leaves dropped off 10 days later. Photo taken 90 days post-inoculation. 

The infection of EB92-1/pPC3.1 (hemagglutinin; PD0986) was surprisingly fast by comparison with the other two 
transconjugants, with visible symptoms elicited by the transconjugants becoming evident by the beginning of the 5th week in 
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two independent experiments (15 grape plants inoculated with transconjugants total). All plants inoculated with 
transconjugants showed prominent necrotic areas very similar to those observed with the wild type (Figure 6). 

Temecula EB92-1 --------------------------EB92-1/pPC3.1---------------------------

Figure 6 Pathogenic symptoms elicited by EB92-1/pPC3.1 (hemagglutinin; PD0986). Photo taken 48 days 
post-inoculation. 
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Table 1. Results of 3 independent experiments comparing pathogenicity of Temecula & EB92-1 exconjugants carrying 
pBBRMCS5 (empty vector), pSZ41(PD0928; Zot) or pSZ26 (PD1703; lipase). 

# Total 
leaves 

# 
Asympto-

matic 
leaves 

# Sympto-
matic 
leaves 

# Bare 
petioles 

# Bare 
nodes 

# Total 
leaf 

production 

# Total 
diseased 
leaves 

Diseased 
leaves/ 
total 

Avg. 
diseased 
leaves/ 
total 

Temecula (WT) 

9 
11 
7 
4 
38 
39 
53 
61 
33 
25 
0 

1 
0 
0 
0 

17 
28 
42 
38 
17 
13 
0 

8 
11 
7 
4 

21 
10 
11 
23 
16 
12 
0 

3 
4 
4 
6 
3 
0 
1 
0 
0 
0 
0 

23 
23 
20 
23 
4 
0 
10 
2 
2 
8 
20 

35 
38 
31 
33 
45 
38 
64 
63 
35 
33 
20 

34 
38 
31 
33 
28 
10 
22 
25 
18 
20 
20 

0.97 
1.00 
1.00 
1.00 
0.62 
0.26 
0.34 
0.40 
0.51 
0.61 
1.00 

0.70 

EB92/ pBBRMCS5 

23 

31 
40 
40 
40 
38 
30 
24 
37 
76 

12 

30 
35 
37 
39 
34 
29 
23 
36 
71 

11 

1 
5 
3 
1 
4 
1 
1 
1 
5 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

20 

0 
2 
2 
1 
3 
4 
4 
0 
0 

43 

31 
42 
42 
41 
41 
34 
28 
37 
76 

31 

1 
7 
5 
2 
7 
5 
5 
1 
5 

0.72 

0.03 
0.17 
0.12 
0.05 
0.17 
0.15 
0.18 
0.03 
0.07 

0.12 

46 
43 
40 
43 

41 

41 
40 
37 
39 

35 

5 
3 
3 
4 

6 

0 
0 
0 
0 

0 

3 
3 
4 
4 

0 

49 
46 
44 
47 

41 

8 
6 
7 
8 

6 

0.16 
0.13 
0.16 
0.17 

0.15 

EB92/ pSZ41 
(Zot) 

33 
30 
32 
41 
33 
29 
13 

29 
27 
30 
36 
28 
23 
10 

4 
3 
2 
5 
5 
6 
3 

0 
0 
0 
0 
1 
0 
0 

3 
2 
4 
1 
0 
0 
5 

36 
32 
36 
42 
34 
29 
18 

7 
5 
6 
6 
6 
6 
8 

0.19 
0.16 
0.17 
0.14 
0.18 
0.21 
0.44 

0.22 

41 
57 
18 

34 

34 
47 
12 

28 

7 
10 
6 

6 

0 
0 
1 

0 

0 
6 
3 

3 

41 
63 
22 

37 

7 
16 
10 

9 

0.17 
0.25 
0.45 

0.24 

EB92/ pSZ26 
(lipase) 

38 
30 
41 

36 
22 
37 

2 
8 
4 

0 
0 
0 

3 
5 
3 

41 
35 
44 

5 
13 
7 

0.12 
0.37 
0.16 

32 
34 

23 
28 

9 
6 

0 
0 

1 
7 

33 
41 

10 
13 

0.30 
0.32 

23 18 5 1 4 28 10 0.36 
36 28 8 0 0 36 8 0.22 0.30 
33 20 13 0 0 33 13 0.39 
7 4 3 1 2 10 6 0.60 
35 24 11 0 0 35 11 0.31 
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ABSTRACT 
Specific biological characteristics of Xylella fastidiosa (Xf) Temecula were investigated in microfluidic flow chambers in 
vitro by examining the influence of xylem saps from Pierce’s disease (PD) susceptible Vitis vinifera and resistant V. 
champinii and V. smalliana grapevines on Xf motility. Compared to that observed in V. vinifera sap, type IV pili mediated 
twitching motility of Xf was significantly reduced in saps from both resistant grapevines and is associated with down-
regulation of type IV pili associated genes. The Xf response in resistant sap mirrors observations in citrus sap: down-
regulation of type IV pili associated genes, lack of twitching motility, and resistance to pathogenesis by Xf Temecula. 
Overall the findings suggest that PD resistance in certain grape cultivars is associated with sap that blocks motility through 
gene regulation, limits aggregation, and lessens production of biofilms by Xf. 

LAYPERSON SUMMARY 
Cells of Xylella fastidiosa (Xf) aggregate, form biofilms, and occlude the host’s vascular (xylem) system, resulting in Pierce’s 
disease symptoms in grapevine. Colonization of grapevine xylem by Xf involves migration of individual cells through a 
process of twitching motility by which hair-like type IV pili are repeatedly extended from the cell, attach to the xylem 
surface, and are retracted, pulling the cell forward. Using microfluidic ‘artificial’ chambers through which xylem sap from 
highly susceptible and resistant grapevines is flowing, the biological behavior of Xf in these saps was assessed. Toward this 
we observed reduced motility in sap from a resistant grapevines as well as a reduction in formation of cell aggregates and 
biofilms. 

INTRODUCTION 
This project continues efforts toward understanding the biological relationship between Xylella fastidiosa (Xf) cells and the 
xylem environment, and specifically the roles of fimbrial adhesins (type I and type IV pili, and associated proteins) in Xf 
virulence, motility, cell aggregation, and biofilm development. The research targets the functional biology of Xf in xylem 
sap. It tests and explores traits of sap and xylem vessels from resistant and susceptible grapevines, as well as that of citrus, 
that may inhibit or promote Xf cell activities associated with pil and fim gene products. 

Previous observations describing roles for fimbrial adhesins (type I and type IV pili) in Xf virulence, motility, aggregation, 
and biofilm development have provided insight into their genetic mechanisms and regulation (De La Fuente, 2007; 2008). 
Studies on Xf motility and biofilm formation under natural conditions viz., in planta, have been hindered in part by optical 
inaccessibility of vascular tissue. Recent studies have shown the importance of xylem sap chemistry on growth, aggregation, 
and attachment of Xf cells, highlighting the establishment of stable cultures in 100% xylem sap (Andersen, 2007; Zaini, 
2009). Studies with Vitis riparia and V. vinifera cv. Chardonnay sap (100%) in either microfluidic chambers or in culture 
tubes have shown that the pathogen responds to this more natural chemical environment differently than it does in rich 
artificial media such as PD2 (Zaini, 2009). Aggregation and biofilm development are enhanced (Zaini, 2009), and early 
indication is that twitching motility is also greater—in both the number of Xf cells and in rate of movement. It was reported 
that xylem sap from Pierce’s disease (PD) resistant V. rotundifolia maintained Xf in a planktonic state, whereas the bacteria 
were more likely to form aggregates when incubated in xylem sap from susceptible V. vinifera cultivars (Liete, 2004). Those 
directed the attention to a more natural environmental system for Xf—one that will greatly enhance the value and significance 
of information generated in studying Xf in an in vitro system: the inclusion of xylem sap and xylem vessel tissue. 

Previous observations reported that both type I and type IV pili are involved in aggregation and biofilm development (Li, 
2007), and that type IV pili of Xf are involved in twitching motility within the xylem vessels of grapevine (Meng, 2005). 
Citrus is often grown adjacent to vineyards in California and may be considered a potential reservoir for PD Xf (Bi, 2007). 
Xylem sap from commercial citrus plantings in Temecula (grapefruit, orange, lemon) did not support Xf biofilm development 
while at the same time grapevine xylem sap obtained from adjacent vineyards supported thick biofilms (Shi, 2010). Citrus 
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xylem sap did not support the induction of a number of pil and fim genes, such as pilT, a gene that encodes for type IV pilus 
retraction (necessary for twitching motility), pilY1, a gene encoding a type IV pilus tip adhesion protein, pilI, pilU, and fimA 
that encodes the type I pilus subunit (Shi, 2010). The significant reduction in pil and fim gene expression in citrus sap is 
notable for at least two reasons: i) it may explain, in part, why the PD strain of Xf is not symptomatically expressed in citrus 
i.e. it does not move from the sites of introduction (no twitching motility), nor does it form biofilms, and ii) it may provide 
valuable clues into what chemical factors from citrus sap may be exploited in grape to reduce or inhibit similar gene product 
expression. Based on those data, it may be that in xylem sap from Pierce’s disease resistant grapevines that pili function is 
suppressed. 

OBJECTIVES 
Objectives covered in this report include: 
1. Establish a baseline of Xf activity in vitro for grapevine sap. This will include temporal and spatial activities for pili-

associated functions—motility, cell aggregation, and biofilm formation (reported in 2010 PD symposium). 
2. Assess pili-associated functions in grapevine sap from Vitis vinifera cultivars and Vitis species expressing distinct PD 

resistance and susceptibly. (preliminary report in 2010 PD symposium). 
3. Assess pil and fim gene expression for conditions in Objective 2 that exhibit significant differences in functional Xf 

activities. 
4. Compare pili-associated functions in grapevine vs. citrus sap 

RESULTS 
Xf motility in various grapevine saps 
Xf cells were assessed for motility in microfluidic flow chambers. Most Xf cells exhibited twitching motility in PD2 broth 
(Figure 1). After a period of adjustment from growth on PD media to sap Xf cells in V.vinifera sap from NY also showed 
nearly complete motility (96%) (Figure 1). In V. champinii and V. smalliana saps from NY, relatively few Xf cells attached 
to the chamber surface; furthermore, few (3% and 1%, respectively) Xf cells exhibited twitching motility (Figure 1). Similar 
responses were observed for saps obtained from grapevines grown in Davis, CA (Figure 1). These results suggest that 
twitching is either upregulated in PD-susceptible sap or suppressed in PD-resistant sap. 

Figure 1. Twitching motility of Xf in various saps. The ratio of twitching cells to total cells in PD2 broth and 
saps of V. vinifera, V. champinii, and V. smalliana in microfluidic flow chambers was assessed over 6 days. 

Xf response following exchange of sap types 
To determine if Xf behavior in saps could be modified under different sap conditions, we acclimated cells in microfluidic 
chambers to PD-susceptible V. vinifera sap and then exchanged it with a PD-resistant sap. Xf cells in PD-susceptible V. 
vinifera sap were motile and developed large cell aggregates [Figures 2A(a) and (g)]. After four days growth in V. vinifera 
susceptible sap. the sap was replaced with PD-resistant V. smalliana sap. After eight hours, the cell aggregates began to 
disperse and twitching was reduced [Figure 2A(b)]. In an adjacent V. vinifera perfused sap control chamber the cells 
continued to exhibit motility and form aggregates [Figure 2A(h)]. By day five Xf cells in V. smalliana sap were uniformly 
distributed within the chamber and only 5% were motile [Figure 2A(c)], while ca. 85% of the Xf cells in V. vinifera sap 
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continued to twitch and form aggregates [Figure 2A(i)] (Figure 4). From day five to eight, cells in V. smalliana sap formed 
a thin biofilm layer within the chamber [Figures 2A(c)-(f)] whereas cells in the control chamber developed a robust biofilm 
[Figures 2A(i)-(l)]. 

Figure 2.Twitching motility of Xf in PD-susceptible and PD-resistant saps. (A) Images taken before and after V. vinifera 
sap was exchanged with V. smalliana sap. In one microfluidic chamber Xfcells were continually exposed to PD-
susceptible V. vinifera sap for eight days l (g-l). In another chamber Xf cells theV. Vinifera sap was changed to PD-
resistant V. smalliana after day four (a-f). (B) Xf cells that had been grown in V. vinifera and changed to V. smalliana sap 
were exchanged back to V. vinifera sap on day nine (a-d). Scale bar equals 50 µm. 

To determine if the Xf cells could return to the twitching phenotype, the PD-resistant V. smalliana sap in the chamber was 
replaced with V. vinifera sap on day nine [Figure 2B(a)]. After one to five hours the cells began to twitch and aggregates 
began to form [Figures 2B(b) and (c)], and by 24 hours large aggregate appeared [Figure 2B(d)]. When quantified, 3% of 
Xf cells expressed twitching motility in PD-resistant V. smalliana sap, whereas, 75% of the Xf cells were motile after V. 
smalliana sap replaced the PD-susceptible V. vinifera sap (Figure 3). Similar observations were made when Xf cells were 
grown in microfluidic chambers in V.vinifera and then replaced with V. champinii sap and back to V. vinifera sap (data not 
shown). These data suggest that either a) PD-susceptible saps induce the function or expression of type IV pili, resulting in 
twitching motility or b) PD-resistant saps inactivate the function or expression of type IV pili, resulting in the loss of 
twitching motility. The results of reduced motility are consistent with previous reports that Xf spreads faster in xylem vessels 
of PD-susceptible compared to PD-resistant or tolerant grapevines (Hopkins, 1984; Fry and Milholland, 1990). 

Affect of sap on type IV pili-related 
A number of mechanisms could be envisioned as to how a component in sap activates or inhibits motility such as altering 
gene expression of pili-associated genes. To explore gene expression, we analyzed the mRNA levels of representative genes 
pilI, pilJ, pilG, pilA, pilQ, and pilR involved in type IV pili biogenesis and regulation (Figure 4). The pilI, pilJ, and pilG 
gene encode proteins in the chemotaxis-like operon, Pil-Chp (Cursino, 2011). Chemosensory-like proteins have been 
implicated in motility, pili formation, transcriptional regulation, and exopolysaccharide production (Kirby, 2009). While the 
exact function of Pil-Chp is unknown, we previously found that disruption of the operon blocks twitching motility without 
inhibiting type IV pili biogenesis (Cursino, 2011). The PilQ protein is predicted to be a multimeric protein that forms the 
pore through which the type IV pili thread. We previously found that mutations in pilQ prevented type IV pili formation and 
motility (Meng, 2005). The PilR protein is predicted to belong to a two-component regulatory system, PilR/PilS, in which 
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PilS activates PilR, which in turn regulates pilA transcription; PilA is the major pilin protein of the type IV pilus (Winther-
Larsen and Koomey 2002). PilA mutants of P. aeruginosa have reduced virulence (Comolli, 1999), and pilA mutants of R. 
solanacearum cause less severe wilting symptoms in tomato plants (Kang, 2002). Disruption of pilR leads to Xf without type 
IV pili and incapable of twitching motility (Li, 2007). In this study we found that Xf grown in V. smalliana and V. champinii 
saps, but not V. vinifera sap, fail to express pilI, pilQ, and pilR. These findings suggest that sap from resistant plants fail to 
support type IV pili production, block twitching motility, and therefore limit the pathogen spread within the plant. Given that 
multiple genes are down regulated in the resistant saps (or upregulated in susceptible sap), a key chemical component in sap 
may target an upstream regulator gene for type IV pili. 

Figure 3.The changing ratio of twitching cells to total Xf cells after V. vinifera sap 
were replaced with V. smalliana sap and back to V. vinifera sap. 

Figure 4. The detection of differential expression of type IV pili related 
genes Xf in saps of V. vinifera, V. champinii, and V. smalliana by reverse 
transcription polymerase chain reaction (RT-PCR). Positive control was 
DanQ expression. Negative control wasRT (-) negative control: all RT 
reactioncomponents but no RT reverse enzyme, and NTC: all RT reaction 
components but no RNA template. 
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Figure 5.Twitching motility of Xf in various saps. The ratio of twitching cells to total cells in saps 
of grapevine (V. vinifera) and citrus (grapefruit, lemon, and orange) from CA in microfluidic flow 
chambers was assessed. 

Xf motility in citrus sap 
Xf gene expression observed in PD-resistant saps mirrors findings when Xf is grown in citrus sap (Shi, 2010), and Xf 
Temecula does not produce disease in citrus plants (Perring, 2001). Therefore we wanted to determine if Xf is also non-
motile in sap from citrus plants. Xf was found to be twitching impaired in saps of grapefruit, lemon, and orange (Figure 5). 
Xf cells in sap of grapevine (V. vinifera) from CA showed high levels of motility (94%+/-4). In saps of grapefruit, lemon, 
and orange from CA, relatively few (4%+/-2, 3%+/-2, and 3%+/-2, respectively) cells exhibited twitching motility (Figure 
5). These results suggest that twitching of Xf cells is suppressed in citrus sap. 

Comparison of responses in PD-resistant and citrus sap 
The finding that grape sap composition alters gene expression of type IV pili associated genes is particularly interesting in 
light of resistance in non-grape plants. Citrus plants infected with Xf strain 9a5c exhibit a PD-like response known as citrus 
variegated chlorosis (CVC) (Chang, 1993; Hartung, 1994; Purcell & Hopkins, 1996). However, the Xf Temecula strain does 
not exhibit CVC even when PD-infected plants are found next to citrus orchards (Perring, 2001; Bi, 2007). Why Temecula 
does not produce disease is unknown. When examining twitching motility, we found that both PD-resistant and citrus saps 
fail to support mobility. Additionally, just as we found with PD-resistant sap, Xf grown in citrus sap is known to result in 
down regulation of type IV pili biogenesis and regulatory genes (Shi, 2010). While additional resistant mechanisms unique 
to each plant may play key roles in preventing Xf-induced disease, our findings suggest potential universal mechanisms for 
disease regulation. 

CONCLUSIONS 
The symptomatic development of PD in grapevine is related to biological features of the Xf pathogen and how it interacts 
with its host. By establishing more natural features of xylem vessels environment to study the motility and aggregation of Xf, 
we hope to provide a better understanding of the biological features of the Xf in natural xylem sap. The long-distance 
directional upstream migration of Xf might enhance intraplant spread of the bacteria and colonize grape xylem vessels from 
the initial site of infection. The chemical differences among saps of susceptible and resistant grapevine are highly desired to 
understand the biochemical mechanisms of host resistance to Xf. The present results suggest that the inhibition of twitching 
motility of Xf by chemical components in V. smallaina sap may limit the spread of Xf in xylem vessels in PD-resistant 
grapevines, resulting in the restriction of Xf to fewer xylem vessels and less proportion of Xf colonized vessels, which results 
in a limitation of systemic infection and no PD development in resistant grapevine. 
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ABSTRACT 
Previously we demonstrated that twitching motility in Xylella fastidiosa is dependent on an operon, named Pil-Chp, encoding 
signal transduction pathway proteins (PilG, PilI, PilJ, PilL, ChpB and ChpC), which is related to the system that controls 
flagella movement in Escherichia coli. We report three advances in examining this chemotaxis system. First, we have 
examined the operon genes more closely. We have discovered that the operon is essential for the twitching phenotype, 
biofilm formation, and Pierce’s disease (PD) development. Examining each Pil-Chp gene individually we learned that the 
first four genes are critical for twitching and that all genes play a role in biofilim formation and PD symptoms. Second, we 
have tentatively found a twitching minus medium to which we can add known sap components, examine for twitching 
recovery, and determine the component driving motility. Third, we have continued our examination of chpY, a gene similar 
to pilG, which plays a role in PD development. 

LAYPERSON SUMMARY 
This project involves studying the chemical sensing pathway by which the plant pathogen Xylella fastidiosa is able to control 
its movement within the plant environment. We examined a gene cluster essential for cell movement (twitching motility), we 
identified where the initial protein regulating the signaling response is located in the cell, and we are determining what 
chemical signals are important for developing disease symptoms. These results give insight into targets for preventing 
Pierce’s disease. 

INTRODUCTION 
Bacteria sense and respond to changes in their environment, integrating the signals to produce a directed response. Xylella 
fastidiosa (Xf) is a non-flagellated, xylem-restricted Gram-negative bacterium that moves within grapevines via twitching 
motility that employs type I and type IV pili (Meng et al. 2005). Movement appears to be controlled by a system with 
similarities to that first reported in E. coli, in which a group of che genes regulates the rotational movement of flagella. 
Transmembrane chemoreceptors bind chemical stimuli in the periplasmic domain and activate a signaling cascade in their 
cytoplasmic portion to ultimately control the direction of flagella rotation (see review Hazelbauer et al. 2008). We previously 
found that the homologous gene cluster is an operon (named Pil-Chp) that regulates type IV pili, and that disruption of the 
operon leads to a decrease in Pierce’s disease (PD) symptoms (Figure 1). Herein, we further characterize the genes in the 
Pil-Chp operon and describe our advances in understanding the role of pilJ signaling in Xf. 

OBJECTIVES 
1. Complete characterization of the single chemosensory regulatory system of Xf and its function in PD. In particular, we 

will focus on its role in mediating bacterial movement and biofilm formation. Toward this end we will: 
a. Obtain Xf mutants in the pilJ gene that encodes the single methyl-accepting chemotaxis protein in Xf. 
b. Assess virulence and motility of pilJ mutants in grapevines, as well as previously created mutants deficient in related 

chemosensory genes, pilL and chpY. 
2. Identify environmental signals that bind PilJ and activate chemosensory regulation. Toward this end we will: 

a. Express PilJ or a chimeric form of PilJ in a strain of E. coli previously deleted of all methyl-accepting chemotaxis 
protein genes. 

b. Subsequently, candidate signals will be screened using the above E. coli system for activation of motility. 
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Figure 1. The Xf Pil-Chp operon. A) Model for operon protein products regulating 
twitching motility in Xf. The chemoreceptor PilJ senses environmental signal(s). ChpC/PilI 
couples PilL to PilJ. PilL phosphorylates its hybrid CheY-like receiver domain and PilG. 
ChpB is homologous to ligand adaptation proteins and may act as a phospho-transfer 
protein or ligand adaptor modulator. B) The Pil-Chp operon genes with E. coli homologous 
genes shown above and direction of transcription shown below. 

RESULTS AND DISCUSSION 
Construction of the Xf Pil-Chp operon null mutant strains. The Pil-Chp operon was disrupted previously with a polar 
transposon mutation in the pilL gene (Cursino et al. 2011). We subsequently constructed non-polar, allelic exchange mutants 
of all Pil-Chp operon genes, including pilL, according to Chatterjee et al. 2008 with slight modifications. The disruption of 
each gene in marker-exchange mutants was confirmed by PCR (not shown). 

Construction of plasmids to complement the Xf Pil-Chp operon null mutant strains. To complement the non-polar gene 
disruptions, we constructed Xf-compatible plasmids containing the chemotaxis operon promoter region (Hoch et al. 2010). 
We then cloned the various Pil-Chp genes into these constructs and transformed the constructs into the null mutants. 
Successful transformation was confirmed by PCR (data not shown). 

Twitching motility of the Xf Pil-Chp operon null mutant strains. We observed that the Pil-Chp transposon polar mutant 
was twitching minus on both PW agar surfaces and in microfluidic chambers (Cursino et al. 2011). PW agar surfaces 
revealed colony morphologies with smooth margins consistent with loss of type IV pili twitching motility function (Meng et 
al. 2005). This mutant retained type IV pili (Cursino et al. 2011), indicating that the Pil-Chp operon regulates twitching and 
not pili formation. Results were confirmed in microfluidic chambers (Cursino et al. 2011). Examination of the non-polar Pil-
Chp operon gene mutants on PW agar and in chambers revealed that pilG, pilI, pilJ, pilL mutants are twitching minus (data 
not shown). Complementation of these genes recovered twitching (data not shown). Interestingly, the chpB and chpC 
mutants performed twitching motility like wild-type cells (data not shown). 

Biofilm formation by the Xf Pil-Chp operon null mutant strains. Using a crystal violet assay (Zaini et al. 2009), we found 
that the Pil-Chp transposon polar mutant produced less biofilm compared to wild-type Xf cells (Cursino et al. 2011). 
Additionally, all of the non-polar Pil-Chp operon gene mutants produced less biofilm, even twitching plus mutants chpB and 
chpC (Figure 2). 
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Figure 2. Biofilm formation with Pil-Chp operon mutants. Biofilm formation by 
wild-type, Pil-Chp non-polar gene mutants, and complemented mutants in Xf cells 
grown in culture flasks following 10 days of growth with agitation. Quantitation of 
biofilm formation was performed by the crystal violet assay (Zaini et al. 2009). 

In planta results with the Xf Pil-Chp operon null mutant strains. We discovered that the Pil-Chp transposon polar mutant 
cells induced less PD symptoms in planta compared to inoculation with wild-type cells (Cursino et al. 2011). Twitching 
minus non-polar Pil-Chp operon mutants pilG, pilI, and pilJ induced less PD disease in planta and symptoms plateaued after 
20 weeks (Figure 3). Conversely, the Pil-Chp operon twitching plus chpB and chpC mutants induced full PD symptoms, 
however the disease was delayed compared to wild-type cells. We are currently testing the non-polar pilL mutant in planta. 

0 

1 

2 

3 

4 

5 

0 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

Weeks post inoculation 

wt 

pilG 

pilI 

pilJ 

chpB 

chpC 

Figure 3. PD development in Pil-Chp operon gene mutants. Vitis vinifera L. cv. Cabernet Sauvignon vines 
were inoculated with wild-type or Pil-Chp non-polar gene mutants and PD disease was assessed over 25 
weeks. Plants inoculated with the pilL mutant are currently being analyzed. PD rating on a scale of 0-5 
(Guilhabert and Kirkpatrick 2005). 
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Identifying the chemosensory attractant. To examine what component(s) in sap drives the motility response, numerous 
assays were attempted (Hoch et al. 2009, Hoch et al. 2010). We desired a medium that supports Xf growth at wild-type levels 
but on which colonies do not develop fringe. We could identify the motility stimuli by adding sap components to the 
medium and testing for fringe recovery. We have found that Xf cells grow at wild-type levels in PW medium without 
soytone but fail to produce a fringe on this medium (data not shown). We are currently developing this method and will 
begin testing sap components. 

Pil-Chp operon and chpY gene. The chpY gene lies downstream of the Pil-Chp operon and has homology to the Xf pilG 
gene that codes for a phospho-shuttle protein. In the similarly organized Pseudomonas aeruginosa Pil-Chp operon, 
downstream genes produce proteins that are proposed to associate with the Pil-Chp operon protein products (Whitchurch et 
al. 2004). In addition to the pilG-like domain, chpY has GGDEF and EAL regions that is known to regulate cyclic di-GMP 
(Ryan et al. 2006). However the putative ChpY GGDEF and EAL regions appear to be non-functional, as they lack the 
expected enzymatic amino acid residues (data not shown). Deletion of chpY results in reduced cellular motility, unaltered pili 
biogenesis, and increased biofilm formation (Burr et al 2008). To determine if there was a regulatory relationship between 
the Pil-Chp operon and chpY, we performed RT-PCR on the Pil-Chp pilL gene in the chpY null strain. When chpY is deleted, 
Xf shows no changes in pilL expression (data not shown). However, chpY does have an effect on PD. Grapevines inoculated 
with the chpY mutant had increased PD progression compared to a wt Xf infection (data not shown), which may stem from 
the chpY-induced increased biofilm formation or reduced twitching motility. To test whether increased biofilm formation 
was related to increased expression of biofilm forming gum genes (Roper et al. 2007), we performed RT-PCR (Table 1). 
The gumD and gumJ were found to have a three-fold increased expression in the chpY mutant as compared to wild-type cells. 
Similarly, extracellular polymeric substance (EPS) production was three-fold higher in the chpY mutant strain as compared 
to wild-type cells. We also examined the production of extracellular enzymes in the chpY null strain, as these enzymes are 
known pathogenic factors (Thowthampitak et al. 2008). For the enzymes tested (carboxymethylcellulose, polygaracturonase, 
protease, and pectin methylesterase) no differences were found between the wild-type and the chpY mutant strains (data not 
shown). 

Table  1. Effect  of chpY on  the  expression  of  gum  genes. The 
levels  of  gene  expression in Vitis vinifera sap  were tested  by  RT-
PCR  and normalized to dnaQ expression.  The experiments  were 
performed  three times,  with  three replicates  each.  The standard 
deviations  of  the  normalized  means  are shown. 

Genes 
Strains 

chpY gumJ gumD 

Wild-type 1.09±0.5 1.36±0.1 1.18±0.2 

chpY mutant ND 2.61±0.4 2.83±0.3 

Complemented chpY 2.17±0.3 1.25±0.2 1.02±0.1 

CONCLUSIONS 
Our results with the Pil-Chp mutants show that the operon is required for twitching motility in Xf. Interestingly, some of the 
genes in the operon may not play a role in twitching motility but all play a role in biofilm formation and PD development. 
We appear to have found an assay to determine the chemical stimuli in grape sap driving motility. Additionally, we report 
that although chpY gene protein product does not regulate the Pil-Chp operon, it does contribute to PD development by 
upregulating the gum genes, which leads to an increased biofilm phenotype. 

REFERENCES CITED 
Burr, T.J., Hoch, H.C., Lindow, S., De La Fuente, L., Cursino L, and Zanini, P.A. 2008. The roles that different pili classes in 

Xylella fastidiosa play in colonization of grapevines and Pierce’s disease pathogenesis. In Pierce’s Disease Research 
Symp. Proc., pp. 93-95. San Diego: Calif. Dep. Food Agric. 

Chatterjee, S., Wistrom, C., and Lindow, S. E. 2008. A cell– cell signaling sensor is required for virulence and insect 
transmission of Xylella fastidiosa. Proc. Natl. Acad. Sci. USA 105:2670-2675. 

Cursino, L., Galvani, C.D., Athinuwat, D., Zaini, P.A., Li, Y., De La  Fuente, L, Hoch, H.C., Burr, T.J., and Mowery,P. 2011. 
Identification of an operon, Pil-Chp, that controls twitching motility and virulence in Xylella fastidiosa. Mol. Plant 
Microbe Interact. 24: 1198-1206. 

- 74 -



   
      

            

     
       

       
       

   
     
               

  
       

 
                 
            

            
  

 

 
            

Guilhabert, M.R. and Kirkpatrick, B.C. 2005. Identification of Xylella fastidiosa antivirulence genes: hemagglutinin adhesins 
contribute to X. fastidiosa biofilm maturation and colonization and attenuate virulence. Mol. Plant Microbe Inter. 
18:856-868. 

Hazelbauer, G.L., Falke, J.J., and Parkinson, J.S. 2008. Bacterial chemoreceptors: high-performance signaling in networked 
arrays. Trends Biochem. Sci., 33:9-19. 

Hoch H.C., Burr T.J., Mowery, P., Cursino, L., Zaini, P., and De la Fuente, L. 2009. Exploiting a chemosensory signal 
transduction system that control twitching motility and virulence in Xylella fastidiosa. In Pierce’s Disease Research 
Symp. Proc., pp. 92-96. San Diego: Calif. Dep. Food Agric. 

Hoch H.C., Burr T.J., Mowery, P., Cursino, L., Athinuwat, D., Galvani, C., Losito, E., and Patel, K. 2010. Exploiting a 
chemosensory signal transduction system that control twitching motility and virulence in Xylella fastidiosa. In Pierce’s 
Disease Research Symp. Proc., pp. 92-96. San Diego: Calif. Dep. Food Agric 

Meng, Y., Galvani, C.D., Hao, G., Turner, J.N., Burr, T.J., and Hoch, H.C. 2005. Upstream migration of Xylella fastidiosa 
via pilus-driven twitching motility. J Bacteriol. 187: 5560–5567. 

Roper, M. C., Greve, L.C., Labavitch, J.M., Kirkpatrick, B.C. 2007. Detection and visualization of an exopolysaccharide 
produced by Xylella fastidiosa in vitro and in planta. Appl Environ Microbiol. 22: 7252–7258. 

Ryan R. P., Fouhy, Y., Lucey, J. F., and Dow, J. M. 2006. Cyclic Di-GMP Signaling in Bacteria: Recent Advances and New 
Puzzles. J. Bacteriol. 188: 8327–8334. 

Thowthampitak, J., Shaffer, B. T., Prathuangwong, S., and Loper, J. E. 2008. Role of rpfF in virulence and exoenzyme 
production of Xanthomonas axonopodis pv. glycines, the causal agent of bacterial pustule of soybean. Phytopathology 
98:1252-1260. 

Whitchurch, C.B., Leech, A.J., Young, M.D., Kennedy, D., Sargent, J.L., Bertrand, J.J., Semmler, A.B., Mellick, A.S., 
Martin, P.R., Alm, R., Hobbs, M., Beatson, S.A., Huang, B., Nguyen, L., Commolli, J.C., Engel, J.N., Darzins, A., and 
Mattick, J.S. 2004. Characterization of a complex chemosensory signal transduction system which controls twitching 
motility in Pseudomonas aeruginosa. Mol. Microbiol. 52:873-893. 

Zaini, P. A., De La Fuente, L., Hoch, H. C., and Burr, T. J. 2009. Grapevine xylem sap enhances biofilm development by 
Xylella fastidiosa. FEMS Microbiol. Lett. 295:129-134. 

FUNDING AGENCIES 
Funding for this project was provided by the USDA-funded University of California Pierce’s Disease Research Grants 
Program. 

- 75 -



          

          
            

            
           

                 
  

             
            

                    
             

         
             

            
               
       

          
                

             
                

             
               

          
             

           
       

           
           

               
               

                 
                  

   

    
       
        

CHARACTERIZATION OF XYLELLA FASTIDIOSA GENES REQUIRED FOR PATHOGENICITY 

Principal  Investigator: 
Pamela Ronald 
Department of  Plant Pathology 
University of  California 
Davis,  CA   95616 

Co-Principal  Investigator: 
Bruce Kirkpatrick 
Department of  Plant Pathology 
University of  California 
Davis,  CA   95616 

Cooperator: 
Hong Lin 
San  Joaquin  Valley  Agric.  Sci.  Center 
USDA ARS 
Parlier,  CA 

pcronald@ucdavis.edu bckirpatrick@ucdavis.edu Hon.Lin@ars.usda.gov 

Cooperator: 
Drake  Stenger 
San  Joaquin  Valley  Agric.  Sci.  Center 
USDA ARS 
Parlier,  CA 

Cooperator: 
Brittany  Pierce 
Department of  Plant Pathology 
University of  California 
Davis,  CA   95616 

Cooperator: 
Sang-Wook  Han 
Department of  Plant Pathology 
University of  California 
Davis,  CA   95616 

Drake.Stenger@ars.usda.gov bkpierce@ucdavis.edu swhan@ucdavis.edu 

Reporting Period: The results reported here are from work conducted July 2010 through October 2010. 

ABSTRACT 
Xylella fastidiosa (Xf) is a gram-negative, xylem-limited plant pathogenic bacterium and the causal agent of Pierce’s disease 
of grapevine (Wells et al., 1981). Xf is closely related to Xanthomonas oryzae pv. oryzae (Xoo). Recent findings indicate 
that the sulfated Type 1 secreted protein Ax21 is required for density-dependent gene expression and consequentially 
pathogenicity of Xoo. Two two-component regulatory systems (TCSs) are required for Ax21 mediated immunity. Orthologs 
for both of the TCSs and Ax21 have been found in Xf. In this study, we will investigate the role of Ax21 and the two TCSs 
that regulate Ax21 in Xf. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf) is a plant pathogenic bacterium and the causal agent of disease in a variety of economically important 
crops, including Pierce’s disease of grapevine. Xf causes disease by colonizing the xylem vessels, blocking the flow of water 
in the grapevine. In many plant pathogenic bacteria, biofilm formation plays a key role in virulence. A biofilm is a 
population of microorganisms attached to a solid or liquid interface. The production of biofilm is regulated by quorum 
sensing system, in which bacteria communicate with one another via small molecular weight compounds. In Xanthomonas 
oryzae pv. oryzae (Xoo), a bacterial species related to Xf, it has been shown that Ax21, a sulfated peptide, is a quorum 
sensing compound that is required for biofilm formation and virulence. Furthermore, two two-component regulatory systems 
(TCSs) have been identified that are required for Ax21 activity in Xoo. In this research, we will investigate the biological 
function of Ax21 and the two TCSs orthologs that were identified in the Xf genome. 

INTRODUCTION 
Xylella fastidiosa (Xf) is a gram-negative, xylem-limited plant pathogenic bacterium and the causal agent of Pierce’s disease 
(PD) of grapevine (Wells et al., 1981). Xf is found embedded in the plant in clumps, which leads to the xylem vessel 
blockage. The formation of biofilms allows for bacteria to inhabit an area different from the surrounding environment, 
potentially protecting itself from a hostile environment. Furthermore, biofilm formation is an important factor in the 
virulence of bacterial pathogens. Biofilm formation is a result of density-dependent gene expression (Morris and Monier, 
2003). Density-dependent biofilm formation is triggered by the process of quorum sensing (QS). In QS, bacteria are able to 
communicate with each other via small signal compounds, generically called “auto-inducers” and in Xanthomonas and Xf the 
molecules are referred to as diffusible signal factors (DSF). The auto-inducer is a means by which bacteria recognize 
bacterial population size, and mediate the expression of specific genes when bacterial populations reach a threshold 
concentration. (Fuqua and Winans, 1994; Fuqua et al., 1996). 

In Xanthomonas oryzae pv. oryzae (Xoo), Ax21 is a sulfated, Type 1 secreted protein that is a quorum sensing compound. 
Ax21 was recently shown to be a requirement for induction of density-dependent gene expression, including biofilm 
formation (Lee et al., 2006; Lee et al., 2009). In Xoo, two two-component regulatory systems (TCSs) required for Ax21-
mediated activity have been found and orthologs of the TCSs and Ax21 were identified in the Xf genome (Simpson et al., 
2000). In order for an active Ax21 gene product to be produced, two TCSs are required: RaxR/H and PhoP/Q (Burdman et 
al., 2004; Lee et al., 2008). The goal of this research is to investigate the role of homologs of Ax21 and the associated two 
component regulatory genes in Xf. 

OBJECTIVES 
1. Determine the functional role of the Ax21 homolog in Xf. 
2. Determine the functional role of the PhoP/PhoQ two-component regulatory system in Xf. 
3. Identify GacA-regulated genes in Xoo through microarray analysis and compare with Xf GacA-regulated genes. 
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RESULTS AND DISCUSSION 
In the few months that we have worked on this project we made deletion knockout strains of Ax21, PhoP and PhoQ in Xf. 
For the Ax21 knockout strain, we conducted a variety of assays including pathogenicity on grapevines, biofilm formation, 
cell-cell aggregation and growth rate. We will repeat the pathogenicity assays again next year and also inoculate grapevines 
with Xf∆PhoP and Xf∆PhoQ mutants. 

Xf has  an  ortholog  of  ax21 gene  (Lee,  et  al.  2009).   To test  if Xf has  Ax21  activity,  we carried  out  an  Ax21  activity  assay 
using  our  previous  described method (Lee,  et  al.,  2006).   Rice  leaves  from  TP309,  susceptible  to Xoo PXO99,  and TP309-
XA21,  resistant to  PXO99,  were  cut at the  tip  and  pretreated  with  supernatants  from  wild type  (Xf)  and  Ax21  knockout 
(Xf∆ax21)  of Xf. Supernatants  from Xoo PXO99  and  PXO99∆ax21  were used  as  positive and  negative controls,  respectively. 
Five hours  later  the pretreated  leaves  were inoculated  with  the raxST knockout  strain (PXO99∆raxST),  which lacks  Ax21 
activity.  Ax21  activity  was  evaluated  by  measuring  lesion  lengths  three  weeks  after  inoculation.   If Xf had  Ax21  activity, 
leaves  of  TP309-XA21 pretreated by  supernatants  from Xf would show resistance to PXO99∆raxST strain,  but not leaves 
pretreated  by  supernatants  from Xf∆ax21.   However,  both  leaves  pretreated  by  supernatants  from Xf and Xf∆ax21  were 
susceptible  to PXO99∆raxST.   This  result  suggests  that Xf Ax21 is  unable  to trigger  Ax21-mediated immunity  in  our  rice 
plant bioassay  (Figure 1).   A  lack of  secretion and/or  sulfation system  in Xf may  be the cause of  the lack  of  Ax21  activity 
because Xf does  not  have  orthologs  of raxA, which  is  required for  secretion  of  Ax21,  and raxST,  which is  required  for 
sulfation of  Ax21.   Further  research  will be  conducted  to  better  understand  the  role  of  Ax21  in Xf pathogenicity and  cell-cell 
communication. 

Based on cell growth, cell-cell aggregation and biofilm production assays, we found some differences between the wild-type 
Xf and Xf∆ax21. Based on cell growth assays, Xf∆ax21 grows to a lower population density than wild type Xf (Figure 2). 
There was no significant difference (95% CI) in biofilm formation or cell aggregation between Xf Fetzer (wt) and Xf Δax21 
(Figures 3, 4). Pathogenicity assays on Thompson seedless grapevines were conducted in the greenhouses this summer. We 
found no significant differences in colonies isolated from the point of inoculation or 25cm above the point of inoculation 
(Figure 7). Furthermore, we found similar levels of disease severity in Xf Δax21 and wt Xf 18 weeks post-inoculation 
(Figure 8). 

Both XfΔphoP and XfΔphoQ were found to have significantly (95% CI) less biofilm formation than wt Xf after ten days static 
incubation using the crystal violet assay (Figure 5). Furthermore, we also found that XfΔphoP and XfΔphoQ had 
significantly (95% CI) less cell-aggregation (Figure 6). We also found that there was no significant difference in biofilm 
formation or cell-cell aggregation between XfΔphoP and XfΔphoQ. This result would be expected, since PhoP and PhoQ 
collectively make up a two-component regulatory system (TCS). A mutant deficient in one gene should exhibit the same 
phenotype as a mutant deficient in the second gene of the TCS. Pathogenicity assays on Thompson seedless grapevines were 
conducted in the greenhouses this summer. We found no colonies isolated from the point of inoculation or 25cm above the 
point of inoculation (Figure 7). Furthermore, we found significantly reduced levels of disease severity compared to 
grapevines inoculated with wt Xf 18 weeks post-inoculation (Figure 8). 

Although we isolated no live colonies from grapevines inoculated with Xf ΔphoP, and Xf ΔphoQ, it appeared that the vines 
exhibited mild PD-related symptoms. These mild symptoms are most likely due to a variety of non-PD issues that were 
stressing the grapevines including nutrient deficiency, insect damage and scorching from the greenhouse lamps. Therefore, 
we think the observed PD symptoms were difficult to differentiate from the other problems we encountered in the 
greenhouse. We plan to do PCR on the inoculated grapevines to track the movement of the mutants within the grapevine as 
well as to double check that all grapevines were successfully inoculated. 

CONCLUSIONS 
We have made good progress on determining the functional role of Ax21 and the PhoP/Q TCS in Xf, although further 
comparison of wild-type Xf and Xf∆ax21 needs to be done. We are currently awaiting final results from microarray analysis 
of XfΔax21, XfΔphoP, and Xf ΔphoQ. We are currently conducting microarray analysis and once complete, we will continue 
to look into genes regulated by PhoP/Q. Furthermore, we are confirming whether or not a metabolically active Ax21 peptide 
is secreted by Xf. We will begin work on Objective 3 this fall. 
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Figure 1. Lesion length on 6 week old TP309, susceptible to Xoo PXO99 strain, 
and TP309-XA21, resistant to PXO99 rice plants inoculated with PXO99∆raxST 
strain five hours after pretreatments of supernatants. PXO99 and Xf indicate wild 
type of Xoo and Xf strains, respectively. PXO99∆ax21 and Xf∆ax21 indicates ax21 
deletion mutants of Xoo and XF, respectively. -1 represents supernatants from 8 
days incubation culture, -2 represents supernatants from 11 days incubation 
culture. Each value represents the mean +/- SD. 

0.00E+00 

2.00E+07 

4.00E+07 

6.00E+07 

8.00E+07 

1.00E+08 

1.20E+08 

0 2 4 6 8 10 

Days 

A
ve

ra
ge

 C
FU

/m
l

Xf fetzer 

XfΔax21-A 

XfΔax21-B 

Figure 2. Bacterial growth of wild type Xf fetzer, Xf∆ax21-A, and Xf∆ax21-B. Values shown are the means 
of 5 samples +/- error. 
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Figure 3. Comparison of biofilm formation in wild-type Xf fetzer, Xf∆ax21-A, and Xf∆ax21-
B in stationary cultures as determined by the crystal violet staining method. Values shown 
are the means of 10 samples +/- error. 
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Figure 4. Comparison of percent aggregated cells in wild-type Xf fetzer, Xf∆ax21-A, and Xf∆ax21-
B. Percentage of aggregated cells was determined as described by Guilhabert and Kirkpatrick, 2005. 
Values shown are the means of 10 samples +/- error. 
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Figure 5.  Comparison of biofilm formation by wild type Xf Fetzer, XfΔphoP, and XfΔphoQ after 10 
days growth in static culture. Values shown are mean +/- standard error. 
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Figure 6. Comparison of percent aggregated cells by wild type Xf Fetzer, Xf ΔphoP, and Xf ΔphoQ 
after 10 days growth in static culture. Values shown are mean +/- standard error. 
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Figure 7. Log  number  of  colonies  isolated from  Thompson seedless  grapevines  inoculated with Xf wt, 
mutants  or  PBS  (negative  control)  18  weeks  post-inoculation.   Isolations  were  taken  from  a  petiole  at the 
point  of  inoculation  and a  petiole  25 cm  from  the  point  of  inoculation.   Values  shown  are mean  +/-
standard  error. 

Figure 8: Disease ratings of Thompson seedless grapevines inoculated with Xf wt, mutants or PBS 
(negative control) 18 weeks post-inoculation. Values shown are mean +/- standard error. 
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ABSTRACT 
This project aims to elucidate the molecular mechanisms that Xylella fastidiosa (Xf) uses in its interaction with host plants. 
We are focusing on the lipopolysaccharide (LPS) component of the outer membrane. LPS consists of lipid A, core 
oligosaccharides, and a variable O-antigen moiety. We are specifically investigating the role of O-antigen as it has been 
implicated as a virulence factor in several other Gram-negative bacterial species. We hypothesize that O-antigen is also 
involved in virulence of Xf on grapevine. Moreover, we are investigating the function of LPS in surface attachment and cell-
cell aggregation, two important steps in biofilm formation, a trait necessary for successful colonization of host xylem. We 
are also determining the role that LPS plays in host specificity observed for this pathogen. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf) is a bacterium capable of colonizing many different plant hosts. It is the causal agent of Pierce’s 
disease of grapevine, which has caused major losses to the California grape industry. Xf also causes disease in other 
economically important crops, such as almond, citrus, and oleander. While all identified Xf strains belong to the same 
species, some isolates can cause disease in one host, but not the other. For example, oleander isolates do not incite symptom 
development in grapevine and vice versa. One major goal of this project is to understand the bacterial characteristics that 
dictate host specificity. This research is particularly focused on elucidating the role of the Xf cell surface component, 
lipopolysaccharide (LPS), in the pathogenic interaction between the grapevine, almond, and oleander hosts. Because LPS 
plays an important role in several host-pathogen interactions, we are investigating the contribution of LPS in allowing Xf to 
colonize its host. LPS imparts traits that may contribute to pathogenesis such as the ability to attach to host cell walls. Should 
LPS prove to be important during Xf interaction with its host, its abundance on the bacterium’s cell surface makes it a logical 
target for disease control. Antimicrobial compounds that disrupt or retard LPS biosynthesis exist which make bacteria more 
susceptible to other stresses. Potentially, these compounds could be used in combination with other anti-Xf compounds to 
control disease. 

INTRODUCTION 
Xylella fastidiosa (Xf) is  a Gram-negative bacterium  comprised  of  strains  that  cause disease  on  several  economically 
important  crops,  such  as  grapevine,  almond,  and  oleander.   We are currently  exploring  the  role of  lipopolysaccharide (LPS) 
as  both  a virulence factor  and  host  specificity determinant  for  this  pathogen. 

LPS is primarily displayed on the outer surface of Gram-negative bacteria, thereby mediating interactions between the 
bacterial cell wall and its environment. LPS is composed of three parts: 1) lipid A, 2) oligosaccharide core, and 3) O-antigen 
polysaccharide (Figure 1) (10). We are focusing on the O-antigen portion of LPS in three Xf isolates that colonize different 
hosts: Temecula1, a causal agent of Pierce’s disease (PD); M12, a causal agent of almond leaf scorch (ALS); and Ann-1, the 
causal agent of oleander leaf scorch (OLS). Recognition, attachment, and biofilm formation are important stages in the 
interactions between Xf, the sharpshooter vector and its plant hosts. We aim to elucidate the role of LPS in the formation of 
biofilms, the development of PD on grapevine and in host specificity. Based on previously reported investigations of LPS in 
host-pathogen interactions (5, 9), we have identified two genes, waaL (PD0077) and wzy (PD0814), that are predicted to 
encode proteins required for a fully functional O-antigen moiety in Xf. Wzy is a polymerase that plays a role in chain length 
determination of the O-antigen, prior to the O-antigen ligation onto the oligosaccharide core component by WaaL (Figures 1 
and 2). 
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Figure 1. Xf strains lacking a functional Wzy (polymerase) are predicted 
to have truncated O-antigen with only the initiating polysaccharide unit. 
Strains lacking a functional WaaL (ligase) are predicted to lack the O-
antigen. Und-PP = undecaprenylphosphate; IM = inner membrane; OM = 
outer membrane; C = cytoplasm; P = periplasm. 

Figure 2. The genomic context of waaL (A) and wzy (B) in Xf provides 
evidence for prediction of genes that encode proteins involved in LPS 
biosynthesis. waaG = glycosyl transferase, waaM = lipid A biosynthesis 
lauroyl acyltransferase, waaA = 3-deoxy-D-octulosonic acid (KDO) 
transferase, waaE = beta 1,4 glycosyl transferase. Further, WaaL and 
Wzy are predicted to belong to the Wzy_C protein family of O-antigen 
ligases. Green triangles represent hypothetical proteins. 

OBJECTIVES 
1. To determine the contribution of Xf Temecula1 WaaL and Wzy in: 

a. LPS biosynthesis 
b surface attachment and biofilm formation 
c. virulence on grapevine 
d. host specificity 

2. To determine LPS profiles of wild-type PD, ALS, and OLS strains. 

RESULTS AND DISCUSSION 
Objective 1a. To determine the contribution of Xf Temecula1 WaaL and Wzy in LPS biosynthesis 
We identified two genes in the Xf LPS biosynthetic pathway, waaL and wzy, that encode proteins predicted to be important 
for production of a complete O-antigen component (see above). Mutations of these loci in Xf Temecula1 reveal a significant 
reduction in O-antigen in the waaL mutant strain and a lack of O-antigen in the wzy mutant strain. Both mutant phenotypes 
were restored by introducing waaL or wzy into their respective mutant genomic backgrounds using the chromosomal 
complementation vector, pAX1Cm (7) (Figure 3). 

Objective 1b. To determine the role of O-antigen in biofilm formation 
Biofilm formation is an important component of the plant-microbe interaction. To test the role of LPS in Xf biofilm 
formation, we are quantifying the ability of the Temecula1 waaL and wzy mutant strains in surface attachment and cell-cell 
aggregation. Interestingly, when grown in glass tubes, the Temecula1 waaL mutant attached to a greater extent than wild-
type, which is contrary to attachment of this strain when grown in polypropylene or polystyrene where it attached less than 
wild-type (Figure 4A). Preliminary results suggest that wzy plays little role in in vitro surface attachment (Figure 4B). We 
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are currently testing the complemented strains in surface attachment to these same surfaces. As an extension of this work, we 
are investigating the role of WaaL and Wzy in attachment to biologically relevant surfaces such as chitin and cellulose. The 
ability of Temecula1 waaL mutant to aggregate was diminished in all tested materials, while the Temecula1 wzy mutant is 
reduced in aggregative capability only in polypropylene and polystyrene (Figure 5). 

E. coli WT ∆waaL ∆waaL/waaL+ wzy wzy/wzy+ 

Figure 3. Mutations  in key enzymes  of  the Xf LPS  biosynthetic  pathway result  in 
reduction  or  abolishment  of  O-antigen.   Temecula1  lacking  a functional  WaaL  (lane 
3)  had  less O-antigen than the  wild-type (lane 2)  while Temecula1  lacking  Wzy  (lane 
5)  appeared  to  have no distinguishable  O-antigen moiety.   Complementation of  these 
mutants  restored  O-antigen quantity to  near  that  of  the  wild-type parent  (lanes  4  and 
6).   LPS  was  extracted  from  cells  normalized  to  cell density  using  a  modified  hot 
phenol  method (6).   Samples  were analyzed  on  a 4,  12%  discontinous  Tricine-PAGE 
gel  and  silver  stained (8).  (1) E. coli standard,  (2)  Temecula1  wild-type,  (3) 
Temecula1waaL,  (4)  Temecula1waaL/waaL+,  (5)  Temecula1wzy,  (6) 
Temecula1wzy/wzy+. 

Objective 1c. To evaluate the contribution of O-antigen in development of Pierce’s Disease 
Temecula1  O-antigen  mutant  strains  were inoculated  into  grapevine,  cv.  “Thompson  Seedless’  according  to  the method  of 
Hill and  Purcell (1995) (4).   Plates  were rated  weekly  on  a disease index  scale of  0-5 based on  PD  symptom  development (3). 
PD  symptoms  were detected  four   weeks  after  inoculation,  similar  to  other  PD  virulence studies  conducted  in  Riverside 
County.   There is  no  difference in  disease progress  between  the Temecula1 waaL mutant and  the  wild-type strains.   In 
contrast,  the Temecula1 wzy mutant  was  delayed in  causing PD  symptoms  on  grapevine  and,  after  11 weeks  of  incubation, 
did  not  cause  the  extensive  PD  development  observed  in plants  inoculated  with wild-type  (Figure 6).   Plants  inoculated  with 
1X  PBS  buffer  control  did not  develop any  PD  symptoms. 

At 39 days post-inoculation (5th week), a population study of grapevine petioles was performed in order to quantify any 
colonization differences between Temecula1 wild-type and O-antigen mutant strains that may be occurring in planta. Fifty-
three percent of petioles tested from plants inoculated with Temecula1 wild-type were colonized, while 67% of petioles 
tested from plants inoculated with Temecula1waaL were colonized and preliminary statistical analysis indicates that 
Temecula1 waaL strain is colonizing to a slightly higher degree than the wild-type (Table 1). No bacteria were recovered 
from wzy-inoculated plants at this early time point. However, a second population study done 95 days post-inoculation (13th 
week) is currently underway to determine at what level the wzy and ∆waaL mutants colonize the plants at a later stage of 
infection. We hypothesize that because PD symptom development has progressed in wzy-inoculated plants, albeit at a much 
slower rate than WT-inoculated plants, the bacterial titer has increased since the first sampling time and we will be able to 
recover viable wzy cells during the second sampling. The colonization studies have been performed and we are awaiting the 
results of that experiment. 
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Figure 4. Preliminary results  suggest that WaaL  plays  a  role  in  the  ability  of Xf to  attach  to  various  surfaces.  the 
Temecula1  strain  lacking  WaaL  is  reduced  in  attachment  to  polystyrene (PS)  and  polypropylene (PP),  but  increased  in 
attachment  to  glass  (GL)  when  compared  to wild  type. B) Wzy  appears  to  play  little  role  in  surface  attachment on  any 
surface tested.  Strains  were grown  in  PD3  medium  at  28  °C  at  100  rpm  for  7  days.  Biofilms  formed  on  the surface of  the 
medium/air  interface were stained  with  1%  crystal  violet  and  collected  in  95%  ethanol (2).   Bars  represent  standard  error. 

A)

Figure 5. O-antigen  plays  a  role  in  the  ability  of Xf cells  to  aggregate. A) the Temecula1waaL mutant  cells  are reduced 
in the  ability  to  adhere  to  one  another  when grown in polypropylene  (PP),  polystyrene  (PS),  and  glass  (GL). B) the 
Temecula1wzy mutant  cells  are reduced  in  cell-cell  aggregation in PP  and  PS,  but  not  GL.   Strains  were  grown in PD3 
medium  at  28  °C  without  agitation  for  10  days.   Percent  aggregation  is  the ratio  of  unsettled  (ie,  aggregating)  cells  in  the 
upper  portion  of  the  test  tube  to the  total  number  of  cells (3).   Bars  represent  standard  error. 

Objective 1d. To investigate the role of O-antigen in host specificity 
While  there  are  likely  several factors  that contribute  to  host specificity  of Xf, we  would  like  to  investigate  if  O-antigen is 
involved. Xf Temecula1  can  colonize and  cause disease in  grape and,  to  some extent,  in  almond. Xf M12,  an  ALS  strain, 
causes disease in  almond  and  elicits  some symptoms  in  grape (1).   Moreover, Xf Ann-1  cannot  cause disease in  grape or 
almond  and  neither  Temecula 1  nor  M12  can  cause disease in  oleander.   We speculated  that  removal  or  truncation  of  the O-
antigen  would  affect  the ability  of  Temecula1  to  infect  (and  elicit  scorch  symptoms)  on  grape,  almond,  and  oleander. 
Further,  perhaps  changes  in O-antigen  will allow  Ann-1 to become  a  pathogen  of  grape  or  almond while  M12 and Temecula1 
strains  become pathogens  of  oleander. 

We currently have Xf Temecula1 and the Temecula O-antigen mutant strains inoculated into almond and oleander. 
Preliminary results demonstrate that the Temecula1waaL mutant strain is more virulent in almond than its Temecula1 wild 
type parent and is similarly virulent to the ALS wild-type strain M12. This suggests that alterations in the O-antigen moiety 
of the LPS molecule do affect host specificity. We are currently awaiting the results from host specificity studies conducted 
in oleander. These plants take longer (approx. 10 months) for OLS symptoms to develop. We are also constructing the 
corresponding waaL and wzy mutants in the M12 and Ann-1 strains of Xf. Loss of Wzy function (Temecula1 wzy mutant) 
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does not seem to alter the host specificity of the Temecula1 strain. As expected, Xf Ann-1, the OLS strain, does not cause 
scorch symptoms on almond (Figure 7). 

Figure 6. Disease progress of Xf Temecula1 wild-type and O-antigen mutant 
strains on grapevine cv. ‘Thompson Seedless’. The wzy mutant strain lags behind 
the wild-type in causing scorching symptoms and does not cause wild-type levels 
of PD. The waaL mutant appears to be as virulent as wild-type. Data are means of 
three independent assays with 10 replications each. Bars represent standard error. 

Table 1. Mean populations in tissue of colonized 
grapevine at 39 days post-inoculation. 

Strain 
Xylem population 

(per g tissue)a 

Temecula1 wild-type 5.09 (± .21) 
Temecula1waaL 5.69 (± .16) 
Temecula1wzy Not detectedb 

a mean population values are log transformed; parenthetical 
values represent standard error 
b populations below detection threshold (<500 CFU) 

Figure 7. Disease progress of ALS strain M12, OLS strain Ann-1, PD strain Temecula1, and 
Temecula1 O-antigen mutants on almond cv. ‘Sonora.’ Loss of WaaL may render a PD strain 
as virulent on almond as the ALS wild-type strain M12. Data are means of two independent 
assays with 6 replications each. Bars represent standard error. 
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Objective 2. LPS profile of Xf Temecula1 (grape), M12 (almond), and Ann-1 (oleander) 
Variation in LPS can be classified as “smooth” (those with O-antigen) and “rough” (those without O-antigen). Bacteria can 
possess both variants simultaneously which can be readily visualized by electrophoretic analysis. The three isolates used in 
this study were grown on PD3 (for Temecula1 and Ann-1 strains) or PW (for M12 strain) solid medium. Cells were 
harvested and normalized to cell density. LPS was extracted as described above. There are slight differences among the 
strains with regard to the high MW O-antigen and it appears that the O-antigen population of the Ann-1 strain may be 
comprised of trisaccharide repeats of slightly greater length (Figure 8). We are further characterizing the LPS molecule for 
all three strains using more sensitive biochemical techniques to identify the carbohydrate composition and linkage of the 
sugars in the Xf LPS molecule. 

O-antigen 

Figure 8. There are minor differences between Xf wild-type strains used in 
this study (Temecula 1, M12 and Ann-1). These differences are primarily in 
the polysaccharide length that comprises the majority of the O-antigen. LPS 
was extracted from cells normalized to cell density, run on a discontinuous 
14% Tricine-SDS PAGE gel, and silver stained. LPS extracted from 
Escherichia coli (Sigma) was used as the standard. 

CONCLUSIONS 
The main focus of this project is to further understand the molecular mechanisms governing Xf virulence. We are working 
toward understanding the role of the O-antigen component of LPS in contributing toward virulence and those behaviors 
associated with xylem colonization, such as cell wall attachment and cell-cell aggregation required for biofilm formation. 
The broad host range, but stringent host specificity, of Xf provides an opportunity to study the molecular mechanisms 
underlying the essential traits that lead to host specificity observed for this pathogen. There are likely numerous bacterial 
traits that contribute to host specificity of Xf, and we hypothesize that LPS plays a role. Because of its abundance in the outer 
membrane, LPS may provide a target for disease control, as it appears to be implicated as an important factor in disease 
development. 
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ABSTRACT 
Bacterial non-coding small RNAs (sRNAs) have attracted considerable attention due to their roles in regulating numerous 
cellular processes including survival, adaptation and pathogenesis. Sequence variation in sRNA genes reflect a previously 
unrecognized source of genomic diversity in bacteria. Xylella fastidiosa (Xf) is an important bacterial pathogen causing many 
economically important diseases such as almond leaf scorch, citrus variegated chlorosis and Pierce’s disease of grapevine. 
Little is known about sRNAs in this bacterium. Therefore, a research project was initiated to search for sRNAs in Xf. The 
complete genome sequences of four Xf strains (9a5c, M12, M23, and Temecula1) representing three Xf subspecies were 
selected and scanned for sRNA genes with established computer programs. Candidate sRNA genes were identified in all of 
the four Xf strains (46 in strain 9a5c, 50 in strain M12, 49 in strain M23, and 47 in strain Temecula1). Candidate sRNA 
genes ranged in size from 40 to 350 bp. Expression of sRNA genes was proved using a procedure involving quantitative 
reverse transcriptase PCR (qRT-PCR) and confirmed with negative detection with primers from regions flanking the 
predicted sRNA genes. BLAST analysis showed that 34 sRNA genes were shared by all three Xf subspecies. To test for 
epidemiological application of variable sRNA genes, four sRNA genes in strain M23 were selected to design PCR primers. 
A total of 22 different bacterial strains were cultured in PW broth at 28 ºC for 14 days. DNA was extracted and used as 
templates for RT-PCR with the four sRNA primer sets. Both inter- and intra- subspecies variation of Xf strains was observed. 
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POPULATION STRUCTURE OF XYLELLA FASTIDIOSA OF  CITRUS  VARIEGATED CHLOROSIS IN  SAO 
PAULO  STATE:  FROM  A SMALL  BRANCH  TO  THE WHOLE STATE 

H.D.  Coletta-Filho 
Centro  de  Citricultura-IAC 
Cordeiropolis,  BR 

L.S.  Bittleston 
Dept.  of  Environ.  Sci.,  Policy,  &  Mgmt. 
University of California 
Berkeley,  CA 94720 

R.P.P. Almeida 
Dept.  of  Environ.  Sci.,  Policy,  &  Mgmt. 
University of  California 
Berkeley,  CA 94720 

ABSTRACT 
The economic and social importance of citrus production in Brazil and the high economic loss caused by citrus variegated 
chlorosis (CVC) in Brazilian orchards have resulted in an extensive research program involving the sequencing of the 
genome of Xylella fastidiosa (Xf) subsp. pauca (Xf-pa, strain 9a5c), the causal agent of CVC.  Other genomes of Xf-pa are 
currently being sequenced. Despite the great interest in genomics of Xf-pa, relatively little information is available about the 
population genetics of this pathogen. We previously showed that different Xf-pa haplotypes were found in CVC-diseased 
plant and hypothesized that it was a consequence of multiple inoculation events originating from different sources (Coletta-
Filho and Machado, 2003, Geographical genetic structure of Xylella fastidiosa from citrus in São Paulo State, Brazil 
Phytopathology, 93:28-34). Based on those findings we studied the role of spatial scale on the genetic diversity of Xf-pa in 
sweet orange plants affected by CVC from various geographical regions of Sao Paulo state. We used analyses of molecular 
variance (AMOVA) to test hypothesis that genetic differentiation among populations increased from central (branch) to 
peripheral sites (geographic regions). Spatial scale ranged from 4–6 cm long branches to hundreds of kilometers, including 
within and among citrus plant comparisons. At the smallest spatial scale (single branch) five isolates were obtained, 10 to 15 
isolates were obtained from each plant, and 40 isolates total from each orchard (geographic regions), in total 160 isolates 
from four geographical regions were typed. The genetic structure of Xf-pa was determined using 16 simple sequence repeats 
(SSR) loci. AMOVA analysis using the Euclidean squared distances between pairs of isolate) revealed significant genetic 
differentiation among all population levels: i) within branches (FST = 0.856, Var. = 14.0%); ii) among branches within plants 
(FSC = 0.374, Var. = 8.58%); iii) among plants within regions (FSC = 0.77, Var. = 40.75%); and iv) among regions (FCT = 
0.44,Var. = 36.71%). These results indicate that spread of CVC in Sao Paulo state occurred in a wave-like fashion, but a 
significant percentage of genetic variability among isolates was observed at the smallest scale sampled (small branches), 
which could be attributed to natural recombination events among isolates rather than different sources of multiple infections, 
as previously hypothesized. On the other hand, it is possible that the loci used here evolve quickly, which would also be a 
possible interpretation for these data. Future work is needed to address these competing hypotheses. 

FUNDING AGENCIES 
Funding for this project was provided by the Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP; Foundation 
for Research Support of the State of São Paulo) (2011/13803-9) . 
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VINE  CONDITION AND XYLELLA FASTIDIOSA SEROLOGY  FOR  THREE NATIVE GRAPE SPECIES, 
SELECTED VITIS VINIFERA ON ROOTSTOCKS,  AND SELECTED UNGRAFTED ROOTSTOCKS 

Principal  Investigator: 
Mark C.  Black 
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Texas  AgriLife  Exten. Serv. 
Uvalde,  TX  78802 
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Reporting Period: The results reported here are from work conducted 2008 to 2011. 

ABSTRACT 
Three native Vitis species in southwest Texas rarely have even minor Pierce’s disease (PD) symptoms or react to Xylella 
fastidiosa (Xf) ELISA tests. When planted next to highly susceptible Vitis vinifera cultivars with severe PD and a large 
glassy-winged sharpshooter population, V. cinerea var. helleri, V. monticola, and V. mustangensis developed PD symptoms 
and reacted to ELISA tests. V. cinerea var. helleri and V. monticola had very little iron deficiency (chlorosis). V. 
mustangensis had the lowest Xf-ELISA OD values. V. cinerea var. helleri and V. monticola had delayed leaf senescence, 
which may indicate delayed root senescence, a trait thought to hinder cotton root rot disease (caused by Phymatotrichopsis 
omnivora) of winegrape. V. monticola crosses should be included in PD and CRR breeding line tandem screening efforts. 

LAYPERSON SUMMARY 
In addition to Pierce’s disease (PD) resistance and other pest and soil problems, we considered which native Texas grapes 
may have traits indicating potential parents for rootstock improvement efforts to address cotton root rot disease. Cotton root 
rot occurs in a large area of the PD geographical range, from Texarkana to southern Utah to central Mexico. Delayed leaf 
senescence in V. monticola suggest it may also contribute rootstock traits to help control CRR. 

INTRODUCTION 
Pierce’s disease (PD) in the warmer regions of Texas and southwestern U.S. has caused early death of high susceptible Vitis 
vinifera cultivars for at least 300 years. Native Vitis species in the same area usually have no PD symptoms or serological 
reactions for Xylella fastidiosa (Xf). These wild species continue to be used in cultivar improvement efforts for fruiting and 
rootstock cultivars (Covert, 2008) including PD resistance. Among the problems previously addressed with crosses 
involving wild grape species found in Texas and the southwestern U.S. are root pests (grape phylloxera insect, plant parasitic 
nematodes) and soil problems (high pH calcareous soils, poor drainage, droughty soils). As progress on PD control has 
increased vine longevity, incidence of cotton root rot disease has increased. The soil borne fungus Phymatotrichopsis 
omnivora causes cotton root rot disease (CRR) in most of Texas and in five other southwestern states and Mexico. High 
incidence of CRR has long been linked to high pH soils. Native Vitis species in Texas may be useful in developing 
rootstocks with resistance to both PD and CRR. Early publications note resistance of several Vitis sp. to CRR, including 
Vitis monticola, berlandieri and candicans (mustangensis). Plants classified as resistant developed new roots and survived in 
spite of the fungal infection (Taubenhaus and Ezekiel, 1936). 

OBJECTIVE 
1. Evaluate chlorosis, PD, and leaf condition in V. cinerea var. helleri (V. berlandieri), V. monticola, and V. mustangensis 

(V. candicans) at an irrigated high pH soil site in southwest Texas with intense PD. 

RESULTS AND DISCUSSION 
Vitis cinerea var. helleri and V. monticola growing in furrow-irrigated  calcareous  high  pH  soil had  less  iron  deficiency  than 
V. mustangensis.   Under  very  intense  PD, V. mustangensis trended  toward  lower  mean Xf-ELISA  optical densities  than Vitis 
cinerea var. helleri and V. monticola in  second leaf  and third leaf,  possibly  indicating  that  mustang  grape  limits  populations 
of Xf more than  the other  two  species.   Both V. monticola entries,  two  of  six V. mustangensis entries,  and  Salt  Creek 
rootstock  always  had  less  than  15%  total  leaf  necrosis. 

CONCLUSIONS 
Three native grapes species found in southwest Texas have been used by plant breeders for many decades to address various 
soil insect, nematode, PD, and soil problems. In this preliminary trial, leaf chlorosis indicated less iron uptake from high pH 
soil, ELISA OD indicated Xf cell numbers, and leaf necrosis indicated cumulative effects of iron uptake, PD, and senescence. 
Cotton root rot disease (CRR), caused by Phymatotrichopsis omnivora, occurs within a large part of the PD geographic range 
and both pathogens have high optimal temperatures. P. omnivora apparently becomes more aggressive on senescing plants, 
and our data suggest that senescence varies among grape genotypes. In grain sorghum, plant breeders selected ’stay green’ 
stalk and root traits separately from grain maturity date to help solve late season root and stalk diseases (Thomas and 
Howarth, 2000). Perhaps native Vitis species may be useful parents for rootstocks improvement efforts that address both PD 
and CRR. Entry numbers in this preliminary trial were not adequate for drawing firm conclusions. However, these data 
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suggest that V. monticola crosses should be included in CRR screening efforts. Genetic resistance alone will probably never 
eliminate PD or CRR risk. 

REFERENCES CITED 
Perry, R. 1980. Anatomy and morphology of vitis roots in relation to pathogenesis caused by Phymatotrichum omnivorum 

(Shear) duggar. PhD dissertation. Texas A&M University, College Station, 222 pgs. 
Covert, C. 2008. Five nematode resistant rootstocks are released. Pages 6-7 in: Foundation Plant Services Grape Program 

Newsletter. University of California, Davis. 
Perry, R. L. and H. H. Bowen. 1974. A feasibility study for grape production in Texas. Soil and Crop Sciences 

Departmental Technical Report 74-43. Texas Agric. Exper. Station, College Station. 
Taubenhaus, J.J. and W.N. Ezekiel. 1936. A rating of plants with reference to their relative resistance or susceptibility to 

Phymatotrichum root rot. Texas Agric. Exp. Stn. Bull. 527 
Thomas, H. and C. J. Howarth. 2000. Five ways to stay green. J. Exp. Botany 51:329-337. 

FUNDING AGENCIES 
Funding for this project was provided by a cooperative agreement between the USDA Animal and Plant Health Inspection 
Service / Plant Protection and Quarantine, and Texas AgriLife Research. 

ACKNOWLEDGMENTS 
We thank Larry Stein, Armando Pepi, and Noel Troxclair for their assistance. 

- 96 -



  Chlorosisa Optical Density, Xylella fastidiosa-ELISA Leaf necrosis, percentb 

 

 
 

 

 

 
 

 

 

 

14Sep10 12Nov10 7Sep11 14Sep10 12Nov10 7Sep11 14Sep10 14Nov10 7Sep11 

Entry Nc SDd SD SD SD SD SD SD SD x SDx x x x x x x x 
Vitis cinerea var. helleri 
Population 8e 

V. monticola pooled 

Population 5e 

Population 7e 

V. mustangensis pooled 

Rio Medinag 

Marble Fallsg 

Stonewallg 

Towg 

Uvaldeg 

Uvalde South Gettyg 

Champanelh 

Couderc 1613 (1613C)i 

Dog Ridgej 

Harmonyl 

Kober 5BBm 

Lenoir (Black Spanish)n 

Salt Creek (Ramsey)o 

S04p 

Chardonnay/Couderc 
1613 

Chardonnay/Salt Creek 

Chardonnay/Teleki 5Cq 

Merlot/Harmony 

Merlot/Kober 5BB 

Merlot/Teleki 5C 

14 

7 

4 

3 

20 

5 

2 

1 

6 

1 

5 

5 

4 

5 

1 

2 

1 

4 

5 

1 

1 

2 

1 

3 

1 

3.0 0.0 2.2 2.8 

3.0 0.0 2.9 3.0 

3.0 0.0 3.0 

3.0 0.0 2.7 

3.0 

3.0 

1.7 

1.8 

2.0 

1.0 

2.2 

1.0 

1.0 

2.0 

1.0 

3.0 

1.0 

3.0 

2.0 

3.0 

2.6 

3.0 

2.0 

3.0 

2.0 

0.7 

0.4 

1.4 

. 
0.8 

. 
0.0 

0.0 

0.0 

0.0 

. 
0.0 

. 
0.0 

0.5 

. 

. 
0.0 

. 

1.8 

1.6 

2.0 

2.0 

1.8 

1.0 

1.8 

2.0 

2.3 

2.4 

2.0 

2.0 

2.0 

2.5 

2.2 

2.0 

2.0 

2.0 

2.0 

0.4 

0.4 

0.0 

0.6 

0.4 

0.5 

0.0 

. 
0.4 

. 
0.4 

0.0 

0.5 

0.5 

. 
0.0 

. 
0.6 

0.4 

. 

. 
0.0 

. 

1.3f 

1.2 

1.0 

1.0 

1.8 

. 
1.0 

2.0 

1.5 

2.3k 

. 
2.5 

1.0 

2.0 

2.0 

1.0 

2.0 

2.5 

2.0 

0.4 

0.0 

0.0 

0.0 

0.5 

0.4 

0.0 

. 
0.4 

. 
0.0 

0.0 

0.6 

1.0 

. 
0.7 

. 
0.0 

0.0 

. 

. 
0.7 

. 
0.6 

. 

1.3 

0.4 

0.2 

0.7 

0.4 

0.5 

0.6 

1.1 

0.4 

1.0 

0.1 

1.2 

1.7 

0.9 

1.1 

1.1 

1.3 

0.3 

1.1 

1.6 

1.5 

1.0 

1.8 

1.4 

1.3 

0.5 

0.5 

0.2 

0.5 

0.4 

0.4 

0.5 

. 
0.2 

. 
0.1 

0.8 

0.2 

0.4 

. 
0.5 

. 
0.2 

0.7 

. 

. 
0.0 

. 
0.1 

. 

0.7 

0.9 

1.0 

0.8 

0.3 

0.6 

0.0 

0.1 

0.2 

0.3 

0.0 

1.0 

1.8 

0.4 

0.2 

0.7 

1.1 

0.4 

0.7 

1.5 

1.4 

0.9 

. 
1.3 

0.6 

0.4 

0.4 

0.5 

0.3 

0.4 

0.6 

0.0 

. 
0.2 

. 
0.0 

0.6 

0.0 

0.2 

. 
0.0 

. 
0.2 

0.3 

. 

. 
0.7 

. 
0.2 

. 

0.8 

0.8 

1.1 

0.5 

0.4f 

0.6 

0.4 

0.0 

0.5 

. 
0.3 

1.1 

1.5 

0.6 

0.8 

1.1 

1.3 

0.4 

1.2 

1.6 

1.7 

1.2 

2.0 

. 
1.8 

0.5 

0.4 

0.4 

0.2 

0.3 

0.3 

0.6 

. 
0.3 

. 
0.2 

0.7 

0.3 

0.5 

. 
0.4 

. 
0.1 

0.2 

. 

. 
0.1 

. 
0.2 

. 

0.2 

0.0 

0.0 

0.0 

0.7 

0.1 

0.1 

0.0 

0.0 

0.0 

2.4 

0.4 

37.5 

0.1 

20.0 

0.4 

15.0 

0.4 

0.3 

25.0 

10.0 

27.5 

25.0 

11.0 

50.0 

0.3 

0.0 

0.0 

0.0 

1.6 

0.2 

0.1 

. 
0.1 

. 
2.5 

0.4 

11.9 

0.1 

. 
0.2 

. 
0.4 

0.4 

. 

. 
3.5 

. 
3.6 

. 

33 

4 

1 

7 

20 

2 

8 

50 

10 

99 

35 

44 

83 

8 

99 

45 

15 

4 

23 

85 

75 

73 

85 

78 

80 

22 

4 

0 

5 

26 

2 

4 

. 
6 

. 
20 

26 

13 

5 

. 
0 

. 
1 

12 

. 

. 
4 

. 
8 

. 

6 

2 

2 

2 

10f 

10 

13 

50 

2 

. 
10 

3 

89 

14k 

100 

33 

20 

4 

21 

95 

99 

80 

80 

67 

85 

5 

2 

2 

2 

13 

10 

17 

. 
4 

. 
9 

3 

10 

18 

. 
39 

. 
1 

2 

. 

. 
14 

. 
14 

. 
3.0 0.0 3.0 0.0 2.7 

3.0 . 3.0 . 2.0 
aChlorosis  rated  as  1=chlorotic,  2=intermediate chlorosis,  3=green. 
bLeaf  necrosis  due to  severe iron  deficiency  induced  by  high  pH  soil,  PD,  and  senescence. 

Table  1. Plant conditions  and Xylella fastidiosa-serology  reactions  of  three Vitis species,  selected  rootstocks,  and  selected V. vinifera on  rootstocks  at  Uvalde,  TX.   Green  cells  had 
the least  chlorosis  (rating  >2.5).   Blue cells  had  OD<0.5  (<0.3  is  negative)  with  ELISA.   Yellow  cells  had  lowest  leaf  necrosis  ratings  (≤10%). 
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cN=number of plants evaluated unless indicated otherwise. 
dSD=standard deviation. 
eOpen pollinated seedlings from one parent. 
fN=19. 
gRooted cuttings from one plant. 
hV. champinii x V. labrusca. 
iIncludes V. labrusca, V. riparia, V. vinifera. 
jV. x champinii (V. candicans and V. rupestris). 
kN=4 plants. 
lIncludes V. labrusca, V. riparia, V. x champinii, V. vinifera. 
mV. berlandieri x V. riparia. 
nV. aestivalis, V. cinerea, V. vinifera (50%). 
oV. x champinii. 
pV. berlandieri Resseguier x V. riparia. 
qV. berlandieri x V. riparia. 
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GRAPE  ROOTSTOCK  VARIETY INFLUENCE  ON PIERCE’S  DISEASE  SYMPTOMS  IN CHARDONNAY 

Principal  Investigator: 
Peter  Cousins 
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USDA ARS 
NY State  Agric. Experiment Station 
Geneva,  NY 14456 
peter.cousins@ars.usda.gov 
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John Goolsby 
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Kika de la Garza Subtrop. Ag. Res. Ctr. 
USDA ARS 
Weslaco, TX 78596 
john.goolsby@ars.usda.gov 

Reporting Period: The results reported here are for work conducted October 1, 2010 through September 30, 2011. 

ABSTRACT 
Chardonnay is a Vitis vinifera scion variety that is susceptible to Pierce’s disease (PD). We are evaluating the effect of 
rootstock variety on PD symptom expression in Chardonnay grown in an experimental vineyard at Weslaco, Texas with high 
natural PD pressure and abundant vectors, including glassy-winged sharpshooter. The rootstocks under evaluation are Dog 
Ridge, Florilush, Tampa, Lenoir, and Freedom. Natural Xylella fastidiosa infection is permitted to test the effect of rootstock 
variety on PD in the Chardonnay scions. Vines grafted on Dog Ridge are much larger than on other rootstocks, which are 
similar in size. 

LAYPERSON SUMMARY 
Rootstocks that reduce Pierce’s disease (PD) symptoms of the scion could be one way to reduce damage from PD without 
changing scion varieties or clones. Rootstocks have been reported to reduce PD symptoms, but have not definitely been 
shown to provide or confer sufficient protection against PD to be recommended as a PD management tool. We are 
evaluating several rootstocks in a PD prone area, the Lower Rio Grande Valley of Texas. Chardonnay (PD susceptible) vines 
grafted on Dog Ridge rootstock were the largest in the trial, with pruning weights more than 200% that of the next largest 
vines. 

INTRODUCTION 
Rootstocks are widely in use in viticulture to manage damage from soil-borne pests and provide adaptation to soils. In citrus 
(He et al. 2000) and peach (Gould et al. 1991), rootstock variety has been reported to impact expression of Xylella fastidiosa 
(Xf) diseases in scions. Pierce (1905) reported that rootstock variety affected expression of "California vine disease" in 
grape. Grape rootstock trials in Mississippi showed a large effect of rootstock trial on vine longevity in a region recognized 
for high Pierce’s disease (PD) pressure (Loomis 1952, 1965, Magoon and Magness 1937). If grape rootstocks could 
contribute Pierce’s disease resistance or tolerance to their scions, this would be a major benefit to viticulture in PD prone 
areas. Elite wine, juice, and table grape varieties could be grown in areas where viticulture is currently restricted to PD 
resistant and tolerant varieties whose consumer appeal is low. 

The Rio Grande Valley is an excellent location for the field evaluation of PD resistant plant germplasm and PD management 
techniques. Many insect vectors of Xf are native to the region, including the glassy-winged sharpshooter. Susceptible 
grapevine varieties are infected naturally with Xf in the vineyard and demonstrate characteristic PD symptoms and decline. 
The Rio Grande Valley is similar to many viticultural regions in California; the region is flat, irrigated, and supports multiple 
types of crops (citrus, grains, vegetables) in close proximity. The Rio Grande Valley is an ideal test environment due to 
heavy PD pressure, with abundant vectors and inoculum, in contrast to many other locations, especially California, which 
demonstrate substantial cycling of PD incidence. The USDA Agricultural Research Service Kika de la Garza Subtropical 
Agricultural Research Center in Weslaco, Texas is located in the heart of the Rio Grande Valley and provides an ideal 
experimental location for the evaluation of PD management practices, including rootstock evaluation. 

Five rootstocks are being evaluated in this project. Freedom is a complex interspecific hybrid developed as a root-knot 
nematode resistant rootstock by the USDA ARS, Fresno, California (Clark 1997); its parentage includes Vitis vinifera, V. 
labrusca, V. x champinii, V. solonis, and V. riparia (Garris et al. 2009). Freedom is widely used in California viticulture. 
Dog Ridge is a V. x champinii selection recognized for its nematode resistance and resistance to PD, but it is rarely used as a 
rootstock. Lenoir, most probably a V. aestivalis/V. vinifera hybrid, was used historically as a rootstock and presently is 
cultivated as a wine grape in PD prone regions (including some parts of Texas) (Galet 1988). Tampa (Mortensen and Stover 
1982) includes a V. aestivalis selection and the juice grape Niagara (a V. labrusca hybrid) in its parentage. Florilush 
(Mortensen et al. 1994) is a selection from the cross Dog Ridge x Tampa. Both Florilush and Tampa were selected by the 
University of Florida as PD resistant rootstocks for bunch grapes. PD resistance is necessary for rootstock mothervines to 
thrive in Florida, so the PD resistance of Florilush and Tampa should not be construed necessarily as contributing to the PD 
response of the scions. 

- 99 -

mailto:john.goolsby@ars.usda.gov
mailto:peter.cousins@ars.usda.gov


           
  

 
              

               
 

                

 

 
  
    

  
    

               
               

    

             
            

           

 
                   

     
             

 
         

 

             
  

                 
        

                 
 

                 
       

         

             
         
            

 
          

            
              

OBJECTIVE 
To evaluate the impact of rootstock variety on expression of PD symptoms and vine growth in naturally infected PD 
susceptible Vitis vinifera scion varieties Chardonnay. 

RESULTS AND CONCLUSIONS 
Grafted vines of Chardonnay on five rootstocks (Freedom, Tampa, Dog Ridge, Florilush, and Lenoir) were planted at the 
Kika de la Garza Subtropical Agricultural Research Center in Weslaco, Texas in July 2006. Evaluation of PD response of the 
vines began in 2007. 

Dormant pruning was conducted in January 2011, and the weight of prunings of each vine, head trained and spur pruned, was 
collected. 

Table 1. 

Rootstock 
Number 
of vines 

Weight of dormant 
prunings, Jan. 2011, kg 

Weight of dormant 
prunings, Jan. 2010, kg 

Florilush 10 0.71 0.73 
Freedom 6 0.71 0.82 
Lenoir 10 0.81 0.65 
Tampa 10 0.97 0.88 
Dog Ridge 9 2.32 1.70 

Vines grafted on Dog Ridge had the highest pruning weights in both 2011 and 2010. In 2011, pruning weights of vines on 
Dog Ridge were more than twice the mass of vines on Tampa. In both 2010 and 2011, vines grafted on Tampa were second 
in pruning weight to vines grafted on Dog Ridge. 

Preliminary results indicate that Chardonnay vines grafted on Dog Ridge were the largest and had the lowest expression of 
PD symptoms. Dog Ridge is a candidate rootstock for the Lower Rio Grande Valley to increase the vine size of PD 
susceptible varieties and may be suitable for PD resistant or tolerant varieties as well. 
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Reporting Period: The results reported here are from work conducted March 2010 to September 2011. 

ABSTRACT 
We have successfully established two field plantings to investigate two greenhouse-tested strategies to control the movement 
and clear Xylella fastidiosa (Xf), a xylem-limited, Gram-negative bacterium that is the causative agent of Pierce’s disease 
(PD) in grapevine. A key virulence feature of Xf resides in its ability to digest pectin-rich pit pore membranes that connect 
adjoining xylem elements, enhancing long distance movement and vector transmission. The first strategy tests the ability of a 
xylem-targeted polygalacturonase-inhibiting protein (PGIP) from pear to inhibit Xf polygalacturonase activity necessary for 
long distance movement. Our second strategy enhances clearance of bacteria from Xf-infected xylem tissues via the 
expression of a chimeric antimicrobial protein, CAP. The expectation is that expressing these two proteins will prevent Xf 
movement and reduce Xf inoculum, curbing the spread of PD in California vineyards. Transgenic grapevine plants 
expressing either PGIP or CAP have been planted in two locations, one in Riverside County and the other in Solano County. 
These transgenic grapevines are being evaluated both as plants on their own roots and as rootstocks grafted with 
untransformed Thompson Seedless (TS) scions. At the Riverside County site, the plants have been naturally infected. At the 
Solano County site, plants on their own root were mechanically infected with Xf on 06/27/2011 to validate resistance to PD 
under field conditions. Two hundred and twenty four transgenic or untransformed control vines, own-rooted or grafted with 
untransformed TS, were planted in Riverside County on 05/08/2010. In Solano County, 112 own-rooted transgenic and 
untransformed control vines were planted on 08/02/2010 and 112 untransformed TS scions grafted onto transgenic or 
untransformed rootstocks were planted on 06/27/2011. At the Riverside County site, Xf infection has been confirmed and PD 
symptoms will be scored as they become apparent to validate resistance to PD under field conditions. At the Solano County 
site, non-grafted plants have been mechanically inoculated with the Xf type strain (Temecula 1), but no Xf infection or PD 
symptoms have been detected to date. CAP- and PGIP-expressing transgenic grapevine lines in Solano County have been 
evaluated phenotypically; no differences were found between transgenic and untransformed. The DNA of CAP- and PGIP-
expressing transgenic grapevine lines in Solano County has been checked to confirm the presence of the transgene. 

LAYPERSON SUMMARY 
Transgenic grapevines are being evaluated as rootstocks to demonstrate the field efficacy of two strategies to control Pierce’s 
disease (PD) in California grapevines. The first strategy uses transgenic rootstocks to control the movement of the bacterium 
Xylella fastidiosa (Xf) in the water-conducting xylem of the vine through the expression of polygalacturonase-inhibiting 
protein. The second strategy tests whether transgenic rootstocks can clear Xf infections in xylem tissues through the 
expression of a chimeric antimicrobial protein. At the Riverside County site, Xf infection has been confirmed and PD 
symptoms will be scored as symptoms become more apparent to validate resistance to PD under field conditions. At the 
Solano County site, non-grafted plants have been mechanically inoculated with Xf type strain (Temecula 1), but no Xf 
infection or PD symptoms have been detected to date. CAP- and PGIP-expressing transgenic grapevine lines in Solano 
County have been evaluated phenotypically; no visible differences were seen between transgenic and untransformed vines. 
CAP- and PGIP-expressing transgenic grapevine lines in Solano County have been also been tested to confirm the presence 
of the transgene. 

INTRODUCTION 
Xylella fastidiosa (Xf), a xylem-limited Gram-negative bacterium, is the causative agent of Pierce’s disease (PD). A key 
feature of Xf virulence is its ability to digest pectin-rich pit pore membranes that connect individual xylem elements (Roper et 
al., 2007), enhancing long distance movement and vector transmission. In this project, we are examining the ability of 
xylem-targeted polygalacturonase inhibiting protein (PGIP, Aguero et al., 2005, 2006) and a chimeric antimicrobial protein 
(CAP, Kunkel et al., 2007) to restrict bacterial movement and clear Xf under field conditions (Dandekar et al., 2009). The 
expectation is that expression of these proteins will prevent Xf movement and reduce its inoculum, reducing spread of PD. 
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We are field-testing four independent transgenic lines (40-41, 40-89, 40-92, and 41-151) resulting from transforming 
grapevine plants with the vector pDU04.6105 expressing the chimeric antimicrobial protein (Figure 1). In each location, 24 
plants are being field tested: 12 replicates of each line as non-grafted plants and 12 as transgenic rootstocks grafted with 
untransformed Thompson Seedless scions. 

We have also planted vines carrying four different constructs of PGIP (Figure 2). The four different modifications allow us 
to better understand how to control/restrict Xf spread and thus disease virulence. Two versions have different signal peptide 
sequences to identify which most efficiently localizes PGIP to xylem tissues and which provides the best distribution through 
the graft union into untransformed scion tissues. In vector pDU05.1910 (event 52-08), the pear PGIP signal peptide was 
replaced with a signal peptide from a grapevine xylem-secreted protein that is similar to the PRp27-like protein from 
Nicotiana tobacum. In vector pDU06.0201 (event 45-77), the pear PGIP protein was linked to a signal peptide from the 
Ch1b chitinase protein found in the xylem of grapevine (Vitis vinifera). The remaining two vectors, with and without the 
endogenous signal peptide, will serve as controls. The construct pDU94.0928 (event TS50), which uses the pear PGIP’s own 
endogenous peptide, will serve as a control to evaluate the efficiency of exogenous signal peptides in targeting PGIP to the 
xylem tissue. Vector pDU05.1002 (event 31-25) eliminates the endogenous signal peptide; the expressed PGIP cannot be 
secreted and should not limit Xf spread. 

The objective described here directly addresses the first RSAP priority outlined in the “Top 5 to 10 Project Objectives to 
Accelerate Research to Practice” handout released at the December 2009 Pierce’s Disease Research symposium: “Accelerate 
regulatory process: Establish and facilitate field trials of current PD control candidate vines/endophytes/compounds in 
multiple locations.” This document updates the priority research recommendations provided in the report “PD/GWSS 
Research Scientific Review: Final Report” released in August 2007 by the CDFA’s Pierce’s Disease Research Scientific 
Advisory Panel. 

OBJECTIVES 
1. Validate the efficacy of in planta-expressed CAP and PGIP containing different signal peptides to inhibit and clear Xf 

infection in xylem tissue and to pass through the graft union under field conditions. 

The goals of this project are to field-test four CAP- and four PGIP-expressing transgenic Thompson Seedless grapevine lines 
to evaluate their horticultural characteristics and resistance to PD. Transgenic grapevines are being evaluated at two field 
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locations as own-rooted plants and as transgenic rootstocks grafted with untransformed TS scions. One field location has PD 
pressure and plants have been naturally infected with Xf. In the location with no PD pressure, grapevines have been 
mechanically inoculated with Xf. 

RESULTS AND DISCUSSION 
Propagation, field planting, and grafting of CAP and PGIP transgenic grapevines. 
Four selected transgenic grapevine lines expressing CAP and four expressing different PGIP constructs were propagated 
from cuttings in the greenhouse to obtain 48 clones of each line. After the root system developed, cuttings were transferred 
to 5.5-inch pots to develop into plants. Twenty-four clones were grafted with untransformed TS scions. Well-established 
plants were transferred to the lath house to acclimatize and then planted in two experimental fields. Two hundred and ten 
transgenic or untransformed vines, own-rooted or grafted with untransformed TS scions, were planted in Riverside County on 
5/8/10 and the remaining 10 were planted on 3/6/11, completing the planting at this location (Figure 3, Table 1). We also 
planted 110 transgenic and untransformed vines on their own roots on 8/2/10 and 110 vines grafted with untransformed TS 
scions on 6/27/11 in Solano County, completing the planting at this location (Figure 3, Table 2). 

Figure 3. Riverside (left) and Solano County (right) transgenic grapevine plantings. 

Table 1. Riverside Field Evaluation planted on May 18, 2010 and March 6th 2011. 
Non-grafted Grafted 

Event ID # Planted Event ID # Planted 
CAP lines 

40-41 12 40-41G 12 
40-89 12 40-89G 12 
40-92 12 40-92G 12 

41-151 12 41-151G 12 

PGIP Lines 
31-25 12 31-25G 12 
45-77 12 45-77G 12 
52-08 12 52-08G 12 
TS50 12 TS50G 12 

Control lines 
TS 16 TS-G 12 
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Table 2. Solano County field evaluation planted on July 6th 2010 and July 27th 2011. 
Non-grafted Grafted 

Event ID # Planted Event ID # Planted 
CAP lines 

40-41 12 40-41G 12 
40-89 12 40-89G 12 
40-92 12 40-92G 12 

41-151 12 41-151G 12 

PGIP Lines 
31-25 12 31-25G 12 
45-77 12 45-77G 12 
52-08 12 52-08G 12 
TS50 12 TS50G 12 

Control lines 
TS 16 TS-G 12 

CAP- and PGIP-expressing transgenic and untransformed grapevine lines in Solano County were randomly sampled and 
tested for the transgenes by PCR (Table 3). DNA was isolated from young leaves collected from the field using the Qiagen 
DNeasy Plant Mini kit according to manufacturer’s instructions. DNA was PCRed using ActinF 
(TACAATGAGCTTCGGGTTGC) and ActinR (GCTCTTTGCAGTTTCCAGCT) to determine DNA quality. Elastase 
primers were HNE5’ (GCAGTTCAGAGGATCTTCGAGGATGG) and 
HNE3’(TTACTAGAGTGCTTTTGCTTCTCCCAG). Primers for PGIP determination were CaMV 35S-2 
(GACGTAAGGGATGACGCACAAT) and MPGIP-4 (CGGATCCTTACTTGCAGCTTGGGAGTGGAGCACCG). 

Table 3. PCR genotyping of Solano County transgenic grapevine lines. 
Event ID Inserted Gene ActinF/R HNE3/5 CaMV35S/mPGIP4 

CAP lines 
40-41 HNE Positive Positive Negative 
40-89 HNE Positive Positive Negative 
40-92 HNE Positive Positive Negative 

41-151 HNE Positive Positive Negative 
PGIP Lines 

31-25 PGIP Positive Negative Positive 
45-77 PGIP Positive Negative Positive 
52-08 PGIP Positive Negative Positive 
TS50 PGIP Positive Negative Positive 

Control 
TS None Positive Negative Negative 

Evaluate preservation of varietal characteristics in transgenic grapevines grown as whole plants or used as rootstocks. 
CAP- and PGIP-expressing transgenic grapevine lines in Solano County were evaluated phenotypically in September 2011 to 
verify that horticultural and varietal characteristics of the parental genotype TS were unchanged. This examination was 
accomplished using the first 12 descriptors from the “Primary descriptor priority list” proposed by the International 
Organization of Vine and Wine (OIV, 1983). The descriptors used were 2) density of prostrate hairs on young shoot tips, 3) 
number of consecutive shoot tendrils, 4) color of upper side of blade on young 4th leaves, 5) shape of mature leaf blades, 6) 
number of lobes on mature leaves, 7) area of anthocyanin coloration on main veins on upper side of mature leaf blades, 8) 
shape of teeth on mature leaves, 9) degree of opening of mature leaves/overlapping of petiole sinuses, 10) mature leaf petiole 
sinus bases limited by veins, 11) density of prostrate hairs between main veins on lower side of mature leaf blades, and 12) 
density of erect hairs on main veins on lower sides of mature leaf blades. Riverside County CAP- and PGIP-expressing 
transgenic grapevines lines will also be phenotypically evaluated this year. 

Evaluate PD resistance of HNE-CecB and PGIP transgenic grapevines after inoculation with Xf. 
Thirty-four pooled (Row samples A-I, Lines 1-25) petiole samples from grafted and non-grafted transgenic and control 
grapevines planted in Riverside County, a positive infected control TS, and Xf were evaluated using a commercial ELISA kit 
for Xf detection (Agdia, Elkhart, IN). The assay is based on a mixture of Xf antibodies against eight grape Xf isolates. 
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Sample extracts were also plated on PD3 medium and Xf growth was verified by PCR using the EFTU and 16s primers. The 
ELISA (Figure 4) and PCR assay (Figure 5) results confirmed Xf infection in Riversida County. Xf cell counts will be done 
when we get enough Xf-infected vines. Since infection was confirmed in pooled samples at Riverside, individual grapevine 
lines will be sampled and tested for Xf infection. PD symptoms in Riverside County will be scored on each infected plant as 
they appear using a standardized score based on percentage of leaf area scorching, a characteristic of PD (Krivanek et al., 
2005a, 2005b). As PD symptoms develop in Riverside County, we can evaluate PD resistance in CAP and PGIP grapevines. 
Non-grafted petiole samples planted in Solano County that were mechanically inoculated with Xf (Almeida and Purcell, 
2003) in July of 2011 show no Xf infection to date. 

Figure 4. Xf detection in Riverside County pooled samples using ELISA. 

Figure 5. Xf detection in Riverside County samples using PCR. 
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CONCLUSIONS 
We have successfully initiated two field trials to validate two greenhouse-tested strategies to control the movement and 
clearance of Xf, a xylem-limited, Gram-negative bacterium that is the causative agent of PD. A key virulence feature of Xf 
resides in its ability to digest pectin-rich pit pore membranes that interconnect the host plant’s xylem elements, enhancing 
long distance movement and vector transmission. The first strategy being evaluated tests the ability of a xylem-targeted 
polygalacturonase-inhibiting protein (PGIP) from pear to counter virulence associated with Xf PG activity. Our second 
strategy enhances clearance of bacteria from Xf-infected xylem tissues using a chimeric antimicrobial protein, CAP. The 
expectation is that expressing these proteins will prevent Xf movement and reduce its inoculum size, curbing the spread of PD 
in California vineyards. Transgenic grapevine plants expressing either PGIP or CAP along with untransformed controls have 
been successfully planted in two locations. In Riverside County, planting is now complete with all 220 vines in the ground: 
210 planted on 05/08/2010 with the remaining 10 planted on 03/06/2011. In Solano County, where planting is also 
completed with all 220 vines in the ground, 112 were planted on 08/02/2010 and the remaining 108 on 06/27/2011. These 
transgenic grapevines will be evaluated as plants on their own roots and as rootstocks grafted with untransformed Thompson 
Seedless (TS) scions. At the Riverside County site, the plants have been naturally infected by wild glassy-winged 
sharpshooter and Xf presence was confirmed by ELISA and PCR assays. PD symptoms will be scored as they appear to 
validate resistance to PD under field conditions. At the Solano County site, non-grafted vines have been mechanically 
inoculated with the Xf type strain (Temecula 1), but no Xf infection or PD symptoms have been detected to date. CAP- and 
PGIP-expressing transgenic grapevine lines in Solano County have been evaluated phenotypically using the first 12 
descriptors from the “Primary descriptor priority list” proposed by the International Organization of Vine and Wine (OIV). 
No phenotypical/horticultural differences were observed between transgenic and untransformed TS vines. CAP- and PGIP-
expressing transgenic grapevine lines in Solano County have been also been genotyped, confirming the presence of the 
inserted transgene in all lines. 

REFERENCES CITED 
Aguero, C.B., S.L. Uratsu, C. Greve, A.L.T. Powell, J.M. Labavitch, and A.M. Dandekar.  2005. Evaluation of tolerance to 

Pierce’s disease and Botrytis in transgenic plants of Vitis vinifera L. expressing the pear PGIP gene. Mol. Plant Pat. 6:43-
51. 

Aguero, C.B., C.P. Meredith, and A.M. Dandekar. 2006. Genetic transformation of Vitis vinifera L. cvs. ‘Thompson 
Seedless’ and ‘Chardonnay’ with the pear PGIP and GFP encoding genes. Vitis 45:1-8. 

Almeida, R.P.P. and A.H. Purcell. 2003. Biological traits of Xylella fastidiosa strains from grapes and almonds. App. Env. 
Microbiol. 68:7447-7452. 

Dandekar, A.M., J.M.. Labavitch, R. Almeida, A.M. Ibáñez, S.L. Uratsu, H. Gouran and C. Aguero. 2009. In planta testing 
of signal peptides and anti-microbial proteins for rapid clearance of Xylella. Proceedings of the Pierces Disease Research 
Symposium. Dec 9-11. Sacramento CA. pp. 117-122. 

International Organization of Vine and Wine (OIV). 1983. Code of descriptive characteristics of Vitis varieties and species. 
Ed. Dedon, Paris. 

Krivanek, A.F., J.F Stevenson and M.A. Walker. 2005a. Development and comparison of symptom indices for quantifying 
grapevine resistance to Pierce’s Disease. Phytopathology 95:36-43. 

Krivanek, A.F., J.F Stevenson and M.A. Walker.  2005b. Vitis resistance to Pierce’s disease is characterized by differential 
Xylella fastidiosa population in stems and leaves. Phytopathology 95:44-52. 

Kunkel, M., M. Vuyisich, G. Gnanakaran, G.E. Bruening, A.M. Dandekar, E. Civerolo, J.J. Marchalonis and Gupta, G. 
2007. Rapid clearance of bacteria and their toxins: Development of therapeutic proteins. Critical Reviews in 
Immunology 27: 233-245. 

Roper, M.C., L.C. Greve, J.G.Warren, J.M. Labavitch and B.C. Kirkpatrick. 2007. Xylella fastidiosa Requires 
Polygalacturonase for Colonization and Pathogenicity in Vitis vinifera Grapevines. MPMI 20: 411-419. 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board. 

- 106 -



         

         
        

            
          
          

              
            

            
  

            
           

        
              

             
             

          
          

             
                

             
               

             
          

             
               

               
              

             
               

           
            

          
            

              
                

           
                 

                 

ENGINEERING  MULTI-COMPONENT RESISTANCE TO  PIERCE’S  DISEASE 
IN CALIFORNIA GRAPEVINE  ROOTSTOCKS 

Principal  Investigator: 
Abhaya M.  Dandekar 
Dept.  of  Plant  Sciences 
University of  California 
Davis,  CA  95616 
amdandekar@ucdavis.edu 

Cooperator: 
Andrew  Walker 
Dept.  of  Vitic.  & Enol. 
University of  California 
Davis,  CA  95616 
awalker@ucdavis.edu 

Cooperator: 
Ana M.  Ibáñez 
Dept.  of  Plant  Sciences 
University of  California 
Davis,  CA  95616 
amibanez@ucdavis.edu 

Cooperator: 
Sandie Uratsu 
Dept.  of  Plant  Sciences 
University of  California 
Davis,  CA  95616 
sluratusu@ucdavis.edu 

Cooperator: 
Kourosh Vahdati 
Dept.  of  Plant  Sciences 
University of  California 
Davis,  CA  95616 
kvahdati@ucdavis.edu 

Cooperator: 
David  Tricoli 
Dept.  of  Plant  Sciences 
University of  California 
Davis,  CA  95616 
dmtricoli@ucdavis.edu 

Cooperator: 
Cecilia Aguero 
Dept.  of  Vitic.  & Enol. 
University of  California 
Davis,  CA  95616 
cbaguero@ucdavis.edu 

Reporting Period: The results reported here are from work conducted July 2011 to September 2011. 

ABSTRACT 
We propose to develop transgenic grapevine rootstocks resistant to Pierce’s disease (PD) using new transformation protocols 
for the commercially relevant grapevine rootstocks ‘101-14’ and ‘1103-P.’ Our genetic approach involves developing 
transgenic rootstocks that deliver therapeutic proteins like NE-CB that can protect an untransformed scion from PD. Our 
approach is to improve grapevine transformation, exploring the possibility of in planta transformation of shoot apical 
meristems (SAM). We have successfully isolated SAM tissues from grapevine rootstocks ‘101-14’ and ‘1103-P’ and from 
‘Thompson Seedless’ as a control. These SAM tissues are being tested for regeneration potential using different media and 
hormone concentrations that have worked in other grapevine cultivars. The outcome of this research would be the successful 
development of a more efficient and rapid transformation system for commercially relevant grapevine rootstock and scion 
varieties using SAM. 

LAYPERSON SUMMARY 
Current strategies for Pierce’s disease (PD) control emphasize deploying transgenic rootstocks that deliver PD control to the 
untransformed scion. Present technology must be improved to effectively generate transgenic, PD-resistant versions of 
preferred commercial rootstocks like ‘101-14’ and ‘1103-P.’ We propose to refine different components of the current 
transformation protocol for greater efficiency, allowing more rapid production and testing of plants. We will transform 
rootstock ‘110-14’ with an existing vector that incorporates a chimeric protein (NE-CB) to provide enhanced resistance to PD 
in the scion. We have already initiated development of a more efficient and rapid transformation system for grape rootstocks. 

INTRODUCTION 
Several presentations at the 2010 Pierce’s Disease Symposium highlighted transgenic strategies using various promising 
transgenes with potential for conferring resistance to Xylella fastidiosa (Xf), the causal agent of Pierce’s disease (PD). 
However, most such projects have not yet demonstrated such control in commercially significant rootstocks (Dandekar, 
2010; Gilchrist, 2009; Labavitch, 2010; and Lindow, 2009). This is partly because the current grapevine transformation and 
regeneration system was developed at UC Davis a decade ago in rootstocks and scion varieties like Vitis vinifera 'Thompson 
Seedless' (Aguero et al., 2005b, 2006). This system is cumbersome and slow because it uses embryogenic callus developed 
from young anthers, a tissue available for one brief period during each growing season. It takes around ~6-8 months to 
generate transgenic somatic embryos from callus lines derived from anther tissue. Additionally, somatic embryogenic callus 
lines are not available for some widely used commercial rootstocks such as ‘101-14.’ To overcome this hurdle, we are 
developing a transformation system using meristematic stem cells present in the shoot apical meristem (SAM). In plants like 
grape, all aboveground plant parts are generated from a cluster of stem cells present in the central dome of the SAM 
(Sablowski, 2007). Genetic factors regulated through cytokinin signaling determine and control the number of stem cells 
(Gordon et al., 2009). Several research- and commercial-scale transformations use meristem tissue from different crops. Use 
of SAM for transformation has occurred with a limited number of grapevine varieties. Mullins et al. (1990) co-cultivated 
adventitious buds of Vitis rupestris ‘St. George’ rootstock with Agrobacterium and produced transgenic plants. However, the 
methodology was never repeated. Mezzetti et al. (2002) transformed V. vinifera ‘Silcora’ and ‘Thompson Seedless’, cultivars 
with a strong capacity to differentiate adventitious shoots, using a meristematic tissue culture system. The culture type was 
unique and the overall application to other cultivars is unclear. Levenko and Rubtsova (2000) used in vitro internode 
explants to transform three V. vinifera scions and a rootstock, but did not provide sufficient details for the technique to be 
repeated. Dutt et al. (2007) described a simple transformation system for ‘Thompson Seedless’ using explants from readily 
obtainable micropropagation cultures. Tissues from etiolated cultures and meristem wounding using fragmented meristems 
gave the best results. This latter system has not been tested in many rootstocks. Taken together, these studies indicate that 
SAM is an interesting tissue to investigate, particularly since it is available all year. Additionally, much is now known about 
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various developmentally regulated genes in plants like Arabidopsis that suggests how hormone input can be used to 
manipulate the developmental patterns of SAM (Galinha et al., 2009). 

OBJECTIVES 
The goal of this project is to develop a shoot apical meristem-based regeneration system to produce transgenic grapevine 
rootstocks to control PD. This goal will be accomplished by two activities: 

Activity 1: Develop a SAM-based regeneration system for important rootstocks. 
Activity 2: Transform, select, regenerate, and confirm transgenic grapevine plants using this new system. 

We have focused on activity one, the development of a regeneration system using stem cells present in the shoot apical 
meristem. 

RESULTS AND DISCUSSION 
Activity 1: Develop a shoot apical meristem regeneration system for grapevines that provides faster, more efficient 
production of transgenic plants. 
Meristematic domes contain stem cells that make all aboveground parts of the plant (Sablowski, 2007; Gordon et al., 2009). 
Our first step has involved developing expertise and proficiency at dissecting and excising the meristematic dome from field-
grown ‘101-14’ and ‘1103-P’ rootstocks, using ‘Thompson Seedless’ as a control. A similar technique is used routinely for 
pathogen elimination at UC Davis Foundation Plant Services. We have worked closely with Adib Rowhani and his 
colleagues to learn the best technique for excising a SAM. A pictorial outline of the process with ‘101-14’ is shown (Figure 
1). The sterile meristematic tissues are then cultured to examine their potential for organogenesis or somatic embryogenesis 
using different hormone concentrations and combinations. We are currently investigating various hormone and media 
compositions to identify those that lead to proliferation of the SAM; some are described below. 

Figure 1. Process for the excision of shoot apical meristem (SAM) from ‘101-14’ grapevine shoot tips. 

We have been following published protocols that use different hormone concentrations and combinations to proliferate 
SAMs and induce a “meristematic bulk” (MB) (Mezzetti at al. 2002, Dhekney et al 2011). This is done using benzyladenine 
(BA), 2,4-dichlorophenoxyacetic acid (2,4-D), and naphthaleneacetic acid (NAA). ‘101-14’ shoot tips were harvested and 
immediately dissected to produce explants composed of the apical meristem plus microscopic leaf primordia. Explants were 
immediately placed in Petri dishes containing induction media composed of Murashige and Skoog (MS) salts and vitamins, 
0.1 g L-1 myo-inositol, 30 g L-1sucrose and hormones 2,4-D and BA at four and five different concentrations, respectively 
(Table 1). There were three explants per treatment, replicated three times (nine explants total per treatment). The explants 
are transferred to fresh medium every three weeks and incubated in the dark at 25ºC. 
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Table 1. Effect of BA and 2,4-D levels on somatic 
embryogenesis of ‘101-14’ grape rootstock. 
BA mg L-1 0.1 0.2 0.5 1.0 2.0 
2,4-D mg L-1 

0 B1 B2 B3 B4 B5 
0.5 B6 B7 B8 B9 B10 
1 B11 B12 B13 B14 B15 
2 B16 B17 B18 B19 B20 

At this point, the domes have neither swelled nor proliferated in treatments B1 to B5, B7 to B10, B12 to B15, and B18 to 
B20. Treatments B6, B11, B16, and B17 show interesting morphogenesis: they are actively multiplying and possibly 
regenerating. The type of morphogenesis appears to be somatic embryogenesis but further time is required to confirm this. 

We have also  investigated  using  different  media, using ‘Thompson  Seedless’  (TS)  as  a control with  which we  have  previous 
experience in  culture and  ‘101-14’  and ‘1103-P’  rootstocks.   Shoot tips  were  harvested  from  field-grown  material  and 
immediately  dissected  to  produce explants  composed  of  the apical  meristem  plus  microscopic leaf  primordia.   Explants  were 
immediately  placed  in  Petri  dishes  containing  five different  induction  media,  N1  to  N5,  composed  of   Nitsch  and  Nitsch  (NN) 
salts  and  vitamins,  0.1  g L-1 myo-inositol,  20 g  L-1 sucrose,  0.5  µM  BA,  and  0  µM (N1),  1  µM  (N2),  5  µM  (N3),  10  µM  (N4), 
or  50  µM  (N5)  2,4-D (Table  2).  Here we are testing  the ability  of  2,4-D  to  induce somatic embryogenesis.   There were 15 
explants  per  treatment,  replicated  three times,  for  45  explants  per  treatment.   The explants  have been  transferred  to  fresh 
medium  every  three weeks  and   incubated  in  the dark  at  25ºC.   Resulting  callus  will  be transferred  to  MS  salts  and  vitamins 
medium  with  1  µM  BA  and  11  µM  Naphthaleneacetic acid  (NAA)  for  development  of  somatic embryos. 

Table 2. Effect of BA and 2,4-D levels on somatic 
embryogenesis of TS, ‘101-14’and ‘1103-P’ grape rootstock. 
Medium N1 N2 N3 N4 N5 
BA µM 5 5 5 5 5 
2,4-D µM 0 1 5 10 50 

In addition to solid medium, we will try liquid medium to stimulate growth and differentiation. This has proved useful in 
both regeneration and transformation (Humberto Prieto’s personal communication, La Platina Research Station, National 
Agriculture Institute, Santiago de Chile). For the liquid phase, we will use “temporary immersion” (TI) in medium that is 
identical to the solid medium except for the absence of solidifying agent. This phase will be done in collaboration with 
David Tricoli at the UC Davis Parsons Plant Transformation Facility. 

CONCLUSIONS 
We are currently developing a shoot apical meristem-based grapevine regeneration system for faster, more efficient 
production of transgenic plants. We have initiated experiments with solid medium to study the effect of the cytokinin 
benzyladenine (BA) and the auxin 2,4-Dichlorophenoxyacetic acid (2,4-D) on somatic embryogenesis of TS and ‘101-14’, 
and ‘1103-P’ rootstocks. Transgenic rootstocks have been proposed as the best strategy to develop PD-resistant grapevines. 
However, current transformation protocols use embryogenic callus lines developed from anther culture for transformation 
and available cultures do not include rootstock genotypes currently used by growers in California. Also, current callus lines 
have been in culture for a long time and fresh new cultures must be selected, a task limited to a single season each year. This 
research seeks to overcome this seasonal limitation by developing a transformation system using a SAM, a starting material 
that is available year-round. 

The results of this research will benefit other research groups working on transgenic strategies to control PD and has the 
potential to benefit research in other crops where transgenic approaches are sought to create pathogen resistance in 
rootstocks. The objective described in this proposal directly addresses the research priorities outlined in ‘attachment A’ of 
the 2010 PD/GWSS proposal RFA. It also addresses the top RSAP priority in the “Enabling tools- Development of grape 
regeneration and transformation systems for commercially important rootstocks” handout released in December 2009. This 
document outlines the “Top 5 to 10 Project Objectives to Accelerate Research to Practice” and updates the priority research 
recommendations provided in the report “PD/GWSS Research Scientific Review: Final Report” released in August 2007 by 
the CDFA’s Pierce’s Disease Research Scientific Advisory Panel. 
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ABSTRACT 
The aim of this project is to understand the role of Xylella fastidiosa (Xf) surface proteins, especially the translation 
elongation factor "temperature unstable" (EF-Tu) in disease development induced by this bacterium, the causitive agent of 
Pierce's disease (PD) of grapevine, and to use this understanding to interfere with disease development. Our earlier work 
showed that the infiltration of preparations enriched in Xf EF-Tu protein into Chenopodium quinoa leaves induced a chlorosis 
reaction, suggesting that EF-Tu may contribute to symptom development in Xf infections. EF-Tu of certain eubacteria has 
been recognized as a MAMP, a microbe-associated molecular pattern, i.e., a macromolecule that is characteristic of a class of 
microorganisms and thus well suited to signaling the invasion of a member of that class. Unlike the EF-Tu of most 
eubacteria, Xf EF-Tu is associated with an insoluble fraction, which makes its purification by conventional methods difficult. 
Previously, we demonstrated that using Agrobacterium tumefaciens to program plant cells to produce apoplast-targeted Xf Ef-
Tu resulted in the development of scorching symptoms characteristic of PD in Nicotiana tabacum cultivar SR-1 and 
Thompson seedless grapevines. The application of transgenic Agrobacterium obviated the need to purify EF-Tu. We report 
here that the use of A. tumefaciens carrying new binary constructs with intron inserts in Xf EF-Tu gene, both with and without 
apoplastic targeting sequences, also induced PD-like symptoms in SR-1 tobacco. Infiltrations of these same Agrobacterium 
strains into Nicotiana benthamiana did not lead to symptom development, consistent with the known lack of an EF-Tu 
receptor in N. benthamiana. We expected that apoplastic targeting would be required for symptom induction because, in the 
infected plant, Xf resides in the xylem rather than interacting with living cells. Interpreting the similar response of SR-1 
tobacco to EF-Tu targeted and not targeted to the apoplast is confounded by the much greater accumulation of EF-Tu for the 
non-apoplast-targeted, compared to the untargeted, construct. We employed transposon mutagenesis to map regions of EF-
Tu needed for symptom induction. Our results suggest that the symptom-inducing region lies between amino acids 91 and 
291. Previously, we found that digestion of Xf cells with lysozyme in a detergent solution generated a membrane- and EF-
Tu-containing insoluble fraction in which EF-Tu is accessible to antibody, whereas the EF-Tu of intact Xf cells is not 
accessible. Here we demonstrate that infiltration of the insoluble, EF-Tu-containing fraction into Thompson seedless 
grapevine leaves stimulated expression from a grapevine promoter known to be specifically activated in Xf infection. 

LAYPERSON SUMMARY 
The elongation factor "temperature unstable", EF-Tu, is one of the most abundant proteins in most bacteria. In Xylella 
fastidiosa (Xf) it is found at or just below the cell surface and is associated with an insoluble fraction which makes 
purification difficult. To avoid the need to purify the Xf EF-Tu, we have used Agrobacterium, a bacterium that can program 
plant cells to produce exogenous proteins, to produce Xf EF-Tu either with or without targeting EF-Tu to the outside of the 
plant cell. Production of either targeted or untargeted EF-Tu in Nicotiana tabacum cv SR-1 led to development of Pierce's 
disease(PD)-like symptoms. We have shown that only part of the Xf EF-Tu protein is necessary to produce these symptoms. 
Also, the insoluble fraction, which has much more accessible EF-Tu protein than intact cells, is capable of stimulating 
grapevine responses in the same way that Xf infection can. The apparent ability of Xf EF-Tu protein to stimulate grape and 
the production PD-like symptoms in the absence of intact Xf cells or other Xf proteins supports a role for the Xf EF-Tu protein 
recognition in PD and could lead to novel methods for reducing PD symptom development. 

INTRODUCTION 
Effective long term control of Pierce’s disease(PD) will likely require the development of resistant or tolerant grapevine 
cultivars. Resistance or tolerance could be achieved by interfering with symptom development, which presumably requires at 
least partial interference with the functioning of Xylella fastidiosa (Xf) virulence factors. While the mechanism of Xf 
virulence factor function has not been established, Xf surface proteins, such as the major outer membrane protein, MopB 
(Bruening and Civerolo 2004), the hemagglutinin-like minor outer membrane proteins HXfA and HXfB (Guilhabert and 
Kirkpatrick 2005) and a form of the translation elongation factor "temperature unstable" (EF-Tu), are possible candidates. 
We reported earlier that partially purified MopB was capable of inducing chlorosis in Chenopodium quinoa (Bruening et al. 
2007); however, Xf MopB produced in and purified from E. coli did not induce this chlorosis. Eluted protein from a minor 
trailing band from electrophoresis of this partially purified MopB preparation through a sodium dodecyl sulfate-permeated 
polyacrylamide gel induced chlorosis in C. quinoa. The major component of this trailing band was EF-Tu suggesting that it, 
and not MopB, is the chlorosis inducing factor. 
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EF-Tu is one of several highly conserved eubacterial macromolecules known as "microbe-associated molecular patterns" 
(MAMPs) because of their ability to induce innate immunity in both plants (Jones and Dangl 2006) and animals. Flagellin, 
chitin and certain lipopolysaccharides are other examples of MAMPs. EF-Tu is the most abundant protein (up to 700,000 
molecules per cell) in most bacterial cells making it a reasonable signal for the presence of bacterial infection. The MAMP 
activity of E. coli EF-Tu is illustrated by its ability to induce alkalization of the medium of cultured Arabidopsis thaliana 
cells at subnanomolar concentrations. Pressure infiltration of E. coli EF-Tu at 1μM into Arabidopsis leaves leads to both 
resistance to Pseudomonas syringae and the accumulation of defense gene mRNAs (Kunze et al. 2004). The E. coli EF-Tu 
and Xf EF-Tu are highly similar (77% identity and 88% similarity in their amino acid sequence), and they both induce 
chlorosis when pressure infiltrated into C. quinoa leaves. The regions that show identity between the E. coli and Xf EF-Tu 
protein sequence also show >90% identity with >100 eubacterial Ef-Tu sequences (Kunze et al. 2004). In some bacteria, the 
EF-Tu protein has at least one additional activity--that of an adhesin. Mycoplasma pneumoniae and Lactobacillus johnsonii 
appear to use EF-Tu for the binding of these bacteria to human cells, and, in the case of M. pneumoniae, antibody to EF-Tu 
was demonstrated to interfere with attachment to human cells (Dallo et al. 2002, Granato et al. 2004). Therefore, it would not 
be surprising that the apparently surface associated Xf Ef-Tu would be capable of inducing reactions in grapevine, including 
those that lead to symptom development. This work is an extension of our previous project entitled "Exploiting Xylella 
Fastidiosa Proteins For Pierce’s Disease Control". The objectives for the current project are given below. 

OBJECTIVES 
1. Test Xf EF-Tu for its ability to induce scorching in grapevine 
2. Identify a grapevine receptor for Xf EF-Tu 
3. Interfere with Xf EF-Tu-induction of scorching using RNAi or by expression of alternative receptor 
4. Characterization of Xf EF-Tu and its immobilization and localization 

RESULTS AND DISCUSSION 
Transient expression of Xf EF-Tu in Nicotiana tabacum induces Pierce's disease-like symptoms 
Our  earlier  agro-infiltration  constructs  were designed  to  express Xf EF-Tu  for  accumulation  in  the  plant cell cytoplasm  or  in 
the intercellular  spaces  (apoplast).   A  protease-encoding  sequence was  incorporated  to  generate a near-wildtype  amino-end to 
EF-Tu.   These constructs  apparently  slowed  the growth  of Agrobacterium tumefaciens,  and  the protease provoked  a reaction 
when  it  was  transiently expressed  in plants. Figure 1 diagrams  new  constructs  from  which  the protease was  eliminated  and 
into  which an intron was  inserted  to  prevent  expression in A. tumefaciens.   Extracellular  targeting was  through the  P14 
apoplastic targeting  sequence (Vera et  al.  1989),  which  has  been  shown  by  Jim  Lincoln  of  the David  Gilchrist  laboratory  to 
effectively  cause secretion  of  the green  fluorescent  protein  (GFP)  into  the apoplast. For  convenience,  in this  report  apoplast-
targeted  construct  is  designated  P,  and  the cytoplasm-targeted  construct is  designated  I.   The  positioning  of  the  intron  after 
codon  3 should prevent  synthesis  of  EF-Tu in A. tumefaciens and  thus  any  toxic effects  from  premature expression.   Due to 
the uncertainty  in  the site of  signal  protease cleavage to  release P14,  the amino  end  produced  by  expression  from  these new 
constructs  may  not  be the same as  the authentic EF-Tu  amino end. 

gus intron Xf EF-Tu 
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P gus intron Xf EF-Tu 

            
                

             
               

              
           

          
            

           
               
      
             

                 
          

                
          

     
  

          
     

 

              
        

         
         

         
          

         
        

       
 

              
              
          

              
             

        
            

Figure 1. Coding sequence for I and P constructs. The I construct is intended to 
generate EF-Tu in the cytoplasm of agro-infiltrated leaves. The P construct is 
intended to direct intercellular accumulation of EF-Tu. In the P diagram, the arrow 
represents the site of cleavage that releases the P14 peptide. The grey boxes represent 
Xf EF-Tu coding regions. The gus intron is preceded in the construct by a sequence 
encoding only the first three amino acids of Xf EF-Tu. The intron was derived from 
the intron in the gus-encoding sequence found in the pCAMBIA vectors and was 
originally derived from the castor bean catalase gene. These constructs were cloned 
into pEAQ-HT, an expression vector that gives high levels of translation (Sainsbury 
and Lomonosoff, 2008). 

The two strains of A. tumefaciens used here, in order of increasing aggressiveness, are LBA4404 and GV2260. Each was 
transformed with the P and with the I constructs, which were compared with untransformed A. tumefaciens. In later 
experiments, with each of the three A. tumefaciens strains, the untransformed strain and the same strain bearing pEAQ-HT 
vector without insert, induced very similar reactions on SR-1 tobacco (not shown), supporting the appropriateness of the 
untransformed A. tumefaciens control. LBA4404, bearing either the I or the P construct, induced mild scorching symptoms in 
agro-infiltrated SR-1 tobacco (Nicotiana tabacum), whereas untransformed A. tumefaciens induced, at most, only a mild 
chlorosis (compare the three panels on the left half of Figure 2). As expected, agro-infiltration with strain GV2260 
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containing the I and P constructs induced stronger scorching symptoms compared to LBA4404 (compare the left and right 
halves of Figure 2). 

LBA4404 GV2260 

C 

I 

P 
Figure 2.   Comparison  of  scorch  symptoms  produced on  SR-1  tobacco  by  infiltration 
with Agrobacterium alone (C)  and Agrobacterium containing the  I  and  P  constructs. 
Two Agrobacterium strains  were  tested,  LBA4404 and GV2260.   Cultures  were 
grown overnight  at  28oC  then  diluted 1/10 and growth  was  allowed to continue  for 
several  hours  until  the  cultures  reached  mid-log phase  (A600 = ~0.6).   The cells  were 
washed  once with  water  and  their A600 were  adjusted to 0.5 A600 before  infiltration. 
Pictures  were  taken  at five  days  post infiltration  (dpi),  although  symptoms  were 
usually  easily  seen  between  two  and  three dpi. 

The I construct lacks the apoplast-targeting P14 sequence and therefore should direct synthesis of cell-confined EF-Tu. The 
observed strong scorching symptoms is inconsistent with recognition by an EFR homolog because the ligand-binding portion 
of the EFR protein is known to be extracellular (Albert et al. 2010) and Xf is not expected to be capable of delivering Xf 
proteins to the plant cell interior (Meidanis et al. 2002). The observed scorching symptoms after intracellular accumulation 
of Xf EF-Tu could be explained if there is (i) a functional intracellular receptor of EF-Tu, (ii) escape of some EF-Tu from the 
cell or (iii) toxicity of the EF-Tu protein not related to its MAMP activity. To address this last possibility, we infiltrated N. 
benthamiana, which is known not to have an EFR homologue, with GV2260 containing the I and P constructs. Figure 3 
shows N. benthamiana leaves infiltrated at the same time as the SR-1 tobacco leaves shown in Figure 2. No symptoms were 
present in the N. benthamiana compared with the strong scorching symptoms seen in the SR-1 tobacco at 5 dpi. By nine dpi, 
a mild yellow chlorosis was visible in the I construct infiltrated N. benthamiana leaves compared to the C and P construct 
infiltrated leaves. This lack of symptoms is consistent with the absence of an EFR homologue in N. benthamiana. It is also 
consistent with the EF-Tu not being generally toxic to plant cells, at least for N. benthamiana. This non-toxicity in N. 
benthamiana and is also supported by studies of GFP expression from the pEAQ-HT vector in GV2260, which show much 
greater accumulation of GFP in N. benthamiana than in SR-1 tobacco (results not shown). 

Protein was extracted from the N. benthamiana leaves at nine dpi, subjected to denaturing gel electrophoresis and 
immunoblotted using anti-Xf EF-Tu antibodies. As shown in Figure 4, a small amount of protein, visible between the 
37.5KDa and 50KDa standards, was detected only in the extract from the I sample while no signal was observed for the lane 
receiving the P sample, which is consistent with previous experiments where P14-containing, apoplast targeted GFP 
produced far less GFP fluorescence and GFP protein than was observed for the GFP construct lacking P14. GFP expressed 
from the pEAQ-HT vector represents a significant fraction of the N. benthamiana cell protein (Sainsbury and Lomonosoff, 
2008). Therefore, the small amount of Xf EF-Tu produced in the otherwise superior protein-producing N. benthamiana 
supports the notion that a specific reaction with a receptor, rather than an inherent toxicity, is responsible for the scorching 
symptoms seen in SR-1 tobacco. The low level of protein produced may be due to codon bias differences between the plants 
used and the Xf bacteria, for example the preference for CGC codons for arginine in prokaryotes while it is rarily used in 
plants, or may be due to poor splicing. In either case, the amount of EF-Tu produced is sufficient to elicit a strong response. 
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Figure 3. Test of symptom development in N. Benthamiana after 
infiltration with GV2260 containing I and P constructs. Left panel, opposite 
half leaves were infiltrated with GV2260 alone (C) or containing the P 
construct (P). Right panel, leaf infiltrated with GV2260 containing the I 
construct. The cultures used with the same as used in the experiment shown 
in Figure 2 and were infiltrated at the same time. Images taken at five dpi. 

50kDa 
37.5kDa 

C G V P I 

Figure 4. Immunoblot with anti-Xf EF-Tu antibody of protein 
extracts of N. benthamiana leaves extracted nine dpi. Extracts 
are from uninfiltrated leaves (C), leaves infiltrated with 
GV2260 only (G), GV2260 containing empty pEAQ-HT (V), 
GV2260 containing the P construct (P) and GV2260 
containing the I construct (I). 

Since the I construct produced scorching symptoms in SR-1 tobacco, we undertook experiments aimed at defining the portion 
of the EF-Tu protein that is recognized to initiate development of these symptoms. A EZ-Tn5 <Tet-1> transposon from 
Epicentre Technologies was inserted randomly into the I construct plasmid DNA in vitro. Transformation into E. coli 
followed by selection on kanamycin and tetracycline plates allowed only those plasmids that had at least one inserted 
transposon to be recovered. The promoter that transcribes the tetracycline resistance gene could lead to production of Xf EF-
Tu protein fragments through internal initiation if the transposon is inserted in the appropriate orientation. Because this could 
lead to toxic effects during cloning, only those plasmids where the transposon is in the opposite orientation to the Xf EF-Tu 
were chosen. These clones were selected by PCR using a primer outside the Xf EF-Tu coding sequence and a primer within 
the transposon such that only the desired plasmids would give a PCR product. The size of this PCR product was used to 
roughly map the insertion sites and appropriate clones were sequenced to determine the exact insertion site. Two clones were 
transformed into A. tumefaciens strain GV2260 and infiltrated into SR-1 tobacco. Figure 5 shows the locations of these two 
clones and shows that in clone I-10, the deletion of the C-terminal 105 amino acids did not destroy the ability of the produced 
Xf EF-Tu protein fragment to induce scorching. However, in clone I-12, leaving only the 91 N-terminal amino acids did 
destroy said ability. A peptide representing the 18 N-terminal amino acids is sufficient to bind and activate the Arabidopsis 
EFR protein (Kunze et al. 2004). When this peptide was infiltrated into Chenopodium quinoa leaves, the chlorosis that 
characteristically develops after infiltration of preparations enriched in Xf EF-Tu (Bruening et al. 2007) was not seen. These 
results suggest that the receptors for EF-Tu in Chenopodium and SR-1 tobacco may be recognizing different epitopes than the 
epitope recognized by the Arabidopsis EFR protein. Nevertheless, the receptor proteins in Chenopodium and SR-1 tobacco 
could be EFR homologs. 
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SR-1 HR 

gus intron Xf EF-Tu (397aa) I 

gus intron Xf EF-Tu (291aa) I-10 

EZ-Tn5 <Tet-1> 

+ 

+ 
gusintron Xf EF-Tu (91aa) I-12 

EZ-Tn5 <Tet-1> 

Figure 5. Transposon tagged construct I in A. tumefaciens strain GV2260 and 
tested in SR-1 tobacco. I-10 and I-12 are the designation for the tested clones. The 
number of amino acids of Xf EF-Tu before the insertion site for each clone tested is 
shown in parenthesis. The grey colored area corresponds to sequence 3’ of the first 
stop codon resulting from the transposon insert. 

The EF-Tu protein is considered to consist of three domains. Clone I-10 has enough of the carboxyl end sequence of EF-Tu 
deleted to completely remove domain 3 (Song et al. 1999). The spontaneous polymerization of E. coli EF-Tu maps to 
domain 3. Polymerized EF-Tu is speculated to be a component of the primative prokaryotic cytoskeleton (Soufo et al. 2010). 
One possible mechanism by which Xf EF-Tu could be inherently toxic is by polymerizing. The fact that SR-1 tobacco 
recognition of Xf EF-Tu does not require the polymerization domain suggests that Xf EF-Tu is not inherently toxic, as we 
have already tentatively concluded from other evidence presented and interpreted above. 

Stimulation of an EF-Tu responsive grape promoter by a Xf cell-derived sub-cellular fraction 
Previously, we described material that is released from Xf cells after incubation with Bugbuster, a commercial bacterial lysis 
solution, and lysozyme. A fraction, designated fraction P, was recovered by centrifugation and gradient centrifugation of the 
partially digested Xf cell material (Bruening et al. 2008). Electron microscopy of fraction P revealed spheres of 
approximately the same surface area of the original Xf cells, suggesting that components of fraction P are at or very near the 
surface of the intact cells (Feldstein et al. 2010). Immunogold electron microscopy with anti-Xf EF-Tu antibody showed that 
fraction P retained Xf EF-Tu (Feldstein et al. 2010). Separate incubations of fraction P and intact Xf cells with Alexa 488-
labeled anti-Xf EF-Tu antibody, followed by washing and centrifugation, resulted in labeling of fraction P but not of the 
intact cells (Figure 6A). These results suggest that the Xf EF-Tu, like the EF-Tu proteins of a few other bacteria, is 
associated with the outer surface of the bacterial cell but is not accessible in the intact cell. For certain pneumococci and 
meningococci bacteria, the surface associated EF-Tu is not accessible to antibody and is made accessible only after treatment 
of the cells with heat or ethanol (Kolberg et al. 2008). 

Viable or heat-inactivated Xf cells induce a chlorotic reaction when pressure infiltrated into Chenopodium quinoa leaves. 
This activity was traced to the EF-Tu of Xf cells (Bruening et al. 2007). Not surprisingly, fraction P stimulated a similar 
reaction after pressure infiltration into C. quinoa leaves. Transcription from a grapevine promoter, 9353, which was 
discovered in the laboratory of Douglas Cook and exploited in the laboratory of David Gilchrist, is activated by Xf infection 
of grapevine (Gilchrist and Lincoln 2008). To test the ability of fraction P to activate, in grapevine leaves, transcription from 
promoter 9353, A. tumefaciens bearing a 9353-driven GFP construct was co-infiltrated with fraction P. At five days after 
infiltration, leaf lamella were examined under a laser confocal microscope. Figure 6B shows that only when the fraction P 
material was infiltrated was a GFP signal seen in the infiltrated areas, suggesting that a component of fraction P, presumably 
EF-Tu, is sufficient to activate Xf-infection-specific promoter 9353. 
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Figure 6. Xf cell-derived fraction P has antibody-accessible EF-Tu and activates 
transcription from a Xf-infection-specific grapevine promoter. (A) Recovery of 
fluorescent anti-Xf EF-Tu antibody in the insoluble fraction after incubation with 
intact Xf-HXfB cells, left panel, and with fraction P material, right panel. 
Fraction P material or cells were incubated with Alexa 488-labeled anti-Xf EF-Tu 
and then washed with buffer and collected by centrifugation. The centrifugation 
pellet, collected in the bottom of an Eppendorf tube, was viewed under a 
fluorescent microscope. (B) Laser confocal microscope images of Thompson 
Seedless grape leaves infiltrated with Silwet only, left panel, with Silwet and A. 
tumefaciens strain bearing the Xf infection-specific 9353 promoter-GFP expression 
construct, middle panel, or with Silwet, the 9353 promoter-GFP expression 
construct and fraction P material, right panel. The Silwet wetting agent increases 
the entry of the A. tumefaciens cells in the infiltration method used. 

CONCLUSIONS 
Xf EF-Tu has been shown to be associated with or near the outer surface of the Xf cell. This peripheral location could allow 
recognition by the plant of the Xf EF-Tu protein. Due to the difficulties of purifying the Xf EF-Tu protein itself, we have 
used Agrobacterium to induce plant cells to produce the Xf EF-Tu protein themselves. This production leads to PD-like 
symptoms. While targeting of this protein to the intercellular spaces of the leaf does not appear necessary in these 
experiments, the difference in the amount of protein produced may allow some of the more highly produced intracellular 
protein to reach the presumably extracellular receptor. We have also found that removal of the C-terminal domain 3 of the 
EF-Tu protein does not interfere with symptom development, but that larger deletions did, suggesting that the recognized 
region of EF-Tu is between amino acids 91 and 291. This is inconsistent with the EF-Tu region known to bind to the 
Arabidopsis EFR receptor, which consists of the amino-end 18 amino acids. This suggests that the Arabidopsis receptor EFR 
and the presumed grapevine and SR-1 tobacco receptors may be recognizing different regions of the EF-Tu protein. 
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Reporting Period: The results reported here are from work conducted October 1, 2010 to September 30, 2011 

ABSTRACT 
Previous research in our lab first established a determinative role for a genetically regulated process of programmed cell 
death (PCD), in the leaf scorch and cane death symptoms in Pierce’s disease (PD) and then developed a functional screen for 
PCD-suppressing plant genes from a cDNA library of grape genes. The functional screen identified six candidate DNA 
sequences potentially able to suppressing Xylella fastidiosa (Xf)- induced PCD when expressed as transgenes. Two of the 
sequences (VvPR1 and UT456) were selected to test for ability to suppress the PCD-dependent symptoms of PD. Greenhouse 
experiments over several years confirmed that these two different anti-PCD DNA sequences prevented PD symptoms in the 
PD-susceptible cultivar Thompson Seedless and the commercial rootstock Freedom. Furthermore, the bacterial titer in the 
transgenic plants was reduced four to six orders of magnitude below that reached in untransformed control vines. All 
untransformed control plants died within 2-3 months after inoculation while the transgenic plants were asymptomatic for 12 
months. The net effect of these transgenes is to limit bacterial titer but not distribution of bacteria in the asymptomatic 
plants. From the perspective of the grape-bacterial interaction, it appears that the anti-PCD genes suppress PD symptoms and 
functionally confine Xf to an endophytic ecology in the xylem equivalent to that seen in the related asymptomatic host Vitis 
californica. Clonal copies of the transgenic and control plants were moved to two field locations under an APHIS permit 
secured by PIPRA and were inoculated July 21, 2011. Greenhouse data obtained from grafting experiments indicate the 
protective effect of these genes may be transferred across a graft union to protect a susceptible untransformed scion. Grafted 
plants expressing VvPR1 and UT456 in the rootstock, but not the scion, have been moved to the field site for inoculation in 
the spring of 2012. 

LAYPERSON SUMMARY 
Xylella fastidiosa induces Pierce’s disease (PD) symptoms that are the result of the activation of a genetically regulated 
process of programmed cell death(PCD). We identified six novel anti-PCD genes from a grape cDNA library functional 
screen for ability to suppress PCD. Two of these grape sequences, VvPR1 and UT456, when expressed as transgenes in the 
PD susceptible Thompson Seedless plants, suppressed PD symptoms and dramatically reduced bacterial levels in inoculated 
plants. The remaining four genes were tested this year, along with VvPR1 and UT456; each of the four provided substantial 
suppression of both PD symptoms and bacterial titer. However, none were as effective as VvPR1 and UT456. Currently in 
progress are a series of experiments designed to evaluate whether the protective effect of these two sequences can protect 
untransformed susceptible winegrape scions across a graft union. Preliminary data suggest that 50% or more of the 
susceptible scions grafted to either VvPR1 or UT456 showed less PD symptoms and had lower bacterial titers than the 
unprotected control plants. While these results are encouraging, they are not complete or definitive and the experiment is 
continuing. The relative susceptibility of the suite of eight commercial winegrape varieties was tested under controlled 
greenhouse conditions prior to field testing these varieties as scions on the transgenic rootstocks. Mechanism of action 
experiments initiated recently suggests a genetically conserved basis for suppression of PCD and the protection against PD. 
This project is now moving from the proof-of-concept to potential application and characterization of these plants under field 
conditions with appropriate APHIS permits: initial field plantings were begun in July 2010 with additional plantings to be 
made in Solano and Riverside Counties in 2011. 

INTRODUCTION 
Susceptibility in most plant-microbe interactions depends on the ability of the pathogen to directly or indirectly regulate 
genetically determined pathways leading to apoptosis or programmed cell death (PCD). The role of altered cell stability in 
disease through an evolutionarily conserved program involving programmed cell death occurs in both animals and plants. 
Functionally, the induction of PCD results in an orderly dismantling of cells while maintaining integrity of the plasma 
membrane until internal organelles and potentially harmful contents including phenolics, reactive oxygen and hydrolytic 
enzymes have been rendered harmless to contiguous cells. Processed in this manner, the cell contents can serve as nutrients 
for microbial cells when they are present in the immediate environment of the pathogen (2). In the case of Xylella fastidiosa 
(Xf) and many other plant pathogenic bacteria, the bacteria live predominantly as endophytes or epiphytes but occasionally as 
pathogens. The relative susceptibility of the individual plant species is determined by unknown genetic factors. Presumably, 
sensitivity to the presence of the bacteria, expressed as cell death-dependent symptoms, is the result of signals expressed by 
the bacteria that lead to activation of PCD, as appears to be the case with Pierce’s disease (PD). Our research has focused on 
the effect of altering the expression of two different plant DNA sequences (PR1 and UT456). Both of these putative anti-
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PCD sequences protected both against PD symptoms and limited bacterial titer four to six orders of magnitude below that 
reached in untransformed control vines of the susceptible cultivar Thompson Seedless and the commercial rootstock 
Freedom, While protection against PD appears to be feasible in plants where the transgenes are expressed constitutively 
throughout the plant, it remains critical to determine whether transfer of this protection can occur across a graft union to 
untransformed scions. Hence, we have constructed transformed rootstocks (Freedom and Thompson Seedless) expressing 
PR1 or UT456 grafted to untransformed Thompson Seedless and winegrape scions to be tested first by greenhouse 
inoculation and later in field plantings if the greenhouse tests are positive for protection. To identify possible winegrape 
varieties to use as differential scions we completed testing the relative susceptibility of eight commercial winegrape varieties 
(Chardonnay, Pinot Gris, Sauvignon Blanc, Cabernet Sauvignon, Pinot Noir, Zinfandel, Syrah and Merlot) to establish 
quantitative and qualitative base line data before any field evaluation is undertaken. The greenhouse assays for these eight 
varieties have been completed and are summarized herein. Initial greenhouse inoculation experiments indicated that the 
protection by PR1 and UT456 does move across the graft union. Final data on these experiments will conclude in 2011. In 
summary, experimental results to date confirm progress in identifying DNA transcripts of grape which, if regulation of the 
natural transcripts is altered in transgenic plants, result in the suppression of symptoms of PD with an associated limitation in 
bacterial titer to levels generally associated with a benign endophytic association. Initial data on potential for transmission of 
protection by these anti-PCD sequences across a graft union to protect an untransformed wild type scion is positive. 

OBJECTIVES 
1. Complete the evaluation of the additional four candidate anti-apoptotic genes transformed into PD susceptible Thompson 

Seedless plants. (2010-2011) 
2. Evaluate the relative susceptibility of eight commercial winegrape varieties to PD and titer of Xf in the inoculated canes. 

(2010-2011) 
3. Initiate experiments to assess the potential for protection against PD across a graft union by VvPR1 and UT456, first 

with Thompson Seedless as the untransformed scion. (2010-2012) 
4. Determine presence and movement of the mRNA and/or protein of VvPR1 and UT456 across the graft union into the 

untransformed Thompson Seedless O2A scion. (2010-2012) 
5. Perform inoculations the eight winegrape varieties, initially on their own rootstocks and subsequently on Freedom and 

Thompson Seedless rootstocks expressing VvPR1 and UT456. (2012) 
6. Investigate the mechanism underlying the protection against PD by VvPR1 and UT456. (2010-2012) 
7. Collaborate with PIPRA to obtain permits to enable field evaluation of transgenic VvPR1 and UT456 in a location 

providing for controlled inoculation. (2010-2011) 
8. Secure patent protection as intellectual property for those genes that prove to be capable of blocking PD in grape. (2011-

2012) 

RESULTS AND DISCUSSION 
Complete the evaluation of the additional four candidate anti-apoptotic genes transformed into PD susceptible 
Thompson Seedless plants. (2010-2011) 
The protective genes or DNA sequences, isolated by a functional anti-PCD screen (1), have been described in (3,4,5). 
Greenhouse inoculations were completed in 2010-2011 and the results summarized in Table 1. DNA sequence analysis of 
each of these genes indicates the presence of orthologs in other plants including potato and tomato (Table 1). Inoculation of 
individual canes by the needle prick method delivered 10-20 µl of the Temecula strain of Xf at a concentration of 105 cfu/ml 
(2,000 cells). Presence of bacteria in the inoculated tissue is determined by qPCR and reported as the number of cells per 0.1 
gm of stem tissue (Table 1). All four candidate genes suppressed PD symptoms and reduced bacterial titer in the inoculated 
canes below that of the control but were not superior to VvPR1 or UT456 in either case. These genes will be maintained in 
clonally propagated plants and patent protection sought but will not be tested further. Ongoing greenhouse and field 
experiments are focused on VvPR1 and UT456. 

Evaluate the relative susceptibility of eight commercial winegrape varieties to Pierce’s disease and titer of Xf in the 
inoculated cane under controlled greenhouse inoculation conditions. (2010-2012) 
Experiments were concluded on a suite of commercial winegrape varieties to obtain quantitative data on bacterial population 
dynamics and relative PD susceptibility. This experiment was conducted under controlled greenhouse inoculation conditions 
to avoid any vagaries associated with natural infection and GWSS preferences. objective addresses one of the stated needs in 
the 2009-2010 RFP, namely, that much anecdotal but little quantitative data exists on the relative susceptibility of 
commercial winegrape varieties The varieties tested include Chardonnay, Pinot Gris, Sauvignon Blanc, Cabernet 
Sauvignon, Pinot Noir, Zinfandel, Syrah and Merlot with untransformed Thompson Seedless, VvPR1 and UT456 as 
reference lines. These experiments also provide baseline disease information for 2011-2012 experiments to test potential 
protection of these varieties when grafted to rootstocks expressing VvPR1 and UT456. Data collected included bacterial 
titer, and “disease symptoms.” Disease symptoms are herein defined as leaf defoliation, not marginal death of leaves that is 
generally considered to be symptoms of PD under field conditions. NOTE: it has been our consistent observation over the 
past seven years that marginal leaf death, often associated with PD under field conditions is meaningless and misleading 
under our greenhouse conditions. Uninoculated control plants frequently exhibit marginal and interveinal death reminiscent 
of the field PD symptoms, while leaf drop occurs only in susceptible inoculated plants. The point is that after inoculating 
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more than  500  plants  in  the greenhouse,  the susceptible control  plants  always  defoliate,  show  high  bacterial  titre,  and  die. In 
our  experiments,  only  the transgenic protected  plants  retain  their  leaves  and  show  low  levels  of  bacterial titre.   Selected 
clones  of  each  variety  were inoculated  by  the needle prick  method  with Temecula strain  of Xf delivering 10-20  µl  at  bacterial 
concentration  of  105 cfu/ml (2,000  cells  or  less).   All varieties  were  susceptible  to  PD  in  terms  of  leaf  defoliation  symptom 
expression  and exhibited 1-3  orders  of  magnitude higher  bacterial  titers  four  months  after  inoculation  than  the asymptomatic 
Vitis  californica  or  transgenic  Vv  PR1 or  UT456 comparison plants  (Table  2).   Pinot Gris  had  the  highest bacterial titer  and 
exhibited  the  most severe  defoliation  while  Syrah  was  the  most tolerant with  symptoms  and  bacterial titer  nearly  as  low  as V. 
californica.   The symptom  level  and  bacterial  titers  appeared  to  be well  correlated  as  seen  in  the photos  of  representative 
plants  of  each  variety  (Figure 1). The Cabernet  Sauvignon  and  Merlot  winegrape varieties  have now  been  grafted  to 
transgenic  rootstocks  expressing  VvPR1 and UT456 to determine  if  any  cross-graft  protection  occurs.   Inoculation  of  these 
grafted plants  under  greenhouse  conditions,  comparable  to the  previous  Thompson  Seedless  transgenic:  scion  combinations 
will begin  in  the  Fall of  2011. 

Conduct experiments to assess the potential for protection against PD across a graft union by VvPR1 and UT456 with 
Thompson Seedless as the untransformed scion. (2010-2012) 
The purpose is to determine if the protective effect of these genes as observed in the primary transgenics is transferrable 
across a graft union to protect a susceptible scion. PD susceptible untransformed Thompson Seedless scions were grafted 
onto Freedom rootstocks transgenic for VvPR1 and UT456. A total of 13 untransformed control grafts were compared with 
13 transformed rootstock:untransformed scions. The preliminary data suggest that all 13 of the susceptible scions showed 
none or far less PD symptoms and had reduced bacterial titer than the untransformed control grafted plants, all of which were 
dead or nearly dead by four months after inoculation with approximately 20,000 Xf cells per branch (Table 3 and Figure 2). 
While these results are encouraging, the experiment is continuing with two of the winegrape varieties, (Cabernet Sauvignon 
and Merlot) grafted to a transgenic rootstock. Currently, comparable grafted plants are being prepared in the greenhouse for 
field planting in the Spring 2011 (see Objective D). 

Investigate the mechanism underlying the protection against PD by VvPR1 and UT456. (2010-2012) 
We  have  found  two  novel  and  likely linked  mechanisms  for  VvPR1  and  UT456 action.   First,  the  transgenic  PR1  protein 
product  will  suppress  PCD  in  several  plants  systems  we have tested.   However,  the PR1  coding  sequence is  translationally 
blocked  in  healthy  cells  and  an  in vitro translation  system,  even when the  message  level  is  high but  is  readily  translated  when 
the tobacco,  tomato  or  grape cells  are under  chemical  or  pathogenic (death)  stress.   Secondly,  the noncoding  UT456  sequence 
contains  small  RNA  hairpins  that  show  sequence conservation  with  the 3’UTR  of  PR1  and  are projected  to  interact   with  each 
other  by  RNA  modeling  programs. In vitro protein  translation  studies  indicated  that the  block  in  translation  of  PR1  RNA  can 
be relieved  by  the addition  of  UT456  RNA  to  wheat  germ  extracts.   The same result  was  obtained  by  agro- infiltration  assays 
,  whereby  the expression  of  UT456  activated  the translation  of  the PR1  protein  in  tobacco  leaves  expressing  high  levels  of  the 
PR1  message that  was  blocked  until  the UT456  RNA  was  present  and  processed  into  a  microRNA.   By  functional definition, 
microRNAs  are small  endogenous  RNA  molecules  (~22-24 bases)  that  are  processed from  longer  transcripts  into pre-
microRNA  hairpin  structures  with  final  steps  completed  by  an  enzyme called  Dicer.   The in vitro activation  of  PR1 
translation  results  from  the release of  a 22-24  bases  from  the  native  270  base  UT456  hairpin by  the  endogenous   nuclease 
DICER,  know  to  be present  in  the wheat  germ  extracts.   MicroRNAs  regulate gene expression  by  targeting  by  sequence 
homology  one  or  more  messenger  RNAs  (mRNAs)  for  translational  regulation  or  degradation.   Although  the  first  microRNA 
was  identified  over  ten years  ago,  it  is  only recently that  the  scope  and  diversity  of  these  regulatory  molecules  have  begun to 
be  understood.   There  is  precedent  for  translational  blockage  by  the  3’UTR  in  plant  systems  and for  RNA  movement  from 
roots  to tubers  (6).   The  presence  of  the  sequence  in  UT456 with  annealing  ability  to the  3’UTR  of  PR1 is  the  basis  for  the 
current  model  of  PR1 and UT456  function in the Xf-grape system.   Currently,  we are searching  for  mobile UT456  microRNA 
in  extracts  in  the transgenic grapes  and  as  the mobile element  in  the untransformed  scions  which  appear  to  be protected 
against  PD  symptoms  when grafted  to  transgenic rootstocks  expressing  UT456.   Other  research  in  the lab  has  developed  a 
highly sensitive  Taqman-based  assay  capable of  detecting  specific and  low  abundant  microRNA  sequences  in  plant  extracts. 
In  addition,   PR1  antibodies  will be  used  to  test directly for  the  presence  of  mobile  PR1 protein  from  the  rootstock  into the 
grafted  scions.   In  addition  PR1  antibodies  are  being  used  in  immunoprecipitation  assays  to  detect potential PR1  interacting 
factors.   To  date we have been  successful  in  identifying  3  PR1-interacting  proteins,  HP70,  HP90 and RACK1 from  plant 
extracts.   Interestingly,  these three proteins  have previously  been  reported  to  interact  directly  with  each  other  and  occur  in a 
membrane  associated  complex  involved  in  innate  immunity  to  rice  blast in rice plants  transgenic for  RACK1  (7). 

Collaboration with PIPRA to obtain an APHIS permit for field planting 
An APHIS permit to enable field plant of transgenic plants from the our laboratory as well as those of PIs Dandekar Lindow 
and Labavitch is in place. Planting of the primary transgenic plants from the respective programs was completed in July, 
2010. The 2010 plantings of all four investigators survived the winter without loss. The attachment of new shoots to the 
trellis system, cultivation, and irrigation management progressed in a normal and effective manner. All flowers were 
removed before opening and extensive pruning was done to manage the plants in a fashion compatible with mechanical 
inoculation. All flowers and prunings were collected, bagged, and autoclaved before disposal. As of July 21, 2011, the 
initial planting and the second 2011 planting individuals are healthy, growing normally and all plants have a normal 
phenotype, true to the untransformed control plants of each parental genotype (Figure 3). Plants were maintained under 
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clean  field conditions,  with  furrow  irrigation  on  a  regular  schedule.   Regular  monitoring  was  conducted for  weeds,  insects, 
and  non-PD  disease.   Weeds  were managed  by  cultivation  and  minimal  hand  weeding.   No  significant insect or  disease 
pressure was  noted.   Plants  from  all  four  laboratories  were inoculated  on  July  21(Figure 3).   The inoculation  was  by  needle 
prick  method with  a  delivery  of  ~  20,000 Xf cells  per  inoculation  site.   Sampling  of  a limited  number  of  inoculated  canes  near 
the inoculation  site on  control  and  VvPR1  and  UT456  transgenic plants  assayed  by  PCR  confirmed  the presence of  the 
respective transgenes  (Figure 3C)  and  then  determined,  by qPCR,  to harbor  a  low  level  of Xf in  the  sampled  inoculated 
plants.   Bacterial titre  ranged  from  undetectable  in  the  uninoculated  control plants  to  1x10 2 to 7.5x103 per  0.1 g  of  stem 
tissue  in  the  inoculated  plants.   Untransformed  control plants  were  negative  for  the  transgenes.   As  of  October  2,  2011,  no 
typical  field symptoms  or  defoliation  of  leaves  was  observed on  any  of  the  inoculated plants. 

Secure patent protection as intellectual property for those genes that prove to be capable of blocking PD in grape 
The grape plants containing the anti-PCD genes and the grafted rootstocks will require the use of several patented enabling 
technologies. Record of invention disclosures have been submitted to the UC Office of Technology Transfer. The research 
proposed reported herein will provide data on the activity and mechanism of action of the protective transgenes in grape 
relative to the presence, amount and movement of Xf in the transformed and untransformed grape plants. 

CONCLUSIONS 
Xf induces PD symptoms that result from activation of a genetically regulated process of programmed cell death. We have 
identified grape DNA sequences, which when constitutively expressed in transgenic grapes suppress the death-dependent 
symptoms of PD and reduce the bacterial titre to a level found in PD resistant wild grapes. We identified six novel anti-PCD 
genes from cDNA libraries of grape. Two of these grape sequences expressed as transgenes in grape, suppressed PD 
symptoms and dramatically reduced bacterial titer in inoculated plants in full plant transgenics. Initial data suggest that 
protective sequences may function across a graft union to protect an untransformed and susceptible wild type scion. This 
project has identified a basis for PD symptoms and a genetic mechanism to suppress symptoms and bacterial growth with an 
infected plant. If needed in the future, a transgenic strategy exists to address PD. The plan for the coming year is to continue 
the field evaluation of transgenic grapes expressing PR1 and UT456 and to test for cross graft protection by these two 
sequences, also under field conditions. 
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Table 1. List of potential plant anti-apoptotic genes derived from functional cDNA screen. Each has 
now been evaluated as transgenes in the PD susceptible grape clone, Thompson Seedless O2A. 
Disease rating is a 1-5 scale with 1 = asymptomatic and 5 = defoliated. Bacterial titers are expressed 
as bacterial cells per 0.1gm of stem tissue. Evaluations were done at 4 months post inoculation. 
Designation Gene Ortholog Link Results (rating/Xf titer) 
O2A Untransformed Thompson Seedless control plant R=5; 107 

WG71 cytokine-like protein R= 2; 104 

WG23 Cupin-like protein R= 2; 104 

Y390 Metallothionein, found in all plant species examined R= 2; 104 

Y376 Mycorrhizal up regulated gene R= 2; 103 

I35 Baculovirus P35, caspase inhibitor R= 2; 104 

UT456 
3’UTR of grape ortholog of the p23 gene from potato 
and tomato and in the animal kingdom 

R=1; 103 

Vv PR1 Pathogenesis related protein found in all plant species R=1; 103 

Figure 1. Relative sensitivity of wine grapes to Pierce’s disease. Eight commercial wine 
grape cultivars including Cabernet Sauvignon, Chardonnay, Sauvignon Blanc , Pinot Gris, 
Pinot Noir, Merlot, Syrah and Zinfandel were mechanically inoculated with Xf and compared 
to inoculated controls Vitis californica and Thompson seedless. Photos taken and Xf titers 
(red inset numbers) in 0.1g of stem tissue were measured by qPCR at 4 months after 
inoculation compare three of the varieties with the control plants. The quantitative 
comparisons of all the varieties are shown in Table 3. 
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Table 2. Relative susceptibility of winegrape varietals were evaluated by qPCR 
following mechanical inoculations of greenhouse grown plants. Disease rating 
is a 1-5 scale with 1 = asymptomatic and 5 = defoliated. Xf bacterial titers are 
expressed as bacterial cells per 0.1gm of stem tissue. Evaluations were done at 
4 months post inoculation. See Figure 1 for representative pictures. 

Varietal Rating (5 is highest) Xf titer 
Cabernet Sauvignon 4 5 x 106 

Chardonnay 3 5 x 105 

Merlot 2 7 x 106 

Pinot Gris 5 1 x 107 

Pinot Noir 4 1 x 105 

Sauvignon Blanc 3 1 x 105 

Syrah 1 7 x 104 

Zinfandel 3 5 x 105 

Figure 2. Potential protection across a graft union. Representative control and transgenic 
plants expressing the genes indicated in Table 2. All grafts have untransformed Thompson 
seedless “02A” scions. FD is untransformed Freedom rootstock control. All plants 
photographed and Xf titers taken 4 months after inoculation with Xf. Age of plants at the 
time of inoculation was approximately 22 months. Samples and photos were taken at four 
months after inoculation. Summer 2010 results of greenhouse PD assay of transgenic 
grapes expressing PCD blocking genes. Photos taken and Xf titers were measured by 
qPCR at 4 months after inoculation. White inset is the name of the transgenic line and blue 
inset numbers indicate the titer of Xf bacteria in 0.1g of stem tissue. 
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Table 3. Freedom rootstock expressing transgenes grafted to untransformed Thompson Seedless scions and mechanically 
inoculated with 20,000 Xf “Temecula” in a 20ul drop. Disease rating is a 1-5 scale with 1 = asymptomatic and 5 = 
defoliated. Bacterial titers are expressed as bacterial cells per 0.1gm of stem tissue. Evaluations were done at 12 months 
post inoculation. (See Figure 3 for a representative image of control and transgenic rootstock/ wild scion plants.) 

Transgenic notation 

Relevant genotype 
(transgenic rootstocks 
grafted to untransformed 
Thompson seedless scions) 

Ratio transgenic graft-protected 
plants with leaf retention equal to 
Vitis californica vs those plants 
dead 

Range of bacterial load 
per 0.1 gm of stem in at 4 
months post inoculation 

TS02A 
FD456-15 

CaMV 35S-driven 456 
Freedom rootstock 

8/8 healthy, none dead 
Rating 1-2 

3 4 
10 - 10 

TS02A 
FDPR1-13 

CaMV 35S-driven PR1 
Freedom rootstock 

5/5 healthy, none dead 
Rating 1-2 

3 4 
10 - 10 

TS02A 
FD3 (wild type) 
Control 

Untransformed Thompson 
Seedless scion 

10/13 dead (R5), 3/13 barely) 
alive (R4 

6 7 
10 - 10 

Vitis californica Asymptomatic wild type 
untransformed host. 

no death (R5) after 12 months 
post inoculation 

4 
10 

Figure 3. The Gilchrist section of the Solano Field has been completely planted, as have those of all the other investigators. 
Currently our planting consists of 75 own-rooted and 75 grafted plants including controls (A and B). Checks of genotype 
identity of several plants were performed by sampling genomic DNA and using specific primers in PCR. DNA was extracted 
from canes of field plants 11-1, 12-8 and 11-14 and analyzed by PCR using pairs of primers for the 456 transgene, the PR1 
transgene and an endogenous grape gene cytochrome c oxidase (COX2) (C). Plants of all investigators were mechanically 
inoculated with 20,000 cells of Xf “Temecula” in a 20ul drop on July 21, 2011 (D and E). Preliminary sampling and analysis 
by qPCR of several inoculation sites confirmed the presence of Xf in each of the inoculation sites tested at 1 month after 
inoculation. 
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FIELD  EVALUATION  OF  GRAPE PLANTS  EXPRESSING  POTENTIAL PROTECTIVE DNA  SEQUENCES 
EFFECTIVE AGAINST PIERCE’S  DISEASE 

Principal  Investigator: 
David  Gilchrist 
Department of  Plant Pathology 
University of  California 
Davis,  CA  95616 
dggilchrist@ucdavis.edu 

Co-Principal  Investigator: 
James  Lincoln 
Department of  Plant Pathology 
University of  California 
Davis,  CA  95616 
jelincoln@ucdavis.edu 
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Thomas  Kominek 
Department of  Plant Pathology 
University of  California 
Davis,  CA  95616 
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Abhaya Dandekar 
Department  of  Plant  Sciences 
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Davis,  CA  95616 
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Collaborator: 
John Labavitch 
Department  of  Plant  Sciences 
University of  California 
Davis,  CA  95616 
jmlabavitch@ucdavis.edu 

Collaborator: 
Steven Lindow 
Dept.  of  Plant and  Microbial Biology 
University of  California 
Berkeley,  CA 94720 
icelab@berkeley.edu 

Reporting Period: The results reported here are from work conducted October 1, 2010 to September 30, 2011 

ABSTRACT 
The objective is to evaluate transgenic grape and grape rootstocks expressing various genes from different constructs in a 
field site in Solano County for resistance to Xylella fastidiosa (Xf) (Pierce's disease strain) following mechanical injections of 
Xf into the plant stems. Over the course of the three year field evaluation, test plants in the first planting will include 
ungrafted conventional Thompson Seedless and Freedom plants as controls, transgenic plants from Dandekar, Labavitch, 
Lindow and Gilchrist projects. As additional plant material becomes available, transgenic rootstocks expressing some of the 
test genes grafted to untransformed Pierce’s disease susceptible scions. All field operations and the handling of plant 
material will proceed under an APHIS permit for these materials and over a specified time period. 

LAYPERSON SUMMARY 
The purpose of the field planting is to evaluate transgenic grape and grape rootstocks under natural field conditions for 
efficiency in providing protection against Pierce’s disease (PD). The site in Solano County will enable controlled inoculation 
and close monitoring of the host response in terms of symptoms, bacterial behavior, and plant morphology. While no fruit 
will be produced, assessment of the growth characteristics of the plants, inoculated and non-inoculated will be made. Over 
the course of the three year field evaluation, test plants in the first planting will include ungrafted conventional Thompson 
Seedless and Freedom plants as controls, transgenic plants from Dandekar, Labavitch, Lindow and Gilchrist projects and, as 
plant material from the first planting becomes available, transgenic rootstocks expressing some of the test genes will be 
grafted to untransformed PD susceptible scions to assess potential for disease suppression in an untransformed scion from 
signals in the transformed rootstocks. 

INTRODUCTION 
The objective is to evaluate transgenic grape and grape rootstocks expressing various genes from different constructs in a 
field site in Solano County for resistance to Xylella fastidiosa (Xf) (Pierce's disease strain) following mechanical injections of 
Xf into the plant stems. Over the course of the 3 year field evaluation, test plants will include ungrafted conventional 
Thompson Seedless and Freedom plants as controls, transgenic plants from Dandekar, Labavitch, Lindow and Gilchrist 
projects and, as plant material availability permits, transgenic rootstocks expressing some of the test genes grafted to 
untransformed Pierce’s disease (PD)-susceptible scions will be introduced. All plants were moved as vegetative material in 
2010 and 2011 to the APHIS-approved field area with no risk of pollen or seed dispersal and stored on-site in lath houses 
until planted. The area is adjacent to experimental grape plantings that have been infected with PD for the past two decades 
following mechanical inoculation in a disease nursery near this site. Over this period there has been no evidence of spread of 
the bacteria to uninfected susceptible grape plantings adjacent to the infected plants. In addition, there are 500 grape plants 
that were inoculated and infected with PD 6 years ago as part of ongoing disease research by another investigator and funded 
by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board. The Xf in this latter ongoing experiment has not 
spread to the uninoculated experimental controls within the experiment or to any adjacent experimental grape plants over the 
past 6 years. The same Xf strain will be used to inoculate the plants in this experiment. 

OBJECTIVES 
Prepare land area and manage the experimental plants with the following specifications: 
1. Area will be sufficient to accommodate up to 500 plants from Lindow, Gilchrist, Labavitch, and Dandekar. 
2. Row spacing is 15 feet between rows with 4 feet between plants. This spacing requires 18 rows of 28 plants each and 

includes a 50 foot open space around the planted area. Total area occupied by plants and buffer zones will be a 
minimum of 1.8 acres. 
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3. Each row will be staked with 7 foot grape stakes supporting 13 gauge wire in two wire trellis system with a stake at each 
plant site. Wires will be stretched and anchored by 7 foot pressure treated posts at the end of each row. 

4. Area will be fenced to protect against rabbit invasion. The plants will be irrigated by surface furrow with several pre-
plant irrigations to bring the soil to field capacity at the time of plant. 

5. Field crews will be provided from these funds to assist in planting and weeding. 
6. Irrigation and pest management will be provided by Cooperator Tom Kominek. 
7. All flowers will be removed and all prunings will be autoclaved before disposal under conditions of the permit 
8. Plants will be mechanically inoculated with Xylella fastidiosa in 2011 and subsequent years. 

RESULTS AND DISCUSSION 
All of the above objectives set out for the establishment of this field planting were completed. Land preparation, fencing, 

irrigation, planting and weed control were all accomplished in a timely manner to meet the initial planting date of July 12, 
2010 (Figure 1). The second phase of the planting, including grafted transgenics was completed May 17, 2011 (Figure 2). 

The 2010 plantings of all four investigators survived the winter without loss. The attachment of new shoots to the trellis 
system, cultivation, and irrigation management progressed in a normal and effective manner. All flowers were removed 
before opening and extensive pruning was done to manage the plants in a fashion compatible with mechanical inoculation. 
All flowers and prunings were collected, bagged, and autoclaved before disposal. 

As of July 21, 2011, the initial planting and the second 2011 planting individuals are healthy, growing normally and all plants 
have a normal phenotype, true to the untransformed control plants of each parental genotype (Figure 3). Inoculations of the 
2010 plants occurred on July 12 and July 21 (Figures 4, 5 and 6). The field planting will provide important data on the 
effectiveness of any of the transgenic strategies employed by the respective researchers. 

FUNDING AGENCIES 
Funding for this project was provided by CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board. 

Figure 1. This image illustrates the field preparation, trellis 
and staking arrangement and a portion of the initial planting 
at the Solano County site. 

Figure 2. This shows the Solano County site as of July 
13, 2011 with newly planted grafted plants in the front 
rows and the Fall 2010 planting in the back rows. 

Figure 3. Plants are healthy, growing normally and all 
plants have a normal phenotype. 

Figure 4. Inoculation of grape vines with Xf at the Solano 
County site is a two or three person task. 
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Figure 5. Mechanical inoculation is performed 
by pushing a needle from the underside of the 
cane, placing a 20ul drop of Xf bacteria, and 
withdrawing the needle draws the drop in by 
negative pressure. 

Figure 6. Inoculated grape vine canes were marked with 
orange tags at the Solano County site. 
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BIOLOGICAL CONTROL OF  PIERCE’S  DISEASE  OF  GRAPEVINE WITH  BENIGN  STRAINS 
OF XYLELLA FASTIDIOSA 

Principal  Investigator: 
Donald L.  Hopkins 
Mid-Florida  REC 
University of  Florida 
Apopka,  FL  32703 
dhop@ufl.edu 

Cooperator: 
Bruce Kirkpatrick 
Department of  Plant Pathology 
University of  California 
Davis,  CA  95616 
bckirkpatrick@ucdavis.edu 

Cooperator: 
Barry  L.  Hill 
Pierce’s Disease  Control  Program 
Calif. Dept.  of Food &  Agriculture 
Sacramento,  CA  95832 
bhill@cdfa.ca.gov 

Cooperator: 
Rhonda  Smith 
Cooperative  Extension 
University of  California 
Santa  Rosa,  CA  95403 

Cooperator: 
Drew Johnson 
Beringer Vineyards 
Napa, CA 94559 

Reporting Period: The results reported here are from work conducted July 2007 through September 2011. 

ABSTRACT 
In the Bella Vista Vineyard in Temecula, loss of plants from extreme water stress and nutritional problems has forced 
abandonment of the trials on Orange Muscat and Cabernet Sauvignon. To evaluate Xylella fastidiosa strain EB92-1 for the 
biocontrol of Pierce’s disease (PD) in Southern California, a new test site was established at the UC Riverside vineyard in 
October 2011. Fifty treated and 50 untreated Merlot and Pinot Noir vines were transplanted in mid-October. After three 
years in Preston Vineyards in Sonoma, there was no PD in the Barbera trial, which has been abandoned, and a very low level 
of PD in the Viognier trial. There were fewer vines with PD in 2011 than in 2010. In the third season in the Beringer 
Vineyard in Napa, there still is essentially no disease in either the Chardonnay or Reisling. Only one Chardonnay and two 
Reisling vines out of a total of 177 vines were considered to have the beginning of PD symptoms. In September 2010, forty 
mature Chardonnay vines in the Beringer Vineyard were inoculated with strain EB92-1 by boring a small hole into the trunk 
with an electric drill and injecting 2 ml of bacterial suspension into the hole with a nail-injector syringe. In 2011, none of the 
mature vines, treated or untreated, had developed any PD symptoms, further illustrating the lack of disease pressure this year. 
Due to the loss of trials in Temecula and the lack of PD development in trials in Sonoma and Napa, no useful information on 
the biological control of PD with EB92-1 in California has been obtained after three years of trials. In comparisons of 
methods of treatment with EB92-1 in four-year-old Merlot vines in Florida, EB92-1 was controlling PD equally well after 
injection into the rootstock, scion, or rootstock and scion. Control of PD in older, mature vines was evaluated by comparing 
pin-pricking injections of a drop of EB92-1 into a current year shoot on each of the major arms and injections by drilling a 
hole in the main trunk and injecting 0.5 – 1.0 ml of EB92-1 with a syringe. Drill and syringe injection of the main trunk in 
these mature vineyards with chronic PD was more effective than pin-pricking in reducing new cases of PD in American 
hybrid grapevines. 

LAYPERSON SUMMARY 
Trial plantings of Orange Muscat and Cabernet Sauvignon were established in Bella Vista Vineyard in Temecula for the 
biocontrol of Pierce’s disease (PD) with a benign strain of Xylella. Many of the vines were stunted or have died from 
something other than PD, probably water stress. These trials in Temecula had to be abandoned. In 2011, the lost Temecula 
trials are being replaced with trials on Merlot and Pinot Noir in the UC Riverside Vineyard. The vines were transplanted in 
October. In Preston Vineyards in Sonoma, a trial on Barbera was abandoned because there was no PD. There is a low level 
of PD in the remaining Viognier trial. In Beringer Vineyards in Napa, there is a very low level of PD in the Chardonnay and 
Reisling trials. A trial to evaluate the effectiveness of the biocontrol strain in protecting mature, producing grapevines 
against infection with PD was established in Beringer Vineyard in 2010. Mature Chardonnay vines were inoculated with 
biocontrol strain EB92-1 by boring a small hole into the trunk with an electric drill and injecting 2 ml of bacterial suspension 
into the hole using a nail-injector syringe. After one season, none of the mature vines, treated or untreated , had developed 
any PD symptoms, further illustrating the lack of disease pressure this year. Due to the lack of PD or other cultural problems, 
none of the tests have produced sufficient data to tell us whether or not the biocontrol strain is effective in California. Tests 
are also underway in Florida to determine the most efficient and effective way to apply the biocontrol strain. The biocontrol 
seems equally effective when applied to the rootstock or the scion. In attempts to stop the development of PD in mature 
vineyards, drilling the main trunk and injecting the biocontrol strain with a syringe was more effective than pin-pricking 
injections of current season growth. 

INTRODUCTION 
Pierce’s disease (PD) of grapevine is an endemic, chronic problem in the southeastern USA where it is the primary factor 
limiting the development of a grape industry based on the high-quality European grapes (Vitis vinifera L.) (Hopkins and 
Purcell, 2002). PD is also endemic in California and has become more of a threat to the California grape industry with the 
introduction of the glassy-winged sharpshooter. While vector control has been effective for PD control in some situations, 
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the only long-term, feasible control for PD has been resistance. Almost 20 years of research on the biological control of 
Pierce’s disease of grapevine by cross protection with weakly virulent strains of Xylella fastidiosa (Xf) has demonstrated that 
this is a potential means of controlling this disease (Hopkins, 2005). One strain of Xf that was able to control PD in V. 
vinifera for 14 years in Central Florida has been identified. We are testing this strain in commercial vineyards in several 
states and, if these tests are successful, the strain will be ready for commercial use. In most trials with the biocontrol strain, 
the bacteria were injected into the grapevines either in the greenhouse or in the vineyard after transplanting. This is a labor-
intensive procedure. Treatment methods that would make the technology less labor-intensive, less costly, and more 
consistent are being evaluated. The overall goal of this project is to develop a biological control system for PD of grapevine 
that would control the disease in California and other areas where PD and the glassy-winged sharpshooter (GWSS) are 
endemic. 

OBJECTIVES 
1. To evaluate strain EB92-1 of Xf for the biological control of Pierce’s disease of grapevine in new plantings in the 

vineyard in California. 
2. To evaluate strain EB92-1 of Xf for the protection of older established grapevines against Pierce’s disease in California 

vineyards. 
3. To develop a PCR based assay that can quickly differentiate the PD biocontrol strain EB 92-1 from pathogenic, wild type 

Xylella strains. 
4. To evaluate rapid, efficient methods of treatment with strain EB92-1 of Xf for the biocontrol of PD in V. vinifera in the 

vineyard. 

RESULTS AND DISCUSSION 
Field trials evaluating strain EB92-1 for biological control of PD in vineyards in California 
Southern California tests. For transplanting into the Bella Vista Vineyard in Temecula, 50 Orange Muscat were inoculated 
with the biocontrol strain (EB92-1) on June 26, and 50 were left untreated as controls. Fifty Cabernet Sauvignon/110R were 
treated and 50 were untreated controls. These plants were transported to Temecula and transplanted into plots in the Bella 
Vista Vineyard on July 21-22, 2008. 

In late fall 2008, PD-like symptoms were observed in most of the vines at Bella Vista, treated or untreated (Observation by 
Barry Hill). However, it was very hot and dry in 2008 and some of these symptoms may have been due to the weather. In 
the summer of 2009, PD symptoms were still extensive in the Bella Vista Vineyard, but were observed in only about half of 
the vines that had symptoms in 2008, with no significant differences in the incidence of PD between the treated and untreated 
vines. Symptoms did appear to be more severe in the untreated Cabernet Sauvignon vines than in the EB92-1 treated vines. 
The Orange Muscat planting was interspersed with mature vines that were nearly 100% infected with PD. 

In September 2010, all the young plants in the Bella Vista vineyard appeared to have severe water and nutritional stress. PD-
like symptoms were extensive in the plants that were still alive, treated and untreated. Many plants died without ever having 
any visible PD symptoms, probably due to the lack of water and poor nutrition. It is difficult to discern whether the PD-like 
symptoms are due to water stress or whether water stress increases PD. In the Orange Muscat test, 35-40% of the vines had 
died after 2 years from something other than PD, probably lack of water. Twenty-two percent of the Cabernet Sauvignon 
also had died, probably from water stress. In both the Cabernet Sauvignon and Orange Muscat, many of the vines were 
severely stunted and barely reached the trellis wire after 3 seasons and more than two years. Therefore, the trials were 
abandoned. 

To replace the lost tests in southern California, a replacement test is being established in 2011 at UC Riverside. For 
transplanting into the UC Riverside vineyard, 100 Merlot/1103 plants and 100 Pinot Noir/1103 plants were obtained from 
Sunridge Nursery in March 2011 and maintained in UC Davis greenhouse. Fifty Merlot and 50 Pinot Noir were inoculated 
with EB92-1 in July 2011 and fifty plants of each cultivar were kept as untreated controls. These plants were maintained in 
the greenhouse for six weeks and then moved outside to harden them off. These plants were transported to Riverside in mid-
October and transplanted into the plots at UCR. This planting time will reduce heat stress on the transplants and, hopefully, 
will give them the fall season to establish a strong root system. This should result in vigorous plants in the spring of 2012 for 
inoculation with the PD strain of Xf by resident GWSS throughout the season. 

Sonoma tests. For Preston Vineyards in Sonoma, 50 Barbera/110R and Viognier/110R from were inoculated with EB92-1 
and 50 vines of each were left as untreated controls. These plants were transported to Sonoma and transplanted as replants 
for missing vines in a mature vineyard the last week of July, 2008. On August 26, 2009, these vines were mapped for 
symptoms. All of the Barbera vines appeared to be healthy with no PD symptoms. The block of Barbera did not appear to 
have any PD symptoms, even in the older vines and this test was abandoned because of the lack of disease. 

In the Viognier test, there were a few vines that had minor yellow and/or necrotic leaf margins on the basal leaves in 2009, 
but there were no definitive symptoms. Minor PD symptoms began to develop in a very few vines in the Viognier test in 
2010. However, there were fewer vines with PD symptoms in 2011 than in 2010. There were very few new symptomatic 
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mature Viognier vines in the test area. After three years, the PD incidence in the test vines is very low (Table 1). Only two 
vines in the entire test had moderately severe symptoms and should normally be removed. Symptoms in the other 
symptomatic vines were very minor and these vines could recover. 

Table 1. Biocontrol of PD in 2-year-old grapevines in Northern California vineyards on 9/6/2011.1 

Cultivar Untreated vines EB92-1 treated vines 

Preston Vineyard, Sonoma 
Voignier 6/48 (12%) 5/48 (10%) 

Beringer Vineyard, Napa 
Chardonnay 0/42 (0%) 1/44 (2%) 
Reisling 2/47 (4%) 0/44 (0%) 

Total 8/137 (6%) 6/136 (4%) 
1Disease incidence is given as number of PD symptomatic vines over total vines in treatment. 

Napa tests. For transplanting into the Beringer Vineyard in Napa, 50 Reisling/3309 and 50 Chardonnay/3309 were treated 
with EB92-1 on June 25, 2008 and 50 vines of each were left untreated as controls. The vines were transplanted as replants 
for missing vines in Beringer Vineyard in early April 2009. In the third season, there still is essentially no disease in either 
the Chardonnay or Reisling (Table 1). Only one Chardonnay vine and two Reisling vines were considered to have the 
beginning of PD symptoms, but these were still questionable. 

Field trial evaluating EB92-1 for the protection of older established grapevines against PD in California vineyards 
Since PD is rapidly developing in the mature Chardonnay block at Beringer Vineyard in Napa, it was chosen for an 
evaluation of EB92-1 for the prevention of PD development in mature, producing grapevines. Randomly, forty vines were 
inoculated with EB92-1 and 40 vines were chosen as controls. On September 8, 2010, the vines were inoculated with strain 
EB92-1 in the main trunk, approximately equidistant from the graft and the trellis wire. Vines were injected by boring a 
small hole into the trunk with an electric drill. Two ml of the bacterial suspension will be injected into each hole using a nail-
injector syringe. 

In 2011, none of the mature vines, treated or untreated, had developed any PD symptoms, further illustrating the lack of 
disease pressure this year. 

Comparison of treatment methods with strain EB92-1 for biocontrol of PD 
On May 29, 2007, Merlot/101-1 plants were injected with EB92-1 in the greenhouse. Treatments were (1) EB92-1 in scion 
only, (2) EB92-1 in rootstock only, (3) EB92-1 in both rootstock and scion, and (4) Nontreated. On June 21, vines were 
transplanted into the vineyard in three replications of three plants per treatment. 

In 2009, PD began to occur in a few of the Merlot vines. Symptoms have continued to progress in the untreated, with 43% of 
the vines having some symptoms (mostly minor) in 2011 (Table 2). All three treatments with EB92-1 were reducing 
symptoms. There were very few new PD infections in 2011 when compared with 2010. 

Table 2. Effect of methods of treatment of grape plants with Xf strain EB92-1 on biological control of PD. 
Merlot/101-14 

Treatment Aug 2010 June 2011 

Scion injection 13 22 

Rootstock injection 11 13 

Scion & Rootstock injection 14 17 

Untreated 38 43 

While strain EB92-1 has been shown to be effective in preventing PD in new grape plantings, there are mature vineyards that 
are rapidly being destroyed by PD. To evaluate control of PD in older vines, mature vines were treated either by pin-pricking 
injections of a drop of EB92-1 into a current year shoot on each of the major arms (branches) or by drilling a hole in the main 
trunk and injecting 0.5 – 1.0 ml of EB92-1 with a syringe. Drill and syringe injection of the main trunk in these mature 
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vineyards with chronic PD was more effective than pin-pricking in reducing new cases of PD in American hybrid grapevines 
during the first year after treatment (Figure 1). 
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Figure 1. Effect of strain EB92-1 on PD in mature vines treated by pin-pricking compared 
with drill and syringe in 2009 trials. 

CONCLUSIONS 
In four-year-old Merlot vines in Florida, a trial was established to determine the most efficient and effective way to apply the 
biocontrol strain. EB92-1 was controlling PD equally well after injection into the rootstock, scion, or rootstock and scion. In 
attempts to stop the development of PD in mature vineyards, drilling the main trunk and injecting the biocontrol with a 
syringe was more effective than pin-pricking current season growth. Due to the loss of trials in Temecula and the lack of PD 
development in trials in Sonoma and Napa, no definitive information on the biological control of PD with EB92-1 in 
California has been obtained after three years of trials. To replace the lost tests in southern California, a test is being 
established in 2011 at UC Riverside. With the PD pressure in southern California, this test will yield conclusive results over 
the next 2-3 years. Hopefully, the Sonoma and Napa tests will develop enough PD to give us an evaluation in those areas 
over the same time period. If the control is successful in the current trials, along with success in other states, this project 
could yield results within the next 2-3 years that would provide a commercial biological control for PD for vineyards in 
California. 
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Reporting Period: The results reported here are from work conducted January 2011 to October 2011. 

ABSTRACT 
This work builds on discoveries made in the past seven years of research on better understanding the mechanism(s) 
responsible for the Pierce’s disease (PD)-cold curing phenomenon. A thaumatin-like (TLP) grape protein was found in 
elevated levels in the xylem sap from cold-exposed vines and we cloned and expressed TLP in E.coli. We found that TLP 
protein possesses higher levels of Xylella fastidiosa (Xf) toxicity in vitro compared to E. coli protein extracts from cells 
containing the cloning vector but no TLP gene. Greater amounts of total phenolics were measured in xylem sap extracted 
from cold-exposed vines. In collaboration with the Waterhouse lab we are characterizing these phenolic compounds and 
assessing their potential anti-Xf activity in vitro. One phenolic compound, trans-resveratrol, which only occurred in Pinot 
noir grapevines exposed to cold temperatures, and was shown by two different labs to be toxic to Xf cells grown in vitro 
Previously, greenhouse grown Pinot Noir and Cabernet Sauvignon vines treated with commercial abscisic acid (ABA) were 
shown to have higher levels of recovery from PD than non-treated vines, as well as producing higher levels of polyphenolic 
compounds. In fall 2010 we treated Riesling vines growing in a vineyard in Napa that had light to moderate PD symptoms 
vines with a foliar spray or a soil drench treatment of ABA. The severity of PD symptoms in the treated vines will be 
compared with the severity of symptoms in non-treated PD-affected vines in fall, 2010. 

LAYPERSON SUMMARY 
We have succeeded in producing recombinant thaumatiin-like grape protein (TLP) in E. coli. We have also observed that 
grapevine TLP produced by E. coli has a deleterious effect on Xylella fastidiosa (Xf) when it is grown in vitro in the 
laboratory. This supports our rationale for over- expressing TLP in grapevines as a potentially promising approach to 
decreasing the size of Xf populations in Pierce’s disease (PD)-affected grapevines. We have been characterizing the phenolic 
compounds in cold xylem sap and comparing these to warm xylem sap. We have noticed a number of differences, 
specifically the presence of the phenolic compound trans-resveratrol in cold sap and its absence in warm sap in some grape 
varieties. This suggests that trans-resveratrol may play a role in the cold curing process. In previously described research we 
added trans-resveratrol to solid media used to grow Xf and observed that the Temecula strain is inhibited at trans-resveratrol 
concentrations lower than those concentrations that inhibit the Fetzer strain. This further suggests that phenolic compounds 
play a role in the cold curing process. Ongoing field trials are examining if root or foliar applications of the plant hormone 
ABA could stimulate the synthesis of phenolic compounds in field grown vines infected with Xf and possibly decrease the 
severity of PD symptoms in the field vines. 

INTRODUCTION 
Previous research conducted in the Purcell laboratory at UC Berkeley definitively demonstrated that Vitis vinifera grapevines 
that were infected with Xylella fastidiosa (Xf) the bacterial pathogen that causes Pierce’s disease (PD) could often be cured of 
the infection if exposed to freezing temperatures for some period of time. This “cold curing” phenomenon likely explains 
why PD is restricted to areas that have mild winter temperatures. Research conducted in our laboratory by Dr. Melody 
Meyer confirmed and expanded the work performed by Purcell, et. al.. She found that grapevines exposed to cold 
temperatures had elevated levels of a thaumatin-like protein (TLP) that has been shown to have antimicrobial properties in 
other plant host/pathogen interactions. We cloned and expressed the grapevine TLP in E. coli and showed that incubation of 
the cloned TLP with cultured Xf cells considerably decreased the viability of the Xf cells compared to incubating the Xf cells 
with other appropriate controls. We are now cloning the TLP gene in an Agrobacterium binary vector with the intention of 
over-expressing the TLP in transgenic grapevines. Once TLP-transgenic grapevines are obtained and characterized they will 
be inoculated with Xf using mechanical and insect inoculation. The vines will then be rated for symptom development and 
compared to non-transgenic Xf-inoculated vines. 
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Dr. Meyer’s research also showed elevated levels of polyphenolic compounds in xylem sap extracted from cold exposed 
grapevines. In collaboration with the Waterhouse lab we have been characterizing the phenolic compounds in the xylem 
fluid. One phenolic compound, trans-resveratrol, only occurred in Pinot noir exposed to cold temperatures, and our lab, as 
well as another, showed that resveratrol was toxic to Xf cells in vitro. Dr. Meyer’s research also showed elevated levels of 
the plant hormone abscisic acid (ABA) in xylem sap of cold exposed grapevines. She showed that exogenous application of 
ABA greatly increased the PD curing rates of potted grapevines exposed to the comparatively mild winter temperatures in 
Davis. In 2010 we applied ABA in the fall to PD-infected vines growing in a vineyard in Napa. The severity of PD 
symptoms in the ABA-treated vines will be compared to non-treated controls in October, 2011. 

OBJECTIVES 
1. Over express the grapevine TLP in transgenic grapevines. Prepare anti-TLP antibodies to quantify TLP in transgenic 

xylem sap using ELISA. 
2. Inoculate TLP-expressing grapevines with Xf and determine the incidence and severity of PD in transgenic versus non-

transgenic V. vinifera. 
3. a. Fractionate and chemically characterize the phenolic compounds that are present in xylem sap from cold-exposed 

grapevines. 
b. Compare the phenolic content of xylem sap of grapevines treated with ABA under non-freezing conditions to 

phenolics in cold-exposed xylem sap. 
c. Determine if these compounds affect Xf growth/survival in vitro. 

4. Determine if foliar or drench applications of ABA can increase PD-curing rates in field-grown vines under non-freezing 
conditions. 

RESULTS AND DISCUSSION 
We successfully cloned and expressed grapevine TLP in E. coli (Figures 1 and 2). We sequenced the grape TLP gene and 
are currently inserting it into an Agrobacterium binary vector system for over-expressing TLP in transgenic grapevines. Our 
initial plan was to use the same vector we used to generate our hemagglutinin transgenic lines, however our results using 
these plasmids, which use two 35S promoters to express the HA gene and uses hygromycin resistance, produced a number of 
lines in which crossing over by the two promoters ended up deleting all or part of the HA gene construct while maintaining 
the antibiotic selection. To avoid these deletion events we have decided to change the binary system to a neomycin 
(kanamycin) resistant plasmid driven by the nptII promoter to eliminate the chance of promoter crossing over/deletion events. 
We used the pUNCB5omega plasmid for initial cloning of the grape TLP gene in E. coli. We are now moving the TLP 
construct into the low copy pCB4NN plasmid. This plasmid provides the neomycin resistance and is in low copy in case 
there are any toxicity issues resulting from expression of TLP in Agrobacterium. We plan on submitting the appropriate TLP 
transformation constructs to the UC Davis plant transformation facility at the end of October, 2011. Once we get 
transformed plants back from the plant transformation facility we will be able to proceed with the Xf pathogenicity portion of 
this project. 

We are also in the process of making a larger quantity of purified, recombinant TLP in E. coli which we will give to the 
Comparative Pathology Laboratory at UC Davis for polyclonal antibody production. The TLP-specific antibodies will be 
used for quantifying TLP in the transgenic grapevines. 

We performed a time course experiment in which Xf was combined with dialyzed TLP, and then plated onto PD3 media at 
intervals over two days. As controls we also performed the same incubation procedure with Xf and water, Xf with empty 
vector supernatant (E. coli lysate that was not transformed with TLP), and Xf with a potassium buffer. We plated these 
suspensions directly after combining (0 hours), 16 hours, 24 hours, 40 hours and 48 hours of incubation. The plates were 
then incubated at 28C for 10-14 days. Our results showed that the early time course platings had no differences in Xf growth. 
However, after 48 hours post combination, the Xf and water control as well as the Xf and potassium buffer control still grew 
Xf colonies. The Xf combined with the empty vector supernatant showed growth, but less than the water and potassium 
buffer. The Xf that had been combined with dialyzed TLP did not show any growth. 

We have analyzed sap samples collected from Placerville, CA (during the months of January and February) where cold 
curing occurs, as well as sap from Winters, CA where cold curing does not take place. In collaboration with the Waterhouse 
lab at UC Davis, we are determining accurate polyphenolic profiles for Cabernet Sauvignon clone 8 on 110R rootstock and 
Pinot Noir clone 2A on 101-14 rootstock. In the Placerville (cold) Pinot Noir samples, a number of phenolic compounds 
were identified: B procyanidins, catechin, epicatechin, trans-resveratrol, caftaric acid, and a resveratrol tetramer. Cabernet 
Sauvignon samples produced an identical polyphenolic profile except that the resveratrol tetramer was not present. 
Interestingly, the warm Pinot Noir sap lacked characteristic peaks for trans-resveratrol as well as the resveratrol tetramer. 
The fact that trans-resveratrol is present in vines that experience “cold curing” while it is absent in vines that do not undergo 
“cold curing” suggests that resveratrol may play a role in the curing process. We will analyze the MS/HPLC data after two 
winters of collecting sap, and should be able to provide an accurate picture of what happens with regards to polyphenolic 
concentrations during the winter. 
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We also added purified trans-resveratrol to solid media used to grow Xf and observed that the Temecula strain was inhibited 
at concentrations significantly lower than concentrations of trans-resveratrol which inhibited growth of the Xf Fetzer strain. 
While the reason for this differential sensitivity is not known, it is interesting to note that the Temecula strain was isolated in 
a location with comparatively mild winters while Fetzer was isolated from PD-affected vines growing in N. California. It 
could be possible that the Fetzer strains evolved mechanisms to detoxify low levels of phenolic compounds that were 
synthesized in vine exposed to the colder winter temperatures of N. California, while the Temecula strain was not subjected 
to elevated levels of phenolics growing in S. California. 

Figure 1. Recombinant Vitis vinifera ‘Cabernet Sauvignon’ TLP protein, expressed 
in E. coli and analyzed by SDS-PAGE. Lane 1: Dual Color SDS-ladder (lower band-
25 kD; upper band-75 kD); Lane 2: Arrow denotes induced recombinant Cabernet 
Sauvignon TLP; Lane 3: Induced recombinant polygalacturonase (PG) (positive 
control); Lane 4: non-induced recombinant Cabernet Sauvignon TLP; Lane 5: non-
induced recombinant polygalacturonase (PG). 

1 2 3 4 5 

Figure 2. Western blot of SDS-PAGE of recombinant Vitis vinifera ‘Cabernet 
Sauvignon’ TLP protein expression using anti-His tagged antibody. Lane 1: CS3 
raw lysate pellet (positive control); Lane 2: SDS Dual color ladder; Lane 3: Non-
induced CS3 (negative control); Lane 4: CS3 dialysis purified pellet; Lane 5: CS3 
dialysis purified supernatant. 
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Our previous research showed that ABA applications to greenhouse grown Cabernet Sauvignon and Pinot Noir grapevines 
infected with Xf increased overwinter curing rates in Davis, CA., a location which has relatively warm winter temperatures 
that induces only low rates of PD cold curing. Our previous work also showed that ABA-treated vines had higher levels of 
polyphenolics than vines growing in Davis which did not receive ABA applications. In October of 2010 we applied foliar 
sprays and root drenches of ABA to Xf-infected Riesling vines growing in a Napa vineyard. We will rate the severity of PD 
symptoms in October 2011 and compare the severity of treated versus non-treated vines. 
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ABSTRACT 
The CDFA Pierce’s Disease (PD) and Glassy-winged Sharpshooter Board’s Research Scientific Advisory Panel review in 
2007 and subsequent RFPs have given top priority to delivery from grafted rootstocks of PD control candidates, including 
polygalacturonase-inhibiting proteins (PGIPs). PGIPs are plant proteins that inhibit pathogen and pest polygalacturonases 
(PGs). In this project, multiple PGIPs were evaluated for the efficiency of their inhibition of Xylella fastidiosa (Xf) PG. 
Fourteen candidate PGIPs have been chosen and predicted protein structure models were developed to identify interactions 
with and potential inhibition of XfPG. PGIPs from pear, rice, and orange were determined to be the most likely PGIPs to 
effectively inhibit XfPG. Recombinant protein expression systems have been developed for XfPG and candidate PGIPs in 
grape and tobacco plants. Initial inhibition assays have shown that the pear fruit PGIP is a more effective inhibitor of XfPG 
than the tomato PGIP, however both grape and pear PGIPs limit XfPG symptom development in tobacco leaf infiltration 
assays. Evaluation of additional PGIPs is underway. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf) uses a key enzyme, polygalacturonase (PG), to spread from the initial point of inoculation throughout 
the grapevine; this spread leads to Pierce’s disease (PD) symptom development. Proteins called PG-inhibiting proteins 
(PGIPs) are produced by many plants and these PGIPs selectively inhibit PGs from bacteria, fungi, and insects. The PGIP 
expressed in pear fruit is known to inhibit XfPG and limit PD development in inoculated grapevines which have been 
engineered to express the PGIP protein normally present in pear fruit. PGIP proteinss are secreted from cells and they are 
can travel across graft junctions. We are interested in identifying the PGIPs that best inhibit XfPG and ascertaining how well, 
when this PGIP is expressed in transgenic rootstocks, it prevents PD development in grafted wild-type scions inoculated with 
Xf. We have modeled the protein structures of fourteen candidate PGIPs to predict how each of them physically interacts 
with XfPG. We will combine this knowledge with in vitro and in planta assay results measuring the ability of the candidate 
PGIPs to inhibit XfPG in grapevines. For these inhibition assays we are developing systems to generate high levels of active 
XfPG and PGIPs. The best inhibiting PGIPs will be expressed in test grape rootstock germplasm and, after grafting, their 
ability to limit PD development in non-transgenic scions will be determined in vineyard settings. 

INTRODUCTION 
Xylella fastidiosa (Xf), the causative agent of Pierce’s disease (PD) in grapevines, has been detected in infected portions of 
vines. Several lines of evidence support the hypothesis that Xf uses cell wall-degrading enzymes to digest the 
polysaccharides of plant pit membranes that separat the elements of the water-conducting vessel system, the xylem, of the 
vines. Xf's cell wall degrading enzymes break down these primary cell wall barriers between cells in the xylem, facilitating 
the systemic spread of the pathogen. Recombinantly expressed Xf polygalacturonase (XfPG) and β−1,4-endo-glucanase 
(EGase), cell wall degrading enzymes that are known to digest cell wall pectin and xyloglucan polymers respectively, have 
been shown to degrade grapevine xylem pit membranes and increase pit membrane porosity enough to allow passage of the 
bacteria from one vessel to the next (Pérez-Donoso et al., 2010). Xf cells have been observed passing through degraded pit 
membranes without the addition of exogenous cell wall degrading enzymes, supporting the conclusion that the enzymes are 
expressed by Xf and allow its movement within the xylem by degrading the pit membranes (Labavitch and Sun, 2009). 
Roper et al. (2007) developed a PG-deficient strain of Xf and showed that the mutant bacterial strain was unable to cause PD 
symptoms; thus, the XfPG is a virulence factor of the bacteria that contributes to the development and spread of PD. 
PG-inhibiting proteins (PGIPs) produced by plants are selective inhibitors of PGs and limit damage caused by fungal 
pathogens (B. cinerea; Powell et al., 2000) as well as by insects (Lygus hesperus; Shackel et al., 2005). Agüero et al. (2005) 
demonstrated that by introducing a pear fruit PGIP (pPGIP) gene (Stotz et al., 1993) into transformed grapevines, the 
susceptibility to both fungal (Botrytis cinerea) and bacterial (Xf) pathogens decreased. This result implied that the pPGIP 
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provided protection against PD by inhibiting the XfPG, reducing its efficiency as a virulence factor. In fact, recombinant 
XfPG is inhibited in vitro by pPGIP-containing extracts from pear fruit (Pérez-Donoso et al., 2010). In a key preliminary 
observation for the PD control approach investigated in this project, Agüero et al. (2005) demonstrated that transgenic pPGIP 
protein could be transported from transformed grapevine rootstocks, across a graft junction and into the grafted wild-type 
scions. pPGIP also has been shown to be transported from rootstocks across grafts into the aerial portions of tomato plants. 
The overall goal of the project is to develop transgenic grape rootstock lines that express PGIPs that effectively reduce the 
virulence of Xf. The project is designed to compare potential XfPG inhibiting properties of PGIPs from a wide variety of 
plants in order to identify specific PGIPs that optimally inhibit the virulence factor, XfPG. The goal is to express these PGIPs 
in grape rootstocks to provide PD protection in grafted scions. The expression of PGIPs in grape rootstocks will utilize 
transformation components with defined intellectual property (IP) and regulatory characteristics, as well as expression 
regulating sequences that result in the maximal production of PGIPs in rootstocks and efficient transport of the proteins 
through the graft junctions to the aerial portions of vines so that Xf movement is limited in infected scion tissues. 

OBJECTIVES 
1. Define a path for commercialization of a PD control strategy using PGIPs, focusing on IP and regulatory issues 

associated with the use of PGIPs in grape rootstocks. 
a. Evaluate IP and licensing status of the plant expression construct components for the PGIP-based rootstock strategy 

(Year 1) 
b. Assemble grape transformation vectors utilizing PIPRA vectors with defined IP characteristics (Year 2) 

2. Identify plant PGIPs that maximally inhibit Xf PG. 
a. Use existing pear PGIP-expressing grapes, test PD susceptibility of normal scions grafted to PGIP-expressing and -

exporting roots (Years 1 and 2) 
b. Identify plant PGIPs that are efficient inhibitors of XfPG (Year 1) 
c. Express PGIPs in Arabidopsis thaliana and test for optimal inhibition of Xf PG (Years 1 and 2) 
d. Optimally express Xf PG, using recombinant protein expression systems (Year 1) 
e. Model PGIP and Xf PG interactions to identify optimal PGIPs for PD defense (Years 1 and 2) 

3. Assemble transcription regulatory elements, Xf-inducible promoters and signal sequences that maximize PGIP 
expression in and transport from roots. 
a. Make transformed grape lines using the best PGIP candidates, promoters etc. (Years 2 and 3) 

4. Create PGIP-expressing rootstocks and evaluate their PD resistance. 
a. Molecular analysis of putative marker free transgenic grape plants (Year 3) 
b. Evaluate transgenic grape lines for optimal expression and export to scions of selected PGIPs (Year 3) 
c. Evaluate transgenic lines for susceptibility to Xf (Year 3) 

RESULTS AND DISCUSSION 
Objective 1. A path to commercialization of transgenic rootstocks 
a. PIPRA IP analyst, Gabriel Paulino, has served as the main liaison for issues associated with the potential 

commercialization of transgenic grapevine rootstocks for several CDFA PD/GWSS Board funded projects. He has 
obtained the necessary APHIS-USDA authorizations to test PGIP-based PD control strategies in vineyards in Solano and 
Riverside Counties. ‘Thompson Seedless’ and ‘Chardonnay’ grapevines expressing the pear fruit PGIP (pPGIP) gene 
were planted in a jointly operated field trial in Solano County during July, 2010. More details can be found in the report 
“Field evaluation of grafted grape lines expressing PGIPs” (PI Powell). 

b. Grape transformation vector assembly is undergoing re-evaluation. 

Objective 2. Identify plant PGIPs that maximally inhibit Xf PG 
a. Propagation, grafting and susceptibility testing of grape lines expressing and exporting pPGIP 

The transgenic ‘Thompson Seedless’ and ‘Chardonnay’ grapevines expressing the pPGIP described in Aguero et al. 
(2005) have been maintained in the UC Davis Core Greenhouse Complex. More individual plants of each cultivar 
expressing pPGIP and control plants not expressing pPGIP have been rooted with the help of an aeroponic cloner (EZ-
Clone, Inc., Sacramento, CA). Details of the grafting procedure are described in the report, “Field evaluation of grafted 
grape lines expressing PGIPs” (PI Powell). 

Collaborator, Victor Haroldsen, has shown that pPGIP protein is found across graft junctions of grapes and tomato 
plants. That is, it moves from transgenic rootstocks into wild-type tomato scion leaf tissue (Figure 1). For these 
experiments, he used existing stocks of polyclonal pPGIP antibodies after concentrating leaf extract samples 30-fold. 
Once the monoclonal antibody is available (see report, “Tools to identify PGIPs transmitted across grapevine grafts, PI 
Powell), its increased specificity will allow for quantification of the amount of pPGIP protein crossing the graft junction 
into wild-type tissues. 
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Figure 1. Western blot of leaf extracts taken from rootstock and scion portions of 
grafted ‘Thompson Seedless’ grapevines. Transgenic vines are expressing either 
pPGIP or NPTII (control). pPGIP is visualized crossing from transgenic rootstocks 
into wild-type (WT) scion tissue (lanes 4-6). This movement is not seen in the 
reciprocal graft (lane 2). 

Testing of the susceptibility of the scion portions of plants to PD has begun using the plants in the field (details in the 
report “Field evaluation of grafted grape lines expressing PGIPs,” PI Powell). Insufficient numbers of scions grafted 
with pPGIP expressing rootstocks are currently in the field for testing susceptibility, but additional grafted plants are in 
progress. 

b. Selection of PGIPs as PD defense candidates and PGIP-XfPG modeling 
Fourteen candidate PGIPs were initially selected for in vitro and in vivo XfPG inhibition assays based on predicted 
protein charge and phylogenetic analyses. The homology models created for XfPG, the polygalacturonic acid (PGA) 
substrate for PG, and each of the candidate PGIPs provided predictive tools to interpret the inhibition mechanisms and 
physical interactions between XfPG and the PGIPs (Labavitch, 2009). Dynamic in silico reaction simulations predicted 
that two clusters of amino acids, #63-74 and #223-226, must be unblocked for XfPG to cleave PGA. The long columns 
of electronegative residues on the concave faces of the PGIP’s leucine rich repeat structure bind to these critical regions 
(Figure 2). This information coupled with surface chemistry mapping predicts that pPGIP, CsiPGIP (citrus), and 
OsPGIP1 (rice) will be the best inhibitors of XfPG. 

pPGIP CsiPGIP OsPGIP1 
Figure 2. Homology models of three PGIPs predicted to be good candidates to inhibit XfPG. The 
column of electronegative residues (red) on the concave faces of each protein may align with critical 
residues on XfPG important for inhibition. 

A closer look at the dynamic reaction simulations highlighted other residues that may also influence PG-PGIP binding. 
Strong hydrogen bonding occurs between residues on pPGIP and Tyr303 of XfPG, bringing them together in a 
potentially inhibitory manner (Figure 3). Electrostatic repulsions between VvPGIP (grape PGIP) residues and XfPG 
Tyr303 prevent a similar alignment and may predict a failure to inhibit XfPG. Combining modeling predictions and 
future inhibition data will allow us to evaluate the predicted interactions and infer other potentially useful interactions 
between the candidate PGIPs and other PGs. 
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Figure 3. XfPG-PGIP complexes. Tyr303 of XfPG (blue) binds 
strongly with a region of pPGIP (green) which is not possible with 
VvPGIP (purple). Interactions such as this might influence PG-PGIP 
interaction and inhibition. 

We are hoping to add unpublished PGIP sequences from non-vinifera Vitis varieties to model in the future. These sequences 
will be obtained as part of a collaboration, currently in negotiation, with a research group at Stellenbosch University, South 
Africa. The sequences are the property of an industry board associated with the Institute for Wine Biotechnology at 
Stellenbosch University. It will be of interest to determine how the models of these non-vinifera PGIPs compare to the 
modeled structure of VvPGIP from Vitis vinifera cv. ‘Pinotage.’ 

Based on these modeling studies the two PGIPs (from rice and citrus) have been selected for further study of their inhibition 
of the PG produced by Xf. PCR primers for the amplification and cloning of the PGIP sequences from citrus and rice have 
been designed (Table 1) and are being tested. Genomic DNA has been prepared from rice and citrus and PCR reactions 
using these and other primers has begun. 

Table 1. 
Primer sequence* Primer name Gene amplified; Modifications 

TCACagatcttccatggATGAGtAACACGTCA CsiPGIP_F3 
CsiPGIP; BglII and NcoI sites, alternate frame 
nonsense mutation 

TTCAAAccATGgGCAACACGTCACTG CsiPGIP_Falt2 CsiPGIP; NcoI site, S2G missense mutation 
CCAGgctagcgcgaccctcaatTCTTTC CsiPGIP_R3 CsiPGIP; NheI site, Xa site, removal of TGA 

ccatggtATGCGCGCCATGGTaGTC OsPGIP1_F 
OsPGIP1; NcoI site, alternate frame nonsense 
mutation 

ccATGgGCGCCATGGTCGT OsPGIP1_Falt OsPGIP1; NcoI site, R2G missense mutation 
gctagcgcgaccctcaatATTGCAG OsPGIP1_R OsPGIP1; NheI site, Xa site, removal of TAA 
cgagatctccATGGATGTGAAGCTCCTG OsPGIP2_F2 OsPGIP2; BglII and NcoI sites 
gctagcgcgaccctcaatTCGACGAC OsPGIP2_R3 OsPGIP2; NheI site, Xa site, removal of TAA 
*Uppercase bases are homologous to the reference sequence; lowercase bases are introduced changes. 

c. XfPG expression and purification 
Two strategies have been developed to express active XfPG to use to evaluate the PGIPs. First, an XfPG expression 
system utilizing Drosophila S2 cells was developed to provide active, stable XfPG protein for in vitro inhibition assays. 
The cloning strategy fused the coding sequence of XfPG to a C-terminal polyhistidine tag for purification and an N-
terminal targeting sequence for extracellular secretion of the protein (Labavitch, 2009). Media from transiently 
transfected cells induced to express XfPG has a small amount of PG activity, as shown by radial diffusion assay (Figure 
4; Taylor and Secor, 1988). XfPG was partially purified from the medium and pelleted Drosophila cell lysate and 
analyzed by Western blotting and Coomassie staining SDS-PAGE. Putative XfPG bands, cross-reacting with a tagged 
antibody recognition site on the recombinant protein, were visualized at 78 kDa in Western blots for cell lysate 
preparations (Figure 5). The protein bands in the cell medium preparation eluant were visualized at 68 kDa by 
Coomassie staining (Figure 6). Each of these preparations showed very slight PG activity, as measured by reducing 
sugar analysis (Gross, 1982). These activities, however, diminished over time. 

The second strategy was to express XfPG transiently in leaves. We have successfully cloned the XfPG into 
pCAMBIA1301 and introduced this construct into A. tumefaciens for transient expression in tobacco leaves. The design 
of the vector is shown in Figure 7. To insure the extracellular localization of the XfPG protein, the protein coding 
sequence was modified so that the pPGIP extracellular targeting sequence was linked to the 5’ end of the XfPG coding 
sequence. PGIPs are naturally targeted to the apoplast probably as a result of this targeting sequence. We anticipated 
that the fusion construct pPGIP::XfPG would yield more obvious infiltration results than the unmodified native XfPG 
construct because the pPGIP signal sequence has been shown to target proteins to the extracellular space. Thus, by 
targeting the pPGIP::XfPG protein to the cell apoplastic space, it can degrade the pectin-rich middle lamellae and cell 
walls to simulate the situation in infections and also be inhibited by any co-infiltrated PGIP in or PGIP efficacy tests. It 
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has been reported that the infiltration assay will work on grape leaves, so the constructs will also be tested in grape 
leaves. However, the final pPGIP::XfPG construct contained a single base change due to a PCR error that resulted in no 
active protein. 

The advantage of the leaf infiltration assay is that it should be quicker than testing Arabidopsis lines expressing XfPG 
and PGIPs so we have focused more on generating the material for testing in tobacco. 

Figure 4. Radial diffusion assay of concentrated PG from Botrytis cinerea (A) or 
culture media from induced XfPG-expressing Drosophila cells (B). The clearing 
zone diameter is related to amount of PG activity. 

Figure 5. Western blot analysis of partially purified cell lysate after XfPG protein expression. 
15 mL crude XfPG lysate was purified by column chromatography and selected fractions were 
analyzed by Western blotting. Lane 1 = pre-stained ladder, lane 2 = flow-through #4, lane 3 = 
wash #10, lanes 4-7 = elution fractions #1-4, lane 8 and 9 = cellular medium. Recombinant 
XfPG protein was eluted with 250 mM imidazole and probed with the anti-V5 primary 
antibody and anti-mouse HRP secondary antibody. 

Figure 6. Partially purified XfPG protein eluted with 250 mM imidazole. Coomassie 
stained polyacrylamide gel electrophoresis. Lane 1 = pre-stained ladder, lanes 2-4 = cell 
lysate fractions #1-3, lanes 5-7 = cellular medium fractions #1-3. 

- 140 -



       

   
  

       
        

        
    

      
          

     

           
                 
               

            
             

        
              

               
          

               
               

             
                

              
       

Figure 7. Transient XfPG expression vector for agroinfiltration in tobacco leaves. 

Figure 8. The DNA gel image shows the PCR products from Agrobacterium 
plasmid DNA. Three colonies containing the XfPG:pPGIP sequence (1-3) 
were screened with p1301 primers flanking the insert site. The expected size 
fragment is 1924 bp (red arrow). The last lane used "empty" p1301 (gusA 
intact) as a control template and the same p1301 primers resulted in the gusA 
product with the expected size of 2204 bp (blue arrow). 

d. Expression of PGIPs in Arabidopsis and tobacco for XfPG inhibition assays 
The previously reported strategies for cloning each of the 14 candidate PGIPs into pCAMBIA-1301 and transformation 
into Agrobacterium tumefaciens (EHA105 pCH32) continues (Table 2; Labavitch, 2009). 

The XfPG expression construct (Figure 7) provides a potential diagnostic tool to test the efficacy of each PGIP in planta 
using a tobacco leaf infiltration system. It has been reported that the infiltration assay will work on grape and tomato 
leaves and as this approach provides advantages in terms of time and cost, we will continue to develop and use this 
technique for testing the inhibition of PGs by different test PGIPs. Co-infiltration of Agrobacterium cultures harboring 
XfPG and either pPGIP or LePGIP in pCAMBIA-1301 was carried out as described by Joubert et al. (2007). Fully 
formed leaves of Nicotiana benthamiana and N. tabacum were infiltrated with constant manual pressure using a needle-
less syringe, forcing bacterial cultures into the abaxial leaf tissue. In most cases, initial infiltration zones were marked on 
the adaxial surface and had measured areas of approximately 35 mm2. Visual symptom development was observed at 24 
and 72 hours post infiltration (hpi, Figure 9). Infiltration with cultures expressing XfPG resulted in marked wilting, 
localized water soaking, and chlorotic lesions developing in the infiltration zone. Leaves co-infiltrated with XfPG and 
PGIP expressing cultures displayed attenuated symptoms while leaves infiltrated with just PGIP or empty vector cultures 
showed no symptoms. LePGIP (tomato PGIP) was less effective than pPGIP at inhibiting wilting and lesion 
development when co-infiltrated with XfPG. Further work to quantify the results will provide a measure of the inhibition 
of XfPG by each cloned PGIP. We anticipate that the fusion construct pPGIP::XfPG will yield more easily scored results 
due to the targeted delivery of the XfPG to the apoplast. 
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Table 2. Cloning progress chart. Checkmarks indicate completed checkpoints while circles indicate work in progress. 

Protein (Organism) 

Cloning Progress Checkpoints 

Source 
tissue 

acquired 

PGIP 
cDNA 

isolated 

Transformed 
into E. coli 

Transformed 
into 

Agrobacterium 

Plant 
transformation 

AtPGIP1 (Arabidopsis)    O -
AtPGIP2 (Arabidopsis)    O -
BnPGIP1 (Rapeseed)   O - -
CaPGIP (Pepper)  O - - -
CsiPGIP (Orange)  O - - -
FaPGIP (Strawberry)   O - -
OsPGIP1 (Rice)   O - -
OsPGIP2 (Rice)   O - -
PvPGIP2 (Bean)   O - -
PpePGIP (Peach) O - - - -
PfPGIP (Firethorn)  O - - -
pPGIP (Pear)     

LePGIP (Tomato)     O 

VvPGIP (Grape) O - - - -
XfPG (Xylella)     

pPGIP::XfPG    O -

A B C 

Figure 9. Transient expression of XfPG, pPGIP, and LePGIP in N. benthamiana leaves by 
infiltration with Agrobacterium cultures. Chlorotic lesions and water soaking mark the site of 
agro-infiltrations with XfPG (A). Symptoms are reduced when XfPG is co-infiltrated with 
pPGIP (B) or LePGIP expressing Agrobacterium (C). Inserts show details of infiltration sites. 
Black marks indicate the borders of the initial zone infiltrated. 

e. Modeling of PGIP:XfPG interactions is covered under B above. 

Objective 3. Maximize PGIP expression in and transport from roots 
The transformation vector to be used in grape transformation has been reevaluated for its effectiveness. Information 
pertaining to potential signal sequences targeting PGIPs to xylem tissues for transport to and across graft junctions into 
wild-type scions has been reported by the project “In planta testing of signal peptides and anti-microbial proteins for 
rapid clearance of Xylella” (PI: A. Dandekar). 

Objective 4. No activity for this reporting period as the optimal PGIP has not been evaluated in planta. 
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CONCLUSIONS 
The comparisons of multiple PGIPs are key steps in advancing the use of transgenic rootstocks for PD control in commercial 
applications. Homology models of all 14 candidate PGIPs have been constructed and critical residues for XfPG-PGIP 
interaction were discovered. Recombinant XfPG, produced from transiently transfected Drosophila cells, was purified and 
shown to have a low level of PG activity. Further work to clone and express the candidate PGIPs continues. A more 
efficient assay, a co-infilitration assay on tobacco leaves, has been developed to assess PGIP inhibition of XfPG. Grape 
leaves will be tested for their suitability for this assay. In planta co-infiltration assays have shown that both pPGIP and 
LePGIP are able to inhibit the chlorotic lesion development in tobacco leaves that is caused by XfPG-harboring 
Agrobacterium. The ability of one of the candidate PGIPs discussed here, pPGIP, to provide PD resistance to wild-type 
scions is currently being determined by the field trials. 

The overall goal of the project is to develop transgenic grape rootstock lines that express PGIPs that effectively reduce the 
virulence of Xf, an approach that should help to solve the PD/GWSS problem. The project is designed to identify specific 
PGIPs that optimally inhibit the virulence factor, XfPG, and to express these PGIPs in grape rootstocks to provide PD 
protection in scions. The expression of PGIPs will utilize transformation components with defined intellectual property (IP) 
and regulatory characteristics, as well as expression regulating sequences that result in the maximal production of PGIPs in 
rootstocks and efficient transport of the proteins through the graft junctions to the aerial portions of vines so that Xf 
movement is limited in infected scion tissues. We have modeled 14 candidate PGIPs to predict how they physically interact 
with XfPG and to combine this knowledge with in vitro and in planta assay results measuring the ability of each candidate 
PGIP to inhibit XfPG. For these inhibition assays we are developing separate systems to generate high levels of active XfPG 
and PGIPs. The best inhibiting PGIPs will be expressed in test grape rootstock germplasm and, after grafting, their ability to 
limit PD development in non-transgenic scions will be determined. 
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ABSTRACT 
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusitble signal factor (DSF) that modulates 
gene expression in cells as they reach high numbers in plants. By increasing the expression of a variety of afimbrial adhesins 
while decreasing the expression of pili involved in twitching motility as well as extracellular enzymes involved in degrading 
pit membranes and hence movement between vessels, DSF accumulation suppresses virulence of Xf in grape. We thus are 
exploring different ways to elevate DSF levels in plants to achieve disease control via “pathogen confusion.” Plants 
expressing rpfF from Xf produce low levels of DSF and are highly resistant to Pierce’s disease (PD). Chloroplast targeting of 
RpfF apparently substantially increases DSF production. Xf moved much less rapidly in rpfF-transformed grape, colonized 
many fewer xylem vessels, and achieved a much lower population size indicating that elevated DSF levels suppressed 
movement within the plant. As exogenous sources of DSF applied in various ways to grape suppressed pathogen mobility 
and hence virulence we have further studied the chemical identity of DSF. Preliminary evidence suggests that DSF is 
comprised of three closely related fatty acid molecules. One component is 2-Z-tetradecenoic acid (hereafter called C14-cis) 
while a second compound termed C12-cis is apparently also produced. The chemical identity of a third component is as yet 
undetermined and is being investigated. We are currently determining the relative activity of these forms of DSF and if such 
molecules cooperate in regulating gene expression in Xf. The various forms of DSF may preferentially affect different 
behaviors of Xf. Since some reduction in disease severity was observed in grape scions grafted to DSF-producing rootstocks 
suggests that DSF produced by rootstocks can somewhat move to scions and confer disease control the control of disease, 
grafted plants are being made that have a relatively large rootstock to test the hypothesis that increased supply of DSF to the 
scion will be associated with a larger rootstock. Naturally-occurring endophytic bacteria within grape are being assessed for 
DSF production; only about 1% of the endophytic bacteria in grape produce DSF and these are being tested for their ability to 
move within plants after inoculation. As studies of pathogen confusion will be greatly facilitated by having an improved 
bioassay for the DSF produced by Xf, we have been developing several immunological and biochemical means to assay for 
the presence of DSF using Xf itself as a bioindicator. Bioassays based on immunological detection of the cell surface adhesin 
XadA and EPS have been developed. Gene expression in Xf exposed to various levels of DSF can also be directly assessed 
using phoA reporter gene fusions. Xanthomons campestris-based biosensors in which Rpf components have been replaced 
by those form Xf also selectively detect the DSF produced by Xf. The adherence of mutants of Xf to grape vessels is 
predictive of their virulence, indicating that adhesiveness is a major facor affecting the ability of Xf to cause disease. Such 
adhesive assays should enable us to more rapidly screen transgenic plants for their resistance to PD as well the efficacy of 
chemical analogs of DSF to induce resistance. The adherence of WT strains of Xf to transgenic Thompson seedless 
expressing a chloroplast-targeted rpfF gene from Xf was much higher than non-transformed plants, indicating that DSF 
production in the plants has increased the adhesiveness of the pathogen, and thereby reduced it ability to move within the 
plant after inoculation. 

LAYPERSON SUMMARY: 
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF). Accumulation 
of DSF in Xf cells, which presumably normally occurs as cells become numerous within xylem vessels, causes a change in 
many genes in the pathogen, but the overall effect is to suppress its virulence in plants. We have investigated DSF-mediated 
cell-cell signaling in Xf with the aim of developing cell-cell signaling disruption (pathogen confusion) as a means of 
controlling Pierce’s disease (PD). We have investigated both the role of DFS-production by Xf on its behavior within plants, 
the manner in which other bacterial strains affect such cell signaling, the extent to which other endophytes could modulate 
density-dependent behaviors and virulence in Xf by interfering with cell-cell signaling, performed genetic transformation of 
grape to express DSF, and explored other means to alter DSF abundance in plants to achieve PD control. Elevating DSF 
levels in plants erduces is movement in the plant. We have found naturally-occurring bacterial endophyte strains that can 
produce large amounts of DSF; we are testing them for their ability to move within plants and to alter the abundance of DSF 
sufficiently to reduce the virulence of Xf. Given that DSF overabundance appears to mediate an attenuation of virulence in Xf 
we have transformed grape with the rpfF gene of the pathogen to enable DSF production in plants; such grape plants produce 
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at least some DSF and are much less susceptible to disease. Higher levels of expression of DSF have been obtained in plants 
by targeting the biosynthetic enzymes to the chloroplast. Some reduction in disease severity was observed in grape scions 
grafted to DSF-producing rootstocks suggesting that DSF produced by rootstocks can somewhat move to scions and confer 
disease control. The chemical composition of DSF itself is being determined so that synthetic forms of this signal molecule 
can be made and applied to plants in various ways. We have found that the adherence of Xf to grape tissue is much more 
tenacious in the presence of DSF, and we thus have developed assays to more rapidly screen transgenic plants for their 
resistance to PD as well the efficacy of chemical analogs of DSF to induce resistance. 

INTRODUCTION 
We have found that the virulence of Xylella fastidiosa (Xf) is strongly regulated in a cell density-dependent fashion by 
accumulation of a signal molecule called diffusible signal factor (DSF) encoded by rpfF and involving signal transduction 
that requires other rpf genes. We now have shown that the pathogen makes at least one DSF molecule that is recognized by 
Xanthomonas campestris pv. campestris (Xcc) but slightly different than the DSF of Xcc (Figure 1). 

Figure 1 Structure of DSF: C14-cis. 

Our on-going work suggests that it also makes other, closely related signal molecules as well. In striking contrast to that of 
Xcc, rpfF- mutants of Xf blocked in production of DSF, exhibit dramatically increased virulence to plants, however, they are 
unable to be spread from plant to plant by their insect vectors since they do not form a biofilm within the insect. These 
observations of increased virulence of DFS-deficient mutants of Xf are consistent with the role of this density-dependent 
signaling system as suppressing virulence of Xf at high cell densities. Our observations of colonization of grapevines by gfp-
tagged pathogen are consistent with such a model. We found that Xf normally colonizes grapevine xylem extensively (many 
vessels colonized but with only a few cells in each vessel), and only a minority of vessels are blocked by Xf. Importantly, 
rpfF- mutants of Xf plug many more vessels than the wild-type strain. We thus believe that the pathogen has evolved as an 
endophyte that colonizes the xylem; blockage of xylem would reduce its ability to multiply since xylem sap flow would cease 
and thus the DSF-mediated virulence system in Xf constrains virulence. That is, Xf would benefit from extensive movement 
throughout the plant where it would partially colonize xylem vessels but would have evolved not to grow to excessively 
within a vessel, thereby plugging it and hence blocking the flow of necessary nutrients in the xylem sap. Given that the DSF 
signal molecule greatly influences the behavior of Xf we are investigating various ways by which this pathogen can be 
“confused” by altering the local concentration of the signal molecule in plants to disrupt disease and/or transmission. We 
thus are further exploring how DSF-mediated signaling occurs in the bacterium as well as ways to alter DSF levels in the 
plant. Our work has shown that the targets of Rpf regulation are genes encoding extracellular polysaccharides, cellulases, 
proteases and pectinases necessary for colonizing the xylem and spreading from vessel to vessel as well as adhesins that 
modulate movement. Our earlier work revealed that several other bacterial species can both positively and negatively 
interact with the DSF-mediated cell-cell signaling in Xf. In this period we have extensively investigated both the role of 
DFS-production by the pathogen on its behavior within plants, the patterns of gene regulation mediated by DSF, the 
frequency with which other endophytes can produce signal molecules perceived by Xf, have further characterized the 
behavior of the pathogen in grape genetically transformed to produce DSF, and explored other means to alter DSF abundance 
in plants to achieve Pierce’s disease (PD) control. We have particularly emphasized the development of various methods by 
which DSF abundance in plants can be assessed so that we can make more rapid progress in testing various ways to modulate 
DSF levels in plants, and have also developed more rapid means by which the behavior of Xf in plants can be assessed that 
does not require the multi-month PD assay. Lastly, we have developed better methods to assess DSF-mediated changes in 
phenotypes in the pathogen itself. 

OBJECTIVES 
1. Using novel, improved biosensors for the DSF produced by Xf, identify naturally-occurring endophytic bacteria which 

produce Xf DSF, and evaluate them for biological control of Pierce’s disease after inoculation into plants in various 
ways. 

2. Evaluate plants with enhanced production of DSF conferred by co-expressing RpfB, an ancillary protein to DSF 
biosynthesis, along with the DSF synthase RpfF for disease control as both scions and as rootstocks. 

3. Optimize the ability of DSF-producing in rootstocks to confer resistance to Pierce’s disease in the scion. 
4. Determine the movement and stability of synthetic DSF and chemical analogs of DSF applied to plants in various ways 

to improve disease control. 
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RESULTS AND DISCUSSION 
Characterization of DSF made by Xf. 
While the molecule C14-cis is one component of DSF made by Xf, further support for the possibility that more than one fatty 
acid signal molecule is made by RpfF was obtained by the use of a Thin Layer Chromatography (TLC) method to assess the 
fatty acids produced by Xf. In this method, acidified ethyl acetate extracts of culture supernatants of a wild-type Xf strain and 
an RpfF- mutant and a RpfB mutant were subjected to TLC and fatty acids visualized by iodine vapors. Interestingly, three 
different fatty acids were visualized in the wild type strain, while these were largely missing in an RpfF- mutant, with only 
very small amounts of two other putative fatty acids present (Figure 2). It also was of interest to see that the RpfB mutant 
produced an altered pattern of putative fatty acids, with the major chemical species produced by the WT strain missing, and 
much larger amounts of one of the other species produced. The top-most spot observed in extracts of a WT strain of Xf co-
migrates with C14-cis, a chemical form of DSF that we have previously characterized. Interestingly, the middle band found 
in the WT strain, which migrated similarly to the topmost, and most abundant band seen in the rpfB mutant, co-migrates with 
C12-cis. It is noteworthy, that a re-examination of the DSF species produced by Xanthomonas campestris pv. campestris 
using different methods have revealed that this species also produces C12-cis. The most prominent, lower, band seen in the 
WT strain is not observed in the rpfB mutant. This supports the model that RpfB, a putative long-chain fatty acyl CoA ligase, 
serves to produce suitable substrates for RpfF, the DFS synthase. Although RpfB is not required for DSF synthesis in Xf, it 
presumably aids in DSF synthesis by encoding long chain fatty acyl CoA ligase which might increase availably of the 
appropriate substrates for DSF synthesis by RpfF. It is interesting to note that rpfB mutants have an altered behavior 
compared to rpfF mutants and WT strains of Xf. While rpfF mutants are hyper-virulent in grape, rpfB mutants were nearly as 
virulent as WT strain. In contrast, while rpfF mutants are non-transmissible by sharpshooters, the rpfB mutants exhibit only a 
slight decrease in their transmission suggesting that they are retained by sharpshooters more efficiently than the rpfF mutant. 
Given that the rpfB mutant appears to make C12-cis but not C14-cis, this suggests that C12-cis is sufficient to enable 
signaling that leads to insect transmission but does not greatly affect virulence. We expect that co-expression of RpfB and 
RpfF in the chloroplast will further enhance the DSF levels in plants. We have produced transgenic Arabidopsis plants with 
such a construct and find evidence of high levels of DSF production. Pathogenicity assays with the rpfF mutant of Xcc 
indicated that the transgenic plants expressing both rpfB and rpfF transgenic plants can better complement the virulence of 
the non-pathogenic rpfF mutant of Xcc. Based on this and other data, we are expressing both RpfF and RpfB simultaneously 
in transgenic plants for optimum production of suitable DSF molecules. We thus are preparing genetic constructs to 
transform grape with these two genes to further enhance DSF production. 

Figure 2. Fatty acids resolved by TLC from a RpfF mutant of Xf (left 
lane) a RpfB mutant (center lane) and a wild type strain of Xf (right 
lane). Fatty acids were visualized after exposure to iodine vapor. 

Studies of adhesion of Xf to grape 
Our studies have suggested strongly that adhesion of Xf to plant tissues inhibits movement of the pathogen through the plant, 
and hence tends to reduce the virulence of the pathogen. RpfF- mutants of the pathogen that do not produce DSF adhere to 
glass surfaces and to each other much less effectively than WT strain that produce DSF. This is consistent with the apparent 
rpfF-regulation of adhesins such as HxfA, HxfB and XadA etc. To better correlate levels of DSF in the plant and the 
stickiness of the Xf cells we have developed a practical assay to measure and compare stickiness of Xf cells in grapes infected 
with Xf gfp-Wt and Xf mutants. In this assay, the release of cells of Xf from stems and petioles tissue from grape infected with 
Xf wild type Tem and gfp-rpfF mutant were compared. Tissues from infected Thompson seedless grapes were surface 
sterilized. From the sterile tissues, 5mm stem or petiole segments were cut and placed individually in sterile buffer and 
shaken gently for 20 minute. After 20 minutes the number of cells released from the cut end of the segment were estimated 
by dilution plating on PWG. To determine the total number of cells in a given sample (the number of cells that potentially 
could have been released by washing) the washed segment was macerated and Xf populations again evaluated by dilution 
plating. Total cell populations were calculated by summing the cells removed by washing and those retained in the segment. 
The ratio of easily released cells to the total cells recovered in the samples was termed the release efficiency. In both stems 
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and petioles the release efficiency of the rpfF mutant was much higher than that of the WT strain (Figure 3). There was a 
very strong inverse relationship between the adhesiveness of the cells to grape and their ability to cause disease (Figure 3). 
This very striking difference in the adhesiveness of the Xf cells experiencing different levels of DSF in the plant suggest that 
this release efficiency assay will be valuable for rapidly assessing the susceptibility of grapes treated in various ways. For 
example, the adhesion of cells could be measured within a couple of weeks after inoculation of WT Xf cells into transgenic 
plants harboring various constructs designed to confer DSF production in plants, or in plants treated with DSF producing 
bacteria or topical application of chemicals with DSF-like activity. Such an assay would be far quicker than assays in which 
disease symptoms must be scored after several months of incubation, and could be employed during those times of the year 
such as the fall and winter when disease symptoms are difficult to produce in the greenhouse. 
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Figure 3. (top) Proportion of total cells of various mutants of Xf that were released during gentle washing of 
grape stem segments in buffer as depicted (middle). The vertical bars represent the standard error of 
estimates of the proportion of released cells for a given treatment. (bottom) Relationship between proportions 
of various Xf mutants released from tissues and the virulence of those strain in Thompson seedless grape. 
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To further address the usefulness of the cell release assay to assess treatments designed to limit the movement of Xf in plants 
to achieve disease control, we tested the adherence of WT strains of Xf to transgenic Thompson seedless expressing a 
chloroplast-targeted rpfF gene from Xf compared with that to non-transformed plants. Plants were inoculated with a gfp-
marked wild type strain of Xf and petioles were removed from plants at a distance of about 20 cm from the point of 
inoculation, and the percent of the cells removed during a brief washing step measured as above. The adherence of WT 
strains of Xf to transgenic Thompson seedless expressing a chloroplast-targeted rpfF gene from Xf was much greater than that 
of cells in the non-transformed plants, indicating that DSF production in the plants has increased the adhesiveness of the 
pathogen, and thereby reduced it ability to move within the plant after inoculation. That is, the percentage of cells that was 
released from rpfF-expressing plants was from two to three-fold less than that of control plants (Figure 4). As seen before, 
cells of an rpfF mutant that does not produce DSF exhibited about three-fold higher percentage of cells released from a 
normal Thompson grape compared to the WT strain in the non-transgenic grape (Figure 4). These results suggest strongly 
that DSF production presumably has occurred in the rpfF-expressing plants, and that the enhanced adhesiveness of these cells 
is associated with their reduced ability to spread through the plant and cause disease. These results suggest that the release 
efficiency assay should be a useful tool to rapidly assess treatments designed to control PD. 
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Figure 4. Percentage of total cells of a gfp-marked WT strain of Xf (blue and green) and a gfp-marked rpfF mutant of Xf 
(orange) in petioles of non-transformed Thompson (Orange and Green) or of transgenic Thompson seedless expressing a 
chloroplast-targeted rpfF gene from Xf (blue) that were released during gentle washing of the segments in buffer. The 
vertical bars represent the standard error of estimates of the proportion of released cells for a given treatment. 

While the movement of Xf has been recognized as an important trait necessary for disease, the process is still poorly 
understood. Other studies we have performed in our lab are strongly supportive of a model of progressive and sequential 
colonization of a large number of xylem vessels by Xf after inoculation of a single vessel. Furthermore, we believe that the 
process of movement of Xf through plants is a stochastic one which is characterized by growth in a given xylem vessel into 
which it is introduced followed by “active escape” of at most a few cells into adjacent uncolonized vessels, and then further 
multiplication of the cells which starts the process anew. We thus are exploiting the use of mixtures of phenotypically 
identical strains of Xf differing by only one or two genes to better understand the process of progressive movement of Xf 
through plants. We hypothesize that anatomical features of plants (nature of pit membranes and other barriers to vessel to 
vessel movement in the stem) limit the number of Xf cells that can transit from one vessel to another and are major factors 
conferring resistance in plants. Xf must move from one xylem vessel to another dozens or hundreds of times to be able to 
move longitudinally down a vine as well as laterally across the vine to achieve the extensive colonization of the stem that are 
typical of diseased vines. If, at each step in this movement process only a few cells are transferred then, by chance, xylem 
cells distal to the inoculation point will receive by chance only one of the two genotypes of the pathogen. Thus for a given 
plant inoculated with a mixture of cells, the proportion of one strain compared to the other would either increase or decrease 
along a predictable trajectory given the stringency of the “bottleneck” that it faced while moving from one vessel to another. 
We now have identified differently marked phoA mutants as having identical behavior in grape as the WT strain, enabling us 
to examine the process of spatial segregation of cells of Xf during colonization of grape. The population size of the WT 
strain of Xf was similar to that of the phoA mutant whether inoculated singly or in a mixture. More importantly, the 
proportion of cells of the two strains that were recovered from different locations within a given plant differed greatly 
between plants (Figure 5). For example, eight plants were inoculated with an equal mixture of the WT and phoA mutant, yet 
in some plants all of the cells recovered from locations either 10 cm or 120 cm form the point of inoculation were either one 
strain or the other; seldom was a mixture of both strain found, and a similar fraction of the plants harbored one strain or the 
other, suggesting that the two strains had an equal likelihood to move within the plant, but that stochastic processes 
determined the movement. We hypothesize that resistant grape varieties harbor anatomical differences from susceptible 
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varieties that limit the movement of Xf from vessel to vessel. Such plant would thus present a more extreme “bottleneck” to 
Xf at each movement event and hence we would expect a more rapid segregation of mixtures of Xf at a given point away from 
inoculation. We thus are currently further exploring the spatial dependence of this segregation process in different grape 
varieties that differ in resistance to PD. Plants have been inoculated and assessment of the ratios of cells of the two strains in 
the mixture are currently being made. Not only should this provide considerable insight into the process of movement which, 
while central to the disease process, remains very poorly understood, but it should also provide new tools for screening grape 
germplasm for resistance to Xf. 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

0 1 2 3 4 5 6 7 8 9 

10 cm 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

0 1 2 3 4 5 6 7 8 9 

120 cm 

Figure 5. Proportion of cells recovered at 10 cm (left panel) or 120 cm (right panel) from the point of inoculation from 
individual plants that were inoculated with an equal mixture of a gentamycin-resistant PhoA mutant strain of Xf and a 
kanamycin–resistant PhoA mutant (abscissa) that were the kanamycin-resistant strain. 

Graft transmissibility of DSF 
To test whether DSF is mobile within the plant we are performing grafting experiments in which DSF-producing Freedom 
grape transformed with the rpfF gene of Xf are used as rootstocks to which normal Cabernet Sauvignon grape were green-
grafted as a scion. As a control, normal Freedom was also used as a rootstock. These plants were inoculated with Xf to test 
whether normal scions on DSF-producing rootstocks have a lower susceptibility to Xf colonization as a rootstock than as a 
scion. Initial estimates of disease severity indicate that there were about 30% less symptomatic leaves of the normal 
Cabernet scion when grafted onto an rpfF-expressing rootstock compared with plants on a normal Freedom rootstock. Thus, 
like in the studies of the rpfF-expressing tobacco, it appears that DSF production in the scion is more efficacious for disease 
control than is the expression of rpfF in the rootstock. We are repeating these grafting experiment both with the non-targeted 
rpfF Freedom as a rootstock as well as the chloroplast-targeted rpfF Thomson seedless as a rootstock. We are testing the 
hypothesis that increasing the size of the rootstock will increase its potential to distribute DSF to the scion. We thus are 
producing wild-types scions grafted to rootstocks of differing sizes. This is proving difficult because the normal process is 
root the root stock at the same time that the scion is grafted onto the top. Establishing a large rootstock before grafting has 
made establishment of the grafted scion more difficult. Some success has now been achieved in these plants will soon be 
inoculated and their disease susceptibility will be related to the size of the rootstock. 

Disease control with endophytic bacteria 
The severity of PD can be reduced when DSF-producing bacteria such as rpfF-expressing E. coli and E. herbicola and certain 
Xanthomonas strains are co-inoculated with Xf into grape. Hoowever, these bacteria do not spread well within the plant after 
inoculation. Presumably to achieve control of PD by endophytic bacteria where Xf might be inoculated at any point in the 
plant by insect vectors it will be important to utilize endophytic bacteria that can colonize much of the plant in order that DSF 
be present at all locations within the plant. Naturally-occurring endophytic bacteria that produced the DSF sensed by Xf and 
which might move extensively within the plant would presumably be particularly effective as such biological control agents. 
For that reason we have initiated a study of naturally-occurring bacterial endophytes for their ability to produce DSF. This 
objective was possible since much effort devoted in the last two years has resulted in the development of better biosensors 
for the DSF produced by Xf (C14-cis and related molecules) (discussed below). We now have several highly sensitive assays 
for Xf DSF. Our new biosensor, however has allowed us to screen large numbers of bacteria recovered from blue-green 
sharpshooter insect heads and grape plants for f DSF production. We are executing this part of the project using two 
approaches; the first approach is building our own endophyte library using mainly endophytes isolated from insect head and 
wild grapes. The second approach involved screening an existing large grape endophyte library which was kindly made 
available to us by Dr. B. Kirkpatrick. Our initial results reveal that 0.9% of the endophytes recovered from either insect 
mouthparts or from grape xylem produce either a DSF detected by the Xcc-specific DSF biosensor, or the Xf DSF-specific 
biosensor or both. More than twice as many strain produce a DSF detected by the Xcc-specific DSF biosensor, suggesting 
that the DSF produced by Xf is not as common as that produced by other bacteria such as environmental Xanthomonas strains 
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etc. Many more strains remain to be tested as a relatively large library of DSF-producing bacteria has been assembled. 
Those strains found to produce the same DSF as Xf are then being assessed for their ability to grow and move within grape 
plants as well as their ability to reduce symptoms of PD when co-inoculated and pre-inoculated into grape before Xf. 

Development of Xcc-based biosensors efficient in detecting Xylella DSF 
For many of the objectives of this project, an improved bioindicator for DSF would be very valuable. Until recently we have 
used an Xcc-based biosensor in which the Xcc endoglucanase gene is linked to a GFP reporter gene. Previous studies have 
shown that this biosensor is able to detect the DFS made by Xf but that it detects Xf DSF with a much lower efficiency then 
the Xanthomonas DSF since the two molecules apparently differ slightly. We constructed two independent Xcc -based DSF 
biosensors specific to the DSF produced by Xf RpfF and which is sensed by Xf RpfC. In the first sensor, we replaced the 
Rpf-DSF detection system of Xcc with that of homologous components from Xf. An Xcc mutant in which both rpfF and rpfC 
was deleted was transformed with a pBBR1MCS-2 based plasmid harboring Xf rpfC and rpfF genes. A second Xcc-based Xf 
DSF sensor was constructed that is composed of an Xcc rpfF and rpfC double mutant into which Xf rpfF and rpfG and a 
hybrid rpfC allele composed of the predicted trans-membrane domain of Xf RpfC and the cytoplasm domain of the Xcc RpfC 
has been added. We named the three different sensors based on their DSF sensing element, Xcc-rpfC, Xf-RpfC and Xf-Xcc 
chimeric RpfC. The eng’::gfp transcriptional fusion in Xcc was inactive in the absence of DSF but was strongly induced by 
≥0.1 µM 2-Z- tetradecenoic acid. We compared the activity of these two Xf-DSF specific biosensors to the activity of our 
original Xcc-DSF specific biosensor (Xcc rpfF mutant harboring an eng’::gfp reporting fusion) in response to diluted DSF 
extracts obtained from Xcc and from Xf. The three Xcc-based DSF biosensors (XccRpfC (also called pKLN55), XfRpfC (also 
called GCF), and XccchimericRpfC (also called Chimeric)) exhibited similar sensitivity to the DSF containing extract from 
Xcc but in sharp contrast, XccRpfC exhibited much lower sensitivity to the DSF containing extract from Xf than the two Xf-
DSF specific biosensors(Figure 6). These results suggest that Xf-RpfC can interact with a wider range of molecules then 
Xcc-RpfC. In addition, these two sensors were found to become activated even in the presence of dilutions of the Xf extract 
that contain less than the fraction contributed by a single PWG plate from which the DSF was originally extracted. 
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Figure 6. GFP fluorescence of different DSF biosensors to increasing concentrations of DSF from culture 
extracts of Xcc (left panel) or from Xf (right panel). 

To test the specificity of the DSF biosensors we compared the activity of those sensors to a panel of pure DSF analogues. 
Quantification of the response of the three biosensors to various fatty acid molecules revealed a substantial difference in their 
selectivity to compounds of different chain length. The XfRpfC and XccChimericRpfC biosensors, based on the use of an Xf 
RpfC receptor were clearly more responsive than the XccRpfC biosensor for fatty acid molecules greater than 12 Carbon 
atoms long (Figure 7). Given that the DSF produced by Xcc is 12 Carbons in length, while at least one of the molecules 
made by Xf is apparently 14 Carbons in length, it appears that the RpfC receptor has evolved to bind fatty acid signal 
molecules of a particular length. This also suggests that while Xcc may be relatively unaffected by exposure to DSF made by 
Xf. The converse is probably not the case. The two Xf DSF specific DSF biosensors, particularly the Xf-Xcc RpfC biosensor 
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is much more responsive to C14-cis, and hence will be far more useful that the original Xcc RpfC biosensor for assessing 
DSF levels in plants and bacterial cultures. 

Figure 7. Relative responsiveness of three different DSF biosensors to unsaturated 
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fatty acids of different chain lengths. 

Since the various DSF sensors appeared to have high specificity and sensitivity for DSF, they are suitable for large-scale 
testing of DSF molecules and transgenic plants as well as for DSF produced by antagonistic bacteria. Methods were 
therefore tested to ascertain the most expedient way in which these biosensors could be deployed for the detection of DSF. A 
broth culture assay in which the biosensors were suspended in xylem sap of transgenic plants expressing RpfF from Xf 
successfully detected DSF. We were pleased to find that GFP fluorescence and hence DSF responsiveness of the biosensor 
could be easily monitored in such a high throughput manner. 

Development of a Xf-based bioreporter for DSF 
We have developed methods to use Xf itself to detect DSF. Among the several genes that we know to be most strongly 
regulated by DSF include pil genes involved in twitching motility, several genes such as fimA and hxfA and HxfB which are 
involved in cell-surface adhesion, and gum genes involved in production of EPS. Previous attempts to establish gfp or inaZ-
based transcriptional fusions in Xf failed, presumably due to its incapability to express foreign genes properly we have 
successfully use the endogenous phoA gene (encoding alkaline phosphatase) as a bioreporter of gene expression in Xf. The 
PhoA-based biosensor in which phoA is driven by the hxfA promoter is quite responsive to exogenous DSF (Figure 8). We 
are currently conducting extensive tests of this Xf-based biosensor to screen various compounds produced by Xf to determine 
those that are active as DFS signaling molecules. 

We also examined the phenotypes of an rpfF- mutant and WT strain of Xf exposed to different amounts of DSF to determine 
if it can be used to bioassay for the presence of DSF. The DSF-induced behaviors of Xf were found to be strongly dependent 
on the culture medium that the cells were grown in. All strains of Xf are much more responsive when cells are grown in a 
minimal medium such as PIM6 or PDA than in media such as PWG containing BSA. For example, cells of the WT strain 
which are not adherent in culture, and thus which do not form cell-cell aggregations became much more adherent to each 
other when DSF was added to shaken broth cultures. The increased adherence is readily visualized as an enhanced ring of 
cell-cell aggregates that forms at the liquid-air interface of shaken cultures (Figure 9 left). The attachment of Xf cells to 
tubes or wells is readily measured by estimating the number of attached cells by their ability to bind crystal violet. The 
amount of cells bound to the surface of tubes increased with increasing concentration of C14-cis above about 1 uM. The 
concentrations of C14-cis at which cell binding was increased as estimated by this assay was similar to that as measured in an 
Xcc-based bioassay (Figure 9 right). Cells of Xf exposed to DSF in PIM6 minimal medium also appear to adhere to each 
other more than those in the medium with added DSF. The DSF-medated increase in adhesiveness is readily apparent as 
cells that clump together when visualized microscopically (Figure 10). Clearly, exogenous DSF stimulates an adhesive state 
in Xf. The Xf-based cell binding assay therefore appears to be a very valuable and rapid method by which DSF response in Xf 
can be assessed. 
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Figure 8. Increased alkaline phosphatase activity of cells of Xf harboring a fusion of phoA and hxfA 
and exposed to C14-cis (left box) and constitutive expression of phoA when fused to rrnB (right box). 
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Figure 9. (top 3 panels). Binding of cells of Xf to the walls of glass tubes at the air-medium interface in cells 
grown in PIM6 medium containing up to 50 micromolar C14-cis as visualized by crystal violet staining (right 
panel). The quantification of cell binding as measured by crystal violet absorption is shown in the center 
panel for the cells. The responsiveness (gfp fluorescence) of an Xcc-based biosensor grown in PIM6 medium 
containing up to 50 micromolar C14-cis is shown in the left panel. (bottom panel). Quantification of 
attachment of cells of the RpfC mutant, wild type strain, and RpfF mutant of Xf to the walls of glass tubes to 
which 3 uM C14-cis had been added when assayed with a crystal violet binding procedure. 
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Figure 10. Microscopic depiction of cells of wild type Xf grown in PIM6 medium 
for three hours to which 10 uM C14-cis had been added (top panels) and cells grown 
in PIM6 medium without added DSF (bottom). Note the cellular aggregates found in 
the top panels in the presence of DSF. 

CONCLUSIONS 
Since we have shown that DSF accumulation within plants is a major signal used by Xf to change its gene expression patterns 
and since DFS-mediated changes all lead to a reduction in virulence in this pathogen we have shown proof of principle that 
disease control can be achieved by a process of “pathogen confusion.” Several methods of altering DSF levels in plants, 
including direct introduction of DSF producing bacteria into plants, and transgenic DSF-producing plants appear particularly 
promising and studies indicate that such plants provide at least partial protection when serving as a rootstock instead of a 
scion. While the principle of disease control by altering DSF levels has been demonstrated, this work addresses the 
feasibility of how achieve this goal, and what are the most practical means to achieve disease control by pathogen confusion. 
The tools we have developed to better detect the specific DSF molecules made by Xf will be very useful in our on-going 
research to test the most efficacious and practical means to alter DSF levels in plants to achieve disease control. We are still 
optimistic that chemically synthesized DSF molecules might also ultimately be the most useful strategy for controlling 
disease. The presence of more than one DSF base signal molecule suggests that perhaps more than one molecule might be 
needed to achieve changes in pathogen behavior. Our major advances in the development of biosensors to detect the 
responsiveness of Xf to signal molecules is a major breakthrough that hopefully will allow us to make rapid progress in 
ascertaining those transgenic plants most capable of altering pathogen behavior as well as in formulating synthetic molecules 
suitable for use in disease control. The biological sensors also have proven useful in screening naturally occurring bacteria 
associated with grape that might also be exploited to produce signal molecules 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board. 
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FIELD  EVALUATION  OF DIFFUSIBLE SIGNAL FACTOR PRODUCING  GRAPE 
FOR CONTROL  OF  PIERCE’S DISEASE 
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Reporting Period: The results reported here are from work conducted March 2010 to October 2011. 

ABSTRACT 
A cell density-dependent gene expression system in Xylella fastidiosa (Xf) mediated by a small signal molecule called 
diffusible signal factor (DSF) which we have now characterized as 2-Z-tetradecenoic acid (hereafter called C14-cis) controls 
the behavior of Xf. The accumulation of DSF attenuates the virulence of Xf by stimulating the expression of cell surface 
adhesins such as HxfA, HxfB, XadA, and FimA (that make cells sticky and hence suppress its movement in the plant) while 
down-regulating the production of secreted enzymes such as polygalacturonase and endogluconase which are required for 
digestion of pit membranes and thus for movement through the plant. Artificially increasing DSF levels in plants in various 
ways increases the resistance of these plants to Pierce’s disease (PD). Disease control in the greenhouse can be conferred by 
production of DSF in transgenic plants expressing the gene for the DSF synthase from Xf ; such plants exhibit high levels of 
disease resistance when used as scions and confer at least partial control of disease when used as rootstocks. This project is 
designed to test the robustness of disease control by pathogen confusion under field conditions where plants will be exposed 
to realistic conditions in the field and especially under conditions of natural inoculation with insect vectors. We are testing 
two different lineages of DSF-producing plants both as own-rooted plants as well as rootstocks for susceptible grape varieties 
in two field sites. Plants were established in one field site in Solano County on August 2, 2010. Plants were planted at a 
Riverside County site on April 26, 2011. The plants established in the Solano County site have grown well and were in 
general in excess of 2 to 3 meters in length by July, 2011. All plants at the Solano County experimental site were needle-
inoculated with a suspension of Xf on July 22, 2011. From one to four vines per plant were inoculated, each at a given site 
with a 20 ul droplet of Xf containing about 20,000 cells of Xf. As of October, 2011 no visible signs of disease are apparent in 
any of the plants. Population sizes of the pathogen are also being assessed in the plants as a means of determining their 
susceptibility to PD. Plants at the Riverside County plot are subject to natural infection, and any incidence of infection of the 
plants will be assessed in late October, 2011. 

LAYPERSON SUMMARY: 
Xylella fastdiosa coordinates its behavior in plants in a cell density-dependent fashion using a diffusible signal molecule 
(DSF) which acts to suppress its virulence in plants. Artificially increasing DSF levels in grape by introducing the rpfF gene 
which encodes a DSF synthase reduces disease severity in greenhouse trials. We are testing two different lineages of DSF-
producing plants both as own-rooted plants as well as rootstocks for susceptible grape varieties. Disease severity and 
population size of the pathogen will be assessed in the plants as a means of determining their susceptibility to Pierce’s 
disease. 

INTRODUCTION: 
Our work has shown that Xylella fastidiosa (Xf) uses diffusible signal factor (DSF) perception as a key trigger to change its 
behavior within plants. Under most conditions DSF levels in plants are low since cells are found in relatively small clusters, 
and hence cells do not express adhesins that would hinder their movement through the plant (but which are required for 
vector acquisition) but actively express extracellular enzymes and retractile pili needed for movement through the plant. 
Disease control can be conferred by elevating DSF levels in grape to “trick” the pathogen into transitioning into the non-
mobile form that is normally found only in highly colonized vessels. While we have demonstrated the principles of disease 
control by so-called “pathogen confusion” in the greenhouse, more work is needed to understand how well this will translate 
into disease control under field conditions. That is, the methods of inoculation of plants in the greenhouse may be considered 
quite aggressive compared to the low levels of inoculum that might be delivered by insect vectors. Likewise, plants in the 
greenhouse have undetermined levels of stress that might contribute to Pierce’s disease (PD) symptoms compared to that in 
the field. Thus we need to test the relative susceptibility of DSF-producing plants in the field both under conditions where 
they will be inoculated with the pathogen as well as received “natural” inoculation with infested sharpshooter vectors. We 
also have recently developed several new sensitive biosensors that enable us to measure Xf DSF both in culture and within 
plants. We could gain considerable insight into the process of disease control by assessing the levels of DSF produced by 
transgenic rpfF-transformed grape under field conditions. 
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OBJECTIVES: 
1. Determine the susceptibility of DSF-producing grape as own-rooted plants as well as rootstocks for susceptible grape 

varieties for PD. 
2. Determine population size of the pathogen in DSF-producing plants under field conditions. 
3. Determine the levels of DSF in transgenic rpfF-expressing grape under field conditions as a means of determining their 

susceptibility to PD. 

RESULTS AND DISCUSSION: 
Disease susceptibility of transgenic DSF-producing grape in field trials. 

Field tests are being performed with two different genetic constructs of the rpfF gene in grape and assessed in two different 
plant contexts. The rpfF has been introduced into Freedom (a rootstock variety) in a way that does not cause it to be directed 
to any subcellular location (non-targeted). The rpfF gene has also been modified to harbor a 5’ sequence encoding the leader 
peptide introduced into grape (Thompson seedless) as a translational fusion protein with a small peptide sequence from 
RUBISCO that presumably causes this RpfF fusion gene product to be directed to the chloroplast where it presumably has 
more access to the fatty acid substrates that are required for DSF synthesis (chloroplast-targeted). These two transgenic grape 
varieties are thus being tested as both own-rooted plants as well as rootstocks to which susceptible grape varieties will be 
grafted. The following treatments are thus being examined in field trials: 

Treatment 1 Non-targeted RpfF Freedom 
Treatment 2 Chloroplast-targeted RpfF Thompson 
Treatment 3 Non-targeted RpfF Freedom as rootstock with normal Thompson scion 
Treatment 4 Chloroplast-targeted RpfF Thompson as rootstock with normal Thompson scion 
Treatment 5 Normal Freedom rootstock with normal Thompson scion 
Treatment 6 Normal Thompson rootstock with normal Thompson scion 
Treatment 7 Normal Freedom 
Treatment 8 Normal Thompson 

Figure 1. Overview of research plot in Solano County in soon after DSF-producing plants were 
established (left). Close-up of transgenic Freedom vines in mid-September 2010 (right). 

Treatments 5-8 serve as appropriate control to allow direct assessment of the effect of DSF expression on disease in own 
rooted plants as well as to account for the effects of grafting per se on disease susceptibility of the scions grafted onto DSF-
producing rootstocks. 

One field trial was established in Solano County on August 2, 2010. Twelve plants of each treatment were established in 
randomized complete block design. Self-rooted plants were produced by rooting of cuttings (about 3 cm long) from mature 
vines of plants grown in the greenhouse at UC Berkeley. Cuttings were placed in a sand/perlite/peatmoss mixture and 
subjected to frequent misting for about four weeks, after which point roots of about 10 appeared. Plants were then be 
transferred to one gallon pots and propagated to a height of about one meter before transplanting into the field. Grafted 
plants were produced in a similar manner. 20 cm stem segments from a susceptible grape variety were grafted onto 20 cm 
segments of an appropriate rootstock variety and the graft union wrapped with grafting tape. The distal end of the rootstock 
variety (harboring the grafted scion) was then be placed in rooting soil mix and tooted as described above. After emergence 
of roots, the grafted plant were then transplanted and grown to a size of about 1 m as above before transplanting into the field 
site. 

The plants all survived transplanting and are growing well (Figure 1). The plants were too small to inoculate in the 2010 
growing season and hence were inoculated on July 26, 2011 (no natural inoculum of Xf occurs in this plot area and so manual 
inoculation of the vines with the pathogen will be performed. The plants established in the Solano County site have grown 
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well and were, in general, in excess of two to three meters in length by July, 2011 (Figure 2). All plants at the Solano 
County experimental site were needle-inoculated with a suspension of Xf. From one to four vines per plant were inoculated, 
depending on the size and number of vines per plant. Each inoculation site received a 20 ul droplet of Xf containing about 
20,000 cells of Xf (Figure 3). Because researchers from both UC-Berkeley and UC-Davis will be contributing treatment to 
each plot, and since the controls for some researchers will be the same, some control plants are being shared between 
research groups. All plants at UC-Davis were inoculated by needle puncture through drops of a common inoculum source of 
Xf of about 106 cells/ml as in previous studies. As of early October, no symptoms were apparent, although the plants 
continued to grow very well (Figure 4). 

Figure 2. Images of Thompson Seedless grape (left) and Freedom grape (right) at the Solano County field 
trial in July 2011. 

Figure 3. Process of inoculation of grape at the Solano County field trial in 
July, 2011. A needle was inserted through a vine and a droplet of inoculum 
applied to the needle tip. After withdrawal of the needle, the bacterial inoculum 
is drawn into the vine due to the tension of the water in the xylem vessels. 

Some of the plants needed to establish the trial at Riverside county were damaged in the greenhouse at UC Berkeley in 2010 
due to pesticide applications, and since plants from other researchers at UC Davis were also not ready for transplanting to the 
field in 2010, a decision was made to establish all of the plants from the UCB and UCD research groups together in early 
2011. The plants for the Riverside County were generated and were transferred to a lath house at UC Davis on March 23, 
2011 to harden off for about three weeks. The plants were then transported to Riverside County for establishment in the field 
experiment together with plants from researchers at UC Davis and were planted on April 26, 2011 (Figure 5). The plants at 
the Riverside County trial will not be artificially inoculated, but instead will be subjected to natural infection from infested 
sharpshooter vectors having access to Xf from surrounding infected grape vines. Leaves exhibiting scorching symptoms 
characteristic of PD will be counted periodically at each location, and the number of infected leaves for each vine noted. 
ANOVA will be employed to determine differences in severity of disease (quantified as the number of infected leaves per 
vine) that are associated with treatment. 
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Figure 4. Appearance of transgenic Freedom grape in early October 2011. 

Figure 5. Establishment of grape trial in Riverside County. 

CONCLUSIONS 
The transgenic plants have been successfully established at two field sites in California. The first disease assessments will be 
made in late-summer, 2011. Since substantial disease control has been observed in these plants in the greenhouse, these tests 
should provide a direct assessment of the utility of such transgenic plants for disease control in the field. 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board 
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TOOLS  TO  IDENTIFY  POLYGALACTURONASE-INHIBITING  PROTEINS 
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Reporting Period: The results reported here are from work conducted December 2010 to October 2011. 

ABSTRACT 
The CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board’s Research Scientific Advisory Panel review in 2007 
and subsequent RFPs have given top priority to delivery from grafted rootstocks of Pierce’s disease (PD) control candidates, 
including polygalacturonase-inhibiting proteins (PGIPs). Four currently funded projects – two scientific research projects 
and two field trials of transgenic PD control lines use PGIPs as a control strategy to limit the spread of Xylella fastidiosa in 
the xylem network and, thereby, limit PD symptom progression in infected vines. The aim of this project is to develop a 
monoclonal antibody to the pear fruit PGIP, the protein expressed by the aforementioned grape lines, to detect, quantify, and 
observe the localization of the pear PGIP in transformed grapevines and grafted vines with transformed rootstocks. Pear 
PGIP is being isolated from previously transformed Arabidopsis thaliana plants and from mature green ‘Bartlett’ pear fruit 
tissue. Monoclonal antibody production by Antibodies, Inc. will begin once sufficient quantities of properly glycosylated, 
active PGIP have been purified. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf), the bacteria that causes Pierce’s disease (PD) in grapevines, utilizes a key enzyme, polygalacturonase 
(XfPG), to spread from one grapevine xylem vessel to the next, eventually leading to the development of PD symptoms in 
infected vines because the bacteria multiply and interrupt the flow of nutrients and water through the vessels in the plant. 
Plant proteins called PG-inhibiting proteins (PGIPs) selectively inhibit PGs from bacteria, fungi, and insets. Our work has 
identified a PGIP from pear fruits that at least partially inhibits the XfPG and we demonstrated reduced PD symptom 
development in grapevines expressing the pear fruit PGIP. Current projects, including field trial evaluations, require a 
monoclonal antibody specifically recognizing the pear fruit PGIP to detect, quantify, and characterize the the PGIP protein 
delivered to the scion portion of grafted plants from rootstocks expressing the pear fruit PGIP. The monoclonal antibody 
allows the researchers to compare the amounts of the PGIP protein at different times and places and thereby determine the 
protein’s role in XfPG inhibition in grapevines. We are purifying active pear PGIP green pear fruit for commercial antibody 
production to meet the needs of the collaborating groups. 

INTRODUCTION 
Pierce’s disease (PD) incidence has been associated in several studies with the spread of the causal agent, Xylella fastidiosa 
(Xf), throughout the xylem vasculature of infected grapevines. The spread of bacteria from one vessel to the next utilizes 
bacterial cell wall modifying enzymes to degrade the pit membranes separating adjacent vessels (Pérez-Donoso et al., 2010). 
One such enzyme, a polygalacturonase (XfPG), has been well characterized and is a PD virulence factor (Roper et al., 2007). 
Several previous projects have analyzed the effectiveness of PG-inhibiting proteins (PGIPs) in minimizing the detrimental 
effects of pathogen and pest attack on various plants. Two currently funded projects both use pear fruit PGIP (pPGIP) to 
restrict Xf movement: “Optimizing grape rootstock production and export of inhibitors of Xf PG activity” (PI Labavitch) and 
“In planta testing of signal peptides and antimicrobial proteins for rapid clearance of Xylella” (PI Dandekar). 
This project was developed to generate a monoclonal antibody that selectively recognizes the pear fruit pPGIP protein. The 
monoclonal antibody is a necessary tool for both aforementioned research projects and the related project “Field evaluation of 
grafted grape lines expressing PGIPs” (PI Powell) and will allow for detection and quantification of pPGIP without cross-
reactive interference from the native PGIP. Plants can therefore be more efficiently screened for the presence of the pPGIP 
protein, whether directly produced in, or transported to the plant tissue of interest. 

OBJECTIVES 
1. Using existing fresh green pear flesh, prepare pPGIP protein and provide it to Antibodies, Inc. to develop mouse 

hybridoma lines expressing monoclonal antibodies against the pear PGIP. 
2. Calibrate the antibodies produced by the hybridoma clones to determine effective dilutions for use in detecting the 

pPGIP protein. 
3. Use the antibody to detect transgenic pear PGIP in xylem sap of own-rooted and grafted grapevines. 
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RESULTS AND DISCUSSION 
Objective 1: Purification of pear PGIP from transgenic Arabidopsis leaves and pear fruit. 
The generation of a monoclonal antibody requires purified protein to be used as the antigen. PGIPs are plant cell wall 
proteins that require plant specified glycosylation for activity (Powell et al., 2000). The project “Optimizing grape rootstock 
production of and export of inhibitors of Xylella fastidiosa (Xf) polygalacturonase (PG) activity” (Labavitch, 2008) generated 
transgenic Arabidopsis thaliana plants expressing the pPGIP protein fused to a C-terminal histidine tag for purification. 
Leaves from these transgenic plants yielded a small amount of total protein, as determined by Bradford assays. Work to 
refine the transgenic protein purification process is ongoing. 

pPGIP extraction has begun from fresh pear fruit flesh using the protocols in Stotz et al. (1993) with modifications. In 2010 
we worked with two batches of green pear fruit to purify sufficient protein for the antibody preparation. The fruit (2 kg each) 
were homogenized in 2 L of extraction buffer (1 M PGIP extract preparation (Abu-Goukh et al., 1983). 

pPGIP activity was measured throughout purification by radial diffusion assays (Taylor and Secor, 1988). Samples of the 
initial pear homogenate were able to fully inhibit a PG (BcPG) mixture from Botrytis cinerea culture filtrates. The pPGIP 
purification preparations after ammonium sulfate precipitation and subsequent dialysis resulted in a 75% reduction in BcPG 
activity in the assay (Figure 1). Although in the first attempt to purify the protein the concentration of proteins in the sample 
was low and the preparations still contained considerable polysaccharides which may impair binding to ConA sepharose. 
The excess polysaccharide could have been because the pears used for this preparation were not completely green. This 
procedure was repeated with a second preparation of pear fruit and the following purifications steps were followed: 

1. Pears were peeled, cored, sliced, and homogenized for 1 minute in equal volume of 0.1 M sodium acetate pH 6, 
containing 0.2% sodium bisulfite and 1% PVPP. 

2. Homogenate was filtered through cheese cloth, and pulp was collected. The filtrate was centrifuged at 15,000 g for 
25 min and the pellet was collected and pooled with the pulp. The supernatant was discarded. 

3. The pulp and pellet were suspended in 1 M sodium acetate pH 6 containing 1 M NaCl. The mixture was stirred 
overnight at 4o C, and the pH was maintained at 8.0 with addition of 2N NaOH. 

4. Step 2 above was repeated, and the filtrate and supernatant were collected. The pulp and pellet were resuspended in 
1 M sodium acetate pH 6 containing 1 M NaCl and centrifuged to collect the wash. The salt supernatant and wash 
was pooled, and the pellet/pulp was discarded. 

5. The pooled salt extract was filtered through Whatman #1 filter paper, and dialyzed using a 6-8000 kda cut off 
membrane at 4o C for 72 h. 

6. The dialyzed material was first precipitated with ammonium sulfate at 50% saturation. The solution was 
centrifuged. The pellet was resuspended and dialyzed using a 6-8000 kda cut off membrane. 

7. The 50% saturated ammonium sulfate supernatant was saturated with ammonium sulfate to 100% saturation. The 
solution was centrifuged. The pellet was resuspended and dialyzed using a 6-8000 kda cut off membrane. The 
supernatant was discarded. 

8. The dialyzed ammonium sulfate fraction was mixed with an equal volume of 2x ConA buffer (200 mM sodium 
acetate, pH 6, 2 M NaCl, 2 mM CaCl2, 2 mM MgCl2, 2 mM MnCl2) and applied to Concanavalin A-sepharose to 
bind the glycosylated proteins, including pPGIP. The proteins retained by the ConA seqpharose were eluted with 
250 mM alpha-methyl mannoside. Fractions containing PGIP activity were pooled and dialyzed. 

9. A western blot showing the pear PGIP (pPGIP) band using polyclonal anti-pPGIP antibody is shown in Figure 2. 
The pPGIP band corresponds to a molecular weight of approximately 45 kDa, which is the expected size for pPGIP. 

10. The protein preparation was concentrated to 1 mg/ml protein concentration using ultra filtration device fitted with a 
10 kDa cutoff membrane. 

11. PGIP was further purified using fast protein liquid chromatography (FPLC) using a Resource S cation exchange 
column. The concentrated protein preparation was loaded and the column was run at a rate of 4 mL/min. The 
column was equilibrated with 50 mM sodium acetate buffer pH 4.5 (buffer A) and eluted with a linear gradient of 
sodium chloride to a final concentration of 500 mM sodium chloride in buffer A. 

12. A protein trace from the FPLC is shown in Figure 3. 
13. The fractions collected from FPLC are being analyzed for PGIP activity and further processing (dialysis, 

concentration, etc). 

Objective 2 - Calibrate the antibodies produced by the hybridoma clones to determine effective dilutions for use in 
detecting the pPGIP protein. 
Will commence once the antibody has been generated. 

Objective 3 - Use the antibody to detect transgenic pear PGIP in xylem sap of own-rooted and grafted grapevines. 
Will commence once the antibody has been generated. 
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Figure 1. Results of a radial diffusion assay to determine the amount of pPGIP in a 
protein preparation from pear fruit. 

Figure 2. Immunoblot analysis of pPGIP. Lane 1: 80 ng protein after ammonium sulfate 
precipitation (50-100% fraction). Lane 2: 10 ng protein after the ConA purification step. 
Molecular weight ladder is indicated on the left. Proteins were separated on a SDS-
PAGE (10%) gel and probed using pPGIP antiserum. 

Figure 3. FPLC analysis of pPGIP preparation. 
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CONCLUSIONS 
We are on track to complete the purification of the pear PGIP from green pear fruit tissue in the next month. We have 
consulted with Antibodies, Inc., about the amount of the protein needed to generate the monoclonal antibodies. The partially 
purified protein has been analyzed for its activity and been visualized by Western blots using the original polyclonal antibody 
we have used for more than 20 years. The protein migrates as a single band, and is largely separated from other proteins. 
This work should benefit a solution to the PD problem because it will allow for standard assays to evaluate the quantity, 
location and effectiveness of the PGIP delivered by the strategies of the collaborating groups. Since top priority has been 
given for the delivery from grafted rootstocks of PGIP as a PD control candidate, the four currently funded projects will be 
able to use the antibody to evaluate their strategies for delivering PGIPs to control the spread of Xf in the xylem network and 
thereby limit PD symptom progression in infected vines. Production of the monoclonal antibody by Antibodies, Inc. will 
begin once sufficient quantities of properly glycosylated, active PGIP have been purified. The monoclonal antibody will 
allow comparison of the approaches from different research groups and will allow accurate and PGIP-specific assessments of 
the potency of pear PGIP for limiting PD symptoms. 

REFERENCES CITED 
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polygalacturonase inhibitors. Plysiological Plant Pathology 23:111-122. 
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the Pore Size of Intervessel Pit Membranes in Healthy and Xylella fastidiosa-Infected Grapevines. Plant Physiol. 152: 
1748-1759. 

Powell ALT, van Kan JAL, ten Have A, Visser J, Greve LC, Bennett AB, Labavitch JM. 2000. Transgenic Expression of 
Pear PGIP in Tomato Limits Fungal Colonization. Mol. Plant Microbe Interact. 13: 942-950. 
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Colonization and Pathogenicity in Vitis vinifera Grapevines. Mol. Plant Microbe Interact. 20: 411-419. 
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Polygalacturonase Inhibitor from Pyrus communis L. cv Bartlett. Plant Physiol. 102: 133-138. 
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FIELD EVALUATION OF  GRAFTED GRAPEVINE LINES  EXPRESSING 
POLYGALACTURONASE-INHIBITING  PROTEINS 

Principal  Investigator: 
Ann L.T. Powell 
Dept.  of  Plant  Sciences 
University of  California 
Davis,  CA  95616 
alpowell@ucdavis.edu 

Co-Principal investigator: 
John  M.  Labavitch 
Dept.  of  Plant  Science 
University of  California 
Davis,  CA  95616 
jmlabavitch@ucdavis.edu 

Field  Cooperator: 
David  Gilchrist 
Dept.  of  Plant Pathology 
University of  California 
Davis,  CA  95616 
dggilchrist@ucdavis.edu 

Field  Cooperator: 
Thomas  Miller 
Department of  Entomology 
University of  California 
Riverside,  CA  92521 
thomas.miller@ucr.edu 

Reporting Period: The results reported here are from work conducted December 2010 to October 2011. 

ABSTRACT 
The aim of this project is to evaluate in two California field vineyards, the performance of grafted grapevine lines that 
produce in the rootstock, a protein that is a candidate for control of Pierce’s disease (PD). The PD and Glassy-winged 
Sharpshooter Board’s (GWSS-PD) Research Scientific Advisory Panel gave priority to the delivery of polygalacturonase-
inhibiting proteins (PGIPs), from grafted rootstocks to control PD. Previously transformed ‘Thompson Seedless’ and 
‘Chardonnay’ grapevines expressing a PGIP from pear fruit (pPGIP) show reduced PD incidence when inoculated with 
Xylella fastidiosa (Agüero et al., 2005). In this field evaluation, these grapevines were propagated vegetatively for PD 
assessment in field trial locations in Solano and Riverside Counties. Fifty-one transgenic and control, own-rooted, 
grapevines were planted in Solano County on 07/06/2010. Additional grafted plants, utilizing the pPGIP-expressing vines as 
rootstocks, have been prepared, rooted and they will be planted later in 2011 when field conditions are appropriate. The field 
plantings in the plot in Solano County were winter pruned in 2011 and currently are in the midst of their main growing 
season. PD resistance and plant growth characteristics are being assessed on the plants in the northern California location. 
The test field also contains plots from the three collaborating groups of D. Gilchrist, A. Dandekar and S. Lindow who were 
funded jointly. Inoculations and disease assessments of the vines developed in the four projects are being evaluated 
simultaneously. The plants from these trials have been planted at the same locations and the APHIS-USDA authorizations 
for all projects have been handled through PIPRA. 

LAYPERSON SUMMARY 
The goal of this project is to verify that the Pierce’s disease (PD) resistance provided by expression of polygalacturonase 
inhibiting protein (PGIP) in grapevines is evident when the plants are grown in field vineyard settings in California. The 
overall health and robustness of the plants expressing the pear fruit (p) PGIP will be compared to the plants from other jointly 
funded groups evaluating other strategies to limit PD development. The resistance of plants expressing PGIPs in grafted 
rootstocks will be compared following manual infections with Xylella fastidiosa through stem inoculations in the Northern 
California location and as a result of natural infections in the Southern California site. Funding for this project was needed to 
develop sufficient plants for both locations, manage the vineyard plantings, confirm the genetic identity of rootstocks as well 
as the scion and do the resistance testing. The performance and resistance of the grapevines in the field are being evaluated 
as the vines become established in the vineyards. 

INTRODUCTION 
Grapevines transformed to express the pear fruit polygalacturonase inhibiting protein (pPGIP) were grrown in greenhouses 
prior to the work in this proposal. These vines displayed fewer symptoms of Pierce’s disease (PD) infections when 
inoculated with Xylella fastidiosa (Xf) (Agüero et al., 2005). The additional PGIP in the grape plants inhibits the enzyme, 
polygalacturonase (PG), that Xf employs to spread infections throughout the vine (Roper et al., 2007). In a separate glassy-
winged sharpshooter (GWSS)-PD funded project aiming to optimize the activity, expression, and export of PGIP proteins 
expressed in transgenic grape rootstocks to provide optimal PD protection in the scion portions of the vines (“Optimizing 
grape rootstock production and export of inhibitors of Xf PG activity” (PI Labavitch)), PGIPs from various plants are being 
evaluated for their efficacy. While these evaluations strongly suggested that expression of additional PGIPs could be an 
appropriate strategy for improving grapevine resistance to PD, the vines had only been grown and evaluated in greenhouses 
and to be acceptable to the California grape industry, their growth performance and susceptibility to PD in vineyard settings 
comparable to commercial production locations was necessary. The goal of this project is to verify that the transgenic 
grapevines expressing pPGIP in grafted rootstocks (1) have increased resistance to PD and (2) maintain the appropriate 
performance traits necessary for commercial release when grown in field vineyard settings in California. The project was 
funded jointly with other groups evaluating anti-Xf strategies so that uniform field conditions could be achieved for all of the 
trials. Comparisons of protection and performance outcomes from the groups should be achieved. 

OBJECTIVES 
1. Scale up the number of grafted and own-rooted pPGIP expressing lines. 
2. Plant and maintain grafted and own-rooted lines in two locations with different PD pressure. 
3. Evaluate relevant performance traits of vines in two locations. 
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4. Determine PD incidence in pPGIP expressing grafted and own-rooted lines. Test for Xf presence and, if present, 
determine the extent of infection. 

RESULTS AND DISCUSSION 
Objective 1. Generate enough grafted and own-rooted grapevines for the field trial. 
The pPGIP expressing ‘Chardonnay’ and ‘Thompson Seedless’ grapevines generated by Agüero et al. (2005) continue to be 
maintained at the UC Davis Core Greenhouses. Grafting has been done with green and semi-lignified stem segments for the 
possible graft combinations. A modified wedge grafting technique is used whereby scion sections of one to two nodes were 
stripped of foliage and cut into a wedge. These sections were fit into notched rootstock line stems of equal maturity, 
alternating the bud position. The graft union was covered with Parafilm M, secured by a clothespin, and the entire scion 
piece was covered loosely by a translucent bag to prevent desiccation. Other similarly grafted vegetative cuttings - one node 
scions grafted onto three node, disbudded rootstock cuttings - were basally dipped in 5.7 µM IAA and 2.7 µM NAA for five 
min. before transferring to a loose perlite:vermiculite medium (1:1). We have utilized mist beds to increase the success of 
callusing these green grafted cuttings and have modified the EZ-Clone aeroponic system discussed in previous reports so that 
the grafted plants develop more robust roots before they are transferred to soil prior to transplantation to the field (Figure 1). 
We have made significant progress toward generating the grafted plants needed to complete the project design in the field 
trial. Our grafting techniques are continuously evolving to yield higher success rates. For this season, we have generated 21 
potted, grafted plants with another 142 grafted cuttings currently callusing and hardening off. 

Figure 1. Grapevine cuttings rooting in the EZ-Clone aeroponic manifold. 

Objective 2: Establish field trial sites. 
Two field trial sites are being established to assess the PD resistance and general agronomic viability (“performance”) of 
own-rooted and grafted pPGIP expressing grapevines. We have focused our efforts on generating sufficient high quality 
vines for the primary site in Solano County, CA. The Solano site has no natural PD pressure and the secondary site in 
Riverside County, CA has high natural PD pressure. The field sites are shared by projects testing other transgenic PD control 
grapevines from PIs, D. Gilchrist, A. Dandekar, and S. Lindow. All vines, both grafted and ungrafted, that by PCR analysis 
have the correct genotypes, from our portion of the field trial were hand-planted in a randomized block design with blocks 
consisting of two or three individuals in the same treatment beginning in July 2010. In Table 1 the number of each 
combination of each genotype of grafted and ungrafted plants is shown. Not all of the plants that are needed for the 
experimental design have been transplanted to the field vineyards as of October, 2011 but most of the remaining plants have 
been grafted and are developing roots and hardening off in lathe houses. The remaining grafted lines expressing pPGIP in 
the rootstocks will be planted in the early fall 2011. 

The grapevines are planted approximately eight ft. apart and tied to wooden stakes with trellising wires at 40 in. and 52 in. 
All plants in the field vineyard were winter pruned in February 2011 and have grown vigorously so far in 2011 (Figure 2). 
The vines in the Solano site have been weeded and monitored weekly throughout the 2011growing season. Grow tubes were 
initially placed around the vines to minimize damage by rabbits, mechanical weeding, and herbicides. We have lost none of 
the vines that we placed in the field in 2010, a result we attribute to planting robust vines that were sufficiently hardened off, 
combined with tending the vines in the field with appropriate care. The propagated vines were trained to one major shoot and 
pruning biweekly to encourage growth. The vines were topped and major cordons were extended bidirectionally, keeping 
additional positions to account for the vigorous nature of the vines at the site. 
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Table 1. Total number of grapevines planted in, and prepared for Solano County. Dashed shapes represent 
pPGIP expressing grapevine rootstocks and/or scions; solid shapes are null-transformant controls (no pPGIP). 
Vines were mechanically inoculated with Xf on 7/21/2011. Grafting progress numbers include all grafted 
cuttings at each checkpoint. 

Own-Rooted Plants (#) Grafting Progress (#) 

Cultivar 
Grafting 
Strategy Inoculated 

Non-
Inoculated Mist Beds EZ-Clone 

Potted in 
Greenhouse 

Originally 
Planned 

C
ha

rd
on

na
y 

8 4 0 2 2 13 

- - 70 2 5 13 

9 4 0 1 1 13 

Th
om

ps
on

 S
ee

dl
es

s

8 4 0 3 4 13 

- - 58 4 8 13 

9 5 0 2 1 13 

Subtotals 34 17 128 14 21 

78Aggregate Totals 51 163 

Figure 2. Examples of vines in the field in July, 2011. Vines have been trained to 
the central post and trellising wires. Xf mechanical inoculation sites are marked 
with orange tags (C). 

The rooted cuttings of ‘Chardonnay’ and ‘Thompson Seedless’ grapevines engineered to express pPGIP were genotyped by 
PCR analysis prior to transplantation to the field vineyard to confirm the presence of the pPGIP sequences in the appropriate 
rootstock or scion portions of the plants. To confirm that the pPGIP sequences produced the expected pPGIP protein, total 
extracted proteins were cross-reacted with a pPGIP-specific polyclonal antibody on Western blots. The pPGIP protein was 
observed only in samples from scions grafted to pPGIP expressing rootstocks or where otherwise expected in scions 
expressing the pPGIP sequences (Figure 3). Graft translocation is not seen in control transgenic grapes expressing a cellular-
localized protein. 
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Figure 3. Western blot of leaf extracts taken from rootstock and scion portions of grafted 
‘Thompson Seedless’ grapevines. Transgenic vines are expressing either pPGIP or NPTII 
(control). pPGIP is visualized crossing from transgenic rootstocks into wild-type (WT) scion 
tissue (lanes 4-6). This movement is not seen in the reciprocal graft (lane 2). 

Objective 3. Evaluate relevant agronomic traits of vines in two locations. 
The grapevines planted in Solano County have been monitored for general health and maintained on a weekly 
basis. Our regulatory permits require that all flowers be removed to prevent the potential for pollen escape. 
Because of this restriction, we have not been able to perform the agronomic fruit production measurements 
necessary for the commercial viability assessment. We are working with PIPRA to explore possible exceptions to 
this policy for future seasons. We however, monitor health and vigor of individual plants. 

Objective 4. Determine PD incidence in pPGIP expressing grafted and own-rooted lines. 
Two-thirds of the own-rooted vines at the Solano site have been mechanically inoculated with Xf to monitor PD incidence 
throughout the summer. Mechanical stem inoculations were utilized to ensure an even introduction of the bacteria in this site 
with no natural PD pressure. Each of the 34 own-rooted vines were inoculated three-four times per plant using a pin-prick 
technique by which a 20 µl (20,000 cells) drop was placed on a 21 gauge needle piercing the cane, and the needle was then 
withdrawn. The bacterial suspension was taken up into the xylem by the natural negative turgor pressure associated with 
evapotranspiration. The inoculations were performed in conjunction with the other field site collaborators. The bacterial 
suspension was provided by D. Gilchrist. A subset of the inoculated plants will be screened for Xf presence and movement 
by culturing xylem sap extracts on PD3 media. 

CONCLUSIONS 
Field vineyards are being established that contain grapevines that express pPGIP protein in rootstocks and these rootstock 
export the pPGIP protein to the scion portion of the plant. The efficacy of the exported pPGIP to reduce the PD damage 
caused by Xf is being evaluated in the field plantings to verify that the resistance observed in greenhouse settings can be 
replicated by plants grown in typical field settings in California. We are completing the generation of the remaining plants 
needed for the sites and confirming the genotype of the lines transplanted to the field. The general health and performance of 
the plants in the field vineyard continue to be monitored. 
The results of the field evaluation will confirm that delivery of the pPGIP from rootstocks provides a means of controlling 
PD and Xf infection in a typical vineyard setting in California, an outcome that is important for the acceptance of this strategy 
to control PD in California. The evaluations of the performance and productivity of the plants will confirm that that 
expression and presence of pPGIP does not unintentionally adversely affect other characteristics of the vines. By using 
varieties grown for fresh fruit and for wine production in California, we are testing varieties important to California growers. 

REFERENCES 
Agüero CB, Uratsu SL, Greve LC, Powell ALT, Labavitch JM, Meredith CP, Dandekar AM. 2005. Evaluation of Tolerance 

to Pierce’s Disease and Botrytis in Transgenic Plants of Vitis vinifera L. expressing the pear PGIP gene. Mol. Plant 
Pathol. 6: 43-51. 

Roper MC, Greve LC, Warren JG, Labavitch JM, Kirkpatrick BC. 2007. Xylella fastidiosa Requires Polygalacturonase for 
Colonization and Pathogenicity in Vitis vinifera Grapevines. Mol. Plant Microbe Interact. 20: 411-419. 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board. 

- 165 -



         

             
          

          
            

              
                

            
            

            
           

           
              

           

            
            

              
           

            
           

          
               

              
                

         
          

            
           

          
                

            
               

            
                

             
          

      

CONTROL OF  PIERCE’S  DISEASE WITH  FUNGAL ENDOPHYTES OF 
GRAPEVINES  ANTAGONISTIC  TO XYLELLA FASTIDIOSA 
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Reporting Period: The results reported here are from work conducted August 2010 to October 2011. 

ABSTRACT 
The goal of this research is to identify xylem dwelling fungi that are antagonistic to Xylella fastidiosa (Xf) that could be 
implemented as a preventive or curative treatment for Pierce’s disease (PD). We hypothesized that some of the fungal 
endophytes present in PD-escaped grapevines possess anti-Xf properties, likely due to the production of secondary 
metabolites. We sampled from vineyards located in Napa and Riverside Counties that are under high disease pressure and 
isolated fungal endophytes living in the xylem sap and in wood spurs, shoots, petioles of these PD-escaped vines. Fungi 
were identified by ribosomal DNA sequencing. We have selected thus far a total of nine fungal strains that have inhibitory 
effects on Xf growth in vitro. We introduced several of these fungi into grapevines and then challenged them with Xf. Two 
of these fungi reduced PD progression in grapevines inoculated with Xf (Temecula1). In addition, we have isolated and 
identified the chemical structure of two fungal natural compounds produced by our candidate biocontrol fungi that inhibited 
Xf growth in vitro. In future experiments we will repeat the biocontrol experiment in greenhouse to confirm the prophylactic 
effect provided by these fungi. We will also evaluate the curative treatment potential of the fungal natural products that we 
have isolated in PD-infected grapevines. These molecules and fungi are currently under review for patentability by the 
Executive Licensing Officer in the UC-Riverside Office of Research and, hence, their names cannot be disclosed in this 
report. 

LAYPERSON SUMMARY 
Several management strategies for Pierce’s disease (PD) are currently being deployed, but as of today successful 
management largely involves vector control through the use of insecticides. Here we propose to test an alternative control 
strategy to complement those currently in place or being developed. Our goal was to identify fungi inhabiting grapevine that 
are antagonistic to Xylella fastidiosa (Xf). We hypothesized that in natural field settings grapevine escape PD because the 
organisms residing in the vine do not allow the establishment of Xf. In 2009, 2010 and 2011 we have sampled from 
vineyards in Napa and Riverside Counties that are under high disease pressure and identified fungi living in the xylem sap, 
shoots, petioles and wood spurs of diseased and PD-escaped grapevines. We have identified nine fungi that inhibit Xf growth 
in culture. Four fungi were re-introduced in grape cuttings that were inoculated with Xf, and two of them show a reduction in 
PD-disease progression. In addition, we also extracted natural compounds secreted by these fungi and identified two purified 
molecules inhibitory to the bacterium. In the future our goals are to; 1) screen more fungi with potential for Xf growth 
inhibition; 2) repeat the experiment with introduction of fungi in grape cuttings with additional potential biocontrols; 3) 
elucidate the chemical structure of additional fungal natural products antagonistic to Xf and test them as a curative treatment 
on PD-infected grapevines. These molecules and fungi are currently under review for patentability by the Executive 
Licensing Officer in the UC-Riverside Office of Research and, hence, their names cannot be disclosed in this report. 

INTRODUCTION 
Current Pierce’s disease (PD) management strategies largely involve vector management through the use of insecticides (3). 
This has contained the spread of the disease (9). However, for sustained control of PD, strategies that either target Xylella 
fastidiosa (Xf) or impart resistance to the plant host are required. There are several ongoing research avenues investigating 
the use of transgenic grapevines and rootstocks that show resistance to PD (1, 5, 10, 11). Other approaches include 
traditional breeding focused on introducing PD resistance into V. vinifera (14). Integrated control strategies are also being 
investigated in natural vineyard settings. These include the use of natural parasitoids to the GWSS (4) and inoculation of 
grapevine with mild Xf strains that may provide cross protection prior to infection with virulent Xf strains (8). However, 
there are no effective curative measures that can clear an infected grapevine of Xf besides severe pruning, assuming that the 
bacteria have not colonized the trunk of the grapevine resulting in a chronic infection. 

- 166 -



167 

Notably, control of PD with fungi or fungal metabolites is a largely unexplored research area. Fungal endophytes are 
receiving increasing attention by natural product chemists due to their diverse and structurally unprecedented compounds 
which make them interesting candidates for discovery of novel molecules and for their potential in disease control (2, 12, 15). 
This project focuses on identifying endophytic fungi in grapevine and evaluating their potential as biocontrol agents against 
Xf. Our objectives are to characterize the microbial diversity in grapevines that escaped PD in natural vineyard settings, and 
compare this population to PD-infected grapevines with the goal of identifying fungi that are unique to PD-escaped vines. 
We hypothesize that some of these fungal endophytes possess anti-Xf properties, likely due to the production of secondary 
metabolites. We are assessing the ability of these endophytes and their natural products (i.e. secondary metabolites) for 
inhibitory activity against Xf in vitro. Finally, we are determining in greenhouse tests if 1) fungi have potential use as 
prophylactic biocontrol agents for control by inoculating grapevine cuttings with endophytic, Xf-antagonistic fungi and 2) if 
treatments PD-infected grapevine with fungal natural products have curative properties. If successful, we envision that these 
control strategies can be implemented at the nursery level (for biocontrols) or directly in the field (for natural products). 

OBJECTIVES 
1. Identify fungal endophytes that are present in xylem sap and xylem tissues of PD-escaped grapevines but not in PD-

symptomatic grapevines. 
2. Evaluate the antagonistic properties of the fungal candidates to Xf in vitro and conduct a preliminary characterization of 

the chemical nature of the inhibitory compound(s). 
3. Evaluate biological control activity of the fungal candidates in planta. 

RESULTS AND DISCUSSION 
Objective 1. Identify fungal endophytes that are present in xylem sap and xylem tissues of PD-escaped grapevines but 
not in PD- symptomatic grapevines. 
The goal is to identify the fungal endophytic populations inhabiting grapevines infected with PD and apparently healthy 
grapevines adjacent to PD-infected vines (PD-escaped) (Figure 1) with classical isolation techniques and DNA-based 
methods. Plant tissues/fluids (xylem sap, green shoots, petioles, and wood spurs) were collected at bud-break and before 
harvest from vineyards grown in Riverside and Napa Counties (Table 1) and brought back to the laboratory. Culturable 
fungi were isolated on fungal medium (Potato Dextrose Agar, PDA), and were identified after comparing the PCR-amplified 
rDNA sequence to homologous sequences posted in the GenBank database. 

Results in Table 2 show showed that based on our samplings to date, Cladosporium sp. and Aureobasidium sp. are the most 
widespread culturable fungi inhabiting grapevine xylem. Both of these species have a high incidence in both diseased and 
PD-escaped grapevines (xylem sap, green shoots and wood spurs). Furthermore, these are the only culturable fungi 
repeatedly identified in the xylem sap of grapevine. We also found other fungal species occurring in both diseased and PD-
escaped grapevines, albeit, at a lower frequency. These include Alternaria sp., Cryptococcus sp., Penicillium sp., and a 
Geomyces sp. Some fungi were only present in PD-escaped or diseased grapevines. The fungal species found only in 
diseased vines include Epicoccum sp., Phomopsis sp., Fusarium sp., Biscogniauxia sp., Cryptosporiopsis sp., Ulocladium sp., 
Pezizomycete sp, and Didymella sp. Most interestingly, we found several species only inhabiting PD-escaped grapevines. 
These include Peyronellae sp., Drechslera sp., Discostroma sp., Cochliobolus sp., Chaetomium sp., Phaeosphaeria sp., 
Oidodendron sp., and Diplodia sp. Identification of fungi from sampling in September/October of 2012 from vineyards 2, 3, 
and 4 is currently underway. Additional sampling will occur in March/April of 2012 at the same vineyards to complement 
these results. 

Figure 1. PD-escaped- grapevines in a Riesling block infected with Pierce’s disease in Napa County. 

PD- Escaped grapevine 
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Location Vineyard # Variety 
Timing  of  Sampling 

Riverside Vineyard  1 
 Cabernet Sauvignon 

Chardonnay 
 August 2009 

September  2010 
March  2011 
October  2011a 

March/April  2012b 

County Vineyard  2 Syrah 

Napa  County 
Vineyard  3 

Riesling 
Chardonnay 
Merlot 

 August 2010 
 April 2011 

  October 2011a

  March/April 2012b

August  2010 
April  2011 
October  2011a 

March/April  2012b 

Vineyard  4 Chardonnay 

a:        
 

          
           

          
        
    

  
    

           
          

                
          

Table 1. Location, variety and timing of the sampling of vineyards. 

sampling was completed and fungi are currently being identified 
b; future sampling dates 

Table 2. Identification and percent recovery of fungal taxa from PD-escaped and PD-infected 
grapevines. Results are based on sampling from 5 grapevine varieties (Merlot, Cabernet Sauvignon, 
Chardonnay, Riesling, Syrah), in 4 vineyards located in Napa and Riverside County for sampling 
times in August 2009, August/September 2010 and April/March 2011. Fungi were isolated from 
xylem sap, green shoots and wood spur. 

Fungal Taxa Percent Recovery 
Escaped Grapevines (n=26) Diseased Grapevines (n=19) 

Cladosporium sp. 77 53 
Aureobasidium sp. 81 74 
Alternaria sp. 12 16 
Cryptococcus sp. 12 11 
Penicillium sp. 4 5 
Geomyces sp. 4 5 
Peyronellae sp. 8 
Drechslera sp. 4 
Discostroma sp. 4 
Cochliobolus sp. 4 
Chaetomium sp. 8 
Phaeosphaeria sp. 4 
Oidiodendron sp. 4 
Diplodia sp. 4 
Epicoccum sp. 5 
Phomopsis sp. 5 
Fusarium sp. 11 
Biscogniauxia sp. 5 
Cryptosporiopsis sp. 5 
Ulocladium sp. 16 
Pezizomycete sp. 11 
Didymella sp. 5 

Characterization of the fungal population using oligonucleotide-based fingerprinting of rRNA genes (13) is underway to 
characterize the total (culturable and non-culturable) fungal population inhabiting grapevines. We have extracted the total 
DNA from diseased and PD-escaped grapevines using Qiagen Plant DNA extraction kit, and were able to PCR amplify the 
total ribosomal DNA. We are currently conducting the DNA based population analysis. 
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Objective 2. Evaluate the antagonistic properties of the fungal candidates to Xf in vitro and conduct a preliminary 
characterization of the chemical nature of the inhibitory compound(s). 
The goal of this objective is to identify fungal species and fungal natural products produced by these species that can be used 
as treatments for control of PD. Fungal cultures recovered from xylem sap, shoot, petioles and spur isolations (Obj. 1) were 
evaluated in an in vitro inhibition assay for antagonism against Xf. In brief, Xf liquid cultures were adjusted to OD600nm=0.1 
(approx. 107 CFU/ml); 300 µl of the Xf cell suspension was added to 3 ml of PD3 medium containing 0.8% agar and briefly 
vortexed. This mixture was overlayed onto a petri plate containing PD3 medium. A sterile circle of agar was drawn from the 
margin of an actively growing pure fungal culture and was placed onto the plates previously inoculated with Xf. Plates were 
incubated at 28ºC for seven days and then observed for an inhibition zone around the fungal colony (Figure 2). Fungal 
species with a halo of inhibition were considered antagonistic to Xf. All the fungal specimens showing inhibition are being 
identified to the species level using multi-gene sequencing and morphological identification. 

A B C D 

Figure 2. In vitro inhibition assay for fungi. Results show; (A) control; (B) no inhibition of Xf around fungal 
growth; (C) partial inhibition of Xf as shown with the halo around the fungal growth (D) total inhibition of Xf. 

In addition, crude extracts collected from the fungal cultures showing inhibition towards Xf was collected for evaluation 
using the growth inhibition assay as described above. Fungal crude extracts were extracted as follows; agar plugs of 0.5 cm 
diameter of each fungus were used to inoculate 250 mL liquid media, and the fungi were cultivated at room temperature on a 
shaker. After seven days, each culture was filtered and further extracted with ethyl acetate, re-suspended in sterile methanol 
to an extract mass of 1mg, pipetted onto sterile paper discs and allowed to dry in a laminar flow hood. Once dry, the paper 
discs containing the crude extracts were placed onto the Xf cultures and incubated at 28ºC for seven days. Following this, 
plates were observed for a halo of inhibition around the paper disc and compared to control Xf-only plates and plates with 
paper discs treated with methanol only. The efficacy of fungal crude extracts was initially pre-screened in a high throughput 
method using three paper discs per plate (data not shown) and when inhibition of Xf growth was observed, the experiment 
was repeated using one disc per plate (Figure 3). 

B CA 

Figure 3. In vitro inhibition assay for fungal crude extracts. Results show; A Control Xf only; B 
intermediate inhibition of Xf as shown by the halo around the disc; C good inhibition of Xf, as 
shown by the absence of Xf growth around the disc. Note: no clearings were formed around the 
methanol-treated disc only control. 

From the field sampling we have identified nine fungal taxa that inhibited Xf growth in vitro with various degrees of 
inhibition. We are currently testing the potential of four of these fungi as biocontrol agents in planta (see Objective 3). We 
have extracted crude extracts from six of the fungi that showed inhibition of Xf growth in vitro. We are currently 
fractionating the crude extracts from these six fungi in order to purify and identify the inhibitory molecule. Thus far, we have 
purified two individual molecules that are active against Xf growth in vitro and identified them to the chemical structural 
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level. These molecules and fungi are currently under review for patentability by the Executive Licensing Officer in the UC-
Riverside Office of Research and, hence, their names cannot be disclosed in this report. 

Objective 3. Evaluate biological control activity of the fungal candidates in planta. 
The goal of this objective is to provide increased tolerance to PD by inoculating grapes with natural fungal endophytes that 
possessed anti-Xf properties. We have selected four fungal candidates that displayed two features; 1) they showed inhibitory 
effect of Xf in in vitro assays (Obj. 2); 2) they were heavily sporulating in culture. Spore formation is an important criteria. 
Because of the small size and shape of the spores, they are more likely to successfully infiltrate and colonize the plant xylem 
vessels as opposed to the larger vegetative structures, such as fungal hyphae. Spores of fungi 1 to 4 that were grown on PDA 
medium were harvested in sterile water and the concentration was adjusted to 105 to 106 to spores/µl. Grapes cuttings var. 
‘Merlot’ (with 2 buds) were vacuum infiltrated (Figure 4) with the fungal spore suspension, planted and placed in the 
greenhouse. Control plants were infiltrated with sterile water only. In June of 2011, green shoots arising from these cuttings 
were inoculated with Xf (Temecula strain) by mechanical needle inoculation (7). A sub-sample of plants was left un-
inoculated with Xf to determine if the concentration of fungal spore treatment used is detrimental itself to the grape cuttings. 
Plant symptoms were rated from 0 to 5 weekly (0= no symptoms; 5=Plant dead or dying) according to Guilhabert and 
Kirkpatrick (6). (Figure 5). 

Figure 4. Technique used to vacuum infiltrate grape cuttings with spores 
of fungal endophytes that showed inhibitory effects in the Xf in vitro 
inhibition assay. 

Figure 5. PD symptoms severity rating in grapevine cv. ‘Merlot’; 0 no symptoms (Mock inoculation); 1 through 5= grapes 
infected with the wild type strain Temecula showing an increase in the disease severity. 

Our results (Figure 6) showed that the progression of the disease symptoms over a 14 week-period were less when grape 
cuttings were previously vacuum infiltrated with two fungal endophytes (fungus 1 and 3) that showed inhibition to Xf in the 
previous in vitro inhibition assay (Obj. 2). The two other fungal endophytes (fungus 2 and 4) show little to no reduction in 
disease progression. No fungi were detrimental to the plant. Plant will be rated for a total of 18 weeks post-Xf inoculation 
after which petioles will be sampled, and brought back to the laboratory to quantify Xf titer in the plants. Petioles will be 
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surface sterilized and plated on PD3 medium in order to quantify Xf populations per plant. We will also confirm that the 
inhibitory fungi were able to systemically colonize the plant by recovering them from cut petiole tissues on PDA medium. 
Statistical analyses will be performed at the end of the experiment to determine if the treatments are statistically different 
from the control. This experiment will be repeated in 2012 with additional potential biocontrols. 

Figure 6: PD severity progression between eight and fourteen weeks post-inoculation 
with Xf ‘Temecula’ strain on grape cuttings cv. ‘Merlot’ previously vacuum infiltrated 
with four different fungal endophytes of grapevine showing inhibition to Xf in in vitro 
assays. 

CONCLUSIONS 
The goal of this research is to identify fungal strains or natural fungal products that have an antagonistic effect towards Xf. 
Thus far, we have isolated nine promising fungal candidates that inhibit Xf in vitro. Four fungi were evaluated as potential 
biocontrols and were vacuum-infiltrated into grape cuttings cv. ‘Merlot’ that were later inoculated with Xf Temecula strain. 
Our results showed that two fungi were able to reduce disease progress and severity after 14 weeks post-inoculation. The 
goal is to inoculate plant materials with these fungal biocontrols at the nursery level so that they can provide a prophylactic 
control against PD in natural vineyard settings. In addition, we are currently evaluating the antagonistic efficiency of the 
fungal natural products against Xf in in vitro inhibition assay and characterizing their structure and chemical properties. Thus 
far we have identified two molecules that inhibited Xf in vitro. The goal is to develop these natural products to commercial 
products that can be used as curative treatments for grapevines already infected with PD. 
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CAN PIERCE’S  DISEASE PDR1 RESISTANCE INTROGRESSED  INTO VITIS VINIFERA BE 
TRANSLOCATED FROM  A RESISTANT ROOTSTOCK  TO  A  SUSCEPTIBLE SCION? 
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Reporting Period: The results reported here are from work conducted August 2011 to October 2011. 

ABSTRACT 
The goal of this research is to evaluate the potential of a non-transgenic, Pierce’s disease (PD) resistant Vitis vinifera 
selection used as an experimental rootstock to confer systemic resistance to PD susceptible V. vinifera scions. Source of PD 
susceptible plant material will be the wine grape variety ‘Chardonnay’, known to support high populations of Xylella 
fastidiosa (Xf) and exhibit severe PD symptoms. Source of PD resistant material will be a modified backcross generation 2 
(mBC2) raisin selection with PD resistance locus PdR1 introgressed from 89-F0908 (V. rupestris X V. arizonica). Scions 
will be mechanically inoculated with Xf strain Stags Leap. PD severity will be visually assessed using a nominal 0-5 rating 
scale where 0 corresponds to no visual symptoms and 5 corresponds to death of the plant. Following development of PD 
symptoms on the positive control (‘Chardonnay’ as both scion and rootstock), anticipated to be ~12-16 weeks post 
inoculation, tissue samples (petioles) will be assayed for Xf titer by real-time PCR. 

LAYPERSON SUMMARY 
Pierce’s disease (PD) resistance from a wild grapevine species has been transferred into Vitis vinifera via classical (non-
transgenic) breeding. However, given the extensive number of wine, raisin, and table grape varieties susceptible to PD, 
introgression into each will be time consuming and costly. In this research, proof of concept experiments will be conducted 
in greenhouse trials to determine if PD resistance in a V. vinifera selection used as a rootstock may be translocated to 
susceptible V. vinifera scions. 

INTRODUCTION 
This new project describes pilot experiments designed to test the hypothesis that a Pierce’s disease (PD) resistant rootstock 
can affect PD development in susceptible scions. It is known that rootstock selection can affect symptom expression 
resulting from Xylella. Fastidiosa (Xf) infection of peach and citrus (Gould et al., 1991; He et al., 2000), and these 
observations were used as a rationale by Cousins and Goolsby (2010) to initiate examination of five grape rootstocks for 
potential to reduce PD symptoms in susceptible scions. The V. vinifera selection to be used as an experimental rootstock 
bears the PdR1 resistance locus introgressed from 89-F0908 (V. rupestris X V. arizonica) that is known to confer high levels 
of PD resistance via reduction of Xf population levels (Buzkan et al., 2005; Krivanek et al., 2006; Riaz et al., 2009) and 
xylem sap from PdR1 plants reduce growth of Xf in culture (Cheng et al., 2009). As the PdR1 resistant rootstock to be used 
in these experiments is a second generation backcross with a genetic composition of ~87.5% Vitis vinifera, difficulties 
encountered by Lin and Walker (2004) in establishing sound graft unions between V. vinifera scions and rootstocks derived 
from wild Vitis species should be eliminated. The simple experimental design to be used will determine whether or not the 
PdR1 resistance factor(s) is (are) capable of systemic protection of tissues beyond the graft union to affect pathogenesis of 
Xf in susceptible scions. 

OBJECTIVE 
Determine effect of rootstock genetic background (+/- PdR1) on disease severity and Xf population levels in PD susceptible 
scions following challenge inoculation of scions with Xf. 

RESULTS AND DISCUSSION 
Data are not yet available for this newly funded project. 

CONCLUSIONS 
No conclusions may be drawn at this time. 
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ABSTRACT 
Xylella fastidiosa (Xf) multiply and attach to the vessel walls, forming biofilm that can, when sufficiently large, occlude 
xylem vessels, blocking water and nutrient transport in many different plant species such as citrus, grapevine, plum, almond, 
peach, and coffee. Fimbrial and afimbrial proteins seem to be essential for colonization and biofilm formation in Xf. 
Disulfide bonds play an important role in the folding and stability of such proteins. N-acetyl-L-cysteine (NAC), a thiol-
containing antioxidant, is an analogue of cysteine that disrupts disulfide bonds in mucus, and has been used in medical 
treatment of humans with chronic bronchitis for instance. NAC also decreases biofilm formation by a variety of bacteria, and 
reduces the production of an extracellular polysaccharide matrix, while promoting the disruption of mature biofilms. This 
antibacterial property, together with the ability to avoid biofilm formation and to induce its detachment makes NAC an 
excellent candidate to be tested against Xf. The effect of this molecule in a phytopathogen has never been studied, thus, the 
aim of this work was, in general, to evaluate the activity of NAC against Xf biofilm cells. More specifically, we investigated 
the effects of NAC on (i) biofilm cellular mass and cell viability, (ii) production of extracellular polysaccharides (EPS), 
(iii) CVC symptoms in sweet orange (C. sinensis) infected plants, (iv) uptake of NAC by those plants, (v) its environmental 
degradation rate, and (vi) the variation of the number of viable Xf cells in plants treated or not with NAC. Results of biomass 
quantification, number of viable cells, total exopolysaccharide content, and microscope fluorescence images of in vitro 
cultured biofilms revealed that all the tested doses of NAC (1.0, 2.0, and 6.0 mg / mL) led to a decrease in biofilm formation, 
and inhibited growth of Xf, which indicates that this substance could also be toxic for this bacterium. In vivo experiments 
showed a strong reduction in CVC symptoms in C. sinensis treated with different doses of NAC three months after treatment. 
The amount of NAC added to the plant was monitored by HPLC and it seems that the plant absorbed the analogue. The 
population of the bacteria was lower in plants with NAC but was still possible to detect living cells. These results indicate 
that NAC may have an effect on Xf biofilm and the symptoms remission could be a possible consequence of restoration of the 
xylem flow. Approximately three months after stopping the treatment with NAC, the initial symptoms returned. These 
results open a new perspective for the use of this molecule on Xf control, where the improvement of NAC absorption by the 
plant (low absorption would increase the availability time of NAC), the NAC association with other molecules like Cu or Zn, 
and the time of application, could keep the plant in the field without the disease symptoms caused by Xf. 

FUNDING AGENCIES 
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Reporting Period: The results reported here are from work conducted October 2010 to September 2011. 

ABSTRACT 
This report describes work performed since October 2010. First, we summarize results on the transmission efficiency of 20 
Xylella fastidiosa (Xf) mutants. Many mutants were deficient in vector transmission, but none resulted in complete 
abolishment of transmission. These results support previous results and indicate that Xf colonization of vectors is a complex 
process. Second, we present data on the interference of Xf vector transmission by disrupting cell-surface molecular 
interactions. Three groups of molecules were used to block transmission, i) lectins that would bind to receptors on the 
vector’s foregut, ii) carbohydrates that would bind to adhesins on Xf’s surface, and iii) antibodies that bound to various Xf cell 
surface components. All these approaches resulted in significant blockage of vector transmission. These results not only 
provide confirmation of the nature of Xf-vector interactions, but also show that targeting specific interactions at the molecular 
level is a feasible approach to control disease spread. 

LAYPERSON SUMMARY 
Pierce’s disease (PD) of grapevines and other Xylella fastidiosa (Xf) diseases are the outcome of complex interactions among 
plants, sharpshooters and bacterial pathogen. To move between hosts Xf must be transmitted by sharpshooter vectors, and 
although this represents an essential component of PD (i.e. no transmission no disease), it is also its most poorly studied 
aspect. Research on Xf-vector interactions will not only lead to novel approaches to limit pathogen transmission, but will 
also lead to new biological insights that may assist in the development of other control strategies. Here we report on the 
transmission efficiency of several Xf mutants and on efforts to block transmission. Results indicate that vector colonization is 
a complex process, as several mutants were impacted in vector transmission, but none resulted in zero transmission. One of 
the most important findings is that Xf transmission can be disrupted by blocking adhesins on the cell surface that interact with 
vectors, and receptors on the cuticle of vectors that cells use to initiate sharpshooter colonization. In other words, disrupting 
vector transmission of Xf is feasible and would lead to control strategies that are not aimed at killing vector or pathogen, but 
suppressing disease spread in a sustainable and environmentally sound manner. 

INTRODUCTION 
This report is divided into two sections: i) testing of several mutants for their transmissibility by vectors, and ii) work to show 
that transmission can be disrupted by the use of specific molecules that affect Xylella fastidiosa (Xf)-vector interactions. 
Although both sections address molecular aspects of Xf transmission, we provide a brief introduction to each, as the specific 
goals of these studies are different. Final results are pending for aspects of the study using mutants, while those are final for 
the transmission blocking work reported here; the latter is also followed by a detailed discussion. Sections of this report are 
redundant with previously submitted reports (unpublished) as there is an overlap in the reporting period (specially the work 
with mutants). 

OBJECTIVES 
1. Molecular characterization of the Xf-vector interface 
2. Identification of new transmission-blocking chitin-binding proteins. 

The long-term goal of this work is to develop tools to block Xf transmission by sharpshooter vectors, which we show here to 
be a feasible disease control strategy. 

RESULTS AND DISCUSSION 
In a previous report (2010 Proceedings) we report on initial findings part of this project. Essentially, we found that Xf has a 
functional chitin utilization machinery and is capable of utilization chitin as a carbon source. That work has been published 
and will not be discussed here (Killiny, N., Prado, S.S. and Almeida, R.P.P. 2010. Chitin utilization by the insect-transmitted 
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bacterium Xylella fastidiosa. Applied and Environmental Microbiology 76: 6134-6140). Here we focus on unpublished data. 
We have also submitted several libraries for RNA-Seq using the Illumina platform, those are currently pending in the UC 
Berkeley sequencing facility. The goal of those is to compare media that induce Xf transmission with those that do not, 
hopefully allowing us to identify novel transmission blocking candidate genes. 

Transmission of Xf mutants 
So far the role of very few genes on vector transmission of Xf is understood. To address this important knowledge gap we 
tested the transmission efficiency of 20 Xf mutants. We used a protocol developed by our group based on an artificial diet 
system that eliminates the need of using infected plants as a pathogen source to insects (Killiny and Almeida 2009b), which 
prohibits adequate analyses of vector-pathogen interactions because many mutants are deficient in plant colonization. We 
note that these mutants were generated by other research groups and kindly provided to us for this study. 

Figure 1. Experimental design to test Xf mutants for vector transmission. 

Briefly, our experimental design was aimed at determining if strains were transmitted by vectors without considering plant-
pathogen interactions (or minimizing its importance). Insects acquired cells from an artificial diet system for a few hours, 
then were transferred to a leaf on a healthy plant for inoculation (Figure 1). This leaf was tested two weeks after inoculation 
for Xf. We used plants for inoculation, but those were tested two weeks after insect access to reduce potential problems with 
mutants that cannot colonize plants. This approach allowed us to show that mutants that are deficient in plant colonization 
are transmissible by vectors. We were successful in obtaining positive inoculation events into artificial diets as well (Rashed 
et al. 2011), but we believe that vector probing behavior in plants and diets are reasonably different and could affect 
inoculation efficiency. Thus, the approach used looks at initial cell adhesion and colonization of vectors, followed by 
inoculation into plants, requiring short term survival/multiplication of cells, which is expected even from mutants that do not 
colonize grapevines. We have also quantified bacterial populations within sharpshooters with qPCR (Killiny and Almeida 
2009a) after acquisition and one week later to gain insights on retention of the various strains. Data have been collected but 
are still being analyzed. 

Because of the large number of mutants tested, different experiments (n=8) were performed and each one had its own wild 
type control (Figure 2). Transmission rates for the wild type ranged from 80 to 92%. The figure below summarizes our 
results. For comparative purposes, transmission rates of the wild type control in independent experiments were all 
normalized (to 100%), allowing a comparison among the various mutants. Statistical analyses need to be performed to 
compare the treatments tested, but for the purpose of discussion we may consider mutants with less than ~40% transmission 
as being deficient in this essential trait to Xf’s biology. 

Mutants tested so far can be arbitrarily divided into four categories: adhesins, gene regulation, AT-1 transporters, and gum-
and pectinase-deficient mutants. We will briefly discuss our results; a more complete discussion depends on the retention 
data we are yet to analyze. Among adhesins, all those tested affected transmission, except for pilB, which is part of type IV 
pilus involved in Xf twitching motility. Gum-deficient mutants were expected to be unable of biofilm formation within 
vectors, thus their lower transmission rates is not unexpected. We have previously shown that pectin degradation by the 
polygalacturonase (PglA) is required for vector transmission of Xf cells grown on the XFM-pectin medium used to induce 
vector transmissibility (Killiny and Almeida 2009). Thus, we did not expect much if any transmission of the pglA mutant. 
Regulatory genes involved in cell-cell signaling and within-cell signaling have been demonstrated to be deficient in 
transmission, results obtained here were similar to those with whole plants, for example, rpfC is affected in transmission, but 
less than rpfF (Newman et al. 2004, Chatterjee et al. 2008, 2010). Our results were within expectations, as much of Xf’s 
biology is affected by cell-cell signaling and within cell gene regulation. The AT-1 autotransporters tested were not affected 
as much, although the double mutant xatA/B was transmitted only 40% of the time. However, results with the complemented 
mutant xatA show that this protein has some role in transmission, as complementation revert transmission back to wild type 
level. 
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Figure 2. Transmission efficiency of Xf mutants in relation to the wild type. 

A few general points need to be addressed. First, it is now evident that the in vitro system developed to study transmission 
independently of plants mimics experiments with plants adequately. For example, general trends obtained with transmission 
of the following mutants with plants were reproduced with the artificial diet system: hxfA, hxfB, rpfF, rpfC. This is important 
as a majority of mutants, such as gumD and pilB, cannot be tested using plants, but this protocol allows them to be studied in 
relation to vector transmission. Second, all mutants were transmissible to some degree in this study. This indicates that 
transmission is complex and not dependent on a single factor, such as only one adhesin. The fact that multiple factors are 
important for vector colonization is not surprising, but the results identified novel targets to block transmission. It should be 
mentioned that we believe that cells provided to insects are ‘super sticky’ and offered at higher densities than if acquisition 
occurred from plants, potentially inflating the proportion of transmitting individuals. In other words, transmission rates could 
be lower if plant-to-plant assays were performed. 

Blocking of Xf transmission 
The surface colonized by Xf in insects is not well characterized, but the nature of cell-vector interactions has been 
demonstrated to depend on carbohydrate-protein interactions (Killiny and Almeida 2009a). Cell surface proteins mediated Xf 
attachment to various substrates, including leafhopper foregut extracts and hindwings. In addition, adhesion decreased when 
certain carbohydrates were added to suspensions in adhesion assays, indicating that carbohydrate-binding proteins on the cell 
surface are substrate specific and that saturation of these proteins affects adhesion. Much like a biofilm, however, Xf 
colonization of vectors is likely a complex multi-step process, in which different factors are important for each step of 
biofilm formation, from initial cell adhesion to colony maturation (Almeida and Purcell 2006, Killiny and Almeida 2009a). 
Work on Xf-vector interactions has focused primarily on the early stages of biofilm formation, i.e. initial cell adhesion. 
Because of the protein-carbohydrate nature of the Xf-vector interface, it should be possible to disrupt transmission by 
saturating carbohydrate-binding proteins on cell surfaces; alternatively, lectins (carbohydrate-binding proteins) could be used 
to mask carbohydrate coated surfaces on the foregut of leafhoppers. In addition, Xf-derived antibodies could also reduce 
transmission if they were to bind to proteins on the cell surface that are involved in vector adhesion. We performed a series 
of experiments testing different approaches to block leafhopper transmission of Xf to plants. The experimental design used 
here was similar to tests with mutants, except that molecules (lectins, carbohydrates or antibodies) were all mixed together 
with cells in the diet. We will focus on results instead of methods. 
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Lectins  affect  vector survivorship. We detected  a significant  among-treatment  variation  in insect  survivorship  (log rank X 2 
6

=  165.63, P <  0.001)  with  lentil lectin  (LL)  and  peanut lectin  (PL)  being  the  two  treatments  inflicting  the  highest mortality 
rate across  all  three concentrations  over  time.  Neither  concentration  nor  treatment  caused  insect  mortality  within  the first 48 
hours  of  exposure.   Following this  verification of  survivorship  within experimental  time-frame  for  transmission  experiments 
(4 hours  of  exposure  followed by  at  12-hour  IAP  on  healthy  grapevines)  we proceeded  to  the competition  assay  with  lectins 
using  the  0.1%  concentration.   This  intermediate concentration  was  selected  to  reduce potential  effects  of  higher 
concentrations  on  insect  feeding,  meanwhile assuring  the presence of  a minimum  number  of  competitor  molecules  in 
suspensions  for  the competition  experiments. 

Lectins  reduce transmission  efficiency. The  probability  of  a  successful transmission  event was  significantly  affected  by 
lectin  treatments  (Wald X 2 

6 =  44.84, P <  0.001, Figure 3).   Compared  to  the  sharpshooters  that fed  in  the  control diet,  insects 
belonging  to  all lectin  treatments  showed  a  significant reduction  in  transmission  rate; PL  (Wald X 2 

1 =  4.93, P ==  0.026),  LL 
(Wald X 2 

1 =  5.15, P =  0.023),  wheat  germ  agglutinin (WGA)  (Wald X 2 
1 =  23.67, P < 0.001),  and  concanavalin  A  (CoA) 

(Wald X 2 
1 =  11.71, P < 0.001). Xf transmission  rate by  leafhoppers  fed  on  diets  with  either  BSA  or  OV  was  not  different 

from  that of  the  control (BSA:  Wald X 2 
1 =  0.01, P =  0.975;  OV:  Wald X 2 

1 = 1.49, P = 0.221).   Transmission  rate of  the 
insects  treated  with  WGA  was  significantly  lower  than  all  other  treatments  except  for  CoA.  Insects  treated  with  CoA  also  had 
lower  transmission  rates  than  both  OV  and  BSA  treatments,  but not compared  to  peanut and  lentil lectins. 

Figure 3. Lectins affect vector transmission of Xylella fastidiosa to plants. A) Lectins, BSA and OV were 
provided to insects through diet solutions containing Xf cells; control contained cells only. Treatments with 
different letters on bars indicate statistically different treatments. B) Xf retention and populations within 
vectors after the inoculation access period no plants. Y-axis on the right represents the proportion of 
insects that were positive for Xf (empty bars); WGA and CoA were the only treatments statistically 
different from the control (marked with asterisks). Y-axis on the left shows bacterial populations within 
insects as measure by quantitative PCR; boxes show the interquartile range including 50% of results, mid-
horizontal line represents the median; different letters on top of error bars represent statistically significant 
different treatments. BSA – bovine serun albumine, OV – ovalbumine, PL – peanut lectin, LL – lentil 
lectin, WGA – wheat germ agglutinin and CoA – concanavalin A. 

There was a significant variation in acquisition rates among the insects treated with different lectins (X6
2 = 27.70, P < 0.001), 

which was measured by quantitative PCR after the 12-hour IAP on plants. The proportion of leafhoppers that acquired the 
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pathogen in WGA and CoA treatments was significantly lower than that of the control (Ps < 0.003). Acquisition rate for the 
other treatments was not statistically different from the control (Ps > 0.232). These differences are likely not associated with 
feeding deterrence due to the presence of lectins in the diet, as LL and PL were the lectins that were toxic to leafhoppers, not 
WGA or CoA. Similarly to the acquisition rates, the number of bacterial cells acquired and retained by the experimental 
insects varied significantly among-treatments (ANOVA: F6, 126 = 7.71, P < 0.001). Further pairwise comparisons indicated 
the number of cells recovered from the insect heads in WGA treatment was significantly lower than all other treatments 
(Tukey, Ps < 0.043), with the exception from CoA (Tukey, P = 0.54). 

Carbohydrates with GlcNAc units affect transmission rate. Overall, carbohydrate groups with an acetyl amine group 
significantly reduced Xf transmission rate by vectors (Figure 4). For the insects treated with glucose, galactose or mannose, 
all lacking GlcNAc, the rate of successful transmission events was not statistically different from the control (binary logistic 
regression: Ps > 0.60). However, transmission rates varied significantly between vectors treated with the carbohydrates 
possessing GlcNAc and the control (Ps < 0.001). Transmission rates were not different among vectors treated with glucose, 
galactose, and mannose (X2

2= 2.61, P = 0.12). Likewise, no difference in transmission rates was detected among insects 
treated with GlcNAc, GlcNAc2and GlcNAc3 (X2

2= 1.73, P = 0.42). 

Figure 4. Carbohydrates with N-linked residues decrease Xylella fastidiosa 
vector transmission efficiency to plants. Three concentrations (0.1, 0.25 and 
0.5M) were used for each saccharide tested in this competition assay, no 
differences among concentrations for any treatment were statistically 
significant; the control only included Xf cells. Carbohydrates with an N-
acetylglucosamine (GlcNAc) residue were statistically equivalent to each 
other (white bars), but all were different from glucose, mannose and galactose, 
which also did not differ from each other (grey bars). 

Antibody-mediated  blocking  of  cell  surface reduces  transmission  rate. There  was  a  significant variation  in  transmission 
efficiencies  among  vectors  treated  with  different antibodies  (Wald X 2 

7 =  31.22, P <  0.001; Figure 5).   With  the  exception  of 
PilA2  (P =  0.068)  and PilC  (P =  0.111),  the  two type  IV  pilus  antibodies,  all  of  the  remaining  antibody  treatments 
significantly  reduced  transmission  rate  (Ps <  0.007).   A  separate Chi-square analysis  revealed  no  variation  in  transmission 
rates  of  insects  treated  with  antibodies  against  gum,  whole cell,  and  the three different  afimbrial  adhesins  (X 2

4 =  4.53, P = 
0.34) . 
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Figure 5. Cell surface antibodies reduce Xylella fastidiosa transmission to 
plants. Various antibodies were added to the diet solution containing Xf; 
different letters on bars indicate statistically different treatments. Antibodies 
prepared against whole cell, afimbrial adhesins (XadA1, XadA2, Hxf) and 
gum (EPS) all reduced transmission, while those against type IV pilus 
proteins did not. 

Altogether, we tested three distinct approaches to determine if Xf transmission efficiency could be reduced by competitor 
molecules, based on the fact that carbohydrate-protein interactions appear to be essential in the pathogen-vector interface. 
Competition for receptors on the vector’s foregut was performed using lectins with affinity for GlcNAc, which resulted in 
reduced transmission rates. Likewise, saturation of carbohydrate-binding proteins on the cell surface with GlcNAc-
containing sugars reduced the rate of successful transmission events. Lastly, the use of various antibodies had a similar 
effect. Thus, various approaches significantly reduced vector transmission of Xf; however, no treatment completely 
abolished transmission. Similar results were observed with circulative viruses. Due to the biological complexity of biofilm 
establishment and development, it was expected that no individual treatment would result in total blockage of transmission. 

Although two of the tested lectins, PL and LL, reduced insect survivorship down the road, this affect did not appear in the 
first 48 hours of the assay. However, it is possible that insect behavior was affected after acquisition of these molecules, 
resulting in the small but significant decrease in Xf transmission for those two treatments (PL and LL) in relation to the 
controls, as they were not expected to have much affinity for carbohydrates on the foregut surface. This possibility is 
highlighted by the fact that the number of cells in the foregut of vectors after the transmission experiment was not different 
from that of the control nor was the proportion of infective insects. In other words, vector colonization did not appear to be 
affected by PL or LL, and we interpret the small differences in transmission as being a consequence of changes in vector 
behavior. CoA and WGA, on the other hand, were lectins that resulted in significant decreases in bacterial populations in 
insects, a smaller proportion of positive individuals, and a decrease in transmission efficiency; neither was detrimental to 
insect survivorship. Although the number of vector colonization events is unknown when the artificial diet system employed 
here is used for pathogen acquisition, we expect that multiple colonization events occurred as insects were exposed to high 
densities of adhesive cells. Moreover, acquisition through artificial system occurs in a less turbulent environment compared 
to acquisition from plants. We interpret the results as a significant reduction in Xf initial adhesion to vectors, leading to fewer 
colonization events, as observed by a smaller proportion of positive insects. However, the smaller population in insects 
would be due to the fact that fewer cells were able to colonize the foregut, not an effect on those that successfully colonized 
that surface. 

Pathogen adhesion to carbohydrates functioning as host receptors for attachment are common. For example, a streptococcal 
adhesin that recognizes and binds to a galactosyl-α 1-4-galactose-containing glycoconjugates host receptor has been 
described recently. Likewise, Vibrio cholerae surface proteins mediate cell attachment to chitin and the surface of copepods. 
In addition, the presence of chitin may induce the expression of proteins with strong affinity for chitin and chito-oligomers. 
Thus, lectin-carbohydrate interactions mediate the binding of several pathogens to their hosts; interfering with these 
interactions may lead to development of novel disease control strategies. Xf colonizes carbohydrate-rich surfaces in both 
plants and insects; therefore, it was not surprising that it adheres to such molecules. We have previously shown that cell 
adhesion to insect hindwings is reduced with the addition of GlcNAc, indicating that Xf carbohydrate-binding proteins are 
saturated by the presence of this monosaccharide. These in vitro findings were confirmed and successfully applied in 
multiple biological assays in the present study. GlcNAc-containing sugars significantly reduced transmission efficiency to 
plants, whereas mannose, galactose and glucose had no effect. The fact that the carbohydrates containing an acetyl amino 
group appeared to saturate adhesins on the cell surface indicates that the cuticular surface of leafhopper vectors is rich in 
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these molecules. The recent finding that Xf has a functional chitinase is further indication that GlcNAc is important for 
vector colonization. 

Although assays based on competitor molecules as those with lectins and carbohydrates provide general information about 
the nature of Xf-vector interactions, they do not address the role of specific components of the cell’s surface that may be 
required for vector colonization. Targeting specific genes via knockout mutants is one approach to identify factors required 
for transmission, such as work performed with the afimbrial adhesins HxfA and HxfB. An alternative approach is to use 
antibodies against the same targets, where masking of Hxfs, for example, would reduce transmission if they were involved in 
that process. Indeed, we found that antibodies generated against whole cells, gum, and afimbrial adhesins (XadA1, XadA2 
and Hxf) all reduced vector transmission of Xf to plants. HxfA and HxfB have been shown to be involved in transmission, 
but no data are available for the other adhesins or gum. We propose that XadA1 and XadA2 are also involved in vector 
transmission. It is possible that gum is involved in initial attachment to vectors, it is also plausible that gum is evenly 
distributed on the cell surface and that these antibodies may have resulted in inadvertent masking of adhesins actually 
involved in this vector early colonization. This interpretation does not mean that gum is not required for successful vector 
colonization, but that it may not be as important for initial adhesion. Lastly, PilC is involved in type IV pilus assembly and 
appears to be bound to the cell membrane, therefore it does not appear to be located on the cell surface and should not affect 
cell attachment. PilA2 is a rod-forming unit and was observed both in cell membranes and outside cells, presumably on pili. 
The fact that the PilA2 antibody did not reduce transmission efficiency is suggestive that type IV pili are not involved in the 
initial colonization of vectors. Twitching motility is mediated by type IV pili in Xf, and is involved in cell movement within 
plants. As mentioned previously, because the experimental design may result in higher transmission rates than if plant-to-
plant experiments were used, we would also expect that the efficiency of blocking molecules would be higher (i.e. lower 
transmission) if conditions for vector colonization had not been artificially optimized. 

CONCLUSIONS 
We report on the role of 20 Xf genes in vector transmission using an artificial diet system. Many mutants were impacted on 
transmission, although none was not transmissible. This may be a consequence of the fact that cells used were highly 
adhesive and provided in large number to insect vectors. Overall, results suggest that transmission is a complex process 
mediated by various factors, and that the experimental approach allows for meaningful comparisons in relation to the wild 
type. Proof-of-concept experiments were performed to determine if it was possible to disrupt Xf transmission by blocking 
pathogen-vector interactions. Results showed that carbohydrates can saturate adhesins on the cell surface so attachment to 
vectors is reduced, and that lectins can coat receptors on the vector’s foregut so that cell can not bind to and colonize 
sharpshooters. These data show that blocking transmission is a feasible concept and represents a novel mechanism to 
suppress PD spread in vineyards. Current efforts are aimed at testing Xf-derived targets (i.e. adhesins that bind to vectors) 
because those would be ideal for field trials, as they are specific to this system and evolved to bind to sharpshooters. 
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ABSTRACT 
The first BC5 Vitis arizonica crosses (98.5% V. vinifera) were made in 2011 to continue creating germplasm with Pierce’s 
disease (PD) resistance and high fruit quality. A total of 29 seedless x seedless crosses to develop BC3, BC4, and BC5 V. 
arizonica x V. vinifera families were made. The crosses consisted of 61,611 emasculations and produced 5,430 ovules and 
877 (16.2%) embryos for PD resistance. An example of increased fruit quality is the selection for propagation in first stage 
production trials of six BC4 table, 8 BC4 and 3 BC3 raisin grape selections. One of the table grape selections is good enough 
to put in a 25 vine production trial. A total of 18 crosses to combine PM and PD resistance were made and consisted of 
40,179 emasculations, 3,571 ovules and 651 embryos. The use of molecular markers to select for PD resistance and 
greenhouse screening to select for powdery mildew (PM) resistance allows selection of these two types of resistance before 
planting to the field. Two table and five raisin grapes were propagated into first stage production trials from 31 PD plus PM 
resistant seedlings. PD resistance of over 38 parents and selections from V. arizonica populations have been tested in 
greenhouse tests to insure resistance continues to co-segregate with markers. Two hundred and forty-three seedlings of the 
BD5-117 mapping family, with PD resistance different than V. arizonica, have been greenhouse tested. A preliminary rough 
molecular map based on 70 SSR primers and 144 seedlings indicates a major QTL for PD resistance on linkage group 2. 

LAYPERSON SUMMARY 
Although Pierce’s disease (PD) has existed in California since the late 1800s, the introduction of the glassy-winged 
sharpshooter to California in the late 1990’s significantly increased the spread and damage caused by PD. A collaborative 
breeding program was started in 2000 to develop PD resistant table and raisin grapes with high fruit quality comparable to 
cultivars existing in markets today. Sixth generation (BC5) crosses to produce quality table and raisin grapes with Vitis 
arizonica source of PD resistance were made for the first time this year. These families will have high fruit quality as they 
consist of 98.5% V. vinifera. An example of increased fruit quality is the selection for propagation in first stage production 
trials of six BC4 table, 8 BC4 and 3 BC3 raisin grape selections. These selections show some commercial potential with one 
table selections showing enough promise for inclusion in 25 vine cultural production trial. Crosses to combine powdery 
mildew(PM) and PD resistance were also made. The use of molecular markers to select for PD resistance and greenhouse 
screening to select for powdery mildew PM resistance allows selection before planting seedlings to the field. Two table and 
five raisin grapes with PD plus PM resistance were selected and propagated in first stage production trials. PD resistance of 
over 38 parents and selections from V. arizonica populations have been tested in greenhouse tests to insure the molecular 
markers for PD resistance continue to function properly. Two hundred and forty-three seedlings of the BD5-117 mapping 
family, which has PD resistance different than V. arizonica, have been greenhouse tested. A preliminary rough molecular 
map based on 70 SSR primers and 144 seedlings indicates a major QTL for PD resistance on linkage group 2. This means 
that selected molecular markers from linkage group 2 might be useful as markers to select resistance from BD5-117 source of 
resistance. This collaborative research between USDA/ARS, Parlier and University of California, Davis has the unique 
opportunity to develop high quality PD resistant table and raisin grape cultivars for the California grape industry where PD 
could restrict the use of conventional table and raisin grape cultivars. 

INTRODUCTION 
Pierce’s disease (PD) has existed in California since the late 1800s when it caused an epidemic in Anaheim. A number of 
vectors for PD already exist in California, and they account for the spread and occurrence of the disease. The introduction of 
the glassy-winged sharpshooter to California in the 1990’s significantly increased the spread and damage caused by PD. 
Other vectors exist outside California and are always a threat. All of California’s commercially grown table and raisin grape 
cultivars are susceptible to PD. An effective way to combat PD and its vectors is to develop PD resistant cultivars so that PD 
epidemics or new vectors can be easily dealt with. PD resistance exists in a number of Vitis species and in Muscadinia. PD 
resistance has been introgressed into table grape cultivars in the southeastern United States, but fruit quality is inferior to V. 
vinifera table grape cultivars grown in California. No PD resistant raisin grape cultivars exist. Greenhouse screening 
techniques have been improved to expedite the selection of resistant individuals (Krivanek et al. 2005, Krivanek and Walker 
2005). Molecular markers have also been identified that make selection of PD resistant individuals from V. arizonica even 
quicker (Krivanek et al. 2006). The USDA, ARS grape breeding program at Parlier, CA has developed elite table and raisin 
grape cultivars and germplasm with high fruit quality. Embryo rescue procedures for culturing seedless grapes are being 
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used to quickly introgress the seedless trait with PD resistance (Emershad et al. 1989). This collaborative research gives the 
unique opportunity to develop high quality PD resistant table and raisin grape cultivars for the California grape industry. 

OBJECTIVES 
1. Develop PD resistant table and raisin grape germplasm/cultivars with fruit quality equivalent to present day cultivars. 
2. Develop molecular markers for Xf/PD resistance in a family (SEUS) other than V. arizonica. 

RESULTS AND DISCUSSION 
Objective 1 
Twenty-nine of 33 crosses using V. arizonica source of resistance made in 2011 were successful, consisting of 61,611 
emasculations, and produced 5,866 berries, 5,430 ovules, and 877 embryos (16.2% embryos/ovules) (Table 1). The majority 
of these were BC4 and the first BC5 crosses. The seedlings obtained from these crosses should have high fruit quality as 
they now have 97 to 98.5% V. vinifera in their background. An additional 18 crosses to pyramid PD (V. arizonica) resistance 
with powdery mildew (PM) (V. romanetii) resistance consisting of 40,179 emasculations produced 3,772 berries, 3,571 
ovules and 651 (18.2%) embryos (Table 1). Ten and five seeded crosses made in 2011 produced 646 seed for PD resistance 
and 1,190 seed for PD plus PM resistance respectively (Table 2). Leaves from all 2010 V. arizonica PdR1 plants were taken 
when seedlings were still in test tubes starting in November, 2010. They were tested for resistance with molecular markers 
for the PdR1 locus on chromosome 14. Results for 11 BC3 and 13 BC4 seedless x seedless families is shown in Table 3. A 
total of 213 individuals were tested with SSR markers and 159 showed markers on both sides of the PdR1 region. A total of 
73 individuals (46% of those showing markers) were resistant and 86 plants had susceptible markers. This is very similar to 
the ratio of resistant and susceptible plants obtained for over 1,600 F1, BC1, BC2 table and raisin seedlings reported by Riaz 
et al. 2009. The susceptible and recombinant individuals were discarded, making more efficient use of greenhouse and field 
space. From the crosses made in 2010 which combined PD resistance from V. arizonica with PM resistance from V. 
romanetii, 79 seedlings were screened with molecular markers for PD resistance and in the greenhouse for PM resistance. 
The segregation ratios are shown in Table 4 and they are similar to the expected ratios for segregation of PD and PM as 
single dominant genes. Inoculation of plants with Xylella fastidiosa (Xf) in the Greenhouse (method of Krivanek et al. 2005, 
Krivanek and Walker 2005) was done to determine resistance of 38 selected individuals from V. arizonica (Table 5) of which 
14 are resistant to date. These seedlings represent the best table and raisin selections that have been used as parents or 
planted in production trials. Greenhouse testing is absolutely necessary to make the final decision about resistance of 
individual selections. The highest level of resistance is being obtained from V. arizonica and its use will continue to be 
emphasized. 

In 2011 five BC3 table grape selections were treated with 20 ppm giberellic acid (GA) at berry set to determine berry 
response. In all cases the berries increased in weight, diameter and length (Table 6). GA treated berries from all selections 
were similar in size or larger than Thompson Seedless produced by standard commercial practices at the ARS Parlier 
research station. The treatments used for Thompson Seedless were 15ppm GA x 2 bloom sprays; 20ppm GA bump spray; 
60ppm GA x 2 size sprays; girdle and tip. The selection 08-5001-34 (Fig. 1A) had larger berries than both samples of 
Thompson Seedless and had only one application of GA. 08-5001-34 has very acceptable fruit quality. The majority of 800 
PD resistant BC3 and BC4 V. arizonica seedlings planted in 2009 and 2010 fruited and were evaluated. From these 
seedlings, the number of selections good enough for propagation into the first stage production trials is: 6 BC4 table 
selections, 8 BC4 and 3 BC3 raisin selections. Fruiting characteristics of these selections are shown in Table 7. One of the 
table grape selections, 09-5013-118 (Figure 1B), is good enough for inclusion in the 25 vine advanced cultural production 
trial. One table grape selection with PD plus PM resistance was also selected for propagation. In addition the following 
selections were made for use as parents: 3 BC4, 9 BC3 and 1 BC1 table grape; and 6 BC4 raisin grapes. In 2011, 6 table and 
8 raisin PD resistant selections and 2 table and 5 raisin PD plus PM resistant selections were planted in production trials. 
Half of the planting (four of 8 replications) of 12 selections at the USDA ARS research station, Weslaco, Texas were 
inoculated with Xf on July 15 with the help of David Appel, Texas A&M University. Each plant was inoculated in twice. 
Leaf samples will be collected this fall to determine Xf levels. 

Objective 2 
The PD resistant grape selection BD5-117 from Florida was hybridized with the seedless table grape selection C33-30 to 
create the mapping population of over 500 individuals. Fruit samples are being taken from all seedlings to have three years 
data for berry weight and seed/seed trace weight as an indication of fruit quality. Flower type is also being recorded. 
Greenhouse testing for PD resistance has been accomplished on 243 individuals, with 112 rated clearly resistant or clearly 
susceptible. One hundred twenty-two individuals are being evaluated this year (Table 5). The 70 polymorphic markers 
tested on 144 individuals and greenhouse PD resistance evaluations were run in JoinMap which indicated a major QTL on 
linkage group 2. Forty additional polymorphic primers have been tested on the 144 seedlings for further refinement of the 
rough framework map. In 2011, nine seedless x seedless and three seeded by seedless BC1 crosses were made for table 
grape improvement using resistant F1 selections from BD5-117 (Table 1 and 2). A total of 22 and 8 clusters were pollinated 
for these crosses and resulted in 304 embryos and 526 seed from seedless x seedless and seeded x seedless crosses 
respectively. 
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CONCLUSIONS 
Additional families for the development of PD resistant seedless table and raisin grape cultivars are being produced. 
Emphasis was placed on making the first BC5 and additional BC4 V. arizonica PD resistant families. These families will 
have high fruit quality as they consist of 97 – 98.5% V. vinifera. The use of molecular markers has simplified and sped up 
the identification of PD resistant individuals from V. arizonica. Seedless table and raisin grape selections with PD resistance 
and improved fruit quality have been made in both BC4 and BC3 V. arizonica and F1 BD5-117 families. For example, six 
new table and 11 new raisin PD resistant and one new table PD plus PM resistant selections were made from BC4 and BC3 
V. arizonica families and will be propagated for production trials. Two hundred and forty-three seedlings from the BD5-117 
family to develop a frame-work map for this source of PD resistance have been evaluated in the greenhouse for PD 
resistance. Initial mapping indicated a major QTL for resistance on linkage group 2 in the BD5-117 family. The 
development of PD resistant table and raisin grape cultivars will make it possible to keep the grape industry viable in PD 
infested areas. Molecular markers will greatly aid the selection of PD resistant individuals from SEUS populations. 
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Table 1. 2011 table and raisin grape PD resistant seedless crosses that set fruit and the number of ovules and 
embryos produced. 

Female Male Type 
No. Emas-
culations 

No. berries 
Opened 

No. 
Ovules 

No. 
Embryos 

89-0908 V. rupestris x V. arizonica 
04-5015-5 C 61-123 Table BC2 1201 60 46 21 
04-5514-144 Y125- 39--05 Table BC2 1 bag 185 315 36 
06-5503-107 Y129-161--05 Table BC4 619 90 92 2 
Y152-128--08 08-5001-20 Table BC4 3797 27 47 25 
06-5501-229 Y536- 53 Table BC4 2702 408 270 28 
05-5501-69 B 26-120 Table BC4 5 bags 197 5 0 
06-5503-126 Y537-131--06 Table BC3 694 227 136 30 
06-5501-423 05-5502-15 Table BC3 1737 212 257 65 
06-5501-423 05-5501-27 Table BC3 3064 80 108 20 
06-5503-126 C 61-123 Table BC4 1814 458 650 114 
06-5503-107 Y142- 54--09 Table BC4 2029 152 166 2 
06-5503-121 06-5503-121 Table BC4 1755 200 63 2 
08-5001-41 Y525- 60--07 Table BC4 4243 356 500 86 
09-5013-013 Y530- 5--07 Table BC5 5 bags 450 500 122 
09-5013-067 Y530- 5--07 Table BC5 3015 21 0 0 
A 51- 36 05-5551-116 Raisin BC4 2744 422 341 53 
07-5052-033 A 63- 85 Raisin BC4 4202 550 483 57 
A 51- 36 07-5061-072 Raisin BC4 2437 340 182 68 
09-5057-048 B 82- 43 Raisin BC5 5 bags 455 500 26 
09-5064-006 B 82- 43 Raisin BC5 4 bags 3 0 0 
A 63- 85 09-5056-012 Raisin BC5 2113 43 81 7 
A 63- 85 09-5064-038 Raisin BC5 2502 218 268 46 
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Female Male Type 
No.  Emas-
culations 

 No. berries 
Opened 

No. 
Ovules 

No. 
Embryos 

A 63- 85 09-5072-24  Raisin     BC5 2552 102 33 0 
B 82- 43 09-5056-012  Raisin     BC5 2550 135 0 0 

 B 82- 43 09-5063-023  Raisin     BC5 2561 27 22 1 
Y143- 26 09-5063-023  Raisin     BC5 2489 53 14 2 
Y143- 26 09-5064-016  Raisin     BC5 1301 70 11 3 
Y143- 26 09-5072-024  Raisin     BC5 2315 25 23 4 
Y144-132--04 09-5074-002  Raisin     BC5 2636 300 317 57 
Total 61,611 5,866 5,430 877 

PM  resistance combined  with  89-0908 V. rupestris x V. arizonica 
05-5501-69 Y312-187--06 Table BC3 3 bags z 143 50 2 
05-5501-69 Y313-157--08 Table BC3 4 bags 47 36 1 
06-5501-229 Y313-191--08 Table BC3 86 14 7 1 
06-5501-238 Y308-311--06 Table BC3 1395 200 75 87 
Y315-400--04 05-5501-27 Table BC3 2098 73 122 41 
Y520- 71--07 08-5001-20 Table BC3 1957 190 198 20 
08-6003-002 Y152- 84--08 Table BC5 3453 191 200 38 
07-5052-033 Y308-312--06  Raisin BC4 2723 381 487 72 
07-5052-033 Y308-329--06  Raisin BC4 2100 195 205 19 
A 49- 82 08-6053-020  Raisin BC4 2500 21 32 2 
A 51- 36 08-6053-012  Raisin BC4 4374 189 159 23 
A 63- 85 08-6053-020  Raisin BC4 3646 214 116 10 
08-6052-003 A 51- 60  Raisin BC4 1998 550 500 71 
08-6053-028 A 51- 43  Raisin BC4 2627 304 386 73 
08-6053-028 A 63- 85  Raisin BC4 2866 520 500 87 

 B 82- 43 08-6053-012  Raisin BC4 2571 300 265 62 
 B 82- 43 08-6053-020  Raisin BC4 2481 200 195 36 

09-5013-013 Y308-329--06  Raisin BC5 5 bags 40 38 6 
Total 40,179 3,772 3,571 651 

 PD  resistance from BD5-117 
03-5003-103 Y540-193--05 Table BC1 3 bags 241 400 75 
03-5003-108 Y140- 54--08 Table BC1 3 bags 225 400 17 
03-5003-103 Y534-101--06 Table BC1 2 bags 284 472 86 
03-5003-108 Y537-168--06 Table BC1 2 bags 115 156 5 
03-5003-090 Y534- 91--06 Table BC1 3 bags 126 90 15 
03-5003-110 Y538-181--06 Table BC1 2 bags 27 4 0 
03-5003-090 Y537- 32--06 Table BC1 2 bags 180 107 20 
03-5003-090 03-5003-082 Table BC1 2 bags 211 104 12 
03-5003-103 03-5003-082 Table BC1 3 bags 353 500 74 
Total 22 bags 1,762 2,233 304 

       

            

Female Male Type 
No.  Emas-
culations 

 No. seed 

89-0908 V. rupestris x V. arizonica 
04-5002-18 Y525- 60--07 Table BC1 388 96 
04-5514-144 05-5501-27 Table BC2x3 z 3 bags 13 
05-5501-26 Y127-111--05 Table BC3 8 bags 21 
05-5501-06 Y152-128--08 Table BC3 5 bags 235 
07-5060-134 Y525- 60--07 Table BC3 2 bags 69 
07-5060-134 Y540-193--05 Table BC3 3 bags 153 
07-5060-134 05-5501-27 Table BC3x3 3 bags 1 

Table 1 continued. 2011 table and raisin grape PD resistant seedless crosses that set fruit and the number of ovules 
and embryos produced. 

z Clusters bagged because flowers are female and do not need emasculation. 

Table 2. 2011 table and raisin grape PD resistant seeded crosses and the number of seeds produced. 
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Table 2 continued. 2011 table and raisin grape PD resistant seeded crosses 
and the number of seeds produced. 

No. Emas-Female Male Type No. seed culations 
07-5060-134 C 61-123 Table BC3 1 bags 30 
07-5060-134 C 75- 4 Table BC3 1 bags 28 
Total 29 bags 646 

+388 

PM resistance combined with PD resistance 
07-5060-134 Table BC3 1 bags 315 
05-5501-57 06-3551-226 

Y308-148--06 
Table BC3 1076 231 

Y308- 14 Y520- 73--07 Table BC3 2354 269 
Y308- 39 Y520- 73--07 Table BC3 1162 184 
07-5052-61 Y308-311--06 Table BC4 2999 191 
Total 7,591 1,190 

PD resistance from BD5-117 
03-5003-052 Y537-168--06 Table BC1 3 bags 172 
03-5003-052 Y139-139--04 Table BC1 3 bags 246 
03-5003-052 Y131-181--05 Table BC1 2 bags 108 
Total 8 bags 526 

z Clusters bagged because flowers are female and do not need emasculation. 

Table 3. Determination of seedling resistance based on PdR1 molecular markers for all 89-0908 families made in 2010. 

Family Type Cross 
No. 

Resistanta 
No. 

Susceptibleb 
No. 

Recombinantc 
No 

datad 
Off 

Types Total 

10-5004 Table BC4 3 1 4 
10-5005 Table BC3 5 2 1 8 
10-5006 Table BC3 1 1 
10-5007 Table BC3 3 1 3 2 8 
10-5008 Table BC3 1 9 1 21 32 
10-5009 Table BC3 1 1 2 
10-5013 Table BC4 3 3 
10-5015 Table BC4 5 1 1 7 
10-5052 Raisin BC4 1 1 
10-5054 Raisin BC4 2 2 4 
10-5063 Raisin BC4 2 1 3 
10-5065 Raisin BC4 4 1 1 6 
10-5073 Raisin BC4 2 3 5 
10-5074 Raisin BC4 6 4 1 11 
10-5076 Raisin BC4 2 14 1 20 
10-6001 Table BC3 8 17 1 26 
10-6002 Table BC3 3 3 
10-6003 Table BC3 2 3 5 
10-6005 Table BC3 1 1 
10-6007 Table BC4 4 4 
10-6051 Raisin BC3 1 1 
10-6053 Raisin BC3 22 23 2 5 52 
10-6056 Raisin BC4 1 1 2 
10-6058 Raisin BC4 1 1 2 4 
Total 73 86 10 1 41 213 
aResistant = marker on both sides of PdR1 region. 
bSusceptible = no PdR1 markers. 
cRecombinant= genotypes that amplified with one PdR1 marker. 
dNo data = genotypes that failed to amplify properly. 
e%= Number of seedlings in each category / total number of seedlings showing the proper markers. 
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Name 
gener 
ation 

color trace 
berry 
size 

crop 
cluster 

size 
berry 
set 

firm 
ness 

status comment 

Table  PD V. arizonica resistance 

09-5013-070 BC4 W8 10 13 2 2 4 8 prop  P1 GH test 
09-5013-075 BC4 R8 10 14 4 4 5 3 prop  P1 GH test 
09-5013-118 BC4 R7 7 13 3 5 5 6 prop* GH test 
09-5013-122 BC4 W7 10 12 3 4 4 5 prop  GH test 
09-5013-125 BC4 W8 5 12 2 4 6 7 prop  GH test 
09-5064-022 BC4 W7 5 14 4 5 5 4 prop P1   GH test 

 PD +PM  resistance 

08-6002-089 BC3 W6 6 13 2 5 4 2 prop  P1 GH test 

Table 4. Segregation of PD and PM resistance in seedlings from 2010 crosses combining resistance from V. 
arizonica and V. romanetti, respectively. 

PD resistance from V. arizonica 

PD Resistant 
Obs./Exp. 

PD Susceptible 
Obs./Exp. 

Total 
Obs./Exp. 

PM resistance 
from 
V. romanetii 

PM Resistant 
Obs./Exp. 18/20 28/20 46/40 

PM Susceptible 
Obs./Exp. 17/20 16/20 33/40 

Total 
Obs./Exp. 35/40 44/40 79/80 

Table  5. Results  of  greenhouse  test  for  determination  of  PD  reaction  in  2011. 

Population 
Resistance 

Source 
Testing  Compete 

No.  tested        No.  resistant 
In  greenhouse test 

For  evaluation  by  December 
BD5-117 map BD5-117 30 3 89 
Arizonica PdR1 22 14 16 
Other PD SEUS 2 0 6 
TOTAL 54 17 111 

Table 6. Berry size of PD resistant table grape selections treated with 20ppm 
gibberellic acid at berry set or no treatment (NT). 

Name Treatment mean  ber.
Wt.  (g) 

 mean  ber. 
Dia.  (mm) 

mean  ber. 
Len.  (mm) 

08-5001-34 NT 7.5 22.05 24.5 

08-5001-34 GA 11.7 23.52 33.32 

08-5001-21 NT 4.4 18.13 19.6 

08-5001-21 GA 7.1 21.07 24.5 

08-5001-38 NT 3.7 16.66 17.64 

08-5001-38 GA 6.4 20.58 24.01 

08-5001-47 NT 3.6 16.17 17.64 

08-5001-47 GA 6.0 20.09 21.56 

TS ARS Plot GA 6.8 19.2 31.2 

TS commercial GA 10.2 22.0 36.0 

Table 7. New PD resistant grape selections made and evaluated 2011. 
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Name 
gener 
ation 

trace 
berry 
size 

crop 
cluster 

size 
berry 
set flavor status Type comment 

 Raisin PD V. arizonica resistance 

09-5066-063 BC4 7 midget 1 1 neutral prop DOV GH test 
09-5066-097 BC4 8 TS prop DOV P1 

09-5068-023 BC4 9 TS 1 1 muscat prop DOV GH test 
09-5070-101/015 BC4 10 TS 6 5 5 neutral prop TD GH test 
09-5070-
015/5071-007 

BC4 10 TS 6 5 5 neutral prop TD GH test 

09-5063-018 BC4 7 TS 3 4 5 neutral prop DOV GH test 
09-5063-021 BC4 8 TS 2 4 4 neutral prop DOV GH test 
09-5066-039 BC4 7 midget 4 3 5 neutral prop DOV GH test 
09-5056-089 BC3 10 TS 6 5 5 neutral prop TD GH test 
08-5056-059 BC3 8 midget 6 4 5 neutral prop TD GH test 
08-5056-072 BC3 10 midget 5 4 5 neutral prop* TD GH test 
08-5054-047 BC1 10 TS 4 4 4 neutral prop TD GH test 

        
          
                  
                

                
              

         
             

 

Table 7 continued. New PD resistant grape selections made and evaluated 2011. 

Trace: 10=none, 9=Thompson Seedless (TS) size, 7= Fiesta size, 6=Flame Seedless size 
Berry size = 1/16” for table grapes and Thompson Seedless (TS) or midget size for raisins. 
Crop: 9=v. heavy, 7=heavy, 5=average, 3=light, 1=v. light. Cluster size: 9=>2.5 lb, 7=2 lb, 5=1 lb, 3=0.5 lb, 1=widow size. 
Berry set: 9=v. tight, 7=tight, 5=average, 3=loose, 1=v. loose. Firmness: 9=v. firm, 7=firm, 5=average, 3=soft, 1=v. soft. 
Prop = propagate in first 2 vine plot; prop* = propagate table grape in 25 vine or raisin in 7 vine production trial. 
DOV = natural dry on the vine type. TD = tray dried. GH test = test resistant reaction to Xylella in greenhouse. 

Figure 1. A. Fruit of BC3 PD resistant table grape selection 08-5001-34 treated with 20ppm 
size GA. B. Natural fruit of BC4 PD resistant table grape selection 09-5013-118, first crop 
on seedling. 
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LAYPERSON SUMMARY
We maintain and characterize many populations while breeding Pierce’s disease (PD) resistant wine grapes, some of which
have been used to develop genetic maps.  These maps have been used to identify genetic markers that are tightly linked with
PD resistance, which have allowed classical breeding to be greatly expedited through marker-assisted selection.  Genetic
maps allow the construction of physical maps to identify resistance genes (Riaz et al. 2008; Riaz et al. 2009).  The physical
map of the V. arizonica/candicans b43-17 resistance region allowed us to identify six candidate genes responsible for PD
resistance.  Sequence comparisons with other plant genomes indicated that multiple tandem repeats of a disease resistance
gene family of receptor-like proteins (Leucine Rich Repeats; LRR) were present in the resistance region.  This category of
genes is involved in the recognition of microbes and in the initiation of a defense response (Bent and Mackey 2007).  We
completed the cloning of four of the candidate genes: PdR1b-1, 2, 5 and 6.  We also developed embryogenic callus cultures
of the PD susceptible V. vinifera Chardonnay and Thompson Seedless and the PD susceptible rootstock V. rupestris St.
George.  These embryogenic callus cultures will be used for the transformation/complementation studies to verify the
function of these candidate PD resistance genes.  Transformation experiments with PdR1b-1 and PdR1b-6 have been
initiated.  To reduce the time span for generating healthy transgenic plants we also tested two different methods that employ
organogenesis for Agrobacterium-mediated transformation.  We were successful in streamlining one method that will allow
us to reduce the time required to generate transformed plants by four months.  We also initiated total RNA extraction
experiments to allow time course examinations of gene function from leaf and stem tissues.  These were successfully
completed and we are now ready to evaluate gene function over time in inoculated and un-inoculated plants of the PdR1
containing resistant selections F8909-08 and F8909-17, their resistant parent b43-17, their susceptible parent V. rupestris A.
de Serres, and the susceptible control Chardonnay.  These plants have been established in the greenhouse and will soon be
inoculated.

INTRODUCTION
New cultivars bred to resist Xylella fastidiosa (Xf) infection and subsequent expression of Pierce’s disease (PD) symptoms
will provide long-term sustainable control of PD.  Disease resistant cultivars can be obtained by conventional breeding
through the introgression of resistance from Native American species into elite vinifera wine and table grapes.  Another
approach is “cisgenesis” – the transformation of elite V. vinifera varieties with grape resistance genes and their native
promoters, cloned from disease resistant American Vitis species.  The cisgenic approach may have a more limited impact on
the genome of the elite V. vinifera parent since single genes from the Vitis species genome would be added to the elite parent,
thus limiting the impact on its fruit and wine quality while making it PD resistant.  The cisgene approach in grapes is similar
to the natural clonal variation that exists in many winegrape cultivars.  This linkage-drag-free approach is attractive, and also
allows the opportunity to stack additional resistance genes from other Vitis sources, even if these genes originate from the
same chromosomal position in different species or accessions (Jacobsen and Hutten 2006).  The physical mapping of the
resistance region from V. arizonica/candicans b43-17, PdR1, allowed the identification of potential candidate resistance
gene(s).  Preliminary comparison indicated that the PdR1 region contains multiple tandem repeats of Serine Threonine
Protein Kinase with a LRR domain (STPK-LRR) gene family.  This category of genes belongs to a group involved in plant
resistance.  Their defense mechanism is based on compounds involved in the recognition of microbe-associated molecular
patterns (MAMP) like compounds, which initiate a defense response (Bent and Mackey 2007).  In order to gain insight and to
verify the function of resistance gene(s), cloning and functional characterization is required.  In this report, we present the
progress on the cloning and testing of four candidate resistance genes.

OBJECTIVES
1. Cloning, structural analysis and gene annotation via comparison of the PdR1b locus to the susceptible Pinot noir genome

sequence using the assembled sequence of the BAC clone H64J14.
2. Expression studies of candidate genes.
3. Development of alternative protocols for genetic transformation for the validation of gene constructs

a. Agrobacterium-meditation transformation of the susceptible Vitis cultivars (Chardonnay and Thompson Seedless,
and the rootstock St. George).

b. Transformation of tobacco.

mailto:awalker@ucdavis.edu
mailto:cbaguero@ucdavis.edu
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RESULTS AND DISCUSSION
Objective 1. A refined genetic map of chromosome 14, which contains the PD resistance locus, was generated from three
grape mapping populations derived from b43-17.  The resistance locus segregates as a single dominant gene and mapped as
PdR1a in the F1 selection 8909-17 and as PdR1b (allelic forms) in its sibling F8909-08.  Clone H69J14 from a b43-17 BAC
library, containing both markers flanking the PdR1b resistance locus, was sequenced using 454 sequencing.  Further detailed
analysis of the assembled, as well as unassembled sequences, revealed the presence of a high number of transposable
elements (TE).  Chromosome 14 is known to have the second largest number of TEs in the Pinot noir grape genome sequence
(Moisy et al. 2008).  TE’s play a key role in the diversification of disease resistance genes through a process termed TE-
induced gene alteration (Michelmore 1995).  Given the complexity of this region due to the large number of TE tandem
repeats, a fosmid library was generated with an insert size of 35-40kb from the H69J14 BAC clone.  The second round of
sequencing was performed using fosmid end-sequencing as well as shotgun reads.

The first assembly generated 10 contigs, with a portion of the sequence remaining unassembled.  Analysis of assembled and
unassembled sequences revealed the presence of four candidate genes, PdR1b.1–4, which appear to be receptor-like proteins,
a class of resistance proteins. PdR1b.1-2 and 4 were cloned into a pGEM-T easy vector (Promega) and subcloned into vector
pDE00.0113 containing the 35S promoter and ocs3’ terminator (Figure 1).  The second assembly allowed the identification
of two new candidate genes and showed that PdR1b.1 was longer than previously found.  As a consequence, we repeated the
amplifications from BAC H69J14, using primers that hybridize to regions flanking the open reading frames (ORFs).  So far,
we have re-amplified and confirmed the sequences of PdR1b.1, PdR1b.2, PdR1b.5 and PdR1b.6.  We have sublconed
PdR1b.1 and PdR1b.6 into binary vectors pCAMBIA-1303 (www.cambia.org) and pDU99.2215 (Figure 1).  PdR1b.1 is the
largest gene, sharing a high degree of homology with PdR1b.2, 3, 4, and 5.. PdR1b.6 is significantly different from the rest.
It has a kinase domain, which suggests it might be involved in PD resistance in combination with PdR1b.1 or one of the other
candidates.  pCAMBIA-1303 was included in the experiments because it carries a hygromicin resistance gene that improves
the selection of transformants (D. Tricoli, pers. comm.).  An additional advantage is that it allows the subcloning of the gene
in one step, by replacing the gus gene with the gene of interest.  The resulting plasmids were used for transformation via
Agrobacterium tumefaciens of Chardonnay, Thompson Seedless, St. George and tobacco SR1.  A similar procedure will be
followed with the remaining four genes.

Sequence analysis and alignments to identify introns and exons on the PdR1b.1 gene were performed using the GeneQuest
module of Lasergene v 8.1, which facilitates the prediction of coding regions using the Borodovsky's Markov method and
predicts intron/exon boundaries using species-specific patterns by aligning to known genes.  We also utilized the GeneMark
(http://exon.biology.gatech.edu/) program using both Arabidopsis thaliana and Medicago truncatula settings.  By using both
systems, we identified two small introns from position 1-168 and position 3128-3191 that are 167bp and 361bp, respectively.
With A. thaliana as the model system, the size of predicted protein was 976 amino acids, and with M. truncatula it was 964
amino acids.  It is interesting to note that all four genes from the 12X assembly of PN40024 carry large introns.  We plan to
make sequence comparisons and identify protein domains for other putative candidate genes.  Experiments are underway
with specific primers to amplify the regions of the genes using total extracted RNA and making make sequence comparisons
among Pinot noir and the five different genes[MSOffice1].

Objective 2. To conduct expression studies of the candidate genes, hardwood cuttings were collected in November to
generate at least 15 plants of the susceptible vinifera control (Chardonnay), resistant and susceptible parents (b43-17 and V.
rupestris A. de Serres) and two resistant F1 selections (F8909-08 and F8909-17).  Stem and leaf tissues were used for the
total RNA from both resistant and susceptible genotypes using a cetyltrimethylammonium bromide (CTAB)-based RNA
extraction protocol as described previously (Iandolino et al., 2004).  Two other methods were tested to get better yield and
quality of total RNA with less genomic DNA.  The best yield of total RNA was obtained by the procedure described by Reid
et al. 2006.

We used a time course analysis to evaluate expression and to determine when the resistance gene(s) is activated.  Total RNA
was extracted from the leaves and stem tissue of un-inoculated plants at 1, 3 and 5 weeks after inoculations with the Xf.
ELISA screening was carried out after 12 weeks to quantify the amount of Xf in tissues. Figure 2 presents the results of
RNA extracted from the young leaves of the four genotypes before the bacterial inoculations and stem tissue two weeks after
inoculations.  First-strand cDNA synthesis will be performed with SuperScript III reverse transcriptase (Invitrogen, Carlsbad,
CA).  Three different control housekeeping reference genes were tested as controls (Actin, Chitinase and B-actin).  The actin
gene (F-actgctgaactggaaattgt; R- acggaatctctcagctccaa) as described Vasanthaiah et al. 2008 worked very well in our system.
We designed specific primers for quantitative PCR from two of our candidate genes (PdR1.1 and PdR1.6) and used
comparative RT-PCR to check the effectiveness of the primers and the whole setup.  We observed differences in the level of
expression of the genes indicating that our RT-PCR system is working.  Experiments that are more detailed are underway to
monitor the gene expression of all six candidate PD resistant genes.
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Figure 1. Vectors used in genetic transformation with PdR1b candidate genes. PdR1b.1 was subcloned into
pDE00.0113 and then the expression cassette was moved into the binary plasmid pDU99.2215. PdR1b.1 and
PdR1b.6 were also subcloned directly into the binary plasmid pCAMBIA 1303 in the place of the reporter
gene.  Because the two binary plasmids have different plant selection genes, it is possible to co-transform
tobacco with both genes.

Objective 3. Development of alternative protocols for genetic transformation for the validation of gene constructs.
Once the gene constructs are completed, they must be tested to see if they contain the resistance genes.  This is done by
inserting the gene(s) into a susceptible plant and testing to see if the inserted gene makes it resistant.  Currently the most
widely used method for the production of transgenic/cisgenic grapes is based on Agrobacterium transformation followed by
regeneration of plants from embryogenic callus.  We have established cultures of pre-embryogenic callus derived from
anthers of V. vinifera Thompson Seedless and Chardonnay and the rootstock V. rupestris St. George.  These cultures of
embryogenic calli can be readily used for transformation (Agüero et al. 2006).

Two alternative transformation techniques via organogenesis have been tested to reduce the time needed to produce
transgenic grapes.  These methods were developed in Thompson Seedless and are based on the use of meristematic bulks or
etiolated meristems as explants for inoculation with Agrobacterium (Mezzetti et al. 2002, Dutt et al. 2007).  The ease of
producing and maintaining in vitro micro-propagation cultures from a large number of cultivars makes shoot tip-based
transformation an effective system.  The second method employs genetic transformation of V. vinifera via organogenesis
(Mezzetti et al 2002).  In this method, shoot apical meristem slices are prepared from meristematic bulks for Agrobacterium-
mediated transformation of grape plants.  Using this procedure, transgenic plants can be produced in a much shorter time
interval.  We have streamlined this procedure and have obtained transgenic shoots using Mezzetti’s method in three months
(Figure 3).  With the successful modification and adoption of this technique, we expect that the time required for
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transformation will be shortened to approximately six months instead of one year or longer via embryogenic callus.  The
green fluorescent protein (GFP) was used as a reporter gene for monitoring the occurrence of transformed and chimeric
plants. Figure 3 shows both procedures in comparison with transformation via somatic embryogenesis.  No plants were
regenerated from etiolated meristems and the procedure was laborious and time consuming.  Transformation via meristematic
bulks represented a better method to produce transgenic plants in a shorter period of time, although its efficiency was very
low (1 plant in 50 sections).  GFP expression in transgenic leaves was uniform; indicating a stable non-chimeric
transformation of shoots regenerating in selection medium.

Figure 2. Total RNA extracted from the leaves and stem tissue of susceptible control and resistant plants.

We have inoculated pre-embryogenic cultures of Thompson Seedless, Chardonnay and V. rupestris St George with A.
tumefaciens EHA105 pCH32, carrying binary plasmids with PdR1b.1 and PdR1b.6 coding sequences.  Overnight cultures of
the bacteria in LB medium + antibiotics were diluted to 108 cells·ml-1 using liquid co-cultivation medium.  Pre-embryogenic
calli were placed on a sterile glassfiber filter (GFF) overlaid on co-cultivation medium.  The Agrobacterium culture was
poured over the callus and excess was blotted with sterile filter paper after five min.  The callus on GFF was then transferred
onto fresh co- cultivation medium.  After 48 hr in the dark, the callus pieces were sub-divided into small clumps, about 2 mm
in diameter, and cultured on selection medium.  Currently, calli are being selected with 100 ug/ml kanamycin or 15 ug/ml
hygromicin.  We have also transformed meristematic bulks of Thompson Seedless following a similar procedure except that
meristematic bulk slices were submerged in the Agrobacterium solution.  We are producing meristematic bulks from
Chardonnay and St. George (Figure 4) that will be tested as soon as they are ready for inoculation.

CONCLUSIONS
The last step in the characterization of a resistance gene is to verify that the isolated gene functions in a host plant.  This
process requires that the gene is transformed into a susceptible host and challenged by the disease agent. Agrobacterium-
based transformation can be used with grape but initiating transformable and regenerable tissue is often a problem with
grape.  We have obtained regenerating callus of Chardonnay, Thompson Seedless and St. George for use in testing the six
PdR1 region gene candidates.  We have also tested another technique to speed the development of transgenic tissue from
meristems that will allow PdR1 gene candidates to be tested in a much broader range of genotypes.  If PdR1 gene candidates
function they could be transformed into a wider range of winegrapes with this technique.  The classical methods of gene
introgression have the disadvantage of potential linkage drag (inclusion of unselected genes associated with a trait) and the
time required for time-consuming backcrosses and simultaneous selection steps.  Cisgene micro-translocation is a single-step
gene transfer without linkage drag; as well as a possible means of stacking resistance genes in existing winegrape varieties.
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Figure 3. (A) Embryogenic callus developed from anthers are inoculated with A. tumefaciens.  Transformed embryogenic
callus is selected after about four months.  An additional 4-6 months are needed for embryo germination and plant
development.  (B) Meristematic bulks, developed from shoot apical meristems, are sliced and inoculated with A. tumefaciens.
Transformed bulks are selected after about 3 months.  An additional four months are needed for shoot elongation and rooting.
Pictures on the bottom right show green fluorescence protein (GFP) expression in transgenic leaflets.  (C) Fragmented shoot
apices from etiolated shoots are inoculated with A. tumefaciens.  Transformed meristems are selected after 2-3 months.  An
additional 2-3 months are needed for plant regeneration and rooting.

Figure 4. Meristematic bulks of Chardonnay (left), St. George (middle) and Thompson Seedless (right).
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LAYPERSON SUMMARY
Genetic mapping of two different forms of Vitis arizonica has identified a region on chromosome 14 that is responsible for
Pierce’s disease (PD) resistance, we named it PdR1.  We mapped two forms of PdR1 from V. arizonica/candicans b43-17,
identified a minor gene on chromosome 19 (PdR2), and have mapped a third form, PdR1c, which originated from V.
arizonica b40-14.  These forms are both single dominant genes for PD resistance.  The resistance of V. arizonica/girdiana
b42-26 is controlled by multiple genes.  This resistance is being studied to determine if fine-scale mapping will allow
markers to be placed closely enough to these multiple resistance genes to be useful for marker-assisted selection (MAS) in
our breeding program.  We plan to combine these varying resistance sources in our breeding program to ensure broad and
durable resistance to PD.  These mapping efforts are also essential to physically locating and characterizing PD resistance
genes, so that we can study how they work and predict how well or how long they will function.  We expanded our search for
plant material that possesses resistance to PD by selecting and greenhouse screening 52 wild grape species accessions that
were collected from different parts of the southern US and Mexico.  Greenhouse screening identified 10 accessions with good
resistance and that can be used to developing breeding and mapping populations.  These populations will be used to
determine the inheritance of PD resistance, develop framework genetic maps, and identify resistance regions for the
development of markers to facilitate the breeding program.

This research project provides the genetic markers critical to the successful classical breeding of PD resistant wine, table and
raisin grapes.  Identification of markers for the PD resistance gene, PdR1, has allowed us to reduce the seed-to-seed cycle to
two years and attain four backcross generations to produce resistant vines with 97% vinifera in 10 years.  The development of
these markers also led to the identification of six genetic sequences that house the resistance gene.  These sequences are in
the process of testing to verify their function.  These efforts will help us better understand how, and which of, these genes
function, and could lead to the identification of PD resistance genes from grape that would be available to genetically
engineer PD resistance in V. vinifera cultivars

INTRODUCTION
We are mapping Pierce’s disease (PD) resistance in different forms of Vitis arizonica.  The breeding program produces and
screens the seedling populations upon which the genetic mapping efforts depend.  The tightly linked genetic markers
generated in these mapping efforts are used to optimize and greatly accelerate the PD breeding program.  These markers are
essential to the successful introgression of resistance from multiple sources, because although the resistance genes may vary,
the expression of resistance (the phenotype) is the same.  Only the markers can verify that different resistance sources are
being successfully combined. We are also identifying resistance in other southern grape species in an effort to discover new
resistance genes.  Once the species are identified we will genetically map the resistance, identify genetic markers that are
tightly linked to the resistance and use them to pyramid resistance from different backgrounds into a single line.  We are
pursuing two other resistant V. arizonica forms:  b42-26 V. arizonica/girdiana from Loreto, Baja California; and b40-14 V.
arizonica from Chihuahua, Mexico.  Although they are morphologically distinct from b43-17, they both posses strong
resistance to PD and greatly suppress Xylella fastidiosa (Xf) levels in stem tissue after greenhouse screening.  We have also
widened the search for additional resistance sources by screening species collections from different parts of southern US and
Mexico.  Initial greenhouse screen results indicate that we have 10 other accessions that possess strong PD resistance.

OBJECTIVES
1. Complete the genetic mapping of additional QTLs in the 04191 (V. vinifera F2-7 x F8909-17 (V. rupestris x V.

arizonica/candicans b43-17) population.
2. Greenhouse screen and genetically map PD resistance from other forms of V. arizonica:  b42-26 (V. arizonica/girdiana)

and b40-14 (V. arizonica).
3. Evaluate Vitis germplasm collected (250 accessions) from across the southwestern US to identify accessions with unique

forms of PD resistance for grape breeding. Determine the inheritance of PD resistance from Muscadinia rotundifolia,
develop new and exploit existing breeding populations to genetically map this resistance.

4. Complete the physical mapping of PdR1a and PdR1b and initiate the sequencing of BAC clones that carry PdR1a gene
candidates.
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RESULTS AND DISCUSSION
Objective 1. The genetic mapping of the 04191 (V. vinifera F2-7 x F8909-17 (V. rupestris x V. arizonica/candicans b43-
17)) population was carried out to identify additional minor QTL(s) other than the major locus on chromosome 14 (PdR1a).
A total of 139 SSR markers representing all 19 chromosomes were added to the set of 153 seedlings, of which 141 were
greenhouse screened for resistance.  A genetic map was constructed with a LOD score of 5.0 and a recombination frequency
of 0.40.  A total of 136 markers were grouped on 19 chromosomes.  We confirmed the major locus, PdR1a, on chromosome
14 that explained 78% of the variation with a 95% confidence level (Figure 1).  This work also identified a minor QTL
(PdR2) with a LOD 2.3 that explains 7% of the phenotypic variation on chromosome 19, and which peaks at marker
CB918037 (Figure 2).  This QTL is within a 10 cM interval – a very large genetic distance for map-based positional cloning
purposes.  In order to narrow this region, we developed seven SSR markers based on the Pinot noir genome sequence (PN
40024).  These markers should allow us to reduce the gap from 10 cM.  In order to test whether the QTL on chromosome 19
has an additive effect in conjunction with the PdR1a locus, we analyzed the resistant and susceptible genotypes with a least
square means test for chromosomes 14 and 19 (Table 1).  It was clear that both loci work independently of each other and
they do not have an additive impact.  The mean ELISA values of resistant and susceptible plants with the PdR1a locus were
very different, however, the mean values of resistant and susceptible plants for the PdR2 locus were higher for the resistant
plants.

Figure 1. Updated interval mapping analysis of the PdR1a locus on LG 14.

Figure 2. Interval mapping analysis of the PdR2 locus on LG 19.
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Table 1. The distribution of natural log transformed ELISA values from a greenhouse testing of the 04191 population.

Objective 2. Resistance to PD in V. arizonica/girdiana b42-26 is strong but is controlled by multiple genes. We completed
preliminary QTL analysis with 64 greenhouse screened genotypes (Figure 3) from the 05347 population (V. vinifera F2-35 x
b42-26) using data from 71 SSR markers.  They were analyzed with the Kruskal-Wallis test, which allows association of
each marker to the phenotypic trait.  Because we know the chromosomes the markers reside on, we can get a rough map from
this analysis.  The results indicated that markers from chromosome 10 and 14 (and to a lesser extent 2 and 11) are associated
with PD resistance.  This allows us to focus mapping efforts on markers known to exist on these chromosomes, which will
greatly accelerate the identification of genomic regions responsible for b42-26’s resistance.

Figure 3. Distribution of ELISA values (ln means in cfu/ml) of greenhouse tested
progeny from the 05347 population.

The genome of b42-26 is very homozygous, which is unusual for Vitis species and suggests that this collection is from a very
localized population which has been inbred over time.  This is likely given its collection location from a coastal valley along
Baja California’s east desert coast.  This also means that many of the homozygous SSR markers are not useful for mapping.
Thus, we developed 71 new SSR markers from clone sequences generated by the Vitis Microsatellite Consortium (the
original source of SSR markers for grape).  We acquired primer sequences of an additional 200 markers that have not been
used to test b42-26.  Marker testing on small set progeny and the parents is underway.  We are also adding markers to
develop a framework map for the entire population.  We are now mapping with the complete set of 239 seedlings with 30 to
50 markers known to exist on chromosomes 2, 10, 11 and 14.

A single dominant gene controls PD resistance in V. arizonica b40-14.  Two resistant siblings from the R8918population (V.
rupestris x V. arizonica b40-14) were used to develop the 07388 (R8918-02 x V. vinifera) and 07744 (R8918-05 x V.
vinifera) populations.  Two hundred and twenty-seven markers were polymorphic for one of the parents; 152 were analyzed
on the entire set of 122 plants; a framework map of R8918-05 was produced with MAP QTL (4.0) and the Kruskal-Wallis
approach was used to complete the preliminary analysis.  PD resistance mapped only on chromosome 14 – the same
chromosome where PdR1a and PdR1b mapped.  PD resistance from b40-14 (which we have named PdR1c) maps in the same
general region between flanking markers VVCh14-77 and VVIN64 and within 1.5 cM.  The LOD threshold for the presence
of this QTL was 33 and 82% of the phenotypic variation was explained (Figure 4).  In 2009, crosses were made with F1
resistant selections from 07744 population.
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Figure 4.  Interval mapping of PdR1c from the 07744 population indicating a peak at LOD 34.0 with a 95%
confidence interval.  The X-axis indicates the position of the markers; LOD values are plotted on the Y-axis.

Objective 3. Vitis species growing in the southern US have co-evolved with Xf and resist PD.  To date we have focused on
accessions of Vitis species that Olmo collected in northern Mexico in 1960.  In addition to these accessions, we have more
than 250 accessions collected from PD hot spots in Texas, New Mexico, Arizona, Nevada and California.  Fifty-two of these
from across this geographic range (including the 15 accessions from Mexico) are being evaluated with our greenhouse
screen.  Based on early evaluations of cane maturation and leaf scorch and leaf loss, we have identified 10 accessions that had
very good scores for these two parameters.  Three of these accessions were collected collected from Texas and Arizona
(Table 2).  The ANU5 accession was collected near Utah along the Virgin River and is a very easterly selection of V.
girdiana.  A recent collection trip to southwest Utah found this population is expanding and may prove very valuable.  This
accession also has excellent salt tolerance and is being utilized in our rootstock breeding program.  ELISA results will be
ready in November or early December 2011. Figure 5 shows where the Vitis accessions current under test were collected.
Many of the collection sites have multiple accessions associated with them, but they are not seen in this depiction.  The green
dots indicate accessions with promising resistance.

Working with this germplasm will expand the pool of resistance genes available for breeding, identify potentially unique
sources of resistance, and identify geographic regions with high levels of resistance so that areas can be identified for future
collections.  Studying the inheritance of resistance in these accessions will be the next area for investigation followed by
characterizing the nature of resistance so that multiple forms can be combined to broaden PD resistance.

Objective 4. We have employed three categories of sequencing (shotgun reads, fosmid reads and 454 sequencing) to localize
the BAC clone H69J14 that carries the PdR1 gene(s).  Now that this sequence is assembled, we have been able to identify six
genes ranging in size from 2Kb to 3.1Kb in the resistance region.  Copies 1 through 4 are 97 to 99% similar and may be
tandem repeats of one gene.  They are also up to 78% similar to four copies of genes on the Pinot noir PN40024 sequence
(Figure 6).  We utilized CENSOR software to screen query sequences against a reference collection of repeats to generate a
report classifying all of the detected repeats.  All four PN40024 genes carry DNA transposons as well as LTR
retrotransposons confirming that the region is very complex.
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Table 2.  List of promising accessions from Mexico and US that performed well in the greenhouse screen.
CMSSI is the cane maturation index, LS-LL is an index of leaf scorch and leaf loss, both values are recorded
before samples are run to detect Xf in stems with ELISA.

Genotype Mean
(CMSSI)

Mean (LS-LL
Index) Sex Source

ANU5 0.0 1.5 F Littlefield, AZ - near I15 bridge crossing Virgin River
B40-14 3.8 2.1 M 80km n Chihuahua
B40-29 0.0 0.8 M 80km n Chihuahua
B41-13 1.0 0.8 F near Ciudad Mante - Ciudad de Maiz
B42-26 0.8 1.4 M Loreto, B.C - 200 km N La Paz
B43-17 2.5 2.3 M Guadalupe, near Monterrey
B46-43 0.0 1.0 M Big Bend Park, 250km W San Antonio
B46-48 0.0 0.8 F Big Bend Park, 250km W San Antonio
B47-28 0.0 1.9 F Big Bend Park, 250km W San Antonio
B47-32 0.0 0.9 M Big Bend Park, 250km W San Antonio
B47-5 0.0 1.7 F Big Bend Park, 250km W San Antonio
T 03-16 0.0 1.4 Hwy 170 W of Lajitas, TX
TX9714 2.7 1.0 M N. Hondo, Medina Co., TX

Figure 5.  Source of Vitis species collections currently under greenhouse evaluation for resistance to PD. The
green dots indicate accession with promising resistance based on foliar symptoms.  ELISA results are due in mid
to late November 2011.

We utilized different tools from www.expasy.org/tool/ to conduct pattern and profile searches of the PD resistance genes.
There is very strong evidence of a leucine rich repeat (LRR) region in five of the candidate genes. Figure 7 displays
differences in the LRR regions in the PdR1b-1 gene.  There is no signal sequence in the protein sequence, which suggests
that the resistance gene product is not secreted.  There is also no indication of a coiled-coil, which suggests that the PD
resistance gene is not a member of the CC-NB-LRR class of resistance proteins.  The protein sequences do carry trans-
membrane domains, however they lack the kinase domain.  Interestingly, the PdR1b-6 gene candidate that was very different
from the other candidates with protein kinase domains.

Currently we have cloned and verified the sequence of copy 1 and copy 6 candidate genes and are developing constructs for
transformation experiments to determine which of these gene candidates confers resistance to PD.  (See companion report
“Molecular characterization of the putative Xylella fastidiosa resistance gene(s) from b43-17 (V. arizonica)).

http://www.expasy.org/tool/
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Figure 6.  A direct comparison of the H69J14 clone sequence to the Pinot noir PN40024 sequence is
not possible due to major re-arrangement of repetitive elements between the two genomes.

Figure 7.  An alignment tree of the six candidate PD genes displaying their similarity.

Figure 7. Interpro scan results of the PdR1b-1 gene.
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ABSTRACT
We continue to make rapid progress breeding Pierce’s disease (PD) resistant winegrapes.  Aggressive vine training and
selection for precocious flowering has allowed us to reduce the seed-to-seed cycle to two years.  We are also using marker-
assisted selection (MAS) for the PD resistance gene, PdR1 (see companion report) to select resistant progeny as soon as seeds
germinate.  These two practices have greatly accelerated the breeding program and allowed us to produce four backcross
generations with elite V. vinifera wine grape cultivars in 10 years.  In Spring 2010, we planted about 2,000 97% vinifera
seedlings with PdR1.  We finished the evaluating the fruit quality of over 1,200 of these in September 2011, and produced a
small-scale wine of one, 09333-178. We are preparing to greenhouse test the best of these to verify which have the highest
level of resistance to PD prior to multiplication and grafting for larger scale field trials.  We plan to release commercially
useful varieties from populations at this 97% vinifera level.  The resistance above is based on 8909-08, which has one of the
two alleles, PdR1b, from the Vitis arizonica/candicans b43-17 resistance source.  The other resistance allele, PdR1a, is in
8909-17 and we have advanced this resistance to the 94% vinifera level and have combined it with the PdR1b allele to
determine whether resistance with both alleles is stronger.  There is also strong resistance in b42-26 a form of V. arizonica/
girdiana form Baja California.  b42-26’s resistance is controlled by multiple genes, as opposed to the single gene resistance
found in b43-17.  We made crosses this year to advance the b42-26 resistance to the 87% vinifera level and have been
surprised no only by the strength of resistance but also by the relatively large number of resistant progeny each generation.
We are now re-evaluating its resistance markers to verify that it is not another form of PdR1.   Finally, we evaluated the first
set of about 50 accessions collected across the southwestern US for PD resistance.  There were many with very strong
resistance and these will be tested to verify that their resistance is different from b43-17’s.  This year’s wine making also
included wines made as blends with elite vinifera winegrapes, a likely use of our eventual releases.  These selections could be
used in severe PD hot spots and the fruit could be blended into the rest of the vineyard in a 25/75% ratio.  We used Napa
Valley (Oakville Station) Sauvignon blanc and Merlot with 07713-051 and 07355-075, respectively.  We also made wine at
the same scale with the Napa Sauvignon blanc and Merlot, and Davis Sauvignon blanc and Merlot (as growing region
controls).

INTRODUCTION
The Walker lab is uniquely poised to undertake this important breeding effort, having developed rapid screening techniques
for Xylella fastidiosa (Xf) resistance (Buzkan et al. 2003, Buzkan et al. 2005, Krivanek et al. 2005a 2005b, Krivanek and
Walker 2005), and having unique and highly resistant Vitis rupestris x V. arizonica selections, as well as an extensive
collection of southeastern grape hybrids, to allow the introduction of extremely high levels of Xf resistance into commercial
grapes.  We have selected progeny with PdR1 from the b43-17 V. arizonica/candicans resistance source for fruit quality at
the backcross 4 (BC4), 97% vinifera level.  They are also undergoing greenhouse testing to verify their resistance and those
with the highest levels of resistance will be prepared for small-scale winemaking this winter by grafting them onto Pierce’s
disease (PD) resistant rootstocks and planting six to eight vines sets on commercial spacing and trellising.  We have made
wine from vines that are 94% vinifera level from the same resistance background for two years.  They have been very good
and do have the hybrid flaws (blue purple color and herbaceous aromas and taste) that were prevalent in wines from the 87%
vinifera level.  There are two forms of PdR1, 8909-08 and 8909-17 – sibling progeny of b43-17 and they have different
alleles of PdR1.  These selections have been introgressed into a wide range of winegrape backgrounds over multiple
generations, and resistance from southeastern United States (SEUS) species is being advanced in other lines.  However, the
resistance in these later lines is complex and markers have not yet been developed to expedite breeding.

OBJECTIVES
1. Breed Pierce’s disease resistant winegrapes through backcross techniques using high quality V. vinifera winegrape

cultivars and Xf resistant selections and sources characterized from our previous efforts.
2. Continue the characterization of Xf resistance and winegrape quality traits (color, tannin, ripening dates, flavor,

productivity, etc) in novel germplasm sources, in our breeding populations, and in our genetic mapping populations.

mailto:actenscher@ucdavis.edu


- 205 -

RESULTS AND DISCUSSION
Objective 1
Table 1 presents the 2011 PD crosses made, although the list does not include crosses made to pyramid PD resistance with
powdery mildew resistance.  We used Nero d’ Avola, a red wine grape from southern Italy and Sicily with very good color
and tannin, and Pinot blanc, a Burgundian white wine grape to make crosses to increase our populations that contain PD
resistance from 8909-08 (PdR1b from V. arizonica/candicans b43-17) at the 97% vinifera (backcross 4; BC4), and the 98.4%
vinifera BC5 levels (Table 1a.).  These crosses should generate over 500 seedlings of which half should have markers for,
and resistance to, PD.  These seedlings will add to our original planting of 97% PdR1b containing seedlings from our 2009
crosses (first fruit results are presented in Table 3).

There were 583 97% vinifera PdR1b containing seedlings planted in Spring 2011 from the 2010 crosses.  These seedlings are
50% of their last vinifera parent and they largely express that last parent in their appearance and fruit quality.  Those parents
and the number of seedlings MAS for PdR1b that were planted include Barbera (263), Chardonnay (67), Muscat Blanc (31),
and Riesling (222).  If we combine the 2009-2011 PdR1b crosses, the last generation vinifera parents now number 11:
Barbera, Cabernet Sauvignon, Chardonnay, Chenin blanc, Muscat blanc, Nero d’Avola, Pinot blanc, Pinot noir, Riesling,
Sylvaner and Zinfandel.

In our greenhouse screening trials we always include b43-17 as a highly resistant standard to judge the effectiveness of the
screen.  In these screens we find that b43-17 is more resistant in terms of lower Xf levels (mean cfu/ml) in inoculated stems.
These results prompted efforts to increase the durability or breadth of resistance by integrating resistance from other
backgrounds and to combine both alleles of PdR1 into one background.  We have made the most progress with PdR1b from
8909-08, but we are now advancing populations with PdR1a from 8909-17 and exploring other facets of b43-17’S resistance.
Table 1b presents crosses made with 75% vinifera PdR1 selections back to vinifera to create mapping populations designed
to examine the impact of minor genes associated with PdR1.

Resistance in V. arizonica/girdiana b42-26 tested as a quantitative multi-gene trait, which greatly suppresses Xf. Because
resistance is quantitative backcross breeding is less effective.  However, we continue to breed and map with this resistance
(Table 1c) and have made our first crosses to combine b42-26 resistance to our advanced selections with PdR1 (Table 1d).
These efforts have been promoted by promising greenhouse screen results with b42-26 at the 75% vinifera level (Table 2,
group D).  Ultimately we want to combine these resistance sources to broaden and strengthen resistance.  This Spring we
broadened the wine quality background at the 87.5% vinifera level with crosses to F2-35 and Zinfandel.

Table 1.  Pierce's disease resistant crosses made in 2011.

Resistant Type Vinifera Parent\Grandparent of
Resistant Type Vinifera Types used in 2011 crosses Estimated #

of Seed
1a. Monterrey V. arizonica/candicans resistance source (F8909-08) to produce progeny between 97% and 98.4% V. vinifera parentage.
F2-35 is 100% vinifera cross of Cabernet Sauvignon x Carignane.
07355-020 Petite Sirah\Cabernet

Sauvignon
Nero d'Avola 260

07370-039 F2-35\Chardonnay Nero d'Avola 220
09-331 Zinfandel\Petite Sirah Nero d'Avola, Pinot blanc 315
1b. Monterrey V. arizonica/candicans resistance source (b43-17) to produce progeny with 75% V. vinifera parentage for the discovery
of minor genes for PD resistance.
09373-01 F2-35 08319-12 (Zinfandel selfed), Rosa Minna 70
04373-02 F2-35 Pinot blanc, Zinfandel 565
04373-22 F2-35 Pinot blanc, Zinfandel 1,025
1c. Crosses to the b42-26 V. arizonica resistance source to produce progeny that are 87.5% vinifera and 12.5% the resistance source.
07344A-10 Grenache F2-35 175
07344A-11 Grenache Zinfandel 175
07344A-24 Grenache F2-35 220
07344A-35 Grenache F2-35 700
1d. Cross made to pyramid PdR1b b43-17 Monterrey V. arizonica/candicans and b42-26 V. arizonica resistance lines to produce
progeny between 84% and 86% vinifera.
09-331 Zinfandel\Petite Syrah Grenache\F2-35 725
07355-020 Petite Sirah\Cabernet

Sauvignon
Grenache\F2-35

175
07370-039 F2-35\Chardonnay Grenache\F2-35 60



Table 2 details the greenhouse screening we have done in 2010-11.  Groups A and H were tests of populations being pursued
as PD resistant rootstocks.  Although we screen our selections for the highest level of resistance and the lack of PD
symptoms, there is a chance that Xf could move downwards into the rootstock and damage a susceptible rootstock.  Thus, we
are breeding rootstocks with PdR1 to ensure that they will be equally resistant.  We are also incorporating resistance to a
broad range of nematodes and screening for good rooting and vineyard performance.

Group B was a test of 97% vinifera PdR1b selections from our 2009 populations.  These 23 selections were made based on
the presence markers for PdR1 and their vigor and appearance.  They were grafted and moved to our larger Y trellis on
commercial spacings to get more fruit for small-scale winemaking.  The greenhouse testing found that seven of these
selections had relatively high Xf levels even though they had PdR1 markers.  We have seen this level of resistance dilution in
these later generations.  However, the rest had high levels of resistance.  This group included 09333-178, which was fruitful
enough to allow very small wine making this year (Table 4a-c) and is very promising (Figure 3).  The rest will be ready for
small-scale winemaking in 2012 and we hope to choose selections for field testing from them.  We have many more
selections from these populations that will be evaluated when they fruit more reliably next year.

The Groups C, D, F and G provided screening results for our genetic mapping efforts with sources of PD resistance other
than b43-17.  Group G was the first of several tests examining our southwestern Vitis collections to identify additional
sources of PD resistance.  These efforts are important, as we want to broaden resistance by combining multiple resistance
sources.  The results of this screen are pending but they include 54 accessions and are elaborated in our companion report on
the genetic mapping of Xf resistance.  Screening results with b42-26 suggest that a major resistance locus may have a greater
impact than previously thought and that resistance is not only strong, but more individuals are resistant than expected.
Mapping studies are examining these progeny to determine whether this resistance is another form of PdR1.  The 2010
crosses included several populations with the most resistant b42-26 progeny crossed to Cabernet Sauvignon, Carignane and
Chardonnay, which resulted in 214 seedlings that were planted this Spring.  The V. shuttleworthii ‘Haines City’ resistance
source was tested at the 75% vinifera level in Group F.  Only nine of the 97 tested progeny were resistant.  However, they
were strongly resistant so we will continue to advance this population to the next generation, although fewer resistant
progeny are being detected in each successive generation.

Group E tested progeny from crosses to combine advanced lines of both alleles of PdR1 (a and b from 8909-17 and 8909-08,
respectively).  We are waiting for MAS results to verify which allele is in which seedling.  The data will be very interesting
and help determine whether stronger resistance is achieved with both alleles of the homozygous resistant b43-17.  This
Spring we planted 180 progeny with PdR1a at the 94% vinifera level, which should begin fruiting in 2012.  Advanced
selections from this population will be crossed to 97% vinifera PdR1b selections, resulting in individuals with both alleles.

Table 2. Groups of plants greenhouse screened for Xf resistance.

Group Genotypes #
Genotypes

Inoculation
Date

ELISA Sample
Date Resistance Source(s)

A 08 PD Rootstocks & Recombinants 22 7/15/10 10/14/10 F8909-08
B 97% vinifera, Y-trellis 23 7/26/10 11/23/10 F8909-08
C 05347 Mapping 122 9/23/10 1/6/11 b42-26
D 07344A, 07744RT, 2010 Parents 79 11/9/10 2/10/11 b42-26, b40-14, b43-17
E PdR1a & PdR1b together 122 1/13/11 5/3/11 b43-17
F Haines City & Supplemental 97 3/24/11 7/12/11 V. shuttleworthii
G V. arizonica and southwestern Vitis 54 5/12/11 8/11/11 V. arizonica accessions
H PD Rootstocks Adv. Selections 15 6/14/11 9/15/11 F8909-08

Objective 2
Table 3 presents results of the 2011 evaluation of the 97% vinifera PdR1b progeny fruit.  This was the first year that our
most advanced material fruited.  The table lists the progeny by the last vinifera parent in the crosses – the progeny are 50% of
that parent.  The first row of the table presents the number of crosses made with each parent, followed by the number of
seedling progeny tested.  The number of precocious progeny is next – these are the seedlings that flowered this year.  We will
evaluate the seedlings that did not fruit this year in 2012.  We then selected based on flavor and appearance over two
selection passes (cuts) and advanced as many as possible to juice and berry evaluations.  Seventy-seven seedlings made the
second cut and berry evaluations were made on 65 of these (the other 12 were very early and will have to be tested next year).
Based on cluster and berry size, and juice flavor and color, 23 were selected as the best (Figures 1 and 2).  The entire set of
77 will be greenhouse tested this Winter to identify those with the strongest resistance to Xf before we begin propagating the
best for multiple vine testing and small-scale wine making.  Hundreds of more progeny from the 2009 97% vinifera PdR1b
crosses will begin fruiting next year.  There should be many more advanced selections available from these evaluations.  In
addition, the first of the progeny from the 2010 97% vinifera PdR1b crosses will begin fruiting.
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Table 3. 97% vinifera PdR1 2009 cross seedlings evaluated for fruit quality for the first time in 2011.

Evaluation Level
Vinifera Parent

Cab Sauv Chard Chenin
blanc

Pinot
noir Riesling Sylvaner Zinfandel Total

# Crosses 7 4 6 3 1 3 4 28
# Seedlings (sdlg) 489 309 517 107 11 218 217 1868
# Precocious Sdlg 313 216 366 74 10 125 174 1278
# Sdlg making first cut 62 76 77 22 6 40 61 344
# Sdlg making 2nd cut 9 25 13 3 2 4 21 77
# Sdlg juice/berry
evaluation 9 21 11 4 2 3 15 65

# Sdlg elite rating post
juice/berry evaluation

5 5 4 1 1 - 7 23

Figure 1.  Juice samples from 97% vinifera PdR1b selections.

Figure 2. Range of juice color intensity from red and white 97% vinifera PdR1b selections.
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Figure 3.  09333-178, the first 97% vinifera PdR1b selection used for small scale wine making in  2011.

We made 15 wine lots in 2011.  Seven were from PdR1 progeny (two at the 87% vinifera level, four at the 94% level and one
at the 97% level) and included Blanc du Bois and Lenoir as our “state of the art” PD resistant southeastern US standards.  We
also made blended wines this year in anticipation of the likely use of many of our eventual releases.  These selections could
be used in severe PD hot spots and the fruit could be blended into the rest of the vineyard in a 25/75% ratio.  We used Napa
Valley (Oakville Station) Sauvignon blanc and Merlot with 07713-051 and 07355-075, respectively.  We also made wine at
the same scale with the Napa Sauvignon blanc and Merlot, and Davis Sauvignon blanc and Merlot (as growing region
controls).

Table 4a-c provides the details of the vine, fruit and juice characteristics for the seven PdR1 wine lots made in 2011.  Two of
the favorites from the 87% vinifera level were included; two 94% vinifera level selections that we made wine from last year,
and two new 94% vinifera level selections; and our first effort at the 97% vinifera level, 09333-178.

Table 4a 2011 PD resistant wine lots background and fruit characteristics

Genotype Parentage % vinifera
2011

Bloom
Date

Berry
Color

Berry
Size (g)

Avg
Cluster Wt.

(g)

Ripening
Season

Prod
1=v low,
9=v high

07329-31

07355-48

U0505-01 x
Chardonnay
U0505-01 x
Petite Sirah

94%

94%

5/24/11

5/24/11

B

B

1.0

1.1

136

262

mid

mid

5

6

07355-75 U0505-01 x
Petite Sirah 94% 5/27/11 B 1.1 245 late 7

07713-51 F2-35 x
U0502-48 94% 5/19/11 W 1.2 229 early 8

09333-178

U0502-20

U0502-38

07355-020 x
Chardonnay
A81-138 x
Chardonnay
A81-138 x
Chardonnay

97%

87.5%

87.5%

5/24/11

5/21/11

5/19/11

B

W

B

1.3

1.1

1.0

168

183

358

mid-late

early-mid

early

5

7

7

Lenoir V. aestivalis
hybrid <50% 6/2/11 B 1.3 157 late 6
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Table 4b 2011 PD wine lot juice chemical analysis.  Data from Cab. Sauvignon, Pinot noir and Lenoir are form previous
vintages for comparison.

Genotype °Brix TA
(g/L) pH

L-malic
acid
(g/L)

potassium
(mg/L )

YAN
(mg/L, as

N)

catechin
(mg/L)

tannin
(mg/L)

Total
antho-
cyanins
(mg/L)

07329-31 29.2 6.6 3.63 2.05 1810 548 2 395 1160
07355-48 26.2 5.9 3.54 1.89 1850 213 4 480 1624
07355-75 27.2 6.8 3.52 1.98 2050 324 <1 558 1397
07713-51 24.1 5.8 3.50 1.97 1540 210 - - -
09333-178 25.1 5.0 3.67 1.17 1800 265 61 328 595
U0502-20 23.9 6.9 3.52 2.92 1660 419 - - -
U0502-38 27.9 9.0 3.58 6.36 2570 449 18 737 1346
Cab. Sauvignon 24.9 6.2 3.65 2.19 2460 227 59 250 404
Pinot noir 26.5 4.9 3.83 2.43 2190 279 321 842 568
Lenoir 24.8 12.1 3.22 7.03 2240 183 186 268 2486

Table 4c 2011 PD wine lot berry sensory analysis.  Skin tannin, seed color and seed tannin rated from 1 = low to 4 = high.

Genotype Juice Hue Juice
Intensity Juice Flavor Skin Flavor Skin

Tannin
Seed
Color Seed Flavor Seed

Tannin
07329-31 pink-red medium fruity-stemmy currant 1 4 woody 2
07355-48 red-pink light cherry jam cassis 4 3 wood, astringent 2
07355-75 red dark jammy prune 1 3 warm, spicy 1
07713-51 gold, sl brwn dark floral, melon herbal 3 3 spicy, mildly hot 3
09333-178 orange light fruity, red apple black plum 1 3 woody, sl bitter 2
U0502-20 green-brwn medium grn apple, melon neutral 1 3 sl spicy, sl bitter 4
U0502-38 pink-red med-dark cherry, berry plum 2 3 woody, ripe 1
Lenoir red med-dark mildly fruity fruity 1 4 hot 1

CONCLUSIONS
Strong progress continues to made breeding PD resistant winegrapes.  We evaluated our first fruit at the 97% vinifera PdR1
resistance level and were even able to get enough fruit from one selection to make a small-scale wine.  We are advancing
other forms of PD resistance to later generations with the goal of combining multiple resistance sources to broaden
resistance.  These include the other allele of PdR1, resistance from b42-26, and resistance from V. shuttleworthii ‘Haines
City’.  We made small-scale wines again this year at the 87.5, 94 and 97% vinifera levels.  We also made blended wines with
a white 94% vinifera selection (07713-051) with Napa Valley Sauvignon blanc (25/75%) and a red 94% vinifera selection
(07355-075) with Napa Valley Merlot to mimic how these selections might be used in North Coast PD hot spots.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.  Additional
support from the Louis P. Martini Endowed Chair in Viticulture is also gratefully acknowledged.
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IDENTIFICATION AND CHARACTERIZATION OF PROTEOMIC EXPRESSION OF GRAPEVINES IN
RESPONSE TO XYLELLA FASTIDIOSA INFECTION

Principal Investigator:
Hong Lin
Crop Dis., Pests, & Genet. Res. Unit
USDA ARS
Parlier, CA 93648

Cooperator:
Litao Yang
Agricultural College
Guangxi University
Nanning, Guangxi 530004, China

Cooperator:
M. Andrew Walker
Dept. of Viticulture and Enology
University of California
Davis, CA 95616

ABSTRACT
Xylella fastidiosa (Xf) is the bacterial causal agent of Pierce’s disease (PD) of grapevines, as well as of other economically
important diseases in a number of agronomic, horticultural and ornamental plants.  In this study, comparative proteomic
analyses were carried out to identify proteins differentially expressed in Xf- infected grape stems from a pair of siblings of
9621-67 (highly resistant) and 9621-94 (highly susceptible) grapevines from a cross of Vitis rupestris x V. arizonica (Yang et
al., 2011).  The identification of proteins and their expression pattern under given physiological conditions is of fundamental
importance for functional analyses of cellular processes associated with PD development and resistance.  The proteins were
isolated from the stems of healthy and Xf-inoculated plants at one, six, and 12 weeks after inoculation.  The total proteins
were then separated by a 2D-PAGE system and the spots representing differentially expressed proteins were analyzed by an
oMALDI-TOF-MS/MS Mass Spectrometry.  Protein identification was performed using BLASTp and tBLASTn against
NCBI non-redundant protein databases and EST databases. Ten proteins that were differentially expressed at different time
points after inoculation were identified.  For example, a thaumatin-like protein and the pathogenesis-related protein 10 from
both genotypes, and the 40S ribosomal protein S25 from the susceptible genotype were up-regulated in response to Xf-
infection. Furthermore, the expression of the thaumatin-like protein increased sharply 12 weeks post-inoculation in the PD-
resistant genotype only.  Three heat shock proteins, 17.9 kDa class II, protein 18 and 21 were highly expressed in healthy
tissues compared with those in tissues infected with Xf. In addition, a down-regulated putative ripening related protein was
found in the Xf-inoculated PD-susceptible genotype.  Glycoprotein and formate dehydrogenase were identified in the PD-
resistant genotype and their expression was constant during plant development. A putative GTP-binding protein was down-
regulated in the PD-susceptible genotype.  Our results revealed that differential expression of proteins in response to Xf-
inoculation was genotype and tissue development stage dependent.  The specific roles of these candidate proteins in
alleviation or aggravation of this disease are under investigation.  The information obtained in this study will aid in the
understanding of the mechanisms related to the host-pathogen interactions involved in PD.

LITERATURE CITED
Yang, L., H. Lin, Y. Takahashi, F. Chen, M. A. Walker, and E.L. Civerolo. 2011. Proteomic Analysis of Grapevine Tissues
in Response to Xylella fastidiosa Infection. Physiological and Molecular Plant Pathology 75:90-99.
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TESTING XYLELLA FASTIDIOSA PATHOGENESIS MUTANTS IN ARABIDOPSIS THALIANA

Principal Investigator:
Elizabeth Rogers
USDA ARS
Parlier, CA 93648
elizabeth.rogers@ars.usda.gov

Reporting Period: The results reported here are from work conducted September 2010 to September 2011.

ABSTRACT
The bacterium Xylella fastidiosa (Xf) causes Pierce's disease and a number of other plant diseases of significant economic
impact.  To date, progress determining mechanisms of host plant susceptibility, tolerance or resistance has been slow, due in
large part to the long generation time and limited available genetic resources for grape and other known hosts of Xf. To
overcome many of these limitations, Arabidopsis thaliana has been evaluated as a model host for Xf. A pin-prick inoculation
method has been developed to infect Arabidopsis with Xf. Following infection, Xf multiplies robustly and can be detected by
microscopy, PCR and isolation.  Affymetrix ATH1 microarray analysis of inoculated vs. non-inoculated Tsu-1 reveals gene
expression changes that differ greatly from changes seen after infection with apoplast colonizing bacteria.  Many genes
responsive to abiotic stress are differentially regulated while classic pathogenesis-related (PR) genes are not induced by Xf
infection.  The Arabidopsis ecotype Tsu-1 was inoculated with the Xf mutants tolC, pglA, and rpfF and their corresponding
wild-type parents.  The tolC mutant did not grow in Arabidopsis and no live cells were recovered, which is similar to results
from tolC infection of grapevine.  The rpfF mutant did grow to higher titer, again similar to growth in grape.  However,
growth of the pglA mutant was indistinguishable from that of the corresponding Fetzer wild type; this contrasts with the
situation in grape where pglA is hypervirulent.  It may be concluded that Xf growth in Arabidopsis is not enhanced by a
functional polygalacturonase protein, perhaps because of differences in xylem and pit membrane structure between grape and
Arabidopsis.  Because two of the three mutants tested (tolC and rpfF) did behave similarly in Arabidopsis and in grape, it
appears that Arabidopsis is an informative model host for the evaluation of at least some Xf mutants.
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XYLELLA FASTIDIOSA INFECTION OF GRAPEVINES AFFECTS XYLEM LEVELS OF PHENOLIC
COMPOUNDS AND PATHOGENESIS-RELATED PROTEINS
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Reporting Period: The results reported here are from work conducted December 2010 to present.

ABSTRACT
Pierce’s disease (PD), caused by the xylem-dwelling pathogen Xylella fastidiosa (Xf), is a serious threat to grape production.
The effects of Xf infection six months post-inoculation on defense-associated proteins and phenolic compounds found in
xylem sap and tissue were evaluated. Defense-associated protein (peroxidase, polyphenol oxidase, exo-chitanase, and beta-
1,3-glucanase) levels from xylem sap and ground tissues were compared between non-inoculated and Xf-inoculated grapevine
(cv. Thompson Seedless) using enzyme kinetic assays.  Phenolic compound levels were compared using high performance
liquid chromatography (HPLC). Peroxidase activity was greater in infected grapevines, whereas activities of polyphenol
oxidase, exo-chitanase, and beta-1,3-glucanase levels were greater in non-infected grapevines. Grapevines infected with Xf
had greater sap levels of three phenolics, including resveratol, than non-infected controls.  Pooled levels of flavonoid
glycoside and stilbenoid compounds also were greater in infected than in non-infected grapevine sap. In contrast, levels of
phenolic acids and proanthocyanidins were lower in Xf infected than in non-infected grapevines. Methanol extracts of
ground xylem tissue revealed that infected plants had lower levels of phenolic acids and cell wall macromolecules lignin and
tannin. Previous work observed commercially available phenolic compounds found in grapevines significantly reduced Xf
growth in vitro (Maddox et al. 2010). Therefore, reductions in sap and xylem tissue levels of phenolic
acids/proathocyanidins observed in Xf infected plants may have compromised grapevine defense against Xf, allowing PD to
proceed despite induction of anti-biotic flavonoids and stilbenoids in response to Xf infection. Infection of grapevine with Xf
could have adversely impacted primary host physiology, resulting in less available host resources for phenolic acid
production. Regardless, a better understanding of how Xf affects phenolic and defense-associated protein levels in the xylem
could aid in the development of management strategies and novel chemistry-based PD detection methods.

REFERENCES CITED
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EFFECTS  OF  PLANT WATER  STRESS  ON  GLASSY-WINGED SHARPSHOOTER FEEDING 
BEHAVIORS  THAT  CONTROL  ACQUISITION AND INOCULATION OF XYLELLA  FASTIDIOSA 

Principal  Investigator: 
Elaine A.  Backus 
Crop  Dis.,  Pests &  Genet.  Res.  Unit 
USDA ARS 
Parlier, CA  93648 
elaine.backus@ars.usda.gov 

Co-Principal  Investigator: 
Rodrigo Krugner 
Crop  Dis.,  Pests &  Genet.  Res.  Unit 
USDA ARS 
Parlier, CA  93648 
rodrigo.krugner@ars.usda.gov 

Reporting Period: The results reported here are from work conducted October 1, 2011 to September 30, 2012. 

ABSTRACT 
Feeding behaviors by vectors of Xylella fastidiosa (Xf) such as the glassy-winged sharpshooter (GWSS), 
Homalodisca vitripennis, directly control Xf transmission (especially acquisition and inoculation).  The present 
study tested whether plant water stress affects vector performance of acquisition and/or inoculation behaviors. 
Feeding behaviors on well-watered vs. water-stressed plants were recorded using electrical penetration graph 
(EPG); plants studied were almond, Prunus dulcis cv ‘Sonora,’ and citrus, Citrus sinensis cv ‘Navel.’ EPG 
waveforms representing pathway phase (searching for xylem), X waves (xylem contact, likely to control Xf 
inoculation), and waveform C (ingestion of xylem fluid, Xf acquisition) were analyzed.  Results showed that 
duration of xylem-sap ingestion per insect was longer on well-watered than on water-stressed plants. Numbers 
of X waves per insect also were higher when plants were well-watered.  Thus, both acquisition and inoculation 
behaviors were decreased on water-stressed almond and citrus plants.  These findings support other studies 
suggesting that diminished irrigation may impact Pierce’s disease epidemiology by reducing bacterial 
acquisition and/or inoculation by the vector. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf) is an economically important pathogen of grapevine (Pierce’s disease), stone fruits, 
nursery trees, and ornamental plants (various scorch diseases) in California. The bacterium is transmitted by 
sharpshooter leafhopper vectors, such as the glassy-winged sharpshooter (Homalodisca vitripennis; GWSS), an 
exotic, invasive species that is now established in many grape-growing areas in southern and central California. 
GWSS feeding behaviors directly control Xf transmission (acquisition and inoculation). The present study 
tested whether plant water stress affects vector performance of acquisition and/or inoculation behaviors on two 
agricultural host plants, citrus (Citrus sinensis cv ‘Navel’) and almond (Prunus dulcis cv ‘Sonora’). Feeding 
behaviors on well-watered vs. water-stressed plants were recorded using electrical penetration graph (EPG) 
technology. EPG waveforms representing searching for xylem, xylem contact (likely to control Xf inoculation), 
and ingestion of xylem fluid (Xf acquisition) were significantly different among treatments. Results showed that 
duration of xylem-sap ingestion per insect was shorter on water-stressed than on well-watered plants. Also, 
numbers of X waves per insect were lower when plants were water-stressed.  Thus, both acquisition and 
inoculation behaviors were decreased on water-stressed almond and citrus plants.  These findings support other 
studies suggesting that diminished irrigation may impact Pierce’s disease epidemiology by reducing bacterial 
acquisition and/or inoculation by the vector. 

INTRODUCTION 
The glassy-winged sharpshooter (GWSS), Homalodisca vitripennis, is a xylem fluid-feeding, invasive 
leafhopper that transmits the bacterium Xylella fastidiosa (Xf) to grapevine, almond, citrus, and other crops, 
where it causes Pierce’s disease, almond leaf scorch, citrus variegated chlorosis (CVC), and other related 
diseases, respectively. Grapes are considered one of the most economically important crops in California 
($4.1 billion/year), with almonds closely following ($2 billion/year) (CDFA 2006).  Over 337,000 ha of 
vineyards and 405,000 ha of almond orchards are distributed throughout the state, which are now threatened by 
the association of GWSS and Xf. Although CVC is not known to be present in North America, citrus is the most 
common overwintering and reproductive host of GWSS in southern California.  Citrus plays an important 
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epidemiological role in Pierce’s disease incidence and severity in adjacent vineyards because it influences the 
spatial distribution of GWSS populations (Park et al. 2006, Perring et al. 2001). 

Recent laboratory research has shown that GWSS will settle and feed (as measured by excretion) significantly 
more on surplus-irrigated citrus trees than on citrus under continuous deficit irrigation (Groves et al. 2006). 
Under field conditions, deficit irrigation in citrus trees affected the population densities and spatiotemporal 
distribution of GWSS (Krugner et. al 2009, Krugner et. al. in press).  Short periods of deficit irrigation (termed 
Regulated Deficit Irrigation, or RDI) in citrus causes little to no impact on yield and, in some instances, 
increases gross yield, fruit load, and fruit quality (Peng and Rabe 1998, González-Altozano and Castel 1999). 
Therefore, the present project is part of a coordinated series of experiments designed to provide necessary 
information to develop management plans to deploy RDI in citrus orchards, to minimize the risk of Pierce’s 
disease outbreaks in California. A sustainable use of RDI will not only save precious water, but substantially 
reduce the costs of current insecticide control measures by limiting applications to better-watered sections of the 
orchard that are highly attractive to GWSS. 

The most rigorous means of studying GWSS feeding behavior is electrical penetration graph (EPG) monitoring 
(Walker 2000). Waveforms for all feeding behaviors for GWSS have been characterized (Backus et al. 2005, 
Joost et al. 2006), and those likely controlling acquisition and inoculation of Xf have recently been identified 
(Backus et al. 2009). 

OBJECTIVE 
1. Determine whether the GWSS feeding behaviors associated with acquisition and inoculation of Xf differ on 

young citrus vs. almond trees that were well-watered vs. water-stressed. 

RESULTS AND DISCUSSION 
GWSS were age-specific and lab-reared on cowpea, sunflower, basil, and sorghum plants raised in a USDA 
greenhouse under supplemental lighting with fertilization.  All test plants were well-watered until the week 
before experimental recordings were begun. During the last week, the water-stressed plants were watered only 
once and the well-watered plants were watered three times. On the day of an experiment, the well-watered 
plants were watered an hour before recording began, while the water-stressed plants were not. Each afternoon, 
one plant for each plant-treatment combination was positioned under high-pressure sodium vapor lights.  Four 
insects were wired for EPG (Backus et al. 2009) and placed on plants for wire and plant acclimation overnight, 
without lights on.  Experimental design was a factorial, 2x2 comparison of host plant vs. amount of water, in a 
randomized complete block. Beginning 1 – 2 h after setup, insects were recorded for 20 – 22  h using an AC-
DC 4-channel EPG monitor set at either 107 or 108 Ohms input impedance (depending on noise) and 25 – 30 mV 
AC substrate voltage.  Sodium vapor lights were positioned above plants, and turned on or off hourly during 
recording.  Once an hour, a leaf not being fed upon was removed and its xylem tension was recorded using a 
pressure chamber. EPG waveforms were manually measured using Windaq Pro+, databased in Excel, then 
durations and frequencies of all waveforms, across all hours, were analyzed using mixed-model ANOVA (Proc 
GLIMMIX, SAS). Data were log or square-root transformed, to improve heterogeneity.  Pairwise comparisons 
were performed using Least Significant Difference tests, with α = 0.05. Future analysis will regress EPG 
waveform and xylem tension data, by hour. 

Overview of stylet penetration 
Mean durations (± standard errors) of each period of stylet penetration period (termed a probe) were 
significantly different for both main effects (plant or water level) and also their interaction effects. Therefore, 
all four plant × water treatments could be graphed (Figure 1; green color scheme). Probes were numerically 
longer on well-watered almond, though not significantly different from well-watered citrus. Probes were 
significantly shorter on water-stressed plants, both almond and citrus; water-stressed almond was not 
significantly different from well-watered citrus.  Mean numbers of probes, and all other cohort-level variables 
(numbers and durations), were not significantly different among treatments. 
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Behaviors performed during those probes 
All remaining significances were for main effects only, not interactions. Therefore, the remaining charts 
(orange-blue color scheme) portray plant and treatment results separately.  Three main behaviors were 
significantly different: sheath branching, xylem contact (testing) and ingesting. 

Figure 1. Results  from  interaction  effects  tests  of 
probe  duration  data  from  insects  in  all four 
treatments,  using  ANOVA  and  LSD. 

Figure 2. Results  from  main  effects  tests  of  B2 
frequencies  using ANOVA  and  LSD.   Interaction 
effects  were not  significantly  different. 

Number of salivary sheath branches (Figure 2) 
Sheath branching, represented by EPG waveform B2, occurs when the insect is searching for a xylem cell from 
which to ingest (imbibe) sap.  A larger number of branches indicate that the insect is having difficulty locating a 
xylem cell.  Significantly more branches were made on citrus than on almond.  However, the same number of 
branches was made on well-watered as on water-stressed plants. 

Number of X waves (xylem contacts; putative Xf inoculation) (Figure 3) 
When its stylets first contact a xylem cell, the insect performs a complex series of behaviors to test the 
acceptability of the cell, including salivating, tasting, and egesting (rinsing and discharging fluid out).  Each of 
these behaviors is represented by an EPG waveform; collectively, these waveforms comprise the XN portion of 
the sharpshooter X wave, a stereotypical pattern of repeating waveforms common in sheath-feeding 
hemipterans.  Behaviors represented by XN are thought to control inoculation of Xf, after bacteria have been 
acquired onto the cuticle of the anterior foregut.  The second portion of the X wave, XC, represents brief (trial) 
ingestion events that serve to test the mechanical seal of the stylets into a xylem cell.  The same number of XN 
as XC events occur, therefore, XN frequencies are the same as overall X wave frequencies.  Mean durations of 
X waves were not significantly different among treatments.  However, numbers of X waves (frequencies) were 
significantly different.  Insects performed significantly more xylem contacts on almond than on citrus, and on 
well-watered plants than on water-stressed plants (Figure 3). 
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Figure 3. Results  from  main  effects  tests  of  XN 
frequencies using ANOVA  and  LSD.   Interaction 
effects  were  not significantly  different. 

Figure 4. Results from main effects tests of C2 
durations using ANOVA and LSD. Interaction 
effects were not significantly different. 

Combined duration of sustained ingestion events (Xf acquisition) (Figure 4) 
After xylem contact and testing during the X wave is complete and the cell has been found acceptable, the insect 
begins sustained ingestion of xylem sap, lasting for many minutes to hours.  During sustained ingestion phase, 
the vector acquires bacteria from the xylem cell.  Durations of all sustained ingestion events were summed, then 
averaged per insect; these mean durations were significantly greater on almond (compared with citrus) and on 
well-watered plants (compared with stressed plants) (Figure 4).  That was because both numbers and durations 
of individual ingestion events were also significantly longer on both almond and well-watered plants. 

In summary, GWSS feeding behaviors differed by both host plant treatment and watering status. The two 
treatments were not dependent upon one another except at the broadest level of analysis, mean duration of a 
probe per insect.  All of the specific analyses of behaviors showed independence of the two treatment factors. 
Perhaps a larger sample size might have influenced independence.  Alternatively, the two factors could be 
independent because many differences between host plants could be fixed in spite of watering status, such as 
anatomical differences between the host plants.  This was probably the case for number of branching events, a 
behavior that indicates degree of difficulty in searching for a xylem cell.  Physical impediments such as 
lignification of cell walls, location and depth of xylem cells, etc. could influence the amount of time needed for 
searching, which proved to be easier for the insects on citrus than almond plants.  Amount of water did not 
influence the difficulty of searching.  In contrast, both host plant and watering level had significant effects on 
xylem-related behaviors, especially number of xylem contacts and duration of sustained ingestion.  The pattern 
of effects was similar for each of these behaviors, i.e. both occurred more on almond than citrus and on well-
watered than water-stressed plants.  Thus, plentiful xylem flux and almond were more favorable for GWSS 
feeding. 

CONCLUSIONS 
Both host plant species and irrigation treatment significantly affected feeding behaviors of GWSS in ways that 
could change an insect’s transmission efficiency.  For host plant species treatments, insects on almond reached 
xylem more quickly than on citrus, but performed more frequent X wave behaviors (potentially inoculating Xf in 
those cells.  The insect then ingested xylem fluid for longer periods (potentially acquiring more bacteria) on 
almond than citrus.  Thus, there is a greater likelihood of Xf acquisition and inoculation on almond than citrus. 
For irrigation treatments, insects took the same time to locate xylem on both well-watered and water-stressed 
plants.  However, they performed more X wave behaviors and ingested for longer periods on well-watered 
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plants. Therefore, there is a greater likelihood of Xf acquisition and inoculation on well-watered than on water-
stressed plants. Results support that application of RDI has the potential to reduce the incidence of Pierce’s 
disease by suppressing GWSS populations and by decreasing pathogen transmission efficiency. 
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ABSTRACT 
This project is now almost complete; its main objectives were to label (using archival paper and unique plastic 
database numbers with barcodes), identify, database (including georeferencing), preserve, partially dry from 
ethanol, and point- and slide-mount specimens among at least 17,000 voucher specimens of mymarid and 
trichogrammatid egg parasitoids of the glassy-winged sharpshooter, Homalodisca vitripennis (Germar) (GWSS). 
These were either collected (reared) by the CDFA Pierce’s Disease Control Program personnel in California 
since 2001 in the course of pre- and post-release surveys, are irreplaceable vouchers of the colonies of the 
biological control agents that were released in California (both exotic and native), or were collected by staff of 
Texas A&M in Texas since 2005. Taxonomic identifications were checked and, when necessary, specimens 
were identified by the PI for the California material (in more than 7,500 vials); particularly, all 
Trichogrammatidae were identified to genera and species. Specimens from Texas (in 930 vials) were all 
identified to genera and species and were transferred into leak-proof vials with good caps to prevent alcohol 
leakage, labeled properly, and databased using University of California, Riverside Entomology Research 
Museum (UCRC) numbering system which then can be made available online if desired. Valuable 
representatives of each species were dried from ethanol using a critical point dryer and point-mounted (and 
representatives of both sexes slide-mounted) as museum quality voucher specimens, and also were labeled using 
acid-free archival paper and databased. Most voucher specimens from Texas will be submitted at the end of 
2012 to the CDFA Mt. Rubidoux Field Station in Riverside to be eventually transferred for storage at the 
California State Collection of Arthropods, CDFA in Sacramento, its permanent depository; some duplicate 
representatives and a few taxonomically important specimens will be also deposited in UCRC. 

LAYPERSON SUMMARY 
Important, irreplaceable, and numerous voucher specimens of the glassy-winged sharpshooter (GWSS) egg 
parasitoids from California and Texas were curated in the course of this two-year project. Museum-quality 
specimens were prepared and preserved on points, slides, and in ethanol, all properly labeled and databased. 

INTRODUCTION 
Recently (since 1997), major efforts have been undertaken by the CDFA Pierce’s Disease Control Program to 
survey for egg parasitoids of the glassy-winged sharpshooter (GWSS) in California and to release egg parasitoid 
species (Anagrus epos Girault and several Gonatocerus spp.) from other states in the USA and also northeastern 
Mexico as part of classical biological control effort (CDFA 2012). 

It is well known that the taxonomic impediment in identification of natural enemies may adversely affect the 
biological control efforts against agricultural pests. In the case of GWSS, early misidentifications (due to 

- 8 -

mailto:serguei.triapitsyn@ucr.edu
mailto:david.morgan@cdfa.ca.gov
mailto:Jessica.Nichols@cdfa.ca.gov
mailto:FMitchel@ag.tamu.edu
mailto:ahassell@ag.tamu.edu


 

        
   

 
    

       
   

   
   

  
  

       
    

 
   

   
     

           
   

        

         
 

    
     

       
         

       
 

 
  

 
      

        
         

    
      

       

  

           
            
       

          
    

       
          

     
        

objective reasons, such as partially inaccurate existing keys) of one of the species of the California native egg 
parasitoids of GWSS, as Gonatocerus morrilli (Howard), resulted in the inability of biological control 
practitioners to distinguish them from the introduced “real” G. morrilli from Texas and northwestern Mexico. 
Therefore, contamination of the colonies in the mass-rearing program was noticed only after the molecular 
methods distinguished them as two genetically different entities. The “California G. morrilli” was later 
described taxonomically as a new species, G. walkerjonesi Triapitsyn, based on the combination of molecular 
evidence and some morphological differences that are difficult to observe without special preparation of the 
specimens (Triapitsyn 2006). Another new species, G. morgani Triapitsyn, was also described from Orange Co. 
(Triapitsyn 2006); it is now being mass-produced and released in other parts of California infested with GWSS 
(Son et al. 2012).  As proper part of the ongoing biological control program against GWSS, the CDFA Pierce’s 
Disease Control Program has conducted extensive pre- and post-surveys of the egg parasitoids of GWSS in 
California from 2001. These surveys, which also included egg parasitoids of the native leafhopper in California, 
the smoke-tree sharpshooter Homalodisca liturata Ball, resulted in collection of more than 10,000 specimens of 
egg parasitoids (Mymaridae and Trichogrammatidae) which are stored, along with voucher specimens of the 
numerous colonies of GWSS egg parasitoids maintained by the CDFA, in several thousand vials at the CDFA 
Mt. Rubidoux Field Station in Riverside. Also, Dr. Forrest L. Mitchell kindly donated to the CDFA Pierce’s 
Disease Control Program 930 vials of GWSS egg parasitoids collected in or near Fredericksburg, Gillespie Co., 
Texas, by Texas A&M staff. These insects were collected during 2005-2007, each vial containing parasitoids 
that emerged from a single egg mass (usually at least eight individuals per vial, but often many more); they were 
in need to be properly curated as museum quality voucher specimens. 

OBJECTIVES 
1. Check the taxonomic identities of all the specimens of GWSS egg parasitoids from California; pull out 

specimens of taxonomic and voucher interest. 
2. Transfer the bulk of the voucher specimens from Texas into leak-proof vials for long-term storage; label 

properly and database all the vials using barcodes with unique numbers. Fully identify and catalog more 
than 7,000 GWSS parasitoids collected by Texas A&M in the native range of GWSS. 

3. Prepare representatives of each species from both states by drying specimens from ethanol using a critical 
point dryer, point- and slide-mount as museum quality vouchers, label (using archival, acid-free paper), and 
database them. 

RESULTS AND DISCUSSION 
This project, which is almost complete, dealt with important, numerous voucher specimens of the GWSS egg 
parasitoids from California and Texas (Triapitsyn 2011).  Taxonomic identifications were checked and, when 
necessary, specimens were identified by the PI for the California material (in more than 7,500 vials); 
particularly, all Trichogrammatidae were identified to genera and species. All specimens in 930 vials with 
GWSS egg parasitoids received from Texas AgriLife Research and Extension Center at Stephenville were 
identified to genera and species by the PI and then completely curated by the two technicians employed by the 
project. These were transferred from the original unsuited vials into leak-proof vials good for long-term storage; 
labeled properly (with the data label inside and the identification label and the database number and a barcode 
outside of each vial, Figure 2), databased using barcodes with unique UCRC ENT numbers, and arranged into 
boxes for cold storage (Figure 1). 

Representatives of each species (at least 50 specimens of the common species from Texas, as many as possible 
of the less common species, all specimens of the rare species, and also 10 specimens of each species pulled out 
by Jessica Nichols from the collections in California) were critically point dried from ethanol, and point-
mounted. Then representatives of both sexes of each species (both sexes) were selected and slide-mounted in 
Canada balsam (Figure 3). All the mounted specimens were properly labeled using acid-free archival paper and 
databased; this database can be made available online if desired. Most voucher specimens from Texas will be 
submitted at the end of 2012 to the CDFA Mt. Rubidoux Field Station in Riverside to be eventually transferred 
for storage at the California State Collection of Arthropods in Sacramento, its permanent depository; some 
duplicate representatives and a few taxonomically important specimens will be also deposited in UCRC. 
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The following species of GWSS egg parasitoids were identified from California: Gonatocerus 
(Cosmocomoidea) ashmeadi Girault, G. (Cosmocomoidea) fasciatus Girault (intentionally introduced, from a 
few release sites only), G. (Cosmocomoidea) incomptus Huber, G. (Cosmocomoidea) morgani Triapitsyn, G. 
(Cosmocomoidea) morrilli (Howard) (intentionally introduced), G. (Cosmocomoidea) novifasciatus Girault, G. 
(Cosmocomoidea) triguttatus Girault (intentionally introduced), and G. (Cosmocomoidea) walkerjonesi 
Triapitsyn (Mymaridae), as well as Ufens ceratus Owen and U. principalis Owen (Trichogrammatidae). 
Newly discovered and reported in California (four females from Riverside) is an apparently undescribed species 
of the genus Pseudoligosita Girault (Trichogrammatidae), which is morphologically different from P. plebeia 
(Perkins) from Sonora, Mexico, reported as Pseudoligosita sp. by Triapitsyn & Bernal (2009) and later 
identified as such by the PI. Also of taxonomic interest is an undescribed species of Polynema Haliday 
(subgenus Doriclytus Foerster) which was quite rare among the reared egg parasitoids of GWSS in California 
(only one female and two males from Pomona and two females from Riverside). The latter species was quite 
commonly collected in southern California by other (non-reared) methods. Most likely GWSS is not a primary 
host for both aforementioned species, and they attack its eggs only occasionally. 

The following species of GWSS egg parasitoids were identified from Texas: Gonatocerus (Cosmocomoidea) 
ashmeadi Girault (very common), G. (Cosmocomoidea) incomptus Huber (quite rare), G. (Cosmocomoidea) 
morrilli (Howard) (less common), G. (Cosmocomoidea) novifasciatus Girault (quite rare), G. (Cosmocomoidea) 
triguttatus Girault (common) (Mymaridae), as well as Burksiella spirita (Girault) and Ufens ceratus Owen 
(Trichogrammatidae, both quite common). 

CONCLUSIONS 
These now fully-curated collections of GWSS egg parasitoids from California and Texas preserve the invaluable 
voucher specimens for further analyses (including molecular, distributional, taxonomic, biological, etc.), thus 
making them available. They also provide information on the species composition and their relative abundance. 
The specimens and information on them will be useful for the CDFA Pierce’s Disease Control Program and 
biological control research practitioners in this state and beyond. 
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Figure 1. Boxes with curated, labeled, and databased vials 
containing identified GWSS egg parasitoids from Texas. 

Figure 2. Typical curated vials containing GWSS egg 
parasitoids from Texas. 

Figure 3. Typical slides of the identified GWSS egg 
parasitoids from California and Texas. 
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EVALUATION OF  GRAPEVINE  AS  A HOST  FOR THE  GLASSY-WINGED SHARPSHOOTER 

Principal Investigator: 
Mark  Sisterson 
USDA ARS 
San Joaquin Valley Agric. Sci. Ctr. 
Parlier, CA 93648 
mark.sisterson@ars.usda.gov 

Co-Principal  Investigator: 
Rodrigo Krugner 
USDA ARS 
San Joaquin Valley Agric. Sci.  Ctr. 
Parlier, CA 93648 
rodrigo.krugner@ars.usda.gov 

Co-Principal  Investigator: 
Christopher  Wallis 
USDA ARS 
San Joaquin Valley Agric. Sci.  Ctr. 
Parlier, CA 93648 
christopher.wallis@ars.usda.gov 

Reporting Period: The results reported here are from work conducted from June 2010 to October 2012. 

ABSTRACT 
Grapevine was evaluated as a feeding and oviposition host for the glassy-winged sharpshooter (GWSS).  Two 
sets of experiments were conducted. The first set compared performance and preference of GWSS females for 
grapevine (cv. Chardonnay) versus cowpea (Vigna unguiculata cultivar black eye). Cowpea was used as a 
reference host plant species as previous studies have documented that GWSS readily use cowpea as a feeding 
and oviposition host. The second set of experiments compared performance and preference of GWSS females 
for Xylella fastidiosa (Xf)-inoculated grapevine versus mock-inoculated grapevine. In choice tests comparing 
preference of females for grapevine versus cowpea, females were observed more frequently on grapevine than 
on cowpea with 78% of eggs deposited on grapevine. In no-choice tests with females confined to plant stems, 
females confined to cowpea stems produced 1.5 times more excreta than females confined to grapevine stems. 
Further, females confined to cowpea stems produced 1.6 times more mature eggs than females confined to 
grapevine stems. In no choice tests with females provided full access to plants, females produced similar 
numbers of eggs on grapevine and cowpea. As feeding affects egg maturation, differences in the results of no-
choices tests with females confined to plant stems versus no-choice tests with females given full access to plants 
suggests that feeding site selection may be more important on grapevine than on cowpea. Collectively the 
results suggest grapevine is of similar quality and acceptability for adult feeding and oviposition as cowpea. 
Choice tests comparing preference of females for Xf-inoculated grapevine versus mock-inoculated grapevine 
produced variable results.  In choice tests conducted in 2011, females were observed more frequently on mock-
inoculated grapevines than on Xf -inoculated grapevines. In choice tests conducted in 2012, females were 
observed more frequently on mock-inoculated grapevines compared to Xf -inoculated grapevines displaying 
severe Pierce’s disease symptoms, but females did not display any preference for mock-inoculated grapevines 
versus Xf -inoculated grapevines that were asymptomatic or displayed minor symptoms of Pierce’s disease.  In 
no-choice tests with females confined to grapevine stems, females on mock-inoculated grapevines produced 
numerically more excreta than females on Xf-inoculated grapevines, although the difference was not significant. 
Collectively, results comparing preference and performance of GWSS females for Xf -inoculated versus mock-
inoculated grapevines suggest females prefer mock-inoculated grapevines but degree of preference may be 
related to disease severity. Disease severity may impact GWSS preference because plants with greater symptom 
severity may be of reduced host quality. Additional tests evaluating effects of disease severity on GWSS 
preference and performance are needed. 

FUNDING AGENCIES 
Funding for this project was provided by the USDA Agricultural Research Service, appropriated project 5302-
22000-010-00D. 

ACKNOWLEDGEMENTS 
We thank Sean Uchima and Donal Dwyer for assisting with experiments. 
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DEVELOPMENT OF EFFECTIVE MONITORING TECHNIQUES FOR SHARPSHOOTERS 
AND THEIR PARASITOIDS 

Principal  Investigator: 
Donald A. Cooksey 
Dept. of Plant Path. & Microbiol. 
University of California 
Riverside, CA 92521 
cooksey@ucr.edu 

Cooperator: 
David  Morgan 
Pierce's Disease Control  Program 
Calif.  Dept. of Food & Agric. 
Riverside, CA 92501 
Dmorgan@cdfa.ca.gov 

Cooperator: 
Cynthia LeVesque 
Jerry  Dimitman  Laboratory 
Citrus Research  Board 
Riverside, CA 92507 
cynthia@citrusresearch.org 

Reporting Period: The results reported here are from work conducted October 2011 to August 2012. 

ABSTRACT 
Post-release monitoring of glassy-winged sharpshooter (GWSS) parasitoids currently involves the collection and 
incubation of field-collected GWSS egg masses. Since egg masses are removed from the field and cannot be 
further parasitized, this reduces the estimated rates of parasitism.  In addition, optimal incubation conditions 
vary for each parasitoid species.  Therefore, significant developmental mortality can occur during the two-week 
or longer incubation period needed for wasps and GWSS to eclose. Some species are being significantly 
underreported because of these factors.  Further confounding the issue is the difficulty in differentiating GWSS 
eggs from those of the native smoke-tree sharpshooter.  The development of a single-step multiplex high 
resolution melting curve real-time PCR assay for sharpshooters and their parasitoids will resolve these obstacles. 
This will lead to accurate reporting of GWSS parasitism. 

LAYPERSON SUMMARY 
In order to efficiently use biological control agents it is essential to have the capacity to identify the parasitoid 
species, host species and the extent of parasitism. These parameters must be known in order to evaluate the 
effectiveness of the control strategy. The current method used in the glassy-winged sharpshooter (GWSS) 
biological control program relies on identification of eclosed parasitoids after long incubations under artificial 
conditions.  Often the parasitoids do not survive. It would greatly facilitate the development of the release 
program if an accurate and rapid method for identification of the eggs of sharpshooter species, determining 
whether eggs are parasitized, and by which parasitoid species, were available. The proposed single-step 
multiplex real-time high resolution melting PCR assay for sharpshooters and their parasitoids will provide such 
a tool and will significantly enhance the reporting of GWSS parasitism. 

INTRODUCTION 
Gonatocerus morgani, G. morrilli, and G. triguttatus have been reared and released by the Pierce’s Disease 
Control Program at sites throughout Southern California and the southern Central Valley since 2000.  However, 
data concerning the extent of released species populations, the effects of parasitism by native competitors, and 
the host preferences of the parasitoids involved is still needed, even though data presented in the most recent 
CDFA report (2010) demonstrates the effectiveness of the release program. The post-release collection and 
incubation of field-collected glassy winged sharpshooter (GWSS) eggs is currently the only methodology 
available for monitoring the GWSS biocontrol program.  Since the eggs are removed from the field before 
development has been completed, the possibility of further parasitism is eliminated and, therefore, parasitism 
rates are underestimated. In addition, because optimal incubation conditions vary for each parasitoid species, 
significant developmental mortality can occur during the two-week or longer incubation period needed for 
wasps and GWSS to eclose. This results in some species being significantly underreported. If there is no 
sharpshooter emergence, there currently is no economical method for identifying whether eggs are from GWSS 
or the native smoke-tree sharpshooter (STSS). Therefore, it is essential that a more efficient method for 
monitoring biological control activity be developed if we are to have more accurate, timely, and economic 
reporting of GWSS parasitism. 

In conjunction with his research in comparative and functional genomics of Xylella fastidiosa (Xf), D. Cooksey 
has developed a multiplex PCR system for the simultaneous identification of Xf strains (Hernandez-Martinez et 
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al., 2006).  D. Morgan, an expert in the biology, ecology, systematics, and identification of the host (Son et al., 
2009) as well as the parasitoid species targeted in this study, is the supervisor of the release program.  C. 
LeVesque directs a high throughput testing program for citrus Huanglongbing disease that employs high 
resolution melting curve analysis as developed by Lin et al., 2011.  The development of a high resolution 
melting (HRM) real-time PCR system will greatly enhance the data acquisition of the CDFA parasitoid release 
biocontrol program which will assist in assessing the efficacy of the ongoing sharpshooter egg parasitoid 
strategy. 

Accurate reporting of GWSS parasitism will be accomplished with the development of a single-step HRM real-
time PCR assay for sharpshooters and their parasitoids. The identity of the species of host, GWSS or STSS, and 
its parasitoids can simultaneously be determined with this method within half a day of collection, rather than 
two weeks.  In addition, because the wasp pupal and sharpshooter egg casing can be analyzed, old egg masses 
should be able to be used after wasp eclosion.  The refinement of control strategies by determining the 
effectiveness of the different parasitoid species in the various environments encompassed in the current range of 
GWSS will lead to better suppression of GWSS populations. 

OBJECTIVES 
1. Develop primer pairs that can be used in a multiplex high resolution melting curve analysis real-time PCR 

system for each species of sharpshooter and parasitoid. 
2. Through the use of degenerate primers, clone the target genes from those species of parasitoid for which 

there is no sequence data available. 
3. Determine the limits of detection of each species of sharpshooter and parasitoid. Based on other studies, we 

are confident we will be able to detect developing parasitoid embryos in sharpshooter eggs.  We hope to be 
able to determine the both the host and parasitoid species from sharpshooter egg cases from which the 
parasitoids have eclosed by amplifying the layer of cells which remain in the parasitoid egg (Oda and 
Akiyama-Oda, 2008). 

RESULTS AND DISCUSSION 
To develop HRM primers targeting the cytochrome c oxidase subunit I (COI) gene of the various Gonatocerus 
wasp species using published sequences, alignments were made using the DNASTAR (Madison, WI) Lasergene 
MegAlign program, followed by primer design using the Lasergene PrimerSelect program.  A small region of 
144 bp and 102 bp was targeted for cloning from each wasp and sharpshooter species, respectively, using these 
primers (Figures 1 and 2).  Clones have been obtained for each wasp species and this region was the 
amplification target used for our preliminary HRM analyses.  GWSS and STSS clones have yet to be obtained. 
Conventional PCR reactions for cloning were performed on a Bio-Rad (Hercules, CA) S1000 thermal cycler 
using Platinum Taq polymerase (Invitrogen, Grand Island, NY) and the following amplification program: 94oC 
2 min, 35 cycles of 94oC 30 sec., 45oC 30 sec., 72oC 20 sec., 72oC 5 min.  Products were analyzed on and 
isolated from Invitogen E-Gel SizeSelect 2% agarose gels and both the pGem T-Easy (Promega Corporation, 
Madison, WI) and the TOPO TA (Invitrogen) kits were used to clone PCR products.  Sequencing of the cloned 
PCR products was performed by the Genomics Core sequencing service of the Institute for Integrative Genome 
Biology on the U.C. Riverside campus.  All plasmid concentrations were determined using the DTX 880 
Multimode Detector (Beckman Coulter, Brea, CA) and adjusted to 60 ng/μl.  A serial dilution was prepared for 
each plasmid. HRM analyses were performed using 2 μl of 10-5, 10-7, 10-9 and 10-11 plasmid dilutions in 
duplicate with one sample at each dilution designated as standard. Genomic samples consisted of 2.0 or 0.2 ng 
of genomic DNA in 2 μl. MeltDoctor HRM 2X master mix (Applied Biosystems Life Technologies, Foster 
City, CA) was used for all reactions, which were 20 μl in volume.  An Applied Biosystems 7500 Fast Real-Time 
thermal cycler was used. The amplification-melt program was: 95oC 10 min, 40 cycles of 95oC 15 sec., 45oC 30 
sec., 60oC 20 sec., followed by 95oC 15 sec., 60oC 1 min., 95oC 15 sec., 60oC 15 sec. Analyses were performed 
using the ABI HRM software.  To determine the level of detection within sharpshooter embryos, fresh egg 
masses of GWSS were subjected to parasitism by each wasp species. Eggs were dissected at 1 hr., 6 hr., 12 hr., 
24 hr., 4 days, and 10 days after parasitism and after parasite eclosion. These samples are being extracted for 
genomic DNA and will be subjected to HRM analysis. 
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Figure 1. Gonatocerus wasp COI sequence alignments with HRM primers indicated by red arrows. 

Figure 2. Sharpshooter COI sequence alignments with HRM primers indicated by red arrows. 

Figure 3. Panel A, melt curves for the four G. ashmeadi cloned plasmid standards.  Panel B, melt curves for the 
standards and correctly identified plasmid (P) and genomic (G) samples. 
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Figure 4. Panel A, melt curves for the four G. morrilli cloned plasmid standards. Panel B, melt curves for the 
standards and correctly identified plasmid (P) and genomic (G) samples. 

Figure 5. Panel A, melt curves for the four G. morgani cloned plasmid standards. Panel B, melt curves for the 
standards and correctly identified plasmid (P) and genomic (G) samples. 

Figure 6. Panel A, melt curves for the four G. novifasciatus cloned plasmid standards.  Panel B, melt curves for the 
standards and plasmid (P) and genomic (G) samples correctly identified and incorrectly identified as G. walkerjonesi 
(W). 
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Figure 7. Panel A, melt curves for the four G. triguttatus cloned plasmid standards.  Panel B, melt curves for the 
standards and correctly identified plasmid (P) and genomic (G) samples. One lowest concentration plasmid was 
incorrectly identified as G. morrilli (M). 

CONCLUSIONS 
Although more work is required to fully optimize the assay, we have been successful, with the exception of 
G. novifasciatus, in correctly identifying parasitoids in HRM analyses.  We are in the process of developing 
additional primer pairs for the COI region as well as other targets which we are cloning using degenerate 
primers.  We are hopeful that this assay will be able to identify the species of host, GWSS or STSS, as well. 
The use of the perfected assay will allow for the identification of the host and its parasitoids simultaneously 
within half a day of collection, rather than two weeks.  In addition, since the pupal and sharpshooter egg casing 
can be analyzed, old egg masses should be able to be used after wasp eclosion.  We are confident that better 
suppression of GWSS will be achieved by the refinement of control strategies.  Determining the effectiveness of 
the different parasitoid species in the various environments encompassed in the current range of GWSS will 
facilitate this process. 
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ABSTRACT
We address economic questions related to Pierce’s disease (PD) by developing and applying a quantitative model of the supply and
demand for California wine and wine grapes.  The economic component of this model combines existing wine market models with
some entirely new elements.  The biophysical component draws on a range of technical information and, where appropriate,
evidence from crop and disease simulation modeling.  We have consulted with scientists who study the disease and its vectors.
Drawing on their advice, combined with information gleaned from interviews with vineyard managers, we have modeled the
problem of the blue green sharpshooter in Northern California.  By doing so, we have gained a better understanding of how to
model the statewide PD problem.  During the past year, we have shifted our emphasis to the role of the glassy-winged sharpshooter
and the problems it poses in the southern regions of the state, and incorporated both vectors into a model that is designed
specifically to evaluate the likely expected benefits from investments in alternative R&D projects related to the management of PD.

LAYPERSON SUMMARY
Our initial learning and progress led us to revise some aspects of the research strategy, but the work has gone generally according to
plan, albeit after a delayed start.  In the first two years of the project we concentrated on gathering data and other information,
learning about Pierce’s disease and the sharpshooters that spread it, and building vineyard-level models.  We began by creating a
vineyard-level model of the economic impacts of the disease in the Napa Valley.  More recently we have worked to extend that
model so that it can reflect the varying situation across the state and to incorporate the role of the glassy-winged sharpshooter.  In
the past year, in particular, we have worked to combine elements from the vineyard-level model with other elements to develop a
three-region, statewide simulation model that can be used to evaluate the benefits from investments in alternative R&D projects.

INTRODUCTION
It is widely accepted that Pierce’s disease (PD), with its vectors, including the glassy-winged sharpshooter (GWSS,
Homalodisca vitripennis), has large current and very large potential economic consequences.  However, we are not aware of
other studies that have modeled and measured the economic consequences.  Siebert (2001) discussed the economics and he
estimated that the value of lost wine grape production—in Temecula, Riverside County, alone, in 1988 and 1989—was worth
$37.9 million to California.  Echoing that sense of economic importance, the National Research Council of the National
Academies (2004) undertook an extensive study and published a book on California research priorities focused on PD. That
book does not contain estimates of the economic consequences of PD nor alternative management or control methods, but it
does provide a comprehensive documentation of knowledge about the problem, as well as a useful classification of types of
research, and priorities among them, including economic research. Further work is needed to develop a quantitative
economic understanding of PD and alternative policies to address it.

OBJECTIVES
The overall objective of this project is to develop a detailed, practical, quantitative understanding of the economic
consequences of PD and alternative management strategies.  More specific objectives are to quantify the current and potential
economic impact of the disease, to estimate the potential economic payoff to investments in PD R&D, to evaluate alternative
management strategies including alternative research investments, and to guide policy decisions, including research priorities.
Additionally, we aim to study the economic aspects of regional differences across California in PD and its associated vectors,
allowing for a better economic understanding of the problem and a more precise evaluation of alternative management
regimes. To pursue these objectives, we propose to develop an economic model of the California wine and wine-grape
sector.  The model will be structured to allow us to simulate market outcomes under alternative scenarios for the prevalence
of PD, and alternative technologies and policies for its management, and to assess the economic consequences of these
alternatives for various stakeholder groups.  The model will be designed specifically with a view to evaluating the likely
expected benefits from investments in alternative R&D projects related to the management of PD.
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RESULTS AND DISCUSSION
Our project commenced formally on September 1, 2008. The project was originally due to end on June 30, 2011. In May
2011 we received approval for a 12-month no-cost extension to the project to allow us to complete the work and make best
use of the expertise of the team to draw useful insights and publish (and publicize) the results.  We are presently about six
months behind the original schedule, reflecting the combination of a delayed start (while we waited for funding to be
approved), a slow beginning (as we learned that we had to revise our modeling strategy), and some further delays as we
sought to identify suitable assistance in view of the revised strategy. More recently, we have been making excellent progress
having established a revised strategy and put together a very good team appropriate to that strategy, and being able to draw
upon the necessary investment in learning about the issues. Kate Fuller has been employed as a Graduate Student Researcher
to work on the project since the outset, and Kabir Tumber, Jonathan Kaplan, and Jim Sanchirico have been actively involved,
especially during the current year.  We have benefited on a continuing basis from advice from our co-operators and other
experts, both in informal settings and in a half-day modelling workshop we held at Davis, in July 2011, including the project
team members and other economists.

In the initial phases of work we emphasized investment in developing our own knowledge and information resources and
creating preliminary models. One important element of this was to develop a detailed database on the economics of wine and
wine grape production in California.  We have completed the data-gathering phase, and are compiling the information into a
report documenting by county and crush district for each important grape variety the area planted, yield, quantity produced
(crush volume), and price over the past 30 years.  We also made some investment in learning how to structure and use models
of spatial-dynamic processes such as the spread of disease, through consulting with scientists and others and reviewing
literature. As a result we have made significant progress in developing an understanding of the pest and disease problem, as
well as an overview of the issues.

Having learned that the PD/GWSS problem would be difficult to model, we opted to focus initially on studying the issues as
they arise in the north coastal valleys, where PD is spread by native sharpshooters (in particular, the blue green sharpshooter).
To guide our efforts to understand the issue in that area, we conducted interviews with vineyard managers, utilizing a process
known as “participatory mapping,” in which managers were asked to sketch out PD incidence, controls, and associated costs
onto aerial images of their vineyards.  This approach enabled us to develop some economic data and insight into the problem,
management strategies, and costs of prevention, control, and eradication strategies, which has helped us in designing
approaches to study the more general problem, including the role of the GWSS. In December 2010, Kate Fuller traveled to
Temecula to conduct a series of interviews similar to those conducted in Napa. These interviews with growers, buttressed
with discussions with scientists and others, were helpful in understanding the problem and have been useful in designing and
parameterizing models. We have recently completed the development of a dynamic simulation model of the production and
pricing of winegrapes in California.  This integrated three-region supply and demand model can be used to simulate 50-year
forward projections of the production and prices of California winegrapes, by region, under various scenarios of pest and
disease prevalence and policy, and the associated pattern of benefits and costs to growers and others.  We expect to have a
range of initial simulation results in hand for presentation at the annual workshop.  We plan to spend the first quarter of 2012
conducting further simulations and analysis, in light of things learned from the workshop among other things, and to spend
the second quarter of 2012 writing up the results and wrapping up the project.

Based on the work to date, Kate Fuller has written two research essays (as required by the Ph.D. program in Agricultural and
Resource Economics at UC Davis).  These essays entailed a review of relevant literature and the development of the
framework for a general economic model of vector-borne disease as applicable to PD.  As well as providing a useful
reference document for our project, they formed the basis for Kate’s oral qualifying examination and dissertation prospectus.
Kate’s dissertation, which will be completed within the next six months, entails elements related to the main objectives of the
project. We have drafted papers on the modeling of PD/GWSS in the Napa Valley and the costs of PD in California, which
we expect to have submitted for publication before the end of 2011.

CONCLUSIONS
None to date.
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Reporting Period: The results reported here are from work conducted July 2012 to October 2012. 

ABSTRACT 
For more than 10 years the Temecula Valley  has been  part  of  an  area-wide control program for  an  invasive 
vector,  the glassy-winged sharpshooter  (Homalodisca vitripennis;  GWSS). The  goal of  this  program  is  to  limit 
Pierce’s disease spread by suppressing vector populations in commercial citrus, an important reproductive host 
for  this insect, before  they move out into vineyards. To  achieve effective GWSS  control  late spring  applications 
of  the systemic insecticide imidacloprid  to  citrus are being  made. As part  of  this treatment  program  there is 
ongoing  monitoring of GWSS populations  to ensure  that the  treatments  are  effective. In 2012 approximately 
140 yellow sticky traps were inspected on a biweekly basis to monitor GWSS in citrus. The  results for  this year 
show a typical phenology for this  pest in the region, with a total of approximately 600 GWSS caught in the 7 
censuses since July. This  overall  GWSS  catch  was intermediate compared  to  previous years,  far  less than  some 
(e.g. 2008, 2009), but more than the previous two seasons. 

INTRODUCTION 
The winegrape industry and its connecting tourist industry in the Temecula Valley generate $100 million in 
revenue for the economy of the area. Following the invasion of the glassy-winged sharpshooter (GWSS) into 
Southern California from the Southeastern USA, a Pierce’s disease outbreak occurred. This outbreak resulted in 
a 30% loss in overall vineyard production over a few years, with some vineyards losing 100% of their vines 
during the initial years of the outbreak. An area-wide GWSS management program initiated in the spring of 
2000 saved the industry from even more dramatic losses. Since the initiation of the Temecula GWSS area-wide 
management program 300 new acres of grapes have been planted and six new wineries have been built. Only a 
continuation of an area-wide GWSS/Pierce’s disease management program will keep the vineyards viable in 
Temecula. At present there are no apparent biological or climatological factors that will limit the spread of 
GWSS or Pierce’s disease.  GWSS has the potential to develop high population densities in citrus. Fortunately, 
GWSS is also highly susceptible to systemic insecticides such as imidacloprid. Insecticide treatments in citrus 
groves preceded and followed by trapping and visual inspections to determine the effectiveness of these 
treatments are needed to manage this devastating insect vector and bacterium. 

In the spring of 2008, 120 acres of citrus were identified and were treated for GWSS control in Temecula. In 
July 2008, Temecula GWSS trap catches reached over 2,000.  This was the highest number of GWSS trapped 
since the area-wide program was initiated in 1999-2000. Because of the phenology of GWSS, the summer 
citrus culture, and the peculiarities of the uptake of the systemic imidacloprid (AdmirePro) it was decided that 
treatments in the citrus in July would not adequately reduce GWSS populations.  Therefore, insecticide 
applications to control GWSS for the last two years were initiated in May 2011 and May-June 2012. The 
effectiveness of these applications will be evaluated throughout 2012. Previous work indicates that applications 
of Admire on citrus are not 100% efficacious; improper application of Admire will limit uptake by citrus trees; 
sick or weak trees will not take up Admire properly, therefore the systemic insecticide will not reach the target 
site; GWSS populations tend to be clumped, high numbers were found on weak trees; GWSS hotspots in citrus 
can be identified and only troublesome spots need to be treated; and GWSS populations have been dramatically 
reduced in Temecula valley since 2000, but still are a threat to vineyards. PyGanic treatments require multiple 
applications during the season, and provide little control of GWSS. 
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As part of the area-wide treatment program, monitoring of GWSS populations in citrus has been conducted 
since program inception.  This monitoring data is needed to guide treatment decisions for citrus, to evaluate the 
efficacy of the treatments, and to guide vineyard owners, PCAs, and vineyard managers on the need for 
supplementary vector control measures within vineyards. 

OBJECTIVES 
1. Regularly monitor GWSS populations in citrus groves throughout the Temecula Valley to determine the 

need for and effectiveness of area-wide treatments. 
2. Disseminate a newsletter for stakeholders on sharpshooter seasonal abundance in citrus throughout the 

region. 

Double-sided yellow sticky cards (7 inches x 9 inches) are being used to monitor for adult sharpshooters in 
citrus.  140 such sticky traps have been placed in citrus groves throughout the Temecula Valley. All traps are 
labeled, numbered, and bar-coded to identify the site within the management program. Each trap is then geo-
referenced with a handheld GPS monitor. Most yellow sticky cards are placed at the edge of the groves at the 
rate of approximately 1 per 10 acres.  Traps are attached with large binder clips to wooden stakes around the 
perimeter of the grove; in large groves, traps are also placed in the interior.  The total number of traps depends 
on the size of the orchard block.  Sharpshooters found on the traps will be counted and then removed from the 
trap. 

The yellow cards are inspected and replaced every two weeks. At each inspection the number of adult GWSS 
and smoke-tree sharpshooters (Homalodisca liturata) will be recorded, along with the abundance of common 
generalist natural enemy taxa. 

After collecting all data for a given sharpshooter census date, these data are collated into a newsletter that shows 
the number of sharpshooters caught, where they were caught, and the seasonal phenology of sharpshooter 
populations to date. This newsletter will be disseminated to stakeholders via e-mail and on a blog hosted by UC 
Riverside’s Center for Invasive Species Research (http://cisr.ucr.edu/temeculagwss/). 

RESULTS AND DISCUSSION 
The results for 2012 are shown in Figure 1. This includes weekly censuses of GWSS in citrus up through June, 
then biweekly censuses from July through September. The results show seasonal patterns of GWSS abundance 
and activity that are typical for this region. GWSS catch is low for much of the year, it increases dramatically at 
the beginning of the summer, and then drops off through August and September.  In 2012 there was a notable 
peak that occurred in September, and occasionally occurs in other years, presumably because of the unusually 
warm weather during that period this year. 

Figure 2 shows the catch from this year put in perspective relative to other years. 2012 shows qualitatively the 
same seasonal phenology as in other years, with a moderate overall catch compared to others (i.e. 2008). 

FUNDING AGENCIES 
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service, and by the 
CDFA Pierce’s Disease Control Program. 
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Figure 1. Seasonal total GWSS catch for 140 traps throughout Temecula Valley. 

Figure 2. Seasonal total GWSS catch in Temecula Valley from 2008-2012. 
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ABSTRACT 
Pierce’s disease management in southern California vineyards hinges on chemical control of populations of the 
vector, the invasive glassy-winged sharpshooter (Homalodisca vitripennis; GWSS), residing in citrus. Growers 
also frequently apply systemic insecticides in vineyards, but the efficacy of these treatments for disease 
management is not known.  We are conducting a series of surveys in treated and untreated vineyards in 
Temecula Valley to determine the relative economic value of within-vineyard chemical control for Pierce’s 
disease management. In each of the past three seasons we have surveyed 34 vineyards in the Temecula Valley 
that differ in their use of systemic insecticides. As in previous years, in 2012 overall Pierce’s disease prevalence 
was low; average 1.3% based on visual symptoms. Prevalence differed slightly among fields of different 
treatment categories with the lowest infection rates in those vineyards that were either consistently or irregularly 
treated with imidacloprid. Based on sticky trap monitoring, consistently or intermittently treated vineyards also 
had lower catches of sharpshooters than untreated fields, but natural enemy catch did not differ among the three 
treatment categories. Finally, tap sampling results showed slightly lower natural enemy abundance in treated 
sites, but the abundance of non-predatory arthropods was also substantially lower in the treated sites. 
Collectively, these results suggest that imidacloprid treatments may reduce slightly disease spread, at least in 
part due to reductions in vector pressure, but without any clear non-target effects on natural enemies that may 
lead to secondary pest outbreaks. 

LAYPERSON SUMMARY 
One of  the main tools for dealing with the glassy-winged sharpshooter (GWSS) in southern  California  and  the 
southern  San  Joaquin  vineyards is the application  of  insecticides.   Systemic insecticides (imidacloprid)  are 
regularly applied to citrus, which is a preferred plant  type for sharpshooter, to reduce insect abundance before 
they  move into  vineyards.   These treatment  programs have been  successful,  reducing  sharpshooter  populations 
to  a fraction  of  what  they  once were.   Grape growers frequently  use systemic  insecticides  in  vineyards  as  well to 
reduce further  the  threat  of  sharpshooters spreading Pierce’s disease among  vines.   However,  no  measurements 
have been  made about  whether  these costly  insecticide treatments are effective at  curbing  disease spread.   We 
have been conducting a series of  disease and arthropod surveys in Temecula  Valley to understand whether 
chemical  control  of GWSS in  vineyards is justified.   Results indicate that  on  average vineyards that  employ 
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systemic insecticides tend  to  have slightly  lower Pierce’s  disease prevalence.   Yet,  given  that  some of  the 
untreated  or  intermittently  treated  fields had  extremely  low  prevalence,  it  is plausible that  systemic insecticides 
may not need to be applied every year – at  least  for  sites or  years with low  vector  pressure.   We also  see no 
evidence that  these systemic insecticide applications are disrupting  biological  control  of  other  grapevine pests. 

INTRODUCTION 
Chemical control of insect vectors plays a crucial role in many disease mitigation programs.  This is true not 
only for the management of mosquito-borne diseases of humans, such as malaria and dengue fever, but also for 
limiting disease epidemics in a wide range of agricultural crops. In southern California vineyards chemical 
control at both the area-wide and local scales may affect the severity of Pierce’s disease, by reducing the density 
or activity of the primary vector, the glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) (Castle et 
al. 2005). 

The bacterial pathogen Xylella fastidiosa (Xf) is endemic to the Americas, and is widespread throughout the 
western and southeastern USA. This xylem-limited bacterium is pathogenic to a wide variety of plants, 
including several important crop, native, ornamental, and weedy species (Purcell 1997).  In the western USA the 
most economically significant host is grapevine, in which Xf causes Pierce’s disease.  Multiplication of the 
bacterium in vines plugs xylem vessels, which precipitates leaf scorch symptoms and typically kills susceptible 
vines within a few years (Purcell 1997). 

Xf can be spread by several species of xylem sap-feeding insects, the most important being the sharpshooter 
leafhoppers (Severin 1949). Historically Pierce’s disease prevalence has been moderate, with a pattern that is 
consistent with primary spread into vineyards from adjacent riparian habitats by the native blue-green 
sharpshooter (Graphocephala atropunctata).  However, beginning in the late 1990s severe outbreaks occurred 
in southern California and the southern San Joaquin Valley that are attributable to the recent establishment of 
GWSS. This invasive sharpshooter is not inherently more efficient at transmitting the pathogen than are native 
sharpshooters (Almeida and Purcell 2003).  Instead its threat as a vector appears to stem from a combination of 
ability to achieve extremely high densities (Blua et al. 1999) and promote vine-to-vine (i.e. secondary) disease 
spread (Almeida et al. 2005). 

Citrus trees themselves are not susceptible to the strains of Xf found in the USA (though strains found in Brazil 
have caused significant economic losses to their citrus industry – Purcell 1997). Nonetheless, citrus plantings 
figure prominently in the epidemiology of Xylella diseases in California. Many portions of southern California 
and the southern San Joaquin Valley have vineyards in close proximity to citrus groves (Sisterson et al. 2008). 
This is important because citrus is a preferred habitat for GWSS at key times of the year, allowing this vector to 
achieve very high densities (Blua et al. 2001). High vector populations then disperse seasonally out of citrus 
into nearby vineyards, resulting in clear gradients of Pierce’s disease prevalence (i.e. proportion of infected 
plants) as a function of proximity to citrus (Perring et al. 2001). 

Given the importance of citrus in Pierce’s disease epidemiology, citrus groves have been the focus of area-wide 
chemical control programs, initiated in the Temecula and Coachella Valley’s in the early 2000s and shortly 
afterward in Kern and Tulare counties (Sisterson et al. 2008).  The southern California programs use targeted 
application of systemic insecticides, such as imidacloprid, to limit GWSS populations residing within citrus. 
Census data in citrus show substantial year-to-year variation in sharpshooter abundance that may stem from 
incomplete application, the use of less effective organically-derived insecticides, or inadequate irrigation to 
facilitate uptake, which makes the consistent management of sharpshooter populations a challenge (Toscano and 
Gispert 2009).  Nonetheless, trap counts have been much reduced compared to pre-area-wide counts. The effect 
of chemical control is clear in early insect surveys which found significantly fewer sharpshooters in treated 
relative to untreated citrus and in vineyards bordering treated versus untreated groves (R. Redak and N. 
Toscano, unpublished data).  Thus, these area-wide control programs have been considered successful in 
southern California (Toscano and Gispert 2009), and the swift implementation of an area-wide management 
program in Kern County has been credited with limiting Pierce’s disease outbreaks (Sisterson et al. 2008). 
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Research into imidacloprid uptake by grape also has been initiated, and target concentrations high enough to 
suppress GWSS activity (approximately 10 μg/L of xylem sap) can be achieved and will endure for several 
weeks in mature vines (Byrne and Toscano 2006). This information coupled with the success of area-wide 
programs in citrus appears to have led to relatively widespread adoption by grape growers of imidacloprid 
application in vineyards to reduce further exposure to Xf. In the Temecula Valley, for example, it is estimated 
that 70% of vineyards use imidacloprid, at an approximate cost of $150-200 per acre (N. Toscano, personal 
communication).  Yet consistent treatment of vineyards with systemic insecticides is neither universal, nor have 
there been any measures of how effective these costly treatments are at reducing Pierce’s disease. 

We are studying the epidemiological significance of chemical control in vineyards, via a multi-year series of 
field surveys in the Temecula Valley. This work will address gaps in empirically-derived observations 
regarding the cascading effects of vineyard imidacloprid applications on GWSS abundance and, ultimately, 
Pierce’s disease severity. 

OBJECTIVES 
The overall goal of this project is to understand does within-vineyard sharpshooter chemical control reduce 
vector pressure and Pierce’s disease spread? As part of this overall objective we have been evaluating the 
following set of research questions: 
1. Do vineyards from different treatment categories (untreated, intermittent treatments, or consistently treated) 

differ in insecticide concentration? 
2. Do imidacloprid applications reduce vector abundance or activity in vineyards? 
3. Do treatments reduce disease spread in vineyards? 
4. Are treatments disrupting biological control and contributing to secondary pest outbreaks? 

We are currently in the middle of the final season of three fall disease surveys. Thus, the results presented 
below should be viewed as preliminary for the time being. 

To verify insecticide use, in late summer 2012 we collected leaf samples from 10 vines at each site. For each 
site two vines were sampled in five different rows spread throughout the vineyard block. For each vine sampled 
we collected two healthy, fully expanded leaves from mid-cane. These samples were then subjected to an 
ELISA analysis to calculate imidacloprid concentration, using a slight modification to established methods 
(Castle et al. 2005, Byrne and Toscano 2006). Briefly, from each leaf we used a #6 cork borer to punch a disc 
of leaf tissue, weighed that disc, and then ground it in 1% methanol.  After incubation dilutions were made and 
this material was added to Envirologix Imidacloprid Quantiplate Kit. 

In 2012, we continued to survey Pierce’s disease prevalence, imidacloprid concentrations in planta, and 
arthropod densities in the 34 sites we had identified and surveyed in previous years. To survey disease 
prevalence, we conducted visual surveys of vine symptoms in the fall for all vines in each site. As in previous 
years these visual surveys will be adjusted for false positives using plate culturing of bacteria and for false 
negatives using ELISA.  For false positive testing, we collected petioles from 50 randomly selected vines that 
were visually categorized as symptomatic for Pierce’s disease. We then plate cultured isolates from these 
petioles for detection of Xf. For false negative testing, we collected petioles from 100 randomly selected 
asymptomatic vines. We then conducted ELISA tests for the presence of Xf. We estimated a false positive and 
a false negative rate and used these to adjust the disease prevalence based on the visual surveys. 

We surveyed population densities of GWSS, the native smoke-tree sharpshooter (Homalodisca liturata; STSS), 
and generalist natural enemies. We placed 4-8 yellow sticky traps at 0.5-1 m above the vines at each site. The 
number of traps depended on the area of vines planted. Traps were replaced monthly. For each trap, we 
counted the number of GWSS, STSS, and four groups of generalist predators: minute pirate bugs (Orius spp.), 
assassin bugs (Reduviidae), big-eyed bugs (Geocoris spp.), and spiders (Aranea).  These four groups appear to 
be the most important generalist predators of GWSS (Fournier et al. 2008).  The total seasonal density of 
Homalodisca spp. and predators was calculated for each site between February and September. 
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Figure 1. A) Mean imidacloprid concentration, B) mean estimated Pierce’s disease prevalence, C) mean sharpshooter 
catch on sticky traps, and D) mean natural enemy catch on sticky traps among 34 Temecula vineyards based on 
treatment category: untreated, intermittently treated (i.e. “mixed”) or consistently treated with imidacloprid. 

In addition to sticky traps, over the summer of 2012, between July 10th and September 6th we conducted tap 
sampling from each of the sites to estimate the abundance of generalist predators and pest insects.  At each site, 
six rows approximately evenly spaced throughout the vineyard block were chosen for sampling, avoiding edge 
rows.  Within each row, five vines approximately spaced throughout the row were “tap-sampled,” avoiding 
vines at the end of rows, with no neighbors, or which were obviously diseased or dying.  Tap sampling was 
conducted by tapping the vine 40 times to dislodge arthropods from the upper canes, foliage, and branches into a 
shallow beat net.  Arthropods collected within a single row were pooled and aspirated into plastic vials and 
placed on ice during transport.  Upon return to the lab, vials were partially filled with 70% ethanol and placed in 
the freezer until identification. 

RESULTS AND DISCUSSION 
Our estimates of imidacloprid concentrations in planta match the classes for management practices. All but one 
of the untreated sites had no detectable imidacloprid in leaf tissue samples.  Conversely, both the regularly 
treated and those treated intermittently (i.e. “mixed” treatment history) had markedly higher insecticide 
concentrations (Figure 1A). These results support the classification of most sites into the three treatment 
categories. 

Estimates of disease prevalence were generally quite low, with a mean prevalence based on visual symptoms 
alone of 1.3%.  Prevalence varied substantially, with patterns that correspond roughly with imidacloprid 
treatment class (Figure 1B). Disease prevalence tended to be higher in untreated sites, lowest in the 
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consistently treated sites, and intermediate in mixed sites.  These results suggest at least a trend towards lower 
disease prevalence in sites that are treated with imidacloprid. Thus, within-vineyard imidacloprid applications 
may lead to modest reductions in Xylella spread among vines. 

We collected more than 75 sharpshooters, both GWSS and STSS, among all sites between November 2011 and 
May 2012. Untreated sites had the highest sharpshooter catches, consistently treated sites were intermediate, 
and mixed sites had the lowest catches over this period (Figure 1C). These results support the idea that 
insecticide application reduces vector pressure, through mortality or by having anti-feedant effects, which likely 
explains the patterns seen in disease prevalence among the treatment categories. 

Based on sticky trap catches there were little differences among the treatment categories with respect to natural 
enemy abundance in vineyards.  We found similarly high catches of several natural enemy taxa, especially 
spiders, at all three types of sites (Figure 1D).  Tap sampling results showed a slightly different pattern. 
Generalist natural enemies were more common in untreated sites than mixed or consistently treated sites 
(Figure 2A).  However, this result does not appear to stem from disruption of natural enemy activity at treated 
sites. Rather, the abundance of all non-predatory arthropods (including several pest species such as grape 
leafhopper) were up to seven-fold higher on average at untreated sites compared to treated sites (Figure 2B). 
Collectively these two sources of data indicate that imidacloprid applications do not dramatically upset natural 
enemy activity in vineyards.  Rather, if anything, natural enemy populations may track pest populations, which 
are strongly affected by whether fields were treated with imidacloprid. 

Figure 2. A) Mean natural enemy abundance, and B) mean non-predatory arthropod abundance (+/- SE) based on 
tap sampling in Temecula Valley vineyards in 2012. 

CONCLUSIONS 
Results so far suggest that current Pierce’s disease prevalence throughout the Temecula Valley region is low. 
There is a trend for differences in prevalence based on chemical control strategies, with untreated vineyards 
having the highest average prevalence, but whether those differences are due to recent management, historical 
artifacts, or differences in vector pressure remains unclear. Ultimately estimates of year-to-year changes in 
prevalence are needed (i.e. incidence), which are ongoing, to determine the precise impact of within-vineyard 
systemic insecticides on disease spread.  It is worth noting that such modest levels of disease are likely 
attributable to very low vector populations that exist currently relative to conditions during the peak of the 
GWSS outbreak in the region.  Thus the apparently slight differences in disease incidence among treatment 
categories might be expected to be substantially greater should the effective area-wide control of sharpshooters 
be discontinued. 
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ABSTRACT 
We have made significant progress during this past one year and are in excellent position to complete most of 
our objectives during the upcoming year.  We have published two refereed journal articles (1) and (2), and have 
presented four Pierce’s Disease Research Symposium reports (Falk et al., 2010), (Rosa et al., 2010), (Falk et al., 
2011) and (Nandety et al., 2011) during the entire scope of this project.  In addition we presented our work at 
various national and international meetings during this past year and half. RNA interference applications are at 
the forefront for new strategies aimed at controlling insect pests and vectors, and our work here is very timely. 
We show good progress towards the development and application of an RNA interference (RNAi) based system 
aimed to target genes of the vector of Xylella fastidiosa (Xf), the glassy-winged sharpshooter (Homalodisca 
vitripennis; GWSS). After demonstrating that RNAi induction in GWSS cells and insects is achievable, we 
began screening a large pool of candidate genes by homology search to find the best targets to control the 
survival of GWSS. These targets were used to develop transgenic Arabidopsis and potato plants that express 
dsRNAs for the insect targets. We also made stable Arabidopsis transgenic plants that express glucuronidase 
(GUS) marker genes using the constitutive 35S and a Eucalyptus gunii minimal xylem-specific promoter. While 
we were able to show the expression of GUS gene in vivo in the T2 transgenic plants, other transgenic plants are 
being evaluated for their ability to produce dsRNAs and will be tested against GWSS adult insects. Recently, 
we were able to generate transgenic potato plants expressing the GUS gene under the control of a xylem specific 
promoter, E-cadherin (ECAD) and are in the process of testing them.  Encouraged by our efforts to find 
effective targets, we have adopted large scale sequencing of the GWSS transcriptome as well as the small RNA 
complement from GWSS adult insects. We were able to generate 65 million reads and 22 million reads of the 
short read sequence data for transcriptomic and small RNA sequences in our initial run. We discovered new 
information in our sequence data which we are planning to publish shortly. 

LAYPERSON SUMMARY 
Pierce's disease of grapevines is one of the plant diseases caused by the Gram-negative bacterium Xylella 
fastidiosa (Xf).  This bacterium, upon inoculation in the plant host, travels within and attaches to the plant xylem 
vessels where, after multiplication, produces biofilms which interfere with the water-flow in the infected plants. 
Resulting infected plants can die between one and five years after inoculation. Xf is vectored by many 
leafhoppers, but one of the most important vectors in many areas is the glassy-winged sharpshooter 
(Homalodisca vitripennis; GWSS).  The importance of GWSS can be attributed to its ability to colonize more 
than 100 species of plants, its propensity for long distance dispersal, and its capacity for ingesting large volumes 
of fluids from colonized plants.  We are taking a contemporary molecular targeting approach to disrupt normal 
gene expression in GWSS and other sharpshooter vectors of Xf as a strategy to help control these important 
insect vectors of Xf. We are attempting to develop RNA-interference (RNAi) as a tool to target and kill GWSS 
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and other sharpshooter vectors of Xf. We have generated transgenic plants expressing anti-GWSS dsRNAs 
corresponding to the identified GWSS mRNAs. We have evaluated these plants for molecular markers and are 
in the process now of conducting experiments to assess their effects on GWSS. Our hope is that ingestion of 
these dsRNA molecules by GWSS will trigger RNAi activity in the recipient insects, resulting in the subsequent 
degradation of the targeted mRNAs and corresponding debilitating effects on sharpshooters, thereby 
contributing to strategies for Pierce’s disease control. We have also taken a new strategy, next generation 
sequence analysis, as a strategy to help us identify new targets for RNAi approaches. Together, we feel that 
these approaches are contemporary and will contribute to long term approaches for GWSS and Pierce’s disease 
control. 

INTRODUCTION 
During the work supported by this research program, we developed tools to induce RNA interference (RNAi) in 
the insect vectors of Pierce's disease, and in particular in the glassy-winged sharpshooter (Homalodisca 
vitripennis; GWSS). We were able to induce RNAi for specific genes in vitro in a GWSS cell line developed at 
the University of California, Davis (3, 4) and in whole insects (2).  We also optimized protein, small and large 
RNA hybridization and real time PCR techniques to detect the extent of RNAi induced in the two systems. We 
finally were able to generate phenotypes in cells and GWSS 5th instars affected by RNAi.  While our previous 
efforts were limited by the scarce amount of nucleotide sequences available in GenBank, our present research is 
based on the sequence analyses of extensive GWSS expressed sequence tag (EST) data released via GenBank. 
We cloned a series of genes expressed during insect digestion and during molting, and we inserted these genes 
in an easy to manipulate binary vector (Figure 1) set up for hairpin RNA transcription.  We also modified this 
vector substituting the 35S promoter with a minimal xylem specific promoter cloned by us from Eucalyptus 
gunii. The potential of these series of vectors is great, in fact we are using these plasmids to generate transgenic 
plants of different species (Arabidopsis, grape, citrus, and potatoes) via the Ralph M. Parsons Foundation Plant 
Transformation facility of UC Davis and at the same time to generate in a fast and convenient way Arabidopsis 
thaliana plants via flower dipping. 

OBJECTIVES 
1. To assess the effectiveness of anti-GWSS transgenic plants against GWSS. 
2. To identify optimal interfering RNA forms for use in transgenic plants. 

RESULTS AND DISCUSSION 
Objective 1: To assess the effectiveness of anti-GWSS transgenic plants against GWSS 
We have generated a series of transgenic plants (potatoes and A. thaliana) for our RNAi studies so far (see 
Table 1 for potatoes; we have 11 lines with more GWSS sequences for A. thaliana).  We have characterized 
these plants to ensure that they contain the desired transgene(s) and for some, that they generate the desired 
siRNAs (Figure 1). They are engineered to generate dsRNAs (Figure 2), but as the dsRNAs are generated in 
plants, they are processed by the plant’s RNAi machinery thereby yielding siRNAs. This is acceptable for our 
work here as siRNAs also induce RNAi activity in GWSS (1) and other insects (5). 

Generation of transgenic lines 
For the purpose of generating the Arabidopsis transgenic lines we used a different ecotype, Cape Verdi (Cvi). 
Compared to Columbia (Col-0) it has larger leaves and presents more robust growth, and will be more 
appropriate in supporting insects of large size such as GWSS. In order to generate dsRNAs that can target the 
insect, GWSS target sequences were cloned into a gateway-compatible binary vector pCB2004B (Figure 1). 
The target sequences were cloned in head to tail direction in the gateway vector with a non-homologous 
sequence between them. Upon transcription in transgenic plants, these constructs will yield double-stranded, 
hairpin RNAs of the desired sequence. The expression vectors carrying the insect target sequences of interest 
were first cloned into E.coli and Agrobacterium tumefaciens and they have been sequence verified. A. 
tumefaciens cultures carrying the sequences of interest were used to transform A. thaliana Cvi plant ecotypes 
through the floral dip process. Arabidopsis T0 plants were screened for resistance against the selectable marker 
BAR gene, and we were able to confirm T1 transgenics. Further sets of transformation of Arabidopsis plants are 
underway to generate more independent transgenic lines for the GWSS target genes that had less than three 
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independent transgenic lines. Also, efforts are underway to generate more transgenic lines for other target genes 
of GWSS that were not previously described.  We are in the process of obtaining the homozygous transgenic 
Arabidopsis lines that will be used for screening against GWSS. 

pCB2004b12078 bp 
kanamycin (R) 

bar 

ccdB 

CmR 

ccdB 

pVS1 sta 

T-Border (right) 

pBR322 bom 

T-Border (left) 

attR1 

attR1 

attR2 

attR2 

Nos poly-A 

CaMV35S polyA 

35S-Omega 

CaMV35S promoter 

pBR322 ori 

pVS1 rep 

DraIII (11156) 

DraIII (12073) 

Figure 1. Diagrammatic representation of the vector pCB2004B used for generation of GWSS 
transgene constructs. The binary construct is designed to produce short hairpin between the sense 
and antisense target genes that will result in the production of small RNAs in the transgenic plants 
(Arabidopsis and potato plants). 

Table 1. Transgenic potato plants for GWSS-directed RNAi 
GWSS Targets in 
Potato Plants 

Pedigree Potato Cultivar 
Selectable 
Marker 

Production of ds-
and siRNAs 

Chitin deacetylase 102203 Kennebec BAR Yes 
Chitin deacetylase 102203 Desiree BAR In process 
GWSS actin 112064 Desiree BAR Yes 
GWSS cuticle 112073 Desiree BAR Yes 

We have used three of the constructs (Table 1) to transform potato plants.  Transformation/regeneration was 
performed via recharge at the UC Davis Ralph M. Parsons plant transformation facility (http://ucdptf.ucdavis. 
edu/) and approximately ten independent transgenic lines were obtained for each of the constructs. We have 
performed screening of these transgenic potato plants for insert composition and have established the presence 
of a transgene similar to the procedure as described for Arabidopsis transgenic lines. The presence of chitin 
deacetilase transgene in the potatoes resulted in the production of small RNAs in those transgenic plants.  In 
contrast to the approach with A. thaliana, we are vegetatively propagating the T0 potato plants and are in the 
process of testing the same for RNAi experiments with GWSS. Potatoes are an excellent host plant for GWSS 
so we expect them to be very useful for our efforts here. We have characterized these plants to ensure that they 
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contain the desired transgene(s) and for some, that they generate the desired siRNAs (e.g. see Figure 2). 
Finally, we have started generating transgenic potatoes where the transgene will be driven via the specific xylem 
promoter EgCAD2 which we previously cloned from Eucalyptus gunii. 

Figure 2. Small RNA northern hybridization analysis of transgenic potato plants. 
Arrows indicate positions of GWSS-specific actinsi RNAs. 

Feeding assays for RNAi effects in GWSS 
Transgenic potato feeding assays, using the plants listed in Table 1, have been carried out using 3rd-4th instar 
nymphs.  Non-transgenic potatoes of the cultivars used for the transformation events were used as control plants. 
We set up cuttings of the potato plants in individual cages in a growth chamber, released five nymphs per 
cutting, and observed mortality for two weeks (Figure 3).  We collected dead nymphs as they were observed 
and collected the remaining live nymphs at the end of the two weeks.  RNA was extracted from all nymph 
samples and will be tested for differences in mRNA levels of target and non-target sequences using qRT-PCR. 
We are currently working to validate those assays using TaqMan® (Applied Biosystems, Carlsbad, CA) 
chemistry of quantitative real-time PCR. 

Figure 3. GWSS RNAi feeding assays on transgenic potato cuttings.  At left shows stems 
in cylindrical cages, each containing 5 nymphs times 5 replications per treatment. Right 
shows a close up photo of a GWSS nymph feeding on upper potato foliage. 
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In addition to the transgenic plant approaches, based on recent reports in the literature and personal 
communications from other scientists, we have evaluated in vitro feeding approaches for GWSS.  We have 
confirmed that basil stem infusion is a very efficient means to deliver specific effector RNAs to GWSS. We 
have used the basil infusion in the past and it offers some advantages as well as disadvantages. We have tested 
the GFP PCR product through this new method in comparison to the established basil feeding method and were 
able to detect the GFP PCR product in equal proportions inside the GWSS insects.  We hope to rapidly screen 
target sequences without having to develop transgenic plants, thereby saving time and effort towards our 
ultimate goal. 

Objective 2: To identify optimal interfering RNA forms for use in transgenic plants 
We will engineer and express short, specific RNAi effectors in transgenic plants in order to compare their 
efficacy with more traditional, longer hairpin dsRNAs.  The latter are more likely to give undesirable off-target 
effects and thus greater specificity is highly desirable. One way to gain some understanding of potential RNAi 
targets is to utilize next generation sequencing to identify the quality and quantity of specific small RNAs in 
GWSS.  Therefore, we took this approach while simultaneously engineering new generation RNAi effectors. 

Next generation sequencing of GWSS adult insects 
The developmental regulation of insects through the use of small RNAs has been well studied.  In our efforts to 
study the regulation of GWSS insect genes and identify RNAi targets, we took an alternate approach using high 
throughput parallel sequencing to identify the small RNAs from the GWSS insects. For our work, we noticed 
GWSS transcriptome data is lacking information for the identification of small RNA reads.  To address this and 
identify the loci of the small RNAs that were originated from the short read sequencing, we sequenced the 
transcriptome of GWSS through the use of mRNA sequence methods as described in Figure 4. The sequencing 
of GWSS mRNA transcriptome was done through paired end sequencing on Illumina GA-II Platform.  Both the 
mRNAseq library data and the small RNAseq library data were generated from the GWSS adult insects. 

The sequencing reads from the transcriptomic data were assembled into scaffolds with a minimum size of 200 
bases using Oases transcriptome assembler. We were able to assemble approximately 32.9Mb of the 
transcriptome across 47,265 loci and 52,708 transcripts.  The average transcript length assembled was 624 
nucleotides.  Roughly 15 million of the total reads were found to be unique for the genome and 51% of the reads 
were incorporated into the assembly.  The sequencing reads were then mapped back to the assembled transcripts 
with up to one mismatch.  The reads that could not be mapped back to the reference assembly are being 
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analyzed for the possible discovery of new viruses that may be infecting the GWSS insects. With the help of 
these sequencing reads, we aim to study the GWSS insect target genes and we hope to identify the small RNAs 
that target the GWSS target genes in a highly specific manner. 

CONCLUSIONS 
We have generated transgenic experimental effects to now assess RNAi effects on GWSS by plant feeding 
assays. Based on our previous successes with feeding assays, we believe that we are well on our way to 
complete this part of our work.  We also performed next generation small RNA and transcriptome sequence 
analysis on GWSS.  The abundant information obtained from this strategy should lead to new opportunities for 
identification of GWSS RNAi targets. 
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DEVELOPMENT  AND USE  OF  RECOMBINANT HOMALODISCA COAGULATA VIRUS-1 
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Reporting Period: The results reported here are from work conducted March 1, 2012 to September 30, 2012. 

ABSTRACT 
During this period we were able to demonstrate HoCV-1 infection in the glassy winged sharpshooter GWSS Z-
15 cells after transfection using in vitro-derived RNAs.  HoCV-1 infection resulted in characteristic 
cytopathology in infected but not healthy cells.  Furthermore, quantitative RT-PCR analyses showed 
accumulation of HoCV-1 positive and negative-sense RNAs, the latter being characteristic indicators of HoCV-
1 replication.  Because one of our long-term goals is to induce debilitating RNA interference responses in 
HoCV-1-infected GWSS, we used next generation small RNA sequence analyses to qualitatively and 
quantitatively assess small RNA responses in HoCV-1-infected GWSS. These analyses showed abundant 
response by GWSS to HoCV-1 infection, providing validity for our approaches here. 

LAYPERSON SUMMMARY 
During the past year, we successfully engineered infectious clones of HoCV-1 and verified the biological 
activity in the glassy winged sharpshooter (GWSS) Z-15 cell-line. We also developed another virus-system 
using FHV to be used in conjunction with the HoCV-1 system to expedite our efforts to control GWSS 
population in California to prevent the spread of Xylella fastidiosa (Xf). We are currently modifying HoCV-1 
for delivering RNAs that can express toxic peptides or induce RNAi in GWSS insects and the Z-15 cell-line. 
We also demonstrated that GWSS whole insects respond to HoCV-1 infection with robust RNA interference 
activity.  The knowledge gained from this study will be used further to develop a virus system to help with 
GWSS management. 

INTRODUCTION 
The glassy-winged sharpshooter (Homalodisca vitripennis; GWSS), transmits the bacterium Xylella fastidiosa 
(Xf), which causes Pierce’s disease of grapevines. We are attempting to use a naturally-occurring GWSS-
infecting virus, Homalodisca coagulata virus-1 (HoCV-1, Hunnicutt et al., 2008), as part of a strategy to help 
control the GWSS population.  We are attempting to develop infectious cloned HoCV-1 which we can then 
engineer to deliver toxic peptides to kill GWSS, and/or deliver GWSS RNAs that will activate the systemic 
RNA interference (RNAi)-based immune system in GWSS.  We hope that one or both approaches will result in 
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GWSS mortality thereby preventing the spread of Xf. If successful, our studies may lead to new and effective 
methods to help control the GWSS population. 

OBJECTIVES 
1. Development of Homalodisca coagulata virus-1 (HoCV-1) infectious cloned cDNAs; 
2. Expression of GFP or other stable sequences in GWSS-Z15 cells or whole GWSS insects by using HoCV-1. 

RESULTS AND DISCUSSION 
We made good progress on both objectives during this past year.  We are on track to make more progress by the 
end of the funding period. 

Objective 1: Development of Homalodisca coagulata virus-1 (HoCV-1) infectious cloned cDNAs 
We have successfully cloned full length HoCV-1 cDNA. In vitro transcription was performed using the 
constructs HoCV1-3’RZ (produces HoCV-1 RNA) and mutRZ-HoCV1-3’RZ (produces HoCV-1 RNA that can 
not produce functional proteins) and delivered to GWSS-Z15 cells.  After transfection with HoCV-1 transcripts 
produced with HoCV1-3’RZ, GWSS-Z15 cells showed severe cytopathic effects that were not observed in the 
GWSS-Z15 control or in cells transfected with mutRZ-HoCV1-3’RZ (Figure 1). Both the genomic-sense 
strand (positive-strand) and the complementary strand (negative-strand) of HoCV-1 RNAs were amplified by 
RT-PCR analysis following the transfection indicating that the virus was replicating (data not shown). 

Figure 1. Time course of infection in GWSS-Z15 cells following transfection of in vitro transcribed HoCV1-3’Rz, 
or mutRz-HoCV1-3’Rz RNA. Cells (5 wells/construct) were transfected with 8 μg of HoCV1-3’Rz RNA, or 8 μg of 
mutRzHoCV1-3’Rz in vitro transcribed HoCV-1 viral RNA.  Images were taken at day 1, day 2, day 3, day 4, and 
day 5 post-transfection. CPE were observed in GWSS cells transfected with HoCV1-3’Rz RNA on days 2, 3, 4, and 
5 (black asterisks) that were not observed in the other wells. Samples of cells (1 mL) were removed from the wells 
on each day for quantitative real-time PCR analyses of negative and positive sense viral RNA (red asterisks). 
Images were taken at 40X objective magnification. 

Relative quantitative real time PCR reactions were performed to detect infectivity and relative quantities of 
negative- and positive-sense HoCV-1 viral RNA (Figure 2).  A significant increase in the amount of HoCV-1 
negative and positive sense RNA was detected between days 1 and 2 post-transfection in GWSS-Z15 cells 
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transfected with HoCV1-3’Rz with a gradual decrease documented thereafter through day 5 post transfection. 
Positive-sense RNA appeared at levels up to 10X higher than negative sense viral transcript in duplicate qRT-
PCR studies targeting the HoCV-1 IGR region.  Taken together, these data strongly suggest that we have 
developed an full length HoCV-1 genomic RNA cDNAs, and that the transcripts generated in vitro are 
infectious at least to GWSS cells.  More work must be done to optimize these cloned cDNAs and to evaluate 
them in whole GWSS insects. 

Objective 2: Expression of GFP or other stable sequences in GWSS-Z15 cells or whole GWSS insects by 
using HoCV-1 
We are in the process of engineering infectious clones to express YFP and mCherry reporters as part of the 
transcribed viral sequence (refer to Figure 3).  We next will convert HoCV-1 into a highly specific, lethal virus 
by engineering it to express a peptide that is toxic only when expressed intracellularly within target 
sharpshooters.  This includes primarily GWSS, but as HoCV-1 has a host range that is reported to include other 
sharpshooters (Hunnicutt, 2008), our success here has broader applicability for Xf vector control. The toxic 
peptides to be employed are lethal only to insects, and only when expressed intracellularly.  Thus, only 
sharpshooters infected by the modified virus will be negatively affected by the peptides. 

In our previous work with Flockhouse virus (FHV) we were able to express GFP in insect (Drosophila S2) cells 
and we originally planned to use FHV as a model for our efforts with HoCV-1.  FHV belongs to the family 
Nodaviridae, and is a non-enveloped, positive-sense RNA virus that has a bipartite genome.  This virus been 
shown to multiply in insects from four different orders (Hemiptera, Coleoptera, Lepidoptera, Diptera).  We used 
infectious, recombinant constructs producing FHV genomic RNAs 1 and 2 (pMT FHV RNA1 and pMT FHV 
RNA2; gift from Dr. Shou-wei Ding, UC Riverside). The plasmid backbone (pMT) of the constructs contains a 
copper-inducible Drosophila metallothionein promoter that drives an efficient transcription of FHV genomic 
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RNA.  We attempted to use this same strategy, as well as using direct RNA transfection for HoCV-1 into GWSS 
Z-15 cells. 

Because our HoCV-1 so far has not been easy to manipulate, we used small RNA (sRNA) next generation 
sequencing to confirm our original sequence.  This approach allowed for rapid, accurate sequencing and 
assembly of the HoCV-1 genome (Figure 4), and allowed for validation of the original sequence.  Furthermore, 
these data clearly demonstrate that GWSS actively responds via RNA interference to HoCV-1 infection.  This 
strengthens our rationale for taking the approach to induce systemic RNAi effects in GWSS by using 
recombinant HoCV-1. 

Figure 3. Potential insertions sites for expression of foreign proteins and RNAs from the RhPV and HoCV-1 
genomes.  Genome organization shows ORF 1 (orange) and ORF 2 (green) which encode proteins separated by cleavage 
sites indicated at estimated positions by vertical lines.  Precise cleavage sites, estimated by alignment are labeled by the 
first amino acid downstream of the cleavage (e.g. P241 = proline at amino acid 241 in ORF 1).  A1226 and S642 cleavages 
are from Nakashima and Nakamura (2008).  We predict Q219 using alignment in Nayak et al. (2010), and G277, G359 
using VP structures in Tate et al. (1999).  Sequence encoding the protein of interest (e.g. toxin or fluorescent protein) 
indicated by red box (protein X) may be inserted at as a separate ORF, preceded by the IGR IRES (blue) at noncoding 
regions (gray bars) at sites indicated by dashed lines.  Host RNA sequences can also be inserted at these sites for the RNAi 
strategy (objective 3). Alternatively, protein X coding region can be inserted within ORFs, at cleavage sites indicated by 
solid lines. Predicted functions of polyprotein cleavage products are viral suppressor of RNAi (VSR), helicase (hel), 
picornavirus-like protease 3A (3A), genome-linked protein (VPg), 3C-like protease (pro), RNA-dependent RNA 
polymerase (RdRp), virion proteins (VP1-4).  Non-coding features include the VPg protein (sphere), 5' untranslated region 
IRES (5' UTR IRES),intergenic region IRES (IGR IRES), and poly(A) tail [(A)n)]. 
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Figure 4. Small RNA mapping on the HoCV-1 positive (blue) and negative (red) sense 
RNAs. The number of small RNAs for a specific region are shown on the Y-axis and the 
HoCV-1 genome is represented across the X-axis. 

- 38 -



 

 

 
   

REFERENCES CITED 
Hunnicutt, L.E., Mozoruk, J., Hunter, W. B., Crosslin, J. M., Cave, R. D., and Powell, C. A., 2008. Prevalence 

and natural host range of Homalodisca coagulata virus-1 (HoCV-1). Arch Virol 153, 61-67. 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce's Disease and Glassy-winged Sharpshooter Board. 

- 39 -
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Reporting Period: The results reported here are from work conducted October 2011 to September 2012. 

ABSTRACT 
Death or dramatic changes in normal insect development can result from minor disruption of the insect 
endocrine system.  Juvenile hormone (JH) is a key insect developmental hormone that induces biological effects 
when present at low nanomolar levels in the hemolymph.  JH analog (JHA) insecticides are green compounds 
that can mimic the action of JH and selectively disrupt the insect endocrine system. In this project we are 
testing the efficacy of JHAs against the glassy winged sharpshooter (GWSS). We are also evaluating the 
potential of a JH metabolizing epoxide hydrolase (jheh) gene as a target for gene silencing-based control of 
GWSS.  We hypothesize that knocking down the jheh gene and consequently juvenile hormone epoxide 
hydrolase (JHEH) activity will prevent JH titer from dropping below the threshold required for normal 
development.  In terms of mode of action, the effects of JHA application and knockdown of the jheh gene are 
similar in that both approaches enhance “JH action” during periods of developmental when endogenous JH 
levels are exceptionally low. 

LAYPERSON SUMMARY 
Insects possess a simple yet highly sensitive endocrine system. The overall goal of our project is to study and 
exploit targets within the endocrine system of the glassy-winged sharpshooter (GWSS) that can be used to 
control GWSS or reduce its ability to spread Pierce’s disease. Juvenile hormone (JH) is a key component of the 
insect endocrine system. Minor changes in JH levels can result in dramatic changes in development, 
reproduction, behavior, and other insect biology.  In this project we are taking two complementary approaches 
to target the JH regulatory system of GWSS. Our direct approach is to test the effects of various, commercially 
available, juvenile hormone analog (JHA) insecticides against GWSS eggs and nymphs. The results of this 
direct approach will have near-term applicability since the JHA insecticides that we are testing are US-EPA 
registered and commercially available. Our indirect approach involves the identification and characterization of 
an enzyme called epoxide hydrolase that selectively metabolizes JH. The objective of this approach is to 
characterize the epoxide hydrolase gene as a potential target for gene knockdown.  If we can knock down the 
epoxide hydrolase gene, we will be able to reduce the normal metabolism of JH and thus prevent JH levels from 
falling below the normal threshold that is required for normal insect development. 

INTRODUCTION 
Insect development is precisely regulated by the relative titers of juvenile hormone (JH) and molting hormones. 
JHs are a family of sesquiterpenoids that regulate reproduction, behavior, polyphenisms, development, and other 
key biological events in insects (reviewed in Riddiford, 2008).  Minor disruption of an insect’s hemolymph JH 
levels can result in insect death or dramatic alterations in insect development.  Juvenile hormone analog (JHA) 
insecticides are green compounds that selectively target the insect endocrine system by mimicking the biological 
action of JH (reviewed in Dhadialla et al., 2005).  When pest insects are exposed to JHAs at a time during 
development when JH titer is normally undetectable, abnormal nymphal-pupal development and/or death is 
induced.  Abnormal developmental morphologies, similar to those induced by JHAs are also induced by 
inhibiting an esterase that selectively metabolizes JH (Abdel-Aal and Hammock, 1985).  Inhibition of the JH-
selective esterase putatively results in JH titers that are not below the threshold required for normal 
development.  Similarly, we hypothesize that inhibition of another JH-metabolizing enzyme called JH epoxide 
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hydrolase (JHEH) will also result in the induction of abnormal nymphal-pupal development and/or death of 
GWSS. 

In this project we are testing the efficacy of commercially available JHAs against GWSS eggs and nymphs. We 
are also attempting to characterize the JHEH of GWSS, an enzyme that metabolizes the epoxide moiety that is 
found on all known JHs.  The gene that encodes this enzyme, jheh, could have potential as a target for gene 
silencing-based control of GWSS.  In terms of mode of action, the effects of JHA application and JHEH 
knockdown by gene silencing are similar in that both approaches can enhance “JH action.”  During the current 
reporting period our work has primarily focused on Objective 2, Characterization of recombinant JHEH from 
GWSS. 

OBJECTIVES 
1. Investigate the delayed effects of low dose JHA insecticide exposure. 

a. Determine sublethal dose in eggs and first instar nymphs. 
b. Evaluate delayed effects of sublethal exposure on egg development. 
c. Evaluate delayed effects of sublethal exposure on nymph development. 

2. Characterize recombinant JHEH from GWSS. 
a. Clone full-length jheh gene of GWSS. 
b. Biochemically characterize recombinant JHEH. 
c. Screen JHA insecticides for JHEH inhibitory activity. 

RESULTS AND DISCUSSION 
During the previous reporting period, we characterized JHEH enzyme activity levels in the hemolymph of fifth 
instar GWSS nymphs.  Peak JHEH activity (9.3 ± 1.7 pmol of JH diol formed per min per ml of hemolymph) 
was found at day six of the fifth instar.  During the current reporting period, total RNAs were initially isolated 
from nymphs at days three, four, and five of the fifth instar. These RNAs were used to generate first strand 
cDNAs. The first strand cDNAs were then used as template for random amplified cDNA end (RACE)-based 
attempts to identify the 3’-end and 3’-UTR of a potentially JHEH-encoding cDNA. These attempts were 
unsuccessful.  Subsequently, total RNA was isolated from older fifth instars (days 6, 8, and 10), and these RNAs 
were used to generate first strand cDNAs for 3’-RACE.  The 3’-RACE approach using these cDNAs was 
successful. On the basis of the 3’-end sequence of a potential JHEH, several gene-specific, nested primers were 
designed for 5’-RACE.  The 5’-RACE identified the 5’-UTR and 5’-end of a potentially JHEH-encoding cDNA. 
On the basis of the 5’- and 3’-RACE results two gene-specific primers were designed and used to amplify a full-
length cDNA, hovijheh, that potentially encoded a JHEH (Figure 1). 

Hovijheh was 1,668 nts-long and contained a 1,374 nts-long open reading frame flanked by 5’- and 3’-UTR 
sequences that were 174 and 101 nts-long, respectively.  The deduced protein, HoviJHEH, of hovijheh was 459 
amino acid residues long and had a predicted mass of 52,108 Daltons and pI of 7.00.  A putative membrane 
anchor domain (IKGVLVSVLVVVSAVALGLYIDY) of 23 amino acid residues was predicted by SOSUI v. 
1.11 (Hirokawa et al., 1998) at the amino terminal of HoviJHEH.  The catalytic residues of HoviJHEH were 
predicted to be D-277, H-432, and E-405.  In addition, core and lid domains, and an oxyanion hole motif that are 
found in known EHs were also conserved in HoviJHEH (Figure 1).  Phylogenetic analysis showed HoviJHEH 
in a clade with two hymenopteran EHs, Nasvi-EH1 and AmJHEH (Figure 2).  The deduced amino acid 
sequence of HoviJHEH showed approximately 50% identity with Nasvi-EH1 and AmJHEH (but also 44-54% 
identity with other EHs investigated). 

In order to characterize the protein encoded by hovijheh, the coding sequence of hovijheh was PCR-amplified 
and the resulting amplicon was subcloned into the baculovirus transfer vector plasmid pAcUW21 (Pharmingen) 
generating pAcUW21-hovijheh.  pAcUW21-hovijheh was subsequently transfected with Bsu36I-digested 
BacPAK6 baculovirus DNA (Clontech) into Sf-9 cells using Cellfectin Transfection Reagent (Invitrogen). This 
transfection generated AcHoviJHEH, a recombinant baculovirus expression vector expressing HoviJHEH. 
AcHoviJHEH was isolated from the supernatant of the transfected Sf-9 cells by three rounds of plaque 
purification on Sf-9 cells following standard procedures (Merrington et al., 1999).  The recombinant HoviJHEH 
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protein was produced in insect High Five cells (1 x 106 cells ml-1) that were inoculated with AcHoviJHEH at a 
multiplicity of infection of 0.8 and collected at 72 h post inoculation.  Microsomes were prepared from the 
infected High Five cells as described previously (Morisseau et al., 2011) and stored at -80ºC.  The protein 
concentration of the microsomal preparation was determined by the Bradford method using bovine serum 
albumin as a standard.  The relative amount of HoviJHEH in the preparation was analyzed by SDS-PAGE as 
described previously (Kamita et al., 2011). 

A partition assay (Hammock and Sparks, 1977) was used to determine the specific activity of HoviJHEH for JH 
III (PerkinElmer and Sigma-Aldrich).  The assay time and/or enzyme concentration were adjusted so that no 
more than 10% of the substrate was metabolized during the incubation period.  The assays were performed in 
triplicate and repeated at least three times for each concentration of substrate. The kinetic constants (Michaelis 
constant (KM) and Vmax) of HoviJHEH for JH III were determined using at least 6 different concentrations of 
substrate (642 to 20,014 nM) that flanked the estimated KM value. The reaction was repeated at least three times 
for each substrate concentration.  The KM and Vmax were calculated using the Enzyme Kinetics module 1.1 of 
Sigma Plot (Systat Software). An estimated molecular weight of 52,108 Daltons was used to calculate the 
turnover value (kcat) of HoviJHEH for JH III. 

The Vmax of HoviJHEH for JH III was 18.7 ± 1.1 nmol of JH III diol formed min-1 mg-1 when determined in 100 
mM sodium phosphate, pH 8.0, at 30ºC.  This rate was about 3-and fold lower than that found with recombinant 
JHEHs from the lepidopterans Manduca sexta (Wojtasek and Prestwich, 1996) and Bombyx mori (Zhang et al., 
2005), and 5-fold lower than that of the coleopteran Tribolium castaneum (Tsubota et al., 2010).  The KM and 
kcat values of HoviJHEH for JH III were 5,400 ± 830 nM and 0.02 s-1, respectively.  In comparison, the KM of 
HoviJHEH for JH III was 23-fold and 10-fold higher than that of M. sexta and B. mori, respectively. The 
turnover (i.e., kcat) of JH III by HoviJHEH was similar (about two-fold lower) to these JHEHs. 

CONCLUSIONS 
During the reporting period, we identified a full-length epoxide hydrolase encoding cDNA (i.e., hovijheh) from 
fifth instar, day 10 GWSS nymphs. We expressed and semi-purified the protein encoded by hovijheh using a 
recombinant baculovirus expression vector and characterized the ability of the recombinant protein, HoviJHEH, 
to metabolize juvenile hormone.  HoviJHEH metabolized JH III at a rate that was three-to-five-fold slower than 
that shown by known recombinant lepidopteran and coleopteran JHEHs.  We are currently in the process of 
developing a high throughput fluorescent substrate based assay for use in screening JH analogue insecticides 
and other compounds for their ability to inhibit HoviJHEH.  The availability of chemical inhibitors will allow 
for experiments to investigate the in vivo function of HoviJHEH. 
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Reporting Period: The results reported here are from work conducted October 2011 to August 2012. 

ABSTRACT 
Xylella fastidiosa (Xf,) a xylem-limited plant pathogen, causes leaf scorch diseases in many plant hosts, but 
individual strains exhibit considerable host specificity.  In this project that terminated in August 2012, we 
further defined the host range of a large number of strains of Xf and began to explore the hypothesis that host 
range of Xf may be influenced by differential expression of virulence genes in response to different host xylem 
chemistry. In multi-year host range tests, we found that some hosts (oleander, olive, and sweetgum) are infected 
by single genotypes of Xf, but strains from oleander, olive, and sweetgum may infect some other hosts. Some 
hosts (almond, plum, and blackberry) can be infected by many different genotypes of Xf, including strains with 
otherwise narrow host ranges, such as oleander and red oak strains.  Recombinant genotypes of Xf (mulberry 
and blackberry strains) are associated with unique host specificities. Xf can grow in the xylem fluid of both host 
and non-host plants, but a number of key virulence genes, particularly those contributing to biofilm formation 
and twitching motility, are more highly expressed in xylem fluid of susceptible host species (Shi et al., 2010; 
Cooksey et al., 2011). A few genes are expressed at lower levels in host vs. non-host xylem fluid. Together 
with related collaborative work on differential expression of virulence genes in xylem fluid from different 
grapevine cultivars (Hoch et al., 2011), our data support the hypothesis that cultivar specificity and broader plant 
host range in Xf is determined by differential regulation of virulence genes in response to xylem fluid chemistry. 
While strains can grow in xylem fluid from host and non-host plant species and resistant and susceptible plant 
cultivars, differential expression of key virulence genes enables systemic movement of the pathogen only in 
susceptible hosts. 

LAYPERSON SUMMARY 
Host specificity varies greatly between subspecies and between strains within subspecies of Xylella fastidiosa 
(Xf). In some hosts, such as oleander, olive, and sweetgum, disease is caused only by specific strains of the 
pathogen, while certain other hosts, such as almond, plum, and blackberry, can be infected by many different 
strain types. Naturally-occurring recombinant strains of Xf (genetic combinations between two subspecies) have 
unusual host ranges.  Strains of Xf can grow in extracted xylem fluid of susceptible and resistant plant species or 
cultivars within species, but key virulence genes are expressed differently in xylem fluid from susceptible plants, 
enabling the pathogen to move and cause systemic infections. Applications of these findings in the future might 
include the modification of host xylem chemistry through cultivation techniques, breeding, or genetic 
engineering to reduce disease caused by Xf in susceptible plants. 

INTRODUCTION 
Xylella fastidiosa (Xf) is a gram-negative gamma-proteobacterium limited to the xylem system of plants (Wells 
et al. 1987) and is transmitted by xylem-feeding insects (Purcell, 1990).  It has been known to cause disease in a 
wide range of economically important plants in America, such as grapevine, citrus, mulberry, almond, peach, 
plum, coffee, and oleander (Hopkins, 1989). Xf has been divided into four different subspecies (Schaad et al. 
2004; Schuenzel et al. 2005): i) subsp. fastidiosa, ii) subsp. sandyi, iii) subsp. multiplex, and iv) subsp. pauca. 
The subspecies of Xf differ in host range, and strains within some of the subspecies can also differ widely in 
their host specificity. We are interested in the contribution of differences in host xylem fluid chemistry in 
determining the host specificity of specific strains. 
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Xf not only causes diseases in a variety of host plants, but it can grow in symptomless hosts that can serve as 
sources of inoculum (Costa et al., 2004). We showed that a Pierce’s disease strain of Xf can grow when 
inoculated into pure xylem fluid from grapevine (a symptomatic host for Pierce’s disease), citrus (symptomless 
with Pierce’s disease), or mulberry (symptomless with Pierce’s disease) (Shi et al., 2010; Cooksey et al., 2011), 
but had limited aggregation and biofilm formation.  A number of virulence-related genes, such as those required 
for twitching motility, were expressed at a greater level in grapevine xylem fluid compared with citrus or 
mulberry xylem fluid. However, some genes had greater expression in both non-host xylem fluids (Shi et al. 
2010; Cooksey et al., 2011).  In collaborative work, a Pierce’s disease strain was also shown to have lower 
aggregation, biofilm formation, and motility, when grown in xylem fluid from grapevine varieties tolerant of 
Pierce’s disease vs. susceptible varieties (Hoch et al., 2011).  Understanding which specific chemical 
components of plant xylem fluid influence virulence gene expression could lead to strategies for practical 
disease control. 

This final report on the subject from the Cooksey laboratory will focus on unpublished data from a multi-year 
host range study by H. Azad that was just concluded in August 2012.  The host range information should be 
useful in future projects that may further explore the specific chemistry of xylem fluid that Xf strains sense 
differentially. 

OBJECTIVES 
1. Assess virulence gene expression of several different host-range strains of Xf in the xylem fluid of a 

common set of plant hosts. 
2. Assess the influence of specific components of plant xylem fluids on the expression of virulence genes of Xf. 

RESULTS AND DISCUSSION 
Host range tests were conducted over a five-year period from 2007-2011, to support the goals of this project, as 
well as a collaborative project with L. Nunney on genetic typing and detection of recombination in different 
strains of Xf. Replicated greenhouse-grown plants were needle-inoculated, observed for symptoms, and tested by 
ELISA and by culturing for systemic movement of Xf. Strain/host combinations listed as positive (+) in Table 1 
were positive for leaf scorch symptoms and were both ELISA positive and positive for Xf by culturing at 
multiple points distal to the inoculation site. Those combinations listed as negative (-) did not have disease 
symptoms, and the bacterium was not detected away from the inoculation site by ELISA or by culturing.  A few 
combinations (indicated with a # symbol) produced symptoms and positive ELISA detection, but we were not 
able to isolate Xf from those plants away from the inoculation site.  Combinations listed as +/- had no disease 
symptoms, but systemic movement of Xf was detected by ELISA. 

Several conclusions can be drawn from the strain and host combinations that were tested (Table 1).  Leaf scorch 
disease and systemic infections of some hosts, such as olive, oleander, and sweetgum, were only caused by 
strains that were isolated from those specific hosts. The strains from those three hosts had relatively narrow host 
ranges but were not strictly limited to their host of origin. Oleander strains could also infect (cause disease and 
spread systemically) mulberry, for example, and the olive strain we tested could infect grape as well as olive. A 
few hosts were susceptible to a large number of Xf genotypes.  These included almond, plum, and blackberry. 
Strains that infected blackberry included some with otherwise narrow host ranges, such as the Ann1 oleander 
strain and the strain from red oak.  Recombinant strains, such as those from mulberry (Nunney, 2011) and 
blackberry (Nunney, personal communication), had unique host specificities.  About one half of the mulberry 
strain genome is thought to be derived from Xf subsp. fastidiosa and the other half from Xf subsp. multiplex, but 
the host range of mulberry strains is unlike any of the individual strains from those two subspecies that we have 
tested. 

Xf gene expression studies in xylem fluid were completed with only a few of these strain/host combinations and 
have been reported on previously (Shi et al., 2010; Cooksey et al., 2011).  Together with the additional studies 
on gene expression by Xf in susceptible and resistant grapevine cultivars by Hoch et al. (2011), our work 
supports the hypothesis that both cultivar specificity and broader plant host range in Xf is determined by 
differential expression of key virulence traits in response to differences in xylem chemistry between hosts. 
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Unfortunately, our analysis of amino acid composition, organic acids, and sugars in different xylem fluids did 
not yield any definitive conclusions about what environmental signals are responsible for this differential gene 
expression in susceptible and resistant hosts. 

Table 1. 

Xf Strain 
Host of 
Origin 

Plant Hosts Inoculated 
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Temecula Grape + - - - - - - - - - - # - - - + -
Hopland Grape + - - - + + - - - - - - -
PD0308 Grape + - - - - - + - -
PD0004 Grape + - - - + - - - # 
Dixon Almond + - - + + - - - - - - - -
276 Almond - - + + - - - # - - + 
Tulare ALS Almond + - - - + + - - - - -
M12 Almond - - - + + - - - - - + 
MLS024 Mulberry # - - + + - + - - - -
267 Mulberry # - - - + + - + # - -
MLS059 Mulberry - - + + + - - + 
Ann1 Oleander - - + - - - + - - - - + 
Riverside Oleander - - + + + - + - -
PC045 Plum - - + + - - - - - -
PC053 Plum - - - + + + - - - - - +/- - + +/-
PC052 Plum - - - - - + + - - - -
LA043 Sweetgum - - + - - - - - - -
LA20 Sweetgum - - - - - + - - + - - - -
Olive Olive + - + - - - - - - - -
ATCC35874 Red Oak - - - - - - - - + - + 
Bkb95-1 Blackberry - - - - + 
EDB92-1 Elderberry - - + + +/- - - + 

CONCLUSIONS 
All strains of Xf that we tested have reproducible host range patterns that differed between subspecies and 
between strains within subspecies. Some plant hosts were susceptible to many different strains of Xf, while 
other hosts were infected only by strains derived from those same hosts.  Recombinant strains of the pathogen 
that contain genes from different subspecies of Xf had unique host ranges, and we are concerned that continued 
recombination between strains of Xf could lead to new compatible strain/host combinations and potential 
economic loss to new crops. Our work on Xf gene expression in xylem fluid from different host plants supports 
the hypothesis that both cultivar specificity and broader plant host range in Xf is determined by differential 
expression of key virulence traits in response to differences in xylem chemistry between hosts. The data set 
provided by our host range studies should be useful in future projects that may further explore the specific 
chemistry of xylem fluid that Xf strains sense differentially. It may be possible in the future to alter xylem 
chemistry in susceptible hosts to inhibit expression of key virulence traits by the pathogen and reduce disease 
expression. 
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ABSTRACT 
The rapid production and accumulation of reactive oxygen species (ROS), such as hydrogen peroxide (H2O2) 
and superoxide anions, is a key component of the initial plant response to bacterial infection.  Because the 
elevated levels of ROS are highly toxic to the bacteria, most pathogens have evolved a variety of enzymes 
capable of detoxifying ROS.  The goal of this project is to understand how Xylella fastidiosa (Xf) responds to 
different types of ROS and to characterize the enzymes and regulatory proteins induced in this response. We 
have generated Xf strains carrying mutations in the key scavenging enzymes and have examined the impact of 
hydrogen peroxide on their transcription. We have also examined the importance of the transcription factor 
OxyR in the Xf oxidative stress response.  Strains carrying a null mutation in oxyR are more sensitive to killing 
by hydrogen peroxide and are impaired in their ability to attach to solid surfaces.  Moreover, oxyR mutants do 
not colonize grapevines as well as wild-type strains and the defect appears to occur early in the infection process. 
Experiments are underway to determine the impact of the oxyR null mutation on transmission and acquisition of 
Xf by the insect vector. 

LAYPERSON SUMMARY 
Plants have developed a broad range of responses for dealing with invading microorganisms. One of the earliest 
observable responses is an oxidative burst, which involves the rapid release of reactive oxygen species (ROS). 
ROS are thought to serve as antimicrobial agents and as signals to activate further plant defense reactions. This 
project is designed to uncover the vulnerabilities of Xylella fastidiosa (Xf) to reactive oxygen species (ROS) 
during the initial stages of infection and during the later stages when the bacteria are protected by a biofilm. 
Our strategy has been to generate mutations in the genes involved in the Xf oxidative stress response and to 
examine how the absence of these gene products impacts Xf survival in grapevines and in the insect vector. 
Uncovering where and when in the infection process these gene products are required is essential if we wish to 
fully appreciate the importance of the oxidative stress response in Xf virulence, as well as the value of the 
individual genes as potential therapeutic targets. 

INTRODUCTION 
Xylella fastidiosa (Xf) is exposed to reactive oxygen species (ROS), such as hydrogen peroxide (H2O2) and 
superoxide anions, at potentially two points in the infection cycle.  First, ROS are a normal part of both the plant 
defense response and certain developmental processes (Bolwell and Daudi, 2009). In xylem tissue, there are 
two primary sources of ROS (Barcelo, 2005). One is developmentally related and comes from the process of 
lignifying xylem. The second source is the living xylem parenchyma cells, which can diffuse H2O2 to the 
adjacent xylem vessels. Xf may also be exposed to the ROS produced by the immune systems of the insect 
vector (Vallet-Gely et al., 2008). Since elevated levels of ROS are highly toxic and can disrupt many cellular 
processes through their oxidation of lipids, modification of proteins and damage to DNA, most pathogenic 
bacteria have developed strategies to overcome this toxicity. 

The immediate detoxification of ROS is accomplished, in part, by scavenging enzymes designed to cope with 
specific oxidative stresses (Imlay, 2008). Comparative genomics suggests that many of these enzymes are 
present in Xf (Table 1). 

- 51 -



   
 

    

  

 

 
 

             

    
     

   

           

 
         

        
      

  
         

      

      

   
     

   
      

   
         

              
         
        

       
        

           
   

       
         

 

Table 1. Predicted Xf enzymes and regulators. 
Enzyme Xf gene(s) Oxidative signal Regulator 

Alkyl hydroperoxide reductase ahpC, ahpF H2O2, organic peroxides OxyR 

Catalase cpeB H2O2 OxyR 

Superoxide dismutase sodA, sodM superoxides unknown 

Flavodoxin NADP+ reductase fpr superoxides unknown 

Thiol-dependent peroxidase ohr organic peroxides unknown 

OBJECTIVES 
The goal of this project is to understand how Xf responds to the different ROS it encounters in the xylem and to 
characterize the enzymes and regulatory proteins induced in this response.  Understanding the vulnerability of Xf 
to oxidative stress could lead to targeted strategies for mitigating the devastating symptoms of Pierce’s disease 
in grapevines. 

1. Determine the key components in the response of Xf to ROS and the contribution of OxyR to this regulation. 
2. Determine the role of the scavenging enzymes designed to cope with specific oxidative stresses in Xf cell 

physiology and virulence. 
3. Determine the role of the transcription factor OxyR in oxidative stress sensing, biofilm formation, and 

virulence. 
4. Test mutants generated in Objectives 2 and 3 for virulence in grapevines and for sharpshooter transmission. 
5. Develop a bioluminescent (Lux) reporter system for Xf. 

RESULTS AND DISCUSSION 
Many bacteria have evolved distinct sensing mechanisms to detect different forms of oxidative stress and to 
induce the synthesis of a particular set of scavenging enzymes.  In Gram-negative bacteria, much of this 
regulation occurs at the transcriptional level through regulatory proteins such as OxyR, SoxRS, and Ohr (Imlay, 
2008).  Examination of the Xf genome revealed a potential homolog to OxyR.  However, unlike other 
Xanthomonads, Xf is missing both the homolog to Ohr, which regulates the response to organic peroxides and 
the SoxRS system, which regulates the response to superoxide stress. In this project, we have been examining 
how Xf responds to different types of ROS, whether or not these responses are regulated, and the importance of 
OxyR in these responses. 

Objective 1: Determine the key components in the response of Xf to ROS and the contribution of OxyR 
to this regulation 
Xf is predicted to contain multiple scavenging enzymes that respond to different ROS (Table 1). During the 
past year, we have focused primarily on the response of Xf to H2O2 and the role of OxyR in the regulation of this 
response.  We first examined how different exposure times and concentrations of H2O2 impacted Xf transcription, 
growth, and viability. For the transcriptional analysis, we chose sublethal H2O2 conditions that did not impact 
RNA quality.  Liquid cultures of Xf Temecula1 (wild-type; WT) and the Xf oxyR mutant (oxyR) were grown in 
PD3 for three days and the cultures were split. One sample was exposed to H2O2 (0.5 mM final concentration) 
for 10 minutes; the other sample served as the untreated control. Total RNA was then extracted from all four 
cultures with TRIZOL reagent (Invitrogen) and cDNA was synthesized using the QuantiTect Reverse 
Transcription Kit (Qiagen). The resulting cDNA samples were subjected to qRT-PCR analysis using primers 
pairs exhibiting homology to oxyR and the seven genes listed in Table 1 and the reagents in the SsoFast 
EvaGreen Supermix Kit (BioRad). The results from this analysis are shown in Figure 1. 

As expected based on studies of other Gram-negative bacteria, transcription of four chosen target genes (aphC, 
aphF, oxyR, cpeB) was induced in WT cells following the addition of H2O2. The aphC and aphF genes encode 
alkyl hydroperoxide reductase, whereas the cpeB gene encodes catalase. These enzymes are known to play a 
critical role in the detoxification of H2O2. Given its location in the same operon as aphC and aphF, the 
induction of oxyR was also expected.  Moreover, induction of these genes does not occur in the oxyR mutant, 
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confirming the role of OxyR in their regulation. In contrast, transcription of the three genes encoding scavenging 
enzymes for superoxides and organic peroxides (sodM, fpr and ohr) were not induced to a significant level by 
H2O2 or by the absence of the OxyR transcription factor. 

Figure 1. Impact of H2O2 and OxyR on transcription of oxidative stress genes. 

The most intriguing result came from our analysis of sodA, which encodes the manganese-containing superoxide 
dismutase.  In E. coli, sodA transcription is regulated by the superoxide-sensing transcription factor SoxR (Imlay, 
2008).  However, a number of bacteria that respond to superoxide stress do not contain a SoxR-homolog and 
have developed alternative strategies for regulating their superoxide-detoxifying enzymes.  For example, the 
obligate anaerobe Porphyromonas gingivalis uses OxyR to positively regulate sodA transcription in response to 
superoxide stress (Ohara et al., 2006).  It has been proposed that P. gingivalis OxyR triggers sodA transcription 
by functioning as an intracellular redox sensor rather than as a peroxide sensor.  Like P. gingivalis, the Xf 
genome does not contain a homolog to SoxR and appears to use OxyR to sense superoxide stress.  As shown in 
Figure 1, transcription of Xf sodA appears to be negatively regulated by OxyR.  Whether this regulation occurs 
through a direct interaction between OxyR and the Xf sodA regulatory region or some indirect effect remains to 
be determined.  However, this unusual regulatory pattern for sodA suggests that Xf may have developed novel 
methods for coping with certain types of oxidative stress. 

Objective 2: Determine the role of the scavenging enzymes designed to cope with specific oxidative 
stresses in Xf cell physiology and virulence 
Scavenging enzymes play a critical role in the response of bacteria to oxidative stress.  In an earlier study, we 
established that deletion of the catalase-encoding cpeB gene (ΔcpeB) resulted in increased sensitivity to H2O2 on 
solid media (Matsumoto et al., 2009).  Moreover, the ΔcpeB mutant exhibits a lower survival rate compared to 
WT following treatment of a culture with 0.5 mM H2O2. As shown in Figure 2A, a dramatic decrease in Xf 
survival is observed following even a 1 minute exposure to 0.5 mM H2O2. Similar results were obtained when 
the strains were compared using the LIVE/DEAD cells staining method following treatment with 0.5 mM H2O2 

or the superoxide generator, paraquat (PQ) for one hr (Figure 2B).  Experiments are currently underway to 
determine how mutations in the other scavenging enzyme genes impact Xf survival following exposure to either 
peroxide or superoxide stress. 

Objective 3: Determine the role of the transcription factor OxyR in oxidative stress sensing, biofilm 
formation and virulence 
A bacterial biofilm is an aggregation of bacterial cells, which adheres to living or non-living surfaces (Hall-
Stoodley et al., 2004).  These adhered bacterial communities are usually embedded in a protective self-produced 
matrix exopolysaccharide (EPS).  The stages of biofilm development generally include: (1) initial attachment, 
(2) microcolony formation, (3) maturation, and (4) dispersion.  Recent studies have shown that OxyR is 
involved in biofilm formation by regulating fimbrial gene expression, a key aspect of the early attachment stage 
of biofilm formation (Shanks et al., 2007).  The Roper laboratory has observed that OxyR also controls EPS 
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production in the xylem-dwelling phytopathogen, Pantoea stewartii (unpublished data).  We hypothesize that 
OxyR may also play a similar role in regulating genes involved in biofilm formation in Xf. To test this 
hypothesis, Peng Wang (Roper laboratory) created a null mutation in the oxyR gene by site-directed mutagenesis 
and established that the resulting oxyR mutant exhibits a greater sensitivity to H2O2 on solid media than WT. 
Subsequently, Dr. Yunho Lee (Igo laboratory) compared the relative transcription levels of eight oxidative stress 
genes in the oxyR mutant to WT (Figure 1).  This analysis indicated that OxyR is required for the transcriptional 
regulation of ahpC, ahpF, oxyR, cpeB, and possibly sodA in response to peroxide stress. 

Figure 2. Importance of catalase for Xf survival following exposure to oxidative stress. 

We also examined how the absence of OxyR impacts two biofilm related behaviors: surface attachment and cell-
cell aggregation. To examine surface attachment, cultures of WT or the oxyR mutant were grown in polystyrene, 
glass, and polypropylene tubes without agitation. The presence of attached cells on these surfaces was assessed 
using crystal violet (Espinosa-Urgel et al., 2000).  As shown in Figure 3A, the tubes containing WT had clear 
purple rings at the air-medium interface indicating a large number of attached cells.  Notably, there was less of a 
purple ring observed for the oxyR mutant, indicating that the oxyR mutant did not attach as well as the WT 
parent to any surface tested. 

The second phase of biofilm formation involves cell-cell aggregation, an important aspect of microcolony 
formation. We first observed the marked decrease in the aggregative ability of the oxyR mutant simply by 
growing them in liquid cultures and visually comparing them to WT liquid cultures.  The decrease in the ability 
of the oxyR mutant to aggregate was visible to the naked eye.  We then quantified cell-cell aggregation using an 
established protocol (Guilhabert and Kirkpatrick, 2005).  Briefly, WT and oxyR mutant cells were grown in PD3 
without agitation.  At day 10, the cultures were gently agitated and allowed to settle for 20 minutes.  The OD540 

of upper culture (ODs) was measured and returned to the original tube.  The aggregated cells were dispersed by 
briefly vortexing and the OD540 of total cell culture (ODt) was measured. The percentage of cell aggregation 
was then calculated (% aggregated cells = 100(ODt-ODs)/ODt).  The results indicate that a mutation in oxyR 
greatly affects cell-cell aggregation (Figure 3B). 

Another important component of the maturing biofilm is exopolysaccharide (EPS) matrix production.  In other 
bacterial systems, oxyR mutants have a marked decrease in EPS production (Roper, unpublished data).  To 
determine if the Xf oxyR mutant is similarly affected, we are quantifying EPS production by the oxyR mutant 
using a Double Antibody Sandwich Enzyme Linked Immunosorbent Assay (DAS ELISA) method (Roper et al., 
2007). This assay is very sensitive and even small amounts of EPS can be detected (detection limit is 1µg).  We 
speculate that EPS production will be decreased based on findings in other bacterial systems in the Roper 
laboratory.  We anticipate completion of this study by December 2012.  Finally, we are visualizing Xf biofilm 
architecture of both the oxyR mutant and WT Xf using the confocal microscope available in the UCR core 
microscope facility.  Based on the decreased ability of the oxyR mutant to attach and self-aggregate, we suspect 

- 54 -



     
  

       

        

   
 

   
 

  
 

 
   

        

 

      
       

        
     

 
   

    
 

   

the oxyR mutant will form only a monolayer of cells and will be unable to achieve the 3-dimensional 
architecture of a WT biofilm. 

Figure 3. The oxyR mutation impacts attachment to solid surfaces and autoaggregation. 

Objective 4: Test mutants generated in Objectives 2 and 3 for virulence in grapevines and for 
sharpshooter transmission 
The cpeB mutant (Objective 2) and the oxyR mutant (Objective 3) are important for Xf survival under 
laboratory conditions.  Furthermore, the oxyR mutant is defective in biofilm formation, a property known to be 
important for Xf virulence. The next step in our analysis was carried out at UC Riverside and examined how the 
oxyR mutation affects Xf colonization in host plants and its transmission by the insect vector.  For this 
experiment, Vitis vinifera cv. Thompson Seedless grapevines were pin-prick inoculated as described by Hill and 
Purcell (1995).  The populations of Xf WT and the oxyR mutant were quantified from petioles harvested 11 
weeks and 14 weeks post-inoculation as previously described (Roper et al., 2007).  As shown in Table 2, the 
oxyR mutant does not colonize grapevines as efficiently as WT. 

Table 2. The oxyR mutant does not colonize grapevines as efficiently as Xf wild type. 
Time post-

inoculation* 
Xf WT (CFU) Xf oxyR (CFU) 

11 weeks (28.65±7.92)×106 (11.39±4.3)×105 

14 weeks (1.20±0.19)×107 (6.10±3.60)×106 

* The populations of Xf wild type and oxyR mutant were determine in the leaf 
petioles at (11 weeks post-inoculation) or near (14 weeks post-inoculation) the 
point of inoculation (POI) in grapevines (Average CFU/g ±SE) and the results 
analyzed using a Wilcoxon rank sums test. 

However, we had anticipated a larger impact on colonization based on the apparent role of OxyR in the early 
steps of biofilm formation.  Therefore, we decided to reexamine the properties of the oxyR mutant and included 
earlier time points in our analysis.  Thus far, we have collected data two weeks post-inoculation (Table 3) and 
are currently assessing bacterial populations at four and six weeks post-inoculation.  Although preliminary, the 
two weeks post-inoculation data suggest that the impairment in host colonization observed for the oxyR mutant 
occurs very early in the infection process. 
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Table 3. In planta colonization study at earlier time points of infection. 
Time post-

inoculation* 
Xf WT (CFU) Xf oxyR (CFU) 

2 weeks (1.73±1.48)×105 4.80×104 

* The populations of Xf wild type and oxyR mutant were quantified from the 
leaf petioles near the point of inoculation (POI) in grapevines two weeks 
post-inoculation (Average CFU/g ±SE). 

The greenhouse experiments on the cpeB mutant were initiated at UC Davis last year using our standard 
protocol (Matsumoto et al., 2012).  Unfortunately, we ran into two problems.  First, the grapevines obtained for 
the experiment were already infected with a virus. Second, there was a major problem with insects in the 
greenhouse. As a result, no data was obtained from last year’s grapevine experiments. Other UC Davis 
researchers using the same grapevine supplier and greenhouse ran into similar problems. To minimize these 
issues in our future experiments, we have rooted our own vines with the assistance of members of the 
Kirkpatrick laboratory (UC Davis Department of Plant Pathology).  This should increase the probability that the 
starting vines will be healthy. We are also using a different greenhouse that is closer to the lab.  This has 
allowed more frequent monitoring of the vines by the scientists conducting the experiments. With these changes, 
we anticipate that we will be able to complete the experiments concerning the importance of catalase (CpeB) for 
Xf survival in grapevines by December 2012. 

During the past year, we also initiated the insect transmission studies for the oxyR mutant at UC Riverside. In 
cooperation with Dr. Matt Daugherty (UC Riverside Department of Entomology), we conducted insect 
acquisition and transmission studies using the glassy-winged sharpshooters (Homalodisca vitripennis; GWSS) 
that were collected and reared at the UC Riverside Agricultural Operations facility. For this analysis, we are 
using the artificial feeding sachet technique developed by Killiny and Almeida (2009), because it allows us to 
normalize all strains to the same starting cell density in the individual feeding sachets, thereby avoiding any in 
planta multiplication differences.  Briefly, we confined individual sharpshooter adults in a feeding apparatus for 
8 hours, which contained the artificial diet solution alone or a solution inoculated with either WT or oxyR. The 
sharpshooters were then transferred to healthy grape seedlings for four days. Insect acquisition rates were 
assessed by monitoring the presence or absence of Xf in sharpshooter heads using conventional PCR and the Xf-
specific detection primers HL-5 and HL-6 (Francis et al., 2006).  As shown in Figure 4A, Xf was detected in 
GWSS sharpshooters fed with either the WT or the oxyR mutant. 

We also initiated studies to look at the impact of the oxyR mutation on Xf transmission by the GWSS.  At eight 
and nine weeks, we were not able to detect WT or oxyR in the grapevine seedlings that the GWSS fed upon. 
This may simply be a consequence of the low rate of Xf transmission by the GWSS. We are currently 
incubating the plants longer in the growth chamber, which may allow Xf titer to reach a detectable level. 

Due to the inherently low rate of Xf transmission by the GWSS, we are opting to move to a vector with a higher 
Xf transmission rate, the blue-green sharpshooter (Graphocephala atropunctata; BGSS).  In cooperation with 
Dr. Tom Perring (UC Riverside Department of Entomology), we have initiated a BGSS colony at UC Riverside 
and will use these for future insect acquisition and transmission studies.  This will allow us to more accurately 
quantify differences in acquisition and transmission rates between the WT and the oxyR mutant.  In our pilot 
study, we confirmed that the artificial feeding system developed for GWSS (Killiny and Almeida, 2009) worked 
for BGSS with minor modifications.  Specifically, we used an acquisition access period of six hours. The 
presence of Xf in the heads of the BGSS sharpshooters was then detected using the Xf-specific detection primers 
HL-5 and HL-6 (Figure 4B). Based on the success of our pilot study, we have initiated a full insect 
acquisition/transmission experiment.  In this experiment, we have also included a multiplication period where 
fed BGSS are kept on healthy basil plants for 48 hours prior to moving them to healthy grapevine seedlings. 
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Figure 4. Using PCR to detect the presence of Xf in insect heads. PCR was used to detect the presence of Xf in the 
heads of two different types of sharpshooters:  GWSS (A) and BGSS (B). The PCR products were separated by 
electrophoresis on 1.7% agarose gels. The lanes in Figure 4A contain the following: NEB Low Molecular Weight 
DNA ladder (Lane M); Positive control-WT Xf genomic DNA (Lane 1); Negative control-water (Lane 2); GWSS fed 
with diet solution only (Lane 3); GWSS fed with WT Xf (Lanes 4 & 5); GWSS fed with Xf oxyR mutant (Lanes 6 & 7). 
The lanes in Figure 4B contain the following: Fermentas 100 bp DNA ladder (Lane M); Positive control-WT Xf 
genomic DNA (Lane 1); Negative control-water (Lane 2); BGSS fed with WT Xf (Lanes 3, 4 & 5); BGSS fed with diet 
solution only (Lane 6); Positive Control, sharpshooter head manually mixed with Xf cells (Lanes 7 & 8). 

Objective 5: Develop a bioluminescent (Lux) reporter system for Xf 
Fusions to luciferase are excellent tools for tagging bacteria for in vivo studies and for monitoring dynamic 
changes in transcript or protein abundance both in vitro and in vivo (Gheysens and Mottaghy, 2009).  The 
advantage of using the Lux system is that organisms produce light without the need of an exogenous substrate. 
We have constructed plasmids that carry various Xf promoters upstream of the Lux operon.  However, when 
introduced into Xf, none of these consults result in bioluminescence.  The next step will be to determine if the 
lux operon is transcribed from the selected Xf promoters by conducting qRT-PCR analysis. 
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ABSTRACT 
Previously we demonstrated that twitching motility in Xylella fastidiosa (Xf) is dependent on an operon, named 
Pil-Chp, encoding signal transduction pathway proteins (pilG, pilI, pilJ, pilL, chpB and chpC), which is related 
to the system that controls flagella movement in Escherichia coli. We report five advances in examining this 
system. First, we finished studying the Pil-Chp operon mutants in planta.  We have shown that the first four 
genes are critical for twitching and that all genes play a role in biofilim formation and Pierce’s disease 
symptoms.  Second, we have found that the Pil-Chp operon and other type IV pili genes are down-regulated in 
sap from Pierce’s disease resistant Vitis genotypes.  Third, we are producing clean type I and type IV pili 
knockout Xf strains as controls for understanding how the Pil-Chp operon regulates pili protein expression. 
Fourth, we have explored the chpY gene, a putative degenerative GGDEF-EAL protein, which lies near the Pil-
Chp operon and plays a role in Pierce’s disease development. Fifth, we have created knockout Xf mutants in 
predicted virulence genes and have preliminary evidence on their role in Pierce’s disease development. 

LAYPERSON SUMMARY 
This project involves studying the chemical sensing pathway by which the plant pathogen Xylella fastidiosa is 
able to control its movement within the plant environment.  We examined a gene cluster essential for cell 
movement (twitching motility) and we explored expression of movement genes in sap from grapevines resistant 
or susceptible to Pierce’s disease. In addition we are building strains to explore how motility genes regulate pili 
expression, exploring a gene that may be a global regulator of disease, and examining predicted virulence genes 
for their importance in symptom development.  These results give insight into targets for preventing Pierce’s 
disease. 

INTRODUCTION 
Bacteria sense and respond to changes in their environment, integrating the signals to produce a directed 
response. Xylella fastidiosa (Xf) is a non-flagellated, xylem-restricted Gram-negative bacterium that moves 
within grapevines via twitching motility that employs type I and type IV pili (Meng et al. 2005). Movement 
appears to be controlled by a system with similarities to that first reported in Escherichia coli, in which a group 
of che genes regulates the rotational movement of flagella. Transmembrane chemoreceptors bind chemical 
stimuli in the periplasmic domain and activate a signaling cascade in their cytoplasmic portion to ultimately 
control the direction of flagella rotation (see review Hazelbauer et al.  2008).  We previously found that the 
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homologous gene cluster is an operon (named Pil-Chp) that regulates type IV pili, and that disruption of the 
operon leads to a decrease in Pierce’s disease symptoms (Figure 1). Herein, we further characterize the genes 
in the Pil-Chp operon and describe our advances in understanding of genes involved in Pierce’s disease 
development. 

Figure 1. The Xf Pil-Chp operon. A) Model for operon protein products regulating twitching 
motility in Xf. The chemoreceptor PilJ senses environmental signal(s). ChpC/PilI couples PilL to 
PilJ. PilL phosphorylates its hybrid CheY-like receiver domain and PilG. ChpB is homologous to 
ligand adaptation proteins and may act as a phospho-transfer protein or ligand adaptor modulator. 
B) The Pil-Chp operon genes with E. coli homologous genes shown above and direction of 
transcription shown below. 

OBJECTIVES 
1. Complete characterization of the single chemosensory regulatory system of Xf and its function in Pierce’s 

disease.  In particular, we will focus on its role in mediating bacterial movement and biofilm formation. 
Toward this end we will: 
a. Obtain Xf mutants in the pilJ gene that encodes the single methyl-accepting chemotaxis protein in Xf. 
b. Assess virulence and motility of pilJ mutants in grapevines, as well as previously created mutants 

deficient in related chemosensory genes, pilL and chpY. 
2. Identify environmental signals that bind PilJ and activate chemosensory regulation. Toward this end we 

will: 
a. Express PilJ or a chimeric form of PilJ in a strain of E. coli previously deleted of all methyl-accepting 

chemotaxis protein genes. 
b. Subsequently, candidate signals will be screened using the above E. coli system for activation of 

motility. 

RESULTS AND DISCUSSION 
In planta results with Pil-Chp operon null mutant strains 
We previously discovered that the Pil-Chp transposon polar mutant cells induced less Pierce’s disease symptoms 
in planta compared to inoculation with wild-type cells (Cursino et al.  2011).  We completed our analysis of the 
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mutants in plants.  Twitching minus non-polar Pil-Chp operon mutants pilG, pilI, and pilJ induced less Pierce’s 
disease in planta and symptoms plateaued after 20 weeks.  Conversely, the Pil-Chp operon twitching plus chpB 
and chpC mutants induced full Pierce’s disease symptoms, however the disease was delayed compared to wild-
type cells. We tested the non-polar pilL mutant in planta (Figure 2) and found that it gave similar results as 
non-motile mutants pilG, pilI, and pilJ. 

Figure 2. Pierce’s disease development in Pil-Chp operon gene mutants. Vitis vinifera L. cv. Cabernet Sauvignon 
vines were inoculated with wild-type or Pil-Chp non-polar gene mutants and Pierce’s disease was assessed over 25 
weeks. Plant rating on a scale of 0-5 (Guilhabert and Kirkpatrick 2005). 

Pil-Chp mutants and pili results 
Disruption of the Pil-Chp operon could result in non-motility due to a number of factors. We examined the pili 
levels of mutants by TEM. Non-motile mutants either lacked pili or appeared hyperpiliated (data not shown), 
whereas motile mutants appeared like wild-type cells.  Surprisingly, the cells lacking pili lacked both type I and 
type IV pili, suggesting that the Pil-Chp operon regulated both pili types.  To further explore if the Pil-Chp 
operon mutant regulates pili expression, we have begun constructing clean type I pili (fimA) and type IV pili 
(pilA) knockout mutants as controls (Meng et al., 2005; Da Silva Neto et al., 2008).  Once completed, we will 
test the mRNA expression of fimA and pilA in the various Pil-Chp mutants. 

Pil-Chp genes and Pierce’s disease resistant sap 
Certain Vitis species exhibit either resistance or tolerance to Pierce’s disease, however it is not known which 
mechanism(s) influence susceptibility. We examined the influence of xylem sap from susceptible and resistant 
grapevines on Xf behavior. Xf had reduced motility, aggregation, and biofilm formation in saps from resistant 
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genotypes.  We also found that resistant saps lead to downregulation of numerous type IV pili genes (Figure 3): 
Pil-Chp chemotaxis homologous genes (pilG, pilI, and pilJ ), type IV pili structural genes (pilQ and pilA), and 
type IV pili regulatory genes (pilR) (Meng et al., 2005; Li et al., 2007; da Silva Neto et al., 2008; Cursino et al., 
2011). 

Pil-Chp operon and chpY gene 
The chpY gene lies downstream of the Pil-Chp operon and appears to be a degenerate GGDEF-EAL hybrid 
protein.  GGDEF domains are found in diguanylate cyclases that catalyze the formation of c-di-GMP while 
EAL domains are found in phosphodiesterases involved in the degradation of c-di-GMP. C-di-GMP is a second 
messenger that is known to regulate bacteria motility and biofilm formation. Deletion of chpY results in loss of 
motility in vitro without altered pili biogenesis, increased biofilm formation, and increased Pierce’s disease 
progression in planta (data not shown).  The mutation in chpY also leads to increased expression of biofilm 
associated gum genes (data not shown) and extracellular polymeric substance (EPS) production but decreased 
pectin methylesterase production (Table 1).  The numerous responses related to the chpY mutant suggest that 
ChpY has a global regulatory role, and degenerative GGDEF-EAL hybrid proteins have been implicated in 
regulation processes (Sondermann et al., 2012; Suzuki et al.  2006). 

Figure 3. Expression of type IV pili-related genes in Pierce’s disease susceptible 
sap (V. vinifera) and Pierce’s disease resistant saps (V. champinii and V. smalliana) 
by reverse transcriptase polymerase chain reaction (RT-PCR). Positive control 
was dnaQ expression and negative controls were RT(-) and NTC, where RT(-) was 
a reaction with all components except reverse transcriptase, and NTC was a 
reaction with all components except RNA template. 

Virulence gene studies 
PD1199 and PD1311 encode a putative protein disulfide isomerase (PDI) and a putative non-ribosomal peptide 
synthetase (NRPS) respectively.  Both proteins are predicted to play a role in the production of secondary 
metabolites that may have a role in virulence. Non-ribosomal peptide synthetases have been reported to affect 
secondary metabolite production in organisms such as Pseudomonas syringae pv. syringae where deletion of 
NRPS resulted in reduced virulence (Arrebola et al.  2007).  PDI plays a role in maturation of proteins and 
mutations in PDI encoded by Pseudomonas aeruginosa resulted in attenuation of virulence on plants and 
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animals (He et al. 2004). We have created deletion mutants in both Xf PDI and NRPS genes and are currently 
determining the role of these proteins in virulence on grapevines. 

Table 1. Release of virulence-related extracellular products by Xf. 

Strains 
Extracellular productsa 

CMCaseb EPSc Mannanase PGd PME Pr 

Wild-type 1.01 ± 0.20 3.85 ± 0.78 0.0 ± 0.0 0.0 ± 0.0 3.2 ± 0.70 2.12 ± 0.2 
chpY 1.1 ± 0.30 12.8 ± 1.08e 0.0 ± 0.0 0.0 ± 0.0 2.3 ± 0.51f 2.2 ± 0.3 
chpY-Cg 1.2 ± 0.25 3.98 ± 0.23 0.0 ± 0.0 0.0 ± 0.0 3.25 ± 0.83 2.10 ± 0.25 
a CMCase (carboxymethylcellulase), EPS (exopolysaccharide), endo-b-mannanase (mannanase), PG (polygalacturonase), 

PME (pectin methylesterase), and Pr (protease). 
b Extracellular enzyme activity for CMC, Mannanase, PME, and PTA were estimated from the diameter (mm) of zones 

surrounding each well. Enzyme experiments were done three times, with five replicate plates each. The standard 
deviations of the means for the enzyme in each assay are shown. 

c Average of dry weight of EPS (mg/ml). The experiments were done three times, with three replicates each. The standard 
deviations of the means are shown. 

d PG activity values (U/ml) were measured according to Taylor and Secor (1988). 
e Statistically significant compared to wild type (X2=6.56, P=0.01). 
f Statistically significant compared to wild type (X2=5.05, P=0.03). 
g Complemented chpY mutant. 

CONCLUSIONS 
Our results with the Pil-Chp mutants show that the operon is required for twitching motility in Xf. Interestingly, 
some of the genes in the operon may not play a role in twitching motility but all play a role in biofilm formation 
and Pierce’s disease development. We are building control strains to explore the relationship between Pil-Chp 
and regulation of pili expression.  We discovered that a component(s) in sap from Pierce’s disease resistant 
grapevines turns off pili expression or from Pierce’s disease susceptible grapevines turns on pili expression. 
Additionally, we report that chpY contributes to Pierce’s disease development by regulating the gum proteins, 
extracellular polymeric substance, and pectin methylesterase, which leads to an increase in Pierce’s disease 
symptoms.  Finally, our studies have uncovered two proteins potentially involved in virulence factor production 
that are involved in Pierce’s disease. 
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ABSTRACT 
Xylella fastidiosa (Xf) is a gram-negative, xylem-limited plant pathogenic bacterium and the causal agent of 
Pierce’s disease of grapevine (Wells et al., 1981). Xf is closely related to Xanthomonas oryzae pv. oryzae 
(Xoo). Recent findings indicate that the sulfated Type 1 secreted protein Ax21 is required for density-dependent 
gene expression and consequentially pathogenicity of Xoo. Two two-component regulatory systems (TCSs) are 
required for Ax21 mediated immunity: PhoP/Q and RaxR/H Like many other bacteria, Xf possesses homologs to 
the two component regulatory system phoP/Q which differentially regulates genes in responses to divalent 
periplasmic cation concentration and other environmental stimuli. Xf knockout mutants deficient in the 
production of phoP and phoQ exhibit phenotypic differences in cell dispersal and clumping when grown in 
liquid culture. Xf phoP/Q mutants had a 42% and 47% reduction in biofilm formation, and a 42% and 36% 
reduction in cell-cell aggregation, respectively. Dispersed growth and lack of cell clumping are phenotypes of 
Xf mutants deficient in hemagluttinins; however western blot analysis showed both Xf hemagglutinins are 
expressed in the Xf phoP/Q mutants.  Grapevine pathogenicity assays showed phoP/Q mutants are non-
pathogenic and are unable to successfully colonize or move within the xylem vessels. These results may be due 
to the inability of Xf to successfully sense, respond, and adapt to the nutrient-poor environment of the xylem.  A 
second TCS, ColR/S, plays a role in Xf density-dependent processes although further research is required. 
Based on research conducted to date, we have not yet identified the functional role of Xf Ax21. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf) is a plant pathogenic bacterium and the causal agent of disease in a variety of 
economically important crops, including Pierce’s disease of grapevine. Xf causes disease by colonizing the 
xylem vessels, blocking the flow of water in the grapevine. In many plant pathogenic bacteria communication 
among organisms plays an important role in successful colonization of the host environment.  This 
communication may be mediated by small molecules released by neighboring bacteria in the environment.  We 
are currently investigating the role of one communication compound, Ax21, and the means by which Xf 
recognizes Ax21. Bacteria must also be able to sense changes in the environment in order to adapt to stress such 
as nutrient starvation. One system used by bacteria to sense the environment is PhoP/Q, which senses specific 
nutrients and regulates responses in the bacteria. Loss of this sensing system renders Xf unable to induce 
Pierce’s disease symptoms or survive in grapevines.  Furthermore, loss of PhoP/Q alters the normal growth of 
Xf. 

INTRODUCTION 
Xylella fastidiosa (Xf) is a gram-negative, xylem-limited plant pathogenic bacterium and the causal agent of 
Pierce’s disease of grapevine (Wells et al., 1981). Xf is found embedded in the plant matrix in clumps, which 
leads to the xylem vessel blockage. The formation of biofilms allows for bacteria to inhabit an area different 
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from the surrounding environment, potentially protecting itself from a hostile environment.  Furthermore, 
biofilm formation is an important factor in the virulence of bacterial pathogens.  Biofilm formation is a result of 
density-dependent gene expression (Morris and Monier, 2003).  Density-dependent biofilm formation is 
triggered by the process of quorum sensing (QS).  In QS, bacteria are able to communicate with each other via 
small signal compounds, generically called “auto-inducers” and the specific case of Xanthomonas and Xylella 
the molecules are referred to as diffusible signal factors (DSF). The auto-inducer is a means by which bacteria 
recognize population size, and mediate the expression of specific genes when bacterial populations reach a 
threshold concentration (Fuqua and Winans, 1994; Fuqua et al., 1996). 

In Xanthomonas oryzae pv. oryzae (Xoo), Ax21 is a sulfated, Type 1 secreted protein that is a quorum sensing 
compound.  Ax21 was recently shown to be a requirement for induction of density-dependent gene expression, 
including biofilm formation (Lee et al., 2006; Lee et al., 2009).  In Xoo, two two-component regulatory systems 
(TCSs) required for Ax21-mediated activity have been found and orthologs of the TCSs and Ax21 were 
identified in the Xf genome (Simpson et al., 2000).  In order for an active Ax21 gene product to be produced, 
two TCSs are required: RaxR/H and PhoP/Q (Burdman et al., 2004; Lee et al., 2008). 

The PhoP/Q TCS is a well-studied and highly conserved TCS responsible for regulation of genes involved in 
virulence, adaptation to environments with limiting Mg2+ and Ca2+, among other genes. PhoQ is a 
transmembrane histidine kinase protein with a long C-terminal tail residing in the cytoplasm. The periplasmic 
domain of PhoQ is involved in sensing of Mg2+, Ca2+, and antimicrobial peptides Groisman 2001).  The 
cytoplasmic domain contains a histidine residue that is autophosphorylated when physiological signals are 
detected in the periplasm.  The PhoP/Q TCS is a phosphotransfer signal transduction system and upon activation 
by environmental stimuli, PhoQ phosphorylates the corresponding response regulator PhoP.  In most bacteria, 
environments of high Mg2+ inhibit the PhoP/Q system through dephosphorylation of PhoP (Groisman 2001). 
The goal of this research is to investigate the role of Ax21 and the associated two-component regulatory systems 
in Xf. 

OBJECTIVES 
1. Determine the functional role of the Ax21 homolog in Xf. 
2. Determine the functional role of the RaxR/RaxH homologs in Xf. 
3. Determine the functional role of the PhoP/PhoQ two-component regulatory system in Xf. 

RESULTS AND DISCUSSION 
Objective 1 
Based on cell growth assays, there are no differences between Xf∆ax21 and wild type Xf (Figure 2). There was 
no significant difference (95% CI) in biofilm formation or cell aggregation between Xf fetzer (wt) and Xf Δax21 
(Figure 1, 2).  Pathogenicity assays on Thompson seedless grapevines were conducted in the greenhouses in 
2010 and 2011.  We found no significant differences in colonies isolated from the point of inoculation or 25cm 
above the point of inoculation (Figure 7).  Furthermore, we found similar levels of disease severity in Xf Δax21 
and wt Xf 18 weeks post-inoculation (Figure 8). We are repeating pathogenicity assays with low-density 
inoculum to look at the potential role of Ax21 as a low-density quorum sensing compound. 

To test if Xf has Ax21 activity recognized by the XA21 protein in rice, we carried out an Ax21 activity assay 
(Lee, et al., 2006). Rice leaves from TP309, susceptible to Xoo PXO99, and TP309-XA21, resistant to PXO99, 
were cut at the tip and pretreated with supernatants from wild type Xf and Xf∆ax21 (knockout mutant). 
Supernatants from Xoo PXO99 and PXO99∆ax21 were used as positive and negative controls, respectively. 
Five hours later the pretreated leaves were inoculated with the raxST knockout strain (PXO99∆raxST), which 
lacks Ax21 activity. Ax21 activity was evaluated by measuring lesion lengths three weeks after inoculation. If 
Xf had Ax21 activity, leaves of TP309-XA21 pretreated by supernatant from wild-type Xf would show resistance 
to subsequent inoculation by PXO99∆raxST strain.  However, both leaves pretreated by supernatants from Xf 
and Xf∆ax21 were susceptible to PXO99∆raxST. This result suggests that Xf Ax21 is unable to trigger XA21-
mediated immunity in the rice plant bioassay. A lack of secretion and/or sulfation system in Xf may be the 
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cause of the lack of Ax21 activity.  We are currently in the process of determining whether or not Ax21 is 
secreted from Xf. 

Figure 1. Comparison of biofilm formation in wild-type Xf fetzer, Xf∆ax21-A, and 
Xf∆ax21-B in stationary cultures as determined by the crystal violet staining method. 
Values shown are the means of 10 samples +/- error. 

Figure 2. Comparison of percent aggregated cells in wild-type Xf fetzer, Xf∆ax21-A, and 
Xf∆ax21-B. Percentage of aggregated cells was determined as described by Guilhabert 
and Kirkpatrick, 2005.  Values shown are the means of 10 samples +/- error. 
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Objective 2 
We have begun characterizing the RaxR/RaxH homologs, Xf∆colR and Xf∆colS respectively. ColR is the 
response regulator and ColS is the histidine kinase.  Mutation of Xf∆colR was lethal, although the Xf∆colS 
mutant was viable. TCS’s can often be regulated by another TCS, thus based on the ColR mutation being lethal 
for Xf while ColS mutation is not, the ColR response regulator is likely being regulated by another TCS. 
Xf∆colS exhibited no significant differences biofilm formation or cell growth but did exhibit a significant 
reduction in biofilm formation. Pathogenicity assays with Xf∆colS are currently underway and will be 
completed this fall. 

Objective 3 
Both XfΔphoP and XfΔphoQ were found to have significantly less (95% CI)  biofilm formation than wt Xf after 
ten days static incubation using the crystal violet assay (Figure 4).  Furthermore, we also found that XfΔphoP 
and XfΔphoQ had significantly (95% CI) less cell-aggregation (Figure 6).  We also found that there was no 
significant difference in biofilm formation or cell-cell aggregation between XfΔphoP and XfΔphoQ. This result 
would be expected, since PhoP and PhoQ collectively make up a two-component regulatory system (TCS).  A 
mutant deficient in one gene should exhibit the same phenotype as a mutant deficient in the second gene of the 
TCS.  When grown in culture, XfΔphoP and XfΔphoQ exhibited a dispersed phenotype, as indicated by the cell-
cell aggregation assay, although there was no significant difference from wild-type in total cell growth 
(Figure 3).  In order to determine if the dispersed growth phenotype was caused by a lack of hemagluttinin 
proteins, which are known to mediate cell-cell clumping (Guilhabert and Kirkpatrick 2005; Voegel et. al. 2010), 
secreted proteins were purified from Xf wild-type Fetzer, Xf∆ax21, XfΔphoP, and XfΔphoQ cells. Western blot 
analysis confirmed the presence of Xf hemagluttinin A and B in wild-type and all three mutants, thus the 
observed decrease in clumping is not due to lack of hemagluttinin proteins (Figure 5). 

Figure 3. Bacterial growth of wild type Xf fetzer, Xf Δax21, Xf ΔphoQ and Xf ΔphoP . Values shown are 
mean of five samples +/- standard error. The assay was conducted twice. 

- 68 -



  
    

Figure 4. Comparison  of  biofilm  formation  by  wild type Xf fetzer, Xf ΔphoP and Xf ΔphoQ 
mutants  after  10  days  growth  in  static liquid  culture.   Values  shown  are mean  of  10  samples  +/-
standard  error. 

Figure 5. Western blot on type Xf fetzer, Xf Δax21, Xf ΔphoQ, Xf ΔphoP with Xf hemagglutinin 
antibodies showing hemagglutinin bands at 225 kD. 
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Figure 6. Comparison of percent aggregated cells by wild type Xf fetzer, Xf ΔphoP and Xf ΔphoQ mutants 
after 10 days growth in static liquid culture. Values shown are mean of 10 samples +/- standard error. 

Pathogenicity assays on Thompson seedless grapevines were conducted in the greenhouse in 2011 and 2012 (not 
yet completed).  We found no colonies isolated from the point of inoculation or 25cm above the point of 
inoculation (Figure 7). Furthermore, we found significantly reduced levels of disease severity compared to 
grapevines inoculated with wt Xf 18 weeks post-inoculation (Figure 8). 

Although we isolated no live colonies from grapevines inoculated with Xf ΔphoP, and Xf ΔphoQ, it appeared 
that the vines exhibited mild Pierce’s disease-like related symptoms. These mild symptoms are most likely due 
to a variety of non-Pierce’s disease issues that were stressing the grapevines including nutrient deficiency, insect 
damage and scorching from the greenhouse lamps.  Immunocapture PCR confirmed the inability of Xf ΔphoP 
and Xf ΔphoQ to move within the grapevine (Figure 9). In 2012, we repeated pathogenicity assays in the 
greenhouse with Xf ΔphoP and Xf ΔphoQ and our results through 18 weeks post-inoculation are in agreement 
with the absence of disease symptoms observed in 2011. The 2012 pathogenicity assays will be completed this 
fall. 
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Figure 7. Log CFU isolated fromThompson Seedless grapevines inoculated with wild type Xf fetzer, Xf Δax21, Xf 
ΔphoQ, Xf ΔphoP and PBS (negative control) 18 weeks post-inoculation. Values shown are mean +/- standard error. 

Figure 8. Disease ratings of Thompson Seedless grapevines inoculated with Xf wt, mutants or PBS (negative control) 
18 weeks post-inoculation. Values shown are mean +/- standard error. 
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Figure 9. Gel electrophoresis of IC-PCR reaction with primers RST31 & RST33 on Thompson seedles grapevines 
inoculated with wild type Xf fetzer, Xf Δax21, Xf ΔphoQ, Xf ΔphoP and PBS (negative control weeks post-inoculation in 
the greenhouse. 

CONCLUSIONS 
We have made good progress on investigating the functional role of a potential peptide-based QS system in Xf. 
Thus far, we have found no role of Ax21 in Xf, but based on the role of Ax21 at low-cell densities in Xoo it is 
likely that the functional role of Xf Ax21 is apparent at low-cell density. In Xf, loss of PhoP/Q results in 
significant reductions in biofilm formation and cell-cell aggregation both of which are significant factors in 
successful colonization of the grape xylem.  The grape xylem is a nutritionally limited environment that requires 
Xf to efficiently uptake nutrients. Xf mutants deficient in PhoP/Q are nonpathogenic and unable to colonize the 
xylem. Research conducted thus far is in agreement with the role of PhoP/Q as a regulator of virulence, survival 
and physiological response genes in other well-studied systems such as Salmonella spp., E. coli, and Xoo. We 
are looking into the use of PhoP/Q as a potential control strategy.  We are also further investigating the 
regulatory network of PhoP/Q in Xf to better understand the genes under the control of PhoP.  So far, the ColR/S 
TCS has an interesting phenotype with the response regulator (ColR) being a lethal mutation in Xf. The results 
of pathogenicity assays with Xf∆colS will determine the future direction we take in investigating the ColR/S 
TCS. 
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ABSTRACT 
This project aims to elucidate the molecular mechanisms that Xylella fastidiosa (Xf) uses in its interaction with 
host plants. We are focusing on the lipopolysaccharide (LPS) component of the outer membrane, which consists 
of lipid A, core oligosaccharides, and a variable O-antigen moiety. Specifically, we are investigating the O-
antigen portion because it has been implicated as a virulence factor in several other bacterial species. We 
hypothesize that O-antigen is also involved in virulence of Xf on grapevine.  Moreover, we are investigating the 
function of LPS in surface attachment and cell-cell aggregation, two important steps in biofilm formation, a trait 
necessary for successful colonization of host xylem.  We are also determining the role that LPS plays in host 
specificity observed for this pathogen. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf) is a bacterium capable of colonizing many different plant hosts. This bacterium is the 
causal agent of Pierce’s disease of grapevine and also causes disease in other crops such as almond, citrus, and 
oleander. While all Xf isolates belong to the same species, some isolates can cause disease in one host, but not 
another. One goal of this project is to understand the bacterial traits that dictate this host specificity. This 
research is focused on elucidating the role of the cell surface component, lipopolysaccharide (LPS), in the 
pathogenic interaction between the bacterium and grapevine, almond, or oleander.  LPS also imparts traits that 
may contribute to pathogenesis, such as the ability to attach to host cell walls.  Thus far, we have shown that a 
region of the LPS molecule is essential for the Xf interaction with its host, which together with its abundance on 
the bacterium’s cell surface makes it a logical target for disease control. Antimicrobial compounds that disrupt 
LPS biosynthesis exist and can make bacteria more susceptible to other stresses. Potentially, these compounds 
could be used alone or in combination with other anti-Xf compounds to control disease. 

INTRODUCTION 
We are currently exploring the role of lipopolysaccharide (LPS) as both a virulence factor in grapevine and as a 
host specificity determinant for this pathogen.  LPS is an integral part of the Gram-negative bacterial outer 
membrane and is displayed on the outer surface of the cell, thereby mediating interactions between the bacterial 
cell and its environment.  LPS is composed of three parts: 1) Lipid A, 2) oligosaccharide core, and 3) O-antigen 
polysaccharide (Figure 1) (23).  Both Lipid A and the oligosaccharide core are highly conserved among all 
Gram-negative bacteria, whereas, the O-antigen can be varied even among subspecies. LPS has been implicated 
as a major virulence factor in both plant and animal pathogens, such as Escherichia coli, Xanthomonas 
campestris pv. campestris, and Ralstonia solanacearum (7, 10, 15).  Because of its location in the outer 
membrane, LPS can also contribute to the initial adhesion of the bacterial cell to a surface or host cell (9, 17). 
Additionally, host perception of LPS occurs in both plants and animals (18). Host immune receptors can 
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recognize the LPS structure and mount a defense response based on this recognition. Bacteria can also 
circumvent the host’s immune system by altering the structure of the O-antigen moiety or by masking it with 
capsular or exopolysaccharides. 

We are focusing on the O-antigen portion of LPS in three Xf isolates: Temecula1, causal agent of Pierce’s 
disease (PD) of grape; M12, causal agent of almond leaf scorch (ALS); and Ann-1, causal agent of oleander leaf 
scorch (OLS).  Based on investigations of LPS in host-pathogen interactions in other bacterial systems (11, 21), 
we identified two genes, waaL (PD0077) and wzy (PD0814) in the genomes of the three Xf isolates. Wzy is a 
putative O-antigen polymerase that plays a role in chain length determination of the O-antigen. WaaL is a 
putative O-antigen ligase that ligates the preformed O-antigen to the oligosaccharide core. We predicted that 
mutants in wzy would produce a truncated O-antigen and that mutants in waaL would completely lack the O-
antigen.  Based on these alterations, we hypothesized that we would see profound differences in virulence, 
surface attachment, aggregation, and insect transmission. Thus far, we have demonstrated that mutations in wzy 
and waaL do affect O-antigen biosynthesis and cause a visible change in the O-antigen profiles as seen in 
Figure 1. LPS was extracted from Temecula1 wild-type (WT), wzy, and waaL using a hot-phenol extraction 
method (22) and then subjected to Tris-Tricine polyacrylamide gel electrophoresis (PAGE).  Both strains had a 
significant reduction in O-antigen (Figure 1). We had expected the waaL mutant would be devoid of O-antigen, 
but this is not the case suggesting that there may be protein(s) that shares a redundant function with WaaL. Both 
mutant phenotypes were restored by introducing waaL or wzy into their respective mutant genomic backgrounds 
using the chromosoma complementation vector, pAX1Cm (14) (Figure 1). 

Figure 1. Mutations in key enzymes of the Xf LPS biosynthetic pathway result in reduction or abolishment 
of O-antigen. Both waaL (lane 3) and wzy (lane 5) mutant strains had less O-antigen than the wild-type (lane 
2). Complementation of these mutants restored O-antigen quantity to near that of the wild-type parent (lanes 
4 and 6). LPS was extracted from cells normalized to cell density using a modified hot phenol method and 
analyzed on a 4, 12% discontinuous Tricine-PAGE gel and silver stained. (1) E. coli standard, (2) Temecula1 
wild-type, (3) waaL, (4) waaL/waaL+, (5) wzy, (6) wzy/wzy+. 

Following the confirmation of the change in the O-antigen profiles for the waaL and wzy mutants, we tested 
these strains for differences in virulence. Temecula1 O-antigen mutant strains were needle-inoculated into 
grapevine, cv. ‘Thompson Seedless’ and symptoms were detected 4 weeks after inoculation. The wzy mutant 

- 75 -



     
    

        
      

        
  

      
        

          
              

 

      
        

    
        

     
 

 
      

   
    

 
         

         
          

was significantly delayed in causing Pierce’s disease symptoms on grapevine, and after 11 weeks of incubation, 
it did not cause the extensive Pierce’s disease symptoms observed in plants inoculated with wild-type (as 
determined by an ANOVA analysis with Tukey's pairwise comparisons) (Figure 2). This indicates that 
alterations in the chemistry of the O-antigen correlates with a profound defect in Xf virulence. We 
observed no difference in disease progress between the waaL mutant and the wild-type strain. Plants inoculated 
with 1X PBS buffer control did not develop any Pierce’s disease symptoms. 

Figure 2. Disease progress of Xf Temecula1 wild-type and O-antigen mutant strains on grapevine cv. 
‘Thompson Seedless.’ The wzy mutant strain lags behind the WT in causing leaf-scorching symptoms and 
does not cause WT levels of Pierce’s disease throughout the disease progress curve. The waaL mutant is 
as virulent as WT. Data are means of three independent assays with 10 replications each. Bars represent 
standard error. 

In addition, we quantified bacterial population levels to assess any colonization differences between Temecula1 
WT and the O-antigen mutant strains that may be occurring in planta. We isolated bacteria from surface-
sterilized petioles at 13 weeks post-inoculation and found that plants inoculated with the wzy mutant harbored 
significantly fewer bacteria than plants inoculated with WT (Figure 3).  Populations were quantified by plate 
counts and the data were analyzed using a Wilcoxon rank test.  The waaL mutants colonized the plants to similar 
levels as wild type Xf. 

OBJECTIVES 
1. Expand the characterization of the LPS profiles from the grape, almond, and oleander strains of Xf. 
2. Test attachment and biofilm formation phenotypes of Xf O-antigen mutants to the biologically relevant 

substrates, chitin and cellulose. 
3. Test O-antigen mutants for insect transmissibility. 
4. Test O-antigen mutants for increased vulnerability to environmental stress and antimicrobial compounds. 

RESULTS AND DISCUSSION 
Objective 1: Expand the characterization of the LPS profiles from the grape, almond, and oleander 
strains of Xf 
We compared the LPS profiles of three Xf strains in this study. We hypothesized that there are strain specific 
differences among the O-antigen portion of the LPS molecules that contribute to the host specificity of these 
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three isolates. We isolated LPS from all three Xf isolates using a hot-phenol extraction method (22).  The 
extracted LPS preparations were then subjected to Tris-Tricine PAGE. These analyses have confirmed that all 
three strains possess smooth LPS (ie. O-antigen), which was previously unknown (Figure 4). The gels also 
revealed small shifts in the molecular weights of the smooth LPS for each strain, indicating a fundamental 
difference among the O-antigen chain length or composition. 

Figure 3. In planta populations of the wzy mutant after inoculation of grapevine petioles 
are significantly lower than those of the wild-type parent. Populations were quantified by 
plate counts. Five petioles from three independent inoculations. Bars represent the 
standard error of the mean. 

Figure 4. Tris-Tricine PAGE gel indicating the presence of both smooth (O-antigen) and 
rough (core polysaccharide) LPS in 1) Temecula1 (PD), 2) M12 (ALS), and 3) Ann-1 
(OLS) strains of Xf. 
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We subsequently conducted a more detailed carbohydrate composition and linkage analysis of Xf LPS using Gas 
chromatography/Mass Spectrometry analysis in collaboration with the Complex Carbohydrate Research Center 
(CCRC) at the University of Georgia, Athens. Our studies included the Temecula1 strain and its respective wzy 
mutant. The CCRC performed O-antigen purification using a mild acid hydrolysis technique and conducted 
carbohydrate composition and glycosyl linkage analysis. Results of the glycosyl composition analysis revealed 
that Xf O-antigen is a heteropolymer consisting mostly of rhamnose and glucose, with smaller amounts of ribose, 
xylose and mannose (Table 1). The Temecula wzy mutant O-antigen was similar in carbohydrate composition 
to wild-type with regard to the residues present in the polysaccharide. However, there was a striking depletion 
in the percentage of rhamnose in the wzy mutant as compared to the wild-type, which decreased from 68.2% in 
the wild-type to 9.4% in the wzy mutant.  In addition, the percentage of glucose increased from 19% in the WT 
to 84.6% in the wzy mutant (Table 1).  Deletion of wzy in Xf resulted in an O-antigen composed primarily of 
glucose with much of the rhamnose absent. This suggests that the initial O-unit linked to the core LPS is 
composed primarily of glucose and the remainder of the polymer that extends out into the environment is a 
rhamnose-rich repeat. We are currently coordinating a series of experiments with the CCRC based on NMR 
spectroscopy to elucidate the absolute structure of the Xf O-antigen. 

Table 1. Glycosyl composition analysis of O-antigen isolated from wild 
type or the wzy mutant. Values are expressed as mole percent of total 
carbohydrate. 

O-antigen sugars (Mol %) 
Rib Rha Xyl Man Glc 

Strain 

Wild-type 6.5 68.2 5.5 0.8 19.0 

wzy 4.9 9.4 0.5 0.6 84.6 

Host specificity plant assays 
While there are likely several factors that contribute to host specificity of Xf, we are investigating if O-antigen is 
involved. Xf Temecula1 can colonize and cause disease in grape and, to some extent, in almond. Xf M12, an 
ALS strain, causes disease in almond and elicits some symptoms in grape (1).  Moreover, Xf Ann-1 cannot cause 
disease in grape or almond and neither Temecula 1 nor can M12 cause disease in oleander. We speculated that 
removal or truncation of the O-antigen would affect the ability of Temecula1 to infect (and elicit scorch 
symptoms) on grape, almond, and oleander. Furthermore, perhaps changes in O-antigen may enable Ann-1 to 
become a pathogen of grape or almond while M12 and Temecula1 strains become pathogens of oleander.  We 
inoculated Temecula1 WT and the O-antigen mutant strains into host (grape) and non-host (almond and 
oleander) plants. We observed that the grape isolate can colonize and cause disease in almond, albeit, to a lesser 
extent than the WT almond leaf scorch (ALS) isolate (M12), which is consistent with what other research 
groups have observed (1).  Interestingly, the Temecula1 waaL mutant strain is more virulent in almond than its 
Temecula1 WT parent and is similarly virulent to the WT ALS isolate (M12). This suggests that an alteration in 
the O-antigen moiety of the LPS molecule does affect host specificity. The Temecula1 wzy mutant is similarly 
less virulent in almond as in grape.  As expected, Xf Ann-1, the OLS isolate, does not cause scorch symptoms on 
almond (Figure 5).  Symptoms of oleander leaf scorch develop much later than those in grape and almond (ten 
months post-inoculation) so we are just now collecting data from these plants. 

Objective 2: Test attachment and biofilm formation phenotypes of Xf O-antigen mutants to the 
biologically relevant substrates, chitin and cellulose 
Biofilm formation is an important component of the plant-microbe and plant-insect interaction. To test the role 
of LPS in Xf biofilm formation, we quantified the Temecula1 waaL and wzy mutant strains in two biofilm 
related behaviors: 1) surface attachment and 2) cell-cell aggregation. Both of these phenotypes are critical early 
steps in the formation of a mature biofilm. We hypothesized that LPS may contribute to these behaviors 
because of its location and abundance in the outer membrane. Interestingly, when grown in glass tubes, the 

- 78 -



      
     

 

         
         

        
    

     
               

          
               

               
         

          
      

         
       

      

Temecula1 wzy mutant aggregated less, but attached more to a glass surface (Figure 6).  The wzy mutant was 
significantly less virulent in planta which may be a result of its hyperattachment phenotype causing it to adhere 
more strongly to the xylem cell wall, which does not allow it to move as efficiently throughout the plant. 

Figure 5. Disease progress of M12 (ALS), Ann-1 (OLS) Ann-1, Temecula1 (PD) isolates, and 
Temecula1 O-antigen mutants in almond cv. ‘Sonora.’ Loss of WaaL increases virulence of a 
Pierce’s disease isolate of Xf in almond. Data are means of two independent assays with 6 
replications each. Bars represent standard error. 

Figure 6. Surface attachment and cell-cell aggregation of the O-antigen mutant, wzy. A) The Temecula1wzy 
mutant cells attach to a solid surface to a greater extent than the wild-type parent. Attachment assays involved 
crystal violet staining of cells attached to a glass surface at the medium/air interface. B) The Temecula1wzy 
mutant cells are reduced in the ability to aggregate to each other compared to the WT. Aggregation assays reflect 
the proportion of the total cell population that remains in culture after 10 days of static incubation. At least three 
independent assays were performed in triplicate. Bars represent standard error of the mean. 

We performed a series of zeta potential measurements to determine if depletion of O-antigen correlated with a 
change in the net charge on the surface of the bacterial cell, which in turn could account for the differences in 
attachment and aggregation that we observed. These measurements indicated that the surface of the wzy mutant 
was more negatively charged as indicated by an average zeta potential measurement of -27.1 mV compared to 
the zeta potential of WT at -10.5 mV (Table 2).  The ionic strength of PD3 medium was estimated to be 85 mM 
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and the zeta potential of a glass microscope slide submerged in PD3 medium was estimated to be approximately 
-12mV.  Therefore, under the growth conditions tested here, it is logical that the more negatively-charged wzy 
mutant would adhere more strongly to the glass surface than the more positively-charged WT strain. Particles 
with lower zeta potentials tend to flocculate or aggregate, which explains the high capacity for Xf to aggregate in 
culture (6). However, if particles have a large negative or positive zeta potential this causes high repulsion 
among the particles, and will cause them to resist flocculation or aggregation.  The wzy mutant has a 
significantly large negative zeta potential as compared to WT, which explains the inability of this strain to 
aggregate in vitro. We are currently testing the waaL mutant for attachment to glass and cell-cell aggregation 
and will also measure its zeta potential. 

Table 2. Zeta potential measurements of Xf Temecula1 wild type, wzy mutant, and 
wzy/wzy+ complemented strain. The wzy mutant bacterial cells exhibit a significantly more 
negative zeta potential measurement than the WT cells, which likely account for its 
hyperattaching and non-aggregative phenotype. Data are means of three independent 
assays with 5 replications each. 

Strain zeta potential (mV) 
Wild type -10.5±2.2 
wzy -27.12±1.91 
wzy/wzy+ -10.9±0.97 

In addition, we tested the ability of the wzy mutant to form 3-dimensional biofilms in vitro. Because the wzy 
mutant is impaired in cell-cell aggregation and hyperattaches to surfaces, we hypothesized that it would be 
impaired in biofilm formation.  We observed mature Xf biofilms by confocal laser scanning microsopy (CLSM) 
and reconstructed the z-stack series using BitPlane Software. The wzy mutant biofilms were impaired in 
building the typical three-dimensional biofilm architecture (Figure 7).  The wzy mutant was capable of attaching 
to the glass surface but was unable to build the towers characteristic of a WT biofilm. Moreover, the wzy 
biofilms were thinner on average than the WT biofilms. We are expanding the attachment studies to the more 
biologically relevant substrates, chitin and cellulose. 

Objective 3: Test O-antigen mutants for insect transmissibility 
We are comparing sharpshooter transmission rates for wild type versus either the waaL or wzy mutant. We are 
using the artificial feeding sachet technique developed by Killiny and Almeida (12) because differences in strain 
multiplication in planta may confound estimates of sharpshooter acquisition efficiency, which depends on plant 
infection level.  In collaboration with Dr. Thomas Perring (UC Riverside Department of Entomology), we have 
initiated a colony of Graphocephala atropunctata, blue green sharpshooters (BGSS). Insects were fed 35 µl 
aliquots of bacterial suspension or diet solution only (negative control) and given an acquisition access period of 
6 hours and then placed on basil plants for a multiplication period of 48 hours. We are currently quantifying the 
bacterial cells within the sharpshooter heads using quantitative PCR.  Concomitant inoculation studies will be 
performed by caging diet-fed sharpshooters onto healthy grapevine seedlings for an inoculation access period of 
4 days. Seedlings will be observed for symptom development and bacterial populations within infected plants 
will be quantified.  In collaboration with Dr. Elaine Backus (USDA ARS, Parlier, CA) we are imaging the 
colonization patterns of the wzy, waaL mutants as compared to WT in the BGSS foregut. These studies are 
underway and we hypothesize that we will see a difference in the manner in which these mutants colonize the 
insect based on our in vitro attachment and aggregation data. 
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Temecula1 wild- type wzy mutant 

Figure 7. In vitro biofilm assay of the wild-type and the wzy mutant. Images are 3-dimensional renderings 
of a z-series of images captured with the CLSM and representations of three independent assays with three 
replications each. 

Objective 4: Test O-antigen mutants for increased vulnerability to environmental stress and 
antimicrobial compounds 
Variation in the O-antigen portion of the LPS molecule can aid in the adaptation or tolerance to different 
environmental stresses (2, 3, 16, 20).  We are investigating whether the absence or truncation of the O-antigen 
affects tolerance to: 1) oxidative stress, 2) cold temperature, or 3) treatment with antimicrobial peptides. During 
the plant infection process, bacteria encounter oxidative stress in the form of reactive oxygen species (ROS). 
ROS can be a product of the elicitation of the host defense response or a by-product of normal plant metabolism 
and development (18).  In any case, oxidative stress is detrimental to the bacterial cell, and the cells must have a 
mechanism to cope with this environmental insult.  We performed a simple disc inhibition assay protocol as 
previously described (14) to test sensitivity to peroxide.  We observed that the wzy mutant was more sensitive to 
peroxide treatment as compared to the WT (Figure 8).  We are currently testing the waaL mutant for sensitivity 
to peroxide.  In addition, we are testing the waaL and wzy mutants for increased susceptibility to cold 
temperature and treatment with antimicrobial peptides. We chose these two treatments based on current 
strategies being evaluated for control of Pierce’s disease (4, 5, 13).  We have chosen to test cecropin B because 
it has previously been identified to have antimicrobial activity against Xf (5) and polymyxin B because its mode 
of action is to bind directly to LPS (20).  Antibacterial activity will be expressed as Minimum Inhibitory 
Concentrations (MIC), the concentration at which no growth is observed.  We are initially conducting these 
experiments in liquid cultures, but the results will be confirmed by testing on solid PD3 medium overlaid with a 
Whatman paper disk containing the different concentrations of the AMP being tested.  The MICs will be 
calculated by measuring the diameter of the inhibition zones around the disc containing the AMP.  Cold 
temperatures have been associated with the geographic distribution of Pierce’s disease (19).  A test of the effects 
of cold temperature-mediated therapy on Xf-infected grapevines is an ongoing area of research, and certain 
aspects of this phenomenon are currently being exploited as possible control strategies for Pierce’s disease (13, 
19).  Bacteria can modify their LPS in response to temperature (2, 16). These temperature-induced 
modifications are generally regarded as an adaptive response to the cells surrounding environment. We are 
basing our assay on previously established protocols (8).  We anticipate that both the antimicrobial peptide and 
cold temperature studies will be completed by December of 2012. 
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Figure 8. The role of O-antigen in the protection against oxidative stress. The Xf wzy 
mutant strain was less tolerant of hydrogen peroxide stress than the wild-type parent or 
the complemented mutant strain. Three independent assays were performed in triplicate. 

CONCLUSIONS 
By targeting key O-antigen biosynthetic genes, we demonstrated the contribution of the rhamnose-rich O-
antigen to surface attachment, cell-cell aggregation, and biofilm maturation: critical steps for successful 
infection of the host xylem tissue. Moreover, we have demonstrated that a fully formed O-antigen moiety is an 
important virulence factor for Pierce’s disease development in grape and that depletion of the O-antigen 
compromises its ability to colonize the host. It has long been speculated that cell surface polysaccharides play a 
role in Xf virulence and this study confirms that LPS is a major virulence factor for this important agricultural 
pathogen. 
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ABSTRACT 
Xylella fastidiosa (Xf) causes many economically important crop diseases including almond leaf scorch disease 
and Pierce’s disease of grapevine.  Although non-coding small RNAs (sRNAs) are regarded as ubiquitous 
regulatory elements in bacteria, research attention to sRNAs in Xf has been limited.  In Xf strain M23, 49 sRNA 
genes were predicted based on the availability of its whole genome sequence and computational analyses. Xf is, 
however, nutritionally fastidious and grows very slowly even in complex culture media.  Compounded by the in 
general low expression levels of sRNAs, implementation of the commonly used techniques such as Northern-
blotting to detect sRNAs has been a challenging task.  In this study, an alternative method was developed to 
experimentally verify the presence of sRNAs in Xf. The technique took the advantage of the high sensitivity of 
PCR technology.  Primers were designed within (internal) and outside (external) the putative sRNA genes. 
sRNAs in bacterial cultures were verified by real-time quantitative reverse- transcriptase PCR (qRT-PCR) when 
internal primer sets yielded positive amplifications and external primer sets yielded weak or no products. 
Detection of 16S rRNA was used as internal control. A total of nine sRNAs have been detected in Xf strain M23. 
Different sRNA types were observed depending on culture media.  Results from this study provide the first 
experimental proof of sRNAs in Xf. The developed technique also has a potential to be used in sRNA detection 
in other bacteria. 
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CHARACTERIZATION OF  THE  VIRULENCE-RELATED  GENES  OF XYLELLA  FASTIDIOSA 
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ABSTRACT 
To elucidate the role of virulence genes of Xylella fastidiosa (Xf) responsible for Pierce’s disease in grapes, a 
site-directed deletion method was employed to knock out virulence-related genes.  Six virulence-related genes 
were selected, of which three genes were annotated to be transcriptional regulators; hfQ, xrvA and gcvR, and 
three genes were associated with two-component regulators; algR, colR (PD1919), and colR (PD1367). The 
mutant strains were obtained from selective media and the deleted loci were confirmed by PCR. To evaluate the 
pathogenicity of six mutant genotypes, greenhouse-grown Cabernet Sauvignon grapevines were mechanically 
inoculated with mutant bacteria, wild-type Xf Temecula strain served as a control. Three months after 
inoculation, grapevines inoculated with algR, xrvA, and colR (PD1919) showed only mild symptoms when 
compared with grapes inoculated with wild type Xf. However, no symptoms were observed in grapes inoculated 
with mutant strains of gcvR, hfQ, and colR (PD1367). Quantitative PCR analysis was conducted to estimate Xf 
titers in infected grapes. In vitro studies showed that while both mutants and wild-types of Xf had similar 
growth curves all mutants appeared to have significantly reduced abilities to adhere to the well of culture tubes. 
Biofim production of gcvR, hfQ, algR, and colR (PD1367) was five-fold less than that of wild type whereas xrvA 
and colR (PD1919) mutants produced 2.5-fold less biofilm than that of wild type. To further investigate 
metabolic pathways that involve regulation of virulence genes, chemical profiles of mutant and wild type of Xf 
were analyzed by gas chromatography-mass spectrometry. All six virulence mutants have been complemented 
via chromosome based recombination. These complemented strains are currently being subjected to inoculation 
experiments along with wild type Xf Temecula strain to examine restoration of gene function.  Characterization 
of virulence-related genes in Xf will provide insight into mechanisms of pathogenicity of Xf. 
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ABSTRACT 
We are investigating replacing the surface binding domain of our NE-CB chimeric antimicrobial protein with a 
protein (plant elastase, PE) that performs the identical function from a plant source. We will identify an 
appropriate plant protein using a recently described computational tool (CLASP, Chakraborty et al., 2011, 
2012).  The search for this protein will be based on the conformational similarity of its active site’s 3D signature 
to that of human neutrophil elastase (HNE). We will verify the enzymatic activities of the top candidates, i.e. 
elastase activity and the ability to cleave Xf mopB, to confirm which are most suitable to serve as a surface-
active domain in our chimera. We will then construct a synthetic gene encoding the chimeric antimicrobial 
protein, substituting PE for the NE domain and attaching it to the lytic domain CB, using the same flexible 
linker from the previous construct. The new PE-CB gene will be incorporated into a binary vector and used for 
Agrobacterium-mediated transformation of grapevine rootstock and tobacco to confirm resistance to Pierce’s 
disease using the methods reported previously for NE-CB constructs (Dandekar et al., 2012).  In addition, we 
will investigate how efficiently the chimeric antimicrobial protein disrupts Xylella fastidiosa - glassy-winged 
sharpshooter (Xf-GWSS) interaction. To accomplish this, we will isolate NE-CB and PE-CB proteins from 
plants and feed GWSS with Xf in the presence and absence of the individual CAP proteins. This study will 
measure the utility of this novel strategy to provide durable resistance to Pierce’s disease in grapevines and aid 
in potential stacking with other disease resistance traits. 

LAYPERSON SUMMARY 
We have successfully expressed a chimeric antimicrobial protein NE-CB in grapevines to protect against 
Pierce’s disease. In this project, we are swapping the NE component based on the design of the human 
neutrophil elastase (HNE) with a protein with the same activity from a plant. The structure of HNE is known in 
detail, and we will use a recently developed computational tool (CLASP) developed by our collaborator that can 
identify a plant protein with the same active site configuration as found in HNE. We can test for enzymatic 
activity like that of HNE in our candidate proteins, which we designate PE. We will then construct a synthetic 
gene encoding the new chimeric antimicrobial protein. The new chimeric protein will have PE in place of the 
NE domain, attached as before to the lytic domain CB with the flexible linker used previously. The new PE-CB 
gene will be inserted in to a vector and used for Agrobacterium-mediated transformation of grapevine rootstock 
and tobacco.  The goal will be to confirm resistance to Pierce’s disease using the methods reported previously 
for NE-CB constructs (Dandekar et al., 2012). 

INTRODUCTION 
Xylella fastidiosa (Xf), the causative agent of Pierce’s disease, has a complex lifestyle requiring colonization of 
plant and insect. Its growth and developmental stages include virulence responses that stimulate its movement 
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in planta and its ability to cause disease in grapevines (Chatterjee et al., 2008). Thus, any control or resistance 
measure must by necessity be multifaceted to block this pathogen at different stages in its complex lifestyle. A 
key issue is the reservoir of bacterial inoculum already present in California that poses an immediate threat in 
the presence of a significant insect vector like the glassy-winged sharpshooter (GWSS).  Chemical pesticides are 
now used to suppress the GWSS population, which is effective but does not reduce this reservoir of bacterial 
inoculum.  Resistance mechanisms must be directed to degrade this inoculum and prevent further disease 
spread.  It is critical to know whether any resistance mechanism under consideration can clear Xf and if so, by 
what mechanism.  The resistance mechanism must limit spread and movement of the bacterium in planta and 
block transmission of the disease by insect vectors.  We have previously shown that Xf exposed to xylem fluid 
from resistant lines expressing NE-CB shows significant mortality.  Our group has successfully designed and 
tested a NE-CB chimeric protein that specifically targets Xf in plant xylem (the site of infection), rapidly clears 
the pathogen, and blocks infection (Dandekar et al., 2009, 2012; Kunkel et al., 2007).  The protein contains two 
separate domains (Figure 1).  A surface binding domain recognizes outer membrane proteins; we have 
previously shown that it recognizes and cleaves mopB, a major Xf outer membrane protein (Dandekar et al., 
2012).  This domain is a synthetic gene that encodes the human innate defense protein neutrophil elastase (NE) 

(Dandekar et al., 2012; Kunkel et al., 2007).  The second, CB domain 
is a clearance domain, connected with a flexible linker to the C-
terminal of NE.  This domain is a synthetic gene that encodes an 
antimicrobial peptide, cecropin B, that specifically lyses Gram-
negative bacteria like Xf (Andrès and Dimarcq, 2007).  The two 
domains work in tandem to recognize and lyse Xf. Our current 
hypothesis for the mode of action is that NE binds to the mopB outer 
membrane protein, bringing the cecropin peptide close to the bacterial 
surface where it can lyse and kill the pathogen. Transgenic 
expression of this protein in tobacco and grape has provided 
phenotypic evidence of bacterial clearance and biochemical evidence 
of mopB degradation by NE (Dandekar et al., 2012).  A major 
concern is that the presence of a protein of human origin in 
grapevines is potentially controversial to groups opposed to GMOs. 
Therefore, substituting NE with PE found in a familiar edible plant 
may be less controversial. 

OBJECTIVES 
The goal of this project is to redesign the NE-CB chimeric antimicrobial protein by swapping out the NE 
domain with plant elastase (PE) domain and testing for the efficacy with respect to the NE-CB therapeutic 
protein for disease development and transmission. 

Objective 1: Redesign the chimeric antimicrobial protein by substituting the neutrophil elastase (NE) 
component with a plant elastase counterpart (PE) and demonstrate its efficacy for bacterial clearance. 
Activity 1: Identify a suitable plant elastase candidate that is comparable to human neutrophil elastase in its 

active site structure using the ‘CLASP’ computational tool. 
Activity 2: Construct vectors and test in planta-produced protein for efficacy in killing Xf in culture. 

Objective 2: Compare the efficacy of PE-CB with NE-CB in plants with Xf challenge. 
Activity 3: Construct binary vectors and transform grapevine and tobacco. 
Activity 4: Test transgenic tobacco and grapevine for clearance of Xf and resistance to Pierce’s disease 
symptoms. 

RESULTS AND DISCUSSION 
We initiated our project three months ago and have focused on the first objective outlined above. 

Objective 1: Redesign the chimeric antimicrobial protein by substituting the neutrophil elastase (NE) 
component with a plant elastase counterpart (PE) and demonstrate its efficacy for bacterial clearance. 
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Activity 1: Identify a suitable plant elastase candidate that is comparable to human neutrophil elastase in 
its active site structure using the ‘CLASP’ computational tool 
We have initiated the process of finding a plant elastase (PE) candidate protein by identifying a similar active 
site configuration to that found in NE, a serine protease with elastase activity.  We are working with Sandeep 
Chakraborty and B.J. Rao in the Biosciences Department at the Tata Institute of Fundamental Research in 
Mumbai (India), who have developed the novel computational tool CLASP (CataLytic Active Site Prediction) 
used in a manner similar to BLAST to search all known protein structures for a desired active site conformation 
(Chakraborty et al., 2011).  A protein active site motif from a known function and 3D structure provide the 
initial template for searching potential matches by this approach.  The theoretical foundation of CLASP lies in 
the conserved electrostatic potential difference and spatial distances in cognate pairs of active site residues in 
proteins with the same functionality. Similarity can be observed in structures solved independently over many 
years, and also holds true for convergently evolved proteins (for example, in the two major families of serine 
proteases, chymotrypsin and subtilisin). CLASP enabled us to identify a plant protein which has elastase 
function after no such protein was found in the literature. We created an active site motif using the catalytic 
residues from HNE (PDB: 1BOF), and searched for this motif among ~300 plant proteins extracted from the 
Protein Data Bank. 

This gave us a list of significant matches (Table 1).  We chose the pathogenesis-related protein (P14A, PDB: 
1CFE). Its protease function has also been associated with the pathogenesis-related proteins (Milne et al., 
2003). Furthermore, there was a striking structural homology shared between P14A and a snake venom protein, 
which was previously demonstrated to be an elastase (Bernick and Simpson 1976). 

Table 1. 
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Since P14 is a protein from tomato, we decided to look for a similar pathogenesis-related protein in grape. 
Extensive BLAST searches resulted in a list of grape proteins with sequence similarity to P14, including a 
pathogenesis-related protein (PR-1) from a wild variety of grape which is also resistant to Pierce’s disease 
(Fritschi et al., 2007). We then analyzed the active sites of PR-1 using computational approaches. We realized 
that this protein has very similar structure and active site configuration as NE.  Recently Li et al. (2011) showed 
that a PR-1 duplicated from a Vitis interspecific hybrid confers a high level of resistance to a bacterial pathogen. 

Activity 2: Construct vectors and test in planta-produced protein for efficacy in killing Xf in culture. 
To study and to demonstrate the efficacy of our PR-1 protein candidate from grapevine, we are developing a 
synthetic gene construct.  We have fused this protein to a purification tag (3xFlag, Sigma) to facilitate detection 
and purification. The PR-1 gene is currently being synthesized and will then be cloned into a binary vector 
(Figure 2). 

Figure 2. Map of potential binary vector containing PR-1 protein. 
This construct will be used for transient expression of the gene in 
tobacco. 

CONCLUSIONS 
Using a novel computational program called CLASP (Catalytic Active Site Prediction), we have identified a 
protein from a wild variety of grape that has similar catalytic active sites as NE.  This protein is a pathogenesis-
related protein (PR1) present in some varieties of wild grape which are resistant to Xf infection. Potentially, this 
protein could function as a capture domain owing to its NE-like structure and its ability to confer resistance to 
bacterial diseases in transgenic tobacco. This protein will be characterized in vitro for its efficacy in clearing Xf. 
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Reporting Period: The results reported here are from work conducted March 2010 to September 2012. 

ABSTRACT 
We have successfully established two field plantings to investigate two greenhouse-tested strategies to control 
the movement of and to clear Xylella fastidiosa (Xf), a xylem-limited, Gram-negative bacterium that is the 
causative agent of Pierce’s disease in grapevine. A key virulence feature of Xf resides in its ability to digest 
pectin-rich pit pore membranes that connect adjoining xylem elements, enhancing long distance movement and 
vector transmission. The first strategy tests the ability of a xylem-targeted polygalacturonase-inhibiting protein 
(PGIP) from pear to inhibit the Xf polygalacturonase activity necessary for long distance movement.  Our 
second strategy enhances clearance of bacteria from Xf-infected xylem tissues by expressing a chimeric 
antimicrobial protein, HNE-CecB. The expectation is that expressing these two proteins will prevent Xf 
movement and reduce Xf inoculum, curbing the spread of Pierce’s disease in California vineyards. Transgenic 
grapevine plants expressing either PGIP or HNE-CecB have been planted in two locations, one in Riverside 
County and the other in Solano County.  Two hundred and ten transgenic or untransformed control vines, own-
rooted or grafted with untransformed Thompson Seedless (TS), were planted in Riverside County on 5/18/2010, 
with the remaining 10 planted on 03/06/2011.  In Solano County, 110 own-rooted transgenic and untransformed 
control vines were planted on 08/02/2010 and 110 untransformed TS scions grafted onto transgenic or 
untransformed rootstocks were planted on 06/27/2011. These transgenic grapevines are being evaluated both as 
plants on their own roots and as rootstocks grafted with untransformed TS scions.  HNE-CecB- and PGIP-
expressing transgenic grapevine lines in Riverside and Solano Counties have been evaluated phenotypically; no 
visible differences were seen between transgenic and untransformed vines. At the Riverside County site, the 
plants have been naturally infected. Xf has been detected in petiole extracts and xylem sap by ELISA. Pierce’s 
disease symptoms were assessed using a standardized score based on percentage of leaf area scorching to 
validate resistance to Pierce’s disease under field conditions.  At the Solano County site, plants on their own 
roots were mechanically inoculated with the Xf type strain (Temecula 1) on 6/27/2011 and re-inoculated on 
05/29/2012, to validate resistance to Pierce’s disease under field conditions. At the Solano site, field-grafted 
transgenic plants were also mechanically inoculated for the first time on 05/29/2012. The presence of Xf was 
confirmed in petiole extracts, but not in xylem sap from mechanically inoculated grapevines using the ELISA 
assay. Xf growth was not observed when petiole extracts were plated and no Pierce’s disease symptoms have 
been detected to date. HNE-CecB- and PGIP-expressing transgenic grapevine lines in Solano County have also 
been tested to confirm the presence of the transgene. 

LAYPERSON SUMMARY 
Transgenic grapevine plants expressing either polygalacturonase-inhibiting protein (PGIP) or a chimeric 
antimicrobial protein (HNE-CecB) have been planted in two locations, one in Riverside County and the other in 
Solano County.  These transgenic grapevines are being evaluated both as plants on their own roots and as 
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rootstocks grafted with untransformed Thompson Seedless (TS) scions to demonstrate the field efficacy of two 
strategies to control Pierce’s disease in California grapevines. The first strategy uses transgenic rootstocks to 
control the movement of the bacterium Xylella fastidiosa (Xf) in the water-conducting xylem of the vine through 
expression of PGIP. The second strategy tests whether transgenic rootstocks can clear Xf infections in xylem 
tissue by expressing HNE-CecB. PGIP- and HNE-CecB-expressing transgenic grapevine lines in Riverside and 
Solano Counties have been evaluated phenotypically; no visible differences were seen between transgenic and 
untransformed vines. At the Riverside County site, natural Xf infection has been confirmed in petioles and 
xylem sap by ELISA. Pierce’s disease symptoms were scored using a standardized score based on percentage of 
leaf area scorching to validate resistance to Pierce’s disease under field conditions.  At the Solano County site, 
non-grafted plants were mechanically inoculated with Xf type strain Temecula 1 in 2011. The presence of Xf 
was confirmed in petiole extracts but not in xylem sap from mechanically inoculated grapevines using the 
ELISA assay. Xf growth was not observed when petiole extracts were plated and no Pierce’s disease symptoms 
have been detected to date. HNE-CecB- and PGIP-expressing transgenic grapevine lines in Solano County have 
also been tested to confirm the presence of the transgene.  At the Solano County site, grafted plants were 
mechanically inoculated with Xf and non-grafted plants were re-inoculated on May 29, 2012. 

INTRODUCTION 
Xylella fastidiosa (Xf), a xylem-limited, Gram-negative bacterium, is the causative agent of Pierce’s disease. A 
key feature of Xf virulence is its ability to digest pectin-rich pit pore membranes that connect individual xylem 
elements (Roper et al., 2007), enhancing long distance movement and vector transmission.  In this project, we 
are examining the ability of xylem-targeted polygalacturonase inhibiting protein (PGIP, Aguero et al., 2005, 
2006) and a chimeric antimicrobial protein (HNE-CecB, Kunkel et al., 2007) to restrict bacterial movement and 
clear Xf under field conditions (Dandekar et al., 2009, 2012).  The expectation is that expression of these 
proteins will prevent Xf movement and reduce its inoculum, decreasing spread of Pierce’s disease. 

We are field-testing four independent transgenic lines (40-41, 40-89, 40-92, and 41-151) resulting from 
transforming grapevine plants with the vector pDU04.6105 expressing the chimeric antimicrobial protein 
(Figure 1).  In each location, 24 plants of each line are being field-tested: 12 replicates as non-grafted plants 
and 12 as transgenic rootstocks grafted with untransformed Thompson Seedless scions. 

We have also planted vines carrying four different constructs of PGIP (Figure 2).  The four different 
modifications allow us to better understand how to control/restrict Xf spread and thus disease virulence. Two 
versions have different signal peptide sequences to identify which most efficiently localizes PGIP to xylem 
tissues and which provides the best distribution through the graft union into untransformed scion tissues. In 
vector pDU05.1910 (event 52-08), the pear PGIP signal peptide was replaced with a signal peptide from a 
grapevine xylem-secreted protein that is similar to the PRp27-like protein from Nicotiana tobacum. In vector 
pDU06.0201 (event 45-77), the pear PGIP protein was linked to a signal peptide from the Ch1b chitinase protein 
found in the xylem of grapevine (Vitis vinifera).  The remaining two vectors, with and without the endogenous 
signal peptide, will serve as controls.  The construct pDU94.0928 (event TS50), which uses the pear PGIP’s 
own endogenous peptide, serves as a control to evaluate the efficiency of exogenous signal peptides in targeting 
PGIP to the xylem tissue. Vector pDU05.1002 (event 31-25) eliminates the endogenous signal peptide; the 
expressed PGIP cannot be secreted and should not limit Xf spread. 
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The objective described here directly addresses the first RSAP priority outlined in the “Top 5 to 10 Project 
Objectives to Accelerate Research to Practice” handout released at the December 2009 Pierce’s Disease 
Research Symposium: “Accelerate regulatory process: Establish and facilitate field trials of current Pierce’s 
disease control candidate vines/endophytes/compounds in multiple locations.” This document updates the 
priority research recommendations provided in the report “PD/GWSS Research Scientific Review: Final 
Report” released in August 2007 by the CDFA’s Pierce’s Disease Research Scientific Advisory Panel. 

OBJECTIVES 
The goals of this project are to field-test four HNE-CecB- and four PGIP-expressing transgenic TS grapevine 
lines to evaluate their horticultural characteristics and resistance to Pierce’s disease. Transgenic grapevines are 
being evaluated at two field locations as own-rooted plants and as transgenic rootstocks grafted with 
untransformed TS scions. One field location has endemic Pierce’s disease pressure and plants have been 
naturally infected with Xf. In the location with no Pierce’s disease pressure, grapevines have been mechanically 
inoculated with Xf. 

Objective 1: Validate the efficacy of in planta-expressed chimeric HNE-CecB and PGIP with different signal 
peptides to inhibit and clear Xf infection in xylem tissue and to pass through the graft union under field 
conditions. 

RESULTS AND DISCUSSION 
Propagation, field planting, and grafting of HNE-CecB and PGIP transgenic grapevines 
Four selected transgenic grapevine lines expressing HNE-CecB and four expressing different PGIP constructs 
were propagated from cuttings in the greenhouse to obtain 48 clones of each line. After the root system 
developed, cuttings were transferred to 5.5-inch pots to develop into plants.  Twenty-four clones were grafted 
with untransformed TS scions.  Well-established plants were transferred to the lath house to acclimatize and 
then planted in two experimental fields. Two hundred and ten transgenic or untransformed vines, own-rooted or 
grafted with untransformed TS scions, were planted in Riverside County on 05/18/2010 and the remaining 10 
were planted on 03/06/2011, completing the planting at this location (Figure 3, Table 1). We also planted 110 
transgenic and untransformed vines on their own roots on 08/02/2010 and 110 vines grafted with untransformed 
TS scions on 06/27/2011 in Solano County, completing the planting at this location (Figure 3, Table 1). 
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Figure 3. Riverside (left) and Solano County (right) transgenic grapevine plantings (Summer 2012). 

Table 1. Transgenic and control grapevines planted at Riverside and Solano fields. 
Non-grafted Grafted 

Event ID # Planted Event ID # Planted 
HNE-CecB lines 
40-41 12 40-41G 12 
40-89 12 40-89G 12 
40-92 12 40-92G 12 
41-151 12 41-151G 12 
PGIP Lines 
31-25 12 31-25G 12 
45-77 12 45-77G 12 
52-08 12 52-08G 12 
TS50 12 TS50G 12 
Control lines 
TS 16 TS-G 12 

HNE-CecB- and PGIP-expressing transgenic and untransformed grapevine lines in Solano County were 
randomly sampled and tested for the transgenes by PCR (Table 2). DNA was isolated from young leaves 
collected from the field using the Qiagen DNeasy Plant Mini kit according to manufacturer’s instructions.  DNA 
was PCR amplified using ActinF (TACAATGAGCTTCGGGTTGC) and ActinR 
(GCTCTTTGCAGTTTCCAGCT) to determine DNA quality. Elastase primers were HNE5’ 
(GCAGTTCAGAGGATCTTCGAGGATGG) and HNE3’ (TTACTAGAGTGCTTTTGCTTCTCCCAG). 
Primers for PGIP determination were CaMV 35S-2 (GACGTAAGGGATGACGCACAAT) and MPGIP-4 
(CGGATCCTTACTTGCAGCTTGGGAGTGGAGC ACCG). 

Evaluate preservation of varietal characteristics in transgenic grapevines grown as whole plants or used 
as rootstocks. 
To verify that horticultural and varietal characteristics of the parental genotype TS were unchanged, HNE-
CecB- and PGIP-expressing transgenic grapevine lines in Solano and Riverside Counties were evaluated 
phenotypically in September 2011 and November 2011, respectively. This examination was accomplished 
using the first 12 descriptors from the “Primary descriptor priority list” proposed by the International 
Organization of Vine and Wine (OIV, 1983). The descriptors used were 1) aperture of young shoot tip/opening 
of young shoot tip, 2) density of prostrate hairs between main veins on 4th leaf lower side of blade, 3) number of 
consecutive shoot tendrils, 4) color of upper side of blade on 4th young leaf (Figure 4), 5) shape of mature leaf 
blades, 6) number of lobes on mature leaf (Figure 4), 7) area of anthocyanin coloration on main veins on upper 
side of mature leaf blades, 8) shape of teeth on mature leaves, 9) degree of opening of mature leaves/overlapping 
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of petiole sinuses, 10) mature leaf petiole sinus bases limited by veins, 11) density of prostrate hairs between 
main veins on lower side of mature leaf blades, and 12) density of erect hairs on main veins on lower sides of 
mature leaf blades.  In Riverside and Solano Counties, HNE-CecB- and PGIP-expressing transgenic grapevines 
lines will also be phenotypically evaluated in 2012. 

Table 2. PCR genotyping of Solano County transgenic grapevine lines. 
Event ID Inserted gene ActinF/R HNE3/5 CaMV35S/mPGIP4 
HNE-CecB lines 
40-41 HNE Positive Positive Negative 
40-89 HNE Positive Positive Negative 
40-92 HNE Positive Positive Negative 
41-151 HNE Positive Positive Negative 
PGIP Lines 
31-25 PGIP Positive Negative Positive 
45-77 PGIP Positive Negative Positive 
52-08 PGIP Positive Negative Positive 
TS50 PGIP Positive Negative Positive 
Control 
TS None Positive Negative Negative 

Figure 4. Color of upper side of blade on 4th young leaf (left) and number of lobes of mature leaf of TS and 40-89 
transgenic line (right). 

Evaluate Pierce’s disease resistance of HNE-CecB and PGIP transgenic grapevines after inoculation with 
Xf. 
Two hundred twenty-four petiole samples from grafted and ungrafted transgenic and control grapevines planted 
in Riverside County were evaluated for Xf using a commercial ELISA kit (Agdia, Elkhart, IN) in fall 2011. The 
ELISA assay is based on a mixture of Xf antibodies against eight grape Xf isolates. Sample extracts were also 
plated on PD3 medium and Xf growth was verified by PCR using EFTu and 16s primers.  The ELISA cell count 
(Figure 5), plate cell count (Figure 6) and PCR assay (Figure 7) results confirmed Xf infection in Riverside 
County. 
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Figure 5. ELISA Xf detection in 2011 Riverside County’s petiole samples. 

Figure 6. Plating Xf cell counts from 2011 Riverside County’s petiole samples. 
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Figure 7. Xf detection in Riverside County samples using PCR. 

Pierce’s disease symptoms in each single Riverside County HNE-CecB- and PGIP-expressing grapevine were 
scored using a standardized score based on percentage of leaf area scorching (Figure 8), a characteristic of 
Pierce’s disease (Krivanek et al., 2005a, 2005b).  The following scoring system was used: 0 = no infection, 1 = 
potential infection, 2 = definitive infection (1-5 leaves infected), 3 = 5-10 leaves infected, 4 = more than 10 
leaves infected, 5 = systematic infection on 1 runner, 6 = systematic infection in more than one runner, 7= 
systematic infection in all runners, 8 = completely systematic with less than 50% leaf loss and 10 = dead plant. 
Riverside field average score was 3.25, the highest scoring line was 40-92 at 4.8 and the lowest was 40-41 
grafted at 1.7. 

Figure 8. Pierce’s disease symptoms scoring in 2011 Riverside County’s plants. 

One hundred and nineteen xylem sap samples from grafted and non-grafted transgenic and control grapevines 
planted in Riverside County were evaluated using ELISA for Xf detection in spring 2012. Xf was found in every 
single xylem sap sample collected: the average Xf cell number was 32,092 cells/50 µL. The results confirmed 
once again the presence of Pierce’s disease at the Riverside County site (Figure 9). 
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Figure 9. ELISA Xylella fastidiosa detection in Riverside County’s 2012 xylem sap samples. 

At the Solano County site, petioles from transgenic and non-transgenic plants that were mechanically inoculated 
with Xf (Almeida and Purcell, 2003) in July 2011 and from TS and TS50 non-inoculated plants were evaluated 
for Xf infection using the commercial ELISA kit.  Solano County sample extracts were also plated on PD3 
medium. Xf was detected in petiole extracts by ELISA (Figure 10, Table 3), but no growth was observed when 
petiole extracts were plated.  Solano County grafted plants were mechanically inoculated for the first time with 
Xf and non-grafted plants were re-inoculated on May 29, 2012.  Two runners per plant were inoculated with an 
inoculum size of 2.5 x 105 cells/20 µL. 
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Figure 10. ELISA Xf detection in Solano County’s petiole samples. 

Table 3. ELISA cell count on Solano County petiole extracts. 
Line Gene Cell/cm 
31-25 inoculated mPGIP 8.026E+04 
40-41 inoculated HNE 1.329E+05 
40-89 inoculated HNE 4.728E+04 
40-92 inoculated HNE 9.104E+04 
41-155 inoculated HNE 7.136E+04 
45-77 inoculated chiPGIP 1.625E+05 
52-08 inoculated ntPGIP 5.099E+04 
TS50 inoculated Control 2.877E+05 
TS50 non-inoculated Control 4.931E+04 
TS inoculated Wild type 4.199E+05 
TS non-inoculated Wild type 4.768E+04 
TS non-inoculated + Xf Positive control 3.675E+12 

CONCLUSIONS 
We have successfully established two field trials to validate two greenhouse-tested strategies to control the 
movement and clearance of Xf, a xylem-limited, Gram-negative bacterium that is the causative agent of Pierce’s 
disease. A key virulence feature of Xf resides in its ability to digest pectin-rich pit pore membranes that 
interconnect the host plant’s xylem elements, enhancing long distance movement and vector transmission. The 
first strategy evaluated the ability of a xylem-targeted PGIP from pear to counter virulence associated with Xf 
PG activity. Our second strategy enhances clearance of bacteria from Xf-infected xylem tissues using a chimeric 
antimicrobial protein, HNE-CecB.  The expectation is that expressing these proteins will prevent Xf movement 
and reduce its inoculum size, curbing the spread of Pierce’s disease in California vineyards. 

Transgenic grapevine plants expressing either PGIP or HNE-CecB along with untransformed controls have been 
successfully planted in two locations.  In Riverside County, planting is now complete at 220 vines in the ground: 
210 planted on 05/18/2010 with the remaining 10 planted on 03/06/2011. In Solano County, where planting is 
also completed with all 220 vines in the ground, 110 were planted on 08/02/2010 and the remaining 110 on 
06/27/2011. These transgenic grapevines have been evaluated as plants on their own roots and as rootstocks 
grafted with untransformed Thompson Seedless (TS) scions. HNE-CecB- and PGIP-expressing transgenic 
grapevine lines in Riverside and Solano County have been evaluated phenotypically using the first 12 
descriptors from the “Primary descriptor priority list” proposed by the International Organization of Vine and 
Wine (OIV).  No phenotypical/horticultural differences were observed between transgenic and untransformed 
TS vines. HNE-CecB- and PGIP-expressing transgenic grapevine lines in Solano County have also been 
genotyped, confirming the presence of the inserted transgene in all lines. At the Riverside County site, the 
plants have been naturally infected by wild populations of GWSS and Xf presence in petioles extracts was 
confirmed by ELISA, PCR, and plate cell count in fall 2011. Xf presence was also confirmed in Riverside 
xylem sap samples collected on April 2012. Pierce’s disease symptoms were assessed using a standardized 
score based on percentage of leaf area scorching to validate resistance to Pierce’s disease under field conditions. 
At the Solano County site, non-grafted vines were mechanically inoculated with the Xf type strain (Temecula 1) 
in 2011 to validate resistance to Pierce’s disease under field conditions, Xf presence was confirmed by ELISA, 
but no Xf growth in plate or Pierce’s disease symptoms have been detected to date. Solano County grafted 
plants were mechanically inoculated with Xf and non-grafted plants were re-inoculated on 05/29/2012. 
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ABSTRACT 
We propose to develop transgenic grapevine rootstocks resistant to Pierce’s disease using new transformation 
protocols for the commercially important grapevine rootstocks ‘101-14’ and ‘1103-P.’ Our genetic approach 
involves developing transgenic rootstocks that deliver therapeutic proteins, like the chimeric antimicrobial 
protein HNE-CecB, that can protect an untransformed scion from Pierce’s disease. Our approach is to improve 
grapevine transformation by exploring the possibility of in planta transformation of shoot apical meristems 
(SAM). We have successfully isolated SAM tissues from grapevine rootstocks ‘101-14’ and ‘1103-P.’ SAM 
explants are being tested for regeneration potential using different media and hormone concentrations that have 
worked in other grapevine cultivars.  We have successfully obtained ‘101-14’ and ‘1103-P’ callus, embryos, and 
plants from shoot apical meristems, using solid medium supplemented with the cytokinin benzyladenine (BA) 
and the auxin 2,4-dichlorophenoxyacetic acid (2,4-D). We are currently confirming the reproducibility of a 
SAM-based grapevine regeneration system for more efficient production of transgenic plants. The outcome of 
this research would be the successful development of a more efficient transformation system for commercially 
relevant grapevine rootstock and scion varieties using SAM. 

LAYPERSON SUMMARY 
Current strategies for Pierce’s disease control emphasize deploying transgenic rootstocks that deliver Pierce’s 
disease control to the untransformed scion. We propose to develop transgenic grapevine rootstocks resistant to 
Pierce’s disease using new transformation protocols for the commercially relevant grapevine rootstocks ‘101-
14’ and ‘1103-P.’ Our genetic approach involves developing transgenic rootstocks that deliver therapeutic 
proteins like HNE-CecB that can protect an untransformed scion from Pierce’s disease. Our approach includes 
improving grapevine transformation by exploring the possibility of in planta transformation of shoot apical 
meristems (SAM). We have successfully isolated SAM tissues from grapevine rootstocks ‘101-14’ and ‘1103-
P.’ These SAM tissues are being tested for regeneration potential using various media and hormone additions 
that have worked in other grapevine cultivars. We have successfully obtained ‘101-14’ and ‘1103-P’ callus, 
embryos, and plants.  We are currently confirming the reproducibility of a SAM-based grapevine regeneration 
system for more efficient production of transgenic plants. 
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INTRODUCTION 
Several presentations at the 2010 Pierce’s Disease Symposium highlighted transgenic strategies using various 
promising transgenes with potential for conferring resistance to Xylella fastidiosa (Xf), the causal agent of 
Pierce’s disease. However, most such projects have not yet demonstrated such control in commercially 
significant rootstocks (Dandekar, 2010; Gilchrist, 2009; Labavitch, 2010; and Lindow, 2009). This is partly 
because the current grapevine transformation and regeneration system was developed at UC Davis a decade ago 
in rootstocks and scion varieties like Vitis vinifera 'Thompson Seedless' (Aguero et al., 2005, 2006). This 
system is cumbersome and slow because it uses embryogenic callus developed from young anthers, a tissue 
available for one brief period during each growing season. It takes six to eight months to generate transgenic 
somatic embryos from callus lines derived from anther tissue.  Additionally, somatic embryogenic callus lines 
are not available for some widely used commercial rootstocks such as ‘101-14’ and ‘1103-P.’  To overcome this 
hurdle, we are developing a transformation system using meristematic stem cells present in the shoot apical 
meristem (SAM). In plants like grape, all aboveground plant parts are generated from a cluster of stem cells 
present in the central dome of the SAM (Sablowski, 2007, Gordon et al., 2009). Genetic factors regulated 
through cytokinin signaling determine and control the number of stem cells (Gordon et al., 2009). Several 
research- and commercial-scale transformation systems use meristem tissue from different crops. Use of SAM 
for transformation has occurred with a limited number of grapevine varieties. Mullins et al. (1990) co-cultivated 
adventitious buds of Vitis rupestris ‘St. George’ rootstock with Agrobacterium and produced transgenic plants. 
However, the methodology was never repeated.  Mezzetti et al. (2002) transformed V. vinifera ‘Silcora’ and 
‘Thompson Seedless’, cultivars with a strong capacity to differentiate adventitious shoots, using a meristematic 
tissue culture system. The culture type was unique and the overall application to other cultivars is unclear. 
Levenko and Rubtsova (2000) used in vitro internode explants to transform three V. vinifera scions and a 
rootstock, but did not provide sufficient details for the technique to be repeated.  Dutt et al. (2007) described a 
simple transformation system for ‘Thompson Seedless’ using explants from readily obtainable micropropagation 
cultures. Tissues from etiolated cultures and meristem wounding using fragmented meristems gave the best 
results. This latter system has not been tested in many rootstocks. Taken together, these studies indicate that 
SAM is an interesting tissue to investigate, particularly since it is available all year.  Additionally, much is now 
known about various developmentally regulated genes in plants like Arabidopsis that suggests how hormone 
input can be used to manipulate the developmental patterns of SAM (Galinha et al., 2009). 

OBJECTIVES 
The goal of this project is to develop a shoot apical meristem-based regeneration system to produce transgenic 
grapevine rootstocks to control Pierce’s disease. This goal will be accomplished by two activities: 
Activity 1: Develop a SAM-based regeneration system for important rootstocks. 
Activity 2: Transform, select, regenerate, and confirm transgenic grapevine plants using this new system. 

RESULTS AND DISCUSSION 
Activity 1: Develop a SAM regeneration system for grapevines that provides faster, more efficient 
production of transgenic plants 
Our first step involved developing expertise and proficiency at dissecting and excising the meristematic dome 
from field-grown ‘101-14’ and ‘1103-P’ rootstocks.  A similar technique is used routinely for pathogen 
elimination at UC Davis Foundation Plant Services.  We have worked closely with Adib Rowhani and his 
colleagues to learn the best technique for excising a SAM. A pictorial outline of the process using ‘101-14’ is 
shown (Figure 1). The sterile meristematic explants are then cultured to examine their potential for 
organogenesis or somatic embryogenesis using different hormone concentrations and combinations and different 
medium composition. We are currently investigating various hormone and medium compositions to identify 
those that lead to proliferation of the SAM; some are described below. 

For experiment one we followed published protocols that use different hormone concentrations and 
combinations to proliferate SAMs to induce “meristematic bulk” (MB) (Mezzetti at al. 2002, Dhekney et al 
2011).  This was done using benzyladenine (BA), 2,4-dichlorophenoxyacetic acid (2,4-D), and a specific 
medium composition. For experiments 2 and 3, we investigated the role of hormone concentrations and 
combinations in one medium to induce embryogenesis from ‘101-14’ and ‘1103-P’ SAMs. 
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Figure 1. Regeneration system for‘101-14’ 
grape rootstock shoot apical meristem. 

Experiment 1. ‘101-14’ shoot tips were harvested and 
immediately dissected to produce explants composed of 
the apical meristem plus microscopic leaf primordia. 
Explants were immediately placed in Petri dishes 
containing induction media composed of Murashige and 
Skoog (MS) salts and vitamins, 0.1 g/L myo-inositol, 30 
g/L sucrose and the hormones 2,4-D and BA at four and 
five different concentrations, respectively (Table 1). 
There were three explants per treatment, replicated three 
times (nine explants total per hormone combination). The 
explants were transferred to fresh medium every three 
weeks and incubated in the dark at 25ºC.  We obtained 
callus, embryos, and plants from ‘101-14’ meristems in 
treatments B8 and B9. 

Experiment 2. Observations and data from experiment 1 
allowed us to design the second experiment using 
meristematic explants from ‘101-14’ and ‘1103-
P’rootstocks.  Grapevine shoot tips were harvested from 
field-grown material and immediately dissected to produce 
explants composed of the apical meristem plus 
microscopic leaf primordia. Explants were immediately 
placed in Petri dishes containing five different induction 
media, N1 to N5, composed of  Nitsch and Nitsch (NN) 
salts and vitamins, 0.1 g/L myo-inositol, 20 g/L sucrose, 5 

µM BA, and 0 µM (N1), 1 µM (N2), 5 µM (N3), 10 µM (N4), or 50 µM (N5) 2,4-D (Table 2). Here, we were 
testing the ability of 2,4-D to induce somatic embryogenesis. There were 15 explants per treatment, replicated 
three times, for 45 explants per treatment. The explants were transferred to fresh medium twice every three 
weeks and incubated in the dark at 25ºC 

Table 1. BA and 2,4-D concentrations used for specific ‘101-14’ SAM treatments. 
BA mg/L 0.1 0.2 0.5 1.0 2.0 

2,4-D mg/L 
0 B1 B2 B3 B4 B5 

0.5 B6 B7 B8 B9 B10 
1 B11 B12 B13 B14 B15 
2 B16 B17 B18 B19 B20 

Table 2. Concentrations of BA and 2,4-D used to investigate somatic 
embryogenesis of TS, ‘101-14’and ‘1103-P’ grape rootstocks. 

Medium N1 N2 N3 N4 N5 
BA µM 5 5 5 5 5 
2,4-D µM 0 1 5 10 50 

The resulting callus was transferred every three weeks to fresh MS salts and vitamins medium supplemented 
with 0.1 g/L myo-inositol, 20 g/L sucrose, 1 µM BA, and 11 µM naphthaleneacetic acid (NAA) and maintained 
at 26ºC in light (65 μmol/s . m2) for development of somatic embryos. Proliferating embryogenic material was 
then transferred every three weeks to X6 medium supplemented with 3.033 g/L KNO3, 0.364 g/L NH4Cl, 60.0 
g/L sucrose, 1.0 g/L myo-inositol, 7.0 g/L TC agar, and 0.5 g/L activated charcoal and maintained at 26ºC in 
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light (65 μmol s . m2) for development and proliferation of somatic embryos.  In this second experiment, we 
successfully obtained ‘101-14’and ‘1103-P’ callus, embryos (Figure 2), and plants 

. 
Figure 2. Grape callus and embryos from ‘101-14’ (1-2) and ‘1103-P’ (3-5) rootstocks regenerated 
from shoot apical meristems. 

Experiment 3. ‘101-14’ and ‘1103-P’ shoot tips were harvested in 2012 from field-grown material and 
immediately dissected to produce explants composed of the apical meristem plus microscopic leaf primordia. 
Explants were immediately placed in Petri dishes containing induction media under the same conditions as in 
experiment 2.  We are also confirming the reproducibility of the regeneration system and optimizing the time 
required for the process. There were 50 meristem explants per treatment, replicated three times, for each 
medium and each cultivar. 

Activity 2: Transform, select, regenerate, and confirm transgenic grapevine plants using this new system. 
‘101-14’ and 1103-P embryogenic callus (obtained in activity 1) will be infected with Agrobacterium containing 
the existing HNE-Cecropin B vector (pDU04.6105) to produce transgenic grape rootstocks. 

CONCLUSIONS 
Transgenic rootstocks have been proposed as the best strategy to develop Pierce’s disease resistant grapevines. 
However, current transformation protocols use embryogenic callus lines developed from anther culture for 
transformation and available cultures do not include rootstock genotypes currently used by growers in 
California. Also, current callus lines have been in culture for a long time and fresh new cultures must be 
selected, a task limited to a single season each year. This research seeks to overcome this seasonal limitation by 
developing a transformation system using a SAM, an initial explant material that is available year round. We 
have successfully obtained ‘101-14’ and ‘1103-P’ callus, embryos, and plants from SAMs using solid medium, 
the cytokinin benzyladenine (BA), and the auxin 2,4-dichlorophenoxyacetic acid (2,4-D). We are currently 
confirming the reproducibility of a SAM-based grapevine regeneration system for more efficient production of 
transgenic plants. We have also initiated transformation of the ‘101-14’ and ‘1103-P’ embryogenic callus with 
an existing HNE-Cecropin B vector (pDU04.6105). 

The results of this research will benefit other research groups working on transgenic strategies to control 
Pierce’s disease and has the potential to benefit research in other crops where transgenic approaches are sought 
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to create pathogen resistance in rootstocks. The objectives described in this progress report directly address 
research priorities outlined in ‘Attachment A’ of the 2010 PD/GWSS proposal RFA. They also address the top 
RSAP priority in the “Enabling tools- Development of grape regeneration and transformation systems for 
commercially important rootstocks” handout released in December 2009.  This document outlines the “Top 5 to 
10 Project Objectives to Accelerate Research to Practice” and updates the priority research recommendations 
provided in the report “PD/GWSS Research Scientific Review: Final Report” released in August 2007 by the 
CDFA’s Pierce’s Disease Research Scientific Advisory Panel. 
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ABSTRACT 
The objective is to evaluate transgenic grape and grape rootstocks expressing various genes from different 
constructs in a field site in Solano County for resistance to Xylella fastidiosa (Xf), Pierce's disease strain 
following mechanical injections of Xf into the plant stems. Over the course of the three-year field evaluation, 
test plants in the first planting (2010) included ungrafted conventional Thompson Seedless and Freedom plants 
as controls, transgenic plants of the same varieties from Dandekar, Labavitch, Lindow and Gilchrist projects as 
experimental units. Transgenic rootstocks expressing some of the test genes grafted to untransformed Pierce’s 
disease susceptible scions were planted in 2011. The 2010 planting was inoculated in July 2011 and re-
inoculated in June 2012, along with the 2011 plantings of the untransformed scions grafted to transgenic 
rootstocks.  All field operations and the handling of plant material proceeds under an APHIS permit for these 
materials and over a specified time period. 

LAYPERSON SUMMARY 
The purpose of the field planting is to evaluate transgenic grape and grape rootstock plants under natural field 
conditions for efficiency in providing protection against Pierce’s disease.  The site in Solano County enables 
controlled inoculation and close monitoring of the host response in terms of symptoms, bacterial behavior, and 
plant morphology. While no fruit will be evaluated, assessment of the growth characteristics of the plants, 
inoculated and non-inoculated will be made.  Over the course of the three-year field evaluation, test plants in the 
first planting will included ungrafted conventional Thompson Seedless and Freedom plants as controls, 
transgenic plants from Dandekar, Labavitch, Lindow and Gilchrist projects and transgenic rootstocks expressing 
some of the test genes grafted to untransformed Pierce’s disease susceptible scions to assess potential for disease 
suppression in an untransformed scion from signals in the transformed rootstocks. 

INTRODUCTION 
The objective is to evaluate transgenic grape and grape rootstocks expressing various genes from different 
constructs in a field site in Solano County for resistance to Xylella fastidiosa (Xf), Pierce's disease strain 
following mechanical injections of Xf into the plant stems. Over the course of the three-year field evaluation, 
test plants will include ungrafted conventional Thompson Seedless and Freedom plants as controls, transgenic 
plants from Dandekar, Labavitch, Lindow and Gilchrist projects and, transgenic rootstocks expressing some of 
the test genes grafted to untransformed Pierce’s disease susceptible scions. All plants were moved as vegetative 
material in 2010 and 2011 to the USDA-APHIS-approved field area with no risk of pollen or seed dispersal and 
stored on-site in lath houses until planted. The area is adjacent to experimental grape plantings that have been 
infected with Pierce’s disease for the past two decades following mechanical inoculation in a disease nursery 
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near this site. Over this period there has been no evidence of spread of the bacteria to uninfected susceptible 
grape plantings adjacent to the infected plants.  In addition, there are 500 grape plants that were inoculated and 
infected with Pierce’s disease six years ago as part of ongoing disease research by another investigator and 
funded by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.  The Xf in this latter ongoing 
experiment has not spread to the uninoculated experimental controls within the experiment or to any adjacent 
experimental grape plants over the past 6 years. The same Xf strain will be used to inoculate the plants in this 
experiment. 

OBJECTIVES 
1. Prepare land area and manage the experimental planting under APHIS permit to provide for up to 500 plants 

from Lindow, Gilchrist, Labavitch, and Dandekar. 
2. Layout will have rows 15 feet apart with 4 feet between plants. This spacing required 18 rows of 28 plants 

each and includes a 50 foot open space around the planted area.  Total area occupied by plants and buffer 
zones will be a minimum of 1.8 acres. 

3. Area is fenced to protect against rabbit invasion. The plants are irrigated by surface furrow. Field crews 
will be provided from these funds to assist in planting, weeding.  And irrigation 

4. Irrigation and pest management will be provided by Cooperator Tom Kominek. 
5. First planting was completed in late July 2010 with the second planting completed May 17, 2011. 
6. Plants were mechanically inoculated with Xf in 2011 and subsequent years. 

• 
RESULTS AND DISCUSSION 
All of the above objectives set out for the establishment of this field planting were completed.  Land preparation, 
fencing, irrigation, planting, and weed control were all accomplished in a timely manner to meet the initial 
planting date of July 12, 2010 (Figure 1). The second phase of the planting, including grafted transgenics was 
completed May 17, 2011 (Figure 2). 

The 2010 and 2011 plantings of all four investigators survived each winter without loss (Figure 4). The 
attachment of new shoots to the trellis system, cultivation, and irrigation management progressed in a normal 
and effective manner.  Extensive pruning was done to manage the plants in a fashion compatible with 
mechanical inoculation. All prunings were collected, bagged, and autoclaved before disposal. 

As of October 2012, the 2010 planting and the second 2011 planting individuals are healthy, growing normally 
and all plants have a normal phenotype, true to the untransformed control plants of each parental genotype 
(Figure 3).  Inoculations of the 2010 plants occurred on July 2011 and June 2012 (Figures 4 and 5).  Field data 
has been collected by all investigators and can be found in their individual reports. 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board. 
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Figure 1. This image  shows  the  field  preparation,  trellis 
and  staking  arrangement and  a  portion  of  the  initial 
planting  at  the  Solano County  site  in  July  2010. 

Figure 2. This  shows  the  Solano  Co. site as  of  July  2011 
including the   newly-planted  grafted  plants  seen  as  smaller 
plants  in  rows  adjacent  to  larger  ungrafted  more mature 
transformed   plants,  which  were planted  one year  earlier. 

Figure 3. Image taken July 10, 2012 of the Solano 
County site including the 2011 planted grafted plants in 
the front rows and the Fall 2010 planting in the back rows. 
Plants are healthy, growing normally and all plants have a 
normal phenotype. 

Figure 4. Inoculation of grape vines with Xf at the Solano 
County site is a two or three person task. 

Figure 5. Mechanical inoculation  is  performed  by 
pushing  a needle from  the underside of  the cane,  placing  a 
20ul  drop of Xf bacteria,  and  withdrawing  the needle 
under  negative  pressure. 

Figure 6. July 2011 inoculated grapevine canes, marked 
with orange tags, photographed as the plants leafed out in 
May 2012 at the Solano County site. 
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FIELD EVALUATION OF  GRAPE  PLANTS  EXPRESSING  PR1  AND UT456  TRANSGENIC DNA 
SEQUENCES  FOR PROTECTION AGAINST  PIERCE’S  DISEASE 

Principal Investigator: 
David Gilchrist 
Department of Plant Pathology 
University of California 
Davis, CA  95616 
dggilchrist@ucdavis.edu 

Co-Principal  Investigator: 
James Lincoln 
Department of Plant Pathology 
University  of  California 
Davis, CA  95616 
jelincoln@ucdavis.edu 

Reporting Period: The results reported here are from work conducted October 1, 2011 to October 10, 2012. 

ABSTRACT 
The objective is to evaluate transgenic grape plants and grape rootstocks expressing two DNA constructs 
designated PR1 and UT456 genes in field sites in Solano and Riverside Counties for resistance to Xylella 
fastidiosa (Xf) Pierce's disease strain. Infection at the Solano site will use mechanical inoculation and will 
depend on natural inoculation at the Riverside site where endemic sharpshooters carry Xf. The basis for this 
experiment derives from four previous inoculation experiments in a controlled greenhouse over a two-year 
period, involving more than 300 transgenic plants of PR1 and UT456 indicated that suppression of Pierce’s 
disease symptoms and reduction in bacterial titer was consistent in the transgenic compared with untransformed 
control plants.  The Solano field experiment is conducted in two phases.  The first phase started in 2010 to 
evaluate clonal copies of the fully transformed ungrafted plants that exhibited suppressed Pierce’s disease 
symptoms and low bacterial titers. The second phase began in 2011 with planting the untransformed Thompson 
Seedless scions grafted onto the most resistant of the PR1 and UT456 plants as rootstocks. Over the course of 
the three-year field evaluation at both sites, test plants in the first planting will include ungrafted conventional 
Thompson Seedless and Freedom plants as controls to be compared with the transformed plants.  Controls in the 
second phase will include, untransformed rootstocks grafted to the untransformed scions, which will be 
compared to equivalent combinations expressing the test genes grafted to untransformed Pierce’s disease 
susceptible scions.  Data collected in 2012 from both sites indicate that the bacteria are present in all plants at 
the Riverside site and in the mechanically inoculated plants at the Solano site. Some plants in Riverside are 
showing symptoms of leaf death while the plants in Solano remain healthy in appearance. Clearly, at least one 
more year of evaluation is needed to begin to develop an assessment of the possible field efficacy of the 
transgenes. Quantitative data collection is in progress at both sites. 

LAYPERSON SUMMARY 
Previously, we identified novel anti-programmed cell death (PCD) genes by a functional screen from cDNA 
libraries of grape. Two of these grape sequences (PR1 and UT456) expressed as transgenes in grape, suppressed 
Pierce’s disease symptoms and dramatically reduced bacterial titer in inoculated plants under greenhouse 
conditions.  This project will evaluate clonal copies of these same plants under field conditions for resistance to 
Pierce’s disease.  The field evaluation will be conducted in Solano and Riverside Counties and will include 
mechanical inoculation with Xylella fastidiosa (Xf) in Solano County and glassy-winged sharpshooter 
inoculation in Riverside County.  Data sets will include visual monitoring of plant morphology, Pierce’s disease 
symptoms and bacteria titer by quantitative PCR (qPCR) assays. To date, PCR data and plating assays confirm 
the presence of Xf in the plants at both locations.  Differential protection against defoliation was observed at the 
Riverside site and PCR assays confirmed a correlation between protection, transgene presence, and bacterial 
populations in the plants. While bacteria are present in inoculated plants at the Solano site, there is no definitive 
evidence of extensive symptoms or bacterial population differences.  Clearly both sites will need to be 
monitored and assays taken over a longer period of time for meaningful results to be obtained. 

INTRODUCTION 
Susceptibility in most plant-microbe interactions depends on the ability of the pathogen to directly or indirectly 
regulate genetically determined pathways leading to apoptosis or programmed cell death (PCD).  The role of 
altered cell stability in disease through an evolutionarily conserved program involving programmed cell death 
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occurs in both animals and plants.  Functionally, the induction of PCD results in an orderly dismantling of cells 
while maintaining integrity of the plasma membrane until internal organelles and potentially harmful contents 
including phenolics, reactive oxygen and hydrolytic enzymes have been rendered harmless to contiguous cells. 
Processed in this manner, the cell contents can serve as nutrients for microbial cells when they are present in the 
immediate environment of the pathogen (2).  In the case of Xylella fastidiosa (Xf) and many other plant 
pathogenic bacteria, the bacteria live predominantly as endophytes or epiphytes but occasionally as pathogens. 
The relative susceptibility of the individual plant species is determined by unknown genetic factors. 
Presumably, sensitivity to the presence of the bacteria, expressed as cell death-dependent symptoms, is the result 
of signals expressed by the bacteria that lead to activation of PCD, as appears to be the case with Pierce’s 
disease. Our research has focused on the effect of altering the expression of two different plant DNA sequences 
(PR1 and UT456).  Both of these putative anti-PCD sequences protected both against Pierce’s disease symptoms 
and limited bacterial titer four to six orders of magnitude below that reached in untransformed control vines of 
the susceptible cultivar Thompson Seedless and the commercial rootstock Freedom. In the past year we 
constructed transformed rootstocks (Freedom and Thompson Seedless) expressing PR1 or UT456 grafted to 
untransformed Thompson Seedless and winegrape scions to be tested for efficacy of protection across a graft 
union.  Initial greenhouse inoculation experiments indicated that the protection by PR1 and UT456 does move 
across the graft union.  In summary, experimental results to date confirm progress in identifying DNA 
transcripts of grape which, if regulation of the natural transcripts is altered in transgenic plants, result in the 
suppression of symptoms of Pierce’s disease with an associated limitation in bacterial titer to levels generally 
associated with a benign endophytic association.  Initial data on potential for transmission of protection by these 
anti-PCD sequences across a graft union to protect an untransformed wild type scion is positive. 

OBJECTIVES for 2011-2012 
1. The overall objective is to evaluate transgenic grape plants and grape rootstocks expressing two DNA 

constructs designated PR1 and UT456 genes in a field site in Solano County for resistance to the Pierce’s 
disease strain of Xf following mechanical inoculation. 

2. The field experiments in Solano County will be conducted in two phases. The first phase of the field 
experiment started in 2010 will evaluate clonal copies of the fully transformed ungrafted PR1 and UT 456 
plants that exhibited suppressed Pierce’s disease symptoms and low bacterial titers. These experiments will 
consist of sets of inoculated and uninoculated control plants.  All plants to be inoculated will be infected by 
stem puncture with ~20,000 Xf bacterial cells per inoculation site.  Inoculations were done July 2011 and 
repeated in June of 2012. 

3. The second phase of the Solano County field planting began in 2011 with planting the untransformed 
commercial scions grafted onto the most resistant of the PR1 and UT456 plants as rootstocks. 

4. The field experiment in Riverside County was planted in the spring of 2011. The planting consisted of 
clonal copies of the fully transformed ungrafted plants expressing PR1 or UT 456 that were planted in 2010 
in Solano County. These Riverside plants will not be inoculated with Xf but will be exposed to infection via 
natural populations of the glassy-winged sharpshooter (GWSS) Xf vector. 

RESULTS AND DISCUSSION 
The first phase of the field experiment started in 2010 will evaluate clonal copies of the fully transformed 
ungrafted PR1 and UT 456 plants that exhibited suppressed Pierce’s disease symptoms and low bacterial 
titers (2010-2013) 
This phase took place as planned with the planting occurring on July 12, 2010. Plants were placed in plastic 
sleeves to protect against sunburn and wind damage. The young plants had all emerged from the sleeves within 
two months and appeared to be growing normally. Selections of canes to form cordons were made in spring 
2011. Test plants were planted in a complete randomized block design.  Field maps were prepared prior to 
planting and each plant is labeled with a permanent metal tag. Evaluation of the experimental plants for plant 
morphology, symptoms of Pierce’s disease infection, and the presence of the bacteria will be a time course 
evaluation by visual monitoring of symptom development and sampling inoculated tissue (mainly leaves and 
stems) for Xf by quantitative PCR (qPCR) assays.  A comparative quantitative determination by qPCR of the 
presence of Xylella in transgenic grape and grape rootstocks compared with conventional grape and grape 
rootstocks will provide an indication of the level of resistance to Pierce’s disease infection and the impact on the 
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bacterial load in the respective transgenic and control plants. All these procedures have been used successfully 
in the ongoing greenhouse experiments for the past five years. 

The second phase of the Solano County field planting began in 2011 with planting the untransformed 
commercial scions grafted onto the most resistant of the PR1 and UT456 plants as rootstocks (2010-2013) 
Transgenic rootstocks for grafting were made by removing green shoots from greenhouse-grown plants of 
Thompson Seedless and Freedom expressing either PR1 or UT456, surface sterilized for 30 seconds in 70% 
ethyl alcohol, followed by 1% sodium hypochlorite solution containing 0.2% Tween 80 for 20 min with 
shaking, on a rotary shaker (50 rpm). The surface sterilized shoots are cut into single node pieces and placed 
into solid growth media to stimulate root formation.  All the grafting is conducted in sterile Magenta GA-7 Plant 
Culture Boxes (3 x 3 x 4") containing 50 ml media under a 16 h light, 8 h dark photoperiod at 25oC. Rootstock 
plantlets obtained in vitro are allowed to grow until several leaves are produced (4-6 weeks) and divided into 3– 
4 explants, each containing a single node.  A scion with a single node and a leaf was selected to match the size 
of the rootstock; cut into a wedge to match a cleft made in the rootstock and was carefully fitted on to the cleft 
of the rootstock on the medium.  After four weeks incubation healing in a magenta box, the rooted plantlet is 
transferred to sterile soil, allowed to heal and then transferred to the greenhouse for assays. Success rate is 
greater than 95% using this procedure, is more space efficient relative to greenhouse grafting, can be done 
anytime of the year, and is as rapid as green grafting.  The plants for the Solano County phase two were planted 
in the field May 17, 2011. 

Establish a field planting in Riverside, County consisting of clonal copies of the fully transformed 
ungrafted PR1 and UT 456 plants that were planted in Solano County in 2010 (2011-2013) 
Field space was prepared in Riverside County and grape plants grown in our greenhouse were transported to 
Riverside for planting.  We coordinated the movement of plants to Riverside County with Professor Steven 
Lindow from UC Berkeley, who also planted his materials for the first time in Riverside County.  The planting 
occurred April 2011. 

Secure patent protection as intellectual property for those genes that prove to be capable of blocking 
Pierce’s disease in grape 
The grape plants containing the anti-PCD genes and the grafted rootstocks will require the use of several 
patented enabling technologies. Record of invention disclosures have been submitted to the UC Office of 
Technology Transfer.  The research proposed reported herein will provide data on the activity and mechanism of 
action of the protective transgenes in grape relative to the presence, amount and movement of Xf in the 
transformed and untransformed grape plants. 

CONCLUSIONS 
Xf induces Pierce’s disease symptoms that result from activation of a genetically regulated process of 
programmed cell death. We have identified grape DNA sequences, which when constitutively expressed in 
transgenic grapes suppress the death-dependent symptoms of Pierce’s disease and reduce the bacterial titre to a 
level found in Pierce’s disease resistant wild grapes.  We identified six novel anti-PCD genes from cDNA 
libraries of grape. Two of these grape sequences expressed as transgenes in grape, suppressed Pierce’s disease 
symptoms and dramatically reduced bacterial titer in inoculated plants in full plant transgenics. Initial data 
suggest that protective sequences may function across a graft union to protect an untransformed and susceptible 
wild type scion. This project has identified a basis for Pierce’s disease symptoms and a genetic mechanism to 
suppress symptoms and bacterial growth with an infected plant. If needed in the future, a transgenic strategy 
exists to address Pierce’s disease.  The plan for the coming year is to continue the field evaluation of transgenic 
grapes expressing PR1 and UT456 and to test for cross-graft protection by these two sequences, also under field 
conditions. 

INTELLECTUAL PROPERTY 
Record of invention disclosures have been submitted to the UC Office of Technology Transfer. 
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plant 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

are  inoculated with 20ul  of "temecula"  Xf @  1000 cells/ul  on 7/13/2011 
are grafted and will  be inoculated spring  2012 

Figure 1. Gilchrist Solano Grape Field Map. This schematic of the field plantings shows the positions of the plants. The 
yellow indicates inoculated plants and the green indicates grafted plants. White indicates uninoculated control plants. 
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Creek CreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreekCreek 

Figure 2. Gilchrist Riverside Field Grape Map. Plants are planted on a sloping river bank with a creek at the bottom. 
Xylella-spreading sharpshooters are common to this site. 

Figure 3. Inoculated grapevine canes at the Solano County site. 

Figure 4. Example grape plants growing in Riverside county August 2012, subject to feeding by GWSS confirmed to 
carry Xf. Plant on the left is transgenic TS UT 456-6 compared with a control plant on the right expressing substantial 
symptoms of leaf death. Complete data set collection is in progress. 
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PIERCE’S  DISEASE  CONTROL  AND BACTERIAL  POPULATION DYNAMICS  IN WINEGRAPE 
VARIETIES  GRAFTED  TO  ROOTSTOCKS  EXPRESSING  ANTI-APOPTOTIC SEQUENCES 

Principal  Investigator: 
David  Gilchrist 
Department of Plant Pathology 
University  of  California 
Davis, CA  95616 
dggilchrist@ucdavis.edu 

Co-Principal  Investigator: 
James Lincoln 
Department  of  Plant  Pathology 
University  of  California 
Davis, CA  95616 
jelincoln@ucdavis.edu 

Reporting Period: The results reported here are from work conducted October 1, 2011 to October 10, 2012. 

ABSTRACT 
Two DNA sequences (VvPR1 and UT456) were selected by a functional screen to test for ability to suppress the 
programmed cell death (PCD)-dependent symptoms of Pierce’s disease. Greenhouse experiments confirmed 
that these two different anti-PCD DNA sequences prevented Pierce’s disease symptoms in the Pierce’s disease 
susceptible cultivar Thompson Seedless and the commercial rootstock Freedom.  Furthermore, the bacterial titer 
in the transgenic plants was reduced four to six orders of magnitude below that reached in untransformed control 
vines.  In contrast, all untransformed control plants died within 3-4 months after inoculation while the transgenic 
plants were asymptomatic for 12 months. The net effect of these transgenes is to limit bacterial titer but not 
distribution of bacteria in the asymptomatic plants. From the perspective of the grape-bacterial interaction, it 
appears that the anti-PCD genes suppress Pierce’s disease symptoms and functionally confine Xylella fastidiosa 
to an endophytic ecology in the xylem, equivalent to that seen in the related asymptomatic host Vitis californica. 
Thompson Seedless, Merlot, and Cabernet Sauvignon were grafted to the respective transgenic rootstocks and 
subjected to greenhouse inoculation. In each case, the untransformed scions grafted to the transformed 
rootstocks exhibited less disease than the untransformed control plants. Clonal copies of the transgenic and 
control plants were moved to two field locations under a USDA-APHIS permit secured by the Public 
Intellectual Property Resource for Agriculture (PIPRA) in Solano and Riverside counties. The plants at Solano 
County were inoculated on July 21, 2011 and June 26, 2012. The plants at the Riverside site were subject to 
infection via glassy-winged sharpshooter feeding. PCR and plating assays confirmed bacteria at both site. 
Greenhouse data obtained from grafting experiments indicate the protective effect of these genes may be 
transferred across a graft union to protect a susceptible untransformed scion.  Grafted plants expressing VvPR1 
and UT456 in the rootstock, but not the Thompson Seedless scion, were moved to the Solano County field site 
for inoculation on June 26, 2012. 

LAYPERSON SUMMARY 
Xylella fastidiosa induces Pierce’s disease symptoms that are the result of the activation of a genetically 
regulated process of programmed cell death. We identified six novel anti-programmed cell death (PCD) genes 
from a grape cDNA library functional screen for ability to suppress PCD. Two of these grape sequences, 
VvPR1 and UT456, when expressed as transgenes in the Pierce’s disease susceptible Thompson Seedless plants, 
suppressed Pierce’s disease symptoms and dramatically reduced bacteria levels in inoculated plants. The 
remaining four genes were tested this year, along with VvPR1 and UT456; each of the four provided substantial 
suppression of both Pierce’s disease symptoms and bacterial titer. However, none were as effective as VvPR1 
and UT456. Currently in progress are a series of experiments designed to evaluate whether the protective effect 
of these two sequences can protect untransformed susceptible winegrape scions across a graft union. 
Preliminary data suggest that 50% or more of the susceptible scions grafted to either VvPR1 or UT456 showed 
less Pierce’s disease symptoms and had lower bacterial titers than the unprotected control plants.  While these 
results are encouraging, they are not complete or definitive and the experiment is continuing.  The relative 
susceptibility of the suite of eight commercial winegrape varieties was tested under controlled greenhouse 
conditions prior to field testing these varieties as scions on the transgenic rootstocks. Mechanism of action 
experiments initiated recently suggests a genetically conserved basis for suppression of PCD and the protection 
against Pierce’s disease.  This project is now moving from the proof-of-concept to potential application and 
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characterization of these plants under field conditions with appropriate APHIS permits: initial field plantings in 
Solano County began in July 2010 with additional plantings made in Solano and Riverside Counties in 2011. 

INTRODUCTION 
Susceptibility in most plant-microbe interactions depends on the ability of the pathogen to directly or indirectly 
regulate genetically determined pathways leading to apoptosis or programmed cell death (PCD).  The role of 
altered cell stability in disease through an evolutionarily conserved program involving PCD occurs in both 
animals and plants.  Functionally, the induction of PCD results in an orderly dismantling of cells while 
maintaining integrity of the plasma membrane until internal organelles and potentially harmful contents 
including phenolics, reactive oxygen, and hydrolytic enzymes have been rendered harmless to contiguous cells. 
Processed in this manner, the cell contents can serve as nutrients for microbial cells when they are present in the 
immediate environment of the pathogen (2).  In the case of Xf and many other plant pathogenic bacteria, the 
bacteria live predominantly as endophytes or epiphytes but occasionally as pathogens.  The relative 
susceptibility of the individual plant species is determined by unknown genetic factors.  Presumably, sensitivity 
to the presence of the bacteria, expressed as cell death-dependent symptoms, is the result of signals expressed by 
the bacteria that lead to activation of PCD, as appears to be the case with Pierce’s disease. Our research has 
focused on the effect of altering the expression of two different plant DNA sequences (PR1 and UT456).  These 
putative anti-PCD sequences protected both against Pierce’s disease symptoms and limited bacterial titer four to 
six orders of magnitude below that reached in untransformed control vines of the susceptible cultivar Thompson 
Seedless and the commercial rootstock Freedom. In the past year we constructed transformed rootstocks 
(Freedom and Thompson Seedless) expressing PR1 or UT456 grafted to untransformed Thompson Seedless and 
winegrape scions to be tested for efficacy of protection across a graft union.  Initial greenhouse inoculation 
experiments indicated that the protection by PR1 and UT456 does move across the graft union.  In summary, 
experimental results to date confirm progress in identifying DNA transcripts of grape which, if regulation of the 
natural transcripts is altered in transgenic plants, result in the suppression of symptoms of Pierce’s disease with 
an associated limitation in bacterial titer to levels generally associated with a benign endophytic association. 
Initial data on potential for transmission of protection by these anti-PCD sequences across a graft union to 
protect an untransformed wild type scion is positive. 

OBJECTIVES (2011-2013) 
1. Conduct experiments to assess the potential for protection against Pierce’s disease across a graft union by 

VvPR1 and UT456, first with Thompson Seedless as the untransformed scion. (2011-2013) 
2. Determine presence and movement of the mRNA and/or protein of VvPR1 and UT456 across the graft 

union into the untransformed Thompson Seedless O2A scion.  (2011-2013) 
3. Perform inoculations of eight winegrape varieties, initially on their own rootstocks. Then chose three 

varieties that cover the range of susceptibility to test for cross protection by VvPR1 and UT456.  (2012). 
Chosen varieties are Thompson Seedless, Merlot, and Cabernet Sauvignon. Inoculations were initiated in 
May 2012 and first evaluations were done on October 10, 2012.  (2012-2013) 

4. Investigate the mechanism underlying the protection against Pierce’s disease by VvPR1 and UT456.  (2011-
2013) 

5. Secure patent protection as intellectual property for those genes that prove to be capable of blocking 
Pierce’s disease in grape. (2013) 

RESULTS AND DISCUSSION 
Conduct experiments to assess the potential for protection against Pierce’s disease across a graft union by 
VvPR1 and UT456 with Thompson Seedless as the untransformed scion (2011-2012) 
The purpose is to determine if the protective effect of these genes as observed in the primary transgenics is 
transferrable across a graft union to protect a susceptible scion. Pierce’s disease susceptible untransformed 
Thompson Seedless scions were grafted onto Freedom rootstocks transgenic for VvPR1 and UT456.  A total of 
13 untransformed control grafts were compared with 13 transformed rootstock:untransformed scions.  The 
preliminary data suggest that all 13 of the susceptible scions showed none or far less Pierce’s disease symptoms 
and had reduced bacterial titer than the untransformed control grafted plants, all of which were dead or nearly 
dead by four months after inoculation with approximately 20,000 Xf cells per branch. While these results are 
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encouraging, the experiment is continuing with two of the winegrape varieties grafted to a transgenic rootstock. 
Cabernet Sauvignon (susceptible) and Merlot (tolerant) winegrape varieties, along with the highly susceptible 
Thompson Seedless were grafted to transgenic rootstocks expressing VvPR1 and UT456 and inoculated to 
determine if any cross-graft protection occurs. Inoculation of these grafted plants under greenhouse conditions, 
comparable to the previous Thompson Seedless transgenic rootstock: untransformed scion combinations were 
begun in May 2012 and rated on October 10, 2012 (Table 1). Taqman assays are in progress to attempt to 
detect and quantify the presence of the UT456 microRNA in the rootstocks and scions of grafted plants that 
appear to be protected against Pierce’s disease. 

Determine presence and movement of the mRNA and/or protein of VvPR1 and UT456 across the graft 
union into the untransformed Thompson Seedless O2A scion (2011-2013) 
By functional definition, microRNAs are small endogenous RNA molecules (~22-24 bases) that are processed 
from longer transcripts into pre-microRNA hairpin structures with final steps completed by an enzyme called 
Dicer. The in vitro activation of PR1 translation results from the release of a 22-24 bases from the native 270 
base UT456 hairpin by the endogenous  nuclease DICER, know to be present in the wheat germ extracts. 
MicroRNAs regulate gene expression by targeting by sequence homology one or more messenger RNAs 
(mRNAs) for translational regulation or degradation.  Although the first microRNA was identified over ten 
years ago, it is only recently that the scope and diversity of these regulatory molecules have begun to emerge. 
There is precedent for translational blockage by the 3’UTR in plant systems and for RNA movement from roots 
to tubers (6).  The presence of the sequence in UT456 with annealing ability to the 3’UTR of PR1 is the basis 
for the current model of PR1 and UT456 function in the Xf-grape system. In ongoing experiments we developed 
a PCR-based assay, termed a “hook assay”, wherein a synthetic oligonucleotide that is designed to anneal on 
itself leaving a 6 nucleotide un-annealed (single stranded) that has sequence homology to the 3’end of the 
UT456 RNA (Figure 1 A). This restricts amplification by PCR to RNAs containing a unique set of bases such 
as those found only in the UT456 as shown in Figure 1 B where the arrow points to the band confirmed by 
isolating and sequencing to be the UT456 microRNA. 

Once we confirmed that the hook assay was capable of detecting the UT456 microRNA in an RNA pool from 
grape extracts this sequence was used to develop a so-called “Taqman” assay obtained from Invitrogen (Life 
Technologies Inc) for detection of microRNAs.  We contracted with Invitrogen to construct a Taqman probe for 
the mobile UT456 microRNA to detect it in extracts of the transgenic grapes and as a mobile element in 
untransformed scions. Confirmation of the ability to detect the UT456 microRNA in grapes extracts is seen in 
Figure 1B. This assay is now being applied to the UT456 transgenic rootstocks and the untransformed scions, 
which appear to be protected against Pierce’s disease symptoms when grafted to transgenic rootstocks was 
performed expressing UT456 (Table 1). 

Evaluate the relative susceptibility of eight commercial winegrape varieties to Pierce’s disease and titer of 
Xf in the inoculated cane under controlled greenhouse inoculation conditions (2010-2012) 
Experiments were concluded on a suite of commercial winegrape varieties to obtain quantitative data on 
bacterial population dynamics and relative Pierce’s disease susceptibility. The varieties tested include 
Chardonnay, Pinot Gris, Sauvignon Blanc, Cabernet Sauvignon, Pinot Noir, Zinfandel, Syrah, and Merlot with 
untransformed Thompson Seedless, with VvPR1 and UT456 transgenic lines as reference controls (5). Data 
collected included bacterial titer, and “disease symptoms.” Disease symptoms are herein defined as leaf 
defoliation, not marginal death of leaves that is generally considered but not proven to be true symptoms of 
Pierce’s disease under field conditions.  NOTE: It has been our consistent observation over the past seven years 
that marginal leaf death, often associated with Pierce’s disease under field conditions is meaningless and 
misleading under our greenhouse conditions.  Uninoculated control plants frequently exhibit marginal and 
interveinal death reminiscent of the field Pierce’s disease symptoms, while leaf drop occurs only in susceptible 
inoculated plants. The point is that after inoculating more than 500 plants in the greenhouse, the susceptible 
control plants always defoliate, show high bacterial titer, and die.  In our experiments, only the transgenic 
protected plants retain their leaves and show low levels of bacterial titer. Selected clones of each variety were 
inoculated by the needle prick method with Temecula strain of Xf delivering 10-20 µl at bacterial concentration 
of 105 cfu/ml (2,000 cells or less). All varieties were susceptible to Pierce’s disease in terms of leaf defoliation 

- 119 -



   
     

          
     

        

    
  

          
          

    

 
      

  
       

    
 
         

 
    

       
          

 
 

           
     

 
  

   
  

           
       

     
         

         
   

 
    

   
    

  
     

   
     

       
         

      

symptom expression and exhibited 1-3 orders of magnitude higher bacterial titers four months after inoculation 
than the asymptomatic Vitis californica or transgenic Vv PR1 or UT456 comparison plants (5). Pinot Gris had 
the highest bacterial titer and exhibited the most severe defoliation while Syrah was the most tolerant with 
symptoms and bacterial titer nearly as low as V. californica. Cabernet Sauvignon (susceptible) and Merlot 
(tolerant) winegrape varieties, along with the highly susceptible Thompson Seedless were grafted to transgenic 
rootstocks expressing VvPR1 and UT456 and inoculated to determine if any cross-graft protection occurs. 
Inoculation of these grafted plants under greenhouse conditions, comparable to the previous Thompson Seedless 
transgenic rootstock: untransformed scion combinations were begun in May 2012 and rated on October 10, 2012 
(Table 1). Taqman assays are in progress to attempt to detect and quantify the presence of the UT456 
microRNA in the rootstocks and scions of grafted plants that appear to be protected against Pierce’s disease. 

Investigate the mechanism underlying the protection against Pierce’s disease by VvPR1 and UT456 
(2011-2012) 
As indicated above, we have found two novel and likely linked mechanisms for VvPR1 and UT456 action. 
First, the transgenic PR1 protein product will suppress PCD in several plants systems we have tested. However, 
the PR1 coding sequence is translationally blocked in healthy cells and in an in vitro translation system, even 
when the message level is high. The key element in these experiments is that the message is readily translated 
into the functional anti-PCD protein when the tobacco, tomato, or grape cells are under chemical or pathogenic 
(death) stress.  The biological impact in disease is to block death in the cells where pathogen -induced lesion 
spread is restricted and disease is limited. Secondly, the noncoding UT456 sequence contains small RNA 
hairpins that show sequence conservation with the 3’UTR of PR1 and are projected to interact with each other 
by RNA modeling programs. In vitro protein translation studies indicated that the block in translation of PR1 
mRNA can be relieved by the addition of UT456 RNA to wheat germ extracts.  The same result was obtained by 
agro- infiltration assays, whereby the expression of UT456 activated the translation of the PR1 protein in 
tobacco leaves expressing high levels of the PR1 message that was blocked until the UT456 RNA was present 
and processed into microRNA.  PR1 antibodies will be used to test directly for the presence of mobile PR1 
protein from the rootstock into the grafted scions.  In addition PR1 antibodies are being used in 
immunoprecipitation assays to detect potential PR1 interacting factors. To date we have been successful in 
identifying 3 PR1-interacting proteins, HP70, HP90 and RACK1 from plant extracts. Interestingly, these three 
proteins have previously been reported to interact directly with each other and occur in a membrane associated 
complex involved in innate immunity to rice blast in rice plants transgenic for RACK1 (7). 

Collaboration with the Public Intellectual Property Resource for Agriculture (PIPRA) to obtain a USDA 
APHIS permit for field planting 
A USDA APHIS permit to enable field planting of transgenic plants from our laboratory as well as those of PIs 
Dandekar, Lindow, and Labavitch is in place and the experiments are underway. Planting of the primary 
transgenic plants from the respective programs was completed in July 2010.  The 2010 plantings of all four 
investigators survived the winter without loss. The attachment of new shoots to the trellis system, cultivation, 
and irrigation management progressed in a normal and effective manner. Pruning was done to manage the 
plants in a fashion compatible with mechanical inoculation.  As of September 21, 2012, the initial planting and 
the second 2011 planting individuals are healthy, growing normally, and all plants have a normal phenotype, 
true to the untransformed control plants of each parental genotype. Plants were maintained under clean field 
conditions, with furrow irrigation on a regular schedule.  The plants were well established in the spring of 2012, 
which reduced in-season irrigation to twice during the season. Regular monitoring was conducted for weeds, 
insects, and non-Pierce’s disease disease. Weeds were managed by cultivation and minimal hand weeding.  No 
significant insect or disease pressure was noted, although the plants were sprayed once for powdery mildew 
once in the spring.  Plants from all four laboratories were inoculated on July 21, 2011 and again on June 26, 
2012. The inoculation was by needle-prick method with a delivery of ~20,000 Xf cells per inoculation site. 
Sampling of a limited number of inoculated canes near the inoculation site on control and VvPR1 and UT456 
transgenic plants assayed by PCR confirmed the presence of the respective transgenes and then determined, by 
qPCR, to harbor a low level of Xf in the sampled inoculated plants. Bacterial titer ranged from undetectable in 
the uninoculated control plants to 1x10 2 to 7.5x103 per 0.1 g of stem tissue in the inoculated plants. 
Untransformed control plants were negative for the transgenes.  During the growing season of 2011 and 2012, 
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no typical field symptoms or defoliation of leaves was observed on any of the inoculated plants until late in the 
fall of 2012. 
Secure patent protection as intellectual property for those genes that prove to be capable of blocking 
Pierce’s disease in grape 
The grape plants containing the anti-PCD genes and the grafted rootstocks will require the use of several 
patented enabling technologies. Record of invention disclosures have been submitted to the UC Office of 
Technology Transfer.  The research proposed reported herein will provide data on the activity and mechanism of 
action of the protective transgenes in grape relative to the presence, amount, and movement of Xf in the 
transformed and untransformed grape plants. 

CONCLUSIONS 
Xf induces Pierce’s disease symptoms that result from activation of a genetically regulated process of PCD. We 
have identified grape DNA sequences, which when constitutively expressed in transgenic grapes suppress the 
death-dependent symptoms of Pierce’s disease and reduce the bacterial titer to a level found in Pierce’s disease 
resistant wild grapes. We identified six novel anti-PCD genes from cDNA libraries of grape. Two of these 
grape sequences expressed as transgenes in grape, suppressed Pierce’s disease symptoms and dramatically 
reduced bacterial titer in inoculated plants in full plant transgenics.  Initial data suggest that protective sequences 
may function across a graft union to protect an untransformed and susceptible wild type scion.  This project has 
identified a basis for Pierce’s disease symptoms and a genetic mechanism to suppress symptoms and bacterial 
growth within an infected plant.  If needed in the future, a transgenic strategy exists to address Pierce’s disease. 
The plan for the coming year is to continue the field evaluation of transgenic grapes expressing PR1 and UT456 
and to test for cross graft protection by these two sequences, also under field conditions. 

INTELLECTUAL PROPERTY 
Record of invention disclosures have been submitted to the UC Office of Technology Transfer. 
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Figure 1. “Hook assay” for detection of UT456 microRNA. Schematic of method (left) shows “hook” oligo used to 
prime cDNA synthesis and PCR primers to amplify a 62bp fragment.  Ethidium bromide stained gel (right) shows 
presence of UT456G microRNA only in UT456 expressing plants.  M is a set of DNA markers, NTC is no template 
control. No endogenous signal of 456 is detected in the FDPR1-13 transgenic control, confirming the absence of the 
456 microRNA in this genotype. The FD 456-3 extracts will be assayed by PR1 antibodies for translation of the 
endogenous PR1 mRNA. 

Figure 2. RNA was purified from leaves of each genotype and converted to cDNA with oligo (dT) 
primer and reverse transcriptase. The cDNA corresponding to the small RNA UT 456G was 
quantified in the cDNA by qPCR Taqman assay. 
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Figure 3. Potential protection across a graft union. Representative control and transgenic plants expressing the genes 
indicated in Table 2. All grafts have untransformed Thompson seedless “02A” scions. FD is untransformed Freedom 
rootstock control. All plants photographed and Xf titers taken 4 months after inoculation with Xf. Age of plants at the 
time of inoculation was approximately 22 months. Samples and photos were taken at four months after inoculation. 
Examples of greenhouse Pierce’s disease assay of transgenic grapes expressing PCD blocking genes. Photos taken and 
Xf titers were measured by qPCR at four months after inoculation. See Table 1 for details. 
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Table 1. Freedom rootstock expressing transgenes grafted to untransformed Thompson Seedless scions and 
mechanically inoculated with 20,000 Xf “Temecula” in a 20 ul drop. Disease rating is a 1-5 scale with 1 = 
asymptomatic and 5 = defoliated. Bacterial titers are expressed as bacterial cells per 0.1gm of stem tissue. Evaluations 
were done at 12 months post inoculation. (See Figure 3 for a representative image of control and transgenic rootstock/ 
wild scion plants) 

Transgenic 
notation 

Relevant genotype 
(transgenic rootstocks 

grafted to untransformed 
Thompson Seedless scions) 

Ratio transgenic graft-protected 
plants with leaf retention 

equal to Vitis californica vs. 
those plants dead 

Range of bacterial 
load per 0.1 gm of 

stem in at 4 months 
post inoculation 

TS02A 
FD456-15 

CaMV 35S-driven 456 
Freedom rootstock 

8/8 healthy, none dead 
Rating 1-2 

103 - 104 

TS02A 
FDPR1-13 

CaMV 35S-driven PR1 
Freedom rootstock 

5/5 healthy, none dead 
Rating 1-2 

103 - 104 

Merlot Untransformed control 3/3 relatively healthy 
Rating 2 

105- 106 

Cabernet Sauvignon Untransformed control 3/3 relatively diseased 
Rating 4 

105- 106 

Merlot 
FD PR1 

Untransformed Merlot 
grafted to Freedom 

rootstock/PR1-9 

4,4 healthy with an average rating 
of 1 

In Progress 

Cabernet Sauvignon 
FD PR1 

Untransformed Cabernet 
sauvignon grafted to 

Freedom rootstock/PR1-9 

Mixed response with one dead 
and one healthy out of 4 plants 

with an average rating of 3 
In Progress 

Merlot 
FD UT456 

Untransformed Merlot 
grafted to Freedom 

rootstock/UT456-10 

4/6 are healthy with an average 
rating of 1.4 

In Progress 

Cabernet Sauvignon 
FD UT456 

Untransformed Cabernet 
sauvignon grafted to 

Freedom rootstock/PR1-9 

3 out of 4 plants were healthy 
with an average rating of 2 

In Progress 

TS02A 
FD3 (wild type) 

Control 

Untransformed Thompson 
Seedless scion 

10/13 dead (R5), 3/13 barely) 
alive (R4 106 - 107 
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BIOLOGICAL  CONTROL  OF  PIERCE’S  DISEASE  OF  GRAPEVINE  WITH  BENIGN STRAINS 
OF XYLELLA  FASTIDIOSA 

Project Leader: 
Donald L. Hopkins 
Mid-Florida REC 
University of Florida 
Apopka, FL 32703 
dhop@ufl.edu 
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ABSTRACT 
After three years of no increase in Pierce’s disease in Preston Vineyards in Sonoma, there was a large increase 
in incidence in both the untreated and treated vines in 2012, with more than 50% of the Voignier vines 
developing symptoms typical of Pierce’s disease.  More important than the incidence of Pierce’s disease may be 
the incidence of severe Pierce’s disease symptoms, which we define in this study as incidence of vines with a 
disease rating of 2-4.  These vines do not recover.  Twelve untreated vines had severe Pierce’s disease 
symptoms compared to eight vines treated with EB92-1. However, statistical analysis of disease severity ratings 
showed that there was no difference between the treated and untreated.  In the fourth season in the Beringer 
Vineyard in Napa, there still was only one Chardonnay vine out of 82 that had any Pierce’s disease symptoms. 
However in 2012, twenty-one Reisling vines out of 85 developed some possible Pierce’s disease symptoms.  In 
the Bella Vista Vineyard in Temecula, loss of plants from extreme water stress and nutritional problems has 
forced abandonment of the trials on Orange Muscat and Cabernet Sauvignon. To evaluate Xylella fastidiosa 
strain EB92-1 for the biocontrol of Pierce’s disease in Southern California, 50 treated and 50 untreated Merlot 
and Pinot Noir vines were transplanted into the UC Riverside vineyard in mid-October 2011.  In 2012, there was 
very little Pierce’s disease development and no differences between treatments, with 4% incidence in the plots. 
In September 2010, forty mature Chardonnay vines in the Beringer Vineyard were inoculated with strain EB92-
1 by boring a small hole into the trunk with an electric drill and injecting 2 ml of bacterial suspension into the 
hole with a nail-injector syringe.  In 2012, one treated and 1 untreated vine had Pierce’s disease symptoms. In a 
Florida trial, transfer of the biological control from the mother plant through scion wood was less effective than 
direct injection.  This evaluation of scion from treated mother vines is especially significant, because scion wood 
from infected mother vines would be a less laborious treatment method than injection of every vine by pin 
pricking.  After three years of no increase in Pierce’s disease incidence, disease became more prominent in 
Voignier in Preston Vineyard and was beginning to develop in the Reisling in Beringer Vineyard in the 2012 
season. 

LAYPERSON SUMMARY 
After three years of a very low level of Pierce’s disease in the Viognier trial in Preston Vineyards in Sonoma, 
more than 50% of the vines had Pierce’s disease symptoms in 2012.  Many of these plants had minor symptoms 
and could be healthy in 2013; however, 12 untreated vines and eight vines treated with EB92-1 developed 
severe symptoms of Pierce’s disease. Grapevines with severe Pierce’s disease symptoms do not recover and 
eventually die.  In this fourth year of the test in Beringer Vineyards in Napa, there still was only one vine with 
Pierce’s disease symptoms out of 82 total Chardonnay vines; however, Pierce’s disease did spread rapidly in the 
Reisling trial. Twenty-five percent of the Reisling vines had some symptom of Pierce’s disease, most symptoms 
were mild. In the Bella Vista Vineyard in Temecula, loss of plants from extreme water stress and nutritional 
problems has forced abandonment of the trials on Orange Muscat and Cabernet Sauvignon.  In 2011, the lost 
Temecula trials were replaced with trials on Merlot and Pinot Noir in the UC Riverside Vineyard.  In 2012, 

- 125 -

mailto:bckirkpatrick@ucdavis.edu
mailto:dhop@ufl.edu


            
 

   
 

   
        

           
   

   

        
    

   
       

       
           

   
  

          
          

   
   

  
          
    

     

        

     
  

 
      

 
         

 

      

           
 

     
       

  
  

Pierce’s disease began to develop, with no differences between treatments. A trial to evaluate the effectiveness 
of the biocontrol strain in protecting mature, producing grapevines against infection with Pierce’s disease was 
established in Beringer Vineyard in 2010.  Mature Chardonnay vines were inoculated with biocontrol strain 
EB92-1 by boring a small hole into the trunk with an electric drill and injecting 2 ml of bacterial suspension into 
the hole.  In 2012, one treated and 1 untreated vine had developed Pierce’s disease.  In tests in Florida to 
determine the most efficient and effective way to apply the biocontrol strain, direct injection of EB92-1 into the 
vines still appeared to be the most effective method. In summary, after three years of no increase in Pierce’s 
disease in the trials, Pierce’s disease began to spread in the Sonoma and Napa trials in 2012.  Data on the 
effectiveness of EB92-1 for the biocontrol of Pierce’s disease in California should be obtained in the 2013 
season. 

INTRODUCTION 
Pierce’s disease of grapevine is an endemic, chronic problem in the southeastern USA where it is the primary 
factor limiting the development of a grape industry based on the high-quality European grapes (Vitis vinifera L.) 
(Hopkins and Purcell, 2002). Pierce’s disease is also endemic in California and has become more of a threat to 
the California grape industry with the introduction of the glassy-winged sharpshooter (GWSS). While vector 
control has been effective for Pierce’s disease control in some situations, the only long-term, feasible control for 
Pierce’s disease has been resistance. Almost 20 years of research on the biological control of Pierce’s disease of 
grapevine by cross protection with weakly virulent strains of Xylella fastidiosa (Xf) has demonstrated that this is 
a potential means of controlling this disease (Hopkins, 2005).  One strain of Xf that was able to control Pierce’s 
disease in V. vinifera for 14 years in Central Florida has been identified. We are testing this strain in 
commercial vineyards in several states and, if these tests are successful, the strain will be ready for commercial 
use.  In most trials with the biocontrol strain, the bacteria were injected into the grapevines either in the 
greenhouse or in the vineyard after transplanting.  This is a labor-intensive procedure.  Treatment methods that 
would make the technology less labor-intensive, less costly, and more consistent are being evaluated.  The 
overall goal of this project is to develop a biological control system for Pierce’s disease of grapevine that would 
control the disease in California and other areas where Pierce’s disease and GWSS are endemic. 

OBJECTIVES 
1. To evaluate strain EB92-1 of Xf for the biological control of Pierce’s disease of grapevine in new plantings 

in the vineyard in California. 
2. To evaluate strain EB92-1 of Xf for the protection of older established grapevines against Pierce’s disease in 

California vineyards. 
3. To evaluate rapid, efficient methods of treatment with strain EB92-1 of Xf for the biocontrol of Pierce’s 

disease in V. vinifera in the vineyard. 

RESULTS AND DISCUSSION 
Field trials evaluating strain EB92-1 for biological control of Pierce’s disease in vineyards in California 

Sonoma tests 
For Preston Vineyards in Sonoma, 50 Barbera/110R and Viognier/110R from were inoculated with EB92-1 and 
50 vines of each were left as untreated controls. These plants were transported to Sonoma and transplanted as 
replants for missing vines in a mature vineyard the last week of July 2008.  On August 26, 2009, these vines 
were mapped for symptoms.  All of the Barbera vines appeared to be healthy with no Pierce’s disease 
symptoms.  The block of Barbera did not appear to have any Pierce’s disease symptoms, even in the older vines 
and this test was abandoned because of the lack of disease. 

In the Viognier test, there were a few vines that had minor yellow and/or necrotic leaf margins on the basal 
leaves in 2009, but there were no definitive symptoms.  Minor Pierce’s disease symptoms began to develop in a 
very few vines in the Viognier test in 2010.  However, there were fewer vines with Pierce’s disease symptoms in 
2011 than in 2010.  After three years, the Pierce’s disease incidence in the test vines was very low, but there was 
a large increase in incidence in both the untreated and treated vines in 2012 (Table 1).  There were no 
significant differences between treatments. 
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Table 1. Effect of EB92-1 on the incidence of Pierce’s disease in young 
“Voignier” grapevines in Preston Vineyards in Sonoma California.1 

Year Untreated vines EB92-1 treated vines 

2011 6/48 (12%) 5/48 (10%) 
2012 32/48 (67%) 29/48 (60%) 

1Pierce’s disease incidence is the number of Pierce’s disease symptomatic 
vines over total vines in treatment. 

More important than the incidence of Pierce’s disease symptoms may be the incidence of severe Pierce’s disease 
symptoms, which we define in this study as incidence of vines with a disease rating of 2-4 (Table 2). These 
severely infected vines have 50%, or more, of the leaves with symptoms and will usually die. Vines with fewer 
symptomatic leaves may not show any symptoms the following year.  For example, six Voignier vines had a 
disease rating of one in 2011 and four of these six vines had no Pierce’s disease symptoms in 2012.  This could 
be the result of vine recovery or misdiagnosis of plants with only a few symptomatic leaves. The disease rating 
incorporates both the incidence and severity of the Pierce’s disease symptoms. Incidence of severe Pierce’s 
disease was much lower than total Pierce’s disease (compare Table 1 with Table 2).  Untreated vines had 25% 
incidence of severe symptoms; whereas, EB92-1 vines had 17% incidence of severe symptoms (Table 2). 
Statistical analysis of the disease ratings showed that there was no difference between the treated and untreated. 
Interestingly, this trial is next to a riparian area and there were 3 times as many vines with severe Pierce’s 
disease symptoms in the five rows next to the river as in the 5 rows further from the river. 

Table 2. Effect of EB92-1 on the incidence of severe Pierce’s disease (disease rating of 2 - 4) in young 
“Voignier” grapevines in Preston Vineyards in Sonoma California. 

Untreated vines: EB92-1 treated vines: 
Year Incidence1 Disease rating2 Incidence1 Disease rating2 

2011 3/48 (6%) 0.21 2/48 (4%) 0.15 

2012 12/48 (25%) 0.98 8/48 (17%) 0.81 
1Incidence of severe Pierce’s disease is the number of vines with a rating of 2 or greater over total vines 
in a treatment. 
2Disease rating was an average per vine on a scale of: 0 = no symptoms; 1 = any symptom of Pierce’s 
disease, such as marginal necrosis (MN) on a basal leaf; 2 = definite, moderate symptoms on <50% of 
vine; 3 = severe symptoms on >50% of vine; 4 = dead plant. 

Napa tests 
For transplanting into the Beringer Vineyard in Napa, 50 Reisling/3309 and 50 Chardonnay/3309 were treated 
with EB92-1 on June 25, 2008 and 50 vines of each were left untreated as controls. The vines were transplanted 
as replants for missing vines in Beringer Vineyard in early April 2009.  In 2011, there still was essentially no 
disease in either the Chardonnay or Reisling.  Only one Chardonnay vine and two Reisling vines were 
considered to have the beginning of Pierce’s disease symptoms, but these were still questionable.  In 2012, there 
still is only one Chardonnay vine with minor Pierce’s disease symptoms (Table 3). However, there was a 
considerable increase in the number of Reisling vines with Pierce’s disease symptoms. These were mostly vines 
with a disease rating of one and could have no symptoms next year (see Sonoma test section above). There 
were no significant differences in disease ratings between the untreated and treated plots. Differences should be 
apparent in 2013. 

- 127 -



         
   

 
  

  

          
              

               
     

 
          

     
         

    

          
  

   
   

       

  

   
  

       
       

       

 
  

     
 

                 
                
          

  

Table 3. Effect of EB92-1 on the incidence of Pierce’s disease in young grapevines in California in October 2012. 
Untreated vines: EB92-1 treated vines: 

Location and Cultivar Incidence1 Disease rating2 Incidence1 Disease rating2 

Beringer Vineyard, Napa 

Chardonnay 0/40 (0%) 0 1/42 (2%) 0.02 

Reisling 9/42 (21%) 0.24 12/43 (28%) 0.40 

UCR Vineyard, Riverside 

Merlot 0/26 (0%) 0 3/45 (7%) 0.07 

Pinot Noir 3/43 (7%) 0.09 1/49 (2%) 0.02 
1Pierce’s disease incidence is the number of Pierce’s disease symptomatic vines over total vines in treatment. 
2Disease rating was an average per vine on a scale of: 0 = no symptoms; 1 = any symptom of Pierce’s disease, such 
as marginal necrosis (MN) on a basal leaf; 2 = definite, moderate symptoms on <50% of vine; 3 = severe symptoms 
on >50% of vine; 4 = dead plant. 

Southern California tests 
For transplanting into the Bella Vista Vineyard in Temecula, 50 Orange Muscat were inoculated with the 
biocontrol strain (EB92-1) on June 26, and 50 were left untreated as controls.  Fifty Cabernet Sauvignon/110R 
were treated and 50 were untreated controls. These plants were transported to Temecula and transplanted into 
plots in the Bella Vista Vineyard on July 21-22, 2008. 

In September 2010, all the young plants in the Bella Vista vineyard appeared to have severe water and 
nutritional stress.  Many plants died without ever having any visible Pierce’s disease symptoms, probably due to 
the lack of water and poor nutrition.  In the Orange Muscat test, 35-40% of the vines had died after two years 
from something other than Pierce’s disease, probably lack of water.  Twenty-two percent of the Cabernet 
Sauvignon also had died, probably from water stress.  In both the Cabernet Sauvignon and Orange Muscat, 
many of the vines were severely stunted and barely reached the trellis wire after three seasons.  Therefore, the 
trials were abandoned. 

To replace the lost tests in southern California, a replacement test was established in 2011 at UC Riverside.  For 
transplanting into the UC Riverside vineyard, 100 Merlot/1103 plants and 100 Pinot Noir/1103 plants were 
obtained from Sunridge Nursery in March 2011 and maintained in UC Davis greenhouse.  Fifty Merlot and 50 
Pinot Noir were inoculated with EB92-1 in July 2011 and fifty plants of each cultivar were kept as untreated 
controls.  These plants were maintained in the greenhouse for six weeks and then moved outside to harden them 
off. These plants were transported to Riverside in mid-October and transplanted into the plots at UCR.  In 2012, 
there was very little Pierce’s disease development and no differences between treatments (Table 3). 

Field trial evaluating EB92-1 for the protection of older established grapevines against Pierce’s disease in 
California vineyards 
Since Pierce’s disease is rapidly developing in the mature Chardonnay block at Beringer Vineyard in Napa, it 
was chosen for an evaluation of EB92-1 for the prevention of Pierce’s disease development in mature, 
producing grapevines.  Randomly, forty vines were inoculated with EB92-1 and 40 vines were chosen as 
controls.  On September 8, 2010, the vines were inoculated with strain EB92-1 in the main trunk, approximately 
equidistant from the graft and the trellis wire. Vines were injected by boring a small hole into the trunk with an 
electric drill. Two ml of the bacterial suspension will be injected into each hole using a nail-injector syringe. In 
the first year, none of the mature vines, treated or untreated, had developed any Pierce’s disease symptoms.  In 
October 2012, there was one severely diseased vine of 43 in the untreated and one vine of 49 with mild 
symptoms in the EB92-1 treated plot. 

- 128 -



     
     

 
 

 
 

         
  

  

   
         
    

 
          

  
   

    
  

    
      

    
     

 
   

           
     

 
 

     

 
       

Comparison of treatment methods with strain EB92-1 for biocontrol of Pierce’s disease 
Plants of Chardonnay/Salt Creek were obtained by grafting green cuttings from Chardonnay plants from the 
vineyard onto rooted cuttings of Salt Creek.  The grafting was done between May and July in 2007.  Grafted 
plants were transplanted into the vineyard on August 14, 2007.  Treatments included (1) Cuttings from 
Chardonnay not infected with EB92-1 on Salt Creek, (2) Cuttings from EB92-1 inoculated Chardonnay on Salt 
Creek, and (3) Cuttings from Chardonnay not infected with EB92-1 on Salt Creek, but injected in the vineyard 
with EB92-1 on August 29. 

Table 4. Transmission of biocontrol in scion from infected Chardonnay mother plant grafted 
onto Salt Creek rootstock. 

% PD incidence: 
Treatment 8/2/2012 

Scion from clean Chardonnay 90 

Scion from clean Chardonnay injected with EB92-1 in the field 27 

Scion from EB92-1 Chardonnay mother plant 64 

In 2012, the incidence of Pierce’s disease symptoms in the scion from clean Chardonnay was high (Table 4). 
As expected, field injection of these clean scion plants with EB92-1 reduced the incidence of Pierce’s disease 
from 90% to 27%.  The scion wood from mother vines of Chardonnay infected with EB92-1 developed less 
Pierce’s disease than did the uninfected scion but more than the field injected scion.  Thus, transfer of the 
biological control from the mother plant through scion wood was less effective than direct injection.  Further 
development of the symptoms will be observed. 

CONCLUSIONS 
Due to the loss of trials in Temecula and the lack of Pierce’s disease development in trials in Sonoma and Napa, 
no definitive information on the biological control of Pierce’s disease with EB92-1 in California was obtained 
through 2011.  To replace the lost tests in southern California, a test was established in 2011 at UC Riverside. 
With the Pierce’s disease pressure in southern California, this test should yield conclusive results over the next 
two-three years.  In the 2012 season, Pierce’s disease increased significantly in the Sonoma and Napa test.  If 
this continues, data should be obtained on the effectiveness of the biocontrol in these vineyards in 2013.  With 
the successful trials in other states, this project could yield results within the next two-three years that would 
provide a commercial biological control for Pierce’s disease for vineyards in California. 
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Hopkins, D. L. 2005.  Biological control of Pierce’s disease in the vineyard with strains of Xylella fastidiosa 

benign to grapevine.  Plant Dis. 89:1348-1352. 
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GRAPEVINES  EXPRESSING  EITHER GRAPE  THAUMATIN-LIKE PROTEIN  OR XYLELLA 

FASTIDIOSA HEMAGGLUTININ PROTEIN 

Principal  Investigator: 
Bruce Kirkpatrick 
Department of Plant Pathology 
University  of  California 
Davis, CA 95616 
bckirkpatrick@ucdavis.edu 

Cooperator: 
Jim  Lincoln 
Department of Plant Pathology 
University  of  California 
Davis, CA 95616 
jelincoln@ucdavis.edu 

Cooperator: 
Caroline Roper 
Dept of  Plant Path. &  Microbiol. 
University of California, 
Riverside, CA 92506 
caroline.roper@ucr.edu 

Cooperator: 
George Kasun 
Department of  Plant Pathology 
University  of  California 
Davis, CA 95616 
gwkasun@ucdavis.edu 

Reporting Period: The results reported here are from work conducted July 1, 2012 to October 1, 2012. 

ABSTRACT 
Previous research in our lab identified two hypervirulent mutants of Xylella fastidiosa (Xf).  These mutations 
were in large hemagglutinin (HA) adhesion genes that we named HxfA and HfxB. Hxf mutants also showed a 
marked decrease in cell-cell clumping when grown in liquid culture.  We hypothesize that if Hxf protein, or a 
portion of the Hxf protein that mediates adhesion, could be expressed in the xylem fluid of transgenic grapevines 
then perhaps insect-inoculated Xf cells would clump together and be less capable of colonizing grapevines. 
During the past three years we produced transgenic HA-expressing tobacco and grapevine lines; these transgenic 
lines exhibited less severe symptoms of Pierce’s disease following mechanical inoculation of Xf cells. With the 
assistance of the Public Intellectual Property Resource for Agriculture (PIPRA) we have secured all the 
necessary permits to plant these lines in the field in Solano County in spring 2013.  After they have grown 
sufficiently, the transgenic as well as non-transgenic grapevines will be inoculated with Xf and Pierce’s disease 
symptom severity will be compared between the HA-expressing transgenic lines and non-transgenic, Xf-
inoculated control vines. 

In a five-year project that sought to better understand the cold curing phenomenon of Xf- infected grapevines, 
we found that cold-treated vines had significantly elevated levels of phenolics compounds as well as a grapevine 
thaumatin-like protein (TLP).  TLPs from other plant species have been shown to possess antimicrobial activity, 
and grapevine TLP cloned and expressed in E. coli possessed some anti-Xf activity in vitro. Even though 
additional funding was not recently allocated to evaluate the potential resistance of TLP-expressing transgenic 
grapevines, we had already submitted the appropriate TLP transformation constructs to the UC Davis Plant 
transformation facility and have recently obtained 12 putative TLP transgenic lines. Progress on the TLP plants 
is described in our other 2012 Progress Report entitled, “Identification and Utilization of Cold Temperature 
Induced Grapevine Metabolites to Manage Pierce’s Disease.” 

LAYPERSON SUMMARY 
Our seven+ year research effort on the role hemagglutinins (HA), large proteins that mediate the attachment of 
bacteria to themselves and to various substrates, play in Pierce’s disease pathogenicity and insect transmission 
has been very fruitful. Our early work showed that HA mutants were hypervirulent, ie., they caused more 
severe symptoms and killed vines faster that vines inoculated with wild-type Xylella fastidiosa cells. HA 
mutants no longer clumped together in liquid cultures like wild-type cells, nor did HA mutants attach to inert 
substrates like glass or polyethylene when grown in liquid culture. ALL of these properties show that HA are 
very important cell adhesion molecules. Research conducted in the Alemeida lab also showed that HA mutants 
were transmitted at lower efficiencies that wild-type cells and they were comprised in binding to chitin and 
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sharpshooter tissues compared to wild-type cells. Thus they have a very important role in insect transmission. 
Lindow’s lab showed that diffusible signal factor (DSF) mutants, which are also hypervirulent, produced much 
less HAs than wild-type cells, thus providing another line of evidence regarding the importance of these proteins 
in Xf pathogenesis and insect transmission. 

We are now evaluating our hypothesis that HAs expressed in transgenic grapevines xylem sap may act as a 
“molecular glue” that would aggregate and thus slow the movement of wild-type Xf cells introduced into 
grapevines by an infectious insect vector. If this happens then it is possible that HA-aggregated Xf cells would 
remain close to the site of inoculation and if that sight is in the terminal portion of a cane, which is where Xf is 
introduced by our native blue-green, green and red-headed sharpshooters, then that cane would likely be pruned 
off in the winter and the infection removed from the vine.  Our most optimistic hope is that HAs could be 
expressed in transgenic rootstocks and the HAs would be translocated into a non-GMO fruiting scion and afford 
similar levels of functional Pierce’s disease resistance. The evaluation of HA-expressing transgenic grapevines 
acting as rootstocks is an objective of a recent proposal that was submitted in 2012. We have recently finished a 
first Pierce’s disease severity screening of the nine HA transgenic lines we produced with funding for this 
project. The results were very encouraging with all of the HA-transgenic lines having much lower disease 
ratings than non-transgenic control. We are in the process of repeating the pathogenicity assays and we are now 
in the process of determining the sizes of Xf populations in the transgenic lines versus the non-transgenic 
control.  If we find that Xf populations are suppressed below levels that induce fruit raisining or cordon dieback 
the HA lines might provide some level of functional resistance/tolerance against Pierce’s disease. If this occurs, 
we will have obtained the goal we set five years ago. 

INTRODUCTION 
Xylella fastidiosa (Xf) cell-cell attachment is an important virulence determinate in Pierce’s disease. Our 
previous research has shown that if two secreted hemagglutinin (HA) genes which we have named HxfA and 
HxfB are mutated, Xf cells no longer clump in liquid medium and the mutants form dispersed “lawns” when 
plated on solid PD3 medium (Guilhabert and Kirkpatrick, 2005).  Both of these mutants are hypervirulent when 
mechanically inoculated into grapevines, i.e. they colonize faster, cause more severe disease symptoms and kill 
vines faster than wild-type Xf. If either HxfA OR HxfB is individually knocked out there is no cell-cell 
attachment, which suggests that BOTH HA genes are needed for cell-cell attachment. It is clear that these 
proteins are very important determinants of pathogenicity and attachment in Xf/plant interactions. Research by 
other Pierce’s disease researchers has shown that Hxfs were regulated by an Xf-produced compound diffusible 
signal factor (DSF) (Newman et al. 2004) and that they were important factors in insect transmission (Killiny 
and Almeida, 2009). The Xf HAs essential acts as a “molecular glue” that is essential for cell-cell attachment 
and likely plays a role in Xf attachment to xylem cell walls and contributes to the formation of Xf biofilms. 

Our initial objectives proposed to further characterize these HAs using some of the techniques that were used to 
identify active HA binding domains in Bordetella pertussis, the bacterial pathogen that causes whooping cough 
in humans. B. pertussis HA was shown to be the most important protein that mediates cell attachment of this 
pathogen to epithelial host cells ( Liu, et al., 1997; Keil, et al., 2000). In the first two years of research we 
identified the specific HA domain (s) that mediate Xf cell-cell attachment and determined the native size and 
cellular location of Xf HAs.  In the third year we identified a two component transport system that mediates the 
secretion of Xf HAs. In the final years of the initial project we expended consider time and effort in constructing 
transgenic tobacco and grapevines that expressed HA. We recently completed our first pathogenicity 
evaluations of our 9 HA-transgenic lines. Disease severity ratings were considerably less in the transgenic lines 
than the non-transgenic controls. We are currently in the process of evaluating Xf population levels in all of the 
plants used in this trial. It is possible that Xf populations will be considerably less in the transgenic lines than in 
non-transgenic vines. If Xf levels are below the level where fruit raisining and cordon dieback don’t occur, 
similar to what happens in muscadine grape vines infected with Xf, these vines might possess a tolerance to Xf. 
A second round of pathogenicity assays will be performed in the greenhouse this summer and arrangements are 
being made through the Public Intellectual Property Resource for Agriculture (PIPRA) to establish a field plot at 
UC Davis. 
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OBJECTIVES 
1. Complete the characterization of grape transgenic plants over-expressing Xf hemagglutinin (Hxf) protein. 
2. Mechanically inoculate wild-type Xf and evaluate the effect on Pierce’s disease symptom expression, and 

the effect of Hxf expression on Xf bacterial population levels and movement in the xylem by quantitative 
PCR (qPCR). 

3. Secure permits to plant HA transgenic lines in the field in Solano County. Plant transgenic vines in the 
field. 

4. Following greenhouse testing, graft promising Hxf transgenic root stocks to untransformed scions. 

Please Note: Objectives 5-7, described below, were not recommended for funding during the 2012 grant cycle. 
However, as previously noted, we had already submitted transformation constructs to the UC Davis Plant 
Transformation facility; they have since supplied us with 12 putative thaumatin-like protein (TLP)-transgenic lines 
that we are now propagating and characterizing as time and plant materials permit. 

5. Generate grape transgenic plants over-expressing the grape TLP. 
6. Screen putative TLP-transgenic lines for quantitative gene expression by RT-PCR, protein expression by 

ELISA and western blot analysis testing both leaves and expressed xylem fluid for the presence of TLP. 
7. Mechanically inoculate greenhouse TLP-transgenics with wild-type and GFP-tagged Xf and evaluate the 

effect on Pierce’s disease symptom expression, and the effect of TLP expression on Xf bacterial population 
levels and movement in the xylem by quantitative PCR (qPCR). 

RESULTS AND DISCUSSION 
Objective 1:  Complete the characterization of grape transgenic plants over-expressing Xf hemagglutinin 
(Hxf) protein 
Twenty-one transgenic Thompson Seedless grape plants that potentially over-expressed the Hxf protein in the 
xylem using a binary plasmid with a polygalacturonase secretory leader sequence were obtained from the UC 
Davis Plant transformation facility in September 2010. These were initially obtained as small green 3” plants 
that needed to be grown in growth chambers and later in the greenhouse to produce hardened woody shoots that 
could be vegetatively propagated.  It took approximately four months for each of the propagated shoots to grow 
up sufficiently to allow them to be further propagated or inoculated with Xf. By July 2011 we had propagated 
sufficient numbers of transgenic grapevines that we could begin analyzing them for HA expression.  Analysis by 
standard and qPCR for the presence of the hemagglutinin transgene in genomic grapevine DNA from each of 
the 22 lines showed that six of nine transgenic lines of containing Xf HA AD 1-3, labeled as SPAD1 and three of 
12 transgenic lines of the full-length HA, labeled PGIP220 in Table 1 below, had the HA gene inserted into the 
grapevine chromosome. 

The construct used to transform grapevines, which was recommended by the plant transformation facility 
contained two copies of the 35S promoter flanking the HA construct.  We hypothesize that recombination 
occurred within the Agrobacterium plasmid that allowed the HA insert to be deleted but the kanamycin selection 
marker was still inserted into the grape genome. This would explain why a number of the kanamycin resistant 
transgenics did not actually have the truncated or full-length form of Xf HA inserted into the grape chromosome. 

RT-qPCR analysis on mRNA isolated from these lines confirmed the presence of AD1-3 or full-length HA 
mRNA in the lines that tested positive by standard or qPCR PCR, thus the HA inserted into the grape genome 
are being expressed (Table 2). 

As per 4/12 we had produced sufficient numbers of HA-transgenic grapevines to destructively sample and test 
for the presence of HA protein in foliar tissue as well as extracted xylem sap by ELISA and western blot 
analysis. This work should be completed within the next two months. 
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Table 1. Results of PCR testing transgenic grapevines for presence of full-
length (PGIP 220) of AD1-3 fragment of Xf hemagglutinin genes in grape 
chromosome. 

DNA ID# Genotype Standard PCR qPCR 

1 PGIP 220-E ― ― 

2 PGIP 220-5 ― ― 

3 PGIP 220-11 † † 

4 PGIP 220-1 ― † 

5 PGIP 220-9 ― ― 

6 PGIP 220-14 ― ― 

7 PGIP 220-3 † † 

8 PGIP 220-13 ― ― 

9 PGIP 220-A ― ― 

10 PGIP 220-D ― ― 

11 SPAD1-4 NT NT 

12 SPAD1-10 † † 

13 SPAD1-6 ― † 

14 SPAD1-7 † † 

15 PGIP 220-42A † ― 

16 SPAD1-I † † 

17 SPAD1-B † † 

18 SPAD1-8 † ― 

19 SPAD1-12 † † 

20 SPAD1-1A † † 

21 PGIP 220-15 — — 

22 SPAD1-2 — — 

Notes: 
Transgenic lines highlighted in tan color are the three full-length transgenic lines while 
lines highlighted in purple contain the AD1-3 HA fragment. 
†= this line tested positive for a Xf hemagglutinin insert by standard and/or qPCR. 
— = this transgenic line tested negatively for a Xf hemagglutinin insert by PCR. 
NT = not tested by PCR for presence of hemagglutinin gene. 

Objective 2: Mechanically inoculate transgenic grapevines with wild-type Xf cells. Compare disease 
progression and severity in transgenic grapevines with non-protected controls 
We have gone through three rounds of vegetatively propagating the lignified transgenic grapevine lines. We 
attempted to propagate green shoots but only 10-15% of the green shoots became established, thus we are now 
propagating only lignified wood. 

We were very interested in determining whether any of these lines possessed Pierce’s disease resistance by 
testing the lines in the greenhouse as soon as we had sufficient plants,  rather than waiting for the results of 
extensive ELISA and Western blot analysis of transgenics to determine if HA could be detected in grapevine 
xylem sap. On December 8th and 9th of 2011 we inoculated 10 reps of each of the nine PCR-positive transgenic 
lines with 40 ul of a 108 suspension of Xf Fetzer in PBS, typically done as two separate 20 ul inoculations on 
each vine, an amount of inoculum that would be far greater than what a sharpshooter inject into a vine. 
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Table 2. RNA RT-qPCR of Thompson Seedless HA 
transgenic lines. 

Line ID 
Relative transgenic 

Hxf RNA level 
SPAD1-B 28.9 

SPAD1-10 28.1 

PGIP 220-01 27.9 

PGIP 220-11 26.6 

SPAD1-07 25.8 

PGIP 220-03 19.8 

SPAD1-08 19 

SPAD1-12 14.7 

Untransformed Thompson Seedless 0 

RNA analysis of HA expressing grapevines. Total RNA was 
isolated from leaves of transgenic grape plants, converted to 
cDNA by reverse transcriptase and quantified by qPCR with 
HA specific primers. SPAD1 lines express short constructs and 
PGIP220 lines express long constructs. The higher the number 
the higher the RNA level in the leaves. 

We also inoculated untransformed Thompson Seedless and two transgenic lines that did not contain HA inserts 
by PCR analysis, shown as Transformed Non-transgenic Thompson Seedless in Figure 1, as positive controls. 
Figure 1 shows the results of disease severity in transgenic and non-transgenic control 16 weeks post 
inoculation with Xf. The Thompson Seedless control, inoculated at the same time as the transgenic vines had a 
mean disease rating of 3.65 while two of the lines, one containing the truncated HA fragment AD1-3 and one 
line containing the full-length native HA protein had the lowest disease ratings of 1.5. Most of the other lines 
had mean disease severity ratings below 2.0 and the average disease ratings for all of the lines representing the 
two HA constructs had disease ratings below 2.0.  Considering the large amount of inoculum that was used, we 
are pleased with this promising preliminary result. We will soon be quantifying by culture and qPCR the 
amount of Xf in each of these lines. While clearly some disease symptoms were evident, the severity was much 
less than the control and this could very well reflect lower Xf populations in the transgenic lines.  If this does 
indeed turn out to be true then we might have produced a moderately resistant grapevine that could very well 
end up being like a Muscadine grapevine, i.e. they can be infected with Xf but populations are not high enough 
to compromise fruit quality.  The original hypothesis was that transgenic vines producing HA in the xylem sap 
might facilitate clumping of Xf cells and slow their ability to colonize a mature vine during a growing season the 
incipient infection might very well be prune off in the dormant season.  It will take a couple of years to plant and 
train to a cordon system that would be then mechanically inoculated, or hopefully with the assistance the 
Almeida lab insect inoculated with Xf. These initial greenhouse results with young vines certainly warrant 
further evaluations. 

Objective 3a: Secure permits to plant HA transgenic lines in the field at UC Davis 
This objective was completed with the assistance of PIPRA. 

Objective 3b: Plant transgenic vines in the field 
Andy Walker and other viticulture experts strongly suggested we not plant our trial until next spring 
because of the danger of frost killing the young, newly-transplanted vines.  Considering the time and 
effort it took to produce the 140 vines that will be planted in the field we will keep the vines in a screen 
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house where they will undergo natural dormancy and then plant them in the field as early as conditions 
permit in the spring. 

Objective 4: Following greenhouse testing, graft promising Hxf transgenic root stocks to untransformed 
scions 
Additional vines from all nine transgenic lines are being propagated in the greenhouse and when they obtain 
sufficient size they will be top grafted with non-transgenic Thompson Seedless scions. 

Figure 1. Graph showing the mean disease ratings from 0 to 5 (0 is healthy 5 is dead) of Pierce’s disease symptoms in 
Thompson Seedless (TS) and transgenic (SPAD1 and PGIP220) vines inoculated with Xf Fetzer at 16 weeks post 
inoculation, except for the Transformed-Non-Transgenic TS, which was inoculated four weeks later and its disease 
rating is for 12 weeks post inoculation, we anticipated these vines will have disease ratings similar to the TS control at 
16 weeks post inoculation. The last three columns are the averages of all inoculated vines of the specified type of 
construct used, either transformed with AD1-3 (SPAD1) or the full length native HA (PGIP220). Error bars are the 
standard error of the 10 reps, all PGIP220-1 vines had the same disease rating. 

CONCLUSIONS 
Ten HA-transgenic lines were shown by qRT-PCR to express HA mRNA. Greenhouse inoculations of the nine 
HA-transgenic Thompson Seedless grapes with cultured Xf cells showed all lines expressed less severe 
symptoms of Pierce’s disease than inoculated, non-transgenic controls. All transgenic lines are under constant 
propagation and sufficient materials are now in hand to establish field plots with these lines in spring 2013; 
PIPRA successfully obtained all of the necessary permits to allow these HA-transgenics to be planted in the 
field. If Xf populations in HA-transgenic lines are low enough to prevent fruit symptoms and vine dieback we 
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may have produced transgenic vines that are functionally tolerant of Xf infection. Their possible use as 
rootstocks grafted with non-transgenic scions will be evaluated in the coming years. 
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Reporting Period: The results reported here are from work conducted November 2011 to October 2012. 

ABSTRACT 
This work builds on discoveries made in the past 8 years of research on better understanding the mechanism(s) 
responsible for the Pierce’s disease cold curing phenomenon.  A thaumatin-like grape protein (TLP) was found 
in elevated levels in the xylem sap from cold-exposed vines and we cloned and expressed TLP in E.coli. With 
the assistance of the UC Davis Plant Transformation Facility, we now have 12 lines of putatively TLP-over 
expressing transgenic Thompson Seedless grapevines. These are now being propagated in the greenhouse to 
produce sufficient material to characterize TLP gene expression. Greater amounts of total phenolics were 
measured in xylem sap extracted from cold-exposed vines.  In collaboration with the Waterhouse lab we 
characterized these phenolic compounds and assessed their potential anti-Xylella fastidiosa activity in vitro. 
Results from the phenolic project were reported in previous Pierce’s disease Research Symposium Proceedings. 
Previously, greenhouse grown Pinot Noir and Cabernet Sauvignon vines treated with commercial abscisic acid 
(ABA) were shown to have higher levels of winter recovery from Pierce’s disease than non-treated vines, as 
well as producing higher levels of polyphenolic compounds.  In fall 2010 and 2011 we treated Riesling vines 
growing in a vineyard in Napa that had light to moderate Pierce’s disease symptoms vines with a foliar spray or 
a soil drench treatment of ABA. The severity of Pierce’s disease symptoms in the treated vines was not 
significantly different than untreated controls in fall of 2011 and 2012. 

LAYPERSON SUMMARY 
Research conducted in this project showed that cold exposed grapevines produced significantly higher 
concentrations of a number of phenolic compounds in xylem sap when compared to the concentrations of 
phenolics in xylem sap extracted from vines exposed to less severe cold temperatures. Several of these 
compounds were shown in this study, as well as studies by other researchers, to be toxic to Xylella fastidiosa 
when tested in vitro. Pierce’s disease affected grapevines growing in one gallon pots in a lath house at UC 
Davis experienced higher rates of winter recovery when treated with foliar and soil drenches of abscisic acid 
(ABA), a naturally occurring plant hormone. However, following two years of foliar sprays and soil 
applications to field grown Riesling grapevines with mild to moderate severity of Pierce’s disease, no 
statistically significant differences were found in the severity of Pierce’s disease symptoms in treated vs. non-
treated grapevines. It is likely that the size of the grapevines, as well as the confinement of the roots in the 1 
gallon potted vines, prevented efficacious levels of ABA being taken up by the field grown grapevines. 
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INTRODUCTION 
Previous research conducted in the Purcell laboratory at UC Berkeley definitively demonstrated that Vitis 
vinifera grapevines that were infected with Xylella fastidiosa (Xf), the bacterial pathogen that causes Pierce’s 
disease, could often be cured of the infection if exposed to freezing temperatures for some period of time. This 
“cold curing” phenomenon likely explains why Pierce’s disease is restricted to areas that have mild winter 
temperatures.  Research conducted in our laboratory by Dr. Melody Meyer confirmed and expanded the work 
performed by Purcell, et. al. She found that grapevines exposed to cold temperatures had elevated levels of a 
thaumatin-like protein (TLP) that has been shown to have antimicrobial properties in other plant host/pathogen 
interactions. We cloned and expressed the grapevine TLP in E. coli and showed that incubation of the cloned 
TLP with cultured Xf cells considerably decreased the viability of the Xf cells compared to incubating the Xf 
cells with other appropriate controls.  We then cloned the TLP gene in an Agrobacterium binary vector with the 
intention of over-expressing the TLP in transgenic grapevines. We have very recently obtained 12 lines of 
putative TLP-transgenic grapevines and are in the process of propagating these transgenic grapevines in the 
greenhouse. When sufficient material is available we will assess the level of TLP mRNA in the transgenic vines 
and then mechanically inoculate the vines with Xf. The severity of Pierce’s disease symptoms in the transgenic 
vines will then be compared with the severity of symptoms in non-transgenic controls. 

Dr. Meyer’s research also showed elevated levels of polyphenolic compounds in xylem sap extracted from cold 
exposed grapevines.  In collaboration with the Waterhouse lab we characterized the phenolic compounds in the 
xylem fluid from cold and warm-exposed grapevines. Dr. Meyer’s research also showed elevated levels of the 
plant hormone abscisic acid (ABA) in xylem sap of cold exposed grapevines. She showed that exogenous 
application of ABA greatly increased the Pierce’s disease curing rates of potted grapevines exposed to the 
comparatively mild winter temperatures in Davis. In 2010 and 2011we applied ABA in the fall to mildly 
Pierce’s disease infected Riesling vines growing in a vineyard in Napa. The severity of Pierce’s disease 
symptoms in the ABA-treated vines was compared to non-treated controls in October 2011 and 2012. No 
statistically significant differences in the severity of Pierce’s disease symptoms were found between ABA-
treated and non-treated vines. 

OBJECTIVES 
1. Over-express the grapevine TLP in transgenic grapevines. Characterize the levels of TLP expression in the 

TLP-transgenic lines using qRT-PCR. 
2. Inoculate TLP-expressing grapevines with Xf and determine the incidence and severity of Pierce’s disease in 

transgenic versus non-transgenic V. vinifera. 
3. a. Fractionate and chemically characterize the phenolic compounds that are present in xylem sap from 

cold-exposed grapevines. 
3. b. Compare the phenolic content of xylem sap of grapevines treated with ABA under non-freezing 

conditions to phenolics in cold-exposed xylem sap. 
3. c. Determine if these compounds affect Xf growth/survival in vitro. 
4. Determine if foliar or drench applications of ABA can increase Pierce’s disease curing rates in field-grown 

vines under non-freezing conditions. 

RESULTS AND DISCUSSION 
Objectives 1 and 2 
We successfully cloned and expressed grapevine TLP in E. coli, results of in vitro assays testing the toxicity of 
the cloned TLP protein against Xf cells grown were extensively described in the Proceedings of the 2010 and 
2011 Pierce’s Disease Research Symposia. We also prepared an Agrobacterium binary vector system for over-
expressing TLP in transgenic grapevines. Our initial plan was to use the same vector we used to generate our 
hemagglutinin (HA) transgenic lines, however our results using these plasmids, which use two 35S promoters to 
express the HA gene and uses hygromycin resistance, produced a number of lines in which crossing over by the 
two promoters ended up deleting all or part of the HA gene construct while maintaining the antibiotic selection. 
To avoid these deletion events we have decided to change the binary system to a neomycin (kanamycin) 
resistant plasmid driven by the nptII promoter to eliminate the chance of promoter crossing over/deletion events. 
We used the pUNCB5omega plasmid for initial cloning of the grape TLP gene in E. coli. We then moved the 
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TLP construct into the low copy pCB4NN plasmid. This plasmid provides the neomycin resistance and is in 
low copy in case there are any toxicity issues resulting from expression of TLP in Agrobacterium. We 
submitted this TLP transformation construct to the UC Davis plant transformation facility at the end of October, 
2011. Due to advancements in their production of transgenic grapevine we now have 12 independent lines that 
are being propagated in the greenhouse. Once sufficient material is available we will characterize the level of 
TLP expression in the transgenic lines using qRT-PCR as we did with our Xf hemagglutinin transgenic vines. 
When sufficient material is available we will mechanically inoculate the TLP transgenic vines and non-
transformed controls with cultured Xf and compared the severity of symptoms in the TLP-transgenics to the 
controls. 

We are also in the process of making a larger quantity of purified, recombinant TLP in E. coli which we will 
give to the Comparative Pathology Laboratory at UC Davis for polyclonal antibody production.  The TLP-
specific antibodies will be used for quantifying TLP in the xylem sap of transgenic grapevines. 

Objective 3 
Results of this Objective were previously reported in the Proceedings of the 2010 and 2011 Pierce’s Disease 
Research Symposia. 

Objective 4 
Foliar and soil drench applications of ABA were made in October 2010 and 2011 to Riesling vines growing in a 
vineyard located in Napa.  All vines had mild to moderate symptoms of Pierce’s disease. A commercially 
available formulation of a naturally occurring ABA was kindly provided by Valent Chemical Company. 
Disease ratings of treated and non-treated vines were made in early October 2011 and 2012.  No significant 
differences were found between ABA-treated vs. non-treated controls (Figure 1). 
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CONCLUSIONS 
Research conducted in this project demonstrated a correlation between increased levels of phenolic compounds 
in the xylem sap of cold-exposed grapevines compared to phenolic levels in sap extracted from vines exposed to 
moderate winter temperatures. Several of these phenolic compounds were shown to be toxic to Xf in in vitro 
studies. However it is difficult to envision a method of elevating phenolic compound levels to sufficient levels 
to be toxic to Xf without potentially changing the characteristic of juice extracted from berries to make wine. 
Similarly, higher levels of antimicrobial thaumatin-like protein (TLP) were found in the xylem sap of cold 
exposed vines as compared to xylem sap extracted from vines exposed to more moderate winter temperatures. 
Given the correlation between elevated levels of TLP in cold-exposed vines and higher rates of cold-curing we 
produced transgenic grapevines that should over express TLP as compared to non-transgenic vines. Once 
sufficient material is obtained from the transgenic lines we will evaluate TLP gene expression, mechanically 
inoculate transgenic and non-transgenic vines with Xf and compare the development of Pierce’s disease 
symptoms in TLP-transgenic lines with non-transgenic controls. Field applications of ABA, which showed 
efficacy in curing Pierce’s disease in potted grapevines, were not successful. This is most likely due to the 
much larger mass of roots and canopy in the field vines compared to potted vines. Pressure injections of ABA 
into field vines may be one option for increasing the efficacy of ABA application, but it is unlikely that a grower 
would be willing to go to the extra cost of vine trunk injections. 
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ABSTRACT 
Polygalacturonases (PGs) (EC 3.2.1.15), catalyze the random hydrolysis of 1, 4-alpha-D-galactosiduronic 
linkages in pectate and other galacturonans. Xylella fastidiosa (Xf) possesses a single PG gene, pglA (PD1485) 
and Xf mutants deficient in the production of PG result in lost pathogenicity and a compromised ability to 
systemically infect grapevines. We have cloned the pglA gene into a number of protein expression vectors and a 
small amount of active recombinant PG has been recovered, unfortunately most of the protein expressed is 
found in inclusion bodies in an inactive form. The goal of this project is to use phage panning to identify 
peptides or single chain fragment variable antibody (scFv) libraries that can bind to and inhibit Xf PG. Once 
peptides or scFvs are discovered that can inhibit PG activity in vitro these peptides will be expressed in 
grapevine root stock to determine if the peptides can provide protection to the plant from Pierce’s disease. 

LAYPERSON SUMMARY 
This period we have made significant progress on Objectives 1-3. Most importantly we seem to have made 
progress on what has been the biggest obstacle thus far in this project, which is creating enzymatically active 
Xylella fastidiosa (Xf) PG to pan and test our putative inhibitory phages against. Xf PG over-expression 
experiments in Xf have shown that we can produce recombinant PG in Xf and initial tests point to some fractions 
that may contain active Xf PG. Once we overcome some of the instability issues of this plasmid system we can 
then test the efficacy of the inhibitory phages we have obtained from panning against the peptides representing 
the active site of Xf PG. 

INTRODUCTION 
Polygalacturonases (PGs) have been shown to be virulence factors of a number of plant pathogenic bacteria 
including Ralstonia solanacearum, Xanthomonas campestris, and Erwinia carotova (Huang and Allen 2000; 
Dow et al. 1989; Lei et al. 1985). Xylella fastidiosa (Xf) possesses a single PG gene pglA (PD1485), and 
mutation of this gene results in lost pathogenicity and reduced ability to systemically infect grapevines (Roper et 
al. 2007).  In order for Xf to systemically infect a grapevine it must break down the pit membranes that separate 
individual xylem elements.  Pectic polymers determine the porosity of the pit membrane (Baron-Epel, et al. 
1988; Buchanan et al. 2000) and Xf PG allows the bacterium to breakdown the pectin in these membranes. The 
premise of this research is to identify a peptide that can be expressed in the xylem of a grapevine that can 
suppress Xf PG activity thus limiting the ability of Xf to spread systemically through grapevines and cause 
Pierce’s disease. 

To accomplish this we will use phage display of a random dodecapeptide library and a scFv antibody library 
attached to the coat protein gp38 of M13 phage in a phage panning experiment using active recombinant Xf PG 
as the target. After three rounds of panning, phages that show a high binding affinity for Xf PG will be screened 
for their ability to inactivate PG activity in vitro in reducing sugar assays. Once a suitable inhibitory peptide is 
discovered it will be cloned into an Agrobacterium binary vector and used to transform tobacco and grapevines 
by the UC Davis Plant Transformation Facility. These transgenic plants will then be inoculated with Xf and 
compared to non-transgenic plants in Pierce’s disease symptom progression.  If significant disease inhibition is 
shown we will use these transgenic grapevines as rootstock to see if they can also provide resistance to grafted 
scions. 
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OBJECTIVES 
1. Localization and isolation of sufficient amounts of biologically active PG enzyme to conduct phage panning 

and PG-inhibition assays. 
2. Isolate M13 phages that possess high binding affinities to Xf PG from a M13 random peptide or scFv 

antibody libraries. 
3. Determine if selected M13 phage and the gp38 M13 protein that mediates phage binding to Xf PG can 

inactivate PG activity in vitro. 
4. Clone anti-Xf PG gp38 protein into an Agrobacterium binary vector and provide this construct to the UC 

Davis Plant Transformation facility to produce transgenic Thompson Seedless grapevines. 
5. Determine if anti-Xf PG gp38 protein is present in xylem sap of transgenic plants. 
6. Mechanically inoculate transgenic plants with Xf and compare Pierce’s disease development with 

inoculated, non-transgenic control plants. 

RESULTS 
Objective 1:  Isolate a sufficient amount of biologically active Xf PG enzyme to conduct phage panning 
and PG-inhibition assays 
Xf does not produce a detectable amount of PG when grown in biological media.  Furthermore, attempts at 
expressing Xf PG in E. coli, yeast, and plant based viral expression systems have not produced active Xf PG (see 
previous Pierce’s Disease Research Symposium Proceedings reports).  Because of this, Xf strains have been 
engineered that will constitutively express the PG gene.  The pBBR1MCS and pPROBE broad host range 
cloning vectors provide the Xf expression plasmid backbone and the constitutive nptII promoter was utilized to 
drive protein expression (Miller et al. 2000, Kovach et al. 1995). GFP reporter constructs made using this 
plasmid system stably expressed GFP in Xf under antibiotic selection.  Additionally, the amount of GFP 
produced using this system is readily detectable on a Coomassie stained polyacrylamide gel (Figure 1). Xf PG-
expressing constructs have been tested for the production of Xf PG and western blot analysis using polyclonal 
anti-Xf PG antibodies indicates that the constructs are producing Xf PG, indicated by the presence of a 55kd 
band in the Xf PG over-expression strains that is not present in the Xf strain over-expressing GFP (Figure 1). 
Tandem mass spec analysis of Xf produced PG indicates that Xf PG is being processed in Xf and likely is a major 
factor in the apparent size difference between E. coli produced recombinant PG and Xf produced PG. We have 
begun testing these strains for PG activity and there seems to be some activity associated with the Xf PG 
containing fractions. However, the plasmids generated seem to be somewhat unstable in Xf as GFP and PG 
expression drops off after repeated transfers on selective media.  This fact is hampering our efforts to produce 
the large amounts of active Xf PG we need for the subsequent objectives in this project. Surprisingly, this 
plasmid does not suffer the same instability issues in E. coli, as both plasmids are stable even after many 
subsequent transfers on selective medium.  Interestingly, Xf remains resistant to the antibiotic resistance 
provided on the plasmid suggesting that the DNA on the plasmid is being rearranged as opposed to losing the 
plasmid entirely.  The strain of E. coli we are using has a mutated recA gene, which is involved in homologous 
recombination of DNA and plasmid stability. Xf has a single copy of the recA gene and there is a strong 
possibility that mutating the Xf recA gene the mutation may eliminate the DNA rearrangement in the plasmid 
that is leading to its instability. We are currently creating recA mutants in Xf to use with our expression 
plasmids to test this hypothesis. Activity of Xf produced PG will be assayed using two methods. The first is the 
2-cyanoacetamide reducing sugar assay, a spectrophotometric method which quantitatively measures the 
increase in reducing end accumulation due to PG enzymatic degradation of polygalacturonic acid (Gross 1982). 
The second is a cup plate diffusion assay in which activity is represented by a colorimetric clearing around 
where the enzyme is introduced into a plate of agarose containing polygalacturonic acid (Taylor and Secor 
1988).  As Xf PG has not previously been detected in in vitro culture supernatants or xylem sap from Xf-infected 
grapevines, we feel it is important to determine where PG is present in the newly developed Xf PG-producing 
strains. 

- 142 -



    

     
  

 
      

    

    
  

 

   

 
 

 

      
   

        
    

     
    

75 kda

GFP GFP

75 kda 

50 kda 
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Figure 1. A: Coomassie stained polyacrylamide gel electrophoresis, Lane 1: Bio-rad dual color protein ladder, 
lane 2: Recombinant Xf PG produced in E. coli, lane 3: Xf over-expressing GFP, lanes 4-6 Xf over-expressing 
XfPG B: Western blot analysis using polyclonal anti Xf PG antibodies, Lane 1: Bio-rad dual color protein ladder, 
lane 2: Recombinant Xf PG produced in E. coli, lane 3: Xf over expressing GFP, lanes 4-6: Xf over-expressing Xf 
PG. Right arrow denotes bands in Xf PG over-expressing Xf strains corresponding to predicted 55kda protein that 
are not present in GFP producing Xf strain. 

Objective 2: Isolate M13 phages that possess high binding affinities to Xf PG from a M13 random 
peptide library 
We have done extensive in silico analyses of the enzymatically active sites of several phytopathogenic bacterial 
and fungal PGs such as Pectobacterium carotovora ssp. carotovora and Aspergillus aculeatus (Pickersgill et al 
1998, Cho et al 2001). The PGs from these other microbes have been well studied and structural studies have 
shown that the active site consists of roughly eight amino acids and the tertiary structure of the PGs are highly 
conserved across all fungal and bacterial PGs (Pickersgill et al 1998, Cho et al 2001, Shimizu et al 2002, Abbott 
and Boraston 2007). Furthermore, previous research using phage display technologies showed that many of the 
phage that bound to a variety of enzymes also bound to and inactivated the enzyme (Hyde-deRuyscher et al, 
1999). 

Having a very good idea of where the Xf PG active site may be located on the protein, and which amino acids 
are involved in catalysis and substrate binding, we had synthesized two 14mer peptides derived from the Xf PG 
sequence, one which will target the active site directly and a second that will target an area providing entry into 
the active site (Figure 2). 

Peptide Sequence 

Peptide 1 DSPNSNGLQMKSDAC 

Peptide 2 STGDDHVAIKARGKC 

Figure 2. Sequences of synthesized peptides. 

- 143 -



        
           

  

 

    
   

   
         

  
       

          
  

   
   

   
       
           
         

          

        
        

     
          

    
 

      
    

        
  

        
   

           
       

                                         

Additionally, these peptides were injected into rabbits to create polyclonal antibodies.  These polyclonal 
antibodies were used in a western blot that confirmed that the antibodies created against each 14-mer peptide 
could also recognize full length Xf PG (Figure 2). 

We have completed the phage panning procedure for peptide 2 using the Tomlinson I and J scFv libraries. At 
the end of the third round of selection a polyclonal ELISA with bovine serum albumin (BSA) conjugated to 
peptide 2 as the target was run which showed that each library (I and J) of scFvs showed a higher binding 
affinity to BSA conjugated peptide 2 than to BSA alone, or to the wells of the plate.  With this knowledge 90 
individual colonies from each library were picked from the third round phage pool and used in a monoclonal 
ELISA to determine which monoclonal scFvs had the highest binding efficiencies. The eight clones from each 
library (I and J) providing the highest ELISA absorbance readings were chosen for sequencing.  We have 
currently only sequenced the heavy chain variable portion of the scFv and although none of the eight clones 
from each of libraries shared the exact same sequence they did have similarities to each other. The eight 
monoclonal phages from each library (I and J) were then used individually as the primary antibodies in a 
western blot to confirm that monoclonal phage raised against the 14-mer peptide 2 conjugated to BSA would 
also be able to indentify full length recombinant PG (Tanaka et al 2002). 

← 

1 2 3 4 

Figure 2. Western blot analysis of three representative monoclonal scFv phages(J-library) 
.Lanes 1-3 are E. coli lysate containing recombinant Xf PG each membrane strip was 
reacted with a single monoclonal phage from the third round of panning . Arrow represents 
location of Xf PG band. Molecular weight markers are on the left side of each gel strip. 
Lane 4 is a conjugate control that was not reacted with any monoclonal phage. 

Agrobacterium vitis (Av) is a plant pathogenic bacterium that causes crown gall disease in grapevines. Like Xf 
Av also requires a PG in order to move from xylem element to xylem element. The Av PG gene has been 
previously cloned and shown to be active in in vitro activity assays (Herlache et al 1997).  In addition, because 
the active sites of PGs are so highly conserved and need to degrade the same substrates in the same host plant 
(V. vinifera); a peptide which inhibits Av PG may also inhibit Xf PG.  Furthermore, an inhibitor of Av PG 
activity would also prove useful for California grape growers for a possible control method of crown gall of 
grapevines. For this reason we have cloned the Av PG gene into an E. coli overexpression system to produce 
recombinant Av PG to use in inhibition assays. Initial results show that Av PG is being produced in large 
amounts and is enzymatically active in cup plate assays. We are currently producing a large amount of this 
recombinant Av PG that will be used in additional phage panning experiments. 

Objective 3: Determine if selected M13 phage and the gp38 M13 protein which mediates phage binding 
to Xf PG can inactivate PG activity in vitro 
We have sequenced the heavy chain variable regions of the 16 candidate monoclonal phage and although none 
of the eight clones from each of libraries shared the exact same sequence they did have similarities to each other. 
Once we obtain enough active Xf PG we will use the monoclonal phages in Xf PG inhibition assays. Once a 
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candidate phage is found that can inhibit Xf PG in vitro we will then express the scFv protein alone and 
determine if the protein itself can also inhibit Xf PG activity in vitro. We will then clone the anti-Xf PG protein 
into an Agrobacterium binary vector and provide this construct to the UC Davis Plant Transformation facility to 
produce transgenic SR1 tobacco and Thompson Seedless grapevines. Once we have transgenic plants we will 
be able to complete objectives 5 and 6. 

Objective 4: Clone anti-Xf PG gp38 protein into an Agrobacterium binary vector and provide this 
construct to the UC Davis Plant Transformation facility to produce transgenic SR1 tobacco and 
Thompson Seedless grapevine 
Once suitable inhibitory phage peptides are discovered in objective 3 we can begin objective 4. 

Objective 5: Determine if anti-Xf PG gp38 protein is present in xylem sap of transgenic plants 
Objective 4 needs to be completed before work on objective 5 can begin. 

Objective 6: Mechanically inoculate transgenic plants with Xf and compare Pierce’s disease development 
with inoculated, non-transgenic control plants 
All previous objectives must be completed before we can start objective 6. 

CONCLUSIONS 
We have made progress on what has been the biggest obstacle thus far in this project, which is creating 
enzymatically active Xf PG to pan and test our putative inhibitory phage against. Xf PG over-expression 
experiments using Xf as the cloning host have shown that we can produce recombinant PG in Xf and initial tests 
identified some fractions that may contain active Xf PG. Once we overcome some of the instability issues of 
this plasmid system, perhaps by expressing these plasmids in Xf recA mutants, we can then test the efficacy of 
the inhibitory phages we have obtained from panning against the peptides representing the active site of Xf PG. 
We have acquired 16 candidate scFv phages, by panning against peptide 2 conjugated to BSA that are capable 
of binding to full length Xf PG.  We will be using these candidate phages in Xf PG inhibition assays as we have 
described previously.  If one of the candidate phages can inhibit Xf PG activity in vitro then we can transform 
grapevines with the peptide and determine if they provide plants with resistance to Pierce’s disease. 
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ABSTRACT 
The development of Pierce’s disease control strategies utilizing transgenic rootstocks expressing and exporting 
candidate factors to wild-type scions has been a well-received and promising focus of research, from both 
scientific and public appeal standpoints.  Plant-derived polygalacturonase-inhibiting proteins (PGIPs) target 
specific pathogen and pest polygalacturonases (PGs). Here, several PGIPs were analyzed to determine the best 
candidates for Xylella fastidiosa (Xf) PG inhibition. Three PGIP sequences, one each from pear, orange, and 
rice, were chosen based on predicted protein-protein interactions with XfPG.  Recombinant protein expression 
systems have been developed to provide active quantities of XfPG and each PGIP.  Preliminary in planta activity 
assays have shown that when transiently expressed in tobacco leaves, the pear fruit PGIP is a more effective 
inhibitor of XfPG than is tomato PGIP. The transient expression systems have been expanded by cloning the 
enzyme sequences into different Agrobacterium tumefaciens strains. Current work involves evaluating the 
inhibitory capacity of the PGIPs in grape plants with initial evaluations in tobacco and tomato because tissues 
from these plants are continuously available.  In this reporting period we have been able to detect XfPG activity 
in plant tissues and we have been able to detect pPGIP protein in non-transgenic grape scion leaves at least 70 
centimeters away from the graft site with pPGIP expressing rootstocks. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf) uses a key enzyme, polygalacturonase (PG), to spread throughout the grapevine from the 
initial point of inoculation; this spread leads to Pierce’s disease symptom development.  Proteins called PG-
inhibiting proteins (PGIPs) are produced by many plants and these PGIPs selectively inhibit PGs from bacteria, 
fungi, and insects.  The PGIP expressed in pear fruit is known to inhibit XfPG and limit Pierce’s disease 
development in inoculated grapevines which have been transformed to express the pear PGIP protein.  PGIPs 
are secreted from cells and can passively travel across graft junctions. We are interested in identifying the PGIP 
that best inhibits XfPG and ascertaining how well, when this PGIP is expressed in transgenic rootstocks, it 
prevents Pierce’s disease development in grafted wild-type scions inoculated with Xf. We modeled the protein 
structures of fourteen candidate PGIPs to predict how the PGIPs physically interact with XfPG and we selected 
three candidate PGIPs. We expect to use in vitro and in planta assays to measure the ability of three candidate 
PGIPs to inhibit XfPG. To do these assays we have had to develop systems to generate high levels of active 
XfPG and PGIPs. The aim of the project is to identify PGIPs that are most effective in inhibiting XfPG by 
expressing and testing them first in tobacco and tomato and then evaluating grape rootstock germplasm after 
grafting, so that we can predict their ability to limit Pierce’s disease development in non-transgenic grape scions. 
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INTRODUCTION 
Xylella fastidiosa (Xf), the causative agent of Pierce’s disease in grapevines, has been detected in infected 
portions of grapevines after spreading systemically from the point of inoculation. Several lines of evidence 
support the hypothesis that Xf uses cell wall degrading enzymes to digest the polysaccharides of plant pit 
membranes separating the elements of the water-conducting vessel system, the xylem, of the vines. 
Recombinantly-expressed Xf polygalacturonase (PG) and β-1,4-endo-glucanase (EGase) have been shown to 
degrade grapevine xylem pit membranes and increase pit membrane porosity enough to allow passage of the 
bacteria from one vessel to the next (Pérez-Donoso et al., 2010). Xf cells have been observed passing through 
similarly degraded pit membranes without the addition of exogenous cell wall degrading enzymes, supporting 
the conclusion that the enzymes are expressed by Xf and allow its movement within the xylem (Sun et al., 2011). 
Roper et al. (2007) developed a PG-deficient strain of Xf and showed that the mutant bacterial strain was unable 
to cause Pierce’s disease symptoms; thus, the XfPG is a virulence factor of the bacteria that contributes to the 
development and spread of Pierce’s disease. 

The PGIPs that are naturally produced by plants are selective inhibitors of PGs; they limit damage caused by 
many types of pathogens.  Agüero et al. (2005) demonstrated that by introducing a pear fruit PGIP (pPGIP) gene 
into transformed grapevines, vine susceptibility to both fungal (Botrytis cinerea) and bacterial (Xf) pathogens 
decreased. This result implied that the pPGIP provided protection against Pierce’s disease by inhibiting the 
XfPG, reducing its efficiency as a virulence factor. In fact, recombinant XfPG is inhibited in vitro by pPGIP-
containing extracts from pear fruit (Pérez-Donoso et al., 2010).  In a key preliminary observation for the 
Pierce’s disease control approach investigated in this project, Agüero et al. (2005) demonstrated that transgenic 
pPGIP protein could be transported from transformed grapevine rootstocks, across a graft junction and into the 
grafted wild-type scions.  pPGIP also has been shown to be transported from rootstocks across grafts into the 
aerial portions of tomato plants (Haroldsen et al., 2012). 

The overall goal of the project is to develop transgenic grape rootstock lines that express PGIPs that effectively 
reduce the virulence of Xf. To do this, we proposed to compare potential XfPG inhibiting properties of PGIPs 
from a wide variety of plants in order to identify specific PGIPs that optimally inhibit the virulence factor, XfPG. 
The PGIPs that after our evaluations seem likely to be the most effective will be expressed in grape rootstocks to 
provide Pierce’s disease protection in grafted scions.  The expression of PGIPs in grape rootstocks will utilize 
transformation components with defined intellectual property (IP) and regulatory characteristics, as well as 
expression-regulating sequences that result in the maximal production of PGIPs in rootstocks and efficient 
transport of the proteins through the graft junctions to the aerial portions of vines so that Xf movement in 
infected scion tissues is limited. 

OBJECTIVES 
1. Define a path for commercialization of a Pierce’s disease control strategy using PGIPs, focusing on IP and 

regulatory issues associated with the use of PGIPs in grape rootstocks. 
2. Identify plant PGIPs that maximally inhibit XfPG. 

a. Propagate and graft grape lines expressing and exporting pPGIP for use in Pierce’s disease resistance 
assays 

b. Identify and clone plant PGIPs that are efficient inhibitors of XfPG 
c. Develop a recombinant expression system for XfPG 
d. Express PGIPs, using plant recombinant systems, to assay XfPG inhibition 

3. Assemble transcription regulatory elements, Xf-inducible promoters, and signal sequences that maximize 
PGIP expression in and transport from roots. 

4. Create PGIP-expressing rootstocks and evaluate their Pierce’s disease resistance. 

RESULTS AND DISCUSSION 
Objective 1: A path to commercialization of transgenic rootstocks 
The Public Intellectual Property Resource for Agriculture (PIPRA) has acted as a liaison for issues associated 
with the potential commercialization of transgenic grapevine rootstocks for several CDFA PD/GWSS Board-
funded projects. PIPRA analysts have managed the permitting process for the field trial testing of Thompson 
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Seedless and Chardonnay grapevines expressing pPGIP, in progress since 2010.  The details of the field trial are 
discussed in the progress report for the project “Field Evaluation of Grafted Grape Lines Expressing pPGIP” 
(PI: Powell). 

Objective 2: Identifying plant PGIPs that maximally inhibit XfPG 
a. Propagation and grafting of grape lines expressing and exporting pPGIP 
The pPGIP-expressing Chardonnay and Thompson Seedless grapevines described in Agüero et al. (2005) 
continue to be maintained in the UC Davis Core Greenhouse Complex.  The propagation and grafting 
techniques used for this objective are described in the progress report for the project “Field Evaluation of 
Grafted Grape Lines Expressing pPGIP” (PI: Powell). These efforts have continued to provide source material 
for grafted plants and assays and we have seen a 3% increase in grafting success over the past reporting period. 

In grafted plants that we have generated, we now report that we have evidence of pPGIP protein in the leaves at 
least 70 centimeters from the site of the graft. While the amount of this protein is significantly less than that 
produced in tissue containing the pPGIP genes, this is an important accomplishment as a key goal of the project 
was to establish that the protein is translocated across the grafts. While we have previously published that 
pPGIP protein is found in wild-type scion tissues grafted to transgenic tomato and grape rootstocks that express 
the pPGIP gene (Haroldsen et al., 2012), these results used tissue that was quite close to the grafting site. 
Furthermore, these results are limited by the sensitivity of the polyclonal antibody used to detect pPGIP 
presence.  We have expanded our efforts to detect the translocated pPGIP protein by examining the proteins in 
xylem sap. Cut stems of greenhouse-grown vines do not exude xylem sap.  Centrifugation of small, denuded 
stem segments, as in Wallis and Chen (2012), has yielded irregular protein concentrations of 14-179 µg/mL in 
volumes less than 5 µl. Future samples will be pooled to test for PGIP activity. We are modifying a pressure 
flow apparatus to flush long stem segments with high salt buffers, which we believe will provide a source of 
exogenous or translocated pPGIP, depending on the genotype assayed. We have also evaluated rootstocks of 
transgenic tomato plants expressing pPGIP in order to gather more material for detecting the pPGIP protein in 
xylem sap. We have confirmed that pPGIP protein is expressed in the rootstocks and are also testing the 
pressure device to force xylem sap out of the roots. 

b. Selection of PGIPs as Pierce’s disease defense candidates 
Based on phylogenetic, biochemical, and structural analyses of PGIP sequences from 68 plant species, PGIPs 
from ‘Roma’ rice, ‘Hamlin’ orange, and ‘Bartlett’ pear have been selected for further study of their inhibition of 
XfPG. The same cloning strategy previously reported is being applied to generate plant transformation vectors 
with each of these PGIPs.  Transcription will be constitutive, as driven by the CaMV-35S promoter, and the 
resulting proteins will have a C-terminal 6x-histidine tag for purification.  Genomic DNA has been prepared 
from ‘Kitaake’ rice, ‘Valencia’ and ‘Washington Navel’ orange leaves and each PGIP was successfully PCR 
amplified.  The resulting PGIP genes were cloned into plasmids for sequencing and transformed into E. coli for 
DNA modifications. The homology models for rice and orange PGIPs were built based on publicly available 
sequences for less common cultivars of each species. Our cloned PGIPs from the more studied reference 
varieties have identified multiple single nucleotide polymorphisms (SNPs) in the modeled sequences.  Some of 
these are missense mutations, confirmed by sequencing multiple colonies from independent PCR and bacterial 
transformation events (Figure 1). New source material from the modeled plant cultivars has been obtained for 
cloning with a proofreading polymerase to minimize discrepancies between the modeled PGIP sequences and 
those used for inhibition assays. 

c. XfPG expression and purification 
The previously reported XfPG expression system utilizing Drosophila S2 cells produced quantifiable amounts of 
PG protein with very slight activity that diminished over time.  The second strategy was to express XfPG 
transiently in leaves.  A fusion construct of the apoplastic signal sequence from pPGIP and the coding sequence 
of XfPG was generated for transient expression by Agrobacterium tumefaciens. Preliminary agroinfiltration 
assays with intact tobacco leaves indicated that the targeted PG had a similar activity to the non-targeted protein, 
both resulting in necrotic lesions in the infiltrated tissue, although the necrotic response could not always be 
distinguished from the tissue appearance where control solutions had been infiltrated.  The strain of A. 
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tumefaciens used in agroinfiltration experiments has been shown to influence the appearance and severity of 
necrosis in different plant species and tissues (Wroblewski et al., 2005).  For this reason, we have cloned the 
pPGIP::XfPG fusion construct and the empty vector pCAMBIA-1301 into 5 different A. tumefaciens strains 
(EHA105:pCH32, GV3101, C58:pMP90, C58C1:pCH32, and the wild strain 1D1249) to optimize transgene 
expression and PG-induced necrosis in infiltrated leaves. 

Hamlin_PGIP 121 TLRISWTNISGPVPDFIRQLTNLTFLELSFNNLSGTIPGSLSKLQKLGALHLDRNKLTGS 180 
Valencia_PGIP 121 TLRISWTNISGPVPDFISQLTNLTFLELSFNNLSGTIPGSLSKLQKLGALHLDRNKLTGS 180 
Wash_PGIP 121 TLRISWTNISGLVPDFISQLTNLTFLELSFNNLSGTIPSSLSKLQKLGALHLDRNKLTGS 180 
Wash_UCR_PGIP 121 TLRISWTNISGPVPDFISQLTNLTFLELSFNNLSGTIPSSLSKLQKLGALHLDRNKLTGS 180 
CTG1108280 121 TLRISWTNISGPVPDFISQLTNLTFLELSFNNLSGTIPSSLSKLQKLGALHLDRNKLTGS 180 

*********** ***** ********************.********************* 

Figure 1. Location of the missense mutation in cloned citrus PGIPs. A SNP in the Hamlin 
orange coding sequence changes a serine residue to arginine (top, highlighted). This is the 
only non-synonymous substitution between the Valencia and Hamlin sequences. The 
arginine residue highlighted is located within an α-helix on the convex face of the PGIP 
(white arrow). Its significance for PG inhibition is not known. 

GV3101 C58:pMP90 

GV3101 C58:pMP90 

1D1249 

C58C1:pCH32 
C58C1:pCH32 

1D1249 

A. B. 

Figure 2. Radial diffusion assay indicating XfPG activity. Concentrated leaf 
extracts (A) showed high activity, evidenced by the center clearing circle 
digested after 30 minutes and the more diffuse clearing zone apparent after 18 
hours. Intercellular washing fluid (B) generated diffuse clearing zones only after 
overnight incubation. 

Background necrosis was previously reported for our infiltrations using EHA105:pCH32 harboring the empty 
vector control.  We conducted agroinfiltrations in tobacco (Nicotiana benthamiana) leaves with the four other 
strains, infiltrating the majority of the surface of three leaves per plant, one plant per A. tumefaciens genotype. 
Agroinfiltrations with GV3101, C58:pMP90, and C58C1:pCH32 did not produce marked necrotic zones when 
the strains contained either pPGIP::XfPG or pCAMBIA-1301.  The leaves infiltrated with both 1D1249 
genotypes displayed dramatic necrosis and water soaking. Infiltrated regions were subjected to further analysis 
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to confirm transient expression.  Frozen tobacco leaf tissue, excised from each infiltration zone, was ground to a 
powder and divided for analysis.  Genomic DNA was prepared and the infiltrated construct PCR amplified in 
each sample to confirm the presence and genotype of the infiltrated Agrobacterium strain.  Crude protein 
extracts and intercellular washing fluid were individually prepared from the excised infiltration zone of a 
tobacco leaf and assayed, one infiltration zone per assay, as described by Joubert et al. (2007) with minor 
modifications.  Total protein recovered in the crude extracts ranged from 66-168 µg per sample.  Sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of 2 µg of the crude leaf lysate 
confirmed that infiltrations of the four A. tumefaciens strains transformed with pPGIP::XfPG in different leaves 
produced a protein of approximately 61.9 kDa, as indicated by Coomassie staining; the predicted size of the 
fusion protein is 60.9 kDa.  The overall banding seen by SDS-PAGE was faint and the crude lysate analyzed 
was too dilute to show activity in in vitro assays. Therefore, protein extracts were concentrated by passing the 
material once through Microcon centrifugal filters with Ultracel YM 10,000 MWCO membranes (Millipore, 
Billerica, MA). PG activity was detected in each of the concentrated extracts (Figure 2A) and to a lesser extent, 
the intercellular washing fluid (Figure 2B) from pPGIP::XfPG-expressing leaves, collected 7 days after 
infiltration.  The ability to produce useful quantities of XfPG has been a major hurdle for multiple research 
groups attempting to study XfPG as a virulence factor. The system described here is the first report of 
measurable XfPG activity in planta and therefore is evidence of progress towards establishing an effective 
expression system to generate the PG needed for in vitro PGIP inhibition assays. 

d. Expression of PGIPs to test XfPG inhibition 
The cloning and expression of candidate PGIPs (Objective 2b) continues.  The potential recombinant 
expression system for XfPG (Objective 2c) will be used to transiently express and purify active candidate 
PGIPs. Observations of PGIP activity in planta will be made using transgenic model plants for agroinfiltration 
experiments.  Tomato and Arabidopsis plants constitutively expressing pPGIP or LePGIP have been germinated 
and confirmed by PCR. These lines will be used to test the efficacy of the PGIPs in leaves agroinfiltrated with 
XfPG-expressing strains in own-rooted and transgrafted plants. Once the candidate PGIP constructs have been 
prepared, stable transgenic tobacco plants will be generated for agroinfiltration with XfPG cultures and for 
inoculation with Xf. 

Objective 3: Maximize PGIP expression in and transport from roots 
Based on the assumption that the native signal sequence of pPGIP is sufficient for the targeted transport of 
active inhibitor protein to xylem tissues, we have tested the proteins extracted from leaves of transgrafted 
grapevines for the presence of pPGIP protein.  First, the genotypes of all the grafts were confirmed by PCR 
analysis of genomic DNA.  Then, own-rooted and transgrafted Thompson Seedless grapevines were evaluated 
for the presence of pPGIP protein in either the known transgenic tissue or in scion non-transgenic leaves from 
transgrafted vines.  Two grafted vines and their respective donor rootstock and scion own-rooted plants 
(transgenic and wild-type, respectively) were subjected to protein extraction and probed by Western blotting 
(Figure 3).  Proteins were extracted from newly expanded and young, expanding grape leaves by grinding 0.8 – 
1.7 g FW in five volumes of 1 M NaCl, 0.1 M NaAcetate (pH 5), 1% polyvinylpolypyrrolidone [w/v], 0.1% 
NaHSO3 [w/v] and shaking overnight at 4°C.  The tissue homogenate was centrifuged and proteins in the 
collected supernatants were precipitated in five volumes of cold acetone.  Total proteins were separated by 10% 
SDS-PAGE and electrotransferred to a PVDF membrane. Western detection used a primary polyclonal 
antibody to purified pPGIP and a secondary antibody conjugated to horseradish peroxidase. 

Information pertaining to potential signal sequences targeting PGIPs to xylem tissues for transport across graft 
junctions has been reported by the project “In planta testing of signal peptides and anti-microbial proteins for 
rapid clearance of Xylella” (PI: A. Dandekar). 

Objective 4: Create PGIP-expressing rootstocks and evaluate their Pierce’s disease resistance 
As discussed previously (Objective 2d), the candidate PGIPs will be assayed for XfPG inhibition in planta 
utilizing transgrafted tobacco plants.  Grape rootstock transformation will commence once an optimal PGIP has 
been determined. 
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Figure 3. pPGIP protein in own-rooted transgenic, control, and transgrafted grapevine leaves. 
Total proteins from young leaves of own-rooted pPGIP-expressing (lanes 2, 3), control (lanes 6, 7) 
or transgrafted grapevines (lanes 4, 5). Protein bands were visualized by Western blotting with a 
polyclonal antibody to pPGIP. Intense cross-reactivity to a protein of approximately 43 kDa, the 
expected molecular weight of pPGIP, was observed from transgenic tomato leaves expressing 
pPGIP (lane 1), as well as from the own-rooted transgenic grapevines expressing pPGIP (lanes 2, 
3). A signal of the same molecular weight was observed from scion leaf tissue (lane 4), implying 
the transport of cross-reactive pPGIP protein from the transgenic rootstock (lane 2) into the wild-
type scion. Scion tissue for the graft represented in lane 4 was taken from the wild-type vine 
sampled in lane 6. 

CONCLUSIONS 
The ability to compare multiple PGIPs to determine an optimal inhibitor for specific PGs is a keystone for 
developing transgenic rootstocks as targeted strategies against pathogens that utilize PG(s) for virulence. In the 
scope of Pierce’s disease resistance, we have determined that PGIPs from Bartlett pear, Hamlin orange, and 
Roma rice are optimal candidates for XfPG inhibition. These candidates were selected based on sequence 
diversity and homology modeling to predict which of the analyzed PGIPs most closely interacts with XfPG in 
silico. XfPG has been recombinantly expressed in tobacco leaves by agroinfiltration and proven to have activity. 
This source of protein will allow for immediate in vitro comparison of the PGIP candidates; their cloning and 
subsequent expression is in progress to correct sequence errors. We have detected pPGIP crossing the graft 
junctions from transgenic rootstocks to non-transgenic scion leaves in grafted grape plants we have developed 
for this project. The ability of pPGIP, one of the candidates discussed here, to provide Pierce’s disease 
resistance to transgrafted scions is being addressed by the corresponding field trial. 

The goal of the project is to develop transgenic grape rootstocks that express PGIPs that effectively reduce the 
virulence of Xf, an approach that will help manage the Pierce’s disease problem without needing to target the 
growing vector population.  The project is designed to identify specific PGIPs that target the virulence factor, 
XfPG, and to express them in rootstocks to provide protection to the grafted wild-type scion tissues. 
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ABSTRACT 
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF) 
that modulates gene expression in cells as they reach high numbers in plants.  By increasing the expression of a 
variety of afimbrial adhesins while decreasing the expression of pili involved in twitching motility as well as 
extracellular enzymes involved in degrading pit membranes and hence movement between vessels, DSF 
accumulation suppresses virulence of Xf in grape. We thus are exploring different ways to elevate DSF levels in 
plants to achieve disease control via “pathogen confusion.” Plants expressing rpfF from Xf produce low levels 
of DSF and are highly resistant to Pierce’s disease. Chloroplast targeting of RpfF apparently substantially 
increases DSF production. Xf moved much less rapidly in rpfF-transformed grape, colonized many fewer xylem 
vessels, and achieved a much lower population size indicating that elevated DSF levels suppressed movement 
within the plant.  As exogenous sources of DSF applied in various ways to grape suppressed pathogen mobility 
and hence virulence we have further studied the chemical identity of DSF. Preliminary evidence suggests that 
DSF is comprised of three closely related fatty acid molecules. One component is 2-Z-tetradecenoic acid 
(hereafter called C14-cis) while a second compound termed C12-cis is apparently also produced.  The chemical 
identity of a third component is as yet undetermined and is being investigated.  We are currently determining the 
relative activity of these forms of DSF and if such molecules cooperate in regulating gene expression in Xf. The 
various forms of DSF may preferentially affect different behaviors of Xf. Since some reduction in disease 
severity was observed in grape scions grafted to DSF-producing rootstocks suggests that DSF produced by 
rootstocks can somewhat move to scions and confer disease control the control of disease, grafted plants are 
being made that have a relatively large rootstock to test the hypothesis that increased supply of DSF to the scion 
will be associated with a larger rootstock. Naturally-occurring endophytic bacteria within grape are being 
assessed for DSF production; only about 1% of the endophytic bacteria in grape produce DSF and these are 
being tested for their ability to move within plants after inoculation.  As studies of pathogen confusion will be 
greatly facilitated by having an improved bioassay for the DSF produced by Xf, we have been developing 
several immunological and biochemical means to assay for the presence of DSF using Xf itself as a bioindicator. 
Bioassays based on immunological detection of the cell surface adhesin XadA and EPS have been developed. 
Gene expression in Xf exposed to various levels of DSF is also being directly assessed using phoA reporter gene 
fusions. Xanthomons campestris-based biosensors in which Rpf components have been replaced by those from 
Xf also selectively detect the DSF produced by Xf. An improved X. campestris–based biosensor in which a 
mutant allele of RpfF from Xf that does not confer production of DSF but which apparently still interact with 
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RpfC has been produced; since this biosensor strain does not produce DSF, it has much lower background GFP 
reporter gene activity as well as a high responsiveness to exogenous DSF. The adhesiveness of wild-type strains 
of Xf grown in a minimal medium rapidly increases upon addition of DSF. The extent of increase in the 
adhesiveness of the strain, as measured by binding to the walls of glass tubes, increases with concentration of 
DSF added. The cell adhesive assay therefore makes a valuable means of detection for DSF. DSF was readily 
detected and transgenic grape expressing the Xf rpfF gene when the Xanthomonas campestris-based biosensor 
was applied to agar in which intact leaves were detected. The use of intact leaves therefore appears attractive as 
a method to screen transgenic plants for DSF production. Adherence of mutants of Xf to grape vessels is 
predictive of their virulence, indicating that adhesiveness is a major factor affecting the ability of Xf to cause 
disease. Such adhesive assays should enable us to more rapidly screen transgenic plants for their resistance to 
Pierce’s disease as well the efficacy of chemical analogs of DSF to induce resistance. The adherence of wild-
type strains of Xf to transgenic Thompson Seedless expressing a chloroplast-targeted rpfF gene from Xf was 
much higher than non-transformed plants, indicating that DSF production in the plants has increased the 
adhesiveness of the pathogen, and thereby reduced its ability to move within the plant after inoculation. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF). 
Accumulation of DSF in Xf cells, which presumably normally occurs as cells become numerous within xylem 
vessels, causes a change in many genes in the pathogen, but the overall effect is to suppress its virulence in 
plants. We have investigated DSF-mediated cell-cell signaling in Xf with the aim of developing cell-cell 
signaling disruption (pathogen confusion) as a means of controlling Pierce’s disease. We have investigated both 
the role of DSF-production by Xf on its behavior within plants, the manner in which other bacterial strains affect 
such cell signaling, the extent to which other endophytes could modulate density-dependent behaviors and 
virulence in Xf by interfering with cell-cell signaling, performed genetic transformation of grape to express DSF, 
and explored other means to alter DSF abundance in plants to achieve Pierce’s disease control. Elevating DSF 
levels in plants reduces is movement in the plant.  We have found naturally-occurring bacterial endophyte 
strains that can produce large amounts of DSF; we are testing them for their ability to move within plants and to 
alter the abundance of DSF sufficiently to reduce the virulence of Xf. Given that DSF overabundance appears to 
mediate an attenuation of virulence in Xf we have transformed grape with the rpfF gene of the pathogen to 
enable DSF production in plants; such grape plants produce at least some DSF and are much less susceptible to 
disease. Some reduction in disease severity was observed in grape scions grafted to DSF-producing rootstocks 
suggesting that DSF produced by rootstocks can somewhat move to scions and confer disease control. The 
chemical composition of DSF itself is being determined so that synthetic forms of this signal molecule can be 
made and applied to plants in various ways. We have found that the adherence of Xf to grape tissue is much 
more tenacious in the presence of DSF, and we thus have developed assays to more rapidly screen transgenic 
plants for their resistance to Pierce’s disease as well as the efficacy of chemical analogs of DSF to induce 
resistance. 

INTRODUCTION: 
We have found that the virulence of Xylella fastidiosa (Xf) is strongly regulated in a cell density-dependent 
fashion by accumulation of a signal molecule called diffusible signal factor (DSF) encoded by rpfF and 
involving signal transduction that requires other rpf genes. We now have shown that the pathogen makes at 
least one DSF molecule that is recognized by Xanthomonas campestris pv. campestris (Xcc) but slightly 
different than the DSF of Xcc (Figure 1). 

Figure 1. Structure of DSF: C14-cis. 
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Our on-going work suggests that it also makes other, closely related signal molecules as well. In striking 
contrast to that of Xcc, rpfF- mutants of Xf blocked in production of DSF, exhibit dramatically increased 
virulence to plants, however, they are unable to be spread from plant to plant by their insect vectors since they 
do not form a biofilm within the insect.  These observations of increased virulence of DSF-deficient mutants of 
Xf are consistent with the role of this density-dependent signaling system as suppressing virulence of Xf at high 
cell densities. Our observations of colonization of grapevines by gfp-tagged pathogen are consistent with such a 
model.  We found that Xf normally colonizes grapevine xylem extensively (many vessels colonized but with 
only a few cells in each vessel), and only a minority of vessels are blocked by Xf. Importantly, rpfF- mutants of 
Xf plug many more vessels than the wild-type strain. We thus believe that the pathogen has evolved as an 
endophyte that colonizes the xylem; blockage of xylem would reduce its ability to multiply since xylem sap 
flow would cease and thus the DSF-mediated virulence system in Xf constrains virulence.  That is, Xf would 
benefit from extensive movement throughout the plant where it would partially colonize xylem vessels but 
would have evolved not to grow to excessively within a vessel, thereby plugging it and hence blocking the flow 
of necessary nutrients in the xylem sap. Given that the DSF signal molecule greatly influences the behavior of 
Xf we are investigating various ways by which this pathogen can be “confused” by altering the local 
concentration of the signal molecule in plants to disrupt disease and/or transmission. We thus are further 
exploring how DSF-mediated signaling occurs in the bacterium as well as ways to alter DSF levels in the plant. 
Our work has shown that the targets of rpf regulation are genes encoding extracellular polysaccharides, 
cellulases, proteases, and pectinases necessary for colonizing the xylem and spreading from vessel to vessel as 
well as adhesins that modulate movement. Our earlier work revealed that several other bacterial species can 
both positively and negatively interact with the DSF-mediated cell-cell signaling in Xf. In this period we have 
extensively investigated both the role of DSF-production by the pathogen on its behavior within plants, the 
patterns of gene regulation mediated by DSF, the frequency with which other endophytes can produce signal 
molecules perceived by Xf, have further characterized the behavior of the pathogen in grape genetically 
transformed to produce DSF, and explored other means to alter DSF abundance in plants to achieve Pierce’s 
disease control.  We have particularly emphasized the development of various methods by which DSF 
abundance in plants can be assessed so that we can make more rapid progress in testing various ways to 
modulate DSF levels in plants, and have also developed more rapid means by which the behavior of Xf in plants 
can be assessed that does not require the multi-month Pierce’s disease assay. Lastly, we have developed better 
methods to assess DSF-mediated changes in phenotypes in the pathogen itself. 

OBJECTIVES 
1. Using novel, improved biosensors for the DSF produced by Xf, identify naturally-occurring endophytic 

bacteria which produce Xf DSF, and evaluate them for biological control of Pierce’s disease after 
inoculation into plants in various ways. 

2. Evaluate plants with enhanced production of DSF conferred by co-expressing RpfB, an ancillary protein to 
DSF biosynthesis, along with the DSF synthase RpfF for disease control as both scions and as rootstocks. 

3. Optimize the ability of DSF-producing in rootstocks to confer resistance to Pierce’s disease in the scion. 
4. Determine the movement and stability of synthetic DSF and chemical analogs of DSF applied to plants in 

various ways to improve disease control. 

RESULTS AND DISCUSSION 
Characterization of DSF made by Xf 
While the molecule C14-cis is one component of DSF made by Xf, further support for the possibility that more 
than one fatty acid signal molecule is made by RpfF was obtained by the use of a Thin Layer Chromatography 
(TLC) method to assess the fatty acids produced by Xf. In this method, acidified ethyl acetate extracts of culture 
supernatants of a wild-type Xf strain and an RpfF- mutant and a RpfB mutant were subjected to TLC and fatty 
acids visualized by iodine vapors. Interestingly, three different fatty acids were visualized in the wild-type 
strain, while these were largely missing in an RpfF- mutant, with only very small amounts of two other putative 
fatty acids present (Figure 2). It also was of interest to see that the RpfB mutant produced an altered pattern of 
putative fatty acids, with the major chemical species produced by the wild-type strain missing, and much larger 
amounts of one of the other species produced. The top-most spot observed in extracts of a wild-type strain of Xf 
co-migrates with C14-cis, a chemical form of DSF that we have previously characterized. Interestingly, the 
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middle band found in the wild-type strain, which migrated similarly to the topmost, and most abundant band 
seen in the rpfB mutant, co-migrates with C12-cis. It is noteworthy, that a re-examination of the DSF species 
produced by Xanthomonas campestris pv. campestris using different methods have revealed that this species 
also produces C12-cis.  The most prominent, lower, band seen in the wild-type strain is not observed in the rpfB 
mutant.  This supports the model that RpfB, a putative long-chain fatty acyl CoA ligase, serves to produce 
suitable substrates for RpfF, the DFS synthase.  Although RpfB is not required for DSF synthesis in Xf, it 
presumably aids in DSF synthesis by encoding long chain fatty acyl CoA ligase which might increase availably 
of the appropriate substrates for DSF synthesis by RpfF. It is interesting to note that rpfB mutants have an 
altered behavior compared to rpfF mutants and wild-type strains of Xf. While rpfF mutants are hyper-virulent in 
grape, rpfB mutants were nearly as virulent as wild-type strain.  In contrast, while rpfF mutants are non-
transmissible by sharpshooters, the rpfB mutants exhibit only a slight decrease in their transmission suggesting 
that they are retained by sharpshooters more efficiently than the rpfF mutant.  Given that the rpfB mutant 
appears to make C12-cis but not C14-cis, this suggests that C12-cis is sufficient to enable signaling that leads to 
insect transmission but does not greatly affect virulence. We expect that co-expression of RpfB and RpfF in the 
chloroplast will further enhance the DSF levels in plants. We have produced transgenic Arabidopsis plants with 
such a construct and find evidence of high levels of DSF production.  Pathogenicity assays with the rpfF mutant 
of Xcc indicated that the transgenic plants expressing both rpfB and rpfF transgenic plants can better 
complement the virulence of the non-pathogenic rpfF mutant of Xcc. Based on this and other data, we are 
expressing both RpfF and RpfB simultaneously in transgenic plants for optimum production of suitable DSF 
molecules. We thus are preparing genetic constructs to transform grape with these two genes to further enhance 
DSF production. 

We have also used improved DSF biosensors (see below) to screen for active fractions in chemically separated 
culture supernatants of Xf. As noted above, C14-cis is produced by Xf, but is probably not the only DSF species 
produced by this bacterium. We therefore have further investigated the conditions under which DSF is 

produced by Xf, as well as performed chemical fractionation of the molecules 
produced by Xf to determine the identity of additional chemical species 
having signaling activity in the pathogen. Nearly all of the work we have 
conducted to date has utilize the growth medium PWG to culture Xf. While 
Xf grows well on PWG medium, our recent results indicate that it either 
produces relatively little DSF on that medium or that the DSF is bound to 
medium ingredients, most likely bovine serum albumin which is a major 
medium ingredients. We therefore have studied the production of DSF in 
cells of Xf grown on PD3 medium.  Not only does Xf exhibit abundant growth 
on this medium, but the yield of DSF seems to be much higher than on PWG 
medium.  Chemical fractionation of PD3 medium in which Xf has been 
grown yield a variety of fractions, differing in polarity, that have biological 
activity as measured by the Xcc –based biosensor (Figure 3). NMR and 
Mass Spectral analysis of these fractions are currently underway to identify 
the chemical species associated with biological activity. Evidence to date 
suggests that longer chain enoic acids such as C16-cis might have strong 
biological activity. After identification, these chemical species will be 
synthesized and applied to plants. The biological sensors used for their initial Figure 2. Fatty acids resolved 

by TLC from a RpfF mutant of detection will then be used to determine their stability and movement within 
Xf (left lane) a RpfB mutant the plant as part of objective 4. These plants will also be challenge inoculated 
(center lane) and a wild-type with cultures of Xf to determine whether they are more or less effective than 
strain of Xf (right lane). Fatty C14-cis in altering the behavior of Xf and thus the incitation of disease 
acids were visualized after symptoms. 
exposure to iodine vapor. 
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Figure 3. Biological activity of different fraction of a culture extract of Xf grown in PD3 media as detected by 
gfp fluorescence of a Xccs-based biosensor 

Studies of adhesion of Xf to grape 
Our studies have suggested strongly that adhesion of Xf to plant tissues inhibits movement of the pathogen 
through the plant, and hence tends to reduce the virulence of the pathogen.  RpfF- mutants of the pathogen that 
do not produce DSF adhere to glass surfaces and to each other much less effectively than wild-type strain that 
produce DSF.  This is consistent with the apparent rpfF-regulation of adhesins such as HxfA, HxfB and XadA 
etc. To better correlate levels of DSF in the plant and the stickiness of the Xf cells we have developed a 
practical assay to measure and compare stickiness of Xf cells in grapes infected with Xf gfp-Wt and Xf mutants. 
In this assay, the release of cells of Xf from stems and petioles tissue from grape infected with Xf wild-type 
strain and gfp-rpfF mutant were compared.  Tissues from infected Thompson Seedless grapes were surface 
sterilized. From the sterile tissues, 5mm stem or petiole segments were cut and placed individually in sterile 
buffer and shaken gently for 20 minute.  After 20 minutes the number of cells released from the cut end of the 
segment were estimated by dilution plating on PWG.  To determine the total number of cells in a given sample 
(the number of cells that potentially could have been released by washing) the washed segment was macerated 
and Xf populations again evaluated by dilution plating.  Total cell populations were calculated by summing the 
cells removed by washing and those retained in the segment. The ratio of easily released cells to the total cells 
recovered in the samples was termed the release efficiency. In both stems and petioles the release efficiency of 
the rpfF mutant was much higher than that of the wild-type strain (Figure 4). There was a very strong inverse 
relationship between the adhesiveness of the cells to grape and their ability to cause disease (Figure 4). This 
very striking difference in the adhesiveness of the Xf cells experiencing different levels of DSF in the plant 
suggest that this release efficiency assay will be valuable for rapidly assessing the susceptibility of grapes 
treated in various ways. For example, the adhesion of cells could be measured within a couple of weeks after 
inoculation of wild-type Xf cells into transgenic plants harboring various constructs designed to confer DSF 
production in plants, or in plants treated with DSF producing bacteria or topical application of chemicals with 
DSF-like activity. Such an assay would be far quicker than assays in which disease symptoms must be scored 
after several months of incubation, and could be employed during those times of the year such as the fall and 
winter when disease symptoms are difficult to produce in the greenhouse. 
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Figure 4. Top: Proportion of total cells of various mutants of Xf that were released during gentle washing of 
grape stem segments in buffer as depicted (Center). The vertical bars represent the standard error of 
estimates of the proportion of released cells for a given treatment. Bottom: Relationship between 
proportions of various Xf mutants released from tissues and the virulence of those strain in Thompson 
Seedless grape. 
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To further address the usefulness of the cell release assay to assess treatments designed to limit the movement of 
Xf in plants to achieve disease control, we tested the adherence of wild-type strains of Xf to transgenic Freedom 
expressing a non-targeted rpfF gene from Xf compared with that to non-transformed plants.  Plants were 
inoculated with a gfp-marked wild-type strain of Xf and petioles were removed from plants at a distance of about 
20 cm from the point of inoculation, and the percent of the cells removed during a brief washing step measured 
as above.  The adherence of wild-type strains of Xf to transgenic Freedom was much greater than that of cells in 
the  non-transformed plants, indicating that DSF production in the plants has increased the adhesiveness of the 
pathogen, and thereby reduced its ability to move within the plant after inoculation.  That is, the percentage of 
cells that was released from rpfF-expressing plants was from 2 to 3-fold less than that of control plants 
(Figure 5).  As seen before, cells of an rpfF mutant that does not produce DSF exhibited about 3-fold higher 
percentage of cells released from a normal Thompson grape compared to the wild-type strain in the non-
transgenic grape (Figure 4).  These results suggest strongly that DSF production has occurred in the rpfF-
expressing plants, and that the enhanced adhesiveness of these cells is associated with their reduced ability to 
spread through the plant and cause disease. These results suggest that the release efficiency assay should be a 
useful tool to rapidly assess treatments designed to control Pierce’s disease. 

Figure 5. Percentage of total cells of a gfp-marked wild-type strain of Xf in petioles of non-transformed 
Freedom (wild-type) or of transgenic Freedom expressing the rpfF gene from Xf (Thompson Seedless) that 
were released during gentle washing of the segments in buffer. The vertical bars represent the standard 
error of estimates of the proportion of released cells for a given treatment. 

Our studies of DSF-dependent traits in Xf indicate that elevation of DSF in transgenic plants should increase the 
adhesiveness of the pathogen, thereby reducing its potential to move throughout the plant.  To better quantify 
these parameters, we have made detailed measurements of appearance of disease symptoms in transgenic 
Freedom grape transformed with the rpfF gene from Xf. Temporal measurements of disease severity reveal that 
initially both wild-type and DSF-producing grape had similar incidence of symptomatic leaves (about two 
leaves per plant) (Figure 6). After approximately seven weeks after inoculation however the incidence of 
symptomatic leaves increased rapidly in wild-type plants to over 12 leaves per plant by week 11, while the 
number of symptomatic leaves in the DSF producing plants remain low.  These results strongly support the 
model that Xf could move passively short distances (15 cm or less) and neither plant however, active movement 
was restricted in the DSF producing plants, limiting infection of only those leaves found close to the point of 
inoculation. 
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Figure 6. Incidence of leaves exhibiting symptoms of Pierce’s disease on wild-type Freedom grape 
(blue) or transgenic DSF-producing Freedom (red) assessed at various times after inoculation in two 
different experiments with Xf. Disease symptoms on uninoculated plants are shown in green (Bottom). 
The vertical bars represent the standard error of the mean. 

- 161 -



           
    

           
           

          
            

      
            

           
          

       
       

        
           

      
  

           
             

 

            
              

       

 
        

        
         

         
          

         
           

   
        

              
         

In contrast to the effect of DSF on increasing the adhesiveness of cells of Xf, particularly as they would reach 
high population sizes in the plant, Xf also appears to produce a molecule or to induce the production of a 
molecule by the plant that reduces its ability to self-aggregate and to adhere to surfaces. Cells of a GFP-marked 
Xf wild-type strain were suspended in xylem sap recovered from both uninfected plants, as well as plants 
infected with a wild-type strain of Xf or a plant infected with an RpfF mutant. While many cells of the wild-type 
strain formed relatively large cellular aggregates after one day of suspension in samples from healthy plants, the 
cells remain dispersed and occurred primarily as single cells when suspended in sap from a plants infected with 
the RpfF mutant (Figure 7). Cells suspended in sap collected from a plant infected with a wild-type strain of Xf 
exhibited intermediate levels of cellular aggregation (data not shown). Since most of the sap recovered from 
infected plants would likely have been from vessels that had relatively low population sizes of Xf (more heavily 
infected vessels would have been plugged and therefore xylem fluid would have been difficult to collect), we 
presume that the factors present in the sap of the plants infected with the wild-type strain and particularly the 
RpfF mutant of Xf had produced one or more materials that interfered with the adhesiveness of the cells. 
Quantification of the process of cellular aggregation as a function of time after cells were suspended in sap from 
grape infected with different strains of Xf, revealed that sap from plants infected with the RpfF mutant was 
particularly effective in preventing cellular aggregation of Xf (Figure 8).  Such anti-adhesive factors produced 
by the RpfF mutant might account for its enhanced ability to move within plants that had been previously 
observed. It thus seems likely that Xf alters the chemical environment within the xylem vessels to restrict its 
ability to adhere to plants, thereby maximizing its ability to move along vessels but also between vessels through 
pit membranes. 

Figure 7. Cellular aggregates of a GFP marked strain of Xf suspended in sap from grape infected with an RpfF mutant 
of Xf (left panel) or from staff from an uninfected plant (right panel) when visualized at 20 x magnification. At this 
magnification only cellular aggregates are visible as relatively large green spots. 

Graft transmissibility of DSF 
To test whether DSF is mobile within the plant we are performing grafting experiments in which DSF-producing 
Freedom grape transformed with the rpfF gene of Xf are used as rootstocks to which normal Cabernet 
Sauvignon grape were green-grafted as a scion. As a control, normal Freedom was also used as a rootstock. 
These plants were inoculated with Xf to test whether normal scions on DSF-producing rootstocks have a lower 
susceptibility to Xf colonization as a rootstock than as a scion. Initial estimates of disease severity indicate that 
there were about 30% less symptomatic leaves of the normal Cabernet scion when grafted onto an rpfF-
expressing rootstock compared with plants on a normal Freedom rootstock. Thus it appears that DSF 
production in the scion is more efficacious for disease control than is the expression of rpfF in the rootstock. 
We are repeating these grafting experiments and testing the hypothesis that increasing the size of the rootstock 
will increase its potential to distribute DSF to the scion. We thus are producing wild-types scions grafted to 
rootstocks of differing sizes. Green grafting is proving difficult because the normal process is root the rootstock 
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at the same time that the scion is grafted onto the top. Establishing a large rootstock before grafting has made 
establishment of the grafted scion more difficult. Some success has now been achieved in these plants will soon 
be inoculated and their disease susceptibility will be related to the size of the rootstock. In another strategy to 
address objective 3, we are using dormant transgenic grape from our field trial in Solano County to produce 
grafted plants with a very large rootstock. The plants that were established in 2010 in the Solano County trial 
are now quite large. The USDA –APHIS permit was amended to enable us to collect dormant vines from this 
field trial for terminal used in our greenhouses at UC Berkeley. A large amount of dormant vines from both 
transgenic Freedom as well as transgenic Thompson seedless plants that had not been inoculated with Xf during 
the summer of 2011 were collected.  Non-transgenic Cabernet are being grafted onto the top of dormant twigs of 
different lengths, and the lower rootstock sections are being rooted in the greenhouse. We are optimistic that 
this strategy will be successful in producing large rootstocks up to 50 cm or more. 
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Figure 8. Increases in cellular aggregation of cells of a wild-type Xf strain suspended in xylem sap 
of grape plants inoculated with different strains of Xf, as measured by a decrease in turbidity of cells 
over time. Note the substantially lower level of aggregation of cells suspended in sap from plants 
infected with an RpfF mutant compared to that in buffer alone (blue versus black line). 

Development of Xcc-based biosensors efficient in detecting Xylella DSF 
We constructed three Xcc -based DSF biosensors specific to the DSF produced by Xf RpfF and which is sensed 
by Xf RpfC one of which we replaced the Rpf-DSF detection system of Xcc with that of homologous 
components from Xf and a second in which an Xcc rpfF and rpfC double mutant into which Xf rpfF and rpfG 
and a hybrid rpfC allele composed of the predicted trans-membrane domain of Xf RpfC and the cytoplasm 
domain of the Xcc RpfC was been added. A third is a Xcc- based GCF biosensor in which the Xf rpfF gene is 
replaced by with a mutant allele in which glutamate codons 141 and 161 which are essential for DSF production 
activity are replaced by Alanine codons.  This mutant form of RpfF is no longer capable of DSF synthesis, but is 
still apparently capable of interaction with RpfC, and thus proper response to DSF; these have been termed Xf-
RpfGCF, Xf-Xcc chimeric, and Xf-RpfGCF*.  The Xcc-based Xf-Xcc chimeric, and Xf-RpfGCF biosensors 
exhibit very strong gfp fluorescence in response to DSF molecules and have been very useful in detecting DSF 
in transgenic plants (Figure 9). 
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Figure 9. Assay for DSF content of intact plants performed using the Xcc rpfCGF DSF biosensor. Top: 
Contact grape leaves are embedded in agar and cells of the biosensor applied as spots above the leaf tissue. 
Middle: GFP fluorescence exhibited by this biosensor that had been placed above either wild-type plants (top 
row) or above these of transgenic freedom expressing the Xf rpfF gene (bottom row). Bottom: Quantification 
of alkaline phosphatase activity of sensor depicted in center panel and positive control of added C14-cis. 

Development of a Xf-based bioreporter for DSF. 
We have developed methods to use Xf itself to detect DSF by using its endogenous phoA gene (encoding 
alkaline phosphatase) as a bioreporter of gene expression in a phoA mutant. The PhoA-based biosensor in which 
phoA is driven by the hxfA promoter is quite responsive to exogenous DSF  Both hxfA and hxfB expression in 
Xf was strongly induced by C14-cis but not by the related molecule myristic acid as assessed using alkaline 
phosphatase as an assay (Figure 10). 
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Figure 10. Top: Vector construct which enables the use of alkaline phosphatase as a reporter gene for 
monitoring gene expression of DSF responsive genes such as hxfA in Xf (Middle). Bottom: Alkaline 
phosphatase activity exhibited by cells of Xf harboring a hxfA:phoA fusion when grown on culture medium 
containing various concentrations of C14-cis when measured 24 hours after inoculation. 

CONCLUSIONS 
Since we have shown that DSF accumulation within plants is a major signal used by Xf to change its gene 
expression patterns and since DFS-mediated changes all lead to a reduction in virulence in this pathogen we 
have shown proof of principle that disease control can be achieved by a process of “pathogen confusion.” 

- 165 -



      
     

          
          

          
       

            
          

          
       

        
    

      
          

 

 
 

Several methods of altering DSF levels in plants, including direct introduction of DSF producing bacteria into 
plants, and transgenic DSF-producing plants appear particularly promising and studies indicate that such plants 
provide at least partial protection when serving as a rootstock instead of a scion. While the principle of disease 
control by altering DSF levels has been demonstrated, this work addresses the feasibility of how achieve this 
goal, and what are the most practical means to achieve disease control by pathogen confusion.  The tools we 
have developed to better detect the specific DSF molecules made by Xf will be very useful in our on-going 
research to test the most efficacious and practical means to alter DSF levels in plants to achieve disease control. 
We are still optimistic that chemically synthesized DSF molecules might also ultimately be the most useful 
strategy for controlling disease. The presence of more than one DSF base signal molecule suggests that perhaps 
more than one molecule might be needed to achieve changes in pathogen behavior. Our major advances in the 
development of biosensors to detect the responsiveness of Xf to signal molecules is a major breakthrough that 
hopefully will allow us to make rapid progress in ascertaining those transgenic plants most capable of altering 
pathogen behavior as well as in formulating synthetic molecules suitable for use in disease control. The 
biological sensors also have proven useful in screening naturally occurring bacteria associated with grape that 
might also be exploited to produce signal molecules 
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ABSTRACT 
A cell density-dependent gene expression system in Xylella fastidiosa (Xf) mediated by a small signal molecule 
called diffusible signal factor (DSF) which we have now characterized as 2-Z-tetradecenoic acid (hereafter 
called C14-cis) controls the behavior of Xf. The accumulation of DSF attenuates the virulence of Xf by 
stimulating the expression of cell surface adhesins such as HxfA, HxfB, XadA, and FimA (that make cells sticky 
and hence suppress its movement in the plant) while down-regulating the production of secreted enzymes such 
as polygalacturonase and endogluconase which are required for digestion of pit membranes and thus for 
movement through the plant. Artificially increasing DSF levels in plants in various ways increases the 
resistance of these plants to Pierce’s disease. Disease control in the greenhouse can be conferred by production 
of DSF in transgenic plants expressing the gene for the DSF synthase from Xf; such plants exhibit high levels of 
disease resistance when used as scions and confer at least partial control of disease when used as rootstocks. 
This project is designed to test the robustness of disease control by pathogen confusion under field conditions 
where plants will be exposed to realistic conditions in the field and especially under conditions of natural 
inoculation with insect vectors. We are testing two different lineages of DSF-producing plants both as own-
rooted plants as well as rootstocks for susceptible grape varieties in two field sites. Plants were established in 
one field site in Solano County on August 2, 2010. Plants were planted at a Riverside County site on April 26, 
2011. All plants at the Solano County experimental site were needle-inoculated with a suspension of Xf in May 
2012; at least four vines per plant were inoculated, each at a given site with a 20 ul droplet of Xf containing 
about 106 cells of Xf. The incidence of infection of the inoculated vines was reduced about three-fold in 
assessments made in August and September. Disease was observed only near the point of inoculation in 
transgenic Freedom, but had spread extensively in wild-type Freedom grape.  Only a modest reduction in 
incidence or severity of Pierce’s disease was seen in Thompson Seedless grafted onto DSF-producing Freedom 
rootstocks compared to those grafted on wild-type Freedom.  The incidence of infection of transgenic Thompson 
Seedless plants was similar to that of wild-type Thompson, while the incidence and severity of Pierce’s disease 
on Thompson Seedless grafted onto DSF-producing Thompson Seedless rootstocks was less than that of plant 
grafted onto wild-type Thompson Seedless rootstocks. Plants at the Riverside County plot were subject to high 
levels of natural infection in 2012. The incidence of infection of transgenic DSF-producing Freedom was about 
three-fold less than that of wild-type Freedom grape, while the number of infected leaves per vine was about 
five-fold less, suggesting that the pathogen had spread less in the DSF-producing plants after insect inoculation. 
Only a modest reduction in incidence or severity of Pierce’s disease was seen in Thompson Seedless grafted 
onto DSF-producing Freedom rootstocks compared to those grafted on wild-type Freedom. The incidence of 
infection of transgenic Thompson Seedless plants was similar to that of wild-type Thompson, while the 
incidence and severity of Pierce’s disease on Thompson Seedless grafted onto DSF-producing Thompson 
Seedless rootstocks was less than that of plant grafted onto wild-type Thompson Seedless rootstocks. 
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LAYPERSON SUMMARY 
Xylella fastidiosa coordinates its behavior in plants in a cell density-dependent fashion using a diffusible signal 
molecule (DSF) which acts to suppress its virulence in plants. Artificially increasing DSF levels in grape by 
introducing the rpfF gene which encodes a DSF synthase reduces disease severity in greenhouse trials. We are 
testing two different lineages of DSF-producing plants both as own-rooted plants as well as rootstocks for 
susceptible grape varieties. Plots in both Solano and Riverside Counties reveal that DSF producing Freedom 
grape, which was highly resistant to Pierce’s disease in greenhouse trials is also much less susceptible to disease 
in field trials, especially in plants naturally infected by sharpshooter vectors. 

INTRODUCTION 
Our work has shown that Xylella fastidiosa (Xf) uses diffusible signal factor (DSF) perception as a key trigger to 
change its behavior within plants.  Under most conditions DSF levels in plants are low since cells are found in 
relatively small clusters, and hence cells do not express adhesins that would hinder their movement through the 
plant (but which are required for vector acquisition) but actively express extracellular enzymes and retractile pili 
needed for movement through the plant.  Disease control can be conferred by elevating DSF levels in grape to 
“trick” the pathogen into transitioning into the non-mobile form that is normally found only in highly colonized 
vessels. While we have demonstrated the principles of disease control by so-called “pathogen confusion” in the 
greenhouse, more work is needed to understand how well this will translate into disease control under field 
conditions.  That is, the methods of inoculation of plants in the greenhouse may be considered quite aggressive 
compared to the low levels of inoculum that might be delivered by insect vectors. Likewise, plants in the 
greenhouse have undetermined levels of stress that might contribute to Pierce’s disease symptoms compared to 
that in the field. Thus we need to test the relative susceptibility of DSF-producing plants in the field both under 
conditions where they will be inoculated with the pathogen as well as received “natural” inoculation with 
infested sharpshooter vectors. 

OBJECTIVES 
1. Determine the susceptibility of DSF-producing grape as own-rooted plants as well as rootstocks for 

susceptible grape varieties for Pierce’s disease. 
2. Determine population size of the pathogen in DSF-producing plants under field conditions. 
3. Determine the levels of DSF in transgenic rpfF-expressing grape under field conditions as a means of 

determining their susceptibility to Pierce’s disease. 

RESULTS AND DISCUSSION 
Disease susceptibility of transgenic DSF-producing grape in field trials 
Field tests are being performed with two different genetic constructs of the rpfF gene in grape and assessed in 
two different plant contexts. The rpfF has been introduced into Freedom (a rootstock variety) in a way that does 
not cause it to be directed to any subcellular location (non-targeted). The rpfF gene has also been modified to 
harbor a 5’ sequence encoding the leader peptide introduced into grape (Thompson Seedless) as a translational 
fusion protein with a small peptide sequence from RUBISCO that presumably causes this RpfF fusion gene 
product to be directed to the chloroplast where it presumably has more access to the fatty acid substrates that are 
required for DSF synthesis (chloroplast-targeted). These two transgenic grape varieties are thus being tested as 
both own-rooted plants as well as rootstocks to which susceptible grape varieties will be grafted.  The following 
treatments are thus being examined in field trials: 

Treatment 1FT: Non-targeted RpfF Freedom 
Treatment 2TT: Chloroplast-targeted RpfF Thompson 
Treatment 3FW: Non-targeted RpfF Freedom as rootstock with normal Thompson scion 
Treatment 4TTG: Chloroplast-targeted RpfF Thompson as rootstock with normal Thompson scion 
Treatment 5FWG: Normal Freedom rootstock with normal Thompson scion 
Treatment 6TWG: Normal Thompson rootstock with normal Thompson scion 
Treatment 7FW: Normal Freedom 
Treatment 8TW: Normal Thompson 
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Figure 1. Overview of research plot in Solano County. 

Treatments 5-8 serve as appropriate control to allow direct assessment of the effect of DSF expression on 
disease in own rooted plants as well as to account for the effects of grafting per se on disease susceptibility of 
the scions grafted onto DSF-producing rootstocks. 

One field trial was established in Solano County on August 2, 2010.  Twelve plants of each treatment were 
established in randomized complete block design. Self-rooted plants were produced by rooting of cuttings 
(about three cm long) from mature vines of plants grown in the greenhouse at UC Berkeley.  Cuttings were 
placed in a sand/perlite/peatmoss mixture and subjected to frequent misting for about four weeks, after which 
point roots of about 10 appeared.  Plants were then be transferred to one-gallon pots and propagated to a height 
of about 1 m before transplanting into the field.  Grafted plants were produced in a similar manner. Twenty cm 
stem segments from a susceptible grape variety were grafted onto 20 cm segments of an appropriate rootstock 
variety and the graft union wrapped with grafting tape.  The distal end of the rootstock variety (harboring the 
grafted scion) was then be placed in rooting soil mix and tooted as described above.  After emergence of roots, 
the grafted plant were then transplanted and grown to a size of about 1 m as above before transplanting into the 
field site.  The plants all survived transplanting and are growing well (Figure 1).  The plants were inoculated in 
May 2012 (no natural inoculum of Xf occurs in this plot area and so manual inoculation of the vines with the 
pathogen was performed by needle-inoculated with a suspension of Xf. At least four vines per plant were 
inoculated.  Each inoculation site received a 20 ul droplet of Xf containing about 106 cells of Xf (Figure 2). The 
plants at the Solano County trial have grown luxuriantly, and by the time of rating in August and September, 
vines had overgrown the older vines inoculated in May, making disease rating difficult (Figure 3). 

Figure 2. Process of inoculation of grape at the Solano County field trial in July 2011. A needle was 
inserted through a vine and a droplet of inoculum applied to the needle tip. After withdrawal of the needle, 
the bacterial inoculum is drawn into the vine due to the tension of the water in the xylem vessels. 
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Figure 3. Appearance of transgenic Freedom grape in early October 2011. 

The incidence of infection of the inoculated vines at the Solano County trial was reduced about three-fold in 
assessments made in August and September (Figure 4). Disease was observed only near the point of 
inoculation in transgenic Freedom, but had spread extensively in wild-type Freedom grape. Because of the 
shading of the inoculated vines by subsequent growth of uninoculated vines of the same plant many of the older 
leaves had died or had fallen from the plant, especially by the September rating, making it difficult to quantify 
the number of infected leaves per vine.  In August, however, we found that there were about three times as many 
symptomatic leaves on each inoculated vine of wild-type Freedom than on DSF-producing transgenic Freedom 
(Figure 5). Only a modest reduction in incidence or severity of Pierce’s disease was seen in Thompson 
Seedless grafted onto DSF-producing Freedom rootstocks compared to those grafted on wild-type Freedom. 
The severity of infection of transgenic Thompson Seedless plants was similar to that of wild-type Thompson, 
while the incidence and severity of Pierce’s disease on Thompson Seedless grafted onto DSF-producing 
Thompson Seedless rootstocks was less than that of plant grafted onto wild-type Thompson Seedless rootstocks 
(Figure 6). 

Figure 4. Incidence of vines of DSF-producing transgenic Freedom grape (red) or wild type 
Freedom having any symptoms of Pierce’s disease when rated in August or September 2012. A 
total of three vines per plant were assessed. The vertical bars represent the standard error of the 
mean. 
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Figure 5. Severity of Pierce’s disease on transgenic Freedom grape (FT) and on wild type 
Freedom grape assessed in August 2012 in the Solano country trial. 

Figure 6. Severity of Pierce’s disease on grape assessed in September 2012 in the Solano 
country trial. See treatment codes above for treatment comparisons. 

The plants for the Riverside County trial were planted on April 26, 2011 (Figure 5) and have exhibited much 
less growth than those at the Solano Country trial (Figure 7). The plants at the Riverside County trial were 
subjected to natural infection from infested sharpshooter vectors having access to Xf from surrounding infected 
grapevines. Very high levels of Pierce’s disease were seen in the summer of 2012, although much less 
symptoms were seen on the transgenic DSF-producing Freedom grape compared to other plants (Figure 8). 
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Figure 7. Establishment of grape trial in Riverside County in April 2010 (left) and image of plot in October 2012 (right). 

Figure 8. Pierce’s disease symptoms on transgenic DSF-producing Freedom grape (left) and wild type Freedom grape 
(right) on October 4, 2012. 

The incidence of infection of transgenic DSF-producing Freedom was about three-fold less than that of wild-
type Freedom grape (Figure 9), while the number of infected leaves per vine was about five-fold less 
(Figure 9), suggesting that the pathogen had spread less in the DSF-producing plants after insect inoculation. 
Only a modest reduction in incidence or severity of Pierce’s disease was seen in Thompson Seedless grafted 
onto DSF-producing Freedom rootstocks compared to those grafted on wild-type Freedom (Figure 10). The 
incidence of infection of transgenic Thompson Seedless plants was similar to that of wild-type Thompson 
(Figure 11), while the incidence and severity of Pierce’s disease on Thompson Seedless grafted onto DSF-
producing Thompson Seedless rootstocks was less than that of plant grafted onto wild-type Thompson Seedless 
rootstocks (Figure 12). The effectiveness of transgenic Thompson Seedless rootstocks in reducing Pierce’s 
disease was surprising, given that the transgenic Thompson scions were similar in susceptibility to that of the 
normal Thompson scions. We have seen evidence that in addition to DSF chemical species that serve as 
agonists of cell-cell signaling in Xf that transgenic Thompson Seedless may also produce chemical antagonists 
of cell-cell signaling.  It is possible that the DSF agonist is more readily transported into the scion than any 
antagonists, and thus that DSF-mediated inhibition of pathogen mobility can be conferred by grafted DSF-
producing rootstocks. 
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Figure 9. Incidence of Pierce’s disease of transgenic DSF-producing Freedom grape (blue bars) or wild type Freedom (red 
bars) as measured as the fraction of vines with any disease symptoms (left box) or the severity of disease as measured as the 
fraction of leaves per shoot that exhibited symptoms (right box). The vertical bars represent the standard error of the mean. 

Figure 10. Incidence of Pierce’s disease of normal Thompson Seedless grape grafted onto transgenic DSF-producing 
Freedom grape rootstocks (blue bars) or wild type Freedom rootstocks (red bars) as measured as the fraction of vines with 
any disease symptoms (left box) or the severity of disease as measured as the fraction of leaves per shoot that exhibited 
symptoms (right box).  The vertical bars represent the standard error of the mean. 

Figure 11. Incidence of Pierce’s disease of transgenic DSF-producing Thomson Seedless grape (blue bars) or wild type 
Thompson Seedless (red bars) as measured as the fraction of vines with any disease symptoms (left box) or the severity of 
disease as measured as the fraction of leaves per shoot that exhibited symptoms (right box). The vertical bars represent the 
standard error of the mean. 
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Figure 12. Incidence of Pierce’s disease of normal Thompson Seedless grape grafted onto transgenic DSF-producing 
Thompson Seedless grape rootstocks (blue bars) or wild type Thompson Seedless rootstocks (red bars) as measured as the 
fraction of vines with any disease symptoms (left box) or the severity of disease as measured as the fraction of leaves per 
shoot that exhibited symptoms (right box). The vertical bars represent the standard error of the mean. 

CONCLUSIONS 
Substantial disease control was conferred by transgenic DSF-producing Freedom grape in both the Solano 
County and Riverside County field trails.  In neither trial did the transgenic Freedom rootstock confer 
substantial disease control, similar to the observations seen in greenhouse trials. While the transgenic 
Thompson Seedless scion was similar in susceptibility to the wild type Thompson grape, it conferred substantial 
disease control when used as a rootstock. 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board. 
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FIELD TRIAL  FOR RESISTANCE  TO  PIERCE’S  DISEASE 

Principal  Investigator: 
Thomas  Miller 
Department of Entomology 
University  of  California 
Riverside, CA 92521 
thomas.miller@ucr.edu 

Co-Principal  Investigator: 
Matt  Daugherty 
Department of Entomology 
University  of  California 
Riverside, CA 92521 
matt.daugherty@ucr.edu 

Cooperator: 
Peggy  Mauk 
Agricultural Operations 
University  of  California 
Riverside, CA 92521 
peggy.mauk@ucr.edu 

Reporting Period: The results reported here are from work conducted September 2011 through September 
2012. 

ABSTRACT 
Experimental vineyards, some containing transgenic grapevines with Pierce's disease resistance elements 
inserted, were maintained for another year.  Some of the test plants show Pierce’s disease symptoms.  The 
grapevines lasting through three seasons now have trunks of about one-inch in diameter. 

LAYPERSON SUMMARY 
This project is designed to monitor test plants in an experimental vineyard in Riverside County.  The request 
was to treat the grapevines in a manner as nearly like a commercial vineyard as possible. The cooperating PIs 
will report their results separately. 

INTRODUCTION 
We have been monitoring grapevines in an experimental vineyard created in Riverside County. The biological 
materials come from laboratories at UC Davis and UC Berkeley. The oldest vineyard has been through three 
seasons and the younger one two seasons. We have been monitoring the presence of insects with yellow sticky 
traps replaced weekly and the information is shared with cooperating laboratories. We tested the mouth parts of 
a percentage of the insects trapped for the presence of Xylella fastidiosa (Xf) bacteria, the pathogen responsible 
for Pierce’s disease.  Insect numbers peak yearly in July and there has been an abundance of the pathogen.  This 
continues to indicate heavy pressure for Pierce’s disease. 

OBJECTIVES 
A major focus of Pierce’s disease management includes attempts to develop grapevine varieties that are less 
susceptible to Xf. We are providing support for field trials of newly-developed grapevine varieties that show 
promising reductions in Pierce’s disease severity. The field trial is intended to duplicate a commercial operation 
to determine how grapevines will fare in the presence of pressure from the sharpshooter leafhopper vectors that 
transmit the pathogen causing Pierce’s disease. The specific objectives of the project are as follows: 
1. Maintain the grapevines exactly as handled by commercial vineyards. 
2. Monitor for pests and diseases. 
3. Dispose of plants at the end of trials. 

RESULTS AND DISCUSSION 
The project was initiated in the spring of 2010, which included the first phase of planting.  Since that time we 
have continued to maintain the research plot, which has included irrigation, pruning and training vines on the 
trellis, removal of flowers if necessary to meet compliance requirements, and occasional fertilization and 
fungicide application to control powdery mildew. Moreover, we have regularly inspected vines in the research 
plot to evaluate insect pest abundance and evidence of pathogen damage. Figure 26 shows the percent of 
glassy-winged sharpshooters (GWSS) containing pathogen. 

In April of 2011 the second phase of planting occurred at the site.  After planting, drip irrigation and trellises 
were setup. Since that time we have continued to maintain and monitor the new planting in a manner that is 
consistent with vines from the first planting. Pierce’s disease became evident in a number of the grapevines in 
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the vineyards during the 2012 season.  Seasonal sharpshooter appearance began in June and peaked in July 
exactly as in previous years. 
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Figures 1-24b. Appearance of individual grapevines in one row of vineyard and sticky cards. 25 = blow up of 5. 
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Professor Dandekar visited his vineyard on 27 July 2012.  He determined that Pierce’s disease symptoms were 
"widespread" with only a few plants free of symptoms.  He thought the thickness of the vine trunks was 
outstanding, some being over an inch in diameter.  The vineyard to the east was planted a year later and all 
trunks are under an inch in diameter. 

Figures 1-24 are individual images taken of the northern most row of the vineyard looking south and starting 
from the grapevine on the eastern side of the row.  These were taken while Dr. Dandekar was present during his 
July visit.  Three sticky cards are also shown.  There are GWSS on two of them, Figures 15b and 24b. The 
Pierce’s disease symptoms Dandekar mentioned were not that obvious, so one of the images below was blown 
up and is shown in Figure 25. This is the same grapevine as shown in Figure 5. 

Note the brown stubble present in most of the pictures between the trellises.  This is the remains of barley 
planted to conserve moisture for the grapevines, prevent erosion, and displace weeds that might grow.  On visual 
inspection alone it has to be considered a huge success.  Without it, this time of year the vineyard is full of 
weeds requiring occasional plowing for removal. 
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Figure 26. Percent of GWSS caught in sticky traps positive for Xf. 

CONCLUSIONS 
This project is providing support for a field trial of novel grapevine varieties that show promising reductions in 
their susceptibility to Pierce’s disease.  Over the past year we continued to maintain grapevines, and monitor for 
sharpshooters and disease symptoms within the initial planting in Riverside County. 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce's Disease and Glassy-winged Sharpshooter Board, 
and by grants from UC Riverside for undergraduate research. 
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TOOLS  TO  IDENTIFY  POLYGALACTURONASE-INHIBITING  PROTEINS 
TRANSMITTED ACROSS  GRAPEVINE  GRAFTS 

Principal  Investigator: 
Ann L.T. Powell 
Department of  Plant  Sciences 
University  of  California 
Davis, CA 95616 
alpowell@ucdavis.edu 

Co-Principal  Investigator: 
Abhaya Dandekar 
Department of  Plant  Sciences 
University  of  California 
Davis, CA 95616 
amdandekar@ucdavis.edu 

Co-Principal  Investigator: 
John  M.  Labavitch 
Department of  Plant  Sciences 
University  of  California 
Davis, CA 95616 
jmlabavitch@ucdavis.edu 

Reporting Period: The results reported here are from work conducted October 2011 to October 2012. 

ABSTRACT 
The CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board’s Research Scientific Advisory Panel 
review and subsequent RFPs gave top priority to delivery of Pierce’s disease control candidates, including 
polygalacturonase-inhibiting proteins (PGIPs), from grafted rootstocks.  Four currently funded projects (two 
research projects and two field trials) use expression of PGIPs as a control strategy to limit the spread of Xylella 
fastidiosa in the xylem network and thereby limit Pierce’s disease symptom progression in infected vines.  A 
monoclonal antibody recognizing pear fruit PGIP (pPGIP), the protein expressed in the grape lines in the four 
projects, is needed to detect, quantify, and observe the localization of the protein in transformed grapevines and 
in grafted vines with transformed rootstocks.  Authentic pPGIP protein from pear fruit is needed to prepare this 
monoclonal antibody which can be maintained in perpetuity as a cell culture.  Production of the monoclonal 
antibody will begin now that sufficient quantities of properly glycosylated, active pPGIP have been purified 
although an alternative strategy using synthetic peptides generated from the pPGIP sequence is also being 
pursued to ensure that the antibodies have the greatest possible specificity and titer. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf), the bacterium that causes Pierce’s disease in grapevines, utilizes a key enzyme, 
polygalacturonase (XfPG), to spread from one grapevine xylem vessel to the next, eventually leading to the 
development of Pierce’s disease symptoms because the bacteria multiply and interrupt the flow of nutrients and 
water through the vessels in the plant. Plant proteins called PG-inhibiting proteins (PGIPs) selectively inhibit 
PGs from bacteria, fungi, and insets.  Our work (Abu-Goukh et al., 1983) has identified a PGIP from pear fruits 
that at least partially inhibits the XfPG and we demonstrated reduced Pierce’s disease symptom development in 
grapevines expressing the pear fruit PGIP. Current projects, including field trial evaluations, require a 
monoclonal antibody specifically recognizing the pear fruit PGIP protein in order to detect, quantify, and 
characterize the PGIP protein delivered to the scion portion of grafted plants from rootstocks expressing the pear 
fruit PGIP (Aguero et al., 2005).  The monoclonal antibody will allow the researchers to compare the amounts 
of the PGIP protein at different times and places and thereby determine the protein’s role in XfPG inhibition in 
grapevines. We have purified active pear PGIP from green pear fruit for commercial antibody production to 
meet the needs of the collaborating groups and we have set up an alternative strategy to generate more candidate 
monoclonal antibody candidates. 

INTRODUCTION 
Pierce’s disease incidence has been associated in several studies with the spread of the causal agent, Xylella 
fastidiosa (Xf), throughout the xylem vasculature of infected grapevines. The spread of bacteria from one vessel 
to the next utilizes bacterial cell wall modifying enzymes to degrade the pit membranes separating adjacent 
vessels (Pérez-Donoso et al., 2010).  One enzyme that degrades the polysaccharide portion of pit membranes is a 
polygalacturonase (XfPG), a well characterized Pierce’s disease virulence factor (Roper et al., 2007).  Several 
previous projects have analyzed the effectiveness of PG-inhibiting proteins (PGIPs) in minimizing the damage 
caused by pathogens and pests on plants (Powell et al., 2000), including damage caused by Xf in Pierce’s 
disease. Two currently funded projects use pear fruit PGIP (pPGIP) to restrict Xf movement: “Optimizing grape 
rootstock production and export of inhibitors of Xf PG activity” (PI Labavitch) and “In planta testing of signal 
peptides and antimicrobial proteins for rapid clearance of Xylella” (PI Dandekar). 
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This project was designed to generate a monoclonal antibody that specifically recognizes the pPGIP protein. 
The monoclonal antibody is a necessary tool for both aforementioned research projects and the related project 
“Field evaluation of grafted grape lines expressing PGIPs” (PI Powell) and will allow for detection and 
quantification of pPGIP without cross-reactive interference from the native PGIP. Plants can, therefore, be more 
efficiently screened for the presence of the pPGIP protein, whether directly produced in, or transported to the 
plant tissue of interest from grafted rootstocks. 

OBJECTIVES 
1. Using existing fresh pear flesh, prepare pPGIP protein and provide it to Antibodies, Inc. to develop mouse 

hybridoma lines expressing monoclonal antibodies against the pear PGIP. 
2. Calibrate the antibodies produced by the hybridoma clones to determine effective dilutions for use in 

detecting the pPGIP protein. 
3. Use the antibody to detect transgenic pear PGIP in xylem sap of own-rooted and grafted grapevines. 

RESULTS AND DISCUSSION 
Objective 1: Purification of pear PGIP from transgenic Arabidopsis leaves and pear fruit 
The generation of a monoclonal antibody requires purified protein to be used as the antigen.  The project 
“Optimizing grape rootstock production of and export of inhibitors of Xf PG activity” (PI Labavitch) generated 
transgenic Arabidopsis thaliana plants expressing the pPGIP protein fused to a C-terminal histidine tag for 
purification.  Leaves from these transgenic plants yielded a small amount of pPGIP protein, as determined by 
Bradford assays.  Work to refine the purification of pPGIP protein from these plants is ongoing. 

pPGIP protein extraction was done using fresh pear fruit and  the protocols in Stotz et al. (1993)  and Abu-
Goukh et al., (1983) with modifications as described in the quarterly reports reports. Figure 1 shows the 
fractions from the FPLC separation which were pooled.  In Figure 2, the purity of the protein from the pooled 
fractions is shown.  The yield of purified pPGIP protein is 1.7 mls (in 20 mM NaAcetate) of 115 µg/ml or a total 
of 195µgs protein, which should be sufficient for the generation of the monoclonal antibody by Antibodies Inc. 
We have contacted Antibodies Inc., and are discussing with the staff the best methods to use to generate the 
monoclonal antibodies. 

Figure 1. (A) FPLC analysis of pPGIP preparation. Proteins eluted from ConA column were applied to a 
cation exchange column and eluted by FPLC in 50 mM NaAceteate pH 4.5 and a 0-500 mM NaCl gradient. 
(B) Silver stained SDS-PAGE gel showing relative purification of PGIP.  Lanes 2-10 contain various 
fractions from the FPLC separations.  PGIP band corresponding to a molecular weight of 45 kDa is seen. 
A band corresponding to 90 kDa is also visible and corresponds to the molecular weight of a PGIP dimer. 
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Figure 2. Silver stained SDS-PAGE gel showing pPGIP collected from cation exchange 
column fractions. Loading dye containing β mercaptoethanol causes a reduction of, 
presumably, multimeric PGIP proteins (90 kDa). The 90 kDa band in the absence of β 
mercaptoethanol, in the presence of β mercaptoethanol is resolved into the 45 kDa pPGIP 
bands. Differences in glycosylation may account for PGIP sub-bands around 45 kDa.  Chemical 
deglycosylation of the pear PGIP was done but not evaluated on a gel. 

A western blot showing the pear PGIP (pPGIP) band using polyclonal anti-pPGIP antibody is shown in 
Figure 3. The pPGIP band corresponds to a molecular weight of approximately 45 kDa, which is the expected 
size for pPGIP. 

Inhibitor activity the pPGIP protein was measured throughout purification by 
radial diffusion assays (Taylor and Secor, 1988).  Samples of the initial pear 
homogenate inhibited a PG (BcPG) mixture from Botrytis cinerea culture 
filtrates.  The pPGIP purification preparations after ammonium sulfate 
precipitation and subsequent dialysis resulted in a 75% reduction in BcPG 
activity in the assay (Figure 4). 

Figure 3. Immunoblot 
analysis of pPGIP.  Lane 1: 
80 ng protein after 
ammonium sulfate 
precipitation (50-100% 
fraction).  Lane 2: 10 ng 
protein after the ConA 
purification step. Molecular 
weight ladder is indicated on 
the left. Proteins were 
separated on a SDS-PAGE 
(10%) gel and probed using 
pPGIP antiserum. 

Figure 4.   Results  of  a  radial diffusion  inhibition  activity  assay  to 
determine the amount of pPGIP in a protein preparation from pear 
fruit. 
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During this period we have also contacted Ab-mart because they have proposed to generate multiple monoclonal 
antibodies for the pear fruit (p)PGIP protein.  To do this they will divide the protein into smaller peptides and 
then develop monoclonal antibodies to each peptide.  The advantage of this approach is that it is possible that 
antibodies recognizing unique epitopes of pPGIP as well as antibodies that recognize common features among 
PGIPs should be generated. The cost of doing this is about the same as developing a single monoclonal 
antibody through Antibodies Inc.  We have provided the pPGIP amino acid sequence to Ab-mart and they are 
currently selecting regions of the protein to target. They will synthesize the peptides and generate the 
antibodies.  If their progress is not acceptable we will revert to our previous plan.  This opportunity is a good 
opportunity to leverage the CDFA-GWSS support to generate more resources for the community. 

Objective 2: Calibrate the antibodies produced by the hybridoma clones to determine effective dilutions 
for use in detecting the pPGIP protein 
Will commence once the antibody has been generated. 

Objective 3: Use the antibody to detect transgenic pear PGIP in xylem sap of own-rooted and grafted 
grapevines 
Will commence once the antibody has been generated. 

CONCLUSIONS 
Authentic and active pPGIP protein from pear fruit has been prepared to generate this monoclonal antibody 
which can be maintained in perpetuity as a cell culture. An alternative strategy using synthetic peptides 
generated from the pPGIP sequence is also being pursued to ensure that the antibodies have the greatest possible 
specificity and titre. The monoclonal antibody will allow comparison of the approaches from different research 
groups and will allow accurate assessments of the relative amounts of the pPGIP protein achieved by the various 
approaches and thus will allow evaluation of the potency of pPGIP for limiting Pierce’s disease symptoms. 
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FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board. 
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FIELD EVALUATION OF  GRAFTED GRAPEVINE LINES  EXPRESSING  PEAR 
POLYGALACTURONASE-INHIBITING  PROTEINS 
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University  of  California 
Riverside, CA 92521 
thomas.miller@ucr.edu 

Reporting Period: The results reported here are from work conducted October 2011 to October 2012. 

ABSTRACT 
Work in this project evaluates the performance in fields in Solano and Riverside counties of grafted grapevine 
lines that produce in the rootstock a protein that is a candidate for control of Pierce’s disease. The CDFA 
Pierce’s Disease and Glassy-winged Sharpshooter Board’s Research Scientific Advisory Panel gave priority to 
the delivery of polygalacturonase-inhibiting proteins (PGIPs) from grafted rootstocks to control Pierce’s disease. 
Previously transformed ‘Thompson Seedless’ and ‘Chardonnay’ grapevines expressing a PGIP from pear fruit 
(pPGIP) show reduced Pierce’s disease incidence when inoculated with Xylella fastidiosa (Agüero et al., 2005). 
Therefore, cuttings from these grapevines have been grafted with non-pPGIP producing scions to make 
comparisons between the efficacy of pPGIP produced in grafted rootstocks vs. throughout the plant for Pierce’s 
disease control. 

LAYPERSON SUMMARY 
Fifty-one own-rooted Chardonnay and Thompson Seedless grapevines, including those expressing pear 
polygalacturonase-inhibiting proteins (pPGIP), were generated by vegetative propagation, genotyped by PCR, 
and planted as part of a field trial in Solano County in 2010.  Transgrafted (rootstocks expressing pPGIP grafted 
to fruit producing scions with no genetic modifications to produce pPGIP) combinations have been generated 
and planted as part of the Solano site in 2012.  Grafted vines are being generated to add to the existing site in 
Riverside County. Mechanical inoculations with Xylella fastidiosa bacteria were done in 2011 and 2012 in 
Solano County but evidence of infections is being assessed. 

INTRODUCTION 
Grafted and non-grafted grapevines have been propagated vegetatively for Pierce’s disease assessments in fields 
in Solano and Riverside counties.  Fifty-one transgenic and control, own-rooted, grapevines were planted in 
Solano County on 6 July 2010.  The field plantings in the plot in Solano County were severely pruned in the 
winter of 2011 and were pruned with standard protocols to establish primary canes and cordon positions in early 
spring 2012.  Thirty-one grafted plants, utilizing the pear polygalacturonase-inhibiting proteins (pPGIP)-
expressing vines as rootstocks or the appropriate control combinations, were planted in Solano County on 18 
May 2012 and closely monitored to ensure survival throughout the dry summer season.  The established, own-
rooted vines were inoculated with Xylella fastidiosa (Xf) on 29 May 2012 and Pierce’s disease resistance and 
plant growth characteristics are currently being assessed. 

The grapevines transformed to express the pPGIP protein are also being analyzed in a separate project to 
optimize the activity, expression, and export of PGIP proteins from transgenic rootstocks to provide Pierce’s 
disease protection in the scion portions of the vines.  PGIP provides the potential for enhanced resistance to Xf 
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by inhibiting the enzyme, polygalacturonase (PG) that Xf uses to spread infections (Roper et al., 2007).  The 
proposal “Optimizing grape rootstock production and export of inhibitors of Xf PG activity” (PI Labavitch), 
addresses this approach. The plants with grafted rootstocks expressing pPGIP were previously only observed in 
greenhouse settings. The goal of this project is to verify that the transgenic grapevines expressing pPGIP as 
grafted rootstocks (1) have increased resistance to Pierce’s disease and (2) maintain the appropriate agronomic 
traits necessary for commercial release in field settings. 

This field trial proposal was funded jointly with proposals from D. Gilchrist, A. Dandekar and S. Lindow.  The 
plants from these trials have been planted at the same locations and the USDA APHIS authorizations have been 
handled through the Public Intellectual Property Resource for Agriculture (PIPRA). 

OBJECTIVES 
1. Scale up the number of grafted and own-rooted pPGIP expressing lines. 
2. Plant and maintain grafted and own-rooted lines in two locations with different Pierce’s disease pressure. 
3. Evaluate relevant agronomic traits of vines in two locations. 
4. Determine Pierce’s disease incidence in pPGIP expressing grafted and own-rooted lines.  Test for Xf 

presence and, if present, determine the extent of infection. 

RESULTS AND DISCUSSION 
Objective 1: Generate enough grafted and own-rooted grapevines for the field trial 
The pPGIP expressing ‘Chardonnay’ and ‘Thompson Seedless’ grapevines generated by Agüero et al. (2005) 
continue to be maintained at the UC Davis Core Greenhouses.  Vegetative cuttings of non-lignified stem 
sections from transgenic and control plants of both cultivars have been rooted in an aeroponic cloning manifold 
(EZ-Clone Inc., Sacramento, CA (Figure 1)), as described in previous reports. These plants are referred to as 
“own-rooted plants.” Rooted cuttings were transferred to soil and maintained in the greenhouse. 

Since reusing the EZ-Clone tanks during the second season was 
problematic as the foam plugs were a source of contamination, a new 
system using different media combinations has been utilized 
beginning in mid-2011. 

Grafted plants were made by green grafting rootstock stem sections 
with budded scion material as described in previous reports.  As of 
10 October 2012, 44 grafted plants and an additional 8 grafts (by 
grafting budded scions onto rooted plants) are currently in 1 gal. pots 
in greenhouses.  The current inventory of potted grafted plants are: 
14 Chardonnay trans-grafts (Chardonnay pPGIP expressing 
rootstock grafted with Chardonnay scion not expressing pPGIP), 3 
Thompson Seedless transgrafted plants (Thompson seedless pPGIP 
expressing rootstock grafted with Thompson seedless scion not 
expressing pPGIP), 16 Chardonnay null-transformant control grafted 

plants (Chardonnay rootstock not expressing pPGIP grafted onto Chardonnay scion not expressing pPGIP), 4 
Thompson seedless null control grafted plants (non-transformed Thompson seedless rootstock grafted onto 
Thompson seedless scion not expressing pPGIP), and 7 Thompson seedless pPGIP expressing control grafted 
plants (Thompson seedless expressing pPGIP rootstock grafted onto Thompson seedless expressing pPGIP 
scion). DNA was prepared from the vines used as source tissue for grafting and tested genotype confirmed by 
PCR (Figure 2).  In addition to the grafts listed previously, 31 grafted plants were generated, confirmed, and 
transferred to the Solano field site in May 2012.  Although about 50% of the plants needed for the population for 
the Riverside site have been generated but because of powdery mildew and mealy bug infestations in our 
greenhouses at UCDavis grafting efforts continue to complete the population grafting work continues. 

Figure 1. Grafted grapevine cuttings 
rooting in the EZ-Clone aeroponic device 
manifold. 
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Figure 2. Sample genotyping PCR of grape leaf tissue from Thompson Seedless vines expressing 
pPGIP and null-transformed (no pPGIP) controls used to generate the transgrafted vines planted in 
May 2012. A 1 kb band (arrow) corresponding to pPGIP is expected only in samples used as 
rootstocks for transgrafts and pPGIP self-grafted controls. Each sample’s quality was verified by 
amplifying a control fragment (not shown). 

Objective 2: Establish field trial sites 
Two field trial sites in Solano and Riverside counties are being used to assess the Pierce’s disease resistance and 
general agronomic viability of own-rooted and grafted pPGIP expressing grapevines. The field sites are shared 
by projects testing Pierce’s disease resistance of other transgenic grapevines from PIs D. Gilchrist, A. Dandekar, 
and S. Lindow.  The vines satisfying our initial PCR analysis in 2010 for our portion of the field trial were hand-
planted in a randomized block design with blocks consisting of two or three individuals in the same treatment in 
July 2010 (Table 1).  Thirty-one grafted plants, either utilizing the pPGIP expressing material as rootstocks or 
the appropriate control graft combinations, were prepared as described above and hardened in a lath house for 
two months prior to planting in Solano County in May 2012.  These younger, grafted plants were surrounded by 
protective grow tubes and hand-watered every two weeks or as needed. The grapevines are planted 
approximately 8 ft. apart and tied to wooden stakes with trellising wires at 40 in. and 52 in.  Their growth during 
the 2012 growing season has been vigorous (Figure 3). 

The vines have been pruned both to maximize potential cane number for inoculations and to establish vigorous 
positions for future growth.  With the permit amendment granted to M. Szczerba by the USDA Biotechnology 
Regulatory Services in March 2012, we have been able to allow flowers and fruiting clusters to persist.  All 
own-rooted Chardonnay vines were cordon trained and spur pruned whereas the majority of the Thompson 
Seedless vines were cane pruned in an attempt to maintain proper vine balance and ensure fruit development. 
The Solano field site has been under weekly observation for the duration of the growing season. 

Figure 3. Examples of vines in the field in March 2012 (left) and August 2012 (right). 
Xf mechanical inoculation sites are marked with tags. 
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Table 1. Total number of grapevines planted in, and prepared for, Solano County. Dashed shapes represent pPGIP 
expressing grapevine rootstocks and/or scions; solid shapes are null-transformant controls (no pPGIP). Own-rooted 
vines were inoculated on 7/21/2011 and 5/29/2012; grafted vines have not been mechanically inoculated. Grafting 
in progress numbers include all grafted cuttings at each checkpoint. Parentheses indicate vines that have not yet 
been planted in the field. 

Chardonnay Thompson Seedless 

Grafting 
Strategy 

Own-
Rooted 

Plants (#) 

Inoculated 17 - (9) 8 - 9 
Non-

Inoculated 
8 - (4) 4 - 5 

Grafted 
Plants (#) 

Inoculated 9 5 (4) (9) 6 (3) 9 7 (2) 
Non-

Inoculated 
4 (4) (4) (4) 4 (4) 

Grafting In 
Progress (#) 

EZ-Clone 0 0 0 3 0 0 
Potted 16 14 0 4 3 7 

Objective 3:  Evaluate relevant agronomic traits of vines in two locations 
The grapevines planted in Solano County have been monitored for general health and maintained on a weekly 
basis.  With the permit amendment mentioned above, agronomic trait analyses are being discussed.  Any 
measurements of fruit number or quality will be made later in the fall 2012. 

Objective 4: Determine Pierce’s disease incidence in pPGIP expressing grafted and own-rooted lines 
Two-thirds of the own-rooted vines at the Solano County site were mechanically inoculated with Xf Temecula 
on 21 July 2011, to monitor Pierce’s disease incidence during the late summer 2011.  No visual evidence of 
Pierce’s disease infection was observed throughout the 2011growing season or in the early 2012 months 
following bud break.  The same 34 own-rooted vines were resubmitted to mechanical inoculations on 29 May 
2012 with a mixture of Xf Temecula and Stags Leap strains (3:2, v:v).  Young, green tissue was chosen for 
inoculation with 3-4 canes chosen per plant.  Mechanical inoculations were performed as in 2011 except that 
approximately 1.5 x 107 cells were used per inoculation, an increase of 750-fold over the previous year.  The 
inoculations were performed simultaneously with the other field site collaborators.  The bacterial suspension 
was provided by D. Gilchrist.  An example of the match-stick response seen in Pierce’s disease infected vines is 
shown in Figure 4. 

Figure 4. Typical match-stick symptoms of Pierce’s disease infected grapevines. 

- 185 -



  
          

              

   
           

               

       
 

   

 

      

  
    

 
 

CONCLUSIONS 
All of the grafted plants necessary for the study in Solano County have been generated and about 50% of the 
plants for the site designed for Riverside County are in greenhouse pots. The genotypes of the grafted plants 
were confirmed by PCR analysis of DNA from the plants. An initial attempt to infect the vines in Solano 
County was made but not symptoms were observed.  A second attempt in 2012 is currently being evaluated. 
The results of the field evaluation will confirm that delivery of the pPGIP from rootstocks provides a means of 
controlling Pierce’s disease and Xf infection in a typical vineyard setting in California. The evaluations of the 
performance and productivity of the plants will confirm that expression and presence of pPGIP does not affect 
unintentionally other characteristics of the vines. By using varieties grown for fresh fruit and for wine 
production in California, we are testing varieties important to California growers. 
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GREENHOUSE  EVALUATION OF  GRAPEVINE  FUNGAL  ENDOPHYTES  AND 
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ABSTRACT 
The goal of this research is to identify fungal endophytes and fungal natural products that are antagonistic to 
Xylella fastidiosa (Xf) that could be implemented as a preventive or curative treatment for Pierce’s disease, 
respectively. We previously showed that some fungal endophytes inhabiting grapevines possess anti-Xf 
properties, likely due to the production of secondary metabolites. To date, we have selected a total of eight 
fungal specimens and one bacterium that showed inhibitory effects on Xf growth in vitro. Our goal is to prove 
that these organisms can be used as biocontrols for Xf when introduced in grapevines cuttings before planting in 
vineyards.  In a greenhouse experiment in 2012, we introduced all nine putative biocontrols into grapevines 
cuttings cv. ‘Merlot’ and then challenged them with Xf. We are currently evaluating the ability of these 
biocontrol agents to mitigate Pierce’s disease symptoms development and decrease Xf titer in planta. The other 
objective is to use the natural compounds produced by the eight fungi as a curative treatment for Pierce’s 
disease.  We had previously identified one compound (compound ‘R’), as an effective inhibitor of Xf. This year 
we tested the ability of the compound ‘R’ to cure Pierce’s disease infected grapevine cv. ‘Chardonnay’ in a 
greenhouse bioassay. We are currently rating the plants for symptoms development and Xf titer.  In addition, we 
are currently identifying the chemical structure and activity produced by the remaining seven fungal biocontrol 
candidates. These molecules and fungi are currently under review for patentability by the Executive Licensing 
Officer in the UC Riverside Office of Research and, hence, their names cannot be disclosed in this report. 

LAYPERSON SUMMARY 
Several management strategies for Pierce’s disease are currently being deployed, but as of today successful 
management largely involve vector control through the use of insecticides. Here we propose to test two 
alternative control strategies to complement those currently in place or being developed. The first strategy is to 
use biocontrol agents that can be introduced in grapevine cuttings prior to field planting.  We have identified 8 
fungi and one bacterium naturally inhabiting grapevines that are antagonistic to Xylella fastidiosa (Xf). We are 
currently evaluating in a greenhouse assay the ability of these biocontrols to mitigate Pierce’s disease symptom 
progression as well as the Xf titer in planta. The second strategy is to use the natural compounds produced by 
the eight fungi as a curative treatment for Pierce’s disease. We are currently extracting and characterizing these 
fungal compounds.  Thus far, we have identified one compound inhibitory to the bacterium in an in vitro assay. 
This year we have injected this compound in Pierce’s disease infected grapevine and are currently monitoring 
the plants to see if we have a reduction in symptoms development and bacterial titer.  These natural compounds 
and fungi are currently under review for patentability by the Executive Licensing Officer in the UC Riverside 
Office of Research and, hence, their names cannot be disclosed in this report. 
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INTRODUCTION 
Xylella fastidiosa (Xf) is a Gram negative, xylem-limited, insect-vectored bacterium and is the causal agent of 
Pierce's disease of grapevine (Hopkins and Purcell, 2002). The recent introduction of a more effective vector, 
the glassy-winged sharpshooter (GWSS), Homalodisca vitripennis, to Southern California shifted the 
epidemiology of Pierce’s disease from a monocylic to a polycyclic disease. This led to a Pierce’s disease 
epidemic with severe economic consequences for the Southern California grape industry.  The potential for the 
GWSS to move north and become established throughout the state remains a severe threat to the other major 
grape-growing regions (Central and Northern California).  Current Pierce’s disease management strategies 
largely involve vector management through the use of insecticides. 

Control of Pierce’s disease with fungi or fungal metabolites is a largely unexplored research area. Fungi are 
receiving increasing attention from natural product chemists due to the diversity of structurally distinctive 
compounds they produce, together with the fact that many fungal species remain chemically unexplored. Fungi 
are excellent sources of interesting novel molecules that may be candidates with potential for control of bacterial 
diseases. Indeed, using fungi as biocontrol agents against plant disease is an active area of research (Amna 
2010; Proksch et al. 2010; Xu et al. 2008). 

Our objectives are to identify fungi inhabiting grapevine and fungal natural products antagonistic to Xf that 
could be used as a preventive or curative treatment for Pierce’s disease, respectively. We hypothesize that some 
of these fungal endophytes possess anti-Xf properties, likely due to the production of secondary metabolites. We 
are assessing the ability of these endophytes and their natural products for inhibitory activity against Xf in 
greenhouses assays on grapevine cuttings. If successful, we envision that these control strategies can be 
implemented at the nursery level (for biocontrols) or directly in the field (for the fungal natural products). 

OBJECTIVES 
1. Evaluate grapevine fungal endophytes for in planta inhibition of Xf and Pierce’s disease development using 

our established greenhouse bioassay. 
2. Purify and characterize natural products produced by the inhibitory fungi. 
3. Evaluate natural products for their potential as curative treatments for vines already infected with Pierce’s 

disease. 

RESULTS AND DISCUSSION 
Objective 1: Evaluate grapevine fungal endophytes for in planta inhibition of Xf and Pierce’s disease 
development using our established greenhouse bioassay 
The goal of this objective is to provide increased tolerance to Pierce’s disease by inoculating grapes with natural 
fungal endophytes that possessed anti-Xf properties.  From 2010 to 2012 we collected plant tissue samples (sap, 
petioles, canes, spurs) from Pierce’s disease escaped and Pierce’s disease infected grapevines isolated fungi 
inhabiting these samples, and identify these specimens to the genus level by comparing the ribosomal DNA 
sequences to specimen posted in the GenBank database. We tested the ability of all the organisms recovered to 
inhibit Xf growth using an in vitro bioassay (Rolshausen and Roper, 2011), which did allow us to select a total of 
nine biocontrol candidates (eight fungi and one bacterium). 

These organisms were subsequently re-introduced in grapevines cuttings prior to planting.  Fungi were grown on 
PDA medium for two weeks and spores were harvested in sterile water and the concentration was adjusted to 50 
spores/µl. Grape cuttings var. ‘Merlot’ were vacuum infiltrated (Figure 1) with the fungal spores, and planted 
in the greenhouse. Control plants were infiltrated with sterile water only. After a few weeks, the green shoots 
arising from these cuttings were inoculated with Xf (Temecula strain) by mechanical needle inoculation (Hill 
and Purcell, 1995). A sub-sample of plants was left un-inoculated with Xf to determine if the concentration of 
fungal spore treatment used is detrimental itself to the grape cuttings.  Plant symptoms were rated from 0 to 5 
every two weeks (0 = no symptoms; 5 = Plant dead or dying) according to Guilhabert and Kirkpatrick (2005) 
(Figure 2). 
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We are currently rating the progression of the disease in the biocontrols-infiltrated ‘Merlot’ cuttings.  At the end 
of the experiment, we will also quantify the bacterial titer in planta. Petioles will be harvested, surface-
sterilized and ground in 1X PBS buffer.  The grindate will be serially diluted and plated on PD3 medium and 
allowed to incubate at 28ºC for 10 days.  Following incubation, colonies will be enumerated and normalized to 
petiole weight to give a measure of CFU (colony forming units)/g tissue. 

Grape 
Cutting 

Vacuum 
Pump 

Fungal 
Spore 

Solution 

Figure 1. Technique used to vacuum infiltrate grape cuttings with spores of the fungal endophytes. 

Figure 2. Pierce’s disease symptoms severity rating in grapevine cv. ‘Merlot’; 0 = no symptoms (Mock inoculation); 1 
through 5 = grapes infected with the wild type strain Temecula showing an increase in the disease severity. 

Objective 2: Purify and characterize natural products produced by the inhibitory fungi 
The goal of this objective is to identify fungal species and fungal natural products produced by fungal 
endophytes that can be used as curative treatments for control of Pierce’s disease. We identified eight fungal 
specimens inhabiting grapevine tissues (xylem sap, shoot, petioles and spur) that were able to inhibit Xf in a 
bioassay (Rolshausen and Roper, 2011).  In brief, Xf liquid cultures are adjusted to OD600nm = 0.1 (approx.  107 

CFU/ml); 300 µl of the Xf cell suspension are added to 3 ml of PD3 medium containing 0.8% agar and briefly 
vortexed. This mixture is then overlayed onto a petri plate containing PD3 medium. A sterile circle of agar is 
drawn from the margin of an actively growing pure fungal culture and is placed onto the plates previously 
inoculated with Xf. Plates are incubated at 28ºC for 7 days and then observed for an inhibition zone around the 
fungal colony (Figure 3). 
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In addition, crude extracts collected from the fungal cultures showing inhibition towards Xf was collected for 
evaluation using a similar growth inhibition assay as described above.  In brief, agar plugs of 0.5 cm diameter of 
each fungus were used to inoculate 250 mL liquid media, and the fungi were cultivated at room temperature on a 
shaker. After 10 days, each culture was filtered and further extracted with ethyl acetate, re-suspended in sterile 
methanol to an extract mass of 1mg, pipetted onto sterile paper discs and allowed to dry in a laminar flow hood. 
Once dry, the paper discs containing the crude extracts are placed onto the Xf cultures and incubated at 28ºC for 
7 days.  Following this, plates are observed for a halo of inhibition around the paper disc and compared to 
control Xf-only plates and plates with paper discs treated with methanol only (Figure 4). 

Currently, we have identified eight fungal taxa and one bacterium that provided good inhibition of Xf growth in 
vitro, either directly when co-cultured with Xf or indirectly when Xf was grown in the presence of the fungal 
natural products.  We are currently testing the potential of these fungi and this bacterium as biocontrol agents in 
planta (see Objective 1). We are currently fractionating the crude extracts from these fungi in order to purify 
and identify the inhibitory molecules. Thus far, we have purified one individual molecule that is active against 
Xf growth in vitro and characterized its chemical structure. These molecules and fungi are currently under 
review for patentability by the Executive Licensing Officer in the UC Riverside Office of Research and, hence, 
their names cannot be disclosed in this report. 

Figure 3. In vitro inhibition assay used to evaluate fungal activity towards Xf. A) Xf-
only Control; Xf cells were plated in top agar and agar plugs containing fungi were placed 
on top. Following 8 days of incubation, several fungi strongly inhibited Xf growth as 
indicated by the large zone of inhibition around the fungal colony (Panels C, D, E, G, and 
H). Two fungi completely inhibited the growth of Xf (Panels B, F). 

Figure 4. In vitro inhibition assay used to evaluate crude ethyl acetate extracts from culture 
supernatants of fungi. These extracts strongly inhibit Xf growth at concentrations of 1 mg/ml as 
indicated by either a complete lack of growth (Panel A) or a large inhibition zone around the paper 
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disc containing the crude extracts (Panel B, C).  Panel D indicates the negative control disc that 
contained methanol only. No inhibition zone was observed for the negative control. 

Objective 3: Evaluate natural products for their potential as curative treatments for vines already 
infected with Pierce’s disease 
The goal of this objective is to develop a greenhouse bioassay in order to evaluate the anti-Xf efficacy of fungal 
natural compounds in planta. Once this proof of concept is established in the greenhouse, the experiment will 
be carried over to the field.  The deliverable for this objective is the development of a commercial product for 
the control Pierce’s disease. 

We have currently identified one fungal natural compound (molecule ‘R’) as an active molecule inhibitory to Xf 
(these molecules and fungi are currently under review for patentability by the Executive Licensing Officer in the 
UC Riverside Office of Research and, hence, their names cannot be disclosed in this report).  In 2012 our 
greenhouse trial was designed to test the molecule ‘R’ on Pierce’s disease infected vines and determine if 
Pierce’s disease symptoms and Xf titer in planta is reduced after injection of the molecule ‘R.’  Grapevines 
cuttings cv. ‘Chardonnay’ were infected with Xf (Temecula strain) by mechanical needle inoculation (Hill and 
Purcell, 1995). The molecule ‘R’ was injected after appearance of the first Pierce’s disease symptoms (rating of 
1 or 2 on Pierce’s disease rating severity chart Figure 2), which was 8 weeks post-inoculation.  Molecule ‘R’ 
was extracted from a 3-week-old fungal culture grown in 250 ml of PD broth as previously described 
(Objective 2).  Molecule ‘R’ (80% pure) was suspended in pure di-methyl sulfoxide (DMSO) and 10 mg was 
injected in healthy (control) and Xf-infected grapevines.  Mock injections of healthy and Pierce’s disease 
infected plants consisted of pure DMSO only.  Injection was made using a 1ml 16 gauge needle.  Injection was 
performed in the xylem tissue of the grape cutting right below the shoot (Figure 5).  We are currently recording 
the progression of Pierce’s disease disease severity so no data are available at this point. 

Figure 5. Needle-injection of an anti-Xf molecule in the xylem of Pierce’s disease infected grapevine cuttings. 

CONCLUSIONS 
We aim to investigate both prophylactic and curative measures for Pierce’s disease that will ultimately 
contribute to a sustainable Pierce’s disease management strategy.  Practically, we envision that the biocontrol 
organisms could be applied into grapevine cuttings at the nursery level through vacuum infiltration of fungal 
spores into the xylem tissue, thereby, providing enhanced protection against Pierce’s disease. We are currently 
assessing the efficacy of this strategy in the greenhouse.  The remaining step is to confirm that the beneficial 
organisms provide Pierce’s disease control in a field setting.  As a curative strategy, we are evaluating the use of 
anti-Xf fungal natural products to provide a solution to growers that have vineyards already infected with 
Pierce’s disease.  We are currently developing a xylem injection prototype in which to deliver a sustain supply 
of the anti-Xf compounds effectively into the xylem of an infected vine.  We have already discovered one active 
anti-Xf compound that we are currently testing in the greenhouse.  The next step is to discover additional active 
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natural anti-Xf compounds and evaluate their efficacy in greenhouse experiments with Pierce’s disease infected 
grapevines. In the event that these compounds mitigate Pierce’s disease in the greenhouse, we will test their 
efficacy in natural vineyard settings in the future. 

REFERENCES CITED 
Amna, A., Khokhar, I, Mukhtar, I., and Mushtaq, S.  2010.  Comparison of antibacterial properties of 

Penicillium species. International Journal of Biology and Biotechnology 7:393-396. 
Guilhabert, M.R.  and.  Kirkpatrick, B.C.  2005.  Identification of Xylella fastidiosa antivirulence genes: 

hemagglutinin adhesins contribute a biofilm maturation to X. fastidiosa and colonization and attenuate 
virulence. Mol. Plant Microbe Interac. 18: 856-868. 

Hill, B.L., and Purcell, A.H..  1995. Multiplication and movement of Xylella fastidiosa within grapevine and 
four other plants. Phytopathology, 85 (11):1368-1372. 

Hopkins, D.L., and Purcell, A.H. 2002. Xylella fastidiosa: Cause of Pierce's disease of grapevine and other 
emergent diseases. Plant Disease, 86 (10):1056-1066. 

Proksch, P., Putz, A., Ortlepp, S., Kjer, J., and Bayer, M.  2010.  Bioactive natural products from marine 
sponges and natural endophytes. Phytochemistry Reviews 9:475-489. 

Rolshausen, P.E., and Roper, M.C.  Control of Pierce’s Disease with fungal endophytes of grapevines 
antagonistic to Xylella fastidiosa. In Proceedings, 2011 Pierce’s Disease Research Symposium, pp.  166-
172. California Department of Food and Agriculture, Sacramento, CA. 

Xu, L., Zhou, L., Zhao, J., Li, J., Li, X., and Wang, J. 2008., Fungal endophytes from Dioscorea zingiberensis 
rhizomes and their antibacterial activity. Letters in Applied Microbiology 46:68-72. 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board. 

- 192 -



   

         
     

 
 

  
     

     
    

   
         

  
       

           

      
          

   
     

        
     

   

      
           

      
     

    
    

    
     

 
         

  
   

    
   

CAN PIERCE’S  DISEASE PdR1 RESISTANCE  INTROGRESSED INTO VITIS  VINIFERA BE 
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ABSTRACT 
The goal of this research is to evaluate the potential of a non-transgenic, Pierce’s disease resistant Vitis vinifera 
selection used as an experimental rootstock to confer systemic resistance to Pierce’s disease susceptible V. 
vinifera scions.  The source of Pierce’s disease susceptible plant material was the winegrape variety 
‘Chardonnay,’ known to support high populations of Xylella fastidiosa (Xf) and exhibit severe Pierce’s disease 
symptoms.  The source of Pierce’s disease resistant material was a modified backcross generation 2 (mBC2) 
raisin selection with Pierce’s disease resistance locus PdR1 introgressed from 89-F0908 (V. rupestris x V. 
arizonica).  Scions were mechanically inoculated with Xf strain Stags Leap. Pierce’s disease severity was 
visually assessed using a nominal 0-5 rating scale where 0 corresponds to no visual symptoms and 5 
corresponds to death of the plant.  Following development of Pierce’s disease symptoms on the positive control 
(‘Chardonnay’ as both scion and rootstock), at 14 weeks post inoculation, tissue samples (petioles and stems) 
were assayed for Xf titer by real-time PCR. Results of the first year experiment indicated that Pierce’s disease 
symptom expression and Xf titer in ‘Chardonnay’ scions were not significantly different when grafted onto 
Pierce’s disease susceptible or Pierce’s disease resistant rootstocks. Thus, the preliminary answer to the 
question posed in the title is “no.” Replication of the experiment in the second year is in progress. 

LAYPERSON SUMMARY 
Pierce’s disease resistance from a wild grapevine species has been transferred into Vitis vinifera via classical 
(non-transgenic) breeding. However, given the extensive number of wine, raisin, and table grape varieties 
susceptible to Pierce’s disease, introgression into each will be time consuming and costly.  In this research, 
proof of concept experiments were conducted in greenhouse trials to determine if Pierce’s disease resistance in a 
V. vinifera selection used as a rootstock may be translocated to susceptible V. vinifera scions. Results of the first 
year experiment indicate that a Pierce’s disease susceptible scion grafted onto a Pierce’s disease resistant 
rootstock remains susceptible to Pierce’s disease. 

INTRODUCTION 
This project describes pilot experiments designed to test the hypothesis that a Pierce’s disease resistant 
rootstock can affect Pierce’s disease development in susceptible scions. It is known that rootstock selection 
can affect symptom expression resulting from Xylella fastidiosa (Xf) infection of peach and citrus (Gould et al., 
1991; He et al., 2000), and these observations were used as a rationale by Cousins and Goolsby (2010) to 
initiate examination of five grape rootstocks for potential to reduce Pierce’s disease symptoms in susceptible 
scions. The V. vinifera selection used as an experimental rootstock bears the PdR1 resistance locus 
introgressed from 89-F0908 (V. rupestris X V. arizonica) that is known to confer high levels of Pierce’s disease 
resistance via reduction of Xf population levels  (Buzkan et al., 2005; Krivanek et al., 2006; Riaz et al., 2009). 
Further, xylem sap from PdR1 plants reduces growth of Xf in culture (Cheng et al., 2009). As the PdR1 
resistant rootstock used in these experiments is a second generation backcross with a genetic composition of 
~87.5% Vitis vinifera, difficulties encountered by Lin and Walker (2004) in establishing sound graft unions 
between V. vinifera scions and rootstocks derived from wild Vitis species were avoided. The simple 
experimental design can determine whether or not the PdR1 resistance factor(s) is (are) capable of systemic 
protection of tissues beyond the graft union to affect pathogenesis of Xf in susceptible scions. 
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OBJECTIVE 
1. Determine effect of rootstock genetic background (+/- PdR1) on Pierce’s disease severity and Xf population 

levels in Pierce’s disease susceptible scions following challenge inoculation of scions with Xf. 

RESULTS AND DISCUSSION 
The basic experimental design evaluated Pierce’s disease symptom development and Xf population levels in 
Pierce’s disease susceptible scions grafted onto rootstocks that are either resistant or susceptible to Pierce’s 
disease. (Table 1). The first year experiment was conducted in a greenhouse at the USDA ARS SJVASC 
facility in Parlier, CA. The source of Pierce’s disease susceptible plant material was the wine grape variety 
‘Chardonnay,’ known to support high populations of Xf and exhibit severe Pierce’s disease symptoms (Buzkan 
et al., 2005).  The source of Pierce’s disease resistant material (Ramming and Walker, 2010) was a modified 
backcross generation 2 raisin selection (referred to here as PDR1) with Pierce’s disease resistance locus PdR1 
(Krivanek et al., 2006) introgressed from 89-F0908 (V. rupestris X V. arizonica). Each treatment consisted of 
~10 plants (replicates). 

Table 1. Basic experimental design to evaluate effect of Pierce’s disease resistant rootstocks on Pierce’s disease 
susceptible scions following challenge inoculation of scion with Xf. 

Rootstock Scion Expected scion 
response to Pierce’s 

disease Variety 
Pierce’s disease 

response 
Variety 

Pierce’s disease 
response 

‘Chardonnay’ Susceptible ‘Chardonnay’ Susceptible Susceptible 

PDR1 Resistant PDR1 Resistant Resistant 
PDR1 Resistant ‘Chardonnay’ Susceptible ? 

‘Chardonnay’ Susceptible PDR1 Resistant ? 

The Xf strain Stag’s Leap was used as challenge inoculum, as this strain was recovered from Pierce’s disease 
symptomatic grape in California and is known to cause severe Pierce’s disease symptoms in inoculated plants 
(Hendson et al., 2001).  Plants were mechanically inoculated above the graft union (e.g., scions) using a 20 µl 
droplet of bacterial culture suspension (108 colony forming units/ml) placed on a partially lignified stem just 
above the petiole junction. Bacteria were introduced into the xylem using a 25-gauge needle pushed through 
the droplet, penetrating about one-third of the width of the shoot.  Plants were maintained in the greenhouse 
and evaluated visually for Pierce’s disease symptoms after 14 weeks. Pierce’s disease severity was visually 
assessed using a nominal 0-5 rating scale (Roper et al., 2007), where 0 corresponds to no visual symptoms and 
5 corresponds to death of the plant (Figure 1). In all cases, the response of the scion to Pierce’s disease 
remained unaltered, regardless of rootstock genotype. ‘Chardonnay’ scions expressed similar levels of Pierce’s 
disease severity on both Pierce’s disease susceptible (mean severity rating 3.2) and Pierce’s disease resistant 
rootstocks (mean severity rating 3.6), whereas PDR1 scions expressed only mild symptoms on Pierce’s disease 
susceptible (mean severity rating 1.0) or Pierce’s disease resistant (mean severity rating 1.4) rootstocks. 
Pierce’s disease symptom severity ratings for mock inoculated plants of all scion/rootstock combinations had 
means of less than 1.0, but greater than 0, presumably due to water stress at some point post-inoculation. 

Real-time PCR was used to quantify bacterial titers in stems and petiole samples collected 25 cm above the 
point of inoculation. DNA samples were extracted from lyophilized tissue as previously described (Ledbetter 
and Rogers, 2009) and used as template. Real-time PCR reactions were run in triplicate to determine technical 
variability and standard curves were included in each plate to facilitate normalization. Real-time PCR data were 
converted to the equivalent number of Xf genomes; mean population levels were compared among scion / 
rootstock combinations for both stem and petiole samples (Figure 2). Xf population levels in ‘Chardonnay’ 
scions were similar regardless of rootstock genotype (~107) in both stem and petiole samples.  In contrast, Xf 
population levels were substantially lower in PDR1 scions (~104 – 105), but no significant differences were 
noted for PDR1 scions based on rootstock genotype. 
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Figure 1. Pierce’s disease symptom ratings (0 = no disease, 5 = death) for scions at 14 
weeks post inoculation. Means (+/- standard deviation) with different letters are 
significantly different (P < 0.05) based on a non-parametric rank sum test. Char 
[‘Chardonnay’] (Pierce’s disease susceptible); PDR1 (Pierce’s disease resistant). 

Figure 2. Estimation of Xf titer in scions 14 weeks post inoculation. Results of 
quantitative real time PCR are presented as the equivalent number of Xf genomes 
present in petiole or stem samples taken ~25 cm above the point of inoculation. Values 
refer to mean + standard error for entire petioles or 2.5 cm sections of stem. Statistical 
analysis was by ANOVA followed by Tukey’s HSD; means with different letters are 
significantly different (P < 0.05). 

CONCLUSIONS 
Based on one year of data (the experiment is being repeated in year 2), it is unlikely that PdR1 germplasm will 
be suitable for development of commercial rootstocks that confer systemic resistance to existing Pierce’s disease 
susceptible grape varieties used as scions. Nonetheless, PdR1 scions remained resistant when grafted onto a 
Pierce’s disease susceptible rootstock. Therefore, new table, raisin, and wine grape varieties bearing PdR1-
mediated Pierce’s disease resistance likely may be deployed as scions onto existing Pierce’s disease susceptible 
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rootstocks. If verified, this observation may facilitate use of PdR1 resistance, deployed as Pierce’s disease 
resistant scions. However, low bacterial population levels (but greater than zero) in Pierce’s disease resistant 
material used as scions could eventually allow for systemic movement of Xf into Pierce’s disease susceptible 
rootstocks.  Thus, Pierce’s disease resistant scions could eventually decline if susceptible rootstocks become 
systemically infected and develop high population levels of Xf that interfere with xylem transport. Therefore, 
the industry may want to proceed with breeding programs aimed at developing Pierce’s disease resistant 
rootstocks to complement efforts already in progress on development of Pierce’s disease resistant scions. 
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NOVEL  SECRETED VIRULENCE  FACTORS  FROM XYLELLA  FASTIDIOSA 

Principal Investigator: 
Elizabeth Rogers 
USDA ARS 
Parlier, CA 93648 
elizabeth.rogers@ars.usda.gov 

Reporting Period: The results reported here are from work conducted September 2010 to September 2012. 

ABSTRACT 
Xylella fastidiosa (Xf) is a bacterium that causes Pierce’s disease of grapevine and other leaf scorch diseases of 
agriculturally important crops. Little is known about virulence factors that are necessary for Xf to grow and 
cause disease in the xylem vessels of a plant host. Any protein secreted by the bacterium has the potential to 
interact with the plant host and affect pathogen virulence and/or recognition.  A number of novel Xf proteins 
with predicted signal sequences for secretion were investigated. An E. coli model system and/or Xf itself was 
used to confirm secretion for the majority of tested proteins. Next, a tobacco rattle virus (TRV) vector was used 
to express these proteins and examine effect on pathogenicity of TRV in Nicotiana benthamiana. Of 58 proteins 
assayed, eight were shown to reproducibly and significantly increase the virulence of TRV, implying they 
function as pathogenicity factors in Xf. Currently, mutations are being constructed in each of the eight candidate 
pathogenicity factors in Xf; once knock-out strains are available, disease assays in grapevine will be performed. 

FUNDING AGENCIES 
Funding for this project was provided by the USDA Agricultural Research Service, appropriated projects 5302-
22000-008-00D and 5302-22000-010-00D. 
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Reporting Period: The results reported here are from work conducted June 2012-September 2012. 

ABSTRACT 
This report describes results achieved since June 2012. First, we continued to characterize the role of a Xylella 
fastidiosa (Xf) chitinase (chiA), which allows the bacterium to use chitin as a carbon source. A chiA mutant was 
deficient in its ability to colonize Xf vectors. Second, we tested several serine protease mutants for their ability 
to be transmitted by insect vectors; some of these mutants were affected in vector transmission. Lastly, we 
summarized our efforts to identify chitin-binding proteins, and have prepared proteins for transmission 
experiments to test if they function as specific blocking molecules that disrupt Xf transmission. Those results are 
pending. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf), the etiological agent of Pierce’s disease of grapevines and other diseases, is transmitted 
from plant to plant by xylem-sap feeding insects. Management of such diseases relies heavily on pesticide 
applications mainly due to a poor understanding of their biology.  Improving our knowledge on mechanisms 
used by this bacterium during its transmission by vectors will lead to the development of new and 
environmentally sound strategies to control Pierce’s disease. Because Xf colonization of vectors is a complex 
process, we decided to focus our attention on several steps required for efficient transmission. Blocking initial 
adhesion of Xf on insect cells and reducing the ability of the bacteria to successfully colonize insect mouthparts 
are two of the most promising approaches.  Previous findings on the nature of Xf-insect interactions, using 
bacterial lectins recognizing insect receptors on its cuticle, allowed us to demonstrate that a blocking technology 
is a feasible approach to disrupt pathogen transmission.  Identification of specific proteins of Xf involved in 
these interactions will improve the specificity of this technology allowing us to test it under field conditions in 
the near future. We are now waiting for results of ongoing greenhouse experiments that are testing our strongest 
candidates obtained through in vitro research. 

INTRODUCTION 
This report is divided into two sections: i) search for proteins implicated in the transmission of Xylella fastidiosa 
(Xf) including work conducted on the characterization of a chitinase mutant, the transmission of several serine 
proteases mutants and the identification of chitin-binding proteins, and ii) construction of recombinant proteins 
to use them as competitors to block Xf transmission by vectors under greenhouse conditions. A brief 
introduction will be provided for each section as they focus on different approaches. Results for some 
transmission experiments done under greenhouse conditions this summer are pending, especially those 
involving recombinant proteins. 
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OBJECTIVES 
This project had two original objectives: 
1. Continue efforts to identify additional targets implicated in Xf transmission by insects. 
2. Test specific and efficient molecules to disrupt vector transmission. 

RESULTS AND DISCUSSION 
Objective 1: Identification of targets implicated in Xf transmission by insects 
Xf chitinase is important for insect colonization 
Previous work on Xf-insect interactions highlighted the importance of chitin in Xf colonization of vectors.  First, 
results showed that N-acetylglucosamine (GlcNAc), the monomer of chitin, acted as a strong competitor when 
vector foregut extracts were used as a substrate, reducing cell adhesion (Killiny and Almeida, 2009).  Second, 
competition between Xf adhesins and GlcNAc reduced the overall transmission of the bacteria by its vectors, 
effectively functioning as blocking molecules (Killiny et al., 2012).  The observation that Xf possesses a 
functional chitinase (ChiA) and all the machinery required to assimilate it (Killiny et al., 2010) leads us to 
further test if Xf could use chitin as a carbon source for successful colonization of vectors. 

A chitinase mutant (chiA) is not able to grow with chitin as a sole carbon source 
To test our hypothesis, we constructed a chitinase mutant (chiA) and tested its growth in media that differ in 
their composition in carbon sources.  Four media were used: XFM, which is composed of two carbon sources 
(disodium succinate and sodium citrate); XFMΔ, where the two carbon sources of the XFM medium were 
omitted; XFM-chitin, where colloidal chitin was added as an additional (third) carbon source; and XFMΔ-chitin, 
where chitin was present as the sole carbon source.  Optical density at 600nm corresponding to Xf growth was 
determined every day over an 8-day period and results were compared to the wild-type (WT) strain (Temecula) 
grown into same media. 

Figure 1. Growth comparison between WT and chiA mutant for their ability to use chitin as a carbon source. 

First, no differences were found in the ability of both bacteria to grow in XFM (blue curves) meaning that the 
absence of ChiA doesn’t have any effect on the capacity of Xf to grow when other carbon sources were available 
in the medium.  As expected, no growth was observed into XFMΔ medium where no carbon sources were 
present.  WT cells grew to larger populations in XFM-chitin than in XFM confirming results previously found 
(Killiny et al., 2010) but such increase in bacterial population was not observed for the chiA mutant. 
Interestingly, when colloidal chitin is present as the only carbon source in the medium (XFMΔ-chitin), only the 
WT is able to grown.  These results confirmed our hypothesis that Xf has a functional chitinase allowing it to 
assimilate chitin as a carbon source. 
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The chiA mutant is affected in its vector colonization 
The capacity of the chiA mutant to successfully colonize plants is yet to be determined (results currently 
pending).  To address the role of chitin utilization during insect colonization, we used a protocol based on an 
artificial diet system that eliminates the need of using infected plants as infection source (Killiny et al., 2009). 
Briefly, insects acquired the chiA mutant or WT cells from this artificial diet system, with cell suspension 
between two Parafilm layers for 4 hours. Insects were removed from these sachets and transferred to basil 
plants for cells to colonize insects. Three and 10 days after acquisition, insects were recovered from basil 
plants, for each of these two time periods, insects were separated into two numerically identical populations. 
One of these populations (n=12) was tested with quantitative PCR (qPCR) to quantify bacterial population in the 
vectors’ foregut. Remaining insects were individually transferred on healthy grapes to test their ability to 
transmit Xf to another plant. Results for this latter experiment are still pending but those concerning qPCR 
quantification are summarized in figure 2 below. 

Figure 2. Comparison of insect colonization between WT and chiA mutant at 3 and 10 days post-acquisition. 

At three days post-acquisition, bacterial populations of the chiA mutant were not different from that of the 
control (P>0.1).  At 10 days post-acquisition a significant reduction in bacterial population were observed for 
the chiA mutant compared to the control (P<0.001).  This difference indicates that the chiA mutant cannot 
successfully colonize insects. Indeed, from three days to 10 days after acquisition, a 25-fold increase in 
population size was observed for the control (P<0.001), whereas bacterial populations only slightly increased (3 
to 5-fold, P<0.05) for the chiA mutant. 

Altogether, we suggest that the chiA mutant is deficient in insect colonization because of it cannot use chitin as a 
carbon source. Results from transmission experiments conducted with these insects will determine if chitin 
utilization during insect colonization is relevant for the transmission of Xf. Additional experiments are still 
require to understand in detail the chitin degradation process, in particular if ChiA is able to bind and degrade 
chitin polymers by itself or if other(s) protein(s) help it in this task. 
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Effect of serine proteases on Xf transmission 
As previously mentioned, chitin has a primordial role in Xf transmission by vectors.  However, many important 
questions remain unclear.  During early colonization of insect mouthparths, how does Xf reach chitin polymers 
to adhere to insects? Due to the composition of the cuticle of insects (Figure 3), Xf may not have direct access 
to chitin polymers when it first attaches to the insect’s precibarium. 

Figure 3. Composition of insect cuticle. 

Cuticle is composed of different layers. The epicuticle is the outermost part of it, its function is to reduce water 
loss and block the invasion of foreign matter.  It is composed of lipoproteins and chains of fatty acids embedded 
in a protein-polyphenol complex. This very thin layer is free of chitin polymers.  Microfibers of chitin are 
contained in the procuticle, surrounded by a matrix of protein that varies in composition from insect to insect 
and even from place to place within the body of a single insect. We note that chitin has served well as a proxy 
for attachment experiments as a proxy for compounds in the epicuticle for many bacterial systems, we found 
that it also functions well for Xf. The difficulty is that we don’t know exactly what the outermost layer of the 
cuticle looks like in sharpshooters, and that is what Xf initially binds to.  Thus, chitin appears to work well as a 
proxy for this layer, but we are also trying to understand these early stages of colonization in more detail. 

In order to colonize its insect vectors, Xf probably needs to degrade this first barrier composed by the epicuticle. 
Xf has proteases with similarities to known S8 subtilisin-like serine proteases named PD0218, PD0313, PD0950. 
Multiple functions have been associated with these proteases but among the most interesting ones in the 
possibility that Xf insect colonization is related the ability of these enzymes to degrade the insect cuticle. The 
best understood model is based on a fungal endoprotease designated Pr1 (St.Leger et al., 1995), which degrades 
the cuticle of its insect hosts as a key step for fungal attachment on chitinous surfaces leading to the initiation of 
the infection process. 

As a first step in the confirmation of a role for these enzymes in Xf insect colonization, we tested different 
mutants for these proteins kindly provided by Dr. Igo’s group with our artificial transmission system (as 
previously described). Mutations carried by each of these mutants as well as transmission rates obtained for 
those tested are summarized in the Figure 4 (Nt: non tested). 

Due to an impossibility to reach adequate populations on plates for transmission experiments, some strains were 
not tested.  According to the results presented in Figure 4, differences between the potential role of the three 
proteases are highlighted.  First, no differences were observed between transmission rates for wild-type and 
TAM147 meaning that PD0218 has no effect in insect colonization.  According to previous work conducted by 
Dr. Igo’s group, PD0218 could potentially have a role in the maturation of a bacteriocin, molecules known to 
increase the competitiveness of a pathogen (2010 Proceedings). On the contrary, transmission rates were 
significantly lower for the two other stains tested. Indeed, transmission rate for TAM150 was only 50%, so a 
reduction of 30% approximately in comparison the control. Based on that, we can argue that, contrary to 
PD0218, PD0313 has an effect in the transmission of Xf by vectors. The triple-mutant (TAM153), deleted in all 
three proteases, showed a highly reduced transmission rate close to 30% confirming the role of PD0313.  In 
addition, due to this significant difference between these two last transmission rates (50% vs 30% for TAM150 
and TAM153 respectively), we speculate that PD0950 also has a role in bacterial transmission, potentially in 
collaboration with PD0313. 
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Strain Mutation(s) Number of plants 
tested positive 

Temecula Wildtype 13/16 
TAM147 PD0218::CmR 12/14 
TAM152 PD0313::GmR Nt 
TAM146 PD0950::EmR Nt 
TAM148 PD0218::CmR, PD0950::EmR Nt 
TAM150 PD0218::CmR, PD0313::GmR 8/15 
TAM151 PD0313::GmR, PD0950::EmR Nt 
TAM153 PD0218::CmR, PD0313::GmR, PD0950::EmR 4/14 

Figure 4. Transmission rates obtained for mutants tested in our experimental transmission system. 

These encouraging results will allow us to move forward our analysis concerning these proteases, especially 
PD0313 and PD0950.  Additional experiments will be necessary to test their activities in vivo and to confirm our 
hypothesis on the role of these enzymes on insect cuticle degradation. 

Identification of chitin-binding proteins 
As previously mentioned, chitin has a central role in Xf transmission. Xf binds to and degrades chitin in vitro, Xf 
binds to the chitinous cuticular surface of the foregut of sharpshooters in vivo, and chitin’s subunit (GlcNAc) 
disrupts Xf transmission to plants.  In that way, we used chitin as a proxy for sharpshooter vectors in order to 
identify Xf proteins able to bind to the chitin.  We believe that these chitin-binding proteins could be good 
candidates for adhesins involved in an interaction with insect receptors. 

Briefly, we grew cells under conditions that allow Xf to colonize vectors, extracted total proteins and purified 
those adhering to chitin. Utilization of whole cell extract proteins has the advantage of potentially identifying 
most of the chitin-binding proteins.  However, additional washings steps were required to obtain a specific 
elution profile.  We also repeated these assays for conditions that do not induce Xf transmission (Killiny et al. 
2009b).  Good correlation was found between proteins specifically bound to chitin and the medium inducing 
transmissibility.  In other words, no proteins specifically bound to chitin were found for samples from a medium 
(XFM) poorly capable of inducing Xf transmission. The protocol described above allowed us to specifically 
elute ten bands of Xf proteins using N-acetylglucosamine (GlcNAc) as a specific competitor. Unfortunately, due 
to incompatibilities between proteins concentrations after trypsinization and the limit of detection of the mass 
spectrometer used for proteins identification (UC Davis facility), subsequent analyses enable us to only identify 
two new candidates out of the ten bands.  Efforts are currently made to circumvent this limitation. 
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Nevertheless, mass spectrometry analyses allowed us to identify two proteins in proteins bands located at 30kDa 
and 42kDa named respectively MopB (PD1709) and PD1764 based on the genome of the Xf Temecula strain. 
First, MopB is the major outer membrane protein of Xf, distributed over the surface of the bacteria (Bruening et 
al., 2005).  This property gives to this protein a particular interest in the interaction of Xf with insect cuticle, and 
chitin in particular.  On the other hand, as a major outer membrane protein, MopB is also abundant in Xf 
proteome compare to others proteins.  Identification of abundant proteins at this point requires additional 
verification in order to confirm the specificity of this binding.  The other candidate, PD1764, is a hypothetical 
protein conserved in several Xf strains. BlastP analyses showed a highly conservation rate with a LysM 
containing-domain protein, present in several species of Xanthomonas (99% of identities). LysM (for lysin 
motif, Pfam PF01476) domains are especially known for their role in plant immune responses where they can 
serve as receptors for the recognition of common microbe associated molecular patterns (MAMPs) (for a 
review, Gust et al., 2012). Interestingly, those MAMPs are generally composed of N-acetylglucosamine 
(GlcNAc)-containing molecules and LysM motifs have been shown to recognize and bind to numerous of those 
compounds, such as chitin of pathogenic fungi (Ohnuma et al., 2008).  More recently, Visweswaran et al. (2012) 
found that the LysM motif of the well-known bacteria Lactococcus lactis was able to bind to fungal chitin cell 
wall material.  Thus, we think that PD1764 could be a highly interesting candidate for interactions of Xf with 
chitin.  To our knowledge, this is the first example of an Xf protein containing an already described chitin 
binding domain. 

Objective 2: Test specific and efficient blocking molecules to disrupt vector transmission 
The central idea of this objective is that Xf colonization of insects can be disrupted by molecules that bind 
receptors on the sharpshooter foregut, the site of pathogen retention within vectors.  These molecules will 
essentially compete with Xf for receptors on the vector; if those are masked the cells are not capable of attaching 
to and colonizing vectors, effectively disrupting transmission and Pierce’s disease spread. As a result of 
intensive research conducted these past few years in our laboratory, we demonstrated that blocking Xf 
transmission following that way is feasible and could reasonably lead to control disease spread (Killiny et al., 
2012).  The current goal is to develop this strategy with specific and more efficient molecules identified during 
previous conducted research. Based on the assumption that Xf proteins we have identified as important for 
sharpshooter colonization could be used to block transmission to plants, several targets have been constructed 
and tested this summer. This is the case of previously implicated candidates for Xf transmission by vectors 
Hxfs, XadA, ChiA and FimA.  In addition, because of its high interest, PD1764 was added to this study. 

Production of His-tagged recombinant proteins 
Several constructs were generated (see Table 1 for a complete list) for proteins candidates to block Xf 
transmission. All were constructed following the same strategy. Full-length proteins or peptides were cloned 
into pET28b+ (Novagen) and expressed as N-terminal His-fusion peptides using E. coli Rosetta strain.  An 
exception has been done for hemagglutinin constructs which were cloned into pET30b+ (provided by B. 
Kirkpatrick group).  Proteins were induced for four hours at 28°C under shaking with 1mM IPTG. E. coli cells 
were lysed and loaded on top of a Ni-NTA column. After several washes, protein elution was made with 
increasing concentration of imidazole, a specific competitor of histidine residues for nickel. After a desalting 
step in order to eliminate imidazole, His6-tag was removed by the action of a protease (thrombin), which 
specifically cleaves between the histidine tag and the protein thanks to a specific cleavage sequence. Thrombin 
was added to the protein suspension (five units NIH per mg of protein) at RT for two hours.  Action of the 
protease was stopped by addition of 1mM of PMSF. 

The table below summarizes proteins targeted in this study and current status in order to test these molecules as 
competitors for disrupting Xf transmission by insect. 
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Proteins 

Steps 
ChiA XadA FimA 

HxfB PD1764 

AD1-3 AD4 AD5 
PD1764-1 

(full-length) 

PD1764-2 
(without 

LysM domain) 

PD1764-3 
(LysM domain 

only) 

PCR amplification 

Cloning 

Sequence verification 

Expression test 

Purification 
(Ni-NTA column) 

Tag excision 

Blocking experiment 

Recovering 
Xf from petioles 

Except for XadA, for which we encountered cloning difficulties, others constructions were successfully 
produced.  Unfortunately, protein concentrations for HxfB-AD5 and PD1764-3 recovered after protein 
purification and tag excision did not allow us to test these two constructs in our in vivo artificial diet system. All 
six others constructs were tested as transmission-blocking molecules this summer, results are pending. 

Transmission experiments with blocking recombinant proteins 
Prior to test these blocking molecules in our artificial diet system, we tested the impact of different 
concentrations of cells on the transmission rate.  Our goal was to select the optimal concentration of cells that 
result in a good transmission rate (>70%) without using too many cells, resulting in an increased risk of non-
specific transmission.  To do that, we allowed insects to acquire Xf on diet solutions containing different 
populations of Xf cells. Acquisitions with populations from 102 cells/ml to 109 cells/ml were performed.  After 
this four-hour acquisition period, insects were individually transferred to a single leaf on a healthy plant and 
were allowed to inoculate the bacterium for 24 hours.  One month later, the presence of Xf was checked in each 
plant by culturing the petiole from leaves on which insects were placed. Figure 5 summarizes results of this 
experiment. 

Bacteria 
concentration 

(cells/ml) 
2 

Number 
of  plants 

tested  positive 
10 0/21 
104 0/20 
106 3/22 
108 15/19 

5.108 17/22 
109 16/19 

Figure 5. Effect of different Xf populations on the transmission rate. 
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Interestingly, the relationship between transmission rate and number of cells in the system was not linear; 106 

cells/ml was the first concentration of cells with detectable transmission (3/22, 13,6%).  On the contrary, high 
transmission rates (>75%) were detected for the 3 highest population levels.  Based on criteria mentioned above, 
108 cells/ml was the concentration selected for all our future experiments. 

In parallel, survival of insect acquiring different concentrations of recombinants proteins was also tested under 
greenhouse conditions.  Briefly, insects were allowed to feed on a diet solution containing 108 Xf cells/ml 
complemented with 250mM, 100mM, 50mM, 25mM or 10mM of recombinant protein for four hours.  Such 
experiments have been conducted for PD1764 full-length, ChiA and FimA. Insects were immediately 
transferred to basil plants and their survival assessed everyday over a four-day period.  This time is sufficient in 
our case because all our experiments have a limited time (four hours of acquisition followed by 24 hours 
transmission). During these four days, no death was observed for any of the three proteins or any of the five 
concentrations. 

The same experiments were conducted to assess the effect of all the constructs listed in Table 1 (with the 
exceptions of XadA, HxfB-AD5 and PD1764-3) as blocking molecules for Xf transmission. The same five 
proteins were tested and results for Xf transmission to grapes are currently pending. We will start soon to 
culture plants for pathogen presence and will soon better idea is this strategy is working using recombinant 
proteins and if one of the candidates used here could be an interesting target for the optimization of a field 
applicable approach. 

CONCLUSIONS 
This project is proceeding very well. Additional Xf mutants were tested for their vector transmissibility, adding 
to a large list that includes most of the available mutant strains produced by all researchers working with this 
pathogen.  Additional mutants were tested but not included in this report.  We also showed that chitin utilization 
is essential for successful vector colonization by Xf. We have now shown that several mutants are affected in 
vector colonization, similarly to observations made with plant infections, demonstrating that vector colonization 
is as complex as plant colonization. More importantly, we selected candidates from this list to test if specific 
recombinant proteins block Xf transmission to plants. Several of these candidate proteins have now been 
produced and experiments performed under greenhouse conditions are ongoing.  Results from these experiments 
will be available for our next report. 
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Reporting Period: The results reported here are from work conducted September 2011 to September 2012. 

ABSTRACT 
A total of 10 (6 table and 4 raisin) seedless x seedless crosses to develop mBC3, mBC4, and mBC5 Vitis 
arizonica x V. vinifera families were made.  The crosses consisted of 44,187 emasculations and produced 4,974 
ovules and 871 (17.5%) embryos for Pierce’s disease resistance. An example of increased fruit quality is the 
propagation of three Pierce’s disease resistant table grape selections in 27 vine and five Pierce’s disease resistant 
raisin selections in 7 vine production trials.  A total of 16 crosses to combine powdery mildew and Pierce’s 
disease resistance were made and consisted of 47,347 emasculations, 4,712 ovules and 675 embryos.  An 
additional 10 seeded x seedless crosses of 11,680 emasculations were made.  From 2011 crosses, 1,232 leaf 
samples from plants still in test tubes were sent to University of California (Walker) laboratory for molecular 
marker screening. A total of 505 had resistant markers flanking the PdR1 locus and were planted in the field. 
The use of molecular markers to select for Pierce’s disease resistance and greenhouse screening to select for 
powdery mildew resistance allows selection of these two types of resistance before planting to the field. Three 
raisin grape selections with dual resistance were selected and propagated in seven vine production trials. 
Cuttings of 102 parents and selections from V. arizonica populations were sent to University of California 
(Walker) laboratory for greenhouse tests to insure resistance continues to co-segregate with markers. Two 
hundred and forty-three seedlings of the BD5-117 mapping family, with Pierce’s disease resistance different 
than V. arizonica, have been greenhouse tested.  An additional 42 primers were tested on the 144 original 
seedlings to increase saturation of the 19 linkage groups. Last year’s data indicated a major QTL on linkage 
group 2 (LG2).  Of the 112 polymorphic primers screened to date, six are located on LG2. 

LAYPERSON SUMMARY 
Although Pierce’s disease has existed in California since the late 1800s, the introduction of the glassy-winged 
sharpshooter to California in the late 1990’s significantly increased the spread and damage caused by Pierce’s 
disease. A collaborative breeding program was started in 2000 to develop Pierce’s disease resistant table and 
raisin grapes with high fruit quality comparable to that existing in markets today.  Sixth generation (mBC5) 
crosses to produce quality table and raisin grapes with V. arizonica source of Pierce’s disease resistance were 
made again this year. These families will have high fruit quality as they consist of 98.5% V. vinifera. An 
example of increased fruit quality is the propagation of three Pierce’s disease resistant table grape selections in 
27 vine and five Pierce’s disease resistant raisin selections in 7 vine production trials.  These selections show 
some commercial potential. Crosses to combine powdery mildew and Pierce’s disease resistance were also 
made. The use of molecular markers to select for Pierce’s disease resistance and greenhouse screening to select 
for powdery mildew resistance allows selection of these two types of resistance before planting seedlings to the 
field.  Three raisin grape selections with dual resistance were selected and propagated in seven vine production 
trials. Pierce’s disease resistance of over 185 parents and selections from V. arizonica populations have been 
verified in greenhouse tests to insure the molecular markers used to select for Pierce’s disease resistance 
continue to function properly.  Cuttings of 102 parents and selections from V. arizonica populations were sent to 
University of California (Walker) laboratory for greenhouse tests to insure resistance continues to co-segregate 
with markers.  Two hundred and forty-three seedlings of the BD5-117 mapping family, with Pierce’s disease 
resistance different than V. arizonica, have been greenhouse tested.  An additional 42 primers were tested on the 
144 original seedlings to increase saturation of the 19 linkage groups. Last year’s data indicated a major QTL 
on linkage group 2 (LG2).  Of the 112 polymorphic primers screened to date, six are located on LG2.  These 
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selected molecular markers from linkage LG2 might be useful as markers to select for resistance from BD5-117 
source of resistance. This collaborative research between USDA Agricultural Research Service, Parlier and 
University of California, Davis has the unique opportunity to develop high quality Pierce’s disease resistant 
table and raisin grape cultivars for the California grape industry where Pierce’s disease could restrict the use of 
conventional table and raisin grape cultivars. 

INTRODUCTION 
Pierce’s disease has existed in California since the late 1800s when it caused an epidemic in Anaheim. A 
number of vectors for Pierce’s disease already exist in California, and they account for the spread and 
occurrence of the disease. The introduction of the glassy-winged sharpshooter to California in the 1990’s 
significantly increased the spread and damage caused by Pierce’s disease. Other vectors exist outside California 
and are always a threat. All of California’s commercially grown table and raisin grape cultivars are susceptible 
to Pierce’s disease.  An effective way to combat Pierce’s disease and its vectors is to develop Pierce’s disease 
resistant cultivars so that Pierce’s disease epidemics or new vectors can be easily dealt with. Pierce’s disease 
resistance exists in a number of Vitis species and in Muscadinia. Pierce’s disease resistance has been 
introgressed into table grape cultivars in the southeastern United States, but fruit quality is inferior to V. vinifera 
table grape cultivars grown in California. No Pierce’s disease resistant raisin grape cultivars exist. Greenhouse 
screening techniques have been improved to expedite the selection of resistant individuals (Krivanek et al. 2005, 
Krivanek and Walker 2005). Molecular markers have also been identified that make selection of Pierce’s 
disease resistant individuals from V. arizonica even quicker (Krivanek et al. 2006). The USDA Agricultural 
Research Service (ARS) grape breeding program at Parlier, CA has developed elite table and raisin grape 
cultivars and germplasm with high fruit quality. Embryo rescue procedures for culturing seedless grapes are 
being used to quickly introgress the seedless trait with Pierce’s disease resistance (Emershad et al. 1989). This 
collaborative research gives the unique opportunity to develop high quality Pierce’s disease resistant table and 
raisin grape cultivars for the California grape industry. 

OBJECTIVES 
1. Develop Pierce’s disease resistant table and raisin grape germplasm/cultivars with fruit quality equivalent to 

present day cultivars. 
2. Develop molecular markers for Xylella fastidiosa (Xf)/Pierce’s disease resistance in a family (SEUS) other 

than V. arizonica. 

RESULTS AND DISCUSSION 
Objective 1 
Ten (six table and four raisin) seedless x seedless crosses were made in 2012 to develop modified backcross 3 
(mBC3), mBC4, and mBC5 V. arizonica (Pierce’s disease resistance) x V. vinifera families. They consisted of 
44,187 emasculations, and produced 4,425 berries, 4,974 ovules, and 871 embryos (17.5% embryos/ovules) 
(Table 1). This is a lower number of cross combinations than 2011 but a similar number of embryos were 
developed. The seedlings obtained from these crosses should have high fruit quality as they now have 93.8 to 
98.5% V. vinifera in their background.  An additional 16 crosses to pyramid Pierce’s disease (V. arizonica) 
resistance with powdery mildew (V. romanetii) resistance consisting of 47,347 emasculations produced 4,358 
berries, 4,712 ovules and 675 (14.3%) embryos (Table 1). Ten seeded table grape crosses were made in 2012 to 
combine Pierce’s disease plus powdery mildew resistance (Table 2). Leaves from all V. arizonica PdR1 plants 
produced from 2011 crosses were taken when seedlings were still in test tubes starting in November 2011.  They 
were tested for resistance with molecular markers for the PdR1 locus on chromosome 14. Results for Pierce’s 
disease seedless x seedless families are shown in Table 3. A total of 494 individuals were tested with SSR 
markers and 457 showed markers on both sides of the PdR1 region with 230 (50%) being resistant. This is very 
similar to the ratio of resistant and susceptible plants obtained for over 1,600 F1, mBC1, mBC2 table and raisin 
seedlings reported by Riaz et al. 2009.  The Pierce’s disease + powdery mildew seedless x seedless families are 
also shown in Table 3. A total of 263 were tested and 67 individuals were resistant. The number of seedlings 
tested with molecular markers from seeded x seedless crosses made in 2011 is shown in Table 4.  The ratio of 
resistant to susceptible is about 1:1 which is as expected. The susceptible and recombinant individuals were 
discarded, making more efficient use of greenhouse and field space. From the crosses made in 2011 which 

- 210 -



  
    

  
    

      
           
            

 
      

      
   

 
    

      
     

  
 

     
   

           
   

   

       
 

    
   

     
  

    

     
  

           
        

   
  

      
  

      
   

      
         

    

combined Pierce’s disease resistance from V. arizonica with powdery mildew resistance from V. romanetii, 45 
seedlings with molecular markers for Pierce’s disease resistance and powdery mildew resistance in the 
greenhouse were planted to the field.  Inoculation of plants with Xylella in the Greenhouse (method of Krivanek 
et al. 2005, Krivanek and Walker 2005) was started to determine resistance of 102 selected individuals from V. 
arizonica (Table 5).  Thirteen of 61 are resistant to date. These seedlings represent the best table and raisin 
selections that have been used as parents or planted in production trials. Greenhouse testing is absolutely 
necessary to make the final decision about resistance of individual selections. The highest level of resistance is 
being obtained from V. arizonica and its use will continue to be emphasized. 

The spring of 2012, three table grape and five raisin selections with Pierce’s disease resistance were propagated 
in 27 and 7 vine production trials respectively. After evaluation of all fruiting Pierce’s disease seedlings in 
2012, three raisin selections have been identified for propagation in seven vine production trials and eight 
selections in two vine plots in 2013. Fruiting characteristics of these selections are shown in Table 6. Three 
raisin selections with resistance to Pierce’s disease and powdery mildew were propagated into seven vine 
production trials this spring.  Another three raisin selections were identified this year for propagation into seven 
vine trials and one for two vine trials. Half of the planting (four of eight replications) of 12 Pierce’s disease 
resistant selections at the USDA ARS research station, Weslaco, Texas were inoculated with Xylella on July 15, 
2011 with the help of David Appel, Texas A&M University.  Each plant was inoculated twice. Leaf samples 
were collected the fall of 2011 but no Xylella found.  As of October 1, 2012, no Pierce’s disease symptoms have 
been identified on the inoculated shoots. 

Objective 2 
The Pierce’s disease resistant grape selection BD5-117 from Florida was hybridized with the seedless table 
grape selection C33-30 to create the mapping population of over 500 individuals. Fruit samples have been taken 
from all seedlings for three years data on berry weight and seed/seed trace weight as an indication of fruit 
quality. Flower sex as female or hermaphrodite was determined this spring. One hundred twenty-two 
individuals were evaluated in the greenhouse by inoculating with Xylella this year. Only seven were resistant 
(Table 5).  Greenhouse testing for Pierce’s disease resistance has been completed on 243 individuals, with 112 
rated clearly resistant or susceptible. Fifty-one useful markers from the first70 polymorphic markers tested on 
144 seedlings with greenhouse Pierce’s disease resistance evaluations were run in JoinMap and Map QTL which 
indicated a major QTL on linkage group 2.  This is the same linkage group that flower sex is located on. Thirty-
two useful markers from forty-two additional polymorphic primers tested on the 144 seedlings have been 
identified with JoinMap. They will help refine the framework map. All linkage groups are covered with useful 
primers with one to 13 per linkage group.  Six primers have been located on linkage group 2.  Thirteen primers 
were located on linkage group 14, which contains PdR1 resistance locus in V. arizonica but not in the BD5-117 
germplasm. 

CONCLUSIONS 
Additional families for the development of Pierce’s disease resistant seedless table and raisin grape cultivars 
have been produced in 2012.  Emphasis was placed on making mBC3, mBC4, and mBC5 V. arizonica Pierce’s 
disease resistant families. These families will have high fruit quality as they consist of 93.8 to 98.5% V. 
vinifera. The use of molecular markers has simplified and sped up the identification of Pierce’s disease resistant 
individuals from V. arizonica. Seedless table and raisin grape selections with Pierce’s disease resistance and 
improved fruit quality have been selected from both mBC4 and mBC3 V. arizonica and F1 and mBC1 BD5-117 
families. For example, three table and five Pierce’s disease resistant table and raisin selections were planted in 
27 and 7 vine production trials respectively.  Two hundred and forty-three seedlings from the BD5-117 family 
have been evaluated in greenhouse inoculations for Pierce’s disease resistance. A rough frame-work map with 
83 primers on 144 individuals has been developed.  A major QTL for resistance is indicated on linkage group 2 
which also contains flower sex.  The development of Pierce’s disease resistant table and raisin grape cultivars 
will make it possible to keep the grape industry viable in Pierce’s disease infested areas. Molecular markers will 
greatly aid the selection of Pierce’s disease resistant individuals from SEUS populations. 
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Table 1. 2011 table and raisin grape Pierce’s disease resistant seedless crosses that set fruit and the number of 
ovules and embryos produced. 

Female Male Type 
No. Emas-
culations 

No. Berries 
Opened 

No. 
Ovules 

No. Embryos 

89-0908 V. rupestris x V. arizonica 
Y128- 71--05 08-5001-21R Table BC4 4979 470 475 84 
Y537-168--06 08-5001-21R Table BC4 5079 726 852 180 
Y537-168--06 08-5001-34R-R Table BC4 2231 312 445 116 
09-5013-091 08-5001-21R Table BC4 5613 517 817 160 
09-5013-118 Y139- 31--08 Table BC5 6320 395 546 112 
09-5064-022 Y129-161--05 Table BC5 5378 480 569 58 

07-5059-194R-R Y143- 98--04 Raisin BC3 3 Bagsz 0 0 0 
09-5056-072R 07-5051-09R-R Raisin BC3 4410 772 255 22 

A 50- 91 07-5052-109R-R Raisin BC4 5141 347 505 99 
09-5063-018R 08-5055-04R-R Raisin BC4 5036 406 510 40 

Total 44,187 4,425 4,974 871 
Powdery mildew resistance combined with 89-0908 V. rupestris x V. arizonica 

05-5501-69R-R Y308-311--06 Table BC3 4 Bagsz 163 72 0 
05-5501-69R-R Y308-314--06 Table BC3 5030 542 472 10 
05-5501-69R-R Y315-55--04 Table BC3 2 Bags 34 12 0 
05-5502-15R-R Y308-311--06 Table BC3 5612 461 595 163 
05-5502-15R-R Y308-314--06 Table BC3 5957 280 336 34 
Y310- 34--09 09-5013-075 Table BC4 2035 110 162 42 
Y315-415--04 08-5001-21R Table BC4 7608 172 88 9 
Y315-415--04 08-5001-34R-R Table BC4 1270 21 18 2 

07-5051-028R-R Y309-166--09 Raisin BC3 3773 373 472 28 
07-5059-194R-R Y308-344--06 Raisin BC3 1 Bag 0 0 0 

09-5056-072R Y315-264--08 Raisin BC3 2816 650 583 99 
Y302-178--06 07-5051-09R-R Raisin BC4 5572 786 1053 96 
Y308-344--06 08-5505-04R-R Raisin BC3 3100 15 10 0 
09-5066-097R 09-6054-006 Raisin BC4 2551 337 269 29 
09-5066-103R 09-6054-006 Raisin BC4 2023 414 570 163 

Total 47,347 4,358 4,712 675 
z Clusters bagged because flowers are female and do not need emasculation. 
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Table 2. 2012 seeded crosses of Pierce’s disease resistant table grape combined with powdery mildew resistance. 

Female Male Type 
No. Emas-
culations 

No. Seed 

89-0908 V. rupestris x V. arizonica 
05-5502-32 Y308-314--06 Table BC3 440 y-

07-5060-134 Y308-344--06 Table BC3 4 bags z -
07-5060-134 Y309-397--06 Table BC3 3 bags -
07-5059-093 Y308-314--06 Table BC3 4 bags -
05-5501-06 Y308-281--06 Table BC3 5 bags -
05-5501-06 Y308-312--06 Table BC3 1 bags -
05-5501-06 Y308-314--06 Table BC3 4 bags -
05-5501-26 Y308-314--06 Table BC3 7 bags -
05-5501-06 Y308-311--06 Table BC3 4172 -
05-5501-06 Y308-314--06 Table BC3 6412 

Total 28 bags 
+11,024 

-
z Clusters bagged because flowers are female and do not need emasculation. 
y Seed not extracted from fruit as of 10-9-12. 

Table 3. Determination of seedling resistance based on PdR1 molecular markers for seedless x seedless 89-0908 
families made in 2011. 

Family Type Cross 
No. 

Resistanta No. Susceptibleb No. 
Recombinantc No Datad Off 

Types 
Total 

Pierce’s disease families 
11-5001 Table BC1 9 9 1 1 20 
11-5002 Table BC3 1 1 2 
11-5003 Table BC4 8 3 1 12 
11-5004 Table BC3 8 6 3 1 18 
11-5006 Table BC3 4 9 13 
11-5007 Table BC3 31 7 4 3 45 
11-5008 Table BC3 8 2 1 11 
11-5009 Table BC3 8 3 1 12 
11-5010 Table BC3 24 34 2 5 2 67 
11-5013 Table BC1 20 21 1 4 46 
11-5015 Table BC5 35 37 1 1 74 
11-5051 Raisin BC3 5 20 1 7 33 
11-5052 Raisin BC3 5 4 1 2 12 
11-5053 Raisin BC4 20 12 2 34 
11-5054 Raisin BC5 6 5 11 
11-5057 Raisin BC5 1 1 1 3 
11-5058 Raisin BC5 10 17 1 4 32 
11-5063 Raisin BC5 1 1 
11-5065 Raisin BC5 2 1 3 
11-5066 Raisin BC5 25 17 1 2 45 

Total 230 209 18 27 10 494 
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Table 3 (continued). Determination of seedling resistance based on PdR1 molecular markers for seedless x 
seedless 89-0908 families made in 2011. 

Family Type Cross 
No. 

Resistanta No. Susceptibleb No. 
Recombinantc No Datad Off 

Types 
Total 

Pierce’s disease + powdery mildew families 
11-6001 Table BC3 1 1 
11-6002 Table BC3 1 1 
11-6003 Table BC3 1 1 
11-6004 Table BC3 19 27 3 2 51 
11-6005 Table BC3 28 28 
11-6007 Table BC3 3 2 1 6 
11-6009 Table BC4 8 11 1 1 21 
11-6051 Raisin BC4 6 5 11 
11-6052 Raisin BC4 1 7 8 
11-6053 Raisin BC3 1 1 
11-6054 Raisin BC3 5 4 2 11 
11-6055 Raisin BC3 2 1 3 
11-6056 Raisin BC3 10 9 2 21 
11-6057 Raisin BC3 5 5 3 13 
11-6058 Raisin BC3 14 15 5 1 35 
11-6059 Raisin BC3 20 13 33 
11-6060 Raisin BC3 1 7 6 14 
11-6061 Raisin BC5 3 1 4 

Total 67 150 33 5 8 263 
aResistant = marker on both sides of PdR1 region; bSusceptible = no PdR1 markers.; cRecombinant = 
genotypes that amplified with one PdR1 marker; dNo data = genotypes that failed to amplify properly. 

Table 4. Determination of seedling resistance based on PdR1 molecular markers for seeded x seedless 89-0908 
families made in 2011. 

Family Type Cross 
No. 

Resistanta 
No. 

Susceptibleb 
No. 

Recombinantc No Datad Off 
Types 

Total 

Seeded families 
11-5501 Table BC1 32 25 1 5 63 
11-5503 Table BC3 8 2 10 
11-5504 Table BC3 61 59 6 2 128 
11-5505 Table BC3 1 1 2 
11-5506 Table BC3 16 10 2 28 
11-5507 Table BC3 19 29 5 1 54 
11-5509 Table BC3 2 2 
11-5510 Table BC3 1 1 
11-5517 Table BC2 17 17 
11-6502 Table BC3 11 11 1 23 
11-6504 Table BC3 6 21 2 1 30 

Total 154 158 37 9 0 358 
aResistant = marker on both sides of PdR1 region; bSusceptible = no PdR1 markers; cRecombinant = genotypes 
that amplified with one PdR1 marker; dNo data = genotypes that failed to amplify properly. 
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Table 5. Results of greenhouse test for determination of Pierce’s disease reaction in 2012. 

Population 
Resistance 

Source 

Testing Compete In Greenhouse 
Test for 

Evaluation by 
December 

No. Tested No. Resistance 

BD5-117 map BD5-117 122 11 0 
Arizonica PdR1 61 13 41 
Other PD SEUS 15 1 20 
TOTAL 198 25 61 

Table 6. New Pierce’s disease resistant grape selections made and evaluated 2012. 

Name Generation Trace 
Berry 
Size 

Crop 
Cluster 

Size 
Berry 

Set Flavor Status Type Comment 

Raisin Pierce’s disease V. arizonica resistance 

09-5066-019/21 BC4 9 TS 7 6 6 neutral prop* TD GH test 

09-5066-079/95 BC4 10 midget 4 3 5 neutral prop TD GH test 

09-5066-121 BC4 10 Zante 5 4 5 neutral prop DOV GH test 

09-5066-144 BC4 6 midget 6 5 6 neutral prop TD GH test 

09-5068-007 BC4 10 midget 4 4 5 neutral prop TD GH test 

09-5068-011/16 BC4 9 Zante 6 5 4 neutral prop TD GH test 

09-5068-018 BC4 10 Zante 4 4 4 neutral prop DOV GH test 

09-5068-023 BC4 10 midget 5 5 5 neutral prop* TD GH test 

09-5068-042 BC4 10 TS 5 4 6 neutral prop TD GH test 

08-5074-003 BC4 10 TS 7 5 5 neutral prop* TD GH test 

08-5066-103 BC4 6 TS 5 5 5 neutral prop DOV GH test 

Raisin Pierce’s disease + powdery mildew resistance 

08-6053-090 BC3 10 Zante 5 5 4 neutral prop* TD GH test 

08-6053-151 BC3 10 Zante 6 5-6 5-6 neutral prop* TD GH test 

09-6054-067 BC4 10 midget 3 3 5 muscat prop* DOV GH test 

09-6054-100 BC4 8 TS 6 5 5 neutral prop DOV GH test 
Trace: 10 = none, 9 = Thompson Seedless (TS) size, 7 = Fiesta size, 6 = Flame Seedless size 
Berry size = 1/16” for table grapes and Thompson Seedless (TS) or midget size for raisins. 
Crop: 9 = v. heavy, 7 = heavy, 5 = average, 3 = light, 1 = v. light. Cluster size: 9 = >2.5 lb, 7 = 2 lb, 5 = 1 lb, 3 = 

0.5 lb, 1 = widow size. 
Berry set: 9 = v. tight, 7 = tight, 5 = average, 3 = loose, 1 = v. loose. Firmness: 9 = v. firm, 7 = firm, 5 = average, 

3 = soft, 1 = v. soft. 
Prop = propagate in first 2 vine plot; prop* = propagate raisin selection in 7 vine production trial. 
DOV = natural dry on the vine type. TD = tray dried. GH test = test resistant reaction to Xylella in greenhouse. 
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CLARIFICATION OF XYLEM FEATURES LIMITING THE ENTRY AND SYSTEMIC SPREAD OF 
XYLELLA FASTIDIOSA IN GRAPEVINES 

Project Leader: 
Qiang Sun 
Department of Biology 
University of Wisconsin 
Stevens Point, WI 54481 
qsun@uwsp.edu 

Cooperator: 
Steven Lindow 
Dept. Plant & Microbial Biology 
University of California 
Berkeley, CA 94720 

Co-Principal Investigator: 
John Labavitch 
Department of Plant Sciences 
University of California 
Davis, CA 95616 
jmlabavitch@ucdavis.edu 

Cooperator: 
Hong Lin 
USDA ARS 
San Joaquin Valley Ag. Sci. Ctr. 
Parlier, CA 93648 

Cooperator: 
Andrew Walker 
Dept. of Viticulture & Enology 
University of California 
Davis, CA 95616 

Reporting Period: The results reported here are from work conducted November 1, 2011 to October 1, 2012. 

ABSTRACT 
Pierce’s disease of grapevines is a vascular disease caused by the xylem-limited bacterium Xylella fastidiosa 
(Xf). Understanding of possible interactions between xylem tissues and the pathogen is essential to clarify 
disease resistance/susceptibility mechanism of vines. In this report, two xylem factors, vascular occlusions and 
pit membrane (PM) polysaccharide compositions, were analyzed with grapevine genotypes displaying different 
Pierce’s disease resistances in order to elucidate their roles in the disease symptom development. Xf-induced 
vascular occlusions occurred in both Pierce’s disease susceptible and resistant grapevines, but they differed in 
their quantity and distribution among the genotypes with systemic, extensive occurrence in the susceptible 
grapevines but localized, minute presence in the resistant grapevines. The extensive vascular occlusions 
significantly reduce a host vine’s hydraulic conductivity, thus highly likely exacerbating the disease symptoms 
of infected vines. We also established an immunogold-transmission electron microscopy technique to study cell 
wall polysaccharide compositions across the PM thickness with high resolution. With this technique, we have 
revealed differences in ultrastructure of three PMs (intervessel, vessel-parenchyma and interfiber PMs) and also 
successfully studied the composition, quantity and distribution of some pectic and hemicellulosic 
polysaccharides with test grapevines. This has further emphasized the need for analyzing the roles of PM 
polysaccharides in Pierce’s disease resistance/susceptibility of host vines. 

LAYPERSON SUMMARY 
Efficient approaches in control of Pierce’s disease based on the understanding of the natural Pierce’s disease 
resistance mechanisms of grapevine are being sought as management strategies for Pierce’s disease in 
vineyards. We recently focused on two important grapevine factors affecting the vine’s Pierce’s disease 
resistance: vessel (the water-conduits in a vine) occlusions and the ultrastructure and cell wall polysaccharide 
composition of pit membranes (PMs, porous thin cell wall regions found where two cells contact and 
communicate).  By using grapevine genotypes differing in Pierce’s disease resistances we investigated how 
vascular occlusions may affect water conduction in infected vines. Our results indicate that the abundant 
occluded vessels observed in Pierce’s disease susceptible grapevines significantly suppressed the vines’ water 
conduction, highly likely contributing to their Pierce’s disease symptom progression.  Also included in this 
report is our success in developing an immunogold-transmission electron microscopy technique for a detailed 
structural and compositional characterization of grapevine PMs. We have revealed the ultrastructures of three 
types of PMs: intervessel, vessel-parenchyma, and interfiber PMs. The first two are relevant to tylose 
development and Xylella spread in an infected vine, respectively. With the new technique, we were able to 
identify the quantity and distribution of certain cell wall polysaccharides that Xylella's cell wall-digesting 
enzymes may attack in the three types of PMs. This analysis has demonstrated the effectiveness of this 
technique, which is being used to analyze other cell wall polysaccharides with multiple grapevine genotypes 
displaying different Pierce’s disease resistances. These data will help us understand how bacterial cells may 
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digest PMs to achieve the pathogen's systemic spread in an infected vine. They are also important in evaluating 
Pierce’s disease resistance of new grape germplasm obtained from traditional breeding programs as well as 
genetic engineering. All of these are essential for the development of effective approaches for controlling this 
devastating disease. 

INTRODUCTION 
Pierce's disease of grapevines caused by the xylem-limited bacterium Xylella fastidiosa (Xf) has posed an 
unprecedented threat to the wine and table grape industries in the United States (Purcell and Hopkins, 1996).  In 
nature, the pathogen is initially introduced by xylem sap-feeding insects (e.g., glassy-winged sharpshooter) to 
only very few vessels in the xylem tissue of a grapevine (Varela et al., 2001). Some studies have indicated that 
the initially introduced pathogen can spread through the vine’s vessel system and eventually becomes systemic, 
resulting in Pierce’s disease symptom development followed by the death of the infected grapevine (Purcell and 
Hopkins, 1996). 

It is reasonable to believe that any factors affecting the Xf’s systemic expansion through a host vine’s vessel 
system should be relevant to the resistance/susceptibility of the vine. One factor that has attracted a lot of 
attention is the role of the structures of the vessel system per se in Pierce’s disease resistance/susceptibility of 
grapevine (e.g., Chatelet et al., 2006, 2011; Sun et al., 2006, 2007; Thorne et al., 2006). It is known that 
individual vessels forming the vessel system in a grapevine are relatively short with an average length of 3-4 cm 
(Thorne et al., 2006). This also suggests that the systemic spread of Xf in a vine requires consecutive intervessel 
movement of the pathogen. Adjacent vessels have specialized thin wall regions called pit pairs on their 
contacting lateral walls that facilitate intervessel movement of water and minerals and are believed to be the 
only passages of Xf’s intervessel movement. Each pit pair is separated by a middle lamella and the two vessels’ 
primary cell wall regions, collectively called the pit membrane (PM). Intervessel PMs in grapevines are found 
to have pore sizes of less than 20 nm (Choat et al., 2003; Pérez-Donoso et al., 2010) and if intact, should be 
barriers to the intervessel movement of much larger Xf (0.25-0.5 µm x 1-4 µm, Mollenhauer and Hopkins, 
1974). 

It has been hypothesized that the pathogen cells should use their cell wall degrading enzymes (CWDEs) to 
remove some structural polysaccharides of the PM, enlarging the PM porosity for the pathogen’s spread across 
adjacent vessels (Newman et al., 2003; Labavitch et al., 2006; Labavitch, 2007, Roper et al., 2006). This 
hypothesis has been supported by a few studies.  Newman et al. (2003) and Ellis et al. (2010) observed the Xf 
cells traversing intervessel PM regions. By infusing certain CWDEs to an explant of healthy grapevine, Pérez-
Donoso et al. (2010) demonstrated that PM porosity can be enlarged to sizes that allow passage of the pathogen 
cells. The degraded intervessel PMs and enlarged PM pores with the pathogen cells on site were also observed 
in susceptible Pierce’s disease infected grapevines (Sun et al., 2011). These studies indicate that the pathogen-
PM interactions permit Xf cells to achieve their movement between adjacent vessels. On the other hand, some 
studies have been carried out to further identify the PM polysaccharides that Xf attacks.  Sun et al. (2011) 
established an immunohistochemical technique with confocal laser scanning microscopy and revealed that 
intervessel PMs of grapevine genotypes displaying differential Pierce’s disease resistances differ in the quantity 
of weakly methyl-esterified homogalacturonans and fucosylated xyloglucan, potential substrates of Xf’s 
CWDEs. We also combined the immunohistochemical technique with scanning electron microscopy to study 
the distribution and quantity of those polysaccharides at much higher resolutions (Sun and Labavitch, 2010). 
Both studies have indicated that those polysaccharides were abundantly present in intervessel PMs of the 
susceptible grapevines and were absent or masked in those of resistant grapevines. Both techniques have helped 
us in effectively identifying the polysaccharides that are exposed on or close to the PM surfaces. In order to 
explore those polysaccharides across the thickness of the intervessel PMs, we recently developed an 
immunogold-transmission electron microscopy technique. We tested the effectiveness of this technique in 
identifying cell wall polysaccharides across a PM thickness and also investigated the quantity and distribution of 
fucosylated XyG with much higher resolution than on our previous reports; this result is included in the current 
report. Our goal on this is to reveal possible relationships between PM structures and polysaccharides and the 
Pierce’s disease resistance/susceptibility of host grapevines. 

- 217 -



     
     

            
   

      
    

           
        

     
  

         
      

  
   

  
   

      
         

   
  

        
      

 
    

     

 
 

  
     

 
 

   
       

  
     

       
      

     
  

 
        

       

   
 

   
    

         
       

Another major concern in grapevine Pierce’s disease research is the possible role(s) of vascular occlusions in the 
disease resistance/susceptibility. Vascular occlusions, especially tyloses (outgrowths of parenchyma cells into a 
vessel lumen, Esau, 1977), have been reported in the vessel system of grapevines displaying external Pierce’s 
disease symptoms (Esau, 1948; Stevenson et al., 2004; Lin, 2005), however, there is controversy regarding the 
vascular occlusions’ roles in grapevine disease resistance/susceptibility. The three current viewpoints include: 
1) vascular occlusions contribute to Pierce’s disease resistance of a host vine by blocking Xf cells from further 
spreading in the vessel system (Mollenhauer and Hopkins, 1976), 2) vascular occlusions exacerbate Pierce’s 
disease symptom development of a host vine by suppressing the vine’s water transport (Stevenson et al., 2004; 
Krivanek et al., 2005) and 3) vascular occlusions are irrelevant to the Pierce’s disease resistance/susceptibility of 
a host vine (Fry and Milholland 1990). However, it must be pointed out that more convincing evidence is still 
needed for any of the three viewpoints. Our previous data have indicated that vascular occlusions developed in 
both Pierce’s disease susceptible and resistant grapevines in response to Xf infection and occurred extensively 
throughout infected vines of susceptible genotypes, but developed only in small quantity in the internodes close 
to the Xf inoculation site in resistant grapevines (Labavitch and Sun, 2009).  We also found that the extensive 
formation of vascular occlusions in the susceptible genotypes did not stop the systemic spread of the pathogen 
(Sun and Labavitch, 2010; Sun et al., 2011), suggesting that the quantity of vascular occlusions have a limited 
role of in disease resistance of Pierce’s disease susceptible grapevines. Here we report our investigation on how 
the vascular occlusions may affect water transport in infected Pierce’s disease susceptible and resistant 
grapevines.  We expect this will help to better understand the role of vascular occlusions in disease 
resistance/susceptibility of grapevines. 

OBJECTIVES 
1. Determine whether xylem structural features vary among grape genotypes with different Pierce’s disease 

resistance and clarify what structural features are related to the Pierce’s disease resistance of grapevines. 
2. Determine whether PM polysaccharide composition and porosity and the extent of Xf’s spread from the 

inoculation site vary in grape genotypes with different Pierce’s disease resistance, and clarify the extent to 
which PM polysaccharide structure and integrity are affected by Xf inoculation of these genotypes. 

RESULTS AND DISCUSSION 
Effects of vascular occlusions on water conduction in Xf-infected grapevines 
We used two susceptible (Chardonnay and U0505-35) and two resistant (U0505-01 and 89-0917) grapevine 
genotypes to investigate possible differences in vascular occlusions among grapevines with different Pierce’s 
disease resistance.  Growth and inoculation of experimental vines were described in Sun and Labavitch (2010). 
Briefly, each vine was grown in the greenhouse from a grafted rootstock and trained to have only two shoots 
developed from a common trunk.  When each vine was about 4 weeks old, one of the vine’s two shoots was 
inoculated at the 5th or 6th internode from the shoot base.  Inoculation for each of the two genotypes included 
two types of inocula:  phosphate buffered saline (PBS-0.138 M NaCl, 0.0027M KCl, pH 7.4) as experimental 
control and a liquid containing Xf inoculum as treatment. Samples were collected from the inoculated vines of 
each genotype after 12 more weeks when the Xf-inoculated susceptible vines displayed severe external Pierce’s 
disease symptoms. The samples were then used for the analyses of vascular occlusions (predominantly tyloses). 
Previously, we reported the qualitative and quantitative vascular occlusions of those genotypes in response to 
inoculation.  We found that vascular occlusions occurred in the Xf-inoculated grapevines but not in the PBS-
inoculated vines, indicating that the pathogen introduction caused the vascular occlusions in the xylem.  Another 
important finding was that a significant amount of occluded vessels were present throughout Xf-inoculated 
susceptible vines; i.e., involving over 60% of the total vessels in any given transverse section of stem. The 
percentage of vessels occluded was mostly less than 20% in the Xf-inoculated, Pierce’s disease resistant vines. 

In order to find out if this difference in vascular occlusion formation has any impact on the hydraulic 
conductivity of the related vines, we measured the specific conductivity (Sperry et al., 1988) of the inoculated 
shoot for each of these genotypes, using both the control and treatment vines.  Instrument setup for this method 
was fully described in Pérez-Donoso et al. (2010).  In this experiment, the inoculated shoot was excised from an 
intact vine while the site where the cut was to be made was submerged in degassed, distilled water. While in the 
water the cut end was then connected to a degassed water-filling tube which was connected to a water reservoir. 
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The acropetal end of the shoot was cut off, leaving a 20~25 cm long explant connected to the tube. Reservoir 
water pressurized at 33kPa was then pushed into and through the explant, exiting from its distal end. After 
allowing the water flow through the explant for 3 min, the weight of water flowing through the explant over a 3 
min period was measured. Measurements were used to calculate specific conductivity (Sperry et al., 1988), 
which is the water flow rate of the stem in water weight (gram) per unit sectional stem area at the lower end 
(mm2) per minute under the pressure gradient (kPa).  This parameter was compared between the control and 
treatment of each of these genotypes as well as between the four genotypes’ vines inoculated with Xf. Our data 
indicated that the PBS-inoculated control vines, either Pierce’s disease susceptible or resistant grapevines, had 
higher values in their explants’ specific conductivity, while the values decreased in the Xf-inoculated vines 
(Figure 1).  However, the extent of the hydraulic conductivity reduction was different between the genotypes of 
differing Pierce’s disease resistance.  The conductivity in the infected Pierce’s disease susceptible vines was less 
than 10% of that in the appropriate control vines, while that in infected Pierce’s disease resistant vines was 
about 70% of that in their control vines (Figure 1). This demonstrates that Xf infection can greatly reduce the 
hydraulic conductivity of xylem tissues in Pierce’s disease susceptible grapevines, and has a much reduced 
impact on Pierce’s disease resistant grapevines. This also indicated that the extensive vascular occlusions we 
have reported can significantly affect the water conduction in susceptible grapevines, further demonstrating that 
vascular occlusions may exacerbate Pierce’s disease symptom development of susceptible vines by suppressing 
their water conduction. 
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Figure 1. Comparison of specific hydraulic conductivity between PBS- and Xf-inoculated 
grapevines for Pierce’s disease susceptible (Chardonnay and U0505-35) and –resistant (89-0917 
and U0505-01) genotypes. Explants used for measurement were 18-25 cm and 4-5.5 mm in 
length and diameter, respectively and were obtained from the inoculated shoots containing the 
internode with the point of inoculation. Each datum is based on six or eight grapevines (three or 
four grapevines for each genotype) and presented as mean with standard deviation. 

Ultrastructures of three types of PM in grapevines 
A pit is a thin cell wall region found where two cells contact and communicate with one another.  Pits always 
occur in pairs with a pit on each of the contacting cells positioned “in opposition” to that on the neighboring 
cell. A PM is the wall region separating the two opposing pits in a pair.  Due to the absence of a secondary wall 
covering where the opposing pits are located, a PM is structurally composed of two thin primary cell walls and 
one middle lamella and this cell wall “sandwich” is continuous with the primary cell wall regions that extend 
underneath the surrounding secondary walls.  Secondary xylem of grapevine stem contains four major types of 
cells: vessel elements, axial parenchyma cells, ray parenchyma cells and fibers. Pits and their PMs occur in the 
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DEVELOPMENT  OF  A GRAPE  TISSUE  CULTURE  AND TRANSFORMATION PLATFORM  FOR 
THE  CALIFORNIA GRAPE  RESEARCH  COMMUNITY 

Principal investigator: 
David Tricoli 
Plant Transformation  Facility 
University  of  California 
Davis, CA 95616 
dmtricoli@ucdavis.edu 

Cooperator: 
Cecilia Chi-Ham 
Public IP  Resource for  Agric. 
University  of  California 
Davis, CA 95616 
clchiham@ucdavis.edu 

Cooperator: 
Humberto Prieto 
Plant  Research  Station 
National  Research  Laboratory 
Chile 
humberto.prieto.encalada@gmail.com 

Reporting Period: The results reported here are from work conducted January 2012 to October 2012. 

ABSTRACT 
Tissue culture of  grape  plants remains an  inefficient  process  for  many  genotypes.   The  procedure is labor 
intensive,  limited  to  specific genotypes,  and  requires a significant  amount  of  time to  establish  embryogenic cell 
cultures and  convert  cell  cultures into  whole plants.   The efficiency  of  establishing  and  regenerating  plants for 
many  important  grape  genotypes remains very  low  and  are not  at  the level  required  to  allow  for  the predictable, 
cost  effective and  timely  recovery  of   tissue culture plants needed  to  successfully  offer  grape tissue  culture and 
transformation through a self-sustaining  service-based  facility.   We are leveraging  the expertise of  the National 
Research Laboratory of Chile, (INIA), and the Ralph  M. Parsons Foundation Plant  Transformation  Facility  at 
UC  Davis (UCDPTF)  to  significantly  increase the efficiency  of  tissue culture and  transformation  technology  in 
grape genotypes important  to  their  respective countries.   The two  labs are sharing  their  latest  protocol 
improvements for  generating and increasing high quality embryogenic callus using germplasm important  to their 
particular country.  This combined effort, has allowed us to make significant advances  in our ability to grow  and 
maintain  embryogenic callus for  use in  transformation  experiments  for  rootstock genotypes 1103, 101-14, and 
the wine grape Chardonnay.   We have successfully  established  high  quality,  rapidly  multiplying  grape cell 
suspension stock cultures  for 1103, 101-14 and Chardonnay by employing a  modification of INIA’s liquid/agar 
cell  cycling  system  allowing  us to  maintain  a constant  supply  of  cells needed  for  tissue culture and 
transformation studies.  We have also shown that we can grow stock embryogenic callus  cultures of 1103, 101-
14 and Chardonnay in a  temporary immersion system (TIS).  Maintaining callus  in a  TIS required minimal labor 
and  could  significantly  increase the efficiency  of  maintaining  stock  callus for  use in  transformations.   Using 
high quality embryogenic callus produced in both cell  suspension culture  and the TIS,  we are exploring 
transformation parameters  for 1103, 101-14 and Chardonnay. 

LAYPERSON SUMMARY 
This project is aimed at establishing an international collaboration between leading laboratories in the USA and 
Chile to reduce the time and cost of tissue culture and transformation for grape varieties of importance to the 
viticulture industries in their respective countries. The collaboration leverages pre-existing expertise and 
technical know-how to expedite the development of efficient tissue culture and transformation protocols for 
grape varieties of importance to the Pierce’s disease research community. The two labs are sharing their latest 
protocol improvements for generating and increasing high quality embryogenic callus using germplasm 
important to their particular country. To date, we have made significant advances in our ability to establish, 
increase, and maintain embryogenic callus for 1103, 101-14, and Chardonnay for use in tissue culture and 
transformation experiments using cell suspensions and bioreactors.  Using high quality embryogenic callus 
produced in both cell suspension culture and bioreactors, we will explore regeneration and transformation 
parameters for 1103, 101-14 and Chardonnay. 

INTRODUCTION 
The development and transformation of embryogenic cultures in grape is currently labor intensive with the 
establishment of embryogenic cell cultures requiring  many months and limited to only a few genotypes, most 
notably the table grape Thompson Seedless. Once established, maintaining healthy embryogenic callus is 
difficult, with the quality of the cultures deteriorating over time.  The efficiency of establishing embryogenic 
callus and regenerating plants for important wine and rootstock genotypes remains very low and are not at the 
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level required to allow for cost-effective recovery of tissue culture or transgenic plants. Currently, because it is 
one of the only genotype that can be readily manipulated in tissue culture, Thompson Seedless has been used by 
most Pierce’s disease researchers to test transgenic strategies for pathogen and disease management. However, 
for many projects, it would be valuable to test strategies directly in rootstock or wine grape genotypes. 
Challenges involved in expanding the range of genotypes that can be successfully manipulated in culture include 
the reliable establishment of embryogenic cultures, the labor intensive methods required to increase high quality 
embryogenic callus, prevention of tissue necrosis caused by oxidation, conversion of embryos into true-to-type 
plants, transformation of embryogenic callus, and rapid regeneration of non-chimeric transgenic plants from 
embryogenic cells. There is also a need to reduce this timeframe required to generate transgenic grape plants in 
order to test new strategies in a timely manner.  Currently, even for Thompson Seedless, the production of 
transgenic plants normally requires a minimum of 8 to 12 months.  Working with our collaborators at the 
National Research Laboratory of Chile (INIA), we are attempting to increase the efficiency of tissue culture and 
transformation technology in grape genotypes importance to the Pierce’s disease research community. Results 
of this collaboration will allow the Pierce’s disease research community to test transgenic strategies in 
genotypes that are relevant to the industry through the establishment of a self-sustaining service facility. 

OBJECTIVES 
1. To establish an international collaboration between leading laboratories in the USA and Chile that share a 

common goal of accelerating the development of efficient tissue culture and transformation protocols for 
grape varieties of importance to the viticulture industries in their respective countries. 
a. Adapt tissue culture and transformation methodologies developed by our Chilean partner, for grape 

genotypes of importance to California including; 11-03, 101-14, Cabernet Sauvignon, and Chardonnay. 
b. Increase the efficiency and reduce the time required for in vitro regeneration of grape plants from 

embryogenic callus by adapting INIA’s cell suspension technology and UC Davis Plant Transformation 
Facility’s (UCDPTF) temporary immersion system (TIS) for use in grape tissue culture and 
transformation. 

c. Enhance the efficiency of whole plant regeneration from embryogenic callus of grape cultures. 
2. Develop a cost-effective grape tissue culture and transformation platform for at least one priority California 

wine grape, and one California grape rootstock which will provide the Pierce’s disease research community 
with a predictable supply of experimental plant material while reducing labor and maximizing tissue culture 
and transformation efficiency. 

RESULTS AND DISCUSSION 
Objective 1a:  Adapt tissue culture and transformation methodologies developed by our Chilean partner, 
for grape genotypes of importance to California including; 11-03, 101-14, Cabernet Sauvignon, and 
Chardonnay 
We harvested anthers from grape genotypes 11-03, 101-14, Chardonnay and Cabernet Sauvignon and have 
plated them onto two different callus induction media; Murashige and Skoog minimal organics medium 
supplemented with 60 g/l sucrose, 1.0 mg/l 2,4-dichlorophenoxyacetic acid (2,4-D) and 2.0 mg/l 
benzylaminopurine (BAP) (PIV) or  Murashige and Skoog minimal organics medium supplemented with 20 g/l 
sucrose, 1.0 mg/l naphthoxyacetic acid (NOA) and 0.2 mg/l BAP (NB medium).  We have established robust 
embryogenic callus for 11-03, Chardonnay and Cabernet sauvignon from anther explants and we have obtained 
101-14 embryos from meristem cultures. 

The INIA and the UC Davis Plant Transformation Facility (UCDPTF) are exploring an alternative method to 
generating embryogenic callus utilizing leaf pieces from in vitro grown plants. Unlike generating callus from 
anthers which have a short window of availability in the spring of each year, leaf tissue from in vitro plantlets 
are available year round.  In addition, unlike meristem explants which are time consuming and difficult to 
excise, leaf explants are easy to isolate and can be secured from known pathogen-free tissue culture plantlets. 
We received disease free cultures of Chardonnay and 101-14 and Cabernet Sauvignon from Foundation Plant 
Services (FPS), and have established in vitro shoot cultures from field plantings of 11-03 that came from disease 
indexed cultures.  These shoot cultures will be maintained in culture and used as a source of tissue for 
experiments designed to establish embryogenic callus culture from young leaf explants. 
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Figure 1. From left to right, somatic embryo cultures of 101-14 from cultured meristems, somatic 
embryo cultures 11-03, Chardonnay and Cabernet Sauvignon from cultured anther. 

Objective 1b: Increase the efficiency and reduce the time required for in vitro regeneration of grape 
plants from embryogenic callus by adapting INIA’s cell suspension technology and UCDPTF’s TIS for 
use in grape tissue culture and transformation 
INIA has developed a method of rapidly increasing embryogenic callus by cycling the callus between agar-
solidified medium and liquid media in shake flasks. This technique allows for rapid increase in callus fresh 
weight while minimizing oxidation and the development of detrimental phenolic compounds in the callus. 
Eduardo Tapia Rodríguez from Dr. Prieto’s lab at INIA, visited the UCDPTF and instructed us on INIA’s 
method for increasing embryogenic callus by cycling tissue between solid and a liquid media.  Eduardo 
compared growth rates of 101-14 and Thompson Seedless (TS) in INIA’s liquid RM medium consisting of 1/4 
MS minimal organics medium supplemented with 60 g/L sucrose, 1 mg/L 2,4-D, 1 mg/L kinetin, 400 mg/L 
glutamine and 0.25 g/L activated charcoal to growth rates in UCDPTF’s callus induction medium consisting of 
Lloyd and McCown minimal organics medium, supplemented with 20 g/liter sucrose, 1g/liter casein, 1 mM 
MES, 10 mg/liter picloram, 2 mg/liter tridiazuron (TDZ) and 600 mg/liter activated charcoal (PT) during the 
liquid phase of INIA’s solid to liquid cycling methodology.  Increase in fresh weights during the liquid phase 
was recorded over a 2 week period. The statistical kinetic growth comparison in Tukey HSD test, confirmed the 
advantage of using UCDPTF’s PT medium during the liquid phase of the process with significantly greater 
increases in callus fresh weigh in PT medium verses RM medium for TS and 101-14 (Figure 2). 
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Figure 2. The statistical growth kinetics comparison in Tukey HSD test, showing the mean 
increase in fresh weight (g/liter) and confirming the improvement in biomass production using 
PT verses RM medium during the liquid phase of INIA’s methodology 
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Dr. Prieto’s lab is now testing embryogenic callus growth rates of additional grape cultivars in suspension 
cultures on INIA’s RM medium and UCDPTF’s PT medium.  Cultivars under investigation at INIA include 
Freedom, 110-R, Salt Creek and Moscatel de Alejandria.  Images of the cell suspensions growing on the two 
media are shown in Figure 3. 

Figure 3. Results from Dr. Tapia at INIA comparing cell suspension growth of Freedom, 110-R, Moscatel de 
Alejandria and Salt Creek on INIA’s RM medium compared to UCD’s Pic/TDZ (PT) liquid medium. Suspensions on 
the top row are initial cultures whereas cultures on the bottom row have been sieved and subcultured. 

We have made significant progress on improving the production of embryogenic grape callus across a range of 
genotypes including 1103, 101-14 and Chardonnay using a modification of INIA’s method of cycling the callus 
between agar-solidified medium and liquid media in cell suspensions (Figure 4).  We are now routinely 
maintaining stock suspension cultures as per Prieto’s lab, but we are using a modification of UCDPTF’s 
Pic/TDZ medium formulation, replacing TZD with the cytokinin meta-topolin; (MT) a highly active aromatic 
cytokinin from leaves of populus x canadensis moench, cv. Robusta (Aremu et al., 2011) and further 
supplemented with 100 mg/l ascorbic acid, 30 mg/l reduced glutathione and an additional 1500 mg/l activated 
charcoal (Pic/MTag).  Embryogenic grape callus grown on agar-solidified medium is transferred to 25 ml of 
Pic/MTag in 125 ml shake flasks and grown on a gyratory shaker at 110 rpms in the dark.  After the suspension 
is established, 10 ml of the suspension is withdrawn each week from the flask and replaced with 10 ml of fresh 
medium.  The 10 ml of suspension that is removed from the flask is transferred to a 15 ml centrifuge tube or 
100x20mm petri dish and allowed to settle under gravity.  All but 0.5 ml of the supernatant is carefully removes 
and the final 0.5 ml of medium and cells are collected and transferred onto agar solidified Woody Plant Media 
(WPM) (Lloyd and McCown, 1981), supplemented with 20 g/liter sucrose, 1g/liter casein hydrolysate, 500 
mg/liter activated charcoal, 0.5 mg/liter BAP, 0.1 mg/liter NAA 400 mg/l (BN).  Embryogenic callus plated on 
BN medium produces extremely high quality embryogenic callus at the appropriate stage for use in 
transformation in approximately four weeks.  If the callus is not required for transformation it can be discarded 
rather than continually subcultured, since new agar-solidified plates are established each week as part of the 
routine weekly subculture process required for the cell suspension cultures.  Previously we maintained stock 
callus exclusively on agar-solidified plates which were subcultures every 3-4 weeks.  Sub-culturing these plates 
was labor intensive since the callus often becomes oxidized when maintained on plates for long time intervals, 
requiring non-oxidized callus to be carefully separated from oxidized callus.  By maintaining cells in suspension 
and plating 10 ml of the suspension during each weekly subculture, one can easily generate high quality callus 
while eliminating the need to maintain and subculture large numbers of stock callus plates.  It appears that once 
high quality suspensions are created, this process can be repeated indefinitely, allowing for a constant and 
reliable supply of embryogenic callus for use in transformation experiments.  The process does not require 
cycling material between agar and liquid medium but maintains cells in suspension by continually sub-culturing 
them on a weekly basis and allows for the continual production of non-phenolic producing embryogenic callus. 
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Figure 4. Chardonnay (top), 1103 (middle) and 101-14 (bottom) in cell suspension cultures on WPM 
medium supplemented with 1g/l casein, 1M MES, 1000 mg/l activated charcoal,10 mg/l picloram, 2 mg/l 
meta-topolin (left), close up of cell suspension cultures (middle) and embryogenic callus developing 4 
weeks after plating 1 ml of suspensions on WPM medium supplemented with 1g/l casein, 1M MES, mg/l 
activated charcoal,0.5 mg/l BAP and 0.1 mg/l NAA. 

In addition to evaluating INIA’s liquid shake flasks methodology on grape genotypes 101-14, 1103, Chardonnay 
and Cabernet Sauvignon, we are exploring UCDPTF’s TIS for use in rapidly increasing embryogenic callus. 
We have inoculated TIS bioreactors with 0.5 g fresh weight of Chardonnay, 101-14 or 1103 embryogenic callus. 
The TIS vessels contain Woody Plant Media (WPM) supplemented with 20 g/liter sucrose, 1g/liter casein 
hydrolysate, 500 mg/liter activated charcoal, 10 mg/l picloram, 2 mg/l thidiazuron, (PicTDZ medium) or WPM 
supplemented with 20 g/liter sucrose, 1g/liter casein hydrolysate, 500 mg/liter activated charcoal 10.0 Picloram, 
2mg/l meta-topolin (Pic/MT medium).  Fresh weight measurements and observations were taken at 2 week 
intervals.  Callus increased on both Pic/TDZ and Pic/MT media with more rapid growth seen on Pic/TDZ 
medium than on Pic/MT medium.  However, the quality of the callus on both media formulations exhibited 
excessive accumulation of phenolic compounds, discoloring the callus.  Although labor input to maintain callus 
in the TIS is significantly reduce, we were concerned because of the high accumulation of phenolic compounds 
in the callus.  It was not known if this phenomenon would be detrimental to further callus growth and 
development. To test this, we transferred samples of discolored callus which had been growing in TIS vessels 
for three months to agar solidified BN medium and cultured them in the dark.  Within 3-4 weeks new white non-
phenolic embryogenic callus began to develop (Figure 5).  Therefore, it appears that despite the phenolic 
accumulation in callus grown in the TIS vessels, the ability to produce non-phenolic cultures from this callus on 
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agar-solidified medium is not compromised.  This system could prove advantageous from a labor management 
perspective, since it may allow one to maintain stock embryogenic cultures indefinitely in temporary immersion 
with medium exchanges occurring only once every three months.  When needed, sample of callus can be 
removed and transferred to agar-solidified medium a several weeks prior to initiating transformations. 
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Figure 5. Callus growth of 1103, Chardonnay and 101-14 in TIS on Pic/TDZ (top left of each panel) or 
Pic/MT (top right of each panel) and subsequent callus development after transfer to agar-solidified BN 
medium (lower left and lower right of each panel). 

Objective 1c: Enhance the efficiency of whole plant regeneration from embryogenic callus of grape 
cultures 
In our hands, the generation of transgenic callus and regeneration of plants from that callus is a long term 
process often requiring 4-6 months for transgenic embryogenic callus to form and up to 6 to 8 additional months 
for transgenic embryogenic callus to convert into whole plants.  We believe that these problems may be related 
to the extended length of time that callus remains in a non-differentiated state on high hormone containing 
medium such as our Pic/TDZ medium formulation.  Therefore we are evaluating media formulations 
(particularly the cytokinin component) to determine if we can speed up the process of transgenic embryogenic 
callus production and whole plant regeneration.  We transferred embryogenic Thompson Seedless callus to 
WPM medium containing 10 mg/l picloram and 2.0 mg/l TDZ, BAP or MT.  After a 2-3 subculture, calli were 
inoculated with the agrobacterium strain EHA105 carrying the kanamycin plant selectable marker gene and the 
scorable marker gene, dsRed, co-cultivated for 2-3 days and then transferred to selection medium composed of 
WPM supplemented with 400 mg/l carbenicillin, 150 mg/l timentin, 200 mg/l kanamycin 10 mg/l picloram and 
2.0 mg/l TDZ, BAP or MT.  Callus was cultured in the dark and sub-cultured to fresh medium of the same 
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formulation every 3 to 4 weeks and monitored for the presence of transformed embryogenic cells.  Preliminary 
data suggests that transgenic dsred expressing callus colonies develop faster on medium supplemented with 
Pic/MT than on experimental medium containing Pic/BAP or on our standard callus induction medium 
containing Pic/TDZ (Figures 6 and 7).  If these results can be extrapolated to 1103 and Chardonnay, this new 
medium formulation could reduce the time required to generate transgenic grape callus colonies. 
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Figure 6. The percentage of transgenic Thompson Seedless callus colonies produced, eight weeks after 
co-cultivation and cultured on induction medium composed of WPM supplemented with 400 mg/l 
carbenicillin, 150 mg/l timentin, 200 mg/l kanamycin 10 mg/l picloram and 2.0 mg/l TDZ, BAP or MT. 
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Figure 7. The percentage of transgenic Thompson Seedless callus colonies produced, twelve weeks 
after co-cultivation and cultured on induction medium composed of WPM supplemented with 400 mg/l 
carbenicillin, 150 mg/l timentin, 200 mg/l kanamycin 10 mg/l picloram and 2.0 mg/l BAP or MT. 

- 231 -



         
    

         
    

      
    

        
  

  
   

           
             

  
  

    
         

      
             

  
       

 
 

  
 

 
       

Objective 2: Develop a cost effective grape tissue culture and transformation platform for at least one 
priority California wine grape, and one California grape rootstock which will provide the Pierce’s disease 
research community with a predictable supply of experimental plant material while reducing labor and 
maximizing tissue culture and transformation efficiency 
We have initiated preliminary transformation studies on callus of 1103 and Chardonnay using a construct 
containing the scorable marker gene dsRed.  This protein allows us to non-destructively track transformation 
over the course of the transformation process and access the presence or absence of chimeric plants. We have 
noticed excessive discoloration of Chardonnay but not with 1103 callus after inoculation with agrobacterium 
(Figure 8).  Cultures will be sub-culture every three weeks to fresh medium and monitored for the production of 
dsred expressing transgenic callus. 

Figure 8. Co-culture of embryogenic callus of 1103 (left) and Chardonnay (right) with the scorable marker 
gene dsRed. Note discoloring of Chardonnay callus after co-cultivation compared to 1103 due to excessive 
oxidation. 

CONCLUSIONS 
With significant contributions from INIA, we have made substantial progress producing high quality 
embryogenic callus of 1103, 101-14, and Chardonnay by maintaining embryogenic cell suspensions and plating 
them to agar-solidified medium on a weekly basis. The system allows for continuous production of highly 
embryogenic, non-oxidized stock callus that can serve as a constant supply of starting tissue for use in 
transformation experiments. Preliminary results suggest that grape embryogenic callus can also be grown under 
temporary immersion with little physical manipulations of the cultures resulting in significant labor savings. We 
have also begun developing new media formulation which allow for more rapid production of transgenic callus 
which should reduce the time required to generate transgenic grape plants for the Pierce’s disease research 
community.  These advances should significantly improve tissue culture and transformation of grape. 

REFERENCES 
Aremu A.O, Bairu, M.W. Dolezal, K. Finnie,J.F. and van Staden, J. 2011. Topolins: A panacea to plant tissue 

culture? Plant Cell Tissue and Organ Culture. 
Lloyd G. and McCown, B. 1981. Commercially feasible micropropagation of Mountain laurel, Kalmia latifolia, 

by the use of shoot tip culture. International Plant Propagation Society Proceedings 30, 421-427. 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board. 

- 232 -



 
 

  

  

      
     

       
         

 
 

 
          

   
       

           
        

         
   

         
           

       

 
  

 
   

         
    

         
         

 
          

           

     
            

          

    
     

BREEDING  PIERCE’S  DISEASE  RESISTANT  WINEGRAPES 
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Andrew Walker 
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Alan  Tenscher 
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Davis, CA  95616 
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Reporting Period: The results reported here are from work conducted October 2011 to October 2012. 

ABSTRACT 
We continue to make rapid progress breeding Pierce’s disease resistant winegrapes. Aggressive vine training 
and selection for precocious flowering has allowed us to reduce the seed-to-seed cycle to two years. We are also 
using marker-assisted selection (MAS) for the Pierce’s disease resistance gene, PdR1 (see companion report) to 
select resistant progeny as soon as seeds germinate. These two practices have greatly accelerated the breeding 
program and allowed us to produce four backcross generations with elite Vitis vinifera winegrape cultivars in 10 
years.  We have screened through about 1,000 progeny from the 2009 and 2010 crosses that are 97% V. vinifera 
with the PdR1b resistance gene from V. arizonica b43-17.  Seedlings from these crosses continue to crop and 
others are advanced to greenhouse testing. We select for fruit and vine quality and then move the best to 
greenhouse testing, where only those with the highest resistance to Xylella fastidiosa, after multiple greenhouse 
tests, will be advanced to multi-vine wine testing at Davis and at a Pierce’s disease hot spot in Napa.  The best 
of these will be advanced to 100 vine commercial wine testing. We plan to move nine advanced selections to 
Foundation Plant Services (FPS) this winter to begin the certification and release process. Two Pierce’s disease 
resistant rootstocks will also be advanced to FPS certification. Pierce’s disease resistance from V. shuttleworthii 
and BD5-117 are also being pursued but progress is limited by their multigenic resistance.  Other forms of V. 
arizonica are being studied and the resistance of some will be genetically mapped for future efforts to combine 
multiple resistance sources and ensure durable resistance. Very small scale wines from 94% and 97% V. 
vinifera PdR1b selections have been very good and have been received well at public tastings in Sacramento and 
Santa Rosa. 

INTRODUCTION 
The Walker lab is uniquely poised to undertake this important breeding effort, having developed rapid screening 
techniques for Xylella fastidiosa (Xf) resistance (Buzkan et al. 2003, Buzkan et al. 2005, Krivanek et al. 2005a 
2005b, Krivanek and Walker 2005), and having unique and highly resistant V. rupestris x V. arizonica 
selections, as well as an extensive collection of southeastern grape hybrids, to allow the introduction of 
extremely high levels of Xf resistance into commercial grapes. We have selected progeny with the Pierce’s 
disease resistance gene PdR1 from the b43-17 V. arizonica / candicans resistance source for fruit quality at the 
backcross 4 (BC4), 97% V. vinifera level. They are also undergoing greenhouse testing to verify their resistance 
and those with the highest levels of resistance will be prepared for small-scale winemaking this winter by 
grafting them onto Pierce’s disease resistant rootstocks and planting six to eight vines sets on commercial 
spacing and trellising. We have made wine from vines that are 94% V. vinifera level from the same resistance 
background for two years.  They have been very good and do have the hybrid flaws (blue purple color and 
herbaceous aromas and taste) that were prevalent in wines from the 87% V. vinifera level. There are two forms 
of PdR1, 8909-08 and 8909-17 – sibling progeny of b43-17 and they have different alleles of PdR1. These 
selections have been introgressed into a wide range of winegrape backgrounds over multiple generations, and 
resistance from southeastern United States (SEUS) species is being advanced in other lines. However, the 
resistance in these later lines is complex and markers have not yet been developed to expedite breeding. 

OBJECTIVES 
1. Breed Pierce’s disease resistant winegrapes through backcross techniques using high quality V. vinifera 

winegrape cultivars and Xf resistant selections and sources characterized from our previous efforts. 
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2. Continue the characterization of Xf resistance and winegrape quality traits (color, tannin, ripening dates, 
flavor, productivity, etc) in novel germplasm sources, in our breeding populations, and in our genetic 
mapping populations. 

RESULTS AND DISCUSSION 
Table 1 shows the F1 crosses made in 2012 to 5 new Pierce’s disease resistant V. arizonica accessions from the 
southern USA and Mexico to develop possible mapping populations so that genetic markers can be developed to 
expedite breeding. The resistant genotypes were chosen based on their low ELISA values, minimal expression 
of Pierce’s disease symptoms in the greenhouse screen and their diverse geographic origins. We plan to 
germinate a subset of these seeds in late fall, make copies of seedlings growing in gallon pots in early 2013 and 
greenhouse test them to characterize the inheritance of Pierce’s disease resistance. 

Table 1. Crosses made in 2012 to develop genetic maps in new accessions from southern USA and 
Mexico germplasm. Crosses 08-319 and 08-326 are selfs of Zinfandel and Cabernet Franc respectively and 
100% V. vinifera. 

Resistance 
source 

Geographic origin -
Appearance phenotype 

Pure V. vinifera types used in 
2012 crosses 

# of seeds 
produced 

ANU5 Littlefield, AZ 
Unique 

Alicante Bouschet 211 
Grenache 129 

b40-29 Chihuahua, MX 
like b43-17 

08319-07 134 
08319-29 44 

b31-13 Ciudad Mante, MX 
like b42-26 

08319-07 163 
08319-29 65 

b46-43 Big Bend, TX 
Similar to b47-32 

08319-07 350 
08319-12 19 
08326-61 266 

b47-32 Big Bend, TX 08319-07 243 
08326-61 189 

We have now evaluated more than 2,000 PdR1b 97% V. vinifera winegrape progeny from which we will select 
the best and most resistant for release. Our breeding efforts are focusing on increasing the V. vinifera content of 
our other Pierce’s disease resistant lines. Table 2a summarizes the number of seeds produced from nine 
different crosses that advance the PdR1a allele from b43-17 to the 97% V. vinifera level. Previously we 
identified a Pierce’s disease resistance locus PdR1c from V. arizonica b40-14 that maps to the same region of 
LG14 as PdR1 from b43-17.  In the absence of an understanding of gene function and given the significant 
geographic difference from which the b43-17 and b40-14 resistance sources originated, we are continuing to 
advance the PdR1c line as a future breeding resource. Table 2b summarizes the six crosses in two groups in 
this background we continue to advance.  The 08-331 set eliminates the V. rupestris heritage that was used with 
the PdR1 sources before.  They may help unravel difference in resistance from b40-14. Table 2c is a remake of 
the 86% V. vinifera PdR1b x b42-26 line cross made last year to combine resistance from b43-17 and b42-26. 
These seeds can increase the population size should the greenhouse screen results from the initial group prove 
promising.  Although resistance from the complex BD5-117 selection is inherited as a multigenic trait, some 
progeny have excellent resistance. Table 2d shows the crosses made to create a group of selfed and 
intercrossed individuals with very good wine variety phenotypes as an option to explore incorporating BD5-
117’s resistance into other backgrounds. We have seen similar loss of Pierce’s disease resistance in backcross 
lines with V. shuttleworthii. However, we have found a very rare individual that is at least as resistant as our 
most resistant PdR1 genotypes. We have selfed this particularly resistant BC1 individual to find out whether 
there is any opportunity to exploit this resistance source (Table 2e).  The Pierce’s disease resistance in BD5-117 
descends in part from V. shuttleworthii. In Table 2f we summarize 3 crosses involving highly resistant 
individuals with promising wine variety phenotype in these two resistance sources. 
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Table 2. Crosses made in 2012. 

Resistant type 
V. vinifera parent / 

grandparent of resistant type 
V. vinifera types used in 2012 crosses 

# of seeds 
produced 

2a. Monterrey V. arizonica / candicans resistance source PdR1a (F8909-17) to produce progeny with 97% V. vinifera 
parentage. 08-319 and 08-326 are selfs of Zinfandel and Cabernet Franc, respectively and 100% V. vinifera. 
08-312, 08-318 Cabernet Sauvignon, Carignane 08-319, 08-326, Cabernet Sauvignon, Riesling, Zinfandel 2972 

2b. Chihuahua V. arizonica resistance source PdR1c b40-14 to produce 87% V. vinifera progeny. The 08331 line is free 
of V. rupestris. 

08-331 Tannat 08319, 08326, Grenache, Zinfandel 297 
09-367 Cabernet Sauvignon Carignane, Grenache, Palomino 349 

2c. Cross made to pyramid PdR1b (F8909-08) Monterrey V. arizonica / candicans and b42-26 V. arizonica resistance 
lines to produce 86% V. vinifera progeny. 

09-331 Zinfandel\Petite Syrah Grenache\F2-35 474 

2d. Cross made to self the BD5-117 SEUS resistance lines to produce 75% V. vinifera progeny. F2-7 is a cross of 
Cabernet Sauvignon x Carignane and 100% V. vinifera. 

03-182 F2-7 Selfed & Intercrossed 2900 

2e. Cross made to self the Haines City V. shuttleworthii resistance lines to produce 75 % V. vinifera progeny 
08-364 Tannat Selfed 142 

2f. Cross made to combine the BD5-117 SEUS and Haines City V. shuttleworthii resistance lines to produce 75% V. 
vinifera progeny. 

03-182 F2-7 08364 (Tannat), 08352 (Cabernet Sauvignon) 748 

Table 3 provides a list of Pierce’s disease greenhouse screens initiated and/or completed over the last 18 
months.  Group A is testing genotypes in which PdR1a and PdR1b are being combined.  The greenhouse screen 
is complete and MAS results are being processed.  Group B tested BC1 and BC2 progeny and their parents in 
the Haines City V. shuttleworthii line. Results from this screen were used to select the resistant parents for 
crosses shown in Tables 2e and 2f. Of the 54 accessions tested in the V. arizonica Group C, we selected five 
highly Pierce’s disease resistant individuals from four diverse geographic locations for new mapping crosses 
made in 2012 (Table 1).  Results from Group D were used to select the three Pierce’s disease resistant 
rootstocks advanced for possible release (Table 4).  In Group E, we explored Pierce’s disease resistance from 
the V. rotundifolia background.  Given the apparent complex Pierce’s disease resistance we observed and the 
difficult nature of working in a V. rotundifolia background, no crosses were made in this line this year.  Group F 
tests the last of our elite 94% PdR1b genotypes and the phenotypically most promising selections of our wine 
types backcrossed to BD5-117.  Results from this trial allowed the identification of parents that were used in 
crosses in Tables 2d and 2f and served as an additional resistant result for the five 94% V. vinifera PdR1b 
genotypes that may be advanced for release (Table 4).  Our 97% V. vinifera level PdR1b resistance line fruited 
for the first time in 2011. The phenotypically most promising selections were tested in Group G.  This was an 
extremely severe test with an average temperature of 84 °F and 40% RH. This allowed us to select 7 very 
resistant genotypes.  If they have a favorable confirmatory greenhouse test (Group I) they will be moved to 
release consideration in Table 4. Group H is our third greenhouse screen in the F1 b42-26 line as we continue 
our mapping efforts of Pierce’s disease resistance loci in this multigenic background. Genetic markers in this 
line are essential as we try to stack/combine resistance lines as in the crosses made in Table 2c.  Group I screens 
our 2012 cross parents, our group of 15 advanced scion selections (Table 4) and several additional 97% V. 
vinifera scion selections from 2009 crosses remaining in the field (Table 3). 
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Table 3. 2012 Greenhouse testing. 

Group Genotypes # Genotypes 
Inoculation 

date 
ELISA 

sample date 
Resistance source(s) 

A PdR1a & PdR1b together 122 01/13/2011 04/14/2011 b43-17 

B 
Haines City BC1 & BC2 
Progeny 

173 03/31/2011 07/12/2011 V. shuttleworthii 

C New V. arizonica sources 54 05/12/2011 08/11/2011 V. arizonica 
D Pierce’s Disease Rootstocks 15 06/14/2011 09/15/2011 F8909-08 

E 
V. rotundifolia and 
V. rotundifolia Hybrids 

94 11/03/2011 02/02/2012 M. rotundifolia 

F 
94% PdR1b & BD5-117 
Source Saves 

109 12/15/2012 03/16/2012 F8909-08, BD5-117 

G 97% PdR1b Elite Selections 77 03/10/2012 06/09/2012 F8909-08 

H 
05347 b42-26 F1 Mapping 
Population 

84 07/03/2012 10/04/2012 b42-26 

I 2012 Parents & 97% 
V. vinifera 2nd tests 

75 10/02/12 01/03/2013 F8909-08, b42-26 

The horticultural and wine phenotype evaluation efforts on our most advanced PdR1b genotypes are detailed in 
Table 4, where they are organized by V. vinifera parent.  This table starts in the first row with the number of 
crosses made in 2009 and the resulting numbers of seedlings planted in 2010.  Row 3 details the number 
remaining now following two years of fruit and vine quality evaluation.  These are all slated for greenhouse 
testing in the coming year.  The percent remaining gives some insight into the relative parental value of the 
different elite V. vinifera cultivars used in the crosses.  The bottom section of Table 4 details the evaluation 
progress on our 2010 crosses in the PdR1b line that fruited for the first time this year. It is important to 
remember that in all likelihood many additional promising genotypes will emerge from these crosses next year. 
Several hundred of these 2010 cross genotypes will fruit for the first time in 2013 and some that had low 
productivity this year may fruit better in their second year and warrant a closer look at their fruit quality 
parameters. 

Table 4. 97% V. vinifera PdR1b evaluations: 2009 (2nd season of horticultural selection) and 2010 crosses evaluated for 
1st season. 

Evaluation level 

V. vinifera parent 

Barbera 
Cab. 
Sauv. 

Char-
donnay 

Chenin 
Blanc 

Muscat 
Blanc 

Pinot Noir Riesling Sylvaner Zinfandel Total 

# 2009 Crosses - 7 4 6 - 3 1 3 4 28 

# Seedlings (sdls) - 489 309 517 - 107 11 218 217 1868 

# Sdls retained fall 2012 - 40 64 41 - 3 3 29 27 207 

% Remaining - 8.2% 20.7% 7.9% - 2.8% 27.3% 13.3% 12.4% 11.1% 

# 2010 Crosses 2 - 1 - 2 - 1 - - 6 

# Seedlings (sdls) 263 - 67 - 31 - 222 - - 583 

# Precocious sdls 151 - 44 - 21 - 165 - - 381 

# Sdls making first cut 24 - 24 - 0 - 23 - - 71 

# Sdls making 2nd cut 23 - 12 - 0 - 17 - - 52 

% Pass 2nd cut in 1st yr 9% - 18% - 0% - 8% - - 9% 
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Table 5 presents promising Pierce’s disease resistant genotypes being considered for release. This process 
involves passing our severe greenhouse screen multiple times. The number following the “R” in the “# GH 
Screens” column tells how many times a selection has passed a severe greenhouse screen. To make this list 
selections must also possess desirable horticultural traits and have potential for high quality wine production. 
Producing small lot wines from multiple vines field trials in Davis and in Pierce’s disease hot spots in the North 
Coast complete the evaluation process. Pierce’s disease resistant scions need Pierce’s disease resistant 
rootstocks. On the list are three selections that have been tested for Pierce’s disease resistance, their ability to 
root and graft, and resistance to nematodes.  The two 08314 selections have good nematode resistance in 
addition to their Pierce’s disease resistance. 

Table 5. Possible PdR1b releases for transfer to Foundation Plant Services. 
Screen 

rep 
Genotype Parentage 

% V. 
vinifera 

Color 
# Years small 
lot wine made 

Multiple vine 
trials Davis 

Multiple vine 
trials Napa 

R3 07713-51 F2-35 x U0502-48 94% W 3 Yes Yes 

R2 07329-01 U0505-01 x Chardonnay 94% B 0 Yes Yes 

R2 07329-31 U0505-01 x Chardonnay 94% B 1 Yes 

R2 07338-37 U0505-01 x LCC 94% B 0 Yes Yes 

R2 07355-75 U0505-01 x Petite Syrah 94% B 3 Yes Yes 

R1 09330-07 07370-039 x Zinfandel 97% B 0 

R1 09331-047 07355-020 x Zinfandel 97% B 0 Yes 

R1 09331-133 07355-020 x Zinfandel 97% B 0 

R1 09333-117 07355-020 x Chardonnay 97% B 0 

R1 09333-178 07355-020 x Chardonnay 97% B 1 Yes 

R1 09333-253 07355-020 x Chardonnay 97% B 0 

R1 09333-370 07355-020 x Chardonnay 97% B 0 

R1 06325-42 A81-138 x Alicante Bouschet 88% B 0 Yes 

R1 06325-43 A81-138 x Alicante Bouschet 88% B 0 Yes 

R1 U0502-20 A81-138 x Chardonnay 88% W 4 Yes 

R3 03300-099 101-14 Mgt x F8909-08 0% stock NR 

R2 08314-15 03300-048 x 06301-93 0% stock NR 

R2 08314-46 03300-048 x 06301-93 0% stock NR 

Table 6a-c details the vine, fruit and juice characteristics for the 9 PdR1 selections used to make wine lots in 
2012: one lot at the 88% V. vinifera level; 5 lots at the 94% level; and one lot at the 97% level. For the first time 
we made wine from 94% V. vinifera PdR1b selections in our field trial at the Treasury Wine Estates (Beringer) 
vineyard in Yountville, Napa Valley: a pure lot of our red 07355-075 and a 25/75% blend of our white 07713-51 
co-fermented with Chardonnay.  We made a number of V. vinifera controls and Blanc du Bois from both Davis 
and Napa. Lenoir was made from Davis fruit. 
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Table 6a. 2012 Pierce’s disease resistant selections used in small scale winemaking: background and fruit characteristics. 

Genotype Parentage 
% V. 

vinifera 
2012 bloom 

date 
Berry 
color 

Berry 
size (g) 

Avg. 
cluster 
wt. (g) 

Ripening 
season 

Prod 
1 = v low, 
9 = v high 

07329-01 U0505-01 x Chardonnay 94% 05/12/12 B 1.0 160 early-mid 5 

07329-31 U0505-01 x Chardonnay 94% 05/12/12 B 0.9 160 early-mid 5 

07338-37 U0505-01 x LCC 94% 05/12/12 B 1.6 210 early-mid 6 

07355-75 U0505-01 x Petite Sirah 94% 05/16/12 B 1.3 185 mid 7 

07355-75 Napa U0505-01 x Petite Sirah 94% 06/01/12 B 1.2 300 early 7 

07713-51 F2-35 x U0502-48 94% 05/08/12 W 1.3 325 early 8 

09331-047 07355-020 x Zinfandel 97% 05/16/12 B 1.1 190 mid 5 

09332-165 07355-020 x Chenin Blanc 97% 05/16/12 B 0.9 215 mid 6 

09333-178 07355-020 x Chardonnay 97% 05/20/12 B 1.0 168 mid-late 5 

U0502-20 A81-138 x Chardonnay 87% 05/12/12 W 1.1 215 early-mid 7 

Lenoir V. aestivalis Hybrid <50% 05/29/12 B 1.3 145 late 6 

Table 6b. 2012 Pierce’s disease resistant selections used in small scale winemaking: juice chemical analysis. 

Genotype °Brix 
TA 

(g/L) pH 
L-malic 

acid (g/L) 
Potassium 

(mg/L ) 
YAN (mg/L, 

as N) 
Catechin 
(mg/L) 

Tannin 
(mg/L) 

Total antho-
cyanins (mg/L) 

07329-01 26.3 9.3 3.44 4.80 2420 275 209 410 939 

07329-31 27.9 8.0 3.46 2.99 2280 337 45 644 1091 

07338-37 23.5 4.8 3.66 1.66 2010 183 20 392 1438 

07355-75 27.8 6.8 3.44 1.89 1930 191 18 512 1382 

07355-75 Napa 22.0 9.5 3.18 4.72 1650 86 27 496 1436 

07713-51 20.3 5.1 3.49 1.31 1640 134 - - -

09331-047 24.4 4.6 3.75 1.11 2050 298 8 569 1556 

09332-165 20.3 6.3 3.24 1.03 1410 135 9 378 625 

09333-178 23.4 4.9 3.53 0.70 1670 137 51 338 862 

U0502-20 22.9 7.7 3.30 2.85 1630 334 - - -

Cab. Sauv. 24.9 6.2 3.65 2.19 2460 227 59 250 404 

Pinot noir 26.5 4.9 3.83 2.43 2190 279 321 842 568 

Lenoir 24.8 12.1 3.22 7.03 2240 183 186 268 2486 

-- Cab. Sauvignon, Pinot Noir, and Lenoir from previous vintages for comparison. 
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Table 6c. 2012 Pierce’s disease resistant selections used in small scale winemaking: berry sensory analysis. 

Genotype Juice hue 
Juice 

intensity 
Juice flavor Skin flavor 

Skin tannin 
(1=low, 
4= high) 

Seed 
color 

(1 = gr, 
4= br) 

Seed flavor 
Seed tannin 
(1 = high, 
4 = low) 

07329-01 orange-red low fruit-jam, sl hay 
fruity, sl 

grass, spice 
1 4 nutty, woody 2 

07329-31 bright pink low fruity, vinous CS veg 2 3 
spicy, toasted, 

sl bitter 1 

07338-37 bright pink low-med fruity, berry sl fruity 1 2 spicy, hot 1 

07355-75 pink-red med fruity, straw sweet hay 1 4 woody, spicy 3 

07355-75 
Napa 

pink-red med+ sl fruity sl fruity 2 2.5 spicy 3 

07713-51 green-gold med neutral, apple straw, grass 1 4 dusty, grain 2 

09331-047 red med fruity, spicy 
ripe jam, 

plum 
3 3 nutty, sl bitter 2 

09332-165 
pink-

orange 
low-med 

strawberry, 
cranberry 

chalky, hay 2 3 sawdust, spicy 3 

09333-178 brown med spicy apple juice 
sl CS veg, 

fruity 
2 4 chalky, bitter 3 

U0502-20 brown med 
floral, honey, 

apple 
neutral, ast 1 3 spicy 2 

Lenoir red med-dark mildly fruity fruity 1 4 hot 4 
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Figure 1. Cluster shots of PdR1b selections destined for Foundation Plant Services this winter as larger scale wine 
making tests begin. Clockwise from upper left: U0502-20 (87% V. vinifera); 07338-37 (94% V. vinifera); 07355-75 
(94% V. vinifera); 07713-51 (94% V. vinifera); 09331-47 (97% V. vinifera); 09333-178 (97% V. vinifera); 09333-117 
(97% V. vinifera); and 09330-07 (97% V. vinifera). 
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GENETIC MAPPING  OF XYLELLA  FASTIDIOSA RESISTANCE  GENE(S)  IN GRAPE  GERMPLASM 
FROM  THE  SOUTHERN UNITED STATES 

Principal  Investigator: 
Andrew  Walker 
Dept. of Viticulture & Enology 
University  of  California 
Davis, CA  95616 
awalker@ucdavis.edu 

Cooperating Staff: 
Summaira Riaz 
Dept. of Viticulture & Enology 
University  of  California 
Davis, CA  95616 
snriaz@ucdavis.edu 

Reporting Period: The results reported here are from work conducted October 2011 to October 2012. 

LAYPERSON SUMMARY 
A major component of this project is to broaden the base of Pierce’s disease resistance by searching for and 
characterizing new forms of resistance. Fifty-two accessions were selected from collections we have made from 
across the southern USA and northern Mexico. Greenhouse screening identified 20 new resistant accessions. 
Next we used 18 simple sequence repeat markers to enable an assessment of the diversity and commonalities 
among these accessions. We identified four major groups of resistant germplasm.  The breeding program has 
used resistance from two of these groups, but resistance from the other two groups has not been used.  This 
germplasm screening provides opportunities to explore and identify resistance loci that may provide different 
resistance mechanisms to expand the genetic base of the Pierce’s disease resistance breeding program. Without 
any prior knowledge of the recent genetic grouping study, crosses were made with five of the most resistant 
accessions in spring 2012.  This genetic diversity study will allow us to pick the populations with the greatest 
potential to have different resistance sources and guide next year’s crosses with the two unrepresented resistance 
groupings.  To date, we have utilized 3 different genetic resources to identify Pierce’s disease resistance. 
Progress was made with b43-17 and b40-14 both of which carry a major, as well as a minor locus for Pierce’s 
disease resistance. Genetic mapping of these two different forms of Vitis arizonica have identified a Pierce’s 
disease resistance region on chromosome 14, which we termed PdR1. We have mapped two forms of PdR1 
from V. arizonica / candicans b43-17, identified a minor gene on chromosome 19 (PdR2) and have mapped a 
third form, PdR1c, which originated from V. arizonica b40-14.  Mapping of a multigenic source of Pierce’s 
disease resistance from V. arizonica / girdiana b42-26 continues – a total of 916 markers were tested, and 170 
polymorphic markers (45 more since the previous report) were added to the entire population of 239 seedlings. 
An initial genetic map was developed to assess the level of coverage on all 19 chromosomes. All markers were 
grouped and 15 linkage groups were established. The whole population is currently being screened for Pierce’s 
disease resistance due to the relatively high variation in ELISA values we encountered in previous tests. We 
have 4-5 reps of 86 plants with results expected in December 2012.  Mapping analysis with previous screen 
results indicate that chromosome 12 and 14 are involved in Pierce’s disease resistance.  Our focus is to refine the 
genetic map to get better coverage of all chromosomes, and obtain consistent greenhouse screen data in b42-26 
background.  We plan to combine these multiple resistance sources in our breeding program to ensure broad and 
durable resistance to Pierce’s disease. This project provides the genetic markers critical to the successful 
classical breeding of Pierce’s disease resistant wine, table and raisin grapes. Identification of markers for PdR1 
has allowed us to reduce the seed-to-seed cycle to 2 years and produce selections that are Pierce’s disease 
resistant and 97% V. vinifera. These markers have also led to the identification of 6 genetic sequences that may 
house the Pierce’s disease resistance gene, which we will soon be tested to verify their function.  These efforts 
will help us better understand how these genes function and could also lead to Pierce’s disease resistance genes 
from grape that would be available to genetically engineer Pierce’s disease resistance in V. vinifera cultivars 

INTRODUCTION 
Identification, understanding, and manipulation of novel sources of resistance are the foundation of a successful 
breeding program.  We are exploring multiple genetic backgrounds for Pierce’s disease resistant grape breeding, 
developing and testing breeding populations via a greenhouse screen, carrying out genetic mapping of 
segregating populations to identify genomic regions that carry disease resistance genes, and developing physical 
sequence maps of resistance regions to identify and characterize grape resistance genes. This project is provides 
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the genetic support to enable our successful molecular breeding efforts (see companion Pierce’s disease 
breeding project). We have initiated and completed mapping of a major Pierce’s disease resistance locus 
originating from V. arizonica / candicans b43-17 that is the basis of our Pierce’s disease breeding efforts. b43-
17 is highly resistant with very low bacterial titers in the stem and without any disease symptoms. We are 
pursuing two other resistant V. arizonica forms:  b42-26 V. arizonica / girdiana from Loreto, Baja California; 
and b40-14 V. arizonica from Chihuahua, Sonora.  Although they are morphologically different than b43-17, 
they both posses strong resistance to Pierce’s disease and greatly suppress Xylella fastidiosa levels in stem tissue 
after greenhouse screening.  The breeding part of the program produced and greenhouse screened the seedling 
populations.  While the tightly linked genetic markers generated in these mapping efforts are being used to 
optimize and greatly accelerate the Pierce’s disease breeding program. These markers are essential to the 
successful introgression of resistance from multiple sources, and thus for the production of durably resistant 
grapevines. In response to recommendations from the CDFA Pierce’s Disease and Glassy-winged Sharpshooter 
Booard and reviewer recommendations to broaden resistance, we have expanded the search for additional 
resistance sources by screening wide germplasm collected from different parts of US and Mexico. Initial 
greenhouse screen results indicate that we have twenty other accessions that possess strong Pierce’s disease 
resistance. 

OBJECTIVES 
1. Fine-scale mapping of additional quantitative trait loci (QTL) for Pierce’s disease resistance Pierce’s disease 

resistance in the 04191 ((F2-7 x F8909-17) population (Completed) 
2. Greenhouse screen and genetically map Pierce’s disease resistance from other forms of V. arizonica: b42-

26 (V. arizonica / girdiana) and b40-14 (V. arizonica). 
3. Evaluate Vitis germplasm collected from across the southwestern US to identify accessions with unique 

forms of Pierce’s disease resistance for grape breeding. Determine the inheritance of Pierce’s disease 
resistance from Muscadinia rotundifolia, and develop new and exploit existing breeding populations to 
genetically map this resistance. 

4. Complete the physical mapping of PdR1a and PdR1b and initiate the sequencing of BAC clones that carry 
PdR1a gene candidates. 

RESULTS AND DISCUSSION 
Objective 1 
We developed a framework genetic map of the 04191 (F2-7 x F8909-17) population that carries the major locus 
PdR1a. The main objective of this map was to identify any other minor QTL contributing to Pierce’s disease 
resistance.  A total of 139 simple sequence repeat (SSR) markers representing all 19 chromosomes were added 
to a set of 150 genotypes. QTL analysis confirmed a major locus PdR1a on chromosome 14, and identified a 
minor QTL (PdR2) on chromosome 19. PdR2’s LOD score was 2.3 and it explains 7% of the phenotypic 
variation, which peaks at marker CB918037 (Fig 1).  This QTL is within a 10 cM interval – a relatively long 
genetic distance for effective marker assisted screening. To shorten the genetic distance between the markers, 
we utilized the Pinot noir 40024 genome sequence for that region to develop more markers.  The positions of 
marker UDV023, CB918037, and VMC5e9 on the genome sequence are at 2,346,119, 2,974,668, and 4,182,806 
bp, respectively.  This provided us 1.783 Mbp to develop 7 SSR primers from this region. These primers are in 
the process of being tested for polymorphism.  Useful markers will be added to the entire population of 150 
seedlings. These markers would allow us to reduce the gap from 10 cM. 

Statistical analysis of LG 14 and LG 19 indicated that both loci work independently of each other and do not 
have an additive impact.  Identification of this minor QTL is important to understand genetic interactions and to 
spot epistatic interactions.  Further work would allow us to narrow down the region and facilitate the screening 
of the PN40024 genome sequence to identify the nature of genes in that region.  In order to study the impact of 
minor QTL, we made two crosses with 04373-02 and 04373-22 and Pinot Blanc.  The goal is to discard all those 
plants that carry the PdR1a locus, greenhouse screen all other plants to test their level of resistance to Pierce’s 
disease and use these populations to study and verify the PdR2 region without interactions with the PdR1 locus. 
A total of 100 plants were screened with SSR markers and 43 plants were planted in the field in spring 2012. 
These plants will be greenhouse screened in 2013. 
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Figure 1. Updated interval mapping analysis of the PdR2 locus on LG 19. 

Objective 2 
We have 918 SSR markers in our database to test the 05347 (F2-35 x b42-26) F1 population; 763 of these SSR 
primers amplified b42-26 DNA successfully, and 180 markers were polymorphic.  The level of polymorphic 
markers is relatively low at 23%.  We have not observed such a low level of polymorphism in any other 
genotype so far. Because the main focus of the work is to develop a genetic linkage map of the resistant parent, 
we are interested only in those markers that could be used for b42-26.  We have completed 173 of polymorphic 
markers on the entire population of 239 progeny – an additional 48 markers since the previous report. A 
framework map with 125 markers was developed. Figure 2 represents the framework map of b42-26.  The 125 
markers grouped into 18 linkage groups; no marker was polymorphic for chromosome 6.  For three linkage 
groups, markers were not mapped due to the large distance between them. A genetic map with 180 markers will 
be complete by the next reporting period.  Our goal is to obtain average distance between markers below 5 cM 
for QTL analysis. 

Greenhouse screening was completed on 164 accessions, however results were not conclusive due problems 
maintaining greenhouse temperatures. We have observed that the severity of the greenhouse screen is much 
more pronounced in the hot summer months.  For traits that segregate quantitatively, it is extremely important to 
obtain cleaner phenotypic data.  We are repeating the greenhouse screen for this population.  For this purpose, 
we have made 4-5 reps of green cuttings from 82 genotypes and inoculations were carried out. ELISA sampling 
is scheduled for 10/4/2012.  Greenhouse space is the limiting factor to screen whole population at one time 
period to reduce the environmental variance. As more greenhouse space becomes available, we plan to screen 
the rest of the population so results can be used for the QTL analysis. 

A single dominant gene controls resistance to Pierce’s disease in V. arizonica b40-14.  Two resistant siblings of 
this population were used to develop the 07388 (R8918-02 x V. vinifera) and 07744 (R8918-05 x V. vinifera) 
populations.  227 markers were polymorphic for one of the parents; 152 were analyzed on the entire set of 122 
plants; a framework map of R8918-05 was produced with MAP QTL (4.0) and the Kruskal-Wallis approach was 
used to complete the preliminary analysis. Pierce’s disease resistance mapped only on chromosome 14 – the 
same chromosome where PdR1a and PdR1b mapped. Pierce’s disease resistance from b40-14 (which we have 
named PdR1c) maps in the same general region as PdR1a and PdR1bbetween flanking markers VVCh14-77 and 
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VVIN64 and within 1.5 cM.  The LOD threshold for the presence of this QTL was 33 and 82% of the 
phenotypic variation was explained (Figure 3). In 2009, crosses were made to develop a pseudo-BC1 in this 
line to vinifera advancing it to the 75% vinifera level. 

Figure 2. Interval mapping of PdR1 indicating a peak at LDD 34.0 with a 95% confidence interval. The X-
axis indicates the position of the markers; LOD values are plotted on the Y-axis. 

Objective 3 
Vitis species growing in the southern USA have co-evolved with Xylella fastidiosa and resist this disease. 
Previously, we have focused on 3 accessions of Vitis species Olmo collected in northern Mexico in 1960.  In 
addition to these accessions, we maintain more than 250 accessions collected from Pierce’s disease hot spots in 
Texas, New Mexico, Arizona, Nevada, and California. Fifty-two accessions from across this geographic range 
(including the fifteen accessions from Mexico) were greenhouse screened. Results found 22 other accessions 
with high resistance. 

Working with this germplasm will expand the pool of resistance genes available for breeding, identify 
potentially unique sources of resistance and identify the regions with the highest resistance so that additional 
accessions can be tested or collected. To determine the inheritance of resistance and nature of resistance of the 
best forms of resistance we made crosses in 2012 to develop breeding lines with five of the most resistant 
germplasm (Table 1). ANU05 was collected from Mohave, AZ. The accession b41-13 and b40-29 are similar 
to b42-26.  The accession b47-32 groups loosely with b43-17. Seeds of these populations are being processed 
for spring 2013 planting. 
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Table 1. Crosses made in 2012 to develop genetic maps in new accessions from southern USA 
and Mexico germplasm. Crosses 08-319 and 08-326 are selfings of Zinfandel and Cabernet 
Franc respectively and are 100% V. vinifera. 

Resistant source 
Geographic origin -
Appearance phenotype 
Littlefield,  AZ 

Pure Vinifera types used 
in 2012 crosses 

Estimated # of 
seeds 

ANU5 Alicante Bouschet 140 
Unique Grenache 100 

b40-29 Chihuahua, MX 08319-07 280 
like b43-17 08319-29 45 

b41-13 Ciudad Mante, MX 08319-07 250 
like b42-26 08319-29 95 

b46-43 Big Bend, TX 08319-07 320 
Unique 08319-12 150 

08326-61 200 
b47-32 Big Bend, TX 08319-07 190 

Unique 08319-12 90 
08326-61 140 

Figure 3. Map indicating collection locations of recently tested Vitis species. Green dots indicate 
promising resistant material. 

In order to understand the genetic diversity and gene flow in the material collected from southwestern USA and 
Mexico, DNA was collected from all those genotypes that were screened with ELISA, and additional genotypes 
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including V. vinifera were added. Eighteen SSR markers selected for their polymorphism were used to group 
these accessions four clades (Figure 4). These preliminary results revealed that resistance exists in several 
groups, which will enable us to expand the genetic base of Pierce’s disease resistance in our breeding program. 
So far resistant material from only two clades has been exploited. 

Figure 4. Hierarchical clustering (Ward method) based on the allele data with 18 SSR markers. Square boxes 
represent genotypes that are currently being used in the breeding program. All red accessions were collected from 
Mexico as seeds. Blue, green, and pink resistant accessions were collected from three recent collection trips. 

Objective 4 
We have used three categories of sequences (shotgun reads, fosmid reads and 454) for the BAC clone H69J14 
that carries the Pierce’s disease resistance gene(s). From the assembly of this sequence, we have identified 6 
copies ranging from 2Kb to 3.1Kb in the resistance region.  Copies 1 thru 4 are 97-99% similar and differ in size 
(potentially tandem repeats of one gene), they were up to 78% similar to the four copies of genes on the 
PN40024 sequence. We utilized CENSOR software to screen query sequences against a reference collection of 
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repeats to generate a report capable of classifying detected repeats. All four PN40024 genes carry DNA 
transposons as well as LTR retrotransposons confirming the complexity of the region. 

A detailed comprehensive comparison of the H69J14 clone sequence to the PN40024 sequence is not possible 
due to major re-arrangement of repetitive elements between the two genomes, and the presence of gaps in the 
contigs of the H69J14 BAC clone.  We are in process of using FGS technology allows gap closure.  For this 
purpose, we identified three overlapping BAC sequences (H15B20, H69J14 and H64M16) that span about 
450Kb of physical sequence. Complete assembly of this region will allow a comparison to susceptible 
PN40024, identify differences in the expressed and non-expressed regions helping to identify the susceptible 
allele of the PdR1b gene. Results are expected within 2 months. 
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MOLECULAR CHARACTERIZATION OF  THE  PUTATIVE XYLELLA  FASTIDIOSA RESISTANCE 
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Reporting Period: The results reported here are from work conducted October 2011 to October 2012. 

LAYPERSON SUMMARY 
We maintain and characterize many populations while breeding Pierce’s disease resistant wine grapes, some of 
which have been used to develop genetic maps. These maps have been used to identify genetic markers that are 
tightly linked with Pierce’s disease resistance, which have allowed classical breeding to be greatly expedited 
through marker-assisted selection. Genetic maps allow the construction of physical maps to identify resistance 
genes (Riaz et al. 2008; Riaz et al. 2009).  The physical map of the b43-17 resistance region allowed us to 
identify six candidate genes, which may be responsible for conferring Pierce’s disease resistance.  Comparisons 
with plant genomes indicated that multiple tandem repeats of the disease resistance gene family Receptor-like 
proteins with LRRs domains were present in the resistance region. This category of genes is involved in the 
recognition of microbes and in the initiation of a defense response (Bent and Mackey 2007). We completed the 
cloning of five candidate genes: PdR1b.1, 2, 4, 5 and 6 and confirmed their sequence.  We also developed 
embryogenic callus cultures of Pierce’s disease susceptible Vitis vinifera Chardonnay and Thompson Seedless 
and rootstock Vitis rupestris St. George for genetic transformation to verify candidate Pierce’s disease resistance 
gene function. PdR1b.1, 2, 4, 5, and 6 have been used in transformation of tobacco and grape. Tobacco plants 
transformed with all PdR1b candidates have been multiplied and are ready to be tested against Xylella fastidiosa 
in the greenhouse; preliminary testing has been conducted with untransformed plants. Transformed 
embryogenic callus of grape are producing plants.  To reduce the time-span for generating healthy transgenic 
plants we also tested two different methods that employ organogenesis for Agrobacterium-mediated 
transformation. We were successful in streamlining one method that will allow us reduce the time required to 
generate transformed plants by four months. We also initiated total RNA extraction experiments to allow time 
course examinations of gene function from leaf and stem tissues. These were successfully completed and we are 
now ready to evaluate gene function over time in inoculated and uninoculated plants of the PdR1 containing 
resistant selections F8909-08 and F8909-17, their resistant parent b43-17, their susceptible parent V. rupestris A. 
de Serres, and the susceptible control Chardonnay. These plants have been established in the greenhouse and 
have been inoculated later this summer. 

INTRODUCTION 
New cultivars bred to resist Xylella fastidiosa (Xf) infection and subsequent expression of Pierce’s disease 
symptoms will provide long-term sustainable control of Pierce’s disease. Disease resistant cultivars can be 
obtained by conventional breeding through the introgression of resistance from native American species into 
elite vinifera wine and table grapes. Another approach is “cisgenesis” – the transformation of elite Vitis vinifera 
varieties with grape resistance genes and their native promoters, cloned from disease resistant American Vitis 
species. The cisgenic approach may have a more limited impact on the genome of the elite V. vinifera parent 
since single genes from the Vitis species genome would be added to the elite parent, thus limiting the impact on 
its fruit and wine quality while making it Pierce’s disease resistant. The cisgene approach in grapes is similar to 
the natural clonal variation that exists in many winegrape cultivars. This linkage-drag-free approach is 
attractive, and also allows the opportunity to stack additional resistance genes from other Vitis sources, even if 
these genes originate from the same chromosomal position in different species or accessions (Jacobsen and 
Hutten 2006).  The physical mapping of the resistance region from V. arizonica / candicans b43-17, PdR1, 
allowed the identification of potential candidate resistance gene(s).  Preliminary comparison indicated that the 
PdR1 region contains multiple tandem repeats of Serine Threonine Protein Kinase with a LRR domain (STPK-
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LRR) gene family.  This category of genes belongs to a group involved in plant resistance.  Their defense 
mechanism is based on compounds involved in the recognition of microbe-associated molecular patterns 
(MAMP) like compounds, which initiate a defense response (Bent and Mackey 2007).  In order to gain insight 
and to verify the function of resistance gene(s), cloning and functional characterization is required.  In this 
report, we present the progress on the cloning and testing of four candidate resistance genes. 

OBJECTIVES 
1. Cloning, structural analysis and gene annotation via comparison of the PdR1b locus to the susceptible Pinot 

noir genome sequence using the assembled sequence of the BAC clone H64J14. 
2. Expression studies of candidate genes. 
3. Development of alternative protocols for genetic transformation for the validation of gene constructs 

a. Agrobacterium-meditation transformation of the susceptible Vitis cultivars (Chardonnay and Thompson 
Seedless, and the rootstock St. George). 

b. Transformation of tobacco. 

RESULTS AND DISCUSSION 
Objectives 2 & 3: Genetic transformation for the validation of gene constructs / development of 
alternative protocols 
Once gene constructs are completed, they must be tested to see if they contain the resistance genes. This is done 
by inserting the genes into a susceptible plant and testing to see if the insertion makes it resistant. Currently the 
most widely used method for the production of transgenic / cisgenic grapes is based on Agrobacterium 
transformation followed by regeneration of plants from embryogenic callus. We have established cultures of pre-
embryogenic callus derived from anthers of V. vinifera Thompson Seedless and Chardonnay and the rootstock 
V. rupestris St. George. These cultures of embryogenic calli can be used readily for transformation (Agüero et 
al. 2006). 

Candidate genes have been cloned successfully. We have subcloned PdR1b.1 into binary vectors pCAMBIA-
1303 (www.cambia. org) and pDU99.2215 and PdR1b.2, 4, 5 and 6 into pCAMBIA-1303. PdR1b.3 will not be 
pursued until flanking sequence information is available. pCAMBIA-1303 was included in the experiments 
because it carries a hygromicin resistance gene that improves the selection of transformants (D. Tricoli, pers. 
comm.).  An additional advantage is that it allows subcloning the gene in one step, by replacing the gus gene 
with the gene of interest.  The resulting plasmids have been used for transformation via Agrobacterium 
tumefaciens of Chardonnay, Thompson Seedless, St. George and tobacco SR1. 

Transgenic tobacco plants carrying each candidate gene (9-10 independent lines per gene) have been produced 
at the UC Davis Transformation Facility and multiplied in vitro in our lab.  Genomic DNA was isolated from 
plants of each line with DNeasy Plant Mini Kit (Qiagen).  A primer that binds the CaMV 35S promoter and a 
primer that binds within the coding region of each PdR1b candidate were used in combination for PCR 
amplification to verify the presence of the transgene. All candidate genes amplified successfully (Figure 1) 
with the exception of PdR1b.1 sublcloned into pDU99.2215 (not shown). 

Preliminary experiments have been conducted with untransformed plants based on the work by Francis et al., 
2008. Plants were inoculated with 10 μl of a Beringer Xf strain suspension on water of (OD600=0.25) on both 
sides of the stem using the pinprick technique as in grapevines. Because plants were symptomless 8 weeks after 
inoculation, they were cut to 10 cm and a second inoculation was performed on new growth leaves. This 
inoculation consisted of applying 20 μl of bacterium suspension to a 1 cm long incision made at the base of the 
main vein of the leaf. This type of inoculation produced symptoms on that particular leaf approx. 3-4 weeks 
after inoculation. Xf infection was later verified with ELISA. 

Micro-propagated transgenic tobacco plants have been acclimated to greenhouse conditions for testing against 
Xf. They are being tested in groups that include 5 replicates of 3 independent lines of 3 candidate genes due to 
greenhouse space availability. Two additional plants / line are inoculated with water. Untransformed plants are 
subjected to the same treatments (Figure 2). 
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Embryogenic calli of Thompson Seedless, Chardonnay, and St George transformed with the 5 candidate genes 
have been selected in medium with antibiotics and subcultured to germination medium for plant regeneration 
(Figure 3). A summary of the progress achieved for each candidate gene is shown in Table 2. 

Two alternative transformation techniques via organogenesis have been tested to reduce the time needed to 
produce transgenic grapes. These methods have been developed in Thompson Seedless and are based on the use 
of meristematic bulks (MB) or etiolated meristems (EM) as explants for inoculation with Agrobacterium 
(Mezzetti et al. 2002, Dutt et al. 2007).  In the first method, Agrobacterium is inoculated on slices of MB. Using 
this procedure, transgenic plants of Thompson Seedless expressing GFP were produced in 3 months.  No plants 
were regenerated from etiolated meristems and the procedure was laborious and time consuming. We have 
produced meristematic bulks of Chardonnay and St. George.  They were inoculated with Agrobacterium 
carrying PdR1b.4 in pCAMBIA 1303. We tested three initial levels of hygromicin, 5, 10, and 15 ug/ml. 
Hygromicin concentration was then increased gradually up to 25 ug/ml with each subculture. Since callus 
didn’t grow with any of the concentrations tested we are now assaying 0 ug/ml at the first step after inoculation. 

Transformation of pre-embryogenic cultures or MB have been performed with A. tumefaciens EHA105 pCH32, 
carrying binary plasmids with PdR1b coding sequences.  Overnight cultures of the bacteria in LB medium + 
antibiotics are diluted to 108 cells·ml-1 using a liquid co-cultivation medium.  Pre-embryogenic calli are placed 
on a sterile glassfiber filter (GFF) overlaid on co-cultivation medium.  The Agrobacterium culture is poured 
over the callus and excess is blotted with sterile filter paper after 5 min. Meristematic bulk slices are dipped in 
bacteria suspension for 10 minutes. Pre-embryogenic callus or MB are then transferred onto fresh co-
cultivation medium.  After 48 h in the dark, MB or callus pieces, sub-divided into clumps of about 2 mm in 
diameter, are cultured on selection medium containing 100 ug/ml kanamycin or 0-15-25 ug/ml hygromicin. 

Figure 1. PCR amplification of PbR1 transgenes in tobacco. 
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2a. 2b. 2c. 

Figure 2. a. Tobacco plants after greenhouse acclimation; b. Tobacco growing in the greenhouse 
after inoculation with Xf; c. Untransformed tobacco leaf showing symptoms of Pierce’s disease 
infection. 

3a.           3b. 3c. 

Figure 3. a. PdR1b.1 embryogenic callus growing in germination medium, b. PCR amplification of 
PdR1b.1 in transformed embryogenic callus of St George (SG) and Chardonnay (CH), c. Plant regeneration 
from a PdR1b.1 embryogenic callus 

Table 2. Progress status of transformation experiments 
Cloned into 

binary plasmid 
Grape 
transformation / plants 

Tobacco 
transformation / plants 

PdR1b.1 x x / plants in vitro x / plants in GH, inoculations underway 
PdR1b.2 x x x / plants in GH, inoculations underway 
PdR1b.4 x x x / plants in GH, inoculations underway 
PdR1b.5 x x x / plants in GH, inoculations underway 
PdR1b.6 x x / plants in vitro x / plants in GH, inoculations underway 

CONCLUSIONS 
The last step in the characterization of a resistance gene is to verify that the isolated gene functions in a host 
plant. This process requires that the gene is transformed into a susceptible host and challenged by the disease 
agent. Agrobacterium-based transformation can be used with grape, but initiating transformable and 
regenerable tissue is often a problem with grape. We have cloned 5 PdR1b candidate genes and used them in 
genetic transformation of tobacco and preembryogenic callus of Chardonnay, Thompson Seedless, and St. 
George to produce transgenic plants for use in testing the PdR1b candidates.  Plants of transformed tobacco with 
PdR1b.1, 2, 4, 5, and 6 have been obtained and are ready to be tested against Xf in the greenhouse.  We are also 
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testing another technique to speed the development of transgenic tissue from meristematic bulks that will allow 
PdR1 gene candidates to be tested in a much broader range of genotypes. Although we are currently producing 
transgenic grape plants using the traditional procedure. 
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ABSTRACT 
Previously, Thompson Seedless grapevines infected with Xylella fastidiosa (Xf), the causal agent of Pierce’s 
disease, were observed to possess greater phenolic levels in xylem sap and tissues than non-infected plants 
shortly after inoculation (Wallis and Chen 2012).  Plants often produce greater levels of phenolic compounds in 
response to pathogen infections, and commercially-available phenolic compounds were observed to inhibit Xf 
growth in vitro (Maddox et al. 2010).  Therefore, an improved understanding of induced phenolic production is 
needed in order to optimize efforts to breed Pierce’s disease tolerant cultivars.  Phenolic compounds in xylem 
sap were examined by high-performance liquid chromatography at two-, four-, and six-months after mock- or 
Xf-inoculation for five different cultivars (Chardonnay, Flame Seedless, Grenache Noir, Merlot, and Rubired). 
No differences overall were observed at two months post-inoculation between mock- and Xf-inoculated 
grapevines, but Flame Seedless and Grenache Noir grapevines possessed greater levels of sap phenolics than 
Cardonnay, Merlot, or Rubired grapevines.  Four months after mock- or Xf-inoculation, levels of catechins 
(catechin and epicatechin), procyanidins (various catechin dimers and trimers), and hydroxycinnamoyltartaric 
acids (coutaric acid and fetaric acid) were greater in xylem sap from Xf-infected versus control grapevines. 
Merlot grapevines had greater sap phenolic levels than the other cultivars four months after inoculation.  Six 
months post-inoculation, levels of coutaric acid, hydroxyphenylpropionic acid, patulein, and a procyanidin B 
isomer were greater in Xf-inoculated versus mock-inoculated grapevines.  Also six months after inoculation, 
Grenache Noir grapevines had lower phenolic levels than the four other cultivars. Caftaric acid, fetaric acid, 
epicatechin, and four procyanidins were negatively associated with Xf titer suggesting antibiotic activity. 
Disease symptoms did not appear until six months after inoculation, at which time Merlot grapevines had 
greater symptom severity than Rubired. Disease severity did not otherwise differ between cultivars. Sap levels 
of procyanidins were positively correlated with disease severity measurements. It was possible that increased 
phenolic levels in xylem sap resulted in Xf aggregation and biofilm formation, which in turn resulted in greater 
Pierce’s disease symptom progression. This could explain why Merlot had significantly greater symptom 
expression than Rubired even though Merlot possessed more putatively antibiotic phenolic compounds than the 
other cultivars at four months post-inoculation. 
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contacting walls of almost any of these secondary xylem cell types.  We recently investigated three types of pits 
and their PMs (Figures 2-4): intervessel, vessel-parenchyma, and interfiber pit.  Intervessel pits and PMs are the 
barriers that Xf cells must pass through for their systemic spread (Figure 2).  Intervessel pit pairs were bordered 
pits and occur very densely in the contact walls of adjacent vessels (Figure 2A).  Along the contacting primary 
cell walls of two adjacent vessels were narrow regions covered by secondary walls and much wider regions 
without secondary walls—PMs (Figure 2A).  Secondary wall borders of each pit arched over the majority of the 
PM of each pit pair (Figure 2A-D).  Compared with the primary wall regions underneath the secondary walls 
(sw), intervessel PMs (pm) had the same thickness and density (Figure 2B), were swollen (Figure 2C), or 
appeared less dense (Figure 2D & E). The less dense intervessel PMs may have resulted from their partial 
disintegration (Figure 2E). 
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Figure 2. Intervessel pits and PMs in longitudinal section.  A. Part of three adjacent vessels, showing densely arranged 
intervessel pit pairs and PMs (arrows) along the contact walls of adjacent vessels (vl: vessel lumen).  B-D. Structural 
details of intervessel pits and PMs. Compared to the primary wall extension regions (pw) directly underneath the 
secondary walls (sw), intervessel PM (pm) regions are the same in thickness and density (B), swollen (C), or thinner 
and looser in appearance (D). E. The enlargement of the pit region indicated by the white frame in D, showing the PM 
(pm) is less dense and thinner than the primary wall extension (pw) covered by secondary walls (sw). 

Vessel-parenchyma pits and PMs are related to the formation of vascular occlusions, including tyloses and gels. 
Vessel-parenchyma pit pairs were half-bordered with a bordered pit on the vessel side and a simple pit on the 
parenchyma cell side (Figure 3A). Vessel-parenchyma PMs could be distinguished into two more or less 
density-distinct regions across its thickness from the parenchyma cell wall side to its vessel wall side.  The PM 
wall region facing the parenchyma lumen was less dense than the wall region facing the vessel lumen (Figure 
3B).  Pits were also sparsely present between adjacent fiber cells (Figure 4).  Interfiber pits formed simple pit 
pairs with a simple pit on each of the two fiber cells (Figure 4A).  Interfiber PMs were dense and also similar in 
density to the regions of the fibers’ contacting primary walls underneath the secondary walls, but the former are 
usually thinner than the latter (Figures 4B and C). 

Immunogold-transmission electron microscopy for detection of fucosylated xyloglucans (XyG) in the 
three types of PMs 
In our previous projects, we successfully combined an immunohistochemical method with confocal laser 
scanning microscopy (CLSM) and scanning electron microscopy (immunogold-SEM), respectively, to analyze 
the PM polysaccharide compositions and distributions.  With those techniques, we have revealed that some 
potential substrates of Xf’s cell wall degrading enzymes were abundantly present as components of the 
intervessel PMs of Pierce’s disease susceptible grapevines, but were absent or occurred at low levels in PMs of 
Pierce’s disease resistant grapevines. This indicates that the polysaccharide compositions of intervessel PMs 
may contribute to Pierce’s disease resistance of the grapevines.  These techniques involve the usage of both 
primary and secondary antibodies.  Since the antibodies have relatively large molecular sizes, their entry to the 
interior of PMs might be restricted.  Therefore, what the two methods have revealed reflects the status of the 
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polysaccharides closer to the PM surface.  In order to reveal the compositions and distribution of the 
polysaccharides through the thickness of PMs at high resolution, we recently developed an immunogold-
transmission electron microscopy (TEM) technique.  Xylem samples used for this method were fixed in buffered 
paraformaldehyde.  After being trimmed to small blocks (1mm x 1mm x 1mm), they were dehydrated via an 

ethanol  series until 95% ethanol.  Following this  the blocks were 
infiltrated with LR White resin.  Specimens were  then embedded in 
the same resin and the  resin containing samples was  cured with UV 
light at -20 0C.  After  being trimmed, the resin blocks were cut with 
an ultratome to make sections of 80 -120 nm in thickness.  Sections 
were picked up onto grids and treated with a specific monoclonal 
cell wall antibody followed by a matched colloidal gold-conjugated 
secondary antibody.  After  being air-dried, the sections were 
examined using TEM.  The presence and distribution of the specific 
cell  wall  polysaccharide(s)  is indicated by the defined gold particles 
appearing as  dark dots in the TEM view. 

Figure 3. Vessel-parenchyma  pits  and 
PMs  in  transverse section.  A.  A  half 
bordered pit  pair  (arrows)  between  a 
vessel  (ve)  and  a parenchyma cell  (pa). 
B. Enlargement of a vessel-parenchyma 
PM, showing the less dense region 
toward  the  vessel  lumen (ve)  and  more 
compact  region  toward  the parenchyma 
cell  (pa). 

The quantity and distribution of fucosylated XyG in interfiber PMs 
was also tested with the  immunogold-TEM method (Figure  7).  It 
was found that  the  polysaccharide was not  evenly distributed across 
a PM’s thickness, but mostly restricted to the  two parallel  strip 
regions of a PM, which were also parallel  to the PM’s  surface.  Each 
of the strips was approximately 0.15 µm from the PM’s surface and 
0.2 µm in thickness  (Figure  7).  The two strips were 3 µm separated 
from each other.  Fucosylated XyG was abundant and more or less 
randomly distributed in the  two regions (Figure  7A), but seldom 
occurred either outside  the  regions  (i.e., nearer the PM’s surface; 
Figure  7B) or between the  two regions (Figure  7C).  The quantity 
and distribution of fucosylated-XyG in the primary cell wall 
extension of  the PM under  the secondary cell walls  had a pattern 
similar  to  that in  the  actual PM. 

sw 

sw 

 

  

Figure 4. Interfiber pits and PMs in transverse section. A. Two simple pit pairs (arrows) 
between two  fiber cells (fi). B. Enlargement of one interfiber pit pair and PM.  The PM is 
thinner  than its  extended  primary wall  regions  (arrows)  underneath  secondary  walls  (sw). 
C. Enlargement of the PM region framed in B, showing its dense appearance. 
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Figure 5. Distribution  of  fucosylated  XyG  in  intervessel PMs  of  U0505-
35  grapevines.   A.  An  intervessel  pit  and  PM  (arrows).  The square and 
rectangular  frames  indicate the PM  region  (uncovered)  and its  primary 
wall  extension  underneath  secondary  walls  (sw),  respectively.  B. 
Enlargement of  part of  the  intervessel pit and  PM,  showing  gold  particles 
(dark dots)  randomly  distributed  throughout  the  PM’s  width and  thickness. 
C-D.  Enlargements  of  the  square (C)  and  rectangular  (D)  regions  in  A, 
indicating  the presence of  XyG  in  the primary  wall  region  covered  by 
secondary  wall  (C)  and  the PM  region  (D). 

Figure 6. Distribution  of  XyG in vessel-
parenchyma PMs.  A.  Part  of  a vessel-
parenchyma  PM  and  its  extension 
underneath secondary  walls,  showing 
presence  of  XyG  in both regions.  B. 
Enlargement  of  the  square  region in A, 
showing that  XyGs  are  more  abundant  in 
the  primary  wall region  covered  by 
secondary  walls  than in the  PM  region 
per se. 

CONCLUSIONS 
1. Vascular occlusions in Xf-infected Pierce’s disease susceptible grapevines may significantly reduce the 

hydraulic conductivity of the vines and likely exacerbate the disease symptom development. This suggests 
that a solution to control/mitigate Pierce’s disease symptom might be sought through the control of vascular 
occlusion formation in infected vines. 

2. The immunogold-TEM method we established is proven to be effective in studying the quantity and 
distribution of pectic and hemicellulosic polysaccharides across the PM thickness with high resolution. This 
technique provides a way to clarify the Pierce’s disease resistance mechanism of host vines from cell wall 
structure and composition. 
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OPTIMIZING ELECTRICAL PENETRATION GRAPH SETTINGS 
TO RECORD BLUE-GREEN SHARPSHOOTER X WAVES FOR FUTURE STUDIES OF 

GRAPE HOST  PLANT RESISTANCE TO XYLELLA FASTIDIOSA INOCULATION 

Principal Investigator: 
Elaine A. Backus 
San Joaquin Valley Agr. Sci. Ctr. 
USDA ARS 
Parlier, CA 93648 
elaine.backus@ars.usda.gov 

Reporting Period: The results reported here are from work conducted October 1, 2012 to September 30, 2013. 

ABSTRACT 
The long-term goal of the Backus research program is to work with grape breeders to aid in development of a 
grape rootstock variety that is resistant to a sharpshooter’s ability to inoculate Xylella fastidiosa (Xf) bacteria into 
healthy grapevines, thereby preventing later Xf infection.  Such a trait would be quite different from the more 
common mechanism of resistance to Xf, i.e., resistance to systemic bacterial spread and multiplication, after 
vector inoculation has already occurred.  Identification and selection of an anti-inoculation trait depends upon two 
research objectives:  1) understanding the behavioral mechanisms of Xf inoculation by sharpshooters, and 2) 
devising a rapid method for testing and identifying grapevines that possess a means of deterring those inoculation 
behaviors, so that such plants can be added to the resistance-selection process. Ten years of research has revealed 
the behavioral mechanism of Xf inoculation, using electrical penetration graph (EPG) monitoring of insect 
feeding.  The inoculation behavior is represented by the sharpshooter X wave. The present research showed that 
the same X wave components are visible for the blue-green sharpshooter as for the glassy-winged sharpshooter, 
with very similar, recognizable appearances.  Thus, this work supports that EPG will be a crucial technology for 
detection of Xf inoculation behaviors represented by the sharpshooter X wave.  It also showed that EPG monitor 
settings can be optimized for future recordings of the blue-green sharpshooter X wave, and that those settings may 
be different from the best settings for glassy-winged sharpshooter recordings. The deliverable for grape growers 
from this research would be pyramiding of multiple resistance traits into one resistant rootstock variety, for 
greater permanence of resistance in the field against all types of sharpshooter vectors. 

LAYPERSON SUMMARY 
Pierce’s disease of grape, a lethal plant disease caused by the bacterium Xylella fastidiosa (Xf), has the potential to 
devastate grape production in California, worth $4.1 billion/year.  Due to the expense, environmental damage, and 
potential impact on honey bees caused by insecticides to control sharpshooter leafhoppers (vectors of Xf), there is 
a pressing need to develop grape varieties resistant to the bacterium and/or sharpshooters.  The long-term goal of 
the Backus research program is to work with grape breeders to aid in development of a grape rootstock variety 
that is resistant to a sharpshooter’s ability to inject Xf bacteria into healthy grapevines, thereby preventing later Xf 
infection.  The present research provides the first step in achieving this goal, by preparing to use electrical 
penetration graph (EPG) monitoring as a means of testing grape varieties for resistance of Xf inoculation.  The 
deliverable for grape growers from this research would be combining multiple resistance traits into one resistant 
rootstock variety, for longer-lasting resistance in the field. 

INTRODUCTION 
Pierce’s disease of grape, a lethal plant disease caused by the bacterium Xylella fastidiosa (Xf), has the potential to 
devastate grape production in California, worth $4.1 billion/year in direct product and much more in tourist 
dollars.  Over 337,000 hectares of vineyards are distributed throughout the state. The glassy-winged sharpshooter 
(GWSS; Homalodisca vitripennis) is the most important vector of Xf in southern and central California vineyards, 
while the blue-green sharpshooter (BGSS; Graphocephala atropunctata) is the most important vector in northern 
California vineyards.  Due to the expense, environmental damage, and potential impact on honey bees caused by 
insecticides to control Xf vectors, there is a pressing need to develop crop varieties resistant to the bacterium 
and/or sharpshooters. 

The long-term goal of the Backus research program is to work with grape breeders to aid in development of a 
grape rootstock variety that is resistant to a sharpshooter’s ability to inoculate Xf bacteria into healthy grapevines, 
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thereby preventing later Xf infection.  Such a trait would be quite different from the more common mechanism of 
resistance to Xf, i.e., resistance to systemic bacterial spread and multiplication in grape, after vector inoculation 
has already occurred.  Identification and selection of an anti-inoculation trait depends upon two research 
objectives:  1) understanding the behavioral mechanisms of Xf inoculation by sharpshooters, and 2) devising a 
rapid method for testing and identifying grapevines that possess a means of deterring those inoculation behaviors, 
so that such plants can be added to the resistance-selection process. The deliverable for grape growers from this 
research would be pyramiding of multiple resistance traits into one resistant rootstock variety, for longer-lasting 
resistance in the field. 

Background on the Science. 
For the last ten years, Backus has successfully sought and discovered the behavioral/ physiological mechanism of 
vector inoculation of Xf bacterial cells (Backus et al., 2009, Backus and Morgan 2011), which occurs during a 
specific portion of the sharpshooter piercing-sucking feeding process (also termed stylet penetration). The key to 
the success of this objective was use of electrical penetration graph (EPG) monitoring of insect feeding (Walker 
2000).  EPG makes an insect part of an electrical circuit that includes the plant and an EPG monitor.  It depicts 
otherwise-invisible behaviors (activities of the stylets inside opaque plant tissues) as waveforms displayed on a 
computer. The waveform can later be measured by a researcher to provide exacting quantification of the time 
spent in the various stylet activities.  EPG also is likely to be the primary means by which the second objective 
above (devising a testing method) will be achieved. 

Through a lengthy process of research, Backus was able to characterize the EPG waveforms of GWSS (Backus et 
al., 2005, Joost et al., 2006), and also determine the biological meaning of each waveform.  Complete details of 
this research, and the evidence for Backus’s “salivation-egestion hypothesis” of Xf inoculation, can be read in a 
new review book chapter (Backus, in press), due out in a few months.  Results of numerous experiments support 
that the most likely mechanism of Xf inoculation is a sequential process of: 1) salivation into a xylem cell, 2) 
uptake of minute amounts of xylem sap mixed with saliva, 3) swishing this fluid around inside the insect’s 
“mouth” (or oral cavity [precibarium and cibarium], where the Xf bacteria live inside the insect), which causes 
some bacterial cells to be dislodged and suspended in the sap-saliva mixture, then 4) egestion (“spitting out”) of 
the fluid back into the xylem cell. The EPG waveform that represents this inoculation behavior is the sharpshooter 
X wave, which is only performed when the vector’s stylet tips are inside xylem cells. These are the plant cells in 
which the Xf bacteria reside. 

A preliminary EPG study comparing GWSS feeding on resistant wild grape, Vitis candicans, and susceptible 
cultivated grape, V. vinifera cv. Chardonnay, found that both counts and durations of X waves were significantly 
lower on resistant than on susceptible grape (Backus and A. Walker, unpub. data, ms. in prep.). This finding 
supports the theory that some grape plants can manipulate the feeding of sharpshooters in such a way as to 
decrease the likelihood of inoculation.  Thus, EPG detection of X waves will be the key technology in the search 
for grape plants resistant to vector inoculation of Xf. 

Near-future tests are planned in which BGSS “loaded” with Xf in their oral cavities will be EPG-recorded on 
resistant and susceptible accessions of cultivated grapevines, to determine the degree to which differences in X 
waves correspond to reduced Xf inoculation.  BGSS will be used because previous studies have shown that it is 
easier to “maximally load” BGSS with Xf for laboratory tests than to do so with GWSS.  To prepare for such 
future tests with BGSS, the present study was performed to characterize BGSS waveforms and compare them 
with the better-known appearances of GWSS waveforms, especially X waves. Various settings of an AC-DC 
EPG monitor (e.g., amplifier sensitivities, applied signal type and voltages) were tested, to determine the optimal 
EPG settings for BGSS recordings, for use in these future tests. 

In order to best understand the results described in this report, it is important to know some background on EPG 
science and sharpshooter X waves.  The most important aspect of EPG science is the concept of electrical origins 
of waveforms.  R (for electrical resistance) and emf (for electromotive force, a synonym of voltage) are two 
reciprocal electrical mechanisms (called ‘origins’) of all EPG waveforms that can explain how electrical signals 
are generated by an insect’s stylet activities.  R components of a waveform occur when highly conductive saliva is 
secreted, or valves and pumps inside the insect’s head close or open during feeding, causing physical resistance to 
electrical signal flow through the insect. In contrast, emf components occur when minute voltages (also called 
biopotentials) spontaneously arise in the circuit, caused by aspects of feeding.  For example, the sharpshooter’s 
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stylets may break a plant cell membrane that would ordinarily cause an electrical charge separation that generates 
a tiny biopotential within the plant.  Or a minute voltage (called a streaming potential) can become established as 
fluid rushes through the insect’s capillary tube-like food canal in the stylets, e.g., during ingestion (uptake and 
swallowing) of xylem sap.  Because the biological meanings of most R vs. emf components are now well 
understood, identifying the electrical origin of a waveform can actually explain what the waveform means, in 
biological (in addition to electrical) terms. Data about electrical origins has provided strong evidence for 
understanding the X wave, and how it represents Xf inoculation behavior. 

The best way to identify which electrical origins are dominant in a certain waveform is to compare the appearance 
of the waveform at different amplifier sensitivities, also known as input impedance (or less accurately, input 
resistance, or Ri) levels. This is because different Ri levels emphasize R vs. emf components. The AC-DC EPG 
monitor in use in the Backus laboratory has six Ri levels, measured as 106, 107, 108, 109, 1010, and 1013 Ohms (Ω). 
Waveforms recorded at 106 Ω (the “pure R” level) reveal exclusively R components whereas those recorded at 
1013 Ω (the “pure emf” level) reveal exclusively emf components. Waveforms recorded at intermediate Ri levels 
reveal intermediate mixtures of R and emf components whose proportion varies with insect size.  The smaller the 
body size of the insect, the higher the Ri level needs to be to record emf.  Previous EPG recordings of GWSS 
feeding showed that the components of X waves (see below) were emf-dominated waveforms, and were best 
visualized for large-bodied sharpshooters like GWSS (~13 mm body length) at Ri 108 Ω.  BGSS is a smaller 
sharpshooter (~8 mm body length), so the best Ri level to record X waves is likely to be different. 

The sharpshooter X wave represents a stereotypical sequence of behaviors used by the insect to taste, test, and 
accept a xylem cell for sustained ingestion (pumping and swallowing of xylem sap).  Several X waves are 
repeatedly performed when a xylem cell is tested, before sustained ingestion begins. The terms used are 
explained in Figure 1. An X wave is divided into two waveform sub-phases, XN and XC. XN is the more 
behaviorally complicated sub-phase.  It is comprised of two waveform types, B1 and C1 (Figure 1). B1, in turn, 
is comprised of two sub-types, B1s and B1w (see subsequent figures).  A special sub-sub-type of B1w, fB1w, is 
utterly diagnostic of an X wave, occurring at no other time in stylet penetration.  XC is composed of only one 
waveform type, C2 (Figure 1).  Each of these “X wave components” represents a tiny part of the behavioral/ 
physiological processes involved in testing and accepted a xylem cell.  During XN, tasting of the cell contents 
occurs via minute fluid uptake (fB1w), swishing of fluid (B1s) and then egestion of fluid outward (C1), plus 
salivation (B1w) to seal the stylets tips firmly into the xylem cell.  Salivary sealing prevents leakage of air into the 
cell (called cavitation) that would prevent subsequent uptake of fluid.  During XC, a few pumps of fluid (C2) are 
performed for a very short-duration bout of “trial ingestion” to test the mechanical strength of the salivary seal 
into the cell.  If the seal is not strong enough, the insect returns to tasting/salivary sealing (XN), then another bout 
of trial ingestion (XC).  If the seal is strong enough this time, it continues pumping and swallowing (C2) that can 
last for several hours (“sustained ingestion”), to derive the insect’s primary nutrition.  Sub-phase XN, especially 
sub-type C1, is considered to be the most important waveform for Xf inoculation. 

Biological meanings 

1. X waves 

searching for xylem 

pathway 

xylem trial 
testing ingestion 

1st X wave 

xylem trial 
testing ingestion 

2nd X wave 

sustained 
ingestion 

continuous C2 

2. XN and XC pathway 1st XN 1st XC 2nd XN 2nd XC continuous C2 

3. Component waveforms 
pathway B1, C1 short C2 B1, C1 short C2 long C2 

Figure 1. Biological meanings (first line) of EPG recording of a single stylet penetration, including X wave 
components.  Nested, hierarchical waveform terminologies are explained in numbered lines below first line. 
Waveform type B1 is divided into sub-types described further in the text. 
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OBJECTIVES 
1. Characterize the appearance and fine-structure of EPG waveforms, especially X waves, for BGSS; compare 

them with previously-recorded waveforms for GWSS. 
2. Identify the input impedance (Ri) and applied voltage settings for best visualization of X waves for BGSS, for 

future comparisons of resistant vs. susceptible cultivated grapevine accessions. 

RESULTS AND DISCUSSION 
BGSS adults were originally field-collected in riparian areas near Malibu, CA, in March 2011 by T. Perring and 
colleagues (UC Riverside).  A year later, some of their adult offspring were shipped under permit to the Backus 
laboratory in Parlier, CA, to start a colony.  BGSS were lab-reared under spring photoperiods (16:8 L:D) and 
temperatures (24o C.) in an artificially-lit rearing room, on cowpea, basil, and faba bean plants (in the same cage) 
previously raised in a USDA greenhouse under supplemental lighting with fertilization. The day before EPG 
recording, six to eight adult BGSS were caged on a healthy grapevine, cv. Chardonnay for 24 hrs of pre-test 
conditioning.  The morning of recording, four conditioned insects were wired for EPG (Backus et al., 2009). 
Wired insects were recorded for 18 – 20 h using an AC-DC 4-channel EPG monitor; each of the four channels 
was set to a different input impedance (Ri) level, i.e., 106, 107, 108 or 109 Ω.  The 106 and 107 Ω channels were set 
for 10 mV DC+ (direct current, positive) and the 108 and 109 Ω channels for 30 mV AC (alternating current) 
applied voltage.  After 8 – 10 h at those voltages, each channel was switched to the opposite voltage type, so that 
low-Ri channels were then recorded with AC and vice versa.  After 24 BGSS were recorded in this manner, the 
conditioning period was eliminated, and an additional 28 BGSS were recorded directly from colony plants 
without prior exposure to grape. This was done to increase the types and durations of pathway, ingestion, and X 
waveforms. 

To date, waveform excerpts have been analyzed for eight of the 52 insects recorded, two insects per Ri level, 
emphasizing the fine structure of X waves.  In total for the eight insects, 141 XN events were excerpted, copied 
into Excel, and analyzed.  This report describes preliminary interpretations of the electrical origins and X wave 
components at each of the four recorded Ri levels. 

X waves were barely distinguishable at Ri 106 Ω.  As usual, the first XN event (at the end of pathway) was 
separable from earlier pathway waveforms due to C1 peaks at the start of XN (Figure 2); however, those peaks 
were very short in amplitude.  In addition, B1w waves were very flat, fB1w was not seen, and B1s spikes were 
very short in amplitude and erratic.  Subsequent XN events (interruptions of the XC events; Figure 3) were 
elevated toward positive voltage level, and often had even less detail than the first XN. The first XC event 
showed very tiny C2 plateaus, whose shape was distorted from the typical rectangular plateaus seen at higher Ri 
levels. The above characteristics demonstrate that C1 is a mixture of R and emf components because it is visible 
and undistorted (but short) at Ri 106 Ω.  However, the flatness of B1w without a frequency component, i.e., 
fB1w, and the near-absence of regular B1s show that B1 is a highly emf-dominated waveform.  C2 also is a 
highly emf-dominated waveform, barely visible as mostly a small spike on a tiny plateau at this low Ri level. 

Clarity of X wave details improved greatly at Ri 107 Ω, with all components taller, less distorted and more 
distinguishable from pathway B1.  The first XN was easily separated from pathway (Figure 4) by the size and 
clarity of B1 subtypes; B1s was more distinctly spikey and B1w was more wavy, with a very low-frequency 
undulation (Figure 4 inset box).  C1peaks were distinctly triangular, gradually evolving into the more rectangular 
plateaus of C2 in XC, the latter being no longer distorted.  C2 plateaus also showed a small but prominent spike at 
the leading edge of each distinct plateau, an R component on the otherwise exclusively emf component of the 
rounded plateau.  Second and subsequent XN (in interruptions of C2) were still elevated positive-ward.  The 
above characteristics show that Ri 107 Ω, more sensitive to emf than Ri 106 Ω, added details attributable to emf. 

Fine structures of the X wave components were slightly improved at Ri 108 Ω over Ri 107 Ω. In the XN portion 
(Figure 6), B1s spikes were straighter, with each more separate and distinct from the still-wavy B1w.  Some B1w 
had a higher frequency, was less wavy, than at Ri 107 Ω (Figure 7).  Yet, no fB1w was visible.  C1 spikes were 
tall and triangular.  XN voltage level was flat; even with level of C2.  In XC, the C2 plateaus were much taller and 
more separable from C1, and still showed the R-component short spike at the leading edge of each plateau 
(Figures 6 and 7). The above electrical characteristics show that details of X wave components were easier to 
identify and separate from other components at Ri 108 Ω, with no loss of information compared with Ri 107 Ω. 
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C1 2 sec 

B1w 
B1s 

B1w 
B1s 2 sec 

5 sec 

2 

C2 

5 sec 

C2 

3 

The clarity of waveform appearances was because the waveforms are mostly due to emf, but have a small 
component of R as well.  Both electrical origins were visible at this Ri level, but emf was emphasized. 

Figure 2. The beginning of a probe recorded using Ri 106 Ω, 30 mV AC Figure 3. The second XN after the first XC from 
applied signal, showing the first XN before the first XC (boxed).  Inset box the same probe as Figure 2, showing upward 
shows triangular C1 peaks, flat B1w and rare, short B1s.  Other waveforms polarity, indistinct B1 components. 
are indistinct.  The start of the first XC event is also shown, with very 
small, distorted C2 plateaus. 

2 sec 

2 sec 

5 sec 5 sec 

Figure 4. The middle of a probe recorded using Ri 107 Ω, 30 mV 
AC applied signal, showing the first XN (partly boxed) before the 
first XC.  Inset box shows triangular wavy B1w and distinctly 
spikey B1s. 

C2 C2 

C1 

C1 

B1wB1w 
B1s 

B1s 

B1w 

4 5 
Figure 5. The second XN after the first XC from the 
same probe as Figure 4, showing upward polarity, 
more distinct B1 components (B1s and B1w). 
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2 sec 
2 sec 

5 sec 

5 sec 

C1 
C1 C1 

B1w 
B1s 

B1s 

B1s 

B1w 

6 7 

Figure 6. The middle of a probe recorded using R i 108 Ω, 30  
mV  AC applied signal, showing the  first XN before the first XC, 
showing triangular C1 before rectangular C2. 

Figure 7. The second XN after the first XC in 
Figure 6, showing upward polarity, triangular C1 and 
rectangular C2. 

Several drastic changes occurred at Ri 109 Ω, especially compared with Ri 106 and 107 Ω.  In the last waveforms 
before C2 (normally considered the  first  XN event), B1 waveforms before C2 were amorphous and not  detailed 
enough to distinguish the B1 sub-types B1w and B1s (Figure 8).   Therefore, pathway waveforms before C2  were 
not considered the first  XN.  C2 plateaus were exceptionally tall compared with the height of B1.  Also, C2 
plateaus were rounded  rectangles, completely lacking the R-component spike (Figure 8). When XN 
(interruption)  events occurred, they were depressed  to  a more negative voltage level compared with C2.  Most 
noticeably, the B1 sub-sub-type, fB1w, was visible for  the  first  time, and represented a large proportion of the 
B1w in the first and subsequent  XN events (Figure 9). There were  two variants of fB1w, one with upward-
pointed spikelets  and another with downward-pointing spikelets  (first  and second inset boxes of Figure 9, 
respectively).   The above findings support that Ri 109 Ω  reveals almost exclusively emf components in BGSS, 
indicated by the extreme height of C2 plateaus, absence of  the R-component spike on C2 plateaus, negative 
voltage levels, and presence of  fB1w.   This is similar  to findings from earlier GWSS recordings for Ri 108 Ω. 
Thus, the smaller body size of BGSS (~8 mm) compared with GWSS  (~13 mm) shifted the R-emf responsiveness 
curve toward  lower Ri levels, as predicted by theory in  EPG science (Backus and  Bennett 2009). 

Electrical origins of BGSS waveforms support similar biological interpretations for BGSS X waves as those of 
GWSS.  B1 is the primary waveform of tasting and salivary sealing.  Part of B1w (the wave) is R-dominated, 
supporting previous visual correlation with saliva secretion; the other part of B1w (the frequency component 
known as fB1w) is highly emf-dominated and therefore represents streaming potentials caused by cibarial 
diaphragm quivering, for minute fluid uptake into the oral cavity.  B1s also originates as both R and emf; the R 
portion is thought to represent bursts of precibarial valve movements that very briefly block the precibarial part of 
the oral cavity, while the emf portion reflects streaming potentials kicked up by the value movements. These 
actions cause fluid to be “swished” around in the oral cavity, for tasting by the precibarial chemosensilla.  Both 
C1 and C2 are emf-dominated, although C2 more so than C1.  Therefore, both C waveforms represent large 
streaming potentials caused by the pumping motion of the large cibarial diaphragm (the muscular “lid” of the 
piston-like pump, the cibarium).  C1 is triangular because the diaphragm is thought to be rapidly slammed 
downward to push fluid out of the oral cavity during egestion.  Complete closure probably leads to the R-
component portion of C1.  C2 is rectangular because the diaphragm is held up to provide a vacuum to suck fluid 
into the cibarium during filling.  Yet the diaphragm does not completely close during subsequent swallowing. 
The R-component spike on the C2 plateau marks the brief closure of the precibarial valve to facilitate swallowing. 
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5 sec 

1 sec 

1 sec 1 sec 

B1 

B1 

fB1w 
fB1w 

C1 

C2 

C2 

C1 
C1 

C2 
C2 

B1w 

B1s 

B1 
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Figure 8. The middle of a probe recorded using Ri 109 Ω, 30 mV AC applied signal, showing the large portion of pathway 
before C2. There is no obvious XN at the end of pathway. 

Figure 9. The first clear-cut XN after C2, showing downward polarity, triangular C1 and rectangular C2. 

The present experiment confirmed that  the same X wave components existed for BGSS as GWSS, and were 
similar  in  appearance and electrical origin.   This demonstrates the fundamental similarity of feeding behaviors of 
two somewhat distantly related sharpshooter species  from two different tribes of Cicadellinae.  The present 
findings, although preliminary, also support predictions based on the R-emf responsiveness curve, i.e.,  that 
smaller body size of BGSS  compared with GWSS would shift the optimal Ri  level for  X wave visualization, from 
Ri 108 Ω  of  GWSS to Ri 109 Ω  for BGSS. Ri 109 Ω  may be best Ri  level for BGSS because it  reveals fB1w,  an 
important and diagnostic X   wave component.  However,  Ri 109 Ω  is not best for visualizing certain other 
components, especially B1s and the R-component spike on C2.  Consequently, further analysis of more 
recordings will be  required to confirm that Ri 109 Ω  is  the best  setting to use for future EPG recordings of BGSS. 

CONCLUSIONS 
The present research showed that the same X wave components are visible for BGSS as for GWSS, with very 
similar, recognizable appearances.  It also supported the same electrical origins and interpretations of stylet 
activities for BGSS X wave components as those of GWSS.  Thus, the present work supported that EPG will be a 
crucial technology for detection of Xf inoculation behaviors represented by the sharpshooter X wave.  It also 
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showed that EPG monitor settings can be optimized for best appearances of the BGSS X wave, and that those 
settings may be different from the best settings for GWSS recordings.  Results from the present research will 
make possible future studies to identify experimental accessions of cultivated grapevine that resist the ability of a 
sharpshooter to perform the Xf-inoculation behaviors, thereby adding a new resistance trait to the grape rootstock 
varieties currently under development.  Pyramiding multiple resistance traits will provide the greatest likelihood 
of success in sustaining host plant resistance traits in the field. 
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SUITABILITY OF FERTILIZED AND UNFERTILIZED EGGS OF THE GLASSY-WINGED 
SHARPSHOOTER FOR THE EGG PARASITOID GONATOCERUS MORRILLI 

Principal Investigator: 
Rodrigo Krugner 
San Joaquin Valley Agr. Sci. Ctr. 
USDA ARS 
Parlier, CA 93648 
rodrigo.krugner@ars.usda.gov 

Reporting Period: The results reported here are from work conducted March 1, 2012 to September 30, 2012. 

ABSTRACT 
The glassy-winged sharpshooter [GWSS; Homalodisca vitripennis (Germar); Hemiptera: Cicadellidae] is a key 
vector of Xylella fastidiosa, the bacterium that causes Pierce’s disease of grapevines and other diseases of high-
valued crops in the Americas.  GWSS invaded California in the late 1980s and continues to threaten the $4 billion 
grape industry.  Control measures for GWSS in California include an area-wide insecticide (i.e., imidacloprid) 
application program and release of natural enemies, but, despite such efforts, the geographic distribution of 
GWSS continues to expand. Gonatocerus morrilli (Howard) (Hymenoptera: Mymaridae) is a natural enemy used 
in California, USA to control GWSS. Virgin GWSS females deposit unfertilized eggs and mated females can 
exhaust sperm reserves for egg fertilization.  However, nothing is known about Gonatocerus spp. performance 
when using unfertilized GWSS eggs.  Host age preference for oviposition and suitability of unfertilized GWSS 
eggs for G. morrilli reproduction were investigated. G. morrilli parasitized all ages of GWSS eggs (one to eight 
days old) regardless if the host egg was fertilized or not.  However, parasitism rates and parasitoid emergence 
were reduced in older (> five-day-old) unfertilized host eggs compared to fertilized eggs. In choice tests 
(fertilized versus unfertilized eggs), parasitoids failed to emerge as adults from unfertilized eggs more often than 
from fertilized eggs. The results indicate that unfertilized eggs were accepted by G. morrilli as suitable hosts for 
oviposition, but were relatively unsuitable for immature development compared to fertilized eggs. 

LAYPERSON SUMMARY 
The glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) is a key vector of Xylella fastidiosa, the 
bacterium that causes Pierce’s disease of grapevines and other diseases of high-valued crops in the Americas. 
GWSS invaded California in the late 1980s and continues to threaten the $4 billion grape industry.  Control 
measures for GWSS in California include an area-wide insecticide (i.e., imidacloprid) application program and 
release of natural enemies, but, despite such efforts, the geographic distribution of GWSS continues to expand. 
Virgin GWSS females deposit unfertilized eggs and mated females need to re-mate to continue to produce 
progeny.  Therefore, it is possible that egg parasitoids of GWSS, such as Gonatocerus morrilli that is used in 
California to control GWSS, are utilizing unfertilized eggs for reproduction in mass rearing facilities and/or field 
conditions, which may affect efficacy of the parasitoid for control of GWSS.  Parasitoids failed to emerge as 
adults from unfertilized eggs more often than from fertilized eggs, indicating that unfertilized eggs were accepted 
by G. morrilli females as suitable hosts for oviposition, but were relatively unsuitable for immature development 
compared to fertilized eggs.  Results suggest that reducing rates of GWSS egg fertilization through a mating 
disruption or sterilization program will have a negative impact on control of GWSS by natural enemies. 
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A METHOD TO  QUANTIFY GLASSY-WINGED SHARPSHOOTER EGG MATURATION 

Principal Investigator: 
Mark Sisterson 
San Joaquin Valley Agr. Sci. Ctr. 
USDA ARS 
Parlier, CA 93648 
mark.sisterson@ars.usda.gov 

Reporting Period: The results reported here are from work conducted June 2012 to October 2013. 

ABSTRACT 
To identify factors affecting glassy-winged sharpshooter egg production, a method to accurately estimate the 
number of mature eggs produced during a short-term assay is needed.  Egg production is typically quantified by 
determining the number of eggs deposited during the assay plus the number of mature eggs carried by the female 
at end of the assay (determined by dissection).  However, this approach ignores confounding effects of variation 
in number of mature eggs carried by females entering an assay.  Dissection of field collected females indicates 
that egg loads of reproductively active females are variable (range 0 to 37 eggs; Sisterson 2008).  If the number of 
eggs carried by females entering an assay is variable, subsequent estimates of egg production during the assay 
will be inaccurate.  Poor estimates of egg production during assays increase risk of making a Type II error (failure 
to reject a false null hypothesis). To address this issue, a pre-treatment designed to reduce variance in the number 
of eggs carried by females entering a feeding assay was evaluated.  The pre-treatment consisted of providing 
females with a four-day oviposition period on sorghum.  An oviposition period on sorghum was expected to 
reduce mean and variance in the number of eggs carried by females as previous tests documented that females 
readily deposit eggs on sorghum, but do not mature eggs when feeding on sorghum (Sisterson 2012). To 
determine if an oviposition period on sorghum reduced mean and variance in the number of eggs carried by a 
group of females, field collected females were split into two groups. The control group was dissected 
immediately to determine the number of eggs carried by each female. The pre-treatment group was provided with 
a four-day oviposition period on sorghum prior to dissection.  The mean number of eggs carried by females in the 
pre-treatment group was 63% lower than for females in the control group.  Similarly, the standard deviation in the 
number of eggs carried by females in the pre-treatment group was reduced by 44% compared to females in the 
control group. To demonstrate the importance of reducing variance in the number of eggs carried by females 
entering a feeding assay, results from feeding assays using females directly from the field were compared to 
results of feeding assays using females exposed to the pre-treatment. The feeding assay consisted of confining 
females to cowpea stems in parafilm enclosures for six days.  Feeding was quantified during the assay by 
measuring excreta production.  As females typically do not deposit eggs on stems, females were dissected at the 
end of six days to quantify egg production.  A significant relationship between feeding (as measured by excreta 
production) and egg production was observed for females exposed to the pre-treatment before the feeding assay (P 
= 0.04), but was not observed for females placed directly into the feeding assay (P = 0.35).  Thus, reducing mean 
and variance in the number of eggs carried by females entering the feeding assay resulted in detection of a 
significant positive relationship between feeding and egg production that otherwise would not have been 
observed.  Use of the methodology proposed here will aid in completion of more in-depth studies designed to 
identify factors affecting glassy-winged sharpshooter egg production. 
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THE RIVERSIDE COUNTY GLASSY-WINGED SHARPSHOOTER PROGRAM 
IN THE TEMECULA VALLEY 

Principal Investigator: 
Matthew Daugherty 
Department of Entomology 
University of California 
Riverside, CA  92521 
matt.daugherty@ucr.edu 

Researcher: 
Tracy Pinckard 
Department of Entomology 
University of California 
Riverside, CA  92521 
tracy.pinckard@ucr.edu 

Researcher: 
Diane Soto 
Department of Entomology 
University of California 
Riverside, CA  92521 
diane.soto@ucr.edu 

Reporting Period: The results reported here are from work conducted November 2012 to October 2013. 

ABSTRACT 
For more than 10 years the Temecula Valley has been part of an area-wide control program for an invasive vector, 
the glassy-winged sharpshooter (GWSS; Homalodisca vitripennis). The goal of this program is to limit Pierce’s 
disease spread by suppressing vector populations in commercial citrus, an important reproductive host for this 
insect, before they move out into vineyards. To achieve effective GWSS control, late spring applications of the 
systemic insecticide imidacloprid to citrus have made in years past.  As part of this treatment program there is 
ongoing monitoring of GWSS populations to ensure that the treatments are effective.  Notably, this year, 
reimbursements to citrus growers were not made.  As a result, unlike previous years, apparently no Temecula 
Valley citrus acreage was treated specifically for GWSS – the consequences of which are not well understood. 
Approximately 140 yellow sticky traps were inspected on a biweekly basis throughout 2013 to monitor GWSS in 
citrus. The results show a typical phenology for this pest in the region, with a total of approximately 450 GWSS 
caught during the summer peak (July through September).  Overall GWSS catch was modest compared to the 
highest years (2008, 2009), but higher than the lowest years (e.g., 2010, 2011). 

LAYPERSON SUMMARY 
The glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) constitutes one of the primary threats to the 
wine, table grape, and raisin industries in California owing to its ability to spread a pathogen that causes Pierce’s 
disease. In the Temecula Valley, an area-wide control program has been in place for more than 10 years, which 
relies on insecticides application in citrus groves to control GWSS before they move into vineyards. This 
program is viewed as critical for reducing the disease spread in vineyards. As part of the control program, citrus 
groves are monitored regularly for GWSS. This year, despite no insecticide applications being made to target 
GWSS, GWSS catch in Temecula was relatively modest; intermediate between very high years such as 2008 and 
very low years such as 2010 and 2011. 

INTRODUCTION 
The winegrape industry and its connecting tourist industry in the Temecula Valley generate $100 million in 
revenue for the economy of the area.  Following the invasion of the glassy-winged sharpshooter (GWSS) into 
Southern California, from the Southeastern USA, a Pierce’s disease (PD) outbreak occurred. This outbreak 
resulted in a 30% loss in overall vineyard production over a few years, with some vineyards losing 100% of their 
vines during the initial years of the outbreak.  An area-wide GWSS management program initiated in the spring of 
2000 saved the industry from even more dramatic losses.  Since the initiation of the Temecula GWSS area-wide 
management program 300 new acres of grapes have been planted and six new wineries have been built. Only a 
continuation of an area-wide GWSS/PD management program will keep the vineyards viable in Temecula. 
GWSS has the potential to develop high population densities in citrus.  Fortunately, GWSS is also highly 
susceptible to systemic insecticides such as imidacloprid.  Insecticide treatments in citrus groves, preceded and 
followed by trapping and visual inspections to determine the effectiveness of these treatments, are needed to 
manage this devastating insect vector and disease. 

As part of the area-wide treatment program monitoring of GWSS populations in citrus has been conducted since 
program inception. This monitoring data is needed to guide treatment decisions for citrus, to evaluate the efficacy 
of the treatments, and to guide vineyard owners, pest control advisers, and vineyard managers on the need for 
supplementary vector control measures within vineyards. 
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In the spring of 2008, 120 acres of citrus were identified and were treated for GWSS control in Temecula. In July 
2008, Temecula GWSS trap catches reached over 2,000.  This was the highest number of GWSS trapped since the 
area-wide program was initiated.  Because of the phenology of GWSS, the summer citrus culture and the 
peculiarities of the uptake of the systemic imidacloprid it was decided that treatments in the citrus in July would 
not adequately reduce GWSS populations. Therefore, insecticide applications to control GWSS for the last two 
years were initiated in May 2011 and May-June 2012.  Monitoring data suggest fairly robust control of GWSS 
using that treatment timing. 

In 2013, the decision was made by state and federal regulators not to reimburse citrus growers for insecticide 
applications intended to target GWSS in the Temecula Valley.  The effect this policy change might have on risk 
of disease spread is not known.  Therefore, monitoring of sharpshooter populations is especially critical, to 
determine whether GWSS populations, which already show substantial interannual variability, appear to be 
rebounding. 

OBJECTIVES 
1. Monitor regularly GWSS populations in citrus groves throughout the Temecula Valley to evaluate the 

effectiveness of prior insecticide applications and to provide a metric of Pierce’s disease risk for grape 
growers. 

2. Disseminate a newsletter for stakeholders on sharpshooter seasonal abundance in citrus throughout the region. 

Double-sided yellow sticky cards (7 inches x 9 inches) are being used to monitor for adult sharpshooters in citrus. 
140 such sticky traps have been placed in citrus groves throughout the Temecula Valley.  All traps are labeled, 
numbered, and bar coded to identify the site within the management program.  Each trap is then georeferenced 
with a handheld GPS monitor.  Most yellow sticky cards are placed at the edge of the groves at the rate of 
approximately one per 10 acres. Traps are attached with large binder clips to wooden stakes around the perimeter 
of the grove; in large groves traps are also placed in the interior. The total number of traps depends on the size of 
the orchard block.  Sharpshooters found on the traps will be counted and then removed from the trap. 

The yellow cards are inspected and replaced every two weeks.  At each inspection the number of adult GWSS and 
smoke-tree sharpshooters (Homalodisca liturata) will be recorded, along with the abundance of common 
generalist natural enemy taxa. 

After collecting all data for a given sharpshooter census date, these data are collated into a newsletter that shows 
the number of sharpshooters caught, where they were caught, and the seasonal phenology of sharpshooter 
populations to date. This newsletter is disseminated to stakeholders via e-mail and on a blog hosted by UC 
Riverside’s Center for Invasive Species Research (http://cisr.ucr.edu/temeculagwss/). 

RESULTS AND DISCUSSION 
The results for 2013 are shown in Figure 1. This includes monthly censuses of GWSS in citrus through April, 
then biweekly censuses from May through October.  Census results show seasonal patterns of GWSS abundance 
and activity that are typical for this region.  GWSS catch is low for much of the year, it increases dramatically at 
the beginning of the summer, and then drops off through August and September.  This year, nearly 25% of all 
GWSS caught were trapped on a single trap, suggesting a high degree of spatial heterogeneity in GWSS activity. 
As of mid-October, GWSS populations appear to have declined substantially. 

Figure 2 shows GWSS catch in 2013 relative to other years.  2013 shows qualitatively the same seasonal 
phenology as in other years, with a moderate overall catch compared to others (i.e. 2008). 

CONCLUSIONS 
The results for 2013 suggest that, so far, there is no clear evidence of a GWSS resurgence in the Temecula Valley 
region. This result could be explained by carryover of systemic insecticides in citrus from applications made in 
prior years, which is known to occur.  Alternatively, at least some of the explanation may be because of the 
potential for treatments made for another invasive insect, the Asian citrus psyllid (Diaphorina citri; ACP), which 
is controlled primarily via the same classes of insecticides as are used for GWSS. Although the recommended 
treatment timings are slightly different for ACP versus GWSS, applications made for its control may aid 
somewhat with GWSS control. 
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Figure 1. Seasonal total GWSS catch in 2013 for 140 traps throughout the Temecula Valley. 

Figure 2. Seasonal total GWSS catch in the Temecula Valley from 2008-2012. 
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ABSTRACT 
RNAi is a natural biological activity for controlling gene expression and anti-viral defense in a majority of 
eukaryotic organisms, including insects [1]. The application of RNAi directed toward the control of different 
types of insect plant pests is becoming more feasible and promising [2-4]. RNAi has already been developed for 
use in various pest insect systems, both for reverse genetics and insect control [5-9].  In our efforts, we were able 
to induce RNAi in Homalodisca vitripennis and evaluate initial transgenic plants as a means to initiate RNAi to 
help control the glassy-winged sharpshooter and other leafhopper vectors of Xylella fastidiosa.  RNAi is already 
used in commercial agriculture for plant virus control, and the many new publications demonstrating experimental 
successes with various plant-feeding insects suggest that RNAi could have a role in helping to manage Pierce’s 
disease of grapevines. 

LAYPERSON SUMMARY 
This work presents fundamental efforts towards understanding the feasibility of applying RNA interference 
(RNAi), to help combat Pierce’s disease of grapevines.  Pierce’s disease is a significant threat to grape production 
in California and other parts of the USA, and the causal agent, Xylella fastidiosa (Xf), a xylem-limited bacterium, 
also causes several other extremely important plant diseases worldwide [10-13].  Our effort here does not directly 
target Xf, but instead targets one of its most significant insect vectors, the glassy-winged sharpshooter (GWSS; 
Homalodisca vitripennis), and other sharpshooter vectors of Xf. We focused our efforts this year on evaluating 
transgenic potato plants for their potential to cause RNAi effects in GWSS, and for developing and identifying 
optimal RNAi inducer delivery systems. Potatoes are easier and faster to transform and regenerate than are 
grapes, and the GWSS feeds readily on these plants. We also have made good progress toward developing an 
efficient, rapid non-plant-based delivery system. We were also able to show the expression of the reporter genes 
in specific plant tissues (xylem, water conducting tissue) compared to our previous expression in the entire plant 
tissue. Apart from the above mentioned accomplishments, we have generated large scale genomic data that was 
further analyzed for the identification of GWSS targets which will help us gear towards GWSS control. 

INTRODUCTION 
Our primary objective is to evaluate and demonstrate RNA interference (RNAi) activity against the glassy-winged 
sharpshooter (GWSS; Homalodisca vitripennis).  We envision that RNAi approaches can be part of long term 
strategies to help control GWSS and other sharpshooter vectors of Xylella fastidiosa (Xf), the causal agent of 
Pierce’s disease of grapevines [12]. We have made significant progress during the past year and are in excellent 
position to complete most of our objectives during the upcoming year.  We have published three new refereed 
journal articles (Nandety et al., 2013a; Nandety et al., 2013b; and Kamita et al., 2013) and are working on a 
manuscript on RNAi on GWSS (Pitman et al., 2013).  We have presented one new meeting abstract (Nandety et 
al., 2013) and are making excellent progress on our effort. 
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Here we present our efforts towards the development and application of an RNA interference (RNAi) based 
system aimed to target genes of GWSS, the vector of Xf. We have made stable potato transgenic plants using the 
constitutive, non tissue specific 35S promoter and a Eucalyptus gunii minimal xylem-specific promoter to control 
the spatial expression of candidate interfering RNAs. We showed expression of the GUS gene in vivo in the 
transgenic potato plants and were able to further test the localized xylem expression of the GUS marker gene. We 
have demonstrated the ability of stable transgenic plants to display gene expression through the use of RT-PCR 
and small RNA northern blots. We were thus far able to generate and evaluate potato plants transgenic to 
constitutive expression of GWSS-Actin, GWSS-cuticle, and GWSS-chitin deacetilase to produce dsRNAs 
(siRNAs) and the corresponding down regulation of their host specific mRNA targets in GWSS adult insects. 
Encouraged by the results of GUS transgene expression in the xylem tissues of potato transgenic plants (spatial 
restriction of the transgene), we have also developed the transgene constructs to generate small RNAs specific for 
GWSS mRNA that are driven by xylem expressing, ECAD promoter. These GWSS mRNA target gene specific 
hairpin constructs were further used to generate the stable transgenic lines in potatoes in a manner similar to the 
generation of constitutive promoter transgenic potato lines. Since our update last year, we found effective targets 
largely from the GWSS transcriptome sequencing project that we adopted (Nandety et al., 2013b, in press). 
Further, we are going to test the efficacy of these promoters to deliver the small RNAs (dsRNAs) into specific 
plant tissues that might streamline the delivery process. 

OBJECTIVES 
The specific objectives of our effort are: 
1. To evaluate transgenic potato plants for their ability to generate small RNAs capable of inducing RNAi 

effects in GWSS. 
2. To identify GWSS-interfering RNAs for use in transgenic plants. 

RESULTS AND DISCUSSION 
Generation of transgenic lines. 
Transformation / regeneration was performed via recharge at the UC Davis Ralph M. Parsons plant 
transformation facility (http://ucdptf.ucdavis.edu/).  To generate the potato transgenic lines we used the potato 
cultivars Desiree and Kennebec.  In order to generate dsRNAs that can target the insect, GWSS target sequences 
previously described (Table 1) were cloned into a gateway-compatible binary vector pCB2004B [14, 15]. The 
target sequences were cloned in head to tail direction in the gateway vector with a non-homologous sequence 
between them forming the hairpin structure.  Upon transcription in transgenic plants, these constructs yield 
double-stranded, hairpin RNAs of the desired sequence. We have performed screening of these transgenic potato 
plants for insert composition and have established the presence of the transgenes. The presence of GWSS-Chitin 
Deacetylase and GWSS- Actin transgenes in the potatoes resulted in the production of small RNAs in those 
transgenic plants. We are utilizing vegetative propagation to maintain the T0 plants and for RNAi experiments 
with GWSS.  Potatoes are an excellent host plant for GWSS, though they seem to be unable to complete their 
lifecycle feeding exclusively on potatoes. We have characterized these plants to ensure that they contain the 
desired transgene(s) and for some, that they generate the desired siRNAs. 

Table 1. List of stable transgenic lines containing GWSS gene hairpin constructs or the reporter gene GUS. 
Name of Construct # constructs Selection Method Small RNA Northern 
35S Actin 10 BASTA Yes 
35S Chitin Deacetylase 10 BASTA Yes 
35S GUS 2 BAR Yes 
ECAD Actin 6 BAR In progress 
ECAD Chitin Deacetylase In production BAR In progress 
ECAD GFP 2 BAR Yes 

Feeding experiments. 
We performed feeding assays and assessed for RNAi effects on GWSS using our transgenic potatoes, and by basil 
stem infusion of dsRNA assays. Transgenic potato feeding assays were done using 3rd- 4th instar nymphs 
(Figure 1). Original cultivars of potatoes (non-transgenic) used to generate the transgenic lines were used as 
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control plants.  We placed cuttings of the potato plants in individual cages in a growth chamber, released five 
nymphs per cutting, and observed mortality for two weeks (Figure 2).  Higher mortality was observed in the 
nymphs that fed on one construct of chitin deacetylase and actin transgenic potato cuttings as compared to the 
controls. To determine if those observations were due to the effects of the transgene, we designed four-day 
feeding assays. Using the same potato cutting experiment design as for the mortality study, we allowed five 3rd-
4th instar nymphs to feed on the cuttings for four days and then removed them from plants and dissected out the 
intestinal tracts of the nymphs.  RNA was extracted from each sample, and cDNA generated from 500ng total 
RNA. Quantitative Real-Time PCR (qPCR) was then used to quantify relative expression of the genes targeted 
for down regulation, and was normalized with ubiquitin [16-18]. Gene expression, expression SEM, and corrected 
expression SEM were generated by the Bio-Rad CFX Manager 3.0 software (Carlsbad, CA). 

Figure 1.  GWSS RNAi feeding assays on transgenic potato cuttings. Left: Stems in cylindrical cages, 
each containing five nymphs with three replications per treatment. Right: Close-up photo of a GWSS 
nymph feeding on upper potato foliage. 

Initial results indicated down-regulation of target mRNAs after four days of GWSS nymphs feeding on transgenic 
potatoes as compared to wild-type potatoes (Table 2). We have completed feeding experiments with five of the 
transgenic potatoes; four events of chitin deacetylase, and one of actin.  We are currently growing more potato 
plants from tubers, including a transgenic plant control with green fluorescent protein (GFP) gene insert. Once 
plants reach appropriate size they will be used in GWSS feeding assays. Initial results are correlating with the 
mortality study; there is decreased expression of target mRNAs as compared to controls for some chitin 
deacetylase and actin, but no significant difference for other events of chitin deacetylase (Table 2). Statistical 
analyses were performed using SAS 4.0 (Cary, NC) with the general linear model and Bonferroni correction to 
determine significance. 

The promoter we used for our initial transgenic plants was the Cauliflower mosaic virus 35S promoter, which 
gives general constitutive gene expression across many tissue types.  The second promoter, which we have been 
working with this year, is the EgCad2 xylem-specific promoter from Eucalyptus gunii. With the generation of 
EgCad2 promoter driven hairpin RNAi transgenic plants against GWSS mRNA targets, we hope to significantly 
alter the composition of xylem tissue RNAi effectors thus rendering them to provide significant amounts of small 
RNAs that are specific to GWSS adult and juvenile insects. Initially we examined mortality of 3rd and 4th instar 
nymphs in no-choice feeding assays on the 35S transgenic potatoes expressing: actin, chitin deacetylase, or cuticle 
dsRNAs; or the wild-type variety Kennebec. Based on these results we looked for differences in mRNA levels 
between 4th instar nymphs feeding on Kennebec as compared to chitin deacetylase or actin transgenic potatoes. 
We allowed the insects to feed for 5 days then collected samples from the remaining live insects, as the bodies 
degrade very quickly after death. The majority of evidence so far suggests that RNAi effects in insects are not 
systemic, that changes only occur in the cells in contact with the RNAi effector RNAs. Thus, we examined 
whether there were knockdown effects by dissecting out the digestive tracts of the experimental insects, extracting 
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RNA from the tissue, and performing quantitative RT-PCR. Real time assays were developed using Primer 
Express® software by Invitrogen (Grand Island, NY) with GWSS-ubiquitin as the endogenous control. Our 
preliminary efforts with transgenic potatoes expressing GWSS-chitin deacetylase when screened against GWSS 
insects showed a significant ten-fold reduction in the GWSS-chitin deacetylase mRNA target expression in the 
guts. 
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Figure 2. GWSS nymph mortality for seven days feeding on transgenic potato cuttings (Actin008, Chitin 
Deacetylase003, Chitin Deacetylase006, ) or wild-type control potato (Kennebec). 

Table 2. Real-time PCR results of gene expression in GWSS that fed on transgenic or wild-type potato 
plants. Statistical analyses were performed using Bonferroni test, α =0.05[19]. 

Target Potato Expression Corrected Exp. 
SEM Mean Cq Bon Group 

Experiment 1 
Chitin Deacetylase Chitin Deacetylase002 0.41041 0.06843 A 
Chitin Deacetylase Chitin Deacetylase007 0.26919 0.05058 A 
Chitin Deacetylase Desiree 1 0.11864 B 

Experiment 2 
Chitin Deacetylase Chitin Deacetylase004 2.63164 0.19496 26.6 B 
Chitin Deacetylase Chitin Deacetylase008 1 .21406 28.74 AB 
Chitin Deacetylase Desiree 1.50313 0.06913 28.56 A 

Experiment 3 
Actin Actin008 0.2811 0.10858 29.79 A 
Actin Kennebec 1.1775 0.16807 23.47 B 
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In addition to the transgenic plant approaches, based on recent reports in the literature and personal 
communications from other scientists, we have evaluated in vitro feeding approaches for GWSS.  We are utilizing 
basil stem cuttings in a feeding solution, as previously described, to introduce dsRNA to GWSS nymphs 
(Figure 3). We are currently evaluating the effects of dsRNA from the previously described actin and chitin 
deacetylase sequences have on GWSS nymphs, and whether the results are comparable to the transgenic potato 
feeding assays. If this method has similar treatment effects, we can utilize this method to more rapidly screen 
candidate sequences for RNAi approaches. In our initial experiment, bulk GFP PCR product 720bp in 
length was synthesized and purified.  The PCR product was added to the water of one basil cutting for a 
final concentration of 10ng/uL, and a second cutting was used as a water control. Three nymphs were 
placed on each cutting. After four days of feeding, nymphs were ice anesthetized and their digestive 
tracts dissected out. Total DNA was extracted from the tissue, and then GFP specific PCR performed. 
We recovered the GFP fragment from treated nymphs, and are now using the feeding system to assess 
whether dsRNA fed to GWSS has similar RNAi effects to the transgenic potatoes we currently have. 

M 1 2 3 4 5 6 7 8 9 

Figure 3. Left: Basil stem infusion setup with GWSS nymphs. A short terminal basil stem was cut and 
immersed in water in a 2mL micro centrifuge tube.  The top of the tube was sealed with Parafilm.  Tubes were 
secured in Styrofoam, then 50mL Eppendorf tubes were inverted over the cutting to act as a cage.  Nymphs 
were allowed to feed for four days, and then ice anesthetized and digestive tracts dissected out for further 
analysis. Right: PCR results from GWSS nymphs fed on basil stem cuttings immersed in water with GFP PCR 
product at 10 ng/uL or water alone.  Lanes 1-3 are individual nymphs from water treatment; lanes 4-6 are 
individual nymphs that fed on the basil immersed in a solution of GFP PCR product. Lane 7 is GFP PCR 
product; lane 8 is no template control; lane 9 is pGemTeasy plasmid with GFP insert. 

Identify optimal interfering RNA forms for use in transgenic plants. 
We have taken in vitro and in vivo approaches to identify optimal interfering RNAs.  Since our update in 2012, 
we have attempted to identify additional effective RNA targets from the large scale GWSS transcriptome 
sequencing project that we adopted. We have a well-built transcriptome data set for GWSS insects that covers 35 
Mb of the genome (Nandety et al., 2013b, in press). In addition we have generated a profile map of transcriptome 
with the available small RNA data and micro RNA data. The latter will help identify optimal interfering RNA 
forms for future targeting of GWSS insects. 

Sequencing of adult GWSS small RNA libraries yielded 22,151,482 reads (Nandety et al., 2013a). Small RNA 
sequencing reads (43% of the total, ∼9.5 million) were mapped to an artificial build of the GWSS transcriptome 
(Nandety et al., 2013b accepted, in press). The sequencing reads were then mapped back to the assembled 
transcripts with up to one mismatch. The reads that could not be mapped back to the reference assembly were 
analyzed for the virus discovery that resulted in the identification of Homalodisca coagulata virus-1 (HoCV-1) 
and Homalodisca reovirus (HoVRV) that infect the GWSS insects. With the help of these sequencing reads, we 
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aim to study the GWSS insect target genes and we hope to identify the small RNAs that target the GWSS target 
genes in a highly specific manner. 

The small RNA reads were further investigated for the presence of conserved micro RNAs (~22nt) that can be 
identified through bioinformatic analysis based on their size and folding patterns.  In our analysis thus far, we 
have identified the conserved and putatively novel micro RNAs. We were able to validate few of the micro 
RNAs through stem loop Real time-PCR. The following data were analyzed using GWSS-miR1692 as standard. 
The expression among the tested candidate microRNAs was found highest for GWSS-miR171 followed by 
GWSS-miR71. 

In our analysis thus far, we have identified a diversified expression pattern of micro RNAs from each other in 
adult GWSS insects. Further, we were also able to identify the differential expression in relevance to the tissues 
chosen (Figure 4).  The expression of microRNAs was found to be relatively higher for nymphs in comparison to 
adult insects (Figure 4). We were in the process of identifying novel microRNAs from the libraries we have 
generated. 

GWSS-micro RNAs 
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Figure 4. Validation of the initial set of GWSS micro RNAs.  The values on the X axis represent the list of 
microRNAs chosen for validation. Values on the Y axis represent the relative quantification of the microRNAs 
in a logarithmic scale. 

CONCLUSIONS 
We have made stable potato transgenic plants using the constitutive, non tissue specific 35S promoter and a 
Eucalyptus gunii minimal xylem-specific promoter to control the spatial expression of candidate interfering 
RNAs. We have demonstrated the ability of stable transgenic plants to display gene expression through the use of 
RT-PCR and small RNA northern blots. We showed down-regulation of GWSS genes GWSS-Actin and GWSS-
chitin deacetylase by dsRNAs (siRNAs) produced in transgenic potato plants.  We also demonstrated expression 
of the GUS gene in vivo in the transgenic potato plants and were able to further test the localized xylem 
expression of GUS marker gene.  Encouraged by the results of GUS transgene expression in the xylem tissues of 
potato transgenic plants (spatial restriction of the transgene), we have also developed the transgene constructs to 
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generate small RNAs specific for GWSS mRNA that are driven by xylem expressing, ECAD promoter. These 
GWSS mRNA target gene specific hairpin constructs were further used to generate the stable transgenic lines in 
potatoes in a manner similar to the generation of constitutive promoter transgenic potato lines. Since our update 
last year, we found effective targets largely from the GWSS transcriptome sequencing project that we adopted 
(Nandety et al., 2013b, in press). Further, we are going to test the efficacy of these promoters to deliver the small 
RNAs (dsRNAs) into specific plant tissues that might streamline the delivery process. Taken together, we have a 
research program that will allow for the rapid identification and screening of GWSS gene targets for RNAi. 
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ABSTRACT 
The glassy-winged sharpshooter (GWSS, Homalodisca vitripennis) transmits the bacterium Xylella fastidiosa, 
which causes Pierce’s disease of grapevines.  We are attempting to use natural, GWSS-infecting viruses as part of 
a strategy to control the GWSS population and thereby help to control Pierce’s disease.  We hope to engineer the 
viruses to deliver toxic peptides and/or deliver GWSS RNAs that will activate the RNA interference (RNAi)-
based immune system.  We hope that one or both approaches will result in GWSS mortality thereby preventing 
the spread of Xylella fastidiosa. In our studies, we are attempting to use recombinant Homalodisca coagulata 
virus-1 (HoCV-1), a naturally-occurring virus that specifically infects GWSS.  We have developed an infectious 
cloned cDNA for HoCV-1 which shows infection in cultured GWSS cells, but so far not in whole insects.  Our 
efforts will continue to improve HoCV-1 in hopes to use it as part of a GWSS control strategy. 

LAYPERSON SUMMARY 
We are attempting to engineer viruses to deliver toxic peptides and/or deliver glassy-winged sharpshooter 
(GWSS, Homalodisca vitripennis) RNAs that will activate the RNA interference (RNAi)-based immune system. 
During this project year, we successfully developed an infectious cDNA clone of Homalodisca coagulata virus-1 
(HoCV-1) and verified its biological activity in the GWSS Z-15 cell-line.  We are currently modifying our virus 
constructs for delivering RNAs that can express toxic peptides or induce RNAi in GWSS insects and Z-15 cell-
line. The knowledge gained from this study will be used further to develop a virus system to help control the 
GWSS population and contribute to Pierce’s disease control. 

INTRODUCTION 
We received two, one-year grants for this effort.  We focused our collaborative efforts on attempting to develop 
glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) infecting viruses for use as agents to help manage 
GWSS, and then indirectly help manage Pierce’s disease of grapevines.  Viruses are the most abundant microbes 
on earth, with estimates as high as 1031 [1], and although viruses are often identified as pathogens, their roles in 
nature are not always associated with disease.  Viruses often exist without causing disease in specific hosts, and in 
many instances viruses have proven to be useful for a variety of beneficial applications including use as biological 
control agents for insect pests [2]. If we could identify viruses that caused disease, or those that did not, both 
would be useful for our goals.  Initially in year one we attempted to use the naturally-occurring Homalodisca 
coagulata virus – 1 (HoCV-1), and Flock House virus (FHV), a model system virus for our work.  We envisioned 
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that both could assist our efforts and allow for more rapid progress. We used GWSS cells (GWSS Z-15) and 
whole insects for our virus transmission assays.  In year two we focused our efforts only on HoCV-1.  This report 
presents our data from the past year. 

OBJECTIVES 
Our long term objectives were to develop and utilize the naturally occurring virus,  HoCV-1, and engineer it to be 
useful for GWSS control either by modifying HoCV-1 to express toxic peptides or to induce systemic RNA 
interference (RNAi) in recipient, recombinant HoCV-1-infected GWSS.  Our specific objectives are: 
1. Development of HoCV-1 infectious cloned cDNAs. 
2. Expression of GFP or other stable sequences in GWSS-Z15 cells or whole GWSS insects by using HoCV-1. 

RESULTS AND DISCUSSION 
Objective 1. 
HoCV-1 does not cause obvious disease in GWSS, and although it is most commonly found in GWSS its natural 
host range includes other sharpshooters [3].  Thus, our idea was to engineer this virus to be an effective and 
specific pathogen. We had previous success with a virus similar to HoCV-1 (the aphid-infecting Dicistrovirus, 
Rhopalosiphum padi virus (RhPV) [4], where we developed an infectious clone of RhPV.  Here we initially took 
the same approach with HoCV-1. 

We successfully cloned full length HoCV-1 cDNAs (Figure 1A). We generated a series of different constructs to 
help increase the probability of success. In vitro transcription was performed using these constructs to generate 
HoCV-1 transcripts which were delivered to GWSS Z-15 cells (Figures 1B and 1C). After transfection with 
HoCV-1 transcripts with extended or un-extended 5’-ends, Z-15 cells showed severe cytopathic effects (CPE; 
Figure 1B). Control cells did not, thus these results suggested that we most likely had generated infectious 
HoCV-1 cloned cDNAs.  In order to support the cytopathology data, we also performed reverse-transcription 
polymerase chain reaction (RT-PCR) assays to identify specific RNAs resulting from HoCV-1 replication.  Both 
the HoCV-1 genomic-sense strand (positive-strand) and its complementary strand (negative-strand) RNAs were 
amplified by RT-PCR analysis following the transfection indicating that the virus was replicating (Figure 1C). 
pT7-Rz-HoCV1-3’Rz generated transcripts were less efficient possibly due to enhanced RNA degradation 
following ribozyme cleavage at the 5’ end.  Thus, both the cell cytopathology and the RT-PCR analyses suggested 
that our cloned HoCV-1 cDNAs were infectious to GWSS Z-15 cells and offered an opportunity for us to move 
forward. 

We next attempted to engineer the HoCV-1 infectious clones to express YFP (yellow fluorescent protein)  and 
mCherry (modified red fluorescent protein) reporters as part of the transcribed viral sequence (refer to Figure 2). 
This would allow for simple, efficient testing of our constructs in both Z-15 cells and whole GWSS insects. We 
used sites that were predicted to tolerate insertion of foreign sequences.  If this was successful, these sites could 
also be used for future efforts to insert foreign sequences coding for toxic peptides or interfering RNAs. 
Unfortunately, we failed in this approach. 

Objective 2. 
In year one, in addition to utilizing HoCV-1, we explored the possibility of using a second virus, Flock house 
virus (FHV).  FHV belongs to the family Nodaviridae, and is a non-enveloped, positive-sense RNA virus that has 
a bipartite genome. This virus been shown to multiply in insects from four different orders (Hemiptera, 
Coleoptera, Lepidoptera, and Diptera) and even plants. We felt that if FHV infected GWSS or GWSS Z-15 cells, 
we could use it to more rapidly evaluate candidate peptides and/or RNA sequences.  We obtained infectious, 
recombinant constructs producing FHV genomic RNAs 1 and 2 (pMT FHV RNA1 and pMT FHV RNA2; gift 
from Dr. Shou-wei Ding, UC Riverside). The plasmid backbone (pMT) of the constructs contains a copper-
inducible Drosophila metallothionein promoter that drives an efficient transcription of FHV genomic RNA. We 
showed that FHV could infect Drosophila (S2) and  Z-15 cells (Figure 3) in our initial experiments.  We also 
engineered FHV to express GFP as a marker to use in our RNAi studies.  This recombinant was useful in S2 cells 
(Figure 4), but not in Z-15 cells, thus FHV proved to not be useful for our longer term strategies and thus we 
terminated efforts with FHV and focused exclusively onHoCV-1. 
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Figure 1. A. Vector diagram of pT7-HoCV1-3’Rz and pT7-Rz-HoCV1-3’Rz.  The T7 promoter is indicated by the 
black bar and arrow.  Hammerhead (HHRz) and Hepatitis Delta Virus (HDFV-Rz) ribozymes are indicated as orange 
boxes.  pT7-HoCV1-3’Rz lacks the HHRz. HoCV-1 open reading frames (ORF) 1 and 2 are indicated as blue arrows. 
The ClaI restriction site (red box) is used to linearize plasmid for in vitro transcription. B. Cytopathic effects (black 
asterisks) were induced in GWSS Z-15 cells after transfection using HoCV-1 RNA transcripts and with HoCV-1 virus 
generated from the pT7-HoCV1-3’Rz plasmid. C. Negative and positive RNA strands for the HoCV-1 RNA-
dependent RNA-polymerase (RdRP) were detected by 30 cycle RT-PCR for HoCV-1 RNA transfected from both 
plasmids, although only transfections with pT7-HoCV1-3’Rz RNA caused strong cytopathic effects (indicated by red 
CPE) in GWSS-Z15 cells.  Weak signals for positive (30 cycles) and negative (45 cycles-indicated) strand RdRP RNA 
were also detected in virus overlayed from the HoCV-3’Rz transfection onto new GWSS-Z15 cells.  Similar results 
were also obtained with RT-PCR against the HoCV-1 intergenic region and capsid sequences (not shown). 

Transfection assays in whole insects. 
In year two we focused efforts on HoCV-1 and attempting to efficiently infect GWSS Z-15 cells and whole 
insects using both wildtype virus (from naturally-infected GWSS) and our HoCV-1 clones. We established 
HoCV-1 GWSS colonies at the UC Davis CRF. We attempted to infect healthy GWSS with the GWSS-Z15 
transfected cell extracts both by injection and oral acquisition. RNA from five infectious clones of HoCV1 and 
two controls were used to transfect GWSS-Z15 cells: HoCV-3’Rz, HoCV-3’Rz old, Rz-HoCV-3’Rz, Rz-HoCV-
3’Rz old, mutant Rz-HoCV-3’Rz, elongation factor RNA, and transfection buffer.  An additional negative control 
for the GWSS infection experiments was untreated GWSS-Z15 cell suspension. For the injections, one µL of 
needle homogenized cell suspension in injection buffer (10 mM Tris-HCl, pH 7.0,1 mM EDTA) was injected into 
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adult GWSS between tergites three and four of the ventral aspect using a 33 gauge needle (Figure 5). Three 
insects were injected per HoCV-3’Rz construct. After injection the insects were put in cages with a basil plant for 
one week, and then RNA collected as a treatment group. For feeding assays we used basil cuttings approximately 
five cm in length and submerged the cut end in a suspension of cell pellet and supernatant of approximately 
1.5mL volume. Three insects per treatment were given an acquisition period of three days on the basil cuttings, 
then moved to basil plants for four days, after which RNA was extracted from each group. One-tube RT-PCR 
was used to detect infection with primer pairs specific to inter-genomic region 1 and coat protein of HoCV-1. 
The positive control was GWSS RNA from a naturally infected insect. All treatment groups tested negative for 
HoCV-3’Rz (Figure 6).  Unfortunately, these data showed no evidence for replication of our HoCV-1 in adult 
GWSS. 

Figure 2.   Potential insertions  sites  for expression of foreign 
proteins and RNAs from the  RhPV and HoCV-1 genomes.   Genome 
organization shows ORF 1 (orange) and ORF 2 (green)  which 
encode proteins separated by cleavage sites indicated at estimated 
positions by  vertical lines.  Precise cleavage sites, estimated by 
alignment are labeled by the first amino acid downstream of the 
cleavage (e.g. P241 = proline at amino acid 241 in ORF 1).   A1226 
and S642 cleavages are from  Nakashima and Nakamura (2008).   We 
predict Q219 using alignment in Nayak et al. (2010), and G277, 
G359 using VP structures in Tate et al. (1999).  Sequence encoding 
the protein of interest (e.g. toxin or fluorescent protein) indicated by 
red box (protein X) may be inserted at as a separate ORF, preceded 
by the IGR IRES (blue) at noncoding regions (gray bars) at sites 
indicated by dashed lines.  Host RNA  sequences can also be inserted 
at these sites  for the RNAi strategy (objective 3). Alternatively, 
protein X coding region can be inserted  within ORFs, at cleavage 
sites indicated by solid lines. Predicted functions of polyprotein 
cleavage products are viral suppressor of RNAi (VSR), helicase 
(hel), picornavirus-like protease 3A (3A), genome-linked protein 
(VPg), 3C-like protease (pro),  RNA-dependent  RNA polymerase 
(RdRp), virion proteins (VP1-4).  Non-coding  features include the 
VPg protein (sphere), 5' untranslated region IRES (5' UTR IRES), 
intergenic region IRES (IGR IRES), and poly(A) tail [(A)n)]. 

1 2 

Figure 3. Lanes contain 1; FHV-
inoculated S2 cells, 2; FHV-
inoculated GWSS Z-15 cells. 
Arrows at left indicate FHV RNAs 
1, 2 and 3, from top to bottom, 
respectively. RNA 3 is a 
subgenomic RNA from replicating 
RNA 1. 

Our failure to transmit HoCV-1 from initially infected Z-15 cells suggested that something was wrong with our 
virus construct.  We used transmission electron microscopy to assess HoCV-1 transfected Z-15 cells and failed to 
find virus particles in cells, even in those cells that were RT-PCR positive.  Thus, although our data suggested 
HoCV-1 replication in Z-15 cells, HoCV-1 virus particles were not formed.  This could explain our inability to 
transfer HoCV-1 from Z-15 cells to whole insects. 

We attempted to engineer HoCV-1 cDNAs to contain and express GWSS cDNA sequences that could be used at 
least for RNA silencing studies in GWSS Z-15 cells. Hairpin RNAi cassettes against GFP (control), GWSS actin, 
and GWSS chitin deacetylase have been completed in the pGEM-13Zf+ vehicle (Figure 7).  Sequences were 
verified by linearizing with an enzyme in the hairpin region (Xho I, Sac I, Sac II, Nru I, or Nar I) and sequencing 
linear templates.  Hairpin RNAi cassettes can be transferred directly from the pGEM-13Zf+ vehicle to the 
HoCV1-3’ Rz infective clone utilizing the enzyme XbaI to complete infective HoCV1-3’Rz clones carrying the 
RNAi cassettes.  Due to time and funding constraints, we failed to complete this part of the project. 
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Figure 5. Injection of adult GWSS. 

 
  

   

 
 

  

Figure 4. FHV infected S2 cells examined by fluorescence microscopy. 
S2 cells on the left panel were transfected with the plasmids that express 
FHV RNA1, FHV RNA2 and FHV DI RNA that contains GFP sequence. 
The transfected cells were collected, frozen and thawed 3 times, and 
filtered through a filter with 0.22um pores. The S2 cells on the right 
panel were inoculated with the cell lysate. The arrows indicate the cells 
expressing GFP from FHV DIeGFP. 

Figure 6. One-tube RT-PCR amplifying a segment of HoCV1 IGR (left) or coat protein 
(right) from insects that  were fed transfected  Z15 cell suspensions. Results  from injection were 
identical. Treatments  were  Z15 cell transfected  with constructs of HoCV1 infectious clones. 
1. HoCV-3’Rz 2. HoCV-3’Rz old 3. Rz-HoCV-3’Rz 4. Rz-HoCV-3’Rz old 5. Mutant Rz-
HoCV-3’Rz 6. Elongation  factor RNA 7. Transfection buffer Z15 cells 8. No treatment Z15 
cells 9. Naturally infected HoCV1 GWSS 10. No template  control. 

Figure 7. Positive pGEM-13 Zf+ clones obtained carrying hpRNAi cassettes against GFP, GWSS 
actin, and GWSS deacetylase.  Approximate sizes of hpRNAi when released from the vector are: 
GFP-900 bp; Actin Old-2060 bp; Actin New-1080 bp; Chitin Deacetylase-704 bp. 
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CONCLUSIONS 
We have developed a complete cDNA copy of the HoCV-1 genomic RNA.  We can deliver in vitro-generated 
transcripts to cultured GWSS Z-15 cells and induce cytopathology and show evidence for limited replication.  We 
have not yet been able to achieve similar results in whole GWSS insects. We also have not been able to detect 
HoCV-1 virus particles in inoculated Z-15 cells.  Taken together these data suggest that we need to improve and 
re-engineer the HoCV-1 cDNA, and/or delivery methods.  We will attempt to accomplish this during the 
upcoming year. 
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ABSTRACT 
The overall goal of this project is to identify and study targets within the endocrine system of the glassy-winged 
sharpshooter (GWSS) that can be used to control GWSS or reduce its vector competence.  Juvenile hormone (JH) 
and molting hormones are key regulators of the insect endocrine system.  The presence of JH in the insect 
hemolymph at low nanomolar levels maintains the status quo so that a juvenile insect will remain in the juvenile 
stage (e.g., nymph) during a molt.  Minor changes in the status quo level of JH, however, can result in dramatic 
changes in development or cause death.  Here we investigated two complementary approaches to alter the status 
quo level of JH.  In our first approach, we cloned and characterized a JH-selective epoxide hydrolase-encoding 
gene, hovimeh1. The purpose is to develop hovimeh1 as a selective and potent target for gene silencing.  In our 
second approach, we determined the efficacy and effects of JH analog (JHA) insecticides against GWSS. JHA 
insecticides are green compounds that mimic the action of JH and selectively disrupt the insect endocrine system. 
In terms of mode of action, the effects of JHA application and knockdown of the hovimeh1 gene are similar in 
that both approaches enhance “JH action” during periods of developmental when endogenous JH levels are 
exceptionally low. 

LAYPERSON SUMMARY 
Insects possess a simple endocrine system but one that is highly sensitive to minor changes.  The overall goal of 
our project is to study and exploit targets within the endocrine system of the glassy-winged sharpshooter (GWSS) 
that can be used to control GWSS or reduce its ability to spread Pierce’s disease.  Juvenile hormone (JH) is a key 
component of the insect endocrine system.  Minor changes in JH levels can result in dramatic changes in 
development, reproduction, behavior, and other insect biology.  In this project we are taking two complementary 
approaches to target the JH regulatory system of GWSS.  Our direct approach is to test the effects of various, 
commercially available, juvenile hormone analog insecticides against nymphal GWSS.  Our indirect approach 
involves the identification and characterization of an enzyme called epoxide hydrolase that selectively 
metabolizes JH. The objective of this approach is to eventually use the gene encoding this epoxide hydrolase as a 
target for gene knockdown.  If we can knock down this gene, the metabolism of JH should be significantly 
reduced so that JH levels do not fall below the threshold level that is required for normal insect development.  The 
predicted result is abnormal development and death. 

INTRODUCTION 
Insect development is precisely regulated by the relative titers of juvenile hormone (JH) and molting hormones. 
JHs form a family of sesquiterpenoids (Figure 1A) that regulate key biological events in insects including 
reproduction, behavior, polyphenisms, and development (reviewed in Riddiford, 2008).  Minor disruption of an 
insect’s hemolymph JH levels can result in death or dramatic alterations in development.  Juvenile hormone 
analog (JHA) insecticides such as methoprene, fenoxycarb, and pyriproxyfen (Figure 1B) are green compounds 
that selectively target the insect endocrine system by mimicking the biological action and/or structure of JH 
(reviewed in Dhadialla et al., 2005).  When pest insects are exposed to JHA insecticides at a time during 
development when JH titer is normally undetectable, abnormal nymphal-pupal development and/or death is 
induced. JHA insecticides can selectively target insects within an order or even at the family level. This level of 
selectively is not obtained with more classical insecticides.  High target selectivity is one reason that JHA 
insecticides are considered to be exceptionally safe. 

The timely metabolism of JH by two hydrolytic enzymes, JH esterase (JHE) and JH epoxide hydrolase (JHEH), is 
critical for maintaining appropriate JH titers during development.  When the enzymatic activity of JHE is 
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inhibited by a chemical inhibitor, developmental abnormalities are induced (Abdel-Aal and Hammock, 1985). 
These abnormalities are similar to those caused by JHA insecticides.  Chemical inhibition of JHE putatively 
results in JH titers that are not below the threshold required for normal development.  Similarly, we hypothesize 
that inhibition of JHEH will also cause abnormal nymphal-pupal development and/or death of GWSS.  In this 
project we are focusing our efforts on the cloning and characterizing the JHEH of GWSS, an enzyme that 
metabolizes the epoxide moiety that is found on all known JHs. 

Gene silencing mediated by RNA interference (RNAi) is an effective method to knock down the activity of a 
targeted gene (reviewed in Huvenne and Smagghe, 2010).  Recent studies show that RNAi effects can be induced 
in insects that feed on artificial diets containing double-stranded RNA (dsRNA) or even on transgenic plants that 
express dsRNAs (reviewed in Price and Gatehouse, 2008). These findings suggest a new and highly selective 
method of plant protection.  One manifestation of this approach might be to generate a transgenic grapevine that 
expresses an appropriate effector RNA (and secretes this RNA into the xylem for systemic spread).  Scion from 
this transgenic grape could then be grafted onto plants in the field as a form of ‘inoculation’ against the Pierce’s 
disease causing bacterium.  Our collaborator, Bryce Falk, has recently shown that RNAi is effective in cultured 
GWSS cells (Rosa et al., 2010) and in whole insects (Rosa et al., 2012).  A key requirement of any RNAi 
approach is the identification of a suitable target.  We believe that genes that encode proteins such as JHEH and 
JHE will be ideal targets for RNAi-based control strategies because they are insect selective and essential for 
normal insect development.  In this study we have cloned and characterized a JHEH encoding cDNA (hovimeh1) 
from GWSS.  We believe that the hovimeh1 gene is an excellent target for developing an RNAi-based control 
strategy for GWSS. 

OBJECTIVES 
I. Investigate the delayed effects of low dose JHA insecticide exposure 

A. Determine sublethal dose in eggs and 1st instar nymphs 
B. Evaluate delayed effects of sublethal exposure on egg development 
C. Evaluate delayed effects of sublethal exposure on nymph development 

II. Characterize recombinant JHEH from GWSS 
A. Clone full-length jheh gene of GWSS 
B. Biochemically characterize recombinant JHEH 
C. Screen JHA insecticides for JHEH inhibitory activity 

RESULTS AND DISCUSSION 
We have established a simple yet robust bioassay protocol to test the efficacy of JHA insecticides and assess 
nymphal development times. The assay is based on a single basil plant and developmentally synchronized insects 
(Figure 2A).  Using this assay, we have determined precise nymphal developmental times (see Figure 2B) under 
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standard assay conditions. These data are a critical for life history assessments following low dose exposure 
experiments.  We found that low dose exposure (i.e., 5.0 ppm for one hour) to methoprene during the 1st nymphal 
instar increased the duration of the 5th nymphal instar by up to two-fold.  This finding is exciting because it 
indicates that short, low level exposure to a JHA insecticide can have long term (longer than four weeks) effects 
through multiple instars in GWSS.  The implication is that although low-level exposure to JHA insecticides will 
not result in quick kill or even knockdown, it will alter normal GWSS development so that its competence as a 
disease vector is reduced.  We also found that the duration of the 1st instar of GWSS is increased by up to one day 
(17% longer than untreated controls) following exposure to methoprene concentrations as low as 0.5 ppm.  When 
5th instar nymphs were exposed to 5.0 ppm of methoprene, the duration of the 5th instar was extended by about 
two days (21% longer in comparison to untreated controls).  Interestingly, exposure of 5th instars at 5.0 ppm 
resulted in tremendous variation in the length of the 5th instar with some nymphs remaining as 5th instars for more 
than 20 days. These results also suggest that some insects retain the highly non-polar methoprene within their 
tissues resulting in the induction of long-term biological effects. 

In order to confirm and quantify the activity of JH metabolic enzymes in GWSS, both JHEH and JHE enzyme 
activity levels in the hemolymph of 5th instar GWSS nymphs were measured.  A partition assay (Hammock and 
Sparks, 1977) was used to determine the specific activity of HoviJHEH for JH III (PerkinElmer and Sigma-
Aldrich).  The assay time and/or enzyme concentration were adjusted so that no more than 10% of the substrate 
was metabolized during the incubation period. The assays were performed in triplicate and repeated at least three 
times for each concentration of substrate. JHE activity was highest at days six, seven, and eight of the 5th instar 
with values of 24.4±3.5, 21.8±1.9, 22.7±2.4 pmol of JH acid formed per min per ml of hemolymph, respectively. 
In contrast, JHE activity was dramatically lower outside of these days. This low JHE activity may help to explain 
the exceptional sensitivity that nymphal GWSS showed towards methoprene. JHEH activity was consistently 
lower than JHE activity and showed a peak of 9.3±1.7 pmol of JH diol formed per min per ml of hemolymph at 
day six of the 5th instar. 
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In order to identify the coding sequence of JHEH, total RNAs were isolated from nymphs (at days six, eight, or 
ten of the 5th instar), and these RNAs were used to generate first strand cDNAs for 3’-RACE to identify the 3’-end 
and 3’-UTR of potentially JHEH-encoding cDNAs. On the basis of the 3’-end sequence, several gene-specific, 
nested primers were designed for 5’-RACE to identify the 5’-UTR and 5’-end of potentially JHEH-encoding 
cDNAs.  On the basis of the 3’- and 5’-RACE results two gene-specific primers were designed and used to 
amplify a full-length cDNA that we named hovimeh1 (Figure 3A). 

Hovimeh1 is 1,668 nts-long and contains a 1,374 nts-long open reading frame flanked by 5’- and 3’-UTR 
sequences that are 174 and 101 nts-long, respectively.  The deduced protein, Hovi-mEH1 (Figure 3A), of 
hovimeh1 is 459 amino acid residues long and has a predicted mass of 52,108 Daltons and pI of 7.00.  A putative 
membrane anchor domain (IKGVLVSVLVVVSAVALGLYIDY) of 23 amino acid residues is predicted by 
SOSUI v. 1.11 (Hirokawa et al., 1998) at the amino terminal of HoviJHEH.  The catalytic residues of Hovi-mEH1 
are predicted to be D-277, H-432, and E-405.  In addition, core and lid domains, and an oxyanion hole motif that 
are found in known EHs are conserved in Hovi-mEH1.  Phylogenetic analysis shows Hovi-mEH1 in a clade with 
two hymenopteran and siphonapteran EHs (Figure 3B).  The deduced amino acid sequence of Hovi-mEH1 shows 
approximately 50% identity with Nasvi-EH1 and AmJHEH (but also 44-54% identity with other EHs that were 
investigated). 

In order to characterize the protein encoded by hovimeh1, the coding sequence of hovimeh1 was PCR-amplified 
and the resulting amplicon was subcloned into the baculovirus transfer vector plasmid pAcUW21 generating 
pAcUW21-hovimeh1.  pAcUW21-hovimeh1 was subsequently transfected with Bsu36I-digested BacPAK6 
baculovirus DNA (Clontech) into Sf-9 cells using Cellfectin Transfection Reagent (Invitrogen).  This transfection 
generated AcHovimEH1, a recombinant baculovirus expression vector expressing recombinant Hovi-EH1. 
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AcHovimEH1 was isolated from the supernatant of the transfected Sf-9 cells by three rounds of plaque 
purification on Sf-9 cells.  The recombinant Hovi-mEH1 protein was produced in insect High Five cells (1 x 106 

cells ml-1) that were inoculated with AcHovimEH1 at a multiplicity of infection of 0.8 and collected at 72 hours 
post inoculation. Microsomes were prepared from the infected High Five cells as described previously (Kamita et 
al., 2011) and stored at -80ºC until use.  The protein concentration of the microsomal preparation was determined 
by the Bradford method using bovine serum albumin as a standard.  The relative amount of Hovi-mEH1 in each 
preparation was analyzed by SDS-PAGE as described previously (Kamita et al., 2011). 

The partition assay described above was used to determine the specific activity of Hovi-mEH1 for JH III.  The 
kinetic constants (Michaelis constant (KM) and Vmax) of Hovi-mEH1 for JH III were determined using eight 
different concentrations of substrate (642 to 20,014 nM) that flanked the estimated KM value.  The reaction was 
repeated at least three times for each substrate concentration. The KM and Vmax were calculated using the Enzyme 
Kinetics module 1.1 of Sigma Plot (Systat Software). An estimated molecular weight of 52,108 Daltons was used 
to calculate the turnover value (kcat) of Hovi-mEH1 for JH III. 

Confirmation of the enzymatic activity of Hovi-mEH1 is critical because the GWSS transcriptome (Nandety and 
Falk, unpublished) and insect genomes in general (Tsubota et al., 2010; Crone et al., 2007) commonly carry 
multiple genes that appear to encode biologically authentic JHEH (or JHE).  Although multiple genes are 
commonly found, only one of these genes encodes a biologically functional JHEH or JHE whereas the other 
genes may encode a general epoxide hydrolase or esterase with non-specific substrate preference, or a pseudo 
gene.  By confirming that the hovimeh1 encodes authentic GWSS JHEH, we can selectively target hovimeh1 and 
not other EH-encoding genes in order to minimize off-target effects within not only GWSS and but other 
organisms. 

The Vmax of Hovi-mEH1 for JH III was 18.7±1.1 nmol of JH III diol formed min-1 mg-1 when determined in 100 
mM sodium phosphate, pH 8.0, at 30ºC.  This rate was about three-fold lower than that found with recombinant 
JHEHs from the lepidopterans Manduca sexta (Wojtasek and Prestwich, 1996) and Bombyx mori (Zhang et al., 
2005), and five-fold lower than that of the coleopteran Tribolium castaneum (Tsubota et al., 2010).  The KM and 
kcat values of Hovi-mEH1 for JH III were 5,400±830 nM and 0.02 s-1, respectively.  In comparison, the KM of 
Hovi-mEH1 for JH III was 23- and 10-fold higher than that of M. sexta and B. mori, respectively.  The turnover 
(i.e., kcat) of JH III by Hovi-mEH1 was similar (about 2-fold lower) to these JHEHs.  Biochemical characterization 
of Hovi-mEH1 with other substrates is described in detail in our recent publication (Kamita et al., 2013). 

CONCLUSIONS 
In this study, we found that low dose exposure to JHA insecticides such as methoprene results in long-term effects 
that project through multiple instars.  Additionally, we identified a gene (hovimeh1) that encodes a biologically 
authentic JHEH.  We propose hovimeh1 as a target for future gene knockdown studies for control of GWSS. 
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ABSTRACT 
Xylella fastidiosa (Xf) is an important phytopathogen that infects a number of important crops including citrus, 
almonds, and coffee.  The Xf Temecula strain infects grapevines and induces Pierce’s disease.  We recently 
deleted the Xf PD1311 gene and found that the strain was no longer pathogenic.  Based on sequence analysis, 
PD1311 appears to encode an acyl CoA synthetase, which is a class of enzymes involved in many different 
processes including secondary metabolite production. Given the critical role of PD1311 in Pierce’s disease 
development, we are exploring how it induces its phenotype.  In addition, we are testing the ∆PD1311 strain as a 
potential biocontrol for preventing Pierce’s disease. 

LAYPERSON SUMMARY 
We discovered that deleting the Xylella fastidiosa Temecula gene, PD1311, results in a strain that does not induce 
Pierce’s disease. This project will examine how PD1311 plays such a central role in disease.  Given the 
importance of Pierce’s disease, it is critical to understand how PD1311 exerts its effects.  In addition, we will 
determine if the strain deleted for PD1311 can function as a biocontrol.  Options for managing Pierce’s disease 
are limited, which makes possible new biocontrols critically important. Together the results from these aims will 
expand our understanding of Pierce’s disease and provide information in relation to preventing disease. 

INTRODUCTION 
Xylella fastidiosa (Xf) is a Gram-negative, xylem-limited bacterium that causes Pierce’s disease (PD) of 
grapevines (Chatterjee et al., 2008a). Xf is transmitted to plants by insect vectors and once in the xylem, Xf is 
postulated to migrate, aggregate, and form biofilm that clogs the vessels leading to Pierce’s disease.  We, and 
others, have studied Xf proteins and regulators involved in these steps (Guilhabert and Kirkpatrick 2005, Meng et 
al., 2005, Feil et al., 2007, Li et al., 2007, Shi et al., 2007, da Silva Neto et al., 2008, Cursino et al., 2009, Cursino 
et al., 2011) with the goal of better understanding PD in order to develop prevention strategies. 

While the steps leading to blocked vessels appear to be key to disease, we wanted  to explore if additional 
virulence factors facilitate symptoms.  Of particular  interest were genes with  potential roles in secondary 
metabolite production. We  explored a Xf gene, PD1311, that is annotated as  a putative peptide  synthase (Altschul 
et al., 1990) or AMP-binding enzyme (Punta et al., 2012).  PD1311 has  the three  motifs found in adenylate-
forming enzymes (Figure 1), also known as  the ANL superfamily, which is composed of ACSs (acyl- and aryl-
CoA synthetases), NRPS (nonribosomal peptide synthetase) adenylation domains, and Luciferases (Chang et al., 
1997, Gulick 2009). Xf does not  have luciferase activity, nor the domains and  size of NRPS megaenzymes 
(Strieker et al., 2010), suggesting that PD1311 is potentially an ACS.  The most studied bacterial ACS is the 
Escherichia coli FadD, which catalyzes exogenous long-chain fatty acyl-CoA from fatty acid, coenzyme A, and 
ATP (Black et al., 1992).  ACS  metabolite  intermediates are involved in ß-oxidation and phospholipid 
biosynthesis, and ACS proteins  are also implicated in cell  signaling, protein transportation, and protein acylation 
(Korchak et al., 1994, Glick et al., 1987, Gordon et al., 1991).  Importantly, ACSs are known to be  involved in 
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virulence factors, such as the Xanthomonas campestris ACS FadD homolog, RpfB, which appears to be involved 
in production of quorum-sensing molecule, DSF (diffusible signal factor) (Barber et al., 1997).  We discovered 
that deleting PD1311 results in a nonpathogenic strain when inoculated in grapevines, indicating that PD1311 is 
fundamental for Pierce's disease development. 

Figure  1. Sequence comparison of PD1311 to acyl-adenylate-forming enzyme 
superfamily signature motifs. For each motif, consensus sequence (bold) is shown above 
PD1311 (unbold) sequence with amino acid numbers in parenthesis.  Motifs I/II are for 
ATP binding.  Motif III is for substrate binding and catalysis at the invariant aspartate 
(Chang et al., 1997, Ingram-Smith et al., 2012). 

Given our findings with the ΔPD1311 strain, we propose it has potential as a biocontrol for Pierce’s disease.  The 
weakly virulent Xf elderberry strain EB92-1 has been studied as a potential Pierce’s disease biocontrol (Hopkins 
2005, Hopkins 2012).  Other approaches include naturally resistant rootstocks (Cousins and Goolsby 2011) or 
transgenic varieties (Dandekar 2012, Gilchrist and Lincoln 2012, Kirkpatrick 2012, Labavitch et al., 2012, 
Lindow 2012, Powell and Labavitch 2012).  However, continued research for Pierce’s disease controls is 
warranted.  Given the avirulent phenotype of the ΔPD1311 strain, understanding how PD1311 orchestrates the 
disease response may also provide key insights into Pierce’s disease development. 

OBJECTIVES 
The overall goal of this project is to understand how the PD1311 protein influences virulence, and test if the 
PD1311 mutant strain functions as a biocontrol for Pierce’s disease. To examine these questions, we propose the 
following: 
1. Characterize the Xf ΔPD1311 mutant. 

a. Complete in vitro behavioral assays critical for disease. 
b. Determine the role(s) of PD1311 in producing virulence factor(s). 

2. Determine the effectiveness of ∆PD1311 Temecula strain as a biological control of Pierce’s disease. 
a. Determine conditions for biological control. 
b. Examine spread of ∆PD1311 and wild-type strains simultaneously. 

RESULTS AND DISCUSSION 
1. Characterize the Xf ∆PD1311 mutant. 
1a. Complete in vitro behavioral assays critical for disease. 
We deleted 1308bp of the 1695bp PD1311 gene in Xf Temecula1 by double cross-over recombination of upstream 
and downstream flanking sequences of the target gene and replacement with a kanamycin cassette (Shi et al., 
2009).  The mutant was successfully complemented as previously described (Cursino et al., 2011).  In a growth 
curve, the ∆PD1311 and complemented strains grew equal to wild-type Xf (data not shown), suggesting that 
PD1311 is not critical for basic metabolism.  Key processes leading to Pierce’s disease are motility, aggregation, 
and biofilm formation (Chatterjee et al., 2008a), and therefore we are examining these behaviors in the ∆PD1311 
strain.  Such information will help us determine if PD1311 exerts its effects by common virulence methods or has 
more specialized function. 
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i)  Motility. 
Weakly virulent strains have been found that are less motile than wild-type Xf strains (Cursino et al., 2009).  Our 
preliminary results show that ∆PD1311 motility may be modestly affected, as examined by colony fringe assay 
(Figure 2); fringe around the bacterial colony directly correlates with type IV pilus twitching motility (Meng et 
al., 2005, Li et al., 2007).  Given the potential reduced motility and that in grapevines Xf migrates against the 
transpiration stream (Meng et al., 2005), we will assess the speed of cells in microfluidic chambers and plants 
(Meng et al., 2005, de la Fuente et al., 2007a, de la Fuente et al., 2007b). 

Figure  2. Motility of ∆PD1311 mutant strain. Colony fringes of wild-type (Xylella-wt), mutant 
(Xylella∆PD1311), and complemented mutant (Xylella∆PD1311comp) strains were assayed on PW 
agar overlaid with cellophane.  Colonies were assessed after five days of growth (Meng et al., 2005, Li 
et al., 2007).  Colonies photographed at 90X magnification.  Experiment was repeated three times. 

ii) Aggregation and biofilm formation. 
Cell  aggregation is a critical step in biofilm formation, which is proposed to clog xylem  vessels and prevent 
transport of nutrients  and water resulting in Pierce’s disease (Chatterjee et  al., 2008a).  To study a ggregation the 
bacteria was grown in  test tubes for  five days in three ml PD2 (Davis et al., 1980).  After five days the OD540 was 
recorded (ODT) and  the bacteria resuspended before recording the OD (ODS) again.  The percent  aggregation was 
calculated  as [(ODT- ODS)/ ODT] x 100 (Burdman et al., 2000, Shi et al., 2007).  Our studies showed that the 
∆PD1311 strain has decreased aggregation in comparison to wild-type and complement strains (P<0.03) 
(Figure 3).  We then examined biofilm production using a 96-well crystal violet assay (Zaini et al., 2009).  In line 
with the aggregation findings, the ∆PD1311 strain appears  to produce  less biofilm than wild-type Xf (P<0.0001) 
(Figure 4).  Decreased biofilm production generally correlates with  decreased pathogenicity (Cursino et al., 2009, 
Shi et al., 2009, Cursino et al., 2011).  However previously examined mutants that have reduced biofilm do not 
eliminate disease, unlike ∆PD1311.  This  result suggests that  other factors besides altered biofilm production are 
involved in ∆PD1311  avirulence. 

1b. Determine the role(s) of PD1311 in producing virulence factor(s). 
Our preliminary results suggest that PD1311 affects virulence by methods beyond motility and biofilm formation, 
which are fundamental processes in Pierce’s disease (Chatterjee et al., 2008a).  Many bacteria produce secondary 
products that are critical to their pathogenic responses (Raaijmakers and Mazzola, 2012).  In terms of Xf, these 
molecules may be involved in pathogen regulation or secondary metabolite production. The Xf DSF is a quorum-
sensing product that coordinates motility, biofilm formation, and virulence (Chatterjee et al., 2008a). Xf is 
postulated to have multiple DSF products of which the known ANL protein, RpfB, appears only to be involved in 
the production of a subset (Almeida et al., 2012).  Given that PD1311 appears to be an ANL member, it may also 
play a role in DSF production in conjunction with RpfB or in another DSF product.  Determining if PD1311 is 
involved in DSF production will either place PD1311 within the growing class of Xf quorum-sensing associated 
molecules (Almeida et al., 2012) or direct our studies to other areas of ACS involvement. 
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Figure 3. Aggregation of ΔPD1311 mutant strain. Aggregation of wild-type (Xylella), mutant 
(XylellaΔPD1311) and complemented mutant (XylellaΔPD1311comp) strains were assayed in test 
tubes (Burdman et al., 2000, Shi et al., 2007). The experiment was repeated three times. 

Figure  4. Biofilm formation by ΔPD1311 mutant strain. Quantification of biofilm formation in 
96 well plates for wild-type (Xylella-WT), mutant (XylellaΔPD1311), and complemented mutant 
(XylellaΔPD1311complemented) strains (Zaini et al., 2009). The experiment was repeated three 
times with 24 replicates each. 

To determine if PD1311 alters DSF production wild-type Xf and the ΔPD1311strain were streaked onto PW agar 
plates (Davis et al., 1981) for eight days to allow production of DSF.  The Xanthamonas campestris campestris 
(Xcc) indicator strain 8523 (kindly provided by Prof. Steven Lindow, UC Berkeley) was streaked perpendicular to 
either the wild-type or ΔPD1311 for 24 hours (Newman et al., 2004). A suspension was made of the Xcc strain 
8523 cells and fluorescence was visualized using a confocal microscope.  Our findings showed no alterations in 
DSF production by the ΔPD1311 strain suggesting that PD1311 is not involved in quorum sensing molecule 
production (data not shown). 

Objective 2.  Determine the effectiveness of the ΔPD1311 Temecula strain as a biological control of Pierce’s 
disease. 
When we tested the PD1311 strain in planta we found that deleting it eliminated disease (Figure 5). As plants 
were started late in the season and the buffer control began to show signs of senescence around week 14, we do 
not believe the post-week 14 disease rating of ΔPD1311 was true Pierce’s disease. These results indicate that 
PD1311 product is critical for Pierce’s disease symptoms 
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Figure 5. Development of Pierce’s disease. Grapevines were inoculated with wild-type Xf (diamond), 
ΔPD1311 strain (circle), and buffer as a negative control (square). Symptoms were monitored on 10 plants 
for each treatment over a period of 20 weeks and rated on a scale of 0-5 (Guilhabert and Kirkpatrick 2005, 
Cursino et al., 2009). Plants were started late in the season and the buffer control showed symptoms at week 
14, suggesting that ΔPD1311 symptoms may be due to senescence and not Pierce’s disease. 

We believe that the ΔPD1311 strain may act as a biocontrol as it appears to have an impact on wild-type Xf cells 
in relationship to an important Pierce’s disease trait, biofilm formation.  We have wild-type Xf cells constitutively 
expressing green fluorescent protein (wt-GFP) (kindly provided by Prof. Steven Lindow, UC Berkeley).  We have 
used this strain before in a number of behavioral assays and found it to function like wild-type Xf (data not 
shown).  To determine if ΔPD1311 affected biofilm formation by wild-type strain Temecula Xf, half the cells 
were wt-GFP and the other half were either non-fluorescent wild-type or the ΔPD1311 strain.  As stated above, 
wild-type cells produce more biofilm than the ΔPD1311 strain (Figure 4) so mixtures of wt-GFP/ΔPD1311 
should have equal or greater fluorescence than mixtures of wt-GFP/wt, if the strains did not impact each other. 
We observed that the wt-GFP/ΔPD1311 mixture had less fluorescence than the wt-GFP/wt mixture (Figure 6), 
suggesting that the ΔPD1311 strain has an ability to reduce the virulence-associated biofilm produced by wt Xf. 

2a. Determine conditions for biological control. 
To determine if the ΔPD1311 strain can act as a biocontrol we have begun in planta studies. First, we have 
grapevines infected with the ΔPD1311 strain from 2012 that were allowed to grow for 20 weeks post-inoculation 
and were placed in dormancy. We then inoculated these vines with the wild-type strain.  Second, we inoculated 
plants with wild-type Xf after a short pre-treatment with the ΔPD1311 strain, following procedures used in Xf 
elderberry EB92.1 strain biocontrol studies (Hopkins 2005); the ΔPD1311 strain treatment was given 
approximately two weeks before inoculation with wild-type Xf. Third, the wild-type and the ΔPD1311 strains 
were inoculated simultaneously.  Fourth, we inoculated vines with the wild-type strain for approximately two 
weeks followed by ΔPD1311. These various treatments with their appropriate controls will allow us to assess the 
effectiveness of the ΔPD1311 strain as a biocontrol and provide appropriate treatment protocol information. 
However, due to uncontrollable circumstances in the greenhouse that affected plant growth, we doubt that 
conclusive results on the effectiveness of biological control will be obtained this year. Inoculations will be 
performed again next spring. 

- 45 -



  
     

  
 

    
   

  
 

   
   

 

 

 

     

 

 
 

 
 

  

 

 
   

Figure  6. Mutant strain impact on wild-type strain biofilm formation. Quantification 
of biofilm in 96 well plates with agitation with equal amounts of wild-type Xf constitutively 
expressing green fluorescent protein (wt-GFP) and either wild-type Xf or the ΔPD1311 strain 
ΔPD1311). The experiment was performed once with 24 replicates.  Fluorescence is in 
artificial units. 

2b. Examine spread of ΔPD1311 and wild-type strains simultaneously. 
We will soon begin organizing the experiments in order to address objective 2b. 

CONCLUSIONS 
Xf motility, aggregation, and biofilm formation are key steps in Pierce’s disease development (Chatterjee et al., 
2008a).  PD1311 appears to play a role in biofilm formation, aggregation, and maybe motility.  Other functions 
presumably explain its nonpathogenic response, as unlike ΔPD1311, Xf mutants with modified motility or biofilm 
still induce some disease (Cursino et al., 2009, Shi et al., 2009, Cursino et al., 2011). Because the ΔPD1311 strain 
appears to impact biofilm production by wild-type Xf, it may alter wild-type-induced disease in vivo. We will 
complete greenhouse studies within the next year to determine if the ∆PD1311 strain can block Pierce’s disease 
development by wild-type Xf. We are currently performing studies to better understand the role of PD1311. 
Overall, this work will help further understanding of disease development and prevention. 
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ABSTRACT 
The transcriptional regulator gcvR of Xylella fastidiosa (Xf) is a putative pathogenicity gene. To elucidate the role 
of gcvR in Pierce’s disease, mutant XfΔgcvR and complementary XfΔgcvR-C strains were constructed. The 
genetically-modified strains and wild-type Xf were inoculated into Cabernet Sauvignon grapevines.  Three months 
after inoculation, grapevines inoculated with wild-type or XfΔgcvR-C showed typical Pierce’s disease symptoms 
while plants inoculated with XfΔgcvR showed very mild symptoms. Quantitative PCR assays demonstrated that 
Xf titers in grapevines inoculated with wild-type or XfΔgcvR-C strains were significantly higher than that of 
grapevines inoculated with XfΔgcvR. In vitro studies showed that while all Xf strains had similar growth curves, 
XfΔgcvR exhibited significant reduction in biofilm formation. The results suggest that the knockout of gcvR in Xf 
reduces colonization of grapevines, resulting in reduced pathogenicity. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf) is a plant pathogenic bacterium that causes Pierce’s disease in grapevine. The virulence 
regulator, gcvR, is known to coordinate expression of virulence-related factors responsible for cellular aggregation 
and biofilm formation of Xf in host plants. The characterization of the virulence regulator gcvR of Xf improves 
the understanding of how Xf causes Pierce’s disease. 

INTRODUCTION 
Xylella fastidiosa (Xf) is a xylem-inhabited bacterium that has been identified in 28 plant families including 
grapevine (Raju et al, 1983; Costa et al., 2004). Xf growth and multiplication require nutritional support from its 
host. Studies showed that xylem sap from Pierce’s disease susceptible grapevines provides better support for 
bacterial growth and biofilm formation than that from Pierce’s disease resistant grapevines (Perring et al., 2001 
and Chenge et al., 2009).  Although xylem sap is relatively diluted, it contains various amino acids, organic acids, 
inorganic ions, and proteins (Buhtz et al., 2004). It has been reported that there were certain amino acids (e.g. 
glycine) and organic acids (e.g. tartaric acid) that appeared to be important for Xf growth (Leite et al., 2004). In a 
recent study, exposure of Xf to xylem fluids collected from different Vitis genotypes resulted in significant 
differences in both planktonic growth, biofilm formation and virulence gene expression (Andersen et al., 2007, Bi 
et al., 2007a; Bi et al., 2007b, Chenge et al., 2009, Shi et al., 2013). These data suggested that the survival and 
biofilm formation of Xf were affected by the differential chemical components of xylem fluid. 

The analyses of the differentially expressed genes of Xf responding to xylem fluid showed that some virulence 
genes including transcriptional regulator, gcvR were greatly expressed in Pierce’s disease susceptible xylem fluid 
as compared in Pierce’s disease resistant xylem sap (Cooksey et al,. 2008; Shi et al., 2013). GcvR is a 
transcriptional regulator of the glycine cleavage operon in Escherichia coli (Wilson et al., 1993). It is the Gcv 
enzyme system that catalyzes the oxidative cleavage of intracellular glycine to NH3, CO2, and a one-carbon 
methylene group that is transferred to the acceptor, tetrahydrofolate, a major source of the biosynthesis of purines, 
thymine, and methionine (Kikuchi, 1973; Meedel and Pizer, 1974; Mudd and Cantoni, 1964). The expression 
activated by GcvR/GcvA complex depends on the presence of glycine (Wilson et al., 1993). The presence of 
glycine could disrupt the GcvA/GcvR complex, allowing GcvA to activate the synthesis of the glycine cleavage 
system.  The gcvR has been shown to have involvement enhancing of the ability of the bacterium to survive in 
low pH by up-regulating the levels of the alternate sigma factor RpoS (Ye et al, 2009). However, little is known 
about the contribution of GcvR-mediated regulatory pathways to Xf pathogenesis in the resistance/susceptibility 
host.  Since xylem-limited Xf is likely exposed to a various stresses such as changes in osmolarity and nutrient 
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starvation (Alves et al., 2004), it is expected that Xf may respond to these stresses through regulatory mechanisms 
involving specific regulatory genes.  The goal of this study is to elucidate the mechanisms of GcvR regulatory 
pathways that are involved in the pathogenicity of Xf. Here we report the creations of XfΔgcvR mutant and 
complementary XfΔgcvR-C strains, and the role of GcvR in biofilm formation and pathogenicity in grapevine. 

OBJECTIVES 
1. Constructions of the XfΔgcvR mutant and complementary XfΔgcvR-C strains. 
2. Assays of the role of gcvR in biofilm formation and pathogenicity of Xf in grapevine. 

RESULTS 
The generations of XfΔgcvR and XfΔgcvR-C in vitro. 
A site-directed deletion method (Shi et al., 2007) was used to construct an XfΔgcvR mutant. The physical 
replacement of the gcvR ORF from start condon ATG to terminal condon TAA with a gentamicin (GM) cassette 
in the genome of Xf was reconfirmed by PCR and sequencing analysis (data not shown). The chromosome-based 
genetic complementation strategy (Matsumoto et al, 2009) was employed with a chloramphenicol (CM) cassette 
to create the complementary XfΔgcvR-C strain (data not shown). Stable XfΔgcvR and XfΔgcvR-C strains were 
obtained from selection medium supplemented with 10 µg/ml GM or 10 µg/ml CM, respectively. The bacterial 
genotypes were confirmed by XfΔgcvR and XfΔgcvR-C strain specific primers. 

Pathogenicity of XfΔgcvR and XfΔgcvR-C 
Grapevines inoculated with Xf wild-type and XfΔgcvR-C showed the typical symptoms of Pierce’s disease 
(Figure 1).  In contrast, grapevines inoculated with XfΔgcvR developed very mild symptoms 12 weeks after 
inoculation (Figures 1 and 2). All diseased grapevines were detected Xf positive using an Xf specific PCR. 
Quantitative PCR assay showed that grape plants infected with Xf wild-type and XfΔgcvR-C contained similar 
level of bacterial titers but were significantly higher than that infected by XfΔgcvR. These data suggest the 
mutated gcvR may affect the survival of Xf inside the xylem, resulting in reduced pathogenicity. 

Figure 1. Pierce’s disease symptom of Cabernet Sauvignon grapevines inoculated with Xf wild-
type, XfΔgcvR, and XfΔgcvR-C. Grape plants infected by wild-type and XfΔgcvR-C showed severe 
Pierce’s disease symptoms while plants infected by XfΔgcvR had very mild symptoms.  All 
infected and control plants were confirmed by PCR. 
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Figure 2. Disease severity of grapevines inoculated with Xf wild-type, XfΔgcvR, and XfΔgcvR-C 
was evaluated three months post infection. Disease severity was scaled based on a visual symptom 
ranged from 0 to 5. The data is represented in average of five repeats. 

Physiological properties of XfΔgcvR and XfΔgcvR-C in vitro. 
In vitro growth curves showed that XfΔgcvR and XfΔgcvR-C reached the exponential and stationary phase in a 
manner similar to the wild-type (data not shown).  There was no obvious difference in colony morphology among 
all tested strains. The cells of Xf wild-type and XfΔgcvR-C attached to the wall of glass tubes and formed wide 
rings whereas XfΔgcvR cells showed much less ring formation (Figure 3).  Furthermore, biofilm formation by 
XfΔgcvR was five-fold less than that of Xf wild-type after ten days of static incubation measured by a crystal 
violet assay, while XfΔgcvR-C had significantly improved biofilm formation (Figure 4). This suggests that gcvR 
mutant reduces the ability of the surface attachment, resulting in the reduction in biofilm formation. 

Figure 3. Biofilm formation analysis of Xf wild-type, XfΔgcvR, and XfΔgcvR-C cells in PD2 broth. 
Xf cells attached to the inside wall of the glass tubes forming a ring. 
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Figure 4. Biofilm formation was evaluated at OD600nm in PD2 broth by a crystal violet assay method. 
All treatment groups were independently repeated three times. The significant differences were 
indicated at P < 0.05. 

CONCLUSIONS 
While the exact mechanism in which GcvR regulates pathways in Xf is not yet clear, we demonstrated that GcvR 
played an important role associated with the biofilm formation in vitro and pathogenicity in grapevines. Since 
gcvR was expressed high in xylem fluid of Pierce’s disease susceptible grapevine but low in Pierce’s disease 
resistant grapevines, it is needed to further investigate the regulatory mechanisms of gcvR influencing by xylem 
sap derived from Pierce’s disease resistant and susceptible grapevines. Identifications of expression gene profiles 
regulated by GcvR and the target components in Pierce’s disease resistant xylem fluid will reveal the mechanisms 
through which Xf -host plant interactions take place resulting in resistance or susceptibility. Xylem sap 
composition analysis also may be useful for screening grapevines for Pierce’s disease resistance. 
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ABSTRACT 
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF) that 
modulates gene expression in cells as they reach high numbers in plants.  By increasing the expression of a 
variety of afimbrial adhesins while decreasing the expression of pili involved in twitching motility as well as 
extracellular enzymes involved in degrading pit membranes and hence movement between vessels, DSF 
accumulation suppresses virulence of Xf in grape. We thus are exploring different ways to elevate DSF levels in 
plants to achieve disease control via “pathogen confusion.”  As exogenous sources of DSF applied in various 
ways to grape suppressed pathogen mobility and hence virulence we have further studied the chemical identity of 
DSF.  Preliminary evidence suggests that DSF is comprised of three closely related fatty acid molecules.  One 
component is 2-Z-tetradecenoic acid (hereafter called C14-cis) while a second compound termed C12-cis is 
apparently also produced.  The chemical identity of a third component is 2-Z-hexadecenoic acid (C16-cis) which 
seems to be the most active molecule. A Burkholderia strain capable of abundant growth and movement in grape 
has been identified and is being evaluated as a surrogate host for the production of DSF in grape to achieve 
disease control.  Gene expression in Xf exposed to various levels of DSF is a sensitive means of assessing DSF 
levels and Xf harboring phoA reporter gene fusions to hxfA has proven to be an excellent bioreporter.  The 
adhesiveness of wild-type strains of Xf grown in a minimal medium rapidly increases upon addition of DSF.  The 
extent of increase in the adhesiveness of the strain, as measured by binding to the walls of glass tubes, increases 
with concentration of DSF added.  Adherence of mutants of Xf to grape vessels is predictive of their virulence, 
indicating that adhesiveness is a major factor affecting the ability of Xf to cause disease.  Such adhesive assays 
should enable us to more rapidly screen transgenic plants for their resistance to Pierce’s disease as well the 
efficacy of chemical analogs of DSF to induce resistance. The release of extracellular membranous vesicles by Xf 
is responsible for the suppression of its adherence to surfaces. These vesicles attach to surfaces such as that of the 
walls of the xylem vessels. By so attaching, these vesicles prevent the attachment of Xf cells themselves to such 
surfaces.  Only upon reaching relatively high cell concentrations in a particular vessel would DSF concentrations 
increase to a level that would suppressed the release of the membranous vesicles, thereby retaining adhesive 
molecules on the surface of Xf cells themselves, thus allowing the bacterial cells themselves to attached to 
surfaces, such as that of insect vectors 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF). 
Accumulation of DSF in Xf cells, which presumably normally occurs as cells become numerous within xylem 
vessels, causes a change in many genes in the pathogen, but the overall effect is to suppress its virulence in plants 
by increasing its adhesiveness to plant surfaces and also suppressing the production of enzymes and genes needed 
for active movement through the plant. We have investigated DSF-mediated cell-cell signaling in Xf with the aim 
of developing cell-cell signaling disruption (pathogen confusion) as a means of controlling Pierce’s disease. 
Elevating DSF levels in plants artificially reduces its movement in the plant. In this study we have investigated 
the variety of different fatty acid molecules that can serve as cell-cell signaling agents in Xf. Several new DSF 
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species have been found including a 16-carbon unsaturated fatty acid that appears to be far more active than the 
14-carbon unsaturated fatty acid that we have previously investigated. The release of extracellular membranous 
vesicles by Xf is responsible for the suppression of its adherence to surfaces. 

INTRODUCTION 
Our work has shown that Xylella fastidiosa (Xf) uses diffusible signal factor (DSF) perception as a key trigger to 
change its behavior within plants.  Under most conditions DSF levels in plants are low since cells are found in 
relatively small clusters, and hence they do not express adhesins that would hinder their movement through the 
plant (but which are required for vector acquisition) but actively express extracellular enzymes and retractile pili 
needed for movement through the plant.  Disease control can be conferred by elevating DSF levels in grape to 
“trick” the pathogen into transitioning into the non-mobile form that is normally found only in highly colonized 
vessels.  While we have demonstrated the principles of disease control by so-called “pathogen confusion,” more 
work is needed to understand how best to alter DSF levels in plants to achieve even higher levels of disease 
control. Until now we have suffered from a lack of sensitive methods to detect DSF levels in plants (the 
Xanthomonas-based bioassay we have used previously is relatively insensitive to the chemically distinct forms of 
DSF produced by Xf).  That is, while we showed that DSF-producing endophytes, direct application of DSF, and 
transgenic plants producing DSF all conferred some resistance to disease, we had no way to know why they were 
not more resistant, nor what would be needed to improve control measures since we could not measure the direct 
effect of our efforts to increase DSF levels in plants.  However, we have now developed several new sensitive 
biosensors that enable us to measure XfDSF both in culture and within plants.  We have recently found that Xf 
apparently produces more than one molecule that can act as a DSF signal molecule and that the molecules made 
by Xf are dependent on its growth environment. We thus need to ascertain which form is most active, whether the 
various forms all have the same effect on regulating traits in Xf, and what are their fates when applied to plants in 
various ways. Thus the overall goal of our work is to use these new biosensors to examine how DSF levels can 
best be altered by the various methods we have previously identified.  As disease control should be directly 
proportional to both the concentration of and dispersal of DSF within plants we will quantitatively explore the 
effectiveness of different strategies to elevate DSF levels throughout plants. 

We also have made the discovery that Xf produces abundant extracellular membranous vesicles which are shed 
from the cell.  Importantly, the content of outer membrane proteins including the adhesion XadA are controlled by 
DSF accumulation in cultures of Xf, and even more importantly, the shedding of these vesicles from the cell are 
apparently suppressed by the accumulation of DSF.  We therefore are testing the model that DSF signaling in Xf 
involves two very different processes both of which lead to a rapid, cell density dependent change in its 
adhesiveness. When cells of Xf are found in relatively low numbers within the xylem vessel they have 
accumulated little DSF, and because of this they do not produce large amounts of the cell surface adhesins 
including XadA, HxfA, and others, yet such cells shed large numbers of vesicles.  However, when cell density, 
and thus DSF concentrations increase membrane vesicles are not shed by the cell, and the higher concentration of 
afimbrial adhesins would be retained on the surface of the Xf cells rather than being fed into the environment. 
Such a process would tend to maximize the adhesiveness of Xf when DSF levels increased. This increased 
adhesiveness is apparently needed for their acquisition by insect vectors but would be expected to suppress their 
ability to move in the plant. In contrast, the shedding of vesicles would tend to prevent access from adhering to 
surfaces because most cell surface adhesins would no longer be attached to the cell. In this project, we are testing 
the role of the membranous vesicles, since preliminary data revealed that they may interfere with the adherence of 
Xf to surfaces. That is, by shedding adhesive vesicles which themselves adhere to the surface of plants, access 
may prevent its own adherence to such surfaces because they are now coded would such vesicles. 

OBJECTIVES 
1. Identify additional DSF molecules made by Xf that contribute to cell-cell signaling and determine their 

movement and stability when applied to plants in various ways to improve disease control. 
2. Determine the contribution of membrane vesicles shed by Xf in the absence of DSF to its virulence and the 

utility of measurement of vesicular presence within plants as a sensitive means to assess the success of 
strategies of disease control by pathogen confusion. 
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RESULTS AND DISCUSSION 
Objective 1. Finding new DSF species. 
We have optimized methods to use Xf itself to detect DSF. Among the several genes that we know to be most 
strongly regulated by DSF are genes such as hxfA and HxfB which are involved in cell-surface adhesion. We now 
have successfully used the endogenous phoA gene (encoding alkaline phosphatase) as a bioreporter of gene 
expression in Xf. The PhoA-based biosensor in which phoA is driven by the hxfA promoter is quite responsive to 
exogenous DSF from extracts of Xf cultures as well as C14-cis (hereafter called XfDSF) itself.  Assay of Xf 
extracts by XfDSF-specific biosensors provide evidence of more than one XfDSF molecule.  Our analysis of the 
material collected by HPLC from these cultures using electro-spray MS revealed it to be an unsaturated C16 fatty 
acid. We therefore chemically synthesized this presumptive derivative which we will call C16-cis or XfDSF2 
(Figure 1). 

Figure 1.  Structure of C16-cis (XfDSF2). 

The biological activity of the synthetic XfDSF2 was tested by the addition of this material at various 
concentrations to an rpfF* mutant strain of Xf harboring the hxfA:phoA reporter gene fusion and grown in PD3 
medium.  The rpfF* mutant is unable to synthesize DSF due to two mutations introduced into the catalytic site of 
the DSF synthase, yet this mutant is still able to respond to exogenous DSF.  Importantly, this Xf:phoA biosensor 
exhibited very high alkaline phosphatase activity upon the addition of as little as 100 nM C16-cis (Figure 2). 
Importantly XfDSF2 also conferred much higher induction of hxfA, as indicated by a higher alkaline phosphatase 
activity at a given concentration than XfDSF, and also induced other adhesins more highly.  Both XfDSF and 
XfDSF2 strongly induced adhesion of wild-type cells of Xf to glass tubes (Figure 2). Thus XfDSF2 seems to be a 
particularly powerful signal molecule in Xf. We have applied XfDSF to plants in various ways and are in the 
process of evaluating changes in behavior of Xf and disease severity in these plants. 

To better understand the chemical species of DSF produced by Xf in various conditions in culture and when in 
infected grape plants, we examined ethyl acetate extracts of chemical species obtained from both culture and in 
planta conditions using electrospray ionization mass spectrometry (ESI-MS). It was possible to identify all of the 
potential DSF species which we observed in Xf as well as those observed by others in other bacterial species such 
as Xanthomonas species based on their highly precise and distinctive ratio of mass to charge. We could detect 
both XfDSF1 and XfDSF2 in culture supernatants of Xf grown in PD3 media (Figure 3). Given that XfDSF2 had 
never been detected in PWG medium, these results confirm that the production of DSF by Xf is rather plastic and 
somewhat dependent on the growth environment of cells. 

Surprisingly, we also detected small amounts of a molecule which had previously been described as the DSF from 
CVC strains of Xf (which we term CVCDSF). While our identification of this molecule is tentative, it is 
noteworthy that it was found only in wild-type and a RpfC mutant of Xf but not in an RpfF mutant. Assays of this 
material in Xf revealed that it does not induce expression of genes such as hxfA, and instead acts as a potent 
inhibitor of the expression of such genes (Figure 4). 

To address which DSF species that Xf would produce under natural conditions such as within the xylem of grape 
plants, we extracted DSF-like molecules from plants infected with a wild-type strain as well as from an RpfF 
mutant as well as from healthy plants and subjected these chemicals to identification of separation by ESI-MS. 
We could easily detect XfDSF1 in plants infected with the wild-type strain of Xf but this DSF species was not 
present in either plants infected with the RpfF mutant of Xf or in healthy plants. We also could detect elevated 
concentrations of a molecule presume to be XfDSF2 in plants infected with the wild-type Xf strain. Further 
characterization of the DSF species found in plants infected with the wild-type strain of Xf are proceeding to 
identify other DSF species that are produced under these natural conditions. We find it exciting however that 
XfDSF2 can be detected in infected plants, suggesting that this highly active DSF species is biologically relevant 
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and may contribute to much of the cell density dependent behavior of Xf. For this reason, we are continuing 
studies to alter the abundance of XfDSF2 in plants by topical applications, injections, and soil drenches. 

Figure 2. (A) XfDSF and XfDSF2 dose-dependent induction of the Xf-based DSF-biosensor (rpfF*-XfHA-
biosensor). (B) qRT-PCR analysis of hxfB expression in Xf rpfF* strain after 72 hr of growth in PD3 broth 
supplemented with 10 μM XfDSF, 10 μM XfDSF2, or MeOH. rpoD and rpsO were used endogenous control 
genes. (C) Biofilm formation at the liquid-air interface of shaken glass tubes by Xf rpfF* strain after 24 hr of 
growth in PD3 broth supplemented with 10 μM XfDSF, 10 μM XfDSF2, or MeOH. 

To better understand the variety of different DSF species that might be produced by Xf, we chemically 
fractionated cultures of Erwinia herbicola harboring RpfF, the DSF synthase from Xf. E. herbicola was chosen as 
a surrogate host for the DSF synthase because much larger numbers of cells of the species can be produced than 
that of Xf itself. Ethyl acetate extracts of culture supernatants were separated using HPLC. Several chemical 
entities were identified in extracts of E. herbicola containing RpfF or containing both RpfF and RpfB from Xf but 
not in control cultures of E. herbicola lacking these genes from Xf. To obtain putative chemical structures for 
these chemical species that were present only in the presence of the DSF synthase we physically collected 
fractions of the separated material and subjected to ESI-MS to obtain high-resolution M/Z ratios for these 
materials. A precise molecular formula for these molecules could be obtained this process and their putative 
structure can be obtained given the constraints that the DSF species are very likely to be 2-enoic acids (Figure 5). 

Objective 2. Role of extracellular vesicles. 
Our continuing work reveals that Xf is a very prolific producer of extracellular vesicles.  For a large numbers of 
vesicles (>400/cell) can be associated both with the surface of the bacterial cell, as well as a high portion that are 
shed by the cells to the extracellular environment (Figure 16). The vesicles are generally quite small, ranging in 
size from about 0.01 to 0.1 µm in diameter. 
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Figure 3. Abundance of ions with the M/Z ratios shown on the abscissa or culture extracts of a wild-type strain of Xf 
(upper left panel), of an RpfF mutant unable to produce DSF (upper right panel), of an RpfC mutant which overproduces 
DSF (lower left panel). Note that XfDSF2 has a M/Z ratio of 253.22. 

Figure 4. Silencing of the activity of the Xf-based DSF-biosensor (rpfF*-XfHA) by CVC-DSF. 
PhoA Activity units were measured at T = 96 h and is shown on the left Y-axis.  Optical density 
(OD600) of culture at the time of PhoA Activity is shown on the right Y-axis. 

- 57 -



 

 
    

  
  

Figure 5. Tentative structures for novel DSF species produced in E. herbicola harboring RpfF from Xf. 

Figure 6. Membranous vesicles forming on the surface of cells of a wild-type strain of Xf. 
Not shown due to the method of preparation are those additional vesicles that have been 
shed from cells. 

Our ability to quantify membrane vesicles and to determine those factors which control their production and 
release from cells has been facilitated by our finding that a major outer membrane adhesins XadA is a significant 
component in these membranous vesicles.  Since we have obtained antibodies specific to XadA, it is possible to 
visualize membrane vesicles using light microscopy (Figure 7).  Using anti-XadA antibodies with a red 
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fluorescent tag it is clear that the surface of Xf cells harbors a large constellation of membranous vesicles which 
surround the cell has somewhat of a “cloud.” In addition to those vesicles which are relatively closely associated 
with the cell (although apparently not physically linked), are vesicles that can be found at further distances away 
from cells (Figure 7). These distantly located vesicles are clearly not simply “mini-cells” of Xf since they do not 
contain DNA as determined with a DNA-binding dyes such as DAPI (Figure 7). 

(Left panel) Visualization of membranous vesicles produced by cells of Xf whose DNA is stained with Figure 7. 
DAPI and appearing blue in this image.  Vesicles are red in this image due to their binding to fluorescently-labeled 
anti-XadA antibodies. (Center panel)  Visualization of cells of Xf stained with DAPI as well as with the lipid binding 
stain FM-4-64 (Right panel). Note the location of small circular red objects indicating presence of membranous 
material distal to the location of adjacent Xf cells. 

To utilize the outer membrane protein XadA as a molecular marker for the presence of extracellular vesicles it 
was necessary to demonstrate that it is not secreted as a free protein into the extracellular environment, and is 
always found associated with membranous vesicles. We isolated total proteins from vigorously washed cells of 
an RpfF mutant of Xf, from a pallet of extracellular material could be recovered after high-speed centrifugation 
(150,000 x g), as well as free protein that was not pelleted after high-speed centrifugation. While small amounts 
of XadA were attached to the Xf cells, large amounts of XadA were found in membranous vesicles that could be 
obtained after high-speed centrifugation, and importantly, no XadA was free and solution of cultures of Xf 
(Figure 8). These results clearly show that XadA is abundantly released in the form of membranous vesicles 
from cells of Xf, and since it is always associated with membranes, it makes an excellent marker for membranous 
vesicles. 

Figure 8. Quantification of the outer membrane protein XadA by Western blot analysis using anti-
XadA antibodies from washed cells of Xf (left lane) as well as from material  recovered from high-
speed centrifugation of culture supernatants (center lane), or in proteins precipitated from culture 
supernatants after high-speed centrifugation by TCA (right lane). 
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Quantification of vesicles by both deconvolution fluorescence microscopy, flow cytometry, and a Nanovision 
particle counter reveals that the higher number of vesicles (normalized for the number of Xf cells) are present in 
RpfF mutants, suggesting strongly that DSF accumulation suppresses the release of such vesicles. The rpfF 
mutant produces as much as three times more vesicles (Figure 9). While some vesicles were as large as 
approximately 1,000 nm, the average diameter of vesicles was only approximately 150 nm (Figure 9). We can 
estimate that each Xf cell has shed approximately 100 to 1,000 vesicles of different sizes. It is thus clear that 
vesicles constitute a major extracellular factor produced by Xf. 

Figure 9. Distribution of sizes and abundance of vesicles of different sizes produced by a wild-type and an 
rpfF mutant of Xf when grown for two days in PIM6 minimal media when assessed with a Nanovision device. 
Vesicles were determined directly in culture supernatants after removal of whole cells by low-speed 
centrifugation. The absolute number of vesicles of all sizes are shown in the right-hand panel. The vertical 
bars represent the standard error of the estimate of the number of vesicles produced by a given strain. 

Evidence was obtained that XadA, as an outer membrane protein of Xf also can act as an adhesin. To test this 
hypothesis the gene encoding XadA was cloned into an E. coli strain lacking strong surface adhesins. The 
comparative ability of this wild-type E. coli and E. coli overexpressing Xf XadA to adhere to glass surfaces was 
then assessed by quantifying the number of bounds cells by their ability to bind crystal violet.  A much higher 
number of E. coli harboring XadA adhered to glass services, forming a biofilm than of E. coli itself. 

Strong evidence has been obtained that Xf releases factors into the xylem fluids of plants that it is colonizing that 
prevents their adherence to surfaces. XadA that was not associated with intact cells of Xf (and hence associated 
with membranous vesicles), was readily detected in the xylem sap of plants infected with both the wild-type strain 
as well as an RpfF mutant of Xf (Figure 10). Substantially more vesicles were apparently present in the sap of 
plants infected with the RpfF mutant, consistent with our finding that such a mutant produces more membranous 
vesicles in culture. 

Xylem sap containing membranous vesicles was shown to reduce the adherence of various bacteria to surfaces. 
Xylem fluid was collected by pressure bomb from healthy Thompson Seedless grape, as well as from plants 
infected with a wild-type strain of Xf or with an RpfF mutant of Xf. To test the differential adherence of wild-type 
cells of Xf to surfaces such as insects in the presence of these different sample collections, we immersed small 
sections of hindwings of the glassy-winged sharpshooter in each of these xylem sap samples to which we also 
added a wild-type strain of Xf. Many more cells that had been suspended in samples from healthy plants attached 
them from cells suspended in sap from plants infected with the wild-type Xf strain, particularly from sap infected 
with an RpfF mutant of Xf (Figure 11). Over 20-fold more bacterial cells were attached when suspended in sap 
from the healthy plant compared to that of sap from the plant infected with the RpfF mutant of Xf (Figure 11). It 
is thus clear that the xylem sap environment of plants infected with an RpfF mutant of Xf is much less conducive 
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to the adherence of Xf to surfaces than that of healthy plants. In fact, the sap environment of plants infected with 
the wild-type strain of Xf is also somewhat less conducive to adherence. 

WT WT rpfF rpfF WT rpfF xadA xadA 
Trimer 

Dimer 

Monomer 

unknown 

Filtered sap 

Figure 10.  Abundance of XadA, indicative of the presence of membranous vesicles, as determined by 
western blot analysis in xylem sap of Thompson Seedless grapes infected with either a wild-type or an RpfF 
mutant of Xf. Total XadA in sap which had not been filtered to remove intact cells are shown in the leftmost 
four lanes, while that in sap that had been filtered to remove intact cells (retaining only membranous 
vesicles) are shown in lanes 5 and 6. Note the high abundance of XadA in filtered xylem sap, especially 
from plants infected with the RpfF mutant. 

Figure 11. The number of cells of a wild-type strain of Xf that had adhered to wings of the glassy-
winged sharpshooter suspended in xylem sap from plants infected with an RpfF mutant (blue), or a 
wild-type strain of Xf (red), or from healthy plants (green) after incubation for either 30 minutes or 
two hours. 

CONCLUSIONS 
We are very excited about results to date that show that several means of elevating DSF levels in plants have 
provided disease control via a strategy of “pathogen confusion.” Given the limitations in standard methods of 
disease control, we are optimistic that DSF interference represents a promising strategy for Pierce’s disease 
control.  Control of Pierce’s disease by direct application of DSF is a very attractive disease control strategy since 
it could be quickly implemented and would utilize commonly used agricultural equipment and methods and 
would not require the use of transgenic technologies.  Our earlier work had shown that C14-cis, a component of 
XfDSF, conferred some reduction of disease after topical application, but less than might have been expected 
compared to application of crude DSF-containing extracts of Xf. Our recent studies using improved Xf-based DSF 
biosensors more responsive to the DSF molecules made by Xf reveal that at least two additional molecules related 
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to C14-cis are biologically active in Xf, and DSF2 is much more active than C14-cis.  Our new sensitive 
biosensors will be used to document the absorption and translocation of these molecules by grape after application 
in various ways. This should enable us to greatly increase disease control by direct application of the most 
appropriate molecule. 

Strong circumstantial evidence suggests that the release of extracellular membranous vesicles by the RpfF mutant 
is responsible for the suppression of adherence of Xf to surfaces. Since the RpfF mutant of Xf does not 
accumulate DSF, which in turn suppresses the release of extracellular vesicles, a higher concentration of 
extracellular vesicles would be expected in plants infected with the RpfF mutant. At least some extracellular 
vesicles would also be expected in the sap of plants infected with the wild-type strain as well. A higher 
concentration of extracellular vesicles, as estimated by the abundance of XadA (which we can use as a marker 
protein for these membranous vesicles), is found in plants infected with the RpfF mutant of Xf compared to that of 
the wild-type strain. These results further support our model of a “Teflon mechanism” of virulence of Xf whereby 
it releases adhesive vesicles, especially one found at relatively low cell densities where DSF would not have 
accumulated. These vesicles would be expected to attach to surfaces such as that of the walls of the xylem 
vessels. By so attaching, these vesicles would prevent the attachment of Xf cells themselves to such surfaces. 
Only upon reaching relatively high cell concentrations in a particular vessel would DSF concentrations increase to 
a level that would suppressed the release of the membranous vesicles, thereby retaining adhesive molecules on the 
surface of Xf cells themselves, thus allowing the bacterial cells themselves to attach to surfaces, such as that of 
insect vectors. The presumptive anti-adhesive factor apparently plays a major role in facilitating the movement of 
Xf throughout the plant, and further work to elucidate its nature and contributions to this process are warranted. 
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ABSTRACT 
Xylella fastidiosa (Xf) is a gram-negative, xylem-limited plant pathogenic bacterium that causes disease in a 
variety of economically important agricultural crops including Pierce’s disease of grapevine. Xf biofilms formed 
in the xylem vessels of plants play a key role in early colonization and pathogenicity by providing a protected 
niche and enhanced cell survival. Biofilm formation is induced by the process of quorum sensing and may be 
mediated by two-component regulatory systems. Like many other bacteria, Xf possesses homologs to the two 
component regulatory system PhoP/Q and ColR/S. PhoP/Q differentially regulates genes in responses to divalent 
periplasmic cation concentration and other environmental stimuli while ColR/S has been shown to play a role in 
membrane regulation. Xf knockout mutants deficient in the production of PhoP and PhoQ exhibit phenotypic 
differences in cell dispersal and clumping when grown in liquid culture. Xf phoP/Q mutants had a 42% and 47% 
reduction in biofilm formation, and a 42% and 36% reduction in cell-cell aggregation, respectively. Grapevine 
pathogenicity assays showed phoP/Q mutants and colS are non-pathogenic and significantly hindered in 
colonization or movement within the xylem vessels. These results may be due to the inability of Xf to 
successfully sense, respond and adapt to the nutrient-limited environment of the xylem. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf) is a plant pathogenic bacterium and the causal agent of disease in a variety of economically 
important crops, including Pierce’s disease of grapevine. Xf causes disease by colonizing the xylem vessels, 
forming a protective niche in which the bacteria can reproduce and subsequently block the flow of water in the 
grapevine.  In many plant pathogenic bacteria, biofilm formation plays a key role in virulence.  The production of 
biofilm is regulated by quorum sensing system, in which bacteria communicate with one another via small 
molecular weight compounds.  Quorum sensing is important for the ability of an organism to transition between 
various lifestyles.  Furthermore, complex regulatory networks, such as two-component systems, play an essential 
role in microbial response to changes in the environment. This research has explored the role of two different 
two-component systems in basic processes such as biofilm formation and cell aggregation.  The role of these 
systems in disease development has also been explored. We found that the systems investigated play an 
important role in the colonization of grapevines and subsequent disease development. 

INTRODUCTION 
Xylella fastidiosa (Xf) is a gram-negative, xylem-limited plant pathogenic bacterium and the causal agent of 
Pierce’s disease (PD) of grapevine (Wells et al., 1981). Xf forms aggregates in xylem vessels, which leads to the 
blockage of xylem sap movement.  The formation of biofilms allows for bacteria to inhabit an area different from 
the surrounding environment, potentially protecting itself from a hostile environment. Furthermore, biofilm 
formation is an important factor in the virulence of bacterial pathogens. Biofilm formation is a result of density-
dependent gene expression (Morris and Monier, 2003). Density-dependent biofilm formation is triggered by the 
process of quorum sensing (QS).  Biofilm formation induced by QS is essential for survival and pathogenicity and 
may be regulated through a two-component regulatory system (TCS). TCS’s are signal transduction systems 
through which bacteria are able to respond to environmental stimuli (Hoch, 2000). The TCS is comprised of a 
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histidine kinase, responsible for sensing stimuli, and the response regulator, responsible for mediating gene 
expression (Charles et al, 1992). 

The  PhoP/Q TCS is a  well-studied and highly c onserved TCS  responsible for regulation of genes involved in 
virulence, adaptation  to environments with limiting Mg2+ and Ca2+, and regulation of other genes. PhoQ is  a 
transmembrane histidine kinase protein with a long C-terminal tail residing  in  the cytoplasm.  The periplasmic 
domain of PhoQ  is  involved in sensing of Mg2+, Ca2+, and antimicrobial peptides. The cytoplasmic domain 
contains a histidine  residue  that is autophosphorylated  when physiological signals  are detected in the periplasm. 
The PhoP/Q  TCS  is  a phosphotransfer signal transduction system and upon activation by environmental stimuli, 
PhoQ phosphorylates  the  corresponding response regulator PhoP.  In most bacteria, environments high in Mg2+ 

inhibit the PhoP/Q system through dephosphorylation of PhoP  (Groisman, 2001). The ColR/S TCS has not  been 
as extensively characterized as the PhoP/Q  TCS but, as a regulatory network, is similar to PhoP/Q  in that it is also 
a  phosphotransfer TCS.  It is involved, in general, in regulation of membrane processes including membrane 
permeability and tolerance  to various compounds  (Kivistik et al., 2006;  Kivistik et al., 2009). 

OBJECTIVES 
1. Determine the functional role of the Xf putatively secreted protein, PD1063. 
2. Determine the functional role of the ColR/S two-component regulatory system in Xf. 
3. Determine the functional role of the PhoP/PhoQ two-component regulatory system in Xf. 

RESULTS AND DISCUSSION 
Objective 1. 
Based on cell growth, cell-cell aggregation, and biofilm production assays, we found some differences between 
the wild-type (WT) Xf and Xf∆1063. Based on cell growth assays, Xf∆1063 grows to a lower population density 
than wild-type Xf (Figure 12).  There was no significant difference in biofilm formation or cell aggregation 
between wild-type Xf fetzer and Xf Δ1063 (Figures 1 and 2).  Pathogenicity assays on Thompson Seedless 
grapevines were conducted in the greenhouse. We found similar levels of disease severity in Xf Δ1063 and wild-
type Xf 18 weeks post-inoculation (Figure 3) and no significant differences in colony titers isolated from the point 
of inoculation (POI) or 25cm above the POI (Figure 4). 

Figure 1. Comparison of biofilm formation in wild-type Xf fetzer, Xf∆1063-A, and Xf∆1063-B in 
stationary cultures as determined by the crystal violet staining method. Values shown are the means 
of 10 samples +/- standard error. 
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Figure 2. Comparison of percent aggregated cells in wild-type Xf fetzer, Xf∆1063-A, and Xf∆1063-
B. Percentage of aggregated cells was determined as described by Guilhabert and Kirkpatrick, 2005. 
Values shown are the means of 10 samples +/- standard error. 

Figure 3. Disease ratings of Thompson Seedless grapevines inoculated with wild-type Xf fetzer, 
XfD1063, and PBS (negative control) 18 weeks post-inoculation.  Values shown are the mean +/- the 
standard error. 

To further our understanding of PD1063, we did experiments to localize the protein. Anti-PD1063 monoclonal 
antibodies were made and used for these studies.  We have found, thus far, that PD1063 is secreted in wild-type 
Xf and not secreted in the XfΔ1063 mutant (Figure 5). We are in the process of looking at XfΔtolC mutants to 
determine whether the type one secretion system mediates secretion of PD1063 (Reddy et al., 2007). We have 
recently discovered that the Xoo orthology of XfΔ1063 is not secreted through the type I system as previously 
hypothesized (Lee et al., 2013; Han et al., 2013).  We have now shown that the leader sequence of this protein is 
processed by the general secretory system in Xoo and that it is secreted outside the cell as a component of outer 
membrane vesicles (in prep). 
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Figure 4. Log CFU isolated from Thompson Seedless grapevines inoculated with Xf fetzer, 
XfΔ1063, and PBS (negative control).  Isolations from petioles at the POI or 25 cm above POI 18 
weeks post-inoculation.  Values shown are the mean +/- the standard error. 

Figure 5. Western blot with anti-PD1063 antibodies on Xf secreted proteins from A) Xf fetzer, 
B) XfΔ1063, C & D) uninoculated media controls. Samples A-D were concentrated 25x. E & F are 
Xf fetzer concentrated 10x and 50x respectively. Positive bands can be seen at approximately 21 kD 
in lanes A, E, and F. 

Objective 2. 
We have begun characterization of the ColR/ColS TCS. ColR is the response regulator and ColS is the histidine 
kinase.  Mutation of colR was lethal although the Xf∆colS was viable. TCS’s can often be regulated by another 
TCS, thus based on ColR mutation being lethal for Xf while ColS mutation is not, the ColR response regulator is 
likely being regulated by another TCS. Xf∆colS exhibited no significant differences in biofilm formation 
(Figure 6) or cell growth but did exhibit a significant reduction in cell-cell aggregation (Figure 7). Pathogenicity 
assays found Xf∆colS caused no Pierce’s disease symptoms when mechanically inoculated into Thompson 
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Seedless grapevines (Figure 8).  Furthermore, Xf∆colS was only isolated from the POI in approximately 10% of 
plants (Figure 9).  When Xf∆colS was recovered, populations were significantly lower than wild-type Xf. 

Figure 6. Comparison of biofilm formation by wild-type Xf and Xf∆colS after 10 days growth in 
static liquid culture.  Values shown are the mean of five samples +/- the standard error. 

Figure 7. Comparison of percent aggregated cells by wild-type Xf and Xf∆colS after 10 days growth 
in static liquid culture.  Values shown are the mean of five samples +/- the standard error. 
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Figure 8. Disease ratings of Thompson Seedless grapevines inoculated with wild-type Xf fetzer, 
Xf∆colS, and PBS (negative control) 20 weeks post-inoculation. Values shown are the mean  +/- the 
standard error. 

Figure 9. Log CFU isolated from Thompson Seedless grapevines inoculated with wild-type Xf 
fetzer, Xf∆colS, and PBS (negative control) 20 weeks post-inoculation.  Isolations from petioles at 
the POI or 25 cm above the POI.  Values shown are the mean  +/- the standard error. 

Objective 3. 
Both XfΔphoP and XfΔphoQ were found to have significantly less biofilm formation than wild-type Xf after ten 
days static incubation using the crystal violet assay (Figure 10).  In addition XfΔphoP and XfΔphoQ had 
significantly less cell-aggregation (Figure 11).  We also found that there was no significant difference in biofilm 
formation or cell-cell aggregation between XfΔphoP and XfΔphoQ. Results of biofilm formation and cell 
aggregation found with mutated PhoP and PhoQ would be expected, since PhoP and PhoQ collectively make up a 
TCS. A mutant deficient in one gene should exhibit the same phenotype as a mutant deficient in the second gene 
of the TCS.  When grown in culture, XfΔphoP and XfΔphoQ exhibited a dispersed phenotype, as indicated by the 
cell-cell aggregation assay, although there was no significant difference from wild-type in total cell growth 
(Figure 12). In order to determine if the dispersed growth phenotype was caused by a lack of hemagglutinin 
proteins, which are known to mediate cell-cell clumping, secreted proteins were purified from Xf wild-type Fetzer, 
Xf∆1063, XfΔphoP, and XfΔphoQ cells (Guilhabert and Kirkpatrick 2005; Voegel et. al. 2010). Western blot 
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analysis confirmed the presence of Xf hemagglutinin A and B in wild-type Xf, XfΔphoP, XfΔphoQ, and XfΔ1063, 
thus the observed decrease in clumping is not due to lack of hemagglutinin (Figure 13). 

Figure 10. Comparison of biofilm formation by wild-type Xf fetzer, Xf∆phoP, and Xf∆phoQ 
mutants after 10 days growth in static liquid culture.  Values shown are the mean of ten samples +/-
the standard error. 

Figure 11. Comparison of cell aggregation by wild-type Xf fetzer, Xf∆phoP, and Xf∆phoQ mutants 
after 10 days growth in static liquid culture.  Values shown are the mean of ten samples +/- the 
standard error. 
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Figure 12. Bacterial growth of wild-type Xf fetzer, XfΔ1063, XfΔphoQ, and XfΔphoP. Values 
shown are the mean of five samples +/- the standard error. 

Figure 13. Western blot on type Xf fetzer, XfΔ1063, XfΔphoQ, and XfΔphoP with Xf hemagglutinin 
antibodies showing hemagglutinin bands at 225 kD. 

Pathogenicity assays on Thompson Seedless grapevines were conducted in the greenhouse in 2011 and 2012. We 
found that no colonies could be isolated from the point of inoculation or 25cm above the point of inoculation 
(Figure 14).  Furthermore, PhoP and PhoQ mutants produced no disease symptoms 20 weeks post-inoculation 
(Figures 15 and 16). 
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Figure 14. Log CFU isolated fromThompson Seedless grapevines inoculated with wild-type Xf 
fetzer, XfΔphoQ, XfΔphoP, and PBS (negative control) 18 weeks post-inoculation. Isolations from 
petioles at the POI or 25cm above the POI. Values shown are the mean +/- the standard error. 

Figure 15. Disease ratings of Thompson Seedless grapevines inoculated with wild-type Xf fetzer, 
XfΔphoQ, XfΔphoP, and PBS (negative control) 10 weeks post-inoculation. Values shown are the 
mean +/- the standard error. 

Figure 16. Representative grapevines from 2012 pathogenicity assays on Thompson Seedless grapevines 
inoculated with A) PBS (negative control), B) wild-type Xf fetzer, C) XfΔphoQ, D) XfΔphoP 20 weeks 
post-inoculation in the greenhouse. 
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CONCLUSIONS 
We have made good progress on investigating the functional role of the hypothetical protein PD1063, ColR/S 
TCS, and the PhoP/Q TCS. We have found that the Xf PhoP/Q TCS plays an important role in normal 
physiological processes of Xf such as cell-cell aggregation and biofilm formation. Furthermore, PhoP/Q plays an 
essential role in adaptation and survival in the grapevine xylem. We are looking into strategies to inactivate 
PhoP/Q as a potential control for Pierce’s disease. We are also further investigating the regulatory network of 
PhoP/Q in Xf. Similar to the case with the PhoP/Q mutants, mutation of the ColS protein results in significantly 
decreased survival in grapevines. The lethal mutation of ColR further indicates that the ColR/S TCS is involved 
in regulation of essential processes for Xf survival. In the future, we will exploit these two-component regulatory 
systems to develop novel Pierce’s disease control strategies. 
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ABSTRACT 
This project aims to elucidate the molecular mechanisms that Xylella fastidiosa (Xf) uses in its interaction with 
host plants.  We are focusing on the lipopolysaccharide (LPS) component of the outer membrane, which consists 
of lipid A, core oligosaccharides, and a variable O-antigen moiety.  Specifically, the O-antigen portion has been 
implicated as a virulence factor in several other bacterial species. We hypothesize that O-antigen is also involved 
in virulence of Xf on grapevine.  Moreover, we are investigating the function of LPS in surface attachment and 
cell-cell aggregation, two important steps in biofilm formation, a trait necessary for successful colonization of 
host xylem.  We are also determining the role that LPS plays in insect acquisition and transmission. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf) is a bacterium capable of colonizing many different plant hosts.  It is the causal agent of 
Pierce’s disease of grapevine (PD), which has caused major losses for the California grape industry. This 
research is particularly focused on elucidating the role of the Xf cell surface component, lipopolysaccharide 
(LPS), in the pathogenic interaction between the grapevine, almond, and oleander hosts.  Because LPS plays an 
important role in several host-pathogen interactions, we are investigating the contribution of LPS in allowing Xf to 
colonize its host. LPS imparts traits that may contribute to pathogenesis, such as the ability to attach to host cell 
walls.  Thus far, we have shown that certain components of the LPS molecule are essential for the Xf interaction 
with its host, which together with its abundance on the bacterium’s cell surface makes it a logical target for 
disease control.  Antimicrobial compounds that disrupt or retard LPS biosynthesis exist which make bacteria more 
susceptible to other stresses.  Potentially, these compounds could be used alone or in combination with other anti-
Xf compounds to control disease. 

INTRODUCTION 
Xylella fastidiosa (Xf) is a Gram-negative bacterium comprised of subspecies that cause disease on several 
different economically important crops, such as grapevine, almond, and oleander.  We are currently exploring the 
role of lipopolysaccharide (LPS) as both a virulence factor in grapevine and its involvement in insect acquisition/ 
transmission. LPS is a structural component of the Gram-negative bacterial outer membrane and is primarily 
displayed on the outer surface of the cell, thereby mediating interactions between the bacterial cell wall and its 
environment.  LPS is a tripartite glycolipid composed of Lipid A, an oligosaccharide core and O-antigen 
polysaccharide (32).  Both Lipid A and the oligosaccharide core are highly conserved among all Gram-negative 
bacteria, whereas, the O-antigen can be varied even among subspecies. LPS has been implicated as a major 
virulence factor in both plant and animal pathogens, such as Escherichia coli, Xanthomonas campestris pv. 
campestris, and Ralstonia solanacearum (8, 12, 22).  LPS can also contribute to the initial adhesion of the 
bacterial cell to a surface or host cell (10, 24).  Additionally, host perception of LPS is well documented and 
occurs in both plants and animals (25).  Host immune receptors can recognize several regions of the LPS structure 
and mount a defense response following bacterial invasion based on this recognition.  Bacteria can also 
circumvent the host’s immune system by altering the structure of the O-antigen moiety or by masking it with 
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capsular or exopolysaccharides. 

We identified two genes, waaL (PD0077) and wzy (PD0814), both predicted to encode proteins required for 
production of a full O-antigen moiety in Xf (15, 30). We have, thus far, demonstrated that Wzy is an O-antigen 
polymerase that plays a role in chain length determination of the O-antigen.  A mutation in wzy results in a 
truncated O-antigen polymer.  Furthermore, glyclosyl composition and linkage analysis determined that deletion 
of Wzy results in a dramatic depletion of the 2-linked rhamnose-rich portion of the O-antigen (33).  WaaL is a 
putative O-antigen ligase that ligates the preformed O-antigen onto the oligosaccharide core. Therefore, we 
predicted that mutants in wzy would produce a truncated O-antigen and that mutants in waaL would be completely 
lacking the O-antigen.  However, despite a marked reduction in O-antigen accumulation, there is still some O-
antigen present in the waaL mutant. This suggests to us that there may be a protein(s) that shares a redundant 
function with WaaL. Both mutant phenotypes were restored by introducing waaL or wzy into their respective 
mutant genomic backgrounds using the chromosomal complementation vector, pAX1Cm (19) (33). 

Following the confirmation of the change in the O-antigen profiles for the waaL and wzy mutants, we then tested 
these strains for differences in virulence in planta (33). Temecula1 O-antigen mutant strains were inoculated into 
grapevine, cv. Thompson Seedless according to the method of Hill and Purcell (1995) (13).  Plants were rated 
weekly on a disease index scale of 0-5, with 0 being healthy and 5 being dead or dying (11). Pierce’s disease 
symptoms were detected four weeks after inoculation, similar to other greenhouse Pierce’s disease virulence 
studies conducted in Riverside County.  The Temecula1 wzy mutant was significantly delayed in causing Pierce’s 
disease symptoms, and after 11 weeks of incubation, it did not cause the extensive Pierce’s disease symptoms 
observed in plants inoculated with wild-type (as determined by an ANOVA analysis with Tukey's pairwise 
comparisons) (Figure 1) (33). This indicates that depletion of the O-antigen correlates with a profound 
defect in Xf virulence. We observed no difference in disease progress between the Temecula1 waaL mutant and 
the wild-type strain.  Plants inoculated with 1X PBS buffer control did not develop any Pierce’s disease 
symptoms. 

Figure  1. Disease progress of Xf Temecula1 wild-type and O-antigen mutant strains on grapevine cv. 
Thompson Seedless.  The wzy mutant strain lags behind the wild-type in causing leaf scorching symptoms 
and does not cause wild-type levels of Pierce’s disease throughout the disease progress curve.  The waaL 
mutant is as virulent as the wild-type. Data are means of three independent assays with 10 replications 
each.  Bars represent standard error. 

In addition, we quantified bacterial population levels to assess any colonization differences between Temecula1 
wild-type and the O-antigen mutant strains that may be occurring in planta.  We isolated bacteria from surface-
sterilized petioles at 13 weeks post-inoculation and found that plants inoculated with the wzy mutant harbored 
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significantly less bacteria than plants inoculated with wild-type Temecula1 (33). The waaL mutants colonized the 
plants to similar levels as wild-type Xf. 

LPS is considered to be a Pathogen Associated Molecular Pattern (PAMP) that is recognized by the immune 
system of both plants and mammals causing the host to mount a defense response.  One strategy that pathogens 
use to evade the host defense response is to mask the conserved portions of the LPS molecule (core and Lipid A) 
with a varying O-antigen.  We speculate that the high molecular weight O-antigen chain in the Xf LPS molecule 
may serve to mask the rest of the LPS molecule from the host to avoid triggering a defense response, and the 
removal of this protective O-antigen may trigger the host defense response, resulting in reduced colonization and 
disease symptoms as observed for the wzy mutant.  In a continuation of this project, we are gearing up to 
investigate the grapevine response to purified Xf LPS and LPS variants. This work will allow us to determine if 
LPS elicits an innate immune response by acting as a PAMP as it does in other systems.  We will also determine 
if variations in the structure of the O-antigen affect the elicitation of the defense response. We are determining the 
effective LPS concentration and timing to study the immune responses and the Cantu lab has optimized a high 
throughput protocol for extraction of high quality RNA from woody material. 

OBJECTIVES 
1. Expand the characterization of the LPS profiles from the grape, almond, and oleander strains of Xf. 
2. Test attachment and biofilm formation phenotypes of Xf O-antigen mutants to the biologically relevant 

substrates, chitin and cellulose. 
3. Test O-antigen mutants for insect transmissibility. 
4. Test O-antigen mutants for increased vulnerability to environmental stress and antimicrobial compounds. 

RESULTS AND DISCUSSION 
Objective 1. Expand the characterization of the LPS profiles from the grape, almond, and oleander strains 
of Xf. 
A bacterium with only lipid A and core oligosaccharide is said to have “rough” LPS and one with lipid A, core 
oligosaccharide, and O-antigen is said to have “smooth” LPS.  There can be both smooth and rough variants of 
the same bacterial species. We compared the LPS profiles of three Xf strains (Temecula1 (grape), M12 (almond), 
and Ann-1 (oleander) by Tris-Tricine polyacrylamide gel electrophoresis (PAGE).  We hypothesized that there 
are strain specific differences among the variable O-antigen portion of the LPS molecules that contribute to the 
host specificity.  We isolated LPS from all three Xf isolates using a hot-phenol extraction method (31).  The 
extracted LPS preparations were then subjected to Tris-Tricine PAGE. These analyses confirmed that all three 
strains possess smooth LPS (ie. O-antigen). The gels also revealed small shifts in the molecular weights of the 
smooth LPS for each strain, indicating a fundamental difference among the O-antigen chain length or 
composition. 

Host specificity plant assays. 
While there are likely several factors that contribute to host specificity of Xf, we would like to investigate if O-
antigen is involved. Xf Temecula1 can colonize and cause disease in grape and, to some extent, in almond. Xf 
M12, an ALS strain, causes disease in almond and elicits some symptoms in grape (2).  Moreover, Xf Ann-1 
cannot cause disease in grape or almond and neither Temecula1 nor M12 can cause disease in oleander.  We 
speculated that removal or truncation of the O-antigen would affect the ability of Temecula1 to infect (and elicit 
scorch symptoms) on grape, almond, and oleander.  Furthermore, perhaps changes in O-antigen may enable Ann-
1 to become a pathogen of grape or almond while M12 and Temecula1 strains become pathogens of oleander. 

We inoculated Temecula1 wild-type and the Temecula O-antigen mutant strains into host (grape) and non-host 
(almond and oleander) plants. We observed that the grape isolate (Temecula1 wild-type) can colonize and cause 
disease in almond, albeit, to a lesser extent than the wild-type almond leaf scorch (ALS) isolate (M12), which is 
consistent with what other research groups have observed (1).  Interestingly, the Temecula1 waaL mutant strain is 
more virulent in almond than its Temecula1 wild-type parent and is similarly virulent to the wild-type ALS 
isolate (M12). This suggests that an alteration in the O-antigen moiety of the LPS molecule does affect host 
specificity. The Temecula1 wzy mutant is similarly less virulent in almond as in grape. As expected, Xf Ann-1, the 
OLS isolate, does not cause scorch symptoms on almond (Figure 2). 
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Figure 2. Disease progress of M12 (ALS), Ann-1 (OLS) Ann-1, Temecula1 (PD) isolates, and Temecula1 
O-antigen mutants in almond cv. Sonora. Loss of WaaL increases virulence of a Pierce’s disease isolate of 
Xf in almond. Data are means of two independent assays with six replications each. Bars represent 
standard error. 

Objective 2. Test attachment and biofilm formation phenotypes of Xf O-antigen mutants to the biologically 
relevant substrates, chitin and cellulose. 
Biofilm formation is an important component of the plant-microbe and plant-insect interaction. To test the role of 
LPS in Xf biofilm formation, we initially quantified the Temecula1 waaL and wzy mutant strains in two biofilm 
related behaviors: 1) surface attachment and 2) cell-cell aggregation.  Both of these phenotypes are critical early 
steps in the formation of a mature biofilm.  We hypothesized that LPS may contribute to these behaviors because 
of its location and abundance in the outer membrane.  Glass is a hydrophilic surface and the polysaccharide 
components (ie. pectin, cellulose, hemicellulose) that make up the xylem primary cell wall are also highly 
hydrophilic.  This similarity allows us to extrapolate our in vitro results to what might be occurring in portions of 
the plant xylem tissue that have an abundance of exposed primary cell wall polysaccharides, such as xylem pit 
membranes.  Interestingly, when grown in glass tubes, the Temecula1 wzy mutant aggregated less, but attached 
more to a glass surface (Figure 3) (33).  The wzy mutant was also significantly less virulent in planta which may 
be a result of its hyperattaching phenotype causing it to adhere more strongly to the xylem primary cell wall, 
which does not allow it to move as efficiently throughout the plant. 

We performed a series of zeta potential measurements to determine if depletion of O-antigen correlated with a 
change in the net charge on the surface of the bacterial cell, which in turn could account for the differences in 
attachment and aggregation that we observed.  Zeta potential is calculated based on the electrophoretic mobility of 
particles in a given solution.  These values provide information about the net charge on the surface of a particle, in 
this case, a bacterial cell. The zeta potential was quantified for wild-type, wzy and wzy/wzy+ mutant strains 
grown on solid PD3 medium.  The surface of the wzy mutant was more negatively charged as indicated by an 
average zeta potential measurement of -27.1 mV compared to the zeta potential of wild-type at -10.5 mV (33). 
The ionic strength of PD3 medium was estimated to be 85 mM and the zeta potential of a glass microscope slide 
submerged in PD3 medium was estimated to be -12mV.  Therefore, under the growth conditions tested here, it is 
logical that the more negatively-charged wzy mutant would adhere more strongly to the glass surface than the 
more positively-charged wild-type strain. Particles with lower zeta potentials tend to flocculate or aggregate, 
which explains the high capacity for Xf to aggregate in culture (7).  However, if particles have a large negative or 
positive zeta potential this causes high repulsion among the particles, and will cause them to resist flocculation or 
aggregation.  The wzy mutant has a significantly large negative zeta potential as compared to the wild-type, which 
explains the inability of this strain to aggregate in vitro. 
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Figure 3. Surface attachment and cell-cell aggregation of the O-antigen mutant, wzy. A) The Temecula1wzy 
mutant cells attach to a solid surface to a greater extent than the wild-type parent. Attachment assays involved 
crystal violet staining of cells attached to a glass surface at the medium/air interface (2) after seven days of 
incubation at 28°C, 100 rpm. B) The Temecula1wzy mutant cells are reduced in the ability to aggregate to each 
other compared to the wild-type. Aggregation assays reflect the proportion of the total cell population that 
remains in culture after 10 days of static incubation (3). At least three independent assays were performed in 
triplicate. Bars represent standard error of the mean. 

In addition, we tested the ability of the wzy mutant to form three-dimensional biofilms in vitro. Because the wzy 
mutant is impaired in cell-cell aggregation and hyperattaches to surfaces, we hypothesized that it would be 
impaired in biofilm formation.  Both the wild-type and the wzy mutant were grown in liquid culture at 28°C for 2, 
4, 6, or 8 days with constant shaking.  A glass microscope slide was placed vertically into each tube, allowing 
biofilms to form at the air-liquid interface as previously described (27).  Specimens were mounted in Slow Fade 
mounting fluid and observed using a Zeiss 510 Confocal Laser Scanning Microscope.  As shown in Figure 4, wzy 
mutant biofilms were impaired in building the typical three-dimensional biofilm architecture (33).  The wzy 
mutant was capable of attaching to the glass surface but was unable to build the towers characteristic of a wild-
type biofilm. Moreover, the wzy biofilms were, on average, significantly thinner (120µm) than the wild-type 
biofilm (145µm), as determined by a student’s t-test (P<0.05).  Biofilm heterogeneity of the wzy mutant was also 
further examined using roughness coefficients.  Biofilm surface roughness characterizes the variation in mean 
thickness. Higher roughness coefficients indicate a rough (or irregular) biofilm, while smaller coefficients 
indicate a smoother (or uniform) biofilm.  Roughness coefficients were calculated according to the methods of 
Murga et al. (34) and revealed that the wild-type biofilms have a significantly smaller roughness coefficient 
(0.019) than the wzy mutant biofilms (0.133), further supporting that the wzy mutant is impaired in biofilm 
formation. 

We also visualized biofilm formation of the Temecula1 wild-type and wzy mutant in planta using scanning 
electron microscopy.  As shown in Figure 5, xylem vessels in wzy-inoculated plants were less occluded as 
compared with wild-type. 

Lastly, we have initiated chitin attachment assays.  We are currently using a technique developed by Killiny et al. 
(35) with slight modifications, that uses blue-green sharpshooter hindwings as a proxy for the chitinous surface of 
the insect foregut. Using this technique will allow us to better understand what role Xf O-antigen plays in surface 
attachment and biofilm formation within its insect hosts.  Briefly, sharpshooter hindwings were removed and 
placed onto agar plates.  2µL droplets of Xf Temecula1 wild-type or wzy mutant were pipetted onto each 
hindwing.  Following a six-hr incubation period, culture droplets were removed and wings were gently rinsed 
with distilled water. Bacterial populations attached to the hindwings were quantified using qPCR.  Our 
preliminary data show that both the wzy and waaL mutants attach less to the chitinous surface of the hindwings. 
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 Temecula1 wild-type wzy mutant 

Figure 4. In vitro biofilm assay of the wild-type and the wzy mutant. Images are representations 
of three independent assays with three replications each. 

Figure 5. In planta biofilm formation of the wild-type and wzy mutant. Images are representations 
of three independent assays with three replications each. 

Objective 3. Test O-antigen mutants for insect transmissibility. 
In this objective, we are comparing sharpshooter transmission rates for wild-type versus either the waaL or wzy 
mutant.  We are using the artificial feeding sachet technique developed by Killiny and Almeida (16). The 
artificial sachet technique is extremely useful because it allows us to normalize all strains to the same starting cell 
density in the individual feeding sachets, thereby avoiding any in planta multiplication differences. 

In collaboration with Dr. Thomas Perring (UC Riverside, Dept. of Entomology), we have initiated a blue-green 
sharpshooter colony.  We conducted insect acquisition studies using the artificial sachet technique, according to 
the methods of Killiny and Almeida (17).  Insects were fed 35µl aliquots of bacterial suspension or diet solution 
only (negative control) and given an acquisition access period of six hours.  Following the acquisition access 
period, insects were removed from the feeding sachets and placed onto clean basil plants for a clearing and 
multiplication period of 48 hours. Following this period, half of the insects were stored at -20°C for quantitative 
PCR (qPCR), and the other half were placed into glutaraldehyde fixative (4%) for examination of Xf colonization 
within the insect foreguts using scanning electron microscopy (SEM). 
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Figure 6. Scanning electron microscopy of sharpshooter foreguts. The wzy mutant was significantly 
impaired in colonization of sharpshooter foreguts. A) Close-up of colonization within the precibarial 
trough. B) Overview of colonization within the cibarium and parts of the precibarium. Images are 
representations of three independent assays with 10 replications each. 

We have collected preliminary images of the insect foreguts using scanning electron microscopy.  In brief, in 
collaboration with Dr. Elaine Backus (USDA ARS, Parlier), insects were prepped for SEM examination using a 
series of dehydrations, followed by critical point drying.  Insect foreguts were dissected out from the heads and 
mounted onto copper tape attached to aluminum stubs.  Stubs were sputter-coated in gold/palladium prior to 
analysis, and insects were imaged using the Philips XL30-FEG scanning electron microscope. As shown in 
Figure 6, the wzy mutant was significantly impaired in colonization within sharpshooter foreguts, while the 
Temecula1 wild-type readily attached and formed microcolonies.  We are currently in the process of quantifying 
the bacterial cells within the sharpshooter foreguts using qPCR.  Concomitant transmission studies were 
performed this summer by limiting fed sharpshooters onto healthy grapevine seedlings for an inoculation access 
period of four days.  Seedlings are currently in the greenhouse and will be observed for symptom development 
over the coming weeks.  Bacterial populations within infected plants and sharpshooter foreguts will also be 
quantified using qPCR. 

Objective 4. Test O-antigen mutants for increased vulnerability to environmental stress and antimicrobial 
compounds. 
The outer membrane of a bacterial cell is strongly influenced by its environment, and variation in the O-antigen 
portion of the LPS molecule can aid in the adaptation or tolerance to different environmental stresses such as 
oxidative stress, temperature, and resistance to antimicrobial peptides (3, 4, 23, 28).  We are investigating if the 
absence or truncation of the O-antigen affects tolerance to environmental stress and antimicrobial compounds by 
testing the wild-type Temecula1, waaL, and wzy mutants for increased susceptibility to three environmental 
stresses: 1) oxidative stress, 2) cold temperature, and 3) treatment with antimicrobial peptides. 

We rationalized that LPS is likely involved in resistance to oxidative stress because of its physical location in the 
outer leaflet of the bacterial cell membrane.  During the plant infection process, bacteria encounter oxidative 
stress in the form of reactive oxygen species (ROS).  ROS can be a product of the elicitation of the host defense 
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response or a by-product of normal plant metabolism and development (25).  In any case, oxidative stress is 
detrimental to the bacterial cell, and the cells must have a mechanism to cope with this environmental insult. We 
hypothesize that LPS, in particular the high molecular weight O-antigen chain, provides some protective effect to 
the cells and that the waaL and wzy mutants will be more vulnerable to ROS than the wild-type Temecula1 strain. 
We performed a simple disc inhibition assay protocol as previously described (20) to test sensitivity to peroxide. 
In brief, the wild-type Temecula1, wzy, and complemented strains were plated in PD3 top agar.  A Whatman 
paper disk impregnated with 100 µM H2O2 was overlaid onto the top agar. Plates were incubated for seven days 
at 28ºC and observed for zones of inhibition around the disk containing the H2O2. The diameter of the zone of 
inhibition correlates with sensitivity to H2O2. We observed that the wzy mutant was more sensitive to peroxide 
treatment as compared to the Temecula1 wild-type (Figure 7).  We are currently testing the waaL mutant for 
sensitivity to peroxide. 

Figure 7. The role of O-antigen in the protection against oxidative stress. In the disk inhibition 
assay, the Xf Temecula1 wzy mutant strain was less tolerant of hydrogen peroxide stress than the 
wild-type parent or the complemented mutant strain. Three independent assays were performed in 
triplicate. Error bars represent the standard error of the mean. 

CONCLUSIONS 
We are working toward understanding the role of the O-antigen component of LPS in contributing to virulence 
and those behaviors associated with xylem colonization, such as host cell wall attachment and cell-cell 
aggregation required for biofilm formation.  In addition, the broad host range, but stringent host specificity, of Xf 
provides an opportunity to study the molecular mechanisms underlying the essential traits that lead to host 
specificity. Most importantly, we have demonstrated that O-antigen in an important factor in Pierce’s disease 
development and host colonization and because of its abundance in the outer membrane, LPS may provide a 
target for disease control. 
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ABSTRACT 
The variations in DNA material, together with differences in genomic structure and nucleotide polymorphisms 
among strains, form the genetic basis for phenomenal adaptability of a bacterial species. This can be described by 
a bacterial pan-genome, which is defined as the full complement of genes in all strains of a species. The pan-
genome is typically composed by a "core genome," shared by all strains and characteristic of the species, and a 
"dispensable genome" that accounts for many of genotypic and phenotypic differences between strains. 
Sequencing a large number of strains from a single species is a major effort and an easiest way to study the 
bacterial pan-genome. The more genome sequences available, the more comprehensive a bacterial pan-genome is 
described. For Xylella fastidiosa (Xf), there are nine whole genome sequences available in public databases 
(Strains 9a5c, Temecula1, M12, M23, GB514, ATCC 35871, Dixon, EB92.1, and Ann-1).  To enrich the pan-
genome information, we have initiated a project to sequence at least ten more Xf strains from different 
geographical and host origins.  In the past research period, whole genome sequencing was performed on two Xf 
strains: Griffin-1, an oak leaf scorch strain isolated from a symptomatic red oak tree, and Mus-1, a strain isolate 
from muscadine grape showing Pierce’s disease symptoms. Both Xf strains were isolated from Georgia, USA. 
The genomes of the two Xf strains were sequenced using pure culture DNA. Efforts were made for gap closure. 
The two whole genome sequences were annotated and deposited in GenBank. The taxonomy status of the two Xf 
strains was established through multi-locus comparison. It is expected that the pan-genome research efforts will 
have important consequences for the way we understand bacterial evolution, adaptation, and population structure, 
as well as for more applied issues such as pathogen detection and identification. 
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ABSTRACT 
Xylella fastidiosa (Xf) has been occurring in the Americas where more than 200 plant species have been reported 
to be infected. Some of these plant species have a major economical impact as fruit crops (Vitis vinifera, Prunus 
persica, Citrus sinensis, Coffea spp., etc.), ornamentals (Nerium oleander, Platanus occidentalis, etc.) and forest 
trees (Quercus spp., Ulmus spp., etc.). Xf is a quarantine bacterium for the European Union (EU) listed on the 
directive 2000/29/EC. Xf has been absent from the EU territory. Nevertheless, a risk of introduction is still 
pending due to high number of imported plant hosts from contaminated areas and the occurrence of asymptomatic 
plants.  In 2012, in France, the Plant Health Laboratory (Anses-LSV) detected by immunofluorescence four 
infected plants and isolated three strains from coffee plants (Coffea arabica et C. canephora) growing in a 
confined glasshouse. These plants were used as mother plants in breeding programs. This outbreak was 
eradicated (OEPP RS N° 8 2012/165). 

Detection methods were set up based on PCR (Minsavage et al., 1994) and real time PCR (Harper et al., 2010) on 
various plant matrices such as coffee (Coffea spp.), grapevine (Vitis vinifera), and peach (Prunus persica) in order 
to provide efficient tools for imported plants test. 

Strains isolated from coffee plants in the eradicated outbreak were characterized by multiplex PCR (Hernandez-
Martinez R et al., 2007) and by multilocus sequence typing / multilocus sequence analysis (MLST / MLSA) on 
seven housekeeping genes. The three strains isolated from the coffee plants were placed in a phylogenetic tree 
constructed with a collection of strains representative of the diversity of Xf. Two strains isolated from C. arabica 
imported from South America were allocated to a new genetic lineage different from Xf subsp. pauca and one 
strain isolated from C. canephora imported from Central America was allocated to a phylogenetic group that 
includes Xf subsp. fastidiosa strains. 
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ABSTRACT 
We are identifying grapevine-derived replacement components for both the surface recognition domain (SRD) 
and lytic domains (LD) of our neutrophil elastase - cecropin B (NE-CB) chimeric antimicrobial protein (CAP) 
that perform identical functions as the individual protein components of our current NE-CB CAP. Our ability to 
identify appropriate grapevine proteins is based upon comparing protein shapes (3D structures) using a recently 
described computational tool [Catalytic Active Site Prediction (CLASP), Chakraborty et al., 2011]. We used this 
tool to identify an appropriate grapevine protein based on the conformational similarity of its key structural 
features. We also compare 3D conformation of candidate proteins to that of human neutrophil elastase or the 
insect-derived cecropin B protein. Using the active site configuration of neutrophil elastase, we found a good 
match with the pathogenesis-related protein P14a from tomato.  Based on the tomato sequence, we found the 
conserved protein in grapevines.  We focused on the version of this gene in Vitis shuttleworthii (Vs), designated 
VsP14a, as a good replacement for neutrophil elastase. The plant-expressed VsP14a protein can lyse Xylella and 
inhibits growth of Escherichia coli. Using the same approach, we identified a potential protein in grapevine that 
has the same structure as cecropin B.  Once we confirm comparable activity of both components, we will 
construct a synthetic gene encoding the chimeric antimicrobial protein, substituting both the neutrophil elastase 
and cecropin B domains.  The new chimeric antimicrobial protein with plant/grapevine components will be 
incorporated into a binary vector and used for Agrobacterium-mediated transformation of grapevine rootstock and 
tobacco to confirm resistance to Pierce’s disease using methods reported previously for neutrophil elastase -
cecropin B constructs (Dandekar et al., 2012). 

LAYPERSON SUMMARY 
We have engineered transgenic grapevines that can protect themselves from Pierce’s disease via the expression of 
the chimeric antimicrobial protein neutrophil elastase - cecropin B that kills the causative agent, Xylella 
fastidiosa. We build on that success in this project by seeking to identify grapevine components that are similar 
in structure to the human neutrophil elastase (NE) or insect cecropin B (CB) protein components. Since the 3D 
structural details of both NE and CB are known, we used a recently developed computational tool (Catalytic 
Active Site Prediction; CLASP) that identifies structurally similar proteins based upon specific structural features 
present on the surface of neutrophil elastase or cecropin B. We have identified a grapevine P14a protein as a 
replacement for neutrophil elastase. Like neutrophil elastase, it can inhibit or kill bacterial cells. We have 
identified a grapevine replacement candidate for cecropin B and are in the process of testing its efficacy.  The goal 
is to replace the neutrophil elastase and cecropin B components with proteins from grapevine that perform the 
same function and to confirm resistance to Pierce’s disease using the methods reported previously for neutrophil 
elastase - cecropin B constructs (Dandekar et al., 2012). 
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INTRODUCTION 
Xylella fastidiosa (Xf), the causative agent of Pierce’s disease, has a complex lifestyle requiring colonization of 
plant and insect.  Its growth and developmental stages include virulence responses that stimulate its movement in 
planta and its ability to cause disease in grapevines (Chatterjee et al., 2008). Resistance to this pathogen must be 
multifaceted to block the pathogen at different stages of its complex lifestyle. A key issue is the reservoir of 
bacterial inoculum already present in California that poses an immediate threat in the presence of a significant 
insect vector like the glassy-winged sharpshooter (GWSS). Chemical pesticides are now used to suppress the 
GWSS population, which is effective but does not reduce this inoculum reservoir. Resistance mechanisms 
capable of degrading the reservoir could prevent further spread of the disease.  It is critical to know whether any 
resistance mechanism under consideration can clear Xf and if so, by what mechanism. The resistance mechanism 
must limit spread and movement of the bacterium in planta and block transmission of the disease by insect 
vectors. We have previously shown that Xf exposed to xylem fluid from resistant lines expressing neutrophil 
elastase – cecropin B (NE-CB) shows significant mortality.  Our group has successfully designed and tested a 
neutrophil elastase – cecropin B chimeric protein that specifically targets Xf in plant xylem (the site of infection), 
rapidly clears the pathogen, and blocks infection (Dandekar et al., 2009, 2012; Kunkel et al., 2007).  The protein 
contains two separate domains.  A surface-binding domain recognizes outer membrane proteins; we have 
previously shown that it recognizes and cleaves mopB, a major Xf outer membrane protein (Dandekar et al., 
2012). This surface-binding domain is encoded by a synthetic gene derived from the human innate defense 
protein neutrophil elastase (Dandekar et al., 2012; Kunkel et al., 2007).  The second, cecropin B domain is a 
clearance domain, connected with a flexible linker to the C-terminal of neutrophil elastase. This domain is a 
synthetic gene that encodes an antimicrobial peptide, cecropin B, that specifically lyses Gram-negative bacteria 
like Xf (Andrès and Dimarcq, 2007).  The two domains work in tandem to recognize and lyse Xf. Our current 
hypothesis for the mode of action is that neutrophil elastase binds to the surface of Xf via its mopB outer 
membrane protein, bringing the cecropin peptide close to the bacterial surface where it can lyse and kill the 
pathogen.  Transgenic expression of this protein in tobacco and grape has provided phenotypic evidence of 
bacterial clearance and biochemical evidence of mopB degradation by neutrophil elastase (Dandekar et al., 2012). 
A major concern is that the presence of a protein of human origin in grapevines is potentially controversial to 
groups opposed to genetically-modified organisms (GMOs).  Therefore, substituting neutrophil elastase and 
cecropin B proteins derived from plants, ideally from grapevine, would be less controversial. 

OBJECTIVES 
The goal of this project is to redesign the neutrophil elastase – cecropin B chimeric antimicrobial protein (CAP) 
with a plant elastase and plant-derived lytic domain and test its efficacy to combat Pierce’s disease in transgenic 
tobacco and grapevines. 
1. Redesign the chimeric antimicrobial protein by substituting a plant counterpart [plant elastase (PE)] for the 

human neutrophil elastase component and demonstrate its efficacy for bacterial clearance. 
a. Activity 1.  Identify a suitable plant elastase candidate that is comparable to human neutrophil elastase in 

active site structure using the Catalytic Active Site Prediction (CLASP) computational tool. 
b. Activity 2. Construct vectors and test in planta-produced protein for efficacy in killing Xf in culture. 
c. Activity 3.  Conduct in planta efficacy testing:  construct binary vectors (plant elastase – cecropin B), 

transform grapevine and tobacco, and test transgenic plants for clearance of Xf and resistance to Pierce’s 
disease symptoms. 

2. Redesign the chimeric antimicrobial protein by substituting a plant/grapevine counterpart [plant lytic domain 
(PLD)] for the insect-derived cecropin B component in the lytic domain and demonstrate its efficacy for 
bacterial clearance. 
a. Activity 4.  Identify a suitable plant lytic domain candidate that is comparable to insect-derived cecropin 

B in primary and secondary structure using CLASP and other computational tools. 
b. Activity 5. Test the synthetic plant lytic domain protein for efficacy in killing Xf in culture. 
c. Activity 6.  Conduct in planta efficacy testing of the grape-derived chimeric antimicrobial protein 

components using transient expression of VsP14-LPD and VsP14m-LPD. 
3. Construct and test a fully plant-derived chimeric antimicrobial protein (plant elastase – plant lytic domain) 

and test its ability to confer resistance to Pierce’s disease in grapevine rootstocks. 
a. Activity 7.  Construct a plant elastase – plant lytic domain binary vector, transform grapevine and 

tobacco, and evaluate Xf resistance and Pierce’s disease development. 
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RESULTS AND DISCUSSION 
Objective 1.  Redesign the chimeric antimicrobial protein by substituting a plant counterpart [plant 
elastase (PE)] for the human neutrophil elastase component and demonstrate its efficacy for bacterial 
clearance. 
The strategy here was to identify a plant version of the surface-binding domain (PE) corresponding to the 
neutrophil elastase domain of our chimeric antimicrobial protein and to test the efficacy of this component 
outlined in the three activities associated with this objective. 

Activity 1. Identify a suitable plant elastase candidate that is comparable to human neutrophil elastase in 
active site structure using the CLASP computational tool. 

This activity has been successfully accomplished. A plant PE candidate protein was identified using the CLASP 
(Chakraborty et al., 2011) and PROMISE packages (http://www.sanchak.com/clasp/). The potential differences 
between reactive atoms in the active site of the target proteins were calculated using the Adaptive Posson-
Boltzmann Solver (APBS) and PDB2PQR packages (Baker et al., 2001 and Dolinsky et al., 2004). The 
neutrophil elastase structure (1B0F) was chosen from Protein Data Bank (PDB). The elastase scaffold residues 
Ser195, His57, Asp102, Ser214, and Gly193 were chosen based on their known interaction with the elastase 
enzymatic function. The best plant candidate based on this analysis was a pathogenesis-related (PR) protein P14a 
from tomato (1CFE). Details of the protocol and workflow used to make this selection have been recently 
described (Chakraborty et al., 2013). The P14a from Solanum lycopersicum (tomato) is a promising choice since 
we found similar, highly conserved proteins from other plant species, including grapevine. Additionally, the PR 
superfamily is widely distributed in animals, plants, and fungi.  Some of these related to cysteine-rich secretory 
proteins (CRISP) have demonstrated, substrate-specific protease activity (Milne et al., 2003).  Furthermore, a 
striking structural homology was observed between P14a and a protein found in snake venom that has been 
demonstrated to be an elastase (Bernick and Simpson 1976).  The structure of the 135 amino acid mature P14a 
protein from tomato was also determined using nuclear magnetic resonance (NMR) (Fernandez et al., 1997). 
Based on these considerations, we used the tomato P14a to find an appropriate P14a in Vitis. We chose, from 
several matching these criteria, the P14a from Vitis shuttleworthii (Vs), as this species is resistant to Pierce’s 
disease (Walker, personal communication).  More recently, 21 different PR-1 genes from grapevine, including 
those from Vs, were characterized and shown to confer resistance to bacterial disease (Li et al., 2011). Further 
analysis of the predicted active site of VsP14a using CLASP indicated that removal of amino acids 74 and 77 had 
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the potential to improve elastase/protease activity. The sequence of VsP14a without the two amino acids is 
designated VsP14m. 

Activity 2. Construct vectors and test in planta-produced protein for efficacy in killing Xf in culture. 
To test the efficacy of VsP14a and VsP14m proteins in the clearing of Xf, we codon-optimized and chemically 
synthesized the two versions of VsP14a after adding a 3xFlag purification tag (Sigma Aldrich). VsP14a-3xFlag 
and VsP14m-3xFlag genes were cloned into pEAQ-HT, a binary vector specific for transient protein expression 
system in the tobacco species Nicotiana benthamiana (Sainsbury et al., 2009) (Figure 2A).  The constructed 
binary vectors were transformed into a super-virulent Agrobacterium strain (EHA105). As a negative control, an 
empty vector (pEAQ-HT) was also transformed into the same strain of Agrobacterium. Tobacco leaves were 
harvested from greenhouse-grown plants and vacuum-infiltrated with Agrobacterium suspensions containing 
VsP14a and the empty vector. Agro-infiltration conditions were optimized as described earlier (Huang et al., 
2009). The infiltrated leaves were harvested six days post-infiltration. Total protein was extracted using an 
apoplastic wash method to extract secreted proteins present in the leaf apoplast. Using Anti-Flag M2 antibody 
(Sigma), we detected VsP14a on the first run. We tested the ability of the crude leaf protein extract from plants 
transformed with both constructs to inhibit growth of Escherichia coli (Figure 2C) and Xylella (Figure 2D). 
After four hours, the E. coli with the extract from the plant expressing the empty vector showed growth, while 
growth of those exposed to VsP14A was completely inhibited (Figure 2C).  Proteins VsP14a and VsP14m also 
inhibited the growth of Xylella while protein obtained from the empty vector did not.  By 50 minutes, 50% of the 
population was killed, but mortality reached a plateau at ~ 60% mortality (Figure 2D). These results are 
encouraging and indicate that we may have found the desired replacement for neutrophil elastase.  Now it must be 
tested in planta for protection against Xf infection. We also developed antibodies against VsP14a and used these 
to detect the protein in the plants using Western blots. Proteins isolated from Thompson Seedless (TS) and 
V. shuttleworthii infected and not infected with Xylella showed that the P14a in V. shuttleworthii was expressed in 
both infected and uninfected tissues.  In Thompson Seedless, it was only expressed in infected tissues and un-
infected tissues expressed no protein corresponding to P14a (Figure 2B). 
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Activity 3. Conduct in planta efficacy testing:  construct binary vectors (plant elastase – cecropin B), 
transform grapevine and tobacco, and test transgenic plants for clearance of Xf and resistance to Pierce’s 
disease symptoms. 
We have initiated the construction of a binary vector for the expression of VsP14a. 

Objective 2. Redesign the chimeric antimicrobial protein by substituting a plant/grapevine counterpart 
[plant lytic domain (PLD)] for the insect-derived cecropin B component in the lytic domain and 
demonstrate its efficacy for bacterial clearance. 

Activity 4. Identify a suitable plant lytic domain candidate that is comparable to insect-derived cecropin B 
in primary and secondary structure using CLASP and other computational tools. 
We have used an approach similar to that described above in Activity 1 to identify a replacement component plant 
lytic domain for cecropin B. Our focus here is to identify a plant/grapevine version of the cecropin B lytic 
domain.  We chose the structural motif Lys10, Lys11, Lys16, and Lys29 from cecropin B (PDBid:2IGR) 
(Figure 3). Our analysis has identified good candidates. It is noteworthy that several defense-like proteins 
feature in the list, allowing us to speculate that another peptide might be a good replacement for cecropin B in the 
chimera. We have evaluated eight protein candidates.  We are now focusing on a 52 amino acid segment of the 
plasma membrane H+ ATPase, whose structure matches very well with the cecropin B structure shown below 
(Figure 3). 

CONCLUSIONS 
Using a novel computational tool called CLASP, we have identified two proteins in grapevine that can be used to 
replace the neutrophil elastase and cecropin B components in a chimeric antimicrobial protein designed to provide 
resistance to Pierce’s disease.  The VsP14a protein replacement for neutrophil elastase was expressed in plants. 
This protein was isolated and shown to inhibit growth of E. coli and to cause lysis of Xylella. We have identified 
a potential candidate to replace the cecropin B domain, a 52 amino acid segment of a grapevine plasma membrane 
H+ ATPase.  We have begun designing vectors to test combinations of these two proteins to confer resistance in 
transgenic tobacco. 
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ABSTRACT 
We have successfully established two field plantings to investigate two greenhouse-tested strategies to control the 
movement of and to clear Xylella fastidiosa (Xf), a xylem-limited, Gram-negative bacterium that is the causative 
agent of Pierce’s disease in grapevine. A key virulence feature of Xf resides in its ability to digest pectin-rich pit 
pore membranes that connect adjoining xylem elements, enhancing long-distance movement and vector 
transmission.  The first strategy tests the ability of a xylem-targeted polygalacturonase-inhibiting protein (PGIP) 
from pear to inhibit the Xf polygalacturonase activity necessary for long distance movement.  Our second strategy 
enhances clearance of bacteria from Xf-infected xylem tissues by expressing a chimeric antimicrobial protein, 
human neutrophil elastase – cecropin B (HNE-CecB). The expectation is that expressing these two proteins will 
prevent Xf movement and reduce Xf inoculum, curbing the spread of Pierce’s disease in California vineyards. 
Transgenic grapevine plants expressing either PGIP or HNE-CecB have been planted in two locations, one in 
Riverside County and the other in Solano County.  Two hundred and ten transgenic or untransformed control 
vines, own-rooted or grafted with untransformed Thompson Seedless (TS), were planted in Riverside County on 
May 18, 2010, with the remaining 10 planted on March 6, 2011.  In Solano County, 110 own-rooted transgenic 
and untransformed control vines were planted on August 2, 2010 and 110 untransformed Thompson Seedless 
scions grafted onto transgenic or untransformed rootstocks were planted on June 27, 2011. These transgenic 
grapevines are being evaluated both as plants on their own roots and as rootstocks grafted with untransformed 
Thompson Seedless scions.  HNE-CecB- and PGIP-expressing transgenic grapevine lines in Riverside and Solano 
counties have been evaluated phenotypically; no visible differences were seen between transgenic and 
untransformed vines. At the Riverside County site, the plants have been naturally infected. Xf has been detected 
in petiole extracts, xylem sap, and stems by ELISA.  Pierce’s disease symptoms were previously assessed using a 
standardized score based on percentage of leaf area scorching; now we are using a 0-1 and a 0-4 scale to validate 
resistance to Pierce’s disease under field conditions. Pierce’s disease symptoms and ELISA cell count results 
confirmed Xf infection in the Riverside County field. At the Solano County site, plants on their own roots were 
mechanically inoculated with the Xf type strain (Temecula 1) on June 27, 2011 and re-inoculated on May 29, 
2012, to validate resistance to Pierce’s disease under field conditions. At the Solano County site, field-grafted 
transgenic plants were also mechanically inoculated for the first time on May 29, 2012. The presence of Xf was 
confirmed by ELISA in petiole extracts in fall 2011, but no Xf growth on plates or Pierce’s disease symptoms 
were detected.  Leaf scorching, the characteristic symptom of Pierce’s disease, was observed in Solano County for 
the first time in fall 2012 and Xf presence was confirmed by ELISA in petiole extracts collected in the same 
season and in stem samples collected in spring 2013.  Non-grafted and grafted grapevines at the Solano County 
site that were not inoculated previously were manually inoculated on June 2013, completing the manual 
inoculation of all grapevines at this location. HNE-CecB- and PGIP-expressing transgenic grapevine lines in 
Solano County have also been tested to confirm the presence of the transgene. 
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LAYPERSON SUMMARY 
Four hundred and forty (440) transgenic grapevine plants expressing either polygalacturonase-inhibiting protein 
(PGIP; 192 plants) or a chimeric antimicrobial protein, human neutrophil elastase – cecropin B (HNE-CecB; 192 
plants) and 56 untransformed control vines have been planted in two locations, one in Riverside County (220 
plants) and the other in Solano County (220 plants). One half of these transgenic grapevines are being evaluated 
as plants on their own roots and the other half as rootstocks grafted with untransformed Thompson Seedless (TS) 
scions to demonstrate the field efficacy of two strategies to control Pierce’s disease in California grapevines. The 
first strategy uses transgenic rootstocks to control the movement of the bacterium Xylella fastidiosa (Xf) in the 
water-conducting xylem of the vine through expression of PGIP. The second strategy tests whether transgenic 
rootstocks can clear Xf infections in xylem tissue by expressing HNE-CecB. At the Riverside County site, natural 
Xf infection has been confirmed in petioles, xylem sap, and stems by ELISA and appears to be uniform. At the 
Solano County site, about 25% of the plants were mechanically inoculated in 2011; another 25%, in 2012; and the 
remaining 50%, in 2013. The presence of Xf was confirmed in petiole and stem extracts of grapevines using the 
ELISA assay. We have used various phenotype scoring techniques and while these methods are not perfect, we 
see lines that consistently score better than the control for both strategies and others that do not. We also observe 
that those lines that show resistance are also able to transmit their resistance from the rootstock. However, the 
resistance transmitted from the rootstock is weaker than that obtained with a transformed plant. Further 
observations in the next two years will help quantify the ability of the elite lines that we have identified to provide 
resistance to Pierce’s disease. 

INTRODUCTION 
Thompson Seedless (TS, Vitis vinifera) grapevines were transformed with a gene that encodes a chimeric anti-
microbial therapeutic protein with a recognition domain from a neutrophil elastase (NE) that specifically binds to 
the Xylella fastidiosa (Xf) outer-membrane protein MopB and a lytic domain, cecropin B (CB), that clears Xf, the 
causative agent of Pierce’s disease in grapevines (Dandekar et al., 2012).  We have similarly transformed 
Thompson Seedless grapevines with a gene encoding polygalacturonase-inhibiting protein (PGIP) that results in 
the expression of a PGIP that inhibits the action of polygalacturonase (PG), a virulence factor expressed by Xf, 
which interferes with long distance movement of Xf and provides resistance to Pierce’s disease in grapevine 
(Aguero et al., 2005, 2006). Transgenic grapevines expressing NE-CB and different PGIP constructs were first 
tested under greenhouse conditions and several lines that showed increased resistance to Pierce’s disease over 
controls were identified by mechanical inoculation with Xf (Dandekar et al., 2012). 

Selected transgenic grapevine plants expressing either NE-CB or PGIP, own-rooted or grafted with untransformed 
Thompson Seedless, were planted in 2010-11 and are being tested for Pierce’s disease resistance under field 
conditions in two locations.  At the Riverside County site, with Pierce’s disease pressure, plants have been 
naturally infected, Pierce’s disease symptoms have been detected, and Xf has been confirmed present in petiole 
extracts and xylem sap by ELISA and plating. At the Solano County site where plants were mechanically 
inoculated, Pierce’s disease symptoms have also been detected and Xf has been detected in petiole extracts using 
an ELISA assay. 

OBJECTIVES 
The goals of this project are to finish the field test of four NE-CB and four PGIP transgenic grapevine clones by 
evaluating their horticultural characteristics and their resistance to Pierce’s disease.  Transgenic grapevines have 
been tested in two field locations as non-grafted plants and as transgenic rootstocks grafted with wild type scions. 
One field location has Pierce’s disease pressure and plants were naturally infected with Xf; in the other location 
with no Pierce’s disease pressure, grapevines were mechanically inoculated with Xf. 
1. Validate the efficacy of in planta-expressed chimeric NE-CB and PGIP with different signal peptides to 

inhibit and clear Xf infection in xylem tissue and to pass through the graft union under field conditions. 
a. Activity 1.  Propagation, field planting, and grafting of HNE-CecB and PGIP transgenic grapevines. 
b. Activity 2.  Evaluate preservation of varietal characteristics in transgenic grapevines grown as whole 

plants or used as rootstocks. 
c. Activity 3. Evaluate Pierce’s disease resistance of HNE-CecB and PGIP transgenic grapevines after 

inoculation with Xf. 
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RESULTS AND DISCUSSION 
Activity 1.  Propagation, field planting, and grafting of HNE-CecB and PGIP transgenic grapevines. 
Four independent transgenic events expressing HNE-CecB (40-41, 40-89, 40-92, and 41-151) and four expressing 
different PGIP constructs (31-25, 45-77, 52-08, and TS50) were planted in two experimental fields.  Two hundred 
and ten transgenic or untransformed vines, own-rooted or grafted with untransformed Thompson Seedless scions, 
were planted in Riverside County on May 18, 2010 and the remaining 10 were planted on March 6, 2011, 
completing the planting at this location (Table 1).  We also planted 110 transgenic and untransformed vines on 
their own roots on August 2, 2010 and 110 vines grafted with untransformed Thompson Seedless scions on June 
27, 2011 in Solano County, completing the planting at this location (Table 1). HNE-CecB- and PGIP-expressing 
transgenic grapevine lines in Solano County have also been genotyped, confirming the presence of the inserted 
transgene in all lines. 

Table 1. Transgenic and control grapevines planted at Riverside and Solano county field sites. 
Non-grafted Grafted 

Event ID (Vector) # Planted Event ID (Vector) # Planted 
HNE-CecB lines 

40-41 (pDU04.6105) 12 40-41G  (pDU04.6105) 12 
40-89 (pDU04.6105) 12 40-89G  (pDU04.6105) 12 
40-92  (pDU04.6105) 12 40-92G    (pDU04.6105) 12 
41-151  (pDU04.6105) 12 41-151G  (pDU04.6105) 12 

PGIP Lines 
31-25  (pDU05.1002) 12 31-25G    (pDU05.1002) 12 
45-77 (pDU06-0201) 12 45-77G  (pDU06-0201) 12 
52-08 (pDU05.1910) 12 52-08G  (pDU05.1910) 12 
TS50  (pDU94.0928) 12 TS50G  (pDU94.0928) 12 

Control line 
TS 16 TS-G 12 

Activity 2.  Evaluate preservation of varietal characteristics in transgenic grapevines grown as whole plants 
or used as rootstocks. 
To verify that horticultural and varietal characteristics of the parental genotype Thompson Seedless were 
unchanged, HNE-CecB- and PGIP-expressing transgenic grapevine lines in Solano and Riverside counties were 
evaluated phenotypically in September 2011 and November 2011, respectively. This examination was 
accomplished using the first 12 descriptors from the Primary Descriptor Priority List proposed by the 
International Organization of Vine and Wine (OIV, 1983).  The descriptors used were 1) aperture of young shoot 
tip/opening of young shoot tip, 2) density of prostrate hairs between main veins on 4th leaf lower side of blade, 3) 
number of consecutive shoot tendrils, 4) color of upper side of blade on 4th young leaf, 5) shape of mature leaf 
blades, 6) number of lobes on mature leaf, 7) area of anthocyanin coloration on main veins on upper side of 
mature leaf blades, 8) shape of teeth on mature leaves, 9) degree of opening of mature leaves/overlapping of 
petiole sinuses, 10) mature leaf petiole sinus bases limited by veins, 11) density of prostrate hairs between main 
veins on lower side of mature leaf blades, and 12) density of erect hairs on main veins on lower sides of mature 
leaf blades. HNE-CecB and PGIP-expressing transgenic grapevine lines at both sites were also phenotypically 
evaluated in the fall of 2012 and will be evaluated in the fall of 2013; this evaluation will include fruit shape, 
color, and size.  To date, no difference between transgenic and untransformed Thompson Seedless was observed. 

Activity 3.  Evaluate Pierce’s disease resistance of HNE-CecB and PGIP transgenic grapevines after 
inoculation with Xf. 
Grafted and non-grafted transgenic grapevine lines naturally infected in the field in Riverside County were scored 
for Pierce’s disease symptoms using a 0-4 scale, where 0 = healthy no Pierce’s disease symptoms, 1 = a few 
leaves on a few shoots that are symptomatic on cane(s), 2 = Many symptomatic leaves on multiple canes (in a 
mature bilateral cordon trained vine), 3 = dieback/death of canes/cordons, and 4 = death of whole vine (Figure 1). 
Stem samples from the Riverside County site grapevines were harvested and the number of Xf cells was 
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determined using an ELISA kit from Agdia; the standard curve was created using Xf from liquid culture 
(Figure 2). Pierce’s disease symptoms and ELISA cell count results confirmed Xf infection in the Riverside 
County field. 

Figure 1. Riverside Pierce’s disease symptom scoring.  Spring of 2013 

Non-grafted transgenic grapevine lines in the Solano County field site were manually inoculated as described by 
Almeida et al. (2003) for the first time in July 2011, for a second time in May 2012, and for a third time in June 
2013. The manually inoculated runners of grafted and non-grafted transgenic grapevines were scored for Pierce’s 
disease symptoms using a 0-1 scale, where 0 = live runner and 1 = dead runner (Figure 3). Stem samples from 
runners in the Solano County site inoculated in 2011 or 2012 were harvested in spring 2013 and the number of Xf 
cells was determined using an ELISA kit from Agdia; the standard curve was created using Xf cells obtained from 
liquid culture (Figure 4). Pierce’s disease symptoms and ELISA cell count results confirmed Xf infection in the 
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Solano County field site.  Solano non-grafted and grafted grapevines that were not inoculated in 2011 or 2012 
were manually inoculated on June 17, 2013, completing the manual inoculation of all grapevines at this location. 

Figure 3. Solano Pierce’s disease symptoms scoring.  Spring of 2013 

CONCLUSIONS 
We have successfully established two field trials to validate two greenhouse-tested strategies to control the 
movement and clearance of Xylella fastidiosa (Xf), a xylem-limited, Gram-negative bacterium that is the causative 
agent of Pierce’s disease.  A key virulence feature of Xf resides in its ability to digest pectin-rich pit pore 
membranes that interconnect the host plant’s xylem elements, enhancing long distance movement and vector 
transmission. The first strategy evaluated the ability of a xylem-targeted polygalacturonase-inhibiting protein 
(PGIP) from pear to counter virulence associated with Xf PG activity.  Our second strategy enhances clearance of 
bacteria from Xf-infected xylem tissues using a chimeric antimicrobial protein, HNE-CecB.  The expectation is 
that expressing these proteins will prevent Xf movement and reduce its inoculum size, curbing the spread of 
Pierce’s disease in California vineyards. 
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ABSTRACT 
The objective is to evaluate transgenic grape and grape rootstocks expressing various genes from different 
constructs in a field site in Solano County for protection against Xylella fastidiosa [Xf; Pierce's disease strain] 
following mechanical injections of Xf into the grape stems of transgenic and non-transgenic control plants. The 
experiment is now in the third year after inoculations were initiated. Test plants include own-rooted transgenic 
and non-transgenic plants and grafted plants with non-transgenic scions of a Pierce’s disease-susceptible variety 
grafted to rootstocks bearing transgenes from the respective investigators. The plants have been maintained under 
optimum field conditions with respect to water management and powdery mildew and insect control.  Following 
the third year (2013) after inoculations began, control plants are showing clear symptoms of Pierce’s disease and 
many inoculated canes are dying or dead. 

LAYPERSON SUMMARY 
The purpose of the field planting is to evaluate transgenic grape and grape rootstocks under natural field 
conditions for efficiency in providing protection against Pierce’s disease. The site in Solano County will enable 
controlled inoculation and close monitoring of the host response in terms of symptoms, bacterial behavior, and 
plant morphology.  Over the course of the three-year field evaluation, test plants in the first planting will include 
ungrafted conventional Thompson Seedless and Freedom plants as controls, transgenic plants from Dandekar, 
Labavitch, Lindow, and Gilchrist projects and, as plant material from the first planting becomes available, 
transgenic rootstocks expressing some of the test genes will be grafted to untransformed Pierce’s disease-
susceptible scions to assess potential for disease suppression in an untransformed scion from signals in the 
transformed rootstocks. The results of this field experiment to date indicate that the mechanical inoculations 
successfully introduced the bacteria into the plants with subsequent appearance of foliar symptoms and cane 
death. There are several of the transgenes from several investigators that appear to be suppressing the symptoms 
of Pierce’s disease-inoculated vines. 

INTRODUCTION 
The objective is to evaluate transgenic grape and grape rootstocks expressing various genes from different 
constructs in a field site in Solano County for resistance to Xylella fastidiosa [Xf; Pierce's disease strain] following 
mechanical injections of Xf into the plant stems.  Over the course of the three-year field evaluation, test plants will 
include ungrafted conventional Thompson Seedless and Freedom plants as controls, transgenic plants from 
Dandekar, Labavitch, Lindow, and Gilchrist projects and, as plant material availability permits, transgenic 
rootstocks expressing some of the test genes grafted to untransformed Pierce’s disease susceptible scions will be 
introduced. All plants were moved as vegetative material in 2010 and 2011 to the USDA APHIS approved field 
area with no risk of pollen or seed dispersal and stored on-site in lath houses until planted. The area is adjacent to 
experimental grape plantings that have been infected with Pierce’s disease for the past two decades following 
mechanical inoculation in a disease nursery near this site.  Over this period there has been no evidence of spread 
of the bacteria to uninfected susceptible grape plantings adjacent to the infected plants.  In addition, there are 500 
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grape plants that were inoculated and infected with Pierce’s disease six years ago as part of ongoing disease 
research by another investigator and funded by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter 
Board.  The Xf in this latter ongoing experiment has not spread to the uninoculated experimental controls within 
the experiment or to any adjacent experimental grape plants over the past six years. Hence, there is a documented 
historical precedent for the lack of spread of the bacteria from inoculated to non-inoculated plants, an important 
consideration for the experiments planned for this project. 

OBJECTIVES 
A. Land preparation, planting, and management of the experimental resources.  Land to accommodate 500 plants 
from the investigators was designated for this project. Plants were introduced with a row spacing of 15 feet 
between rows and four feet between plants in a row. There is a 50-foot open space buffer area surrounding the 
field, which is fenced to protect against rabbits.  Each row is staked with seven-foot grape stakes supporting 13 
gauge wire in two wire trellis system with a stake at each plant site. Wires are stretched and anchored by seven-
foot pressure-treated posts at the end of each row. The plants are irrigated by surface furrow in accordance with 
standard practices for maintaining grapes for experimental purposes at this site, which is used for other 
experimental planting not related to this project.  Irrigation and pest management, primarily powdery mildew and 
insects, is conducted by the Collaborator Tom Kominek, Field Superintendent for the Department of Plant 
Pathology, who has 30 years of experience working with grapes under experimental conditions for USDA and UC 
Davis scientists. 

B. Principal and Co-Principal Investigators, with assistance from contract field crews, are responsible for 
pruning in the spring of each year to provide for multiple canes for inoculation and destructive sampling.  Note 
the pruning strategies will deviate from conventional production strategies in that many additional cordons will be 
maintained over seasons to enable multiple inoculations of canes for destructive sampling of the bacterial 
presence and movement in the plant throughout the seasons. 

C. Irrigation and pest management is to be provided by Collaborator  Tom Kominek as needed. 

D. Plants were mechanically inoculated with Xf by the Investigators, beginning in 2011 and again in years 2012 
and 2013. 

RESULTS AND DISCUSSION 
All of the above objectives set out for the establishment of this field planting were completed. Land preparation, 
fencing, irrigation, planting, and weed control were all accomplished in a timely manner to meet the initial 
planting date of July 12, 2010 (Figures 1 and 2).  The second phase of the planting, including grafted transgenics, 
was completed May 17, 2011. 

The 2010 and 2011 plantings of all four investigators survived the winter of 2011 without loss. The attachment of 
new shoots to the trellis system, cultivation, and irrigation management progressed in a normal and effective 
manner.  Extensive pruning during the season is now recognized as necessary to manage the plants in a fashion to 
allow ease of mechanical inoculation. 

As of July 21, 2011, the initial 2010 planting and the second 2011 planting individuals are healthy, growing 
normally, and all plants have a normal phenotype that is indistinguishable from untransformed control plants of 
each parental genotype.  Inoculation of individual canes was done on July 12, 2011 (Figures 5 and 6), on July 12 
and July 21 in 2012 and again in May of 2013. The field planting is now providing important data on the 
effectiveness of any of the transgenic strategies employed by the respective researchers. 

As of June 2012 (Figure 3), the inoculated controls and transgenic plants appeared healthy.  Additional canes 
were inoculated in July of 2012.  By October 2012, some inoculated canes of the control plants were showing 
symptoms consistent with Pierce’s disease and appeared to be dying at this point and several were dead as the 
plants leafed out in 2013 (Figure 4). 

As of October 2013, many inoculated canes on control plants and some transgenics were symptomatic or were 
dead in contrast to the non-inoculated canes on these plants, which appeared healthy and asymptomatic. This 
observation indicates that the mechanical inoculations were successful and further suggests that, in most cases, the 
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bacteria have not yet moved systemically through the plants. Plant turgor has been maintained throughout the 
growing season with regular watering.  Images below show the progression of the plants in the field from planting 
in 2010 to the summer of 2013. Included are representative plants illustrating the appearance of inoculated vs. 
uninoculated control plants. Within each of those two categories are plants that were either carried a putatively 
protective transgenes or were non-transgenic plants of the same parental background. The selected images in 
Figures 7 and 8 illustrate that some, but not all, transgenes in the respective plants appear to afford protection 
against Pierce’s disease. 

Solano County Pierce’s disease Field Work 2013. 
All field activities are conducted or coordinated by field superintendent Tom Kominek.  Regular tilling and hand 
weeding maintained a weed-free planting area. Plants were pruned carefully in March leaving all inoculated/ 
tagged branches and numerous additional branches for inoculation and sampling purposes in the coming year. All 
pruning material was left between the rows to dry, then flail chopped and later rototilled to incorporate the residue 
per requirements of the USDA APHIS permit.  Surface irrigation was applied as needed to maintain the soil at 
field capacity and turgor in the plants. Application of the fungicides Luna Experience and Inspire were alternated 
at periodic intervals to maintain the plants free of powdery mildew. Leafhoppers and mites were treated with 
insecticides when needed. Neither powdery mildew nor insect pressure was noted throughout the growing season. 

CONCLUSIONS 
The results to date of this field experiment indicate that the mechanical inoculations successfully introduced the 
bacteria into the plants with subsequent appearance of foliar symptoms and cane death. There are several of the 
transgenes from several investigators that appear to be suppressing the symptoms of Pierce’s disease inoculated 
vines. 

Images below illustrate the status the field experiment from planting in 2010 to the summer of 2013. The caption 
to each figure indicates the date the image was obtained and together they represent the both asymptomatic 
inoculated transgenic and symptomatic inoculated non-transgenic control plants at the Solano County site. 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board. 

Figure 1. July 2010 
Solano planting. Figure 2. July 2010 Solano 

planting. 

Figure 3. April 2012 Solano 
planting. 

Figure 4. July 2013 Solano 
planting. 
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Figure 5. Field inoculation June 2011.Figure 6. Close-up field inoculation June 2011. 

Figure 7. Inoculated untransformed control; May 
2013. Figure 8.  Inoculated transformed P14-9; May 2013. 
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FIELD EVALUATION OF GRAPE  PLANTS EXPRESSING PR1 AND UT456 TRANSGENIC DNA 
SEQUENCES FOR PROTECTION AGAINST PIERCE’S DISEASE 

Principal Investigator: 
David Gilchrist 
Department of Plant Pathology 
University of California 
Davis, CA 95616 
dggilchrist@ucdavis.edu 

Co-Principal Investigator: 
James Lincoln 
Department of Plant Pathology 
University of California 
Davis, CA 95616 
jelincoln@ucdavis.edu 

Reporting Period: The results reported here are from work conducted October 2012 to October 2013. 

ABSTRACT 
The objective of the field experiments is to evaluate transgenic grape plants and grape rootstocks expressing two 
DNA constructs designated PR1 and UT456 genes in field sites in Solano and Riverside counties for resistance to 
Xylella fastidiosa (Xf; Pierce's disease strain). Infection at the Solano site will use mechanical inoculation and 
will depend on natural inoculation at the Riverside site where endemic sharpshooters carry Xf. The basis for this 
experiment derives from four previous inoculation experiments in a controlled greenhouse over a two-year period, 
involving more than 300 transgenic plants of several primary transformants of PR1 and UT456 in either 
susceptible Thompson Seedless or the rootstock Freedom.  Backgrounds indicated that suppression of Pierce’s 
disease symptoms and reduction in bacterial titer occurred in the transgenics compared with untransformed 
control plants.  The Solano field experiment has been conducted in two phases. The first phase started in 2010 to 
evaluate clonal copies of the fully transformed own-rooted plants that exhibited suppressed Pierce’s disease 
symptoms and low bacterial titers in greenhouse assays.  The second phase began in 2011 with planting the 
untransformed Thompson Seedless scions grafted onto the most resistant of the PR1 and UT456 primary 
transformants as rootstocks. Over the course of the multiyear field evaluation at both sites, test plants in the first 
planting included own-rooted conventional Thompson Seedless and Freedom plants as controls to be compared 
with the transformed plants. Controls in the second phase included untransformed rootstocks grafted to the 
untransformed scions. Data collected in 2012-13 from both sites indicate that the bacteria are present in all plants 
at the Riverside site and in the mechanically-inoculated plants at the Solano site. Control plants at both locations 
show symptoms of Pierce’s disease and cane or plant death. Both the PR1 and UT456 expressing plants show 
suppression of symptoms and reduced bacterial counts. Quantitative data collection is in progress from samples 
collected at both sites. 

LAYPERSON SUMMARY 
Previously, we identified novel anti-PCD genes by a functional screen from cDNA libraries of grape. Two of 
these grape sequences (PR1 and UT456) expressed as transgenes in grape, suppressed Pierce’s disease symptoms 
and dramatically reduced bacterial titer in inoculated plants under greenhouse conditions. Field experiments 
underway in Solano and Riverside counties, conducted with a USDA APHIS permit, will evaluate clonal copies 
of the most resistant transgenic plants under field conditions for resistance to Pierce’s disease. The field 
evaluation will be conducted at the respective sites will involve mechanical inoculation with Xylella fastidiosa 
(Xf) in Solano County and glassy-winged sharpshooter inoculation in Riverside County. Data sets will include 
visual monitoring of plant morphology, Pierce’s disease symptoms, and bacteria titer by quantitative PCR (qPCR) 
assays. To date, PCR data and plating assays confirm the presence of Xf in the plants at both locations. 
Differential protection against defoliation was observed at the Riverside County site and PCR assays confirmed 
bacterial populations in the plants. Bacteria are present in inoculated plants at the Solano County site and there is 
definitive evidence of extensive symptom differences between several of the transgenic plants and the non-
transgenic control. Clearly both sites will need to be monitored and assays taken over a longer period of time for 
conclusive results to be obtained. 

INTRODUCTION 
Susceptibility in most plant-microbe interactions depends on the ability of the pathogen to directly or indirectly 
alter genetically determined pathways leading to apoptosis or programmed cell death (PCD). In eukaryotic 
systems, PCD is regulated by activators or inhibitors, which may be either endogenous or from exogenous sources 
including bacteria, fungi and viruses. In the case of Xylella fastidiosa (Xf), the bacteria live in a wide range of 
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plant species predominantly as endophytes or epiphytes but occasionally as pathogens.  We demonstrated 
previously that the death symptoms associated with Pierce’s disease exhibit characteristic molecular markers of 
PCD.  Presumably, sensitivity to the presence of the Xf bacteria, expressed as cell death-dependent symptoms, is 
the result of signals expressed by the bacteria that lead to activation of PCD.  Our research has focused on the 
effect of altering the expression of two different plant DNA sequences (PR1 and UT456) that were obtained from 
a functional anti-PCD screen of grape and tomato cDNA libraries. The UT456 is a noncoding sequence that 
contains small RNA hairpin structure indicative of a potential regulatory microRNA. The nomenclature of PR1 
gene can be confusing since PR1 refers to the coding sequence of the gene while the product of the PR1 gene is a 
14 kilodalton protein referred to in the literature as p14a.  Hence, there is a duplicative description of the construct 
inserted into the grape plants, but for simplicity and continuity we have chosen to refer to this construct of the 
gene in the transgenic plants as the protein product PR1-x, with x referring to independent transgenic plants. Both 
PR1 and UT456, expressed transgenically in either susceptible Thompson Seedless or the rootstock Freedom, 
protected against Pierce’s disease symptoms and limited bacterial titer four to six orders of magnitude below that 
reached in untransformed control plants in repeated greenhouse experiments.  Current field experiments are in 
progress to evaluate transgenic grape plants and grape rootstocks expressing PR1 and UT456 constructs in field 
sites in Solano and Riverside counties for suppression of Pierce’s disease.  The plants include own-rooted 
transformed Freedom and Thompson Seedless grape plants, and transformed rootstock of each expressing PR1 or 
UT456 grafted to untransformed Thompson Seedless scions.  The grafted plants are designed to assess possible 
protection across a graft union of the respective transgenic sequence. Once again, preliminary greenhouse 
inoculation experiments indicated that the protection by PR1 and UT456 does move across the graft union, 
although the extent of protection will only be clear after more field data 

Infection at the Solano County site is by mechanical inoculation versus the Riverside County site, which depends 
on natural inoculation by endemic glassy-winged sharpshooters (GWSS) carrying Xf. The Solano field 
experiment is conducted in two phases.  The first phase started in 2010 to evaluate clonal copies of the fully 
transformed own-rooted Thompson Seedless or Freedom plants expressing PR1 or UT 456. The second phase 
began in 2011 with planting the untransformed Thompson Seedless scions grafted onto clonal copies of the 
resistant of the PR1 and UT456 plants as rootstocks. Over the course of the three-year field evaluation at both 
sites, test plants in the first planting (2010) include own-rooted conventional Thompson Seedless and Freedom 
plants as controls to be compared with the transformed plants. Controls in the second planting phase (2011) 
included untransformed rootstocks grafted to the untransformed scions. Mechanical inoculations were done in 
2011, 2012, and 2013 on separate canes.  Bacterial assays conducted in 2012 from both sites indicate that bacteria 
are present in the mechanically inoculated canes at the Solano County site and in all plants at the Riverside 
County site. Quantitative data collection is in progress at both sites. 

OBJECTIVES 2010-2013 
A. Evaluation of transgenic grape plants and grape rootstocks expressing two DNA constructs designated PR1 

and UT456 genes in a field site in Solano County for resistance to the Pierce's disease strain of Xf following 
mechanical inoculation. 

The field experiments in Solano County are being conducted in two phases. The first phase  of the  field 
experiment started in 2010 to evaluate clonal copies of the fully transformed own-rooted PR1 and UT456 
plants of several  independent transformants that exhibited suppressed Pierce’s disease symptoms and low 
bacterial titers under greenhouse  conditions. These experimental materials consist of  sets of inoculated and 
uninoculated control plants. Treated plants  were inoculated with ~20,000 Xf bacterial cells per inoculation 
site by stem puncture  in July 2011, then repeated on different canes with ~200,000 Xf bacterial cells per 
inoculation site  in June of 2012, and a third inoculation with ~200,000 Xf bacterial cells  per inoculation  site 
was  done in June  2013. 

B. The second phase of the Solano County field planting began in 2011 with planting the untransformed 
commercial scions grafted onto the most resistant of the PR1 and UT456 independent transformants as 
rootstocks.  Inoculations per schedule in A above were carried out in 2012 and 2013. 

C. The second field experiment, located in Riverside County, was planted in the spring of 2011.  The planting 
consisted of clonal copies of the fully transformed own-rooted plants expressing PR1 or UT456 that were 
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planted in 2010 in Solano County. The Riverside plants were infected with Xf via natural populations of 
GWSS (Xf vector). 

RESULTS AND DISCUSSION 
A. The first phase of the field experiment started in 2010 to evaluate clonal copies of the fully 

transformed own-rooted (ungrafted) PR1 and UT456 plants that exhibited suppressed Pierce’s disease 
symptoms and low bacterial titer under extensive greenhouse testing (2010-2013). 
This phase took place as planned with the planting occurring on July 12, 2010. Evaluation of the 
experimental plants for plant morphology, symptoms of Pierce's disease infection, and the presence of the 
bacteria involve a time course of  visual monitoring of symptom development and assessment by quantitative 
PCR (qPCR) assays of bacteria in the inoculated tissue (mainly stems) for Xf. A comparative quantitative 
determination by qPCR of the presence of Xylella in transgenic grape and grape rootstocks compared 
to equivalent untransformed grape and grape rootstocks will provide an indication of the impact on the 
bacterial load in the respective transgenic and control plants. All procedures have been used successfully in 
the ongoing greenhouse experiments for the past five years. The plants were confirmed to have been 
successfully infected in the 2011, 2012, and 2013 inoculations by sampling individual inoculated canes 
followed by qPCR analysis for relative bacterial populations. Bacterial numbers varied from 500-1500 cells 
per one cm of inoculated stem tissue in the fall of 2011 sampling and no difference between the control 
plants and transgenic plants. Further, there were no distinguishable morphological differences in the control 
plants compared with any of the transgenic lines using criteria of descriptors described by the International 
Organization of Vine and Wine. There were no detectable symptoms of Pierce’s disease in leaf or stem 
tissue at the end of the 2011 season or when buds formed and leaves emerged in the spring of 2012. Vines 
were pruned to retain inoculated canes and to provide for two to four additional canes for inoculation in the 
early summer of 2012.  The second sets of inoculations were done in June of 2012.  Some inoculated canes 
on the control plants began to express leaf and stem symptoms of cell death compared with uninoculated 
canes at end of the 2012 growing season. Individual inoculated canes showed symptoms consistent with 
Pierce’s disease as the plants emerged from dormancy in the spring of 2013. Uninoculated canes on all 
plants were asymptomatic. Individual inoculated canes were rated as dead/dying or alive in April 2013 
(Figure 1).  Two of the independent transformants, PR1-9 and UT456-10, cloned plants showed substantial 
reduced death or no death compared with the susceptible control canes. Bacterial sampling again showed Xf 
to be present in the surviving canes but no qPCR positive data was recovered from the dead canes (tissue too 
dried out).  There was no evidence of cane death in any plants and canes that had not been inoculated. All 
cane death was restricted to inoculated canes, with a few inoculated plants showing death of the entire plant 
but, again, no plant or cane death in uninoculated plants. Representative plant images are shown in 
Figures 2-6. Captions on individual figures describe the typical symptoms or plant appearance in relation to 
disease-associated tissue death. The results to date indicate that both PR1-9 and UT456-10 exhibited greatly 
reduced cane death with the PR1-9 less impacted than the UT456. The plants were re-inoculated in June of 
2013. Samples for bacterial analysis and scoring of individual inoculated canes from all three inoculations 
are being analyzed at the present time. 

B. The second phase of the Solano County field planting began in 2011 with copies of the untransformed 
scions grafted onto the most resistant of the PR1 and UT456 plants as rootstocks (2010-2013). 
Transgenic rootstocks grafted to untransformed Pierce’s disease susceptible Thompson Seedless scions were 
produced in vitro under sterile conditions in magenta boxes, then transferred to the greenhouse to grow in 
preparation for field planting. Using this procedure, success rate is greater than 95%, is more space efficient 
relative to greenhouse grafting, can be done anytime of the year, and is as rapid as green grafting. The plants 
for the Solano County phase two were planted in the field May 17, 2011 and first inoculated in June of 2012. 
The plants were confirmed to have been successfully infected in 2012 by sampling individual inoculated 
canes in the fall of 2012 followed by qPCR analysis.  Bacterial numbers varied from 200-1000 cells per 
one cm of inoculated stem tissue sampling and there were no differences between the control plants and 
transgenic grafted plants at this time. There were no detectable symptoms of Pierce’s disease in leaf or stem 
tissue at the end of the 2012 season nor when buds and leaves emerged in the spring of 2013. However, as 
the plants began to leaf out, there were noticeable areas of bud failure on the inoculated control plants 
(Figure 6) compared with the transgenic grafted P14-9 shown in Figure 5. Plants were re-inoculated in June 
of 2013 and evaluations will continue during the fall for symptoms and bacterial population levels. 
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C. Establish a field planting in Riverside County consisting of clonal copies of the fully transformed 
ungrafted PR1 and UT456 plants that were planted in Solano County in 2010.  (2011-2013) 
Field planting occurred April 2011. The GWSS populations were sufficiently high to initiate infections in all 
plants in this location based on both symptom and bacterial assays in June 2012 and the GWSS populations 
were recorded as high in 2011 and 2012 by field surveys conducted by Riverside personnel. Samples of 
cane tissue analyzed by qPCR confirmed infection by Xf. Symptoms of Pierce’s disease associated death 
were evident in 2012 and early spring of 2013. All plants were rated for disease severity. Figure 7 shows a 
comparison of PR1-9 with the untransformed Thompson Seedless control.  Images were captured of all 
plants, examples of which are seen in Figures 8-9 for time course comparisons. Bacterial assays are in 
progress for the 2013 samplings. Clearly, the level of disease impact is high and this site appears to have 
afforded infection levels that affect plant survival in the presence of Pierce’s disease. As has been the case at 
the Solano County site, plants expressing the transgenes PR1 (especially PR1-9) and UT456 (UT 456-10) 
have been consistently rated as more resistant than the untransformed control plants under a circumstance of 
heavy disease pressure. 

CONCLUSIONS 
Xylella fastidiosa (Xf) induces Pierce’s disease symptoms that result from activation of a genetically regulated 
process of programmed cell death (PCD).  We identified grape DNA sequences, which when constitutively 
expressed in transgenic grapes suppress the death-dependent symptoms of Pierce’s disease and reduce the 
bacterial titer to a level found in Pierce’s disease resistant wild grapes. Two of these grape sequences, 
constitutively expressed as transgenes in grape, suppressed Pierce’s disease symptoms and dramatically reduced 
the titer of Xf in inoculated plants under greenhouse conditions.  Field experiments ongoing in Solano and 
Riverside counties under a USDA APHIS permit appear to confirm the greenhouse results.  Greenhouse and 
current field data indicate that the transgenic sequences referred to as PR1 and UT 456 suppress the disease by 
preventing the PCD without eliminating the bacteria, only reducing the bacterial population to a level found in the 
naturally resistant wild grape, Vitis californica. Hence, the mode of action is not antibiotic. The field experiment 
includes an evaluation of the potential for these respective transgenes to function across a graft union. The first 
year assessment of cross-graft protection indicates that one or more of the transgenic sequences may function 
across a graft union to protect an untransformed and susceptible wild type scion. This project has identified a 
molecular and biochemical basis for Pierce’s disease symptoms and a genetic mechanism to suppress symptoms 
and bacterial growth within an infected plant. Given these results and results from other transgenes being tested 
by other Principal Investigators, there very likely will be a gene-based transgenic strategy to address Pierce’s 
disease. The plan for the coming year is to continue the field evaluation of transgenic grapes expressing PR1 and 
UT456 and to test for cross-graft protection by these two sequences on the plants at the Solano County site. 

FUNDING AGENCIES 
Funding for this project was provided by CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board. 
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Figure 1. Percent inoculated canes alive two years post inoculation at the Solano County 
site. Ratings were done May 13, 2013. Plants are own-rooted Thompson seedless 
transgenic and non-transgenic. N= number of canes rated. 
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Figure 2. Solano County: Non-transgenic control 
plant (TS02A) Inoculated in 2011 and 2012. Image 
taken April 2013 showing shoots dying shortly 
after emergence. Colored tags indicate dates of 
inoculation. See Figure 3 for view of the entire 
plant with additional death of inoculated canes. 

Figure 3.  Solano County: non-transgenic control 
plant (TS02A) inoculated July 2012 showing cane 
death visible after emergence of uninoculated 
canes on the same plant.  Image illustrates the 
observation that the bacteria can kill inoculated 
canes but do not move rapidly to other canes on the 
same plant. 

Figure 4. Solano County: own-rooted transgenic PR1-
9 that was inoculated in 2011 and 2012. There is no 
evidence of death in inoculated canes or shoots 
emerging from the inoculated canes. Image recorded 
May 13, 2013. 

Figure 5. Solano County: non-transgenic scion 
grafted to a transgenic PR1-9 rootstock. The 
scion was inoculated in 2012 currently showing 
no evidence of death in inoculated canes or 
shoots emerging from the inoculated canes. 
Image recorded in May 2013. See Figure 6 for 
control comparison with substantial cane death. 
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Figure 7.  Example of grape plants growing in 
Riverside County in June 2013, subject to feeding by 
GWSS confirmed to carry Xf. Plant in the foreground 
of the right picture (red arrow) is a non-transgenic 
Thompson Seedless control, which is essentially dead. 
The plant in background is a transgenic PR1 
Thompson Seedless plant, which, although infected 
(5673 bacterial cells per cm of stem tissue) shows no 
symptoms of cane or leaf death, seen here also as the 
image on the left. 

Figure 6. Solano County: non-transgenic scion grafted to a 
non-transgenic control rootstock. The scion was inoculated 
in 2012. Evidence of death is visible in inoculated canes. 
Note red flags for reference to limited cane death.  Image 
recorded in May 2013. See Figure 5 for comparison to 
grafted scion on a PR1-9 rootstock. 

Figure 8. Plants established in Riverside County in 2010 were rated for symptoms of Pierce's 
disease in June and August of 2013 on a 1 to 5 scale, with 1 being healthy and 5 being dead.  June 
2013 ratings are blue and August 2013 ratings are red. STC designates a susceptible transgenic 
control into which the 456 transcript was inserted but is not expressed and is used in this planting as 
a susceptible transgenic control. P14-9=PR1-9. 
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Figure 9. Image of grape plants growing in Riverside County June 2013 showing both 
asymptomatic and severely diseased plants (cone in foreground) that were subject to 
infection by GWSS that were confirmed to carry Xf by UC Riverside personnel. 

Figure 10.  Example grape plants growing in Riverside County June 2013 
showing both asymptomatic and severely diseased plants that were subject to 
infection by GWSS, which were confirmed to carry Xf. Arrows indicate each 
plant base. P14-9 =PR1-9. 
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EVALUATION OF  PIERCE’S DISEASE RESISTANCE IN TRANSGENIC VITIS VINIFERA 
GRAPEVINES EXPRESSING EITHER GRAPE  THAUMATIN-LIKE PROTEIN OR XYLELLA 

FASTIDIOSA HEMAGGLUTININ PROTEIN 

Principal Investigator: 
Bruce Kirkpatrick 
Department of Plant Pathology 
University of California 
Davis, CA 95616 
bckirkpatrick@ucdavis.edu 

Cooperator: 
James Lincoln 
Department of Plant Pathology 
University of California 
Davis, CA 95616 
jelincoln@ucdavis.edu 

Cooperator: 
Caroline Roper 
Dept. of Plant Path. &  Microbiol. 
University of California 
Riverside, CA 92506 
caroline.roper@ucr.edu 

Cooperator: 
George Kasun 
Department. of  Plant Pathology 
University of California 
Davis, CA 95616 
gwkasun@ucdavis.edu 

Reporting Period: The results reported here are from work conducted July 1, 2012 to October 1, 2013. 

ABSTRACT 
Previous research in our lab identified two hypervirulent mutants of Xylella fastidiosa (Xf). These mutations were 
in large hemagglutinin (HA) adhesion genes that we named HfxA and HfxB. Hxf mutants also showed a marked 
decrease in cell-cell clumping when grown in liquid culture.  We hypothesize that if Hxf protein, or a portion of 
the Hxf protein that mediates adhesion, could be expressed in the xylem fluid of transgenic grapevines then 
perhaps insect-inoculated Xf cells would clump together and be less capable of colonizing grapevines.  During the 
past three years we produced transgenic HA-expressing tobacco and grapevine lines; these transgenic lines 
exhibited less severe symptoms of Pierce’s disease following mechanical inoculation of Xf cells.  With the 
assistance of the Public Intellectual Property Resource for Agriculture (PIPRA) we secured all the necessary 
permits to plant these lines in the field in spring 2013. These vines grew well and were trained up to the wire and 
established as conventional bilateral cordon vines. We will cut back the shoots to two buds and then inoculate the 
shoots with Xf next spring at the same time that other Pierce’s disease workers inoculated their transgenic vines a 
couple of years ago.  Symptoms will be rated in September on the inoculated shoots and we will score whether 
adjacent non-inoculated shoots develop Pierce’ disease symptoms.  In January 2015 the shoots will be trimmed to 
two buds and the emerging shoots will be rated for Pierce’s disease symptoms in August 2015. 

In a five-year project that sought to better understand the cold curing phenomenon of Xf infected grapevines, we 
found that cold-treated vines had significantly elevated levels of phenolics compounds as well as a grapevine 
thaumatin-like protein (TLP).  TLPs from other plant species have been shown to possess antimicrobial activity, 
and grapevine TLP cloned and expressed in Escherichia coli possessed some anti-Xf activity in vitro. 

Even though additional funding was not allocated to evaluate the potential resistance of TLP-expressing 
transgenic grapevines, we had already submitted the appropriate TLP transformation constructs to the UC Davis 
Plant Transformation Facility. Thirteen distinct TLP lines were obtained from the transformation facility. RT-
PCR confirmed that the vines were transcribing elevated levels of TLP mRNA and 10 reps of each TLP-
transgenic line were inoculated with Xf in the greenhouse.  Pierce’s disease symptoms at 17 weeks post 
inoculation were the same in the TLP-transgenics as non-transgenic vines, suggesting that these transgenic vines 
did not possess resistance to Pierce’s disease. The inoculated vines will be placed in a screen house this winter 
and Pierce’s disease symptoms of inoculated vines and non-transgenic controls will be rated in September 2014 to 
determine if the TLP-transgenics might increase cold-curing rates higher than non-transgenic controls. 

LAYPERSON SUMMARY 
Our 7+ year research effort on the role hemagglutinins (HAs), large proteins that mediate the attachment of 
bacteria to themselves and to various substrates, play in Pierce’s disease pathogenicity and insect transmission has 
been very fruitful. Our early work showed that HA mutants were hypervirulent, ie. they caused more severe 
symptoms and killed vines faster that vines inoculated with wild-type (WT) Xylella fastidiosa (Xf) cells. HA 
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mutants no longer clumped together in liquid cultures like wild-type cells, nor did HA mutants attach to inert 
substrates like glass or polyethylene when grown in liquid culture.  ALL of these properties show that HAs are 
very important cell adhesion molecules.  Research conducted in the Almeida lab also showed that HA mutants 
were transmitted at lower efficiencies than wild-type cells and they were compromised in binding to chitin and 
sharpshooter tissues compared to wild-type cells. Thus they have a very important role in insect transmission. 
Lindow’s lab showed that diffusible signal factor (DSF) mutants, which are also hypervirulent, produced much 
less HA than wild-type cells, thus providing another line of evidence regarding the importance of these proteins in 
Xf pathogenesis and insect transmission. 

We are now evaluating our hypothesis that HAs expressed in transgenic grapevine xylem sap may act as a 
“molecular glue” that would aggregate and thus slow the movement of wild-type Xf cells introduced into 
grapevines by an infectious insect vector. If this happens then it is possible that HA-aggregated Xf cells would 
remain close to the site of inoculation and if that site is in the terminal portion of a cane, which is where Xf is 
introduced by our native blue-green, green, and red-headed sharpshooters, then that cane would likely be pruned 
off in the winter and the infection removed from the vine.  Our most optimistic hope is that HAs could be 
expressed in transgenic rootstocks and the HAs would be translocated into a non-genetically modified organism 
(GMO) fruiting scion and afford similar levels of functional Pierce’s disease resistance.  We finished a 
greenhouse Pierce’s disease severity screening of the nine HA transgenic lines that were produced. The results 
were very encouraging, with all of the HA-transgenic lines having much lower disease ratings than non-transgenic 
controls.  In spring 2013, twelve reps of each HA-transgenic line were planted in the field. These vines grew well 
and were established as bilateral cordons.  Four shoots on each vine will be inoculated with Xf in April 2014 and 
Pierce’s disease symptoms will be evaluated every two weeks after eight weeks post inoculation. 

Greenhouse pathogenicity testing of TLP-transgenic vines showed no difference in Pierce’s disease symptom 
severity in the TLP-transgenic vines vs. non-transgenic positive control vines. 

INTRODUCTION 
Xylella fastidiosa (Xf) cell-cell attachment is an important virulence determinant in Pierce’s disease.. Our 
previous research has shown that if two secreted hemagglutinin (HA) genes which we have named HxfA and 
HxfB are mutated, Xf cells no longer clump in liquid medium and the mutants form dispersed “lawns” when 
plated on solid PD3 medium (Guilhabert and Kirkpatrick, 2005).  Both of these mutants are hypervirulent when 
mechanically inoculated into grapevines, i.e. they colonize faster, cause more severe disease symptoms, and kill 
vines faster than wild-type (WT) Xf. If either HxfA OR HxfB is individually knocked out there is no cell-cell 
attachment, which suggests that BOTH HA genes are needed for cell-cell attachment. It is clear that these 
proteins are very important determinants of pathogenicity and attachment in Xf/plant interactions. Research by 
other Pierce’s disease researchers has shown that Hxfs were regulated by an Xf-produced compound known as 
diffusible signal factor (DSF) (Newman et al., 2004) and that they were important factors in insect transmission 
(Killiny and Almeida, 2009).  The Xf HAs essentially acts as a “molecular glue” that is essential for cell-cell 
attachment and likely plays a role in Xf attachment to xylem cell walls and contributes to the formation of Xf 
biofilms. 

Our initial objectives proposed to further characterize these HAs using some of the techniques that were used to 
identify active HA binding domains in Bordetella pertussis, the bacterial pathogen that causes whooping cough in 
humans. B. pertussis HA was shown to be the most important protein that mediates cell attachment of this 
pathogen to epithelial host cells (Liu, et al., 1997; Keil, et al., 2000). In the first two years of research we 
identified the specific HA domain(s) that mediate Xf cell-cell attachment and determined the native size and 
cellular location of Xf HAs.  In the third year we identified a two-component transport system that mediates the 
secretion of Xf HAs.  In the final years of the initial project we expended considerable time and effort in 
constructing transgenic tobacco and grapevines that expressed HA.  We conducted pathogenicity evaluations of 
our nine HA-transgenic lines.  Disease severity ratings in greenhouse grown vines were considerably less in the 
transgenic lines than the non-transgenic controls. Permits to establish a field planting of the HA vines were 
obtained with the assistance of the Public Intellectual Property Resource for Agriculture (PIPRA) and a field trial 
was established in April 2013.  The vines will be inoculated with Xf in spring 2014 and Pierce’s disease 
symptoms of HA-transgenics will be compared to non-transgenic, Xf-inoculated controls in September 2014. 
Vines will then be pruned back to two buds and allowed to go through the winter. Symptoms on the vines will 
again be rated in September 2015. 
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OBJECTIVES 
1. Complete the characterization of grape transgenic plants over-expressing Xf hemagglutinin (Hxf) protein. 
2. Mechanically inoculate wild-type Xf and evaluate the effect on Pierce’s disease symptom expression, and the 

effect of Hxf expression on Xf bacterial population levels and movement in the xylem by quantitative PCR 
(qPCR). 

3. Secure permits to plant HA transgenic lines in the field at UCD. Plant transgenic vines in the field. 
4. Following greenhouse testing, graft promising Hxf transgenic rootstocks to untransformed scions. 

(Please Note: Objectives 5-7, described below, were  not recommended for funding during the 2012 grant cycle. 
However, as previously noted, we had already submitted transformation constructs to  the UC Davis Plant 
Transformation Facility, and they have since supplied us with 13 TLP-transgenic lines that were propagated and 
grown in the greenhouse.   Reps of  each transgenic line were inoculated with Xf and Pierce’s disease symptoms were 
rated every two weeks from 6-17 weeks post inoculation.) 

5. Generate grape transgenic plants over-expressing the grape thaumatin-like protein (TLP). 
6. Screen putative TLP-transgenic lines for quantitative gene expression by RT-PCR, and protein expression by 

ELISA and western blot analysis, testing both leaves and expressed xylem fluid for the presence of TLP. 
7. Mechanically inoculate greenhouse TLP-transgenics with wild-type and GFP-tagged Xf and evaluate the effect 

on Pierce’s disease symptom expression, and the effect of TLP expression on Xf bacterial population levels 
and movement in the xylem by quantitative PCR (qPCR). 

RESULTS AND DISCUSSION 
Objective 1. Complete the characterization of grape transgenic plants over-expressing Xf hemagglutinin 
(Hxf) protein. 
Twenty-one transgenic Thompson Seedless grape plants that potentially over-expressed the Hxf protein in the 
xylem using a binary plasmid with a polygalacturonase secretory leader sequence were obtained from the UCD 
Plant Transformation Facility in September 2010. These were initially obtained as small green three-inch plants 
that needed to be grown in growth chambers and later in the greenhouse to produce hardened woody shoots that 
could be vegetatively propagated.  It took approximately four months for each of the propagated shoots to grow 
up sufficiently to allow them to be further propagated or inoculated with Xf. By July 2011 we had propagated 
sufficient numbers of transgenic grapevines that we could begin analyzing them for HA expression.  Analysis by 
standard and qPCR for the presence of the HA transgene in genomic grapevine DNA from each of the 22 lines 
showed that six of nine transgenic lines containing Xf HA adhesion domains (AD 1-3) labeled as SPAD1 and 3 of 
12 transgenic lines of the full-length HA, labeled PGIP220 in Table 1 below, had the HA gene inserted into the 
grapevine chromosome. 

The construct used to transform grapevines, which was recommended by the Plant Transformation Facility, 
contained two copies of the 35S promoter flanking the HA construct.  We hypothesize that recombination 
occurred within the Agrobacterium plasmid that allowed the HA insert to be deleted but the kanamycin selection 
marker was still inserted into the grape genome.  This would explain why a number of the kanamycin resistant 
transgenics did not actually have the truncated or full-length form of Xf HA inserted into the grape chromosome. 

RT-qPCR analysis on mRNA isolated from these lines confirmed the presence of AD1-3 or full-length HA 
mRNA in the lines that tested positive by standard or qPCR PCR, thus the HAs inserted into the grape genome are 
being expressed (Table 2). 

Objective 2. Mechanically inoculate transgenic grapevines with wild-type Xf cells.  Compare disease 
progression and severity in transgenic grapevines with non-protected controls. 
We have gone through five rounds of vegetatively propagating the lignified transgenic grapevine lines. We 
attempted to propagate green shoots but only 10-15% of the green shoots became established, thus we are now 
propagating only lignified wood. 
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Table 1. Results of PCR testing of transgenic grapevines for the presence of full-length (PGIP 220) 
of AD1-3 fragment of Xylella fastidiosa HA genes in grape chromosome. 

DNA ID# Genotype Standard PCR qPCR 
1 PGIP 220-E ― ― 

2 PGIP 220-5 ― ― 

3 PGIP 220-11 † † 
4 PGIP 220-1 ― † 
5 PGIP 220-9 ― ― 

6 PGIP 220-14 ― ― 

7 PGIP 220-3 † † 
8 PGIP 220-13 ― ― 

9 PGIP 220-A ― ― 

10 PGIP 220-D ― ― 

11 SPAD1-4 NT NT 
12 SPAD1-10 † † 
13 SPAD1-6 ― † 
14 SPAD1-7 † † 
15 PGIP 220-42A † ― 

16 SPAD1-I † † 
17 SPAD1-B † † 
18 SPAD1-8 † ― 

19 SPAD1-12 † † 
20 SPAD1-1A † † 
21 PGIP 220-15 — — 
22 SPAD1-2 — — 

Transgenic lines highlighted in tan color are the 3 full-length transgenic lines while lines 
highlighted in purple contain the AD1-3 HA fragment. 
†= this line tested positive for a Xf HA insert by standard and/or qPCR 
— = this transgenic line tested negatively for a Xf hemagglutinin insert by PCR 
NT = not tested by PCR for presence of HA gene 

Table 2.  RNA RT-qPCR of Thompson Seedless HA transgenic lines*. 

Line ID Relative transgenic Hxf 
RNA level 

SPAD1-B 28.9 
SPAD1-10 28.1 
PGIP 220-01 27.9 
PGIP 220-11 26.6 
SPAD1-07 25.8 
PGIP 220-03 19.8 
SPAD1-08 19 
SPAD1-12 14.7 
Untransformed Thompson Seedless 0 

* Total RNA was isolated from leaves of transgenic grape plants, converted to cDNA by 
reverse transcriptase and quantified by qPCR with HA specific primers.  SPAD1 lines 
express short constructs and PGIP220 lines express long constructs.  The higher the number 
the higher the RNA level in the leaves. 
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We were very interested in determining whether any of these lines possessed Pierce’s disease resistance by testing 
the lines in the greenhouse as soon as we had sufficient plants,  rather than waiting for the results of extensive 
ELISA and western blot analysis of transgenics to determine if HA protein could be detected in grapevine xylem 
sap.  On December 8 and 9 of 2011 we inoculated 10 reps of each of the nine PCR-positive transgenic lines with 
40 ul of a 108 suspension of Xf Fetzer in PBS, typically done as two separate 20 ul inoculations on each vine, an 
amount of inoculum that would be far greater than what a sharpshooter injects into a vine. 

We also inoculated untransformed Thompson Seedless and two transgenic lines that did not contain HA inserts by 
PCR analysis, shown as Transformed Non-transgenic Thompson Seedless in Figure 1, as positive controls. 
Figure 1 shows the results of disease severity in transgenic and non-transgenic control 16 weeks post inoculation 
with Xf. The Thompson Seedless control, inoculated at the same time as the transgenic vines had a mean disease 
rating of 3.65 while two of the lines, one containing the truncated HA fragment AD1-3 and one line containing 
the full-length native HA protein, had the lowest disease ratings of 1.5. Most of the other lines had mean disease 
severity ratings below 2.0 and the average disease ratings for all of the lines representing the two HA constructs 
had disease ratings below 2.0.  Considering the large amount of inoculum that was used, we are pleased with this 
promising preliminary result.  We will soon be quantifying by culture and qPCR the amount of Xf in each of these 
lines.  While clearly some disease symptoms were evident, the severity was much less than the control and this 
could very well reflect lower Xf populations in the transgenic lines.  If this does indeed turn out to be true then we 
might have produced a moderately resistant grapevine that could very well end up being like a Muscadine 
grapevine, i.e. they can be infected with Xf but populations are not high enough to compromise fruit quality.  The 
original hypothesis was that transgenic vines producing HA in the xylem sap might facilitate clumping of Xf cells 
and slow their ability to colonize a mature vine during a growing season such that the incipient infection might 
very well be pruned off in the dormant season.  It will take a couple of years to plant and train to a cordon system 
that would be then mechanically inoculated, or hopefully with the assistance of the Almeida lab insect inoculated 
with Xf. These initial greenhouse results with young vines certainly warrant further evaluations. 

4 

3.5 

3 

2.5 

2 

1.5 

1 

0.5 

0 

Figure 1. Graph showing the mean disease ratings from 0 to 5 (0 is healthy, 5 is dead) of Pierce’s disease symptoms in 
Thompson Seedless (TS) and transgenic (SPAD1 and PGIP220) vines inoculated with Xf Fetzer at 16 weeks post inoculation, 
except for the Transformed-Non-Transgenic Thompson Seedless, which was inoculated four weeks later and its disease 
rating is for 12 weeks post inoculation, we anticipated these vines will have disease ratings similar to the Thompson Seedless 
control at 16 weeks post inoculation. The last three columns are the averages of all inoculated vines of the specified type of 
construct used, either transformed with AD1-3 (SPAD1) or the full length native HA (PGIP220).  Error bars are the standard 
error of the 10 reps, all PGIP220-1 vines had the same disease rating. 
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Objective 3a. Secure permits to plant HA transgenic lines in the field at UCD. 
This objective was completed with the assistance of PIPRA. 

Objective 3b. Plant transgenic vines in the field. 
Approximately 120 HA-transgenic vines representing all the transgenic lines that were produced were planted in 
the field in April 2013 and trained as bilateral cordons (Figure 2). 

Figure 2. HA-transgenic and non-transgenic control vines planted in the field. 

Objective 4.  Following greenhouse testing, graft promising Hxf transgenic rootstocks to untransformed 
scions. 
Additional vines from all nine transgenic lines are being propagated in the greenhouse and when they obtain 
sufficient size they will be top grafted with non-transgenic Thompson Seedless scions. 

Objective 5.  Generate grape transgenic plants over-expressing the grape thaumatin-like protein (TLP). 
The wild-type TLP gene from Thompson Seedless grapevines was cloned into an Agrobacterium transformation 
vector that was developed in the Dandekar lab. This vector has signal peptide sequences that facilitate the 
expression and translocation of the TLP into grapevine xylem.  We received 15 independently transformed TLP 
transgenic lines from the UC Davis Plant Transformation Facility.  Two of those lines died before they could be 
vegetatively propagated. RNA was extracted from the remaining 13 lines as well as non-transformed Thompson 
Seedless grapevine controls using standard procedures. Equal amounts of total RNA were analyzed by a semi-
quantitative RT PCR (qRT PCR) using primers specific for the grapevine TLP. TLP mRNA expression was 
elevated from 2X to 15X higher in the transgenic vines compared to TLP expression in the non-transformed 
controls. Figure 3 below shows the results of this analysis. 

Ten reps of the TLP transgenic vines (13 distinct lines) and wild-type Thompson Seedless grapevines were 
mechanically inoculated using two 20 µl drops of 107 (as measured by optical density) Xf Fetzer cells suspended in 
PBS. Control Thompson Seedless and TLP vines were inoculated with PBS. These vines were kept in the 
greenhouse and were observed for Pierce’s disease symptom development over 17 weeks. When symptoms first 
became apparent, two of the TLP lines appeared to develop symptoms more rapidly than the Thompson Seedless 
plants. These differences proved to be not statistically significant. The Thompson Seedless and TLP progressed 
through symptom development with no significant differences (Figures 4 and 5). At 15 weeks bacterial cells 
were isolated from the point of inoculation (POI) as well as 25cm above POI. These results are still being 
processed at the time of writing. 
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Figure 3. TLP grape RNA analysis by semi-quantitative PCR. 

Due to our past observations with TLP in non-transgenic grapes we will be over-wintering both the Thompson 
Seedless and TLP transgenic vines in an outdoor screen house at UCD to determine if elevated TLP levels could 
possibly encourage cold curing at temperatures that are not sufficient to produce cold curing in non transgenic 
grapes. 

Figure 4. Representative Pierce’s disease symptoms in TLP-transgenic and non-transgenic Thompson 
Seedless vines mechanically inoculated with wild-type Fetzer Xf or PBS controls 15 weeks post-
inoculation. 
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PD Severity Ratings Over Time 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

Week 6 Week 7 Week8 Week 9 Week 
10 

Week 
11 

Week 
12 

Week 
13 

Week 
14 

Week 
15 

Week 
16 

Week 
17 

Weeks Post Inoculation 

PD
 S

ev
er

it
y 

Ra
ti

ng
 (0

-5
)

WT 

TLP 

PBS 

Figure 5. Pierce’s disease symptom severity following mechanical inoculation with wild-type Fetzer Xf. 

CONCLUSIONS 
Ten HA-transgenic lines were shown by qRT-PCR to express HA mRNA. Greenhouse inoculations of the nine 
HA-transgenic Thompson Seedless grapes with cultured Xf cell showed all lines expressed less severe symptoms 
of Pierce’s disease than inoculated, non-transgenic controls.  All transgenic lines as well as non-transgenic 
Thompson Seedless vines that will be used as positive and negative controls were planted in the field in spring 
2013.  The vines grew well and were trained as bilateral cordons. Two to four shoots on each vine will be 
mechanically inoculated with wild-type Xf in April 2014.  Pierce’s disease symptoms on inoculated and non-
inoculated shoots will be evaluated in September 2014.  All shoots will be pruned back to two buds and allowed 
to push during the 2015 growing season.  Final Pierce’s disease symptoms will be recorded in September 2015. If 
Xf populations in HA-transgenic lines are low enough to prevent fruit symptoms and vine dieback we may have 
produced transgenic vines that are functionally tolerant of Xf infection.  Their possible use as rootstocks grafted 
with non-transgenic scions will be evaluated in the coming years. 

Thompson Seedless grapevines were transformed with a grapevine thaumatin-like protein (TLP) gene.  Elevated 
TLP mRNA was found in all transgenic lines as compared to non-transformed controls. TLP vines and non-
transformed vines were mechanically inoculated with Xf in the greenhouse.  Unfortunately there was no difference 
in Pierce’s disease symptom severity or disease onset in the transformed versus non-transformed controls.  All 
TLP and control vines will be moved into a screen house and allowed to undergo dormancy this winter.  Disease 
symptoms will again be recorded in September 2014 to determine if there are any differences in the reoccurrence 
of Pierce’s disease symptoms in the transformed versus non-transformed vines. 
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INHIBITION OF XYLELLA FASTIDIOSA POLYGALACTURONASE TO PRODUCE PIERCE’S 
DISEASE RESISTANT  GRAPEVINES 
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Reporting Period: The results reported here are from work conducted July 2013 to October 2013. 

ABSTRACT 
Polygalacturonases (PG) (EC 3.2.1.15) catalyze the random hydrolysis of 1, 4-alpha-D-galactosiduronic linkages 
in pectate and other galacturonans. Xylella fastidiosa (Xf) possesses a single PG gene, pglA (PD1485) and Xf 
mutants deficient in the production of PG result in lost pathogenicity and a compromised ability to systemically 
infect grapevines. We have cloned the pglA gene into a number of protein expression vectors and a small amount 
of active recombinant PG has been recovered, unfortunately most of the protein expressed is found in inclusion 
bodies in an inactive form.  The goal of this project is to use phage panning to identify peptides or single chain 
fragment variable antibody (scFv) libraries that can bind to and inhibit Xf PG.  Once peptides or scFvs are 
discovered that can inhibit PG activity in vitro these peptides will be expressed in grapevine root stock to 
determine if the peptides can provide protection to the plant from Pierce’s disease. 

LAYPERSON SUMMARY 
We have obtained phages that putatively bind to each of the polygalacturonase (PG) targets. The peptides and 
scFvs encoded by these phages will be used in PG inhibition assays.  If any of the candidate phages can inhibit 
PG activity in vitro then we will test their efficacy versus the other PGs used in this study. If we are able to obtain 
a peptide or scFv which can inhibit multiple PGs, it is likely binding to the active site amino acids. This would 
suggest activity against Xf PG and we would proceed to transform grapevines with the peptide and determine if 
they inactivate Xf PG in planta and possibly confer resistance to Pierces disease. 

INTRODUCTION 
Polygalacturonases (PGs) have been shown to be virulence factors of a number of plant pathogenic bacteria 
including Ralstonia solanacearum, Xanthomonas campestris, and Erwinia carotova (Huang and Allen 2000; Dow 
et al., 1989; Lei et al., 1985). Xylella fastidiosa (Xf) possesses a single PG gene pglA (PD1485), and mutation of 
this gene results in lost pathogenicity and reduced ability to systemically infect grapevines (Roper et al., 2007).  In 
order for Xf to systemically infect a grapevine it must break down the pit membranes that separate individual 
xylem elements.  Pectic polymers determine the porosity of the pit membrane (Baron-Epel, et al., 1988; Buchanan 
et al., 2000) and Xf PG allows the bacterium to break down the pectin in these membranes. The premise of this 
research is to identify a peptide that can be expressed in the xylem of a grapevine that can suppress Xf PG activity 
thus limiting the ability of Xf to spread systemically through grapevines and cause Pierce’s disease. 

To accomplish this we will use phage display of a random dodecapeptide library and a scFv antibody library 
attached to the coat protein gp38 of M13 phage in a phage panning experiment using active recombinant Xf PG as 
the target.  After three rounds of panning, phages that show a high binding affinity for Xf PG will be screened for 
their ability to inactivate PG activity in vitro in reducing sugar assays.  Once a suitable inhibitory peptide is 
discovered it will be cloned into an Agrobacterium binary vector and used to transform tobacco and grapevines by 
the UCD Plant Transformation Facility.  These transgenic plants will then be inoculated with Xf and compared to 
non-transgenic plants in Pierce’s disease symptom progression.  If significant disease inhibition is shown we will 
use these transgenic grapevines as rootstock and see if they can also provide resistance to grafted scions. 

OBJECTIVES 
1. Localization and isolation of sufficient amounts of biologically active Xf PG enzyme to conduct phage 

panning and PG-inhibition assays. 
2. Isolate M13 phages that possess high binding affinities to Xf PG, as well as Agrobacterium vitis PG and 

Aspergilus aculeatus PG from a M13 random peptide or scFv antibody libraries. 
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3. Determine if selected M13 phages and the gp38 M13 protein that mediates phage binding to Xf PG and 
surrogate PGs can inactivate PG activity in vitro. 

4. Clone anti-Xf PG gp38 protein into an Agrobacterium binary vector and provide this construct to the UCD 
Plant Transformation Facility to produce transgenic Thompson Seedless grapevines. 

5. Determine if anti-Xf PG gp38 protein is present in xylem sap of transgenic plants. 
6. Mechanically inoculate transgenic plants with Xf and compare Pierce’s disease development with inoculated, 

non-transgenic control plants. 

RESULTS 
Objective 1. Isolate a sufficient amount of biologically active Xf PG enzyme to conduct phage panning and 
PG-inhibition assays. 
Xf does not produce a detectable amount of PG when grown in biological media.  Furthermore, attempts at 
expressing Xf PG in Escherichia coli, yeast, and plant-based viral expression systems have not produced active Xf 
PG.  Because of this, Xf strains have been engineered that will constitutively express the PG gene. The 
pBBR1MCS and pPROBE broad host range cloning vectors provided the Xf expression plasmid backbone and the 
constitutive nptII promoter was utilized to drive protein expression (Miller et al., 2000, Kovach et al., 1995). 
Green fluorescent protein (GFP) reporter constructs made using this plasmid system stably expressed GFP in Xf 
under antibiotic selection. Additionally, the amount of GFP produced using this system is readily detectable on a 
Coomassie stained polyacrylamide gel (Figure 1). Xf PG-expressing constructs have been tested for the 
production of Xf PG and western blot analysis using polyclonal anti-Xf PG antibodies indicates that the constructs 
are producing Xf PG, indicated by the presence of a 55kd band in the Xf PG over-expression strains that is not 
present in the Xf strain over-expressing GFP (Figure 1). Tandem mass spec analysis of Xf produced PG indicates 
that Xf PG is being processed in Xf and likely is a major factor in the apparent size difference between E. coli 
produced recombinant PG and Xf produced PG. We have begun testing these strains for PG activity and there 
seems to be some activity associated with the Xf PG containing fractions.  However, the plasmids generated seem 
to be slightly unstable in Xf as GFP and PG expression drops off after repeated transfers on selective media. This 
fact is hampering our efforts to produce the large amounts of active Xf PG we need for the subsequent objectives 
in this project.  Surprisingly, this plasmid does not suffer the same instability issues in E. coli, as both plasmids 
are stable even after many subsequent platings on selective medium. Interestingly, Xf remains resistant to the 
antibiotic resistance provided on the plasmid suggesting that the DNA on the plasmid is being rearranged as 
opposed to losing the plasmid entirely.  The strain of E. coli we are using has a mutation of the recA gene, which 
is involved in homologous recombination of DNA and plasmid stability. Xf has a single copy of the recA gene 
and there is a strong possibility that mutation of this gene may eliminate the DNA rearrangement in the plasmid 
that is leading to the instability of this plasmid in Xf. We are currently creating recA mutants in Xf to use with our 
expression plasmids to test this hypothesis.  Activity of Xf produced PG will be assayed using two methods. The 
first is the 2-cyanoacetamide reducing sugar assay, a spectrophotometric method which quantitatively measures 
the increase in reducing end accumulation due to PG enzymatic degradation of polygalacturonic acid (Gross 
1982). The second is a cup plate diffusion assay in which activity is represented by a colorimetric clearing around 
where the enzyme is introduced into a plate of agarose containing polygalacturonic acid (Taylor and Secor 1988). 
As Xf PG has not previously been detected in in vitro culture supernatants or xylem sap from Xf infected 
grapevines, we feel it is important to determine where Xf is present in the newly developed Xf PG-producing 
strains. 

Objective 2. Isolate M13 phages that possess high binding affinities to Xf PG, as well as Agrobacterium vitis 
PG and Aspergilus aculeatus PG from a M13 random peptide or scFv antibody libraries. 
Due to the difficulties encountered in producing active Xf PG enzyme we have decided to use two other PGs, as 
well as smaller peptides constituting sections of the active site of Xf PG, as surrogates to confirm that an 
enzymatic inhibitor can be isolated using phage panning techniques. 

Agrobacterium vitis (Av) is a plant pathogenic bacterium that causes crown gall disease in grapevines.  Like Xf, 
Av also requires a PG in order to move from xylem element to xylem element. The Av PG gene has been 
previously cloned and shown to be active in in vitro activity assays (Herlache et al 1997).  In addition, because the 
active sites of PGs are so highly conserved and need to degrade the same substrates in the same host plant (Vitis 
vinifera); a peptide which inhibits Av PG may also inhibit Xf PG. Furthermore, an inhibitor of Av PG activity 
would also prove useful for California grape growers for a possible control method of crown gall of grapevines. 
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Figure 1. A: Coomassie stained polyacrylamide gel electrophoresis, Lane 1: Bio-rad dual color protein ladder, 
lane 2: Recombinant Xf PG produced in E. coli, lane 3: Xf over-expressing GFP, lanes 4-6 Xf over-expressing 
XfPG B: Western blot analysis using polyclonal anti Xf PG antibodies, Lane 1: Bio-rad dual color protein ladder, 
lane 2: Recombinant Xf PG produced in E. coli, lane 3: Xf over expressing GFP, lanes 4-6: Xf over-expressing Xf 
PG. Right arrow denotes bands in Xf PG over-expressing Xf strains corresponding to predicted 55kda protein that 
are not present in GFP producing Xf strain. 

A B 
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55kda Xf 
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For this reason we have cloned the Av PG gene into an E. coli over-expression system to produce recombinant Av 
PG to use in inhibition assays. Experiments have shown recombinant Av PG is being produced in large amounts 
and is enzymatically active in cup plate assays. Panning was carried out according to a standard protocol and at 
the end of the third round of selection a monoclonal ELISA with each respective PG as the target was run. The 
results indicated a majority of the monoclonal phages from each library (I, J, and Ph.D7) showed a higher binding 
affinity to each respective PG than to casein (blocking protein), or to the wells of the plate. Additionally, the 
monoclonal phages from each selection were then used individually as the primary antibodies in western blots to 
confirm that monoclonal phage were binding to the correct target. With this knowledge 16 clones from each 
library (I, J, and Ph.D7:Av PG only) providing the highest ELISA absorbance readings were chosen for 
sequencing. The sequencing results for panning against Av PG with the Ph.D7 library revealed that five unique 
phage sequences account for over 50% of the phage pool and one phage sequence represents 25% of the phage. 
Additionally these phages share a four amino acid consensus sequence. Av PG panning for I&J libraries resulted 
in a consensus sequence but no single phages dominated the phage pool. Panning with FPLC purified Xf PG as 
the target resulted in a consensus phage sequence and there were five phage sequences that accounted for nearly 
50% of the phage pool. Interestingly an alignment of Av PG and FPLC purified Xf PG monoclonal phage also 
resulted in a consensus sequence. Which was not the case when aligning to Aa PG. Aa PG panning with I&J 
libraries resulted in a consensus sequence and nearly 60% of the phages in the phage pool belonged to one of five 
different phage sequences. The peptides similarly to Av PG presented a consensus sequence but no phages 
dominated the phage pool. The peptide/scFv sequences encoded by these phage are currently being 
synthesized/expressed and will be used in inhibition assays. 

We have also completed the phage panning procedure for peptide 2 using the Tomlinson I and J scFv libraries. At 
the end of the third round of selection a polyclonal ELISA with bovine serum albumin (BSA) conjugated peptide 
2 as the target was run which showed that each library (I and J) of scFvs showed a higher binding affinity to BSA 
conjugated peptide 2 than to BSA alone, or to the wells of the plate. With this knowledge 90 individual colonies 
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from each library were picked from the third round phage pool and used in a monoclonal ELISA to determine 
which monoclonal scFvs had the highest binding efficiencies.  The eight clones from each library (I and J) 
providing the highest ELISA absorbance readings were chosen for sequencing.  We have currently only 
sequenced the heavy chain variable portion of the scFv and although none of the eight clones from each of 
libraries shared the exact same sequence they did have similarities to each other. The eight monoclonal phages 
from each library (I and J) were then used individually as the primary antibodies in a western blot to confirm that 
monoclonal phage raised against the 14-mer peptide 2 conjugated to BSA would also be able to indentify full 
length recombinant PG (Tanaka et al 2002) (Figure 2). 

← 

1 2  3 4 

Figure 2. Western blot analysis of three representative monoclonal scFv phages (J-library). 
Lanes 1-3 are E. coli lysate containing recombinant XfPG.  Each membrane strip was reacted with 
a single monoclonal phage from the third round of panning. Arrow represents location of XfPG 
band. Molecular weight markers are on the left side of each gel strip. Lane 4 is a conjugate 
control that was not reacted with any monoclonal phage. 

Objective 3. Determine if selected M13 phage and the gp38 M13 protein that mediates phage binding to Xf 
PG and surrogate PGs can inactivate PG activity in vitro. 
We have begun screening the peptides obtained in the phage panning in objective 2 against their corresponding 
PG targets to test for enzymatic inhibition.  Of the limited number of phages we have screened so far none have 
shown any inhibitory properties toward any of the PGs we are using. However, one of the peptides obtained 
using the Ph.D. phage library appears to show an increase in PG activity in the cup plate assays (Figure 3). 
While this result was unexpected it does show that phage panning can provide us with peptides that can modulate 
the activity of PGs in vitro. We are continuing to screen the remaining peptides we have to determine if any of 
them will inhibit PG activity.  Furthermore, since this peptide seems to increase PG activity we are in the process 
of testing to see if it will also boost the activity of the small amount of Xf PG we can obtain. 

Once a candidate phage is found that can inhibit Xf PG in vitro we will then express the scFv protein alone and 
determine if the protein itself can also inhibit Xf PG activity in vitro. We will then be able to clone the anti-Xf PG 
protein into an Agrobacterium binary vector and provide this construct to the UCD Plant Transformation Facility 
to produce transgenic SR1 tobacco and Thompson Seedless grapevines.  Once we have transgenic plants we will 
be able to complete objectives 5 and 6. 

Objective 4.  Clone anti-Xf PG gp38 protein into an Agrobacterium binary vector and provide this construct 
to the UCD Plant Transformation Facility to produce transgenic SR1 tobacco and Thompson Seedless 
grapevine. 
Once suitable inhibitory phage peptides are discovered in objective 3 we can begin objective 4. 
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Figure 3. PG cup plate assay, a small clear halo representing enzyme activity is evident in 
the positive control (+) from A. vitis. Cups 1-5 contain Av PG, as well as, synthesized 
peptides based on sequencing results of Ph.D. phage panning experiments using Av PG as 
the target. Note the larger halo surrounding cup one suggesting increased activity. 

Objective 5. Determine if anti-Xf PG gp38 protein is present in xylem sap of transgenic plants. 
Objective 4 needs to be completed before work on objective 5 can begin. 

Objective 6. Mechanically inoculate transgenic plants with Xf and compare Pierce’s disease development 
with inoculated, non-transgenic control plants. 
All previous objectives must be completed before we can start objective 6. 

CONCLUSIONS 
We have made progress on what has been the biggest obstacle thus far in this project, which is creating 
enzymatically active Xf PG to pan and test our putative inhibitory phage against. Xf PG over-expression 
experiments in Xf have shown that we can produce recombinant PG in Xf and initial tests point to some fractions 
that may contain active Xf PG. Once we overcome some of the instability issues of this plasmid system we can 
then test the efficacy of the inhibitory phage we have obtained from panning against the peptides representing the 
active site of Xf PG.  Additionally, we have acquired a large pool of putative inhibitors from our panning 
experiments to screen our PGs against. If one of the candidate phage can inhibit XfPG activity in vitro then we 
can transform grapevines with the peptide and determine if they provide plants with resistance to Pierces disease. 
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ABSTRACT 
The development of Pierce’s disease control strategies utilizing transgenic rootstocks expressing and exporting 
candidate factors to wild-type scions has been a well-received and promising focus of research, from both 
scientific and public appeal standpoints.  Plant-derived polygalacturonase-inhibiting proteins (PGIPs) target 
specific pathogen and pest polygalacturonases (PGs). Several PGIPs were selected to determine the best 
candidates for Xylella fastidiosa (Xf) PG inhibition. Three PGIP sequences, one each from pear, orange, and rice, 
were chosen based on predicted protein-protein interactions with XfPG.  Recombinant protein expression systems 
were developed to provide active XfPG and each PGIP.  Preliminary in planta activity assays have shown that 
when transiently expressed in tobacco leaves, the pear fruit PGIP is a more effective inhibitor of XfPG than is 
tomato PGIP.  The transient expression systems have been expanded by cloning the enzyme sequences into 
different Agrobacterium tumefaciens strains.  Current work involves evaluating the inhibitory capacity of the 
PGIPs in grape plants with initial evaluations in tobacco and tomato because tissues from these plants are 
continuously available.  We were able to detect XfPG activity in plant tissues and we have been able to detect 
pPGIP protein in non-transgenic grape scion leaves at least 70 centimeters away from the graft site with pPGIP 
expressing rootstocks. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf) uses a key enzyme, polygalacturonase (PG), to spread throughout the grapevine from the 
initial point of inoculation; this spread leads to Pierce’s disease symptom development.  Proteins called 
polygalacturonase-inhibiting proteins (PGIPs) are produced by many plants and these PGIPs selectively inhibit 
PGs from bacteria, fungi, and insects.  The PGIP expressed in pear fruit is known to inhibit XfPG and limit 
Pierce’s disease development in inoculated grapevines which have been transformed to express the pear PGIP 
protein.  PGIPs are secreted from cells and can passively travel across graft junctions.  The goal of the project is 
to identify the PGIP that best inhibits XfPG and ascertain how well, when this PGIP is expressed in transgenic 
rootstocks, it prevents Pierce’s disease development in grafted wild-type scions inoculated with Xf. We modeled 
the protein structures of 14 candidate PGIPs to predict how the PGIPs physically interact with XfPG and we 
selected three candidate PGIPs. We use in vitro and in planta assays to measure the ability of the candidate 
PGIPs to inhibit XfPG.  To do these assays we have had to develop systems to generate high levels of active XfPG 
and PGIPs.  The aim of the project is to identify the best candidate PGIP and evaluate grafted grape rootstocks, so 
that we can develop a strategy to limit Pierce’s disease development in non-transgenic grape scions. 

INTRODUCTION 
Xylella fastidiosa (Xf), the causative agent of Pierce’s disease (PD) in grapevines, has been detected in infected 
portions of grapevines after spreading systemically from the point of inoculation. Several lines of evidence 
support the hypothesis that Xf uses cell wall degrading enzymes to digest the polysaccharides of plant pit 
membranes separating the elements of the water-conducting vessel system, the xylem, of the vines. 
Recombinantly expressed Xf polygalacturonase (PG) and β-1,4-endo-glucanase (EGase) have been shown to 
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degrade grapevine xylem pit membranes and increase pit membrane porosity enough to allow passage of the 
bacteria from one vessel to the next (Pérez-Donoso et al., 2010). Xf cells have been observed passing through 
similarly degraded pit membranes without the addition of exogenous cell wall degrading enzymes, supporting the 
conclusion that the enzymes are expressed by Xf and allow its movement within the xylem (Sun et al., 2011). 
Roper et al. (2007) developed a PG-deficient strain of Xf and showed that the mutant bacterial strain was unable 
to cause Pierce’s disease symptoms; thus, the XfPG is a virulence factor that contributes to the development and 
spread of Pierce’s disease. 

Polygalacturonase-inhibiting proteins (PGIPs) are naturally produced by plants and are selective inhibitors of 
PGs; they limit damage caused by many types of pathogens.  Agüero et al. (2005) demonstrated that a pear fruit 
PGIP (pPGIP) expressed in grapevines, reduced susceptibility to both fungal (Botrytis cinerea) and bacterial (Xf) 
pathogens. This result implied that the pPGIP provided protection against Pierce’s disease by inhibiting the 
XfPG, reducing its efficiency as a virulence factor.  In fact, recombinant XfPG is inhibited in vitro by pPGIP-
containing extracts from pear fruit (Pérez-Donoso et al., 2010).  Agüero et al. (2005) also demonstrated that the 
pPGIP protein could be transported from rootstocks, across a graft junction and into the grafted wild-type grape 
scions. We have shown that pPGIP is transported from grafted tomato rootstocks (Haroldsen et al., 2012). 

The overall goal of the project is to develop transgenic grape rootstock lines that express PGIPs that effectively 
reduce the virulence of Xf. To do this, we proposed to compare potential XfPG inhibiting properties of PGIPs 
from a wide variety of plants in order to identify PGIPs that optimally inhibit XfPG. The most effective PGIPs 
will be expressed in grape rootstocks to provide Pierce’s disease protection in grafted scions. The expression of 
PGIPs in grape rootstocks will utilize transformation components with defined intellectual property (IP) and 
regulatory characteristics, as well as expression-regulating sequences that result in the maximal production of 
PGIPs in rootstocks and efficient transport of the proteins through the graft junctions. 

OBJECTIVES 
1. Define a path for commercialization of a Pierce’s disease control strategy using PGIPs, focusing on IP and 

regulatory issues associated with the use of PGIPs in grape rootstocks. 
2. Identify plant PGIPs that maximally inhibit XfPG. 
3. Assemble transcription regulatory elements, Xf-inducible promoters, and signal sequences that maximize 

PGIP expression in and transport from roots. 
4. Create PGIP-expressing rootstocks and evaluate their Pierce’s disease resistance. 

RESULTS AND DISCUSSION 
Objective 1.  A path to commercialization of transgenic rootstocks. 
The Public Intellectual Property Resource for Agriculture (PIPRA) evaluated the intellectual property (IP) around 
each of 14 candidate PGIP genes (see Objective 2B) using protein-based queries to search the patent and patent 
application databases with the program GenomeQuest.  The use of the PGIP sequences from non-vinifera grape 
varieties was not possible due to restrictions on their release by the wine and grape industry board associated with 
the Institute for Wine Biotechnology at Stellenbosch University, South Africa. 

PIPRA acted as a liaison for the CDFA Pierce’s Disease and Glassy-winged Sharpshooter (PD/GWSS) Board for 
issues associated with the potential commercialization of various approaches using transgenic grapevine 
rootstocks for several CDFA PD/GWSS Board-funded projects, including the strategy outlined in this project. 
Beginning in 2010, PIPRA analysts managed the initial permitting process for the field trial testing of Thompson 
Seedless and Chardonnay varieties of grapevines expressing pPGIP and established the Biotechnology Quality 
Management System (BQMS) protocols.  Some of their work was funded through a separate contract. The IP 
information obtained determined that there were no IP issues related to these particular genes and none were 
identified. 

Objective 2.  Identifying plant PGIPs that maximally inhibit XfPG. 
Objective 2A.  Propagation and grafting of grape lines expressing and exporting pPGIP. 
The pPGIP-expressing Chardonnay and Thompson Seedless grapevines described in Agüero et al. (2005) were 
maintained throughout the project in the UC Davis Core Greenhouses. The propagation and grafting techniques 
used for this objective are described in the progress reports for the project “Field Evaluation of Grafted Grape 
Lines Expressing pPGIP” (PI: Powell).  These efforts provided more than sufficient grafted, transgrafted, and 
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own-rooted plants for the field test sites in Solano and Riverside counties. All the plots for this project at both 
locations were completely planted by June 2013. 

Figure 1. Western blot showing pPGIP protein collected from grafted and own-rooted grapevines. 
The rootstock in the graft, but not the scion, expressed pPGIP. The grafted samples were taken at 
least 30 cm beyond the graft junction, indicating translocation of the pPGIP protein. 

Using grafted plants to detect active exogenous pPGIP translocated from transgenic rootstocks to the scion 
portion of the plants, we modified a pressure flow apparatus to flush long stem segments with water or high salt 
buffers.  We were able to obtain xylem exudate containing a small amount of total proteins (26 µg/ml) from own-
rooted, transgenic pear fruit PGIP (pPGIP)-expressing Thompson Seedless (TS) stems.  We used the polyclonal 
pPGIP antibodies and identified pPGIP in macerated grape leaves and stem segments, but could not identify 
cross-reactive pPGIP in xylem exudate (Figure 1). There was insufficient protein to measure PG inhibiting 
activity in the proteins collected from the grapevine xylem exudate or macerate. 

We also evaluated proteins collected from the xylem of non-transgenic tomato scions grafted onto transgenic 
tomato rootstocks expressing pPGIP.  We used this system because we were able to gather more protein from the 
xylem and thus could detect the pPGIP protein in xylem sap.  We confirmed that pPGIP protein is expressed in 
the rootstocks and were able to use the pressure device to force xylem sap out of the cut stems of own-rooted and 
grafted plants. The xylem sap fluid from non-transgenic scions grafted onto pPGIP-producing rootstocks 
contained detectable pPGIP protein and the collected protein was able, as expected for pPGIP, to inhibit the PGs 
collected from cultured B. cinerea Del 11 (Figure 2). 

Figure 2. PG inhibiting activity assay (top) of xylem sap from grafted and control 
tomato plants expressing pPGIP. pPGIP protein is detected (bottom) with polyclonal 
antibodies in a western blot.  Inhibiting activity and pPGIP protein is detected when 
the root portions of the plants express pPGIP. 
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All experimental plots at both field locations were planted.  pPGIP protein was detected in the scions of grafted 
grape and tomato plants. 

Objective 2B. Selection of PGIPs as Pierce’s disease defense candidates. 
Based on phylogenetic (Figure 3), biochemical (Table 1), and structural analyses of PGIP full-length protein 
sequences from 68 diverse plant varieties, the ‘Roma’ rice, ‘Hamlin’ orange, and ‘Bartlett’ pear PGIPs were 
selected.  Since XfPG is unusually and highly positively charged (+22.24 at pH 4.5, Table 2), we focused our 
attention on PGIPs with the lowest overall positive charge at pH 4.5, the pH of most apoplastic plant fluids. This 
reflected our hypothesis that the PGIPs that would be most likely to interact with XfPG would have the largest 
charge differences with XfPG. 

Figure 3. The PGIP amino acid sequences were aligned using ClustalX 2.0.9.  An unrooted, 
neighbor joining phylogenetic tree was constructed in ClustalX and visualized with TreeView 1.6. 
The resulting radial phylogeny is more robust due to the inclusion of both monocot and dicot 
sequences. The 14 sequences that were analyzed further in Table 1 are circled in red. 

pPGIP CsiPGIP OsPGIP1 

Figure 4.  Homology models of three candidate PGIPs. The column of electronegative residues (red) 
on the concave faces of each protein may align with critical residues on XfPG important for inhibition. 
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Figure 5. XfPG-PGIP complexes.  Tyr303 of XfPG (blue) binds strongly with part of pPGIP 
(green) which is not possible with VvPGIP (purple). These interactions might influence PG-PGIP 
interaction and inhibition. 

We modeled, with Dan King of Taylor University, the 3D structures of selected candidate PGIPs (Figure 4) and 
XfPG proteins to try to understand the locations of relevant interactions (Figure 5). The homology models 
created for XfPG, the polygalacturonic acid (PGA) substrate for PG, and each of the candidate PGIPs provided 
predictive tools to interpret the inhibition mechanisms and physical interactions between XfPG and the PGIPs. 
Dynamic in silico reaction simulations predicted that two clusters of XfPG amino acids, #63-74 and #223-226, 
must be unblocked for XfPG to cleave PGA. The long columns of electronegative residues on the concave faces 
of the PGIPs’ leucine-rich repeat structures bind to these critical regions (Figure 4).  This information coupled 
with surface chemistry mapping predicts that pPGIP, CsiPGIP (citrus), and OsPGIP1 (rice) will be the best 
inhibitors of XfPG.  A closer look at the dynamic reaction simulations highlighted other residues that may also 
influence PG-PGIP binding.  Strong hydrogen bonding occurs between residues on pPGIP and Tyr303 of XfPG, 
bringing them together in a potentially inhibitory manner (Figure 5).  Electrostatic repulsions between VvPGIP 
(grape) residues and XfPG Tyr303 prevent a similar alignment and may explain VvPGIP’s failure to inhibit XfPG. 

Table 1. Total protein charge analysis for the 14 candidate PGIPs in different pH conditions. 

Common name Organism Protein 
Charge of Protein 

pH 
3.5 

pH 
4.0 

pH 
4.5 

pH 
5.0 

pH 
5.5 

pH 
6.0 

Thale cress Arabidopsis thanliana (Col.) AtPGIP1 27.5 20.9 14.2 10.0 7.4 5.2 
Thale cress Arabidopsis thanliana (Col.) AtPGIP2 35.4 28.5 21.6 17.0 14.2 11.8 
Rape Brassica napus cv. DH12075 BnPGIP1 30.5 22.2 14.2 9.4 6.8 4.8 
Pepper Capsicum annum cv. arka abhir CaPGIP 20.7 15.2 9.5 5.9 3.8 2.2 
Sweet orange Citrus sinensis cv. Hamlin CsiPGIP 28.0 21.7 15.2 11.1 8.7 6.7 
Strawberry Fragaria x ananassa FaPGIP 25.4 18.7 12.1 8.0 5.6 3.7 
Rice Oryza sativa cv. Roma OsPGIP1 18.4 12.9 7.6 4.3 2.2 0.2 
Rice Oryza sativa cv. Roma OsPGIP2 17.5 9.3 1.6 -3.1 -6.1 -8.8 
Common bean Phaseolus vulgaris cv. Pinto PvPGIP2 22.7 17.6 12.9 10.2 8.5 7.1 
Peach Prunus persica PpePGIP 28.7 21.9 14.9 10.3 7.5 5.3 
Chinese Firethorn Pyracantha fortuneana PfPGIP 16.9 11.7 6.6 3.4 1.4 -0.3 
Bartlett pear Pyrus communis cv. Bartlett pPGIP 23.1 16.1 9.3 5.0 2.6 0.7 

Tomato Solanum lycopersicum cv. 
VFNT Cherry LePGIP 29.8 23.4 17.0 12.8 10.1 7.7 

Grape Vitis vinifera cv. Pinotage VvPGIP 30.5 24.0 17.7 13.6 11.1 8.7 
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Table 2. Total protein charge analysis for the fungal, bacterial and plant PGs in different pH environments. 
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3.50 40.99 17.90 4.79 27.25 3.88 21.94 10.46 30.88 32.19 
4.00 31.30 11.25 -9.53 18.45 -11.40 12.86 -2.13 25.51 27.26 
4.50 22.24 5.44 -23.56 9.92 -26.43 4.08 -14.38 20.03 22.4 
5.00 16.39 2.07 -32.08 4.67 -35.56 -1.35 -21.80 16.26 19.23 
5.50 11.90 -0.13 -36.17 1.86 -39.77 -4.36 -25.41 13.54 17.15 
6.00 6.79 -2.36 -38.46 -0.20 -41.90 -6.69 -27.53 10.68 15.14 

Genomic DNA was prepared from Kitaake rice and Valencia and Washington Navel orange leaves, and PGIPs 
were PCR amplified.  Because of the nucleotide differences between Valencia and Washington Navel and the 
published PGIP sequence (cited as ‘Hamlin’ orange), we amplified and cloned PGIP from Hamlin leaves.  The 
resulting PGIP sequence for Hamlin was identical to that of Valencia, indicating that the database is incorrect; this 
observation modifies our conclusions about the apparent net charge of the protein. In amplifying and cloning the 
rice PGIPs, we again discovered discrepancies among the cloned and published PGIP sequences.  After requesting 
‘Roma’ rice germplasm and cloning the PGIPs, we found a single silent mutation in the published coding 
sequence of OsPGIP. We made some progress towards preparing the transformation vector although additional 
mutations were found in the inserted pPGIP sequences and therefore we did not pursue this further.  The coding 
sequence of OsPGIP2 that we obtained does not appear to encode a bona fide PGIP and was pursued. 

Objective 2C. XfPG expression and purification. 
Two strategies were used to obtain active XfPG for assays to compare the inhibition efficiencies of the PGIPs.  In 
one approach, Rachell Booth and her group at Texas State University, San Marcos, tried to express active XfPG 
protein using expression in heterologous cells. Drosophila S2 cells produced quantifiable amounts of PG protein 
(Figure 6a, b) but it had only very slight activity and this activity diminished over time (Figure 6c). These 
efforts did not result in sufficient XfPG for further experiments. 

The second strategy was to express XfPG transiently in leaves.  A fusion construct with the apoplastic signal 
sequence from pPGIP was linked to the coding sequence of XfPG for transient expression by Agrobacterium 
tumefaciens of XfPG targeted to the extracellular space.  Preliminary agroinfiltration assays (Figure 7) with intact 
tobacco leaves indicated that the targeted XfPG had a similar activity to the non-targeted protein, both resulting in 
necrotic lesions in the infiltrated tissue, although the necrotic response did not appear for several days.  The strain 
of A. tumefaciens used in agroinfiltration experiments has been shown to influence the appearance and severity of 
necrosis in different plant species and tissues (Wroblewski et al., 2005). Therefore, after conferring with Jan Van 
Kan (Dept. of Phytopathology, Wageningen University) and other researchers, we obtained and tested other 
strains of A. tumefaciens. All strains yielded similarly confounding background necrosis when infiltrated as 
empty vector controls. 

Because our initial assays of PGIP have used Botrytis cinerea PG as a standard, we altered our method for 
evaluating the activity of PGIPs.  In our assays, the PGs produced by the B05.10 strain of B. cinerea in culture are 
not inhibited by pPGIP in our in vitro assays.  Therefore, we have gone back to the Del 11 B. cinerea strain and 
collected the PGs it produces in culture. We have confirmed that they are inhibited by pPGIP in our in vitro 
assay.  One explanation for this difference could be that key PG amino acids recognized by pPGIP as part of the 
inhibitory protein-protein interaction are different in the B05.10 and Del 11 versions of the key PGs, BcPG1and 
BcPG2, produced by B. cinerea in culture.  Alternatively, the two strains could express different amounts of the 
BcPGs.  To test the first hypothesis, we worked with Asst. Prof. Dario Cantu (Dept. of Viticulture and Enology, 
UC Davis) and sequenced the genome of the Del 11 B. cinerea strain.  The genome of this strain had not been 
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sequenced before.  Comparisons of the Del 11, B05.10 and SAS56 (another grapevine strain of B. cinerea) are 
shown in Figure 8. It is clear that there are several amino acid sequence differences between the PG1 enzymes of 
these B. cinerea lines.  We plan to do predictive protein modeling to determine whether these changes occur at 
sites likely to be involved in the PG1 interaction with pPGIP.  This work helped us refine our analysis of key 
amino acids in the XfPG sequence and identify those that are crucial for inhibition by diverse PGIPs. 

Objective 2D. Expression of PGIPs to test XfPG inhibition. 
The cloning and expression of candidate PGIPs (Obj. 2B) could be continued.  The potential A. tumefaciens 
expression system for XfPG (Obj. 2C) could be used to transiently express and purify active candidate PGIPs. 
Observations of PGIP activity in planta could be made using transgenic model plants for agroinfiltration 
experiments.  The genotypes of tomato and Arabidopsis plants previously transformed to express pPGIP or 
LePGIP constitutively were confirmed by PCR and these could be used to assay XfPG inhibition activity.  These 
pPGIP-expressing plants will be used to test the efficacy of pPGIP constitutively or transiently expressed in 
planta. Agroinfiltration with XfPG-expressing bacterial strains also could be done on the leaves of own-rooted 
and transgrafted plants. 

A B C 

Figure 6.  A. Western blot of selected fractions of 15 mL of crude insect cell lysate expressing XfPG protein 
purified by column chromatography.  Lane 1 = pre-stained ladder, lane 2 = flow-through #4, lane 3 = wash #10, 
lanes 4-7 = elution fractions #1-4, lane 8 and 9 = cellular medium.  Recombinant XfPG protein was eluted with 
250 mM imidazole and probed with the anti-V5 primary antibody and anti-mouse HRP secondary antibody. B. 
Partially purified XfPG protein eluted with 250 mM imidazole analyzed by polyacrylamide gel electrophoresis 
and Coomassie staining.  Lane 1 = pre-stained ladder, lanes 2-4 = cell lysate fractions #1-3, lanes 5-7 = cellular 
medium fractions #1-3. C. Radial diffusion assays of PG from Botrytis cinerea (a) or culture medium from 
induced XfPG-expressing Drosophila cells (b). The area of the cleared zone is proportional to amount of PG 
activity. 

A B C 

Figure 7. Transient expression of XfPG, pPGIP, and LePGIP in Nicotiana benthamiana leaves by 
infiltration with Agrobacterium cultures.  Chlorotic lesions and water soaking mark the site of agro-
infiltrations with XfPG (A).  Symptoms are reduced when XfPG is co-infiltrated with pPGIP (B) or 
with LePGIP Agrobacterium (C).  Inserts show details of infiltration sites.  Black marks indicate the 
borders of the initial zone infiltrated. 
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Figure 8. For BcPG1 (left panel) and BcPG2 (right panel) the closest match in Del11 was aligned to BcPGsfrom 
B05.10 and SAS56.  The gene and coding sequence accessions from SAS56 (Wubben et al., 1999) were used to 
determine intron positions in SAS56.  The coding sequences of B05.10 and Del11 were inferred by comparing the 
genomic sequences with SAS56 and assuming the same intron-exon junctions. Amino acid changes are highlighted in 
yellow. 

Objective 3.  Maximize PGIP expression in and transport from roots. 
If we had identified a PGIP to “optimally” inhibit XfPGs, improvements to the expression and delivery of this 
protein would utilize information being developed in this and other projects. 

Objective 4. Create PGIP-expressing rootstocks and evaluate their Pierce’s disease resistance. 
As discussed previously, the candidate PGIPs would have been assayed in vitro for inhibition of XfPG had enough 
XfPG been available or in planta utilizing agroinfiltration and transgrafted tobacco and tomato plants.  Grape 
rootstock transformation could commence once an optimal PGIP has been identified. 

CONCLUSIONS 
Towards the goal of enhancing Pierce’s disease resistance, we have determined that PGIPs from ‘Bartlett’ pear, 
but not as we expected, orange, or ‘Roma’ rice are likely to be very good candidates for XfPG inhibition.  We 
narrowed considerably the possible PGIPs to pursue.  Although we have been able to express XfPG in tobacco and 
have shown that this source of XfPG is active, sufficient, reliable sources of XfPG continue to be a problem 
plaguing us and other groups.  We detected pPGIP protein crossing the graft junctions from rootstocks to non-
transgenic scion leaves in grafted grape and tomato plants. The information about the sequence differences in the 
BcPGs from different strains of B. cinerea helps to identify portions of the XfPG that are important targets of 
PGIPs.  The ability of pPGIP, one of the candidates investigated in this proposal, to provide Pierce’s disease 
resistance to transgrafted scions is being addressed by the corresponding field trial. A paper was published based 
on this work (Haroldsen et al., 2012) 

We advanced towards our goal to develop transgenic grape rootstocks that express PGIPs that effectively reduce 
the virulence of Xf, an approach that will help manage the Pierce’s disease problem without targeting the growing 
insect vector population. To achieve this goal, we have had to overcome some information and technical 
difficulties in this complex system. Because several other pathogens of grapes (both vines and fruit) utilize PG as 
a part of their tissue infection strategies, it is reasonable to presume that the strategy examined here for Pierce’s 
disease management may have additional beneficial impacts in the vineyard. 
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ABSTRACT 
A cell density-dependent gene expression system in Xylella fastidiosa (Xf) mediated by a small signal molecule 
called diffusible signal factor (DSF) which we have now characterized as 2-Z-tetradecenoic acid (hereafter called 
C14-cis) and 2-Z-hexadecenoic acid (C16-cis) controls the behavior of Xf. The accumulation of DSF attenuates 
the virulence of Xf by stimulating the expression of cell surface adhesins such as HxfA, HxfB, XadA, and FimA 
(that make cells sticky and hence suppress its movement in the plant) while down-regulating the production of 
secreted enzymes such as polygalacturonase and endogluconase which are required for digestion of pit 
membranes and thus for movement through the plant. Artificially increasing DSF levels in plants in various ways 
increases the resistance of these plants to Pierce’s disease. Disease control in the greenhouse can be conferred by 
production of DSF in transgenic plants expressing the gene for the DSF synthase from Xf; such plants exhibit high 
levels of disease resistance when used as scions and confer at least partial control of disease when used as 
rootstocks.  This project is designed to test the robustness of disease control by pathogen confusion under field 
conditions where plants will be exposed to realistic conditions in the field and especially under conditions of 
natural inoculation with insect vectors.  We are testing two different lineages of DSF-producing plants both as 
own-rooted plants as well as rootstocks for susceptible grape varieties in two field sites.  Plants were established 
in one field site in Solano County on August 2, 2010.  Plants were planted at a Riverside County site on April 26, 
2011. All plants at the Solano County experimental site were needle-inoculated with a suspension of Xf in May, 
2012; at least four vines per plant were inoculated, each at a given site with a 20 ul droplet of Xf containing about 
106 cells of Xf. The incidence of infection of the inoculated vines was reduced about three-fold in assessments 
made in August and September.  Disease was observed only near the point of inoculation in transgenic Freedom, 
but had spread extensively in wild-type Freedom grape.  Only a modest reduction in incidence or severity of 
Pierce’s disease was seen in Thompson Seedless grafted onto DSF-producing Freedom rootstocks compared to 
those grafted on wild-type Freedom.  The incidence of infection of transgenic Thompson Seedless plants was 
similar to that of wild-type Thompson Seedless, while the incidence and severity of Pierce’s disease on Thompson 
Seedless grafted onto DSF-producing Thompson Seedless rootstocks was less than that of plant grafted onto wild-
type Thompson Seedless rootstocks. Plants at the Riverside County plot were subject to high levels of natural 
infection in 2012. The incidence of infection of transgenic DSF-producing Freedom was about three-fold less 
than that of wild-type Freedom grape, while the number of infected leaves per vine was about 5-fold less, 
suggesting that the pathogen had spread less in the DSF-producing plants after insect inoculation.  Only a modest 
reduction in incidence or severity of Pierce’s disease was seen in Thompson Seedless grafted onto DSF-producing 
Freedom rootstocks compared to those grafted on wild-type Freedom.  The incidence of infection of transgenic 
Thompson Seedless plants was similar to that of wild-type Thompson, while the incidence and severity of 
Pierce’s disease on Thompson Seedless grafted onto DSF-producing Thompson Seedless rootstocks was less than 
that of plant grafted onto wild-type Thompson Seedless rootstocks. 
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LAYPERSON SUMMARY 
Xylella fastidiosa coordinates its behavior in plants in a cell density-dependent fashion using a diffusible signal 
molecule (DSF) which acts to suppress its virulence in plants.  Artificially increasing DSF levels in grape by 
introducing the rpfF gene which encodes a DSF synthase reduces disease severity in greenhouse trials. We are 
testing two different lineages of DSF-producing plants both as own-rooted plants as well as rootstocks for 
susceptible grape varieties.  Plots in both Solano and Riverside counties reveal that DSF-producing Freedom 
grape, which was highly resistant to Pierce’s disease in greenhouse trials is also much less susceptible to disease 
in field trials, especially in plants naturally infected by sharpshooter vectors. No mortality of the transgenic 
Freedom plants has been seen, and they remain more highly resistant to Pierce disease than the untransformed 
plants. 

INTRODUCTION 
Our work has shown that Xylella fastidiosa (Xf) uses diffusible signal factor (DSF) perception as a key trigger to 
change its behavior within plants.  Under most conditions DSF levels in plants are low since cells are found in 
relatively small clusters, and hence cells do not express adhesins that would hinder their movement through the 
plant (but which are required for vector acquisition) but actively express extracellular enzymes and retractile pili 
needed for movement through the plant.  Disease control can be conferred by elevating DSF levels in grape to 
“trick” the pathogen into transitioning into the non-mobile form that is normally found only in highly colonized 
vessels.  While we have demonstrated the principles of disease control by so-called “pathogen confusion” in the 
greenhouse, more work is needed to understand how well this will translate into disease control under field 
conditions.  That is, the methods of inoculation of plants in the greenhouse may be considered quite aggressive 
compared to the low levels of inoculum that might be delivered by insect vectors. Likewise, plants in the 
greenhouse have undetermined levels of stress that might contribute to Pierce’s disease symptoms compared to 
that in the field. Thus we need to test the relative susceptibility of DSF-producing plants in the field both under 
conditions where they will be inoculated with the pathogen as well as received “natural” inoculation with infested 
sharpshooter vectors. 

OBJECTIVES 
1. Determine the susceptibility of DSF-producing grape as own-rooted plants as well as rootstocks for 

susceptible grape varieties for Pierce’s disease. 
2. Determine population size of the pathogen in DSF-producing plants under field conditions. 
3. Determine the levels of DSF in transgenic rpfF-expressing grape under field conditions as a means of 

determining their susceptibility to Pierce’s disease. 

RESULTS AND DISCUSSION 
Disease susceptibility of transgenic DSF-producing grape in field trials. 
Field tests are being performed with two different genetic constructs of the rpfF gene in grape and assessed in two 
different plant contexts.  The rpfF has been introduced into Freedom (a rootstock variety) in a way that does not 
cause it to be directed to any subcellular location (non-targeted).  The rpfF gene has also been modified to harbor 
a 5’ sequence encoding the leader peptide introduced into grape (Thompson Seedless) as a translational fusion 
protein with a small peptide sequence from RUBISCO that presumably causes this RpfF fusion gene product to be 
directed to the chloroplast where it presumably has more access to the fatty acid substrates that are required for 
DSF synthesis (chloroplast-targeted). These two transgenic grape varieties are thus being tested as both own-
rooted plants as well as rootstocks to which susceptible grape varieties will be grafted. The following treatments 
are thus being examined in field trials (Table 1). 

Table 1. Field trial treatments. 
Treat-
ment Code Type 

1 FT Non-targeted RpfF Freedom 
2 TT Chloroplast-targeted RpfF Thompson Seedless 
3 FW Non-targeted RpfF Freedom as rootstock with normal Thompson Seedless scion 
4 TTG Chloroplast-targeted RpfF Thompson Seedless as rootstock with normal Thompson Seedless scion 
5 FWG Normal Freedom rootstock with normal Thompson Seedless scion 
6 TWG Normal Thompson Seedless rootstock with normal Thompson Seedless scion 
7 FW Normal Freedom 
8 TW Normal Thompson Seedless 
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Treatments 5-8 serve as appropriate controls to allow direct assessment of the effect of DSF expression on disease 
in own rooted plants as well as to account for the effects of grafting per se on disease susceptibility of the scions 
grafted onto DSF-producing rootstocks. 

One field trial was established in Solano County on August 2, 2010.  Twelve plants of each treatment were 
established in a randomized complete block design.  Self-rooted plants were produced by rooting of cuttings 
(about three cm long) from mature vines of plants grown in the greenhouse at UC Berkeley.  The plants were 
inoculated in May 2012 (no natural inoculum of Xf occurs in this plot area and so manual inoculation of the vines 
with the pathogen was performed by needle-inoculated with a suspension of Xf. At least four vines per plant were 
inoculated.  Each inoculation site received a 20 ul droplet of Xf containing about 106 cells of Xf. 

The incidence of infection of the inoculated vines at the Solano County trial was reduced about three-fold in 
assessments made in August and September (Figure 1). Disease was observed only near the point of inoculation 
in transgenic Freedom, but had spread extensively in wild-type Freedom grape.  Because of the shading of the 
inoculated vines by subsequent growth of uninoculated vines of the same plant many of the older leaves had died 
or had fallen from the plant, especially by the September rating, making it difficult to quantify the number of 
infected leaves per vine.  In August, however, we found that there were about three times as many symptomatic 
leaves on each inoculated vine of wild-type Freedom than on DSF-producing transgenic Freedom (Figure 2). 
Only a modest reduction in incidence or severity of Pierce’s disease was seen in Thompson Seedless grafted onto 
DSF-producing Freedom rootstocks compared to those grafted on wild-type Freedom.  The severity of infection 
of transgenic Thompson Seedless plants was similar to that of wild-type Thompson Seedless, while the incidence 
and severity of Pierce’s disease on Thompson Seedless grafted onto DSF-producing Thompson Seedless 
rootstocks was less than that of plant grafted onto wild-type Thompson Seedless rootstocks (Figure 3). 

Figure 1. Incidence of vines of DSF-producing transgenic Freedom grape (red) or wild-type Freedom having 
any symptoms of Pierce’s disease when rated in August or September, 2012.  A total of three vines per plant 
were assessed.  The vertical bars represent the standard error of the mean. 
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Figure 2. Severity of Pierce’s disease on transgenic Freedom grape (FT) and on wild-type Freedom 
grape assessed in August 2012 in the Solano County trial. 
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Figure 3. Severity of Pierce’s disease on grape assessed in September 2012 in the Solano 
County trial. See treatment codes above for treatment comparisons. 
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The plants for the Riverside County trial were planted on April 26, 2011 (Figure 5) and have exhibited much less 
growth than those at the Solano County trial (Figure 4). The plants at the Riverside County site were subjected to 
natural infection from infested sharpshooter vectors having access to Xf from surrounding infected grapevines. 
Very high levels of Pierce’s disease were seen in the summer of 2012, although much less symptoms were seen 
on the transgenic DSF-producing Freedom grape compared to other plants (Figure 5). 

Figure 4. Establishment of grape trial in Riverside County in April 2010 (left) and image of plot in October 
2012 (right). 

Figure 5. Pierce’s disease symptoms on transgenic DSF-producing Freedom grape (left) and wild-type 
Freedom grape (right) on October 4, 2012. 

The incidence of infection of transgenic DSF-producing Freedom was about three-fold  less than that of wild-type 
Freedom grape (Figure 6), while the number of infected leaves per vine was about five-fold less (Figure 9), 
suggesting that the pathogen had spread less in the DSF-producing plants after insect inoculation. Only a modest 
reduction in incidence or severity of Pierce’s disease was seen in Thompson Seedless grafted onto DSF-producing 
Freedom rootstocks compared to those grafted on wild-type Freedom (Figure 7).  The incidence of infection of 
transgenic Thompson Seedless plants was similar to that of wild-type Thompson Seedless (Figure 8), while the 
incidence and severity of Pierce’s disease on Thompson Seedless grafted onto DSF-producing Thompson 
Seedless rootstocks was less than that of plant grafted onto wild-type Thompson Seedless rootstocks (Figure 9). 
The effectiveness of transgenic Thompson Seedless rootstocks in reducing Pierce’s disease was surprising, given 
that the transgenic Thompson Seedless scions were similar in susceptibility to that of the normal Thompson 
Seedless scions. We have seen evidence that in addition to DSF chemical species that serve as agonists of cell-
cell signaling in Xf that transgenic Thompson Seedless may also produce chemical antagonists of cell-cell 
signaling.  It is possible that the DSF agonist is more readily transported into the scion than any antagonists, and 
thus that DSF-mediated inhibition of pathogen mobility can be conferred by grafted DSF-producing rootstocks. 
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Figure 6. Incidence of Pierce’s disease of transgenic DSF-producing Freedom grape (blue bars) or wild-type Freedom 
(red bars) as measured as the fraction of vines with any disease symptoms (left box) or the severity of disease as 
measured as the fraction of leaves per shoot that exhibited symptoms (right box).  The vertical bars represent the 
standard error of the mean. 
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Figure 7. Incidence of Pierce’s disease of normal Thompson Seedless grape grafted onto transgenic DSF-producing 
Freedom grape rootstocks (blue bars) or wild-type Freedom rootstocks (red bars) as measured as the fraction of vines 
with any disease symptoms (left box) or the severity of disease as measured as the fraction of leaves per shoot that 
exhibited symptoms (right box).  The vertical bars represent the standard error of the mean. 
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Figure 8. Incidence of Pierce’s disease of transgenic DSF-producing Thomson Seedless grape (blue bars) or wild-type 
Thompson Seedless (red bars) as measured as the fraction of vines with any disease symptoms (left box) or the severity 
of disease as measured as the fraction of leaves per shoot that exhibited symptoms (right box).  The vertical bars 
represent the standard error of the mean. 
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Figure 9. Incidence of Pierce’s disease of normal Thompson Seedless grape grafted onto transgenic DSF-producing 
Thompson Seedless grape rootstocks (blue bars) or wild-type Thompson Seedless rootstocks (red bars) as measured as 
the fraction of vines with any disease symptoms (left box) or the severity of disease as measured as the fraction of leaves 
per shoot that exhibited symptoms (right box).  The vertical bars represent the standard error of the mean. 

On May 15, 2013, plants in the Solano County field trial were evaluated for both the incidence of survival over 
winter, as well as any symptoms of Pierce’s disease that were apparent at this early date. Vines that had been 
inoculated in 2012 had been marked with a plastic tie.  The vines were pruned during the winter of 2012/2013 in a 
way that retained the inoculation site and the plastic marker for each of the vines inoculated in 2012. Thus, in 
May 2013 the return growth on those inoculated, but pruned, vines was assessed.  One or more new shoots had 
emerged from such vines, and the incidence as to whether at least one new shoot had emerged was assessed 
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(Figure 10). Nearly all of the inoculated vines from both Freedom and transgenic DSF-producing Freedom gave 
rise to new shoots as of May 2013 (Figure 10).  In contrast, many vines of Thompson Seedless inoculated in 2012 
were dead, and no shoots emerged in 2013. While most new shoots emerging in 2013 appeared asymptomatic at 
the time of assessment in May, a few exhibited discoloration, possibly indicating early stages of Pierce’s disease. 
A separate assessment of such possibly symptomatic shoots from that of completely asymptomatic shoots was 
made (Figure 11).  It is noteworthy that no symptomatic new shoots were observed on transgenic Freedom, while 
about 10% of the new shoots emerging from vines of wild-type Freedom exhibited some symptoms (Figure 11). 
It was also noteworthy that a much higher proportion of the vines from Thompson Seedless scions grafted onto a 
transgenic Freedom rootstock gave rise to new shoots in 2013 compared to that on Freedom rootstocks (Figures 
10 and 11). Likewise, a higher proportion of vines from Thompson Seedless scions grafted onto transgenic DSF-
producing Thompson Seedless rootstocks gave rise to new shoots in 2013 compared to that of scions grafted onto 
normal Thompson Seedless rootstocks (Figures 10 and 11).  Thus, infection of Thompson Seedless vines by 
inoculation in 2012 had led to some morbidity of those vines (and even of the cordon on which they were attached 
in some cases), but Thompson Seedless when grafted onto either transgenic DSF-producing Freedom or 
transgenic DSF-producing Thompson Seedless rootstocks had a higher likelihood of surviving inoculation in 
2012. Continued assessments of disease severity of those new shoots emerging on vines inoculated in 2012 were 
made in early October 2013, but the data was not fully analyzed at the time of preparation of this report. 

Figure 10. The fraction of vines in the Solano County field trial inoculated in 2012 with Xf that gave rise to at 
least one new shoot by May 2013. Treatments include: transgenic DSF-producing Freedom as an own-rooted 
plant (FT); wild-type freedom as an own-rooted plant (FW); Thompson Seedless scions grafted onto transgenic 
DSF-producing Freedom rootstocks (FTG); Thompson Seedless scions grafted onto normal Freedom 
rootstocks (FWG); transgenic DSF-producing Thompson Seedless as own-rooted plants (TT); normal 
Thompson Seedless as own-rooted plants (TW); Thompson Seedless scions grafted onto transgenic DSF-
producing Thompson Seedless rootstocks (TTG); and Thompson Seedless scions grafted onto normal 
Thompson Seedless rootstocks (TWG). The vertical bars represent the standard error of the mean fraction of 
inoculated vines that gave rise to new shoots in 2013. 

All plants at the Riverside County trial were also rated on October 14, 2013.  While the data from this final rating 
of the 2013 growing season was not fully analyzed at the time of preparation of this report, it was clear that both 
the severity and incidence of Pierce’s disease symptoms on transgenic DSF-producing Freedom grape was much 
lower than that on wild-type Freedom plants, as had been seen in 2012.  In addition, the severity of Pierce’s 
disease symptoms on Thompson Seedless scions grafted onto transgenic DSF-producing Thompson Seedless 
rootstocks was also lower than that of Thompson Seedless scions grafted onto wild-type Thompson Seedless 
rootstocks, again as was noted in 2012. 
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Figure 11. The fraction of vines in the Solano County field trial inoculated in 2012 with Xf that gave rise to 
at least one new shoot by May 2013 that exhibited some abnormalities possibly indicative of early stages of 
Pierce’s disease infection (orange bars). Treatments include: transgenic DSF-producing Freedom as an own-
rooted plant (FT); wild-type Freedom as an own-rooted plant (FW); Thompson Seedless scions grafted onto 
transgenic DSF-producing Freedom rootstocks (FTG); Thompson Seedless scions grafted onto normal 
Freedom rootstocks (FWG); transgenic DSF-producing Thompson Seedless as own-rooted plants (TT); 
normal Thompson Seedless as own-rooted plants (TW); Thompson Seedless scions grafted onto transgenic 
DSF-producing Thompson Seedless rootstocks (TTG); and Thompson Seedless scions grafted onto normal 
Thompson Seedless rootstocks (TWG). 

CONCLUSIONS 
Substantial disease control was conferred by transgenic DSF-producing Freedom grape in both the Solano County 
and Riverside County field trails.  In neither trial did the transgenic Freedom rootstock confer substantial disease 
control, similar to the observations seen in greenhouse trials. While the transgenic Thompson Seedless scion was 
similar in susceptibility to the wild-type Thompson Seedless grape, it conferred substantial disease control when 
used as a rootstock. This work is a direct demonstration of the utility of disease control by a process of pathogen 
confusion. The work demonstrates that in two different grape varieties to behavior of the pathogen can be altered 
by the production of the signal molecule in plants. The results are quite promising and provide substantial 
evidence that this strategy will be effective in reducing the severity of Pierce disease in a wide variety of grape 
varieties. 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board. 
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FIELD TRIAL FOR RESISTANCE TO PIERCE’S DISEASE 

Principal Investigator: Co-Principal Investigator: Cooperator: 
Thomas A. Miller Matthew Daugherty Peggy Mauk 
Department of Entomology Department of Entomology Agricultural Operations 
University of California University of California University of California 
Riverside, CA 92521 Riverside, CA 92521 Riverside, CA 92521 
thomas.miller@ucr.edu matt.daugherty@ucr.edu peggy.mauk@ucr.edu 

Reporting Period: The results reported here are from work conducted July 2012 through September 2013. 

ABSTRACT 
This project was constituted to establish experimental vineyards in Riverside County to test for the ability to 
withstand vector insects transmitting the pathogens causing Pierce’s disease.  A third vineyard was added this past 
season and is flourishing.  All operations are meant to duplicate a commercial vineyard except the grapes 
themselves are not harvested.  Originally flowers were removed, but in the past season, some of the flowers were 
left intact and will not be removed from now on.  Because of the current infestation of Asian citrus psyllid in 
Southern California, the citrus near the field site is being treated with systemic insecticides that affect the 
population of the vector insect, the glassy-winged sharpshooter (GWSS). However, the biological control plot is 
left untreated and GWSS may still be found year-round. 

LAYPERSON SUMMARY 
The experimental grapevines have been in place since they were planted in spring of 2010.  A second vineyard 
was added in 2011 and a third in 2012.  Many control grapevines are dead by now in the original planting, 
confirming the high incidence of Pierce’s disease. Most if not all of the experimental grapevines with resistance 
to Pierce’s disease are doing well. The stems of the oldest surviving grapevines are well above an inch in 
diameter and appear to be thriving.  The grapes themselves are not harvested.  Flowers were at first removed, but 
this was discontinued. The coming season will be the first in which all of the flowers are left intact. 

INTRODUCTION 
There is no cure for plant diseases caused by pathogens transmitted by insects. That leaves controlling the vector 
insect or developing plant resistance to the pathogens as the only two viable options.  Advances in genetic 
engineering of plants mean the second option is readily available in the modern era. Several such strategies are 
the result of investments in Pierce’s disease research (Dandekar, et al., 2012).  The current project was designed 
as a “pass through” to allow the Pierce’s disease program to field test several varieties of transgenic plants from 
collaborators at UC Davis and UC Berkeley.  Funds pass though the Principal Investigator (PI) and Co-PI to cover 
construction of trellises, installation of drip irrigation equipment, scheduled automatic irrigation, weed abatement, 
yearly pruning, and to pay for planting of experimental grape plants in the vineyard and all maintenance of the 
vineyard throughout the experimental period as well as destruction of materials stipulated by the protocols in 
place at the end of the project.  Riverside County was desired as a venue because of the very high incidence of 
Pierce’s disease. The extensive collection of citrus also provides a winter harborage for the vector insect, the 
glassy-winged sharpshooter (GWSS; Homalodisca vitripennis). 

OBJECTIVES 
A major focus of Pierce’s disease management includes attempts to develop grapevine varieties that are less 
susceptible to Xylella fastidiosa. We are providing support for field trials of newly developed grapevine varieties 
that show promising reductions in Pierce’s disease severity. The field trial is intended to duplicate a commercial 
operation to determine how grapevines will fare in the presence of pressure from the sharpshooter leafhopper 
vectors that transmit the pathogen causing Pierce's disease. The specific objectives of the project are as follows: 
1. Prepare the vineyard. Rogue out existing plants and prepare additional trellises as needed. 
2. Transplant test grapevines to the experimental vineyard. 
3. Maintain the grapevines exactly as handled by commercial vineyards. 
4. Dispose of plants at the end of trials according to protocols provided. 
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RESULTS AND DISCUSSION 
The field trials in Riverside County are considered a success. Control grapevines lacking resistance to Pierce’s 
disease died after the first year. This confirms the presence of high pressure from Pierce’s disease.  After 
extensive surveys of insect presence during the first two years by an undergraduate volunteer, Candice 
Sanscartier, the survey yellow sticky cards have been used less frequently during the past year.  We are convinced 
the vector insect population is still significant despite wide-spread insecticide treatment of the experimental citrus 
holdings for Asian citrus psyllid (ACP).  This is being done in part to prevent huanglongbing disease (citrus 
greening) from becoming established in Southern California.  The host range of ACP is restricted to citrus mainly 
and is not a problem on grapevines or other crops. 

The PI is hosting a separate study testing a symbiotic control of Pierce’s disease in greenhouses on campus and 
being conducted by graduate student Arinder Arora who just passed his qualifying exam in the Ph.D. graduate 
program at University of New Mexico, Albuquerque.  This project requires hundreds of GWSS for testing. 
Arinder and colleagues have had little trouble securing the insects from the area near the field trial. Arinder has 
spent the last two summers in Riverside conducting these studies.  He expects to finish his Ph.D and graduate by 
next June in Albuquerque. 

The laboratory of Abhaya Dandekar has kept in excellent contact with the PI.  He and his personnel have visited 
the experimental vineyards several times after the first planting in 2010.  Occasionally digital images were taken 
of the vineyards and sent to him as a way of keeping him informed of the appearance of the plants. 

Francisco Quintana, USDA APHIS, paid an official oversight visit to the experimental vineyards on September 
11, 2013. Between this season and last, a separate experimental vineyard was installed near the experimental 
vineyard. The distance between the plots appears to be in excess of 50 feet.  Mr. Quintana stopped by the office 
to find out the nature of this new vineyard.  We updated Biological Use Authorization documentation through 
Patricia Steen in the UC Riverside Research Office to cover activities on this project. 

CONCLUSIONS 
Grapevines can be genetically engineered to carry resistance to Pierce’s disease in areas where there is high 
pressure for the disease and susceptible grapevines do not survive more than one year.  Since the product of the 
grapevines was not harvested, the quality of the fruit of the grape was not assessed. 

REFERENCES CITED 
Dandekar, A. M., G. Hossein, A. M. Ibanez, et al. (2012). An engineered innate immune defense protects 

grapevines from Pierce disease. Proc. Nat’l. Acad. Sci. (USA) 109: 3721-3725. 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board, the 
University of California, Riverside Undergraduate Research Program, and University of California, Riverside 
Agricultural Experiment Station Hatch Funds. 
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FIELD EVALUATIONS  OF GRAFTED GRAPE  LINES EXPRESSING 
POLYGALACTURONASE-INHIBITING PROTEINS 

Principal Investigator: 
Ann L.T. Powell 
Department of Plant Sciences 
University of California 
Davis, CA 95616 
alpowell@ucdavis.edu 

Co-Principal Investigator: 
John M Labavitch 
Department of Plant Sciences 
University of California 
Davis, CA 95616 
jmlabavitch@ucdavis.edu 

Field Cooperator: 
David Gilchrist 
Department of Plant Pathology 
University of California 
Davis, CA 95616 
dggilchrist@ucdavis.edu 

Field Cooperator: 
Thomas Miller 
Department of Entomology 
University of California 
Riverside, CA 92521 
thomas.miller@ucr.edu 

Reporting Period: The results reported here are from work conducted January 2013 to October 2013. 

ABSTRACT 
Work in this project evaluates the performance of grafted grapevine lines that produce a protein that is a candidate 
for control of Pierce’s disease. The vines have been established in vineyards in a manner that approximates 
typical commercial settings in regions of Solano and Riverside counties with low and high Pierce’s disease 
disease pressure, respectively. The CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board’s Research 
Scientific Advisory Panel had established a priority to evaluate the potential commercial use of the strategy to 
deliver polygalacturonase-inhibiting proteins (PGIPs) from grafted rootstocks to control Pierce’s disease in the 
scion, fruit-bearing portions of grapevines.  Established transformed Thompson Seedless and Chardonnay 
grapevines expressing a PGIP from pear fruit (pPGIP) showed reduced Pierce’s disease incidence when 
inoculated with Xylella fastidiosa (Agüero et al., 2005).  The pPGIP that was produced in the transformed 
rootstock was identified in samples of xylem exudate that were collected from grafted, but not transformed scions 
(Agüero et al., 2005).  Therefore, cuttings from these grapevines were grafted with non-pPGIP producing scions 
to make comparisons of the effectiveness and outcomes between vines producing pPGIP in grafted rootstocks, 
those producing pPGIP throughout the vine, and vines with no pPGIP. 

LAYPERSON SUMMARY 
Two vineyard plots containing own-rooted and transgrafted [rootstocks expressing pear polygalacturonase-
inhibiting protein (pPGIP) grafted to fruit producing scions with no genetic modifications that, thus, do not 
themselves produce pPGIP] combinations of Chardonnay and Thompson Seedless grapevines were established 
and the identities of the genotypes were established by June 2013.  Mechanical inoculations with Xylella 
fastidiosa bacteria were done in 2011, 2012, and 2013 in Solano County and natural infections were allowed to 
occur in Riverside County.  Data describing the agronomic and disease traits of the vines have been collected. 

INTRODUCTION 
The project was designed to establish two field sites with typical vineyard practices that would allow grape lines 
to be evaluated in order to assess whether polygalacturonase inhibiting proteins (PGIPs) restrict Xylella fastidiosa 
(Xf) spread and Pierce’s disease, and whether expression of pear polygalacturonase-inhibiting protein (pPGIP) 
impacted the performance and attributes of the vines. 

The Principal Investigator (PI), Co-PI, and others had shown that the expansion of Xf from the infection site 
throughout the vine creates a systemic infection that causes Pierce’s disease and vine death (Krivanek and 
Walker, 2005; Labavitch 2006, 2007; Lin, 2005; Lindow, 2006, 2007a,b; Rost and Matthews, 2007). The 
grapevine water-conducting xylem elements are separated by pit membranes, cell wall "filters" whose meshwork 
is too small to permit movement of Xf (Labavitch et al., 2004, 2006, 2009a,). Xf produces cell wall-degrading 
enzymes to digest the pit membrane polysaccharides (Labavitch et al., 2009b), opening xylem connections and 
permitting spread of the bacteria. 
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The Xf genome encodes a polygalacturonase (XfPG) and several ß-1,4-endo-glucanase (EGase) genes, whose 
predicted enzyme products could participate in the digestion of pectin and xyloglucan polymers in pit membranes, 
thereby facilitating Xf movement and Pierce’s disease development.  Labavitch et al. (2006, 2007, 2009a; Perez-
Donoso et al., 2010) reported that introduction of polygalacturonase (PG) and EGase into uninfected grapevines 
caused pit membrane breakage. Roper et al. (2006, 2007) developed an XfPG-deficient Xf strain and showed it 
was unable to cause Pierce’s disease symptoms, so XfPG is a Pierce’s disease virulence factor. 

The over-all research aim is to use plant PGIPs to limit Xf spread in grapevines.  PGIPs are produced by plants, 
including in flowers and edible fruits, and are selective inhibitors of pathogen and pest PGs (Powell et al., 2000; 
Shackel et al., 2005; Stotz et al., 1993, 1994). Transformed grapevines expressing the pPGIP-encoding gene from 
pears have reduced susceptibility to Xf and pPGIP is transported across the graft junction from pPGIP expressing 
grape and tomato rootstocks into wild-type scions (Agüero et al., 2005, Haroldsen et al., 2012). 

This project has been designed to scale up the grafted and own-rooted pPGIP expressing grapevines, plant them in 
field settings, and evaluate their agronomic performance and their resistance to Pierce’s disease in settings 
comparable to commercial fields. 

OBJECTIVES 
1. Scale up the number of grafted and own-rooted pPGIP expressing lines. 
2. Plant and maintain grafted and own-rooted lines in two locations with different Pierce’s disease pressure. 
3. Evaluate relevant agronomic traits of vines in two locations. 
4. Determine Pierce’s disease incidence in pPGIP expressing grafted and own-rooted lines.  Test for Xf presence 

and, if present, determine the extent of infection. 

RESULTS AND DISCUSSION 
Objective 1. Generate enough grafted and own-rooted grapevines for the field trial. 
The pPGIP expressing Chardonnay and Thompson Seedless (TS) grapevines generated by Agüero et al. (2005) 
were maintained at the UC Davis Core Greenhouses. Vegetative cuttings of non-lignified stem sections from 
transgenic and control plants of both cultivars were rooted in an aeroponic cloning manifold (EZ-Clone Inc., 
Sacramento, CA). These plants are referred to as “own-rooted plants.”  Rooted cuttings were transferred to soil 
and maintained in the greenhouse before being transferred to the field sites.  A sufficient number of grafted and 
“transgrafted” plants were generated for the field trials and were made by green grafting rootstock stem sections 
with budding scion tissue.  Transgrafted plants had rootstocks from the pPGIP expressing lines and scions that do 
not express pPGIP.  The number of plants of each genotype and grafting protocol for the field sites in Solano and 
Riverside counties are shown in Table 1. 

Table 1. Numbers of grapevines planted in Solano and Riverside counties. Dashed fill represents pPGIP 
expressing rootstocks and/or scions; black fill is null-transformants, no pPGIP, controls; white fill is non-
transformed controls.  In Solano County, own-rooted vines were mechanically inoculated in the summers of 
2011-2013; grafted vines were inoculated in July 2013.  Vines planted in Riverside County were assessed in 
response to “natural” infections. 

SOLANO Chardonnay Thompson Seedless 
Grafting Strategy 

(Scion/root) 

Hatch – pPGIP expressing 
Own-

Rooted (#) 
Inoculated 9 - 9 - - 16 - 9 - -

Non-Inoculated 5 - 4 - - 7 - 5 - -

Grafted (#) 
Inoculated 3 8 9 - - 15 10 9 - -

Non-Inoculated 1 3 4 - - 7 5 4 - -
RIVERSIDE 

Own-
Rooted (#) Natural Infections 12 - 11 6 - 10 - 12 6 -

Grafted (#) Natural Infections 8 5 8 6 3 15 15 7 3 3 
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DNA was prepared from the vines used as source tissue for grafting and the genotypes were confirmed by PCR 
(Figure 1). 

Figure 1. A gel used to genotype by PCR with genomic DNA from grape leaf tissue from Thompson 
Seedless vines expressing pPGIP and null-transformed (no pPGIP) controls used to generate transgrafted 
vines. A 1 kb band (arrow) indicating the pPGIP DNA sequence is expected only in samples used as 
rootstocks for transgrafts and pPGIP self-grafted controls.  Each sample’s quality was verified by 
amplifying a control fragment (not shown). 

Sufficient plants of both the Chardonnay and Thompson Seedless varieties have been self-grafted, transgrafted or 
propagated by rooting to complete the Solano and Riverside county plots.  The genotypes of the plants have been 
verified.  All of the vines have been transplanted to the sites. 

Objective 2. Establish field trial sites. 
Field trial sites in Solano and Riverside counties have been established to assess the Pierce’s disease resistance 
and general agronomic viability of own-rooted and grafted pPGIP expressing grapevines.  The field plans of the 
Powell trial plots in Solano and Riverside counties are shown in Figure 2. The field sites are shared by other 
projects testing Pierce’s disease resistance of other transgenic grapevines. The vines satisfying our initial PCR 
analysis were hand-planted in a randomized block design with blocks consisting of two or three individuals in the 
same treatment (Table 1).  The young plants were surrounded by protective grow tubes and hand-watered every 
two weeks in Solano County or as needed.  The grapevines were planted approximately eight ft. apart and tied to 
wooden stakes with trellising wires at 40 in. and 52 in.  A time-line showing when grafting, plantings, 
inoculations and assessments have been done is shown in Figure 3. 

The vines have been pruned both to maximize potential cane number for inoculations and to establish vigorous 
positions for future growth.  With the permit amendment granted by the USDA’s Biotechnology Regulatory 
Services in March 2012, flowers and fruiting clusters have been allowed to persist.  All own-rooted Chardonnay 
vines were cordon trained and spur pruned and the majority of the Thompson Seedless vines were cane pruned in 
an attempt to maintain proper vine balance and ensure fruit development.  The Solano County field site has been 
under weekly observation for the duration of the growing season and the vines in Riverside County established 
themselves well and were growing robustly as of late July 2013. As of June 3, 2013, both the Riverside and 
Solano county sites have been established with all the planned plantings for this project. 

Objective 3.  Evaluate relevant agronomic traits of vines in two locations. 
Both the Solano and Riverside vineyards will continue to be maintained by properly pruning and training the 
vines this winter.  The grapevines planted in Solano County have been monitored for general health and 
maintained (hand watered) on a weekly basis.  Eleven uninoculated grafted plants did not survive the arid 2013 
summer in Solano – these are being replaced in Fall 2013.  Otherwise, growth of the vines at both locations has 
been vigorous (Figure 3). We reclassified 11 own-rooted vines from Chardonnay control to Thompson Seedless 
control based on cluster morphologies.  The previously observed leaf morphologies were supportive of this 
reclassification, but fruiting habit and form permitted definitive identification.  Data for the agronomic and 
phenotypic observations is included in Objective 4 (Figure 5), when comparisons were made between infected 
and uninfected vines. Own-rooted Thompson Seedless plants expressing pPGIP have a slightly larger average 
yield than control vines. Expression of pPGIP did not significantly affect the Thompson Seedless cluster 
morphology or the juice characteristics measured. 
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Figure 2. Field plans for Solano (A) and Riverside (B) county sites.  The color codes of the 
genotypes are given in the accompanying table; O.R. = own-rooted, Gr. = grafted. 

O.R. Gr. 

Chardonnay Control (CC) 

Chard + pPGIP 

Chard Wild-Type (WTCH) 

N/A CC / +pPGIP Transgraft 

N/A WTCH / +pPGIP Transgraft 

Thompson Control (TSC) 

TS + pPGIP 

TS Wild-Type (WT-TS) 

N/A TSC / +pPGIP Transgraft 

N/A WT-TS / +pPGIP Transgraft 

Figure 3. Timeline depicting the grafting, planting, inoculation, and assessments of vines at 
the Solano (S) and Riverside (R) sites. 
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 Figure 4. Representative inoculated Thompson Seedless plants in Solano County: top row, pPGIP expressing vine; bottom 
row, control vine.  Pictures taken (from left to right) May 3, June 26, Sept. 24, and Sept. 11, 2013. 

Table 2. Observations of own-rooted vines taken in the spring and summer of 2013 at the Solano County 
site.  Each characteristic was counted as “positive” for the disease trait if one instance was observed on the 
plant.  “Buds” refer to bud positions selected for by winter pruning and does not include buried buds. 

Genotype Plants 
(#) 

% Plants with No 
Growth from 

Buds on 
Inoculated Canes 

% Buds with No 
Growth on 
Inoculated 
Canes Only 

% Plants with 
No Growth from 

Buds on 
Uninoculated 

Canes 

% Plants with 
Stunted Growth 
from Buds on 

Inoculated 
Canes 

% Plants with 
Stunted Growth 
from Buds on 
Uninoculated 

Canes 

Spring Summer Spring Summer Spring Summer Spring Summer Spring Summer 

Inoculated 
Thompson+pPGIP 79-I 9 100 100 

(9/9) (9/9) 50-75 71.8 55.6 44.4 
(5/9) (4/9) 

44.4 55.6 
(4/9) (5/9) 

0 11.1 
(0/9) (1/9) 

Thompson+pPGIP 79 5 - - - - 40 20 
(2/5) (1/5) - - 0 20 

(0/5) (1/5) 

Inoculated 
Thompson TSC-I 8 100 100 

(8/8) (8/8) 
75- 84.5 100 

75 87.5 
(6/8) (7/8) 

25 25 
(2/8) (2/8) 

50 50 
(4/8) (4/8) 

Thompson Control TSC 4 - - - . 75 0 
(3/4) (0/4) - - 0 0 

(0/4) (0/4) 

Inoculated 
Chardonnay CC-I 17 94.1 100 

(16/17) (17/17) 
75- 79.0 100 

47.1 52.9 
(8/17) (9/17) 

47.1 52.9 
(8/17) (9/17) 

23.5 17.7 
(4/17) (3/17) 

Chardonnay 
Control CC 8 - - - - 75 0 

(6/8) (0/8) - - 12.5 0 
(1/8) (0/8) 

Genotype Plants 
(#) 

% Plants with 
Excessive Base 

Growth 

% Plants with Marginal 
Leaf Necrosis on 
Inoculated Canes 

% Plants with Marginal 
Leaf Necrosis on Un-

inoculated Canes 

% Plants with Atypical 
Berry Clusters (partial, 

aborted, or absent) 
Spring Summer Spring Summer Spring Summer Spring Summer 

Inoculated 
Thompson+pPGIP 79-I 9 77.8 66.7 

(7/9) (6/9) 
0 33.3 

(0/9) (3/9) 
0 11.1 

(0/9) (1/9) 
44.4 - (4/9) 

Thompson+pPGIP 79 5 0 0 
(0/5) (0/5) - - 0 0 

(0/5) (0/5) 
20 - (1/5) 

Inoculated 
Thompson 

TSC-
I 8 25 100 

(2/8) (8/8) 
0 12.5 

(0/8) (1/8) 
0 0 

(0/8) (0/8) 
75 - (6/8) 

Thompson Control TSC 4 0 50 
(0/4) (2/4) - - 0 0 

(0/4) (0/4) 
0 - (0/4) 

Inoculated 
Chardonnay CC-I 17 17.7 82.4 

(3/17) (14/17) 
0 11.8 

(0/17) (2/17) 
0 0 

(0/17) (0/17) 
58.8 - (10/17) 

Chardonnay 
Control CC 8 0 37.5 

(0/8) (3/8) - - 0 0 25 - (2/8) 
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Objective 4. Determine Pierce’s disease incidence in pPGIP expressing grafted and own-rooted lines. 
Two-thirds of the own-rooted vines at the Solano County site were first mechanically inoculated with Xf 
Temecula on July 21, 2011.  No visual evidence of Pierce’s disease infection was observed throughout the 2011 
growing season or early in 2012 after bud break.  The same 34 own-rooted vines were resubmitted to mechanical 
inoculations on May 29, 2012 with a mixture of Xf Temecula and Stag’s Leap strains (3:2, v:v).  Young, green 
tissue was chosen for inoculation with three-four canes chosen per plant.  Mechanical inoculations were 
performed as in 2011 except that approximately 1.5 x 107 cells were used per inoculation, an increase of 750-fold 
over the previous year. The inoculations were performed simultaneously with the other field site collaborators. 
The bacterial suspension was provided by D. Gilchrist. 

Figure 5. Number of clusters per plant (A), percentage of shriveled unhealthy berries per cluster (B), and 
seed morphologies within clusters (C) of own-rooted Thompson Seedless expressing pPGIP (“79”), 
Thompson Seedless control (TSC), and Chardonnay (CC) from uninfected and infected (-I) plants. 

Pierce’s disease symptoms were first observed on the inoculated vines in Solano County on April 24, 2013.  The 
most frequent symptoms were inhibition of bud break along inoculated shoots (Figure 4) and excessive growth 
from the base of plants, potentially indicating a disruption in the vasculature or more severe die-back of cordons 
and mature canes.  Outside viticulturists and pathologists confirmed that these vines were afflicted with Pierce’s 
disease.  Their opinions were sought because traditional Pierce’s disease symptoms were mostly absent during the 
previous two growing seasons.  Since the initial discovery, each vine has been photographed and initially scored 
for the presence of similar stunting or “blind” phenotypes (Table 2). 

Vines in the Solano County field site were mechanically inoculated for the third consecutive year on August 6, 
2013. The own-rooted vines previously infected and the newly-planted grafted vines tagged for treatment were 
inoculated with a mixture of Temecula and Stag’s Leap strains of Xf (3:2, v:v).  The inoculum was prepared in our 
laboratory from glycerol stocks provided by the Kirkpatrick and Gilchrist labs.  Inoculations were performed as in 
previous years, except only one site was inoculated per grafted vine due to the smaller size of the vines; larger, 
own-rooted vines were inoculated at two to three sites per plant. The inoculum cell density was first estimated by 
optical density and later confirmed by serial plating to be 1.2 x 106 cells per inoculation site. 

For more detailed analysis of plant performance and phenotypes, on August 29, 2013, twenty-five berries total 
were collected from three plants of each own-rooted genotype and inoculation state at the Solano County site; 
grafted plants were too juvenile to bear fruit in 2013 and were not sampled.  Sample collection was randomized 
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by choosing five berries spread across one to two clusters per plant.  Clusters were chosen from inside the fruiting 
zone on each plant.  Berries were crushed by hand and the free-run juice was combined with juice pressed from 
the solids, strained through cheesecloth.  Sediments were precipitated overnight at 4°C and clarified juice was 
sampled for pH and °Brix.  Soluble solids ranged from 21.7-24.4 °BRIX and pH values were 3.56-4.00.  A 
smaller subsample was repeated on September 4, 2013 with similar results.  After one week, total cluster numbers 
were counted (Figure 5a) and one cluster was harvested per plant.  Some inoculated own-rooted vines did not 
bear fruit; grafted plants, with one exception, were fruitless in 2013.  Cluster weight, length, and peduncle length 
were measured upon returning to the lab.  Twenty-five berries were removed from each cluster for further analysis 
after counting the total number of healthy and raisined berries per cluster (Figure 5b). Assessments of the 
subsamples include the weight of 25 berries, retention of pedicels, number and class of seeds (trace, rudimentary, 
or mature, Figure 5c), dimensions of five berries, soluble solids, titratable acidity, and pH of juice.  Each cluster 
and five individual berries were photographed for assessment of cluster density and berry color and shape. 

PCR was used to detect XfDNA sequences in leaves and petioles from inoculated and un-inoculated vines 
(Figure 6). XfDNA sequences were only detected in inoculated, and not in uninoculated, plant leaves.  All DNA 
preparations were checked to see that PCR amplification of grape DNA sequences was possible. Efforts to 
quantify the amount of Xf in the inoculated material by qRT-PCR continue. 

Figure 6. Results of PCR detection of Xf DNA sequences in inoculated vines from 
the Solano County site. 

Initially, a higher percentage of bud positions were able to grow out on mechanically inoculated pPGIP 
expressing Thompson Seedless vines than on control Thompson Seedless vines.  Inoculations with Xf promote 
shoot growth from the base of the vines.  Inoculated pPGIP expressing Thompson Seedless vines had 40% fewer 
clusters with aborted or abnormal berries than infected controls.  However, one of five uninoculated pPGIP 
expressing Thompson Seedless vines had abnormal berry clusters and the uninoculated controls had none.  Three 
times as many mechanically inoculated pPGIP expressing Thompson Seedless vines had leaves with signs of 
marginal necrosis than infected control vines. 

Later in the season, inoculations with Xf resulted in a noticeable decline in clusters for all genotypes. However, 
this decline was 20% less in Thompson Seedless plants expressing pPGIP.  Shriveled clusters were only observed 
in control genotypes and did not always correspond to infection with Xf. An increased percentage of unhealthy 
berries per cluster was measured in inoculated plants, but there was not a significant difference with or without 
pPGIP.  Berries from inoculated plants contained slightly more developed seeds than those from uninoculated 
plants; Thompson Seedless plants expressing pPGIP had fewer rudimentary seeds.  Other observations reflect that 
healthy plants produce longer clusters with more berries. 
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Xf DNA sequences were detected by PCR in the inoculated samples.  No Xf DNA sequences were detected in 
uninoculated controls.  Visual assessments indicate that expression of pPGIP reduces Pierce’s disease symptoms 
(bud outgrowth and abnormal berry clusters). 
CONCLUSIONS 
All of the grafted plants necessary for the studies in Solano and Riverside counties have been generated. The 
genotypes of the grafted plants were confirmed.  An initial attempt to infect the vines in Solano County was made 
but no symptoms were observed.  A second attempt in 2012 resulted in detectable Xf DNA in infected vines in 
November 2012 and visual symptoms of Pierce’s disease in April 2013.  The performance of the own-rooted 
Chardonnay and Thompson Seedless vines in the field thus far has been appropriate for commercial settings. 
Mechanical inoculations with Xf bacteria in 2011 and 2012 in Solano County resulted in the accumulation of Xf 
DNA sequences only in the inoculated, but not in the uninoculated, cane material.  Symptoms of Pierce’s disease 
infection were visible on the inoculated vines beginning in the spring of the year following the introduction of Xf. 
The evaluations of the performance and productivity of the plants suggest that pPGIP expression improves 
resistance of vines to Pierce’s disease.  The evaluations of the performance and productivity of the plants thus far 
confirm that expression and presence of pPGIP does not affect unintentionally other characteristics of the vines. 
By using varieties grown for fresh fruit and for wine production in California, we are testing varieties important to 
California growers. 

REFERENCES CITED 
Agüero CB, Uratsu SL, Greve LC, Powell ALT, Labavitch JM, Meredith CP, Dandekar AM.  2005.  Evaluation 

of tolerance to Pierce’s disease and Botrytis in transgenic plants of Vitis vinifera L. expressing the pear PGIP 
gene. Mol. Plant Pathol. 6: 43-51. 

Haroldsen VM, Szczerba MW, Aktas H, Lopez-Baltazar J, Odias MJ, Chi-Ham CL, Labavitch JM, Bennett AB, 
Powell ALT.  2012. Mobility of transgenic nucleic acids and proteins within grafted rootstocks for 
agricultural improvement. Frontiers in Plant Science 3: 39. 

Krivanek AF, Walker MA. 2005. Vitis resistance to Pierce's disease is characterized by differential Xylella 
populations in stems and leaves. Phytopathology 95:44-52. 

Labavitch JM. 2006. The pit membrane barrier to Xylella fastidiosa movement in grapevines: Biochemical and 
physiological analyses. Proceedings of the 2007 Pierce's Disease Symposium, p. 256-260. 

Labavitch JM. 2007. The pit membrane barrier to Xylella fastidiosa movement in grapevines: Biochemical and 
physiological analyses. Proceedings of the 2006 Pierce's Disease Symposium, p. 280-282. 

Labavitch JM, Backus EA, Matthews MA, Shackel KA. 2004. Linking the model of the development of Pierce's 
disease in grapevines to an understanding of the dynamics of glassy-winged sharpshooter transmission of 
Xylella fastidiosa to grapevines and grapevine gene expression markers of Pierce's Disease. Proceedings of 
the 2004 Pierce's Disease Symposium, p. 15-18. 

Labavitch JM, Backus EA, Morgan D. 2006. The contribution of the pectin-degrading enzyme polygalacturonase 
(PG) in transmission of Xylella fastidiosa to grape and the use of PG-inhibiting proteins for transgenic 
resistance to Pierce's disease. Proceedings of the 2006 Pierce's Disease Symposium, p. 287-289. 

Labavitch JM, Powell ALT, Bennett A, King D, Booth R.  2009a. Optimizing grape rootstock production and 
export of inhibitors of Xylella fastidiosa polygalacturonase activity. Proceedings of the 2006 Pierce's Disease 
Symposium, 167- 173. 

Labavitch JM, Sun Q, Lindow S, Walker A, Lin H.  2009b. Do cell wall structures limit Xylella fastidiosa 
distribution in inoculated, Pierce’s disease susceptible and resistant grapevines? Proceedings of the 2006 
Pierce's Disease Symposium, p. 174-180. 

Lin H. 2005. Characterization and identification of Pierce's disease resistance mechanisms: Analysis of xylem 
anatomical structures and of natural products in xylem sap among Vitis. Proceedings of the 2005 Pierce's 
Disease Symposium, p. 39-42. 

Lindow SE. 2006. Assessment of the process of movement of Xylella fastidiosa within susceptible and resistant 
grapevines. Proceedings of the 2006 Pierce's Disease Symposium, p. 164-168. 

Lindow SE. 2007a. Assessment of the process of movement of Xylella fastidiosa within susceptible and resistant 
grapevines. Proceedings of the 2007 Pierce's Disease Symposium, p. 148-151. 

Lindow SE. 2007b. Management of Pierce's disease of grape by interfering with cell-cell communication in 
Xylella fastidiosa. Proceedings of the 2007 Pierce's Disease Symposium, p. 152-161. 

Perez-Donoso AG, Sun Q, Roper MC, Greve LC, Kirkpatrick BC, Labavitch JM.  2010. Cell wall-degrading 
enzymes enlarge the pore size of intervessel pit membranes in healthy and Xylella fastidiosa-infected 
grapevines. Plant Physiology 152: 1748-1759. 

- 154 -



     

 

    
 

   
 

 
 

 
 

Powell ALT, van Kan J, ten Have A, Visser J, Greve LC, Bennett AB, Labavitch JM.  2000. Transgenic 
expression of pear PGIP in tomato limits fungal colonization. MPMI 13:942-950. 

Roper MC. 2006. The characterization and role of Xylella fastidiosa plant cell wall degrading enzymes and 
exopolysaccharide in Pierce's disease of grapevine.  Ph. D. dissertation.  University of California, Davis. 128 
pages. 

Roper MC, Greve LC, Warren JG, Labavitch JM, Kirkpatrick BC. 2007. Xylella fastidiosa requires 
polygalacturonase for colonization and pathogenicity in Vitis vinifera grapevines. Mol. Plant-Microbe 
Interactions 20:411-419. 

Rost TL and Matthews MA. 2007. Mechanisms of Pierce's disease transmission in grapevines: The xylem 
pathways and movement of Xylella fastidiosa. Comparison of the xylem structure of susceptible/tolerant 
grapevines and alternate plant hosts. Proceedings of the 2007 Pierce's Disease Symposium, p. 274-278. 

Shackel KA, Celorio-Mancera MP, Ahmadi H, Greve LC, Teuber LR, Backus EA, Labavitch JM. 2005. Micro-
injection of lygus salivary gland proteins to simulate feeding damage in alfalfa and cotton. Archives Insect 
Biochem. Physiol. 58:69-83. 

Stotz HU, Powell ALT, Damon SE, Greve LC, Bennett AB, Labavitch JM.  1993.  Molecular characterization of 
a polygalacturonase inhibitor from Pyrus communis L. cv Bartlett. Plant Physiology 102:133-138. 

Stotz HU, Contos JJA, Powell ALT, Bennett AB, Labavitch JM. 1994.  Structure and expression of an inhibitor of 
fungal polygalacturonases from tomato. Plant Mol. Biol. 25:607-617. 

FUNDING AGENCIES 
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board. 

- 155 -
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ABSTRACT 
The CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board’s Research Scientific Advisory Panel review 
and requests for proposals (RFPs) gave priority to the delivery of proteins, including polygalacturonase-inhibiting 
proteins (PGIPs), from grafted rootstocks to scions in order to control Pierce’s disease. Two currently-funded 
projects use expression of PGIPs as control strategies to limit the spread of Xylella fastidiosa (Xf) in the xylem 
network and, thereby, reduce Pierce’s disease symptom progression in infected vines.  Monoclonal antibodies 
recognizing pear fruit PGIP (pPGIP), the protein expressed in the grape lines that are currently under evaluation 
in field trial studies, are needed to detect, quantify, and observe the localization of the protein in the transformed 
grapevine rootstocks and the scions that are grafted to them.  In order to make comparisons between the different 
strategies to control Xf spread, the amounts and efficacy of the pPGIP in the infected parts of the plant must be 
determined and a pPGIP recognizing monoclonal antibody allows measurements of the amounts of the protein. 
Authentic pPGIP protein from pear fruit could be used to prepare this monoclonal antibody, which then could be 
maintained in perpetuity as cultures of antibody-producing cells. However, we modified the approach and 
synthesized synthetic peptides from specific regions of the pPGIP protein to use as antigens.  This approach 
assures that antibodies recognize only pPGIP and not the endogenous grape PGIPs.  Production of the monoclonal 
antibodies has been accomplished; these soon will be tested for their recognition of properly glycosylated, active 
pPGIP protein from pear fruit that normally express the pPGIP-encoding gene and tissues of transformed pPGIP-
expressing grape rootstocks and scions that have been grafted with the transformed rootstocks. 

LAYPERSON SUMMARY 
Xylella fastidiosa (Xf), the bacterium that causes Pierce’s disease in grapevines, utilizes a key enzyme, 
polygalacturonase (XfPG), to spread from one grapevine xylem vessel to the next, eventually leading to the 
development of Pierce’s disease symptoms because the bacteria multiply and cause the interruption of the flow of 
nutrients and water through the vessels of the plant.  PGIPs produced by plants selectively inhibit PGs from 
bacteria, fungi, and insects.  Our work (Abu-Goukh et al., 1983) identified a PGIP (pPGIP) from pear fruit that at 
least partially inhibits the XfPG and we demonstrated that expression of pPGIP reduced Pierce’s disease symptom 
development in grapevines (Aguero et al., 2005).  Current projects, including field trial evaluations, require a 
monoclonal antibody specifically recognizing the pPGIP protein in order to detect, quantify, and characterize the 
presence in and delivery of the pPGIP protein that has been delivered to scions grafted to the available (Aguero et 
al., 2005) pPGIP-expressing rootstocks.  The monoclonal antibody will allow us to compare the amounts of the 
pPGIP protein at different times and grapevine tissues and, thereby, determine the protein’s role in XfPG 
inhibition in grapevines. We now have received (1) a new polyclonal antibody that recognizes pPGIP and (2) 
monoclonal pPGIP antibodies that recognize different unique structural features of the pPGIP protein epitope 
recognizing antibody preparations and have purified active pPGIP from green pear fruit to test these antibody 
preparations. 

INTRODUCTION 
Pierce’s disease incidence has been associated in several studies with the spread of the causal agent, Xylella 
fastidiosa (Xf), throughout the xylem vasculature of infected grapevines. The spread of bacteria from one vessel 
to the next utilizes bacterial cell wall modifying enzymes to degrade the pit membranes separating adjacent 
vessels (Pérez-Donoso et al., 2010).  One enzyme that degrades the polysaccharide portion of pit membranes is a 
polygalacturonase (XfPG), a well-characterized Pierce’s disease virulence factor (Roper et al., 2007).  Several 
previous projects have analyzed the effectiveness of polygalacturonase-inhibiting proteins (PGIPs) in minimizing 
the damage caused by pathogens and pests on plants (Powell et al., 2000; Aguero et al., 2005), including damage 
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caused by Xf in Pierce’s disease.  Two currently-funded field projects use pear fruit PGIP (pPGIP) to restrict Xf 
movement in infected grapevines. 

This project was designed to generate a new polyclonal antibody preparation that recognizes PGIPs in general and 
monoclonal antibodies that specifically recognize the pPGIP protein.  The previous polyclonal antibody 
preparation was over 25 years old and little of the stock remains (Stotz et al., 1993).  The monoclonal antibody is 
a necessary tool for the related field evaluation projects, including “Field evaluation of grafted grape lines 
expressing PGIPs” (Principal Investigator: Powell) and will enable the detection and quantification of pPGIP 
without cross-reactive interference from the native grape PGIP.  Plants can, therefore, be more efficiently 
screened for the presence of the pPGIP protein, whether directly produced in rootstocks or transported grafted 
scion tissues.  Consequently, the effectiveness of anti-Pierce’s disease strategies can be made knowing the amount 
of the active anti-Pierce’s disease protein in the tissues of Xf- and mock-inoculated test tissues. 

OBJECTIVES 
1. Using existing fresh pear flesh, prepare pPGIP protein. Design appropriate antibodies for Antibodies, Inc. to 

develop mouse hybridoma lines expressing monoclonal antibodies against the pear PGIP. 
2. Calibrate the antibodies produced by the hybridoma clones to determine effective dilutions for use in 

detecting the pPGIP protein. 
3. Use the antibody to detect transgenic pear PGIP in xylem sap of own-rooted and grafted grapevines. 

RESULTS AND DISCUSSION 
Objective 1.  Purification of pear PGIP from transgenic Arabidopsis leaves and pear fruit. 
Because of budget limitations, we abandoned purification of the pPGIP from transgenic Arabidopsis leaves 
engineered to express a tagged version of the protein. 

We purified sufficient active pear fruit PGIP (pPGIP) from immature green pears for evaluation of the antibodies 
being prepared by Antibodies Inc.  Approximately 195 µg of protein was obtained and is active against (i.e., 
inhibits) PGs produced in culture by the Del 11 strain of Botrytis cinerea, as expected. Figure 1 shows results 
from a previous report documenting the purity of the protein.  As described in Objective 2, we decided not to use 
this protein itself to develop monoclonal antibodies because of its extensive glycosylation, typical of plant 
proteins. 

Figure 1.  Silver stained SDS-PAGE gel showing pPGIP collected from cation exchange column fractions. 
Loading dye contains ß mercaptoethanol to reduce the multimeric 90 kDa PGIP proteins to the 45 kDa 
native pPGIP bands.  Differences in glycosylation may account for PGIP sub-bands around 45 kDa. 

Objective 2. Calibrate the antibodies produced by the hybridoma clones to determine effective dilutions 
for use in detecting the pPGIP protein. 
Based on the concern noted above that authentic pPGIP protein may not result in the generation of sufficiently 
specific anti-pPGIP monoclonal antibodies, we worked with Richard Krogsrud, CEO of Antibodies Inc., to 
identify hydrophilic peptide sequences in the pPGIP protein sequence that could be used as antigens.  We selected 
three peptides (Figure 2) that would be specific to pPGIP and, thus, likely assure that the antibodies would not 
recognize other PGIPs.  We intended to mix the three peptides when they are administered to the mouse cells to 
optimize the chances of getting a specific and robust antibody.  We also identified a peptide from the conserved 
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amino end of the PGIPs.  We selected this peptide to generate a new polyclonal antibody that can be used to 
detect other PGIPs in addition to the pPGIP.  The peptides have been synthesized through subcontractors used by 
Antibodies Inc. although one of the pPGIP-specific peptides proved to be recalcitrant to conjugation.  Antibodies 
Inc. has gone ahead and developed hybridomas using the other two pPGIP-specific peptides and delivered them to 
us in late September 2013. 

Figure 2. Amino acid sequence of pear (pPGIP), tomato (LePGIP), common bean (pvPGIP) and 
grape (vvPGIP) showing the location of the leucine-rich repeats (LRR) and the three pPGIP specific 
peptides (in yellow, blue, and pink) and the peptide common to all PGIPs (in red).  Locations on the 
predicted 3-D structure of PGIP are shown. 

In May 2013, we received the first test bleed and pre-immune sera from the polyclonal antibody preparations 
generated against the general PGIP peptide.  This antibody preparation is considered a general PGIP antibody 
because it is was generated in response to a conserved region at the amino end of several PGIP proteins. We have 
used the pre-immune serum on a western blot with protein extracts from tomato plants expressing pPGIP and the 
purified pear fruit pPGIP protein described above.  The antibody specifically recognizes the purified pPGIP 
protein from pear fruit as well as the pPGIP protein expressed in the tomato variety “Cuatomate” lines 3-15 
(Figure 3a).  The antibody preparation does not detect tomato PGIPs in the “Cuatomate” material 3-8, which is 
not transformed and, therefore, does not express pPGIP. With the antibodies from the first test bleed, we were 
able to detect clearly only the pPGIP band in the same protein preparations used to check the pre-immune serum 
(Figure 3b).  We detected no cross-reactivity with the pre-immune serum (Figure 3b).  On July 18, 2013 the final 
bleed sera were received from Antibodies Inc. and brought to UC Davis.  They will be divided into several sub-
samples, stored and distributed. 

Objective 3. Use the antibody to detect transgenic pear PGIP in xylem sap of own-rooted and grafted 
grapevines. 
Activities for this objective will be concluded now that the monoclonal antibodies have been received at UC 
Davis.  The western blot with the new polyclonal antibodies in Figure 3 contains proteins from the leaves of a 
tomato line expressing pPGIP; similar results have been obtained with xylem sap collected from the cut stems of 
the same plants.  Efforts to collect xylem sap from pPGIP-expressing grapevines has yielded only a very small 
amount of protein and the expected greater sensitivity of the monoclonal antibodies is necessary to detect pPGIP 
present in grapevine xylem exudate. 
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Figure 3. Image of western blot of proteins cross-reacted with antibodies from the first test bleed 
serum in response to the general PGIP peptide (A) and the pre-bleed serum from the rabbits (B). 

CONCLUSIONS 
In response to the strategy recommended by the Pierce’s Disease Research Scientific Advisory Panel to enhance 
the resistance of grapevines to Pierce’s disease, several field trial projects have used alternative approaches to 
optimally express plant genes encoding particularly effective PGIPs that target the Xf PG (XfPG) in transgenic 
grape rootstocks. This project was designed to generate monoclonal antibodies that specifically recognize the 
pPGIP protein so that the amount of protein can be compared among different different plants used for testing 
different Pierce’s disease protection strategies and at different times.  The monoclonal antibody is a necessary tool 
for the multiple field trial projects evaluating the efficacy of pPGIP as an anti-Xf strategy.  The antibodies will 
allow for detection and quantification of pPGIP without cross-reactive interference from the native PGIP (XfPG) 
and will allow comparisons between groups.  Plants can, therefore, be more efficiently screened for the presence 
of the pPGIP protein, whether directly produced in, or transported from rootstocks to the scion tissues of interest. 

The goal of the project is to provide the resources needed for the field trial projects that are designed to help the 
California grape industry develop a strategy that uses plant genes to limit the damage caused by Xf and to 
mobilize this technology by using non-transgenic vines grafted on the disease-limiting rootstocks.  The project’s 
outcomes should provide growers with plants that resist Pierce’s disease and produce high quality grapes. 
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ABSTRACT 
The goal of this research is to identify fungal endophytes and fungal natural products that are antagonistic to 
Xylella fastidiosa (Xf) that could be implemented as a preventive or curative treatment for Pierce’s disease, 
respectively.  We previously showed that some fungal endophytes inhabiting grapevines possess anti-Xf 
properties, likely due to the production of secondary metabolites.  To date, we have selected a total of eight fungal 
specimens and one bacterium that showed inhibitory effects on Xf growth in vitro.  Our goal is to prove that these 
organisms can be used as biocontrols for Pierce’s disease when introduced in grapevine cuttings before planting 
in vineyards.  In a greenhouse experiment in 2012 and 2013, we introduced all nine putative biocontrols into 
grapevine cuttings cv. ‘Merlot’ and then challenged them with Xf. We are currently evaluating the ability of these 
biocontrol agents to mitigate Pierce’s disease symptom development and decrease Xf titer in planta. In order to 
do so, we have developed and validated a new qPCR assay to quantify Xf in planta. The other objective is to use 
the natural compounds produced by the eight fungi as a curative treatment for Pierce’s disease.  We have 
identified two molecules (molecules ‘R1’ and ‘C’) and a semi-synthetic molecule derivative (molecule ‘R2’), as 
an effective inhibitor of Xf. We are currently testing the ability of the molecule ‘R1’ to cure Pierce’s disease 
infected grapevine cvs. ‘Chardonnay’ and ‘Merlot’ in a greenhouse bioassay following trunk injections.  These 
molecules and fungi are currently under review for patentability by the Executive Licensing Officer in the UC 
Riverside Office of Research and, hence, their names cannot be disclosed in this report. 

LAYPERSON SUMMARY 
Several management strategies for Pierce’s disease are currently being deployed, but as of today successful 
management largely involves vector control through the use of insecticides.  Here we propose to test two 
alternative control strategies to complement those currently in place or being developed. The first strategy is to 
use biocontrol agents that can be introduced in grapevine cuttings prior to field planting.  We have identified eight 
fungi and one bacterium naturally inhabiting grapevines that are antagonistic to Xylella fastidiosa (Xf).  We are 
currently evaluating in a greenhouse assay the ability of these biocontrols to mitigate Pierce’s disease symptom 
progression as well as the Xf titer in planta. The second strategy is to use the natural compounds produced by the 
eight fungi as a curative treatment for Pierce’s disease.  We are currently extracting and characterizing these 
fungal compounds.  Thus far, we have identified three compounds that are inhibitory to the bacterium in an in 
vitro assay.  These natural compounds and fungi are currently under review for patentability by the Executive 
Licensing Officer in the UC Riverside Office of Research and, hence, their names cannot be disclosed in this 
report. 

INTRODUCTION 
Xylella fastidiosa (Xf) is a Gram negative, xylem-limited, insect-vectored bacterium and is the causal agent of 
Pierce's disease of grapevine (Hopkins and Purcell, 2002). The recent introduction of a more effective vector, the 
glassy-winged sharpshooter (GWSS; Homalodisca vitripennis), to Southern California shifted the epidemiology 
of Pierce’s disease from a monocylic to a polycyclic disease. This led to a Pierce’s disease epidemic with severe 
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economic consequences for the Southern California grape industry.  The potential for the GWSS to move north 
and become established throughout the state remains a severe threat to the other major grape-growing regions 
(Central and Northern California).  Current Pierce’s disease management strategies largely involve vector 
management through the use of insecticides. 

Control of Pierce’s disease with fungi or fungal metabolites is a largely unexplored research area.  Fungi are 
receiving increasing attention from natural product chemists due to the diversity of structurally distinctive 
compounds they produce, together with the fact that many fungal species remain chemically unexplored.  Fungi 
are excellent sources of interesting novel molecules that may be candidates with potential for control of bacterial 
diseases.  Indeed, using fungi as biocontrol agents against plant disease is an active area of research (Amna 2010; 
Proksch et al., 2010; Xu et al., 2008). 

Our objectives are to characterize the microbial diversity in grapevines that escaped Pierce’s disease in natural 
vineyard settings, and compare this population to Pierce’s disease infected grapevines with the goal of identifying 
fungi that are unique to Pierce’s disease escaped vines.  We hypothesize that some of these fungal endophytes 
possess anti-Xf properties, likely due to the production of secondary metabolites.  We are assessing the ability of 
these endophytes and their natural products (i.e. secondary metabolites) for inhibitory activity against Xf in vitro. 
Finally, we are determining in greenhouse tests if 1) fungi have potential use as prophylactic biocontrol agents for 
control of Pierce’s disease by inoculating grapevine cuttings with endophytic, Xf-antagonistic fungi and 2) if 
fungal natural products have curative properties for vines already infected with Pierce’s disease.  If successful, we 
envision that these control strategies can be implemented at the nursery level (for biocontrols) or directly in the 
field (for natural products). 

OBJECTIVES 
1. Evaluate grapevine fungal endophytes for in planta inhibition of Xf and Pierce’s disease development using 

our established greenhouse bioassay. 
2. Purify and characterize natural products produced by the inhibitory fungi. 
3. Evaluate natural products for their potential as curative treatments for vines already infected with Pierce’s 

disease. 

RESULTS AND DISCUSSION 
Objective 1.  Evaluate grapevine fungal endophytes for in planta inhibition of Xf and Pierce’s disease 
development using our established greenhouse bioassay. 
The goal of this objective is to provide increased tolerance to Pierce’s disease by inoculating grapes with natural 
fungal endophytes that possessed anti-Xf properties.  From 2010 to 2012 we collected plant tissue samples (sap, 
petioles, canes, spurs) from Pierce’s disease escaped and Pierce’s disease infected grapevines and isolated fungi 
inhabiting these samples. We identified these specimens to the genus level by comparing the ribosomal DNA 
sequences to specimens deposited in the GenBank database.  We then tested the ability of all the organisms 
recovered to inhibit Xf growth using an in vitro bioassay (Rolshausen and Roper, 2011), which allowed us to 
select a total of nine biocontrol candidates (eight fungi and one bacterium). 

In 2012 and 2013, these organisms were subsequently re-introduced in grapevines prior to planting.  Fungi were 
grown on PDA medium for two weeks and spores were harvested in sterile water and the concentration was 
adjusted to 50 spores/µl.  Grapevine cuttings var. ‘Merlot’ were vacuum infiltrated (Figure 1) with the fungal 
spores, and planted in the greenhouse.  Control plants were infiltrated with sterile water only.  After a few weeks, 
the green shoots arising from these cuttings (20 to 30 cm long) were inoculated with Xf (Temecula strain) by 
mechanical needle inoculation (Hill and Purcell, 1995). A subsample of plants were left uninoculated with Xf to 
determine if the concentration of fungal spore treatment used is detrimental itself to the grape cuttings.  Plant 
symptoms were rated from 0 to 5 every two weeks (0= no symptoms; 5=Plant dead or dying) according to 
Guilhabert and Kirkpatrick (2005) (Figure 2). 
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Figure 1. Technique used to vacuum infiltrate grape cuttings with spores of the fungal endophytes. 
Grape cuttings are placed in the spore suspension on one end (blue arrow) and are attached to a tube 
on the other end that is connected to a vacuum pump (white arrow). 

Figure 2. Pierce’s disease symptoms severity rating in grapevine cv. ‘Merlot’; 0 = no symptoms (mock 
inoculation); 1 through 5= grapes infected with the wild type strain Temecula showing an increase in the 
disease severity. 

In addition, our lab has developed a qPCR assay for Xf detection and quantification in order to quantify bacterial 
titer in planta. This molecular test is a key to evaluate the biocontrol agents’ ability to suppress Pierce’s disease 
in greenhouse bioassays.  We first utilized an assay developed by Schaad et al. (2002). We optimized PCR 
conditions for the primer set XfF1 (AAAAATCGCCAACATAAACCCA) and XfR1 (CCAGGCGTCCTCACAA 
GTTAC), using SyBr green fluoresce detection.  However, the qPCR data coupled with sequencing of the 
amplicons results revealed low detection specificity in environmental samples leading to false positives. 
Therefore, we developed a new primer sets targeting the ITS region of ribosomal genes and the RNA polymerase 
sigma-70 factor gene of Xf were developed using the PRISE software program (Fu et al., 2008; Huang et al., 
2013). A Taqman quantitative PCR assay was developed specifically targeting a 90-bp long fragment of the ITS 
region of ribosomal genes of Xf. The selective primers and probe are XfITSF6 (5’- GAGTATGGTGAATATAA 
TTGTC-3’), XfITSR6 (5’-CAACATAAACCCAAACCTAT-3’) and XfITS6-probe1 (5’- [6-FAM] CCAGGCGTC 
CTCACAAGTTA [BHQ1a-6FAM] -3’), where BHQ1a is Black Hole Quencher 1 (Eurofins MWG Operon, 
Huntsville, AL, USA). We were able to detect Xf in samples from infected grapevines in commercial vineyards 
and artificially inoculated grape cuttings in the greenhouse.  Chromosome walking was performed to confirm the 
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specificity of the PCR assay.  Universal bacterial primers hybridize to ribosomal gene 1507F (5’-GGTGAAGT 
CGTAACAAGGTA -3’) (Yamamoto et al., 2013) and 23Sr (5’-GGGTTBCCCCATTCRG -3’) (Fisher & Triplett, 
1999), and were paired with XfITSR6 and XfITSF6 accordingly to perform PCR on environmental DNA extracted 
from grape shoot tissue.  Sequence analysis was performed on Geneious Pro 6.0.5 (Geneious, Biomatters Ltd, 
Auckland, New Zealand). The sequence identities were determined by analyses using BLAST (NCBI) (Altschul 
et al., 1997) and confirmed the detection of Xf. 

In 2012, we recorded a lot of background noise with plants expressing leaf-reddening symptoms that confounded 
the Pierce’s disease symptoms.  As a consequence it was difficult to rate Pierce’s disease accurately and severity 
data are not presented.  However, the experiment was repeated successfully in 2013.  Our results showed that four 
fungi (fungus 2, 4, 6, and 8) and the bacteria were able to mitigate Pierce’s disease severity (Table 1).  Petioles 
were collected from plants in 2012 and 2013, and samples are currently being analyzed for bacterial titer. 

Table 1. Pierce’s disease incidence in grapevine cv. ‘Merlot’ infiltrated with biocontrols.  Data in 
2013 show the average disease severity rating (n=10 plants) and the percent of vines with a severity 
>3 at 12 weeks post-inoculation. 

Not Xf inoculated Xf inoculated 

Treatment Avg. severity 
rating 

Percent of vines 
with rating > 3 

Avg. severity 
rating 

Percent of vines 
with rating > 3 

Control 1 ± 0.7 0 4.2 ± 0.8 90 
Bacteria 1 0.4 ± 0.5 0 2.3 ± 1.8 50 
Fungus 1 1.1 ± 0.7 0 4.4 ± 0.7 100 
Fungus 2 0.9 ± 0.9 0 2 ± 1.8 30 
Fungus 3 0.7 ± 0.5 0 3.6 ± 1.3 70 
Fungus 4 0.7 ± 0.7 0 1.7 ± 1.3 40 
Fungus 5 0.3 ± 0.5 0 3.6 ± 1.3 70 
Fungus 6 0.4 ± 0.5 0 2 ± 0.9 20 
Fungus 7 0.6 ± 1 0 4 ± 1.2 80 
Fungus 8 1 ± 0.7 0 2.7 ± 1.2 50 

Objective 2. Purify and characterize natural products produced by the inhibitory fungi. 
The goal of this objective is to identify fungal species and fungal natural products produced by endophytes that 
can be used as curative treatments for control of Pierce’s disease. We identified eight fungal specimens inhabiting 
grapevine tissues (xylem sap, shoot, petioles, and spur) that were able to inhibit Xf in a bioassay (Rolshausen and 
Roper, 2011).  In brief, Xf liquid cultures are adjusted to OD600nm=0.1 (approx. 107 CFU/ml); 300 µl of the Xf cell 
suspension are added to three ml of PD3 medium containing 0.8% agar and briefly vortexed.  This mixture is then 
overlayed onto a petri plate containing PD3 medium.  A sterile circle of agar is drawn from the margin of an 
actively growing pure fungal culture and is placed onto the plates previously inoculated with Xf. Plates are 
incubated at 28ºC for seven days and then observed for an inhibition zone around the fungal colony (Figure 3). 

In addition, crude extracts collected from the fungal cultures showing inhibition towards Xf were collected for 
evaluation using a similar growth inhibition assay as described above.  In brief, agar plugs of 0.5 cm diameter of 
each fungus were used to inoculate 250 mL liquid media, and the fungi were cultivated at room temperature on a 
shaker.  After 10 days, each culture was filtered and further extracted with ethyl acetate, re-suspended in sterile 
methanol to an extract mass of 1mg, pipetted onto sterile paper discs and allowed to dry in a laminar flow hood. 
Once dry, the paper discs containing the crude extracts are placed onto the Xf cultures and incubated at 28ºC for 
seven days.  Following this, plates were observed for a halo of inhibition around the paper disc and compared to 
control Xf-only plates and plates with paper discs treated with methanol only.  Crude extracts showing inhibition 
were further processes to identify the composition in natural products. We are currently fractionating the crude 
extracts from some of these fungi in order to purify and identify the inhibitory molecules.  Thus far, we have 
purified two individual molecules (molecules R and C) that are active against Xf growth in vitro and have 
characterized their chemical structure. Molecule ‘R’ is produced in large quantity by the fungus in Potato 
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Dextrose Broth medium, unlike molecule ‘C.’  We are currently testing different growth media (rice medium, 
grape cane extract medium) to increase the yield of molecule ‘C’ in culture in order to run our bioassays. 

These molecules and fungi are currently under review for patentability by the Executive Licensing Officer in the 
UC Riverside Office of Research and, hence, their names cannot be disclosed in this report. 

Figure 3. In vitro inhibition assay used to evaluate fungal activity towards Xf; Xf cells were plated in top agar 
and agar plugs containing fungi were placed on top.  Inhibition was evaluated after eight days of incubation at 
28˚C. A) Xf-only control; B) No Xf inhibition; C) Mild Xf inhibition; D) Total Xf inhibition. 

We have been working with molecule ‘R’ specifically because it showed great potential in vitro. Hence, in an in 
vitro dose response assay, where Xf cells are submitted to an increasing concentration of a fungal molecule, 
molecule R1 was able to inhibit Xf growth (Figure 4).  A semi-synthetic derivative of molecule 'R1’ was also 
prepared (molecule ‘R2’) and was also able to reduce Xf cells growth (Figure 5).  The dose response assay will 
also be repeated with molecule ‘C’ once we get enough material to work with.  We are currently working on 
synthesizing derivative molecules that are water-soluble so they can be sprayed or injected on plants more readily. 
Currently these molecules are only soluble in dimethyl sulfoxide (DMSO), which may limit the ability of the 
molecules to become systemic in the plant following infection and act on site in the xylem, where the bacterium 
resides. 

Figure 4. Dose response assay to evaluate in vitro Xf inhibition at increasing concentration of a fungal molecule. A) 0 µg 
molecule R1 (control); B) 50 µg molecule R1; C) 100 µg molecule R1; D) 250 µg molecule R1. 
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Figure 5. In vitro dose response assay.  This lab assay quantifies inhibition of Xf 
growth as a measure of a halo around a disc (mm) containing increasing concentration 
of fungal molecule R1 and molecule derivative R2. 

Objective 3.  Evaluate natural products for their potential as curative treatments for vines already infected 
with Pierce’s disease. 
The goal of this objective is to develop a greenhouse bioassay to evaluate the anti-Xf efficacy of fungal natural 
compounds in planta. Once this proof of concept is established in the greenhouse, the experiment will be carried 
over to the field. The deliverable for this objective is the development of a commercial product for the cure of 
Pierce’s disease. 

We have currently identified one fungal natural compound (molecule ‘R1’) as an active molecule inhibitory to Xf 
(see Objective 2).  In 2012 and 2013 our greenhouse trials were designed to test the molecule ‘R1’ on Pierce’s 
disease-infected vines and determine if Pierce’s disease symptoms and Xf titer in planta is reduced after injection 
of the molecule ‘R1.’  Grapevines cuttings cvs. ‘Chardonnay’ and ‘Merlot’ were infected with Xf (Temecula 
strain) by mechanical needle inoculation (Hill and Purcell, 1995).  In 2012, the molecule ‘R1’ was injected in both 
cvs. after appearance of the first Pierce’s disease symptoms (rating of 1 or 2 on Pierce’s disease rating severity 
chart Figure 2) at eight weeks post-inoculation, while in 2013 the molecule ‘R1’ was injected in both cvs. at two 
weeks post-inoculation.  Molecule ‘R1’ (80% pure) was suspended in pure DMSO and 10 mg was injected in 
healthy (control) and Xf-infected grapevines.  Mock injections of healthy and Pierce’s disease-infected plants 
consisted of pure DMSO only.  Injection was made using a 1 ml 16-gauge needle.  Injection was performed in the 
xylem tissue of the grape cutting right below the shoot (Figure 6).  Our results indicated there was no reduction in 
the severity of the Pierce’s disease symptoms following injection of molecule ‘R1’ (data not shown).  We believe 
that because the molecule is not soluble in water, that it can’t be metabolized and transported through the plant 
systemically.  We are currently in the process of developing a water soluble ‘R’ molecule. 
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Figure 6. Needle injection of an anti-Xf molecule in the xylem of Pierce’s disease-
infected grapevine cuttings. 

CONCLUSIONS 
We aim to investigate both prophylactic and curative measures for Pierce’s disease that will ultimately contribute 
to a sustainable Pierce’s disease management strategy.  We have developed a qPCR molecular tool to be able to 
detect and quantify Xf in plant samples to measure the efficacy of our strategies. Practically, we envision that the 
biocontrol organisms could be applied into grapevine cuttings at the nursery level through vacuum infiltration of 
fungal spores into the xylem tissue, thereby, providing enhanced protection against Pierce’s disease.  We are 
currently evaluating this strategy in the greenhouse. The remaining step is to confirm that the beneficial 
organisms provide Pierce’s disease control in a field setting.  As a curative strategy, we are evaluating the use of 
anti-Xf fungal natural products to provide a solution to growers that have vineyards already infected with Pierce’s 
disease.  We have developed a xylem injection prototype in which to deliver a sustain supply of the anti-Xf 
compounds effectively into the xylem of an infected vine.  We have already discovered three active anti-Xf 
compounds.  However, one compound did not show activity in our greenhouse trials likely because it is not water-
soluble.  The next step is to discover additional active natural anti-Xf compounds, and synthesize semi-synthetic 
derivative molecules to make them more active in planta. In the event that these compounds mitigate Pierce’s 
disease in the greenhouse, we will test their efficacy in natural vineyard settings in the future. 
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CAN PIERCE’S DISEASE PDR1 RESISTANCE INTROGRESSED INTO VITIS VINIFERA BE 
TRANSLOCATED FROM A RESISTANT ROOTSTOCK TO A SUSCEPTIBLE SCION? 
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Reporting Period: The results reported here are from work conducted August 2011 to June 2013. 

ABSTRACT 
The goal of this research was to evaluate the potential of a non-transgenic, Pierce’s disease (PD)-resistant Vitis 
vinifera selection used as an experimental rootstock to confer systemic resistance to PD-susceptible V. vinifera 
scions. The source of the PD-susceptible plant material was the winegrape variety Chardonnay, known to 
support high populations of Xylella fastidiosa (Xf) and exhibit severe PD symptoms. The source of the PD-
resistant material was a modified backcross generation 2 (mBC2) raisin selection with PD resistance locus PdR1 
introgressed from 89-F0908 (V. rupestris X V. arizonica).  Scions were mechanically inoculated with Xf strain 
Stags Leap.  PD severity was visually assessed using a nominal 0-5 rating scale where 0 corresponds to no visual 
symptoms and 5 corresponds to death of the plant.  Following development of PD symptoms on the positive 
control (Chardonnay as both scion and rootstock) at 14 weeks post inoculation, tissue samples (petioles and 
stems) were assayed for Xf titer by real-time PCR.  Results indicated that PD symptom expression and the Xf titer 
in Chardonnay scions were not significantly different when grafted onto PD-susceptible or PD-resistant 
rootstocks.  Thus, the answer to the question posed in the title is “no.” 

LAYPERSON SUMMARY 
Pierce’s disease (PD) resistance from a wild grapevine species has been transferred into Vitis vinifera via classical 
(non-transgenic) breeding.  However, given the extensive number of wine, raisin, and table grape varieties 
susceptible to PD, introgression into each will be time consuming and costly.  In this research, proof of concept 
experiments were conducted in greenhouse trials to determine if PD resistance in a V. vinifera selection used as a 
rootstock may be translocated to susceptible V. vinifera scions.  Results indicated that a PD-susceptible scion 
grafted onto a PD-resistant rootstock remains susceptible to PD. 

INTRODUCTION 
This project describes pilot experiments designed to test the hypothesis that a Pierce’s disease (PD)-resistant 
rootstock can affect PD development in susceptible scions.  It is known that rootstock selection can affect 
symptom expression resulting from Xylella fastidiosa (Xf) infection of peach and citrus (Gould et al., 1991; He et 
al., 2000), and these observations were used as a rationale by Cousins and Goolsby (2010) to initiate examination 
of five grape rootstocks for potential to reduce PD symptoms in susceptible scions.  The Vitis vinifera selection 
used as an experimental rootstock bears the PdR1 resistance locus introgressed from 89-F0908 (V. rupestris x 
V. arizonica) that is known to confer high levels of PD resistance via reduction of Xf population levels  (Buzkan 
et al., 2005; Krivanek et al., 2006; Riaz et al., 2009). Further, xylem sap from PdR1 plants reduce growth of Xf 
in culture (Cheng et al., 2009).  As the PdR1 resistant rootstock used in these experiments is a second generation 
backcross with a genetic composition of ~87.5% V. vinifera, difficulties encountered by Lin and Walker (2004) 
in establishing sound graft unions between V. vinifera scions and rootstocks derived from wild Vitis species were 
avoided.  This simple experimental design can determine whether or not the PdR1 resistance factor(s) is (are) 
capable of systemic protection of tissues beyond the graft union to affect pathogenesis of Xf in scions genetically 
predisposed to be susceptible. 

OBJECTIVES 
1. Determine the effect of rootstock genetic background (+/- PdR1) on PD severity and Xf population levels in 

PD-susceptible scions following challenge inoculation of scions with Xf. 
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RESULTS AND DISCUSSION 
The basic experimental design evaluated PD symptom development and Xf population levels in PD-susceptible 
scions grafted onto rootstocks that are either resistant or susceptible to PD (Table 1).  The first year experiment 
was conducted in a greenhouse at the USDA ARS SJVASC facility in Parlier, CA. The source of PD-susceptible 
plant material was the winegrape variety Chardonnay, known to support high populations of Xf and exhibit 
severe PD symptoms (Buzkan et al., 2005). The source of PD-resistant material (Ramming and Walker, 2010) 
was a modified backcross generation 2 raisin selection (referred to here as PDR1) with PD resistance locus PdR1 
(Krivanek et al., 2006) introgressed from 89-F0908 (V. rupestris x V. arizonica).  Each treatment consisted of 10 
plants (replicates). 

Table 1. Basic experimental design to evaluate effect of PD-resistant rootstocks on PD susceptible scions 
following challenge inoculation of scion with Xf. 

Rootstock Scion 

Variety PD response Variety PD response Expected scion 
response to PD 

Chardonnay Susceptible Chardonnay Susceptible Susceptible 
PDR1 Resistant PDR1 Resistant Resistant 
PDR1 Resistant Chardonnay Susceptible ? 
Chardonnay Susceptible PDR1 Resistant ? 

The Xf strain Stag’s Leap was used as challenge inoculum, as this strain was recovered from PD-symptomatic 
grape in California and is known to cause severe PD symptoms in inoculated plants (Hendson et al., 2001). 
Plants were mechanically inoculated above the graft union (e.g., scions) using a 20 µl droplet of bacterial culture 
suspension (108 colony forming units/ml) placed on a partially lignified stem just above the petiole junction. 
Bacteria were introduced into the xylem using a 25 gauge needle pushed through the droplet, penetrating about 
1/3rd of the width of the shoot. Plants were maintained in the greenhouse and evaluated visually for PD 
symptoms after 14 weeks. PD severity was visually assessed using a nominal 0-5 rating scale (Roper et al., 
2007), where 0 corresponds to no visual symptoms and 5 corresponds to death of the plant (Figure 1). In all 
cases, the response of the scion to PD remained unaltered, regardless of rootstock genotype. Chardonnay scions 
expressed similar levels of PD severity on both PD-susceptible (mean severity rating 3.2) and PD-resistant 
rootstocks (mean severity rating 3.6), whereas PDR1 scions expressed only mild symptoms on PD-susceptible 
(mean severity rating 1.0) or PD-resistant (mean severity rating 1.4) rootstocks.  PD symptom severity ratings for 
mock inoculated plants of all scion/rootstock combinations had means of less than 1.0, but greater than 0, 
presumably due to water stress at some point post-inoculation. 

Real-time PCR was used  to quantify bacterial  titers in  stems and petiole samples collected 25  cm above the point 
of inoculation.  DNA samples were extracted from lyophilized tissue as previously  described (Ledbetter and 
Rogers, 2009)  and used as template.  Real-time PCR reactions were run  in  triplicate to determine technical 
variability and standard curves were included  in each plate to facilitate normalization.  Real-time PCR data were 
converted to the equivalent  number of Xf genomes; mean population levels were compared among scion/rootstock 
combinations for  both stem  and petiole samples (Figure 2). Xf population levels  in Chardonnay scions were 
similar  regardless of rootstock genotype (~107)  in both stem and petiole samples.  In contrast, Xf population levels 
were substantially lower  in  PDR1 scions (~104 – 105), but  no significant differences  were  noted for  PDR1 scions 
based on rootstock genotype.  In the second year of the project, the experiment described above was repeated. 
Unfortunately, too few inoculated plants became infected; no  useable data were obtained. 

CONCLUSIONS 
Based on one year of data, it is unlikely that PdR1 germplasm will be suitable for development of commercial 
rootstocks that confer systemic resistance to existing PD-susceptible grape varieties used as scions.  Nonetheless, 
PdR1 scions remained resistant when grafted onto a PD-susceptible rootstock.  This observation suggests that new 
table, raisin, and winegrape varieties bearing PdR1-mediated PD resistance may be deployed as scions onto 
existing PD-susceptible rootstocks.  However, low bacterial population levels (but greater than zero) in PD-
resistant material used as scions could eventually allow for systemic movement of Xf into PD-susceptible 
rootstocks.  Thus, PD-resistant scions could eventually decline if susceptible rootstocks become systemically 
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infected and develop high population levels of Xf that interfere with xylem transport. Therefore, the industry may 
want to proceed with breeding programs aimed at developing PD-resistant rootstocks to complement efforts 
already in progress on development of PD-resistant scions. 

Figure 1. PD symptom ratings (0 = no disease, 5 = death) for scions at 14 weeks post inoculation. 
Means (+/- standard deviation) with different letters are significantly different (P < 0.05) based on 
a non-parametric rank sum test.  Char [Chardonnay] (PD-susceptible); PDR1 (PD-resistant). 

Figure 2. Estimation of Xf titer in scions 14 weeks post inoculation. Results of quantitative real 
time PCR are presented as the equivalent number of Xf genomes present in petiole or stem 
samples taken ~25 cm above the point of inoculation.  Values refer to mean + standard error for 
entire petioles or 2.5 cm sections of stem.  Statistical analysis was by ANOVA followed by 
Tukey’s HSD; means with different letters are significantly different (P < 0.05). 
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ABSTRACT 
Xylella fastidiosa (Xf) is the causal agent of Pierce's disease, a major threat to the wine industry in the USA. 
There are currently no effective control measures to prevent infection or manage the disease once it is established 
in a vineyard, short of aggressive culling of infected vines.  Bacteriophages (phages) are viruses that attack 
bacteria.  Phages specifically target the underlying pathogen, without posing any harmful effects to humans, 
animals, or plants.  However, it is imperative that only virulent phages be implemented for preventative or 
therapeutic treatment to control disease, since the use of temperate phages can lead to lysogenic conversion and 
potential transfer of bacterial pathogenicity genes. 

We have reported the isolation and propagation of the first Xf temperate phages.  Here we describe the isolation 
and characterization of the first virulent phages for Xf and illustrate their utility as a prophylactic or therapeutic 
treatment for Pierce’s disease.  Four representative Xf phages, Sano, Salvo, Prado, and Paz, were chosen for this 
study.  Siphophages Sano and Salvo have isometric heads with non-contractile tails, whereas podophages Prado 
and Paz have isometric heads with short-stubby tails.  All four phages form plaques on lawns of Xf subsp. 
fastidiosa, Xf subsp. multiplex, and Xf subsp. sandyi. Phages Sano and Salvo are syntenic to Burkholderia phage 
Nazgul, and constitute a distinct phage type.  Phages Prado and Paz are new members of the phiKMV-like phage 
type in the T7 superfamily.  The four phages were determined to be Type IV pilus-dependent. In addition to 
genome analysis, we examined the potential for abortive lysogeny, using infection at a high multiplicity of 
infection (MOI), and measured survival.  Our results indicated no evidence for lysogeny or repression, and 
supported the conclusion that the four phages are virulent and thus attractive candidates for the development of 
phage cocktails to control disease caused by Xf. 

The therapeutic and preventative efficacy of a phage cocktail composed of phages Sano, Salvo, Prado, and Paz to 
protect grapevines (Vitis vinifera cv. Cabernet Sauvignon) against Pierce’s disease caused by Xf was evaluated in 
greenhouse experiments. The results clearly demonstrated the efficacy of both applications.  An ongoing trial will 
test efficacy under field conditions.  Application of phages as a biocontrol agent for Xf offers a novel biological 
treatment for control of Pierce’s disease. 
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ABSTRACT 
Xylella fastidiosa (Xf) is a bacterium that causes Pierce’s disease of grapevine and other leaf scorch diseases of 
agriculturally important crops. Little is known about virulence factors that are necessary for Xf to grow and cause 
disease in the xylem vessels of a plant host. Any protein secreted by the bacterium has the potential to interact 
with the plant host and affect pathogen virulence and/or recognition. Fifty-eight Xf proteins with putative 
secretion signals were identified, cloned into a tobacco rattle virus (TRV) expression vector, and tested for effects 
on the pathogenesis of TRV in Nicotiana benthamiana. Eight proteins conferred increased pathogenicity to TRV. 
These proteins are annotated as proteins of unknown function or having a metabolic role suggesting that these 
proteins may have multiple functions in Xf pathogenicity.  An Escherichia coli expression system was used to 
determine protein localization and confirm secretion for the majority of identified proteins.  Phenotypic analyses 
of the identified putative virulence factors are being performed.  Additionally, mutations have been constructed in 
most of the eight genes and disease assays in grapevine are underway.  Understanding the functions and 
mechanisms of virulence factors will aid in the development of control strategies for Pierce’s disease. 

FUNDING AGENCIES 
Funding for this project was provided by USDA Agricultural Research Service appropriated projects 5302-22000-
008-00D and 5302-22000-010-00D. 
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Reporting Period: The results reported here are from work conducted November 2012 to October 2013. 

ABSTRACT 
This report describes results achieved since November 2012.  We focus on two specific topics in this report, as 
they have been better developed and most of the results are final.  Other components of this project, which are 
ongoing but so far preliminary, will be ignored as final results may change with new data that are being gathered 
at the moment.  First, the Xylella fastidiosa (Xf) chitinase A (ChiA) that we previously identified was 
characterized in more detail; one important finding is that we demonstrate that it is required for Xf colonization of 
both insects and plants. Second, we used greenhouse transmission experiments with an efficient vector to show 
that one of the chitin-binding proteins previous identified (PD1764) functions as a transmission-blocking peptide. 
Results also demonstrate that a domain of HxfB (HxfAD1-3) also blocks transmission, but less efficiently than 
PD1764.  In summary, during this reporting period we finalized efforts to characterize the basic role of a chitinase 
in Xf, and performed greenhouse experiments that demonstrated the feasibility of using specific peptides to block 
Xf vector transmission to plants. 

LAYPERSON SUMMARY 
This project is based on the hypothesis that an understanding of how Xylella fastidiosa (Xf) interacts with its 
insect vectors at the molecular level will allow the development of strategies to disrupt such interactions, 
effectively leading to reduced disease spread in the field.  This report focuses on two components of this project. 
First, we previously identified a chitinase in Xf; now we demonstrate it is required for effective colonization of 
both its insect and plant hosts. The finding that this chitinase is important for both of the life stages of Xf (in 
sharpshooters and grapevines) opens an important opportunity for the development of control strategies that could 
affect both disease development in plants and vector transmission between plants.  Second, we propose that Xf 
proteins associated with vector colonization also block Xf transmission to plants. Here we show that two tested 
proteins reduce Xf transmission to plants under greenhouse conditions.  This work has resulted in findings that 
impact our understanding of Xf colonization of plants and insect vectors.  It also identified specific peptides that 
outcompete Xf for binding sites in its vector, effectively blocking transmission. 

INTRODUCTION 
This report is divided into two sections, which address the original Objectives of our project. First, we present 
data on the biological characterization of a chitinase (ChiA) previously identified in Xylella fastidiosa (Xf) 
(Killiny et al., 2010).  Results show that both insect and plant colonization are severely impacted by the disruption 
of chiA. Second, we summarize trials aimed at identifying transmission-blocking peptides.  Experiments 
performed during this year show that the LysM domain of a putative coding region (PD1764) in the genome of Xf 
Temecula, identified through a proteomics pipeline, blocks vectors transmission of Xf to plants.  Sections of this 
report have been included in previously submitted yet unpublished reports. 
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OBJECTIVES 
This project had two original objectives: 
1. Continue efforts to identify additional targets implicated in Xf transmission by insects. 
2. Test specific and efficient molecules to disrupt vector transmission. 

RESULTS AND DISCUSSION 
Objective 1. Continue efforts to identify additional targets implicated in Xf transmission by insects. 
This Objective had two major objectives. First, the characterization of a chitinase (ChiA) in Xf, which was 
hypothesized to be essential for vector colonization and transmission, therefore being a good candidate as a 
transmission-blocking molecule. The second goal is to identify new targets to block Xf transmission; 
experiments, which are similar to those described below that resulted in the identification of PD1764 as a 
transmission-blocking molecule, are ongoing.  Results of those efforts will be included in future reports. 

Xf chitinase is important for plant and insect colonization. 
Previous work on Xf-insect interactions highlighted the importance of chitin in Xf colonization of vectors.  First, 
results showed that N-acetylglucosamine (GlcNAc), the monomer of chitin, acted as a strong competitor when 
vector foregut extracts were used as a substrate, reducing cell adhesion (Killiny and Almeida, 2009).  Second, 
competition between Xf adhesins and GlcNAc reduced the overall transmission of the bacteria by its vectors, 
effectively functioning as blocking molecules (Killiny et al., 2012).  The observation that Xf possesses a 
functional chitinase (ChiA; PD1826) and all the machinery required to assimilate it (Killiny et al., 2010) led us to 
further test if Xf could use chitin as a carbon source for successful colonization of vectors. 

chiA mutant is affected in its vector colonization and transmission. 
Early results with a chiA mutant suggested that it was impact in both plant and insect colonization. 
Complementation of the chitinase mutant was done following Kung et al. (2011). Briefly, the entire chiA 
sequence, along with its own promoter, was cloned into a pAX1-Cm plasmid from Matsumoto et al., and then Xf 
Temecula strain was transformed. The insertion of the chiA gene in the non-coding region NS1 (neutral site 1) of 
Xf chromosome was verified by PCR (data not shown). 

To address the importance of chiA on Xf vector transmission we used the same protocol previously described to 
assess chiA mutant vector colonization. Ten days after acquisition, instead of testing vectors using qPCR (data 
show in Figure 1B, insects were individually transferred to healthy grapes to test their ability to transmit Xf to 
another plant (Figure 1A). 
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Figure 1. A. Transmission of Xf wild-type strain grown on XFM (negative control), XFM supplemented with 
galacturonic acid (inducer of transmission), chiA mutant and the complemented chiA mutant.  Insects acquired Xf feeding 
on sachet membranes before being placed on basil for 10 days.  Then insects were allowed to inoculate to healthy test 
plants for 24 hours. B. Number of cells of Xf that were detected by qPCR after three days (red bars) and 10 days (blue 
bars) post acquisition.  Insects were placed on basil during this colonization period. 

At 10 days post-acquisition, the transmission rate for the chiA mutant was significantly lower than the control. 
Transmission rate for chiA mutant was only 25.8% (6 out 22 plants tested positives, 41.7% once normalized) so a 
reduction of 58.3% in comparison to the wild type (14/23, 61%, normalized to 100%). As expected, the 
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transmission of the complemented chiA mutant is not different from the control (12 plants out of 23 tested 
positives, 86% once normalized). Xf cells grown on XFM medium (no induction of transmission) showed no 
transmission as were used as a negative control. This reduced transmission observed for the chiA mutant should 
be linked to the different abilities of the chiA mutant and the wild-type to colonize the insect. Ten days post-
acquisition, the bacterial population colonizing insects was ~10 times greater for the wild type than for the chiA 
mutant. This difference could explain the reduction of the transmission for chiA mutant due to a lower number of 
inoculation events or a lower numbers of bacteria inoculated during each inoculation event. The explanation is 
less straightforward at three days post-inoculation (see previous report). Results for insect colonization, where no 
difference was observed between the chiA mutant and the wild type strain, cannot explain the difference in 
transmission obtained here. One possible explanation is that, due to the absence of ChiA, attachment of cells is 
still possible (as shown by the same number of cells colonizing the vector) but somehow less functional in 
relation to transmission. This result argues in favor of a probable implication of ChiA in Xf attachment process to 
the insect foregut even if ChiA should not be involved in the first steps of this adhesion. 

chiA mutant is deficient in plant colonization. 
Thanks to our artificial diet system, no Xf acquisition through plants by insects was required to characterize the 
chiA mutant in relation to vector transmission. Therefore, its capacity to colonize plants still had to be 
determined.  To address that question we mechanically inoculated grapevines (n=12) with wild-type cells, chiA 
mutant, or the complemented chiA mutant as previously described (Almeida et al., 2001).  Two months after 
inoculation, we monitored symptom development and cultured plants at two sites to assess the colonization of Xf 
strains in plant. Results are presented in Figure 2 below. 

Figure 2. Two sites of sampling were used to determine Xf colonization persistence within 
inoculated plants.  Petioles at 1cm and 15 cm away from the injection point were cultured for 
assessing Xf persistence within plants. 

Surprisingly, none of the plants infected with the chiA mutant developed symptoms.  In comparison, plants 
infected with the wild type strain developed characteristic symptoms of Xf infection.  In addition, cultures 
obtained from test plants 1cm above the inoculation site allowed us to recover both strains in their respective 
plants, meaning that the chiA mutant was able to survive in planta and the absence of symptoms previously 
described was not due to the death of the mutant.  However, at 15cm above the inoculation site only the wild type 
strain was recovered. Altogether, these results show that the chiA mutant, even if capable of surviving in 
grapevines, is not able to move over long distances, and is therefore not capable of inducing Pierce’s disease 
symptoms. This was unexpected because no role for ChiA in plants has been suggested; additional experiments 
are needed to define what its function is.  This complemented strain will be used to confirm properties tested here, 
especially to restore its ability to successfully colonize plants. 

ChiA requires a chitin-binding protein in order to degrade insect polysaccharides. 
The ChiA in Xf lacks a chitin-binding domain.  We initially made this observation through computational 
analyses, but also tested it experimentally.  No binding of ChiA to chitin, colloidal chitin, chitosan or cellulose 
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was observed in vitro. In order to better understand the mechanism used by ChiA to degrade insect 
polysaccharides, we designed an experiment to detect the chitinolytic activity of ChiA alone or in Xf cells. 
Detection of chitinolytic activity (Figure 3A) was performed according to Killiny et al. (2010). 

Figure 3.  Detection of the chitinolytic activity. A. Incubation of the substrate (4-MU(GlcNAc)3; 
Sigma-Aldrich) with an active chitinase results in the cleavage of the substrate into a fluorescent 
product (4-MU) which can be visualized under UV lights. B. Visualization of the fluorescent bands 
on a native gel corresponding to the degradation of the substrate, by the chitinase. 1; Total proteins of 
Xf wild-type Temecula cells; 2: total proteins of chiA mutant; 3: recombinant ChiA and 4: 
recombinant ChiA incubated with total proteins of chiA mutant. 

As already described by Killiny et al. (2010), ChiA present in Xf Temecula strain is able to degrade the chitinous 
substrate present in this test (Figure 3B, lane1). As expected because of the absence of ChiA, no fluorescence 
was visualized for the chiA mutant (lane2). However, the same result was also obtained with the recombinant 
protein alone (lane3). That result, in addition to the absence of a chitin-binding domain of Xf ChiA, reinforces our 
idea that ChiA needs a chitin-binding protein to degrade insect polysaccharides.  One other possibility was that 
the recombinant protein was inactive and so, no chitin degradation was possible. To determine which of these 
two possibilities was correct, we tested the capacity of the recombinant ChiA to degrade the chitinous substrate in 
presence of total proteins of the chiA mutant.  In lane 4 a degradation band was observed.  This allowed us to 
conclude that the recombinant ChiA was active after the purification process. In addition, based on these results, 
it is very likely that Xf ChiA needs to interact with at least one Xf protein in order to degrade insect 
polysaccharides. Those proteins could play a role in chitin degradation linking ChiA to its substrate (chitin-
binding proteins) or by “activating” ChiA in presence of chitinous substrates. 

Objective 2. Test specific and efficient molecules to disrupt vector transmission. 
Binding of transmission blocking molecules to different polysaccharides. 
We used different candidate peptides, previously tested in our transmission-blocking experiment, in a binding 
assay to assess or confirm their ability to bind to chitin or other related insect polysaccharides. Binding of seven 
Xf candidates (PD1764, PD1764ΔLysM, FimA, ChiA, HxfAD1-3, HxfAD4, and BSA) has been tested on four 
different polysaccharides (chitin, colloidal chitin, chitosan, and Avicel). Briefly, one mg of each insoluble 
polysaccharide was incubated with 100µg of each of the seven candidates in a one ml final reaction volume. 
Incubation was conducted at room temperature for one hour under shaking conditions (60rpm; rotary shaker with 
vertical orbital motion). Reaction mixtures were centrifuged at low-speed and supernatants were used to 
determine concentration of proteins not bound to polysaccharides.  In order to normalize our results, the same 
binding assay was conducted for each candidate in absence of polysaccharides as the protein concentration 
measurable when no interactions occur in the system. Results of those experiments are summarized in Figure 4. 

PD1764 and HxdAD1-3 strongly interacted with chitin (88% and 76% respectively) and colloidal chitin (83% and 
77% respectively). This is in accordance with previous results showing that PD1764 could be specifically trapped 
on a chitin column whereas Hxfs proteins act as adhesins important for binding on insect cells (Killiny et al., 
2009). No interactions were found with PD1764ΔLysM nor HxfAD4 reinforcing the suggested role for LysM 
and HAD domains respectively in chitin interaction. Interestingly, these two candidates were the ones having an 
effect on the disruption of Xf leading to the conclusion that reduction of the transmission rate previously observed 
is a direct consequence of the interaction of transmission-blocking molecules on insect putative receptors. No or 
a slight interaction was observed for ChiA and FimA whatever the polysaccharide used. 
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Figure 4.  Binding of different Xf proteins to insect related polysaccharides. 

In addition, HxfAD1-3 also interacts with chitosan (61% of proteins bound). The difference between chitin (or 
colloidal chitin) and chitosan polysaccharides is the presence of an acetyl group (COCH3) on the main chitin 
subunit.  Based on this result, the acetyl residue seems to play an important role in the binding of PD1764 on 
chitin-related polysaccharides whereas it doesn’t seem to be a requirement for HxfAD1-3 interaction with such 
molecules. This is of interest because it could mean that these two peptides recognize different domains or 
different receptors. 

In parallel, the same experiment as described above was conducted but interactions between different candidates 
and chitin was measured over the time (time course interaction). Results are presented in Figure 5A. 
Interestingly, more than 95% and 75% of interactions between chitin and PD1764 and HxfAD1-3 respectively 
occurred in the first minute of the binding assay. In addition, interactions were stable in our conditions for at least 
16h. No significant interaction was detected for the other candidates whatever the time considered. This result 
suggests that both proteins have affinity for chitin which seems to be a requirement in vivo where interactions 
between Xf proteins and insect receptors occur in a highly turbulent environment due to the simultaneous 
ingestion of xylem sap by the insect when feeding.  This suggestion was confirmed in a third experiment in which 
dissociation constant (Kd, ligand concentration that binds to half the receptor sites at equilibrium) and Bmax 
(ligand concentration to saturate maximum number of binding sites) were calculated. 

A 

B 

Figure 5. Determination of chitin interaction parameters for different Xf proteins. A. Graph showing the 
interaction between chitin and 6 Xf proteins previously tested as transmission-blocking peptides from 5 
minutes to 16 hours.  BSA was included as a control. B. Determination of the Kd and Bmax of the two 
candidates, PD1764 and HxfAD1-3, showing the best affinities among Xf proteins tested for chitin. 
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Blocking of the transmission using peptides able to bind to insect polysaccharides. 
Following protocols previously published (Killiny et al., 2012), we performed transmission experiments in the 
greenhouse with an efficient vector to test the transmission-blocking properties of the various peptides tested in 
vitro. Figure 6 summarizes those experiments. 

According to these results most candidates did not reduce transmission efficiency. This is particularly true for 
ChiA, FimA, and HxfAD-4 domain.  However, in addition to the blocking effect previously observed for PD1764, 
one candidate (HxfAD1-3) had a significant effect on transmission. This construct expresses the 1,168 amino 
acids (aa) N-terminal part of the hemagglutinin-like protein HxfB. Interestingly, according to SMART 
(http://smart.embl-heidelberg.de/), this region contains a 120 aa domain called haemagglutination activity domain 
(HAD; Voegel et al., 2010), which has been suggested to be a carbohydrate-dependant haemagglutination activity 
site. It has been found in a number of adhesins or filamentous haemagglutinins such as the FHA of Bordetella 
pertussis and plays a role in adhesion to host cells (Kajava et al., 2001).  Concerning PD1764, the second 
construct tested here named PD1764ΔLysM, in which the LysM domain is absent, showed no significant effect in 
reducing Xf transmission. Thus, the region of PD1764 involved in transmission disruption could be restricted to 
the first 89aa on the N-terminal of the protein. Within this region, the LysM domain, which is known to have 
chitin-binding activity (Vieweswaran et al., 2012), was identified between aa 41 and 89.  Identification of 
domains on HxfAD1-3 and PD1764 (respectively named HAD and LysM) involved in blocking Xf transmission 
by insects will lead to the construction of shorter transmission-blocking peptides. This is of great importance 
because utilization of small peptides could greatly enhance the efficiency of our transgenic system in the field, as 
the medium-term goal of this system is to develop transgenic grapevines expressing these transmission-blocking 
molecules constitutively. 

Figure 6. Effect of different transmission-blocking peptides on Xf transmission. 

Construction of optimized peptides and transgenic plants. 
We took advantage of the results obtained with PD1764 and the hemagglutinin-like protein HxfB (HxfAD1-3; 
PD1792) as transmission-blocking molecules to continue our research for smaller optimized peptides. This is of 
great importance because utilization of small peptides could greatly enhance the blocking efficiency of our 
molecules but also be more adequate for a transgenic system in the field. Based on in silico analyses, we 
designed three additional peptides corresponding to the sequences of domains potentially having the blocking 
activity (Figure 7).  These peptides are being synthesized and constructs built for the generation of transgenic 
grapevines for future greenhouse experimentation. 
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Figure 7. Representation of the location of the two candidate domains, LysM and HAD, on 
each protein but also the construction of a fused peptide including both domains. 

CONCLUSIONS 
This project is proceeding very well.  First, we showed that the chitinase of Xf is affected in its transmission by 
vectors and in its ability to colonize plants. Based on these results, ChiA is unlikely involved in Xf adhesion to 
insect foregut but is probably involved is transmission and plant colonization, in addition to its role in insect 
colonization. More importantly, we also succeed to test several Xf proteins as transmission-blocking molecules. 
Very promising results were obtained with HxfAD1-3 but especially with PD1764, the candidate identified using 
our proteomic-based approach, which completely disrupted the transmission of Xf. In silico analyses also 
identified two domains (HAD and LysM) that could be highly promising peptides to continue our search for 
optimized transmission-blocking molecules. 
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Reporting Period: The results reported here are from work conducted October 2012 to October 2013. 

ABSTRACT 
Tissue culture of grape plants remains an inefficient process for many genotypes. The procedure is labor 
intensive, limited to specific genotypes, and requires a significant amount of time to establish and maintain 
embryogenic cell cultures and convert cell cultures into whole plants. We are leveraging the expertise of the 
National Research Laboratory of Chile, (INIA), and the Ralph M. Parsons Foundation Plant Transformation 
Facility at UC Davis (UCDPTF) to significantly increase the efficiency of tissue culture and transformation 
technology in grape genotypes important to their respective countries. The two labs are sharing their latest 
protocol improvements for generating and increasing high quality embryogenic callus using germplasm important 
to their particular country. This combined effort, has allowed us to make significant advances in our ability to 
grow and maintain embryogenic callus cultures for use in tissue culture and transformation experiments for 
rootstock genotypes 1103, 101-14, and the winegrapes Chardonnay and Cabernet Sauvignon. We have 
successfully established high quality, rapidly multiplying grape cell suspension stock cultures for 1103, 101-14, 
Cabernet Sauvignon, and Chardonnay by employing a modification of INIA’s liquid/agar cell cycling system 
allowing us to maintain a constant supply of cells needed for tissue culture and transformation studies. We have 
also shown that we can grow stock embryogenic callus cultures of 1103, 101-14, Cabernet Sauvignon, and 
Chardonnay in a temporary immersion system (TIS) bioreactor, which requires minimal labor and should 
significantly increase the efficiency of maintaining stock callus for use in transformations. We have also shown 
that somatic embryos can be maintained for extended periods of time in a quiescent state by plating cell 
suspensions on medium containing high concentrations of sorbitol. Using high quality embryogenic cultures 
produced in cell suspension culture we have developed high frequency transformation of embryos of 1103 and 
101-14 and we are using the scorable marker genes, DsRed to explore the impact of various protocol 
modifications such as pre-inoculation heat shock on Agrobacterium-mediated transformation frequency. 
Regeneration of whole plants from 1103 and 101-14 remains inefficient and we are testing the effect of various 
medium addenda on regeneration of transformed and non-transformed embryos of 1103 and 101-14 in order to 
increase regeneration efficiencies. 

LAYPERSON SUMMARY 
This project is aimed at establishing an international collaboration between leading laboratories in the USA and 
Chile to reduce the time and cost of tissue culture and transformation for grape varieties of importance to the 
viticulture industries in their respective countries. The collaboration leverages pre-existing expertise and 
technical know-how to expedite the development of efficient tissue culture and transformation protocols for grape 
varieties of importance to the Pierce’s disease and glassy-winged sharpshooter (PD/GWSS) research community. 
The two labs are sharing their latest protocol improvements for generating and increasing high quality 
embryogenic cultures using germplasm important to their particular country.  Using both cell suspension cultures 
and bioreactors, we have made significant advances in our ability to establish and increase embryogenic cultures 
for 1103, 101-14, Cabernet Sauvignon, and Chardonnay for use in tissue culture and transformation experiments. 
We have developed a long term storage medium which allows grape somatic embryos to be stored for over six 
months which will allow for easy maintenance of numerous genotypes with minimal labor. Using these embryos, 
we have achieved high transformation frequencies for 1103 and 101-14.  Transformation frequencies for Cabernet 
Sauvignon and Chardonnay remain low.  Regeneration of transgenic 1103 and 101-14 into whole plants remains 
inefficient, however we have made progress developing new media formulations which allow for more rapid 
regeneration of plantlets from non-transgenic embryos of 1103 and 101-14, which if applicable to transgenic 
embryos, should reduce the time required to generate transgenic grape plants for the PD/GWSS research 
community. These advances should significantly improve tissue culture and transformation of grape. 
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INTRODUCTION 
The development and transformation of embryogenic cultures in grape has historically been labor intensive with 
the establishment of embryogenic cell cultures requiring many months and limited to only a few genotypes, most 
notably the table grape Thompson Seedless. Once established, maintaining healthy embryogenic callus is 
difficult, with the quality of the cultures deteriorating over time. The efficiency of establishing embryogenic 
cultures and regenerating plants for important wine and rootstock genotypes remains low and are not at the level 
required to allow for cost effective recovery of tissue culture or transgenic plants. Historically, because it is one 
of the only genotype that can be readily manipulated in tissue culture, Thompson Seedless has been used by most 
Pierce’s disease and glassy-winged sharpshooter (PD/GWSS) researchers to test transgenic strategies for 
pathogen and disease management. However for many projects, it would be valuable to test strategies directly in 
rootstock or winegrape genotypes.  Challenges involved in expanding the range of genotypes that can be 
successfully manipulated in culture include the reliable establishment of embryogenic cultures, the labor intensive 
methods required to increase and maintain high quality embryogenic cultures, prevention of tissue necrosis caused 
by oxidation, conversion of embryos into true-to-type plants, transformation of embryogenic callus, and rapid 
regeneration of non-chimeric transgenic plants from embryogenic cells. There is also a need to reduce the 
timeframe required to generate transgenic grape plants in order to test new strategies in a timely manner. 
Previously, even for Thompson Seedless, the production of transgenic plants normally requires a minimum of 12 
months.  Working with our collaborators at the National Research Laboratory of Chile (INIA), we are attempting 
to increase the efficiency of tissue culture and transformation technology in grape genotypes importance to the 
PD/GWSS research community. Results of this collaboration will allow the PD/GWSS research community to 
test transgenic strategies in genotypes that are relevant to the industry through the establishment of a self-
sustaining service facility. 

OBJECTIVES 
1. To establish an international collaboration between leading laboratories in the USA and Chile that share a 

common goal of accelerating the development of efficient tissue culture and transformation protocols for 
grape varieties of importance to the viticulture industries in their respective countries. 
a. Adapt tissue culture and transformation methodologies developed by our Chilean partner, for grape 

genotypes of importance to California including; 11-03, 101-14, Cabernet Sauvignon, and Chardonnay. 
b. Increase the efficiency of maintaining embryogenic cultures and reduce the time required for in vitro 

regeneration of  grape plants from embryogenic cultures by adapting INIA’s cell suspension  technology 
and UC Davis Plant Transformation Facility’s temporary immersion system (TIS) for use in grape tissue 
culture and transformation. 

c. Enhance the efficiency of whole plant regeneration from embryogenic cultures of grape. 
2. Develop a cost-effective grape tissue culture and transformation platform for at least one priority California 

winegrape, and one California grape rootstock which will provide PD/GWSS research community with a 
predictable supply of experimental plant material while reducing labor and maximizing tissue culture and 
transformation efficiency. 

RESULTS AND DISCUSSION 
Objective 1a. Adapt tissue culture and transformation methodologies developed by our Chilean partner, 
for grape genotypes of importance to California including; 11-03, 101-14, Cabernet Sauvignon, and 
Chardonnay 
In the spring of 2013, we again harvested  anthers from grape genotypes 11-03, 101-14, Chardonnay, and 
Cabernet Sauvignon and have plated them onto two different callus induction media; Murashige and Skoog 
minimal organics medium (Murashige and Skoog, 1962) supplemented with 60 g/l sucrose, 1.0 mg/l 2,4-
dichlorophenoxyacetic acid (2,4-D), and 2.0 mg/l benzylaminopurine (BAP) (PIV), or Murashige and Skoog 
minimal organics medium supplemented with 20 g/l sucrose, 1.0 mg/l naphthoxyacetic acid (NOA), and 0.2 mg/l 
BAP (NB medium).  In addition to establishing new embryogenic callus for 11-03, Chardonnay, and Cabernet 
Sauvignon this year we were successful in obtaining embryos from anthers of genotype 101-14. A summary of 
the response of the various genotypes on the two different media is shown in Table 1. Overall, in our hands, 
grape anthers demonstrated greater development of embryogenic callus on PIV than on NB medium. 
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Table 1. The number and percentage of anther cultures plated in 2011, 2012, and 2013 that developed into 
embryogenic cultures on PIV or NB medium. 

Genotype 2013 2012 2011 
PIV NB PIV NB PIV NB 

Cabernet 1/287 (0.3) 0/217 (0) 0/200 (0) 0/280 (0) 3/400 (0.8) NT 
Chardonnay 22/344 (6.4) 18/344 (5.2) 9/184 (4.9) 2/156 (3.6) 4/400 (1.0) NT 
1103 3/294 (1.0) 0/287 (0) 0/75 (0) 1/196 (0.5) 2/150 (1.3) NT 
101-14 3/322 (0.9) 0/409 (0) 0/140 (0) 0/275 (0) NT NT 

The National Research Laboratory of Chile (INIA) and the UC Davis Plant Transformation Facility (UCDPTF) 
are exploring an alternative method to generating embryogenic cultures utilizing leaf pieces from in vitro grown 
plants. Unlike generating callus from anthers which have a short window of availability in the spring of each 
year, leaf tissue from in vitro plantlets are available year round.  In addition, unlike meristem explants which are 
time consuming and difficult to excise, leaf explants are easy to isolate and can be secured from known pathogen-
free tissue culture plantlets. We received disease-free cultures of Chardonnay, 101-14, and Cabernet Sauvignon 
from Foundation Plant Services (FPS), and have established in vitro shoot cultures from field plantings of 11-03 
that came from disease indexed cultures. These shoot cultures are being maintained in culture and used as a 
source of tissue for experiments designed to establish embryogenic callus culture from young leaf explants. 
Young non-expanded leaf explants have been harvested and transferred to INIA’s recommended medium and are 
being incubated at 26 degrees centigrade until embryogenic callus is produced. To date, we have been successful 
with this protocol using Thompson Seedless, but not with any other genotype. We are currently evaluating the 
response of younger leaf primordial. 

Objective 1b. Increase the efficiency of maintaining embryogenic cultures and reduce the time required 
for in vitro regeneration of  grape plants from embryogenic cultures by adapting INIA’s cell suspension 
technology and UC Davis Plant Transformation Facility’s temporary immersion system (TIS) for use in 
grape tissue culture and transformation 
INIA has developed a method of rapidly increasing embryogenic cultures by cycling the cells between agar-
solidified medium and liquid media in shake flasks. This technique allows for rapid increases in callus fresh 
weight while minimizing oxidation and the development of detrimental phenolic compounds in the cultures. 
Using a modification of INIA protocol, we have significant improved the production of embryogenic grape 
cultures across a range of genotypes including 1103, 101-14, Cabernet Sauvignon, and Chardonnay.  Using anther 
filament callus generated in 2011 and 2012, we are now routinely maintaining cell suspension cultures on liquid 
WPM medium (Lloyd and McCown, 1981) supplemented with 20 g/liter sucrose, 1g/liter casein hydrolysate, 10.0 
mg/l Picloram, 2.0 mg/l metatopolin, 2g/l activated charcoal, 100 mg/l ascorbic acid, and 120 mg/l reduced 
glutathione (Pic/MTag) and grown on a gyratory shaker at 110 rpms in the dark.  Once established, 10 ml of the 
suspension is withdrawn each week from the flask and replaced with 10 ml of fresh medium.  One ml of 
suspension that is removed from the flask is plated onto agar solidified Woody Plant Media (WPM) supplemented 
with 20 g/liter sucrose, 1g/liter casein hydrolysate, 500 mg/liter activated charcoal, 0.5 mg/liter BAP, 0.1 mg/liter 
NAA, 5% sorbitol, and 14 g/l phytoagar (BN-sorb). Embryogenic cells plated on BN-sorb medium produces high 
quality embryogenic cultures at the appropriate stage for use in transformation in approximately 4-8 weeks. One 
of the advantages of our new suspension protocol is that it does not require cycling material between agar and 
liquid medium.  Instead, cells are maintained in suspension by continually sub-culturing them on a weekly basis 
which results in the continual production of non-phenolic embryogenic cells. These cultures have now been 
maintained for eighteen months without loss of regeneration potential or phenolic oxidation. New cell suspension 
cultures have been established from 2012 cultures demonstrating that the procedure is repeatable. We are also 
continuing to explore UCDPTF’s TIS for use in rapidly increasing embryogenic callus. As reported previously, 
although this method of increasing embryogenic callus has proven very efficient, we were concerned because the 
callus produced was highly oxidized exhibiting excessive accumulation of phenolic compounds. However, we 
have found that by adding ascorbic acid to the culture medium and growing the cultures in the dark, we can 
reduce phenolic development in the callus.  Growth rate studies of 1103, 101-14, and Chardonnay callus cultures 
were repeated this period and we again demonstrated that robust cell growth can be achieved for a minimum of 3 
months without addition of fresh medium to the bioreactor (Figure 1). Based on these results, we are now using 
this temporary immersion system in parallel with our shake flask cultures to increase 1103, 101-14, Chardonnay, 
and Cabernet Sauvignon cultures. This system is advantageous from a labor management perspective, since it 
allows one to maintain stock cultures indefinitely in temporary immersion with medium exchanges occurring only 
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once every three months. When needed, sample of callus can be removed and transferred to agar-solidified 
medium a few weeks prior to initiating transformations. 
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Figure 1.  Embryogenic callus growth (grams fresh weight y axis) of 1103, 101-14, and Chardonnay 
in bioreactor demonstrating that callus can be maintained in bioreactors for sixteen to twenty weeks 
without medium additions or culture manipulation. 

While we are exploring temporary immersion bioreactors for growing grape embryogenic cultures, our Chilean 
colleagues are investigation stir tank bioreactors as a cost effective improvement to their airlift bioreactor system. 
Embryos were generated from apical (leaf) buds in NB2 plates (‘Red Globe’ and ‘Crimson’) and transferred into 
X6 solid medium. Once they reach pro-embryo stage (usually 2 months), biomass is used as inoculum for the 
reactors. The bioreactors are filled with 400 mL of X6 medium.  Significant biomass production is seen after 10-
15 days of stirring (100 rpm) which can be filtered to re-inoculate the reactors or for return into regular solid 
media (Figure 2). 

Figure 2. INIA is developing stirred tank reactors for growing grape somatic 
embryo genotypes the Red Globe (A and B) and Crimson (C and D) genotypes. 
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Objective 1c. Enhance the efficiency of whole plant regeneration from embryogenic cultures of grape 
In addition to using cell suspension and temporary immersion techniques to reduce labor, we have been 
investigating methods for storing high quality embryogenic cultures over an extended period of time.  Although 
we initially evaluated storing embryos at four degrees centigrade on agar solidified plates or at minus 80 degrees 
centigrade using cryopreservation, we have found that increasing the osmotic strength of the medium offers a 
simple solution for maintaining high quality somatic embryos over an extended period of time.  One ml of embryo 
suspension can be plated onto WPM supplemented with 20 g/l sucrose, 1g/l casein, 1M MES, 500 mg/l activated 
charcoal, 0.5 mg/l BAP, 0.1 mg/l NAA 50 g/l sorbitol, and 14 g/l agar and cultured in the dark at 26 degrees 
centigrade. Cells plated onto this medium will develop somatic embryos within approximately 4-8 weeks. 
Embryos do not germinate into plants, but remain as quiescent somatic embryos.  They can be maintained in this 
state for up to six months without loss of viability and upon transferred to WPM supplemented with 20 g/l 
sucrose, 1g/l casein, 1M MES, 500 mg/l activated charcoal, 0.1 mg/l BAP lacking sorbitol, they germinate into 
whole plants (Figure 3). These embryos serve as an excellent source of embryos for use in transformation. 

B CA 

D E F 

G H I 

Figure 3.  Long-term storage of somatic embryos. Cabernet Sauvignon (A), 1103 (B), and Chardonnay (C), after plating 1 
ml of cell suspensions onto WPM supplemented with 20 g/l sucrose, 1g/l casein,1M MES, 500 mg/l activated charcoal, 0.5 
mg/l BAP, 0.1 mg/l NAA, 50 g/l sorbitol, and 14 g/l agar. Quiescent embryos of Cabernet Sauvignon (D), 1103 (E), and 
Chardonnay (F) five months after storage in the dark without sub-culturing. Cabernet Sauvignon (G), 1103 (H), and 
Chardonnay (I) fifteen days  after transferring embryos stored for five months onto WPM supplemented with 20 g/l sucrose, 
1g/l casein,1M MES, 500 mg/l activated charcoal, 0.1 mg/l BAP, and 8 g/l agar and cultured in the light. 

We evaluated numerous media components in an attempt to improve the efficiency of whole plant regeneration 
from embryos of 1103 and 101-14.  As reported last period, preliminary results indicate that our standard grape 
regeneration medium is not optimal for genotype 1103. We found that although genotype 1103 benefits 
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significantly from a reduction in the BAP concentrations further improvements were still required. Studies this 
period demonstrated that further reductions in the levels of the cytokinin, BAP, and the elimination of the auxin 
NAA from the regeneration medium significantly enhanced regeneration of non-transformed 1103 embryos and 
decrease the time required to regenerate whole plants.  We also evaluated the addition of GA3 into the 
regeneration medium to determine if it would enhance embryo conversion.  However we observed a strong 
negative effect of GA3 on embryo germination (Figure 4) 

Figure 4. Regeneration of non-transformed rootstock 1103 embryos on WPM, 1g/l casein, 1M MES, 500 mg/l 
activated charcoal, 0.1 mg/l BAP, and 0.0 mg/l (left), 10 mg/l (middle), and 25 mg/l (right) GA3. 

Objective 2. Develop a cost effective grape tissue culture and transformation platform for at least one 
priority California winegrape, and one California grape rootstock which will provide PD/GWSS research 
community with a predictable supply of experimental plant material while reducing labor and maximizing 
tissue culture and transformation efficiency 
We have been evaluating the use of a heat shock treatment on somatic embryos prior to inoculating with 
Agrobacterium tumefaciens. We have preliminary results that indicate that a 10 minute heat shock treatment at 45 
degrees centigrade increased the transformation frequency in Thompson Seedless (Table 2). We are now testing 
heat shock pretreatment in 1103 and 101-14 and preliminary results also show an increase in transformation 
frequency (Table 3 and 4). While transformation frequencies for 101-14 and 1103 are relatively high, 
transformation frequencies of Cabernet Sauvignon and Chardonnay remain low and further improvements are 
needed. 

Table 2. Thompson Seedless transformation experiments comparing transformation efficiencies 
after subjecting embryos to 10 minutes of heat shock at 45 degrees centigrade verses no heat shock 
application prior inoculation with Agrobacterium tumefaciens. 

Experiment Heat Shock Plant Selection # (%) transgenic colonies 
121092 + hygromycin 13/16 (81) 
121090 - hygromycin 1/16 (6) 
121029 + kanamycin 17/32 (53) 
121028 - kanamycin 3/30 (10) 

Table 3. Transformation experiments with 1103 embryos comparing transformation efficiencies 
after exposure to 10 minutes of heat shock at 45 degrees centigrade verses no application of heat 
shock prior inoculation with Agrobacterium tumefaciens. 

Experiment Heat Shock Genotype # (%) transgenic colonies 
121084 - 1103 3/20 (15) 
129005 - 1103 9/28 (32) 
129040 - 1103 5/25 (20) 
129012 + 1103 46/50 (92) 
129019 + 1103 12/25 (48) 
129039 + 1103 3/25 (12) 
131006 + 1103 11/24 (46) 
139012 + 1103 0/16 (0) 
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Table 4. Transformation efficiencies  with 101-14 embryos after exposure to 10 minutes of  heat shock at 
45 degrees centigrade heat shock prior inoculation  with Agrobacterium tumefaciens. 

Experiment Heat Shock Genotype # (%) transgenic colonies 
139023 + 101-14 29/32 (91) 

When using heart and torpedo staged embryos as the target tissue for transformation, there is always the concern 
that chimeric plants will be generated.  We have initiated transformation studies on  of 101-14, 1103, Cabernet 
Sauvignon, and Chardonnay embryo cultures produced in cell suspension and plated onto sorbitol containing 
medium using a construct containing the scorable marker gene dsRed (Limpens et al., 2004). The scorable 
marker gene DsRed, allows us to non-destructively track transformation over the course of the transformation 
process and visualize the presence or absence of chimeric plants.  Using DsRed we inoculated grape embryos 
after subjecting the embryos to a heat shock treatment for ten minutes at 45 degrees centigrade and observed the 
development of kanamycin resistant dsred transgenic embryos using a fluorescent stereo microscope. Preliminary 
results indicate that if the tissue in maintained on high levels for selection (200 mg/l kanamycin) the production of 
chimeric plants does not appear to be a significant issue (Figures 5 and 6). 

Figure 5. 1103 embryos plated onto filter paper soaked with liquid BN sorb medium and inoculated with an 
Agrobacterium tumefacien strain EHA105 containing the scorable dsred marker gene (A). Kanamycin resistant 
colonies developing on 200 mg/l kanamycin (B) Dsred expressing callus (C) non-chimeric embryos (D) are clearly 
visible. 

Figure 6. Transformation of Cabernet Sauvignon (left), 101-14 middle and Chardonnay (right) with the scorable 
marker gene deRed. 

We have begun using the  information we have learn to date regarding grape transformation of rootstock 
genotypes to generate transgenic 101-14 and 1103 embryos containing the transgenes provided by Dandekar’s lab 
(Figure 7). Although high transformation frequencies can be achieved with 1103 and 101-14, regeneration of 
whole plants from transgenic embryos remains difficult and we continue to explore parameters to improve 
regeneration. 
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Figure 7. Sixteen putative independent transgenic events of 101-14 (left) and 12 putative 
independent transgenic events of 1103 (right) transformed with HNE. 

CONCLUSION 
With significant contributions from INIA, we have made substantial progress producing high quality embryogenic 
cultures of 1103, 101-14, Cabernet Sauvignon, and Chardonnay by maintaining embryogenic cell suspensions and 
plating them onto agar-solidified medium on a weekly basis. The system allows for continuous production of 
highly embryogenic, non-oxidized stock cultures that can serve as a constant supply of starting tissue for use in 
tissue culture and transformation experiments.  Grape embryogenic callus can also be grown under temporary 
immersion with little to no physical manipulations of the cultures, resulting in significant reduction in labor. We 
have found that we can maintain high quality grape somatic embryos on sorbitol containing medium for extended 
periods of time, allowing us to store cultures of different grape genotypes without using cryopreservation. 
Relatively high transformation frequencies have been obtained for 1103 and 101-14, while transformation 
frequencies for Cabernet Sauvignon and Chardonnay are still low. Regeneration of transgenic 1103 and 101-14 
into whole plants remains inefficient, however we have made progress developing new media formulations which 
allow for more rapid regeneration of plantlets from non-transgenic embryos or 1103 and 101-14, which if 
applicable to transgenic embryos, should reduce the time required to generate transgenic grape plants for the 
PD/GWSS research community. 
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BREEDING PIERCE’S DISEASE RESISTANT  WINEGRAPES 

Principal Investigator: 
Andrew Walker 
Dept. of Viticulture and Enology 
University of California 
Davis, CA 95616 
awalker@ucdavis.edu 

Cooperating Staff: 
Alan Tenscher 
Dept. of Viticulture and Enology 
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Davis, CA 95616 
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Reporting Period: The results reported here are from work conducted October 2012 to October 2013. 

ABSTRACT 
We continue to make rapid progress breeding Pierce’s disease (PD) resistant winegrapes.  Aggressive vine 
training and selection for precocious flowering have allowed us to reduce the seed-to-seed cycle to two years.  We 
are also using marker-assisted selection (MAS) for the Pierce’s disease resistance gene, PdR1 (see companion 
report) to select resistant progeny as soon as seeds germinate. These two practices have greatly accelerated the 
breeding program and allowed us to produce four backcross generations with elite Vitis vinifera winegrape 
cultivars in 10 years. We have screened through about 2,000 progeny from the 2009, 2010, and 2011 crosses that 
are 97% V. vinifera with the PdR1b resistance gene from V. arizonica b43-17.  Seedlings from these crosses 
continue to crop and others are advanced to greenhouse testing.  We select for fruit and vine quality and then 
move the best to greenhouse testing, where only those with the highest resistance to Xylella fastidiosa, after 
multiple greenhouse tests, are advanced to multi-vine wine testing at Davis and at a Pierce’s disease hot spot in 
Napa. The best of these will be advanced to 100 vine commercial wine testing the first of which was planted in 
Napa this past June.  We advanced 10 selections to Foundation Plant Services this winter to begin the certification 
and release process.  Three Pierce’s disease resistant rootstocks were also advanced to FPS for certification. 
Pierce’s disease resistance from V. shuttleworthii and BD5-117 are also being pursued but progress is limited by 
their multigenic resistance and the absence of corresponding genetic markers.  Other forms of V. arizonica are 
being studied and the resistance of some will be genetically mapped for future efforts to combine multiple 
resistance sources and ensure durable resistance. Very small scale wines from 94% and 97% V. vinifera PdR1b 
selections have been very good and have been received well at industry tastings in Sacramento, Santa Rosa, the 
Napa Valley, Temecula, and Healdsburg. 

LAYPERSON SUMMARY 
One of the most reliable and sustainable solutions to plant pathogen problems is to create host plants naturally 
resistant to the disease. We use a traditional plant breeding and a technique called backcrossing to bring 
resistance to Pierce’s disease (PD) from wild grape species into a diverse selection of elite winegrape 
backgrounds.  In the case of our most advanced vines we have identified the genetic location of a very strong 
source of Pierce’s disease resistance from a grape species native to Mexico.  Using marker-assisted selection 
(MAS) for this Pierce’s disease resistance region called PdR1 (Krivanek et al., 2006), we are able to select 
resistant progeny as soon as seeds germinate. MAS and aggressive growing of the selected seedling vines have 
allowed us to produce new varieties that are more that 97% Vitis vinifera winegrape cultivars in only 10 years. 
We have evaluated thousands of resistant seedlings for horticultural traits and fruit quality.  The best of these are 
advanced to greenhouse testing, where only those with the highest resistance to Xylella fastidiosa, after multiple 
greenhouse tests, are advanced to multi-vine wine testing at Davis and at a Pierce’s disease hot spot in Napa.  The 
best of these are advanced to 100 vine plots for commercial wine testing.  We sent 10 advanced selections to 
Foundation Plant Services this past winter to begin the certification and release process.  Three Pierce’s disease 
resistant rootstocks were also sent to FPS for certification.  Other wild grape species are being studied and the 
resistance of some will be genetically mapped for future efforts to combine multiple resistance sources and ensure 
durable Pierce’s disease resistance. Very small-scale wines made from our advanced PdR1 selections have been 
very good, and have been received well at industry tastings throughout California. 

INTRODUCTION 
The Walker lab is uniquely poised to undertake this important breeding effort, having developed rapid screening 
techniques for Xylella fastidiosa (Xf) resistance (Buzkan et al., 2003, Buzkan et al., 2005, Krivanek et al., 2005a 
2005b, Krivanek and Walker 2005, Baumgartel 2009), and having unique and highly resistant Vitis rupestris x V. 
arizonica selections, as well as an extensive collection of southwestern grape species, which allows the 
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introduction of extremely high levels of Xf resistance into commercial grapes. We have genetically mapped and 
identified what seems to be a single dominant gene for Xf resistance and named it PdR1, which was found in 
V. arizonica/candicans b43-17.  This resistance has been backcrossed through four generations to elite V. vinifera 
cultivars (BC4) and we now have 97% V. vinifera Pierce’s disease (PD) resistant material to select from. 
Individuals with the best fruit and vine characteristics are then tested for resistance to Xf under our greenhouse 
screen.  Only those with the highest levels of resistance are advanced to small-scale winemaking trials by grafting 
them onto resistant rootstocks and planting six to eight vines set on commercial spacing and trellising.  We have 
made wine from vines that are 94% V. vinifera level from the same resistance background for five years and from 
the 97% V. vinifera level for three years.  They have been very good and don’t have the hybrid flaws (blue purple 
color and herbaceous aromas and taste) that were prevalent in red wines from the 87% V. vinifera level. There are 
two forms of PdR1 that descend from sibling progeny of b43-17 and they have different alleles of PdR1 
designated PdR1a and PdR1b. Screening results reported previously showed no significant difference in 
resistance level in genotype with either one or both alleles.  We have narrowed our focus to PdR1b but retain a 
number of selections at various BC levels with PdR1a in the event that there is an as yet unknown Xf strain-
related resistance associated with the PdR1alleles. Resistance from southeastern United States (SEUS) species is 
being advanced in other lines.  However, the resistance in these later lines is complex and markers have not yet 
been developed to expedite breeding. 

OBJECTIVES 
1. Breed Pierce’s disease resistant winegrapes through backcross techniques using high quality V. vinifera 

winegrape cultivars and Xf. resistant selections and sources characterized from our previous efforts. 
2. Continue the characterization of Xf resistance and winegrape quality traits (color, tannin, ripening dates, flavor, 

productivity, etc.) in novel germplasm sources, in our breeding populations, and in our genetic mapping 
populations. 

RESULTS AND DISCUSSION 
In 2012 we made F1 crosses to five new Pierce’s disease resistant V. arizonica accessions from the southwestern 
USA and Mexico to develop mapping populations so that genetic markers could be generated to expedite 
breeding. The resistant genotypes were chosen based on their low ELISA values, minimal expression of Pierce’s 
disease symptoms in the greenhouse screen and their diverse geographic origins.  We germinated a subset of these 
seeds in late fall 2012, made copies of seedlings growing in four-inch pots in early 2013 and greenhouse tested 
them to characterize the inheritance of Pierce’s disease resistance. Three of the five populations were tested with 
about 50 progeny each.  There was clear statistical separation of the progeny families with those from ANU5 
being the least resistant; b40-29 intermediate; and the population from b46-43 had unprecedented levels of 
resistance by both disease phenotype and ELISA.  BC1 and full sibling crosses will be made in 2014 to better 
explore this very promising source of resistance.  In 2013 we expanded the populations made in 2012, and made 
crosses to other promising Vitis species from this same region as detailed in Table 1 below. 

Table 1.  Crosses made in 2013 to develop genetic maps in new accessions from southwestern USA and 
Mexico germplasm.  08326-61 is a self of Cabernet Franc, F2-35 is a cross of Carignane and Cabernet 
Sauvignon and both are 100% V. vinifera. 
Resistance 

Source Geographic Origin - Species, Appearance Phenotype Pure vinifera Types 
Used in 2013 Crosses 

# of Seed 
Produced 

b41-13 Ciudad Mante - Ciudad de Maiz, MX 
V. arizonica (like b42-26) 

F2-35 283 

b43-57 Rinconada, Nuevo Leon, MX Rosa Minna 312 
V. arizonica-champinii-acerifolia-girdiana Malaga Rosada 544 

b47-32 Big Bend, TX 08326-61 30 
glabrous V. arizonica-monticola (like b46-43) F2-35 1586 

SC36 San Diego, CA Palomino 571 
V. girdiana Grenache 945 

T03-16 Lajitas, TX 
V. arizonica 

Palomino 236 
Grenache 17 
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We have now evaluated more than 2,000 PdR1b 97% V. vinifera winegrape progeny from which we are selecting 
the best and most resistant for release.  Our breeding efforts in 2013 focused on increasing the V. vinifera content 
of our other Pierce’s disease resistant lines with an emphasis on the b42-26 line: F1, BC1 intercross, BC2 self, 
and BC2 intercross (Table 2).  Over the last several years, greenhouse screening has identified a number of highly 
Pierce’s disease resistant genotypes in several of our BC1- and BC2-generation b42-26 lines. Crosses made this 
year aim to exploit these findings and take advantage of a developing b42-26 genetic map.  Additional crosses 
were made to combine (pyramid) PdR1b x b42-26 both with (934 seeds) and without (390 seeds) powdery 
mildew resistance from V. romanetii. We also produced selfed PdR1b x V. romanetii pyramided lines (1,340 
seeds) to create breeding sources homozygous resistant at both loci to backcross in the last generation to elite V. 
vinifera wine types. The breeding efforts with alternative resistance sources and the complexing of these 
resistances is being done to broaden Xf resistance and address Xf’s ability to overcome resistance. 

Table 2. Crosses made in 2013 to advance and further refine the b42-26 Pierce’s disease resistance line. 

BC level Cross type Elite V. vinifera varieties in background Number of 
Seeds 

F1 F1 Cabernet Sauvignon, Carignane 944 
BC1 Intercross Those in the F1 plus Grenache 369 
BC2 Self Those in the BC1 plus Carignane 44 
BC2 Intercross Same as BC2 26 

Table 3 presents the status of greenhouse screening for Pierce’s disease resistance during this reporting period. 
Group B, part of Group E, and results from a previous greenhouse screen have been analyzed to provide 
statistically consistent results on 199 F1 progeny from the b42-26 resistance line. These results should allow a 
framework genetic map of Pierce’s disease resistance loci in this multigenic background – work that is being done 
in our companion Pierce’s disease mapping project.  Genetic markers in this line are essential if we are to 
successfully combine resistances from different sources as is being attempted in the crosses listed in Groups C, D, 
and E.  Groups C, G, H, J, and L test advanced selections from our PdR1b line.  If they continue to have favorable 
confirmatory greenhouse testing they will be advance to release consideration with their counterparts in Table 4. 
In an initial greenhouse screen of 16 PdR1b x b42-26 genotypes (Group C) at approximately the 84% V. vinifera 
level, 75% of those with the PdR1b marker were rated as resistant with two genotypes having ELISA levels lower 
than our most resistant PdR1b biocontrol.  In the same trial only 25% were rated resistant while missing PdR1b 
markers.  From these early results, pyramiding these two Pierce’s disease resistance sources looks promising. 
Unfortunately a series of greenhouse issues (poor temperature control and spray damage outside of the lab’s 
control) made interpretation of the larger trial in Group D unreliable and the trial will need to be repeated.  Also 
included in Group C were 10 BC2 genotypes in the b42-26 line to evaluate their resistance pattern and 45 PdR1b 
x V. romanetii PD x powdery mildew (PM) crosses at greater than the 90% V. vinifera level.  In the former we 
found that only one genotype had significant Pierce’s disease resistance, although at a lower level than our best 
PdR1b selections at even higher BC levels. This finding again underscores the necessity of markers associated 
with resistance in the b42-26 line.  In the latter cross we found four promising Pierce’s disease and PM resistant 
genotypes that fruited for the first time this year. This low (~10 percent) level of Pierce’s disease resistant 
selections in the PdR1b x V. romanetii PD x PM line, although disappointingly low, is consistent with results 
from similar crosses we have tested in our collaboration with David Ramming for their PD/PM resistant table and 
raisin grape breeding efforts.  In Group F, we are testing the impact of environmental conditions, spacing, and our 
standard cutback protocols in three different greenhouses with a dual purpose – to make our screening less costly 
and to shorten the test duration.  Preliminary ANOVA results show 'genotype' and 'greenhouse' are both 
significant variables.  Interpretation of multiple variable interactions is ongoing.  Group G included 13 
southeastern US (SEUS) cultivars from various historic Pierce’s disease breeding programs in the southeastern 
USA as part of our effort to better understand the relationship between Pierce’s disease resistance in the field and 
Xf titer in our GH screen.  Results will be reported when the SEUS genotypes in Group L have completed testing 
at the end of this year. Also in Groups K and L we further explore and advance our b40-14 PD resistance line. 
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Table 3.  2012-13 Greenhouse testing. 

Group Genotypes # 
Genotypes 

Inoculation 
Date 

ELISA 
Sample 

Date 

Resistance 
Source(s) 

B 05347 b42-26 F1 Mapping Population 84 07/03/2012 10/4/2012 b42-26 

C 2012 Parents, 97% V. vinifera 2nd tests, 
PD pyramiding 75 10/02/2012 01/03/2013 F8909-08, 

b42-26 

D PdR1b x b42-26 pyramided 76 11/29/2012 02/28/2013 F8909-08, 
b42-26 

E 05347, PD x PM V. romanetii, b42-26 BC2 222 12/13/2012 03/14/2013 F8909-08, 
b42-26 

F GH, Spacing, Cutback Trials 3 varies varies U0505 BC 
Group 

G 94% & 97% PdR1b Vin advanced tests, 
SEUS 106 02/05/2013 05/09/2013 F8909-08, 

SEUS 

H 97% PdR1b vinifera advanced tests 89 03/19/2013 06/20/2013 F8909-08 

I New arizonica mapping populations 2012 
crosses and mist-propagated plants 159 05/21/2013 08/08/2013 Varies 

J 97% V. vinifera PdR1 78 06/11/2013 09/12/2013 F8909-08, 
b42-26 

K SWUS Species, additional b42-26 
mapping, 2012 b40-14 line recombinants 92 08/06/2013 11/05/2013 Species, b42-

26, b40-14 

L b40-14 line F1 and BC1; SEUS named 
cultivars, PdR1b advanced selections 180 09/17/2013 12/17/2013 Species, b42-

26, b40-14 

In the last interim progress report we gave details on the 10 new PdR1b -based Pierce’s disease resistant scion 
varieties and three Pierce’s disease resistant rootstock genotypes that were advanced to UCD’s Foundation Plant 
Services (FPS) in March for virus testing, certification, and possible release. At that time there were insufficient 
numbers of cuttings to provide to FPS of several of our most highly regarded 97% V. vinifera scion selections. In 
addition a number of other selections completed their testing in the greenhouse screen show in Table 3J. 
Although ELISA results are pending, based on the phenotype scores we anticipate sending the selections shown in 
Table 4 and Figure 1 to FPS this spring.  Additional selections may be advanced based on results from the trial in 
Table 3L and others initiated but not yet inoculated.  The focus of these later trials is to find promising white 
fruited varieties as we have yet to advance any white selections at the 97% V. vinifera level. 

Table 4.  Likely PdR1b releases for transfer to FPS. 

Genotype Parentage % V. 
vinifera Color 

# Years 
small lot 

wine made 

Multiple 
vine trials 

Davis 

Multiple 
vine trials 

Napa 
09311-160 07371-20 x Cabernet Sauvignon 97% B 0 Yes -
09330-07 07370-039 x Zinfandel 97% B 1 Yes -

09331-047 07355-020 x Zinfandel 97% B 2 Yes -
09331-133 07355-020 x Zinfandel 97% B 0 Yes -
09333-111 07355-020 x Chardonnay 97% B 0 Yes -
09333-370 07355-020 x Chardonnay 97% B 0 Yes -
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Figure 1.  Cluster shots of 97% V. vinifera PdR1b selections destined for Foundation Plant Services this 
winter prior to release and larger scale winemaking tests.  Clockwise from upper left: 09331-160; 09330-07; 
09331-047; 09333-370; 09333-111; 09331-133. 

Table 5a through 5c detail the vine, fruit, and juice characteristics for the 7 PdR1b selections used to make wine 
lots in 2013.  Three additional lots pair wines made from 94% V. vinifera PdR1b selections grown in Davis with 
those from our field trial at the Treasury Wine Estates (Beringer) vineyard in Yountville, Napa Valley.  In 
addition, we made a number of V. vinifera controls and Blanc du Bois from both Davis and Napa.  Lenoir was 
made from Davis fruit. 
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Table 5a. Pierce’s disease resistant selections used in small scale winemaking in 2013: background and fruit characteristics 

Genotype Parentage % V. 
vinifera 

2012 Bloom 
Date 

Berry 
Color 

Berry 
Size (g) 

Ave 
Cluster 
Wt. (g) 

Ripening 
Season 

Prod 
1=v low, 
9=v high 

07338-37 U0505-01 x LCC 94% 05/03/2013 B 1.8 177 early-mid 6 

07355-075 U0505-01 x Petite 
Sirah 94% 04/30/2013 B 1.4 129 early-mid 7 

07355-075 
Napa 

U0505-01 x Petite 
Sirah 94% 05/17/2013 B 1.0 311 mid 7 

07370-084 F2-35 x U0502-38 94% 05/03/2013 W 1.1 167 v. early 7 

07370-084 
Napa F2-35 x U0502-38 94% 05/17/2013 W 1.3 179 early 7 

07713-51 F2-35 x U0502-48 94% 05/03/2013 W 1.5 432 early 8 

07713-51 
Napa F2-35 x U0502-48 94% 05/17/2013 W 1.3 160 early-mid 7 

09330-07 07370-039 x 
Zinfandel 97% 05/03/2013 B 1.6 400 mid-late 8 

09331-047 07355-020 x 
Zinfandel 97% 04/30/2013 B 1.0 127 early 7 

09333-253 07355-020 x 
Chardonnay 97% 05/05/2013 B 1.5 304 mid 7 

Table 5b. Juice analysis of Pierce’s disease resistant selections use in small-scale winemaking in 2013. Cabernet 
Sauvignon and Pinot Noir were from previous vintages and added for comparison. 

Genotype °Brix TA 
(g/L) pH 

L-malic 
acid 
(g/L) 

potassium 
(mg/L ) 

YAN 
(mg/L, 
as N) 

catechin 
(mg/L) 

tannin 
(mg/L) 

Total antho-
cyanins 
(mg/L) 

07338-37 23.7 5 3.56 1.15 1730 175 21 507 1621 
07355-075 23.4 6.8 3.25 1.41 1550 160 25 496 1394 
07355-075 Napa 23 7.4 3.33 3.07 1520 105 22 759 1863 
07370-084 22.3 5.6 3.52 3.38 1950 170 - - -
07370-084 Napa 25.5 8.5 3.33 5.21 1840 112 - - -
07713-51 22.8 4.4 3.6 1.46 1400 114 - - -
07713-51 Napa 23.9 5.7 3.54 2.77 1840 108 - - -
09330-07 24 6.9 3.56 3.36 2240 234 72 527 1231 
09331-047 27.5 4.8 3.78 2.32 2100 187 7 514 1520 
09333-253 24.9 7.1 3.58 3.99 2360 239 80 326 708 
Cab. Sauv. 24.9 6.2 3.65 2.19 2460 227 59 250 404 
Pinot noir 26.5 4.9 3.83 2.43 2190 279 321 842 568 

Our crosses with Pierce’s disease resistance from PdR1b continue to thrive and produce at our Beringer field trial 
in Napa Valley while the pure V. vinifera control vines and the surrounding commercial Chardonnay and Riesling 
vines continue to decline. This year Pierce’s disease phenotype scores and cane samples for ELISA measurement 
of Xf levels were completed October 4th, 2013. Statistical analysis was performed of the cane maturity index 
scores used to evaluate Pierce’s disease symptom severity on 33 PdR1b genotypes at the 88% and 94% V. vinifera 
level and 3 pure V. vinifera varieties (Chardonnay, Petite Sirah, and F2-35).  Results indicated that only the V. 
vinifera varieties were statistically susceptible to Pierce’s disease relative to b43-17, the source of PdR1b 
resistance. ELISA results for this year will be reported at the next reporting period.  In June of this year at this 
same field trial, we planted 100 vines of our 94% PdR1b scion selection 07355-075 split equally between our 
08314-15 and 08314-46 PD resistant rootstocks.  Large-scale wine lots from this plot are two years away. 
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Finally, this past year saw the first industry tastings of our advanced selections. Last August in Santa Rosa we 
presented the best of our 87 and 94% V. vinifera PdR1b wines to about 200 people as part of a Sonoma County 
Winegrape Commission meeting.  This year we presented wines made in 2012 with our favorite 94% V. vinifera 
PdR1b selections in a blended format to show how these wines would be used as blending grapes to fill in chronic 
Pierce’s disease hotspots and still stay within the 75/25% varietal wine labeling. We did this with one of our 
favorite whites 07713-51 and blended it with Chardonnay from Yountville and compared these wines made at the 
same scale with Yountville Chardonnay and Blanc du Bois (top southern USA Pierce’s disease resistant 
winegrape).  One of our favorite reds at the 94% level is 07355-075 and it was blended with Oakville Merlot. 
Also from 2012 wines, we presented a wine made from three of our advanced 97% V. vinifera PdR1b selections 
(there was not enough fruit from any of them individually, but all have now been replicated for future 
winemaking) 09331-047, 09332-165, and 09333-178.  These wines were well received and many liked the 97% 
blend the best.  The first tasting in 2013 was with select growers and winemakers in the Napa Valley at the UCD 
Oakville Station, a second was July 17th in Temecula to the winegrowers association, and a third in early August 
at Healdsburg.  These wines will also be presented at the Napa Grape Expo on November 14th. The next step is to 
make larger scale wines in multi-ton lots and these vines are being planted as noted above. Once the selections 
clear FPS testing the best selections will be ready for release. 

Table 5c. Pierce’s disease resistant selections used in small scale winemaking in 2013: berry sensory analysis. 

Genotype Juice Hue Juice 
Intensity 

Juice 
Flavor 

Skin 
Flavor 

Skin Tannin 
Intensity 

(1=low, 4= 
high) 

Seed 
Color 

(1=gr, 4= 
br) 

Seed 
Flavor 

Seed Tannin 
Intensity 

(1=high, 4= 
low) 

07338-37 Pink Lt Fruity, 
spicy 

Fruity, 
berry 3 3 

Woody, 
spicy, sl 

bitter 
1 

07355-075 Red, clear Lt+ Apple, tea, 
cranberry Herbal 2 3 Spicy, 

woody 4 

07355-075 
Napa 

Bright red, 
clear Med Berry, 

plum 
Neutral, 

fruity 3 4 Woody, 
bitter 1 

07370-084 
Gr-gold 
touch 
brown 

Med 
Melon, 
yellow 
apple 

Neutral, 
straw 2 4 Spicy, hot, 

woody 2 

07370-084 
Napa 

Pale green-
yellow Lt Gr Apple, 

melon 
Neutral, 

straw 1 3 Spicy, hot, 
woody 2 

07713-51 Green-gold Med Apple juice Neutral, 
fruity 2 4 Woody, 

warm 4 

07713-51 
Napa Green-gold Med+ 

Ripe 
yellow 
apple 

Straw, 
sweet hay 2 4 Woody, 

hot 3 

09330-07 
Bright 

pink-red, 
clear 

Lt+ Berry, 
apple 

Neutral, 
fruity, sl 

hay 
1 3 

Bitter, 
ashy, sl 
spice 

1 

09331-047 Cloudy red 
brown Med 

Strawberry, 
raspberry, 

spice 

Berry, 
spice, 
chalky 

2 3 Spicy, 
woody 1 

09333-253 
Pink very 

slight 
brown 

Lt Berry, 
apple 

CS veg, 
spice-hot 3 3 Woody, 

bitter 2 

CONCLUSIONS 
We continue to make rapid progress breeding Pierce’s disease resistant winegrapes through aggressive vine 
training, MAS, and our rapid greenhouse screen procedures. These practices have allowed us to produce four 
backcross generations with elite V. vinifera winegrape cultivars in 10 years. We have screened through thousands 
of seedlings that are 97% V. vinifera with the PdR1 resistance gene from V. arizonica b43-17.  Seedlings from 
these crosses continue to crop and others are advanced to greenhouse testing.  We select for fruit and vine quality 
and then move the best to greenhouse testing, where only those with the highest resistance to Xf, after multiple 
greenhouse tests, are advanced to multi-vine wine testing at Davis and at Beringer’s Yountville vineyard.  The 
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best of these will be advanced to 100 vine commercial scale testing with the first selection planted this year.  We 
have sent 10 advanced selections to FPS this winter to begin the certification and release process. Three Pierce’s 
disease resistant rootstocks were also sent to FPS for certification. Additional scion varieties are slated for FPS 
this winter. Pierce’s disease resistance from V. shuttleworthii and BD5-117 are also being pursued, but progress 
and effort is limited because their resistance is controlled by multiple genes without resistance markers.  Other 
forms of V. arizonica are being studied and the resistance of some will be genetically mapped for future efforts to 
combine multiple resistance sources and ensure durable resistance. Very small-scale wines from 94% and 97% V. 
vinifera PdR1b selections have been very good, and have been received well at tastings in the campus winery and 
at industry tastings throughout California. 
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GENETIC MAPPING OF XYLELLA FASTIDIOSA RESISTANCE GENE(S) 
IN GRAPE GERMPLASM FROM THE SOUTHERN UNITED STATES 

Principal Investigator: Cooperating Staff: 
Andrew Walker Summaira Riaz 
Dept. of Viticulture and Enology Dept. of Viticulture and Enology 
University of California University of California 
Davis, CA 95616 Davis, CA 95616 
awalker@ucdavis.edu snriaz@ucdavis.edu 

Reporting Period: The results reported here are from work conducted October 2012 to October 2013. 

ABSTRACT 
The major objective of this project is to broaden the genetic base of Pierce’s disease (PD) resistance by searching 
for and characterizing new forms of Pierce’s disease resistance.  Previously, we reported on the screening of 52 
accessions of grape species that were collected from across the southern USA and northern Mexico.  Greenhouse 
screening of these plants identified 20 new resistant accessions.  We expanded this work to over 200 accessions 
that were acquired from states along the Gulf of Mexico, and utilized 22 simple sequence repeat (SSR) markers 
and 14 chloroplast markers to develop fingerprint profiles for them.  Analysis with two different programs 
revealed three major groups. The V. arizonica-like group was composed of several species with distinct maternal 
and paternal inheritance. The species within this group are also very distinct from southeastern Pierce’s disease 
resistant species, once thought to be the only source of Pierce’s disease resistance. Greenhouse screening was 
completed on a subset of genotypes, and crosses with eight new resistant lines were made in 2012 and 2013; the 
remaining germplasm is in the process of being screened. This germplasm screening provides opportunities to 
explore and identify resistance loci that may provide different resistance mechanisms allowing us to expand the 
genetic base of the Pierce’s disease resistance breeding program.  To date, we have utilized three different genetic 
resources to identify Pierce’s disease resistance.  Progress was made with b43-17 and b40-14 both of which carry 
a major locus on chromosome 14, as well as minor quantitative trait loci (QTLs) on different chromosomes. For 
V. arizonica/candicans b43-17, a minor QTL has identified on chromosome 19 (PdR2) and for V. arizonica b40-
14, a minor QTL was identified on chromosome 5.  Mapping of a multigenic source of Pierce’s disease resistance 
from V. arizonica/girdiana b42-26 continues.  A total of 916 markers have been tested, and 185 polymorphic 
markers (60 more since the previous report) have been added to the entire population of 239 seedlings. A 
framework genetic map was developed for 198 seedlings, which had repeated greenhouse screening.  Preliminary 
QTL analysis identified QTLs on chromosome 8, 12, and 14 that explained over 25% phenotypic variation. 
Currently, we are saturating maps of these three chromosomes and associating SSR markers that are in linkage 
with resistance for marker-aided breeding. We plan to combine these multiple resistance sources in our breeding 
program to ensure broad and durable Pierce’s disease resistance. This project provides the genetic markers 
critical to the successful classical breeding of Pierce’s disease resistant wine, table, and raisin grapes. 
Identification of markers for PdR1 has allowed us to reduce the seed-to-seed cycle to two years and produce 
selections that are Pierce’s disease resistant and 97% V. vinifera.  These markers have also led to the identification 
of six genetic sequences that may house the Pierce’s disease resistance gene, and which are being tested to verify 
their function.  These efforts will help us better understand how these genes function and could also lead to 
Pierce’s disease resistance genes from grape that would be available to genetically engineer Pierce’s disease 
resistance in V. vinifera cultivars. 

LAYPERSON SUMMARY 
We have made rapid progress breeding Pierce’s disease (PD) resistant winegrapes that are now approaching 
release. This progress could not have been made without the development and use of DNA markers for Pierce’s 
disease resistance and the discovery of strong single gene resistance in forms of Vitis arizonica.  The next phase 
of the breeding program is now underway – combining multiple Pierce’s disease resistance sources into one 
background.  Although single gene resistance is easy to breed with, it is often overcome by aggressive pathogens 
and pests.  With this in mind, our Pierce’s disease breeding is now characterizing resistance from other 
backgrounds and developing DNA markers so that we can combine these resistances into a single individual. 
Combining these genes together will require good markers since the resistant progeny resulting from efforts will 
appear the same – resistant.  We will need the markers to the multiple sources to verify different genes have been 
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combined.  We have discovered more sources of strong resistance and are now mapping and developing markers 
to determine if these new genes control different types or forms of resistance. 

INTRODUCTION 
This project provides the genetic support to molecular breeding efforts [see companion Pierce’s disease (PD) 
breeding project].  Identification, understanding, and manipulation of novel sources of resistance are the 
foundation of a successful breeding program.  We are exploring multiple genetic backgrounds for Pierce’s disease 
resistant grape breeding, developing and testing breeding populations via a greenhouse screen, carrying out 
genetic mapping of segregating populations to identify genomic regions that carry disease resistance genes, and 
developing physical sequence maps of resistance regions to identify and characterize grape resistance genes. We 
have completed mapping a major Pierce’s disease resistance locus originating from V. arizonica/candicans b43-
17, which is the foundation of our Pierce’s disease breeding efforts. We are pursuing two other resistant V. 
arizonica forms:  b42-26 V. arizonica/girdiana from Loreto, Baja California; and b40-14 V. arizonica from 
Chihuahua, Sonora. These accessions are morphologically and genetically (both paternally and maternally) 
different than b43-17, and both possess strong resistance to Pierce’s disease and greatly suppress Xylella 
fastidiosa levels in stem tissue after greenhouse screening.  We made strong progress in identifying one major 
locus and one minor QTL in the b40-14 background.  New populations were developed with eight newly 
identified Pierce’s disease resistant plant material.  The breeding part of the program produces and greenhouse 
screens the seedling populations, while the tightly-linked genetic markers generated in these mapping efforts are 
being used to optimize and greatly accelerate the Pierce’s disease breeding program.  These markers are essential 
to the successful introgression of resistance from multiple sources, and thus for the production of durably resistant 
grapevines. In response to recommendations from the CDFA Pierce’s Disease and Glassy-winged Sharpshooter 
Board and reviewer recommendations to broaden resistance, we have expanded the search for additional 
resistance sources by screening wide germplasm collected from different parts of the USA and Mexico.  Initial 
greenhouse screen results indicate that we have twenty other accessions that possess strong Pierce’s disease 
resistance. Analysis indicates that the southeastern resistant material is genetically distinct from the species in 
Mexico, and the extension of the Rocky Mountains (Sierra Madre) has acted as a physical barrier for grape 
species evolution over a time period of thousands of years. 

OBJECTIVES 
1. Fine-scale mapping of additional quantitative trait loci (QTLs) for Pierce’s disease resistance in the 04191 

((F2-7 x F8909-17) population. 
2. Greenhouse screen and genetically map Pierce’s disease resistance from other forms of V. arizonica:  b42-26 

(V. arizonica /girdiana) and b40-14 (V. arizonica). 
3. Evaluate Vitis germplasm collected from across the southwestern USA to identify accessions with unique 

forms of Pierce’s disease resistance for grape breeding.  Determine the inheritance of Pierce’s disease 
resistance from Muscadinia rotundifolia, develop new and exploit existing breeding populations to 
genetically map this resistance. 

4. Complete the physical mapping of PdR1a and PdR1b and initiate the sequencing of bacterial artificial 
chromosome (BAC) clones that carry PdR1a gene candidates (in cooperation with our companion resistance 
gene characterization project). 

RESULTS AND DISCUSSION 
Objective 1. Fine scale mapping of additional QTL for Pierce’s disease resistance in the 04191 ((F2-7 x 
F8909-17) population (see details in March 2013 report). 
In brief, a framework genetic map of the 04191 population (V. vinifera F2-7 x F8909-17) was used to identify a 
QTL with a minor impact on resistance (contributing 7% of the phenotypic variation to Pierce’s disease 
resistance) on chromosome 19. This QTL is within a 10 cM interval – a relatively long genetic distance to be 
effective in marker assisted screening.  A total of 1.783 Mbp of sequence of PN40024 was used to develop seven 
simple sequence repeat (SSR) primers in this region. Three of the seven tested primers gave clean amplifications 
with polymorphism for the F8909-17 Pierce’s disease resistant parent. These markers were added to the 
population of 150 seedlings.  We are in the process of completing this analysis.  Two crosses with 04373-02 and 
04373-22 and Pinot blanc were made to study the impact of this minor QTL from chromosome 19 without impact 
of the major locus from chromosome 14. A total of 100 plants were screened with SSR markers and 43 plants 
were planted in the field in Spring 2012. These plants are scheduled to be greenhouse screened during summer 
2013. 
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Objective 2. Greenhouse screen and genetically map Pierce’s disease resistance from other forms of V. 
arizonica:  b42-26 (V. arizonica /girdiana) and b40-14 (V. arizonica). 
The accession b40-14, a pure form of V. arizonica, is homozygous resistant to Pierce’s disease. All seedlings 
from the F1 cross tested resistant to Pierce’s disease. Two resistant siblings of this population were used to 
develop the 07388 (R8918-02 x V. vinifera) and 07744 (R8918-05 x V. vinifera) populations.  In the previous 
report, we described the preliminary results with 07744 and genetic mapping with 152 markers. From March to 
July, we tested a total of 606 SSR markers and 224 polymorphic markers were added on the entire set of 122 
plants (Table 1).  A total of 216 markers were polymorphic for the female resistant parent – R8918-05. 

Table 1. List of markers tested and completed for the 07744 population derived from the 
b40-14 background. 
Marker series Tested Amplified Polymorphic Completed 
VMC, VMCNg 271 161 133 106 
VVI 93 84 56 50 
UDV 55 54 35 26 
VChr 3 3 3 3 
VVMS, VVMD, VrZAG 35 34 25 22 
Other unpublished 4 4 2 2 
EST-SSR (SCU, VVC, CTG) 145 108 68 15 
Total 606 448 322 224 

Table 2. Characteristics of the framework map of R8918-05, a Pierce’s 
disease resistant selection used as the maternal parent in the 07744 
population. 

Chromosome Mapped 
Markers Length (cM) 

Chr1 15 72.7 
Chr2 4 59.6 
Chr3 6 37.9 
Chr4 11 98.3 
Chr5 13 60.6 
Chr6 11 40.8 
Chr7 12 88.0 
Chr8 11 54.7 
Chr9 10 87.7 

Chr10 10 74.5 
Chr11 9 79.7 
Chr12 8 52.5 
Chr13 11 71.9 
Chr14 26 97.9 
Chr15 8 35.9 
Chr16 9 67.5 
Chr17 12 56.2 
Chr18 13 136.2 
Chr19 13 55.8 
Total 212 1328.4 

Ave marker distance (cM) 6.3 cM 
Number of gaps > 20 cM 14 
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A framework genetic map of R8918-05 was produced with JoinMap (4.0).  A total of 212 markers mapped to 19 
grape chromosomes with average distance of 6.3 cM between markers.  The updated map did not have 
fragmented groups and provided adequate genome coverage when comparisons were made to the previously 
published integrated Vitis genetic maps. 

QTL analysis was carried out with MapQTL. A major locus for Pierce’s disease resistance was identified on 
chromosome 14. Pierce’s disease resistance from b40-14 (which we have named PdR1c) maps in the same 
general region as PdR1a and PdR1b between flanking markers VVCh14-77 and VVIN64 and within 1.5 cM. The 
logarithm of the odds (LOD) threshold for the presence of this QTL was 39 and this major locus explained 80% 
of the phenotypic variation.  Using the updated genetic map, we also identified a minor QTL with LOD 2.0 on 
chromosome five that explained 8.3% phenotypic variation for resistance (Figure 2).  We did not find evidence 
for any other QTL on the remaining 17 chromosomes.  Both QTLs explained total of 88% phenotypic variation 
for resistance within the b40-14 background. 

We designed more primers to reduce the gap between markers on chromosome five by utilizing the Pinot noir 
genome sequence.  A total of 275 seedlings from five different crosses were also tested with markers that are in 
linkage with the major locus on chromosome 14; seven of recombinant lines were saved and planted in the field in 
Spring of 2013.  These recombinant lines are scheduled for greenhouse testing and the addition of other flanking 
markers.  These recombinant lines will help to reduce the gap between the markers on chromosome 14.  The 
updated data will be used for a manuscript describing the genetic map and QTL identification from the b40-14 
background. 

The F1 population 05347 (F2-35 x b42-26) represents b42-26 background, a third resistant accession that was 
collected from Loreto, Baja California in 1960.  A total of 918 SSR primers were tested, 763 amplified b42-26 
DNA successfully, and 185 markers were polymorphic. The level of polymorphic markers was relatively low. 
We have not observed such a low level of polymorphism in any other grape genotype so far, likely the result of 
this plant being from an isolated and now inbred population. A framework genetic map was developed for 198 
seedlings with 185 markers.  A large number of markers showed segregation distortion. There were only four 
chromosomes with relatively low marker coverage; all other chromosomes have evenly distributed markers. We 
have repeated and completed the greenhouse screen on 199 seedlings that rooted successfully.  Thirty-five of the 
seedlings were tested three times, 77 tested twice, and 87 were tested once.  An ANOVA on the 35 genotypes 
tested in all three trials indicated that only genotype matters and there we no significant interactions. The same 
was true for the 77 genotypes tested twice when compared pairwise. The updated results were used for the QTL 
analysis.  One-way ANOVA and interval mapping revealed QTLs on chromosome 8, 12, and 14 that explained 
over 25% phenotypic variation.  Currently, we are refining the maps of these three chromosomes with more 
markers and establishing the association of markers that are in linkage with the resistance for potential use in 
marker-aided screening. 

Objective 3. Evaluate Vitis germplasm collected from across the southwestern USA to identify accessions 
with unique forms of Pierce’s disease resistance for grape breeding. 
We have made tremendous progress in assessing diversity and population structure of southwestern US 
accessions from March to July time period. It is thought that southeastern germplasm co-evolved with Xylella 
fastidiosa and developed resistance to this disease.  Our focus has been on three accessions of Vitis that Olmo 
collected in northern Mexico in 1960 (as reported in Objectives 1 and 2). Two of these accessions are complexes 
of multiple Vitis species and it is not known which particular species is controlling Pierce’s disease resistance. 
This point is confounded by the complete fertility among the Vitis species and the great number of hybrids that 
occur in the wild.  It is extremely important for a breeding program to incorporate multiple unique resistance 
mechanisms, understand genetic diversity, and the mode of inheritance to facilitate decision making for resistance 
breeding. 

In order to better understand the nature of Pierce’s disease resistance and the genetic diversity and gene flow of 
grape species in the southern USA and Mexico, we examined a diverse collection of species from these areas. 
One of the objectives was to determine whether Pierce’s disease resistance from the Gulf states and southeastern 
USA is similar to that of eastern coastal (and wet) Mexico.  And whether this eastern resistance differs from 
Pierce’s disease resistance found in the southwestern USA and central (and drier) Mexico. We examined a 
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collection of 219 (sixty more from previous report) accessions of these species, including Olmo’s Mexico 
collections (which he collected across northern and central Mexico from the west to the east). DNA was collected 
from all those genotypes and six V. vinifera accessions were added as outliers.  A total of 22 SSR markers were 
selected for their polymorphism and coverage of all 19 grape chromosomes (Table 3).  All amplified products 
were run on the ABI 3500 genetic analyzer and analyzed with the Gene Mapper program to obtain fingerprint 
profiles. Hierarchical clustering (Ward method) and Principal Coordinate Analysis were carried out with 
DARWIN software (version 5.0.158) to determine the number of groups.  STRUCTURE V2.3.1 was used to infer 
the number of pseudo-populations or clusters with 22 markers. 

Table 3. List of SSR markers used for fingerprint analysis of 165 selections. 

Marker name Dye label Chromosome Amplified product 
size range 

VVIp60 HEX 1 >300 
VrZAG93 NED 2 180-240 
APT3 6-FAM 2 266-466 
VVIb23 6-FAM 2 250-320 
VVMD28 6-FAM 3 216-270 
VVMD32 NED 4 240-280 
VVMD27 NED 5 170-220 
VrZAG79 6-FAM 5 230-280 
VVMD21 6-FAM 6 240-260 
VVMD31 6-FAM 7 200 
VVMD7 NED 7 220-270 
VrZAG62 HEX 7 175-215 
VMC1b11 HEX 8 150-190 
VVIq52 6-FAM 9 70-90 
VVIv37 6-FAM 10 140-180 
VVS02 6-FAM 11 120-170 
VMC4f3.1 HEX 12 160-290 
UDV124 6-FAM 13 170-230 
VVIP26 HEX 14 120-180 
VVIv67 HEX 15 350-400 
VVMD5 6-FAM 16 210-290 
VVIn73 6-FAM 17 240-270 
UDV108 HEX 18 200-276 
VVIp31 6-FAM 19 150-220 

After exclusion of those accessions that did not have enough representation in the study set, analysis was carried 
out on set of 180 accessions with three methods. All three methods [hierarchical clustering (Ward method), 
principle coordinate analysis (PCA), and a model-based clustering method implemented in the program 
STRUCTURE] revealed three main groups. Figure 1 presents the results of PCA with three distinct groups and 
Figure 2 presents the groupings revealed by STRUCTURE displayed on a map.  Most of the accessions from the 
Mexican species collections appear to be introgressive hybrids among V. arizonica, V. berlandieri, V. candicans 
(V. mustangensis), V. cinerea var. blancoii, V. girdiana, and V. monticola.  Strong resistance to Pierce’s disease 
occurs in V. arizonica/candicans, V. arizonica/girdiana, and V. arizonica/monticola forms. 

All accessions that are part of this study are being greenhouse-tested summer/fall 2013, and results will be 
available in Fall 2013. The goals of this study are to investigate the phylogeographic diversity of plant material 
collected from Gulf coast states and the southern USA, and determine the relationships between species, Pierce’s 
disease resistance, and the genetic control of that resistance, so that we can better understand the evolution of 

- 204 -



   
  

  
 

 
 

  

resistance and the range of resistance mechanisms and their control. With this information we can more 
effectively combine different resistance sources to achieve more durably resistant plant material. 

Figure 1. Principle Coordinate Analysis constructed with genotypic data from 22 SSR 
markers on 159 accessions using DARWIN software.  Blue represents the V. cinerea-like 
accessions; red the V. aestivalis-like accessions; and green the V. arizonica-like accessions. 
The axis 1 and 2 presents 9.13 and 5.74 percent of the variation, respectively. 

Figure 2. Grouping of accessions revealed by the clustering program STRUCTURE.  The genetic composition of 
each accession is represented as a bar chart with different colors indicating the percentage of different species in these 
hybrid forms.  Yellow represents V. arizonica-like accessions, blue = V. cinerea-like, and red = V. aestivalis-like 
accessions.  It is noted that V. arizonica is complex mix of different species and further analysis only with that group 
separates these species into different clades. 
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To determine the inheritance and nature of resistance of the best forms, we made crosses in 2012 to develop 
breeding lines with four of the most resistant accessions. Small breeding populations were planted in Spring 
2013. In 2013, we made additional crosses to expand the existing populations as well as used four new Pierce’s 
disease resistant accessions to develop breeding populations (Table 4). Seedlings that were generated from the 
2012 crosses were tested with markers and true-to-cross seedlings were transferred to the field. Currently these 
small populations are scheduled for greenhouse testing. All crosses made in 2013 will be evaluated in 2014. 

Table 4. Crosses made in 2013 to develop genetic maps in new accessions from southern USA and Mexico 
germplasm. Crosses 08-319-29 and 08326-61 are female flowered selfed progeny of Zinfandel and Cabernet 
franc, respectively. F2-35 is also female and a cross of Cabernet Sauvignon x Carignane. 
Resistant Source/ 
new or existing 

Geographic Origin - Appearance 
Phenotype 

Pure Vinifera Types used 
in 2013 crosses 

Estimated # 
of Seed 

ANU5 
expands existing 

Littlefield, AZ 
V. girdiana 

Alicante Bouschet 250 

b40-29 
expands existing 

Chihuahua, MX 
V. arizonica 

F2-35 
08319-29 

1250 
2000 

b41-13 
new 

Ciudad Mante, MX 
V. arizonica-mustangensis-champinii 

F2-35 750 

b43-57 
new 

Guadalupe, MX 
V. arizonica-mustangensis-champinii 

Malaga Rosada 
Rosa Minna 

1000 
900 

b46-43 
expands existing 

Big Bend, TX 
V. arizonica glabra-monticola 

08326-61 850 

b47-32 
expands existing 

Big Bend, TX 
V. arizonica glabra-monticola 

F2-35 
08326-61 

1950 
70 

SC36 
new 

San Diego, CA 
V. girdiana 

Palomino 
Grenache 

350 
600 

T03-16 
new 

Lahitas, TX 
V. arizonica 

Palomino 
Grenache 

175 
20 

Objective 4. Complete the physical mapping of PdR1a and PdR1b and initiate the sequencing of bacterial 
artificial chromosome (BAC) clones that carry PdR1a gene candidates (in cooperation with our companion 
resistance gene characterization project). 
We have used three categories of sequences (shotgun reads, fosmid reads, and 454) to work on the BAC clone 
H69J14 that carries the Pierce’s disease resistance gene(s). From the assembly of this sequence, we identified six 
copies ranging from 2Kb to 3.1Kb in the resistance region.  Copies 1 – 4 are 97-99% similar and differ in size 
(potentially tandem repeats of one gene), they were up to 78% similar to the four copies of genes from the Pinot 
noir (PN40024) sequence. We utilized CENSOR software to screen query sequences against a reference 
collection of repeats to generate a report capable of classifying detected repeats. All four PN40024 genes carry 
DNA transposons as well as LTR retrotransposons indicating that the region is quite complex. 

A detailed comprehensive comparison of the H69J14 clone sequence to the PN40024 sequence is not possible due 
to major re-arrangement of repetitive elements between the two genomes, and the presence of gaps in the contigs 
of the H69J14 BAC clone.  We are in the process of using FGS technology, which helps close these gaps.  For 
this purpose, we identified three overlapping BAC sequences (H15B20, H69J14 and H64M16) that span about 
450Kb of the physical sequence.  Complete assembly of this region will allow a more precise comparison to 
susceptible PN40024, which will help identify differences in the expressed and non-expressed regions and help us 
identify the susceptible allele of the PdR1b gene. We have received the partial results of the FGS technology, 
sequence assembly will be carried out when all data is available. 
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CONCLUSIONS 
There are many strong sources of Pierce’s disease resistance in the southwestern Vitis species particularly within 
forms of V. arizonica and V. girdiana.  We are now combining (pyramiding) these forms of resistance to broaden 
the base of Pierce’s disease resistance.  However, we need to combine different forms of resistance not additional 
forms that have the same function. Thus, we are developing genetic maps for several of these resistant plants to 
confirm their resistances map to different locations on the genome.  These efforts lay the groundwork for full 
characterization of these resistance genes and allow the combined resistant phenotype to be identified and 
confirmed with DNA markers. This project does all the marker-assisted selection for our Pierce’s disease 
resistant winegrape breeding program and has enabled our rapid progress.  It also provides the genetic material 
being utilized in our Pierce’s disease resistance gene characterization project, which is now confirming the 
function of PdR1 gene candidates by transforming them into the susceptible V. vinifera cultivar Chardonnay.  The 
function of any new Pierce’s disease resistance candidate genes derived from this mapping project will be 
evaluated through the same process. 
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ABSTRACT 
The Walker lab has identified and cloned candidate Pierce’s disease resistance genes from Vitis arizonica b43-17 
by map-based positional cloning.  In order to understand how these genes evolved and impart resistance, 
functional characterization and complementation by transforming susceptible plants is essential.  We have 
generated five candidate gene constructs, which were used to transform tobacco leaf discs and grape embryogenic 
callus. These tissues were developed to produce transgenic tobacco and grape plants carrying the candidate PdR1 
genes. Transgenic tobacco plants have been tested against Xylella fastidiosa (Xf) in the greenhouse.  Promising 
results have been obtained with two of the candidate genes in tobacco, which displayed significantly reduced 
symptom expression compared to the untransformed controls. Transgenic Chardonnay, Thompson Seedless, and 
St. George grapevines have been produced in vitro. Transgenic Chardonnay plants have been multiplied in the 
greenhouse and are ready to be inoculated with Xf. 

LAYPERSON SUMMARY 
We maintain and characterize many populations while breeding Pierce’s disease (PD) resistant winegrapes, some 
of which have been used to develop genetic maps.  These maps were used to identify genetic markers that are 
tightly linked with Pierce’s disease resistance, and have allowed classical breeding to be greatly expedited 
through marker-assisted selection.  Genetic maps allow the construction of physical maps, which can be used to 
identify resistance genes (Riaz et al., 2008; Riaz et al., 2009).  The physical map of the b43-17 resistance region 
allowed us to identify candidate genes responsible for Pierce’s disease resistance.  Comparisons with plant 
genomes indicated that the gene candidates were in a repeated region and were R genes, which are known to 
recognize microbes and trigger a disease response limiting the pathogen (Bent and Mackey 2007).  We completed 
the cloning of five candidate genes: PdR1b.1, 2, 3, 4, and 5 and confirmed their sequence.  We also developed 
embryogenic callus cultures of Pierce’s disease susceptible Chardonnay and Thompson Seedless and the rootstock 
St. George for genetic transformation to verify candidate Pierce’s disease resistance gene function. PdR1b.1, 2, 3, 
4, and 5 have been genetically engineered into tobacco and grape. Transgenic tobacco plants have been tested 
against Xylella fastidiosa (Xf) in the greenhouse and promising results have been obtained with two candidate 
genes. Transgenic grape plants have been acclimated to greenhouse conditions and are ready for Xf testing. 
Although the current transgenic grape plants were produced using the traditional procedure, we are also testing 
another technique to speed the development of transgenic tissue from meristems that will allow PdR1 gene 
candidates to be tested faster. 

INTRODUCTION 
New cultivars bred to resist Xylella fastidiosa (Xf) infection and subsequent expression of Pierce’s disease (PD) 
symptoms will provide long-term sustainable control of Pierce’s disease.  Disease resistant cultivars can be 
obtained by conventional breeding through the introgression of resistance from Native American species into elite 
Vitis vinifera wine and table grapes.  Another approach is “cisgenesis” – the transformation of elite V. vinifera 
varieties with grape resistance genes and their native promoters, cloned from disease resistant American Vitis 
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species. The cisgenic approach may have a more limited impact on the genome of the elite V. vinifera parent 
since single genes from the Vitis species genome would be added to the elite parent, thus limiting the impact on its 
fruit and wine quality while making it Pierce’s disease resistant. This linkage-drag-free (just the specific 
resistance gene is introduced into a V. vinifera cultivar, not other non-desirable genes from the resistant wild 
species) approach is attractive, and also allows the opportunity to stack additional resistance genes from other 
Vitis sources, even if these genes originate from the same chromosomal position in different species or accessions 
(Jacobsen and Hutten 2006).  The physical mapping of the resistance region from V. arizonica/candicans b43-17, 
PdR1, allowed the identification of potential candidate resistance gene(s).  Preliminary comparisons indicated that 
the PdR1 region contains multiple tandem repeats of the Serine Threonine Protein Kinase with a leucine-rich 
repeats (LRR) domain (STPK-LRR) gene family.  This category of genes belongs to a group involved in plant 
resistance.  Their defense mechanism is based on compounds involved in the recognition of microbe-associated 
molecular patterns (MAMP) like compounds, which initiate a defense response (Bent and Mackey 2007).  In 
order to gain insight and to verify the function of resistance gene(s), cloning and functional characterization is 
required. In this report, we present the progress on the cloning and testing of five candidate resistance genes. 

OBJECTIVES 
1. Cloning, structural analysis, and gene annotation via comparison of the PdR1b locus to the susceptible Pinot 

noir genome sequence using the assembled sequence of the bacterial artificial chromosome (BAC) clone 
H64J14. 

2. Expression studies of candidate genes. 
3. Complementation tests of candidate gene(s) to test their function using: a) Agrobacterium-mediated 

transformation of the susceptible Vitis cultivars (Chardonnay and Thompson Seedless, and the rootstock St. 
George); and b) Transformation of tobacco. 

RESULTS AND DISCUSSION 
Objective 1.  Cloning, structural analysis, and gene annotation via comparison of the PdR1b locus to the 
susceptible Pinot noir genome sequence using the assembled sequence of the BAC clone H64J14. 
A refined genetic map of chromosome 14, which contains the PdR1 locus, was generated from three grape 
mapping populations derived from V. arizonica/candicans b43-17.  The resistance locus segregates as a single 
dominant gene and mapped as PdR1a in the F1 selection 8909-17 and as PdR1b in its sibling F8909-08.  Clone 
H69J14 from a b43-17 BAC library, containing both markers flanking the PdR1b resistance locus, was sequenced 
using 454 sequencing.  Further detailed analysis of the assembled, and unassembled sequences, revealed the 
presence of a high number of transposable elements (TE).  Considering the complexity of this region due to the 
large number of TE tandem repeats, a Fosmid library was generated with an insert size of 35-40kb from the 
H69J14 BAC clone.  The second round of sequencing was performed using fosmid end-sequencing as well as 
shotgun reads. 

The first assembly generated 10 contigs, with a portion of the sequence remaining unassembled.  Analysis of 
assembled and unassembled sequences revealed the presence of four candidate genes, PdR1b.1 – 4, which appear 
to be receptor-like proteins, a class of resistance proteins. The second assembly allowed the identification of two 
new candidate genes and showed that PdR1b.1 was longer than the sequence previously found.  We have 
amplified and confirmed the sequences of five candidate genes PdR1b.1 - 5. PdR1b.1 is the largest gene (3198 
bp), sharing a high degree of homology with PdR1b.2, 3, 4, and 6. PdR1b.5 is significantly different from the 
rest.  It has a kinase domain that suggests it might be involved in Pierce’s disease resistance in combination with 
PdR1b.1 or one of the other candidates. PdR1b.6 will be continued when more flanking sequence information is 
available. 

Objective 2.  Expression studies of candidate genes. 
This objective was covered in last year’s report and data was presented there that demonstrated the gene 
candidates were being expressed in the transgenic tissues and plants. 

Objective 3. Complementation tests of candidate gene(s) to test their function. 
Once the gene constructs are completed, they must be tested to see if they contain the resistance genes. This is 
done by inserting the genes into a susceptible plant and testing to see if the insertion results in resistant plants. 
Currently, the most widely used method for the production of transgenic/cisgenic grapes is based on 
Agrobacterium transformation followed by regeneration of plants from embryogenic callus. We have established 
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cultures of pre-embryogenic callus derived from anthers of V. vinifera Thompson Seedless and Chardonnay and 
the rootstock V. rupestris St. George that have been used for transformation (Agüero et al., 2006). 

PdR1b candidate genes were amplified using Phusion high-fidelity DNA polymerase (Finnzymes), cloned into 
pGEM-T easy vector (Promega) and sequenced at the UC Davis Sequencing Facility.  After sequence verification, 
genes were subcloned into binary vector pCambia 1303 (www.cambia.org) containing the 35S cauliflower mosaic 
virus promoter, the nopaline synthase terminator, and an hptII-selectable marker gene.  PdR1b.1 was also 
subcloned into binary vector pDU99.2215 containing an ntpII-selectable marker gene. The resulting plasmids 
were transformed into disarmed A. tumefaciens EHA105 pCH32 by electroporation and used for transformation of 
Chardonnay, Thompson Seedless, and St. George. 

Pre-embryogenic calli of Thompson Seedless, Chardonnay, and St George transformed with the five candidate 
genes were selected in medium with antibiotics, then subcultured to germination medium for plant regeneration. 
The presence of the genes was checked in some callus through PCR and tested again in plants transferred to the 
greenhouse. For each gene, we expect to produce, at least 10 independent lines that will be subsequently 
propagated clonally to six plants per line and tested under greenhouse conditions. Table 1 shows the number of 
independent lines that have been obtained at present.  Because P2 binary plasmid was the last to be constructed, 
no P2 plants have been produced yet, but several P2 embryogenic callus cultures have developed in selection 
medium and are growing in germination medium.  Chardonnay has the highest number of transgenic lines, some 
of which have been acclimated to greenhouse conditions and multiplied through green cuttings.  Genomic DNA 
was isolated from these plants with DNeasy Plant Mini Kit (Qiagen).  A primer that binds the CaMV 35S 
promoter and a primer that binds the coding region of each PdR1b candidate were used in combination for PCR 
amplification to verify the presence of the transgene. Candidate genes have amplified successfully in all the 
plants transferred to the greenhouse (Figure 1).  These plants were cut back in September and will be inoculated 
with Xf in October 2013. Pierce’s disease resistance analysis will be performed through symptom screening (leaf 
scorch and uneven cane maturation) and ELISA (Krivanek and Walker 2005). 

Table 1. Number of independent lines produced until July 2013; lines in the 
greenhouse are shown in parentheses. 

Chardonnay Thompson 
Seedless St George 

P1 pDU 99.2215 4 (3) 0 0 
P1 pCambia1303 15 (5) 3 13 
P2 pCambia1303 0 0 0 
P3 pCambia1303 20 (5) 2 4 
P4 pCambia1303 13 (5) 2 2 
P5 pCambia1303 17 (5) 8 1 

Tobacco transformation. 
To speed the functional analysis, MS student Carolina Bistue transformed the tobacco variety SR1, which was 
recently demonstrated to be a susceptible host for Xf and is much easier and quicker to transform and test (Francis 
et al., 2008).  Transgenic tobacco plants carrying each candidate gene (9-10 independent lines per gene) were 
produced at the UC Davis Transformation Facility and multiplied in vitro in our lab.  Genomic DNA was isolated 
from plants of each line for PCR amplification to verify the presence of the transgene as described previously. 
All candidate genes amplified successfully with exception of PdR1b.1 sublcloned into pDU99.2215. 

Preliminary experiments conducted to establish the best screening method for tobacco showed that pin-prick 
inoculation of the stem was best when compared to inoculations on the base of leaves, either through pin-prick or 
incision. The plants were pin-prick inoculated two times, one week apart.  Each time, 20 μl of a water suspension 
of the Beringer strain (OD600=0.25), was inoculated on the second or third node on both sides of the stem. 
Symptoms were scored on a 5-point scale and stem tissue was collected and ELISA tested every four weeks 
(Figure 2). 
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Figure 1.  Left to right from top left: Chardonnay embryos growing in germination medium, regenerated 
plantlets growing in vitro, in vitro plants transferred to substrate in greenhouse, transgene detection through 
PCR, green cuttings in mist bed, plants after cut back –will be ready for inoculation in two weeks. 

Transgenic tobacco plants were acclimated to greenhouse conditions for testing against Xf. Figures 3 and 4 show 
the results obtained from the testing of 4-5 lines of all five candidate genes, using five replicates per line.  Two 
additional plants / line were inoculated with water. Untransformed plants were subjected to the same treatments. 
No significant differences were observed in stem Xf counts between untransformed controls and transformed 
plants 12 weeks post inoculation (Figure 3).  However, candidate genes PdR1b.1 and PdR1b.5 displayed 
significantly lower symptoms compared to the untransformed controls (Figures 4 and 5). Other candidate genes 
did not show significant symptom differences with the untransformed control (Figure 4).  Dried leaves at the base 
of water-inoculated plants were scored as Pierce’s disease symptoms although this could be a consequence of the 
water restriction imposed on the plants to facilitate the development of Pierce’s disease 

Figure 2. Schematic representation of tobacco sampling after inoculation. 
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Figure 3. ELISA results for transformed candidate Figure 4. Symptom results for transformed candidate 
genes as well as negative controls (H2O) and positive genes as well as negative controls (H2O) and positive 
controls (UNT). Samples were stem sections collected controls (UNT). 
50 cm above the POI. 

Figure 5. Symptoms 12 weeks post -inoculation for untransformed controls (A) and for plants transformed with 
PdR1b.5 (B). 

PhD student Xiaoqing Xie is screening the transgenic lines by qPCR to ensure transgene expression. Total RNA 
is isolated from grape tissues using a small-scale method based on the RNeasy plant mini kit (Qiagen). Genomic 
DNA contamination is removed using the RNase-Free DNase Set (Qiagen) according to the manufacturer’s 
instructions. DNAse-treated total RNA (3 µg) is reverse transcribed using the SuperScript III First-Strand 
Synthesis System for RT-PCR (Invitrogen).  Expression analysis is conducted by real-time PCR analysis using a 
SYBR Green method on a 7500 Real Time PCR System (Life Technologies).  The expression of each target gene 
is calculated relative to the expression of the housekeeping gene (Nt-Act2; GenBank Accession number X69885) 
using StepOne Software v2.0. The first experiments focused on P1 and P5 expression and resulted in the 
amplification of single products of the expected size, which were confirmed by melt-curve analysis and agarose 
gel electrophoresis. 

Genetic transformation via organogenesis. 
Inoculation with A. tumefaciens of meristematic bulks (MB) is being tested as an alternative transformation 
technique via organogenesis to reduce the time needed to produce transgenic grapes (Mezzetti et al., 2002).  In 
our lab, transgenic plants of Thompson Seedless expressing green fluorescent protein were produced in three 
months using MB and kanamycin as the selective agent.  Based on these results, Thompson Seedless MB slices 
were inoculated with A. tumefaciens carrying PdR1b.5 in pCAMBIA 1303 using three initial levels of 
hygromicin: 5, 10, and 15 µg/ml.  Since no regeneration was produced at any of the concentrations tested, 
experiments assaying 0 µg / ml in the first subculture after inoculation, followed by 2.5 µg /ml hygromicin were 
initiated last January.  This lower hygromicin concentration regenerated two MB out of 50 initial explants that are 
now forming adventitious buds.  These buds will be tested for the presence of the transgene as soon as they 
produce shoots. 

The partial success obtained with the use of hygromicin and the production of MB from Chardonnay and St. 
George have led Xiaoqing Xie to test different hormone ratios to adapt the protocol to these cultivars and study 
the use of different antibiotics.  MS medium augmented with 17.6 µM BA and 0.5 µM NAA resulted in the 
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production of high quality MB of Chardonnay (Figure 6) that will be transformed using vectors provided by the 
Public Intellectual Property Resource for Agriculture (PIPRA) to compare the effect of kanamycin and 
hygromicin as selective agents. Media containing TDZ were unsuccessful with all genotypes.  Higher BA and 
NAA concentrations are being assayed with rootstocks St. George and 101-14. Transformation of pre-
embryogenic cultures or MB via Agrobacterium has been described in previous reports. 

Figure 6. Embryogenic cultures from meristematic bulks of Chardonnay. 

CONCLUSIONS 
The last step in the characterization of a resistance gene is to verify that the isolated gene functions in a host plant. 
This process requires that the gene is transformed into a susceptible host and challenged by the disease agent. We 
have transformed grape and tobacco with five PdR1 candidate genes. Results obtained with Xf inoculations of 
tobacco point to two potential sequences that might be involved in the resistance. We are currently testing the 
transgenic grapes. The classical methods of gene introgression have the disadvantage of potential linkage drag 
(inclusion of unselected genes associated with a trait) and the time required for time-consuming backcrossing and 
simultaneous selection steps. Cisgene micro-translocation is a single-step gene transfer without linkage drag. 
Such engineering techniques also provide a possible means of stacking resistance genes in existing winegrape 
varieties 
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ROOTSTOCK EFFECTS ON THE PROGRESSION OF PI ERCE’S DISEASE SYMPTOM 
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Reporting Period: The results reported here are from work conducted May 2012 to October 2013. 

ABSTRACT 
Rootstocks are utilized to reduce the incidence and severity of root-associated diseases. However, the ability of 
rootstocks to limit the progression of stem-afflicting diseases has not been studied extensively. Rootstocks 
potentially could slow progression of scion-afflicting diseases such as Pierce’s disease, which is caused by 
infection by Xylella fastidiosa (Xf).  In this experiment, greenhouse-grown Chardonnay or Cabernet Sauvignon 
grapevines were grafted to a variety of different rootstocks and infected with Xf. Pierce’s disease symptoms and 
Xf titers were assessed six months later. Chardonnay grafted to Freedom or Salt Creek (Ramsey) rootstocks had 
reduced disease severity compared to Chardonnay grafted to RS-3 or Schwarzmann.  Cabernet Sauvignon grafted 
to 1103 Paulsen, 101-14 Millardet et de Grasset, 3916, 420A, or Schwarzmann had reduced Pierce’s disease 
severity compared to 110 Richter, 5BB Kober, or SO4.  Chardonnay grafted to RS-3 had greater Xf titer than 
Chardonnay grafted to 101-14 Millardet et de Grasset, Freedom, or Salt Creek. No other significant differences in 
Xf titers were observed. Although reductions in disease severity were not always consistent between cultivars 
(Schwarzmann), certain rootstocks were considered promising for reduced Pierce’s disease symptom progression 
(101-14 Millardet et de Grasset and Salt Creek). In order to observe the potential mechanism for reduced 
symptom development, phenolic compounds were analyzed within scion xylem sap.  However, with the exception 
of caftaric acid (greater levels in rootstocks with fewer Pierce’s disease symptoms) and quinic acid (positively 
associated with Pierce’s disease symptoms), no consistent relationships between constitutive or induced phenolic 
levels and Pierce’s symptoms were found.  Field studies would be necessary to observe whether or not rootstocks 
can consistently slow the development of Pierce’s disease. 
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SUBSTRATE-BORNE  VIBRATIONAL  SIGNALS  IN  INTRASPECIFIC  COMMUNICATION  OF  THE


GLASSY-WINGED  SHARPSHOOTER
	
	

	

Principal Investigator: 
Rodrigo Krugner 

Co-Principal Investigator: 
Valerio Mazzoni 

Collaborator: 
Rachele Nieri 

San Joaquin Valley Agric. Sci. Ctr Fondazione Edmund Mach (FEM) FEM and Dept. of Biology 
USDA ARS Research and Innovation Center University of Florence 
Parlier, CA 93648 San Michele all'Adige, 38010 TN, Italy Sesto Fiorentino, 50019 FI, Italy 
rodrigo krugner@ars.usda.gov valerio mazzoni@fmach.it rachele nieri@fmach.it 

Reporting Period: The results reported here are from work conducted July 1, 2014 to October 1, 2014. 

ABSTRACT 
Exploitation of vibrational signals for suppressing glassy-winged sharpshooter (GWSS) populations could prove 
to be a useful tool. However, existing knowledge on GWSS vibrational communication is insufficient to 
implement a management program for this pest in California. Therefore, the objective of this study is to identify 
and describe substrate-borne signals associated with intraspecific communication of GWSS. Sound and video 
recordings of male and female GWSS on plants revealed a complex series of behaviors linked to vibrational 
signals that lead to mating. Data are currently being analyzed to characterize the spectral and temporal features of 
signals such as frequency span, dominant frequency, intensity, and pulse repetition time. 

LAYPERSON SUMMARY 
The goal of this research project is to describe and characterize vibrational signals used in glassy-winged 
sharpshooter (GWSS) intraspecific communication. A substantial amount of research on other leafhopper species 
has shown that individuals communicate solely by substrate-borne vibrational signals. To our knowledge, 
vibrational communication in GWSS has not been investigated in detail. Fundamental understanding of these 
factors is important for achieving our deliverable: a new management strategy to suppress GWSS populations and 
Pierce’s Disease incidence. 

INTRODUCTION 
Epidemiological models suggest that vector transmission efficiency, vector population density, and the number of 
plants visited per vector per unit time are key factors affecting rates of pathogen spread (Jeger et al. 1998). 
Measures to reduce glassy-winged sharpshooter (GWSS) population density in California include an area-wide 
insecticide application program and release of natural enemies. Despite such efforts, geographic distribution of 
GWSS continues to expand. Chemical control of GWSS in urban areas, organic farms, and crops under integrated 
pest management programs is problematic because insecticides are ineffective, not used, or incompatible with 
existing practices, respectively. Thus, long-term suppression of GWSS populations will rely heavily on novel 
methods. 

In leafhoppers, mate recognition and localization are mediated exclusively via substrate-borne vibrational signals 
transmitted through the plant. Exploitation of attractive vibrational signals for trapping leafhoppers or disrupting 
mating, as well as excluding pests via emission of repellent signals have been considered, but not yet 
implemented in commercial agricultural landscapes (Polajnar et al. 2014). In Florida, an experimental prototype 
of a microcontroller-buzzer system attracted the Asian citrus psyllid, Diaphorina citri, to branches of citrus trees 
by playback of insect vibrational signals (Mankin et al. 2013). Recently, small-scale field studies on mating 
disruption of leafhoppers via playback of vibrational signals through grapevines have demonstrated promising 
results. Specifically, electromagnetic shakers attached to wires used in vineyard trellis successfully disrupted 
mating of Scaphoideus titanus, vector of the grapevine disease Flavescence dorée in Europe (Eriksson et al. 
2012). Exploitation of attractive and/or repellent signals for suppressing GWSS populations could prove to be a 
useful tool. However, existing knowledge on GWSS vibrational communication is insufficient to implement a 
management program for this pest in California. 

OBJECTIVES 
1.		 To identify and describe substrate-borne signals associated with intraspecific communication of GWSS in the 

context of mating behavior. 
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RESULTS AND DISCUSSION 
This research project is being conducted at the USDA-ARS San Joaquin Valley Agricultural Sciences Center 
(SJVASC) in Parlier, California. Discovery in the GWSS behavioral analyses has been bioassay-driven and 
focused on the identification of signals that initiate natural responses to conspecifics. Insects being used in the 
experiments are obtained from colonies maintained year-round at the SJVASC. Briefly, late-instar GWSS 
obtained from colonies are separated by gender in cages to generate virgin adult individuals. Only reproductively 
active females are being used in the recordings. 

A series of laboratory studies are being conducted to describe vibrational signals used in GWSS communication. 
First, virgin males and females are placed on host plants individually to identify common and unique signals 
produced by each gender. Second, males and females are paired on host plants to identify signals used in 
advertisement and species recognition, male-female duetting that result [or not] in oriented movement of one 
individual to another, and courtship. Third, groups of individuals (males and females together and males and 
females separately) are placed on plants to identify potential rivalry or distress signals. Insects are monitored via 
video surveillance. Vibrational signals produced by individuals are recorded and measured using a laser 
vibrometer (NLV-2500, Polytec) and associated softwares (e.g. Raven, Adobe Audition). Recorded signals have 
been digitized with 44.1 kHz sample rate and 16 bits resolution. Data from vibrometry are currently being 
analyzed to characterize the spectral and temporal features of signals such as frequency span, dominant frequency, 
intensity, and pulse repetition time. Data are analyzed using a window size of 512 samples (124 Hz). Recorded 
signals are used to perform playback experiments conducted with an electrodynamic mini-shaker (Type 4810, 
Brüel & Kjær) driven by a computer, where individuals are stimulated with selected signals transmitted to host 
plants. Together with video analysis, the role of specific signals in GWSS intra- and inter-gender communication 
are being assessed to identify signals capable of influencing GWSS behavior for applicative purposes (e.g., 
disruption of mating communication, attraction). 

Two different types of GWSS male calls are described in this report: MC1 and MC2 (Table 1). MC1 has two 
distinct parts, whereas MC2 has three distinct parts. In MC2, the first part consists of two or more pulses of 
comparatively high amplitude. The second part is a modulated signal with dominant frequency within 300 Hz and 
the third part is a train of pulses with variable length and constant amplitude (Figure 1a). The amplitude ratio 
among the three parts is variable, but the first part has always the highest intensity. MC1 is similar to MC2, except 
for the absence of the first part of the signal (Table 2). A female alone on the plant emitted only one type of 
signal (FC) with high variability in length. FC is a modulated signal characterized by low frequency. Amplitude 
peaked in the middle of the call (Figure 1b). Recordings of a virgin male and female placed together on the plant 
revealed a complex series of behaviors linked to vibrational signals that lead to mating, or not. Prior to mating, 
male and female communication ranges between 6 min to hours. In the example described here, a duet was 
established after the male replied to the female signal (Figure 2). After the duet was established, the male began 
searching for the female on the plant by alternating a walking behavior and short stops to emit additional signals; 
likely to maintain communication with the female. The female remained on the same the position on the plant 
during the mate finding process. Mating began a few minutes after the male found the female. The couple 
remained in copula for more than six hours. After mating, the female was kept individually on a new plant until 
fertility was confirmed by deposition of fertilized eggs. 

CONCLUSIONS 
The project is providing a detailed description of GWSS vibrational communication signals that are relevant for 
management of Pierce’s disease. In the context of GWSS reproduction, descriptions are aiding identification of 
signals that influence mate recognition, finding, choice, and/or acceptance behaviors. These include signals 
produced by individuals in duets, trios, and quartets. Outside the context of reproduction, competitive or 
cooperative interactions may arise to facilitate access to feeding sites. These potential interactions may be 
mediated by signals used to repel or attract (e.g., aggregational signals) conspecifics to feeding sites. Finally, the 
research project will provide practical recommendations on the exploitation of GWSS vibrational communication 
as a novel method to suppress GWSS populations under field conditions. 

- 3 -



 
  

  
 

    

Table 1. Acoustic parameters of GWSS signals. Pulse repetition time (PRT) is the ratio between the length of the phase call 
and the number of pulses composing the phase call. MC1 is a male call without part 1, MC2 is a male call with part 1, and FC 
is a female call. Data are expressed as (mean ± st. dev.) when more than one signal was present, as in the duet, or more pulses 
of the same part of male’s call were analyzed. 

Signal Part Length (s) Dominant 
frequency (Hz) 

Number of 
pulses PRT 

1 0.55 86.10 ± 0.00 6 0.09 
Individual male 2 0.80 172.30 
call 3 1.70 119.62 ± 43.24 18 0.09 

total 3.05 
Individual female 2.67 172.30 

MC1 2 0.92 ± 0.07 86.10 ± 0.00 

Male and female 
paired on plant 
(duet) 

MC2 
3 
1 

0.74 ± 0.73 
0.40 

91.49 ± 21.55 
86.10 ± 0.00 

7.50 ± 6.36 
2 

0.09 
0.20 

2 0.82 86.1 
3 1.14 100.46 ± 49.74 12 0.09 

FC 1.73 ± 0.41 86.1 ± 0.0 

Figure 1. Oscillogram (above) and spectrogram (below) of a male (a) and a female (b) GWSS alone on the plant. 
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Table 2. Relative amplitude of male and female vibrational signals. Signals were recorded when male and female were 
together (duet) and alone on the plant. Amplitude is expressed as a relative measure, where the value 1 was assigned to the 
beginning of the signal. MC1 is a male call without part 1 and MC2 is a male call with part 1. 

Female signal Male signal 
Position Alone With male (duet) Part Alone With female (duet) 

MC1 MC2 
Start 1.00 1.00 1.00 1.00 1 1.00 - - 1.00 

Middle 4.19 4.74 1.27 3.36 2 0.12 1.00 1.00 0.37 
End 3.25 4.18 1.41 3.30 3 0.77 8.57 0.88 0.23 

Figure 2. Duet of a male and female GWSS. Female call (FC) followed by a two-part male call (MC1). The third female
	
call at about 8 seconds into the duet was followed by a three-part male call (MC2). Male and female mated shortly
	
thereafter.
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MULTIPLE,  STOCHASTIC  FACTORS  CAN  DETERMINE  ACQUISITION  SUCCESS
	
	
OF THE  FOREGUT-BORNE  BACTERIUM, XYLELLA  FASTIDIOSA,
	
	

BY  A  SHARPSHOOTER  VECTOR 
	

Principal Investigator: 
Elaine A. Backus 

Co-Principal Investigator: 
Elizabeth E. Rogers 

San Joaquin Valley Agric. Sci. Ctr San Joaquin Valley Agric. Sci. Ctr 
USDA ARS USDA ARS 
Parlier, CA 93648 Parlier, CA 93648 
elaine.backus@ars.usda.gov elizabeth rogers@ars.usda.gov 

Reporting Period: The results reported here are from work conducted October 2013 to September 2014. 

ABSTRACT 
Xylella fastidiosa (Xf) is a phytopathogenic foregut-borne bacterium whose vectors are sharpshooter leafhoppers. 
Despite several decades of study, the mechanisms of transmission (acquisition and inoculation) of Xf still are not 
fully understood. Studies of the inoculation mechanism depend upon reliable and consistent acquisition of the 
bacteria by test sharpshooters. Reliability of acquisition was recently improved by development of an in vitro 
method, using artificial diets in parafilm feeding sachets to deliver bacteria to sharpshooters. However, while in 
vitro acquisition is more controlled than acquisition from plants, the number of bacteria acquired from diets by 
individual sharpshooters is still highly variable. The effects of several underlying factors were assessed in an 
attempt to improve the consistency of in vitro acquisition methods. Blue-green sharpshooters, Graphocephala 
atropunctata, were allowed a 3 – 4 h acquisition access period on diets housing Xf ‘Temecula’ or control, plain 
diets. Insects then were removed from the diets and caged for a 10-day multiplication period, in groups of 20 on 
small (8 – 10 cm tall) Chardonnay grapevines. Sharpshooter heads were dissected and tested using qPCR to 
determine the number of bacterial genomes in each head. Experimental factors such as: 1) duration of bacterial 
culture, 2) age and 3) gender of sharpshooters were correlated with the number of bacterial cells detected in the 
sharpshooter heads. Results suggest that acquisition of Xf from diets can be made more reliable and consistent by 
standardizing the three factors listed above. Improving the reliability and consistency of Xf acquisition will 
facilitate future experiments using electropenetrography (EPG) to determine whether insects with and without 
acquired bacteria feed differently on resistant and susceptible grapevines. Ultimately, this research aims to 
improve host plant resistance to Xf by selecting grapevines resistant to inoculation of the bacterium by the vector. 

FUNDING AGENCIES 
Funding for this project was provided by the USDA Agricultural Research Service, appropriated project 5302-
22000-010D. 

- 6 -

mailto:rogers@ars.usda.gov
mailto:elaine.backus@ars.usda.gov


  

       
       

    

  

  

             

            
            

              
            

               
                  

              
         

         
                

               
           
                
                

 

 
              


	

	


	

A NEW PARADIGM FOR VECTOR INOCULATION OF XYLELLA FASTIDIOSA:
	
DIRECT EVIDENCE OF EGESTION AND SALIVATION SUPPORTS THAT
	

SHARPSHOOTERS CAN BE “FLYING SYRINGES”
	

Principal Investigator: 
Elaine A. Backus 

Co-Principal Investigator: 
Holly J. Shugart 

Co-Principal Investigator: 
Elizabeth E. Rogers 

San Joaquin Valley Agric. Sci. Ctr Department of Entomology San Joaquin Valley Agric. Sci. Ctr 
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Parlier, CA 93648 Lake Alfred, FL 33850 Parlier, CA 93648 
elaine.backus@ars.usda.gov 

Co-Principal Investigator: 
J. Kent Morgan 

Co-Principal Investigator: 
Robert Shatters 

U.S. Horticultural Research Lab U.S. Horticultural Research Lab 
USDA ARS USDA ARS 
Fort Pierce, FL 34945 Fort Pierce, FL 34945 

Reporting Period: The results reported here are from work conducted April 2011 to September 2014. 

ABSTRACT 
Despite nearly 70 years of research, the inoculation mechanism of Xylella fastidiosa (Xf) by its sharpshooter 
vectors remains unproven. Xf is unique among insect-transmitted plant pathogens because it is propagative but 
non-circulative, adhering to and multiplying on the cuticular lining of the anterior foregut. Thus Xf is termed 
“foregut-borne.” A non-circulative mechanism for inoculation of Xf must explain how bacterial cells exit the 
vector’s stylets via the food canal and directly enter the plant. A combined egestion-salivation mechanism has 
been proposed to explain these unique features. Egestion is the putative outward flow of fluid from the foregut via 
hypothesized bidirectional pumping of the cibarium (part of the foregut). The present study traced green 
fluorescent protein-expressing Xf or fluorescent nanoparticles acquired from artificial diets by glassy-winged 
sharpshooters, Homalodisca vitripennis, as they were egested into simultaneously secreted saliva. Xf or 
nanoparticles were shown to mix with gelling saliva to form fluorescent deposits and salivary sheaths on artificial 
diets, providing the first direct, conclusive evidence of egestion by any hemipteran insect. Therefore, the present 
results strongly support an egestion-salivation mechanism of Xf inoculation. Evidence also suggests an additional 
model for inoculation: a column of fluid, potentially containing suspended bacteria, may be held in the foregut 
during the vector’s transit from plant to plant. Thus, sharpshooters could be true “flying syringes,” a new 
paradigm for Xf inoculation. 

FUNDING AGENCIES 
Funding for this project was provided by the USDA Agricultural Research Service, appropriated project 5302-
22000-010D. 
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EXPLORING  GLASSY-WINGED  SHARPSHOOTER  MICROBIOTA  USING  DEEP 16S  rRNA


SEQUENCING  FROM  INDIVIDUAL  INSECTS 
	

	

Principal Investigator: 
Elizabeth E. Rogers 
San Joaquin Valley Agric. Sci. Ctr 
USDA  ARS 
Parlier, CA 93648 
elizabeth.rogers@ars.usda.gov 

Co-Principal Investigator: 
Elaine A. Backus
	
San Joaquin Valley Agric. Sci. Ctr
	
USDA ARS
	
Parlier, CA 93648
	
elaine.backus@ars.usda.gov
	

Reporting Period: The results reported here are from work conducted September 2012 to September 2014. 

ABSTRACT 
The glassy-winged sharpshooter (GWSS) is an invasive insect species that transmits Xylella fastidiosa (Xf), the 
bacterium causing Pierce’s disease of grapevine and other leaf scorch diseases. Xf has been shown to colonize the 
anterior foregut (cibarium and precibarium) of sharpshooters, where it may interact with other naturally-occurring 
bacterial species. To evaluate such interactions, a comprehensive list of bacterial species associated with the 
sharpshooter cibarium and precibarium is needed. Here, a survey of microbiota associated with the GWSS 
anterior foregut was conducted. Ninety-six individual GWSS, 24 from each of four locations (Bakersfield, CA; 
Ojai, CA; Quincy, FL; and a laboratory colony), were characterized for bacteria in dissected sharpshooter cibaria 
and precibaria by amplification and sequencing of a portion of the 16S rRNA gene using Illumina MiSeq 
technology. An average of approximately 150,000 sequence reads were obtained per insect. The most common 
genus detected was Wolbachia; sequencing of the Wolbachia ftsZ gene placed this strain in supergroup B, one of 
two Wolbachia supergroups most commonly associated with arthropods. Xf was detected in all 96 individuals 
examined. By multilocus sequence typing, both Xf subspecies fastidiosa and subspecies sandyi were present in 
GWSS from California and the colony; only subspecies fastidiosa was detected in GWSS from Florida. In 
addition to Wolbachia and Xf, 23 other bacterial genera were detected at or above an average incidence of 0.1%; 
these included plant-associated microbes (Methylobacterium, Sphingomonas, Agrobacterium, and Ralstonia) and 
soil- or water-associated microbes (Anoxybacillus, Novosphingobium, Caulobacter, and Luteimonas). Sequences 
belonging to species of the family Enterobacteriaceae also were detected but it was not possible to assign these to 
individual genera. Many of these species likely interact with Xf in the cibarium and precibarium. 

FUNDING AGENCIES 
Funding for this project was provided by the USDA Agricultural Research Service, appropriated project 5302-
22000-010-00D. 
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EFFECTS  OF  FEEDING  ON  GLASSY-WINGED  SHARPSHOOTER  LIPID  CONTENT
	
	
AND  EGG  PRODUCTION
	
	

Principal Investigator: 
Mark Sisterson 
San Joaquin Valley Agric. Sci. Ctr 
USDA ARS 
Parlier, CA 93648 
mark.sisterson@ars.usda.gov 

Co-Principal Investigator: 
Christopher Wallis 
San Joaquin Valley Agric. Sci. Ctr 
USDA ARS 
Parlier, CA 93648 
christopher.wallis@ars.usda.gov 

Co-Principal Investigator: 
Drake Stenger 
San Joaquin Valley Agric. Sci. Ctr 
USDA ARS 
Parlier, CA 93648 
drake.stenger@ars.usda.gov 

Reporting Period: The results reported here are from work conducted June 2013 to the present. 

ABSTRACT 
Glassy-winged sharpshooter (GWSS) females emerge without mature eggs and females must feed to produce 
mature eggs. As a result, allocation of incoming resources must be balanced between egg production and 
maintenance of other critical biological functions. Central to this process is allocation of lipids stored in the fat 
body. Insect eggs are comprised of 16-40% lipid, which typically originate from the fat body. Lipids from the fat 
body also serve as an energy source during periods of starvation and may be mobilized during periods of 
sustained flight. To improve understanding of basic biological factors affecting GWSS egg production, effects of 
feeding on GWSS lipid content and egg production were assessed. Females were field collected and given a four-
day oviposition period on sorghum to reduce variance in egg load among females. After the oviposition period on 
sorghum, females were divided into four groups. Females from the first group were frozen to provide an estimate 
of female egg load and lipid content at start of feeding assays. Females in the remaining three groups were 
allowed to feed on cowpea until approximately 12, 25, or 50 ml of excreta was produced. After producing the 
designated quantity of excreta, females were dissected to determine egg load. Mature eggs were separated from 
the body and dry weights of eggs and bodies (head, thorax, and abdomen) obtained. Lipid content of eggs and 
bodies were determined using a quantitative colorimetric assay. Dry weight and lipid content of GWSS bodies 
increased rapidly with low levels of feeding, but decelerated with additional feeding. In contrast, dry weight and 
quantity of lipid allocated to eggs increased slowly with low levels of feeding, but accelerated with additional 
feeding. Accordingly, egg production was preceded by an increase in body dry weight and body lipid content. 
Likewise, allocation of resources to the body decreased as resources were shifted to egg production. Collectively, 
the results suggest that variation in the rate of egg production among GWSS females partially may be explained 
by availability of lipid reserves at start of a feeding bout. 

FUNDING AGENCIES 
Funding for this project was provided by the USDA Agricultural Research Service, appropriated project 5302-
22000-010-00D. 
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THE RIVERSIDE COUNTY GLASSY-WINGED SHARPSHOOTER PROGRAM
	
IN THE TEMECULA VALLEY
	

Principal Investigator: 
Matt Daugherty 
Department of Entomology 
University of California 
Riverside, CA 92521 
matt.daugherty@ucr.edu 

Researcher: 
Diane Soto
	
Department of Entomology
	
University of California
	
Riverside, CA 92521
	
diane.soto@ucr.edu
	

Reporting Period: The results reported here are from work conducted November 2013 to October 2014. 

ABSTRACT 
For approximately 15 years Temecula Valley has been part of an area-wide control program for an invasive 
vector, the glassy-winged sharpshooter (Homalodisca vitripennis; GWSS). The goal of this program is to limit 
Pierce’s disease spread by suppressing vector populations in commercial citrus, an important reproductive host for 
this insect, before they move out into vineyards. To achieve effective GWSS control, late spring applications of 
the systemic insecticide imidacloprid to citrus have been made in years past. As part of this treatment program 
there is ongoing monitoring of GWSS populations to ensure that the treatments are effective. Notably, starting last 
year, reimbursements to citrus growers were not made. As a result, over the past two seasons, apparently no 
Temecula Valley citrus acreage was treated specifically for GWSS – the consequences of which are not well 
understood. Approximately 140 yellow sticky traps were inspected on a biweekly basis throughout 2014 to 
monitor GWSS in citrus. The results show a typical phenology for this pest in the region, with a total of 
approximately 480 GWSS caught during the summer peak (July through September). Overall GWSS catch was 
intermediate this year - modest compared to the highest years (2008, 2009) but slightly higher than the lowest 
years (e.g., 2010, 2011). 

LAYPERSON SUMMARY 
The glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) constitutes one of the primary threats to the 
wine, table grape, and raisin industries in California owing to its ability to spread a pathogen that causes Pierce’s 
disease. In the Temecula Valley, an area-wide control program has been in place for more than 10 years, which 
relies on insecticides application in citrus groves to control GWSS before they move into vineyards. This program 
is viewed as critical for reducing the disease spread in vineyards. As part of the control program, citrus groves are 
monitored regularly for GWSS. This year, despite no insecticide applications being made to target GWSS, GWSS 
catch in Temecula was relatively modest; intermediate between very high years such as 2008 and very low years 
such as 2010 and 2011. 

INTRODUCTION 
The winegrape industry and its connecting tourist industry in Temecula valley generate $100 million in revenue 
for the economy of the area. Following the invasion of the glassy-winged sharpshooter (GWSS) into Southern 
California from the Southeastern U.S., a Pierce’s disease outbreak occurred. This outbreak resulted in a 30% loss 
in overall vineyard production over a few years, with some vineyards losing 100% of their vines during the initial 
years of the outbreak. An area-wide GWSS management program initiated in the spring of 2000 saved the 
industry from even more dramatic losses. Since the initiation of the Temecula GWSS area-wide management 
program several hundred new acres of grapes have been planted and multiple new wineries have been built. 
GWSS has the potential to develop high population densities in citrus. Fortunately, GWSS is also highly 
susceptible to systemic insecticides such as imidacloprid. Insecticide treatments in citrus groves, preceded and 
followed by trapping and visual inspections to determine the effectiveness of these treatments, are needed to 
manage this devastating insect vector and disease. 

As part of the area-wide treatment program, monitoring of GWSS populations in citrus has been conducted since 
program inception. This monitoring data is needed to guide treatment decisions for citrus, to evaluate the efficacy 
of the treatments, and to guide vineyard owners, PCAs, and vineyard managers on the need for supplementary 
vector control measures within vineyards. 

In the spring of 2008, 120 acres of citrus were identified and were treated for GWSS control in Temecula. In July, 
2008, Temecula GWSS trap catches reached over 2,000. This was the highest number of GWSS trapped since the 
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area-wide program was initiated. Because of the phenology of GWSS, the summer citrus culture, and the 
peculiarities of the uptake of the systemic insecticide imidacloprid it was decided that treatments in citrus in July 
would not adequately reduce GWSS populations. Therefore, insecticide applications to control GWSS for the last 
two years were initiated in May 2011 and May-June 2012. Monitoring data suggest fairly robust control of GWSS 
using that treatment timing. 

In 2013, the decision was made by state and federal regulators not to reimburse citrus growers for insecticide 
applications intended to target GWSS in the Temecula Valley. The effect this policy change might have on risk of 
disease spread is not known. Therefore, monitoring of sharpshooter populations is especially critical, to determine 
whether GWSS populations, which already show substantial interannual variability, appear to be rebounding. 

OBJECTIVES 
1.		 Regularly monitor GWSS populations in citrus groves throughout the Temecula Valley to evaluate the 

effectiveness of prior insecticide applications and to provide a metric of Pierce’s disease risk for grape 
growers. 

2.		 Disseminate a newsletter for stakeholders on sharpshooter seasonal abundance in citrus throughout the region. 

Double-sided yellow-sticky cards (14x22 cm; Seabright Laboratories, Emeryville, CA) are being used to monitor 
for adult sharpshooters in citrus. 137 such sticky traps have been placed in citrus groves throughout the Temecula 
Valley. All traps are labeled, numbered, and barcoded to identify the site within the management program. Each 
trap is then georeferenced with a handheld GPS monitor. Most traps are placed at the edge of the groves at the rate 
of approximately 1 per 10 acres. Traps are attached with large binder clips to wooden stakes around the perimeter 
of the grove, and in large groves traps are also placed in the interior. The total number of traps depends on the size 
of the orchard block. Sharpshooters found on the traps are counted and then removed from the trap. 

The yellow cards are inspected and replaced every two weeks during the summer and fall (May through October) 
and monthly the rest of the year. At each inspection the number of adult GWSS and smoke-tree sharpshooters 
(Homalodisca liturata) are recorded, and the abundance of common generalist natural enemy taxa. 

After collecting all data for a given sharpshooter census date, these data are collated into a newsletter that shows 
the number of sharpshooters caught, where they were caught, and the seasonal phenology of sharpshooter 
populations to date. This newsletter is disseminated to stakeholders via e-mail and on a blog hosted by UC 
Riverside’s Center for Invasive Species Research (http://cisr.ucr.edu/temeculagwss/). 

RESULTS AND DISCUSSION 
The results for 2014 are shown in Figure 1. This includes monthly censuses of GWSS in citrus through April, 
then biweekly censuses from May through October. Census results show seasonal patterns of GWSS abundance 
and activity that are typical for this region. GWSS catch is low for much of the year; it increases dramatically at 
the beginning of the summer and then drops off through August and September. As of early-October, GWSS 
populations appear to have declined substantially. 

Figure 2 shows the GWSS catch in 2014 relative to other years. 2014 shows qualitatively the same seasonal 
phenology as in other years, with a moderate overall catch compared to others (i.e. 2008). 
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Figure 1. Seasonal total GWSS catch in 2014 for 137 traps throughout the Temecula Valley.
	

Figure 2. Seasonal total GWSS catch in the Temecula Valley from 2008-2014. 
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	CONCLUSIONS
	
The results for 2014 continue to suggest that there is no clear evidence of a GWSS resurgence in the Temecula 
Valley region. At least some of the explanation may be because of the potential for treatments made for another 
invasive insect, the Asian citrus psyllid (Diaphorina citri), which is controlled primarily via the same classes of 
insecticides as are used for GWSS. Although the recommended treatment timings are slightly different for ACP 
versus GWSS, applications made for its control may aid somewhat with GWSS control. 

FUNDING AGENCIES 
Funding for this project was provided by the USDA Animal and Plant Health Inspection Service, and the CDFA 
Pierce’s Disease Control Program. 
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ABSTRACT 
RNA interference (RNAi) in insects is a gene regulatory process that also plays a vital role in the maintenance and 
regulation of host defenses against invading viruses (1, 2). The application of RNAi directed toward the control of 
different types of insect plant pests is becoming more feasible and promising (3, 4). RNAi has already been used 
in various pest insect systems, both for reverse genetics and insect control. In our efforts, we were able to induce 
RNAi effects in the glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) in vitro and evaluated 
different in vivo plant-based approaches to test RNAi in GWSS and other leafhopper vectors of Xylella fastidiosa 
(5, 6). RNAi is already used in commercial agriculture for plant virus control, and the recent publications 
demonstrate the experimental success with different plant-feeding insects (7, 8). Here we report our ongoing 
efforts at using RNAi for GWSS. 

LAYPERSON SUMMARY 
This work presents fundamental efforts towards understanding the feasibility of applying RNA interference 
(RNAi) to help combat Pierce’s disease of grapevines. Pierce’s disease is a significant threat to grape production 
in California and other parts of the U.S., and the causal agent, Xylella fastidiosa (Xf), a xylem-limited bacterium, 
also causes several other extremely important plant diseases worldwide. Our effort here does not directly target 
Xf, but instead targets one of its most significant insect vectors, the glassy-winged sharpshooter (Homalodisca 
vitripennis; GWSS). 

We focused our recent efforts on evaluating transgenic potato plants (constitutive and spatial expression of 
transgenes) to evaluate their potential for inducing RNAi effects in GWSS, and for identifying optimal RNAi 
inducer delivery systems. Potatoes are easier and faster to transform and regenerate than grapes, and the GWSS 
feeds readily on these plants, thus, they are a good model herbaceous plant for our RNAi studies. More 
importantly, we were able to compare different transgenic events resulting from the use of different promoters for 
GWSS survival and gene expression reduction. 

INTRODUCTION 
Our primary objectives are to evaluate and demonstrate effective RNA interference (RNAi) activity against the 
glassy-winged sharpshooter (Homalodisca vitripennis; GWSS). We envision that RNAi approaches can be part of 
long term strategies to help control GWSS and other sharpshooter vectors of Xylella fastidiosa, the causal agent of 
Pierce’s disease of grapevines. We used in vitro and in vivo approaches towards the goal of achieving RNAi in 
GWSS. In particular, our in vivo approaches involve the generation of stable transgenic potato plants using the 
constitutive, non-tissue-specific CaMV 35S promoter, and a Eucalyptus gunii minimal xylem-specific promoter 
(Ecad) to control the spatial expression of candidate interfering RNAs in plants. We have demonstrated through 
RT-PCR analysis the ability of stable transgenic plants to express the transgene, and tested their ability to 
generate small RNAs through small RNA northern blots (previous reports). In our previous report, we have 
shown GWSS mortality and target mRNA level reduction in constitutively expressing GWSS-actin and GWSS-
chitin deacetylase potato transgenic plants. Spatial gene expression of the Ecad promoter was verified through the 
GUS gene expression in vivo in the transgenic potato plants. Encouraged by the results of GUS transgene 
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expression in the xylem tissues of potato transgenic plants (spatial restriction of the transgene), we also developed
the transgene constructs for GWSS-chitin deacetylase driven by xylem expressing, Ecad promoter to generate
small RNAs specific for GWSS mRNAs in hopes of expressing these mostly in the xylem, and generated stable
transgenic lines in potatoes. We were successful in generation of transgenic plants that produce small RNAs for
GWSS chitin deacetylase. In the present reporting period, we tested and compared the ability of different
transgenic potato plants (expressing GWSS chitin deacetylase RNAs) to induce the RNAi in GWSS insects (third
instars). Further we were also able to understand the forms of RNA that were present in the stable transgenic
potato plants.

We have made considerable progress during the past funding periods and have completed our objectives that we
proposed for this grant period. We have published three new refereed journal articles (Nandety et al., 2013;
Kamita et al., 2013 and Nandety et al., 2014) and are working on one manuscript. We have also presented an oral
talk at International conference Plant and Animal Genome in San Diego, (Nandety et al., 2014).

OBJECTIVES
Our primary and sub-objectives are:
To assess the effectiveness of GWSS hairpin RNA transgenic plants against GWSS mRNA accumulation and
insect fecundity, survival and development.

A. Temporal and spatial analysis of GWSS mRNA targeting.
B. Assessing RNAi effects on GWSS fecundity, development and survival.

RESULTS AND DISCUSSION
Objective A. Temporal and spatial analysis of GWSS mRNA targeting.
In order to generate dsRNAs (and siRNAs) against GWSS chitin deacetylase and GWSS actin, corresponding
cDNAs were cloned into a Gateway-compatible binary vector pCB2004B under the 35S and Ecad promoters
respectively (Table 1). Stable plant transformation with binary vectors for 35S-GWSS chitin deacetylase, 35S-
GWSS actin, Ecad-GUS, Ecad-GWSS chitin deacetylase and 35S-GFP was done via recharge at the UC Davis
Ralph M. Parsons plant transformation facility (http://ucdptf.ucdavis.edu/). Wild-type potato (Desiree) were used
as the control plants for all experimental purposes.

We screened the transgenic potato plants for insert composition and showed the presence of the transgenes
respectively. We previously reported the expression of GWSS chitin deacetylase and GWSS actin transgene-
associated small RNAs in potato plants, expressing these anti-GWSS transgenes constitutively. The number of
potato lines that we now have for the GWSS chitin deacetylase and GWSS actin expressed from 35S and Ecad
promoters were presented in the table (Table 1).

To study the effects of RNAi activity on growth and development of GWSS insects, we used in vitro and in vivo
approaches to identify optimal interfering RNAs for use in RNAi experiments. We performed gene expression
studies on the Ecad-GWSS chitin deacetylase plants generated as described above (Table 1). Small RNA
expression studies were performed by using northern blots to assess for the expression of the desired GWSS chitin
deacetylase small RNAs in these plants (Figure 1). The small RNAs extracted from the above transgenic plants
were analyzed using poly acrylamide- urea gels (PAGE-urea) and were probed with a GWSS chitin deacetylase
small RNA probe synthesized in vitro. The results from the small RNA northern blot show the expression of 21
nucleotide (nt) small RNAs as represented in Figure 1. Based on the small RNA hybridization blot experiments,
we were able to see the expression of small RNAs specific for GWSS chitin deacetylase in transgenic plants
(Figure 1). To test this further, we checked whether the same transgenic plants were able to express transgene
mRNAs for GWSS chitin deacetylase.

We performed northern blot to confirm different sizes of RNAs (Figure 2). These are the same plants that were
shown to express anti GWSS chitin deacetylase small RNAs. The result in the northern blot shows that the
transgenic plants express 0.9 kb long mRNAs, suggesting that these plants also express full length mRNAs of the
transgene (Figure 2) along with the small RNA expression (Figure 1).
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Figure 2. Transgenic potato plants expressing GWSS chitin deacetylase under Ecad promoter were tested
for messenger RNA expression using northern blots. The asterisk represents the target mRNA hybridized
with the probe. Probe: T7-CD-P32. WT-KB – Kennebec potato, WT-Des- Desiree potato, 35S-CD: potato
transgenic plants expressing anti GWSS chitin deacetylase with 35S promoter, Ecad-CD: potato transgenic
plants expressing anti GWSS chitin deacetylase with Ecad promoter, Marker- 0.5 to 10 Kb RNA ladder.

Based on our small RNA expression data and messenger RNA northern blot, we identified plants that can
generate small RNAs as well as express the GWSS chitin deacetylase messenger RNAs. Hence we screened the
transgenic plants, Ecad chitin deacetylase 002, 003 and 35S- chitin deacetylase 004 for their ability to induce
RNAi effects in GWSS.

Objective B. Assessing RNAi effects on GWSS fecundity, development, and survival.
We next evaluated the ability of transgenic potato plants (expressing GWSS transgenes either constitutively or
spatial expression) to induce RNAi effects in GWSS insects. All the feeding assays on GWSS insects (3 rd instar
nymphs) were performed at the CRF. We previously reported the ability of transgenic plants constitutively
expressing GWSS transgenes (chitin deacetylase and actin) to induce RNAi effects and mortality. In our initial
assessment that we reported (previous year), we were able to observe a 70% reduction in the target gene
expression in GWSS insects, when they were fed on 35S actin and chitin deacetylase transgene expressing potato
plants.
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Figure 3. Survival assay measured as percent survival of GWSS 3rd instars against wild-type, Ecad-CD
transgenic potato plants and 35S-CD transgenic potato plants. Annotation: Ecad-CD2: Ecad chitin
deacetylase 002; Ecad-CD3: Ecad-chitin deacetylase 003; 35S-DN4: 35S chitin deacetylase 004.

Here we were able to test for the efficiency of the transgenic potato plants (spatial expression) against GWSS.
Further, we were also able to compare the ability of 35S transgenic plants and Ecad promoter driven plants on
GWSS insect development, survival and fecundity.

We performed the survival assay with GWSS on Ecad chitin deacetylase transgenic plants with six different
biological replications. In our first set of mortality experiments, the total sample size was 50 insects (3 rd instar
nymphs) per event tested. As reported in one of our earlier reports, the survival assay did not suggest big changes
across treatments except for enhanced mortality in the Ecad promoter driven plants. From our experience with our
earlier experiments in the lab, this is not uncommon as we observe relatively higher change in the gene expression
in the guts of the insects. Based on our first experimental assay, we have expanded the trial experiment to
accommodate transgenic potato plants that are expressing under constitutive promoter as well as Ecad promoter.
The experiment was designed to sufficiently include three replications per each event. Further, the mortality
(% survival) assay was performed in the exact similar conditions at the CRF (Figure 3). The percent of survival is
lowest in insects fed on Ecad chitin deacetylase 2 plants (10%) compared to the wild-type plants (35%) at six
days after treatment.
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INTRODUCTION
We received two, one-year grants, plus a one-year no-cost extension for this effort. We focused our collaborative
efforts on attempting to develop glassy-winged sharpshooter (GWSS) infecting viruses for use as agents to help
manage GWSS, and then indirectly help manage Pierce’s disease of grapevines. Viruses are the most abundant
microbes on earth, with estimates as high as 1031 [1], and although viruses are often identified as pathogens, their
roles in nature are not always associated with disease. Viruses often exist without causing disease in specific
hosts, and in many instances viruses have proven to be useful for a variety of beneficial applications including use
as biological control agents for insect pests [2]. If we could identify viruses that caused disease, or those that did
not, both would be useful for our goals. Initially in year one we attempted to use the naturally-occurring
Homalodisca coagulata virus – 1 (HoCV-1), and Flock House virus (FHV), a model system virus for our work.
We envisioned that both could assist our efforts and allow for more rapid progress. We used GWSS cells (GWSS
Z-15) and whole insects for our virus transmission assays. In year two we focused our efforts only on HoCV-1.
This report presents our data from the past two years.

OBJECTIVES
Our long-term objectives were to develop and utilize the naturally occurring virus, HoCV-1, and engineer it to be
useful for GWSS control either by modifying HoCV-1 to express toxic peptides or to induce systemic RNA
interference (RNAi) in recipient, recombinant HoCV-1-infected GWSS. Our specific objectives are:
1. Development of HoCV-1 infectious cloned cDNAs;
2. Expression of GFP or other stable sequences in GWSS-Z15 cells or whole GWSS insects by using HoCV-1.

RESULTS
Objective 1.
HoCV-1 does not cause obvious disease in GWSS, and although it is most commonly found in GWSS its natural
host range includes other sharpshooters [3]. Thus, our idea was to engineer this virus to be an effective and
specific pathogen. We had previous success with a virus similar to HoCV-1 (the aphid-infecting Dicistrovirus,
Rhopalosiphum padi virus (RhPV) [4], where we developed an infectious clone of RhPV. Here we initially took
the same approach with HoCV-1.
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We successfully cloned full length HoCV-1 cDNAs (Figure 1A). We generated a series of different constructs to
help increase the probability of success. In vitro transcription was performed using these constructs to generate
HoCV-1 transcripts which were delivered to GWSS Z-15 cells (Figures 1B and C). After transfection with
HoCV-1 transcripts with extended or unextended 5’-ends, Z-15 cells showed severe cytopathic effects (CPE;
Figure 1B). Control cells did not, thus these results suggested that we most likely had generated infectious
HoCV-1 cloned cDNAs. In order to support the cytopathology data, we also performed reverse-transcription
polymerase chain reaction (RT-PCR) assays to identify specific RNAs resulting from HoCV-1 replication. Both

Figure 1. A. Vector diagram of pT7-HoCV1-3’Rz and pT7-Rz-HoCV1-
3’Rz. The T7 promoter is indicated by the black bar and arrow.
Hammerhead (HHRz) and Hepatitis Delta Virus (HDFV-Rz) ribozymes are
indicated as orange boxes. pT7-HoCV1-3’Rz lacks the HHRz. HoCV-1
open reading frames (ORF) 1 and 2 are indicated as blue arrows. The ClaI
restriction site (red box) is used to linearize plasmid for in vitro
transcription. B. Cytopathic effects (black asterisks) were induced in
GWSS Z-15 cells after transfection using HoCV-1 RNA transcripts and
with HoCV-1 virus generated from the pT7-HoCV1-3’Rz plasmid. C.
Negative and positive RNA strands for the HoCV-1 RNA-dependent RNA-
polymerase (RdRP) were detected by 30 cycle RT-PCR for HoCV-1 RNA
transfected from both plasmids, although only transfections with pT7-
HoCV1-3’Rz RNA caused strong cytopathic effects (indicated by red CPE)
in GWSS-Z15 cells. Weak signals for positive (30 cycles) and negative (45
cycles-indicated) strand RdRP RNA were also detected in virus overlayed
from the HoCV-3’Rz transfection onto new GWSS-Z15 cells.
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the HoCV-1 genomic-sense strand (positive-strand) and its complementary strand (negative-strand) RNAs were
amplified by RT-PCR analysis following the transfection indicating that the virus was replicating (Fig. 1C). pT7-
Rz-HoCV1-3’Rz generated transcripts were less efficient possibly due to enhanced RNA degradation following
ribozyme cleavage at the 5’ end. Thus, both the cell cytopathology and the RT-PCR analyses suggested that our
cloned HoCV-1 cDNAs were infectious to GWSS Z-15 cells and offered an opportunity for us to move forward.

We next attempted to engineer the HoCV-1 infectious clones to express YFP (yellow fluorescent protein) and
mCherry (modified red fluorescent protein) reporters as part of the transcribed viral sequence (refer to Figure 2).
This would allow for simple, efficient testing of our constructs in both Z-15 cells and whole GWSS insects. We
used sites that were predicted to tolerate insertion of foreign sequences. If this was successful, these sites could
also be used for future efforts to insert foreign sequences coding for toxic peptides or interfering RNAs.
Unfortunately, we failed in this approach.

Objective 2.
In year one, in addition to utilizing HoCV-1, we explored the possibility of using a second virus, Flock house
virus (FHV). FHV belongs to the family Nodaviridae, and is a non-enveloped, positive-sense RNA virus that has
a bipartite genome. This virus been shown to multiply in insects from four different orders (Hemiptera,
Coleoptera, Lepidoptera, Diptera) and even plants. We felt that if FHV infected GWSS or GWSS Z-15 cells, we
could use it to more rapidly evaluate candidate peptides and/or RNA sequences. We obtained infectious,
recombinant constructs producing FHV genomic RNAs 1 and 2 (pMT FHV RNA1 and pMT FHV RNA2; gift
from Dr. Shou-wei Ding, UC Riverside). The plasmid backbone (pMT) of the constructs contains a copper-
inducible Drosophila metallothionein promoter that drives an efficient transcription of FHV genomic RNA. We
showed that FHV could infect Drosophila (S2) and Z-15 cells (Figure 3) in our initial experiments. We also
engineered FHV to express GFP as a marker to use in our RNAi studies. This recombinant was useful in S2 cells
(Figure 4), but not in Z-15 cells, thus FHV proved to not be useful for our longer term strategies and thus we
terminated efforts with FHV and focused exclusively on HoCV-1.

Figure 2. Potential insertions sites for expression of foreign proteins and
RNAs from the RhPV and HoCV-1 genomes. Genome organization shows
ORF 1 (orange) and ORF 2 (green) which encode proteins separated by
cleavage sites indicated at estimated positions by vertical lines. Precise
cleavage sites, estimated by alignment are labeled by the first amino acid
downstream of the cleavage (e.g. P241 = proline at amino acid 241 in ORF
1). A1226 and S642 cleavages are from Nakashima and Nakamura (2008).
We predict Q219 using alignment in Nayak et al. (2010), and G277, G359
using VP structures in Tate et al. (1999). Sequence encoding the protein of
interest (e.g. toxin or fluorescent protein) indicated by red box (protein X)
may be inserted at as a separate ORF, preceded by the IGR IRES (blue) at
noncoding regions (gray bars) at sites indicated by dashed lines. Host RNA
sequences can also be inserted at these sites for the RNAi strategy (objective
3). Alternatively, protein X coding region can be inserted within ORFs, at
cleavage sites indicated by solid lines. Predicted functions of polyprotein
cleavage products are viral suppressor of RNAi (VSR), helicase (hel),
picornavirus-like protease 3A (3A), genome-linked protein (VPg), 3C-like
protease (pro), RNA-dependent RNA polymerase (RdRp), virion proteins
(VP1-4). Non-coding features include the VPg protein (sphere), 5'
untranslated region IRES (5' UTR IRES), intergenic region IRES (IGR
IRES), and poly(A) tail [(A)n)].
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Transfection assays in whole insects.
In year two we focused efforts on HoCV-1 and attempted to efficiently infect GWSS Z-15 cells and whole insects
using both wild-type virus (from naturally-infected GWSS) and our HoCV-1 clones. We established HoCV-1
GWSS colonies at the UC Davis CRF. We attempted to infect healthy GWSS with the GWSS-Z15 transfected
cell extracts both by injection and oral acquisition. RNA from five infectious clones of HoCV1 and two controls
were used to transfect GWSS-Z15 cells: HoCV-3’Rz, HoCV-3’Rz old, Rz-HoCV-3’Rz, Rz-HoCV-3’Rz old,
mutant Rz-HoCV-3’Rz, elongation factor RNA, and transfection buffer. An additional negative control for the
GWSS infection experiments was untreated GWSS-Z15 cell suspension. For the injections, 1µL of needle
homogenized cell suspension in injection buffer (10 mM Tris-HCl, pH 7.0,1 mM EDTA) was injected into adult
GWSS between tergites three and four of the ventral aspect using a 33 gauge needle (Figure 5). Three insects
were injected per HoCV-3’Rz construct. After injection the insects were put in cages with a basil plant for one
week, and then RNA collected as a treatment group. For feeding assays we used basil cuttings approximately 5cm
in length and submerged the cut end in a suspension of cell pellet and supernatant of approximately 1.5mL
volume. Three insects per treatment were given an acquisition period of three days on the basil cuttings, then
moved to basil plants for four days, after which RNA was extracted from each group. One-tube RT-PCR was used
to detect infection with primer pairs specific to inter-genomic region 1 and coat protein of HoCV-1. The positive
control was GWSS RNA from a naturally infected insect. All treatment groups tested negative for HoCV-3’Rz
(Figure 6). Unfortunately, these data showed no evidence for replication of our HoCV-1 in adult GWSS.

Our failure to transmit HoCV-1 from initially infected Z-15 cells suggested that something was wrong with our
virus construct. We used transmission electron microscopy to assess HoCV-1 transfected Z-15 cells and failed to
find virus particles in cells, even in those cells that were RT-PCR positive. Thus, although our data suggested
HoCV-1 replication in Z-15 cells, HoCV-1 virus particles were not formed. This could explain our inability to
transfer HoCV-1 from Z-15 cells to whole insects.

We attempted to engineer HoCV-1 cDNAs to contain and express GWSS cDNA sequences that could be used at
least for RNA silencing studies in GWSS Z-15 cells. Hairpin RNAi cassettes against GFP (control), GWSS actin,
and GWSS chitin deacetylase have been completed in the pGEM-13Zf+ vehicle (Fig. 7). Sequences were verified
by linearizing with an enzyme in the hairpin region (Xho I, Sac I, Sac II, Nru I, or Nar I) and sequencing linear
templates. Hairpin RNAi cassettes can be transferred directly from the pGEM-13Zf+ vehicle to the HoCV1-3’ Rz
infective clone utilizing the enzyme XbaI to complete infective HoCV1-3’Rz clones carrying the RNAi cassettes.
Due to time and funding constraints, we failed to complete this part of the project.

Figure 4. FHV infected S2 cells examined by fluorescence microscopy. S2
cells on the left panel were transfected with the plasmids that express FHV
RNA1, FHV RNA2, and FHV DI RNA that contains GFP sequence. The
transfected cells were collected, frozen and thawed three times, and filtered
through a filter with 0.22um pores. The S2 cells on the right panel were
inoculated with the cell lysate. The arrows indicate the cells expressing GFP
from FHV DIeGFP.

1 2

Figure 3. Lanes contain 1; FHV-
inoculated S2 cells, 2; FHV-
inoculated GWSS Z-15 cells.
Arrows at left indicate FHV
RNAs 1, 2 and 3, from top to
bottom, respectively. RNA 3 is a
subgenomic RNA from
replicating RNA 1.
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We used a Baculovirus promoter, ie1, and the promoter to heat shock 70 gene in
Drosophila melanogaster, hsp70, to use plasmid template for the transfection
experiments instead of single stranded RNA. DNA is a more robust template to
work with, and we already have a vector system that works with SF9 cells using
this promoter. Previous research has shown the ie1 system to work in Bombyx
moorei and Drosophila melanogaster, so we designed experiments to see if they
would be effective for the Z15 cell line (1). Initially, we used the plasmid
pAcp+IE1lacZ, a plasmid with the promoter ie1 and lac-z gene to determine if it
can drive production of messenger RNA and protein in Z15 cells. We also used
the plasmid pAcDZ1, which contains the heat shock 70 promoter, hsp70, with the
lacz gene. We were able to transfect the Z15 cell line to express the lac-z gene
with both constructs. Unfortunately, we found we would not be able to use lac-z as
a reporter gene in whole insects because reporter substrates, such as x-gal, were
hydrolyzed by naturally occurring enzymes in whole insects, causing no
differentiation between treatments and controls. We then redesigned the constructs
to have the ie1 or hsp70 promoters drive GFP synthesis, creating plasmids
pAcP+IE1GFP and pAcDGFP. At the same time we used restriction digestion to
take both promoters and insert them upstream of the HoCV1 sequence flanked by
ribozymes, creating the plasmids pIE1-RzHoCV1Rz and pHSP70-RzHoCV1Rz.
Unfortunately, this was as far as we got before June.
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Figure 7. Positive pGEM-13 Zf+ clones obtained carrying hpRNAi cassettes against GFP, GWSS actin, and
GWSS chitin deacetylase. Approximate sizes of hpRNAi when released from the vector are: GFP-900 bp; Actin
Old-2060 bp; Actin New-1080 bp; Chitin Deacetylase-704 bp.

Figure 8. RNA gel of
capped (left) and uncapped
(right) HoCV1 from in vitro
transcription that was used
for transfection of Z15
cells.
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ABSTRACT
The overall goal of this project is to develop an RNAi-mediated system to inhibit maturation and reproduction of
the glassy-winged sharpshooter (GWSS). The initial target for RNAi will be GWSS jheh (also known as hovi-
meh1 (Kamita et al., 2013)), the gene that encodes juvenile hormone epoxide hydrolase (JHEH). GWSS jheh will
be used as a model gene target to establish an efficient expression and screening system for characterizing RNAi
effectors. This system will then be used to evaluate other JH metabolic genes including those that encode JH
esterase, JH acid methyl transferase, and other identified genes as targets for RNAi. These gene sequences will be
mined from the recently determined transcriptome sequence of GWSS (Nandety et al., 2013). Finally, plant virus-
or insect virus-based systems for expression and delivery of the RNAi effectors in insects will be developed.

LAYPERSON SUMMARY
A natural process called RNAi is used by a wide range of organisms to regulate normal gene function and defend
against viruses. RNAi can be artificially manipulated to knock down the activity of a targeted gene. In this
project, an RNAi-based system will be developed to knock down the activity of key genes in the glassy-winged
sharpshooter (GWSS) endocrine system. We predict that minor disruption of this highly sensitive regulatory
system will lead to aberrant GWSS development and reduce its ability to spread Pierce’s disease. Strategies for a
field-applicable delivery system for inducing RNAi will be tested.

INTRODUCTION
Juvenile hormone (JH) and molting hormones are the key regulators of insect maturation. JH also regulates other
important biological actions such as reproduction, mating behavior, feeding induction, and diapause (reviewed in
Riddiford, 2008). The level of JH within an insect is determined by a combination of its biosynthesis and
degradation. JH acid methyl transferase (JHAMT) is the enzyme that catalyzes the final step of JH biosynthesis.
On the other hand, JH degradation occurs through the action two hydrolytic enzymes called JH epoxide hydrolase
(JHEH) and JH esterase (JHE). JHEH and JHE metabolize the epoxide and ester moieties that are found on all JH
molecules. Minor changes in normal JH levels can result in dramatic alterations in insect development or death.
The sensitivity of the insect endocrine system to minor changes is a critical factor in the success of JH analog
insecticides such as pyriproxyfen and methoprene. As a class, these insecticides mimic the chemical structure
and/or biological action of JH. If insects are exposed to these compounds at a time during development when JH
titer is normally undetectable, these compounds cause abnormal nymphal-pupal development and/or death. RNAi
is a natural process that is found in a wide range of organisms that regulates gene function and protects against
viruses (reviewed in Huvenne and Smagghe, 2010).

The natural RNAi process can be artificially induced in insects and other organisms by the introduction of RNAi
effectors. These RNAi effectors are double-stranded RNA (dsRNA) or small interfering RNA (siRNA) that
targets a specific messenger RNA. For example, RNAi is induced in insects that feed on artificial diet infused
with dsRNA or on transgenic plants that express dsRNAs. RNAi-based technology will likely be developed into
an effective and highly selective method of plant protection (reviewed in Burand and Hunter, 2013; Gu and
Knipple, 2013). A key requirement of any RNAi approach for plant protection is the identification of a suitable
gene target. JH metabolic genes such as those encoding JHEH, JHE, and JHAMT are ideal targets for RNAi-
based insect control strategies because they are components of a critical, highly sensitive, insect-specific,
developmental pathway. RNAi has already been used in laboratory experiments to knock down some of these
gene targets in beetles (Minakuchi et al., 2008) and caterpillars (Asokan et al., 2013).
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OBJECTIVES
1. Develop jheh as a model target for RNAi-based control of GWSS maturation.
2. Mine the GWSS transcriptome for other RNAi targets.
3. Develop virus-based dsRNA production and delivery systems for controlling GWSS.

RESULTS AND DISCUSSION
The primary focus of the initial four months of this project has been to mine full-length JH esterase and JH methyl
transferase encoding sequences from GWSS. In order to do this, double-stranded cloned DNA (ds cDNA)
libraries were generated from a developmentally mixed population of 5th instar GWSS (30 individuals) as well as
individual GWSS at day 7, 8, and 9 of the 5th instar. The ds cDNAs are being used as template sequences for 3'-
and 5'-random amplification of cDNA ends (RACE) procedures to generate full-length gene coding sequences.
Degenerate as well as gene-specific primers (based on transcriptome sequences from 5th instar nymphs, Nandety
et al., 2013) were designed for the 3'- and 5'-RACE. These primers have been used to generate partial sequences
of several putative JHE-encoding cDNAs. Unfortunately, the full-length sequences remain elusive possibly
because the 5' ends of the target cDNAs were not completely synthesized during the reverse transcription steps.
Attempts to general full-length cDNAs are ongoing. A cDNA encoding JH epoxide hydrolase of GWSS, GWSS
jheh, has been previously identified (Kamita et al. 2013). Primers to amplify various lengths of this cDNA for the
generation of dsRNAs (using the MEGAscript T7 expression system) have been designed. The dsRNA generated
will be tested in individual 5th instar GWSS for jheh knockdown by real time PCR.
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ABSTRACT
Insecticide bioassays were conducted on glassy-winged sharpshooter (Homalodisca vitripennis; GWSS)
populations collected in Kern and Riverside counties from July through September 2014 to evaluate relative
susceptibilities to various insecticides. Of particular concern was the possibility of resistance to imidacloprid
occurring after more than a decade of area-wide imidacloprid use. Mortality responses were high to imidacloprid
and to a second neonicotinoid compound, dinotefuran. Other compounds tested included two pyrethroids,
bifenthrin and fenpropathrin, and two organophoshates, chlorpyrifos, and dimethoate. Of these six insecticides,
only dimethoate failed to elicit a strong mortality response. Comparison of 2014 bioassay results to test results
obtained from 2001-2003 suggest that no significant change in responsiveness to insecticide treatments has
occurred in GWSS populations from either region.

LAYPERSON SUMMARY
Management of the glassy-winged sharpshooter (Homalodisca. vitripennis; GWSS) in California for more than a
decade has relied heavily on insecticide treatments to suppress populations and ultimately reduce vector pressure
and incidence of Pierce’s disease. The neonicotinoid insecticide imidacloprid has played a pivotal role in area-
wide control programs in Kern and Riverside counties where a mix of citrus and grapes acreages contributed in
the past to high populations of GWSS and epidemics of Pierce’s disease. Reports in recent years about increased
numbers of GWSS occurring in Kern County despite area-wide applications of imidacloprid have raised concerns
about the possibility of resistance to imidacloprid being present in GWSS populations. The present study was
undertaken to investigate responses of GWSS populations to imidacloprid and other insecticides in bioassays
conducted in the laboratory using field-collected samples. Comparison of bioassay results from 2014 collections
to similar results obtained from 2001-2003 indicate non-significant differences in susceptibilities. Further testing
from additional sites in Kern and Riverside counties will be necessary before conclusively determining whether
GWSS populations have developed resistance to one or more insecticides.

INTRODUCTION
Area-wide programs administered by the USDA Animal and Plant Health Inspection Service for glassy-winged
sharpshooter (Homalodisca vitripennis; GWSS) control first were implemented in 2000 and have been an integral
part of its management ever since. Well-timed applications of imidacloprid in citrus orchards have proven to be
highly effective at reducing the first generation of GWSS each year and limiting the dispersal out of citrus to
grapes and other crops vulnerable to transmission of Xylella fastidiosa (Xf) (Castle et al. 2005). In addition,
abatement programs conducted at the state and county levels have caused wide exposure of GWSS populations to
a number of foliar insecticides representing different classes and modes of action. These programs have been
driven by intense concerns about the capacity of GWSS to increase to conspicuous numbers and disperse across
the landscape spreading Xf. The outfall from such concerns has been a prolonged exposure of GWSS populations
to multiple classes of insecticides over a wide area of California for more than a decade. The legacy of insecticide
resistance occurrence in over 500 species of arthropods (http://www.pesticideresistance.com/) has been that
continuous exposure of insect populations to insecticide treatments eventually results in some level of resistance
to one or more insecticides. Whether this phenomenon is responsible for control problems that have been reported
in Kern County is unknown and will remain so without appropriate toxicological investigations. Successful
management of insecticide resistance requires monitoring of populations to test their relative susceptibility to
various insecticides and making appropriate adjustments in the insecticide regimen to reduce insecticide
resistance selection pressure. Information gained by a resistance monitoring program on specific insecticides that
are no longer effective is essential to a sustainable management program for GWSS.
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At the time that concerted action first was mobilized to address the threat represented by the spread of GWSS in
California, virtually no field efficacy data or toxicological information was available regarding relative
susceptibilities to various insecticides. What soon became clear from research investigations as well as area-wide
and local community control actions was that GWSS populations responded readily to insecticide treatments.
Dramatic declines were observed in the area-wide control programs, and locally heavy infestations could be
knocked down by a single treatment compared to other agricultural pests that continue to persist at economically
high densities no matter what treatment is applied. For example, systemic uptake bioassays with imidacloprid
produced LC50s of 16 and 22 ng ml-1 (= parts per billion) in two different tests using GWSS adults collected from
citrus at UC Riverside’s Ag Ops. In comparison, the same type of bioassay performed on field populations of the
silverleaf whitefly, Bemisia argentifolii, typically yielded LC50s in the range of 3-115 µg ml-1 (e.g. Prabhaker et
al. 2005), values approximately 1,000 times greater than those for GWSS. In the case of another compound
widely used for GWSS control, the LC50 for chlorpyrifos was determined at 3.4 ng ml-1 (Prabhaker et al. 2006),
whereas LC50s against B. argentifolii for chlorpyrifos often requires 1,000-2,000 µg ml-1 (Castle et al. 2009), a
concentration nearly one million times greater than that needed to produce the same level of mortality in a
bioassay for GWSS. Remarkably, commercial rates for chlorpyrifos (Lorsban® 4E) have been in the neighborhood
of 12 pts acre-1 (formulated product) (Grafton-Cardwell 2003), the top label rate for this insecticide in citrus. At
rates this high, the likelihood of potential overkill of both GWSS and beneficial insects is high. Unfortunately,
toxicological data that puts into perspective the relative susceptibility of GWSS have not been available when
determining what rates to use for combating GWSS infestations. Awareness of such information along with other
field-based efficacy data is crucial to the development and deployment of an evidence-based insecticide use
strategy.

Previous studies by the members of this research team have demonstrated the high susceptibility of GWSS to
insecticides and the contributions of natural enemies to the control of GWSS populations (Castle et al. 2005 a,b;
Prabhaker et al. 2006 a,b, 2007). However, toxicological tests for these studies were carried out relatively early
within the time period that area-wide and local control efforts were carried out against GWSS. To our knowledge,
there have been no subsequent studies on susceptibility of GWSS populations to insecticides even though
insecticides have served as the primary defense against GWSS populations. Because pesticides are an integral part
of the high-yielding production agriculture in citrus and grapes, pest resistance to pesticides must be evaluated.
This potential is magnified when overreliance on a few select products occurs, such as has been the case with the
use of imidacloprid in the area-wide control programs and by growers and pest control advisors protecting their
orchards and vineyards. The repeated use of the same product(s) for control of a pest population results in
continual selection pressure, which ultimately may result in resistance development. The continued successful
implementation of insecticides in management programs require that their efficacy be carefully evaluated and
monitored to ensure maximum benefit. Insecticide resistance poses the most serious threat to the long-term use of
insecticides for controlling GWSS. There are both financial and environmental costs associated with resistant
populations that can be mitigated by a resistance monitoring and management program.

OBJECTIVES
1. Conduct laboratory bioassays on field-collected GWSS from Kern and Tulare counties to determine

susceptibility to neonicotinoid, pyrethroid, and organophosphate insecticides.
2. Investigate the geographic variation in susceptibility of GWSS to determine if a pattern of resistance emerges

associated with insecticide use patterns.
3. Identify potential resistance evolution of the field populations of GWSS to insecticides by comparing the LC50

values to previously established LC50s using the same methodology.
4. Evaluate relative toxicity of new insecticides such as spirotetramat, cyantraniliprole, and flupyradifurone as

candidates for alternative treatments for GWSS.

RESULTS AND DISCUSSION
Collections of GWSS were made from the Bena Road area east of Bakersfield in July, August, and September. A
mixed-age navel orange orchard yielded high numbers of adults the first two months, but then was treated by
insecticides in September that virtually eliminated the once heavy infestation. An organic navel orange orchard
was sampled for the September collection that also returned a high number of adults for bioassay purposes. In the
Temecula region, GWSS adults were collected from organic citrus orchards but they were in much lower densities
compared to the Bakersfield locations. Thus they required considerably more time before sufficient numbers were
obtained for bioassay tests.
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LAYPERSON SUMMARY
Insecticide resistance is one of the major causes of pest control failures for growers. It is most likely to occur
where there is reliance on one insecticide. In many cases, the selection for resistance to the principal insecticide
used for pest management within a system may also confer cross-resistance to other insecticides. Our project will
address the recent upsurge in glassy-winged sharpshooter numbers in Kern County where reliance on a small
number of insecticides may have selected for resistance. Associated with this work, we will also investigate
whether heavy insecticide use has selected for resistance in the Western Riverside County (Temecula area) and in
Orange County (commercial nursery industry). We will use diagnostic tools that detect resistance, and the
information generated will enable pest managers to refine existing control strategies and minimize the impact that
resistance has on future management efforts.

INTRODUCTION
This is a new project initiated in October 2014. In previous studies funded by the Pierce’s Disease Control
Program, toxicology work was conducted to determine baseline susceptibility levels of the glassy-winged
sharpshooter (GWSS) to different insecticide classes. The results of these studies have been published in peer-
reviewed journals (Byrne & Toscano, 2007; Prabhaker et al., 2006, 2007). The bioassay techniques that were
developed and the baseline toxicological data that were generated in those studies can be used in this proposed
new study as a reference point in our efforts to detect any shifts in susceptibility that have occurred as a
consequence of the continued use of insecticides for the statewide control of GWSS. In addition to the new assays
we will develop in this study, previously developed GWSS-specific biochemical assays that measure qualitative
and quantitative changes in putative insecticide resistance-causing enzymes will be used to evaluate the incidence
of insecticide resistance in agricultural, nursery, and urban populations of GWSS.

Systemic imidacloprid treatments have been the mainstay of GWSS management in citrus, grapes, and
commercial nursery operations. The treatments in citrus groves are generally applied post-bloom to suppress the
newly-emerging spring populations. The use of winter or early spring foliar treatments of pyrethroid or carbamate
treatments were introduced to the management program to suppress over-wintering adults and reduce the first
early season cohort of egg-laying adults. The combination of early season foliar treatments combined with the
more persistent systemic treatments has effectively managed GWSS populations in the Bakersfield area for many
years.
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In Kern County, GWSS populations have been monitored since the area-wide treatment program was instigated
by the California Department of Food and Agriculture following an upsurge in GWSS numbers and an increase in
the incidence of Pierce’s disease. The data shows an interesting pattern of sustained suppression of GWSS
populations, following the implementation of the area-wide treatment program, until 2009 when numbers began
to increase again, culminating in a dramatic flare-up in numbers in 2012. In 2012, a single foliar treatment with
either Lannate® (methomyl: carbamate insecticide class), Assail® (acetamiprid: neonicotinoid insecticide class)
or Baythroid® (cyfluthrin: pyrethroid insecticide class) was applied in groves in late March while systemic
treatments with imidacloprid (neonicotinoid insecticide class) were applied mid-March to early April. The
application of systemic imidacloprid during 2012 mirrored the strategy used in 2001 when the imidacloprid
treatments were highly effective in suppressing the GWSS populations. Despite the additional foliar treatments in
2012, the insecticide treatments failed to suppress the insect population at a level that had occurred previously. It
is a worrying trend that in the two years prior to 2012, there was a steady increase in total GWSS numbers, an
early indication that the predominant control strategy might be failing. The consequence of the increase in GWSS
populations has been an increase in the incidence of Pierce’s disease. In the Temecula area, this worrisome
increase in GWSS has not occurred (yet); however the selection pressure in this area remains high as similar
management approaches are in use here as in Kern County.

There is also significant concern for the development of insecticide resistance arising from the management of
GWSS in commercial nursery production. The majority of commercial nurseries maintain an insect-sanitary
environment primarily through the use of regular application of soil-applied imidacloprid or other related
systemic neonicotinoids. For nursery materials to be shipped outside of the southern California GWSS quarantine
area, additional insecticidal applications are required. Applications of fenpropathrin (class pyrethroid) or carbaryl
(a carbamate) must be applied for all nursery stock shipped out of the quarantine area. As with citrus and vineyard
production, here too, the potential for the development of insecticidal resistance to these three classes of materials
(neonicotinoids, pyrethroids, and carbamates) is high.

OBJECTIVES
The focus of this proposal is to investigate the role of insecticide resistance as a contributing factor to the
increased numbers of GWSS that have been recorded since 2009 in commercial citrus and grapes in Kern County.
Although the primary focus of our research will be in Kern County, we propose broadening the scope of the
project to include populations from agricultural, nursery, and urban settings. This broader approach will enable us
to provide a more comprehensive report on the overall resistance status of GWSS within southern California and
develop more effective resistance management plans. Our specific objectives are:

1. For commonly used pyrethroid, carbamate, and neonicotinoid insecticides, determine LC50 data for
current GWSS populations and compare the response to baseline susceptibility levels generated in our
previous studies.

2. Define diagnostic concentrations of insecticides that can be used to identify increased tolerance to
insecticides in insects sampled from other locations (where numbers are relatively low).

3. Monitor populations for known molecular markers of resistance to pyrethroids
4. Monitor populations for target-site insecticide resistance, by testing enzymatic activity against carbamates

using the AChE biochemical assay.
5. Monitor populations for broad-spectrum metabolic resistance, by comparing esterase levels in current

populations of GWSS to baseline susceptibility levels we previously recorded.
6. Develop assays for additional resistance mechanisms not previously characterized in GWSS.

The detection and characterization of resistance to an insecticide will allow us to refine chemical-based
management programs in order to minimize selection for that specific resistance mechanism. It may be possible to
restore susceptibility to an insecticide through the implementation of a rotational strategy, or if cross-resistance is
an issue, it may be necessary to replace the affected insecticide with a chemical having a different mode of action.
The methods developed in this project will allow us to make that distinction, and will therefore have a direct
impact on GWSS control efforts.

RESULTS, DISCUSSION, AND CONCLUSIONS
As this is an entirely new project (October 2014), no useful data have been collected to date. Our efforts over the
last five weeks have focused upon hiring the necessary research personnel refining our insecticide resistance
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bioassays, and developing tools for genetic analysis including an improved GWSS genome assembly, which will
enable rapid identification of both canonical and novel insecticide resistance genes. Initial genetic analyses and
genome assembly are ongoing and being performed on GWSS collected in the urban areas of Riverside in the late
1990s and early 2000s.
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ABSTRACT
RNA interference (RNAi) in insects is a gene regulatory process that also plays a vital role in the maintenance and
regulation of host defenses against invading viruses. The key players in this multi-step disruptive process involve
double-stranded RNAs (dsRNAs) that are known to be triggers for siRNA biogenesis. A robust systemic RNAi,
though elegantly present in Caenorhabditis elegans, is absent in the glassy-winged sharpshooter (Homalodisca
vitripennis; GWSS), largely due to the absence of RNA-dependent RNA polymerase (RdRP). We developed
plant-based in vivo small RNA delivery methods to deliver RNAi inducer small interfering RNAs (siRNAs)
towards GWSS. We developed stable transgenic potato plants that either express GWSS genes actin or chitin
deacetylase under constitutive promoter and that express GWSS chitin deacetylase with xylem specific Ecad
promoter. We tested the ability of these stable transgenic plants for spatial and temporal expression of RNAi
molecules and for their effectiveness on GWSS 3rd instar nymph survival, development and the gene target
reduction.
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ABSTRACT
Xylella fastidiosa (Xf) is a serious phytopathogen that infects a number of important crops including citrus,
almonds, and coffee. The Xf Temecula strain infects grapevines and induces Pierce’s disease. We deleted the Xf
PD1311 gene and found that the strain had significantly reduced pathogenicity. Based on sequence analysis,
PD1311 appears to encode an acyl CoA synthetase, which is a class of enzymes involved in many different
processes including secondary metabolite production. Given the critical role of PD1311 in Pierce’s disease
development, we are exploring how it induces its phenotype. We are also testing the PD1311 strain as a
potential biocontrol for management of Pierce’s disease as it appears to dramatically reduce the symptoms when
inoculated with wild-type Xf.

LAYPERSON SUMMARY
We discovered that deleting the Xylella fastidiosa (Xf) Temecula gene, PD1311, results in a strain that induces
significantly less Pierce’s disease. We are performing research to determine how PD1311 plays such a central role
in disease development. Given the importance of Pierce’s disease, it is critical to understand how PD1311 exerts
its effects. We also have evidence that the strain deleted for PD1311 may function as a biocontrol. When
inoculated with wild-type Xf, disease development becomes significantly reduced. Options for managing Pierce’s
disease are limited, which makes possible new biocontrols critically important. Together the results from these
aims will expand our understanding of Pierce’s disease and provide information in relation to preventing disease.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram-negative, xylem-limited bacterium that induces Pierce’s disease (PD) in
grapevines (Chatterjee et al. 2008). Xf is transmitted to plants by insect vectors and once in the xylem, Xf is
postulated to migrate, aggregate, and form biofilms that clog the vessels, leading to Pierce’s disease. We, and
others, have studied key Xf genes and proteins involved in these steps (Guilhabert and Kirkpatrick 2005, Meng et
al. 2005, Feil et al. 2007, Li et al. 2007, Shi et al. 2007, da Silva Neto et al. 2008, Cursino et al. 2009, Cursino et
al. 2011) with the goal that better understanding of Pierce’s disease will lead to development of preventative
strategies.

We have been examining an Xf gene, PD1311, that is annotated as a putative peptide synthase (Altschul et al.
1990) or AMP-binding enzyme (Punta et al. 2012). The putative PD1311 protein contains motifs found in ACSs
(acyl- and aryl-CoA synthetases) (Chang et al. 1997, Gulick 2009). While ACS metabolite intermediates are
involved in beta-oxidation, phospholipid biosynthesis, cell signaling, protein transportation, and protein acylation
(Korchak et al. 1994, Glick et al. 1987, Gordon et al. 1991), interestingly the Xanthomonas campestris ACS,
RpfB, appears to be involved in production of quorum-sensing molecule, DSF (diffusible signal factor) (Barber et
al. 1997). DSF is known to play an important role in Pierce’s disease development (Chatterjee et al. 2008). We
deleted the PD1311 gene and found that the resulting strain, PD1311, is significantly attenuated in pathogenicity
when inoculated in grapevines. These results indicate that the PD1311 protein is fundamental for Pierce’s disease
development and therefore warrants further study.
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Preliminary studies with the PD1311strain suggest that beyond its role in disease, it greatly reduces
pathogenicity by the wild-type Temecula strain. Therefore we propose that it has potential as a biocontrol for
Pierce’s disease. The weakly virulent Xf elderberry strain, EB92-1, has been studied as a Pierce’s disease
biocontrol (Hopkins 2005, Hopkins 2012). Additional Pierce’s disease control strategies that are, or have been,
studied involve naturally resistant rootstocks (Cousins and Goolsby 2011) and transgenic varieties (Dandekar
2012, Gilchrist and Lincoln 2012, Kirkpatrick 2012, Labavitch et al. 2012, Lindow 2012, Powell and Labavitch
2012). However, continued research for Pierce’s disease controls is warranted. Given the low virulent phenotype
of the PD1311 strain, understanding how PD1311 is associated with the disease response may also provide key
insights into Pierce’s disease development.

OBJECTIVES
The overall goal of this project is to understand how the PD1311 protein influences virulence, and test if the
PD1311 mutant strain functions as a biocontrol for Pierce’s disease. To examine these questions, we propose the
following:
Objective 1. Characterize the Xf PD1311mutant.

a. Complete in vitro behavioral assays critical for disease.
b. Determine the role(s) of PD1311 in producing virulence factor(s).

Objective 2. Determine the effectiveness of PD1311 Temecula strain as a biological control of Pierce’s disease.
a. Determine conditions for biological control.
b. Examine spread of PD1311and wild-type strains simultaneously.

RESULTS AND DISCUSSION
Objective 1. Characterize the Xf PD1311mutant.
1a. Complete in vitro behavioral assays critical for disease.
We deleted the PD1311 gene and complemented the PD1311strain as previously described (Matsumoto et al.
2009, Shi et al. 2009). The PD1311strain grows in PD2 (Davis et al. 1980) and xylem sap (Figure 1). We
examined the ability of the mutant to move, aggregate, and form biofilm, which are key steps in Pierce’s disease
development (Chatterjee et al. 2008). Such information will help us determine if PD1311 affects these virulence
related behaviors or if it has a more specialized function.

Figure 1. PD1311 strain growth. Growth of wild-type Xf (triangle), mutant PD1311 (circle), and complemented
mutant (PD1311-C; square) strains were examined for eight days in PD2 (A) or 100% Vitis vinifera cv. Chardonnay
xylem sap (B) and growth was determined by OD600 readings.

We examined PD1311movement by the in vitro fringe assay where fringe around the bacterial colony directly
correlates with type IV pilus twitching motility (Meng et al. 2005, Li et al. 2007). The PD1311strain is motile on
PW plates, but it appears to be modestly affected (Figure 2). When tested on sap plates, however, it does not
produce fringe, suggesting that the mutant requires a component in rich media not provided in nutrient poor sap.
We will examine translocation in plants (Meng et al. 2005, De La Fuente et al. 2007a, De La Fuente et al. 2007b)
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Figure 3. PD1311 strain aggregation and biofilm formation. A) Aggregation of wild-type, mutant (PD1311)
and complemented mutant (PD1311-C) strains grown in test tubes for five days in three ml PD2 (Davis et al.
1980). After five days the OD540 was recorded (ODT) and the bacteria resuspended before recording the OD (ODS)
again. The percent aggregation was calculated as [(ODT- ODS)/ ODT] x 100 (Burdman et al. 2000, Shi et al. 2007).
The experiment was repeated three times. B) Quantification of biofilm formation in 96 well plates for wild-type,
mutant (PD1311) and complemented mutant (PD1311-C) strains (Zaini et al. 2009). Experiment was repeated
three times with 24 replicates each.

Table 1. Expression of key genes in PD1311 strain compared to wild-
type strain. Wild-type or PD1311 mutant cells were grown in PD2 broth
for three days and collected for RNA extraction. The petC and nuoA
genes were used as reference genes. Data represents expression in mutant
compared to expression in wild-type cells. Three biological samples were
included for each strain and the experiment was conducted once.

fimA PD1926 hxfB xadA

0.23± 0.11 0.03± 0.03 0.08± 0.02 15.15± 3.77

Objective 2. Determine the effectiveness of PD1311 Temecula strain as a biological control of Pierce’s
disease.
To determine the impact of the PD1311 strain on Pierce’s disease development in planta, we inoculated V.
vinifera cv. Cabernet franc vines per standard procedures (Cursino et al. 2011) and recorded disease development
of Pierce’s disease using the five-scale assessment (Guilhabert & Kirkpatrick 2005). Our first trial gave promising
results and lead to repeat experiments this year (Figure 4). We are near the end of two additional trials with this
experiment. Trial two once again shows that PD1311 produces little disease. Trial three also suggests little disease
but the wild-type strain is not showing the expected Pierce’s disease phenotype at week 16, making conclusions
difficult. To determine if the PD1311 strain moves through the plant, we will examine translocation of wild-type
and mutant strains following standard procedures (Meng et al. 2005).

We believe that the ΔPD1311 strain may act as a biocontrol because we found that it reduced biofilm production
by the wild-type Xf strain. For this study, we grew wild-type Xf cells constitutively expressing green fluorescent
protein (wt-GFP) with either the PD1311 strain or wild-type cells. We previously used this strain (kindly
provided by Prof. Steven Lindow, UC Berkeley) and found it to produce biofilm similar to wild-type Xf (data not
shown). As stated above, wild-type cells produce more biofilm than the PD1311strain so mixtures of wt-
GFP/PD1311should have equal or greater fluorescence than mixtures of wt-GFP/wt, if the strains did not impact
each other. We found that the wt-GFP/PD1311mixture had less fluorescence than the wt-GFP/wt mixture
(Figure 5), indicating that the PD1311 strain impacts biofilm produced by wt Xf.



- 46 -

Figure 4. Development of Pierce’s disease. Grapevines were inoculated with wild-type Xf (square), PD1311 strain
(circle), PD1311 complement (triangle), and buffer. Symptoms were monitored and rated on a scale of 0-5 (Guilhabert
and Kirkpatrick 2005, Cursino et al. 2009). Trial one was followed for 20 weeks, while trial two and three are still in
process. Trial one did not include the complement strain.

Figure 5. The PD1311 strain impacts biofilm formation by wild-type cells. Quantification
of biofilm in 96 well plates with agitation with equal amounts of wild-type Xf constitutively
expressing green fluorescent protein (WT-GFP) and either wild-type Xf (WT) or the
PD1311 strain (PD1311). Experiment was performed with 24 replicates. Fluorescence in
arbitrary units (AU).
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2a. Determine conditions for biological control.
Given our findings that the PD1311strain induces low virulence and impacts biofilm production by wild-type
cells, we began greenhouse studies to determine if the PD1311 strain can be a viable biocontrol for Pierce’s
disease. We have three different inoculation conditions: i) co-inoculated wild-type and PD1311strains,
ii) inoculation with the PD1311strain followed two weeks later by wild-type Xf [following procedures used in Xf
elderberry EB92.1 strain biocontrol studies (Hopkins 2005)], and iii) inoculation of wild-type Xf followed two
weeks later by the PD1311 strain (Figure 6). The PD1311 strain significantly reduces the disease impact of
wild-type Xf whether co-inoculated or inoculated prior or after the wild-type strain. The mechanism by which this
occurs is currently being investigated.

Figure 6. PD1311 strain reduces Pierce’s disease. Grapevines were inoculated with buffer (1), PD1311strain (2),
PD1311 complement strain (3), wild-type two weeks after PD1311 inoculation (4), a mixture of PD1311 strain and wild-
type cells (5), wild-type (6), and PD1311 two weeks after wild-type inoculation (7). Bold lines represent the median values
and circles representing outliers of each data group. Symptoms have been monitored on 12 plants for each treatment for 21
weeks (A) or 19 weeks (B) and rated on a scale of 0-5 (Guilhabert and Kirkpatrick 2005).



  

     
              

             
                 

              
          

 
  

 

 

              
                

                 
                

               
           

               
             

 
            

                  

            
      

        
              
                    

  
               

            
            

       
       

          
                  

      
              

    
            

       
    

   
            

2b. Examine spread of PD1311and wild-type strains simultaneously. 
Our initial trial in planta indicates that the PD1311strain can be detected in plants (Table 2), suggesting that 
limited Pierce’s disease symptoms from PD1311inoculation is not due to an inability of the PD1311to survive 
in the grapevines. Given our findings of the impact of the PD1311 strain on wild-type cells in planta, and the 
ability of the PD1311 strain to impact wild-type biofilm production, further studies are needed to determine 
what specific disease inducing processes by wild-type Xf are curtailed by the PD1311 strain. 

Table 2. ∆PD1311 strain detected in planta. Five microliters of 10^9 CFU/mL of 
wild-type (WT) or mutant (∆PD1311) Xf were inoculated into young grapevines in 
the 6-7th node counting from the top. The petioles directly above (up) and below 
(down) the inoculation point were sampled 10 days post-inoculation for PCR 
detection using Xf specific primers. + or – represents the presence or absence of 
the characteristic band. 

Plant 1 Plant 2 Plant 3 Plant 4 

up down up down up down up down 
WT - - - - - + - -

∆PD1311 - + - - + + - -

CONCLUSIONS 
Xf motility, aggregation, and biofilm formation are key steps in Pierce’s disease development (Chatterjee et al. 
2008). Concerning objective 1a, we have shown that PD1311 plays a role in aggregation, biofilm formation, and 
motility. For objective 1b, our first study suggests that PD1311 may not be involved in DSF production, however, 
additional studies are needed to confirm this finding. For objective 2, we are nearing completion of additional 
greenhouse studies showing that the PD1311 strain has low virulence. Turning to objective 2a, we have found 
that the PD1311strain impacts biofilm production by wild-type Xf. Additionally, the mutant strain appears to 
inhibit wild-type virulence in planta. Objective 2b will be performed once Pierce’s disease is more developed in 
the grapevines. Overall, this work will help further understanding of disease development and prevention. 
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ABSTRACT
The goal of this project is to understand the virulence mechanisms of Xylella fastidiosa (Xf) that lead to leaf
scorching symptoms observed in Pierce’s disease and to exploit this information to develop new strategies to
control Pierce’s disease in grapevines. The analysis of Xf Temecula 1 secreted proteins has enabled us to focus on
two previously uncharacterized proteins, LesA and PrtA, that appear to be causal to the leaf scorching phenotype
observed in Pierce’s disease. We generated mutant Xf that are defective for each of these two genes and they show
alterations in disease phenotype, lesA1 is less virulent while prtA1 is more virulent. LesA displays lipase/esterase
activities and is the most abundant but is very similar to two additional less abundant proteins LesB and LesC also
secreted by Xf. Expression of LesA, B, and C individually in Escherichia coli indicate that these proteins can
induce scorching symptoms in grapevine and walnut leaves. These symptoms appear to be related to the
lipase/esterase activity present in these proteins. The PrtA protein has protease activity and Xf-prtA1 mutants are
highly virulent. We are building vectors to test this protein for anti-virulence activity in transgenic SR1 tobacco
plants. An understanding of how these two proteins work will provide new insights into this disease and provide
new avenues of therapy.

LAYPERSON SUMMARY
Pierce’s disease of grapevines is caused by the bacterium Xylella fastidiosa (Xf), a xylem-limited bacterium. A
characteristic symptom of Pierce’s disease is leaf scorching, with marginal regions of leaves developing chlorosis
progressing to necrosis. The blockage of xylem elements and interference with water transport by Xf has been
posited to be the main cause of Pierce’s disease symptom development. The analysis of Xf Temecula 1 secreted
proteins has enabled us to focus on two previously uncharacterized proteins: LesA and PrtA. We generated
mutant Xf that are defective for each of these two genes. Mutant Xf that do not make LesA are less virulent and
the encoded proteins are enzymes that degrade specific lipids and fatty acids. Injecting the proteins in leaves can
cause the scorching type of symptoms that appear to be related to the observed enzymatic activity. Mutant Xf that
lack the ability to make PrtA protein are more virulent suggesting that this protein may somehow block disease.
We are engineering tobacco plants to express this protein to test this hypothesis. An understanding of how these
two proteins work will provide new insights into this disease and provide new avenues of therapy.

INTRODUCTION
Xylella fastidiosa (Xf) is a fastidious, xylem-limited gamma-proteobacterium that causes several economically
important diseases in many plants including grapevine, citrus, periwinkle, almond, oleander, and coffee (Davis et
al., 1978, Chatterjee et al., 2008). In the field, Xf is vector-transmitted by various xylem sap-feeding sharpshooter
insects (Purcell and Hopkins, 1996; Redak et al., 2004). The Xf subspecies fastidiosa (Xff), as exemplified by the
California strain Temecula 1, causes Pierce’s disease in grapevine. The Xf life cycle and virulence mechanism are
not entirely understood (Chatterjee et al., 2008). This research seeks to understand the pathobiology of Xf that
leads to disease, specifically the underlying mechanism that leads to leaf scorching symptoms. Understanding the
underlying mechanism could lead to the development of new strategies to control Pierce’s disease in grapevines
in California. The secretion of virulence factors by pathogens has been shown to be an important mechanism by
which many plant diseases are triggered. Unlike its closely related pathogens from genus Xanthomonas, Xff does
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not possess the type III secretion system (T3SS) (Van Sluys et al., 2002). However, Xanthomonas and Xf have in
common a similar type II secretion system (T2SS) for a battery of important extracellular enzymes that are known
to be responsible for virulence (Ray et al., 2000). In Xff, genes have been identified that code for plant cell wall
degrading enzymes (CWDEs) such as polygalacturonase, cellulase, lipase/esterase, and several proteases
(Simpson et al., 2000). These enzymes may play a role in Xff migration inside the xylem vessels through the
degradation of the pit membrane and also in the release of carbohydrates necessary for the bacterial survival. The
degradation of the cell wall by CWDEs releases oligosaccharides as products, which can induce potent innate
immune responses of plants. The plant defense responses include the production of phytoalexins, fortification of
cell walls through the deposition of callose, oxidative burst, and induction of programmed cell death (Darvill and
Albersheim 1984; Ryan and Farmer, 1991; Braun and Rodrigues 1993). One of the T2SS secreted proteins, a
polygalacturonase, is a virulence factor encoded by pglA, lost pathogenicity when it was mutated, and resulted in
a Xf that was unable to colonize grapevine (Roper et al., 2007). This confirmed an earlier finding of gaining
resistance to Pierce’s disease through the expression of a polygalacturonase inhibitory protein that would block
the action of pglA (Aguero et al., 2005).

OBJECTIVES
The goal of this project is to define the role that Xylella secreted proteins LesA and PrtA play in the Pierce’s
disease phenotype of grapevine.

Objective 1. Define the mechanism of action of LesA and PrtA gene products.
Activity 1. Express LesA, B, C, and PrtA individually and examine their role in the virulence response of

Xylella cultures.
Activity 2. Metagenome analysis of xylem tissues infected by strains mutated for Les A, B, C, and PrtA.
Activity 3. Develop transgenic SR1 tobacco expressing PrtA and evaluate protection against Xylella

virulence.

RESULTS AND DISCUSSION
Objective 1. Define the mechanism of action of LesA and PrtA gene products.
Since lesA1 are more in a biofilm state and prtA1 are mostly planktonic cells our guiding hypothesis is that lesA
promotes planktonic growth and this objective will clarify the mechanism by which lesA mediates planktonic
growth and examine its relationship to virulence. Conversely prtA promotes biofilm growth as the prtA1 mutants
that are disrupted for this gene display a mostly planktonic growth and are more virulent than wild-type Xf. The
objective is to identify if the protein is able to mediate this behavior.

Activity 1. Express LesA, B, C, and PrtA individually and examine their role in the virulence response of
Xylella cultures.
The most abundant secreted protein was annotated as an uncharacterized Pierce’s disease protein that we have
designated LesA. The protein is a lipase/esterase enzyme that appears to be highly conserved in both
Xanthomonas and Xylella. Shown in Figure 1 are the conserved active site residues in the LesA proteins from
Xanthomonas or Xylella. Mutating the Ser residue at position 200 (Figure 1) to an Ala inactivates the enzyme
activity as well as the pathogenicity of Xanthomonas oryzae pv oryzae in rice (Aparna et al., 2009).

Additionally, there are three secreted lipase/esterase proteins that are encoded by three genes in Xf that display a
strong sequence similarity that we have designated lesA, lesB, and lesC. The lesA and lesB genes are located right
next to each other while lesC is another location. We have successfully built vectors to express LesA, LesB,
LesC, and PrtA in Escherichia coli. Each of the genes was chemically synthesized so the protein coding and
secretory sequences are identical to that found in the Xf genome. A Flag tag was included at the C-terminal of
these proteins to facilitate purification of these proteins. The E.coli strain carrying each of these genes was grown
on plates containing tributryn to test for the secretory lipase activity. A zone of clearance was observed when the
vector contained the coding sequence of LesA (Figure 2), the empty vector showed no zone of clearance. In
addition we expressed a mutated version of LesA designated LesA2 where the serine residue at position 200 was
mutated to Alanine and these strains showed no zone of clearance (Figure 2). We also measured for esterase
activity using 4 methylumbelliferyl buterate and strong activity was observed with LesA but not with LesA2 or
the empty vector (Figure 2). Antibodies were made against the LesA protein and E.coli that expressed LesA or
LesA2 made the protein that could be detected on western blots even though no enzyme activity was observed
with LesA2 (Figure 2).
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To evaluate the ability of these proteins to cause leaf scorching symptoms LesA, LesB, and Les C proteins were
purified from the E.coli expression vectors. The proteins were first tested in planta in grapevine leaves using
syringe infiltration were the presence of these proteins was sufficient to cause leaf scorch like symptoms.
However, it was quite difficult to reproducibility get protein into grapevine leaves, so we used walnut leaves.
After normalization of the protein based on weight (5 ug/uL), we infiltrated these proteins into walnut leaves. In
Walnut leaves, LesA, LesB, and LesC were capable of causing lesion unlike PBS and proteins extracted from
LesA2 (functional mutant: S200A) and empty vector (Figure 3). Although the infiltrated proteins are from Xf
origin, the virulence effect is so severe that is capable of causing lesions in walnut leaves.
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Activity 2. Metagenome analysis of xylem tissues infected by strains mutated for Les A, B, C, and PrtA.
The secreted proteins could influence the grapevine microbiota and that interaction could influence the disease
outcome. To investigate this possibility we have used mutants unable to make LesA (lesA1), LesAB (lesA2B3)
and PrtA (prtA1). In order to investigate this approach we conducted a preliminary survey of the alpha diversity
of the resident microbiome of Thompson Seedless (TS) grapevines infected with wild-type (Temecula 1), prtA1,
and an uninfected control. TS grapevines were allowed to grow for 12 weeks and then five plants from each
treatment were harvested. Briefly, we collected from the 1st offshoot above the 10th node of each plant (the 2nd and
3rd petiole and leaf from this offshoot). Samples were placed on ice and immediately brought to the lab where they
were frozen in liquid nitrogen. Samples were kept frozen and ground into powder using Qiagen’s grinding jar set
and associated TissueLyser. DNA was extracted using the MoBio PowerPlant ®Pro DNA isolation kit. PCR and
sequencing of the V4 region of the 16S rRNA gene using region-specific primers and PCR and sequencing were
performed using standard protocols as agreed upon in the Earth Microbiome Project
(http://www.earthmicrobiome.org/emp-standard-protocols/ ) and using Illumina MiSeq (Caporaso et al., 2012).

The immediate problem we observed when we examined the sequencing data obtained from samples was a high
proportion of host chloroplast sequences that came from the extraction of the leaf samples. After removing
chloroplast sequences from analysis the sequencing depth was not sufficient for analysis. As such, the PCoa plot
(Figure 4) does not show large differences between samples. Additionally, due to sampling constraints our
preliminary samples were obtained from new growth far from the initial point of infection. For our later infection
study we will obtain non-leaf samples and will obtain tissue much closer to the inoculation point closer to where
symptoms are located and where probable changes in the microbiota will be first evident. Additionally, for both
the alpha diversity and infection study the depth of sequencing will be increased by dealing with the chloroplast
sequences in one of three ways: 1) Chloroplast depletion; 2) Chloroplast-excluding primers (Redford et al., 2010);
3) PCR Blockers.
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Results from preliminary samples are shown in Figure 5 demonstrating the low number of sequences after
chloroplast removal and showing the percentage of total sequences attributed to different microorganisms. We
have begun sampling and DNA extraction for both the grapevine alpha diversity study across the inside of the
grapevine and an infection study to determine differences in the microbiome structure upon infection of Xf.
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Activity 3. Develop transgenic SR1 tobacco expressing PrtA and evaluate protection against Xylella
virulence.
The PrtA protein is a secreted protein and a knockout of the gene encoding this protein in Xf designated prtA1
mutant is more virulent. This mutant displays an anti-virulence phenotype much like that which was observed for
the haemagglutinin adhesins (HxfA and HxfB), where knockouts of these proteins also displayed a more virulent
phenotype (Guilhabert and Kirkpatrick, 2005). The Xf-prtA1 strain displays less protease activity as compared to
wild-type and the other mutants that we are using in the present study, lesA1 and lesA3B1(Figure 6). Preliminary
structural analysis shows similarity to bacterial -glutamyl proteases especially for the active site residues (Figure
6). The prtA gene appears to be conserved only among Xylella and not in Xanthomonas.

The objective of this activity is to test prtA for anti-virulence activity in planta. The prtA gene was chemically
synthesized and codon optimized for expression in tobacco. The coding region has been linked to a CaMV35S
regulatory region in a binary vector. The construct was electoroporated into a disarmed strain of Agrobacterium
(EHA105). The resulting agrobacterium strain then was provided to the UC Davis Parson Transformation Facility
to generate transgenic SR1 tobacco plants and the transgenic SR1 tobacco expressing prtA will be challenged
with Xf as described earlier (Dandekar et al., 2012; Francis et al., 2008) to see if prtA expression can block the
virulence and thus the scorching phenotype.

CONCLUSIONS
The goal is to understand the virulence mechanisms of Xf that lead to leaf scorching symptoms observed in
Pierce’s disease and to exploit this information to develop new strategies to control Pierce’s disease in grapevines.
The blockage of xylem elements and the interference with water transport by Xf is regarded to be the main cause
of Pierce’s disease symptom development. The analysis of Xf Temecula 1 secreted proteins has enabled us to
focus on two previously uncharacterized proteins: LesA and PrtA. We generated mutant Xf that are defective for
each of these two genes and they show alterations in disease phenotype, lesA1 is less virulent while prtA1 is more
virulent. LesA displays lipase/esterase activities and is the most abundant but is very similar to two additional less
abundant proteins LesB and LesC also secreted by Xf. Expression of LesA, B, and C individually in E.coli
indicate that these proteins can induce scorching symptoms in grapevine and walnut leaves. These symptoms
appear to be related to the lipase/esterase activity present in these proteins. The PrtA protein has protease activity
and Xf-prtA1 mutants are highly virulent suggesting that this protein may somehow block disease. We are
building vectors to test this protein for anti-virulence activity in transgenic SR1 tobacco plants. An understanding
of how these two proteins work will provide new insights into this disease and provide new avenues of therapy.
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ABSTRACT
Xylella fastidiosa (Xf) is a gram-negative, xylem-limited plant pathogenic bacterium that causes disease in a
variety of economically important agricultural crops including Pierce’s disease of grapevine. Xf biofilms formed
in the xylem vessels of plants play a key role in early colonization and pathogenicity by providing a protected
niche and enhanced cell survival. Biofilm formation is induced by the process of quorum sensing and may be
mediated by two-component regulatory systems. Like many other bacteria, Xf possesses homologs to the two
component regulatory system PhoP/Q. PhoP/Q differentially regulates genes in responses to divalent periplasmic
cation concentration and other environmental stimuli. Grapevine pathogenicity assays showed phoP/Q mutants
and are non-pathogenic and significantly hindered in colonization or movement within the xylem vessels. The
purpose of this research is to further our understanding of the PhoP/Q regulon in order to understand essential
processes responsible for survival of Xf in Vitis vinifera grapevines.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf), the causal agent of Pierce’s disease of grapevine, possesses many highly conserved
bacterial regulatory systems, including the PhoP/Q system. This system has been shown in other bacteria to play
an important role in survival and pathogenicity. In the case of Xf, we have previously shown that the PhoP/Q
system is required for Xf to survive in the plant, rendering Xf unable to move or cause disease if PhoP or PhoQ are
knocked out. We propose to further characterize this system using next generation molecular tools, such as
RNAseq. This will allow us to identify Xf genes that are regulated by PhoP/Q and give us further insight into the
processes essential for the pathogen to survive in grapevines and identify potentially novel disease control targets.

INTRODUCTION
Xylella fastidiosa (Xf) is a gram-negative, xylem-limited plant pathogenic bacterium and the causal agent of
Pierce’s disease (PD) of grapevine (Wells et al., 1981). Xf forms aggregates in xylem vessels, which leads to the
blockage of xylem sap movement. The formation of biofilms allows for bacteria to inhabit an area different from
the surrounding environment. Furthermore, biofilm formation is an important factor in the virulence of bacterial
pathogens. Biofilm formation is a result of density-dependent gene expression (Morris and Monier, 2003).
Density-dependent biofilm formation is triggered by the process of quorum sensing (QS). Biofilm formation
induced by QS is essential for survival and pathogenicity and may be regulated through a two-component
regulatory system (TCS). TCS’s are signal transduction systems through which bacteria are able to respond to
environmental stimuli (Hoch, 2000). The TCS is comprised of a histidine kinase, responsible for sensing stimuli,
and the response regulator, responsible for mediating gene expression (Charles et al, 1992).

The PhoP/Q TCS is a well-studied and highly conserved TCS responsible for regulation of genes involved in
virulence, adaptation to environments with limiting Mg2+ and Ca2+, and regulation of other genes. PhoQ is a
transmembrane histidine kinase protein with a long C-terminal tail residing in the cytoplasm. The periplasmic
domain of PhoQ is involved in sensing of Mg2+, Ca2+, and antimicrobial peptides. The cytoplasmic domain
contains a histidine residue that is phosphorylated when physiological signals are detected in the periplasm. The
PhoP/Q TCS is a phosphotransfer signal transduction system and upon activation by environmental stimuli, PhoQ
phosphorylates the corresponding response regulator PhoP. In most bacteria, environments high in Mg2+ inhibit
the PhoP/Q system through dephosphorylation of PhoP (Groisman, 2001). Xf contains homologs of the PhoP/Q
system (Simpson et al. 2000). We have previously shown that the PhoP/Q system is essential for Xf survival in
planta and plays a role in regulation of biofilm formation and cell-cell aggregation. The current aim of our
research is to understand what genes are being controlled by PhoP/Q in Xf, especially genes involved in the early
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adaptation processes essential for survival in the xylem. We are also investigating factors involved in induction or
repression of the PhoP/Q system such as pH, cation concentration and peptides.

OBJECTIVES
1. Characterization of factors involved in induction and/or repression of the PhoP/Q system.
2. Identification and characterization of genes regulated by PhoP.
3. Determine if peptides in a library provided by Prof. Carlos Gonzalez are able to bind to Xf PhoQ and inhibit

activation of PhoP.

RESULTS AND DISCUSSION
Objective 1.
We are currently working to further our understanding of factors that influence the PhoP/Q system in Xf. So far
we have found that XfΔphoP and XfΔphoQ mutants show inhibited growth in Pim6 media containing 50 µM Mg2+

when compared to wild-type Xf. We also see a reduction in growth among the mutants compared to wild-type at a
lowered pH of 5.0 (instead of pH 7.0) when the media contains 500 µM Mg2+.

Figure 1. Absorbance OD600 of Xf fetzer, XfΔphoP, and XfΔphoQ in Pim6 media containing either 50 µM or 500
µM Mg2+ at a pH of 5.0 or 7.0. Absorbance was measured after 5 days growth at 28° C.

We are currently looking at other types of media, xylem sap, and different ranges of various ions.

Objective 2.
We will begin work on objective 2 in November 2014. We are in the final stages of selecting the optimal media
for RNA isolation.

Objective 3.
We have begun work on objective 3 investigating whether two potential peptides, kindly provided by Professor
Carlos Gonzalez, have an inhibitory effect on Xf. The two peptides tested are 66-10D: FRLKFH and 77-12D:
FRLKFHI (Reed et al., 1997) We found the peptides have an inhibitory effect on Xf Fetzer when grown for five
days in Pim6 media (Michele Igo, personal communication) modified to contain 10 uM Mg2+. Xf was grown in
the presence of the peptides at varying concentrations, with an inhibitory effect observed at peptide concentrations
as low as 10 ug/ml (Figure 2).
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Figure 2. Absorbance OD600 of Xf Fetzer cells grown for five days at 28° C with shaking at 100 rpm in
Pim6 media containing 10 µM Mg2+ and varying concentrations of 77-12D and 66-10D peptides. Different
letters indicate significance (P < 0.05) as determined by the Tukey test.

We have observed a further reduction in growth (greater inhibitory effect) of these peptides on our XfΔphoP and
XfΔphoQ mutants when grown under the same conditions as above (Figure 3).

(A) (B)

Figure 3. Absorbance OD600 of Xf Fetzer, XfΔphoP and XfΔphoQ cells grown for five days at 28° C with shaking at 100
rpm in Pim6 media containing 10 µM Mg2+ and varying concentrations of (A) Peptide 66-10D or (B) Peptide 77-12D.
Different letters indicate significance (P < 0.05) as determined by the Tukey test.

We also tested the effect of these peptides on Xf Fetzer when Xf was incubated in the presence of the peptide for
one hour in Pim6 media containing 10 µM Mg2+. After the incubation period, 20 µl aliquots were plated onto
solid PD3 media and growth was evaluated after seven days incubation at 28° C. We found that only peptide 77-
12D was able to inhibit Xf growth after the one hour incubation period (Table 1).
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ABSTRACT
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF) that
modulates gene expression in cells as they reach high numbers in plants. By increasing the expression of a variety
of afimbrial adhesins while decreasing the expression of pili involved in twitching motility as well as extracellular
enzymes involved in degrading pit membranes and hence movement between vessels, DSF accumulation
suppresses virulence of Xf in grape. We thus are exploring different ways to elevate DSF levels in plants to
achieve disease control via “pathogen confusion.” As exogenous sources of DSF applied in various ways to grape
suppressed pathogen mobility and hence virulence we have further studied the chemical identity of DSF. Xf can
respond to a variety of related unsaturated fatty acids, while it naturally produces at least three different DSF
species. While the initial DSF species produced by Xf was identified as, 2-Z-tetradecenoic acid (hereafter called
C14-cis), it can also produce a second compound termed C12-cis, as well as 2-Z-hexadecenoic acid (C16-cis).
This latter molecule is the most active molecule. Gene expression in Xf exposed to various levels of DSF is a
sensitive means of assessing DSF levels and Xf harboring phoA reporter gene fusions to hxfA has proven to be an
excellent bioreporter. Xf can respond to cis unsaturated fatty acids with the site of unsaturation at the number 2
carbon molecule with chain lengths from 12 to 18 carbon atoms. The corresponding trans unsaturated fatty acids
not only are not able to induce gene expression, but antagonize gene expression conferred by the corresponding
cis fatty acid. The commercially available unsaturated fatty acid palmitoleic acid is also active as a signaling
molecule and is being evaluated for its ability to reduce the susceptibility of plants to Pierce’s disease when
applied topically or introduced into the plant in different ways. The release of extracellular membranous vesicles
by Xf is responsible for the suppression of its adherence to surfaces. These vesicles attach to surfaces such as that
of the walls of the xylem vessels. By so attaching, these vesicles prevent the attachment of Xf cells themselves to
such surfaces. Only upon reaching relatively high cell concentrations in a particular vessel would DSF
concentrations increase to a level that would suppressed the release of the membranous vesicles, thereby retaining
adhesive molecules on the surface of Xf cells themselves, thus allowing the bacterial cells themselves to attached
to surfaces, such as that of insect vectors.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF).
Accumulation of DSF in Xf cells, which presumably normally occurs as cells become numerous within xylem
vessels, causes a change in many genes in the pathogen, but the overall effect is to suppress its virulence in plants
by increasing its adhesiveness to plant surfaces and also suppressing the production of enzymes and genes needed
for active movement through the plant. We have investigated DSF-mediated cell-cell signaling in Xf with the aim
of developing cell-cell signaling disruption (pathogen confusion) as a means of controlling Pierce’s disease.
Elevating DSF levels in plants artificially reduces its movement in the plant. In this study we have investigated
the variety of different fatty acid molecules that can serve as cell-cell signaling agents in Xf. Several new DSF
species have been found including a 16-carbon unsaturated fatty acid that appears to be far more active than the
14-carbon unsaturated fatty acid that we have previously investigated as well as a commercially available fatty
acid (palmitoleic acid). The release of extracellular membranous vesicles by Xf is responsible for the suppression
of its adherence to surfaces, thus facilitating its movement through the plant, and is therefore a virulence factor.
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INTRODUCTION
Our work has shown that Xylella fastidiosa (Xf) uses diffusible signal factor (DSF) perception as a key trigger to
change its behavior within plants. Under most conditions DSF levels in plants are low since cells are found in
relatively small clusters in most xylem vessels, and hence they do not express adhesins that would hinder their
movement through the plant (but which are required for vector acquisition) but actively express extracellular
enzymes and retractile pili needed for movement through the plant. Disease control can be conferred by elevating
DSF levels in grape to “trick” the pathogen into transitioning into the non-mobile form that is normally found
only in highly colonized vessels. While we have demonstrated the principles of disease control by so-called
“pathogen confusion,” our continuing work aims to understand how best to alter DSF levels in plants to achieve
even higher levels of disease control. Until now we have suffered from a lack of sensitive methods to detect DSF
levels in plants (the Xanthomonas-based bioassay we have used previously is relatively insensitive to the
chemically distinct forms of DSF produced by Xf). That is, while we showed that DSF-producing endophytes,
direct application of DSF, and transgenic plants producing DSF all conferred some resistance to disease, we had
no way to know why they were not more resistant, nor what would be needed to improve control measures since
we could not measure the direct effect of our efforts to increase DSF levels in plants. However, we have now
developed several new sensitive biosensors that enable us to measure Xf DSF both in culture and within plants.
We have recently found that Xf apparently produces more than one molecule that can act as a DSF signal
molecule and that the molecules made by Xf are dependent on its growth environment. We thus need to ascertain
which form is most active, whether the various forms all have the same effect on regulating traits in Xf, and what
are their fates when applied to plants in various ways. Thus the overall goal of our work is to use these new
biosensors to examine how DSF levels can best be altered by the various methods we have previously identified.
As disease control should be directly proportional to both the concentration of and dispersal of DSF within plants
we will quantitatively explore the effectiveness of different strategies to elevate DSF levels throughout plants.

We also have made the discovery that Xf produces abundant extracellular membranous vesicles which are shed
from the cell. Importantly, the content of outer membrane proteins including the adhesion XadA are controlled by
DSF accumulation in cultures of Xf, and even more importantly, the shedding of these vesicles from the cell are
apparently suppressed by the accumulation of DSF. We therefore are testing the model that DSF signaling in Xf
involves two very different processes both of which lead to a rapid, cell density dependent change in its
adhesiveness. When cells of Xf are found in relatively low numbers within the xylem vessel they have
accumulated little DSF, and because of this they do not produce large amounts of the cell surface adhesins
including XadA, HxfA, and others, yet such cells shed large numbers of vesicles. However, when cell density,
and thus DSF concentrations increase membrane vesicles are not shed by the cell, and the higher concentration of
afimbrial adhesins would be retained on the surface of the Xf cells rather than being fed into the environment.
Such a process would tend to maximize the adhesiveness of Xf when DSF levels increased. This increased
adhesiveness is apparently needed for their acquisition by insect vectors but would be expected to suppress their
ability to move in the plant. In contrast, the shedding of vesicles would tend to prevent access from adhering to
surfaces because most cell surface adhesins would no longer be attached to the cell. In this project, we are testing
the role of the membranous vesicles, since preliminary data revealed that they may interfere with the adherence of
Xf to surfaces. That is, by shedding adhesive vesicles which themselves adhere to the surface of plants, access
may prevent its own adherence to such surfaces because they are now coded would such vesicles.

OBJECTIVES
1. Identify additional DSF molecules made by Xf that contribute to cell-cell signaling and determine their

movement and stability when applied to plants in various ways to improve disease control.
2. Determine the contribution of membrane vesicles shed by Xf in the absence of DSF to its virulence and the

utility of measurement of vesicular presence within plants as a sensitive means to assess the success of
strategies of disease control by pathogen confusion.

RESULTS AND DISCUSSION
Objective 1. Finding new DSF species.
We have optimized methods to use Xf itself to detect DSF. Among the several genes that we know to be most
strongly regulated by DSF are genes such as hxfA and HxfB which are involved in cell-surface adhesion. We now
have successfully used the endogenous phoA gene (encoding alkaline phosphatase) as a bioreporter of gene
expression in Xf. The PhoA-based biosensor in which phoA is driven by the hxfA promoter is quite responsive to
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exogenous DSF from extracts of Xf cultures as well as C14-cis (hereafter called XfDSF) itself. Assay of Xf
extracts by Xf DSF-specific biosensors provide evidence of more than one Xf DSF molecule. Our analysis of the
material collected by HPLC from these cultures using electro-spray MS revealed it to be an unsaturated C16 fatty
acid. We therefore chemically synthesized this presumptive derivative which we will call C16-cis or Xf DSF2
(Figure 1).

Figure 1. Structure of C16-cis (Xf DSF2) and palmitoleic acid

The biological activity of the synthetic XfDSF2 was tested by the addition of this material at various
concentrations to an rpfF* mutant strain of Xf harboring the hxfA:phoA reporter gene fusion and grown in PD3
medium. The rpfF* mutant is unable to synthesize DSF due to two mutations introduced into the catalytic site of
the DSF synthase, yet this mutant is still able to respond to exogenous DSF. Importantly, this Xf:phoA biosensor
exhibited very high alkaline phosphatase activity upon the addition of as little as 100 nM C16-cis (Figure 2).
Importantly XfDSF2 also conferred much higher induction of hxfA, as indicated by a higher alkaline phosphatase
activity at a given concentration than XfDSF, and also induced other adhesins more highly. Both XfDSF and
XfDSF2 strongly induced adhesion of wild-type cells of Xf to glass tubes (Figure 2). Thus XfDSF2 seems to be a
particularly powerful signal molecule in Xf.

Figure 2. XfDSF and XfDSF2 Dose-dependent induction of the Xf-based DSF-
biosensor (rpfF*-XfHA-biosensor).

To better understand how promiscuous the DSF synthase RpfF from Xf was, we synthesized a variety of different
enoic fatty acids and assayed them with the Xf:phoA biosensor. A variety of related fatty acids having the site of
unsaturation at the number 2 position but with different carbon chain lengths were assessed. In most cases, the
double bond was constructed to be in a cis orientation, but a few corresponding trans unsaturated fatty acids were
synthesized.

Several different patterns of response of the Xf:phoA biosensor to these various fatty acids was observed. Some
relatively short chain-link fatty acids such as C10-cis were toxic, interfering with gene expression, but not
bacterial growth, such that the alkaline phosphatase activity exhibited by the Xf:phoA biosensor Xf:phoA
biosensor decreased with increasing concentration of the fatty acid (Figure 3). In contrast, the alkaline
phosphatase activity exhibited by the Xf:phoA biosensor increased with increasing concentrations of fatty acid
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such as for XfDSF itself, thereby indicating a positive response, while there was no response to other fatty acids
such as C19-cis (Figure 3).

Figure 3. Various responses of the Xf:phoA biosensor has indicated by alkaline phosphatase activity (ordinate) as a
function of the concentration of various synthetic fatty acids noted on the abscissa (uM).

Unsaturated fatty acids differed greatly in their ability to induce quorum sensing in Xf. While Xf responded
positively to unsaturated fatty acids with chain lengths from 12 to 18 carbons, as long as the site of unsaturation
was at the number 2 carbon position, those fatty acids less than 12 carbons in length tended to be toxic while there
was no response to those greater than 18 carbons in length (Table 1). While Xf could respond positively to a wide
range of different fatty acids, the lowest concentrations at which some response could be detected was highest for
those of carbon lengths of 14-18.

Table 1. Activity of various unsaturated fatty acids as signal molecules in Xf.

Chain
length

Orienta-
tion

Location
of

unsatura-
tion

Molecule name

Xf biosensor Xcc biosensor
Minimum
detection

concentration
(uM)

Fold
induction

Minimum
detection

concentration
(uM)

Fold
induction

8 cis 2 2-z-octanoic acid Toxic - No response -
9 cis 2 2-z-nonanoic acid Toxic - No response -
10 cis 2 2-z-decanoic acid Toxic - 10 4.1
11 cis 2 2-z-undecanoic acid Toxic - 1 12.4
12 cis 2-z-dodecenoic acid

(BDSF)
3 3.2 0.1 12.4

12 trans 2 2-E-dodecanoic acid Toxic - 3 7.9
13 cis 2 2-z-tridecanoic acid Toxic - 0.001 17.9
13 cis 2 2-z-11-methyldodecenoic

acid (DSF)
3 17.5 0.01 17.9

14 cis 2 2-z-tetradecanoic acid
(XfDSF)

1 3.3 7 4.8

14 cis 5 5-z-tetradecanoic acid No response - No response -
14 cis 6 6-z-tetradecanoic acid No response - No response -
15 cis 2 2-z-pantadecanoic acid 10 4.2 No response -
15 0 12-methyltetradecanoic

acid (CVC-DSF)
1.5 0.32 No response -

16 cis 2 2-z-haxadecanoic acid
(XfDSF2)

0.15 8.9 No response -

17 cis 2 2-z-heptadecanoic acid 0.3 8.6 No response -
18 cis 2 2-z-octadecanoic acid 1 6.5 No response -
19 cis 2 2-z-nonadecanoic acid No response - No response -
20 cis 2 2-z-eicosanoic acid No response - No response -



  

                
              

                
               

            
                

                      
           

 

                
                

                 
               

                   
               

  

Given that Xf appeared to be relatively promiscuous in its perception of a variety of unsaturated fatty acids, a 
number of different commercially available saturated and unsaturated fatty acids were evaluated for their ability 
to induce quorum sensing (Table 2). While no saturated fatty acid exhibited the ability to induce DSF-mediated 
quorum sensing in Xf, palmitoleic acid (Figure 1) was quite active as a signaling molecule (Figure 4). While 
approximately five times higher concentrations of palmitoleic acid were required to induce the Xf:phoA biosensor 
compared to XfDSF2 (C16-cis), it conferred high levels of induction of the biosensor. This is a very exciting 
finding as it will allow us to proceed with tests to apply such as exogenous sources of DSF as a signal molecule to 
plants since large amounts of this material can be obtained relatively inexpensively. 

Table 2. Commercially available fatty acids evaluated for signing activity in Xf. 
Chain 
length 

Orientation 
Location of 

unsaturation 
Chemical name Common name 

14 - 0 tetradecanoic acid myristic acid 
14 cis 9 9-z-tetradecenoic acid myristoleic acid 
14 cis 5 5-z-tetradecenoic acid physeteric acid 
16 - 0 hexadecenoic acid palmitic acid 
16 cis 9 9-z-hexadecenoic acid palmitoleic acid 
16 cis 6 6-z-hexadecenoic acid sapenic acid 
16 trans 9 9-E-hexadecenoic acid palmitelaidic acid 

Figure 4. Alkaline phosphatase activity exhibited by different commercially available saturated and 
unsaturated fatty acids tested at various concentrations in the Xf:phoA biosensor. 

Given that a commercially available unsaturated fatty acid is a potent inducer of quorum sensing in Xf, we further 
investigated the extent to which DSF signaling could be interfered with by the presence of other dissimilar 
saturated and unsaturated fatty acids. Not only does the grape strain of Xf not respond to the DSF from citrus 
variegated chlorosis (CVC) strains of Xf, this molecule is a powerful inhibitor of signaling in grape strains of Xf in 
the presence of its own DSF, C16-cis (Figure 5). In the presence of one micromolar C16-cis the induction of the 
Xf:phoA biosensor decreased steadily with increasing concentrations of CVC DSF in the range from 0.1 to 30 
micromolar (Figure 5). 
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Figure 5. Alkaline phosphatase activity exhibited by cells of the Xf:phoA biosensor exposed to
different concentrations of CVC DSF (red line), C16-cis (blue line), or to a combination of 1 uM
C16-cis and different concentrations of CVC DSF as shown on the abscissa (brown line).

Given that palmitoleic acid is a promising commercially available fatty acid that can serve as a signaling molecule
in Xf, we tested to what extent its ability to act as a signaling molecule could be blocked in the presence of other
fatty acids (Figure 6). Not only did the saturated fatty acids palmitic acid (C16) and myristic acid (C14) interfere
with signaling induced by C16-cis or C14-cis, but it also interfered with signaling induced by palmitoleic acid as
measured by the Xf:phoA biosensor (Figure 6). It thus appears that it might not be possible to use complex
mixtures of fatty acids as signaling molecules, although we are continuing to investigate the ubiquity with which
various saturated or trans fatty acids interfere with signaling in Xf.

Figure 6. Alkaline phosphatase activity exhibited by cells of the Xf:phoA biosensor exposed to different
concentrations of palmitoleic acid alone (gold line), various concentrations of palmitic acid and 3 µm
palmitoleic acid (blue line), various concentrations of palmitoleic acid and 1 um C16-cis (blue line), or to a
combination of 1 µM C16-cis and different concentrations of palmitic acid (red line) as shown on the abscissa.

Given that palmitoleic acid is a promising commercially available fatty acid that can serve as a signaling molecule
in Xf we have investigated different ways in which it can be introduced into plants. We therefore have initiated
large experiments in which we are assessing both the concentration of palmitoleic acid within the xylem tissue as
well as any phytotoxicity of palmitoleic acid applied either by itself or in conjunction with various surfactants or
solubilizing agents. We thus have inoculated grape with solutions of palmitoleic acid with different concentrations
of the surfactants Breakthru and Triton X-100 as well is he solubilizing agents DMSO and Solutol. palmitoleic
acid was applied at a concentration of 10 mM and to plants both as a foliar spray, as a soil drench, and as a stem
injection. While high concentrations of several of these detergents or solubilizing agents caused phytotoxicity no,
or limited cytotoxicity was observed at a concentration of less than 0.2% Breakthru, 0.2% Triton X-100, 1%
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DMSO, or 1% Solutol. The effectiveness of these agents in introducing palmitoleic acid into grape tissue was
assessed by assessing the ability of sap extracted from individual leaves using a pressure bomb to induce the
expression of alkaline phosphatase activity in the Xf Xf:phoA biosensor. The initial results of these studies reveal
that substantial amounts of palmitoleic acid could be introduced into grape leaves one applied as a foliar spray
with 0.2% Breakthru (Figure 7). Lesser amounts could be introduced with foliar sprays including Solutol and
DMSO. As a registered surfactant for use in agriculture, Breakthru has the potential to be a practical delivery
agent. The efficacy of this material is probably associated with its extraordinarily low surface tension that enables
spontaneous stomatal infiltration of leaves with aqueous solutions containing 0.2% of this detergent. Thus,
solutions of fatty acid supplied with this concentration of surfactant appear to bypass the cuticular surface as a
means to enter the intercellular spaces and presumably also the vascular tissue.

These most promising treatments were also applied to grape plants to evaluate their efficacy in reducing the
symptoms of Pierce’s disease. Initial application of palmitoleic acid was followed two weeks later by inoculation
with Xf. The palmitoleic acid treatments were re-applied every three weeks until nine weeks. Just as disease
symptoms were appearing, a malfunction of the deregulation system in the greenhouse caused the plants to
severely damage due to desiccation. These experiments will therefore be repeated.

Figure 7. Alkaline phosphatase activity exhibited by 10 µl aliquots of xylem sap extracted under
pressure from individual leaves of grape plants treated with 10 mM palmitoleic acid with the
various surfactants noted when applied as a foliar spray or a stem injection.

Objective 2. Role of extracellular vesicles.
Our continuing work reveals that Xf is a very prolific producer of extracellular vesicles. A large number of
vesicles (>400/cell) can be associated both with the surface of the bacterial cell, as well as a high portion that are
shed by the cells to the extracellular environment (Figure 8). The vesicles are generally quite small, ranging in
size from about 0.01 to 0.1 µm in diameter. Quantification of vesicles by both deconvolution fluorescence
microscopy, flow cytometry, and a Nanovision particle counter reveals that the higher number of vesicles
(normalized for the number of Xf cells) are present in RpfF mutants, suggesting strongly that DSF accumulation
suppresses the release of such vesicles. The rpfF mutant produces as much as three times more vesicles
(Figure 9). While some vesicles were as large as approximately 1000 nm, the average diameter of vesicles was
only approximately 150 nm (Figure 9). We can estimate that each Xf cell has shed approximately 100 to 1,000
vesicles of different sizes. It is thus clear that vesicles constitute a major extracellular factor produced by Xf.
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Figure 8. Membranous vesicles forming on the surface of cells of a wild-type strain of Xf.

Quantification of vesicles by both deconvolution fluorescence microscopy, flow cytometry, and a Nanovision
particle counter reveals that a higher number of vesicles (normalized for the number of Xf cells) are present in
RpfF mutants, suggesting strongly that DSF accumulation suppresses the release of such vesicles. The rpfF
mutant produces as much as three times more vesicles (Figure 9). While some vesicles were as large as
approximately 1,000 nm, the average diameter of vesicles was only approximately 150 nm (Figure 9). We can
estimate that each Xf cell has shed approximately 100 to 1,000 vesicles of different sizes. It is thus clear that
vesicles constitute a major extracellular factor produced by Xf.

Figure 9. Distribution of sizes and abundance of vesicles of different sizes produced
by a wild-type and an rpfF mutant of Xf when grown for two days in PD3 broth
when assessed with a Nanovision device. The vertical bars represent the standard
error of the estimate of the number of vesicles produced by a given strain.

Xf produced abundant vesicles while colonizing plants. Outer membrane vesicles could be readily detected in the
xylem fluid of plants infected with the wild-type strain, and much higher numbers in plants infected with an RpfF



- 70 -

mutant strain. It is thus clear, that the production of outer membrane vesicles by Xf is not an artifact of their
culture in laboratory media, but that it is an intrinsic trait of the pathogen while growing in host plants.

Figure 10. Numbers of particles of various sizes in xylem sap recovered from
Cabernet Sauvignon grape infected with the wild-type (circles) or an RpfF mutant
of Xf (squares), or from healthy plants. Particles of various sizes were enumerated
with a Nanovision device. The vertical bars represent the standard error of the
determination of mean particles of a given size.

Xylem sap containing membranous vesicles was shown to reduce the adherence of Xf to various surfaces. Xylem
fluid was collected by pressure bomb from healthy Thompson Seedless grape, as well as from plants infected with
a wild-type strain of Xf or with an RpfF mutant of Xf. To test the differential adherence of wild-type cells of Xf to
surfaces such as insects in the presence of these different sample collections, we immersed small sections of
hindwings of glassy-winged sharpshooters (GWSS) in each of these xylem sap samples to which we also added a
wild-type strain of Xf. Many more cells that had been suspended in samples from healthy plants attached them
from cells suspended in sap from plants infected with the wild-type Xf strain, particularly from sap infected with
an RpfF mutant of Xf (Figure 11). Over 20-fold more bacterial cells were attached when suspended in sap from
the healthy plant compared to that of sap from the plant infected with the RpfF mutant of Xf (Figure 11). It is thus
clear that the xylem sap environment of plants infected with an RpfF mutant of Xf is much less conducive to the
adherence of Xf to surfaces than that of healthy plants. In fact, the sap environment of plants infected with the
wild-type strain of Xf is also somewhat less conducive to adherence.

Figure 11. The number of cells of a wild-type strain of Xf that had adhered to wings of the GWSS
suspended in xylem sap from plants infected with an RpfF mutant (blue), or a wild-type strain of Xf
(red), or from healthy plants (green) after incubation for either 30 minutes or 2 hours.



- 71 -

The ability of vesicles to interfere with binding of Xf to surfaces such as insect wings also suggested that it would
interfere with binding to plant surfaces, such as xylem vessels, thereby better enabling the movement of the
pathogen through the plant. This was investigated by introducing cells of Xf to grape stem segments in the
presence or absence of purified membrane vesicles. Vesicles were collected by ultracentrifugation of cell free
supernatants. Vesicles were than either resuspended in buffer or in culture media and cells of Xf were then
introduced into surface sterilized, two cm stem segments in buffer or culture media alone, or in such solutions
containing membrane vesicles. After introduction into the stem segments and incubation for one hour, stem
segments were flushed with sterile buffer to remove any unattached cells of Xf. Population size of the attached Xf
cells were then determined by dilution plating. When cells were co-inoculated into stem segments with membrane
vesicles suspended in buffer, there was a dramatic reduction (>20-fold) and the fraction of those cells which
attached to the xylem vessels compared to that of cells introduced in buffer alone (Figure 12).

Figure 12. The fraction of total cells introduced into xylem vessels that were retained after
one hour incubation when introduced in buffer alone or in phosphate buffer containing
membranous vesicles of Xf. The vertical bars represent the standard error of the mean of the
fraction of attached cells.

To better assess the process by which the vesicles were interfering with the attachment of Xf to plant tissues, we
conducted similar experiments as above, but introduced the membrane vesicles in buffer alone, incubated the
vesicles with the tissue for one hour before then flushing the vesicles out with buffer, before then introducing
bacterial cells in buffer to the same stem segments. In this way, we enabled membrane vesicles to interact with
plant tissue before, or instead of, bacterial cells themselves. This design enabled us to determine whether the
process of finding of vesicles to plant tissues led to the blockage of finding of Xf to the plants, or whether binding
of the vesicles to the bacterial cells then prevented their binding to the plant tissue. It was clear however that prior
treatment of the plant tissue with the vesicles conferred the same dramatic reduction in the ability of Xf to bind to
plants as well as the case when the cells and vesicles were co-inoculated into the plant (Figure 13). It thus seems
clear that vesicles prevent binding of Xf to plant by preferential binding to the surfaces to which the bacteria
themselves might otherwise have bound.
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Figure 13. The fraction of total cells introduced into xylem vessels that were retained after
one hour incubation when introduced into plants treated one hour earlier with either buffer
alone or phosphate buffer containing membranous vesicles of Xf. The vertical bars
represent the standard error of the mean of the fraction of attached cells.

To better understand the relative ability of outer membrane vesicles to block adhesion of Xf to various surfaces we
performed experiments similar to that above in which hindwings of GWSS were immersed in cell suspensions of
Xf either in PIM6 medium alone or in PIM6 medium containing membranous vesicles. While the number of Xf
cells that attach to the insect hindwings was lower when suspended in membranous vesicles compared to medium
alone (Figure 14), this effect of vesicles preventing attachment of Xylella to surfaces which much smaller than
observed in blockage to xylem vessels. That is, while membranous vesicles reduced the proportion of Xf cells that
would attach to xylem vessels by over 20-fold (see Figure 13), these vesicles reduced attachment to insect
hindwings by only about three-fold. These results suggest that the membranous vesicles attach more strongly to
plant surfaces, and thereby reduce the attachment of Xf to the same plant surfaces. It is sensible to speculate that
this selective blockage of attachment would have been evolutionarily selected in Xf. Specifically, successful
transmission of Xf from one infected plant to another is dependent on acquisition of the cells by the insect vector.
While the membranous vesicles appear to facilitate movement of Xf throughout the plant by blocking its
attachment to the plant , which would be expected to enter its movement, the vesicles are apparently do not
strongly affect its acquisition by insect vectors, thereby enabling it to be acquired and thus transmitted.

Figure 14. Population size of Xf attached to hindwings of GWSS when suspended for two hours in PIM6
culture medium alone or in membranous vesicles of Xf suspended in PIM6 medium. The vertical bars
represent the standard error of the determination of mean numbers of cells attached as determined by dilution
plating.
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CONCLUSIONS
We are very excited about results to date that show that several means of elevating DSF levels in plants have
provided disease control via a strategy of “pathogen confusion.” Given the limitations in standard methods of
disease control, we are optimistic that DSF interference represents a promising strategy for Pierce’s disease
control. Control of Pierce’s disease by direct application of DSF is a very attractive disease control strategy since
it could be quickly implemented and would utilize commonly used agricultural equipment and methods and
would not require the use of transgenic technologies. Our earlier work had shown that C14-cis, a component of Xf
DSF, conferred some reduction of disease after topical application, but less than might have been expected
compared to application of crude DSF-containing extracts of Xf. Our recent studies using improved Xf-based DSF
biosensors more responsive to the DSF molecules made by Xf reveal that at least two additional molecules related
to C14-cis are biologically active in Xf, and DSF2 is much more active than C14-cis. We are very excited to find
that a cheap, commercially available molecule palmitoleic acid also is quite active as a DSF signal molecule.  We
will determine which of these molecules are most biologically active, whether they all have similar effects on
gene expression in Xf, and which are most abundant within plants infected with Xf. Our new sensitive biosensors
will be used to document the absorption and translocation of these molecules by grape after application in various
ways. This should enable us to greatly increase disease control by direct application of the most appropriate
molecule.

Strong evidence suggests that the release of extracellular membranous vesicles by the RpfF mutant is responsible
for the suppression of adherence of Xf to surfaces. Since the RpfF mutant of Xf does not accumulate DSF, which
in turn suppresses the release of extracellular vesicles, a higher concentration of extracellular vesicles would be
expected in plants infected with the RpfF mutant. At least some extracellular vesicles would also be expected in
the sap of plants infected with the wild-type strain as well. A higher concentration of extracellular vesicles, as
estimated by the abundance of XadA (which we can use as a marker protein for these membranous vesicles), is
found in plants infected with the RpfF mutant of Xf compared to that of the wild-type strain. These results further
support our model of a “Teflon mechanism” of virulence of Xf whereby it releases adhesive vesicles, especially
one found at relatively low cell densities where DSF would not have accumulated. These vesicles would be
expected to attach to surfaces such as that of the walls of the xylem vessels. By so attaching, these vesicles would
prevent the attachment of Xf cells themselves to such surfaces. Only upon reaching relatively high cell
concentrations in a particular vessel would DSF concentrations increase to a level that would suppressed the
release of the membranous vesicles, thereby retaining adhesive molecules on the surface of Xf cells themselves,
thus allowing the bacterial cells themselves to attach to surfaces, such as that of insect vectors. The presumptive
anti-adhesive factor apparently plays a major role in facilitating the movement of Xf throughout the plant, and
further work to elucidate its nature and contributions to this process are warranted.
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ABSTRACT
The purpose of this study is to elucidate the contributions of host cell wall-degrading enzymes (CWDEs)
produced by Xylella fastidiosa (Xf) to systemic colonization of grapevine, as well as the role of the Type II
Secretion System (T2SS) in delivering these CWDEs into the xylem. Of the CWDEs predicted to be secreted by
the T2SS, this project will focus on the endoglucanases (EGases) produced by Xf. We hypothesize that the T2SS
secretes these EGases along with a polygalacturonase (PG), and that these enzymes collaborate to degrade the pit
membranes that separate xylem vessels to facilitate the bacterium's systemic colonization of the grapevine via its
xylem system. It has been previously reported that a purified PG and one of the Xf EGases are required to increase
pore sizes of pit membranes in grapevine. Moreover, mutation of PG results in the loss of pathogenicity and
movement for Xf. We also show that a loss of function in the T2SS results in a similar dramatic loss of
pathogenicity. In addition, we are investigating the role of an EGase/expansin hybrid protein in pit membrane
degradation. Ultimately, characterization of these EGases and the T2SS will help us to determine if they are
suitable targets for Pierce's disease management.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) relies on degradation of the plant cell wall to move within the grapevine. This is
accomplished by the cooperation of at least two classes of enzymes that target different components of the
complex scaffold of the plant cell wall. A major goal of this research is to further elucidate the factors that lead to
disassembly of the plant cell wall, thereby, allowing the bacteria to systemically colonize the plant. Systemic
colonization is highly correlated with Pierce’s disease development and preventing movement of the bacteria is
critical to devising successful control strategies. We propose that characterizing and inhibiting Xf enzymes that
facilitate movement throughout the plant and/or the secretion machinery responsible for delivering those Xf
enzymes into the grapevines water pipes will provide a comprehensive approach to restriction of disease
development.

INTRODUCTION
Xylella fastidiosa (Xf) is a xylem-limited bacterial pathogen that is the causal agent of Pierce’s disease of
grapevine (Hopkins and Purcell, 2002, Chatterjee et al., 2008, Purcell and Hopkins, 1996). In order to
systemically colonize the xylem, Xf must be able to move efficiently from one xylem vessel element to adjacent
vessels. These xylem vessels are connected by pit membranes, which are porous primary cell wall interfaces that
are composed of cellulose microfibrils embedded in a meshwork of pectin and hemicellulose (Buchanan, 2000,
Sun et al., 2011). The pore sizes of these pit membranes range from 5 to 20 nM, and serve to prevent the
movement of air embolisms and pathogens within the xylem (Mollenhauer & Hopkins, 1974, Buchanan, 2000).
Indeed, these small pore sizes do prevent the passive movement of Xf between xylem vessels given that the size of
the bacterium is 250-500 x 1,000-4,000 nM (Perez-Donoso et al., 2010, Mollenhauer & Hopkins, 1974). In order
to move from one vessel to another, it has been shown through genomic and experimental evidence that Xf utilizes
Cell Wall-Degrading Enzymes (CWDEs), including a polygalacturonase (PG) and at least one β-1,4
Endoglucanase (EGase), to break down the pit membranes network (Roper et al., 2007, Perez-Donoso et al.,
2010). Furthermore, PG is necessary for pathogenicity in grape and has become a primary target for Xf inhibition
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studies (Roper et al, 2007). However, PG alone is not sufficient for pathogenicity in grape and Xf requires both
PG and an EGase for pit membrane degradation (Perez-Donoso et al., 2010). Therefore, elucidating the role of
EGases in pit membrane degradation is critical for understanding systemic movement within the xylem. The Xf
genome contains three genes that encode for canonical EGases: egl (PD2061) rlpA (PD1236) and engXCA2
(PD1851). A fourth annotated EGase, engXCA1 (PD 1856), putatively encodes a modular hybrid protein that
contains both an EGase domain and an expansin domain (Simpson et al., 2000). Expansins are primarily plant
proteins that function to non-enzymatically loosen the cell wall during development (e.g., cell elongation, fruit
ripening). Recently, expansins have been found in several plant-associated bacteria, most of which have a
significant xylem-dwelling phase in their lifestyle (Nikolaidis et al., 2014). It is predicted that these EGases and
PG are delivered into the xylem by the Type II Secretion System (T2SS). Preliminary data demonstrate that Xf
with a deficient T2SS display a non-pathogenic phenotype similar to that of the Xf pglA mutant that is deficient in
production of PG, suggesting that the T2SS is essential for Xf pathogenicity. Therefore, our central hypothesis is
that Xf utilizes other CWDEs and an endoglucanase/expansin hybrid protein in concert with PG to breach the pit
membranes and that the majority of these are secreted by the Type II Secretion System. We will determine the
role that each of these components plays in pit membrane degradation and systemic movement, and subsequently
if they are good candidates for potential inhibition to limit Pierce's disease development.

OBJECTIVES
1. Characterization of Xf host cell wall degrading enzymes and an endoglucanase/expansin
2. Inhibition of Xf endoglucanases and the endoglucanase/expansin using endoglucanase-inhibiting proteins.
3. Characterization of the Xf Type II secretion system
4. Inhibition of the Xf Type II secretion system

RESULTS AND DISCUSSION
Objective 1. Characterization of Xf host cell wall degrading enzymes and an endoglucanase/expansin.
It was previously determined that Xf EngXCA2, which is one of the three Xf EGase-encoding genes, is a major
contributor to the pit membrane dissolution, and the synergistic effect of both the PG and the Xf EGase was
sufficient to increase pit membrane pore size (Perez-Donoso et al., 2010). Indeed, recombinant EngXCA2 was
capable of digesting carboxymethyl cellulose (CMC) and xyloglucan (XyG) polymers, which both contain 1,4-
linked glucan backbones and are representative of substrates Xf would likely encounter in grapevine primary cell
walls (Roper, 2006; Perez-Donoso et al., 2010). Given the role EngXCA2 plays in pit membrane degradation, we
hypothesize that other predicted EGases produced by Xf may impact pit membrane integrity as well. The egl gene
is predicted to encode a 1,4 EGase belonging to the glycoside hydrolase family 5 as indicated in the CAZy
(Carbohydrate Active Enzyme) database. Glycoside hydrolase family five proteins hydrolyze glycosidic bonds
between two carbohydrates or a carbohydrate and non-carbohydrate moiety and have activities ranging from
EGases to mannanases. rlpA putatively encodes a lipoprotein containing a Barwin-related EGase domain
belonging to the glycoside hydrolase family 45. This family contains proteins with only EGase activity. The last
gene annotated as an EGase is engXCA1, which encodes an EGase/expansin hybrid putatively involved in plant
cell wall disassembly. This is of particular interest because expansins are primarily found in the plant kingdom
and are non-enzymatic proteins that function to loosen the cell wall during plant growth without enzymatic
digestion of the wall (Cosgrove, 2000). Expansins facilitate cell wall loosening by binding to their target
polysaccharide and disrupting the weak bonds between the glycans and the cellulose microfibrils, allowing turgor
pressure from within the cell to expand the cell wall (Cosgrove, 2000). Expansin-like proteins with similar
structure and function were later found in a few bacterial species that associate with plants likely as a result of
cross-kingdom horizontal gene transfer (Nikolaidis et al., 2014). These bacterial expansins are thought to enhance
the activity of bacterial CWDEs by aiding in the loosening of the cell wall, thereby promoting wall breakdown,
colonization and virulence. Interestingly, orthologs of at least one plant expansin (EXLX1) are found in several
plant pathogens, including Xylella, Xanthomonas, Ralstonia, and Erwinia species (Kerff et al., 2008, Georgelis et
al., 2014). While these are all phylogenetically diverse bacteria, they all share the commonality that they spend
the majority of their lives in the xylem tissue of plants. It is hypothesized that they are involved in host
colonization (Kerff et al., 2008). In the Xf pathosystem, they could potentially weaken the wall and more readily
expose carbohydrate targets for digestion by the suite of other Xf CWDEs.



Characterization of the X/EGase/Expansin hybrid protein. 
fu order to test the plant cell wall loosening prope1ties and potential EGase function of the ,VEGase/expansin 
hyblid, we required the synthesis of recombinant protein. We cloned engXCAl into the Champion pET200 
Directional TOPO expression vector (Life Technologies) and transfo1med that intoEscherichia coli (strain BL21 
Star). We induced the expression of EngXCAl with IPTG, and confilmed expression by Western Blot (Figm·e 1) 
using an antibody against the N-te1minal His-Tag. We. confirmed the sequence of the protein by Mass 
Spectrometry and are now working on purifying the protein by Ni-NT A column chromatography. The pmified 
recombinant protein will then be used to test for endoglucanase activity in radial diffusion assays and reducing 
sugar assays (Johnsen and Krause, 2014, Gross, 1982). We will also assess expansin activity of the recombinant 
protein (i.e., its ability to promote the extension of plant tissues that are subjected to stress) in dose collaboration 
with the Cosgrove Laboratory (Penn State University). Tue cell wall elongation assay will then be perfo1med 
using an extensometer apparatus as described by Cosgrove, D. J. (1989), and expansin activity will be detennined 
by measuring the extension of wall specimens over a 2-h peliod. 

Recombinant 
EngXCAl --!► 

.Figure 1. Westem Blot of recombinant EngXCAl expressed in E. co/; strnin BL21 Star Lanes 1 and 
2: E. coli was transfonned with pET200: :engXCAl and induced with 1 mM IPTG for six hours before 
cell lysis. Lanes 3 and 4: E. coli was transformed v.>ith pET200::engXCAl and incubated without 
IPTG. The presence of recombinant protein in these lanes is the result of leaky expression. Lanes 5 
and 6: E. coli was neither transformed nor induced and served as the negative control. All lanes we.re 
probed with a primary 6x-His Tag mAb (ThennoFisher) at a dilution of 1:1000, followed by a goat 
anti-mouse secondary pAb conjugated to Alkaline phosphatase (TI1ermoFisher) at a dilution of 
1:1000. TI1e blot was developed using an Alkaline phosphatase development kit (Bio Rad). TI1e 
molecular weight of the recombinant EngXCAl protein is approximately 65 kDa. 

Assessment of the biological contribution of the X/EGase/Expansin to pathogenicity and host colonization. 
To test the role of the XfEGase/expansin in planta, we constmcted a deletion mutant (fl.engXCAl) in theXJ 
Temecula 1 background using established mutagenesis techniques and confumed the mutant via PCR (Matsumoto 
et al., 2009). We mechanically inoculated the Temecula 1 wild-type and Temecula !iengXCAl mutant into 
grapevine (Cabernet Sauvignon variety) using the pin-prick method (Hill and Purcell, 1995). Grapevines 
inoculated with lX phosphate buffered saline (PBS ) were used as negative controls. Both the Temecula 1 wild
type and the Temecula !iengXCAl mutant were inoculated into 10 plants each and the expe1iment was repeated 
three times (30 plants/treatment). This entire expeliment was replicated in two grape va1ieties, Chardonnay and 
Cabernet Sauvignon. We quantifiedXfpopulations in the plants by isolatingXffrom the petioles at the point of 
inoculation (POI) (11 weeks post-inoculation) and 2: 37 cm above the POI (12 weeks post-inoculation) to 
detennine the ability of the EGase mutants to syste1nically colonize the host (Figure 2). The statistical differences 
between wild-type and !iengXCAl mutant populations at both POI and 2: 37 cm above the POI were determined 
by ANOV A. While there was a significant difference in colonization at the POI (P = 0.02 7), the difference in 
colonization at 2: 37 cm above the POI was statistically insignificant (P = 0.155), indicating that the 
!iengXCAlmutant is not impaired in systelnic movement as we oliginally hypothesized. A silnilar trend was also 
observed in experiments conducted with the Chardonnay va1iety (data not shown). In these expe1iments, we 
inoculated at the base of the plants. However, in a natural scena1io, sharpshooters feed on new green growth and 
the bacteria migrate in a basipetal direction against the flow of sap. We speculate that EngXCAl may play a role 
in this basipetal movement and in future expeliments we plan to inoculate plants closer to the shoot apex rather 
than at the base to assess for basipetal movement. 
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Figul'e 2. In planta populations of the Temecula tlengXCAJ mutant relative to the Temecula 1 wild-type strain. A) In 

planta populations of the Temecula tlengXCAJ mutant are significantly lower than those of the Temecula 1 wild-type 
strain at the point of inoculation (POI). B) In planta popu s of the Temecula tlengXCAJ 1mitant are not significantly 
different from those of the Temecula 1 wild-type strain at 37 cm above the point of inoculation. Data are the means of 
three independent assays with ten replications each. Bars represent the standard etror oftl1e mean. 

Disease ratings for all plants were taken, using a scale of 0 -5 with 0=healthy and 5=dead as described by 
Guilhabe1i and Kirkpatrick (2005). hlterestingly, the !).engXCAI mutant strain is less vimlent than the wild-type 
parent strain (Figure 3). Furthermore, the percentage of plants inoculated with the !).engXCAI mutant strain rating 
two or higl1er on the disease index was consistent ly less than the percentage of plants inoculated with wild-typeXJ 
rating two or higher over a 14-week pe1iod (Figure 4). This suggests that despite the ability of the !).engXCAI 
mutant to systemically colonize the grapevine host similar to wild-type Xfas shown in Figure 2, the onset of 
disease in plants inoculated with the /).engXCAI mutant is significantly delayed relative to plants inoculated with 
wild-type Xf This expe1iment was also repeated in Chardonnay and a similar disease development trend was also 
observed (data not shown). It is ve1y interesting that despite colonizing the plants to the same levels as wild-type 
Xf, the onset and sevelity of Pierce's disease symptoms is delayed in plants inoculated with the !).engXCAI 
mutant. 

Figul'e 
strains over 14 weeks. 1he Temecula tlengXCAJ mutant strain lags behind the Temecula I wild
type strain in Pierce's disease symptom development. IX PBS served as the negative control. Data 
are the means of three independent assays with ten replicates each. Bars represent the standard 
etror of the mean. 
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Figure 4. Percentage of plants rating a two or higher on the Pierce’s disease scale. The
percentage of plants inoculated with the Temecula ΔengXCA1 mutant strain that rated two or
higher was consistently less than the percentage of plants inoculated with the Temecula 1
wild-type strain over a period of 14 weeks.

Objective 2. Inhibition of Xf endoglucanases and the endoglucanase/expansin using endoglucanase
inhibiting proteins.
As the combined action of a PG and an Xf EGase was required to digest pit membranes, both could be targets for
inhibition. PG is a major pathogenicity factor for Xf and grapevines expressing a pear PGIP were more tolerant to
Xf infection (Aguero et al., 2005). Several plant proteins have also been identified and characterized as
xyloglucan-specific EGase inhibiting proteins (XEGIPs) that could potentially inhibit Xf EGases. These include
XEGIPs from tomato and tobacco (Naqvi et al., 2005, Qin et al., 2003). We propose to assess the ability of the
tobacco and tomato XEGIPs to inhibit the degradative ability of the Xf EGases and the EGase/expansin.

Currently, we are working on expressing and purifying these Xf EGases and assessing their activity as stated in
Objective 1. Once these studies have been completed, we will test for inhibition using a radial diffusion assay
performed in agarose containing either CMC or XyG as a substrate with increasing concentrations of each
XEGIP. In addition, we will quantify the generation of reducing groups produced by the Xf EGases or
EGase/expansin alone or in combination with each of the XEGIPs (Naqvi et al., 2005)

Objective 3. Characterization of the Xf Type II secretion system.
The T2SS is composed of 12-15 different proteins depending on the species that are involved either structurally or
mechanistically involved in the function of the T2SS. These proteins are encoded in a single operon and the Xf
genome contains a similar operon similar strongly suggesting a functional T2SS (Jha et al., 2005). The T2SS can
be divided into four different subassemblies that are 1) the pseudopilus; 2) the Out membrane complex; 3) the
inner membrane platform and 4) the secretion ATPase. The pseudopilus is composed primarily of the major
pseudopilin protein, G (XpsG), and also contains the minor pseudopilins, S, H, I, J, and K (XpsH, I, J, and K).
The XpsE ATPase harnesses the energy that drives secretion through the T2SS via hydrolysis of ATP. Proteins
destined for secretion by the T2SS are first delivered to the periplasm via the Sec or Tat-dependent secretion
pathway where they are folded (Slonczewski, 2014). The T2SS then uses a pilus-like piston to push proteins
through the T2 channel. This piston action is a function of the cyclic assembly and disassembly of pilin subunits
(primarily XpsG).

We have created a mutation in the xpsE gene, encoding the putative ATPase that powers the T2SS. Grapevines
inoculated with the xpsE mutant never developed Pierce’s disease symptoms and remained healthy, a phenotype
similar to the Xf pglA mutant (Figure 5). Thus, we have compelling preliminary data indicating that Xf has a
functional T2SS system and the proteins secreted by T2SS are critical for the infection process.
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Figure 5. The X{T2SS is necessruy for Pierce's disease development in grapevine. A) the t.xpsE mutant does not incite 
Pierce's disease symptoms in Vitis vinifera cv. Chardonnay grapevines. Disease severity was based on a visual disease 
scale from O (no disease) to 5 (dead). B) Representative images of plants from the virulence assay are shown here, 1 = 
Wild-type-inoculated, 2 = t.xpsE-inoculated, 3 = lX PBS buffer-inoculated. Plants shown are 11 weeks post-inoculation. 

We hypothesize that the non-pathogenic phenotype of the L1xpsE mutant is due largely to the inability to secrete 
host CWDEs. fudeed, we have indirect experimental evidence that Xfutilizes the T2SS to secrete PG. This is 
based on an assay performed on the defined growth medium, XFM. When XFM is supplemented with pectin as 
the sole carbon source, this induces production of copious ammmts of the carbohydrate-based exopolysacchatide 
(EPS) (Killiny & Almeida, 2009). Pectin is a complex carbohydrate comprised in its simplest fo1m of repeating 
galachironic acid residues. Therefore, when grown on XFM with pectin as the sole carbon source, we hypothesize 
thatXfmust first digest the pectin source utilizing its endo-polygalacturonase (Roper et al., 2007) and likely other 
pectin-digesting enzymes that evenrually disassemble the pectin polymer into individual galacturonic acid 
residues that can then feed into va1ious metabolic processes within the bacterilllll, such as EPS production. 

fu supp01t of our hypothesis that PG (and other CWDEs) are secreted through the T2SS, we demonstrate that the 
t1xpsE mutant produces visibly less EPS on XFNI+pectin medium resulting in a much less mucoid phenotype. 
Furthennore, when wild-type Xfand tlxpsE are grown on XFM+galacturonic acid (i.e., the monome1ic sugar that 
makes up the pectin polymer), both strains produce similar amounts of EPS (data not shown). We infer from this 
that, indeed, breakdown of the pectin substrate is necessary to produce EPS and when the T2SS is dismpted this 
prevents secretion of PG and the subsequent breakdown of pectin. 

Objective 4. Inhibition of the XfType II secretion syste1n 

Proteins destined for secretion by the T2SS are first expo1ted to the peiiplasm by the Sec or Tat pathways. Xf 
appears to only possess the Sec-dependent secretion pathway. Dismption of the T2SS by small molecule 
inhibitors was demonstrated in Pseudomonas aentginosa and Burkholderia pseudomallei, and could be used to 
inhibit theXJSec-dependent pathway (Moir et al., 2011). A chemical compom1d libra1y will be screened for Sec
inhibit01y molecules, including those compounds used by Moir et al. (2011). fuhibition of the Sec-dependent 
pathway will be confirmed by monitoring the secretion of a CWDE using a polyclonal antibody raised against 
EngXCA2 and analyzed via Western Blot and ELISA 

CONCLUSIONS 
Our goal is to first understand the roles each of the EGases produced by Xfhas in pit membrane degradation, as 
well as the role of the T2SS in secreting these CWDEs. Ultimately, we speculate that inhibition of the EGases 
and/or the T2SS will significantly reduce the ability of Xf to systemically colonize its grapevine host. Prelimina1y 
results indicate that the EGase/expansin hybtid protein plays a role in vimlence, and could possibly be an elicitor 
of the host defense response. These studies will be repeated witl1 the addition of tl1e engXCAJ/engXCAJ + 
complement strain to confirm these results. fu addition, anXfstrnin with a deficient T2SS (fl.xpsE) displayed 
reduced vimlence than unmodified Xf, lending credence to the hypotl1esis that the T2SS secretes CWDEs such as 
PG and EngXCA2 that are necessary for systemic colonization. We speculate that further charactetization of these 
EGases and the T2SS will elucidate significant targets for controlling Pierce's disease. 

- 79-



- 80 -

REFERENCES CITED
Aguero CB, Uratsu SL, Greve C, Powell, A. L.,Labavitch, J. M.,Meredith, C. P, Dandekar, A. M., 2005.

Evaluation of tolerance to Pierce's disease and Botrytis in transgenic plants of Vitis vinifera L. expressing the
pear PGIP gene. Molecular Plant Pathology 6, 43-51.

Buchanan BB, Gruissem, W., and Jones, R.L. , 2000. Biochemistry and Molecular Biology of Plants. American
Society of Plant Physiologists. Maryland. Chapter 2: The Cell Wall, 52-100.

Chatterjee S, Almeida RPP, Lindow S, 2008. Living in two worlds: The plant and insect lifestyles of Xylella
fastidiosa. Annual Review of Phytopathology 46, 243-71.

Cosgrove DJ, 1989. Characterization of long term extension of isolated cell walls from growing cucumber
hypocotyls. Planta 177, 121-30.

Cosgrove DJ, 2000. Loosening of plant cell walls by expansins. Nature 407, 321-6.
Georgelis N, Nikolaidis N, Cosgrove DJ, 2014. Biochemical analysis of expansin-like proteins from microbes.

Carbohydr Polym 100, 17-23.
Gross KC, 1982. A Rapid and Sensitive Spectrophotometric Method for Assaying Polygalacturonase Using 2-

Cyanoacetamide. Hortscience 17, 491-494.
Guilhabert MR, Kirkpatrick BC, 2005. Identification of Xylella fastidiosa antivirulence genes: hemagglutinin

adhesins contribute to X. fastidiosa biofilm maturation and colonization and attenuate virulence. Molecular
Plant-Microbe Interactions 18, 856-868.

Johnsen HR, Krause K, 2014. Cellulase Activity Screening Using Pure Carboxymethylcellulose: Application to
Soluble Cellulolytic Samples and to Plant Tissue Prints. International Journal of Molecular Sciences 15, 830-
838.

Hill BL, Purcell AH, 1995. Acquisition and retention of Xylella fastidiosa by an efficient vector, Graphocephala
atropunctata. Phytopathology 85, 209-212.

Hopkins DL, Purcell AH, 2002. Xylella fastidiosa: Cause of Pierce's disease of grapevine and other emergent
diseases. Plant Disease 86, 1056-66.

Jha G, Rajeshwari R, Sonti RV, 2005. Bacterial type two secretion system secreted proteins: double-edged swords
for plant pathogens. Molecular Plant Microbe Interactions 18, 891-8.

Kerff F, Amoroso A, Herman R, Sauvage, E.,Petrella, S., Filee, P., Charlier, P., Joris, B., Tabuchi, A., Nikolaidis,
N., Cosgrove, D. J., 2008. Crystal structure and activity of Bacillus subtilis YoaJ (EXLX1), a bacterial
expansin that promotes root colonization. Proc Natl Acad Sci U S A 105, 16876-81.

Killiny N, Almeida RP, 2009. Host structural carbohydrate induces vector transmission of a bacterial plant
pathogen. Proc Natl Acad Sci 106, 22416-20.

Matsumoto A, Young GM, Igo MM, 2009. Chromosome-Based Genetic Complementation System for Xylella
fastidiosa. Applied and Environmental Microbiology 75, 1679-87.

Moir DT, Di M, Wong E, et al., 2011. Development and application of a cellular, gain-of-signal, bioluminescent
reporter screen for inhibitors of type II secretion in Pseudomonas aeruginosa and Burkholderia pseudomallei.
J Biomol Screen 16, 694-705.

Mollenhauer HH, Hopkins DL, 1974. Ultrastructural study of Pierce's disease bacterium in grape xylem tissue. J
Bacteriol 119, 612-8.

Naqvi SM, Harper A, Carter C, Ren, G., Guirgis, A., York, W. S., Thornburg, R. W., 2005. Nectarin IV, a potent
endoglucanase inhibitor secreted into the nectar of ornamental tobacco plants. Isolation, cloning, and
characterization. Plant Physiol 139, 1389-400.

Nikolaidis N, Doran N, Cosgrove DJ, 2014. Plant expansins in bacteria and fungi: evolution by horizontal gene
transfer and independent domain fusion. Molecular Biology and Evolution 31, 376-86.

Perez-Donoso AG, Sun Q, Roper MC, Greve LC, Kirkpatrick B, Labavitch JM, 2010. Cell Wall-Degrading
Enzymes Enlarge the Pore Size of Intervessel Pit Membranes in Healthy and Xylella fastidiosa-Infected
Grapevines. Plant Physiology 152, 1748-59.

Purcell AH, Hopkins DL, 1996. Fastidious xylem-limited bacterial plant pathogens. Annu Rev Phytopathol 34,
131-51.

Qin Q, Bergmann CW, Rose JK, et al., 2003. Characterization of a tomato protein that inhibits a xyloglucan-
specific endoglucanase. Plant Journal 34, 327-38.

Roper MC, 2006. The characterization and role of Xylella fastidiosa plant cell wall degrading enzymes and
exopolysaccharide in Pierce’s disease of grapevine. Ph.D. Thesis University of California, Davis, CA.

Roper MC, Greve LC, Warren JG, Labavitch JM, Kirkpatrick BC, 2007. Xylella fastidiosa requires
polygalacturonase for colonization and pathogenicity in Vitis vinifera grapevines. Molecular Plant Microbe
Interactions 20, 411-9.



- 81 -

Simpson AJ, Reinach FC, Arruda P, et al., 2000. The genome sequence of the plant pathogen Xylella fastidiosa.
The Xylella fastidiosa Consortium of the Organization for Nucleotide Sequencing and Analysis. Nature 406,
151-9.

Slonczewski J.L. and Foster, J.W., 2014. Microbiology: An Evolving Science. W.W. Norton and Company, New
York, NY.

Sun Q., Greve LC, Labavitch JM 2011. Polysaccharide compositions of intervessel pit membranes contribute to
Pierce's Disease resistance of grapevines. Plant Physiology 155, 1976-87.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.



- 82 -

CHARACTERIZATION OF THE LIPOPOLYSACCHARIDE-MEDIATED RESPONSE TO XYLELLA
FASTIDIOSA INFECTION IN GRAPEVINE

Principal Investigator:
Caroline Roper
Dept. Plant Pathol. & Microbiol.
University of California
Riverside, CA 92521
mcroper@ucr.edu

Co-Principal Investigator:
Dario Cantu
Department of Viticulture & Enology
University of California
Davis, CA 95616
dacantu@ucdavis.edu

Cooperator:
Jeannette Rapicavoli
Dept. Plant Pathol. & Microbiol.
University of California
Riverside, CA 92521
jrapi001@ucr.edu

Reporting Period: The results reported here are from work conducted March 2014 to October 2014.

ABSTRACT
Xylella fastidiosa (Xf) is a gram-negative, xylem-limited bacterium that causes serious diseases in economically
important crops, such as Pierce’s disease of grapevine. Lipopolysaccharide (LPS) is the dominant macromolecule
displayed on the bacterial cell surface. LPS acts as a selective barrier, preventing entry of toxic substances into the
cell, and as an anchor for superficial structures. Finally, LPS is a well-described pathogen-associated molecular
pattern (PAMP) and is known to elicit host basal defense responses in model plant systems. LPS is composed of a
conserved lipid A-core oligosaccharide component and a variable O-antigen. Through mutations made in wzy
(XP0836), which encodes an O-antigen polymerase, we have demonstrated that the Xf O-antigen contributes to
plant and insect colonization, and depletion of the O-antigen causes a severe reduction in overall virulence in
planta. This project aims to determine the role of the Xf O-antigen in modulation of the basal defense response in
grapevine. Our goal is to determine if specific alterations to the LPS structure cause a change in the elicitation of
the grapevine response to Xf, therefore affecting critical, early stages of Xf establishment in planta. We are also
evaluating Xf O-antigen structural variants as a preventative treatment for the control of Pierce’s disease.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf), a bacterial pathogen, is the causal agent of Pierce's disease of grapevine and poses a
serious threat to the viticulture industry. We have demonstrated that truncation of the O-antigen portion of the
lipopolysaccharide (LPS) entity alters the adhesive properties of the cell, leading to a defect in mature biofilm
formation. Furthermore, depletion of the O-antigen results in a significantly less virulent pathogen that is severely
compromised in host colonization. Additionally, LPS is a Pathogen-Associated Molecular Pattern (PAMP) that
potentially triggers the grapevine basal immune response. We hypothesize that the long chain O-antigen allows Xf
to circumvent the innate immune system by masking the conserved core and lipid A portions of the LPS chain
from the host immune system. The goal of the proposed work is to further explore the role of LPS, specifically
focusing on the O-antigen moiety, in the interaction between Xf and the grapevine and to use this information to
develop and evaluate an environmentally sound preventative application for Pierce’s disease.

INTRODUCTION
Xylella fastidiosa (Xf), a gram-negative, fastidious bacterium, is the causal agent of Pierce’s disease of grapevine
(Vitis vinifera) and several other economically important diseases (Chatterjee et al., 2008; Varela, 2001). Pierce’s
disease has devastated some viticulture areas in California and there are currently no effective control measures
available to growers targeted towards the bacterium itself. Lipopolysaccharide (LPS) is a tripartite glycolipid
molecule that is an integral part of the Gram-negative bacterial outer membrane. It is primarily displayed on the
outer surface of the cell, thereby mediating interactions between the bacterial cell wall and its environment. LPS
plays diverse roles for the bacterial cell. It provides structural integrity to the cells and can act as a permeability
barrier to toxic antimicrobial substances (Kotra et al., 1999; Raetz & Whitfield, 2002). Because of its location in
the outer membrane, it is also a key contributor to the initial adhesion to a surface or host cell (Goldberg & Pler,
1996; Walker et al., 2004). We have been exploring the roles of LPS in the Pierce’s disease cycle and in the
Plant-Microbe-Insect (PMI) interactions of Xf. We targeted our studies towards the outermost exposed region of
the LPS molecule, the O-antigen. By mutating a key O-antigen polymerase, wzy (XP0836), in the Temecula1
(Pierce’s disease) isolate, we have demonstrated that severe truncation of the O-antigen, and subsequent
termination in the synthesis of rhamnose-rich subunits, alters the adhesive and aggregative properties of the cell
considerably, thus causing a marked defect in biofilm formation. Furthermore, the resulting mutation of the O-
antigen caused increased sensitivity of the bacterium to hydrogen peroxide stress in vitro and resulted in a
significantly less virulent pathogen that is severely impaired in host colonization (Clifford et al, 2013). It has long
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been speculated that Xf surface polysaccharides play a role in the host-pathogen interaction with grapevine and
our ongoing studies confirm that LPS is a major virulence factor for this important agricultural pathogen.

Contrary to the role of LPS in promoting bacterial survival in planta, the immune systems of plants have also
evolved to recognize the LPS structure and mount a basal defense response to counteract bacterial invasion (Dow
et al., 2000; Newman et al., 2000). LPS is considered a Pathogen Associated Molecular Pattern (PAMP). PAMPs,
also known as Microbial Associated Molecular Patterns (MAMPs), are conserved molecular signatures that are
often structural components of the pathogen (ie. LPS, flagellin, fungal chitin, etc.). These PAMPs are recognized
by the host as "non-self" and can be potent elicitors of the basal defense response. This line of defense against
invading pathogens is referred to as PAMP triggered immunity (PTI) and represents the initial layer of defense
against pathogen ingress (Nicaise et al., 2009). PTI is well studied in both mammalian and plant hosts. However,
little is known about the mechanisms involved in perception of the LPS PAMP in grapevine, particularly the Xf
LPS PAMP. Xf is introduced by its insect vector directly into the xylem, a non-living tissue, which cannot mount
a defense response on its own. However, in other systems, profound changes do occur in the adjacent living
parenchyma cells upon infection suggesting that these cells communicate with the xylem and are capable of
recognizing the presence of a pathogen (Hilaire et al., 2001). Bacteria can also circumvent the host’s immune
system by altering the structure of their LPS molecule. Specifically, bacteria can display different O-antigen
profiles by varying the extent of polymerization or by completely abolishing synthesis of the O-antigen depending
on the environment and developmental phase of the cell (Bergman et al., 2006; Guerry et al., 2002; Lerouge &
Vanderleyden, 2002). We speculate that during the interaction between Xf and a susceptible grapevine host, the
bacterium's long chain, rhamnose-rich O-antigen shields the conserved lipid A and core-oligosaccharide regions
of the LPS molecule from being recognized by the grapevine immune system, providing an opportunity for it to
subvert the basal defense response and establish itself in the host. A similar scenario occurs in Escherichia coli,
where truncation of the O-antigen caused an increased sensitivity to serum suggesting the full length O-antigen
provides a masking effect towards the host immune system (Duerr et al., 2009; Guo et al., 2005). Salmonella
enterica subsp. enterica sv. (S.) Typhimurium also possesses an O-antigen that aids in evasion of the murine
immune system (Duerr et al., 2009).

Our main aim is to further explore the role of LPS, specifically focusing on the O-antigen moiety, in the
interaction between Xf and the grapevine host and to use this information to develop and evaluate an
environmentally sound preventative application for Pierce’s disease. We hypothesize that the LPS molecule
contributes not only to biofilm formation but also modulates the host’s perception of Xf infection. The Xf O-
antigen mutant we currently have, and the additional ones we propose to construct in this study, provide a unique
platform designed to test this hypothesis. The fundamental goal is to elucidate the mechanism(s) that Xf uses to
infect the grapevine host and exploit this knowledge to evaluate the use of LPS structural variants as a
preventative treatment for control of Pierce’s disease.

OBJECTIVES
1. Characterization of Xf LPS mutants in vitro and in planta.
2. Examination of the LPS-mediated response to Xf infection.
3. Evaluation of structural variants of LPS as a preventative treatment for Pierce’s disease.

RESULTS AND DISCUSSION
Objective 1. Characterization of Xf LPS mutants in vitro and in planta.
We have determined that the wild-type Xf O-antigen is composed primarily of 2-linked rhamnose with smaller
amounts of glucose, ribose, xylose, and mannose (Clifford et al, 2013). Most importantly, we demonstrated that
mutation of the O-antigen polymerase, Wzy, results in a severely truncated O-antigen resulting from a depletion
of the majority of the 2-linked rhamnose. This change was confirmed both electrophoretically and biochemically
utilizing gas chromatography and mass spectrometry (GC/MS) techniques in collaboration with the Complex
Carbohydrate Research Center (CCRC) at the University of Georgia. Notably, the depletion of rhamnose led to a
marked reduction in virulence and host colonization (Clifford et al, 2013). This indicates that the process of
rhamnose biosynthesis and its incorporation into the O-antigen is a vulnerable step in the Xf LPS biosynthetic
pathway that could be exploited for disease control. Therefore, in this objective we are building on our current
knowledge and continuing our studies by focusing on the process of rhamnose biosynthesis in Xf. We are
presently creating mutants that we hypothesize will be unable to synthesize rhamnose, and we will structurally
characterize the O-antigen from these mutants in collaboration with the CCRC. Following this, we will define the
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biological impact of these mutations by conducting virulence and colonization studies in grapevine. We will also
determine the effect of these mutations in vitro using substrate attachment, cell-cell aggregation, and visualized
biofilm studies that reflect host colonization behaviors.

Using comparative genomics, we have identified five genes with high homology to those involved in rhamnose
biosynthesis in other bacterial systems. The genes are designated rmlB1 (XP0208), rmlA (XP0209), rmlC
(XP0210), and rmlD (XP0211) (in map order) that encode proteins involved in the conversion of glucose-1-
phosphate into dTDP-rhamnose (Jiang et al., 1991; Koplin et al., 1993; Rahim et al., 2001). The rml genes are
usually clustered within a single locus and our in silico analysis demonstrates the presence of a rml locus in Xf.
We also identified an additional, unlinked copy of rmlB, designated rmlB2 (XP1617). Mutations in the rml locus
in Xanthomonas campestris pv. campestris, a close relative of Xf, resulted in a loss of rhamnose only in the O-
antigen with no change in the sugars comprising the core oligosaccharide (Koplin et al., 1993). We hypothesize
that rml mutants in Xf will be similarly affected and be significantly deplete of O-antigen.

Mutant Construction.
We are currently constructing the Xf ∆rml mutants using site-directed mutagenesis, and we have a completed
construct for the ∆rmlAB1CD mutant. Our next step is to make an rmlAB1CD/rmlB2 double mutant. We predict
that the O-antigen in the rml mutants will be completely devoid of rhamnose. We will confirm this by conducting
glycosyl composition and linkage analyses in collaboration with the CCRC.

O-antigen purification and structural analysis.
We have isolated LPS from the Xf wild-type and our previously constructed O-antigen mutant strains (wzy and
waaL). LPS from the rml mutant strain (from at least three biological replicates for each strain) will be isolated
once complemented strains are made, and purified LPS will be sent to the CCRC for structural analysis. LPS was
purified from whole cells using a modification of the hot phenol extraction method (Marolda, 2006). O-antigen
will be isolated from the total LPS fraction by mild acid hydrolysis in 1% acetic acid for four hours at 100º C,
followed by centrifugation at 8,000 rpm for 30 minutes. The supernatant will be removed and reserved for
glycosyl composition and linkage analysis. Glycosyl composition analysis will be performed by combined gas
chromatography/mass spectrometry (GC/MS) of the per-O-trimethylsilyl (TMS) derivatives of the
monosaccharide methyl glycosides produced from the sample by acidic methanolysis as previously described
(Merkle & Poppe, 1994). GC/MS analysis of the TMS methyl glycosides will be performed on an Agilent 7890N
GC interfaced to a 5975C MSD, using a Supelco EC-1 fused silica capillary column (30m  0.25 mm ID). For
glycosyl linkage analysis, the sample will be permethylated, depolymerized, reduced, and acetylated; and the
resultant partially methylated alditol acetates will be analyzed by GC-MS (York, 1985). These techniques will
allow us to deduce a preliminary structure and determine any differences between the wild-type and mutant
strains. Samples of the WT and wzy LPS are currently under analysis at the CCRC.

Surface attachment, aggregation and biofilm studies.
Once we have the LPS structural data, we will begin to link Xf LPS structure to function using in vitro assays.
Attachment to a surface is the first step in successful biofilm formation and because of the location and abundance
of LPS in the outer membrane we hypothesized that LPS plays a key role in mediating initial attachment to the
cellulose and chitin substrates Xf encounters in the plant and insect, respectively. We previously demonstrated that
a mutant in the Wzy polymerase was deficient in cell-cell aggregation and hyperattached to surfaces, which led to
a defect in biofilm formation (Clifford et al., 2013). We will similarly test the rmlAB1CD and rmlAB1CD/rmlB2

(and single rml mutants if necessary) mutants for these behaviors to determine if the inability to synthesize
rhamnose results in defective biofilm formation.

Virulence and host colonization assays.
Once we have obtained both the rml mutants and their complemented strains, we will mechanically inoculate Vitis
vinifera Cabernet Sauvignon vines using the pin-prick method (Hill & Purcell, 1995). Each plant will be
inoculated twice with a 20μL drop of a 108 CFU/mL suspension of either wild-type Xf or the rml mutants
constructed in this objective. We will inoculate 10 plants/mutant and repeat each experiment three times. Plants
inoculated with 1x PBS will be used as negative controls. All plants will be rated on a disease scale of 0-5 with 0
being healthy and 5 being dead (Guilhabert & Kirkpatrick, 2005). We will also assess the Xf populations in the
plants by isolating cells from the petioles at the point of inoculation and 25cm above the point of inoculation to
assess the ability of the rml mutants to systemically colonize the host. Isolations will be performed at five and
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fourteen weeks post-inoculation. Petioles will be surface sterilized and ground in 2mL of sterile 1x PBS. The
resulting suspension will be diluted and plated on solid PD3 medium and colonies will be counted and normalized
to tissue weight.

Objective 2. Examination of the LPS-mediated response to Xf infection.
In grapevine, recognition of PAMPs other than LPS, such as the Botrytis cinerea endopolygacturonase BcPG1and
β-glucans, trigger a cascade of signaling events including calcium ion influxes, reactive oxygen radical
accumulations, and activation of protein kinases, that coordinate the transcriptional activation of defense genes
(Aziz et al., 2003; Aziz et al., 2007; Poinssot et al., 2003). The LPS PAMP can induce similar responses in other
plant species, but these studies have been performed primarily in model systems, such as Arabidopsis thaliana or
tobacco (Desaki et al., 2006; Zeidler et al., 2004). There is limited knowledge about the grapevine response to the
LPS PAMP, particularly on the transcriptional level. However, one study demonstrated that a rhamnolipid MAMP
from Pseudomonas aeruginosa could induce defense-related responses in grapevine cell suspensions (Varnier et
al., 2009).

The defense reactions activated upon PAMP recognition involve intricate networks of transcriptional regulators
and phytohormone signaling. Genome-wide transcriptional profiling is a logical starting point to begin
understanding this complex process in the Xf-grape pathosystem (Jones & Dangl, 2006). We speculate that
mutated Xf LPS (deplete of O-antigen) recognition elicits a transcriptional response that results in the deployment
of specific defense reactions in grape that results in less disease and host colonization. We hypothesize that the
grapevine is recognizing the conserved core/lipid A portions of the Xf LPS molecule and that the long chain O-
antigen serves to camouflage the rest of the LPS PAMP (the core-lipid A complex) from being recognized by the
host innate immune system. Thus, we expect an increase in expression of defense-related genes in plants
inoculated with the O-antigen mutants (wzy::kan, rmlAB1CD and rmlAB1CD/rmlB2) that are depleted of O-antigen
as compared to wild-type Xf. The studies detailed below are designed to test our hypothesis that loss of the
rhamnose-rich O-antigen allows the grapevine to more readily perceive the Xf LPS molecule and that this
recognition leads to elicitation of a specific transcriptional response associated with defense.

LPS-induced oxidative burst in grapevine.
To explore the role of LPS as an elicitor of basal defense responses in grapevine, we first investigated reactive
oxygen species (ROS) production ex vivo using a luminol assay. ROS production was measured through the
chemiluminescence of luminol and monitored over 60 minutes. Due to the increased exposure of the Lipid A-
Core oligosaccharide region of the wzy mutant, we hypothesized that we would see a quicker, stronger oxidative
burst, compared with wild-type. As shown in Figure 2, both wild-type and wzy mutant LPS induced an oxidative
burst in grapevine leaf disks. However, the burst induced by wzy mutant LPS was stronger and more prolonged
than wild-type, peaking around five minutes and returning to near-basal levels around 32 minutes post-elicitation.

ROS production in response to live Xf cells.
Once we established that Xf LPS induced an oxidative burst in V. vinifera Cabernet Sauvignon leaf disks, we then
turned our attention to ROS produced in response to living Xf wild-type and wzy mutant live cultures. LPS O-
antigen moieties can adopt numerous conformations, sometimes bending to shield the cell from recognition. This
is the case with species of Salmonella, where O-antigen-mediated evasion of innate immune activation
significantly enhances bacterial survival in vitro and in vivo (Duerr et al., 2009). Our working hypothesis is that
wild-type O-antigen helps mask Xf from recognition by the grapevine host, thereby facilitating Xf establishment in
planta. Luminol assays were conducted in the same manner as described previously, except that suspensions of
wild-type or wzy mutant culture (at 1x108 CFU/mL) were added to each well. As shown in Figure 2, whole wzy
mutant cells induced a strong response from grapevine leaf disks. ROS production peaked at around 12 minutes
and lasted nearly 100 minutes. Whole Wild-type cells failed to produce a sharp peak, as compared with the wzy
mutant, and ROS production plateaued much sooner (around 60 minutes).

Transcriptome profiling
High-throughput sequencing technologies provide a relatively inexpensive means to profile the expression of
nearly all genes in a tissue simultaneously. The application of transcriptome profiling approaches using next
generation RNA sequencing (RNA-seq) will allow us to monitor the activation or suppression of specific defense
pathways at the genome scale. In early July of 2014, individual vines of V. vinifera Cabernet Sauvignon were
inoculated with Xf wild-type or wzy::kan live culture. We inoculated nine vines for each treatment. Vines
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inoculated with 1xPBS buffer alone served as the negative controls for the experiment. Using the pin-prick
method described previously, each vine was inoculated 2x with a 20μL drop of a 108 CFU/mL suspension of
either wild-type Xf or the wzy mutant. PTI usually causes major transcriptional reprogramming of the plant cells
within hours after perception (Dow et al., 2000; Tao et al., 2003). Thus, petioles were harvested at the following
four time points: 0,1,8, and 24 hours post-inoculation. To stabilize transcripts, petioles were submerged into liquid
Nitrogen immediately after harvesting and stored at -80°C until RNA extraction. Currently, RNA extraction
protocols are being optimized to ensure that yields are sufficient prior to the downstream applications. Before
construction of the RnaSeq libraries is conducted, we plan to first use qPCR to fine-tune the timing of the
transcriptional profiling. This will be done through monitoring the induction of known LPS-induced genes in A.
thaliana (PR-1,2,3,4,5) at varying time points following inoculation. Using this information, we will finalize the
time points we will use for the genome-wide transcriptional profiling.

Objective 3. Evaluation of structural variants of LPS as a preventative treatment for Pierce’s disease.
In some systems, treatment with LPS alone does not induce a measurable difference in gene expression. However,
it does potentiate a more robust and measurable defense response following challenge with a pathogen. Pre-
treatment of plants with LPS can prime the defense system resulting in an enhanced response to subsequent

Figure 2. Purified LPS-induced ROS production in grapevine (top). Presence of an oxidative burst was determined through
the chemiluminescence of luminol. The wzy mutant LPS elicits a stronger, more prolonged response in grapevine leaf disks,
compared with Xf wild-type LPS. ROS production in response to live Xf cells (bottom). Suspensions of wild-type or wzy
mutant culture were added to grapevine leaf disks, and ROS production was monitored through the chemiluminescence of
luminol.  The O-antigen mutant culture induced a strong response from grapevine leaf disks, peaking at around 12 minutes
and plateauing around 100 minutes. Wild-type culture failed to produce a sharp peak, compared with wzy mutant cells, and
ROS production plateaued at around 60 minutes. Data are means of three independent assays with eight replications per
treatment.



pathogen attack. This defense-related memo1y is called "priming" and stimulates the plant to initiate a faster 
and/or stronger response against future invading pathogens (Comath, 2011). Priming often results in rapid and 
robust activation of defense responses such as the oxidative burst, nitric oxide synthesis, and expression of 
defense-related genes (Erbs & Newman, 2003; Newman et al., 2000). The LPS PAMP has been specifically 
implicated in ptiming in the X campestris pv. vesicatoria pathosystem. Pepper leaves pre-treated with LPS 
isolated from incompatible (11011-vimlent) xanthomonads had enhanced expression of several PR proteins after 
being challenged with virnlent X campestris pv. vesicatoria (Newman et al., 2000). In this objective, we 
hypothesize that pre-treatment with LPS isolated fromXJO-antigen mutants results in a difference in the 
grapevine's tolerance to Xfby stimulating the host basal defense response. 

P1iming assays. 
Grapevines were pre-treated with 40µL of either wild-type or wzy mutant LPS (50µg/mL). lxPBS served as the 
negative control. After we mechanically inoculated the vines with LPS, we challenged with an inoculation of live 
wild-type Xf cells ( of a 1 x108 CFU/mL suspension). These inoculations were pe1formed at 4 and 24 hours 
after the 01iginal inoculation with the LPS. These time points were established based on previously desctibed 
assays (Newman et al., 2002). We inoculated 24 vines/treatment/LPS concentration/time point. Once we have 
established that we can induce the ptimed state in grapevine, we will then begin assessing how long the temporal 
window of the primed state lasts by increasing the amount of time between the inoculation with the LPS and the 
challenge with live Xf cells. 

Disease ratings. 
To dete1mine if the primed state affects the development of Pierce's disease symptoms, we documented disease 
progress in plants that were pre-treated with either wild-type or lll.ZJ' LPS and then challenged with Xf either 4 or 
24 hours later. Plants were rated on a disease index scale of 0-5, with O being healthy and 5 being dead or dying 
(Guilhabe1t & Kirkpattick, 2005). Disease ratings were taken at 10 weeks post-inoculation. As shown in Figure 

3, plants pre-treated with either wild-type or w:y LPS were delayed in Pierce's disease symptom development 
when challenged withXffour hours later, compared to those plants inoculated solely with Xf(Xfonly; no LPS 
pre-treatment). This indicates that treatment with either fo1m ofLPS (WT or 1,1,zy) does impart some form of 
defense against Xfwithin a four-hour time window. h1terestingly, this effect seems to be transient in plants pre
treated with WT LPS because when plants were challenged withX/24 hours after pre-treatment with WT LPS PD 
symptom severity was the same as those that did not reeive any pre-treatment. However, a decrease in Pierce's 
disease severity was still obse1ved in plants pre-treated with 111.Z)'LPS and challenged with Xf24 hours later. These 
data are in agreement with the leaf disk assays that show that wzy LPS induces a longer and more prolonged ROS 
burst than WT LPS. 

2.5 

2 

1.5

I 

0.5

Figure 3. Pierce's disease ratings of LPS pre-treated plants. Mean disease at IO weeks post

inoculation of Cabernet Sauvignon grapevines pre-treated with wild-type tant LPS 
(50µg/mL), followed by inoculation with X/Temeculal wild-type culture at 4 or 24hr post
inoculation with LPS. Xfonly plants had no pre-treatment. Tue LPS pre-treated plants are 
significantly delayed in symptom development, compared with Xfonly plants. Plants inoculated with 
Xfat 4hr post-inoculation with LPS showed fewer symptoms than 24hr-inoculated plants. PBS only 
plans represent negative controls. Bars represent standard en-or of the mean. 
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Bactelial colonization in pla11ta. 

Pre-treatment ofLPS can also restrict in planta growth (Erbs & Newman, 2003; Newman et al., 2002). We reason 
that pmifiedXJLPS deplete of the O-antigen could potentiate the host defense response resulting in a decrease in 

bacterial proliferation in the plant. To det pre-treatment of plants with mutatedXJLPS does, in fact, lead 
to a decrease in bactetial growth, we isol at the point of inoculation at six weeks post
inoculation. Xfis a slow growing organism, is why we chose this long time point. Interestingly, we 
obseived no significant difference in bacte1ial titer amongst the treatments at six weeks post-inoculation (Figure 
4). We specu late this may be because we performed isolations solely at the point of inoculation. In the future, we 
also plan to  isolate from 25cm above the point of inoculation to assess differences in movement as well. Perhaps 
Xfwas restlicted in movement, which lead to the obse1ved decrease in Pierce's disease symptoms (Figure 3). We 
will repeat these expedments in spring 2015. 

Figul'e 4. Bacterial colonization in LPS pre-treated plants. Log CFU isolated from the point of inoculation 
on Cabemet Sauvignon grapevines pre-treated with wild-type or wzy mutant LPS (5 Lg/mL), followed by 
inoculation with X/Temeculal wild-type culture at 4 or 24lu· post-inoculation with LPS. Xfonly plants had 
no pre-treatment. PBS only plants represent negative controls. Data are means of three independent assays 
with eight replications per treatment. Bars represent standard en-or of the mean. 

CONCLUSIONS 
The proposed project will address a key aspect of  the interaction of Xfwith its grapevine host. In addition, it will 
provide knowledge about basal resistance to disease in grapevines and plant hosts in general. Notably, we will 

also test a potential preventative measure for Pierce's disease. hlfonnation gleaned from this project could also 
help guide ti·aditional breeding programs aimed at disease resistance by identifying potential resistance ma1kers. 
The overall outcome will result in a foundation of fundamental knowledge about Pierce's disease at the. molecular 
level that we will use to develop an im1ovative and environmentally sound approach to conti·olling this disease. 
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ABSTRACT
Xylella fastidiosa (Xf), causal agent of Pierce’s disease of grapevine, is mainly prevalent in warmer climates.
Subjecting Xf infected grapevines to cold temperatures can, in many cases, effectively eliminate the bacterial
population, a phenomenon known as cold curing. However, very little is known regarding the physiological
response of Xf to cold temperatures. Cold shock proteins (CSPs), a family of nucleic acid binding proteins, are
known to be an important component in the response of bacteria to temperature downshift. Genes encoding CSPs
are often present in multiple copies; expression is strongly induced by cold temperature or in stationary phase as
part of a general stress response. In some cases, bacterial CSPs are recognized by the plant host as an elicitor of
the basal defense response. Two putative CSP homologs (Csp1 and Csp2) with conserved cold shock and nucleic
acid binding domains were identified. A deletion mutant of Csp1 (∆csp1) in Xf strain Stag’s Leap had a decreased
rate of survival at 4°C, as compared with wild type. Wild type survival rates at 4°C were partially restored in
∆csp1 by complementation with the predominant CSP of Escherichia coli (CspA), or the CspA homolog of
Xanthomonas campestris. Most notably, ∆csp1 was significantly less virulent in grapevine, as compared with
wild-type. Further study of the role of CSPs in Xf survival and virulence in planta will lead to a better
understanding of the cold curing phenomenon observed in Pierce’s disease affected grapevines and interactions of
Xf with the plant host.
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ABSTRACT
Xylella fastidiosa (Xf) is a group of Gram negative, xylem limited and nutritionally fastidious plant pathogenic
bacteria that cause diseases in many economically important plants. A single species, fastidiosa, with three
subspecies, fastidiosa, multiplex, and pauca, have been described. Most Xylella strains were reported from North
or South America. However, reports from other continents are emerging. For example, a Xylella strain was found
in Taiwan causing pear leaf scorch (PLS) disease in the area where the low-chilling pear cultivar Hengshan
(Pyrus pyrifolia) was grown. The current taxonomy of Xf is anchored around whole genome DNA-DNA
hybridization (DDH) relativeness. DDH is a gold standard for bacterial species delineation. Yet, DDH is labor
intensive and its use for analyses of multiple Xf strains is limited or even prohibitive. Thanks to the advancement
of next generation sequencing (NGS), whole genome sequencing of Xf strains is feasible and sequences are
accumulating. Average Nucleotide Index (ANI) calculated from whole genome sequence comparisons has been
introduced for the replacement of DDH in bacterial taxonomy. The current version of GenBank sequence database
has 17 whole genome sequences of Xf including a PLS strain, PLS229. In this study, ANI values were calculated
from available whole genome sequences of Xylella strains and a phylogenic relative strain, Xanthomonas
campestris pv. campestris. Substantiated by the analyses of 16S rRNA gene and 16S-23S intergenic transcribed
spacer (ITS) sequences, ANI analyses have supported previous taxonomic establishment of grouping all
American strains of Xf into a single species (ANI>95). ANI analyses also have further identified thresholds to
define the three previously established subspecies. Lastly, ANI has delineated a proposed new species, Xylella
taiwanesis, for the PLS strain from Taiwan.
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ABSTRACT
Population-structure-based studies focusing on the systemic-colonizer, vector-dependent, multi-host plant
pathogenic bacterium Xylella fastidiosa (Xf) have provided remarkable information about their ecology and
biology. Here we studied the population structure of Xf infecting coffee trees in São Paulo State, Brazil, sampling
from geographic regions sympatric to citrus plantations. Using 14 genomic microsatellite markers, we found that
populations of Xf from coffee were similarly geographically structured as the sympatric populations of Xf from
citrus, with the exception of the populations from central and northwestern (Ce - Tabatinga and Nw – Jales),
which were in gene flow. Overall, the populations had a strong admixture component (38% of admixture
individuals). Populations from Ce - Tabatinga also has contributed with the higher number of migrants while the
population Nw from Jales has received most of the migrant genotypes. The coffee-associated Xf populations had
also higher gene diversity and allelic richness than citrus-, typical of an evolutionarily older population. A
predominant non-recombining reproductive system could not be ruled out for the four populations of coffee-
associated Xf. Compared to sympatric populations of Xf from citrus no one admixture event was observed
between citrus and coffee isolates, which reinforce that are two different strains. Cross inoculations assays shown
no infection between both hosts. How particular ecological traits of the coffee-infecting Xf and the related
agricultural practices could play a role in structuring the bacteria populations are discussed
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ABSTRACT
Xylella fastidiosa (Xf) causes disease in many commercial crops including almond leaf scorch (ALS) disease in
susceptible almond (Prunus dulcis). In this study, genetic diversity and population structure of Xf associated with
ALS disease were evaluated. Strains isolated from two almond production sites in the San Joaquin Valley of
California were analyzed with multiple locus DNA markers. The distribution of genotypes, combined with
UPGMA and PCA analyses, identified two major genetic clusters that were associated with the cultivars Sonora
and Nonpareil, regardless of the year of study or location. These relationships suggest that host selection and
adaptation are major driving forces that are forming ALS Xf population structure in the San Joaquin Valley. This
finding may provide insight into understanding pathogen adaptation and host selection in the context of ALS
disease dynamics.
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ABSTRACT
Bacterial toxin/antitoxin (TA) systems encode two genes located in the same operon - a stable protein toxin and
an unstable molecule antitoxin that inhibits the toxin action. It has been recently observed by our team that, in
Xylella fastidiosa (Xf), the causal agent of citrus variegated chlorosis, the formation of persister cells involves the
expression of TA systems, being the MqsR-Xf/MqsA-Xf system the most induced under these conditions
(Muranaka et al., 2012). The MqsR/MqsA TA system from Escherichia coli, which is homologous to MqsR-
Xf/MqsA-Xf, is also the most induced loci in persister cells, and also has regulatory function. The aim of this work
is to analyze the functional role of the MqsR-Xf toxin from the Xf TA system, since there is few information about
the role of any of these systems in a plant pathogen bacterium. The toxin overexpression was made by cloning the
MqsR-Xf gene under control of its native promoter in the pXF20 vector (MqsR-Xf-XF cells), which has been
described as efficient to express and maintain the plasmid in Xf (Lee et al., 2010), and subsequent transformation
by electroporation in Xf competent cells. Real time quantitative PCR (qPCR) was used to confirm the
overexpression of the MqsR-Xf gene. The ability to form biofilm of the MqsR-Xf-XF and wild-type (WT) cells
was evaluated by growing both in liquid PW medium in polysterene plates for 7, 10, and 15 days and subsequent
staining of the biofilm cells with a solution of 1% crystal violet to measure the optical density (OD). To analyze
the capability of cell-cell aggregation, both strains had their OD standardized and, every hour, for six hours, the
OD of the supernatant was measured to verify their aggregation level. The cell movement (twitching motility) of
MqsR-Xf-XF and WT cells was assessed by serial dilution of both and plating them on PWG medium containing
three different BSA concentrations. After one month of growth, the isolated colonies were visualized in an OPT
Medical 2 T magnifier in search of the characteristic fringe that forms in Xf cells that present twitching motility.
To assess the gene regulation capability of MqsR-Xf, RNA from MqsR-Xf-XF and WT were extracted and
submitted to qPCR using gumB (associated with biofilm formation), fimA (related to adhesion induction), pilP,
pilS and pilA (type IV pili, which are associated with cell motility) and eal (involved in c-di-GMP degradation)
genes. To check the relation of MqsR-Xf with persister cell formation, cells from MqsR-Xf-XF and WT were
grown in liquid PW medium for 15 days, when copper sulfate was added to the culture in different concentrations.
After an additional 24 hours of growth, cells were collected and plated on PWG medium to check the CFU
growth on MqsR-Xf-XF compared with WT. RNA from these same conditions were extracted from MqsR-Xf-XF
and WT and submitted to qPCR to evaluate the MqsR-Xf expression under different copper stress conditions. The
phenotypic evaluation revealed that MqsR-Xf-XF cells showed significant more biofilm formation, as well as cell-
cell aggregation, and less movement in relation to WT; and the qPCR results showed an upregulation of gumB,
fimA, and eal and a downregulation of pilP, pilS, and pilA. The copper sulfate stress assays showed that MqsR-Xf-
XF forms more persister cells than WT under stress conditions and that, within a certain limit, the MqsR-Xf
expression is higher as the copper concentration (stress) increases. Taken together, the results suggest that MqsR-
Xf is involved in persister cell formation under stress conditions and also has regulatory functions that induce
biofilm formation.
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ABSTRACT
We previously identified a chitinase (ChiA) while studying Xylella fastidiosa (Xf) sharpshooter interactions
(Killiny et al., 2010). We have shown that Xf is able to use chitin as its sole carbon source in vitro, and that ChiA
is required for both plant and insect colonization. Lastly, we have demonstrated that ChiA itself does not bind to
its substrate and that other proteins are necessary for its enzymatic activity. In other words, all data available
indicate that ChiA plays an essential role in Xf biology, but also that it is not biologically active by itself. We
initially assumed that ChiA would only be associated with insect colonization; it was surprising to find out that a
chiA mutant is completely unable to colonize plants. It is now clear that ChiA represents a unique target for
control of both Xf colonization of the host and Pierce’s disease spread. Disruption of ChiA activity should not
only reduce virulence to plants, but also affect vector colonization. Furthermore, it is feasible that the same
mechanism leading to within-plant blockage of ChiA activity may also block it in insects, effectively reducing
Pierce’s disease incidence in vineyards. Here, we will identify proteins associated with ChiA, identify substrates
catalyzed by this enzyme, and demonstrate their role in plant and insect colonization. We propose that ChiA
activity is a target that will lead to a control strategy affecting both plant and insect colonization by Xf, effectively
reducing within- and between-plant spread of this pathogen.

LAYPERSON SUMMARY
We have shown that a chitinase (ChiA) plays a central role in the Xylella fastidiosa (Xf) transmission cycle. It is
also essential for the successful colonization of both plant and insect hosts of Xf. However, there are several
important questions related to the activity of this enzyme. First, it is not clear what substrates it cleaves, especially
in plants. Second, ChiA is not active by itself, apparently requiring a partnership with substrate-binding proteins.
We propose to characterize ChiA so that we can suppress its activity in both plants and insects.

OBJECTIVES
This project has three objectives:
1. Identify X. fastidiosa proteins or protein complexes that bind to ChiA and are required for its activity.
2. Screen potential substrates cleaved by ChiA.
3. Functionally demonstrate the role of ChiA partners during insect and plant colonization.

RESULTS AND DISCUSSION
The project is being initiated, there are no new results to report at this stage.

CONCLUSIONS
The project was just started, there are no conclusions available. The project will explore ChiA activity as a novel
target that will lead to a control strategy affecting both plant and insect colonization by Xf, effectively reducing
within- and between-plant spread of this pathogen.
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ABSTRACT
We are identifying grapevine-derived replacement components for both the surface recognition (SRD) and lytic
(LD) domains of the NE-CB chimeric antimicrobial proteins that perform identical functions as these individual
protein components. Using a novel computational tool CLASP, we found a good match for NE with the
pathogenesis-related protein P14a from tomato and its conserved Vitis homolog. We focused on the version of this
gene in Vitis shuttleworthii that we have designated VsP14a, as a good replacement for NE. Two plant expression
vectors have been successfully constructed to express VsP14a by itself and a second vector that expresses as a
CAP with CB (VsP14a-CB). The plant-expressed VsP14a protein clears Xylella fastidiosa (Xf) and inhibits
growth of Escherichia coli (Ec). We have developed two new computational tools, PAGAL and SCALPEL that
have been used successfully to identify portions of three Vitis proteins that could be used to replace the lytic
peptide component CB. These have been designated; VvHAT52, VvISS15 and VvPPC20. Peptides corresponding
to these proteins were synthesized and evaluated for their antimicrobial activity against Xf and Ec. Two of these,
VvHAT22 and VvPPC20, displayed antimicrobial activity against Xf but not VvISS15. A binary vector to express
VvHAT52 as a new CAP has been completed and has been designated VsP14a-VvHAT52. Once constructed the
new grapevine CAP expressing vectors will be used for Agrobacterium-mediated transformation of grapevine
rootstock and tobacco to confirm resistance to Pierce’s disease using methods reported previously for NE-CB
constructs (Dandekar et al., 2012).

LAYPERSON SUMMARY
We have engineered transgenic grapevines that can protect themselves from Pierce’s disease by making a
chimeric antimicrobial protein, NE-CB, that kills the causative agent, Xylella fastidiosa (Xf). We build on that
success in this project by seeking to identify grapevine components that are similar in structure to the human
neutrophil elastase (NE) or insect Cecropin B (CB) protein components. Since the 3D structural details of both
NE and CB are known, we used recently developed computational tools (CLASP, PAGAL and SCALPEL) to
identify structurally/functionally similar proteins from grapevine based upon specific structural features present in
NE and CB. We have identified a grapevine P14a protein as a replacement for NE and two candidates that can
replace CB (VvHAT52 and VvPPC20). We have tested these proteins and they can inhibit and/or kill Xylella
cells. We are making the vectors to generate grapevine plants expressing these to grapevine proteins to confirm
that they can provide resistance to Pierce’s disease using the methods reported previously for NE-CB constructs
(Dandekar et al., 2012).

INTRODUCTION
Xylella fastidiosa (Xf), the causative agent of Pierce’s disease, has a complex lifestyle requiring colonization of
plant and insect. Its growth and developmental stages include virulence responses that stimulate its movement in
planta and foster its ability to cause disease in grapevines (Chatterjee et al., 2008). Resistance to this pathogen
must be multifaceted to block the pathogen at different stages of its complex lifestyle. A key issue is the reservoir
of bacterial inoculum already present in California that poses an immediate threat in the presence of a significant
insect vector like the glassy-winged sharpshooter (GWSS). Chemical pesticides are still used to suppress the
GWSS population, which is effective but does not reduce this inoculum reservoir. Resistance mechanisms capable
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of degrading the reservoir could prevent further spread of the disease. It is critical to know whether any resistance
mechanism under consideration can clear Xf and if so, by what mechanism. The resistance mechanism must limit
spread and movement of the bacterium in planta and block transmission of the disease by insect vectors. We have
previously shown that Xf exposed to xylem fluid from resistant lines expressing NE-CB shows significant
mortality. Our group has successfully designed and tested a NE-CB chimeric protein that specifically targets Xf in
plant xylem (the site of infection), rapidly clears the pathogen, and blocks infection (Dandekar et al., 2009, 2012;
Kunkel et al., 2007). The protein contains two separate domains. A surface-binding domain recognizes outer
membrane proteins; we previously showed that it recognizes and cleaves mopB, a major Xf outer membrane
protein (Dandekar et al., 2012). This surface-recognition domain is encoded by a synthetic gene derived from the
human innate defense protein neutrophil elastase (NE) (Dandekar et al., 2012; Kunkel et al., 2007). The second,
CB domain is a clearance domain, connected with a flexible linker to the C-terminal of NE. This domain is a
synthetic gene that encodes an antimicrobial peptide, cecropin B (CB), that specifically lyses Gram-negative
bacteria like Xf (Andrès and Dimarcq, 2007). The two domains work in tandem to recognize and lyse Xf. Our
current hypothesis for the mode of action is that NE binds to the surface of Xf via its mopB outer membrane
protein, bringing the cecropin B peptide close to the bacterial surface where it can lyse and kill the pathogen.
Transgenic expression of this protein in tobacco and grape has provided phenotypic evidence of bacterial
clearance and biochemical evidence of mopB degradation by NE (Dandekar et al., 2012). A major concern is that
the presence of a protein of human origin in grapevines is potentially controversial to groups opposed to GMOs.
Therefore, substituting NE and CB proteins derived from plants, ideally from grapevine, would be less
controversial.

OBJECTIVES
The goal of this project is to redesign our existing therapeutic NE-CB CAP, replacing the human NE and insect
CB domains with plant/grapevine orthologs, and to validate the efficacy of the new CAP components in providing
resistance to Pierce’s disease in grapevine. We are now following the goals, objectives, and activities as proposed
in the revised proposal submitted last year (2013) and approved for two years.

Goal: Redesign the NE-CB chimeric antimicrobial with a plant elastase and plant-derived lytic domain and test its
efficacy to combat Pierce’s disease in transgenic tobacco and grapevines.

Objective 1. Redesign the chimeric antimicrobial protein by substituting a plant counterpart (plant elastase or PE)
for the human neutrophil elastase (NE) component and demonstrate its efficacy for bacterial clearance.

Activity 1. Identify a suitable plant elastase candidate that is comparable to human neutrophil elastase in
active site structure using the CLASP computational tool.
Activity 2. Construct vectors and test the in planta-produced protein for efficacy in killing Xf in culture.
Activity 3. In planta efficacy testing: construct binary vectors (PE-CB), transform grapevine and tobacco, and
test transgenic tobacco and grapevine for clearance of Xf and resistance to Pierce’s disease symptoms.

Objective 2. Redesign the chimeric antimicrobial protein by substituting a plant/grapevine counterpart (plant lytic
domain, or PLD) for the insect-derived Cecropin B (CB) component in the lytic domain and demonstrate its
efficacy for bacterial clearance.

Activity 4. Identify a suitable PLD candidate that is comparable to insect-derived Cecropin B in primary and
secondary structure using CLASP and other computational tools.
Activity 5. Test the synthetic PLD protein for efficacy in killing Xf in culture.
Activity 6. In planta testing of the efficacy of grape-derived CAP components using transient expression.

Objective 3. Construct and test a fully plant-derived CAP (PE-PLD) and test its ability to confer resistance to
Pierce’s disease in grapevine rootstocks.

Activity 7. Construct a PE-PLD binary vector, transform grapevine and tobacco, and evaluate Xf resistance
and Pierce’s disease development.

RESULTS AND DISCUSSION
Objective 1. Redesign the chimeric antimicrobial protein by substituting a plant counterpart (plant elastase
or PE) for the human neutrophil elastase (NE) component and demonstrate its efficacy for bacterial
clearance.
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Since the CAP components work synergistically we will replace them one at a time, maintaining the other original
component. In this time period, we focused our efforts in replacing the human neutrophil elastase (NE) with a
plant/grapevine version of NE (PE). To do this we sought an appropriate protein in plants and possibly more
appropriately in grapevine that had the same activity as NE.

Activity 1. Identify a suitable plant elastase candidate that is comparable to human neutrophil elastase in
active site structure using the CLASP computational tool.
This activity has been successfully accomplished. A plant PE candidate protein was identified using the CLASP
package (Chakraborty et al., 2011, http://www.sanchak.com/clasp/). Details of the protocol and workflow used to
make this selection have been described (Chakraborty et al., 2013). The P14a from Solanum lycopersicum
(tomato) was the protein of choice since we found similar, highly conserved proteins from other plant species,
including grapevine. Additionally, the PR superfamily is widely distributed in animals, plants, and fungi. From
several matching criteria, we chose the P14a from Vitis shuttleworthii (Vs), as this species is resistant to Pierce’s
disease (Walker, personal communication). More recently, 21 different PR-1 genes from grapevine, including
those from Vs, were characterized and shown to confer resistance to bacterial disease (Li et al., 2011).

Activity 2. Construct vectors and test in planta-produced protein for efficacy in killing Xf in culture.
To test the efficacy of VsP14a in clearing Xf, we codon-optimized and chemically synthesized VsP14a after
adding a 3xFlag purification tag (Sigma Aldrich) and cloned it into the expression vector pEAQ-HT and into a
binary vector for transient protein expression in tobacco (N. benthamiana; Sainsbury et al., 2009). Total protein
was extracted using an apoplastic wash method and tested for the ability inhibit growth of Escherichia coli and Xf.
After four hours, the E. coli with the extract from the plant expressing the empty vector showed growth, while
growth of those exposed to VsP14 was completely inhibited. VsP14a also inhibited the growth of Xf while protein
obtained from the empty vector did not. By 50 minutes, 50% of the population was killed, but mortality reached a
plateau at ~ 60%. These results are encouraging and indicate that we have found the desired replacement for NE.

Activity 3. In planta efficacy testing: construct binary vectors (PE-CB), transform grapevine and tobacco,
and test transgenic tobacco and grapevine for clearance of Xf and resistance to Pierce’s disease symptoms.
We have completed the construction of two binary vectors, one for expressing VsP14a by itself (Figure 1) and
another which links the VsP14a sequence to CB. This recreates the original CAP protein, but with the SRD
domain replaced by the P14a protein (Figure 1). In the first construct, the P14a coding sequence was fused to a
signal peptide from the Ramy3D protein which is cleaved upon expression in the plant. Next to the signal peptide
cleavage site and at the N-terminal of P14a is a 3XFLAG sequence to improve the immune detection of the P14a
protein. In the second construct, the coding sequence is fused to the CB sequence via the four-amino acid flexible
linker sequence used in the original CAP design (Dandekar et al., 2012). Both coding regions have a TMV omega
sequence in the 5’ non-coding region to improve translation efficiency. The regulatory sequence in both
constructs is a double CaMV35S promoter sequence. The binary vectors were introduced into a disarmed
Agrobacterium strain to reconstitute a functional plant transformation system. Both vectors are being used to
transform grapevine rootstock and SR1 tobacco to evaluate the efficacy of these two constructs.
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Objective 2. Redesign the chimeric antimicrobial protein by substituting a plant/grapevine counterpart
(plant lytic domain or PLD) for the insect-derived Cecropin B (CB) component in the lytic domain and
demonstrate its efficacy for bacterial clearance.
The goal of this objective is to identify a CB-like protein in plants to replace the lytic domain of CAP described
earlier (Dandekar et al., 2012). Unlike the search for the HNE, where the focus was the congruence of the active
site (spatial and electrostatic), a similar approach cannot be used for CB as it has no enzymatic function and thus
no active site. The approach for finding a CB-like protein in plants focused instead on the highly structured nature
of CB.

Activity 4. Identify a suitable PLD candidate that is comparable to insect-derived Cecropin B in primary
and secondary structure using CLASP and other computational tools.
Initially, we used an approach similar to that described above in Activity 1 to identify a replacement component
for CB. However, instead of comparing the reactive atoms as was done for the NE matching algorithm, we sought
matches for the C atoms of the four Lys residues, Lys10, Lys11, Lys16, and Lys29, as the input motif from CB
(PDBid:2IGR), allowing Lys to matched by Lys, Arg, or His. As indicated in our last report, this strategy revealed
several good candidate proteins. We are now focusing on VvHAT52, a 52-amino acid segment of the HAT
protein from Vitis vinifera, whose structure matches very well with the CB. However, we have refined our
approach and focused instead on the alpha-helical structure itself to generate a greater diversity of candidates for
our previously described CAP (Dandekar et al., 2012). To better understand the functionality of the alpha-helical
domains of CB, we have developed two new computational tools, PAGAL (Chakraborty et al., 2014) and
SCALPEL, to better predict antimicrobial activities in portions of existing proteins. PAGAL (Properties and
corresponding graphics of alpha helical structures in proteins) is open source software that implements previously
known and established methods of evaluating the properties of alpha-helical structures, providing very useful
information of the amphipathicity, hydrophobicity and charge moments within these structures. A key feature of
lytic peptides is the distribution of hydrophobic and charged residues on the surface of the protein. To find
proteins like cecropin that have an alpha-helical structure, we used PAGAL to evaluate CB. CB contains two
alpha helixes (AHs) joined by a short stretch of random coil. Figures 2A and B show the Edmundson wheel and
hydrophobic moment of the two AHs. The N-terminal AH has a large hydrophobic moment and a specific
positive charge distribution. This can also be seen in a Pymol rendering of the peptide surface (Figure 3). The
Pymol script for this rendering is automatically generated by PAGAL. On the other hand, the C-terminal AH of
CB has neither of the above two properties.
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We then developed the second program, SCALPEL to search for alpha-helical structures of a particular type. We
searched for the smallest peptide with a large hydrophobic moment and a high proportion of positively charged
residues on the hydrophilic side. Here, we identified a 20-aa region of the protein PPC from Vitis vinifera, a key
enzyme in the C4-photosynthetic carbon cycle from grapevine that we call PPC20 (Figure 4A). We also searched
for the smallest peptide with a large hydrophobic moment and a high proportion of negatively charged residues on
the hydrophilic side and identified a 15-aa region of isoprene synthase from grapevine that we call ISS15
(Figure 4B). Both of these proteins have a very large hydrophobic moment. Figure 5A is a PYMOL rendering
that shows the highly hydrophobic surface of PPC20 and Figure 5B clearly shows the positively charged surface,
with the exception of a single Asp that is the only negative residue in a positive surface. Figure 5C shows a
PYMOL rendering of the highly hydrophobic protein surface of ISS15 and in Figure 5D one can clearly see the
negatively charged surface.
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Activity 5. Test synthetic PLD protein for efficacy in killing Xf in culture.
Using our recently developed bioinformatics tools PAGAL and SCALPEL, we have conducted our phase 1 search
and identified three potential grapevine candidate proteins that could replace the CecB lytic peptide domain of our
previously described chimeric antimicrobial protein (CAP; Dandekar et al., 2012 PNAS 109(10): 3721-3725).
Using the same tools, we have further refined our search within these particular proteins to identify a smaller
segment that was then tested for antimicrobial activity after chemical synthesis of each of the protein candidates.
The following grapevine proteins were chemically synthesized: a 22-aa version of HAT (VvHAT22; a 52-aa
segment of this protein was previously identified), a 15-aa segment of ISS (VvISS15), and 20-aa segment of PPC
(VvPPC20). These proteins were successfully tested for antimicrobial activity using to the Temecula strain of Xf.
Using the same search criteria, the search flagged a 22-aa N-terminal segment of the 34-aa Cecropin B (CBNT22)
protein and a 12-aa segment of cathaylecitin (CATH15); these proteins with known antimicrobial activity served
as a positive control for our bioassays. VvHAT22 and VvPPC22 inhibited Xf growth at levels comparable to
CBNT22 and CATH15; however, VvISS15 displayed no detectable antimicrobial activity.
.
Activity 6. Conduct in planta efficacy testing of the grape-derived CAP components using transient
expression.
We have successfully constructed a binary vector to express VsP14a-PLD and test the efficacy of the 52-aa H+
ATPase sequence described above (Figure 6). This must be incorporated into an Agrobacterium host to create a
function transformation system for transient expression in tobacco and for the transformation of grapevine
(Activity 7).



- 105 -

CONCLUSIONS
Using novel computational tools CLASP, PAGAL, and SCALPEL, we successfully identified grapevine proteins
that can be used to replace the NE and CB components in a CAP design to provide resistance to Pierce’s disease.
The VsP14a protein replacement for NE was expressed in plants. This protein was isolated and shown to cause
lysis of Xf. We have identified two potential grapevine protein candidates, VvHAT22 and VvPPC20, which can
lyse Xf at levels comparable to that observed for CB. We have begun designing vectors to test combinations of
these two proteins to confer resistance in transgenic grapevine and tobacco.
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ABSTRACT
We successfully established two field trials to validate two greenhouse-tested strategies to control the movement
and clearance of Xylella fastidiosa (Xf). Xf is a xylem-limited, Gram-negative bacterium and is the causative agent
of Pierce’s disease. Key to the virulence of Xf is its ability to digest pectin-rich pit pore membranes that
interconnect the host plant’s xylem elements. This action enhances long-distance movement and vector
transmission. Our first strategy evaluated the ability of a xylem-targeted polygalacturonase-inhibiting protein
(PGIP) derived from pear to counteract Xf virulence associated with PG activity. Our second strategy enhanced
clearance of bacteria from Xf-infected xylem tissues using a chimeric antimicrobial protein, NE-CB. Expressing
these proteins is expected to prevent Xf movement and reduce its inoculum size, curbing the spread of Pierce’s
disease in California vineyards.

Transgenic grapevine plants expressing either PGIP or NE-CB, on their own roots or as rootstocks grafted with
untransformed Thompson Seedless (TS) scions, were planted together with untransformed controls in two
locations in Riverside and Solano counties. Planting was completed in 2011, with 220 vines at each location. The
transgenic vines were evaluated phenotypically using the first 12 descriptors from the “Primary descriptor priority
list” proposed by the International Organization of Vine and Wine (OIV). No phenotypic or horticultural
differences were observed between transgenic and untransformed TS vines. NE-CB- and PGIP-expressing
transgenic grapevine lines in Solano County were genotyped, confirming the presence of the inserted transgene in
all lines.

In Riverside County, the plants were naturally infected by wild populations of the glassy-winged sharpshooter
(GWSS). Presence of Xf in petiole extracts was confirmed by ELISA and plate cell count in 2011, in xylem sap,
petiole and stem extracts in 2012, and in stem extracts in 2013. In these years, Pierce’s disease symptoms were
assessed using a standardized score based on percentage of leaf area scorching. In 2013, we used a 0-4 scale to
evaluate grapevine vigor. During spring 2014, we observed that all 220 transgenic and control vines were in
decline. Symptoms of root knot nematode infection were present, like suppressed shoot growth, limited root zone,
and gall formation in roots. Eighteen soil samples were collected and all were positive for root knot and citrus
nematodes. Roots taken had four knots per inch, in contrast to the normal one knot or gall per four inches.
Nematode population data in soil and root samples confirmed a heavy root knot nematode infection. The
Riverside site was previously planted with Chardonnay and the vineyard was removed and replanted without
fumigation. From this, we surmised that the field location had selected for an aggressive population of root knot
nematode during the previous planting. Our vines subsequently suffered lethal root knot infection soon after they
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were planted. Root knot infection at the Riverside County site will not allow us to evaluate our transgenic
grapevines for Pierce’s disease resistance or susceptibility.

At the Solano County site, half of the ungrafted vines were mechanically inoculated with Xf in 2011 and again in
2012 to validate resistance to Pierce’s disease under field conditions. Xf presence was confirmed by ELISA in
2011. However, neither Xf growth in plates nor Pierce’s disease symptoms were detected. Half of the Solano
County grafted plants were inoculated with Xf for the first time in 2012. Leaf scorching, a characteristic symptom
of Pierce’s disease, was observed in Solano Country for the first time in fall 2012. Xf presence was in petiole
extracts and confirmed by ELISA that season; its presence was also detected in stem extracts from own-rooted
and grafted lines in 2013. Ungrafted and grafted grapevines not previously inoculated at the Solano site were
manually inoculated in 2013, completing the inoculations at this site. In previous years, Pierce’s disease
symptoms were assessed using a standardized score based on percentage leaf area scorching, cane survival, and
grapevine vigor. On May 28, 2014, following the recommendation of the Product Development Committee (PDC)
of the Pierce’s Disease Control Program, four current-year canes from all grafted transgenic and control plants at
the Solano site were mechanically inoculated with Xf. Severity or absence of Pierce’s disease symptoms in
ungrafted and grafted transgenic grapevines inoculated in 2011, 2012, and 2013 and the individual transgenic
grafted canes inoculated in 2014 were rated for the absence or severity of Pierce’s disease using the Pierce’s
disease symptom severity rating system 0-5 in summer 2014. In the same season, one cane per grafted plant was
harvested for Xf quantification; the results are pending.

In January 2014, the USDA APHIS permit holder for the Solano and Riverside fields was changed from Professor
Alan Bennett to Professor Abhaya Dandekar; the permit end date is April 1, 2016. Personnel from the Dandekar
laboratory are maintaining regulatory oversight of the field trials. Timely reporting and inspections are conducted
to maintain compliance with USDA APHIS.

LAYPERSON SUMMARY
Four hundred and forty (440) transgenic grapevines expressing either polygalacturonase-inhibiting protein (PGIP;
192 plants) or a chimeric antimicrobial protein (NE-CB; 192), and 56 untransformed control vines were planted in
two locations: Riverside County (220 plants) and Solano County (220 plants). Half of the transgenic grapevines
are being evaluated as plants on their own roots and half as rootstocks grafted with untransformed Thompson
Seedless (TS) scions to demonstrate the field efficacy of two strategies to control Pierce’s disease in California
grapevines. The first uses transgenic rootstocks, through expression of PGIP, to control the movement of the
bacterium Xylella fastidiosa (Xf) in water-conducting xylem. The second strategy tests whether transgenic
rootstocks can clear Xf infections in xylem tissue by expressing NE-CB.

At the Riverside County site, natural Xf infection was confirmed in petioles, stems, and xylem sap by ELISA, and
infections appeared uniform through 2013. During spring 2014, all 220 transgenic and control vines at the
Riverside site were in decline; most had no new growth. Growth that did occur did not correlate with genotype;
transgenic and control plants were equally affected. The root zone was limited to the first six inches of soil and
was heavily infected with root knot nematodes. The Riverside site was previously planted with Chardonnay and
the vineyard was removed and replanted without fumigation. The field location had selected for an aggressive
population of root knot nematode during the previous planting. Our vines subsequently suffered lethal infection
soon after they were planted. Nematode population data and number of knots per inch of root obtained from 18
soil and root samples confirm a heavy root knot nematode infection. Evaluating the resistance or susceptibility of
our transgenic grapevines to Pierce’s disease under field conditions will not be possible due to the combined root
knot and Pierce’s disease infections.

At the Solano County site, about 25% of the plants were mechanically inoculated in 2011 and again in 2012.
Another 25% were inoculated in 2012 and the remaining 50% in 2013. The presence of Xf was confirmed in
petiole and stem extracts using the ELISA assay. In addition, we evaluated Pierce’s disease symptoms, cane
survival, and grapevine vigor and found that some transgenic lines from each strategy consistently scored better
than the control and others did not. Lines that show resistance can transmit their resistance from the rootstock to
the wild scion. However, resistance transmitted from transformed rootstock is weaker than that achieved in a
transformed plant. On May 28, 2014, following the recommendation of the Product Development Committee
(PDC) of the Pierce’s Disease Control Program, four current-year canes from all grafted transgenic and control
plants at the Solano site were mechanically inoculated with Xf. Severity or absence of Pierce’s disease symptoms
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was evaluated in summer 2014 for all inoculated canes using a Pierce’s disease symptom severity rating system 0-
5, where 0 = healthy vine, all leaves green with no scorching; 1= first symptoms of disease, light leaf scorching on
one or two leaves; 2 = about half the leaves on the cane show scorching; 3 = the majority of the of the cane shows
scorching; 4 = the whole cane is sick and declining and 5 = the cane is dead. In the same season, one cane per
grafted plant was harvested for Xf quantification; results are pending.

The current Solano and Riverside field permit was changed from Professor Alan Bennett to Professor Abhaya
Dandekar in January 2014. The USDA APHIS permit end date is April 1, 2016. Personnel from the Dandekar
laboratory are maintaining regulatory oversight of the field trials. Timely reporting and inspections are conducted
to maintain compliance with USDA APHIS.

INTRODUCTION
Thompson Seedless (TS, Vitis vinifera) grapevines were transformed with a gene that encodes a chimeric anti-
microbial therapeutic protein with a recognition domain from a neutrophil elastase (NE) and the lytic domain
Cecropin B (CB). The NE domain specifically binds to the Xylella fastidiosa (Xf) outer-membrane protein MopB,
while the CB domain clears Xf, the causative agent for Pierce’s disease (Dandekar et al., 2012). We also
transformed TS grapevines with a gene encoding polygalacturonase-inhibiting protein (PGIP). PGIP expression in
transformed plants inhibits the action of polygalacturonase (PG), a virulence factor expressed by Xf. Inhibiting PG
interferes with long distance movement of Xf, providing resistance to Pierce’s disease (Agüero et al., 2005).
Transgenic grapevines expressing NE-CB and different PGIP constructs were first tested under greenhouse
conditions. Several lines that showed resistance to Pierce’s disease were identified by mechanically inoculating
plants with Xf (Dandekar et al., 2012). Selected transgenic grapevines expressing either NE-CB or PGIP, own-
rooted or grafted with nontrangenic TS, were planted in 2010-11 in Riverside and Solano counties.

At the site in Riverside County, which has natural Pierce’s disease pressure, plants were naturally infected. From
2011 to 2013, severity or absence of Pierce’s disease symptoms and grapevine vigor was assessed. Xf was
detected in xylem sap, petiole, and stem extracts by ELISA and plating. During spring 2014, all 220 Thompson
Seedless transgenic and control vines were in decline and presented symptoms of root knot nematode infection
like suppressed shoot growth, limited root zone, and gall formation in roots. The Riverside site was previously
planted with Chardonnay and the vineyard was removed and replanted without fumigation. The field location had
selected for an aggressive population of root knot nematode during the previous planting. Our vines subsequently
suffered lethal root knot infection soon after planting. Eighteen soil samples were collected and all were positive
for root knot and citrus nematodes. Roots had four knots per inch, instead of the normal one knot or gall per four
inches. Nematode population data in soil and root samples confirmed root knot nematode infection. Root knot
infection at the Riverside County site will not allow us to evaluate our transgenic grapevines for Pierce’s disease
resistance or susceptibility.

At our second site in Solano County, half of the ungrafted transgenic grapevine lines were manually inoculated as
described (Almeida et al., 2003) in July 2011 and May 2012, when half of the grafted transgenic grapevine lines
were inoculated. Ungrafted and grafted grapevines not inoculated during 2011 and 2012 were inoculated on June
2013, completing the inoculation of all grapevines at the Solano site. Xf was detected in petiole and stem extracts
using ELISA assays. Pierce’s disease symptoms were scored based on leaf area scorching, grapevine vigor, and
cane survival. On May 28, 2014, following the recommendation of the Product Development Committee (PDC)
of the Pierce’s Disease Control Program, at least four current-year canes from all grafted transgenic and control
plants at this site were mechanically inoculated with Xf. Severity or absence of Pierce’s disease symptoms was
recorded in summer 2014 for all inoculated canes using the Pierce’s disease symptom severity rating system 0-5,
where 0 = healthy vine, all leaves green with no scorching; 1= first symptoms of disease, light leaf scorching on
one or two leaves; 2 = about half the leaves on the cane show scorching; 3 = the majority of the of the cane shows
scorching; 4 = the whole cane is sick and is declining and 5 = the cane is dead.. One cane per grafted plant was
harvested in summer 2014 for Xf quantification by qPCR; results are pending.

OBJECTIVES
The goals of this project are to finish field-testing four NE-CB and four PGIP transgenic grapevine clones by
evaluating their horticultural characteristics and resistance to Pierce’s disease. Transgenic grapevines were tested
in two field locations as ungrafted plants and as transgenic rootstocks grafted with wild-type scion. One field
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location has Pierce’s disease pressure and plants were naturally infected with Xf. In another location with no
Pierce’s disease pressure, grapevines were mechanically inoculated with Xf.

Objective 1. Validate the efficacy of in planta-expressed chimeric NE-CB and PGIP with different signal peptides
to inhibit and clear Xf infection in xylem tissue and to pass through the graft union under field conditions.

Activity 1. Propagation, field planting, and grafting of NE-CB and PGIP transgenic grapevines.
Activity 2. Evaluate preservation of varietal characteristics in transgenic grapevines grown as whole plants or
used as rootstocks.
Activity 3. Evaluate Pierce’s disease resistance of NE-CB and PGIP transgenic grapevines after inoculation
with Xf.

Objective 2. Assume permit holder status for existing USDA APHIS field permit 12-340-102r and maintain
regulatory oversight and compliance with permit reporting requirements.

Activity 4. Participate with PIPRA during transition and assume permit holder status.
Activity 5: Maintain regulatory oversight of both field locations and compliance with reporting requirements.
Activity 6. Maintain active regulatory compliance inspections.

RESULTS AND DISCUSSION
Activity 1. Propagation, field planting, and grafting of NE-CB and PGIP transgenic grapevines.
Four independent transgenic events expressing NE-CB (40-41, 40-89, 40-92, and 41-151) and four expressing
different PGIP constructs (31-25, 45-77, 52-08, and TS50) were planted at two locations. Initial planting of 210
transgenic or untransformed vines, own-rooted or grafted with untransformed TS scions, was completed in
Riverside County on May 18, 2010. Ten more were planted on March 6, 2011, completing the plantings at this
location (Table 1). We also planted 110 transgenic and untransformed vines on their own roots on August 2, 2010
and 110 vines grafted with untransformed TS scions on June 27, 2011 in Solano County, completing the planting
at this second location. Genotyping of NE-CB- and PGIP-expressing transgenic grapevine lines in Solano County
has confirmed the presence of the inserted transgene in all lines.

Table 1. Transgenic and control grapevines planted in Riverside and Solano fields.
Ungrafted Grafted

Event ID (Vector) # Planted Event ID (Vector) # Planted
NE-CB lines
40-41    (pDU04.6105) 12 40-41G    (pDU04.6105) 12
40-89    (pDU04.6105) 12 40-89G    (pDU04.6105) 12
40-92    (pDU04.6105) 12 40-92G    (pDU04.6105) 12
41-151  (pDU04.6105) 12 41-151G  (pDU04.6105) 12
PGIP Lines
31-25    (pDU05.1002) 12 31-25G    (pDU05.1002) 12
45-77    (pDU06-0201) 12 45-77G    (pDU06-0201) 12
52-08    (pDU05.1910) 12 52-08G    (pDU05.1910) 12
TS50    (pDU94.0928) 12 TS50G    (pDU94.0928) 12
Control line
TS 16 TS-G 12

Activity 2. Evaluate preservation of varietal characteristics in transgenic grapevines grown as whole plants
or used as rootstocks.
To verify that horticultural and varietal characteristics of the parental genotype were unchanged, NE-CB- and
PGIP-expressing transgenic lines were evaluated phenotypically in Solano County in September 2011 and in
Riverside County in November 2011. This examination was accomplished using the first 12 descriptors from the
“Primary descriptor priority list” proposed by the International Organization of Vine and Wine (OIV, 1983). The
descriptors used were 1) aperture of young shoot tip/opening of young shoot tip, 2) density of prostrate hairs
between main veins on 4th leaf lower side of blade, 3) number of consecutive shoot tendrils, 4) color of upper side
of blade on 4th young leaf, 5) shape of mature leaf blades, 6) number of lobes on mature leaf, 7) area of
anthocyanin coloration on main veins on upper side of mature leaf blades, 8) shape of teeth on mature leaves, 9)
degree of opening of mature leaves/overlapping of petiole sinuses, 10) mature leaf petiole sinus bases limited by
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veins, 11) density of prostrate hairs between main veins on lower side of mature leaf blades, and 12) density of
erect hairs on main veins on lower sides of mature leaf blades. NE-CB and PGIP-expressing transgenic lines at
the Riverside and Solano sites were also phenotypically evaluated in fall 2012 and 2013. No differences between
transgenic and parental TS grapevines were observed.

Activity 3. Evaluate PD resistance of NE-CB and PGIP transgenic grapevines after inoculation with Xf.
At the Riverside County site, grafted and ungrafted transgenic grapevine lines naturally infected in the field were
scored for Pierce’s disease symptoms for the last time in May 2013. Stem samples harvested from grapevines at
this location and date were assayed for Xf cell counts by ELISA, with a standard curve created using Xf from
liquid culture. Pierce’s disease symptoms were rarely observed, but ELISA cell counts confirmed Xf infection.
Unexpectedly, during the 2014 spring season all 220 Thompson Seedless vines planted at Riverside were in
decline; most had no new growth (Figure 1). Growth that did occur did not correlate with genotype: transgenic
and control plants were equally affected. We dug up the soil about 18 inches from the trunk and observed that the
root zone was limited to the first six inches of soil and was heavily infected with root knot and citrus
nematodes. Consulting with Andrew Walker, Howard Ferris, and Michael McKenry led us to a preliminary root-
knot diagnosis.

Figure 1. Riverside County transgenic grapevine field trial, fall 2014.

Eighteen root and soil samples were taken and all were positive for root knot and citrus nematodes (Table 2,
Figures 2 and 3); root knot nematode population data confirmed infection. Roots sampled had four knots per
inch, in contrast to the normal one knot or gall per four inches (Figure 4). The Riverside site was previously
planted with Chardonnay and the vineyard was removed and replanted without fumigation. The field location was
most likely selected for an aggressive population of root knot nematode during the previous grapevine planting.
Our vines subsequently suffered lethal infection soon after planting; physiology was disrupted, root growth
stopped, and gall development likely happened one or two days after root knot nematodes penetrated the young
root. Heavy nematode feeding likely resulted in root leakage in the first year after planting. Root knot infection
symptoms include suppressed shoot growth, decreased shoot-root ratio, nutritional deficiencies showing chlorosis
in the foliage, and poor plant yield (Kassen and Moens 2006). Evaluation of Pierce’s disease resistance or
suceptibility of trangenic grapevines under Riverside County field conditions will not be possible, given the
combination of symptoms for root knot and Xf infections.
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four current-year canes from all grafted transgenic and control plants at this site were mechanically inoculated
with Xf (Table 3).

Figure 3. Citrus nematode counts from Riverside County field soil samples (summer 2014).

Figure 4. Healthy grapevine root (upper left), root knot infected roots with knots (upper right),
microscopic view of grape root knots (lower left) and root knot and citrus nematodes (lower right).

Severity or absence of Pierce’s disease symptoms for all Solano County ungrafted (Figures 6 and 7) and grafted
(Figures 8 and 9) grapevines inoculated in 2011, 2012, 2013, and 2014 inoculated grafted canes (Figure 10) was
assessed on July 22, 2014, using a Pierce’s disease symptom severity rating system 0-5, where 0 = healthy vine,
all leaves green with no scorching; 1= first symptoms of disease, light leaf scorching on one or two leaves; 2 =
about half the leaves on the cane show scorching; 3 = the majority of the of the cane shows scorching; 4 = the
whole cane is sick and is declining and 5 = the cane is dead. On July 22, 2014, the absence or severity of Pierce’s
disease was rated for all four canes. Pierce’s disease symptoms are present in ungrafted and grafted grapevines
inoculated in 2011, 2012, 2013, and in 2014 inoculated grafted canes, but the severity of the symptoms is lower in
some ungrafted and grafted transgenic lines from each strategy than in untransformed controls.
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Figure 6. Solano County transgenic grapevines inoculated in Spring 2014, fall 2014.

Table 3. Dandekar’s Solano grape field map, color coded by Xf inoculation date, 2011 to 2014.
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Figure 6. 2014 Pierce’s disease symptoms scoring for Solano ungrafted and grafted transgenic grapevines
inoculated in 2011 and 2012 and scored in summer 2014.

Figure 7. 2014 Pierce’s disease symptom scoring for Solano ungrafted and grafted transgenic grapevines
inoculated in 2013 and scored in summer 2014.

Figure 8. 2014 Pierce’s disease symptom scoring for Solano grafted transgenic grapevines inoculated
in 2012 and scored in summer 2014.
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Figure 9. 2014 Pierce’s disease symptoms scoring for Solano grafted transgenic grapevines
inoculated in summer 2013 and scored in summer 2014.

Figure 10. 2014 Pierce’s disease symptoms scoring for Solano grafted transgenic canes inoculated
in spring 2014 and scored in summer 2014.

Stem samples from runners of ungrafted vines in the Solano plot inoculated in 2011, 2012, and 2013 were
harvested in spring and fall 2013 and Xf cell counts were determined using ELISA; the standard curve was created
using Xf cells obtained from liquid culture. Xf infection was confirmed. On July 22, 2014, one cane per grafted
plant was harvested for quantification of Xf by qPCR; results are pending. Another set of canes will be harvested
for Xf quantification in spring 2015.

Objective 2. Assume permit holder status for existing USDA APHIS field permit 12-340-102r and maintain
regulatory oversight and compliance with permit reporting requirements.

Activity 4. Participate with PIPRA during transition and assume permit holder status.
The current Solano and Riverside counties field APHIS permit #12-340-102r was transferred from Professor Alan
Bennett to Professor Abhaya Dandekar in January 2014. The permit was extended by APHIS, with a new end date
of April 1, 2016.
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Activity 5. Maintain regulatory oversight of both field locations and compliance with reporting
requirements.
During the transition period beginning Oct. 1, 2013, personnel from the Dandekar laboratory worked with PIPRA
personnel to obtain all documentation and records necessary to maintain regulatory oversight of the field trial.
This process was completed in January 2014 with the transfer of full responsibility to the new permit holder. We
have worked closely with UC Davis Environmental Health and Safety to modify our existing Biological Use
Authorization (BUA) to include this permit, a process that integrated the institutional biosafety committee into the
chain of custody for regulatory oversight compliance management. Although the responsibility for regulatory
compliance rests with the new permit holder, UC Davis was included during the transition to maintain their
oversight of campus BUAs. Personnel from the Dandekar laboratory are maintaining regulatory oversight of the
field trials. The issues requiring regulatory oversight are listed in the permit.

Activity 6. Maintain active regulatory compliance inspections.
Timely reporting and inspections are conducted to maintain compliance with USDA APHIS. Regulatory
compliance is enforced by working closely with the two field coordinators and their crew, obtaining monitoring
and activities information from Pierce’s disease field trial participant investigators. Two individuals from the
Dandekar lab are entrusted with the tasks of documentation, training, and inspection to ensure regulatory
compliance.

CONCLUSIONS
We successfully established two field trials to validate two greenhouse-tested strategies to control movement and
clearance of Xf, a xylem-limited, Gram-negative bacterium that is the causative agent of Pierce’s disease. A key
virulence feature of Xf resides in its ability to digest pectin-rich pit pore membranes that interconnect the host
plant’s xylem elements, enhancing long distance movement and vector transmission. The first strategy evaluated
the ability of a xylem-targeted polygalacturonase-inhibiting protein (PGIP) from pear to counter virulence
associated with Xf PG activity. Our second strategy enhances clearance of bacteria from Xf-infected xylem tissues
using a chimeric antimicrobial protein, NE-CB. The expectation is that expressing these proteins will prevent Xf
movement and reduce inoculum size, curbing the spread of Pierce’s disease in California vineyards.

Transgenic grapevine plants expressing either PGIP or NE-CB along with untransformed controls were
successfully planted in two locations. In Riverside and Solano counties, planting was completed in 2011 with 220
vines in the ground at each location. These transgenic grapevines were evaluated as plants on their own roots and
as rootstocks grafted with untransformed scions. NE-CB- and PGIP-expressing transgenic lines in Riverside and
Solano counties were evaluated phenotypically using the first 12 descriptors from the “Primary descriptor priority
list” proposed by the International Organization of Vine and Wine (OIV). No phenotypic/horticultural differences
were observed between transgenic and untransformed TS vines. NE-CB- and PGIP-expressing transgenic
grapevine lines in Solano County were genotyped, confirming the presence of the inserted transgene in all lines.
At the Riverside County site, the plants were naturally infected by wild populations of GWSS and Xf presence in
petiole extracts was confirmed by ELISA, PCR, and plate cell count in fall 2011. Xf presence was also confirmed
in Riverside xylem sap samples collected in spring 2012, in petiole extracts collected in fall 2012, and in stem
extracts collected in spring 2013. Pierce’s disease symptoms were also assessed using standardized scores based
on percentage of leaf area scorching and grapevine vigor to validate resistance to Pierce’s disease under field
conditions. At the Riverside County site, the confirmed root knot infection present concurrently with Xf infection
will not allow us to evaluate Pierce’s disease resistance or suceptibility of trangenic grapevines under field
conditions with natural Pierce’s disease pressure.

At the Solano County site, ungrafted vines were mechanically inoculated with Xf in 2011 to validate resistance to
Pierce’s disease under field conditions. Xf presence was confirmed by ELISA in 2011, but no Xf growth in plate
or Pierce’s disease symptoms were detected. Solano County ungrafted plants were re-inoculated and grafted
plants were for the first time mechanically inoculated with Xf on spring 2012. Leaf scorching, the characteristic
symptom of Pierce’s disease, was observed in Solano Country for the first time 2012 and Xf presence was
confirmed by ELISA in petiole extracts collected in the same season and in stem samples collected in 2013.
Solano ungrafted and grafted grapevines that were not inoculated previously were manually inoculated in 2013,
completing the manual inoculation of all grapevines. In previous years, Pierce’s disease symptoms were assessed
using standardized scores based on percentage leaf area scorching, cane survival, and grapevine vigor. On
May 28, 2014, following the recommendation of the Product Development Committee (PDC) of the Pierce’s
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Disease Control Program, four current-year canes from all grafted transgenic and control plants at this site were
mechanically inoculated with Xf. Severity or absence of Pierce’s disease symptoms was recorded in summer 2014
for all inoculated canes using the Pierce’s disease symptom severity rating system 0-5, where 0 = healthy vine, all
leaves green with no scorching; 1 = first symptoms of disease, light leaf scorching on one or two leaves; 2 = about
half the leaves on the cane show scorching; 3 = the majority of the of the cane shows scorching; 4 = the whole
cane is sick and is declining and 5 = the cane is dead. One inoculated cane per transgenic grafted vine was
harvested for Xf quantification by qPCR; results are pending. Severity or absence of Pierce’s disease symptoms on
all ungrafted and grafted transgenic grapevines inoculated in 2011, 2012, and 2013 was also rated in summer
2014 using the Pierce’s disease symptom severity rating system 0-5. At least two NE-CB and two PGIP
transgenic lines are scored better under field conditions than untransformed controls.

In January 2014, the USDA APHIS permit holder for the Solano and Riverside county fields was changed from
Professor Alan Bennett to Professor Abhaya Dandekar; the permit end date is April 1, 2016. Personnel from the
Dandekar laboratory are maintaining regulatory oversight of the field trials. Timely reporting and inspections are
conducted to maintain compliance with USDA APHIS.
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ABSTRACT
The current field trial of transgenic grapevine (Vitis vinifera) tests several genetic constructs, at least some of
which appear to operate under distinct mechanisms to provide protection against Xylella fastidiosa (Xf), the
causative agent of Pierce’s disease. A stacked gene strategy is in progress in which two or more constructs are
being incorporated into a commercial grapevine rootstock to evaluate their potential for protection against an
untransformed scion. Stacked genes against other host-pathogen interactions have been shown to provide not only
more effective protection against disease than could be achieved with one gene alone but also more durable
protection. It is the goal of this project to provide data, and to provide a protocol for obtaining additional data that
will assist the researchers and the Product Development Committee in decision-making. Experimentally, the aim
is to determine the titers of live and dead Xf cells in Xf-infected untransformed scion tissue and transformed
rootstock tissue, to accurately reflect the total number of live (infectious) bacterial cells at various points in the
grapevine.

LAYPERSON SUMMARY
This project is intended to support the current transformed grapevine field trials. These field trials are testing the
degree of protection provided by various genetic constructions against Xylella fastidiosa, the bacterial causative
agent of Pierce’s disease. Methods are being developed to provide additional information on the behavior of
living infectious bacteria in the inoculated vines, particularly the extent of accumulation of live bacterial cells at
various locations.

INTRODUCTION
Xylella fastidiosa (Xf), the bacterium that is the causative agent of Pierce’s disease of grapevine, is unevenly
distributed in the infected vine, and its populations in the plant include both live and dead cells. Greenhouse
experiments, and to a limited extent field experiments, have demonstrated that specific genetic constructs inserted
into commercial grapevine, Vitis vinifera, can strongly protect the vines against infection by Xf and/or reduce the
symptoms of Pierce’s disease. At least some of these constructs have shown, as transgenic rootstock of a grafted
plant, the ability to protect the untransformed scion (see reports from the laboratories of A.M. Dandekar, D.G.
Gilchrist, B.C. Kirkpatrick, S.E. Lindow, and A.L.T. Powell in the Pierce’s Disease Control Program 2013
Symposium Proceedings, http://www.cdfa.ca.gov/pdcp/research.html). If adequate protection of untransformed
scion by transgenic rootstock can be achieved under vineyard conditions, this has the obvious advantage of
flexibility by allowing any of many varietals to be the scion grafted onto a given transformed rootstock. A goal of
this project is to assess the titers of Xf cells, particularly live Xf cells, in vines in field test plots, especially vines
with non-transgenic scions on transgenic rootstock.

This project is intended to provide data for evaluating the relative merits of various genetic constructs in altering
the titer of bacteria associated with a Xf infection and the extent of symptom expression. Our selected source of
tissue for analysis of titer of Xf cells is the petiole. Petioles can be harvested without much collateral damage to
the plant. The tissue is relatively easily disrupted for DNA purification. Xf tagged with green fluorescent protein
was found by confocal microscopy to occur more frequently and to be in higher concentrations in petioles
compared to leaf lamina (Gilchrist and Lincoln, 2008). However, not all petioles on a vine will be representative
of the Xf cell content of the entire vine or even of a cane, particularly in the early stages of infection. The xylem
architecture of the stem is such that not all xylem bundles transport to all petioles. Therefore, some petioles of an
infected vine will show a high Xf titer, and others will have only a low or no detected titer. Thus, several petioles
should be sampled from a given cane.
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The most common tool for measuring Xf titers in infected grapevine tissue is quantitative polymerase chain
reaction (qPCR). Given the unquantified persistence of DNA in plant tissue, qPCR results may reflect the DNA
content of Xf cells, both living and dead. Hence, accuracy in measuring the amount of live bacteria will address
issues of biological behavior associated with the differences in the mode of action of respective transgenes.

Approaches to assessing live Xf cell titers include:
1. CFU: plating of tissue extracts for detection of colony forming units (cfu),
2. RT-qPCR: reverse transcription of RNA followed by qPCR (RT-qPCR) to detect Xf cell RNA (since

unlike DNA, RNA is not expected to persist in dead Xf cells), and
3. EMA-qPCR: following treatment of grapevine tissue or extracts with ethidium monazide bromide (EMA)

or similar reagent reactive toward DNA in dead bacterial cells.

The disadvantages of plating are low and variable efficiency of plating and the lack of a selective medium for Xf.
The disadvantage of RT-qPCR is difficulty in relating observed RNA amounts to Xf cell counts. However, RT-
qPCR or simple RT-PCR would reveal, for example, the situation in which all or almost all of the Xf cells in the
tissue are dead.

Conversely, EMA-qPCR has the potential to be a relatively simple and straightforward method for evaluating the
live Xf cell population in grapevine tissues. The important features of EMA are its exclusion from live bacterial
cells and its ability to react with DNA in dead cells, thereby making the DNA from dead cells unsuitable as a
template for amplification by PCR. A disadvantage of EMA-qPCR is the dearth of published information on the
use of EMA to assess living bacteria from inside actual plant tissue, although bacteria on the plant surface have
been analyzed (Liang, Dong, et al., 2011). Given that most reports use cultured bacterial cells, we are working to
remedy this situation by developing EMA-qPCR as a method for assessing dead and live titers of Xf in grapevine
tissue. We also are using RT-qPCR and RT-PCR, as a reference point for EMA-qPCR and as an alternative if
EMA-qPCR proves to be unworkable for bacteria embedded in plant tissue

OBJECTIVES
1. Develop a protocol for assessing live Xf accumulation in transgenic grapevines and suited to the evaluation of

the relative efficacy of various transgenic constructs
2. Use the developed protocol in early 2015 on bud emergence samples from the current field trials of transgenic

grapevine
3. Advance and standardize the protocol to the point that the protocol could be applied by a designated

laboratory to evaluate grapevine lines bearing stacked transgenes

RESULTS AND DISCUSSION
Initial attempts at quantitating dead Xf cells and total Xf cells in grapevine petiole tissue.
In the three months that this project has been active, a variety of conditions have been explored, including a
demonstration of inactivation of naked Xf DNA and cultured Xf cells by a EMA plus light treatment pursuant to
distinguishing living from dead Xf cells in plant tissue. The results from an experiment in which several petioles
were cut into 1-2 mm slices is shown in Figure 1. The petioles were pooled and divided into six samples for the
three treatments, each in duplicate. As expected from published reports from cultured cells, the genome
equivalents of recovered DNA by qPCR from plant tissues were much greater for slices exposed to just light than
for slices exposed to EMA and light. However, unexpectedly, the slices exposed to EMA but not irradiated with
white light also yielded few genome equivalents of Xf DNA from this control treatment. We do not have an
explanation for this result on this singular treatment but note that the EMA-no-illumination control that we
performed here does not appear in publications on the use of EMA to distinguish live from dead bacterial
populations.

Actinometry for lamp calibration.
If the photo-inactivation of DNA bound to EMA or other photoinactivating agent is to be accomplished under
reproducible conditions, the flux of photons at the tissue sample must be reproducible from experiment to
experiment. Additionally, there should be a method for comparing the flux for chambers of different geometry. A
Lithonia Lighting #OFL 300/500Q 120 LP lamp was operated with a 500 W bulb in a glass housing. The housing
glass surface was located 85 mm from a Petri plate containing a solution of 12 mM potassium ferrioxalate
[synthesized from ferric chloride and potassium oxalate and recrystallized from water (Hatchard and Parker,
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1956)] in 50 mM sulfuric acid. In two min of irradiation, 0.6 μmole of ferrous ions were produced from the
ferrioxalate per square cm of liquid surface, as determined colorimetrically (A510) by complex formation with
ortho-phenanthroline. This result shows that we have a chemical actinometer of the desired capability.

Figure 1. Genome equivalents (ordinate scale) of Xf detected after irradiation of petiole slices imbibed or not
imbibed with EMA. DNA was purified from the petiole slices by a hot cetyltrimethylammonium bromide (CTAB)
method. qPCR primers were HL5 and HL6 (Francis, Lin, et al., 2006), and qPCR was performed in triplicate. The
standard curve for determination of genome equivalents used template prepared by dilution of Xf DNA in a constant
concentration of DNA from uninfected grapevine (Francis, Civerolo, et al., 2005). The average and range of genome
equivalents detected are shown for duplicate samples. Sample 1 was derived from petiole slices not exposed to EMA
but irradiated with visible light. Petiole slices for samples 2 and 3 were exposed to 100 μg/mL EMA for 30 min in
the dark and then were either continued in the dark (sample 2) or were irradiated with white light (sample 3).

CONCLUSIONS
Our initial attempts at quantitating dead Xf cells and total Xf cells in grapevine petiole tissues have yielded
promising results for experiments carried out under similar conditions. We have successfully recovered PCR
amplifiable DNA from infected tissue. Conditions are being modified in an effort to improve the EAM-based
analyses of Xf DNA and are exploring an RNA-based method as an alternative live-dead assay. These include
gently grinding tissue to release minimally damaged Xf cells for EMA treatment, rather than imbibing or vacuum
infiltrating EAM. We also are applying a different inactivation agent, propidium azide (Liang, Dong, et al., 2011)
along with continuing the developing the RT-qPCR methods..
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ABSTRACT
The objective of this field experiment is to evaluate transgenic grape and grape rootstocks expressing various
transgenes for protection against Xylella fastidiosa (Xf; Pierce's disease strain) in a field site in Solano County.
The pathogen is introduced into individual vines by mechanical injections of Xf into the grape stems of transgenic
and non-transgenic control plants. The experiment is now in the fourth year after inoculations were initiated. Test
plants include own-rooted transgenic and non-transgenic plants and grafted plants with non-transgenic scions of a
Pierce’s disease susceptible variety grafted to root stocks bearing transgenes. The plants have been maintained
under optimum field conditions with respect to water management and powdery mildew and insect control.
Following the third (2013) and fourth (2014) years after inoculations began, control plants are showing clear
symptoms of Pierce’s disease (Figure 6) and many inoculated canes are dying or dead. Several lines bearing
transgenes of each of the investigators show promise in terms of Pierce’s disease symptom suppression compared
with the susceptible non-transgenic controls.

LAYPERSON SUMMARY
The purpose of the field planting is to evaluate grape and grape rootstocks expressing transgenes with different
modes of action directed towards suppression of Pierce’s disease. The site in Solano County was selected and
approved by USDA APHIS to enable controlled inoculation and close monitoring of the host response in terms of
symptoms, bacterial behavior, and plant morphology. Over the course of the multi-year field evaluation, test
plants included ungrafted conventional Thompson Seedless and Freedom rootstock plants as controls, transgenic
plants from investigators Dandekar, Powell, Lindow, and Gilchrist and later transgenic rootstocks expressing
some of the test genes were grafted to untransformed Pierce’s disease susceptible scions to assess potential for
disease suppression in an untransformed scion from signals originating in the transformed rootstocks. The results
to date of this field experiment indicate that the mechanical inoculations successfully introduced the bacteria into
the plants with subsequent appearance of foliar symptoms and cane death. There are transgenes from each of the
investigators that appear to be suppressing the symptoms of Pierce’s disease inoculated vines. Dr. Dandekar has
now assumed responsibility for the USDA APHIS permit and Dr. Gilchrist will continue to manage the field
operations at this site.

INTRODUCTION
The objective is to evaluate transgenic grape and grape rootstocks expressing various genes from different
constructs in a field site in Solano County for resistance to Xylella fastidiosa (Xf; Pierce's disease strain) following
mechanical injections of Xf into the plant stems. Over the course of the multi-year field evaluation, test plants will
include ungrafted conventional Thompson Seedless and Freedom plants as controls, transgenic plants from
Dandekar, Powell, Lindow, and Gilchrist projects and, as plant material availability permits, transgenic rootstocks
expressing some of the test genes grafted to untransformed Pierce’s disease susceptible scions were introduced in
2011 and 2012. All plants are located in a USDA APHIS approved field area with no risk of pollen or seed
dispersal. The area is adjacent to experimental grape plantings that have been infected with Pierce’s disease for
the past two decades with no evidence of spread of the bacteria to uninfected susceptible grape plantings within
the same experiment. Hence, there is a documented historical precedent for the lack of spread of the bacteria from
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inoculated to uninoculated plants, an important consideration for the experiments carried out for this project and
for the granting of the USDA APHIS permit. The field area chosen has never had grapes planted therein, which is
to avoid any potential confounding by soil-borne diseases, including nematodes.

OBJECTIVES
A. Land preparation, planting, and management of the experimental resources to accommodate 500 plants. Plants
occur with a row spacing of 15 feet between rows and 4 feet between plants in a row. There is a 50-foot open
space buffer area surrounding the field, which is fenced to protect against rabbits. Each row is staked with 7-foot
grape stakes supporting 13-gauge wire in a two-wire trellis system with a stake at each plant site. Wires are
stretched and anchored by 7-foot pressure-treated posts at the end of each row. The plants are irrigated by surface
furrow in accordance with standard practices for maintaining grapes for experimental purposes at this site. Furrow
irrigation will be continued on the existing plots, although a drip irrigation system was installed in 2014 and will
be used in all future plantings. Irrigation and pest management, primarily for powdery mildew, weeds and insects,
is coordinated by PI Gilchrist and conducted by Tom Kominek, the Field Superintendent employed by the
Department of Plant Pathology. Mr. Kominek recently retired after 30 years of service and has been replaced by
Mike Eldridge, who has 20 years of experience working with grapes and other perennial crops. The field crew
work closely with PI Gilchrist to determine timing and need of each of the management practices.

B. Principal Investigators, with assistance from contract field crews, are responsible for pruning in the spring of
each year and within the season as needed to maintain a reasonable canopy permitting sun exposure to leaves on
inoculated canes. Periodic trimming is necessary, given that the transgenic plants are derived from Freedom (a
common rootstock) and Thompson Seedless, both of which exhibit tremendous vegetative growth during the
season. In addition, annual pruning deviates from conventional practice in that multiple cordons have been
established with a separate new cordon retained from each successive inoculation. This enables differential
experimental materials for evaluation and sampling in the form of seasonal canes associated each succeeding
annual inoculation. The objective is to provide sufficient inoculated and control material for destructive sampling
over years to assess both timing of symptom development after successive inoculations and to assess bacterial
presence and movement over time.

C. Plants have been mechanically inoculated with Xylella fastidiosa by the Investigators beginning in 2011 and
subsequent years. Uniform inoculum has been produced by PI Gilchrist and provided to all investigators. All
inoculations occurred simultaneously on the same date by all investigators. Hence, inoculum type, concentration,
and timing has been and will continue to be uniform across all grape plants.

RESULTS AND DISCUSSION
All of the above objectives set out for the establishment and management of this field planting were completed in
the timelines proposed in 2010. Land preparation, fencing, irrigation, planting, and weed control were all
accomplished in a timely manner to meet the initial planting date of July 12, 2010 (Figure 1) with all plants
surviving the winter as shown in Figure 2. The second phase of the planting, including grafted transgenics was
completed May 2011 and June 2012.

Extensive polish trimming during the season was quickly recognized as necessary to manage the Freedom and
Thompson Seedless plants in a fashion to allow ease of mechanical inoculation and recovery of experimental
samples (Figure 3).

As of July 21, 2014, all transgenic individuals exhibited a normal phenotype, true to the untransformed control
plants of each parental genotype (Figure 4). Symptoms of Pierce’s disease did not appear until two years after
inoculation. Evaluations in the summer of 2014 indicated inoculated controls and some transgenic plants showed
symptoms of Pierce’s disease. It is clear that this field planting will provide important data on the effectiveness of
any of the transgenic strategies employed by the respective researchers.

As of March 2014, many inoculated canes on control plants and some transgenics did not survive the winter but
the uninoculated canes on these plants still appear healthy. Visual observation and destructive sampling of
inoculated canes indicates that mechanical inoculation was successful in infecting inoculated canes (Figure 5). As
of July 2014, several uninoculated canes adjacent to inoculated canes showed foliar symptoms indicating that the
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bacteria had moved systemically through the plants and, in the case of some non-transformed control plants, the
entire plant is now dead.

There are two points to be made regarding the appearance of symptoms. First, plant turgor has been maintained
throughout the growing season with timely irrigation and there has been no evidence of wilt or epinasty symptoms
prior to appearance of classic foliar symptoms (Figure 6) or even death of inoculated control susceptible canes.
Symptomatic leaves occur on inoculated canes without the appearance of water stress (Figure 6). This belies the
long-held anecdotal effect of vascular plugging leading to the classic foliar symptoms of sectored death within
green areas of leaves. Second, excellent symptoms associated with the presence of the pathogenic bacteria are
readily seen in the spring of each year from buds emerging on inoculated canes. Buds break, push tiny leaves, and
then die in tissues confirmed in the laboratory to harbor bacteria from inoculations that occurred one to two years
prior.

As of September 2014, it is clear that there is a rich source of additional data to be collected from this field
experiment. There are now substantial differences between inoculated control plants compared with plants
expressing some of the transgenes. There is no evidence of any spread of the bacteria from inoculated to
uninoculated control plants, but there is now evidence of systemic spread within some of the plants representing
different genetic composition (different transgenes). The positive result of effective mechanical inoculation over
time suggests that plants consisting of transgenic rootstocks grafted to non-transgenic scions will enable
experimental assessment of cross-graft protection. Field data over the course of this experiment has been collected
by all investigators and can be found in their individual reports.

We are now approved and funded to continue maintenance and data collection from this site for the coming two
years through June 30, 2016. This time period matches the time extension proposed by Dr. Dandekar, who has
now assumed responsibility for the USDA APHIS permit. Dr. Gilchrist will continue to manage the field
operations at this site.

Solano County Pierce’s Disease Field Work 2014.
All field activities are conducted or coordinated by field superintendent Tom Kominek. Regular tilling and hand
weeding maintained a weed-free planting area. Plants were pruned carefully in March leaving all
inoculated/tagged branches and numerous additional branches for inoculation and sampling purposes in the
coming year. All pruning material was left between the rows to dry, then flail chopped and later rototilled to
incorporate the residue per requirements of the USDA APHIS permit. Frequent trimming of the plants was done
to ensure that leaves on inoculated canes were exposed to sunlight and shading of the associated leaves was
avoided. Surface irrigation was applied as needed to maintain the soil at field capacity and turgor in the plants.
Application of the fungicides Luna Experience and Inspire were alternated at periodic intervals to maintain the
plants free of powdery mildew. Leafhoppers and mites were treated with insecticides when needed. Neither
powdery mildew nor insect pressure was noted throughout the growing season.

CONCLUSIONS
The results to date of this field experiment indicate that the mechanical inoculations successfully introduced the
bacteria into the plants with subsequent appearance of foliar symptoms and cane death. There are transgenes from
each of the investigators that appear to be suppressing the symptoms of Pierce’s disease inoculated vines.

Images below illustrate the status of the field experiment from planting in 2010 to the summer of 2013. The
caption for each figure indicates the date the image was obtained and together they represent both asymptomatic
inoculated transgenic and symptomatic inoculated non-transgenic control plants at the Solano County site.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board, and
by the Regents of the University of California.
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Figure 1. Field view July 2010 Solano planting. Figure 2. Field view March 2011 Solano planting.

Figure 3. Field view April 2012 Solano planting. Figure 4. Field view July 2014 Solano planting.

Figure 5. Illustration of successive cordons retained
from successive inoculations done in 2011-2014.

Figure 6. Illustration of classical Pierce’s disease
foliar symptoms observed July 2014 resulting from
mechanical inoculation of Xf at the Solano County
site.
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ABSTRACT
Field experiments were initiated in Riverside and Solano counties to evaluate transgenic grape plants and grape
rootstocks expressing two DNA constructs, PR1 and UT456, in several different transgenic lines of each construct
for resistance to Xylella fastidiosa (Xf; Pierce's disease strain). Mechanical inoculation was employed at the
Solano site whereas natural infection occurred at the Riverside site by endemic sharpshooters that carry Xf. The
Solano field experiment was conducted in two phases. The first phase of the field studies started in 2010 to
evaluate clonal copies of the fully transformed own-rooted plants that exhibited suppressed Pierce’s disease
symptoms and low bacterial titers in greenhouse assays (1). The second phase began in 2011 with planting the
untransformed Thompson Seedless scions grafted onto PR1 and UT456 primary transformants as rootstocks. Data
collected in 2012-14 from both sites indicate that the bacteria are present in plants at the Riverside site, and in the
mechanically inoculated canes on plants at the Solano site (2). Results indicate that both PR1 and UT456
transgenes provide protection against Pierce’s disease, while the level of protection varies with location and
individual transgenic line.

LAYPERSON SUMMARY
Previously, we identified novel genes that suppress Pierce’s disease symptoms by blocking programmed cell
death (PCD), elicited by Xylella fastidiosa (Xf) through use of a functional screen from cDNA libraries of grape
and tomato. Two of these sequences (PR1 and UT456) expressed as transgenes in grape, suppressed Pierce’s
disease symptoms and dramatically reduced bacterial titer in inoculated plants under greenhouse conditions. Field
experiments underway in Solano and Riverside counties, conducted with a USDA APHIS permit, are designed to
evaluate clonal copies of several of these transgenic lines under field conditions for resistance to Pierce’s disease.
The field evaluation includes mechanical inoculation with Xylella fastidiosa in Solano County and glassy-winged
sharpshooter (GWSS) inoculation in Riverside County. Data sets include visual monitoring of plant morphology,
Pierce’s disease symptoms, and bacteria titer by quantitative PCR (qPCR) assays. To date, PCR data and plating
assays confirm the presence of Xf in the plants at both locations. Differential protection against defoliation was
observed initially at the Riverside County site and PCR assays confirmed bacterial populations in the plants,
although the plants were generally unthrifty from the outset. However, by 2013-14 all plants at the Riverside
County site are dead or nearly dead but have not shown extensive foliar symptoms of Pierce’s disease. Recently,
it has been discovered in adjacent plots that the root systems of the plants are infected with the root-knot
nematode, presenting a serious confounding with any bacterial infection. Conversely, plants at the Solano County
site remain vigorous with normal phenotypes. Inoculated plants are now showing typical symptoms of Pierce’s
disease. Bacteria are present in inoculated plants at the Solano County site and there is definitive evidence of
symptom differences between several of the transgenic lines compared with the non-transgenic control.
Evaluations at the Solano County site are ongoing.

OBJECTIVES
The overall objective is to continue to evaluate several lines of transgenic grape plants and grape rootstocks
expressing two DNA constructs designated PR1 and UT456 for resistance to Xylella fastidiosa (Xf) at sites in
Riverside and Solano counties (1,2). Controlled mechanical inoculation is used at the Solano County site and
natural infection via the glassy-winged sharpshooter (GWSS) is the infection source at the Riverside site. The
background research on selected transgenic lines leading to these field trials is from four controlled inoculation
experiments in a greenhouse over a two-year period, involving more than 300 transgenic plants of five lines
derived from independent transformation events bearing PR1and UT456. Each of these transgenes in several lines
suppressed Pierce’s disease symptoms and reduced bacterial titer compared with untransformed controls of the
same genotype. A positive correlation between the P14 and UT456 message level, suppression of bacterial titer,
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and absence of Pierce’s disease symptoms was established using qPCR to measure both the message and the
bacteria titer.

A. The Solano experiment will evaluate transgenic grape plants and grape rootstocks/scion combinations
expressing two DNA constructs designated PR1 and UT456 in a field site in Solano County for resistance to the
Pierce's disease strain of Xf following mechanical inoculation (Figure 1). A first planting of fully-transformed
plants was established in 2010 and a second set of plants consisting of rootstocks transformed with PR1 and
UT456 genes grafted to untransformed Pierce’s disease susceptible Thompson Seedless scions. The grafted plants
are designed to assess the potential for trans-graft protection against Pierce’s disease.

B. The Riverside County field experiment was planted in the spring of 2011. The planting consisted of clonal
copies of the fully transformed ungrafted plants expressing PR1 or UT 456 that were planted in 2010 in Solano
County. These Riverside plants were exposed to Xf infection via natural vector populations of GWSS.

RESULTS AND DISCUSSION
Plant Phenotypes
There were no distinguishable morphological differences in the control plants compared with any of the
transgenic lines using criteria of descriptors described by the International Organization of Vine and Wine. All
plants have a normal phenotype, true to the untransformed control plants of each parental genotype and all
produced fruit. The Thompson Seedless transgenic plants are fully fruited with no visually distinguishable
differences in fruit set, fruit size, or maturity from the untransformed control plants. The field map in Figure 1
shows the genotypes and colored bars indicating the various inoculation dates and bacterial populations
introduced at each inoculation date.

Solano County Planting
As of August 2014, all inoculated plants at the Solano site are confirmed to harbor the introduced Xf.
Uninoculated individuals are healthy, growing normally and tested free of Xf (Figure 2). Inoculated plants were
confirmed to have been successfully infected in the 2011, 2012, and 2013 inoculations (Figure 4) by sampling
individual inoculated canes followed by qPCR analysis for relative bacterial populations. Bacterial numbers
varied from 500-1500 cells per 1 cm of inoculated stem tissue. On May 28, 2014, 3-4 young shoots were
inoculated with Xf in each of the plants by all investigators, including the grafted and non-grafted plants
expressing PR1 and UT456 in our specific set of plants (Figure 3). Evaluation of this set of inoculations occurred
in late summer (Figures 9 and 10).

Earlier we observed in March of 2014 that excellent definitive differences were present at bud break in inoculated
canes (now essentially cordons) in the form of dying buds and very young shoots that died quickly after
emergence in 2011, 2012, or 2013. Figures 6, 7 and 8 show examples of bud and shoot death only on previously
inoculated canes, which was confirmed by confirming the presence of the bacteria by quantitative PCR (qPCR)
assays in the inoculated canes. From this data, we conclude that evaluation of bud health in the spring is an
important criteria to reveal the presence of sufficient bacteria in perennial tissues to cause serious disease and
death in emerging new annual vegetative growth (Figure 8).

By late June of 2014 all the inoculated untransformed control plants showed foliar symptoms of Pierce’s disease
(Figure 9), along with some of the experimental plants. Uninoculated control plants appear healthy in all cases.
There is no evidence of plant to plant spread and only limited movement of bacteria from an inoculated cordon to
uninoculated adjacent cordons or canes. The young canes of untransformed scions grafted to transgenic
rootstocks, inoculated in May 2014 (Figure 3), began to show Pierce’s disease symptoms within 90 days
(Figure 9). Eight leaves from the point of inoculation were rated for foliar symptoms at 120 days revealed
significant differences Pierce’s disease symptoms between control and transgenic rootstocks (Figure 10). These
evaluations will be continued when the plants emerge from dormancy. However, at this stage it is clear that there
is a rich source of additional data to be collected that will prove important as we move forward in experiments
now ongoing to combine (stack) the best of the transgenes into commercially accepted rootstocks. For future
reference, the transgenic rootstocks expressing multiple constructs will be grafted to untransformed scions to
assess trans-graft protection. The paired genes exhibit different mechanisms of action either acting as a
bactericide, suppressing bacterial movement, blocking plant cell death, or by a quorum sensing modification of
the bacterial behavior.
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Riverside County Planting
Test plants were introduced to the field site in Riverside County in the spring of 2011 in a location reputed to have
a history of severe presence of GWSS carrying Xf. Sampling for presence of the bacteria in these plants in the fall
of 2011 confirmed infection but there was no evidence of classical foliar Pierce’s disease symptoms at that time.
Over the three years since planting, the plants remained unthrifty and many began to die in the summer of 2012.
Classical foliar symptoms of Pierce’s disease were rarely observed, especially in comparison to the mechanically
inoculated plants in the Solano County experiment. Initially, the plants expressing PR1 and UT456 transgenes
were rated as more healthy that the non-transgenic controls. By the summer of 2013, it was clear that all the living
plants, transgenic and non-transgenic, were not growing normally, the trunks were spindly and many had dead or
dying cordons. Again, there was an absence of typical foliar Pierce’s disease symptoms on the canes that were
clearly dying. In the spring of 2014, most all of the aerial portions of the plants, transgenic and non-transgenic,
were dead, although, suckers were emerging from the base of many of these plants (Figure 10, panels A and B).

Coincidentally, the plants in the Dandekar planting directly adjacent to the Gilchrist plants also were all dead by
the spring of 2014, with only random plants showing emergence of suckers. The Dandekar laboratory conducted
evaluation of the roots of the dead plants and confirmed extensive colonization by root-knot nematodes. The
conclusion is that infestation by the root-knot nematode both confounded any data interpretation relative to
Pierce’s disease and was the cause of the premature death of many, if not all, of the plants. In addition, the foliar
portions of all plants with living tissue from the suckers were aggressively pruned by the Riverside field crews in
the summer of 2014 without informing any of the PIs with plants in the field. So, even if there were foliar
symptoms of Pierce’s disease on the regrowth sucker branches, the pruning removed them and no data was
collected. In summary, the Riverside County planting was not useful in evaluating the transgenic plants of any of
the investigators for response to Pierce’s disease over the period that plants were in this field. The lack of
information was due primarily to the confounding impact of the root-knot nematode, nutrient deficiency
(Riverside analysis), improper management, and general unthriftiness of the plants from the outset (Figure 10,
panels A & B).

CONCLUSIONS
Xf induces Pierce’s disease symptoms that result from activation of a genetically regulated process of
programmed cell death. We have identified two DNA sequences from a cDNA library screen, which, when
constitutively expressed in transgenic grapes, suppress the death-dependent symptoms of Pierce’s disease and
reduce the bacterial titre to a level found in Pierce’s disease resistant wild grapes. We identified six novel anti-
PCD genes from cDNA libraries of grape and tomato. Two of these grape sequences expressed as transgenes in
grape suppressed Pierce’s disease symptoms and dramatically reduced bacterial titer in inoculated plants in full
plant transgenics in controlled greenhouse studies. Similar results are being seen under field conditions. Current
data from the Solano County site suggests that protective sequences may function across a graft union to protect
an untransformed and susceptible wild-type scion, although this data is preliminary. Both the PR1 and UT456
expressing plants show suppression of symptoms and reduced bacterial counts. Individual plants within UT456
and PR1 lines have remained asymptomatic. While some lines are less suppressive, all lines are rated more
suppressive of Pierce’s disease than the controls.

This project has identified a basis for Pierce’s disease symptoms and a genetic mechanism to suppress symptoms
and bacterial growth within an infected plant. In addition, we have initiated a project to stack these genes in pairs,
along with those found to be effective under field conditions by other researchers with functionally different
transgenes, into commercially desired rootstocks. The stacked gene constructs will be tested for efficacy as whole
plant transgenics and for ability to protect untransformed scions across a graft union.

FUNDING AGENCIES
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by the Regents of the University of California.
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Figure 4. Illustration of multiple cordons retained from successive inoculations done
in 2011-2014. Photo taken late June 2014. Tags visible on branches reflect the date of
inoculation as see also in Figure 1.

Figure 5. Evaluation of whole plant transgenics at the Solano County site in the summer of 2014.
The susceptible controls are untransformed Thompson Seedless (O2A) and a susceptible
transgenic line (STC). Many plants within the controls were dead or dying at the end of the 2014
growing season. Individual plants within UT456 and PR1 lines have remained asymptomatic.
While some lines are less suppressive, all the transgenic lines are rated more suppressive of
Pierce’s disease than the controls. There are no Pierce’s disease symptoms nor bacteria in the
uninoculated susceptible controls. Rating scale is 0-5 with 0 being asymptomatic and 5 is a dead
plant.



- 131 -

Figure 6. Illustration of bud and shoot death in the spring of 2014 due to Pierce’s disease on cordons
inoculated in 2011 and 2012. Untransformed control Thompson Seedless (O2A) and a susceptible transgenic
control (STC) plant showing shoot death shortly after emergence, compared with transgenic Pierce’s disease
plant lines expressing different anti-programmed cell death genes.

Figure 7. Close-up of spring Pierce’s disease
symptoms where buds or very young shoots die
shortly after emergence.

Figure 9. Illustration of foliar symptoms on
young shoots of a grafted susceptible control
plant (A) compared with susceptible scion on a
transgenic PR1 rootstock (B). Shoots were
inoculated in March 2014 (see Figure 3).

Figure 10. Evaluation of leaves on young shoots of a
susceptible control plant grafted to untransformed and
transformed rootstocks expressing either UT456 or PR1
transgenes; shoots were inoculated in spring of 2014 (see
Figure 3).



- 132 -

Figure 11. Comparison of growth characteristics of plants at the Riverside and Solano county sites three
years after planting. Panels A and B are examples of Riverside plants with images taken in summer of
2014 indicating the spindly nature and general unthriftiness of the plants at this site from the time they
were planted. Currently, all aerial portions are dead with limited suckers emerging from the base of the
plant. Panels C and D illustrate plants at the Solano site of a similar age and genotype which are
vigorous and reveal classical Pierce’s disease foliar symptoms and presence of Xf in the inoculated canes
(C) but not in uninoculated plants and many of the transgenic genotypes (D).
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ABSTRACT
Genetic strategies for disease suppression and information characterizing the bacterial-plant interaction are high
priority areas in the Pierce’s disease and glassy-winged sharpshooter research program. Five potential Pierce’s
disease suppressive DNA constructs from the laboratories of the investigators listed above have been tested
extensively as transgenes in grape plants under greenhouse conditions and in USDA APHIS approved field
environments in Riverside and Solano counties. Two types of genetically modified plants bearing single DNA
constructs of test genes have been evaluated under disease conditions: (a) whole plant transgenics and (b)
transgenic rootstocks grafted to non-transformed Pierce’s disease susceptible scions to assess cross-graft
protection. Positive and promising results from both environments and both types of transgenic strategies provide
the necessary impetus to advance this program both in the field and with augmented transgenic strategies using
combinations of the individual transgenes as stacked constructs in both whole plant transgenics and in an adapted
rootstock to evaluate cross-graft protection from transformed rootstocks to untransformed winegrape scions. Dual
gene plasmids have been constructed over the past two months and are in the process of being introduced into the
adapted 1103 rootstock.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) is the causative agent of Pierce’s disease of grapevines. Collectively, a team of researchers
(Lindow, Dandekar, Labavitch/Powell, and Gilchrist) has identified or constructed and advanced the evaluation of
five (Table 1) novel genes (DNA constructs) that, when engineered into grapevines, suppress symptoms of
Pierce’s disease by reducing the titer of Xf in the plant, reducing its systemic spread in the plant, or blocking Xf’s
ability to trigger Pierce’s disease symptoms. These projects have moved from the proof-of-concept stage in the
greenhouse to characterization of Pierce’s disease resistance under field conditions where current data indicate
that each of the five transgenes, introduced as single constructs, reduces the disease levels under field conditions.
These existing field trials will continue through 2016. Importantly, preliminary data indicates that each of the five
DNA constructs, when incorporated into transgenic rootstock, has shown the ability to protect non-transformed
scions, with obvious benefit: any of many unmodified varietal scions can be grafted to and be protected by any of
a small number of transformed rootstock lines. The ability of transgenic rootstock to protect all or most of the
scion, even at a distance from the graft union, is currently being tested. The objective described herein addresses
the issue of durability, the capability of genetic resistance to avoid being overcome by evolving virulent versions
of the Xf pathogen, a critical factor for a long-lived perennial crop such as grapevines. This approach involves
“stacking,” a combination of distinct protective transgenes in a single rootstock line, which is intended to foster
not only durability but also more robust protection of the non-transformed scion against Pierce’s disease. The
proposed changes are the next logical step toward achieving commercialization of transgenic resistance. Stacked
transgene rootstock lines will be ready for evaluation in 2015 under controlled greenhouse conditions while
ramets of the most suppressive transgenic lines are being produced for field testing to be initiated by 2016.

INTRODUCTION
The primary motive for combining genes in combination is to create durable resistance, resistance to Xylella
fastidiosa (Xf) that will last the life of the vine. Since the five DNA constructs (Table 1) have biochemically
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distinct mechanisms of action, having two or more such distinctly acting DNA constructs “stacked” in the
rootstock should reduce the probability of Xf overcoming the resistance. With multiple, distinct transgenes, Xf
would be required to evolve simultaneously multiple genetic changes in order to overcome the two distinct
resistance mechanisms.

Additionally, there could be favorable synergistic protection when two or more resistance-mediating DNA
constructs are employed. There are data indicating synergism in other crops. For example, the paper, “Field
Evaluation of Transgenic Squash Containing Single or Multiple Virus Coat Protein Gene Constructs for
Resistance to Cucumber Mosaic Virus, Watermelon Mosaic Virus 2, and Zucchini Yellow Mosaic Virus” (Tricoli
et al., 1995), describes the stacking of several genes for virus resistance in squash. Note that David Tricoli was the
lead author in that paper, and he will be doing the stacking transformations in this proposal. Additionally, the
Dandekar laboratory has successfully stacked two genes blocking two different pathways synergistically to
suppress crown gall (Escobar et al., 2001). Experiments to be conducted here will evaluate potential synergism in
suppression of Pierce’s disease symptoms and in reducing Xf titer for inoculations distant from the graft union.

Briefly, we describe below information on the history and impact of the genes deployed as single transgenes
currently in USDA APHIS approved field trials.

rpfF and DSF -- Steven Lindow
The Lindow lab has shown that Xf uses diffusible signal factor (DSF) perception as a key trigger to change its
behavior within plants (Lindow, 2013). Under most conditions DSF levels in plants are low since cells are found
in relatively small clusters, and hence they do not express adhesins that hinder their movement through the plant
and are needed for vector acquisition, but instead actively express extracellular enzymes and retractile pili needed
for movement through the plant (Chatterjee et al., 2008). Accumulation of DSF in Xf cells, which presumably
normally occurs as cells become numerous within xylem vessels, causes a change in many genes in the pathogen,
but the overall effect is to suppress its virulence in plants by increasing its adhesiveness to plant surfaces and also
suppressing the production of enzymes and genes needed for active movement through the plant (Beaulieu, 2012)

CAP and PGIP -- Abhaya Dandekar
The Dandekar lab has successfully participated in the two field plantings to investigate two greenhouse-tested
strategies to control the movement and to improve clearance of Xf, the xylem-limited, Gram-negative bacterium
that is the causative agent of Pierce’s disease in grapevine (Dandekar, 2013). A key virulence feature of Xf resides
in its ability to digest pectin-rich pit pore membranes that connect adjoining xylem elements, enhancing long-
distance movement and vector transmission. The first strategy tests the ability of a xylem-targeted
polygalacturonase-inhibiting protein (PGIP) from pear to inhibit the Xf PG activity necessary for long distance
movement (Aguero et al., 2005). The second strategy enhances clearance of bacteria from Xf-infected xylem
tissues by expressing a chimeric antimicrobial protein (CAP), that consist of a surface binding domain that is
linked to a lytic domain. The composition and activity of these two protein components have been described
earlier (Dandekar et al., 2012).

PR1 and microRNA UT 456 -- David Gilchrist
The Gilchrist lab is focused on the host response to Xf by identifying plant genes that block a critical aspect of
grape susceptibility to Xf, namely the inappropriate activation of a genetically conserved process of programmed
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cell death (PCD) that is common to many, if not all, plant diseases in which cell death is the visible symptom of
disease. We have demonstrated previously that blocking PCD, either genetically or chemically, can block disease
symptoms and bacterial pathogen growth in several plant-bacterial diseases (Richael et al., 2001, Lincoln et al.,
2002, Harvey et al., 2007). In the current project with Pierce’s disease, we developed a functional screen and
identified novel anti-PCD genes from cDNA libraries of grape and tomato. Two of these grape sequences (PR1
and UT456), when expressed as transgenes in grape, suppressed Pierce’s disease symptoms and dramatically
reduced bacterial titer in inoculated plants under greenhouse conditions. Assays with various chemical and
bacterial inducers of PCD confirmed that the PR1 was capable of blocking PCD in transgenic plant cells (Sanchez
et al., 2014a). The results with PR1 led to a second discovery of a novel mechanism linking PR1 and UT456 in
mode of action. Initially, we discovered that the mechanism blocking PR1 translation is due to the ability of the
PR1’s 3’UTR to bind to a region in the PR1 coding sequence to prevent translation. Sequence analysis of UT456
revealed a strong sequence complementarity to a region in the PR1 3’UTR. Additional experiments confirmed a
functional link of the noncoding UT456 sequence to PR1 resides in the ability of the UT456 sequence, in the form
of a microRNA, to bind to the PR13’UTR and release the translational block of PR1 translation. Hence, in both
transgenic plants the mechanism of suppression of Pierce’s disease symptoms depends on translation of either the
transgenic or the endogenous PR1 message in the face of Xf -trigger cell stress (Sanchez et al., 2014b; Gilchrist et
al., 2011, 2013).

OBJECTIVES
The objective is to introduce pairs of protective constructs into an adapted grapevine rootstock. The resulting lines
will be tested for efficacy by inoculation with Xf in a preliminary greenhouse experiment to identify the most
protective lines from each combination of genes. As new starting materials for this effort, current constructs
(Table 1) will be transferred in combinations of two constructs per new dual binary with a single selectable
marker, e.g., hygromycin. The nt-PGIP to be used in these constructs is a version of the Labavitch PGIP that was
modified in the Dandekar laboratory to include a signal peptide obtained from a grapevine xylem secreted protein
(Aguero et al., 2008).

Dual gene expression binaries
The strategy is to prepare dual plasmid constructs bearing a combination of two of the protective genes on a single
plasmid with single selectable marker. The binary backbone is based on pCAMBIA1300 (Hajdukiewicz,P, et.al.,
1994). Binaries will be constructed to express two genes from two 35S promoters as has been done for apple and
walnut (Dandekar et al., 2004; Walawage et at., 2013). The DNA fragments containing transcription units for
expression of the transgenes will be flanked by rare cutting restriction sites to be ligated into the backbone. These
dual expression vectors will be analyzed by sequence and PCR to verify integrity and orientation of the
transcription units to ensure all transcription going in one direction. Each dual protective gene plasmid will be
introduced into embryogenic grapevine culture in a single transformation, i.e., conventional grapevine
transformation in the Parsons Plant Transformation Facility.

Timeline for individual steps for the stacked transformations (Figure 1)
The transformation should take six months to confirm that the selection of callous is effective. The regeneration
of plants will take another 10 months. Following regeneration, individual transgenic plants (12-15) will be
expanded to ramets of 20 to 30 rootstock plants to be used as for testing of the level of expression before grafting
to susceptible scions for inoculation first under greenhouse conditions (20 months), and then moved to the USDA
APHIS approved field in Solano County for field evaluation, with mechanical inoculation where infection has
been successful with definitive differentiation of resistance due to the respective transgenes compared with non-
transgenic controls. The current field experiment has confirmed that the mechanical inoculation method will lead
to complete death of unprotected (non-transgenic) control plants compared with the transgenic lines.

Assay of transgenic plants containing combinations of Pierce’s disease suppressive transgenes
The first three dual transgenic events now in progress are expected to yield 12-15 individual transgenic plants (36-
45 plants) that will be assayed for the relative level of RNA expression of both transgene pairs with only the three
highest expressers of each construct expanded to the clonal propagation stages (ramets). Each of the three highest
expressing plants will be clonally copied into 10 ramet sets of each selected individuals (3 highest expressers x 10
plants x 3 events = 90 initial plants) and moved to the greenhouse for growth to 50 cm before mechanical
inoculation. The “mother” plant of each of three highest expressers will be retained and available for expanding to
an additional set of ramet plants for grafting, if the infection data indicates Pierce’s disease suppression. This
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latter population of plants will undergo grafting in the second year of this grant by the micro propagation
procedure developed and used successfully in the Gilchrist lab to produce the grafted plants now in the Solano
County field experiment. The original transgenics (mother plants) will be retained in a greenhouse archive after
production of the clonal copies.

Preliminary rapid evaluation of the transformed plants under controlled conditions by RNA analysis of the
new transgenics, ramet production, and greenhouse inoculation.
Ten plants of each of the three highest expressers will be inoculated along with untransformed control plants of
each transgenic line under controlled greenhouse conditions using inoculation and evaluation techniques
established in previous experiments. The greenhouse inoculation step will use the GFP-tagged Xf used previously
to measure bacterial population levels and movement in the xylem, along with monitoring the plants for Pierce’s
disease symptoms. We will use established methods, including quantitative PCR (qPCR) and confocal laser
scanning fluorescence microscopy, to monitor GFP-tagged Xf methods to measure bacterial population levels and
movement in the xylem.

This technique has been employed successfully under the same conditions to measure the effect of the single
transgene-based grafted plants currently in the field experiments. The greenhouse inoculation experiments will
provide useful data on transcription and translation of the paired transgenes, potential protection against Pierce’s
disease, and detailed biological data to support pursuit of intellectual property protection prior to the longer-term
field experiment. Based on past experience, these experiments can be concluded in one year following delivery of
the transgenic plants.

RESULTS AND DISCUSSION
This project began in July 2014. To date, we have prepared dual binary plasmids bearing a combination of two of
the following protective genes on a single plasmid with a single selectable marker.

1. CAP:PR1 6. PR1:456
2. PGIP:456 7. rpfF: PR1
3. CAP:456 8. CAP: rpfF
4. PGIP:PR1 9. PGIP:rpfF
5. PGIP:CAP 10. RpfF: 456

The binary backbone is based on pCAMBIA1300 and was constructed to express two genes from two 35S
promoters by Dr. Lincoln (Figure 2). The DNA fragments containing transcription units for expression of the
transgenes are flanked by rare cutting restriction sites to be ligated into the backbone. These dual expression
vectors were analyzed by sequence analysis and PCR to verify integrity and orientation of the transcription units
to ensure all transcription going in one direction. All those listed were confirmed to have the proper sequence and
orientation. Each of these dual protective gene plasmids 1-3 above have been provided to David Tricoli in the
transformation facility and are now being introduced into embryogenic rootstock 1103 grapevine cultures in a
single transformation via the conventional grapevine transformation procedure in the Parsons Transformation
Facility. Combinations 1-3 have been constructed by Dr. Lincoln and delivered to the transformation facility.
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Combinations4-6 have been constructed and are awaiting in the queue for transformation. Combinations 7-10 are
in the process of being constructed and analyzed for sequence and orientation.

CONCLUSIONS
Our capacity to achieve all the objectives is essentially assured based on prior accomplishments. All techniques
and resources are available in the lab and proven reliable, informative, and reproducible. This project will bring
together a full time research commitment for this team of experienced scientists to Pierce’s disease. Each of the
senior personnel, including Dr. Lincoln, have been with this project since 2007 and have different skills and
training that complement changing needs of this project in the areas of molecular biology, plant transformation,
and analysis of transgenic plants. This includes both greenhouse and field evaluation of protection against
Pierce’s disease. Commercialization of the currently effective anti-Pierce’s disease containing vines and/or
rootstocks could involve partnerships between the UC Foundation Plant Services, nurseries, and, potentially, with
a private biotechnology company.
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OBJECTIVES
The Product Development Committee (PDC) of the California Department of Food and Agriculture (CDFA)
Pierce’s Disease and Glassy-winged Sharpshooter Board requested research into uniform evaluation of Pierce’s
Disease symptoms exhibited by grapevines developed by four Principal Investigators (PIs) as part of the Board’s
research portfolio. These vines are planted in a single research block in Solano County. The PI and a team of
grape pathologists monitored these blocks and took data on disease severity in September 2014, and will again in
May 2015. An analysis of the variation in the data overall and between individuals will be calculated. This
research will help the PDC make future decisions about evaluating products of the research funded by the Board.

INTRODUCTION AND DISCUSSION
Evaluation Team
PI Golino and 5 Foundation Plant Services (FPS) plant pathologists with many years of grape disease experience
made up the core evaluation team. Two plant pathology PhD graduate students with grape pathology thesis
research were also invited to participate. A Viticulture Consultant scored the vines as well. Each individual
participated in training in evaluating Pierce’s disease symptoms according to the scoring system described below.
That training included ‘calibration’ by examining a subset of vines including healthy and Xylella fastidiosa
inoculated controls to ensure that ratings were as uniform as possible. All vines were evaluated in mid-September,
and will be again in spring 2015.

Scoring Technique
A visual rating system on a scale of 1-5 was used by each member of the team to rate every vine individually. All
vines were labelled by row and vine number. Data was collected by row and vine number without any information
about the particular treatment that vine had received. This is a slightly modified version of the rating system used
by the Kirkpatrick lab.

Golino / Gilchrist Simplified Rating System
0 – Healthy vine. All leaves green with no scorching, good cane growth, no cordon dieback or failure to push
canes at bud positions. Dry or yellowing leaves may be present but do not show characteristic Pierce’s disease
symptoms.

1 – Leaves on one or two canes showing characteristic Pierce’s disease scorched leaf symptoms. No evidence of
physical damage to leaf petiole(s) or cane(s). On cane in question, at least TWO leaves are symptomatic, 1 single
leaf is NOT enough to warrant a rating of #1.

2 – More than 2 canes possess multiple scorched leaves. HOWEVER, canes with symptomatic leaves are still
confined to just one area of the vine.

3 – Canes with clearly scorched leaves are found on several canes including canes which have not been
inoculated.

4 – Ends of cane(s) begin dying back; some canes failed to push in the spring. Vine is clearly symptomatic on all
or nearly all surviving canes. Main point is that the vine is NOT yet dead but is clearly facing a terminal fate.

5 –Dead vine or a vine that had a few canes weakly push in the spring but those canes later died with onset of hot
temps in July or August. There are NO visible signs of other potential problems such as gophers, crown gall,
Phytophthora, or Eutypa/Bot dieback of cordons.
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If a vine appears to have died for reasons other than Pierce’s disease, that will be entered in the comments field
for that vine and no score will be entered in the rating field.

Analysis of Data
The disease scores will be analyzed using a chi-squared test and contingency table analyses, since it is the
frequency of scores that is being evaluated rather than quantitative data (Eskridge, 1995). An overall chi-square
statistic (Ӽ2) will be calculated to determine if the null hypothesis (no difference between treatments) can be
rejected or not. If the null hypothesis is rejected, the contingency table will be subdivided into smaller tables and
chi-square analyses will be used to identify how the treatments differ.
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ABSTRACT
Previous research in our lab identified two hypervirulent mutants of Xylella fastidiosa (Xf). These mutations were
in large hemagglutinin (HA) adhesion genes that we named HfxA and HfxB. Hxf mutants also showed a marked
decrease in cell-cell clumping when grown in liquid culture. We hypothesize that if Hxf protein, or a portion of
the Hxf protein that mediates adhesion, could be expressed in the xylem fluid of transgenic grapevines then
perhaps insect-inoculated Xf cells would clump together and be less capable of colonizing grapevines. During the
past four years we produced transgenic HA-expressing tobacco and grapevine lines; these transgenic lines, grown
in the greenhouse, exhibited less severe symptoms of Pierce’s disease following mechanical inoculation of Xf
cells. With the assistance of the Public Intellectual Property Resource for Agriculture (PIPRA) we secured all the
necessary permits to plant these lines in the field in spring 2013. These vines grew well and were trained up to the
wire and established as a conventional bilateral cordon vines. We cut back the shoots to two buds and then
mechanically inoculated four shoots/vine with a mixture of Temecula and Stag’s Leap Xf strains in April 2014,
the same timeframe that other Pierce’s disease workers inoculated their transgenic vines a couple of years ago.
Pierce’s disease symptoms were rated in September 2014 on the inoculated shoots and we noted whether adjacent
uninoculated shoots developed Pierce’s disease symptoms. Over 90% of the inoculated canes showed scorch
symptoms typical of Pierce’s disease in September 2014, indicating that our inoculations were successful. In only
one instance did we find Pierce’s disease symptoms on an adjacent, uninoculated shoot.

In January 2015 the shoots will be trimmed to two buds and the emerging shoots will be rated for Pierce’s disease
symptoms in August 2015. This second year of rating Pierce’s disease symptoms will be the greatest test of this
potential Pierce’s disease resistance approach to determine whether the expression of the Xf HA genes would slow
or prevent the movement of Xf back down into the permanent cordon to cause systemic Pierce’s disease.

LAYPERSON SUMMARY
Our 7+ year research effort on the role hemagglutinins (HA), large proteins that mediate the attachment of
bacteria to themselves and to various substrates, play in Pierce’s disease pathogenicity and insect transmission has
been very fruitful. Our early work showed that HA mutants were hypervirulent, ie. they caused more severe
symptoms and killed vines faster that vines inoculated with wild-type (wt) Xylella fastidiosa (Xf) cells (Guilhabert
and Kirkpatrick, 2005). HA mutants no longer clumped together in liquid cultures like wt cells, nor did HA
mutants attach to inert substrates like glass or polystyrene when grown in liquid culture. ALL of these properties
show that HA are very important cell adhesion molecules. Research conducted in the Almeida lab also showed
that HA mutants were transmitted at lower efficiencies than wt cells and they were compromised in binding to
chitin and sharpshooter tissues compared to wt cells (Killany and Almeida, 2009). Thus they have a very
important role in insect transmission. Lindow’s lab showed that diffusible signal factor (DSF) mutants, which are
also hypervirulent, produced much less HAs than wt cells, thus providing another line of evidence regarding the
importance of these proteins in Xf pathogenesis and insect transmission.

We are now evaluating our hypothesis that HAs expressed in transgenic grapevine xylem sap may act as a
“molecular glue” that would aggregate and thus slow the movement of wt Xf cells introduced into grapevines by
an infectious insect vector. If this happens then it is possible that HA-aggregated Xf cells would remain close to
the site of inoculation, and if that site is in the terminal portion of a cane, which is where Xf is introduced by our
native blue-green, green, and red-headed sharpshooters, then that cane would likely be pruned off in the winter
and the infection removed from the vine. Our most optimistic hope is that HAs could be expressed in transgenic
rootstocks and the HAs would be translocated into a non-GMO fruiting scion and afford similar levels of
functional Pierce’s disease resistance. We finished a greenhouse Pierce’s disease disease severity screening of the
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eight HA transgenic lines that were produced. The results were encouraging in that all of the HA-transgenic lines
had lower disease ratings than non-transgenic controls.

With the assistance of the Public Intellectual Property Resource for Agriculture (PIPRA) we secured all the
necessary permits to plant these lines in the field in spring 2013. These vines grew well and were trained up to the
wire and established as conventional bilateral cordon vines. We cut back the shoots to two buds and then
inoculated four shoots/vine with the Fetzer strain of Xf in April 2014, the same timeframe that other Pierce’s
disease workers inoculated their transgenic vines a couple of years ago. Pierce’s disease symptoms were rated in
September 2014 on the inoculated shoots and we noted whether adjacent uninoculated shoots developed Pierce’s
disease symptoms. Over 90% of the inoculated canes showed scorch symptoms typical of Pierce’s disease in
September 2014, indicating that our inoculations were successful. In only one instance did we find Pierce’s
disease symptoms on an adjacent, uninoculated shoot. Pierce’s disease symptom severity was lower in the
inoculated HA-transgenic grapevines than in the Xf-inoculated non-transgenic controls.

In January 2015 the shoots will be trimmed to two buds and the emerging shoots will be rated for Pierce’s disease
symptoms in August 2015. This second year of rating Pierce’s disease symptoms will be the greatest test of this
potential Pierce’s disease resistance approach for determining whether the expression of the Xf HA genes would
slow or prevent the movement of Xf back down into the permanent cordon to cause systemic Pierce’s disease.

INTRODUCTION
Xylella fastidiosa (Xf) cell-cell attachment is an important virulence determinate in Pierce’s disease. Our previous
research has shown that if two secreted hemagglutinin (HA) genes which we have named HxfA and HxfB are
mutated, Xf cells no longer clump in liquid medium and the mutants form dispersed “lawns” when plated on solid
PD3 medium (Guilhabert and Kirkpatrick, 2005). Both of these mutants are hypervirulent when mechanically
inoculated into grapevines, i.e., they colonize faster, cause more severe disease symptoms, and kill vines faster
than wild-type Xf. If either HxfA OR HxfB is individually knocked out there is no cell-cell attachment, which
suggests that BOTH HA genes are needed for cell-cell attachment. It is clear that these proteins are very important
determinants of pathogenicity and attachment in Xf/plant interactions. Research by other Pierce’s disease
researchers have shown that Hxfs were regulated by an Xf-produced compound know as diffusible signal factor
(DSF) (Newman et al., 2004), and that they were important factors in insect transmission (Killiny and Almeida,
2009). The Xf HAs essentially act as a “molecular glue” that are essential for cell-cell attachment and likely play a
role in Xf attachment to xylem cell walls and contribute to the formation of Xf biofilms.

Our initial objectives proposed to further characterize these HAs using some of the techniques that were used to
identify active HA binding domains in Bordetella pertussis, the bacterial pathogen that causes whooping cough in
humans. B. pertussis HA was shown to be the most important protein that mediates cell attachment of this
pathogen to epithelial host cells (Liu, et al., 1997; Keil, et al., 2000). In the first two years of research we
identified the specific HA domain(s) that mediate Xf cell-cell attachment and determined the native size and
cellular location of Xf HAs (Voegel and Kirkpatrick, 2010). In the third year we identified a two-component
transport system that mediates the secretion of Xf HAs. In the final years of the initial project we expended
considerable time and effort in constructing transgenic tobacco and grapevines that expressed HA. We conducted
pathogenicity evaluations of our nine HA-transgenic lines. Disease severity ratings in greenhouse grown vines
were considerably less in the transgenic lines than the non-transgenic controls. Permits to establish a field planting
of the HA vines were obtained with the assistance of the Public Intellectual Property Resource for Agriculture
(PIPRA) and a field trial was established in April 2013. The vines were inoculated with Xf in spring 2014 and
Pierce’s disease symptoms of HA-transgenics were compared to non-transgenic, Xf-inoculated controls in
September 2014. Vines will then be pruned back to two buds and allowed to go through the winter; symptoms on
the vines will then again be rated in September 2015.

OBJECTIVES
Revised as per instructions of the 2013 Panel Review Committee
1. Complete the characterization of grape transgenic plants over-expressing Xf hemagglutinin (Hxf) protein.
2. Mechanically inoculate HA-transgenic grapevines growing in the greenhouse with wild-type (wt) Xf and

evaluate the effect on Pierce’s disease symptom expression and movement in the xylem by culture and
quantitative PCR (qPCR).
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3. Secure permits to plant HA transgenic lines in the field in Solano County. Plant transgenic vines in the field
and train them into a traditional bilateral cordon.

4. Inoculate four canes on each HA-transgenic field vine with wt Xf in spring 2014. Rate Pierce’s disease
symptoms in September 2014 on inoculated canes. Take samples for qPCR.

5. Cut back all canes to two buds and rate cane growth in spring 2015 and Pierce’s disease symptoms in
September 2015 to determine if the expression of Xf HA in the transgenic vines retarded or prevented
movement of the inoculated Xf into the cordons, which typically results in systemic Pierce’s disease.

RESULTS AND DISCUSSION
PLEASE NOTE: Results described below for Objectives 1, 2, and 3 were reported in the 2013 Proceedings. I
have included this for the reader’s information only. Objective 4 Results represents new data obtained in 2014.

Objective 1. Complete the characterization of grape transgenic plants over-expressing Xf hemagglutinin
(Hxf) protein.
Twenty-one transgenic Thompson Seedless grape plants that potentially over-expressed the Hxf protein in the
xylem using a binary plasmid with a polygalacturonase secretory leader sequence were obtained from the UCD
Plant Transformation Facility in September 2010. These were initially obtained as small green 3” plants that
needed to be grown in growth chambers and later in the greenhouse to produce hardened woody shoots that could
be vegetatively propagated. It took approximately four months for each of the propagated shoots to grow up
sufficiently to allow them to be further propagated or inoculated with Xf. By July 2011 we had propagated
sufficient numbers of transgenic grapevines that we could begin analyzing them for HA expression. Analysis by
standard and qPCR for the presence of the hemagglutinin transgene in genomic grapevine DNA from each of the
22 lines showed that 5 of 9 transgenic lines containing Xf HA adhesion domains (AD 1-3) labeled as SPAD1 and
3 of 12 transgenic lines of the full-length HA, labeled PGIP220 in Table 1 below, had the HA gene inserted into
the grapevine chromosome.

The construct used to transform grapevines, which was recommended by the plant transformation facility,
contained two copies of the 35S promoter flanking the HA construct. We hypothesize that recombination
occurred within the Agrobacterium plasmid that allowed the HA insert to be deleted but the kanamycin selection
marker was still inserted into the grape genome. This would explain why a number of the kanamycin resistant
transgenics did not actually have the truncated or full-length form of Xf HA inserted into the grape chromosome.

RT-qPCR analysis on mRNA isolated from these lines confirmed the presence of AD1-3 or full-length HA
mRNA in the lines that tested positive by standard or qPCR PCR, thus the HA inserted into the grape genome are
being expressed (Table 2).

Objective 2. Mechanically inoculate transgenic grapevines growing in the greenhouse with wild-type Xf
cells. Compare disease progression and severity in transgenic grapevines with non-transgenic controls.
We went through five rounds of vegetatively propagating the lignified transgenic grapevine lines. We attempted
to propagate green shoots but only 10-15% of the green shoots became established, thus we are now propagating
only lignified wood.

We were very interested in determining whether any of these lines possessed Pierce’s disease resistance by testing
the lines in the greenhouse as soon as we had sufficient plants, rather than waiting for the results of extensive
ELISA and Western blot analysis of transgenics to determine if HA protein could be detected in grapevine xylem
sap. On December 8th and 9th of 2011 we inoculated 10 reps of each of the 9 PCR-positive transgenic lines with
40 ul of a 108 suspension of Xf Fetzer in PBS, typically done as two separate 20 ul inoculations on each vine, an
amount of inoculum that would be far greater than what a sharpshooter injects into a vine.

We also inoculated untransformed Thompson Seedless and two transgenic lines that did not contain HA inserts by
PCR analysis, shown as Transformed Non-transgenic TS in Figure 1, as positive controls. Figure 1 shows the
results of disease severity in transgenic and non-transgenic control 16 weeks post inoculation with Xf. The TS
control, inoculated at the same time as the transgenic vines, had a mean disease rating of 3.65 while two of the
lines, one containing the truncated HA fragment AD1-3 and one line containing the full-length native HA protein,
had the lowest disease ratings of 1.5. Most of the other lines had mean disease severity ratings below 2.0 and the
average disease ratings for all of the lines representing the two HA constructs had disease ratings below 2.0.



Considering the large amount of inoculum that was used, we are pleased with this promising preliminary result. 
We will soon be quantifying by culture and qPCR the amount of X/in each of these lines. While cle-arly some 
disease symptoms were evident, the seve1ity was much less than the control and this could ve1y well reflect lower 
X/populations in the transgenic lines. If tl1is does indeed tum out to be trne then we might have produced a 
moderately resistant grapevine that could ve1y well end up being like a Muscadine grapevine, i.e. they can be 
infected withX/but populations are not high enough to compromise fruit quality. Tue otiginal hypothesis was that 
transgenic vines producing HA in the xylem sap might facilitate clumping of Xfcells and slow their ability to 
colonize a mature vine <luting a growing season such that the incipient infection might ve1y well be pruned off in 
the dormant season. It will take a couple of years to plant and train to a cordon system that would be then 
mechanically inoculated, or hopefully with the assistance of the Almeida lab insect inoculated with Xf These 
initial greenhouse results with young vines ce1tainly wanant fmther evaluations. 

Table 1. Results of PCR testing oftrnnsgenic grapevines for the presence of the foll-length (PGIP 

220) of the AD 1-3 fragment of Xfhemagglutinin genes in grape chromosomes. 

DNA ID# 2enotvne Standard PCR aPCR 

1 PGIP 220-E - -

2 PGIP 220-5 - -

3 PGIP 220-11 t t 

4 PGIP 220-1 - t 

5 PGIP 220-9 - -

6 PGIP 220-14 - -

7 PGIP 220-3 t t 

8 PGIP 220-13 - -

9 PGIP 220-A - -

10 PGIP 220-D - -

11 SPADl-4 NT NT 

12 SPADl-10 t t 
13 SPADl-6 - t 

14 SPADl-7 t t 

15 PGIP 220-42A t -

16 SPADl-1 t t 

17 SPADl-B t t 
18 SPADl-8 t -

19 SPADl-12 t t 

20 SPADl-lA t t 

21 PGIP 220-15 - -

22 SPADl-2 - -

Transgenic lines highlighted in tan color are the three full-length transgenic lines while lines 
highlighted in purple contain the AD 1-3 HA fragment. 
t= this line tested positive for a .\J"hemagglutinin insert by standard and/or qPCR. 
- = this transgenic line tested negatively for a X/hemagglutinin inse1t by PCR. 
NT = not tested by PCR for presence of hemagglutinin gene 

Objective 3a. Secure permits to plant HA transgenic lines in the field site in Solano County. 
This objective was completed with the assistance of PIPRA. 

Objective 3b. Plant transgenic vines in the field. 
Approximately 50 HA-transgenic vines representing all the transgenic lines that were produced were planted in 
the field in April 2013 and trained as bilateral cordons (Figure 2). 
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Table 2. RNA RT-qPCR of Thompson Seedless HA transgenic lines. Total RNA was isolated 

from leaves of transgenic grape plants, conve11ed to cDNA by reverse transcriptase and quantified 
by qPCR with HA specific primers. SP ADl lines express sho1t constmcts and PGIP220 lines 

express long constructs. The higher the number the higher the RNA level in the leaves. 

LINE ID 
Relative h·ansgenk 

HxfR.NA level 

SPADl-B 28.9 

SPADl-10 28.1 

PGIP 220-01 27.9 

PGIP 220-11 26.6 

SPADl-07 25.8 

PGIP 220-03 19.8 

SPADl-08 19 

SPADl-12 14.7 

Untransfonned Thompson 0 

Seedless 

Figure 1. Graph showing the mean disease ratings from Oto 5 (0 is healthy; 5 is dead) of Pierce's disease 

symptoms in Thompson Seedless (TS) and transgenic (SPADl and PGIP220) vines inoculated with X/Fetzer 

at 16 weeks post inoculation, except for the Transformed-Non-Transgenic TS, which was inoculated four 

weeks later and its disease rating is for 12 weeks post inoculation. We anticipate these vines will have 

disease ratings similar to the TS control at 16 weeks post inoculation. The last three columns are the averages 

of all inoculated vines of the specified type of constmct used, either transformed with ADl-3 (SPADl) or the 

full length native H A  (PGIP220). En-or bars are the standard eITor of the 10 reps. All PGIP220-l vines had 

the same disease rating. 

Objective 4. Inoculate four canes on each HA -transgenic field vine with wt X/in spring 2014. 
Rate Pierce's disease symptoms in September 2014 on each inoculated cane. Inoculate non-transgenic Thompson 
Seedless canes as positive controls, leave two vines of each transgenic line as uninoculated controls. 
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A combination of Xf Temecula and Stags Leap strains were grown on solid PD3 medium and the cells were 
harvested and suspended in 1XPBS to a concentration of 10 X 8th. Four canes on replicates of each transgenic 
line were labelled and then mechanically inoculated 1X with a 20 ul drop of Xf cell suspension. Inoculations were 
done in mid-May 2014 and inoculum droplets were quickly taken up by the transpiring canes. 

Figure 2. HA-transgenic and non-transgenic control vines planted in the field. 

Table 2. RNA RT-qPCR of Thompson Seedless HA transgenic lines.  Total RNA was isolated from 
leaves of transgenic grape plants, converted to cDNA by reverse transcriptase, and quantified by qPCR 
with HA specific primers.  SPAD1 lines express short constructs and PGIP220 lines express long 
constructs.  The higher the number the higher the RNA level in the leaves. 

LINE ID 
Relative transgenic 

Hxf RNA level 
SPAD1-B 28.9 
SPAD1-10 28.1 
PGIP 220-01 27.9 
PGIP 220-11 26.6 
SPAD1-07 25.8 
PGIP 220-03 19.8 
SPAD1-08 19 
SPAD1-12 14.7 
Untransformed Thompson 
seedless 

0 

Overall success in inoculating canes in transgenic and non-transgenic vines was very high. In some cases the tags 
marking inoculated canes in HA-transgenic vines were missing so no rating was made. 0 ratings of canes on HA-
transgenic canes occurred on vines where at least two of the other canes on that vine expressed some Pierce’s 
disease symptoms; thus we believe the inoculum that was used to inoculate 0 scoring canes was viable. However, 
it is certainly possible that the inoculum was not taken into actively transpiring xylem vessels which could result 
in an unsuccessful inoculation. 

Overall Pierce’s disease symptom severity was higher in the non-transgenic positive controls than in the HA-
transgenic vines. These results were similar to what we observed in the greenhouse inoculations. It was also clear 
from the field inoculations that none of the transgenic lines completely prevented the onset of Pierce’s disease 
symptoms, again results that were observed in greenhouse trials. 

Cane samples were collected from all Xf-inoculated lines for testing by qPCR. This should give us some 
information concerning the relative Xf titers in transgenic vs. non-transgenic inoculated vines. 
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Xylem sap was also extracted from all uninoculated transgenic controls and the sap will be tested for expressed 
HA protein by ELISA and western blot analysis to determine if detectable amounts of HA are present in 
transgenic xylem sap. 

Objective 5. Cut back all canes to two buds and rate cane growth in spring 2015 and Pierce’s disease 
symptoms in September 2015 to determine if expression of Xf HA in the transgenic vines retarded or 
prevented movement of the inoculated Xf into the cordons, thus preventing systemic Pierce’s disease. 
Canes will be cut back to two buds once vines are completely dormant in January/February 2015. 

Table 3. Pierce’s disease symptom ratings of HA-transgenic grapevines. 

Transgenic Lines 
# Inoculated 

Vines 
# of PD Rated 

Canes 
Mean Disease Rating 

Ratings individual canes 
Adhesion Domain 

Lines 

AD 6 3 10 0=5; 1=4; 2=2 0.7 
AD 7 4 15 0=7; 1=2; 2=6 0.9 
AD 8 5 20 0=2; 1=5; 2=12; 3=1 1.6 

AD 10 3 10 0=1; 1=2; 2=6; 3=1 1.7 
AD 12 5 19 0=5; 1=5; 2=9 1.2 

Complete HA 
Gene 

220-1 4 10 0=4; 1=1; 2=6; 3=1 1.6 
220-3 3 12 0=4; 1=1; 2=6; 3= 1 1.3 

220-11 3 10 0=8; 1=1; 2=1 0.3 
Note: Pierce’s disease symptoms of inoculated transgenic canes were made by Kirkpatrick on Sep. 14, 2014. 
Symptoms ratings of individual canes were as follows: 
0 = no symptoms of Pierce’s disease, i.e., no scorched leaves on cane 
1 = 2 to <10% scorched leaves on cane 
2 = >10% to <75% scorched leaves on cane 
3 = all leaves showing Pierce’s disease scorch symptoms, no cane dieback observed 
4 = cane dieback, cane still alive 
5 = dead cane 

Rating of inoculated NON-transgenic Thompson canes.  Ratings of 18 inoculated canes on NON-transgenic 
Thompson vines were made by Lincoln and Gilchrist on Sep. 12, 2014. Symptoms of canes were as follows. 

0 = no symptoms of Pierce’s disease, i.e. no scorched leaves on cane NO canes were rated 0 
1 = 2 to < 25% of leaves with scorched leaves NO canes were rated 1 
2 = 25% to 50% of leaves with scorched leaves NO canes were rated 2 
3 = all leaves on cane were showing PD scorch symptoms 2 canes were rated 3 
4 = all leaves scorched and some terminal cane dieback 3 canes were rated 4 
5 = cane near death or dead 13 canes were rated 5 

CONCLUSIONS 
Eight HA-trangenic lines were shown by qRT-PCR to express HA mRNA. Greenhouse inoculations of the eight 
HA-transgenic Thompson Seedless grapes with cultured Xf cell showed all lines expressed less severe symptoms 
of Pierce’s disease than inoculated, non-transgenic controls. All transgenic lines as well as non-transgenic 
Thompson Seedless vines that were used as positive and negative controls were planted in the field in spring 
2013. The vines grew well and were trained as bilateral cordons. Four shoots on each vine were mechanically 
inoculated with wt Xf in May 2014. Pierce’s disease symptoms on inoculated and uninoculated shoots were 
evaluated in September 2014. A high percentage of the inoculated shoots developed scorched leaves typical of 
Pierce’s disease symptoms.  However, disease severity ratings were lower among HA-transgenic lines than 
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inoculated non-transgenic grapevine controls. Canes from transgenic and non-transgenic vines were collected to
determine Xf titers by qPCR. Xylem sap was extracted from uninoculated transgenic controls and the sap will be
analyzed for Xf HA by ELISA and western blot analyses. All shoots will be pruned back to two buds in
January/February 2015 and allowed to push during the 2015 growing season. Spring shoot growth will be rated
and Pierce’s disease symptoms will be recorded in September 2015 to determine if the Xf infections overwintered
and systemically infected the vines. If Xf populations in HA-transgenic lines are low enough to prevent fruit
symptoms and vine dieback, we may have produced transgenic vines that are functionally tolerant of Xf infection.
Their possible use as rootstocks grafted with non-transgenic scions will be evaluated in the coming years.
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ABSTRACT
Polygalacturonases (PGs) (EC 3.2.1.15), catalyze the random hydrolysis of 1, 4-alpha-D-galactosiduronic
linkages in pectate and other galacturonans. Xylella fastidiosa (Xf) possesses a single PG gene, pglA (PD1485),
and Xf mutants deficient in the production of PG result in lost pathogenicity and a compromised ability to
systemically infect grapevines. We have cloned the pglA gene into a number of protein expression vectors and a
small amount of active recombinant PG has been recovered, unfortunately most of the protein expressed is found
in inclusion bodies in an inactive form. The goal of this project is to use phage panning to identify peptides or
single chain fragment variable antibody (scFv) libraries that can bind to and inhibit Xf PG. Once peptides or scFvs
are discovered that can inhibit PG activity in vitro these peptides will be expressed in grapevine root stock to
determine if the peptides can provide protection to the plant from Pierce’s disease.

LAYPERSON SUMMARY
We have identified a peptide that is able to inhibit the activity of Agrobacterium vitis (Av) polygalacturonase
(PG), a PG closely related to Xylella fastidiosa (Xf) PG. It’s possible that this peptide could also inhibit Xf PG
activity. Additionally, we have shown that Xf/Av polygalacturonase chimeras can be produced as active and
soluble proteins in Escherichia coli expression systems and they might be used as targets for phage panning to
identify Xf PG inhibitory peptides.

INTRODUCTION
Polygalacturonases (PGs) have been shown to be virulence factors of a number of plant pathogenic bacteria
including Ralstonia solanacearum, Xanthomonas campestris, and Erwinia carotova (Huang and Allen 2000; Dow
et al., 1989; Lei et al., 1985). Xylella fastidiosa (Xf) possesses a single PG gene pglA (PD1485), and mutation of
this gene results in lost pathogenicity and reduced ability to systemically infect grapevines (Roper et al., 2007). In
order for Xf to systemically infect a grapevine it must break down the pit membranes that separate individual
xylem elements. Pectic polymers determine the porosity of the pit membrane (Baron-Epel, et al., 1988; Buchanan
et al., 2000) and Xf PG allows the bacterium to breakdown the pectin in these membranes. The ultimate goal of
this research is to identify a peptide that can be expressed in the xylem of a grapevine that can suppress Xf PG
activity thus limiting the ability of Xf to spread systemically through grapevines and cause Pierce’s disease.

To identify a PG inhibitory peptide we will use phage display of a random dodecapeptide library and a scFv
antibody library attached to the coat protein gp38 of M13 phage in panning experiments using active recombinant
Xf PG as the target. After three rounds of panning, phage that show a high binding affinity for Xf PG will be
screened for their ability to inactivate PG using in vitro in reducing sugar assays. Once a suitable inhibitory
peptide is discovered it will be cloned into an Agrobacterium binary vector and used to transform tobacco and
grapevines by the UCD Plant Transformation Facility. These transgenic plants will then be inoculated with Xf and
Pierce’s disease symptoms, if any, in transgenic grapevines will be compared to non-transgenic plants. If
significant disease inhibition is shown we will use these transgenic grapevines as rootstock to determine if they
can also provide resistance to non-transgenic grafted scions.

OBJECTIVES
1. Isolate sufficient amounts of biologically active Xf PG enzyme to conduct phage panning and PG-inhibition

assays.
2. Isolate M13 phages that possess high binding affinities to Agrobacterium vitis from a M13 random peptide

antibody libraries.
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3. Determine if selected M13 phage and the gp38 M13 protein that mediates phage binding to Xf PG and
surrogate PGs can inactivate PG activity in vitro.

4. Clone anti-Xf PG gp38 protein into an Agrobacterium binary vector and provide this construct to the UCD
Plant Transformation facility to produce transgenic Thompson Seedless grapevines.

5. Determine if anti-Xf PG gp38 protein is present in xylem sap of transgenic plants.
6. Mechanically inoculate transgenic plants with Xf and compare Pierce’s disease development with inoculated,

non-transgenic control plants.

RESULTS
Objective 1. Isolate a sufficient amount of biologically active Xf PG enzyme to conduct phage panning and
PG-inhibition assays.
Xf does not produce a detectable amount of PG when grown in biological media. Furthermore, attempts at
expressing Xf PG in Escherichia coli, yeast, plant-based viral expression systems, and Xf PG based protein
expression systems have not produced active Xf PG. An additional issue further complicating this situation is the
fact the Xf PG enzyme seems to be unique among all other described active PG enzymes in that it has a different
substrate binding amino acid motif. While Xf PG contains all the catalytic amino acids for the hydrolysis of 1,4-
alpha-D-galactosiduronic linkages it has very different substrate binding amino acids. It has been shown in
previous research with Aspergillus niger PG that mutation of this motif results in only 14% residual PG activity.
This information suggests that it could be likely that Xf PG will have a substantially lower activity than other PGs,
as well as a different manner of substrate binding, or perhaps preference for a different pectic substrate other than
polygalacturonic acid.

The experiments we conducted focused on two questions. First, can we produce soluble Xf PG in vitro and
second, do the altered amino acids in Xf PG result in a reduced enzyme activity, different degradation product
sizes, or different substrate specificity? We decided to address both of these questions through the creation of a
protein chimera using the catalytic and substrate binding domains of Xf PG to replace the catalytic and substrate
binding domains of an active PG enzyme from a different prokaryotic plant pathogen. Agrobacterium vitis (Av)
PG is the same size as Xf PG and likewise it is important in the virulence of Av to grapevines. Furthermore, a
soluble, and more importantly and active form of Av PG can be easily produced in recombinant E. coli expression
systems.

Av is a plant pathogenic bacterium that causes crown gall disease in grapevines. Like Xf, Av also requires a PG in
order to move from xylem element to xylem element. The Av PG gene has been previously cloned and shown to
be active in in vitro activity assays (Herlache et al 1997). In addition, because the active sites of PGs are so highly
conserved and need to degrade the same substrates in the same host plant (Vitis vinifera), a peptide which inhibits
Av PG may also inhibit Xf PG. Furthermore, an inhibitor of Av PG activity would also prove useful for California
grape growers for a possible control method of crown gall of grapevines.

The N terminal and C terminal regions of both Av and Xf PG genes possess the most sequence variation. It follows
that these highly variable regions are likely preventing recombinant Xf PG from being produced in a soluble form.
If this is true it should follow that a chimera protein containing the variable N terminal and C terminal regions
from the Av PG combined with the catalytic and substrate binding regions from the Xf PG could have an increased
likelihood of being expressed in E. coli as a soluble protein. At the same time, such a chimera would allow us to
assess the active site amino acids of Xf PG and determine if they can catalyze the degradation of PG. Furthermore,
we hypothesized that using two chimeras, one constituting the major amino acids involved in catalysis
(AX1APG) and the other containing the catalytic amino acids as well as the substrate binding amino acids
(AX2APG) would allow us to determine if indeed these specific amino acids are biologically relevant for
substrate binding (Figure 1). Moreover, if the Xf PG motif was mutated to the standard PG motif used by all other
known active PGs we would expect to see a more biologically active enzyme. If the chimeric Xf/Av PGs were
active, these could function as surrogates for Xf PG in inhibition assays. Initial results show that both chimeras are
showing activity; however, the second chimera which contains more Xf PG sequence is less active (Figure 2).
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Chimera polygalacturonase activity assay 

Figure 2. PG activity assay showing that both PG chimeras, AXlAPG and AX2APG, are enzymatically active. 

Objective 2. Isolate M13 phages that possess high binding affinities to Av PG from M13 random peptide 
antibody libraries. 

Previous phage panning experiments conducted using smaller peptides constin1ting sections of the active site of Xf 
PG, FPLC pmified recombinant XJPG, and Aspergillus aculeatus PG as SlllTOgates did not provide us with PG 
inhibito1y peptides. For this reason we cloned the Av PG gene into an E. coli overexpression system to produce 
recombinantAv PG to use in inhibition assays. Experiments showed recombinant Av PG is produced in large 
amounts and is enzymatically active in cup plate assays. Phage panning was canied out according to a standard 
protocol using Av PG as the target but instead of eluting with pH or tlypsin, the phage were eluted with the PG 
substrate, polygalactmonic acid. This should provide us with phage that are interacting with the substrate binding 
cleft. 
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Twenty individual phages from each library (PhD 7 linear and PhD 7 circular (New England Biolabs)) were
isolated from blue plaques after the final round of panning and single stranded phage DNA was extracted and
sequenced to identify the peptide sequences. No clear consensus sequence was determined for all of the phages in
either the linear or circular libraries, however 10 of the phages were found to contain portions of a common motif,
and one of the phage sequences represented 25% of the linear peptide phage pool. Six peptides were chosen as
candidates for use in the inhibition assays, peptides A-F and a phage ELISA was performed which confirmed
specific binding to Av PG (Figure 3).

Figure 3. Monoclonal phage ELISA using Av PG, bovine serum albumin (BSA), and plastic as the targets. Each of the
phage screened has a higher binding affinity for Av PG than BSA or plastic.

Objective 3. Determine if selected M13 phage and the gp38 M13 protein that mediates phage binding to Xf
PG and surrogate PGs can inactivate PG activity in vitro.
All peptides (A-F) were synthesized with the C-terminal GGGS linker sequence included, as well as amidation of
the C-terminus to negate the negative charge that a free C-terminus would generate. This negative charge would
not have been present when the peptide linker was fused to the PIII phage protein. Av PG activity in the presence
of each peptide was monitored and peptide A was the only peptide that showed an inhibitory effect on Av PG
activity (Figure 4); peptide A was able to reduce enzyme activity approximately 20% compared to the positive
control. This result does provide a proof of concept that phage panning can identify polygalacturonase inhibitory
peptides.

Objective 4. Clone anti-Xf PG gp38 protein into an Agrobacterium binary vector and provide this construct
to the UCD Plant Transformation facility to produce transgenic SR1 tobacco and Thompson Seedless
grapevine.
Once suitable inhibitory phage peptides are discovered in objective 3 we can begin objective 4.

Objective 5. Determine if anti-Xf PG gp38 protein is present in xylem sap of transgenic plants.
Objective 4 needs to be completed before work on objective 5 can begin.

Objective 6. Mechanically inoculate transgenic plants with Xf and compare Pierce’s disease development
with inoculated, non-transgenic control plants.
All previous objectives must be completed before we can start objective 6.
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Figure 4. 2-cyanoacetamide reducing sugar activity assay showing Peptide A is able to inhibit Av PG activity. None of
the other peptides were able to inhibit the activity of Av PG at the concentrations tested.

CONCLUSIONS
We have shown that phage panning is a reliable method to identify peptides which can inhibit PG activity.
Additionally, we have shown that Av/Xf PG chimeras can be produced as active and soluble proteins in E. coli
expression systems. Additionally, the active site amino acids of Xf PG are able to hydrolyze 1,4-alpha-D-
galactosiduronic linkages of polygalacturonic acid and Xf PG possesses unique substrate binding amino acids.
These chimeras should also be able to be used in phage panning experiments to select for inhibitors that target the
active site of the enzymes.
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ABSTRACT
Xylella fastidiosa (Xf) coordinates its behavior in plants in a cell density-dependent fashion using a diffusible
signal factor (DSF) molecule which acts to suppress its virulence in plants. Artificially increasing DSF levels in
transgenic grape greatly reduced disease severity in both greenhouse and field trials. We are investigating DSF
production in additional transgenic grape varieties to determine the robustness of this strategy of disease control.
Xf is relatively promiscuous in its production and perception of various unsaturated fatty acids as DSF signal
molecules and we will explore ways to introduce the common, inexpensive fatty acid palmitoleic acid and other
DSF homologs into plants following direct application. Improved DSF biosensors that we have developed will
enable us to monitor the uptake and redistribution of such molecules in plants. Initial results suggest that the use
of penetrating surfactants introduces sufficient amounts of this DSF-like molecule to alter behavior of Xf in plants.
A naturally occurring Burkholderia strain capable of DSF production that is also capable of growth and
movement within grape has been found that can confer increased resistance to Pierce's disease. We are exploring
the biological control of disease using this strain. Initial results indicate that the movement of Xf within plants and
disease symptoms are greatly reduced in plants in which this Burkholderia strain was inoculated either
simultaneously with or prior to that of Xf.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF).
Accumulation of DSF in Xf cells, which presumably normally occurs as cells become numerous within xylem
vessels, causes a change in many genes in the pathogen, but the overall effect is to suppress its virulence in plants
by increasing its adhesiveness to plant surfaces and also suppressing the production of enzymes and genes needed
for active movement through the plant. We have investigated DSF-mediated cell-cell signaling in Xf with the aim
of developing cell-cell signaling disruption (pathogen confusion) as a means of controlling Pierce’s disease.
Elevating DSF levels in plants artificially reduces its movement in the plant. We will be introducing the gene
conferring DSF production and to a variety of different grape cultivars to determine if they also will exhibit high
levels of disease resistant as did the Freedom cultivar previously constructed. Topical application of commercially
available unsaturated fatty acids capable of altering gene expression in Xf with penetrating surfactants can
introduce sufficient amounts of these materials to reduce the virulence of the pathogen. A naturally-occurring
Burkholderia strain reduces the movement of Xf and thereby its virulence in plants when inoculated prior to or
simultaneously with Xf. By comparing disease control by these three methods the most efficacious and practical
means of control can be identified.

INTRODUCTION
Our work has shown that Xylella fastidiosa (Xf) uses diffusible signal factor (DSF) perception as a key trigger to
change its behavior within plants. Under most conditions DSF levels in plants are low since cells are found in
relatively small clusters, and hence they do not express adhesins that would hinder their movement through the
plant (but which are required for vector acquisition) but actively express extracellular enzymes and retractile pili
needed for movement through the plant. Disease control can be conferred by elevating DSF levels in grape in
various ways to “trick” the pathogen into transitioning into the non-mobile form that is normally found only in
highly colonized vessels – “pathogen confusion.” Transgenic ‘Freedom’ grape expressing the DSF synthase RpfF
from Xf are much more resistant to disease than the wild-type plants in both greenhouse and field trials. Our work
has shown, however, that RpfF is rather promiscuous and that Xf can both produce and respond to a variety of
unsaturated fatty acids, and that the DSF species produced is influenced apparently by the particular substrates
available within cells. It is possible that grape varieties might differ in their ability to produce DSF molecules
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perceived by Xf. It will be important therefore to determine whether commercial grape cultivars can all produce
DSF species capable of altering pathogen behavior in high amounts if transformed with the DSF synthase. Non-
transgenic strategies of achieving pathogen confusion might be preferred by the industry. While endophytic
bacteria capable of producing DSF species is an attractive strategy, until recently, strains capable of growth and
movement within grape could not be found. However, we have now found a Burkholderia strain capable of DSF
production that both colonizes grape and has conferred substantial disease control in preliminary studies. We will
investigate the interactions of this endophyte with grape to optimize disease control and determine practical
methods of its explication. We have found that Xf produces additional DSF species including 2-Z-hexadecenoic
acid (C16-cis) that are much more active than C14-cis previously found, and that the common, inexpensive,
unsaturated fatty acid palmitoleic acid is also reasonably active as a signal molecule in Xf. Using a new Xf
biosensor for DSF in conjunction with such an abundant, inexpensive molecule means we can now thoroughly
investigate methods by which such a molecule can be directly applied to plants to achieve concentrations
sufficiently high in the xylem to alter pathogen behavior and thus achieve disease control.

OBJECTIVES
1. Compare DSF production and level of disease control conferred by transformation of Xf RpfF into several

different grape cultivars.
2. Evaluate efficacy of direct applications of palmitoleic acid, C16-cis, and related DSF homologs to grape in

various ways to achieve disease control.
3. Evaluate the potential for Burkholderia phytofirmans to multiply, move, and produce DSF in grape plants to

achieve Pierce's disease control.

RESULTS AND DISCUSSION:
Objective 1. Production of DSF in a variety of grape cultivars.
While Freedom grape transformed with the Xf rpfF gene encoding the DSF synthase produced DSF species to
which Xf was responsive, considerable evidence has been accumulated that RpfF is a rather promiscuous enzyme
capable of producing a variety of DSF-like molecules. For example, we detected the production of C14-cis
(XfDSF1), C16-cis (XfDSF2), and surprisingly, even DSF (normally produced only by Xanthomonas species) in
transgenic RpfF-expressing freedom grape. Likewise, introduction of Xf RpfF into Erwinia herbicola yielded the
production not only of XfDSF1 and XfDSF2, but other apparently related enoic acids not seen in Xf itself (data not
shown). The enzymatic activity of Bcam0581, a protein highly homologous to Xf RpfF, that mediates biosynthesis
of DSF in Burkholderia cenocepacia was recently shown to both catalyze the dehydration of 3-hydroxydodeca-
noyl-ACP to cis-2-dodecenoyl-ACP as well as to cleave the thioester bond to yield the corresponding free acid.
We presume that Xf RpfF also possesses these same features, although it probably shows a preference for longer
chain 3-hydroxyacyl-ACPs since the DSF species produced by of Xf include 2-Z-tetradecenoic acid. The process
by which such a compound could be produced by the expression of RpfF in plants remains somewhat unclear.
Plant fatty acid synthesis is not prominent within the cytosol, and occurs primarily in the plastid, although some
synthesis can also occur in the mitochondria. However, plant tissues are capable of incorporating exogenously
provided fatty acids into their endogenous lipids indicating that fatty acids are mobile in the plant. In
B. cenocepacia it appears that DSF synthesis results from a branch of the more classical fatty acid biosynthesis
pathway by diverting 3-hydroxydodecanoyl-ACP. In plants, the majority of such corresponding acyl-ACP
substrates for RpfF would be expected to be found within plastids, as a thioesterase is normally involved in
converting such compounds to the free acid for release from the plastid. Thus there is either sufficient 3-
hydroxyacyl-ACP of either plastid or mitochondrial origin in the cytoplasm of plants to enable RpfF resident in
the cytoplasm to produce the DSF observed in the transgenic plants, or the expression of Xf rpfF in Freedom
grape may have allowed some transport of RpfF into the chloroplast. Given that both XfDSF and XfDSF2 were
produced in grape harboring RpfF we presume that the corresponding 3-hydroxyacyl-ACP substrates were
available in Freedom grape. The production of various DSF species in grape might therefore be somewhat
contextual, and different grape cultivars may differ in their ability to provide suitable substrates for RpfF. The
various enoic acids that can be produced by RpfF differed substantially in their ability to induce gene expression
in Xf, with those of longer chain lengths such as C16-cis being much more active than those of shorter chain
lengths. We have also observed that DSF-mediated signaling in Xf by active DSF species such as C16-cis can be
blocked in the presence of certain other trans unsaturated fatty acids. It is therefore possible that in some plants
other fatty acid species indigenous to the plant or induced upon transformation of RpfF might interfere with
signaling that would otherwise be conferred by the production of C16-cis and other “active” DSF species. To
verify that the strategy of production of DSF in RpfF-containing transgenic grape is a robust one, widely
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applicable in a variety of grape cultivars we propose to compare and contrast the production of DSF species in
such a variety of grape cultivars. In addition, it seems likely that targeting RpfF to cellular compartments where
the substrates for DSF synthesis may be more abundant could lead to enhanced production of this signal
molecule. We thus also will compare the amount and types of DSF produced, and disease susceptibility, in
transgenic plants in which RpfF is targeted to plastids and in plants in which it is not targeted.

RpfF was initially introduced only into Freedom grape, because it was the only variety for which transformation
was feasible at that time. Continuing work by Dr. Davis Tricoli at the Plant Transformation Facility at UC Davis
has now made it possible to transform Thompson Seedless as well as the winegrapes Chardonnay and Cabernet
Sauvignon and the advanced rootstock varieties 1103 and 101-14. In addition to untargeted expression of RpfF,
we will produce constructs which target RpfF to the chloroplast of grape by fusing the small subunit 78 amino
acid leader peptide and mature N-terminal sequences for the Arabidopsis ribulose bisphosphate carboxylase
(which is sufficient to target the protein to the chloroplast) to RpfF. For these studies we will use the recently
created plant transformation vector pPIPRA561 which contains the FMV34S promoter driving the selectable
marker NPTII that has been developed by Cecelia Chi-Ham of PIPRA to be free of Intellectual Property
restrictions. Thus, the resultant transgenic grape will be directly usable for eventual commercial application. Most
of the genetic constructs have now been made. Transformation of the various grape varieties will be conducted at
the Ralph M. Parsons Foundation Plant Transformation Facility at UC Davis. The following lines will thus be
produced and tested:

Variety Untargeted
RpfF

Gene Introduced
Chloroplast-targeted

RpfF
Vector Only

Thompson + + +
Chardonnay + + +
Cabernet Sauvignon + + +
1103 + + +
101-14 + + +
Freedom done done

It is expected that the process of transformation of the various varieties will take at least eight months. Between 5
and 10 individual transformants will be produced for each variety/construct combination. Because the expression
of rpfF in a given transformant of a given plant line will vary due to the chromosomal location of the randomly
inserted DNA, it will be necessary to identify those lines with the highest levels of expression. It is not practical to
directly test disease susceptibility in each of the many transformed lines; each line would have to be grown to a
sufficiently large size that vegetative clones could be produced (three months) and then each plant would need to
be propagated and assessed for disease susceptibility (five additional months). Instead, to most rapidly identify
those transformants with high levels expression of rpfF and production of DSF, three assays that can be rapidly
employed on seedling plants will be conducted to identify the most promising transformants. 1) The expression of
rpfF will be assessed by quantitative RT-PCR of RNA isolated from individual leaves of the transformed plants
after they are grown to a height of approximately 40 cm. 2) The distal 20 cm of each 40 cm high plant will be
excised, placed in a pressure bomb, and xylem sap extruded under pressure. The approximately 30 µL of xylem
sap collected from each plant by this method will be assessed for the presence of DSF species capable of inducing
gene expression in Xf by adding it to micro-cultures (200 µL) of a phoA mutant of Xf harboring a hxfA:phoA
reporter gene fusion. The alkaline phosphatase activity of the cells of this Xf DSF biosensor, measured as in our
other studies, will be proportional to the concentration of various DSF species. This assay will not only identify
those transformants within a given variety that maximally express the introduced rpfF gene, but will provide early
evidence of those species capable of producing DSF species to which Xf is maximally responsive. 3) A functional
“cell release” assay to determine those transformed lines in which Xf exhibits the highest adhesiveness, (expected
of DSF-producing lines) will also be performed on the decapitated plant after extraction of xylem sap. Each
excised plantlet will be rooted by placing the excised stem in moist vermiculite in a humid chamber for two
weeks. Cells of Xf (ca. 107) will be injected into the petioles of three leaves for each plantlet. The leaves will be
excised three days after inoculation, the petiole surface sterilized, and the cut end of the petiole introduced into
sterile water and gently agitated for 20 min. to release cells from within the xylem vessels. The proportion of cells
released from a petiole will be calculated as the ratio of those released from the total number of cells within that
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petiole (determined by macerating petiole after cell release). The proportion of cells released from plants in such
an assay is inversely proportional to the concentration of DSF in those plants (DSF producing plants induce
stickiness of Xf and they are thus not released).

The disease susceptibility of the two transformed lines from each treatment combination having highest rpfF
expression or apparent DSF production will then be assessed. At least 15 vegetative clones each of the lines will
be produced from green cuttings of plants developing from the remaining transgenic plant remaining after the
assays above. Plants (ca. 30 cm high) will be inoculated with Xf by needle puncture as in earlier studies. Disease
severity will be assessed visually each week. After 14 weeks, when substantial disease will have appeared in
untransformed lines, population sizes of Xf in petioles of leaves collected at 30 cm intervals from the point of
inoculation will be assessed as before. We also will assess the efficacy of the best of the two RpfF-expressing
rootstock varieties to confer disease control to normal Cabernet Sauvignon scions grafted onto them as in other
studies.

The composition of DSF species present in xylem sap and their aggregate signaling activity will be assessed by
extracting xylem sap from mature (two m tall) plants of each of the two best transformed lines of a given
variety/construct forwarded for further analysis. Vines will be cut into 40 cm segments and placed in a pressure
chamber and subjected to about 20 bar pressure. The xylem sap obtained will be collected into glass containers
containing ethyl acetate, mixed vigorously for five min, and the ethyl acetate (now containing DSF) will be
separated from the aqueous phase. The ethyl acetate will be concentrated by evaporation and the dried residue
dissolved in methanol. Mass spectrometry analysis of the plant xylem sap-extracts will be performed using an
LTQ Orbitrap XL mass spectrometer equipped with an electrospray ionization (ESI) source. Mass spectra will be
recorded in the negative ion mode over the range m/z = 100-500 using the Orbitrap mass analyzer and spectra
processed using Xcalibur software. DSF species will be identified by their m/Z ratio, with XfDSF, XfDSF2, and
DSF (having m/Z ratios of 225.18, 253.22, and 211.17, respectively) being readily distinguished in xylem sap of
RpfF-expressing Freedom. We will also resolve other chemical species found in RpfF-expressing lines that are
not found in control plants by a similar procedure. We expect that more than one enoic acid will be produced in a
given line expressing RpfF. Because of this, aggregate DSF signaling activity will be determined in samples of
xylem sap collected as above using the Xf phoA-based DSF biosensor as described above. Control sap samples in
which different concentrations of XfDSF2 (C16-cis) are spiked will enable the DSF signaling activity of xylem
sap from a given line to be expressed as that of XfDSF2 equivalents. It is possible that some transgenic lines will
exhibit little aggregate DSF signaling activity because of their production of antagonistic fatty acids. Such lines
will be identified in two ways: 1) Such a line might contain relatively high concentrations of XfDSF2 and other
known inducers of signaling in Xf (determined by ESI-MS analysis of sap) yet not induce expression of the Xf
DSF biosensor strain. 2) Direct evidence for such antagonism will be obtained by spiking xylem sap samples from
such transgenic lines with XfDSF2 and comparing the alkaline phosphatase activity of the Xf DSF biosensor in
such samples with those of spiked samples of xylem sap from control plants; reduced biosensor activity in the test
samples would provide direct evidence for such antagonism.

Objective 2. Direct application of DSF to plants.
Several recent findings in our laboratory of the process of DSF-mediated signaling in Xf suggest that Pierce’s
disease control by direct application of DSF to plant surfaces is both feasible and practical. Studies of the context-
dependent production of DSF reveals that DSF species such as XfDSF2 are far more active than XfDSF1 which
was originally described (Figure 1). While topical applications of XfDSF1 to grape provided modest reductions in
disease severity, applications of XfDSF2 should be far more efficacious. Studies of applications of XfDSF2 were
hindered by a limitation of the amount of this material that we could chemically synthesize. Fortunately, our
studies of the promiscuity of DSF signaling in Xf reveal that it is quite responsive to the cheap, commercially
available enoic acid palmitoleic acid (Figure 1).

While about eight-fold more palmitoleic acid is required to induce gene expression in Xf than XfDSF2, it is much
more active than XfDSF1 itself. We therefore will conduct a variety of studies to address how such molecules
could be introduced into plants in different ways to achieve pathogen confusion. While most studies will use
palmitoleic acid, we also will conduct comparative studies using synthetic XfDSF2 and XfDSF1.
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Figure 1. Responsiveness of a PhoA-based XfDSF biosensor to different concentrations of XjDSFl (top molecule), 
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We are investigating several strategies by which direct application ofDSF molecules can reduce Pierce's disease. 
While we will determine the effects of application of DSF homologs on disease severity of plants inoculated with 
Xfinsome studies, direct monit01ing ofDSF levels in treated plants will be a MUCH more rapid and interpretable 
strategy of assessing this strategy of disease control. As DSF must enter the xylem fluid in order to interact with 
the xylem-limited Xfin plants we will assess DSF levels in xylem sap of plants treated in different ways using the 
PhoA-based AJ' biosensor as described above. We will address four main issues that we hypothesize to limit the 
direct introduction of DSF into plants: 1) The penetration of DSF through leaves and other plant tissues may be 
slow or inefficient, 2) DSF may readily enter plant tissues but only slowly enter the xylem sap, 3) DSF may be 
degraded after introduction into plants, and 4) DSF may enter plants more readily via ce1tain tissues than others 
(e.g., it may readily be taken up via the roots but more slowly from leaves). We thus will measure DSF species 
levels in 1) xylem sap as well as in 2) leaf, stem, and root tissue after removal of xylem sap after applying 
synthetic DSF to (A) foliage, (B) direct injection into stems, and (C) application to roots as a drench. DSF will be 
measured directly in xylem sap expressed from plants under pressure at various times after topical treatments as 
above.DSF content of treated leaves however will require the extraction of DSF from treated plants with ethyl 
acetate, followed by assay of the extract using the AJ'DSF biosensor. Enoic acids will be used in two fonns: 1) the 
free acid which is relatively hydrophobic and which might thus more readily penetrate waxy leaves, and 2) the 
sodium salt which is freely water soluble and which has mild smfactant activity which might allow them to more 
readily be taken up and dispersed from stem injections or root application. In addition to the use of purified fatty 
acids we will also evaluate mixtmes of fatty acids. For example, macadamia oil contains a very high concentra
tion of palmitoleic acid (23%) which will be saponified by treatment with sodium hydroxide to yield the sodium 
salts of the constituent fatty acids. We expect that such a fatty acid mixture will have high DSF signaling activity 
as we have no evidence that other saturated fatty acids that would be found in the lipids of macadamia oil would 
inte1fere with DSF signaling inXf Saponified plant oils such as this are ve1y attractive as inexpensive sources of 
DSF homologs that could be directly applied to grape. 

As DSF species are somewhat hydrophobic, a variety of adjuvants will be tested for their effects on enhancing 
their introduction into plants. For example, detergents and solubilizing mate1ials such as Solutol HS15 may 
greatly increase the penetration and dispersal ofDSF and its analogs. We thus will suspend the hydrophobic 
mate1ials in such cauiers prior to foliar sprays or soil drenches. Considerable prelimina1y results of already been 
obtained on the ability of such a topically applied palmitoleic acid solutions to enter into the plants. Apparent DSF 
signaling activity was measured using the biosensors noted above. These results were presented in the progress 
repo1t for project 12-0224-SA ("Elucidating the process of cell-cell c01lllllw1ication in cell Xfto achieve Pierce's 
disease control by patl1ogen confusion"). and hence will not be reproduced here. The silicon-based smfactant 
Breakthm having ve1y low surface tension, thereby enabling spontaneous to model infiltration, was a most 
effective agent in introducing palmitoleic acid into leaves and petioles of grape. 

In addition to directly assessing DSF levels within plants as desc1ibed above, the adhesiveness of Xfcells 
inoculated into treated plants will also be determined using the cell release assay described above. Since the 
vimlence of va1ious Xfmutants is inversely related to their release efficiency, and cells are released at a much 
lower rate from transgenic RpfF-expressing grape that produce DSF that are resistant to disease, we expect that 
treatments with exogenous DSF that reduce the release efficiency of Xfcells when measmed two weeks or more 
aft.er inoculation will also be the most resistant to disease. This assay is far quicker than assays in which disease 
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symptoms must be scored after several months of incubation, and will be employed during those times of the year 
such as the fall and winter when disease symptoms are difficult to produce in the greenhouse. Disease assessment 
assays in which Xf will be inoculated via a droplet puncture method into treated vines will also be employed to 
test the effic.acy of those topical treatments that best introduce exogenous DSF into plants. Disease seve1ity and Jr;/ 
populations will be measured at various times after inoculation as described above and in our other studies. 

Objective 3. Biological control with Burkholderia phytofirma11s PsJN. 
While the biological control of Pierce's disease with endophytic bacteria that would grow within grape and 
produce DSF has been an attractive strategy, until recently we have been unable to find bacteria capable of 
exploiting the inte1ior of grape. All of hundreds of strains isolated from within grape by our group as well as that 
of Dr. Kirkpatiick exhibited no ability to grow and move beyond the point of inoculation when re-inoculated. We 
have recently, however, found that B. phytofirmans strain PsJN, which had been suggested to be an endophyte of 
grape seedlings, multiplied and moved extensively in mature grape plants (Figure 2). It's population size and 
spatial dist1ibution in grape within six weeks of inoculation was similar to that of Xfitself, suggesting that it is an 
excellent grape colonist. Furthe1more, DSF production has been demonstrated in ce1tain other Burkholderia 
species and the genome sequence of B. phytofinnans revealed that it has a homologue of XfrpjF. While little 
evidence for its production of a DSF species to which Xf could respond was obtained in preliminary studies in 
culture, the promiscuous nature ofRptF inXjand other species suggested that it might make DSF species to 
whichXfwould respond under some circumstances. Prelimina1y results suggest that co-inoculation ofJr;[and 
B.phytofirmans resulted in greatly reduced disease symptoms compared to plants inoculated withJr;/alone 
(Figure 3), suggesting that B. phytofirmans can produce a suitable DSF in planta. We propose to follow up these 
exciting results by conducting studies tl1at 1) Fmther elucidate the potential for B.phytofirmans to multiply within 
grape varieties and produce DSF and thus to confer bio logical control of Pierce's disease, 2) Account for tlle role, 
if any, of its endogenous production ofDSF on the biological contro l of }(f, and 3) Address whether it's potential 
to confer bio logic.al control of Jr;f via DSF production can be enhanced. 

6 weeks 

-xf -PhoaA& 

-Xf-PhoA alone 

-Buri<alone 

POI 10c.m 20cm 30c.m 40cm 100cm 

();stance ( an) 

Figure 2. (Left). Population size of B. phytofirmans in Cabernet Sauvignon grape at various distances from the point 

of inoculation after six weeks incubation. (Right). Severity of Pierce's disease on Cabernet Samignon at various 

times after inoculation with Xfalone (red) or when co-inoculated with B. phytofirmans (blue). 

While the droplet puncture metllod used in Figure 2 is an effective way to introduce bacte1ia into the xylem we 
have investigated the potential to introduceB. phytofirmans into the vascular tissue by topical application to 
leaves using 0.05% Silwet L77, an organo-silicon smfactant with sufficiently low smface tension that 
spontaneous invasion of plant tissues can be achieved. The population size of B. phytofirmans in the petioles of 
leaves distal from the leaf on which cell suspensions in L 77 (108 cells/) have been applied were used as a measure 
of growth and movement po tential from such an inoculation site. Substantial numbers of cells of Burkholderia 
could be recovered from petioles within one or two weeks after topical application to leaves in the presence of 
Silwet L 77 or Breakthm (Figure 3). Very few cells were present with and petioles when the bacterium was 
applied without a penetrating smfactants. Topical application of such an endophyte thus appears to be a very 
practical means of inoculating plants in the field. 
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Figure 3. Population size of B. phytofirmans in petioles of Cabernet Sauvignon of plants sprayed with this
strain alone (blue line) or this strain applied with 0.2% Breakthru (gray line), or of Erwinia herbicola strain
299R applied with 0.2% Breakthru (orange line). Vertical bars represent the mean of log population size at a
given sampling time.

The ability of B. phytofirmans to confer biological control of Pierce’s disease when co-inoculated with Xf and
when applied at various times prior to that of Xf will be assessed by measuring both Xf population sizes in petioles
distal to the point of Xf inoculation as well as of disease symptoms at weekly intervals as above. Evidence for any
DSF production by B. phytofirmans in grape plants will be obtained by assaying xylem fluid collected from plants
colonized by the strain using the PhoA-based Xf DSF biosensor as above. Ideally, as a biological control agent
B. phytofirmans should persist in inoculated plants for several years. Different grape cultivars inoculated with
B. phytofirmans in the greenhouse will be established in field trials at the Gill Tract at UC Berkeley and the
population size of B. phytofirmans measured monthly for the two-year period of the study. The population size of
B. phytofirmans can be readily determined by plating of appropriate dilutions of plant tissues onto rifampicin-
containing KB medium.
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ABSTRACT
A cell density-dependent gene expression system in Xylella fastidiosa (Xf) mediated by a small signal molecule
called diffusible signal factor (DSF) which we have now characterized as 2-Z-tetradecenoic acid (hereafter called
C14-cis) and 2-Z-hexadecenoic acid (C16-cis) controls the behavior of Xf. The accumulation of DSF attenuates
the virulence of Xf by stimulating the expression of cell surface adhesins such as HxfA, HxfB, XadA, and FimA
(that make cells sticky and hence suppress its movement in the plant) while down-regulating the production of
secreted enzymes such as polygalacturonase and endogluconase which are required for digestion of pit
membranes and thus for movement through the plant. Artificially increasing DSF levels in plants in various ways
increases the resistance of these plants to Pierce’s disease. Disease control in the greenhouse can be conferred by
production of DSF in transgenic plants expressing the gene for the DSF synthase from Xf; such plants exhibit high
levels of disease resistance when used as scions and confer at least partial control of disease when used as
rootstocks. This project is designed to test the robustness of disease control by pathogen confusion under field
conditions where plants will be exposed to realistic conditions in the field and especially under conditions of
natural inoculation with insect vectors. We are testing two different lineages of DSF-producing plants both as
own-rooted plants as well as rootstocks for susceptible grape varieties in two field sites. Plants were established in
one field site in Solano County on August 2, 2010. Plants were planted at a Riverside County site on April 26,
2011. All plants at the Solano County experimental site were needle-inoculated with a suspension of Xf in May
2012; at least four vines per plant were inoculated, each at a given site with a 20 ul droplet of Xf containing about
106 cells of Xf. The incidence of infection of the inoculated vines was reduced about three-fold in assessments
made in August and September. Disease was observed only near the point of inoculation in transgenic Freedom,
but had spread extensively in wild-type Freedom grape. Only a modest reduction in incidence or severity of
Pierce’s disease was seen in Thompson Seedless grafted onto DSF-producing Freedom rootstocks compared to
those grafted on wild-type Freedom. The incidence of infection of transgenic Thompson Seedless plants was
similar to that of wild-type Thompson, while the incidence and severity of Pierce’s disease on Thompson Seedless
grafted onto DSF-producing Thompson Seedless rootstocks was less than that of plant grafted onto wild-type
Thompson Seedless rootstocks. Plants at the Riverside County plot were subject to high levels of natural infection
in 2012. The incidence of infection of transgenic DSF-producing Freedom was about three-fold less than that of
wild-type Freedom grape, while the number of infected leaves per vine was about five-fold less, suggesting that
the pathogen had spread less in the DSF-producing plants after insect inoculation. Only a modest reduction in
incidence or severity of Pierce’s disease was seen in Thompson Seedless grafted onto DSF-producing Freedom
rootstocks compared to those grafted on wild-type Freedom. The incidence of infection of transgenic Thompson
Seedless plants was similar to that of wild-type Thompson Seedless, while the incidence and severity of Pierce’s
disease on Thompson Seedless grafted onto DSF-producing Thompson Seedless rootstocks was less than that of
plant grafted onto wild-type Thompson Seedless rootstocks. Similar levels of resistance of the rpfF-expressing
Freedom grape relative to wild-type Freedom have been seen in continuing evaluations in 2013 and 2014.

LAYPERSON SUMMARY
Xylella fastidiosa coordinates its behavior in plants in a cell density-dependent fashion using a diffusible signal
molecule (DSF) which acts to suppress its virulence in plants. Artificially increasing DSF levels in grape by
introducing the rpfF gene which encodes a DSF synthase reduces disease severity in greenhouse trials. We are
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testing two different lineages of DSF-producing plants both as own-rooted plants as well as rootstocks for
susceptible grape varieties. Plots in both Solano and Riverside counties reveal that DSF-producing Freedom
grapes which were highly resistant to Pierce’s disease in greenhouse trials are also much less susceptible to
disease in field trials, especially in plants naturally infected by sharpshooter vectors. No mortality of the
transgenic Freedom plants has been seen, and they remain more highly resistant to Pierce disease than the
untransformed plants.

INTRODUCTION
Our work has shown that Xylella fastidiosa (Xf) uses diffusible signal factor (DSF) perception as a key trigger to
change its behavior within plants. Under most conditions DSF levels in plants are low since cells are found in
relatively small clusters, and hence cells do not express adhesins which are required for vector acquisition but
would hinder their movement through the plant. Instead, the cells actively express extracellular enzymes and
retractile pili needed for movement through the plant. Disease control can be conferred by elevating DSF levels in
grape to “trick” the pathogen into transitioning into the non-mobile form that is normally found only in highly-
colonized vessels. While we have demonstrated the principles of disease control by so-called “pathogen
confusion” in the greenhouse, more work is needed to understand how well this will translate into disease control
under field conditions. That is, the methods of inoculation of plants in the greenhouse may be considered quite
aggressive compared to the low levels of inoculum that might be delivered by insect vectors. Likewise, plants in
the greenhouse have undetermined levels of stress that might contribute to Pierce’s disease symptoms compared
to that in the field. Thus we need to test the relative susceptibility of DSF-producing plants in the field both under
conditions where they will be inoculated with the pathogen as well as received “natural” inoculation with infested
sharpshooter vectors.

OBJECTIVES
1. Determine the susceptibility of DSF-producing grape as own-rooted plants as well as rootstocks for

susceptible grape varieties for Pierce’s disease.
2. Determine population size of the pathogen in DSF-producing plants under field conditions.
3. Determine the levels of DSF in transgenic rpfF-expressing grape under field conditions as a means of

determining their susceptibility to Pierce’s disease.

RESULTS AND DISCUSSION
Disease susceptibility of transgenic DSF-producing grape in field trials.
Field tests are being performed with two different genetic constructs of the rpfF gene in grape and assessed in two
different plant contexts. The rpfF has been introduced into Freedom (a rootstock variety) in a way that does not
cause it to be directed to any subcellular location (non-targeted). The rpfF gene has also been modified to harbor a
5’ sequence encoding the leader peptide introduced into grape (Thompson Seedless) as a translational fusion
protein with a small peptide sequence from RUBISCO that presumably causes this RpfF fusion gene product to be
directed to the chloroplast where it presumably has more access to the fatty acid substrates that are required for
DSF synthesis (chloroplast-targeted). These two transgenic grape varieties are thus being tested as both own-
rooted plants as well as rootstocks to which susceptible grape varieties will be grafted. The following treatments
are thus being examined in field trials:

Treatment
1 FT Non-targeted RpfF Freedom
2 TT Chloroplast-targeted RpfF Thompson
3 FW Non-targeted RpfF Freedom as rootstock with normal Thompson scion
4 TTG Chloroplast-targeted RpfF Thompson as rootstock with normal Thompson scion
5 FWG Normal Freedom rootstock with normal Thompson scion
6 TWG Normal Thompson rootstock with normal Thompson scion
7 FW Normal Freedom
8 TW Normal Thompson

Treatments 5-8 serve as appropriate controls to allow direct assessment of the effect of DSF expression on disease
in own rooted plants as well as to account for the effects of grafting per se on disease susceptibility of the scions
grafted onto DSF-producing rootstocks.
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One field trial was established in Solano County on August 2, 2010. Twelve plants of each treatment were
established in a randomized complete block design. Self-rooted plants were produced by rooting of cuttings
(about three cm long) from mature vines of plants grown in the greenhouse at UC Berkeley. The plants were
inoculated in May 2012 (no natural inoculum of Xf occurs in this plot area and so manual inoculation of the vines
with the pathogen was performed by needle-inoculated with a suspension of Xf). At least four vines per plant were
inoculated. Each inoculation site received a 20 ul droplet of Xf containing about 106 cells of Xf.

The incidence of infection of the inoculated vines at the Solano County trial was reduced about three-fold in
assessments made in August and September (Figure 1). Disease was observed only near the point of inoculation
in transgenic Freedom, but had spread extensively in wild-type Freedom grape. Because of the shading of the
inoculated vines by subsequent growth of uninoculated vines of the same plant many of the older leaves had died
or had fallen from the plant, especially by the September rating, making it difficult to quantify the number of
infected leaves per vine. In August, however, we found that there were about three times as many symptomatic
leaves on each inoculated vine of wild-type Freedom than on DSF-producing transgenic Freedom (Figure 2).
Only a modest reduction in incidence or severity of Pierce’s disease was seen in Thompson Seedless grafted onto
DSF-producing Freedom rootstocks compared to those grafted on wild-type Freedom. The severity of infection of
transgenic Thompson Seedless plants was similar to that of wild-type Thompson, while the incidence and severity
of Pierce’s disease on Thompson Seedless grafted onto DSF-producing Thompson Seedless rootstocks was less
than that of plant grafted onto wild-type Thompson Seedless rootstocks (Figure 3).

Figure 1. Incidence of vines of DSF-producing transgenic Freedom grape (red) or wild-
type Freedom having any symptoms of Pierce’s disease when rated in August or
September, 2012. A total of 3 vines per plant were assessed. The vertical bars represent the
standard error of the mean.

Figure 2. Severity of Pierce’s disease on transgenic Freedom grape (FT)
and on wild-type Freedom grape assessed in August 2012 in the Solano
country trial.
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Figure3. Severity of Pierce's disease on grape assessed in September 2012 in the 
Solano countiy trial. See treatinent codes above for treatment comparisons. 

The plants for the Riverside County tiial were planted on Ap1il 26, 2011 (Figure 5) and have exhibited much less 
growth than those at the Solano Countiy tlial (Figure 4). The plants at the Riverside County trial were subjected 
to natural infection from infected sharpshooter vectors having access to Xffrom surrounding infected grapevines. 
Ve1y high levels of Pierce's disease were seen in the summer of 2012, although much less symptoms were seen 
on the transgenic DSF-producing Freedom grape compared to other plants (Figure 5). 

Figure 4. Establishment of grape trial in Riverside County in April 2010 (left) and image of plot in 
October 2012 (right). 

. 
Figure 5. Pierce's disease symptoms on transgenic DSF-producing Freedom grape (left) and wild-type 
Freedom grape (right) on October 4, 2012. 

The incidence of infection of transgenic DSF-producing Freedom was about three-fold less than that of wild-type 
Freedom grape (Figure 6), while the number of infected leaves per vine was about five-fold less (Figure 9), 
suggesting that the pathogen had spread less in the DSF-producing plants after insect inoculation. Only a modest 
reduction in incidence or seve1ity of Pierce's disease was seen in Thompson Seedless grafted onto DSF-producing 
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Riverside Grafted Grape Plants - 2012 
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Freedom rootstocks compared to those grafted on wild-type Freedom (Figure 7). The incidence of infection of 
transgenic Thompson Seedless plants was similar to that of wild-type Thompson (Figure 8), while the incidence 
and severity of Pierce's disease on Thompson Seedless grafted onto DSF-producing Thompson Seedless 
rootstocks was less than that of plant grafted onto wild-type Thompson Seedless rootstocks (Figure 9). The 
effectiveness of transgenic Thompson Seedless rootstocks in reducing Pierce's disease was sUiprising, given that 
the transgenic Thompson Seedless scions were similar in susceptibility to that of the normal Thompson Seedless 
scions. We have seen evidence that in addition to DSF chemical spec.ies that se1ve as agonists of cell-cell 
signaling in Xf, that transgenic Thompson Seedless may also produce chemical antagonists of cell-cell signaling. 
It is possible that the DSF agonist is more readily transpo1ted into the scion than any antagonists, and thus that 
DSF-mediated inhibition of pathogen mobility can be confened by grafted DSF-producing rootstocks. 

.

.

-

Figure 6. Incidence of Pierce's disease of transgenic DSF-producing Freedom grape (blue bars) or wild type Freedom 
(red bars) as measured as the fraction of vines with any disease sy mptoms (left box) or the severity of disease as 
measw-ed as the fraction of leaves per shoot that exhibited syrnptom.5 (right box). 1he vettical bars represent the standard 

Figure 7. Incidence of Pierce's disease of nonnal Thompson Seedless grape grafted onto transgenic DSF-producing 
Freedom grape rootstocks (blue bars) or wild type Freedom rootstocks (red bars) as measured as the fraction of vines 
with any disease symptoms (left box) or the severity of disease as measured as the fraction of leaves per shoot that 
exhibited symptoms (right box). The vertical bars represent the standard etl'or of the mean. 

On May 15, 2013 plants at the Solano CoU11ty field ttial were evaluated for both the incidence of sUivival over 
winter, as well as any symptoms of Pierce's disease that were apparent at that early date. Vines that had been 
inoculated in 2012 had been marked with a plastic tie. The vines were prnned dUiing the winter of2012/2013 in a 
way that retained the inoculation site and the plastic marker for each of the vines inoculated in 2012. Thus, in 
May 2013 the return growth on those inoculated but pflllled vines was assessed. One or more new shoots had 
emerged from such vines, and the incidence as to whether at least one new shoot had emerged was assessed 
(Figure 10). Nearly all of the inoculated vines from both Freedom and transgenic DSF-producing Freedom gave 
1ise to new shoots as of May 2013 (Figure 10). In contrast, many vines of Thompson Seedless inoculated in 2012 
were dead, and no shoots emerged in 2013. While most new shoots emerging in 2013 appeared asymptomatic at 
the time of assessment in May, a few exhibited discoloration, possibly indicating early stages of Pierce's disease. 
A separate assessment of such possibly symptomatic shoots from that of completely asymptomatic shoots was 

en-or of the mean. 

.
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made (Figm·e 11). It is noteworthy that no symptomatic new shoots were observed on transgenic Freedom, while 
about 10% of the new shoots emerging from vines of wild-type Freedom exhibited some symptoms (Figure 11). 
It was also notewo1thy that a much higher prop01tion of the vines from Thompson Seedless scions grafted onto a 
transgenic Freedom rootstock gave rise to new shoots in 2013 compared to that on Freedom rootstocks (Figm·es 
10 and 11). Likewise, a higher propo1tion of vines from Thompson Seedless scions grafted onto transgenic DSF
producing Thompson Seedless rootstocks gave rise to new shoots in 2013 compared to that of scions grafted onto 
normal Thompson Seedless rootstocks (Figures 10 and 11). Thus, infe.ction of Thompson Seedless vines by 
inoculation in 2012 had led to some morbidity of those vine.s (and even of the cordon on which they were 
attached, in some cases), but Thompson Seedless when grafted onto either transgenic DSF-producing Freedom or 
transgenic DSF-producing Thompson Seedless rootstocks had a higher likelihood of surviving inoculation in 
2012. Continued assessments of disease severity of those new shoots emerging on vines inoculated in 2012 were 
made in early October 2013, but the data was not folly analyzed at the time of preparation of this repo1t. 
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Figure 8. Incidence of Pierce's disease of transgenic DSF-producing 1homson Seedless grape (blue bars) or wild-type 
TI1ompson Seedless (red bars) as measured as the fraction of vines with any disease symptoms (left box) or the severity 
of disease as measured as the fraction of leaves per shoot that exhibited symptoms (right box). 111e vertical bars represent 
the standard en-or of the mean. 
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Figure 9. Incidence of Pierce's disease ofnonnal Thompson Seedless grape grafted onto transgenic DSF-producing 
TI10mpson Seedless grape rootstocks (blue bars) or wild-type Thompson Seedless rootstocks (red bars) as measured as the 
fraction of vines with any disease symptoms (left box) or the severity of disease as measured as the fraction of leaves per 
shoot that exhibited symptoms (right box). The vertical bai·s represent the standard error of the mean. 

Vines of transgenic and wild-type Freedom, as well as wild-type and transgenic Thompson Seedless, and 
Thompson Seedless scions grafted onto the va1ious transgenic or wild-type rootstocks that were apparently 
healthy and detived from cordons not showing disease in 2013 were again inoculated with Xfat the Solano 
County trial on May 28, 2014. The goal of these continuing expetiments is to vetify the enhanced disease 
resistance exhibited by transgenic Freedom, and to fotther quantify the differential susceptibility of Thompson 
Seedless scions grafted onto va1ious transgenic rootstocks. Disease seve1ity was assessed on August 8 and 
Sept. 15. In addition, disease incidence and seve1ity that developed in 2014 from vines inoculated in previous 
years, was measured. A uniform rating scale for rating of all vines in both the Solano and Riverside county ttials 
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was developed by Lindow and Kilpatrick. This rating scale will allow the severity of disease on inoculated vines 
in the year of inoculation to be assessed as the fraction of leaves on a given inoculated vine that are symptomatic. 
Fmtherrnore, on vines that have been infected for more than one year, this new 0-5 rating scale accom1ts for retmn 
growth and vigor of growth of vines in years subsequent to that yeaJ in which it was originally inoculated. 
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Figure 10. TI1e fraction of vines in the Solano County field trial inoculated in  2012 withX/that gave rise to  
at least one new shoot by  May 2013. Treatments include: transgenic DSF-producing Freedom as an  own
rooted plant (F1); wild-type freedom as an own-rooted plant (FW); Thompson Seedless scions grafted onto 
transgenic DSF-producing Freedom rootstocks (FTG); Thompson Seedless scions grafted onto nonnal 
Freedomrootstocks (FWG); transgenic DSF-producing Thompson Seedless as own-rooted plants (IT); 

nomial 1hompson Seedless as own-rooted plants (TW); Thompson Seedless scions grafted onto transgenic 
DSF-producing Thompson Seedless rootstocks (TTG); and Thompson Seedless scions grafted onto nomial 
Thompson Seedless root.stocks (TWG). The vertical bars represent the standard e1Tor of the mean fraction 
of inoculated vines that gave rise to new shoots in 2013. 

/J) -
0 1 
0 
.i::. 
/J) 0.8 

0.6

0.4

0.2

0 

Davis field trial - 2013 

□ Healthy 

□Sickly 

FT FTG FW FWG TT TTG TW TWG 

Figure 11. The fraction of vines in the Solano County field trial inoculated in 2012 withXfthat gave rise to at least one new 
shoot by May 2013 that exhibited some abnonnalities possibly indicative of early stages of Pierce's disease infection (orange 
bars). Treatments include: transgenic DSF-producing Freedom as an own-rooted plant (F1); wild-type freedom as an own
rooted plant (FW); Thompson Seedless scions grafted onto transgenic DSF-producing Freedom rootstocks (FTG); Thompson 
Seedless scions grafted onto n01mal Freedom rootstocks (FWG); transgenic DSF-producing Thompson Seedless as own
rooted plants (TT); normal TI101npson Seedless as own-rooted plants (TW); Thompson Seedless scions graft.ed onto 
transgenic DSF-producing Thompson Seedless rootstocks (TTG); and Thompson Seedless scions grafted onto normal 
Thompson Seedless rootstocks (TWG). 
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Disease incidence and severity on plants was rated on both August 8 and September 15, 2014. No symptoms were
apparent on inoculated vines of either wild-type or transgenic Freedom plants. However, symptoms were apparent
on Thompson Seedless vines that had been inoculated earlier in the season. A lower incidence of symptomatic
leaves were found on Thompson Seedless vines grafted onto transgenic Freedom rootstocks compared to those on
wild-type Freedom rootstocks (Figure 12). The incidence of symptomatic leaves on Thompson Seedless vines
grafted onto wild-type Thompson Seedless rootstocks did not differ from that on transgenic Thompson Seedless
rootstocks. Similarly, the incidence of symptomatic leaves was similar on own rooted Thompson Seedless plants
compared to that on transgenic Thompson Seedless plants (Figure 12). The overall vigor of Thompson Seedless
scions grafted onto transgenic Freedom rootstocks was similar to that of those grafted onto wild-type Thompson
Seedless rootstocks (Figure 13). The overall disease severity exhibited by wild-type and transgenic Thompson
Seedless plants was also similar, and disease severity on Thompson Seedless scions grafted onto either wild-type
or transgenic Thompson Seedless rootstocks also did not differ (Figure 13). Thus, some evidence for protection
of scions grafted onto RpfF-expressing freedom rootstocks was again seen in 2014 as in earlier years.

Figure 12. The percentage of leaves on vines in the Solano County field trial inoculated in 2014 with
Xf that exhibited symptoms of Pierce’s disease on August 8, 2014. Treatments include: Thompson
Seedless scions grafted onto transgenic DSF-producing Freedom rootstocks (FTG); Thompson
Seedless scions grafted onto normal Freedom rootstocks (FWG); transgenic DSF-producing
Thompson Seedless as own-rooted plants (TT); normal Thompson Seedless as own-rooted plants
(TW); Thompson Seedless scions grafted onto transgenic DSF-producing Thompson Seedless
rootstocks (TTG); and Thompson Seedless scions grafted onto normal Thompson Seedless rootstocks
(TWG). The vertical bars represent the standard error of the mean.

The incidence of symptomatic leaves had increased by September 15 from the low levels seen in August. A
dramatic difference in the incidence of symptomatic leaves was observed between wild-type and RpfF-expressing
Freedom grape. While no symptomatic leaves were observed on the transgenic freedom plants, over 15% of the
leaves on the vines of wild-type Freedom plants that had been inoculated in May were showing symptoms of
Pierce’s disease (Figure 14). As observed in the August evaluation, the incidence of leaves on Thompson
Seedless vines grafted to a transgenic Freedom rootstock was lower than that on Thompson Seedless vines grafted
onto a wild-type Freedom rootstock (Figure 14). An assessment was also made in September of the overall
appearance of plants. The disease rating for transgenic freedom plants was significantly lower than that for wild-
type freedom plants (Figure 15). In contrast, while numerically lower, the severity of Thompson Seedless scions
grafted onto transgenic Freedom rootstocks did not differ from that of Thompson Seedless scions grafted onto
wild-type Freedom rootstocks (Figure 15). Thus, the transgenic RpfF-expressing Freedom plants continue to
show relatively high resistance to Pierce's disease both in the same season that they are inoculated as well as over
several years compared to the wild-type Freedom plants.
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Figure 13. The overall disease rating of vines in the Solano County field trial when assessed on August 8,
2014. Treatments include: Thompson Seedless scions grafted onto transgenic DSF-producing Freedom
rootstocks (FTG); Thompson Seedless scions grafted onto normal Freedom rootstocks (FWG); transgenic
DSF-producing Thompson Seedless as own-rooted plants (TT); normal Thompson Seedless as own-rooted
plants (TW); Thompson Seedless scions grafted onto transgenic DSF-producing Thompson Seedless
rootstocks (TTG); and Thompson Seedless scions grafted onto normal Thompson Seedless rootstocks
(TWG). The vertical bars represent the standard error of the mean.

Figure 14. The percentage of leaves of vines in the Solano County field trial inoculated in 2014 with
Xf that exhibited symptoms of Pierce’s disease on September 15, 2014. Treatments include: transgenic
DSF-producing Freedom as an own-rooted plant (FT); wild-type freedom as an own-rooted plant
(FW); Thompson Seedless scions grafted onto transgenic DSF-producing Freedom rootstocks (FTG);
and Thompson Seedless scions grafted onto normal Freedom rootstocks (FWG). The vertical bars
represent the standard error of the mean.



- 171 -

Figure 15. The overall disease rating of vines in the Solano County field trial that exhibited
symptoms of Pierce’s disease on September 15, 2014. Treatments include: transgenic DSF-producing
Freedom as an own-rooted plant (FT); wild-type freedom as an own-rooted plant (FW); Thompson
Seedless scions grafted onto transgenic DSF-producing Freedom rootstocks (FTG); and Thompson
Seedless scions grafted onto normal Freedom rootstocks (FWG). The vertical bars represent the
standard error of the mean.
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ABSTRACT
The project was designed to establish and evaluate grapevines in typical commercial vineyard settings in order to
assess whether a protein that is naturally produced in edible fruit can restrict Xylella fastidiosa (Xf) spread and
Pierce’s disease symptoms without altering plant performance. Work in this project evaluates the performance
and susceptibility to Pierce’s disease of two varieties of grapevines that produce an introduced protein which had
been selected by the Pierce’s Disease Research Scientific Advisory Panel as a promising candidate to consider for
advancement towards commercialization. The aim of the project is to determine whether a polygalacturonase
(PG)-inhibiting protein (PGIP) naturally expressed in pear fruit (pPGIP), when delivered from grafted rootstocks,
can control Pierce’s disease in the scion, fruit bearing parts of the grapevines. Prior to this project, transformed
Thompson Seedless and Chardonnay grapevines expressing pPGIP throughout the vine showed reduced Pierce’s
disease incidence and symptoms after inoculation with Xf, which produces a PG that is inhibited by pPGIP
(Agüero et al., 2005). Cuttings from the two varieties of grapevines that had been transformed to express pPGIP
were grafted as rootstocks with non-pPGIP producing Chardonnay or Thompson Seedless scions so that
comparisons between vines producing pPGIP in their grafted rootstocks (transgrafted), those producing pPGIP
throughout the vine, and vines with no pPGIP could be made. Active pPGIP protein that had been produced in
transgrafted rootstocks had been detected in the xylem exudates that were collected from scions, which had not
been modified to produce pPGIP (Agüero et al., 2005; Haroldsen et al., 2012). Once the vineyards were
established, an objective of the project was to determine whether sufficient pPGIP that reduces Pierce’s disease
symptoms is delivered from rootstocks expressing pPGIP to scions, which have not been modified to produce
pPGIP. Vineyards approximating commercial settings were established with own-rooted and transgrafted vines in
regions of Solano and Riverside counties with low and high Pierce’s disease pressure, respectively. Evaluations of
performance and susceptibility continue to be made that enable comparisons of scion susceptibility to Pierce’s
disease based on the mode of infection (introduced vs. natural), varietal background (Thompson Seedless and
Chardonnay), and origin of pPGIP (rootstock only vs. entire vine).

LAYPERSON SUMMARY
In order to determine whether polygalacturonase (PG)-inhibiting proteins (PGIPs) have potential for the
commercial development and deployment to reduce Pierce’s disease, vineyards were established in two locations
in California. The model PGIP evaluated in this project is produced naturally in pear fruit and inhibits the PG that
Xylella fastidiosa (Xf) produces as it spreads and causes damage in infected grapevines. Each vineyard contained
Chardonnay and Thompson Seedless grapevines that were growing on their own roots (own-rooted) and others
that were “transgrafted” (with rootstocks expressing pPGIP grafted to fruit producing non-modified scions that,
thus, do not themselves produce pPGIP); plantings were completed by June 2013. The genetic and varietal
identities of the vines were confirmed by the end of summer 2013. The vineyards were designed to enable
comparisons of plant performance and susceptibility to Pierce’s disease based on mode of infection (deliberate vs.
natural introductions of Xf), varietal background (Thompson Seedless vs. Chardonnay), and origin of the pPGIP
(transgrafted rootstock delivery to grafted non-PGIP producing scions vs. entire plant producing PGIP).
Mechanical inoculations with Xf bacteria were done yearly from 2011-2014 in Solano County and, beginning with
the establishment of the vineyard in June 2013, natural infections occurred in Riverside County. Data describing
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the total vine and disease characteristics of the own-rooted or transgrafted vines of both varieties were collected in
2013 and 2014 in both locations.

INTRODUCTION
Pierce’s disease, caused by Xylella fastidiosa (Xf), can result in the death of grapevine tissues, including scorching
along leaf margins and premature abscission of infected leaves. The Xf bacteria move from infection sites
throughout the vine in the xylem and this spread creates systemic infections and may contribute to xylem
occlusions (Krivanek and Walker, 2005; Labavitch 2007; Lin, 2005; Lindow, 2007a,b; Rost and Matthews, 2007).
The grapevine water-conducting xylem elements are separated by pit membranes, "filters" composed of cell wall
polysaccharides whose meshwork is too small to permit movement of Xf (Labavitch et al., 2004, 2007, 2009a,).
However, Xf produces enzymes that can digest the polysaccharides of pit membranes (Labavitch et al., 2009b),
thereby opening xylem connections and permitting spread of the bacteria from the site of introduction. Xylem
occluding tylose protrusions from adjacent xylem parenchyma cells may be another consequence of
compromising pit membranes by polysaccharide-digesting enzymes produced by Xf.

The Xf genome encodes a polygalacturonase (XfPG) and several β-1,4-endo-glucanase (EGase) genes, whose
predicted enzyme products could digest pectin and xyloglucan polymers in pit membranes. Labavitch et al. (2006,
2007, 2009a; Perez-Donoso et al., 2010) reported that introduction of PG and EGase into uninfected grapevines
caused sufficient pit membrane breakage to allow movement of Xf. Roper et al. (2007) developed an XfPG-
deficient Xf strain that did not cause Pierce’s disease symptoms; XfPG is a Pierce’s disease virulence factor.

Plant proteins that selectively inhibit pest and pathogen polygalacturonases (PGs) have been identified. PG-
inhibiting proteins (PGIPs) have been found naturally in the flowers and edible fruits of many plants prior to
contact with pathogens and PGIPs are induced in most plant tissues upon infection with microbial pathogens
(Powell et al., 2000). PGIPs are extracellular proteins that, therefore, are available to move in the apoplastic
stream as it is transported through the xylem. Grapevines, which have been modified to produce in all tissues a
PGIP normally expressed in pear fruit (pPGIP), have reduced susceptibility to Xf, probably because pPGIP
inhibits the XfPG enzyme. Previous work has shown that the active pPGIP protein is transported across graft
junctions from pPGIP-expressing grape and tomato rootstocks into wild-type (i.e. not expressing pPGIP) scion
stem sections (Agüero et al., 2005, Haroldsen et al., 2012). Therefore, because infectious Xf populates the xylem,
the presence of pPGIP in the xylem but coming originally from the roots, may reduce XfPG activity and thereby,
limit spread of and damage byXf.

This project was originally designed to generate sufficient grafted and own-rooted pPGIP expressing Thompson
Seedless and Chardonnay grapevines to plant commercial-type vineyards, and to evaluate their performance and
resistance to Pierce’s disease. The goals of establishing and identifying the fields have been met and the plantings
are now being evaluated for their responses to natural or introduced infections with Xf.

OBJECTIVES
1. Scale up the number of grafted and own-rooted pPGIP expressing grapevine plants.
2. Plant and maintain grafted and own-rooted vines in two locations with different Pierce’s disease pressures.
3. Evaluate relevant agronomic traits of vines in two locations.
4. Determine Pierce’s disease incidence in pPGIP expressing grafted and own-rooted lines. Test for Xf presence

and determine the extent of infection.

RESULTS AND DISCUSSION
Objective 1. Generate enough grafted and own-rooted grapevines for the field trials.
The pPGIP expressing Chardonnay and Thompson Seedless (TS) grapevines originally generated by Agüero et al.
(2005) were maintained at the UC Davis Core Greenhouses. Vegetative cuttings of non-lignified stem sections
from transgenic and control plants of both cultivars (“own-rooted”) were rooted in aeroponic cloning manifolds
(EZ-Clone Inc., Sacramento, CA), acclimated, and transferred to field sites. Grafted and “transgrafted” plants
were generated for the field trials and were made by green grafting rootstock stem sections with budding scion
tissue. Transgrafted plants had rootstocks from the pPGIP expressing lines and scions that do not express pPGIP.
Grafted plants had the rootstocks and scions with the same genotypes. The number of plants of each genotype and
grafting protocol for the field sites in Solano and Riverside counties are shown in Table 1. DNA was prepared
from the vines used as source tissue for grafting and the genotypes were confirmed by PCR.



  

               
                

         

 

  
 

 

 

     
                

              
                
                 

               
                

                     
                

           

                   
                

              
                    

                 
               

                  
                

               
               

                
                

                  
   

                 
                 

  

Sufficient plants of both the Chardonnay and TS varieties have been self-grafted, transgrafted, or propagated by 
own rooting to complete the Solano and Riverside county plots. The genotypes of the plants have been verified. 
All of the vines have been transplanted to the sites. 

Table 1. Numbers of grapevines planted in Solano and Riverside counties. Upper portion of the graphic is scion 
genotype, lower portion is rootstock phenotype; nongrafted plants have no break. Hatched fill represents pPGIP 
expressing rootstocks and/or scions; black fill is null-transformants (no pPGIP) controls; white fill is non-transformed 
controls. In Solano County, own-rooted vines were mechanically inoculated in the summers of 2011-2013; transgrafted 
vines were inoculated in 2013 and 2014. Vines planted in Riverside County had “natural” infections. 

SOLANO ‘Chardonnay’ ‘Thompson Seedless’ 
Strategy 

(Scion/root) 

Own-
Rooted 

Inoculated 
(2011-2013) 17 10 9 

5Non-
Inoculated 

8 2 

Grafted 

Inoculated 
(2013, 2014) 9 8 9 9 9 9 

Non-
Inoculated 

4 4 4 4 4 4 

RIVERSIDE 
Own-

Rooted 
Natural 

Infections 
13 11 6 9 12 6 

Grafted 
Natural 

Infections 
16 6 8 6 3 7 14 7 3 3 

Objective 2. Establish field trial sites. 
Field trial sites in Solano and Riverside counties have been established to assess the Pierce’s disease resistance 
and general agronomic viability of own-rooted and grafted pPGIP expressing grapevines. The field plans of the 
Powell trial plots in Solano and Riverside counties are shown in Figure 1.The vines satisfying our initial PCR 
analysis were hand-planted in a randomized block design with blocks consisting of two or three individuals in the 
same treatment (Table 1). The young plants were placed in protective grow tubes and hand-watered every two 
weeks in Solano County or as needed. In Riverside County, the plants were watered by drip irrigation. In 
Riverside County, the plot is at the bottom of a small hill and the soil is very sandy and porous; irrigation water 
accumulates in the lowest row (Row E). At both sites, grapevines were planted approximately eight ft. apart and 
tied to wooden stakes with trellising wires at 40 and 52 inches. 

In Solano County, the vines were pruned by the PI and the field crews to maximize potential cane numbers for 
inoculations and to establish vigorous positions for future growth. In 2014, the first pruning was done in March, 
and the vines were re-pruned in April, July, and late September/early October. This pruning schedule is 
unconventional but was done to try to standardize vine growth in our plots with the practices of the other PIs with 
plots in the same field. With the permit amendment granted by the BRS-USDA in 2012, flowers and fruiting 
clusters were allowed to persist. Initially, all of the own-rooted Chardonnay vines were cordon trained and spur 
pruned and the majority of the Thompson Seedless vines were cane pruned in an attempt to maintain proper vine 
balance and ensure fruit development in our field in the Solano County site. Subsequent prunings have not taken 
into account varietal differences. The vines at the Riverside County site were pruned according to the schedule 
established at UC Riverside and varietal differences were not addressed in the prunings. The Solano County site 
has been observed approximately monthly for the duration of the growing season and the vines in Riverside 
County established themselves well and were continuing to grow robustly as of late October 2014. Vines at the 
Riverside County site were evaluated by this group in April and October. The activities in 2014 at both field sites 
are shown in Table 2. 

Since June 3, 2013, both the Riverside and Solano county sites have been established with all the planned 
plantings for this project. A consistent pruning regime remains a goal for this plot so comparisons can be made 
with other evaluators. 
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NIA 

NIA 

Olard +pPGP 

Olard Wld-Type (WTa-1)  

TS WI!-Type (WT-TS) 

TSC / +pf'G P Transgraft 

WT-TS/+pPGPTransgraft 

Figure 1. Field plans for Solano (A) and Riverside (B) county sites. TI1e color codes of the 

genotypes are given in the accompanying table: O .R. = own-rooted, Gr.= grafted. 

i

Table 2. Activities at the Solano and Riverside countv sites for this oroiect in 2014. 

Date Location Activity 

14 March 2014 Solano 
Visual scoring of symptoms from 2011-2013 infections at each year's inoculation site 
on each grafted plant 

19 March 2014 Solano Visual re-scoring of symptoms from 2011-2013 infections (see above) 

20 March 2014 Solano Photos, light pruning since vines have buds that have broken; first pmning since 2013 

4April 2014 Riverside Disease sc01i.ng of symptoms on each plant; photos taken (CJ UCD) 
28 May2014 Solano Inoculate ca. 4 fresh canes/grafted vine for 2014; no pmning 

9 July2014 Solano Visit field to assess disease on each plant 

27 July2014 Solano 
Take cane samples of ca. 1 cane/ genotype/plot for qPCR of canes infected in 2014; 
prune. vines again 

29 July2014 Solano Count scorched leaves on infected canes; photos taken 

3 Se ptember 2014 Solano Disease assessment by D. Golino (UCD) 

ca. 1 October 2014 Solano Vines pnmed again 
6 October 2014 

9 October 2014 

Riverside 

Solano 

Disease sc01i.ng of all plants by P. Rolshausen (PR, UCR) 

Count infected leaves 

24 October 2014 Riverside Disease re-scoring of all plants, photos taken by A. Powell ( AP, UCD) 

Objective 3. Evaluate relevant agronomic traits of vines in two locations. 

Because of inconsistent and atypical prnning this year, detailed analyses of overall vine growth was not pursued 
in detail in Solano County. Other than differences due to the va1iety (Chardonnay or Thompson Seedless), in 
general, however, no difference in overall growth, time to flower, fmit set, or yield was noticed in the vines. All 
produced buds in mid-March and flower buds broke by the end of March. Non-grafted vines had been inoculated 
for three years by March 2014, and clear examples of death in non-PGIP producing vines were apparent. Numbers 
of bud producing, no-bud producing, and scorched leaves along canes inoculated in 2011, 2012, and 2013 were 
recorded in March 2014 and will be analyzed for ftnther details. The data has not yet been analyzed for statistical 
significance or for effects due to grafting. Photos of each vine were taken in March and will be analyzed in time 
for the Annual meeting. 
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At the Riverside County site, vine vigor was analyzed on April 4, 2014. Not much growth was visible on the vines
and so the scores were very low; assessments will be made in the future later in the season. Assessments of the
number of visible canes were made in late October 2014 and are shown in Figure 2. In general, vines that had
been transformed, either with the empty vector (Control) or with the pPGIP construct (pPGIP and transgrafted)
produced slightly fewer canes than the wild-type vines that had never been transformed. The two varieties
Chardonnay and Thompson Seedless did not differ in the number of visible canes, but this could be a result of
similar pruning regimes applied to the vines. Variation due to grafting vs. own rooting has not yet been analyzed
but is available in the data collected.

Figure 2. The average number of visible canes (without regard to the viability or extent of Pierce’s
disease) of vines in the Riverside County plot. Measurements were taken in late October 2014.

In general, the expression of pPGIP either in the scion or the rootstock or both does not impact the phenotype of
the plant. However, based on the number of canes in the vines at the Riverside County site, transgenic
manipulation, either introducing an empty vector (Control) or engineering the expression of pPGIP with the
pPGIP construct could have negative impacts on the number of canes produced by the vines, particularly in the
Thompson Seedless variety. However, the vines were not pruned in the format generally accepted for table
grapes, such as Thompson Seedless, so the effect may be less apparent when the vines are appropriately pruned.
In the Chardonnay variety, the negative effect on cane number was only seen in material engineered to express
pPGIP.

Objective 4. Determine Pierce’s disease incidence in pPGIP expressing grafted and own-rooted lines. Test
for Xf presence and determine the extent of infection.
At the Riverside County plot, assessments of disease throughout the vines were made twice in October 2014 and
initially in April 2014. The April assessment probably was too early in the season. Evaluators, PR and AP, used
the same general assessment scale going from 0 (no disease) to 5 (dead) to evaluate the vines. Additionally, AP
counted the total number of canes per vine and the number of canes with scorched leaves or no growth (diseased
canes). The initial analyses of the results are given in Figure 3. In general, expression of pPGIP throughout the
vines or via grafting to pPGIP expressing rootstocks reduced slightly the disease score and reduced the number of
infected canes. The data has not yet been analyzed for statistical significance or for effects due to grafting.

At the Solano County plot, the leaves/petioles with evidence of Pierce’s disease were counted in March 2014
along canes which had been infected in 2011, 2012, and 2013. The data has not been analyzed yet. The vines were
reinoculated along with the vines in the plots of the other PIs on May 28, 2014. Up to four canes per vine were
inoculated as previously with inoculum provided by D. Gilchrist. In our plot only vines that were grafted or
transgrafted were inoculated in 2014. Previous inoculations in 2011-2013 had included vines that were own-
rooted. The extent of disease along the canes inoculated in 2014 was measured three times during the 2014 season
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scion portions of the vines, although the Thompson Seedless variety showed a more pronounced positive effect
than the Chardonnay variety. In Solano County, analysis of the vines infected in 2014 demonstrated disease
progression over the summer and suggested that pPGIP expression in the scion portions of the vines provided
greater reduction in disease development than expression of pPGIP just in the rootstock portions of the vines. In
this field, the beneficial effects of PGIP expression were more pronounced in the Chardonnay variety than in the
Thompson Seedless variety. Examples of infected vines are shown in Figure 5.

Figure 5. Selected examples of vines from the Riverside and Solano county sites. Photos taken in October 2014. CC/CC
and TSC/TSC are vines that were grafted Chardonnay and Thompson Seedless controls in which the rootstocks and
scions had been transformed with the control empty vector. CC/329 are transgrafted Chardonnay with pPGIP expressing
rootstocks and TSC/79 are transgrafted Thompson Seedless with pPGIP rootstocks

CONCLUSIONS
All of the grafted plants necessary for the studies in Solano and Riverside counties were generated, planted, and
inoculated according to the plans of the project. The genotypes of the grafted plants were confirmed. Initial
infections in 2011 of the vines in Solano County produced no visible symptoms over a year. The second set of
inoculations in Year 2 resulted in detectable Xf DNA in infected vines in November 2012 and visual symptoms of
Pierce’s disease in April 2013. Mechanical inoculations with Xf bacteria in 2011 and 2012 in Solano County
resulted in the accumulation Xf DNA sequences only in the inoculated, but not in the uninoculated, cane material.
Symptoms of Pierce’s disease infection were visible on the inoculated vines beginning generally in the spring of
the year following the introduction of Xf. Inconsistent or atypical pruning schedules have made determinations of
similarities of vine phenotype and vigor to commercially propagated fields difficult, However, the overall
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performance of the own-rooted Chardonnay and Thompson Seedless vines in the field seems to be unaffected by
the expression of pPGIP either in the scion or the rootstocks. The evaluations of the leaf and cane phenotypes of
the plants suggest that pPGIP expression improves resistance of vines to Pierce’s disease, probably more in the
Thompson Seedless than in the Chardonnay variety during natural infections in Riverside County, but the
Chardonnay vines with pPGIP had fewer Pierce’s disease symptoms than the Thompson Seedless variety when
mechanically inoculated in Solano County. By using varieties grown for fresh fruit and for wine production in
California, we are comparing the impacts of these changes using varieties which grow with different habits and
which are important to different segments of the community of California grape growers.
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ABSTRACT
Pierce’s disease incidence has been associated with the spread of the causal agent, Xylella fastidiosa (Xf),
throughout the xylem vasculature of infected grapevines. The spread from one vessel to the next utilizes cell wall
modifying enzymes produced by the bacteria to degrade pit membranes separating adjacent vessels (Pérez-
Donoso et al., 2010). One enzyme that degrades the polysaccharide portion of pit membranes is a
polygalacturonase (XfPG), a well-characterized Pierce’s disease virulence factor of Xf (Roper et al., 2007).
Previous projects have analyzed the PG-inhibiting proteins (PGIPs) for their potential to minimize the damage
caused by pathogens and pests on plants (Powell et al., 2000, Aguero et al., 2005), including damage caused by Xf
in Pierce’s disease. Two field projects currently funded by the CDFA use pear fruit PGIP (pPGIP) to restrict Xf
movement.

This project was designed to generate a new polyclonal antibody preparation that recognizes PGIPs in general and
new preparations of monoclonal antibodies that specifically recognize the pPGIP protein. The previous polyclonal
antibody preparation used in initial analyses of plants was over 25 years old and little of the stock remained (Stotz
et al., 1993). The monoclonal antibody is necessary for the related field evaluation projects, including “Field
Evaluation of Grafted Grape Lines Expressing PGIPs” (PI Powell). The monoclonal antibodies allow detection
and quantification of pPGIP without cross-reactive interference from the native PGIP. Plants can, therefore, be
more efficiently screened for the presence of the pPGIP protein, whether directly produced in, or transported to
the plant tissue of interest from grafted rootstocks and comparisons of anti-Pierce’s disease strategies can be made
knowing the amount of the active anti-Pierce’s disease protein in the tissues. The goal of the work was to design,
generate and evaluate the new antibody preparations.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf), the bacterium that causes Pierce’s disease of grapevines, utilizes a key enzyme,
polygalacturonase (XfPG), to spread from one grapevine xylem vessel to the next, eventually leading to the
development of Pierce’s disease symptoms because the bacteria multiply and interrupt the flow of nutrients and
water through the vessels of the plant. PG-inhibiting proteins (PGIPs) produced by plants selectively inhibit PGs
from bacteria, fungi, and insets. Our work (Abu-Goukh et al., 1983) identified a PGIP (pPGIP) from pear fruit
that at least partially inhibits the XfPG and we demonstrated that expression of pPGIP reduced Pierce’s disease
symptom development in grapevines (Aguero et al., 2005). Current projects, including field trial evaluations,
require a monoclonal antibody specifically recognizing the pPGIP protein in order to detect, quantify, and
characterize the pPGIP protein delivered to the scion portion of grafted plants from rootstocks expressing the
pPGIP (Aguero et al., 2005). The new monoclonal antibodies allow the researchers to compare the amounts of the
pPGIP protein at different times and places and, thereby, determine the protein’s role in XfPG inhibition in
grapevines. We have received a new polyclonal antibody that recognizes pPGIP and we have received
monoclonal antibody preparations made to recognize specific and unique parts of the pPGIP protein. We purified
active pPGIP from green pear fruit to develop and test the antibody preparations.

OBJECTIVES
1. Purify pear fruit PGIP protein to use to generate new polyclonal and monoclonal antibodies.
2. Calibrate the antibodies produced to determine effective dilutions for use in detecting the pPGIP protein.
3. Use the antibody to detect transgenic pear PGIP in xylem sap of own-rooted and grafted grapevines.
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Only the peptide labelled pPGIPa in Figure 2 succeeded in raising antibodies that recognize a peptide rather than
the bovine serum albumin (BSA)-conjugate in an Elisa assay. Hybridoma clones 3H12, 6G2, and 7G5 recognize
the pPGIPa peptide LETLEFHKQPC. Material from clones 3H12 and 6G2 recognize pPGIP protein in ELISA
analyses and will be assayed further once more material is available to find effective concentrations for Western
blot analyses.

Figure 2. Amino acid sequences of pear (pPGIP), tomato (LePGIP), common bean (pvPGIP), and grape
(vvPGIP) showing the location of the leucine-rich repeats (LRR) and the three pPGIP specific peptides (in
yellow, blue, and pink pPGIP-a, pPGIP-b, pPGIP-c) and the peptide common to all PGIPs (in red, General
PGIP). Locations on the predicted 3-D structure of PGIP are shown.

Objective 3. Use the antibody to detect transgenic pear PGIP in xylem sap of own-rooted and grafted
grapevines.
The western blot with the new polyclonal antibodies in Figure 3 contains proteins from the leaves of a tomato
line expressing pPGIP; similar results have been obtained with xylem sap collected from the cut stem of the same
plants. Efforts to collect xylem sap from pPGIP-expressing grapevines has yielded only a very small amount of
protein and the expected greater sensitivity of the monoclonal antibodies is necessary to detect this pPGIP from
grapevine xylem exudate, but we have not yet determined an appropriate dilutions of the cell line supernatants to
do this. However, it is clear that the polyclonal antibody (Figure 4A) and at least one of the monoclonal antibody
lines (6G2) recognize pPGIP protein in grape leaves and berries. Optimization of the dilutions of the monoclonal
antibodies for use on Western blots continues. Activities for this objective will be concluded once more
supernatants from the cell lines expressing the monoclonal antibodies are received at UC Davis.
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Figure 3. Image of western blot of proteins cross-reacted with (A) polyclonal antibodies
from the first test bleed serum in response to the general PGIP peptide and (B) pre-bleed
serum from the rabbits (B).

Figure 4. Western blots using (A) new polyclonal antibody to the General pPGIP peptide or (B left)
monoclonal antibody 6G2 or (B right) combined supernatants from the hybridoma lines. All proteins were
from leaves except for two samples from grape berries. 10 mg protein was loaded per lane.

CONCLUSIONS
In response to the strategy recommended by the CDFA Pierce’s Disease Research Scientific Advisory Panel
(RSAP) to enhance the resistance of grapevines to Pierce’s disease, several field trial projects have used
alternative approaches to optimally express plant genes for particularly effective PGIPs targeting the Xf PG
(XfPG) in transgenic grape rootstocks. This project allowed for the generation of polyclonal antibodies that
recognize PGIPs and monoclonal antibodies that specifically recognize the pPGIP protein so that the amount of
protein can be compared among different strategies, different plants, and at different times. Using monoclonal
antibodies is necessary for the multiple field trial projects evaluating the efficacy of pPGIP as an anti-Xf strategy.
The antibodies allow for detection and quantification of pPGIP without cross-reactive interference from the native
PGIP and will allow comparisons between groups. Plants can, therefore, be more efficiently screened for the
presence of the pPGIP protein, whether directly produced in or transported to the plant tissue of interest from
grafted rootstocks.

The goal of the project was to provide the resources needed for the field trial projects that are designed to help the
California grape industry develop a strategy that uses plant genes to limit the damage caused by Xf and to mobilize
this technology with non-transgenic vines grafted on the disease limiting rootstocks. The project’s outcomes should
provide growers with plants that resist Pierce’s disease and produce high quality grapes.

pPGIP

A B
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The relevance of the research was based on the RSAP review and RFPs which gave priority to delivery proteins,
including PGIPs, from grafted rootstocks to control Pierce’s disease. Two currently funded projects use
expression of PGIPs as control strategies to limit the spread of Xf in the xylem network and thereby reduce
Pierce’s disease symptom progression in infected vines. Monoclonal antibodies recognizing pear fruit PGIP
(pPGIP), the protein expressed in the grape lines that are currently under evaluation in field trial studies, was
needed to detect, quantify, and observe the localization of the protein in the transformed grapevines and in grafted
vines with transformed rootstocks. In order to make comparisons between the different strategies to control Xf
spread, the amounts and efficacy of the pPGIP in the infected parts of the plant must be determined and a pPGIP
recognizing monoclonal antibody developed to allow measurements of the amounts of the protein. Authentic
pPGIP protein from pear fruit could have been used to prepare this monoclonal antibody which would be
maintained in perpetuity as a cell culture, but we modified the approach and synthesized synthetic peptides from
specific regions of the pPGIP protein to use as antigens. This approach assures that antibodies recognize only
pPGIP and not the endogenous grape PGIPs. Production of the monoclonal antibodies has been accomplished and
has been partly tested for the specificity and strength of their recognition of properly glycosylated, active pPGIP
protein from pear fruit and pPGIP expressed grape plants which have been purified.
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ABSTRACT
Our goal is to maintain the experimental vines currently being evaluated for management strategies of Pierce’s
disease. We have been implementing viticulture production standards in order to reduce the impact of abiotic and
biotic stresses on vine health, thereby providing an objective assessment of the efficacy of each strategy. Those
strategies were previously developed by project investigators (see list of collaborators) and funded by the CDFA
Pierce’s Disease and Glassy-winged Sharpshooter Board, and include different transgenic approaches and the use
of a biocontrol agent. Here we present all the field activities that were conducted since July 2014, including
irrigation water, soil, and plant tissue analyses. Based on these analyses, we identified several problems that may
have limited the establishment and growth of those vines after planting. Abiotic stresses that were identified
included slightly alkaline soil and water, nutrient deficiencies in the soil (i.e., nitrogen, magnesium, boron, and
phosphorous), and in the plant (i.e., nitrogen and phosphorous), as well as boron toxicities in plant tissues. Crop
load was also an issue in the Hopkins/Kirkpatrick plot. Biotic stresses other than Pierce’s disease included the
nematode Tylenchulus semipenetrans in the Dandekar plot and powdery mildew (Erysiphe necator) in the
Hopkins/Kirkpatrick plot. As expected, disease pressure increased over the summer, as indicated by an increased
number of glassy-winged sharpshooters (Homalodisca vitripennis) caught on yellow sticky traps. Pierce’s disease
severity was recorded in all research plots and the results are presented in this report, but will be discussed in
reports by individual PIs.

LAYPERSON SUMMARY
Alternative strategies for control of Pierce’s disease are currently being evaluated in a field trial in Riverside
County. Vines are subjected to natural disease pressure because of the presence of populations of the glassy-
winged sharpshooter (GWSS), an insect vector of the bacterium Xylella fastidiosa which causes Pierce’s disease
of grapevines. Here we present all the field activities that were done since July 2014, including irrigation water,
soil, and plant tissue analyses. Based on these analyses, we identified several problems that may have limited the
establishment and growth of those vines after planting. Abiotic stresses that were identified include slightly
alkaline soil and water, nutrient deficiencies in the soil (i.e., nitrogen, magnesium, boron, and phosphorous), and
in the plant (i.e., nitrogen and phosphorous), as well as boron toxicities in plant tissues. Crop load was sometimes
an issue. Biotic stresses other than Pierce’s disease included nematodes and powdery mildew. As expected,
disease pressure increased over the summer, as indicated by an increased number of GWSS caught on yellow
sticky traps. Pierce’s disease severity was recorded in all research plots and results are presented in this report, but
will be discussed in reports by individual PIs.
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INTRODUCTION
Xylella fastidiosa (Xf) is a Gram negative, xylem-limited, insect-vectored bacterium and is the causal agent of
Pierce's disease of grapevine (Hopkins and Purcell, 2002). Current Pierce’s disease management strategies
primarily involve vector management through the use of insecticides. Several alternative strategies are currently
being evaluated in field trials. One of the field trials is located in Riverside County. The experimental grapevines
grown there are subjected to natural populations of the glassy-winged sharpshooter (GWSS; Homalodisca
vitripennis), a serious vector of the Xf bacterium. The strategies developed by principal investigators Dandekar,
Lindow, Gilchrist, Powell, and Kirkpatrick/Hopkins that are currently being evaluated include various transgenic
grapes and grape rootstocks expressing genes from different constructs, as well as the use of a non-virulent Xf
strain as a biocontrol agent (see individual PIs reports for more information). Our goal is to maintain the vines
growing at the site and record data on insect vector and disease pressure and Pierce’s disease incidence and
severity in order to identify the most effective control strategies moving forward.

OBJECTIVES
1. Maintain grapevines and research plots.
2. Monitor sharpshooter populations and disease pressure.
3. Record Pierce’s disease severity.

RESULTS AND DISCUSSION
Objective 1. Maintain grapevines and research plots.
Field activities since July of 2014 are reported in Table 1. Water, soil, and tissue samples from each experimental
plot were sent to Fruit Growers Lab, Inc. for analyses (Tables 2, 3, and 4). The Ever-Green Nematode Testing
Lab, Inc. also performed nematode analyses from soil samples. For the irrigation water, no obvious problem was
noticed besides a slightly alkaline pH (Table 2). The soil from shallow (0-25 cm) and deep (25-50 cm) samples
around grapevine roots as well as background soil from middle rows also showed that soils were slightly alkaline.
This condition is likely affecting cation exchange capacity (CEC) as higher pH decreases cation availability
(Table 3). Overall, the deep soil seems to be more deficient in magnesium and zinc. In addition, boron, nitrate-
nitrogen, and phosphorous availability were limited in deep and shallow soils. Some of these carried over to tissue
analyses whereby nitrogen and sometimes phosphorous and zinc were lower than the optimum range (Table 4).
However, toxic levels of boron were recorded in vines from all experimental plots. Mineral nutrient imbalance
was also previously reported in grapevines and host plants infected with Pierce’s disease (Lu et al., 2003; De La
Fuente et al., 2013), but never for boron. Those deficiency or toxicity levels may have confounded Pierce’s
disease symptoms, as older leaves with boron toxicity can appear scorched. Thus improper disease severity rating
may have resulted from it. Vine tissue analyses will be repeated in the spring of next year to confirm some of
these preliminary data and vines will be fertilized accordingly to mitigate the deficiencies and toxicities observed.
Nematode analysis showed that Tylenchulus semipenetrans was present in Dandekar’s plot (2,254 nematodes per
kg of soil) and they may have stressed the vines and caused them to decline (Verdejo-Lucas and Mckenry, 2004).
Interestingly, these nematodes were only found in Dandekar’s block. Abiotic stresses such as heavy crop load that
was only observed on some vines in the Hopkins/Kirkpatrick plot may also have stressed the vines and caused
them to decline (Figure 1B).

Objective 2. Monitor sharpshooter populations and disease pressure.
Sharpshooters were monitored at the experimental site in all three blocks (Dandekar, Gilchrist/Lindow/Powell,
and Kirkpatrick/Hopkins). For each block, six 6” x 9” double-sided yellow sticky traps were placed randomly
throughout the plots. Traps were mounted on wooden stakes slightly above the vine canopy. These traps were
collected every month and returned to the laboratory to identify under the stereomicroscope the number of GWSS.
Results (Figure 2) showed that a low insect vector population was recorded early in the season (March to May
2014) but that that population drastically increased over the summer of 2014. In addition to monitoring
sharpshooter populations, we will monitor their natural infectivity. The GWSS collected from the sticky traps will
be subjected to qPCR (Yang et al., in preparation) to determine the fraction testing positive for Xf. This
information, together with sharpshooter seasonal counts, will allow for estimates of disease pressure at each
experimental plot.
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Table 1. Field activities for all grapevine experimental plots located in Riverside County.

Date Activity
July 2 Traps collected, sharpshooters censused, new traps deployed
July 11 Rodent control
July 12 Grape tissue sampling for analysis by Fruit Growers Lab
July 17 Fungicide application (Rally + stylet oil) for powdery mildew control; weed control
August 7 Traps collected, sharpshooters censused, new traps deployed

August 8 Pruning and burying grape cuttings; fungicide application (stylet oil) for powdery mildew
control

August 21 Pruning and burying grape cuttings

August 22 Soil and root sampling for nematode count; Ever-Green Nematodes Testing Lab
Soil sampling for analysis by Fruit Growers Lab

August 12-26 Weeding and vine training
August 26 Weed control
September 4 Traps collected, sharpshooters censused, new traps deployed
September 17 Water sampling from drip irrigation for analysis by Fruit Growers Lab
September 22 Pierce’s disease severity rating
September 23 Weed control
September 29 Pierce’s disease severity rating
October 6 Pierce’s disease severity rating; sampling petioles for Xf detection by qPCR

Figure 1. (A) Grapevine cv. Pinot improperly trained, also showing powdery mildew symptoms. (B) Over-cropped
grapevine cv. Pinot showing signs of stress.
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CONCLUSIONS
The field trial experimental site in Riverside County is the perfect site to evaluate strategies for control of Pierce’s
disease, because of the natural presence of GWSS, the disease vector. Our observations and results indicated that
the management practices at the experimental site need to be modified so one could fully assess the efficacy of
each strategy. However, the symptoms and decline of the grapevines that we recorded are mostly caused by the
presence of Xf, although additional stressors may have caused those vines to decline faster.
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ABSTRACT
The goal of this research is to identify fungal natural products antagonistic to Xylella fastidiosa (Xf) that could be
developed into curative treatments for Pierce’s disease. We previously showed in in vitro bioassays that eight
fungal endophytes inhabiting grapevines possess anti-Xf properties, likely due to the production of natural
products. We have purified and characterized two of those natural products (radicinin and molecule ‘C’) produced
by Cochliobolus sp. and Dreschlera sp., and showed that they were effective inhibitors of Xf. However, these
molecules have poor solubility in water and thus were not systemic when injected in planta, and therefore did not
reduced Pierce’s disease symptoms development. The next step is to develop water-soluble derivatives of those
molecules so they can be applied as foliar sprays or trunk injections in vines and become active in the xylem,
where the bacteria reside. First we developed a procedure for purifying radicinin by recrystallization instead of
chromatography to increase yield and purity of the product. Second, we have produced several semi-synthetic
molecule derivatives of radicinin, with one molecule showing increased water solubility. These molecules are
currently under review for patentability by the Executive Licensing Officer in the UC Riverside Office of
Research and, hence, their names cannot be disclosed in this report.

LAYPERSON SUMMARY
Several management strategies for Pierce’s disease are currently being developed, but as of today successful
management largely involves vector control through the use of insecticides. Here we propose to test an alternative
control strategy to complement those currently in place or being developed. We have identified eight fungi
naturally inhabiting grapevines that are antagonistic to Xylella fastidiosa (Xf) in vitro. The strategy is to use the
natural compounds produced by these fungi as potential curative treatments for Pierce’s disease. We have been
extracting, purifying, and characterizing these fungal compounds and have identified two molecules that are
inhibitory to the bacterium in an in vitro bioassay. However, those molecules have poor water solubility and could
not be used successfully as treatment for Pierce’s disease infected grapevines. We are working towards increasing
water solubility of these molecules so they can be applied as foliar sprays or trunk injections in vines and become
active in the xylem where the pathogen resides. These natural products are currently under review for
patentability by the Executive Licensing Officer in the UC Riverside Office of Research and, hence, their names
cannot be disclosed in this report.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram negative, xylem-limited, insect-vectored bacterium that is the causal agent of
Pierce's disease of grapevine (Hopkins and Purcell, 2002). The recent introduction of a more effective vector, the
glassy-winged sharpshooter (GWSS; Homalodisca vitripennis), to southern California shifted the epidemiology of
Pierce’s disease from a monocylic to a polycyclic disease. This led to a Pierce’s disease epidemic with severe
economic consequences for the southern California grape industry. The potential for the GWSS to move north and
become established throughout the state remains a severe threat to the other major grape-growing regions (central
and northern California). Current Pierce’s disease management strategies largely involve vector management
through the use of insecticides.
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Control of Pierce’s disease with fungi or fungal metabolites is a largely unexplored research area. Fungi are
receiving increasing attention from natural product chemists due to the diversity of structurally distinctive
compounds they produce, together with the fact that many fungal species remain chemically unexplored. Fungi
are excellent sources of interesting novel molecules that may be candidates with potential for control of bacterial
diseases. Indeed, using fungi as biocontrol agents against plant disease is an active area of research (Amna 2010;
Proksch et al., 2010; Xu et al., 2008). We first characterized the microbial diversity in grapevines that escaped
Pierce’s disease in natural vineyard settings, and compared this population to Pierce’s disease-infected grapevines
with the goal of identifying fungi that are unique to Pierce’s disease escaped vines. We identified eight fungal
endophytes that possess anti-Xf properties, likely due to the production of natural products. Our objective is to
identify anti-Xf fungal endophyte natural products and natural product derivatives that we could use as curative
treatments for Pierce’s disease.

OBJECTIVES
1. Identify fungal natural products and semisynthetic derivatives active against Xf.
2. Evaluate fungal natural products and semisynthetic derivatives for their potential as curative treatments for

vines already infected with Pierce’s disease.

RESULTS AND DISCUSSION
Objective 1. Identify fungal natural products and semisynthetic derivatives active against Xf.
The goal of this objective is to identify fungal species and fungal natural products produced by endophytes that
can be used as curative treatments for control of Pierce’s disease. We previously identified eight fungal specimens
inhabiting grapevine tissues (xylem sap, shoot, petioles, and spur) that were able to inhibit Xf in a bioassay
(Rolshausen and Roper, 2011). In brief, Xf liquid cultures are adjusted to OD600nm=0.1 (approx. 107 CFU/ml); 300
µl of the Xf cell suspension are added to three ml of PD3 medium containing 0.8% agar and briefly vortexed. This
mixture is then overlayed onto a petri plate containing PD3 medium. A sterile circle of agar is drawn from the
margin of an actively growing pure fungal culture and is placed onto the plates previously inoculated with Xf.
Plates are incubated at 28ºC for seven days and then observed for an inhibition zone around the fungal colony
(Figure 1).

In addition, crude extracts collected from the fungal cultures showing inhibition towards Xf were collected for
evaluation using a similar growth inhibition assay as described above. In brief, agar plugs of 0.5 cm diameter of
each fungus were used to inoculate 250 mL liquid media, and the fungi were cultivated at room temperature on a
shaker. After 10 days, each culture was filtered and further extracted with ethyl acetate, re-suspended in sterile
methanol to an extract mass of 1mg, pipetted onto sterile paper discs, and allowed to dry in a laminar flow hood.
Once dry, the paper discs containing the crude extracts were placed onto the Xf cultures and incubated at 28ºC for
seven days. Following this, plates were observed for a halo of inhibition around the paper disc and compared to
control Xf-only plates and plates with paper discs treated with methanol only. Crude extracts showing inhibition
were further processed to purify and identify the inhibitory molecules. Thus far, we have purified two molecules
(radicinin and molecule ‘C’) that are active against Xf growth in vitro and have characterized their chemical
structure. Radicinin is produced by Cochliobolus sp. and molecule ‘C’ is produced by Dreschlera sp. These
molecules are currently under review for patentability by the Executive Licensing Officer in the UC Riverside
Office of Research and, hence, their names cannot be disclosed in this report.

Figure 1. In vitro inhibition assay used to evaluate fungal activity towards Xf. Xf cells were plated in top agar
and agar plugs containing fungi were placed on top. Inhibition was evaluated after 8 days of incubation at
28˚C. A) Xf-only control; B) No Xf inhibition; C) Mild Xf inhibition; D) Total Xf inhibition.
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Figure 4. In vitro bioassay showing inhibition of Xf with 250 µg of molecule ‘C’
as indicated by the halo around the disc.

Objective 2. Evaluate fungal natural products and semi-synthetic derivatives for their potential as curative
treatments for vines already infected with Pierce’s disease.
The goal of this objective is to evaluate the anti-Xf efficacy of fungal natural products derivatives in planta. Once
this proof of concept is established in the greenhouse, the experiment will be carried over to the field. The
deliverable for this objective is the development of a commercial product for the cure of PD. We have currently
identified two fungal natural products as an active molecule inhibitory to Xf (see objective 1). We had previsouly
developed greenhouse assays to test radicinin on PD-infected vines. However, we observe no reduction of PD
symptoms development because we established that radicinin was not water-soluble. When we will have
sufficient quantities of the water-soluble radicinin derivatives and/or other natural product derivatives and
confirmed that they maintained the anti-Xf activity, we will evaluate those products in the greenhouse assays
using vascular injection techniques and spray on leaves.

Figure 5. Needle-injection of an anti-Xf molecule in the xylem of Pierce’s disease
infected grapevine cuttings.

CONCLUSIONS
We aim to investigate curative measures for management of Pierce’s disease as part of a sustainable Pierce’s
disease management program. Our strategy is to evaluate the use of anti-Xf fungal natural products produced by
grapevine endophytic fungi. The commercialization of such of product will provide a solution to growers that
have vineyards already infected with Pierce’s disease. We have already discovered two active anti-Xf fungal
natural products, radicinin and molecule ‘C.’ However, radicinin did not show efficacy in our greenhouse trials on
Pierce’s disease infected vines, likely because it is not water-soluble. We are now synthesizing semi-synthetic
derivative molecules to increase water solubility of these products, which should increase their movement in the
plant xylem where Xf resides. In addition to these two products, we are also searching for additional active water-
soluble natural anti-Xf compounds. In the event that these compounds mitigate Pierce’s disease in the greenhouse,
we will test their efficacy in natural vineyard settings in the future.
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ABSTRACT
Pathogen-derived resistance (PDR) is a term that refers to the use of genes from the pathogen in plant
transformation strategies to increase resistance against the disease caused by the pathogen. Initially used against
viruses, this approach was recently demonstrated to be successful against Xylella fastidiosa (Xf), the bacterium
that causes Pierce's disease in grapevines (Lindow et al., 2014). Transgenic grapevines overexpressing the rpfF
gene reduced the incidence of disease and the colonization of bacteria in the plant, suggesting that excess
diffusible signal factor (DSF) caused confusion in the pathogen, altering its ability to colonize transgenic plants.
Since the rpfF gene from Xf that causes citrus variegated chlorosis (CVC) shares 92% identity with the Xf that
causes Pierce’s disease, we investigated the possibility of citrus transgenic plants overexpressing rpfF (XfCVC-
RpfF) to be CVC resistant. Besides rpfF, other genes from the pathogen, such as those encoding the toxin from
the toxin/antitoxin (TA) system could also change the behavior of Xf. TA systems are organized in an operon
encoding a stable toxin that is lethal to cells, and the corresponding antitoxin, which prevents the toxin lethality.
Under stress conditions, the instability of the antitoxin facilitates its degradation and the lethal toxin exerts its
function, killing the cell or inducing the formation of persistent cells (Melderen & Bast, 2009). Thus the other
hypothesis of PDR is that citrus transgenic plants overexpressing this toxin could induce Xf cell death or impair
the bacterial multiplication in plants. To test the potential use of this toxin (mqsR-Xf) in altering Xf pathogenicity
we used Nicotiana tabacum as an alternative host, since it is susceptible to Xf and is easy to genetically transform.
Therefore, the goal of this study was to use genes from two different Xf mechanisms in the PDR approach to
develop tolerance to Xf. Both rpfF and mqsR-Xf were isolated from the 9a5c genome. The expression cassettes
were cloned into the vector pCambia2301, generating pCambia2301_rpfF and pCambia2301_mqsR-Xf.
Agrobacterium tumefaciens carrying vectors were used for transformation of N. tabaccum with
pCambia2301_mqsR-Xf and sweet orange citrus varieties (Hamlin and Pineapple) with pCambia2301_rpfF.
Seedlings from positive tobacco transgenic plants and buds from positive citrus transgenic plants were challenged
with Xf, and non-transgenic plants (wild-type; WT) were used as controls. The assessment of symptoms caused by
Xf in tobacco and the evaluation of CVC in citrus were determined by comparing the incidence and severity of
symptoms relative to the WT. The incidence of symptoms was calculated as the ratio of the number of
symptomatic leaves to the total number of leaves per plant, and the severity was assessed using a score of 1 to 6,
according to diagrammatic scales developed for tobacco and citrus. In citrus, bacterial movement was also
evaluated in infected plants through qPCR. Population sizes in each collection point were estimated by
comparison to a standard curve. The results showed that the incidence and severity in four tobacco transgenic
lines were significantly lower than in the WT, suggesting that the toxin may be affecting bacterial multiplication,
reducing the severity of symptoms. In relation to rpfF citrus transgenic plants, the mean of disease severity score
was also lower in the six transgenic citrus lines when compared to the WT. Movement was also reduced in
transgenic citrus lines since 60 cm above the inoculation point, bacterial populations in one transgenic line of
Hamlin and Pineapple sweet oranges was ten times lower than the population assessed in WT plants. For the
evaluated Pineapple sweet orange transgenic line, this difference was kept until 120 cm above the inoculation
point.  However, for the evaluated Hamlin transgenic line this difference was even greater, since around 100 times
more bacteria were detected in the WT plants. The reduction in movement and population sizes observed in
transgenic citrus plants can explain the reduction in CVC incidence and severity in citrus plants overexpressing
rpfF, suggesting that as observed for grapevines transformed with rpfF, the virulence of Xf in citrus transgenic
plants may have been compromised due to the production of DSF. This work shows that PDR is a promising
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strategy for developing tolerance to Xf, since two different genes showed great potential in increasing the
tolerance of the disease caused by Xf. Curiously, these transgenic plants also showed increased tolerance to
Xanthomonas citri (Caserta et al., 2014), another citrus bacterium pathogen, demonstrating that this approach may
have broad spectrum bacterial control.
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ABSTRACT
The main goal of this project was to identify and test if Xylella fastidiosa (Xf) proteins with chitin-binding activity
could be used to block the vector transmission of this bacterium from plant to plant. This final report summarizes
the research done during the last two years, and is divided into three section: i) biological role of a Xf chitinase,
ii) in vitro characterization of a transmission-blocking protein (PD1764) and other candidates (e.g., hemagglu-
tinin-like protein), and iii) biological testing of specific constructs as transmission blocking agents. Due to space
limitations, details were not included but can be found in previous reports. Briefly, the work showed that a
chitinase mutant is deficient in both Xf plant and vector colonization, identifying a new target for future research.
It also identified PD1764 as a protein with a LysM domain, associated with disruption of Xf transmission by
vectors under greenhouse conditions. Finally, several candidate transmission blocking molecules were tested in
vitro, and those with chitin-binding activity were later tested in relation to their transmission blocking activity.
The work done demonstrates experimentally the potential of this concept to control the spread of Xf by vectors.

LAYPERSON SUMMARY
The goal of this project was to identify targets (i.e., proteins) to block the vector transmission of Xylella fastidiosa
(Xf). The research led to the identification of one new target (i.e., a chitinase) that is required for Xf colonization
of both plant and insect hosts. In addition, it identified a protein (PD1764) that, through the effect of a chitin-
binding domain named LysM, significantly blocks the vector transmission of Xf under experimental greenhouse
conditions. Lastly, a series of transmission-blocking candidate proteins were tested in vitro and in several
greenhouse trials, and results showed that HAD (i.e., hemagglutination activity domain), a domain of a
hemagglutinin-like protein, alone or associated with LysM domain in a fused peptide, led to reduced transmission
of Xf to grapevines in the greenhouse when delivered to insects through an artificial diet system. Altogether the
research not only identified putative candidates but also demonstrated, under experimental greenhouse conditions,
that the concept of blocking the vector transmission of Xf to plants is feasible.

INTRODUCTION
Xylella fastidiosa (Xf), the etiological agent of Pierce’s disease of grapevines, is a bacterium that colonizes plant
and insect hosts (Chatterjee et al., 2008). Although the biology of Xf within plants is reasonably well understood,
knowledge of how it colonizes insects is limited. Improved understanding of how Xf colonizes insects is vital
because xylem-sap sucking insects, primarily sharpshooter leafhoppers, act as vectors of Xf and are the only
means of natural dispersal for this pathogen (Almeida et al., 2005). Furthermore, because Xf colonization of insect
vectors is expected to be as complex as its colonization of plants (Chatterjee et al., 2008), there should be multiple
mechanisms through which transmission could be disrupted, reducing disease spread in the field. Most current
strategies targeting Pierce’s disease control are based on two principles: control of vector populations or
reduction/elimination of Xf infections after grapevine infection. This research project focuses on a third approach
– the disruption of Xf-vector interactions, so that the transmission of Xf from one plant to another is affected. Our
work has demonstrated that this is feasible and that we can disrupt sharpshooter transmission of Xf to grapevines.

Insect vectors of Xf include sharpshooter leafhoppers (Hemiptera, Cicadellidae) and spittlebugs (Cercopidae),
although sharpshooters are considered of economic importance for most disease systems (Severin 1949, 1950).
Although Xf is genotypically and phenotypically diverse, as are sharpshooter vector species, there is no evidence
of vector-pathogen specificity in relation to transmission (Almeida et al., 2005). In other words, all sharpshooter
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species are expected to be capable of transmitting all Xf strains. This is relevant to this project, as it is expected
that the technology developed here should be applicable to all vector species associated with Pierce’s disease.

Although Xf is persistent in vectors, it is not transovarially nor transstadially transmitted, meaning that nymphs
that carry the pathogen have to reacquire it after molting for transmission to occur (Purcell and Finlay, 1979,
Almeida and Purcell, 2003). In adults, Xf is persistent for life (Severin 1949, Almeida and Purcell 2003). This
biological observation, together with the fact that a latent period is not required for transmission, indicates that Xf
does not circulate within vectors (reviewed in Almeida et al., 2005). Microscopy studies showed that Xf colonizes
the foregut of sharpshooters, specifically the precibarial canal and the cibarium (Purcell et al., 1979, Brlansky et
al., 1983). More recently, a correlation between colonization of the precibarium and transmission to plants was
observed (Almeida and Purcell, 2006). Altogether this body of work indicates that Xf colonizes the cuticular
lining of the foregut of sharpshooters, and that is the retention site of this bacterium within vectors.

Our group has studied Xf-vector interactions and identified various factors associated with colonization patterns
and those involved in transmission. A summary of those findings has been recently summarized in a review
article. More recently, we identified a chitinase (ChiA) in Xf (Killiny et al., 2010). This is interesting, as it had
been thought that Xf did not use its insect vectors as a source of nutrients. The work described here addressed that
question, and it also led to the surprising discovery that a mutant of ChiA is deficient in plant colonization.

Previously, we showed that biochemical competition assays with N-acetylglucosamine (GlcNAc), the main
subunit of chitin polymers, reduced Xf binding to vector surfaces (Killiny and Almeida, 2009a). Adhesion was
reduced with saturation of Xf’s surface adhesins by free molecules in solution. In addition, we showed that surface
proteins were involved in cell adhesion to chitin and other polysaccharides. Those observations were tested in
vivo by delivering Xf and lectins (carbohydrate-binding proteins) or carbohydrates to vectors using artificial diets,
and then transferring insects to healthy grape plants to estimate the impact of various treatments on transmission
efficiency by individual leafhoppers. All treatments expected to disrupt vector transmission reduced transmission
efficiency when compared to controls (Killiny et al., 2012). Adding GlcNAc to Xf suspensions results in adhesins
binding to free molecules before acquisition by vectors. Adhesins cannot recognize receptors on the foregut as
they are already bound to a carbohydrate, and cells fail to colonize vectors. Another proposed scenario is to block
the receptors on the foregut of vectors to which Xf surface proteins bind; that was successfully accomplished by
adding lectins to the suspension. This later model, based on masking vector foregut receptors used by Xf to
colonize sharpshooters, has much potential for field applications and is the focus of this proposal. Importantly,
cells delivered to sharpshooters in vitro appear to be, as a population, much ‘stickier’ than their counterparts
colonizing plants (Killiny and Almeida, 2009b). Furthermore, the artificial diet system used probably results in a
much less turbulent environment in the foregut compared to ingestion of sap from xylem vessels, facilitating
attachment and colonization. In fact, in these assays transmission was blocked to frequencies equivalent to Xf
mutants that are not transmissible from plant to plant, indicating that blockage is efficient. The work described
below is a continuation of these findings, and led to the identification of a protein that significantly reduced the
vector transmission of Xf from plant to plant.

OBJECTIVES
This project had two original objectives:
1. Continue efforts to identify additional targets implicated in Xf transmission by insects.
2. Test specific and efficient molecules to disrupt vector transmission.

To facilitate the presentation of our results, given that most of these data are already available in previous reports,
this final report is divided into two sections. The first focuses on the characterization of ChiA, while the second
on the identification and testing of transmission-blocking proteins/peptides. We note that a substantial amount of
data are not included in this report due to space limitations, and can be obtained in previous reports.

RESULTS AND DISCUSSION
Biological characterization of ChiA.
The identification of ChiA in Xf (Killiny et al., 2010) led to the generation of a chiA mutant strain, as well as a
complemented strain. We first studied the role of chitin on the in vitro population growth of this bacterium.
Results demonstrate that the addition of chitin to a basal medium increases Xf bacterial populations (Figure 1A),
that the chiA mutant is unable to grown on chitin alone, while the wild-type control reaches high populations as in
a medium with other carbon sources (Figure 1B), and that the complemented strain is capable of growing on
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chitin alone, as expected (Figure 1C). Lastly, we demonstrated that growth on a medium with chitin prior to
exposure to another growth cycle in a chitin medium decreased the lag period of Xf on this substrate (Figure 1D).

Figure 1. In vitro growth of Xf wild-type, chiA mutant, and its complemented strains, in the presence and absence of
chitin. A) Wild-type growth in basal media, triangle represents medium without a carbon source, squares medium
supplemented with chitin. B) chiA mutant strain, note no growth in medium with chitin as the sole carbon source
(circles). C) comple-mented chiA mutant strain, the population grows in the medium with chitin as the sole carbon source
(circles). D) lag phase is shorter in medium within chitin if cells were previously grown in the presence of that substrate
(top curve).

Once the role of chiA on Xf chitin utilization was demonstrated in vitro, in addition to the evidence demonstrating
that Xf can grow on chitin as a sole carbon source, we proceeded to study the role of ChiA on Xf colonization of
insects and plants, as well as on plant-to-plant vector transmission. Vector transmission efficiency of the chiA
mutant was less than half of that of the wild-type (~40% in comparison), while the complemented strain recovered
its phenotype and was ~80% of the rate observed for the control (Figure 2A). Vector colonization followed a
similar trend, with the complemented strain having bacterial populations within vectors similar to the wild-type at
three and ten days after acquisition, while the chiA mutant had similar populaitons at three days post acquisition,
but that population did not increase over time (Figure 2B). These data strongly indicate that ChiA is essential for
bacterial multiplication within vectors, suggesting that Xf consumes chitin while colonizing the cuticular surface
of sharpshooters.

Because we performed the characterization of most Xf mutant strains in both of its hosts, namely plants and
insects, we also tested if the chiA mutant strain could colonize and cause disease in plants. To our surprise, we
found that the chiA mutant did not cause disease and, more interestingly, did not colonize grapevines
(Figure 3A). These results indicate that ChiA is not chitin specific and that it may cleave other polysaccharides.
One of the interesting features of ChiA is that it only has a catalytic domain, and not a chitin-binding domain. We
attempted to identify a chitin-binding domain using different approaches unsuccessfully. Thus, we hypothesized
that ChiA uses other proteins as bridges between itself and its substrate(s). Figure 3B shows that Xf protein
extracts are capable of cleaving a chitin substrate (lane 1), while the chiA mutant is not (lane 2). Interestingly,
recombinant ChiA did not cleave the substrate (lane 3), but ChiA mixed with the protein extract of the chiA
mutant results in cleavage. These results support the hypothesis that ChiA must interact with chitin-binding
proteins to be biologically active.
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One band/protein was selected for further work. This protein shares some similarities with peptidoglycan-binding
LysM proteins in other gamma-proteobacteria. In the sequenced genome of Xf Temecula strain, this protein is
named PD1764 and annotated as a conserved hypothetical protein. LysM (for lysin motif, Pfam PF01476)
domains are especially known for their role in plant immune responses where they can serve as receptors for the
recognition of common microbe associated molecular patterns (MAMPs) (for a review, see Gust et al., 2012).
Interestingly, those MAMPs are generally composed of N-acetylglucosamine (GlcNAc)-containing molecules and
LysM motifs have been shown to recognize and bind to numerous of those compounds, such as chitin of
pathogenic fungi (Ohnuma et al., 2008). More recently, Visweswaran et al. (2012) found that the LysM motif of
the well-known bacterium Lactococcus lactis was able to bind to fungal chitin cell wall material. Thus, PD1764
could be a highly interesting candidate for interactions of Xf with chitin.

In order to test specific Xf proteins as transmission-blocking molecules to disrupt its transmission by vectors, we
expressed different proteins or domains as recombinant proteins. Several Xf adhesins (FimA, ChiA, and two
constructs of HxfB) were targeted based on previous works showing their involvement in vector colonization and
transmission (Killiny and Almeida, 2014). In addition, two additional molecules targeting PD1764 protein
previously identified were also constructed carrying or not the LysM domain (Figure 4).

Figure 4. Diagram illustrating some of the constructs tested. Others include
LysM alone, and a LysM-HAD fusion.

Before testing the effect of those peptides on Xf vector transmission, we tested their capacities to bind to different
polysaccharides, insect-related or not (i.e., Avicel as a control). Based on our binding assays, ChiA, FimA,
HxfAD4, and PD1764ΔLysM were not able to interact with any of the four polysaccharides tested. This is in
accordance with previous analyses that showed no already-described chitin-binding domain in any of those
peptides. On the other side, PD1764 full-length and HxfAD1-3 strongly interacted with chitin (Figure 5). In
addition to the potential role of LysM domain, we also detected an interesting domain on HxfAD1-3. This
construct expresses the 1,168 amino acids (aa) N-terminal part of the hemagglutinin-like protein HxfB (Voegel et
al., 2010). Interestingly, according to SMART (http://smart.embl-heidelberg.de/), this region contains a 120 aa
domain called haemagglutination activity domain (HAD), which has been suggested to be a carbohydrate-
dependent haemagglutination activity site. It has been found in a number of adhesins or filamentous
haemagglutinins such as the FHA of Bordetella pertussis and plays a role in adhesion to host cells (Kajava et al.,
2001).

This is in accordance with previous results showing that PD1764 could be specifically trapped on a chitin column
whereas Hxfs proteins act as adhesins important for binding on insect cells (Killiny et al., 2009). Interestingly,
HxfAD4 but not PD1764 full-length interacts with chitosan. The main difference between chitin (or colloidal
chitin) and chitosan polysaccharides is the presence of an acetyl group (COCH3) on the main chitin subunit.
Based on this result, the acetyl residue seems to play an important role in the binding of PD1764 on chitin-related
polysaccharides, whereas it doesn’t seem to be a requirement for HxfAD1-3 interaction with such molecules. This
is of interest because it could mean that these two peptides recognize different domains or different receptors.
Interestingly, most of the interactions between chitin and PD1764 and HxfAD1-3 respectively occurred in the first
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minute of the binding assay and remain stable in our conditions for at least 16 h. This result suggests that both
proteins have affinity for chitin, which seems to be a requirement in vivo where interactions between Xf proteins
and insect receptors occur in a highly turbulent environment due to the simultaneous ingestion of xylem sap by
the insect when feeding.

Figure 5. Comparative binding of various recombinant proteins tested to four polysaccharides of interest.

To test the effect of those peptides as transmission-blocking peptides, we checked that none of the molecules
could have a detrimental effect on the physiology of the insects that fed on those diets, and we tested their effect
on Xf transmission (Figure 6A). Interestingly, the two candidates (PD1764 and HxfAD1-3) that had an effect on
the disruption of Xf were the same ones that we found could interact with insect-related polysaccharides.
Interestingly, PD1764 had the highest affinity for chitin, completely blocking Xf transmission using a 100µM
concentration. This result confirms the feasibility of our approach to control the spread of Xf, and validates the
proteomics pipeline to identify new transmission-blocking proteins. This result is highly encouraging because this
is the first time that one treatment focusing on disrupting Xf-vector interactions completely blocked the
transmission of Xf. Figure 6B shows that proteins also resulted in smaller bacterial populations within vectors,
which may or may not have had an impact on overall transmission; these results are still being interpreted due to
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Figure 8. Xf vector transmission efficiency when different transmission-blocking
peptides were provided to insects (number indicates µM concentration of peptides). Best
transmission-blocking results were obtained by the LysM-HAD fusion, where all
concentrations used generated less ≤15% transmission of Xf to grapevines. Because
blocking activity was equivalent within one order of magnitude difference in peptide
concentration, we believe that lower concentrations, which were not tested, would also
yield significant blocking activity.

CONCLUSIONS
This project had two major results. First, it identified one target (ChiA) that apparently is essential for the
colonization of both plant and insect hosts of Xf. Determining why ChiA is associated with the colonization of
plants and insects may lead to new strategies to control disease spread within and between plants. Second, the
work used greenhouse experiments with an efficient vector and grapevines to show that blocking the transmission
of Xf to plants is a feasible approach to reduce disease spread. Furthermore, we have identified specific proteins
involved in this process, and demonstrated that one specific fusion of two peptides we demonstrated to be active
in chitin-binding led to efficient disruption of vector transmission of Xf.

REFERENCES CITED
Almeida, R. P. P., C. Wistrom, B. L. Hill, J. Hashim, and A. H. Purcell. 2005. Vector transmission of Xylella

fastidiosa to dormant grape. Plant Disease 89 (4): 419–24.
Almeida, R. P .P., and A. H. Purcell. 2003. Transmission of Xylella fastidiosa to grapevines by Homalodisca

coagulata (Hemiptera: Cicadellidae). J. Econ. Entomol. 96 (2): 264–71.
Almeida, R. P. P., and A. H. Purcell. 2006. Patterns of Xylella fastidiosa colonization on the precibarium of

sharpshooter vectors relative to transmission to plants. Ann. Entomol. Soc. Am. 99 (5): 884–90.
Brlansky, R. H., L. W. Timmer, W. J. French, and R. E. McCoy. 1983. Colonization of the sharpshooter vectors,

Oncometopia nigricans and Homalodisca coagulata, by xylem-limited bacteria. Phytopathology 73: 530-535.
Chatterjee, S., R. P. P. Almeida, and S. Lindow. 2008. Living in two worlds: the plant and insect lifestyles of

Xylella fastidiosa. Ann. Rev. Phytopathol. 46 (1): 243–71.
Gust A.A., R. Willmann, Y. Desaki, H. M. Grabherr, and T. Nürnberger. 2012. Plant LysM proteins: modules

mediating symbiosis and immunity. Trends in Plant Science 17(8):495-502.
Killiny, N., and R. P. P. Almeida. 2009a. Xylella fastidiosa afimbrial adhesins mediate cell transmission to plants

by leafhopper vectors. Appl. Environ. Microbiol. 75: 521-528.
Killiny, N., and R. P. P. Almeida. 2009b. Host structural carbohydrate induces vector transmission of a bacterial

plant pathogen. Proc. Natl. Acad. Sci. U. S. A. 106:22416-22420.
Killiny, N., S. S. Prado, and R. P. P. Almeida. 2010. Chitin utilization by the insect-transmitted bacterium Xylella

fastidiosa. Appl. Environ. Microbiol. 76:6134-6140.
Killiny, N., and R. P. P. Almeida. 2014. Factors affecting the initial adhesion and retention of the plant pathogen

Xylella fastidiosa in the foregut of an insect vector. Appl. Environ. Microbiol. 80 (1): 420–26.
Killiny, N., A. Rashed, and R. P. P. Almeida. 2012. Disrupting the transmission of a vector-borne plant pathogen.

Appl. Environ. Microbiol. 78: 638-643.



- 210 -

Killiny, N. and R. P. P. Almeida. 2014. Factors affecting the initial adhesion and retention of the plant pathogen
Xylella fastidiosa in the foregut of an insect vector. Appl. Environ. Microbiol. 80 (1): 420–26.

Kajava, A. V., N. Cheng, R. Cleaver, M. Kessel, M. N. Simon, E. Willery, F. Jacob-Dubuisson, C. Locht, and A.
C. Steven. 2001. Beta-helix model for the filamentous haemagglutinin adhesin of Bordetella pertussis and
related bacterial secretory proteins. Mol. Microbiol. 42: 279-292.

Kung, S. H., and R. P. P. Almeida. 2011. Natural competence and recombination in the plant pathogen Xylella
fastidiosa. Appl. Environ. Microbiol. 77 (15): 5278–84.

Ohnuma, T, S. Onaga, K. Murata, T. Taira, and E. Katoh. 2008. LysM domains from Pteris ryukyuensis chitinase-
A: a stability study and characterization of the chitin-binding site. J. Biol. Chem. 283: 5178–5187.

Purcell, A. H., and A. H. Finlay. 1979. Evidence for non-circulative transmission of Pierce's disease bacterium by
sharpshooter leafhoppers. Phytopathology 69: 393-395.

Purcell, A. H., A. H. Finlay, and D. L. McLean. 1979. Pierce's disease bacterium: Mechanism of transmission by
leafhopper vectors. Science 206: 839-841.

Severin, H. H. P. 1949. Transmission of the virus of Pierce's diseasae of grapevines by leafhoppers. Hilgardia 19:
190-206.

Severin, H. H. P. 1950. Spittle-insect vectors of Pierce's disease virus II. Life history and virus transmission.
Hilgardia 19: 357-382.

Visweswaran G. R. R., B. W. Dijkstra, and J. Kok. 2011. Murein and pseudomurein cell wall binding domains of
bacteria and archaea—a comparative view. Appl. Microbiol. Biotechnol. 92(5): 921–928.

Voegel, T. M., J. G. Warren, A. Matsumoto, M. M. Igo, and B. C. Kirkpatrick. 2010. Localization and
characterization of Xylella fastidiosa haemagglutinin adhesins. Microbiology 156: 2172-2179.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.



- 211 -

DEVELOPMENT OF A GRAPE TISSUE CULTURE AND TRANSFORMATION PLATFORM
FOR THE CALIFORNIA GRAPE RESEARCH COMMUNITY

Principal Investigator:
David Tricoli
Plant Transformation Facility
University of California
Davis, CA 95616
dmtricoli@ucdavis.edu

Cooperator:
Cecilia Chi-Ham
PIPRA
University of California
Davis, CA 95616
clchiham@ucdavis.edu

Cooperator:
Humberto Prieto
Plant Research Station
National Research Laboratory
Chile
humberto.prieto.encalada@gmail.com

Reporting Period: The results reported here are from work conducted October 2013 to October 2014.

ABSTRACT
Tissue culture of grape plants remains an inefficient process for many genotypes. The procedure is labor
intensive, limited to specific genotypes, and requires a significant amount of time to establish and maintain
embryogenic cell cultures and convert cell cultures into whole plants. We are leveraging the expertise of the
National Research Laboratory of Chile, (INIA), and the Ralph M. Parsons Foundation Plant Transformation
Facility at UC Davis (UCDPTF) to significantly increase the efficiency of tissue culture and transformation
technology in grape genotypes important to their respective countries. The two labs are sharing their latest
protocol improvements for generating and increasing high quality embryogenic callus using germplasm important
to their particular country. This combined effort, has allowed us to make significant advances in our ability to
grow and maintain embryogenic callus cultures for use in tissue culture and transformation experiments for
rootstock genotypes 1103, 101-14, and the winegrapes Chardonnay and Cabernet Sauvignon. We have
successfully established high-quality, rapidly-multiplying grape suspension stock cultures for 1103, 101-14,
Cabernet Sauvignon, and Chardonnay for each of the past three years by employing a modification of INIA’s
liquid/agar cell cycling system allowing us to maintain a constant supply of cells needed for tissue culture and
transformation studies. We have developed a method for maintaining somatic embryos for extended periods of
time in a quiescent state by plating cell suspension on medium containing high concentrations of sorbitol. This
system allows us to maintain a germplasm bank of embryos for numerous grape genotypes which provides a
constant supply of embryos for use in tissue culture and transformation experiments. These embryos provide an
excellent source of material for transformation and has allowed us to routinely transform rootstocks 1103 and
101-14. Using embryogenic suspension cultures, we are developing a high frequency transformation protocol
based on direct transformation of 1103 and 101-14 suspension cultures which when optimized should allow us to
produce transgenic rootstocks with less labor than is currently required for embryo transformation. We have also
developed a sequential transformation protocol which allows stacking of multiple transgenes into grape. Although
regeneration of whole plants from non-transgenic embryos of 1103 and 101-14 is routine, regeneration of
transgenic embryos of 1103 and 101-14 remains inefficient and is the most significant bottleneck in grape
transformation. We have made some improvements in efficiency of plant regeneration from transgenic embryos,
but further improvements would greatly streamline the protocol.

LAYPERSON SUMMARY
This project is aimed at establishing an international collaboration between leading laboratories in the USA and
Chile to reduce the time and cost of tissue culture and transformation for grape varieties of importance to the
viticulture industries in their respective countries. The collaboration leverages pre-existing expertise and technical
know-how to expedite the development of efficient tissue culture and transformation protocols for grape varieties
of importance to the Pierce’s disease research community. The two labs are sharing their latest protocol
improvements for generating and increasing high quality embryogenic cultures using germplasm important to
their particular country. Using both cell suspension cultures and bioreactors, we have made significant advances
in our ability to establish and increase embryogenic cultures for 1103, 101-14, Cabernet Sauvignon, and
Chardonnay for use in tissue culture and transformation experiments. We have developed a long-term storage
medium which allows grape somatic embryos to be stored for over six months which will allow for easy
maintenance of numerous genotypes with minimal labor. Using these embryos, we have achieved high
transformation frequencies for 1103 and 101-14. We have also demonstrated that we can directly transform grape
suspension cultures, which bypasses the need to generate embryos prior to transformation. Although our results
with direct transformation of grape suspensions are still inconsistent from run to run, experiments that are
successful using this technique allow us to produce transgenic material with minimal input of labor. We have also
developed a sequential transformation protocol which will allow us to re-transform transgenic grape embryos with
a second disease gene. This will allow researchers to stack resistance genes for additional disease protection.
Although regeneration from non-transgenic 1103 and 101-14 embryos is routine, regeneration of transgenic 1103
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and 101-14 into whole plants remains inefficient. We continue to make progress developing new media
formulations which allow for more rapid regeneration of plantlets from non-transgenic embryos of 1103 and 101-
14, which if applicable to transgenic embryos, should reduce the time required to generate transgenic grape plants
for the Pierce’s disease research community.

INTRODUCTION
The development and transformation of embryogenic cultures in grape has historically been labor intensive with
the establishment of embryogenic cell cultures requiring many months and limited to only a few genotypes, most
notably the table grape Thompson Seedless. Once established, maintaining healthy embryogenic callus is
difficult, with the quality of the cultures deteriorating over time. The efficiency of establishing embryogenic
cultures and regenerating plants for important wine and rootstock genotypes remains low and are not at the level
required to allow for cost-effective recovery of tissue culture or transgenic plants. Historically, because it is one of
the only genotypes that could be readily manipulated in tissue culture, Thompson Seedless has been used by most
Pierce’s disease researchers to test transgenic strategies for pathogen and disease management. However for many
projects, it would be valuable to test strategies in other grape genotypes. For grape rootstock mediated resistance
strategies, efficient transformation of rootstock genotypes is required. Challenges involved in expanding the range
of genotypes that can be successfully manipulated in culture include the reliable establishment of embryogenic
cultures, the labor intensive methods required to increase and maintain high quality embryogenic cultures,
prevention of tissue necrosis caused by oxidation, conversion of embryos into true-to-type plants, transformation
of embryogenic callus, and rapid regeneration of non-chimeric transgenic plants from embryogenic cells. There is
also a need to reduce the timeframe required to generate transgenic grape plants in order to test new strategies in a
timely manner. Working with our collaborators at the National Research Laboratory of Chile (INIA), we are
attempting to increase the efficiency of tissue culture and transformation technology in grape genotypes important
to the Pierce’s disease research community. Results of this collaboration will allow the Pierce’s disease research
community to test transgenic strategies in rootstock genotypes that are relevant to the industry through the
establishment of a self-sustaining service facility.

OBJECTIVES
1. To establish an international collaboration between leading laboratories in the USA and Chile that share a

common goal of accelerating the development of efficient tissue culture and transformation protocols for
grape varieties of importance to the viticulture industries in their respective countries.

a. Adapt tissue culture and transformation methodologies developed by our Chilean partner for grape
genotypes of importance to California, including 11-03, 101-14, Cabernet Sauvignon, and
Chardonnay.

b. Increase the efficiency of maintaining embryogenic cultures and reduce the time required for in vitro
regeneration of grape plants from embryogenic cultures by adapting the INIA’s cell suspension
technology and the UC Davis Plant Transformation Facility’s temporary immersion system (TIS) for
use in grape tissue culture and transformation.

c. Enhance the efficiency of whole plant regeneration from embryogenic cultures of grape.
2. Develop a cost-effective grape tissue culture and transformation platform for at least one priority

California winegrape and one California grape rootstock which will provide the Pierce’s disease research
community with a predictable supply of experimental plant material while reducing labor and maximizing
tissue culture and transformation efficiency.

RESULTS AND DISCUSSION
Objective 1a. Adapt tissue culture and transformation methodologies developed by our Chilean partner for
grape genotypes of importance to California, including; 11-03, 101-14, Cabernet Sauvignon, and
Chardonnay.
In the spring of 2011, 2012, 2013, and 2014, we harvested anthers from grape genotypes 11-03, 101-14,
Chardonnay, and Cabernet Sauvignon. In 2014, we also collected anthers from Freedom and Richter 110R.
Anthers were plated onto two different callus induction media; Nitsch and Nitsch minimal organics medium
(1969) supplemented with 60 g/l sucrose, 1.0 mg/l 2, 4-dichlorophenoxyacetic acid (2, 4-D), and 2.0 mg/l
benzylaminopurine (BAP) (PIV), or Murashige and Skoog minimal organics medium supplemented with 20 g/l
sucrose, 1.0 mg/l naphthoxyacetic acid (NOA), and 0.2 mg/l BAP (NB medium). A summary of the responses of
the various genotypes on the two different media over the years is shown in Table 1.
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Table 1. The number and percentage of anther cultures plated in 2011, 2012, 2013, and 2014 that developed
embryogenic cultures on PIV or NB medium.

Genotype 2014 2013 2012 2011
PIV PIV NB PIV NB PIV

Cabernet 2/539 (0.4) 1/287 (0.3) 0/217 (0) 0/200 (0) 0/280 (0) 3/400 (0.8)
Chardonnay 11/539 (2.0) 22/344 (6.4) 18/344 (5.2) 9/184 (4.9) 2/156 (3.6) 4/400 (1.0)
1103 17/539 (3.0) 3/294 (1.0) 0/287 (0) 0/75 (0) 1/196 (0.5) 2/150 (1.3)
101-14 2/539 (0.4) 3/322 (0.9) 0/409 (0) 0/140 (0) 0/275 (0) NT
Freedom 1/539 (0.2) NT NT NT NT NT
Richter 110 4/438 (1.8) NT NT NT NT NT

Objective 1b. Increase the efficiency of maintaining embryogenic cultures and reduce the time required for
in vitro regeneration of grape plants from embryogenic cultures by adapting the INIA’s cell suspension
technology and the UC Davis Plant Transformation Facility’s temporary immersion system (TIS) for use in
grape tissue culture and transformation.
INIA has developed a method of rapidly increasing embryogenic cultures by cycling the cells between agar-
solidified medium and liquid media in shake flasks. This technique allows for rapid increases in callus fresh
weight while minimizing oxidation and the development of detrimental phenolic compounds in the cultures.
Using a modification of INIA protocol, we have significantly improved the production of embryogenic grape
cultures across a range of genotypes including 1103, 101-14, Cabernet Sauvignon, and Chardonnay. In order to
avoid somaclonal variation, we re-initiated new suspensions each year from embryos generated from anther
filaments harvested the previous year. Currently our suspensions are from anther filament callus generated in
2013. We are now routinely maintaining suspension cultures on liquid WPM medium (Lloyd and McCown, 1981)
supplemented with 20 g/liter sucrose, 1g/liter casein hydrolysate, 10.0 mg/l Picloram, 2.0 mg/l metatopolin, 2g/l
activated charcoal, 100 mg/l ascorbic acid, and 120 mg/l reduced glutathione (Pic/MTag) and grown on a gyratory
shaker at 100 rpms in the dark. Once established, 10 ml of the suspension is withdrawn each week from the flask
and replaced with 10 ml of fresh medium. One ml of suspension that is removed from the flask is plated onto agar
solidified Woody Plant Media (WPM) supplemented with 20 g/liter sucrose, 1g/liter casein hydrolysate, 500
mg/liter activated charcoal, 0.5 mg/liter BAP, 0.1 mg/liter NAA, 5% sorbitol, and 14 g/l phytoagar (BN-sorb).
Embryogenic cells plated on BN-sorb medium produces high quality embryogenic cultures at the appropriate
stage for use in transformation in approximately 4-8 weeks and embryos can be maintained on this medium for up
to six months without further manipulation. This system has allowed us to efficiently generate large numbers of
somatic embryos which can be used in transformation experiments. Although we have also successfully
established temporary immersion technology for increasing embryogenic callus, we are now concentrating our
efforts on suspension technology. These suspensions reliably provide a consistent supply of high quality somatic
embryos for use in transformation experiments, and allow us to maintain a wide range of genotypes with minimal
handling.

Objective 1c. Enhance the efficiency of whole plant regeneration from embryogenic cultures of grape.
Although non-transgenic embryos of 1103 and 101-14 consistently germinate within a few weeks and quickly
regenerate into plants after plating on germination medium, regeneration of whole plants from transgenic embryos
of 1103 and 101-14 has proven to be more difficult and is now the rate-limiting step in the production of
transgenic grape plants. One of the main differences between the medium used for regeneration of transgenic vs.
non-transgenic grape embryos is the presence of the selective agent (kanamycin or hygromycin) and the counter
selective agents (carbenicillin, timentin, and plant preservative mixture) used to suppress Agrobacterium in the
culture. We have evaluated each counter selective agent used for suppression of Agrobacterium (carbenicillin,
timentin, and plant preservative mixture) individually and in combination for their effect on regeneration of non-
transgenic embryos and have not found them to be detrimental.

In other species, the basal salt formulation of the tissue culture medium can have a dramatic effect on the
regeneration efficiency. Therefore, we evaluated eight different salt formulations in an attempt to improve the
efficiency of whole plant regeneration from embryos of 1103 and 101-14. Salt formulation tests included
Andersons, Chee and Pool, DKW, Gamborg’s B5, MS, WPM, SH, and X6. All media were supplemented with 1.0
g/l casein, 500 mg/l activated charcoal, and 0.1 mg/l BAP. Significant differences were seen between the various
salt mixtures with the best regeneration occurring on DKW, SH, and WPM (Figure 1). We are testing transgenic
embryos on these salt mixtures to determine if similar enhancements in regeneration can be achieved.
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Figure1. Regeneration of non-transgenic embryos of 1103 generated on WPM supplemented with 20 g/l
sucrose, 1g/l casein, 1M MES, 500 mg/l activated charcoal, 0.5 mg/l BAP, 0.1 mg/l NAA 50 g/l sorbitol,
and 14 g/l agar medium and transferred to DKW medium (left), SH medium (middle), and WPM (right),
supplemented with 20 g/l sucrose, 1g/l casein, 1M MES, 500 mg/l activated charcoal, and 0.1 mg/l BAP.

Objective 2. Develop a cost-effective grape tissue culture and transformation platform for at least one
priority California winegrape and one California grape rootstock which will provide the Pierce’s disease
research community with a predictable supply of experimental plant material while reducing labor and
maximizing tissue culture and transformation efficiency.

Objective 2a. Improve grape rootstock transformation efficiency for 1103 and 101-14 using embryos
harvested from robust-growing suspension cultures.
We have developed a robust suspension system for 1103 and 101-14 which provides a continuous source of
somatic embryos for transformation. Embryogenic cell suspensions are harvested from cell suspension cultures on
a weekly basis as part of the process required for feeding the suspension cultures. As described above, one
milliliter of the suspension can be plated on sorbitol containing medium for regeneration of somatic embryos
which enter a quiescent state and can be stored for later use for over six months without any additional
manipulation. Large quantities of embryos can then be collected from the plates and transformed with
Agrobacterium when transformations are requested. Secondary transgenic embryos arise from the epidermis of
the inoculated embryos while the remainder of the inoculated embryo turns necrotic due to the selective agent,
kanamycin or hygromycin (Figure 2). The surviving secondary embryo can be harvested and transferred to
regeneration medium for plant production. Using this system, we have been able to generate transgenic embryos
for both 1103 and 101-14 (Table 2). We are currently utilizing this technique for transformation requests for
Pierce’s disease researchers.

Figure 2. Clusters of transgenic secondary embryos developing from Agrobacterium-inoculated 110 somatic
embryos plated on 200 mg/liter kanamycin sulfate (left) and close up of one secondary embryo cluster (right).
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Table 2. Inventory of transgenic 1103 and 101-14 plants generated with
various genes of interest.

Genotype Transgene Number of Plants
Produced

1103 35s HNE-CecB 15
101-14 35s HNE-CecB 25
101-14 pDU10.1818 10
101-14 HNE-CecR 6

Objective 2b. Leverage the progress we have made in developing high quality suspension cultures that
have the ability to rapidly regenerate whole plants when plated onto agar-solidified medium by testing
direct transformation of cell suspension cultures.
We are leveraging the progress we have made in developing high quality grape suspension cultures that have the
ability to rapidly regenerate whole plants when plated onto agar-solidified medium by exploring direct
transformation of our grape suspension cultures. One to two ml of a grape cell suspension grown in liquid
Pic/MTag medium and containing pre-embryogenic masses or small globular embryos are collected in a 15 ml
conical centrifuge tube and pelleted by centrifugation at 1,000 x G for three minutes. The supernatant is removed
and the cells are washed by re-suspending them in WPM medium without charcoal. Cells are pelleted by
centrifugation at 1,000 x G for three minutes and are washed two additional times in WPM medium. After the
last wash, the cells are subjected to heat shock by placing the 15 ml conical tube in a 45 degree water bath for
five minutes. After heat shock the supernatant is removed and the cells are re-suspended in five ml liquid BN
medium containing 200 uM acetosyringone and the Agrobacterium strain EHA105 carrying the desired vector at
an OD600 of 0.1-0.2. The suspension is centrifuged at 1,000 x G for five minutes and allowed to incubate for 25
minutes at room temperature. After 25 minutes, all but 0.5-1.0 ml of the supernatant is removed. The grape and
Agrobacterium cells are then re-suspended and transferred onto sterile Whatman filter paper in an empty 100 x
20 mm petri dish. Any excess fluid was carefully blotted up with a second sterile filter paper. The plates are co-
cultured for 2-3 days at 23 degrees and then transferred to selection medium consisting of WPM supplemented
with 20 g/l sucrose, 1g/l casein, 1M MES, 500 mg/l activated charcoal, 0.5 mg/l BAP, 0.1 mg/l NAA, 400 mg/l
carbenicillin, 150 mg/l timentin, 4 ml PPM, 50 g/ sorbitol, 14 g/l agar, and 200 mg/l kanamycin, or 25 mg/l
hygromycin. Sub-culturing of the plated cells is achieved by simply transferring the filter paper with the cells
onto fresh medium on a biweekly basis. Within 8 to 12 weeks transgenic embryos develop (Figure 3).
Developing embryos are transferred to WPM supplemented with 20 g/l sucrose, 1g/l casein, 1M MES, 500 mg/l
activated charcoal, 0.1 mg/l BAP, 400 mg/l carbenicillin, 150 mg/l timentin, 0 g/l sorbitol, 8 g/l agar, and 200
mg/l kanamycin or 25 mg/l hygromycin for germination. The time from inoculation to the recovery of transgenic
embryos can be as short as 10 weeks. We have successfully used this technique to produce transgenic embryos of
1103 and 101-14 (Figure 4). The system has been employed successfully using both kanamycin and hygromycin
selection. Currently we are seeing a significant amount of experiment to experiment variability in the number of
transgenic embryos developing, with numerous experiments yielding no transgenic colonies and other
experiments generating variable numbers of colonies (Table 3). However, if this protocol can be made more
consistent, it represents a significant advance in our transformation system since it greatly increases
transformation efficiencies while minimizing labor inputs. We believe some of the variability may be related to
the growth stage of the suspension culture at the time the aliquots are harvested for transformation. We are now
exploring the transformation efficiency between aliquots collected at 0, 2, 3, 4, and 5 days after sub-culturing the
suspension to determine if the growth phase of the suspension influences transformation frequency. It also
appears that the plating density of the cells (too high or too low) may impact transformation efficiency.
Therefore, we are evaluating if the plating densities, as measured by settled cell volume, can impact
transformation efficiencies. As with our embryo-based transformation system, the limiting step in this protocol is
also the regeneration of whole plants from transgenic embryos, and we continue to explore media modification to
enhance regeneration potential.
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We currently are comparing the efficiencies of our two transformation methodologies; direct suspension
transformation verse transformation of stored embryos produced from plated aliquots of suspensions (Figure 5).

Direct Suspension Transformation vs. Transformation of Stored Embryos

Inoculate suspensions and select Inoculate embryos and select

Regenerate embryos Regenerate secondary embryos

Regenerate plants Regenerate plants

Plated suspensions
and stored embryos

Figure 5. Two alternate paths for transformation of grape; direct suspension transformation (left) and
transformation of stored embryos produced from plated aliquots of suspensions (right).

Objective 2c. Develop methods for transforming multiple trait genes into grape through sequential
transformation using two different plant selectable marker genes.
Researchers have expressed an interest in stacking multiple resistant strategies in a single transgenic grape line.
Although this can be accomplished by stacking traits in a single T-DNA, sometimes issues related to cloning can
limit the researcher’s ability to stack genes in a single T-DNA. There are also challenges associated with
generating transgenic plants with stacked genes since it is difficult to recover transgenic plants where all of the
stacked transgenes express at a high level. We first attempted to co-transform grape embryos by inoculating
embryos with two Agrobacterium cultures each containing a different construct. One construct contained the nptii
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genotypes without using cryopreservation. Using these embryos, high transformation frequencies have been
obtained for 1103 and 101-14. Although regeneration of non-transgenic embryos of 1103 and 101-14 is routine,
regeneration of transgenic 1103 and 101-14 embryos into whole plants remains inefficient and is currently the
rate-limiting step in establishing a more rapid production system for transgenic grape plants. We are developing a
suspension-based transformation system and although results are still variable with this transformation method, if
perfected, it could significantly enhance the transformation efficiency of grape rootstocks. Lastly, we have
developed a sequential transformation methodology which allows transgenes to be stacked by retransforming
transgenic embryogenic callus.
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ABSTRACT
We continue to make rapid progress breeding Pierce’s disease resistant winegrapes. Aggressive vine training and
selection for precocious flowering have allowed us to reduce the seed-to-seed cycle to two years. We are also
using marker-assisted selection (MAS) for the Pierce’s disease resistance gene, PdR1 (see companion report) to
select resistant progeny as soon as seeds germinate. These two practices have greatly accelerated the breeding
program and allowed us to produce four backcross generations with elite Vitis vinifera winegrape cultivars in 10
years. We have screened through about 2,000 progeny from the 2009, 2010, and 2011 crosses that are 97%
V. vinifera with the PdR1b resistance gene from V. arizonica b43-17. Seedlings from these crosses continue to
crop and others are advanced to greenhouse testing. We select for fruit and vine quality and then move the best to
greenhouse testing, where only those with the highest resistance to Xylella fastidiosa, after multiple greenhouse
tests, are advanced to multi-vine wine testing at Davis and two Napa sites. The best of these will be advanced to
small-scale commercial wine testing, the first of which was planted in Napa in June 2013. We advanced three
additional selections to Foundation Plant Services (FPS) this winter to begin the certification and release process.
Three Pierce’s disease resistant rootstocks were also advanced to FPS for certification. Pierce’s disease resistance
from V. shuttleworthii and BD5-117 are being pursued but progress is limited by their multigenic resistance and
the absence of tightly-linked genetic markers. Other forms of V. arizonica are being studied and the resistance of
some will be genetically mapped for future efforts to combine multiple resistance sources and ensure durable
resistance. Very small scale batches of wines from 94% and 97% V. vinifera PdR1b selections have been very
good and have been received well at public tastings in Sacramento (California Association of Winegrape
Growers) and Santa Rosa (Sonoma Winegrape Commission), Napa Valley (Napa Valley Grape Growers and
Winemakers Associations), Temecula (Temecula Valley Winegrape Growers and Vintners), and Healdsburg (Dry
Creek Valley and Sonoma Grape Growers and Winemakers).

LAYPERSON SUMMARY
One of the most reliable and sustainable solutions to plant pathogen problems is to create host plants naturally
resistant to the disease. We use a traditional plant breeding technique called backcrossing to bring resistance to
Pierce’s disease from wild grape species into a diverse selection of elite winegrape backgrounds. In the case of
our most advanced vines we have identified the genomic location of a very strong source of Pierce’s disease
resistance from a grape species native to Mexico. Using marker-assisted selection (MAS) for this Pierce’s disease
resistance region called PdR1 (Krivanek et al., 2006), we are able to select resistant progeny shortly after seeds
germinate. MAS and aggressive growing of the selected seedling vines have allowed us to produce new varieties
that are more than 97% V. vinifera winegrape cultivars in only 10 years. We have evaluated thousands of resistant
seedlings for horticultural traits and fruit quality. The best of these are advanced to greenhouse testing, where only
those with the highest resistance to Xylella fastidiosa, after multiple greenhouse tests, are advanced to multi-vine
wine testing at Davis and at Pierce’s disease hot spots around California. The best of these are advanced to 25- to
50-vine plots for commercial wine testing. We have sent 13 advanced selections to Foundation Plant Services
(FPS) over the past two winters to begin the certification and release process. Three Pierce’s disease resistant
rootstocks were also sent to FPS for certification. Other wild grape species are being studied and the resistance of
some will be genetically mapped for future efforts to combine multiple resistance sources and ensure durable
Pierce’s disease resistance. Very small scale batches of wines made from our advanced PdR1 selections have been
very good, and have been received well at professional tastings throughout California.

INTRODUCTION
The Walker lab is uniquely poised to undertake this important breeding effort, having developed rapid screening
techniques for Xylella fastidiosa (Xf) resistance (Buzkan et al., 2003, Buzkan et al., 2005, Krivanek et al., 2005a,
2005b, Krivanek and Walker, 2005, Baumgartel, 2009), and having unique and highly resistant Vitis rupestris x
V. arizonica selections, as well as an extensive collection of southwestern grape species, which allows the
introduction of extremely high levels of Xf resistance into commercial grapes. We have genetically mapped and
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identified what seems to be a single dominant gene for Xf resistance and named it PdR1, which was found in
V. arizonica/candicans b43-17. This resistance has been backcrossed through four generations to elite V. vinifera
cultivars (BC4) and we now have 97% V. vinifera Pierce’s disease resistant material to select from. Individuals
with the best fruit and vine characteristics are then tested for resistance to Xf under our greenhouse screen. Only
those with the highest levels of resistance are advanced to small-scale winemaking trials by grafting them onto
resistant rootstocks and planting six to eight vine sets on commercial spacing and trellising. We have made wine
from vines that are from the 94% V. vinifera level from the same resistance background for six years and from the
97% V. vinifera level for four years. They have been very good and don’t have the hybrid flaws (blue purple color
and herbaceous aromas and taste) that were prevalent in red wines from the 87% V. vinifera level. There are two
forms of PdR1 that descend from sibling progeny of b43-17 and they have different alleles of PdR1 designated
PdR1a and PdR1b. Screening results reported previously showed no significant difference in resistance level in
genotype with either one or both alleles. We have narrowed our focus to PdR1b but retain a number of selections
at various BC levels with PdR1a in the event that there is an as yet unknown Xf strain-related resistance
associated with the PdR1alleles. Resistance from the southeastern United States (SEUS) species is being
advanced in other lines. However, the resistance in these later lines is complex and markers have not yet been
developed to expedite breeding.

OBJECTIVES
1. Breed Pierce’s disease resistant winegrapes through backcross techniques using high quality V. vinifera

winegrape cultivars and Xf resistant selections and sources characterized from our previous efforts.
2. Continue the characterization of Xf resistance and winegrape quality traits (color, tannin, ripening dates,

flavor, productivity, etc.) in novel germplasm sources, in our breeding populations, and in our genetic
mapping populations.

RESULTS AND DISCUSSION
As in 2012, in 2013 we made F1 crosses to five new Pierce’s disease resistant Vitis species accessions from the
southwestern USA and Mexico to develop mapping populations so that genetic markers could be generated to
expedite breeding. The resistant genotypes were chosen based on their low ELISA values, minimal expression of
Pierce’s disease symptoms in the greenhouse screen, and their diverse geographic origins. We germinated a subset
of these seeds in late fall 2013, made copies of seedlings growing in 4” pots in early 2014, and greenhouse tested
them to characterize the inheritance of Pierce’s disease resistance. All five populations were tested with an
average of about 50 progeny each. Statistically, the progeny families separated into three groups: Those from b41-
13 being the least resistant; b47-32, SC36, and T03-16 intermediate; and the population from b43-57 having the
highest level of resistance, based on ELISA values. Due to the haplotype and LG14 similarity between b43-17
and b43-57 we believe that the Pierce’s disease resistance mechanism is similar so won’t pursue it further. In
2014 we expanded the most promising population made in 2012, and made crosses to other promising Vitis
species from this same region as detailed in Table 1 below.

We have now evaluated more than 2,000 PdR1b 97% V. vinifera winegrape progeny from which we are selecting
the best and most resistant for release. Our breeding efforts in 2014 continued with the stacking of the PdR1b and
b42-26 sources that were advanced one generation to the 92% V. vinifera level. Selfing of selections at this level
will create individuals homozygous at both resistance loci for a final crossing to pure V. vinifera to produce
cultivars ≥ 96% V. vinifera (Table 2a).

Based on preliminary DNA sequence data and Pierce’s disease phenotypic symptom differences with PdR1b-
containing genotypes, we are renewing efforts in the b40-14 line, which is the source of PdR1c on LG14.
Table 2b reflects crosses made in this line. Crosses to 09-367 go back to our most resistant 75% V. vinifera
individuals to ensure we bring along minor resistance loci as we advance to higher backcross levels. Crosses to
12-326 and 12-327 will produce progeny ≥ 94% V. vinifera.

Advancing promising new southwest USA resistance sources for both breeding and mapping is summarized in
Table 2c. Of particular interest is the b46-43 line, where all F1 individuals were resistant by both lack of
symptoms and ELISA values in our greenhouse test. This population will also be used for mapping this promising
new resistance source.
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Table 1. Crosses made in 2014 to develop genetic maps in new accessions from southwestern USA and Mexico
germplasm. 08326-61 is a self of Cabernet Franc, and F2-35 is a cross of Carignane and Cabernet Sauvignon –
both are 100% V. vinifera and female flowered to expedite breeding.

Resistance
Source Geographic Origin - Species, Appearance Phenotype Pure V. vinifera Types Used in

2014 Crosses
# of Seeds
Produced

A14 Nogales, AZ French Colombard 220
V. arizonica Nero d’ Avola 311

Pinot blanc 407
A28 Willcox, AZ F2-35 429

V. arizonica Rosa Minna 97
ANU67 Mohave, AZ F2-35 735

V. arizonica, glabrous
ANU71 Mohave, AZ French Colombard 43

V. arizonica-riparia Grenache blanc 146
C23-94 Sedona, AZ Nero d’ Avola 221

V. arizonica, glabrous Pinot blanc 151
DVIT 2236.2 Veracruz, Mexico F2-35 1056

V. cinerea, long cordate leaves Malaga Rosada 285
SAZ 7 San Rafael Valley, AZ F2-35 1007

V. arizonica

Table 2d and 2e show crosses made to stack both Pierce’s disease and powdery mildew (PM) resistance from
multiple sources into single cultivars. Ren1 is a reliable, strain-specific PM resistance source found in a number of
pure V. vinifera cultivars from Central Asia. The breeding efforts with alternative resistance sources and the
complexing of these resistances is being done to broaden Xf resistance and address Xf’s ability to overcome
resistance.

Table 2. Pierce’s disease breeding crosses made in 2014. A) Crosses made to stack PdR1b (F8909-08)
Monterrey V. arizonica/candicans and b42-26 V. arizonica/girdiana resistance lines to produce 92.2%
V. vinifera progeny. B) Chihuahua V. arizonica resistance source (PdR1c) b40-14 to produce progeny with
87.5% (09-367 crosses) or 94.75% V. vinifera parentage. C) Cross made to three new promising southwest
USA resistance lines to produce BC1 75% V. vinifera progeny. 08319-07 and 08326-61 are self’s of Zinfandel
and Cabernet Franc respectively, and are 100% V. vinifera and female flowered. D) Monterrey V. arizonica /
candicans resistance source PdR1b (F8909-08) to produce progeny with approximately 91% V. vinifera
parentage with PM resistance from advanced Ren1 and Ren4 lines. Some crosses will produce homozygous
resistant progeny at one or more loci. E) Monterrey V. arizonica/candicans resistance source PdR1b (F8909-
08) stacked with b42-26 V. arizonica/girdiana resistance lines to produce progeny with about 90% V. vinifera
parentage with PM resistance from Ren4 or both Ren1 and Ren4 lines. Some crosses will produce homozygous
resistant progeny at one or more loci.

Resistant Type Vinifera Parent \ Grandparent of
Resistant Type

Vinifera Types Used in
2014 Crosses

# of Seeds
Produced

A 09-331 Zinfandel, Grenache\Petite Sirah,
F2-35

Zinfandel\Petite Sirah;
Chardonnay\Grenache 3,603

B
09-367 Cabernet Sauvignon\Airen Carignane, Nero d’Avola,

Zinfandel 777

12-326, 12-327 Carignane, Grenache\Cabernet
Sauvignon

Carignane, F2-35, Nero
d’Avola 1,350

C ANU5, b40-29, b46-43 F2-35, Rosa Minna 08319-07, 08326-61,
Alicante Bouschet 3,748

D 07-365, 08-335, 11-326,
11-715 F2-35\Karadzhandal Zinfandel\Petite Sirah 1,316

E 11-394 F2-35\Karadzhandal Zinfandel\Petite Syrah 2,317

Table 3 provides a list of the Pierce’s disease resistance greenhouse screens analyzed, initiated, and/or completed
over the last six months. We are making every effort in new lines to bring minor genes along with those for which
we have markers. In group A we tested 28 BC1 genotypes from the b43-17 line that were selected with markers to
be missing PdR1 to elucidate the role of minor resistance genes that may have been lost during the early breeding
generations. Data analysis revealed about 50% of the genotypes to be intermediate in resistance between our
standard PdR1b resistant genotype and the susceptible genotype Chardonnay. The other half were as susceptible
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as Chardonnay. Interestingly one genotype without PdR1 tested as resistant as b43-17, the source of PdR1.
Retesting of this anomalous genotype in the greenhouse and with markers is in progress. In groups A and B we
continued testing of PdR1b selections at the 97-98% V. vinifera level. The special focus of these trials was on
white-fruited selections and those that descend from Nero d’Avola. Results from these and earlier screens have
helped us to decide on the selection of the most resistant genotypes to advance to field trials (for example,
Table 4) and to Foundation Plant Services for certification. In part of group B we retested 20 of the most
promising F1 genotypes from the 2012 crosses from the new southwest USA species selections ANU5, b40-29,
and b46-43, first tested last August, and results were consistent between screens. BC1 crosses were made with
these in spring 2014 to expedite their incorporation into our breeding efforts (Table 2c). In group C we tested
individuals from the PdR1b x b42-26 stacked line as well as 25 Pierce’s disease rootstock genotypes from four
crosses made in 2011. Advanced PdR1b rootstocks were crossed to Ramsey, 420A, or Schwarzmann. Based on
phenotype scores, five of the crosses to Ramsey look particularly promising. ELISA results are partially complete
and are tracking closely with the phenotypic scores. In group D we tested 23 BC2 individuals in the b42-26
multigenic resistance source and identified two particularly promising genotypes for further advancement. New
southwestern USA species were tested in groups A, C, D, F, G, and I to facilitate Pierce’s disease resistance gene
discovery work being done in our companion Pierce’s disease mapping project. Upon completion of these trials
we will have tested a total of 284 different accessions, the most resistant among them multiple times. BC2
progeny in the b40-14 line from crosses made in 2012 were tested in group F and based on encouraging results
additional progeny are being tested in group G. We initiated test group H to confirm previous results in the b40-
14 line and are testing multiple backcross levels in the same trial.

Table 3. Greenhouse Pierce’s disease screens analyzed, completed, and/or initiated during the reporting period.

Group Genotypes No. of
Genotypes

Inoculation
Date

ELISA
Sample

Date

Resistance
Source(s)

A SWUS Species, PdR1-, 09-10 PdR1b
advanced 132 11/19/2013 2/18/2014 V. species,

b43-17

B 2010 Cross PdR1b, 2009 PdR1b cross
final, 2012 SWUS Cross F1 most PDR 99 3/13/2014 6/12/14

b43-17,
b40-29,
b46-43,
ANU05

C
PdR1b x b42-26 pyramided, new PD
rootstocks, PdR1a advanced, SWUS
species

165 3/20/2014 6/19/14

F8909-08,
PdR1a,
b42-26,
Ramsey,

V. species

D b42-26 BC2 & SWUS Species 47 4/8/2014 7/8/14 b42-26,
V. species

E 2013 SWUS F1 Cross Seedlings 190 4/24/2014 7/29/14

b41-13,
b43-57,
SC36,
T03-16

F 88% b40-14, Additional 2013 SWUS
Cross Seedlings 146 5/15/2015 8/14/14

b40-14,
b43-57,
b47-32

G SEUS Xs, SWUS Species 107 9/11/14 12/11/14
B40-14,

Haines City
BD5-117

H b40-14 F1, BC1, BC2; 2014 Cross
Parents 163 9/24/14 12/24/14

F8909-08,
b40-14, b42-

26

I SWUS Species & Promising Genotypes 223 10/2/14 1/1/15
V. species,
F88909-08,

Ramsey

In our program we test selections with the potential for release multiple times in the greenhouse screen to ensure
that only selections with the greatest levels of resistance are considered for release. These selections have much
better resistance than two selections with long histories of field survival in the southern USA – Blanc du Bois and
Lenoir (Jacquez). We want to avoid releasing selections that are tolerant to Xf and therefore act as hosts for
disease spread within a vineyard. This process involves passing our severe greenhouse screen multiple times. To
make this list, selections must also possess desirable horticultural traits and have potential for high quality wine
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production. Producing small lot wines from multiple vine field trials in Davis and in Pierce’s disease hot spots
around California complete the evaluation process. Pierce’s disease resistant scions need Pierce’s disease resistant
rootstocks in case low levels of the bacteria work their way into a susceptible rootstock. Three such rootstock
selections were sent to FPS in the spring of 2013 and another 25 genotypes were tested in 2C as discussed above.

Table 4 presents 10 promising Pierce’s disease resistant genotypes that were advanced to field trials and/or sent to
FPS at UC Davis in 2014 for certification and possible release. The later three will join the 10 PdR1b -based
Pierce’s disease resistant scion selections sent to FPS in the spring of 2013, the details of which were given in a
previous interim progress report. The two new field trials were established with cooperators in Pierce’s disease
hot spots in both Temecula and Napa earlier this year. Twenty-five vine reps of each of eight advanced PdR1b
accessions were planted (Table 4). No pictures are provided since they are newly planted. Extensive details on the
encouraging results from our Beringer field trial in Napa were provided in our March 2014 progress report. In
short, our crosses with Pierce’s disease resistance from PdR1b continue to thrive and produce at our Beringer
field trial in Napa Valley while the pure V. vinifera control vines and the surrounding commercial Chardonnay
and Riesling vines continue to decline.

Table 4. PdR1b selections being advanced to field trials (FT) or FPS. All are at the 97% V. vinifera level.

Group Genotype Parentage Color Berry
Wt (g)

Cluster
Wt (g) Season Flavor

FT 09314-102 07370-028 x Cabernet
Sauvignon W 1.1 250 Late Like Sauv blanc but

more fruity

FT 09330-07 07370-039 x Zinfandel B 1.4 300 Mid-Late Berry

FT &
FPS 09331-047 07355-020 x Zinfandel B 1.1 150 Early Berry, spice

FT 09331-133 07355-020 x Zinfandel B 1.4 200 Early Fruity, spice

FT 09333-178 07355-020 x Chardonnay B 1.2 175 Mid Like Cab Sauv but
more fruity

FT 09333-253 07355-020 x Chardonnay B 1.3 240 Early-Mid Like Cab Sauv but
more fruity

FT 09333-331 07355-020 x Chardonnay B 1.2 225 Early Fruity

FPS 09333-358 07355-020 x Chardonnay B 1.1 150 Mid Fruity

FT 09333-370 07355-020 x Chardonnay B 1.5 310 Mid-Late Fruity

FPS 09356-235 07371-19 x Sylvaner B 1.2 175 Late Fruity

Tables 5a through 5c detail the vine, fruit, and juice characteristics for the ten 97% V. vinifera PdR1b selections
used to make wine lots in 2014. Two additional lots pair wines made from 94% V. vinifera PdR1b selections
grown in Davis with those from our field trial at the Treasury Wine Estates (Beringer) vineyard in Yountville,
Napa Valley (data not show). In addition, we made a number of V. vinifera controls and Blanc du Bois from both
Davis and Napa. Lenoir was made from Davis fruit.

In 2012 we conducted the first industry tastings of our advanced selections. In August, we presented the best of
our 87 and 94% V. vinifera PdR1b wines to about 200 people as part of a Sonoma County Winegrape Growers
Commission meeting. We presented wines made in 2012 with our favorite 94% V. vinifera PdR1b selections in a
blended format to show how these wines would be used as blending grapes to fill in chronic Pierce’s disease
hotspots and still stay within the 75% / 25% varietal wine labeling requirement. We did this with one of our
favorite whites (07713-51), blended it with Chardonnay from Yountville, and compared these wines with those
made at the same scale with Yountville Chardonnay and Blanc du Bois (top southern USA Pierce’s disease
resistant winegrape). One of our favorite reds at the 94% level is 07355-075 and it was blended with Oakville
Merlot. We also presented a wine made from three of our advanced 97% V. vinifera PdR1b selections (there was
not enough fruit from any of them individually, but all have now been replicated for future wine-making): 09331-
047, 09332-165, and 09333-178. These wines were well received and many liked the 97% blend the best. The
first tasting in 2013 was with select growers and winemakers in the Napa Valley at the UCD Oakville Station, a
second was on July 17th in Temecula to the Winegrowers Association, and a third in early August at Healdsburg



  

                
                   

                

 

  

 
 
 

  

  

  

  

 

  

  

  

  

  

  

  

 

             
            

               
          

                 
                  
                 

                 
                   

               
            

               
                
               

               
       

(Dry Creek Valley and Sonoma Grape Growers and Winemakers). These wines were also presented at the Napa 
Grape Expo on November 14th. The next step is to make larger scale wines in multi-ton lots. These vines are being 
planted as noted above. Once selections clear FPS testing, the best selections will be ready for release. 

Table 5a. 97% V. vinifera Pierce’s disease resistant selections used in small scale winemaking in 2014: background 
and fruit characteristics. 

Genotype Parentage 
2014 Bloom 

Date 
2014 Harvest 

Date 
Berry 
Color 

Berry 
Size 
(g) 

Ave 
Cluster 
Wt. (g) 

Prod 
1=v low, 
9=v high 

09314-102 07370-028 x Cab Sauvignon 5/13/2014 8/21/2014 W 1.6 400 9 

09330-07 07370-039 x Zinfandel 5/18/2014 9/2/2014 B 1.3 275 8 

09331-047 07355-020 x Zinfandel 5/8/2014 8/12/2014 B 1.4 400 5 

09331-103 07355-020 x Zinfandel 5/13/2014 8/19/2014 B 1.2 333 7 

09333-039 07355-020 x Chardonnay 5/13/2014 8/21/2014 B 1.3 400 7 

09333-178 07355-020 x Chardonnay 5/13/2014 9/2/2014 B 1.9 350 6 

09333-253 07355-020 x Chardonnay 5/15/2014 8/21/2014 B 1.2 225 6 

09333-313 07355-020 x Chardonnay 5/15/2014 8/21/2014 B 1.3 350 8 

09333-370 07355-020 x Chardonnay 5/18/2014 9/2/2014 B 1.4 282 6 

09356-235 07371-19 x Sylvaner 5/13/2014 8/28/2014 B 1.4 325 7 

Table 5b. Juice analysis of 97% V. vinifera Pierce’s disease resistant selections used in small scale winemaking in 2014. 

Genotype °Brix 
TA 

(g/L) pH 
L-malic 

acid 
(g/L) 

potassium 
(mg/L ) 

YAN 
(mg/L, 
as N) 

catechin 
(mg/L) 

tannin 
(mg/L) 

Total antho-
cyanins 
(mg/L) 

09314-102 24.0 6.5 3.67 3.92 2340 150 - - -

09330-07 23.0 6.0 3.55 2.61 1930 185 88 588 1667 

09331-047 28.5 4.6 3.87 2.12 2670 284 4 572 1658 

09331-103 23.9 7.3 3.30 1.6 1450 210 11 634 1253 

09333-039 23.9 7.2 3.40 2.52 2020 162 36 470 648 

09333-178 27.2 4.9 3.69 1.62 2090 57 51 429 520 

09333-253 25.8 5.9 3.51 2.43 1840 147 40 425 566 

09333-313 26.4 7.0 3.43 2.22 2160 76 36 298 811 

09333-370 23.2 4.9 3.63 1.65 1630 205 17 469 628 

09356-235 24.8 5.4 3.58 1.97 1890 143 56 787 1534 

CONCLUSIONS 
We continue to make rapid progress breeding Pierce’s disease resistant winegrapes through aggressive vine 
training, marker-assisted selection, and our rapid greenhouse screening procedures. These practices have allowed 
us to produce four backcross generations with elite V. vinifera winegrape cultivars in 10 years. We have screened 
through thousands of seedlings that are 97% V. vinifera with the PdR1 resistance gene from V. arizonica b43-17. 
Seedlings from these crosses continue to crop and others are advanced to greenhouse testing. We select for fruit 
and vine quality and then move the best to greenhouse testing, where only those with the highest resistance to Xf, 
after multiple greenhouse tests, are advanced to multi-vine wine testing at Davis and in Pierce’s disease hot spots 
around California. The best of these are advanced to 50- to 100-vine commercial scale testing with the first 
selection planted this year. We have sent 13 advanced scion selections to FPS over the past two winters to begin 
the certification and release process. Three Pierce’s disease resistant rootstocks were also sent to FPS for 
certification. Pierce’s disease resistance from V. shuttleworthii and BD5-117 is also being pursued, but progress 
and effort is limited because their resistance is controlled by multiple genes without effective resistance markers. 
Other forms of V. arizonica are being studied and the resistance of some will be genetically mapped for future 
efforts to combine multiple resistance sources and ensure durable resistance. Very small-scale lots of wines from 
94% and 97% V. vinifera PdR1b selections have been very good, and have been received well at tastings in the 
campus winery and at public tastings throughout California. 
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Table 5c. 97% V. vinifera Pierce’s disease resistant selections used in small scale winemaking in 2014: berry sensory
analysis.

Genotype Juice Hue Juice
Intensity Juice Flavor Skin Flavor

Skin
Tannin

Intensity
(1=low,
4= high)

Seed
Color
(1=gr,
4= br)

Seed
Flavor

Seed
Tannin

Intensity
(1=high,
4= low)

09314-102 Gr-gold tch
brown Med Pear, yellow

apple, sl spice Sl melon, pear 1 3 Earthy,
ashy 4

09330-07
Clear
Bright

pink-red
Lt+ Raspberry, tart

cherry Berry, fruity 2 3 Astringent
neutral 1

09331-047 Red, tch
orange Med Plum, candy, vs

fresh jam
Berry, spice,

chalky 2 4 Woody,
ashy 1

09331-103
Red,

typical
clear

Med Strawberry,
cranberry, spice Berry, fruity 3 4

Hot,
woody,
bitter

1

09333-039 Red Lt Strawberry,
spice

Berry, plum, sl
grass 2 4 Spicy,

bitter 2

09333-178 Brown Med Spice, pear Plum, berry 1 4 Woody,
nutty, bitter 2

09333-253 Pink-
orange Lt+ Berry, apple Berry, warm, 2 2 Woody,

spicy, hot 3

09333-313 Brown
orange Med- Spice, plum Sl blk cherry, 1 4 Chalky, sl

bitter 2

09333-370 Pink-
orange Lt+ Mellon, plum Neutral, spicy 4 3 Woody,

spicy 2

09356-235 Red, tch
orange Med Fruity, berry Mildly fruity,

sl hay 4 3 Woody, vs
bitter 2
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INTRODUCTION
Genetic maps are powerful tools that enable the tagging of regions of interest, identification of markers that are
tightly linked to that region for breeding, and map-based positional cloning of disease resistance genes. Tightly
linked markers to resistance are extremely valuable for plant breeders. Firstly, they can avoid environmental
affects by using indirect selection for a resistance trait through selection for a marker associated with the
resistance allele. Secondly, marker-assisted selection accelerates the breeding process for relatively long
generation time perennials such as grape, saving time, labor, and money. Thirdly, stacking of resistance genes
from multiple backgrounds into a single line is only possible with the help of markers. Stacking of resistance
genes will allow durable long-lasting resistance in the field.

The Walker lab possesses a wide range of Pierce’s disease resistant germplasm that was collected from Mexico
and the southeastern and western USA over a period of 50 years. This germplasm is a very valuable gene pool for
not only Pierce’s disease resistance, but also for resistance to other insects and pests and salt and drought
tolerance. This unique germplasm is present only in our collection and not represented anywhere else in the
world. To exploit the resistant accessions for breeding, it is important to understand the inheritance and genetics
of resistance, develop phenotyping assays for the disease screening, and develop mapping populations that can be
used to tag the resistant regions and identify linked markers.

The history of the genetic mapping in our lab goes back to the project that was funded by the USDA-funded UC
Pierce's Disease Research Grant Program. It expanded on a genetic mapping effort originally funded by the
California Grape Rootstock Improvement Commission, the Fruit Tree, Nut Tree, and Grapevine Improvement
Advisory Board, the California Table Grape Commission, and the American Vineyard Foundation. The initial
project examined the genetics of resistance within several Vitis rupestris x Muscadinia rotundifolia F1
populations that were later identified to be crosses of V. rupestris and V. arizonica hybrids. From 2003 to 2014, we
have explored a wide range of resistant material, fully understood the mode of inheritance, and genetically
mapped Pierce’s disease resistance from the homozygous resistant selection V. arizonica/candicans b43-17 and
identified very tightly-linked markers for use in marker-assisted selection (MAS), which has greatly expedited our
Pierce’s disease resistance breeding program (Krivanek et al., 2006, Riaz et al., 2006, Riaz et al., 2007, Riaz et al.,
2008, Riaz et al., 2009). We have used these markers to rapidly select at each generation of the backcross
breeding program as we increase the percentage of V. vinifera in the hybrid progeny (F1 = 50% V. vinifera;
backcross (BC) 1 = 75%; BC2 = 87%; BC3 = 94%; BC4 = 97% V. vinifera). This project supported the grape
breeding companion project by screening 1,000’s of seedlings with markers each year from 2005 onward.
Marker-assisted screening (MAS) allowed the breeding program to reduce the seed-to-seed cycle to two years and
greatly accelerated the development of Pierce’s disease resistant grapes.

We developed four different populations with b43-17 (F1 and BC1), separated resistance haplotypes F8909-08
and F8909-17 (each a different allele from the homozygous b43-17), developed framework maps, and verified
resistance in both. In 2005, we initiated crosses with the second resistant accession, b42-26, which is a complex
mix of V. arizonica, V. girdiana, and V. candicans. Inheritance studies in later years indicated that resistance in
b42-26 is multigenic and complex and required a large mapping population. Crosses with the third resistance
accession, a pure form of V. arizonica (b40-14), were initiated in 2007. All F1 progeny of b40-14 were resistant to
Pierce’s disease in the greenhouse screen and multiple BC1 populations were created with different susceptible V.
vinifera parents. Framework maps with Simple Sequence Repeat (SSR) based markers were initiated in both
resistant sources, b42-26 and b40-14, and a single major resistant locus was found in b40-14. Apart from tagging
the resistance loci via genetic mapping, we also initiated BAC library development in order to pursue physical
mapping and cloning of resistance genes from b43-17 and b40-14. The physical map was completed for b43-17
haplotype F8909-08 and candidate resistance genes were identified (manuscript in progress). The BAC library of
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b40-14 was also developed; screening and physical map development is part of the next funding cycle. In 2011,
following the recommendations of the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board, we
screened over 200 accessions in our collection to identify new Pierce’s disease resistance sources to broaden the
genetic base of the breeding program under the project title “Genetic mapping of Xylella fastidiosa resistance
gene(s) in grape germplasm from the southern United States.” Multiple new resistant accessions were identified
and further work on them is the scope of the next funding cycle.

Over the past 11 years, this mapping project has exploited multiple resistance sources, developed framework and
high resolution fine-scale maps, tagged resistance loci, and generated markers that were used to carry out MAS on
1,000’s of seedlings each year to support the companion breeding program. BAC libraries were developed to
pursue map-based positional cloning of the resistance genes, a physical map was completed, and candidate genes
were identified from the F8909-08 resistant selection. The results from this project also fueled the second
companion project “Molecular characterization of the putative Xylella fastidiosa resistance gene(s) from b43-17
(V. arizonica).” The necessary symbiotic bond of this project to two other projects made it possible to move
forward to begin field and wine testing leading to the release of new varieties and to strengthen resistance by
complexing multiple forms into one line.

OBJECTIVES
These objectives summarize those from the 11-year duration of this project.
1. Characterize resistance from V. arizonica/candicans b43-17.
2. Genetically map resistance from b43-17 and use tightly-linked markers in MAS for the Pierce’s disease

resistant wine, table, and raisin grape breeding programs.
3. Physically map resistance from b43-17 and b40-14 and provide resistance genes to our companion project

testing the function of PdR1 by transforming PdR1 into susceptible grapes.
4. Evaluate southern USA and Mexican Vitis germplasm for alternative sources of Pierce’s disease resistance.
5. Characterize and map alternative forms of resistance and use them in MAS with PdR1 to complex or stack

resistance genes in an effort to produce more durably resistant cultivars.
6. Physically map new forms of resistance to better characterize Pierce’s disease resistance and confirm their

function by transforming susceptible V. vinifera with them.

RESULTS
Research highlights.
2003 – 2004
The refinement of the 9621 population map was pursued with publicly available SSR, EST-SSR, and resistance
gene ortholog markers. Resistance was mapped to chromosome 14 in the F8909-17 parent and was flanked by
both AFLP and SSR markers. Crosses were made with resistant selections F8909-08 and F8909-17 with
susceptible V. vinifera parents to create populations for mapping in order to study the resistance in the absence of
V. ruspestris or b42-26 in the background. Markers were identified that were linked to the resistance and efficacy
of their use for MAS was tested. Table 1 shows the species information for populations and genotypes used for
mapping. Table 2 shows the 9621 consensus map details.

2004 – 2005
DNA extractions of four different mapping populations were completed. Framework mapping was initiated for
the 04190 (F2-35 x F8909-08) population. Below is the detail of different populations that were investigated in
2004-2005.
Expected or known segregation patterns.
1. 9621 Population: PdR1 single locus for F8909-17 and multiple quantitative trait loci (QTL) for D8909-15.
2. 0023 Population: multiple QTLs.
3. 03-300 population: PdR1 resistance segregates 1:1 (single gene model) Xf greenhouse screening for entire

population was initiated.
4. 04-190 population: results based on resistant alleles from six markers, PdR1 segregates as 1:1 (single gene

model), Xf greenhouse screening for the entire population underway.
5. 04-191 population: PdR1 resistance should segregate 1:1; plant DNA extraction and addition of Pierce’s

disease group markers underway.
6. 04-373 population: PdR1 resistance should segregate 1:1; plant DNA extraction and addition of Pierce’s

disease group markers underway.
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We also determined and verified the true parents of multiple populations of the 89-series with the help of SSR
markers. This was the pivotal milestone in our understanding of Pierce’s disease resistance in germplasm
collected from Mexico in 1961 by Harold Olmo (Table 3). The correct identification of these accessions was also
verified in the National Clonal Germplasm Repository. The 9621 population was expanded with 300 individuals
to allow the identification of recombinants, DNA isolation was carried out, and plants were tested with markers.

2005 – 2006
Marker-assisted selection was started to support the Pierce’s disease resistance grape breeding program at Davis
and also for David Ramming at the USDA ARS at Parlier. The framework map of the 9621 population was
completed with over 200 SSR markers. The consensus map spanned 1154 cM across 19 linkage groups. Linkage
group 14 was the largest group with 30 markers. Fifteen markers were tightly associated with the major locus –
PdR1. An additional 276 genotypes were added to make a core population of 457 genotypes in the 9621
population. We continued screening to select EST-SSR markers with known function with the main goal of
finding markers that were polymorphic for parents of two main mapping populations (9621 and 04190) and map
to linkage group 14 only. We chose a subset of 20 RGA-STS primers to screen parental samples for
polymorphism and to be used for mapping. We chose resistant genotype b43-17 to develop a BAC (Bacterial
Artificial Chromosome) library that would enable the identification of the resistance gene. F8909-08 and F8909-
17 are progeny of b43-17 and they inherited different alleles of PdR1. However, both alleles are associated with
resistance locus. This information indicated that there might be cluster of genes associated to resistance and
progeny F8909-08 and F8909-17 inherited different copies of resistant genes. Therefore, b43-17 was the right
candidate to develop the BAC library. We collected 100 cuttings of b43-17 and grew them in the greenhouse to
collect young leaves for isolation of high molecular weight DNA from which the BAC library was constructed.

2006 – 2007
Genetic marker work was completed on the newly-added genotypes of the 9621 population, which identified a
subset of 60 progeny (primarily recombinants with a few resistant and susceptible genotypes as controls) capable
of being used for fine-scale mapping. Recombinant plants within these populations are critical as they allow loci
of interest (Pierce’s disease resistance in this case) to be mapped fully enough to allow characterization and
identification of the responsible gene(s). The greenhouse screening for Pierce’s disease resistance of these plants
was completed. This increased the number of individuals and helped us to refine the position of the PdR1 locus
and make the genetic window to less than 1 cM. We also screened an additional 400 9621seedlings for two
markers flanking PdR1 to find more recombinants. Fifty recombinants were detected and they were planted in the
field. A subset of 20 RGA-STS primers were tested with a subset of five different restriction enzymes to
create/find restriction site based polymorphism in the PdR1 locus. Three markers were polymorphic with different
restriction enzymes. They were added to the core 9621 population.

Genetic mapping of the 04190 population, a cross of V. vinifera F2-7 (Carignane x Cabernet Sauvignon) x F8909-
08 was completed on a core set of 220 plants. Marker order for LG 14 was consistent between F8909-17 (9621
paternal map) and F8909-08 (04-190 paternal map). These genotypes inherit different alleles from the
homozygous b43-17, and could represent different copies of the resistance gene(s). This work enabled us to
choose easily-scored, highly polymorphic markers for use in marker-assisted selection (MAS) based breeding of
Pierce’s disease resistant winegrapes. The 04190 population was expanded from 220 to 366 individuals and all
marker work was completed.

2007 – 2008
New markers were developed from the publicly available grape genome sequence of Pinot noir PN40024
(Table 4). These markers were tested and added to the key set of recombinants in different mapping populations.
A major segregation distortion region was identified on chromosome 14 in progeny from the F8909-08 and b43-
17 maps. Marker-assisted screening support was provided to the companion-breeding program by testing over
1,500 seedlings to identify resistant and susceptible plants. The greenhouse screen was repeated for the key
recombinants in different mapping populations. Framework mapping was initiated in the 04191 population to
identify any minor genes that might contribute to resistance. This population provides genotypes with a 50%
V. vinifera background for breeding wine and table grapes as well as more recombinant plants for use in genetic
mapping. This population also enables the study of resistance from F8909-17 to be examined without possible
confounding effects from D8909-15. We also initiated genetic mapping in the F1 population from the b42-26
background (05347 – Table 1). A total of 337 markers were tested on a small parental data set. Results found a
high level of homozygosity for b42-26 (only 113 markers were polymorphic); 184 markers were homozygous for
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the male parent b42-26, and 40 markers did not amplify. Polymorphic markers were added to the 64 progeny.
Crosses were made to increase the population size to over 200 progeny.

b40-14 is the third promising homozygous resistant genotype. We screened 45 genotypes from an F1 cross of
V. rupestris x b40-14 and all were resistant except three genotypes with intermediate results. Crosses were made
in the spring of 2007. We completed DNA extractions from 122 seedlings from 07744 and 105 seedlings for
07386 with b40-14 in their background. Marker testing was started to find a framework set of markers that span
19 chromosomes.

Two BAC libraries (each with a different restriction enzymes) from the homozygous resistant b43-17 were
developed. Library screening was carried out twice with two markers (VVCh14-10 and VVCh14-56), which are
tightly linked to PdR1 as per the previous location of the locus. A total of 24 positive clones were identified – four
of the positive clones were positive with both markers.

2008 – 2009
Marker-assisted selection support to the Pierce’s disease breeding program continued. The genetic position of the
PdR1a resistance locus was refined between marker VVCh14-56 and VVCh14-70. Table 5 shows the key
recombinants from two populations. VVCh14-70 is the new marker developed from the sequence obtained from
the Pinot noir genome sequence. The new markers were added to the set of key recombinants in all populations.
Testing of markers and adding polymorphic markers to the 04191, 07744, and 05347 populations continued. DNA
extractions of expanded 05347 populations were completed. We screened 240 SSR markers on a small subset of
eight genotypes from the 07744 population, including parents and a few progeny with VMC series, VVMD, and
VVS markers. A total of 100 markers were polymorphic in the preliminary screen. Eighty polymorphic markers
were completed on an entire set of 122 plants of the 07744 population.

Ten new primer sets were developed to screen the b43-17 BAC library. These primers spread across 60 to 80Kb
of the 695Kb sequence from PN40024. Nine of these markers amplified the genomic DNA of resistant b43-17
successfully. This work localized the resistance locus between Ch14-56 and Ch14-70, at a physical distance of
340Kb.

2009 – 2010
Marker-assisted selection support to the Pierce’s disease breeding program continued. Mapping work progressed
in three populations (04191, 05347, and 07744). These populations were expanded and data were analyzed as the
greenhouse screen results became available.

Genetic mapping and QTL analysis was completed in the 07744 population.  227 markers were polymorphic for
one of the parents. 152 were analyzed on the entire set of 122 plants. A framework map of R8918-05 was
produced with MAP QTL (4.0) and the Kruskal-Wallis approach was used to complete the preliminary analysis.
A major locus mapped on chromosome 14 – the same chromosome where PdR1a and PdR1b mapped. Pierce’s
disease resistance from b40-14 (which we have named PdR1c) also maps in the same general region between
flanking markers VVCh14-77 and VVIN64 and within 1.5 cM. This locus explains 82% of the phenotypic
variation. A minor QTL was identified on chromosome five. A shotgun library of BAC clone H64M16 was
Sanger sequenced. Clone H69J14 was selected for 454 sequencing. However, the sequenced region was highly
enriched with repetitive elements that complicated the assembly. Newbler software as well as the Lasergene
program SEQMAN, which enable sequence analysis, do not work well with sequences containing many repeated
regions. In order to generate longer sequence fragments, a shotgun library was constructed for clone H69J14. This
generated 384 sequences in both directions to develop paired ends capable of filling the gaps between the contigs
from the 454 sequence data. We then masked the repetitive region from all the sequences (both H69J14 and
H64M16 clones) to carry on the assembly with the MIRA assembler program. This effort improved the assembly,
but the contig number was still very high and not suitable for primer walking. Moreover, all the major contigs had
masked repetitive regions on both ends indicating that the primer design effort would not generate sequence
specific results capable of bridging the sequence gaps. A fosmid library with an insert size of 35-40Kb was
initiated in order to allow us to better understand and assemble this highly repetitive region.

2010 – 2011
Genetic mapping was completed for the 04191 population. The genetic map was constructed with 5.0 LOD and a
0.40 recombination frequency. 136 markers were grouped on 19 chromosomes (2n=38). QTL analysis was carried
out with the natural log of the ELISA values. We reconfirmed a major locus PdR1a on chromosome 14 and
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identified a minor QTL explaining 7% phenotypic variation on chromosome 19 that peaks at marker CB918037
(Figure 1). The map for this minor resistance locus on chromosome 19 was refined by adding five markers that
reduced the distance between the markers from 12 cM to 8 cM on one side and from 5 cM to 3 cM on the other
side of the locus from the previous report. The locus explained 7% of the phenotypic information and may play an
important role in Pierce’s disease resistance. More markers were developed using the PN40024 sequence for the
resistance region on chromosome 19.

We also worked on the 05347 population. 71 new SSR markers were developed from clone sequences generated
from the Vitis Microsatellite Consortium (the original source of SSR markers for grape). These clones had been
discarded as not useful for marker development because of the presence of microsatellite repeats at the beginning
or end of the sequence, leaving no room for primer design. We also acquired primer sequences of an additional
200 markers that had not been tested with b42-26. Marker testing on a small set of parents and progeny
proceeded. We also added markers to develop a framework map for the entire population.

We pursued the physical map of the BAC clone H69J14. To overcome the repetitive elements and to produce
longer contigs, a Fosmid library was generated with an insert size of 35-40Kb. The assembled sequence (454
reads, shotgun reads, and fosmid library reads) produced more than 80 contigs. A search was carried out to
identify the genes on all of them using the sequence builder module and the results were confirmed by blasting
with the NCBI database. We identified six copies ranging from 2Kb to 3.1Kb in the resistance region. Copies 1
through 4 are 97-99% similar and differ in size (potentially tandem repeats of one gene). They were up to 78%
similar to the four copies of genes on the PN40024 sequence. Detailed analyses based on the NCBI protein search
identified four tandem repeats of serine threonine protein kinase with a leucine-rich repeat domain gene family in
the resistance region. These proteins are involved in eliciting disease resistance responses. A direct comparison of
the H69J14 clone sequence to the PN40024 sequence was not possible due to major re-arrangement of repetitive
elements between the two genomes.

2011 – 2012
To develop the genetic map of the F1 population 05347 (F2-35 x b42-26), we tested a total of 916 markers, 763
SSR primers amplified b42-26 DNA, and 180 markers were polymorphic. The level of polymorphic markers was
only 23% (very low compared to the other populations we have mapped and suggesting that b42-26 is inbred). A
set of 173 of polymorphic markers was added to the entire population of 239 progeny. A framework map with
125 markers was developed. All 125 markers were grouped into 18 linkage groups; no marker was polymorphic
for chromosome 6. For three linkage groups, markers did not map because of the large distance between them.
Greenhouse screen was completed on 164 accessions, however, results are not conclusive due to large
temperature variations during the greenhouse screen. This population was tested again in 2012. Reviewers of our
CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board proposal suggested we expand the genetic base
of resistance to enable breeding more durably resistant cultivars. To begin this process, we selected 52 Vitis
accessions from Pierce’s disease hot spots in Texas, New Mexico, Arizona, Nevada, and California (including
fifteen accessions from Mexico). These were evaluated in the greenhouse screen, which identified 22 accessions
with high Pierce’s disease resistance. Three of these accessions were collected from the trips made over the past
10 years and were collected from Texas and Arizona. Crosses were made in 2012 to develop small breeding
populations. Over the next two years over 250 accessions from across the southern USA will be tested.

2012 – 2013
The genetic mapping with accession b40-14, a pure form of V. arizonica, was completed in the 07744 population.
We tested a total of 606 SSR markers and 224 polymorphic markers were added on the entire set of 122 plants
(Table 6). A total of 216 markers were polymorphic for the female resistant parent R8918-05. A framework
genetic map of R8918-05 was produced with Joinmap (4.0). A total of 212 markers mapped to 19 grape
chromosomes with an average distance of 6.3 cM between markers (Table 7). The updated map did not have
fragmented groups and provided adequate genome coverage when comparisons were made to the previously
published integrated Vitis genetic maps. A major locus for Pierce’s disease resistance was identified on
chromosome 14 (Figure 2). Pierce’s disease resistance from b40-14 (which we have named PdR1c) maps in the
same general region as PdR1a and PdR1b between flanking markers VVCh14-77 and VVIN64 and within 1.5
cM. The LOD threshold for the presence of this QTL was 39 and this major locus explained 80% of the
phenotypic variation. Using the updated genetic map, we also identified a minor QTL with LOD 2.0 on
chromosome 5 that explained 8.3% phenotypic variation for resistance (Figure 3). We did not find evidence for
any other QTL on the remaining 17 chromosomes. Both QTLs explained a total of 88% phenotypic variation for
resistance within the b40-14 background.
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A framework genetic map was also developed for 198 seedlings in the 05347 population with 185 markers. A
large number of markers showed segregation distortion. We have repeated and completed the greenhouse screen
on 199 seedlings that rooted successfully. Thirty-five of the seedlings were tested three times, 77 tested twice, and
87 were tested once. An ANOVA on the 35 genotypes tested in all three trials indicated that only the genotype
matters and there were no significant interactions. The updated results were used for the QTL analysis. One-way
ANOVA and interval mapping revealed QTLs on chromosome 8, 12, and 14 that explained over 25% phenotypic
variation. We are currently refining the maps of these three chromosomes with more markers and establishing the
association of markers that are in linkage with the resistance for potential use in marker-assisted screening.

Strong progress was made in accessing the diversity and population structure of the southwestern USA and
Mexican Vitis accessions, examining 219 accessions of these species. DNA was collected from all those
genotypes and six V. vinifera accessions were added as outliers. A total of 22 SSR markers were selected for
coverage of all 19 grape chromosomes. Three methods: hierarchical clustering (Ward method); principle
coordinate analysis (PCA); and a model-based clustering method implemented in the program STRUCTURE,
revealed three main groups. Figure 4 presents the results of PCA with three distinct groups and Figure 5 presents
the groupings revealed with the STRUCTURE program displayed on the geographic location map. Most of the
accessions from the Mexican species collections appear to be introgressive hybrids among V. arizonica, V.
berlandieri, V. candicans (V. mustangensis), V. cinerea var. tomentosa, V. girdiana, and V. monticola. Strong
resistance to Pierce’s disease occurs in V. arizonica/candicans, V. arizonica/girdiana, and V. arizonica/monticola
forms.

To determine the inheritance and nature of resistance of the best forms, we made crosses in 2012 to develop
breeding lines with four of the most resistant accessions. Small breeding populations were planted in spring 2013.
In 2013, we made additional crosses to expand the existing populations as well as used four new Pierce’s disease
resistant accessions to develop breeding populations (Table 8). Seedlings that were generated from 2012 crosses
were tested with markers and true-to-cross seedlings were transferred to the field.

2013 – 2014
The genetic map of 04191 was completed in 2012-2013. The 04191population segregates for both major and
minor QTL. In order to study the impact of the minor QTL in isolation of PdR1, we made two crosses with
04373-02 and 04373-22 and Pinot blanc. The goal is to discard all those plants that carry the PdR1 locus,
greenhouse screen all other plants to test their level of resistance to Pierce’s disease, and use these populations to
study and verify the PdR2 region without interactions with the PdR1 locus. A total of 100 plants were screened
with SSR markers and 43 plants were planted in the field in spring 2012. These plants were greenhouse screened.
Cane lignification index and leaf scorch symptoms indicated 11of the seedlings were as resistant as U0505-01
(moderate to strong resistance) and 17 seedlings were susceptible.

Maternally inherited chloroplast SSR markers were added to the study set of southwestern USA accessions to
identify unique resistant maternal haplotypes and enable study of evolutionary and taxonomic relationships.
Greenhouse screening was completed for this large collection of Vitis species and a manuscript is in progress.
Crosses were made with new resistant selections to generate new populations and to expand existing populations.

Greenhouse screening was repeated on the key recombinants from the 07744 population, five new markers
developed from the sequence of b43-17 were added to the complete study set, and final analysis before the
manuscript is written is underway. We also retested some of the marker data on a new Applied Biosystem setup
for the 05347 population, and once all tested markers are added, the final analysis will be carried out.

In December 2013, we first used the PacBio RS II system sequencing to produce long reads with average lengths
of 4,200 to 8,500 bp and the longest reads at over 30,000 base pairs. As no amplification is required, the read
accuracy is very high and de novo assembly of the genome can be performed with up to 99% accuracy. We have
isolated four BAC clones that overlap with each other and provide an approximately 500Kb long stretch of
genomic region that compares to the PN40024 sequence (Figure 6). To date, we completed the sequencing and
assembled the four BAC clones. The assembly generated a 604 Kb long sequence without any gaps, covering the
entire resistance region, and is 126 Kb more than the corresponding sequence from PN40024, which is 491.2 Kb.
The expansion of this resistance region is due to transposable elements (both type I and II). We identified multiple
open reading frames of the leucine-rich repeat receptor kinase gene family, which regulate a wide variety of
functions in plants including stem cell maintenance, hormone perception, wounding response, and both host and
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non-host specific defense. The next step is to fully annotate the sequence, carry out comparative sequence analysis
(manuscript in progress), and proceed to promoter isolation and characterization of the resistant genes. The results
of this work will feed into the project “Molecular Breeding Support for the Development of Pierce’s Disease
Resistant Winegrapes” that is the continuation of this work and is funded by the CDFA Pierce’s Disease and
Glassy-winged Sharpshooter Board from 2014-2017.

LAYPERSON SUMMARY
A major focus of this project is to broaden the genetic base of Pierce’s disease resistance by searching for and
characterizing new forms of Pierce’s disease resistance. We have made rapid progress breeding Pierce’s disease
resistant winegrapes that are now approaching release. This progress could not have been made without the
development and use of DNA markers for Pierce’s disease resistance and the discovery of strong single gene
resistance in forms of Vitis arizonica. The next phase of the breeding program is now underway – combining
multiple Pierce’s disease resistance sources into one background. Although single gene resistance is easy to breed
with, aggressive pathogens and pests often overcome it. With this in mind, our Pierce’s disease breeding/genetics
program is now characterizing resistance from other backgrounds and developing DNA markers so that we can
combine these resistances into a single individual. Combining these genes together will require good markers
since the resistant progeny resulting from efforts will appear the same: resistant. We will need the markers to the
multiple sources to verify different genes have been combined. We have discovered more sources of strong
resistance and are now mapping and developing markers to determine if these new genes control different types or
forms of resistance.

We plan to combine these multiple resistance sources in our breeding program to ensure broad and durable
Pierce’s disease resistance. This project provides the genetic markers critical to the successful classical breeding
of Pierce’s disease resistant wine, table, and raisin grapes. Identification of markers for PdR1 has allowed us to
reduce the seed-to-seed cycle to two years and produce selections that are Pierce’s disease resistant and 97%
V. vinifera. These markers have also led to the identification of six genetic sequences that may house the Pierce’s
disease resistance gene, and which are being tested to verify their function. These efforts will help us better
understand how these genes function and could also lead to Pierce’s disease resistance

Table 1. Parentage and species information for populations and genotypes being used to map Pierce’s
disease resistance.

Population / Genotype Species / Parentage
b42-26 V. arizonica
b43-17 V. arizonica/candicans
D8909-15 V. rupestris A. de Serres x V. arizonica b42-26
F8909-08 and F8909-17 V. rupestris A. de Serres x V. arizonica/candicans b43-17
F2-7 and F2-35 (both females) V. vinifera (Carignane x Cabernet Sauvignon)
9621 D8909-15 x F8909-17
0023 F8909-15 x V. vinifera B90-116
03300 101-14Mgt (V. riparia x V. rupestris) x F8909-08
04190 F2-7 x F8909-08
04191 F2-7 x F8909-17
04373 F2-35 x b43-17
07744 R8915-05 x Airen
05347 F2-35 x b42-26
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Table 2.  9621 consensus map details.
Chromo-

some
Linked

Markers Mapped Unmapped Distance
(cM)

New
Markers

1 18 16 m-VMC8a7, fm-AF378125 2 91.2 8
2 11 10 VMC5g7 1 50.97 0
3 8 8 0 65.87 4
4 15 14 VMC2e10 1 79.95 4

5 17 11
f-VrZag89a, fm-VMC16d4, m-
VrZag89b, f-VrZag79a, West-9,
VMC4c6

6 46.77 4

6 16 10 f-VMC3f12, m-VMC3a8, fm-VVC7,
fm-CF205720, f-VMC2h9 6 75.8 3

7 9 8 fm-VMC16f3 1 71.38 1
8 9 7 f-VMC1b11, f-VMC1e8 2 56.34 2
9 10 10 0 71.05 2

10 9 7 fm-ctg9946, f-vest235 2 30.87 3
11 8 8 0 48.86 4
12 13 12 fm-VMC5c6 1 33.16 4
13 9 9 0 57.29 3
14 30 28 m-VVIQ32, fm-ctg1008359 2 76.83 5
15 4 4 0 17.8 0
16 9 9 0 51.5 2
17 9 9 0 61.13 4
18 15 15 0 105.66 4
19 17 15 fm-VVIM03, m-VMC1a7 2 61.25 3

236 210 26 1153.68 60

Table 3. Status of Olmo Mexico Collection genotypes (from the Armstrong block) at the USDA National Clonal
Germplasm Repository.

Correctly transferred, labeled and verified
b40-14, b40-29, b40-50, b42-11. b42-33, b43-17, b43-42,
b43-56, b43-57, b44-11, b44-16, b44-21, b44-44, b45-05,
b45-15, b46-01, b46-21, b46-22, b46-48, b47-05

Mix-up corrected from Repository to Armstrong b41-23 = b41-47
Olmo Collection plants not in the Repository b-42-24, b42-26, b42-34
Misidentified or without a matching standard at
Armstrong

b40-13, b40-34, b40-51, b40-59, b41-13, b41-23, b41-47,
b42-11, b42-51, b42-55, b43-15, b43-36, b47-33, b47-06

Repository genotypes that no longer exist at Armstrong
b40-61, b44-22, b44-52, b44-53, b45-02, b45-26, b45-45,
b45-63, b45-53, b45-28, b45-35, b46-07, b47-06, b47-27,
b47-28, b47-32

Table 4. List of new markers that were developed from Pinot Noir genome sequence and were utilized on four different
populations.

Name PN contig id new marker amp size 04190 9621 04373 04191
A010 VV78X214158.8 VVCh14-02 170 Y Y N Y

VVCh14-56 Y Y
UDV095 VV78X004565.11 VVCh14-09 170 Y Y

VVCh14-10 210 Y N Y N
VMCNg2b7.2 VV78X072246.8 VVCh14-27 193 Y Y Y Y
VMCNg3h8 VV78X190796.4 VVCh14-28 167 Y Y Y Y

VVCh14-29 200 Y Y N Y
VVCh14-30 206 Y Y N Y
VVCh14-70 193 Y Y N Y
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Table 5. Key recombinants from the 9621 (PdR1a) and 04190 (PdR1b) populations. The genotypes in bold red font are key
recombinants with a recombination event between the marker and the resistance locus. “0” indicates a susceptible allele and
“1” indicates a resistant allele.

Genotypes with PdR1a background A0101 VVCh14-
56 PdR1a VVCh14-

70
VVCh14-

29 VMCNg2b7.2

-416 0 0 0 0 1 1
-426 0 0 0 0 1 1
-470 0 0 0 0 1 1
-8 0 0 0 1 1 1
-194 0 0 0 1 1 1
-554 0 0 0 1 1 1
-629 0 0 0 1 1 1
-28 0 0 1 1 1 1
-38 0 0 1 1 1 1
-15 1 1 1 1 0 0
-23 1 1 1 1 0 0

Genotypes with PdR1b background VVCh14-
10

VVCh14-
02 PdR1b VVCh14-

70
VVCh14-

30 VVCh14-27

06314-24 0 0 0 0 1 1
06328-05 0 0 0 0 1 1
04190-026 0 0 0 0 1 1
06317-50 1 1 1 1 0 0
04190-383 1 1 1 1 0 0
06317-50 1 1 1 1 0 0
04190-381 1 1 1 0 0 0
04190-320 1 1 0 0 0 0
04190-065 1 1 0 0 0 0
06315-49 1 0 0 0 0 0
06326-23 1 0 0 0 0 -
06711A-60 0 0 ? 1 1 1

Table 6. List of markers tested and completed for the 07744 population derived from the b40-14 background.
Marker series Tested Amplified Polymorphic Completed
VMC, VMCNg 271 161 133 106
VVI 93 84 56 50
UDV 55 54 35 26
VChr 3 3 3 3
VVMS, VVMD, VrZAG 35 34 25 22
Other unpublished 4 4 2 2
EST-SSR (SCU, VVC, CTG) 145 108 68 15
Total 606 448 322 224



  

 
 

 

 

Table 7. Salient features of framework map of R8918-05, a Pierce’s disease 
resistant selection used as the maternal parent in the 07744 population. 

Chromosome 
Mapped 
Markers 

Length (cM) 

Chr1 15 72.7 
Chr2 4 59.6 
Chr3 6 37.9 
Chr4 11 98.3 
Chr5 13 60.6 
Chr6 11 40.8 
Chr7 12 88.0 
Chr8 11 54.7 
Chr9 10 87.7 
Chr10 10 74.5 
Chr11 9 79.7 
Chr12 8 52.5 
Chr13 11 71.9 
Chr14 26 97.9 
Chr15 8 35.9 
Chr16 9 67.5 
Chr17 12 56.2 
Chr18 13 136.2 
Chr19 13 55.8 
Total 212 1328.4 
Ave marker distance (cM) 6.3 cM 
Number of gaps > 20 cM 14 

Table 8. Crosses made in 2013 to develop genetic maps in new accessions from southern USA and Mexico germplasm. 
Crosses 08-319-29 and 08326-61 are female flowered selfed progeny of Zinfandel and Cabernet franc, respectively. F2-
35 is also female and a cross of Cabernet Sauvignon x Carignane. 

Resistant source / new or Geographic origin - appearance Pure V. vinifera types Estimated # of 
existing phenotype used in 2013 crosses seeds 
ANU5 Littlefield, AZ Alicante Bouschet 250 
expands existing V. girdiana 
b40-29 Chihuahua, MX F2-35 1,250 
expands existing V. arizonica 08319-29 2,000 
b41-13 Ciudad Mante, MX F2-35 750 
new V. arizonica-mustangensis-champinii 
b43-57 Guadalupe, MX Malaga Rosada 1,000 
new V. arizonica-mustangensis-champinii Rosa Minna 900 
b46-43 Big Bend, TX 08326-61 850 
expands existing V. arizonica glabra-monticola 
b47-32 Big Bend, TX F2-35 1,950 
expands existing V. arizonica glabra-monticola 08326-61 70 
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Figure 1. Interval mapping analysis of the 04191 population. We verified the PdR1a locus on LG 14 and identified a
minor QTL (PdR2) on LG 19. Blue line display the phenotypic variation explained by the loci.

Figure 2. Interval mapping of PdR1 indicating a peak at LOD 34.0 with a 95% confidence interval.
The X-axis indicates the position of the markers; LOD values are plotted on the Y-axis.
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Figure 3. Interval mapping of QTL on chromosome 5 from the b40-14 background. More markers were developed
using the PN40024 sequence. The X-axis indicates the position of the markers; LOD values are plotted on the Y-axis.

Figure 4. Principle Coordinate Analysis constructed with genotypic data from 22 SSR markers on
159 accessions using DARWIN software. Blue represents the V. cinerea-like accessions; red the V.
aestivalis-like accessions; and green the V. arizonica-like accessions. The axis 1 and 2 presents 9.13
and 5.74 percent of the variation, respectively.
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Figure 5. Grouping of accessions revealed by clustering program STRUCTURE. Representation of genetic composition
of species for each accession is represented as a bar chart. Yellow color represents V. arizonica-like accessions, blue is
for V. cinerea-like accessions, and red is for V. aestivalis-like accessions. It is noted that V. arizonica is a complex mix
of different species and further analysis only with that group separates these species into different clades.

Figure 6. The position of four BAC clones relative to each other and to the PN40024 sequence. Orange lines
are markers that were used to screen the BAC library. All four clones represent the PdR1b haplotype.
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ABSTRACT
Pierce’s disease is a deadly disease of grapevines caused by the bacterial pathogen Xylella fastidiosa (Xf).
Resistance to Pierce’s disease is present in North American Vitis species. Resistance from V. arizonica accession
b43-17 has been mapped as a single major locus (PdR1) onto linkage group 14. The physical mapping of the
PdR1b allele allowed the identification of potential candidate resistance gene(s). We cloned candidate genes
PdR1b.1,2,4,5 and 6 and generated five constructs that were used to transform leaf discs of tobacco and
embryogenic callus of V. vinifera Chardonnay and Thompson Seedless and V. rupestris St. George via
Agrobacterium tumefaciens. Tobacco and transgenic plants of Chardonnay carrying the candidate genes under the
control of 35S CaMV promoter were acclimated for testing against Xf in the greenhouse. Nine to ten independent
lines of each gene were pinprick inoculated in two basal nodes with 10 ul of 108 cfu/ml of Xf Beringer strain.
Symptoms based on leaf scorch and cane maturation index (CMI) were scored three months after inoculation.
Transgenic tobacco plants exhibited promising results at symptom level with candidate genes PdR1b.1 and 6.
Some transgenic Chardonnay also had phenotype scores comparable to those of resistant biocontrols, however Xf
counts evaluated by ELISA showed high concentrations in most transgenic lines. Chardonnay PdR1b5-7a showed
the lowest CMI and bacteria concentrations among the transgenics, although not as low as the resistant
biocontrols. Transgenic plants of Chardonnay-PdR1b2, Thompson Seedless and St. George will be tested next.
Some lines transformed with PdR1b.6 displayed a dwarf phenotype indicating that the constitutive expression of
this gene is affecting normal growth. Meristematic bulks of Thompson Seedless, Chardonnay, and St. George
have been produced to accelerate genetic transformation via organogenesis.

LAYPERSON SUMMARY
We maintain and characterize many populations while breeding Pierce’s disease resistant winegrapes, some of
which have been used to develop genetic maps. These maps were used to identify genetic markers that are tightly
linked with Pierce’s disease resistance, and which have allowed classical breeding to be greatly expedited through
marker-assisted selection. Genetic maps allow the construction of physical maps to identify resistance genes (Riaz
et al., 2008; Riaz et al., 2009). The physical map of the b43-17 resistance region allowed us to identify candidate
genes responsible for Pierce’s disease resistance. Comparisons with plant genomes indicated that multiple tandem
repeats of the disease resistance gene family Receptor-like proteins with leucine rich repeats (LRR) domains were
present in the resistance region. This category of genes is involved in the recognition of microbes and in the
initiation of defense responses (Bent and Mackey, 2007). We completed the cloning of five candidate genes:
PdR1b.1,2,4,5 and 6 and confirmed their sequence. We also developed embryogenic callus cultures of Pierce’s
disease susceptible Chardonnay and Thompson Seedless and the rootstock St. George for genetic transformation
to verify candidate Pierce’s disease resistance gene function. PdR1b.1,2,4,5 and 6 were used in transformation of
tobacco and grape. Transgenic tobacco plants were tested against Xylella fastidiosa (Xf) in the greenhouse and
promising results were obtained with PdR1b.1 and 6 candidate genes. Transgenic grape plants have been
acclimated to greenhouse conditions and Xf inoculations have been initiated. Screening of two sets of plants of
Chardonnay, comprising a total of 9-10 lines for each gene, was completed in February and July of 2014. Xf
counts showed high concentrations in most transgenic lines. PdR1b.5-7a showed the least severe disease
symptoms and bacteria concentrations among the transgenics, although not as low as the resistant biocontrols.
Testing of transformed Chardonnay-PdR1b2, Thompson Seedless and St. George is scheduled next. Although the
current transgenic grape plants were produced using the traditional procedure, we are also testing another
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technique to speed the development of transgenic tissue from meristematic bulks that will allow PdR1 gene
candidates to be tested faster.

This research is focused on demonstrating whether Pierce’s disease resistance genes developed from genetic and
physical mapping efforts function when transformed into susceptible host plants. These transformations are
underway in tobacco (an easily used model system) and susceptible grape (Chardonnay, Thompson Seedless, and
St. George). These studies will lay the foundation to understanding how these resistance genes work, and may
provide a tool to genetically engineer grape resistance genes into susceptible grapevines.

INTRODUCTION
New cultivars bred to resist Xylella fastidiosa (Xf) infection and subsequent expression of Pierce’s disease
symptoms will provide long-term sustainable control of Pierce’s disease. Disease resistant cultivars can be
obtained by conventional breeding through the introgression of resistance from North American Vitis species into
elite V. vinifera wine and table grapes. Another approach is “cisgenesis” – the transformation of elite V. vinifera
varieties with grape resistance genes and their native promoters, cloned from disease resistant American Vitis
species. The cisgenic approach may have a more limited impact on the genome of the elite V. vinifera parent since
single genes from the Vitis species genome would be added to the elite parent, thus limiting the impact on its fruit
and wine quality while making it Pierce’s disease resistant. The cisgene approach in grapes could be considered to
be similar to the natural clonal variation that exists in many winegrape cultivars. This linkage-drag-free approach
is attractive, and also allows the opportunity to stack additional resistance genes from other Vitis sources, even if
these genes originate from the same chromosomal position in different species or accessions (Jacobsen and
Hutten, 2006). The physical mapping of the resistance region from V. arizonica/candicans b43-17, PdR1, allowed
the identification of potential candidate resistance gene(s). Preliminary comparisons indicated that the PdR1
region contains multiple tandem repeats of Serine Threonine Protein Kinase with a LRR domain (STPK-LRR)
gene family. This category of genes belongs to a group involved in plant resistance. Their defense mechanism is
based on compounds involved in the recognition of microbe-associated molecular patterns (MAMP)-like
compounds, which initiate a defense response (Bent and Mackey, 2007). In order to gain insight and to verify the
function of resistance gene(s), cloning and functional characterization is required. In this report, we present the
progress on the cloning and testing of five candidate resistance genes.

OBJECTIVES
1. Cloning, structural analysis, and gene annotation via comparison of the PdR1b locus to the susceptible Pinot

Noir genome sequence using the assembled sequence of the BAC clone H64J14.
2. Expression studies of candidate genes (previously reported on).
3. Complementation tests of candidate gene(s) to test their function using Agrobacterium-mediated

transformation of the susceptible Vitis cultivars Chardonnay, Thompson Seedless, and the rootstock St.
George, and transformation of tobacco.

RESULTS AND DISCUSSION
Objective 1. Cloning, structural analysis, and gene annotation via comparison of the PdR1b locus to the
susceptible Pinot Noir genome sequence using the assembled sequence of the BAC clone H64J14.
A refined genetic map of chromosome 14, which contains the Pierce’s disease resistance locus, was generated
from three grape mapping populations derived from V. arizonica/candicans b43-17. The resistance locus
segregates as a single dominant gene and mapped as PdR1a in the F1 selection 8909-17 and as PdR1b in its
sibling F8909-08. Clone H69J14 from a b43-17 BAC library, containing both markers flanking the PdR1b
resistance locus, was sequenced using 454 and paired-end Sanger sequencing on two different libraries (fosmid
and shotgun). The assembly of the sequence data generated 10 contigs, with a portion of the sequence remaining
unassembled. Analysis of assembled and unassembled sequences revealed the presence of four candidate genes,
PdR1b.1 – 4, which appear to code for receptor-like proteins, a class of resistance proteins. Earlier in 2014, we
employed a PAC BIO RSII sequencing approach to sequence H69J14 and three other overlapping BAC clones.
The assembled sequence data generated a 604Kb-long fragment without any gaps (Figure 1).

In comparison to the susceptible sequence, the resistant line has 126 Kb more sequence than susceptible PN40024
corresponding sequence that is 491.2 Kb. In the next step, we will fully annotate the sequence, carry out
comparative sequence analysis (manuscript in progress), and proceed to promoter isolation and characterization of
the resistant genes. The results of this work will feed into the project “Molecular-Functional Approach to
Facilitate the Discovery of Novel Xylella fastidiosa Resistance Gene(s) and Markers in Native American Species”
that is a continuation of this work and is funded by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter
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Board from 2014 - 2017. We have amplified and confirmed the sequences of five candidate genes: PdR1b.1-2-4-
5-6. PdR1b.1 (P1) is the largest gene (3198 bp), and shares a high degree of homology with PdR1b.2 (P2), 4 (P4)
and 5 (P5). PdR1b.6 (P6) is significantly different from the other four. It has a kinase domain, which suggests it
might be involved in Pierce’s disease resistance in combination with P1 or one of the other candidates.

Figure 1. Assembled sequence of four BAC clones including H69J14 for 604Kb region of the resistant line. Blue and
red boxes are the respective identified Open Reading Frames of candidate resistant genes. Circles show the placement of
markers that flank the resistant locus.

Objective 3. Complementation tests of candidate gene(s) to test their function using Agrobacterium-
mediated transformation of the susceptible Vitis cultivars Chardonnay, Thompson Seedless, and the
rootstock St. George, and transformation of tobacco.
Once the gene constructs are completed, they must be tested to see if they maintain their function and provide
resistance. This is done by inserting the genes into a susceptible plant and testing to see if the insertion results in
resistant plants. Currently, the most widely used method for the production of transgenic/cisgenic grapes is based
on Agrobacterium transformation followed by regeneration of plants from embryogenic callus. We have
established cultures of pre-embryogenic callus derived from anthers of V. vinifera Thompson Seedless (TS) and
Chardonnay (CH) and the rootstock V. rupestris St. George (SG) that have been used for transformation (Agüero
et al., 2006).

PdR1b candidate genes were amplified using Phusion high-fidelity DNA polymerase (Finnzymes), cloned into
pGEM-T easy vector (Promega) and sequenced at the UC Davis Sequencing Facility. After sequence verification,
genes were sub-cloned into binary vector pCambia 1303 (www.cambia.org) containing the 35S cauliflower
mosaic virus promoter, the nopaline synthase terminator, and an hptii-selectable marker gene. P1 was also sub-
cloned into binary vector pDU99.2215 containing an ntpii-selectable marker gene. The resulting plasmids were
transformed into disarmed A. tumefaciens EHA105 pCH32 by electroporation and used for transformation of CH,
TS, and SG.

Pre-embryogenic calli of TS, CH, and SG transformed with the five candidate genes were selected in medium
with antibiotics, then sub-cultured to germination medium for plant regeneration. The presence of the genes was
checked in callus cultures through PCR and tested again in plants transferred to the greenhouse. For each gene,
we attempted to produce, at least 10 independent lines that will be subsequently propagated clonally to six plants
per line and tested under greenhouse conditions. Table 1 shows the number of independent lines that have been
obtained at present. Genomic DNA was isolated from these plants with DNeasy Plant Mini Kit (Qiagen). A
primer that binds the caMV 35S promoter and a primer that binds the coding region of each PdR1b candidate
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were used in combination for PCR amplification to verify the presence of the transgene in the plants transferred to
the greenhouse (Figure 2).

Two sets of screenings were completed in February 2014 and July 2014. A third screening is underway that is
scheduled to end in November 2014. Each line was multiplied through green cuttings to produce six replicates.
They were cut back to two buds and re-grown. Inoculations via the pinprick procedure were performed eight
weeks after the grapevines had been cut back, when all plants had reached a height of about 1m. Plants were
inoculated below and above the node within 5 to 10 cm from the base of the main shoot, using 10 μl of the
Beringer strain (OD600=0.25) each time. Pierce’s disease resistance was analyzed through phenotype scoring and
ELISA. Symptoms of Pierce’s disease were evaluated using a 0-5 score for leaf scorch-leaf loss (LS-LL) and a 0-
6 score for cane maturation index (CMI). For ELISA, plants were sampled 12 weeks post-inoculation by taking
0.5 g sections of stem tissue from 30 cm above the point of inoculation (Krivanek and Walker, 2005; Krivanek et
al., 2005).

The first screening included lines of Chardonnay transformed with P1, P4, P5 and P6, with five independent lines
per gene. All transgenic lines tested in this experiment displayed disease symptoms with different degrees of
intensity. Line CH P5-7a had the lowest bacteria concentrations among the transgenics, although not as low as the
resistant biocontrols. It also exhibited low cane maturation index (CMI) and leaf scorching-leaf loss scores (LS-
LL; Table 2). The second round of screenings started in March 2014 and ended in July 2014. It included the
remaining lines of CH P1, P4, P5 and P6, plus five lines of TS P6 and one line of SG P6. Symptom scoring is
shown in Table 3. This was a severe screen, with high CMI and LS-LL scores, not only in transgenics but
biocontrols as well. ELISA tests determined that bacteria concentrations were high in all transgenic lines. Both
SG P6-20 and SG-untransformed grouped with the resistant genotypes. A third round of screenings started in July
to test of CH- P2 and the rest of the TS and SG lines. Transgene expression was confirmed in randomly picked
plants through qPCR analysis. Several lines of CH transformed with P6 exhibited an altered phenotype
characterized by stunted growth (Figure 3). Gene expression analysis through qPCR showed that lines with
higher expression levels had lower main shoot growth (Figure 4). Blast analysis of P6 showed a high degree of
homology with lysine motif receptor-like kinases (LYK), which have been implicated in the recognition of
bacterial peptidoglycans (Gust et al., 2012).

Figure 2. Clockwise from top left: Chardonnay (CH) embryos growing in germination medium, regenerated plantlets
growing in vitro, in vitro plants transferred to substrate in greenhouse, transgene detection through PCR, green cuttings
in mist bed, and plants after being cut back prior to inoculation.





- 245 -

Table 2. Greenhouse screen results for Chardonnay transformed with P1, P4, P5 and P6. U0505-01 is the resistant
biocontrol. U0505-35, U0505-22, b43-17, Roucaneuf, and Blanc du Bois are additional biocontrols. CH uninoculated is
the negative control

Genotype Reps
Geometric

mean
(cfu/ml)

Mean
(ln

cfu/ml)

Std Error
(ln

cfu/ml)

CMI
Mean

CMI
Std Err

LS-LL
Mean

LS-LL
Std Err

CH uninoc 6 9,897 9.2 0.0 0.2 0.2 0.9 0.2
b43-17 6 10,232 9.2 0.0 1.8 0.2 2.7 0.4
Roucaneuf 6 16,592 9.7 0.5 0.0 0.0 0.7 0.2
U0505-01 6 27,356 10.2 0.5 0.8 0.7 1.7 0.3
Blanc du Bois 5 43,478 10.7 0.8 2.2 0.4 2.4 0.2
U0505-35 6 107,291 11.6 0.8 0.2 0.2 2.2 0.3
CH P5-7a 6 705,527 13.5 1.0 0.3 0.2 2.2 0.5
CH P1-19a 6 1,518,601 14.2 0.5 1.3 0.6 2.7 0.3
CH P4-9a 5 1,559,694 14.3 0.4 1.0 0.3 2.4 0.2
CH P6-14a 6 1,764,363 14.4 0.4 1.5 0.5 2.2 0.3
CH P1U-20a 6 1,794,075 14.4 0.4 1.1 0.5 2.7 0.3
CH P4-39a 4 2,032,953 14.5 0.4 1.6 0.9 2.8 0.3
CH P5-6a 6 2,303,638 14.7 0.4 2.0 0.4 2.7 0.2
CH P1U-10c 6 2,421,748 14.7 0.5 2.0 0.7 2.7 0.3
CH P5-2b 6 2,421,748 14.7 0.5 1.8 0.6 2.2 0.3

Table 3. Greenhouse screen results for Chardonnay transformed with P1, P4, P5, and P6, and Thompson Seedless and
St. George transformed with P6. U0505-01 is the resistant biocontrol.  U0505-35, U0505-22, b43-17, and Roucaneuf are
additional biocontrols. CH uninoculated is the negative control.

Genotype Reps
Geometric

mean
(cfu/ml)

Mean
(ln

cfu/ml)

Std Error
(ln

cfu/ml)

CMI
Mean

CMI
Std Err

LS-LL
Mean

LS-LL
Std Err

CH uninoc 6 10,757 9.3 0.1 0,2 0,2 3,8 0,5
b43-17 6 40,135 10.6 0.4 3,3 0,2 1,5 0,4
SG P6-20 6 393,682 12.9 0.6 4,8 0,2 4,2 0,4
U0505-01 6 638,387 13.4 0.7 1,3 0,3 3,0 0,0
SG untrans 6 984,609 13.8 0.3 3,8 0,5 3,5 0,4
U0505-35 6 2,303,638 14.7 0.4 2,7 0,6 3,2 0,2
Roucaneuf 6 5,300,438 15.5 0.1 4,3 0,3 5,0 0,0
CH P4-12a 6 5,666,034 15.6 0.2 3,8 0,2 4,0 0,4
CH P5-16a 6 5,761,452 15.6 0.1 3,7 0,3 4,2 0,4
U0505-22 6 5,761,452 15.6 0.1 4,2 0,2 3,8 0,3
CH P5-25b 6 5,956,538 15.6 0.1 3,3 0,3 4,0 0,3
CH P1-28a 6 6,158,230 15.6 0.0 3,7 0,2 4,3 0,3
CH P1-40 6 6,261,936 15.7 0.1 3,7 0,2 3,8 0,3
CH P4-36a 6 6,367,389 15.7 0.0 4,2 0,4 4,5 0,2
CH P6-19a 6 6,473,969 15.7 0.0 4,0 0,0 3,8 0,4
CH untrans-1 6 6,582,993 15.7 0.0 3,0 0,4 3,8 0,3
CH P1-26b 5 6,582,993 15.7 0.0 4,0 0,0 3,8 0,2
CH P1-30a 6 6,582,993 15.7 0.0 3,7 0,3 4,0 0,3
CH P4-28a 6 6,582,993 15.7 0.0 3,3 0,3 4,0 0,3
CH P4-42b 6 6,582,993 15.7 0.0 3,5 0,2 4,2 0,2
CH P4-5a 6 6,582,993 15.7 0.0 3,7 0,3 4,0 0,4
CH P5-21b 6 6,582,993 15.7 0.0 3,3 0,2 4,2 0,2
CH P5-24a 6 6,582,993 15.7 0.0 3,3 0,5 4,5 0,2
CH P6-30a 6 6,582,993 15.7 0.0 4,0 0,0 4,2 0,3
CH P6-39a 6 6,582,993 15.7 0.0 3,7 0,3 4,0 0,0
CH untrans-0 6 6,582,993 15.7 0.0 3,8 0,2 4,3 0,2
TS untrans 6 6,582,993 15.7 0.0 5,7 0,2 5,0 0,0
TS P6-1a 6 6,582,993 15.7 0.0 5,0 0,4 5,0 0,0
TS P6-2a 6 6,582,993 15.7 0.0 5,7 0,2 5,0 0,0
TS P6-4a 6 6,582,993 15.7 0.0 5,8 0,2 5,0 0,0
TS P6-6a 6 6,582,993 15.7 0.0 6,0 0,0 5,0 0,0
TS P6-7a 6 6,582,993 15.7 0.0 5,8 0,2 5,0 0,0
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Tobacco transformation.
To speed the functional analysis, MSc student Carolina Bistue also transformed the tobacco variety SR1, which
was recently demonstrated to be a susceptible host for Xf and is much easier and quicker to transform and test
(Francis et al., 2008). Transgenic tobacco plants carrying each candidate gene (9-10 independent lines per gene)
were produced at the UC Davis Transformation Facility and multiplied in vitro in our lab. No significant
differences were observed in stem Xf counts between untransformed controls and transformed plants 12 weeks
post inoculation (Figure 5). However, candidate genes P1 and P6 displayed significantly lesser symptoms
compared to the untransformed controls (Figure 6).  Expression analysis by real-time PCR confirmed expression
of both genes.

Figure 5. ELISA results for transformed candidate genes as well as negative controls (H2O) and positive
controls (UNT). Samples were stem sections collected approx. 50 cm above the POI.

Figure 6. Symptom results for transformed candidate genes as well as negative controls (H2O) and
positive controls (UNT).

Genetic transformation via organogenesis.
Inoculation with A. tumefaciens of meristematic bulks (MB) is being tested as an alternative transformation
technique via organogenesis to reduce the time needed to produce transgenic grapes (Mezzetti et al., 2002). In our
lab, transgenic plants of Thompson Seedless expressing GFP were produced in three months using MB and
kanamycin as the selective agent. Based on these results, Thompson Seedless MB slices were inoculated with
A. tumefaciens carrying P5 in pCAMBIA 1303 using three initial levels of hygromicin: 5, 10, and 15 ug/ml.
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Since no regeneration was produced at any of the concentrations tested, experiments assaying 0 ug/ml in the first
subculture after inoculation followed by 2.5 ug/ml hygromicin were initiated.  Two out of 50 initial MB
regenerated at this lower concentration, but efforts to establish regenerated plants were unsuccessful.

The partial success obtained with the use of hygromicin and the production of MB of CH and SG prompted PhD
student Xiaoqing Xie to test different hormone ratios to adapt the process to these cultivars and study the use of
different antibiotics. She has developed protocols to produce MB of TS, CH, SG, and 101-14 Mgt (Figure 7) and
has transformed them with A. tumefaciens carrying plasmids pCambia 1303 and pCambia 2303 to compare the
use of hygromicin and kanamycin as selectable markers (Figure 8). Regeneration efficiency has been greatly
improved by delaying selection 1 or 2 weeks (Table 4), although this might increase the risk of producing
chimeric plants, which will be checked through the gus reporter gene.

Figure 7. Genetic transformation of CH, TS, SG and 101-14 via organogenesis. Row 1, Meristematic Bulk (MB)
induction; row 2, MB before transformation; row 3, shoot regeneration from transgenic meristematic slices; column 1,
CH; column 2, TS; column 3, SG; column 4, 101-14 Mgt.

Figure 8. PCR analysis of tissue from regenerated shoots from Meristematic Bulks inoculated with
A. tumefaciens carrying pCambia 2301-kan (lanes 1- 4) and pCambia 1303-hygr (lanes 5-9).



  

  
 

 
            

            
                  

      
            

    
            

      
              

       
                

              
   

              
  

                  
          

       
                 

        

 
              

Table 4. Percentage survival rate after one month of selection in kanamycin (KAN) or hygromicin (HYG), calculated 
relative to the number of treated explants.  Each value represents the mean ± SE of three different experiments 
Weeks before 

selection 
Antibiotics 

(µg/ml) 
Genotype 

TS CH SG 101-14 Mgt 
0 W KAN 100 42.34±2.2 51.67±18.37 41.56±0.56 29.9±6.68 
0 W HYG 2.0 15.15±0.61 16.26±1.25 14.95±0.74 14.44±1.36 
1 W KAN 100 90.67±1.89 
1 W HYG 2 77.14±4.28 
2 W KAN 100 97.33±1.15 
2 W HYG 2 92.8±6.23 
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ABSTRACT
This project is a continuation of the project titled “Genetic Mapping of Xylella fastidiosa Resistance Gene(s) in
Grape Germplasm from the Southern United States,” which was funded by the CDFA Pierce’s Disease and
Glassy-winged Sharpshooter Board.  To date, we have completed greenhouse-based Pierce’s disease resistance
screening, genotyping (SSR and chloroplast markers), and population analysis of over 200 accessions that were
acquired from states along the Gulf of Mexico. Twenty new highly resistant accessions were identified and
crosses with eight resistant lines were made in 2012, 2013, and 2014. DNA was isolated from the new breeding
populations to test with markers to assure their correct identity. This germplasm screening provides opportunities
to explore and identify resistance loci that may provide different resistance mechanisms and allow us to expand
the genetic base of the Pierce’s disease resistance-breeding program. To date, we have exploited three different
genetic sources of Pierce’s disease resistance (b43-17, b40-14, and b42-26). Resistance loci were identified on
genetic maps, markers were developed for breeding, and physical mapping was completed for b43-17 to clone and
characterize resistance genes. Constructs were made with the constitutive 35S promoter and transformations were
carried out on leaf discs of tobacco and embryogenic callus of Vitis vinifera cvs. Chardonnay and Thompson
Seedless and V. rupestris St. George via Agrobacterium tumefaciens. We now have the complete sequence
available, allowing us to design and utilize the native promoter to determine if switching the promoter will
improve the performance of the PdR1 resistance gene. These efforts will help us better understand how these
genes function and could also lead to Pierce’s disease resistance genes from grape that would be available to
genetically engineer Pierce’s disease resistance into V. vinifera cultivars. This project provides the genetic
markers critical to the successful classical breeding of Pierce’s disease resistant wine, table, and raisin grapes.
Identification of markers for PdR1 allowed us to reduce the seed-to-seed cycle to two years and produce
selections that are Pierce’s disease resistant and 97% V. vinifera.

LAYPERSON SUMMARY
This project provides molecular genetic support to our Pierce’s disease resistant winegrape breeding program by
developing DNA markers linked to resistance genes that accelerate the breeding process. We have identified and
cloned Pierce’s disease resistance genes from Vitis arizonica b43-17 by map-based positional cloning and
transformed Chardonnay, Thompson Seedless, the rootstock St. George, and tobacco with five candidate genes.
We continue to identify and genetically characterize novel resistance sources from southwestern USA and
Mexican Vitis species collections, use genome sequence information to identify unique resistance genes, clone
and characterize these resistance genes with native promoters, and develop resistance gene constructs and
transform them into susceptible V. vinifera grapes to test their function. Creating genetic maps with DNA markers
allows us to use marker-assisted selection and to incorporate (stack) multiple resistance genes into a single
background to create more durably resistant varieties. Genetic mapping can also lead to the identification and
characterization of grape Pierce’s disease resistance genes under control of native promoters that could be used to
genetically engineer resistance into elite V. vinifera cultivars.

INTRODUCTION
Identification, understanding, and manipulation of novel sources of resistance are the foundation of a successful
breeding program. This project evolved from two previously funded projects: 1) Genetic Mapping – “Genetic
Mapping of Xylella fastidiosa Resistance Gene(s) in Grape Germplasm from the Southern United States”; and
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2) Functional Characterization – “Molecular and Functional Characterization of the Xylella fastidiosa Resistance
Gene(s) from b43-17 (V. arizonica).” Both of these projects supported the Pierce’s disease resistance grape
breeding project titled “Breeding Pierce’s Disease Resistant Winegrapes.” Genetic markers linked to Xylella
fastidiosa (Xf) resistance from the former two projects were used to perform marker-assisted selection (MAS) to
accelerate our Pierce’s disease resistant winegrape and the table and raisin grape breeding of David Ramming in
the past. Outcomes from these projects include BAC libraries of the highly resistant V. arizonica accessions b43-
17 and b40-14. The b43-17 BAC library was used to physically map the PdR1 locus and several candidate genes
were identified. Five genes were cloned and constructs were developed to transform tobacco, Chardonnay,
Thompson Seedless, and St. George that are being tested for function.

The new merged project has four key objectives: to identify novel sources of Pierce’s disease resistance for use in
broadening the genetic base of resistance; to utilize improved sequencing technology to facilitate and accelerate
marker discovery and the identification of new and unique resistance genes; to clone and characterize unique
DNA sequences (promoters) that regulate the expression of candidate Pierce’s disease resistant grape genes
cloned from the PdR1b locus; and to evaluate and compare lines with native and 35S promoters. To broaden the
genetic base of Pierce’s disease resistance breeding, we surveyed over 250 accessions of Vitis species growing in
the southern USA and Mexico to identify new Pierce’s disease resistant accessions. Analysis using population
genetics methods allowed us to better understand gene flow among resistant species and their taxonomic and
evolutionary relationships. Pierce’s disease resistance in southeastern Vitis spp. seems to be different than the
resistance in Vitis from the southwest and Mexico. We have already identified new Pierce’s disease resistant
accessions that are genetically and phenotypically different, were collected from different geographic locations,
and have different maternal inheritance. We are continuously developing and expanding breeding populations
from new promising resistant lines. These populations will be tested to study the inheritance of resistance. Next
generation sequencing will then be used on the recently identified resistant accessions to expedite marker
discovery and confirm that they are unique. Genetic maps will then be developed to identify genomic regions
associated with resistance, and genetic markers will be used for the stacking of multiple resistance genes to breed
winegrapes with durable Pierce’s disease resistance.

The identification and characterization of resistance genes and their regulatory sequences will help determine the
basis of resistance/susceptibility in grape germplasm. In addition, these genes and their promoters can be
employed in production of ‘cisgenic’ plants. Cisgenesis is the transformation of a host plant with its own genes
and promoters (Holmes et al., 2013). Alternatively, other well characterized V. vinifera-based promoters, either
constitutive (Li et al., 2012) or activated by Xf (Gilchrist et al., 2007) could be utilized. Development of
V. vinifera plants transformed with grape genes and grape promoters might mitigate concerns about transgenic
crops harboring genetic elements derived from different organisms that cannot be crossed by natural means.
Proven resistance gene constructs could be transformed into a broad array of elite V. vinifera cultivars.

OBJECTIVES
The overall goal of this project is to provide molecular genetic support to the Pierce’s disease resistant winegrape
breeding program. These efforts include discovering new sources of Pierce’s disease resistance, identifying
functionally unique loci or genes with the help of population genetics and comparative sequence analysis, creating
genetic maps with SSR and SNP markers to tag resistance regions, and providing genes and sequences to validate
and characterize the function of candidate Pierce’s disease resistance genes. These genes under the control of
promoters derived from grape will then be transformed into elite V. vinifera cultivars.

The specific objectives of this project are:
1. Provide genetic marker testing for mapping and breeding populations produced and maintained by the

Pierce’s disease resistance breeding program, including characterization of novel forms of resistance.
2. Complete a physical map of the PdR1c region from the b40-14 background and carry out comparative

sequence analysis with b43-17 (PdR1a and b).
3. Employ whole genome (WG) sequencing (50X) of recently identified Pierce’s disease resistant accessions

and a susceptible reference accession, use bioinformatics tools to identify resistance genes, perform
comparative sequence analysis, and develop SNP markers to be used for mapping.

4. Clone PdR1 genes with native promoters.
5. Compare the Pierce’s disease resistance of plants transformed with native vs. heterologous promoters.
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RESULTS AND DISCUSSION
Objective 1. Provide genetic marker testing for mapping and breeding populations produced and
maintained by the Pierce’s disease resistance breeding program, including characterization of novel forms
of resistance.
New cultivars bred to resist Xf infection and the subsequent expression of Pierce’s disease symptoms will provide
long-term sustainable control of Pierce’s disease. Funding for the mapping and breeding programs has made it
possible to maintain and characterize breeding populations. These populations allowed the construction of genetic
maps based on DNA markers, the identification of genomic regions associated with Pierce’s disease resistance,
the selection of markers that were tightly linked to Pierce’s disease resistance, and the use of these markers to
greatly expedite breeding through MAS. Tightly-linked markers have been used to accelerate our Pierce’s disease
breeding program, reducing the seed-to-seed generation time to two years and allowing us to attain BC4 97%
V. vinifera PdR1b populations that are now being evaluated for release as resistant winegrapes (Walker and
Tenscher, 2010, 2011, 2012, and 2013). These genetic maps also lay the foundation for the construction of
physical maps that allow us to identify and then functionally characterize resistance genes. We have characterized
the V. arizonica/candicans selection b43-17, which is homozygous resistant, and two of its heterozygous resistant
progeny (F8909-17 and F8909-08). The resistance locus PdR1 has been mapped to chromosome 14 (Riaz et al.,
2006; Riaz et al., 2008). Selections from these populations have been key parents in the breeding program (Riaz et
al., 2009). The PdR1b locus has been physically mapped through the use of a b43-17 BAC library, and five
cloned candidate genes are currently under investigation. In addition, we mapped Pierce’s disease resistance from
V. arizonica b40-14, PdR1c, to the same region on chromosome 14. b40-14 was collected in Chihuahua, Mexico
and appears to be typical of the V. arizonica found in parts of southern Arizona. We are also mapping another
form of V. arizonica b42-26 that has multigenic resistance. Genetic mapping and tagging of this source found that
its resistance is on two other chromosomes and the markers are being used to support the breeding program.

Pierce’s disease is common across the southern US and Mexico. Vitis species growing in this region have co-
evolved with Xf and developed natural resistance to the disease. Some of these resistant forms may have different
mechanisms of resistance that could add to the repertoire of resistance genes and loci available for the breeding
program. We completed a survey of over 250 southwestern USA and northern Mexico Vitis accessions using SSR
and chloroplast markers to evaluate their genetic diversity and establish their relationships with known sources of
resistance being used in the breeding program (Riaz and Walker, 2013). A subset of this germplasm was
greenhouse screened for Pierce’s disease resistance and preliminary results identified multiple new sources of
resistance. In 2012, we made crosses with five new Pierce’s disease resistant V. arizonica accessions from the
southwestern USA and Mexico to develop small breeding populations. The resistant accessions were chosen
based on low ELISA values, lack of Pierce’s disease symptoms in the greenhouse screen, and diverse geographic
origins. A subset of seeds from these crosses were germinated in late 2012, multiple copies of each seedling plant
were grown from green cuttings in 4” pots in early 2013, and they were greenhouse screened to characterize the
inheritance of their Pierce’s disease resistance. Results indicated clear separation of progeny families into
resistant, intermediate, and susceptible groups, and identified an unprecedented level of resistance in b46-43
based on disease phenotype and ELISA values. More crosses were made in 2013 with five additional resistant
accessions: b41-13, b43-57, b47-32, SC36, and T03-16. Small seedling populations are currently being prepared
for greenhouse screening.

We have developed F1 and BC1 breeding populations using two of the resistant accessions, b46-23 and T03-16,
that are geographically unique, have different maternal origins, and are genetically diverse. Seeds have been
extracted from the 2014 crosses and they are being treated for germination. We plan to complete the greenhouse
testing of the F1 and BC populations over the next year. We will isolate the genomic DNA and employ a limited
mapping strategy by focusing mapping on linked chromosomes identified from the sub-population screening and
then saturate with SSR markers that reside on those chromosomes. We have used this approach to scan and
identify powdery mildew resistance loci from different genetic backgrounds (Riaz et al., 2011). The identification
of other genomic resistance regions is critically important, since it is not genetically possible to stack more than
two LG14 resistance sources. Figure 1 shows the flow and integration of information among three different
aspects of the Pierce’s disease resistant grape breeding program.
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Figure 1. The flow of information within this project and a companion project on grape breeding. A) The identification of
novel resistant material, trait inheritance, marker development using traditional and high throughput systems to assist the
breeding program, development of genetic maps and resistance tagging, and ultimately gene identification. Results from
this project feed into our companion winegrape breeding program (B) and the functional characterization, expression, and
validation of resistant genes (C).

Objective 2. Complete a physical map of the PdR1c region from the b40-14 background and carry out
comparative sequence analysis with b43-17 (PdR1a and b).
The accession b40-14, a pure form of V. arizonica, was tested and found to be homozygous resistant to Pierce’s
disease. Two resistant siblings of this population were used to develop the 07386 (R8917-02 x V. vinifera) and
07744 (R8918-05 x V. vinifera) populations. Genetic mapping and QTL analysis with the 07744 population
identified a major locus for Pierce’s disease resistance on chromosome 14. Pierce’s disease resistance from b40-
14 (which we have named PdR1c) maps in the same region as PdR1a and PdR1b between flanking markers
VVCh14-77 and VVIN64 and within 1.5 cM (see previous reports). The allelic comparison of SSR markers
within the 20cM region including the PdR1c locus revealed that the PdR1c locus is unique and its sequences and
genomic features would be distinct from b43-17.

We developed a BAC library from b40-14 genomic DNA. To complete the physical map of the PdR1c locus, we
have initiated the screening of the BAC library. By utilizing the b43-17 sequence, we have designed probes that
amplify a single amplicon of 600-650 bp using b40-14 genomic DNA. The complete library of b40-14 is on nylon
filters. We are in the process of screening the library by hybridization to identify positive BAC clones that carry
the PdR1c locus to pursue the physical map of this region.

Objective 3. Employ whole genome sequencing (WGS) (50X) of recently identified Pierce’s disease resistant
accessions and a susceptible reference accession, use bioinformatics tools to identify resistance genes,
perform comparative sequence analysis, and develop SNP markers to be used for mapping.
We identified multiple new Pierce’s disease resistant accessions that were used to develop small breeding
populations in 2012-2013. More crosses were made in 2013 and 2014 to expand existing and make new breeding
populations (see final report). Our focus is on two new resistant accessions, b46-43 and T03-16. Both of them
have shown very low bacterial levels in repeated greenhouse screens. Resistant accession b46-43 is homozygous
resistant to Pierce’s disease. Crosses to develop BC1 populations were made in 2014. We have extracted the DNA
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of the F1 population to test it with markers to determine the true nature of the cross. Our approach of traditional
bi-parental mapping populations has played an important role in gene discovery and understanding of Pierce’s
disease resistance in North American Vitis species, and both bi-parental and multi-parental breeding populations
remain the foundation of our breeding program. In this project, we want to combine traditional SSR marker
system and next generation sequencing using IIlumina HiSeq and MiSeq platforms to carry out SNP discovery
and potential SNP markers will be developed (Figure 1). We will pursue the WGS approach only on those
resistant lines for which we have strong greenhouse screen information, heritability of the Pierce’s disease
resistance, and potential screening of the population using the limited mapping strategy. The BC1 populations
with b46-43 and T03-16 background are under testing and will be ready for WGS approach in summer/fall 2015.

Objective 4. Cloning of PdR1 genes with native promoters.
Earlier in 2014, we employed the PAC BIO RSII sequencing approach to sequence H69J14 and three other
overlapping BAC clones. The assembled sequence data generated a 604Kb long fragment without any gaps (see
previous reports). We identified multiple open reading frames of the Leucine-Rich Repeat Receptor Kinase gene
family that regulates a wide variety of functions in plants including stem cell maintenance, hormone perception,
and defense and wounding response for both host as well as non-host specific defense. With the help of molecular
markers, we have limited the genetic region that carries the five open reading frames (ORF) to 82 Kb – these
ORFs are associated with disease resistance and other plant functions described above. There are multiple ORF’s
that are outside this genetic region and have 99% sequence similarity to the candidate genes. Currently the major
challenge is to isolate and clone the specific ORFs within the region, and verify it with the cDNA sequence. The
next step is to fully annotate the sequence, and carry out comparative sequence analysis (manuscript in progress).
Promoter isolation and characterization of the resistance genes will occur after verification of the most likely
candidate gene (see previous reports for more detail).

Objective 5. Comparing the Pierce’s disease resistance of plants transformed with native vs. heterologous
promoters.
Once the gene constructs are completed, they must be tested to see if they confer resistance. This is done by
inserting the genes into a susceptible plant and testing to see if the insertion results in resistant plants.  Currently,
the most widely used method for the production of transgenic/cisgenic grapes is based on Agrobacterium
transformation followed by regeneration of plants from embryogenic callus. We have established cultures of pre-
embryogenic callus derived from anthers of V. vinifera Thompson Seedless (TS) and Chardonnay (CH) and the
rootstock V. rupestris St. George (SG) (Agüero et al., 2006). We have transformed these varieties with five
candidate genes containing the 35S cauliflower mosaic virus promoter, the nopaline synthase terminator, and an
hptII-selectable marker gene (see previous reports for details). To date, we have moved five lines forward by
growing and multiplying the plants to create enough replicates for our greenhouse assay/ELISA screen. Two sets
of screenings have been completed in February 2014 and July 2014. A third screening is underway that is
scheduled to end in November 2014. Each line was multiplied through green cuttings to produce six replicates.
Plants are needle inoculated near the basal nodes with 20 ul of 108 CFU/ml of the Beringer Xf strain. In 2014-
2015, plants of the remaining five independent lines will be established and multiplied so that greenhouse
screening and gene expression analysis of the transgenic lines can be completed.

Analysis of the expression of candidate genes in transgenic plants has also started. Total RNA was isolated using
a cetyltrimethylammonium bromide (CTAB)-based RNA extraction protocol as described by Iandolino et al.
(2004) with minor modifications. DNAse-treated total RNA was reverse transcribed using the SuperScript III
First-Strand kit (Invitrogen). Expression analysis was conducted by real-time PCR analysis using a SYBR Green
method on a 7500 Real Time PCR System (Life Technologies). The expression of each target gene was calculated
relative to the expression of the housekeeping gene (18S rRNA – AF321771) using StepOne Software v2.0.
Product size was confirmed by melt-curve analysis and agarose gel electrophoresis. Similar screening strategy for
the transformed lines with complete Pierce’s disease resistance gene (promoter-coding region-terminator) will be
used once we have promoter region cloned and sequence is verified.

CONCLUSIONS
The development of breeding and mapping populations with the two new Pierce’s disease resistance sources, b46-
43 and T03-16, is proceeding. These two accessions support the lowest levels of bacteria of any we have tested.
They are geographically isolated from b43-17 and genetically different based on a recent genetic diversity study
of over 250 accessions from the southern USA and northern Mexico. We have started the screening of F1 and
BC1 populations with these two backgrounds. Marker testing and a limited mapping strategy will proceed in the
spring of 2014. The results from this work will allow us to use markers to facilitate stacking of these resistance
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sources with PdR1 from b43-17 – the multiple resistance should make resistance more durable. We have
completed the genetic mapping of Pierce’s disease resistance from b40-14 and named it PdR1c. This resistance
source maps within the PdR1b locus, and may be an alternative gene within this complex replicated locus. We are
physically mapping this gene to improve our understanding of the locus. We are using whole genome sequencing
to generate single nucleotide polymorphism (SNP) markers to accelerate the genetic mapping in b46-43, which
has shown to have exceptional resistance in multiple greenhouse trials. The use of SNP markers in combination
with our SSR-based mapping will accelerate the identification of closely-linked markers for breeding and should
also allow more rapid characterization of b46-43’s resistance. Finally, we have been sequencing the PdR1 locus to
better define the five candidate genes and prepare them for complementation tests. This effort is also identifying
their promoters so that we can avoid the use of constitutive non-grape promoters like CaMV 35S. We have tested
versions of the PdR1 candidate genes with 35S and they have not worked. We hope that the sequencing efforts we
have employed recently to fine-tune these gene candidates and the addition of PdR1’s native promoter will allow
one of more of the five gene candidates to confer resistance in transformed Chardonnay.
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ABSTRACT
An effective way to limit the spread of Pierce’s disease of grapevine is to reduce populations of the glassy-winged
sharpshooter (GWSS; Homalodisca vitripennis (Germar); Hemiptera: Cicadellidae), which transmits the
pathogenic bacterium Xylella fastidiosa. One strategy is to utilize egg parasitoids such as Gonatocerus ashmeadi
Girault (Hymenoptera: Mymaridae) to consume GWSS eggs. However, greater knowledge is needed about how
parasitoids find hosts to improve effectiveness of this strategy to control GWSS. Previous work showed that
G. ashmeadi preferred plants with egg masses to those without, with greater preference for red-tip photinia
(Photinia x fraseri) with egg masses than egg-mass colonized grapevine or citrus (Krugner et al., 2008).
Likewise, G. ashmeadi was observed to be preferentially attracted to mixes of two grapevine volatile compounds,
β-ocimene and α-farnesene, in choice assays (Krugner et al., 2014). Both of these compounds were found to
increase in volatile profiles taken from egg-infested grapevines compared with non-infested controls (Krugner et
al., 2014). Photinias are commonly planted throughout California as ornamental plants and are used by GWSS for
oviposition. Therefore, the current study examined GWSS egg-infested photinia to observe if additional
parasitoid-attracting compounds were present in that GWSS host compared to grapevines. To this end, three to six
photinia plants each were either exposed to egg-laying GWSS females or left non-exposed for three days in cages
in a containment greenhouse at USDA ARS in Parlier, CA. After the three-day oviposition period, leaves were
collected from non-infested and egg-mass infested grapevines, the tissue was pulverized and extracted in methyl
tert-butyl ether, and volatile terpenoids were analyzed using gas chromatography-mass spectrometry. The
experiment was replicated in full three times. Of over 30 compounds analyzed, six were observed to occur at
significantly greater levels in egg-infested leaves than leaves from control plants, including tentatively identified
β-ocimene, α-pinene, Δ-3-carene, linalool, α-farnesene, and an additional farnesene enantiomer. Once all
compounds are definitively identified, they will be tested for relative attractiveness to female parasitoids in wind
tunnels and/or Y-tube olfactometry. These findings could be eventually utilized in the development of lures useful
in monitoring egg parasitoid populations and effectiveness. The production of these compounds in response to
oviposition also could be selected as a desirable plant trait in programs that aim to reduce GWSS populations.
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ASSESSING PIERCE’S DISEASE SPREAD IN GRAPE LINES WITH NOVEL DEFENSIVE TRAITS

Principal Investigator:
Rodrigo Almeida
Dept. Environ. Sci., Policy, & Mgmt.
University of California
Berkeley, CA 94720
rodrigoalmeida@berkeley.edu

Cooperator:
Andrew Walker
Dept. of Viticulture and Enology
University of California
Davis, CA 95616
awalker@ucdavis.edu

Cooperator:
Steven Lindow
Dept. of Plant and Microbial Biology
University of California
Berkeley, CA 94720
icelab@berkeley.edu

Reporting Period: The results reported here are from work conducted July 2015 to September 2015.

ABSTRACT
This proposal expands on previous work funded by this program to develop Pierce’s disease-resistant grapevine
lines. Previous projects have successfully developed grapevine lines with promising traits conferring resistance
against Xylella fastidiosa, including plants expressing the rpfF gene, the PdR1 major locus, and the HxfB protein
(Meredith et al., 2001; Walker and Tenscher, 2014; Lindow et al., 2014). All these grapevine lines exhibit low
symptom severity when mechanically inoculated with X. fastidiosa. We propose to expand upon previous work by
testing the potential of Pierce’s disease-defended grape lines to reduce the spread of X. fastidiosa using a multi-
disciplinary combination of transmission experiments and mathematical modeling. Using this approach and
HxfB-producing plants as a case study, we found that while HxfB plants are unlikely to eliminate Pierce’s disease
in the field, spread would nonetheless be significantly reduced. Further study will allow us to assess the impacts
of these reductions on large-scale and long-term Pierce’s disease spread in resistant grape lines.

LAYPERSON SUMMARY
The Pierce’s disease research community has developed grapevine lines that exhibit novel and promising defenses
against Xylella fastidiosa and have the potential to reduce crop damage from Pierce’s disease. Yet it remains
unknown if these novel defensive traits will increase or decrease large-scale spread of Pierce’s disease within and
among vineyards, which is a critical dimension of sustainable disease management. We propose to conduct
transmission experiments with important insect vectors of X. fastidiosa and use data from these experiments to
explore pathogen spread using mathematical models. We will assess the efficacy of defenses by comparing
simulated spread in defended and susceptible vineyards and use these data to inform vineyard managers of how to
minimize disease outbreaks across California.

OBJECTIVES
The overall goal of this project is to assess the potential for novel defensive traits in grapevine lines to reduce the
transmission of Xylella fastidiosa by insect vectors and the prevalence of Pierce’s disease within and among
heterogeneous vineyards. We will assess Pierce’s disease epidemiology in two defended lines: transgenic grape
lines expressing the rpfF gene (Lindow et al., 2014) and conventionally bred grape lines with the PdR1 dominant
locus (Walker and Tenscher, 2014). The research consists of three specific objectives:

1. Estimate transmission of X. fastidiosa and vector feeding behavior on novel Pierce’s disease-defended
grape lines.

2. Assess large-scale and long-term Pierce’s disease prevalence in defended grape vineyards.
3. Inform vineyard managers on the efficacy of novel Pierce’s disease defenses.

We will address the above objectives using a multi-disciplinary approach involving transmission experiments,
vector behavioral experiments, and mathematical modeling. The first objective will be accomplished through a
series of greenhouse experiments to assess X. fastidiosa transmission by two important vectors in California -- the
blue-green sharpshooter (BGSS; Graphocephala atropunctata) and the glassy-winged sharpshooter (GWSS;
Homalodisca vitripennis) -- among novel Pierce’s disease-defended grapevines and among susceptible near-
isogenic vines. We will also experimentally investigate the host selection behavior of the vectors between
defended and susceptible lines. These experiments will be designed to provide estimates of epidemiological
parameters, which will be combined with mathematical models to accomplish the second objective -- to estimate
long-term Pierce’s disease prevalence in vineyards of defended and susceptible grapevine lines. The predictions
will be compared to annual plant disease incidence and vector infection prevalence data collected from field trials
of PdR1 plants in Napa County. Finally, we will use the model results to develop and communicate
recommendations to vineyard managers on the efficacy of deploying grape lines with novel defensive traits.



- 4 -

RESULTS AND DISCUSSION
During the first three months of the project, we have initiated acquisition and transmission trials with blue-green
sharpshooter and transgenic rpfF plants. The experiments are ongoing and we have no results to report at this
stage. Our timeline for the next year includes:

Table 1. Timeline.

Summer 15 Winter 16 Spring/
Summer 16 Fall 16

Trials with BGSS + rpfF plants X
Epidemic model development X
Trials with BGSS + PdR1 plants X
Trials with GWSS + rpfF plants X
Trials with GWSS + PdR1 plants X
Reports, manuscripts, etc. X

CONCLUSIONS
As the project was recently started, we have no conclusions at this stage.

REFERENCES CITED
Lindow, S., K. Newman, S. Chatterjee, et al. 2014. Production of Xylella fastidiosa diffusible signal factor in

transgenic grape causes pathogen confusion and reduction in severity of Pierce’s disease. Mol. Plant-Microbe
Interact. 27: 244–254. doi: 10.1094/MPMI-07-13-0197-FI.

Meredith, C., A. Dandekar, B. Kirkpatrick, and J. Labavitch. 2001. Genetic transformation to improve the
Pierce’s disease resistance of existing grape varieties. Pp 76–77 in Proceedings of the 2001 Pierce’s Disease
Research Symposium. California Department of Food and Agriculture, Sacramento, CA.

Walker, A., and A.C. Tenscher. 2014. Breeding Pierce’s disease resistant winegrapes. Pp. 220-226 in Proceedings
of the 2014 Pierce’s Disease Research Symposium. California Department of Food and Agriculture,
Sacramento, CA.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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EVALUATING POTENTIAL SHIFTS IN PIERCE’S DISEASE EPIDEMIOLOGY

Principal Investigator:
Rodrigo Almeida
Dept. Environ. Sci., Policy, & Mgmt.
University of California
Berkeley, CA 94720
rodrigoalmeida@berkeley.edu

Cooperator:
Monica L. Cooper
Cooperative Extension
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Napa, CA 94559
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Cooperator:
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Cooperator:
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Reporting Period: The results reported here are from work conducted July 2015 to October 2015.

ABSTRACT
Pierce’s disease of grapevine has reemerged in Napa and Sonoma counties, where disease incidence has been
much higher than usual and the distribution of sick vines within vineyards often does not fall within expectations.
These field observations, taken together with the very high number of vineyards affected in the region, indicate
that a Pierce’s disease epidemic is emerging. The goal of this project is to determine what factors are driving this
epidemic, so that ecology-based disease management strategies can be devised and immediately implemented, as
was successfully done in the past when disease drivers appear to have been different.

LAYPERSON SUMMARY
A Pierce’s disease epidemic is emerging in Napa and Sonoma counties. Very high Pierce’s disease prevalence is
being reported throughout the region, with a large number of stakeholders reaching out to University of California
Cooperative Extension Farm Advisors. More recently the UC Berkeley group working on Pierce’s disease
ecology had a series of joint meetings / field visits with the Farm Advisors during the last month. Two
observations have been made that raised our concern about the problem. First, high prevalence of Pierce’s disease
in the North Coast is usually below 1-2% per vineyard; several vineyards visited had over 25% of vines
symptomatic. Second, historically Pierce’s disease is closely associated with riparian zones in the North Coast; we
have visited several vineyards where Pierce’s disease was not associated with riparian zones. We have observed
these greater rates of disease incidence and dissociation with riparian areas throughout Napa and Sonoma counties
-- they are not district specific. The goal of this proposal is to determine what factors are driving this epidemic, so
that ecology-based disease management strategies can be devised and immediately implemented, as was
successfully done in the past when disease drivers appear to have been different.

OBJECTIVES
The objectives of this project are necessarily intertwined, but are described here independently so that aims and
expectations are more clearly described in the methods section.

1. Conduct vector, pathogen, and host community surveys to inform the development of a quantitative
model to assess future Pierce’s disease risk and develop integrated management strategies.

2. Investigate Xylella fastidiosa colonization of grapevines and the role of overwinter recovery in Pierce’s
disease epidemiology.

3. Determine the role of spittlebug insects as vectors of Xylella fastidiosa.
4. Data mine and disseminate existing information on vector ecology, vegetation management, and efficacy

of pruning.
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5. Develop a larger extension and outreach footprint with additional seminars, extended interviews made
available on the web, and an update to the Xylella fastidiosa website, the main online resource for
Pierce’s disease information.

RESULTS AND DISCUSSION
Funds were just made available to the Principal Investigator in October, so there are no results to report.

CONCLUSIONS
There are no conclusions at this stage.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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EXPLOITING A CHITINASE TO SUPPRESS XYLELLA FASTIDIOSA COLONIZATION
OF PLANTS AND INSECTS

Principal Investigator:
Rodrigo Almeida
Dept. Environ. Sci., Policy, & Mgmt.
University of California
Berkeley, CA 94720
rodrigoalmeida@berkeley.edu

Reporting Period: The results reported here are from work conducted July 2015 to October 2015.

ABSTRACT
Previous research showed that Xylella fastidiosa has a chitinase (ChiA), which is required for sharpshooter vector
colonization, transmission to plants, and plant colonization. The goals of this project are to understand the
function(s) of ChiA so that it can be exploited as a tool for control of Pierce’s disease by disrupting X. fastidiosa
interactions with both plant and insect hosts. This report summarizes recent efforts aimed at experimentally
determining carbon sources that can be used by X. fastidiosa in this context, as well as continuing our work to try
to determine why the chiA knockout mutant is deficient in plant colonization.

LAYPERSON SUMMARY
The previously identified Xylella fastidiosa chitinase (ChiA) represents a unique opportunity to try to disrupt
X. fastidiosa interactions with both insect and plant hosts, as well as sharpshooter transmission, because all of
these processes are affected in the mutant strain that does not have this enzyme. The goal of this project is to
better understand how ChiA impacts plant and insect colonization so that it can be exploited to limit Pierce’s
disease spread.

OBJECTIVES
Efforts during the report period focused on experimentally determining if Xylella fastidiosa chitinase (ChiA) is
required for the degradation of one (or several) plant carbohydrates (movement and/ or carbon sources), and if
ChiA is involved in evading the plant immune system.

RESULTS AND DISCUSSION
Although a substantial amount of information has been generated about the biology of X. fastidiosa, we still have
very little experimental knowledge about the sources of carbon that X. fastidiosa can use. Because we hypothesize
that the lack of chiA mutant strain colonization of host plants may be associated with reduced degradation of host
polysaccharides, we screened for the ability of X. fastidiosa to utilize 192 different carbon sources. We used cells
scraped from XFM plates and resuspended into a 25 μM glutamine solution to obtain a final 0D600 ranging from
0.1 to 0.2. One hundred μL of this solution as well as Dye G were added to each well of PM1 and PM2a
MicroPlate Carbon Sources, each plate containing 96 different carbon sources (Biolog, USA). The plates were
then incubated at 28°C for a week. The results were read at 0D590 on a VersaMax microplate reader (Molecular
Devices). We further analyzed the carbon sources which were found to be positive on Biolog plates by comparing
growth on XFM medium depleted for carbon sources initially present in the medium (ΔXFM) and supplemented
or not with the carbon source of interest as previously performed (Killiny and Almeida 2009, 2010). This
experiment was done with both X. fastidiosa wild-type and chiA mutant.

Among the 192 carbon sources tested, positive results were obtained with the following: Tween 20, Tween 40,
Pyruvic acid, L-Malic acid, D,L-Malic acid, Fumaric acid, D-galactonic acid gamma lactone, L-ornithine, L-
phenylalanine, L-pyroglutamic acid, L-arginine, Inulin, Mannan, and Pectin. We note that these represent our own
clear positives; however, we cannot completely exclude other carbon sources for X. fastidiosa. So far we have
been able to demonstrate with the confirmation assays on plates that both the wild-type and chiA mutant can use
pectin and galacturonic acid as sole carbon sources. Interestingly, we were also able to confirm Tween 20 and
Tween 40 as sole carbon sources. Additional experiments are being performed to follow up on these observations.
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(a) (b) (c)

Figure 1. Wild-type Temecula cells grown on (a) ΔXFM, (b) ΔXFM-Tween 20, and (c) ΔXFM-Tween 40.

To determine if ChiA is involved in interactions with the immune system of plants, one-month Nicotiana tabacum
cv. Xanthii 'Glurk' were needle-inoculated at the base of the fourth (or fifth) petiole with 20 μL of an inoculum
containing log 9 CFU/ml of either wild-type, chiA mutant, or chiA mutant complemented with chiA. Mock
inoculation with succinate-citrate phosphate buffer was performed on the same number of plants as a control (12-
14 plants). Two days post inoculation, the inoculated leaves were harvested from half of the plants for each
treatment. The other half was collected four days post-inoculation. The leaves were immediately frozen and kept
at -80°C until further analysis. In parallel, 14 grapevines (var. Cabernet Sauvignon) per treatment were inoculated
with five μL of an inoculum containing log 9 CFU/ml on the stem. Half of the leaves situated above the
inoculation point were collected at two dpi whereas the other half were collected at four dpi. RNA is being
extracted from these plants to determine if there are differences in key plant response genes among treatments.

CONCLUSIONS
Research has identified a series of new carbon sources that may be utilized by X. fastidiosa. Efforts are now
focusing on experimentally confirming the results of a screen that targeted 192 different carbohydrates. In
addition, experimental work to determine if ChiA is involved in interactions with the plant immune system have
now moved from the greenhouse to the laboratory, where collected samples will be tested so that the expression
of key plant genes in response to bacterial infections can be determined.

REFERENCES CITED
Killiny, N. and Almeida, R.P.P. 2009. Host structural carbohydrate induces vector transmission of a bacterial

plant pathogen. Proceedings of the National Academy of Sciences USA 106: 22416-22420.
Killiny, N., Prado, S.S. and Almeida, R.P.P. 2010. Chitin utilization by the insect-transmitted bacterium Xylella

fastidiosa. Applied and Environmental Microbiology 76: 6134-6140.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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IDENTIFICATION OF A NEW VIRULENCE FACTOR REQUIRED FOR PIERCE’S DISEASE AND
ITS UTILITY IN DEVELOPMENT OF A BIOLOGICAL CONTROL

Principal Investigator:
Thomas J. Burr
Dept. Plant Path. & Plant-Microbe Biol.
Cornell University, NYSAES
Geneva, NY 14456
tjb1@cornell.edu

Co-Principal Investigator:
Patricia Mowery
Dept. of Biology
Hobart & William Smith Colleges
Geneva, NY 14456

Co-Principal Investigator:
Luciano Cursino
Dept. Natural Sciences & Mathematics
Keuka College
Keuka Park, NY 14478
lparent@keuka.edu

Co-Principal Investigator:
Lingyun Hao
Dept. Plant Path. & Plant-Microbe Biol.
Cornell University, NYSAES
Geneva, NY 14456
lh459@cornell.edu

Reporting Period: The results reported here are from work conducted July 2015 to October 2015.

ABSTRACT
Xylella fastidiosa is a serious pathogen that infects a number of important crops including citrus, almonds, and
coffee. The X. fastidiosa Temecula strain infects grapevines and induces Pierce’s disease. In efforts to understand
infection better, we deleted the X. fastidiosa PD1311 gene encoding a putative acyl CoA synthetase, which is a
class of enzymes involved in many different processes including secondary metabolite production. We discovered
that X. fastidiosa deleted of this gene is avirulent. Given the critical role of PD1311 in Pierce’s disease
development, we are determining its role in virulence. We have evidence that the PD1311 strain may act as a
biocontrol for management of Pierce’s disease, as it significantly reduces the symptoms when inoculated prior to
wild-type X. fastidiosa.

LAYPERSON SUMMARY
We discovered that deleting the Xylella fastidiosa Temecula gene, PD1311, results in a strain that does not induce
Pierce’s disease. We are conducting research to determine how PD1311 plays such a central role in symptom
development. Given the agricultural importance of Pierce’s disease, it is critical to understand how PD1311 exerts
its effects. Additionally, we have evidence that the strain deleted for PD1311 may function as a biocontrol. When
inoculated prior to wild-type X. fastidiosa, disease development becomes significantly reduced. Options for
managing Pierce’s disease are limited, which makes development of new biocontrols critically important.
Together the results from these aims will expand our understanding of Pierce’s disease and provide information in
relation to preventing disease.

INTRODUCTION
Xylella fastidiosa is a Gram-negative, xylem-limited bacterium that causes Pierce’s disease of grapevines
(Chatterjee et al., 2008). X. fastidiosa is transmitted to plants by insect vectors and once in the xylem,
X. fastidiosa is postulated to migrate, aggregate, and form biofilm that clogs the vessels, leading to Pierce’s
disease. We and others have studied X. fastidiosa proteins and regulators involved in these steps (Guilhabert and
Kirkpatrick, 2005; Meng et al., 2005; Feil et al., 2007; Li et al., 2007; Shi et al., 2007; da Silva Neto et al., 2008;
Cursino et al., 2009; Cursino et al., 2011; Cursino et al., 2015) with the goal of better understanding Pierce’s
disease and developing prevention strategies.

We deleted the X. fastidiosa PD1311 gene (PD1311), a putative acyl-CoA synthetase (ACS), as we were
interested in potential genes involved in secondary metabolite production. ACSs catalyze long-chain fatty acyl-
CoAs (Black et al., 1992) and are involved in numerous processes, including pathogenicity (Barber et al., 1997).
We found that PD1311 is a functional enzyme (data not shown), and that the PD1311 strain grows in PD2 and
Vitis vinifera sap (Figure 1).
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Figure 1. ΔPD1311 strain growth curve. Wild-type X. fastidiosa (black square), ΔPD1311 mutant (blue circle), and
complemented mutant (green triangle) strains were grown for eight days in PD2 (left) or 100% Vitis vinifera cv.
Chardonnay xylem sap (right) and growth was determined by OD600 readings.

Figure 2. Motility of ΔPD1311 mutant strain. Colony fringes of wild-type, ΔPD1311 mutant, or
ΔPD1311 complement (ΔPD1311-C) strains were assayed on PW agar or 80% V. vinifera sap agar.
Colonies were assessed after five days of growth (Meng et al., 2005, Li et al., 2007). Colonies
photographed at 90X magnification. Experiment was repeated three times.

Figure 3. Aggregation and biofilm formation by ΔPD1311 strain. A) Aggregation of wild-type, ΔPD1311 mutant,
or ΔPD1311 complement (ΔPD1311-C) strains grown in test tubes for five days in three ml of PD2 (Burdman et al.,
2000, Davis et al., 1980, Shi et al., 2007). The experiment was repeated three times. B) Quantification of biofilm
formation in 96 well plates (Zaini et al., 2009). Experiment was repeated three times with 24 replicates each.
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Motility, aggregation, and biofilm production are key behaviors of X. fastidiosa that are associated with Pierce’s
disease (Chatterjee et al., 2008). The PD1311 strain is reduced in type IV pili-mediated motility on PW-BSA
plates and is non-motile on sap agar (Figure 2). In comparison to wild-type cells, the PD1311 strain is reduced
in aggregation and biofilm production (Figure 3). We therefore hypothesized that the PD1311 strain might be
less virulent in plants, as mutants with similar phenotypes have been shown to have reduced, but not eliminated,
Pierce’s disease (Cursino et al., 2009; Cursino et al., 2011). Unlike the other mutant strains, we found that the
PD1311 strain was avirulent and showed no Pierce’s disease, even at twenty weeks post-inoculation (Figure 4).
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Figure 4. Development of Pierce’s disease. Grapevines were inoculated with wild-type X. fastidiosa
(black square), ΔPD1311 strain (blue triangle), ΔPD1311 complement (green x), and buffer (gray
circle). Symptoms were monitored and rated on a scale of 0-5 (Guilhabert and Kirkpatrick, 2005,
Cursino et al., 2009). Data represents averages of three trials.

Besides being avirulent, the PD1311 reduced wild-type X. fastidiosa biofilm formation in vitro (Figure 5). We
therefore wished to test if the PD1311 strain reduced Pierce’s disease by wild-type cells. Given our findings, we
proposed that PD1311 has potential as a biocontrol for Pierce’s disease. The weakly virulent X. fastidiosa
elderberry strain EB92-1 has been studied as a potential Pierce’s disease biological control (Hopkins, 2005;
Hopkins, 2012). Other approaches towards controlling Pierce’s disease include resistant rootstocks (Cousins and
Goolsby, 2011) and transgenic vines (Dandekar, 2014; Gilchrist et al., 2014; Gilchrist and Lincoln, 2014;
Kirkpatrick, 2014; Lindow, 2014; Powell and Labavitch, 2014). Continued research of Pierce’s disease controls is
warranted. Given the avirulent phenotype of PD1311 and its ability to limit wild-type induced Pierce’s disease,
this strain provides new potential for a commercialized biological control.

OBJECTIVES
The overall goal is to optimize the PD1311 strain as a biological control for Pierce’s disease and to understand
the mechanisms of disease inhibition that will facilitate commercialization.

Objective 1. Examine aspects of the PD1311 Temecula strain as a biological control of Pierce’s disease.
a. Optimize application timing and conditions for the ΔPD1311 strain.
b. Determine if over-wintered ΔPD1311 inoculated plants maintain Pierce’s disease resistance.
c. Explore leafhopper transmission of the PD1311 strain.
d. Develop a clean deletion strain of PD1311 that would be suitable for commercialization.

Objective 2. Determine the function of the PD1311 protein and the mechanism by which PD1311 acts as a
biological control.
a. Elucidate the role of the PD1311 protein.
b. Examine the impact of the PD1311 strain on wild-type X. fastidiosa in vitro and in planta.
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Figure 5. Mutant strain impact on wild-type strain biofilm formation. Quantification of biofilm in 96
well plates with agitation with equal amounts of wild-type (wt) X. fastidiosa constitutively
expressing green fluorescent protein (wt-GFP) and either wild-type X. fastidiosa (wt) or the
ΔPD1311 strain (ΔPD1311). Experiment was performed once with 24 replicates. Fluorescence in
artificial units.

RESULTS AND DISCUSSION
Objective 1. Examine aspects of the PD1311 Temecula strain as a biological control of Pierce’s disease.
Objective 1a. Optimize application timing and conditions for the PD1311 strain.
To examine if the X. fastidiosa PD1311 Temecula strain could act as a potential biocontrol, we inoculated V.
vinifera cv. Cabernet Sauvignon vines per standard procedures (Cursino et al., 2011) and recorded disease
development of Pierce’s disease using the five-scale assessment (Guilhabert and Kirkpatrick, 2005). We created
two different inoculation conditions: i) wild-type X. fastidiosa after a two week pre-treatment with the PD1311
strain [following procedures used in X. fastidiosa elderberry EB92.1 strain biocontrol studies (Hopkins, 2005)]
and ii) wild-type and PD1311 strain co-inoculated. We previously found that inoculating the PD1311 strain
after a two week pre-treatment with the wild-type strain did not limit Pierce’s disease (data not shown). Our
controls included vines inoculated with wild-type Temecula, the PD1311 strain, or buffer (Hopkins, 1984). We
found that pre-treatment with the PD1311 strain inhibits Pierce’s disease, while co-inoculation does not alter
disease development (Figure 6).

Objective 1b. Determine if over-wintered PD1311 inoculated plants maintain Pierce’s disease resistance.
In 2014 we had V. vinifera plants infected with wild-type X. fastidiosa or the PD1311 strain. These vines were
cut back and placed in nursery storage for the 2015 winter. The plants were then regrown in the greenhouse in
Spring 2015. Vines were divided in half, and we followed one half for Pierce’s disease development without any
new treatments. The second half received fresh wild-type X. fastidiosa inoculations. Plants appeared to develop
Pierce’s disease independent of the previous year treatment (data not shown), suggesting that protective effects
from the PD1311 strain may not persist through the dormant period in cold storage. We are currently confirming
these results by testing for X. fastidiosa infection in plants.

Objective 1c. Explore leafhopper transmission of the PD1311 strain.
Xylem-sap feeding leafhopper vectors transmit X. fastidiosa from plant to plant (Chatterjee et al., 2008). The
bacterium utilizes adhesins, such as FimA, HxfA, and HxfB, to attach and form biofilms on insect foreguts, which
then becomes a source of inoculum for further disease spread (Killiny and Almeida, 2009; Killiny et al., 2010).
Thus, interaction with insects is a known key step for X. fastidiosa to accomplish its life cycle. For development
of the ∆PD1311 strain as a commercially viable biological control agent and for future field studies, it will be
necessary to understand its insect transmissibility. Because ∆PD1311 has reduced aggregation and biofilm
(Figure 3), we hypothesize that ∆PD1311 is altered in its ability to insect vectors. As an initial assay, we want to
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examine the adhesion of the mutant strain to the hindwing of the leafhopper vector, as this assay has been found
to mimic adhesion to the foregut region owning to similar chitinous nature of the cuticles (Killiny et al., 2010).
We hope to begin these studies shortly.

Figure 6. ΔPD1311 strain reduces Pierce’s disease. Grapevines were inoculated with 1) buffer, 2)
ΔPD1311 complement strain, 3) pre-treat with ΔPD1311 two weeks before wild-type, 4) ΔPD1311
only, 5) wild-type cells only, and 6) ΔPD1311 and wild-type X. fastidiosa co-inoculated. Bold lines
represent the median values and boxes representing one standard deviation. Symptoms have been
monitored on 30 plants for each treatment for 20 weeks and rated on a scale of 0-5 (Guilhabert and
Kirkpatrick, 2005).

Objective 1d. Develop a clean deletion strain of PD1311 that would be suitable for commercialization.
The PD1311 strain was created via site-specific recombination of a kanamycin cassette into the X. fastidiosa
chromosome (Matsumoto et al., 2009, Shi et al., 2009). For commercial viability, the antibiotic marker needs to
be removed from the strain. Unlabeled Agrobacterium tumefaciens mutants have been created (Merritt et al.,
2007), which will be the first approach we will attempt. This work will begin soon.

Objective 2. Determine the function of the PD1311 protein and the mechanism by which PD1311 acts as a
biological control.
The X. fastidiosa PD1311 gene has motifs suggesting it encodes an ACS protein (acyl- and aryl-CoA synthetase)
(Chang et al., 1997; Gulick, 2009). ACS metabolite intermediates are involved in beta-oxidation and phospholipid
biosynthesis. ACS proteins have also been implicated in cell signaling (Korchak et al., 1994), protein
transportation (Glick and Rothman, 1987), protein acylation (Gordon et al., 1991), and enzyme activation (Lai et
al., 1993). Importantly, ACSs are involved in pathogenicity (Banchio and Gramajo, 2002; Barber et al., 1997;
Soto et al., 2002). We plan to characterize the role of the PD1311 protein in order to understand how the deletion
strain is avirulent and functions as a biological control. Additionally, we plan to explore the general mechanism
by which the deletion strain suppresses wild-type X. fastidiosa induced Pierce’s disease. Basic understanding of
its function will facilitate development and acceptance as a viable biological control.

Objective 2a. Elucidate the role of the PD1311 protein.
ACS proteins metabolize fatty acids through a two-step process to form a fatty acyl-CoA precursor utilized in any
downstream metabolic pathways (Roche et al., 2013; Watkins, 1997; Weimar et al., 2002). To confirm enzymatic
activity, we expressed and purified a PD1311-His tag protein, and we tested it for ligase activity using acetate as
the substrate. Acetate is the simplest substrate for fatty acid synthetase reaction, as a two-carbon (C2) chain length
molecule. We used a standard colorimetric assay that measures acyl-CoA production (Kuang et al., 2007). The
PD1311 protein exhibited a functional ATP/AMP binding domain that performed the following reaction: ATP +
acetate + CoA AMP + pyrophosphate + acetyl-CoA. While we confirmed activity, we are determining if
PD1311 is an acyl-CoA synthetase (metabolizes acids greater than C2), as oppose to acetyl CoA synthetase



(metabolizes C2 acetate). Therefore we propose to determine the substrate affinity of the PD1311 protein. This
work is currently being performed.

The deletion of the PD1311 gene is non-lethal, suggesting that it has a role in non-essential fatty acid metabolism.
One possibility is that PD1311 plays a role in diffusible signal factor production, however, our preliminary results
do not support that role (data not shown). An alternative potential role for the PD1311 protein is in precursor
production of lipopolysaccharide (LPS). LPS is found on the outer membrane of gram-negative bacteria and is
composed of a lipid A innermost component, a core saccharide, and an outer most O-antigen. Upstream of
PD1311 are three genes annotated as LPS-associated enzymes: lipid A biosynthesis N-terminal domain protein
(PD1312), dolichol-phosphate mannosyltransferase (Dpm1) (PD1313), and WbnF nucleotide sugar epimerase
(PD1314) (Simpson et al., 2000). Dolichol-phosphate mannosyltransferase proteins are involved in N-linked
oligosaccharides in the LPS core (Kapitonov and Yu, 1999), while nucleotide sugar epimerases are involved in O-
antigen synthesis (Lam et al., 2011). LPS is a known major virulence factor of X. fastidiosa, and changes in LPS
integrity renders bacteria more susceptible to environmental stress and defective in virulence (Clifford et al.,
2013).

Considering the avirulent phenotype of ∆PD1311 on grapevines, PD1311 may be involved in lipid A biosynthesis
or membrane production. Therefore, the PD1311 cells may be more sensitive to oxidative stress. When wild-
type and PD1311 cells were exposed to hydrogen peroxide on agar plates in a Kirby-Bauer type assay, the zone
of inhibition was greater for the mutant strain than wild-type cells (Figure 7). We are exploring how this
sensitivity may be associated with the biocontrol response.

Figure 7. The ΔPD1311 strain has increased sensitivity to oxidative stress. Each strain was grown individually in
PD2 broth for seven days, then 400 uL of bacterial suspension (~OD600 0.25) was mixed with 3.6 mL of 0.8% of
warm PD2 agar respectively and poured onto a PD2 plate. A paper disk containing 10 uL of 100 or 500 mM of H2O2
was placed in the middle of each plate. The diameters of inhibition zones were quantified seven days after incubation
at 28oC. Each treatment included three replicates and the experiment was repeated twice.

Objective 2b. Examine the impact of the PD1311 strain on wild-type X. fastidiosa in vitro and in planta.
To have better grounding on why the PD1311 strain acts as a biological control, we need to explore the
mechanism by which the mutant strain impacts wild-type cells. We have preliminary results showing that the
PD1311 strain impacts wild-type cells in vitro (Figure 5) and limits wild-type induced disease (Figure 6).
Therefore we would like to know how the two strains spread through the plant when both are inoculated. The
PD1311 strain does not secrete a toxin that affects wild-type cells; we grew wild-type cells in supernatant from
PD1311 cells and found no growth changes (data not shown). Understanding how the mutant cells impact wild-
type X. fastidiosa is important for understanding not only how the biological control is achieved but also how the
treatment would be most effectively applied in the field.

- 14 -
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CONCLUSIONS
X. fastidiosa motility, aggregation, and biofilm formation are key steps in Pierce’s disease development
(Chatterjee et al., 2008). Concerning Objective 1, we confirmed that the PD1311 strain is avirulent, and we
found that it can significantly reduce Pierce’s disease development by wild-type X. fastidiosa by pre-inoculating
plants with the mutant strain. For Objective 2, we are determining how the mutant strain impacts the wild type
strain resulting in Pierce’s disease suppression. Overall, this work is furthering our understanding of Pierce’s
disease and its prevention.
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ABSTRACT
We successfully established a field trial to validate two greenhouse-tested strategies to control the movement and
clearance of Xylella fastidiosa. X. fastidiosa is a xylem-limited, Gram-negative bacterium and is the causative
agent of Pierce’s disease. Key to X. fastidiosa virulence is its ability to digest pectin-rich pit pore membranes that
interconnect the host plant’s xylem elements. This action enhances long-distance movement and vector
transmission. Our first strategy enhanced clearance of bacteria from X. fastidiosa-infected xylem tissues using a
chimeric antimicrobial protein, neutrophil elastase-cecropin B (NE-CB). Our second strategy evaluated the ability
of a xylem-targeted polygalacturonase-inhibiting protein (PGIP) derived from pear to counteract X. fastidiosa
virulence associated with polygalacturonase activity. Expressing these proteins is expected to prevent
X. fastidiosa movement and reduce its inoculum size, curbing the spread of Pierce’s disease in California
vineyards.

Ninety-six (96) transgenic Thompson Seedless (TS; Vitis vinifera) grapevines expressing either NE-CB or PGIP,
used as rootstocks and grafted with untransformed TS scions, were planted together with 12 grafted,
untransformed controls in Solano County in 2011. The grafted transgenic vines were evaluated phenotypically
using the first 12 descriptors from the “Primary Descriptor Priority List” proposed by the International
Organization of Vine and Wine (OIV). No phenotypic or horticultural differences were observed between grafted
transgenic and grafted untransformed TS vines. NE-CB- and PGIP-expressing transgenic grapevine lines in
Solano County were genotyped, confirming the presence of the inserted transgene in all lines.

Half of the Solano County grafted transgenic and control plants were inoculated with X. fastidiosa in 2012 and
2013. Leaf scorching, a characteristic symptom of Pierce’s disease, was observed in inoculated grafted transgenic
and grafted control lines in 2013. X. fastidiosa presence in stem extracts from grafted lines was confirmed by
enzyme-linked immunosorbent assay (ELISA) in 2013. In previous years, Pierce’s disease symptoms were
assessed using a standardized score based on percentage leaf area scorching. Cane survival and grapevine vigor
were also assessed. On May 27, 2014 and on May 27, 2015, following the recommendation of the CDFA Pierce’s
Disease and Glassy-winged Sharpshooter Board’s Product Development Committee (PDC), at least four new
canes per year of all grafted transgenic and control plants at the Solano site were mechanically inoculated with
X. fastidiosa. Grafted transgenic and control grapevines inoculated in 2012 and 2013 and the individual grafted
transgenic canes inoculated in 2014 were rated for the absence or severity of Pierce’s disease using a zero to five
Pierce’s disease symptom severity scale in summer 2014 and in fall 2015. The Pierce’s disease symptom severity
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score was lower in most grafted inoculated transgenic lines from each strategy than in grafted untransformed
controls.

On July 22, 2014, one 2014-inoculated cane of each grafted transgenic plant was harvested to quantify
X. fastidiosa by quantitative polymerase chain reaction (qPCR). X. fastidiosa was detected in grafted transgenic
vines, but at lower density than in grafted control grapevines. Another set of canes from the 2014-inoculated
grafted transgenic and control individual canes was harvested in fall 2015 and X. fastidiosa quantification is in
progress. Bud break success of grafted individual canes inoculated in 2014 was assessed on March 26, 2015. Bud
break success was greater in most grafted, inoculated transgenic lines from each strategy than in grafted
untransformed controls, and Pierce’s disease symptom severity scores were lower.

The current USDA Animal and Plant Health Inspection Service (APHIS) field permit for Solano and Riverside
County was transferred from Professor Alan Bennett to Professor Abhaya Dandekar in January 2014. The permit
was extended by USDA APHIS, with a new end date of April 1, 2016. Personnel from the Dandekar laboratory
are maintaining regulatory oversight of the field trial. The issues that require regulatory oversight are listed in the
permit. Timely reporting and inspections are regularly conducted to maintain compliance with USDA APHIS.

LAYPERSON SUMMARY
Ninety-six (96) grafted, transgenic Thompson Seedless (TS; Vitis vinifera) grapevines expressing either a
chimeric antimicrobial protein (neutrophil elastase-cecropin B; NE-CB) or polygalacturonase-inhibiting protein
(PGIP), and 12 grafted, untransformed TS control vines were planted in Solano County. Grafted transgenic
grapevines are being evaluated as rootstocks grafted with untransformed scions to demonstrate the field efficacy
of two strategies to control Pierce’s disease in California grapevines. The first strategy tests whether transgenic
rootstocks expressing NE-CB can clear Xylella fastidiosa infections in xylem tissue. The second tests whether
transgenic rootstocks expressing PGIP can limit the movement of the bacterium X. fastidiosa in water-conducting
xylem.

At the Solano County site, ~ 50% of the grafted plants were mechanically inoculated in 2012 and the rest in 2013.
The presence of X. fastidiosa in stem extracts was confirmed using enzyme-linked immunosorbent assay
(ELISA). In addition, we evaluated Pierce’s disease symptoms, cane survival, and grapevine vigor, and found
some grafted transgenic lines from each strategy that consistently scored better than the control and others that did
not. Resistant transgenic lines can transmit their resistance from the rootstock to the untransformed scion. On May
27, 2014 and May 27, 2015, following the recommendation of the CDFA Pierce’s Disease and Glassy-winged
Sharpshooter Board’s Product Development Committee (PDC), at least four new canes of each grafted transgenic
and control vine at the Solano County site were mechanically inoculated with X. fastidiosa. Severity or absence of
Pierce’s disease symptoms and grapevine survival were evaluated in summer 2014 using a Pierce’s disease
symptom severity rating system of zero to five, where 0 = healthy vine, all leaves green with no scorching; 1 =
first symptoms of disease, light leaf scorching on one or two leaves; 2 = about half the leaves on the cane show
scorching; 3 = the majority of the cane shows scorching; 4 = the whole cane is sick and in decline; and 5 = the
cane is dead. The Pierce’s disease symptom severity score was lower in most grafted inoculated transgenic lines
using either strategy than in grafted untransformed controls. In summer 2014, one cane of each grafted plant was
harvested to quantify X. fastidiosa by quantitative polymerase chain reaction (qPCR). Grape stem and
X. fastidiosa DNAs were extracted using a modified hexadecyltrimethyl-ammonium-bromide (CTAB) method
that yields DNA of a quantity and quality suitable for qPCR. An X. fastidiosa 16s primer pair was used to
quantify X. fastidiosa. qPCR standard curves were obtained using concentrations of X. fastidiosa from 102 to 106
cells. X. fastidiosa was detected in grafted transgenic vines, but at lower concentrations than in control
grapevines.

Bud break success of grafted individual canes inoculated in 2014 was assessed on March 26, 2015. Bud break
success was greater in most grafted inoculated transgenic lines using either strategy than in grafted untransformed
controls. Survival of grafted transgenic grapevines inoculated in 2012/2014 and in 2013/2014 was assessed on
April 28, 2015 using a one to five score. Grapevine survival was greater in some grafted inoculated transgenic
lines using either strategy than in grafted untransformed controls.

The current USDA Animal and Plant Health Inspection Service (APHIS) field trial permit was changed from
Professor Alan Bennett to Professor Abhaya Dandekar in January 2014. The USDA APHIS permit end date is
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April 1, 2016. Personnel from the Dandekar laboratory are maintaining regulatory oversight of the field trial.
Timely reporting and inspections are conducted to maintain compliance with USDA APHIS permit reporting
requirements.

INTRODUCTION
Thompson Seedless (TS; Vitis vinifera) grapevines were transformed with a gene that encodes a chimeric anti-
microbial therapeutic protein with a recognition domain from neutrophil elastase (NE) and the lytic domain
cecropin B (CB). The NE domain specifically binds to the outer-membrane protein MopB of Xylella fastidiosa,
the causative agent of Pierce’s disease, while the CB domain clears X. fastidiosa (Dandekar et al., 2012). We also
transformed TS grapevines with a gene encoding polygalacturonase-inhibiting protein (PGIP). PGIP expression in
transgenic plants inhibits the action of polygalacturonase, a virulence factor expressed by X. fastidiosa. Inhibiting
polygalacturonase interferes with long-distance movement of X. fastidiosa, providing resistance to Pierce’s
disease (Agüero et al., 2005). Transgenic grapevines expressing NE-CB and different PGIP constructs were first
tested under greenhouse conditions. Several lines that showed resistance to Pierce’s disease were identified by
mechanically inoculating plants with X. fastidiosa (Dandekar et al., 2012). Selected transgenic grapevines
expressing either NE-CB or PGIP, grafted with non-transgenic TS, were planted in 2011 in Solano County to
validate their Pierce’s disease resistance and horticultural characteristics under field conditions.

OBJECTIVES
The goals of this project are to finish field testing of four NE-CB and four PGIP transgenic grapevine clones by
evaluating their horticultural characteristics and resistance to Pierce’s disease. Transgenic rootstocks grafted with
untransformed scions, grafted transgenic vines, and untransformed control grapevines were tested in field
locations with no Pierce’s disease pressure by mechanical inoculation with X. fastidiosa.

Objective 1. Validate the efficacy of in planta-expressed chimeric NE-CB and PGIP with different signal
peptides to inhibit and clear X. fastidiosa infection in xylem tissue and to pass through the graft union
under field conditions.
Activity 1. Propagation, field planting, and grafting of NE-CB and PGIP transgenic grapevines.
Activity 2. Evaluate preservation of varietal characteristics in transgenic grapevines used as rootstocks.
Activity 3. Evaluate Pierce’s disease resistance of grafted NE-CB and PGIP transgenic grapevines after

inoculation with X. fastidiosa.
Objective 2. Assume permit holder status for existing USDA APHIS field permit and maintain regulatory

oversight and compliance with permit reporting requirements.
Activity 4. Participate with the Public Intellectual Property Resource for Agriculture (PIPRA) during

transition and assume permit holder status.
Activity 5. Maintain regulatory oversight of both field locations and compliance with reporting

requirements.
Activity 6. Maintain active regulatory compliance inspections.

RESULTS AND DISCUSSION
Objective 1. Validate the efficacy of in planta-expressed chimeric NE-CB and PGIP with different signal
peptides to inhibit and clear X. fastidiosa infection in xylem tissue and to pass through the graft union
under field conditions.
Activity 1. Propagation, field planting, and grafting of NE-CB and PGIP transgenic grapevines.
Four independent transgenic events expressing NE-CB (40-41G, 40-89G, 40-92G, and 41-151G), four expressing
different PGIP constructs (31-25G, 45-77G, 52-08G, and TS50G), and an untransformed control (TS-G), all
grafted with untransformed TS scions (Table 1), were planted at a site in Solano County on June 27, 2011.
Genotyping of NE-CB- and PGIP-expressing grafted transgenic grapevine lines in Solano County has confirmed
the presence of the inserted transgene in all lines.

Activity 2. Evaluate preservation of varietal characteristics in transgenic grapevines used as rootstocks.
To verify that horticultural and varietal characteristics of the parental genotype were unchanged, NE-CB- and
PGIP-expressing grafted transgenic lines were evaluated phenotypically in Solano County in 2012 and 2013. This
examination was accomplished using the first 12 descriptors from the “Primary Descriptor Priority List” proposed
by the International Organization of Vine and Wine (OIV 1983). The descriptors used were (1) aperture of young
shoot tip/opening of young shoot tip, (2) density of prostrate hairs between main veins on 4th leaf lower side of
blade, (3) number of consecutive shoot tendrils, (4) color of upper side of blade on 4th young leaf, (5) shape of
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mature leaf blades, (6) number of lobes on mature leaf, (7) area of anthocyanin coloration on main veins on upper
side of mature leaf blades, (8) shape of teeth on mature leaves, (9) degree of opening of mature leaves/overlapping
of petiole sinuses, (10) mature leaf petiole sinus bases limited by veins, (11) density of prostrate hairs between
main veins on lower side of mature leaf blades, and (12) density of erect hairs on main veins on lower sides of
mature leaf blades. No differences between grafted transgenic and parental TS grapevines were observed.

Table 1. Grafted transgenic and control grapevines planted in Solano County.

Event ID Event ID
(Vector) # Planted

NE-CB lines
40-41G pDU04.6105 12
40-89G pDU04.6105 12
40-98G pDU04.6105 12
41-151G pDU04.6105 12
PGIP lines
31-25G pDU05.1002 12
45-77G pDU06-0201 12
52-08G pDU05.1910 12
TS50G pDU94.0928 12
Control line
TS-G N/A 12

Activity 3. Evaluate Pierce’s disease resistance of grafted NE-CB and PGIP transgenic grapevines after
inoculation with X. fastidiosa.
At the Solano County site (Figure 1), half of the grafted transgenic lines were mechanically inoculated as
described by Almeida et al. (2003) on May 29, 2012 and half on June 17, 2013. On May 27, 2014 and on May 27,
2015, following the recommendation of the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board’s
Product Development Committee (PDC), at least four new canes from all grafted transgenic and control plants
were mechanically inoculated with X. fastidiosa. Inoculation dates from 2012 to 2015 are shown in a color-coded
map (Table 2).

Figure 1. Solano County grafted transgenic grapevines inoculated in spring 2014 and spring 2015. Summer
2015 (left); fall 2015 (right).
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Table 2. Solano County grape field map, color-coded by X. fastidiosa inoculation date, from 2012 to 2015.
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Grapevine inoculatation with Xf (Temecula:Stag's leap mix, 60:40) at 250,000 per 20ul on 5/29/2012.

Grapevine inoculatation with Xf (Temecula) 250,000 per 20ul on 6/17/2013.
Grapevine inoculatation with Xf (Temecula:Stag's leap mix, 60:40) at 500,000 per 20ul on 5/27/2014.
Grapevine inoculatation with Xf (Temecula) at 500,000 per 20ul on 5/27/2015.

On July 22, 2014, one 2014-inoculated cane per grafted transgenic plant was harvested to quantify X. fastidiosa
by qPCR using an Applied Biosystems SYBR green fluorescence detection system. Grape stem and X. fastidiosa
DNA was extracted using a modified hexadecyltrimethyl-ammonium-bromide (CTAB) method that yielded DNA
of a quantity and quality suitable for qPCR. The X. fastidiosa 16s primer pair (Forward 5’-AATAAATCATAAA
AAAATCGCCAACATAAACCCA-3’ and (Reverse 5’- AATAAATCATAACCAGGCGTCCTCACAAGTTAC-
3’) was used to quantify X. fastidiosa. qPCR standard curves were obtained using concentrations of X. fastidiosa
from 102 to 106 cells per 0.1 gm tissue. X. fastidiosa was detected in grafted transgenic vines, but at lower
concentrations than in grafted control grapevines (Figure 2). Another set of canes from the 2014-inoculated
grafted transgenic and control individual canes was harvested in fall 2015 and X. fastidiosa quantification is in
progress.

Figure 2. X. fastidiosa quantification by qPCR of Solano County grafted individual transgenic canes
inoculated in spring 2014 and harvested in summer 2014.



Bud break success of grafted individual transgenic canes inoculated in 2014 was assessed on March 26. 2015
(Figure 3). Bud break success was greater in most grafted inoculated transgenic lines using either strategy than in
grafted untransformed controls. Survival of grafted transgenic grapevines inoculated in 2012/2014 and in 2013/
2014 was assessed on April 28, 2015 using a 1 to 5 score, where 1 = very healthy and vigorous grapevine, 2 =
healthy grapevine with slightly reduced vigor, 3 = slightly reduced spring growth, 4 = much reduced spring
growth, and 5 = dead (Figure 4). Grapevine survival was greater in some grafted inoculated transgenic lines with
both constructs than in grafted untransformed controls.

Figure 3. Bud break success for Solano County grafted inoculated grapevines scored on March 26, 2015.

5

4

3

2

1

Figure 4. Survival of Solano County grafted transgenic grapevines inoculated in 2012/2014 (upper right)
and 2013/2014 (lower right), scored on April 28, 2015, using a scale of 1 to 5 (left).



Severity or absence of Pierce’s disease symptoms for all Solano County grafted transgenic grapevines inoculated
from 2012 to 2015 was assessed in fall 2015 using the Pierce’s disease symptom severity rating system 0 to 5,
where 0 = healthy vine, all leaves green with no scorching; 1 = first symptoms of disease, light leaf scorching on
one or two leaves; 2 = about half the leaves on the cane show scorching; 3 = the majority of the cane shows
scorching; 4 = the whole cane is sick and is declining; and 5 = the cane is dead (Figure 5). Pierce’s disease
symptom severity scores were lower in most grafted inoculated transgenic lines from either strategy than in
grafted untransformed controls.

Figure 5. Severity or absence of Pierce’s disease symptoms for all Solano County grafted inoculated
grapevines scored on September 29, 2015.

Objective 2. Assume permit holder status for existing USDA APHIS field permit and maintain regulatory
oversight and compliance with permit reporting requirements.
Activity 4. Participate with PIPRA during transition and assume permit holder status.
The current USDA APHIS field permit was transferred from Professor Alan Bennett to Professor Abhaya
Dandekar in January 2014. The permit was extended by USDA APHIS, with a new end date of April 1, 2016.

Activity 5. Maintain regulatory oversight of field location and compliance with reporting requirements.
During the transition period beginning October 1, 2013, personnel from the Dandekar laboratory worked with
PIPRA personnel to obtain all documentation and records necessary to maintain regulatory oversight of the field
trial. This process was completed in January 2014, with the transfer of full responsibility to the new permit holder.
We have worked closely with the Environmental Health and Safety Unit, University of California, Davis to
modify our existing Biological Use Authorization (BUA) to include this permit, a process that integrated the
institutional biosafety committee into the chain of custody for regulatory oversight compliance management.
Although the responsibility for regulatory compliance rests with the new permit holder, UC Davis was included
during the transition to maintain their oversight of campus BUAs. Personnel from the Dandekar laboratory are
maintaining regulatory oversight of the field trial. The issues requiring regulatory oversight are listed in the
permit.

Activity 6. Maintain active regulatory compliance inspections.
Timely reporting and inspections are conducted to maintain compliance with USDA APHIS. Regulatory
compliance is enforced by working closely with the participant investigators and the two field coordinators and
their crews. Pierce’s disease field trial activities information is updated quarterly using the principal investigators’
activity monitoring logs. Two individuals from the Dandekar lab are entrusted with the tasks of documentation,
training, and inspection to ensure regulatory compliance.
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CONCLUSIONS
We successfully established two field trials to validate two greenhouse-tested strategies to control movement and
clearance of X. fastidiosa, a xylem-limited, Gram-negative bacterium that is the causative agent of Pierce’s
disease. A key virulence feature of X. fastidiosa resides in its ability to digest pectin-rich pit pore membranes that
interconnect the host plant’s xylem elements, enhancing long-distance movement and vector transmission. The
first strategy evaluated the ability of a xylem-targeted polygalacturonase-inhibiting protein (PGIP) from pear to
counter virulence associated with X. fastidiosa polygalacturonase activity. Our second strategy enhances clearance
of bacteria from X. fastidiosa-infected xylem tissues using a chimeric antimicrobial protein, NE-CB. The
expectation is that expressing these proteins will prevent X. fastidiosa movement and reduce inoculum size,
curbing the spread of Pierce’s disease in California vineyards.

Ninety-six (96) grafted transgenic grapevine plants expressing either NE-CB or PGIP and 12 grafted untrans-
formed controls were successfully planted in Solano County in 2011. These grafted transgenic grapevines were
evaluated as rootstocks grafted with untransformed TS scions. NE-CB- and PGIP-expressing grafted transgenic
lines in Solano County were evaluated phenotypically using the first 12 descriptors from the “Primary Descriptor
Priority List” proposed by the International Organization of Vine and Wine (OIV). No phenotypic/horticultural
differences were observed between grafted transgenic and untransformed TS vines. Grafted grapevines were also
genotyped, confirming the presence of the inserted transgene in all lines. At the Solano County site, grafted vines
were mechanically inoculated with X. fastidiosa in 2012 and 2013 to validate resistance to Pierce’s disease under
field conditions. Leaf scorching, the characteristic symptom of Pierce’s disease, was observed in Solano Country
grafted transgenic and control lines in 2013 and X. fastidiosa presence was confirmed by ELISA in stem extracts
from samples collected in the same season. On May 27, 2014 and May 27, 2015, following the recommendation
of the CDFA Pierce’s Disease and Glassy-winged Sharpshooter’s Product Development Committee (PDC), at
least four new canes per year from all grafted transgenic and control plants were mechanically inoculated with
X. fastidiosa.

The severity or absence of Pierce’s disease symptoms on all inoculated canes was assessed in summer 2014 and
fall 2015 using the Pierce’s disease symptom severity rating system with a 0 to 5 scale, where 0 = healthy vine, all
leaves green with no scorching; 1 = first symptoms of disease, light leaf scorching on one or two leaves; 2 = about
half the leaves on the cane show scorching; 3 = the majority of the of the cane shows scorching; 4 = the whole
cane is sick and in decline; and 5 = the cane is dead. Pierce’s disease symptom severity scores were lower in at
least two NE-CB and two PGIP grafted inoculated transgenic lines than in grafted untransformed control. Bud
break success of grafted individual canes inoculated in 2014 was assessed on March 26, 2015, using a 0 to 5
score. The data showed that bud break success is greater in most grafted inoculated transgenic lines with either
construct than in grafted untransformed controls. Survival of grafted transgenic grapevines inoculated in
2012/2014 and 2013/2014 was assessed on April 28, 2015, using a 1 to 5 score. Grapevine survival was higher in
some grafted inoculated transgenic lines from each strategy than in grafted untransformed control grapevines.

In summer 2014, one cane per grafted plant was harvested to quantify X. fastidiosa by qPCR. X. fastidiosa DNA
from grape stem was extracted using a modified CTAB method that yields DNA of a quantity and quality suitable
for qPCR. An X. fastidiosa 16s primer pair was used for X. fastidiosa quantification. qPCR standard curves were
obtained using concentrations of X. fastidiosa from 102 to 106 cells. X. fastidiosa was detected in grafted
transgenic vines, but at lower concentrations than in grafted untransformed control grapevines. Another set of
canes from the 2014-inoculated grafted individual canes was harvested in fall 2015 and X. fastidiosa quantifica-
tion is in progress.

The current USDA APHIS field permit was transferred from Professor Alan Bennett to Professor Abhaya
Dandekar in January 2014. The permit was extended by USDA APHIS, with a new end date of April 1, 2016.
Timely reporting and inspections are conducted to maintain compliance with USDA APHIS permit reporting
requirements.
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ABSTRACT
Our goal is to understand the virulence mechanisms of Xylella fastidiosa that lead to the leaf scorching symptoms
observed in Pierce’s disease and to exploit this information to develop new strategies to control Pierce’s disease in
grapevines. The analysis of X. fastidiosa Temecula 1 secreted proteins has enabled us to focus on two previously
uncharacterized proteins, LesA and PrtA, that appear to be causal to the leaf-scorching phenotype observed in
Pierce’s disease. We generated mutant X. fastidiosa that are defective for each of these two genes and they show
alterations in disease phenotype -- lesA1 is less virulent, while prtA1 is more virulent. LesA protein displays
lipase/esterase activities and is the most abundant but is very similar to two additional less abundant proteins,
LesB and LesC, also secreted by X. fastidiosa. Expression of LesA, B, and C individually in Escherichia coli
indicate that these proteins can induce scorching symptoms in grapevine and walnut leaves. These symptoms
appear to be related to the lipase/esterase activity present in these proteins. The PrtA protein has protease activity
and X. fastidiosa-prtA1 mutants are highly virulent. We are analyzing the microbiome of plants infected with the
wild-type Tem 1 and comparing it with uninfected and with plants infected with our various mutant strains, lesA1,
lesA3B1, and prtA1. A fairly large dataset composed of different tissue types and stages of infection has been
generated and is currently being analyzed. We will look at differences in microbiome composition in different
tissues and at different stages of infection. Additionally, we have built a vector to test expression of PrtA in
transgenic tobacco. The three transgenic plants tested so far do not display any anti-virulence activity; 10 more
transgenic lines will be tested. An understanding of how these two secreted proteins function and their associated
pathobiology will provide new insights into this disease and deliver new avenues of therapy.

LAYPERSON SUMMARY
Pierce’s disease of grapevines is caused by the bacterium Xylella fastidiosa, a xylem-limited bacterium that is
responsible for several economically important diseases in many plants. A characteristic symptom of Pierce’s
disease is leaf scorching, with marginal regions of leaves developing chlorosis progressing to necrosis. Blockage
of xylem elements and interference with water transport by X. fastidiosa and its associated biofilm have been
posited to be the main cause of Pierce’s disease symptom development. An analysis of X. fastidiosa Temecula 1
secreted proteins has enabled us to focus on two previously uncharacterized proteins, LesA and PrtA, that may
play a role in the development of Pierce’s disease symptoms. We generated mutant X. fastidiosa that are defective
for each of these two proteins and show alterations in disease phenotype. Mutant bacteria defective in making
LesA are less virulent and display a biofilm behavior in culture, while the bacteria defective in PrtA appear highly
virulent and correspondingly display planktonic growth in culture. Our experiments show that these two proteins
play a role in disease progression. We are also examining the role of these secreted proteins with respect to the
grapevine microbiome with respect to the normal flora present in different tissues of a healthy grapevine plant.
We have extracted the microbiome and are analyzing the effects that these two proteins may have on the
composition and relative distribution of the natural flora or microbiome as this could affect vine health and
disease outcome. An understanding of how these two proteins work will provide new insights into this disease
and deliver new avenues of therapy.
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INTRODUCTION
Xylella fastidiosa is a fastidious, xylem-limited gamma-proteobacterium that causes several economically
important diseases in many crops including grapevine, citrus, periwinkle, almond, oleander, and coffee (Davis et
al., 1978; Chatterjee et al., 2008). In the field, X. fastidiosa is vector-transmitted by various xylem sap-feeding
sharpshooter insects (Purcell and Hopkins, 1996; Redak et al., 2004). The X. fastidiosa subspecies fastidiosa (Xff),
as exemplified by the California strain Temecula 1, causes Pierce’s disease in grapevine. The X. fastidiosa life
cycle and virulence mechanism are not entirely understood (Chatterjee et al., 2008). This research seeks to
understand the pathobiology of X. fastidiosa that leads to disease; specifically, the underlying mechanism that
leads to leaf scorching symptoms. Understanding the underlying mechanism could help develop new strategies to
control Pierce’s disease in grapevines in California as well as diseases in many other economically important
crops.

The secretion of virulence factors by pathogens is an important mechanism by which many plant diseases are
triggered. Unlike closely-related pathogens from the genus Xanthomonas, Xff does not possess the type III
secretion system (T3SS) (Van Sluys et al., 2002). However, Xanthomonas and X. fastidiosa have in common a
similar type II secretion system (T2SS) for a battery of important extracellular enzymes that are responsible for
virulence (Ray et al., 2000). In Xff, genes have been identified that code for plant cell-wall degrading enzymes
(CWDEs) such as polygalacturonase, cellulase, lipase/esterase, and several proteases (Simpson et al., 2000).
These enzymes may aid Xff migration inside xylem vessels by degrading the pit membrane and also by helping to
release the carbohydrates necessary for bacterial survival. Cell wall degradation by CWDEs releases
oligosaccharides as products, which can induce potent innate immune responses from plants. The plant defense
responses include production of phytoalexins, fortification of cell walls through deposition of callose, oxidative
burst, and induction of programmed cell death (Darvill and Albersheim, 1984; Ryan and Farmer, 1991; Braun and
Rodrigues, 1993). One T2SS secreted protein, a polygalacturonase virulence factor encoded by pglA, lost
pathogenicity when it was mutated and resulted in X. fastidiosa that was unable to colonize grapevine (Roper et
al., 2007). This confirmed an earlier finding that expression of a polygalacturonase inhibitory protein blocked the
action of pglA, providing resistance to Pierce’s disease (Aguero et al., 2005).

OBJECTIVES
The goal of this project is to define the role that Xylella secreted proteins LesA and PrtA play in the Pierce’s
disease phenotype of grapevine.

Objective 1. Define the mechanism of action of LesA and PrtA gene products.
Activity 1. Express LesA, B, C, and PrtA individually and examine their role in the virulence response of

Xylella cultures.
Activity 2. Metagenome analysis of xylem tissues infected by strains mutated for Les A, B, C, and PrtA.
Activity 3. Develop transgenic SR1 tobacco expressing PrtA and evaluate protection against Xylella

virulence.

RESULTS AND DISCUSSION
Objective 1. Define the mechanism of action of LesA and PrtA gene products.
Our previous analysis revealed 24 secreted proteins in cultures of X. fastidiosa Temecula 1. Of these, we have
characterized two proteins, PrtA and LesA. A proteomic analysis of infected leaf tissues revealed five of the 24
secreted X. fastidiosa proteins, the most abundant of which is LesA. To further characterize the role of these
proteins, we used insertional mutagenesis of X. fastidiosa cultures and expressed the respective proteins in
Escherichia coli to identify their function in Pierce’s disease.

Activity 1. Express LesA, B, C, and PrtA individually and examine their role in the virulence response of
Xylella cultures.
The secreted protein PrtA was previously annotated as an uncharacterized protein. We analyzed the structure of
PrtA, comparing it with proteins in the Protein Data Bank (PDB) database, and found a close structural match to
an extracellular alkaline serine protease. Based on this structural prediction, we were able to align the amino acid
residues in the active site showing a perfect alignment of these active site residues. Also, prtA is highly conserved
among various Xylella strains, but interestingly not among Xanthomonas strains. The protease activity of prtA
was confirmed by expressing the encoded protein, PrtA in E. coli and we were able to demonstrate a lack/lesser
activity in a mutant (prtA2) where one of the active site residues (S280 mutated to A280) was mutated as
compared to the wild-type PrtA enzyme using fluorescent-labelled casein as the substrate. To investigate the
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function of this protein we created a functional knockout strain via homologous recombination where the genomic
region encoding PrtA was disrupted via the insertion of a gene encoding resistance to the antibiotic gentamycin.
This mutant strain was called prtA1. We confirmed via polymerase chain reaction (PCR) analysis that the coding
region of prtA was disrupted in the prtA1 mutant. Expectedly, the mutant strain displayed less protease activity
and PrtA was not detectable in secreted proteins from prtA1 cultures, while PrtA was detectable in wild-type
cultures. Growth characteristics of prtA1 cultures revealed that it was markedly more planktonic than the wild-
type X. fastidiosa Tem1 strain. Growth on plates showed less aggregation, and when grown in flasks, a clear
biofilm ring was formed by wild-type but not prtA1 cultures. We used scanning electron microscopy (EM) to
confirm that wild-type cultures showed marked aggregation whereas prtA1 appeared to be exclusively planktonic.
Since planktonic forms have reportedly displayed more virulence (Newman et al., 2004; Chatterjee et al., 2008),
we infected grapevine plants as described earlier (Dandekar et al., 2012) in the main stem, 10 cm above the soil.
Plants were scored at 10 weeks. Pierce’s disease symptoms were clearly visible with prtA1 infections starting at
six to eight weeks, much earlier than that observed with the wild-type. A comparison of prtA1 and wild-type
colonies shows twitching motility at the margins of prtA1 colonies, confirming enhanced movement consistent
with the observed enhanced virulence.

The secreted protein LesA was also previously annotated as an uncharacterized protein. It has a 35 amino acid
secretion peptide consistent with it being secreted. Immunogold localization of LesA in fixed cells using
antibodies against LesA revealed that most of the protein was embedded within the secreted matrix surrounding
X. fastidiosa cells, confirming that LesA is a secreted protein. We compared the structure of lesA to proteins in
the PDB database and found a close structural similarity to a Xanthomonas oryzae pv. oryzae (Xoo) LipA that has
lipase and esterase activity (Aparna et al., 2009). Lipase activity was confirmed by growing X. fastidiosa cultures
on plates containing tributryn, a triacylglyceride of butyrate; zones of clearance were clearly visible surrounding
the colonies, indicating lipase activity. Based on this structural prediction, we aligned the active site residues
S200, D360, and H402 of LesA with LipA from Xoo. We then threaded LesA with the known structure of the Xoo
LipA and there was an excellent alignment of active site residues. Additionally, LesA was found to be highly
conserved among both Xylella and Xanthomonas strains. To determine whether LesA had both lipase and esterase
activities, we expressed LesA in E. coli and made a mutant version, LesA2, in which the S200 serine in the
protein was substituted with an alanine residue. We then analyzed the activity by growing/harvesting E. coli
strains that displayed both lipase activity evaluated on agar plates containing tributryn as well as esterase activity
by assaying the E. coli extracts using the substrate 4-methyl umbelliferone butyrate and measuring the formation
of 4-methyl umbelliferone (4MU), the product of the reaction. Esterase activity was clearly seen in strains
expressing LesA and to a lesser extent in those expressing LesA2 or the empty vector (EV). E.coli expressing
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LesA showed zones of clearance but not those expressing LesA2. In addition, LesA protein was detected on
western blots from cultures expressing both LesA and LesA2. To investigate the function of the LesA protein we
created a functional knockout strain via homologous recombination where the genomic region encoding LesA
was disrupted via the insertion of a gene encoding resistance to the antibiotic kanamycin. This mutant strain was
called lesA1. Among the 24 proteins secreted by X. fastidiosa cultures, LesA was the most abundant, but we also
identified LesB and LesC, proteins with strong homology to LesA. An alignment of the protein sequences
revealed a conservation of the active site residues of Les A in LesB and C. Les B is located adjacent to the lesA
on the X. fastidiosa genome, but LesC is located at some distance away. Since lesA and B were located together,
we created a double knock-out using kanamycin, this particular strain is designated lesA3B1. We expressed both
LesB and LesC in E.coli. We confirmed by PCR comparison of wild-type X. fastidiosa with lesA1 and LesA3B1
that we had knocked out one and both genes. LesA1 and LesA3B1 show less lipase and esterase activities.
Additionally, there are some differences among the activities of LesA, B, and C. Les A has both lipase and
esterase activities, LesB has neither lipase nor esterase activity, and LesC has lipase but no esterase activities
directed at butyrate substrates. LesA1 and lesA3B1 cultures displayed increased aggregation, in contrast to wild-
type X. fastidiosa Tem1 strains. When grown in flasks, a clear biofilm ring was visible for the wild-type, but a
much larger and more profound ring of biofilm was visible for lesA1. We further confirmed this observation
using scanning EM, where lesA1 showed marked aggregation of cells. To investigate the role of lesA in the
virulence response and Pierce’s disease, we infected grapevine plants as described earlier (Dandekar et al., 2012),
inserting ~10 million bacteria at the bottom of grapevines about 10 cm above the soil. Plants were scored at
10 weeks. Pierce’s disease symptoms were clearly visible starting at 10 weeks for the wild-type Tem1 strains, but
neither the lesA1 nor the lesA3B1 strains showed symptoms. Infiltrating the LesA protein into grapevine leaves
led to scorching, but infiltrating the LesA2 mutant protein that lacks both lipase and esterase activities did not.
These results clearly show that the secreted LesA protein is related to leaf scorching and that the activity of the
lipase/esterase is necessary for full virulence.

Growth of the lesA1 in culture showed that a predominant proportion of the bacteria were in an aggregated state
and when grown in a flask the culture displayed a strong ring of biofilm (Figure 3). Further, the optical density
(OD) of the culture was low compared to the wild-type Tem1 strain. Shown in Figure 2 are scanning electron
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microscope (SEM) image panels on the top showing wild-type and leaA1 cells grown in culture and on the
bottom are the measurements of bacterial length of this population.

The lesA1 strain that displayed a greater proportion of aggregated cells had a greater proportion of longer cells
(Figure 2). Expectedly, lesA1 was less pathogenic as compared to wild-type Xylella. The biofilm and planktonic
states have been shown to be regulated by quorum sensing behavior, regulated by diffusible signal factor (DSF) as
C12 fatty acid molecule (Chatterjee et al., 2008). DSF synthesized by rpfF triggers biofilm formation and down
regulates pathogenesis. Mutants in rpfF are more virulent than wild-type Xylella. The DSF is sensed by a receptor
rpfC that is part of a two-component regulatory system that senses DSF on the outside and triggers rpfG to
mediate the response (Buttner and Bonas, 2009). LesA is required for pathogenesis and so lesA1 that does not
make LesA appears to be a nonpathogenic biofilm in culture (Figure 3). In Figure 4 we measured the levels of
LesA and there appears to be a good correlation between the presence of lesA and pathogenesis. Wild-type Tem1,
prtA1, and rpfF that do not make biofilm and that are very pathogenic make a lot of LesA, whereas mutants that
appear to make more biofilm like lesA1, lesA3B1, and rpfC express lower levels of LesA (Figure 4).

Activity 2. Metagenome analysis of xylem tissues infected by strains mutated for Les A, B, C, and PrtA.
The secreted proteins could influence the grapevine microbiota and that interaction could influence the disease
outcome. Previously, we conducted a preliminary alpha diversity survey in which we took Thompson Seedless
(TS) samples infected with X. fastidiosa unable to make PrtA (prtA1), wild-type Xf (Tem1), and uninfected tissue.
Samples were kept frozen and then ground into powder using Qiagen’s grinding jar set and associated
TissueLyser. DNA was extracted using the MoBio PowerPlant Pro DNA isolation kit. PCR and sequencing of the
V4 region of the 16S rRNA gene using region-specific primers and PCR and sequencing were performed using
standard protocols as agreed upon in the Earth Microbiome Project (http://www.earthmicrobiome.org/emp-
standard-protocols/) using Illumina MiSeq (Caporaso et al., 2012).

The immediate problem which emerged from the preliminary sequencing data was the high proportion of host
chloroplast sequences that came from the samples. Preliminary data demonstrated the low number of sequences
after chloroplast removal. To compensate for low sequencing depth due to the abundance of chloroplast
sequences, we obtained PCR blockers that selectively inhibited amplification of chloroplast sequences (Orum,
2000). Using PCR blockers, a rarefaction plot verified that the number of observed species was plateauing,
indicating that we sampled a majority of the 16S community (Figure 5).



We have since used the data and experience we obtained from our preliminary work to begin work on an infection
study to determine differences in grapevine microbiome structure upon infection with X. fastidiosa. A rarefaction
plot of this new data shows a wide range in microbial diversity per sample (Figure 6). For this infection study, we
harvested non-leaf samples at a much closer distance to the inoculation point, as this is where symptoms are first
observed and where probable changes in the microbiota will first be evident. TS grapevines were grown 18 weeks
and harvested at six different times. Six plants were sampled from each of five treatments: uninfected or infected
with X. fastidiosa Tem1 (Wild-Type), X. fastidiosa lesA1, X. fastidiosa lesA2B3, or X. fastidiosa prtA1) at each
time. From each plant we obtained root tissue, stem tissue from two to three nodes above the infection point, and
stem tissue between nodes 10 and 11. Samples were placed on ice, brought to the lab, washed with 0.04% Tween
20 and rinsed with ddH20 to minimize background surface microbiota. Samples were then frozen in liquid
nitrogen and maintained at -80C until analysis.  Samples were ground into powder using Qiagen’s grinding jar set
and associated TissueLyser. Unfortunately, the previously used MoBio PowerPlant Pro DNA isolation kit and
several other kits and protocols were insufficient to obtain high-quality DNA from these high-phenolic, woody
samples. As a kit was preferred to decrease possible microbiota background variability arising from user
contamination during a phenol-chloroform DNA extraction, high-quality DNA was finally obtained using
Qiagen’s DNAeasy Plant Mini Kit with an additional 5% sodium metabisulfite in the lysis buffer. We made a
library of these DNA extractions and sequenced using Illumina MiSeq. Data was demultiplexed and mitochon-
drial, singleton, and remaining chloroplast sequences were removed. Unique operational taxonomic units (OTUs)
were defined as having no more than 97% similarity. We have begun our initial analysis of the sequencing data
(Figure 7), and have begun comparing diversity changes between tissues (Figure 8). This will be followed by a
diversity comparison between time points followed by a comparison of treatments at a single time point and then
across time points. Shown in Figure 7 is our analysis of 16S DNA sequences extracted from two locations
(upper and lower) of the same stem segment of the grapevine at 0 time point of infection.  Pre-infection, the top
classes which dominate the microbiome sampled from 2-3 nodes (lower) and from 10-11 nodes (upper) above the
pre-infection point show the top classes in these tissues are Gammaproteobacteria, Bacilli, Alphaproteobacteria,
and Betaproteobacteria (Figure 7).

Activity 3. Develop transgenic SR1 tobacco expressing PrtA and evaluate protection against Xylella
virulence.
To test the anti-virulence phenotype of PrtA, we cloned the prtA coding region into a binary vector under the
CaMV35S promoter after codon optimization for expression in tobacco (Figure 9). The binary vector construct
was introduced into a disarmed strain of Agrobacterium (EHA105) via electroporation to create a functional
system for plant transformation. Thirteen transgenic SR1 tobacco lines have been generated at the UC Davis
Parson Transformation Facility. We have screened these plants and they are positive for the presence of the kan
genes and express PrtA as detected using an an-FLAG antibody. We did not detect the protein using an anti-PrtA
antibody. The resulting plants are currently being propagated to collect F1 seed that germinate on medium
containing kanamycin. Kan-resistant transplants have been moved as they mature to the greenhouse and grown up
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to six to eight leaves. We have infected the fully expanded leaves with a virulent strain of X. fastidiosa for three of
the lines to evaluate whether PrtA has anti-virulence activity. Thus far the three lines tested showed no protection
from the disease development. We have 10 more lines remaining to be evaluated.
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CONCLUSIONS
The goal of this project is to understand the virulence mechanisms of X. fastidiosa that lead to the leaf scorching
symptoms observed in Pierce’s disease and to exploit this information to develop new strategies to control
Pierce’s disease in grapevines. The blockage of xylem elements and the interference with water transport by
X. fastidiosa is regarded to be the main cause of Pierce’s disease symptom development. The analysis of
X. fastidiosa Temecula 1 secreted proteins has enabled us to focus on two previously uncharacterized proteins,
LesA and PrtA. We generated mutant X. fastidiosa that are defective for each of these two genes and they show
alterations in disease phenotype -- lesA1 is less virulent while prtA1 is more virulent. LesA displays
lipase/esterase activities and is the most abundant but is very similar to two additional less abundant proteins,
LesB and LesC, also secreted by X. fastidiosa. Expression of LesA, B, and C individually in E.coli indicate that
these proteins can induce scorching symptoms in grapevine and walnut leaves. These symptoms appear to be
related to the lipase/esterase activity present in these proteins. The PrtA protein has protease activity and X.
fastidiosa prtA1 mutants are highly virulent, suggesting that this protein may somehow block disease. We are also
investigating what role these particular proteins have on the composition and distribution of the microbiome. A
fairly large dataset has been generated and is being currently analyzed to evaluate the differences in the
composition of the microbiome in different tissues and at different stages of infection. We have built vectors to
test the anti-virulence activity of PrtA by expressing it in transgenic SR1 tobacco plants. The analysis of the first
three transgenic tobacco plants has revealed no difference compared to controls. There are 10 more lines that need
to be tested. An understanding of how these two proteins work will provide new insights into this disease and
provide new avenues of therapy.
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ABSTRACT
For approximately 15 years the Temecula Valley has been part of an area-wide control program for an invasive
vector, the glassy-winged sharpshooter (Homalodisca vitripennis). The goal of this program is to limit Pierce’s
disease spread by suppressing vector populations in commercial citrus, an important reproductive host for this
insect, before they move out into vineyards. To achieve effective control of the glassy-winged sharpshooter,
spring applications to citrus of the systemic insecticide imidacloprid have been made in years past. As part of this
treatment program there is ongoing monitoring of glassy-winged sharpshooter populations to ensure that the
treatments are effective. Notably, since 2013, reimbursements to citrus growers have not been made. As a result,
over the past three seasons, apparently no Temecula Valley citrus acreage was treated specifically for the glassy-
winged sharpshooter – the consequences of which are not well understood. Approximately 140 yellow sticky
traps were inspected on a biweekly basis throughout 2015 to monitor glassy-winged sharpshooter in citrus. The
results show a typical phenology for this pest in the region, with a total of less than 400 glassy-winged
sharpshooters caught during the summer peak (July through September). Overall glassy-winged sharpshooter
catch was intermediate this year - modest compared to high years in 2008 and 2009 but slightly higher than recent
low years (e.g., 2010, 2011).

LAYPERSON SUMMARY
The glassy-winged sharpshooter (Homalodisca vitripennis) constitutes one of the primary threats to the wine,
table grape, and raisin industries in California owing to its ability to spread a pathogen that causes Pierce’s
disease. In the Temecula Valley, an area-wide control program has been in place for more than 10 years, which
relies on insecticide applications in citrus groves to control the glassy-winged sharpshooter before it moves into
vineyards. This program is viewed as critical for reducing the disease spread in vineyards. As part of the control
program, citrus groves are monitored regularly for glassy-winged sharpshooters. This year, like the past two,
despite no insecticide applications being made to target the glassy-winged sharpshooter, the glassy-winged
sharpshooter catch in Temecula was relatively modest; intermediate between very high years such as 2008 and
2009 and very low years such as 2010 and 2011.

INTRODUCTION
The wine grape industry and its associated tourism in the Temecula Valley generate $100 million in revenue for
the economy of the area. Following the invasion of the glassy-winged sharpshooter into Southern California from
the Southeastern USA, a Pierce’s disease outbreak occurred. This outbreak resulted in a 30% loss in overall
vineyard production over a few years, with some vineyards losing 100% of their vines during the initial years of
the outbreak. An area-wide glassy-winged sharpshooter management program initiated in the spring of 2000
saved the industry from even more dramatic losses. Since the initiation of the Temecula glassy-winged
sharpshooter area-wide management program several hundred new acres of grapes have been planted and multiple
new wineries have been built.

The glassy-winged sharpshooter has the potential to develop high population densities in citrus. Fortunately, the
glassy-winged sharpshooter is also highly susceptible to systemic insecticides such as imidacloprid. Insecticide
treatments in citrus groves, preceded and followed by trapping and visual inspections to determine the
effectiveness of these treatments, have been used to manage this devastating insect vector and disease.

As part of the area-wide treatment program, monitoring of glassy-winged sharpshooter populations in citrus has
been conducted since program inception. This monitoring data has been used to guide treatment decisions for
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citrus, to evaluate the efficacy of the treatments, and to guide vineyard owners, pest control advisors, and vineyard
managers on the need for supplementary vector control measures within vineyards.

In 2013, the decision was made by state and federal regulators not to reimburse citrus growers for insecticide
applications intended to target the glassy-winged sharpshooter in the Temecula Valley. This change was
motivated by the expectation that citrus growers would likely be treating already for the Asian citrus psyllid,
Diaphorina citri, an invasive vector of the pathogen associated with huanglongbing or citrus greening disease.
Sharpshooter and psyllid integrated pest management rely on largely the same insecticides. However the timing of
applications differs slightly depending on the focal pest. Therefore, monitoring of sharpshooter populations
continues to be important, to determine whether glassy-winged sharpshooter populations, which already show
substantial interannual variability, appear to be rebounding.

OBJECTIVES
1. Regularly monitor glassy-winged sharpshooter populations in citrus groves throughout the Temecula

Valley to evaluate the effectiveness of prior insecticide applications and to provide a metric of Pierce’s
disease risk for grape growers.

2. Disseminate a newsletter for stakeholders on sharpshooter seasonal abundance in citrus throughout the
region.

Double-sided yellow-sticky cards (14 x 22 cm; Seabright Laboratories, Emeryville, CA) are being used to monitor
adult sharpshooters in citrus. A total of 137 such sticky traps have been placed in citrus groves throughout the
Temecula Valley. All traps are labeled, numbered, and bar-coded to identify the site within the management
program. Each trap is then georeferenced with a handheld global positioning system monitor. Most traps are
placed at the edge of the groves at the rate of approximately one per 10 acres. Traps are attached with large binder
clips to wooden stakes around the perimeter of the grove. For large groves traps are also placed in the interior.
The total number of traps depends on the size of the orchard block. Sharpshooters found on the traps are counted
and then removed from the trap.

The yellow cards are inspected and replaced every two weeks during the summer and fall (May through October)
and monthly the rest of the year. At each inspection the number of adult glassy-winged sharpshooters and
smoketree sharpshooters (Homalodisca liturata) is recorded, along with the abundance of common generalist
natural enemy taxa.

After collecting all data for a given sharpshooter census date, these data are collated into a newsletter that shows
the number of sharpshooters caught, where they were caught, and the seasonal phenology of sharpshooter
populations to date. This newsletter is disseminated to stakeholders via e-mail and on a blog hosted by UC
Riverside’s Center for Invasive Species Research (http://cisr.ucr.edu/temeculagwss/).

RESULTS AND DISCUSSION
The results for 2015 are shown in Figure 1. This includes monthly censuses of glassy-winged sharpshooters in
citrus through April, then biweekly censuses from May through October. Census results show seasonal patterns of
glassy-winged sharpshooter abundance and activity that are typical for this region. Glassy-winged sharpshooter
catch is low for much of the year; it increases dramatically at the beginning of the summer and then drops off
through August and September. As of early-October, glassy-winged sharpshooter populations appear to have
declined substantially.

Figure 2 shows glassy-winged sharpshooter catch in 2015 relative to other years. 2015 shows qualitatively the
same seasonal phenology as in other years, with a moderate overall catch compared to others (i.e., 2009).



Figure 1. Seasonal total glassy-winged sharpshooter catch in 2015 for 137 traps throughout the Temecula Valley.

Figure 2. Seasonal total glassy-winged sharpshooter catch in the Temecula Valley from 2009-2015.
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CONCLUSIONS
The results for 2015 continue to suggest that there is no clear evidence of a glassy-winged sharpshooter
resurgence in the Temecula Valley region, as is occurring in portions of the southern Central Valley. At least
some of the explanation may be because of the potential for treatments made for the Asian citrus psyllid, which is
controlled primarily via the same classes of insecticides. Although the recommended treatment timings are
slightly different for Asian citrus psyllid versus glassy-winged sharpshooter, applications made for its control may
aid somewhat with glassy-winged sharpshooter control.

FUNDING AGENCIES
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CDFA Pierce’s Disease Control Program.
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ABSTRACT
RNA interference (RNAi) is a natural biological activity for controlling gene expression and for anti-viral defense
in a majority of eukaryotic organisms, including insects. The application of RNAi directed toward different types
of insect plant pests is becoming more feasible and promising. RNAi is already used in commercial agriculture for
plant virus control, and the many new publications demonstrating experimental successes with various plant-
feeding insects suggest that RNAi could have a role in helping to manage Pierce’s disease of grapevines. In our
efforts, we were able to induce RNAi effects in the glassy-winged sharpshooter (Homalodisca vitripennis) and
evaluate initial transgenic plants as a means to initiate RNAi to help control the glassy-winged sharpshooter and
other leafhopper vectors of Xylella fastidiosa. Furthermore, we are currently developing plant-infecting viruses to
express interfering RNAs in plants as an additional means for glassy-winged sharpshooter control.

LAYPERSON SUMMARY
This work presents fundamental efforts towards understanding the feasibility of applying RNA interference
(RNAi) to help combat Pierce’s disease of grapevines. Pierce’s disease is a significant threat to grape production
in California and other parts of the USA, and the causal agent, Xylella fastidiosa, a xylem-limited bacterium, also
causes several other extremely important plant diseases worldwide. Our effort here does not directly target
X. fastidiosa, but instead targets one of its most significant insect vectors, the glassy-winged sharpshooter
(Homalodisca vitripennis), and other sharpshooter vectors of X. fastidiosa.

We focused our recent efforts on evaluating transgenic potato plants to evaluate their potential for inducing RNAi
effects in the glassy-winged sharpshooter, and for identifying optimal RNAi inducer delivery systems. Potatoes
are easier and faster to transform and regenerate than grapes, and the glassy-winged sharpshooter feeds readily on
these plants. We also generated large-scale genomic data along with small RNA datasets, which will help us for
future genetic/genomic efforts against the glassy-winged sharpshooter.

INTRODUCTION
Our primary objectives are to evaluate and demonstrate RNA interference (RNAi) activity against the glassy-
winged sharpshooter (Homalodisca vitripennis). We have previously demonstrated induction of RNAi effects in
the glassy-winged sharpshooter and evaluated different strategies to induce RNAi effects in the glassy-winged
sharpshooter. We envision that RNAi approaches can be part of long-term strategies to help control the glassy-
winged sharpshooter and other sharpshooter vectors of Xylella fastidiosa, the causal agent of Pierce’s disease of
grapevines, but only if we understand how they work and optimize the delivery of RNAi inducers. We are
focused now on answering the latter questions. We have built upon our previous progress and initiated some new
directions in our glassy-winged sharpshooter RNAi efforts. We also continue to work closely with Dr. Shizuo
George Kamita.

We continue to use potato plants as surrogates for transgenic RNAi-based approaches for the glassy-winged
sharpshooter. We have generated stable transgenic potato plants using the constitutive, non-tissue-specific 35S
promoter, and a Eucalyptus gunii minimal xylem-specific promoter (EgCAD) to control the spatial expression of
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candidate interfering RNAs. Glassy-winged sharpshooters feed on potatoes for our experiments, but we are still
optimizing how to evaluate RNAi effects from transgenic potatoes. It is also now our intent to directly use
grapevines, but instead of using transgenic grapevine plants, we are now attempting to develop grapevine-
infecting viruses to express interfering RNAs in grapevines.

OBJECTIVES
1. Generate transgenic plants for novel effective targets of the glassy-winged sharpshooter and other

sharpshooters.
2. Generate and use microRNAs from different developmental stages of glassy-winged sharpshooter insects.
3. Assess the potential of using plant viruses for delivery of small RNA effectors.

RESULTS AND DISCUSSION
Objective 1. Generate transgenic plants for novel effective targets of the glassy-winged sharpshooter and
other sharpshooters.
We compared transgenic potato plants engineered to express interfering RNAs to target the glassy-winged
sharpshooter. We used two different promoters for these experiments, the 35S constitutive promoter and the
EgCAD promoter from Eucalyptus gunii which has shown the ability to target developing xylem tissues. A table
showing our plants and their analysis by small RNA hybridization analysis was presented in our December 2014
report published in the Proceedings of the 2014 Pierce’s Disease Research Symposium (pp. 16-22); that data is
not included here. These assays showed that all transgenic plants produced specific small interfering RNAs; we
were also able to induce RNAi effects in the glassy-winged sharpshooter as determined by RT-qPCR analysis of
target mRNAs, but we failed to generate a detectable phenotype. We now believe that this may be due at least in
part because of how we performed our assays, and we are repeating feeding experiments in a different format as
described below.

Our first experiments used potato cuttings with caged fourth and fifth instar glassy-winged sharpshooter nymphs.
The cuttings were placed in dilute nutrient solution and the glassy-winged sharpshooters remained on cuttings for
approximately seven days. It is possible rooted plants may produce better RNAi effects in the glassy-winged
sharpshooter than the nutrient solution cutting experiments. For that reason, our most recent experiment used
small rooted cuttings in soil, as opposed to the dilute nutrient solution, with caged fourth and fifth instar glassy-
winged sharpshooter nymphs. The glassy-winged sharpshooter nymphs were allowed to feed on the plants for five
days at which point the insects were harvested and RNA was extracted to test for target gene knockdown using
RT-qPCR. Unfortunately, these feeding trials did not induce a detectable phenotype or result in reduced target
gene expression when compared to the wild-type and green fluorescent protein (GFP) negative control plants
(Figure 2). Our ongoing efforts with phloem-feeding hemipterans have shown similar results, but we have been
able to see negative phenotypes only when we allow target insects to develop on test plants -- they must go
through nymphal instar stages and molt. For the glassy-winged sharpshooter this is a little problematic as they like
to move among plants and feed on different species. In fact, in order to have sufficient reproduction, we rear them
in cages containing basil, cotton, and cowpea plants. Our current, ongoing studies are now using small rooted
cuttings in soil. We are starting experiments using second and third instar nymphs and maintaining the test times
as long as possible, or until nymphs molt into adults. After optimizing the RNAi assays we will move on to
assessing additional targets and even using artificial microRNAs (Objective 2).

Objective 2. Generate and use microRNAs from different developmental stages of glassy-winged
sharpshooter insects.
We have begun evaluating three approaches for expressing artificial microRNAs (amiRNAs) in plants, which will
be described later. Our intent here is two-fold: one is to use specific amiRNAs to target glassy-winged
sharpshooter mRNAs and reduce the possibilities for potential RNAi off-target effects which are more possible
with longer, dsRNA RNAi inducers (Nunes, 2013); and second, we have identified several glassy-winged
sharpshooter novel miRNAs by Illumina-based sequencing and bioinformatics analysis (see Figure 1). We have
so far only identified miRNAs in adult glassy-winged sharpshooters, but our goals are to identify potential
miRNAs that may be glassy-winged sharpshooter instar-stage specific and evaluate their potential for use in
RNAi towards the glassy-winged sharpshooter.



Figure 1. Relative normalized expression of the glassy-winged chitin deacetylase gene after glassy-winged
sharpshooter feeding on wild-type and transgenic plants expressing dsRNA, showing no difference in target gene
expression between wild-type and transgenic plant lines. DES 1 is the wild-type potato control. ECAD 3 and ECAD 6
are separate transgenic lines expressing dsRNA for glassy-winged sharpshooter chitin deacetylase under control of the
EgCAD promoter. GFP 1 is a control transgenic line expressing dsRNA for GFP. The glassy-winged sharpshooter
ubiquitin gene was used as an internal control for the RT- qPCR. Error bars represent the standard error of the data.

Figure 2. The microRNA profile analysis of glassy-winged sharpshooter adult insects revealed the presence
of microRNAs that are conserved between different insects. Glassy-winged sharpshooter adults also share
some microRNA conservation with plants.
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We have used agroinfiltration of Nicotiana benthamiana plants, followed by small RNA hybridization and
Illumina sequencing to assess production of amiRNAs. These experiments showed that we can produce specific
amiRNAs in plants by two methods: one by using a binary plasmid vector to produce the specific amiRNA; and
the second by using a modified begomovirus A component to replicate and express higher levels of amiRNAs in
plants. The latter suggests that it is worth investigating using grapevine red blotch associated virus (GRBaV)
(Krenz et al., 2014) as a means for generating specific amiRNAs in grapevines. We are considering this at least as
an experimental approach (see Objective 3).

Objective 3. Assess the potential of using plant viruses for delivery of small RNA effectors.
Our efforts here are based on our previous successes using plant-infecting viruses to express interfering RNAs in
plants, which produced negative phenotypes in specific phloem-feeding target insects. We are attempting to
engineer grapevine leafroll-associated virus-7 (GLRaV-7), a phloem-restricted virus from the complex family
Closteroviridae, as our primary virus for these studies. This is based on successes by others using viruses from the
same family such as Citrus tristeza virus in citrus (Dawson and Folimonova, 2013; Folimonov et al., 2007; Hajeri
et al., 2014), and GLRaV-2 in grapevines (Dolja and Koonin, 2013). In both cases the plant virus-based vectors
were capable of regulating the expression of endogenous genes via virus-induced gene silencing in their
respective host plant and also were capable of expressing foreign genes for long periods of time showing a
significant stability and durability.

We have a GLRaV-7 isolate from California in culture and we have access to the complete genome sequence of
the same isolate (Genbank accession number: JN383343; Al Rawhnih et al., 2012), which allows us to design
specific primers to successfully amplify the entire genomic RNA of GLRaV-7. Currently we have been able to
amplify the complete GLRaV-7 genomic RNA and to clone it as a cDNA in an intermediate plasmid vector in
which we can confirm the accuracy of the viral cDNA sequence by DNA sequencing. As a future step and to
enable more efficient delivery of the viral construct into plant tissue, we will subclone the entire cDNA of
GLRaV-7 into a binary vector, pCAMBIA1380. The new recombinant plasmid will be used then to inoculate plants
through agro-inoculation using vacuum infiltration of grapevine plants as it was successfully reported for
GLRaV-2 in grapevines (Kurth et al, 2012).

Based on our success with expressing amiRNAs in plants (see Objective 2 above) and comments from the grant
review panel last year, we are now considering using GRBaV also as at least an experimental tool to express
amiRNAs in grapevines. We have established cultures of GRBaV and have cloned the genomic ssDNA. We are
attempting to generate an infectious cDNA version for use in grapevines.

CONCLUSIONS
RNAi is a natural biological activity for controlling gene expression and for anti-viral defense in a majority of
eukaryotic organisms, including insects. The application of RNAi directed toward different types of insect plant
pests is becoming more feasible and promising. In our efforts, we were able to induce RNAi effects in the glassy-
winged sharpshooter and evaluated initial transgenic plants as a means to initiate RNAi to help control the glassy-
winged sharpshooter and other leafhopper vectors of X. fastidiosa.
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ABSTRACT
The goal of this new project is to exploit the known vulnerability of the single TolC gene of the Xylella fastidiosa
Type I secretion system using a high-throughput screen for X. fastidiosa sensitivity to a mild surfactant following
small molecule treatments that may disable Type I secretion directly or indirectly. Two combinatorial small
molecule libraries (1,280 chemicals in the Prestwick Chemical, and 320 chemicals in the Prestwick
Phytochemical) and X. fastidiosa resistant grapevines will be screened as treatments. For this purpose, both the
wild-type X. fastidiosa strain Temecula and a tolC‒ mutant of Temecula, M1, were electroporated with a stable
plasmid (pBBR1MCS-5) expressing an enhanced green fluorescent protein (GFP) fluorescence marker. To
establish growth characteristics in a 96-well plate format, initial inoculation densities (OD600) ranging from 0.01
to 0.05 in culture volumes ranging from 100 to 300 μl were used to establish an experimental protocol for
evaluating growth in the presence and absence of 20 ppm Silwet L-77. Preliminary results indicate that optimal
growth without contamination in the 96-well plate format was achieved using 150 μl volumes, with or without
Silwet. In the absence of chemical treatment, 150 μl volumes of Temecula displayed ca. a 10.5 x increase in
bacterial density and an 11.7 x increase in GFP fluorescence, with or without Silwet L-77. Not surprisingly, under
similar experimental conditions, M1 (tolC‒) failed to grow significantly. Experiments are underway to assess cell
viability and titer at the end of the culture period, as well as quantification of cellular adenosine triphosphate
(ATP) content. Two Prestwick chemical libraries have been acquired, and the primary high-throughput screens
are being planned.

LAYPERSON SUMMARY
Xylella fastidiosa survival in grapevine and in many culture conditions depends on a Type I multidrug resistance
(MDR) efflux pump system, which plays a critical function in pumping out environmental toxins and host
antimicrobial compounds and antibiotics that leak into the bacterial cell and would otherwise kill X. fastidiosa.
Any method that could block or disrupt specific components of this system would likely result in both control of
Pierce’s disease and elimination of X. fastidiosa from infected plants. Portions of the outermost efflux pump
protein, TolC, are embedded in the protective outer membrane (OM) of the bacterium and form the exit portal of
the efflux pump. Both the OM and TolC are exposed at the X. fastidiosa cell surface, making small molecule
chemical treatments that target TolC or even the OM barrier attractive chemical targets. Many small molecule
combinatorial libraries are commercially available for screening, some including synthetic and exotic chemicals
that would likely require considerable testing to meet the high bar set for food safety and agricultural use. Also
available are the highly diverse and complementary Prestwick natural phytochemical library and the Prestwick
Food and Drug Administration (FDA) approved drug combinatorial library, together representing 1,600 different
small molecules in total. This proposal is to adapt an existing and tested live bacterial cell count assay originally
tested using mutants affecting Type I efflux in another bacterium to enable high-throughput screening of the two
Prestwick libraries and also fractionated extracts of X. fastidiosa resistant. The result could be an immediately
applicable phytochemical spray to control Pierce’s disease or one requiring a minimum of regulatory approval for
use on Vitis vinifera grapevines.

INTRODUCTION
This is a new project that is based on two discoveries made during the course of two earlier funded projects. The
first discovery is our demonstration that the Type I multidrug resistance (MDR) efflux system of Xylella
fastidiosa is absolutely required for both pathogenicity and even brief survival of the Pierce’s disease pathogen in
grape (Reddy et al., 2007). Knockout mutations of either tolC or acrF (manuscript in preparation) render
X. fastidiosa nonpathogenic, and in addition, the tolC mutants were so highly sensitive to grape chemicals that the
mutants are not recovered after inoculation. Inoculation of very high titers of X. fastidiosa strain Temecula tolC‒
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mutants in grape results in rapid, 100% killing of inoculated bacteria. These results demonstrated a critical role for
Type I efflux in general and TolC and AcrF in particular for defensive efflux by X. fastidiosa of plant antimicro-
bial compounds, such as phytoalexins.

In the process of investigating the increased sensitivity of the MDR efflux mutants to plant-derived antimicrobial
chemicals, we also discovered that even wild-type X. fastidiosa, with its lone MDR efflux system, is much more
sensitive to plant-derived antimicrobial chemicals than most other plant pathogens, which carry multiple efflux
systems. Both tolC (encoding the outer membrane and periplasmic tunnel component of Type I secretion) and
acrF (encoding the inner membrane pump component of Type I secretion) are essential for MDR efflux in
X. fastidiosa, which has only one copy of each gene and only one such MDR efflux system. By contrast, most
plant pathogens have redundant MDR efflux systems and multiple tolC genes. These results suggest that
X. fastidiosa should be much more vulnerable to treatments affecting Type I efflux than other bacterial plant
pathogens.

MDR efflux mutants in other systems have provided proven, highly sensitive and quantitative screening methods
for antimicrobial chemicals (Tegos et al., 2002). The goal of this new project is to exploit the increased vulnera-
bility of X. fastidiosa and our knowledge of particular chemicals that require efflux in a high-throughput assay
that screens small molecule combinatorial libraries and X. fastidiosa resistant grapevines for chemicals that may
disable Type I secretion directly or indirectly. Since (1) there is only a single tolC gene (and TolC is the sole
Type I secretion system outer membrane component) in X. fastidiosa strains, and (2) Pierce’s disease strains are
clonal and there is little variation in TolC among Pierce’s disease strains, this makes TolC a particularly attractive
molecular target. This should make Pierce’s disease strains highly vulnerable to any blocking agent, including
small molecules, that specifically targets TolC or AcrF, disrupts the TolC / AcrF interaction or generally affecting
Type I efflux. A highly sensitive live cell assay that is well suited for high-throughput screening was developed
and is proposed for use for such a screen.

OBJECTIVES
The specific objectives of this one-year proposal are:

1. Screen two Prestwick combinatorial libraries for chemicals affecting Type I efflux from X. fastidiosa.
2. Screen sap and crude extracts from Vitis vinifera grape plants subjected to freezing treatments (sufficient

to cure Pierce’s disease) for potential effects on Type I efflux from X. fastidiosa.
3. Determine if sap and crude extracts from Pierce’s disease resistant Muscadinia rotundifolia contain more

and/or more effective chemicals affecting Type I efflux from X. fastidiosa than susceptible V. vinifera
plants.

RESULTS AND DISCUSSION
Objective 1. Screen two Prestwick combinatorial libraries for chemicals affecting Type I efflux from
X. fastidiosa.
The Ptrp-gfp cassette was PCR amplified from pUFZ75 (Zhang et al., 2009) and subcloned in shuttle plasmid
pBBR1MCS-5 to generate pSZ90. X. fastidiosa Pierce’s disease strain Temecula (PDT) and tolC mutant cells
were transformed with pSZ90 as described by Zhang et al. (2015). To determine the bacterial growth pattern in
flat-bottom 96-well plates, 100 μl and 150 μl PD3 medium in presence and absence of 20 ppm Silwet L-77 with
different initial inoculum densities. Optical density (OD600) (Figure 1) and green fluorescent protein (GFP)
fluorescence (excitation at 485/20 nm and emission at 528/20 nm; Figure 2) data were recorded for six days using
BioTek SynergyHTX multi-mode reader. Volumes of 100 μl, 150 μl, and 300 μl culture suspensions were
evaluated; the 300 μl volumes were overly sensitive to contamination problems and were dropped from
consideration. From Figures 1 and 2, it may be seen that wild-type Temecula cells grew best at 150 μl volumes,
both with and without Silwet L-77, and additionally gave the highest reliable fluorescence signal per well under
test conditions, over a period of six days; bacterial densities increased ca 10.5 x and fluorescence increased ca.
11.7 x over six days. The M1 (tolC‒) mutant strain failed to grow or to accumulate GFP, indicating bacterial stasis
under these static growth conditions, even without Silwet L-77. Experiments are underway to assess the cell
viability at the end of culture period for determination of cfu/ml as well as quantification of cellular adenosine
triphosphate (ATP) content using the BacTiter-Glo reagent (Promega). Two Prestwick chemical libraries were
received. Primary high-thorough screen of chemical are planned.



Figure 1. Growth curves of X. fastidiosa Pierce’s disease strains Temecula (PDT) and tolC‒ mutant M1 (TolC). Silwet
L-77 (Silwet) was added in the medium of both strains as indicated at a concentration of 20 ppm. OD600 was read for
six days post-inoculation (dpi).

Figure 2. GFP fluorescence reads of X. fastidiosa Pierce’s disease strains Temecula (PDT) and tolC‒ mutant M1
(TolC). Silwet L-77 (Silwet) was added in the medium of both strains as indicated at a concentration of 20 ppm. GFP
fluorescence was determined daily for six days post-inoculation (dpi).

Objective 2. Screen sap and crude extracts from V. vinifera grape plants subjected to freezing treatments
(sufficient to cure Pierce’s disease) for potential effect on Type I efflux from X. fastidiosa.
V. vinifera grape plants have been started in the greenhouse.
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Objective 3. Determine if sap and crude extracts from Pierce’s disease resistant Muscadinia rotundifolia
contain more and/or more effective chemicals affecting Type I efflux from X. fastidiosa than susceptible
V. vinifera plants.
Muscadinia rotundifolia grapevines are being procured.
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ABSTRACT
The objective is to evaluate transgenic grape and grape rootstocks expressing various genes from different
constructs in a field site in Solano County for resistance to Xylella fastidiosa (Pierce's disease strain) following
mechanical injections of X. fastidiosa into the plant stems. Over the course of the multi-year field evaluation, test
plants will include ungrafted conventional Thompson Seedless and Freedom plants as controls, transgenic plants
from Dandekar, Powell, Lindow, and Gilchrist projects and, as plant material availability permits, transgenic
rootstocks expressing some of the test genes grafted to untransformed Pierce’s disease susceptible scions were
introduced in 2011 and 2012. All plants are located in a USDA APHIS approved field area with no risk of pollen
or seed dispersal. The area is adjacent to experimental grape plantings that have been infected with Pierce’s
disease for the past two decades with no evidence of spread of the bacteria to uninfected susceptible grape
plantings within the same field plot. The field area chosen has never had grapes planted therein, which is to avoid
any potential confounding by soil-borne diseases, including nematodes. Over the current five-year course of this
field experiment there is no evidence of spread of the bacteria to uninfected susceptible grape plantings.

LAYPERSON SUMMARY
The purpose of the field planting is to evaluate grape and grape rootstocks expressing several transgenes from
several investigators, with differing putative modes of action against Xylella fastidiosa, under natural field
conditions for efficiency in providing protection against Pierce’s disease. The site in Solano County was selected
and approved by USDA APHIS to enable controlled inoculation and close monitoring of the host response in
terms of symptoms, bacterial behavior, and plant morphology. Over the course of the multi-year field evaluation,
test plants included ungrafted conventional Thompson Seedless and Freedom plants as controls, transgenic plants
from investigators Dandekar, Labavitch, Lindow, and Gilchrist and later transgenic rootstocks expressing some of
the test genes were grafted to untransformed Pierce’s disease susceptible scions to assess potential for disease
suppression in an untransformed scion from signals originating in the transformed rootstocks. We will continue
maintaining and collecting data from this site for the coming season through June 30, 2016. This time period
matches the time extension proposed by Dr. Dandekar, who has now assumed responsibility for the USDA
APHIS permit. Dr. Gilchrist will continue to manage the field operations at this site. The USDA APHIS permit
specifies that the plants are to be removed, burned on site and the field monitored as fallow for an additional year.
This latter step may be modified if there is additional planting at this site. Additional space has been set aside to
enable doubling of the current work area with a modification of the current permit.

INTRODUCTION
Land preparation, planting, and management of the experimental resources to accommodate 500 plants. Plants
occur with a row spacing of 15 feet between rows and four feet between plants in a row. There is a 50-foot open
space buffer area surrounding the field, which is fenced to protect against rabbits. Each row is staked with seven-
foot grape stakes supporting 13 gauge wire in two wire trellis system with a stake at each plant site. Wires are
stretched and anchored by seven-foot pressure-treated posts at the end of each row. The plants are irrigated by
surface furrow in accordance with standard practices for maintaining grapes for experimental purposes at this site.
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Although a drip irrigation system was installed in 2014 and will be used in all future plantings, furrow irrigation
will be continued on the existing plots to avoid confounding of different water application methods in this
experiment. Irrigation and pest management, primarily for powdery mildew, weeds, and insects, is coordinated by
PI Gilchrist and conducted by Mike Eldridge, the Field Superintendent employed by the Department of Plant
Pathology who has 20 years of experience working locally with grapes and other perennial crops. The field crew
work closely with PI Gilchrist to determine timing and need of each of the management practices.

OBJECTIVES
1. Principal Investigators, with assistance from contract field crews, are responsible for pruning in the spring

of each year and within the season as needed to maintain a reasonable canopy permitting sun exposure to
leaves on inoculated canes. Periodic trimming is necessary, given that the transgenic plants are derived
from Freedom (a common rootstock) and Thompson Seedless, both of which exhibit tremendous
vegetative growth during the season. In addition, annual pruning deviates from conventional practice in
that multiple cordons have been established with a separate new cordon retained from each successive
inoculation. This enables differential experimental materials for evaluation and sampling in the form of
seasonal canes associated each succeeding annual inoculation. The objective is to provide sufficient
inoculated and control material for destructive sampling over years to assess both timing of symptom
development after successive inoculations and to assess bacterial presence and movement over time.

2. Plants will be and have been inoculated annually since 2011. Xylella fastidiosa was mechanically
inoculated again in 2015. Sampling of inoculated stems from 2015 and previous years confirmed the
presence of the bacteria and symptoms of Pierce’s disease later in the season.

RESULTS AND DISCUSSION
The objectives set out for the establishment and management of this field planting were completed and the first
planting occurred July 12, 2010 (Figure 1), with all plants surviving the winter as shown in Figures 2 and 3. The
second phase of the planting, including grafted transgenics, was completed in May 2011 and June 2012.

Extensive polish trimming during the season is necessary to manage the Freedom and Thompson Seedless plants
in a fashion to allow ease of mechanical inoculation and recovery of experimental samples (Figure 4).

From planting through the 2015 growing season, the individual transgenic plants all exhibited a normal
phenotype, true to the untransformed control plants of each parental genotype (Figure 4). Symptoms of Pierce’s
disease did not appear until two years after the first inoculation. Evaluations in the summer of 2014 and 2015
indicated that all inoculated controls and some transgenic plants showed symptoms of Pierce’s disease. It is clear
that this field planting will provide important data on the effectiveness of any of the transgenic strategies
employed by the respective researchers.

As of March 2014, many inoculated canes on control plants and some transgenics did not survive the winter but
the uninoculated canes on these plants still appear healthy. Visual observation and destructive sampling of
inoculated canes indicates that mechanical inoculation was successful in infecting inoculated canes (Figure 5). As
of July 2015, several uninoculated canes adjacent to inoculated canes show foliar symptoms indicating that the
bacteria have moved systemically through the plants and, in the case of some non-transformed control plants, the
entire plant is now dead.

There are two points to be made regarding the appearance of symptoms. First, plant turgor has been maintained
throughout the growing season with timely irrigation and there has been no evidence of wilt or epinasty symptoms
prior to appearance of classic foliar symptoms (Figure 6) or even death of inoculated control susceptible canes.
Symptomatic leaves occur on inoculated canes without the appearance of water stress (Figure 6). This belies the
long-held anecdotal effect of vascular plugging leading to the classic foliar symptoms of sectored death within
green areas of leaves. Second, excellent symptoms associated with the presence of the pathogenic bacteria are
readily seen in the spring of each year from buds emerging on inoculated canes. Buds break, push tiny leaves, and
then die in tissues confirmed in the laboratory to harbor bacteria from inoculations that occurred one to two years
prior.

As of September 2014, it is clear that there is a rich source of additional data to be collected from this field
experiment. There are now substantial differences between inoculated control plants compared with plants
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expressing some of the transgenes. There is no evidence of any spread of the bacteria from inoculated to
uninoculated control plants but there is now evidence of systemic spread within some of the plants representing
different genetic composition (different transgenes). The positive result of effective mechanical inoculation over
time suggests that plants consisting of transgenic rootstocks grafted to non-transgenic scions will enable
experimental assessment of cross-graft protection. Field data over the course of this experiment has been collected
by all investigators and can be found in their individual reports from the Proceedings of the 2014 Pierce’s
Disease Research Symposium.

As of March 15, 2015, all plants have been pruned to remove excess growth from the past year but to retain all
inoculated wood (Figure 5). Spurs on old inoculated cordons were pruned to two-three buds while the 2014
inoculated branches were trimmed to retain up to 10 buds for data collection to include live/dead bud counting
and destructive sampling for bacterial counts. Inoculation was done in May 2015 (Figure 6) and symptoms were
observed on leaves from canes inoculated in 2014 (Figure 7).

We are now approved and funded to continue maintenance and data collection from this site through June 30,
2016. This time period matches the time extension proposed by Dr. Dandekar, who has now assumed
responsibility for the USDA APHIS permit. Dr. Gilchrist will continue to manage the field operations at this site.

Solano County Pierce’s Disease Field Work, March to August 2015: All field activities are conducted or
coordinated by field superintendent Mike Eldridge. Regular tilling and hand weeding maintained a weed-free
planting area. Plants were pruned carefully in March, leaving all inoculated/tagged branches and numerous
additional branches for inoculation and sampling purposes in the coming year. All pruning material was left
between the rows to dry, then flail chopped and later rototilled to incorporate the residue per requirements of the
USDA APHIS permit. Frequent trimming of the plants was done to ensure that leaves on inoculated canes were
exposed to sunlight, and shading of the associated leaves was avoided. Surface irrigation was applied as needed to
maintain the soil at field capacity and turgor in the plants. Application of the fungicides Luna Experience and
Inspire were alternated at periodic intervals to maintain the plants free of powdery mildew. Leafhoppers and mites
were treated with insecticides when needed. Neither powdery mildew nor insect pressure was noted throughout
the growing season. The same maintenance program is following the same general format for 2015 with timely
pruning, rototilling weeds, and applying fungicides on a monthly basis to protect the vines against powdery
mildew. Irrigation was applied at monthly intervals beginning in June. Pierce’s disease symptoms were visible at
bud emergence and later with foliar symptoms in late June and continuing to develop into late August.

CONCLUSIONS
The results to date of this field experiment indicate that the mechanical inoculations successfully introduced the
bacteria into the plants with subsequent appearance of foliar symptoms and cane death. There are transgenes from
each of the investigators that appear to be suppressing the symptoms of Pierce’s disease inoculated vines.

The images below (Figures 1-7) illustrate the status of the field experiment from planting in 2010 to the summer
of 2015. The caption to each figure indicates when the image was obtained, and together the images represent
both the asymptomatic inoculated transgenic and symptomatic inoculated non-transgenic control plants at the
Solano County site.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board, and
by the Regents of the University of California.



Figure 1. July 2010. Solano planting. Figure 2. July 2010. Solano planting.

Figure 3. April 2012. Solano planting. Figure 4. July 2013. Solano planting.

Figure 5. Images of Solano County plants at the time of pruning in March 2015. Colored tags indicate sites and
dates of inoculations in 2011-2014.
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Figure 6. May 2012. Solano County field
trial site at the time of inoculation of the
field plots with X. fastidiosa.

Figure 7. July 2015. Symptoms of Pierce’s
disease recorded July 21, 2015 on branches
inoculated May 27, 2014.



- 54 -

FIELD EVALUATION OF GRAPE PLANTS EXPRESSING PR1 AND UT456 TRANSGENIC DNA
SEQUENCES FOR PROTECTION AGAINST PIERCE’S DISEASE

Principal Investigator:
David G. Gilchrist
Department of Plant Pathology
University of California
Davis, CA 95616
dggilchrist@ucdavis.edu

Co-Principal Investigator:
James E. Lincoln
Department of Plant Pathology
University of California
Davis, CA 95616
jelincoln@ucdavis.edu

Cooperator:
Mike Eldridge
Department of Plant Pathology
University of California
Davis, CA 95616
mdeldridge@ucdavis.edu

Reporting Period: The results reported here are from work conducted October 2014 to October 2015.

ABSTRACT
The objective of this field experiment is to evaluate transgenic grape and grape rootstocks expressing various
transgenes for protection against Xylella fastidiosa (Pierce's disease strain) in a field site in Solano County. The
pathogen is introduced into individual vines by mechanical injections of X. fastidiosa into the grape stems of
transgenic and non-transgenic control plants. The experiment is now in the fifth year after inoculations were
initiated. Test plants include own-rooted transgenic and non-transgenic plants and grafted plants with non-
transgenic scions of a Pierce’s disease susceptible variety grafted to rootstocks bearing transgenes. The plants
have been maintained under optimum field conditions with respect to water management, powdery mildew, and
insect control. Following the third (2013) and fourth (2014) years after inoculations began, control plants are
showing clear symptoms of Pierce’s disease and many inoculated canes are dying or dead. These results were
extended with a new inoculation in 2015 with comparable results as in 2014 but at this point most all of the
control plants were dead in contrast to a number of the transgenic plants that remained healthy. The conclusion at
this point is that several lines bearing the PR1 and UT456 DNA sequences effectively suppress Pierce’s disease
symptoms, including some of the grafted plants. These two sequences are now moving forward into the dual
construct project described in the report titled, “Transgenic Rootstock-Mediated Protection of Grapevine Scion by
Single and Stacked DNA Constructs.”

LAYPERSON SUMMARY
Previously, we identified novel genes that suppress Pierce’s disease symptoms by blocking programmed cell
death (PCD), elicited by Xylella fastidiosa through use of a functional screen from cDNA libraries of grape and
tomato. Two of these sequences (PR1 and UT456) expressed as transgenes in grape suppressed Pierce’s disease
symptoms and dramatically reduced bacterial titer in inoculated plants under greenhouse conditions. Field
experiments underway in Solano County, conducted with a USDA APHIS permit, are designed to evaluate clonal
copies of several of these transgenic lines under field conditions for resistance to Pierce’s disease. The field
evaluation includes mechanical inoculation with X. fastidiosa in Solano County. Data sets include visual
monitoring of plant morphology, Pierce’s disease symptoms, and bacteria titer by quantitative polymerase chain
reaction (qPCR) assays. To date, PCR data and plating assays confirm the presence of X. fastidiosa in the plants.
Inoculated untransformed plants are now showing typical symptoms of Pierce’s disease. Bacteria are present in
inoculated plants at the Solano County site and there is definitive evidence of symptom differences between
several of the transgenic lines compared with the non-transgenic control. Evaluations at the Solano County site
are ongoing and inoculations continued in 2015.

INTRODUCTION
Field experiments were initiated in Solano County to evaluate transgenic grape plants and grape rootstocks
expressing two DNA constructs, PR1 and UT456, in several different transgenic lines of each construct
for resistance to the Pierce's disease strain of Xylella fastidiosa. Mechanical inoculation of X. fastidiosa was
employed at the Solano County site. The Solano County field experiment was conducted in two phases. The first
phase of the field studies started in 2010 to evaluate clonal copies of the fully transformed own-rooted plants that
exhibited suppressed Pierce’s disease symptoms and low bacterial titers in greenhouse assays (1). The second
phase began in 2011 with planting of the untransformed Thompson Seedless scions grafted onto PR1 and UT456
primary transformants as rootstocks, including Freedom and Thompson Seedless. Data collected in 2012-15
indicate that the bacteria are present in the mechanically-inoculated canes on plants at the Solano County site (2,
3). Results indicate that both PR1 and UT456 transgenes provide protection against Pierce’s disease, while the
level of protection varies between individual transgenic lines. Field symptom data was collected in the fall of
2014. As of March 15, 2015, the plants were pruned to remove excess dormant branches while leaving portions of
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previously inoculated cordon-like branches dating back to 2011and last year’s inoculated canes (Figure 1). In the
latter case, up to 10 buds were preserved on each inoculated cane as data-rich resources for scoring dead versus
live buds on control and transgenic plants as new shoots begin to emerge in the spring of 2015 (Figures 2, 3, and
4). The 2014 inoculated canes were destructively sampled to determine the presence and concentration of X. fas-
tidiosa in the tissues after scoring the new buds (Figure 5).

OBJECTIVES
The overall objective is to continue to evaluate several lines of transgenic grape plants and grape rootstocks
expressing two DNA constructs designated PR1 and UT456 for resistance to the Pierce's disease strain of X. fas-
tidiosa at a site in Solano County. Controlled mechanical inoculation of X. fastidiosa is used at the Solano County
site. The background research on selected transgenic lines leading to these field trials is from four controlled
inoculation experiments in a greenhouse over a two-year period, involving more than 300 transgenic plants of five
lines derived from independent transformation events bearing PR1and UT456. Each of these transgenes in several
lines suppressed Pierce’s disease symptoms and reduced bacterial titer compared with untransformed controls of
the same genotype. A positive correlation between the P14 and UT456 message level, suppression of bacterial
titer, and absence of Pierce’s disease symptoms was established using qPCR to measure both the message and the
bacteria titer.

A first planting of fully transformed plants was established in 2010 and a second set of plants consisting of
rootstocks transformed with PR1 and UT456 genes grafted to untransformed Pierce’s disease susceptible
Thompson Seedless scions. The grafted plants are designed to assess the potential for trans-graft protection
against Pierce’s disease.

RESULTS AND DISCUSSION
Plant phenotypes.
There were no distinguishable morphological differences in the control plants compared with any of the
transgenic lines using criteria of descriptors described by the International Organization of Vine and Wine. All
plants have a normal phenotype, true to the untransformed control plants of each parental genotype and all
produced abundant fruit. The Thompson Seedless transgenic plants are fully fruited with no visually
distinguishable differences in fruit set, fruit size, or maturity from the untransformed control plants. The field map
in Figure 6 shows the genotypes and colored bars indicating the various inoculation dates and bacterial
populations introduced at each inoculation date. By late June of 2014 all the inoculated untransformed control
plants showed foliar symptoms of Pierce’s disease, along with some of the experimental plants. Uninoculated
control plants appear healthy in all cases indicating no spread of disease from inoculated to uninoculated
untransformed susceptible plants.

X. fastidiosa titers by qPCR.
Inoculated plants were confirmed to have been successfully infected in the 2011, 2012, 2013, and 2014
inoculations by sampling individual inoculated canes followed by qPCR analysis for relative bacterial
populations. Bacterial numbers from inoculated plants not showing symptoms varied from 500-1,500 cells per 1
cm of inoculated stem tissue. The inoculations on non-transgenic plants showing symptoms ranged from 104-106

cells per 1 cm of inoculated stem tissue. Example data from the untransformed Thompson Seedless scions grafted
to the transformed rootstocks bearing either PR1 or UT 456 transgenic DNA sequences is presented in Figure 5.

Disease ratings in 2014 and 2015.
By late June of 2015 all the inoculated untransformed control plants showed foliar symptoms of Pierce’s disease,
along with some of the experimental plants (Figures 6 and 7). Uninoculated control plants appeared healthy in all
cases. There is no evidence of plant-to-plant spread and only limited movement of bacteria from an inoculated
cordon to uninoculated adjacent cordons or canes. The young canes of untransformed scions grafted to transgenic
rootstocks, inoculated in May 2014, began to show Pierce’s disease symptoms within 90 days. Eight leaves from
the point of inoculation were rated for foliar symptoms at 120 days and revealed significant differences in Pierce’s
disease symptoms between control and transgenic rootstocks.

As of March 15, 2015, the plants were pruned to remove excess dormant branches (Figure 1) while leaving
portions of previously inoculated cordon-like branches dating back to 2011and last year’s inoculated canes. In the
latter case, up to 10 buds were preserved on each inoculated cane as data rich resources for scoring dead versus
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live buds on control and transgenic plants as new shoots begin to emerge in the spring of 2015 (Figures 2, 3, and
4). The 2014 inoculated canes were destructively sampled to determine the presence and concentration of X. fasti-
diosa in the tissues after scoring the new buds on the grafted plants (Figure 5).

CONCLUSIONS
X. fastidiosa induces Pierce’s disease symptoms that result from activation of a genetically regulated process of
programmed cell death. We identified two plant DNA sequence, designated PR1 and UT456, from a cDNA
library screen, which, when constitutively expressed in transgenic grapes suppressed the death-dependent
symptoms of Pierce’s disease and reduced the bacterial titer to a level found in Pierce’s disease resistant wild
grapes in controlled greenhouse studies. Similar results are being seen under field conditions. The objective of the
current experiment is to evaluate transgenic grape and grape rootstocks expressing these transgenes in individual-
ly derived transgenic lines in a field site in Solano County for protection against X. fastidiosa (Pierce's disease
strain) following mechanical injections of the bacteria into the grape canes of both transgenic and co-planted non-
transgenic control plants. Current data from the Solano County site suggests that protective sequences may
function across a graft union to protect an untransformed and susceptible wild-type scion, although this data is
preliminary. Both the PR1 and UT456 expressing plants show suppression of symptoms and reduced bacterial
counts. Individual plants within several of the UT456 and PR1 lines have remained asymptomatic. While some
lines are less suppressive, all lines are rated more suppressive of Pierce’s disease than the controls. This project
has identified a basis for Pierce’s disease symptoms and a genetic mechanism to suppress symptoms and bacterial
growth within an infected plant. These two sequences are now moving forward into the dual construct project
described in the report titled, “Transgenic Rootstock-Mediated Protection of Grapevine Scion by Single and Stacked
DNA Constructs.”
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Figure 1. Vine pruning. As of March 15th, 2015, all
plants were pruned to remove excess growth from
the past year but to retain all inoculated wood. Spurs
on old inoculated cordons were pruned to 2-3 buds
while the 2014 inoculated branches were trimmed to
retain up to 10 buds for data collection to include
live/dead bud counting and destructive sampling for
bacterial counts.

Figure 2. Example of inoculated non-transgenic
Thompson Seedless control plants with death of buds
as they emerge in spring 2015. Plant was subjected to
successive inoculations in 2011-2014. Xylella
infection confirmed by PCR. Photo taken April 2,
2015. Colored tags visible on branches reflect the year
and date of inoculation.
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Figure 3. Live/dead analysis at bud break on
grafted plants. The graph indicates the number
of buds from the designated genotypes on
canes inoculated in spring 2014. All grafted
plants have untransformed Thompson Seed-
less as scions. GT/TSO2A is Thompson Seed-
less untransformed as a rootstock. GT/TSP14-
9 is Thompson Seedless expressing P14 as a
rootstock.

Figure 4. Close-up of non-transgenic control plant
showing shoot dying shortly after emergence on
inoculated canes in spring 2015. This cane was
inoculated in 2013. Photo taken April 2, 2015.
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Figure 5. qPCR assessment of X. fastidiosa in
untransformed Thompson Seedless scions grafted to
untransformed Thompson Seedless rootstocks or
transformed rootstocks. GT/TSO2A is Thompson
Seedless untransformed as a rootstock. GT/TSP14-9 is
Thompson Seedless expressing P14 as a rootstock. The
respective untransformed Thompson Seedless scions
were inoculated with X. fastidiosa.

Figure 6. Inoculated non-transgenic Thompson Seedless
foreground; essentially dead. Inoculated transgenic
Thompson Seedless in the rear; asymptomatic. Photo
taken in May 2015. Tags indicate sites of inoculation.

Figure 7. Inoculated transgenic and non-transgenic
Thompson Seedless seen from a distance. Asymptomatic
and dying plants can be seen in the center row (arrow).
May 2015.
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ABSTRACT
Xylella fastidiosa is the causative agent of Pierce’s disease. Collectively, a team of researchers (Lindow,
Dandekar, Labavitch/Powell, and Gilchrist) has identified or constructed and advanced the evaluation of five
novel genes (DNA constructs; Table 1) that, when engineered into grapevines, suppress symptoms of Pierce’s
disease by reducing the titer of X. fastidiosa in the plant, reducing its systemic spread in the plant, or blocking
X. fastidiosa’s ability to trigger Pierce’s disease symptoms. These projects have moved from the proof-of-concept
stage in the greenhouse to characterization of Pierce’s disease resistance under field conditions where current data
indicate that each of the five transgenes effectively reduces the disease levels under field conditions. The current
plants are mechanically inoculated and monitored for the amount and movement of the bacteria and for expression
of typical Pierce’s disease symptoms. Symptom assessment is conducted by the principal investigators
individually and by an independent team of evaluators lead by Deborah Golino. These existing field trials will
continue through 2016. Importantly, each of the five DNA constructs, when incorporated into transgenic
rootstock, has shown the ability to protect non-transformed scion, with obvious benefit that any of many
unmodified varietal scions can be grafted to and be protected by any of a small number of transformed rootstock
lines. Under Objective 1, the ability of transgenic rootstock to protect all or most of the scion, even at a distance
from the graft union, will be tested. Objective 2 addresses the issue of durability, the capability of genetic
resistance to avoid being overcome by evolving virulent versions of the X. fastidiosa pathogen, a critical factor for
a long-lived perennial crop such as grapevine. The approach under Objective 2 is “stacking,” the combination of
distinct protective transgenes in a single rootstock line, which is intended to foster not only durability but also
more robust protection of the non-transformed scion against Pierce’s disease. The first of the stacked transgene
rootstock lines are beginning to be released from transformation and are undergoing the first stage of RNA
evaluation. It is anticipated that the first wave of transgenic rootstocks will be ready for field planting in 2017 and
the final wave by 2018.

LAYPERSON SUMMARY
Xylella fastidiosa is the causative agent of Pierce’s disease. Collectively, a team of researchers (Lindow,
Dandekar, Labavitch/Powell, and Gilchrist) has identified or constructed and advanced the evaluation of five
novel genes (DNA constructs; Table 1) that, when engineered into grapevines, suppress symptoms of Pierce’s
disease by reducing the titer of X. fastidiosa in the plant, reducing its systemic spread in the plant, or blocking
X. fastidiosa’s ability to trigger Pierce’s disease symptoms. These projects have moved from the proof-of-concept
stage in the greenhouse to characterization of Pierce’s disease resistance under field conditions where current data
indicate that each of the five transgenes, introduced as single constructs, reduces the disease levels under field
conditions. Importantly, preliminary data indicates that each of the five DNA constructs, when incorporated into
transgenic rootstock, has shown the ability to protect non-transformed scion, with obvious benefit: any of many
unmodified varietal scions can be grafted to and be protected by any of a small number of transformed rootstock
lines. The ability of transgenic rootstock to protect all or most of the scion, even at a distance from the graft
union, is currently being tested. The objective described herein addresses the issue of durability, the capability of
genetic resistance to avoid being overcome by evolving virulent versions of the X. fastidiosa pathogen, a critical
factor for a long-lived perennial crop such as grapevine. This approach involves “stacking,” a combination of
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distinct protective transgenes in a single rootstock line, which is intended to foster not only durability but also
more robust protection of the non-transformed scion against Pierce’s disease. The stacking of genes is the next
logical step toward achieving commercialization of transgenic resistance. Stacked transgene rootstock lines will
be ready for evaluation in 2016 under controlled greenhouse conditions while ramets of the most suppressive
transgenic lines are being produced for field testing, to be initiated by 2017. The proposed changes are the next
logical step toward achieving commercialization of transgenic resistance.

Figure 1. Example scenario whereby a transgenic rootstock is being tested for its ability
to protect an untransformed scion from Pierce’s disease.

1. Introduce pairs of protective constructs into adapted grapevine rootstocks 1103 and 101-14.
The resulting lines will be tested for efficacy by inoculation with X. fastidiosa in a preliminary
greenhouse experiment to identify the most protective lines from each combination of genes.

2.

OBJECTIVES

The primary motive for expressing genes in combination is to create durable resistance, resistance to X. fastidiosa
that will last the life of the vine. Since at least several of the five DNA constructs (Table 1) have biochemically
distinct mechanisms of action, having two or more such distinctly acting DNA constructs “stacked” in the
rootstock should drastically reduce the probability of X. fastidiosa overcoming the resistance. With multiple,
distinct transgenes, X. fastidiosa would be required to evolve simultaneously multiple genetic changes in order to
overcome the two distinct resistance mechanisms.

Additionally, there could be favorable synergistic protection when two or more resistance-mediating DNA
constructs are employed. There are data indicating synergism in other crops. For example, the paper, “Field
Evaluation of Transgenic Squash Containing Single or Multiple Virus Coat Protein Gene Constructs for
Resistance to Cucumber Mosaic Virus, Watermelon Mosaic Virus 2, and Zucchini Yellow Mosaic Virus” (Tricoli
et al., 1995), describes the stacking of several genes for virus resistance in squash. (Note: David Tricoli, the lead
author in this paper, will be doing the stacking transformations in this proposal.) Additionally, the Dandekar
laboratory has successfully stacked two genes blocking two different pathways synergistically to suppress crown
gall (Escobar et al., 2001). Experiments proposed here will evaluate potential synergism in suppression of
Pierce’s disease symptoms and in reducing X. fastidiosa titer for inoculations distant from the graft union. Briefly,
we describe information on the history and impact of the genes deployed as single transgenes currently in USDA
APHIS approved field trials. The subjects of this project are five specific DNA constructs (Table 1) that have
shown to be effective in Pierce’s disease suppression under field conditions as single gene constructs and also
appear to have potential in cross-graft-union protection as described by Lindow, Dandekar, and Gilchrist in
previous reports (provided in the list of references).
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Table 1. Genes selected to evaluate as dual genes in the second generation field evaluation for
suppression of Pierce's disease in grape. The table lists gene names and presumed functions.

Gene Function
CAP X. fastidiosa clearing/antimicrobial
PR1 grape cell anti-death
rpfF changing quorum sensing of X. fastidiosa (DSF)
UT456 non-coding microRNA activates PR1 translation
PGIP inhibits polygalacturonase/ suppressing X. fastidiosa movement

CAP and PGIP (Abhaya Dandekar)
The Dandekar lab has successfully participated in the two field plantings to investigate two greenhouse-tested
strategies to control the movement and to improve clearance of X. fastidiosa, the xylem-limited, Gram-negative
bacterium that is the causative agent of Pierce’s disease in grapevine (Dandekar, 2013). A key virulence feature of
X. fastidiosa resides in its ability to digest pectin-rich pit pore membranes that connect adjoining xylem elements,
enhancing long-distance movement and vector transmission. The first strategy tests the ability of a xylem-targeted
polygalacturonase-inhibiting protein (PGIP) from pear to inhibit the X. fastidiosa polygalacturonase activity
necessary for long distance movement (Aguero et al., 2006). The second strategy enhances clearance of bacteria
from X. fastidiosa infected xylem tissues by expressing a chimeric antimicrobial protein (CAP), that consists of a
surface binding domain that is linked to a lytic domain. The composition and activity of these two protein
components have been described earlier (Dandekar et al., 2012).

rpfF, DSF (Steven Lindow)
The Lindow lab has shown that X. fastidiosa uses diffusible signal factor (DSF) perception as a key trigger to
change its behavior within plants (Lindow, 2013). Under most conditions DSF levels in plants are low since cells
are found in relatively small clusters, and hence they do not express adhesins that would hinder their movement
through the plant (but which are required for vector acquisition) but actively express extracellular enzymes and
retractile pili needed for movement through the plant (Chatterjee et al., 2008). Accumulation of DSF in
X. fastidiosa cells, which presumably normally occurs as cells become numerous within xylem vessels, causes a
change in many genes in the pathogen, but the overall effect is to suppress its virulence in plants by increasing its
adhesiveness to plant surfaces and also suppressing the production of enzymes and genes needed for active
movement through the plant.

PR1 and microRNA UT456 (David Gilchrist)
The Gilchrist lab is focused on the host response to X. fastidiosa through identifying plant genes that block a
critical aspect of grape susceptibility to X. fastidiosa, namely the inappropriate activation of a genetically
conserved process of programmed cell death (PCD) that is common to many, if not all, plant diseases in which
cell death is the visible symptom of disease. Blocking PCD, either genetically or chemically, suppresses disease
symptoms and bacterial pathogen growth in several plant-bacterial diseases (Richael et al., 2001; Lincoln et al.,
2002; Harvey et al., 2007). In the current project with Pierce’s disease, a functional genetic screen identified novel
anti-PCD genes from cDNA libraries of grape and tomato (Gilchrist and Lincoln, 2011). Two of these grape
sequences (PR1 and UT456), when expressed as transgenes in grape, suppressed Pierce’s disease symptoms and
dramatically reduced bacterial titer in inoculated plants under greenhouse and field conditions. Assays with
various chemical and bacterial inducers of PCD confirmed that the PR1 was capable of blocking PCD in
transgenic plant cells (Sanchez et al., 2015a). It was then discovered that the mechanism blocking PR1 translation
is due to the ability of the PR1’s 3’UTR to bind to a region in the PR1 coding sequence to prevent translation.
Sequence analysis of UT456 revealed a strong sequence complementarity to a region in the PR1 3’UTR that
released the translational block of PR1 translation. Hence, the mechanism of suppression of Pierce’s disease
symptoms depends on translation of either the transgenic or the endogenous PR1 message in the face of
X. fastidiosa trigger cell stress (Sanchez et al., 2015b).

RESULTS AND DISCUSSION
Construction of dual gene expression binaries.
The strategy is to prepare dual plasmid constructs bearing a combination of two of the protective genes on a single
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plasmid with a single selectable marker. The binary backbone is based on pCAMBIA1300 (Hajdukiewicz et al.,
1994). Binaries were constructed to express two genes from two 35S promoters (Figure 2). The DNA fragments
containing transcription units for expression of the transgenes are flanked by rare cutting restriction sites for
ligation into the backbone. The nt-PGIP used in these constructs is a modified version of the Labavitch PGIP that
was modified in the Dandekar laboratory to include a signal peptide obtained from a grapevine xylem secreted
protein (Aguero et al., 2006).

Figure 2. Dual expression binary expresses two genes within the same TDNA insert. This allows a single
transformation event to generate plants that express two gene products.

Binary plasmids capable of expressing two genes from the same TDNA (dual expressers) were constructed by
Dr. Lincoln and are of the general form shown in Figure 2. All plasmids were transformed into Agrobacterium
strain EHA105, the transformation strain for grape plant transgenics. As a check on stability of the dual expresser
binary plasmid, the plasmid was isolated from two Agrobacterium colonies for each construct and the plasmid
was used to transform Escherichia coli. Six E. coli colonies from each Agrobacterium isolated plasmid (for a total
of 12 for each construct) were analyzed by restriction digest to confirm that the plasmid in Agrobacterium is not
rearranged. Table 2 shows when transformations were started by the UC Davis Plant Transformation Facility. To
ensure optimum recovery of the transgenic embryos, two versions of the plasmid with different antibiotic
selectable markers were prepared. Hence, the dual inserts can now be subjected to two different selections that
enables transformation to move forward in the fastest manner depending on which marker works best for each
dual or each rootstock background.

Each dual protective gene plasmid will be introduced into embryogenic grapevine culture in a single
transformation, i.e., conventional grapevine transformation in the UC Davis Plant Transformation Facility. The
progress for each line is shown in Table 2.
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Table 2. The current status of grape transformations into rootstocks 1103 and 101-14.

October 26, 2015 PD Transformation update
Months

Genotype Select PTF CodePI Start Date 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

1103 hygro AT14119 Gilchrist 10/15/14 pCA‐5fCAP‐5oP14HT 6 3

1103 hygro AT14120 Gilchrist 10/15/14 pCA‐5fCAP‐5oUT456 15 2

1103 hygro AT14121 Gilchrist 10/15/14 pCA‐5PGIP‐5oUT456

1103 hygro AT15007 Gilchrist 1/9/15 pCA‐5PGIP‐5oP14HT 3

1103 hygro AT15008 Gilchrist 1/9/15 pCA‐5PGIP‐5FCAP 14

1103 hygro AT15009 Gilchrist 1/9/15 pCA‐5oP14HT‐5oUT456 20

1103 hygro AT15039 Gilchrist 5/26/15 pCA‐5oP14HT‐5orpfF

1103 hygro AT15040 Gilchrist 5/26/15 pCA‐5oUT456‐5orpfF

1103 hygro AT15041 Gilchrist 5/26/15 pCA‐5fCAP‐5orpfF

1103 hygro AT15042 Gilchrist 5/26/15 pCA‐5PGIP‐5orpfF

1103 kan AT15100 Gilchrist 8/28/15 pCA‐5oP14HT‐5orpfF

1103 kan AT15001 Gilchrist 8/28/15 pCA‐5oUT456‐5orpfF

1103 kan AT15002 Gilchrist 8/28/15 pCA‐5fCAP‐5orpfF

1103 kan AT15003 Gilchrist 8/28/15 pCA‐5PGIP‐5orpfF

TS kan AT15050 GilChrist 4/17/15 pCB5o‐UPUN 24

101‐14 kan AT15107 Gilchrist 10/1/15 pCK‐5oP14HT‐5oUT456

101‐14 kan AT15108 Gilchrist 10/1/15 pCK‐5fCAP‐5oP14LD

101‐14 kan AT15109 Gilchrist 10/1/15 pCK‐5PGIP‐5oP14LD

101‐14 kan AT15110 Gilchrist 10/1/15 pCK‐5ofCAP‐5oUT456

101‐14 kan AT15111 Gilchrist 10/1/15 pCK‐5PGIP‐5oUT456

101‐14 kan AT15112 Gilchrist 10/1/15 pCK‐5PGIP‐5FCAP

101‐14 kan AT15113 Gilchrist 10/1/15 pCK‐5oP14LD‐5orpfF

101‐14 kan AT15114 Gilchrist 10/1/15 pCK‐5oUT456‐5orpfF

101‐14 kan AT15115 Gilchrist 10/1/15 pCK‐5ofCAP‐5orpfF

101‐14 kan AT15116 Gilchrist 10/1/15 pCK‐5PGIP‐5orpfF

The following images (Figure 3) illustrate the development of transgenic embryos, the initiation of roots and
shoots from the transgenic embryo, and finally, the fully developed transgenic rootstock containing two of the
transgenes.
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Figure 3. Rootstock 1103 embryos and developing plantlets with pCA-5fCAP-5oP14HT AT14119
transgenes inserted and the developed transgenic plant ready for RNA analysis and pathogenicity
testing for response to X. fastidiosa.

CONCLUSIONS
Our capacity to achieve all the objectives is essentially assured based on prior accomplishments. All
techniques and resources are available in the lab and proven reliable, informative, and reproducible. This
project will bring together a full-time research commitment for this team of experienced scientists to Pierce’s
disease. Each of the senior personnel, including Dr. Lincoln, have been with this project since 2007 and have
different skills and training that complement changing needs of this project in the areas of molecular biology,
plant transformation, and analysis of transgenic plants. This includes both greenhouse and field evaluation of
protection against Pierce’s disease. Commercialization of the currently effective anti-Pierce’s disease
containing vines and/or rootstocks could involve partnerships between UC Foundation Plant Services,
nurseries, and potentially, with a private biotechnology company. The dual constructs have been assembled
and forwarded to David Tricoli at the UC Davis Plant Transformation Facility. The first transgenic plants
have been delivered to Dr. Lincoln, who has been begun the RNA analysis to verify that each plant contains
both of the intended constructs. The timeline shown in Figure 4 is on track.
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INTRODUCTION
The Product Development Committee (PDC) of the CDFA Pierce’s Disease and Glassy-winged Sharpshooter
Board requested research into uniform evaluation of Pierce’s disease symptoms exhibited by grapevines
developed by four principal investigators as part of the Board’s research portfolio. These vines are planted in a
single research block in Solano County. The principal investigator and a team of grape pathologists monitored
these blocks and took data on disease severity in September 2014, May 2014, and September 2015. A final
scoring will be done in early spring 2016. An analysis of the variation in the data overall and between individuals
was calculated. This research will help the PDC make future decisions about evaluating products of the research
funded by the Board.

Evaluation Team
Principal investigator Golino and five Foundation Plant Services plant pathologists with many years of grape
disease experience made up the core evaluation team. Two plant pathology Ph.D. graduate students with grape
pathology thesis research were also invited to participate. A viticulture consultant scored the vines as well. Each
individual participated in training in evaluating Pierce’s disease symptoms according to the scoring system below.
That training included ‘calibration’ by examining a subset of vines including healthy and Xylella-inoculated
controls to ensure that ratings were as uniform as possible. All evaluators were provided with a clipboard with a
map for scoring and a picture and written description of each rating (see below). All vines were evaluated in mid-
September 2015, and will be again in 2016.

Scoring Technique
A visual rating system on a scale of 1-5 was used by each member of the team to rate every vine individually. All
vines were labeled by row and vine number. Data was collected by row and vine number without any informa-
tion about the particular treatment that the vine received. This is a slightly modified version of the rating system
used by the Kirkpatrick lab.

Golino/Gilchrist Simplified Rating System
0 - Healthy vine. All leaves green with no scorching, good cane growth, no cordon dieback or failure to push

canes at bud positions. Dry or yellowing leaves may be present but do not show characteristic Xylella
symptoms.

1 - Leaves on one or two canes showing characteristic Xylella scorched leaf symptoms. No evidence of physical
damage to leaf petiole(s) or cane(s). On cane in question at least TWO leaves are symptomatic; one single leaf
is NOT enough to warrant a rating of #1.

2 - More than two canes possess multiple scorched leaves. HOWEVER, canes with symptomatic leaves are still
confined to just one area of the vine.

3 - Canes with clearly scorched leaves are found on several canes including canes which have not been
inoculated.

4 - Ends of cane(s) begin dying back; some canes failed to push in the spring. Vine is clearly symptomatic on all
or nearly all surviving canes. Main point is that the vine is NOT yet dead but is clearly facing a terminal fate.

5 - Dead vine or a vine that had a few canes weakly push in the spring but those canes later died with onset of hot
temperatures in July or August. There are NO visible signs of other potential problems such as gophers,
crown gall, Phytophthora, or Eutypa/Botrytis dieback of cordons.

If a vine appears to have died for reasons other than Pierce’s disease, that will be entered in the comments field
for that vine and no score will be entered in the rating field.
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RESULTS AND DISCUSSION
Analysis of Data
In September 2014, nine members of the evaluation team scored 616 vines and the data was analyzed with the
purpose of determining the extent to which the scores for any given vine agreed. Scores for a vine were counted
as “in agreement” if they equaled one of the integers above or below the mean. Although mode and frequency are
typically used for analyzing ordinal data, the scores in the rating system are quantitative in the sense that they
follow a logical sense of order and the difference between the scores is roughly equivalent. Therefore, we felt that
using the mean as a measure of central tendency was justified. The purpose of the interval was to accommo-date
integer data and in practice, allows scores to vary by one integer and still be counted as “in agreement.”

The percent agreement of scores for individual vines is shown in Figure 1. Cells of varying shades of green
represent vines where at least five out of nine scores agreed.

Figure 1. Cell plot of the 616 vines that were rated in September 2014. The colors indicate the percent
agreement among scores of individual raters. Scores are counted as “in agreement” if they equal the integer
above or below the mean for any given vine. Gray areas indicate missing vines.

The number and percent of vines in each agreement category is shown in Table 1. Adding columns “56%”
through “100%” indicates that for 97.4% of the vines, at least five of the nine scores agreed. For 51.0% of the
vines, all nine scores agreed, i.e., they were within one integer above or below the mean. Eight out of nine scores
agreed for 26.6% of the vines.
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Table 1. The number and percent of vines in each of the ten agreement categories.
Percent

Agreement
0%

(0/9)
11%
(1/9)

22%
(2/9)

33%
(3/9)

44%
(4/9)

56%
(5/9)

67%
(6/9)

78%
(7/9)

89%
(8/9)

100%
(9/9)

Number of
Vines 4 0 1 3 8 19 41 62 164 314

Percent of
vines 0.60 0.00 0.16 0.49 1.30 3.08 6.66 10.1 26.6 51.0

The vines were scored again in September 2015 by ten people, including eight who had scored the block the
previous year. The percent agreement of scores for individual vines is shown in Figure 2.

Figure 2. Cell plot of the 650 vines that were rated in September 2015. The colors indicate the percent
agreement among scores of individual raters. Scores are counted as “in agreement” if they equal the integer
above or below the mean for any given vine. Gray areas indicate missing vines.

The number and percent of vines in each agreement category is shown in Table 2. Adding columns “50%”
through “100%” indicates that for 96.5% of the vines, at least five of the ten scores agreed. For 66.5% of the
vines, all ten scores agreed, i.e., they were within one integer above or below the mean.
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Table 2. The number and percent of vines in each of the eleven agreement categories.
Percent

Agreement
0%

(0/10)
10%

(1/10)
20%

(2/10)
30%

(3/10)
40%

(4/10)
50%

(5/10)
60%

(6/10)
70%

(7/10)
80%

(8/10)
90%

(9/10)
100%

(10/10)
Number of

Vines 2 2 4 12 3 3 6 13 49 124 432

Percent of
Vines 0.31 0.31 0.62 1.85 0.46 0.46 0.92 2.00 7.54 19.08 66.46

The per vine change in percent agreement between 2014 and 2015 is illustrated in Figure 3. For 290 and 251
vines, respectively, the percent agreement increased or stayed the same. For 109 vines, the percent agreement
decreased in 2015. In some cases, these latter vines appear to be clustered, indicating that some treatments were
possibly more difficult to rate. However, percent agreement for most of these vines was still greater than 50%
(data not shown). Vines with less than 50% agreement were scattered throughout the plot, indicating problems
with individual vines and not entire treatments.

Figure 3. Cell plot representing individual vines and the change in percent agreement between 2014 and
2015. Colors indicate the level of change: Black = increase in percent agreement; gray = no change; white
= decrease.
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CONCLUSIONS
Review of the data from the 2014 and 2015 ratings indicates that for approximately 97% of the vines, the majority
of team members scored the vines within one integer above or below the mean. In 2015, the percentage of vines
where all scores agreed increased from 51.0% to 66.5%. Overall, this demonstrates that the rating system was
well understood by team members and provides a relatively uniform measure of Pierce’s disease symptoms that
can be used to describe the vines in this experiment.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.



- 72 -

BIOLOGICAL CONTROL OF PIERCE’S DISEASE OF GRAPEVINE IN THE UC RIVERSIDE
VINEYARD WITH A BENIGN STRAIN OF XYLELLA FASTIDIOSA

Project Leader:
Donald Hopkins
Mid-Florida REC
University of Florida
Apopka, FL 32703
dhop@ufl.edu

Cooperator:
Bruce Kirkpatrick
Department of Plant Pathology
University of California
Davis, CA 95616
bckirkpatrick@ucdavis.edu

Cooperator:
Philippe Rolshausen
Dept. of Botany and Plant Sciences
University of California
Riverside, CA 92521
philrols@ucr.edu

Cooperator:
Matt Daugherty
Department of Entomology
University of California
Riverside, CA 92521
matt.daugherty@ucr.edu

Reporting Period: The results reported here are from work conducted March 2011 through October 2015.

ABSTRACT
To evaluate Xylella fastidiosa strain EB92-1 for the biocontrol of Pierce’s disease in Southern California, a test
site was established at the University of California, Riverside vineyard in October 2011. Treated and untreated
Cabernet Sauvignon and Pinot Noir vines were transplanted in mid-October. This was an excellent test site to
evaluate Pierce’s disease control because of the heavy disease pressure. Symptoms began to develop in the first
year of the trials. There were other abiotic and biotic stresses on the vines, but Pierce’s disease seemed to be
responsible for most of the symptoms. As a result of the heavy disease pressure and other stresses in this vineyard,
four other test plots in the vineyard were abandoned in 2015. However, in our biocontrol plots, only 16% of the
treated Cabernet Sauvignon and 29% of the treated Pinot Noir vines had Pierce’s disease symptoms in 2015, and
no vines had died. One treated Cabernet Sauvignon vine and three Pinot Noir vines had severe symptoms and
were not producing fruit. In both plots, vigor had remained strong throughout the four years of the trial and fruit
production was good. Under heavy disease pressure, EB92-1 has provided control of Pierce’s disease for four
years in Cabernet Sauvignon and Pinot Noir in the University of California, Riverside vineyard.

LAYPERSON SUMMARY
Since an earlier trial in Temecula was terminated, trials to evaluate the biocontrol of Pierce’s disease in Cabernet
Sauvignon and Pinot Noir were established in the University of California, Riverside vineyard in 2011. The vines
were transplanted in October. The University of California, Riverside vineyard proved to be an excellent site to
evaluate the control of Pierce’s disease under strong disease pressure. Glassy-winged sharpshooter (Homalodisca
vitripennis) vectors of Pierce’s disease were abundant. Nutrient deficiencies, boron toxicity, nematodes, and
powdery mildew increased the susceptibility of the vines to Pierce’s disease, but it is not unusual to have other
stresses on the vines and an effective Pierce’s disease control should still work under these conditions. In our plots
evaluating the biocontrol of Pierce’s disease with a benign strain of Xylella fastidiosa (EB92-1), the biocontrol
strain provided excellent control of Pierce’s disease in Cabernet Sauvignon and Pinot Noir through 2015. Over the
four years of the trials, no vines have died; one treated Cabernet Sauvignon vine and three treated Pinot Noir
vines had severe symptoms and would be removed from a commercial vineyard. In both cultivars, plant vigor and
fruit production have remained very good. Four nearby plots were abandoned in 2015 because of plant loss.
Under severe Pierce’s disease pressure, the biocontrol strain has proven to be effective over four seasons in the
University of California, Riverside vineyard.

INTRODUCTION
Pierce’s disease of grapevine is an endemic, chronic problem in the southeastern USA where it is the primary
factor limiting the development of a grape industry based on the high-quality European grapes (Vitis vinifera L.)
(Hopkins and Purcell, 2002). Pierce’s disease is also endemic in California and became more of a threat to the
California grape industry with the introduction of the glassy-winged sharpshooter (Homalodisca vitripennis).
While vector control has been effective for Pierce’s disease control in some situations, the only long-term,
feasible control for Pierce’s disease has been resistance. Over 20 years of research on the biological control of
Pierce’s disease of grapevine by cross protection with weakly virulent strains of Xylella fastidiosa has
demonstrated that this is a potential means of controlling this disease (Hopkins, 2005). One strain of X. fastidiosa
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that was able to control Pierce’s disease in V. vinifera for 14 years in Central Florida has been identified. We have
successfully tested this strain in commercial vineyards in several states and the strain should soon be ready for
commercial use.

In 2008 and 2009, field trials to evaluate the biological control of Pierce’s disease in California with strain EB92-
1 were established in Temecula, Napa, and Sonoma. The trials in Temecula were terminated in 2010, since many
of the young vines had died from extreme water stress and poor fertility. At the end of the project in 2013, there
was a very low level of Pierce’s disease in the vineyard in Napa. In Sonoma, there was significant Pierce’s disease
in Voignier (64% in 2012 and 45% in 2013) with no significant differences between the treated and untreated
vines. The tests in Napa and Sonoma were conducted with new plants replacing mature vines that had died. None
of the tests had produced sufficient data to tell us whether or not the biocontrol strain is effective in California. To
replace the lost trials in Temecula, trials were established in 2011 in the University of California, Riverside
vineyard. Our evaluation of EB92-1 for the control of Pierce’s disease was included in a trial of alternate
strategies for the control of Pierce’s disease. Four different transgenic constructs were also in the trial. The overall
goal of this project is to develop a biological control system for Pierce’s disease of grapevine that would control
the disease in California and other areas where Pierce’s disease and the glassy-winged sharpshooter are endemic.

OBJECTIVES
To evaluate strain EB92-1 of X. fastidiosa for the biological control of Pierce’s disease of grapevine in new
plantings in the University of California, Riverside vineyard in California.

RESULTS AND DISCUSSION
To replace the lost tests in southern California, a replacement test was established in 2011 at the University of
California, Riverside. For transplanting into the University of California, Riverside vineyard, 100 Cabernet
Sauvignon plants and 100 Pinot Noir plants were obtained from Sunridge Nursery in March 2011 and maintained
in a University of California, Davis greenhouse. Fifty Cabernet Sauvignon and 50 Pinot Noir vines were
inoculated with EB92-1 in July 2011 and 50 plants of each cultivar were kept as untreated controls. These plants
were maintained in the greenhouse for six weeks and then moved outside to harden them off. The plants were
transported to Riverside in mid-October and transplanted into the plots at the University of California, Riverside.
This planting time reduced heat stress on the transplants and gave them the fall season to establish a strong root
system. This resulted in vigorous plants in the spring of 2012 for inoculation with the Pierce’s disease strain of X.
fastidiosa by resident glassy-winged sharpshooters (Homalodisca vitripennis) throughout the season.

Vigorous growth has occurred in the EB92-1 biological control plot through the 2015 season (Figure 5). This
plant vigor has continued in spite of various abiotic and biotic stresses on the vines that were reported in 2014
(Rolshausen et al, 2014). Among the abiotic stresses that were identified included a slightly alkaline and nutrient
deficient soil (i.e., nitrogen, magnesium, boron, and phosphorous). There were also deficiencies in the plant
tissue, as well as boron toxicity. These abiotic stresses occurred across four nearby trials and our biological
control trial, which was located approximately 100 feet from the nearest other trial. Improper pruning resulted in
the additional stress of a heavy crop load only on the Pinot Noir in the EB92-1 trial (Figure 1B in Rolshausen et
al., 2014). In addition to Pierce’s disease, biotic stresses from nematodes in a nearby plot and from powdery
mildew in the EB92-1 biological control plot were observed (Figure 1A in Rolshausen et al., 2014). All of these
stresses could have resulted in decline of the vines or added to the effect of Pierce’s disease. Pierce’s disease was
observed in all the plots.

Sharpshooters were monitored at the experimental site in all five plots. Double-sided yellow sticky traps (6” x 9”)
were placed randomly throughout the plots. Traps were mounted on wooden stakes slightly above the vine
canopy. These traps were collected every month and returned to the laboratory to identify, under the
stereomicroscope, the number of glassy-winged sharpshooters. Significant populations of sharpshooters were
captured in the traps every year. For example, in 2014 and 2015, low insect vector populations were recorded
early in the season, but increased rapidly over the summer (Figure 1).
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Figure 1. Mean number of glassy-winged sharpshooter insect vectors per trap captured on yellow
sticky traps from the biocontrol plots (based on six traps).
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Figure 2. Development of Pierce’s disease in treated
and untreated grapevine cv. Pinot Noir in the UC
Riverside vineyard.

Figure 3. Good fruit load on treated grapevine cv.
Pinot Noir in the UC Riverside vineyard.

After one year, symptoms had developed in a few vines (Figure 2). Pierce’s disease has increased over the four
years of the trial and has developed more rapidly in the untreated vines. It is important to note that none of the
vines have died from Pierce’s disease (two untreated vines died in the first year from the stress of transplanting).
However, a few vines have severe Pierce’s disease symptoms with a rating of three on the three-five scale; this
includes seven vines in the untreated and three in the treated. Many of the symptomatic vines have had a rating of
one or two for two-three years and continue to grow and produce fruit. In spite of severe powdery mildew and the
stress of heavy fruit loads in 2014 (Rolshausen et al., 2014), fruit production was very good on most of the vines,
especially in the treated vines (Figure 3). Since abiotic stresses and Pierce’s disease resulted in the abandonment
of the four other plots, it is most surprising that almost 50% of the untreated vines in our biological control plots
were still healthy after four years. Perhaps this resulted from lower disease pressure because of the presence of the
treated vines. If we were removing severely infected vines (rating of three-five), we would have had to replant
only seven of 42 untreated Pinot Noir vines and three of 49 treated vines over the four years.
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Pierce’s disease symptoms observed in the Pinot Noir vines were typical. They included leaf scorch, leaf drop
with petioles remaining attached, dieback of branches, and new growth of shoots from the trunk of the vines that
died back. Some of the vines with dieback actually produced fruit on the new growth, but it would have been
advantageous to replace these vines.

Cabernet Sauvignon Trial

0

5

10

15

20

25

30

35

40

2012 2013 2014 2015

%
 P

ie
rc

e'
s 

di
se

as
e

Year

Untreated

EB92-1

Figure 5. Excellent vigor in grapevine plots in July 2015
in the UC Riverside vineyard after severe abiotic and
biotic stresses in the 2014 season.

Figure 4. Development of Pierce’s disease in
treated and untreated grapevine cv. Cabernet
Sauvignon in the UC Riverside vineyard.

The Cabernet Sauvignon vines appeared less susceptible to Pierce’s disease than Pinot Noir did in this trial. In the
first season, only two treated vines developed symptoms (Figure 4). During the next three seasons, Pierce’s
disease developed much more rapidly in the untreated vines than in the treated. Symptoms were as observed in
Pinot Noir. As with the Pinot Noir, no Cabernet Sauvignon vines have died of Pierce’s disease, and only one
untreated vine died from transplanting. Only three of 26 untreated vines and one of 44 treated vines had a severity
rating of three after the years. Only one treated vine would have needed to be replaced over the four years. Vine
vigor was excellent through 2015 and fruit production good (Figure 5).

CONCLUSIONS
The University of California, Riverside vineyard was an outstanding site for the evaluation of Pierce’s disease
control. Present at this site were natural inoculum sources as well as the glassy-winged sharpshooter. There were
abiotic and biotic stresses on the vines that may have increased the rate and severity of disease development.
However, I believe that Pierce’s disease was primarily responsible for the decline and death of vines in the trials.
The development of Pierce’s disease was very similar in this vineyard to what we observe in Florida. Vineyards
are not always stress-free, so controls must be effective in spite of other stresses.

Biological control of Pierce’s disease in Pinot Noir and Cabernet Sauvignon by X. fastidiosa strain EB92-1 was
excellent in this trial. No vines died from Pierce’s disease during the four years of the test. Fruit production has
been good in most treated vines throughout the test and vine vigor has been maintained. Interestingly, treatment of
half the vines in the plots also resulted in many healthy, untreated vines. This was probably due to reduced disease
pressure on the untreated vines.

REFERENCES CITED
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ABSTRACT
The overall goal of this project is to develop an RNA interference (RNAi) mediated system to inhibit maturation
and reproduction of the glassy-winged sharpshooter (Homalodisca vitripennis). The initial target for RNAi will be
glassy-winged sharpshooter jheh (also known as hovi-meh1), the gene that encodes juvenile hormone epoxide
hydrolase (JHEH). Glassy-winged sharpshooter jheh will be used as a model gene target to establish an efficient
expression and screening system for characterizing RNAi effectors. This system will then be used to evaluate
other juvenile hormone metabolic genes including those that encode juvenile hormone esterase, juvenile hormone
acid methyl transferase, and other identified genes as targets for RNAi. These gene sequences will be mined from
the recently determined transcriptome sequence of the glassy-winged sharpshooter. Finally, plant virus- or insect
virus-based systems for expression and delivery of the RNAi effectors in insects will be developed.

LAYPERSON SUMMARY
A natural process called RNA interference (RNAi) is used by a wide range of organisms to regulate normal gene
function and defend against viruses. This process can be artificially manipulated and potentially used as a "gene
based" insect control tactic. Two critical keys for developing an RNAi-based control tactic are (1) the
identification of a selective target gene, and (2) the development of a system to produce and deliver RNAi
effectors in whole insects. In this project, we are identifying genes that are found in endocrine system of the
glassy-winged sharpshooter (Homalodisca vitripennis) as targets for RNAi. A field-applicable delivery system for
inducing RNAi against these targets will also be tested.

INTRODUCTION
In California, the control of the glassy-winged sharpshooter (Homalodisca vitripennis) relies primarily on the use
of neonicotinoid insecticides such as imidacloprid and to a lesser extent on biological control using parasitic
wasps and other classes of chemical insecticides. Both metabolic and target site resistance to neonicotinoids are
found in hemipterans and other insects [1]. The effectiveness of imidacloprid treatment against the glassy-winged
sharpshooter also appears to be on the decline in California [2]. Furthermore, neonicotinoids have been linked to
negative off-target effects such as colony collapse disorder in honeybees resulting in restrictions in their use in the
European Union. The registration of several neonicotinoids is also under re-review by the US Environmental
Protection Agency. Because of the potential loss of imidacloprid both in terms of its efficacy and availability (due
to regulatory restrictions), alternative technologies to control the glassy-winged sharpshooter should be
considered.

RNA interference (RNAi)-based technologies [3,4] that selectively target the glassy-winged sharpshooter’s
endocrine system is a potential alternative tactic for controlling glassy-winged sharpshooter and the diseases that
it transmits. RNAi is a natural process found in a wide range of organisms that regulates gene function and
protects against viruses. The natural RNAi process can be artificially induced in insects by the introduction of an
RNAi effector, i.e., double-stranded RNA (dsRNA) or small interfering RNA (siRNA) that targets a specific
messenger RNA. This technology has been shown to work in insects that feed on artificial diet infused with
dsRNA or siRNA as well as on transgenic plants that express dsRNA. Two critical keys for developing an RNAi-
based control tactic are (1) the identification of a highly selective and effective gene target, and (2) the availability
of a system to produce and deliver the RNAi effector in whole insects. In this project, genes that are found in the
glassy-winged sharpshooter’s endocrine system are being identified and developed as targets for RNAi. Genes in
the insect’s endocrine system are ideal targets for knockdown because they are part of an essential and highly
sensitive developmental pathway that is only found in arthropods.
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OBJECTIVES
1. Develop jheh as a model target for RNAi-based control of glassy-winged sharpshooter maturation.
2. Mine the glassy-winged sharpshooter transcriptome for other RNAi targets.
3. Develop virus-based dsRNA production and delivery systems for controlling the glassy-winged

sharpshooter.

RESULTS AND DISCUSSION
Objective 1. Develop jheh as a model target for RNAi-based control of glassy-winged sharpshooter
maturation.
Juvenile hormones (JHs) and molting hormones (ecdysones) are key components of the insect endocrine system
that help to regulate insect development. JHs also regulate other important biological actions such as
reproduction, mating behavior, feeding induction, and diapause (reviewed in [5]). The level of JH within an insect
is determined by a combination of its biosynthesis and degradation. JH acid methyl transferase (JHAMT) is the
enzyme that catalyzes the final step of JH biosynthesis. On the other hand, JH degradation occurs through the
action of two hydrolytic enzymes called JH epoxide hydrolase (JHEH) and JH esterase (JHE). JHEH and JHE
metabolize the epoxide and ester moieties that are found on all JH molecules resulting in the formation of JH diol
and JH acid, respectively (Figure 1). Minor changes in normal JH levels through alteration in the action (or lack
of action) of JHEH, JHEH, and/or JHAMT are hypothesized to cause dramatic changes in insect development
and/or death. The sensitivity of the insect endocrine system to minor changes is a critical factor in the success of
JH analog insecticides such as pyriproxyfen and methoprene.

The coding sequence of the jheh gene of the glassy-winged sharpshooter has been identified and confirmed to
encode a biologically active JHEH in a previous project [6]. This gene is now being developed as a target for
RNAi in the glassy-winged sharpshooter. Plasmid constructs for the expression of full-length dsRNAs
corresponding to jheh of the glassy-winged sharpshooter have been designed. The baseline levels of JHEH and
JHE activities in control fifth instar glassy-winged sharpshooters has been quantified (Figure 2). Detailed
information of these enzyme activities is needed to quantify the efficacy and selectivity of the RNAi against the
jheh and jhe genes. During the first four days of the fifth instar, JHE activity was relatively low (1.5 to 4.4 pmol
of JH acid formed min-1 ml-1 of hemolymph) and found at relatively constant levels. JHE activity dramatically
increased (by about seven-fold) on the fifth day of the fifth instar. JHE activity remained high (9- to11-fold higher
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than that found on the fourth day of the fifth instar) on the sixth, sevent, and eighth days of the fifth instar, then
started to decline on the ninth day of the fifth instar. The dramatic increase in JHE activity during the second half
of the fifth instar is predicted to remove residual JH from the hemolymph so that (in conjunction with small spikes
of ecdysteroids) the juvenile insect undergoes a nymph-to-adult molt instead of a nymph-to-nymph molt. JHEH
activity was lower than JHE activity during all of the time points tested. JHEH activity increased by about four-
fold on the sixth day of the fifth instar, a delay of about one day in comparison to the spike in JHE activity. These
findings suggest that JHE may play a more predominant role than JHEH in JH metabolism in the glassy-winged
sharpshooter.

Objective 2. Mine the glassy-winged sharpshooter transcriptome for other RNAi targets.
A transcriptome is defined as a set of all of the RNA molecules that are found in a specific set of cells at a
particular moment in time. The cooperator Professor Bryce Falk's laboratory has recently determined the sequence
of the transcriptome of fifth instar glassy-winged sharpshooters [7]. By computer software-based screening of the
glassy-winged sharpshooter transcriptome, multiple jhe-like coding sequences were identified. These potential
JHE encoding sequences were manually analyzed (24 deduced amino acid sequences during the initial screening)
for the presence of conserved motifs (see [8]) that are found in biologically active JHEs. A rank order of the
potential of these sequences to encode a biologically active JHE was determined and primer sequences were
designed for the amplification of the full-length sequences of the top three candidates. In order to mine the full-
length JHE sequence from the glassy-winged sharpshooter, double-stranded cloned DNA (ds cDNA) libraries
were generated from a developmentally mixed population of fifth instar glassy-winged sharpshooters (30
individuals) as well as individual glassy-winged sharpshooters at day seven, eight, and nine of the fifth instar. The
ds cDNAs were used as template sequences for 3'- and 5'-random amplification of cDNA ends (RACE)
procedures to generate full-length gene coding sequences.
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gttagttgtg
acagttggtaggaatactgtttataaaattaaaaatttgttctaaggaatatgtgatatt
ttatcttattttcactacaaacttataacagagctgagagatttagattcaaatttcctg
atgaagaacattaatctccaatttatacttttaactgttctcaatgcatacattgcagct
M  K  N  I  N  L  Q  F  I  L  L  T  V  L  N  A  Y  I  A  A   20

gatgctcattcaagtttagttgttgacagttcttatggttcacttagaggaaaatggatg
D  A  H  S  S  L  V  V  D  S  S  Y  G  S  L  R  G  K  W  M   40

acatcccgaggtgggagacagtttgctacttttcttggaataccgtacgccttacctccc
T  S  R  G  G  R  Q  F  A  T  F  L  G  I  P  Y  A  L  P  P   60

actggacatcttcggtttctgccaccaagtcctccgctgaagtggaatggaacaagagat
T  G  H  L R F L  P  P  S  P  P  L  K  W  N  G  T  R  D   80

gcaacagttgaaggtaaagcatgtgtacaacgcgaggtgagaggggacgaggactgcctc
A  T  V  E  G  K  A  C  V  Q  R  E  V  R  G  D  E  D  C  L  100

tatctaaacgttttcacccatagtaccaacaatagtgggcaaacatcaccagttatggtt
Y  L  N  V  F  T  H  S  T  N  N  S  G  Q  T  S  P  V  M  V  120

tacattcatggtggggggttttatggtggttcttcttctctcggcatgtacggacccgag
Y  I  H  G  G  G  F  Y  G  G  S  S  S  L  G  M  Y  G  P  E  140

tatcttctcgacagaaacattgtgctagtgactcttcagtaccgactgggtgtgtttggc
Y  L  L  D  R  N  I  V  L  V  T  L  Q  Y  R  L  G  V  F  G  160

tttctcagtaccgaggatagtattattcccggcaacatgggactgaaagatcaaaccatt
F  L  S  T  E  D  S  I  I  P  G  N  M  G  L K D Q T  I  180

gctttgcaatgggtgcaagaaaacattaaagtattcggtggggatgcttcaaaagtcaca
A  L Q W  V  Q E N  I  K  V  F  G  G  D  A  S  K  V  T  200

atattcggaaacagtgcagggtccgcttcagtacatttacacatgctctctcctgggagc
I  F G N S A G S  A  S  V  H  L  H  M  L  S  P  G  S  220

agaagactgtttagtaaagcgatatcacaaagtggtacagcattgagtgcctttgccatg
R  R  L  F  S  K  A  I  S  Q  S  G  T  A  L  S  A  F  A  M  240

attggccgagggacatccaggaacataacattccagttggctcggagcctgaactgttcc
I  G  R  G  T  S  R  N  I  T  F  Q  L  A  R  S  L  N  C  S  260

accgactcatcttaccagatattgaattgtctccagaacaaaacttctacagatgttcaa
T  D  S  S  Y  Q  I  L  N  C  L  Q  N  K  T  S  T  D  V  Q  280

aaaaaatatagtagtttacaagataccaagtatgaaataaagaaagttttattccgtcca
K  K  Y  S  S  L  Q  D  T  K  Y  E  I  K  K  V  L  F  R  P  300

atcgttgaagaagaaagtgaaaatgcatttttaacttcaaacccactgcacattcatact
I  V  E  E  E  S  E  N  A  F  L  T  S  N  P  L  H  I  H  T  320

gataaaccatggctggtaggaattaaccaaaatgaggggttatttaagatcagtttgaaa
D  K  P  W  L  V  G  I  N  Q  N E G  L  F  K  I  S  L  K  340

catctaaatgagaccattcacttgattaaaactgaatttgatcaatttggaccagcagta
H  L  N  E  T  I  H  L  I  K  T  E  F  D  Q  F  G  P  A  V  360

ttattttttgaagatacctgttcaaaacctgttgaaatggctggcttaatttataacttc
L  F  F  E  D  T  C  S  K  P  V  E  M  A  G  L  I  Y  N  F  380

tacttcaaaaatgactccacaaaaaatgatatgatagtctcgattgaacgagtcatttcc
Y  F  K  N  D  S  T  K  N  D  M  I  V  S  I  E  R  V  I  S  400

gactcatggtttttgtggcctacaatgcaatctatcggcaaccataacggaacactgtat
D  S  W  F  L  W  P  T  M  Q  S  I  G  N  H  N  G  T  L  Y  420

tgttatttgtttaatcatacaggagaacactctgttacacaatttaatggtgggccccaa
C  Y  L  F  N  H  T  G  E  H  S  V  T  Q  F  N  G  G  P  Q  440

cattttggtgtaagtcacatggatgaacttcactatttattctctcgaaagcgaattatt
H  F G V  S H M  D E L  H  Y  L  F  S  R  K  R  I  I  460

cctaatgggttgaacaaagttgatgaaaatgtgtcaaaaatgctgatagatttgtgggtc
P  N  G  L  N  K  V  D  E  N  V  S  K  M  L  I  D  L  W  V  480

aattttgctgaagaaaccaatcctactccagactccataagtagtaatcctcagcaaaga
N  F  A  E  E  T  N  P  T  P  D  S  I  S  S  N  P  Q  Q  R  500

ggtacaaacaatagtatcacttgggaatcctcaaatagtgcagatcctaagtctttgctc
G  T  N  N  S  I  T  W  E  S  S  N  S  A  D  P  K  S  L  L  520

atagaaactaacatgttgtcaatggtagagaatgtttttaaaacaagaatggaattttgg
I  E  T  N  M  L  S  M  V  E  N  V  F  K  T  R  M  E  F  W  540

aaaaaattgtcagtaagagataaaatagtgtagagatatgaaggatttgttaagttcata
K  K  L  S  V  R  D  K  I  V  *                             550

gaaccctagttagtcaatacatgctgatcagtataaattgactaaaaaagcttgtgcaaa
ccctttaaaacccagacatgcaagaattctatggcttgttatatcaatggtataaaagta
tttggaaaattcctaaatcttcagaaaattttccattttgacagtggaaattaaagaatg
ttgcaaaaaaaaaaaaaaaa

A. B.

C. D.

gattgtgcttgtgatctaacatcagtttgaa
atgctggacgagatagaaatatctacaaaacaaggtagactaagaggtctggtcaagaaa
M  L  D  E  I  E  I  S  T  K  Q  G  R  L  R  G  L  V  K  K  20
tcaattggcagatctaacaagttgtattattcttttcaaggaattccttatgcaaaacct
S  I  G  R  S  N  K  L  Y  Y  S  F  Q  G  I  P  Y  A  K  P  40
ccagtgggaaatttaaggttcaaggaacctgagccttatggccactgggaagatactcga
P  V  G  N  L R F K  E  P  E  P  Y  G  H  W  E  D  T  R  60
gatgccacaaaagaaggaggtgattctctgcaagaacacataatattcctaaatatacat
D  A  T  K  E  G  G  D  S  L  Q  E  H  I  I  F  L  N  I  H  80
gggggtgaagattgcctctatctcaatgtgtatactacaaagactggagagcaaggagac
G  G  E  D  C  L  Y  L  N  V  Y  T  T  K  T  G  E  Q  G  D 100
cggaaggctgtgatggtgtggattcatggtggtggctttttcagaggctctgggtctact
R  K  A  V  M  V  W  I  H  G  G  G  F  F  R  G  S  G  S  T 120
gaaatttatgggcctgacttcttgatagaagaagatatagtcctggtcacaatcaactat
E  I  Y  G  P  D  F  L  I  E  E  D  I  V  L  V  T  I  N  Y 140
cgcttgggagttttaggatttttatcattggaaaatgaaaagctgcctggaaacttggga
R  L  G  V  L  G  F  L  S  L  E  N  E  K  L  P  G  N  L  G 160
cttaaggatcaggttttggcgctaaaatgggtacgagacaacattgacagttttggagga
L K D Q V  L  A  L K W  V  R D N  I  D  S  F  G  G 180
gatccaaacaatgtgacaatatttgggcaaagtgcaggaggggcttctgtacactaccat
D  P  N  N  V  T  I  F G Q S A G G  A  S  V  H  Y  H 200
ctgctgtctccactgtctaaaggattatttcacaaagccatattacagagcggaacacca
L  L  S  P  L  S  K  G  L  F  H  K  A  I  L  Q  S  G  T  P 220
atgtgccaatgggcgtttcaggacaagcccagagagaaaactttcctgctagctaaagaa
M  C  Q  W  A  F  Q  D  K  P  R  E  K  T  F  L  L  A  K  E 240
cttggatgtaactctcaggaccctgacactgttctggagtttctcatgaatgttccttgc
L  G  C  N  S  Q  D  P  D  T  V  L  E  F  L  M  N  V  P  C 260
ttggatatccttaaggctcaggaaagacaaacaatacgaacagaaaaggaaaagatacaa
L  D  I  L  K  A  Q  E  R  Q  T  I  R  T  E  K  E  K  I  Q 280
aagtccacactcctctttttaccttgtgttgaagtatctggtgatgctcccttcttacca
K  S  T  L  L  F  L  P  C  V  E  V  S  G  D  A  P  F  L  P 300
gattatcctcgaaaaatgatggagaaaggagaattctccaaggtcccgatcataatgggc
D  Y  P  R  K  M  M  E  K  G  E  F  S  K  V  P  I  I  M  G 320
ctcactgaccaagagggattgtcagctctagcacatggagaagtaaagtgtgaaaaaata
L  T  D  Q E G  L  S  A  L  A  H  G  E  V  K  C  E  K  I 340
aatgaaaacctgtcagtgttggttcctcatgacttggccattacacctgacagtgaagaa
N  E  N  L  S  V  L  V  P  H  D  L  A  I  T  P  D  S  E  E 360
gaacttagattaggtaaggagattctgcagttttataccaacaccgactctctctcctgg
E  L  R  L  G  K  E  I  L  Q  F  Y  T  N  T  D  S  L  S  W 380
gatgttgtacctcagtatgtggattatatgtctgatatagcttttgccaatgcagaagaa
D  V  V  P  Q  Y  V  D  Y  M  S  D  I  A  F  A  N  A  E  E 400
ttttctcgaaagtgctttttaaagcaccatacagctcctgtttacaactatttgtttaca
F  S  R  K  C  F  L  K  H  H  T  A  P  V  Y  N  Y  L  F  T 420
tacttcagcccacgagccttttcagccaagatgatacagatggcatatccagaccatgaa
Y  F  S  P  R  A  F  S  A  K  M  I  Q  M  A  Y  P  D  H  E 440
gctgatcagttcatcggatgtggtgcaagtcatgctgatgagctaatacatctgttcaaa
A  D  Q  F  I  G  C G A  S H A  D E L  I  H  L  F  K 460
acaaacattgataaaatccccttcacttctccaactgatgatgaccaagcattaatgaac
T  N  I  D  K  I  P  F  T  S  P  T  D  D  D  Q  A  L  M  N 480
aagcttataaaagcatggacagcttttgctaaaactggaaacccaaactgtgtggaactc
K  L  I  K  A  W  T  A  F  A  K  T  G  N  P  N  C  V  E  L 500
aatgtaatatggaaagaagacactatccaaaatccttgtttcatggaaataggaaaggtt
N  V  I  W  K  E  D  T  I  Q  N  P  C  F  M  E  I  G  K  V 520
tggaaatctactgacggtatcttatttcctgagagaattgagttttggaataaaatttat
W  K  S  T  D  G  I  L  F  P  E  R  I  E  F  W  N  K  I  Y 540
gaaaagtactcatatttgtactgaacgaagaaatctgtttgtactgtaatttataaaatg
E  K  Y  S  Y  L  Y  *                                     547
ttcctagcactgtaatgattgtaatatggtttcattataatatatctcacaaaaaaaaaa
aaa

GQSAG2      -------MSWYLSVGLVSA---ILAAASSEFVDLPVLVTKKGPIIGLRVDPNPATNISYD
CqJHE MCELKKMLVLFILLCHVFAHETQRLGTEENTLQNPRVCIDDGCLRGKTM--EGYQAGPFN
GNSAG1      ---MKNINLQFILLTVLNAY------IAADAHSSLVVDSSYGSLRGKWM--TSRGGRQFA
GQSAG1      ------------------------------MLDEIEISTKQGRLRGLVKKSIGRSNKLYY

.   :  . * : *            :

GQSAG2      AYIGIPFGQIPG---RFQVALPRAPWTDP--RYTQKDGPACPQS-------SMAYDEDCL
CqJHE       AFVGIPYAKPPTEELRFSNPVRNEPWKRGIVYNATEDKPMCVQKNDLLPNAKVSGDEDCL
GNSAG1      TFLGIPYALPPTGHLRFLPPSPPLKWNGT--RDATVEGKACVQR-------EVRGDEDCL
GQSAG1      SFQGIPYAKPPVGNLRFKEPEPYGHWEDT--RDATKEGGDSLQEHIIF--LNIHGGEDCL

:: ***:.  *    **        *       :  :   . *        .:   ****

GQSAG2      YLNVFTPMNASATHGILPVMVFIHGSGFLSSSSNSHWIGPDFLIPE-HVILVAMNYRLGA
CqJHE       YLNVYQPMVHSSSKTPLPVMVYIHGGGFFAGGASPSIIGPEYFMDTRRVILVTFQYRLGV
GNSAG1      YLNVFTHSTNNS-GQTSPVMVYIHGGGFYGGSSSLGMYGPEYLLDR-NIVLVTLQYRLGV
GQSAG1      YLNVYTTKTGEQ-GDRKAVMVWIHGGGFFRGSGSTEIYGPDFLIEE-DIVLVTINYRLGV

****:     .       ***:***.**  ....    **::::    ::**:::****.

GQSAG2      PGFLTLGSKIAPGNLGLHDTRLALEWVRDEISVFGGDPTQVTLFGQSAGSAMTQFHYISS
CqJHE       FGFLSTGDEVAPGNFGLKDQVMALRWVKHNIAYFGGNPDLVTIFGQSAGGASVHMHMISP
GNSAG1      FGFLSTEDSIIPGNMGLKDQTIALQWVQENIKVFGGDASKVTIFGNSAGSASVHLHMLSP
GQSAG1      LGFLSLENEKLPGNLGLKDQVLALKWVRDNIDSFGGDPNNVTIFGQSAGGASVHYHLLSP

***:  ..  ***:**:*  :**.**:.:*  ***:   **:**:***.* .: * :*

GQSAG2      LSSDLFQRAIGHSGSALAGWSSYSLSEGVHRARLLAESLKCNM--TQNDTMLLDCMQKAD
CqJHE       MSDGLFSRAIVMSGNAIAPWNIPTEDPL-SLAQRQAEAVGITQVDTLSSKQLVDALRNVD
GNSAG1      GSRRLFSKAISQSGTALSAFAMIGRGTSRNITFQLARSLNC---STDSSYQILNCLQNKT
GQSAG1      LSKGLFHKAILQSGTPMCQWAFQDK--PREKTFLLAKELGC---NSQDPDTVLEFLMNVP

*  ** :**  **. :. :           :   *. :      : .   ::: : :

GQSAG2      IKDVISNQYVQL--SYDDYTVGSSFPFLPVLDTFETSDTPFFNDTSIDNMMQQALLRAKP
CqJHE       ANVLSGSI-----DELKFWSIDPLTLYRPVVEPLCSSNESFLIEDPR-ISWRKGSYQKIP
GNSAG1      STDVQKKY----SSLQDTKYEIKKVLFRPIVEE--ESENAFLTSNPL-HIHT-----DKP
GQSAG1      CLDILKAQERQTIRTEKEKIQKSTLLFLPCVEV--SGDAPFLPDYPR-KMMEKGEFSKVP

:            .         : * ::    .:  *: .               *

GQSAG2      LITGFTTDEGILKFMDKG-----WQMAEGNLGAFIPPKIRDSVSKAERSSLADTIKSRYY
CqJHE       WMTGYLPNDGAVRAIAITSNEKLLNELNANISYILPMLLE-KPSSQELM---KVLKLRYF
GNSAG1      WLVGINQNEGLFKI-SLKHLNETIHLIKTEFDQFGPAVLFFEDTCSKPVEM-AGLIYNFY
GQSAG1      IIMGLTDQEGLSAL-AHGEVK--CEKINENLSVLVPHDLAITPDSEEELRL-GKEILQFY

: *   ::*              .  : ::  : *  :       :          .::

GQSAG2      PDSVDENKI-----ESAVRIYTDAMFS----YPSLQVTR-------YFANLTYGYLFAYN
CqJHE       NDSTDEKWITTENEQRLVDLYTEAAFL----YPIQSAVKQHVTSADTKLAPVSIYKFSFK
GNSAG1      FKNDSTKNDMIV---SIERVISDSWFL----WPTMQSIG-------NHNGTLYCYLFNHT
GQSAG1      TNTDSLSWDVVP---QYVDYMSDIAFANAEEFSRKCFLK-------HHTAPVYNYLFTYF

.. . .              ::  *     :                      * * .

GQSAG2      GAWAGPP---------SSFSVYK----MTGVGHGADLYYLLYVNGSSQYVDTCTPNLPNL
CqJHE       GPYSYSF-------------LYTFTHQDFGVVHCDELIYLFRSPA---LFPDFPHKSKEA
GNSAG1      GE--------------HSVTQFNGGPQHFGVSHMDELHYLFSRKR---IIP-NGLNKVDE
GQSAG1      SPRAFSAKMIQMAYPDHEADQFI----GCGASHADELIHLFKTNI--DKIPFTSPTDDDQ

.                    :       *. *  :* :*:        .     .  :

GQSAG2      QMKDQMVKWWTSFAKNGVPGLPWET--ISEGG------YLIIDGSDPSKMNTTEFE----
CqJHE       RMSHHFVEFFINFAINGVATPLKPY----RGCNNDNEVYQSMDCDVLEFINSSEPGKPFE
GNSAG1      NVSKMLIDLWVNFAEETNPTPDSISSNPQQRGTNNSITWESSNSADPKSL---LIETNML
GQSAG1      ALMNKLIKAWTAFAKTGNPNCVE-----------LNVIWKEDTIQNPCFM---EIGKVWK

: . ::. :  **                        :          :

GQSAG2      --------SQFYDFWANMKPQSGNSADPLGLRFFFIKVALLSLFHHIFKV
CqJHE       VRVSNGRNEDLFSFWRKFY-------------------------------
GNSAG1      S-MVENVFKTRMEFWKKLSVRDKIV-------------------------
GQSAG1      S-TDGILFPERIEFWNKIYEKYSYLY------------------------

.** ::

agaatagcagtt
atgaaatctcatcagtacctaaccatgtctgatatgtcgtggtacttaagtgtaggtctg
M  K  S  H  Q  Y  L  T  M  S  D  M  S  W  Y  L  S  V  G  L   20

gtgtcggcaatacttgctgctgcaagcagtgaatttgtggatctaccagtactggtcaca
V  S  A  I  L  A  A  A  S  S  E  F  V  D  L  P  V  L  V  T   40

aaaaaaggacccatcattggtttacgtgtagaccccaatcctgccacaaatatatcctat
K  K  G  P  I  I  G  L  R  V  D  P  N  P  A  T  N  I  S  Y   60

gacgcttacattgggattccatttggacaaataccaggacgatttcaggtggctttacca
D  A  Y  I  G  I  P  F  G  Q  I  P  G R F Q  V  A  L  P   80

agggcaccttggacagaccctcgctacacacaaaaagatggaccagcctgtccacaatca
R  A  P  W  T  D  P  R  Y  T  Q  K  D  G  P  A  C  P  Q  S  100

agcatggcgtatgatgaagactgtttgtacttaaatgtgttcacaccaatgaatgcatct
S  M  A  Y  D  E  D  C  L  Y  L  N  V  F  T  P  M  N  A  S  120

gctactcacggaattttacctgtaatggtgttcattcatggaagtggctttctcagtagc
A  T  H  G  I  L  P  V  M  V  F  I  H  G  S  G  F  L  S  S  140

tctagtaattcacattggattggaccagacttcttgatacctgaacatgtcattctagtt
S  S  N  S  H  W  I  G  P  D  F  L  I  P  E  H  V  I  L  V  160

gctatgaactatcgtctaggagcaccaggtttcctcactttgggttctaagatagcacct
A  M  N  Y  R  L  G  A  P  G  F  L  T  L  G  S  K  I  A  P  180

ggcaacttgggtttgcatgatacaagattagctctggaatgggtcagagacgagatctca
G  N  L  G  L H D T R  L  A  L E W  V  R D E  I  S  200

gtatttggaggagatcctacacaagtgactctgtttggtcagagtgctggttcagctatg
V  F  G  G  D  P  T  Q  V  T  L  F G Q S A G S  A  M  220

actcaatttcactacatctcatctctatcctcagatctgttccaaagagctattggacat
T  Q  F  H  Y  I  S  S  L  S  S  D  L  F  Q  R  A  I  G  H  240

agtggatctgcgttggcaggctggagctcttactcactttctgagggcgtgcacagagcc
S  G  S  A  L  A  G  W  S  S  Y  S  L  S  E  G  V  H  R  A  260

aggcttcttgctgaaagtctaaaatgcaacatgacgcagaacgacacaatgcttctggat
R  L  L  A  E  S  L  K  C  N  M  T  Q  N  D  T  M  L  L  D  280

tgtatgcagaaagctgacatcaaagatgtcatctctaatcaatatgtacaactgtcgtat
C  M  Q  K  A  D  I  K  D  V  I  S  N  Q  Y  V  Q  L  S  Y  300

gatgattatactgtagggagcagttttccatttctgcctgtgcttgatacatttgagaca
D  D  Y  T  V  G  S  S  F  P  F  L  P  V  L  D  T  F  E  T  320

tcggacacaccattctttaatgatacatccatagacaacatgatgcagcaagctctcttg
S  D  T  P  F  F  N  D  T  S  I  D  N  M  M  Q  Q  A  L  L  340

cgggccaaaccactcatcacagggttcacaactgatgaggggattcttaagttcatggat
R  A  K  P  L  I  T  G  F  T  T  D E G  I  L  K  F  M  D  360

aaggggtggcaaatggctgaaggcaacttaggagcttttatccctccaaagatcagagat
K  G  W  Q  M  A  E  G  N  L  G  A  F  I  P  P  K  I  R  D  380

agcgtcagtaaagctgagagatcgagtcttgccgatactatcaagagtcggtactaccct
S  V  S  K  A  E  R  S  S  L  A  D  T  I  K  S  R  Y  Y  P  400

gactctgttgatgagaacaaaattgagagtgctgtcaggatatacaccgatgccatgttc
D  S  V  D  E  N  K  I  E  S  A  V  R  I  Y  T  D  A  M  F  420

tcatatccttctctacaagtgactcggtactttgctaacctgacctacggttatctattt
S  Y  P  S  L  Q  V  T  R  Y  F  A  N  L  T  Y  G  Y  L  F  440

gcatacaatggtgcatgggcaggaccgccttcttccttctctgtctacaaaatgactgga
A  Y  N  G  A  W  A  G  P  P  S  S  F  S  V  Y  K  M  T G 460

gtcggtcatggggcagacttgtactacttgctatatgtaaacggcagttcacagtatgtg
V  G H G  A D L  Y  Y  L  L  Y  V  N  G  S  S  Q  Y  V  480

gacacctgcacacccaacttgcccaatcttcaaatgaaggaccaaatggtcaaatggtgg
D  T  C  T  P  N  L  P  N  L  Q  M  K  D  Q  M  V  K  W  W  500

acatcgtttgcaaagaatggtgttcctggtctgccttgggagacaatatctgagggaggc
T  S  F  A  K  N  G  V  P  G  L  P  W  E  T  I  S  E  G  G  520

taccttataatagatggctctgatccttctaagatgaacactacagaatttgagagtcaa
Y  L  I  I  D  G  S  D  P  S  K  M  N  T  T  E  F  E  S  Q  540

ttctatgacttctgggcaaatatgaagccacaaagtggtaattcggctgatcctctcggc
F  Y  D  F  W  A  N  M  K  P  Q  S  G  N  S  A  D  P  L  G  560

ctcagattttttttcatcaaagttgctctgttaagtttattccatcatatttttaaagtc
L  R  F  F  F  I  K  V  A  L  L  S  L  F  H  H  I  F  K  V  580

tgattttgtcaaattaaaagttttatttttagatgc
*

Figure 3. JHE-like nucleotide and deduced amino acid sequences from nymphal glassy-winged sharpshooters.
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Figure 3 legend. Three full-length cDNA sequences (named gnsag1 (A), gqsag1 (B), and gqsag2 (C)) are shown. The
open reading frames of gnsag1, gqsag1, and gqsag2 encode putative proteins of 550, 547, and 580 amino acid
residues. The asterisk indicates a stop codon (TAG or TGA). Seven amino acid sequence motifs (RF, DQ, GQSAG, E,
GxxHxxD/E, R/Kx(6)R/KxxxR, and T) that are found in biologically active JHEs are highly conserved in the deduced
amino acid sequences of gnsag1, gqsag1, and gqsag2 (shown in bold-underlined or bold-italic text). A comparison of
these conserved motifs with those found in a known JHE (CqJHE) is shown in panel D (putative catalytic site residues
are shown within the boxes). Putative signal peptide sequences in the deduced amino acid sequence of gnsag1 (N-
terminal 22 amino acid residues) and gqsag2 (amino acid residues 12-30, assuming translation begins at the third
ATG) are shown in italic text. A putative signal sequence was not predicted in the amino acid sequence of gqsag1.
Amino acid residue positions are indicated to the right.

The RACE procedures identified three full-length JHE coding sequence (gnsag1, gqsag1, and gqsag2; Figure 3)
from the ds cDNA library generated from a mixed population of fifth instar glassy-winged sharpshooters. The
gqsag1 sequence was identified and characterized during the current reporting period. Gnsag1, gqsag1,and
gqsag2 encode open reading frames of 550, 547, and 580 amino acid residues, respectively. Seven amino acid
sequence motifs that are found in known biologically active JHEs were highly conserved in the deduced amino
acid sequences of gnsag1, gqsag1, and gqsag2, i.e., GNSAG1, GQSAG1, and GQSAG2 (Figure 3). A signal
peptide sequence that is found in all known biologically active JHEs was predicted in GNSAG1 but not GQSAG1
or GQSAG2. Interestingly, two additional methionine codons were found within the N-terminal 12 amino acid
residues of GQSAG2. Should translation initiation start from either of these ATG codons, a signal peptide
sequence was predicted. Phylogenetic analysis placed GNSAG1 and GQSAG1 in the same clade (Figure 4A).
GQSAG2, however, was found in a clade that was separate from that of GNSAG1 and GQSAG1, and that of
known JHEs from lepidopteran insects. Surprisingly, GNSAG1, GQSAG1, and GQSAG2 did not align with
NlJHE, a JHE from the hemipteran Nilaparvata lugens.

In order to determine if GNSAG1, GQSAG1, and GQSAG1 are able to hydrolyze JH at a rate that is consistent
with known JHEs, the sequences encoding these proteins were subcloned into a baculovirus transfer vector, and
the resulting recombinant transfer vectors were used to generate recombinant baculovirus expression vectors for
recombinant protein expression. Recombinant GNSAG1 and GQSAG1 were unable to hydrolyze JH III at an
appreciable rate (Figure 4B). Experiments to characterize the ability of recombinant GQSAG2 to hydrolyze JH
III are ongoing.

Objective 3. Develop virus-based dsRNA production and delivery systems for controlling the glassy-winged
sharpshooter.
Insect viruses are used as highly effective biological insecticides to protect against pest insect of forests and
agricultural planting such as soybean. Insect viruses have been genetically modified to further improve their
efficacy for crop protection. For example, leaf damage caused by the tobacco budworm in tomato plants can be
reduced by up to 45% when they are infected with a genetically modified virus that expresses a jhe gene [9]. Two
viruses from the glassy-winged sharpshooter, Homalodisca coagulata virus-1 (HoCV-1) [10] and H. vitripennis
reovirus (HoVRV) [11], are well-characterized. HoCV-1 and HoVRV are naturally found in glassy-winged
sharpshooter populations in the field but they are not severely pathogenic against the glassy-winged sharpshooter.
Recently, an in vitro system (e.g., a continuous cell line) that appears to support the replication of HoCV-1 has
been identified [12]. The availability of an in vitro system (e.g., [12,13]) is a critical tool for the genetic
modification of a virus that is highly pathogenic in the glassy-winged sharpshooter. The primary goal of
Objective 3 is to identify new, highly pathogenic glassy-winged sharpshooter viruses that are supported by a
robust in vitro system that can be used in the genetic modification of these viruses. The experiments to
accomplish these goals are ongoing.

CONCLUSIONS
Thus far we have determined the baseline levels of JHE and JHEH activities in fifth instar glassy-winged
sharpshooter nymphs. We have cloned and sequenced the complete coding sequence of three esterase-encoding
cDNAs from fifth instar nymphs. We have expressed recombinant proteins from the major open reading frame of
each of these cDNAs. We have shown that two of the cDNAs do not encode a protein with JHE activity. We are
in the process of confirming the biological activity of the third cDNA. Experiments to develop a production and
delivery system for RNAi effectors that target the jheh or jhe gene are ongoing.
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A.

B.

CqJHE (JN251105)

DmJHE (AF304352)

TmJHE (AAL41023)

PhJHE (BAE94685)

GaJHE (ABQ23214)

GNSAG1

GQSAG1

GQSAG2

CfJHE (AAD34172)

HvJHE (AAC38822)

MsJHE (AAG42021)

BmJHE (AAL55240)

NlJHE (ACB14344)

89
94

100

100

98

89

47

98

57

46

0.1

Specific activity of GNSAG1, GQSAG1, GQSAG2, and CqJHE for JH III

Protein1 Specific Activity
(nmol JH III acid/min/mg)

GNSAG1 not detected2

GQSAG1 not detected2

GQSAG2 not yet determined
CqJHE 600 ± 26

1GNSAG1 and GQSAG1 were crude enzyme preparations, whereas CqJHE was >90% pure.
2No activity was detected under assay conditions that could detect 3 nmol of JH III acid formed
per minute per mg of enzyme.

  

Figure 4. Phylogenetic relatedness GNSAG1, GQSAG1, and GQSAG2 with known JHEs and their
hydrolytic activity for JH III. A. Phylogenetic analysis was performed using MEGA version 6. The tree was
generated by the Neighbor-Joining method using a ClustalW generated alignment of 10 known JHE sequences
(GenBank accession numbers are shown within the parentheses). The percentage of replicate trees in which the
sequences clustered together in the bootstrap analysis (1000 replicates) is shown at the branch nodes. The tree is
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The five insect orders from which the sequences are derived are: Coleoptera: TmJHE and
PhJHE; Diptera: CqJHE and DmJHE; Hemiptera: GNSAG1, GQSAG1, GQSAG2, and NlJHE; Lepidoptera:
CfJHE, HvJHE, MsJHE, and BmJHE; and Orthoptera: GaJHE. B. The specific activity of GNSAG1 and
GQSAG1 was determined in 100 mM sodium phosphate buffer, pH 8, containing 1 mg/ml BSA, and 5 µM JH
III. The reaction was allowed to proceed at 30ºC for 15 minutes. The ability of CqJHE, a known JHE from the
mosquito Culex quinquefasciatus, to hydrolyze JH III under the same conditions was used as a positive control.
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ABSTRACT
Xylella fastidiosa is a gram-negative, xylem-limited plant pathogenic bacterium that causes disease in a variety of
economically important agricultural crops, including Pierce’s disease of grapevine. X. fastidiosa biofilms formed
in the xylem vessels of plants play a key role in early colonization and pathogenicity by providing a protected
niche and enhanced cell survival. Biofilm formation is induced by the process of quorum sensing and may be
mediated by two-component regulatory systems. Like many other bacteria, X. fastidiosa possesses homologs to
the two component regulatory system PhoP/Q. PhoP/Q differentially regulates genes in response to divalent
periplasmic cation concentration and other environmental stimuli. Grapevine pathogenicity assays showed
phoP/Q mutants that are non-pathogenic and significantly hindered in colonization or movement within the xylem
vessels. We identified another two-component system, ColR/ColS, in the X. fastidiosa genome that has been
reported as important regulator of virulence and biofilm formation in other systems but not yet studied in X.
fastidiosa. The purpose of this research is to further our understanding of the PhoP/Q and ColR/S regulons in
order to understand essential processes responsible for survival of X. fastidiosa in Vitis vinifera grapevines.

LAYPERSON SUMMARY
Xylella fastidiosa, the causal agent of Pierce’s disease of grapevine, possesses many highly conserved bacterial
regulatory systems, including the PhoP/Q system. This system has been shown in other bacteria to play an
important role in survival and pathogenicity. In the case of X. fastidiosa, we have previously shown that the
PhoP/Q system is required for X. fastidiosa to survive in the plant, rendering X. fastidiosa unable to move or
cause disease if PhoP or PhoQ are knocked out. We propose to further characterize this system and a second
regulatory system, ColR/ColS, using next generation molecular tools, such as RNAseq. This will allow us to
identify X. fastidiosa genes that are regulated by PhoP/Q and ColR/S to give us further insight into the processes
essential for the pathogen to survive in grapevines and identify potentially novel disease control targets.

INTRODUCTION
Xylella fastidiosa is a gram-negative, xylem-limited plant pathogenic bacterium and the causal agent of Pierce’s
disease of grapevine (Wells et al., 1981). X. fastidiosa forms aggregates in xylem vessels, which leads to the
blockage of xylem sap movement. The formation of biofilms allows for bacteria to inhabit an area different from
the surrounding environment. Furthermore, biofilm formation is an important factor in the virulence of bacterial
pathogens. Biofilm formation is a result of density-dependent gene expression (Morris and Monier, 2003).
Density-dependent biofilm formation is triggered by the process of quorum sensing (QS). Biofilm formation
induced by QS is essential for survival and pathogenicity and may be regulated through a two-component
regulatory system (TCS). TCS’s are signal transduction systems through which bacteria are able to respond to
environmental stimuli (Hoch, 2000). The TCS is comprised of a histidine kinase, responsible for sensing stimuli,
and the response regulator, responsible for mediating gene expression (Charles et al, 1992).

The PhoP/Q TCS is a well-studied and highly conserved TCS responsible for regulation of genes involved in
virulence, adaptation to environments with limiting Mg2+ and Ca2+, and regulation of other genes. PhoQ is a
transmembrane histidine kinase protein with a long C-terminal tail residing in the cytoplasm. The periplasmic
domain of PhoQ is involved in sensing of Mg2+, Ca2+, and antimicrobial peptides. The cytoplasmic domain
contains a histidine residue that is phosphorylated when physiological signals are detected in the periplasm. The
PhoP/Q TCS is a phosphotransfer signal transduction system and upon activation by environmental stimuli, PhoQ
phosphorylates the corresponding response regulator PhoP. In most bacteria, environments high in Mg2+ inhibit
the PhoP/Q system through dephosphorylation of PhoP (Groisman, 2001). X. fastidiosa contains homologs of the
PhoP/Q system (Simpson et al. 2000). We have previously shown that the PhoP/Q system is essential for
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X. fastidiosa survival in planta and plays a role in regulation of biofilm formation and cell-cell aggregation. We
identified a second two component regulatory system, ColR/ColS, that is implicated in virulence, biofilm
formation and environmental stress response in the plant pathogenic bacterium Xanthomonas citri subsp. citri
(Yan and Wang, 2011). The current aim of our research is to understand the PhoP/Q and ColR/S regulatory
networks in X. fastidiosa. Furthermore, we aimed to characterize the biological function of ColR and ColS. We
are also investigating factors involved in induction or repression of the PhoP/Q system such as pH, cation
concentration and peptides.

OBJECTIVES
1. Characterization of factors involved in induction and/or repression of the PhoP/Q system.
2. Identification and characterization of genes regulated by PhoP/PhoQ.
3. Determine if peptides in a library provided by Professor Carlos Gonzalez are able to bind to X. fastidiosa

PhoQ and inhibit activation of PhoP.
4. Characterization of the ColR/ColS two-component regulatory system.

RESULTS AND DISCUSSION
Objective 1. Characterization of factors involved in induction and/or repression of the PhoP/Q system.
We are currently working to further our understanding of factors that influence the PhoP/Q system in
X. fastidiosa. So far we have found that XfΔphoP and XfΔphoQ mutants show inhibited growth in Pim6 media
containing 50 µM Mg2+ when compared to wild-type X. fastidiosa. We also see a reduction in growth among the
mutants compared to wild-type at a lowered pH of 5.0 (instead of pH 7.0) when the media contains 500 µM Mg2+.

Figure 1. Absorbance OD600 of Xf Fetzer, XfΔphoP, and XfΔphoQ in Pim6 media containing either 50 µM
or 500 µM Mg2+ at a pH of 5.0 or 7.0. Absorbance was measured after five days growth at 28° C.

Objective 2. Identification and characterization of genes regulated by PhoP/PhoQ.
We conducted RNAseq analysis on Xf Fetzer, XfΔphoP, and XfΔphoQ after incubation for one hour in PD3 media
or xylem sap. Xylem sap was isolated from Thompson Seedless grapevines using a pressure bomb. For XfΔphoP
incubated in PD3 media, we identified 111 differentially expressed genes; 51 down regulated and 61 up regulated.
Figure 2 illustrates the distribution of differentially expressed genes based on the functional category of the gene.
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Figure 2. Genes differentially expressed in Xf ΔphoP compared to wild-type X. fastidiosa after one hour incubation
in liquid PD3 media. Differential gene expression as determined by RNAseq analysis on an Illumina HiSeq 3000
with single-end 50bp reads and analyzed using Rockhopper version 2.03 and categorized by functional
classification. Significance determined by a minimum two-fold change in gene expression and q-value of q<0.01, as
determined by Rockhopper. The q-value reported by Rockhopper is an adjusted p-value using the Benjamini-
Hochberg procedure to control the false discovery rate. A q-value of less than 0.01 is considered significant.

After incubation in xylem sap, XfΔphoP exhibited a total of 32 differentially expressed genes; 19 of which were
down regulated and 13 were up regulated.

Figure 3. Genes differentially expressed in XfΔphoP compared to wild-type X. fastidiosa after one hour incubation in
xylem sap. Differential gene expression as determined by RNAseq analysis on an Illumina HiSeq 3000 with single-
end 50bp reads and analyzed using Rockhopper version 2.03 and categorized by functional classification.
Significance determined by a minimum two-fold change in gene expression and q-value of q<0.01, as determined by
Rockhopper. The q-value reported by Rockhopper is an adjusted p-value using the Benjamini-Hochberg procedure to
control the false discovery rate. A q-value of less than 0.01 is considered significant.
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RNAseq analysis on XfΔphoQ compared to wild-type Xf Fetzer grown in PD3 media found a total of 143
differentially expressed genes; 52 down regulated and 91 up regulated genes.

Figure 4. Genes differentially expressed in Xf ΔphoQ compared to wild-type X. fastidiosa after one hour
incubation in liquid PD3 media. Differential gene expression as determined by RNAseq analysis on an Illumina
HiSeq 3000 with single-end 50bp reads and analyzed using Rockhopper version 2.03 and categorized by functional
classification. Significance determined by a minimum two-fold change in gene expression and q-value of q<0.01,
as determined by Rockhopper. The q-value reported by Rockhopper is an adjusted p-value using the Benjamini-
Hochberg procedure to control the false discovery rate. A q-value of less than 0.01 is considered significant.

When grown in xylem sap, XfΔphoQ had a total of 108 differentially expressed genes; 58 down regulated and 50
up regulated.

Figure 5. Genes differentially expressed in Xf ΔphoQ compared to wild-type X. fastidiosa after one hour incubation
in xylem sap. Differential gene expression as determined by RNAseq analysis on an Illumina HiSeq 3000 with
single-end 50bp reads and analyzed using Rockhopper version 2.03 and categorized by functional classification.
Significance determined by a minimum two-fold change in gene expression and q-value of q<0.01, as determined by
Rockhopper. The q-value reported by Rockhopper is an adjusted p-value using the Benjamini-Hochberg procedure to
control the false discovery rate. A q-value of less than 0.01 is considered significant.
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We found PhoP/PhoQ is involved in regulation of iron uptake, acriflavine resistance proteins, and colicin V, but is
not involved in regulation of magnesium or calcium transport genes during early adaptation to xylem sap. We also
found the PhoP/PhoQ two-component regulatory system is involved in regulation of cell motility genes including
Type IV pili and fimbrae genes. We also saw significant upregulation of eight gum genes in XfΔphoQ incubated
in xylem sap while in PD3 we observed upregulation of two hsf genes. Lastly, the RNAseq results suggest that
PhoP/PhoQ in X. fastidiosa is similar to other systems in that it is involved in regulation of other signal
transduction regulatory systems.

Objective 3. Determine if peptides in a library provided by Professor Carlos Gonzalez are able to bind to
X. fastidiosa PhoQ and inhibit activation of PhoP.
We have begun work on objective three, investigating whether two potential peptides, kindly provided by
Professor Carlos Gonzalez, have an inhibitory effect on X. fastidiosa. The two peptides tested are 66-10D:
FRLKFH and 77-12D: FRLKFHI (Reed et al., 1997) We found the peptides have an inhibitory effect on Xf Fetzer
when grown for five days in Pim6 media (Michele Igo, personal communication) modified to contain 10 uM
Mg2+. X. fastidiosa was grown in the presence of the peptides at varying concentrations, with an inhibitory effect
observed at peptide concentrations as low as 10 ug/ml (Figure 2).

Figure 6. Absorbance OD600 of Xf Fetzer cells grown for five days at 28° C with shaking at 100 rpm
in Pim6 media containing 10 µM Mg2+ and varying concentrations of 77-12D and 66-10D peptides.
Different letters indicate significance (P < 0.05) as determined by the Tukey test.

We have observed a further reduction in growth (greater inhibitory effect) of these peptides on our XfΔphoP and
XfΔphoQ mutants when grown under the same conditions as above (Figure 3).

We also tested the effect of these peptides on Xf Fetzer when X. fastidiosa was incubated in the presence of the
peptide for one hour in Pim6 media containing 10 µM Mg2+. After the incubation period, 20 µl aliquots were
plated onto solid PD3 media and growth was evaluated after seven days incubation at 28° C. We found that only
peptide 77-12D was able to inhibit X. fastidiosa growth after the one-hour incubation period (Table 1).
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(A) (B)

Figure 7. Absorbance OD600 of Xf Fetzer, XfΔphoP, and XfΔphoQ cells grown for five days at 28° C with shaking at
100 rpm in Pim6 media containing 10 µM Mg2+ and varying concentrations of (A) Peptide 66-10D or (B) Peptide 77-
12D. Different letters indicate significance (P < 0.05) as determined by the Tukey test.

Table 1. Evaluation of Xf Fetzer growth after one hour incubation with peptide 77-12D or
66-10D in Pim6 media containing 10 µM Mg2+.

Peptide concentration 77-12D 66-10D
100 µg/ml No growth Growth
75 µg/ml No growth Growth
50 µg/ml No growth Growth
25 µg/ml No growth Growth
10 µg/ml No growth Growth
1 µg/ml Growth Growth

Objective 4. Characterization of the ColR/ColS two-component regulatory system.
We made mutants in XfΔcolS and XfΔcolR, but were unable to obtain a viable XfΔcolR mutant. We conducted in
vitro biofilm formation and cell-cell aggregation and found a significant reduction of biofilm formation and cell
aggregation among XfΔcolS mutants (Figure 8). We also conducted pathogenicity assays on XfΔcolS mutants and
found the mutant was unable to induce wild-type levels of disease symptoms and was only isolated from two (out
of thirty) grapevines (Figure 9)

Figure 8. Evaluation of biofilm formation and cell-cell aggregation in XfΔcolS. Comparison of biofilm formation (A)
and cell-cell aggregation (B) by wild-type Xf Fetzer and XfΔcolS after 10 days growth in static liquid culture. Values
shown are mean of 10 samples +/- standard error. The assay was repeated twice and data shown are representative of
both assays. Different letters indicate significance (P < 0.05) determined by the Tukey test.
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Figure 9. Evaluation of pathogenicity of Xf ΔcolS on Vitis vinifera grapevines. Disease ratings of Thompson
Seedless grapevines inoculated with wild-type Xf Fetzer, XfΔcolS, and PBS (negative control) 20 weeks post-
inoculation. Values shown are mean +/- standard error. The assay was repeated twice, data shown are
representative of both assays. Asterisk indicates significance (P<0.001) determined by the Tukey test.

We conducted RNAseq analysis on XfΔcolS and wild-type Xf Fetzer after incubation for one hour in either xylem
sap or PD3 media. After incubation in PD3 media, we identified 192 genes significantly up regulated and 23
genes significantly down regulated in XfΔcolS compared to wild-type X. fastidiosa for a total of 215 differentially
expressed genes (Figure 10). The differentially expressed genes included those involved in cell-cell aggregation,
such as six of the nine gum genes, and a predicted hemagglutinin-like protein. We also observed differential
expression of a number of genes involved in cell motility such as fimbrial assembly proteins.

Figure 10. Functional categorization of differentially expressed genes in XfΔcolS compared to wild-type X. fastidiosa
after one hour growth in PD3 media. Genes differentially expressed in XfΔcolS compared to wild-type X. fastidiosa
after one hour incubation in liquid PD3 media. Differential gene expression as determined by RNAseq analysis on an
Illumina HiSeq 3000 with single-end 50bp reads and analyzed using Rockhopper version 2.03 and categorized by
functional classification. Significance determined by a minimum two-fold change in gene expression and q-value of
q<0.01, as determined by Rockhopper. The q-value reported by Rockhopper is an adjusted p-value using the
Benjamini-Hochberg procedure to control the false discovery rate. A q-value of less than 0.01 is considered
significant.
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After incubation in xylem sap, twenty genes were significantly up regulated and 47 genes down regulated in
XfΔcolS compared to wild-type X. fastidiosa for a total of 67 differentially expressed genes (Figure 11). We did
not see differential expression of gum genes in xylem sap, but we did see differential expression of some cell
motility genes. In both xylem sap and PD3 media, we saw differential expression of ion transport genes such as
mntH, cutC, and iron transport genes bfeA and PD1711. Last, we observed differential expression of other two-
component regulatory systems including the phop response regulator and gacA. Under xylem sap conditions, both
rpfG and colR are up regulated. This result indicates that cols is acting as a negative inhibitor of colr under xylem
sap conditions.

Figure 11. Functional categorization of differentially expressed genes in XfΔcolS compared to wild-type
X. fastidiosa after one hour growth in xylem sap. Genes differentially expressed in XfΔcolS compared to wild-type
X. fastidiosa after one hour incubation in xylem sap. Differential gene expression as determined by RNAseq
analysis on an Illumina HiSeq 3000 with single-end 50bp reads and analyzed using Rockhopper version 2.03 and
categorized by functional classification. Significance determined by a minimum two-fold change in gene
expression and q-value of q<0.01, as determined by Rockhopper. The q-value reported by Rockhopper is an
adjusted p-value using the Benjamini-Hochberg procedure to control the false discovery rate. A q-value of less than
0.01 is considered significant.

CONCLUSIONS
We have characterized the PhoP/PhoQ and ColR/ColS two-component regulatory systems during the initial steps
of adaptation to xylem sap and compared this to a high-nutrient environment (PD3). The information we have
gathered is interesting and furthers our understanding of these regulatory networks but further work is required to
understand more of these processes. The two peptides, 77-12D and 66-10D, provided interesting results that we
hope to explore further through qRT-PCR. The fact that peptide 77-12D can induce an inhibitory effect even after
a one-hour incubation with X. fastidiosa indicates it is likely binding to essential X. fastidiosa gene products.
XfΔcolS is a conserved two-component sensor kinase with limited studies conducted on it, thus this research
provides a large insight into the role this system may be playing for X. fastidiosa.
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ABSTRACT
Previous research in our lab identified two hypervirulent mutants of Xylella fastidiosa. These mutations were in
large hemagglutinin (HA) adhesion genes that we named HfxA and HfxB. Hxf mutants also showed a marked
decrease in cell-cell clumping when grown in liquid culture. We hypothesize that if Hxf protein, or a portion of
the Hxf protein that mediates adhesion, could be expressed in the xylem fluid of transgenic grapevines then
perhaps insect-inoculated X. fastidiosa cells would clump together and be less capable of colonizing grapevines.
During the past five years we produced transgenic HA-expressing tobacco and grapevine lines; these transgenic
lines, grown in the greenhouse, exhibited less severe symptoms of Pierce’s disease following mechanical
inoculation of X. fastidiosa cells. With the assistance of the Public Intellectual Property for Agriculture (PIPRA)
we secured all the necessary permits to plant these lines in the field in spring 2013. These vines grew well and
were trained up to the wire and established as a conventional bilateral cordon vines. We cut back the shoots to two
buds and then mechanically inoculated four shoots/vine with a mixture of Temecula and Stag’s Leap X. fastidiosa
strains in April 2014, the same time frame that other Pierce’s disease workers inoculated their transgenic vines a
couple of years ago. Pierce’s disease symptoms were rated in September 2014 on the inoculated shoots and we
noted whether adjacent uninoculated shoots developed Pierce’s disease symptoms. Over 95% of the inoculated
canes showed scorch symptoms typical of Pierce’s disease in September 2014, indicating that our inoculations
were successful -- at least two Pierce’s disease symptomatic canes were present on all inoculated vines. In only
one instance did we find Pierce’s disease symptoms on an adjacent, uninoculated shoot.

In January 2015 the shoots were trimmed to two buds and the emerging shoots and the entire vine were rated for
Pierce’s disease symptoms in August 2015. In three out of the five lines expressing the HA adhesion domain the
majority of the vines showed no Pierce’s disease symptoms; however, Pierce’s disease symptoms were evident on
the canes only in the other adhesion domain vines. In the two other adhesion domain lines, the majority of the
vines were dead or had severe Pierce’s disease symptoms on the canes. In the three full-length HA gene construct
lines the majority of all the vines were healthy with no Pierce’s disease symptoms. However, one line had one
dead vine and Pierce’s disease symptoms were observed on two vines from the two other lines. These are initially
encouraging results that reflect the results of greenhouse testing and the occurrence of Pierce’s disease symptoms
on the canes of field vines following inoculation in 2014.

If the USDA permit can be extended we would like to re-inoculate the vines that were disease free in 2015. A
final round of inoculations should determine whether these vines are indeed functionally resistant or tolerant to
Pierce’s disease.

LAYPERSON SUMMARY
Our 10+ year research effort on the role hemagglutinins (HAs), large proteins that mediate the attachment of
bacteria to themselves and to various substrates, play in Pierce’s disease pathogenicity and insect transmission has
been very fruitful. Our early work showed that HA mutants were hypervirulent, i.e., they caused more severe
symptoms and killed vines faster than vines inoculated with wild-type Xylella fastidiosa cells (Guilhabert and
Kirkpatrick, 2005). HA mutants no longer clumped together in liquid cultures like wild-type cells, nor did HA
mutants attach to inert substrates like glass or polystyrene when grown in liquid culture. ALL of these properties
show that HAs are very important cell adhesion molecules. Research conducted in the Almeida lab also showed
that HA mutants were transmitted at lower efficiencies than wild-type cells and they were compromised in
binding to chitin and sharpshooter tissues compared to wild-type cells (Killany and Almeida, 2009). Thus they
have a very important role in insect transmission. Dr. Steve Lindow’s lab (UC Berkeley) showed that diffusible
signal factor (DSF) mutants, which are also hypervirulent, produced much less HAs than wild-type cells, thus
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providing another line of evidence regarding the importance of these proteins in X. fastidiosa pathogenesis and
insect transmission.

We are now evaluating our hypothesis that HAs expressed in transgenic grapevine xylem sap may act as a
“molecular glue” that would aggregate and thus slow the movement of wild-type X. fastidiosa cells introduced
into grapevines by an infectious insect vector. If this happens, then it is possible that HA-aggregated X. fastidiosa
cells would remain close to the site of inoculation, and if that site is in the terminal portion of a cane, which is
where X. fastidiosa is introduced by our native blue-green, green, and red-headed sharpshooters, then that cane
would likely be pruned off in the winter and the infection removed from the vine. Our most optimistic hope is that
HAs could be expressed in transgenic rootstocks and the HAs would be translocated into a non-genetically
modified fruiting scion and afford similar levels of functional Pierce’s disease resistance. We finished a
greenhouse Pierce’s disease severity screening of the eight HA transgenic lines that were produced. The results
were encouraging in that all of the HA-transgenic lines had lower disease ratings than non-transgenic controls.

With the assistance of the Public Intellectual Property for Research (PIPRA) we secured all the necessary permits
to plant these lines in the field in spring 2013. These vines grew well and were trained up to the wire and
established as conventional bilateral cordon vines. We cut back the shoots to two buds and then inoculated four
shoots/vine with the Fetzer strain of X. fastidiosa in April 2014, the same timeframe that other Pierce’s disease
workers inoculated their transgenic vines a couple years ago. Pierce’s disease symptoms were rated in September
2014 on the inoculated shoots and we noted whether adjacent uninoculated shoots developed Pierce’s disease
symptoms. Over 90% of the inoculated canes showed scorch symptoms typical of Pierce’s disease in September
2014, indicating that our inoculations were successful. In only one instance did we find Pierce’s disease
symptoms on an adjacent, uninoculated shoot. Pierce’s disease symptom severity was lower in the inoculated HA-
transgenic grapevines than X. fastidiosa inoculated non-transgenic controls.

In January 2015 the shoots were trimmed to two buds and in August 2015 the emerging shoots were rated for
Pierce’s disease symptoms. In three out of the five lines expressing the HA adhesion domain the majority of the
vines showed no Pierce’s disease symptoms. However, Pierce’s disease symptoms were evident on the canes only
in the other adhesion domain vines. In the two other adhesion domain lines the majority of the vines were dead or
had severe Pierce’s disease symptoms on the canes. In the three full length HA gene construct lines the majority
of the vines were healthy, with no Pierce’s disease symptoms. However one line had one dead vine and Pierce’s
disease symptoms were observed on two vines from the two other lines. These are initially encouraging results
that reflect the results of greenhouse testing and the occurrence of Pierce’s disease symptoms on the canes of field
vines following inoculation in 2014.

In winter 2015 the canes on healthy-appearing vines will be cut back again to two spurs and canes that emerge
from the spurs will be inoculated in May 2016 with X. fastidiosa, as was previously done in May 2014. All canes
will be cut back in winter 2016-17 and the vines will undergo a final Pierce’s disease rating in August 2017.
Canes from healthy-appearing vines will be rooted and planted in the field in April 2016 as back-ups that might
need additional evaluation in the future.

INTRODUCTION
Xylella fastidiosa cell-cell attachment is an important virulence determinant in Pierce’s disease. Our previous
research has shown that if two secreted hemagglutinin (HA) genes which we have named HxfA and HxfB are
mutated, X. fastidiosa cells no longer clump in liquid medium and the mutants form dispersed “lawns” when
plated on solid PD3 medium (Guilhabert and Kirkpatrick, 2005). Both of these mutants are hypervirulent when
mechanically inoculated into grapevines, i.e., they colonize faster, cause more severe disease symptoms, and kill
vines faster than wild-type X. fastidiosa. If either HxfA OR HxfB is individually knocked out there is no cell-cell
attachment, which suggests that BOTH HA genes are needed for cell-cell attachment. It is clear that these proteins
are very important determinants of pathogenicity and attachment in X. fastidiosa plant interactions. Research by
other Pierce’s disease researchers have shown that Hxfs were regulated by an X. fastidiosa-produced compound
known as diffusible signal factor (DSF; Newman et al., 2004) and that they were important factors in insect
transmission (Killiny and Almeida, 2009). The X. fastidiosa HA essentially acts as a “molecular glue” that is
essential for cell-cell attachment and likely plays a role in X. fastidiosa attachment to xylem cell walls and
contributes to the formation of X. fastidiosa biofilms.
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Our initial objectives proposed to further characterize these HAs using some of the techniques that were used to
identify active HA binding domains in Bordetella pertussis, the bacterial pathogen that causes whooping cough in
humans. B. pertussis HA was shown to be the most important protein that mediates cell attachment of this
pathogen to epithelial host cells ( Liu, et al., 1997; Keil, et al., 1999). In the first two years of research we
identified the specific HA domain (s) that mediate X. fastidiosa cell-cell attachment and determined the native
size and cellular location of X. fastidiosa HAs (Voegel and Kirkpatrick, 2010). In the third year we identified a
two-component transport system that mediates the secretion of X. fastidiosa HAs. In the final years of the initial
project we expended considerable time and effort in constructing transgenic tobacco and grapevines that
expressed HA. We conducted pathogenicity evaluations of our nine HA-transgenic lines. Disease severity ratings
in greenhouse-grown vines were considerably less in the transgenic lines than the non-transgenic controls. Permits
to establish a field planting of the HA vines were obtained with the assistance of the Public Intellectual Property
Resource for Agriculture (PIPRA) and a field trial was established in April 2013. The vines were inoculated with
X. fastidiosa in spring 2014 and Pierce’s disease symptoms of HA-transgenics were compared to non-transgenic,
X. fastidiosa inoculated controls in September 2014. Vine were then pruned back to two buds and allowed to go
through the winter. Pierce’s disease symptoms on the vines were rated in September 2015. In three out of the five
lines expressing the HA adhesion domain the majority of the vines showed no Pierce’s disease symptoms.
However, Pierce’s disease symptoms were evident on the canes only in the other adhesion domain vines. In the
two other adhesion domain lines the majority of the vines were dead or had severe Pierce’s disease symptoms on
the canes. In the three full-length HA gene construct lines the majority of all the vines were healthy with no
Pierce’s disease symptoms. However, one line had one dead vine and Pierce’s disease symptoms were observed
on two vines from the two other lines. These are initially encouraging results that reflect the results of greenhouse
testing and the occurrence of Pierce’s disease symptoms on the canes of field vines following inoculation in 2014.

OBJECTIVES
(Note: The objectives for this project were revised per instructions of the 2013 Panel Review Committee.)
1. Complete the characterization of grape transgenic plants over-expressing X. fastidiosa hemagglutinin (Hxf)

protein.
2. Mechanically inoculate HA-transgenic grapevines growing in the greenhouse with wild-type X. fastidiosa and

evaluate the effect on Pierce’s disease symptom expression and movement in the xylem by culture and
quantitative polymerase chain reaction (qPCR).

3. Secure permits to plant HA transgenic lines in the field in Solano County. Plant transgenic vines in the field
and train them into a traditional bilateral cordon.

4. Inoculate four canes on each HA-transgenic field vine with wild-type X. fastidiosa in spring 2014. Rate
Pierce’s disease symptoms in September 2014 on inoculated canes. Take samples for qPCR.

5. Cut back all canes to two buds and rate cane growth in Spring 2015 and Pierce’s disease symptoms in
September 2015 to determine if the expression of X. fastidiosa HA in the transgenic vines retarded or
prevented movement of the inoculated X. fastidiosa into the cordons, which typically results in systemic
Pierce’s disease.

RESULTS AND DISCUSSION
(Note: Results described below for Objectives 1, 2, and 3 were reported in the Proceedings of the 2013 Pierce’s
Disease Research Symposium. I have included them for the reader’s information only. Objective 4 and 5 results
represent new data obtained in 2014 and 2015.)

Objective 1. Complete the characterization of grape transgenic plants over-expressing X. fastidiosa
hemagglutinin (Hxf) protein.
Twenty-one transgenic Thompson Seedless grape plants that potentially over-expressed the Hxf protein in the
xylem using a binary plasmid with a polygalacturonase secretory leader sequence were obtained from the UC
Davis Plant Transformation Facility in September 2010. These were initially obtained as small green three-inch
plants that needed to be grown in growth chambers and later in the greenhouse to produce hardened woody shoots
that could be vegetatively propagated. It took approximately four months for each of the propagated shoots to
grow up sufficiently to allow them to be further propagated or inoculated with X. fastidiosa. By July 2011 we had
propagated sufficient numbers of transgenic grapevines that we could begin analyzing them for HA expression.
Analysis by standard and qPCR for the presence of the hemagglutinin transgene in genomic grapevine DNA
from each of the 22 lines showed that five of nine transgenic lines containing X. fastidiosa HA adhesion domains
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(AD1-3, labeled as SPAD1) and three of 12 transgenic lines of the full-length HA (labeled PGIP220 in Table 1
below), had the HA gene inserted into the grapevine chromosome.

Table 1. Results of PCR testing of transgenic grapevines for the presence of full-length (PGIP 220) of the
AD1-3 fragment of X. fastidiosa hemagglutinin genes in grape chromosome.

DNA ID# Genotype Standard
PCR qPCR

1 PGIP 220-E ― ―
2 PGIP 220-5 ― ―
3 PGIP 220-11 † †
4 PGIP 220-1 ― †
5 PGIP 220-9 ― ―
6 PGIP 220-14 ― ―
7 PGIP 220-3 † †
8 PGIP 220-13 ― ―
9 PGIP 220-A ― ―

10 PGIP 220-D ― ―
11 SPAD1-4 NT NT
12 SPAD1-10 † †
13 SPAD1-6 ― †
14 SPAD1-7 † †
15 PGIP 220-42A † ―
16 SPAD1-I † †
17 SPAD1-B † †
18 SPAD1-8 † ―
19 SPAD1-12 † †
20 SPAD1-1A † †
21 PGIP 220-15 — —
22 SPAD1-2 — —

Notes
Transgenic lines highlighted in tan color are the three full-length transgenic lines while lines
highlighted in purple contain the AD1-3 HA fragment.
† = this line tested positive for a X. fastidiosa hemagglutinin insert by standard and/or qPCR.
— = this transgenic line tested negatively for a X. fastidiosa hemagglutinin insert by PCR.
NT = not tested by PCR for presence of hemagglutinin gene.

The construct used to transform grapevines which was recommended by the UC Davis Plant Transformation
Facility contained two copies of the 35S promoter flanking the HA construct. We hypothesize that recombination
occurred within the Agrobacterium plasmid that allowed the HA insert to be deleted but the kanamycin selection
marker was still inserted into the grape genome. This would explain why a number of the kanamycin resistant
transgenics did not actually have the truncated or full-length form of X. fastidiosa HA inserted into the grape
chromosome.

RT-qPCR analysis on mRNA isolated from these lines confirmed the presence of AD1-3 or full-length HA
mRNA in the lines that tested positive by standard or qPCR PCR, thus the HAs inserted into the grape genome are
being expressed (Table 2).



  

   

 

 

 
 

 

Table 2. RNA RT-qPCR of Thompson Seedless HA transgenic lines; RNA analysis of HA 
expressing grapevines. Total RNA was isolated from leaves of transgenic grape plants, 
converted to cDNA by reverse transcriptase, and quantified by qPCR with HA specific primers. 
SPAD1 lines express short constructs and PGIP220 lines express long constructs. The higher the 
number the higher the RNA level in the leaves. 

LINE ID Relative Transgenic 
Hxf RNA Level 

SPAD1-B 28.9 
SPAD1-10 28.1 

PGIP 220-01 27.9 
PGIP 220-11 26.6 
SPAD1-07 25.8 

PGIP 220-03 19.8 
SPAD1-08 19 
SPAD1-12 14.7 

Untransformed 
Thompson Seedless 0 

Objective 2. Mechanically inoculate transgenic grapevines growing in the greenhouse with wild-type 
X. fastidiosa cells. Compare disease progression and severity in transgenic grapevines with non-transgenic 
controls. 
We went through five rounds of vegetatively propagating the lignified transgenic grapevine lines. We attempted 
to propagate green shoots but only 10-15% of the green shoots became established, thus we are now propagating 
only lignified wood. 

We were very interested in determining whether any of these lines possessed Pierce’s disease resistance by testing 
the lines in the greenhouse as soon as we had sufficient plants, rather than waiting for the results of extensive 
ELISA and Western blot analysis of transgenics to determine if HA protein could be detected in grapevine xylem 
sap. On December 8 and 9 of 2011 we inoculated 10 reps of each of the nine PCR-positive transgenic lines with 
40 ul of a 108 suspension of X. fastidiosa Fetzer in PBS, typically done as two separate 20 ul inoculations on each 
vine, an amount of inoculum that would be far greater than what a sharpshooter injects into a vine. 

We also inoculated untransformed Thompson Seedless and two transgenic lines that did not contain HA inserts by 
PCR analysis, shown as Transformed Non-transgenic TS in Figure 1, as positive controls. Figure 1 shows the 
results of disease severity in transgenic and non-transgenic control 16 weeks post-inoculation with X. fastidiosa. 
The TS control, inoculated at the same time as the transgenic vines, had a mean disease rating of 3.65 while two 
of the lines, one containing the truncated HA fragment AD1-3 and one line containing the full-length native HA 
protein, had the lowest disease ratings of 1.5. Most of the other lines had mean disease severity ratings below 2.0 
and the average disease ratings for all of the lines representing the two HA constructs had disease ratings below 
2.0. Considering the large amount of inoculum that was used, we are pleased with this promising preliminary 
result. We will soon be quantifying by culture and qPCR the amount of X. fastidiosa in each of these lines. While 
clearly some disease symptoms were evident, the severity was much less than the control and this could very well 
reflect lower X. fastidiosa populations in the transgenic lines. If this does indeed turn out to be true then we might 
have produced a moderately resistant grapevine that could very well end up being like a Muscadine grapevine, 
i.e., they can be infected with X. fastidiosa but populations are not high enough to compromise fruit quality. The 
original hypothesis was that transgenic vines producing HA in the xylem sap might facilitate clumping of 
X. fastidiosa cells and slow their ability to colonize a mature vine during a growing season such that the incipient 
infection might very well be pruned off in the dormant season. It will take a couple of years to plant and train to a 
cordon system that would be then mechanically inoculated, or hopefully with the assistance of the Almeida lab 
insect inoculated with X. fastidiosa. These initial greenhouse results with young vines certainly warrant further 
evaluations. 
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Figure 1. Graph showing the mean disease ratings from 0 to 5 (0 is healthy, 5 is dead) of Pierce’s disease symptoms in
Thompson Seedless (TS) and transgenic (SPAD1 and PGIP220) vines inoculated with X. fastidiosa Fetzer at 16 weeks
post-inoculation, except for the Transformed-Non-Transgenic TS, which was inoculated four weeks later and its
disease rating is for 12 weeks post-inoculation. We anticipated these vines will have disease ratings similar to the TS
control at 16 weeks post-inoculation. The last three columns are the averages of all inoculated vines of the specified
type of construct used, either transformed with AD1-3 (SPAD1) or the full-length native HA (PGIP220). Error bars are
the standard error of the 10 reps. All PGIP220-1 vines had the same disease rating.

Objective 3a. Secure permits to plant HA-transgenic lines in the field in Solano County.
This objective was completed with the assistance of the Public Intellectual Property Resource for Agriculture
(PIPRA).

Objective 3b. Plant transgenic vines in the field.
Approximately 50 HA-transgenic vines representing all the transgenic lines that were produced were planted in
the field in April 2013 and trained as bilateral cordons (Figures 2).
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Figure 2. HA-transgenic and non-transgenic control vines planted in the field.

Objective 4. Inoculate four canes on each HA-transgenic field vine with wild-type X. fastidiosa in spring
2014. Rate Pierce’s disease symptoms in September 2014 on each inoculated cane. Inoculate non-transgenic
Thompson Seedless canes as positive controls, leave two vines of each transgenic line as uninoculated
controls.
A combination of X. fastidiosa Temecula and Stags Leap strains were grown on solid PD3 medium and the cells
were harvested and suspended in 1XPBS to a concentration of 10 X 8th. Four canes on replicates of each
transgenic line were labeled and then mechanically inoculated 1X with a 20 ul drop of X. fastidiosa cell
suspension. Inoculations were done in mid-May 2014 and inoculum droplets were quickly taken up by the
transpiring canes.

Overall success in inoculating canes in transgenic and non-transgenic vines was very high. In some cases the tags
marking inoculated canes in HA-transgenic vines were missing so no rating was made. 0 ratings of canes on HA-
transgenic canes occurred on vines where at least two of the other canes on that vine expressed some Pierce’s
disease symptoms; thus we believe the inoculum that was used to inoculate 0 scoring canes was viable. However,
it is certainly possible that the inoculum was not taken into actively transpiring xylem vessels which could result
in an unsuccessful inoculation.

Overall Pierce’s disease symptoms severity was higher in the non-transgenic positive controls than in the HA-
transgenic vines, results that were similar to what we observed in the greenhouse inoculations. It is also clear from
the field inoculations that none of the transgenic lines completely prevented the onset of Pierce’s disease
symptoms in INOCULATED CANES in 9/14, again results that were observed in greenhouse trials.

Cane samples were collected from all X. fastidiosa inoculated lines for testing by qPCR. This should give us some
information concerning the relative X. fastidiosa titers in transgenic vs. non-transgenic inoculated vines.
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Table 3. Pierce’s disease symptom ratings of HA-transgenic grapevines.

Transgenic Lines # Inoculated
Vines

# of PD-Rated
Canes Mean Disease Rating

Ratings of individual canes
Adhesion

Domain Lines
AD 6 3 10 0=5; 1=4; 2=2 0.7
AD 7 4 15 0=7; 1=2; 2=6 0.9
AD 8 5 20 0=2; 1=5; 2=12; 3=1 1.6
AD 10 3 10 0=1; 1=2; 2=6; 3=1 1.7
AD 12 5 19 0=5; 1=5; 2=9 1.2

Complete HA
Gene
220-1 4 10 0=4; 1=1; 2=6; 3=1 1.6
220-3 3 12 0=4; 1=1; 2=6; 3= 1 1.3

220-11 3 10 0=8; 1=1; 2=1 0.3

Note: Pierce’s disease symptoms of inoculated transgenic canes were made by Kirkpatrick on 9/14/14.
Symptoms ratings of individual canes were as follows:
0 = no symptoms of Pierce’s disease, i.e. no scorched leaves on cane.
1 = 2 to <10% scorched leaves on cane.
2 = >10% to <75% scorched leaves on cane.
3 = all leaves showing Pierce’s disease scorch symptoms, no cane dieback observed.
4 = cane dieback, cane still alive.
5 = dead cane.

Rating of inoculated NON-transgenic Thompson Seedless canes
Ratings of 18 inoculated canes on NON-transgenic Thompson Seedless vines were made by Lincoln and
Gilchrist on 9/12/14. Symptoms of canes were rated as follows:
0 = no symptoms of Pierce’s disease, i.e. no scorched leaves on cane NO canes were rated 0.
1 = 2 to <25% of leaves with scorched leaves NO canes were rated 1.
2 = 25% to 50% of leaves with scorched leaves NO canes were rated 2.
3 = all leaves on cane were showing Pierce’s disease scorch symptoms 2 canes were rated 3.
4 = all leaves scorched and some terminal cane dieback 3 canes were rated 4.
5 =  cane near death or dead 13 canes were rated 5.

Objective 5. Cut back all canes to two buds and rate cane growth in Spring 2015 and Pierce’s disease
symptoms in September 2015 to determine if expression of X. fastidiosa HA in the transgenic vines retarded
or prevented movement of the inoculated X. fastidiosa into the cordons, thus causing systemic Pierce’s
disease.
Canes were cut back to two buds once vines were completely dormant in January/February 2015. The vines were
rated for Pierce’s disease symptoms in late August 2014. 95% of the inoculated canes had some level of leaf
scorching which indicated our inoculation procedure was successful. The severity of the Pierce’s disease
symptoms on the inoculated canes were rated on a 0 to 5 scale similar to the scale we have used in our previous
disease evaluation: 0 = heathy, no symptoms; 1 = 1 to 10% of leaves had scorch symptoms; 2 = 25% to 75% of
the leaves on the canes were scorched; 3 = all leaves on the cane had scorch symptoms; 4 = cane dieback; 5 =
cane was dead. The following table summarizes the results of the various transgenic lines developing Pierce’s
disease symptoms.
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Table 4.

Transgenic Line # Inoculated
Vines

# Canes
Inoculated

Average PD Rating
for Inoculated Canes

Adhesion Domain
Constructs

SPAD 6 3 10 0.7
SPAD 7 4 15 0.9
SPAD 8 5 20 1.4
SPAD 10 3 10 1.7
SPAD 12 5 19 1.2

AVERAGE OF SPAD LINES PD RATINGS = 1.22

Full-length HA
Gene

220-1 4 10 1.6
220-3 3 12 1.3
220-11 3 10 0.3

AVERAGE OF 220 LINE PD RATINGS = 1.1

Eighteen non-transgenic control canes were inoculated with X. fastidiosa by Dr. Jim Lincoln. The Pierce’s disease
severity ratings for those canes were as follows: 13 canes = 5; 3 canes = 4; 2 canes = 3.

These initial results support conclusions of greenhouse testing; i.e., HA transgenics had less severe Pierce’s
disease symptoms than non-transgenic vines.

All spurs were cut back to approximately two buds in January 2015. Initial growth of inoculated canes positions
were similar to uninoculated canes. However, there was some death of cut-back X. fastidiosa inoculated spur
positions on some transgenic vines.

Pierce’s disease ratings of inoculated whole transgenic vines and canes were made in August 2015. The following
Table 5 summarizes those ratings.

Table 5.

Transgenic Line # Inoculated
Vines

2014 Average PD
Rating of

Inoculated Canes
2015 Vine/Cane Ratings

Adhesion Domain
Constructs

SPAD 6* 3 0.7 healthy; healthy; 1.5 canes
SPAD 7 4 0.9 3 dead vines; 1 healthy
SPAD 8*? 5 1.4 2 healthy; #3 and 5 canes
SPAD 10 3 1.7 1 dead; #4 canes; 1 healthy
SPAD 12* 5 1.2 3 healthy vines; #2 canes

AVERAGE PD RATING OF SPAD LINE CANES = 1.22

Full-length HA
Gene

220-1* 4 1.6 3 healthy vines; #1 cane only
220-3* 3 1.3 2 healthy vines; #2 cane only
220-11* 3 0.3 2 healthy vines; 1 dead vine

AVERAGE PD RATING OF 220 LINE CANES = 1.1
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Figure 3A. Dead adhesion domain vine that collapsed in June 2015.

Figure 3B. Full-length transgenic cane rated #2 in August 2015.

Figure 3C. Healthy appearing full length transgenic vine, August 2015.
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If the USDA permit can be extended two more years I would like to re-inoculate the vines marked with an * in
Table 5 in spring 2016, rate inoculated canes and vines in late August 2016, cut back canes in winter 2017, and
do a final Pierce’s disease rating of inoculated vines in August 2017. The vines in the transgenic lines that are
marked with an * were mostly healthy or had mild cane symptoms, and would be worth re-evaluating if possible.

CONCLUSIONS
Eight HA-trangenic lines were shown by qRT-PCR to express HA mRNA. Greenhouse inoculations of the eight
HA-transgenic Thompson Seedless grapes with cultured X. fastidiosa cells showed all lines expressed less severe
symptoms of Pierce’s disease than inoculated, non-transgenic controls. All transgenic lines as well as non-
transgenic Thompson Seedless vines that were used as positive and negative controls were planted in the field in
spring 2013; the vines grew well and were trained as bilateral cordons. Four shoots on each vine were
mechanically inoculated with wild-type X. fastidiosa in May 2014. Pierce’s disease symptoms on inoculated and
uninoculated shoots were evaluated in September 2014. A high percentage of the inoculated shoots developed
scorched leaves typical of Pierce’s disease symptoms, indicating our needle inoculation technique was successful.
Pierce’s disease symptom severity ratings were lower among HA-transgenic lines than inoculated non-transgenic
grapevine controls. Canes from transgenic and non-transgenic vines were collected to determine X. fastidiosa
titers by qPCR. All shoots were pruned back to two buds in January / February 2015 and allowed to push during
the 2015 growing season. Spring shoot growth and Pierce’s disease symptoms were recorded in September 2015
to determine if the X. fastidiosa infections overwintered and formed systemically-infected vines. Most of the
adhesion domain vines and full length HA gene transformants had some vines that appeared Pierce’s disease free.
However, with other reps of the transformant lines some reps were either dead or had Pierce’s disease symptoms
on inoculated canes that varied in severity. If the USDA permit can be extended for another two years we would
like to re-inoculate vines that appear to be Pierce’s disease free. Final disease evaluations in September 2017
should indicate whether the transgenic vines are indeed Pierce’s disease resistant or tolerant.

If X. fastidiosa populations in HA-transgenic lines can be kept low enough to prevent fruit symptoms and vine
dieback, we may have produced transgenic vines that are functionally tolerant of X. fastidiosa infection. Their
possible use as rootstocks grafted with non-transgenic scions will be evaluated in the coming years.
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LAYPERSON SUMMARY
Leafhoppers and sharpshooters communicate via vibrational signals transmitted through the plant. Signals are
very low frequency and intensity “sound” waves that could be the key to a novel control method that may be
incorporated in an integrated pest management strategy. A laser-Doppler vibrometer is being used to identify and
describe signals used by the glassy-winged sharpshooter (Homalodisca vitripennis) to communicate. The glassy-
winged sharpshooter uses signals in intra- and inter-gender communication with specific signals required to
achieve mating. Bioassays using paired virgin males and females on plants revealed that glassy-winged
sharpshooter males search for females on plants while females wait for males to approach. Visual signals,
physical contact, and specific vibrational signals are used by the glassy-winged sharpshooter to establish male and
female hierarchy and preferential access to mates. However, glassy-winged sharpshooter females also can be
“choosy,” suggesting that both intrasexual (male-male combat) and intersexual (mate choice) selections may
occur. While glassy-winged sharpshooter rivalry calls negatively impact courtship behaviors, it is not known if
the overall reproductive success of individuals can be artificially affected by signal playbacks.

Since what they “say” to each other has a big effect on behaviors, signals may be exploited as an attractant,
repellent, and/or disruptive signal which could be a useful, non-chemical control method for suppressing glassy-
winged sharpshooter populations. Can these sounds be reproduced to manipulate glassy-winged sharpshooter
behaviors? The answer is “Yes.” In the laboratory, mini-shakers and speakers deliver pre-recorded natural sounds
or synthetic sounds to plants through a trellis wire, thereby artificially stimulating individuals to produce natural
responses to playback signals. In preliminary trials, communication (duets, trios, and quartets) with glassy-winged
sharpshooter males and females has been established using pre-recorded calls. The ability to establish a
communication channel and elicit glassy-winged sharpshooter response to select signals represents an important
step towards the next goal: identification of signals capable of influencing glassy-winged sharpshooter behavior
for disruption of mating.

INTRODUCTION
Epidemiological models suggest that vector transmission efficiency, vector population density, and the number of
plants visited per vector per unit time are key factors affecting rates of pathogen spread (Jeger et al., 1998).
Measures to reduce glassy-winged sharpshooter (Homalodisca vitripennis) population densities in California
include an area-wide insecticide application program and release of natural enemies. Despite such efforts,
geographic distribution and population densities of the glassy-winged sharpshooter continue to expand. Chemical
control of the glassy-winged sharpshooter in urban areas, organic farms, and crops under integrated pest
management programs is problematic because insecticides are ineffective, not used, or incompatible with existing
practices, respectively. The near-zero tolerance for glassy-winged sharpshooters in vineyards, particularly in areas
where Pierce’s disease is endemic, poses a constant challenge for growers and agencies involved in the area-wide
program. Thus, long-term suppression of glassy-winged sharpshooter populations will rely heavily on novel
methods.
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Vibrational communication is a widespread form of communication in invertebrate and vertebrate animals
including fish, amphibians, reptiles, birds, and mammals (Cocroft et al., 2014). Arthropods emit vibratory signals
in connection with aggression, distress, calling, courtship, rivalry, searching, and other behaviors associated with
finding conspecifics and avoiding predation (Čokl and Virant-Doberlet, 2003). In leafhoppers, mate recognition
and localization are mediated exclusively via substrate-borne vibrational signals transmitted through the plant.
Vibrational signals in leafhoppers are low-frequency bending (or flexural) waves produced by the abdomen.
Signals are transmitted through the legs to the substrate and travel at a speed of about 100 m/s. Signals are
detected by the receiver presumably by subgenual and joint chordotonal organs located in the legs (Čokl and
Virant-Doberlet, 2003).

Exploitation of attractive vibrational signals for trapping leafhoppers or disrupting mating, as well as for
excluding pests via emission of repellent signals, have been considered but not yet implemented in commercial
agricultural landscapes (Polajnar et al., 2014). In Florida, an experimental prototype of a microcontroller-buzzer
system attracted the Asian citrus psyllid, Diaphorina citri, to branches of citrus trees by playback of insect
vibrational signals (Mankin et al., 2013). Recently, small-scale field studies on mating disruption of leafhoppers
via playback of vibrational signals through grapevines have demonstrated promising results. Specifically,
electromagnetic shakers attached to wires used in vineyard trellis successfully disrupted mating of Scaphoideus
titanus, vector of a phytoplasma that causes the grapevine disease Flavescence dorée in Europe (Eriksson et al.,
2012). Exploitation of disruptive, attractive, and/or repellent signals for suppressing glassy-winged sharpshooter
populations could prove to be a useful tool. However, existing knowledge on glassy-winged sharpshooter
vibrational communication is insufficient to implement a management program for this pest in California.

OBJECTIVES
1. Identify and describe substrate-borne signals associated with intraspecific communication of the glassy-

winged sharpshooter in the context of mating behavior.

RESULTS AND DISCUSSION
When placed alone on plants, males were less likely to signal than females, with 19% of the animals signaling
(n=21) compared with 79% of females (n=25) (G=15,61, p<0,001). The latency to begin calling was longer for
males (F=7.715, p=.012) than females (Figure 1A). Within the females, there was a large variation in the latency
to begin calling as well as the calling rate. The calling rate varied from 0 to 143 calls during a 45-min recording.
When normalized on a log scale, the females showed a shorter latency to calling when they had a faster calling
rate (F=6.45, p=.023; Figure 1B). The Female Call (FC) was a broadband signal with its peak in relative
amplitude in the middle of the call at 93.07 ± 17.15 Hz; the FC increased in dominant frequency across the
duration of the call with a 16.25 ± 25.34 Hz frequency range (n = 50 calls among five individual; Figure 2). The
female can modulate its signal in length and in structure. The faster the rate of female calling the longer her
maximum call was (F=9.56, p=.010), though did not affect the mean or minimum call length (Mean: F=0.83,
p=.38; Min: F=0.92, p=.36). The maximum call duration recorded was 3.92s.

Recordings of a virgin male and female placed together on the plant revealed a complex series of behaviors linked
to vibrational signals that lead to mating, or not. When paired with a female, males exhibit the standard MC that
has two components: a harmonic part (MCs2) followed by pulses (MCs3) or a courtship version MCcrs
containing a strong broadband signal at the beginning (Figure 3). Male-female glassy-winged sharpshooter
communication can be divided into three stages: 1) duet, 2) courtship and location, and 3) precopula. In Stage 1,
females initiated the duet in 15 of 21 cases. After the initial duet lead by the female, the behavior was reverted
with the male leading duets. During the location phase (Stage 2), the female remained on the same position on the
plant as the male searched and approached her. During Stage 2 the male added another component to the
beginning of the signal, quivering (MCs1), which was alternated with Mcrs and MC. At the moment, it is not
known whether glassy-winged sharpshooter female vibrational signals alone provided directionality to searching
males or if there was a random component in mate search by glassy-winged sharpshooter males. However, males
searched for the female on the plant by alternating a walking behavior and short stops to emit additional signals,
likely to maintain communication with the female. The length of the duet was variable from as few as two calls
each to over 10 calls each and does not appear to be correlated with the final outcome of mating. Mating success
occurred in 55% of the animals (n=20), with one successful pair not dueting. In many cases, females were not
receptive for mating despite long duets with males. To avoid copulation, females lifted the posterior part of the
body and stretched the hind legs to keep males away. Unsuccessful courtship interactions only entered the second
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stage of communication in 55% of the cases (n=5/9), while successful courtship entered the second stage 100% of
the cases (n=12/12). When mating was successful, the couple remained in copula for more than six hours.
Females were able to feed during copula. All mating pairs produced viable progeny.

Analysis of the call structure across the different stages of communication revealed that the length of FC was
shorter in Stage 3 (average 0.70 ± 0.49 s, n=8) than in other stages. In addition, the dominant frequency of FC
reduced from 93 to 68 Hz. Similarly, the dominant frequency of male calls reduced from 100 to 89 Hz between
stages 1 and 2 (Table 1).

Table 1. Description of substrate-borne signals produced during three stages of glassy-winged sharpshooter mate
selection behavior.

Signal Parameter
Stage 1 Stage 2 Stage 3

Chi2 P value
First duet Second duet

N Mean ± SD N Mean ± SD N Mean ± SD N Mean ± SD

Mc
Length (s) 10 1.82 ± 0.53 13 2.15 ± 0.74 9 2.18 ± 0.82 - 2.36 0.31
Df (Hz) 10 100.65 ± 57.85a 13 83.18 ± 8.25ab 9 89.91 ± 50.54b - 9.76 0.007

Mcrs
Length (s) - 12 3.32 ± 0.68 12 3.55 ± 0.56 11 3.46 ± 0.58 2.54 0.28
Df (Hz) - 12 73.22 ± 37.07 12 61.47 ± 42.55 11 59.76 ± 35.20 1.39 0.49

Quivering

Length (s) - - 12 14.82 ± 9.08 9 20.41 ± 13.16 1.35 0.17
n pulses - - 12 61.71 ± 35.4 9 88.15 ± 57.94 1.35 0.17
PRT (S) - - 12 0.23 ± 0.03 9 0.23 ± 0.05 0.22 0.82
Df (Hz) - - 12 55.2 ± 22.29 9 51.7 ± 21.13 0.53 0.59

Fc
Length (s) 10 2.24 ± 0.62a 14 1.83 ± 0.56a 7 1.14 ± 0.73b 8 0.7 ± 0.49b 42.64 <0.001
Df (Hz) 10 93.12 ± 8.05a 14 91.01 ± 7.97a 7 81.24 ± 13.58b 8 68.04 ± 17.69c 38.5 <0.001

Mc = male call, Mcrs = courtship version of Mc, Quivering = train of pulses (see Figure 3), and Fc = female call.
Df = dominant frequency, PRT = pulse repetition time.
For Mc, Mcrs, and Fc the non-parametric Kruskall-Wallis statistical test, followed by the Steel-Dwass pairwise
multiple comparison test, were conducted within rows. For Quivering the Mann-Whitney statistical test were
conducted within rows.
(-) signal was not observed.

Glassy-winged sharpshooter male-male rivalry signals were recorded during establishment of dominance and
subordination between males competing for mates. Different rivalry signals are currently being characterized (see
one example in Figure 5 and preliminary analysis in Table 2). Preliminary data show that visual signals, physical
contact, and specific vibrational signals may be used by the glassy-winged sharpshooter to establish male
hierarchy and thus, preferential access to mates. In relatively more aggressive situations, a male bent the body by
lowering the posterior part of the abdomen, forming an arc. Male rivalry signals were observed after Stages 1 and
2 of male-female communication. In cases where male rivalry was observed, mating occurred in only four of 12
trials. However, glassy-winged sharpshooter females can also be “choosy,” which suggests that both intrasexual
(male-male combat) and intersexual (mate choice) selection may occur in the glassy-winged sharpshooter. While
glassy-winged sharpshooter male rivalry appears to negatively impact courtship behaviors, it is not known if the
overall reproductive success of a male can be artificially affected by playbacks.

In conclusion, the project is providing a detailed description of vibrational communication signals that are key for
understanding fundamental behaviors of the glassy-winged sharpshooter for mating success. Within the next
months, a “library” of glassy-winged sharpshooter signals will be finalized, including the identification and
characterization of signals produced by individuals under different conditions (insects alone and in groups on the
plant). Our work has shown that 1) the glassy-winged sharpshooter uses substrate-borne vibrational signals in
intra- and inter-gender communication, and 2) specific signals are required for the glassy-winged sharpshooter to
achieve mating. Although the role of some signals reported here could be inferred from observations, the role and
relevance of individual signals to insect behaviors can be ultimately determined only when insects are stimulated
via playback of select signals. Pre-recorded glassy-winged sharpshooter signals were used to perform preliminary
playback experiments, where males and females were artificially stimulated to produce natural responses to
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signals transmitted to host plants. In these preliminary trials, communication with glassy-winged sharpshooter
males and females was established using pre-recorded female and male calls, respectively. The ability to establish
a communication channel and elicit glassy-winged sharpshooter response to select signals represents an important
step towards the next goal, which is to determine the role of specific signals in glassy-winged sharpshooter
communication and identify signals capable of influencing glassy-winged sharpshooter behavior for applicative
purposes (e.g., disruption of mating communication, attraction).

Figure 1. Mean time taken for isolated glassy-winged sharpshooter individuals to begin calling (i.e., latency to call).
A) Average male (n=4) and female (n=18) latency to call. B) Female latency to call based on calling rate over a 45
min trial.

Figure 2. Oscillogram (above) and spectrogram (below) of a glassy-winged sharpshooter female call (FC).
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Figure 3. Oscillogram (above) and spectrogram (below) of a glassy-winged sharpshooter male
call (MC2). Three different sections of MC2 are indicated by MCs1, MCs2, and MCs3.

Figure 4. Oscillogram (above) and spectrogram (below) of a duet between a male and female
glassy-winged sharpshooter. FC is a female call and MC1 is a male call.
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Figure 5. Oscillogram (above) and spectrogram (below) of an aggressive signal of a male
glassy-winged sharpshooter produced during a male-male competition for a female.

Table 2. Analysis of spectral and temporal parameters of a glassy-winged sharpshooter aggressive
signal. N = number of individuals analyzed, n = number of signals analyzed per individual, and Df =
dominant frequency. Data are expressed as mean ± sd.

N/n Length(s) Df (Hz)

12/4 2.17  0.54 98.40  31.62
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ABSTRACT
Xylella fastidiosa coordinates its behavior in plants in a cell density-dependent fashion using a diffusible signal
factor (DSF) molecule which acts to suppress its virulence in plants. Artificially increasing DSF levels in
transgenic grape greatly reduced disease severity in both greenhouse and field trials. We are investigating DSF
production in additional transgenic grape varieties to determine the robustness of this strategy of disease control.
X. fastidiosa is relatively promiscuous in its production and perception of various unsaturated fatty acids as DSF
signal molecules and we will explore ways to introduce the common, inexpensive fatty acid palmitoleic acid and
other DSF homologs into plants following direct application. Improved DSF biosensors that we have developed
will enable us to monitor the uptake and redistribution of such molecules in plants. Initial results suggest that the
use of penetrating surfactants introduces sufficient amounts of this DSF-like molecule to alter behavior of X.
fastidiosa in plants. A naturally-occurring Burkholderia strain capable of DSF production that is also capable of
growth and movement within grape has been found that can confer increased resistance to Pierce's disease. We
are exploring the biological control of disease using this strain. The movement of X. fastidiosa within plants and
disease symptoms are greatly reduced in plants in which this Burkholderia strain was inoculated either
simultaneously with or prior to that of X. fastidiosa. These results are quite exciting in that they reveal that
biological control of Pierce’s disease using B. phytofirmans is both robust and may be relatively easy to apply by
various ways of inoculation.

LAYPERSON SUMMARY
Xylella fastidiosa produces an unsaturated fatty acid signal molecule called diffusible signal factor (DSF).
Accumulation of DSF in X. fastidiosa cells, which presumably normally occurs as cells become numerous within
xylem vessels, causes a change in many genes in the pathogen, but the overall effect is to suppress its virulence in
plants by increasing its adhesiveness to plant surfaces and also suppressing the production of enzymes and genes
needed for active movement through the plant. We have investigated DSF-mediated cell-cell signaling in
X. fastdiosa with the aim of developing cell-cell signaling disruption (pathogen confusion) as a means of
controlling Pierce’s disease. Elevating DSF levels in plants artificially reduces its movement in the plant. We will
be introducing the gene conferring DSF production into a variety of different grape cultivars to determine if they
also will exhibit high levels of disease resistant as did the Freedom cultivar previously constructed. Topical
application of commercially available unsaturated fatty acids capable of altering gene expression in X. fastidiosa
with penetrating surfactants can introduce sufficient amounts of these materials to reduce the virulence of the
pathogen. A naturally occurring Burkholderia strain reduces the movement of X. fastidiosa and thereby its
virulence in plants when inoculated prior to or simultaneously with X. fastidiosa. By comparing disease control by
these three methods the most efficacious and practical means of control can be identified.

OBJECTIVES
1. Compare DSF production and level of disease control conferred by transformation of X. fastidiosa RpfF

into several different grape cultivars.
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2. Evaluate the efficacy of direct applications of palmitoleic acid, C16-cis, and related DSF homologs to
grape in various ways to achieve disease control.

3. Evaluate the potential for Burkholderia phytofirmans to multiply, move, and produce DSF in grape plants
to achieve Pierce's disease control.

RESULTS AND DISCUSSION
Introduction
Our work has shown that X. fastidiosa uses DSF perception as a key trigger to change its behavior within plants.
Under most conditions DSF levels in plants are low since cells are found in relatively small clusters, and hence
they do not express adhesins that would hinder their movement through the plant (but which are required for
vector acquisition) but actively express extracellular enzymes and retractile pili needed for movement through the
plant. Disease control can be conferred by elevating DSF levels in grape in various ways to “trick” the pathogen
into transitioning into the non-mobile form that is normally found only in highly colonized vessels – “pathogen
confusion.” Transgenic ‘Freedom’ grape expressing the DSF synthase RpfF from X. fastidiosa are much more
resistant to disease than the wild-type plants in both greenhouse and field trials. Our work has shown, however,
that RpfF is rather promiscuous and X. fastidiosa can both produce and respond to a variety of unsaturated fatty
acids, and the DSF species produced is influenced apparently by the particular substrates available within cells. It
is possible that grape varieties might differ in their ability to produce DSF molecules perceived by X. fastidiosa. It
will be important, therefore, to determine whether commercial grape cultivars can all produce DSF species
capable of altering pathogen behavior in high amounts if transformed with the DSF synthase. Non-transgenic
strategies of achieving pathogen confusion might be preferred by the industry. While endophytic bacteria capable
of producing DSF species is an attractive strategy, until recently, strains capable of growth and movement within
grape could not be found. However, we have now found a Burkholderia strain that both colonizes grape and has
conferred substantial disease control in preliminary studies. We will investigate the interactions of this endophyte
with grape to optimize disease control and determine practical methods of its application. We have found that
X. fastidiosa produces additional DSF species, including 2-Z-hexadecenoic acid (C16-cis), that are much more
active than C14-cis previously found, and the common, inexpensive, unsaturated fatty acid palmitoleic acid is also
reasonably active as a signal molecule in X. fastidiosa. Using a new X. fastidiosa biosensor for DSF in
conjunction with such an abundant, inexpensive molecule we can now thoroughly investigate methods by which
such a molecule can be directly applied to plants to achieve concentrations sufficiently high in the xylem to alter
pathogen behavior and thus achieve disease control.

Objective 1. Production of DSF in a variety of grape cultivars.
While Freedom grape transformed with the X. fastidiosa rpfF gene encoding the DSF synthase produced DSF
species to which X. fastidiosa was responsive, considerable evidence has been accumulated that RpfF is a rather
promiscuous enzyme capable of producing a variety of DSF-like molecules. For example, we detected the
production of C14-cis (XfDSF1), C16-cis (XfDSF2) and surprisingly, even DSF (normally produced only by
Xanthomonas species) in transgenic RpfF-expressing Freedom grape. Likewise, introduction of X. fastidiosa RpfF
into Erwinia herbicola yielded the production not only of XfDSF1 and XfDSF2, but other apparently related enoic
acids not seen in X. fastidiosa itself (data not shown). The enzymatic activity of Bcam0581, a protein highly
homologous to X. fastidiosa RpfF that mediates biosynthesis of DSF in Burkholderia cenocepacia, was recently
shown to both catalyze the dehydration of 3-hydroxydodecanoyl-ACP to cis-2-dodecenoyl-ACP as well as to
cleave the thioester bond to yield the corresponding free acid. We presume that X. fastidiosa RpfF also possesses
these same features, although it probably shows a preference for longer chain 3-hydroxyacyl-ACPs since the DSF
species produced by of X. fastidiosa include 2-Z-tetradecenoic acid. The various enoic acids that can be produced
by RpfF differed substantially in their ability to induce gene expression in X. fastidiosa, with those of longer chain
lengths such as C16-cis being much more active than those of shorter chain lengths. We have also observed that
DSF-mediated signaling in X. fastidiosa by active DSF species such as C16-cis can be blocked in the presence of
certain other trans unsaturated fatty acids. It is therefore possible that in some plants other fatty acid species
indigenous to the plant or induced upon transformation of RpfF might interfere with signaling that would
otherwise be conferred by the production of C16-cis and other “active” DSF species. To verify that the strategy of
production of DSF in RpfF-containing transgenic grape is a robust one, widely applicable in a variety of grape
cultivars, we are comparing the production of DSF species in such a variety of grape cultivars. In addition, it
seems likely that targeting RpfF to cellular compartments where the substrates for DSF synthesis may be more
abundant could lead to enhanced production of this signal molecule. We thus are comparing the amount and types



 

 
 

 

 
 

of DSF produced, and disease susceptibility, in transgenic plants in which RpfF is targeted to plastids and in 
plants in which it is not targeted. 

RpfF was initially introduced only into Freedom grape, because it was the only variety for which transformation 
was feasible at that time. Continuing work by David Tricoli at the UC Davis Plant Transformation Facility has 
now made it possible to transform Thompson Seedless as well as the wine grapes Chardonnay and Cabernet 
Sauvignon and the advanced rootstock varieties 1103 and 101-14. In addition to untargeted expression of RpfF, 
we have produced constructs which target RpfF to the chloroplast of grape by fusing the small subunit 78 amino 
acid leader peptide and mature N-terminal sequences for the Arabidopsis ribulose bisphosphate carboxylase 
(which is sufficient to target the protein to the chloroplast) to RpfF. Transformation of the various grape varieties 
is being conducted at the UC Davis Plant Transformation Facility. The lines being produced and tested are shown 
in Table 1. 

Table 1. 

Variety 
Gene Introduced 

Untargeted 
RpfF 

Chloroplast-
targeted RpfF 

Thompson Seedless + + 
Chardonnay + + 
1103 + + 
101-14 + + 
Richter 110 + + 
Freedom done + 

Transformation of the various varieties is underway, with some transformed plants already delivered, but we 
expect that it will take at least an additional six months to produce the remaining plants. There has been little 
experience in transformation of Richter 110 and Chardonnay, and so their successful transformation may take 
longer than the other cultivars. Between five and 10 individual transformants will be produced for each variety / 
construct combination. Because the expression of rpfF in a given transformant of a given plant line will vary due 
to the chromosomal location of the randomly inserted DNA, it will be necessary to identify those lines with the 
highest levels of expression. To most rapidly identify those transformants with high level expression of rpfF and 
production of DSF, three assays that can be rapidly employed on seedling plants will be conducted to identify the 
most promising transformants: 

1) The expression of rpfF will be assessed by quantitative RT-PCR of RNA isolated from individual leaves 
of the transformed plant after they are grown to a height of approximately 40 cm. 

2) The distal 20 cm of each 40-cm high plant will be excised, placed in a pressure bomb, and xylem sap 
extruded under pressure. The xylem sap collected from each plant by this method will be assessed for the 
presence of DSF species capable of inducing gene expression in X. fastidiosa by adding it to micro-
cultures of a phoA mutant of X. fastidiosa harboring a hxfA:phoA reporter gene fusion. The alkaline 
phosphatase activity of the cells of this DSF biosensor is proportional to the concentration of various DSF 
species. This assay will not only identify those transformants within a given variety that maximally 
express the introduced rpfF gene, but will provide early evidence of those species capable of producing 
DSF species to which X. fastidiosa is maximally responsive. 

3) A functional “cell release” assay to determine those transformed lines in which X. fastidiosa exhibits the 
highest adhesiveness, (expected of DSF-producing lines) will also be performed on the decapitated plant 
after extraction of xylem sap. The proportion of cells released from plants in such an assay is inversely 
proportional to the concentration of DSF in those plants (DSF-producing plants induce stickiness of 
X. fastidiosa and they are thus not released). 

The composition of DSF species present in xylem sap and their aggregate signaling activity will be assessed by 
extracting xylem sap from mature plants of each of the two best transformed lines of a given variety / construct 
forwarded for further analysis. Mass spectrometry analysis of the plant xylem sap-extracts will be performed 
using an LTQ Orbitrap XL mass spectrometer equipped with an electrospray ionization (ESI) source. DSF species 
will be identified by their m/Z ratio, with XfDSF, XfDSF2, and DSF (having m/Z ratios of 225.18, 253.22, and 
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211.17, respectively) being readily distinguished in xylem sap of RpfF-expressing Freedom. We will also resolve
other chemical species found in RpfF-expressing lines that are not found in control plants by a similar procedure.
We expect that more than one enoic acid will be produced in a given line expressing RpfF.

Objective 2. Direct application of DSF to plants.
Several recent findings in our laboratory of the process of DSF-mediated signaling in X. fastdiosa suggest that
Pierce’s disease control by direct application of DSF to plant surfaces is both feasible and practical. Studies of the
context-dependent production of DSF reveals that DSF species such as XfDSF2 are far more active than XfDSF1
which was originally described (Figure 1). While topical applications of XfDSF1 to grape provided modest
reductions in disease severity, applications of XfDSF2 should be far more efficacious. Studies of applications of
XfDSF2 were hindered by a limitation of the amount of this material that we could chemically synthesize.
Fortunately, our studies of the promiscuity of DSF signaling in X. fastidiosa reveal that it is quite responsive to
the cheap, commercially available, enoic acid palmitoleic acid (Figure 1).

Figure 1. Responsiveness of a PhoA-based X. fastidiosa DSF biosensor to different concentrations of XfDSF1
(top molecule), XfDSF2 (middle molecule), and palmitoleic acid (bottom molecule).

While about eight-fold more palmitoleic acid is required to induce gene expression in X. fastidiosa than XfDSF2,
it is much more active than XfDSF1 itself. We therefore will conduct a variety of studies to address how such
molecules could be introduced into plants in different ways to achieve pathogen confusion. While most studies
will use palmitoleic acid, we also will conduct comparative studies using synthetic XfDSF2 and XfDSF1.

We are investigating several strategies by which direct application of DSF molecules can reduce Pierce’s disease.
While we will determine the effects of application of DSF homologs on disease severity of plants inoculated with
X. fastidiosa in some studies, direct monitoring of DSF levels in treated plants is a MUCH more rapid and
interpretable strategy of assessing this strategy of disease control. As DSF must enter the xylem fluid in order to
interact with the xylem-limited X. fastidiosa in plants, we have been assessing DSF levels in xylem sap of plants
treated in different ways using the PhoA-based X. fastidiosa biosensor as described above. We are addressing four
main issues that we hypothesize to limit the direct introduction of DSF into plants:

1) The penetration of DSF through leaves and other plant tissues may be slow or inefficient;
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2) DSF may readily enter plant tissues but only slowly enter the xylem sap;
3) DSF may be degraded after introduction into plants; and
4) DSF may enter plants more readily via certain tissues than others (e.g., it may readily be taken up via the

roots but more slowly from leaves).

We thus are measuring DSF species levels in 1) xylem sap, as well as in 2) leaf, stem, and root tissue after
removal of xylem sap after applying synthetic DSF to (A) foliage, (B) direct injection into stems, and (C) applica-
tion to roots as a drench.

As DSF species are somewhat hydrophobic, a variety of adjuvants are being tested for their effects on enhancing
their introduction into plants. For example, detergents and solubilizing materials such as Solutol HS15 may
greatly increase the penetration and dispersal of DSF and its analogs. We thus are suspending the hydrophobic
materials in such carriers prior to foliar sprays or stem injections. We also are assessing the efficacy of applying
DSF molecules with surfactants such as Breakthru that have very low surface tension. Solutions in such organo-
silicon surfactants have sufficiently low surface tension that they spontaneously infiltrate leaves through stomatal
openings. Considerable preliminary results have already been obtained on the ability of such topically-applied
palmitoleic acid solutions to enter into the plants. Apparent DSF signaling activity was measured using the
biosensors noted above. We inoculated grape with solutions of palmitoleic acid with different concentrations of
the surfactants Breakthru and Triton X-100 as well as the solubilizing agents DMSO and Solutol. Palmitoleic acid
was applied at a concentration of 10 mM to plants both as a foliar spray and a stem injection. While high
concentrations of several of these detergents or solubilizing agents caused phytotoxicity, no or limited
cytotoxicity was observed at a concentration of less than 0.2% Breakthru, 0.2% Triton X-100, 1% DMSO, or
1% Solutol. The effectiveness of these agents in introducing palmitoleic acid into grape tissue was assessed by
assessing the ability of sap extracted from individual leaves using a pressure bomb to induce the expression of
alkaline phosphatase activity in the X. fastidiosa Xf:phoA biosensor. The initial results of these studies reveal that
substantial amounts of palmitoleic acid could be introduced into grape leaves applied as a foliar spray with
0.2% Breakthru (Figure 2). Lesser amounts could be introduced with foliar sprays including Solutol and DMSO.
As a registered surfactant for use in agriculture, Breakthru has the potential to be a practical delivery agent. The
efficacy of this material is probably associated with its extraordinarily low surface tension that enables
spontaneous stomatal infiltration of leaves with aqueous solutions containing 0.2% of this detergent. Thus,
solutions of fatty acid supplied with this concentration of surfactant appear to bypass the cuticular surface as a
means of entering the intercellular spaces and presumably also the vascular tissue. These results using penetrating
surfactants are very promising and will be a focus of continuing work.

Figure 2. Alkaline phosphatase activity exhibited by 10 µl aliquots of xylem sap extracted under pressure
from individual leaves of grape plants treated with 10 mM palmitoleic acid with the various surfactants
noted when applied as a foliar spray (left) or a stem injection (right).
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These most promising treatments were also applied to grape plants to evaluate their efficacy in reducing the
symptoms of Pierce’s disease. Initial application of palmitoleic acid was followed two weeks later by inoculation
with X. fastidiosa. The palmitoleic acid treatments were re-applied every three weeks until nine weeks. Disease
assessments of plants treated with palmitoleic acid in various ways are being assessed, with final results expected
by the end of October 2015.

In addition to directly assessing DSF levels within plants as above, the adhesiveness of X. fastidiosa cells
inoculated into treated plants are also being determined using the cell release assay described above. Since the
virulence of various X. fastidiosa mutants is inversely related to their release efficiency, and cells are released at a
much lower rate from transgenic RpfF-expressing grape that produce DSF that are resistant to disease, we expect
that treatments with exogenous DSF that reduce the release efficiency of X. fastidiosa cells when measured two
weeks or more after inoculation will also be most resistant to disease. This assay is far quicker than assays in
which disease symptoms must be scored after several months of incubation, and will be employed during those
times of the year such as the fall and winter when disease symptoms are difficult to produce in the greenhouse.

In addition to the use of purified fatty acids we also are evaluating mixtures of fatty acids for their ability to alter
the behavior of X. fastidiosa. Macadamia nut oil contains a very high concentration of palmitoleic acid (23%). We
have saponified macadamia nut oil by treatment with sodium hydroxide to yield the sodium salts of the
constituent fatty acids. In promising preliminary results, we find that this fatty acid mixture has DSF signaling
activity. Alkaline phosphatase activity exhibited by the X. fastidiosa Xf:phoA biosensor increased with increasing
concentrations of the mixture of fatty acids in the soap prepared from the saponified macadamia nut oil
(Figure 3). Apparently the other saturated fatty acids that would be found in the lipids of macadamia oil do not
strongly interfere with DSF signaling of the palmitoleic acid in this soap. This saponified plant oil is thus very
attractive as inexpensive sources of DSF homologs that could be directly applied to grape. We will focus continu-
ing studies on the assessment of saponified plant oils as foliar or soil applied treatments to manage X. fastidiosa.

Figure 3. Alkaline phosphatase activity exhibited by the X. fastidiosa Xf:phoA biosensor exposed to
increasing concentrations of saponified macadamia nut oil as well as one uM XfDSF2, three uM palmitoleic
acid, or a negative control with no added DSF.

Studies were also conducted to determine the process by which X. fastidiosa perceives DSF so as to better
understand how to supply DSF molecules to the plants to alter the behavior of this pathogen. Most DSF
molecules, especially those having relatively long acyl chain lengths such as C16-cis, are expected to have
relatively low water solubility. It is clear that DSF can be acquired by X. fastidiosa from water solutions since
changes in gene expression are observed when DSF is applied to cultures. However, because of their low water
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solubility, cells of X. fastidiosa may also acquire such extracellular molecules via mechanisms that are not
dependent on the solubility of these signal molecules in water. To test this, the responsiveness of the X. fastidiosa
Xf:phoA biosensor to DSF recovered at various times from cultures of X. fastidiosa in different ways was
assessed. In preliminary experiments, substantial signaling activity was recovered from entire broth cultures
(containing both cells and cell-free supernatants) when ethyl acetate extracts were exposed to the X. fastidiosa
Xf:phoA biosensor (Figure 4). Much less signaling activity was recovered from ethyl acetate extracts of cell-free
culture supernatants of these same cultures (Figure 4). Interestingly, substantial signaling activity was observed
when the X. fastidiosa Xf:phoA biosensor was exposed to culture supernatants themselves (prior to extraction with
ethyl acetate; Figure 4). These results suggest that at least a portion, and perhaps a large portion, of the DSF and
cultures of X. fastidiosa are associated with particulate material, probably either cells themselves or in outer
membrane vesicles produced by X. fastidiosa. Furthermore, these results also suggest that X. fastidiosa efficiently
perceives DSF supplied by particulate material. The most parsimonious explanation for these preliminary results
is that DSF occurs both in a water soluble form and also associated with hydrophobic particles such as membrane
vesicles, and that membrane vesicles might serve as a conduit by which DSF transits between cells of X. fastidi-
osa. While further studies are underway to better understand the apparent role of particulate material in the cell-
cell signaling of X. fastidiosa, these results suggest that delivery of DSF to plants in a manner that would
maximize its ability to alter the behavior of X. fastidiosa could be facilitated by providing lipophilic carriers. The
observation that the maximal detection of DSF when delivered to plants using detergents such as Breakthru and
Triton X-100 might be partially explained by the fact that such detergents could form micels capable of transiting
DSF into X. fastidiosa cells. This important delivery will guide our continued studies to formulate DSF in a way
that it can both enter plants and be readily acquired by X. fastidiosa. We will explore various detergents and oil
emulsions for their ability to maximize perception of DSF by cells of X. fastidiosa.

Figure 4. Alkaline phosphatase activity exhibited by the X. fastidiosa Xf:phoA biosensor exposed to ethyl
acetate extracts of total broth cultures of X. fastidiosa harvested at various times (left), of ethyl acetate extracts
of cell-free culture supernatants from cultures harvested at various times (middle), and of cell-free culture
supernatants from cultures harvested at various times (but not extracted with ethyl acetate) (right), as well as
assays with no added DSF (neg. control) and assay with three uM XfDSF2 (pos. control).

Extensive studies are under way in which various concentrations of palmitoleic acid as well as different
concentrations of sodium salts of saponified macadamia nut oil are being applied to the foliage of Cabernet
Sauvignon grape with various concentrations of the penetrating surfactant Breakthru to alter the behavior of
X. fastidiosa. Individual leaves are being assayed weekly on treated vines and the xylem sap expressed under
pressure, and the small volume of xylem sap being assayed for DSF activity using the X. fastidiosa Xf:phoA
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biosensor. In addition, some of these plants were also inoculated with X. fastidiosa both before and after
application of the fatty acids, and disease severity is being measured weekly. As these studies were initiated in
mid-summer, disease symptoms are just now starting to appear, and so a full report on the efficacy of these fatty
acids in conferring resistance to Pierce’s disease will be available by late October 2015.

Objective 3. Biological control with Burkholderia phytofirmans PsJN.
While the biological control of Pierce’s disease with endophytic bacteria that would grow within grape and
produce DSF has been an attractive strategy, until recently we have been unable to find bacteria capable of
exploiting the interior of grape. All of hundreds of strains isolated from within grape by our group as well as that
of Dr. Bruce Kirkpatrick exhibited no ability to grow and move beyond the point of inoculation when re-inocula-
ted. We have recently, however, found that B. phytofirmans stain PsJN which had been suggested to be an
endophyte of grape seedlings multiplied and moved extensively in mature grape plants (Figure 5). Its population
size and spatial distribution in grape within six weeks of inoculation was similar to that of X. fastidiosa itself,
suggesting that it is an excellent grape colonist. Furthermore, DSF production has been demonstrated in certain
other Burkholderia species and the genome sequence of B. phytofirmans revealed that it has a homologue of
X. fastidiosa rpfF. While we have no evidence for its production of a DSF species to which X. fastidiosa could
respond, the promiscuous nature of RpfF in X. fastidiosa and other species suggested that it might make DSF
species to which X. fastidiosa would respond under some circumstances, such as one growing within plants.
Preliminary results suggest that co-inoculation of X. fastidiosa and B. phytofirmans resulted in greatly reduced
disease symptoms compared to plants inoculated with X. fastidiosa alone; whereas the number of infected leaders
of plants inoculated with X. fastidiosa alone increased rapidly after week 12, very little disease was observed in
plants inoculated with X. fastidiosa and B. phytofirmans (Figure 5).

0

1

2

3

4

5

6

7

POI 10 cm 20 cm 30 cm 40 cm 100 cm

B
u
rk
h
o
ld
e
ri
a
sp
.P

sJ
n
ri
f
p
o
p
.(
lo
g)

Distance (cm)

6 weeks

‐2

0

2

4

6

8

10

12

14

16

week 12 week 14 week 16

A
ve
ra
ge

o
f
sy
m
p
to
m
at
ic
le
av
e
s

Xf ‐PhoaA & Burk

Xf‐PhoA alone

Burk alone

control

Figure 5. Left: Population size of B. phytofirmans in Cabernet Sauvignon grape at various distances from the point
of inoculation after six weeks incubation. Right: Severity of Pierce’s disease of Cabernet Sauvignon at various times
after inoculation with X. fastidiosa alone (red) or when co-inoculated with B. phytofirmans (blue).

Given the promising results of the reduction of severity of Pierce’s disease in grapes treated with B. phytofirmans
we performed additional experiments in which X. fastidiosa was co-inoculated with B. phytofirmans, as well as
when B. phytofirmans both preceded or followed inoculation of plants with X. fastidiosa by 30 days. As observed
before, the severity of Pierce’s disease of plants co-inoculated with B. phytofirmans and X. fastidiosa averages
less than one leaf per vine compared to over nine leaves per vine on plants inoculated with the pathogen alone
(Figure 6). Importantly, the severity of Pierce’s disease was also substantially less on plants in which inoculation
with B. phytofirmans followed inoculation with the pathogen by 30 days than on control plants inoculated only
with the pathogen (3.5 leaves per vine compared to nine leaves per vine, respectively; Figure 6). Almost no
disease was observed on plants inoculated with B. phytofirmans 30 days prior to inoculation with the pathogen
(Figure 6), although one must recognize that these plants did not have as long a time period in which disease
could develop since they were inoculated with the pathogen 30 days later then control plants inoculated only with
the pathogen; we are continuing to assess the development of disease in these plants. These results are quite
exciting and confirmed that B. phytofirmans can confer high levels of disease resistance in grape, both when co-
inoculated with the pathogen and also when inoculated into plants already infected with X. fastidiosa. It might be
anticipated that pre-inoculation of plants with B. phytofirmans will yield the largest degree of disease resistance.



- 118 -

The initial studies obtained here confirm such an expectation although repeated experiments underway are
designed to confirm that disease will not eventually occur in plants pretreated with B. phytofirmans.

Figure 6. Severity of Pierce’s disease symptoms (number of symptomatic leaves/vine) on Cabernet
Sauvignon plants inoculated only with B. phytofirmans, only with X. fastidiosa (blue bar), or co-inoculated
with X. fastidiosa and B. phytofirmans (gray bar). Also shown is disease severity on plants inoculated with
B. phytofirmans 30 days before inoculation with X. fastidiosa (black bar) as well as on plants inoculated with
X. fastidiosa 30 days after inoculation with B. phytofirmans (red bar). The vertical bars represent the standard
error of the determination mean disease severity.

While the mechanism by which B. phytofirmans reduces the severity of Pierce’s disease remains somewhat
unclear, the biological control activity conferred by this bacterium is associated with its ability to reduce the
population size of X. fastidiosa in inoculated plants. The population size of X. fastidiosa at various locations along
the stem from the point of inoculation in plants inoculated only with the pathogen or inoculated both with the
pathogen and B. phytofirmans in the experiment described in Figure 6 were assessed. Relatively high population
sizes of X. fastidiosa were recovered from stem segments collected from 30 to 300 cm away from the point of
inoculation in plants inoculated only with the pathogen (Figure 7). As expected, the highest population sizes were
seen within the first 120 cm, but population sizes greater than 100 cells per gram were observed as much as
200 cm away from the point of inoculation. In contrast, the population size of X. fastidiosa was much lower at a
given distance away from the point of inoculation in plants co-inoculated with X. fastidiosa and B. phytofirmans
(Figure 8). Whereas population sizes of the pathogen were usually in excess of 104 cells per gram in stem
segments within 120 cm of the point of inoculation in plants inoculated with the pathogen alone, the pathogen
population sizes were much lower, decreasing from a high of 102.5 to less than 10 cells per gram in plants co-
inoculated with B. phytofirmans (Figure 8). Consistent with the somewhat lower ability to produce severity of
Pierce’s disease, the reduction in population sizes of X. fastidiosa conferred by inoculation of plants with B. phy-
tofirmans 30 days after that of the pathogen were somewhat less than that conferred by co-inoculation (Figure 9).
While population sizes of X. fastidiosa were generally in excess of 104 cells per gram in stem segments within
120 cm of the point of inoculation in plants inoculated only with the pathogen, population sizes were generally
less than about 100 cells/g in plants inoculated with B. phytofirmans 30 days after inoculation with the pathogen
(Figure 9). When considered over all treatments, there was a clear relationship between the population size of
X. fastidiosa in the stems of plants treated with B. phytofirmans or not and the severity of Pierce’s disease
(Figure 10). Surprisingly, when assessed 12 weeks after inoculation, the population sizes of B. phytofirmans in
inoculated plants, irrespective of whether X. fastidiosa was also inoculated into the grape plants, were quite low,
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but disease severity was lowest in those plants in which B. phytofirmans populations were the highest
(Figure 11). Given that previous experiments had shown that B. phytofirmans had rapidly colonized grape and
had achieved relatively large population sizes at considerable distances away from the point of inoculation within
six weeks (Figure 5), it appears that viable cells did not persist in plants for as much as 12 weeks. These results
suggest that the interactions of B. phytofirmans with either the plant or X. fastidiosa occur early in the infection
process. The fact that the inoculation of plants with B. phytofirmans reduces population sizes of X. fastidiosa most
at sites distal to the point of inoculation suggests that it had reduced the motility of the pathogen. Such an effect
would be expected if it stimulated DSF-mediated quorum sensing. That is, the behavior of X. fastidiosa in plants
treated with B. phytofirmans was similar to that seen in transgenic plants harboring X. fastidiosa rpfF that produce
DSF.

Figure 7. Population size of X. fastidiosa in the stems of grapes at various distances from the point of
inoculation of the pathogen alone when measured 12 weeks after inoculation. The vertical bars represent
the standard error of the mean population size/g.

Figure 8. Population size of X. fastidiosa in the stems of grapes at various distances from the point of inocu-
lation of the pathogen when co-inoculated with B. phytofirmans (blue) or populations of B. phytofirmans
(orange). The vertical bars represent the standard error of the mean population size/g.
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Figure 9. Population size of X. fastidiosa in the stems of grapes at various distances from the point
of inoculation of the pathogen when inoculated with B. phytofirmans 30 days after the pathogen
(orange) or B. phytofirmans (blue). The vertical bars represent the standard error of the mean
population size/g.

Figure 10. Relationship between mean population size of X. fastidiosa recovered from plants 12 weeks after
inoculation of plants with only the pathogen (blue symbols), inoculated with B. phytofirmans 30 days after
the pathogen (orange symbols), or co-inoculated with X. fastidiosa and B. phytofirmans (black symbols).
Each symbol represents mean population sizes achieved in a given plant.
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Figure 11. Relationship between mean population size of B. phytofirmans recovered from plants 12 weeks
after inoculation of plants with B. phytofirmans only (blue symbols), inoculated with B. phytofirmans 30
days after the pathogen (orange symbols), or co-inoculated with X. fastidiosa and B. phytofirmans (black
symbols). Each symbol represents mean population sizes achieved in a given plant.

While the droplet puncture method used in Figure 5 to introduce B. phytofirmans is an effective way to introduce
bacteria into the xylem, we have investigated the potential to introduce B. phytofirmans into the vascular tissue by
topical application to leaves using 0.05% Silwet L77, an organo-silicon surfactant with sufficiently low surface
tension that spontaneous invasion of plant tissues can be achieved. The population size of B. phytofirmans in the
petioles of leaves distal from the leaf on which cell suspensions in L77 (108 cells/) have been applied were used as
a measure of growth and movement potential from such an inoculation site. Substantial numbers of cells of
B. phytofirmans could be recovered from petioles within one or two weeks after topical application to leaves in
the presence of Silwet L77 or Breakthru (Figure 12). Very few cells were present in petioles when the bacterium
was applied without a penetrating surfactant. Topical application of such an endophyte thus appears to be a very
practical means of inoculating plants in the field.

Figure 12. Population size of B. phytofirmans in petioles of Cabernet Sauvignon plants sprayed with
this strain alone (blue line) or this strain applied with 0.2% Breakthru (gray line), or of Erwinia
herbicola strain 299R applied with 0.2% Breakthru (orange line). Vertical bars represent the mean of
the log population size at a given sampling time.
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The ability of B. phytofirmans to achieve biological control of Pierce’s disease when co-inoculated with X. fastidi-
osa and when applied at various times prior to that of the pathogen was further assessed by measuring the popula-
tion sizes of both X. fastidiosa and B. phytofirmans at various points distal to the point of pathogen inoculation, as
well as of disease symptoms at weekly intervals as above. As was observed previously, B. phytofirmans cells
moved well beyond the point of inoculation and reached relatively high population sizes either four weeks after
inoculation (data not shown), or eight weeks after inoculation (Figure 13). Detectable populations of B. phytofir-
mans could be found as much as 120 cm away from the point of inoculation within eight weeks of inoculation.
Importantly, while high populations of X. fastidiosa were found throughout plants, to a distance of at least 120 cm
from the point of inoculation when measured eight weeks after inoculation, no detectable cells of the pathogen
could be found at this time in plants co-inoculated with B. phytofirmans (Figure 13).

Figure 13. Population size of X. fastidiosa in various locations from the point of inoculation in stems of Cabernet
Sauvignon plants inoculated only with the pathogen (top left), or in plants co-inoculated with B. phytofirmans (orange
symbols, bottom). Also shown is a population size of B. phytofirmans in plants inoculated only with this biological
control agent (top right), or in plants co-inoculated with X. fastidiosa (blue line, bottom). The vertical bars represent
the standard error of the determination of the mean population size normalized per gram of tissue.

Assessment of disease severity in Cabernet Sauvignon plants treated with B. phytofirmans in various ways both
before and after inoculation with X. fastidiosa revealed that dramatic reductions in disease occurred, irrespective
of the matter in which the biological control agent was applied (Figure 14). As observed before, no disease
symptoms were observed when B. phytofirmans was co-inoculated with X. fastidiosa by needle puncture,
consistent with the lack of cells of the pathogen remaining in plants co-inoculated with this biological control
agent (Figures 13 and 14). In very exciting results we noted that disease severity was greatly reduced on plants in
which B. phytofirmans was applied by spray inoculation shortly before that of the pathogen (Figure 14). Like-
wise, inoculation of B. phytofirmans even 30 days after that of the pathogen led to a great reduction in disease
severity (Figure 14). Additional experiments are underway to determine to what extent the reduction in popula-
tions of the pathogen in plants inoculated with B. phytofirmans require a coincidence of the pathogen and the
biological control agent to be mediated, and the extent to which the suppression of the pathogen and hence disease
symptoms might be conferred by an effect of B. phytofirmans on the plant itself, such as by inducing some form
of host defense. These results, however, are quite exciting in that they reveal that biological control of Pierce’s
disease using B. phytofirmans is both robust and may be relatively easy to apply by various ways of inoculation.
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Figure 14. Severity of Pierce’s disease of Cabernet Sauvignon at various times after inoculation with X.
fastidiosa alone (light blue); inoculation of X. fastidiosa to plants in which B. phytofirmans had been applied
by spray inoculation with 0.2% Breakthru (yellow); co-inoculation of X. fastidiosa and B. phytofirmans by
needle (gray); B. phytofirmans alone needle-inoculated (orange); co-inoculation of X. fastidiosa and a B.
phytofirmans rpf mutant by needle inoculation (black); mock inoculation with buffer only (dark blue);
inoculation of B. phytofirmans by droplet puncture 30 days prior to that of X. fastidiosa (green); inoculation of
B. phytofirmans by spray application with 0.2% Breakthru 30 days before inoculation with X. fastidiosa
(purple); inoculation with X. fastidiosa 30 days before inoculation with B. phytofirmans (red); and mock
inoculation with buffer (dark blue). The vertical bars represent the standard error of the determination of the
mean number of symptomatic leaves measured at a given time.

Considerable effort has been made during this reporting period to better understand the mechanisms by which
B. phytofirmans alters the behavior of X. fastidiosa in plants. DSF production has been described in other
Burkholderia species including B. ceonocepacia. Furthermore, the genome sequence of B. phytofirmans PsJN has
been determined, allowing us to putatively identify a gene with some homology to X. fastidiosa and Xanthomonas
campestris rpfF, that thus might be expected to lead to the production of fatty acids capable of conferring
signaling activity like that of DSF species. We therefore made a site-directed deletion mutant of the putative rpfF
gene in B. phytofirmans. We subsequently investigated whether ethyl acetate extracts of wild-type B. phytofir-
mans culture supernatants or rpfF mutants of B. phytofirmans could alter the expression of genes in either
X. campestris or X. fastidiosa that were known to be regulated by the presence of various DSF species.
Interestingly, relatively strong induction of the eng:gfp reporter gene fusion in X. campestris was observed when
the biosensor was exposed to extracts of both the wild-type and rpfF mutant of B. phytofirmans (Figures 15 and
16). These results suggest that, indeed, B. phytofirmans was capable of producing a DSF-like molecule that
X. campestris could respond to. It also suggested, however, that the putative rpfF gene that we had removed was
not responsible for producing the putative signal molecule. In contrast to the results that revealed that X. campes-
tris could respond to the putative signal molecule from B. phytofirmans, little or no change in expression of the
phoA reporter gene was observed when the X. fastidiosa Xf:phoA biosensor was exposed to ethyl acetate extracts
of either the wild-type or rpfF mutant of B. phytofirmans (data not shown). Given that X. fastidiosa and X. cam-
pestris respond to different DSF species, it was not unexpected that they might differentially respond to the signal
molecule apparently made by B. phytofirmans.



- 124 -

0

10000

20000

30000

40000

50000

60000

70000

80000

1 10 25 50 75 100 DSF Ctrl

G
FP
/O

D

WT Burk DSF extract #4

Figure 15. Normalized GFP fluorescense exhibited by the X. campestris pv. campestris DSF bio-
sensor strain harboring an eng:gfp reporter gene when exposed to different concentrations of ethyl
acetate extracts (100 ml of supernatant extracted into 1 ml of solvent) from a wild-type B. phytofir-
mans strain. Shown on the abscissa are different ul aliquots of the extract added to a 1 mL culture of
the biosensor as well as a culture of the biosensor exposed to 1 uM DSF, or to no added material (ctrl).
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Figure 16. Normalized green fluorescent protein (GFP) fluorescense exhibited by the X. campestris
pv. campestris DSF biosensor strain harboring an eng:gfp reporter gene when exposed to different
concentrations of ethyl acetate extracts (100 ml of supernatant extracted into 1 ml of solvent) from a
wild-type B. phytofirmans (blue bars) or an rpfF mutant (red bars). Shown on the abscissa are different
ul aliquots of the extract added to a 1 mL culture of the biosensor as well as a culture of the biosensor
exposed to 1 uM DSF, 1 uM Burkholderia diffusible signal factor (BDSF), or to no added material
(ctrl).

While we did not detect a change in apparent expression of the hxfA promoter linked to the phoA reporter gene in
the X. fastidiosa Xf:phoA biosensor when it was exposed to either ethyl acetate extracts of culture supernatants of
B. phytofirmans or small amounts of culture supernatant themselves, we observed that the biofilm formation
(apparent adhesiveness) of X. fastidiosa was dramatically higher when either ethyl acetate extracts of culture
supernatant or culture supernatant itself from B. phytofirmans was added to cultures of either wild-type or rpfF*
mutants of X. fastidiosa (Figure 17). Not only was the amount of bacterial biomass that accumulated in the “ring”
which formed at the media/air interface and shake cultures greater, but more importantly, substantial numbers of
cells of X. fastidiosa adhered to the walls of class culture flasks below the ring, in the area exposed to turbulent
mixing of the culture during shaking (Figure 15). These results suggested that the adhesiveness of X. fastidiosa
was dramatically higher in the presence of some component of the culture supernatant of B. phytofirmans.
Furthermore, the fact that biofilm formation was by extracts of both the wild-type and putative rpfF mutant of
B. phytofirmans suggested that the putative rpfF gene of B. phytofirmans was not involved in production of the
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signal molecule that induced biofilm formation. The enhanced biofilm formation conferred by culture superna-
tants of B. phytofirmans was readily quantified by determining the biomass of X. fastidiosa cells by crystal violet
staining (Figure 18). The biomass of X. fastidiosa cells in biofilms was over two-fold higher in the presence of
culture supernatant of either a wild-type or rpfF mutant of B. phytofirmans (Figure 18).

Figure 17. Biofilm formation of wild-type X. fastidiosa grown in PD three media alone (left), or in media
containing 20%v/v of culture supernatant of wild-type B. phytofirmans (center) or a putative rpfF mutant of
B. phytofirmans (right).
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Figure 18. Optical density measured at 595 nm of ethanol extracts of biofilms of X. fastidiosa
recovered from shake cultures as in Figure 15 after staining with crystal violet.

Interestingly, a large increase in biofilm formation could be conferred by relatively small amounts of extracts of
either wild-type or the rpfF mutant of B. phytofirmans, while higher concentrations appeared to lead to some
inhibition of X. fastidiosa growth, and hence biofilm formation (Figure 19). These results are quite exciting in
that they suggest strongly that B. phytofirmans produces a signal molecule to which X. fastidiosa responds,
leading to its increased adhesiveness. It is unclear whether the signal molecule is a fatty acid related to DSF. It is
quite possible that X. fastidiosa can perceive the putative signal molecule of B. phytofirmans using receptors
different from those used to detect DSF itself, and that detection of the putative signal molecule of B. phytofir-
mans might lead to expression of somewhat different genes than of DSF itself. Work to determine the identity of
the signal molecule is underway. The ability of this putative signal molecule to increase the apparent adhesiveness
of X. fastidiosa is sufficient to explain the relatively dramatic biological control conferred by co-inoculation or
pre-inoculation of plants with B. phytofirmans. As with DSF itself, increasing the adhesiveness of X. fastidiosa
would restrict its ability to move within the plant. Given that the putative signal molecule made by B. phytofir-
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mans is both a small molecule and active at quite low concentrations, it suggests that it might be readily diffusible
throughout the plant, again explaining why biological control conferred by B. phytofirmans appears to be so
robust.

Figure 19. Optical density measured at 595 nm of ethanol extracts of biofilms of an rpfF* mutant
of X. fastidiosa grown with either no (4*), five, 10, or 100 µL of an ethyl acetate extract ((100 ml of
supernatant extracted into 1 ml of solvent) of a wild-type B. phytofirmans strain (left), or putative
rpfF mutant of B. phytofirmans (right), added to cultures when cells were recovered from shake
cultures as in Figure 15 after staining with crystal violet.

CONCLUSIONS
Experimentation is well underway in producing a variety of additional DSF-producing grape varieties. Some of
the plants have already been delivered, while the remainder should be delivered within the next few months.
Considerable additional work will be needed to assess their production of DSF and disease resistance, but we are
optimistic that they also will show at least as high a level of disease resistance as seen in earlier studies with
Freedom grapes. Preliminary results using penetrating surfactants to introduce commercially-available fatty acids
capable of inducing signaling in X. fastidiosa are quite promising, and we feel that this strategy of conferring
disease resistance by direct introduction of the signal molecule can be better optimized by further attention on
different formulations and delivery mechanisms. We are particularly excited about the opportunities for biological
control of Pierce’s disease using the endophytic bacterium Burkholderia phytofirmans. Not only is the bacterium
the first that we have ever found that readily colonizes grape, but we continue to see very dramatically-lower
disease severity on plants treated with this bacterium both before and after inoculation with X. fastidiosa. These
results are quite exciting in that they reveal that biological control of Pierce’s disease using B. phytofirmans is
both robust and may be relatively easy to apply by various ways of inoculation.
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ABSTRACT
A cell density-dependent gene expression system in Xylella fastidiosa mediated by a small signal molecule called
diffusible signal factor (DSF) which we have now characterized as 2-Z-tetradecenoic acid (hereafter called C14-
cis) and 2-Z-hexadecenoic acid (C16-cis) controls the behavior of X. fastidiosa. The accumulation of DSF
attenuates the virulence of X. fastidiosa by stimulating the expression of cell surface adhesins such as HxfA,
HxfB, XadA, and FimA which make cells sticky and hence suppress its movement in the plant while down-
regulating the production of secreted enzymes such as polygalacturonase and endogluconase which are required
for digestion of pit membranes and thus for movement through the plant. Artificially increasing DSF levels in
plants in various ways increases the resistance of these plants to Pierce’s disease. Disease control in the
greenhouse can be conferred by production of DSF in transgenic plants expressing the gene for the DSF synthase
from X. fastidiosa; such plants exhibit high levels of disease resistance when used as scions and confer at least
partial control of disease when used as rootstocks. This project is designed to test the robustness of disease control
by pathogen confusion under field conditions where plants will be exposed to realistic conditions in the field and
especially under conditions of natural inoculation with insect vectors. We are testing two different lineages of
DSF-producing plants, both as own-rooted plants as well as rootstocks for susceptible grape varieties in two field
sites. Plants were established in one field site in Solano County on August 2, 2010. Plants were planted at a
Riverside County site on April 26, 2011. The incidence of infection of inoculated vines has consistently been
reduced about three-fold. Disease is observed only near the point of inoculation in transgenic Freedom, but
spreads extensively in wild-type Freedom grape. Only a modest reduction in incidence or severity of Pierce’s
disease was seen in Thompson Seedless grafted onto DSF-producing Freedom rootstocks compared to those
grafted on wild-type Freedom. The incidence of infection of transgenic Thompson Seedless plants was similar to
that of wild-type Thompson Seedless, while the incidence and severity of Pierce’s disease on Thompson Seedless
grafted onto DSF-producing Thompson Seedless rootstocks was less than that of plant grafted onto wild-type
Thompson Seedless rootstocks. Plants at the Riverside County plot were subject to high levels of natural infection
in 2012. The incidence of infection of transgenic DSF-producing Freedom was about three-fold  less than that of
wild-type Freedom grape, while the number of infected leaves per vine was about five-fold less, suggesting that
the pathogen had spread less in the DSF-producing plants after insect inoculation. Only a modest reduction in
incidence or severity of Pierce’s disease was seen in Thompson Seedless grafted onto DSF-producing Freedom
rootstocks compared to those grafted on wild-type Freedom. The incidence of infection of transgenic Thompson
Seedless plants was similar to that of wild-type Thompson Seedless, while the incidence and severity of Pierce’s
disease on Thompson Seedless grafted onto DSF-producing Thompson Seedless rootstocks was less than that of
plants grafted onto wild-type Thompson Seedless rootstocks. Similar levels of resistance of the rpfF-expressing
Freedom grape relative to wild-type Freedom have been seen in continuing evaluations in 2013, 2014, and 2015.

LAYPERSON SUMMARY
Xylella fastidiosa coordinates its behavior in plants in a cell density-dependent fashion using a diffusible signal
factor (DSF) molecule which acts to suppress its virulence in plants. Artificially increasing DSF levels in grape by
introducing the rpfF gene which encodes a DSF synthase reduces disease severity in greenhouse trials. We are
testing two different lineages of DSF-producing plants both as own-rooted plants as well as rootstocks for
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susceptible grape varieties. Plots in both Solano and Riverside counties reveal that DSF-producing Freedom
grape, which was highly resistant to Pierce’s disease in greenhouse trials, is also much less susceptible to disease
in field trials, especially in plants naturally infected by sharpshooter vectors.

INTRODUCTION
Our work has shown that Xylella fastidiosa uses diffusible signal factor (DSF) perception as a key trigger to
change its behavior within plants. Under most conditions DSF levels in plants are low since cells are found in
relatively small clusters, and hence cells do not express adhesins that would hinder their movement through the
plant (but which are required for vector acquisition), but actively express extracellular enzymes and retractile pili
needed for movement through the plant. Disease control can be conferred by elevating DSF levels in grape to
“trick” the pathogen into transitioning into the non-mobile form that is normally found only in highly-colonized
vessels. While we have demonstrated the principles of disease control by so-called “pathogen confusion” in the
greenhouse, more work is needed to understand how well this will translate into disease control under field
conditions. That is, the methods of inoculation of plants in the greenhouse may be considered quite aggressive
compared to the low levels of inoculum that might be delivered by insect vectors. Likewise, plants in the
greenhouse have undetermined levels of stress that might contribute to Pierce’s disease symptoms compared to
that in the field. Thus, we need to test the relative susceptibility of DSF-producing plants in the field both under
conditions where they will be inoculated with the pathogen as well as receive “natural” inoculation with infected
sharpshooter vectors.

OBJECTIVES
1. Determine the susceptibility of DSF-producing grape as own-rooted plants as well as rootstocks for

susceptible grape varieties for Pierce’s disease.
2. Determine population size of the pathogen in DSF-producing plants under field conditions.
3. Determine the levels of DSF in transgenic rpfF-expressing grape under field conditions as a means of

determining their susceptibility to Pierce’s disease.

RESULTS AND DISCUSSION
Disease susceptibility of transgenic DSF-producing grape in field trials.
Field tests are being performed with two different genetic constructs of the rpfF gene in grape and assessed in two
different plant contexts. The rpfF has been introduced into Freedom (a rootstock variety) in a way that does not
cause it to be directed to any subcellular location (non-targeted). The rpfF gene has also been modified to harbor a
5’ sequence encoding the leader peptide introduced into grape (Thompson Seedless) as a translational fusion
protein with a small peptide sequence from RuBisCO that presumably causes this RpfF fusion gene product to be
directed to the chloroplast where it presumably has more access to the fatty acid substrates that are required for
DSF synthesis (chloroplast-targeted). These two transgenic grape varieties are thus being tested as both own-
rooted plants as well as rootstocks to which susceptible grape varieties will be grafted. The following treatments
are thus being examined in field trials:

Table 1.
Treatment

1 FT Non-targeted RpfF Freedom
2 TT Chloroplast-targeted RpfF Thompson
3 FW Non-targeted RpfF Freedom as rootstock with normal Thompson scion
4 TTG Chloroplast-targeted RpfF Thompson as rootstock with normal Thompson scion
5 FWG Normal Freedom rootstock with normal Thompson scion
6 TWG Normal Thompson rootstock with normal Thompson scion
7 FW Normal Freedom
8 TW Normal Thompson

Treatments 5-8 serve as appropriate controls to allow direct assessment of the effect of DSF expression on disease
in own-rooted plants as well as to account for the effects of grafting per se on disease susceptibility of the scions
grafted onto DSF-producing rootstocks. One field trial was established in Solano County on August 2, 2010.
Twelve plants of each treatment were established in a randomized complete block design. Self-rooted plants were
produced by rooting of cuttings (about three cm long) from mature vines of plants grown in the greenhouse at
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UC Berkeley. The plants were inoculated in May 2012 (no natural inoculum of X. fastidiosa occurs in this plot
area and so manual inoculation of the vines with the pathogen was performed by needle-inoculation with a
suspension of X. fastidiosa). At least four vines per plant were inoculated. Each inoculation site received a 20 ul
droplet of X. fastidiosa containing about 106 cells of X. fastidiosa. The incidence of infection of the inoculated
vines at the Solano County trial was reduced about three-fold in assessments made in August and September
(Figure 1). Disease was observed only near the point of inoculation in transgenic Freedom, but had spread
extensively in wild-type Freedom grape. Because of the shading of the inoculated vines by subsequent growth of
uninoculated vines of the same plant, many of the older leaves had died or had fallen from the plant, especially by
the September rating, making it difficult to quantify the number of infected leaves per vine. In August, however,
we found that there were about three times as many symptomatic leaves on each inoculated vine of wild-type
Freedom than on DSF-producing transgenic Freedom (Figure 2). Only a modest reduction in incidence or
severity of Pierce’s disease was seen in Thompson Seedless grafted onto DSF-producing Freedom rootstocks
compared to those grafted on wild-type Freedom. The severity of infection of transgenic Thompson Seedless
plants was similar to that of wild-type Thompson Seedless, while the incidence and severity of Pierce’s disease on
Thompson Seedless grafted onto DSF-producing Thompson Seedless rootstocks was less than that of plants
grafted onto wild-type Thompson Seedless rootstocks (Figure 3).

Figure 1. Incidence of vines of DSF-producing transgenic Freedom grape (red) or wild-type
Freedom having any symptoms of Pierce’s disease when rated in August or September 2012. A total
of three vines per plant were assessed. The vertical bars represent the standard error of the mean.
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Figure 2. Severity of Pierce’s disease on transgenic Freedom grape (FT) and on wild-type Freedom
grape assessed in August 2012 in the Solano County trial.
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Figure 3. Severity of Pierce’s disease on grape assessed in September 2012 in the Solano County
trial. See treatment codes above for treatment comparisons.

The plants for the Riverside County trial were planted on April 26, 2011 (Figure 5) and have exhibited much less
growth than those at the Solano County trial (Figure 4). The plants at the Riverside County trial were subjected to
natural infection from infested sharpshooter vectors having access to X. fastidiosa from surrounding infected
grapevines. Very high levels of Pierce’s disease were seen in the summer of 2012, although much less symptoms
were seen on the transgenic DSF-producing Freedom grape compared to other plants (Figure 5).

Figure 4. Establishment of grape trial in Riverside County in April 2010 (left) and photo of plot in October 2012 (right).
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Figure 5. Pierce’s disease symptoms on transgenic DSF-producing Freedom grape (left) and wild-type Freedom
grape (right) on October 4, 2012.

The incidence of infection of transgenic DSF-producing Freedom was about three-fold  less than that of wild-type
Freedom grape (Figure 6), while the number of infected leaves per vine was about five-fold less (Figure 9),
suggesting that the pathogen had spread less in the DSF-producing plants after insect inoculation. Only a modest
reduction in incidence or severity of Pierce’s disease was seen in Thompson Seedless grafted onto DSF-producing
Freedom rootstocks compared to those grafted on wild-type Freedom (Figure 7). The incidence of infection of
transgenic Thompson Seedless plants was similar to that of wild-type Thompson Seedless (Figure 8), while the
incidence and severity of Pierce’s disease on Thompson Seedless grafted onto DSF-producing Thompson
Seedless rootstocks was less than that of plants grafted onto wild-type Thompson Seedless rootstocks (Figure 9).
The effectiveness of transgenic Thompson Seedless rootstocks in reducing Pierce’s disease was surprising, given
that the transgenic Thompson Seedless scions were similar in susceptibility to that of the normal Thompson
Seedless scions. We have seen evidence that in addition to DSF chemical species that serve as agonists of cell-cell
signaling in X. fastidiosa, that transgenic Thompson Seedless may also produce chemical antagonists of cell-cell
signaling. It is possible that the DSF agonist is more readily transported into the scion than any antagonists, and
thus that DSF-mediated inhibition of pathogen mobility can be conferred by grafted DSF-producing rootstocks.
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Figure 6. Incidence of Pierce’s disease in transgenic DSF-producing Freedom grape (blue bars) or wild-type Freedom
(red bars) as measured as the fraction of vines with any disease symptoms (left box) or the severity of disease as
measured as the fraction of leaves per shoot that exhibited symptoms (right box). The vertical bars represent the standard
error of the mean.
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Figure 7. Incidence of Pierce’s disease in normal Thompson Seedless grape grafted onto transgenic DSF-producing
Freedom grape rootstocks (blue bars) or wild-type Freedom rootstocks (red bars) as measured as the fraction of
vines with any disease symptoms (left box) or the severity of disease as measured as the fraction of leaves per shoot
that exhibited symptoms (right box). The vertical bars represent the standard error of the mean.
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Figure 8. Incidence of Pierce’s disease in transgenic DSF-producing Thompson Seedless grape (blue bars) or wild-
type Thompson Seedless (red bars) as measured as the fraction of vines with any disease symptoms (left box) or the
severity of disease as measured as the fraction of leaves per shoot that exhibited symptoms (right box).  The vertical
bars represent the standard error of the mean.
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Figure 9. Incidence of Pierce’s disease in normal Thompson Seedless grape grafted onto transgenic DSF-producing
Thompson Seedless grape rootstocks (blue bars) or wild-type Thompson Seedless rootstocks (red bars) as measured
as the fraction of vines with any disease symptoms (left box) or the severity of disease as measured as the fraction of
leaves per shoot that exhibited symptoms (right box).  The vertical bars represent the standard error of the mean.
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On May 15, 2013, plants at the Solano County field trial were evaluated for both the incidence of survival over
winter, as well as any symptoms of Pierce’s disease that were apparent at this early date. Vines that had been
inoculated in 2012 had been marked with a plastic tie. The vines were pruned during the winter of 2012/2013 in a
way that retained the inoculation sites and the plastic markers for each of the vines inoculated in 2012. Thus, in
May 2013 the return growth on those inoculated, but pruned, vines was assessed. One or more new shoots had
emerged from such vines, and the incidence as to whether at least one new shoot had emerged was assessed
(Figure 10). Nearly all of the inoculated vines from both Freedom and transgenic DSF-producing Freedom gave
rise to new shoots as of May 2013 (Figure 10). In contrast, many vines of Thompson Seedless inoculated in 2012
were dead, and no shoots emerged in 2013. While most new shoots emerging in 2013 appeared asymptomatic at
the time of assessment in May, a few exhibited discoloration, possibly indicating early stages of Pierce’s disease.
A separate assessment of such possibly symptomatic shoots from that of completely asymptomatic shoots was
made (Figure 11). It is noteworthy that no symptomatic new shoots were observed on transgenic Freedom, while
about 10% of the new shoots emerging from vines of wild-type Freedom exhibited some symptoms (Figure 11).
It was also noteworthy that a much higher proportion of the vines from Thompson Seedless scions grafted onto a
transgenic Freedom rootstock gave rise to new shoots in 2013 compared to those on Freedom rootstocks (Figures
10 and 11). Likewise, a higher proportion of vines from Thompson Seedless scions grafted onto transgenic DSF-
producing Thompson Seedless rootstocks gave rise to new shoots in 2013 compared to scions grafted onto normal
Thompson Seedless rootstocks (Figures 10 and 11). Thus, infection of Thompson Seedless vines by inoculation
in 2012 had led to some morbidity of those vines (and even of the cordon on which they were attached in some
cases), but Thompson Seedless when grafted onto either transgenic DSF-producing Freedom or transgenic DSF-
producing Thompson Seedless rootstocks had a higher likelihood of surviving inoculation in 2012. Continued
assessments of disease severity of those new shoots emerging on vines inoculated in 2012 were made in early
October 2013, but the data was not fully analyzed at the time of preparation of this report.

Solano County Field Trial - 2013

Figure 10. The fraction of vines in the Solano County field trial inoculated in 2012 with X. fastidiosa that gave rise to
at least one new shoot by May 2013. Treatments include: transgenic DSF-producing Freedom as an own-rooted plant
(FT); wild-type Freedom as an own-rooted plant (FW); Thompson Seedless scions grafted onto transgenic DSF-
producing Freedom rootstocks (FTG); Thompson Seedless scions grafted onto normal Freedom rootstocks (FWG);
transgenic DSF-producing Thompson Seedless as own-rooted plants (TT); normal Thompson Seedless as own-rooted
plants (TW); Thompson Seedless scions grafted onto transgenic DSF-producing Thompson Seedless rootstocks
(TTG); and Thompson Seedless scions grafted onto normal Thompson Seedless rootstocks (TWG). The vertical bars
represent the standard error of the mean fraction of inoculated vines that gave rise to new shoots in 2013.
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Figure 11. The fraction of vines in the Solano County field trial inoculated in 2012 with X. fastidiosa that gave rise to
at least one new shoot by May 2013 that exhibited some abnormalities possibly indicative of early stages of Pierce’s
disease infection (orange bars). Treatments include: transgenic DSF-producing Freedom as an own-rooted plant (FT);
wild-type Freedom as an own-rooted plant (FW); Thompson Seedless scions grafted onto transgenic DSF-producing
Freedom rootstocks (FTG); Thompson Seedless scions grafted onto normal Freedom rootstocks (FWG); transgenic
DSF-producing Thompson Seedless as own-rooted plants (TT); normal Thompson Seedless as own-rooted plants
(TW); Thompson Seedless scions grafted onto transgenic DSF-producing Thompson Seedless rootstocks (TTG); and
Thompson Seedless scions grafted onto normal Thompson Seedless rootstocks (TWG).

Vines of transgenic and wild-type Freedom, as well as wild-type and transgenic Thompson Seedless, and
Thompson Seedless scions grafted onto the various transgenic or wild-type rootstocks that were apparently
healthy and derived from cordons not showing disease in 2013 were again inoculated with X. fastidiosa at the
Solano County trial on May 28, 2014. The goal of these continuing experiments is to verify the enhanced disease
resistance exhibited by transgenic Freedom, and to further quantify the differential susceptibility of Thompson
Seedless scions grafted onto various transgenic rootstocks. Disease severity was assessed on August 8 and
September 15.  In addition, disease incidence and severity that developed in 2014 from vines inoculated in
previous years was measured. A uniform rating scale for rating of all vines in both the Solano and Riverside
county trials was developed by Lindow and Kirkpatrick. This rating scale will allow the severity of disease on
inoculated vines in the year of inoculation to be assessed as the fraction of leaves on a given inoculated vine that
are symptomatic. Furthermore, on vines that have been infected for more than one year, this new 0-5 rating scale
accounts for return growth and vigor of growth of vines in years subsequent to that year in which it was originally
inoculated.

Disease incidence and severity on plants was rated on both August 8 and September 15, 2014. No symptoms were
apparent on inoculated vines of either wild-type or transgenic Freedom plants. However, symptoms were apparent
on Thompson Seedless vines that had been inoculated earlier in the season. A lower incidence of symptomatic
leaves were found on Thompson Seedless vine grafted onto transgenic Freedom rootstocks compared to those on
wild-type Freedom rootstocks (Figure 12). The incidence of symptomatic leaves on Thompson Seedless vines
grafted onto wild-type Thompson Seedless rootstocks did not differ from that on transgenic Thompson Seedless
rootstocks. Similarly, the incidence of symptomatic leaves was similar on own rooted Thompson Seedless plants
compared to that on transgenic Thompson Seedless plants (Figure 12). The overall vigor of Thompson Seedless
scions grafted onto transgenic Freedom rootstocks was similar to those grafted onto wild-type Thompson Seedless
rootstocks (Figure 13). The overall disease severity exhibited by wild-type and transgenic Thompson Seedless
plants was also similar, and disease severity on Thompson Seedless scions grafted onto either wild-type or
transgenic Thompson Seedless rootstocks also did not differ (Figure 13). Thus, some evidence for protection of
scions grafted onto RpfF-expressing Freedom rootstocks was again seen in 2014 as in earlier years.
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Figure 12. The percentage of leaves of vines in the Solano County field trial inoculated in 2014 with
X. fastidiosa that exhibited symptoms of Pierce’s disease on August 8, 2014. Treatments include: Thompson
Seedless scions grafted onto transgenic DSF-producing Freedom rootstocks (FTG); Thompson Seedless scions
grafted onto normal Freedom rootstocks (FWG); transgenic DSF-producing Thompson Seedless as own-rooted
plants (TT); normal Thompson Seedless as own-rooted plants (TW); Thompson Seedless scions grafted onto
transgenic DSF-producing Thompson Seedless rootstocks (TTG); and Thompson Seedless scions grafted onto
normal Thompson Seedless rootstocks (TWG). The vertical bars represent the standard error of the mean.

Figure 13. The overall disease rating of vines in the Solano County field trial when assessed on August 8, 2014.
Treatments include: Thompson Seedless scions grafted onto transgenic DSF-producing Freedom rootstocks
(FTG); Thompson Seedless scions grafted onto normal Freedom rootstocks (FWG); transgenic DSF-producing
Thompson Seedless as own-rooted plants (TT); normal Thompson Seedless as own-rooted plants (TW);
Thompson Seedless scions grafted onto transgenic DSF-producing Thompson Seedless rootstocks (TTG); and
Thompson Seedless scions grafted onto normal Thompson Seedless rootstocks (TWG). The vertical bars
represent the standard error of the mean.
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The incidence of symptomatic leaves had increased by September 15 from the low levels seen in August. A dra-
matic difference in the incidence of symptomatic leaves was observed between wild-type and RpfF-expressing
Freedom grape. While no symptomatic leaves were observed on the transgenic Freedom plants, over 15% of the
leaves on the vines of wild-type Freedom plants that had been inoculated in May were showing symptoms of
Pierce’s disease (Figure 14). As observed in the August evaluation, the incidence of leaves on Thompson Seed-
less vines grafted to a transgenic Freedom rootstock was lower than that on Thompson Seedless vines grafted onto
a wild-type Freedom rootstock (Figure 14). An assessment was also made in September of the overall appearance
of plants. The disease rating for transgenic Freedom plants was significantly lower than that for wild-type Free-
dom plants (Figure 15). In contrast, while numerically lower, the severity of Thompson Seedless scions grafted
onto transgenic Freedom rootstocks did not differ from that of Thompson Seedless scions grafted onto wild-type
Freedom rootstocks (Figure 15). Thus, the transgenic RpfF-expressing Freedom plants continue to show rela-
tively high resistance to Pierce's disease both in the same season that they are inoculated as well as over several
years compared to the wild-type Freedom plants.

Figure 14. The percentage of leaves of vines in the Solano County field trial inoculated in 2014 with
X. fastidiosa that exhibited symptoms of Pierce’s disease on September 15, 2014. Treatments include:
transgenic DSF-producing Freedom as an own-rooted plant (FT); wild-type Freedom as an own-rooted plant
(FW); Thompson Seedless scions grafted onto transgenic DSF-producing Freedom rootstocks (FTG); and
Thompson Seedless scions grafted onto normal Freedom rootstocks (FWG). The vertical bars represent the
standard error of the mean.

Disease was assessed in early October 2014 at the Riverside County trial. In general, the plants had not grown
well, with very little new growth, even on plants that were not infected. Overall, the plants did not look thrifty,
and appeared to be suffering from other growth limitations such as nematode damage. In many cases, vines did
not emerge from a given cordon. The overall disease severity of these plants was high and similar between all
treatments (Figure 17). Because Freedom plants tend to have many shoots arising from a given cordon, we
assessed the disease state of each shoot arising from a given cordon to yield an overall disease severity estimate
for these plants. That is, if a given cordon had 10 shoots, two of which had symptoms of Pierce’s disease, disease
incidence would have been assessed as 20%. While most of the shoots on some plants were healthy, on other
plants most of the shoots from a given cordon were infected. Overall, the disease incidence of plants of different
treatments were similar, although the incidence of infection of shoots emerging from plants grafted onto trans-
genic Freedom were somewhat lower than those on plants grafted onto wild-type Freedom rootstocks, as has been
observed in ratings in previous years (Figure 16).
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Figure 15. The overall disease rating of vines in the Solano County field trial that exhibited symptoms of
Pierce’s disease on September 15, 2014. Treatments include: transgenic DSF-producing Freedom as an own-
rooted plant (FT); wild-type Freedom as an own-rooted plant (FW); Thompson Seedless scions grafted onto
transgenic DSF-producing Freedom rootstocks (FTG); and Thompson Seedless scions grafted onto normal
Freedom rootstocks (FWG). The vertical bars represent the standard error of the mean.
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Figure 16. The percentage of vines in the Riverside County field trial that exhibited symptoms of Pierce’s
disease on October 6, 2014. Treatments include: transgenic DSF-producing Freedom as an own-rooted plant
(FT); wild-type Freedom as an own-rooted plant (FW); Thompson Seedless scions grafted onto transgenic
DSF-producing Freedom rootstocks (FTG); and Thompson Seedless scions grafted onto normal Freedom
rootstocks (FWG). The vertical bars represent the standard error of the mean.
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Figure 17. The overall disease rating of vines in the Riverside County field trial that exhibited symptoms of
Pierce’s disease on October 6, 2014. Treatments include: transgenic DSF-producing Freedom as an own-
rooted plant (FT); wild-type Freedom as an own-rooted plant (FW); Thompson Seedless scions grafted onto
transgenic DSF-producing Freedom rootstocks (FTG); and Thompson Seedless scions grafted onto normal
Freedom rootstocks (FWG). The vertical bars represent the standard error of the mean.

All plants at the Solano County trial were evaluated for the incidence and severity of Pierce’s disease on May 27,
2015. By this time, all plants that remained alive had generated new shoots. It was apparent that the transgenic
Freedom plants had a much lower incidence and severity of symptoms compared to wild-type Freedom own-
rooted plants. While virtually no symptoms were observed on the transgenic Freedom (Figure 18), all wild-type
Freedom exhibited substantial incidence of leaf scorching and stunting associated with Pierce’s disease (Figure
19). While some plants were dead, others remained alive yet many or most of the cordons were dead or had given
rise to only a few leaves or stunted shoots (Figure 19).

Figure 18. Images of two separate transgenic Freedom grape plants at the Solano County trial transformed
with the rpfF gene encoding DSF synthesis from X. fastidiosa. These plants are typical of all plants in this
treatment in that they show little or no symptoms of Pierce’s disease despite the fact that they had been
inoculated repeatedly in previous years.
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Figure 19. Images of two wild-type Freedom grape plants at the Solano County trial. These plants are
typical of all plants in this treatment in that they all showed considerable symptoms of Pierce’s disease,
ranging from several dead cordons and some stunted growth (left) or severe symptoms or death of most or
all cordons on these plants that had been inoculated repeatedly in previous years.

Disease severity of these plants, which had been previously inoculated for each of the previous four years, was
quantified by two different scales. In one scale, the incidence of any disease and the severity of disease between
cordons is integrated to yield a range from zero (no symptoms) to five (all cordons and shoots dead) was utilized.
This rating scale was developed for use by all of the participants in the Solano County trial and has been deemed
the “PIPRA” (Public Intellectual Property Resource for Agriculture) rating scale. However, because the vigor of
wild-type and transgenic plants obviously differed even though they did not show any disease symptoms, we also
rated the plants separately using a different rating scale from zero to five, where zero indicated plants that were
quite stunted or dead as of May 2015, and five indicated plants that were quite vigorous and showing no
symptoms, and the new growth was as large as the largest plants in the trial. We deem this the “happiness” index
of the plants. The plants depicted in Figure 18 all would have received a rating of five in the scale, while the
plants in the left-hand image of Figure 19 would have received a rating of two and that of the right hand image, a
rating of zero. Large quantitative differences were seen in both disease severity and the overall appearance of the
wild-type Freedom compared to the transgenic DSF-producing Freedom at this rating time (Figure 20). Whereas
no disease symptoms were observed on transgenic Freedom, a significantly higher disease rating was observed on
the wild-type Freedom (Figure 20). Likewise, the overall vigor of those plants that still exhibited green tissue was
much greater in the case of transgenic Freedom compared to the wild-type Freedom (Figure 20).

As we had observed in previous years, the incidence of Pierce’s disease on Thompson Seedless scions grafted to
transgenic Freedom rootstocks was significantly less than that grafted to Freedom wild-type rootstocks (Figure
20). Likewise, Thompson Seedless scions exhibited much more growth when grafted onto the transgenic Freedom
rootstocks compared to that of the wild-type Freedom rootstocks (Figure 20). Also, as observed in previous years,
the incidence of disease and vigor of Thompson Seedless plants grown as own-rooted plants or as scions onto
either wild-type Thompson rootstocks or a Thompson rootstock transformed with the chloroplast targeted rpfF
gene did not differ (Figure 20). Thus, the introduction of the rpfF gene into Freedom plants to compare the
production of DSF continued to increase the resistance of these plants to symptoms of Pierce’s disease despite the
fact that they had been inoculated several times before May 2015. These transgenic plants are quite attractive both
as an own-rooted plant, and also as a rootstock for more susceptible scions.
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Figure 20.  Severity of Pierce’s disease symptoms (blue bars) rated on a scale that accounts for both the
incidence and severity of disease between cordon that is integrated to yield a range from zero (no symptoms)
to five (all cordons and shoots dead) when rated on May 2015. Also shown is the overall vigor of the plant
(red) rated from zero (extremely vigorous) to five (dead). Treatments include: transgenic DSF-producing
Freedom as an own-rooted plant (FT); wild-type Freedom as an own-rooted plant (FW); Thompson Seedless
scions grafted onto transgenic DSF-producing Freedom rootstocks (FTG); Thompson Seedless scions grafted
onto normal Freedom rootstocks (FWG); transgenic DSF-producing Thompson Seedless as own-rooted plants
(TT); normal Thompson Seedless as own-rooted plants (TW); Thompson Seedless scions grafted onto
transgenic DSF-producing Thompson Seedless rootstocks (TTG); and Thompson Seedless scions grafted onto
normal Thompson Seedless rootstocks (TWG).The vertical bars represent the standard error of the
determination of the mean rating.

When rated in early October 2015, transgenic Freedom as a scion continued to exhibit much higher resistance to
Pierce’s disease than untransformed Freedom. The incidence of symptomatic leaves on plants inoculated in May
were reduced over five-fold compared to untransformed plants (Figure 22).  The overall vigor and incidence and
severity of Pierce’s disease as assessed on a 0 to 5 scale as discussed above was also much lower on the trans-
genic Freedom compared to wild-type Freedom (Figure 21).

Figure 21. Severity of Pierce’s disease symptoms  rated on a scale that accounts for both the incidence and
severity of disease between cordons that is integrated to yield a range from zero (no symptoms) to five (all
cordons and shoots dead). Treatments include: transgenic DSF-producing Freedom as an own-rooted plant
(FT); wild-type Freedom as an own-rooted plant (FW); Thompson Seedless scions grafted onto transgenic
DSF-producing Freedom rootstocks (FTG); and Thompson Seedless scions grafted onto normal Freedom
rootstocks (FWG).
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Figure 22. Percentage of symptomatic leaves on inoculated shoots in transgenic DSF-producing Freedom
as an own-rooted plant (FT) and wild-type Freedom as an own-rooted plant (FW).

CONCLUSIONS
Since we have shown that DSF accumulation within plants is a major signal used by X. fastidiosa to change its
gene expression patterns, and since DSF-mediated changes all lead to a reduction in virulence in this pathogen,
we have shown proof of principle that disease control can be achieved by a process of “pathogen confusion.”
These field trials are direct demonstration projects to test the field efficacy of plants producing DSF to alter
pathogen behavior in a way that symptom development is minimized. Results at both the Solano County and
Riverside County trials provide solid evidence that pathogen confusion can confer high levels of disease control,
both to plants artificially inoculated at Solano County and especially to plants infected naturally with infected
sharpshooter vectors. The work therefore has provided solid evidence that this strategy is a useful one for
managing Pierce’s disease. These results justify the further examination of this strategy in other grape varieties.
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ABSTRACT
A second year of insecticide bioassays was conducted on glassy-winged sharpshooter (Homalodisca vitripennis)
populations in Kern County from July through October 2015. Collections were made in the Edison vicinity during
July and August, but subsequent late-summer increases in glassy-winged sharpshooter populations in the General
Beale Road area allowed testing to be extended into October. Eight insecticides overall were monitored, but with
primary focus on evaluating mortality responses to imidacloprid because of its longer history of use against the
glassy-winged sharpshooter. Relative susceptibility to imidacloprid declined with each sampling date and between
areas sampled as lower susceptibility was recorded in populations from General Beale Road. Differences in
susceptibility were also observed in two other neonicotinoid insecticides, thiamethoxam and acetamiprid, but
were less pronounced than for imidacloprid. In contrast, susceptibility to the two pyrethroids bifenthrin and
fenpropathrin remained consistently high across all sampling dates while response to the organophosphates
chlorpyrifos and dimethoate were much more variable. Although toxicity levels as measured by LC50s of
insecticides included in this study remain modest in comparison to other insect pests, the higher LC50s for
imidacloprid in the General Beale Road area and in comparison to two other neonicotinoid insecticides suggest
that some loss of susceptibility to imidacloprid has occurred over the 15-year period that it has been used against
glassy-winged sharpshooter populations.

LAYPERSON SUMMARY
Insecticides have played a key role in suppressing glassy-winged sharpshooter (Homalodisca vitripennis)
populations ever since 2000 when area-wide control programs were first implemented in Riverside County.
Reliance on insecticides has been particularly heavy in parts of Kern County where a mixed culture of citrus and
table grapes supports development of glassy-winged sharpshooter populations and promotes the spread of Pierce’s
disease. Spikes in glassy-winged sharpshooter populations in recent years have raised concerns that insecticide
management programs are no longer as effective as before due to the development of insecticide resistance. The
study presented here examined responses of glassy-winged sharpshooters from two locations in Kern County to
eight insecticides in a series of laboratory bioassays that evaluated mortality in relation to insecticide
concentration. Mortality levels were consistently higher from one of the locations in which collections were made
from organic citrus, whereas reduced mortality was observed at the other location that has experienced heavier
insecticide applications through the years. This general pattern was particularly true for the neonicotinoid
insecticide imidacloprid that has been used in Kern County since 2001 to suppress the glassy-winged
sharpshooter. In comparison to imidacloprid, differences were much smaller between the two locations for
thiamethoxam, another neonicotinoid insecticide that has not been used much less than imidacloprid. Similarly,
relatively slight differences between the two locations were seen for the pyrethroid insecticides bifenthrin and
fenpropathrin. These differences suggest that some loss of susceptibility to imidacloprid has occurred in the
population of glassy-winged sharpshooter from the location that has been subjected to more frequent applications
of imidacloprid.

INTRODUCTION
Chemical control has been a first line of defense against glassy-winged sharpshooter (Homalodisca vitripennis)
populations ever since 2000 when the initial area-wide treatment program was conducted in the Temecula region
of Riverside County. A similar program was initiated the following year in Kern County as high populations of
the glassy-winged sharpshooter represented a critical threat to table grapes growing in proximity to citrus
orchards. The systemic neonicotinoid insecticide imidacloprid was selected for use in both regions and has
continued to be relied upon for suppressing glassy-winged sharpshooter populations on an area-wide basis.
Various attributes of imidacloprid, including its systemic activity and long persistence within plants, its
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application versatility, and its semi-selective activity against sucking plant pests such as the glassy-winged
sharpshooter, have combined to make imidacloprid a leader in global insecticide sales. Applications of
imidacloprid that could be made through the mini-sprinkler irrigation system of citrus orchards were viewed as a
positive feature that promoted the use of imidacloprid early in the area-wide programs against the glassy-winged
sharpshooter and have continued to reinforce its use. Although data on the frequency of imidacloprid use since
2000 has not been compiled for the area-wide program regions of Riverside and Kern counties, there is a general
impression that imidacloprid has been used to a greater extent than other insecticides for control of the glassy-
winged sharpshooter. In addition, citrus growers have used imidacloprid extensively for control of red scale and
other citrus pests (Grafton-Cardwell et al., 2008) and grape growers have relied upon imidacloprid for vine
mealybug control (Daane et al., 2006). The combined uses of imidacloprid across citrus and grape acreages over
the past 15 years has likely elevated selection pressure for resistance to imidacloprid in the glassy-winged
sharpshooter and other target pests.

Concerns about the potential for insecticide resistance developing in glassy-winged sharpshooter populations have
been heightened recently in areas of Kern County due to high population levels reminiscent of the early 2000s. In
2012, CDFA-monitored yellow-trap catches in the General Beale Road region east of Bakersfield matched
historic levels and have again been at extreme levels in 2015. The long history of imidacloprid use in this region
coupled with a resurgence in glassy-winged sharpshooter populations raise important questions about possible
factors contributing to the recent outbreaks. Resistance to imidacloprid has been documented for numerous insects
including other sap-feeding insects (Liu et al., 2005; Nauen and Denholm, 2005; Karunker et al., 2008). However,
reports of resistance to insecticides by xylem feeding insects are rare, and to imidacloprid are unknown. In the
arthropod pesticide resistance (APR) database (http://www.pesticideresistance.org/), only a single obscure record
exists for a xylem feeder: a sugarcane-feeding froghopper (spittlebug) reported in a book chapter (Fewkes, 1968).
Although fundamental arguments (Rosenheim et al., 1996; Gordon, 1961) for why sap feeding insects might be
less prone to resistance development compared to leaf-chewing insects are supported by the APR database, the
possibility of pesticide resistance development remains in any organism subjected to a specific mortality
treatment over time. There are few examples, if any, where a xylem-feeding insect has been subjected to the kind
of intensive management program that has targeted the glassy-winged sharpshooter over the past 15 years in Kern
County. Because pesticides are an integral part of the high-yielding production agriculture in citrus and grapes,
pest resistance to pesticides must be evaluated. This potential is magnified when overreliance on a few select
products occurs, such as has been the case with the use of imidacloprid in the area-wide control programs and by
growers and pest control advisors protecting their orchards and vineyards. The repeated use of the same
product(s) for control of a pest population results in continual selection pressure, which ultimately may result in
resistance development. The continued successful implementation of insecticides in management programs
require that their efficacies be evaluated, especially under present circumstances where conspicuously large
numbers of glassy-winged sharpshooters are potentially initiating future epidemics of Pierce’s disease in table
grapes in Kern County.

OBJECTIVES
1. Conduct laboratory bioassays on field-collected glassy-winged sharpshooters from Kern and Tulare

counties to determine susceptibility to neonicotinoid, pyrethroid, and organophosphate insecticides.
2. Investigate the geographic variation in susceptibility of the glassy-winged sharpshooter to determine if a

pattern of resistance emerges associated with insecticide use patterns.
3. Identify potential resistance evolution of the field populations of the glassy-winged sharpshooter to

insecticides by comparing the LC50 values to previously established LC50s using the same methodology.
4. Evaluate the relative toxicity of new insecticides such as flupyradifurone as candidates for alternative

treatments for the glassy-winged sharpshooter.

RESULTS AND DISCUSSION
Collections of glassy-winged sharpshooters were made on three dates in July and August 2015 in organic citrus
groves in the Edison area, then shifted to the General Beale Road area for three more dates in September and
October as a surge in glassy-winged sharpshooter numbers continued to build (http://apps4.cdfa.ca.gov/Pierces
Maps/Default.aspx). Bioassay procedures included a systemic uptake bioassay and leaf dip bioassay (Prabhaker et
al., 2006) that were used according to whether an insecticide was soil or foliar applied, respectively (Table 1).
Glassy-winged sharpshooter adults were collected from citrus trees at either of the two locations and used as test
subjects. Five adults per clip cage were confined to treated citrus leaves for 24 hours and then evaluated for
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mortality. The dose/mortality data were subjected to probit analysis to yield LC50s and accompanying statistics
that were used to evaluate relative toxicities of the eight insecticides.

Table 1. Insecticides tested in adult glassy-winged sharpshooter bioassays in 2015.
Insecticide Class Active Ingredient Product Application Manufacturer

Neonicotinoid
Imidacloprid Admire® Pro soil Bayer
Thiamethoxam Platinum® 75 SG soil Syngenta
Acetamiprid Assail® 70 WP foliar United Phosphorus

Butenolide Flupyradifurone Sivanto™ 200 SL foliar Bayer

Pyrethroid
Bifenthrin Capture® 2 EC foliar FMC
Fenpropathrin Danitol® 2.4 EC foliar Valent

Organophosphorus
Chlorpyrifos Lorsban® 4E foliar Dow
Dimethoate Dimethoate® 2.67 EC foliar Loveland

Responses of glassy-winged sharpshooter adults varied considerably by insecticide and location. A consistent
progression to higher LC50s was seen for imidacloprid that showed a 79-fold range in LC50s from the first
bioassay of the season to the last (Figure 1). In contrast, simultaneously run bioassays for thiamethoxam showed
a more modest range of responses that varied 26-fold between highest and lowest LC50s. A third neonicotinoid,
acetamiprid, was tested only one time from the Edison location and two times from the General Beale Road
location, but also showed the same pattern of higher LC50s from General Beale Road. Without having records of
pesticide usage in the General Beale Road area, one can only guess that imidacloprid use has indeed been greater
that the other two neonicotinoid insecticides. However, it is unclear why susceptibility to imidacloprid
progressively declined first at the Edison location, and then at the General Beale Road location (Figure 1). It is
conceivable that young adults in July may have been intrinsically more susceptible to imidacloprid than the older
adults tested in October. It also is possible that continuous feeding on xylem fluid containing low titers of residual
imidacloprid in trees from prior year treatments might have had an inducing effect leading to a higher comple-
ment of detoxification enzymes later in the season.
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Figure 1. Chart showing LC50s for five insecticides tested over six dates between July 9 and October 23 in 2015. The
first three columns of each series represent glassy-winged sharpshooter adults collected from an organic citrus field in
the Edison area, whereas the second three columns represent collections from the General Beale Road area. Only three
collection dates were tested against acetamiprid, and only five collection dates were tested against bifenthrin and
fenpropathrin; all six collection dates were tested against imidacloprid and thiamethoxam.
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Higher susceptibilities to pyrethroid and organophosphate insecticides also occurred on the first sampling dates in
July compared to October (Table 2).  The two pyrethroids bifenthrin and fenpropathrin were equivalent with one
another with respect to their consistently toxic effects against the glassy-winged sharpshooter. However, the two
organophosphate compounds were much less consistent in their responses that occasionally resulted in a moderate
to high LC50 (Table 2). The recently registered butenolide insecticide flupyradifurone was tested only on the first
and last dates, but also maintained the pattern of being less toxic against General Beale Road sharpshooters.

Table 2. Probit statistics for insecticides tested against glassy-winged sharpshooter adults on six dates from July to
October 2015.

Location and Date Compound LC50 95% C.I. Slope (± SE) χ2 df

Edison
July 7-9

(Test 1)

Imidacloprid 0.26 0.15 – 0.46 0.86 (0.11) 31.7 38
Acetamiprid 0.74 0.31 – 1.76 1.09 (0.16) 32.9 23
Thiamethoxam 0.13 0.08 – 0.23 1.42 (0.20) 21.6 28
Flupyradifurone 0.05 0.02 – 0.11 1.02 (0.18) 31.7 23
Bifenthrin 0.53 0.15 – 1.29 1.70 (0.38) 34.9 23
Fenpropathrin 0.19 0.08 – 0.41 0.87 (0.14) 19.6 23
Chlorpyrifos 0.28 0.06 – 1.76 0.49 (0.11) 32.0 23

Edison
July 22-24

(Test 2)

Imidacloprid 1.92 0.74 – 6.01 1.29 (0.18) 70.0 28
Thiamethoxam 0.35 0.19 – 0.67 1.20 (0.17) 22.9 23
Bifenthrin 0.13 0.05 – 0.30 0.79 (0.13) 13.1 23
Fenpropathrin 0.04 0.02 – 0.09 0.76 (0.14) 14.0 23
Chlorpyrifos 4.55 1.54 – 18.04 0.59 (0.10) 25.3 23

Edison
August 4-6

(Test 3)

Imidacloprid (1) 2.5 1.24 – 4.50 0.88 (0.15) 23.0 28
Imidacloprid (2) 8.56 4.47 – 14.56 1.72 (0.35) 24.7 28

Dimethoate 10.99 2.68 – 118.43 0.39 (0.09) 23.0 23

Gen. Beale Rd
September 16-18

(Test 4)

Imidacloprid 7.03 2.73 – 23.30 0.63 (0.11) 21.7 23
Thiamethoxam 1.74 0.71 – 4.25 0.98 (0.14) 30.9 23
Bifenthrin 0.78 0.25 – 2.49 0.71 (0.11) 33.0 23
Fenpropathrin 2.02 0.86 – 5.09 0.72 (0.11) 19.0 23
Chlorpyrifos -- -- 0.27 (0.10) 18.6 23
Dimethoate 66.67 11.76 – 4177.39 0.37 (0.10) 13.4 22

Gen. Beale Rd.
October 7-9

(Test 5)

Imidacloprid 8.63 2.63 – 29.92 0.83 (0.18) 23.4 23
Thiamethoxam 3.34 1.25 – 7.70 1.36 (0.26) 25.4 23
Acetamiprid 3.97 1.40 – 9.97 0.98 (0.19) 21.0 23
Bifenthrin 0.14 0.04 – 0.40 0.57 (0.10) 15.3 23
Fenpropathrin 0.21 0.01 – 1.42 0.39 (0.10) 29.0 21
Chlorpyrifos -- -- 1.23 (0.46) 31.5 22
Dimethoate 5.66 0.93 – 30.11 0.61 (0.17) 22.9 22

Gen. Beale Rd.
October 21-23

(Test 6)

Imidacloprid 20.63 8.27 – 47.71 1.35 (0.33) 22.3 23
Thiamethoxam 1.19 0.55 – 2.60 0.85 (0.12) 15.8 23
Acetamiprid 10.41 5.18 – 22.64 1.03 (0.17) 3.3 23
Flupyradifurone 8.00 3.79 – 19.36 0.90 (0.14) 16.6 23
Bifenthrin 3.04 1.27 – 8.23 0.69 (0.11) 18.4 23
Fenpropathrin 0.49 0.17 – 1.22 0.64 (0.10) 18.1 23
Chlorpyrifos 22.19 6.93 – 96.61 0.82 (0.22) 11.6 23
Dimethoate 0.59 0.06 – 3.96 0.33 (0.08) 24.7 23
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CONCLUSIONS
Differences in mortality responses between imidacloprid and the other two neonicotinoid insecticides suggest
some measure of compromised performance with imidacloprid. Additional monitoring should be conducted over
the next few years to provide a more thorough evaluation of whether resistance to imidacloprid is occurring.
Alternatives to imidacloprid should be considered in future treatments of citrus and grapes against the glassy-
winged sharpshooter.
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ABSTRACT
The project was designed to establish and evaluate grapevines in typical commercial vineyard settings in order to
assess whether a protein that is naturally produced in edible fruit can restrict Xylella fastidiosa spread and Pierce’s
disease symptoms without altering plant performance. Work in this project evaluates the performance and
susceptibility to Pierce’s disease of two varieties of grapevine that produce an introduced protein which had been
selected by the Pierce’s Disease Research Scientific Advisory Panel as a promising candidate to consider for
advancement towards commercialization. The aim of the project is to determine whether a polygalacturonase
inhibiting protein (PGIP) naturally expressed in pear fruit (pPGIP), when delivered from grafted rootstocks, can
control Pierce’s disease in the scion, fruit bearing parts of the grapevines. Prior to this project, transformed
Thompson Seedless and Chardonnay grapevines expressing pPGIP throughout the vine showed reduced Pierce’s
disease incidence and symptoms after inoculation with X. fastidiosa, which produces a polygalacturonase that is
inhibited by pPGIP (Agüero et al., 2005). Cuttings from the two varieties of grapevines that had been transformed
to express pPGIP were grafted as rootstocks with non-pPGIP-producing Chardonnay or Thompson Seedless
scions so that comparisons between vines producing pPGIP in their grafted rootstocks (transgrafted), those
producing pPGIP throughout the vine, and vines with no pPGIP could be made. Active pPGIP protein that had
been produced in transgrafted rootstocks had been detected in the xylem exudates that were collected from scions,
which had not been modified to produce pPGIP (Agüero et al., 2005; Haroldsen et al., 2012). Once the vineyards
were established, an objective of the project is to determine whether sufficient pPGIP that reduces Pierce’s
disease symptoms is delivered from rootstocks expressing pPGIP to scions, which have not been modified to
produce pPGIP. Vineyards approximating commercial settings were established with own-rooted and transgrafted
vines in regions of Solano and Riverside County with low and high Pierce’s disease pressure, respectively.
Evaluations of performance and susceptibility continue to be made that enable comparisons of scion susceptibility
to Pierce’s disease based on the mode of infection (introduced vs natural), varietal background (Thompson
Seedless and Chardonnay), and origin of pPGIP (rootstock only vs. entire vine).

LAYPERSON SUMMARY
In order to determine whether polygalacturonase inhibiting proteins (PGIPs) have potential for commercial
development and deployment to reduce Pierce’s disease, vineyards were established in two locations in
California. The model PGIP evaluated in this project is produced naturally in pear fruit and inhibits the
polygalacturonase that Xylella fastidiosa produces as it spreads and causes damage in infected grapevines. Each
vineyard contained Chardonnay and Thompson Seedless grapevines that were growing on their own roots (own-
rooted) and others that were “transgrafted” (with rootstocks expressing pPGIP grafted to fruit-producing non-
modified scions that do not themselves produce pPGIP); plantings were completed by June 2013. The genetic and
varietal identities of the vines were confirmed by the end of summer 2013. The vineyards were designed to enable
comparisons of plant performance and susceptibility to Pierce’s disease based on mode of infection (deliberate vs.
natural introductions of X. fastidiosa), varietal background (Thompson Seedless vs. Chardonnay), and origin of
the pPGIP (transgrafted rootstock delivery to grafted non-PGIP-producing scions vs. entire plant producing
PGIP). Mechanical inoculations with X. fastidiosa bacteria were done yearly from 2011-2015 in Solano County
and, beginning with the establishment of the vineyard in June 2013, natural infections occurred in Riverside



- 148 -

County. Data describing the total vine and disease characteristics of the own-rooted or transgrafted vines of both
varieties were collected during the 2013, 2014, and 2015 growing seasons in both locations.

INTRODUCTION
Pierce’s disease, caused by Xylella fastidiosa, can result in the death of grapevine tissues, including scorching
along leaf margins and premature abscission of infected leaves. The X. fastidiosa bacteria move from infection
sites throughout the vine in the xylem and this spread creates systemic infections and may contribute to xylem
occlusions (Krivanek and Walker, 2005; Labavitch, 2007; Lin, 2005; Lindow, 2007a,b; Rost and Matthews,
2007). The grapevine water-conducting xylem elements are separated by pit membranes, "filters" composed of
cell wall polysaccharides whose meshwork is too small to permit movement of X. fastidiosa (Labavitch et al.,
2004, 2007, 2009a,). However, X. fastidiosa produces enzymes that can digest the polysaccharides of pit
membranes (Labavitch et al., 2009b), thereby opening xylem connections and permitting the spread of the
bacteria from the site of introduction. Xylem-occluding tylose protrusions from adjacent xylem parenchyma cells
may be another consequence of compromising pit membranes by polysaccharide-digesting enzymes produced by
X. fastidiosa.

The X. fastidiosa genome encodes a polygalacturonase (XfPG) and several β-1,4-endo-glucanase (EGase) genes,
whose predicted enzyme products could digest pectin and xyloglucan polymers in pit membranes. Labavitch et al.
(2006, 2007, 2009a; Perez-Donoso et al., 2010) reported that introduction of polygalacturonase and EGase into
uninfected grapevines caused sufficient pit membrane breakage to allow movement of X. fastidiosa. Roper et al.
(2007) developed an XfPG-deficient X. fastidiosa strain that did not cause Pierce’s disease symptoms; XfPG is a
Pierce’s disease virulence factor.

Plant proteins that selectively inhibit pest and pathogen polygalacturonases such as polygalacturonase inhibiting
proteins (PGIPs) have been found naturally in the flowers and edible fruits of many plants prior to contact with
pathogens. PGIPs are induced in most plant tissues upon infection with microbial pathogens (Powell et al., 2000).
PGIPs are extracellular proteins that, therefore, are available to move in the apoplastic stream as it is transported
through the xylem. Grapevines, which have been modified to produce in all tissues a PGIP normally expressed in
pear fruit (pPGIP), have reduced susceptibility to X. fastidiosa, probably because the introduced pPGIP inhibits
the XfPG enzyme. Previous work has shown that the active pPGIP protein is transported across graft junctions
from pPGIP-expressing grape and tomato rootstocks into wild-type (i.e., not expressing pPGIP) scion stem
sections (Agüero et al., 2005; Haroldsen et al., 2012). Therefore, because infectious X. fastidiosa populates the
xylem, pPGIP in the xylem coming from the roots may reduce XfPG activity and thereby limit spread of and
damage by X. fastidiosa.

This project was originally designed to generate sufficient grafted and own-rooted pPGIP-expressing Thompson
Seedless and Chardonnay grapevines to plant commercial-type vineyards, and to evaluate their performance and
resistance to Pierce’s disease. The goals of establishing and identifying the fields have been met and the plantings
are now being evaluated for their responses to natural or introduced infections with X. fastidiosa.

OBJECTIVES
1. Scale up the number of grafted and own-rooted pPGIP-expressing grapevine plants.
2. Plant and maintain grafted and own-rooted vines in two locations with different Pierce’s disease

pressures.
3. Evaluate relevant agronomic traits of vines in two locations.
4. Determine Pierce’s disease incidence in pPGIP-expressing grafted and own-rooted lines. Test for

X. fastidiosa presence and determine the extent of infection.

RESULTS AND DISCUSSION
Objective 1. Generate enough grafted and own-rooted grapevines for the field trials.
Activities. This objective was completed in June 2013. Results presented in Objectives 3 and 4 show that there is
vine death due to Pierce’s disease and in a very small number of cases, to other causes; no plans have been made
to replace the dead vines. Table 1 shows the number of grafted and non-grafted vines of each genotype that were
planted by June 2013.
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Results. Sufficient plants of both the Chardonnay and Thompson Seedless varieties have been self-grafted,
transgrafted, or propagated by own rooting to complete the Solano and Riverside County plots. The genotypes of
the plants were verified. All of the vines have been transplanted to the sites.

Table 1. Field Inventory. Total number of grapevines planted by 2013 in Solano and Riverside County plots.
Explanation of Strategy graphic: The upper portion is scion genotype, the lower is rootstock phenotype; nongrafted
plants have no break. Hatched fill represents pPGIP-expressing rootstocks and/or scions; black fill is null-trans-
formants (no pPGIP) controls; white fill is non-transformed controls. In Solano County, own-rooted vines were
mechanically inoculated in the summers of 2011-2015; transgrafted vines were inoculated in 2013, 2014, and 2015.
Vines planted in Riverside County had “natural” infections.

SOLANO COUNTY Chardonnay Thompson Seedless

Strategy
(Scion/root)

Own-
Rooted

Inoculated
(2011-2013) 17 8 9

Non-
Inoculated 8 4 5

Grafted

Inoculated
(2013, 2014,

2015)
9 11 9 0 9 9 9

Non-
Inoculated 4 4 4 2 4 4 4

RIVERSIDE
COUNTY

Own-
Rooted

Natural
Infections 13 11 6 9 12 6

Grafted Natural
Infections 16 6 8 6 3 7 14 7 3 3

 

Objective 2. Establish field trial sites.
Activities. Field trial sites in Solano and Riverside County were established to assess the Pierce’s disease
resistance and general agronomic viability of own-rooted and grafted pPGIP expressing grapevines. The field
plans of the Powell trial plots in Solano and Riverside County are shown in Figure 1.The vines satisfying our
initial polymerase chain reaction (PCR) analysis were hand-planted in a randomized block design with blocks
consisting of two or three individuals in the same treatment (Table 1). The young plants were placed in protective
grow tubes and hand-watered every two weeks in Solano County or as needed. In Riverside County, the plants
were watered by drip irrigation. In Riverside, the plot is at the bottom of a small hill and the soil is very sandy and
porous; irrigation water accumulates in the lowest row (row E). At both sites, grapevines were planted
approximately eight feet apart and tied to wooden stakes with trellising wires at 40 and 52 inches.

In Solano County, the vines were pruned by the principal investigator and the field crews to maximize the
potential number of canes for inoculations and to establish vigorous positions for future growth. The pruning
schedule and method was non-conventional but was done to try to standardize vine growth in our plots with the
practices by the other principal investigators with plots in the same field and to preserve the inoculated vines.
With the permit amendment granted by the USDA Animal and Plant Health Service, Biotechnology Regulatory
Services in 2012, flowers and fruiting clusters were allowed to persist. Initially, all of the own-rooted Chardonnay
vines were cordon trained and spur pruned and the majority of the Thompson Seedless vines were cane pruned in
an attempt to maintain proper vine balance and ensure fruit development in our field at the Solano County site.
Subsequent prunings have not taken into account varietal differences. The vines at the Riverside County site were
pruned according to the schedule established by the field site manager and varietal differences were not addressed
in the prunings. The Solano County site has been observed approximately monthly for the duration of the growing
season and the vines in Riverside County established themselves well and were monitored by field staff and the
principal investigator twice during the season. Vines at the Riverside County site were evaluated by this group in
April and October. The activities at both field sites are shown in Table 2.
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Results. Since June 3, 2013, both the Riverside and Solano County sites have been established with all the
planned plantings for this project. A consistent pruning regime remains a goal for this plot so comparisons can be
made with other evaluators. In 2014, thirteen evaluations were made of the plots (10 in Solano County and three
in Riverside County); nine were made by the principal investigator. In 2015, nine evaluations were made of the
plots (six in Solano County and three in Riverside County); eight evaluations were made by the principal
investigator.
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Figure 1. Field plans for Solano County (A) and Riverside County field trial sites. The color codes of the
genotypes are given in the accompanying table; O.R. = own-rooted, Gr. = grafted.
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Table 2. Activities at the Solano and Riverside County sites for this project through 2015.
Date Location Activity

14 March 2014 Solano Visual scoring of symptoms from 2011-2013 infections at each year’s inoculation
site on each grafted plant

19 March 2014 Solano Visual re-scoring of symptoms from 2011-2013 infections (see above)

20 March 2014 Solano Photos, light pruning since vines have buds that have broken; first pruning since
2013

4 April 2014 Riverside Disease scoring of symptoms on each plant; photos taken (CJ UCD)
28 May 2014 Solano Inoculate ca. 4 fresh canes/grafted vine for 2014; no pruning
9 July 2014 Solano Visit field to assess disease on each plant

27 July 2014 Solano Take cane samples of ca. 1 cane/ genotype/plot for qPCR of canes infected in 2014;
prune vines again

29 July 2014 Solano Count scorched leaves on infected canes; photos taken
3 September 2014 Solano Disease assessment by D. Golino (UCD)
ca. 1 October 2014 Solano Vines pruned again
6 October 2014 Riverside Disease scoring of all plants by P. Rolshausen (PR, UCR)
9 October 2014 Solano Count infected leaves
24 October 2014 Riverside Disease re-scoring of all plants, photos taken by A. Powell (AP, UCD)

15 February 2015 Solano Prune vines assisted by M. Greenspan while other groups were also pruning (AP
UCD)

25 March 2015 Solano Score plants for scorching, late growth, death, take photos (AP, UCD)
19 May 2015 UCD Meet with other PIs to consider future of the project
26 May 2015 Solano Prune vines to conform with other groups (AP UCD)

27 May 2015 Solano Inoculate at least 4 canes per grafted plant with inoculum provided by D. Gilchrist.
Tag with yellow/orange pull tags (AP, BN, TL, KP UCD)

2 June 2015 Riverside Vine assessments and photos taken with P. Rolshausen (AP UCD, PR UCR
17 June 2015 Riverside UCR staff (Peggy Mauk) evaluated vines (PM UCR)
Late June 2015 Riverside Plantings removed
7 August 2015 Solano Scored for visual signs of scorching, death, photos and samples for PCR (AP UCD)

7 October 2015 Solano Scored for visual signs of scorching, death, photos and samples for PCR (AP, JMc,
JA UCD)

Objective 3. Evaluate relevant agronomic traits of vines in two locations.
Activities. Other than differences due to the variety (Chardonnay or Thompson Seedless) in general, no difference
in overall growth, time to flower, fruit set, or yield was noticed between the vines expressing pPGIP and the
controls. All produced buds in mid-March and flower buds broke by the end of March in 2014 and 2015. Non-
grafted vines were inoculated for three years by March 2014. Numbers of bud-producing, no-bud-producing, and
scorched leaves along canes inoculated in 2011, 2012, and 2013 were recorded in 2014 and 2015 and will be
analyzed for further details. The data has not yet been analyzed for statistical significance or for effects due to
grafting. Photos of each vine were taken throughout the 2015 growing season. Vine death was noted at the Solano
County site and was monitored for each infected vine during the 2015 growing season (Table 3).

The principal investigator visited the Riverside County site on June 2, 2015 and scored the vines for apparent
Pierce’s disease damage and for herbicide damage. Table 4 shows the damage assessments made on June 2, 2015
at the Riverside County site. Herbicide damage was independently assessed by Peggy Mauk at the Riverside
County site on June 17, 2015 and the results were provided in earlier reports.

Results. By the end of the 2015 season, it was clear that vines had died in the Solano County plot. Table 3 shows
the number of dead vines of each genotype as determined by assessments in 2014 and four times in 2015. It is
clear that the number of dead vines increased during the 2015 season, possibly due to the severe drought
conditions but it is also clear that the plants that did not express pPGIP either in the rootstock or in the scion were
far more susceptible to death under these stress conditions. The data also clearly indicate that vines that had been
infected at least once were far more susceptible to death; only two uninoculated vines appeared to be dead.
Table 3 shows the number of dead plants of each genotype in the Solano County plot.
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Table 4 shows the damage assessments made on June 2, 2015 at the Riverside County site. Since up to 25% of
the plantings in the Riverside County plot were compromised by the herbicide drift, it was decided in late June to
terminate the site with no further observations because it was not going to be possible to distinguish between
damage caused by Pierce’s disease and by the herbicide exposure.

Table 3. Observations of vine death at the Solano County plot from late 2014 through the 2015 growing season.
wtch = Chardonnay wild-type, CC = Chardonnay control, wtTS = Thompson Seedless wild-type, and TSC =
Thompson Seedless control. / denotes grafted plants with the genotypes expressed as scion/rootstock. 329 and 79
genotypes express pPGIP in Chardonnay or Thompson Seedless backgrounds, respectively.

late 2014 25-Mar-15 27-May-15 7-Aug-15 7-Oct-15
Total
infect-

ed
plants

Total
unin-
fected
plants

Infect-
ed

Not
infect-

ed

Infect-
ed

Not
infect-

ed

Infect-
ed

Not
infect-

ed

Infect-
ed

Not
infect-

ed

Infect-
ed

Not
infect-

ed

CC 17 8 6 0 6 0 7 0 10 0 10 1
CC/CC 9 4 2 0 2 0 2 0 3 0 7 0
329 0 2 0 0 0 0 0 0 0 0 0 0
329/329 9 4 3 0 3 0 3 0 3 0 3 0
CC/329 11 4 1 1 2 1 2 1 3 1 3 1

TSC 8 4 2 0 4 0 4 0 7 0 8 0
TSC/TSC 9 4 0 0 2 0 2 0 5 0 8 0
79 9 5 3 0 3 0 3 0 3 0 4 0
79/79 7 4 2 0 2 0 2 0 3 0 6 0
TSC/79 10 3 1 0 2 0 2 0 5 0 8 0

Objective 4. Determine Pierce’s disease incidence in pPGIP-expressing grafted and own-rooted lines. Test
for X. fastidiosa presence and determine the extent of infection.
Activities. At the Solano County plot, the leaves/petioles with evidence of Pierce’s disease were counted twice
during the 2015 season, including on canes which had been infected in 2011, 2012, and 2013. Infected cane
material was twice collected during the summer of 2015, approximately when other groups collect their samples.
The material has been kept frozen. The Powell group received separate funds for a GenoGrinder and is working
on protocols to effectively grind the infected stem tissue. Tissue collected in the summer of 2014 was hand
ground and frozen at -80oC. The data analyzing the genotypes of the dead vines (shown in Table 3) has been
preliminarily analyzed by plotting (Figure 2). The grafted and transgrafted vines at the Solano County site were
re-inoculated along with the vines in the plots of the other principal investigators on May 28, 2014 and May 27,
2015. Up to four canes per vine were inoculated as previously with inoculum provided by D. Gilchrist. In our
plot, only vines that were grafted or transgrafted were inoculated in 2015, like in 2014. Previous inoculations in
2011-2013 had included vines that were own-rooted. The extent of disease along the canes inoculated in 2014 and
2015 was measured twice during the 2015 season. Examples of the photo evidence of vine phenotypes on
October 7, 2015 is included (Figure 4).

At the Riverside County site, vine vigor was analyzed in early June 2015. Since it was difficult to unequivocally
distinguish between damage caused by natural Pierce’s disease infections or by herbicide drift, the observations
have not been further analyzed. The visual assessments of disease on the vines in the Riverside County plot were
made in 2014 and the data are shown in Figure 3. To obtain the data shown, assessments of disease throughout
the vines were made twice in October. Evaluators PR and AP used the same general assessment scale going from
0 (no disease) to 5 (dead) to evaluate the vines. Additionally, AP counted the total number of canes per vine and
the number of canes with scorched leaves or no growth (diseased canes). The initial analyses of the results are
given in Figure 3. In general, expression of pPGIP throughout the vine or via grafting to pPGIP-expressing
rootstocks reduced slightly the disease score and reduced the number of infected canes. The data has not yet been
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analyzed for statistical significance or for effects due to grafting. Examples of the photo evidence of the vine
phenotypes on June 2, 2015 was collected (Figure 4).

Table 4. Observations of herbicide damage and vine death at the Riverside County plot on 2 June 2015. wtch =
Chardonnay wild-type, CC = Chardonnay control, wtTS = Thompson Seedless wild- type, and TSC = Thompson
Seedless control. / denotes grafted plants with the genotypes expressed as scion/rootstock. 329 and 79 genotypes
express pPGIP in Chardonnay or Thompson Seedless backgrounds, respectively.

Genotype
Total

number
of vines

Severely
compromised
growth due to

Round-up

Moderate
growth due to

Round-up

Minimal or
slight impact

on growth due
to Round-up

Probably
Dead Dead

CC 13 0 1 0 0 0
CC/CC 16 4 3 3 1 0
wtch 6 0 1 0 1 0
wtch/wtch 6 3 1 0 0 0
329 11 0 2 0 0 1
329/329 7 0 1 3 1 0
cc/329 6 0 1 1 0 0
wtch/329 3 1 0 0 0 0
Total Chard. 68 8 10 7 3 1

TSC 9 1 1 0 0 4
TSC/TSC 7 2 1 0 1 2
wtTS 6 0 1 0 0 2
wtTS/wtTS 3 1 0 1 0 1
79 11 3 1 3 0 1
79/79 7 0 2 2 0 2
TSC/79 14 5 2 3 2 0
wtTS/79 3 0 0 1 0 0
Total TS 60 12 8 10 3 12
Total 128 20 18 17 6 13

A B

Figure 2. Vine death incidence in Solano County plot of Chardonnay and Thompson Seedless vines measured in 2014
and throughout the 2015 season. (A) Chardonnay lines; (B) Thompson Seedless lines. “/” denotes grafted plants with
the genotypes expressed as scion/rootstock. 329 and 79 genotypes express pPGIP in Chardonnay (CC) or Thompson
Seedless (TSC) backgrounds, respectively.
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A B

Figure 3. Disease incidence in Riverside County plot of Chardonnay and Thompson Seedless vines measured in October
2014. (A) Disease score based on 0-5 scale; (B) Percent of vine canes with symptoms or evidence of Pierce’s disease.

Results. In general, the expression of pPGIP either in the scion or the rootstock or both did not impact the overall
phenotype of the plant, but infected plants without pPGIP were more likely to die, especially in the Solano
County site, during the 2015 season than those plants with no pPGIP.

In Solano County, analysis of the infected vines demonstrated disease progression over the summer of 2015 and
suggested that pPGIP expression provided reduced disease development and ultimately vine death. The effect was
clearly due to infection with X. fastidiosa as only two uninfected plants had died by the end of 2015. Furthermore,
as was shown in the previous annual report, the number of leaves or petioles along canes infected in 2014 was
greater when assessed on October 9, 2014 than on the July 29, 2014 observations. These results indicated that
disease was developing in these canes. However, vines with pPGIP in the scion portion had a slower increase in
disease symptoms, especially in the Chardonnay variety. Notably, vines with pPGIP in the rootstocks also showed
fewer numbers of diseased leaves or petioles along the infected canes, although the increase during the 2014
season was about what was observed in the control vines that had been grafted using material that had been
transformed with the empty vector construct. In all genotypes, the number of dead infected plants increased over
the course of the 2015 summer but the percentage of the vines that died was clearly reduced if the infected plants
were expressing pPGIP. It is possible that the severe drought heightened the effect of disease. The effects of X.
fastidiosa infections were much more pronounced on the Thompson Seedless genotype; by the end of the 2015
season, nearly 100% of the infected Thompson Seedless vines were dead. The plants will be reanalyzed during the
2016 growing season since it is possible that parts of these plants can recover from the disease and regrow. In
both varieties, rootstocks expressing pPGIP early in the season were the least likely to die, but by the end of the
season plants expressing pPGIP in the scion and the rootstock or only in the rootstock were about equally likely to
die. Examples of infected vines are shown in Figure 4. Data from the own-rooted Thompson Seedless line (79)
should probably not be considered, since an equivalent Chardonnay line (329) was not infected. The conclusion is
tentatively made that pPGIP expression, even in the rootstocks alone, was sufficient to delay Pierce’s disease
symptoms and vine death, but in Thompson Seedless lines, ultimately the plants may succumb to Pierce’s disease
even when pPGIP is expressed. pPGIP expression seems to offer more protection to the Chardonnay variety.

The disease scoring analyses done by PR and AP at the Riverside County site in 2014 produced approximately
equivalent scores. Analysis of the actual number of infected canes generally supported the overall disease score
analyses. The results, even with natural infections, suggested that some beneficial effects of pPGIP expression in
rootstocks as well as in the scion portions of the vines could be seen, although the Thompson Seedless variety
grown at the Riverside County site and infected naturally showed a more pronounced positive effect than the
Chardonnay variety.
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Figure 4. Examples of vines in the Riverside County (top row, Jun 2, 2015) and Solano County (bottom row, Oct 7,
2015) plots of Chardonnay and Thompson Seedless. The genotypes of the grafted or transgrafted vines are indicated.

CONCLUSIONS
All of the grafted plants necessary for the studies at both locations were generated, planted, and inoculated
accordingly. The genotypes of the grafted plants were confirmed. Initial infections in 2011 of the vines in Solano
County produced no visible symptoms over a year. The second set of inoculations in Year 2 resulted in detectable
X. fastidiosa DNA in infected vines in November 2012, and visual symptoms of Pierce’s disease in April 2013.
Mechanical inoculations with X. fastidiosa bacteria in 2011 and 2012 in Solano County resulted in the
accumulation of X. fastidiosa DNA sequences only in the inoculated, but not in the uninoculated, cane material.
Symptoms of Pierce’s disease infection were visible on the mechanically-inoculated vines beginning generally in
the spring of the year following the introduction of X. fastidiosa. Inconsistent or atypical pruning schedules have
made determinations of similarities of vine phenotype and vigor to commercially propagated fields difficult.
However, the overall performance of the own-rooted Chardonnay and Thompson Seedless vines in the field
seems to be unaffected by the expression of pPGIP either in the scion or the rootstocks unless the vines have been
inoculated with X. fastidiosa. The evaluations of the leaf and cane phenotypes of the plants suggest that pPGIP
expression improves resistance of vines to Pierce’s disease, probably more in the Chardonnay vines with pPGIP
which had fewer Pierce’s disease symptoms than the Thompson Seedless variety when mechanically inoculated in
Solano County, but more in the Thompson Seedless than in the Chardonnay variety during natural infections in
Riverside County. By using varieties grown for fresh fruit and for wine production in California, we are
comparing the impacts of these changes using varieties which grow with different habits and which are important
to different segments of the community of California grape growers.
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ABSTRACT
The focus of this study is to investigate the role of insecticide resistance as a contributing factor to the increased
numbers of glassy-winged sharpshooters (Homalodisca vitripennis) that have been recorded since 2009 in
commercial citrus and grapes in Kern County. Although the primary focus of our research will be in Kern County,
we broaden the scope of the project to include populations from agricultural, nursery and urban settings. This
broader approach enables us to provide a more comprehensive assessment on the overall resistance status of this
insect within Southern California and develop more effective resistance management plans. To date we have
identified the genomic sequence data for several genes that are the putative sites for resistance to carbamate,
pyrethroid, and neonicotinoid insecticides. Genomic analyses are ongoing to further elucidate the genetic basis for
insecticide resistance in several populations of glassy-winged sharpshooters throughout the state. Bioassay
analysis to detect insecticide resistance in the glassy-winged sharpshooter is also ongoing. Data from these
analyses suggest that there has been a shift in tolerance to neonicotinoids in the Kern County area. Insects appear
to be less sensitive to this class of insecticide relative to other populations that have had limited exposure.
Additionally, based on very limited sampling, there does not appear to be a major shift in resistance to
organophosphate, carbamate, or pyrethroid insecticides.

LAYPERSON SUMMARY
The goal of this research is to investigate the potential for the development of insecticide resistance in glassy-
winged sharpshooters (Homalodisca vitripennis) to chemicals in the carbamate, pyrethroid, and neonicotinoid
classes of insecticides, and to determine mechanisms where differences in susceptibility between populations are
identified. Additionally, we wish to simultaneously evaluate the development of resistance in various populations
of these insects that have been undergoing different levels of chemical control in grapes, citrus, commercial
nursery, and urban environments. As of this time, we have identified several genes that are likely candidates for
the development of resistance depending on the chemical class of insecticide. Additionally, we have detected the
possibility that glassy-winged sharpshooters are becoming slightly resistant to neonicotinoids; however, resistance
to pyrethroids or carbamates does not appear to be an issue. We caution that limited conclusions can be drawn
from these very preliminary data.

INTRODUCTION
Systemic imidacloprid treatments have been the mainstay of glassy-winged sharpshooter (Homalodisca
vitripennis) management in citrus, grapes, and commercial nursery operations. The treatments in citrus groves are
generally applied post-bloom to suppress the newly emerging spring populations. The use of winter or early
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spring foliar treatments of pyrethroid or carbamate treatments were introduced to the management program to
suppress overwintering adults and reduce the first early season cohort of egg-laying adults. The combination of
early season foliar treatments combined with the more persistent systemic treatments has effectively managed
glassy-winged sharpshooter populations in Kern County for many years.

In Kern County, glassy-winged sharpshooter populations have been monitored since the area-wide treatment
program was instigated by the California Department of Food and Agriculture following an upsurge in glassy-
winged sharpshooter numbers and an increase in the incidence of Pierce’s disease. The data shows an interesting
pattern of sustained suppression of glassy-winged sharpshooter populations, following the implementation of the
area-wide treatment program, until 2009 when numbers began to increase again, culminating in a dramatic flare-
up in numbers in 2012. In 2012, a single foliar treatment with either Lannate® (methomyl: carbamate insecticide
class), Assail® (acetamiprid: neonicotinoid insecticide class) or Baythroid® (cyfluthrin: pyrethroid insecticide
class) was applied in groves in late March, while systemic treatments with imidacloprid (neonicotinoid insecticide
class) were applied mid-March to early April. The application of systemic imidacloprid during 2012 mirrored the
strategy used in 2001 when the imidacloprid treatments were highly effective in suppressing the glassy-winged
sharpshooter populations. Despite the additional foliar treatments in 2012, the insecticide treatments failed to
suppress the insect population at a level that had occurred previously. It is a worrying trend that in the two years
prior to 2012, there was a steady increase in total glassy-winged sharpshooter numbers, an early indication that
the predominant control strategy might be failing. The consequence of the increase in glassy-winged sharpshooter
populations has been an increase in the incidence of Pierce’s disease. In the Temecula area, this worrisome
increase in glassy-winged sharpshooters has not occurred (yet); however the selection pressure in this area
remains high as similar management approaches are in use here as in Kern County.

There is also significant concern for the development of insecticide resistance arising from the management of
glassy-winged sharpshooter in commercial nursery production. The majority of commercial nurseries maintain an
insect-sanitary environment primarily through the use of regular application of soil-applied imidacloprid or other
related systemic neonicotinoids. For nursery materials to be shipped outside of the Southern California glassy-
winged sharpshooter quarantine area, additional insecticidal applications are required. Applications of
fenpropathrin (pyrethroid insecticide class) or carbaryl (carbamate insecticide class) must be applied to all nursery
stock shipped out of the quarantine area. As with citrus and vineyard production, the potential for the
development of insecticidal resistance in nursery populations of the glassy-winged sharpshooter to these three
classes of materials (neonicotinoids, pyrethroids, and carbamates) is high.

The focus of this study is to investigate the role of insecticide resistance as a contributing factor to the increased
numbers of glassy-winged sharpshooters that have been recorded since 2009 in commercial citrus and grapes in
Kern County. Although the primary focus of our research will be in Kern County, we propose broadening the
scope of the project to include populations from agricultural, nursery, and urban settings. This broader approach
will enable us to provide a more comprehensive report on the overall resistance status of the glassy-winged
sharpshooter within Southern California and develop more effective resistance management plans.

OBJECTIVES
1. For commonly used pyrethroid, carbamate, and neonicotinoid insecticides, determine LC50 data for

current glassy-winged sharpshooter populations and compare the response to baseline susceptibility levels
generated in previous studies.

2. Define diagnostic concentrations of insecticides that can be used to identify increased tolerance to
insecticides in insects sampled from other locations (where numbers are relatively low).

3. Monitor populations for known molecular markers of resistance to pyrethroids.
4. Monitor populations for target-site insecticide resistance, by testing enzymatic activity against carbamates

using the acetylcholinesterase biochemical assay.
5. Monitor populations for broad-spectrum metabolic resistance, by comparing esterase levels in current

populations of the glassy-winged sharpshooter to baseline susceptibility levels we previously recorded.
6. Develop assays for additional resistance mechanisms not previously characterized in the glassy-winged

sharpshooter.
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RESULTS AND DISCUSSION
Genetic Analyses
In order to identify markers that could be easily typed to determine insecticide resistance in field collected glassy-
winged sharpshooter, it was first necessary to identify the genic targets of commonly used insecticides within the
glassy-winged sharpshooter genome. We utilized gene sequences from housefly and mosquito to identify contigs
(via Basic Local Alignment Search Tool; BLAST) within the glassy-winged sharpshooter assembly that contained
genic targets of insecticides. Based on the additional analysis of the glassy-winged sharpshooter genome using
housefly and yellow fever mosquito (Aedes aegypti) as algorithmic models, we identified nine different contigs
that contained portions of the glassy-winged sharpshooter para sodium-gated channel gene, which is the
molecular target of pyrethroids (HVIT018256-PA, HVIT018257-PA, HVIT018258-PA, HVIT018259-PA,
HVIT018260-PA, HVIT018261-PA, HVIT018262-PA, HVIT018263-PA, and HVIT018265-PA). The exon /
intron boundaries of the sodium channel gene were annotated using algorithms developed in house. To date, we
now have identified two novel sodium channel gene sequences (1975 and 2121 amino acids) that are alternatively
spliced. Additionally, we began identification of P450 genes, which are an extremely large gene family involved
in detoxification processes, including metabolism of insecticides. Thus far, we have identified more than thirty
P450 genes (e.g. HVIT028002, HVIT002146, HVIT014023, HVIT027839, HVIT014027, HVIT028006,
HVIT028005, HVIT028857, HVIT002149, HVIT003205, HVIT008014, and HVIT008180). Protein products of
the genes range in size from 357 to 563 amino acids. Finally, we computationally identified several new nicotinic
acetylcholine receptor subunit sequences (HVIT01577, HVIT032410, and HVIT018225). To facilitate
identification of specific genes in the future, we are now running an annotation program, AUGUSTUS, in order to
more fully characterize the glassy-winged sharpshooter genome. The algorithm is computationally intense and
was initiated in March. We expect the process to take at least four to six months to complete.

Based on the above and ongoing analyses of the glassy-winged sharpshooter genome and transcriptome, gene
specific primers have been designed and synthesized to conduct potential target gene full length amplification and
detect genetic variations of single nucleotide polymorphisms (SNPs) among glassy-winged sharpshooter
populations located in different areas. We have extracted RNA from glassy-winged sharpshooter individuals that
came from two different locations (Riverside and Corona). cDNA was synthesized from RNA and set up as the
template for polymerase chain reaction (PCR). The first nicotinic acetylcholine receptor beta-like gene sequence
has been identified. The open reading frame of the gene is 1593 base pairs (bp), which encodes a protein of 531
amino acids. One non-synonymous mutation and three synonymous mutations have been identified among
individuals between Riverside and Corona. Sequences have been sent to I-TASSER online server to build the
three dimensional structure of the protein. The protein structure and binding models with different insecticides
will be studied later. At the same time, a total of 4551 bp of sodium channel gene have been confirmed, and seven
synonymous mutations have been found among individuals between Riverside and Corona. The full length
sequences of several genes that could be involved in insecticide resistance will be identified soon.

Imidacloprid Bioassays
Topical application bioassays were conducted during 2015 using insects collected from citrus in the General
Beale Road area of Kern County, and the data compared with similar bioassays from studies conducted in 2003.
In bioassays, insecticide is topically applied to the abdomen of adult glassy-winged sharpshooters and mortality is
assessed at 24 and 48 hours post treatment (Byrne and Toscano, 2005). Topical application of insecticide to an
individual insect ensures that the insect receives the required dose, and eliminates any behavioral factors that
could occur when the insect encounters the insecticide (either through direct contact or during feeding).
Imidacloprid is one of the most important insecticides used for the control of the glassy-winged sharpshooter, and
this insecticide has been shown to elicit anti-feedant effects in several pest species (Nauen et al., 1998).

In 2003, the bioassays were conducted using populations from Riverside (Agricultural Operations, University of
California, Riverside) and Redlands (commercial citrus grove). At the time the bioassays were conducted, the
neonicotinoid insecticide imidacloprid was not being used at Agricultural Operations to control populations, and
so the data from those bioassays were considered to represent baseline susceptible levels for the glassy-winged
sharpshooter. The response of insects from the Redlands grove, where imidacloprid was incorporated as part of
the area-wide management of the glassy-winged sharpshooter, was similar to Agricultural Operations, indicating
that no tolerance to imidacloprid had arisen despite its use as part of the control program. In our view, those early
data serve as a useful reference against which current populations can be compared.
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In all bioassays, the Kern County populations were considerably more tolerant to imidacloprid than the reference
population (Figure 1). In the first bioassay, we treated insects over the range 0.25 – 10 ng imidacloprid per insect
(n = 150), and there was no insecticide-related mortality at the highest concentration. A second bioassay was
conducted with the same source of insects (n = 130) to check the response at 10 ng imidacloprid (using a freshly
prepared stock of imidacloprid). Similar to the first bioassay, there was no imidacloprid-related mortality. Based
on the reference data set, the 10 ng dose should result in ca. 80% mortality, so the bioassays indicated some
degree of tolerance to imidacloprid in the Kern County insects. The dose range was adjusted to 1.5 – 150 ng
imidacloprid per insect for the third bioassay, and a new supply of technical grade imidacloprid was used to
prepare the working stock solutions. Although there was a dose response in this bioassay, complete mortality at
the higher doses was not achieved, and the level of mortality at the 10 ng dose was minimal. Further bioassays are
needed to obtain a full dose-response curve.

Figure 1. Dose response of glassy-winged sharpshooter adults to imidacloprid applied topically to
the abdomen. Mortality was assessed at 48 h post-treatment. Data for the Kern County population
(General Beale Road) were generated in October 2015 and compared with bioassay data for insects
tested in 2003 from research citrus plots at Agricultural Operations (Ag-Ops) at the University of
California, Riverside, and a commercial citrus grove in Redlands.

Pyrethroid Bioassays
Bioassays were conducted at diagnostic concentrations for two pyrethroid insecticides (bifenthrin and
fenpropathrin) using populations collected from citrus at General Beale Road (Figure 2). Bioassay data was
originally generated in 2004 and 2005 for populations sampled from citrus at Agricultural Operations, and these
data are used to represent a reference susceptible.

Both pyrethroids were tested at five ng pyrethroid per insect by topical application. Bifenthin was more toxic than
fenpropathrin; however, the levels of mortality were lower for both insecticides compared to the Agricultural
Operations population in 2005. Despite the lower toxicity at this single dose, it will be important to develop
complete dose-response curves for the two pyrethroids to determine whether these differences in toxicity indicate
tolerance to the pyrethroids.

Esterase Activity
Pyrethroid insecticides are ester-based insecticides and can act as substrates for pyrethroid-hydrolyzing esterases.
Total esterase activity was measured in individual glassy-winged sharpshooters using a colorimetric assay that
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utilizes naphthyl ester substrates. Although the substrates are non-insecticidal, naphthyl esters can be hydrolyzed
by resistance-causing esterases, and they have been used for several decades to identify pyrethroid resistance in
agricultural, medical, and veterinary pests. We determined the esterase activity in glassy-winged sharpshooters
collected from several citrus groves, and compared the new data with data from our studies in 2003 (Figure 3).
Unfortunately, we do not have esterase activity levels from Kern County populations from previous years, so we
must rely on available data for Riverside and Redlands populations to make comparisons.

Large numbers of insects were collected from the General Beale Road area of Kern County, and the mean esterase
activity was significantly higher than the reference value for the Riverside population (data from 2003) and a
population collected in 2015 from organic citrus in Tulare County (Figure 3).

During 2016, we will continue to measure the esterase activity in glassy-winged sharpshooter populations
collected from various field sites in conjunction with bioassays. In that way, we will be able to better understand
the impact, if any, of subtle changes in esterase activity on pyrethroid toxicity. In addition, we will measure the
activity in insects that survive bioassay treatments to determine if the survivors have elevated levels of activity
compared with control (untreated) insects. Individual esterases that contribute to elevated levels of total esterase
activity in glassy-winged sharpshooters can be identified using polyacrylamide gel electrophoresis (Byrne and
Toscano, 2005).

Figure 2. Toxicological response of glassy-winged sharpshooter adults to the pyrethroids bifenthrin and
fenpropathrin applied topically to the abdomen. Mortality was assessed at 48 h post-treatment. The bars
show data for the Kern County population (General Beale Road) that were generated in October 2015,
using a diagnostic concentration of five ng/insecticide for both chemicals. Bioassay data for insects tested
in 2005 from research citrus plots at Agricultural Operations (Ag-Ops) at UC Riverside are included for
comparison.

Acetylcholinesterase Sensitivity to Paraoxon
Organophosphate (OP) and carbamate insecticides target the neurotransmitter acetylcholinesterase (AChE).
Target-site resistance arises as a consequence of mutations in the enzyme that affect the binding efficiency of the
insecticide. An assay was developed for glassy-winged sharpshooter that enabled the measurement of both the
total esterase activity (Figure 3) and the sensitivity of the AChE to paraoxon in an individual insect.
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Figure 3. Total esterase activity measured in individual glassy-winged sharpshooter adults. Activity is
represented as absorbance units (320 nm) measured after 30 min incubation with 0.3 mM 1-naphthyl acetate.
Homogenates of individual heads were prepared in 0.1 M phosphate buffer, pH 7.5, and then an aliquot
(equivalent to 0.01 head) used directly for assay. Levels not connected by the same letter (located above the box
plot) are significantly different.

We tested a large number of insects from the General Beale Road area and all the insects were sensitive to the
diagnostic concentration of 30 µM paraoxon (Figure 4). Insects were also tested from locations in Orange County
and Tulare County, and these insects were also sensitive to the OP.

Figure 4. Sensitivity of glassy-winged sharpshooter AChEs to 30 µM paraoxon. The insert shows the
computer output from an assay in which total AChE activity was measured over 20 minutes in the absence
(columns 1 and 3) and presence (columns 2 and 4) of the OP. Duplicate aliquots from the same insect
homogenate are assayed side-by-side in the absence and presence of the OP (thus boxes A1 and A2
represent the same insect AChE source), providing a visual display of the AChE sensitivity. The main
graph shows the distribution of AChE inhibition in glassy-winged sharpshooter adults collected from
multiple sites in California. All assays resulted in complete inhibition of activity within the 20 minute
assay, denoting a lack of AChE insensitivity within glassy-winged sharpshooter populations.
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CONCLUSIONS
We identified a shift in imidacloprid tolerance in glassy-winged sharpshooters collected from citrus in the General
Beal Road area of Kern County. The shift is based on a comparison with data generated in 2003 for a population
in Riverside County that we regard as a reference susceptible. An important next step in our studies will be to
continue with bioassays on glassy-winged sharpshooter populations from the General Beale Road area, and to
compare the data with bioassays for insects collected from other regions, particularly where control of glassy-
winged sharpshooter populations is not an issue. One approach could be to compare toxicological responses of
glassy-winged sharpshooters from organic and conventional sites. Gathering new data for insects in Riverside and
Redlands areas will be important in order to determine whether the toxicity of imidacloprid has remained the
same since the original studies were completed, or if the insects from these areas also express an increased
tolerance to imidacloprid. The reference data was generated in 2003, and although the same techniques are being
used in our current research, it is necessary to determine efficacy against current populations from those areas. In
that way, the impacts of tolerance/resistance to field control can be more effectively evaluated.

The esterase data identified subtle, yet significant, phenotypic differences between insects collected in organic
(Tulare County) and conventional (Kern County) groves. If these differences represent a pattern that exists
between these two systems, it may be one that can be exploited to identify mechanisms that affect the
susceptibility of the glassy-winged sharpshooter to pyrethroid insecticides. Interestingly, there was also a lower
toxicity to pyrethroids in the Kern County insects, although we do not have data for the organic population to
compare. Until now, we were only able to compare the Kern County data with results from earlier studies with a
population collected from citrus research plots on the campus of the University of California, Riverside where
pyrethroids would not have been part of a glassy-winged sharpshooter control program. The esterase data for the
UC Riverside and Tulare County insects were not significantly different.

No differences in sensitivity of AChE to diagnostic concentrations of the OP paraoxon were detected in field
populations of glassy-winged sharpshooter.

The genomic work is currently ongoing; however, it is too early to utilize information generated from these
efforts to identify the actual genetic sites where resistance may be evolving. We are confident that with continued
effort and analysis of the genome, the genetic differences between what appear to be populations with different
levels of susceptibility to important insecticides will be identified.
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ABSTRACT
Manipulating gene expression is critical to exploring gene function and a useful tool for altering commercial
traits. Quality improvements depend on applying new genetic insights and new technologies to accelerate
breeding through improved genotyping and phenotyping methods, and by increasing the available genetic
diversity in germplasm. The proposed work on fundamental processes of plant RNA interference interactions with
Xylella fastidiosa leverages translational science from model organisms to the market, with potential for broad
impacts on agriculture and understanding the mechanisms of pathogen resistance. The molecular approaches
supported by this project can have significant impacts on viticulture by: (i) applying deep knowledge from model
plant species to grapes; (ii) facilitating optimal selection of parents for breeding and immediate selection of elite
progeny with multiple desirable traits; (iii) circumventing biological and societal limits to genetic engineering;
(iv) accessing abundant genetic variation (vegetative propagation is a double-edged sword): grape varieties
currently face severe pathogen pressures and long-term sustainability of industry relies on exploitation of natural
genetic diversity; (v) rapid linkage disequilibrium (recombination) allowing haplotype variants to be directly
associated with phenotypes, accelerating breeding programs; and (vi) understanding disease etiologies.

LAYPERSON SUMMARY
The bacterium Xylella fastidiosa is the cause of Pierce’s disease in grapes and is a major threat to fruit, nut, and
coffee groves. Obvious symptoms are anthocyanin (red pigment) accumulation in leaves and shriveling of
undeveloped berries. A few studies have determined that anthocyanin compounds can reduce insect feeding.
Work by the co-principal investigator shows that X. fastidiosa infection causes significant imbalances in leaf and
xylem elemental phosphorus (P) content in grapes, tobacco, and pecan, but the bioavailable form of P underlying
this phenomenon is unknown. The principal investigator has characterized in many species including grape a
molecular mechanism (involving a microRNA [miRNA]) that is involved in anthocyanin and potentially disease
and insect relationships. We hypothesize that these novel target genes s (VvMYBA6/A7) in grape are effectors of
anthocyanin accumulation and potentially glass-winged sharpshooter feeding preference determinants important
for Pierce’s disease etiology, mediated through Pi and abscisic acid (ABA, a plant stress hormone) signaling
crosstalk that modulates miR828 activities normally to silence target gene expression. Anthocyanins function as
color and flavor enhancers and anti-oxidants in fruits, and their induction in vegetative tissues may serve as
antagonists to feeding by the glassy-winged sharpshooter (Homalodisca vitripennis) and to colonization by
X. fastidiosa. We propose to test the X. fastidiosa infection/spread hypothesis directly by “knocking out” the key
genes using a new genome editing technology - Clustered Regularly Interspaced Short Palindromic Repeats
(CRIPSR/Cas9) that the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board nominated as a high-
priority approach to engineering Pierce’s disease resistance. This technology has the capacity to produce non-
"genetically modified organism" (GMO) grapevines and rootstocks (after outcrossing the vector gene by
traditional breeding). The resulting stocks lacking functional endogenous effector genes will be challenged in the
greenhouse with X. fastidiosa. This proof in principle experiment could result in a new paradigm for host-vector-
pathogen interactions in Pierce’s disease with potential translational benefits for other crops. This project draws
on a new molecular breeding technique for deleting test genes, introducing key changes into genes (e.g., to make
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them easy to study in their native state), and mitigating regulatory issues of GMOs for the advancement of the
grapevine biotechnology and breeding sectors.

INTRODUCTION
A few studies have determined that some anthocyanin and derivative tannic compounds can reduce insect feeding
[1], including sap-sucking insects [2, 3]. The saliva of sap-sucking insects like the glassy-winged sharpshooter
(Homalodisca vitripennis) contains components like polyphenol oxidase and peroxidase for detoxification of
plant secondary substances and break-down of plant cell walls and defense reactions [4], thought to play roles in
X. fastidiosa migration [5] in xylem vessels and potentially insect colonization and transmission [6, 7].
X. fastidiosa residency in the xylem appears to be the main criteria for survival in the host. The nutritionally poor
xylem does contain specific amino acids, organic acids, and inorganic ions (e.g. Pi) that are essential for the
bacterium. Phenolics accumulate in xylem sap and leaves of X. fastidiosa infected almonds [8] and grape [9];
some cultivars (e.g. ‘Rubired’) induce phenolics to higher concentrations and do not develop Pierce’s disease
symptoms as quickly as anthocyanless cultivars such as Chardonnay or Thompson’s Seedless [10, 11]. The gene
expression responses of a X. fastidiosa resistant species, Citrus reticulata Blanco (Ponkan mandarin), one day
after X. fastidiosa infection show up-regulation of genes for phenylpropanoid and flavonoids biosynthesis [12].
Significantly, low (200 μM) levels of catechin and resveratrol, the most abundant polyphenolic in xylem tissue,
limit X. fastidiosa growth in vitro [13].

miRNAs and small interfering RNAs (siRNAs) derived from miRNA activities are the specificity “guide” for
nucleases of the ARGONAUTE class which cleave or otherwise repress protein coding transcripts in a nucleotide
sequence-specific manner [14, 15]. Because miRNAs and associated trans-acting small interfering (TAS) loci act
dominantly, they are a particularly good subject for studying the fitness landscape of interactions and genetic
robustness in nature and at the bench. Microbes and viruses utilize plant miRNAs to facilitate pathogenesis, and
plants have co-opted miRNAs for plant innate immunity [16-22], but the molecular mechanisms of RNA
interference (RNAi) in plant-microbe interactions are poorly understood. It is quite likely that grapevine red
blotch [23] and leaf-roll virus disease states involve miR828/TAS4: Leafroll infection increases miR828 [24],
blocks berry development [25], and phenocopies symptoms of Pierce’s disease [26] mediated by viral suppressor
proteins that interfere with siRNA formation or activity [27]. Production of phased trans-acting-siRNAs
(phasiRNAs) from target MYBs (MYeloBlastosis viral oncogene-like) has been shown to be triggered by miR828
in many species [28-35], similar to numerous miRNAs that all target the huge Nucleotide-Binding
Sequence/Leucine Rich Repeat family of disease resistance genes [28, 32, 36]. The diversity and conservation of
so-called "phased si-RNA-producing" loci across plant taxa [36-39] and their loss in virus- and bacteria-infected
tissues that results in susceptibility [36, 40] demonstrates their broad functions as master regulators targeted by
pathogens.

TAS transcripts drive antisense transcription and feedback loops that amplify the production of siRNAs that in
turn negatively regulate target gene expression in trans [41]. Endogenous siRNAs can pass through
plasmodesmata and move across graft unions to regulate gene expression by epigenetic modifications,
establishing developmental gradients, or by feedback loops in adjacent cells or in separate roots and shoots [42-
44]. TAS4 is a locus discovered in Arabidopsis [45] that generates a ~1 kilobase long non-coding RNA spawning
phasiRNAs triggered by miR828; both miR828 and derived phasiRNAs target MYB transcription factors that
regulate anthocyanin production. Grape has one MIR828 and three functionally conserved TAS4 loci (a-c) with
implications for differential MYB cleavage activities [46]. The high reproducibility of abundances of the VvTAS4b
phasiRNAs support that TAS4b is the trigger for silencing by cleavage of VvMYBA6/A7 targets [46].

The target genes of miR828/TAS4 are a specific clade of MYB transcription factors shown by the principal
investigator and others to be effectors of flavonol, proanthocyanidin, anthocyanin, and lignin biosynthesis
pathways and associated with fruit development. Although the exact functions of the specific target MYBs are
unknown, they are likely involved in phenolics metabolism because within well-studied subgroups across widely
diverged species there is strong evidence they function in the same process [47].

OBJECTIVES
The general research objective (within the scope of Year 1 seed funding) is to test the hypothesis that specific
trans-acting small interfering RNAs (ta-siRNAs) produced by grape are regulators of the Pierce’s disease process.
The long-term goal is to establish a new technology in grapes that will allow genetic manipulations that will not
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carry the negative connotation of “genetically modified organism” (GMO). This is because the vector transgenes
can be removed by conventional backcrosses to the transgenic lines, resulting in only mutated endogenous
effector genes in progeny. We will achieve these goals in Year 1 by the following specific objectives:

1. Test the miR828, TAS4, and target MYBA6/7 functions in Pierce’s disease etiology and X. fastidiosa
infection and spreading by genome editing using CRISPR/Ca9 transgenic technology.

2. Characterize tissue-specific expression patterns of TAS4 and MIR828 primary transcripts, sRNAs, and
MYB targets in response to X. fastidiosa infections in the field.

RESULTS AND DISCUSSION
During the week of July 29, 2015, 22 samples of Pierce’s disease-infected and symptomless Merlot leaves and
petioles were collected from the Calle Contento vineyard in Temecula under the supervision of Matt Daugherty,
University of California, Riverside Extension agent. Petiole DNA extracts will be assessed by the co-principal
investigator for Pierce’s disease titres, and correlated leaf materials will be extracted by the principal investigator
for construction of small RNA- and transcriptome RNA-Seq libraries (Objective 2). During the first week of
September 2015, the co-principal investigator collected Pierce’s disease symptomatic and symptomless
Chardonnay and Merlot leaf samples from the Black-stock vineyard in GA (Dahlonega, Lumpkin County) for
shipment to the principal investigator's lab for molecular characterizations. Presence of X. fastidiosa was
confirmed by culture methods, and polymerase chain reaction (PCR) confirmation is ongoing.

We have initiated methods development for quantitation of anthocyanins and polyphenolics from Pierce’s disease
infected leaf samples. Figure 1 shows a chromatogram of unhydrolyzed and acid-hydrolyzed cyanidin glucoside
standard as well as initial characterization of a commercial bilberry extract with validated aglycone peaks for
delphinidin, cyanidin, and a combined malvidin/pelargonidin/peonidin peak (due to hydrophobic methyl groups).

The principal investigator has obtained materials from Tom Jacobs [48] and successfully engineered binary T-
DNA Agrobacterium vectors to genome edit the grapevine VvMIR828, VvTAS4ab, and target VvMYBA6
/VvMYBA7 loci; namely p201N-Cas9 (Addgene #59175) for plant expression of human codon-optimized Cas9
endonuclease from Streptococcus pyogenes [49] and pUC-gRNA shuttle (Addgene #47024) PCR template for
engineering synthetic guide RNAs for U6 promoter-driven expression. Synthetic guide constructs were
synthesized commercially with flanking SpeI and SwaI restriction sites and subcloned into p201N_Cas9
(Figure 2). The constructs have been electroporated into Agrobacterium strain EHA105 and will be shipped next
week to Collaborator David Tricoli's lab under USDA Animal and Plant Health Inspection Service,
Biotechnology Regulatory Services permit #15-231-102m (issued 10/05/15). A few additional vectors have been
constructed to target the Phytoene Desaturase (PDS) gene of grapevine as a proof-in-principal test of genome
editing efficiency by visual screen for photobleached sectors during regeneration. At least five regenerated
independent KanR transformants for each of nine constructs and vector alone are anticipated in the next phase.
The Collaborator (Tricoli) will transform Thompson Seedless variety with the PDS vectors because that variety
can regenerate more quickly (estimated 4-6 months). Commercially relevant grapevine rootstocks 101-14 and/or
1103-P will be transformed with MIR828, TAS4ab, and MYBA6/A7 vectors in parallel. Validation of editing
events will be by PCR cloning and sequencing of target genes, and PAGE-based genotyping [50].

CONCLUSIONS
One year of funding has been provided, so the scope of work has been adjusted accordingly. We are on track to
achieve our Objectives. In future applications, contingent upon satisfactory progress towards Objectives 1 and 2,
we will characterize the changes in control versus edited genotypes for xylem inorganic phosphate (Pi) and
polyphenolic levels of X. fastidiosa infected and Pi-treated stems, leaves, and berries. We will conduct
X. fastidiosa challenge experiments with genome-edited transgenic plants. We will also endeavor to conduct
insect diet preference and X. fastidiosa growth assays with candidate polyphenolics that arise from our results. It
is noted that no host genes are yet known that normally function to enhance host susceptibility; knocking out any
host gene (e.g. Pierce’s disease resistance) may result in increased susceptibility to infections. Thus engineering
Pierce’s disease resistance is likely to be by incremental advances from characterizing molecular mechanisms.
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Figure1. Nano-HPLC chromatogram of timecourse hydrolysis of cyanidin-3,5-di-O-glucoside standard (a) 0'; (b) 40'; (c)
60' acid hydrolysis treatments; (d) 60' hydrolyzed commercial bilberry extract. Retention times: cyanidin-3,5-di-O-
glucoside =10.3-10.6'; cyanidin-3- and -5-O-glucosides =15.4- 15.8'; cyanidin aglycone=16.8- 16.9'; delphinidin= 16.4';
malvidin= 17.6'. Samples were run on an Acclaim Pepmap RSLC 75 μm x 15 cm nanoViper C18 2 μm column with 95%
water:formic acid as stationary phase and 100% acetonitrile as mobile phase, linear gradient from 5-100% mobile in 30'.
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SwaI-MtU6pro:sgRNA-SpeI
512 bp insert

Figure2. Custom sgRNA/effector T-DNA construct p201N_Cas9 (Addgene #59175) successfully implemented for
engineered MIR828, TAS4, and MYB targeting effectors. MtU6pro, Medicago snRNA PolIII-dependent promoter and
terminator. sgRNA, gene-specific synthetic-guide sequence for Cas9 activity in eukaryotic cells. 2X35S, StUbi-3,
constitutive plant promoters. SV40, in-frame nuclear localization signal. Cas9, human codon-optimized Cas9
endonuclease from S. pyogenes. nos,StUbi-3 terminator: plant transcription terminators. aph, nptII, kanamycin
resistance genes for plant and bacterial selection, respectively.
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Reporting Period: The results reported here are from work conducted July 2014 to October 2015.

ABSTRACT
Our goal was to maintain the experimental vines evaluated as alternative strategies for management of Pierce’s
disease. The strategies were previously developed by project investigators (see list of collaborators) and funded
by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board and include different plant modification
approaches and use of a biocontrol agent. Here we present all the field activities that were done since July 2014
including irrigation water, soil, and plant tissue analyses. In 2014, we identified several problems that may have
limited the establishment and growth of those vines after planting. Abiotic stresses that were identified include
slightly alkaline soil and water, nutrient deficiencies in the soil (i.e., nitrogen, magnesium, boron and
phosphorous), and in the plant (i.e., nitrogen, phosphorous), as well as boron toxicities in plant tissues. Crop load
was also an issue in the Hopkins/Kirkpatrick plot. Biotic stresses other than Pierce’s disease included nematode
(Tylenchulus semipenetrans) in the Dandekar plot and powdery mildew (Erysiphe necator) in the Hopkins /
Kirkpatrick plot. As expected, Pierce’s disease pressure increased over the summer of 2014, as indicated by an
increased number of glassy-winged sharpshooters (Homalodisca vitripennis) caught on yellow sticky traps.
Pierce’s disease severity was recorded in all research plots in 2014. In 2015, the Pierce’s disease trials on the
modified vines were terminated with herbicide sprays and thus no data on Pierce’s disease severity and glassy-
winged sharpshooter population were recorded. The monitoring of the biocontrol experiment from the Hopkins /
Kirkpatrick plot also ended but the research was not terminated.

LAYPERSON SUMMARY
Alternative strategies for control of Pierce’s diseases are currently being evaluated in the field at the Department
of Agricultural Operations at the University of California, Riverside. Vines are subjected to natural disease
pressure because of the presence of insect vector populations, the glassy-winged sharpshooter (Homalodisca
vitripennis). Here we present all the field activities that were done since July 2014 including irrigation water, soil,
and plant tissue analyses. In 2014, we identified several problems that may have limited the establishment and
growth of those vines after planting. Abiotic stresses that were identified include slightly alkaline soil and water,
nutrient deficiencies in the soil (i.e., nitrogen, magnesium, boron and phosphorous), and in the plant (i.e.,
nitrogen, phosphorous), as well as boron toxicities in plant tissues. Crop load was sometime an issue. Biotic
stresses other than Pierce’s disease included nematodes and powdery mildew. As expected, disease pressure
increased over the summer, as indicated by an increased number of glassy-winged sharpshooters caught on yellow
sticky traps. Pierce’s disease severity was recorded in all research plots and results are presented in this report, but
will be discussed in reports by individual principal investigators. In 2015, the Pierce’s disease trials on the
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modified vines were terminated with herbicide sprays and no data on Pierce’s disease severity and glassy-winged
sharpshooter population were recorded. The monitoring of the biocontrol experiment from the Hopkins /
Kirkpatrick plot also ended but the research was not terminated.

INTRODUCTION
Xylella fastidiosa is a Gram negative, xylem-limited, insect-vectored bacterium and is the causal agent of Pierce's
disease of grapevine (Hopkins and Purcell, 2002). Current Pierce’s disease management strategies primarily
involve vector management through the use of insecticides. Several alternative strategies are currently being
evaluated in field trials. One of the field trials is located at the Department of Agricultural Operations (AgOps) at
the University of California, Riverside. The experimental grapevines grown at the University of California,
Riverside are subjected to natural insect populations (the glassy-winged sharpshooter; Homalodisca vitripennis)
that vector the disease. The strategies developed by principal investigators Dandekar, Lindow, Gilchrist, Powell,
and Kirkpatrick/Hopkins that are currently being evaluated include various modified grape and grape rootstocks
expressing genes from different constructs as well as the use of a non-virulent X. fastidiosa strain as a biocontrol
agent (see individual principal investigator reports for more information). Our goal is to maintain the vines
growing at AgOps and record data on insect vector and disease pressure, and Pierce’s disease incidence and
severity in order to identify the most effective control strategy moving forward.

OBJECTIVES
1. Maintain grapevines and research plots.
2. Monitor sharpshooter populations and disease pressure.
3. Record Pierce’s disease severity.

RESULTS AND DISCUSSION
Objective 1. Maintain grapevines and research plots.
Field activities since July of 2014 are reported in Table 1. Water, soil, and tissue samples from each experimental
plot were sent to Fruit Growers Lab, Inc. for analyses (Tables 2, 3, and 4). Ever Green Nematode Testing Lab,
Inc. also performed nematode analysis from the soil samples. For the irrigation water, no obvious problem was
noticed besides a slightly alkaline pH (Table 2). The samples from shallow (0-25cm) and deep (25-50 cm) soils
around grapevine roots as well as background soil from middle rows also showed that soils were slightly alkaline.
This condition is likely affecting cation exchange capacity (CEC) as higher pH decreases cation availability
(Table 3). Overall, deep soil seems to be more deficient in magnesium and zinc. In addition, boron and nitrate-
nitrogen and phosphorous availability were limited in deep and shallow soils. Some of these carried over to tissue
analyses whereby nitrogen, and sometimes phosphorous and zinc were lower than the optimum range (Table 4).
However, toxic levels of boron were recorded in vines from all experimental plots. Mineral nutrients imbalance
was also previously reported in grapevines and host plants infected with Pierce’s disease (Lu et al, 2003; De La
Fuente et al., 2013), but never for boron (B). Those deficiency or toxicity levels may have confounded Pierce’s
disease symptoms, as older leaves with B toxicity can appear scorched. Thus, improper disease severity rating
may have resulted from it. Nematode analysis showed that Tylenchulus semipenetrans was present in Dandekar’s
plot (2,254 nematode per kg of soil) and they may have stressed the vines and caused them to decline (Verdejo-
Lucas and McKenry, 2004). Interestingly, these nematodes were only found in Dandekar’s block. Abiotic stress
such as heavy crop load that was only observed on some vines in the Hopkins/Kirkpatrick plot may also have
stressed the vines and caused them to decline (Figure 1B).

In 2015, standard viticultural practices were implemented in all research plots to correct some of the problems
observed in 2014 as described above, which limited somewhat our capacity to rate Pierce’s disease symptoms
accurately. Grapevines were pruned and trained properly, fertilized and irrigated as needed. Clusters were
dropped during the season to avoid over-cropping thereby stressing the vines. In addition, an active powdery
mildew management program was implemented at the beginning of the growing season including fungicide spray
and leaf removal to open the canopy. However, herbicide damages were observed on the foliage for one of the
research plot (Powell) and affected about 25% of the vines (Figure 1C). The experiments on modified vines
(Lindow, Dandekar, Gilchrist, and Powell) were terminated in July of 2015 (Figure 1D) and for this reason
Pierce’s disease severity rating and glassy-winged sharpshooter population were not monitored over the summer.
The experiment on biocontrols (Hopkins/Kirkpatrick) is still ongoing and has been taken over by the principal
investigators.
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Table 1. Field activities for all grapevine experimental plots located at AgOps, UC Riverside.

Date Activity

2014
July 2 Traps collected, sharpshooters censused, new traps deployed
July 11 Rodent control
July 12 Grape tissue sampling for analysis - Fruit Growers Lab

Fungicide application (rally + stylet oil) for powdery mildew controlJuly 17 Weed control
August 7 Traps collected, sharpshooters censused, new traps deployed

Pruning and burying grape cuttingsAugust 8 Fungicide application (stylet oil) for powdery mildew control
August 21 Pruning and burying grape cuttings

Soil and root sampling for nematode count – Ever Green Nematodes testing LabAugust 22 Soil sampling for analysis - Fruit Growers Lab
August 12-26 Weeding and vine training
August 26 Weed control
September 4 Traps collected, sharpshooters censused, new traps deployed
September 17 Water sampling from drip irrigation for analysis – Fruit Growers Lab
September 22 Pierce’s disease severity rating
September 23 Weed control
September 29 Pierce’s disease severity rating
October 6 Pierce’s disease severity rating

Sampling petioles for X. fastidiosa detection by qPCR
2015
February Grapevine pruning
April 1 Fungicide application (sulfur) for powdery mildew control
April 9 Train vines
April 17 Fungicide application (sulfur) for powdery mildew control

Fertilizer application (12-26-26)
May 8 Grapevine flowers removal
May 13 Fungicide application (stylet oil) for powdery mildew control
May 29 Fungicide application (Rally) for powdery mildew control
June 10 Fungicide application (Rally) for powdery mildew control
June 18 Fungicide application (Rally) for powdery mildew control
July 7 Herbicide treatment (Garlon). Termination of PD trials on modified vines.
July 28 Herbicide treatment (Roundup). Termination of PD trials on modified vines.
August 14 Herbicide treatment (Roundup). Termination of PD trials on modified vines.
September 25 Herbicide treatment (Roundup). Termination of PD trials on modified vines.
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A B

C D

Figure 1. (A) Grapevine cv. Pinot improperly trained, also showing powdery mildew symptoms, 2014. (B)
Over-cropped grapevine cv. Pinot showing signs of stress, 2014. (C) Herbicide damage on modified vines
likely caused by drift, 2015. (D) Dead modified grapevine following voluntary termination with herbicide
sprays, 2015.
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Table 2. Grape irrigation suitability analysis, Fruit Growers Laboratory, Inc. Values
highlighted in red represent higher level than the optimal requirements.

Test Description Results
mg/L Meq/L

Cations
Calcium 50 2.5
Magnesium 10 0.82
Potassium 3 0.077
Sodium 40 1.7
Anions
Carbonate < 10 0
Bicarbonate 170 2.8
Sulfate 57 1.2
Chloride 29 0.82
Nitrate 16.1 0.26
Nitrate Nitrogen 3.6
Fluoride 0.5 0.026
Minor Elements
Boron 0.1
Copper 0.01
Iron 0.04
Manganese 0.04
Zinc < 0.02
TDS by Summation 376
Other
pH 7.6
E.C. 0.513 dS/m
SAR 1.4
Crop Suitability
No amendments Fairly good
With amendments Good
Amendments
Gypsum requirement 0.2 Tons/AF
Sulfuric acid (98%) 9.8 oz/1000Gal
Leaching requirement 3.3 %
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Table 3. Soil analysis, Fruit Growers Laboratory, Inc. Soil samples representing shallow soil (SS-R) and deep soil (DS-
R) of grapevine roots as well as background soil from middle row (BS), were collected from each experimental block.
Values highlighted in yellow and red represent lower and higher levels than the optimal requirements, respectively.

Block
Test Description Dandekar Kirkpatrick / Hopkins Lindow/Gilchrist/Powell

BS SS-R DS-R BS SS-R DS-R BS SS-R DS-R
Primary Nutrients
Nitrate-Nitrogen (ppm) 11.8 1.5 2.5 7.4 1.9 1.5 111 1.4 1.4
Phosphorus-P2O5 (ppm) 48.1 25.2 45.8 20.6 25.2 18.3 38.9 20.6 29.8
Potassium-K2O Exch (ppm) 157 84 133 72 84 60 145 72 169
Potassium-K2O Sol (meq/L) 1.06 0.304 0.496 0.112 0.103 0.041 2.29 0.394 0.618
Secondary Nutrients
Calcium Exch (ppm) 560 620 640 1120 1480 1140 560 580 660
Calcium Sol (meq/L) 3.06 2.33 1.88 3.42 5.78 3.34 26.5 4.28 1.95
Magnesium Exch (ppm) 78 92 84 132 174 139 79 85 96
Magnesium Sol (meq/L) 0.933 0.892 0.611 0.927 1.7 0.98 7.71 1.61 0.625
Sodium Exch (ppm) 20 40 30 40 80 50 30 30 50
Sodium Sol (meq/L) 0.678 4.48 2.57 2.4 7.72 4.09 5.37 4.66 3.89
Sulfate (meq/L) 0.627 3.01 1.86 1.25 7.69 3.65 6.17 2.31 2.95
Micronutrients
Zinc (ppm) 0.8 1 0.8 0.5 0.8 0.3 0.6 0.5 0.3
Manganese (ppm) 6.4 4.1 3.2 4.2 5.4 4.1 5.3 5.3 4.8
Iron (ppm) 17.5 15.3 14.1 11.2 11.3 15 15.5 9.5 10.2
Copper (ppm) 0.6 0.7 0.6 0.7 0.9 0.5 0.6 0.6 0.5
Boron (ppm) 0.26 0.17 0.18 0.3 0.22 0.15 0.243 0.13 0.13
Chloride (meq/L) 0.45 1.65 0.69 0.68 4.59 2.6 4.04 1.54 1.72
CEC (meq/100g) 3.77 4.24 4.3 7.02 9.38 7.19 3.87 3.9 4.64
% Base Saturation
CEC – Calcium (%) 74.3 73.1 74.4 79.8 78.8 79.3 72.4 74.4 71.1
CEC – Magnesium (%) 17 17.9 16 15.5 15.2 15.9 16.8 17.9 17
CEC – Potassium (%) 8.78 4.43 6.28 2.35 1.96 1.61 7.78 4.1 7.59
CEC – Sodium (%) 0.1 4.41 3.28 2.32 3.93 3.31 2.97 3.54 4.22
CEC – Hydrogen (%) < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1
Others
pH 6.67 7.46 7.35 7.52 7.57 7.69 6.74 6.85 7.34
Soil Salinity (dS/m) 0.62 0.76 0.54 0.69 1.48 0.84 4.18 0.98 0.73
SAR 0.5 3.5 2.3 1.6 4 2.8 1.3 2.7 3.4
Limestone (%) < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
Moisture (%) 2.7 8.1 6.5 2.8 11.4 6.5 3.5 6.2 3.7
Saturation (%) 27.2 21.6 23.4 24.5 30.7 28.6 25.2 25 26.2
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Table 4. Grapevine leaf blades and petioles nutrient analyses from the three experimental blocks at AgOps,
UC Riverside. Samples were collected in July of 2014 and sent to Fruit Growers Lab, CA. Values highlighted
in yellow and red represent lower and higher levels than the optimal requirements, respectively.

Block

Sample Test Description Dandekar Kirkpatrick
Hopkins

Lindow
Gilchrist Powell

Leaf blades Macronutrients
Total Nitrogen (%) 3.3 2.62 2.88
Phosphorus (%) 0.46 0.17 0.38
Potassium (%) 1.37 0.47 1.78
Calcium (%) 2.19 2.88 2.38
Magnesium (%) 0.35 0.36 0.38
Micronutrients
Zinc (ppm) 38.4 23.2 32.1
Manganese (ppm) 111 100 121
Iron (ppm) 251 290 187
Copper (ppm) 15 8 14
Boron (ppm) 91.3 69 102
Sodium (%) 0.024 0.014 0.022

Petioles Macronutrients
Total Nitrogen (%) -- 0.83 0.77
Nitrate-Nitrogen (ppm) -- 840 710
Phosphorus (%) -- 0.12 0.68
Potassium (%) -- 0.98 4.30
Calcium (%) -- 2.46 1.54
Magnesium (%) -- 0.76 0.62
Micronutrients
Zinc (ppm) -- 58.8 42.7
Manganese (ppm) -- 223 218
Iron (ppm) -- 47 72
Copper (ppm) -- 7 7
Boron (ppm) -- 34.2 42.9
Sodium (%) -- 0.075 0.166

Objective 2. Monitor sharpshooter populations and disease pressure.
In 2014, sharpshooters were monitored at the experimental site in all three blocks (Dandekar, Gilchrist / Lindow /
Powell, and Kirkpatrick/Hopkins). For each block, six 6” x 9” double-sided yellow sticky traps were placed
randomly throughout the plots. Traps were mounted on wooden stakes slightly above the vine canopy. These traps
were collected every month and returned to the laboratory to identify under the stereomicroscope the number of
glassy-winged sharpshooters. Results (Figure 2) showed that a low insect vector population was recorded early in
the season (March to May 2014) but the population drastically increased over the summer of 2014. No data were
collected in 2015 because the Pierce’s disease modified plant material trials were terminated.
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Figure 2. Total number of glassy-winged sharpshooter insect vectors captured on yellow sticky
traps from all three experimental blocks (D: Dandekar; KH: Kirkpatrick/Hopkins; GLP: Gilchrist /
Lindow / Powell) in 2014. Results are based on a total of 18 traps (six traps per block).

Objective 3. Record Pierce’s disease severity.
The Pierce’s disease rating was assessed based on a rating scale developed by Dr. Bruce Kirkpatrick. This
Pierce’s disease rating scale requires that vines are cordon trained. However, because grapevines at AgOps were
not always trained with cordons and were sometimes pruned improperly (Figure 1A), it was difficult to use that
disease rating scale, so it was modified (Table 5). Besides improper training, powdery mildew leaf symptoms
(Figure 1B) and boron toxicity may have confounded Pierce’s disease symptoms especially in the Hopkins /
Kirkpatrick plot. No data were collected in 2015 because the Pierce’s disease modified plant material trials were
terminated.

Table 5. Rating scale use to score Pierce’s disease severity on grapevines from all
experimental plots at AgOps, UC Riverside.

Pierce’s Disease
Rating Symptoms

0 None
1 One shoot/cane expresses PD symptoms
2 Two shoots/canes express PD symptoms
3 Less than 50% of the grapevine is symptomatic
4 More than 50% of the grapevine is symptomatic
5 Grapevine is dead



- 179 -
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Figure 3. 2014 Pierce’s disease severity rating (Table 5) for experimental plots including Hopkins/Kirkpatrick (gray),
Dandekar (blue), Lindow (red), Gilchrist (green), and Powell (purple).

CONCLUSIONS
The experimental site at AgOps, University of California, Riverside, is the perfect site to evaluate alternative
strategies for control of Pierce’s disease, because of the natural presence the disease vector, the glassy-winged
sharpshooter. Our 2014 observations and results indicated that the management practices at the experimental site
needed to be modified in 2015 so one could fully assess the efficacy of each strategy. Nonetheless, the symptoms
and decline of the grapevines that we recorded in 2014 were mostly caused by the presence of X. fastidiosa,
although additional stressors may have caused those vines to decline faster. No data were collected in 2015
because the Pierce’s disease modified plant material trials were terminated.
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ABSTRACT
The goal of this research is to identify fungal natural products antagonistic to Xylella fastidiosa that could be
implemented as curative treatments for Pierce’s disease. We showed in in vitro bioassays that eight fungal
endophytes isolated from grapevine wood possess anti-X. fastidiosa properties, due to the production of natural
products. We previously purified and characterized two natural products (radicinin and molecule ‘C’) produced
by two endophytic fungi (i.e., Cochliobolus sp. and Dreschlera sp., respectively), and demonstrated that they
were effective inhibitor of X. fastidiosa. However, those compounds have poor solubility in water and thus were
not systemic and active against X. fastidiosa when injected in planta. Recently, we showed that the fractions from
the crude extracts of three additional fungal endophytes (i.e., Eurotium, Geomyces, and Ulocladium) also possess
activity against X. fastidiosa in the in vitro bioassay. Active fractions from the crude extracts of these three fungal
cultures are being examined using nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS)
to identify their chemical structures and properties. The next step of this research is complete the identification of
the newly discovered natural products and also to develop water-soluble derivatives of radicinin and molecule
‘C.’ We have developed a procedure to increase yield and purity of the radicinin by recrystallization instead of
chromatography. Moreover, we have produced several semi synthetic molecule derivatives of radicinin with one
molecule showing increased water solubility. We aim to develop a commercial product that can be applied as
foliar spray, drench application, or trunk injection in vines and become active in the xylem where the bacterium
resides. These molecules are currently under review for patentability by the Executive Licensing Officer in the
University of California, Riverside Office of Research and, hence, their names cannot always be disclosed in this
report.

LAYPERSON SUMMARY
Several management strategies for Pierce’s disease are currently being deployed, but as of today successful
management largely involves vector control through the use of insecticides. Here we propose to test an alternative
control strategy to complement those currently in place or being developed. The goal is to identify natural
products of fungi associated with grapevines that are antagonistic to Xylella fastidiosa that could be implemented
as curative treatments for Pierce’s disease, either as a foliar spray, drench application, or trunk injection. We have
identified eight fungi naturally inhabiting grapevines that are antagonistic to X. fastidiosa in vitro. We have been
extracting, purifying, and characterizing these fungal compounds and have identified two molecules that are
inhibitory to the bacterium in an in vitro bioassay. However, those molecules have poor water solubility and could
not be used successfully as treatment for Pierce’s disease infected grapevines. We are currently working towards
increasing water solubility of these molecules by making active by-products. In addition, we recently showed that
the fractions from the crude extracts of three additional fungal endophytes inhibited X. fastidiosa in a disc
bioassay. We are now in the process of characterizing the chemical structure and property of these molecules so
they can be further tested in grapevine. These natural products are currently under review for patentability by the
Executive Licensing Officer in the University of California, Riverside Office of Research and, hence, their names
cannot always be disclosed in this report.
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INTRODUCTION.
Xylella fastidiosa is a Gram negative, xylem-limited, insect-vectored bacterium and is the causal agent of Pierce's
disease of grapevine (Hopkins and Purcell, 2002). Pierce’s disease is endemic to California but the recent
introduction of a more effective vector, the glassy-winged sharpshooter (Homalodisca vitripennis), to Southern
California shifted the epidemiology of Pierce’s disease from a monocylic to a polycyclic disease. This led to a
Pierce’s disease epidemic with severe economic consequences for the Southern California grape industry. The
potential for the glassy-winged sharpshooter to move north and become established throughout the state remains a
severe threat to the other major grape-growing regions (Central and Northern California). Current Pierce’s disease
management strategies largely involve vector management through the use of insecticides.

Control of Pierce’s disease with fungi or fungal metabolites is a largely unexplored research area. Fungi are
receiving increasing attention from natural product chemists due to the diversity of structurally distinctive
compounds they produce, together with the fact that many fungal species remain chemically unexplored. Fungi
are excellent sources of interesting novel molecules that may be candidates with potential for control of bacterial
diseases. Indeed, using fungi as biocontrol agents against plant disease is an active area of research (Amna, 2010;
Proksch et al., 2010; Xu et al., 2008). We first characterized the microbial diversity in grapevines that escaped
Pierce’s disease in natural vineyard settings, and compared this population to Pierce’s disease infected grapevines
with the goal of identifying fungi that are unique to Pierce’s disease escaped vines. We identified eight fungal
endophytes that possess anti-X. fastidiosa properties, likely due to the production of natural products. Our
objective is to identify anti-X. fastidiosa fungal endophytes natural products and natural product derivatives that
we could use as curative treatments for Pierce’s disease.

OBJECTIVES
1. Identify fungal natural products and semisynthetic derivatives active against X. fastidiosa.
2. Evaluate fungal natural products and semisynthetic derivatives for their potential as curative treatments

for vines already infected with Pierce’s disease.

RESULTS AND DISCUSSION
Objective 1. Identify fungal natural products and semisynthetic derivatives active against X. fastidiosa.
The goal of this objective is to identify fungal species and fungal natural products produced by endophytes that
can be used as curative treatments for control of Pierce’s disease. We previously identified eight fungal specimens
inhabiting grapevine tissues (xylem sap, shoot, petioles and spur) that were able to inhibit X. fastidiosa in a
bioassay (Rolshausen and Roper, 2011). In brief, X. fastidiosa liquid cultures are adjusted to OD600nm=0.1 (approx.
107 CFU/ml); 300 µl of the X. fastidiosa cell suspension are added to three ml of PD3 medium containing
0.8% agar and briefly vortexed. This mixture is then overlayed onto a petri plate containing PD3 medium. A
sterile circle of agar is drawn from the margin of an actively growing pure fungal culture and is placed onto the
plates previously inoculated with X. fastidiosa. Plates are incubated at 28ºC for seven days and then observed for
an inhibition zone around the fungal colony (Figure 1).

In addition, crude extracts collected from the fungal cultures showing inhibition towards X. fastidiosa were
collected for evaluation using a similar growth inhibition assay as described above. In brief, agar plugs of 0.5 cm
diameter of each fungus were used to inoculate 250 mL liquid media, and the fungi were cultivated at room
temperature on a shaker. After 10 days, each culture was filtered and further extracted with ethyl acetate, re-
suspended in sterile methanol to an extract mass of 1 mg, pipetted onto sterile paper discs, and allowed to dry in a
laminar flow hood. Once dry, the paper discs containing the crude extracts are placed onto the X. fastidiosa
cultures and incubated at 28ºC for seven days. Following this, plates were observed for a halo of inhibition around
the paper disc and compared to control X. fastidiosa-only plates and plates with paper discs treated with methanol
only. Crude extracts showing inhibition were further processed to purify and identify the inhibitory molecules.
Thus far, we have purified two molecules (radicinin and molecule ‘C’) that are active against X. fastidiosa growth
in vitro and have characterized their chemical structure. Radicinin is produced by Cochliobolus sp. and molecule
‘C’ is produced by Dreschlera sp. These molecules are currently under review for patentability by the Executive
Licensing Officer in the University of California, Riverside Office of Research and, hence, their names cannot
always be disclosed in this report.
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Figure 1. In vitro inhibition assay used to evaluate fungal activity towards X. fastidiosa. X. fastidiosa cells
were plated in top agar and agar plugs containing fungi were placed on top. Inhibition was evaluated after
eight days of incubation at 28˚C. (A) X. fastidiosa-only control; (B) No X. fastidiosa inhibition; (C) Mild X.
fastidiosa inhibition; (D) Total X. fastidiosa inhibition.

Radicinin showed great potential in vitro (Aldrich et al., 2015). Hence, in an in vitro dose response assay, where
X. fastidiosa cells are submitted to an increasing concentration of a fungal molecule, radicinin was able to inhibit
X. fastidiosa growth (Figure 2). We have developed a more efficient procedure for isolating radicinin from
Cochliobolus sp. This is a critical step, as it will allow us to produce substantial amounts of water-soluble
derivatives and further test them in planta. Radicinin is not commercially available, and we had been employing a
multistep isolation procedure involving liquid-liquid extraction of Cochliobolus cultures followed by an
expensive and time-consuming chromatography step to obtain pure radicinin for all our studies to date. Recently,
we developed a procedure for purifying radicinin by recrystallization instead of chromatography. In this way, we
were able to increase our yield of radicinin from 60.5 mg/liter of culture to 150 mg/liter of culture. This procedure
also makes scaling up of the isolation for commercial use much more practical. In addition, the radicinin obtained
by this new procedure is significantly more pure, as observed by nuclear magnetic resonance (NMR)
spectroscopy.

Figure 2. Dose response assay to evaluate in vitro X. fastidiosa inhibition at increasing concentrations of a
fungal molecule. (A) 0 µg molecule R1 (control); (B) 50 µg molecule R1; (C) 100 µg molecule R1; (D) 250
µg molecule R1.

Now that we have figured out how to scale up radicinin production and purification, the next step was to prepare
water-soluble semisynthetic derivatives of radicinin to facilitate testing in planta. We determined the solubility of
radicinin in water to be 0.15 mg/mL, which is considered very slightly soluble. We have shown that
acetylradicinin, which was modified at the hydroxyl group of radicinin, retains its anti-X. fastidiosa activity
(Figure 3; Aldrich et al., 2015). This result suggests that modification of this position may provide a viable
strategy for increasing the water-solubility of radicinin without loss of activity. Adding ionizable groups is a
commonly employed strategy for improving the water-solubility of bioactive molecules (Kumar and Singh, 2013),
so we had proposed to add two such groups at the hydroxyl position of radicinin (Scheme 1). The carbamate (2) is
weakly basic and should form a water-soluble salt in low pH solutions, while the phosphate (3) is acidic and
should form a water-soluble salt at high pH. Both carbamates and organophosphates are commonly found in
pesticides, so we had good reason to believe that one or both of these compounds would be able to move into the
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xylem of grapevines. However, attempts to prepare the weakly basic carbamate and the acidic phosphate were
unsuccessful. Specifically, the reaction with diethylcarbamoyl chloride (i) did not go to completion, while the
phosphate reaction (ii) gave a mixture of products that we were unable to purify.

Scheme 1. X. fastidiosa-inhibitory natural product radicinin (1), and semisynthetic derivatives (2-4). Reagents:
(i) N,N-diethylcarbamoyl chloride, triethylamine (Vougogiannopoulou et al., 2008). (ii) 1. Cl3CCN, 2. (n-
Bu)4NH2PO4, CH3CN, 3. DOWEX 50WX8, NH4HCO3 (Lira et al., 2013).
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Figure 3. In vitro dose response assay. This lab assay quantifies inhibition of X. fastidiosa growth as
a measure of a halo around disc (mm) containing increasing concentration of ‘R1’ (radicinin) and
molecule derivative ‘R2.’

We then attempted to make two alternate ionizable radicinin derivatives: a glycine-derivative (4, Scheme 2), and
radicinin pyridinium sulfate (5, Scheme 3). The failure of reactions to form either 2 or 4 suggested that the
alcohol group of radicinin is much less nucleophilic than we originally expected. We attempted to increase the
nucleophilicity of this group by first deprotonating with sodium hydride to give an alkoxide (6, Scheme 2). We
isolated 6 and found it to be more than a thousand-fold more water-soluble than radicinin, at 218 mg/mL (which
is considered freely soluble). However, the high pH of the alkoxide solution leads us to be concerned about
possible nonspecific toxicity. We also doubt that this high water solubility would be maintained in a cellular
environment, which is buffered at neutral pH. Despite the increased nucleophilicity of 6, we never observed any
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formation of carbamate 2, and observed only minimal formation of the boc-glycine derivative 4. Under the
reaction conditions to form 4, radicinin appeared to undergo tautomerization and ring-opening to give isomer 7
(Scheme 2). We successfully prepared a sulfate of radicinin, as the pyridinium salt 5. Salt 5 maintained its activity
against X. fastidiosa in our disc assay (Figure 2). This reaction proceeded to completion and the product proved
easy to isolate. Unfortunately, the water solubility of 5 was only about twice that of radicinin: 0.28 mg/mL, lower
than we had hoped. Recently, we were able to successfully replace the pyridinium counterion with potassium to
give salt 9 (Scheme 2), which we hope will be more water soluble than 5, while retaining activity. We are
currently in the process of bringing up more of potassium salt 9 for solubility testing.

Scheme 2. Attempts to form the Boc-Gly derivative of radicinin using traditional peptide coupling
methodology (top), or deprotonating first with sodium hydride (middle) gave the desired derivative as only
a minor product, along with a ring-opened isomer of radicinin (7). We next plan to try activating Boc-
glycine to the acid chloride (8) using oxalyl chloride, prior to reaction with radicinin (bottom).

Scheme 3. We prepared the pyridinium sulfate of radicinin (5), which was roughly twice as water-soluble as
radicinin. Recently, we were able to exchange the pyridinium counterion for a more polar potassium ion in the
potassium sulfate 9.

In addition to radicinin, we had identified molecule ‘C’ as another natural molecule produced by Drechslera
capable of inhibiting X. fastidiosa growth in our laboratory bioassay (Figure 2). This year, we began the
bioassay-guided isolation of natural products from the remaining fungi able to inhibit X. fastidiosa in our lab
bioassay (Figure 1), including Cryptococcus sp., Ulocladium sp., Eurotium sp., and Geomyces sp. Each fungus
was grown for 14 days in potato dextrose broth. The cultures were extracted twice with ethyl acetate, and the
organic extracts fractionated by column chromatography on silica gel to give 7-10 fractions. These fractions,
along with the crude extracts, were subjected to the disc-diffusion bioassay to determine which inhibit growth of
X. fastidiosa (Figure 2). Fractions from Eurotium strain EUR1, Geomyces strain GEO1, and Ulocladium strain
ULO1 showed activity against X. fastidiosa. Neither the crude extract nor any of the fractions from Cryptococcus
strain CRY1 showed activity against X. fastidiosa. Active fractions from EUR1, GEO1 and ULO1 were examined
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using nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS). Preliminary results
indicated that; (i) one fraction from GEO1 looked like it could be a protein; (ii) another fraction from GEO1
suggested the absence of any major compound and that activity in this fraction may be due to trace amounts of a
highly potent compound which will likely prove difficult to identify; (iii) a fraction of EUR1 revealed a few
compounds, one of which showed an isotope pattern characteristic of a bromine atom; and (iv) a fraction of ULO1
revealed a relatively pure compound with an isotope pattern characteristic of two chlorine atoms. We are currently
in the process of repeating the cultivation and extraction of ULO1 and EUR1 to obtain more material for
purification by high-performance liquid chromatography (HPLC) and structure elucidation by two-dimensional
NMR spectroscopy and MS.

Objective 2. Evaluate fungal natural products and semisynthetic derivatives for their potential as curative
treatments for vines already infected with Pierce’s disease.
The goal of this objective is to evaluate the anti-X. fastidiosa efficacy of fungal natural product derivatives in
planta. Once this proof of concept is established in the greenhouse, the experiment will be carried over to the
field. The deliverable for this objective is the development of a commercial product for the cure of Pierce’s
disease. We have currently identified two fungal natural products as an active molecule inhibitory to X. fastidiosa
(see objective 1). We had previously developed greenhouse assays to test radicinin on Pierce’s disease infected
vines. However, we observe no reduction of Pierce’s disease symptoms development because we established that
radicinin was not water-soluble. When we have sufficient quantities of the water-soluble radicinin derivatives
and/or other natural product derivatives and confirmed that they maintained the anti-X. fastidiosa activity, we will
evaluate those products in the greenhouse assays using vascular injection techniques and spray on leaves.

Figure 5. Needle injection of an anti-X. fastidiosa molecule in the xylem of Pierce’s disease
infected grapevine cuttings.

CONCLUSIONS
We aim to investigate curative measures for management of Pierce’s disease as part of a sustainable Pierce’s
disease management program. Our strategy is to evaluate the use of anti-X. fastidiosa fungal natural products
produced by grapevine endophytic fungi. The commercialization of such a product will provide a solution to
growers that have vineyards already infected with Pierce’s disease. We have already discovered two active anti-
X. fastidiosa fungal natural products, radicinin and molecule ‘C.’ However, radicinin did not show efficacy in our
greenhouse trials on Pierce’s disease infected vines, likely because it is not water-soluble. Molecule ‘C’ has the
same properties as radicinin. We are now synthesizing semi-synthetic derivative molecules to increase water-
solubility of these products, which should increase their movement in the plant xylem where X. fastidiosa resides.
In addition to these two products, we are also searching for additional active water-soluble natural anti-
X. fastidiosa compounds. We have recently identified fractions from the crude extracts of three additional fungal
endophytes that possess activity against X. fastidiosa in in vitro bioassays and we are in the process of identifying
their chemical structure and properties. In the event that any of these compounds mitigate Pierce’s disease in the
greenhouse, we will test their efficacy in natural vineyard settings in the future.
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ABSTRACT
The purpose of this study is to elucidate the contributions of host cell wall-degrading enzymes (CWDEs)
produced by Xylella fastidiosa to systemic colonization of grapevine, as well as the role of the Type II Secretion
System (T2SS) in delivering these CWDEs into the xylem. Of the CWDEs predicted to be secreted by the T2SS,
this project will focus on the endoglucanases (EGases) produced by X. fastidiosa. We hypothesize that the T2SS
secretes these EGases along with a polygalacturonase, and that these enzymes function in concert with each other
to degrade the pit membranes of xylem vessels to facilitate systemic colonization of the bacterium. It has been
previously reported that a purified polygalacturonase and one of the X. fastidiosa EGases are required to increase
pore sizes of pit membranes in grapevine. Moreover, mutation of polygalacturonase results in the loss of
pathogenicity and movement for X. fastidiosa. Similarly, we show that a loss of function in the T2SS results in a
similar dramatic loss of pathogenicity. In addition, we are investigating the role of an EGase/expansin hybrid
protein in pit membrane degradation. Ultimately, characterization of these EGases and the T2SS will determine if
these entities will be suitable entities to target for disease management.

LAYPERSON SUMMARY
Xylella fastidiosa relies on degradation of the plant cell wall to move within the grapevine. This is accomplished
by the cooperation of at least two classes of enzymes that target different components of the complex scaffold of
the plant cell wall. A major goal of this research is to further elucidate the factors that lead to disassembly of the
plant cell wall, thereby, allowing the bacteria to systemically colonize the plant. Systemic colonization is highly
correlated with Pierce’s disease development, and preventing movement of the bacteria is critical to devising
successful control strategies. We propose that characterizing and inhibiting X. fastidiosa enzymes that facilitate
movement throughout the plant and the secretion machinery responsible for delivering those X. fastidiosa
enzymes to the plant will provide a comprehensive approach to restriction of disease development.

INTRODUCTION
Xylella fastidiosa is a xylem-limited bacterial pathogen that is the causal agent of Pierce’s disease of grapevine
(Hopkins and Purcell, 2002; Chatterjee et al., 2008; Purcell and Hopkins, 1996). In order to systemically colonize
the xylem, X. fastidiosa must be able to move efficiently from one xylem vessel element to adjacent vessels.
These xylem vessels are connected by pit membranes, which are porous primary cell wall interfaces that are
composed of cellulose microfibrils embedded in a meshwork of pectin and hemicellulose (Buchanan, 2000; Sun
et al., 2011). The pore sizes of these pit membranes range from 5 to 20 nm, and serve to prevent the movement of
air embolisms and pathogens within the xylem (Mollenhauer & Hopkins, 1974; Buchanan, 2000). Indeed, these
small pore sizes do prevent the passive movement of X. fastidiosa between xylem vessels given that the size of
the bacterium is 250-500 x 1,000-4,000 nm (Perez-Donoso et al., 2010; Mollenhauer & Hopkins, 1974). In order
to move from one vessel to another, it has been shown through genomic and experimental evidence that
X. fastidiosa utilizes Cell Wall-Degrading Enzymes (CWDEs), including a polygalacturonase and at least one β-
1,4 Endoglucanase (EGase), to break down the pit membrane's network (Roper et al., 2007; Perez-Donoso et al.,
2010). Furthermore, polygalacturonase is necessary for pathogenicity in grape and has become a primary target
for X. fastidiosa inhibition studies (Roper et al, 2007). However, polygalacturonase alone is not sufficient for
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pathogenicity in grape and X. fastidiosa requires both polygalacturonase and an EGase for pit membrane
degradation (Perez-Donoso et al., 2010). Therefore, elucidating the role of EGases in pit membrane degradation is
critical for understanding systemic movement within the xylem. The X. fastidiosa genome contains three genes
that encode canonical EGases: egl (PD2061), rlpA (PD1236), and engXCA2 (PD1851). A fourth annotated EGase,
engXCA1 (PD 1856), putatively encodes a modular hybrid protein that contains both an EGase domain and an
expansin domain (Simpson et al., 2000). Expansins are primarily plant proteins that function to non-enzymatically
loosen the cell wall during development (e.g., cell elongation, fruit ripening). Recently, expansins have been
found in several plant-associated bacteria, most of which have a significant xylem-dwelling phase in their lifestyle
(Nikolaidis et al., 2014). It is predicted that these EGases and polygalacturonase are delivered into the xylem by
the Type II Secretion System (T2SS). Our data demonstrate that X. fastidiosa with a deficient T2SS displays a
non-pathogenic phenotype similar to that of the X. fastidiosa pglA mutant that is deficient in production of
polygalacturonase, suggesting that the T2SS is essential for X. fastidiosa pathogenicity. Therefore, our central
hypothesis is that X. fastidiosa utilizes other CWDEs and an endoglucanase/expansin hybrid protein in concert
with polygalacturonase to breach the pit membranes and that the majority of these are secreted by the Type II
Secretion System. We are determining the role that each of these components plays in pit membrane degradation
and systemic movement, and subsequently if they are good candidates for potential inhibition to limit Pierce's
disease development.

OBJECTIVES
1. Characterization of X. fastidiosa host cell wall degrading enzymes and an endoglucanase/expansin

protein.
2. Inhibition of X. fastidiosa endoglucanases and the endoglucanase/expansin using endoglucanase-

inhibiting proteins.
3. Characterization of the X. fastidiosa Type II secretion system.
4. Inhibition of the X. fastidiosa Type II secretion system.

RESULTS AND DISCUSSION
Objective 1. Characterization of X. fastidiosa host cell wall degrading enzymes and an endoglucanase /
expansin.
X. fastidiosa EngXCA2 is a major contributor to the pit membrane dissolution and the synergistic effects of the
polygalacturonase and the EngXCA2 were sufficient to increase pit membrane pore size (Perez-Donoso et al.,
2010). Indeed, recombinant EngXCA2 was capable of digesting carboxymethyl cellulose (CMC) and xyloglucan
(XyG) polymers, which both contain -1,4-linked glucan backbones and are representative of substrates
X. fastidiosa would likely encounter in grapevine primary cell walls (Roper, 2006; Perez-Donoso et al., 2010).
Given the role EngXCA2 plays in pit membrane degradation, we hypothesize that other predicted EGases
produced by X. fastidiosa may impact pit membrane integrity as well. One of the four genes annotated as an
EGase is engXCA1, which encodes an EGase/expansin hybrid putatively involved in plant cell wall disassembly.
This is of particular interest because expansins are primarily found in the plant kingdom and are non-enzymatic
proteins that function to loosen the cell wall during plant growth without enzymatic digestion of the wall
(Cosgrove, 2000). Expansins facilitate cell wall loosening by binding to their target polysaccharide and disrupting
the weak bonds between the cellulosic glucan and the microfibril surface, allowing turgor pressure from within
the cell to expand the cell wall (Cosgrove, 2000). Expansin-like proteins with similar structure and function were
later found in a few bacterial species that associate with plants likely as a result of cross-kingdom horizontal gene
transfer (Nikolaidis et al., 2014). These bacterial expansins are thought to enhance the activity of bacterial
CWDEs by loosening the cell wall, thereby promoting wall breakdown, colonization and virulence. Interestingly,
orthologs of at least one bacterial expansin (EXLX1) are found in several plant pathogens, including Xylella,
Xanthomonas, Ralstonia, and Erwinia species (Kerff et al., 2008; Georgelis et al., 2014). While these are
phylogenetically diverse bacteria, they all share the commonality that they spend the majority of their lives in the
xylem tissue of plants. It is hypothesized that they are involved in host colonization (Kerff et al., 2008). In the
X. fastidiosa pathosystem, they could potentially weaken the wall and more readily expose carbohydrate targets
for digestion by the suite of other X. fastidiosa CWDEs.

Characterization of the X. fastidiosa EGase/Expansin hybrid protein.
The gene engXCA1 was cloned from the X. fastidiosa Temecula 1 genome into the pET200 Directional TOPO
expression vector (Figure 1A). The plasmid construct (pET200::engXCA1) was then transformed into the
Escherichia coli strain BL21 Star, and recombinant protein expression was induced with 1 mM IPTG for six
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hours at 37°C and analyzed by Western Blot using a monoclonal α-His-tag primary antibody and a polyclonal
alkaline phosphatase (AP) secondary antibody. Analysis of the soluble and insoluble lysate fractions determined
that expression at 37°C did not favor soluble recombinant protein, so conditions were optimized to facilitate the
presence of recombinant protein in the soluble fraction. Using the optimized induction conditions (18°C, 0.1 mM
IPTG, four hours) and increasing the total volume of bacterial cells from 10 ml to 40 ml allowed for the
expression of a sufficient quantity of soluble recombinant EngXCA1 protein to proceed with protein purification.
The recombinant protein was purified via column chromatography using Ni-NTA resin (ThermoFisher) and will
be analyzed for EGase and expansin activity. We will also assess expansin activity of the recombinant protein
(i.e., its ability to promote the extension of plant tissues that are subjected to stress) in close collaboration with the
Cosgrove Laboratory (Penn State University). The cell wall elongation assay will then be performed using an
extensometer apparatus as described by Cosgrove, D. J. (1989), and expansin activity will be determined by
measuring the extension of wall specimens over a two-hour period.

Assessment of the biological contribution of the X. fastidiosa EGase/Expansin and other X. fastidiosa
endoglucanases to pathogenicity and host colonization.
To test the role of the X. fastidiosa EGase/expansin in planta, we constructed a deletion mutant (ΔengXCA1) in
the X. fastidiosa Temecula 1 strain using established mutagenesis techniques and confirmed the mutant via
polymerase chain reaction (PCR; Matsumoto et al., 2009). We mechanically inoculated the Temecula 1 wild-type
and the ΔengXCA1 mutant into grapevine (Cabernet Sauvignon variety) using the pin-prick method (Hill and
Purcell, 1995). Grapevines inoculated with 1X phosphate buffered saline (PBS) were used as negative controls.
Both the wild-type and the ΔengXCA1 mutant were inoculated into 10 plants each and the experiment was
repeated three times (30 plants/treatment).

Disease ratings for all plants were recorded using a scale of 0 – 5 where 0 = healthy, 5 = dead, and 1 – 4 are
increasing degrees of leaf scorching as described by Guilhabert and Kirkpatrick (2005). Interestingly, the
ΔengXCA1 mutant strain is less virulent than the wild-type parent strain (Figure 1). Statistical analysis using
analysis of variance (ANOVA) revealed that this difference in virulence between the wild-type and mutant strains
at week 14 was statistically significant (P = 0.002). Furthermore, the percentage of plants inoculated with the
ΔengXCA1 mutant strain rating 2 or higher on the disease index was significantly less than the percentage of
plants inoculated with wild-type X. fastidiosa rating 2 or higher over a 14-week period (Figure 2). This indicates
that the onset of disease in plants inoculated with the ΔengXCA1 mutant is significantly delayed relative to plants
inoculated with wild-type X. fastidiosa. It is very interesting that despite colonizing the plants to the same levels
as wild-type X. fastidiosa, the onset and severity of Pierce’s disease symptoms is delayed in plants inoculated with
the ΔengXCA1 mutant.

Figure 1. Disease progress of the ΔengXCA1 mutant and the wild-type strains over 14 weeks. The ΔengXCA1
mutant strain lags behind the wild-type strain in Pierce’s disease symptom development. 1X PBS served as
the negative control. Data are the means of three independent assays with ten replicates each. Bars represent
the standard error of the mean.
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Figure 2. Percentage of plants rating a 2 or higher on the Pierce’s Disease scale. The percentage of plants
inoculated with the ΔengXCA1 mutant strain that rated 2 or higher was consistently less than the percentage of
plants inoculated with the wild-type strain over a period of 14 weeks. Data are the means of three independent
assays with ten replicates each. Bars represent the standard error of the mean.

We quantified X. fastidiosa populations in the plants by isolating X. fastidiosa from the petioles at the point of
inoculation (POI) (11 weeks post-inoculation) and ≥ 37 cm above the POI (12 weeks post-inoculation) to
determine the ability of the EGase mutants to systemically colonize the host (Figure 3). The statistical differences
between wild-type and ΔengXCA1 mutant populations at both POI and ≥ 37 cm above the POI were determined
by ANOVA. While there was a significant difference in colonization at the POI (P = 0.027), the difference in
colonization at ≥ 37 cm above the POI was statistically insignificant (P = 0.155), indicating that the
ΔengXCA1mutant is not impaired in movement 37 cm above the POI. We will test distances further from the POI
this summer. A similar trend was also observed in experiments conducted with the Chardonnay variety (data not
shown).

A B

Figure 3. In planta populations of the ΔengXCA1 mutant relative to the Temecula 1 wild-type strain. (A) In
planta populations of the ΔengXCA1 mutant are significantly lower than those of the wild-type strain at the
point of inoculation (POI) quantified at 11 weeks post-inoculation. (B) In planta populations of the
ΔengXCA1 mutant are not significantly different from those of the wild-type strain at ≥ 37 cm above the point
of inoculation at 12 weeks post-inoculation. Data are the means of three independent assays with ten
replications each. Bars represent the standard error of the mean.
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In these experiments, we inoculated at the base of a single shoot and assessed bacterial colonization via bacterial
isolation at the petiole closest to the POI and bacterial movement via bacterial isolation at the petiole that is 37 cm
above the POI (Figure 4A). However, in a natural scenario, sharpshooters prefer to feed on new green growth and
the bacteria migrate in a basipetal direction against the flow of sap. We speculate that endoglucanases may play a
role in this basipetal movement. To test this, we have developed a different strategy that allows us to assess
bacterial movement in both the acropetal and basipetal directions (Figure 4B). In this experimental design, two
shoots, an upper and a lower shoot, were allowed to grow from the same woody stem. The upper shoot was
inoculated at the third internode from the base of the shoot, and bacterial colonization was assessed via bacterial
isolation at the petiole closest to the POI, as done previously. Bacterial movement was assessed in the acropetal
direction by isolating bacteria from the petiole at the 20th node above the POI. Bacterial movement was assessed
in the basipetal direction by isolating bacteria from the petiole at the fifth node on the lower shoot.

Figure 4. Experimental designs for grapevine inoculation assays. (A) Original experimental design where a
single shoot was inoculated near the base. Bacterial isolations were performed using the petiole at the POI to
assess X. fastidiosa colonization and using the petiole at 37 cm above the POI to assess X. fastidiosa
movement. (B) Modified experimental design where two shoots are grown from the same woody stem and the
upper shoot is inoculated at the third internode. Bacterial isolations were performed using the petiole at the
POI to assess X. fastidiosa colonization, using the petiole at 20 nodes above the POI to assess X. fastidiosa
movement in the acropetal direction, and using the petiole at the fifth node of the lower shoot to assess
X. fastidiosa movement in the basipetal direction. The inoculation site is denoted by an “X” on the shoot.

We have constructed the engXCA1 +/- complement by inserting the engXCA1 gene and its native promoter into a
neutral site in the X. fastidiosa chromosome in the X. fastidiosa ΔengXCA1 mutant strain (Matsumoto et al.,
2009). This complement was used in the two-shoot grapevine inoculation assay (as shown in Figure 4B) to show
restoration of the wild-type phenotype. The Temecula 1 wild-type strain, the ΔengXCA1 mutant strain, and the
engXCA1 +/- complement strain were mechanically inoculated into grapevine (Cabernet Sauvignon variety).
Grapevines inoculated with 1X phosphate buffered saline (PBS) were used as negative controls. All treatments
were inoculated into 10 plants each and the experiment was repeated three times (30 plants/treatment). As before,
the disease ratings were scored on the 0 – 5 Pierce’s disease rating index, and normalized to the PBS negative
control to account for symptoms caused by environmental conditions. While data is still being collected, the
disease trend in the upper shoot is similar to the disease trend in the single shoot experiment. As of 19 weeks post-



- 193 -

inoculation, the ΔengXCA1 mutant strain appears to be somewhat less virulent than the wild-type parent strain,
while the virulence of the engXCA1 +/- complement strain is similar to that of the wild-type parent strain
(Figure 5). However, statistical analysis of the disease ratings at week 19 using the Wilcoxon rank sum with
continuity correction statistical test revealed the difference between the wild-type and mutant strains was not
significant (P = 0.57). Similarly, differences between the wild-type and complement strains (P = 0.65) and the
mutant and complement strains (P = 0.96) were also not significant.

At 19 weeks post-inoculation, the wild-type parent strain and the complement strain both maintained similar
disease scores while the ΔengXCA1 mutant strain appears to be somewhat less virulent (Figure 6). Again, the
Wilcoxon rank sum with continuity correction statistical test revealed no significant differences between the wild-
type and mutant strains (P = 0.47), the wild-type and complement strains (P = 0.67), and the mutant and
complement strains (P = 0.26). It is interesting to note that the ΔengXCA1 mutant strain was still able to induce
symptom development in the lower shoot. This indicates that the mutant strain is able to move in the basipetal
direction, and likely had to cross pit membranes. While the mutant strain appears to retain movement ability in the
xylem, bacterial isolations from both the upper and lower shoots will determine if there is a significant difference
in bacterial titer in either shoot.

Figure 5. Pierce’s disease development in the upper grapevine shoot after inoculation with either the
ΔengXCA1 mutant strain, the engXCA1 +/- complement strain, or the wild-type strain over 19 weeks. The
ΔengXCA1 mutant strain maintains a lower average disease score per week relative to both the wild-type and
complement strains. 1X PBS served as the negative control. Data are the means of three independent assays
with ten replicates each. Bars represent the standard error of the mean.
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Figure 6. Pierce’s disease development in the lower grapevine shoot after inoculation in the upper shoot with
either the ΔengXCA1 mutant strain, the engXCA1 +/- complement strain, or the wild-type strain over
19 weeks. While average disease score fluctuated for several weeks, a consistent trend started to emerge at
week 15. Similar to the disease score trend in the upper shoot, the ΔengXCA1 mutant strain has stated to show
a consistently lower average disease score per week relative to both the wild-type and complement strains. 1X
PBS served as the negative control. Data are the means of three independent assays with ten replicates each.
Bars represent the standard error of the mean.

A deletion mutant of another X. fastidiosa endoglucanase (ΔengXCA2) has been constructed and transformed into
the X. fastidiosa Temecula 1 wild-type strain. EngXCA2 has previously been characterized experimentally as an
endoglucanase capable of degrading both CM cellulose and xyloglucan (Roper, 2006). It has also been implicated
in the degradation of pit membranes when combined with a polygalacturonase, indicating that this endoglucanase
may be required for systemic colonization of the grapevine host (Perez-Donoso et al., 2010). Therefore, the in
planta data should provide concrete evidence for the role of this endoglucanase in systemic colonization. Using
the two-shoot grapevine inoculation assay, the Temecula 1 wild-type strain and the ΔengXCA2 mutant strain were
mechanically inoculated into grapevine (Cabernet Sauvignon variety). Grapevines inoculated with 1X PBS were
used as negative controls. All treatments were inoculated into 10 plants each and the experiment was repeated
three times (30 plants/treatment), and disease ratings were normalized to the PBS negative control to account for
symptoms caused by environmental conditions. While disease ratings using the Pierce’s disease rating index are
still being collected, the ΔengXCA2 mutant strain already appears to be significantly less virulent than the wild-
type parent strain in the upper shoot at 19 weeks post-inoculation (Figure 7). Indeed, statistical analysis using the
Wilcoxon rank sum with continuity correction statistical test revealed the difference between the wild-type and
mutant strains was statistically significant (P = 0.0497). Additionally, the percentage of plants inoculated with the
ΔengXCA2 mutant strain rating 2 or higher on the disease index was significantly less than the percentage of
plants inoculated with the wild-type parent strain rating 2 or higher over an 19-week period (Figure 8). Taken
together, this data set indicates that the X. fastidiosa engXCA2 gene plays a significant role in Pierce’s disease
development in the grapevine host, and thus is critical to the virulence of the pathogen. However, like the
ΔengXCA1 mutant, the phenotype of the ΔengXCA2 mutant manifests as a reduction of virulence rather than the
complete loss of virulence as displayed by the ΔpglA mutant (Roper et al., 2007). Disease symptoms in the lower
shoot are only now starting to develop, and data has only started being collected. However, the trend in the lower
shoot appears to be similar to that of the upper shoot, but more data points are needed to fully make that
assessment.
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Figure 7. Pierce’s disease development in the upper grapevine shoot after inoculation with either the
ΔengXCA2 mutant strain or the wild-type strain over 19 weeks. The ΔengXCA2 mutant strain maintains a
lower average disease score per week relative to the wild-type strain. 1X PBS served as the negative control.
Data are the means of three independent assays with ten replicates each. Bars represent the standard error of
the mean.

Figure 8. Percentage of plants rating a 2 or higher on the Pierce’s disease scale. The percentage of plants
inoculated with the ΔengXCA2 mutant strain that rated 2 or higher was consistently less than the percentage
of plants inoculated with the wild-type strain over 19 weeks. Data are the means of three independent assays
with ten replicates each. Bars represent the standard error of the mean.
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Both the ΔengXCA1 and ΔengXCA2 mutants displayed reduced virulence when assessed in planta, but neither
displayed the complete loss of virulence. Given that X. fastidiosa maintains several putative EGases, it is possible
the loss of one EGase is compensated for by the others. As such, we intend to create double and triple mutants to
delete several of the EGase genes at one time. If our redundancy hypothesis is correct, we expect to find that a
double mutant will be significantly less virulent than a single mutant, and a triple mutant will likely result in the
loss of virulence.

Objective 2. Inhibition of X. fastidiosa endoglucanases and the endoglucanase/expansin using
endoglucanase inhibiting proteins.
Because the combined action of a polygalacturonase and an X. fastidiosa EGase was required to digest pit
membranes, both are logical targets for inhibition. Polygalacturonase is a major pathogenicity factor for
X. fastidiosa, and grapevines expressing a pear polygalacturonase inhibiting protein were more tolerant to
X. fastidiosa infection (Aguero et al., 2005). Several plant proteins have also been identified and characterized as
xyloglucan-specific EGase inhibiting proteins (XEGIPs) that could potentially inhibit X. fastidiosa EGases. These
include XEGIPs from tomato and tobacco (Naqvi et al., 2005; Qin et al., 2003). We propose to assess the ability
of the tobacco and tomato XEGIPs to inhibit the degradative ability of the X. fastidiosa EGases and the EGase /
expansin. Currently, we are working on expressing and purifying these X. fastidiosa EGases and assessing their
activity as stated in Objective 1. Once these studies have been completed, we will test for inhibition using a radial
diffusion assay performed in agarose containing either CMC or XyG as a substrate with increasing concentrations
of each XEGIP. In addition, we will quantify the generation of reducing sugars produced by the X. fastidiosa
EGases or EGase/expansin alone or in combination with each of the XEGIPs (Naqvi et al., 2005).

Objective 3. Characterization of the X. fastidiosa Type II secretion system.
The T2SS is composed of 12-15 different proteins, involved either structurally or mechanistically in the function
of the T2SS, depending on the species that is being examined. These proteins are encoded in a single operon and
the X. fastidiosa genome contains a similar operon strongly suggesting a functional T2SS (Jha et al., 2005). The
T2SS can be divided into four different subassemblies that are 1) the pseudopilus; 2) the outer membrane
complex; 3) the inner membrane platform and 4) the secretion ATPase. The pseudopilus is composed primarily of
the major pseudopilin protein, G (XpsG), and also contains the minor pseudopilins, S, H, I, J, and K (XpsH, I, J,
and K). The XpsE ATPase harnesses the energy that drives secretion through the T2SS via hydrolysis of ATP.
Proteins destined for secretion by the T2SS are first delivered to the periplasm via the Sec or Tat-dependent
secretion pathway where they are folded (Slonczewski, 2014). The T2SS then uses a pilus-like piston to push
proteins through the T2 channel. This piston action is a function of the cyclic assembly and disassembly of pilin
subunits (primarily XpsG).

We have created a mutation in the xpsE gene, encoding the putative ATPase that powers the T2SS. Grapevines
inoculated with the xpsE mutant never developed Pierce’s disease symptoms and remained healthy, a phenotype
similar to the X. fastidiosa pglA mutant (Figure 9). Thus, we have compelling preliminary data indicating that
X. fastidiosa has a functional T2SS system and the proteins secreted by T2SS are critical for the infection process.

We hypothesize that the non-pathogenic phenotype of the xpsE mutant is due largely to the inability to secrete
host CWDEs. Indeed, we have indirect experimental evidence that X. fastidiosa utilizes the T2SS to secrete
polygalacturonase. This is based on an assay performed on the defined growth medium, XFM. When XFM is
supplemented with pectin as the sole carbon source, this induces production of copious amounts of the
carbohydrate-based exopolysaccharide (EPS) (Killiny & Almeida, 2009). Pectin is a complex carbohydrate
comprised in its simplest form of repeating galacturonic acid residues. Therefore, when grown on XFM with
pectin as the sole carbon source, we hypothesize that X. fastidiosa must first digest the pectin source utilizing its
endo-polygalacturonase (Roper et al., 2007) and likely other pectin-digesting enzymes that eventually
disassemble the pectin polymer into individual galacturonic acid residues that can then feed into various
metabolic processes within the bacterium, such as EPS production.
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Figure 9. The X. fastidiosa T2SS is necessary for Pierce’s disease development in grapevine. (A) the ∆xpsE
mutant does not incite Pierce’s disease symptoms in V. vinifera cv. Chardonnay grapevines. Disease severity
was based on a visual disease scale from 0 (no disease) to 5 (dead). (B) Representative images of plants from
the virulence assay are shown here, 1 = wild-type-inoculated, 2 = ∆xpsE-inoculated, 3 = 1X PBS buffer-
inoculated. Plants shown are 11 weeks post-inoculation.

In support of our hypothesis that polygalacturonase, and potentially other CWDEs, are secreted through the T2SS,
we demonstrate that the ∆xpsE mutant produces visibly less EPS on XFM+pectin medium resulting in a much less
mucoid phenotype (Figure 10A). Furthermore, when wild-type X. fastidiosa and ∆xpsE are grown on XFM+
galacturonic acid (i.e., the monomeric sugar that makes up the pectin polymer) or on XFM+glucose, both strains
produce similar amounts of EPS (Figure 10B & C). We infer from this that, indeed, breakdown of the pectin
substrate is necessary to produce EPS and when the T2SS is disrupted this prevents secretion of polygalacturo-
nase and the subsequent breakdown of pectin.
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Figure 10. EPS assay with either the X. fastidiosa wild-type Temecula 1 strain or the X. fastidiosa ΔxpsE
mutant strain grown on XFM minimal media containing a single carbon source. (A) XFM containing
pectin as the single carbon source. The X. fastidiosa wild-type strain is able to produce more EPS than the
ΔxpsE mutant strain. (B) XFM containing galacturonic acid as the single carbon source, and (C) XFM
containing glucose as the single carbon source. No discernible differences in growth of the X. fastidiosa
wild-type strain and the X. fastidiosa ΔxpsE mutant strain were detected on either of these media types.

Additionally, we will be quantitatively determining the amount of EPS produced by both the X. fastidiosa wild-
type Temecula 1 strain and the ΔxpsE mutant strain via a total carbohydrate assay. Both mutant and wild-type
X. fastidiosa will be grown on solid PD3 medium and transferred to liquid XFM minimal media containing pectin,
galacturonic acid, or glucose as the only carbon source. After incubation, the bacterial cells will be centrifuged
and an aliquot of the supernatant will be mixed with 95% ethanol and frozen at -80°C. The samples will be
centrifuged again, and the pellet will be washed twice with 70% ethanol, and re-suspended in water. An aliquot of
each sample will be added to a respective glass tube and mixed with 5% phenol and concentrated sulfuric acid.
Absorbance readings at 488 nm will be taken for each sample and compared to a glucose standard curve.

Objective 4. Inhibition of the X. fastidiosa Type II secretion system.
Proteins destined for secretion by the T2SS are first exported to the periplasm by the Sec or Tat pathways.
X. fastidiosa appears to only possess the Sec-dependent secretion pathway. Disruption of the T2SS by small
molecule inhibitors was demonstrated in Pseudomonas aeruginosa and Burkholderia pseudomallei, and could be
used to inhibit the X. fastidiosa Sec-dependent pathway (Moir et al., 2011). A chemical compound library will be
screened for Sec-inhibitory molecules, including those compounds used by Moir et al. (2011). Inhibition of the
Sec-dependent pathway will be confirmed by monitoring the secretion of a CWDE using a polyclonal antibody
raised against EngXCA2 and analyzed via Western Blot and ELISA.
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ABSTRACT
Xylella fastidiosa is a gram-negative, xylem-limited bacterium that causes serious diseases in economically
important crops, such as Pierce’s disease of grapevine. Lipopolysaccharide (LPS) is the dominant macromolecule
displayed on the bacterial cell surface. LPS acts as a selective barrier, preventing entry of toxic substances into the
cell, and as an anchor for superficial structures. Finally, LPS is a well-described pathogen-associated molecular
pattern (PAMP) and is known to elicit host basal defense responses in model plant systems. LPS is composed of a
conserved lipid A-core oligosaccharide component and a variable O-antigen. Through mutations made in wzy
(XP0836), which encodes an O-antigen polymerase, we have demonstrated that the X. fastidiosa O-antigen
contributes to plant and insect colonization, and depletion of the O-antigen causes a severe reduction in overall
virulence in planta. The goal of this project was to determine the role of the X. fastidiosa O-antigen in modulation
of basal defense responses in grapevine. Specifically, we demonstrated that specific alterations to the LPS
structure caused a change in the elicitation of the grapevine response to X. fastidiosa, therefore affecting critical,
early stages of X. fastidiosa establishment in planta. We also demonstrated that X. fastidiosa LPS and O-antigen
structural variants have the potential to be used as a preventative treatment for the control of Pierce’s disease.

LAYPERSON SUMMARY
Xylella fastidiosa is the causal agent of Pierce’s disease of grapevine and poses a serious threat to the viticulture
industry. We have demonstrated that mutation of the prominent bacterial cell surface carbohydrate,
lipopolysaccharide (LPS), significantly affects the pathogen’s ability to colonize and cause disease in the
grapevine host. Likewise, we have shown that this mutation affects pathogen interactions with the blue-green
sharpshooter, a native vector in California. LPS is also a pathogen-associated molecular pattern (PAMP). Plants
perceive PAMPs as “non-self” via plant host receptors, which triggers plant immune responses associated with
defense. Interestingly, X. fastidiosa lacks the characteristic machinery (e.g. type III secreted effectors) utilized by
many plant pathogenic bacteria to suppress these immune responses. Instead of using proteins to shut down the
host defense response, we demonstrate that X. fastidiosa decorates its LPS molecule to shield itself from host
recognition, therefore allowing it to evade defense responses and establish itself in the plant. We are further
exploring this phenomenon in the interaction between X. fastidiosa and the grapevine host to harness this
information to develop novel preventative applications for Pierce’s disease.

INTRODUCTION
Xylella fastidiosa, a gram-negative, fastidious bacterium, is the causal agent of Pierce’s disease of grapevine (Vitis
vinifera) and several other economically important diseases (Chatterjee et al., 2008). Pierce’s disease has
devastated some viticulture areas in California, and there are currently no effective control measures available to
growers targeted towards the bacterium itself. Lipopolysaccharide (LPS) is a tripartite glycolipid molecule that is
an integral part of the Gram-negative bacterial outer membrane. It is prominently displayed on the outer surface of
the cell, thereby mediating interactions between the bacterial cell wall and its environment. LPS plays diverse
roles for the bacterial cell. It provides structural integrity to the cells and can act as a permeability barrier to toxic
antimicrobial substances (Raetz & Whitfield, 2002). Because of its location in the outer membrane, it is also a key
contributor to the initial adhesion to a surface or host cell (Walker et al., 2004). We have been exploring the roles
of LPS in the Pierce’s disease cycle and in the plant-microbe-insect (PMI) interactions of X. fastidiosa. We
targeted our studies towards the outermost exposed region of the LPS molecule, the O-antigen. By mutating a key
O-antigen polymerase, wzy (XP0836), in the Temecula1 (Pierce’s disease) isolate, we have demonstrated that
severe truncation of the O-antigen alters the adhesive and aggregative properties of the cell considerably, thus
causing a marked defect in biofilm formation. Furthermore, the resulting mutation of the O-antigen caused
increased sensitivity of the bacterium to hydrogen peroxide stress in vitro and resulted in a significantly less
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virulent pathogen that is severely impaired in host colonization (Clifford et al., 2013). It has long been speculated
that X. fastidiosa surface polysaccharides play a role in the host-pathogen interaction with grapevine, and our
ongoing studies confirm that LPS is a major virulence factor for this important agricultural pathogen. We have
also determined that the O-antigen plays an important role in the acquisition of X. fastidiosa by an efficient insect
vector, the blue-green sharpshooter (Graphocephala atropunctata). In collaboration with Dr. Thomas Perring
(University of California, Riverside, Dept. of Entomology) and Dr. Elaine Backus (United States Department of
Agriculture, Agricultural Research Service, Parlier, CA) we have conducted intricate acquisition assays and
determined that alterations in O-antigen structure and composition, indeed, result in a change in the adhesive
properties of X. fastidiosa within the insect as well (Rapicavoli et al., 2015).

Contrary to the role of LPS in promoting bacterial survival in planta, the immune systems of plants have also
evolved to recognize the LPS structure and mount a basal defense response to counteract bacterial invasion (Dow
et al., 2000; Newman et al., 2000). LPS is considered a pathogen-associated molecular pattern (PAMP), which are
conserved molecular signatures that are often structural components of the pathogen (i.e., LPS, flagellin, etc.).
These PAMPs are recognized by the host as "non-self" and can be potent elicitors of the basal defense response.
This line of defense against invading pathogens is referred to as PAMP triggered immunity (PTI) and represents
the initial layer of defense against pathogen ingress (Nicaise et al., 2009). PTI is well studied in both mammalian
and plant hosts. However, little is known about the mechanisms involved in perception of the LPS PAMP in
grapevine, particularly the X. fastidiosa LPS PAMP. X. fastidiosa is introduced by its insect vector directly into
the xylem, a non-living tissue, which cannot mount a defense response on its own. However, in other systems,
profound changes do occur in the adjacent living parenchyma cells upon infection, suggesting that these cells
communicate with the xylem and are capable of recognizing the presence of a pathogen (Hilaire et al., 2001). The
plant immune system can recognize several regions of the LPS structure, including the conserved lipid A and core
polysaccharide components (Newman et al., 2007; Silipo et al., 2005). Bacteria can also circumvent the host’s
immune system by altering the structure of their LPS molecule. Specifically, bacteria can display different O-
antigen profiles by varying the extent of polymerization or by completely abolishing synthesis of the O-antigen
depending on the environment and developmental phase of the cell (Bergman et al., 2006; Guerry et al., 2002;
Lerouge & Vanderleyden, 2002). We speculate that during the interaction between X. fastidiosa and a susceptible
grapevine host, the bacterium's long chain, rhamnose-rich O-antigen shields the conserved lipid A and core-
oligosaccharide regions of the LPS molecule from being recognized by the grapevine immune system, providing
an opportunity for it to subvert the basal defense response and establish itself in the host. A similar scenario
occurs in Escherichia coli, where truncation of the O-antigen caused an increased sensitivity to serum, suggesting
the full length O-antigen provides a masking effect towards the host immune system (Duerr et al., 2009; Guo et
al., 2005).

Our main aim is to further explore the role of LPS, specifically focusing on the O-antigen moiety, in the
interaction between X. fastidiosa and the grapevine host and to use this information to develop and evaluate an
environmentally sound preventative application for Pierce’s disease. In addition to its contribution to biofilm
formation, we hypothesized that the LPS molecule also modulates the host’s perception of X. fastidiosa infection.
The X. fastidiosa O-antigen mutant we currently have provides a unique platform designed to test this hypothesis.
The fundamental goal is to elucidate the mechanism(s) that X. fastidiosa uses to infect the grapevine host and
exploit this knowledge to evaluate the use of LPS structural variants as a preventative treatment for control of
Pierce’s disease.

OBJECTIVES
1. Characterization of X. fastidiosa LPS mutants in vitro and in planta.
2. Examination of the LPS-mediated response to X. fastidiosa infection.
3. Evaluation of structural variants of LPS as a preventative treatment for Pierce’s disease.

RESULTS AND DISCUSSION
Objective 1. Characterization of X. fastidiosa LPS mutants in vitro and in planta.
We have determined that the wild-type X. fastidiosa O-antigen is composed primarily of 2-linked rhamnose with
smaller amounts of glucose, ribose, xylose, and mannose (Clifford et al, 2013). Most importantly, we
demonstrated that mutation of the O-antigen polymerase, Wzy, results in a severely truncated O-antigen resulting
from a depletion of the majority of the 2-linked rhamnose. This change was confirmed both electrophoretically
and biochemically utilizing gas chromatography and mass spectrometry (GC/MS) techniques in collaboration
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with the Complex Carbohydrate Research Center (CCRC) at the University of Georgia. Notably, the depletion of
rhamnose led to a marked reduction in virulence and host colonization (Clifford et al, 2013). This indicates that
the process of rhamnose biosynthesis and its incorporation into the O-antigen is a vulnerable step in the
X. fastidiosa LPS biosynthetic pathway that could be exploited for disease control. Therefore, in this objective we
are building on our current knowledge and continuing our studies by focusing on the process of rhamnose
biosynthesis in X. fastidiosa. We are presently creating mutants that we hypothesize will be unable to synthesize
rhamnose, and we will structurally characterize the O-antigen from these mutants in collaboration with the CCRC.
Following this, we will define the biological impact of these mutations by conducting virulence and colonization
studies in grapevine. We will also determine the effect of these mutations in vitro using substrate attachment, cell-
cell aggregation, and visualized biofilm studies that reflect host colonization behaviors.

Using comparative genomics, we have identified five genes with high homology to those involved in rhamnose
biosynthesis in other bacterial systems. The genes are designated rmlB1 (XP0208), rmlA (XP0209), rmlC
(XP0210), and rmlD (XP0211) (in map order) that encode proteins involved in the conversion of glucose-1-
phosphate into dTDP-rhamnose (Jiang et al., 1991; Koplin et al., 1993; Rahim et al., 2001). The first step is
catalyzed by RmlA (dTDP-glucose synthase). Subsequent reactions are catalyzed by RmlB (dTDP-D-glucose-4,6-
dehydratase), RmlC (dTDP-L-rhamnose synthetase) and RmlD (dTDP-4-dehydrorhamnose reductase) (Koplin et
al., 1993). The resulting dTDP-L-rhamnose is then incorporated into the O-antigen. The rml genes are usually
clustered within a single locus, and our in silico analysis demonstrates the presence of an rml locus in
X. fastidiosa. We also identified an additional, unlinked copy of rmlB, designated rmlB2 (XP1617).

Mutant construction.
We have constructed a ∆rmlAB1CD mutant. Our next step is to make an rmlAB1CD/rmlB2 double mutant. In the
event that deletion of the entire locus has pleiotropic effects (i.e., affects exopolysaccharide production), we will
knock out each gene individually. We will begin with rmlA, which encodes the enzyme that catalyzes the first
step in the pathway of rhamnose biosynthesis. We will then sequentially knock out rmlB1, rmlC, and rmlD and
also create a ∆rmlB2 mutant. All mutants constructed in this study will be complemented with the wild-type copy
of the gene, including the native promoter, using the complementation vectors now available for X. fastidiosa
developed by the Igo lab at the University of California, Davis (Matsumoto et al., 2009). Once we have obtained
all of these mutants and their complements, we will begin biochemically characterizing their O-antigen. We
predict that the O-antigen in the rml mutants will be completely devoid of rhamnose. We will confirm this by
conducting glycosyl composition and linkage analyses in collaboration with the Complex Carbohydrate Research
Center (CCRC) (University of Georgia). This Center routinely performs carbohydrate linkage analysis studies on
a recharge basis.

LPS isolation and O-antigen purification.
In order to supply LPS in amounts sufficient for NMR analysis, the CCRC requested that we send cell pellets of
both X. fastidiosa wild-type and O-antigen mutant strains (five grams per strain), instead of purified and
lyophilized LPS. Wild-type and wzy mutant cell pellets were shipped in the fall of 2014. Prior to shipment, cell
pellets were prepared in the following manner: bacterial strains were grown on solid PD3 medium (minus starch)
for seven days at 28°C. Agar squares, containing X. fastidiosa colonies, were then cut from the plates and added
to 250 mL liquid PD3 (minus starch) and placed onto a 28°C shaker at 180 rpm for an additional seven days.
Following incubation, cells were spun down, treated with 1% phenol to kill cells, and then washed three times
with 1x phosphate buffered saline (PBS) to remove any residual media or phenol. Pellets were stored at -80°C
until shipping to the CCRC in Georgia. We recently received the final structural results for the wild-type and wzy
O-antigen and have begun the process of analyzing the data.

Surface attachment, aggregation, and biofilm studies.
We have begun linking X. fastidiosa LPS structure to function using in vitro assays. Attachment to a surface is the
first step in successful biofilm formation, and because of the location and abundance of LPS in the outer
membrane, we hypothesized that LPS plays a key role in mediating initial attachment to the cellulose and chitin
substrates X. fastidiosa encounters in the plant and insect, respectively. We previously demonstrated that a mutant
in the Wzy polymerase was deficient in cell-cell aggregation and hyperattached to surfaces, which led to a defect
in biofilm formation (Clifford et al., 2013). We recently tested the ∆rmlAB1CD mutant for these behaviors to
determine if the inability to synthesize rhamnose results in defective biofilm formation. We found that, similar to
the wzy mutant phenotype, the ∆rmlAB1CD mutant strain hyperattached to a glass surface (Figure 1A) but was
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significantly impaired in cell-cell aggregation (Figure 1B). In addition, preliminary biofilm studies of the mutant
strain (in which biofilm formation at the air-liquid interface was visually analyzed) indicated malformation of a
mature biofilm (Figure 2).

Figure 1. In vitro attachment and aggregation assays. Attachment ratio (A) and % aggregation (B) of
X. fastidiosa wild-type and ∆rmlAB1CD mutant strains. The ∆rmlAB1CD mutant strain hyperattached to a
glass surface (P < 0.05) but was significantly impaired in cell-cell aggregation (P < 0.0001), compared with
the wild-type. Graphs represent the mean of nine samples per treatment ± standard error of the mean.
Treatments with different letters on bars are statistically different.

Figure 2. In vitro biofilm formation assay. The ∆rmlAB1CD mutant strain was severely impaired
in building a mature biofilm. Image represents biofilm formation at four dpi. Arrows point to the
formation of biofilm at the air liquid interface. *Turbidity of the media displays the defect in
aggregation seen in the ∆rmlAB1CD mutant.

Virulence and host colonization assays.
In July, we mechanically inoculated Vitis vinifera Chardonnay vines with the ΔrmlAB1CD mutant strain using the
pin-prick method (Hill & Purcell, 1995). Each plant was inoculated twice with a 20 μL drop of a 108 CFU/mL
suspension of either wild-type X. fastidiosa, ΔrmlAB1CD mutant, or the rml/rml+ complemented strain. We
inoculated seven plants/strain and repeated each experiment three times. Plants inoculated with 1xPBS served as
negative controls. Throughout symptom development, plants were rated weekly on a disease scale of 0-5 with 0
being healthy and 5 being dead (Guilhabert & Kirkpatrick, 2005). We have also assessed the X. fastidiosa
populations in the plants by isolating cells from petioles at the point of inoculation (local), and 38 cm above the
point of inoculation (systemic), to assess the ability of the ΔrmlAB1CD mutant strain to systemically colonize the
host. Isolations were performed from local tissue at five weeks post-inoculation and from local and systemic
(38 cm) tissue at 10 weeks post-inoculation. Populations of the ΔrmlAB1CD strain in planta were significantly less
than populations of wild-type and the rml/rml+ complemented strain at five weeks post-inoculation (P < 0.05)
(data not shown). At this time, Pierce’s disease symptoms were visible in wild-type and rml/rml+-inoculated
plants, while rmlAB1CD mutant-inoculated plants did not show any degree of leaf scorching. At 10 weeks post-
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inoculation, bacterial titer of the ΔrmlAB1CD strain in planta was consistently significantly less than X. fastidiosa
wild-type and the rml/rml+ complemented strain, in both local and systemic tissue (Figure 3A). In addition, 80%
of mutant-inoculated plants still had no Pierce’s disease symptoms at this time point (Figure 3B). This indicates
that disruption in the production of rhamnose correlates with a profound defect in X. fastidiosa virulence
and colonization in planta. Thus far, we have observed no difference in bacterial titer or disease progress
between the wild-type and rml/rml+ complemented strain, indicating full complementation in planta, and plants
inoculated with 1xPBS buffer have not developed any Pierce’s disease symptoms (Figure 3C).

Figure 3. Pathogenicity assays in planta. (A) In planta populations of X. fastidiosa from local and systemic petioles
at 10 weeks post-inoculation and (B) disease progress of X. fastidiosa wild-type and ∆rmlAB1CD mutant strains.
The ∆rmlAB1CD mutant strain is significantly impaired in host colonization, as populations in planta are
significantly less than those of the wild-type parent. In addition, Pierce’s disease symptoms in ∆rmlAB1CD-
inoculated plants are greatly attenuated, even at 14 weeks post-inoculation (C). Data represents the mean of 21
samples per treatment ± standard error of the mean. No X. fastidiosa cells were isolated from 1xPBS controls, and
these plants did not exhibit Pierce’s disease symptoms.

C
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Objective 2. Examination of the LPS-mediated response to X. fastidiosa infection.
In grapevine, recognition of PAMPs other than LPS, such as the Botrytis cinerea endopolygacturonase BcPG1and
β-glucans, trigger a cascade of signaling events including calcium ion influxes, reactive oxygen radical
accumulations, and activation of protein kinases, that coordinate the transcriptional activation of defense genes
(Aziz et al., 2003; Aziz et al., 2007; Poinssot et al., 2003). The LPS PAMP can induce similar responses in other
plant species, but these studies have been performed primarily in model systems, such as Arabidopsis thaliana or
tobacco (Desaki et al., 2006; Zeidler et al., 2004). There is limited knowledge about the grapevine response to the
LPS PAMP, particularly on the transcriptional level. However, one study demonstrated that a rhamnolipid
microbe-associated molecular pattern (MAMP) from Pseudomonas aeruginosa could induce defense-related
responses in grapevine cell suspensions (Varnier et al., 2009).

The defense reactions activated upon PAMP recognition involve intricate networks of transcriptional regulators
and phytohormone signaling. Genome-wide transcriptional profiling is a logical starting point to begin
understanding this complex process in the X. fastidiosa-grape pathosystem (Jones & Dangl, 2006). We speculated
that mutated X. fastidiosa LPS (depleted of O-antigen) recognition elicits a transcriptional response that results in
the deployment of specific defense reactions in grape that results in less disease and host colonization. We
hypothesized that the grapevine is recognizing the conserved core/lipid A portions of the X. fastidiosa LPS
molecule and that the long chain O-antigen serves to camouflage the rest of the LPS PAMP (the core-lipid A
complex) from being recognized by the host innate immune system. Thus, we expected an increase in expression
of defense-related genes in plants inoculated with the O-antigen mutants that are depleted of O-antigen, as
compared to wild-type X. fastidiosa. The studies detailed below were designed to test our hypothesis that loss of
the rhamnose-rich O-antigen allows the grapevine to more readily perceive the X. fastidiosa LPS molecule and
that this recognition leads to elicitation of a specific transcriptional response associated with defense.

LPS-induced oxidative burst in grapevine.
To explore the role of LPS as an elicitor of basal defense responses in grapevine, we first investigated reactive
oxygen species (ROS) production in response to purified LPS using a luminol assay. Thus far, we have
demonstrated that both wild-type and wzy mutant LPS induce an oxidative burst (of similar amplitude) in
grapevine leaf disks, therefore establishing the role of X. fastidiosa LPS as a PAMP in grapevine. We expected
that the wzy mutant LPS would induce a stronger oxidative burst than wild-type, but we hypothesized that the
similarity was due to the increased exposure of the conserved Lipid A-Core Oligossacharide region of both
molecules. Once we established that purified X. fastidiosa LPS induced an oxidative burst in V. vinifera Cabernet
Sauvignon leaf disks, we then turned our attention to ROS produced in response to living X. fastidiosa wild-type
and wzy mutant live culture, in which LPS is still anchored to the outer membrane. We have demonstrated that the
wzy mutant culture induced a robust response from grapevine leaf disks. ROS production peaked at around 12
minutes and lasted nearly 100 minutes. Wild-type culture failed to produce a sharp peak, as compared with the
wzy mutant, and ROS production plateaued around 60 minutes. This indicates that the O-antigen does, in fact,
serve to shield wild-type cells from triggering PTI responses.

Transcriptome profiling.
In early July of 2014, individual vines of V. vinifera Cabernet Sauvignon were inoculated with X. fastidiosa wild-
type or wzy::kan live culture. We inoculated nine vines for each treatment. Vines inoculated with 1xPBS buffer
alone served as the negative controls for the experiment. Using the pin-prick method described previously, each
vine was inoculated 2x with a 20 μL drop of a 108 CFU/mL suspension of either wild-type X. fastidiosa or the wzy
mutant. The inoculum was immediately drawn into the petiole due to the negative pressure in the xylem. PTI
usually causes major transcriptional reprogramming of the plant cells within hours after perception (Dow et al.,
2000; Tao et al., 2003). Thus, petioles were harvested at the following four time points: 0, 1, 8, and 24 hours post-
inoculation. To stabilize transcripts, petioles were submerged into liquid nitrogen immediately after harvesting
and stored at -80°C until RNA extraction.

Sequencing libraries were generated from the polyadenylated plant messenger RNA and sequenced using an
Illumina HiSeq 2500 platform. The sequencing of four HiSeq lanes generated a total of 763 million 50 base pairs
(bp) single-end reads. Reads were trimmed and filtered to retain high-quality sequence information only (Q > 30).
An average of 24.5 ± 3 millions of reads per sample (87.6±1.7% of the total) were unambiguously mapped on the
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reference PN40024 transcriptome. Counts were normalized to control for technical variation using DESeq2,
which was also used for statistical testing.

Figure 4. Heat map of the LPS-mediated response to X. fastidiosa infection in grapevine. Genes were
grouped based on their expression pattern relative to the wounded control “c.” At eight hours post-
inoculation, plants inoculated with the wzy mutant are expressing a large number of genes belonging to
group (a), which consists of genes specifically involved in immune responses (i.e., “response to oxidative
stress”). At the same time point, plants inoculated with wild-type are expressing a large number of genes
belonging to group (d), which consists of genes involved in responses to abiotic stress. This indicates that
plants are directly sensing wzy mutant cells, which lack the O-antigen, and initiating PTI responses, but the
wild-type cells, containing a fully polymerized O-antigen, remain seemingly undetected by the host
immune system.

Our analysis focused on specific patterns of transcriptional regulation to identify genes specifically responsive to
the wzy mutant and not to wild-type X. fastidiosa. 112 genes, which showed consistent up-regulation (fold change
> 1.4, P < 0.05) in response to the wzy mutant at eight hours post inoculation, were either unchanged in the
wounded or wild-type inoculated plants or were differentially regulated only at the later time point. The 112 genes
included chitinases, endoglucanases, and other known antimicrobial peptides, typically transcriptionally induced
during incompatible interactions. Enrichment analysis of these 112 genes showed an interesting over-
representation of immune response functions in these sets of genes transcriptionally responsive to wzy
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mutant (e.g., defense responses, response to stress, oxidation-reduction process). At 24 hours, 53 genes were
significantly up-regulated specifically in response to wzy. Overall, the RNA-seq data suggest that grapevines are
activating specific defense responses (namely those involved in oxidative stress) upon recognition of wzy mutant
infection (Figure 4). RT-qPCR will be performed to validate the expression of the most interesting genes.
Investigation into the differential expression of genes during later stages of the X. fastidiosa infection process is
also currently in progress. Beginning in June 2015, individual vines of V. vinifera Cabernet Sauvignon were
inoculated with X. fastidiosa wild-type or wzy::kan live culture. We inoculated nine vines for each treatment.
Vines inoculated with 1xPBS buffer alone served as the negative controls for the experiment. Using the pin-prick
method described previously, each vine was inoculated 2x with a 20 μL drop of a 108 CFU/mL suspension of
either wild-type X. fastidiosa or the wzy mutant. Petioles were harvested at 0, 48 hours, one week, and four weeks
post-inoculation with live culture. To stabilize transcripts, petioles were submerged into liquid nitrogen
immediately after harvesting and stored at -80°C until RNA extraction. All petioles were shipped to the Cantu lab
at the University of California, Davis for RNA extraction and sequencing.

Objective 3. Evaluation of structural variants of LPS as a preventative treatment for Pierce’s disease.
In some systems, treatment with LPS alone does not induce a measurable difference in gene expression. However,
it does potentiate a more robust and measurable defense response following challenge with a pathogen. Pre-
treatment of plants with LPS can prime the defense system resulting in an enhanced response to subsequent
pathogen attack. This defense-related "memory" is called priming and stimulates the plant to initiate a faster
and/or stronger response against future invading pathogens (Conrath, 2011). Priming often results in rapid and
robust activation of defense responses such as the oxidative burst, nitric oxide synthesis and expression of
defense-related genes (Erbs & Newman, 2003; Newman et al., 2000). The LPS PAMP has been specifically
implicated in priming in the Xanthomonas campestris pv. vesicatoria pathosystem. Pepper leaves pre-treated with
LPS isolated from incompatible (non-virulent) xanthomonads had enhanced expression of several pathogenesis-
related (PR) proteins after being challenged with virulent X. campestris pv. vesicatoria (Newman et al., 2000). In
this objective, we hypothesized that pre-treatment with LPS isolated from X. fastidiosa O-antigen mutants would
result in a difference in the grapevine's tolerance to X. fastidiosa by stimulating the host basal defense response.
To determine if the primed state affects the development of Pierce’s disease symptoms, we documented disease
progress in plants that were pre-treated with either wild-type or wzy mutant LPS and then challenged with
X. fastidiosa either four or 24 hours later.

Grapevine petioles were pre-treated with 40μL of either wild-type or wzy mutant LPS (50μg/mL). 1xPBS served
as the negative control. After we mechanically inoculated the vines with LPS, we challenged with an inoculation
of live wild-type X. fastidiosa cells (40 µL of a 1x108 CFU/mL suspension). These inoculations were performed at
four and 24 hours after the original inoculation with the LPS. These time points were established based on
previously described assays (Newman et al., 2002). We inoculated 24 vines/treatment/LPS concentration/time
point. Plants were rated 12 weeks later with 0 being healthy and 5 being dead or dying (Guilhabert & Kirkpatrick,
2005). As shown in Figure 5, plants pre-treated with either the wild-type or wzy mutant LPS were delayed in
Pierce’s disease symptom development when challenged with X. fastidiosa four hours later, compared to those
plants that received no LPS pre-treatment. This indicates that treatment with either form of LPS (wild-type or wzy
mutant) does elicit a defense response against X. fastidiosa within a four-hour time window. We reason that the
purified forms of wild-type LPS and wzy LPS both elicit a priming response because all portions of the LPS
molecule (including the conserved lipid A + core LPS) which are most often associated with activity of the LPS
as a PAMP are exposed and available for recognition by the grapevine immune system. Whereas, in intact cells,
the majority of the LPS molecule (lipid A and some of the core LPS) is embedded in the bacterial outer
membrane and shielded from perception by the host immune system. Interestingly, two-way analysis of variance
(ANOVA) analysis indicates that there is a significant interaction between time of inoculation and type of LPS
applied, supporting our hypothesis that we will see large differences in the long-term defense responses elicited
by wzy mutant LPS vs. wild-type LPS at later time points than what we have previously tested. This experiment
was repeated beginning June of 2015, and results are consistent with the data presented above.

Most importantly, now that we have established that we can directly elicit an LPS-mediated defense response and
also induce the primed state in grapevine, it will be important to assess how long the temporal window of the
heightened defense response and primed state lasts by increasing the amount of time between the inoculation with
the LPS and the challenge with live X. fastidiosa cells. These experiments are currently in progress.
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Figure 5. Pierce’s disease ratings of LPS pre-treated plants. Mean disease ratings of Cabernet Sauvignon
grapevines pre-treated with wild-type or wzy mutant LPS (50 μg/mL), then challenged at four or 24 hours
post-LPS treatment. We inoculated 24 vines/treatment/time point. Disease ratings were taken at 12 weeks
post-challenge. The LPS pre-treated plants are significantly delayed in symptom development, compared
with plants that did not receive pre-treatment. Bars represent standard error of the mean.

CONCLUSIONS
This project has addressed key aspects of the interaction of X. fastidiosa with its grapevine host. In addition, the
results have provided important knowledge about basal resistance to disease in grapevines and plant hosts in
general. Notably, we have also tested a potential preventative measure for Pierce’s disease. Information gleaned
from this project could help guide traditional breeding programs aimed at disease resistance by identifying
potential resistance markers. The overall outcomes have resulted in a foundation of fundamental knowledge about
Pierce’s disease at the molecular level that we will utilize to develop innovative and environmentally sound
approaches to controlling this disease.
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ABSTRACT
Tissue culture of grape plants remains an inefficient process for many genotypes. The procedure is labor
intensive, limited to specific genotypes, and requires a significant amount of time to establish and maintain
embryogenic cell cultures and convert cell cultures into whole plants. We are leveraging the expertise of the
National Research Laboratory of Chile (INIA) and the Ralph M. Parsons Foundation Plant Transformation
Facility at the University of California, Davis (UCDPTF) to significantly increase the efficiency of tissue culture
and transformation technology in grape genotypes important to their respective countries. The two labs are
sharing their latest protocol improvements for generating and increasing high quality embryogenic callus using
germplasm important to their particular country. This combined effort has allowed us to make significant
advances in our ability to grow and maintain embryogenic callus cultures for use in tissue culture and
transformation experiments for rootstock genotypes 1103, 101-14, and the winegrapes Chardonnay and Cabernet
Sauvignon. We have successfully established high quality, rapidly multiplying grape suspension stock cultures for
1103, 101-14, Cabernet Sauvignon, and Chardonnay for each of the past three years by employing a modification
of INIA’s liquid/agar cell cycling system, allowing us to maintain a constant supply of cells needed for tissue
culture and transformation studies. We have developed a method for maintaining somatic embryos for extended
periods of time in a quiescent state by plating cell suspension on medium containing high concentrations of
sorbitol. This system allows us to maintain a germplasm bank of embryos for numerous grape genotypes which
provides a constant supply of embryos for use in tissue culture and transformation experiments. These embryos
provide an excellent source of material for transformation and has allowed us to routinely transform rootstocks
1103 and 101-14. Using embryogenic suspension cultures, we are developing a high frequency transformation
protocol based on direct transformation of 1103 and 101-14 suspension cultures which, when optimized, should
allow us to produce transgenic rootstocks with less labor than is currently required for embryo transformation. We
have also developed a sequential transformation protocol which allows stacking of multiple transgenes into grape.
Although regeneration of whole plants from non-transgenic embryos of 1103 and 101-14 is routine, regeneration
of transgenic embryos of 1103 and 101-14 remains inefficient and is the most significant bottleneck in grape
transformation. We have made some improvements in efficiency of plant regeneration from transgenic embryos,
but further improvements would greatly streamline the protocol.

LAYPERSON SUMMARY
This project is aimed at establishing an international collaboration between leading laboratories in the United
States and Chile to reduce the time and cost of tissue culture and transformation for grape varieties of importance
to the viticulture industries in their respective countries. The collaboration leveraged pre-existing expertise and
technical know-how to expedite the development of efficient tissue culture and transformation protocols for grape
varieties of importance to the Pierce’s disease and glassy-winged sharpshooter research community. The two labs
shared their latest protocol improvements for generating and increasing high quality embryogenic cultures using
germplasm important to their particular country. Using both cell suspension cultures and bioreactors, we made
significant advances in our ability to establish and increase embryogenic cultures for 1103, 101-14, Cabernet
Sauvignon, and Chardonnay for use in tissue culture and transformation experiments. We have developed a long-
term storage medium which allows grape somatic embryos to be stored for over six months, which will allow for
easy maintenance of numerous genotypes with minimal labor. Using these embryos, we achieved high
transformation frequencies for 1103 and 101-14.We also demonstrated that we can directly transform grape
suspension cultures, which bypasses the need to generate embryos prior to transformation. Although our results
with direct transformation of grape suspensions are still inconsistent from run to run, experiments that are
successful using this technique allow us to produce transgenic material with minimal input of labor. We also
developed a sequential transformation protocol which will allow us to re-transform transgenic grape embryos with
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a second disease gene. This will allow researchers to stack resistance genes for additional disease protection.
Although regeneration from non-transgenic 1103 and 101-14 embryos is routine, regeneration of transgenic 1103
and 101-14 into whole plants remains inefficient. We made progress developing new media formulations which
allow for more rapid regeneration of plantlets from non-transgenic embryos of 1103 and 101-14, which if
applicable to transgenic embryos, should reduce the time required to generate transgenic grape plants for the
Pierce’s disease and glassy-winged sharpshooter research community.

INTRODUCTION
Tissue culture of grape plants remains an inefficient process for many genotypes. The procedure is labor
intensive, limited to specific genotypes, and requires a significant amount of time to establish embryogenic cell
cultures and convert cell cultures into whole plants. The efficiency of establishing and regenerating plants for
many important grape genotypes remains very low and are not at the level required to allow for the predictable,
cost effective, and timely recovery of tissue culture plants needed to successfully offer grape tissue culture and
transformation through a self-sustaining service-based facility. These challenges include the successful
establishment and multiplication of homogeneous embryogenic cultures, prevention of tissue necrosis caused by
oxidation, conversion of embryos into true-to-type plants, transformation of embryogenic callus, and the
regeneration of non-chimeric transgenic plants from embryogenic cells. The goal of this agreement is to leverage
the expertise of the National Research Laboratory of Chile (INIA) and the Ralph M. Parsons Foundation Plant
Transformation Facility at the University of California, Davis (UCDPTF) to significantly increase the efficiency
of tissue culture and transformation technology in grape genotypes important to their respective countries. The
proposed collaboration combines pre-existing expertise and technical know-how to expedite the development of
efficient tissue culture and transformation protocols for grape varieties of importance to the Pierce’s disease and
glassy-winged sharpshooter research community. Results of this collaboration will accelerate the delivery of
Pierce’s disease and glassy-winged sharpshooter research results in genotypes that are relevant to the research
community. This report outlines the progress that was made under CDFA agreement number 11-0416-SA toward
achieving that goal, with concrete benefits already realized by both groups from the creation of this collaboration.

OBJECTIVES
1. Establish an international collaboration between leading laboratories in the United States and Chile that

share a common goal of accelerating the development of efficient tissue culture and transformation
protocols for grape varieties of importance to the viticulture industries in their respective countries.
a. Adapt tissue culture and transformation methodologies developed by our Chilean partner for grape

genotypes of importance to California, including 11-03, 101-14, Cabernet Sauvignon, and
Chardonnay.

b. Increase the efficiency of maintaining embryogenic cultures and reduce the time required for in vitro
regeneration of grape plants from embryogenic cultures by adapting INIA’s cell suspension
technology and UCDPTF’s temporary immersion system (TIS) for use in grape tissue culture and
transformation.

c. Enhance the efficiency of whole plant regeneration from embryogenic cultures of grape.
2. Develop a cost-effective grape tissue culture and transformation platform for at least one priority

California winegrape and one California grape rootstock, which will provide the Pierce’s disease and
glassy-winged sharpshooter research community with a predictable supply of experimental plant material
while reducing labor and maximizing tissue culture and transformation efficiency.
a. Improve grape rootstock transformation efficiency for 1103 and 101-14 using embryos harvested

from robust-growing cell suspension cultures.
b. Leverage the progress we have made in developing high quality suspension cultures that have the

ability to rapidly regenerate whole plants when plated onto agar-solidified medium by testing direct
transformation of cell suspension cultures.

c. Develop methods for transforming multiple trait genes into grape through sequential transformation
using two different plant selectable marker genes.

RESULTS AND DISCUSSION
Objective 1. Establish an international collaboration between leading laboratories in the United States and
Chile that share a common goal of accelerating the development of efficient tissue culture and
transformation protocols for grape varieties of importance to the viticulture industries in their respective
countries.
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Objective 1a. Adapt tissue culture and transformation methodologies developed by our Chilean partner for
grape genotypes of importance to California, including 11-03, 101-14, Cabernet Sauvignon, and
Chardonnay.
We have established embryogenic cultures from anthers of 11-03, 101-14, Chardonnay, and Cabernet Sauvignon
each year of the grant by plating them onto Nitsch and Nitsch minimal organics medium (1969) supplemented
with 60 g/l sucrose, 1.0 mg/l 2,4-dichlorophenoxyacetic acid (2,4-D), and 2.0 mg/l benzylaminopurine (BAP)
(PIV) or Murashige and Skoog minimal organics medium supplemented with 20 g/l sucrose, 1.0 mg/l
naphthoxyacetic acid (NOA), and 0.2 mg/l BAP (NB medium). In 2014 we also established embryogenic callus of
Richter 110.

INIA and UCDPTF explored an alternative method for generating embryogenic callus which utilizes leaf pieces
from in vitro grown plants. Unlike generating callus from anthers which have a short window of availability in the
spring of each year, leaf tissue from in vitro plantlets are available year-round. In addition, unlike meristem ex-
plants which are time-consuming and difficult to excise, leaf explants are easy to isolate and can be secured from
known pathogen-free tissue culture plantlets. We are maintaining disease-free in vitro stock plants of 1103, 101-
14, Chardonnay, and Cabernet Sauvignon that we received from Foundation Plant Services and used these to test
the leaf embryogenic culture system. Although we successfully generated embryogenic callus from leaf explants
of Thompson Seedless grape, we were not able to replicate this technique for non-table grape genotypes. Based on
the advice of Andy Walker and Cecilia Aguero, we are investigating the Mezzetti et al. (2002) protocol which
utilizes bulk meristems as the target tissue for transformation. We generated bulk meristem cultures from indexed
tissue culture stock tissue for 11-03, 101-14, Chardonnay, and Cabernet Sauvignon (Figure 1). To date, scion
genotypes develop bulk meristems more readily than rootstocks. Rootstock genotypes tend to produce excess
callus on Mezzetti medium with 3.0 mg/l BAP.

Figure 1. Bulk meristem cultures of (from left to right) Cabernet Sauvignon, Chardonnay, and 1103.

Objective 1b. Increase the efficiency of maintaining embryogenic cultures and reduce the time required for
in vitro regeneration of grape plants from embryogenic cultures by adapting INIA’s cell suspension
technology and UCDPTF’s temporary immersion system for use in grape tissue culture and
transformation.
Using a modification of INIA’s cell suspension protocol, we significantly improved the production of embryo-
genic grape cultures across a range of genotypes including 1103, 101-14, Cabernet Sauvignon, Chardonnay, and
Richer 110. We established fresh embryogenic suspensions each year and we can routinely maintaining cell
suspension cultures on liquid woody plant medium (WPM; Lloyd and McCown, 1981) supplemented with
20 g/liter sucrose, 1 g/liter casein hydrolysate, 10.0 mg/l Picloram, 2.0 mg/l metatopolin, 2 g/l activated charcoal,
100 mg/l ascorbic acid, and 120 mg/l reduced glutathione (Pic/MTag) grown in 125 ml shake flasks on a gyratory
shaker at 90 rpms in the dark. Once established, the suspensions are easily maintained by withdrawing 10 ml of
the suspension each week from the flask and replacing it with 10 ml of fresh medium (Figure 2).
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Figure 2. Production of high quality embryogenic callus from cell suspensions. Chardonnay (top), 1103 (middle),
and 101-14 (bottom) in cell suspension cultures on WPM medium supplemented with 1g/l casein, 1M MES, 1,000
mg/l activated charcoal, 10 mg/l picloram, and 2 mg/l meta-topolin (left), close-up of cell suspension cultures
(middle) and embryogenic callus developing four weeks after plating 1 ml of suspen-sions on WPM medium
supplemented with 1 g/l casein, 1M MES, mg/l activated charcoal, 0.5 mg/l BAP, and 0.1 mg/l NAA (right).

In addition to evaluating INIA’s liquid shake flasks methodology on grape genotypes 101-14, 1103, Chardonnay,
and Cabernet Sauvignon, we explored UCDPTF’s temporary immersion system for use in rapidly increasing
embryogenic callus. This method of increasing embryogenic callus has proven very efficient, and we have found
that by adding ascorbic acid to the culture medium and growing the cultures in the dark we can significantly
reduce phenolic development in the callus. Robust growth rates of 1103, 101-14, and Chardonnay callus cultures
were achieved for a minimum of three months without addition of fresh medium to the bioreactor (Figure 3). This
system is advantageous from a labor management perspective, since it allows one to maintain stock embryogenic
cultures indefinitely in temporary immersion with medium exchanges occurring only once every three months.

Figure 3. Embryogenic callus growth of 1103, 101-14, and Chardonnay in bioreactor, demonstrating that embryo-
genic callus can be maintained in bioreactors for three months with no medium additions of culture manipulations.
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Objective 1c. Enhance the efficiency of whole plant regeneration from embryogenic cultures of grape.
In addition to using cell suspension, temporary immersion and stir tank reactor techniques to reduce the labor
associated with growing embryogenic cultures, we investigated methods for storing high quality embryogenic
cultures over an extended period of time. We found that increasing the osmotic strength of the medium offers a
simple solution for maintaining high quality somatic embryos over an extended period of time. One ml of embryo
suspension as described above can be plated onto WPM supplemented with 20 g/l sucrose, 1 g/l casein, 1M MES,
500 mg/l activated charcoal, 0.5 mg/l BAP, 0.1 mg/l NAA, 50 g/l sorbitol, and 14 g/l agar and cultured in the dark
at 26ºC. Cells plated onto this medium develop somatic embryos within approximately four to eight weeks.
Embryos do not germinate into plants, but remain as quiescent somatic embryos. They can be maintained in this
state for up to six months without loss of viability and upon being transferred to WPM supplemented with 20 g/l
sucrose, 1 g/l casein, 1M MES, 500 mg/l activated charcoal, and 0.1 mg/l BAP lacking sorbitol, they germinate
into whole plants. These embryos serve as an excellent source of embryos for use in transformation (Figure 4).
Given the high efficiency of conversion of the cell suspensions to embryos, these suspensions have utility for use
in developing enhanced transformation protocols, gene editing technology, protoplast culture, and tilling
populations for grape.

Figure 4. Long-term storage of somatic embryos of (from left to right) Cabernet Sauvignon, 1103, and
Chardonnay, after plating 1 ml of cell suspensions onto WPM supplemented with 20 g/l sucrose, 1 g/l
casein,1M MES, 500 mg/l activated charcoal, 0.5 mg/l BAP, 0.1 mg/l NAA, 50 g/l sorbitol, and 14 g/l agar
(top row); quiescent embryos of Cabernet Sauvignon, 1103, and Chardonnay five months after storage in
the dark without sub-culturing (middle row); Cabernet Sauvignon, 1103, and Chardonnay 15 days after
transferring embryos stored for five months onto WPM supplemented with 20 g/l sucrose, 1 g/l casein, 1M
MES, 500 mg/l activated charcoal, 0.1 mg/l BAP, and 8 g/l agar and cultured in the light (lower row).
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Regeneration of whole plants from embryos of 1103 and 101-14 is the rate-limiting step in the production of
transgenic plants. Transformation frequencies are now relatively high for these rootstocks, but regeneration of
whole plants from transgenic tissue still requires many months in culture. In other species, the basal salt
formulation of the tissue culture medium can have a dramatic effect on the regeneration efficiency. Therefore, we
evaluated eight different salt formulations in an attempt to improve the efficiency of whole plant regeneration
from embryos of 1103 and 101-14. Salt formulations tested included Andersons, Chee and Pool, DKW,
Gamborg’s B5, MS, WPM, SH, and X6. All media were supplemented with 1.0 g/l casein and 500 mg/l activated
charcoal and 0.1 mg/l BAP. Significant differences were seen between the various salt mixtures with the best
regeneration occurring on DKW, SH, and WPM. However, rootstock regeneration remains less efficient than
regeneration from table grapes or winegrapes. During the period of the grant we determined that the best
regeneration media for grape rootstocks was Preece’s salt formulation, which is comprised of 50 % DKW salts
and 50% WPM salts supplemented with 20 g/l sucrose, 1 g/l casein, 1M MES, 500 mg/l activated charcoal, 0.1
mg/l BAP or 0.1 mg/l Zeatin and 8 g/l agar (Figure 5).

Figure 5. Regenerating transgenic shoots of 1103 developing from embryos plated on Preece medium
supplemented with 20 g/l sucrose, 1g/l casein, 1M MES, 500 mg/l activated charcoal, 0.1 mg/l BAP, and
25 mg/l hygromycin.

Objective 2. Develop a cost-effective grape tissue culture and transformation platform for at least one
priority California winegrape and one California grape rootstock which will provide the Pierce’s disease
and glassy-winged sharpshooter research community with a predictable supply of experimental plant
material while reducing labor and maximizing tissue culture and transformation efficiency.

Objective 2a. Improve grape rootstock transformation efficiency for 1103 and 101-14 using embryos
harvested from robust-growing cell suspension cultures.
We evaluated the use of a heat shock treatment on somatic embryos prior to inoculating with Agrobacterium
tumefaciens. Preliminary results indicate that a 10-minute heat shock treatment at 45ºC increased the transforma-
tion frequency in Thompson Seedless, 1103 (Table 1), and 101-14. While transformation frequencies for 101-14
and 1103 are relatively high, transformation frequencies of Cabernet Sauvignon and Chardonnay remain low and
further improvements are needed.

Table 1. Transformation experiments with 1103 embryos comparing transformation
efficiencies after exposure to 10 minutes of heat shock at 45ºC versus no application of
heat shock prior to inoculation with Agrobacterium tumefaciens.

Number of
Experiments

Heat
Shock Genotype # (%) transgenic

colonies
3 - 1103 17/73 (23.3)
5 + 1103 72/140 (51.4)
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We developed a robust suspension system for 1103 and 101-14 which provides a continuous source of somatic
embryos for transformation. Embryogenic cell suspensions are harvested from cell suspension cultures on a
weekly basis as part of the process required for feeding the suspension cultures. As described above, 1 ml of the
suspension can be plated on sorbitol-containing medium for regeneration of somatic embryos which enter a
quiescent state and can be stored for later use for over six months without any additional manipulation. Large
quantities of embryos can then be collected from the plates and transformed with Agrobacterium when transfor-
mations are requested. Secondary transgenic embryos arise from the epidermis of the inoculated embryos while
the remainder of the inoculated embryo turns necrotic due to the selective agent (kanamycin or hygromycin)
(Figure 6). The surviving secondary embryo can be harvested and transferred to regeneration medium for plant
production. Using this system we have been able to generate transgenic embryos for both 1103 and 101-14. We
are currently utilizing this technique for transformation requests for Pierce’s disease and glassy-winged
sharpshooter researchers (Table 2).

Figure 6. Clusters of transgenic secondary embryos developing from Agrobacterium-inoculated
1103 somatic embryos plated on 200 mg/liter kanamycin sulfate (left) and close up of one
secondary embryo cluster (right).

Table 2. Inventory of transgenic 1103 and 101-14 plants generated with various genes of interest.

Genotype Transgene Number of
Plants Produced

1103 35s HNE-CecB 15
101-14 35s HNE-CecB 25
101-14 pDU10.1818 10
101-14 HNE-CecR 6

Objective 2b. Leverage the progress we have made in developing high quality suspension cultures that have
the ability to rapidly regenerate whole plants when plated onto agar-solidified medium by testing direct
transformation of cell suspension cultures.
We leveraged the progress we have made in developing high quality grape suspension cultures that have the
ability to rapidly regenerate whole plants when plated onto agar-solidified medium by developing a method for
direct transformation of our grape suspension cultures. Eight to 10 ml of a grape cell suspension grown in liquid
Pic/MTag medium and containing pre-embryogenic masses or small globular embryos are collected in a 15 ml
conical centrifuge tube and pelleted by centrifugation at 1,000 x G for three minutes. The supernatant is removed
and the cells are washed by re-suspending them in WPM medium without charcoal. Cells are pelleted by
centrifugation at 1,000 x G for three minutes and are washed two additional times in WPM medium. After the last
wash, the cells are subjected to heat shock by placing the 15 ml conical tube in a 45ºC water bath for five minutes.
After heat shock the supernatant is removed and the cells are re-suspended in five ml liquid BN medium
containing 200 uM acetosyringone and the Agrobacterium strain EHA105 carrying the desired vector at an OD
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600 of 0.1-0.2. The suspension is centrifuged at 1,000 x G for five minutes and allowed to incubate for 25 minutes
at room temperature. After 25 minutes, all but 0.5-1.0 ml of the supernatant is removed. The grape and
Agrobacterium cells are then re-suspended and transferred onto sterile Whatman filter paper in an empty 100 x 20
mm petri dish. Any excess fluid is allowed to evaporate by leaving the petri dishes in the hood for a few hours.
The cells are co-cultured for two to three days at 23ºC and then transferred to selection medium consisting of
WPM supplemented with 20 g/l sucrose, 1 g/l casein, 1M MES, 500 mg/l activated charcoal, 0.5 mg/l BAP,
0.1 mg/l NAA, 400 mg/l carbenicillin, 150 mg/l timentin, 4 ml PPM, 50 g/l sorbitol, 14 g/l agar, and 200 mg/l
kanamycin, or 25 mg/l hygromycin. Sub-culturing of the plated cells is achieved by simply transferring the filter
paper with the cells onto fresh medium on a biweekly basis. Within eight to 12 weeks transgenic embryos develop
(Figure 7). Developing embryos are transferred to WPM supplemented with 20 g/l sucrose, 1 g/l casein, 1M
MES, 500 mg/l activated charcoal, 0.1 mg/l BAP or 0.1 mg/l zeatin, 400 mg/l carbenicillin, 150 mg/l timentin,
0 g/l sorbitol, 8 g/l agar, and 200 mg/l kanamycin or 25 mg/l hygromycin for germination. The time from
inoculation to the recovery of transgenic embryos can be as short as 10 weeks. We have successfully used this
technique to produce transgenic embryos of 1103 and 101-14 (Figure 7). The system has been employed
successfully using both kanamycin and hygromycin selection. We see significant amounts of experiment-to-
experiment variability in the number of transgenic embryos developing, with numerous experiments yielding no
transgenic colonies and other experiments generating variable numbers of colonies (Table 3). However, if this
protocol can be made more consistent, it represents a significant advance in our transformation system since it
greatly increases transformation efficiencies while minimizing labor inputs. It appears that the plating density of
the cells (too high or too low) and the quality of the suspension impacts transformation efficiency. As with our
embryo-based transformation system, the limiting step in this protocol is also the regeneration of whole plants
from transgenic embryos and we continue to explore media modification to enhance regeneration potential.

Figure 7. Transformation of suspension cultures of 1103 with the fluorescent DsRed gene plated on BN
sorbitol medium supplemented with 400 mg/l carbenicillin, 150 mg/l timentin, 4 ml PPM, and 25 mg/l
hygromycin. (A) Grape embryo expressing the DsRed gene confirming the transgenic status of the
developing embryos. (B) Germination of transgenic embryos after transferring to WPM medium
supplemented with 20 g/l sucrose, 1 g/l casein, 1mM MES, 500 mg/l charcoal, 0.1 mg/l BAP, and 8 g/l
agar. Bright field (C) and fluorescence (D) regeneration of whole plant (E) expressing DsRed (F).

Table 3. The number of transgenic embryogenic colonies forming after inoculating grape suspension
cultures with Agrobacterium and plating onto selection medium.

Number of
Experiments germplasm Selection

Average number of
Transgenic colonies

generated

Range of transgenic
colonies generated per

experiment
1 101-14 hygromycin 6
4 1103 kanamycin 5 1-7

11 1103 hygromycin 10.7 1-50
4 101-14 kanamycin 11.75 3-24
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Objective 2c. Develop methods for transforming multiple trait genes into grape through sequential
transformation using two different plant selectable marker genes.
Since researchers expressed an interest in stacking multiple resistant strategies in a single transgenic grape line,
we performed sequential transformations in which we transformed grape embryos with the first construct contain-
ing a gene of interest and the hpt plant-selectable marker gene and selected for hygromycin-resistant transgenic
secondary embryos on medium containing hygromycin. Once hygromycin secondary embryos developed, they
were increased. Once sufficient numbers of embryos were produced, they were re-inoculated with an
Agrobacterium culture containing a second construct with a gene of interest and the kanamycin plant-selectable
marker gene (nptii) and cultured on medium containing both kanamycin and hygromycin. Developing embryos
should contain both selectable marker genes and both genes of interest. We have produced putatively sequentially
transformed embryos for 101-14 and 1103 (Figure 8). Once plants are recovered they can be tested for the
presence of both genes. Although this technique can be used to stack genes it is very inefficient and labor
intensive, and stacking trait genes in a single T-DNA is recommended.

Figure 8. Sequential transformation of 101-14 somatic embryos inoculated initially with plasmid
pDU12.0310 and selected on hygromycin. Some hygromycin-resistant embryos were induced to regenerate
plants while a subset of embryos were re-inoculated with plasmid pDE00.0201 and double selected on
hygromycin and kanamycin.

Regenerate grape plants
containing plasmid
pDU12. 0310 by
selecting on medium
containing hygromycin.

Increase transgenic
embryos for each
independent hygromycin
resistant event.

Generate transgenic
embryos selecting on
hygromycin.

Regenerating grape plants
putatively containing both
plasmid pDU12.0310 and
pDE00.0201 on Preece
medium containing both
kanamycin and hygromycin.

Re-inoculate transgenic
hygromycin resistant
embryos with a second
plasmid, pDE00.0201,
containing the kanamycin
plant selectable marker gene
(nptii) and select on both
kanamycin and hygromycin.

Inoculate grape 101-14
embryos with plasmid
pDU12.0310 containing
the hygromycin plant
selectable marker gene
(hpt) and select on
hygromycin.
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ABSTRACT
The University of California, Davis Plant Transformation Facility has previously developed a method for
genetically modifying 101-14 and 1103P, two important grape rootstocks for the California grape industry. This
technology will allow us to introduce genes useful in combating Pierce’s disease into the rootstocks of grape and
allow researchers to test whether a modified rootstock is capable of conferring resistance to the grafted scion. If
rootstock-mediated resistant strategies are to be successful deployed throughout California, additional rootstocks
will need to be modified in order to adequately address the rootstock requirements of the diverse wine growing
regions in the State of California. To that end, we have cultured anthers for grape rootstocks Richter 110 (clone
01), MGT 420A (clone 04), 140Ru (clone 01), and Salt Creek (clone 08). We are also initiating embryo cultures
for scion genotypes Cabernet Sauvignon (clone 07), Chardonnay (clone 04), Pinot Noir (clone 2A), Zinfandel
(clone 01A), and Colombard (clone 04). Transformation experiments using DsRed have been initiated on
suspension culture and somatic embryo culture in order to access the utility of our existing transformation
technologies in transforming these additional genotypes. We have also established in vitro shoot cultures for each
of the genotypes listed above and have begun to initiate bulk meristem cultures for use in testing bulk meristem
transformation methodology on these genotypes.

LAYPERSONS SUMMARY
The University of California, Davis Plant Transformation Facility has previously developed a method for
genetically modifying 101-14 and 1103P, two important grape rootstocks for the California grape industry. This
technology will allow us to introduce genes useful in combating Pierce’s disease into the rootstocks of grape and
allow researchers to test whether a modified rootstock is capable of conferring resistance to the grafted scion. This
strategy is commonly referred to as rootstock-mediated resistance. If rootstock-mediated resistant strategies are to
be successfully deployed throughout California, additional rootstock genotypes besides 1103P and 101-14 will
need to be modified in order to adequately address the rootstock requirements of the diverse wine growing regions
in the State of California. We therefore are currently testing if our method for genetically modifying grape
rootstocks can be used successfully on seven additional rootstock genotypes used in California winegrape
production. These include 110R, 3309C, Harmony, Freedom, 420A, 140Ru, and Salt Creek. Since it is not yet
known if a rootstock-mediated disease resistance strategy will confer durable, commercially viable levels of
resistance to the grafted scion, we are also testing our method for modifying grapes on a select group of scions,
including Cabernet Sauvignon (clone 07), Chardonnay (clone 04), Merlot (clone 03), Pinot Noir (clone 2A),
Zinfandel (clone 01), and French Colombard (clone 02). The results of this work will allow for the establishment
of a self-sustaining grape tissue culture and transformation service that can be utilized by the Pierce’s disease
research community. It will also establish a germ bank of cell suspension cultures and a repository of somatic
embryos for rootstock and scion genotypes used in California, which can be made available to the research
community.

INTRODUCTION
This project is aimed at applying the progress that has been made in grape cell biology and transformation
technology of rootstock genotypes 1103P and 101-14 to additional grape rootstock genotypes in order to expand
the range of genotypes amenable to transformation. The research will apply the pre-existing expertise and
technical know-how developed for rootstocks 1103P and 101-14 at the University of California, Davis Plant
Transformation Facility to additional rootstocks and germplasm important for the California wine industry. For
this proposal, we are testing seven additional rootstocks for their amenability to transformation, including 110R,
3309C, Freedom, Harmony, 420A, 140Ru, and Salt Creek. This work will expand the range of rootstocks that can
be effectively transformed, which will allow rootstock-mediated disease resistance technology to be employed



- 224 -

across the major wine growing regions in California. Although a rootstock-mediated resistance strategy is the
preferred mechanism for achieving resistance to Pierce’s Disease in grape, investing in the development of
transformation technology for scions will serve an important fallback position should rootstock-mediated
resistance fail to confer adequate levels of resistance to the scion and direct transformation of scion varieties be
required. Therefore, in addition to testing the utility of our tissue culture and transformation protocols on seven
additional grape rootstocks, we will also screen six important California scion genotypes for their amenability to
transformation, including Cabernet Sauvignon (clone 07), Chardonnay (clone 04), Pinot Noir (2A), Merlot (clone
03), Zinfandel (clone 01A), and French Colombard (clone 02). Although it is unlikely that all seven rootstock and
six scion genotypes will be amenable to transformation using our established protocols, we believe that a
significant number will respond positively. The results of this work will allow for the establishment of grape
tissue culture and transformation technologies that can be utilized by the Pierce’s disease research community. It
will also establish a germ bank of cell suspension cultures and a repository of somatic embryos for rootstock and
scion genotypes used in California, which can be made available to the research community.

OBJECTIVES
1. Develop embryogenic cultures from anthers of seven rootstock genotypes and six scion genotypes for use

in establishing embryogenic suspension cultures.
2. Develop embryogenic suspension cultures for seven rootstock genotypes and six scion genotypes, which

will provide a continuous supply of somatic embryos for use transformation experiments.
3. Establish a germplasm bank of somatic embryos for seven rootstock genotypes and six scion genotypes

by plating aliquots of the cell suspension culture on high osmotic medium.
4. Test transformation efficiencies of seven rootstock genotypes and six scion genotypes using our

established somatic embryo transformation protocols.
5. Test direct cell suspension transformation technology on seven rootstock genotypes and six scion

genotypes.
6. Establish in vitro shoot cultures for seven rootstock genotypes and six scion genotypes using indexed

material from Foundation Plant Services (FPS) or field material from FPS and establish bulk meristem
cultures for all 13 genotypes for use in transformation.

7. Test Mezzetti et al., 2002 bulk meristem transformation methodology for seven rootstock genotypes and
six scion genotypes as an alternate to somatic embryo transformation.

RESULTS AND DISCUSSION
Objective 1. Develop embryogenic cultures from anther of seven rootstock genotypes and six scion
genotypes for use in establishing embryogenic suspension cultures.
We collected anthers of rootstock genotypes including 3309C (05), Freedom (01), Richter 110 (01), MGT 420A
(04), 140Ru (01), Salt Creek (08) 11-03, 101-14, and scion genotypes Cabernet Sauvignon (clone 07),
Chardonnay (clone 04), Pinot Noir (clone 2A), Zinfandel (clone 01A), and Colombard (clone 04) and plated them
on four different embryogenic callus-inducing media. The media include Nitsch and Nitsch minimal organics
medium (1969) supplemented with 60 g/l sucrose, 1.0 mg/l 2,4-dichlorophenoxyacetic acid (2,4-D), and 2.0 mg/l
benzylaminopurine (BAP) (PIV); MS minimal organics medium supplemented with 20 g/l sucrose 1.0 mg/l 2,4-D
and 0.2 mg/l BAP (MSE); MS minimal organics medium supplemented with 30 g/l sucrose 1.0 mg/l 2,4-D and
1.0 mg/l BAP (MSI); or one half strength MS minimal organics medium supplemented with 15 g/l sucrose 1.0
mg/l NOA and 0.2 mg/l BAP (NB). Anthers were collected during two separate weeks in the spring of 2015. The
number of anther clusters plated for each genotype is given in Table 1, and the number of putative embryogenic
calli or embryos developing to date is provided in Table 2.

Objective 2. Develop embryogenic suspension cultures for seven rootstock genotypes and six scion
genotypes, which will provide a continuous supply of somatic embryos for use transformation experiments.
To date, we have established suspension cultures for 1103, 101-14, Richter 110, MGT 420A (04), 140Ru,
Chardonnay, and Colombard (04). We are still in the process of bulking callus cultures for rootstock genotypes
3309C (05), Freedom (01), Salt Creek (08), and scion genotypes Cabernet Sauvignon (clone 07), Merlot (03),
Pinot Noir (clone 2A), and Zinfandel (clone 01A). Once adequate amounts of embryogenic tissue have developed,
we will initiate suspension cultures for those genotypes.



 
 

 

 

 
  

 

 

 

  
 

  

 

 

Table 1. Summary of the number of plates of grape anthers explanted to four different media formulations. 

Grape Anther Cultures MSI MSE PIV NB 

Zinfandel 01A R5V12 4 1 3 4 
Colombard 04 R1V13 3 1 4 3 
Pinot Noir 02A R6V17 2 1 4 3 
MGT 420A R2V3 4 2 3 4 
140Ru 01 R2V7 5 2 5 4 
Freedom 01 R4V6 5 2 6 5 
3309C 05 R1V3 4 1 4 4 
CAB 07 R2V12 4 3 3 4 
Salt Creek 08 R2V3 3 0 4 3 
TS PIA-9 (transgenic) 6 1 2 3 
TS 02A C1V21 2 2 2 2 
110R R3V3 1 0 1 1 
1103 A6V2 1 1 1 0 
101-14 A5V5 1 0 1 1 
Total 45 17 43 41 

Table 2. Number (percentage) of anther clusters forming putative embryogenic callus or embryos. 
Genotype PIV MSE MSI NB 
3309C (05) 1/196 (0.5) 0/196 (0) 0/196 (0) 0/196 (0) 
Freedom (01) 0/294 (0) 0/49 (0) 0/147 (0) 0/245 (0) 
Richter 110 (01) 0/49 (0) 0/49 (0) 2/49 (4) 
MGT 420A (04) 1/147 (0.7) 1/98 (1.0) 5/196 (2.5) 1/196 (0.5) 
140Ru (01) 0/49 (0) 0/49 (0) 0/49 (0) 
Salt Creek (08) 5/196 (2.5) 4/147 (2.7) 1/147 (0.7) 
11-03 0/49 (0) 1/49 (2.0) 8/49 (16) 
101-14 0/49 (0) 0/49 (0) 0/49 (0) 
Cabernet Sauvignon (07) 1/98 (1.0) 4/147 (2.7) 1/147 (0.7) 1/196 (0.5) 
Cabernet Sauvignon (08) 5/539 (0.9) 
Pinot Noir (2A) 4/196 (2.0) 0/49 (0) 0/96 (0) 6/147 (4.0) 
Zinfandel (01A) 2/147 (1.7) 0/49 (0) 11/196 (5.6) 0/196 (0) 
Colombard (04) 7/172 (4.1) 0/49 (0) 16/123 (13.0) 2/123 (1.6) 

Objective 3. Establish a germplasm bank of somatic embryos for seven rootstock genotypes and six scion 
genotypes by plating aliquots of the cell suspension culture on high osmotic medium. 
We have established a germplasm bank of somatic embryos on agar-solidified woody plant media (WPM) 
supplemented with 20 g/liter sucrose, 1 g/liter casein hydrolysate, 500 mg/liter activated charcoal, 0.5 mg/liter 
BAP, 0.1 mg/liter NAA, 5% sorbitol, and 14 g/l phytoagar (BN-sorb) for Richter 110, 1103, 101-14, and 
Chardonnay. These cultures will provide a reliable source of embryos for use in transformation studies. Once 
rapidly dividing embryogenic suspension cultures are initiated, we will establish a germplasm bank of stored 
somatic embryos for rootstock genotypes 3309C (05), Freedom (01), MGT 420A (04), 140Ru (01), Salt Creek 
(08), and scion genotypes Cabernet Sauvignon (clone 07), Pinot Noir (clone 2A), Zinfandel (clone 01A), and 
Colombard by plating aliquots of suspension cultures on sorbitol containing medium. 

Objective 4. Test transformation efficiencies of seven rootstock genotypes and six scion genotypes using our 
established somatic embryo transformation protocols. 
Transformation experiments have been initiated using known amounts for somatic embryos as determined by 
fresh weight for Richter 110, 1103, 101-14, and Chardonnay using a construct containing the DsRed florescent 
scorable marker gene which will allow us to monitor the progress of transformation in real time without 
sacrificing any tissue (Table 3). Thompson Seedless is being included as a positive control. DsRed expression is 
being evaluated at 1, 2, and 3 months post-inoculation. Once germplasm banks of somatic embryos are 
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established we will begin testing our transformation system on somatic embryos of rootstock genotypes 3309C
(05), Freedom (01), MGT 420A (04), 140Ru (01), Salt Creek (08), and scion genotypes Cabernet Sauvignon
(clone 07), Pinot Noir (clone 2A), Zinfandel (clone 01A), and Colombard.

Table 3. Transformation experiments to access the amenability of transformation of stored grape embryos
for a range of rootstock and scion genotypes using the scorable fluorescent marker gene DsRed.

Genotype Date Experiment # Tissue
Weight

Percentage
of DsRed
embryos

Photos of DsRed
Expression

TS-14 (Control) 6/26/2015 159050 0.53 10%
7/24/2015 159070 0.52 20%

8/26/2015 159096 0.92 20%

Chardonnay 6/26/2015 159048 2.72 0%
7/10/2015 159064 1.12 0%
7/17/2015 159068 1.12 <1%

7/24/2015 159071 0.57 0%

Richter 7/10/2015 159065 1.65 25%
7/17/2015 159069 1.83 25%
7/24/2015 159072 0.42 30%

8/26/2015 159095 0.89 5%

1103 7/24/2015 159073 1.11 10%

8/26/2015 159093 1.09 10%

101-14 7/24/2015 159074 0.86 10%

8/26/2015 159094 0.97 10%

Objective 5. Test direct cell suspension transformation technology on seven rootstock genotypes and six
scion genotypes.
We are trying to leverage the progress we have made in developing high quality cell suspensions that have the
ability to rapidly regenerate whole plants when plated onto agar-solidified medium by directly transforming our
grape cell suspension cultures with the scorable marker gene DsRed. One to two ml of a grape cell suspension
grown in liquid Pic/MT medium and containing pre-embryogenic masses or small globular embryos are collected
in a 15 ml conical centrifuge tube and pelleted by centrifugation at 1000 x G for three minutes. The cells are
subjected to heat shock by placing the conical tube in a 45 degree water bath for five minutes. After heat shock
the supernatant is removed and replaced with five ml liquid BN medium containing 200 uM acetosyringone and
the Agrobacterium strain and appropriate vector at an OD 600 of 01.-0.2. The suspension is centrifuged at 1000 x
G for five minutes and allowed to incubate for 25 minutes at room temperature. After 25 minutes all but 0.5 ml of
the supernatant is removed. The grape and Agrobacterium cells are then re-suspended and transferred to sterile
Whatman filter paper in an empty 100 x 20 mm petri dish. Any excess fluid was carefully blotted up with a
second sterile filter paper. The plates are co-cultured for two to three days at 23 degrees and then transferred to
selection medium consisting of WPM supplemented with 20 g/l sucrose, 1g/l casein, 1M MES, 500 mg/l activated



- 227 -

charcoal, 0.5 mg/l BAP, 0.1 mg/l NAA, 400 mg/l carbenicillin, 150 mg/l timentin, 200 mg/l kanamycin, 50 g/
sorbitol, and 14 g/l agar. The filter paper is transferred to fresh medium every two weeks. Within eight weeks
resistant embryos develop. Developing embryos are transferred to WPM supplemented with 20 g/l sucrose, 1g/l
casein, 1M MES, 500 mg/l activated charcoal, 0.1 mg/l BAP, 400 mg/l carbenicillin, 150 mg/l timentin, 200 mg/l
kanamycin, 0 g/ sorbitol, and eight g/l agar for germination. We are currently testing this protocol on Richter 110,
1103, 101-14, and Chardonnay and using the DsRed transgene. We have observed highly variable transformation
frequencies from experiment to experiment. Some experiments result in very high numbers of resistant embryos
while other experiments fail to produce any embryos. The more critical issue is that transgenic embryos that do
form, although normal in appearance, have been very recalcitrant to regenerate into whole plants. A few embryos
develop into seedlings while the majority fail to germinate (Figure 1). We will continue to test additional
genotypes using this system. However, if this transformation method is to serve as a viable alternative to the
transformation of stored embryos, we need to achieve more consistent transformation frequencies of suspension
cultures and more consistent regeneration of whole plants from the transgenic embryos. A summary of the
experiments and the transformation frequency is given in Table 4. Once embryogenic suspension cultures are
initiated for 3309C (05), Freedom (01), MGT 420A (04), 140Ru (01), Salt Creek (08), and scion genotypes
Cabernet Sauvignon (clone 07), Pinot Noir (clone 2A), Zinfandel (clone 01A), and Colombard, we will test direct
transformation of suspension cultures using the scorable marker gene DsRed.

Figure 1. Germinating embryos from transformation of cell suspension cultures of 101-14  on WPM
supplemented with 20 g/l sucrose, 1 g/l casein, 1M MES, 500 mg/l activated charcoal, 0.5 mg/l BAP, 0.1
mg/l NAA 50 g/l sorbitol, and 14 g/l agar and transfer to WPM supplemented with 20 g/l sucrose, 1g/l
casein, 1M MES, 500 mg/l activated charcoal, 0.1 mg/l BAP, and eight g/l agar for plant regeneration. Only
two of the twenty-one putatively transformed embryos on this plate germinated after transfer to medium
lacking sorbitol.

Table 4. Number of embryogenic colonies forming after inoculating approximately 1-2 ml of cell
suspension with Agrobacterium and plating onto selection medium.

Genotype Number of
Experiments

Number of putative
transgenic embryos/ml

of plated suspension

Number of
putative transgenic

plants produced
101-14 17 54 2
1103 20 30 2
Richter 110 5 1 0
Chardonnay 2 0 0
Thompson Seedless 6 0 0

Objective 6. Establish in vitro shoot cultures for seven rootstock genotypes and six scion genotypes using
material from Foundation Plant Services and establish bulk meristem cultures for all 13 genotypes for use
in transformation.
We are maintaining disease-free in vitro stock plants of 101-14, Chardonnay, and Cabernet Sauvignon that we
received as in vitro cultures from Foundation Plant Services (FPS). For material that was not available in vitro
from FPS, we have collected shoot tips from field material grown at FPS. This includes genotypes 3309C (05),



- 228 -

Freedom (01), Richter 110 (01), MGT 420A (04), 140Ru (01), Salt Creek (08) 11-03, and scion genotypes
Cabernet Sauvignon (clone 07), Pinot Noir (clone 2A), Zinfandel (clone 01A), and Colombard (clone 04). Four-
inch shoot tips were collected, cut into three-inch sections, transferred to 50 ml centrifuge tubes, and surface
sterilized in 0.526% sodium hypochlorite for 15 minutes, followed by three rinses in sterile distilled water. The
shoot tip was cut into nodal sections and any tissue damaged by sterilization was removed. The nodal sections
were transferred onto agar-solidified Chee and Poole C2d Vitis medium containing 5 mg/l chlorophenol red or
agar-solidified MS minimal organics medium supplemented with 1.0 mg/l BAP, 0.1 mg/l IBA, 0.1 mg/l GA3, and
five mg/l chlorophenol red (Figure 2). The addition of chlorophenol red to the medium allows us to identify any
contaminated shoots before the bacteria or fungus is visible based on the pH change of the medium. Once aseptic
shoot cultures are established, we will transfer shoot meristems to medium with increasing levels of BAP in order
to establish bulk meristem cultures as described by Mezzetti et al., 2002.

3309C Colombard Freedom Pinot Noir Zinfandel

Figure 2. Established in vitro shoot cultures for use in generating bulk meristem cultures.

We have generated bulk meristems for 11-03, 101-14, Chardonnay, and Cabernet Sauvignon. To generate bulk
meristem cultures, shoot tips are excised and transferred to Mezzetti salts modified with 1.0 mg/l BAP. After four
weeks tissue was transferred to Mezzetti medium with 2.0 mg/l BAP and finally after an additional four weeks
tissue was transferred to Mezzetti medium with 3.0 mg/l BAP. Bulk meristems developed readily for Thompson
Seedless, Chardonnay, and Cabernet Sauvignon. We initially had established bulk meristem cultures for 1103 and
101-14, but these do not appear to be sustainable over long periods of time on the medium we are using. Repeated
sub-culturing of this tissue on three mg/l BAP resulted in rapid callus growth. We also tried substituting
Tridiazuron (TDZ) for BAP at three mg/l but this did not solve the re-callusing issue. Using the established in
vitro shoot cultures of genotypes 3309C (05), Freedom (01), Richter 110 (01), MGT 420A (04), 140Ru (01), Salt
Creek (08) 11-03, and scion genotypes Cabernet Sauvignon (clone 07), Pinot Noir (clone 2A), and Zinfandel
(clone 01A) we are excising small shoot tips and cultured them on Mezzetti salts modified with 1.0 mg/l BAP and
have recently transferred them to the second step in the process: Mezzetti medium containing 2.0 mg/l BAP in
order to generate bulk meristem cultures for use in testing the bulk meristem transformation system (Figure 3).

3309C Colombard Freedom Pinot Noir Zinfandel

Figure 3. Initiation of cultures to establishment bulk meristem cultures.

Objective 7. Test Mezzetti et al., 2002 bulk meristem transformation system for seven rootstock genotypes
and six scion genotypes as an alternate to somatic embryo transformation.
Bulk meristems of Thompson Seedless, Chardonnay, and Cabernet Sauvignon were sliced into thin, two mm
slices and inoculated with Agrobacterium strain EHA105 and co-cultures on Mezzetti medium supplemented with
three mg/l BAP at 23°C. After three days, the thin slices were transferred to Mezzetti medium supplemented with
three mg/l BAP, 400 mg/l carbenicillin, 150 mg/l timentin, and 25 mg/l kanamycin sulfate. After three weeks
tissue was transferred to the same medium formulation, but the kanamycin level was increased to 50 mg/l. After
an additional three weeks the tissue was transferred to medium of the same formulation but the kanamycin level



 

 
  

 

 

was increased to 75 mg/liter. Subsequently, tissue was subcultured every three weeks on medium containing 75 
mg/l kanamycin. Since the construct used to transform the bulk meristems contained the DsRed gene, we were 
able to monitor transformation efficiencies in real time. To date, we have only been successful producing 
transgenic shoots from bulk meristems of Thompson Seedless. Twenty-four of the 75 thin-slice sections of 
Thompson Seedless produced DsRed sectors and three of these regenerated into shoots. We were able to produce 
DsRed-expressing callus on Cabernet Sauvignon and Chardonnay, but none of this tissue regenerated into shoots 
(Table 5). In our hands the use of kanamycin at 75mg/l appears to be suboptimal for selection. Although we did 
identify a limited number of DsRed shoots for Thompson Seedless, many additional shoots which developed on 
selection medium containing 75 mg/l kanamycin were non-transgenic based on DsRed expression. If it were not 
for the use of the scorable marker DsRed, we would not be able to distinguish the true transgenic shoots from the 
non-transgenic escape shoots until they were transferred to rooting medium with kanamycin. We will consider 
using higher levels of kanamycin in the future as we test additional genotypes using this transformation 
methodology. 

Table 5. Preliminary results of bulk meristem transformation using the scorable marker gene DsRed. 

Genotype Number (%) explants 
generated DsRed callus 

Number (%) explants 
generated DsRed shoots 

Cabernet Sauvignon 1/36 (3) 0/36 (0) 
Chardonnay 2/38 (5) 0/38 (0) 
Thompson Seedless 24/75 (32) 3/75 (4) 

A summary of our progress to date for rootstock and scion genotype is listed in Table 6. 

Table 6. Summary table providing the progress for each objective for each of the grape rootstock and scion genotype. 
Establishment of 
somatic embryos 

from anther 
filaments 

Establish-
ment of 

suspension 
cultures 

Establishment 
of a germplasm 
bank of somatic 

embryos 

Establish-
ment of 
shoot tip 
cultures 

Establish-
ment of bulk-

meristem 
cultures 

Genotype 
1103 + + + + + 
101-14 + + + + callus 
110 Richter + + + + initiated 
140Ru + + - + initiated 
3309C + - - + initiated 
420A + + - - initiated 
Freedom - - - + initiated 
Harmony - - - - -
Salt Creek. + - - + initiated 
Cabernet Sauvignon 07 + - - + + 
Chardonnay 04 + + + + + 
Colombard 04 + + - + initiated 
Merlot 03 - - - - -
Pinot Noir 02A + - - + initiated 
Zinfandel 01 + - - + initiated 

CONCLUSIONS 
We established embryogenic cultures of 140Ru, 420A, 1103, 101-14, Cabernet Sauvignon, Chardonnay, 
Colombard 04, and Richter 110 from anther explants and initiated embryogenic suspension cultures. We have 
established a germplasm bank of somatic embryos for 1103, 101-14, Chardonnay, Colombard 04, and Richter 110 
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by plating suspensions onto high osmotic agar-solidified medium on a weekly basis. Suspension cultures of
140Ru and 420A are not yet growing quickly enough to start plating them on agar-solidified medium. We have
also initiated exploratory transformation experiments to test the utility of our transformation protocol on 1103,
101-14, Chardonnay, and Richter 110. As embryogenic suspension cultures become established, we are
continuing to test direct cell suspension transformation. We have established in vitro shoot cultures for genotypes
3309C (05), Freedom (01), Richter 110 (01), MGT 420A (04), 140Ru (01), Salt Creek (08) 11-03, and scion
genotypes Cabernet Sauvignon (clone 07), Pinot Noir (clone 2A), Zinfandel (clone 01A), and Colombard (clone
04) and have excised shoot tips and begun generating bulk meristem cultures for use in transformation
experiments.
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ABSTRACT
We continue to make rapid progress breeding Pierce’s disease resistant winegrapes. Aggressive vine training and
selection for precocious flowering have allowed us to reduce the seed-to-seed cycle to two years. To further
expedite breeding progress we are using marker-assisted selection (MAS) for the Pierce’s disease resistance gene,
PdR1 (see companion report) to select resistant progeny as soon as seeds germinate. These two practices have
greatly accelerated the breeding program and allowed us to produce four backcross generations with elite Vitis
vinifera winegrape cultivars in 10 years. We have screened through about 2,000 progeny from the 2009, 2010,
and 2011 crosses that are 97% V. vinifera with the PdR1b resistance gene from V. arizonica b43-17. Seedlings
from these crosses continue to fruit and others are advanced to greenhouse testing. We select for fruit and vine
quality and then move the best to greenhouse testing, where only those with the highest resistance to Xylella
fastidiosa, after multiple greenhouse tests, are advanced to multi-vine wine testing at Davis and other test sites.
The best of these will be advanced to 100-vine commercial wine testing. the first of which was planted in Napa in
June 2013. We advanced two additional selections to Foundation Plant Services (FPS) this winter to begin the
certification and release process. Three Pierce’s disease resistant rootstocks were previously advanced to FPS for
certification. Other forms of V. arizonica are being studied and the resistance of some will be genetically mapped
for future efforts to combine multiple resistance sources and ensure durable resistance. Stacking of PdR1b with
b42-26 Pierce’s disease resistance has been advanced to the 92% V. vinifera level using MAS to confirm the
presence of PdR1b and greenhouse screening to verify higher than usual levels of Pierce’s disease resistance.
Pierce’s disease resistance from V. shuttleworthii and BD5-117 are also being pursued but progress is limited by
their multigenic resistance and the absence of corresponding genetic markers. Very small scale wines from 94%
and 97% V. vinifera PdR1b selections have been very good and have been received well at public tastings in
Sacramento (California Association of Winegrape Growers; CAWG) and Santa Rosa (Sonoma Winegrape
Commission), Napa Valley (Napa Valley Grape Growers and Winemakers Associations), Temecula (Temecula
Valley Winegrape Growers and Vintners), and Healdsburg (Dry Creek Valley and Sonoma Grape Growers and
Winemakers).

LAYPERSON SUMMARY
One of the most reliable and sustainable solutions to plant pathogen problems is to create resistant plants. We use
a traditional plant breeding technique called backcrossing to bring Pierce’s disease resistance from wild grape
species into a diverse selection of elite winegrape backgrounds. We identified the genomic region that carries a
very strong source of Pierce’s disease resistance from a grape species native to Mexico and the southwestern
United States (Vitis arizonica). Because we were able to locate this resistance gene/region - PdR1 (Krivanek et al.,
2006), we have been able to use marker-assisted selection (MAS) for markers associated with PdR1 allowing us
to select resistant progeny shortly after seeds germinate. MAS and aggressive growing of the selected seedling
vines have allowed us to produce new Pierce’s disease resistant high quality winegrape selections that are more
than 97% V. vinifera in only 10 years. We have evaluated thousands of resistant seedlings for horticultural traits
and fruit quality. The best of these are advanced to greenhouse testing, where only those with the highest
resistance to Xylella fastidiosa, after multiple greenhouse tests, are advanced to multi-vine wine testing at Davis
and at Pierce’s disease hot spots around California. The best of these are advanced to 100-vine plots for
commercial wine testing. We have sent 15 advanced selections to Foundation Plant Services (FPS) over the past
three winters to begin the certification and release process. Three Pierce’s disease resistant rootstocks were also
sent to FPS for certification. Other wild grape species are being studied and the resistance of some will be
genetically mapped for future efforts to combine multiple resistance sources and ensure durable Pierce’s disease
resistance. Very small-scale wines made from our advanced PdR1 selections have been very good, and have been
received well at professional tastings throughout California.
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INTRODUCTION
The Walker lab is uniquely poised to undertake this important breeding effort, having developed rapid screening
techniques for Xylella fastidiosa resistance (Buzkan et al., 2003; Buzkan et al., 2005; Krivanek et al., 2005a
2005b; Krivanek and Walker, 2005; Baumgartel, 2009), and having unique and highly resistant Vitis rupestris x
V. arizonica selections, as well as an extensive collection of southwestern grape species, which allows the
introduction of extremely high levels of X. fastidiosa resistance into commercial grapes. We genetically mapped
and identified what seems to be a single dominant gene for X. fastidiosa resistance in V. arizonica/candicans b43-
17and named it PdR1. This resistance has been backcrossed through four generations to elite V. vinifera cultivars
(BC4) and we now have 97% V. vinifera Pierce’s disease resistant material to select from. Individuals with the
best fruit and vine characteristics are then tested for resistance to X. fastidiosa under our greenhouse screen. Only
those with the highest levels of resistance are advanced to small-scale winemaking trials by grafting them onto
resistant rootstocks and planting six to eight vine sets on commercial spacing and trellising at Pierce’s disease hot
spots around California, where they continue to thrive. We have made wine from vines that are 94% V. vinifera
level from the same resistance background for seven years and from the 97% V. vinifera level for four years. They
have been very good and don’t have typical hybrid flaws (blue purple color and herbaceous aromas and taste) that
were prevalent in red wines from the 87% V. vinifera level.

There are two forms of PdR1 that descend from sibling progeny of b43-17 and they have different alleles of
PdR1, designated PdR1a and PdR1b. Screening results reported previously showed no significant difference in
resistance levels in genotypes with either one or both alleles. We have narrowed our focus to PdR1b but retain a
number of selections at various backcross (BC) levels with PdR1a in the event that there is an as yet unknown X.
fastidiosa strain-related resistance associated with the PdR1 alleles. We also identified a Pierce’s disease
resistance locus PdR1c from V. arizonica b40-14 (PdR1c) that maps to the same region of LG14 as PdR1 from
b43-17. In the absence of an understanding of gene function and given the very disparate origins of the b43-17
and b40-14 resistance sources, differences in preliminary DNA sequence data between them, and differences in
their Pierce’s disease symptom expressions, we have continued to advance the PdR1c line as a future breeding
resource. Our companion research project is pursuing the genetic basis of these differences between PdR1b and
PdR1c. Resistance from southeastern United States (SEUS) species is being advanced in other lines. However, the
resistance in these latter lines is complex (controlled by multiple genes) and markers have not yet been developed
to expedite breeding. The breeding effort with alternative resistance sources and the complexing of these
resistances is being done to broaden X. fastidiosa resistance and address X. fastidiosa’s potential to overcome
resistance.

OBJECTIVES
1. Identify additional unique sources of X. fastidiosa resistance; develop breeding populations and

phenotype them with our greenhouse screen to characterize their inheritance of resistance.
2. Develop ~97% V. vinifera-based Pierce’s disease resistant lines of winegrapes utilizing diverse sources of

resistance to X. fastidiosa, and conduct fruit and wine evaluations.
3. Utilize marker-assisted selection (MAS) to allow stacking of resistance loci, screen for resistant

genotypes, and develop backcross generations by crossing resistant selections to elite V. vinifera varieties
in order to produce high quality and Pierce’s disease resistant winegrapes.

4. Develop and maintain new and existing genetic mapping populations to assist companion mapping /
genetics project; begin the mapping of fruit quality traits such as color, tannin content, flavor, and
productivity in Pierce’s disease resistant backgrounds.

RESULTS AND DISCUSSION
To date over 293 wild accessions have been tested for Pierce’s disease resistance with the greenhouse screen,
mostly from the southwestern United States and Mexico (SWUS). Our goal is to identify accessions with the most
unique Pierce’s disease resistance mechanisms. To do so we compare genetic markers from chromosome 14
(where PdR1 resides) to ensure that we are choosing diverse resistance sources for population development and
greenhouse screening efforts. Over the last three years 15 of the most unique accessions were used to develop F1
populations with V. vinifera to investigate the inheritance of Pierce’s disease resistance in their F1 progeny and
the degree of their X. fastidiosa resistance. Given this extensive collection of F1 populations, with the exception
of crosses to V. caribaea in 2015, we suspended the development of additional F1 populations following the 2014
season to focus more effort on the populations for map development. Table 1 below shows the greenhouse screen
results of our 2014 crosses.
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Table 1. Greenhouse screening results from 2014 F1 crosses using southwestern sources of Pierce’s disease resistance.

R Source t-test Cross
Mean
No. Xf

cells/ml

Log
Values

Std.
Err

Mean

#
Reps

Progeny Frequency
Distribution

A14 a A14 x French Colombard 31,869 10.4 0.1 29 Not Normal skewed R
SAZ7 a F2-35 x SAZ7 36,330 10.5 0.1 52 Not Normal ~bimodal?
ANU71 b ANU71 x Grenache blanc 74,191 11.2 0.1 30 Normal
A28 b Rosa Minna x A28 89,720 11.4 0.1 42 Normal
C23-94 c C23-94 x Nero d'Avola 112,050 11.6 0.1 44 Normal skewed S
DVIT2236.2 cd F2-35 x DVIT2236.2 150,257 11.9 0.1 30 Normal
ANU67 d F2-35 x ANU67 181,770 12.1 0.1 30 Normal

For our next mapping effort we have selected b46-43, a glabrous V. arizonica with some V. monticola
characteristics from Big Bend, TX, which has the strongest resistance to X. fastidiosa of any species accession yet
tested. All its F1 progeny were resistant by both enzyme-linked immunosorbent assay (ELISA) and lack of
symptom expression. Since the progeny did vary in their resistance, we could not generate a map from the F1
population. In 2014 we made, and in 2015 we expanded, a backcross (BC) 1 mapping population to explore
resistance from b46-43 and greenhouse testing of this population is underway (Table 3 e, h). We continue to
develop small BC1 and higher BC-level breeding populations using the most highly resistant individuals chosen
from various F1 populations. In addition to our initial b40-14, b42-26, and Haines City (V. shuttleworthii) lines,
additional lines are being advanced using southwestern Vitis accessions ANU5, b40-29, and SC36, the latter in
crosses made in 2015.

Our major breeding efforts from 2015 are summarized in Table 2. Our two main Pierce’s disease breeding
objectives in 2015 were to advance stacked PdR1b/b42-26 lines and stack Pierce’s disease resistance with one or
more powdery mildew resistance sources. Pierce’s disease resistant cultivars with resistance to powdery mildew
would greatly enhance the desirability of new winegrape varieties. Note that all resulting progeny in Table 2 are
above the 90% V. vinifera level, have an elite V. vinifera cultivar in their backgrounds, and advance the goal of
creating highly resistant breeding lines stacked with multiple resistances. We can then cross these individuals one
last time to a final elite V. vinifera cultivar, resulting in progeny between 96-98% V. vinifera. This year we took
advantage of crosses made in recent years that had resulted in breeding parents with homozygous resistance at one
or more resistance locus and that we had previously stacked the PdR1b and b42-26 Pierce’s disease resistance
sources. Since all progeny of homozygous crosses will carry that resistance source, we only have to screen for the
integrity of the cross and any other resistance sources heterozygous in the resistant-parent. Consequently, more
progeny will pass through MAS. The powdery mildew resistance sources in Table 2 include Ren1 found on
chromosome 13 in a number of pure V. vinifera cultivars from Central Asia; Ren4, a strong and unique powdery
mildew resistance locus on chromosome 18 originally discovered in the Chinese species V. romanetii, and Run1, a
strong source on chromosome 12 from Muscadinia rotundifolia.

This spring we made F1 crosses using four V. caribaea selections to explore this resistance source from Costa
Rica, a novel region with high Pierce’s disease pressure. Crosses of the only male to V. vinifera produced 106
seeds, and an estimated 300 additional seeds are expected from crosses of elite V. vinifera wine cultivars onto the
three exceptionally late ripening females. We made a cross to expand the b46-43 BC1 mapping population (F2-35
x 12305-55) that produced 896 seeds, and will allow us to expand this mapping population from our current 177
genotypes to the targeted 400 individuals. Other crosses made to advance the SC36 line to the BC1 level yielded
467 seeds. Our greenhouse screening of a 2011 BC1 cross searching for minor Pierce’s disease genes in the b43-
17 background absent PdR1 revealed a single BC1 progeny that was highly resistant to Pierce’s disease. A BC2
cross made this year produced 70 seeds. These will be screened in the greenhouse next year to study the
inheritance of minor genes for Pierce’s disease resistance.
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Table 2. Number of seeds produced from Pierce’s disease crosses made in 2015. PdR1b (F8909-08) is from
Monterrey, Mexico V. arizonica/candicans Pierce’s disease resistance b43-17; b42-26 is a Loreto, Baja California V.
arizonica/girdiana Pierce’s disease resistance source. Ren1, Ren4 and Run1 are powdery mildew resistance loci
from V. vinifera, V. romanetti, and M. rotundifolia respectively. RR indicates one of the parents is homozygeous at
the referenced resistance locus.

Resistances Recent V. vinifera parents in
background

Percent V. vinifera No.
Seeds92% 93% 95% 96%

2a. PD - RR at PdR1b with b42-26 Airen, Sauvignonasse, Marsanne,
Valdiguie 1,243 1,243

2b. PD - RR at PdR1b with b42-26.
PM - Ren4

Alicante, Colombard, F2-35,
Zinfandel 1,674 1,674

2c. PD - PdR1b with b42-26. PM -
Ren4 with either Ren1 or Run1

Cab Sauvignon, Carignane,
Grenache, Petite Sirah, Zinfandel 210 1,939 2,149

2d. PD - RR at PdR1b. PM -RR at
Ren4

Airen, Cab Sauvignon, Carignane,
Grenache blanc, Touriga nacional,
Valdiguie

1,658 1,658

2e. PD - RR at PdR1b. PM - RR at
Ren4 with either Ren1 or Run1

Cab Sauvignon, Carignane,
Grenache, Petite Sirah, Zinfandel 1,389 4,549 5,938

Table 3 provides a list of the Pierce’s disease resistance greenhouse screens analyzed, initiated, and/or completed
over the last year. We are making every effort in new lines to bring minor genes along with those for which we
have markers. In group A, we looked at 27 genotypes from intercrosses involving two southeastern United States
resistance sources, BD5-117 and Haines City. Highly resistant progeny are completely missing from these lines at
the BC2 level. In the same trial we also tested thirteen 97% V. vinifera PdR1a genotypes. In contrast to our PdR1b
line, the PdR1a line lacks V. rupestris in its background. Perhaps for this reason or because of poor parental
choices the recovery of highly resistant individuals was rare, with only one highly-resistant individual identified
in this trial. We also tested 15 BC2 individuals in the b42-26 and none were promising. We completed testing of
new southwestern United States species in group B to facilitate Pierce’s disease resistance gene discovery work
being done in our companion Pierce’s disease mapping project. As noted previously, we have now tested almost
300 different accessions, the most resistant among them multiple times. Group C was tested to confirm previous
results in the b40-14 line and to test multiple backcross levels in the same trial. Resistance was strong through the
BC2 level but from a suboptimal choice of resistant parent the BC3 level only produced 20% promising progeny.
Crosses to a more promising BC2 genotype were made in 2014 and 38 progeny were planted this past spring.
Group C crosses also confirmed the resistance levels of the parents used for the 2014 crosses. Group D crosses
continued testing of PdR1b selections at the 97-98% V. vinifera level. The special focus of these trials was on
white-fruited selections and those that descend from Nero d’Avola. Results from these and earlier screens have
helped us decide on the selection of the most resistant genotypes to advance to field trials and to Foundation Plant
Services for certification. One promising white, a 97% PdR1b selection, was identified to advance to multi-vine
trials. Although all five of the 2012 Dog Ridge-based rootstocks in D tested as statistically resistant, none were
resistant enough to warrant advancement. At the 89% V. vinifera level, in the PdR1b x b42-26 PDR line stacked
with powdery mildew resistance from Ren4, all eight were promising and three scored at the highest level of
resistance. Similar results were seen at the 86% V. vinifera level. This gives us confidence that stacking these two
resistance sources can be combined. The group E trial was extremely severe due to very high average
temperatures and water stress caused by the belated detection of a failed cooling pump. We screened three
different b46-43 BC1lines and two lines from b40-29. In the former, resistance segregated close to 1:1 R:S, which
bodes well for the 14-399 b46-43 mapping population. Segregation ratios in the two b40-29 lines were closer to
1:3 or 2:3. All told, 13 promising individuals were identified from which to create the BC2 lines from these new
resistance sources. Results of group F are presented in Table 1 above. Nine promising individuals from three new
lines were identified to advance additional new breeding lines. Group G tested remnants or retests promising
genotypes from the various specified resistance sources. Group H examined additional progeny of the b42-26
BC1 intercross to confirm that none were as Pierce’s disease resistant as the wild-type and bolster the idea that the
two BC1s chosen fail to capture all the resistance loci in this multi-genic resistance source. It also included 24
genotypes of the same promising 98% V. vinifera level PdR1b x b42-26 PDR line stacked with powdery mildew
(PM) resistance from Ren4 first identified in Group D. We also examined the resistance profile of the b46-43 BC1
mapping population. Lastly, we explored the highest V. vinifera level PdR1b x b42-26 intercross by examining a
3 PdR1b x 3 b42-26 parental matrix comprised of 246 genotypes. Our goal is to identify extremely resistant
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individuals that can either be selfed or intercrossed to create homozygous PdR1b parental material that can be
backcrossed once to any elite V. vinifera wine type and produce progeny ~96% V. vinifera, all carrying the PdR1b
allele and highly enriched in the additive b42-26 resistance source.

Table 3. Greenhouse Pierce’s disease screens analyzed, completed, and/or initiated during the reporting period.
Projected dates are in italics.

Group Test Groups No. of
Genotypes

Inoculation
Date

ELISA
Sample Date

PD Resistance
Source(s)

A SEUS crosses, PdR1a, b42-26 BC2,
SWUS Species 115 9/11/2014 12/11/2014 b40-14, Haines

City, BD5-117

B SWUS Species & Promising Genotypes 229 10/2/2014 12/18/2014
V. species,
F8909-08,
Ramsey

C b40-14 F1, BC1, BC2; 2014 Cross
Parents 170 9/23/2014 1/8/2015 F8909-08, b40-

14, b42-26

D PdR1b, 2012 PD RS, 2013 PD stacked
& PD x PM stacked 117 3/17/2015 6/16/2015 F8909-08, b42-26

E 2014 Cross SWUS BC1 Seedlings 170 4/28/2015 7/28/2015 b46-43, b40-29

F 2014 Cross SWUS F1 Seedlings 265 6/4/2015 9/3/2015

A14, A28,
ANU67, ANU71,

C23-94, DVIT
2236.2, SAZ 7

G b40-14, PdR1a, BD5-117xHC (HW) 128 8/25/2015 11/24/2015 b40-14, PdR1a,
BD5-117xHC

H b42-26^2 Inter,PdR1xb42-26xVRom
Stack Promising, b46-43 BC1 map 170 9/17/2015 12/17/2015 PdR1b,b42-26

I 92% PdR1bxb42-26 Stack 277 10/26/2015 1/28/2016 PdR1b,b42-26

In our program we test selections with the potential for release multiple times in the greenhouse screen to ensure
that only selections with the greatest levels of resistance are considered for release. These selections have much
better resistance than two selections with long histories of field survival in the southern United States: Blanc du
Bois and Lenoir (Jacquez). We want to avoid releasing selections that are tolerant to X. fastidiosa and therefore
act as hosts for disease spread within a vineyard. This process involves passing our severe greenhouse screen
multiple times. To make this list, selections must also possess desirable viticultural traits and have potential for
high quality wine production. Producing small lot wines from multiple vine field trials in Davis and in Pierce’s
disease hot spots around California complete the evaluation process. Pierce’s disease resistant scions need
Pierce’s disease resistant rootstocks in case low levels of the bacteria work their way into a susceptible rootstock.
Three such rootstock selections were sent to FPS in spring 2013, another four from 2011 crosses are in their third
round of screening, and 13 genotypes from 2012 crosses are in various stages of testing (Table 3).

Our first field trials were set out in California in 2001, with our first PdR1b lines being planted a few years later.
Over that period, regardless of backcross level, our vines have continued to thrive while adjacent V. vinifera vines
have succumbed to Pierce’s disease. For many years we inoculated PdR1 resistant selections at the Beringer /
Yountville trial with no obvious detriment to the vines. We set up a trial in Temecula, CA with Ben Drake to
confirm resistance in Northern California behaves the same way in Southern California. We inoculated the
Temecula trial this year for the first time on September 22nd. This year and last we have added new trials and
expanded some already existing (Table 4) and now have over 3,000 vines in the field in Pierce’s disease hot spots
around California.

Tables 5a through 5c detail the vine, fruit, and juice characteristics for the four 94% (those starting with 07) and
eleven 97% (starting with 09 & 10) V. vinifera PdR1b selections used to make wine lots in 2015. In addition, we
made a number of V. vinifera controls and Blanc du Bois and Lenoir as reference Pierce’s disease resistant
cultivars. All were made from Davis grown fruit.
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Table 4. UC Davis field trials of advanced PdR1 selections and selections from southeastern U.S. (SEUS)
breeding programs to evaluate their resistance to Pierce’s disease under California conditions.

Trial Name Trial Location % V.
vinifera

No.
Genotypes

Approximate
No. Vines

Year(s)
Planted or
Budded

Beringer Napa Valley, CA SEUS, 50-
94% 200 1,100 Various

2001-2013
Caymus Napa Valley, CA 94-97% 2 1,500 2014, 2015
Drake Temecula, CA 97% 8 200 2014
Mounts Sonoma County, CA 97% 1 white 100 2010, 2015
Silverado Farming Napa Valley, CA 97% 8 200 2014

Figure 1. The recent Caymus planting of our 94% V. vinifera PdR1b selection 07355-075 along the Napa River.

Table 5a. 94% (those starting with 07) and 97% (starting with 09 & 10) V. vinifera Pierce’s disease resistant
selections used in small scale winemaking in 2015: background and fruit characteristics.

Genotype Parentage 2015 Bloom
Date

2015 Harvest
Date

Berry
Color

Berry
Size
(g)

Ave
Cluster
Wt. (g)

Prod
1=v low,
9=v high

07355-044 U0505-01 x Petite Syrah 4/28/2015 8/11/2015 B 1.3 375 7
07355-075 U0505-01 x Petite Syrah 4/28/2015 8/11/2015 B 1.3 325 7
07370-078 F2-35 x U0502-38 4/28/2015 8/18/2015 W 1.0 151 7
07370-084 F2-35 x U0502-38 4/28/2015 8/6/2015 W 1.3 253 7
09311-160 07371-20 x Cabernet Sauvignon 5/10/2015 8/20/2015 B 1.0 185 5
09314-102 07370-028 x Cabernet Sauvignon 5/5/2015 8/13/2015 W 1.0 322 9
09330-07 07370-039 x Zinfandel 5/10/2015 8/25/2015 B 1.5 255 8
09331-047 07355-020 x Zinfandel 5/10/2015 8/20/2015 B 1.3 360 5
09331-133 07355-020 x Zinfandel 5/10/2015 8/25/2015 B 1.9 251 6
09333-111 07355-020 x Chardonnay 5/12/2015 8/18/2015 B 1.3 317 7
09333-358 07355-020 x Chardonnay 5/12/2015 8/18/2015 B 1.2 217 6
09333-370 07355-020 x Chardonnay 5/10/2015 8/25/2015 B 1.3 362 6
09338-016 07371-20 x Cabernet Sauvignon 5/12/2015 8/18/2015 W 0.8 283 6
09356-235 07371-19 x Sylvaner 5/5/2015 8/20/2015 B 1.2 236 7
10302-178 07370-028 x Riesling 5/5/2015 8/11/2015 W 0.9 133 4



- 237 -

Table 5b. Juice analyses of Pierce’s disease resistant selections used in small-scale winemaking in 2015.
Analysis courtesy of ETS Laboratories, St. Helena.

Genotype °Brix TA
(g/L) pH

L-malic
acid
(g/L)

potassium
(mg/L )

YAN
(mg/L,
as N)

catechin
(mg/L)

tannin
(mg/L)

Total
antho-

cyanins
(mg/L)

07355-044 26.1 7.1 3.43 1.5 2170 172 16 349 907
07355-075 25.4 6.3 3.41 1.5 1800 163 14 482 1640
07370-078 22.9 4.3 3.76 1.7 2000 168
07370-084 26.9 4.8 3.88 2.6 2380 221
09311-160 25.9 5.7 3.67 2.4 2500 193 38 381 835
09314-102 24.2 6.4 3.64 3.6 2160 223
09330-07 24.3 5.7 3.62 1.9 2430 255 17 693 1840
09331-047 27.7 5.1 3.77 1.8 2530 235 8 421 1402
09331-133 26.0 4.5 3.71 1.3 2030 246 8 993 1212
09333-111 26.9 6.0 3.64 2.8 2310 261 15 524 946
09333-358 28.7 5.2 3.80 1.5 2860 231 147 1450 1123
09333-370 25.0 4.2 3.76 1.5 1990 225 17 721 1041
09338-016 21.3 5.7 3.50 1.3 1660 226
09356-235 27.0 5.0 3.74 1.9 2380 189 31 407 1638
10302-178 24.3 5.1 3.62 1.1 1730 252

Table 5c. Berry sensory analysis of Pierce’s disease resistant selections used in small-scale winemaking in 2015.

Genotype Juice Hue Juice
Intensity Juice Flavor Skin Flavor

Skin
Tannin

Intensity
(1=low,
4=high)

Seed
Color
(1=gr,
4=br)

Seed Flavor

Seed
Tannin

Intensity
(1=high,
4=low)

07355-044 pink-red med fresh, red fruit plum, hay late 3 3
warm,

spicy, not
bitter

4

07355-075 red-orange med fruity, sl spice fruity, plum, 3 4 smoky,
warm 1

07370-078 green-
brown med pear, melon neutral, straw,

vs veg? 2 4 nutty, sl
chemical 3

07370-084 clear lt
yellow med fruity, neutral,

nectar neutral, straw 1 4
warm,

spicy, not
bitter

3

09311-160 pink-red, sl
orange med- plum,

watermelon fruity, berry 1 3 woody,
nutty 4

09314-102 green-
yellow lt pear, nectar, sl

spice
neutral, vs
fruit vs veg 1 4 buttery, sl

woody 4

09330-07 red lt-med cherry,
strawberry neutral 1 4 woody,

spicy 1

09331-047 red med+ berry, spice, red
plum spicy, vs grass 2 3

hot, ashy,
chalky,
woody

2

09331-133 pink lt jam, plum neutral, sl
plum jam 3 4 woody, sl

spice 3

09333-111 pink-orange med cherry, fruity
gr bell pepper,

asparagus,
plum

2 4
spicy, hot

black
pepper

2

09333-358 orange lt neutral, sl red
fruit fruit, plum 2 4

v hot,
bitter,

metallic
1

09333-370 pink-orange lt strawberry fruity, sl hay 3 4 neutral 4

09338-016 green lt green apple grass, veg,
astringent 3 4 spicy, hot,

sl bitter 2

09356-235 red med cherry, berry black plum,
spicy, 4 4

woody,
bitter,

metallic
1

10302-178 green-white lt spice, apple neutral, straw,
vs veg? 1 4 ashy, bitter 2
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We continue to present our Pierce’s disease resistant wines at the 94% and 97% V. vinifera levels to grower and
vintner groups. Some of these tastings are at the University of California, Davis with industry and student tasters,
and others are at various industry gatherings. In August 2014 we hosted about 30, including professional
winemakers from Sonoma, Napa, and the Central Coast, and students and faculty. This tasting focused on our
efforts with 25/75 blended wines with the 94% V. vinifera selections 07713-51 and 07355-75. They were well
received. Tastings from the 2014 vintage began with a faculty student tasting in March 2015. Pierce’s disease
resistant wines were also presented to about 200 attendees at a Constellation Winery annual meeting in April.
This tasting was followed by a tasting for Western Sonoma winemakers in July, and the California Alliance of
Family Farms and Ramona Valley Winegrape Growers in August. In November 2015 our wines will be tasted at a
meeting of Central Coast growers in Santa Maria and at the Napa Valley Grapegrowers “Rootstock” meeting. The
wines have been very well received and we will prepare releases once we have final results from our repeated
greenhouse tests to ensure only the most resistant selections are released to prevent them for serving as possible
symptom-less hosts.

CONCLUSIONS
We continue to make rapid progress breeding Pierce’s disease resistant winegrapes through aggressive vine
training, marker-assisted selection, and our rapid greenhouse screen procedures. These practices have allowed us
to produce four backcross generations with elite V. vinifera winegrape cultivars in 10 years. We have screened
through thousands of seedlings that are 97% V. vinifera with the PdR1 resistance gene from V. arizonica b43-17.
Seedlings from these crosses continue to crop and others are advanced to greenhouse testing. We select for fruit
and vine quality and then move the best to greenhouse testing, where only those with the highest resistance to
X. fastidiosa, after multiple greenhouse tests, are advanced to multi-vine wine testing at Davis and in Pierce’s
disease hot spots around California. The best of these are advanced to 50- to 100-vine commercial scale testing,
with the first selection planted in 2013. We have sent 16 advanced scion selections to FPS over the past three
winters to begin the certification and release process. Three Pierce’s disease resistant rootstocks were also sent to
FPS for certification. Pierce’s disease resistance from V. shuttleworthii and BD5-117 is also being pursued, but
progress and effort is limited because their resistance is controlled by multiple genes without effective resistance
markers. Other forms of V. arizonica are being studied and the resistance of some will be genetically mapped for
future efforts to combine multiple resistance sources and ensure durable resistance. Very small-scale wines from
94% and 97% V. vinifera PdR1b selections have been very good, and have been received well at tastings in the
campus winery and at public tastings throughout California.
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ABSTRACT
The main objective of this project is to identify novel Pierce’s disease resistant germplasm, determine the
inheritance of resistance, tag genomic regions, and develop markers capable of facilitating and accelerating the
breeding of resistant winegrapes. We have completed greenhouse-based Pierce’s disease resistance screening,
genotyping [simple sequence repeats (SSR) and chloroplast markers], and population analysis of over 250
accessions and identified 20 new highly resistant accessions that were used to develop breeding populations in
2012, 2013, and 2014. Breeding populations were marker tested to assure correct identity. Resistance loci were
identified on genetic maps, markers were developed for breeding, and physical mapping was completed for b43-
17 to clone and characterize resistance genes (PdR1a and PdR1b; see earlier reports). The physical map of the
PdR1c locus (from b40-14) is nearing completion and we are carrying out comparative sequence analysis. We
have also initiated the genetic mapping of a new and very resistant source, b46-43, and marker screening is in
process. We are continuously developing and expanding breeding populations from new promising resistant lines.
Upstream and downstream sequences as well as gene sequences of two candidate genes ORF14 and ORF18 from
PdR1b were verified. A large-scale multiple time point gene expression project was completed in the greenhouse
and RNA extractions were completed for over 400 samples. The quantitative polymerase chain reaction (qPCR)
experiments were used to test the expression of candidate genes. Cultures to generate embryogenic callus of
Vitis vinifera cvs. Chardonnay and Thompson Seedless and V. rupestris St. George are being maintained for use
in transgenic experiments. Experiments to utilize the PdR1 resistance gene with native promoters are underway.
These efforts will help us to identify candidate resistance genes by complementation and better understand how
they function. They could also lead to Pierce’s disease resistance genes from grape that would be available to
genetically engineer Pierce’s disease resistance into V. vinifera cultivars. This project provides the genetic
markers critical to the successful classical breeding of Pierce’s disease resistant wine, table, and raisin grapes.
Identification of markers for PdR1 allowed us to reduce the seed-to-seed cycle to two years and produce
selections that are Pierce’s disease resistant and 97% V. vinifera.

LAYPERSON SUMMARY
We continue to identify and genetically characterize novel resistance sources from southwestern United States and
Mexican Vitis species collections; use genome sequence information to identify unique resistance genes; clone
and characterize these resistance genes with native promoters; and develop resistance gene constructs prior to
transforming them into susceptible V. vinifera grapes to test their function. Creating genetic maps with DNA
markers allows us to identify and validate markers that could be used for marker-assisted selection and to
incorporate (stack) multiple resistance genes into a single background to create more durably resistant varieties.
Genetic mapping allows us to carry out map-based positional cloning and characterization of grape Pierce’s
disease resistance genes under control of native promoters, which could be used to genetically engineer resistance
into elite V. vinifera cultivars.

INTRODUCTION
A successful resistance-breeding program depends on germplasm to provide a wide genetic base for resistance.
Identification, characterization, and manipulation of novel sources of resistance are prerequisites for breeding.



- 241 -

This evolved project continues to provide molecular support to the Pierce’s disease resistance grape breeding
project titled “Breeding Pierce’s Disease Resistant Winegrapes” by acquiring and testing a wide range of resistant
germplasm, tagging resistance regions with markers by genetic mapping, and then functionally characterizing the
resistance genes from different backgrounds. In earlier versions of this project, genetic markers linked to Xylella
fastidiosa resistance from b43-17 background were used to perform marker-assisted selection (MAS) to accelerate
our Pierce’s disease resistant winegrape breeding and the table and raisin grape breeding of David Ramming.
Outcomes from the earlier two projects included genetic maps and bacterial artificial chromosome (BAC) libraries
of the highly resistant Vitis arizonica accessions, b43-17 and b40-14. A physical map of the PdR1 locus was
completed and several candidate genes were identified. Five candidate genes were cloned and constructs were
developed with 35S promoters to transform tobacco, Chardonnay, Thompson Seedless, and St George.

The new merged project has the following key objectives: identify novel sources of Pierce’s disease resistance for
use in broadening the genetic base of resistance; accelerate marker discovery and the identification of new and
unique resistance genes; clone and characterize unique DNA sequences (promoters) that regulate the expression
of candidate Pierce’s disease resistance grape genes cloned from the PdR1b locus; and evaluate and compare lines
transformed with native and 35S promoters. We have surveyed over 250 accessions of Vitis species growing in
the southern United States and Mexico to identify new Pierce’s disease resistant accessions. Analysis using
population genetics methods allowed us to better understand gene flow among resistant species and their
taxonomic and evolutionary relationships. Pierce’s disease resistance in southeastern Vitis species seems to be
different than the resistance in Vitis from the southwest and Mexico. We have identified new Pierce’s disease
resistant accessions that are genetically and phenotypically different, were collected from different geographic
locations, and have different maternal inheritance. Breeding populations from new promising resistant lines were
developed. These populations will be tested to study the inheritance of resistance. Then next generation
sequencing will be used on the recently identified resistant accessions to expedite marker discovery and confirm
that they are unique. Then genetic maps will be developed to identify genomic regions associated with resistance,
and genetic markers will be used for the stacking of multiple resistance genes to breed winegrapes with durable
Pierce’s disease resistance.

The identification and characterization of resistance genes and their regulatory sequences will help determine the
basis of resistance/susceptibility in grape germplasm. In addition, these genes and their promoters can be
employed in production of ‘cisgenic’ plants. Cisgenesis is the transformation of a host plant with its own genes
and promoters (Holmes et al., 2013). Alternatively, other well characterized V. vinifera-based promoters, either
constitutive (Li et al., 2012) or activated by X. fastidiosa (Gilchrist et al., 2007) could be utilized. Development of
V. vinifera plants transformed with grape genes and grape promoters might mitigate concerns about transgenic
crops harboring genetic elements derived from different organisms that cannot be crossed by natural means.
Proven resistance gene constructs could be transformed into a broad array of elite V. vinifera cultivars.

OBJECTIVES
1. Provide genetic marker testing for mapping and breeding populations produced and maintained by the

Pierce’s disease resistance-breeding program, including characterization of novel forms of resistance.
2. Complete a physical map of the PdR1c region from the b40-14 background and carry out comparative

sequence analysis with b43-17 (PdR1a and b).
3. Employ whole genome (WG) sequencing (50X) of recently identified Pierce’s disease resistant accessions

and a susceptible reference accession, and use bioinformatics tools to identify resistance genes, perform
comparative sequence analysis, and develop single nucleotide polymorphism (SNP) markers to be used
for mapping.

4. Clone PdR1 genes with native promoters.
5. Compare the Pierce’s disease resistance of plants transformed with native vs. heterologous promoters.

RESULTS AND DISCUSSION
Objective 1. Provide genetic marker testing for mapping and breeding populations produced and
maintained by the Pierce’s disease resistance breeding program, including characterization of novel forms
of resistance.
Vitis species growing in Mexico and the southwestern United States have co-evolved with X. fastidiosa and
developed natural resistance to the disease. We completed a survey of over 250 southwestern and northern
Mexico Vitis, which included accessions collected from multiple collection trips from states bordering Mexico or
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that were previously collected from Mexico. Both simple sequence repeat (SSR) and chloroplast markers were
used to evaluate genetic diversity and establish relationships with known sources of resistance currently being
used in the breeding program (Riaz and Walker, 2013). Some of these resistant forms may have different
mechanisms of resistance that could add to the repertoire of resistance genes and loci available for the breeding
program. A subset of this germplasm was greenhouse screened for Pierce’s disease resistance and preliminary
results identified multiple new sources of resistance. Crosses were made with five new Pierce’s disease resistant
V. arizonica accessions from the southwestern United States and Mexico to develop small breeding populations.
A subset of seeds from these crosses was germinated and greenhouse screened to characterize the inheritance of
their Pierce’s disease resistance. Results indicated clear separation of progeny families into resistant, intermediate,
and susceptible groups, and identified an unprecedented level of resistance in b46-43 based on disease phenotype
and enzyme-linked immunosorbent assay (ELISA) results. More crosses were made in 2013 with five additional
resistant accessions: b41-13, b43-57, b47-32, SC36, and T03-16.

We have developed F1 and backcross 1 (BC1) breeding populations using two of the resistant accessions, b46-43
and T03-16, that are geographically unique, have different maternal origin, and are genetically diverse. Green-
house testing of the F1 population was completed and BC1 populations are under testing. Genomic DNA was
isolated from 177 seedlings in the BC1 population with the b46-43 background and marker testing on a small set
of seedlings and parental DNA is in process. Our objective is to employ a limited mapping strategy by focusing
mapping on linked chromosomes identified from the sub-population screening and then saturate with SSR
markers that reside on those chromosomes. The identification of other genomic resistance regions is critically
important, since it is not genetically possible to stack more than two chromosome 14 resistance sources.

In spring 2015 we provided molecular support to the companion Pierce’s disease resistance winegrape breeding
project by marker testing a total of 1,237 seedlings from 17 crosses to determine Pierce’s disease resistant and
susceptible genotypes. Most of these crosses were designed to stack resistance from b42-26 and PdR1b as well as
to develop advanced breeding lines with PdR1c (the b40-14 background).

Table 1 presents the breeding populations that were developed with new resistance sources (for details, see
previous reports). In spring 2015, we completed propagation of 4-5 replicates for the subset of crosses mentioned
in Table 1. Plants from rooted green cutting were transferred to two-inch pots first and then four-inch pots to
acclimatize to greenhouse conditions. These plants were inoculated with X. fastidiosa at the end of August and the
results of the assay will be available in December.

Table 1. Crosses that are under greenhouse testing to determine the mode of inheritance
of their resistance to Pierce’s disease.

Cross ID Female Name Male Name Seedlings
tested

14-360 F2-35 DVIT 2236.2 (V. nesbittiana) 90
14-367 F2-35 12340-13 50
14-321 Rosa Minna 12305-55 28
14-308 Rosa Minna 12305-55 19
14-364 Rosa Minna A28 19
14-347 Rosa Minna A28 23
14-322 Rosa Minna 12305-56 15
14-313 A14 Colombard 53
14-324 F2-35 12305-56 47
14-340 ANU71 Grenache blanc 38
14-303 C23-94 Nero d'Avola 64
14-362 F2-35 ANU67 31
14-363 F2-35 SAZ 7 52
14-368 F2-35 12340-14 35
14-336 F2-35 12305-83 14
Total 578
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Objective 2. Complete a physical map of the PdR1c region from the b40-14 background and carry out
comparative sequence analysis with b43-17 (PdR1a and b).
We have completed a genetic map and identified a major Pierce’s disease resistance locus, PdR1c, on chromo-
some 14 from the V. arizonica b40-14 background (see previous reports for details). Pierce’s disease resistance
from b40-14 maps in the same region as PdR1a and PdR1b between flanking markers VVCh14-77 and VVIN64
and within 1.5 cM. The allelic comparison of SSR markers within the 20cM region including the PdR1c locus
revealed that the PdR1c locus is unique and sequences and genomic features are distinct from those in b43-17 (the
sources or PdR1a and PdR1b). A total of 305 seedlings were also tested with markers to identify unique recombi-
nants. We also developed new SSR markers using the b43-17 sequence generated in this study for comparative
sequence analysis. Two of the SSR markers, SSR82-1b4 and ORF18-19-3, were tested on the combined set of
recombinant plants (Table 2) to tighten the genetic window. We found four recombinants between Ch14-81 and
VVIn64 on one side and one recombinant between the Ch14-77 and Ch14-27 markers. With the help of these
markers we confined the PdR1c locus to 325 kb based on the sequence of b43-17.

Table 2. Positioning of genetic markers in relationship to Pierce’s disease resistance in V. arizonica b40-14.

Genotype 14-29 14-27 VVCh14-
77

SSR82-
1b4

ELISA
Results

ORF18
to 19-3 14-81 VVIn64 UDV025 VVIp26

09367-35 + + + + R + + + + +
09367-37 + + + + R + + + + +
09367-38 + + + + R + + + + -
09367-41 - - - - S - - - +
12325-78 + + + + R + + + - -
12326-18 + + + + R + + - - -
12327-54 - - - - S - - + + +
09367-26 - - - - S - - + +
09367-30 - - - - S - - + + +
09367-07 - - + + R + + + + +
09367-12 + - - - S - - - - -
09367-40 + + + + R + + + + +
09367-43 + + + + R + + + + +

We developed a BAC library from b40-14 genomic DNA (see details in previous reports). BAC library screening
was completed with probes that amplify a single amplicon of 600-650 base pairs (bp) using b40-14 genomic
DNA. We identified 30 BAC clones by using two probes, Ch14-56 and Ch14-58. Six clones were positive with
both probes. BAC clones that represent PdR1c were separated from the other haplotype based on the SSR markers
that are polymorphic for the resistant selection b40-14. At the final stage we selected two BAC clones, VA29E9
and VA57F4, which overlap with each other and are ~ 200 kb in size. The selected BAC clones were cultured to
generate a large amount of DNA, and purified DNA was sent to the University of California, Irvine Genomics
High Throughput Facility for Pacific Bioscience (PacBio) RS II sequencing (see previous report).

In order to expand the region beyond probe 14-58, we selected a third BAC clone that was positive with probe 14-
58 and 14-59, isolated and purified the DNA, and sent it for sequencing. The assembly of three BAC clones
representing the PdR1c locus is presented in Figure 1. The assembly consisted of two contigs with no overlap.
Common probes between the PdR1c and PdR1b region were used to compare and align the sequences of two
backgrounds in order to determine the region that is missing in the assembly of PdR1c locus. Based on the
comparative analysis using sequence of PdR1b locus, we estimate that the gap between two assembled contigs is
~50-60 kb in length. We are in process of identifying a fourth BAC that overlaps with the VA30F14 and
VA57F4/VA29E9 assembly. We have designed new probes using the sequence of PdR1c region to test
overlapping BACs. The current assembly contains a total of 363 kb of sequence, and a cluster of 18 resistance
genes.
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Figure 1. Sequence analysis of the PdR1b and PdR1c regions. The region between the two probes Ch14-59
and Ch14-56 was ~316 kb in PdR1b (b43-17). In PdR1c, the assembled BAC VA30F14 consisted of 171
kb with a cluster of 13 resistance genes. The assembled BACs VA57F4-VA29E9 consisted of 192 kb with
five resistance genes. Two of the resistance genes are outside the genetic window with marker Ch14-81.
The red regions represent the gaps in the assembly.

The assembly of H43-I23 from the b43-17 BAC library that represents the PdR1a haplotype (F8909-17) was also
completed. The length of the assembled sequence was 206 kb. Figure 2 provides details of the assembled region.
The open reading frames (ORF) of the PdR1b region and the BAC clone H69J14 were used to make comparisons.
There was complete homology between the over lapping BAC clone sequences that reflect two different
haplotypes. The BAC clone H43I23 has ORF16 to ORF20 and all five ORFs have identical sequences to the
PdR1b haplotype (Figure 2). Based on these results, we conclude that there is complete sequence homology
between haplotype a and b of the PdR1 locus; therefore, cloning and functional characterization of genes from
either haplotype will be sufficient for future work. Complete sequence homology also reflects that the parents of
b43-17 must be closely related and may have a first-degree relationship and acquired resistance from shared
parents. This also explains why we observed complete homozygosity of SSR markers for the PdR1 locus in the
resistant accession b43-17.

Objective 3. Employ whole genome sequencing (WGS) (50X) of recently identified Pierce’s disease resistant
accessions and a susceptible reference accession, and use bioinformatics tools to identify resistance genes,
perform comparative sequence analysis, and develop SNP markers to be used for mapping.
The focus for WGS is on two new resistant accessions, b46-43 and T03-16. Both have been greenhouse tested to
have very low bacterial levels in repeated screens. b46-43 is homozygous resistant to Pierce’s disease. Crosses to
develop BC1 populations were made in 2014. We have extracted DNA from the F1 population to marker verify
the integrity of the cross. Our approach of traditional bi-parental mapping populations has played an important
role in gene discovery and understanding of Pierce’s disease resistance in North American Vitis species, and both
bi-parental and multi-parental breeding populations remain the foundation of our breeding program. In this
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project, we want to combine the traditional SSR marker system with next generation sequencing using IIlumina
HiSeq and MiSeq platforms to carry out SNP discovery and identification of SNP markers linked to resistance
(Figure 1). We will pursue the WGS approach only with those resistant lines for which we have strong
greenhouse screen information, heritability of the Pierce’s disease resistance, and potential screening of the
population using the limited mapping strategy. The BC1 populations with b46-43 and T03-16 background are
under testing and will be ready for WGS approach in winter 2015.

Figure 2. Assemblies of BAC clone reflecting the PdR1a haplotype.

Objective 4. Cloning of PdR1 genes with native promoters.
We have completed assembly of a 604 kb region of PdR1b with four BAC clones (see previous reports for
details). We identified multiple open reading frames (ORFs) of the Leucine-Rich Repeat Receptor Kinase gene
family that regulates a wide variety of functions in plants including stem cell maintenance, hormone perception,
and defense and wounding response for both host as well as non-host specific defense. With the help of molecular
markers we have limited the genetic region that carries the five ORFs to 82 kb – these ORFs are associated with
disease resistance and other plant functions described above (Figure 1). There are multiple ORFs that are outside
this genetic region and have 99% sequence similarity to the candidate genes. We have also acquired binary
vectors pCLB1301NH and pCLB2301NK (Feechan et al., 2013) that have been optimized to carry large DNA
sequences, thus allowing us to insert candidate genes plus surrounding sequences. Two ORFs V.ari-RGA14 and
V.ari-RGA18, within the resistance region boundaries, are the most likely candidates for PdR1b. The other three
sequences, V.ari-RGA15, 16, and 17 are shorter and contain a large number of transposable elements (TE).

In order to include native promoters and terminators in constructs for future genetic transformations, we have
verified sequences upstream and downstream of V.ari-RGA14 and 18, the two most likely PdR1b candidates.
Sequence verification for V.ari-RGA14 has been completed up to 3.75 kb in the upstream region and 1 kb in the
downstream. Both RGA14 and 18 are very similar in the sequence profile with the exception that RGA18 is 2946
bp in size and lacks the first 252 bp of sequence that is part of RGA14. Functional analysis of the protein
sequence of both RGA revealed that RGA14 lacks a signal peptide in the initial part of the sequence. This was
further verified by using 3’ rapid amplification of cDNA ends (RACE) to specifically amplify RNA from
grapevines transformed with V.ari-RGA14 under the 35s promoter. The results found that mature mRNA does not
contain a signal peptide, necessary for proper membrane localization, at the beginning of the sequence.
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We have also initiated a large experiment with resistant and susceptible plants using multiple replicates, and time
points for control (mock or uninoculated) and inoculated plants (see details in previous report). To date, we have
completed RNA extractions from 450 samples in the above-mentioned experiment. We have also designed
primers and determined primer efficiency for the gene expression studies for both RGA14 and RGA18. Two
different primer pairs with an efficiency of greater than 90% were selected to carry out preliminary analysis with
mock and inoculated samples of Chardonnay and F8909-17. Preliminary results with samples from six time points
indicates that the expression level of both RGA14 and RGA18 in F8909-17 increases after day eight in
comparison to mock inoculated, peaks at day 23, and then decreases. Mock and inoculated susceptible
Chardonnay did not show any expression. Gene expression analysis will be carried out on complete data sets
when we have processed all the RNA samples.

Objective 5. Comparing the Pierce’s disease resistance of plants transformed with native vs. heterologous
promoters.
We have established an Agrobacterium-mediated transformation system followed by regeneration of plants from
embryogenic callus. We have streamlined the protocol to established cultures of pre-embryogenic callus derived
from anthers of V. vinifera Thompson Seedless (TS) and Chardonnay (CH) and the rootstock V. rupestris St.
George (SG) (Agüero et al., 2006). In an earlier phase of this project, we have transformed these varieties with
five candidate genes containing the 35S cauliflower mosaic virus promoter, the nopaline synthase (NOS)
terminator, and an hptII-selectable marker gene (see previous reports for details). We completed testing five
candidate genes, and the transgenic plants did not confer Pierce’s disease resistance or tolerance. These results are
in accordance with the latest assembly obtained using the PacBio SRII system and three additional overlapping
BAC clones. They show that only one of the sequences tested, V.ari-RGA14, lays within the more refined
resistance region of 82 kb defined by the two recombinants we recently obtained. The technique of 3’RACE was
used to amplify RNA from V.ari-RGA14-transformed grapevines and results showed that mature mRNA does not
contain a signal peptide, necessary for proper membrane localization, at the beginning of the sequence.

In addition to embryogenic calli of Thompson Seedless (TS), Chardonnay (CH), and Vitis rupestris St. George
(SG) available for transformation, we have developed meristematic bulks (MB) of these genotypes plus Cabernet
Sauvignon and 101-14 Mgt for transformation via organogenesis (Figure 3). Slices of MB can regenerate
transformed shoots in a shorter period of time than somatic embryos. We have tested different media and selective
agents and established protocols for the initiation, maintenance, and genetic transformation of MB from these five
genotypes (Xie et al., in preparation). MB induction in non-V. vinifera genotypes is less efficient but still high,
with about 80% of the explants producing MB after three subcultures in medium containing increasing
concentrations of cytokinins. For this reason, we have also started the production of MB of Pierce’s disease
susceptible genotypes selected from the 04191 population, which are 50% V. vinifera, 25% b43-17, and 25%
V. rupestris A. de Serres (as in the original population used for PdR1b mapping). These genotypes can provide an
additional genetic background for analysis of expression of PdR1 candidate genes.

Figure 3. Embryogenic cultures (top) and meristematic bulks (bottom) of CH, TS, CS, SG, and 101-14.
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In order to include native promoters and terminators in constructs for future genetic transformations, we have
verified sequences upstream and downstream of V.ari-RGA14 and 18, the two strongest PdR1b candidates.
Sequence verification has been completed up to 4-6 kb in the upstream region and 1 kb in the downstream region.
In silico analysis of the upstream regions with PlantCare, a database of plant cis-acting regulatory elements, has
shown that upstream sequences contain several motifs related to drought and defense responses.

Transformations with Agrobacterium tumefaciens carrying the binary plasmids pCLB1301NH and pCLB2301NK
will be used to clone PdR1b candidate genes and their regulatory regions. These plasmids have been designed to
overcome stability problems associated with the presence of large genomic fragments (Feechman et al., 2013).
They carry the hygromycin (pCLB1301NH) and kanamycin (pCLB2301NK) selectable marker genes, respective-
ly. Both plasmids also carry mGFP5-ER as a reporter gene. We have transformed MB of TS, CH, and SG with
both plasmids to test the use of the hygromycin and kanamycin genes under the control of the nopaline synthase
(NOS) promoter, in contrast with our previous results using the same genes under the control of the 35S promoter.

CONCLUSIONS
The genetic mapping with two new populations with b46-43 and T03-16 background is proceeding. These two
accessions are geographically isolated from b43-17 and support the lowest levels of bacteria. The screening of F1
and BC1 populations with these two backgrounds in underway. Marker testing to identify polymorphic markers is
initiated. The results from this work will allow us to use markers to facilitate stacking of these resistance sources
with PdR1 from b43-17. The incorporation of multiple resistance should make resistance more durable. We have
completed the genetic mapping of Pierce’s disease resistance from b40-14 and named it PdR1c. This resistance
source maps within the PdR1b locus, and may be an alternative gene within this complex replicated locus. We are
physically mapping this gene to improve our understanding of the locus. Finally, we have been sequencing the
PdR1 locus to better define the two candidate genes and prepare them for complementation tests. This effort is
also identifying their promoters so that we can avoid the use of constitutive non-grape promoters like CaMV 35S.
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ABSTRACT
Current understanding of the mechanisms of Pierce’s disease development has been significantly advanced by
molecular genetic studies of the causal agent, Xylella fastidiosa. Plasmid vectors are an essential tool for studies
of bacterial genetics and pathogenesis. However, most commonly used plasmids do not replicate in X. fastidiosa,
limiting the options for complementation analysis or exogenous gene expression in this bacterium. Many of the
plasmids that do replicate in X. fastidiosa are not stable without antibiotic selection, particularly after long periods
of time. Two different plasmid vectors were created (pBBR5pemIK and pXf20pemIK) utilizing different
replication origins for growth in X. fastidiosa. These vectors carry the PemI/PemK plasmid maintenance system
for increased stability in the absence of antibiotic selection. PemK is a toxin which inhibits cell growth unless the
antitoxin (PemI) is also present. Loss of the plasmid is prevented because of the need for continuous production of
PemI to avoid toxic activity of PemK. Both pBBR5pemIK and pXf20pemIK are retained in X. fastidiosa after
more than five consecutive subcultures in vitro, as well as after 14 weeks of growth in planta. Plasmid
pXf20pemIK contains a high copy number pUC origin, in addition to X. fastidiosa replication elements,
facilitating manipulation and propagation in Escherichia coli cloning hosts. Plasmid pBBR5pemIK is a medium-
low copy number vector, but is able to replicate in a wider variety of bacterial species due to a broad host range
backbone. These vectors provide a valuable tool for conducting genetic studies of X. fastidiosa virulence and have
the potential to be used in other bacterial species as well, particularly in situations where antibiotic selection is
impractical.
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ABSTRACT
Genome sequences were determined for two Pierce’s disease-causing Xylella fastidiosa strains, one from Florida
and one from Taiwan. The Florida strain was ATCC 35879, the type strain of the X. fastidiosa species used as a
standard reference for related taxonomy research. By contrast, the Taiwan strain used was only recently
characterized and therefore it is of importance for Pierce’s disease epidemiological studies. Genome sequencing
of the Taiwan Pierce’s disease strain was the result of collaboration between the USDA Agricultural Research
Service and National Chung Hsing University. Whole genome sequence comparison between the Taiwan strain
and the strain from Florida, as well as with existing sequences from California and Texas, showed that the Taiwan
Pierce’s disease strain was highly similar to American Pierce’s disease strains. This led in part to the classification
of the Taiwan strain to X. fastidiosa subsp. fastidiosa. However, variations were found for this stain at various
hypervariable loci such as those with small tandem repeats. While the biological nature of these variations
remains unclear, these hypervariable loci could be used assist in strain differentiation.

FUNDING AGENCIES
Funding for this project was provided by USDA Agricultural Research Service appropriated project 5302-22000-
010-00D.



- 250 -
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ABSTRACT
Type IV pili of Xylella fastidiosa are regulated by pilG, a chemotaxis regulator in Pil-Chp operon involving signal
transduction pathways. To elucidate the role of pilG in the twitching motility and pathogenicity of X. fastidiosa,
phenotypes of wild-type, pilG-mutant and a complementary strain were characterized. While all tested strains had
similar growth curves in vitro, X. fastidiosa wild-type and complementary XfΔpilG-C strain showed typical
twitching motility in microfluidic flow chambers whereas mutant XfΔpliG exhibited a twitching defective
phenotype. Greenhouse experiment further revealed that Pierce’s disease symptoms were significantly reduced in
grapevines inoculated with XfΔpilG whereas grapevines inoculated with X. fastidiosa wild-type and XfΔpilG-C
developed typical Pierce’s disease symptoms. These results demonstrate that pilG of X. fastidiosa is required for
twitching motility and full virulence.
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ABSTRACT
Detection and characterization of different subspecies of Xylella fastidiosa are often dependent upon genotyping
(Almeida and Nunney, 2015). However, complementary methods to detect and characterize different X. fastidiosa
strains based on phenotype are needed to confirm conclusions. Characterization of the composition of fatty acids
that comprise bacterial cell membranes is one phenotyping approach to distinguish bacterial species, subspecies,
and strains. Fatty acid composition of cell membranes in theory could determine interactions between bacteria and
their hosts as well. Fatty acid profiling is performed by a technique involving extraction of fatty acids, converting
them to methyl esters, and analyzing by gas chromatography. This study examined cell membrane fatty acid
profiles of six different isolates of X. fastidiosa: Dixon, M12, M23, Mulberry, Olive (the 5A isolate from
California), Stag’s Leap (SL), and Temecula. Fatty acids were extracted and analyzed from four different cultures
of each isolate. The top twelve fatty acids accounting for approximately 95% of total cell membrane fatty acids
were selected for further analyses. The percent that each of these twelve comprised the fatty acid profile was then
used to group each isolate via cluster analyses (both with furthest neighbor linkage using Pearson’s correlations
and nearest neighbor linkage using squared Euclidean distances) and principal component analysis (PCA). Results
showed that M12 consistently grouped alone, M23 and SL consistently grouped together, Dixon and Olive
consistently grouped together, and Mulberry and Temecula consistently grouped together. In terms of defined
subspecies, M12, Dixon, and Olive are all considered ssp. multiplex, and grouped together consistently. However,
M12 was often on a different branch than the others. The ssp. fastidiosa strains of M23, SL, and Temecula were
on the same branch when grouped by furthest neighbor joining and closely grouped by PCA, but were on different
branches when grouped by nearest neighbor joining. Mulberry, which was defined as subspecies morus, grouped
consistently with Temecula, suggesting great similarity in fatty acid profiles. Taken together, these results
generally demonstrate that fatty acid profiling can separate ssp. multiplex from ssp. fastidiosa. Additional strains
and replication will be performed to verify and expand results. When completed, fatty acid profiling will provide
complementary data to genotype-based studies. Commercial equipment that utilizes fatty acid methyl ester
(FAME) analysis for bacterial identification could be used to detect and distinguish subspecies and even certain
strains of X. fastidiosa.
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ABSTRACT
In California’s north coast winegrape region, Lodi-Woodbridge winegrape region, and San Joaquin Valley
(Fresno County), vineyards and small vegetable farms were sampled for stink bugs and brown marmorated stink
bug (Halyomorpha halys) in particular. No live brown marmorated stink bugs were found in the surveyed
vineyards in California to date. In Fresno County Southeast Asian vegetable farms no brown marmorated stink
bugs were found, but Say’s stink bug (Chlorochroa sayi) and Bagrada bug (Bagrada hilaris) were collected.
Brown marmorated stink bug was found in increasing numbers in Oregon vineyards as evidenced by both trap
counts and online website reports.

LAYPERSON SUMMARY
Brown marmorated stink bug (Halyomorpha halys) has been found in large and increasing numbers in vineyards
in Oregon State, but has yet to be found in any California vineyards. It appears as if increased temperatures on
vines results in increased feeding activity levels. It appears as if adult life stages exposed to clusters result in
elevated levels of feeding activity on clusters.

INTRODUCTION
Brown marmorated stink bug (Halyomorpha halys) is becoming increasingly prevalent in Oregon and is rapidly
becoming an economic concern for northwestern vineyards (Oregon Department of Agriculture, 2011; Wiman et
al., 2014a; CDFA PD/GWSS Board, 2015 RFA). This pest can feed on vegetative tissues and, grapes, and can
potentially cause contamination of the crop that may lead to wine quality losses. Studies funded by a USDA
Specialty Crop Research Initiative (SCRI) Coordinated Agricultural Project (CAP) grant confirmed spread and
increased population levels of brown marmorated stink bug in important viticultural regions of Oregon (VMW et
al., unpub.). Brown marmorated stink bug was first found on the west coast in 2004 in Portland, Oregon (Oregon
Department of Agriculture, 2011), and the pest is now common in urban and natural areas. Found on high-value
specialty crops and non-economic alternate host plants alike, brown marmorated stink bug is increasingly causing
agricultural issues for growers (Figure 1) in Oregon. Since 2012, brown marmorated stink bug has increasingly
been encountered by growers and can be found in winegrape vineyards of the Willamette Valley during the
harvest period (Wiman et al., 2014a). Winemakers have recently reported finding dead brown marmorated stink
bugs in fermenting wines and infestation of winery buildings by brown marmorated stink bugs.

Immature and adult brown marmorated stink bugs feed on reproductive plant structures such as fruits, and they
may also feed on vegetative tissues, such as leaves and stems, sometimes piercing through bark (Martinson et al.,
2013). Fruit feeding by adult brown marmorated stink bugs may cause direct crop loss due to berry necrosis
(VMW, SCRI CAP grant report, 2013). Berry feeding may also result in secondary pathogen infection and
provide entry points for spoilage bacteria. Vectoring and facilitation of pathogen proliferation by brown
marmorated stink bugs is not unrealistic because true bugs (Heteroptera) such as brown marmorated stink bugs
share feeding behaviors with homopterans implicated as disease vectors in vineyards (Cilia et al, 2012;
Daugherty, 1967; Mitchell, 2004; Wiman et al., 2014a). Brown marmorated stink bug itself is a demonstrated
vector of at least one phytoplasma disease in China (Hiruki, 1999; Weintraub and Beanland, 2006), while leaf-
footed bugs (Heteroptera: Coreidae) and other pentatomids have also been implicated in transmission of pistachio
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stigmatomycosis (Michailides et al., 1998). It is clear that brown marmorated stink bug feeding intensity is
directly related to temperature (Wiman et al., 2014b), potentially making this pest more damaging in western
production regions than on the east coast.

Brown marmorated stink bug can develop on a wide range of host crops, meaning that it can find refuge or
reproduce on non-crop hosts and then spread to cultivated crops such as winegrapes (Nielsen et al., 2008; Nielsen
and Hamilton, 2009; Leskey et al., 2012a, 2012b; Pfeiffer et al., 2012; VMW, SCRI CAP report, 2014). However,
unlike other pentatomids, brown marmorated stink bugs are also capable of completing development on crop
plants. As a result, crop damage from nymphs is more common than it is for other stink bugs. In the Willamette
Valley, winegrapes are among the last crops to be harvested and this may increase the potential for late-season
infestation and damage by brown marmorated stink bugs.

Contamination of grape clusters by brown marmorated stink bug at harvest is a major concern. Adult brown
marmorated stink bugs have been observed to lodge themselves between the grapes during harvest. Work funded
by the USDA Northwest Center for Small Fruits Research (NWCSFR) is evaluating physical removal of brown
marmorated stink bugs from clusters, as well as removal by chemical cleanup sprays, blowers, and electronic
sorters. However, some brown marmorated stink bugs may remain in grape clusters and release defensive
compounds during processing, which may cause taint in finished wine (E. Tomasino, pers. comm.). These taints
may persist, and may result in major market losses. Work conducted on Pinot noir has shown that trans-2-decenal,
a defense compound produced by brown marmorated stink bug, is a contaminant present in wine that is processed
with three brown marmorated stink bugs per cluster.

As in Oregon, many important winegrape growing regions of California are in close proximity to major urban
centers where brown marmorated stink bug populations tend to increase and become sources for further spread.
Little is known about brown marmorated stink bug seasonal phenology, voltinism, and distribution in these
environments. Oregon research has documented rapid colonization and significant increases in populations
between seasons, in part because two full generations of brown marmorated stink bug are occurring (NGW,
unpublished). In Oregon, brown marmorated stink bug has dispersed from Portland to northern Willamette Valley
vineyards within the last 10 years. It is important to survey the winegrape growing regions of Napa, Sonoma, and
Lodi because these regions are geographically close to city centers such as Sacramento with known brown
marmorated stink bug infestation (Ingels, 2014).

Feeding intensity of different life stages of brown marmorated stink bug in vineyards has not been fully
determined. To date, most studies have focused on adults, even though nymphs are potentially more damaging.
When brown marmorated stink bug egg masses are laid in vineyards, the nymphs are more confined to feed on the
vines than the adults, which may fly back and forth between vineyards and borders. Thus, the feeding damage
from nymphs may be more concentrated as the nymphs disperse from egg masses to feed on the host plant. No
information is available, however, on the impact and severity of feeding by nymphs on grape berries and vines.
Spatial distribution of brown marmorated stink bug in vineyards and feeding intensity may reflect environmental
suitability. An observation from orchard crops is that the worst brown marmorated stink bug damage tends to
occur on the borders (Joseph et al., 2014). Similarly, vineyard borders appear to be more susceptible to brown
marmorated stink bug infiltration from surrounding vegetation (VMW, SCRI CAP report, 2014). Grapevines
located close to vineyard borders may provide a better environment for the bugs due to microclimate effects of
shading by surrounding vegetation. The observation that insect-vectored pathogen problems in vineyards also
tend to begin at field margins (VMW, SCRI CAP report, 2013) suggests spatial overlap with brown marmorated
stink bug and raises additional concerns.

This study aims to determine the potential for brown marmorated stink bug to cause direct damage to winegrape
crops, as well as indirect damage through facilitation and vectoring of spoilage bacteria or vine diseases.
Controlled damage studies to assess direct feeding damage by brown marmorated stink bug have been conducted
in Oregon (Oregon State University) and New Jersey (Rutgers). These studies showed an increasing number of
stylet sheaths in grape berries as the numbers of brown marmorated stink bug test populations increased.
Increased numbers of stylet sheaths were associated with decreases of berry counts, premature raisining, and
increased berry necrosis, but this work focused on adult feeding and was conducted for one-week periods only
(VMW, SCRI CAP report, 2013). Direct crop impact may be more pronounced under more optimal temperature
regimes with different varietals, and with longer feeding periods by nymphs to more realistically simulate crop
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infestation by reproductive brown marmorated stink bug, as is found in vineyards in Oregon and presumably
California.

OBJECTIVES
1. Survey key Oregon and California viticultural areas for brown marmorated stink bug presence.
2. Determine brown marmorated stink bug temperature-related field feeding intensity, impact, and regional

risk index.
3. Provide Extension for identification, distribution, and risk of brown marmorated stink bug in western

vineyards.

RESULTS AND DISCUSSION
Objective 1. Survey key Oregon and California viticultural areas for brown marmorated stink bug
presence.
Surveys focused on high-risk regions containing vineyards and wineries in close proximity to high traffic areas
such as highways, urban centers, throughways, and railroad lines. Initial beat sheet sampling in the
aforementioned areas and in California included Sonoma, Napa, and Lodi. Pheromone-baited pyramid traps
(Khrimian et al., 2014) were used in conjunction with monitoring using beat sheets. The brown marmorated stink
bug pheromone traps were placed in the center of each row selected for beat sheet sampling. Brown marmorated
stink bugs were additionally sampled from study vineyards using beat sheet sampling every two weeks, starting in
August, from two rows, once on the vineyard edge and once in the center of the same block. Our goal was to start
surveys of California vineyard regions before the reported movement of brown marmorated stink bug into
commercial vineyards. The vineyard regions sampled were California’s north coast winegrape region
(Mendocino, Napa, and Sonoma counties), Lodi-Woodbridge winegrape region, and San Joaquin Valley (Fresno
County). All vineyard surveys were conducted in concert with other ongoing studies, with outreach to
participating farmers on brown marmorated stink bug description and potential presence. At each site, about 100
vines were visually sampled every two to four weeks. Specifically, in Mendocino County, six vineyard sites
around Ukiah and Hopland (four Chardonnay, one Merlot, and one Grenache) were sampled as part of a
leafhopper project. In Napa County, seven vineyard sites (two Cabernet Sauvignon near St. Helena, one Cabernet
Sauvignon near Oakville, one Chardonnay near Yountville, one Merlot near Carneros, and one Pinot Noir and one
Chardonnay near Carneros) were sampled as part of a red blotch or vine mealybug study. In Stanislaus and San
Joaquin counties (Lodi-Woodbridge winegrape region), three vineyards were sampled (one Cabernet Sauvignon,
one Pinot Noir, and one Chardonnay), and in Fresno County five table grape blocks (two Thompson Seedless and
three flame seedless) were sampled. An additional sampling protocol was followed in three vineyard blocks in
Sacramento, Yolo, and Amador counties for all hemipteran insects, but have yet to find any brown marmorated
stink bugs at any of these sites. Sampling at these sites has been conducted by visual observations and sweeping
of grape foliage and other vegetation present in and adjacent to the vineyards. To date, no brown marmorated
stink bugs were found during these field visits in California.

Sampling in Oregon included seven vineyards in the northern Willamette Valley. There were no clear differences
in between sampling sites and data from all vineyards were pooled for the 2015 season. This was the third year of
sampling in these vineyards and data is presented as brown marmorated stink bugs per pyramid trap over a two-
week period (Figure 1).

In all of the seven locations, brown marmorated stink bug was found in low numbers during the early part of
summer in Oregon. The number of brown marmorated stink bugs per trap increased to ca. 30 brown marmorated
stink bugs per trap per two-week period during September through October of 2014 and 2015. The total
cumulative number of brown marmorated stink bugs trapped per trap during the whole season increased from 34
(2013) to 101 (2015) brown marmorated stink bugs per trap collected during the season.

In California, at the University of California, Berkeley lab (Daane laboratory) starting in October, we began
monitoring the farms and gardens by utilizing traps containing aggregation pheromones, as well as sweep net
collections of the landscape. In Fresno County, we have sampled five Hmong farming operations, each about
three to seven acres in size. Sampling consisted of utilizing a D-Vac to collect insects from three different crops
(eggplant, long beans, peppers, tomatoes, peas, bitter melon, and squash) at each site every other week. From
these samples no brown marmorated stink bugs were found, but Say’s stink bug (Chlorochroa sayi) and bagrada
bug (Bagrada hilaris) were collected.
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Figure 1. Number of brown marmorated stink bugs per trap per two-week period in the Willamette Valley,
Oregon during 2013-2015. Traps were placed in seven vineyards in the northern Willamette Valley.

University of California, Davis (Zalom laboratory) brown marmorated stink bug sampling was initiated in fall
2015 by making visual observations and collections of stink bugs from community gardens and vineyards in
Sacramento, Yolo, San Joaquin, and Amador counties. Brown marmorated stink bugs have previously been
captured in the cities of Sacramento, Davis (Yolo County), and Stockton (San Joaquin County), but none have
been captured in agricultural situations to date. We continued more intensive sampling of community gardens in
Sacramento and Davis, and have also sampled community gardens in Galt (Sacramento County) and Lodi (San
Joaquin County). Six species of stink bugs were collected from these gardens, including Eushistus conspersus,
Thyanta pallidovirens, Chlorochroa uhleri, Chlorochroa ligata, Murgantia histronica, and Nezara viridula, but
brown marmorated stink bug was only found in community gardens in Sacramento where it was also observed
feeding on grapes that were growing there. We have yet to sample gardens elsewhere in these counties, but we
have met with University of California Cooperative Extension Farm Advisor Jhalendra Rijal to discuss plans for
collaboratively sampling community gardens and landscape plantings in the vicinity of previous finds in Stockton
and Modesto (Stanislaus County) in the coming year. We intend to use finds of brown marmorated stink bug
breeding populations at such sites as an indicator of where we might target sampling in nearby vineyards. The
Zalom lab has obtained a permit to maintain a brown marmorated stink bug colony that we initiated during 2015
with bugs collected from community gardens in Sacramento, and is presently using the colony in various behavior
and control studies.

Objective 2. Determine brown marmorated stink bug temperature-related field feeding intensity, impact,
and regional risk index.
Feeding intensity.
In Oregon, we deployed refined portable electronic feeding monitors (Wiman et al., 2014b) August 21, 2015 for a
one-month period in order to determine in-vineyard feeding intensity. Portable feeding monitors consist of an
open circuit enclosed onto a section of the grapevine located within 20 meters of the pheromone traps. Four
electronic feeding monitors were placed in each of the two rows in a partially shaded vineyard border and a fully
sun-exposed location within the center of each vineyard. Each feeding monitor was used to determine feeding
frequency, duration, and time. Each portable feeding monitor logged feeding for five individual brown
marmorated stink bugs. The insects were replaced once per week. The relative risk and intensity of brown
marmorated stink bug feeding damage were determined by creating a feeding index of insect-days (Ruppel, 1983)
for each of the vineyard regions using standard methods as described by Wiman et al. (2014b). Additionally, these
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feeding patterns were verified by counting the number of stylet sheaths and plant damage within the monitored
feeding area. Data from this work is currently being analyzed.

Feeding impact.
Feeding exclusion sleeves (48.0 cm x 39.5 cm, Premier Paint Roller, Richmond Hill, NY, item 60597) were
placed over winegrape clusters in a commercial vineyard with known brown marmorated stink bug infestation in
the northern Willamette Valley. The trial was maintained for a four-week period from August 21 to September 21,
2015. There were four treatments: (1) no brown marmorated stink bugs; (2) a partial egg mass with 10 hatching
eggs; (3) three brown marmorated stink bug nymphs; and (4) three adult brown marmorated stink bugs. All
treatments were enclosed in a single sleeve on vines for four weeks. Ten replicates of each treatment were
established in a randomized block design. Forty sleeves (ten of each treatment) were placed in a partially shaded
vineyard border row, and forty sleeves were placed in a fully sun-exposed vineyard row in each vineyard (80
sleeves total). Brown marmorated stink bugs were exposed to clusters within a sleeve for four weeks during the
period when brown marmorated stink bugs are typically found in vineyards in the Willamette Valley. Dead
insects were replaced every week with brown marmorated stink bugs of the same life stage during the exposure
period. At the end of the experimental period, all clusters were removed and taken to the laboratory for further
inspection. Feeding activity of brown marmorated stink bug was determined by counting the number of stylet
sheaths per berry. Additional key quality parameters were determined, including berry weight, pH, sugar,
raisining, cracking, and presence or absence of spoilage bacteria or fungi such as Botrytis using the slip-skin
method (Crisosto et al., 2002). These data together with weather data (five data loggers per vineyard location),
feeding intensity, and direct impact on crop can be used to develop a relative risk model for brown marmorated
stink bug damage in different vineyard regions (Ruppel, 1983; Froissart et al., 2010; Wiman et al., 2014a, 2014b).
The key cluster data is currently being analyzed.

During 2015, there were significantly higher temperatures recorded in locations that received higher sun exposure
levels (Figures 2a and 2b). Mean temperatures during the experimental period ranged from 12.3-23.8°C during
the experimental period. Temperature differences were as wide as 28.2 to 23.5°C on days when there was full sun
exposure to virtually indistinguishable on cloudy days. During 2015 there were significantly higher levels of
stylet sheaths between sunny and shady locations in vines (F1, 4074 = 45.079, p = 0.001; Figure 3), and there were
higher levels of stylet sheaths in treatments with adults compared to immature brown marmorated stink bug life
stages.

In order to determine if there were differences in brown marmorated stink bug feeding days (insect days, Ruppel,
1983) between sunny and shaded locations, we determined the mortality rates over the four-week period of the
feeding trial. There were, however, no clear differences in cumulative mortality rates between locations where
brown marmorated stink bugs were placed on vines (Figure 4).

Figure 2a. Mean daily recorded temperatures from each of shady and sun-exposed locations on vines in the
Willamette Valley during 2015.
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Figure 2b. Mean temperatures recorded in each of two sun-exposed locations on vines in the Willamette
Valley during 2015. Significantly different letters indicates different temperatures.

Figure 3. Number of stylet sheaths per berry in the Willamette Valley, Oregon during 2015. Bars with no,
one, and two asterisks (*) are significantly different from other bars.
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Figure 4. Percent mortality rate of brown marmorated stink bugs in sunny and shaded locations in vines in
the Willamette Valley, Oregon during 2015.

3. Provide Extension for identification, distribution, and importance of brown marmorated stink bug in
western vineyards.
Because brown marmorated stink bugs may first be seen in small organic gardens and ornamental trees, we also
began outreach or surveys of small organic farms (Napa and Sonoma counties) and Southeast Asian vegetable
farms (Fresno County). In the north coast region, we have partnered with Master Gardener groups in Napa and
Sonoma to gain access to home gardens in which we may find desirable host source plants. Additionally, contacts
have been made, in partnership with the Napa County Agricultural Commissioner, allowing us access to survey
and sample small, diversified farms. No brown marmorated stink bugs have yet to be found at these sites. In
Oregon, we presented results of earlier work for this grant to growers in five locations: McMinnville, Oregon (63
attendees), Milton Freewater, Oregon (30 attendees), Roseburg, Oregon (50 attendees), Medford, Oregon (48
attendees), and Rickreal, Oregon (211 attendees). Several extension meetings were held in the San Joaquin Valley
and coastal winegrape regions as represented by the sampled regions mentioned above.

CONCLUSIONS
In California’s north coast winegrape region, Lodi-Woodbridge winegrape region, and San Joaquin Valley
(Fresno County) vineyards and small vegetable farms, no brown marmorated stink bugs were found. While this is
only the initial study, brown marmorated stink bugs have been found in the Lodi-Woodbridge region in
ornamental trees, but have yet to be found near the vineyards sampled. In Oregon, brown marmorated stink bugs
were found in increasing numbers from 2013-2015 in each of the seven vineyards sampled. There were increasing
website reports from winegrape growers. There is increasing concern about the higher levels of brown
marmorated stink bug populations in Oregon vineyards. Our feeding trials show elevated levels of feeding in
clusters that were more exposed to sun during the experimental period. Adults resulted in higher levels of stylet
sheaths compared to the other life stages exposed to clusters.
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ABSTRACT
At this time there is no accurate information on the epidemiology of grapevine red blotch-associated virus
(GRBaV) - is it transmitted by insects, or dispersed with the movement of infected planting material? Our goal is
to (1) screen possible vectors to determine if they can or cannot acquire GRBaV from infected vines and transmit
GRBaV to clean vines, (2) screen uncommon organisms that feed on vines at vineyards where movement of
GRBaV has been observed or reported (assumed to have happened), and (3) follow disease progression in
established vineyard plots to collect preliminary data on field epidemiology.

Starting in July 2015, replicated groupings of Virginia creeper leafhopper (Erythroneura ziczac), vine mealybug
(Planococcus ficus), and foliar-form grape phylloxera (Daktulosphaira vitifoliae) were tested for their ability to
successfully transmit GRBaV to uninfected grapevines. Petiole samples from inoculated test plants were tested for
the presence of GRBaV and, to date, none of the inoculated plants show symptoms of GRBaV and all petioles
have tested negative. Subsamples of insects that were used in experiments were frozen and later tested for the
presence of the virus, and all have also tested negative. Inoculated vines used in these trials will be held for a two-
year period, during which time petioles will be tested for GRBaV approximately every four months. Additional
candidate vectors will also be tested in 2016.

To determine novel organisms for evaluation, monthly samples of insects were collected from five established
vineyards in Napa County where movement of GRBaV has been observed or reported. Samples were collected
from both grapevines as well as ground covers and non-crop vegetation in the surrounding landscape. To date
none of these organisms have tested positive for GRBaV.

Field epidemiology was monitored at six vineyard sites in Napa County. While five of these sites are in their first
year of observation, one site has been monitored annually since 2009 for GLRaV as well as “red leaf symptomatic
vines” that tested (polymerase chain reaction; PCR) negative for GLRaV. The red blotch infected vines were
randomly distributed within the plot, indicating that infection did not spread from previously infected vines,
which is often indicative of vector movement. Suspected vines are now being re-tested using new and more
complete primers for both leafroll and red blotch.

LAYPERSON SUMMARY
Grapevine red blotch-associated virus (GRBaV) is a newly identified vineyard pathogen causing vine damage
similar to other grape leafroll diseases (GLD). There has been some initial laboratory evidence that leafhoppers
are a potential vector of GRBaV; however, there have been mixed reports of possible vector-borne movement in
vineyards. Our goal is to test potential vectors to provide concrete evidence that organisms can or cannot move
GRBaV among vines. This work must be completed to develop a control program for “red blotch” and develop
accurate information on the epidemiology of this newly reported pathogen. In 2015, we tested Virginia creeper
leafhopper (Erythroneura ziczac), vine mealybug (Planococcus ficus), and foliar-form grape phylloxera
(Daktulosphaira vitifoliae). To date, none of these insects have moved the pathogen from an infected plant to a
clean plant in laboratory studies. Our field studies have surveyed insects in vineyards with suspected movement of
red blotch. None of the tested herbivores have been positive for the virus responsible for red blotch. We have also
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surveyed vineyards where red blotch is suspected of moving and samples from these vineyards are currently being
processed.

INTRODUCTION
In 2006 an increase in grapevine leafroll disease (GLD) and vines with “red leaf” symptoms was observed by
growers in vineyards located within the Napa Valley, California. Symptoms were also observed at the Oakville
Experimental Vineyard (OEV) by Jim Wolpert [University of California (UC), Davis Viticulture Extension
Specialist], Ed Weber (UC Cooperative Extension Viticulture Farm Advisor), and Mike Anderson (UC Davis
Staff Research Associate). Tissue samples were collected from symptomatic vines and tested by commercial
laboratories and the UC Davis Foundation Plant Service (FPS). Test results were most often negative for
grapevine leafroll-associated viruses (GLRaVs).

The increasing awareness of blocks containing vines with grapevine leafroll disease symptoms, primarily in Napa
and Sonoma counties, but testing negative for grape leafroll-associated viruses (GLRaV), resulted in a renewed
focus on virus species and strains causing GLD. New GLRaV-3 strains have been discovered (e.g., Sharma et al.,
2011); however, this did not fully explain all of the observed symptomatic vines. In 2010, next generation
sequencing analyses identified a new pathogen (Al Rwahnih et al., 2013). Soon after a circular DNA virus, similar
to members of the Geminiviridae, was isolated (Krenz et al., 2012) and, concurrently, polymerase chain reaction
(PCR) primers were developed (Al Rwahnih et al., 2013) for this pathogen now known as grapevine red blotch
associated virus (GRBaV). GRBaV has since been isolated from vines throughout North America and in
Switzerland (Krenz et al., 2014), highlighting either a rapid dissemination or, more likely, its long hidden
presence (e.g., misidentified as GLD). Furthermore, an archived herbarium specimen collected in Northern
California in 1940 tested positive for GRBaV (Al Rwahnih et al., 2015).

This proposal focuses on possible vectors of GRBaV. Multiple viruses in the Geminiviridae are insect transmis-
sible (Ghanim et al., 2007; Chen and Gilbertson, 2009; Cilia et al., 2012), and there has been some initial
evidence that leafhoppers may vector GRBaV (Poojari et al., 2013). However, there has been mixed evidence of
GRBaV field spread in association with leafhoppers. Concern over the spread of GRBaV led to an off-cycle
project in summer 2013, funded by the Napa County Winegrape Pest and Disease Control District to initiate
appropriate scientific studies of possible insect vectors of GRBaV. The work was continued in 2014 with
American Vineyard Foundation (AVF) and Napa County funds.

Our goal is to test potential vectors to provide concrete evidence that organisms can or cannot move GRBaV
among vines. Determining field epidemiology of GRBaV is critical in the development of a control program –
whether the pathogen is moved via infected nursery material, mechanically or, as with the focus of this study, by a
vector. There are ample California vineyard sites where the pathogen is present but does not appear to have
moved from infected vines over a period of many years, but in a few vineyards vine-to-vine movement has been
recorded. This difference – whether there is no vector movement and disease presence is exclusively from
infected nursery material or there is a vector – completely changes the needed control programs.

Table 1. Arthropods targeted for GRBaV tests.
Common name Scientific Name Common Distribution
Western grape leafhopper Erythroneura elegantula North Coast (north of Tehachapi Mountains)
Variegated leafhopper Erythroneura variabilis Central Valley (San Joaquin Co. to southern CA)
Virginia creeper leafhopper Erythroneura ziczac Northern California
Potato leafhopper Empoasca sp. Sporadic vineyard populations
Vine mealybug Planococcus ficus California vineyards
Grape mealybug Pseudococcus maritimus North Coast and San Joaquin Valley
Obscure mealybug Pseudococcus viburni Central and North Coast
Blue-green sharpshooter Graphocephala atropunctata Northern California
European fruit Lecanium scale Parthenolecanium corni North Coast
Grape phylloxera Daktulosphaira vitifoliae North Coast, Sacramento Delta, Foothills
Grape whitefly Trialeurodes vittatas California
Mites Tetranychus spp. California
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Our proposed work will screen all common vineyard arthropods, as well as the “long shots” that are potential red
blotch vectors, thereby providing the proper target for control. Table 1 provides a partial list of the common
vineyard insect species that should be screened as potential vectors of GRBaV, based on their incidence and
distribution in California vineyards.

Once tested, organisms are either identified as vectors or our work shows that they are either not vectors or that
they are so inefficient that spray programs are not needed. This information will then be disseminated to farmers,
pest control advisors, and extension personnel, thereby having a practical, direct, and immediate impact on control
decisions to “spray or not to spray.”

OBJECTIVES
To screen potential vectors for their ability to acquire and transmit grapevine red blotch associated virus (GRBaV)
and, if a vector is discovered, to determine vector efficiency.

1. Screen common vineyard insects and mites as potential vectors of GRBaV.
2. Screen uncommon organisms that feed on vines as potential vectors of GRBaV.
3. Follow disease progression in established vineyard plots to collect preliminary data on field

epidemiology.

RESULTS AND DISCUSSION
Objective 1. Screen common vineyard insects and mites as potential vectors of GRBaV.
In 2013 and 2014, we prioritized the screening of leafhoppers (E. elegantula and E. ziczac), grape whitefly
(Trialeurodes vittatas), and mealybugs (Planococcus ficus and Pseudococcus maritimus), because of the
published work by Poojari et al. (2013), their prevalence in California vineyards, and/or their phloem feeding (this
category of viruses is phloem-limited, although the biology and ecology of GRBaV is not fully understood).

In both years, canes were collected from Cabernet Sauvignon (clone 6) and Cabernet Franc (clone 04) vines in
vineyard blocks where vines were known to have tested positive for GRBaV, and negative for all known GLRaVs
and other known grapevine viruses. PCR test results for these vines were made and canes negative for all viruses
except GRBaV and grapevine rupestris stem pitting-associated virus (RSP) (UC Berkeley and FPS test results)
were transferred to UC Berkeley Oxford Tract Greenhouse and established in pots on a mist bench. Vines were
maintained in the greenhouse, strictly treated to be insect and mite-free, and isolated from other vines that may
have harbored viral pathogens. As indicators for these studies, we used Cabernet Sauvignon vines propagated
from material provided by FPS and maintained under similar conditions.

Initial tests were conducted using the most mobile stages of key species, including adults of the Erythroneura
(leafhopper) species and the grape whitefly, and crawlers of the vine mealybug and grape phylloxera. We
employed standard transmission protocols to evaluate the potential of these insects to transmit GRBaV, as has
recently been done for GLRaVs (Tsai et al., 2008; Tsai et al., 2011; Blaisdell et al., 2015) and Pierce’s disease
(Almeida and Purcell, 2003a, b). We used a standard acquisition access period (AAP) and inoculation access
period (IAP) of 120 hours (five days) each for all tested insect species except the more delicate grape whitefly,
which was allowed to feed on plants for an AAP and IAP of 48 hours (two days) each. In the “controlled trials,”
known infected source plants or uninfected control plants in pots (one-liter size) were inoculated with 30-50
insects for the AAP, and surviving insects were then transferred to uninfected plants for the IAP. Field-collected
leafhopper adults and blue-green sharpshooter adults were taken from an insectary colony and released on plants
that were placed singly in 61 x 61 x 61 cm BugDorm cages. Grape whitefly adults reared from pupae were
collected in Napa County vineyards and then released into nylon bags enclosing five leaves on potted grape
plants. Mealybug crawlers were moved onto individual grape leaves (three leaves per plant) using a brush, and
grape leaves were then enclosed with white paper bags. Following the IAP, all vines were treated with a contact
insecticide to kill any remaining insect species. All insects were collected and tested for GRBaV within 48 hours
after the AAP period. Every four months thereafter, three petioles were collected from each host plant and
assayed for GRBaV infection. All treatments were compared to a negative and positive control. A total of 20 test
vines were inoculated for each of the above insect species in 2014 trials.

To date, results from all of these trials have not indicated that any of these insects are capable of transmitting
GRBaV to uninfected grapevines. Inoculated vines from these trials are being held for a two-year period, during
which petioles are tested for GRBaV every four months and vines are visually evaluated for symptoms every fall.
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In 2015, protocols for these transmission experiments were modified due to concerns about (a) low virus titer
levels in the potted vines grown from cuttings of GRBaV-positive vines at vineyard field sites, and (b) small
numbers of insects per trial. Our concern is that candidate vector ability to transmit GRBaV is confounded by low
titer levels in the GRBaV-positive vines used in previous trials and/or inadequate insect sample size.

The new approach involves using “bouquets” of mature grape leaves collected from GRBaV-positive vines at
vineyard field sites. Each bouquet consists of ten mature grape leaves held in a 16 oz. plastic container that
contains moist perlite. Ten leaves were collected from each of ten GRBaV-positive vines (nodes 1-5) in an
established vineyard in Napa County (100 leaves total). Each bouquet consisted of one leaf from each of the ten
vines, totaling ten leaves per bouquet and ten total bouquets (i.e. one bouquet per replicate). Furthermore, each
trial now contains at least 100 insects/replicate and 10 replicates per treatment.

Since July 2015, we have completed trials with the bouquets on Virginia creeper leafhopper (adults), vine
mealybug (crawlers), and foliar-form grape phylloxera (crawlers). Due to concerns about bouquet degradation,
these experiments used an AAP of 48 hours (two days) and an IAP of 72 hours (three days). Clip-cages (7 cm
diameter x 2 cm height) were used to confine 10 insects/leaf to each bouquet (100 insects/bouquet). Bouquets
with insects were placed in a 61 x 61 x 61 cm BugDorm cage and there were a total of 10 replicates per treatment.
After the 48 hour AAP, clean potted vines were introduced into the cages. The clip cages were then removed, thus
allowing the insects to move onto the clean vine. Bouquets were also removed at this time, after ensuring that they
were free of the candidate vectors. Petioles from the bouquets were then isolated for GRBaV testing as well as a
sub-sample of the candidate vectors (10-50 insects per replicate). After the 72-hour IAP, another subsample of the
candidate vectors were collected for testing (10-50 insects per replicate) and the potted vines were then treated
with a contact insecticide to kill any remaining insects. Three petioles were sampled from each vine (nodes 1-5)
for immediate testing. Vines are now being held for a two-year period and petioles tested for GRBaV every four
months.

Bouquet experiments with grape phylloxera were initially unsuccessful due to their rejection of the bouquet
material. Following the 48 hour AAP it was observed that none of the phylloxera crawlers had settled on the
leaves and instead were mostly desiccated inside the cages. As such, we reverted to the previous experimental
approach utilizing potted vines that were confirmed to be GRBaV positive. This time, two-year-old GRBaV-
positive vines were used in these trials to possibly provide vines with elevated virus titer levels. Control vines
were one year old. Vines were placed in 61 x 61 x 61 cm BugDorm cages and inoculated by pinning ten leaf discs
containing a large number of galls (>15) on each vine. The galls on these discs had been cut open with a razor in
order to encourage movement of the crawlers onto the vine. After 25 days all of the potted vines exhibited >50
galls (i.e., 25-day AAP). At this point, clean vines were introduced into the cages and sub-samples of grape
phylloxera adults, eggs, and crawlers were collected for testing. Acquisition and inoculation vines remained
together in the cages until the inoculation vines had >50 galls/vine, which resulted in a 38-day IAP. At this point
vines were treated with both a contact and systemic insecticide. As before, vines will be held for a two-year
period and tested every four months.

For all plant material, a standard DNA extraction protocol was used in order to extract DNA from grapevine
petioles potentially infected with red blotch disease (Sharma et al., 2011). Three petioles were randomly selected
from nodes 1-5, and 0.1 g of tissue was macerated in 1.8 ml grape enzyme-linked immunosorbent assay (ELISA)
grinding buffer in Mo-Bio 2.0 ml tough tube containing a Boca chrome steel ball bearing (Sharma et al., 2011),
using a Precellys 24 Tissue Homogenizer at 6,500 Hz for two 10-second cycles with a 30-second intermission
between cycles. The samples were then centrifuged for 10 minutes at 13,200 rpm and 20C. One ml of the
supernatant was pipetted into 1.5 ml Eppendorf tubes and stored at -20C until analysis by qPCR. After briefly
vortexing, the DNA extracts were denatured prior to performing qPCR; eight uL of extract was denatured with
99 uL of GES Denaturing Buffer plus one ul 1% beta-mercaptoethanol, by incubating at 95C for 10 minutes and
4C for five minutes (Sharma et al., 2011).

The qPCR was performed using Promega GoTaq qPCR Master Mix. Two ul of each denatured sample were
added to 12.5 ul Promega GoTaq master mix, 2.5 ul of 10 uM primers GVGF1 and GVGR1, or with 10 uM
primers RB-F and RB-R (developed by the lab for this study), 0.25 ul CXR reference dye, and eight ul water (Al
Rwahnih et al., 2013). An Applied Biosystems qPCR machine with 7500 Fast System SDS Software was used for
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qPCR and to analyze the data. Thermocycling conditions include one cycle of 95C for two minutes; forty cycles
of 95C for 15 seconds, 58C for one minute; and one cycle of 72C for 10 minutes, followed by a final
dissociation cycle. The PCR product was analyzed by the 7500 Fast System SDS Software, taking into account
the Ct values, melting temperatures, and component curves when interpreting data.

All insects used in these studies were stored at -80 ºC until testing for GRBaV. The Qiagen DNeasy Blood and
Tissue Kit was used for extractions and the bench protocol was followed to prepare the insect samples for the
QIAcube; 25mg of insect were used for each extraction. The New England Biolabs Phusion High Fidelity kit was
used for PCR. For each sample, 10 µL 5x Phusion buffer, one µL of 10 mM dNTP, 2.5 µL of 10 uM forward
primer, 2.5 µL of 10 uM reverse primer, 100 ng of DNA, and 0.5 µL of Phusion DNA polymerase were used and
diluted to 50 ul total reaction volume with water. After the samples are prepared, they will be briefly centrifuged
before being placed in a thermal cycler (DNA Engine Peltier, Biorad) with a heated lid. The thermal cycler
conditions were as follows: (1) Initialization at 98oC for 30 seconds, (2) Cycle of denaturing step at 98oC for 10
seconds, annealing step at 62oC for 30 seconds, and extension step at 72oC for 30 seconds, repeated 30 times, and
(3) Final Extension at 72oC for 10 minutes. To visualize PCR product, a 2% agarose gel was used in 1x TAE
buffer running at 85 volts. A Qiagen GelPilot100bp Plus ladder will be used. The gel was stained with ethidium
bromide, and visualized under ultraviolet light using the Quantity One program.

To date, our 2015 “bouquet” trials have shown no transmission of GRBaV with the Virginia creeper leafhopper
and the vine mealybug. Similarly, the trial with foliar form grape phylloxera on two-year-old GRBaV-positive
vines did not show any transmission either. Testing of insect and plant material from these experiments is
ongoing, and in 2016 we will continue testing candidate vectors listed in Table 1.

Objective 2. Screen uncommon organisms that feed on vines as potential vectors of GRBaV.
We used the same methodologies described for Objective 1 to screen lesser known vineyard organisms or
unlikely vectors. Insects were collected 1x/month from five established vineyards where movement of GRBaV
has been observed or reported (assumed to have happened). Samples were collected from grapevines, ground
covers and non-crop vegetation in the surrounding landscape using a combination of sweep-nets (30 sweeps per
sample) and a D-Vac type suction sampling machine, which consisted of a 25 cc gas blower/vacuum (Craftsman)
fitted with a five-gallon (18.9 liter) bucket on the vacuum tube to create a one ft2 (0.093 m2) sampling cone. Each
D-Vac sample consisted of five thrusts with the D-Vac running at full speed. All samples were held in a cooler
and brought to the laboratory for processing. Specimens were incapacitated using CO2 gas, sorted, and identified
to species or genus, and then stored in 95% EtOH and held at -80o C until testing. So far we have collected
leafhoppers in the genera Aceratagallia sp., Acinopterus sp., Alconeura sp., Colladonus sp., Empoasca spp.,
Macrosteles sp., Osbornellus sp., and Scaphytopius spp., as well as the species Deltocephalus fuscinervosus,
Dikrella californica, and Euscelidius schenki. Other organisms include members of the families Acanaloniidae,
Membracidae, Miridae, Lygaeidae, Psyllidae, and Tingidae.

To date none of these alternative organisms have tested positive for GRBaV, although many of the specimens
collected have not yet been tested and we are still in the process of refining our laboratory techniques to better
evaluate insect material.

Objective 3. Follow disease progression in established vineyard plots to collect preliminary data on field
epidemiology.
We have been studying GLD movement at one particular site in Napa, beginning in 2009. The block is a 20 ha
newly planted (in 2008) block of Cabernet Sauvignon in Napa Valley. Each year, incidence of GLRaV and more
general “red leaf” symptoms were mapped in September. Locations of diseased vines were recorded with global
positioning system (GPS). In 2014, 136 tested positive for red blotch, nine tested positive for leafroll, and 11
tested positive for both red blotch and leafroll. In 2015, there were about 250 “red leaf symptomatic vines” that
had tested negative for GLRaV in 2014. We are currently testing these suspect vines using new and more
complete primers for both leafroll and red blotch.

Additionally, in September 2015 we began to map and test for GRBaV (using the protocols described previously)
at the same five established vineyards mentioned in Objective 2. At each site, an area consisting of six rows by 20
vines per row (120 vines/site total) was visually evaluated for GRBaV and petiole samples were collected from
each vine for testing with the most up-to-date primers. The idea is to return to these same blocks in September of
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2016 and 2017 to repeat this detailed mapping in order to evaluate if the virus appears to be spreading from vine
to vine.

CONCLUSIONS
In 2015 we evaluated three candidate vectors using modified experimental protocols that were designed to
overcome perceived limitations in previous transmission experiments from 2013-2014. To date, none of the
candidate vectors have tested positive for GRBaV and no transmission has been observed, although we continue
to test vines from previous trials and are planning to evaluate additional vectors in 2016. Many novel insects have
been collected from vineyard sites where movement of GRBaV is suspected, and again to date none have tested
positive for GRBaV, although many specimens are still in the process of being tested. Finally, an ongoing, long-
term GLD mapping effort in Napa County is now being complemented by additional mapping of GRBaV at five
additional vineyard sites. Results from the new mapping effort will not be available until follow-up mapping can
take place in the fall of 2016.

REFERENCES CITED
Almeida, R.P.P., and A.H. Purcell. 2003a. Homalodisca coagulata (Hemiptera, Cicadellidae) transmission of

Xylella fastidiosa to almond. Plant Disease 87: 1255-1259.
Almeida, R.P.P., and A.H. Purcell. 2003b. Transmission of Xylella fastidiosa to grapevines by Homalodisca

coagulata (Hemiptera : Cicadellidae). Journal of Economic Entomology 96: 264-271.
Al Rwahnih, M., Rowhani, A., and D. Golino. 2015. First report of grapevine red blotch associated virus in

archival grapevine material from Sonoma County, California. Plant Disease 99(6): 895.
Al Rwahnih, M.A., A. Dave, M.M. Anderson, A. Rowhani, J.K. Uyemoto, and M.R. Sudarshana. 2013.

Association of a DNA virus with grapevines affected by red blotch disease in California. Phytopathology 103:
1069–1076.

Blaisdell, G.K., Zhang, S., Bratburd, J.R., Daane, K.M., Cooper, M.L., and R.P.P. Almeida. 2015. Interactions
within susceptible hosts drive establishment of genetically distinct variants of an insect-borne pathogen.
Journal of Economic Entomology 108: 1531–1539.

Krenz, B., Thompson, J.R., Fuchs, M., and K.L. Perry. 2012. Complete genome sequence of a new circular DNA
virus from grapevine. Journal of Virology 86: 7715–7715.

Krenz, B., Thompson, J.R., McLane, H., Fuchs, M., and K.L. Perry. 2014. Grapevine red blotch-associated virus
is widespread in the United States. Phytopathology 104: 1232-1240.

Poojari, S., Alabi, O.J., Fofanov, V.Y., and R.A. Naidu. 2013. A leafhopper-transmissible DNA virus with novel
evolutionary lineage in the family Geminiviridae implicated in grapevine redleaf disease by next-generation
sequencing. PLoS ONE 8:e64194.

Sharma, A.M., Wang, J.B. Duffy, S., Zhang, S.M., Wong, M.K., Rashed, A., Cooper, M.L., Daane, K.M., and
R.P.P. Almeida. 2011. Occurrence of grapevine leafroll-associated virus complex in Napa Valley. Plos One
6:e26227.

Tsai, C.W., Chau, J., Fernandez, L., Bosco, D., Daane, K.M., and R.P.P. Almeida. 2008. Transmission of
grapevine leafroll-associated virus 3 by the vine mealybug (Planococcus ficus). Phytopathology 98: 1093-
1098.

Tsai, C.W., Rowhani, A., Golino, D.A., Daane, K.M., and R.P.P. Almeida. 2010. Mealybug transmission of
grapevine leafroll viruses: An analysis of virus-vector specificity. Phytopathology 100: 830–834.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.



- 269 -

BIOLOGY AND SPREAD OF GRAPEVINE RED BLOTCH-ASSOCIATED VIRUS

Principal Investigator:
Marc Fuchs
Section of Plant Pathology
Cornell University
Geneva, NY 14456
mf13@cornell.edu

Co-Principal Investigator:
Keith Perry
Section of Plant Pathology
Cornell University
Ithaca, NY 14853
klp@cornell.edu

Collaborator:
Deborah Golino
Foundation Plant Services
University of California
Davis, CA 95616
dagolino@ucdavis.edu

Reporting Period: The results reported here are from work conducted August 1, 2015 to October 30, 2015.

ABSTRACT
Grapevine red blotch-associated virus (GRBaV) was isolated from table and winegrapes, as well as rootstocks,
affected by red blotch, a recently recognized viral disease. Analysis of the genetic diversity among isolates of
GRBaV indicated the existence of two groups (clades) of genetic variants (Krenz et al., 2014; Al Rwahnih et al.,
2015). Producing a full-length infectious clone of a representative isolate of each of the two clades showed
systemic GRBaV infection of healthy grapevines following agroinoculation and the manifestation of typical
disease symptoms, i.e., interveinal reddening on Vitis vinifera cvs. Cabernet franc, Cabernet Sauvignon, Syrah,
Pinot noir, and Pinot gris; and chlorotic and necrotic leaf areas on V. vinifera cv. Chardonnay, while infection was
latent in rootstock genotype 3309C. This work revealed that GRBaV isolates of both clades cause red blotch
disease. Analysis of the spatio-temporal incidence of GRBaV in a selected vineyard of Cabernet franc in
California and in New York was consistent with the occurrence of virus spread in the former but not in the latter
vineyard. GRBaV isolates spreading in California corresponded to phylogenetic clade 2. A survey of alternate
hosts in proximity to the diseased vineyard in California showed some free-living grapevines infected with
GRBaV, suggesting the existence of a hemipteran vector. Insect sticky traps placed in the section of the California
vineyard with extensive clustering of diseased vines in 2014 and 2015 revealed a diversity of insect families,
genera, and species that visited the vineyard, among which the majority of specimens of three species consistently
tested positive for GRBaV in polymerase chain reaction (PCR). These species are investigated for their potential
to transmit GRBaV in controlled conditions in the greenhouse.

LAYPERSON SUMMARY
Red blotch is a newly recognized viral disease of grapevines that is widely distributed in United States vineyards.
Limited information is available on spread of its associated virus called grapevine red blotch-associated virus
(GRBaV) and on the association between virus variability and pathogenicity. We showed that GRBaV isolates
cause red blotch disease, regardless of their genetic makeup and variability. Studying changes in virus prevalence
over time in selected vineyards of Cabernet franc in California and New York revealed an increased virus
incidence in the California but not in the New York vineyard. Free-living grapevines proximal to diseased vines
in the California vineyard were found infected with GRBaV, suggesting their potential role as alternate host.
Among insects visiting the California vineyard three species were found to carry the virus, suggesting a role as
vector. Determining the capacity of these three insect species at transmitting GRBaV is underway.

INTRODUCTION
Red blotch is a recently recognized disease of grapevines (Calvi, 2011; Sudarshana et al., 2015). It was described
for the first time on Cabernet Sauvignon at the University of California Oakville Research Field Station in 2007
(Calvi, 2011). Leaves of GRBaV-infected vines of red winegrapes show red specks and blotches (Figure 1) first
on old leaves at the bottom of the canopy in late June or July. Symptoms progressively appear upward in the
shoots over time. Veins underneath the leaf blade often turn partly or fully red. For white winegrapes, foliar
symptoms are less conspicuous; they correspond to localized and generalized foliar discoloration or chlorosis,
sometimes combined with necrotic areas at the edge of leaf blades (Figure 1).

Diagnosis based on specific symptoms can be challenging because of several confounding factors, including
striking similarities between foliar symptoms elicited by red blotch and leafroll. There are also similarities
between foliar symptoms of red blotch and abiotic factors such as poor root health, or physical injuries due to
trunk or shoot girdling, mite damage, mineral deficiencies, or even the presence of Xylella fastidiosa or
Agrobacterium tumefaciens in young vines. Because symptom variation makes visual diagnosis of GRBaV-
infected vines difficult, only DNA-based assays such as polymerase chain reaction (PCR) are reliable for accurate
diagnosis (Sudarshana et al., 2015).
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Figure 1. Foliar symptoms of red blotch on Pinot noir (top) and Chardonnay (bottom).

GRBaV was isolated from grapevines affected by red blotch disease (Sudarshana et al., 2015). GRBaV is a
putative member of a new genus in the family Geminiviridae (Varsani et al., 2014; Sudarshana et al., 2015). It has
a single-stranded DNA genome that codes for six open reading frames (Al Rwahnih et al., 2013; Krenz et al.,
2012; Poojary et al., 2013; Seguin et al., 2014). The role of GRBaV in the etiology of red blotch disease was
investigated using agroinoculation of tissue culture-grown grapevines with a partial dimer or bitmer construct of
the GRBaV genome of a representative isolates of each of the two phylogenetic clades (See section on Results
and Discussion). Results indicated that GRBaV is the causal agent of red blotch disease; red blotch symptoms
were reproduced on red and white winegrape cultivars and the genome of the virus recovered from infected vines
was nearly identical to the one used as inoculum (Fuchs and Perry, unpublished). In parallel to our efforts to fulfill
Koch’s postulates, we used microshoot tip culture to sanitize GRBaV-infected material. Following virus
elimination treatment, some vines remained symptomatic while others were asymptomatic. Symptomatic plants
were positive for GRBaV in PCR while most of the asymptomatic plants were negative. Plants were carried
through one dormancy period and tested again for GRBaV. Out of 54 vines obtained after therapy, 13 tested
negative and 41 tested positive for GRBaV by PCR. Plants that were PCR positive exhibited typical red blotch
symptoms while PCR negative plants were asymptomatic (Fuchs and Perry, unpublished).

Analysis of the genetic diversity among isolates of GRBaV indicated the existence of two groups (clades) of
genetic variants (Krenz et al., 2014). The majority of isolates belong to the predominant clade 2 and
recombination is underlying some of the variation seen among GRBaV genomes within clade 1. The two groups
of isolates are involved in the etiology of the disease but it is not known if mixed infections by representative
isolates of each group can have a synergistic effect and exacerbate the negative impact on production.
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Based on the nucleotide sequence information available, primers were designed in the coat protein and
polymerase genes to amplify a specific product from nucleic acid or DNA extracts of grapevines showing red
blotch symptoms by PCR in either single or multiplex assays (Krenz et al., 2014). These primers are robust for the
detection of GRBaV in leaves, petioles, and bark scrapings of dormant canes (Krenz et al., 2012). Interestingly,
GRBaV has been detected from almost any tissue (petiole, leaf, cluster, roots, cambium, and fruit skin and juice)
and from budbreak to post-harvest although the optimal tissue and sampling time remain to be determined.

GRBaV was documented in major grape-growing U.S. States (Krenz et al., 2014). The virus was also reported in
British Columbia (GenBank JX559642.1) and Ontario (Fuchs, unpublished observations) in Canada, indicating its
widespread presence in North America (Figure 2).

Figure 2. Occurrence of GRBaV in North America. Stars represent U.S. states and Canadian provinces
with documented presence of the virus in vineyards.

GRBaV was found in table grapes, winegrapes, French-American interspecific hybrids (Chambourcin and
Chardonnel), and rootstocks (101-14, 420A, 5C, and 039-16). The widespread occurrence of GRBaV and its wide
geographic distribution in North America suggest that propagation material has played a significant role in its
dissemination.

The ziczac leafhopper (Virginia creeper; Erythroneura ziczac) was claimed to transmit GRBaV from vine to vine
in the greenhouse (Poojari et al., 2013) but a vector of GRaBV of epidemiological significance in vineyards has
yet to be identified. Tremendous progress was made in recent years on the biology of GRBaV, but there are
several gaps in knowledge for which research is needed. For example, it is paramount to expand ongoing studies
to determine if and how GRBaV spreads in vineyards. This research is important not only to document the
occurrence and extent of vector-mediated transmission of GRBaV but also to identify insect vector candidates.
This is a prerequisite for transmission assays to determine if vectors can transmit GRBaV and for developing
optimal management strategies. The development of serological detection assays for GRBaV is of interest not
only to complement PCRs but also to provide the wine and grape industry with cheaper tools that have the
potential for more high throughput screening. Knowing that GRBaV is the causal agent of red blotch disease, it is
critical to evaluate the role of environmental factors in symptom development and to assess the range of
symptoms in field-grown vines experimentally inoculated with GRBaV. Similarly, it is important to develop a
better understanding of interactions between GRBaV isolates from different clades in terms of synergism and
increased virulence, hence, a greater impact on vineyard production. Finally, disseminating information to the
industry is essential to extend research and share the latest knowledge on red blotch disease and GRBaV, its
causal agent. Raising awareness on the potential threat of GRBaV to grape production and communicating on
strategies to mitigate its impact are major components of this proposal.

Most vineyard managers and vintners report ripening issues with GRBaV-infected winegrapes (Figure 3).
Reductions of 1-6°Brix have been consistently documented in fruits of infected vines, as well as lower berry
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anthocyanin and skin tannins, particularly in red winegrapes such as Cabernet franc and Cabernet Sauvignon
(Calvi 2011; Sudarshana et al., 2015). Based on the effect of GRBaV on fruit quality and ripening, several
growers are culling infected vines and replacing them with clean, virus-tested ones.

Figure 3. Delayed ripening of infected (left) compared to healthy (right) fruits of Pinot noir.

OBJECTIVES
The overarching goal of this project is to advance our understanding of red blotch disease and its causal agent,
GRBaV, with a major emphasis on horizontal spread in vineyards and optimized detection methodologies. Our
specific objectives are to:

1. Investigate spread of GRBaV in selected vineyards in California and New York.
2. Improve diagnostics for GRBaV.
3. Determine if either of the two groups of GRBaV isolates show greater virulence and pose an

increased threat to vineyard production.
4. Disseminate research results to farm advisors and the industry.

RESULTS AND DISCUSSION
To address objective 1 and study spread of GRBaV, two vineyards of Cabernet franc were selected, one in
California and one in New York. The California and New York vineyards were planted in 2008. In 2013 and
2014, virus prevalence was determined in the two selected vineyards. This information served as a baseline to
determine the spatio-temporal incidence of GRBaV. A comparative analysis of the infection rate of GRBaV as
measured by the number of symptomatic vines in the selected vineyard in California between 2014 and 2015
indicated a 1.5% increase, suggesting the possibility of virus spread (Figure 4). In addition, an investigation of
the spatial distribution of symptomatic vines through an ordinary runs analysis, a statistical test for randomness of
infected plants, revealed disease clustering in the majority of rows within the selected vineyard (–Z > 1.64 in
32/44 rows). These data confirmed the occurrence of GRBaV spread in the California vineyard as a result of
either vine-to-vine transmission within the selected vineyard or of an influx from adjacent vineyards. Character-
izing 10 randomly selected GRBaV isolates in the selected Cabernet franc vineyard in California by PCR
followed by sequencing indicated that they all correspond to the phylogenetic clade 2 that was previously reported
(Krenz et al., 2014).

Spread of GRBaV was further studied in the vineyard area with extensive clustering of symptomatic vines (top
middle area of the maps in Figure 4). This area consists of 10 consecutive rows of 25 vines each (Figure 5).
Symptomatic and asymptomatic vines were mapped in this area in 2013 and 2014. In addition, the presence or
absence of GRBaV was confirmed in individual vines by PCR in spring and winter 2014 by using leaf and cane
material, respectively (Figure 5). Data showed an increase of symptomatic vines from 47% (118 of 250 vines) in
2014 to 67% (168 of 250) in 2015. These results further support the occurrence of short distance spread of
GRBaV in the California vineyard. These findings are being confirmed by testing the presence or absence of
GRBaV by PCR in leaf samples that were collected from each of the 250 test vines in late summer 2015.
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Figure 4. Spatial distribution of vines showing red blotch symptoms (in red) in a Cabernet franc vineyard
in California in 2014 (left) and 2015 (right).

Figure 5. Clustering of symptomatic vines in 2014 (bottom map) and 2015 (top map) in a selected area of the
California vineyard. Symptomatic vines in 2014 and 2015 are shown in salmon and red, respectively. Vines that
tested negative and positive for GRBaV in PCR in 2014 are indicated with (-) and (+), respectively.
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Close to 100 sentinel vines, i.e., healthy vines for which the mother stocks from which scion budwood and
rootstock canes were collected from tested negative for GRBaV, were planted in the Cabernet franc vineyard in
California in spring 2015. Some of these sentinel vines are shown at the bottom left of Figure 5. These vines will
be used to gain direct evidence of insect-mediated GRBaV spread if they become infected. Sentinel vines replaced
existing vines that were weak, regardless of their GRBaV infectious status.

The fact that extensive clustering of diseased vines occurred in one area of the selected vineyard in California (see
top middle area of the maps in Figure 4) provided an incentive to investigate the occurrence of alternate hosts in
the proximal riparian ecosystem. Samples of oak, willow, walnut, oat, vetch, and free-living grapevines were
collected and tested for GRBaV in PCR. Among the samples tested, only those from free-living grapevines tested
positive for GRBaV. These results suggested that free-living grapevines can potentially serve as an alternate host
of GRBaV. They also supported the existence of a hemipteran vector of GRBaV as infected free-living grapevines
were at least 150 away from the nearest infected vine in the Cabernet franc vineyard. Fingerprinting of the
GRBaV-infected free-living grapevine samples indicated that they corresponded to hybrids of Vitis californica x
V. vinifera. Characterizing the GRBaV isolates in free-living grapevines by PCR and sequencing indicated they
cluster in phylogenetic clade 2, as did the isolates from the diseased Cabernet franc vineyard, further providing a
link between the test vineyard and its proximal riparian area in terms of virus spread.

Insect sticky traps were placed in the area of the selected vineyard in California where clustering of diseased vines
is occurring (see top middle area of the maps in Figure 4). Traps were placed on diseased and healthy grapevines
from early April to late November in 2014 and 2015 with the goal of catching insects visiting the vineyard. Traps
were rotated on a weekly basis. Each trap was analyzed for the presence of insects to establish a census population
and identify them at the species level, if possible, by using morphological parameters. Then, a sub-set of each
insect family, genus or species that was caught was removed from the traps and tested for the presence of GRBaV
by PCR. Results indicated that specimens of three species, among more than 45 species of Diptera, Apocrita,
Coleoptera, Cicadellidae, Thysanoptera, Aphidae, Fulgoroideae, Phylloxera, Aleyrodidae, Membracidae,
Blissidae/Lygaeidae, Psyloidea, Psocoptera, Cixiidae, and Miridae that were caught on sticky traps, consistently
carried genetic elements of GRBaV. These three species were members of the Membracidae, Cicadellidae, and
Cixiidae. These findings suggest that these three species can acquire GRBaV in the vineyard. Testing the capacity
of these three hemipteran insects at transmitting the virus to healthy grapevines in the greenhouse is under way.

A spatio-temporal analysis of a Cabernet franc vineyard in New York in 2013-2015 did not provide any evidence
of an increased prevalence of GRBaV over time. These findings suggested that a GRBaV vector does not exist in
the New York vineyard ecosystem or it exists at a very low population density or it exists but does not visit the
vineyard. Alternatively, the plant protection program used by the vineyard manager in New York is effective at
reducing the vector population.

To address objective 2 and improve diagnostics for GRBaV, efforts are ongoing with regard to the development
of a robust real time PCR methodology and the refinement of the strategy needed to produce an antiserum. This
work is critical because preliminary efforts to develop an antiserum against the structural coat protein have failed
(Perry and Fuchs, unpublished).

To address objective 3 and determine if either of the two groups of GRBaV isolates show greater virulence and
pose an increased threat to vineyard production, we engineered infectious clones of a representative GRBaV
isolate of clade 1 and clade 2. Partial dimer constructs of the genome of GRBaV isolates NY358 and NY175 were
engineered and cloned into a binary plasmid for mobilization into Agrobacterium tumefaciens strains LBA4404 or
C58. Isolates NY175 from V. vinifera cv. Merlot and NY358 from V. vinifera cv. Cabernet franc belong to
GRBaV phylogenetic clades 1 and 2, respectively (Krenz et al., 2014). These clones were used in agroinoculation
experiments using healthy, tissue culture-grown vines of V. vinifera cvs. Cabernet Sauvignon, Cabernet franc,
Syrah, Chardonnay, Pinot noir, and Pinot gris, and rootstock genotypes SO4 and 3309C that tested negative for
GRBaV by PCR (Krenz et al., 2014). Tissue culture-micropropagated grapevines (30-40 per genotype) showing
four to six leaves (Alzubi et al., 2012) were selected for agroinoculation experiments using vacuum-assisted
infiltration. Alternatively, grapevine tissue was gently pricked with needles dipped in a solid Agrobacterium
culture grown on a Petri plate. A β-glucuronidase gene construct containing an intron was used as control to
optimize conditions for agroinfiltration-mediated delivery of DNA. Constructs of both genomic RNAs of
grapevine fanleaf virus (GFLV) were used as negative control in agroinfiltration experiments. Following
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agroinfiltration and/or pricking, plants were maintained at 25±2°C and 33-45 µEm-2s-1 (16-hour photoperiod) in a
tissue culture growth room for two to three months prior to establishment in a greenhouse for symptom
observations and testing. The presence of GRBaV was tested by PCR in newly developed leaves of
agroinoculated grapevines by using specific primers designed in the putative coat protein and replicase-associated
genes, and the 16S ribosomal RNA used as a housekeeping gene (Krenz et al., 2014). Plants were tested three to
ten months post-agroinfiltration and some of them were also tested after one or two dormancy periods. The full-
length genomic sequence of some of the GRBaV progeny was determined in a few selected agroinfected plants by
rolling circle amplification, cloning and sequencing.

A number of treated vines of Cabernet Sauvignon, Cabernet franc, Syrah, Pinot noir, Pinot gris, and Chardonnay
showed red blotch-like symptoms at one to three months post-treatment. Foliar symptoms consisted of interveinal
reddening in red-berried cultivars and chlorotic spots in the white-berried cultivar Chardonnay. Unlike for
winegrape cultivars, agroinoculated SO4 became symptomatic (chlorosis and cupping) only after one dormancy
period, whereas agroinoculated 3309C remained asymptomatic. Some of the grapevines agroinfiltrated with the
NY358 construct (28-76%) tested positive for GRBaV by PCR. All the PCR-positive plants were symptomatic,
while the negative plants were asymptomatic. None of the plants treated with GFP (0 of 237), GFLV-derived
constructs (0 of 476), or untreated plants (0 of 56) exhibited red blotch-like symptoms, nor those that were
assayed tested positive for GRBaV in PCR. The virus detected in symptomatic, agroinoculated vines was further
characterized by sequencing. Sequence analysis indicated a 99.6-99.9% identify with the partial dimer construct
used as inoculum in agroinfection assays, indicating that the recovered GRBaV variant is nearly-identical to the
engineered inoculum. Similar results were obtained from agroinfiltration experiments with the NY175 construct.
These findings were consistent with our hypotheses that GRBaV is the causal agent of red blotch disease and that
GRBaV isolates from the two phylogenetic clades are equally infectious. In agroinfiltrated plants, the detection of
GRBaV correlated with symptoms and virus progeny nearly identical in sequence to the inoculated partial dimer
genomic construct was obtained from agroinfiltrated plants.

To address objective 4 and disseminate information to farm advisors and the industry, research results will be
communicated to farm advisors, extension educators, crop consultants, researchers, vineyard managers, and
regulators at winter school meetings in California and New York. Some of the targeted venues are the Cornell
Recent Advances in Viticulture and Enology conference on November 4 at the Industrial and Labor Relations
(ILR) Conference Center in Ithaca, New York and the Napa Continuing Education Class Series 3 on November
10 in Yountville, California.

CONCLUSIONS
Isolates of each of the two phylogenetic clades of GRBaV cause red blotch disease symptoms in healthy
V. vinifera grapevines following agroinoculation, confirming their etiological role. Analysis of the spatio-
temporal distribution of symptomatic, infected vines suggested spread of GRBaV in a vineyard of Cabernet franc
in California but not in New York. Free-living grapevines proximal to the diseased vineyard in California can be
infected with GRaBV. The use of insect sticky traps followed by the analysis of a subset of insect species for the
presence of GRBaV enabled us to identify three candidate vectors. This work is setting the stage for the
identification of a hemipteran insect vector of GRBaV.
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ABSTRACT
Vine mealybug (Planococcus ficus) is a destructive phloem-feeding pest in California vineyards. Vine mealybug
can reach very large population densities. Feeding activity can debilitate vines while excrement and the associated
sooty mold can contaminate clusters, making them unsuitable for harvest. Vine mealybug’s cryptic habits -
populations are typically found under the bark - complicate management, particularly with contact insecticides.
An integrated pest management (IPM) program that relies on several tactics (insecticides, mating disruption, and
biological control) can provide sustainable control of vine mealybug populations. Argentine ants (Linepithema
humile) may disrupt IPM programs by interfering with the activity of biological control agents. Baits are an
effective means to control ant populations and minimize their disruptions. We evaluated three commercially
available granular bait products in a northern California vineyard and measured their effect on Argentine ant
populations. We made three bait applications: March 14 and 15; April 15 and 16; and June 15 and 16, 2015. A
modified broadcast fertilizer spreader was used to apply the baits under the vines. Argentine ant populations were
measured indirectly via feeding activity, assessed as the amount of nontoxic sucrose water consumed by the ants.
We measured feeding activity monthly from February (pre-treatment) through September. Feeding activity was
significantly reduced in only one bait treatment, and on only one monitoring date. In July and August, ant feeding
was low to non-existent across all treatments. Revising our monitoring frequency to shorter intervals early in the
season (March to May) may allow us to capture more clearly the potential impact of baits on Argentine ant
populations.

LAYPERSON SUMMARY
Vine mealybug is a destructive pest in California vineyards. It contaminates fruit and reduces vine health and
productivity. Grape growers may use multiple tactics (integrated pest management; IPM) including insecticides,
mating disruption, and biological control, to achieve control of vine mealybug populations. Argentine ants are
invasive insects common in coastal California vineyards. Ants disrupt IPM programs for vine mealybug because
they interfere with the activity of a small parasitic wasp that attacks vine mealybug. Ant baits are an effective
approach to manage ant populations while minimizing impacts on non-target organisms. We are investigating the
potential of three commercial bait products to control Argentine ants in vineyards. Baits were applied under the
vine with a modified broadcast spreader in mid-March, mid-April, and mid-June 2015. Ant populations were
monitored monthly from February to August 2015. Only one of the bait products impacted ant populations, and
only on one monitoring date. Modifications of our monitoring strategy in 2016 may allow us to capture more
clearly the impact of baits on ant populations.

INTRODUCTION
The vine mealybug, Planococcus ficus, is a destructive vineyard pest that contaminates fruit, debilitates vines, and
vectors plant pathogens such as grapevine leafroll-associated virus-3 (Daane et al., 2012). First reported from
vines in the Coachella Valley (Gill, 1994), vine mealybug soon spread throughout California, likely on infested
nursery stock (Haviland et al., 2005). It is currently found in most California grape-growing regions (Godfrey et
al., 2002; Daane et al., 2004a, 2004b) and has the potential to spread throughout the western United States.

Management of vine mealybug populations can prove challenging and often requires the use of multiple tactics,
including biological control, mating disruption, and insecticides (Daane et al., 2008b). Management can be
particularly complicated in coastal winegrape growing regions where vine mealybug populations are tended by
Argentine ants, Linepithema humile. In the presence of tending ants, biological control of mealybugs can be
significantly interrupted, resulting in large vine mealybug populations that may be more easily spread to new
areas. These populations also contaminate the fruit, causing yield losses and decreased fruit quality. In vineyards
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where Argentine ant is prevalent, management of ant populations is a critical part of an integrated pest manage-
ment (IPM) program for vine mealybug and necessary for containment of insect populations (Nyamukondiwa and
Addison, 2011; Mgochecki and Addison, 2009).

Liquid ant baits adapted from the urban environment (Klotz et al., 2002) for use in vineyards (Cooper et al., 2008)
significantly reduce mealybug populations in vineyards by contributing to increases in biological control (Daane
et al., 2007). The costs associated with the manufacture, deployment, and maintenance of bait stations have been
prohibitive to widespread adoption of Argentine ant management in vineyards, despite the benefits that could
result from such programs (Nelson and Daane, 2007).

There is continued interest among coastal grape growers in the development of a simpler and more economical
bait program that could be widely implemented. Granular bait that can be broadcast with a commercial spreader
could be distributed more quickly and frequently over a large area, and would not require the manufacture and
maintenance of bait stations. Although granular baits have been shown to effectively reduce the population of
foraging Argentine ants (Krushelnycky and Reimer, 1998) and the spread of ant populations (Krushelnycky et al.,
2004) in natural areas, they have not been widely tested in agricultural settings. The sustained use of the baits
could lead to longer-term containment and control of Argentine ant populations (Krushelnycky et al., 2004).

Granular baits have the potential to become an alternative to the liquid bait program. We are evaluating commer-
cially available granular ant baits that can be broadcast under vines to control populations of Argentine ant. Ant
control would in turn contribute to the sustainable control of vine mealybug populations. In the absence of an
economical bait program, ant suppression must be achieved with the broad-spectrum insecticide chlorpyrifos that
can disrupt populations of beneficial insects and pose vertebrate health risks.

OBJECTIVE
The broad goal of this research is to increase the efficacy and adoption of integrated pest management programs
for vine mealybug, a destructive pest of grapevines in California. Our specific objective is to evaluate the efficacy
of commercial baits to control Argentine ant as part of an integrated pest management program for vine mealy-
bug.

RESULTS AND DISCUSSION
A crucial factor in success of ant baits is delayed toxicity. If the ants die too quickly (acute toxicity) they do not
have time to exchange bait with other foragers, larvae, and the queen(s) in the colony. Bait with delayed toxicity
can be transferred to other members of the colony, with the goal of eliminating the entire colony rather than just
the foragers.

Our experiment was established in two vineyard blocks in Napa, California (Carneros American Viticultural
Area; AVA). Both blocks were planted in 1999 and are a mix of Chardonnay clones (17-Robert Young and 6) on
SO4 rootstock (Vitis berlandieri x. V. riparia). We used a randomized complete block design, and established six,
six-row replicates of each treatment. The treatments were three commercial granular bait products (Table 1). In
March, April, and June 2015 the cooperating vineyard manager applied the bait in the vine row with a modified
broadcast spreader mounted on an all-terrain vehicle (ATV) (Figure 1). Because Altrevin and Extinguish are
formulated with a protein attractant specifically for control of red imported fire ant (Solenopsis invicta), we
included one Altrevin treatment in which the bait was coated with powdered sugar before application to make it
more attractive to Argentine ants. The spinosad bait, Seduce, is formulated with a carbohydrate attractant (sugar)
specifically to target the Argentine ant. Additionally, Seduce has been approved for use in organic vineyards.
Since there are a limited number of insecticides approved for vine mealybug management in organic vineyards,
ant bait can be an essential component of an IPM program in these vineyards.

Ant densities were determined indirectly as a measure of feeding activity, assessed as the amount of nontoxic
sucrose water removed from 50-milliliter (ml) polypropylene centrifuge tubes (Corning Inc., Corning, NY) tied to
the vine trunk (Klotz et al., 2002; Daane et al., 2008a) in the center two rows of each plot. The 50-ml tubes are
henceforth referred to as monitoring tubes. A two-centimeter (cm) hole was drilled in the cap, and a square of
permeable plastic mesh (Weedblock, Easy Gardener Inc., Waco, TX), was placed between the cap and the filled
tube, covering the hole. The mesh is fine enough to retain the liquid when the tube is inverted, but coarse enough
to allow ants to remove the liquid on contact. A second lid was fixed to the original lid, and covered with a



- 279 -

permanent mesh to discourage feeding by honeybees and wasps. Before the tubes were deployed in the vineyard,
each tube was filled to 45 ml with 25% sucrose water and the weight of each tube was recorded. Tubes were
inverted on a vine trunk for four to seven days (depending on ant activity), at a density of 12 tubes per plot, or a
total of 72 tubes per treatment. At the end of the monitoring period, the tubes were brought back to the laboratory
and the new weights were recorded. One additional monitoring tube per plot was attached to an ant-excluded
bamboo stake to measure the amount of water lost to evaporation; this amount was averaged across all plots and
used to adjust the final weight.

Table 1. Ant bait products applied in trial blocks in a Napa County vineyard.

Treatment Active ingredient (concentration) Rate per
acre

Bait applications
(2015)

Altrevin metaflumizone (0.063%) 1.5 lb.

March 14 & 15;
April 15 & 16;
June 15 & 16

Altrevin &
powdered sugar metaflumizone (0.063%) 1.5 lb.

Extinguish hydramethylnon (0.365%) &
methoprene (0.25%) 1.5 lb.

Seduce Spinosad (0.07%) 20 lb.
Untreated none none none

Figure 1. (A) Modified broadcast spreader mounted on ATV. (B) Altrevin bait in the hopper of the spreader. (C) Seduce bait
(reddish pellets) under the vine row. All photos taken in a Chardonnay vineyard in Carneros AVA, California.
Photo credit: (A) and (B): K. Taylor, Constellation Brands. (C): M. Cooper, UC Cooperative Extension, Napa County.

A B
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We measured ant feeding activity with monitoring tubes during six periods: February 24 to March 3 (pre-
treatment); March 24 to 31; April 24 to 28; May 26 to June 3; July 2 to 7; and August 6 to 11. We conducted an
additional monitoring September 18 to 25; however, bees foraging at the tubes removed large quantities of sugar
water so the September data were discarded. We are reporting the amount of feeding activity by ants as grams (g)
of sugar water removed from monitoring tubes per day (Figure 2). During the February and March monitoring
periods (pre-treatment and 10 days after the first treatment, respectively) ant feeding activity was not significantly
different across all treatments. This is not surprising, since we blocked for consistent ant populations prior to
treatment, and baits have delayed toxicity and would not be expected to control populations so quickly (10 days)
after application. During the April 24 to 28 monitoring period, feeding activity was significantly reduced in the
Seduce bait treatment (Tukey’s pairwise comparison, p = 0.0099); this is roughly six weeks after the first bait ap-
plication and one week after the second. From May 26 to June 3, feeding activity in the Seduce treatment (-0.007
+/- 0.12 g per day) was reduced compared to other treatments (0.52 to 0.92 +/- 0.35 to 0.55 g per day), although
the difference was not statistically significant due to the high variability in ant populations, particularly in the
Altrevin and untreated blocks. During the July and August monitoring periods, ant feeding was low to none in all
treatments. In other ant bait trials, we have detected similar feeding lulls at our monitoring tubes during the
summer (Daane et al., 2006, 2008a). We did not see any differences in population suppression between the
powdered sugar-coated bait and those protein-based baits without powdered sugar. Since the sugar is not an inert
ingredient of the bait, it may not adhere well to the bait. It could have been removed during the application
process or not durable in the field. At this point, there does not appear to be a measurable improvement in bait
performance through the addition of the powdered sugar under these conditions. Adverse effects were noticed as
the sugar heated (and melted) in the spreader, thereby clogging the mechanisms of the spreader that impacted
application efficiency and necessitated additional disassembly/cleaning time. Overall, the collaborating vineyard
manager concluded that the Seduce bait was the easiest to apply; we attributed this to weight and consistency of
the bait as well as application rates (higher rates made the applied bait more visible, and therefore easier to
calibrate the spreader and adjust drive speeds). This study will continue in 2016, and we will shorten our
monitoring intervals to 14 days from April to June to more clearly elucidate the impacts of bait during this key ant
foraging period. This is also a critical period for early-season control of vine mealybug; concurrent control of
Argentine ant populations has the potential to reduce vine mealybug populations through an increase in biological
control.

Figure 2. Average sucrose water removed (grams per day) from monitoring tubes by Argentine ants, during six
monitoring periods in a Chardonnay vineyard (Carneros AVA) in 2015. Results are reported for each bait treatment
and the untreated control. During the April 24 to 28 monitoring period, feeding activity was significantly reduced in
the Seduce bait treatment (Tukey’s pairwise comparison, p = 0.0099). On all other dates, there were no significant
differences among treatments.
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CONCLUSIONS
We evaluated three granular bait products for control of Argentine ant populations in a coastal California
vineyard. Because Argentine ants disrupt biological control of vine mealybug by interfering with the activity of
predators and parasitoids, control of Argentine ants can be an essential component of IPM programs for vine
mealybug. Granular baits that can be broadcast under vines are a more manageable alternative to the current
stations with liquid baits used in vineyards. Handling and distribution of granular baits is simpler and more
efficient than liquid baits that must be contained within bait stations. Additionally, Argentine ant nests are
typically multiple and widely dispersed throughout agricultural ecosystems in the spring, summer, and fall
(Markin, 1970) so multiple point-sources make bait more accessible to all nests within an infested area (Boser et
al., 2014). Our results suggest that one of the baits, Seduce, which is formulated with a sugary attractant, has the
potential to control populations of Argentine ant, particularly early in the growing season (April and May). This is
also a critical period to control vine mealybug because early-season population control, while the fruit is
developing, can reduce pest pressure later in the season. Later-season vine mealybug populations are more likely
to cause economic damage by infesting and soiling the fruit, thus subjecting it to potential rejection by the
processor. In 2016 we will continue to evaluate these bait products.
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ABSTRACT
The vine mealybug, Planococcus ficus, has become one of the more important insect pests of California
vineyards. Insecticides do not always provide complete control of the vine mealybug population under the bark of
the trunk or on the roots. Our first objective is to improve pre- and post-harvest insecticide application to control
this overwintering population. Our second objective is to develop temperature-based models to better predict the
spring emergence of the mealybug crawlers in order to better time spring foliar insecticide treatments. In the first
four months of this project we have made considerable progress towards our first objective, taking samples from
vineyards in Napa and Lodi-Woodbridge winegrapes and San Joaquin Valley table grapes, winegrapes, and raisin
grapes. At each site we have counted mealybug densities on the vine and taken vine samples (sections from the
leaf, cane, and trunk) to be analyzed for the presence of the insecticide spirotetramat and its enols. These samples
are being stored at -20 °C to be later processed by high performance liquid chromatography (HPLC) and gas
chromatography-mass spectrometry (MS-GC).

LAYPERSON SUMMARY
The vine mealybug, Planococcus ficus, has become one of the more important insect pests of California
vineyards, threatening economic production and sustainable practices in this multi-billion dollar state industry.
Researchers have improved biological and chemical controls, but this pest remains in vineyards and can quickly
build in numbers during the summer and damage the crop near harvest time. One reason that insecticides do not
provide complete control is that a portion of the vine mealybug population remains under the bark of the trunk or
on the roots and emerges from this refuge in the spring and summer. Our first objective is to improve pre- and
post-harvest insecticide application to control this overwintering population. Our second objective is to develop
temperature-based models to better predict the spring emergence of the mealybug crawlers in order to better time
spring foliar insecticide treatments. In the first four months of this project we have made considerable progress
towards our first objective, taking samples from vineyards in Napa and Lodi-Woodbridge winegrapes and San
Joaquin Valley table grapes, winegrapes, and raisin grapes. At each site we have counted mealybug densities on
the vine and taken vine samples (sections from the leaf, cane, and trunk) to be analyzed for the presence of the
insecticide spirotetramat and its enols. These samples are being stored at -20 °C to be later processed by high
performance liquid chromatography (HPLC) and gas chromatography-mass spectrometry (MS-GC).

INTRODUCTION
The vine mealybug, Planococcus ficus, has become one of the more important insect pests of California
vineyards, threatening economic production and sustainable practices in this multi-billion dollar state commodity.
Insecticides are the primary control tool for vine mealybug (Daane et al., 2006; Prabhaker et al., 2012; Daane et
al., 2013; Bentley et al., 2014), especially when grapevine leafroll diseases (GLDs) are a concern (Daane et al.,
2012). The vine mealybug population is primarily on the trunk and upper root zone near the soil line during the
winter and early spring (Daane et al., 2013). This population has a refuge from natural enemies (Daane et al.,
2008; Gutierrez et al., 2008) and can be the most difficult to control with insecticide applications (Daane, pers.
observation). Moreover, mealybugs can remain on even the remnant pieces of vine roots after vineyard removal,
hosting both pathogens and the mealybug (Bell et al., 2009).

A delayed dormant (typically in February) application of chlorpyrifos (Lorsban®) was the standard post-harvest
or pre-season control (Daane et al., 2006), but more recent work suggests that a post-harvest application of
spirotetramat (Movento®) provides equal or better control in some regions of the state (Haviland, pers. comm.).
Still, effectiveness will depend on application timing, soil moisture, vine condition and age and commodity (for
example, post-harvest application timing). Our objectives are to improve pre- or post-harvest controls that target
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the winter-spring vine mealybug population and to better determine the spring emergence of vine mealybug
crawlers in order to better time foliar applications.

Researchers have developed relatively good controls that target exposed vine mealybugs (i.e., those on the leaves
or canes). However, controlling the more protected mealybug population found under the bark of the trunk or on
the roots has been more difficult, both for biological controls and insecticides. The application of insecticides with
systemic action has helped control this protected population, but their proper use appears to vary among vineyards
and regions. Work in Kern County has helped provide guidelines for insecticide use in table grapes in this region
(Castle, Haviland, and Prabhaker, unpubl. data). However, similar studies in the central San Joaquin Valley and
north coast winegrapes should also be conducted. Typically, vineyards with mealybug damage have large over-
wintering populations that are never fully regulated, and annually are the source for new generations throughout
the summer that infest leaves and fruit of that vineyard and can disperse to other vineyards. Therefore it is critical
to develop better control programs for this overwintering population.

Our proposed work will improve pre- and post-harvest systemic insecticide treatments and produce vine
mealybug temperature development models that will better predict emergence of crawlers from these protected
locations in order to time foliar insecticide treatments. This information will be disseminated to farmers, pest
control advisors, and extension personnel, thereby having a practical, direct, and immediate impact on insecticide
application methods. Because these are straightforward and applied objectives, we foresee the insecticide trials
conducted in the two-year timeframe and the temperature model developed in the first year and field validated in
the second year of the proposed project. If these results suggest other variables significantly impact insecticide
effectiveness than these will be tested in a future proposal.

OBJECTIVES
The proposal seeks to develop better controls for the overwintering vine mealybug population found primarily
under the bark of the trunk or on the roots at the soil line.

1. Investigate population dynamics and controls for overwintering vine mealybugs.
2. Determine the temperature relationship of vine mealybug and grape mealybug to better predict

spring emergence and spray timing.

RESULTS AND DISCUSSION
Objective 1. Insecticide controls for the vine mealybug.
Commercial vineyards were selected in the central San Joaquin Valley (Fresno County) with four vineyard blocks
near Fresno (one Thompson Seedless raisin grapes, one Crimson Seedless table grapes, and two Thompson
Seedless table grapes); the Lodi-Woodbridge winegrape region (San Joaquin County) with three vineyards near
Lodi (one Cabernet Sauvignon, one Pinot Noir, and one Chardonnay); and North Coast winegrape region (Napa
County) with two vineyards at a site in the Carneros region of Napa (one Pinot Noir and one Chardonnay). We are
also sampling numerous ‘experimental’ vineyard blocks at the Kearney Agricultural Research and Extension
(KARE) Center that represent wine and table grape blocks undergoing studies for nitrogen, irrigation, and
winegrape cultivars. In the first year the important aspect is to find different types of vineyards and apply the
same treatments to better determine treatment effects across different vineyard ecosystems and management
practices.

The treatment is different Movento application timings, as measured by calendar date as well as by weeks before
or after harvest (Movento has a seven-day pre-harvest-interval). We applied Movento at the label rate and
determined the percentage kill of mealybugs on different sections of the vine during the fall (completed), spring,
and winter. A standardized application method will be used across all vineyards so that surfactant and application
rate will not be an influence.

As this study has just begun we are currently only looking at the standard (spring-summer) treatment. There will
be one to two pre-harvest applications and one to two post-harvest application timing treatments.

At each site, there are 10-15 replicates (individual vines) per treatment per vineyard, with treatments placed in a
complete randomized design. Pre-treatment mealybug counts were taken using a time count (Geiger and Daane,
2001). In brief, on each sampled vine, an experienced sampler searched for mealybugs for a three-minute period.
The areas of the vine searched change with the seasonal movement of the mealybug population (i.e., during the
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winter the roots and lower trunk sections are the most likely regions to find vine mealybug). The pre-treatment
mealybug density will then be used to block treatments against density because vineyard mealybug populations
can be clumped.

Post treatment effects will be measured with winter, spring, and mid-summer three-minute timed counts. Because
timed counts can be biased based on where on the vine the sampler finds mealybugs, data will also be analyzed
for per capita changes in density on each section of the vine sampled (i.e., trunk vs. leaves). We have just
completed a measurement of economic damage on five clusters on each vine using a zero to three scale: zero
means no mealybug damage, one means honeydew present but the bunch is salvageable, two means honeydew
and mealybugs present but at least part of the bunch is salvageable, and three means a total loss.

The data are still being entered (harvest evaluations are ongoing). All data will first be screened for normality and
equal variance, and transformed accordingly. Analysis of variance (ANOVA), linear regression, and correlation
analyses will be used to compare mealybug density between treatments. For fruit damage ratings the treatment
effects were compared using contingency tables; for all experiments with three or more treatments, pairwise
comparisons (treatment × damage ratings) were made for all possible treatment combinations, with an
experiment-wide error rate at alpha = 0.05/n, where n is the number of possible pairwise comparisons.

The most time-consuming aspect has been the collection of tissue samples on different parts of each treatment
vine. These samples will be analyzed for the amount of spirotetramat and its enol(s), as an indication of the
movement of the insecticide to different parts of the vine. Since July 2015, approximately 5,000 tissue samples
had been collected. Every sample is individually identified and stored at -18°C. Five portions of the vine were
sampled for living tissue: leaves and petiole, trunk above and below the girdle, cane, and arm. If girdle is not
applicable, a bottom and middle part of the trunk was taken. If arm was not applicable, an upper part of the trunk
was taken.

Currently we are in the initial steps of analyzing the samples using the high performance liquid chromatography
(HPLC) methodology. In order to calculate the concentration of spirotetramat and its enol present in each sample,
the sample should be prepared following the "Quick, Easy, Cheap, Effective, Rugged, and Safe" (QuEChERS)
extraction protocol. Following this protocol, we noticed that spirotetramat (SPTA) and the enol form eluted at 27
and six minutes, respectively (Figure 1). As predicted, in the samples that have been analyzed until the present,
SPTA enol did elute at six minutes (Figure 2).

Figure 1. Spirotetramat enol (SPTA-enol) is eluted at 6.14 min and the parent compound, spirotetramat
(SPTA) at 27 minutes.
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Figure 2. Example of one sample showing a spirotetramat enol peak that eluted at 6.14 minutes.

At this time, treatment vines at all sites have been sampled for vine mealybug, at least once and sometimes twice,
and additional treatments of Movento have been applied for the pre-harvest treatments, with the exception of
some blocks in Fresno and Napa that are still being harvested.

Taking into consideration all the samples areas, approximately 530 vines have been sample for live tissue,
mealybug counts, and for cluster evaluation. Together, the treated vineyards include several factors that could be
affecting the pesticide efficiency:

 Age of vineyards: 6- to 25-year-old vines
 Irrigation type: drip vs. flood
 Type of vines:

o Table grapes (Crimson, Thompson)
o Raisin grapes (Selma Pete, Thompson)
o Winegrapes (Chardonnay, Pinot Noir, Cabernet Sauvignon, and multiple cultivars at KARE)

 Grafted vs. non-grafted
 Different rootstocks
 Presence of girdle
 Different pesticide application rates
 Geographical area
 Level of vine mealybug infestation and location on the vine

Mealybug counts and cluster evaluation data analyses are currently taking place.

Objective 2. Temperature development of vine mealybug.
Temperature development rates were previously determined for vine mealybug (Daane et al. unpublished), using
temperature cabinets with constant temperatures at 12, 15, 18, 21, 24, 27, 30 and 32°C. During winter and spring
2015, these temperature development data will be analyzed using linear and nonlinear population growth models
(Brière et al., 1999) to determine lower, optimal, and upper temperature thresholds. The information will be used
to develop temperature models (e.g., University of California Integrated Pest Management website) to help
determine crawler movement in spring (this is most important for the vine mealybug) and male flight periods (this
is most important for the grape mealybug).
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CONCLUSIONS
At this initial stage our study is on progress, with the summer-fall period used to select vineyards, collect tissue
samples, and learn the protocols to determine levels of spirotetramat and its enol in the vine tissue samples. We
selected sites in California’s north coast winegrape region, Lodi-Woodbridge winegrape region, and San Joaquin
Valley (Fresno County) vineyards and collected samples in two different periods: pre- and post-Movento applica-
tions. Additionally, we are also sampling numerous ‘experimental’ vineyard blocks at the Kearney Agricultural
Research and Extension Center that represent wine and table grape blocks undergoing studies for nitrogen,
irrigation, and winegrape cultivars. In the first year the important aspect is to find different types of vineyards and
apply the same treatments to better determine treatment effects across different vineyard ecosystems and
management practices.
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ABSTRACT
The Pierce’s disease research community has developed grapevines that exhibit novel and promising defenses
against Xylella fastidiosa (Xf) and have the potential to reduce crop damage from Pierce’s disease. Yet it remains
unknown if these novel defensive traits will increase or decrease the large-scale spread of Pierce’s disease within
and among vineyards, which is a critical dimension of sustainable disease management. We are conducting
transmission experiments with important insect vectors of Xf and using the data from these experiments to explore
pathogen spread using mathematical models. We are assessing the efficacy of defenses by comparing simulated
spread in defended and susceptible vineyards and using this data to inform vineyard managers of how to minimize
disease outbreaks across California.

LAYPERSON SUMMARY
The Pierce’s disease research community has developed grapevines that exhibit novel and promising defenses
against Xylella fastidiosa (Xf) and have the potential to reduce crop damage from Pierce’s disease. Yet it remains
unknown if these novel defensive traits will increase or decrease large-scale spread of Pierce’s disease within and
among vineyards, which is a critical dimension of sustainable disease management. We are conducting
transmission experiments with important insect vectors of Xf and using the data from these experiments to explore
pathogen spread using mathematical models. We are assessing the efficacy of defenses by comparing simulated
spread in defended and susceptible vineyards and using this data to inform vineyard managers of how to minimize
disease outbreaks across California. So far, our results suggest that the blue-green sharpshooter (Graphocephala
atropunctata), an important insect vector, is capable of acquiring and transmitting Xf from transgenic resistant
grapevines and conventional susceptible grapevines at similar rates.

INTRODUCTION
This proposal expands on previous work funded by this program to develop Pierce’s disease resistant grape lines.
Previous projects have successfully developed grapevine lines with promising traits conferring resistance against
Xylella fastidiosa (Xf), including plants expressing the rpfF gene, the PdR1 major locus, and the HxfB protein
(Meredith et al., 2000; Walker and Tenscher, 2014; Lindow et al., 2014). All these grape lines exhibit low
symptom severity when mechanically inoculated with Xf. We propose to expand upon previous work by testing
the potential of Pierce’s disease defended grapevine lines to reduce the spread of Xf using a multi-disciplinary
combination of transmission experiments and mathematical modeling. Using this approach and HxfB-producing
plants as a case study, we found that while HxfB plants are unlikely to eliminate Pierce’s disease in the field,
spread would nonetheless be significantly reduced. Further study will allow us to assess the impacts of these
reductions on large-scale and long-term Pierce’s disease spread in resistant grape lines.

OBJECTIVES
The overall goal of this project is to assess the potential for novel defensive traits in grapevine lines to reduce the
transmission of Xf by insect vectors and the prevalence of Pierce’s disease within and among heterogeneous
vineyards. We will assess Pierce’s disease epidemiology in two defended lines: transgenic grapevine lines
expressing the rpfF gene (Lindow et al., 2014) and conventionally bred grapevine lines with the PdR1 dominant
locus (Walker and Tenscher, 2014). The research consists of three specific objectives:
1. Estimate transmission of Xf and vector feeding behavior on novel Pierce’s disease defended grapevine lines.
2. Assess large-scale and long-term Pierce’s disease prevalence in defended grapevine vineyards.
3. Inform vineyard managers on the efficacy of novel Pierce’s disease defenses.
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RESULTS AND DISCUSSION
Objective 1. Estimate transmission of Xf and vector feeding behavior on novel Pierce’s disease-defended
grapevine lines.
As reported in our July 2016 Interim Progress Report, we are investigating the influence of the PdR1 major locus
on vector feeding behavior and transmission. Sharpshooter vectors, when given a choice, avoid feeding on
Pierce’s disease symptomatic plants. We are using measures of preference and transmission rates of the blue-
green sharpshooter (Graphocephala atropunctata; BGSS) to understand the progression of infectiousness, disease
symptoms, and ultimately transmission rates between PdR1 resistant plants and near-isogenic susceptible plants.

We inoculated “resistant” plants that expressed the PdR1 allele and “susceptible” plants that were near-isogenic
but did not have the PdR1 resistance allele. We then placed eight Xf-free BGSS in a cage with two plants to
choose from: an Xf-free susceptible test plant and an Xf-infected source plant either of the resistant or susceptible
genotype. We included eight replicates of each of the two treatments and repeated the experiment three weeks,
eight weeks, and 12 weeks after inoculating the source plants. We recorded which plant the vectors were feeding
on at regular intervals over an eight-day period, estimated Xf populations in the source plants, and assessed
Pierce’s disease symptoms in the source plants. We are currently also assessing the infection status of the test
plants and estimating Xf populations in the vectors.

Xf populations in the source plants increased over time and increased much more dramatically in the susceptible
plants than in the resistant plants (Figure 1A). Mean Xf population did not differ significantly between grape
genotypes over all sampling periods (t = -0.64, P = 0.523) and nor were populations among sampling periods
significantly different (t = 0.47, P = 0.638). However, the interaction between genotype and sampling period was
significant (t = 2.52, P = 0.015); populations increased over time significantly more in the susceptible plants than
in the resistant plants (Figure 1A).

Similarly, there was no statistically significant difference in the proportion of vectors feeding on the infected
resistant plants compared to the infected susceptible plants (t = 0.96, P = 0.344), and the difference between
sampling periods was only marginally significant (t = 1.71, P = 0.094). However, the interaction between
sampling period and genotype was once again significant (t = -2.15, P = 0.0367). Early after inoculation, vectors
showed similar feeding preference for the inoculated resistant and susceptible source plants (Figure 1B). Then,
later as the infection progressed, vectors showed a significantly greater preference for resistant infected plants
compared to susceptible infected plants (Figure 1B). Importantly, the proportion of vectors feeding on any of the
source plants was not significantly different than 0.5, indicating that they did not show a significant preference or
avoidance of the source plants relative to the Xf-free test plants (statistics not shown). As we finish collecting
data, we will be analyzing whether the populations in the source plants and any differences in vector feeding
preference influence acquisition and transmission rates.

We are also investigating the transmission biology of diffusible signal factor (DSF)-producing rpfF transgenic
grapevines with the glassy-winged sharpshooter (Homalodisca vitripennis; GWSS). We caged four GWSS adults
individually on Xf-inoculated rpfF and conventional wild-type plants for a four-day acquisition access period
(AAP); we then allowed them to feed on a wild-type plant for a four-day inoculation access period (IAP). The
four vectors were caged on different plant tissues (stem, petiole) and at differing distances from the point of
inoculation: near the point of inoculation (< 45 cm up the stem), and far from the point of inoculation (> 45 cm up
the stem) in a paired-factorial design. We will be estimating the populations of Xf in the vectors and the infection
status of test plants. In the meantime, we have estimated populations of Xf in the source plant tissues from which
vectors fed.

Mean Xf populations were similar across grape genotypes, plant tissues, and distance from point of inoculation
(Figure 2). There were no statistically significant differences in the population sizes across experimental factors
or interactions (results not shown). We will be analyzing whether the similarity in source plant populations
resulted in similar acquisition and transmission rates from our different experimental factors.

Objective 2. Assess large-scale and long-term Pierce’s disease prevalence in defended grape vineyards.
As described in our previous report, our work to develop spatially-explicit epidemic models is ongoing. Based on
previous results, we are focusing our modeling efforts on the interactive effects of spatial distribution of Xf and
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vector feeding preference based on plant infection status. We are leveraging the modeling approaches of Webb et
al. (2007) and Chiyaka et al. (2012) to model within- and among-plant pathogen distribution, and the approach of
Zeilinger and Daugherty (2014) to model vector feeding preference. Model development is still in progress.

Objective 3. Inform vineyard managers on the efficacy of novel Pierce’s disease defenses.
We will begin work on objective 3 when we have more results from objectives 1 and 2.

Figure 1. Preliminary results from PdR1 vector transmission and preference trials. (A) Mean Xf populations
in petioles of source plants of either the resistant (R, solid line) or susceptible (S, dashed line) genotype. (B)
Percent of vectors found on source plants of either the resistant (R, solid line) or susceptible (S, dashed line).
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Figure 2. Mean populations of Xf in source plants of either DSF-producing transgenic (FT) or conventional
wild-type (FW) genotypes. Cages with vectors were placed on either stems or petioles and either near (< 45
cm) or far (> 45 cm) from the point of inoculation. Error bars represent SEM.
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ABSTRACT
Pierce’s disease of grapevine has reemerged in Napa and Sonoma counties, where disease incidence has been
much higher than usual and the distribution of sick vines within vineyards often does not fall within expectations.
These field observations taken together with the very high number of vineyards affected in the region indicate that
a Pierce’s disease epidemic is emerging. The goal of this project is to determine what factors are driving this
epidemic, so that ecology-based disease management strategies can be devised and immediately implemented, as
was successfully done in the past when disease drivers appear to have been different.

LAYPERSON SUMMARY
A Pierce’s disease epidemic is emerging in Napa and Sonoma counties. Very high Pierce’s disease prevalence is
being reported throughout the region, with a large number of stakeholders reaching out to University of California
Cooperative Extension Farm Advisors. In summer 2015, the project team held a series of joint meetings / field
visits with the Farm Advisors. Two observations have been made that raised our concern about the problem. First,
the prevalence of Pierce’s disease in the North Coast is usually below 1-2% per vineyard, but several vineyards
visited had over 25% of vines symptomatic. Second, historically Pierce’s disease is closely associated with
riparian zones in the North Coast, but we have visited several vineyards where Pierce’s disease does not appear to
be associated with riparian zones. We have observed these greater rates of disease incidence and dissociation from
riparian areas throughout Napa and Sonoma counties; they are not district specific. The goal of this project is to
determine what factors are driving this epidemic, so that ecology-based disease management strategies can be
devised and immediately implemented, as was successfully done in the past when disease drivers appear to have
been different.

OBJECTIVES
We objectives of this project are necessarily intertwined, but are described here independently so that aims and
expectations are more clearly described in the methods section.
1. Conduct vector, pathogen, and host community surveys to inform the development of a quantitative model to

assess future Pierce’s disease risk and develop integrated management strategies.
2. Investigate Xylella fastidiosa (Xf) colonization of grapevines and the role of overwinter recovery in Pierce’s

disease epidemiology.
3. Determine the role of spittlebug insects as vectors of Xf.
4. Data mine and disseminate existing information on vector ecology, vegetation management, and efficacy of

pruning.
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5. Develop a larger extension and outreach footprint with additional seminars, extended interviews made
available on the web, and an update to the Xf website, the main online resource for Pierce’s disease
information.

RESULTS AND DISCUSSION
A previous report provided a summary of activities for each objective. Here we focus on the activities part of
objective 1, the main component of this project.

Sixteen vineyard blocks in Napa County and 16 vineyard blocks in Sonoma County were selected as study sites
(Table 1; total of 138 acres). Beginning in late February 2016, yellow sticky traps were deployed in either a
transect or grid pattern in each study block such that between four and 12 traps were deployed at each location. In
addition, between one and three vegetation traps were deployed at each location adjacent to the putative source of
blue-green sharpshooters (Graphocephala atropunctata; BGSS; mostly riparian vegetation). Insect vectors were
also monitored with the use of insect sweep nets; sweeping of the vine canopies and vegetation between the vine
rows (middles) began in August and continued every two weeks. BGSS were collected from the canopy and green
(Draeculacephala minerva) and red-headed (Xyphon fulgida) sharpshooters from grasses in the middles. Traps
were checked every 14 days, and presence of vectors (mainly BGSS) was recorded.

Beginning in late August and continuing through mid-September 2016, the incidence of Pierce’s disease was
recorded for each vine in all study blocks. Disease incidence was based on the occurrence of a combination of the
common visual symptoms of Pierce’s disease, including leaf scorching, uneven lignification of shoots, matchstick
petioles, and stunted growth (Figure 1). Two hundred samples were collected from Napa and Sonoma valleys,
respectively (n = 400), to correlate visual assignment of vines as Pierce’s disease-positive with Xf PCR-based
detection in the laboratory (ongoing). Researchers walked every row of each block and recorded the incidence of
Pierce’s disease symptoms for individual vines on vineyard block maps. These maps were generated using
Geographic Information Systems (GIS) to digitize a matrix of points in a spatial environment, where each point
represents a vine in its exact geographic location. A customized geoprocessing tool was created to generate
detailed vine-by-vine GIS files with accurate row and vine spacing. Based on the inputs, the tool generates a new
GIS point shapefile representing vine locations within a vineyard block. Data on disease incidence was recorded
in the vineyard on these maps. Once digitized, the georeferenced data on Pierce’s disease incidence and trap
captures of BGSS (similar to sample map, Figure 2) will be subjected to spatial statistics.

Figure 1. Common visual symptoms of Pierce’s disease include stunting, uneven lignification of shoots,
leaf scorching, and “matchstick” petioles. Photos courtesy D. Fletcher
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Table 1. Description of study sites.

County Vineyard Variety Rootstock Planting date Size
(acres)

Napa

CL Merlot 101-14 1997 3.03
CV Cabernet Franc 3309C 1999 6.37
C Cabernet Sauvignon 3309C, St. George 2004, 2005 7.44

DC Cabernet Sauvignon 110R 2000 1.92
E2 Petit Verdot 110R 2004 0.89
E3 Cabernet Sauvignon 101-14 2004 2.84
F Cabernet Sauvignon O39-16 2014 9.07
I Cabernet Franc O39-16 2002 2.5

JP Cabernet Sauvignon 101-14 2004 4.88
RJ Chardonnay 101-14 2000 4.6
R Malbec 420A 2004 1.69

SF Cabernet Sauvignon Riparia Gloire, 420A,
101-14, 3309C

2000, 1994,
1993, 1990 7.33

S Cabernet Sauvignon 3309C, 1103P, 110R 1991, 1993 4.42
T Chardonnay 1103P 2008 2.6
V Cabernet Sauvignon 101-14 2013 5

WH Chardonnay 101-14 2010 5

Sonoma

1 Chardonnay 5C 1998 5.1
2 Chardonnay 039-16 2011 5.45
3 Zinfandel 110R 2001 1.1
4 Zinfandel 039-16,110R NA 4.3
5 Chardonnay 1103P 2001 3.8
6 Gruner Veltliner 101-14 NA 4.93
7 Merlot, Cabernet Sauvignon NA NA 5.8
8 Pinot Noir 101-14 3.97
9 Merlot 5C 1996 3.8

10 Chardonnay 5C 2001 7.5
11 Malbec 039-16 2008 4.25
12 Chardonnay 3309C 2008 2.25

13 Chardonnay AXR, 5C 1986, 1992,
1993, 1994 5.0

14 Chardonnay 101-14 2003 4.2
15 Chardonnay 101-14 2003, 2005 4.1
16 Chardonnay S04 2007 2.8

Plant communities adjacent to surveyed vineyard blocks
To test the hypothesis that vegetation composition of the areas surrounding vineyards may be influencing the
abundance of Xf vectors (sharpshooters and spittlebugs) and the prevalence of Pierce’s disease in the vineyards,
we designed the following protocol. We surveyed the species richness and relative abundance of all vascular
plants found at each vineyard site (N = 32 sites) in Napa and Sonoma counties. Each site included one to three
lines of insect traps extending from the center of the vineyard towards the edges. Our vegetation surveys extended
these lines for 50 meters in the same cardinal direction, sampling the vegetation in the bordering areas
surrounding the vineyards. In most cases these areas were riparian communities with mixes of native and non-
native vegetation; however, in some cases these areas were cleared or managed lands with plantings. In total, we
surveyed 71 geo-referenced 50-meter transects at the 32 sites (one to three transects per site), and sampled a total
of 154 different vascular plant species. Our objective was to characterize the vegetation structure as well as
sample the plant diversity at each vineyard, so we sampled ground cover as well as all woody stems greater than
one cm in diameter. For ground cover, we calculated the percent cover of different species of herbs, grasses,
woody stems, and bare ground for two meters x 50 meters (0.01 hectare) in each transect. For woody stems, we
counted and identified each stem greater than one cm in diameter in the same two meter x 50 meter area as the
groundcover transect. For large trees, we counted and identified each stem greater than 10 cm in diameter for 10
meters x 50 meters (0. 1 hectare) in each transect. In total, we counted and identified 3,935 stems > 1 cm < 10 cm,
and 1,208 trees greater than 10 cm in diameter. We will use this vegetation structure data, percent cover data, and
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species composition and relative abundance data to correlate with the insect trap vector relative abundance and Xf
prevalence data when it is available.

Figure 2. Sample map for Napa-block I showing georeferenced vineyard and vegetation trap locations and
Pierce’s disease incidence (2015).

Blue-green sharpshooter monitoring.
So far this season, the BGSS monitoring program indicates vector populations in vineyards are low. For example,
although the grower-generated monitoring data showed up to an average of two BGSS per trap in late April,
approximately 70% of vineyard block censuses found no BGSS on that date (Figure 3A). The researcher-
generated monitoring data showed similarly low BGSS densities, with the highest densities primarily in some
Sonoma County vineyard blocks between the end of March and mid-May, but with most vineyard censuses
finding no BGSS on that date (Figure 3B).
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Figure 3. Number of BGSS caught over spring 2016 in parallel trapping programs (A) conducted
by grape growers in two regions of Napa County, and (B) by researchers (our team) at sites
throughout Napa and Sonoma counties.

Climatic effects on disease incidence
As a first step towards understanding whether climatic conditions in recent years have contributed to the ongoing
Pierce’s disease resurgence in the North Coast, we have started to compare recent versus historic climate data.
Thus far we have collated climate data from more than a dozen weather stations in the region, with some having
temperature data going back more than 70 years.

All else being equal, a lack of cold conditions over the winter and early spring should contribute to Pierce’s
disease incidence by reducing the fraction of vines recovering from infection. To address this prediction, we’ve
started to compare two metrics of dormant season climate – the mean daily minimum temperature, and the
number of days where minimum temperatures were below 40 ºF – for recent seasons compared to historic values.
Thus far, for two sites in Napa and Sonoma counties (i.e., Oakville and Healdsburg, respectively), temperature
data over the previous five seasons do not stand out as being warm by historic standards. Indeed, two to three of

(A)

(B)
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the previous five seasons have somewhat higher numbers of cold days (i.e., <40 ºF) and lower mean minimum
temperatures compared to historic averages.

Figure 4. Comparison of (A) daily minimum temperature and (B) number days with minimum temperatures below
40ºF over the dormant season (October to April) for the last 30 years at two sites in Napa and Sonoma counties.

CONCLUSIONS
There are no conclusions at this stage.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.

(A) (B)
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Reporting Period: The results reported here are from work conducted August 2016 to October 2016.

ABSTRACT
Previous research showed that Xylella fastidiosa (Xf) has a chitinase (ChiA) which is required for sharpshooter
vector colonization, transmission to plants, and plant colonization. The goals of this project are to understand the
function(s) of ChiA so that it can be exploited as a tool for control of Pierce’s disease by disrupting Xf interactions
with both plant and insect hosts. This report summarizes recent efforts aimed at experimentally determining
carbon sources that can be used by Xf in this context; previous reports discussed other aspects of the project.

LAYPERSON SUMMARY
The previously identified Xylella fastidiosa (Xf) chitinase (ChiA) represents a unique opportunity to try to disrupt
Xf interactions with both insect and plant hosts as well as sharpshooter transmission, because all of these
processes are affected in the mutant strain that does not have this enzyme. The goal of this project is to better
understand how ChiA impacts plant and insect colonization so that it can be exploited to limit Pierce’s disease
spread.

OBJECTIVES
This project has three objectives:
1. Identify Xf proteins or protein complexes that bind to ChiA and are required for its activity.
2. Screen potential substrates cleaved by ChiA.
3. Functionally demonstrate the role of ChiA partners during insect and plant colonization.

Efforts during the report period focused on experimentally determining ChiA substrates in plants.

RESULTS AND DISCUSSION
Chitinase substrates.
Three different media containing 1.5 g/L K2HPO4, 1g/L KH2PO4, 1g/L MgSO4-7H2O, 10 mL/L of a 0.2%
phenol red solution, 10 mL/L of a Hemin chloride (0.1% in 0.05% NaOH) solution, 10g/L of gelrite, 3g/L of
BSA, and 0.2% of methylcellulose or xylan from oat spelts or 0.1% of pectin from apple were prepared. Eight
10 μL droplets of the wild-type, chitinase mutant, or the chitinase complemented strain (OD600 = 1.4 - 1.5) were
spotted on each medium. After six days of incubation at 28 °C the cellulose and xylan plates were flooded with
1 mg/mL of Congo red for 15 min. The Congo red was then poured off and a solution containing 1M NaCl was
added for an additional 15 min. 1 M HCl was finally poured on the plates for longer visualization of the
hydrolysis zone (Teather et al., 1982). The pectin plates were flooded with 1% cetrimide solution for three days
after a six-day incubation at 28 °C (Beg et al., 2000). The experiment was repeated three times per medium and
per strain. Halos were observed for the wild-type, the chitinase mutant, and the chitinase complemented strains for
the three different plant polysaccharides (cellulose, xylan and pectin) tested (Figure 1).
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Figure 1. From left to right, test of the ability of the wild-type strain, the ChiA mutant strain, and the ChiA
complemented strain to degrade cellulose (above) and xylan (below). The pictures were taken after Congo red
staining.

CONCLUSIONS
Earlier research has identified a series of new carbon sources that may be utilized by Xf. Efforts are now focusing
on experimentally confirming these results. Some appear to not be used as carbon sources by the chiA mutant
strain. The results presented here are examples of ongoing research addressing this question.

REFERENCES CITED
Teather RM, and Wood PJ. 1982. Use of Congo red-polysaccharide interactions in enumeration and

characterization of cellulolytic bacteria from the bovine rumen. Applied and Environmental Microbiology 43:
777-780.

Beg QK, Bhushan B, Kapoor M, and Hoondal GS. 2000. Production and characterization of thermostable
xylanase and pectinase from Streptomyces sp. QG-11-3. Journal of Industrial Microbiology and
Biotechnology 24(6): 396-402.
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ABSTRACT
Xylella fastidiosa (Xf) is a serious pathogen that infects a number of important crops including citrus, almonds,
and coffee. The Xf Temecula strain infects grapevines and induces Pierce’s disease (PD). In efforts to understand
infection better, we deleted the Xf PD1311 gene encoding a putative acyl CoA synthetase, which is a class of
enzymes involved in many different processes including secondary metabolite production. We discovered that Xf
deleted of this gene is avirulent. Given the critical role of PD1311 in Pierce’s disease development, we are
determining its role in virulence. We have evidence that the PD1311 strain may suppress disease when applied
prior to a virulent strain and thereby acting as a biocontrol for management of Pierce’s disease, as it significantly
reduces the symptoms when inoculated prior to wild-type Xf Temecula 1 (TM1).

LAYPERSON SUMMARY
We discovered that deleting the Xylella fastidiosa (Xf) Temecula 1 gene, PD1311, results in a strain that does not
induce Pierce’s disease. We are conducting research to determine how PD1311 plays such a central role in
symptom development. Given the agricultural importance of Pierce’s disease, it is critical to understand how
PD1311 exerts its effects. Additionally, we have evidence that the strain deleted for PD1311 may suppress disease
and function as a biocontrol. When inoculated prior to wild-type Xf, disease incidence was significantly lower.
Since the options for managing Pierce’s disease are limited, developing alternative control strategies to be
integrated into existing ones is critically important. Together the results from these aims will expand our
understanding of Pierce’s disease and provide information in relation to preventing disease.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram-negative, xylem-limited bacterium that causes Pierce’s disease of grapevines
(Chatterjee et al., 2008). Xf is transmitted to plants by insect vectors and once in the xylem, Xf is postulated to
migrate, aggregate, and form biofilm that clogs the vessels leading to Pierce’s disease. Recently, secreted toxins
and effectors have been identified as also playing roles in Pierce’s disease development (Matsumoto et al., 2012;
Nasci et al., 2014; Nascimento et al., 2016; Zhang et al., 2015). We, and others, have studied Xf proteins and
genetic mechanisms involved in these steps (Guilhabert and Kirkpatrick, 2005; Meng et al., 2005; Feil et al.,
2007; Li et al., 2007; Shi et al., 2007; da Silva Neto et al., 2008; Cursino et al., 2009; Cursino et al., 2011; Cursino
et al., 2015) with the goal of better understanding Pierce’s disease virulence and for development of prevention
strategies.

We deleted the Xf PD1311 gene (ΔPD1311), a putative acyl-CoA synthetase (ACS), as we were interested in
genes potentially involved in secondary metabolite production. ACSs catalyze long-chain fatty acyl-CoAs (Black
et al., 1992) and are involved in numerous processes including pathogenicity (Barber et al., 1997). We recently
published this work, which includes showing it as having potential function as a biocontrol (Hao et al., 2016).

We found that PD1311 is a functional enzyme that has the conserved domains found in acyl-coA synthetase (data
not shown), and that ΔPD1311 grows in PD2 and Vitis vinifera sap (Figure 1) (Hao et al., 2016). Additionally,
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motility, aggregation, and biofilm production are key behaviors of Xf that are associated with Pierce’s disease
(Chatterjee et al., 2008). The ΔPD1311 strain is reduced in type IV pili-mediated motility on periwinkle wilt (PW)
plates minus bovine serum albumin (BSA) and is non-motile on sap agar (Figure 2) (Hao et al., 2016). In
comparison to TM1, ΔPD1311 is reduced in aggregation and biofilm production. Therefore, we hypothesized that
ΔPD1311 is less virulent in plants, as mutants with similar phenotypes have been shown to have reduced
virulence or be avirulent (Cursino et al., 2009; Cursino et al., 2011; Guilhabert and Kirkpatrick, 2005; Killiny et
al., 2013). We found that ΔPD1311 was avirulent and showed no Pierce’s disease, even at 24 weeks post-
inoculation (Figure 3).

Figure 1. ∆PD1311 growth and survival in grape sap. Shown
are growth curves of TM1 (solid line, square), ∆PD1311
(dotted line, triangle), and C-∆PD1311 (dashed line, circle) in
PD2 broth (A) and 100% Chardonnay sap (B). Six replicates
were included for each experiment and the assays were
repeated three times. Error bars represent standard deviations.
Three replicates were included for each experiment and the
assay was repeated twice. TM1 = wild-type Xf Temecula 1,
∆PD1311 = Xf Temecula 1 deleted of the PD1311 gene, C-
∆PD1311 = ∆PD1311 complement strain.

The weakly virulent Xf elderberry strain EB92-1 has been studied as a potential Pierce’s disease biological control
(Hopkins, 2005; Hopkins, 2012). Other approaches towards controlling Pierce’s disease include resistant and
scion varieties (Cousins and Goolsby, 2011; Walker, 2015) and transgenic vines (Dandekar, 2014; Gilchrist et al.,

Figure 2. ∆PD1311 was defective in motility,
aggregation, and biofilm. A) Representative images of
colony fringes of TM1, ∆PD1311, and C-∆PD1311on
PW-BSA plates at day 1 (top) and 8 (bottom) post-
inoculation (p.i.). B) Mean percentage of aggregation
and (C) biofilm quantification of wild-type, ∆PD1311,
and C-∆PD1311 strain in PD2 broth 5 d.p.i. Error bars
represent standard error. Twenty-four replicates were
included for each experiment and the assay was
repeated three times. * represents a significant
difference of p<0.01. TM1 = wild-type Xf Temecula 1,
∆PD1311 = Xf Temecula 1 deleted of the PD1311 gene,
and C-∆PD1311 = ∆PD1311 complement strain.
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2014; Gilchrist and Lincoln, 2014; Kirkpatrick, 2014; Lindow, 2014; Powell and Labavitch, 2014). However,
continued research of Pierce’s disease controls is warranted. We had results that ΔPD1311 lowers the incidence of
wild-type-induced Pierce’s disease. Given the avirulent phenotype of ΔPD1311 and its ability to limit wild-type
induced Pierce’s disease, this strain provides new potential for a commercialized biological control.

Figure 3. ∆PD1311 is avirulent on grapevines. Shown are weekly mean disease ratings of vines inoculated with
TM1 (solid line with squares), ∆PD1311 (triangles), C-∆PD1311 (open circles), and buffer (dotted line on x-axis)
respectively. Error bars represent standard errors. Ten plants were included for each experiment and the assay was
repeated twice. * represents a significant difference of p<0.01. TM1 = wild-type Xf Temecula 1, ∆PD1311 = Xf
Temecula 1 deleted of the PD1311 gene, C-∆PD1311 = ∆PD1311 complement strain.

OBJECTIVES
The overall goal is to optimize PD1311 as a biological control for Pierce’s disease and to understand the
mechanisms of disease inhibition that will facilitate future application.
1. Examine aspects of the PD1311 Temecula strain as a biological control of Pierce’s disease.

a. Optimize application timing and conditions for the PD1311 strain.
b. Determine if overwintered PD1311-inoculated plants maintain Pierce’s disease resistance.
c. Explore leafhopper transmission of the PD1311 strain.
d. Develop a clean deletion strain of PD1311 that would be suitable for commercialization.

2. Determine the function of the PD1311 protein and the mechanism by which PD1311 acts as a biological
control.
a. Elucidate the role of the PD1311 protein.
b. Examine the impact of the PD1311 strain on wild-type Xf in vitro and in planta.

RESULTS AND DISCUSSION
Objective 1. Examine aspects of the PD1311 Temecula strain as a biological control of Pierce’s disease.
Objective 1a. Optimize application timing and conditions for the PD1311 strain.
To examine if the Xf ΔPD1311 Temecula 1 strain could act as a potential biocontrol, we inoculated V. vinifera cv.
Cabernet Sauvignon vines per standard procedures (Cursino et al., 2011) and recorded development of Pierce’s
disease using the five-scale assessment (Guilhabert and Kirkpatrick, 2005). We created three different inoculation
conditions: i) TM1 after a two-week pre-treatment with ΔPD1311 [following procedures used in Xf elderberry
EB92.1 strain biocontrol studies (Hopkins, 2005)], ii) TM1 and ΔPD1311 co-inoculated, and iii) controls (TM1-
only, ΔPD1311-only, buffer). We previously found that inoculating ΔPD1311 after a two-week pre-treatment
with TM1 did not limit Pierce’s disease (data not shown). Our controls included vines inoculated with TM1,



   
 

 

           
          

               
           

            
           
     

 
 

 
  

  

   
 

 

   

   

  
        
       

      
      

         
    

       

ΔPD1311, or buffer (Hopkins, 1984). Our results for 2015 indicated that pre-treatment with ΔPD1311 could 
inhibit Pierce’s disease in a significant proportion of TM1-inoculated vines, while co-inoculation does not alter 
disease development (Figure 4) (Hao et al., 2016). 

Figure 4. ∆PD1311 inoculation to grape prior to TM1 suppressed Pierce’s disease development. A) Weekly mean 
disease ratings of vines inoculated with TM1-only (triangles), TM1 and ∆PD1311 simultaneously (circles), 
∆PD1311 two weeks prior to TM1 (diamonds), ∆PD1311-only (squares), and buffer (x marks), respectively. Error 
bars represent standard errors. Ten plants were included for each experiment and the assay was repeated twice. 
B) Disease rating for each vine at 24 w.p.i. 1 = TM1-only, 2 = ∆PD1311-only, 3 = co-inoculation with TM1 and 
∆PD1311 simultaneously, 4 = ∆PD1311 two weeks before TM1, and 5 = buffer. TM1 = wild-type Xf Temecula 1, 
∆PD1311 = Xf Temecula 1 deleted of the PD1311 gene. 

Objective 1b. Determine if overwintered PD1311-inoculated plants maintain Pierce’s disease resistance. 
In 2014 we had V. vinifera plants infected with TM1 or PD1311 two weeks prior to TM1. These vines were cut 
back and placed in nursery storage for the 2015 winter. The plants were then grown in the greenhouse in Spring 
2015 to follow potential Pierce’s disease symptoms. Our preliminary findings showed that TM1 could overwinter 
and cause Pierce’s disease in the following year. Plants treated with PD1311 followed by TM1 did not show 
symptoms either year and ELISA did not detect Xf (TM1 or PD1311) in year 2 (Table 1). This data suggests that 
PD1311 protection may last overwintering. We are currently exploring whether biocontrol treatment in year 1 
protects against a fresh wild-type inoculation in year 2. If overwintering protection is found, this result would 
indicate that the PD1311 biocontrol may have long-lasting protection in the field. If symptoms do develop in 
year 2 in the PD1311-treated plants, this result will indicate that reapplication of the biocontrol will be necessary 
to maintain Pierce’s disease suppression. 

Table 1. Xf ELISA results overwintered plants.a 

Treatment Year 1b Symptoms 
Year 1c 

Symptoms 
Year 2 

0 cmd 30 cmd 150 cmd 

TM1f + 
+ +/1e +/1 +/1 

- -/3 -/3 -/3 

ΔPD1311 then TM1 - - -/2 -/2 -/2 
a Plants overwintered in cold storage between year 1 and 2. 
b Plants were given no further inoculations in year 2. 
c “+” = Pierce’s disease symptoms; “-“ = no Pierce’s disease symptoms. 
d Sample distance up from inoculation point in year 2. 
e “+”or “–“ indicated positive or negative for Xf, respectively / “number” is the number of plants tested 
by ELISA in year 2. 
f TM1 = wild-type Xf Temecula 1, ∆PD1311 = Xf Temecula 1 deleted of the PD1311 gene. 
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Objective 1c. Explore leafhopper transmission of the PD1311 strain.
Xylem-sap feeding leafhopper vectors transmit Xf from plant to plant (Chatterjee et al., 2008). The bacterium
utilizes adhesins, such as FimA, HxfA, and HxfB, to attach and form biofilms on insect foreguts, which then
become a source of inoculum for further disease spread (Killiny and Almeida, 2009; Killiny et al., 2010). Thus,
interaction with insects is a known key step for Xf to accomplish its life cycle. For development of ∆PD1311 as a
commercially viable biological control agent and for future field studies, it will be necessary to understand its
insect transmissibility. Because ∆PD1311 has reduced aggregation and biofilm (Figure 2), we hypothesize that
∆PD1311 is altered in its ability to be insect vectored. As an initial assay, we want to examine the adhesion of the
mutant strain to the hindwing of the leafhopper vector, as this assay has been found to mimic adhesion to the
foregut region owing to the similar chitinous nature of the cuticles (Killiny et al., 2010). We have preliminary data
to show that ∆PD1311 attached to insect wings at a level similar to the wild-type strain (Figure 5).

Objective 1d. Develop a clean deletion strain of PD1311 that would be suitable for commercialization.
PD1311 was created via site-specific recombination of a kanamycin cassette into the Xf chromosome
(Matsumoto et al., 2009; Shi et al., 2009). For commercial viability, the antibiotic marker needs to be removed
from the strain. Unlabeled Agrobacterium tumefaciens mutants have been created (Merritt et al., 2007), which
will be the first approach we attempt. We anticipate beginning this work after we complete data collection from
objective 1a to confirm the biological control function of PD1311 with optimized application conditions.

Figure 5. The ΔPD1311 strain attached to leafhopper hindwings similar to the wild-type strain. The attachment
assay was performed as described previously (Baccari et al., 2014). The experiment was performed once with eight
replicates included for each strain.

Objective 2. Determine the function of the PD1311 protein and the mechanism by which PD1311 acts as a
biological control.
Objective 2a. Elucidate the role of the PD1311 protein.
The Xf PD1311 gene has motifs suggesting it encodes an ACS protein (acyl- and aryl-CoA synthetase) (Chang et
al., 1997; Gulick, 2009). ACS metabolite intermediates are involved in -oxidation and phospholipid
biosynthesis, and ACS proteins have also been implicated in cell signaling (Korchak et al., 1994), protein
transportation (Glick and Rothman, 1987), protein acylation (Gordon et al., 1991), and enzyme activation (Lai et
al., 1993). Importantly, ACSs are involved in pathogenicity (Banchio and Gramajo, 2002; Barber et al., 1997;
Soto et al., 2002).

ACS proteins metabolize fatty acids through a two-step process to form a fatty acyl-CoA precursor utilized in any
downstream metabolic pathways (Roche et al., 2013; Watkins, 1997; Weimar et al., 2002). To confirm enzymatic
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activity, we expressed and purified a PD1311-His tag protein, and we tested it for ligase activity using acetate as
the substrate. Acetate is the simplest substrate for fatty acid synthetase reaction, as a two-carbon (C2) chain length
molecule. We used a standard colorimetric assay that measures acyl-CoA production (Kuang et al., 2007). The
PD1311 protein exhibited a functional ATP/AMP binding domain that performed the following reaction: ATP +
acetate + CoA is converted to AMP + pyrophosphate + acetyl-CoA (data not shown). Therefore we confirmed
that the protein is functional.

The deletion of the PD1311 gene is non-lethal, suggesting that it has a role in non-essential fatty acid metabolism.
One possibility is that PD1311 plays a role in diffusible signal factor (DSF) production, however, our preliminary
results do not support that role (data not shown). An alternative potential role for the PD1311 protein is in
precursor production of lipopolysaccharide (LPS). LPS is found on the outer membrane of gram-negative bacteria
and is composed of a lipid A innermost component, a core saccharide, and an outer most O-antigen. Upstream of
PD1311, are three genes annotated as LPS-associated enzymes: lipid A biosynthesis N-terminal domain protein
(PD1312), dolichol-phosphate mannosyltransferase (Dpm1) (PD1313), and WbnF nucleotide sugar epimerase
(PD1314) (Simpson et al., 2000). Dolichol-phosphate mannosyltransferase proteins are involved in N-linked
oligosaccharides in the LPS core (Kapitonov and Yu, 1999), while nucleotide sugar epimerases are involved in O-
antigen synthesis (Lam et al., 2011). LPS is a known major virulence factor of Xf, and changes in LPS integrity
renders bacteria more susceptible to environmental stress and defective in virulence (Clifford et al., 2013).

Figure 6. Relative sensitivity of ∆PD1311 to H2O2 and polymixin B (PB). A) Mean diameters of inhibition zones
of TM1 (empty bars), ∆PD1311 (dotted bars), and C-∆PD1311 (dashed bars) exposed to 100 or 500 mM of H2O2
on PD2 agar plates. Error bars represent standard deviations. Three replicates were included for each experiment and
the assay was repeated twice. * represents a significant difference of p<0.01. B) Growth of TM1 and C-∆PD1311 on
PD2 plates amended with 16 µg/mL PB and growth of ∆PD1311 on PD2 plates with 1 µg/mL PB. Images were
taken under a Stemi-2000C dissecting microscope with a magnification of 3.2X. The assay was repeated at least four
times with similar observations. TM1 = wild-type Xf Temecula 1, ∆PD1311 = Xf Temecula 1 deleted of the PD1311
gene, C-∆PD1311 = ∆PD1311 complement strain.

Considering the avirulent phenotype of ∆PD1311 on grapevines, PD1311 may be involved in lipid A biosynthesis
or membrane production. Therefore, the ∆PD1311 cells may be more sensitive to environmental stresses such as
oxidative stress and cationic antimicrobial peptide polymyxin B (PB). When TM1 and ∆PD1311 cells were
exposed to hydrogen peroxide on agar plates in a Kirby-Bauer type assay, the zone of inhibition was greater for
the mutant strain than wild-type cells (Figure 6A) (Hao et al., 2016). In addition, ∆PD1311 cells were more
sensitive to PB than wild-type or ∆PD1311 complement cells. While both TM1 and ∆PD1311 complement cells
grew on plates supplemented with 16 µg/mL PB, almost all ∆PD1311 cells were killed when plated on PD2 agar
supplemented with 1 ug/mL PB (Figure 6B).
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Table 2. Wild-type Xf detection by ELISA in petioles 24 w.p.i.a.a

Treatment PD
Symptom Trial

Distance above inoculation point
(cm)

0 30 150

∆PD1311 then TM1b
- 1 -c/3d -/3 -/3

2 -/5 -/5 -/5

+ 1 n.d.e n.d. +/6
2 n.d. n.d. +/4

TM1 + ∆PD1311 + 1 n.d. n.d. +/5
2 n.d. n.d. +/4

TM1 only + 1 n.d. n.d. +/5
2 n.d. n.d. +/4

Shown are results of TM1 detection in petioles by ELISA 24 weeks post-inoculation. Each
trial contained 10 plants total of which a subset was tested.
a w.p.i. = weeks post-inoculation.
b TM1 = wild-type; TM1 was inoculated two weeks after ΔPD1311.
c “+”or “–” indicates positive or negative for Xf, respectively.
d Number is the number of plants tested by ELISA.
e n.d. = not assessed as no petioles left due to disease.

Objective 2b. Examine the impact of the PD1311 strain on wild-type Xf in vitro and in planta.
To have better grounding on the potential of PD1311 for suppressing Pierce’s disease and how it may function as
a biocontrol we need to explore the mechanism by which the mutant strain impacts wild-type cells. We have
results showing that the TM1-induced disease can be limited only when PD1311 was inoculated two weeks
before the pathogen (Figure 4). Therefore, we would like to know how the two strains spread through the plant
when both are inoculated. PD1311 does not secrete a toxin that affects wild-type populations (Table 2), as we
grew TM1 cells in supernatant from PD1311 cells and found no growth changes (data not shown).
Understanding how the mutant cells impact TM1 is important for understanding not only how the biological
control is achieved but also how the treatment would be most effectively applied in the field.

CONCLUSIONS
Concerning objective 1, we confirmed that PD1311 is avirulent, and we found that it can significantly reduce
Pierce’s disease development by TM1. Preliminary data suggests that PD1311 attaches to insect hindwings
equal to TM1 cells and therefore could possibly be distributed by the vector. We are completing the overwintering
studies in objective 1b, which we hope will provide insights into the lasting impact of the PD1311 biocontrol.
For objective 2, our preliminary results show that the mutant has greater sensitivity to chemical environments
(hydrogen peroxide, antimicrobial peptides), which may contribute to its avirulent phenotype and help explain the
role of the protein in the bacterium. Overall, this work explores a potentially new biocontrol for limiting Pierce’s
disease.
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ABSTRACT
The goal of this research was to understand the relationship between the expression of secreted virulence proteins
by Xylella fastidiosa (Xf) and the leaf scorching symptoms observed during the development of Pierce’s disease,
and to exploit this information to develop new strategies to control Pierce’s disease in grapevines. The analysis of
Xf Temecula 1 secreted proteins has enabled us to focus on two previously uncharacterized proteins, LesA and
PrtA, that appear to be causal to the leaf scorching phenotype observed in Pierce’s disease. We generated mutant
Xf that are defective in their capacity to secrete either of these two proteins and individually these mutants
displayed unique alterations in growth and disease phenotype. The mutant lesA1 that does not make LesA protein
is less virulent, therefore we conclude that LesA is a ‘virulence factor,’ while prtA1 that does not make PrtA
protein is more virulent, therefore PrtA is an ‘anti-virulence factor.’ LesA protein displays lipase/esterase
activities and is the most abundant secreted protein, with structural similarity to two less abundant secreted
proteins LesB and LesC. LesA, B, and C proteins produced individually in Escherichia coli were infiltrated into
grapevine and walnut leaf tissues and were able to induce scorching symptoms in leaves. These symptoms appear
to be related to the lipase/esterase activity present in these proteins. We have analyzed the microbiome of Xf-
infected plants and compared these with uninfected plants and we observed a striking variation in the alpha
diversity of the microbial community. Different parts of the plant along the axis of infection differ in their alpha
diversity. We compared bottom and top stems and roots. Infection with Xf leads to a loss of diversity indicating
that Xf is able to colonize and displace or outcompete existing microbial communities in the xylem. More virulent
strains like prtA1 are able to more quickly colonize as compared to lesA1 that was slower than the wild-type
strains. Since PrtA was an anti-virulence factor and possibly has a role to play in the biofilm we expressed PrtA as
a transgene in transgenic tobacco. Two of the eight transgenic plants displayed some anti-virulence activity and
showed a reduction of symptoms when infected with Xf. A deeper understanding of how these two secreted
proteins LesA and PrtA function and their associated pathobiology has provided new insights into this disease and
provided a new avenue for therapy against Pierce’s disease.

LAYPERSON SUMMARY
Pierce’s disease of grapevines is caused by the bacterium Xylella fastidiosa (Xf), a xylem-limited bacterium that is
responsible for several economically important diseases in many plants. A characteristic symptom of Pierce’s
disease is leaf scorching, with marginal regions of leaves developing chlorosis progressing to necrosis. Blockage
of xylem elements by growth of Xf biofilm leading to an interference with in planta water transport have been
posited to be the main cause of Pierce’s disease symptom development. This research has developed an
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alternative hypothesis for disease symptom development. Our analysis of Xf secreted proteins has enabled us to
focus on two previously uncharacterized proteins, LesA and PrtA, that play a role in the development of Pierce’s
disease symptoms. We generated mutant Xf that are defective in the secretion of either of these two proteins that
show alterations in bacterial physiology and plant disease phenotype. Mutant bacteria defective in secreting LesA
were less virulent and displayed a biofilm behavior in culture, while the bacteria defective in the secretion of PrtA
were the opposite; i.e., they were highly virulent and correspondingly displayed a planktonic growth in culture.
Our experiments showed that these two proteins play a role in disease progression. We have also examined the
role of these secreted proteins with respect to colonization of the xylem in different parts of grapevines and
investigated the influence that these bacteria have on the resident microbial communities that inhabit these
locations. We observed that more virulent strains are able to more rapidly colonize the grapevine and change the
diversity of the microbial community. It is possible that these changes in community are influenced also by these
secreted virulence factors, specifically LesA. One of these factors that we have proposed as an anti-virulence
factor (PrtA) is able to control symptoms when expressed in tobacco plants. An understanding of how these two
proteins work has provided new insights into this disease and indicate new avenues of therapy.

INTRODUCTION
Xylella fastidiosa (Xf) is a fastidious, xylem-limited gamma-proteobacterium that causes several economically
important diseases in many crops including grapevine, citrus, periwinkle, almond, oleander, and coffee (Davis et
al., 1978; Chatterjee et al., 2008). In the field, Xf is vector-transmitted by various xylem sap-feeding sharpshooter
insects (Purcell and Hopkins, 1996; Redak et al., 2004). The Xf subspecies fastidiosa (Xff), as exemplified by the
California strain Temecula 1, causes Pierce’s disease in grapevine. The Xf life cycle and virulence mechanism are
not entirely understood (Chatterjee et al., 2008). This research focused on understanding the pathobiology of Xf
that leads to disease; specifically, the underlying mechanism that leads to leaf scorching symptoms.
Understanding the pathobiology could lead to the development of new strategies to control Pierce’s disease in
grapevines in California. The secretion of virulence factors by pathogens is an important tool that is used to
trigger plant disease. Unlike closely-related pathogens from the genus Xanthomonas, Xf does not possess the type
III secretion system (T3SS) that is used to inject effector proteins into plant cells (Van Sluys et al., 2002).
However, Xanthomonas and Xf have in common a similar type II secretion system (T2SS) that is used to secrete a
battery of important extracellular enzymes that are responsible for virulence (Ray et al., 2000). In Xf, genes have
been identified that code for plant cell wall degrading enzymes (CWDEs) such as polygalacturonase, cellulase,
lipase/esterase, and several proteases (Simpson et al., 2000). These enzymes may aid Xf migration inside xylem
vessels by degrading the pit membrane and also help release the carbohydrates necessary for bacterial nutrition
and survival. One T2SS virulence factors, a polygalacturonase encoded by pglA, lost pathogenicity when it was
mutated and resulted in Xf that was unable to colonize grapevine (Roper et al., 2007). This confirmed an earlier
finding that expression of a polygalacturonase inhibitory protein that possibly blocked the action of the virulence
factor PglA provided resistance to Pierce’s disease (Aguero et al., 2005). Cell wall degradation by CWDEs also
releases oligosaccharides as products, which can induce potent innate immune responses from plants. The plant
immune responses include production of phytoalexins, fortification of cell walls through deposition of callose,
oxidative burst, and induction of programmed cell death (Darvill and Albersheim, 1984; Ryan and Farmer, 1991;
Braun and Rodrigues, 1993).

OBJECTIVES
The goal of this project is to define the role that Xylella secreted proteins LesA and PrtA play in the Pierce’s
disease phenotype of grapevine.
1. Define the mechanism of action of LesA and PrtA gene products.

Activity 1. Express LesA, B, C and PrtA individually and examine their role in the virulence response of
Xylella cultures.

Activity 2. Metagenome analysis of xylem tissues infected by strains mutated for Les A, B, and C, and PrtA.
Activity 3. Develop transgenic SR1 tobacco expressing PrtA and evaluate protection against Xylella

virulence.

RESULTS AND DISCUSSION
Objective 1. Define the mechanism of action of LesA and PrtA gene products.
Our previous analysis revealed 24 secreted proteins in cultures of Xf Temecula 1. Of these, we have characterized
two proteins, LesA and PrtA. A proteomic analysis of infected leaf tissues revealed five of the 24 secreted Xf



- 27 -

proteins, the most abundant of which is LesA. To further characterize the role of these proteins, we used
insertional mutagenesis of Xf cultures and expressed the respective proteins in Escherichia coli to identify their
function in Pierce’s disease.

Activity 1. Express LesA, B, C, and PrtA individually and examine their role in the virulence response of
Xylella cultures.
The most abundant Xf protein in infected grapevine leaves displaying Pierce’s disease symptoms was an
uncharacterized Xf protein that we have designated LesA. It has a 35 amino acid secretion peptide consistent with
it being secreted. Immunogold localization of LesA in fixed cells using antibodies against LesA revealed that
most of the protein was embedded within the secreted matrix surrounding Xf cells, confirming that LesA is a
secreted protein (Figure 1). We compared the structure of lesA to proteins in the Protein Data Bank (PDB) and
found a close structural similarity to a Xanthomonas oryzae pv. oryzae (Xoo) LipA that has lipase and esterase
activity (Figure 2; Aparna et al., 2009). Lipase activity was confirmed by growing Xf cultures on plates
containing tributryn, a triacylglyceride of butyrate. Zones of clearance were clearly visible surrounding the
colonies, indicating lipase activity (Figure 1).

Based on this structural prediction we aligned the active site residues S200, D360, and H402 of LesA with LipA
from Xoo. We then threaded LesA with the known structure of the Xoo LipA and there was an excellent
alignment of active site residues (Figure 2). Additionally, LesA was found to be highly conserved among both
Xylella and Xanthomonas strains (Figure 2). To determine whether LesA had both lipase and esterase activities,
we expressed LesA in E. coli and made a mutant version, LesA2, in which the S200 serine in the protein was
substituted with an alanine residue. We then analyzed the activity by growing/harvesting E. coli strains that
displayed both lipase activity evaluated on agar plates containing tributryn as well as esterase activity by assaying
the E. coli extracts using the substrate 4-methyl umbelliferone butyrate and measuring the formation of 4-methyl
umbelliferone (4MU), the product of the reaction (Figures 1 and 3). Esterase activity was clearly seen in strains
expressing LesA and to a lesser extent in those expressing LesA2 or the empty vector (EV). E.coli expressing
LesA showed zones of clearance but not those expressing LesA2 (Figures 1 and 3). In addition, LesA protein
was detected on western blots from cultures expressing both LesA and LesA2 (Figure 1). To investigate the
function of the LesA protein we created a functional knockout strain via homologous recombination where the
genomic region encoding LesA was disrupted via the insertion of a gene encoding resistance to the antibiotic
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kanamycin. This mutant strain was called lesA1. Among the 24 proteins secreted by Xf cultures, LesA was the
most abundant, but we also identified LesB and LesC, proteins with strong homology to LesA. An alignment of
the protein sequences revealed a conservation of the active site residues of Les A in LesB and C. Les B is located
adjacent to the lesA on the Xf genome, but LesC is located at some distance away. Since lesA and B were located
together, we created a double knock-out using kanamycin. This particular strain is designated lesA3B1. We
confirmed by PCR comparison of wild-type Xf with lesA1 and LesA3B1 that we had knocked out one and both
genes. LesA1 and LesA3B1 show less lipase and esterase activities (Figure 3). We expressed LesA, B, and C in
E.coli so we could study the lipase/esterase activities they possessed. We observed some differences among the
activities of LesA, B and C. Les A has both lipase and esterase activities, LesB has neither lipase nor esterase
activity for the substrates that we tested, and LesC has lipase activity similar to LesA but no corresponding
esterase activity directed to butyrate substrates (Figure 3). LesA1 and lesA3B1 cultures displayed increased
aggregation, in contrast to wild-type Xf strains. When grown in flasks, a clear biofilm ring was visible for the wild
type, but a much larger and more profound ring of biofilm was visible for lesA1 (Figure 3). We further confirmed
this observation using scanning electron microscopy, where lesA1 showed marked aggregation of cells
(Figure 3). To investigate the role of lesA in the virulence response and Pierce’s disease development, we
infected grapevine plants as described earlier (Dandekar et al., 2012) inserting ~10 million bacteria at the bottom
of grapevines about 10 cm above the soil. Plants were scored at 10 weeks. Pierce’s disease symptoms were clearly
visible starting at 10 weeks for the wild-type Tem1 strains, but neither the lesA1 nor the lesA3B1 strains showed
any symptoms at this time point (Figure 4). Infiltrating the LesA protein into grapevine leaves led to scorching,
but infiltrating the LesA2 mutant protein that lacks both lipase and esterase activities did not (Figure 4). These
results clearly show that the presence of the secreted LesA protein is related to leaf scorching and that the activity
of the lipase/esterase is necessary for the observed symptoms. The in planta testing in grapevine leaves via
syringe infiltration is difficult, however, we were also able to use walnut leaves and obtain cell death symptoms.
In walnut leaves, LesA, LesB, and LesC were capable of causing lesions while just phosphate buffered saline
(PBS) or LesA2 (functional mutant: S200A) protein and empty vector (data not shown) displayed no symptoms.
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The secreted protein PrtA was previously annotated also as an uncharacterized protein. We analyzed the structure
of PrtA, comparing it with proteins in the Protein Data Bank, and found a close structural match to an
extracellular alkaline serine protease. Based on this structural prediction, we were able to align the amino acid
residues in the active site showing a perfect alignment of these active site residues (Figure 5). Also, prtA is highly
conserved among various Xylella strains, but interestingly not among Xanthomonas strains like LesA is.

The protease activity of prtA was confirmed by expressing the encoded protein, PrtA in E. coli and we were able
to demonstrate a lack/lesser activity in a mutant (prtA2) where one of the active site residues (S280 mutated to
A280) was mutated as compared to the wild-type PrtA enzyme using fluorescent-labelled casein as the substrate
(Figure 5). To investigate the function of this protein we created a functional knockout strain via homologous
recombination where the genomic region encoding PrtA was disrupted via the insertion of a gene encoding
resistance to the antibiotic gentamycin. This mutant strain was called prtA1. We confirmed via PCR analysis that
the coding region of prtA was disrupted in the prtA1 mutant. Expectedly, the mutant strain displayed less protease
activity and PrtA was not detectable in secreted proteins from prtA1 cultures, while PrtA was detectable in wild-
type cultures. Growth characteristics of prtA1 cultures revealed that it was markedly more planktonic than the
wild-type Xf Tem1 strain (Figure 6). Growth on plates showed less aggregation and when grown in flasks, a clear
biofilm ring was formed by wild-type but not prtA1 cultures (Figure 6). We used scanning electron microscopy
to confirm that wild-type cultures showed marked aggregation whereas prtA1 appeared to be exclusively
planktonic (Figure 6). Since planktonic forms have reportedly displayed more virulence (Newman et al., 2004;
Chatterjee et al., 2008), we infected grapevine plants as described earlier (Dandekar et al., 2012) in the main stem,
10 cm above the soil. Plants were scored at 10 weeks. Pierce’s disease symptoms were clearly visible with prtA1
infections starting at six to eight weeks, much earlier to that observed with the wild type (Figure 7). A
comparison of prtA1 and wild-type colonies shows twitching motility at the margins of prtA1 colonies,
confirming enhanced movement consistent with the observed enhanced virulence (Figure 7).

Activity 2. Metagenome analysis of xylem tissues infected by strains mutated for Les A, B, and C, and PrtA.
Because the secreted proteins may influence the grapevine microbiota and indirectly that interaction could
influence the disease outcome, we investigated the microbial communities in the xylem of grapevine. Since there
is not much information available on the microbial communities in grapevine we investigated a comparison of
Thompson Seedless (TS) samples infected with different Xf strains; one unable to make PrtA (prtA1), wild-type
Xf (Tem1), and uninfected tissue. Grapevine stem and root tissues were investigated to determine the alpha
diversity of the xylem microbial communities along the axis of infection. DNA was extracted and the V4 region
of the 16S rRNA gene was amplified using region-specific primers and sequenced using standard protocols as
agreed upon in the Earth Microbiome Project (http://www.earthmicrobiome.org/emp-standard-protocols/) to
reveal the composition of resident microbial communities (Caporaso et al., 2012).
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Initial extractions of DNA from grapevine tissues revealed a high proportion of host chloroplast DNA that was
abundantly extracted and that greatly diminished the sequence depth needed to analyze the composition of
resident microbial communities. We employed the use of specific PCR blockers to selectively inhibit the
amplification of grapevine chloroplast sequences (Orum, 2000). This was successful and rarefaction plots of the
samples extracted in our infection study showed that novel operational taxonomic units (OTUs) are indeed
extracted and that they plateau upon increasing sequence depth, indicating that we sampled a majority of the
resident microbial community (Figures 8 and 9). An analysis of the alpha diversity in the different tissue samples
revealed that the top and bottom stem tissues clearly separate from root tissues (Figure 10). This observed

http://www.horizonpress.com/cimb/v/v2/v2n104.pdf
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difference in alpha diversity, shown in Figure 10, allowed us to compare the divesity of the resident microbial
communities after challenge with wild-type Xf and also lesA1 and prtA1 mutant bacteria. We chose to compare
just the stem segments and the results showed not only a clear separation based on infected and non-infected stem
segments but also a clustering based on the degree of virulence (Figure 11). The mutant lesA1 that we show in
activity 1 to be less virulent clusters more closely to uninfected, whereas those sample tissues obtained from
plants infected with the highly virulent prtA1 strain show the least similarity (Figure 11). Next we investigated
what was driving the separation between infected and uninfected samples. To do so, we began by looking at the
alpha diversity (within sample diversity) of each sample and the variance of these samples. In both “Top” and
“Bottom” tissue we observed a clear loss of diversity over time, which was clearly visible with both Shannon
(Figure 12) and Observed OTU Alpha Diversity measures (data not shown). At pre-infection the alpha diversity
of top and bottom tissue was similar, though bottom tissue was significantly more diverse. This was attributed to
the bottom tissue being older and closer to the soil. Alpha diversity is lost initially near the point of infection
(bottom tissue) as seen at two weeks post-infection (2WPI; Figure 12). As the infection spreads over time we
observed changes in microbial diversity near the top part of the vine, which was first noted at six weeks post-
infection (6WPI; Figure 12). Both top and bottom tissues showed significant decreases in alpha diversity when
compared to uninfected tissue.
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From pre-infection to six weeks post-infection we also see the composition of the microbiome change
dramatically. Figure 13 shows the taxonomic composition of the microbiome broken down by family for vines
infected with Xf Tem1 (wild-type) over time. After Xf infection, the composition of the microbiome quickly
becomes completely dominated by the family Xanthomadaceae. This corresponds to the decrease in alpha
diversity observed in Figure 12.

Activity 3. Develop transgenic SR1 tobacco expressing PrtA and evaluate protection against Xylella

virulence.
To test the anti-virulence phenotype of PrtA, we cloned the prtA coding region into a binary vector under the
CaMV35S promoter after codon optimization for expression in tobacco (Figure 14). The binary vector construct
was introduced into a disarmed strain of Agrobacterium (EHA105) via electroporation to create a functional
system for plant transformation. Thirteen transgenic SR1 tobacco lines have been generated at the UC Davis Plant
Transformation Facility. We have screened eight of these plants and they are all positive for the presence of the
kan genes and express PrtA as detected using an anti-FLAG antibody. We did not detect the protein using an anti-
PrtA antibody. The resulting plants were tested for their susceptibility to Xf infection using a previously
established technique and two of the eight independent transgenic tobacco lines tested showed some level of
tolerance (Figure 14; Francis et al., 2008). These results show that PrtA holds some promise as an anti-virulence
factor. This observation needs to be confirmed in transgenic grapevines.
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CONCLUSIONS
The goal of this project is to understand the virulence mechanisms of Xylella fastidiosa (Xf) that lead to leaf
scorching symptoms observed in Pierce’s disease, and to exploit this information to develop new strategies to
control Pierce’s disease in grapevines. The blockage of xylem elements and the interference with water transport
by Xf is regarded to be the main cause of Pierce’s disease symptom development. The analysis of Xf Temecula 1
secreted proteins has enabled us to focus on two previously uncharacterized proteins: LesA and PrtA. We
generated mutant Xf that are defective for each of these two genes and they show alterations in disease phenotype;
lesA1 is less virulent while prtA1 is more virulent. LesA displays lipase/esterase activities and is the most
abundant but is very similar to two additional less abundant proteins, LesB and LesC, also secreted by Xf.
Expression of LesA, B, and C individually in E.coli indicates that these proteins can induce scorching symptoms
in grapevine and walnut leaves. These symptoms appear to be related to the lipase/esterase activity present in
these proteins. The PrtA protein has protease activity and Xf-prtA1 mutants are highly virulent, suggesting that
this protein may somehow block disease. We have investigated the role these particular proteins have on the
composition and distribution of the microbiome. A fairly large dataset has been generated and is being currently
analyzed to evaluate the differences in the composition of the microbiome in different tissues and at different
stages of infection. We have built vectors to test the anti-virulence activity of PrtA by expressing it in transgenic
SR1 tobacco plants. The analysis reveals that two of the eight lines tested show evidence of tolerance/resistance to
infection. The understanding of how these two proteins work has shown that LesA is a good diagnostic for
Pierce’s disease infection and that expression of PrtA in tobacco shows promising results. PrtA needs to be tested
in grapevines to determine if it can provide a new avenue of therapy against Pierce’s disease.
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ABSTRACT
This research is a continuation of the field evaluation of chimeric antimicrobial protein (CAP) and
polygalacturonase-inhibiting protein (PGIP) expressing rootstocks that enable trans-graft protection of scion
varieties of grapevine from developing Pierce’s disease after infection with Xylella fastidiosa (Xf). The research
has two activities. The first is to conclude the field testing of Thompson Seedless expressing CAP or PGIP as a
rootstock. The second is to conduct greenhouse and field evaluations of commercially relevant rootstocks
expressing CAP constructs. Grapevine survival of grafted transgenic grapevines, inoculated in 2014/2015 was
assessed on June 14, 2016. The data showed that the survival rate for most grafted inoculated transgenic
Thompson Seedless lines expressing either CAP or PGIP was higher than those grafted to the untransformed
control. The lines expressing CAP showed the highest efficacy in protecting grafted transgenic grapevines from
developing Pierce’s disease. Severity or absence of Pierce’s disease symptoms for all Solano County field trial
grafted transgenic grapevines inoculated from 2012 to 2015 was assessed in the 2015 fall season and the Pierce’s
disease symptom severity score was lower in most of the grafted inoculated transgenic lines from each strategy
but higher in grafted untransformed control vines. Xf was detected in grafted transgenic vines, but Xf titer was
lower in the transgenic as compared to grafted control grapevine rootstocks. The second activity of this project
focuses on the field evaluation of CAP constructs in commercially relevant rootstocks (110-14/1103). Five CAP
constructs that vary in the source and type of components to create each of the CAPs have been transformed into
both rootstock backgrounds, and as transgenic plants emerge they are propagated for greenhouse and field
evaluations. A two-cane disease evaluation pipeline was developed to test the transgenic rootstocks for resistance
to Pierce’s disease. This pipeline was successfully tested for evaluating 33 CAP-1 expressing rootstocks, with 30
in the 101-14 and three in the 1103 rootstock background. Of these 33, six displayed good efficacy and have been
propagated to initiate field efficacy testing for protecting the sensitive Chardonnay grapevine variety from
developing Pierce’s disease.

LAYPERSON SUMMARY
This project is a continuation to evaluate the field efficacy of transgenic grapevine rootstocks expressing a
chimeric antimicrobial protein (CAP) or a polygalacturonase-inhibiting protein (PGIP) to provide protection to
the grafted scion variety from developing Pierce’s disease. We are concluding the current field evaluation where
four CAP and four PGIP expressing Thompson Seedless were tested as rootstocks to protect grafted wild-type
Thompson Seedless scions. These plants were infected with Xylella fastidiosa (Xf) in 2012, 2013, 2014, and 2015
and evaluated each year for their ability to provide resistance to Pierce’s disease. Our conclusion is that the
transgenic rootstocks were able to provide transgraft protection to the scion; they showed less symptoms and
harbored a lower titer of the pathogen. Since Thompson Seedless is not a commercially relevant rootstock we
have now begun testing the field efficacy of this strategy by expressing different CAP proteins in the
commercially relevant rootstocks 110-14 and 1103. The technology to transform these two rootstocks developed
in an earlier project is being implemented to develop transgenic 110-14 and 1103 rootstocks expressing different
versions of the CAP protein. We have implemented a two-cane Pierce’s disease screen to test these transgenic
rootstocks. We evaluated 33 transgenic rootstock lines expressing CAP-1 and were able to identify six good lines
that we will test in the field for their ability to protect the sensitive scion cultivar Chardonnay from developing
Pierce’s disease. More transgenic rootstock lines are being developed, and as they emerge they will be tested in
the greenhouse and field, a process that is currently ongoing. Elite rootstock lines identified in this project will be
good candidates for commercialization.
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INTRODUCTION
The focus of this study is to evaluate the rootstock-based expression of chimeric antimicrobial protein (CAP;
Dandekar et al., 2012a) and polygalacturonase-inhibiting protein (PGIP; Agüero et al., 2005, 2006) to provide
transgraft protection of the scion grapevine variety against Pierce’s disease. Rootstocks (Thompson Seedless)
expressing these proteins individually are currently being evaluated in the field. This part of the study will be
concluded this year. Thompson Seedless rootstock lines expressing either CAP or PGIP show promise in their
ability to transgraft protect a scion variety (also Thompson Seedless) against Pierce’s disease, which is being
validated with in-field inoculations. Since Thompson Seedless is not a rootstock these genes must be tested in a
commercially relevant rootstock. Methods to successfully transform two commercially relevant rootstocks (101-
14 and 1103) (Christensen, 2003) was successfully developed (Dandekar et al., 2011; 2012b) and the method was
further improved by David Tricoli in the Plant Transformation Facility at UC Davis. The original neutrophil
elastase - cecropin B (NE-CB) CAP construct (Dandekar, 2012a) was improved by identifying grapevine-derived
components (Chakraborty et al., 2013; 2014b). The surface binding neutrophil elastase component was replaced
with P14a protein from Vitis shuttleworthii that also displays serine protease activity (Chakraborty et al., 2013;
Dandekar et al., 2012c; 2013). The antimicrobial component cecropin B was replaced with HAT52 and/or PPC20
that were identified using novel bioinformatics tools developed by us (Chakraborty et al., 2013; 2014a) and the
efficacy of the selected peptides were verified for their ability to kill Xylella fastidiosa (Xf) cells (Chakraborty et
al., 2014b). In addition to the original NE-CB CAP (CAP-1) four additional CAP constructs were developed that
contained VsP14a (CAP-2); VsP14a-CB (CAP-3); VsP14a-HAT52 (CAP-4) and VsP14a-PPC20) (Dandekar et
al., 2012c; 2013; 2014). These transgenic CAP-expressing rootstocks will be tested in the greenhouse and field
starting in fall 2016. These additional CAP constructs that will be tested here are aimed to address the concern
that the protein components of the present CAP-1 have a non-plant origin. Transformation of these five CAP
constructs into the 101-14 and 1103 rootstock backgrounds was initiated in 2015 and will be ready for greenhouse
and field testing in 2017 onward. The field testing of these rootstocks is aimed at evaluating different lines to
identify those with good efficacy in protecting the grafted, sensitive scion cultivar Chardonnay from developing
Pierce’s disease.

OBJECTIVES
1. Complete the efficacy of the current round of in planta expressed chimeric NE-CB and PGIP proteins to inhibit

and clear Xf infection in xylem tissue and through the graft union in grapevines grown under field conditions.
Activity 1. Complete and conclude testing of the current round of plants in the field.
Activity 2. Conduct greenhouse and field evaluation of CAP-expressing 110-14 and 1103 rootstocks.

RESULTS AND DISCUSSION
Activity 1. Complete and conclude testing of the current round of plants in the field.
At the Solano County field trial site (Figure 1) half of the non-grafted transgenic lines were manually inoculated
as described (Almeida et al., 2003) on July 13, 2011, and the rest on May 29, 2012. Half of the grafted transgenic
lines were also manually inoculated on the latter date. Non-grafted and grafted grapevines at the Solano County
site that were not previously inoculated were manually inoculated on June 17, 2013, completing the inoculations
of all grapevines at this location. On May 27, 2014 and May 27, 2015, following the recommendation of the
Product Development Committee (PDC) of the Pierce’s Disease and Glassy-winged Sharpshooter Board, at least
four new canes per year from all grafted transgenic and control plants at this site were mechanically inoculated
with Xf. Inoculation dates from 2011 to 2015 are shown in a color-coded map (Table 1).

On July 22, 2014 and September 15, 2015, one 2014-inoculated cane from each grafted transgenic plant was
harvested for quantification of Xf by quantitative polymerase chain reaction (qPCR) using an Applied Biosystems
SYBR green fluorescence detection system. Xf DNA was extracted using a modified CTAB (hexadecyltrimethyl-
ammonium-bromide) method that allowed us to obtain DNA of a quantity and quality suitable for qPCR. The Xf
16s primer pair (forward 5’-AATAAATCATAAAAAAATCGCCAACATAAACCCA-3’ and (reverse 5’-
AATAAATCATAACCAGGCGTCCTCACAAGTTAC-3’) was used for Xf quantification. qPCR standard curves
were obtained using concentrations of Xf ranging from 102 to 106 cells per 0.1 g tissue. Xf was detected in grafted
transgenic vines, but at Xf counts that were lower than in grafted control grapevines (Figure 2).
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Figure 1. Solano County field trial grafted transgenic grapevines inoculated in spring 2014 and spring 2015. Photo
taken in fall 2016

Table 1. Solano County grape field trial map, color-coded by Xf inoculation date, from 2012 to 2015.

Severity or absence of Pierce’s disease symptoms was assessed for all Solano County field trial grafted transgenic
grapevines inoculated from 2012 to 2015 in fall 2015 using the Pierce’s disease symptom severity rating system 0
to 5, where 0 = healthy vine, all leaves green with no scorching; 1 = first symptoms of disease, light leaf
scorching on one or two leaves; 2 = about half the leaves on the cane show scorching; 3 = the majority of the cane
shows scorching; 4 = the whole cane is sick and is declining; and 5 = the cane is dead (Figure 3). Pierce’s disease
symptom severity scores were lower in most grafted inoculated transgenic lines from each strategy (CAP or
PGIP) than in grafted untransformed controls.

Grapevine survival of grafted transgenic grapevines that were inoculated in 2014/2015 was assessed on
October 6, 2016 using a 1 to 5 score, where 1 = very healthy and vigorous grapevine; 2 = healthy grapevine and
slightly reduced vigor; 3 = slightly reduced spring growth; 4 = much reduced spring growth; and 5 = dead
grapevine (Figure 4). The grapevine survival rate was greater in most grafted inoculated transgenic lines using
either strategy than in grafted untransformed controls, with the greater efficacy seen in CAP lines.
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Figure 2. Xf quantification by qPCR of Solano County field trial grafted individual transgenic
canes inoculated in spring 2014 and harvested in summer 2014 and fall 2015.

Figure 3. Severity or absence of Pierce’s disease symptoms for all Solano County field trial
grafted inoculated grapevines in fall 2015.
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Figure 4. Grapevine survival of Solano County field trial grafted transgenic grapevines inoculated in 2013-
2015 (upper right) and all inoculated grafted transgenic grapevines (lower right), scored in fall 2016 using a
scale of 1 to 5 (left).

Activity 2. Conduct greenhouse and field evaluation of CAP-expressing 101-14 and 1103 rootstocks.
This activity focused on greenhouse and field testing of five vector constructs that are in the plant transfromation
pipeline on two commercially relevant rootstocks, 101-14 and 1103 (Christensen, 2003). The components present
in these constructs are shown in Figure 5 below. The construction of CAP-1 was described earlier (Dandekar et
al., 2012a) and the components, mostly from grapevine, and construction of CAP-2, CAP-3, CAP-4 and CAP-5
shown in Figure 5, have been previously described (Chakraborty et al., 2014b; Dandekar et al.,2012c; Dandekar
et al., 2013; Dandekar et al., 2014a). The grapevine transformation methods for the 101-14 and 1103 rootstocks
have been described previously (Dandekar et al., 2011; Dandekar et al., 2012b) but were further improved by
David Tricoli in the UC Davis Plant Transformation Facility who did the transformation of all of the binary vector
constructs shown in Figure 5. The transgenic plants obtained from the facility propagated for testing are
described in detail below. The transformation of the two rootstock species with all five CAP constructs was
initiated in 2014 and the selection and regeneration of plants is ongoing. As plants emerge they are propagated for
greenhouse and field testing.

Transformation of the first construct (CAP-1) yielded thirty 101-14 and three 1103 derived transgenic lines. The
most progress was made in the analysis (described below) of these CAP-1 lines this summer, as can be seen in
Table 2. Since the yield for 1103 lines transformed with CAP-1 was low, a new transformation was initiated back
in August 2015. Also, this summer we began receiving 110-14 and 1103 lines transformed with the other
constructs (CAP-2 to 5) and the numbers and distribution of these lines is indicated in Table 2.
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Figure 5. CAP vectors testing the original and grapevine components, used to create transgenic 101-14 and
1103 rootstocks that will be verified in greenhouse and field.

Table 2. Progress on the analysis of transgenic lines obtained from different CAP constructs in the two
rootstock species.
CAP
Designation Binary Vector

Greenhouse propagation Greenhouse Testing Field Testing
101-14 1103 101-14 1103 101-14 1103

CAP-1 pDU04.6105 30 4 30 4 6 0
CAP-2 pDP13.35107 3 2
CAP-3 pDP13.36122 3 1
CAP-4 pDP14.0708. 8 5
CAP-5 pDP14.0436.03 8 5

A propagation/testing pipeline has been successfully developed to test the efficacy of both 101-14 and 1103
grapevines, and the transgenic lines will be tested for Pierce’s disease resistance in the greenhouse as they emerge
from the transformation and after propagation. The testing of the 101-14 and 1103 transformed rootstocks
transformed with CAP-1 has already been completed in the greenhouse and field testing of the promising lines
will be initiated in the fall of 2016. The field introduction of these rootstocks is aimed at evaluating their efficacy
in protecting the grafted sensitive Chardonnay grapevine variety from developing Pierce’s disease.

The 101-14 and 1103 transgenic rootstocks lines are first screened for the presence of CAP transgene using PCR.
Those 101-14 and 1103 plants that are PCR-positive are clonally propagated for greenhouse testing. The clones
are trained into a two-cane system and inoculated on one of the canes with Xf. Plants are inoculated with 20 uL of
Xf at a site roughly three nodes above the fork in the canes and eight leaves below the top of the cane, then it is
turned over and inoculated with another 20 uL of Xf directly behind the first inoculation. The Xf inoculum is
prepared as described earlier (Dandekar et al., 2012a).
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The transgenic rootstocks successfully inoculated as described above are evaluated for Pierce’s disease symptoms
12 weeks post-inoculation when the first disease symptoms appear, and subsequently every two weeks thereafter
until 18 weeks post-inoculation. A scoring system of 1 to 5 was used with values of 1 = no visible disease
symptoms (good); 2 = disease symptoms on less than four leaves (good/ok), 3 = disease symptoms exhibited on
50 percent of the cane (four leaves, ok); 4 = disease symptoms exhibited on 75 percent of the cane (six leaves,
ok/bad); and 5 = symptoms stretching the entire length of the inoculated cane (eight leaves, bad).

All 33 CAP transgenic lines have been analyzed. Of these, six have been identified for field testing. All six were
110-14 transgenics. Of the six 110-14 transgenics selected, one was an elite line and presented no Pierce’s disease
symptoms and got a score of 1. The remaining five 101-14 plant lines got a score of 2; they look very promising
and were considerably less sick than the untransformed 101-14 control, which was scored a 5 (Figure 6). All lines
from 1103 scored bad and received a score of 5. The six 101-14 transgenic rootstocks expressing CAP-1 that
scored a 1 or 2 have been clonally propagated from the uninfected mother plants. Well-established 101-14
transgenic rootstock plants will be planted in the field in the fall of 2016 and grafted with the scion Chardonnay in
the spring of 2017.

Figure 6. Two-cane vines with the left uninfected and the right infected. (A) Wild-type 101-14 grapevines with
disease symptoms running the entire length of the infected cane. (B) The elite CAP-1 transgenic line of 110-14 that
showed no symptoms 18 weeks post-inoculation.

CONCLUSIONS
We have successfully concluded field-testing of Thompson Seedless as a rootstock expressing CAP or PGIP.
Grapevine survival of grafted transgenic grapevines inoculated in 2013 to 2015 was assessed. The survival rate of
most grafted inoculated transgenic Thompson Seedless lines using both strategies was greater than in
untransformed controls, with the CAP lines most efficient in protecting against Pierce’s disease. The phenotypic
disease data corresponded to the bacterial titer estimations using qPCR, which revealed lower bacterial titers in
transgenic plants as compared to the wild-type susceptible Thompson Seedless plants. Severity or absence of
Pierce’s disease symptoms on all Solano County field trial grafted transgenic grapevines inoculated between 2012
and 2015 was also assessed, and Pierce’s disease symptom severity scores were lower in most grafted inoculated
transgenic lines using either strategy than in grafted untransformed controls. The field-testing data confirm that
Thompson Seedless rootstock lines expressing either CAP or PGIP are able to provide protection against Pierce’s
disease. We have developed a successful propagation and two-cane testing pipeline to evaluate 101-14 and 1103
transgenic rootstocks expressing various CAP constructs. We have successfully tested this pipeline by evaluating
33 transgenic lines expressing CAP-1. Of the 33 CAP-1 expressing rootstocks, 30 were in the 101-14 and three in
the 1103 rootstock background. Of these 33 we have identified six lines that show promise based on two-cane
greenhouse testing for resistance to Pierce’s disease. Field planting of these six lines has been initiated to conduct
efficacy testing in the field for transgraft protection of the sensitive Chardonnay grapevine variety from
developing Pierce’s disease. Thirty-five lines corresponding to the rest of the CAP constructs are in the
greenhouse to initiate testing, and more will be included as they emerge from the transformation facility.



- 42 -

REFERENCES CITED
Agüero CB, Uratsu SL, Greve LC, Powell ALT, Labavitch JM, Meredith CP, and Dandekar AM. 2005.

Evaluation of tolerance to Pierce’s disease and Botrytis in transgenic plants of Vitis vinifera L. expressing the
pear PGIP gene. Molecular Plant Pathology 6(1): 43-51.

Agüero, CB, CP Meredith, and AM Dandekar. 2006. Genetic transformation of Vitis vinifera L. cvs. ‘Thompson
Seedless’ and ‘Chardonnay’ with the pear PGIP and GFP encoding genes. Vitis 45: 1-8.

Almeida, RPP, and AH Purcell. 2003. Biological traits of Xylella fastidiosa strains from grapes and almonds. App.
Env. Microbiol. 68: 7447-7452.

Chakraborty S, R Minda, L Salaye, AM Dandekar, SK Bhattacharjee, and BJ Rao. 2013. Promiscuity-based
enzyme selection for rational directed evolution experiments. In J. Samuelson (ed.), “Enzyme Engineering:
Methods and Protocols.” Pub: Springer New York. Methods in Molecular Biology 978: 205-216.

Chakraborty, S, B Rao, and AM Dandekar. 2014a. PAGAL - Properties and corresponding graphics of alpha
helical structures in proteins. F1000Research 3.

Chakraborty S, Phu M, Rao B, Asgeirsson B, Dandekar AM. 2014b. The PDB database is a rich source of α-
helical antimicrobial peptides to combat disease causing pathogens. F1000Research 3.

Dandekar, AM, A Walker, AM Ibanez, SL Uratsu, K Vahdati, D Tricoli, and C Agüero. 2011. Engineering multi-
component resistance to Pierce’s disease in California grapevine rootstocks. Pp. 107-110 in Proceedings of
the 2011 Pierce’s Disease Research Symposium. California Department of Food and Agriculture,
Sacramento, CA.

Dandekar, AM, H Gouran, AM Ibáñez, SL Uratsu, CB Agüero, S McFarland, Y Borhani, PA Feldstein,
G Bruening, R Nascimento, LR Goulart, PE Pardington, A Chaudhary, M Norvell, E Civerelo, and G Gupta.
2012a. An engineered innate defense protects grapevines from Pierce’s disease. Proc. Nat. Acad. Sci. USA
109: 3721-3725.

Dandekar, AM, A Walker, AM Ibanez, KQ Tran, D Gunawan, SL Uratsu, K Vahdati, D Tricoli, and C Agüero.
2012b. Engineering multi-component resistance to Pierce’s disease in California grapevine rootstocks.
Pp. 104-108 in 2012 Pierce’s Disease Research Reports. California Department of Food and Agriculture,
Sacramento, CA.

Dandekar, AM, AM Ibanez, H Gouran, M Phu, BJ Rao, and S Chakraborty. 2012c. Building the next generation
chimeric antimicrobial protein to provide rootstock-mediated resistance to Pierce’s disease in grapevines.
Pp. 89-93 in 2012 Pierce’s Disease Research Reports. California Department of Food and Agriculture,
Sacramento, CA.

Dandekar, AM, H Gouran, S Chakraborty, M Phu, BJ Rao, and AM Ibanez. 2013. Building the next generation
chimeric antimicrobial protein to provide rootstock-mediated resistance to Pierce’s disease in grapevines. Pp.
89-94 in Proceedings of the 2013 Pierce’s Disease Research Symposium. California Department of Food and
Agriculture, Sacramento, CA.

Dandekar, AM, H Gouran, S Chakraborty, M Phu, BJ Rao, and AM Ibanez. 2014. Building the next generation
chimeric antimicrobial protein to provide rootstock-mediated resistance to Pierce’s disease in grapevines. Pp.
99-105 in Proceedings of the 2014 Pierce’s Disease Research Symposium. California Department of Food
and Agriculture, Sacramento, CA.

OIV. 1983. Code of descriptive characteristics of Vitis varieties and species. Organisation Internationale de la
Vigne et du Vin, Paris.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.



- 43 -

HIGH THROUGHPUT LIVE CELL SCREEN FOR SMALL MOLECULES TARGETING
THE TOLC EFFLUX PUMP OF XYLELLA FASTIDIOSA

Principal Investigator:
Dean W. Gabriel
Department of Plant Pathology
University of Florida
Gainesville, FL 32611
dgabr@ufl.edu

Reporting Period: The results reported here are from work conducted November 1, 2015 to September 30, 2016.

ABSTRACT
Type I secretion (T1S) by Xylella fastidiosa (Xf) is required for multidrug efflux, a pump critical for survival of Xf
in grapevines. In Xf, T1S depends on a very limited number of genes, possibly making this system more
vulnerable to inhibition by small molecule treatments than T1S found in most bacterial pathogens, which typically
carry redundant T1S systems. Xf single gene mutations in the T1S system are much more sensitive to the
surfactant Silwet L-77 than wild-type Xf. High throughput screening assays of Xf cell viability were developed
using fluorescence and optical density measurements both with and without 200 ppm Silwet L-77. Green
fluorescent protein marked Xf strain Temecula-1 was used to screen two Prestwick combinatorial small molecule
libraries (phytochemical and FDA approved drugs; 1,600 chemicals in total) for Xf cell growth inhibition.
Significant (>50%) inhibition of Temecula-1 growth was observed in the presence of 50 µM of 215 different
chemicals, six of which exhibited even higher (24% to 40%) stronger inhibition in the presence of Silwet L-77,
indicating these six chemicals possibly target T1S efflux. Forty-six chemicals reduced growth >100%, indicating
Xf cell lysis. Seven chemicals, including four phytochemicals, reproducibly lysed Xf at 25 µM levels. Four of
these chemicals were eliminated from further consideration because they have pharmaceutical uses and would
likely face severe regulatory hurdles. Three chemicals are being further evaluated as potential treatments for
Pierce’s disease as both soil drench and spray applications, and for phytotoxicity to grape and tobacco leaves. One
is strongly phytotoxic to grape leaves at 25 mM levels and may be eliminated from further consideration, while
another appears only slightly toxic at 50 mM levels, based on chlorophyll degradation assays.

LAYPERSON SUMMARY
Xylella fastidiosa’s (Xf’s) survival in grapevine and in many culture conditions depends on a Type I multidrug
resistance efflux pump system which plays a critical function in pumping out environmental toxins and host
antimicrobial compounds and antibiotics that leak into the bacterial cell and would otherwise kill Xf. Any method
that could block or disrupt specific components of this system would likely result in both control of Pierce’s
disease and elimination of Xf from infected plants. Portions of the outermost efflux pump protein, TolC, are
embedded in the protective outer membrane of the bacterium and form the exit portal of the efflux pump. Both the
outer membrane and TolC are exposed at the Xf cell surface, making small molecule chemical treatments that
target TolC or even the outer membrane barrier attractive chemical targets. Several small molecule combinatorial
libraries are commercially available for screening, some including synthetic and exotic chemicals that would
likely require considerable testing to meet the high bar set for food safety and agricultural use. Also available are
the highly diverse and complementary Prestwick natural phytochemical library and the Prestwick FDA approved
drug combinatorial library, together representing 1,600 different small molecules in total. Seven chemicals have
been identified from the Prestwick libraries that appear to lyse Xf cells at low concentrations, and three are likely
to pass environmental and regulatory safety tests. One appears strongly phytotoxic to grape, but two others are
being evaluated for control of Pierce’s disease in infected Vitis vinifera grapevines and may be economical for use
in controlling Pierce’s disease of grape.

INTRODUCTION
This is a new project that is based on two discoveries made during the course of two earlier CDFA-funded
projects. The first discovery is our demonstration that the Type I multidrug resistance (MDR) efflux system of
Xylella fastidiosa (Xf) is absolutely required for both pathogenicity and even brief survival of the Pierce’s disease
pathogen in grape (Reddy et al., 2007). Knockout mutations of either tolC or acrF (manuscript in preparation)
render Xf nonpathogenic, and in addition the tolC mutants were so highly sensitive to grape chemicals that the
mutants are not recovered after inoculation. Inoculation of very high titers of Xf strain Temecula tolC̅ mutants in
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grape results in rapid, 100% killing of inoculated bacteria. These results demonstrated a critical role for Type I
efflux in general, and TolC and AcrF in particular, for defensive efflux by Xf of plant antimicrobial compounds,
such as phytoalexins.

In the process of investigating the increased sensitivity of the MDR efflux mutants to plant-derived antimicrobial
chemicals we also discovered that even wild-type Xf, with its lone MDR efflux system, is much more sensitive to
plant-derived antimicrobial chemicals than most other plant pathogens, which carry multiple efflux systems. Both
tolC (encoding the outer membrane and periplasmic tunnel component of Type I secretion) and acrF (encoding
the inner membrane pump component of Type I secretion) are essential for MDR efflux in Xf, which has only one
copy of each gene and only one such MDR efflux system. By contrast, most plant pathogens have redundant
MDR efflux systems and multiple tolC genes. These results suggest that Xf should be much more vulnerable to
chemical treatments affecting Type I efflux than other bacterial plant pathogens.

MDR efflux mutants in other systems have provided proven, highly sensitive, and quantitative screening methods
for antimicrobial chemicals (Tegos et al., 2002). The goal of this project is to exploit the increased vulnerability of
Xf and our knowledge of particular chemicals that require efflux in a high throughput assay that screens small
molecule combinatorial libraries and Xf-resistant grapevines for chemicals that may disable Type I secretion
directly or indirectly. A highly sensitive live cell assay that is well suited for high throughput screening was
developed and used for this screening.

OBJECTIVES
The specific objectives of this one-year project are:
1. Screen two Prestwick combinatorial libraries for chemicals affecting Type I efflux from Xf.
2. Screen sap and crude extracts from V. vinifera grape plants subjected to freezing treatments sufficient to cure

Pierce’s disease for potential effects on Type I efflux from Xf.
3. Determine if sap and crude extracts from Pierce’s disease resistant Muscadinia rotundifolia contain more

and/or more effective chemicals affecting Type I efflux from Xf than susceptible V. vinifera plants.

RESULTS AND DISCUSSION
Objective 1. Screen two Prestwick combinatorial libraries for chemicals affecting Type I efflux from Xf.
Initial experiments focused on Xf culturing conditions (starting optical density and cell volumes) that would be
adequate to obtain reproducible results in a chemical screen for Xf growth using a 96-well microtiter plate format.
Two day-old cultures of green fluorescent protein (GFP)-marked Temecula-1 cells (optical density at 600 nm
(OD600) = 0.25) were diluted to starting OD = 0.05 and used for seeding 96-well microtiter plates for high
throughput screening of the chemical libraries. Cell volumes of 100, 150, and 200 µl/well were tested at 28°C.
Overall, 150 µl/well volumes were determined to be practical and reproducible for observing growth, both as
measured by OD and GFP fluorescence (Figure 1).

As can be observed from Figure 1, maximum growth and fluorescence emission was observed at 48 hours after
seeding the plates using 150 µl volumes. Therefore, chemical treatments were added at the time of plate seeding
and effects of the treatments were evaluated 48 hours later. Silwet L77 at 200 ppm had no effect on growth of the
wild-type strain Temecula-1.

For the primary chemical screens plates were preloaded with Temecula-1 cells with or without 200 ppm Silwet L-
77 and with each tested chemical loaded at a concentration of 50 μM. Each chemical in the Prestwick
Phytochemical and Chemical libraries was screened in two separate experiments per library. The statistical
parameter (Z′) was used to evaluate the quality of the assays exactly as described (Zhang et al., 1999). The overall
Z′ value for the Prestwick Phytochemical library was 0.76 and the overall Z′ for the Prestwick Chemical library
was 0.78; these values are within the statistically "excellent" reproducibility range (Z′ > 0.75; Zhang et al., 1999).

Significant growth inhibition (>50%) of Temecula-1 was observed with 22 phytochemicals (Figure 2), eight of
which exhibited strongly significant growth inhibition (>90%). Greater than 100% inhibition occurred when the
optical density (data not shown) and the fluorescence emitted (Figure 3) was reduced to below that of the starting
cell values, and indicated lysis. None of the 320 phytochemical library compounds was found to enhance growth.
None of the 320 phytochemical library compounds exhibited enhanced inhibition in the presence of 200 ppm



        
              

  

           
            
            

              
           

      
    

Silwet L-77, indicating that none of these compounds directly affected T1S. Eleven phytochemicals, including 
some natural antibiotics, were identified as strongly inhibitory (> 80%) at 50 µM, including the phytoalexin 
gossypol and the alkaloids remerine and olivicine. 

Figure 1. Growth of Xf cells at a cell volume of 150 µl/well in a 96-well format. PDT, wild-type Pierce’s disease 
strain Temecula-1. TolC, a tolC mutant of PDT. Silwet L77 (Silwet) was added at 200 ppm to both PDT and TolC 
for evaluation purposes. 

Figure 2. Screening of the Prestwick Phytochemical Library of 320 compounds for growth inhibition of Xf, both with 
and without Silwet L-77. Growth of PDT in the presence of 320 chemicals (numbered along the horizontal axis) both 
with (orange dots) and without (blue dots) 200 ppm Silwet L-77. Both OD and GFP fluorescence were measured. Plates 
were incubated at 28° C for two days, and both OD and GFP fluorescence again measured. Growth inhibition was 
calculated as the difference between the change in OD (not shown) or GFP fluorescence between treatments and the 
respective untreated control. Chemicals exhibiting at least 50% of growth inhibition relative to the respective untreated 
control were selected for additional screening at different concentrations (dose effect). 
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Figure 3. Screening of the Prestwick Chemical Library of 1,280 compounds for growth inhibition of Xf, both with and
without Silwet L-77. Legend as in Figure 2.

Significant growth inhibition (>50%) of Temecula-1 was observed with 193 chemicals from the Prestwick
Chemical library (Figure 3), 121 of which exhibited strongly significant growth inhibition (>90%). Greater than
100% inhibition occurred when the optical density (data not shown) and the fluorescence emitted (shown in
Figure 3) was reduced to below that of the starting cell values, and indicated lysis. Notably, six chemicals
exhibited not only direct growth inhibition (ranging from 53% to 90%) but this inhibition was enhanced (>24%
more) by Silwet L-77, indicating that these chemicals possibly target T1S efflux. These chemicals include a
thiazolide antiparasitic agent, several antibiotics, and a calcium antagonist.

Following the primary screen at 50 µM, the effect of different dose levels (25 µM, 50 µM, and 100 µM) were
evaluated using three replications of each level, in each case with and without Silwet L-77. This evaluation was
performed both for confirmation purposes and to determine if a threshold level effect was present for some
chemicals. No threshold effects were observed; initial results were confirmed at all dose levels. Silwet L-77 had
no effect on any of the phytochemicals. However, Silwet enhanced the inhibition of six compounds from the
Prestwick chemical library in the primary screen. At different dose levels only one compound consistently
inhibited Xf growth more strongly in the presence of Silwet, and at all three treatment levels, indicating an effect
of the chemical on multidrug efflux (Type I secretion).

Over 120 chemicals have been identified that inhibited growth of Xf by >90% at 50 µM, including 46 chemicals
that appeared to lyse Xf cells. Seven chemicals proved to lyse Xf cells at 25 µM, including four phytochemicals.
Four of these chemicals were eliminated from further consideration because they have pharmaceutical uses and
would likely face severe regulatory hurdles, and one was eliminated due to cost considerations. Two chemicals
are being further evaluated as potential treatments for Pierce’s disease as both soil drench and spray applications.
Phytotoxicity to grape and tobacco leaves has now been evaluated using chlorophyll loss as a sensitive indicator
of phytotoxicity (for example, refer to Jain et al., 2012). Leaf disc punches from young fully expanded leaves
were floated in water containing different levels of each phytochemical evaluated, both vacuum infiltrated and
uninfiltrated (Figure 4). Chlorophyll content in both grape and tobacco leaf discs was estimated after three days
extracting overnight in 80% acetone and quantified spectrophotometrically according to the procedure of Arnon
(1949). The results are presented in Figure 5, below.
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Figure 4. Effect of two selected Prestwick chemical treatments at the indicated concentrations on
chlorophyll degradation in grape leaf discs (photo taken after 18 hours).

Clearly, treatment 1 was strongly phytotoxic to grape leaves at 25 mM levels and somewhat to tobacco leaves at
the same level, whereas treatment 2 was phytotoxic to tobacco leaves at 25 mM but not to grape leaves until ca.
50 mM levels were used.

Figure 5. Three leaf discs (10 mm diameter) were floated in water for 18 hours (for grape leaves) and 48 hours (for
tobacco leaves) containing two treatments (black bars for Treatment 1 and gray bars for Treatment 2, as indicated).
Chlorophyll was extracted overnight in 80% acetone and quantified.

Both chemical treatments are currently being evaluated in Pierce’s disease inoculated Vitis vinifera grapevines by
soil drench and spray inoculations. These inoculations require multiple plants, uniformly inoculated and of similar
age and size.

Objective 2. Screen sap and crude extracts from V. vinifera grape plants subjected to freezing treatments
sufficient to cure Pierce’s disease for potential effect on Type I efflux from Xf.
V. vinifera grape plants are being cold treated. An earlier experiment failed due to over-treatment.

Objective 3. Determine if sap and crude extracts from Pierce’s disease resistant Muscadinia rotundifolia

contain more and/or more effective chemicals affecting Type I efflux from Xf than susceptible V. vinifera

plants.
Muscadinia rotundifolia grapevines are being cold treated.
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ABSTRACT
Previous research in B. Kirkpatrick’s lab identified two hypervirulent mutants of Xylella fastidiosa (Xf). These
mutations were in large hemagglutinin genes called HxfA and HxfB. These Hxf mutants also showed a marked
decrease in cell-cell clumping when grown in liquid culture. B. Kirkpatrick hypothesized that if the Hxf protein,
or a portion of the Hxf protein, is expressed in the xylem fluid of transgenic grapevines the Xf cells would clump
together, remain at the inoculation site and be unable to colonize the plant. Transgenic Hxf-expressing grapevine
lines were produced and mechanically inoculated with Xf cells in the greenhouse. These transgenic lines were
transplanted to the USDA Animal and Plant Health (APHIS) permitted field site for transgenic plants coordinated
by D. Gilchrist in Solano County in the spring of 2013. These vines grew well and were trained as conventional
bilateral cordon vines. The shoots were cut back to two buds and then four shoots per vine were mechanically
inoculated with a mixture of Temecula and Stags’ Leap Xf strains in April 2014. Over 95% of the inoculated
canes showed scorch symptoms typical of Pierce’s disease in September 2014 with at least two Pierce’s disease
symptomatic canes present on all inoculated vines, indicating that the inoculations were successful. In January
2015 the shoots were trimmed to two buds, and in August 2015 the emerging shoots and the entire vines were
rated for Pierce’s disease symptoms. In three out of the five lines expressing the Hxf adhesion domain the
majority of the vines showed no Pierce’s disease symptoms. However, Pierce’s disease symptoms were evident
on the canes of other adhesion domain transgenic plants. The final conclusion is that the Hxf transgenes appeared
to retard the progression of Pierce’s disease symptoms initially, but eventually all plants expressed Pierce’s
disease symptoms and the Pierce’s disease suppressive effect of the transgenes was no longer evident. In
summary, the Hxf gene, expressed transgenically as the full-length gene or the adhesion domain, does not provide
long-term protection.

LAYPERSON SUMMARY
B. Kirkpatrick invested more than 10 years investigating the role of Xylella hemagglutinins (Hxfs), large proteins
that mediate the attachment of bacteria to themselves and to various substrates, and how these proteins may be
involved in Pierce’s disease pathogenicity and insect transmission. Early work showed that Hxf mutants were
hypervirulent; i.e., they caused more severe symptoms and killed vines faster than did wild-type Xylella fastidiosa
(Xf) cells (Guilhabert and Kirkpatrick, 2005). Hxf mutants no longer clumped together in liquid cultures like wild-
type cells, indicating that cell adhesion molecules were important in establishing a pathogenic population of
bacteria in the grape xylem. This information is of fundamental importance in understanding a genetic mechanism
regulating spread of Xf in grapevines. The next logical step was to try to block this behavior transgenically as is
reported herein. The current project tested the hypothesis that Hxfs expressed in the xylem sap of transgenic
grapevines may act as a “molecular glue” that would aggregate and thus slow the movement of Xf cells introduced
into grapevines. Transgenic lines expressing various constructs were moved to the field in the spring of 2013. The
vines grew well and were trained up to the wire and established as conventional bilateral cordon vines with two-
bud spurs, and then four shoots per vine were inoculated with Xf in April 2014. Pierce’s disease symptoms were
rated in September 2014 on the inoculated shoots, including whether the bacteria had moved to adjacent non-
inoculated shoots and were expressing Pierce’s disease symptoms. Over 90% of the inoculated canes showed
scorch symptoms typical of Pierce’s disease in September 2014, indicating that the inoculations were successful.
There was no evidence of plant-to-plant spread. Uninoculated controls remained disease free throughout the
experiment. The summary observation is that Pierce’s disease symptom severity was lower in the inoculated Hxf-
transgenic grapevines than the Xf-inoculated non-transgenic controls in the first year following inoculation and
establishment of infection. The pruning and inoculation programs were repeated beginning in January 2015 and
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the shoots were rated for Pierce’s disease symptoms in August 2015. The results continued to be encouraging in
three out of the five independently transformed lines expressing the Hxf adhesion domain, wherein the majority of
the vines showed no Pierce’s disease symptoms. In the three full-length Hxf gene construct lines the majority of
the vines were healthy, with no Pierce’s disease symptoms. These initially encouraging results, however, were not
borne out by the evaluations conducted in 2016. The final conclusion is that the Hxf transgenes appeared to retard
the progression of Pierce’s disease symptoms initially, but eventually all plants expressed Pierce’s disease
symptoms and the effect of the transgenes was no longer evident. Thus, the genes expressed as transgenes did not
provide long-term protection.

INTRODUCTION1

The bacterium Xylella fastidiosa (Xf) is the causal agent of Pierce’s disease of grapes, is confined to the xylem,
and is spread from plant to plant by xylem-feeding insects. Xf cell-cell attachment is an important virulence
determinant in Pierce’s disease as shown by previous research. Two secreted hemagglutinin (HA) genes named
HxfA and HxfB are required for adhesion, and if either is mutated, Xf cells no longer clump in liquid medium and
the mutants form dispersed “lawns” when plated on solid PD3 medium (Guilhabert and Kirkpatrick, 2005). Both
mutants are hypervirulent when mechanically inoculated into grapevines, i.e., they colonize faster, cause more
severe disease symptoms, and kill vines faster than wild-type Xf. If either HxfA or HxfB is individually knocked
out there is no cell-cell attachment, which suggests that both Hxf genes are needed for cell-cell attachment. It is
clear that these proteins are very important determinants of pathogenicity and attachment in Xf-plant interactions.
Research by other Pierce’s disease researchers has shown that Hxfs were regulated by an Xf-produced compound
known as diffusible signal factor (DSF) (Newman et al. 2004) and that they were important factors in insect
transmission (Killiny and Almeida, 2009). The Hxfs essentially act as a “molecular glue” that is essential for cell-
cell attachment, likely plays a role in Xf attachment to xylem cell walls, and contributes to the formation of Xf
biofilms.

The field evaluation experiments described herein follow a series of greenhouse pathogenicity evaluations of two
versions of Hxf-transgenic lines. In the preceding greenhouse studies, the results indicated that eight independent
lines had disease severity ratings that were considerably less in the transgenic lines compared to the non-
transgenic controls. Three are full length Hxf transgenes (PGIP220-) and five are just adhesion domains 1 through
3 transgenes (SPAD1-).  The field planting of the Hxf transgenic vines occurred in April 2013 in the same
location where other Pierce’s disease related transgenic grapes are being grown under a USDA Animal and Plant
Health Inspection Service (APHIS) permit that had been established previously for transgenic grapes.

OBJECTIVES
1. Plant transgenic vines in the APHIS permitted field in Solano County and train them into traditional bilateral

cordon arrangement.
2. Inoculate four canes on each Hxf-transgenic field vine with wild-type infectious Xf in spring 2014. Rate

Pierce’s disease symptoms in September 2014 on inoculated canes. Take samples for quantitative polymerase
chain reaction (qPCR) to confirm bacterial presence.

3. Cut back all canes to two buds and rate the cane growth in the spring of 2015, and rate for Pierce’s disease
symptoms in September 2015 and the spring of 2016 to determine if the expression of Hxf  in the transgenic
vines affected the movement of the inoculated Xf into the cordons, resulting in systemic protection against
Pierce’s disease.

RESULTS AND DISCUSSION
Forty Hxf-transgenic vines representing all the transgenic lines previously evaluated in the greenhouse were
planted in the field in April 2013 and trained as bilateral cordons as shown in Figure 1. The vines were inoculated
with Xf in the summer of 2014. Pierce’s disease symptoms were observed on the non-transgenic, Xf-inoculated
control plants and Hxf-transgenic plants in September 2014. The vines were then pruned to two buds and Pierce’s
disease symptoms on the vines were evaluated in the spring of 2015 (Table 1).

1 Note: Bruce Kirkpatrick was the original Principal Investigator on this project. This final report was prepared by David
Gilchrist, who accepted the responsibility of completing the data collection on this project following the death of
B. Kirkpatrick and submitting the final report.
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Figure 1. Hxf-transgenic and non-transgenic control vines planted in the field. (Photo August 2014.)

A combination of Xf Temecula and Stags’ Leap strains were grown on solid PD3 medium and harvested cells
were then suspended in phosphate buffered saline to a concentration of 108 cells/ml. Four canes on replicates of
each transgenic line were labelled and then mechanically inoculated by the standard needle prick method with a
20 ul drop of Xf cell suspension containing 2 x 106 bacterial cells. Inoculations were done in mid-May 2014 and
inoculum droplets were quickly taken up by the transpiring canes under negative pressure. The inoculations were
successful in establishing infection of the plants, as evidenced by the Pierce’s disease symptoms and by PCR
assessment of isolated cane DNA from the inoculated canes using Xf-specific probes.

Canes were cut back to two buds once vines were completely dormant in January/February 2015. The vines were
rated for Pierce’s disease symptoms in late August 2015 (Table 1). Ninety-five percent of the inoculated canes
had some level of leaf scorching, which indicated that the inoculation procedure was successful, as shown in
Figure 2.

Table 1. Pierce’s disease symptom ratings of Hxf-transgenic grapevines in August 2015.

Transgenic Lines # Inoculated
Vines

# of PD
Rated Canes Mean Plant Disease Rating (cane ratings)

HA Adhesion Domain only
SPAD 1-6 3 10 0.7 (5 as 0; 4 as 1; 2 as 2)
SPAD 1-7 4 15 0.9 (7 as 0; 2 as 1; 6 as 2)
SPAD 1-8 5 20 1.6 (2 as 0; 5 as 1; 12 as 2; 1 as 3)
SPAD 1-10 3 10 1.7 (1 as 0; 2 as 1; 6 as 2; 3 as 1)
SPAD 1-12 5 19 1.2 (5 as 0; 5 as 1;9 as 2)

HA Gene Full Coding Sequence
PGIP 220-1 4 10 1.6 (4 as 0; 1 as 1; 6 as 2; 1 as 3)
PGIP 220-3 3 12 1.3 (4 as 0; 1 as 1; 6 as 2; 1 as 3)
PGIP 220-11 3 10 0.3 (8 as 0; 1 as 1; 1 as 2)

Control 3 12 6.9 (13 as 5; 3 as 4; 2 as 3)
Note: Pierce’s disease symptoms of inoculated transgenic canes were rated August 2015. Symptom ratings of
individual canes were as follows:
0 is no symptoms of Pierce’s disease, i.e., no scorched leaves on cane;
1 is 2 to <10% scorched leaves on cane;
2 is >10% to <75% scorched leaves on cane;
3 is all leaves showing Pierce’s disease scorch symptoms, no cane dieback observed;
4 is cane dieback, cane still alive; and
5 is dead cane.
Cane ratings are of the form [# of canes] as [rating].
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Figure 2. Hxf adhesion domain transgenic Thompson Seedless vine 11 months following inoculation with
Xf in 2014 showing the state of the vine, which was defoliated and dead from Pierce’s disease in June 2015.

In 2015, three out of the five lines expressing the Hxf adhesion domains only showed no Pierce’s disease
symptoms. In the two other adhesion domain lines the majority of the inoculated canes were dead or had severe
Pierce’s disease symptoms. In the three full-length Hxf gene construct lines the majority of all the canes were
healthy, with no Pierce’s disease symptoms. These initial results were encouraging and were consistent with the
greenhouse results in terms of occurrence of Pierce’s disease symptoms in relation to inoculation.

These results were similar to what was observed in the greenhouse inoculations. However, it is also clear from the
field inoculations that none of the transgenic lines completely prevented the onset of Pierce’s disease symptoms in
inoculated canes.

The results obtained in the spring of 2016, are summarized in Figure 3. None of the transgenic plants were free of
Pierce’s disease symptoms, although all were slightly less than the non-transgenic control plants. Furthermore,
there was no indication that the bacteria were suppressed in movement from the site of inoculation.

Figure 3. Solano County field trial ratings of transgenic Thompson Seedless vines expressing two versions
of the hemagglutinin gene from Xf. Graph shows the mean disease ratings from 1 to 5 (1 is healthy and 5 is
dead) of Pierce’s disease symptoms in June 2016. Plants were inoculated with Xf in June 2014. PGIP220
(full Hxf) and SPAD (HA subdomain) transgenics are compared to TSO2A (untransformed controls). Data
are the average and standard deviation from four plants for each genotype.
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CONCLUSIONS
Eight Hxf-transgenic lines were shown by qRT-PCR to express Hxf mRNA. Greenhouse inoculations of the eight
Hxf-transgenic Thompson Seedless grapes with cultured Xf cells showed all lines expressed less severe symptoms
of Pierce’s disease than inoculated, non-transgenic controls. All transgenic lines as well as non-transgenic
Thompson Seedless vines that were used as controls were planted in the field in the spring of 2013, The vines
grew well and were trained as bilateral cordons. Four shoots on each vine were mechanically inoculated with
wild-type Xf in May 2014. Pierce’s disease symptoms on inoculated and non-inoculated shoots were evaluated in
September 2014. A high percentage of the inoculated shoots developed scorch leaves typical of Pierce’s disease
symptoms, indicating the needle inoculation technique was successful. Pierce’s disease symptom severity ratings
were lower among Hxf-transgenic lines than inoculated non-transgenic grapevine controls in the first year
following inoculation. Canes from transgenic and non-transgenic vines were collected to determine the presence
of the bacteria by qPCR. All shoots were pruned back to two buds in January/February 2015 and allowed to push
during the 2015 growing season. Spring shoot growth and Pierce’s disease symptoms were recorded in September
2015 to determine if the Xf infections overwintered and formed systemically-infected vines. Most of the adhesion
domain vines and full-length Hxf gene transformants had some vines that appeared Pierce’s disease free.
However, with other replicates of the transgenic lines some replicates were either dead or had Pierce’s disease
symptoms on inoculated canes that varied in severity.

Evaluation of the inoculated vines in June 2016 (Figure 2) indicated the bacteria had now gone systemic and
nearly all the transgenic plants were dead or clearly dying. There were no significant differences in disease
severity between the transgenic plants and the non-transgenic controls two years after inoculation.
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ABSTRACT
This field project began in 2010 to evaluate grapevines expressing potential Pierce’s disease suppressive
transgenes under field conditions. All plants are located in a secured, USDA Animal and Plant Health Inspection
Services (APHIS)-approved, area in Solano County. The disease was successfully introduced into the cordon-
trained plants by mechanical injection of Xylella fastidiosa into stems over the past four years. The plants were
monitored regularly for quantity and movement of the bacteria, along with symptoms of Pierce’s disease. Test
plants included transgenic plants expressing genes from the Dandekar, Powell, Lindow, Gilchrist, and Kirkpatrick
projects. The transgenic plants were compared with non-transgenic Pierce’s disease susceptible Thompson
Seedless and Freedom rootstock plants as controls. In addition, transgenic rootstocks expressing some of the test
genes grafted to untransformed Pierce’s disease susceptible scions were introduced in 2011 and 2012. The results
to date indicate that the mechanical inoculations introduced the bacteria into the plants with subsequent
appearance of classic foliar symptoms and cane death within 24 months in susceptible controls. There is no
evidence of spread of the bacteria to uninoculated and uninfected susceptible grape plants adjacent to infected
plants, confirming tight experimental control on the pathogen and symptoms. Each of the transgenes tested
suppress the symptoms of Pierce’s disease inoculated vines to varying degrees, including protection of
untransformed scions grafted to a transformed rootstock. The field evaluation is being continued with transgenic
rootstocks expressing two “stacked” genes grafted to a non-transgenic Pierce’s disease susceptible scion to assess
the potential for cross-graft protection of the scion.

LAYPERSON SUMMARY
This field project began in 2010 to evaluate grapevines expressing potential Pierce’s disease suppressive
transgenes under field conditions. This field experiment will continue evaluation of resistance to Pierce’s disease
in transgenic grape and grape rootstocks by expressing dual combinations of five unique transgenes under field
conditions. The evaluation continues in a USDA Animal and Plant Health Inspection Service (APHIS) regulated
Solano County site where the plants are mechanically injected with Xylella fastidiosa. Pierce’s disease symptoms
including classical foliar symptoms and cane death occur within 24 months. The current field tests have shown
positive protection against Pierce’s disease by five different DNA constructs. A new planting is in progress that
will consist of untransformed Pierce’s disease susceptible scions grafted to transgenic rootstocks (1103 and 110-
14) expressing the paired constructs of the five genes to assess cross-graft protection of a non-transformed scion
that is otherwise highly susceptible to Pierce’s disease.

INTRODUCTION
This field project began in 2010 to evaluate grapevines expressing potential Pierce’s disease suppressive
transgenes under field conditions. All plants are located in a secured, USDA Animal and Plant Health Inspection
Service (APHIS) approved area in Solano County. The disease was successfully introduced into the cordon-
trained plants by mechanical injection of Xylella fastidiosa into stems over the past five years. The plants were
monitored regularly for quantity and movement of the bacteria along with symptoms of Pierce’s disease. Test
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plants included transgenic plants expressing genes from the Dandekar, Powell, Lindow, Gilchrist, and Kirkpatrick
projects compared with non-transgenic Pierce’s disease susceptible Thompson Seedless and Freedom
rootstock plants as controls. In addition, transgenic rootstocks expressing some of the test genes grafted to
untransformed Pierce’s disease susceptible scions were introduced in 2011 and 2012. The results to date indicate
that the mechanical inoculations introduced the bacteria into the plants with subsequent appearance of classic
foliar symptoms and cane death within 24 months in susceptible controls. There is no evidence of spread of the
bacteria to uninoculated and uninfected susceptible grape plants adjacent to infected plants, confirming tight
experimental control on the pathogen and symptoms. Each of the transgenes tested suppress the symptoms of
Pierce’s disease inoculated vines to varying degrees, including protection of untransformed scions on the grafted
plants. This field research is moving forward with the generation of new transgenic rootstocks expressing pairs of
the disease-suppressive genes in a gene stacking approach with the genes paired together by differential molecular
function. The new rootstocks with two transgenes each will be evaluated first in the laboratory and then the
greenhouse before moving to the field. The highest-expressing rootstocks will be grafted to susceptible non-
transgenic scions to assess potential cross-graft protection against Pierce’s disease.

OBJECTIVES
There are three principal objectives:
1. Complete the current field evaluation of transgenic grape and grape rootstocks expressing Pierce’s disease

suppressive DNA constructs in the APHIS-regulated field site in Solano County through the spring of 2016.
2. Remove the current planting per the APHIS agreement by dismantling trellising, uprooting the plants, and

burning all grape plant material on site in the fall of 2016, followed by cultivation and fumigation to ensure
no living grape vegetative material remains.

3. Establish a new planting area within the current APHIS-approved site (Figure 3) to contain a new set of lines
bearing paired (i.e., Pierce’s disease suppressive DNA constructs, referred to as stacked genes). The stacked
genes will be transferred to two adapted rootstocks (1103 and 101-14). These rootstocks will be grafted to a
Pierce’s disease susceptible Chardonnay scion prior to field planting. The goal is to assess the potential for
achieving cross-graft protection of a non-transgenic scion against Pierce’s disease. Planting is to begin in
2016 and be completed by 2018.

In conjunction with the investigators, the Product Development Committee of the Pierce’s Disease and Glassy-
winged Sharpshooter (PD/GWSS) Board in October 2015 approved the decision to terminate the field evaluation
of current transgenics as originally planned and move to the second phase of transgenic Pierce’s disease resistance
evaluation. Field data over the course of this experiment has been collected by all investigators and can be found
in their individual project reports, which are available in the annual Pierce’s Disease Symposium Proceedings and
report compilations from 2012 to 2016.

The field experiment will be terminated under objectives 1 and 2 of this proposal according to the regulations
specified in the APHIS permit. This will be followed by establishment of the second phase approved by the
Product Development Committee to develop transgenic rootstocks incorporating stacked genes (dual constructs)
to be grafted to non-transformed Pierce’s disease susceptible Chardonnay scions to test for potential cross-graft
protection against Pierce’s disease (objective 3). The development of the stacked gene rootstock transgenics is in
progress, including molecular analysis of several lines released by the UC Davis Plant Transformation Facility.
The second phase also involves limited planting and inoculation of additional single DNA constructs not
previously tested. The second phase planting and inoculation will begin in 2016 and will be concluded in 2018.
All field activities described in the section “Methodology to accomplish objectives” will be coordinated by
principal investigator Gilchrist through field superintendent Bryan Pellissier.

Methodology to accomplish objectives.
1. Destruction of existing planting and fumigation of the area to permit future use will first involve removal of

all stakes and trellises, followed by cutting and stacking the above-ground portions of the plants. Mechanical
undercutting of the base of the plants and roots will complete the plant removal. The stacked plants will be
burned on the site inside the APHIS-permitted area. Following burning the ashes will be scattered and the
entire area rototilled prior to fumigation to complete the APHIS requirements for removal and destruction of
all transgenic material.
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2. Establishment and management of new planting: Mark Greenspan (PD/GWSS Board viticulture consultant)
will work with principal investigator Gilchrist to develop the following approach for trellising and plant
management to reflect commercial standards and to enable the experimental inoculations and pathogen and
disease assessments, as well as grape yield. Land preparation and planting of the experimental area will be
sufficient to accommodate and manage 900 new plants. Row spacing will be nine feet between rows with six
feet between plants. This spacing permits 32 rows of 28 plants each (up to 896 plants total) and includes a 50-
foot open space around the planted area as required by the APHIS permit. The planting pattern will permit a
two-bud pruned bilateral cordon system of sufficient lengths for inoculation, real-time sampling of inoculated
tissue, and determination of the fruit yield by the untransformed Chardonnay scions. The total fenced area
occupied by plants and buffer zones as required by the APHIS permit will be approximately 3.4 acres. All
plants will be maintained under a drip irrigation system that was installed in 2014.
a. Experimental design will be a complete randomized block with eight plants per each of five entries

(replications), including all controls. Each plant will be trained as a single trunk up the wood stake as with
the existing planting. When the shoot tip reaches about 12 inches past the cordon wire it will be topped to
just above a node that is about two to three inches below the wire. Then, the laterals that push will be used
to establish the bilateral cordons. Following Mark’s advice, the best practice is to let them grow vertically
or close to vertical rather than tying them while green, which reduces their elongation and tends to force
more lateral growth. Metal nine-foot highway stakes inserted three feet into the ground every 18 feet will
support the wires, including catch wires. A single 11-gauge wire will be used for the cordons and 13-
gauge for the catch wires. Two pairs of moveable catch wires will be installed to tuck and position the
shoots vertically for optimizing bacterial inoculation, bacterial analysis, and fruit production. The catch
wires will be installed initially or after the first year of growth using 13-gauge wire to support the drip
irrigation wire, about 18 inches off the ground.

b. After the first year, the canes will be tied down during the dormant season and trimmed to the appropriate
length or shorter if the cane girth is not over 3/8-inch in diameter. The shoots that push will be suckered
to remove double shoots and to achieve a shoot (and hence spur position) spacing of about four to five
inches between them.

c. Grape fruit yield will be measured after the second or third year, depending on the fruit set.
d. Evaluation of the experimental plants for plant morphology, symptoms of Pierce's disease infection, and

the presence of the bacteria will follow past protocol. Each parameter will be determined over time by
visual monitoring of symptom development and detection of the amount and movement of the bacteria in
plant tissues (mainly leaves and stems) by quantitative polymerase chain reaction (qPCR) assays. The
analysis will be done in the Gilchrist lab by the same methods and laboratory personnel as has been done
with the current planting. A comparative quantitative determination by qPCR of the presence of Xylella in
non-transgenic scions and grape rootstocks will be compared with conventional grape and grape
rootstocks.

e. Both symptom expression and behavior of the inoculated bacteria will provide an indication of the level
of resistance to Pierce's disease infection and the effect of the transgenes on the amount and movement of
the bacteria in the non-transgenic scion area.

f. The area is adjacent to experimental grape plantings that have been infected with Pierce’s disease for the
past two decades with no evidence of spread of the bacteria to uninfected susceptible grape plantings
within the same experiment. Hence, there is a documented historical precedent for the lack of spread of
the bacteria from inoculated to non-inoculated plants, an important consideration for the experiments
carried out for this project and for the granting of the APHIS permit. The field area chosen has never had
grapes planted therein, which is to avoid any potential confounding by soil borne diseases, including
nematodes.

g. Irrigation and pest management, primarily for powdery mildew, weeds and insects, will be coordinated by
principal investigator Gilchrist and conducted by Bryan Pellissier, the field superintendent employed by
the Department of Plant Pathology. The field crew works closely with principal investigator Gilchrist to
determine the timing and need for each of the management practices, including pruning and thinning of
vegetative overgrowth as necessary.

h. Regular tilling and hand weeding will maintain a weed-free planting area. Plants were pruned carefully in
March, leaving all inoculated/tagged branches and numerous additional branches for inoculation and
sampling purposes in the coming year. All pruned material was left between the rows to dry, then flail
chopped and later rototilled to incorporate the residue per requirements of the APHIS permit.
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i. Application of the fungicides Luna Experience and Inspire will be alternated at periodic intervals to
maintain the plants free of powdery mildew. Leafhoppers and mites will be treated with insecticides when
needed. Neither powdery mildew nor insect pressure have been observed with these ongoing practices
throughout the past five growing seasons.

RESULTS AND DISCUSSION
The initial plantings will be in the spring of 2016, followed by additional plantings as experimental plants become
available in the second and third years. Inoculation and evaluation will begin when the plants have been in the
ground for one year and will continue annually until the field planting is terminated. Funding for completion of
the fourth and any following years will be proposed in the 2018-2019 funding cycle and will depend on the results
of the field evaluation up to that point. The field area has been designated legally available for planting with the
specified transgenic grapes by USDA APHIS under permit number 7CFRE340 that is held by Professor Abhaya
Dandekar. The protocols for managing the existing and the new plantings with the dual constructs have been used
successfully over the past five years (Gilchrist, 2015a). These protocols include plant management, inoculation
with Xylella fastidiosa, development of classical symptoms of Pierce’s disease exhibiting the range from foliar
symptoms to plant death, and the assessment of protection by a set of transgenes selected by molecular techniques
to suppress the symptoms of Pierce’s disease and/or reduce the ability of the pathogenic bacteria to colonize and
move within the xylem of the grape plant.

CONCLUSIONS
The current planting of transgenic grapes will be terminated and the plants removed in the fall of 2016. Removal
of the current planting will be done per the APHIS agreement by dismantling trellising, uprooting the plants, and
burning all grape plant material onsite in the fall of 2016, followed by cultivation and fumigation to ensure no
living grape vegetative material remains.

The field research using Pierce’s disease suppressive transgenes is moving forward with the generation of new
transgenic rootstocks expressing pairs of the disease-suppressive genes in a gene stacking approach with the genes
paired together by differential molecular function. The new rootstocks with two transgenes each will be evaluated
first in the laboratory and then the greenhouse before moving to the field. The highest expressing rootstocks will
be grafted to susceptible non-transgenic scions to assess potential cross-graft protection against Pierce’s disease.
The field area has been permitted by the USDA APHIS for this experiment. The protocol for planting and
management of the vines is in place and is coordinated with Mark Greenspan (PD/GWSS Board viticulture
consultant). Initial plantings will be done in the spring of 2016 and followed by additional plantings as
experimental plants become available in the second and third years. Inoculation and evaluation will begin when
the plants have been in the ground for one year and will continue annually until the field planting is terminated.
Funding for completion of the fourth and any following years will be proposed in the 2018-2019 funding cycle
and will depend on the results of the field evaluation up to that point.
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Figure 3. Solano County planting area. Future area (green) available to plant the next generation of
transgenic plants expressing the dual constructs or new single genes: This area is 300 x 470 feet for planting,
which equals 1.8 acres accommodating up to 38 new rows (excluding the 50-foot buffer areas surrounding
the plots. The new area will accommodate approximately 900 new plants in 2016-18. Current area (rows)
now planted to grapes: 300 x 370 feet equaling 1.6 acres, including the 50-foot buffer areas surrounding the
plots. There are currently 625 plants that have been evaluated since 2010. These plants will be removed in
2016. After the plants are removed and destroyed by burning the area will be fumigated and available for
additional new plantings or a rootstock nursery by 2018.
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ABSTRACT
Collectively, a team of researchers (Lindow, Dandekar, Labavitch/Powell, and Gilchrist) identified, constructed,
and advanced to field evaluation five novel DNA constructs (Table 1) that, when engineered into grapevines,
suppress symptoms of Pierce’s disease by (a) reducing the titer of Xylella fastidiosa (Xf) in the plant, (b) reducing
systemic spread of the bacteria, or (c) blocking Xf’s ability to trigger Pierce’s disease symptoms. The continuation
of the basic research and the field trial results indicate that several of the five DNA constructs, when incorporated
into transgenic rootstock, show potential for protecting non-transformed scions across a graft union (Figure 1).
The present field trial consisting of single gene constructs will be discontinued at the end of the 2016 growing
season to be replaced with a second field trial designed to evaluate rootstocks bearing paired combinations of the
five constructs. If successful, the obvious benefit would be that any unmodified (non-transgenic) varietal wine
grape scion could be grafted to and be protected by transformed rootstock lines. This approach involves
“stacking” a combination of distinct protective transgenes in a single rootstock line, which is intended to foster
not only durability but also more robust protection of the non-transformed scion from Pierce’s disease. Stacked
transgene rootstock lines are now being received for greenhouse whole-plant Pierce’s disease evaluation, followed
by grafting and more Pierce’s disease evaluation under controlled greenhouse conditions. Ramets of the most
suppressive transgenic rootstock lines will then be produced for field evaluation beginning in 2017.

Figure 1. Example scenario whereby a transgenic rootstock is being tested for its ability
to protect an untransformed scion from Pierce’s disease.
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LAYPERSON SUMMARY
Xylella fastidiosa (Xf) is the causative agent of Pierce’s disease. Collectively, a team of researchers (Lindow,
Dandekar, Labavitch/Powell, and Gilchrist) has identified or constructed and advanced the evaluation of five
(Table 1) novel genes (DNA constructs) that, when engineered into grapevines, suppress symptoms of Pierce’s
disease by reducing the titer of Xylella fastidiosa (Xf) in the plant, reducing its systemic spread in the plant, or
blocking Xf’s ability to trigger Pierce’s disease symptoms. These projects have moved from the proof-of-concept
stage in the greenhouse to characterization of Pierce’s disease resistance under field conditions with mechanical
inoculation of the test plants with pathogenic strains of Xf. Current data from the field experiment indicates that
each of the five transgenes, introduced as single constructs, reduced the disease levels under field conditions. In
addition, preliminary data indicates that each of the five DNA constructs, when incorporated into transgenic
rootstock, has shown the ability to protect non-transformed scion, with obvious benefit in that any unmodified
varietal scions can be grafted to and be protected by transformed rootstock lines. The objectives described herein
address the issue of durability of genetic resistance to avoid being overcome by evolving virulent versions of the
Xf pathogen, a critical factor for a long-lived perennial crop such as grapevine. This approach involves “stacking”
a combination of distinct protective transgenes in a single rootstock line to assess not only durability but also
more robust protection of the non-transformed scion against Pierce’s disease. The stacking of genes is the next
logical step toward achieving commercialization of transgenic resistance. Stacked transgene rootstock lines will
be ready for evaluation in 2016 under controlled greenhouse conditions while ramets of the most suppressive
transgenic lines are being produced for field testing to be initiated by 2017.

INTRODUCTION
Briefly, we describe information on the history and impact of the genes deployed as single transgenes currently in
USDA Animal and Plant Health Inspection Service (APHIS) approved field trials where test plants are
mechanically inoculated with Xylella fastidiosa (Xf). The subjects of this project are five specific DNA constructs
(Table 1) that have shown to be effective in Pierce’s disease suppression under field conditions as single gene
constructs and also appear to have potential in cross-graft-union protection described by Lindow, Dandekar, and
Gilchrist in previous reports and noted in the references.

Table 1. Genes selected to evaluate as dual genes in the second generation field evaluation for
suppression of Pierce's disease in grape. The table lists gene names and presumed functions.

Gene Function
CAP Xf clearing; antimicrobial
PR1 grape cell anti-cell-death
rpfF changes quorum sensing of Xf (DSF)
UT456 non-coding microRNA; activates PR1 translation
PGIP inhibits polygalacturonase; suppresses Xf movement

Polygalacturonase-inhibiting protein and chimeric antimicrobial protein (Abhaya Dandekar).
The Dandekar lab has genetic strategies to control the movement and to improve clearance of Xf, the xylem-
limited, Gram-negative bacterium that is the causative agent of Pierce’s disease in grapevine (Dandekar, 2013). A
key virulence feature of Xf resides in its ability to digest pectin-rich pit membrane pores that connect adjoining
xylem elements, enhancing long-distance movement and vector transmission. The first strategy tests the ability of
a xylem-targeted polygalacturonase-inhibiting protein (PGIP) from pear to inhibit the Xf polygalacturonase
activity necessary for long distance movement (Aguero et al., 2006). The second strategy enhances clearance of
bacteria from Xf-infected xylem tissues by expressing a chimeric antimicrobial protein (CAP) that consists of a
surface binding domain that is linked to a lytic domain. The composition and activity of these two protein
components have been described earlier (Dandekar et al., 2012).

rpfF and diffusible signal factor (Steven Lindow).
The Lindow lab has shown that Xf uses diffusible signal factor (DSF) perception as a key trigger to change its
behavior within plants (Lindow, 2013). Under most conditions DSF levels in plants are low since cells are found
in relatively small clusters, and hence they do not express adhesins that would hinder their movement through the
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plant but which are required for vector acquisition. Instead, they actively express extracellular enzymes and
retractile pili needed for movement through the plant (Chatterjee et al., 2008). Accumulation of DSF in Xf cells,
which presumably normally occurs as cells become numerous within xylem vessels, causes a change in many
genes in the pathogen, but the overall effect is to suppress its virulence in plants by increasing its adhesiveness to
plant surfaces and also suppressing the production of enzymes and genes needed for active movement through the
plant.

PR1 and microRNA UT456 (David Gilchrist).
The Gilchrist lab is focused on the host response to Xf through identifying plant genes that block a critical aspect
of grape susceptibility to Xf, namely the inappropriate activation of a genetically conserved process of
programmed cell death (PCD) that is common to many, if not all, plant diseases. Blocking PCD, either genetically
or chemically, suppresses disease symptoms and bacterial pathogen growth in several plant-bacterial diseases
(Richael et al., 2001; Lincoln et al., 2002; Harvey et al., 2007). In the current project with Pierce’s disease, a
functional genetic screen identified novel anti-PCD genes from cDNA libraries of grape and tomato (Gilchrist and
Lincoln, 2011). Two of these grape sequences (PR1 and UT456), when expressed as transgenes in grape,
suppressed Pierce’s disease symptoms and dramatically reduced bacterial titer in inoculated plants under
greenhouse and field conditions. Assays with various chemical and bacterial inducers of PCD confirmed that the
PR1 was capable of blocking PCD in transgenic plant cells when translated in the presence of a bacterial secreted
death signal. Sequence analysis of UT456 revealed a strong sequence complementarity to a region in the PR1
3’UTR that released the translational block of PR1 translation. Hence, the mechanism of suppression of Pierce’s
disease symptoms depends on translation of either the transgenic or the endogenous PR1 message in the face of Xf
trigger cell stress.

OBJECTIVES
1. Introduce pairs of protective constructs into adapted grapevine rootstocks 1103 and 101-14.
2. Analyze each transgenic line to confirm correct insertion of the gene pairs and their expression in the

respective rootstock.
3. Test the resulting lines for efficacy by inoculating with Xf in a preliminary greenhouse experiment to identify,

based on symptom expression, the most protective lines from each combination of genes, followed by
quantitative measurement of the presence and movement of the bacteria.

The primary motive for expressing genes in combination is to create durable resistance, i.e., resistance to Xf that
will last the life of the vine. Since at least several of the five DNA constructs (Table 1) have biochemically
distinct mechanisms of action, having two or more such distinctly acting DNA constructs “stacked” in the
rootstock should drastically reduce the probability of Xf overcoming the resistance. With multiple, distinct
transgenes, Xf would be required to evolve simultaneously multiple genetic changes in order to overcome the two
distinct resistance mechanisms.

Additionally, there could be favorable synergistic protection when two or more resistance-mediating DNA
constructs are employed. There are data indicating synergism between multiple transgenes in other crops. For
example, the paper, “Field Evaluation of Transgenic Squash Containing Single or Multiple Virus Coat Protein
Gene Constructs for Resistance to Cucumber Mosaic Virus, Watermelon Mosaic Virus 2, and Zucchini Yellow
Mosaic Virus” (Tricoli et al., 1995), describes the stacking of several genes for virus resistance in squash. (Note
that David Tricoli, the lead author in this paper, is doing the stacking transformations in this project.)
Additionally, the Dandekar laboratory has successfully stacked two genes blocking two different pathways
synergistically to suppress crown gall (Escobar et al., 2001). Experiments being conducted here will evaluate
potential synergism in suppression of Pierce’s disease symptoms and reducing Xf titer distant from the graft
union.

RESULTS AND DISCUSSION
Construction of dual gene expression binaries.
The strategy is to prepare dual plasmid constructs bearing a combination of two of the protective genes on a single
plasmid with a single selectable marker. The binary backbone is based on pCAMBIA1300 (Hajdukiewicz et al.,
1994). Binaries were constructed to express two genes from two 35S promoters (Figure 2). The DNA fragments
containing transcription units for expression of the transgenes are flanked by rare cutting restriction sites for
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ligation into the backbone. The nt-PGIP used in these constructs is a modified version of the Labavitch PGIP that
was constructed in the Dandekar laboratory to include a signal peptide obtained from a grapevine xylem secreted
protein (Aguero et al., 2006).

Figure 2. Dual expression binary expresses two genes within the same TDNA insert. This allows a single
transformation event to generate plants that express two gene products.

Binary plasmids capable of expressing two genes from the same TDNA (dual expressers) were constructed by
J. Lincoln and are of the general form shown in Figure 2. All plasmids were transformed into Agrobacterium
strain EHA105, the transformation strain for grape plant transgenics. As a check on stability of the dual expresser
binary plasmid, the plasmid was isolated from two Agrobacterium colonies for each construct and the plasmid
was used to transform Escherichia coli. Six E. coli colonies from each Agrobacterium isolated plasmid (for a total
of 12 for each construct) were analyzed by restriction digest to confirm that the plasmid in Agrobacterium is not
rearranged. Table 2 shows when transformations were started by the UC Davis Plant Transformation Facility. To
ensure optimum recovery of the transgenic embryos, two versions of the plasmid with different antibiotic
selectable markers were prepared. Hence, the dual inserts can now be subjected to two different selections that
enable transformation to move forward in the fastest manner depending on which marker works best for each dual
or each rootstock. Each plasmid containing the dual protective DNA sequences is being introduced into
embryogenic grapevine culture in a single transformation event rather than sequentially as would normally be the
conventional strategy at the UC Davis Plant Transformation Facility. The progress for each line is shown in
Table 2.
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Table 2. Progress in generation of the dual construct transformed transgenic rootstocks. The current status of grape
transformations into the rootstocks 1103 and 101-14.

The following images (Figure 3) illustrate the development of transgenic embryos, the initiation of roots and
shoots from the transgenic embryo, and finally, the fully-developed transgenic rootstock containing two of the
transgenes. The quantitative analysis of the transgenic rootstocks has begun, as illustrated in Figure 4.

Figure 3. Rootstock 1103 embryos and developing plantlets with CAP and PR1 transgenes inserted, and the
developed transgenic plant ready for RNA analysis and pathogenicity testing for response to Xf.



        
         

   

 
  

 

 
 

       
         

Figure 4. Leaf RNA analysis of four independent transgenic grape lines. Lanes 1 and 2 
are putative CAP and PGIP dual expression lines. Lanes 3 and 4 are putative PR1 and 
rpfF dual expression lines. Sizes of the expected products are shown. 

Analysis of the transgenic rootstocks to confirm dual insertions. 
RNA from transgenic grape leaves is purified by a modification of a cetyl trimethylammonium bromide (CTAB) 
protocol and includes LiCl precipitation. The RNA is converted to cDNA by oligo dT priming and reverse 
transcriptase. PCR reactions are set up using the synthesized cDNA as template and specific pairs of primers 
designed against each of the five putative transgenes. The resulting products are separated by agarose gel 
electrophoresis (Figure 4). In this figure the bands shown correspond to two amplification targets in each 
transgenic plant. This technique, adapted by J. Lincoln to uniquely address this analysis, is referred to as 
multiplex analysis of each transgenic pair combination and allows for robust and rapid confirmation of the fidelity 
of the paired insertions. Progress on the RNA verification is shown in Table 3. 

Table 3. Progress in RNA analysis of the dual construct transformed transgenic rootstocks. The 
current status of verification of transgenic RNA from transgenic rootstocks 1103 and 101-14. 

Grapevine 
Genotype 

Construct Verified 
RNA 

Ramets 
Started 

1103 CAP-PR1 10 X 
PGIP-456 
CAP-456 10 X 
PGIP-PR1 10 X 
PGIP-CAP 5 
PR1-456 10 X 
rpfF-PR1 
CAP-rpfF 4 
PGIP-rpfF 10 X 
rpfF-456 1 

101-14 CAP-PR1 2 
PGIP-456 
CAP-456 
PGIP-PR1 2 
PGIP-CAP 3 
PR1-456 
rpfF-PR1 
CAP-rpfF 
PGIP-rpfF 5 
rpfF-456 
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The timeline for completing the delivery of the transgenic rootstock plants, the greenhouse and laboratory
analyses, and the field planting of the selected rootstocks grafted to the non-transgenic Chardonnay scions is
presented in Figure 5.

CONCLUSIONS
Our capacity to achieve all the objectives is essentially assured based on prior accomplishments and the fact that
we are exactly where we are projected to be within the timeline indicated in Figure 5. All techniques and
resources are available in the lab and have proven reliable, informative, and reproducible. This project has
consolidated a full-time research commitment for this team of experienced scientists to Pierce’s disease. Each of
the senior personnel, including J. Lincoln, have been with this project since 2007. Collectively the team brings a
full range of skills and training that complement changing needs of this project in the areas of molecular biology,
plant transformation, and analysis of transgenic plants.

The scope of research includes both greenhouse and field evaluation of the transgenic rootstocks for relative
suppression of Pierce’s disease in the non-transgenic scions. Commercialization of the currently effective anti-
Pierce’s disease containing vines and/or rootstocks could involve partnerships between the UC Foundation Plant
Services, nurseries, and, potentially, with a private biotechnology company. As indicated above, the dual
constructs have been assembled and forwarded to D. Tricoli at the UC Davis Plant Transformation Facility. The
transgenic plants are being delivered to J. Lincoln as indicated in Table 2 and evaluations have begun as indicated
in Table 3 and Figure 4. The first step in the analysis of the transcribed RNA is to verify that each plant contains
both of the intended constructs. The timeline shown in Figure 5 for both transformation and analysis is on track.
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ABSTRACT
In September 2014, September 2015, and May 2016 the principal investigator and a team of grapevine
pathologists scored Pierce’s disease symptom severity in a Solano County research block planted with transgenic
grapevines that had been mechanically injected with a Pierce’s disease strain of Xylella fastidiosa. Analysis of the
variation in the data overall and among individuals indicated that, regardless of when vines were scored, all scores
agreed for greater than 50% of the vines and the majority of scores agreed for at least 96.5% of the vines. This
indicates that the rating system was well understood by team members and provided a relatively uniform measure
of Pierce’s disease symptoms. Score variation was highest in May 2016, suggesting that Pierce’s disease
symptoms might be more variable in the spring and result in a less uniform measure of disease. In addition, the
percent agreement of scores for vines with less severe symptoms was lower, suggesting that raters have more
difficulty scoring these vines.

LAYPERSON SUMMARY
In September 2014, September 2015, and May 2016 the principal investigator and a team of grapevine
pathologists scored Pierce’s disease symptom severity in a Solano County research block planted with transgenic
grapevines that had been mechanically injected with a Pierce’s disease strain of Xylella fastidiosa. Analysis of the
variation in the data overall and among individuals indicated that, regardless of when vines were scored, all scores
agreed for greater than 50% of the vines and the majority of scores agreed for at least 96.5% of the vines. This
indicates that the rating system was well understood by team members and provided a relatively uniform measure
of Pierce’s disease symptoms. Score variation was highest in May 2016, suggesting that Pierce’s disease
symptoms might be more variable in the spring and result in a less uniform measure of disease. In addition, the
percent agreement of scores for vines with less severe symptoms was lower, suggesting that raters have more
difficulty scoring these vines.

INTRODUCTION
The Product Development Committee of the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board
requested research into uniform evaluation of Pierce’s disease symptoms exhibited by grapevines developed by
four principal investigators as part of the Board’s research portfolio. These vines are planted in a single research
block in Solano County.

Principal investigator Golino and Foundation Plant Services plant pathologists with multiple years of grape
disease experience made up the core evaluation team. Several plant pathology PhD graduate students with grape
pathology thesis research were also invited to participate. Each individual participated in training in evaluating
Pierce’s disease symptoms according to the scoring system below. That training included ‘calibration’ by
examining a subset of vines including healthy and Pierce’s disease-inoculated controls to ensure that ratings were
as uniform as possible. Vines were evaluated twice in mid-September and once in mid-May.

Scoring technique.
A visual rating system on a scale of 1-5 was used by each member of the team to rate every vine individually. All
vines were labeled by row and vine number. Data was collected by row and vine number without any information
about the particular treatment that the vine received. This is a slightly modified version of the rating system used
by the Kirkpatrick lab.
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Golino/Gilchrist simplified rating system.
0: Healthy vine. All leaves green with no scorching, good cane growth, no cordon dieback or failure to push

canes at bud positions. Dry or yellowing leaves may be present but do not show characteristic Xylella
symptoms.

1: Leaves on one or two canes showing characteristic Xylella scorched leaf symptoms. No evidence of physical
damage to leaf petiole(s) or cane(s). On cane in question, at least TWO leaves are symptomatic; one single
leaf is NOT enough to warrant a rating of 1.

2: More than two canes possess multiple scorched leaves. HOWEVER, canes with symptomatic leaves are still
confined to just one area of the vine.

3: Canes with clearly scorched leaves are found on several canes, including canes which have not been
inoculated.

4: Ends of cane(s) begin dying back; some canes failed to push in the spring. Vine is clearly symptomatic on all
or nearly all surviving canes. Main point is that the vine is NOT yet dead but is clearly facing a terminal fate.

5: Dead vine or a vine that had a few canes weakly push in the spring but those canes later died with onset of hot
temperatures in July or August. There are NO visible signs of other potential problems such as gophers,
crown gall, Phytophthora, or Eutypa/Botrytis dieback of cordons.

If a vine appeared to have died for reasons other than Pierce’s disease, that was entered in the comments field for
that vine and no score was entered in the rating field.

OBJECTIVES
The objectives of this project were to:
1. Train individuals to evaluate Pierce’s disease symptoms according to the above scoring system.
2. Score the grapevines during the fall and spring.
3. Evaluate the extent to which the scores for any given vine agreed.

RESULTS AND DISCUSSION
In September 2014, nine members of the evaluation team scored 616 vines and the data was analyzed with the
purpose of determining the extent to which the scores for any given vine agreed. Scores for a vine were counted
as “in agreement” if they equaled one of the integers above or below the mean. Although mode and frequency are
typically used for analyzing ordinal data, the scores in the rating system are quantitative in the sense that they
follow a logical sense of order and the difference between the scores is roughly equivalent. Therefore, we felt that
using the mean as a measure of central tendency was justified. The purpose of the interval was to accommodate
integer data and, in practice, allows scores to vary by one integer and still be counted as “in agreement.”

The percent agreement of scores for individual vines is shown in Figure 1. Cells of varying shades of green
represent vines where at least five out of nine scores agreed.
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Figure 1. Cell plot of the 616 vines that were rated in September 2014. The colors indicate the
percent agreement among scores of individual raters. Scores are counted as “in agreement” if they
equal the integer above or below the mean for any given vine. Gray areas indicate missing vines.

The number and percent of vines in each agreement category for the first scoring in September 2014 is shown in
Table 1. Adding columns “56%” through “100%” indicates that for 97.4% of the vines, at least five of the nine
scores agreed. For 51.0% of the vines all nine scores agreed, i.e., they were within one integer above or below the
mean.

Table 1. The number and percent of vines in each of the ten agreement categories in September 2014.
Percent

Agreement
Sept. 2014

0%
(0/9)

11%
(1/9)

22%
(2/9)

33%
(3/9)

44%
(4/9)

56%
(5/9)

67%
(6/9)

78%
(7/9)

89%
(8/9)

100%
(9/9)

Number of
Vines 4 0 1 3 8 19 41 62 164 314

Percent of
Vines 0.60 0.00 0.16 0.49 1.30 3.08 6.66 10.1 26.6 51.0

The vines were scored again in September 2015 by ten people. The percent agreement of scores for individual
vines is shown in Figure 2.
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Figure 2. Cell plot of the 650 vines that were rated in September 2015. The colors indicate the
percent agreement among scores of individual raters. Scores are counted as “in agreement” if they
equal the integer above or below the mean for any given vine. Gray areas indicate missing vines.

The number and percent of vines in each agreement category is shown in Table 2. Adding columns “50%”
through “100%” indicates that for 96.5% of the vines, at least five of the ten scores agreed. For 66.5% of the vines
all ten scores agreed, i.e., they were within one integer above or below the mean.

Table 2. The number and percent of vines in each of the eleven agreement categories in September 2015.
Percent

Agreement
Sept. 2015

0%
(0/10)

10%
(1/10)

20%
(2/10)

30%
(3/10)

40%
(4/10)

50%
(5/10)

60%
(6/10)

70%
(7/10)

80%
(8/10)

90%
(9/10)

100%
(10/10)

Number of
Vines 2 2 4 12 3 3 6 13 49 124 432

Percent of
Vines 0.31 0.31 0.62 1.85 0.46 0.46 0.92 2.00 7.54 19.08 66.46

The per vine change in percent agreement between 2014 and 2015 is illustrated in Figure 3. For 290 and 251
vines, respectively, the percent agreement increased or stayed the same. For 109 vines the percent agreement
decreased in 2015. In some cases these latter vines appear to be clustered, indicating that some treatments were
possibly more difficult to rate. However, percent agreement for most of these vines was still greater than 50%
(data not shown). Vines with less than 50% agreement were scattered throughout the plot, indicating problems
with individual vines and not entire treatments.
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Figure 3. Cell plot representing individual vines and the change in percent agreement between
September 2014 and 2015. Colors indicate the level of change, with black = increase in percent
agreement, gray = no change, and white = decrease.

In May 2016 eleven members of the evaluation team scored 622 vines and the data was analyzed. The percent
agreement of scores for individual vines is shown in Figure 4. Cells of varying shades of green represent vines
where at least six out of eleven scores agreed.
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Figure 4. Cell plot of the 622 vines that were rated in May 2016. The colors indicate the percent
agreement among scores of individual raters. Scores are counted as “in agreement” if they equal
the integer above or below the mean for any given vine. Gray areas indicate the 28 vines that had
fewer than eleven scores and were not included in the analyses. Usually this was because a vine
was missing and so was not scored.

The number and percent of vines in each agreement category is shown in Table 3. Adding columns “55%”
through “100%” indicates that for 98.2% of the vines, at least six of the eleven scores agreed. For 50.6% of the
vines all eleven scores agreed, i.e., they were within one integer above or below the mean.

Table 3. The number and percent of 622 vines in each of the twelve agreement categories from May 2016.
Percent

Agreement
May 2016

0%
(0/11)

9%
(1/11)

18%
(2/11)

27%
(3/11)

36%
(4/11)

45%
(5/11)

55%
(6/11)

64%
(7/11)

73%
(8/11)

82%
(9/11)

91%
(10/11)

100%
(11/11)

Number of
Vines 0 1 0 1 2 7 18 35 48 73 122 315

Percent of
Vines 0.00 0.16 0.00 0.16 0.32 1.13 2.89 5.63 7.72 11.74 19.61 50.64

The May 2016 scores were compared with those from September 2015 to determine if there was a significant
difference in score agreement when vines were rated at a different time of the year. The September 2015 scores
are shown again below.



- 73 -

Table 2. The number and percent of vines in each of the eleven agreement categories from September 2015.
Percent

Agreement
Sept., 2015

0%
(0/10)

10%
(1/10)

20%
(2/10)

30%
(3/10)

40%
(4/10)

50%
(5/10)

60%
(6/10)

70%
(7/10)

80%
(8/10)

90%
(9/10)

100%
(10/10)

Number of
Vines 2 2 4 12 3 3 6 13 49 124 432

Percent of
Vines 0.31 0.31 0.62 1.85 0.46 0.46 0.92 2.00 7.54 19.08 66.46

There are two notable differences in the level of score agreement between September 2015 and May 2016. First,
the percentage of vines where the majority of scores (i.e., at least 50% of the scores) agree increases from 96.5%
in September 2015 to 98.2% in May 2016. Second, the percentage of vines where 100% of the scores agree
decreases from 66.5% in September 2015 to 50.6% in May 2016. Therefore, while the percentage of vines where
the majority of scores agree increases slightly in May 2016, the “strength” of the agreement decreases.

The per vine change in percent agreement between September 2015 and May 2016 is illustrated in Figure 5. In
May 2016 the percent agreement increased or stayed the same for 383 and 97 vines, respectively. The percent
agreement decreased for 142 vines in May 2016. In some cases these latter vines are clustered, indicating that
some treatments were possibly more difficult to rate. However, percent agreement for most of these vines was still
greater than 50% (data not shown).

Figure 5. Cell plot representing individual vines and the change in percent agreement between September
2015 and May 2016. Colors indicate the level of change, with black = increase in percent agreement, gray =
no change, and white = decrease. Yellow = vines eliminated from analyses due to fewer than eleven scores.
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To determine if the percent agreement for the May 2016 data varied by score we mapped mean score against
percent agreement for individual vines (Figure 6). The “V” shaped scatterplot indicates that there is an agreement
bias for low and high scores, i.e., vines that are not very symptomatic or are showing severe symptoms have
scores that are in higher agreement. This is especially true for severely symptomatic vines. Of the 315 vines that
had scores 100% in agreement (Table 3), 193 or 61.3% had a mean score of 5.

Figure 6. Scatterplot showing mean score plotted against percent agreement. Each circle represents
one vine.

CONCLUSIONS
In conclusion, review of the data from the September 2014 and 2015 ratings indicates that for approximately 97%
of the vines the majority of team members scored the vines within one integer above or below the mean. In 2015
the percentage of vines where all scores agreed increased from 51.0% to 66.5%. Overall, this demonstrates that
the rating system was well understood by team members and provides a relatively uniform measure of Pierce’s
disease symptoms that can be used to describe the vines in this experiment.

The percentage of vines where the majority of scores agreed increased by 1.7% in May 2016 compared to
September 2015. However, there was a change in the extent to which scores agreed, with a 16% decrease in the
percentage of vines where all scores agreed. This suggests that Pierce’s disease symptoms may be more variable
in the spring and that rating vines at this time results in a less uniform measure of disease. In addition, the percent
agreement of scores for vines with less severe symptoms is lower, suggesting that raters have more difficulty
scoring these vines.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.



- 75 -

MONITORING GLASSY-WINGED SHARPSHOOTER AND PIERCE’S DISEASE
IN KERN COUNTY, CALIFORNIA

Principal Investigator:
David Haviland
Cooperative Extension
University of California
Bakersfield, CA 93307
dhaviland@ucdavis.edu

Principal Investigator:
Beth Stone-Smith
USDA APHIS PPQ
Sacramento, CA 95814
beth.stone-smith.aphis.usda.gov

Reporting Period: The results reported here are from work conducted through the end of 2015.

ABSTRACT
For more than a decade area-wide treatment programs have been in place to reduce populations of the glassy-
winged sharpshooter (Homalodisca vitripennis; GWSS) within the General Beale region of Kern County. These
programs, which involve treating citrus (where GWSS overwinter), coupled with efforts by grape growers to
control GWSS and remove vines that have Pierce’s disease, have been the foundation of management efforts. In
the early 2000s area-wide treatment programs in the General Beale area provided significant reductions in GWSS
populations, often with only one treatment applied every three years. From 2009 to 2011 GWSS populations
rebounded, and treatment programs were put in place every year. Then, more recently, despite annual area-wide
treatments, populations of GWSS returned to levels that are of concern. Concurrent with the increase in GWSS
has been a resurgence of Pierce’s disease within vineyards. For example, in 2015 survey efforts identified 24
vineyards where Pierce’s disease was present, including 10 vineyards with over 1% infection and four vineyards
with more than 15% of the vines positive for the disease. Over the past few years several vineyards within the
region have been removed specifically because of Pierce’s disease, with others slated for removal following the
2016 season. Efforts are underway to determine how to maintain efficacy within area-wide treatment programs as
well as to help growers identify and remove infected vines so that overall disease incidence can be brought back
down to the very low levels achieved during the early 2000s.

LAYPERSON SUMMARY
Successful management of Pierce’s disease requires diligent efforts to control both the disease and its vector, the
glassy-winged sharpshooter (Homalodisca vitripennis; GWSS). The theory is that if there are no GWSS, the
disease cannot spread. Likewise, if there is no disease, a few GWSS are not of concern. Management programs
based on this philosophy have historically been very successful, because this two-tiered checks and balances
situation still provided protection when populations of either the disease or the vector temporarily increased.
Unfortunately, within the past few years populations of GWSS and Pierce’s disease have both simultaneously
been on the rise in the General Beale region of Kern County, such that Pierce’s disease is now causing economic
losses in table grape vineyards in the region. GWSS populations have been on the rise due to changes in winter
weather which have increased the overwintering survival of GWSS, at the same time that it is suspected that
insecticides may not be working as well as they used to. Increased disease incidence is partially due to increased
GWSS numbers, but also due to relaxed efforts to look for and remove infected vines during the years of excellent
GWSS control and shortly thereafter. The situation has now reached a point where a new Pierce’s disease
epidemic has occurred, and solving the situation will require coordinated, diligent efforts on the part of
individuals and organizations at the industry and government levels to turn the corner on the situation and restore
the checks and balances afforded when populations of GWSS and Pierce’s disease are both very low.

INTRODUCTION
Since the late 1990s Kern County table grape growers have been entrenched in a battle against the glassy-winged
sharpshooter (Homalodisca vitripennis; GWSS) and Pierce’s disease. Prior to the introduction of GWSS, Pierce’s
disease was irrelevant to grape growers in the region. The disease was rarely seen due to a very low amount of
bacteria in the environment and the scarcity of native sharpshooters that could transmit the disease. However, this
all changed when GWSS became established. High vector populations allowed the very small amount of Pierce’s
disease to be spread, and increases in the number of infected vines in combination with continually high GWSS
populations allowed the situation to reach epidemic proportions. The situation reached the point where individual
farmers, on their own, could not control the situation and a public-private partnership began to work jointly to
protect the region’s grape industry.



- 76 -

The first coordinated responses against GWSS and Pierce’s disease in Kern County occurred in 2001 when the
United States Department of Agriculture (USDA) initiated an area-wide monitoring and treatment program in
conjunction with growers and other government organizations. The goal was to reduce populations of GWSS and
disease. The decision was to use federal funds to treat GWSS in the citrus orchards where they spend the winter in
an effort to prevent them from moving to grape vineyards. Grape growers would also treat their vineyards at their
own expense to make sure that any overwintering GWSS survivors would die if they arrived in a vineyard.

The success of the plan also required an aggressive approach to managing the amount of Pierce’s disease in the
area. At the initiation of the area-wide treatment program there was a one-time government buyout program that
subsidized the cost to growers of removing heavily infected vineyards. Since the expiration of that program it has
been the responsibility of individual growers to identify and remove individual vines each year that were positive
for the disease. The goal was that the combined effects of controlling overwintering GWSS in citrus as well as in
grapes, combined with efforts to remove vines with the disease, would mitigate the threat this combination posed
to the grape industry.

OBJECTIVES
1. Monitor Kern County vineyards for the glassy-winged sharpshooter.
2. Monitor Kern County table grape vineyards for Pierce’s disease.

RESULTS AND DISCUSSION
Objective 1. Monitoring for GWSS.
For more than a decade the success of area-wide treatment programs in Kern County has been evaluated by
monitoring populations of the vector and the disease. Monitoring for GWSS has been done through the joint
efforts of the United States Department of Agriculture (USDA), California Department of Food and Agriculture
(CDFA), and County Departments of Agriculture. This program is very visible due to the yellow sticky cards that
growers are accustomed to seeing in the corners of all of their vineyards. These traps are collected every one to
four weeks (depending on the time of year and area) to determine the location and populations of GWSS. Results
of these trap captures are freely available to the public and maps of trapping results during the past 12 months are
available online at https://www.cdfa.ca.gov/pdcp/map_index.html by clicking on the link for “Area-wide
Trapping.”

The cumulative captures from these traps in Kern County for the past 15 years are shown in Figure 1. During the
first year of the area-wide treatment program there were more than 140,000 sharpshooters caught in traps in Kern
County. This included GWSS from citrus and vineyards before and after the first treatments were made. The
figures for the next two years (2002 and 2003) represent the total number of GWSS captured as area-wide
treatment programs that started in the General Beale area were expanded to other portions of the county. By 2004
all areas in Kern County where GWSS had been found had participated in area-wide treatment programs. From
2004 until 2008 these programs were highly successful. During those years, once an area had participated in an
area-wide treatment program, follow-up treatments to the entire area were only needed every two to three years,
or not at all (i.e., Western Zone) and GWSS populations could be maintained at low levels with localized spot
treatments as needed based on trap captures.

The success of the area-wide treatment programs within the General Beale area began to slide in 2009, while
GWSS population levels in most other regions of Kern County remain very low,. During that year GWSS
captures in Kern County increased to nearly 40,000. As a result, the aggressiveness of area-wide treatment
programs was increased, particularly within the General Beale area where most of the captures were made.
Treatment programs continued to result in significant reductions in GWSS compared to prior to the initiation of
the program, but annual captures remained at levels between 35,000 to 40,000 per year, well above the lows seen
from 2004 until 2008.

During the early 2010s the hope was that increased GWSS populations during 2009 until 2011 were just an
anomaly, and that the aggressiveness of treatment programs would bring populations down to historic lows.
Unfortunately, beginning in 2012 the opposite has been true, and over 100,000 GWSS have been captured each of
those years. It is important to note that this does not mean there are more GWSS now than prior to the program
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(comparing 2012 or 2015 to 2011), because there are more traps in the county now than there were back then.
However, the fact that we have returned to more than 100,000 captures per year is alarming.

Figure 1. Number of GWSS trapped each year in Kern County in area-wide traps during 2001-2015.

There are several theories about why GWSS populations have increased over the past few years. The two most
prevalent theories are climate change and pesticide resistance. With regards to climate change, overwintering
GWSS can tolerate very cold temperatures but require a minimum temperature in order to feed. Historically it was
commonplace to have thick fog for long periods of time such that GWSS were unable to feed. This would cause
them to desiccate and die. However, for at least six or seven years we have not had the rain and inversion
conditions required to have thick fog events. As a result, overwintering survival of GWSS has been excellent and
the buildup of GWSS populations each year has had a carryover effect into the next year. There is also evidence
that warmer winter weather may allow for GWSS reproduction during the winter instead of in the spring. If this
scenario is true it means that we are no longer getting the help we need from colder weather during the winter to
help reduce GWSS populations between one year and the next.

The second theory is that GWSS are becoming resistant to the insecticides that are being used against them,
particularly neonicotinoids. For fifteen years most citrus and nearly all grapes have been treated for GWSS, vine
mealybug, scale, or other pests with one or more of the following neonicotinoids: imidacloprid (Admire and
others), acetamiprid (Assail), clothianidin (Belay), dinotefuran (Venom), or thiamethoxam (Actara).
Investigations by two teams of researchers are underway to determine the status of susceptibility of GWSS to
several of these insecticides.

In response to increased GWSS captures during the past four years, managers of the area-wide treatment
programs are taking additional steps to reduce GWSS populations. The current approach is a multi-spray program
that includes area-wide treatments to citrus that were initiated in December 2015, coupled with a second treatment
around February, with the possibility of a third systemic treatment after petal fall. These treatments are being put
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on for GWSS control, but are also being coordinated in a way that makes sense to citrus growers as they begin
efforts to control their own new invasive pest, the Asian citrus psyllid. The hope is that this aggressive approach
to controlling GWSS in overwintering citrus, coupled with aggressive efforts on the part of local grape growers to
treat their own vineyards, will successfully reduce GWSS populations.

Objective 2. Monitoring for Pierce’s disease.
For nearly a decade monitoring for GWSS has been accompanied by monitoring for Pierce’s disease. Surveys
have been done by researchers at the University of California Cooperative Extension (UCCE) office in Kern
County with funding provided by table grape growers through the Consolidated Central Valley Table Grape Pest
and Disease Control District. The monitoring program was initially proposed and coordinated by UCCE
viticulture farm advisor Jennifer Hashim-Buckey. Later it was temporarily managed by emeritus viticulture
advisor Don Luvisi and is now managed by entomology advisor David Haviland.

Each year surveys were done using a four-wheeler based on visual symptoms. Surveyors looked for vines that
expressed Pierce’s disease symptoms such as stunted shoot growth, leaf scorch, persistent petioles, irregular cane
maturity, and shriveled fruit. In vineyards with low incidence of Pierce’s disease samples were collected from all
symptomatic vines and each vine was recorded by a unique block ID row number and vine number in a
standardized mapping system. Samples were sent to the CDFA Plant Pest Diagnostics Lab to confirm presence of
Xylella fastidiosa using an enzyme-linked immunosorbent assay (ELISA). Results and locations of confirmed
Pierce’s disease positive vines were returned to cooperating growers and/or their pest control advisers. Data that
are reported in this report consist of the percentage of symptomatic vines found in a vineyard multiplied by the
percentage of samples that were confirmed to be positive for Pierce’s disease in samples sent to CDFA.

During 2015 personnel with the UCCE office in Kern County monitored approximately 122,000 grapevines from
39 vineyards from late July through November. Vineyards were chosen based on our past history of survey sites,
knowledge of Pierce’s disease distribution, and trap catches of GWSS. Samples were collected at 31 of the 39
sites; the other sites were mostly vineyards sampled in previous years that were recently removed and/or
replanted.

Pierce’s disease incidence at the 31 sites ranged from 0.0% to 33.2% (Table 1). This included nine sites (29%)
with no Pierce’s disease, 12 sites (39%) with Pierce’s disease present in less than 1% of the vines, five sites (16%)
with 1-5% infected vines, one site (3%) with 5-15% infected vines, and four sites (13%) with more than 15%
positive vines.

Considering that we only sampled a portion of many vineyards we attempted to estimate the total number of vines
infected with Pierce’s disease within vineyards that we sampled. This was done by multiplying the percentage
infected vines from our sample area at each site by the total acres of the vineyard at that site and converting the
result to number of vines by multiplying by 518 (the number of vines per acre on a standard 7 foot by 12 foot
spacing). In cases where we have not yet determined the total vineyard size (mostly new sites in 2015) we made
the calculation based on the acres we sampled instead of the total vineyard size. After making the calculation the
cumulative number of Pierce’s disease positive vines was estimated to be approximately 7,500. Approximately
6,500 of those vines are located in the five most infected sites (Sites 10, 27, 29, 30, and 42). The other
approximately 1,000 infected vines were spread out across the other 17 sites that had at least one positive vine.

Over the past seven years there has been a consistent increase in the amount of Pierce’s disease present in the
General Beale and Edison regions of Kern County. At present we are aware of 25 vineyards that currently have
Pierce’s disease or that were removed within the past year because of Pierce’s disease. Included within this list are
four to five vineyards that should be removed following the 2015 season.

Distribution of Pierce’s disease has also continued to increase. During surveys from 2009 until about 2013 almost
all Pierce’s disease was found within two epicenters of what we call the ‘core’ region of the General Beale area.
During the past two years we have seen significant spread outward to the periphery of the General Beale area and
in 2015 for the first time we found significant amounts of Pierce’s disease in isolated vineyards north of Highway
58 in the Edison region.



           
      

   

 
 

 

 

 

  

          
    

        
 

Table 1. Results of Pierce's disease surveys from 39 vineyards in the General Beale and Edison regions of 
Kern County, CA from 2009 to 2015. 

Site Variety 
Year 

Planted 
Acres 

Acres 
sur-

veyed 

Percentage vines infected with Pierce’s disease 

2009 2010 2011 2012 2013 2014 2015 

1 RG, Sugra 1994/14 31 0 0.0 0.0 0.0 0.2 8.3 R P 

2 RG, Flames 1997 20 0 0.0 0.0 0.0 0.0 0.0 0.1 P 

3 Flame 1982 19 19 0.0 0.0 0.0 0.0 0.0 0.0 0.01 

4 Flame, SumRoy unk./14 19 5 0.0 0.0 0.0 P 1.0 

5 Flame 1994 19 5 0.0 0.1 0.3 0.1 0.2 - 3.0 

6 AR, Flame 1994/11 13 13 G 0.0 0.0 0.2 0.03 

7 Flame 2001 17 17 0.0 0.0 0.0 0.0 0.0 0.0 

8 Thom 1994 9 9 0.0 0.0 0.0 0.0 0.0 

9 Crim, ScarRoy 2002/12 38 5 0.0 0.0 0.0 G 0.7 1.8 1.7 

10 Thom 1992 17 6 0.0 0.0 0.0 0.0 0.0 0.2 33.2 

11 Thom 1992 6 6 0.0 - 0.0 0.0 0.0 

12 E.Sweet 2005 - 0 0.0 0.0 0.0 0.0 0.1 0.0 R 

13 Flame 2001 - 0 0.0 0.0 0.0 0.0 0.0 R -
14 Flame 1994 28 5 0.0 0.0 0.1 0.0 - - 1.2 

15 RG, Flame 1982/13 19 19 0.8 100 R, P 0.5 0.03 

19 S. Celeb. 2012 - 6.3 P 1.5 0.0 0.0 

22 Flame 1993 8.8 0 0.0 0.0 0.0 0.0 R 

23 Flame 2009 4.7 4.7 0.0 0.0 0.0 0.0 0.16 

24 RG 1994 31 0 0.2 61.1 9.2 R 

24a Sugra 2013 8.5 8.5 P 0.0 0.0 

24b AR Unk 5.2 0 25.6 -, R 

25 RG 1994 15 15 47.3 9.8 1.1 

26 Flame 2012 7.6 7.6 P 15.5 6.1 0.2 

27 ScarRoy 2011 12 12 P - 46.0 18.6 15.7 

28 Flame 1994 8.8 0 2.0 R 

29 AutRoy 1998 - 12 0.0 - - 0.7 6.9 

30 ScarRoy 2013 12 1.2 P 0.2 26.8 

31 ScarRoy 2008 6.3 6.3 1.4 0.8 

34 ScarRoy 2011 - 5 0.0 0.04 

35 Timco 2011 - 5 0.4 0.0 

36 RG 1994 7 7 0.0 0.0 

37 Flame - - 5 0.1 

38 Magenta 2014 19 5 P 0.04 

39 Magenta - - 5 0.7 

40 Sugra - - 5 0.0 

41 Sugra - - 5 0.0 

42 Thom 1994 10 1.1 17.4 

43 Flame - 5 0.2 

44 Thom - 5 0.1 
R = removed; P = planted; G = grafted onto existing rootstock; - indicates that data are not available or were not 
collected; RG = Redglobe; Sugra = Sugraone; Flame = Flame Seedless; SumRoy = Summer Royal; AR = Autumn 
Royal; Thom = Thompson Seedless; Crim = Crimson Seedless; ScarRoy = Scarlet Royal; E Sweet = Early Sweet; S. 
Celeb = Sweet Celebration. 
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There is currently no way to cure a vine infected with Pierce’s disease. For that reason, all vines that are infected
should be completely removed from the vineyard. If complete removal is not possible, at minimum the vine
should be cut off at the base and treated (chemically or otherwise) to ensure that the root system is dead and does
not regrow. In cases where vineyards have elevated levels of Pierce’s disease it is recommended that the entire
vineyard be removed. This is because vine death or removal due to Pierce’s disease decreases the economic
viability of a vineyard, but also because not all symptomatic vines can be identified during any one survey. This is
particularly true in mature vineyards where it is common for vines that become infected during the current year to
appear healthy until the following year. Therefore, any time symptomatic vines are found in a vineyard it should
be assumed that additional vines are infected but not yet symptomatic. These symptomless vines can still serve as
a host for Pierce’s disease the following year.
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ABSTRACT
Xylella fastidiosa (Xf) coordinates its behavior in plants in a cell density-dependent fashion using a diffusible
signal factor (DSF) molecule which acts to suppress its virulence in plants. Artificially increasing DSF levels in
transgenic grape greatly reduced disease severity in both greenhouse and field trials. We are investigating DSF
production in additional transgenic grape varieties to determine the robustness of this strategy of disease control.
Xf is relatively promiscuous in its production and perception of various unsaturated fatty acids as DSF signal
molecules and we will explore ways to introduce the common, inexpensive fatty acid palmitoleic acid and other
DSF homologs into plants following direct application. Improved DSF biosensors that we have developed will
enable us to monitor the uptake and redistribution of such molecules in plants. Initial results suggest that the use
of penetrating surfactants introduces sufficient amounts of this DSF-like molecule to alter the behavior of Xf in
plants. Saponified macadamia nut oil, rich in palmitoleic acid, also appears attractive as an inexpensive source of
exogenously applied signal molecule. A naturally occurring Burkholderia strain capable of DSF production that is
also capable of growth and movement within grape has been found that can confer increased resistance to Pierce's
disease. We are exploring the biological control of disease using this strain. The movement of Xf within plants
and disease symptoms are greatly reduced in plants in which this Burkholderia strain was inoculated either
simultaneously with, prior to, or even after that of Xf. The biological control agent can be applied either by direct
introduction into the xylem by droplet puncture or by spray application to foliage using a penetrating surfactant.
These results are quite exciting in that they reveal that biological control of Pierce’s disease using B. phytofirmans
is both robust and may be relatively easy to employ by various ways of inoculation.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) produces a mixture of unsaturated fatty acid signal molecules called diffusible signal factor
(DSF). Accumulation of DSF in Xf cells, which presumably normally occurs as cells become numerous within
xylem vessels, causes a change in many genes in the pathogen, but the overall effect is to suppress its virulence in
plants by increasing its adhesiveness to plant surfaces and also suppressing the production of enzymes and genes
needed for active movement through the plant. We have investigated DSF-mediated cell-cell signaling in Xf with
the aim of developing cell-cell signaling disruption (pathogen confusion) as a means of controlling Pierce’s
disease. Elevating DSF levels in plants artificially reduces its movement in the plant. We will be introducing the
gene conferring DSF production into a variety of different grape cultivars to determine if they also will exhibit
high levels of disease resistance as did the Freedom cultivar previously constructed. Topical application of
commercially available unsaturated fatty acids capable of altering gene expression in Xf with penetrating
surfactants can introduce sufficient amounts of these materials to reduce the virulence of the pathogen. A
naturally occurring Burkholderia strain reduces the movement of Xf and thereby its virulence in plants when
inoculated prior to or simultaneously with Xf. By comparing disease control by these three methods the most
efficacious and practical means of control can be identified.

INTRODUCTION
Our work has shown that Xylella fastidiosa (Xf) uses diffusible signal factor (DSF) perception as a key trigger to
change its behavior within plants. Under most conditions DSF levels in plants are low since cells are found in
relatively small clusters, and hence they do not express adhesins that would hinder their movement through the
plant but which are required for vector acquisition. Instead, they actively express extracellular enzymes and
retractile pili needed for movement through the plant. Disease control can be conferred by elevating DSF levels in
grape in various ways to “trick” the pathogen into transitioning into the non-mobile form that is normally found
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only in highly colonized vessels, thereby causing “pathogen confusion.” Transgenic Freedom grape expressing
the DSF synthase RpfF from Xf are much more resistant to disease than the wild-type plants in both greenhouse
and field trials. It is possible that grape varieties might differ in their ability to produce DSF molecules perceived
by Xf. It will be important therefore to determine whether commercial grape cultivars can all produce DSF species
capable of altering pathogen behavior in high amounts if transformed with the DSF synthase. Non-transgenic
strategies of achieving pathogen confusion might be preferred by the industry. Our work has shown that RpfF is
rather promiscuous and that Xf can both produce and respond to a variety of unsaturated fatty acids including the
common, inexpensive unsaturated fatty acid palmitoleic acid. We thus are addressing practical issues about how
such molecules might be applied to plants for disease control. Using a new Xf biosensor for DSF in conjunction
with such an abundant, inexpensive molecule we can now thoroughly investigate methods by which such a
molecule can be directly applied to plants to achieve concentrations sufficiently high in the xylem to alter
pathogen behavior and thus achieve disease control. While endophytic bacteria capable of producing DSF species
is an attractive strategy, until recently, strains capable of growth and movement within grape could not be found.
However, we have now found a Burkholderia strain that both colonizes grape and has conferred substantial
disease control in preliminary studies. We are investigating the interactions of this endophyte with grape to
understand how it is conferring disease control and determine practical methods for its exploitation.

OBJECTIVES
1. Compare DSF production and level of disease control conferred by transformation of Xf RpfF into several

different grape cultivars.
2. Evaluate efficacy of direct applications of palmitoleic acid, C16-cis, and related DSF homologs to grape in

various ways to achieve disease control.
3. Evaluate the potential for Burkholderia phytofirmans to multiply, move, and produce DSF in grape plants to

achieve Pierce's disease control.

RESULTS AND DISCUSSION
Objective 1. Production of DSF in a variety of grape cultivars.
While Freedom grape transformed with the Xf rpfF gene encoding the DSF synthase produced DSF species to
which Xf was responsive, considerable evidence has been accumulated that RpfF is a rather promiscuous enzyme
capable of producing a variety of DSF-like molecules. For example, we detected the production of C14-cis
(XfDSF1), C16-cis (XfDSF2) and surprisingly, even DSF normally produced only by Xanthomonas species in
transgenic RpfF-expressing Freedom grape. The various enoic acids that can be produced by RpfF differed
substantially in their ability to induce gene expression in Xf, with those of longer chain lengths such as C16-cis
being much more active than those of shorter chain lengths. We have also observed that DSF-mediated signaling
in Xf by active DSF species such as C16-cis can be blocked in the presence of certain other trans unsaturated fatty
acids. It is therefore possible that in some plants other fatty acid species indigenous to the plant or induced upon
transformation of RpfF might interfere with signaling that would otherwise be conferred by the production of
C16-cis and other “active” DSF species. To verify that the strategy of production of DSF in RpfF-containing
transgenic grape is a robust one, we are comparing the production of DSF species in a variety of grape cultivars.
In addition, it seems likely that targeting RpfF to cellular compartments where the substrates for DSF synthesis
may be more abundant could lead to enhanced production of this signal molecule. We have produced constructs
which target RpfF to the chloroplast of grape by fusing the small subunit 78 amino acid leader peptide and mature
N-terminal sequences for the Arabidopsis ribulose bisphosphate carboxylase (which is sufficient to target the
protein to the chloroplast) to RpfF. We thus are comparing the amount and types of DSF produced, and disease
susceptibility, in transgenic plants in which RpfF is targeted to plastids and in plants in which it is not targeted.

Transformation of the various grape varieties is being conducted at the UC Davis Plant Transformation Facility.
The lines being produced and tested are shown in Table 1. Transformation of the various varieties is underway
with many transformed plants already delivered, but we expect that it will take at least an additional six months to
produce the remaining plants. There has been little experience in transformation of Richter 110 and Chardonnay,
and so their successful transformation is taking longer than the other cultivars. Transformation with the
kanamycin-marked, chloroplast-targeted rpfF gene is also taking longer than other constructs. Between five and
ten individual transformants will be tested for each variety/construct combination. Because the expression of rpfF
in a given transformant of a given plant line will vary due to the chromosomal location of the randomly-inserted
DNA it will be necessary to identify those lines with the highest levels of expression. To most rapidly identify
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those transformants with high levels of expression of rpfF and production of DSF the expression of rpfF is being
assessed by quantitative reverse transcription polymerase chain reaction (RT-PCR) of RNA isolated from
individual leaves of the transformed plants after they are grown to a height of approximately 40 cm.

Table 1. Grape lines being produced and tested.

Variety Untargeted RpfF Gene Introduced
Chloroplast-targeted RpfF

Thompson Seedless + +
Chardonnay + +
1103 + +
101-14 + +
Richter 110 + +
Freedom done +

The composition of DSF species present in xylem sap and their aggregate signaling activity will also be assessed
by extracting xylem sap from mature plants of each of the two best transformed lines of a given variety/construct
forwarded for further analysis. Mass spectrometry analysis of the plant xylem sap extracts will be performed
using an LTQ Orbitrap XL mass spectrometer equipped with an electrospray ionization (ESI) source. DSF species
will be identified by their m/Z ratio, with XfDSF, XfDSF2, and DSF (having m/Z ratios of 225.18, 253.22, and
211.17, respectively) being readily distinguished in xylem sap of RpfF-expressing Freedom. We will also resolve
other chemical species found in RpfF-expressing lines that are not found in control plants by a similar procedure.
We expect that more than one enoic acid will be produced in a given line expressing RpfF.

The initial transformed plants received have been grown to a sufficiently large size in a greenhouse to make green
cuttings that have now been rooted and inoculated with Xf to assess their disease susceptibility compared to
transformed lines. Initial disease assessments are now being performed on the first of these propagated,
transformed plants. We expect that it will take at least another six months to both produce and test rooted cuttings
of other transformed plants.

Objective 2. Direct application of DSF to plants.
Several recent findings in our laboratory suggest that Pierce’s disease control by direct application of DSF to plant
surfaces is both feasible and practical. Studies of the context-dependent production of DSF reveals that DSF
species such as XfDSF2 are far more active than XfDSF1 which was originally described (Figure 1). While
topical applications of XfDSF1 to grape provided modest reductions in disease severity, applications of XfDSF2
should be far more efficacious. Studies of applications of XfDSF2 were hindered by a limitation of the amount of
this material that we could chemically synthesize. Fortunately, our studies of the promiscuity of DSF signaling in
Xf reveal that it is quite responsive to the cheap, commercially available, enoic acid palmitoleic acid (Figure 1).

While about eight-fold more palmitoleic acid is required to induce gene expression in Xf than XfDSF2, it is much
more active than XfDSF1 itself. We therefore have conducted a variety of studies to address how such molecules
could be introduced into plants in different ways to achieve pathogen confusion. In addition to the use of purified
fatty acids we also are evaluating mixtures of fatty acids for their ability to alter the behavior of Xf. Macadamia
nut oil contains a very high concentration of palmitoleic acid (23%). We have saponified macadamia nut oil by
treatment with sodium hydroxide to yield the sodium salts of the constituent fatty acids. We find that this fatty
acid mixture has DSF signaling activity. Alkaline phosphatase activity exhibited by the Xf Xf:phoA biosensor
increased with increasing concentrations of the mixture of fatty acids in the soap prepared from the saponified
macadamia nut oil (Figure 2). Apparently the other saturated fatty acids that would be found in the lipids of
macadamia oil do not strongly interfere with DSF signaling of the palmitoleic acid in this soap. This saponified
plant oil is thus very attractive as an inexpensive source of DSF homologs that could be directly applied to grape.
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Figure 1. Responsiveness of a PhoA-based Xf DSF biosensor to different concentrations of XfDSF1 (top
molecule), XfDSF2 (middle molecule), and palmitoleic acid (bottom molecule).

Figure 2. Alkaline phosphatase activity exhibited by the Xf Xf:phoA biosensor exposed to increasing
concentrations of saponified macadamia nut oil as well as 1 uM XfDSF2, 3 uM palmitoleic acid, or a
negative control with no added DSF.



- 85 -

We are investigating several strategies by which direct application of DSF molecules can reduce Pierce’s disease.
While we will determine the effects of application of DSF homologs on disease severity of plants inoculated with
Xf in some studies, direct monitoring of DSF levels in treated plants is a MUCH more rapid and interpretable
strategy of assessing this strategy of disease control. As DSF must enter the xylem fluid in order to interact with
the xylem-limited Xf in plants we have been assessing DSF levels in xylem sap of plants treated in different ways
using a PhoA-based Xf biosensor. As DSF species are somewhat hydrophobic, a variety of adjuvants have been
tested for their effects on enhancing their introduction into plants. For example, detergents and solubilizing
materials such as Solutol HS15, Break-thru, Triton X-100, and dimethyl sulfoxide (DMSO) and Solutol increase
the apparent penetration and dispersal of DSF and its analogs. Solutol and DMSO proved to be rather phytotoxic
and therefore were not practical solutions for the production of signaling molecules. The organo-silicon surfactant
Break-thru having very low surface tension and allowing spontaneous stomatal infiltration of solutions into leaves
not only was not phytotoxic, but it also appeared to be superior to the other agents aiding the entry of signaling
molecules. Considerable results have been obtained on the ability of topically-applied palmitoleic acid and
macadamia nut oil saponification solutions to enter into the plants. Apparent DSF signaling activity was measured
using the Xf PhoA-based alkaline phosphatase biosensors noted above. The effectiveness of these agents in
introducing palmitoleic acid into grape tissue was assessed by assessing the ability of sap extracted from
individual leaves using a pressure bomb to induce the expression of alkaline phosphatase activity in the Xf
Xf:phoA biosensor. These studies reveal that detectable amounts of signaling molecules could be introduced into
grape leaves when applied as a foliar spray with 0.2% Break-thru (Figure 3). Lesser amounts could be introduced
with foliar sprays without this adjuvant. As a registered surfactant for use in agriculture, Break-thru has the
potential to be a practical delivery agent. Thus, solutions of fatty acid supplied with this concentration of
surfactant appear to bypass the cuticular surface as a means to enter the intercellular spaces and presumably also
the vascular tissue. These results using penetrating surfactants are very promising and will be a focus of
continuing work.

Figure 3. Alkaline phosphatase activity exhibited by 10 µl aliquots of xylem sap extracted under pressure from
individual leaves of grape plants treated with 10 mM palmitoleic acid (PA) or 2% macadamia nut oil soap (MS) with
0.2% Break-thru (BT) or without a surfactant as a foliar spray (spray) or a stem injection (inject).

These most promising treatments were also applied to grape plants to evaluate their efficacy in reducing the
symptoms of Pierce’s disease. Palmitoleic acid or macadamia oil soap was applied with various adjuvants two
weeks before inoculation with Xf and at monthly intervals after inoculation with the pathogen. The severity of
Pierce’s disease was reduced on plants sprayed with a solution of 10 mM palmitoleic acid as well as on plants in
which this fatty acid was injected into the stem. The disease control conferred by a 2% solution of saponified
macadamia nut oil was as great as that conferred by purified palmitoleic acid. The promising results using
saponified plant oils are being further pursued as this not only is a very practical but quite inexpensive strategy to
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achieve disease control. Given that the efficacy of saponified plant oils applied without an adjuvant seem to be as
great as when applied with a surfactant, the cost and convenience of using such treatment seems particularly good.

Figure 4. Symptoms of Pierce’s disease exhibited by Cabernet Sauvignon seedlings treated with 10
mM palmitoleic acid (PA) or 2% macadamia nut oil soap (MS) with 0.2% Break-thru (BT) or without
a surfactant as a foliar spray (spray) or a stem injection (inject).

Objective 3. Biological control with Burkholderia phytofirmans PsJN.
While the biological control of Pierce’s disease with endophytic bacteria that would grow within grapevines and
produce DSF has been an attractive strategy, until recently we have been unable to find bacteria capable of
exploiting the interior of grapevines. All of hundreds of strains isolated from within grapevines by our group as
well as that of B. Kirkpatrick exhibited no ability to grow and move beyond the point of inoculation when re-
inoculated. We have recently, however, found that Burkholderia phytofirmans stain PsJN, which had been
suggested to be an endophyte of grape seedlings, multiplied and moved extensively in mature grape plants
(Figure 5). Its population size and spatial distribution in grape within six weeks of inoculation was similar to that
of Xf itself, suggesting that it is an excellent grapevine colonist. Furthermore, DSF production has been
demonstrated in certain other Burkholderia species and the genome sequence of B. phytofirmans revealed that it
has a homologue of Xf rpfF. While we have no evidence for its production of a DSF species to which Xf could
respond, the promiscuous nature of RpfF in Xf and other species suggested that it might make DSF species to
which Xf would respond under some circumstances, such as when growing within plants. Preliminary results
suggest that co-inoculation of Xf and B. phytofirmans resulted in greatly reduced disease symptoms compared to
plants inoculated with Xf alone: whereas the number of infected leaves of plants inoculated with Xf alone
increased rapidly after week 12, very little disease was observed in plants inoculated with Xf and B. phytofirmans
(Figure 5).

While the droplet puncture method used in Figure 5 to introduce B. phytofirmans is an effective way to introduce
bacteria into the xylem, we have investigated the potential to introduce B. phytofirmans into the vascular tissue by
topical application to leaves using 0.2% Break-thru, an organo-silicon surfactant with sufficiently low surface
tension that spontaneous invasion of plant tissues can be achieved. The population size of B. phytofirmans in the
petioles of leaves distal from the leaf on which cell suspensions in Break-thru (108 cells/) have been applied were
used as a measure of growth and movement potential from such an inoculation site. Substantial numbers of cells
of B. phytofirmans could be recovered from petioles within one or two weeks after topical application to leaves in
the presence of Silwet L77 or Break-thru (Figure 6). Very few cells were present within petioles when the
bacterium was applied without a penetrating surfactant. Topical application of such an endophyte thus appears to
be a very practical means of inoculating plants in the field.
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Figure 5. Left: Population size of B. phytofirmans in Cabernet Sauvignon grape at various distances from the point of
inoculation after six weeks incubation. Right: Severity of Pierce’s disease of Cabernet Sauvignon at various times after
inoculation with Xf alone (blue) or when co-inoculated with B. phytofirmans (grey) or when inoculated with
B. phytofirmans alone (red).

Figure 6. Population size of Burkholderia phytofirmans in petioles of Cabernet Sauvignon of
plants sprayed with this strain alone (blue line) or this strain applied with 0.2% Break-thru (red
line).

Given the promising results of the reduction of severity of Pierce’s disease in grape treated with B. phytofirmans,
we performed additional experiments in which Xf was co-inoculated with B. phytofirmans as well as when
B. phytofirmans both preceded or followed inoculation of plants with Xf by 30 days. As observed before, the
severity of Pierce’s disease of plants co-inoculated with B. phytofirmans and Xf was greatly reduced at all times
after inoculation compared to that on plants inoculated with the pathogen alone (Figure 7). Importantly, the
severity of Pierce’s disease was also substantially less on plants in which inoculation with B. phytofirmans
followed inoculation with the pathogen by 30 days than on control plants inoculated only with the pathogen
(Figure 7). Almost no disease was observed on plants inoculated with B. phytofirmans 30 days after inoculation
with the pathogen (Figure 7). These results are quite exciting and confirmed that B. phytofirmans can confer high
levels of disease resistance in grape, both when co-inoculated with the pathogen and also when inoculated into
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plants already infected with Xf. It might have been anticipated that pre-inoculation of plants with B. phytofirmans
would have yielded the largest degree of disease resistance. However, this and other studies have shown that
disease incidence and severity is reduced whenever B. phytofirmans and Xf are present together in the plant.
Inoculation of plants with B. phytofirmans after that of the pathogen would, by definition, place them both in the
plant together, while pre-inoculation could result in a situation where the biological control agent may not be
present in a plant, particularly if it did not continuously colonize the plant.

Figure 7. Severity of Pierce’s disease symptoms (number of symptomatic leaves/vine) on Cabernet
Sauvignon plants needle-inoculated only with B. phytofirmans (dark blue line), only with Xf (medium blue
line), or co-inoculated with Xf and B. phytofirmans (yellow line). Also shown is disease severity on plants
needle-inoculated with B. phytofirmans 30 days before inoculation with Xf (light blue line) or sprayed with
B. phytofirmans in a solution of 0.2% Break-thru 30 days before inoculation with Xf (orange line ), as well
as on plants needle-inoculated with Xf 30 days after inoculation with B. phytofirmans (maroon line). The
vertical bars represent the standard error of the determination mean disease severity.

B. phytofirmans was able to inhibit Pierce’s disease development in all grape varieties in which it was evaluated.
When inoculated simultaneously into different grape varieties (although not at the same location, but within about
10 cm of the site of inoculation with the pathogen) the progression of Pierce’s disease was greatly suppressed
compared to that of plants inoculated with Xf alone (Figure 8). While the greatest reduction in disease severity
was conferred in Cabernet Sauvignon, a variety somewhat more resistant to Pierce’s disease than either
Thompson Seedless or Chardonnay, B. phytofirmans conferred a very high level of disease resistance (Figure 8).
It thus appears that the beneficial effect of B. phytofirmans is not variety specific, and that it should confer high
levels of resistance in all grape varieties.
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Figure 8. Severity of Pierce’s disease observed in different grape varieties needle-inoculated at the
same time but at different locations with Xf and B. phytofirmans (blue line), compared to that
inoculated only with Xf (orange line) or with B. phytofirmans alone (gray line). The vertical bars
represent the standard error of the determination mean disease severity.

While the mechanism by which B. phytofirmans reduces the severity of Pierce’s disease remains somewhat
unclear, the biological control activity conferred by this bacterium is associated with its ability to reduce the
population size of Xf in inoculated plants. Relatively high population sizes of Xf were recovered from stem
segments collected from 30 to 300 cm away from the point of inoculation in plants inoculated only with the
pathogen (Figure 9). As expected, the highest population sizes were seen within the first 120 cm, but population
sizes greater than 100 cells per gram were observed as much as 200 cm away from the point of inoculation. In
contrast, the population size of Xf was much lower at a given distance away from the point of inoculation in plants
co-inoculated with Xf and B. phytofirmans (Figure 9). Whereas population sizes of the pathogen were usually in
excess of 104 cells per gram in stem segments within 120 cm of the point of inoculation in plants inoculated with
the pathogen alone, the pathogen population sizes were much lower, decreasing from a high of 102.5 to less than
10 cells per gram in plants co-inoculated with B. phytofirmans (Figure 9).
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Figure 9. Top: Population size of Xf in the stems of grapes at various distances from the point of
inoculation of the pathogen alone when measured 12 weeks after inoculation. Bottom: Population
size of Xf in the stems of grapes at various distances from the point of inoculation of the pathogen
when co-inoculated with B. phytofirmans (blue) or populations of B. phytofirmans (orange). The
vertical bars represent the standard error of the mean population size/g.

Surprisingly, we have frequently observed that while B. phytofirmans rapidly achieves high population sizes and
spreads extensively in plants after inoculation, when assessed several weeks after inoculation its population sizes
in inoculated plants, irrespective of whether Xf was also inoculated into the grape plants, is often quite low. These
results suggest that the interactions of B. phytofirmans with either the plant or Xf occur early in the infection
process. The fact that the effect of the inoculation of plants with B. phytofirmans reduces population sizes of Xf
most at sites distal to the point of inoculation suggests that it had reduced the motility of the pathogen. Such an
effect would be expected if it stimulated DSF-mediated quorum sensing. That is, the behavior of Xf in plants
treated with B. phytofirmans was similar to that seen in transgenic plants harboring Xf rpfF that produce DSF. It is
curious, however, that the population size of Xf is often lower even near the point of inoculation in plants also
treated with B. phytofirmans (Figure 10). This suggests that in addition to any effect that B. phytofirmans has on
changing the signaling behavior of Xf, possibly by altering DSF signaling, that it might also be either directly
antagonistic to the pathogen in the plant or, more likely, triggering a host defensive reaction that inhibits the
growth or survival of the pathogen. Experiments are underway to distinguish these different possibilities.
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Figure 10. Population size of Xf three weeks after inoculation of plants with the pathogen alone
(yellow line), plants sprayed with B. phytofirmans on the same day that it was needle-inoculated
with the pathogen (gray line), plants needle-inoculated with B. phytofirmans on the same day that it
was needle-inoculated with the pathogen at a nearby site (orange line), and plants needle-inoculated
with B. phytofirmans three weeks prior to being needle-inoculated with the pathogen at a nearby
site (blue line). The vertical bars represent the standard error of the determination of log-
transformed population sizes.

Considerable effort has been made during this reporting period to better understand the mechanisms by which
B. phytofirmans alters the behavior of Xf in plants. DSF production has been described in other Burkholderia
species including Burkholderia ceonocepacia. Furthermore, the genome sequence of B. phytofirmans PSJN has
been determined, allowing us to putatively identify a gene with some homology to Xf and Xanthomonas
campestris rpfF that thus might be expected to lead to the production of fatty acids capable of conferring
signaling activity like that of DSF species. We therefore made a site-directed deletion mutant of the putative rpfF
gene in B. phytofirmans. We subsequently investigated whether ethyl acetate extracts of wild-type
B. phytofirmans culture supernatants or rpfF mutants of B. phytofirmans could alter the expression of genes in
either Xanthomonas campestris or Xf that were known to be regulated by the presence of various DSF species.
Interestingly, relatively strong induction of the eng:gfp reporter gene fusion in Xanthomonas campestris was
observed when the biosensor was exposed to extracts of both the wild-type and rpfF mutant of B. phytofirmans
(Figure 11). These results suggest that indeed B. phytofirmans was capable of producing a DSF-like molecule
that Xanthomonas campestris could respond to. It also suggested, however, that the putative rpfF gene that we
had removed was not responsible for producing the putative signal molecule. In contrast to the results that
revealed that Xanthomonas campestris could respond to a putative signal molecule from B. phytofirmans, little or
no change in expression of the phoA reporter gene was observed when the Xf Xf:phoA biosensor was exposed to
ethyl acetate extracts of either the wild-type or rpfF mutant of B. phytofirmans (data not shown). Given that Xf
and Xanthomonas campestris respond to different DSF species, it was not unexpected that they might
differentially respond to the signal molecule apparently made by B. phytofirmans.
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Figure 11. Normalized green fluorescent protein (GFP) fluorescence exhibited by the Xanthomonas
campestris pv. campestris DSF biosensor strain harboring an eng:gfp reporter gene when exposed
to different concentrations of ethyl acetate extracts (100 ml of supernatant extracted into 1 ml of
solvent) from a wild-type B. phytofirmans (blue bars) or an rpfF mutant (red bars). Shown on the
abscissa are different ul aliquots of the extract added to a 1 mL culture of the biosensor as well as a
culture of the biosensor exposed to 1 uM DSF, 1 uM BDSF, or to no added material (ctrl).

While we did not detect a change in apparent expression of the hxfA promoter linked to the phoA reporter gene in
the Xf Xf:phoA biosensor when it was exposed to either ethyl acetate extracts of culture supernatants of
B. phytofirmans or small amounts of culture supernatant themselves, we observed that the biofilm formation
(apparent adhesiveness) of Xf was dramatically higher when either ethyl acetate extracts of culture supernatant or
culture supernatant itself from B. phytofirmans was added to cultures of either wild-type or rpfF* mutants of Xf
(Figure 12). Not only was the amount of bacterial biomass that accumulated in the “ring” which formed at the
media/air interface and shake cultures greater, but more importantly, substantial numbers of cells of Xf adhered to
the walls of glass culture flasks below the ring, in the area exposed to turbulent mixing of the culture during
shaking (Figure 12). These results suggested that the adhesiveness of Xf was dramatically higher in the presence
of some component of the culture supernatant of B. phytofirmans. Furthermore, the fact that biofilm formation
was by extracts of both the wild-type and putative rpfF mutant of B. phytofirmans suggested that the putative rpfF
gene of B. phytofirmans was not involved in production of the signal molecule that induced biofilm formation.

Figure 12. Biofilm formation of wild-type Xf grown in PD3 media alone (left), or in media containing 20% v/v of
culture supernatant of wild-type B. phytofirmans (center), or a putative rpfF mutant of B. phytofirmans (right).

Interestingly, a large increase in biofilm formation could be conferred by relatively small amounts of extracts of
either wild-type or the rpfF mutant of B. phytofirmans, while higher concentrations appeared to lead to some
inhibition of Xf growth, and hence biofilm formation. These results are quite interesting in that it suggests strongly



- 93 -

that B. phytofirmans produces a signal molecule to which Xf responds, leading to its increased adhesiveness. It is
unclear whether the signal molecule is a fatty acid related to DSF. It is quite possible that Xf can perceive the
putative signal molecule of B. phytofirmans using receptors different from those used to detect DSF itself, and
that detection of the putative signal molecule of B. phytofirmans might lead to expression of somewhat different
genes than of DSF itself. Work to determine the identity of the signal molecule is underway. The ability of this
putative signal molecule to increase the apparent adhesiveness of Xf is likely contributing to the biological control
of disease conferred by co-inoculation or pre- or post-inoculation of plants with B. phytofirmans. As with DSF
itself, increasing the adhesiveness of Xf would restrict its ability to move within the plant. Given that the putative
signal molecule made by B. phytofirmans is both a small molecule and active at quite low concentrations, it
suggests that it might be readily diffusible throughout the plant, again explaining why biological control conferred
by B. phytofirmans appears to be so robust. Experiments are underway to determine the relative importance of
such putative signal molecules and possible host-mediated defenses elicited by B. phytofirmans in biological
control.

CONCLUSIONS
Experimentation is well underway to produce a variety of additional DSF-producing grape varieties. While many
of the plants have already been produced the remainder should be delivered within the next few months.
Considerable additional work will be needed to assess their production of DSF and disease resistance, but we are
optimistic that they also will show at least as high a level of disease resistance as seen in earlier studies in
Freedom. Preliminary results using penetrating surfactants to introduce commercially available fatty acids and
saponified plant oils capable of inducing signaling in Xf and achieving disease control are quite promising, and we
feel that this strategy of conferring disease resistance by direct introduction of the signal molecule can be better
optimized by further attention to different formulations and delivery mechanisms. We are particularly excited
about the opportunities for biological control of Pierce’s disease using the endophytic bacterium B. phytofirmans.
Not only is this strain the first that we have ever found that readily colonizes grapevines, but we continue to see
very dramatically lower disease severity on different grape varieties treated with this bacterium both before or
after that of Xf. These results are quite exciting in that they reveal that biological control of Pierce’s disease using
B. phytofirmans is both robust and may be relatively easy to apply by various ways of inoculation.
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ABSTRACT
A cell density-dependent gene expression system in Xylella fastidiosa (Xf) mediated by a small signal molecule
called diffusible signal factor (DSF) which we have now characterized as 2-Z-tetradecenoic acid (hereafter called
C14-cis) and 2-Z-hexadecenoic acid (C16-cis) controls the behavior of Xf. The accumulation of DSF attenuates
the virulence of Xf by stimulating the expression of cell surface adhesins such as HxfA, HxfB, XadA, and FimA
which make cells sticky and hence suppress its movement in the plant, while down-regulating the production of
secreted enzymes such as polygalacturonase and endogluconase which are required for digestion of pit
membranes and thus for movement through the plant. Artificially increasing DSF levels in plants in various ways
increases the resistance of these plants to Pierce’s disease. Disease control in the greenhouse can be conferred by
production of DSF in transgenic plants expressing the gene for the DSF synthase from Xf; such plants exhibit high
levels of disease resistance when used as scions and confer at least partial control of disease when used as
rootstocks. This project was designed to test the robustness of disease control by pathogen confusion under field
conditions where plants were exposed to realistic conditions in the field, and especially under conditions of
natural inoculation with insect vectors. We tested two different lineages of DSF-producing plants, both as own-
rooted plants and as rootstocks for susceptible grape varieties, in two field sites.  Plants were established in one
field site in Solano County on August 2, 2010.  Plants were planted at a Riverside County site on April 26, 2011.
The incidence of infection of inoculated vines has consistently been reduced about three-fold. Disease was
observed only near the point of inoculation in transgenic Freedom plants, but spread extensively in wild-type
Freedom grape. Only a modest reduction in incidence or severity of Pierce’s disease was seen in Thompson
Seedless plants grafted onto DSF-producing Freedom rootstocks compared to those grafted onto wild-type
Freedom. The incidence of infection of transgenic Thompson Seedless plants was similar to that of wild-type
Thompson Seedless, while the incidence and severity of Pierce’s disease on Thompson Seedless grafted onto
DSF-producing Thompson Seedless rootstocks was less than that of plants grafted onto wild-type Thompson
Seedless rootstocks. Plants at the Riverside County plot were subject to high levels of natural infection in 2012.
The incidence of infection of transgenic DSF-producing Freedom plants was about three-fold  less than that of
wild-type Freedom grape, while the number of infected leaves per vine was about five-fold less, suggesting that
the pathogen had spread less in the DSF-producing plants after insect inoculation. Only a modest reduction in
incidence or severity of Pierce’s disease was seen in Thompson Seedless grafted onto DSF-producing Freedom
rootstocks compared to those grafted onto wild-type Freedom.  The incidence of infection of transgenic
Thompson Seedless scions was similar to that of wild-type Thompson Seedless, while the incidence and severity
of Pierce’s disease on Thompson Seedless grafted onto DSF-producing Thompson Seedless rootstocks was less
than that of plants grafted onto wild-type Thompson Seedless rootstocks. Similar levels of resistance of the rpfF-
expressing Freedom grape relative to wild-type Freedom have been seen in continuing evaluations in 2013
through 2016.
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LAYPERSON SUMMARY
Xylella fastidiosa (Xf) coordinates its behavior in plants in a cell density-dependent fashion using a diffusible
signal factor molecule (DSF) which acts to suppress its virulence in plants. Artificially increasing DSF levels in
grapevines by introducing the rpfF gene which encodes a DSF synthase reduces disease severity in greenhouse
trials. We are testing two different lineages of DSF-producing plants, both as own-rooted plants and as rootstocks
for susceptible grape varieties. Plots in both Solano and Riverside counties reveal that DSF-producing Freedom
grape, which was highly resistant to Pierce’s disease in greenhouse trials, is also much less susceptible to disease
in field trials, especially in plants naturally infected by sharpshooter vectors.

INTRODUCTION
Our work has shown that Xylella fastidiosa (Xf) uses diffusible signal factor (DSF) perception as a key trigger to
change its behavior within plants. Under most conditions DSF levels in plants are low since cells are found in
relatively small clusters, and hence cells do not express adhesins that would hinder their movement through the
plant but which are required for vector acquisition. Instead, they actively express extracellular enzymes and
retractile pili needed for movement through the plant. Disease control can be conferred by elevating DSF levels in
grapevines to “trick” the pathogen into transitioning into the non-mobile form that is normally found only in
highly-colonized vessels. While we have demonstrated the principles of disease control by so-called “pathogen
confusion” in the greenhouse, more work is needed to understand how well this will translate into disease control
under field conditions. That is, the methods of inoculation of plants in the greenhouse may be considered quite
aggressive compared to the low levels of inoculum that might be delivered by insect vectors. Likewise, plants in
the greenhouse have undetermined levels of stress that might contribute to Pierce’s disease symptoms compared
to that in the field. Thus, we need to test the relative susceptibility of DSF-producing plants in the field both under
conditions where they will be inoculated with the pathogen as well as receive “natural” inoculation with infected
sharpshooter vectors.

OBJECTIVES
1. Determine the susceptibility of DSF-producing grapevines as own-rooted plants as well as rootstocks for

susceptible grape varieties for Pierce’s disease.
2. Determine the population size of the pathogen in DSF-producing plants under field conditions.
3. Determine the levels of DSF in transgenic rpfF-expressing grapevines under field conditions as a means of

determining their susceptibility to Pierce’s disease.

RESULTS AND DISCUSSION
Disease susceptibility of transgenic DSF-producing grapevines in field trials.
Field tests are being performed with two different genetic constructs of the rpfF gene in grape and assessed in two
different plant contexts. The rpfF has been introduced into Freedom (a rootstock variety) in a way that does not
cause it to be directed to any subcellular location (non-targeted). The rpfF gene has also been modified to harbor a
5’ sequence encoding the leader peptide introduced into grape (Thompson Seedless) as a translational fusion
protein with a small peptide sequence from RUBISCO that presumably causes this RpfF fusion gene product to be
directed to the chloroplast, where it presumably has more access to the fatty acid substrates that are required for
DSF synthesis (chloroplast-targeted). These two transgenic grape varieties are thus being tested as both own-
rooted plants as well as rootstocks to which susceptible grape varieties will be grafted. The treatments thus being
examined in the field trials are presented in Table 1.

Table 1. Treatments examined in field trials.
Number Code Scion and Rootstock

1 FT Non-targeted RpfF Freedom
2 TT Chloroplast-targeted RpfF Thompson
3 FW Non-targeted RpfF Freedom as rootstock with normal Thompson scion
4 TTG Chloroplast-targeted RpfF Thompson as rootstock with normal Thompson scion
5 FWG Normal Freedom rootstock with normal Thompson scion
6 TWG Normal Thompson rootstock with normal Thompson scion
7 FW Normal Freedom
8 TW Normal Thompson
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Treatments 5 to 8 serve as appropriate controls to allow direct assessment of the effect of DSF expression on
disease in own-rooted plants, as well as account for the effects of grafting per se on disease susceptibility of the
scions grafted onto DSF-producing rootstocks. One field trial was established in Solano County on August 2,
2010. Twelve plants of each treatment were established in a randomized complete block design. Self-rooted plants
were produced by rooting of cuttings (about three cm long) from mature vines of plants grown in the greenhouse
at UC Berkeley. The plants were inoculated in May 2012 (no natural inoculum of Xf occurs in this plot area, so
manual inoculation of the vines with the pathogen was performed by needle-inoculation with a suspension of Xf).
At least four vines per plant were inoculated. Each inoculation site received a 20 ul droplet of Xf containing about
106 cells of Xf. The incidence of infection of the inoculated vines at the Solano County trial was reduced about
three-fold in assessments made in August and September (Figure 1). Disease was observed only near the point of
inoculation in transgenic Freedom, but had spread extensively in wild-type Freedom grape. Because of the
shading of the inoculated vines by subsequent growth of uninoculated vines of the same plant many of the older
leaves had died or had fallen from the plant, especially by the September rating, making it difficult to quantify the
number of infected leaves per vine. In August, however, we found that there were about three times as many
symptomatic leaves on each inoculated vine of wild-type Freedom than on DSF-producing transgenic Freedom
(Figure 2). Only a modest reduction in incidence or severity of Pierce’s disease was seen in Thompson Seedless
grafted onto DSF-producing Freedom rootstocks compared to those grafted onto wild-type Freedom. The severity
of infection of transgenic Thompson Seedless plants was similar to that of wild-type Thompson, while the
incidence and severity of Pierce’s disease on Thompson Seedless grafted onto DSF-producing Thompson
Seedless rootstocks was less than that of plants grafted onto wild-type Thompson Seedless rootstocks (Figure 3).

Figure 1. Incidence of vines of wild-type Freedom grape (blue) or DSF-producing transgenic
Freedom grape (red) having any symptoms of Pierce’s disease when rated in August or September
2012. A total of three vines per plant were assessed. The vertical bars represent the standard error of
the mean.
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Figure 2. Severity of Pierce’s disease on transgenic Freedom grape (FT) and on wild-type
Freedom grape (FW) assessed in August 2012 in the Solano County trial.

Figure 3. Severity of Pierce’s disease on grape assessed in September 2012 in the Solano County
trial. See treatment codes above for treatment comparisons.

The incidence of infection of transgenic DSF-producing Freedom was about three-fold less than that of wild-type
Freedom grape (Figure 4), while the number of infected leaves per vine was about five-fold less (Figure 5),
suggesting that the pathogen had spread less in the DSF-producing plants after insect inoculation. Only a modest
reduction in incidence or severity of Pierce’s disease was seen in Thompson Seedless grafted onto DSF-producing
Freedom rootstocks compared to those grafted on wild-type Freedom (Figure 5). The incidence of infection of
transgenic Thompson Seedless plants was similar to that of wild-type Thompson Seedless (Figure 6), while the
incidence and severity of Pierce’s disease on Thompson Seedless grafted onto DSF-producing Thompson
Seedless rootstocks was less than that of plants grafted onto wild-type Thompson Seedless rootstocks (Figure 7).
The effectiveness of transgenic Thompson Seedless rootstocks in reducing Pierce’s disease was surprising, given
that the transgenic Thompson Seedless scions were similar in susceptibility to that of the normal Thompson
Seedless scions. We have seen evidence that, in addition to DSF chemical species that serve as agonists of cell-
cell signaling in Xf, transgenic Thompson Seedless may also produce chemical antagonists of cell-cell signaling.
It is possible that the DSF agonist is more readily transported into the scion than any antagonists, and thus DSF-
mediated inhibition of pathogen mobility can be conferred by grafted DSF-producing rootstocks.

Solano County Field Trial – Sep. 7, 2012
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Figure 4. Incidence of Pierce’s disease of transgenic DSF-producing Freedom grape (blue bars) or wild-type Freedom
(red bars) as measured as the fraction of vines with any disease symptoms (left box), or the severity of disease as
measured as the fraction of leaves per shoot that exhibited symptoms (right box). The vertical bars represent the
standard error of the mean.

Figure 5. Incidence of Pierce’s disease of normal Thompson Seedless grape grafted onto transgenic DSF-producing
Freedom grape rootstocks (blue bars) or wild-type Freedom rootstocks (red bars) as measured as the fraction of vines
with any disease symptoms (left box), or the severity of disease as measured as the fraction of leaves per shoot that
exhibited symptoms (right box). The vertical bars represent the standard error of the mean.

Figure 6. Incidence of Pierce’s disease of transgenic DSF-producing Thompson Seedless grape (blue bars) or wild-
type Thompson Seedless (red bars) as measured as the fraction of vines with any disease symptoms (left box), or the
severity of disease as measured as the fraction of leaves per shoot that exhibited symptoms (right box). The vertical
bars represent the standard error of the mean.
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Figure 7. Incidence of Pierce’s disease of normal Thompson Seedless grape grafted onto transgenic DSF-producing
Thompson Seedless grape rootstocks (blue bars) or wild-type Thompson Seedless rootstocks (red bars) as measured as
the fraction of vines with any disease symptoms (left box) or the severity of disease as measured as the fraction of
leaves per shoot that exhibited symptoms (right box). The vertical bars represent the standard error of the mean.

On May 15, 2013 plants at the Solano County field trial were evaluated for survival over the winter and any
symptoms of Pierce’s disease that were apparent at this early date. Vines that had been inoculated in 2012 had
been marked with a plastic tie. The vines were pruned during the winter of 2012-2013 in a way that retained the
inoculation site and the plastic marker for each of the inoculated vines. Thus, in May 2013 the return growth on
those inoculated but pruned vines was assessed. One or more new shoots had emerged from such vines, and the
incidence as to whether at least one new shoot had emerged was assessed (Figure 8). Nearly all of the inoculated
vines from both Freedom and transgenic DSF-producing Freedom gave rise to new shoots as of May 2013
(Figure 8). In contrast, many vines of Thompson Seedless inoculated in 2012 were dead, and no shoots emerged
in 2013. While most new shoots emerging in 2013 appeared asymptomatic at the time of assessment in May, a
few exhibited discoloration, possibly indicating early stages of Pierce’s disease. A separate assessment of such
possibly symptomatic shoots from that of completely asymptomatic shoots was made (Figure 9). It is noteworthy
that no symptomatic new shoots were observed on transgenic Freedom, while about 10% of the new shoots
emerging from vines of wild-type Freedom exhibited some symptoms (Figure 9). It was also noteworthy that a
much higher proportion of the vines from Thompson Seedless scions grafted onto a transgenic Freedom rootstock
gave rise to new shoots in 2013 compared to those on Freedom rootstocks (Figures 8 and 9). Likewise, a higher
proportion of vines from Thompson Seedless scions grafted onto transgenic DSF-producing Thompson Seedless
rootstocks gave rise to new shoots in 2013 compared to that of scions grafted onto normal Thompson Seedless
rootstocks (Figures 8 and 9). Thus, infection of Thompson Seedless vines by inoculation in 2012 had led to some
morbidity of those vines (and even of the cordon on which they were attached in some cases), but Thompson
Seedless when grafted onto either transgenic DSF-producing Freedom or transgenic DSF-producing Thompson
Seedless rootstocks had a higher likelihood of surviving inoculation in 2012. Continued assessments of disease
severity of those new shoots emerging on vines inoculated in 2012 were made in early October 2013, but the data
was not fully analyzed at the time of preparation of this report.

Vines of transgenic and wild-type Freedom, as well as wild-type and transgenic Thompson Seedless, and
Thompson Seedless scions grafted onto the various transgenic or wild-type rootstocks that were apparently
healthy and derived from cordons not showing disease in 2013 were again inoculated with Xf at the Solano
County trial on May 28, 2014. The goal of these continuing experiments is to verify the enhanced disease
resistance exhibited by transgenic Freedom, and to further quantify the differential susceptibility of Thompson
Seedless scions grafted onto various transgenic rootstocks. Disease severity was assessed on August 8 and
Sept. 15, 2014. In addition, disease incidence and severity that developed in 2014 from vines inoculated in
previous years was measured. A uniform rating scale for rating all vines in both the Solano and Riverside County
trials was developed by Lindow and Kirkpatrick. This rating scale will allow the severity of disease on inoculated
vines in the year of inoculation to be assessed as the fraction of leaves on a given inoculated vine that are
symptomatic. Furthermore, on vines that had been infected for more than one year, this new 0 to 5 rating scale
accounts for return growth and vigor of growth of vines in years subsequent to that year in which it was originally
inoculated.
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Figure 8. The fraction of vines in the Solano County field trial inoculated in 2012 with Xf that gave
rise to at least one new shoot by May 2013. Treatments include transgenic DSF-producing Freedom
as an own-rooted plant (FT), Thompson Seedless scions grafted onto transgenic DSF-producing
Freedom rootstocks (FTG), wild-type Freedom as an own-rooted plant (FW), Thompson Seedless
scions grafted onto normal Freedom rootstocks (FWG), transgenic DSF-producing Thompson
Seedless as own-rooted plants (TT), Thompson Seedless scions grafted onto transgenic DSF-
producing Thompson Seedless rootstocks (TTG), normal Thompson Seedless as own-rooted plants
(TW), and Thompson Seedless scions grafted onto normal Thompson Seedless rootstocks (TWG).
The vertical bars represent the standard error of the mean fraction of inoculated vines that gave rise to
new shoots in 2013.

Figure 9. The fraction of vines in the Solano County field trial inoculated in 2012 with Xf that gave
rise to at least one new shoot by May 2013 that exhibited some abnormalities possibly indicative of
early stages of Pierce’s disease infection (orange bars). Treatments include transgenic DSF-producing
Freedom as an own-rooted plant (FT), Thompson Seedless scions grafted onto transgenic DSF-
producing Freedom rootstocks (FTG), wild-type Freedom as an own-rooted plant (FW), Thompson
Seedless scions grafted onto normal Freedom rootstocks (FWG), transgenic DSF-producing Thompson
Seedless as own-rooted plants (TT), Thompson Seedless scions grafted onto transgenic DSF-producing
Thompson Seedless rootstocks (TTG), normal Thompson Seedless as own-rooted plants (TW), and
Thompson Seedless scions grafted onto normal Thompson Seedless rootstocks (TWG).

Disease incidence and severity on plants was rated on both August 8 and September 15, 2014. No symptoms were
apparent on inoculated vines of either wild-type or transgenic Freedom plants. However, symptoms were apparent
on Thompson Seedless vines that had been inoculated earlier in the season. A lower incidence of symptomatic
leaves were found on Thompson Seedless vine grafted onto transgenic Freedom rootstocks compared to those on
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wild-type Freedom rootstocks (Figure 10). The incidence of symptomatic leaves on Thompson Seedless vines
grafted onto wild-type Thompson Seedless rootstocks did not differ from Thompson Seedless vines on transgenic
Thompson Seedless rootstocks. Similarly, the incidence of symptomatic leaves was similar on own-rooted
Thompson Seedless plants compared to that on transgenic Thompson Seedless plants (Figure 10). The overall
vigor of Thompson Seedless scions grafted onto transgenic Freedom rootstocks was similar to that of Thompson
Seedless scions grafted onto wild-type Thompson Seedless rootstocks (Figure 11). The overall disease severity
exhibited by wild-type and transgenic Thompson Seedless plants was also similar, and disease severity on
Thompson Seedless scions grafted onto either wild-type or transgenic Thompson Seedless rootstocks also did not
differ (Figure 11). Thus, some evidence for protection of scions grafted onto RpfF-expressing Freedom
rootstocks was again seen in 2014 as in earlier years.

Figure 10. The percentage of leaves of vines in the Solano County field trial inoculated in 2014 with Xf that
exhibited symptoms of Pierce’s disease on August 8, 2014. Treatments include Thompson Seedless scions
grafted onto transgenic DSF-producing Freedom rootstocks (FTG), Thompson Seedless scions grafted onto
normal Freedom rootstocks (FWG), transgenic DSF-producing Thompson Seedless as own-rooted plants
(TT), Thompson Seedless scions grafted onto transgenic DSF-producing Thompson Seedless rootstocks
(TTG), normal Thompson Seedless as own-rooted plants (TW), and Thompson Seedless scions grafted onto
normal Thompson Seedless rootstocks (TWG). The vertical bars represent the standard error of the mean.
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Figure 11. The overall disease rating of vines in the Solano County field trial when assessed on August 8,
2014. Treatments include Thompson Seedless scions grafted onto transgenic DSF-producing Freedom
rootstocks (FTG), Thompson Seedless scions grafted onto normal Freedom rootstocks (FWG), transgenic
DSF-producing Thompson Seedless as own-rooted plants (TT), Thompson Seedless scions grafted onto
transgenic DSF-producing Thompson Seedless rootstocks (TTG), normal Thompson Seedless as own-rooted
plants (TW), and Thompson Seedless scions grafted onto normal Thompson Seedless rootstocks (TWG). The
vertical bars represent the standard error of the mean.

The incidence of symptomatic leaves had increased by September 15, 2014 from the low levels seen in August
2014. A dramatic difference in the incidence of symptomatic leaves was observed between wild-type and RpfF-
expressing Freedom grape. While no symptomatic leaves were observed on the transgenic Freedom plants, over
15% of the leaves on the vines of wild-type Freedom plants that had been inoculated in May 2014 were showing
symptoms of Pierce’s disease (Figure 12). As observed in the August 2014 evaluation, the incidence of leaves on
Thompson Seedless vines grafted to a transgenic Freedom rootstock was lower than that on Thompson Seedless
vines grafted onto a wild-type Freedom rootstock (Figure 12). An assessment was also made in September 2014
of the overall appearance of plants. The disease rating for transgenic Freedom plants was significantly lower than
that for wild-type Freedom plants (Figure 12). In contrast, while numerically lower, the severity of Thompson
Seedless scions grafted onto transgenic Freedom rootstocks did not differ from that of Thompson Seedless scions
grafted onto wild-type Freedom rootstocks (Figure 13). Thus, the transgenic RpfF-expressing Freedom plants
continued to show relatively high resistance to Pierce's disease both in the same season that they were inoculated
as well as over several years compared to the wild-type Freedom plants.
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Figure 12. The percentage of leaves of vines in the Solano County field trial inoculated in 2014 with
Xf that exhibited symptoms of Pierce’s disease on September 15, 2014. Treatments include transgenic
DSF-producing Freedom as an own-rooted plant (FT), wild-type Freedom as an own-rooted plant
(FW), Thompson Seedless scions grafted onto transgenic DSF-producing Freedom rootstocks (FTG),
and Thompson Seedless scions grafted onto normal Freedom rootstocks (FWG). The vertical bars
represent the standard error of the mean.

Figure 13. The overall disease rating of vines in the Solano County field trial that exhibited symptoms
of Pierce’s disease on September 15, 2014. Treatments include transgenic DSF-producing Freedom as
an own-rooted plant (FT), wild-type Freedom as an own-rooted plant (FW), Thompson Seedless scions
grafted onto transgenic DSF-producing Freedom rootstocks (FTG), and Thompson Seedless scions
grafted onto normal Freedom rootstocks (FWG). The vertical bars represent the standard error of the
mean.

Disease was assessed in early October 2014 at the Riverside County field trial. In general the plants had not
grown well, with very little new growth even on plants that were not infected. Overall, the plants did not look
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thrifty and appeared to be suffering from other growth limitations such as nematode damage. In many cases vines
did not emerge from a given cordon. The overall disease severity of these plants was high and similar between all
treatments (Figure 15). Because Freedom plants tend to have many shoots arising from a given cordon, we
assessed the disease state of each shoot arising from a given cordon to yield an overall disease severity estimate
for these plants (i.e., if a given cordon had 10 shoots, two of which had symptoms of Pierce’s disease, disease
incidence would have been assessed as 20%). While most of the shoots on some plants were healthy, on other
plants most of the shoots from a given cordon were infected. Overall, the disease incidence of plants of different
treatments were similar, although the incidence of infection of shoots emerging from plants grafted onto
transgenic Freedom were somewhat lower than those on plants grafted onto wild-type Freedom rootstocks, as had
been observed in ratings in previous years (Figure 14).

Figure 14. The percentage of vines in the Riverside County field trial that exhibited symptoms of Pierce’s
disease on October 6, 2014. Treatments include transgenic DSF-producing Freedom as an own-rooted plant
(FT), Thompson Seedless scions grafted onto transgenic DSF-producing Freedom rootstocks (FTG), wild-type
Freedom as an own-rooted plant (FW), and Thompson Seedless scions grafted onto normal Freedom rootstocks
(FWG). The vertical bars represent the standard error of the mean.

Figure 15. The overall disease rating of vines in the Riverside County field trial that exhibited
symptoms of Pierce’s disease on October 6, 2014. Treatments include transgenic DSF-producing
Freedom as an own-rooted plant (FT), Thompson Seedless scions grafted onto transgenic DSF-
producing Freedom rootstocks (FTG), wild-type Freedom as an own-rooted plant (FW), and
Thompson Seedless scions grafted onto normal Freedom rootstocks (FWG). The vertical bars
represent the standard error of the mean.
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All plants in the Solano County trial were evaluated for the incidence and severity of Pierce the disease on
May 27, 2015. By this time all plants that remained alive had generated new shoots. It was apparent that the
transgenic Freedom plants had both a much lower incidence and severity of symptoms compared to wild-type
Freedom own-rooted plants. While virtually no symptoms were observed on the transgenic Freedom plants
(Figure 16), all wild-type Freedom plants exhibited substantial incidence of the leaf scorching and stunting
associated with Pierce’s disease (Figure 17). Some plants were dead while others remained alive, but with many
or most of the cordons being dead or giving rise to only a few leaves or stunted shoots (Figure 17).

Figure 16. Images of two separate transgenic Freedom grape plants at the Solano County trial
transformed with the rpfF gene encoding DSF synthesis from Xf. These plants are typical of all
plants in this treatment in that they show little or no symptoms of Pierce’s disease despite the fact
that they had been inoculated repeatedly previous years.

Figure 17. Images of two wild-type Freedom grape plants at the Solano County trial. These plants
are typical of all plants in this treatment in that they all showed considerable symptoms of Pierce’s
disease, ranging from several dead cordons and some stunted growth (left) or severe symptoms or
death of most or all cordons on these plants that had been inoculated repeatedly previous years.

Disease severity of these plants, which had been previously inoculated for each of the previous four years, was
quantified by two different scales. In one scale, both the incidence of any disease and the severity of disease
between cordons is integrated to yield a range from 0 (no symptoms) to 5 (all cordons and shoots dead). This
rating scale was developed for use by all of the participants in the Solano County grapevine field trial and has
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been deemed the “PIPRA” (Public Intellectual Property Resource for Agriculture) scale. However, because the
vigor of wild-type and transgenic plants obviously differed even though they did not show any disease symptoms,
we also rated the plants separately using a different rating scale from 0 to 5, where 0 indicated plants that were
quite vigorous, showing no symptoms and having new growth that was as large as the largest plants in the trial as
of May 2015, and 5 indicated that all the plants were dead. We deem this the “happiness” index of the plants. The
plants depicted in Figure 16 all would have received a rating of 0 on the scale, while the plants in the left-hand
image of Figure 17 would have received a rating of 5 and that of the right hand image, a rating of 2. Large
quantitative differences were seen in both disease severity and the overall appearance of the wild-type Freedom
plants compared to the transgenic DSF-producing Freedom plants at this rating time (Figure 18). Whereas no
disease symptoms were observed on transgenic Freedom plants, a significantly higher disease rating was observed
on the wild-type Freedom plants (Figure 18). Likewise, the overall vigor of those plants that still exhibited green
tissue was much greater in the case of transgenic Freedom plants compared to the wild-type Freedom plants
(Figure 18).

Figure 18. Severity of Pierce’s disease symptoms (blue bars) rated on a scale that accounts for both the incidence
and severity of disease between cordons that is integrated to yield a range from 0 (no symptoms) to 5 (all cordons
and shoots dead) when rated in May 2015. Also shown is the overall vigor of the plant (red bars) rated from 0
(extremely vigorous) to 5 (dead). Treatments include transgenic DSF-producing Freedom as an own-rooted plant
(FT), Thompson Seedless scions grafted onto transgenic DSF-producing Freedom rootstocks (FTG), wild-type
Freedom as an own-rooted plant (FW), Thompson Seedless scions grafted onto normal Freedom rootstocks (FWG),
transgenic DSF-producing Thompson Seedless as own-rooted plants (TT), Thompson Seedless scions grafted onto
transgenic DSF-producing Thompson Seedless rootstocks (TTG), normal Thompson Seedless as own-rooted plants
(TW), and Thompson Seedless scions grafted onto normal Thompson Seedless rootstocks (TWG). The vertical bars
represent the standard error of the determination of the mean rating.

As we had observed in previous years, the incidence of Pierce’s disease on Thompson Seedless scions grafted to
transgenic Freedom rootstocks was significantly less than that grafted to Freedom wild-type rootstocks
(Figure 18). Likewise, Thompson Seedless scions exhibited much more growth when grafted onto the transgenic
Freedom rootstocks compared to that of the wild-type Freedom rootstocks (Figure 18). Also, as observed in
previous years, the incidence of disease and vigor of Thompson Seedless plants grown as own-rooted plants or as
scions onto either wild-type Thompson rootstocks or a Thompson rootstock transformed with the chloroplast
targeted rpfF gene did not differ (Figure 18). Thus, the introduction of the rpfF gene into Freedom plants to
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compare the production of DSF continued to increase the resistance of these plants to symptoms of Pierce’s
disease despite the fact that they had been inoculated several times before May 2015. These transgenic plants are
quite attractive both as an own-rooted plant and also as a rootstock for more susceptible scions.

When rated in early October 2015, transgenic Freedom as a scion continued to exhibit much higher resistance to
Pierce’s disease than untransformed Freedom. The incidence and severity of Pierce’s disease as assessed using the
0 to 5 scale discussed above was much lower on the transgenic Freedom compared to wild-type Freedom
(Figure 19), while the incidence of symptomatic leaves on plants inoculated in May were reduced over five-fold
compared to untransformed plants (Figure 20).

Figure 19. Severity of Pierce’s disease symptoms rated on a scale that accounts for both the incidence and
severity of disease between cordons that is integrated to yield a range from 0 (no symptoms) to 5 (all
cordons and shoots dead). Treatments include transgenic DSF-producing Freedom as an own-rooted plant
(FT), wild-type Freedom as an own-rooted plant (FW), Thompson Seedless scions grafted onto transgenic
DSF-producing Freedom rootstocks (FTG), and Thompson Seedless scions grafted onto normal Freedom
rootstocks (FWG). The vertical bars represent the standard error of the determination of the mean rating.

Figure 20. Percentage of symptomatic leaves on inoculated shoots in transgenic DSF-producing
Freedom as an own-rooted plant (FT) and wild-type Freedom as an own-rooted plant (FW).
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A final rating of the vigor of the plants at the Solano County trial was conducted in late May 2016. Plant vigor
was rated on a 0 to 5 scale, with 0 representing a dead plant and 5 representing a thriving, asymptomatic plant. As
in previous ratings, transgenic Freedom plants were far more vigorous than those of the non-transformed Freedom
plants (Figure 21). The vigor of Thompson Seedless grafted onto transgenic Freedom rootstocks did not differ
from that grafted onto non-transformed Freedom rootstocks. Thus the expression of DSF in the transgenic
Freedom scions continued to provide a high level of disease resistance to Pierce’s disease.

Figure 21. Vigor of plants at the Solano County field trial. Treatments include transgenic DSF-producing
Freedom as an own-rooted plant (FT), Thompson Seedless scions grafted onto transgenic DSF-producing
Freedom rootstocks (FTG), wild-type Freedom as an own-rooted plant (FW), Thompson Seedless scions
grafted onto normal Freedom rootstocks (FWG), transgenic DSF-producing Thompson Seedless as own-
rooted plants (TT), Thompson Seedless scions grafted onto transgenic DSF-producing Thompson Seedless
rootstocks (TTG), normal Thompson Seedless as own-rooted plants (TW), and Thompson Seedless scions
grafted onto normal Thompson Seedless rootstocks (TWG). The vertical bars represent the standard error
of the determination of the mean rating.

CONCLUSIONS
Since we have shown that DSF accumulation within plants is a major signal used by Xf to change its gene
expression patterns, and since DSF-mediated changes all lead to a reduction in virulence in this pathogen, we
have shown proof of principle that disease control can be achieved by a process of “pathogen confusion.” These
field trials are direct demonstration projects to test the field efficacy of plants producing DSF to alter pathogen
behavior in a way that minimizes symptom development. Results from both the Solano County and Riverside
County trials provide solid evidence that pathogen confusion can confer high levels of disease control, both to
plants artificially inoculated and especially to plants infected naturally by infected sharpshooter vectors. The work
therefore has provided solid evidence that this strategy is a useful one for managing Pierce’s disease. These
results justify the further examination of this strategy in other grape varieties.
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FIELD EVALUATIONS OF GRAFTED GRAPE LINES EXPRESSING
POLYGALACTURONASE-INHIBITING PROTEINS

Principal Investigator:
Ann L.T. Powell
Department of Plant Sciences
University of California
Davis, CA 95616
alpowell@ucdavis.edu

Co-Principal Investigator:
John M. Labavitch
Department of Plant Sciences
University of California
Davis, CA 95616
jmlabavitch@ucdavis.edu

Field Cooperator:
David G. Gilchrist
Department of Plant Pathology
University of California
Davis, CA 95616
dggilchrist@ucdavis.edu

Field Cooperator:
Philippe Rolshausen
Dept. of Botany & Plant Sciences
University of California
Riverside, CA 92521
Philippe.rolshausen@ucr.edu

Reporting Period: The results reported here are from work conducted February 1, 2013 to June 30, 2016.

ABSTRACT
The aim of the project was to determine whether introduction of a plant protein that is naturally produced in
edible fruit can restrict the spread of Xylella fastidiosa (Xf) and symptoms of Pierce’s disease in grapevines
without altering the agricultural attributes of the plants. The Pierce’s Disease and Glassy-winged Sharpshooter
Research Scientific Advisory Panel had identified, based on previous work, the plant protein polygalacturonase-
inhibiting protein (PGIP) naturally expressed in pear fruit (pPGIP) as a promising candidate to consider for
advancement towards commercialization. Prior to this project, it was known that Xf produces a PG that is
inhibited by pPGIP (Agüero et al., 2005) and previous work had also shown that Pierce’s disease incidence and
symptoms decreased in Thompson Seedless and Chardonnay grapevines if the pPGIP was expressed throughout
the vine. The aim of this project was to determine whether pPGIP, when delivered from grafted rootstocks, can
control Pierce’s disease in the fruit-bearing (scion) parts of the grapevines. Work on this project evaluated the
performance of vines grown in two commercial-type vineyards and determined whether their susceptibility to
Pierce’s disease depended on the pPGIP protein, especially when delivered from pPGIP-expressing rootstocks.
Cuttings from the two varieties of grapevines that had been transformed to express pPGIP were grafted as
rootstocks with non-pPGIP producing Chardonnay or Thompson Seedless scions to make comparisons between
vines producing pPGIP in their grafted rootstocks (transgrafted), those producing pPGIP throughout the vine, and
vines with no pPGIP. Once the two vineyards were established with the grafted, transgrafted, and ungrafted vines,
an objective of the project was to determine whether sufficient pPGIP that reduces Pierce’s disease symptoms is
delivered from rootstocks expressing pPGIP to scions, which themselves did not produce pPGIP. Active pPGIP
protein that had been produced in transgrafted rootstocks was detected in the xylem exudates that were collected
from scions (Agüero et al., 2005; Haroldsen et al., 2012). Vineyards approximating commercial settings were
established with own-rooted and transgrafted vines in locations in Solano and Riverside counties with naturally
low and high Pierce’s disease pressure, respectively; vines in Solano County were mechanically inoculated and
disease progress was monitored on known infected vines and at known times after inoculation. Evaluations of
performance and susceptibility were made for comparisons of scion susceptibility to Pierce’s disease based on the
mode of infection (introduced vs. natural), varietal background (Thompson Seedless and Chardonnay), and origin
of pPGIP (rootstock only vs. entire vine).

LAYPERSON SUMMARY
In order to determine whether polygalacturonase-inhibiting proteins (PGIPs) have potential for the commercial
development and deployment to reduce Pierce’ disease (PD), two test vineyards were established in California.
The model PGIP evaluated in this project is produced naturally in pear fruit (pPGIP) and inhibits the PG that
Xylella fastidiosa (Xf) produces as it spreads and causes damage in infected grapevines. Each vineyard contained
Chardonnay and Thompson Seedless grapevines that were growing on their own roots (own-rooted) and others
that were “transgrafted” (with rootstocks of the same variety expressing pPGIP grafted to fruit-producing non-
modified scions which do not themselves produce pPGIP). The vineyards were designed to enable comparisons of
plant performance and susceptibility to Pierce’s disease based on mode of infection (deliberate vs. natural
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introductions of Xf), varietal background (Thompson Seedless vs. Chardonnay), and origin of the pPGIP
(delivered from transgrafted rootstock to grafted non-PGIP producing scions vs. plants expressing pPGIP in all
parts). Mechanical inoculations with Xf bacteria were done yearly from 2011-2015 in Solano County and,
beginning with the establishment of the vineyard in Riverside County in June 2013, natural infections were
permitted. Data describing the total vine and disease characteristics of the own-rooted or transgrafted vines were
collected during growing seasons in both locations. Since this project evaluated grape varieties grown for fresh
fruit or wine production in California, we tested varieties important to most California grape growers. The
Thompson Seedless and Chardonnay varieties have different growth habits and products and the project provided
information for the wine and fresh product sectors of the grape industry. The initial evaluations of the symptoms,
performance, and productivity suggest that pPGIP expression in a table grape variety (Thompson Seedless) or a
wine grape (Chardonnay) improves resistance of vines to Pierce’s disease but does not otherwise affect vine
growth or berry characteristics. Eventually however, when the accumulations of inoculations were repeated and
allowed to develop, Chardonnay vines benefited more from the introduction of the pPGIP than Thompson
Seedless vines.

INTRODUCTION
The project was designed to establish two typical vineyard sites to assess whether polygalacturonase-inhibiting
proteins (PGIPs) restrict Xylella fastidiosa (Xf) spread and Pierce’s disease symptoms, and whether expression
and/or delivery of the PGIP from pear fruit (pPGIP) impacted the performance and attributes of table and wine
grapevines.

This group and others had shown that the expansion of Xf from the infection site throughout the vine creates
systemic infections that cause Pierce’s disease and vine death (Krivanek and Walker, 2005; Labavitch, 2006,
2007; Lin, 2005; Lindow, 2006, 2007a, b; Rost and Matthews, 2007). The grapevine water-conducting xylem
elements are separated by pit membranes, pectin-rich cell wall "filters" whose meshwork is too small to permit
movement of Xf (Labavitch et al., 2004, 2006, 2009a,). Xf produces cell wall-degrading enzymes to digest the pit
membrane polysaccharides (Labavitch et al., 2009b), opening xylem connections and permitting spread of the
bacteria.

The Xf polygalacturonase (XfPG) and several -1,4-endo-glucanases (EGases) could participate in the digestion of
pectin and xyloglucan polymers in pit membranes and, thereby, facilitate Pierce’s disease development as Xf
moves within the vine xylem elements. Labavitch et al. (2006, 2007, 2009a; Perez-Donoso et al., 2010) reported
that introduction of PG and EGase into uninfected grapevines caused pit membrane breakage. Roper et al. (2006,
2007) developed an XfPG-deficient Xf strain and showed it was unable to cause Pierce’s disease symptoms,
demonstrating that XfPG is a Pierce’s disease virulence factor, presumably because it permits Xf movement.

The aim of this project is to use plant PGIPs to limit Xf spread in grapevines. PGIPs are produced in flowers and
edible fruit, are induced by contact with pathogens, and are selective inhibitors of pathogen and pest PGs (Powell
et al., 2000; Shackel et al., 2005; Stotz et al., 1993, 1994). Grapevines transformed to express the pPGIP-encoding
gene from pear fruit have reduced susceptibility to Xf and pPGIP is transported from rootstocks across the graft
junction into wild-type scions (Agüero et al., 2005, Haroldsen et al., 2012).

Because the scions do not contain an introduced pPGIP gene, grafting pPGIP-producing rootstocks to non-pPGIP-
expressing scions is an opportunity to deliver a beneficial plant fruit protein (i.e., pPGIP) without introducing a
pPGIP gene into the part of the plant producing the berries used for produce and wine. This project was designed
to generate sufficient numbers of grafted and own-rooted pPGIP-expressing grapevines, plant them in field
settings comparable to commercial fields, and evaluate their agronomic performance and their resistance to
Pierce’s disease due to intentional inoculation or natural modes of transmission.

OBJECTIVES
1. Scale up the number of grafted and own-rooted pPGIP expressing lines.
2. Plant and maintain grafted and own-rooted lines in two locations with different Pierce’s disease pressure.
3. Evaluate relevant agronomic traits of vines in two locations.
4. Determine Pierce’s disease incidence in pPGIP expressing grafted and own-rooted lines. Test for Xf presence

and, if present, determine the extent of infection.
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RESULTS AND DISCUSSION
Objective 1. Generate enough grafted and own-rooted grapevines for the field trials.
Activities. This objective was completed in June 2013. DNA was prepared from the vines used as source tissue
for grafting and the genotypes were confirmed by PCR (Figure 1). Results (see Objectives 3 and 4 below) were
that some of the vines over the past three years died due to Pierce’s disease and a few died because of other
causes. After the first year, none of the dead vines were replaced. Table 1 shows the number of grafted and non-
grafted vines of each genotype that were planted at the sites by June 2013.

Results. Sufficient plants of both the Chardonnay and Thompson Seedless varieties were self-grafted,
transgrafted, or propagated by own rooting to complete the Solano and Riverside plots. The genotypes of the
plants were verified. All of the vines were transplanted to the sites.

Table 1. Plant Inventory. Total numbers of grapevines planted by 2013 in Solano and Riverside counties. The upper
portion of the graphic is scion genotype, the lower part of the graphic is rootstock phenotype; nongrafted plants have
no break between the upper and lower parts of the graphics. Hatched fill represents pPGIP-expressing rootstocks
and/or scions; black fill is null-transformants (no pPGIP) controls; white fill is non-transformed controls. In Solano
County, own-rooted vines were mechanically inoculated in the summers of 2011-2015; transgrafted vines were
inoculated in 2013, 2014, and 2015. Vines planted in Riverside County had “natural” infections.

SOLANO COUNTY Chardonnay Thompson Seedless
Strategy

(Scion/root)

Own-
Rooted

Inoculated
(2011-2013) 17 8 9

Non-
Inoculated 8 4 5

Grafted

Inoculated
(2013, 2014,

2015)
9 11 9 0 9 9 9

Non-
Inoculated 4 4 4 2 4 4 4

RIVERSIDE COUNTY
Own-

Rooted
Natural

Infections 13 11 6 9 12 6

Grafted Natural
Infections 16 6 8 6 3 7 14 7 3 3

Figure 1. A gel used to genotype by PCR with genomic DNA from grape leaf tissue from Thompson
Seedless vines expressing pPGIP and null-transformed (no pPGIP) controls used to generate transgrafted
vines. A 1 kb band (arrow) indicating the pPGIP DNA sequence is expected only in samples used as
rootstocks for transgrafts and pPGIP self-grafted controls. Each sample’s quality was verified by
amplifying a control fragment (not shown).

Objective 2. Establish field trial sites.
Activities. Field trial sites in Solano and Riverside counties were established to assess the Pierce’s disease
resistance and general agronomic characteristics of own-rooted and grafted pPGIP-expressing grapevines. The
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field plans of the Powell trial plots in Solano and Riverside counties are shown in Figure 2. The vines satisfying
our initial PCR analysis were hand-planted in a randomized block design with blocks consisting of two or three
individuals in the same treatment. The young plants were placed in protective grow tubes and hand-watered every
two weeks in Solano County or as needed; natural rainfall accounted for most of the watering. In Riverside
County, the plants were watered by drip irrigation. In Riverside, the plot was at the bottom of a small hill and the
soil was very sandy and porous; irrigation water accumulated in the lowest row (Row E). At both sites, grapevines
were planted approximately eight feet apart and tied to wooden stakes with trellising wires at 40 and 52 inches.

Figure 2. Field plot plans for Solano (A) and Riverside (B) county sites. The color codes of the
genotypes are given in the accompanying table; O.R. = own-rooted, Gr. = grafted.
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In Solano County, the vines were pruned by the PI and the field crews two to three times per year to maximize
potential cane number for inoculations and to establish vigorous positions for future growth. The pruning
schedule and method was non-conventional but was done in a manner to try to standardize vine growth in our
plots with the practices by the other PIs with plots in the same field, and to be able to preserve the inoculated
vines for observations and sampling. With the permit amendment granted by USDA Biotechnology Regulatory
Services (BRS) in 2012, flowers and fruiting clusters were allowed to persist. Initially, all of the own-rooted
Chardonnay vines were cordon trained and spur pruned and the majority of the Thompson Seedless vines were
cane pruned in an attempt to maintain proper vine balance and ensure fruit development in our field in Solano
County. After 2012, pruning did not take into account varietal differences. The vines at the Riverside site were
pruned according to the schedule established at UC Riverside and varietal differences were not addressed. The
Solano site was observed approximately monthly in the 2014 and 2015 growing seasons and twice in 2016. The
vines in Riverside County established themselves well and were monitored by UC Riverside staff and the PI twice
during the 2015 season. The activities at both field sites are shown in Table 2.

Table 2. Activities at the Solano and Riverside county field sites for this project, through July 30, 2016.
Date Location Activity

14 March 2014 Solano Visual scoring of symptoms from 2011-2013 infections at each year’s inoculation
site on each grafted plant

19 March 2014 Solano Visual re-scoring of symptoms from 2011-2013 infections (see above)

20 March 2014 Solano Photos, light pruning since vines have buds that have broken; first pruning since
2013

4 April 2014 Riverside Disease scoring of symptoms on each plant; photos taken (CJ UCD)
28 May 2014 Solano Inoculate ca. 4 fresh canes/grafted vine for 2014; no pruning
9 July 2014 Solano Visit field to assess disease on each plant

27 July 2014 Solano Take cane samples of ca. 1 cane/ genotype/plot for qPCR of canes infected in 2014;
prune vines again

29 July 2014 Solano Count scorched leaves on infected canes; photos taken
3 September 2014 Solano Disease assessment by D. Golino (UCD)
ca. 1 October 2014 Solano Vines pruned again
6 October 2014 Riverside Disease scoring of all plants by P. Rolshausen (PR UCR)
9 October 2014 Solano Count infected leaves
24 October 2014 Riverside Disease re-scoring of all plants, photos taken by A. Powell (AP UCD)

15 February 2015 Solano Prune vines assisted by M. Greenspan while other groups were also pruning (AP
UCD)

25 March 2015 Solano Score plants for scorching, late growth, death, take photos (AP UCD)
19 May 2015 UCD Meet with other PIs to consider future of the project
26 May 2015 Solano Prune vines to conform with other groups (AP UCD)

27 May 2015 Solano Inoculate at least 4 canes per grafted plant with inoculum provided by D. Gilchrist.
Tag with yellow/orange pull tags (AP, BN, TL, KP UCD)

2 June 2015 Riverside Vine assessments and photos taken with P. Rolshausen (AP UCD, PR UCR
17 June 2015 Riverside UCR staff (Peggy Mauk) evaluated vines (PM UCR)
Late June 2015 Riverside Plantings removed
7 August 2015 Solano Scored for visual signs of scorching, death, photos and samples for PCR (AP UCD)

7 October 2015 Solano Scored for visual signs of scorching, death, photos and samples for PCR (AP, JMc,
JA UCD)

14 March 2016 Solano Observation of field to project when pruning and assessments can be done (AP
UCD)

21 April 2016 Solano Observation of plants in the field, record dead plants (AP UCD)

27 April 2016 Solano Confirm observations of plants in the field and record dead plants (AP UCD), field
crew prunes plants.
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Results. The Riverside and Solano county sites were planted by June 3, 2013 with all the vine combinations
planned for this project. A consistent pruning regime was a goal for this plot so comparisons could be made with
other evaluators, but pruning was variable. In 2014, thirteen evaluations were made of the plots (10 in Solano and
three in Riverside); nine were made by the PI. In 2015, nine evaluations were made of the plots (six in Solano and
three in Riverside); eight evaluations were made by the PI. Two evaluations of the Solano field were made in
2016. The vines at the Riverside site were removed in late 2015 because evaluations at that site had been
completed and presumed herbicide drift caused unrelated vine symptoms and death.

Objective 3. Evaluate relevant agronomic traits of vines in two locations.
Activities. Other than differences due to the variety (Chardonnay or Thompson Seedless), no difference in overall
growth, time to flower, fruit set, or yield was noticed between the vines expressing pPGIP and the controls. All
produced buds in mid-March and flower buds broke by the end of March in 2014 and 2015. In 2016 little sign of
growth was evident on the vines on March 14, probably due to heavy rain and cool weather. The fields were
saturated due to heavy rains and no weeding had been done between rows so the PI was unable to walk the field.
The vines had not been pruned as of mid-March 2016. Observations of the vines were made April 21 and 27,
2016 (Table 3).

Non-grafted vines were inoculated for three years by March 2014. Numbers of bud-producing, no-bud-producing,
and scorched leaves along canes inoculated in 2011, 2012, and 2013 were recorded in 2014 and 2015. The data
has not yet been analyzed for statistical significance or for effects due to grafting. Photos of each vine were taken
throughout the 2015 growing season. Vine death was noted at the Solano site and was monitored for each infected
vine during the 2015 growing season and was repeated in April 2016 (Table 3).

Agronomic traits such as grape cluster size, berry size, and berry and seed phenotypes were measured at the
Solano site in the summer of 2013 but were not repeated. No consistent changes were observed; observations
were made only for one year and are therefore not significant. On August 29, 2013, 25 berries total were collected
from three plants of each own-rooted genotype and inoculation state at the Solano site; grafted plants were too
juvenile to bear fruit in 2013 and were not sampled. Sample collection was randomized by choosing five berries
spread across one to two clusters per plant. Clusters were chosen from inside the fruiting zone on each plant.
Berries were crushed by hand and the free-run juice was combined with juice pressed from the solids, strained
through cheesecloth. Sediments were precipitated overnight at 4°C and clarified juice was sampled for pH and
°Brix. Soluble solids ranged from 21.7-24.4 °BRIX and pH values were 3.56-4.00. A smaller subsample was
repeated on September 4, 2013 with similar results. After one week, total cluster numbers were counted and one
cluster was harvested per plant. Some inoculated own-rooted vines did not bear fruit; grafted plants, with one
exception, were fruitless in 2013. Cluster weight, length, and peduncle length were measured upon returning to
the lab. Twenty-five berries were removed from each cluster for further analysis after counting the total number of
healthy and raisined berries per cluster. Assessments of the subsamples included the weight of 25 berries,
retention of pedicels, number and class of seeds (trace, rudimentary, or mature), dimensions of five berries,
soluble solids, titratable acidity, and the pH of juice. Each cluster and five individual berries were photographed
for assessment of cluster density and berry color and shape.

The Riverside site was visited in late summer 2014. Plant phenotypes were recorded and photographs taken. The
PI visited the Riverside site on June 2, 2015 and rescored the vines for phenotypes, Pierce’s disease damage, and
herbicide damage. Herbicide damage was independently assessed by Peggy Mauk and Philippe Rolshausen at the
Riverside site on June 17, 2015 (Table 4).

Results. By the end of the 2015 season, it is clear that some vines had died in the Solano County plot. Table 3
shows the number of dead vines of each genotypes as determined in 2014, four times in 2015, and once in 2016. It
is clear that the number of dead vines increased from the 2015 season through the late spring of 2016, possibly
due to stress caused by the severe drought conditions, but it is also clear that the plants that did not express pPGIP
either in the rootstock or in the scion were far more susceptible to death caused by infections with Xf under these
stress conditions. The data clearly indicate that vines that had been infected at least once were far more
susceptible to death; only two uninoculated vines appeared to be dead or were missing.
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Table 4 shows the damage assessments made on June 2, 2015 at the Riverside County site. Since up to 25% of
the plantings in the Riverside plot were compromised by the herbicide drift, it was decided in late June 2015 to
terminate the site with no further observations, because it was not going to be possible to distinguish between
damage caused by Pierce’s disease versus the herbicide exposure.

Table 3. Observations of vine death at the Solano County plot from late 2014 through the 2016 growing season.
wtch = Chardonnay wild type, CC = Chardonnay control, wtTS = Thompson Seedless wild type, and TSC =
Thompson Seedless control. / denotes grafted plants with the genotypes expressed as scion/rootstock. 329 and 79
genotypes express pPGIP in Chardonnay or Thompson Seedless backgrounds, respectively.

late 2014 25-Mar-15 27-May-15 7-Aug-15 7-Oct-15 21 April 16

Genotype
Total

infected
plants

Total
uninfect-
ed plants

Infect-
ed

Not
infect-

ed

Infect-
ed

Not
infect-

ed

Infect-
ed

Not
infect-

ed

Infect-
ed

Not
infect-

ed

Infect-
ed

Not
infect-

ed

Infect-
ed

Not
infect-

ed
CC 17 8 6 0 6 0 7 0 10 0 10 1 11 0
CC/CC 9 4 2 0 2 0 2 0 3 0 7 0 7 0
329 0 2 0 0 0 0 0 0 0 0 0 0 0 0
329/329 9 4 3 0 3 0 3 0 3 0 3 0 3 0
CC/329 11 4 1 1 2 1 2 1 3 1 3 1 3 2

TSC 8 4 2 0 4 0 4 0 7 0 8 0 8 0
TSC/TSC 9 4 0 0 2 0 2 0 5 0 8 0 8 0
79 9 5 3 0 3 0 3 0 3 0 4 0 4 0
79/79 7 4 2 0 2 0 2 0 3 0 6 0 6 0
TSC/79 10 3 1 0 2 0 2 0 5 0 8 0 8 0

Table 4. Observations of herbicide damage and vine death at the Riverside County plot on June 2, 2015.
wtch = Chardonnay wild type, CC = Chardonnay control, wtTS = Thompson Seedless wild type, and TSC
= Thompson Seedless Control. / denotes grafted plants with the genotypes expressed as scion/rootstock.
329 and 79 genotypes express pPGIP in Chardonnay or Thompson Seedless backgrounds, respectively.

Genotype
Total

number of
vines

Severely
compromised
growth due to

Round-up

Moderate
growth due

to Round-up

Minimal or slight
impact on

growth due to
Round-up

Probably
Dead Dead

CC 13 0 1 0 0 0
CC/CC 16 4 3 3 1 0
wtch 6 0 1 0 1 0
wtch/wtch 6 3 1 0 0 0
329 11 0 2 0 0 1
329/329 7 0 1 3 1 0
cc/329 6 0 1 1 0 0
wtch/329 3 1 0 0 0 0
Total Chard. 68 8 10 7 3 1

TSC 9 1 1 0 0 4
TSC/TSC 7 2 1 0 1 2
wtTS 6 0 1 0 0 2
wtTS/wtTS 3 1 0 1 0 1
79 11 3 1 3 0 1
79/79 7 0 2 2 0 2
TSC/79 14 5 2 3 2 0
wtTS/79 3 0 0 1 0 0
Total TS 60 12 8 10 3 12
Total 128 20 18 17 6 13
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Images of the vines at the Solano and Riverside county sites are provided in Figure 3.

Figure 3. Examples of vines in the Riverside (top row, June 2, 2015) and Solano (bottom row, October 7,
2015) plots of Chardonnay and Thompson Seedless. The genotypes of the grafted or transgrafted vines are
indicated.

Objective 4. Determine Pierce’s disease incidence in pPGIP-expressing grafted and own-rooted lines. Test
for Xf presence and determine the extent of infection.
Activities. At the Solano County plot, after a few test inoculations in 2011, 34 own-rooted vines were given
mechanical inoculations on May 29, 2012 with a mixture of Xf Temecula and Stags’ Leap strains (3:2, v:v).
Young, green tissue was chosen for inoculation with three to four canes selected per plant. In 2013-2015,
mechanical inoculations were performed as in 2011 except that approximately 1.5 x 107 cells were used per
inoculation. The inoculations in 2013, 2104, and 2015 were done only on grafted and transgrafted vines, although
phenotype observations were made on all inoculated vines. Inoculated vines were identified by colored tags
denoting the times of inoculations. Inoculations in this PI’s plot were performed simultaneously with the other
field site collaborators.

The leaves/petioles with evidence of Pierce’s disease symptoms were counted twice during the 2013 season and
assessments were made again in the 2015 (data not shown) season, including on canes which had been infected in
2011, 2012, and 2013 (Table 5). The grafted and transgrafted vines at the Solano County site were reinoculated
along with the vines in the plots of the other PIs on May 28, 2014 and May 27, 2015. Up to four canes per vine
were inoculated as before, with inoculum provided by D. Gilchrist. Previous inoculations in 2011-2013 had
included vines that were own-rooted. The extent of disease along the canes inoculated in 2014 and 2015 was
measured twice during the 2015 season.

Infected cane material was twice collected during the summer of 2015, approximately when other groups
collected their samples. Tissue collected in the summer of 2014 was hand-ground and frozen at -80oC. The Powell
group received separate funds to purchase a GenoGrinder, similar to equipment used by the Golino group. The
Powell group worked on protocols to effectively grind the frozen infected stem tissue until the machine sustained
damage. Approximately six weeks were needed for repairs to be made. The group tried subsequently for several
weeks to refine protocols for macerating the tissue using the machine for PCR analysis but protocols were
unsuccessful.

The data analyzing the relationship between the genotypes and the appearance of dead vines were preliminarily
analyzed by plotting (Figure 4). Examples of the photo evidence of vine phenotypes are shown in Figure 3. The
data demonstrate that vine death increased in late 2015 and continued in spring 2016, and fewer Chardonnay lines
expressing pPGIP either throughout the plant or in grafted rootstocks were dead.

At the Riverside site, vine vigor was analyzed for evidence of Pierce’s disease in early June 2015. Since it was
difficult to unequivocally distinguish between damage caused by natural Pierce’s disease infections or by

CC/32
9

CC/CCTSC/7
9

TSC/TS
C



- 117 -

herbicide drift, the observations have not been further analyzed. To obtain the data for the visual assessments of
disease throughout the vines, in October 2014 evaluators PR and AP used the same general assessment scale
going from 0 (no disease) to 5 (dead) to assess the vines. Additionally, AP counted the total number of canes per
vine and the number of canes with scorched leaves or no growth (diseased canes). The analyses of the results are
given in Figure 5. In general, expression of pPGIP throughout the vine or via grafting to pPGIP-expressing
rootstocks reduced slightly the disease score and reduced the number of infected canes. The data has not yet been
analyzed for statistical significance or for effects due to grafting. Examples of the photo evidence of the vine
phenotypes on June 2, 2015 in Riverside are shown in Figure 3.

Results. In general, the expression of pPGIP in the scion, the rootstock, or both did not impact the overall
phenotype of the plant, but infected plants without pPGIP were more likely to die, especially Chardonnay variety
vines in the Solano County site, by the 2015 season than those plants with pPGIP.

In Solano County, initial analyses by PCR showed Xf DNA only in inoculated plants and less Xf DNA was
detected in plants expressing pPGIP (Figure 6). In order to monitor earlier stages of disease development, the
number of leaves or petioles along canes infected in 2013 and earlier was measured and found to be greater when
assessed in the spring than in the summer of 2013 (Table 5). The observations of disease development along
leaves and petioles was repeated in 2014. These results indicated that disease was developing in these canes.
However, leaf and petiole disease symptoms developed more slowly in vines with pPGIP in the scion portion,
especially in the Chardonnay variety. Notably vines with pPGIP in the rootstocks showed fewer numbers of
diseased leaves or petioles along the infected canes although the increase during the 2014 season was about what
was observed in the controls, vines that had been grafted using material that had been transformed with the empty
vector construct. Subsequent analysis of the infected vines demonstrated disease progression leading to vine death
especially over the summer of 2015, leading to the conclusion that pPGIP expression provided reduced disease
development and ultimately less vine death. The effect was clearly due to infection with Xf as only two uninfected
plants had died by April 2016. It is possible that the severe drought heightened the vine-killing effects of disease.
The deleterious effects of Xf infections were much more pronounced on the Thompson Seedless variety than the
Chardonnay variety; by the end of the 2015 season, nearly 100% of the infected Thompson Seedless vines at the
Solano site were dead. In both varieties, vines with rootstocks expressing pPGIP early in the season were the least
likely to die compared to varieties expressing pPGIP throughout the vine, but by the end of the projects plants
expressing pPGIP in the scion and the rootstock or only in the rootstock were about equally likely to die. Data
from the own-rooted Thompson Seedless line (79) should probably not be considered, since an equivalent
Chardonnay line (329) was not infected. The conclusion is tentatively made that pPGIP expression, even in the
rootstocks alone, was sufficient to delay Pierce’s disease symptoms and vine death, but in Thompson Seedless
lines, ultimately the plants succumb to Pierce’s disease due to repeated Xf inoculations, even when pPGIP is
expressed. pPGIP expression seems to offer more protection to the Chardonnay than to the Thompson Seedless
variety. The plants were reanalyzed during the 2016 growing season once the fields were accessible to see if any
parts of the plants could recover from the disease and regrow but no growth was observed.

The disease scoring analyses done by PR and AP at the Riverside County site in 2014 produced approximately
equivalent scores. Analysis of the counted number of infected canes generally supported the overall disease score
analyses. The results, even with natural infections, suggested that some beneficial effects of pPGIP expression in
rootstocks as well as in the scion portions of the vines could be seen, although the Thompson Seedless variety
with pPGIP grown at the Riverside County site and infected naturally showed a slightly more positive effect than
the Chardonnay variety.



       
 

  

 
 

 

  
 

 

 
  

 

         
          
         

           

         
         
           

Table 5. Observations of Pierce’s disease damage and vine responses at the Solano site in late April (spring) and 
late August (summer) 2013. 

Genotype 
Plants 

(#) 

% Plants with 
Excessive Base 

Growth 

% Plants with 
Marginal Leaf 
Necrosis on 

Inoculated Canes 

% Plants with 
Marginal Leaf 

Necrosis on Un-
inoculated Canes 

% Plants with 
Atypical Berry 

Clusters (partial, 
aborted, or absent) 

Spring Summer Spring Summer Spring Summer Spring Summer 
Inoculated 
Thompson+pPGIP 

79-I 9 
77.8 
(7/9) 

66.7 
(6/9) 

0 
(0/9) 

33.3 
(3/9) 

0 
(0/9) 

11.1 
(1/9) - 44.4 

(4/9) 

Thompson+pPGIP 79 5 
0 

(0/5) 
0 

(0/5) - - 0 
(0/5) 

0 
(0/5) - 20 

(1/5) 
Inoculated 
Thompson 

TSC-
I 8 

25 
(2/8) 

100 
(8/8) 

0 
(0/8) 

12.5 
(1/8) 

0 
(0/8) 

0 
(0/8) - 75 

(6/8) 

Thompson Control TSC 4 
0 

(0/4) 
50 

(2/4) - - 0 
(0/4) 

0 
(0/4) - 0 

(0/4) 
Inoculated 
Chardonnay 

CC-I 17 
17.7 

(3/17) 
82.4 

(14/17) 
0 

(0/17) 
11.8 

(2/17) 
0 

(0/17) 
0 

(0/17) - 58.8 
(10/17) 

Chardonnay 
Control CC 8 

0 
(0/8) 

37.5 
(3/8) - - 0 0 - 25 

(2/8) 

A B

Figure 4. Vine death incidence in Solano County plot of Chardonnay and Thompson Seedless vines 
measured in 2014, throughout the 2015 season, and initially in spring 2016. A. Chardonnay lines. B. 
Thompson Seedless lines. / denotes grafted plants with the genotypes expressed as scion/rootstock. 329 and 
79 genotypes express pPGIP in Chardonnay (CC) or Thompson Seedless (TSC) backgrounds, respectively. 

BA

Figure 5. Evidence of disease in Riverside plot of Chardonnay and Thompson Seedless vines measured in 
October 2014. A. Disease score based on 0-5 scale. B. Percent of vine canes with symptoms or evidence of 
Pierce’s disease. PR = data collected by P. Rolshausen, AP = data collected by A. Powell. 
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Figure 6. Results of PCR detection of Xf DNA sequences in inoculated vines from the Solano County site.

CONCLUSIONS
All of the grafted plants necessary for the studies at both locations were generated, planted, and inoculated with
protocols similar to the other groups’ procedures at the sites. The genotypes of the grafted plants were confirmed.
Initial infections in 2011 of the vines in Solano County produced no visible symptoms for over a year. The second
set of inoculations in Year 2 resulted in detectable Xf DNA in infected vines in November 2012, and visual
symptoms of Pierce’s disease in April 2013. Mechanical inoculations with Xf bacteria in 2011 and 2012 in Solano
County resulted in the accumulation of Xf DNA sequences only in the inoculated, but not in the uninoculated,
cane material, confirming the identity and history of the inoculations. Symptoms of Pierce’s disease infection
were visible on the mechanically-inoculated vines beginning generally in the spring of the year following the
introduction of Xf. Inconsistent or atypical pruning schedules have made determinations of similarities of vine
phenotype and vigor to commercially-propagated fields challenging. However, the overall performance of the
Chardonnay and Thompson Seedless vines in the field seems to be unaffected by the expression of pPGIP either
in the scion or the rootstock unless the vines have been inoculated with Xf. The evaluations of the leaf and cane
phenotypes of infected plants suggest that pPGIP expression improves resistance of vines to Pierce’s disease,
probably more in the Chardonnay vines with pPGIP, which had fewer Pierce’s disease symptoms than the
Thompson Seedless variety when mechanically inoculated in Solano County. Only two uninoculated vines died at
the Solano site. Based on counting leaves with evidence of scorching, the Chardonnay vines with pPGIP initially
had fewer Pierce’s disease symptoms than the Thompson Seedless variety when mechanically inoculated. By
evaluating varieties grown for fresh fruit and for wine production in California, we provided information about
the impacts of pPGIP and its delivery using varieties which grow with different habits and which are important to
different segments of the community of California grape growers.
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ABSTRACT
The bacterium Xylella fastidiosa (Xf) is the cause of Pierce’s disease in grapes and is a major threat to fruit, nut,
olive, and coffee groves. Obvious symptoms are anthocyanin (red pigment) accumulation in leaves and shriveling
of undeveloped berries. Studies have determined that anthocyanin compounds can reduce insect feeding. Work by
L. De La Fuente showed that Xf infection causes significant imbalances in leaf and xylem elemental phosphorus
content, but the bioavailable form of phosphorus underlying this phenomenon is unknown. C. Rock has
characterized in many dicot species including grape a sugar-, inorganic phosphate (Pi)-, and stress hormone
(abscisic acid, ABA) regulatory network controlling expression of microRNA828 (miR828), its targets
MYeloBlastosis viral oncogene-like (MYB) transcription factors (a class of regulatory gene found in all animals
and plants) and Trans-Acting-Small RNA locus4 (TAS4) that down-regulate anthocyanin biosynthesis by targeting
related MYB genes for post-transcriptional gene silencing. This regulon is very likely the mechanism by which
grapevine red blotch-associated virus (GRBaV) and leaf roll-associated virus cause symptoms, because their
genomes encode small RNA (sRNA) suppressor proteins. We hypothesize that these novel target MYB
transcription factors (VvMYBA6/A7 and homologs) in grape are effectors of anthocyanin accumulation and
potentially glassy-winged sharpshooter (GWSS) feeding preference determinants important for Pierce’s disease
etiology, mediated through Pi (a diffusible signal) that modulates miR828 and TAS4 activities normally to silence
target MYB expression. Anthocyanin induction in vegetative tissues may serve as antagonists to feeding by
GWSS and to colonization by Xf. We are currently testing the Xf infection/spread hypothesis directly by
“knocking out” the key genes using genome editing technology (Clustered Regularly Interspaced Short
Palindromic Repeats; CRIPSR/Cas9) that the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board
nominated as a feasible, high-priority approach to engineering Pierce’s disease resistance. This technology can
produce non-"genetically modified organism" (GMO) grapevines and rootstocks after outcrossing the transgene
locus by breeding methods. The resulting stocks lacking or overexpressing, respectively, the endogenous effector
genes will be challenged in the greenhouse with Xf, and we will measure Pi in xylem sap and in planta to test
whether it is involved in Pierce’s disease etiology. We will test the Pi analogue phosphite for inhibitory effects on
Xf growth and host disease development. These proof-in-principle experiments could result in a new paradigm for
host-vector-pathogen interactions in Pierce’s disease with potential translational benefits for other crops.

INTRODUCTION
Our working model of Pierce’s disease etiology postulates miR828 and evolutionarily-related Trans-Acting
Small-interfering locus4 (TAS4) activities silence target VvMYBA6/A7 and other homologous MYB expression in
response to Xylella fastidiosa (Xf) infection, mediated through inorganic phosphate (Pi) and plant stress hormone
abscisic acid (ABA) signaling crosstalk. We are currently testing the Xf infection/spread hypothesis directly by
“knocking out” the key hypothesized genes using a new genome editing technology (Clustered Regularly
Interspaced Short Palindromic Repeats; CRIPSR/Cas9) [1, 2] that the CDFA Pierce’s Disease and Glassy-winged
Sharpshooter Board nominated as a feasible, high-priority approach to engineering Pierce’s disease resistance.
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We are also taking a complimentary "overexpression" approach to the long-term grapevine MYB target gene
knockout/editing approach to test the anthocyanins-as-Xf-effectors hypothesis. The surrogate tobacco Xf infection
system developed by L. De La Fuente [3] can quickly assess susceptibility to Xf infection of a transgenic tobacco
line [4] (Myb237) that over-expresses the Arabidopsis orthologue of VvMYBA6/A7: PRODUCTION OF
ANTHOCYANIN PIGMENT2/MYB90.

OBJECTIVES
1. Demonstrate the efficacy of CRISPR/Cas9 transgenic technology for creating deletion mutants in MIR828,

TAS4, and target MYBA6/7. When validated, future experiments will critically test these genes' functions in
Pierce’s disease etiology and Xf infection and spreading.

2. Characterize tissue-specific expression patterns of TAS4 and MIR828 primary transcripts, sRNAs, and MYB
targets in response to Xf infections in the field, and in the greenhouse for tobacco transgenic plants
overexpressing TAS4 target gene AtMYB90/PRODUCTION OF ANTHOCYANIN PIGMENT2.

3. Characterize the changes in (a) xylem sap and leaf Pi, and (b) polyphenolic levels of Xf-infected canes and
leaves. (c) Test on tobacco in the greenhouse and Xf growth in vitro the Pi analogue phosphite as a durable,
affordable and environmentally sound protectant/safener for Pierce’s disease.

RESULTS AND DISCUSSION
Objective 1. Test the miR828, TAS4, and target MYBA6/7 functions in Pierce’s disease etiology and Xf

infection and spreading by genome editing using CRISPR/Cas9 transgenic technology.
Engineered binary T-DNA Agrobacterium vectors designed to genome edit the grapevine VvMIR828, VvTAS4ab,
and target VvMYBA6 /VvMYBA7, and Phytoene Desaturase (PDS) loci (the latter as an independent test of editing
efficiency) were electroporated by C. Rock into EHA105 obtained from Stan Gelvin, Purdue University, and sent
to D. Tricoli's lab under USDA APHIS Biotechnology Regulatory Services (BRS) permit # 15-231-102m in
November 2015. Three independent transformation cycles for each construct were initiated in November-
December 2015, and May 2016. Problems associated with both Thompson Seedless and rootstock 101-14
transformation/re-generation were described in the last progress report. Carrying out the repeat transformation of
grapevine could not be initiated sooner because of a lack of sufficient numbers of stock grapevine embryogenic
culture starting materials, derived from anthers of immature flowers harvested in the spring. It takes eight months
to generate enough embryogenic culture materials for transformations. Ongoing grape transformations in
D. Tricoli’s pipeline at the Plant Transformation Facility at UC Davis have been responding as expected,
discounting any issues with media or selection.

Therefore, as an independent and facile assay of the efficacy of the strain/vectors, D. Tricoli endeavored to
troubleshoot the problem by using their lab stock of EHA105 containing an in-house vector to transform tobacco
leaf disks in parallel with the CRISPR/Cas9 MIR828/TAS4/MYBA6/7 vectors in the Gelvin lab-sourced EHA105
host. Figure 1 shows the results that suggest either the strain of EHA105 used by C. Rock, or some general aspect
of the vectors relating to the starting material vector Addgene #59175, p201N_Cas9, without any guide RNA
effector locus, is causing the problems with grapevine transformation/regeneration. This interpretation is
supported by restriction digestion of the vectors (propagated in Escherichia coli) with diagnostic enzymes for the
specific engineered vector guide RNA sequences which show the vectors, including p201_N_Cas9 starting
materials, are intact (Figure 2).

We hypothesize a problem with the Agrobacterium strain and therefore are re-electroporating vectors into the D.
Tricoli lab strain of EHA105, which will be sent to UC Davis for tobacco transformation as a quick test before
initiating another grapevine transformation cycle. We will also perform a Southern blot of T-DNA vectors
extracted from the old and new EHA105 strains as a test, and of Agrobacterium strain GV2260 containing p201-
N-Cas9, which we showed in the last progress report by immunoblot for Cas9 functions properly for effector
expression in transient transformation assays in Nicotiana benthamiana. These further troubleshooting
experiments should shed light on the grapevine and tobacco transformation problem and independently confirm
the nature of the problem and whether it has been solved.
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Figure 1. Tobacco transformation test of p201-N-Cas9 vector (Addgene#59175; top middle) in
Gelvin-sourced EHA105 Agrobacterium strain and derivative constructs, showing some issue with
strain and/or p201-N-Cas9 vector. Positive control (top left) used the EHA105 Agrobacterium strain
routinely in use in the D. Tricoli lab.

Figure 2. Restriction digestion diagnostic test of vector integrity, showing synthetic guide RNA
loci are correct and overall vector size is as predicted when propagated in E. coli host.
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Validation of editing events going forward will be by polymerase chain reaction (PCR) cloning and sequencing of
target genes, and PAGE-based genotyping [5]. Figure 3 shows the result of a mock editing assay using a known
15 nt deletion of the phytochrome PHYD-1 gene of Arabidopsis ecotype Wassilewskija (Ws-2) [6] which is used
to 'dope' tracer amounts of genomic DNA to the bulk wild-type PHYD allele from control Co-0 extracts. This
allows us to create a ‘needle-in-a-haystack’ mock experiment for optimizing the genotyping assay which monitors
heteroduplex formation and can quantify the limits of detection for editing events (and thus editing activities /
efficiencies) in future experiments.

Figure 3. Mock PAGE heteroduplex genotyping assay for quantifying genome editing events.

Objective 2. Characterize tissue-specific expression patterns of TAS4 and MIR828 primary transcripts,
sRNAs, and MYB targets in response to Xf infections in the field.
In the previous progress reports we characterized and correlated molecular phenotypes of Xf titres, TAS4-3'D4(-)
small RNA abundances by RNA blot estimation, and anthocyanin quantities extracted from the transgenic tobacco
line Myb237 overexpressing AtMYB90 challenged with Xf in the greenhouse, and from Pierce’s disease-infected
and symptomless Merlot leaves and petioles collected from the Calle Contento vineyard in Temecula, California,
and the Black Stock vineyard in Dahlonega, Georgia. Those compelling results and preliminary analyses of our
first Illumina small RNA libraries generated from the same tobacco- and California Xf-infected and control
samples strongly supported our working model of Xf interaction with anthocyanin biosynthesis regulation by the
host during Pierce’s disease progression and showed significant differences in accumulation of anthocyanins in
Xf-infected vs. control leaves from the field and greenhouse samples. L. De La Fuente and S.M. Traore are
repeating the tobacco Myb237 Xf challenge experiment. Symptoms are developing and the experimental material
is on schedule for delivery to C. Rock for characterization in the next few weeks. The repeat Xf challenge
experiment with the homozygous and heterozygous AtMYB90 overexpressing transgenic tobacco lines will
critically test whether previously observed significantly greater (57% of leaves) disease symptom development in
homozygous (Hmo) lines five weeks after Xf challenge and its inverse correlation with anthocyanin accumulation
in leaves of the transgenic Hmo and Hmi genotypes (more disease ~ less anthocyanins, with similar titres of Xf
found across the experiment), is conclusive.
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We previously reported strong evidence based on sRNA blots and normalized deep sequencing read counts that Xf
infection triggers up-regulation of TAS4 sRNAs, including in non-transgenic control tobacco plants at 1,000 x
lower levels than in AtMY90-overexpressing tobacco. Those data strongly support our working model and further
provide new evidence for deep conservation of the autoregulatory loop which we showed functions in
Arabidopsis [7], whereby target MYBs are positive regulators of TAS4. The feedback loop is postulated to impact
endogenous Nt-MIR828 expression when AtMYB90 is overexpressed in tobacco. Velten et al. [4] also observed
that miR828 was strongly elevated in sectors of tissue from an independent transgenic tobacco line (Myb27)
homozygous for MYB90 when it undergoes spontaneous transgene silencing. These data taken together are
evidence for Xf targeting of the anthocyanin regulatory network, supported by our recent finding that miR828 is
up-regulated by Xf in grape (Figure 4). Because of low abundance (see below), a Locked Nucleic Acid (LNA)
probe [8] was deployed. Direct demonstration of altered expression by Xf of the causal effector (miR828) for the
regulatory cascade under study is a significant advance that strengthens our claims, in the absence of deep
sequencing proofs. We have found additional compelling evidence in the literature supporting our phosphate-
regulation Xf etiology model: in Arabidopsis infected with Xf, genome-wide transcriptome analysis showed TAS4
sRNA target MYB PRODUCTION OF ANTHOCYANIN PIGMENT1/MYB75 and another phosphate-regulated
locus, At5g20150/SPX DOMAIN which is a positive regulator of cellular responses to phosphate starvation, are
both strongly down-regulated by Xf infection [9]. Furthermore, SPX1 messenger RNA is mobile in the vasculature
[10], which is relevant to Xf growth habitat. These serendipitous findings constitute 'smoking guns' supporting our
working model and raise the possibility that other sRNA and/or pathogenesis regulons are also involved. The
following analyses of the deep sequencing dataset from the Temecula, California vineyard libraries further
substantiate these predictions.

Figure 4. (left). Small RNA blot result for miR828 showing up-regulation by Xf infection
in field samples from California used for construction of deep sequencing libraries.

We used the statistical software DESeq2 [11] for computational identification of differentially expressed clusters
of small RNA-producing loci mined with ShortStack [12] from the Xf-infected and control sRNA Temecula,
California libraries. Table 1 shows the list of top leads that are significantly differentially expressed in Xf-infected
leaves. Several points, both technical and biological, can be made at this juncture: (i) When biological replicate
libraries are added in the near future, the statistical power to increase the number of leads by several-fold will be
accomplished. DESeq2 works conservatively by assuming the variance-mean dependence estimated per gene by
one condition holds well for unreplicated conditions and that most genes are not differentially expressed. (ii)
Although lack of replicate libraries combined with low base mean read depths for MIR828, TAS4abc, and those
MYB targets of miR828 [13] and TAS4-3'D4(-)(MYBA6/A7) that produce phased sRNAs [14] precludes
conclusive evidence for their significantly different expressions in response to Xf, the trend is very clear and
compelling: Xf infection in all cases results in a several-fold up-regulation of transitivity inferred to be triggered
by miR828 (Figure 4) and/or TAS43'-D4(-)(data shown in last progress report). Based on strong correlations seen
across other libraries previously analyzed [14] (and in process), TAS4c is emerging as the likely causal effector for
Xf response. (iii) Those top-listed significantly differentially regulated genes producing sRNA clusters are known
effectors (Leucine-Rich-Repeat receptors) of plant pathogen responses mediated by miRNA activities [13, 14].
(iv) There is evidence in the form of a novel transitive gene (flavonone/naringenin oxygenase, GSVIVT0101969
5001) that is significantly up-regulated (>100-fold) by Xf infection and functions in polyphenolics metabolism, a

22 nt-
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key new piece of evidence in support of our model. We will make replicate libraries and new libraries from
materials harvested from the field in July 2017 to further substantiate and extend these leads, and characterize the
lead clusters of phased sRNAs to discover their trigger miRNAs and sRNAs represented in our sRNA libraries
using CleaveLand software [15] in conjunction with degradome libraries [16, 17], in preparation (see below).

Table 1. Summary of Xylella infection-induced differentially expressed clusters of small RNA loci from
Temecula, California samples reported by DESeq2.

Annotation Mean
reads Control* Xf

infected*
log2 FC
Xf/Con

p-value
adj¶

GSVIVG01019430001; harpin-induced protein1-
homology; OsRPS2/AtRPS5-like 157 472 13 -5.58 0.001

GSVIVG01004877001; TIR-NBS-LRR class homology
to rice RPM1, RGA3 1690 N.D. 1033 7.37 0.009

MIRNA candidate; ShortStack class 11 (bulge in
miR/miR* duplex) 42 159 0.2 -7.66 0.017

MIRNA candidate; ShortStack class 11 32 105 3 -5.40 0.017
GSVIVT01020358001. Homology to CC-NBS-LRR

class; rice RPP13-L/RGA4/AtNB-ARC 68 153 N.D. -7.25 0.050

GSVIVT01019695001. Homology to Flavanone 3-
dioxygenase/naringenin 2-dioxygenase 146 N.D. 2384 7.53 0.060

Vv-TAS4a^ 17071 11367 24891 0.27 1.000
Vv-TAS4c^ 7668 8 357 1.58 1.000
vv-TAS4b^ 214 750 2034 0.44 1.000
MYB-828 target GSVIVT01032467001 87 N.D. 11 2.00 1.000
MYB-828 target GSVIVT01006275001 30 8 36 1.00 NA
MYBA7 target of TAS4-3'D4(-) GSVIVT01030819001 12 N.D. N.D. 0.00 NA
MYBA6 target of TAS4-3'D4(-) GSVIVT01030822001 3 N.D. N.D. 0.00 NA
Vv-MIR828 (genome coordinates from mirBase.org) 2 N.D. N.D. 0.00 NA

*raw reads normalized, per 10M. N.D.: not detected. NA: not analyzed
¶ False Discovery Rate < 0.1; Benjamini & Hochberg multiple comparisons adjustment
^ phytozome.jgi.doe.gov genome coordinates from Rock (2013) [14]

We have made Illumina TruSeq stranded mRNASeq libraries for mRNA-Seq (objective 2, method 2) and
submitted them to the UC Riverside Institute for Integrative Genome Biology for sequencing, which will permit
digital measurement of primary transcripts including MIR828, TAS4 ncRNAs, and MYB targets as well as all other
differentially expressed genes deranged by Xf in grapevine. We will next use the TruSeq kit to make degradome
libraries for discovery of the sRNA triggers of transitivity discovered by Shortstack. This will leverage a systems
approach building on the sRNA candidate leads to discover other etiological effectors/reporters of Pierce’s disease
and network analyses of gene interactions affecting primary and secondary metabolism in the process.

Objective 3. Characterize the changes in (a) xylem sap and leaf Pi, and (b) polyphenolic levels of Xf-
infected canes and leaves. (c) Test on tobacco in the greenhouse and Xf growth in vitro the Pi analogue
phosphite as a durable, affordable, and environmentally sound protectant/safener for Pierce’s disease.
(a) Leaf [Pi].
In early August 2016, C. Rock collected Merlot variety leaf and cane samples from the Calle Contento vineyard
(Stage Ranch, Temecula, California), the same source as for the sRNA libraries made from the July 2015 samples.
Figure 5A shows typical leaf symptoms of samples collected in August 2016 and stored for future analyses. It is
noted that grapevine red blotch-associated virus (GRBaV) symptoms appeared to be present in a majority of
leaves, which confounds the absolute scoring of Pierce’s disease symptoms (which are also clearly manifest; see
arrows). Samples from July 2015 used to make the sRNA deep sequence libraries did not show GRBaV
symptoms, although some vines in the plot did manifest symptoms, verified by UC Cooperative Extension agent
Matt Daugherty. Indeed, preliminary analysis of the 2015 sRNA libraries found evidence that the Xf Temecula1
and GRBaV sRNAs are present. Remarkably, the library from Xf samples showed no GRBaV reads (data not
shown). This issue warrants further analysis and validation by quantitative reverse transcription (qRT) PCR-
specific amplification from DNA extracts of past and current samples before conclusions are drawn regarding Xf-
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specific effects on the hypothesized sRNA pathways, and/or antagonistic interactions with GRBaV replication in
planta.

(A) (B)

Figure 5. (A) Image of sampled leaf collected from Temecula, California vineyard in August 2016 showing
both Pierce’s disease (arrows) and GRBaV symptoms around the leaf margin and interveins. (B) Image of
leaf showing 5 mm disks removed for packing an NMR tube for Pi quantitation.

In vivo nuclear magnetic resonance (NMR) spectroscopy permits analysis of subcellular [Pi] that can provide
insight into Xf perturbation of host physiology. The 2016 fresh leaf samples were used for pilot experiments on
NMR quantitation [18] of Pi in whole leaf disks, in collaboration with Dan Borschardt, Department of Chemistry,
UC Riverside (Figure 5B). Preliminary results suggested there is elevated [Pi] in the GRBaV symptom samples
(data not shown), but this interpretation is speculative because there are more leaf disks (n = 160) per unit area of
symptom-expressing leaves than healthy leaves (n = 120) due to reduced vigor. Future experiments are planned
for July 2017 with validated symptomless, Pierce’s disease-, and GRBaV symptom samples to carefully quantify
Pi on a per-leaf disk basis.

Xylem sap [Pi].
Prior results of L. De La Fuente [3] show strong associations of elemental P decreases with Xf infection in many
host species. However, the biological complexities of P (e.g., phosphoproteins, lipids, nucleic acids, subcellular
compartmentation, etc.) precludes conclusive interpretation of existing data. In late May 2016, C. Rock collected
Cabernet Sauvignon samples from the Phelps vineyard in St. Helena, California under the supervision of UC
Cooperative Extension agent Monica Cooper. Pierce’s disease symptoms in May were evidenced by severe
stunting and some mild leaf chlorosis. Canes from healthy and Pierce’s disease vines were cut, returned to the
bench, and stripped of the phloem cambium shell, for extraction of xylem wood sap by clipping ~ two-cm-long
sections of cane followed by centrifugation at 10,000 x g for three minutes, and freezing of collected xylem sap
exudates. Samples were quantified for phosphate, sulfate, and nitrate ions by ion chromatography-flame
ionization detection (IC-FID) [19]. Quantitations by  ion chromatography - flame ionization detector (IC-FID) for
the St. Helena samples are presented in Table 2.

There is a significantly different (higher) concentration of Pi in Xf-infected canes, internally controlled for sulfate
and nitrate concentrations. This unexpected and intriguing result warrants further study. Because we have petiole
samples from each independent cane tested, we will endeavor to correlate Xf titers in subtending leaf petioles with
phosphate concentrations in cane xylem saps. Samples will be collected in May 2017 to repeat the analysis. If the
result stands, then our working hypothesis will need to be modified and measurements of leaf [Pi] brought into
focus, and emphasis placed on independent tests of the hypothesis that there is an imbalance of Pi between leaf
(hypothesized low) and xylem (observed high) caused by Xf infection.



          
        

    

   

 

  

  

  
 

           
        

 
 

 
 

Table 2. Quantitation of xylem sap inorganic ion concentrations from healthy and Pierce’s disease 
symptom canes of Cabernet Sauvignon in St. Helena, California collected in May 2016. 

Sample 
Ion Abundance, parts per billion 

(+/- s.e.m.) 
Phosphate Sulfate Nitrate 

Healthy vines (n = 10) 394 
(22) 

114 
(14) 

8 
(1) 

Xf-infected vines (n = 7) 468 
(21) 

129 
(20) 

8 
(1) 

p-value^ 0.03 0.52 0.73 
^ two-sided Student's t-test, equal variance assumed 

(b) Polyphenolics in Xf-infected canes and leaves. 
Analyses of xylem sap anthocyanin and Xf titers from petiole extracts are ongoing. Preliminary results for 
identification in leaf extracts of malvin and cyanin by Select Reaction Monitoring (SRM) High Performance 
Liquid Chromatography-Mass Spectrometry (HPLC-MS) are shown in Figure 6. The method entails specifying 
the parent mass of the compound for tandem MS|MS fragmentation and then specifically monitoring for fragment 
ion(s) representing the aglycone species. 

GA leaf extract 

CA leaf extract 

Cyanin-Cl (left) 
Malvin-Cl (right) 
standards 

Figure 6. Preliminary analysis of anthocyanins in leaf extracts of Xf- infected samples by HPLC-SRM-MS. Parent 
ions: cyanin (m/z = 610.99); malvin (m/z = 655.18). Daughter ions: cyanin (m/z = 449, 287); malvin (m/z = 493, 331). 

(c) Pi analogue phosphite as effector of Xf growth and safener of disease symptoms. 
L. De La Fuente shipped Xf Temecula-1 and WM1-1 strains to C. Rock on May 4, 2016 and the C. Rock lab is 
currently being set up for baseline studies on greenhouse infections of grapevine and tobacco, and microbiology 
studies on Xf growth parameters. Future work will focus first on assessing phosphite effects on Xf growth rates in 
liquid culture. If results are positive, safener treatments of tobacco and grapevine under greenhouse Xf challenge 
will follow. 
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CONCLUSIONS
We are on track to achieve our objectives within the timeframe of one year of funding, contingent upon a final
cycle of grapevine transformation being initiated within the next few months. We have identified new lead target
genes and preliminary evidence for inorganic phosphate (Pi) involvement in Pierce’s disease that further
substantiate the working hypothesis and which will generate new knowledge about Pierce’s disease etiology.
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ABSTRACT
The goal of this research is to identify biological control agents and natural products antagonistic to Xylella
fastidiosa (Xf) that could be implemented as prophylactic and/or curative treatments for Pierce’s disease. We
showed in in vitro bioassays that several fungal endophytes isolated from grapevine wood possess anti-Xf
properties, due to the production of natural products. We purified radicinin produced by Cochliobolus sp. and
demonstrated that this natural product was an effective inhibitor of Xf. In collaboration with the private sector, we
successfully developed an emulsion of radicinin and treated vines inoculated with Xf. In addition, we showed that
the fractions from the crude extracts of three additional fungal endophytes (i.e., Eurotium, Geomyces, and
Ulocladium) also possess activity against Xf in the in vitro bioassay. Active fractions from the crude extracts of
these three fungal cultures are being examined using nuclear magnetic resonance (NMR) spectroscopy and mass
spectrometry (MS) to identify their chemical structures and properties. We also showed that one grapevine
endophytic fungus (Cryptococcus sp.) was able to mitigate Pierce’s disease symptoms development and Xf
bacterial titer in in planta bioassays and could be used as a biological control agent. Finally, using a next
generation sequencing approach to study the microbiome of Pierce’s disease affected and escaped grapevines we
were able to identify bacteria (Pseudomonas sp. and Achromobacter sp.) as additional potential biological control
agents. These are currently being evaluated in in planta bioassays. These molecules and formulations are
currently under review for patentability by the Executive Licensing Officer in the UC Riverside Office of
Research.

LAYPERSON SUMMARY
The goal of this project is to identify biological control agents and their natural products that are antagonistic to
Xylella fastidiosa (Xf) that could be implemented as prophylactic and curative treatments for Pierce’s disease. We
had previously isolated several fungi naturally inhabiting grapevines that were antagonistic to Xf in in vitro
bioassays. We have been extracting, purifying, and characterizing the compounds that they produced and have
identified one promising molecule (radicinin) that is strongly inhibitory to the bacterium. We have now developed
an emulsion of radicinin in a concerted effort with the private sector and are currently testing the efficacy of this
formulation on Pierce’s disease infected grapevines in the greenhouse. In addition, we recently showed that the
fractions from the crude extracts of three additional fungal endophytes inhibited Xf in a disc bioassay. We are now
in the process of characterizing the chemical structure and property of these molecules so they can be further
tested in grapevine. Using traditional microbial techniques and novel molecular approaches we have identified
one fungus (Cryptococcus sp.) and two bacteria (Pseudomonas sp. and Achromobacter sp.) as potential biological
control agents for Pierce’s disease. Those are currently being tested in the greenhouse. These natural products and
formulations of these products are currently under review for patentability by the Executive Licensing Officer in
the UC Riverside Office of Research and, hence, their names cannot always be disclosed in this report.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram negative, xylem-limited, insect-vectored bacterium and is the causal agent of
Pierce's disease of grapevine (Hopkins and Purcell, 2002). Pierce’s disease is endemic to California but the recent
introduction of a more effective vector, the glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) to
Southern California shifted the epidemiology of Pierce’s disease from a monocylic to a polycyclic disease. This
led to a Pierce’s disease epidemic with severe economic consequences for the Southern California grape industry.
GWSS has move to the San Joaquin Valley and impacted table grape production, and it now threatens to become
established in the heart of the wine grape production area including Napa and Sonoma counties. Current Pierce’s
disease management guidelines largely rely on vector control through the use of insecticides.
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In this project we explore the use of grape endophytic microorganisms as a practical management tool for Pierce’s
disease. Our research adds to the ongoing integrated pest management efforts for discovery of biocontrol agents to
Xf (Das et al., 2015; Hopkins, 2005). Our strategy is to couple culture-dependent and culture-independent
approaches to identify novel biocontrol agents and active natural molecules. Control of bacterial plant diseases
with commercial biological control agents has been an active area of research (Stockwell and Stack, 2007;
Stockwell et al., 2010; Yuliar et al., 2015). In addition, fungi and bacteria are receiving increasing attention from
natural product chemists due to the diversity of structurally distinctive compounds they produce that have
potential for use as antimicrobial compounds to cure plant diseases (Aldrich et al., 2015; Ben Abdallah et al.,
2015). Our research team has made substantial progress in the past years and identified several potential
biological control agents and natural products that could be used as prophylactic and curative treatments for
Pierce’s disease. Our goals are to evaluate in in planta bioassays those biological control agents and natural
products before field testing.

OBJECTIVES
The objectives of this project are:
1. Evaluate a single organism-based approach for Pierce’s disease management.
2. Evaluate natural products and derivatives for their potential as curative treatments for vines already infected

with Pierce’s disease.

RESULTS AND DISCUSSION
Objective 1. Evaluate a single organism-based approach for Pierce’s disease management.
The goal of this objective is to evaluate individual fungal and bacterial grapevine endophytic strains for
management of Pierce’s disease. Pierce’s disease escaped and symptomatic grapevine tissues (cane, sap, spurs)
were previously sampled from several commercial vineyards in Riverside and Napa (Figure 1) counties and were
analyzed by culture-dependent and culture-independent approaches. A Pierce’s disease escaped vine is defined as
a grapevine located in a Pierce’s disease hot spot (i.e., with high disease pressure) that is infected with Xf but
expresses no to little Pierce’s disease symptoms.

Figure 1. Pierce’s disease symptomatic (red arrow) and Pierce’s disease escaped (blue arrow) grapevines in
a vineyard located close to a riparian area in the Napa Valley, California.

Using an Illumina-based culture-independent approach, we were able to identify Achromobacter sp. and
Pseudomonas sp. as the two most abundant bacteria inhabiting grapevine xylem that correlated negatively with Xf
titer (Table 1). In other words, those two bacteria were present in higher abundance in Pierce’s disease escaped
than in Pierce’s disease symptomatic grapevines, suggesting that those may be good biological control agent
candidates. In addition, using a culture-dependent approach, we isolated eight fungi and one bacterium that
showed Xf growth inhibition in our in vitro bioassay (Figure 2; Rolshausen et al., 2013). Interestingly, the
bacterium isolated was identified as Achromobacter sp. We further evaluated those fungi and Achromobacter sp.
in in planta bioassays and demonstrated that Cryptococcus sp. was the best biological control agent candidate, as
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it mitigated Pierce’s disease symptom development and Xf titer in grapevines and also provided some increased
immunity against Pierce’s disease (Figure 3 and Figure 4; Rolshausen et al., 2013). Achromobacter sp. also
reduced Pierce’s disease rating and Xf titer, but not significantly.

Table 1. Correlations (r) between Xf (as expressed by the number of Illumina reads) and the
abundance (%) of individual phylotype (Operational Taxonomic Units: OTU). Statistical P and
FDR corrected values are presented.

OTU P FDR
Corrected r Abundance

%

Pseudomonas sp. 2.3E-18 4.4E-16 -0.83 64.3

Achromobacter sp. 8.4E-03 1.3E-01 -0.32 6.3

Figure 2. In vitro inhibition assay used to evaluate fungal activity towards Xf. Xf cells were plated in top agar,
and agar plugs containing fungi were placed on top. Inhibition was evaluated after eight days of incubation at
28˚C. A) Xf-only control; B) No Xf inhibition; C) Mild Xf inhibition; D) Total Xf inhibition.

Figure 3. Greenhouse bioassay used to evaluate efficacy of biocontrol fungi and fungal natural products for control
of Pierce’s disease. The progression of Pierce’s disease in vines infected with Xf is scored on a disease severity
rating scale ranging from 0 (= healthy) to 5 (= dead or dying).
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Figure 4. Xf titer and Pierce’s disease severity in grapevines (n = 10) inoculated with five grapevine
endophytes or 1X PBS alone (control) and challenged with Xf (ACH = Achromobacter; COC =
Cochliobolus; CON = Control; CRY = Cryptococcus; EUR = Eurotium; GEO = Geomyces). (A) Box plots
illustrate the distribution of Xf titer in all six treatments. Asterisks (*) indicate significance at P<0.05. Xf titer
was measured by qPCR. Xf titer was significantly decreased in vines that were pre-treated with
Cryptococcus as compared to vines that were pre-treated with 1X PBS only. In addition, Xf titer was also
decreased (just above statistical significance) in vines that were pre-treated with Achromobacter as
compared to those inoculated with 1X PBS only. (B) Pierce’s disease severity average as measured by our
disease rating scale (0 to 5; Figure 3). Error bars represent standard deviation.

Cryptococcus is yeast commonly associated with plants and is also a known biological control agent of other plant
pathogens (Schisler et al., 2014; Ulises Bautista-Rosales et al., 2014). Our Illumina sequencing results confirmed
its presence in grapevine xylem although its abundance was low (below 1%) compared to both Achromobacter sp.
and Pseudomonas sp. (Table 1). Achromobacter sp. is a known plant endophyte and plant growth promoting
bacteria (Soares et al., 2016; Abitha et al., 2014). Pseudomonas sp. is both a plant growth promoting bacteria and
a known biological control agent (Loper et al., 2012). These organisms are currently being tested further in in
planta bioassays to determine which is better suited to be evaluated under natural field conditions.
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Objective 2. Evaluate natural products and derivatives for their potential as curative treatments for vines
already infected with Pierce’s disease.
The goal of this objective is to identify fungal natural products produced by endophytes that can be used as
curative treatments for control of Pierce’s disease. We previously identified eight fungal specimens inhabiting
grapevine tissues (xylem sap, shoot, petioles, and spur) that were able to inhibit Xf in a bioassay. Thus far, we
have purified and characterized the chemical structure of two molecules (radicinin and cytochalasin) that are
active against Xf growth in vitro. Radicinin is produced by Cochliobolus sp. and cytochalasin is produced by
Dreschlera sp. However, cytochalasin showed to be toxic to mammals so we decided to discontinue this research
axis. In addition, we pursued our efforts for the bioassay-guided isolation of natural products from the remaining
fungi able to inhibit Xf in our lab bioassay, including Cryptococcus sp., Ulocladium sp., Eurotium sp., and
Geomyces sp.

Cochliobolus natural product.
Radicinin showed great potential in vitro (Aldrich et al., 2015). Hence, in an in vitro dose response assay, where
Xf cells are submitted to an increasing concentration of a fungal molecule, radicinin was able to inhibit Xf growth
(Figure 5). We have now developed a more efficient procedure for isolating radicinin from Cochliobolus sp. This
is a critical step as it will allow us to produce substantial amounts of derivatives and further test them in planta.
Radicinin is not commercially available and we had been employing a multistep isolation procedure involving
liquid-liquid extraction of Cochliobolus cultures followed by an expensive and time-consuming chromatography
step to obtain pure radicinin for all our studies to date. Recently we developed a procedure for purifying radicinin
by recrystallization instead of chromatography. In this way we were able to increase our yield of radicinin from
60.5 mg/liter of culture to 150 mg/liter of culture. This procedure also makes scaling up of the isolation for
commercial use much more practical. In addition, the radicinin obtained by this new procedure is significantly
purer, as observed by nuclear magnetic resonance (NMR) spectroscopy.

Figure 5. Dose response assay to evaluate in vitro Xf inhibition at increasing concentration of radicinin, a natural
compound produced by Cochliobolus sp. (A) 0 µg molecule radicinin (control), (B) 50 µg molecule radicinin,
(C) 100 µg molecule radicinin, and (D) 250 µg molecule radicinin (Aldrich et al., 2015).

Now that we have figured out how to scale up radicinin production and purification the next step was to prepare
water-soluble semisynthetic derivatives of radicinin to facilitate testing in planta. We determined the solubility of
radicinin in water to be 0.15 mg/mL, which is considered very slightly soluble. We have shown that
acetylradicinin, which was modified at the hydroxyl group of radicinin, retains its anti-Xf activity (Aldrich et al.,
2015). This result suggests that modification of this position may provide a viable strategy for increasing the
water-solubility of radicinin without loss of activity. Adding ionizable groups is a commonly employed strategy
for improving the water-solubility of bioactive molecules (Kumar and Singh, 2013), so we had proposed to add
two such groups at the hydroxyl position of radicinin (Scheme 1). The carbamate (2) is weakly basic and should
form a water-soluble salt in low pH solutions, while the phosphate (3) is acidic and should form a water-soluble
salt at high pH. Both carbamates and organophosphates are commonly found in pesticides, so we had good reason
to believe that one or both of these compounds would be able to move into the xylem of grapevines. However,
attempts to prepare the weakly basic carbamate and the acidic phosphate were unsuccessful. Specifically, the
reaction with diethylcarbamoyl chloride (i) did not go to completion, while the phosphate reaction (ii) gave a
mixture of products that we were unable to purify.
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Scheme 1. Xf-inhibitory natural product radicinin (1), and semisynthetic derivatives (2-4). Reagents: (i) N,N-
diethylcarbamoyl chloride, triethylamine (Vougogiannopoulou et al. 2008). (ii) 1. Cl3CCN, 2. (n-
Bu)4NH2PO4, CH3CN, 3. DOWEX 50WX8, NH4HCO3.

We then attempted to make two alternate ionizable radicinin derivatives: a glycine-derivative (4, Scheme 2), and
radicinin pyridinium sulfate (5, Scheme 3). The failure of reactions to form either 2 or 4 suggested that the
alcohol group of radicinin is much less nucleophilic than we originally expected. We attempted to increase the
nucleophilicity of this group by first deprotonating with sodium hydride to give an alkoxide (6, Scheme 2). We
isolated 6 and found it to be more than a thousand-fold more water-soluble than radicinin, at 218 mg/mL (which
is considered freely soluble). However, the high pH of the alkoxide solution lead us to be concerned about
possible nonspecific toxicity. We also doubt that this high water solubility would be maintained in a cellular
environment, which is buffered at neutral pH. Despite the increased nucleophilicity of 6, we never observed any
formation of carbamate 2, and observed only minimal formation of the boc-glycine derivative 4. Under the
reaction conditions to form 4, radicinin appeared to undergo tautomerization and ring-opening to give isomer 7
(Scheme 2). We successfully prepared a sulfate of radicinin, as the pyridinium salt 5. Salt 5 maintained its activity
against Xf in our disc assay (Figure 2). This reaction proceeded to completion and the product proved easy to
isolate. Unfortunately, the water solubility of 5 was only about twice that of radicinin: 0.28 mg/mL, lower than we
had hoped. Recently, we were able to successfully replace the pyridinium counterion with potassium to give salt 9
(Scheme 2), which we hope will be more water soluble than 5, while retaining activity.

Scheme 2. Attempts to form the Boc-Gly derivative of radicinin using traditional peptide coupling
methodology (top) or deprotonating first with sodium hydride (middle) gave the desired derivative as
only a minor product, along with a ring-opened isomer of radicinin (7). We next plan to try activating
Boc-glycine to the acid chloride (8) using oxalyl chloride prior to reaction with radicinin (bottom).
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Scheme 3. We prepared the pyridinium sulfate of radicinin (5), which was roughly twice as water-soluble as radicinin.
Recently we were able to exchange the pyridinium counterion for a more polar potassium ion in the potassium sulfate 9.

After a series of mostly unsuccessful attempts at preparing water-soluble radicinin derivatives we decided to
explore another strategy for getting radicinin into grapevines, namely, using surfactants. We tested the solubility
of radicinin in a variety of organic solvents that are compatible with agriculture, including o-xylene, canola oil,
castor oil, mineral oil, and cyclohexanone. Radicinin was completely soluble in cyclohexanone but was not
soluble in any of the other solvents. We have been working with a private company (Evonik Corporation;
http://www.break-thru.com/product/break-thru/en/Pages/default.aspx) to help us get the radicinin in the plant.
Following their recommendation we dissolved radicinin in cyclohexanone plus one of Evonik's emulsifiers to
prepare a water-cyclohexanone emulsion for application on grapevine leaves. These are currently being evaluated
in greenhouse biossays.

Cryptococcus natural product.
Although live cultures of Cryptococcus sp. inhibited Xf in vitro, previous attempts to extract the active compound
from liquid cultures failed to yield an active organic extract, either because the activity is not due to a small
molecule natural product or because the particular strain of Cryptococcus failed to produce the compound in
liquid monoculture in Potato Dextrose Broth (PDB). We tried to stimulate the production of any active
metabolite(s) by growing three Cryptococcus strains (the original strain CRY1 along with two more recently-
isolated strains, CRY3 and CRY4) in PDB, PDB with added Vitis sp. leaves (lyophilized and autoclaved with the
media), and PD3 medium (the medium used for the in vitro Xf-inhibition assay). After 14 days of fermentation
with shaking at room temperature each culture was centrifuged to separate the cell pellet from the culture broth.
The broths were extracted twice with ethyl acetate and the pellets were lyophilized, ground in a mixture of 1:1
dichloromethane:methanol, and filtered to give a crude extract. Extracts were evaporated and submitted for the
disc diffusion assay for activity against Xf (Figure 5). We are currently waiting for the results.

Ulocladium natural product.
We previously observed a compound in the ethyl acetate extract of Ulocladium sp. which high-resolution mass
spectrometry revealed to have a molecular formula of C10H8Cl2O4; this compound has consistently been found in
the active fractions from repeated fermentations and separations of Ulocladium. In an effort to produce enough of
this compound we fermented 5.5 L of Ulocladium sp. and fractionated the organic extract by silica gel
chromatography. This yielded 23.4 mg of a semi-purified fraction containing the compound of interest. This was
enough material to permit collection of two-dimensional NMR spectral data (including gdqCOSY, gHMBC,
HSQC, and NOESY experiments) which we are in the process of analyzing. All fractions have been submitted for
bioassay against Xf.

Characteristic 1H NMR signals revealed the following features in the major compound from the active extracts:
 A phenol, indicated by a singlet at 12 ppm (and corroborated by the fact that the compound ionizes better in

negative ionization mode on the liquid chromatography-mass spectrometry (LC-MS), and by a phenol-
specific ferric chloride thin layer chromatography (TLC) stain);

 One or more pair(s) of aromatic hydrogens in an ortho- relationship (indicated by doublets in the 7-8 ppm
range, with J = 8-9 Hz); and

 A 1,2-disubstituted cis-alkene, indicated by coupled doublets at 6.3 and 7.7 ppm (J = 11.5 Hz).

We recently began a time-course study to observe the appearance of the active compound over time. The results
of this study will be used to optimize production of the molecule of interest.
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Geomyces natural product.
Previous active fractions from Geomyces sp. strain GEO1 revealed weak activity and no major small molecules.
However, the active fraction of a more recently isolated Geomyces sp. strain (GEO3) showed strong activity in the
in vitro Xf-inhibition assay. We fractionated this extract by silica gel chromatography and submitted the six
fractions for bioassay. We are currently waiting for the results.

CONCLUSIONS
We aim to investigate prophylactic and curative measures for management of Pierce’s disease as part of a
sustainable Pierce’s disease management program. Our strategy is to utilize both the microbes associated with
grapevines and their anti-Xf natural molecules. The commercialization of biological control agents and/or novel
chemistries will provide a solution for the grape industry to manage Pierce’s disease and if successful could also
be expanded beyond grapevine. To date, we have discovered three potential biological control agents for Xf
(Pseudomonas, Achromobacter, and Cryptococcus) and one active anti-Xf fungal natural product (radicinin). In a
concerted effort with industry partners we successfully developed an emulsion of radicinin that was sprayed on
Pierce’s disease-infected vines and are currently waiting for the results. In addition, we are also searching for
additional active natural anti-Xf compounds. We have recently identified fractions from the crude extracts of three
additional fungal endophytes that possess activity against Xf in the in vitro bioassay and we are in the process of
identifying their chemical structure and properties. The three biological control agents are also being challenged
in in planta bioassays to ensure their ability to mitigate Pierce’s disease. The next phase will be to evaluate those
biological control agents and natural products under natural vineyard settings.
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ABSTRACT
Xylella fastidiosa (Xf) is a gram-negative, fastidious, xylem-limited bacterium that causes scorching diseases in
many economically important plant species, like Pierce’s disease of grapevine, the most valued fruit crop in the
U.S. Lipopolysaccharide (LPS) covers the majority of the cell surface of Gram-negative bacteria and is a well-
described pathogen-associated molecular pattern that elicits host basal defense responses in plants. In order to
understand how LPS mediates host-pathogen interaction in Pierce’s disease we performed transcriptional
profiling and histological analysis of grapevines inoculated with either Xf containing a wild-type LPS molecule or
wzy mutant containing a truncated LPS with no O antigen. Also, we investigated grapevine tolerance to Xf by
priming plants with LPS and then challenging them with Xf. RNA-seq and histological analysis show the
grapevine defense system is able to recognize a truncated LPS molecule, resulting in a strong oxidative burst and
a small production of tyloses. In contrast, grapevines produce many tyloses, phytoalexins, and other antimicrobial
compounds when inoculated with wild-type Xf. In addition, Pierce’s disease symptoms are attenuated when
grapevines are challenged with Xf four hours and 24 hours after LPS treatment, showing that the LPS molecule is
able to prime defenses against Xf. Finally, we present the first evidence that the major polysaccharide present in Xf
wild-type O antigen is a linear α1-2 linked rhamnan.

LAYPERSON SUMMARY
Successful plant pathogens must overcome plant immune responses to establish and cause disease. Unlike many
prominent bacterial phytopathogens, Xylella fastidiosa (Xf) does not possess quintessential Type III-secreted
effectors that perform this function. Although there has been extensive research identifying Xf virulence factors,
the mechanisms utilized by this pathogen to combat plant immune responses have remained largely obscure. We
demonstrate that Xf utilizes the prominent O antigen surface carbohydrate to shield bacterial cell surface elicitors
from the grapevine immune system, effectively delaying recognition. By altering O antigen structure, we
identified unique grapevine transcriptional and phenotypic responses activated during Xf infection. These results
provide new insight into the molecular mechanisms underlying this host-pathogen interaction.

INTRODUCTION
Xylella fastidiosa (Xf), a Gram-negative, fastidious bacterium, is the causal agent of Pierce’s disease of grapevine
(Vitis vinifera) and several other economically important diseases (Chatterjee et al., 2008; Varela, 2001). Xf is
limited to the xylem tissue of the plant host and is transmitted by xylem-feeding insects, mainly sharpshooters.
Extensive xylem vessel blockage occurs in infected vines (Sun et al., 2013), and symptoms include leaf scorch,
raisining of berries, stunting, and vine death. Pierce’s disease has devastated some viticultural areas in California
and there are currently no effective control measures available to growers besides roguing of infected vines and
severe pruning.

Our ongoing study confirms that lipopolysaccharide (LPS) is a major virulence factor for Xf. LPS comprises
approximately 75% of the Gram-negative bacterial cell surface, making it the most dominant macromolecule
displayed on the cell surface (Caroff & Karibian, 2003; Foppen et al., 2010; Madigan, 2012 ). LPS is a tripartite
glycolipid that is generally comprised of a highly conserved lipid A, an oligosaccharide core, and a variable O
antigen polysaccharide (Whitfield, 1995) (Figure 1). We demonstrated that compositional alterations to the
outermost portion of the LPS, the O antigen, significantly affected the adhesive properties of Xf, consequently
affecting biofilm formation and virulence (Clifford et al., 2013). Depletion of the 2-linked rhamnose in the O
antigen locks Xf in the initial surface attachment phase and prevents biofilm maturation (Clifford et al., 2013). In
addition, we demonstrated that truncation of the LPS molecule severely compromises insect acquisition of Xf
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(Rapicavoli et al., 2015). We coupled these studies with quantification of the electrostatic properties of the
sharpshooter foregut to better understand the interface between the Xf cell and the insect. Our recently funded
project tested our additional hypothesis that the Xf LPS molecule acts as a pathogen-associated molecular pattern,
and the long chain O antigen serves to shield Xf from host recognition, thereby modulating the host’s perception
of Xf infection (Rapicavoli et al., in preparation).

Contrary to the role of LPS in promoting bacterial survival in planta, the immune systems of plants have also
evolved to recognize the LPS structure and mount a basal defense response to counteract bacterial invasion (Dow
et al., 2000; Newman et al., 2000). LPS is considered a pathogen-associated molecular pattern (PAMP). PAMPs,
also known as microbe-associated molecular patterns (MAMPs), are conserved molecular signatures that are often
structural components of the pathogen (i.e., LPS, flagellin, fungal chitin, etc.). These PAMPs are recognized by
the host as "non-self" and can be potent elicitors of basal defense responses. This line of defense against invading
pathogens is referred to as PAMP-triggered immunity (PTI) and represents the initial layer of defense against
pathogen ingress (Nicaise et al., 2009). PTI is well studied in both mammalian and plant hosts. However, little is
known about the mechanisms involved in perception of LPS in grapevine, particularly the Xf LPS PAMP. Xf is
introduced by its insect vector directly into the xylem, a non-living tissue which cannot mount a defense response
on its own. However, in other systems, profound changes do occur in the adjacent living parenchyma cells upon
infection, suggesting that these cells communicate with the xylem and are capable of recognizing the presence of
a pathogen (Hilaire et al., 2001). The plant immune system can recognize several regions of the LPS structure,
including the conserved lipid A and core polysaccharide components (Newman et al., 2007; Silipo et al., 2005).
Bacteria can also circumvent the host’s immune system by altering the structure of their LPS molecule. Clearly,
Xf has evolved a mechanism to circumvent the host basal defense response as it successfully colonizes and causes
serious disease in grapevine. Our working hypothesis is that during the compatible interaction between Xf and a
susceptible grapevine host, the bacterium's long chain, rhamnose-rich O antigen shields the conserved lipid A and
core-oligosaccharide regions of the LPS molecule from being recognized by the grapevine immune system,
providing an opportunity for it to subvert basal defense responses and establish itself in the host.

To explore the role of LPS as a shield against basal defense responses in grapevine we investigated elicitation of
an oxidative burst, an early marker of basal defense responses, ex vivo in V. vinifera Cabernet Sauvignon leaf
disks exposed to either wild-type Xf or wzy mutant cells. When we examined reactive oxygen species (ROS)
production in response to whole cells, wzy mutant cells (in which lipid A-core is exposed) induced a stronger and
more prolonged oxidative burst in grapevine leaf disks than did wild-type Xf. Specifically, ROS production
peaked at around 12 minutes and lasted nearly 90 minutes. Wild-type Xf cells (in which lipid A-core would be
shielded by O antigen) failed to produce a sharp peak as compared with the wzy mutant, and ROS production
plateaued much sooner (around 60 minutes) (data not shown). To determine where ROS production was localized
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in situ, we performed DAB (3,3′-diaminobenzidine)-mediated tissue printing of grapevine petioles that were
inoculated with wild-type Xf, wzy mutant, or 1x PBS buffer as a control. DAB reacts with H2O2, which is the
major ROS associated with the oxidative burst in plants, to produce a reddish-brown color. Grapevines inoculated
with the wzy mutant exhibited more intense H2O2 production prominently localized in the xylem vessels
(Figure 2A), indicating that the wzy mutant elicits a more robust oxidative burst than wild-type Xf. Further
quantitative comparison of staining intensity among the treatments, using ImageJ, indicated that, indeed, wzy
elicits significantly more ROS in the xylem than does wild-type Xf (Figure 2B). To determine if the intensity of
the wzy-induced ROS burst in the xylem had direct antimicrobial activity against Xf, we performed an H2O2

survival assay. Previously, we demonstrated that the wzy mutant was more sensitive to H2O2 stress, but survival
rates in an oxidative environment were not quantified in that study. We chose a final concentration of 100 μM
H2O2 based on the lower threshold of ROS detected by the DAB staining method (DAB staining detects H2O2 in
the range of 100 μM to 10 mM). In addition, to mirror the kinetics of peak ROS production seen in vivo, we
exposed the cells to H2O2 for ten minutes. Due to the increased sensitivity of the mutant cells to H2O2, we
hypothesized that the wzy mutant-induced oxidative burst is lethal to wzy mutant cells. Indeed, only 10.06% of
wzy mutant cells survived, compared with 50.21% of wild-type cells (Figure 2C).

Figure 2. In situ localization of O antigen-modulated ROS production in the xylem. (A) DAB-mediated tissue
printing at 15 minutes post-inoculation revealed a strong production of H2O2 specifically in the xylem vessels of
grapevines inoculated with wzy mutant cells. (B) Mean gray value of DAB-stained images, representing differences
in staining intensity. Grayscale intensities vary from 0 to 255; 0 = black, 255 = white, and the values in between
make up the shades of gray. The mean gray value of DAB-stained images from wzy mutant-inoculated plants is
significantly lower than wild-type or 1x PBS-inoculated plants, indicating a darker or more intense stain, and thus
higher amounts of H2O2. Treatments with different letters over the bars were statistically different (P < 0.05). (C)
Hydrogen peroxide survival assay. Suspensions of Xf wild-type or wzy mutant cells were incubated with 100 μM
H2O2 for 10 min, followed by dilution plating and enumeration. Survival percentages of wzy mutant cells were
significantly lower than Xf wild-type cells (P < 0.0001). Following treatment with H2O2, only 10.06% of wzy
mutant cells survived compared with 50.21% of wild-type cells. Data are means of three biological replications.
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Now that we have established that we can directly elicit an LPS-mediated defense response we propose to assess
how long the temporal window of the heightened defense response lasts by increasing the amount of time between
the inoculation with the LPS and the challenge with live Xf cells. In our currently funded project we are testing
our working hypothesis that the grapevine is recognizing the conserved core/lipid A portions of the Xf LPS
molecule and that the long chain O antigen serves to camouflage the rest of the LPS PAMP (the core-lipid A
complex) from being recognized by the host innate immune system, allowing Xf to circumvent the innate immune
response and successfully colonize the host. We have completed the global RNA-seq-based transcriptome
profiling facet of this project where we sequenced the transcriptomes of grapevines treated with wild-type, wzy
mutant cells, or 1x PBS buffer. PTI usually causes major transcriptional reprogramming of the plant cells within
hours after perception (Dow et al., 2000; Tao et al., 2003) so our initial experiments were targeted toward early
time points during the infection process (0, 8, and 24 hours post-inoculation). Thus far, the RNA-seq data
demonstrate that the grapevine is activating defense responses that are distinct to each treatment and time point
(Figure 3A). For example, enrichment analysis of wzy-responsive genes at eight hours post-inoculation identified
predominant biological processes associated with cellular responses to biotic stimulus and oxidative stress
(Figure 3B). This included a significant increase in the production of thioredoxins, glutaredoxins, and other ROS-
scavenging enzymes involved in antioxidant defense. In addition, there was high expression of genes involved in
the production of phytoalexins, antimicrobial peptides, and pathogenesis-related genes. In contrast, wild-type-
responsive genes at this time point were enriched primarily in responses to abiotic or general stresses (i.e.,
drought, oxidative, temperature, and wounding stresses) and were not directly related to immune responses
(Figure 3B). Notably, by 24 hours post-inoculation overall transcriptional profiles of both wzy and wild-type-
inoculated vines shifted dramatically. Grape genes in wzy mutant-inoculated vines were no longer enriched for
immune-specific responses, and we speculate that this is due to the effective O antigen-modulated oxidative burst.
In contrast, genes of wild-type-inoculated plants were strongly enriched for immune responses (Figure 3C). We
hypothesize that at 8 hours the high molecular weight O antigen is still effectively shielding wild-type cells,
therefore causing a delay in plant immune recognition. However, by 24 hours post-inoculation the production of
ethylene-induced plant cell wall modifications, compounded by progressing bacterial colonization and the
potential release of DAMPs via bacterial enzymatic degradation of plant cell walls, has triggered grapevine
immune responses and the plant is now fighting an active infection. This indicates that the O antigen does, indeed,
serve to shield the cells from host recognition, allowing them to establish an infection (Rapicavoli et al., in
preparation).

Plants also modulate small RNA (sRNA) pathways based on recognition of PAMPs or pathogen effectors
(Weiberg et al., 2014). sRNAs and RNA interference pathways are another important layer to the plant immune
response and play a major role in the regulation of host immune responses. These sRNAs induce silencing of their
target genes both at the transcriptional and post-transcriptional levels (Weiberg et al., 2014). High throughput
sRNA profiling has been used to show that expression of endogenous host sRNAs are differentially regulated
upon pathogen invasion in model and non-model plant systems (Weiberg et al., 2014; Katiyar-Agarwal & Jin,
2010; Seo et al., 2013). Specifically, an endogenous citrus microRNA was significantly up-regulated in trees
infected with Candidatus Liberibacter asiaticus, causal agent of citrus huanglongbing (HLB). This sRNA was
specifically found to be involved in the host phosphorus uptake pathway, and exogenous application of
phosphorus reduced HLB severity (Zhao et al., 2013; Sagaram et al., 2009). sRNAs have been shown to be long
range signals involved in plant defense against pathogens (Sarkies & Miska, 2014) and, in fact, can cross graft
unions (Goldschmidt, 2014). We have initiated sRNA profiling in the Xf-grapevine interaction.
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Figure 3. Grapevine responses to early infections by wzy mutant and wild-type Xf. (A) Up-regulated grape genes
(P < 0.05) in response to wzy mutant (wzy) or wild-type (wt) bacteria at 8 and 24 hours post-inoculation (hpi) when
compared to the wounded control (c). Genes are classified into nine groups (I - IX) based on their expression pattern.
The colors in the heat map represent the Z score of the normal counts per gene, and black boxes represent gene
groups in each treatment that exhibited the most pronounced differences in expression at each time point.
(B) Enriched grape functional pathways (P < 0.05) among genes up-regulated during wzy (Group I) or wt (Group IV)
infections at 8 hpi. (C) Enriched grape functional subcategories (P < 0.05) among genes up-regulated during wzy
(Group II) or wt (Group V) infections at 24 hpi. Colored stacked bars represent individual pathways. Red boxes
highlight functions of interest (*) that are enriched in one treatment, but not enriched in the other at each time point.

OBJECTIVES
1. Examination of the temporal response to Xf lipopolysaccharide.
2. Examination of Xf lipopolysaccharide-mediated defense priming in grapevine.
3. Linking Xf lipopolysaccharide structure to function.
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RESULTS AND DISCUSSION
Objective 1. Examination of the temporal response to Xf lipopolysaccharide.
In addition to initiating PTI, PAMPs are known to induce systemic resistance (i.e., resistance in distal plant
organs) (Erbs & Newman, 2003; Mishina & Zeier, 2007). Moreover, when used as a pre-treatment, LPS can
systemically elevate resistance to bacterial pathogens in Arabidopsis thaliana (Mishina & Zeier, 2007), a
phenomenon known as defense priming. It has been documented that a pathogen does not necessarily have to
cause a hypersensitive response to elicit systemic resistance in the form of systemic acquired resistance (Mishina
& Zeier, 2007). There is substantial experimental evidence indicating that Xf must achieve systemic colonization
in the xylem in order to elicit Pierce’s disease symptoms. In fact, mutants that stay localized at the original point
of infection do not cause disease (Roper et al., 2005), and those that can move more rapidly throughout the xylem
are hypervirulent (Newman et al., 2004; Guilhabert & Kirkpatrick, 2005). Because we have observed a decrease
in Pierce’s disease symptom severity following exposure to Xf LPS, we hypothesize that LPS may be involved in
eliciting a downstream systemic defense response that prevents movement of Xf within the xylem network. This
objective tests this hypothesis and further explores the spatial persistence of the observed tolerance to Pierce’s
disease in grapevines exposed to wild-type vs. wzy mutant cells using transcriptional and sRNA profiling of
petioles distal to the initial inoculation site. In addition, we examined the temporal persistence of the elicited
defense response by testing later time points in the infection process than in our initial study. This will provide
much sought after information about which defense pathways, and possibly defense-related hormones, are
induced by the Xf LPS PAMP in grapevine and, most importantly, may identify facets of those pathways that can
be manipulated for Pierce’s disease control.

Objective 1a. Transcriptome profiling.
The application of transcriptome profiling approaches using next generation RNA sequencing (RNA-seq) allows
us to profile the expression of nearly all genes in a tissue simultaneously and monitor the activation or
suppression of specific defense pathways at the genome scale. In this objective we shifted our focus to
characterize the grapevine transcriptional response at systemic locations distal to the point of inoculation (POI)
and at longer time points than our previous study, where we looked at early time points of 0, 8, and 24 hours post-
inoculation. This tests our hypotheses that (i) truncated Xf O antigen is more readily perceived by the grapevine
immune system, allowing the plant to mount an effective defense response to Xf, and (ii) that the initial perception
of the truncated LPS belonging to the wzy mutant is propagated into a prolonged and systemic response.

In the summer of 2015 individual vines were inoculated with either wild-type Xf, the wzy mutant, or with 1x PBS
buffer (Clifford et al., 2013). We inoculated three vines for each treatment. The cells were delivered mechanically
by inoculating a 40 µl drop of a 108 colony-forming unit (CFU)/ml bacterial cell suspension into the main stem
near the base of the plant. Petioles were harvested at two different locations on the plant: at the POI (local) and
five nodes above the POI (systemic). We harvested at four different time points post-inoculation: time 0 = petiole
harvested just before pre-treatment, 48 hours, one week, and four weeks post-inoculation. All harvested petioles
were immediately frozen in liquid nitrogen, prior to RNA extraction. RNA was extracted from the harvested
petioles, and sequencing libraries were generated from the polyadenylated plant messenger RNA and sequenced
using the Illumina HiSeq 2000 platform. Transcript expression levels were determined by alignment of the
sequencing reads using the spliced transcripts alignment to a reference (STAR) aligner (Dobin et al., 2013) onto
the PN40024 grape genome reference. Unmapped reads were de novo assembled using Trinity (Grabherr et al.,
2011) to identify transcripts that were not present in the reference genome. Statistical inference using DESeq2
(Anders & Huber, 2010) was applied to determine with confidence the subset of genes that were up- or down-
regulated by LPS treatment (Cantu et al., 2011b). Grape genes with significant differential expression were
grouped into 26 clusters according to their patterns of expression across time points (Figure 4). Local tissue of
wzy-infected plants induced genes enriched in cell wall metabolism pathways, specifically pectin modification, at
four weeks post-inoculation (Figure 4A). This is a stark contrast with wild-type-inoculated vines, in which these
pathways were up-regulated as early as eight hours post-inoculation. This likely explains why this pathway is not
enriched in local tissue of wild-type-inoculated vines at these later time points. The induction of salicylic acid
(SA)-mediated signaling pathways in wzy-inoculated vines was further supported by the presence of four genes,
including two enhanced disease susceptibility 1 (EDS1) genes. EDS genes are known defense genes associated
with the SA pathway and have been implicated in grapevine defenses against powdery mildew. The consistent
enrichment and up-regulation of SA-associated genes (and thus, the maintenance of the signal), including the
presence of PR-1 and other SA -responsive genes at eight hours post-inoculation, strongly suggests that the plant
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is preventing the development of infections by wzy cells via an SA-dependent pathway. In wild-type vines
consistent enrichment of jasmonic acid (JA)-associated genes was further supported by the presence of nine genes
functioning in the metabolism of alpha-linolenic acid, which serves as an important precursor in the biosynthesis
of JA (Figure 4A).

Figure 4. Transcriptomic analysis of late grapevine responses to Xf wild-type and wzy mutant strains in local
and systemic tissue. Enriched grape functional pathways (P < 0.05) in differentially expressed (DE) gene
clusters representing local (A) or systemic (B) responses to Xf inoculation. Only enriched pathways related to
grapevine immune responses and unique to wild-type (wt) or wzy mutant inoculations are depicted. Colored
stacked bars represent individual pathways. (C) Patterns of expression of gene clusters enriched in functional
pathways with biological relevance. Lines represent the medoids for each cluster. Dots represent expression
fold changes of each medoid (log2) at a given time point post-inoculation (in order: 48 hours, 1 week, and 4
weeks) when compared to the wounded control.

Enrichment analyses of wzy-responsive genes in systemic tissue included drought stress response pathways,
namely genes enriched in abscisic acid (ABA) signaling (seen at 48 hours post-inoculation) (Figure 4B).
Subsequently at one week post-inoculation the enrichment of lignin metabolism genes is likely part of the vine’s
stepwise response to this abiotic stress. This is in contrast with wild-type-inoculated vines in which these
pathways were enriched at eight hours post-inoculation. Enrichment analysis of wild-type-responsive genes in
systemic tissue included regulation and signaling pathways, including mitogen-activated protein kinase (MAPK)
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and G protein signaling (Figure 4B). Furthermore, genes enriched in ethylene transcription factors (ERFs) were
up-regulated at four weeks post-inoculation, demonstrating that activation of ethylene-mediating signaling is
perpetuated during the infection process. Notably, beginning at one week genes enriched in JA-mediated
signaling pathways were up-regulated in systemic tissue and expression continued to increase at four weeks post-
inoculation. This consistent enrichment and up-regulation provides further support for the role of JA in grapevine
responses to wild-type Xf. Our findings establish that this phytohormone pathway is initiated within the first 24
hours post-inoculation and the signal is consistently maintained in both local and systemic tissue. A total of seven
genes enriched in callose biosynthesis were up-regulated at four weeks post-inoculation in response to wild-type
cells, which is over half of the total callose-related genes in the genome. The consistent up-regulation of these
genes (beginning at 24 hours post-inoculation) establishes this structural barrier as an important plant defense
response to Xf infection. Overall, the RNAseq data strongly indicate that during the days and weeks post-
inoculation with wzy mutant cells grapevines are no longer fighting an active infection. We hypothesize that the
intense wzy-induced oxidative burst during the first 24 hours post-inoculation, in combination with other
pathogenesis-related responses, had a profound antimicrobial effect on invading wzy cells. These responses likely
eliminated a large majority of wzy mutant populations and the plant no longer sensed these cells as a biotic threat.
In contrast, following recognition of wild-type Xf cells at 24 hours post-inoculation, grapevines began responding
to an active threat and initiated defense responses such as the production of phytoalexins and other antimicrobial
compounds. Furthermore, these vines were actively trying to prevent systemic spread of the pathogen through the
production of structural barriers such as tyloses and callose.

Objective 1b. Histological examination of grapevines inoculated with Xf wild-type or the O antigen mutant.
To corroborate the enrichment of plant cell wall metabolic pathways seen in the transcriptomic data we performed
histological examination of stem tissue in grapevines inoculated with Xf wild-type or wzy mutant or 1x PBS
control. Vascular occlusions are commonly produced by plants in response to infection with vascular pathogens.
Tyloses are outgrowths of the xylem parenchyma cell into the vessel lumen and are abundant in Pierce’s disease-
susceptible grapevines. In fact, in susceptible grape genotypes tyloses can occur in over 60% of the vessels in a
transverse section of vascular tissue (Sun et al., 2013). Tylose formation is considered a late response to Xf. Thus,
we examined tylose formation in grapevines at 18 weeks post-inoculation with wild-type or wzy mutant Xf cells,
compared with 1x PBS control vines. Wzy mutant-inoculated vines rated a 2 or below, representing a few leaves
exhibiting marginal necrosis; wild-type-inoculated vines rated over 3, representing over half of the vine exhibiting
foliar necrosis; and 1x PBS controls rated 0, showing no Pierce’s disease symptoms (Figure 5, panel A). We
observed pronounced differences in the abundance of tyloses in response to wild-type vs. wzy mutant-inoculated
plants. In wild-type-inoculated vines, tyloses were present in nearly all xylem vessels (Figure 5, panel B), and
vessels were often completely occluded with multiple tyloses (Figure 5, panel C). In contrast, wzy mutant-
inoculated vines contained very few tyloses. In the case where a tylose was present it was often one large tylose
that only partially occluded the vessel. All control vines, inoculated with 1x PBS, were free of occlusions. In
addition to tyloses the plant vascular tissue can initiate additional reinforcement of the cell walls to limit bacterial
growth in infected plants. This includes callose and suberin deposition. Light microscopy of infected stems
revealed widespread deposition of callose in the phloem tissue of Xf wild-type-infected plants (Figure 6, arrow),
suggesting communication between the xylem and phloem regarding the presence of Xf. This is the first evidence
of callose production in grapevine in response to Xf. In addition, we also provide the first evidence of a
pronounced deposition of suberin, associated specifically with tylose-occluded vessels (Figure 6*). In contrast,
wzy mutant-infected plants showed little to no evidence of either callose or suberin in the vascular tissue, and
these plants looked similar to 1x PBS control plants.

Objective 1c. Global sRNA profiling.
This portion of the study is being conducted in close collaboration with Hailing Jin (UC Riverside), an expert in
the field of plant sRNAs and their role in plant defense against pathogen attack. We propose to characterize the
endogenous grapevine sRNAs that are elicited by Xf invasion in an LPS-mediated fashion. Our goal is to identify
sRNAs in grapevines that are up-regulated during Xf invasion. More specifically, we are focusing our study on
sRNAs that are a part of propagating the defense response elicited by the Xf LPS PAMP. sRNAs have been shown
to be long range signals involved in plant defense against pathogens (Sarkies & Miska, 2014) and can cross graft
unions (Goldschmidt, 2014). We envision that, in a future study, the identified sRNA(s) could potentially be
exploited for disease control by transforming rootstocks to produce the sRNA for delivery into the scion.
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Figure 5. Tylose development in Pierce’s disease-infected grapevines. Images represent
grapevines at 18 weeks post-inoculation, treated with wild-type Xf cells, wzy mutant cells, or 1x
PBS buffer. (A) Representative images of Pierce’s disease progress prior to histological
examination. (B) Micrograph showing tylose production in cross sections of grapevine xylem
(brightfield Toluidine Blue O). (C) Close-up of xylem vessels showing complete occlusion with
multiple tyloses (*) in wild-type-inoculated vines. A few small tyloses also occurred in these vines
(closed arrowheads). Tyloses were largely absent in the xylem vessels of wzy mutant-inoculated
vines. No tyloses were present in the stems of 1x PBS-inoculated vines.

Construction and sequencing of sRNA libraries
We have isolated sRNAs from the petioles harvested from the same plants that were inoculated in objective 1a
using an optimized Trizole extraction protocol that allows for isolation of mRNA as well as of sRNAs, for RNA-
seq and small RNA-seq analyses, respectively (Cantu et al., 2010). sRNA libraries were produced using the
TruSeq Small RNA Sample Preparation Kit and subjected to multiplex sequencing using an Illumina HiSeq2500
platform. Adapters were trimmed using CLC Genomics Workbench. Approximately 116 million RNA reads with
length ranging from 18 to 26 nt were obtained. In all samples reads showed a similar and expected pattern of size
distribution, with peaks at 21 and 24 nt. These reads corresponded to an average of one million unique small RNA
sequences per sample. Protein coding gene targets in the V. vinifera PN40024 genome could be identified
unambiguously for 20% of the small RNA sequences. An average of 4,557 gene targets per sample were
identified. The small RNA sequences included 134 of the known Vitis microRNAs. As recently reported by
Kullan et al. (2015 http://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-015-1610-5) the vvi-miR166
family was the most abundant, representing about 94% of the total expression counts. These results show that we
can successfully extract, sequence, and annotate small RNAs from grape petioles. Further work will be carried out
to identify small RNAs that accumulate differentially in plants inoculated with the different Xf strains.
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Figure 6. Callose and suberin deposition in Pierce’s disease-infected grapevines. Images represent
grapevines at 18 weeks post-inoculation, treated with wild-type Xf cells, wzy mutant cells, or 1x PBS
buffer. Wild-type-inoculated plants exhibited widespread callose deposition in the phloem tissue (appears
as blue color, indicated by arrow). In addition, there was pronounced deposition of suberin in xylem vessels
(indicated by gold color), especially in vessels with multiple tyloses (*). No callose or suberin was present
in the stems of 1x PBS-inoculated vines.

Objective 2. Examination of Xf lipopolysaccharide-mediated defense priming in grapevine.
Pre-treatment of plants with LPS can prime the defense system resulting in an enhanced response to subsequent
pathogen attack. This phenomenon is referred to as priming and stimulates the plant to initiate a more rapid and
robust response against future invading pathogens (Conrath, 2011). In this objective we hypothesize that pre-
treatment with LPS isolated from Xf O antigen mutants results in a difference in the grapevine's tolerance to Xf by
stimulating the host basal defense response.

Objective 2a. Temporal persistence of LPS-mediated defense priming.
In the summer of 2015 we inoculated 20 grapevines/treatment/time point with 50 µg/ml of either wild-type or wzy
mutant LPS re-suspended in diH20. Vines inoculated with diH20 alone served as the negative controls for the
experiment. Based on our previous greenhouse trials we have found that 50 µg/ml is a suitable concentration to
elicit an oxidative burst and to potentiate defense priming in grapevines. This is also in agreement with studies
performed in A. thaliana (Zeidler et al., 2004). Thus, we used the same LPS concentration for this objective. The
LPS was delivered by needle-inoculating a 40 µl drop of the LPS preparation into the main stem at the base of the
plant. We then challenged 15 of the vines for each treatment by inoculating 40 µl of a 108 CFU/ml suspension of
live wild-type Xf cells in 1x PBS at either 4 hours, 24 hours, 48 hours, 1 week, or 4 weeks post-LPS treatment.
The remaining five vines/treatment/time point were inoculated with 1x PBS to serve as negative controls. We
included the additional later time points (48 h, 1 week, and 4 weeks) because we also wanted to establish the
duration of the priming effect following treatment with LPS. These inoculations were performed using the pin-
prick method as previously described (Hill & Purcell, 1995). The live wild-type cells were inoculated near the
point of the original LPS inoculation. Plants were visually examined for Pierce’s disease symptom development
throughout the infection process and rated on an arbitrary disease rating scale of 0 to 5, where 0 = healthy and
5 = dead or dying (Guilhabert & Kirkpatrick, 2005). Data was consistent with the previous year for the 4 and 24
hour time points, but we did not see significant attenuation of Pierce’s disease symptoms in the remaining later
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points. This indicates that the primed state may be transient, and it is possible that these plants may need repeated
applications of LPS throughout the trial to help maintain the primed state. We plan to conduct a future experiment
examining the efficacy of repeated applications of LPS on the development of Pierce’s disease. Furthermore,
enumeration of bacterial populations in both local (POI) and systemic (five nodes above POI) tissue at four weeks
post-challenge with Xf cells was consistent with the previous year, in which titer was not significantly different
between treatments. Because we do see a difference in disease progress in the earlier time points there may be
differences in other host defense responses, such as the production of tyloses and other host-derived vascular
obstructions. We will repeat this experiment, and in addition to evaluating titer and Pierce’s disease symptom
development, we will perform additional histochemical examination of tissue.

Objective 2b. Examination of persistence of defense priming through dormancy.
In the fall of 2015 we pruned back all the grapevines inoculated in this objective and allowed them to go dormant.
We examined the temporal phenology of these grapevines throughout the winter months and into the spring of
2016. The premise of this part of the objective relates to the normal phenology of a grapevine which is impacted
by infection with pathogens. Typically, grapevines severely infected with Pierce’s disease will have abnormal leaf
emergence the following spring and will remain stunted throughout the growing season. We hypothesized that the
grapevines that did not receive LPS pre-treatment would have poor leaf emergence and be severely stunted.
Conversely, we hypothesized that grapevines pre-treated or “primed” with LPS would have better growth and
vigor as compared to those that did not receive pre-treatment. We had originally planned to score the grapevines
in the spring on a scale of 1 to 3 where 1 = vigorous leaf emergence, 2 = delayed leaf emergence, and 3 = poor/no
leaf emergence. Once the negative control plants (those challenged with only 1x PBS) had passed the
phenological stage of leaf emergence and exhibited Pierce’s disease symptoms we had planned to revert to rating
them on the established Pierce’s disease symptoms (described in objective 2a). While the vines produced new
shoots following the winter months we did not observe the difference in leaf emergence or vigor between the
treatments. It is possible that the vines were pruned too severely, removing a majority of Xf inoculum.

Objective 3. Linking Xf lipopolysaccharide structure to function.
In our currently funded proposal we endeavored to obtain structural data for both wild-type and the truncated wzy
mutant LPS, particularly the structure of O-chain by using gas chromatography-mass spectrometry (GC-MS) and
nuclear magnetic resonance (NMR) spectroscopy. These experiments were conducted in close collaboration with
the Complex Carbohydrate Research Center (CCRC) at the University of Georgia, Athens, Georgia. Through
glycosyl composition analysis (trimethylsilyl methyl glycosides-TMS, alditol acetates-AA) (York, 1985) of the
LPS and composition and linkage analysis (partially methylated alditol acetates (PMAA); Ciucanu & Kerek,
1984) of O-specific polysaccharide, the CCRC has confirmed that the Xf wild-type high molecular weight O
antigen is comprised primarily of 2-linked rhamnose, verifying previously reported Xf LPS compositions (Clifford
et al., 2013). They have also confirmed that the wzy mutant LPS is lacking the high molecular weight O antigen
present in wild-type cells and appears to be capped with a single rhamnose residue (Figure 7A). The CCRC has
recently completed extensive isolation and purification of core and O-chain polysaccharides. Knowledge of the
structure of the LPS is critical to understanding which portions contain the elicitor activity. The carbohydrate
portion of LPS (core + O-chain) was released from lipid A by mild acid hydrolysis and the O-chain was purified
by size exclusion and other chromatography techniques. A structure of the polymer was determined via NMR
spectroscopy and mass spectrometry and absolute configuration of sugars (d-, l-) in the polymer was determined
by GC-MS (Gerwig et al., 1978).

In order to describe structural properties of O antigen in wild-type and wzy mutant LPS the polysaccharide moiety
(O antigen + core) was liberated from LPS (lipid A) and resolved based on molecular size. Comparative analysis
of size-exclusion chromatography (SEC) profiles indicated different distributions of polysaccharides in both
strains. In the wild-type strain, a majority of polysaccharide (40.8% total column load) was eluted in Fraction III
(average molecular mass of approximately 10-20 kD) and a remainder (24.8% of total column load) in Fraction
IV (Figure 7B). In contrast, a majority of wzy polysaccharide (55.0% total polysaccharide column load) was
eluted in Fraction IV (average molecular mass below 10 kDa), which was only present in low quantity in the
wild-type parent. This fraction likely represented different molecular size forms of core oligosaccharide or
truncated core-O antigen polysaccharide. Fraction I that was eluted in void (Vo) column was due to traces of
unhydrolyzed intact LPS. Monosaccharide analysis, including the determination of absolute configurations of O
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antigen polysaccharides from the wild-type strain (SEC fraction III), confirmed the presence of L-rhamnose and
D-xylose in an 8:1 molar ratio.

Figure 7. LPS composition and structure analysis. (A) DOC-PAGE analysis of LPS isolated from
Xf wild-type and wzy mutant. Lane S = Salmonella enterica s. Typhimurium, S-type LPS; Lane 1 =
wild-type; Lane 2 = wzy mutant. Red arrow indicates the presence of high molecular weight O
antigen that is not observed in the wzy mutant LPS. (B) SEC chromatograms of polysaccharides
liberated from LPS of Xf wild-type (black) and wzy mutant (red). Standard dextrans of 40,000,
10,000, and 1,000 Da were used for calibration of the Superose 12.

CONCLUSIONS
RNA-seq and histological analysis show the grapevine defense system is able to recognize a truncated LPS
molecule, resulting in a strong oxidative burst and a small production of tyloses. Grapevines produce many
tyloses, phytoalexins and other antimicrobial compounds when inoculated with Xf wild-type. In addition, Pierce’s
disease symptoms are attenuated when grapevines are challenged with Xf 4 hours and 24 hours after LPS
treatment, showing that the LPS molecule is able to prime defenses against Xf. Finally, we present the first
evidence that the major polysaccharide present in Xf wild-type O antigen is a linear α1-2 linked rhamnan. We
show Xf high molecular O antigen is a critical virulence factor in Pierce’s disease. Our results provide
unprecedented insight into the molecular mechanisms underlying host-pathogen interaction in Pierce’s disease.
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ABSTRACT
Xylella fastidiosa (Xf) is a xylem-limited, fastidious bacterium that causes Pierce’s disease in grapevine. The
xylem is arranged as a series of separate vessels that are connected via paired pits. Each pit contains a pit
membrane comprised of a meshwork of cellulose, hemicellulose, and pectin. Xf cannot passively traverse these pit
membranes and must rely on its consortia of cell wall-degrading enzymes (CWDEs) to digest the membrane in
order to move to the next xylem vessel. In response, the grapevine host enacts defense measures to disrupt
pathogen movement in the xylem, including the production of tyloses. Indeed, there is a strong correlation
between Pierce’s disease severity and excessive tylose formation. The damage-associated molecular patterns
(DAMPs) that trigger tylose formation are not currently understood, and we hypothesize that specific small chain
oligosaccharides (OGs) generated by CWDE digestion of pit membranes may induce tylose production.
Furthermore, differences in pit membrane structure and modification among Vitis vinifera varieties may yield
particular OG profiles when degraded, and thus may account for varying degrees of tylose formation.
Consequently, the induction of tylose formation by OGs may be linked to susceptibility and tolerance of Xf
among different varieties. Accordingly, the disruption of Xf CWDE production could serve to limit both pathogen
movement and detrimental tylose formation. Bacterial CWDEs are secreted into the environment via the Type II
secretion system (T2SS). Xf maintains a functional T2SS and likely relies on it to secrete its many CWDEs into
xylem vessels. Therefore, inhibition of the T2SS may disrupt CWDE dispersion, thus limiting Xf mobility in the
xylem and preventing excessive xylem blockage.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) relies on degradation of the plant cell wall to move within the grapevine, which occurs
through cooperation between at least two classes of enzymes that target different carbohydrate components of the
complex scaffold of the plant cell wall. A major goal of this project is to elucidate the mechanisms that lead to
disassembly of the plant cell wall that eventually leads to systemic colonization of Xf in grapevines. Here we
propose experiments designed to better understand what facilitates movement of the bacterium and the subsequent
clogging of the water-conducting cells that worsens Pierce’s disease severity. In addition, we also outline
experiments that inhibit the secretion machinery responsible for delivering the Xf enzymes that are involved in Xf
movement throughout the plant, thus providing a comprehensive approach to restriction of Xf and disease
development rather than targeting individual enzymes.

INTRODUCTION
Xylella fastidiosa (Xf) is the causal agent of Pierce’s disease of grapevine, a serious and often lethal disease
(Hopkins and Purcell, 2002; Chatterjee et al., 2008; Purcell and Hopkins, 1996). This xylem-limited bacterial
pathogen colonizes the xylem and in doing so must be able to move efficiently from one xylem vessel element to
adjacent vessels (Roper et al., 2007). Xylem conduits are separated by pit membranes (PMs) that are composed of
primary cell wall and serve to prevent movement of air embolisms and pathogens within the xylem (Buchanan,
2000). More specifically, PMs are composed of cellulose microfibrils embedded in a meshwork of pectin and
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hemicellulose (Buchanan, 2000). The pore sizes within that meshwork range from 5 to 20 nM, which will not
allow passive passage of Xf cells whose size is 250 to 500 x 1,000 to 4,000 nM (Perez-Donoso et al., 2010;
Mollenhauer & Hopkins, 1974). Based on functional genomics and in planta experimental evidence, Xf utilizes
cell wall-degrading enzymes (CWDEs), including three putative endoglucanases (EGases) and one
polygalacturonase (PG), to actively digest the polymers within the PMs, thereby facilitating its movement
throughout the xylem network (Simpson et al. 2000; Roper et al., 2007; Perez-Donoso et al., 2010). It is known
that PG is a major pathogenicity factor for Xf (Roper et al., 2007) and that it acts in concert with at least one
EGase to breach the PM barrier (Perez-Donoso et al., 2010). EGases are implicated in virulence and colonization
of the xylem in other bacterial phytopathogens, such as Pantoea stewartii subsp. stewartii, Ralstonia
solanacearum, and Xanthomonas campestris pv. campestris (Gough, 1988; Roberts et al., 1988; Saile et al., 1997;
Mohammadi et al., 2012). In our previous study (project # 14-0144-SA) we tested the role of the Xf EGases in
planta by constructing deletion mutants in two of the EGases (ΔengXCA1 and ΔengXCA2) and mechanically
inoculating the modified Xf lines into Vitis vinifera cv. Cabernet Sauvignon and cv. Chardonnay grapevines.
Interestingly, both ΔengXCA1 and ΔengXCA2 achieved the same titers (data not shown) in the Cabernet
Sauvignon vines as wild-type Xf, yet they were significantly less virulent and elicited fewer Pierce’s disease
symptoms (Figure 1A and 1B).

Pierce’s disease symptom development is tightly correlated with the ability of Xf to degrade specific
polysaccharides, namely fucosylated xyloglucans (part of the hemicellulosic component) and weakly esterified
homogalacturonans (part of the pectin portion), that make up the intervessel PMs (Sun et al., 2011). In general,
pectin is one of the first targets of cell wall digestion for invading pathogens, and the resulting
oligogalacturonides (OGs), which are smaller pieces of the pectin polymer, that are released are likely used as a
carbon source for the invading pathogen. In addition, specific OGs with a degree of polymerization in the size
range of 10 to 15 residues can also serve as signals that trigger host defense responses (Benedetti et al., 2015).
These responses include accumulation of reactive oxygen species (ROS), expression of pathogenesis-related
proteins, deposition of callose, and activation of mitogen-activated protein kinases (MAPKs), among other
defense related processes (Boller & Felix, 2009; Benedetti et al., 2015).
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Tyloses are outgrowths of parenchyma cells that emerge through vessel-parenchyma pits into vessel lumen, and
are common in a wide range of species (Bonsen and Kučera, 1990; Esau 1977; Tyree and Zimmermann, 2002).
Tyloses impede fluid penetration (Parameswaran et al., 1985) and induce a permanent state of reduced hydraulic
conductivity, and are triggered by abiotic and biotic stresses, such as pathogen infection (Aleemullah and Walsh
1996; Collins et al. 2009; Dimond 1955; Parke et al. 2007). Tylose formation is the predominant vascular
occlusion associated with Xf infection (Figure 2A and 2B), and excessive tylose development has been linked to
the extreme susceptibility of V. vinifera wine grapes to Pierce’s disease (Fritschi et al. 2008; Sun et al. 2013).
Importantly, rates of tylose development in V. arizonica, a resistant species, are much lower than those in
V. vinifera, which may reflect differing innate immune responses to the presence of Xf in the xylem. To our
knowledge no one has looked at the molecular mechanisms underlying the differences in response to Xf among
different V. vinifera cultivars. Thus, we propose to better understand this difference in cultivar response to Xf in
the context of host cell wall degradation and the elicitation of specific defense responses that lead to tylose
formation in grapevines. Interestingly, a preliminary analysis of tylose formation in Cabernet Sauvignon vines
inoculated with the ΔengXCA1 mutant using a high resolution micro-computed tomography (microCT) technique
(a kind of CAT scan) by the McElrone laboratory determined that these vines exhibited fewer tyloses than those
inoculated with wild-type Xf (Figure 3). Therefore, our hypothesis is that enzymatic degradation of the plant cell
wall by Xf CWDEs is generating cell wall fragments that elicit DAMP signaling defense pathways, which leads to
downstream tylose production and Pierce’s disease symptom development in certain grape cultivars.

Given that Xf CWDEs are important for the degradation of pit membranes (thus allowing systemic colonization),
and their potential role in inducing tylose formation, it is imperative that these virulence factors are targeted for
inhibition. However, inhibiting each CWDE individually as a commercial strategy for controlling Xf is both
impractical and costly. Interestingly, these CWDEs are predicted (using SignalP software) to be secreted via the
Type II secretion system (T2SS). The T2SS is a molecular nanomachine that transports pre-folded proteins from
the periplasm across a dedicated channel in the outer membrane (Cianciotto, 2005; Korotkov et al., 2012). The
T2SS systems of many plant and animal pathogens are either known or predicted to secrete proteins, namely
polymer degrading enzymes, which are involved in nutrient acquisition (Jha et al., 2005). The Xf CWDEs being
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studied in this proposal are predicted (using SignalP software) to be secreted through the T2SS. Proteins destined
for secretion by the T2SS are first delivered to the periplasm via the Sec or Tat-dependent secretion pathway
where they are folded (Slonczewski, 2014). Xf appears to only possess the Sec-dependent secretion pathway.
Because of our interest in host CWDEs and their mechanism of secretion we created a mutation in the xpsE gene,
which encodes the putative ATPase that powers the T2SS. Grapevines inoculated with the xpsE mutant never
developed Pierce’s disease symptoms and remained healthy, a phenotype similar to the grapevine response to the
Xf pglA mutant (Figure 4). We hypothesize that this is due to the pathogen’s inability to secrete the CWDEs
necessary for xylem colonization. In addition, we have indirect experimental evidence that Xf utilizes the T2SS to
secrete PG. We observed that the ∆xpsE mutant produces visibly less exopolysaccharide (EPS) on XFM minimal
medium containing pectin as the sole carbon source, resulting in a much less mucoid phenotype (data not shown).
However, when wild-type Xf and ∆xpsE are grown on XFM + galacturonic acid (i.e., the monomeric sugar that
makes up the pectin polymer) or on XFM + glucose, both strains produce similar amounts of EPS. We infer from
this that, indeed, breakdown of the pectin substrate is necessary to produce EPS, and when the T2SS is disrupted,
this prevents secretion of PG and the subsequent breakdown of pectin.

Thus, we have compelling in planta and in vitro preliminary data indicating that Xf has a functional T2SS system
and the proteins secreted by T2SS are critical for the infection process. From this we reason that the T2SS
represents an excellent target for disease control because disrupting this system would provide comprehensive
inhibition of secretion of PG (the major pathogenicity factor for Xf) and the other auxiliary CWDEs (Roper et al.,
2007, and recent results discussed above). Therefore, identifying molecules that can inhibit T2SS function is an
excellent avenue of research to pursue to develop strategies that mitigate Pierce’s disease by preventing pathogen
ingress.

OBJECTIVES
1. Qualitative analysis of the effect of cell wall degradation on the grapevine response to Xf.
2. Quantitative analysis of plant defense pathways induced by Xf cell wall degrading enzyme activity:

biochemical and transcriptional studies.
3. Inhibition of the Type II secretion system using natural products produced by grapevine microbial

endophytes.
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RESULTS AND DISCUSSION
In the context of plant cell wall degradation, we will examine the effects that different Xf mutants (ΔengXCA1,
ΔengXCA2, egl (all EGases and EGase/expansin hybrid) and pglA (a PG)) have on integrity and carbohydrate
composition of grapevine pit membranes using both microscopic and immunological techniques coupled with
fluorescence (Sun et al., 2011) and/or electron (Sun et al., unpublished) microscopy. Finally, we will couple these
microscopic observations with macroscopic studies of the spatial distribution of tyloses and other vascular
occlusions, such as plant-derived gels and bacterial aggregates using high resolution microCT. This non-
destructive method technique uses x-rays to create cross-sections of an object that can be used to recreate a virtual
model (3D model). These experiments will allow us to match degradation of specific host cell wall carbohydrates
with spatiotemporal patterns of production of tyloses in three dimensions. We will do these experiments in two
different V. vinifera cultivars, Cabernet Sauvignon and Chardonnay, because of the difference in Pierce’s disease
severity we have observed thus far in their response to our EGase mutants in these varieties.

Wild-type Xf, ΔengXCA1, ΔengXCA2, and ΔpglA mutants have been used to inoculate Cabernet Sauvignon and
Chardonnay grapevines in the greenhouse. Vines inoculated with phosphate-buffered saline (PBS) will serve as
negative controls. Each Xf strain was inoculated into 27 plants and Pierce’s disease symptoms were rated each
week using a 0 to 5 Pierce’s disease rating index (Guilhabert and Kirkpatrick, 2005). Vine tissue samples are
currently being collected for each of the three experiments: stem and petiole tissue for RNAseq, stem tissue for
microCT analysis, and stem explants for electron microscopy (EM) analysis. Samples from three biological
replications (consisting of three technical replications) per treatment are being collected at each of three time
points covering early, mid, and late infection based on the Pierce’s disease rating index: early infection = 1 - 2,
mid-infection = 2 - 3, and late infection = 4 - 5. Once all of the samples have been collected the RNAseq,
microCT, and EM analyses will be completed to determine the differential responses of each variety to each of the
different Xf strains.

CONCLUSIONS
This project was initiated in July 2016. Therefore, we do not have any conclusions at this time.
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ABSTRACT
The UC Davis Plant Transformation Facility has previously developed a method for genetically modifying 101-14
and 1103, two important grape rootstocks for the California grape industry. This technology will allow us to
introduce genes useful in combating Pierce’s disease into the rootstocks of grape and allow researchers to test
whether a modified rootstock is capable of conferring resistance to the grafted scion. If rootstock-mediated
resistance strategies are to be successfully deployed throughout California additional rootstocks will need to be
modified in order to adequately address the rootstock requirements of the diverse wine growing regions in
California. To that end, we plated anthers from grape rootstocks 110R (clone 01), 140Ru (clone 01), 3309C,
Freedom (clone 1), GRN 1(clone 1.1), Harmony, MGT 420A (clone 04),  and Salt Creek, as well as scion
genotypes Cabernet Sauvignon (clone 07 and 08), Chardonnay (clone 04), French Colombard (clone 04), and
Merlot (clone 03). Embryogenic cultures have been generated from anther filaments for 110R, 140Ru, Freedom,
GRN1, Harmony, MGT 420A, Cabernet Sauvignon, Chardonnay, French Colombard, Merlot, and Zinfandel. We
have successfully established suspension and embryo cultures for grape genotypes 110R, 140Ru, Freedom, MGT
420A, Cabernet Sauvignon, Chardonnay, French Colombard, and Merlot. Transformation experiments using
DsRed have been initiated on suspension culture and stored embryo cultures in order to access the utility of our
existing transformation technologies in transforming these additional genotypes. To date, we have successfully
generated transgenic plants for 101-14, 110R, 1103, Chardonnay, Freedom, and French Colombard.
Acclimatization of grape plantlets to soil has been problematic in the past, but altering the soil composition used
to transfer plantlets to soil has significantly improved survival.

LAYPERSON SUMMARY
The UC Davis Plant Transformation Facility has previously developed a method for genetically modifying 101-14
and 1103, two important grape rootstocks for the California grape industry. This technology will allow us to
introduce genes useful in combating Pierce’s disease into the rootstocks of grape and allow researchers to test
whether a modified rootstock is capable of conferring resistance to the grafted scion. This strategy is commonly
referred to as rootstock-mediated resistance. If rootstock-mediated resistant strategies are to be successfully
deployed throughout California, additional rootstock genotypes besides 101-14 and 1103 will need to be modified
in order to adequately address the rootstock requirements of the diverse wine growing regions in California. We
therefore are currently testing if our method for genetically modifying grape rootstocks can be used successfully
on eight additional rootstock genotypes used in California wine grape production. These include 110R, 140Ru,
3309C, Freedom, GRN1, Harmony, MGT 420A, and Salt Creek. Since it is not yet known if a rootstock-mediated
disease resistance strategy will prove to confer durable, commercially viable levels of resistance to the grafted
scion we are also testing our method for modifying grapes on a select group of scions including Cabernet
Sauvignon, Chardonnay, French Colombard, Merlot, Pinot Noir, and Zinfandel. The results of this work will
allow for the establishment of a self-sustaining grape tissue culture and transformation service that can be utilized
by the Pierce’s disease research community. It will also establish a germ bank of cell suspension cultures and a
repository of somatic embryos for rootstock and scion genotypes used in California, which can be made available
to the research community.

INTRODUCTION
This project is aimed at applying the progress that has been made in grape cell biology and transformation
technology of rootstock genotypes 101-14 and 1103 to additional grape rootstock genotypes in order to expand
the range of genotypes amenable to transformation. The research will apply the pre-existing expertise and
technical know-how developed for rootstocks 101-14 and 1103 at the UC Davis Plant Transformation Facility to
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additional rootstock germplasm important for the California wine industry. For this project we are testing eight
additional rootstocks for their amenability to transformation, including 110R, 140Ru, 3309C, Freedom, GRN1,
Harmony, MGT 420A, and Salt Creek. This work will expand the range of rootstocks that can be effectively
transformed, which will allow rootstock-mediated disease resistance technology to be employed across the major
wine-growing regions in California. Although a rootstock-mediated resistance strategy is the preferred mechanism
for achieving resistance to Pierce’s disease in grape, investing in the development of transformation technology
for scions will serve an important fallback position should rootstock-mediated resistance fail to confer adequate
levels of resistance to the scion and direct transformation of scion varieties be required. Therefore, we are also
screening six important California scion genotypes for their amenability to transformation, including Cabernet
Sauvignon (clone 07 and 08), Chardonnay (clone 04), French Colombard (clone 02), Merlot (clone 03), Pinot
Noir (2A), and Zinfandel (clone 01A). Although it is unlikely that all eight rootstock and six scion genotypes will
be amenable to transformation using our established protocols, we believe that a significant number will respond
positively. The results of this work will allow for the establishment of grape tissue culture and transformation
technologies that can be utilized by the Pierce’s disease research community. It will also establish a germ bank of
cell suspension cultures and a repository of somatic embryos for rootstock and scion genotypes used in California,
which can be made available to the research community.

OBJECTIVES
1. Develop embryogenic cultures from anthers of eight rootstock genotypes and six scion genotypes for use in

establishing embryogenic suspension cultures.
2. Develop embryogenic suspension cultures for eight rootstock genotypes and six scion genotypes, which will

provide a continuous supply of somatic embryos for use in transformation experiments.
3. Establish a germplasm bank of somatic embryos for eight rootstock genotypes and six scion genotypes by

plating aliquots of the cell suspension culture on high osmotic medium.
4. Test transformation efficiencies of eight rootstock genotypes and six scion genotypes using our established

somatic embryo transformation protocols.
5. Test direct cell suspension transformation technology on eight rootstock genotypes and six scion genotypes.
6. Secure in vitro shoot cultures for eight rootstock genotypes and six scion genotypes using indexed material

from Foundation Plant Services (FPS) or field material from FPS and establish bulk meristem cultures for all
13 genotypes for use in transformation.

7. Test the Mezzetti et al., 2002 bulk meristem transformation system for eight rootstock genotypes and six
scion genotypes as an alternate to somatic embryo transformation.

RESULTS AND DISCUSSION
Objective 1. Develop embryogenic cultures from anthers of eight rootstock genotypes and six scion
genotypes for use in establishing embryogenic suspension cultures.
During the spring of 2015 we collected anthers of rootstock genotypes including 101-14, 110R (01), 140Ru (01),
1103, 3309C (05), Freedom (01), MGT 420A (04), and Salt Creek (08), and scion genotypes Cabernet Sauvignon
(clone 07), Chardonnay (clone 04), French Colombard (clone 04), Pinot Noir (clone 2A), and Zinfandel (clone
01A) and plated them on four different embryogenic callus-inducing media. The media include Nitsch and Nitsch
minimal organics medium (1969) supplemented with 60 g/liter sucrose, 1.0 mg/liter 2,4-dichlorophenoxyacetic
acid (2,4-D) and 2.0 mg/liter benzylaminopurine (BAP) (PIV); MS minimal organics medium supplemented with
20 g/liter sucrose, 1.0 mg/liter 2,4-D, and 0.2 mg/liter BAP (MSE); MS minimal organics medium supplemented
with 30 g/liter sucrose, 1.0 mg/liter 2,4-D, and 1.0 mg/liter BAP (MS1); or one-half strength MS minimal
organics medium supplemented with 15 g/liter sucrose, 1.0 mg/liter naphthoxyacetic acid (NOA), and 0.2 mg/liter
BAP (NB). During spring 2016 we collected anthers of rootstock genotypes 3309C, GRN, Harmony, and Salt
Creek as well as scion genotypes Cabernet Sauvignon, Merlot, and Zinfandel. To date, we have demonstrated that
we can successfully establish somatic embryo cultures from anther filaments for rootstock genotypes 101-14,
110R, 140Ru, 1103, Freedom, GRN1, Harmony, and MGT 420A, and scion genotypes Cabernet Sauvignon,
Chardonnay, French Colombard, Merlot, and Pinot Noir (Table 1, Figure 1). Embryos from Pinot Noir appear
recalcitrant to generate secondary embryos on our media and tend to germinate instead. Therefore, it is not known
if we will be able to generate a stably multiplying culture for this genotype. We have generated callus for
Zinfandel, but it does not appear to be embryogenic.
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Table 1.
Grape Anther Culture PIV MSI MSE NB

2015 2016 2015 2016 2015 2016 2015 2016
Rootstocks
140Ru 01 0/245 7/196 0/98 1/196
110R 4/438 0/49 nt 2/49
101-14 2/539 0/49 nt 0/49
1103 0/49 9/49 8/49 0/49
3309C 05 1/196 0/150 0/196 0/100 0/196 0/196 0/150
MGT 420A 0/147 5/196 1/98 0/196
Freedom 01 1/294 0/147 0/49 0/245
Harmony 0/150 1/150 0/100 0/150
GRN-1 0/150 2/100 0/100 0/100

Scions
Cabernet sauvignon 5/539 0/50 1/147 0/150 4/147 0/150 1/196 1/200
Chardonnay 11/539* nt nt nt
French Colombard 04 7/172 16/123 0/49 2/123
Merlot 4/200 9/250 0/150 5/250
Pinot Noir 02A 4/196 0/96 0/49 6/147
Salt Creek 08 5/196 0/100 4/147 0/100 0 0/100 1/147 0/150
Zinfandel 01A 147 0/150 196 2/150 49 0/50 196 0/150

*2014 data.

Figure 1. Somatic embryo cultures from grape genotypes for (from left to right, top row) GRN-1,
Harmony, Freedom, 140Ru, and MGT 420A, and for (left to right, bottom row) Cabernet Sauvignon, Pinot
noir, and Merlot, added to our collection in 2016.

Objective 2. Develop embryogenic suspension cultures for eight rootstock genotypes and six scion
genotypes, which will provide a continuous supply of somatic embryos for use in transformation
experiments.
By transferring somatic embryos into liquid culture medium composed of woody plant media (WPM)
supplemented with 20 g/liter sucrose, 1 g/liter casein hydrolysate, 500 mg/liter activated charcoal, 10 mg/liter
Picloram, and 2.0 mg/liter meta-topolin we have established suspensions for rootstock genotypes 101-14, 110R,
140Ru, 1103, Freedom, and MGT 420A, and scion genotypes Cabernet Sauvignon, Chardonnay, French
Colombard, and Merlot. Occasionally the suspensions are sieved through a 520-micron screen to eliminate large
embryos and cell clusters. Alternatively, the smaller fraction of the suspension is drawn up into a wide bore 10 ml
pipet and transferred to a new flask leaving the larger embryos and cell aggregates behind.
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Objective 3. Establish a germplasm bank of somatic embryos for eight rootstock genotypes and six scion
genotypes by plating aliquots of the cell suspension culture on high osmotic medium.
We have established a germplasm bank of somatic embryos by plating aliquots of the suspension cultures onto
agar-solidified WPM supplemented with 20 g/liter sucrose, 1g/liter casein hydrolysate, 500 mg/liter activated
charcoal, 0.5 mg/liter BAP, 0.1 mg/liter naphthaleneacetic acid (NAA), 5% sorbitol, and 14 g/liter phytoagar
(BN-sorb). Stored embryo germplasm banks have been established for rootstock genotypes 1103, 101-14, 110R,
140Ru, Freedom, and MGT 420A, as well as scion genotypes Cabernet Sauvignon, Chardonnay, and French
Colombard (Figure 2).

101-14 1103 140Ru MGT 420A 110R

Freedom Thompson Seedless Chardonnay Cabernet Sauvignon French Colombard

Figure 2. Germplasm bank of embryos established from grape suspension cultures plated on sorbitol containing
medium.

Objective 4. Test transformation efficiencies of eight rootstock genotypes and six scion genotypes using our
established somatic embryo transformation protocols.
Transformation experiments continue using known amounts for somatic embryos as determined by fresh weight
for 101-14, 110R, 140Ru, 1103, Chardonnay, French Colombard, and MGT 420A using a construct containing
the DsRed fluorescent scorable marker gene which will allow us to monitor the progress of transformation in real
time without sacrificing any tissue. Thompson Seedless is being included as a positive control. DsRed expression
was scored three months post-inoculation (Table 2, 5) and has shown that significant numbers of transgenic
somatic embryos can be generated for 101-14, 110R, 140Ru, 1103, French Colombard, and MGT 420A.
However, very little DsRed expression was seen in Chardonnay somatic embryos. The relative transformation
efficiency based on recovery of whole plants is higher for 110R than that seen for 1103 and equal to or greater
than that seen for 101-14. We have also demonstrated that we can generate transgenic plants for French
Colombard (Figure 2). Based on DsRed expression we have also generated transgenic embryos for 140Ru and
MGT 420A, and we are in the process of determining if we can regenerate whole plants from the embryos. Once
germplasm banks of somatic embryos are established for Merlot we will begin testing our transformation system
on somatic embryos.

Figure 2. Transgenic plantlets of French Colombard expressing DsRed.



         
        

 

  

 

   
  

   
      

 
 

   
  

 
    

 

   
  

Table 2. Transformation experiments to access the amenability of transformation of stored grape embryos 
for a range of rootstock and scion genotypes using the scorable fluorescent marker gene DsRed. 

Genotype Date Experiment # 
Tissue 
Weight 

Percentage of 
tissue expressing 

DsRed 

TS-14 

05/29/2015 159030 NA 15% 
06/26/2015 159050 0.53 40% 
07/24/2015 159070 0.52 50% 
08/26/2015 159096 0.92 40% 

Chardonnay 

06/26/2015 159048 2.72 0% 
07/10/2015 159064 1.12 0% 
07/17/2015 159068 1.12 <1% 
07/24/2015 159071 0.57 0% 

110R 

06/26/2016 159049 0.49 60% 
07/10/2015 159065 1.65 60% 
07/17/2015 159069 1.83 75% 
07/24/2015 159072 0.42 80% 
08/26/2015 159095 0.89 20% 

1103 
07/24/2015 159073 1.11 10% 
08/26/2015 159093 1.09 5% 

Colombard 

12/16/2015 159150 1.96 30% 
01/15/2016 169007 0.55 20% 
02/5/2016 169029 0.76 10% 
03/2/2016 169042 0.53 25% 
05/6/2016 169049 25% 

140Ru 

12/16/2015 159151 1.49 20% 
01/15/2016 169008 0.92 25% 
02/05/2016 169030 1.91 25% 
03/04/2016 169043 1.44 15% 
05/06/2016 169050 nd 20% 

MGT 40A 

12/16/2015 159152 0.53 20% 
01/15/2016 169009 0.21 
02/05/2016 169031 nd 25% 
03/04/2016 169044 nd 15% 
05/06/2016 169051 nd 15% 

101-14 
07/24/2015 159074 0.86 30 
08/26/2015 159094 0.97 20 

Objective 5. Test direct cell suspension transformation technology on eight rootstock genotypes and six 
scion genotypes. 
We are trying to leverage the progress we have made in developing high quality cell suspensions that have the 
ability to rapidly regenerate whole plants when plated onto agar-solidified medium by directly transforming our 
grape cell suspension cultures with the scorable marker gene DsRed. Ten ml of a grape cell suspension grown in 
liquid Pic/MT medium and containing pre-embryogenic masses or small globular embryos are collected in a 15-
ml conical centrifuge tube and pelleted by centrifugation at 1,000 x G for three minutes. The cells are subjected to 
heat shock by placing the conical tube in a 45º water bath for five minutes. After heat shock the supernatant is 
removed and replaced with five ml liquid BN medium containing 200 uM acetosyringone and the Agrobacterium 
strain and appropriate vector at an optical density at 600 nm (OD600) of 0.1 to 0.2. The suspension is centrifuged 
at 1,000 x G for five minutes and allowed to incubate for 25 minutes at room temperature. After 25 minutes all 
but 0.5 ml of the supernatant is removed. The grape and Agrobacterium cells are then re-suspended and 
transferred to sterile Whatman filter paper in an empty 100 x 20 mm petri dish. Any excess fluid was carefully 
blotted up with a second sterile filter paper. The plates are co-cultured in the dark for two to three days at 23º and 
then transferred to selection medium consisting of WPM supplemented with 20 g/liter sucrose, 1 g/liter casein, 
1M 2-(N-morpholino)ethanesulfonic acid (MES), 500 mg/liter activated charcoal, 0.5 mg/liter BAP, 0.1 mg/liter 
NAA, 400 mg/liter carbenicillin, 150 mg/liter timentin, 200 mg/liter kanamycin, 50 g/liter sorbitol, and 14 g/liter 
agar. The filter paper is transferred to fresh medium every two weeks. Within eight weeks resistant embryos 
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develop. Developing embryos are transferred to WPM supplemented with 20 g/liter sucrose, 1 g/liter casein, 1M
MES, 500 mg/liter activated charcoal, 0.1 mg/liter BAP, 400 mg/liter carbenicillin, 150 mg/liter timentin, 200
mg/liter kanamycin, 0 g/liter sorbitol, and 8 g/liter agar for germination. We are currently testing this protocol on
101-14, 110R, 140Ru, 1103, Chardonnay, French Colombard, and MGT 420A using a construct containing the
DsRed transgene. We have been able to recover transgenic plants using this protocol for 1103 and 101-14 at very
low frequency. For example, only two of the twenty-one putatively transformed embryos that formed from one
experiment with 101-14 germinated into plants after transfer to medium lacking sorbitol. We are observing
germinating embryos of MGT 420A (Figure 3). However, currently the transformation frequency using this
protocol is too low to be practical for routine transformations. A summary of the experiments and the
transformation frequency is given in Table 3.

Figure 4. Germinating embryos from transformation of cell suspension cultures of 101-14 (left) on WPM
supplemented with 20 g/liter sucrose, 1 g/liter casein, 1M MES, 500 mg/liter activated charcoal, 0.5 mg/liter
BAP, 0.1 mg/liter NAA, 50 g/liter sorbitol, and 14 g/liter agar and transfer to WPM supplemented with
20 g/liter sucrose, 1 g/liter casein, 1M MES, 500 mg/liter activated charcoal, 0.1 mg/liter BAP, and 8 g/liter
agar for plant regeneration. Only two of the twenty-one putatively transformed embryos on this plate germi-
nated after transfer to medium lacking sorbitol. DsRed expressing embryos of MGT 420A (middle and right).

Table 3. Number of embryogenic colonies forming after inoculating approximately one to two ml
of cell suspension with Agrobacterium and plating onto selection medium.

Genotype Number of
Experiments

# Of putative
transgenic embryos/ml
of plated suspension

# of putative
transgenic plants

produced
101-14 17 54 2
1103 20 30 2
110R 5 1 0
140Ru 2 0 0
MGT 420a 2 7 4
French Colombard 2 0 0
Chardonnay 2 0 0

Objective 6. Establish in vitro shoot cultures for eight rootstock genotypes and six scion genotypes using
indexed material from Foundation Plant Services (FPS) or field material from FPS and establish bulk
meristem cultures for all 13 genotypes for use in transformation.
We are maintaining disease-free in vitro stock plants of 101-14, Chardonnay, and Cabernet Sauvignon that we
received as in vitro cultures from FPS. For material that was not available through FPS we have collected shoot
tips from field material grown at FPS. This includes rootstock genotypes 110R, 140Ru, 1103, 3309C, Freedom,
MGT 420A, and Salt Creek, and scion genotypes Cabernet Sauvignon, French Colombard, Pinot Noir, and
Zinfandel. We have collected shoot tips for three additional genotypes, Harmony, Merlot, and MGT 420A, which
we were not successful in establishing shoot cultures last season. Four-inch shoot tips were collected and
transferred to 50 ml centrifuge tubes and surface sterilized in 0.526% sodium hypochlorite for 15 minutes
followed by three rinses in sterile distilled water. The shoot tip was cut into nodal sections and any tissue
damaged by sterilization was removed. The nodal sections were transferred onto agar-solidified Chee and Poole
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C2d Vitis medium containing 5 mg/liter chlorophenol red or agar-solidified MS minimal organics medium
supplemented with 1.0 mg/liter BAP, 0.1 mg/liter IBA, 0.1 mg/liter GA3, and 5 mg/liter chlorophenol red.
Aseptic shoot cultures have been established and have been plated onto Mezzetti medium with increasing levels
of BAP in order to establish bulk meristem cultures (Figure 5). We are finding differences in our ability to
produce bulk meristem cultures between rootstocks and scion genotypes. We have produced quality bulk
meristem cultures for scion genotypes Chardonnay, French Colombard, Pinot Noir, and Zinfandel. However,
rootstock genotypes do not readily produce bulk meristems in our hands but produce elongated shoots with a
significant amount of non-organized callus, making it unsuitable for bulk meristem transformation (Figure 6).

101-14 1103 140Ru 3309c Freedom

Cabernet French Colombard Pinot Noir Chardonnay Zinfandel

Figure 5. Shoot cultures established for rootstock and scion genotypes.

140 Ru 3309C Freedom 110R Salt Creek

Cabernet Sauvignon Chardonnay French Colombard Pinot Noir Zinfandel

Figure 6. Initiation of bulk meristem cultures for rootstock and scion germplasm.

Objective 7. Test the Mezzetti et al., 2002 bulk meristem transformation methodology for eight rootstock
genotypes and six scion genotypes as an alternate to somatic embryo transformation.
We have focused our efforts on studying bulk meristem transformation in scion genotypes since we have not
observed good bulk meristem development on rootstock genotypes. Bulk meristems of Cabernet Sauvignon,
Chardonnay, and Thompson Seedless were sliced into thin, 2 mm slices and inoculated with Agrobacterium strain
EHA105 containing the DsRed gene and the plant selectable marker gene nptii and co-cultures on Mezzetti
medium supplemented with 3 mg/liter BAP in the dark at 23º centigrade. After three days the thin slices were



 

  
  

 
  

   
 

  
 

 

    

 
  

 

       
  

 
 
  

  
  

   

           
  

 
  

 

 
 

 

 

            
 

 

transferred to Mezzetti medium supplemented with 3 mg/liter BAP, 400 mg/liter carbenicillin, 150 mg/liter 
timentin, and 25 mg/liter kanamycin sulfate. After three weeks tissue was transferred to the same medium 
formulation, but the kanamycin level was increased to 50 mg/liter. After an additional three weeks the tissue was 
transferred to medium of the same formulation but the kanamycin level was increased to 75 mg/liter. 
Subsequently, tissue was subcultured every three weeks on medium containing 75 mg/liter kanamycin. Since the 
construct used to transform the bulk meristems contained the DsRed gene we were able to monitor transformation 
efficiencies in real time. To date, we have only been successful producing transgenic shoots from bulk meristems 
of Thompson Seedless. Twenty four of the 75 thin slice sections of Thompson Seedless produced DsRed sectors 
and three of these regenerated into shoots. We were able to produce DsRed-expressing callus on Cabernet 
Sauvignon and Chardonnay, but none of this tissue regenerated into shoots. In our hands the use of kanamycin at 
75mg/liter appears to be suboptimal for selection. Although we did identify a limited number of DsRed shoots for 
Thompson Seedless, many additional shoots which developed on selection medium containing 75 mg/liter 
kanamycin were non-transgenic based on DsRed expression. We repeated bulk meristem transformation 
experiments using higher levels of kanamycin, starting at 75 mg/liter for three subcultures and then increasing the 
kanamycin concentration to 150 mg/liter, but we still observed regeneration of many non-transgenic shoots and 
chimeric shoots, especially in Thompson Seedless. Overall, based on DsRed expression, low frequency of 
transformation was confirmed in Thompson Seedless; however, no transgenic shoots were recovered from 
Cabernet Sauvignon and Chardonnay. A summary of the bulk meristem transformation experiments initiated to 
date is given in Table 4. 

Table 4. Results of bulk meristem transformation using the scorable marker gene DsRed. 

Genotype 
Number of 

experiments 
Number (%) explants 

generated DsRed callus 
Number (%) explants 

generated DsRed shoots 
Cabernet Sauvignon 2 1/36 (3) 0/36 (0) 
Chardonnay 2 2/38 (5) 0/38 (0) 
Thompson Seedless 2 24/75 (32) 3/75 (4) 

Table 5. Summary of the progress in adapting our existing somatic embryo-based transformation protocol for each 
grape rootstock and scion genotype 

Genotype 

Somatic 
embryos 

established 
from anthers 

Suspensions 
established 

from somatic 
embryos 

Establishment of 
stored somatic 

embryo cultures 

Production of 
transgenic 

somatic embryos 

Production 
of transgenic 

plants 

Relative 
Transformation 

efficiency* 

Rootstocks 
1103 + + + + + 3 
101-14 + + + + + 5 
110R + + + + + 5 
140Ru + + + + - ND** 
3309C - - - - - ND 
GRN-1 + - - - - ND 
MGT 420A + + + + + ND 
Freedom + + + + + 5 
Harmony + - - - - ND 
Salt Creek - - - - ND 
Scions 
Cabernet Sauvignon + + + - - 0 
Chardonnay + + + + + <1 
French Colombard + + + + + 4 
Merlot + + - - - ND 
Pinot Noir + - - - - ND 
Thompson Seedless + + + + + 10 
Zinfandel - - - - - ND 

* Relative transformation efficiency on a scale of 0 worst, 10 best with 10 reflecting the transformation efficiency for 
Thompson Seedless 

** ND - not determine 
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CONCLUSIONS
We established embryogenic cultures of 101-14, 110R, 140Ru, 420A, 1103, Cabernet Sauvignon, Chardonnay,
Freedom, French Colombard, Merlot, and Pinot Noir from anther explants and initiated embryogenic suspension
cultures. We have also established a germplasm bank of somatic embryos for 101-14, 110R, 140Ru, 420A, 1103,
Cabernet Sauvignon, Chardonnay, Freedom, French Colombard, and Merlot by plating suspensions onto high
osmotic agar-solidified medium on a weekly basis. Suspension cultures of Merlot and Pinot Noir are not yet
growing quickly enough to start plating them on agar-solidified medium. We have demonstrated that our
transformation protocol established for 101-14 and 1103 is also amenable to transformation of 110R, Freedom,
and French Colombard, which expands the range of rootstock and scion genotypes that can be utilized in research
by the Pierce’s disease research community.
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ABSTRACT
We continue to make rapid progress breeding Pierce’s disease resistant winegrapes. Aggressive vine training and
selection for precocious flowering have allowed us to reduce the seed-to-seed cycle to two years. To further
expedite breeding progress we are using marker-assisted selection for the Pierce’s disease resistance gene, PdR1
(see companion report) to select resistant progeny as soon as seeds germinate. These two practices have greatly
accelerated the breeding program and allowed us to produce four backcross generations with elite Vitis vinifera
winegrape cultivars in 10 years. We have screened through about 2,000 progeny from the 2009, 2010, and 2011
crosses that are 97% V. vinifera with the PdR1b resistance gene from V. arizonica b43-17. Seedlings from these
crosses continue to fruit and others are advanced to greenhouse testing. We select for fruit and vine quality and
then move the best to greenhouse testing, where only those with the highest resistance to Xylella fastidiosa, after
multiple greenhouse tests, are advanced to multi-vine wine testing at Davis and other test sites. The best of these
will be advanced to field testing with commercial-scale wine production, the first of which was planted in Napa in
June 2013. We advanced three additional selections to Foundation Plant Services (FPS) last winter to begin the
certification and release process. Three Pierce’s disease resistant rootstocks were previously advanced to FPS for
certification. Other forms of V. arizonica are being studied and the resistance of some will be genetically mapped
for future efforts to combine multiple resistance sources and ensure durable resistance. Stacking of PdR1b with
b42-26 Pierce’s disease resistance has been advanced to the 92% V. vinifera level using marker-assisted selection
to confirm the presence of PdR1b and greenhouse screening to verify higher than usual levels of Pierce’s disease
resistance. Pierce’s disease resistance from V. shuttleworthii and BD5-117 are also being pursued but progress is
limited by their multigenic resistance and the absence of associated genetic markers. Very small scale wines from
94% and 97% V. vinifera PdR1b selections have been very good and have been received well at public tastings in
Sacramento (California Association of Winegrape Growers; CAWG) and Santa Rosa (Sonoma Winegrape
Commission), Napa Valley (Napa Valley Grape Growers and Winemakers Associations), Temecula (Temecula
Valley Winegrape Growers and Vintners), and Healdsburg (Dry Creek Valley and Sonoma Grape Growers and
Winemakers).

LAYPERSON SUMMARY
One of the most reliable and sustainable solutions to plant pathogen problems is to create resistant plants. We use
a traditional plant breeding technique called backcrossing to bring Pierce’s disease resistance from wild grape
species into a diverse selection of elite winegrape backgrounds. We identified the genomic region that carries a
very strong source of Pierce’s disease resistance from a grape species native to Mexico and the southwestern
United States (Vitis arizonica). Because we were able to locate this resistance gene/region (PdR1; Krivanek et al.,
2006), we have been able to use marker-assisted selection to screen for DNA markers associated with PdR1,
allowing us to select resistant progeny shortly after seeds germinate. Marker-assisted selection and aggressive
growing of the selected seedling vines have allowed us to produce new Pierce’s disease resistant high quality
winegrape selections that are more than 97% V. vinifera in only 10 years. We have evaluated thousands of
resistant seedlings for horticultural traits and fruit quality. The best of these are advanced to greenhouse testing,
where only those with the highest resistance to Xylella fastidiosa, after multiple greenhouse tests, are advanced to
multi-vine wine testing at Davis and at Pierce’s disease hot spots around California. The best of these are
advanced to field plots where commercial-scale wines can be produced. We have sent 19 advanced selections to
Foundation Plant Services (FPS) over the past four winters to begin the certification and release process. Three
Pierce’s disease resistant rootstocks were also sent to FPS for certification. Other wild grape species are being
studied and the resistance of some will be genetically mapped for future efforts to combine multiple resistance
sources and ensure durable Pierce’s disease resistance. Very small-scale wines made from our advanced PdR1
selections have been very good, and have been received well at professional tastings throughout California.
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INTRODUCTION
The Walker lab is uniquely poised to undertake this important breeding effort, having developed rapid screening
techniques for Xylella fastidiosa (Xf) resistance (Buzkan et al., 2003; Buzkan et al., 2005; Krivanek et al., 2005a
2005b; Krivanek and Walker, 2005; Baumgartel, 2009), and having unique and highly resistant Vitis rupestris x
V. arizonica selections, as well as an extensive collection of southwestern grape species, which allows the
introduction of extremely high levels of Xf resistance into commercial grapes. We genetically mapped and
identified what seems to be a single dominant gene for Xf resistance in V. arizonica/candicans b43-17 and named
it PdR1. This resistance has been backcrossed through four generations to elite V. vinifera cultivars (BC4) and we
now have 97% V. vinifera Pierce’s disease (PD) resistant material to select from. Individuals with the best fruit
and vine characteristics are then tested for resistance to Xf under our greenhouse screen. Only those with the
highest levels of resistance are advanced to small-scale winemaking trials by grafting them onto resistant
rootstocks and planting six to eight vine sets on commercial spacing and trellising at Pierce’s disease hot spots
around California, where they continue to thrive. We have made wine from vines that are from the 94% V.
vinifera level for eight years and from the 97% V. vinifera level for six years. They have been very good and don’t
have typical hybrid flaws (blue purple color and herbaceous aromas and taste) that were prevalent in red wines
from the 87% V. vinifera level. There are two forms of PdR1 that descend from sibling progeny of b43-17 and
they have different alleles of PdR1, designated PdR1a and PdR1b. Screening results reported previously showed
no significant difference in resistance levels in genotypes with either one or both alleles. We have narrowed our
focus to PdR1b but retain a number of selections at various backcross (BC) levels with PdR1a in the event that
there is an as yet unknown Xf strain-related resistance associated with the PdR1 alleles. We also identified a
Pierce’s disease resistance locus PdR1c from V. arizonica b40-14 (PdR1c) that maps to the same region of
Chromosome 14 as PdR1 from b43-17. In the absence of an understanding of gene function and given the very
disparate origins of the b43-17 and b40-14 resistance sources, differences in preliminary DNA sequence data
between them, and differences in their Pierce’s disease symptom expressions, we have continued to advance the
PdR1c line as a future breeding resource. Our companion research project is pursuing the genetic basis of these
differences between PdR1b and PdR1c. Resistance from southeastern United States species is being advanced in
other lines. However, the resistance in these latter lines is complex (controlled by multiple genes) and markers
have not yet been developed to expedite breeding. The breeding effort with alternative resistance sources and the
complexing of these resistances is being done to broaden Xf resistance and address Xf’s potential to overcome
resistance.

OBJECTIVES
1. Identify unique sources of Pierce’s disease resistance with a focus on accessions collected from the

southwestern United States and northern Mexico. Develop F1 and BC1 populations from the most promising
new sources of resistance. Evaluate the inheritance of resistance and utilize populations from the most
resistant sources to create mapping populations.

2. Provide support to the companion mapping/genetics program by establishing and maintaining mapping
populations, and using the greenhouse screen to evaluate populations and selections for Pierce’s disease
resistance.

3. Develop advanced lines of Pierce’s disease resistant winegrapes from unique resistance sources through four
backcross generations to elite V. vinifera cultivars. Evaluate and select on fruit quality traits such as color,
tannin content, flavor, and productivity. Complete wine and fruit sensory analysis of advanced selections.

4. Utilize marker-assisted selection to stack (combine) different resistance loci from the BC4 generation with
advanced selections containing PdR1. Screen for genotypes with combined resistances, to produce new
Pierce’s disease resistant grapes with multiple sources of Pierce’s disease resistance and high quality fruit and
wine.

RESULTS AND DISCUSSION
To date over 293 wild accessions have been tested for Pierce’s disease resistance with the greenhouse screen,
most of which were collected from the southwestern United States and Mexico. Our goal is to identify accessions
with the most unique Pierce’s disease resistance mechanisms. To do so we evaluate the genetic diversity of these
accessions and test them for genetic markers from chromosome 14 (where PdR1 resides) to ensure that we are
choosing genetically diverse resistance sources for population development and greenhouse screening efforts.
Over the last three years, 15 of the most unique accessions were used to develop F1 populations with V. vinifera
to investigate the inheritance of Pierce’s disease resistance in their F1 progeny and the degree to which they resist
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Xf. We have reported previously the surprising result from our companion Pierce’s disease mapping project that
most of the resistance lines we have explored from the southwestern United States have Pierce’s disease
resistance associated with chromosome 14, the same region as our primary resistance line PdR1b. In Table 1 we
detail crosses made in 2016 to advance lines that preliminary screening indicates are not located on chromosome
14. Crosses in Group 1a created progeny to expand existing F1 mapping populations from the ANU67, b41-13,
and T03-16 sources (all accessions from southwestern Vitis species). Some of the progeny from these F1 lines
exhibited strong resistance, but few highly resistant progeny were detected in the T03-16 line. Crosses in
Group 1b were made to examine whether complete Pierce’s disease resistance in this line could be recovered
through full sib crossing in the F1 generation. Two elite F1 individuals from the b41-13 line and the three most
resistant F1 genotypes in the T03-16 line were backcrossed to the indicated elite V. vinifera parents (Group 1c) to
create new breeding lines at the BC1 level. These will ultimately be combined with the b42-26 line to enhance
and broaden Pierce’s disease resistance in our main PdR1b resistance crosses.

Table 1. 2016 Crosses made to expand new Pierce’s disease mapping populations and advance
breeding lines to the next backcross level.

Group Cross PDR
Source % vinifera vinifera Parents/

Grandparents # Crosses Act. #
Seeds

1a

ANU67 50% F2-35 1 890

b41-13 50% F2-35 1 1147

T03-16 50% Palomino 1 47

1b T03-16 50% Palomino 3 160

1c
b41-13 75% Rosa Minna,

Primitivo/F2-35 2 550

T03-16 75% F2-35/Palomino 3 338

Our 2016 breeding crosses (Table 2) expand on our 2015 efforts with increased numbers and focus on parents
with superior horticultural and fruit quality traits. Cross 2a in Table 2 represents backcrosses to elite vinifera wine
varieties to various parents from crossings of PdR1b x b42-26 lines at the 92% vinifera level. Resistant parents
were selected based on the greenhouse results summarized in Table 3, Group 3C. Cross 2b in Table 2 presents
intercrosses among the most resistant progeny to further evaluate compatibility and resistance in this effort to
stack different resistance sources. Cross 2c in Table 2 presents the first crossing of elite PdR1b types to parents
with three powdery mildew (PM) resistance loci to evaluate possible segregation distortion between this
combination of resistance loci. Cross 2d in Table 2 presents similar crosses although at a lower percent vinifera
level. These crosses were created to confirm the functionality of combining two Pierce’s disease resistance loci
with three powdery mildew resistance loci. To increase the percentage of progeny with PdR1b, we cross either to
a parent homozygous at PdR1b or have both parents carry PdR1b (Table 2, Crosses 2e, 2f, 2g). Similarly, we
accomplish the same increase in percentage progeny with powdery mildew resistance markers, however, again at
a slightly lower vinifera level as shown in Table 2, Crosses 2f and 2g.

Table 3 provides a list of the Pierce’s disease greenhouse screens analyzed, initiated, and/or completed over the
reporting period. In Group 3A we tested six BC1 and 14 BC2 progeny in the b40-14 line. Only one at the BC1
level was considered exceptionally resistant and four at the BC2 were of some interest. Six BD5-117 x Haines
City intercross genotypes were tested and only two were identified as of some interest. Both BD5-117 and Haines
City are Pierce’s disease resistant but from the southeastern United States. This absence of highly-resistant
genotypes at only a 75% vinifera level (BC1) again demonstrates the challenges of working with resistant species
from the southeastern United States. In this same group we tested seven BC3 and 11 BC4 selections with PdR1a
resistance with five and three genotypes of some interest, respectively. One genotype was identified with
outstanding resistance at the 97% vinifera (BC4) level. This result was confirmed in Group 3B, and after further
horticultural evaluations, this accession was advanced to multiple vine trials this spring. Of the 46 PdR1b
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genotypes tested to confirm previous greenhouse screen results, five were classified as of interest and eight were
exceptionally resistant. Following further horticultural and wine quality evaluations, decisions will be made on
advancing these individuals to wine making and release.

Table 2. Pierce’s disease crosses made in 2016 with percent vinifera, most recent elite vinifera parent, and number of
seeds produced. The Pierce’s disease resistance in PdR1b originated from b43-17, a Monterrey, Mexico V.
arizonica/candicans; b42-26 (V. arizonica/girdiana) has a multigenic form of Pierce’s disease resistance from Loreto,
Baja California. Ren1, Ren4, and Run1 are powdery mildew (PM) resistance loci from V. vinifera, V. romanetti, and
M. rotundifolia, respectively.

Cross PDR Type Cross PM Type %
vinifera

vinifera Parents/Grandparents or …/most
recent vinifera parents

No.
Crosses

No.
Seeds

2a. PdR1b x b42-26 none 96% Chardonnay, Cabernet Sauvignon, F2-35,
Primitivo/Chardonnay, Zinfandel 9 2,540

2b. PdR1b x b42-26 none 92% Zinfandel, Chardonnay 17 7,369

2c. PdR1b Ren1,Ren4,Run1 96% Zinfandel/F2-35 2 136

2d. PdR1b x b42-26 Ren1,Ren4,Run1 92% .../Grenache, Zinfandel 5 353

2e. PdR1b^2 x b42-26 Ren1,Ren4 94% .../F2-35, Grenache, Zinfandel 3 534

2f. PdR1b^2 x b42-26 (Ren1,Ren4)^2 90% .../F2-35, Karadzhandal, Zinfandel 1 797

2g. (PdR1b x b42-26)^2 (Ren1,Ren4)^2 90% .../F2-35, Grenache, Zinfandel 4 2,506

Table 3. Greenhouse Pierce’s disease screens analyzed, completed, and/or initiated during the reporting period.
Projected dates are in italics.

Group Test Groups No. of
Genotypes

Inoculation
Date

ELISA
Sample Date PD Resistance Source(s)

3A b40-14, PdR1a, BD5-117 x Haines City 119 08/25/2015 11/24/2015 b40-14, PdR1a, BD5-
117 x Haines City

3B b42-26^2 Intercross, PdR1b x b42-26 x
V. romanetii stack, b46-43 BC1 map 168 09/17/2015 12/17/2015 PdR1b, b42-26

3C 92% PdR1b x b42-26 stack 274 10/27/2015 01/26/2016 PdR1b, b42-26

3D Additional b42-26 F1, Alternate b42-26
BC1 171 03/01/2016 05/31/2016 PdR1b,b42-26

3E ANU5, b40-14, Promising selections
from 2015 GH Screens, PD x PM 152 04/14/2016 07/14/2016 ANU5, b40-14, PdR1b,

b42-26

3F BC-UBC Irrigation Level Trial 7 04/14/2016 07/14/2016 PdR1b & southeast US
biocontrols

3G Mapping 14-399 b46-43 BC1 117 05/04/2016 08/09/2016 b46-43

3H Mapping 2014 recombinants, PdR1b x
b42-26 stack 2nd tests 170 08/11/2016 11/10/2016 PdR1b,b42-26

3I T03-16, 2016 parents, b41-13, ANU67 259 09/13/2016 12/13/2016 ANU67, b41-13, b42-
26,PdR1b, T03-16

3J PdR1b x b42-26 stack & recent
promising parents 115 10/07/2016 01/06/2017 PdR1b, b40-14, b42-26

Another 22 progeny of the 13-309 intercross of the two most highly resistant 07-344a BC1 genotypes in the b42-
26 line were tested in Group 3B, making a total of 48 genotypes tested. In total, 45 had intermediate resistance,
two were susceptible, and one was as resistant as the parent, b42-26. This confirms our assessment in a previous
report that some important resistance factors were left behind, likely at the F1 level. Group 3B also included the
first 23 genotypes in the 14-399 (b46-43 BC1) mapping population, which segregated 13:10 (R:S). Fifteen



- 171 -

genotypes at the 94% vinifera level in the PdR1a line were evaluated, but none were sufficiently resistant to
advance. This group also included 24 genotypes at the 89% vinifera level that are homozygeous at PdR1b, have
some b42-26 resistance, and also carry powdery mildew resistance from V. romanetii. All were resistant, 12
significantly so and two exceptionally so. This cross is the first instance where such a high frequency of elevated
Pierce’s disease resistance has been observed at this advanced vinifera level and it will be further tested.
Group 3B also contained a test of 10 progeny of a cross at the 87% vinifera level involving PdR1b x b42-26, but
where the b42-26 was backcrossed a second time to another resistant b42-26 line genotype. All progeny were
resistant, half significantly so and two exceptionally so. These results underscore the value of combining the
PdR1b and b42-26 resistance lines.

Group 3C was an extensive test of 245 progeny from a cross at the 92% vinifera level involving PdR1b x b42-26,
with results reported in Table 4 below. This group also included testing of nine Pierce’s disease resistant
rootstocks. Three previously identified selections from 2011 crosses were confirmed as highly resistant and are
now in multi-vine trials in Davis. This group also included five V. tiliifolia accessions from the Caribbean that had
potential to be Pierce’s disease resistant, but all proved moderately to highly susceptible to Pierce’s disease.

One hundred and twenty more progeny from the b42-26 background were tested in Group 3D in an effort to
improve the genetic map in this multigenic resistance background. In an attempt to identify missing resistance
factors in the BC1 07-344a b42-26 line, we also tested 25 genotypes from an alternate BC1 population derived
from a different highly-resistant F1 parent. As expected, we found a range of Xf titers from about 65,00 to
6.5 million cfu/ml. None were as resistant as b42-26. Greenhouse screen results and DNA samples were provided
to our companion mapping project for bulked segregant analysis. We also tested 19 genotypes which have PdR1b
and the Ren1 and Ren4 powdery mildew resistance loci. Eleven of 19 had titers lower than 500k cfu/ml with four
of those less than 100k. These results suggest that we can effectively combine Pierce’s disease resistance with
multi-loci powdery mildew resistance.

In Group 3E we tested 42 BC1 progeny in the ANU5 (V. arizonica from Littlefield, AZ) line for the presence of
minor resistance genes, since we now believe it to have its major source of Pierce’s disease resistance on
chromosome 14. Five genotypes exhibited intermediate resistance so could be of some interest. We also tested 35
genotypes at the BC2 or BC3 level in the b40-14 breeding line, the source of our PdR1c resistance source. Ten
genotypes were rated as either highly resistant or promising and will be used to advance this resistance source to
the 97% vinifera level. In the retest of 45 genotypes previously identified as promising, a total of 25 selections
from various sources including A14, A28, b40-29, b46-43, BD5-117 x Haines City, PdR1a, PdR1b, and SAZ7
were scored as highly resistant. The two genotypes in the BD5-117 x Haines City resistance line have good fruit
and yield characteristics and likely will be advanced to multi-vine trials. In addition, 22 genotypes at the 88-93%
vinifera levels were screened. Ten were rated Pierce’s disease resistant in this screen, two at the promising level,
of which one was used as a parent in our 2016 Pierce’s disease x powdery mildew crosses (Table 2e, 2g).

We refined our rapid greenhouse screen with an experiment in Group 3F. We have observed that expression of
Pierce’s disease symptoms increases when the test plants in a given trial become water stressed. In addition, in at
least one trial, symptoms were dramatically diminished when excess irrigation levels were maintained. Plant
water status also may impact bacterial titer. In this experiment we better defined the water status impact on
Pierce’s disease expression using our four PdR1 and two southeast United States species biocontrol genotypes
that range in symptom levels and Xf titers. From previous analysis of this trial and other experiments, we know
that the bench where a test plant is located is often highly significant, based on proximity to cooling pads in the
greenhouse. When genotype and bench were eliminated as variables, and when we only analyze together
irrigation reps (sub-blocks on a bench) that have statistically similar means, then irrigation volume applied, at
least at the +12.5% and +25% levels, had at most a weak effect relative to bench and genotype. In addition, this
statistically weak effect of irrigation volume may only apply to some genotypes of intermediate resistance, as it
did with U0505-35. In the other two intermediate PDR genotypes, Blanc du Bois and Roucaneuf, increased
irrigation volume did result in less bacteria but it was not statistically significant.

In our companion Pierce’s disease mapping project we identified a major Pierce’s disease resistance locus on
chromosome 14 in the b46-43 line. Our early results from the 14-399 cross tested in 3B above facilitated this
discovery. Group 3G tests approximately 100 additional genotypes to check for any minor resistance loci.



 

 

 

  

   

 

 

     

  

 

 

 

   

 

  

  

  

    

 
    

 

  

 

  

   

  

   

Enzyme-linked immunosorbent assay (ELISA) results are pending. Recombinants from 2014 crosses in the 

PdR1b line are being tested in Group 3H to further refine its genomic location. In the same screen we are testing 

127 genotypes in the 92% PdR1b x b42-26 stack group, 66 for the first time. Group 3I tests or retests F1 

genotypes in the T03-16, b41-13, and ANU67 resistance lines, our focus now for non-chromosome 14 Pierce’s 
disease resistance. We also retested genotypes used as parents in 2016 crosses to confirm Pierce’s disease 
resistance. Group 3J continues our screening of the 92% PdR1b x b42-26 stack group by testing 93 genotypes for 

the second or third time to assure resistance. We are making strong progress evaluating the important PdR1b x 

b42-26 stacking group. 

The next step in our stacking, completed this spring (Table 2, Cross 2b, above), was the intercrossing of 

numerous of the most resistant individuals descending from different parent combinations identified from this 

group to create breeding genotypes homozygous at PdR1b, enriched in b42-26 quantitative trait loci (QTLs), and 

showing minimal Xf titers by ELISA and no cane or leaf symptoms. These crosses will be followed by crossing 

the most promising and resistant of these elite selections to create populations that are 96% vinifera in which all 

progeny have PdR1b, and all should be highly Pierce’s disease resistant. The most promising selections would 

then be advanced to FPS for certification and eventual release as the next iteration of our Pierce’s disease resistant 
scion breeding efforts. In Table 2, Cross 2a above we also made crosses of the most resistant PdR1b x b42-26 

line progeny directly to elite vinifera as baseline populations to later quantify the value of double stacking the 

b42-26 resistance. 

As we have mentioned in previous reports, it is essential to greenhouse screen genotypes multiple times to ensure 

our assessment of their resistance. We usually consider three tests sufficient to designate a genotype as resistant. 

As detailed in Tables 2 and 3 and discussed above, our breeding and testing efforts are currently focused on the 

92% PdR1b x b42-26 stack group. Table 4 summarizes the testing status. Genotypes that have not been tested are 

either too weak to test or failed to propagate, while those being tested a fourth time indicate an inconclusive or 

anomalous previous test. 

Table 4. Percent of 92% vinifera PdR1b x b42-26 line genotypes at indicated level of screening. 

Cross ID 
# times tested or in testing # 

Genotypes 0 1 2 3 4 

14-309 2% 51% 28% 16% 3% 61 

14-310 6% 44% 31% 13% 6% 16 

14-318 0% 50% 31% 14% 5% 42 

14-382 11% 64% 18% 7% 0% 28 

14-383 5% 62% 22% 11% 0% 37 

14-386 17% 50% 23% 10% 0% 30 

14-387 7% 70% 11% 10% 1% 71 

14-388 4% 64% 16% 12% 4% 25 

14-389 5% 57% 33% 5% 0% 21 

Total 6% 58% 22% 11% 2% 331 

To determine the field resistance of our various Pierce’s disease varieties, over the last 15 years we have 

established field trials at various Pierce’s disease hotspots around California and in several southern states where 
Pierce’s disease is endemic (Table 5). At a site in Yountville we have inoculated with Xf for seven years and have 

also mechanically inoculated vines at a vineyard in Temecula in 2015. At the other locations we rely on natural 

infection. To date all of our resistant vines in these diverse settings continue to thrive. In 2013 we began noticing 

red blotch virus spreading rapidly through our existing trial at the Yountville site and within a year it had spread 

through the first 100-vine plantings of our advanced Pierce’s disease resistant vines planted earlier that year. We 
continue to monitor the Pierce’s disease status of the vines, but are no longer able to make wines from this site 
due to the virus infection. 
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Two of our advanced selections are planted along the Napa River (Figure 1). Rootstock and chip-budded 07355-

075 and 09331-047 were planted and there are now 375 and 1,125 vines. Another 1,000 more may be planted.

This trial will give us an excellent view of the commercial potential of these selections, as it is planted in a severe

riparian Pierce’s disease hot spot. Figure 1 presents the plot as it looked last summer.

I will be going to Driftwood, Texas in November to check on our research plots and present the Pierce’s disease

breeding program with a talk and tasting. We have been collaborating with Jim Kamas (Texas A&M,

Fredericksburg) who has planted seven of our 88% vinifera and four of our 94% selections in a range of sites

across a severe Pierce’s disease region (Fredericksburg, Leakey, Hye, and Industry, Texas). We also sent five of

the U050x series to Alabama, where they have been repropagated and are now at 100 to 500 vine level trials;

wines were made this year. Resistance is holding up well in all the selections, although some are more susceptible

to the high limestone soils and downy mildew. We also sent 88% and 94% selections to Gainesville, Florida for

testing with the University of Florida. Mercy Olmstead is directing this trial, although she is leaving soon. The

vines are establishing well and showing no signs of disease.

Table 5. Numbers of grafted UC Davis Pierce’s disease resistant vines, by selection, in various field trials. 05 selections

are 88% vinifera, 07 are 94%, and 09 are 97% vinifera. The green shaded vines are being considered for release.

Genotype
Temecula,

CA (2014)

Napa Valley,

CA (2001-13)

Napa River,

CA (2014-15)

Sonoma Co.,

CA (2012,

2015)

Napa, CA

(2014)

Texas

(2008)

Alabama

(2011)

Florida

(2016)

U0501-12 86 30

U0502-01 6 86 30

U0502-07 86

U0502-10 6 86 30

U0502-20 25 30 40

U0502-26 100

U0502-38 100 30

07329-37 9 25 100

07355-075 105 375 25 100 40

07713-51 9 30 100

07355-044 40

07338-37 100 40

07370-078 40

07370-084 100 40

09314-102 25 75 25

09330-07 25 25

09331-047 25 1125 25

09331-133 25 25

09333-178 25 25

09333-253 25 25

09333-331 25 25

09333-370 25 25

09338-016



         
  

   

  

         
      

  
  

  
  

  

  

  
  
  
  

 
  
  

  

  
  
  
  

Figure 1. The curving rows on the levee are a 2014 planting of our 94% vinifera PdR1b selection 07355-
075 along the Napa River. 

Tables 6a through 6c detail the vine, fruit, and juice characteristics for the two 94% (those starting with 07) and 
fourteen 97% (starting with 09 & 10) vinifera PdR1b selections used to make wine lots in 2015. In addition, we 
made a number of vinifera controls and Blanc du Bois and Lenoir as reference Pierce’s disease resistant cultivars. 
All were made from Davis-grown fruit. 

Table 6a. 94% (those starting with 07) and 97% (starting with 09 & 10) vinifera Pierce’s disease resistant selections 
used in small-scale winemaking in 2016: Background and fruit characteristics. 

Genotype Parentage 
2016 

Bloom 
Date 

2016 
Harvest 

Date 

Berry 
Color 

Berry 
Size (g) 

Ave 
Cluster 
Wt. (g) 

Prod 1 = v 
low, 9 = v 

high 
07355-075 U0505-01 x Petite Syrah 04/19/2016 08/11/2016 B 1 278 7 

07370-084 F2-35 x U0502-38 04/26/2016 080/2/2016 W 1 151 7 

09311-160 
07371-20 x Cabernet 
Sauvignon 

04/26/2016 08/18/2016 B 1 210 5 

09314-102 
07370-028 x Cabernet 
Sauvignon 

04/28/2016 08/09/2016 W 1 355 9 

09330-07 07370-039 x Zinfandel 04/28/2016 08/11/2016 B 1.1 336 8 

09331-047 07355-020 x Zinfandel 05/03/2016 08/16/2016 B 1.3 368 5 

09331-103 07355-020 x Zinfandel 05/05/2016 08/23/2016 B 1.3 370 8 

09331-133 07355-020 x Zinfandel 05/03/2016 08/18/2016 B 1.7 360 6 

09333-111 07355-020 x Chardonnay 04/28/2016 08/16/2016 B 1.4 280 7 

09333-358 07355-020 x Chardonnay 050/3/2016 08/11/2016 B 1.2 261 6 

09333-370 07355-020 x Chardonnay 050/3/2016 08/18/2016 B 1.3 317 6 

09338-016 
07371-20 x Cabernet 
Sauvignon 

050/3/2016 08/09/2016 W 1.2 247 6 

09356-235 07371-19 x Sylvaner 05/05/2016 08/11/2016 B 1.1 248 7 

10302-178 07370-028 x Riesling 04/28/2016 08/02/2016 W 0.9 140 4 

10302-293 07370-028 x Riesling 04/30/2016 08/16/2016 W 1.2 185 7 

10302-309 07370-028 x Riesling 04/28/2016 08/16/2016 W 1.7 265 8 
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Table 6b. Juice analysis of Pierce’s disease resistant selections used in small-scale winemaking in 2016.

Genotype °Brix TA
(g/L) pH L-malic

acid (g/L)
potassium
(mg/L )

YAN
(mg/L,
as N)

catechin
(mg/L)

tannin
(mg/L)

Total antho-
cyanins
(mg/L)

07355-075 24.0 8.3 3.41 1.4 2,020 206 6 450 1,416
07370-084 26.1 6.6 3.72 2.2 2,230 209
09311-160 25.0 7.6 3.63 1.8 2,090 230 19 419 1,332
09314-102 23.2 6.0 3.59 4.4 2,420 251
09330-07 23.1 7.0 3.6 2.3 2,230 258 15 397 1,508
09331-047 27.8 8.0 3.74 1.3 2,200 270 14 556 1,493
09331-103 23.9 7.3 3.30 1.6 1,450 210 11 634 1,253
09331-133 22.5 7.2 3.5 1.7 1,690 242 <1 601 965
09333-111 26.1 6.6 3.54 2.5 2,060 232 13 357 688
09333-358 24.1 7.5 3.53 1.8 2,230 270 65 347 709
09333-370 22.3 6.9 3.57 1.8 1,860 282 6 435 845
09338-016 21.9 7.5 3.54 1.5 1,840 274
09356-235 25.7 6.7 3.77 2.6 2,400 279 38 381 1,502
10302-178 24.1 8.5 3.49 1.5 2,140 270
10302-293 24.5 7.7 3.53 1.5 2,160 211
10302-309 21.8 6.6 3.36 2.2 1,830 128

We continue to present our Pierce’s disease resistant wines at the 94% and 97% V. vinifera levels to grower and
vintner groups. Some of these tastings are at UC Davis with industry and student tasters, and others are at various
industry gatherings. Tastings from the 2014 vintage began with a faculty student tasting in March 2015. In August
2014 we hosted about 30, including professional winemakers from Sonoma, Napa, and the Central Coast, and
students and faculty. This tasting focused on our efforts with 25/75% blended wines with the 94% V. vinifera
selections 07713-51 and 07355-75. They were well received. Pierce’s disease resistant wines were also presented
to about 200 attendees at a Constellation Winery annual meeting in April. This tasting was followed by tastings
for Western Sonoma winemakers in July, and the California Alliance of Family Farms and Ramona Valley
Winegrape Growers in August. In November 2015 our wines were tasted at a meeting of Central Coast growers in
Santa Maria and at the Napa Valley Grapegrowers meeting. On May 6, 2016 a tasting was held at UC Davis to
evaluate 2015 vintage wines from our new Pierce’s disease resistant varieties. A total of 17 tasters comprised of
winemakers, viticulturists, faculty, staff, and students rated the wines on a hedonic quality scale from 1 = poor to
5 = very good. All wines were produced from grapes grown in Davis. The tasters didn't assess the wines
uniformly, however, no taster rated every wine as poor and most wines were considered “very good” or nearly so
by at least one taster. Considered together, all eight of the UC Davis Pierce’s disease wines and the Chardonnay
and Cabernet Sauvignon control wines were perceived as being of average quality. This is significant praise from
a group of professionals familiar with evaluating some of the finest vinifera wines in the world, especially
considering that the wines were produced from grapes grown in Davis, were made at a three to five gallon scale,
were less than a year old, and had no oak treatment. Overall, wines from our new Pierce’s disease resistant
varieties have been very well received. The first selections have cleared certification from FPS and we are
currently working through the UC patent and release process.
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Table 6c. Pierce’s disease resistant selections used in small-scale winemaking in 2016: Berry sensory analysis.

Genotype Juice
Hue

Juice
Intensity Juice Flavor Skin

Flavor

Skin Tannin
Intensity

(1 = low, 4
= high)

Seed
Color

(1 = gr,
4 = br)

Seed Flavor
Seed Tannin
Intensity (1 =
high, 4 = low)

07355-075 pink-red med- fruity, berry,
cherry

plum, vs
cab sauv

veg
2 4 ashy, warm,

sl bitter 2

07370-084
clear,
green-
yellow

pale melon, yellow
apple

neutral,
sl grass 2 4

woody, nutty,
manzanita

berry
4

09311-160 pink
orange med fruity, spicy fruity,

berry 1 4
nutty, sl
metallic,

warm
3

09314-102 green-
gold pale apple, spice vs veg,

hay 1 4 buttery,
woody 1

09330-07 red med plum, red fruit,
cherry

fruity,
spicy 2 4 spicy, bitter 1

09331-047 pink red med strawberry,
plum jam

plum,
spice 3 3 woody, spicy,

hot 1

09331-103 red, vs
orange med+ plum, fruity,

spicy
chalky,
vs fruity 3 4 nutty, woody,

vs bitter 3

09331-133 orange,
sl red med- cherry, apple

neutral,
sl plum

jam
2 3 woody, nutty,

warm 3

09333-111 pink, vs
brown lt red apple, sl cs

veg
cs veg,
plum 4 3 nutty, ashy,

hot 1

09333-358 brown med spicy, hay hay,
berry 1 4 nutty, smoky 2

09333-370 orange med- plum jam fruity, sl
hay 2 4 woody, sl

ashy, hot 1

09338-016 green pale green apple neutral,
sl veg 1 3 warm, woody 3

09356-235 red med jammy, ripe
plum

black
plum,
chalky

3 4 woody, bitter,
metallic 1

10302-178 clear,
gold pale

green apple, sl
spice, vs
herbal

Neutral,
straw, vs

veg?
2 4 spicy, hot,

acrid 2

10302-293 green,
white lt-med pear, melon

neutral,
melon,

hay
1 4 woody, hot 2

10302-309 green,
yellow med spicy, floral, sl

muscat
spicy,
neutral 3 4 woody, med

hot 2

CONCLUSIONS
We continue to make rapid progress breeding Pierce’s disease resistant winegrapes through aggressive vine
training, marker-assisted selection, and our rapid greenhouse screen procedures. These practices have allowed us
to produce four backcross generations with elite V. vinifera winegrape cultivars in 10 years. We have screened
through thousands of seedlings that are 97% V. vinifera with the PdR1b resistance gene from V. arizonica b43-17.
Seedlings from these crosses continue to crop and others are advanced to greenhouse testing. We select for fruit
and vine quality and then move the best to greenhouse testing, where only those with the highest resistance to Xf,
after multiple greenhouse tests, are advanced to multi-vine wine testing at Davis and in Pierce’s disease hot spots
around California. The best of these are being planted in vineyards at 50 to 1,000 vine trials with enough fruit for
commercial scale winemaking. We have sent 19 advanced scion selections to FPS over the past four winters to
begin the certification and release process. Three Pierce’s disease resistant rootstocks were also sent to FPS for
certification. Pierce’s disease resistance from V. shuttleworthii and BD5-117 is also being pursued, but progress
and effort is limited because their resistance is controlled by multiple genes without effective resistance markers.
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Other forms of V. arizonica are being studied and the resistance of some will be genetically mapped for future
efforts to combine multiple resistance sources and ensure durable resistance. Very small-scale wines from 94%
and 97% V. vinifera PdR1b selections have been very good, and have been received well at tastings in the campus
winery and at public tastings throughout California.
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ABSTRACT
The goal of this project is to support molecular breeding of Pierce’s disease resistant grapes by identifying novel
resistant germplasm, determining the inheritance of resistance, and tagging genomic regions to develop markers
that facilitate and accelerate breeding. A total of 250 accessions were greenhouse screened and tested with
markers to determine their genetic diversity and distance from one another. Twenty resistant accessions were
identified and then used to develop breeding populations from 2012 to 2015. Breeding populations were marker
tested to assure correct identity. Resistance loci were identified on genetic maps, markers were developed for
breeding, and physical mapping was completed for b43-17, which led to the cloning and characterization of its
resistance genes (PdR1a and PdR1b; see earlier reports). The physical map of the PdR1c locus (from Vitis
arizonica b40-14) is complete. We are continuously developing and expanding breeding populations from new
promising resistant lines. Upstream and downstream sequences, as well as gene sequences of two candidate genes
ORF14 (open reading frame) and ORF18 from PdR1b, were verified. A large-scale multiple time point gene
expression project was completed in the greenhouse and RNA extractions were completed for over 400 samples.
The quantitative polymerase chain reaction (qPCR) experiments were used to test the expression of candidate
genes. Cultures to generate embryogenic callus of V. vinifera cvs. Chardonnay and Thompson Seedless and
V. rupestris St. George are being maintained for use in transgenic experiments. Experiments to utilize the PdR1
resistance gene with a native promoter are underway, as standard gene promoters did not work. These efforts will
help us to identify candidate resistance genes by complementation and allow us to better understand how they
function. Such efforts could also lead to Pierce’s disease resistance genes from grape that would be available to
genetically engineer Pierce’s disease resistance into V. vinifera cultivars. This project provides the genetic
markers critical to the successful classical breeding of Pierce’s disease resistant wine, table, and raisin grapes.
Identification of markers for PdR1 allowed us to reduce the seed-to-seed cycle to two years and produce
selections that are Pierce’s disease resistant and 97% vinifera.

LAYPERSON SUMMARY
We continue to identify and genetically characterize novel resistance sources from southwestern United State and
Mexican Vitis species collections; use genome sequence information to identify resistance genes; clone and
characterize these resistance genes with native promoters; and develop resistance gene constructs prior to
transforming them into susceptible V. vinifera grapes to test their function. Creating genetic maps with DNA
markers allows us to identify and validate markers that could be used for marker-assisted selection and to
incorporate (stack) multiple resistance genes into a single background to create more durably resistant varieties.

INTRODUCTION
A successful resistance breeding program depends on the germplasm that provides a wider genetic base for
resistance. Identification, understanding, and manipulation of novel sources of resistance are prerequisites for
successful breeding. This project continues to provide molecular support to the Pierce’s disease resistance grape
breeding project “Breeding Pierce’s Disease Resistant Winegrapes” by acquiring and testing a wide range of
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resistance germplasm, tagging resistant regions with markers by genetic mapping, and functionally characterizing
the resistance genes from different backgrounds. In earlier versions of this project, genetic markers linked to
Xylella fastidiosa (Xf) resistance from V. arizonica b43-17 were used to perform marker-assisted selection (MAS)
to accelerate our Pierce’s disease resistant winegrape program, and the table and raisin grape breeding program of
David Ramming in the past. Outcomes from the earlier two projects included genetic maps, and bacterial artificial
chromosome (BAC) libraries of the highly-resistant V. arizonica accessions b43-17 and b40-14. A physical map
of the PdR1 locus was completed and several candidate genes were identified. Five candidate genes were cloned
and constructs were developed with the 35S promoter to transform tobacco, Chardonnay, Thompson Seedless,
and St. George in order to test gene function.

This new project has the following key objectives: identify novel sources of Pierce’s disease resistance for use in
broadening the genetic base of Pierce’s disease resistance; accelerate marker discovery and the identification of
new and unique resistance genes; clone and characterize unique DNA sequences (promoters) that regulate the
expression of candidate Pierce’s disease resistant grape genes cloned from the PdR1b locus; and evaluate and
compare lines transformed with PdR1 constructs with native and 35S promoters. We have surveyed over 250
accessions of Vitis species growing in the southern United States and Mexico to identify new Pierce’s disease
resistant accessions. Analysis using population genetics tools allowed us to better understand gene flow among
resistant species and their taxonomic and evolutionary relationships. Pierce’s disease resistance in the
southeastern United States Vitis species seems to be different than the resistance in Vitis from the southwestern
United States and Mexico. We have identified new Pierce’s disease resistant accessions that are genetically and
phenotypically different, were collected from different geographic locations, and have different maternal
inheritance. Breeding populations from new promising resistant lines have been developed. These populations
will be tested to study the inheritance of resistance. Next generation sequencing will be used on the recently
identified resistant accessions to expedite marker discovery and confirm that the resistance genes are unique.
Next, genetic maps will be developed to identify genomic regions associated with resistance, and genetic markers
will be used to enable stacking of multiple resistance genes and breeding of winegrapes with durable Pierce’s
disease resistance.

The identification and characterization of resistance genes and their regulatory sequences will help determine the
basis of resistance/susceptibility in grape germplasm. In addition, these genes and their promoters could be
employed in production of ‘cisgenic’ plants. Cisgenesis is the transformation of a host plant with its own genes
and promoters (Holmes et al., 2013). Alternatively, other well characterized vinifera-based promoters, either
constitutive (Li et al., 2012) or activated by Xf (Gilchrist et al., 2007) could be utilized. Development of
V. vinifera plants transformed with our Pierce’s disease resistance genes and grape promoters might work more
effectively and allow us to better understand PdR1’s function.

OBJECTIVES
The specific objectives of this project are:
1. Provide genetic marker testing for mapping and breeding populations produced and maintained by the

Pierce’s disease resistance breeding program, including characterization of novel forms of resistance.
2. Complete a physical map of the PdR1c region from the b40-14 background and carry out comparative

sequence analysis with b43-17 (PdR1a and b).
3. Employ whole genome sequencing (50X) of recently identified Pierce’s disease resistant accessions and a

susceptible reference accession, and use bioinformatics tools to identify resistance genes, perform
comparative sequence analysis, and develop single nucleotide polymorphism (SNP) markers to be used for
mapping.

4. Clone PdR1 genes with native promoters.
5. Compare the Pierce’s disease resistance of susceptible grapevines transformed with native versus

heterologous promoters.
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RESULTS AND DISCUSSION
Objective 1. Provide genetic marker testing for mapping and breeding populations produced and
maintained by the Pierce’s disease resistance breeding program, including characterization of novel forms
of resistance.
To make a new variety durably resistant to diseases it is often necessary to combine multiple sources of resistance
genes into one background to obtain broad long-lasting resistance. We completed greenhouse testing of over 250
southwestern and northern Mexico Vitis, which included accessions collected from multiple collection trips from
states bordering Mexico or that were previously collected from Mexico by Olmo. Both simple sequence repeat
(SSR) and chloroplast markers were used to establish relationships with known sources of resistance currently
being used in the breeding program (Riaz and Walker, 2013). We found 20 highly-resistant accessions and 15
accessions were selected to develop small breeding populations by crossing them with the highly susceptible
V. vinifera. In spring 2016 we extracted DNA from the 704 individuals obtained from these breeding populations
that were also greenhouse screened. We carried out a limited mapping strategy by utilizing markers from
chromosome 14 that are linked to the PdR1 locus (see previous reports for details of the PdR1 locus). This
strategy allowed us to identify resistance sources whose resistance is similar to PdR1 and sources that are
different among the newly identified accessions. We selected 12 SSR markers that flanked a 3.5 megabase (Mb)
region around the PdR1 locus (Figure 1A), which is located between markers Pd82-1b4 and open reading frame
(ORF) 18-19-03. The genotypic data of all resistance accessions with 22 markers from 19 chromosomes was used
to analyze how genetically distinct the resistant accessions were from each other (Figure 1B).

Based on the polymorphic markers for each breeding population a genetic map was created to determine the
relative marker order, and then QTL analysis for each population was carried out. We were able to identify two
accessions that were resistant to Pierce’s disease, but none of the markers from chromosome 14 showed any
association to the resistance, indicating that a distinctive resistance locus resides on a different chromosome and
most likely is different from the PdR1 locus.

(A) (B)

Figure 1. (A) 12 SSR markers that flank 3.5 Mb region on Chromosome 14. The PdR1 locus resides
between markers Pd82-1b4 and ORF18-19-03. (B) Dendrogram showing genetic relationship between
resistant accessions; asterisks show Pierce’s disease resistant accessions with different source of resistance.
Purple: accessions from Arizona; Green: accessions from California; Blue: accessions from Mexico;
Orange: accessions from Texas.

Accession T03-16 from the Big Bend region in Texas and b41-13 from Tamaulipas State in Mexico are strong
candidates that do not possess PdR1. Figure 2 shows the location of some of the more strongly resistant
accessions tested so far in this study. These accessions show great potential for use in the Pierce’s disease
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grapevine breeding program. In order to proceed and to identify the genomic regions in these two accessions,
crosses were made in spring 2016 to expand the size of populations. In four backgrounds we were not able to
determine if resistance is different than PdR1 due to the small population size (Table 1). We plan to expand the
number of individuals in those backgrounds, greenhouse test them for Pierce’s disease resistance, and carry out
analysis next year to determine if they possess PdR1. These results will get us one step closer to finding a new
mechanism of Pierce’s disease resistance that we can use for our breeding program. Table 1 presents the breeding
populations that were developed with new resistance sources (for details, see previous reports). We completed
propagation of four to five replicates for the subset of crosses mentioned in Table 1. The rooted green cuttings
were transferred to two-inch pots first and then four-inch pots to acclimatize to greenhouse conditions. These
plants were inoculated with Xf in September and the results of the assay will be available in winter.

Figure 2. Geographic location of the 15 different Pierce’s disease resistant accessions tested in our program.

In spring 2016 we provided molecular support to the companion Pierce’s disease resistance winegrape breeding
project by marker testing a total of 745 seedlings from six crosses to identify resistant and susceptible genotypes.
An additional group of 1,400 more genotypes were tested for the presence of combined resistance. The objective
was to stack resistance from b42-26 and PdR1b as well as to develop advanced breeding lines with PdR1c (from
the b40-14 background).

Objective 2. Complete a physical map of the PdR1c region from the b40-14 background and carry out
comparative sequence analysis with b43-17 (PdR1a and b).
The SSR-based framework genetic map of V. arizonica b40-14 was completed. Greenhouse ELISA screen data
was used to carry out QTL analysis and a major Pierce’s disease resistance locus, PdR1c, was identified on
chromosome 14 (see previous reports for details). Pierce’s disease resistance from b40-14 maps between flanking
markers VVCh14-77 and VVIN64 within a 1.5 cM interval. The genomic location of the PdR1c locus is similar to
the PdR1a and PdR1b loci. An additional 305 seedlings were marker tested to identify unique recombinants using
new SSR markers developed from the b43-17 sequence (Table 2) to narrow the genetic mapping distance. Four
recombinants were identified between Ch14-81 and VVIn64, and one recombinant between the Ch14-77 and
Ch14-27 markers. The new markers position the PdR1c locus to a 325 Kb (kilobase) region based on the sequence
of b43-17.
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Table 1. Resistant accessions used for the 23 breeding populations. Resistant accessions with different sources of
resistance are marked as Not 14 in last column. Accessions marked as LG14 possess the PdR1 locus. Resistance
affinity to Ch14 could not be determined for the accessions that are marked as ND due to small population size and
less informative markers.

Resistance
Source Species Description Populations Tested

Number of
Screened

Genotypes

Results of
Limited Mapping

Strategy
ANU5 V. girdiana 12-314 60 LG14

b40-29 V. arizonica, brushy 12-340, 12-341, 14-367,
14-368 29 LG14

b46-43 V. arizonica, glabrous with V. monticola 12-305, 14-308, 14-321,
14-322, 14-324, 14-336 159 LG14

b41-13 V. arizonica-mustangensis and champinii
hybrid, red stem with hairy leaves 13-355 47 Not 14

b47-32 V. arizonica glabrous with monticola,
small clusters, red stem 13-344 13 ND

SC36 V. girdiana 13-348 35 LG14
T03-16 V. arizonica glabrous 13-336 62 Not 14
A14 V. arizonica 14-313 25 ND
A28 V. arizonica 14-347, 14-364 42 LG14
ANU67 V. arizonica glabrous 14-362 28 ND
ANU71 V. arizonica-riparia hybrid 14-340 30 ND
C23-94 V. arizonica glabrous and brushy 14-303 44 LG14
DVIT
2236.2

V. cinerea like, long cordate leaves, short
wide teeth, small flower cluster 14-360 30 LG14

SAZ 7 V. arizonica 14-363 52 LG14

A BAC library from b40-14 genomic DNA (see details in previous reports) was screened and 30 BAC clones
were identified with two probes, Ch14-56 and Ch14-58. BAC clones that represent PdR1c were separated from
the other haplotype, and two BAC clones VA29E9 and VA57F4 were selected. The DNA of the selected BAC
clones was sequenced using PAC BIO RS II (see previous report).

A third BAC clone was sequenced to expand the region beyond the probe Ch14-58. The previous assembly
consisted of two contigs with no overlap. Common probes between the PdR1c and PdR1b region were used to
align the sequences in order to determine length of the gap in the assembly. A fourth BAC clone that overlaps
with the VA30F14 and VA57F4/VA29E9 assembly was selected based on use of the new probes. Sequencing of
this BAC clone was completed. New probes were designed using the sequence of PdR1c region to test for
overlapping BACs. The assembly of four BAC clones is presented in Figure 3. A manuscript titled “The Genetic
and Physical Map of Pierce’s Disease Resistance Locus PdR1c” is in preparation.

The assembly of H43-I23 from the b43-17 BAC library that represents the PdR1a haplotype (F8909-17) was also
completed. The length of assembled sequence was 206 Kb. The ORFs of the PdR1b region and the BAC clone
H69J14 were used to make comparisons. There was complete homology between the over lapping BAC clone
sequences that reflect two different haplotypes. The BAC clone H43I23 has ORF16 to ORF20 and all five ORFs
have identical sequences to the PdR1b haplotype. Based on these results we conclude that there is complete
sequence homology between haplotype a and b of the PdR1 locus; therefore, cloning and functional
characterization of genes from any one haplotype will be sufficient for future work. Complete sequence homology
also reflects that the parents of b43-17 must be closely related and may have a first-degree relationship and
acquired resistance from shared parents. This also explains why we observed complete homozygosity of SSR
markers for the PdR1 locus in the resistant accession b43-17.
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Figure 3. Sequence analysis of the PdR1b and PdR1c regions. In PdR1c, the assembled sequence is 426Kb.
Two of the resistance genes are outside the genetic window with marker Ch14-81. The red regions
represent the gap between the Ch1459 and Ch14-77 markers in the assembly.

Objective 3. Employ whole genome sequencing (50X) of recently-identified Pierce’s disease resistant
accessions and a susceptible reference accession, and use bioinformatics tools to identify resistance genes,
perform comparative sequence analysis, and develop SNP markers to be used for mapping.
In this project and as detailed in previous reports we have proposed to use whole genome sequencing to
genetically map two new resistant accessions, b46-43 and T03-16, which have very strong Xf resistance in
repeated greenhouse screens. Next generation sequencing using IIlumina HiSeq and MiSeq platforms to carry out
SNP discovery and identification of SNP markers linked to resistance would only be used with those resistant
lines for which we have strong greenhouse screen information, information on the heritability of their Pierce’s
disease resistance, and the potential to screen the population using a limited mapping strategy.

The V. arizonica accession b46-43 is homozygous resistant to Pierce’s disease. Multiple crosses to V. vinifera
were made to develop BC1 populations in 2014 and 2015. Breeding populations were tested with markers to
verify the integrity of the crosses. Greenhouse screening of the BC1 populations with b46-43 and other resistant
sources was completed (see companion project report) and results were used in conjunction with markers from
chromosome 14 to evaluate the correlations between markers and resistance. Preliminary results indicate that
there is a major Pierce’s disease resistance locus on chromosome 14. However, our breeding program has already
identified two other accessions that have a major Pierce’s disease resistance locus on this chromosome. In order to
optimize the development of broadly resistant Pierce’s disease winegrapes we need to use Pierce’s disease
resistance sources that map to different regions, so that we have the greatest chance of stacking resistance genes
from multiple and diverse sources. Test results suggest that b46-43 is not a unique source of Pierce’s disease
resistance since it maps to the same location as PdR1, although it does have very strong resistance to Xf. In the
light of these results, we will not pursue whole genome sequencing to map in the b46-43 background. We will
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finalize the map of only chromosome 14 for the BC1 mapping population and complete screening in the
greenhouse (take down of experiment is in the first week of August), with analysis in fall/winter 2016.

Objective 4. Cloning of PdR1 genes with native promoters.
The physical map of PdR1b using four BAC clones covers 604 Kb (see previous reports for details). Multiple
ORFs of the Leucine-Rich Repeat Receptor Kinase gene family were identified. These genes regulate a wide
range of functions in plants, including defense and wounding responses for both host as well as non-host specific
defense. The physical distance is limited to the 82 Kb, with five ORFs associated with disease resistance and
other plant functions described above. The main challenge is the high sequence similarity of the ORFs that are
present outside the genetic window to the candidate ORFs.

We have acquired optimized binary vectors pCLB1301NH and pCLB2301NK (Feechan et al., 2013) which are
capable of carrying large DNA sequences, thus allowing us to insert the candidate genes plus surrounding
sequences. Two ORFs V.ari-RGA14 and V.ari-RGA18, within the resistance region boundaries are the most
likely candidates for PdR1b. The other three sequences, V.ari-RGA15, 16, and 17 are shorter and contain a large
number of transposable elements (TE).

We have verified upstream and downstream sequences of V.ari-RGA14 and 18, two more likely PdR1b
candidates. Both RGA14 and 18 (resistance gene analogs) have a very similar sequence profile with the exception
that RGA18 is 2946 bp in size and lacks the first 252 bp of sequence that is part of RGA14. Functional analysis of
the protein sequence of both RGAs revealed that RGA14 lacks a signal peptide in the initial part of the sequence.
This result was verified using 3’ rapid amplification of cDNA ends (RACE) to specifically amplify RNA from
grapevines transformed with V.ari-RGA14 under the 35S promoter. The results found that mature mRNA does
not contain a signal peptide, necessary for proper membrane localization, at the beginning of the sequence, thus
leaving RGA18 as the strongest candidate. Sequence verification for RGA14 and RGA18 and flanking sequences
was completed, and fragments that contain the entire coding region plus ∼3 kb upstream and ∼1 kb downstream
sequences were synthesized and cloned into pCLB2301NK at Genewiz, Inc. The new plasmids, called
pCLB2301NK-14 and pCLB2301NK-18, were verified by restriction analysis in our lab (Figure 4). Besides the
corresponding 7 kb fragment, containing RGA14 or RGA18, these plasmids contain a 35S:mGFP5-ER reporter
cassette and a kanamycin-selectable marker gene with the nopaline synthase (NOS) promoter.

(A) (B) (C)
1   2   3    4   5   6  7

Figure 4. (A) Restriction analysis of plasmids pCLB2301NK-14 (lanes 2 ,3, 4) and pCLB2301NK-18 (lanes 5,
6, 7) alter digestion with Nhe1 (lanes 2, 5), Sac1 (lanes 3, 6), and Sal1 (lanes 4, 7). Gel image includes a 1kb
ladder (lane 1) with the 3 kb fragment having increased intensity to serve as a reference band. The results on the
gel match the predicted sizes inferred from the plasmid information; (B) pCLB2301NK-14 restriction map;
(C) pCLB2301NK-18 restriction map.

We carried out sequence verification of genotypes U0505-22 and U0505-01, which are being used as biocontrols
in our greenhouse screenings. These genotypes were originally selected for the presence of PdR1b markers in our
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breeding program. However, U0505-22 displays Pierce’s disease susceptibility despite being positive for the
markers, which then offers the opportunity to explore the changes that could explain this behavior at the DNA
level. Presently we are focused on RGA18 and RGA14 sequence verification, including the promoter region. Our
first results have not been conclusive since direct sequencing of non-cloned PCR fragments, using primers
originally designed for sequence verification of RGA14 and RGA18, produced mixed signals. Consequently, we
have designed new primers to produce approx. 4.5 kb fragments that include sequences upstream and downstream
of RGA14 or RGA18, in order to increase the specificity of the amplification and facilitate cloning by reducing
the number of fragments to two.

A large experiment with resistant and susceptible plants using multiple replicates and time points for control
(uninoculated) and inoculated plants (see details in previous report) was completed. To date, we have completed
RNA extractions from 450 samples in the above-mentioned experiment. We have also designed primers and
determined primer efficiency for gene expression studies with both RGA14 and RGA18. Two different primer
pairs with efficiency of greater than 90% were selected to carry out preliminary analysis with uninoculated and
inoculated samples of Chardonnay and F8909-17 (source of PdR1). Preliminary results with samples from six
time points indicates that the expression level of both RGA14 and RGA18 in F8909-17 increases after day eight
in comparison to uninoculated, peaks at day 23, and then decreases. Uninoculated and inoculated susceptible
Chardonnay did not show any expression. Gene expression analysis is underway.

Objective 5. Comparing the Pierce’s disease resistance of plants transformed with native versus
heterologous promoters.
We have established an Agrobacterium-mediated transformation system followed by regeneration of plants from
embryogenic callus. We have streamlined the protocol and have established cultures of pre-embryogenic callus
derived from anthers of V. vinifera Thompson Seedless, Cabernet Sauvignon, Chardonnay, and the rootstock
V. rupestris St. George (Agüero et al., 2006). In an earlier phase of this project we transformed these varieties
with five candidate genes containing the 35S cauliflower mosaic virus promoter, the nopaline synthase terminator,
and an hptII-selectable marker gene (see previous reports for details). We completed testing and found that the
transgenic plants did not confer Pierce’s disease resistance or tolerance. These results are in accordance with the
latest assembly obtained using the PAC BIO SRII system and three additional overlapping BAC clones. They
show that only one of the sequences tested, V.ari-RGA14, lays within the more refined resistance region of 82 kb
defined by the two recombinants we recently obtained. The 3’RACE technique was used to amplify RNA from
V.ari-RGA14-transformed grapevines and results showed that mature mRNA does not contain the signal peptide
necessary for proper membrane localization at the beginning of the sequence.

In addition to the embryogenic calli of Thompson Seedless, Chardonnay, Cabernet Sauvignon, and V. rupestris
St. George we have available for transformation, we developed meristematic bulks of these genotypes plus 101-14
Mgt for transformation via organogenesis (Figure 5). Slices of meristematic bulks can regenerate transformed
shoots in a much shorter period of time than somatic embryos. We have tested different media and selective
agents and established protocols for the initiation, maintenance, and genetic transformation of meristematic bulks
from these five genotypes (Xie et al., 2016). Meristematic bulks induction in non-vinifera genotypes is less
efficient but still high, with about 80% of the explants producing meristematic bulks after three subcultures in
medium containing increasing concentrations of cytokinins.

In order to include native promoters and terminators in constructs for future genetic transformations we have
verified sequences upstream and downstream of V.ari-RGA14 and 18, the two most likely PdR1b candidates.
Sequence verification has been completed up to 4-6 kb in the upstream region and 1 kb in the downstream region.
In silico analysis of the upstream regions with PlantCare, a database of plant cis-acting regulatory elements, has
shown that upstream sequences contain several motifs related to drought and defense responses.

Previous transformations with Agrobacterium tumefaciens carrying binary plasmids that contain hygromycin
(pCLB1301NH) or kanamycin (pCLB2301NK) selectable marker genes showed that both antibiotics are effective
selection agents for embryogenic calli. However, meristematic bulks regeneration has mainly occurred in
selection with kanamycin, confirming our previous observation that meristematic bulks are highly sensitive to
hygromycin. Thus, pCLB2301NK was chosen to carry RGA14 and RGA18 expanded sequences and named
pCLB2301NK-14 and pCLB2301NK-18 thereafter.



       
      

 

 
 

  

       
       

      
  

 
  

 

 

 

 
    

Figure 5. Embryogenic cultures (top) and meristematic bulks (bottom) of Chardonnay (CH), Thompson 
Seedless (TS), Cabernet Sauvignon (CS), V. rupestris St. George (SG), and 101-14. 

Agrobacterium tumefaciens strain EHA 105 pC32 was chemically transformed with pCLB2301NK-14 or 
pCLB2301NK-18 and subsequently used to transform embryogenic calli of V. vinifera cvs. Chardonnay, 
Thompson Seedless. and rootstock V. rupestris St. George. Transformation experiments with pCLB2301NK-18 
and pCLB2301NK-14 were initiated in March and July 2016, respectively, after synthesis and cloning was 
completed. In addition, Agrobacterium was used to transform meristematic bulks produced from the same 
genotypes. Table 2 shows the number of inoculated explants with Agrobacterium carrying pCLB2301NK-18, 
while Figure 6 shows the most advanced cultures growing in selection medium. 

Table 2. Number of embryogenic calli (EC) and meristematic bulks (MB) inoculated with Agrobacterium 
carrying pCLB2301NK-18 or pCLB2301NK-14. The numbers in brackets represent the number of 
independent lines regenerating in selection medium to date. 

Genotype Explant No. Explants 
pCLB2301NK-18 

No. Explants 
pCLB2301NK-14 

Chardonnay EC 800 (10) 280 

T. Seedless EC 603 (37) 290 

St. George EC 692 (18) 401 

Chardonnay MB 70 50 

T. Seedless MB 80 120 

St. George MB 70 110 

We have also started the production of meristematic bulks of Pierce’s disease susceptible genotypes selected from 
the 04-191 population, which are 50% V. vinifera, 25% b43-17, and 25% V. rupestris A. de Serres (as in the 
original population used for PdR1b mapping). These genotypes can provide an additional genetic background for 
analysis of expression of PdR1 candidate genes. Two of these genotypes, designated 29-42 and 47-50, exhibited 
great potential for the development of meristematic bulks (Figure 6) and will be ready for transformation with 
Agrobacterium next month. 
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(A) (B) (C) (D)

Figure 6. Embryo regeneration from embryogenic callus in (A) Thompson Seedless and (B) St. George. Shoot
regeneration from meristematic bulks in (C) St. George. Meristematic bulk development in (D) genotype 47-50 from
the 04191 population.

CONCLUSIONS
We completed greenhouse screening, marker testing, and QTL analysis of breeding populations from 15 new
resistance sources, including b46-43 and T03-16. We identified T03-16 and b41-13 as possessing resistance on a
different region than chromosome 14. Crosses were made to expand these breeding populations for framework
map development in order to identify other genomic regions. Our primary goal is to identify new sources of
resistance whose resistance region is not on chromosome 14 so we can facilitate stacking of these resistance
sources with PdR1 from b43-17, since the incorporation of multiple resistances should make resistance more
durable. We have completed the genetic and physical mapping of Pierce’s disease resistance from b40-14. This
resistance source maps within the PdR1b locus, but it may be an alternative gene within this complex replicated
locus. Finally, we verified the sequence of two candidate genes from the PdR1b locus, completed transformations
with ORF18, and are preparing ORF14 for complementation tests. This effort is also identifying the promoters of
these genes so that we can avoid the use of constitutive non-grape promoters like CaMV 35S.
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ABSTRACT
Horizontal gene transfer is an important component of evolution and adaptation of bacterial species. Xylella
fastidiosa (Xf) has the ability to incorporate exogenous DNA into its genome by homologous recombination at
relatively high rates. This genetic recombination is believed to play a role in adaptation of different Xf strains to
infect different host plant species. Although in many cases exogenous DNA is taken up by natural transformation,
there also is evidence that certain strains of Xf carry native plasmids equipped with transfer and mobilization
genes, suggesting conjugation as an alternate mechanism of horizontal gene transfer in some instances. Xf subsp.
fastidiosa strain M23 which causes disease in both grape and almond hosts carries a 38 kb plasmid pXFAS01.
This plasmid contains two operons, tra and trb, that share homology with conjugal transfer and mating pair
formation genes found in other bacterial species. A nearly identical plasmid, pXf-Riv5 was found in Xf subsp.
multiplex strain Riv5 isolated from ornamental plum, suggesting plasmid transfer between Xf strains of different
subspecies. Using M23 as the donor strain and Xf subsp. fastidiosa Temecula as the recipient strain, plasmid
transfer was characterized using the mobilizable broad host range vector pBBR5pemIK. Transfer of plasmid
pBBR5pemIK from M23 to Temecula was observed under in vitro conditions, although transfer of 38 kb
pXFAS01 was not observed. The possibility of plasmid transfer by conjugation in the natural environment would
have implications for horizontal gene transfer between different strains of Xf that may be present in the same
location and/or in the same vector or host.
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ABSTRACT
Many members in the bacterial genus of Xylella cause disease on economically important crops, generally in the
Americas, e.g. Pierce disease of grapevine in the United States and citrus variegated chlorosis disease in Brazil. In
the past decade, there has been an increase of reports on Xylella-caused diseases from outside the Americas, e.g.
pear leaf scorch disease in Taiwan and olive quick decline syndrome in Italy. Because all Xylella strains are
nutritionally fastidious, phenotypic characterizations such as physiological and biochemical tests are highly
challenging to perform and could be inaccurate, leading to the current situation of ambiguous taxonomy and
difficulty in strain detection and identification. We are taking advantage of recent development of next generation
sequencing technology to establish a whole genome sequence-based system to address Xylella taxonomy. One
significant achievement is the use of average nucleotide identity (ANI) values to replace the time-consuming and
technically demanding DNA-DNA hybridization relatedness, a commonly accepted gold standard for bacterial
species definition. Thus far, this research has established a new species, Xylella taiwanensis. The ANI values
between X. taiwanensis and X. fastidiosa strains were 83.4-83.9%, significantly lower than the bacterial species
threshold of 95%. Interestingly, ANI analyses also drew defined lines among X. fastidiosa subsp. fastidiosa,
X. fastidiosa subsp. multiplex, and X. fastidiosa subsp. pauca, suggesting that ANI values, along with sequence
similarity in other genes/sequences including the 16S rRNA gene and 16S-23S ITS, also could be useful for
subspecies analyses.
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ABSTRACT
Xylella fastidiosa (Xf) has been thought to be restricted to the Americas for a long time. Listed as a quarantine
pest for Europe, this phytopathogenic bacterium is now present in Italy and France and its emergence has been
evidenced through a survey of coffee plants trading from Latin America and a survey of natural settings. Since the
first contaminated foci have been discovered on Polygala myrtifolia (myrtle-leaf milkwort) plants showing leaf
scorch symptoms in France during the summer of 2015, numerous plants were screened, ending in the
identification of almost 250 foci. Here we report on the diversity of Xf identified during the year 2015 in France in
natural settings and in imported coffee plants. A multilocus sequence typing (MLST) approach revealed that
several subspecies and sequence types are associated with the emergence of Xf in France. This includes
subspecies multiplex (ST6 and ST7), subspecies pauca (ST53), and subspecies sandyi (ST72 and ST76).
Moreover, new recombinant individuals issued from subsp. multiplex and sandyi parents, and populations living
in sympatry (same plant) have been found. The genome of the first three strains of Xf subsp. multiplex that were
isolated were sequenced and compared to their American relatives. Altogether, these analyses suggest that Xf has
been introduced several times in the past into France in various plant materials from different origins.
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ABSTRACT
Xylella fastidiosa (Xf) coordinates its virulence in grapevines via quorum sensing signal molecules that are
regulated and synthesized by the rpf gene cluster (regulation of pathogenicity factors). rpfA encodes aconitate
hydratase and could play a regulator role involved in virulence. To elucidate the role of rpfA in the pathogenicity
of Xf, an rpfA-mutant (XfΔrpfA) and a complementary (XfΔrpfA-C) strain were characterized. In vitro studies
showed that mutant XfΔrpfA exhibited increase in biofilm formation and cell-cell aggregation compared with
wild-type. The complementary XfΔrpfA-C strain restored wild-type phenotypes. These data suggest that the
expression of rpfA may negatively modulate biofilm formation or other related virulence factors. Greenhouse
experiments will be conducted to further evaluate the role of rpfA involving Pierce’s disease.
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ABSTRACT
Deployment of Pierce’s disease resistant grapevines is a key solution to mitigating economic losses caused by
Xylella fastidiosa (Xf). While the Pierce’s disease resistant grapevines under development display mild symptoms
and have lower bacterial populations than susceptible varieties, all appear to remain hosts of Xf. Since resistant
grapevines are anticipated to maintain yield after infection, resistant grapevines are less likely to be removed after
infection than susceptible grapevines. Accordingly, there is a risk that vineyards planted with resistant grapevines
may become sources of Xf. To assess the risk of resistant varieties serving as a source for pathogen spread to
susceptible varieties, a coupled-differential equation model was developed. The model tracked spread of an
arthropod-transmitted pathogen in a plant population consisting of a mixture of resistant and susceptible plants.
To analyze the model, infection of susceptible plants was separated into two components: spread among
susceptible plants and spread from resistant to susceptible plants. Analytical manipulation of the model identified
a threshold acquisition rate from resistant plants that resulted in limited pathogen spread from resistant plants to
susceptible plants. Acquisition rates from resistant plants that resulted in limited spread to susceptible plants
depended on assumptions regarding vector abundance, vector turnover (mortality), removal of infected
susceptible plants, and proportion of plants that were resistant. Thus, acquisition rates from resistant plants that
result in limited spread to susceptible plants depend on management practices. Simulation of the model
determined that effects of deploying a resistant variety on disease incidence in the susceptible variety depended on
the extent to which pathogen spread among susceptible plants was controlled (by means other than resistance) and
acquisition rates from resistant plants. Deployment of resistant plants that were poor acquisition sources generally
resulted in lower disease incidence in the susceptible variety, whereas deployment of resistant plants that were
good acquisition sources generally increased disease incidence in the susceptible variety. Results support
quantifying acquisition from resistant varieties prior to deployment to determine if additional management is
needed to limit spread to nearby vineyards cultivating susceptible varieties. As the model framework was general,
additional refinement of the model to consider specific regions, grape cultivars, and vectors in California could
provide additional insight.

FUNDING AGENCIES
Funding for this project was provided by USDA Agricultural Research Service appropriated project 2304-22000-
010-00D. USDA is an equal opportunity provider and employer.
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ABSTRACT
For approximately 15 years Temecula Valley has been part of an area-wide control program for an invasive
vector, the glassy-winged sharpshooter (Homalodisca vitripennis; GWSS). The goal of this program is to limit
Pierce’s disease spread by suppressing vector populations in commercial citrus, an important reproductive host for
this insect, before they move out into vineyards. To achieve effective GWSS control, spring applications of the
systemic insecticide imidacloprid to citrus have been made in years past. As part of this treatment program there
is ongoing monitoring of GWSS populations to ensure that the treatments are effective. Notably, since 2013,
reimbursements to citrus growers have not been made. As a result, over the past several seasons, no Temecula
Valley citrus acreage was treated specifically for GWSS, although it is likely that some treatments are occurring
to target important citrus pests. Approximately 135 yellow sticky traps were inspected on a biweekly basis
throughout 2016 to monitor GWSS in citrus. The results show a typical phenology for this pest in the region, with
a total of approximately 650 GWSS caught during the summer peak (July through September). Overall, GWSS
catch this year has been the highest observed since 2009, but is still far below the densities seen at the outset of
the area-wide program.

LAYPERSON SUMMARY
The glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) constitutes one of the primary threats to the
wine, table grape, and raisin industries in California owing to its ability to spread the pathogen that causes
Pierce’s disease. In the Temecula Valley an area-wide control program has been in place for more than 15 years
which, until recently, relied on insecticide applications in citrus groves to control GWSS before they move into
vineyards and still entails regular monitoring of GWSS populations throughout the region. This program is
important for guiding management decisions for vineyards in the area. This year, GWSS catch was the highest
seen in seven years. It is not yet clear whether the pattern this year indicate a resurgence in GWSS populations, as
has occurred in other parts of California, or simply reflects a single, anomalous season.

INTRODUCTION
The wine grape industry and its associated tourism in the Temecula Valley generate $100 million in revenue for
the economy of the area. Following the invasion of the glassy-winged sharpshooter (Homalodisca vitripennis;
GWSS) into southern California from the southeastern United State, a Pierce’s disease outbreak occurred. This
outbreak resulted in a 30% loss in overall vineyard production over a few years, with some vineyards losing 100%
of their vines during the initial years of the outbreak. An area-wide GWSS management program initiated in the
spring of 2000 saved the industry from even more dramatic losses. Since the initiation of the Temecula GWSS
area-wide management program several hundred new acres of grapes have been planted and multiple new
wineries have been built.

GWSS has the potential to develop high population densities in citrus. Fortunately, GWSS is also highly
susceptible to systemic insecticides such as imidacloprid. Insecticide treatments in citrus groves, preceded and
followed by trapping and visual inspections to determine the effectiveness of these treatments, have been used to
manage this devastating insect vector and disease. In addition, parasitoid wasps that attack GWSS egg masses are
also contributing to management in the region.

As part of the area-wide treatment program monitoring of GWSS populations in citrus has been conducted since
program inception. This monitoring data has been used to guide treatment decisions for citrus, to evaluate the
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efficacy of the treatments, and to guide vineyard owners, pest control advisors, and vineyard managers on the
need for supplementary vector control measures within vineyards.

In 2013 the decision was made by state and federal regulators not to reimburse citrus growers for insecticide
applications intended to target GWSS in the Temecula Valley. This change was motivated by the expectation that
citrus growers would likely be treating already for the Asian citrus psyllid, Diaphorina citri, an invasive vector of
the pathogen associated with huanglongbing or citrus greening disease. Sharpshooter and psyllid integrated pest
management rely on largely the same insecticides. However, the timing of applications differs slightly depending
on the focal pest. Therefore, monitoring of sharpshooter populations continues to be important, to determine
whether GWSS populations, which already show substantial interannual variability, appear to be rebounding. This
is particularly true given the notable resurgence of GWSS in other areas of the state.

OBJECTIVES
1. Monitor regularly GWSS populations in citrus groves throughout the Temecula Valley to evaluate the

effectiveness of prior insecticide applications and to provide a metric of Pierce’s disease risk for
grapegrowers.

2. Disseminate a newsletter for stakeholders on sharpshooter seasonal abundance in citrus throughout the region.

Double-sided yellow sticky cards (14 x 22 cm; Seabright Laboratories, Emeryville, CA) are being used to monitor
for adult sharpshooters in citrus. One hundred thirty-four such sticky traps have been placed in citrus groves
throughout the Temecula Valley. All traps are labeled, numbered, and bar coded to identify the site within the
management program. Each trap is then georeferenced with a handheld global positioning system (GPS) monitor.
Most traps are placed at the edge of the groves at the rate of approximately one per 10 acres. Traps are attached
with large binder clips to wooden stakes around the perimeter of the grove. For large groves traps are also placed
in the interior. The total number of traps depends on the size of the orchard block. Sharpshooters found on the
traps are counted and then removed from the trap.

The yellow cards are inspected and replaced every two weeks during the summer and fall (May through October)
and monthly the rest of the year. At each inspection the number of adult GWSS and smoketree sharpshooters
(Homalodisca liturata) are recorded, and the abundance of common generalist natural enemy taxa.

After collecting all data for a given sharpshooter census date, these data are collated into a newsletter that shows
the number of sharpshooters caught, where they were caught, and the seasonal phenology of sharpshooter
populations to date. This newsletter is disseminated to stakeholders via e-mail and on a blog hosted by UC
Riverside’s Center for Invasive Species Research (http://cisr.ucr.edu/temeculagwss/).

RESULTS AND DISCUSSION
The results for 2016 are shown in Figure 1. This includes monthly censuses of GWSS in citrus through April,
then biweekly censuses from May through October. Census results show seasonal patterns of GWSS abundance
and activity that are typical for this region. GWSS catch is low for much of the year; it increases dramatically at
the beginning of the summer and then drops off through August and September. As of early October, GWSS
populations appear to have declined substantially.

Figure 2 shows GWSS catch in 2016 relative to other years. The year 2016 has shown a qualitatively similar
seasonal phenology as in other years, but with a higher overall catch compared to recent years. Indeed, the 2016
GWSS catch was the highest since 2009, but is still several times lower than at the inception of the program.
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Figure 1. Seasonal total GWSS catch in 2016 for 134 traps throughout the Temecula Valley.

Figure 2. Seasonal total GWSS catch in Temecula Valley from 2009-2016.
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CONCLUSIONS
Despite the troubling patterns observed this year there is not yet compelling evidence of a GWSS resurgence in
the Temecula Valley region, as is occurring in portions of the southern Central Valley. Although the overall 2016
GWSS catch appeared earlier in the season and slightly higher (i.e., 100 to 300 GWSS) than most years, it is still
lower overall compared to the 500 to 1,000+ GWSS catches in 2008 and 2009. Some of the explanation may be
because of the potential for treatments made for the Asian citrus psyllid, which is controlled primarily via the
same classes of insecticides. Although the recommended treatment timings are slightly different for Asian citrus
psyllid versus GWSS, as long as insecticide resistance does not develop, applications made for its control may aid
somewhat with GWSS control. Nonetheless, in response to the relatively higher GWSS catch this year, Temecula
grape growers were cautioned to remain vigilant and consider alternative steps for managing Pierce’s disease
pressure in their vineyards.
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ABSTRACT
RNA interference (RNAi) is a natural biological activity for controlling gene expression and for anti-viral defense
in a majority of eukaryotic organisms, including insects. The application of RNAi directed toward different types
of insect plant pests is becoming more feasible and promising. RNAi is already used in commercial agriculture for
plant virus control, and the many new publications demonstrating experimental successes with various plant-
feeding insects suggest that RNAi could have a role in helping to manage Pierce’s disease of grapevines. In our
efforts, we evaluated several approaches in attempts to induce RNAi effects in the glassy-winged sharpshooter
(Homalodisca vitripennis; GWSS), an important vector of Xylella fastidiosa, the causal agent of Pierce’s disease
of grapevines. In order to identify promising RNAi targets we performed transcriptome and small RNA next
generation sequencing of GWSS. We identified RNAi-based responses to GWSS-infecting viruses and assessed
in vitro feeding and transgenic plant assays as a means to initiate RNAi effects against GWSS. We were able to
demonstrate RNAi-induced decreased mRNA levels for specific RNA targets but we did not obtain consistent
phenotypic effects on GWSS.

LAYPERSON SUMMARY
This work presents fundamental efforts towards understanding the feasibility of applying RNA interference
(RNAi) to help combat Pierce’s disease of grapevines. Pierce’s disease is a significant threat to grape production
in California and other parts of the U.S., and the causal agent, Xylella fastidiosa (Xf), a xylem-limited bacterium,
also causes several other extremely important plant diseases worldwide. Our effort here does not directly target
Xf, but instead targets one of its most significant insect vectors, the glassy-winged sharpshooter (Homalodisca
vitripennis; GWSS), and other sharpshooter vectors of Xf.

We focused our efforts towards understanding and optimizing the means to induce RNAi effects in GWSS. In this
regard we evaluated specific interfering RNAs via in vitro assays and transgenic plant-based approaches. We also
generated large scale genomic data along with transcriptome and small RNA datasets, to help us design rational
and effective genetic/genomic efforts against GWSS. We achieved target mRNA reductions in some assays but
did not consistently induce desired phenotypic effects in recipient GWSS.

INTRODUCTION
Our primary objectives were to evaluate and demonstrate RNA interference (RNAi) activity against the glassy-
winged sharpshooter (Homalodisca vitripennis; GWSS). GWSS is an important vector of Xylella fastidiosa (Xf)
and unlike other native sharpshooters, GWSS readily feeds on grapes and has the potential to move through
vineyards, moving Xf as it feeds. New, environmentally sound approaches to target GWSS and other sharpshooter
vectors of Xf are needed in order to help manage Pierce’s disease. RNAi strategies have the potential to help in
long-term, environmentally sound strategies to manage insects.
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RNAi is a natural gene regulation and anti-viral defense mechanism found in insects and other organisms. RNAi
was discovered in the early 1990s when studies with plants demonstrated that transgene-encoded RNAs did not
accumulate in plants as expected, but were degraded in the cell cytoplasm in a sequence-specific manner
(Jorgensen et al., 1996; Lindbo and Dougherty, 1992; Lindbo et al., 1993; Napoli et al., 1990. Most important
from a practical sense is that these also correlated with desirable phenotypic effects in the plants. Since these
initial findings, RNAi has become one of the most intensely studied areas in all of biology and the 2006 Nobel
Prize in Physiology or Medicine was awarded for seminal mechanistic studies on RNAi in the nematode
Caenorhabditis elegans (Fire et al., 1998).

Double-stranded RNAs (dsRNAs), or single-stranded RNAs (ssRNAs) with significant intramolecular base-paired
regions, are recognized as powerful inducers of RNAi. These RNAs are processed by dsRNA-specific
endonucleases (Dicers and/or Drosha, depending on the organism and cellular location) to yield small dsRNAs
ranging from 20 – 30 bp. The resulting small dsRNAs are unwound and one strand (the guide strand) is
incorporated into the Argonaute 1 (AGO1)-associated RNA-induced silencing complex (RISC). When the guide
RNA searches and finds a complementary ssRNA, RNAi activity results, either mRNA degradation or
interference with mRNA translation, depending on the type of guide RNA and the amount of base-paring with the
RNA target. Although RNAi processes vary in different organisms, the overall mechanisms among various
eukaryotes are generally conserved (Siomi and Siomi, 2009). We use the term “siRNAs” to refer in general to the
21-25 nucleotide (nt) small RNAs generated by RNAi activity. The major value of RNAi approaches for
agriculture is that they can be used to very selectively reduce specific gene expression and induce desirable
phenotypes in plants, particularly to prevent pathogen or pest attack.

Transgenic RNAi-specific approaches have already been demonstrated to be very effective for many different
plant viruses, and commercial RNAi-based antiviral resistance is used in U.S. papayas, squash, and recently
plums (Fuchs and Gonsalves, 2007; Gonsalves, 2006; Scorza, 2013; Tricoli, 1995). Hundreds of thousands of
these plants have been planted in the U.S. and the specific, RNAi-based anti-viral resistance has proven to be
robust and to provide environmentally sound virus disease control with no identified negative effects. In recent
years RNAi has been evaluated as a control strategy for insects, even leading to the suggestion of “insect-proof
plants” (Gordon and Waterhouse, 2007). In fact, a recent issue of Science (16 August 2013) featured on the cover
the suggestion of “smarter pest control” and a special section within that issue (pages 728 – 765) was dedicated to
our “pesticide planet” (Kupferschmidt, 2013), and how new opportunities based on our understanding of RNAi
could help feed the world’s growing population and how this could be done in a way that improves sustainability
in agriculture by decreasing our dependence on pesticides for pest control. We took fundamental approaches to
assess the potential for inducing RNAi effects in GWSS and evaluated different strategies to induce RNAi
activity. We successfully demonstrated induction of RNAi effects by several approaches, but did not consistently
demonstrate the ability to induce negative phenotypic effects in GWSS. However, our results provide new
information that is important for assessing RNAi strategies against insect vectors of plant pathogens.

OBJECTIVES
1. Generate and evaluate transgenic potato plants for their ability to generate small RNAs capable of inducing

RNAi effects in GWSS.
2. Identify GWSS-interfering RNAs for practical application.

a. Utilize transgenic potato plants as efficient alternatives for identifying, delivering, and evaluating
efficacious interfering RNAs.

b. Enhance production of interfering RNAs in planta.
3. Generate and use microRNAs from different developmental stages of GWSS insects.
4. Assess the potential of using plant viruses for delivery of small RNA effectors.

RESULTS AND DISCUSSION
Objective 1. Generate and evaluate transgenic potato plants for their ability to generate small RNAs
capable of inducing RNAi effects in GWSS.
Initially, we used 14 GWSS Genbank cDNA sequences corresponding to known proteins in order to synthesize
RNAi inducer molecules, dsRNAs. We then tested whether RNAi was inducible in GWSS cells and insects, and
we showed that RNAi activity is inducible in GWSS (Rosa et al., 2010). Quantitative reverse transcription
polymerase chain reaction (RT-PCR), semi-quantitative RT-PCR, and Northern blot of small and large RNA
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fractions showed that RNAi was achieved in cells and insects injected with dsRNA where target mRNAs were
partially degraded and specific siRNAs (short-interfering RNAs), hallmarks of RNAi, were detected (Rosa et al.,
2010).

In order to generate dsRNAs that can target GWSS, target sequences were cloned into a gateway-compatible
binary vector pCB2004B. The target sequences were cloned in head-to-tail direction in the gateway vector with a
non-homologous sequence between them. Upon transcription in transgenic plants, these constructs will yield
double-stranded, hairpin RNAs of the desired sequence. The expression vectors carrying the insect target
sequences of interest were first cloned into Escherichia coli and Agrobacterium tumefaciens and they have been
sequence verified. A. tumefaciens cultures carrying the sequences of interest were used to transform potato plants
(Kennebec and Desiree varieties) against GWSS target genes Actin, Cuticle, and Chitin Deacetylase (Table 1).
Transformation / regeneration were performed via recharge at the UC Davis Ralph M. Parsons Plant
Transformation Facility (http://ucdptf.ucdavis.edu/) and approximately ten independent transgenic lines were
obtained for each of the constructs. We performed screening of these transgenic potato plants for insert
composition and generation of small RNAs (Figure 1). We vegetatively propagated the T0 plants confirmed to
yield the desired RNAs for use in RNAi experiments with GWSS. In addition to the transgenic plants expressing
GWSS target genes under control of the 35S promoter we generated some potato plants with transgene expression
under a specific xylem promoter EgCAD2, which was cloned from Eucalyptus gunii.

Figure 1. Small RNA northern hybridization analysis of GWSS-Actin transgenic potato
plants. Arrows indicate positions of GWSS anti-actin siRNAs. Lower intensity siRNA
signals are present in many of the other lines.

Objective 2. Identify GWSS-interfering RNAs for practical application.
We compared transgenic potato plants engineered to express interfering RNAs to target GWSS in RNAi feeding
assays. We used plants with transgenes driven by two different promoters for these experiments, the 35S
constitutive promoter and the EgCAD promoter from Eucalyptus gunii. These assays showed that we were able to
induce RNAi effects in GWSS as determined by RT-qPCR analysis of target mRNAs (Figure 2), but we failed to
generate a detectable phenotype on the GWSS; all looked normal and we observed no mortality different from
GWSS fed on non-transgenic control plants. We now believe that this may be due at least in part to how we
performed our assays. We believe that plant-based RNAi-induced phenotypic effects are more dramatic on
nymphs that develop on the plants expressing RNAi inducers.
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We used potato cuttings with caged fourth and fifth instar GWSS nymphs. The cuttings were placed in dilute
nutrient solution and GWSS remained on cuttings for approximately seven days (Figure 3). The GWSS nymphs
were allowed to feed on the cuttings for five days at which point the insects were harvested and RNA was
extracted to test for target mRNA knockdown using RT-qPCR. Unfortunately, these feeding trials did not induce
a detectable phenotype or result in consistent, detectable reduced target gene expression when compared to the
wild-type and green fluorescent protein (GFP) negative control plants. Our ongoing efforts with phloem-feeding
hemipterans have shown similar results, but we have been able to see negative phenotypes only when we allow
target insects to develop on test plants (i.e., they must go through nymphal instar stages and molt). For GWSS this
is a little problematic as they like to move among plants and feed on different species. In fact, in order to have
sufficient reproduction, we rear them in cages containing basil, cotton, and cowpea plants. We also performed
experiments using second and third instar nymphs and kept insects until they became adults, but no obvious
effects were observable.

Figure 2. Relative normalized expression of the GWSS chitin deacetylase gene after GWSS feeding on wild-type and
transgenic plants expressing dsRNA showing no difference in target gene expression between wild-type and transgenic
plant lines. DES 1 is the wild-type potato control. ECAD 3 and ECAD 6 are separate transgenic lines expressing
dsRNA for GWSS chitin deacetylase under control of the EgCAD promoter. GFP 1 is a control transgenic line
expressing dsRNA for GFP. The GWSS ubiquitin gene was used as an internal control for the RT- qPCR. Error bars
represent the standard error of the data.

Objective 3. Generate and use microRNAs from different developmental stages of GWSS insects.
We evaluated three approaches for expressing artificial microRNAs
(amiRNAs) in plants. Our intent was two-fold: one, to use specific
amiRNAs to target GWSS mRNAs and reduce the possibilities for potential
RNAi off-target effects which are more possible with longer, dsRNA RNAi
inducers (Nunes, 2013); and second, we have identified several GWSS-
novel miRNAs by Illumina-based sequencing and bioinformatics analysis
(see Figure 4). We have so far only identified miRNAs in adult GWSS, but
our goals are to identify potential miRNAs that may be GWSS instar-stage
specific and evaluate their potential for use in RNAi towards GWSS.

We used agroinfiltration of Nicotiana benthamiana plants, followed by
small RNA hybridization and Illumina sequencing to assess production of
amiRNAs. These experiments showed that we can produce specific
amiRNAs in plants by two methods: one, by using a binary plasmid vector
to produce the specific amiRNA; and second, by using a modified
begomovirus A component to replicate and express higher levels of
amiRNAs in plants. The latter suggests that it is worth investigating using
grapevine red blotch-associated virus (GRBaV) (Krenz et al., 2014) as a
means for generating specific amiRNAs in grapevines.

Figure 3. GWSS feeding on basil
stem which is submerged in a
solution of double-stranded RNA.
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Figure 4. The microRNA profile analysis of GWSS adult insects revealed the presence of microRNAs that
are conserved between different insects. GWSS adults also share some microRNA conservation with plants.

Objective 4. Assess the potential of using plant viruses for delivery of small RNA effectors.
Our efforts here were based on our previous successes using plant-infecting viruses to express interfering RNAs
in plants. There we used recombinant plant viruses expressing insect RNAi inducers and were able to achieve
negative phenotypes in specific phloem-feeding target insects. Here we attempted to engineer grapevine leafroll-
associated virus-7 (GLRaV-7), a phloem-restricted virus from the complex family Closteroviridae, and grapevine
red blotch-associated virus (GRBaV) for our studies. This is based on successes by others using viruses from the
same family such as citrus tristeza virus in citrus ((Dawson and Folimonova, 2013; Folimonov et al., 2007), and
GLRaV-2 in grapevines (Dolja and Koonin, 2013). In both cases the plant virus-based vectors were capable of
regulating the expression of endogenous genes via virus-induced gene silencing in their respective host plant, and
were capable of expressing foreign genes/sequences for long periods of time showing a significant stability and
durability. Furthermore, our own results using a DNA virus-based system (unpublished) showed that we were
able to produce specific artificial micro RNAs in plants.

We have a GLRaV-7 isolate from California in culture (Genbank accession number: JN383343; Al Rawhnih et
al., 2012), and now have generated complete, full-length cloned cDNAs for this virus. The entire cDNA of
GLRaV-7 is now cloned into a binary vector, pCAMBIA1380. Experiments are still ongoing to assess infectivity by
using standard agroinfiltration, but we also will attempt using vacuum infiltration of grapevine plants as it was
successfully reported for GLRaV-2 in grapevines (Kurth et al, 2012).

Based on our success with expressing amiRNAs in plants we also have been attempting to generate infectious
cloned cDNA versions of GRBaV. We are making progress but this work also is ongoing.

CONCLUSIONS
RNAi is a natural biological activity for controlling gene expression and for anti-viral defense in a majority of
eukaryotic organisms, including insects. The application of RNAi directed toward different types of insect plant
pests is becoming more feasible and promising. In our efforts, we were able to induce RNAi effects in GWSS and
evaluated initial transgenic plants as a means to initiate RNAi effects in GWSS and other leafhopper vectors of
Xylella fastidiosa (Xf). Our lack of producing a desired negative phenotype in target GWSS was due at least in
part to the experimental system and biology available. As we have learned more about GWSS and RNAi
application potential, it seems unlikely that the plant-based approaches used by us have good potential for helping
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to manage GWSS and other sharpshooter vectors of Xf. This is important and thus our data are useful for long-
term decisions. However, because RNAi effects can be induced in GWSS, the use of insect-infecting viruses
modified to induce specific RNAi effects in sharpshooters is a potential strategy that could be considered for
future experimentation.
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ABSTRACT
The overall goal of this project is to develop an RNA interference (RNAi)-mediated system to inhibit maturation
and reproduction of the glassy-winged sharpshooter (GWSS; Homalodisca vitripennis). The initial target for
RNAi will be GWSS jheh (also known as hovi-meh1), the gene that encodes juvenile hormone epoxide hydrolase
(JHEH). GWSS jheh will be used as a model gene target to establish an efficient expression and screening system
for characterizing RNAi effectors. This system will then be used to evaluate other JH metabolic genes including
those that encode JH esterase, JH acid methyl transferase, and other identified genes as targets for RNAi. These
gene sequences will be mined from the recently determined transcriptome sequence of GWSS. Finally, plant
virus- or insect virus-based systems for expression and delivery of the RNAi effectors in insects will be
developed.

LAYPERSON SUMMARY
A natural process called RNA interference (RNAi) is used by a wide range of organisms to regulate normal gene
function and defend against viruses. This process can be artificially manipulated and potentially used as a "gene-
based" insect control tactic. Two critical keys for developing an RNAi-based control tactic are (1) the
identification of a selective target gene, and (2) the development of a system to produce and deliver RNAi
effectors in whole insects. In this project, we are identifying genes that are found in endocrine system of the
glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) as targets for RNAi. A field-applicable delivery
system for inducing RNAi against these targets will also be developed.

INTRODUCTION
In California, the control of the glassy-winged sharpshooter (GWSS; Homalodisca vitripennis) relies primarily on
the use of neonicotinoid insecticides such as imidacloprid and to a lesser extent on biological control using
parasitic wasps and on other classes of chemical insecticides. Both metabolic and target site resistance to
neonicotinoids are found in hemipterans and other insects [1]. The effectiveness of imidacloprid treatment against
GWSS also appears to be on the decline in California [2]. Furthermore, neonicotinoids have been linked to
negative off-target effects such as colony collapse disorder in honeybees resulting in restrictions in their use in the
European Union. The registration of several neonicotinoids is also under re-review by the U.S. Environmental
Protection Agency. Because of the potential loss of imidacloprid both in terms of its efficacy and availability due
to regulatory restrictions, alternative technologies to control GWSS should be considered.

RNA interference (RNAi)-based technologies [3, 4] that selectively target the GWSS endocrine system are a
potential alternative tactic for controlling GWSS and the diseases that it transmits. RNAi is a natural process that
is found in a wide range of organisms that regulates gene function and protects against viruses. The natural RNAi
process can be artificially induced in insects by the introduction of an RNAi effector, i.e., double-stranded RNA
(dsRNA) or small interfering RNA (siRNA) that targets a specific messenger RNA. This technology has been
shown to work in insects that feed on artificial diet infused with dsRNA or siRNA as well as on transgenic plants
that express dsRNA. Two critical keys for developing an RNAi-based control tactic are (1) the identification of a
highly selective and effective gene target, and (2) the availability of a system to produce and deliver the RNAi
effector in whole insects. In this project, genes that are found in the GWSS endocrine system are being developed
as targets for RNAi. Genes in the insect endocrine are ideal targets for knockdown because they are part of an
essential and highly sensitive developmental pathway that is only found in arthropods.
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OBJECTIVES
1. Develop jheh as a model target for RNAi-based control of GWSS maturation.
2. Mine the GWSS transcriptome for other RNAi targets.
3. Develop virus-based dsRNA production and delivery systems for controlling GWSS.

RESULTS AND DISCUSSION
Objective 1. Develop jheh as a model target for RNAi-based control of GWSS maturation.
Juvenile hormones (JHs) and molting hormones (ecdysones) are key components of the insect endocrine system
that help to regulate insect development. JHs also regulate other important biological actions such reproduction,
mating behavior, feeding induction, and diapause (reviewed in [5]). The level of JH within an insect is determined
by a combination of its biosynthesis and degradation. In many insects, JH acid methyl transferase (JHAMT) is the
enzyme that catalyzes the final step of JH biosynthesis. On the other hand, JH degradation occurs through the
action two hydrolytic enzymes called JH epoxide hydrolase (JHEH) and JH esterase (JHE). JHEH and JHE
metabolize the epoxide and ester moieties that are found on all JH molecules resulting in the formation of JH diol
and JH acid, respectively (Figure 1).

Minor changes in normal JH levels through alteration in the action (or lack of action) of JHEH, JHE, and/or
JHAMT have been shown to cause dramatic changes in insect development and/or death. The sensitivity of the
insect endocrine system to minor changes is a critical factor in the success of JH analog insecticides such as
pyriproxyfen and methoprene.

The coding sequence of the jheh gene of GWSS has been identified and confirmed to encode a biologically active
JHEH in a previous project [6]. This gene is now being developed as a target for RNAi in GWSS. Plasmid
constructs for the expression of full-length dsRNAs corresponding to jheh of GWSS have been designed and are
in the construction process. The baseline levels of JHEH and JHE activities in control fifth instar GWSS have
been quantified (Figure 2).

Detailed information about these enzyme activities is needed to quantify the efficacy and selectivity of the RNAi
against the jheh and jhe genes. During the first four days of the fifth instar of GWSS, JHE activity was relatively
low (1.5 to 4.4 pmol of JH acid formed min-1 ml-1 of hemolymph) and found at relatively constant levels. JHE
activity dramatically increased (by about seven-fold) on the fifth day of the fifth instar. JHE activity remained
high (9- to11-fold higher than that found on the fourth day of the fifth instar) on the sixth, seventh, and eighth
days of the fifth instar, then started to decline on the ninth day of the fifth instar. The dramatic increase in JHE
activity during the second half of the fifth instar is predicted to remove residual JH from the hemolymph so that
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(in conjunction with small spikes of ecdysteroids) the juvenile insect undergoes a nymph-to-adult molt instead of
a nymph-to-nymph molt. JHEH activity was lower than JHE activity during all of the time points tested. JHEH
activity increased by about four-fold on the sixth day of the fifth instar, a delay of about one day in comparison to
the spike in JHE activity. These findings suggested that JHE may play a more predominant role than JHEH in JH
metabolism in GWSS.

Objective 2. Mine the GWSS transcriptome for other RNAi targets.
A transcriptome is defined as a set of all of the RNA molecules that are found in a specific set of cells at particular
moment in time. Cooperator Professor Bryce Falk's laboratory has recently determined the sequence of the
transcriptome of fifth instar GWSS [7]. By computer software-based screening of the GWSS transcriptome,
multiple jhe-like coding sequences were identified. These potential JHE encoding sequences were manually
analyzed (24 deduced amino acid sequences during the initial screening) for the presence of conserved motifs (see
[8]) that are found in biologically active JHEs. A rank order of the potential of these sequences to encode a
biologically active JHE was determined and primer sequences were designed for the amplification of the full-
length sequences of the top three candidates. In order to mine the full-length JHE sequence from GWSS, double-
stranded cloned DNA (ds cDNA) libraries were generated from a developmentally mixed population of fifth
instar GWSS (30 individuals) as well as individual GWSS at day 7, 8, and 9 of the fifth instar. The ds cDNAs
were used as template sequences for 3'- and 5'-random amplification of cDNA ends (RACE) procedures to
generate full-length gene coding sequences.

The RACE procedures identified three full-length JHE coding sequence (gnsag1, gqsag1, and gqsag2, Figure 3)
from the ds cDNA library generated from a mixed population of fifth instar GWSS. Gnsag1, gqsag1, and gqsag2
encode open reading frames of 550, 547, and 580 amino acid residues, respectively. Seven amino acid sequence
motifs that are found in known biologically active JHEs were highly conserved in the deduced amino acid
sequences of gnsag1, gqsag1, and gqsag2, i.e., GNSAG1, GQSAG1, and GQSAG2 (Figure 3). A signal peptide
sequence that is found in all known biologically active JHEs was predicted in GNSAG1 but not GQSAG1 or
GQSAG2. However, two additional methionine codons are found within the N-terminal 12 amino acid residues of
GQSAG2. Should translation initiation start from either of these ATG codons, a signal peptide sequence is
predicted. Phylogenetic analysis placed GNSAG1 and GQSAG1 in the same clade (Figure 4). GQSAG2,
however, was found in a clade that was separate from that of GNSAG1 and GQSAG1, and that of known JHEs
from lepidopteran insects. Surprisingly, GNSAG1, GQSAG1, and GQSAG2 did not align with NlJHE, a JHE
from the hemipteran Nilaparvata lugens.
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D  A  H  S  S  L  V  V  D  S  S  Y  G  S  L  R  G  K  W  M   40

acatcccgaggtgggagacagtttgctacttttcttggaataccgtacgccttacctccc

T  S  R  G  G  R  Q  F  A  T  F  L  G  I  P  Y  A  L  P  P   60

actggacatcttcggtttctgccaccaagtcctccgctgaagtggaatggaacaagagat

T  G  H  L R F L  P  P  S  P  P  L  K  W  N  G  T  R  D   80

gcaacagttgaaggtaaagcatgtgtacaacgcgaggtgagaggggacgaggactgcctc

A  T  V  E  G  K  A  C  V  Q  R  E  V  R  G  D  E  D  C  L 100

tatctaaacgttttcacccatagtaccaacaatagtgggcaaacatcaccagttatggtt

Y  L  N  V  F  T  H  S  T  N  N  S  G  Q  T  S  P  V  M  V 120

tacattcatggtggggggttttatggtggttcttcttctctcggcatgtacggacccgag

Y  I  H  G G  G  F  Y  G  G  S  S  S  L  G  M  Y  G  P  E 140

tatcttctcgacagaaacattgtgctagtgactcttcagtaccgactgggtgtgtttggc

Y  L  L  D  R  N  I  V  L  V  T  L  Q  Y  R  L  G  V  F  G 160

tttctcagtaccgaggatagtattattcccggcaacatgggactgaaagatcaaaccatt

F  L  S  T  E  D  S  I  I  P  G  N  M  G  L K D Q T  I 180

gctttgcaatgggtgcaagaaaacattaaagtattcggtggggatgcttcaaaagtcaca

A  L Q W  V  Q E N  I  K  V  F  G  G  D  A  S  K  V  T 200

atattcggaaacagtgcagggtccgcttcagtacatttacacatgctctctcctgggagc

I  F G N S A G S  A  S  V  H  L  H  M  L  S  P  G  S 220

agaagactgtttagtaaagcgatatcacaaagtggtacagcattgagtgcctttgccatg

R  R  L  F  S  K  A  I  S  Q  S  G  T  A  L  S  A  F  A  M 240

attggccgagggacatccaggaacataacattccagttggctcggagcctgaactgttcc

I  G  R  G  T  S  R  N  I  T  F  Q  L  A  R  S  L  N  C  S 260

accgactcatcttaccagatattgaattgtctccagaacaaaacttctacagatgttcaa

T  D  S  S  Y  Q  I  L  N  C  L  Q  N  K  T  S  T  D  V  Q 280

aaaaaatatagtagtttacaagataccaagtatgaaataaagaaagttttattccgtcca

K  K  Y  S  S  L  Q  D  T  K  Y  E  I  K  K  V  L  F  R  P 300

atcgttgaagaagaaagtgaaaatgcatttttaacttcaaacccactgcacattcatact

I  V  E  E  E  S  E  N  A  F  L  T  S  N  P  L  H  I  H  T 320

gataaaccatggctggtaggaattaaccaaaatgaggggttatttaagatcagtttgaaa

D  K  P  W  L  V  G  I  N  Q  N E G  L  F  K  I  S  L  K 340

catctaaatgagaccattcacttgattaaaactgaatttgatcaatttggaccagcagta

H  L  N  E  T  I  H  L  I  K  T  E  F  D  Q  F  G  P  A  V 360

ttattttttgaagatacctgttcaaaacctgttgaaatggctggcttaatttataacttc

L  F  F  E D  T  C  S  K  P  V  E  M  A  G  L  I  Y  N  F 380

tacttcaaaaatgactccacaaaaaatgatatgatagtctcgattgaacgagtcatttcc

Y  F  K  N  D  S  T  K  N  D  M  I  V  S  I  E  R  V  I  S 400

gactcatggtttttgtggcctacaatgcaatctatcggcaaccataacggaacactgtat

D  S  W  F  L  W  P  T  M  Q  S  I  G  N  H  N  G  T  L  Y 420

tgttatttgtttaatcatacaggagaacactctgttacacaatttaatggtgggccccaa

C  Y  L  F  N  H  T  G  E  H  S  V  T  Q  F  N  G  G  P  Q 440

cattttggtgtaagtcacatggatgaacttcactatttattctctcgaaagcgaattatt

H  F G V  S H M D E L  H  Y  L  F  S  R  K  R  I  I 460

cctaatgggttgaacaaagttgatgaaaatgtgtcaaaaatgctgatagatttgtgggtc

P  N  G  L  N  K  V  D  E  N  V  S  K  M  L  I  D  L  W  V 480

aattttgctgaagaaaccaatcctactccagactccataagtagtaatcctcagcaaaga

N  F  A  E  E  T  N  P  T  P  D  S  I  S  S  N  P  Q  Q  R 500

ggtacaaacaatagtatcacttgggaatcctcaaatagtgcagatcctaagtctttgctc

G  T  N  N  S  I  T  W  E  S  S  N  S  A  D  P  K  S  L  L 520

atagaaactaacatgttgtcaatggtagagaatgtttttaaaacaagaatggaattttgg

I  E  T  N  M  L S  M  V  E  N  V  F  K  T  R  M  E  F  W 540

aaaaaattgtcagtaagagataaaatagtgtagagatatgaaggatttgttaagttcata

K  K  L  S  V  R  D  K  I  V  * 550

gaaccctagttagtcaatacatgctgatcagtataaattgactaaaaaagcttgtgcaaa

ccctttaaaacccagacatgcaagaattctatggcttgttatatcaatggtataaaagta

tttggaaaattcctaaatcttcagaaaattttccattttgacagtggaaattaaagaatg

ttgcaaaaaaaaaaaaaaaa

A. B.

C. D.

gattgtgcttgtgatctaacatcagtttgaa

atgctggacgagatagaaatatctacaaaacaaggtagactaagaggtctggtcaagaaa

M  L  D  E  I  E  I  S  T  K  Q  G  R  L  R  G  L  V  K  K  20

tcaattggcagatctaacaagttgtattattcttttcaaggaattccttatgcaaaacct

S  I  G  R  S  N  K  L  Y  Y  S  F  Q  G  I  P  Y  A  K  P  40

ccagtgggaaatttaaggttcaaggaacctgagccttatggccactgggaagatactcga

P  V  G  N  L R F K  E  P  E  P  Y  G  H  W  E  D  T  R  60

gatgccacaaaagaaggaggtgattctctgcaagaacacataatattcctaaatatacat

D  A T  K  E  G  G  D  S  L  Q  E  H  I  I  F  L  N  I  H  80

gggggtgaagattgcctctatctcaatgtgtatactacaaagactggagagcaaggagac

G  G  E  D  C  L  Y  L  N  V  Y  T  T  K  T  G  E  Q  G  D 100

cggaaggctgtgatggtgtggattcatggtggtggctttttcagaggctctgggtctact

R  K  A  V M  V  W  I  H  G  G  G  F  F  R  G  S  G  S  T 120

gaaatttatgggcctgacttcttgatagaagaagatatagtcctggtcacaatcaactat

E  I  Y  G  P  D  F  L  I  E  E  D  I  V  L  V  T  I  N  Y 140

cgcttgggagttttaggatttttatcattggaaaatgaaaagctgcctggaaacttggga

R  L  G  V  L  G F  L  S  L  E  N  E  K  L  P  G  N  L  G 160

cttaaggatcaggttttggcgctaaaatgggtacgagacaacattgacagttttggagga

L K D Q V  L  A  L K W  V  R D N  I  D  S  F  G  G 180

gatccaaacaatgtgacaatatttgggcaaagtgcaggaggggcttctgtacactaccat

D  P  N  N  V  T  I  F G Q S A G G  A  S  V  H  Y  H 200

ctgctgtctccactgtctaaaggattatttcacaaagccatattacagagcggaacacca

L  L  S  P  L  S  K  G  L  F  H  K  A  I  L  Q  S  G  T  P 220

atgtgccaatgggcgtttcaggacaagcccagagagaaaactttcctgctagctaaagaa

M  C  Q  W  A  F  Q  D  K  P  R  E  K  T  F  L  L  A  K  E 240

cttggatgtaactctcaggaccctgacactgttctggagtttctcatgaatgttccttgc

L  G  C  N  S  Q  D  P  D  T  V  L  E  F  L  M  N  V  P  C 260

ttggatatccttaaggctcaggaaagacaaacaatacgaacagaaaaggaaaagatacaa

L  D I  L  K  A  Q  E  R  Q  T  I  R  T  E  K  E  K  I  Q 280

aagtccacactcctctttttaccttgtgttgaagtatctggtgatgctcccttcttacca

K  S  T  L  L  F  L  P  C  V  E  V  S  G  D  A  P  F  L  P 300

gattatcctcgaaaaatgatggagaaaggagaattctccaaggtcccgatcataatgggc

D  Y  P  R K  M  M  E  K  G  E  F  S  K  V  P  I  I  M  G 320

ctcactgaccaagagggattgtcagctctagcacatggagaagtaaagtgtgaaaaaata

L  T  D  Q E G  L  S  A  L  A  H  G  E  V  K  C  E  K  I 340

aatgaaaacctgtcagtgttggttcctcatgacttggccattacacctgacagtgaagaa

N  E  N  L  S  V L  V  P  H  D  L  A  I  T  P  D  S  E  E 360

gaacttagattaggtaaggagattctgcagttttataccaacaccgactctctctcctgg

E  L  R  L  G  K  E  I  L  Q  F  Y  T  N  T  D  S  L  S  W 380

gatgttgtacctcagtatgtggattatatgtctgatatagcttttgccaatgcagaagaa

D  V  V  P  Q  Y  V  D Y  M  S  D  I  A  F  A  N  A  E  E 400

ttttctcgaaagtgctttttaaagcaccatacagctcctgtttacaactatttgtttaca

F  S  R  K  C  F  L  K  H  H  T  A  P  V  Y  N  Y  L  F  T 420

tacttcagcccacgagccttttcagccaagatgatacagatggcatatccagaccatgaa

Y  F  S  P  R  A  F  S  A  K M  I  Q  M  A  Y  P  D  H  E 440

gctgatcagttcatcggatgtggtgcaagtcatgctgatgagctaatacatctgttcaaa

A  D  Q  F  I  G  C G A  S H A  D E L  I  H  L  F  K 460

acaaacattgataaaatccccttcacttctccaactgatgatgaccaagcattaatgaac

T  N  I  D  K  I  P  F  T  S  P  T  D  D  D  Q  A  L  M  N 480

aagcttataaaagcatggacagcttttgctaaaactggaaacccaaactgtgtggaactc

K  L  I  K  A  W  T  A  F  A  K  T  G  N  P  N  C  V  E  L 500

aatgtaatatggaaagaagacactatccaaaatccttgtttcatggaaataggaaaggtt

N  V I  W  K  E  D  T  I  Q  N  P  C  F  M  E  I  G  K  V 520

tggaaatctactgacggtatcttatttcctgagagaattgagttttggaataaaatttat

W  K  S  T  D  G  I  L  F  P  E  R  I  E  F  W  N  K  I  Y 540

gaaaagtactcatatttgtactgaacgaagaaatctgtttgtactgtaatttataaaatg

E  K  Y  S Y  L  Y  *                                     547

ttcctagcactgtaatgattgtaatatggtttcattataatatatctcacaaaaaaaaaa

aaa

GQSAG2 -------MSWYLSVGLVSA---ILAAASSEFVDLPVLVTKKGPIIGLRVDPNPATNISYD

CqJHE MCELKKMLVLFILLCHVFAHETQRLGTEENTLQNPRVCIDDGCLRGKTM--EGYQAGPFN

GNSAG1 ---MKNINLQFILLTVLNAY------IAADAHSSLVVDSSYGSLRGKWM--TSRGGRQFA

GQSAG1 ------------------------------MLDEIEISTKQGRLRGLVKKSIGRSNKLYY

.   :  . * : *            :

GQSAG2      AYIGIPFGQIPG---RFQVALPRAPWTDP--RYTQKDGPACPQS-------SMAYDEDCL

CqJHE       AFVGIPYAKPPTEELRFSNPVRNEPWKRGIVYNATEDKPMCVQKNDLLPNAKVSGDEDCL

GNSAG1      TFLGIPYALPPTGHLRFLPPSPPLKWNGT--RDATVEGKACVQR-------EVRGDEDCL

GQSAG1      SFQGIPYAKPPVGNLRFKEPEPYGHWEDT--RDATKEGGDSLQEHIIF--LNIHGGEDCL

:: ***:.  *    **        *       :  :   . *        .:   ****

GQSAG2      YLNVFTPMNASATHGILPVMVFIHGSGFLSSSSNSHWIGPDFLIPE-HVILVAMNYRLGA

CqJHE       YLNVYQPMVHSSSKTPLPVMVYIHGGGFFAGGASPSIIGPEYFMDTRRVILVTFQYRLGV

GNSAG1      YLNVFTHSTNNS-GQTSPVMVYIHGGGFYGGSSSLGMYGPEYLLDR-NIVLVTLQYRLGV

GQSAG1      YLNVYTTKTGEQ-GDRKAVMVWIHGGGFFRGSGSTEIYGPDFLIEE-DIVLVTINYRLGV

****:     .       ***:***.**  ....    **::::    ::**:::****.

GQSAG2      PGFLTLGSKIAPGNLGLHDTRLALEWVRDEISVFGGDPTQVTLFGQSAGSAMTQFHYISS

CqJHE       FGFLSTGDEVAPGNFGLKDQVMALRWVKHNIAYFGGNPDLVTIFGQSAGGASVHMHMISP

GNSAG1      FGFLSTEDSIIPGNMGLKDQTIALQWVQENIKVFGGDASKVTIFGNSAGSASVHLHMLSP

GQSAG1      LGFLSLENEKLPGNLGLKDQVLALKWVRDNIDSFGGDPNNVTIFGQSAGGASVHYHLLSP

***:  ..  ***:**:*  :**.**:.:*  ***:   **:**:***.* .: * :*

GQSAG2      LSSDLFQRAIGHSGSALAGWSSYSLSEGVHRARLLAESLKCNM--TQNDTMLLDCMQKAD

CqJHE       MSDGLFSRAIVMSGNAIAPWNIPTEDPL-SLAQRQAEAVGITQVDTLSSKQLVDALRNVD

GNSAG1      GSRRLFSKAISQSGTALSAFAMIGRGTSRNITFQLARSLNC---STDSSYQILNCLQNKT

GQSAG1      LSKGLFHKAILQSGTPMCQWAFQDK--PREKTFLLAKELGC---NSQDPDTVLEFLMNVP

*  ** :**  **. :. : :   *. :      : .   ::: : :

GQSAG2      IKDVISNQYVQL--SYDDYTVGSSFPFLPVLDTFETSDTPFFNDTSIDNMMQQALLRAKP

CqJHE       ANVLSGSI-----DELKFWSIDPLTLYRPVVEPLCSSNESFLIEDPR-ISWRKGSYQKIP

GNSAG1      STDVQKKY----SSLQDTKYEIKKVLFRPIVEE--ESENAFLTSNPL-HIHT-----DKP

GQSAG1      CLDILKAQERQTIRTEKEKIQKSTLLFLPCVEV--SGDAPFLPDYPR-KMMEKGEFSKVP

:            .         : * ::    .:  *: .               *

GQSAG2      LITGFTTDEGILKFMDKG-----WQMAEGNLGAFIPPKIRDSVSKAERSSLADTIKSRYY

CqJHE       WMTGYLPNDGAVRAIAITSNEKLLNELNANISYILPMLLE-KPSSQELM---KVLKLRYF

GNSAG1      WLVGINQNEGLFKI-SLKHLNETIHLIKTEFDQFGPAVLFFEDTCSKPVEM-AGLIYNFY

GQSAG1      IIMGLTDQEGLSAL-AHGEVK--CEKINENLSVLVPHDLAITPDSEEELRL-GKEILQFY

: *   ::*              .  : ::  : *  :       :          .::

GQSAG2      PDSVDENKI-----ESAVRIYTDAMFS----YPSLQVTR-------YFANLTYGYLFAYN

CqJHE       NDSTDEKWITTENEQRLVDLYTEAAFL----YPIQSAVKQHVTSADTKLAPVSIYKFSFK

GNSAG1      FKNDSTKNDMIV---SIERVISDSWFL----WPTMQSIG-------NHNGTLYCYLFNHT

GQSAG1      TNTDSLSWDVVP---QYVDYMSDIAFANAEEFSRKCFLK-------HHTAPVYNYLFTYF

.. . .              ::  *     :                      * * .

GQSAG2      GAWAGPP---------SSFSVYK----MTGVGHGADLYYLLYVNGSSQYVDTCTPNLPNL

CqJHE       GPYSYSF-------------LYTFTHQDFGVVHCDELIYLFRSPA---LFPDFPHKSKEA

GNSAG1      GE--------------HSVTQFNGGPQHFGVSHMDELHYLFSRKR---IIP-NGLNKVDE

GQSAG1      SPRAFSAKMIQMAYPDHEADQFI----GCGASHADELIHLFKTNI--DKIPFTSPTDDDQ

.                    :       *. *  :* :*:        .     .  :

GQSAG2      QMKDQMVKWWTSFAKNGVPGLPWET--ISEGG------YLIIDGSDPSKMNTTEFE----

CqJHE       RMSHHFVEFFINFAINGVATPLKPY----RGCNNDNEVYQSMDCDVLEFINSSEPGKPFE

GNSAG1      NVSKMLIDLWVNFAEETNPTPDSISSNPQQRGTNNSITWESSNSADPKSL---LIETNML

GQSAG1      ALMNKLIKAWTAFAKTGNPNCVE-----------LNVIWKEDTIQNPCFM---EIGKVWK

: . ::. :  **                        :          :

GQSAG2 --------SQFYDFWANMKPQSGNSADPLGLRFFFIKVALLSLFHHIFKV

CqJHE       VRVSNGRNEDLFSFWRKFY-------------------------------

GNSAG1      S-MVENVFKTRMEFWKKLSVRDKIV-------------------------

GQSAG1      S-TDGILFPERIEFWNKIYEKYSYLY------------------------

.** ::

agaatagcagtt

atgaaatctcatcagtacctaaccatgtctgatatgtcgtggtacttaagtgtaggtctg

M  K  S  H  Q  Y  L  T  M  S  D  M  S  W  Y  L  S  V  G  L 20

gtgtcggcaatacttgctgctgcaagcagtgaatttgtggatctaccagtactggtcaca

V  S  A  I  L  A  A  A  S  S  E  F  V  D  L  P  V  L  V  T 40

aaaaaaggacccatcattggtttacgtgtagaccccaatcctgccacaaatatatcctat

K  K  G  P  I  I  G  L  R  V  D  P  N  P  A  T  N  I  S  Y 60

gacgcttacattgggattccatttggacaaataccaggacgatttcaggtggctttacca

D A  Y  I  G  I  P  F  G  Q  I  P  G R F Q  V  A  L  P 80

agggcaccttggacagaccctcgctacacacaaaaagatggaccagcctgtccacaatca

R  A  P  W  T  D  P  R  Y  T  Q  K  D  G  P  A  C  P  Q  S 100

agcatggcgtatgatgaagactgtttgtacttaaatgtgttcacaccaatgaatgcatct

S  M  A Y  D  E  D  C  L  Y  L  N  V  F  T  P  M  N  A  S 120

gctactcacggaattttacctgtaatggtgttcattcatggaagtggctttctcagtagc

A  T  H  G  I  L  P  V  M  V  F  I  H  G  S  G  F  L  S  S 140

tctagtaattcacattggattggaccagacttcttgatacctgaacatgtcattctagtt

S  S  N  S H  W  I  G  P  D  F  L  I  P  E  H  V  I  L  V 160

gctatgaactatcgtctaggagcaccaggtttcctcactttgggttctaagatagcacct

A  M  N  Y  R  L  G  A  P  G  F  L  T  L  G  S  K  I  A  P 180

ggcaacttgggtttgcatgatacaagattagctctggaatgggtcagagacgagatctca

G  N  L  G  L H D T R  L  A  L E W  V  R D E  I  S 200

gtatttggaggagatcctacacaagtgactctgtttggtcagagtgctggttcagctatg

V  F  G  G  D  P  T  Q  V  T  L  F G Q S A G S  A  M 220

actcaatttcactacatctcatctctatcctcagatctgttccaaagagctattggacat

T  Q  F  H  Y  I  S  S  L  S  S  D  L  F  Q  R  A  I  G  H 240

agtggatctgcgttggcaggctggagctcttactcactttctgagggcgtgcacagagcc

S  G  S  A  L  A  G  W  S  S  Y  S  L  S  E  G  V  H  R  A 260

aggcttcttgctgaaagtctaaaatgcaacatgacgcagaacgacacaatgcttctggat

R L  L  A  E  S  L  K  C  N  M  T  Q  N  D  T  M  L  L  D 280

tgtatgcagaaagctgacatcaaagatgtcatctctaatcaatatgtacaactgtcgtat

C  M  Q  K  A  D  I  K  D  V  I  S  N  Q  Y  V  Q  L  S  Y 300

gatgattatactgtagggagcagttttccatttctgcctgtgcttgatacatttgagaca

D  D  Y T  V  G  S  S  F  P  F  L  P  V  L  D  T  F  E  T 320

tcggacacaccattctttaatgatacatccatagacaacatgatgcagcaagctctcttg

S  D  T  P  F  F  N  D  T  S  I  D  N  M  M  Q  Q  A  L  L 340

cgggccaaaccactcatcacagggttcacaactgatgaggggattcttaagttcatggat

R  A  K  P L  I  T  G  F  T  T  D E G  I  L  K  F  M  D 360

aaggggtggcaaatggctgaaggcaacttaggagcttttatccctccaaagatcagagat

K  G  W  Q  M  A  E  G  N  L  G  A  F  I  P  P  K  I  R  D 380

agcgtcagtaaagctgagagatcgagtcttgccgatactatcaagagtcggtactaccct

S  V  S  K  A  E  R  S  S  L  A  D  T  I  K  S  R  Y  Y  P 400

gactctgttgatgagaacaaaattgagagtgctgtcaggatatacaccgatgccatgttc

D  S  V  D  E  N  K  I  E  S  A  V  R  I  Y  T  D  A  M  F 420

tcatatccttctctacaagtgactcggtactttgctaacctgacctacggttatctattt

S Y  P  S  L  Q  V  T  R  Y  F  A  N  L  T  Y  G  Y  L  F 440

gcatacaatggtgcatgggcaggaccgccttcttccttctctgtctacaaaatgactgga

A  Y  N  G  A  W  A  G  P  P  S  S  F  S  V  Y  K  M  T G 460

gtcggtcatggggcagacttgtactacttgctatatgtaaacggcagttcacagtatgtg

V  G H G  A D L  Y  Y  L  L  Y  V  N  G  S  S  Q  Y  V 480

gacacctgcacacccaacttgcccaatcttcaaatgaaggaccaaatggtcaaatggtgg

D  T  C  T  P  N  L  P  N  L  Q  M  K  D  Q  M  V  K  W  W 500

acatcgtttgcaaagaatggtgttcctggtctgccttgggagacaatatctgagggaggc

T  S  F  A K  N  G  V  P  G  L  P  W  E  T  I  S  E  G  G 520

taccttataatagatggctctgatccttctaagatgaacactacagaatttgagagtcaa

Y  L  I  I  D  G  S  D  P  S  K  M  N  T  T  E  F  E  S  Q 540

ttctatgacttctgggcaaatatgaagccacaaagtggtaattcggctgatcctctcggc

F  Y  D  F  W  A  N  M  K  P  Q  S  G  N  S  A  D  P  L  G 560

ctcagattttttttcatcaaagttgctctgttaagtttattccatcatatttttaaagtc

L  R  F  F  F  I  K  V  A  L  L  S  L  F  H  H  I  F  K  V 580

tgattttgtcaaattaaaagttttatttttagatgc

*
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Figure 3 legend. JHE-like nucleotide and deduced amino acid sequences from nymphal GWSS. Three full-
length cDNA sequences (named gnsag1 (A), gqsag1 (B), and gqsag2 (C)) are shown. The open reading frames of
gnsag1, gqsag1, and gqsag2 encode putative proteins of 550, 547, and 580 amino acid residues, respectively. The
asterisk indicates a stop codon (TAG or TGA). Seven amino acid sequence motifs (RF, DQ, GQSAG, E,
GxxHxxD/E, R/Kx(6)R/KxxxR, and T) that are found in biologically active JHEs are highly conserved in the
deduced amino acid sequences of gnsag1, gqsag1, and gqsag2 (shown in bold-underlined or bold-italic text). A
comparison of these conserved motifs with those found in a known JHE (CqJHE) is shown in panel D (putative
catalytic site residues are shown within the boxes). Putative signal peptide sequences in the deduced amino acid
sequence of gnsag1 (N-terminal 22 amino acid residues) and gqsag2 (amino acid residues 12-30, assuming
translation begins at the third ATG) are shown in italic text. A putative signal sequence was not predicted in the
amino acid sequence of gqsag1. Amino acid residue positions are indicated to the right.

In order to determine if GNSAG1, GQSAG1, and GQSAG2 are able to hydrolyze JH at a rate that is consistent
with known JHEs, recombinant baculoviruses expressing these proteins were generated. Initially, four constructs
were generated that expressed GNSAG1, GQSAG2, and two forms of GQSAG2. Namely, constructs expressing
the full-length GQSAG2 (i.e., GQSAG2L) and a slightly (11 amino acid residues) shorter version of GQSAG2
(i.e., GQSAG2S) were produced. The GQSAG2S protein initiates from the third methionine codon (see
Figure 2C) resulting in a protein (unlike GQSAG2L) that encodes a predicted signal peptide for secretion.
Unfortunately, these constructs produced recombinant proteins that showed approximately 3,000-fold or lower
specific activity for JH III in comparison to a known JHE that was expressed and assayed under identical
conditions (Table 1). In order to confirm that the cDNA insert of these recombinant baculoviruses was correct,
new recombinant baculoviruses were isolated and the recombinant protein expressed by these new baculoviruses
was tested for JH hydrolytic activity. These newly expressed proteins showed the same pattern of specific activity
for JH III as the original constructs (Table 1).

CqJHE (JN251105)

DmJHE (AF304352)

TmJHE (AAL41023)

PhJHE (BAE94685)

GaJHE (ABQ23214)

GNSAG1

GQSAG1

GQSAG2

CfJHE (AAD34172)

HvJHE (AAC38822)

MsJHE (AAG42021)

BmJHE (AAL55240)

NlJHE (ACB14344)

Figure 4. Phylogenetic relatedness GNSAG1, GQSAG1, and GQSAG2 with known JHEs and their hydrolytic
activity for JH III. A. Phylogenetic analysis was performed using MEGA version 6. The tree was generated by the
Neighbor-Joining method using a ClustalW generated alignment of 10 known JHE sequences (GenBank accession
numbers are shown within the parentheses). The percentage of replicate trees in which the sequences clustered together
in the bootstrap analysis (1000 replicates) is shown at the branch nodes. The tree is drawn to scale, with branch lengths in
the same units as those of the evolutionary distances used to infer the phylogenetic tree. The five insect orders from
which the sequences are derived are: Coleoptera: TmJHE and PhJHE; Diptera: CqJHE and DmJHE; Hemiptera:
GNSAG1, GQSAG1, GQSAG2, and NlJHE; Lepidoptera: CfJHE, HvJHE, MsJHE, and BmJHE; and Orthoptera:
GaJHE.
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Objective 3. Develop virus-based dsRNA production and delivery systems for controlling GWSS.
Insect viruses are used as highly effective biological insecticides to protect against pest insects of forests and
agricultural plantings such as soybeans. Insect viruses have been genetically modified to further improve their
efficacy for crop protection. For example, leaf damage caused by the tobacco budworm in tomato plants can be
reduced by up to 45% when they are infected with a genetically modified virus that expresses a jhe gene [9]. Two
viruses from GWSS, Homalodisca coagulata virus-1 (HoCV-1) [10] and Ho. vitripennis reovirus (HoVRV) [11],
are well-characterized. HoCV-1 and HoVRV are naturally found in GWSS populations in the field but they are
not severely pathogenic against GWSS. Recently, an in vitro system (i.e., a continuous cell line) that appears to
support the replication of HoCV-1 has been identified [12]. The availability of an in vitro system (i.e., [12, 13]) is
a critical tool for the genetic modification of a virus that is highly pathogenic in GWSS. The primary goal of
Objective 3 is to identify new, highly pathogenic GWSS viruses that are supported by a robust in vitro system that
can be used in the genetic modification of these viruses. The experiments to accomplish these goals are ongoing.

CONCLUSIONS
The overall goal of this project is to study and exploit targets within the endocrine system of GWSS that can be
used to control GWSS or reduce its ability to spread Pierce’s disease. The approach involves the identification
and characterization of genes that are unique to the GWSS endocrine system that metabolize a key insect hormone
called juvenile hormone. Once characterized the genes will be targeted for gene knockdown using a process called
RNA interference. A potential outcome of this project is the development of an alternative control strategy for
GWSS. Thus far we have determined the baseline levels of JHE and JHEH activities in fifth instar GWSS
nymphs. We have cloned and sequenced the complete coding sequence of three esterase-encoding cDNAs from
fifth instar nymphs. We have expressed recombinant proteins from the major open reading frame of each of these
cDNAs. We have shown that two of the cDNAs do not encode a protein with JHE activity. We are in the process
of confirming the biological activity of the third cDNA. Experiments to develop a production and delivery system
for RNAi effectors that target the jheh or jhe gene are ongoing.

Table 1. Specific activity of recombinant GNSAG1, GQSAG1, GQSAG2L, and
GQSAG2S for JH III

Protein Source1 Specific Activity2

(nmol JH III acid/min/ml)
Total Activity

(nmol JH III acid/min)

GNSAG1-A supernatant <0.007 <0.7
GNSAG1-B supernatant <0.003 <0.3
GQSAG1-A supernatant 0.007 ± 0.001 0.7
GQSAG1-B supernatant 0.005 ± 0.002 0.5

GQSAG2L-A supernatant <0.007 <0.7
GQSAG2L-B supernatant <0.003 <0.3
GQSAG2S-A supernatant <0.007 <0.7
GQSAG2S-B supernatant 0.003 ± 0.001 0.3

CqJHE supernatant 22.1 ± 3.5 2,210
CqJHE cell lysate 1.3 ± 0.2 130

1The culture supernatant of recombinant baculovirus-infect High Five cells was diluted 1:10 for the
recombinant GWSS proteins or 1:1000 for CqJHE. The cell pellet of the CqJHE baculovirus-
infected High Five cells was resuspended in the same volume of buffer (100 mM sodium phosphate
buffer, pH 8) as was used for cell culture. The baculovirus-infected High Five cells and supernatant
was harvested at 65 h post inoculation. The "A" and "B" notations indicate supernatant from cells
that were inoculated with independently isolated recombinant baculovirus clones.
2Specific activity was determined in 100 mM sodium phosphate buffer, pH 8, containing 1 mg/ml
BSA, and 5 µM JH III. The reactions were allowed to proceed at 30ºC for 15 or 150 minutes. The
hydrolytic activity of CqJHE, a known juvenile hormone estersase from the mosquito Culex
quinquefasciatus, was determined under the same conditions.
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ABSTRACT
Exploitation of vibrational signals for suppressing glassy-winged sharpshooter (Homalodisca vitripennis; GWSS)
populations in citrus orchards and vineyards could prove to be a useful tool. However, existing knowledge on
GWSS vibrational communication is insufficient to implement a management program for this pest in California.
Therefore, the objective of this study was to identify and describe substrate-borne signals associated with
intraspecific communication of GWSS. Recordings of GWSS placed together on plants revealed a complex series
of behaviors linked to vibrational signals that lead to mating. Analysis of the spectral and temporal features of
GWSS vibrational signals such as frequency span, dominant and/or fundamental frequency, intensity, and pulse
repetition rate identified candidate disruptive signals (natural and synthetic) that can be reproduced in any GWSS
host plant, but efficacy of such signals in interfering with GWSS communication remains to be determined.

LAYPERSON SUMMARY
Animal communication is vital to reproduction, particularly for securing a mate. Some insects, including the
glassy-winged sharpshooter (Homalodisca vitripennis; GWSS), communicate by exchanging vibrational signals
that are transmitted through host plants. Since GWSS mate selection behaviors rely on vibrational
communication, what if signals can be interfered with to prevent communication? If animals fail to communicate,
population densities are likely to reduce due to lack of fertilization. Exploitation of disruptive vibrational signals
for suppressing GWSS populations in citrus orchards and vineyards could prove to be a useful tool for reducing
incidence of Pierce’s disease, but existing knowledge on GWSS vibrational communication is insufficient to
implement a management program for this pest in California. Using a laser-Doppler vibrometer and associated
softwares, project scientists identified and described signals used by GWSS to communicate. Candidate disruptive
signals (natural and synthetic) that can travel in any GWSS host plant (including citrus and grapevines) were
identified, but efficacy of such signals remains to be determined.

INTRODUCTION
The glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) is a polyphagous pest that mates and lays
eggs on hundreds of plant species, including grapevines (Figures 1A and 1B). In laboratory conditions, highest
fecundity and longevity observed for a single GWSS female were 967 eggs and 296 days, respectively (Krugner,
2010). On grapevines, GWSS reproduce from spring to fall producing at least two generations per year. During
winter months, GWSS population densities decline sharply and are strictly associated with non-deciduous shrubs
and trees. Population size is a result of the combined actions of births, deaths, immigration, and emigration. While
products (e.g., insecticides) are available to increase mortality of insect vectors of plant pathogens, research is
needed to identify methods to reduce birth (Sisterson and Stenger, 2016). Current measures to reduce GWSS
population density in California include mass release of egg parasitoids and insecticide applications in urban and
agricultural areas. Despite such efforts, geographic distribution and population densities of GWSS continue to
expand. Chemical control of GWSS in urban areas, organic farms, and crops under integrated pest management
programs is problematic because insecticides are ineffective, not used, or incompatible with existing practices,
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respectively. The near-zero tolerance for GWSS in vineyards, particularly in areas where Pierce’s disease is
endemic, poses a constant challenge for grape growers. Thus, long-term suppression of GWSS populations will
rely heavily on novel methods.

Vibrational communication is a widespread form of communication in invertebrate and vertebrate animals
including fish, amphibians, reptiles, birds, and mammals (Cocroft et al., 2014). Arthropods emit vibratory signals
in connection with aggression, distress, calling, courtship, rivalry, searching, and other behaviors associated with
finding conspecifics and avoiding predation (Čokl and Virant-Doberlet, 2003). In leafhoppers, mate recognition,
localization, and courtship occur via substrate-borne vibrational signals transmitted through the plant. Disruption
of communication has been the goal of research on many harmful organisms, including Xylella fastidiosa. Since
the early 2000s, methods have been developed to interfere with X. fastidiosa cell-cell communication (Lindow et
al., 2000, 2014), but only recently vector mating communication became a target for controlling Pierce’s disease
(Krugner et al., 2014). Exploitation of disruptive, attractive, and/or repellent signals for suppressing GWSS
populations in citrus orchards and vineyards could prove to be a useful tool. However, existing knowledge on
GWSS vibrational communication is insufficient to implement a management program for this pest in California.

OBJECTIVES
The objective of this research was to identify and describe substrate-borne signals associated with intraspecific
communication of GWSS in the context of mating behavior.

MATERIALS AND METHODS
Insects and plants.
Late-instar (4th and 5th) GWSS nymphs obtained from colonies were separated by gender in cages to rear virgin
adult individuals. After molting to the adult stage, females were transferred individually to a mesh-screen tube
cage (10 cm diameter × 40 cm height) containing a cowpea plant. Reproductive maturity in about 150
individually caged females was determined by oviposition of non-fertilized eggs. Male insects used in the
experiments described below were of the same age as reproductively active females. After female reproductive
maturity and virginity was confirmed (oviposition of unfertilized eggs, without embryo development), test insects
were used in the recording experiments described below. Each insect was tested only once.

Experimental setup.
Experiments were conducted in a transparent arena (60 cm length × 60 cm width × 80 cm height) made of 1-cm
thick acrylic walls, centered inside a chamber formed by 86 cm × 86 cm × 98 cm high black fabric and sound
isolating walls. The arena and chamber were placed on an active vibration isolation table (Model 20-561,
Technical Manufacturing Corporation, Peabody, MA). Light-emitting diode (LED) lights were affixed to the top
of the chamber. Insect behaviors were monitored via video and recorded to a computer. Vibrational signals
produced by individuals were recorded using a laser Doppler vibrometer (PDV 100, Polytec, Inc., Irvine, CA) and
digitized with Adobe Audition® C26 (Adobe Systems, Inc., San Jose, CA) at a 44.1 kHz sample rate and 32 bits
resolution. Plants were about 30 cm in height, with two apical leaves (approximate surface of 49 cm2).

Experiment 1. Mating behavior and signal characterization.
Bioassays were conducted between 0800 and 1900 hours at 25 ± 0.5°C. Before testing, insects were allowed 15
minutes to acclimatize to ambient conditions in 130 ml plastic vials placed within the chamber housing the plant.
After the acclimatization period, insects were released into the acrylic arena. Three types of trials were performed:
1) single individuals, 2) mating pairs, and 3) male rivalry for a female. In trial 1, virgin males (n = 21) and
females (n = 26) were placed on plants individually to identify spontaneous signaling (i.e., calling songs) for each
gender. In trial 2, mating pairs (n = 33) were monitored for their signaling by placing a female and a male on the
plant. In trial 3, two males were placed on a plant and immediately after a female was added (n = 30). Trials
consisted of 90-minute observations, except for trials with individual female that consisted of 45 minutes. This
was because in preliminary trials we have found a higher signaling rate in females than males. When mating
occurred during the trials, the pair was immediately transferred to a tube cage containing a cowpea plant and kept
until copulation ended. After copulation, the female was kept individually on a plant until fertility was confirmed
by deposition of fertilized eggs.
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Figure 1. A) GWSS mating pair in Kern County and B) a male GWSS attempting to
mate with a non-receptive female in Fresno County. The GWSS pairs in the photos are
individuals from wild populations reproducing on grapevines.

Experiment 2. Validation of signal playback as a stimulus to initiate duets.
Playback trials were conducted to assess whether 1) substrate-borne vibrations alone were sufficient to elicit a
conspecific response and 2) vision had a role in eliciting male signaling activity. Signals selected from those
recorded in Experiment 1 were transmitted to the plant with an electrodynamic mini-shaker (Type 4810, Brüel &
Kjær, Inc., Norcross, GA). Signal playback was activated two minutes after the individuals were released on the
test plant. Amplitude of stimulatory playback signals were adjusted to the level of recorded natural GWSS signals
as registered at the point of recording with laser vibrometer. In the first trials, a female (n = 20) was stimulated
with a playback consisting of a repetition of two Male Signal 1 (MS1) and two Male Signal 2 (MS2) using a
randomized design and signal interval of 10 seconds. In the second trial, a male (n = 20) was stimulated with a
playback made of a repetition of two different female signals (FS1) (see results of Experiment 1 for male and
female signal definitions). To assess the potential role of visual stimuli in eliciting the male mating behavior, a
thawed GWSS female was affixed to the plant using an entomological pin. A male was placed on the downside of
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a leaf at approximately 15 cm from the thawed female, which was placed near the shaker position on the stem
plant. The male was stimulated (n = 20) or not (n = 21) with the playback.

Terminology and signal characterization.
Vibrational signals were named according to their behavioral context. Calling signals were defined as signals that
are emitted spontaneously to trigger a reply from the opposite sex. Pulse was defined as a physically unitary or
homogeneous sound, composed of a brief succession of sine waves. A pulse train was defined as a succession of
repetitive and temporally well-distinct group of pulses. A signal, or part of it, was defined as fragmented when its
emission was not continuous but characterized by regularly repeated interruptions. Spectral and temporal
parameters of the recorded signals were analyzed with Raven Pro 1.5 (The Cornell Lab of Ornithology, Ithaca,
NY) using Fast Fourier Transform (FFT) type Hann with window length of 8192 samples and 80% overlap. The
following parameters, when applicable, were measured for each signal: duration, pulse (or fragment) repetition
time (measured as the distance between the onset of two consecutive elements), percentage of male signal length
made up of Section 2 (fragmented part, see below), fundamental frequency (ff), and relative amplitude measured
as root mean squared (RMS). To describe the frequency trend of harmonic signals, the ff was measured at the
beginning (b), at mid length (m), and at the end (e) of any signal. To determine ff rate of increase/decrease within
a signal, modulation rate (MR) was calculated as follows:

MRxy = (ffy – ffx)/txy

where x and y indicate the 0.1-sec part of the signal where the ff was sampled, and t was the time (seconds)
between the sampling points x and y.

Recordings of single males (n = 5) and females (n = 10), couples that mated (n = 12), and trios that resulted in
rivalry behavior (n = 17) were used to characterize the vibrational signals of GWSS. A total of 40 signals (per
type, at most five samples per individual) were analyzed using t-test or One-Way ANOVA followed by Tukey’s
post hoc test. To eliminate biases in signal amplitude due to different distances between the emitter and the
recording location (i.e., laser beam) on the plant, the Root Mean Square (RMS) was measured only from
stationary individuals. To compare the RMS of male and female signals, the Friedman test (non-parametric
repeated measures ANOVA) with five replications was performed followed by pairwise multiple comparisons.
Amplitude was not analyzed for signals in trio trials because males involved in rivalry contests tended to keep
moving along the plant. Therefore, it was not possible to assign with certainty a signal to a specific male or to
record enough samples of different signals from stationary males. To determine whether the spectral and temporal
features of male and female signals varied during the pair formation process, statistical analysis was conducted
across the two identified behavioral phases (see results). A stepwise discriminant analysis was used to determine
whether signals could be distinguished based on their temporal (duration) and spectral (ffb, MRbm and MRme)
profiles, and if so, which parameters were more important.

Analysis of behavioral parameters.
For insects tested individually on plants, the following parameters were measured: time from beginning of
recording to first emission of a vibrational signal (call latency), number of individuals who emitted at least one
signal during trials (signaling activity), and number of signals emitted in the given time. Since the number of
males that spontaneously emitted signals was low, call latency and number of signals emitted were not compared
between males and females. For insects tested in pairs, latency to first duet, as the first reply to a signal regardless
of gender, duration of identification duet (see results), and latency to mating as the time between latency to first
duet and copula were recorded. To estimate duration of copula, mating pairs were checked every 30 minutes until
the couple separated or 6:00 PM, depending on which came first. For the analysis of signaling behavior, a first-
order Markovian behavioral transition matrix for the pair formation process was created for each individual using
data from all pairs that established a duet (n = 21). Transition probabilities were calculated from the observed
frequency of a transition between two events (either a signal emission or a behavior) divided by the total number
of occurrences of the first of the two events. Male signals analyzed were MS1, MS2, and Qv; female signals were
FS1 and FS2 (see results). The selected behaviors were: identification duet, movement (i.e., walking), mating
attempt, and copula. The expected values were calculated using the iterative proportional fitting method, then the
G-test (Williams’ corrected) was performed to determine the significance of the overall table and of transitions by
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collapsing the table in a 2 × 2 matrix. Significance of each transition was calculated after sequential Bonferroni
method.

Because of the unreliability in distinguishing the signals emitted by each male on trios, behavioral analysis based
on Markovian transitional matrices were not performed for trios. A G-test (Williams’ corrected), followed by
Ryan’s multiple comparison test for proportions, was performed to determine which rivalry signal transitions were
most common. One tail unpaired t-test was used to compare latency to copula between pairs (no rivalry) and trios.
G-test (Williams’ corrected) was used to determine whether male rivalry behaviors affected the probability of
accomplishing mating. In experiment 2, G-test (Williams’ corrected) was used to compare the replying activity,
number of individuals who emitted at least one signal when stimulated with the playback, and to compare with
males in the presence of visual cue (dead female), either with playback on or off. In this case, the G-test was
followed by Ryan’s multiple comparison test for percentages.

RESULTS AND DISCUSSION
Experiment 1. Mating behavior and signal characterization.
Two female signals (Female Signal (FS) 1 and FS2) and six male signals (Male Signal (MS) 1, MS2, Quivering
(Qv), Male Rivalry Signal (MRS) 1, MRS2, and MRS3) were identified. Emission of signals occurred
concomitantly with distinct abdominal tremulations. For one signal, MS2, part of the signal involved a broad
dorso-ventral movement of the abdomen and flicking of wings. Qv occurred simultaneously with a slow dorso-
ventral pulsing of the abdomen. Temporal and spectral parameters of signals are reported in Figure 2. The process
of pair formation was divided in two main phases: identification and courtship. Identification was characterized
by stationary individuals that communicated exclusively using FS1 and MS1. In Courtship, males alternated
signal emission with walking towards the female, which remained stationary on the plant and replied with either
FS1 or FS2.

Description of signals.
 FS1 (Figure 2A) was the most common female signal. FS1 had clear harmonic structure and increasing ff.

FS1 spectral and temporal parameters were rather variable according to the behavioral phase. During species
identification it was significantly longer and with higher amplitude than in Calling, which in turn was longer
than in Courtship. FS1 during species identification had constant positive slope increase of ff (MRbm = MRme

>0), whereas FS1 in Calling and Courtship had a significantly sharper increasing slope during the second half
of the call (MRme > MRbm > 0). Emission of FS1 was occasionally variably fragmented for part of the signal
(8% and 25% of the analyzed samples during Identification and Courtship, respectively).

 FS2 was significantly shorter and had lower amplitude and starting frequency than FS1. The ff decreased
constantly (MRbm = MRme < 0) and the signal was repeated in sequences (we counted up to 13 consecutive
elements) with rather variable pulse repetition time (mean ± SD: 0.67 ± 0.76 s). The emission of FS2 was
limited to the Courtship phase.

 MS1 was made of two distinct parts: the first part (section 1) was given by a continuous emission and
characterized by significant slope increase (MRme > MRbm > 0) before the onset of the second part (section 2),
which had constant frequency and was fragmented. MS1 did not significantly change across the two
behavioral phases.

 MS2 (Figures 2A and B) was composed of sections 1 and 2 with characteristics similar to MS1, but the main
feature of MS2 was a strong broadband pulse that anticipated section 1. In addition, MS2 temporal parameters
(signal duration, percentage of fragmented part) and amplitude were significantly higher than MS1. In
general, the spectral and temporal parameter variability of MS2 was lower than all other signals.

 Qv (Figure 2B) was a train of low amplitude pulses with variable duration (0.5 to 240 s) and regular pulse
repetition time (0.23 ± 0.03 s). Occasionally, sudden rhythm acceleration was observed with pulses that fused
in a continuous signal (max. 1.7 s), with clear harmonic structure and constant ff (approximately 75 Hz).

 MRS1 (Figure 2D) had clear harmonic structure with ff that significantly increased during the emission, but
unlike the other signals the first half increased more than the second half (MRbm > MRme >0). Often (80% of
analyzed samples), the last part (on average 25 ± 14% of signal duration) of MRS1 was fragmented, forming
a second section. However, section 2 of MRS1 was significantly shorter than in MS1 (55 ± 15% and 53 ±
17% in identification and courtship, respectively), which in turn was significantly shorter than MS2 (69 ± 7%)
(F3,156 = 84.0, P < 0.0001). In addition, the fragment repetition time of MRS1 (0.1 ± 0.01 s) was significantly
higher than MS1 (F3,156 = 7.0, P < 0.001).
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 MRS2 (Figure 2D) was significantly shorter than the other MRS and characterized by constant increase of ff
(MRbm = MRme > 0).

 MRS3 (Figure 2D) was variable in duration, not fragmented, and with peculiar ff trend that initially increased
and then, starting from approximately half of the signal length, decreased (MRbm > 0 > MRme).

Figure 2. Oscillogram (above) and spectrogram (below) of GWSS vibrational signals. In A, the
identification duet formed by two FS1 and two MS1 alternated. In B, MS2 preceded by Qv. In C,
two consecutive FS2. In D, three different MRS (from left to right: MRS1, MRS2, and MRS3).

Discriminant analysis (Figure 3) showed that temporal and spectral parameters of signals have a role in signal
specificity, although the accuracy of discrimination was not high (50.8% of the signals correctly classified). The
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first two discriminant functions explained 95.8% of the variance (function 1 = 54.6%, canonical correlation =
0.85, Wilks’ lambda = 0.083, Chi square = 869, P < 0.001; function 2 = 41.2%, canonical correlation = 0.81,
Wilks’ lambda = 0.294, Chi square = 427, P < 0.001). The plot of the first vs. the second roots of the discriminant
analysis showed that male signals used during Identification and Courtship (MS1 and MS2) can be easily
distinguished from female signals, while more uncertainty occurs between FS1 and male rivalry signals, in
particular between FS1 (Identification) and MRS1, and FS1 (Courtship and with minor degree Calling) and
MRS2. On the contrary, FS2 and MRS3 were well discriminated (accuracy > 60%).

Figure 3. Combined-groups plot showing functions 1 and 2 derived from the discriminant function analysis
of signal duration, starting frequency and modulation rates (MRbm and MRme). Function 1 and 2 explain 55%
and 40% respectively of variance, separating MS (1 and 2) from FS2 and from FS1 and MRS. Only centroids
(calculated as averages (± SD) of canonical variables) are showed. Discrimination between FS1 and MRS is
low, in particular between MRS1 and FS1_1/FS1_C (Call) and between MRS2 and FS1 and FS1_2.

Behavioral analysis
Trial 1. Single individual on plant.
When placed alone on plants, 20 of 26 females (77%) emitted FS1 and 5 of 21 males (24%) emitted MS1. Female
call latency (530  606 s) was quicker than males (1559  843 s); the number of female signal emissions per
individual (15.8  31.3) was higher than males (2.8  2.9).

Trial 2. Mating pairs.
A total of 21 of 33 (64%) pairs initiated the mate selection behavior during the trial. Among these, 12 of 21 (57%)
mated in the given time. In six trials, the male called first, whereas in 15 trials the female called first. Latency to
and length of the identification duet were variable, 1378.6  1315.7 s (n = 21) and 64.2  97.4 s (n = 20),
respectively, containing as few as two signals each to over 10 signals each. While during identification the ratio of
female:male response rate was close to 1 (1.08 ± 0.49), in Courtship the female reply rate was much lower (1:4)
(0.26 ± 0.21). Finally, when a male arrived at a short distance (two to three body lengths) from the female, FS2
was emitted. Latency to mating was variable (391 to 2690 s). Copulation was relatively long (333.7  156.9
minutes (n = 6)). Behavioral analysis based on the Markovian transition matrix (Figure 4) indicated that males
started the courtship phase with MS2, Qv, or Movement (i.e. searching). After courtship was initiated, males
alternated emission of MS1 and MS2, interspaced by Qv. In particular, MS1 appeared to be correlated with
emission of FS1, which in turn elicited either establishment of a duet or movement of the male. MS2 and
quivering significantly anticipated the emission of FS2, which was the signal that preceded male mating attempts.
However, in three cases (out of 12) the mating attempt was preceded by emission of FS1, MS2, or Qv. In one trial,
the male located the female and the pair mated without any female signal emission during the Courtship phase. A
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female could still reject the male that located her, even if she had previously replied to the male signal. A non-
receptive female behavior was displayed by lifting the posterior part of the abdomen and stretching the hind legs
outward in the ventral direction (Figure 1B).

Figure 4. Ethogram describing transitions probabilities between events (either signals or behaviors) that
constitute the process of pair formation, starting from the Identification Duet (ID). Male (MS1, MS2 and Qv)
and female (FS1 and FS2) signals are in gray and white circles, respectively. Selected behaviors (black circles)
where male movements (i.e. walking) (Move), mating attempt (Mate att) and copula (Mate). Dashed lines
indicate non-significant transitions (P > 0.05), whereas solid lines indicate significant transitions (P < 0.05 for
normal line and P < 0.01 for bold line). The percentages of observed transitions are indicated over each line.
Non-significant transitions with less than 15% of occurrence were not included in the ethogram.

Trial 3. Trios.
In 77% (21/30) of the trials, a male-female duet was established (latency and length of Identification duet was
1166.4  1313.2 s and 48.6  51.5, respectively) and in 90% (19/21) of the trials there were vibrational male-male
interactions (latency of first Rivalry signal 2182.8  1697.5 s). Interactions occurred when a male emitted rivalry
signals (MRS) during an ongoing duet by another couple. Rivalry signals were detected during Identification (n =
3), Courtship (n = 15), and during copula (n = 1). Analysis of the signal sequences before and after the emission
of any MRS revealed two significant interactions: one between male signals (i.e., MS1 × MS2 × Quivering and
MRS1 × MRS2), and a second interaction between male movements and MRS3. In the first stages of the rivalry
behavior, the rival male replaced the female in the duet by emitting MRS1 and/or MRS2. Emission of rivalry
signals by one individual elicited walking behavior on another male resulting in movement towards the rival male.
When the two males were relatively close (less than two body lengths), MRS3 was emitted, often in repeated
series. Such behavior elicited emissions of MRS from both males. Emission of MRS3 was associated with body
movement, often performed by individuals in tandem. During emission of MRS3, both males lowered the
posterior part of the abdomen forming an arc. At this stage, males often tried to mate with the closer individual
(either male or female). Females ceased signal emission during male rivalry contests and a new duet with the
female was established only after a male resumed emission of MS1 or MS2. During the trial, copula was achieved
in 8 of 18 trials where males competed for the female using MRS. Similarly to mating pair trials, mating attempts
occurred after emission FS2 (n = 6/8). However, in two cases mating was accomplished in the absence of female
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vibrational signaling. The number of pairs that mated in the presence and absence of a rival contest was not
significantly different (G-test, G = 1.2, P = 0.27). The time spent to achieve copula was not significantly different
(t = -1.2, P = 0.12) between trials where rivalry occurred (average (± SD) 3120 ± 1589 s, n = 8, range = 494 to
5123 s) or not (2191 ± 1004 s, n = 12, range = 625 to 3572 s).

Experiment 2. Playback tests.
When stimulated by pre-recorded signals from the opposite gender, both females and males replied with FS1 and
MS1, respectively, and in one case (out of 20), a male located the source of the signal (shaker) and walked over
the metal rod connected to the shaker. Female replying rate to playback was significantly higher than the male (G
= 11.39, P < 0.001). The presence of a dead female near the male, as an attempt to provide visual stimulus, did not
affect the male responsiveness.

CONCLUSIONS
This project encompasses three compounding phases built on research findings of previous phases: 1) Exploratory
Phase – identify and describe the substrate-borne signals associated with intraspecific communication of GWSS;
2) Developmental Phase - Identification of signals capable of influencing GWSS behavior for applicative
purposes (e.g., interference with communication); and 3) Application Phase - technology transfer for
implementation of a sustainable management strategy for GWSS. Phase 1 of the project was successfully
completed and provided sufficient information to initiate Phase 2. If and when funds become available to
complete Phase 2, an anticipated product of the research would be a method to reduce numbers of GWSS. A
reduction in numbers of insect vectors is expected to result in reduced spread of Xylella fastidiosa. Consequently,
a reduction in rates of spread of X. fastidiosa is expected to result in reduced incidence of Pierce’s disease.
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ABSTRACT
Monitoring for resistance to insecticides continued in 2016 with a series of insecticide bioassays conducted on the
glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) in Kern County. Collections were made from table
grapes adjacent to General Beale Road in July and August and from navel oranges in the same vicinity in
October. Much lower population densities in 2016 compared to the previous year precluded more frequent testing.
Susceptibility to six insecticides was evaluated in the initial test conducted in July, but dropped to only two or
four insecticides in subsequent tests due to a paucity of GWSS adults. Relative susceptibility to imidacloprid in
the first (LC50 = 3.99) and third (LC50 = 7.26) tests remained well within the range of LC50s observed in 2015, but
in the second test was much lower (LC50 = 0.04). Similarly, LC50s recorded for two other neonicotinoids,
acetamiprid and thiamethoxam, and for two pyrethroids, bifenthrin and fenpropathrin, fell within the range of
LC50s for each compound observed in 2015. Relatively little difference in susceptibility of these five insecticides
was seen in a comparison of annual mortality curves for each compound. Although data on the timing, frequency,
and location of insecticide applications against GWSS in 2016 are still being gathered, the overall drop in GWSS
numbers is suggestive that more aggressive control tactics effectively impacted GWSS populations. Moreover,
results of insecticide bioassays in 2016 indicate that relative susceptibility to five insecticides is essentially
unchanged compared to 2015, suggesting no loss of efficacy due to resistance.

LAYPERSON SUMMARY
Insecticides have been a key component of the management program for Pierce’s disease, effectively reducing
glassy-winged sharpshooter ((Homalodisca vitripennis; GWSS) numbers. However, from 2012 through 2014 high
population levels were present and densities in 2015 exceeded those in 2001, when the program began. In 2015
we documented lower susceptibilities to commonly used insecticides in Kern County populations of GWSS, with
declining susceptibility as the season progressed. This suggested that treatment practices in the vicinity of the
collection sites may have contributed to the lack of control. However, no further reduction in susceptibility was
observed in the 2016 season, although fewer tests were conducted due to a decline in population densities
compared to the previous year. Whether reduced GWSS numbers in 2016 were due to more aggressive insecticide
applications or to natural variation is key to understanding the role that regional control programs play in GWSS
management. In addition to continuing to monitor for resistance to insecticides, this project will explore the
relationship between historical insecticide treatment records and current levels of susceptibility, informing how
we effectively use insecticides in the future.

INTRODUCTION
The Pierce’s disease area-wide management programs in California rely on insect monitoring which triggers
chemical control in citrus orchards and vineyards. These programs, initiated in Riverside County in 2000 and
expanded to Kern County the following year, were successful at keeping glassy-winged sharpshooter
(Homalodisca vitripennis; GWSS) densities low from 2001-2008 (Figure 1). From 2009-2011 control was still
adequate but insect numbers increased. Despite continued insecticide usage high densities of GWSS in 2012 and
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2015 surpassed the 2001 density, while levels in 2013-14 nearly attained the 2001 level (Figure 1). It is important
to note that the GWSS densities in the last four years have occurred while under chemical management, whereas
the 2001 densities occurred prior to the widespread use of insecticides. Concomitant with large GWSS densities
has been a resurgence of Pierce’s disease infected vines. While levels of Pierce’s disease in the General Beale
region of Kern County were nearly undetectable from 2002-2009, they have increased in the last five years; the
number of infected vines has increased in nearly all vineyards surveyed (Haviland, 2015).

Figure 1. Total number of GWSS caught on CDFA traps in Kern County from 2001 to 2015. (From
Haviland, 2015)

Due to a number of factors the systemic neonicotinoid insecticide imidacloprid has been used preferentially for
GWSS suppression. Positive attributes of imidacloprid include systemic activity, persistence in treated plants, and
selectivity for xylem and phloem feeding insects. Although data on the frequency of imidacloprid use since 2000
has not been compiled for the area-wide programs, it is generally believed that it has been used to a greater extent
than other insecticides. In addition, citrus growers have used imidacloprid extensively for control of red scale and
other citrus pests (Grafton-Cardwell et al., 2008) and grape growers have relied upon imidacloprid for vine
mealybug control (Daane et al., 2006). With the selection pressure that has resulted from the combined use of
imidacloprid across citrus and grape acreages over the past 15 years there is reason to believe that the resurgence
of GWSS is related to imidacloprid resistance. Resistance to imidacloprid has been documented for numerous
insects, including other sap-feeding insects (Liu et al., 2005; Nauen and Denholm, 2005; Karunker et al., 2008).
Yet reports of resistance to insecticides by xylem-feeding insects are rare, and to imidacloprid are unknown. In
the arthropod pesticide resistance (APR) database (http://www.pesticideresistance.org/) only a single record exists
for a xylem feeder: a sugarcane-feeding froghopper (spittlebug) reported in a book chapter (Fewkes, 1968).
Although fundamental arguments by Rosenheim et al. (1996) and Gordon (1961) for why sap-feeding insects
might be less prone to resistance development compared to leaf-chewing insects are supported by the APR
database, the possibility of pesticide resistance development remains in any organism that is subjected to a
specific mortality factor over time. There are few examples, if any, where a xylem-feeding insect has been
subjected to the kind of intensive management program that has targeted GWSS over the past 15 years in Kern
County. Pesticides are an integral part of the high-yielding production agriculture in citrus and grapes, and
understanding the levels of resistance to insecticides is critical to the future selection of materials that are used to
manage GWSS and Pierce’s disease.
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With this in mind, and at the request of the Consolidated Central Valley Table Grape Pest and Disease Control
District, we initiated a pilot study to evaluate insecticide susceptibility of GWSS to a number of insecticides
(Table 1). In this study we collected GWSS on three dates in July and August 2015 in organic citrus groves in the
Edison area, then shifted to the General Beale Road area for three more dates in September and October. Insects
were subjected to a systemic uptake bioassay and a foliar insecticide bioassay adapted from Prabhaker et al.
(2006b). From these bioassays LC50 (lethal concentration that kills 50% of the population) values were calculated
and compared to LC50s determined in 2001 and 2002 (Prabhaker et al., 2006a).

Table 1. Insecticides tested in adult GWSS bioassays in 2015.
Insecticide Class Active Ingredient Product Application Manufacturer

Neonicotinoid
Imidacloprid Admire® Pro soil Bayer
Thiamethoxam Platinum® 75 SG soil Syngenta
Acetamiprid Assail® 70 WP foliar United Phosphorus

Butenolide Flupyradifurone Sivanto™ 200 SL foliar Bayer

Pyrethroid
Bifenthrin Capture® 2 EC foliar FMC
Fenpropathrin Danitol® 2.4 EC foliar Valent

Organophosphorus
Chlorpyrifos Lorsban® 4E foliar Dow
Dimethoate Dimethoate® 2.67 EC foliar Loveland

The data showed that GWSS tested in 2015 were less susceptible to the tested compounds than they were in 2001
and 2002. For the neonicotinoids, the LC50 values for thiamethoxam, imidacloprid, and acetamiprid were up to
1.78, 57.31, and 130 times, respectively, higher in 2015 (Table 2). Even larger differences existed for the
pyrethroids bifenthrin (5,066 times higher), and fenpropathrin (101 times higher) and the organophosphates
chlorpyrifos (22,190 times higher) and dimethoate (2,150 times higher). We believe that the extraordinary
differences in the pyrethroids and the organophosphates may be the result of different research protocols used in
the 2001/2002 studies and the 2015 studies. In the earlier work we used a petri dish assay which enclosed the
treated leaves and insects, probably contributing to fumigation action and extremely low LC50 values. In 2015 we
used a screened clip cage which eliminated or greatly reduced the fumigation action of the insecticides. Even so,
the data from all studies indicate that GWSS is less susceptible to most of the insecticides being used than it was
14 years ago. Similar results were obtained using topical bioassays for imidacloprid, bifenthrin, and fenpropathrin
(Redak et al., 2015).

Of particular interest in our study was the fact that there was variation in the relative toxicities at different times
and locations throughout the 2015 season (Perring et al., 2015). The LC50s for imidacloprid increased 79-fold
from the first bioassay of the season to the last (Figure 2). However, bioassays for thiamethoxam showed a more
modest range of responses that varied 26-fold between highest and lowest LC50s. A third neonicotinoid,
acetamiprid, was tested only one time from the Edison location and two times from the General Beale Road
location, but also showed the same pattern of increasing LC50s from General Beale Road as the season progressed.
The two pyrethroids, bifenthrin and fenpropathrin, were equivalent to one another, but higher LC50s occurred on
the later sampling (Figure 2). The two organophosphate compounds were inconsistent in their responses, with
low to high LC50s (data not shown). The recently registered butenolide insecticide flupyradifurone was tested only
on the first and last dates but also maintained the pattern of being less toxic against General Beale Road
sharpshooters later in the season (Perring et al., 2015).
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Table 2. LC50 values for seven insecticides evaluated on GWSS in 2001, 2002, and 2015.
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Figure 2. LC50s for five insecticides tested over six dates between July 9 and October 23 in 2015. The first three
columns of each series represent GWSS adults collected from an organic citrus field in the Edison area, whereas the
second three columns represent collections from the General Beale Road area. Only three collection dates were tested
against acetamiprid, and only five collection dates were tested against bifenthrin and fenpropathrin. All six collection
dates were tested against imidacloprid and thiamethoxam. (From Perring et al., 2015)

Taken in total, our work from last year showed that GWSS was less susceptible to commonly used insecticides
than it was in 2001-2002. Furthermore, the levels of susceptibility were geographically variable and dramatically
declined over the course of the 2015 growing season (July to October). It is reasonable to think that consistent
usage of materials over time would lead to resistance, and this is the most parsimonious explanation for the
reduced toxicities measured in 2015 compared to the 2001/2002 data. However, the variation in toxicity within
the 2015 season also was related to location (organic vs. conventional) and time (higher LC50s later in the season).
These data suggest that factors like insecticide usage in a local context may be important determinants for how
effective certain insecticides are in certain areas. Understanding these dynamics will lead to more informed
selection of materials in the future.

OBJECTIVES
1. Conduct laboratory bioassays on field-collected GWSS from Kern County to document the levels of

resistance at the beginning of the 2016 and 2017 field seasons, and to document changes in susceptibility as
each season progresses.

2. Document differences in insecticide susceptibility in GWSS collected from organic vs. non-organic vineyards
(grapes) and/or orchards (citrus) and from different locations in Kern County.

3. Obtain and organize historic GWSS density and treatment records (locations, chemicals used, and timing of
applications) into a geographic information system (GIS) for use in statistical analyses.

4. Determine the relationship between insecticide susceptibility of different GWSS populations and treatment
history in the same geographic location and use relationships to inform future insecticide management
strategies.

RESULTS AND DISCUSSION
Insecticide bioassays were conducted on GWSS adults collected in table grapes on July 26 and August 16, and in
navel oranges on October 4. Over 900 adults were obtained on July 26, sufficient for testing six insecticides
(Table 3) at five concentrations per insecticide plus an untreated control. Five replications of each insecticide
concentration were used that required a total of 150 adults per insecticide. Upon returning to the same vineyard on
August 16 only 300 adults were collected; that provided only enough insects for the testing of imidacloprid and



 

 
 

   
 

   

    

 
  
 

 

  

 

 
  

 
 
 

  
  

  

          
   

 
 

 
 
 
 
 
 

 
 

 

 

 
 

 
 
 
 

thiamethoxam. The 600+ adults collected on October 4 were highly dispersed in navel oranges and required 
sampling from numerous trees to collect enough insects for complete tests of four insecticides. 

Bioassay procedures included a systemic uptake bioassay and leaf dip bioassay (Prabhaker et al., 2006a) that were 
used according to whether an insecticide was soil or foliar applied, respectively (Table 3). Five adults per clip 
cage were confined to treated citrus leaves for 24 hours and then evaluated for mortality. The dose/mortality data 
were subjected to probit analysis to yield LC50s and accompanying statistics for evaluating relative toxicities of 
the six insecticides. 

Table 3. Insecticides tested in adult GWSS bioassays in 2016. 
Insecticide Class Active Ingredient Product Application Manufacturer 

Neonicotinoid 

Imidacloprid Admire® Pro soil Bayer 
Thiamethoxam Platinum® 75 SG soil Syngenta 

Acetamiprid Assail® 70 WP foliar United Phosphorus 

Pyrethroid 
Bifenthrin Capture® 2 EC foliar FMC 

Fenpropathrin Danitol® 2.4 EC foliar Valent 
Organophosphorus Chlorpyrifos Lorsban® 4E foliar Dow 

Among the three neonicotinoid insecticides, LC50s were highest for imidacloprid in Tests 1 and 3 in comparison 
to acetamiprid or thiamethoxam, but abnormally low in Test 2 relative to thiamethoxam (Table 4). The pyrethroid 
insecticides bifenthrin and fenpropathrin were similarly toxic to GWSS in Test 1 of 2016 as they had been in the 
2015 bioassays. A second bioassay conducted with bifenthrin showed only a 2.2-fold difference in LC50s between 
the July and October samples. The relative toxicity of chlorpyrifos (LC50 = 11.49) to GWSS in Test 1 was 
considerably lower than for the other five insecticides, but it may be that the leaf-dip bioassay does not conform 
well to the toxicity profile of chlorpyrifos. Probit analyses on data from two chlorpyrifos bioassays in 2015 failed 
to yield an LC50 value, an indication of the mortality data not fitting the probit model. Variation in mortality data 
from field-collected insects is not unusual and is an important reason why multiple tests are required for confident 
interpretation of the results. Prior exposures of insects collected in the field to various insecticides are usually 
unknown but could influence test results if residues are present on leaves or if contact by spray drift has occurred. 
Movement among crops and fields is facilitated by the strong flying capabilities of GWSS and by the demand for 
higher amino acid content of xylem fluid that varies among host plants (Bi et al., 2007). 

Table 4. Probit statistics for insecticides tested against GWSS adults on three dates from July to October 2016. 
Location and Date Compound LC50 (µg/ml) 95% C.I. Slope (± SE) χ2 df 

Gen. Beale Rd 
July 26-28 

Table Grapes 
(Test 1) 

Imidacloprid 3.99 2.11 – 7.83 1.18 (0.19) 17.2 23 

Acetamiprid 1.76 0.66 – 5.15 0.59 (0.10) 15.6 23 

Thiamethoxam 0.53 0.32 – 0.84 2.45 (0.51) 10.2 22 

Bifenthrin 0.70 0.38 – 1.28 1.30 (0.20) 16.0 23 

Fenpropathrin 0.59 0.29 – 1.19 1.00 (0.15) 14.6 23 

Chlorpyrifos 11.49 2.05 – 357.83 0.44 (0.09) 37.6 23 
Gen. Beale Rd 

Aug 16-17 
Table Grapes 

(Test 2) 

Imidacloprid 0.04 0 – 0.19 0.53 (0.16) 12.5 18 

Thiamethoxam 2.87 1.02 – 7.88 0.66 (0.13) 13.2 18 

Gen. Beale Rd 
October 4-5 

Navel Oranges 
(Test 3) 

Imidacloprid 7.26 2.81 – 24.83 0.62 (0.11) 18.9 23 

Acetamiprid 0.40 0.16 – 1.02 0.97 (0.14) 32.1 23 

Thiamethoxam 1.21 0.68 – 2.09 1.34 (0.21) 20.4 22 

Bifenthrin 1.54 0.68 – 3.65 0.97 (0.14) 27.0 23 
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The drop in susceptibility to imidacloprid observed at the end of the 2015 season (Perring and Prabhaker, 2015)
raised real concerns that resistance to imidacloprid was present in GWSS populations in the General Beale Road
vicinity of Kern County. Not only did LC50s for imidacloprid trend progressively upward through the 2015
season, a substantial decrease in susceptibility to acetamiprid also was observed on the last test date of 2015.
However, a comparison of composite mortality curves from the 2015 and 2016 seasons for all three neonicotinoid
insecticides indicates relatively little difference in mortalities at various concentrations of each insecticide
(Figure 3A). The only consistent difference (although not statistically) in mortality curves was for acetamiprid, to
which GWSS test insects in 2016 were actually slightly more susceptible than those tested in 2015. Relative
differences in susceptibility to either imidacloprid or thiamethoxam varied inconsistently by concentration
between years. Comparison of 2015 to 2016 mortality curves for the pyrethroids revealed a similar pattern for
each compound (Figure 3B). Higher mortalities were observed at lower concentrations in 2015, but then crossed
over at either 10 µg/ml for bifenthrin or 1 µg/ml for fenpropathrin.

(A)

(B)

Figure 3. Composite mortality curves for (A) three neonicotinoid insecticides and (B) two pyrethroids for 2015 and 2016.
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Comparison of mortality curves for all five insecticides (Figure 3) is rather tenuous due to the fewer number of
bioassays conducted in 2016 relative to 2015. Nevertheless, identification of patterns of change to insecticide
treatments in a particular population can only occur by gathering enough data points that reveal a trend up or
down or lack thereof. The related issue of what happened to GWSS numbers in 2016 compared to previous years
is one that should be addressed in the context of the pesticide use history in the General Beale Road area since
2001 and how it has affected annual variation in population densities. Has heavy insecticide use since 2001
caused resistance that has contributed to higher population densities over the last four to seven years, or has
pesticide use slackened in recent years to allow a resurgence of GWSS? This question will be addressed as we
begin to gather historical pesticide use records into a GIS platform that will enable us to relate spatial and
temporal variation in pesticide use with present pesticide susceptibility.

CONCLUSIONS
Further monitoring should be conducted over the next few years to provide a more thorough evaluation of
whether resistance to imidacloprid is occurring. Historical analyses of pesticide use patterns in relation to GWSS
yellow sticky trap catches will provide essential information for understanding the basis of GWSS resurgence in
Kern County.
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ABSTRACT
We can confirm that glassy-winged sharpshooters (Homalodisca vitripennis; GWSS) in the General Beale Road
citrus-growing area are exhibiting high levels of imidacloprid resistance based on data generated from topical
application bioassays. In addition, we have also detected shifts in pyrethroid susceptibility. During the summer of
2016 we bioassayed adult insects collected from citrus groves in Kern (conventional and organic), Tulare
(organic), and Riverside (organic) counties and compared the responses with toxicology data that were generated
in 2003 for populations in Riverside County. In addition to the bioassay work we also used biochemical and
molecular techniques to investigate putative resistance mechanisms to these (neonicotinoid and pyrethroid) and
other (organophosphate; OP) insecticide classes. Thus far we have not identified any acetylcholinesterase
insensitivity, indicating that there is no target site resistance to OPs. Esterase levels in susceptible and resistant
populations are also very homogeneous, confirming that elevated esterase levels are unlikely to play a significant
role in conferring pyrethroid resistance. We are using genomics tools to elucidate possible roles of cytochrome
P450 enzymes in conferring imidacloprid and fenpropathrin resistance, as the biochemical assays have not been
optimized for measuring these enzyme systems in GWSS. We are currently comparing cDNA sequence data for
sodium channel (pyrethroid target site) and nicotinic acetylcholine receptor (neonicotinoid) genes in insects from
the different populations to determine whether mutations known to confer insecticide resistance in other arthropod
species occur in GWSS.

LAYPERSON SUMMARY
The goal of this research is to investigate the potential for the development of insecticide resistance in glassy-
winged sharpshooters (Homalodisca vitripennis; GWSS) to chemicals in the carbamate, pyrethroid, and neonico-
tinoid classes of insecticides, and to determine mechanisms where differences in susceptibility between popula-
tions are identified. Additionally, we wish to simultaneously evaluate the development of resistance in various
populations of these insects that have been undergoing different levels of chemical control in grapes, citrus, com-
mercial nursery, and urban environments. Using topical application bioassays we have now detected substantial
differences in response to imidacloprid (neonicotinoid) and, to a lesser extent, fenpropathrin (pyrethroid) between
populations collected from citrus groves in Kern, Tulare, and Riverside counties. At this time the differences
appear to be related to the GWSS management program, with the highest levels of resistance occurring in
populations receiving conventional insecticide treatments and no resistance in those under organic management.
Biochemical and molecular tests are being used to elucidate the specific mechanisms conferring the resistance.
These tests will be essential for investigating the resistance profiles of populations occurring in the nursery and
urban environments where available numbers of GWSS are insufficient for conducting full scale bioassays.
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INTRODUCTION
Systemic imidacloprid treatments have been the mainstay of glassy-winged sharpshooter (Homalodisca
vitripennis; GWSS) management in citrus, grapes, and commercial nursery operations. The treatments in citrus
groves are generally applied post-bloom to suppress the newly emerging spring populations. The use of winter or
early spring foliar treatments of pyrethroid or carbamate treatments were introduced to the management program
to suppress overwintering adults and reduce the first early season cohort of egg-laying adults. The combination of
early season foliar treatments combined with the more persistent systemic treatments has effectively managed
GWSS populations in Kern County for many years.

In Kern County, GWSS populations have been monitored since the area-wide treatment program was initiated
following an upsurge in GWSS numbers and an increase in the incidence of Pierce’s disease. The data shows an
interesting pattern of sustained suppression of GWSS populations throughout most of the 2000s, following the
implementation of the area-wide treatment program, until 2009 when numbers began to increase again,
culminating in a dramatic flare-up in numbers in 2012. In 2012, a single foliar treatment with either Lannate®
(methomyl; carbamate insecticide class), Assail® (acetamiprid; neonicotinoid insecticide class) or Baythroid®
(cyfluthrin; pyrethroid insecticide class) was applied in groves in late March, while systemic treatments with
imidacloprid (neonicotinoid insecticide class) were applied mid-March to early April. The application of systemic
imidacloprid during 2012 mirrored the strategy used in 2001 when the imidacloprid treatments were highly
effective in suppressing the GWSS populations. Despite the additional foliar treatments in 2012 the insecticide
treatments failed to suppress the insect population to a level that had occurred previously. There were concerns
that in the two years prior to 2012 there was a steady increase in total GWSS numbers, an early indication that the
predominant control strategy might be failing. The consequence of the increase in GWSS populations has been an
increase in the incidence of Pierce’s disease. In the Temecula area this worrisome increase in GWSS has not
occurred; however, the selection pressure in this area remains high as similar management approaches are in use
there as in Kern County.

There is also significant concern for the development of insecticide resistance arising from the management of
GWSS in commercial nursery production. The majority of commercial nurseries maintain an insect-sanitary
environment primarily through the use of regular applications of soil-applied imidacloprid or other related
systemic neonicotinoids. For nursery materials to be shipped outside of the southern California GWSS quarantine
area additional insecticidal applications are required. Applications of fenpropathrin (pyrethroid insecticide class)
or carbaryl (carbamate insecticide class) must be applied to all nursery stock shipped out of the quarantine area.
As with citrus and vineyard production, the potential for the development of insecticide resistance in nursery
populations of GWSS to these three classes of materials (neonicotinoids, pyrethroids, and carbamates) is high.

The focus of this study is to investigate the role of insecticide resistance as a contributing factor to the increased
numbers of GWSS that have been recorded since 2009 in commercial citrus and grapes in Kern County. Although
the primary focus of our research to date has been in Kern County, we will broaden the scope of our
investigations to include populations from agricultural, nursery, and urban settings. This broader approach will
result in a more comprehensive report on the overall resistance status of GWSS within southern California and
will contribute to more effective resistance management plans.

OBJECTIVES
1. For commonly used pyrethroid, carbamate, and neonicotinoid insecticides, determine LC50 data for current

GWSS populations and compare the response to baseline susceptibility levels generated in previous studies.
2. Define diagnostic concentrations of insecticides that can be used to identify increased tolerance to insecticides

in insects sampled from other locations (where numbers are relatively low).
3. Monitor populations for known molecular markers of resistance to pyrethroids
4. Monitor populations for target-site insecticide resistance by testing enzymatic activity against carbamates

using the AChE biochemical assay
5. Monitor populations for broad-spectrum metabolic resistance, by comparing esterase levels in current

populations of GWSS to baseline susceptibility levels we previously recorded.
6. Develop assays for additional resistance mechanisms not previously characterized in GWSS.
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RESULTS AND DISCUSSION
Imidacloprid Bioassays.
An extensive bioassay program was undertaken during 2016 to evaluate the responses of different Central Valley
GWSS populations to imidacloprid. The data generated from topical application bioassays were compared with
similar bioassays from studies conducted in 2003 with Riverside County populations. In bioassays, insecticide is
topically applied to the abdomen of adult GWSS and mortality is assessed at 24 and 48 hours post-treatment
(Byrne and Toscano, 2005). Although imidacloprid is used systemically under field conditions to target GWSS
feeding on citrus and other host plants, topical application of insecticide to individual insects ensures that the
insect receives a uniform dose and eliminates any behavioral factors that might occur when the insect encounters
the insecticide (either through direct contact or during feeding). Imidacloprid is one of the most important
insecticides used for the control of GWSS, and this insecticide has been shown to elicit anti-feedant effects in
several pest species (Nauen et al., 1998).

In 2003, bioassays were conducted using populations from Riverside (Agricultural Operations; UC Riverside) and
Redlands (commercial citrus grove). At the time the bioassays were conducted the neonicotinoid insecticide
imidacloprid was not being used at Agricultural Operations to control populations, so the data from those
bioassays were considered to represent baseline susceptible levels for GWSS. The response of insects from the
Redlands grove, where imidacloprid was incorporated as part of the area-wide management of the GWSS, was
similar to Agricultural Operations, indicating that no tolerance to imidacloprid had arisen despite its use as part of
the control program. In our view, those early data serve as a useful reference against which current populations
can be compared.

During the 2015 season, bioassays were conducted with insects collected from the General Beale Road (GBR)
citrus region. The insects were considerably more tolerant to imidacloprid than the reference populations (Redak
et al. 2015). In bioassays conducted over the dosage range 0.25 – 150 ng imidacloprid per insect (n = 280), there
was a dose-response, although complete mortality at the higher dose was never achieved. Based on the reference
data set from 2003, a 10 ng dose should result in ca. 80% mortality of a susceptible insect, so the bioassays
showing minimal mortality at the 15 ng dose provided the first evidence that the insects were tolerant to
imidacloprid.

The situation appears to have worsened in 2016, with doses as high as 500 ng imidacloprid per insect having no
effect on survivorship of the GBR population (Figure 1). We are continuing to test higher doses against this strain
to see if we can define a dose that will kill more than 50% of these insects, but there can be little doubt that the
levels of resistance are extremely high. We were able to generate a full dose-response line for the Tulare
population; these insects originated from a grove under organic management and would not have been directly
exposed to imidacloprid as part of the management program. Despite their origin, there was still a shift in their
susceptibility compared with the 2003 Riverside County populations. The response of the HWY65 population was
intermediate between the Tulare and GBR populations, and closely matched the data for the 2015 GBR
population. This result highlights the dynamic nature of imidacloprid resistance in the Bakersfield area, and the
likelihood that resistance was a contributing factor in the upsurge in GWSS numbers in the region and the
associated increase in Pierce’s disease incidence. We will have additional data to present at the Symposium in
December.
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Figure 1. Dose response of GWSS adults to imidacloprid applied topically to the abdomen.
Mortality was assessed at 48 hours post-treatment. Data for Ag-Ops (black symbols) were
generated in 2003 and are included for comparison. HWY65 (red symbols) and GBR (blue
symbols) are populations collected from organic and conventional groves, respectively, in
Kern County. TEM (orange symbols) was collected from an organic grove in Temecula
Valley. Tulare (green symbols) was collected from an organic grove in Tulare County.

Pyrethroid Bioassays.
We are currently completing bioassays (topical application) with fenpropathrin using the GBR, HWY65, and
Tulare populations (Figure 2). Bioassay data that were originally generated in 2004 and 2005 for populations
sampled from citrus at Agricultural Operations (Ag-Ops) are being used to represent a reference susceptible. Data
for bioassays at two concentrations (0.5 and 5 ng pyrethroid per insect) are shown in Figure 2.

The levels of mortality observed in the GBR, HWY65, and Tulare populations were lower than those of the Ag-
Ops population in 2005. At the 5 ng dose, 77% mortality was recorded in the Ag-Ops population, compared with
5% or less in the GBR and HWY65 populations at the same dose. Clearly, the Kern County insects are expressing
resistance to the pyrethroid. The response of the Tulare population (35% at 5 ng dose) was intermediate between
the Ag-Ops population and the GBR and HWY65 populations. The significance of these differences in response
will be clearer when we generate full dose-response lines, but the data confirm the presence of pyrethroid
resistance in Central Valley GWSS populations. We will present full dose-response data at the Symposium in
December.
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Figure 2. Toxicological response of GWSS adults to the pyrethroid fenpropathrin applied topically to the
abdomen. Mortality was assessed at 48 hours post-treatment. The blue bar shows data for GBR, a Kern
County population collected from the General Beale Road area, that were generated in October 2015, using
a diagnostic concentration of 5 ng/insect. Data for Ag-Ops (red symbols) were generated in 2003 and are
included for comparison. HWY65 (green symbols) and GBR (orange symbols) are populations collected
from organic and conventional groves, respectively, in Kern County. Tulare (blue symbols) was collected
from an organic grove in Tulare County.

Esterase Activity.
Pyrethroid insecticides are ester-based insecticides and are substrates for pyrethroid-hydrolyzing esterases. Total
esterase activity was measured in individual GWSS using a colorimetric assay that utilizes naphthyl ester
substrates. Although the substrates are non-insecticidal, naphthyl esters can be hydrolyzed by resistance-causing
esterases, and they have been used for several decades to identify pyrethroid resistance in agricultural, medical,
and veterinary pests. We determined the esterase activity in GWSS collected from the Kern, Riverside, and Tulare
County populations, and compared the new data with data from our studies in 2003 (Riverside County) and 2015
(Kern County) (Figure 3).

We found no significant differences in esterase levels between the five populations, including the 2003 Ag-Ops
population, and conclude that elevated levels of esterase activity cannot be used as a marker for resistance
(Figure 3).

Figure 3. Total esterase activity measured in individual GWSS adults. Activity is repre-
sented as absorbance units (320 nm) measured after 30 min incubation with 0.3 mM 1-
naphthyl acetate. Homogenates of individual heads were prepared in 0.1 M phosphate
buffer, pH 7.5, and then an aliquot (equivalent to 0.01 head) used directly for assay.
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Acetylcholinesterase (AChE) Sensitivity to Paraoxon.
Organophosphate (OP) and carbamate insecticides target the neurotransmitter acetylcholinesterase (AChE).
Target-site resistance arises as a consequence of mutations in the enzyme that affect the binding efficiency of the
insecticide. An assay was developed for GWSS that enabled the measurement of both the total esterase activity
and the sensitivity of the AChE to paraoxon in an individual insect.

We compared insects from the GBR (n = 8), HWY65 (n = 14), TEM (n = 22), and Tulare (n = 27) populations,
and all the insects were sensitive to the diagnostic concentration of 30 µM paraoxon. Insects were also tested from
locations in Orange County and Tulare County, and these insects were also sensitive to the OP.

Genetic Analyses.
A large number of studies have shown that decreased sensitivity of the target site gene and increased metabolic
detoxification of insecticides are two major mechanisms involved in insecticide resistance. To elucidate the
molecular mechanisms of resistance to imidacloprid (neonicotinoid) and fenpropathrin (pyrethroid) in GWSS, we
are checking for the presence of target site mutations in sodium channel (the target site of pyrethroids) and
nicotinic acetylcholine receptor (nAChR; the target site of the neonicotinoids) genes that are known to confer
resistance in other pest species. We are using RNA-seq to identify potential roles for detoxification enzymes, such
as cytochrome P450, Glutathione S-transferase, and ATP-binding cassette (ABC) transporters.

In our initial investigations, we have not found the classic leucine to phenylalanine (L to F) mutation in the
domain II region of the sodium channel gene that confers kdr resistance in houseflies and other species.
Furthermore, the L to F mutation was not detected in several Tulare and Kern County populations showing
differential responses to fenpropathrin in bioassays (Figure 2). We are currently evaluating several synonymous
and non-synonymous mutations that have been found in individuals from these populations to determine whether
they play a significant role in conferring resistance.

Based on the study of the green peach aphid (Myzus persicae), the mutation (R81T) in the loop D region of the
nicotinic acetylcholine receptor beta subunit is associated with resistance to neonicotinoid insecticides. We have
identified one nicotinic acetylcholine receptor beta-like gene from the GWSS, with a single open reading frame of
1587 bp that encodes a protein of 529 amino acids, a 5’ untranslated region (UTR) located 337 bp upstream of the
putative start codon (ATG), and a 3’ UTR of 314 nucleotides that ended in a poly (A) tail. DNA has been
extracted from Tulare, HWY65, and GBR GWSS. Sequence analysis revealed four synonymous mutations and
one non-synonymous mutation in individuals expressing different imidacloprid resistance levels. Although the R
to T mutation has not been detected in GWSS, further studies will determine whether other mutations are
involved in conferring imidacloprid resistance.

We identified several cytochrome P450, glutathione S-transferase, and ABC transporter genes based on the
genome database of GWSS. In order to facilitate a more comprehensive analysis of their potential involvement in
conferring resistance to imidacloprid and fenpropathrin, we are conducting RNA-seq analysis to compare
individuals sampled from the Riverside, Tulare, and Kern County locations where differences in response to the
insecticides were measured. In addition, we are including in our RNA-seq analyses survivors from the topical
application bioassays, as these individuals are more likely to express resistance-causing genes.

CONCLUSIONS
We identified resistance to imidacloprid in GWSS collected from citrus in the GBR area of Kern County. The
dramatic shift in susceptibility is based on a comparison with bioassay data generated in 2003 for a population in
Riverside County that we regard as a reliable reference susceptible, and a comparison with 2016 bioassay data for
a population collected from an organic grove in Tulare County. In addition to imidacloprid resistance, we have
also identified resistance to the pyrethroid fenpropathrin.

The esterase data for all populations included in our investigations showed no major differences that could
implicate esterases in pyrethroid resistance. In addition, populations were homogeneous for a sensitive AChE.
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The genomic work is becoming increasingly important as a tool for identifying resistance mechanisms. In
particular, we are confident that the RNA-seq analysis of populations expressing different levels of resistance to
imidacloprid and fenpropathrin, will identify specific enzymes that are involved in conferring resistance.
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ABSTRACT
Despite several decades of study, the mechanism of inoculation of Xylella fastidiosa (Xf) to grapevines by its
sharpshooter vectors still is not fully understood. Recent research showed that Xf is inoculated into or onto
artificial diets by a combination of egestion and salivation. However, the salivation-egestion mechanism has not
been: (1) demonstrated in plants; (2) associated with the sharpshooter X wave (the proposed electropenetrography
[EPG] waveform thought to represent salivation and egestion); nor (3) associated with systemic Pierce’s disease
symptoms. Herein is reported results of a preliminary experiment consistent with all three associations for the
salivation-egestion hypothesis. Non-inoculative blue green sharpshooters were wired for EPG recordings, then
were individually allowed one to three hours of access to diets containing Xf ‘Temecula.’ One at a time, a wired
insect was removed from a diet and immediately placed on a petiole of a small (eight to ten cm tall) ‘Chardonnay’
grapevine leaf for EPG. Each sharpshooter was allowed to make a single, marked probe until the stylets had
reached a xylem cell and produced three, consecutive X waves in that cell, whereupon the insect was immediately
removed from the plant. Two control insects were not permitted to reach xylem before their probes were
terminated. Probed grapevines were transferred to a greenhouse and held for five months for symptom
development. Of the 26 insect-probed grapevines, 16 developed apparent Pierce’s disease symptoms, and 12 of
those plants were found to be polymerase chain reaction (PCR)-positive for Xf. Therefore, about half of the
insects that fed on Xf-laden diets and then produced X waves on grape successfully inoculated Xf into xylem.
Each of those single, xylem-inoculation probes later led to a systemic, symptomatic Pierce’s disease infection that
was confirmed by PCR. Neither of the two plants from control insects became infected. The experiment will be
replicated two more times, including many more controls where insects are not permitted to reach xylem. If future
tests continue to be successful, there will be conclusive evidence that the sharpshooter X wave represents Xf
inoculation. Ultimately, this research aims to improve host plant resistance to Xf by using EPG of X waves to
select grapevines resistant to Xf inoculation by the vector.
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ABSTRACT
Grapevines (Vitis vinifera) have been observed to respond to oviposition by glassy-winged sharpshooters
(Homalodisca vitripennis) by producing volatile compounds that attract egg parasitoids such as Gonatocerus
ashmeadi Girault (Krugner et al., 2008). Recent work also has shown that two particular volatiles, the terpenoids
β-ocimene and α-farnesene, were present in greater amounts in air space around egg mass-infested grapevines
versus non-infested grapevines, and these compounds were attractive to G. ashmeadi in olfactometry studies
(Krugner et al., 2014).  However, methodologies to trap and sample volatiles from air around plants are less
sensitive than determining accumulation within plant foliage. This study quantified terpenoids, which are defense-
associated volatile compounds, within leaves of non-infested plants and those exposed to egg-laying female
sharpshooters. Infested grapevines had leaves with and without egg masses taken to examine both localized and
systemic, plant-wide changes in terpenoid levels. Total terpenoid levels were increased in leaves collected from
infested plants, regardless if the leaves had egg masses present. A total of 13 monoterpenoids, including ocimene
isomers, and nine sesquiterpenoids, including farnesene isomers, were present in greater amounts in leaves with
egg masses than leaves without eggs. Leaves from infested plants without egg masses did not have significantly
greater monoterpenoid levels than controls, but there was greater levels of three individual sesquiterpenoids in
such leaves than controls. Of all the terpenoids, only β-ocimene appeared to also be present in greater amounts in
leaves with egg masses than leaves without egg masses taken from infested plants. These results support previous
findings that ocimene and farnesene produced by grapevines attract egg parasitoids (Krugner et al., 2014).
However, additional volatile compounds also were upregulated and could be involved in attraction of natural
predators or possess other roles in host defense against sharpshooters. Therefore, future studies should focus on
observing terpenoid roles in providing grapevine resistance to sharpshooters and similar insects.
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ABSTRACT
Vine mealybug (Planococcus ficus) is a destructive phloem-feeding pest in California vineyards. Vine mealybug
can reach very large population densities. Feeding activity can debilitate vines while excrement and the associated
sooty mold can contaminate clusters, making them unsuitable for harvest. Vine mealybug’s cryptic habits -
populations are typically found under the bark - complicate management, particularly with contact insecticides.
An integrated pest management program that relies on several tactics (insecticides, mating disruption, and
biological control) can provide sustainable control of vine mealybug populations. Argentine ants (Linepithema
humile) may disrupt integrated pest management programs by interfering with the activity of biological control
agents. Baits are an effective means to control ant populations and minimize their disruptions. We evaluated
broadcast applications of a commercial ant bait and an experimental ant bait in northern California vineyards and
measured the effects on Argentine ant populations. Pre- and post-application, Argentine ant populations were
measured indirectly via feeding activity, assessed as the number of ants present on cotton balls (Fisher Scientific)
soaked in 25% sucrose solution. Ant activity was measured once every two weeks. Both baits reduced feeding
activity, although the effect was more sustained in the experimental bait treatment, suggesting the potential of this
bait to provide long-term control of Argentine ants in coastal California vineyards.

LAYPERSON SUMMARY
Vine mealybug (Planococcus ficus) is a destructive pest in California vineyards. It contaminates fruit and reduces
vine health and productivity. Grape growers may use multiple tactics (integrated pest management) including
insecticides, mating disruption, and biological control to achieve control of vine mealybug populations. Argentine
ants (Linepithema humile) are invasive insects common in coastal California vineyards. Ants disrupt integrated
pest management programs for vine mealybug because they interfere with the activity of a small parasitic wasp
that attacks vine mealybug. Ant baits are an effective approach to manage ant populations while minimizing
impacts on non-target organisms. We are investigating the potential of commercial and experimental baits to
control Argentine ants in vineyards. Baits were either broadcast using a fertilizer spreader or applied under the
vine with a modified broadcast spreader in March, April, and May 2016. Both baits reduced ant activity in the
treated areas, although the effect was more sustained with the experimental bait, suggesting its potential as a
component of sustainable vine mealybug management in coastal California vineyards.

INTRODUCTION
The vine mealybug (Planococcus ficus) is a destructive vineyard pest that contaminates fruit, debilitates vines,
and vectors plant pathogens such as grapevine leafroll-associated virus-3 (Daane et al., 2012). First reported from
vines in the Coachella Valley (Gill, 1994), vine mealybug soon spread throughout California, likely on infested
nursery stock (Haviland et al., 2005). It is currently found in most California grape-growing regions (Godfrey et
al., 2002; Daane et al., 2004a, 2004b) and has the potential to spread throughout the western United States.

Management of vine mealybug populations can prove challenging and often requires the use of multiple tactics,
including biological control, mating disruption, and insecticides (Daane et al., 2008). Management can be
particularly complicated in coastal wine grape-growing regions where vine mealybug populations are tended by
Argentine ants (Linepithema humile). In the presence of tending ants biological control of mealybugs can be
significantly interrupted, resulting in large vine mealybug populations that may be more easily spread to new
areas. These populations also contaminate the fruit, causing yield losses and decreased fruit quality. In vineyards
where Argentine ant is prevalent, management of ant populations is a critical part of an integrated pest
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management program for vine mealybug and necessary for containment of insect populations (Nyamukondiwa
and Addison, 2011; Mgochecki and Addison, 2009).

Liquid ant baits adapted from the urban environment (Klotz et al., 2002) for use in vineyards (Cooper et al., 2008)
significantly reduce mealybug populations in vineyards by contributing to increases in biological control (Daane
et al., 2007). The costs associated with the manufacture, deployment, and maintenance of bait stations have been
prohibitive to widespread adoption of Argentine ant management in vineyards, despite the benefits that could
result from such programs (Nelson and Daane, 2007). There is continued interest among coastal grape growers in
the development of a simpler and more economical bait program that could be widely implemented. Baits
formulated as granular products or polyacrylamide gels that can be broadcast with a fertilizer spreader could be
distributed more quickly and frequently over a large area, and would not require the manufacture and maintenance
of bait stations. The sustained use of the granular or polyacrylamide baits could lead to longer-term containment
and control of Argentine ant populations (Boser et al., 2014; Krushelnycky et al., 2004). We are evaluating
granular and polyacrylamide ant baits that can be broadcast to reduce populations of Argentine ant. Ant control
would in turn contribute to the sustainable control of vine mealybug populations. In the absence of an economical
bait program, ant suppression must be achieved with the broad-spectrum insecticide chlorpyrifos that can affect
water quality, disrupt populations of beneficial insects, and pose vertebrate health risks.

OBJECTIVES
The broad goal of this research is to increase the efficacy and adoption of integrated pest management programs
for vine mealybug, a destructive pest of grapevines in California. Our specific objective is to evaluate the efficacy
of two bait formulations to reduce Argentine ant populations as part of an integrated pest management program
for vine mealybug.

RESULTS AND DISCUSSION
Granular bait trial.
We established this experiment in five unique vineyard blocks in the Oakville and Rutherford appellations of the
Napa Valley American Viticultural Area and established split-plot designs (bait and untreated) in all blocks. In
two of those blocks (designated I1 and I2), Seduce ant bait (0.07% spinosad) was applied at a rate of 20 pounds
per acre on April 15 and 16. In the remaining three blocks (designated T1, T2, F1), Seduce ant bait was applied at
a rate of 28 pounds per acre (slightly higher than the target rate due to challenges with calibration and the spreader
equipment) on May 19 and 20; a second application at the rate of 20 pounds per acre was applied in blocks T1,
T2, and F1 on June 25 and 27, 2016. Bait was applied in a strip under the vine row using a modified broadcast
spreader (Figure 1). The cooperating vineyard managers made all the bait applications.

We monitored ant activity pre- and post-application using cotton balls (Fisher Scientific) soaked in 25% sucrose
solution (Figure 1). Ant activity was measured once every two weeks. Forty-five or fifty vines per treatment per
block were selected as monitoring vines. One saturated cotton ball was deployed on each monitoring vine, either
on the ground (early season) or on the vine (after fruit set), depending on where the ants were predicted to be most
active. After 2.5 to 3 hours cotton balls were retrieved from each monitoring vine, and ant activity on the cotton
ball was assessed using a 0 to 3 scale where ‘0’ equals no ants, ‘1’ equals the presence of 1 to 10 ants, a value of
‘2’ is assigned to cotton balls with 11 to 50 ants, and a rating of ‘3’ assigned for the presence of greater than 50
ants.

Due to some challenges with site selection, the first bait applications in blocks T1, T2, and F1 occurred later (May
19 and May 20) than would be desired to optimize results. In blocks I1 and I2, bait applications were initiated
early in the growing season (April 15 and 16), and within 14 days of the time when ants were reliably detected
and temperatures were adequate for foraging to occur. On May 6, foraging activity was reduced in blocks I1 and
I2 in the bait treatment (Figure 2). However, by June 3 (seven weeks after application) and continuing through
the rest of the season there was no difference in ant activity between treatments in these blocks. In block T1, ant
activity was reduced immediately after bait application; however, ants were detected in the baited treatment on
June 10 (22 days post-application), although populations remained lower than in the untreated control. In T2, ants
were detected in the treated plot on May 27 (seven days post-treatment) and had rebounded to levels no different
from the control plot by June 10 (22 days post-treatment). These results suggest that multiple applications of
Seduce may be necessary to obtain adequate control of Argentine ant populations. Alternately, it is possible that a
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higher product rate may be more efficacious over a longer period. Both options should be explored in future
studies.

(A) (B)

(C) (D)

Figure 1. (A) modified broadcast spreader mounted on ATV; (B) Seduce bait (reddish pellets) under the
vine row; (C) Argentine ants feeding on polyacrylamide bait; (D) Argentine ants feeding on cotton ball
used for monitoring ant activity. Photo credits: (A) K. Taylor, Constellation Brands; (B) M. Cooper, UC
Cooperative Extension (UCCE); (C) & (D): M. Hobbs, UCCE.

Polyacrylamide gel bait trial.
Based on a pilot study that eliminated >99% of ants from treated plots in the California Channel Islands (Boser et
al., 2014) and a preliminary vineyard study conducted by the Principal Investigators in 2015, we are evaluating
the efficacy of a polyacrylamide gel bait formulation in vineyards. We established three experimental blocks
(split-plot design: treated and untreated treatments). Two of these blocks (designated C1 and C2) are located in
the Carneros appellation (Napa Valley American Viticultural Area) and one (designated M1) is located in the
St. Helena appellation. Blocks C1 and C2 are populated with the invasive vine mealybug; block M1 is populated
with the native grape mealybug (Pseudococcus maritimus). In addition to the economic damage sustained by vine
mealybug populations, the spread of grapevine leafroll-associated virus 3 (GLRaV-3) is a major concern in all of
these blocks.

The bait solution consists of 0.0006% thiamethoxam (Platinum insecticide, Syngenta U.S.) in 25% sucrose
solution, deployed at a rate of 10 pounds per acre in polyacrylamide Water Storing Crystals (MiracleGro®)
(Figure 1). These crystals absorb water and water-soluble chemicals, and when hydrated present a thin layer of
liquid bait solution on the surface for 24 to 72 hours following application. To allow sufficient time for the
crystals to absorb the bait solution, they were added to the mixture 24 hours prior to the application. The hydrated
crystals were deployed using an 85-pound tow spreader (Agri-Fab, model #45-0315) pulled with an all-terrain
vehicle (ATV). Bait applications were initiated once foraging ants were detected at sugar-soaked cotton balls. The
cooperating vineyard manager made the bait applications on March 16 and April 14 in blocks C1 and C2, and on
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April 15 and May 26 in block M1. Because block M1 is in a more northerly location within Napa County, ants did
not become active until later in the season (ant foraging is reduced below 60 ºF (15 ºC)). Ant monitoring pre- and
post-application followed the method described previously, using cotton balls soaked with a 25% sucrose
solution.

Figure 2. Ant activity (rated on a 0 to 3 scale) at 90 monitoring vines per treatment for blocks I1 and I2. Data are
presented as the average of the ratings for all vines, by treatment. Seduce (0.07% spinosad) was applied on April 15
and 16, 2016 at a rate of 20 pounds per acre.

In blocks C1 and C2, ants were present in pre-treatment monitoring conducted on February 26 and March 8, so
the first bait applications were made on March 16. By March 23, ant activity in the baited blocks was lower than
the untreated blocks (Figure 3). Ant activity remained low in the baited blocks. On three monitoring dates (April
15, April 28, and May 11) we detected no ants in the baited areas. By May 30, ants had begun to reinvade the
treated blocks, although populations remain much smaller than in the untreated areas. Given the invasion biology
of the Argentine ant, and that each untreated area is a large, proximal source of ants, it is not surprising that they
have begun re-colonizing the baited areas. Large-scale, area-wide treatments (such as those conducted in the
California Channel Islands (Boser et al., 2014)) could be expected to be more successful as they would leave
fewer population pockets from which ants could re-invade. Future studies should concentrate in this area.

CONCLUSIONS
We evaluated two baits (one commercial and one experimental product) to reduce Argentine ant populations in a
coastal California vineyard. Because Argentine ants disrupt biological control of vine mealybug by interfering
with the activity of predators and parasitoids, control of Argentine ants can be an essential component of
integrated pest management programs for vine mealybug. Handling and distribution of baits that can be broadcast
is simpler and more efficient than liquid baits that must be contained within bait stations. Additionally, Argentine
ant nests are typically multiple and widely dispersed throughout agricultural ecosystems in the spring, summer,
and fall (Markin, 1970) so multiple point sources make bait more accessible to all nests within an infested area
(Boser et al., 2014). Our results suggest both the granular product (Seduce, 0.07% spinosad) and an experimental
bait (0.0006% thiamethoxam in polyacrylamide crystals) have the potential to reduce populations of Argentine
ant, although the effect of the polyacrylamide bait on foraging ants was more sustained than the granular bait. Our
results also suggest that multiple applications of Seduce may be necessary to obtain adequate control of Argentine
ant populations. Alternately, it is possible that a higher product rate may be more efficacious over a longer period.
Both options should be explored in future studies. Additionally, large-scale, area-wide treatments (such as those
conducted in the California Channel Islands (Boser et al., 2014)) could be expected to be more successful as they
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would leave fewer population pockets from which ants could re-invade. Future studies should concentrate on this
area.

Figure 3. Ant activity (on a 0 to 3 scale) at 90 monitoring vines per treatment for blocks C1 and C2. Data
are presented as the average rating for all vines, by treatment. Thiamethoxam (0.0006%) in polyacrylamide
crystals was applied on March 16 and April 14, at a rate of 10 pounds per acre.
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ABSTRACT
The vine mealybug (Planococcus ficus) has become one of the most important insect pests of California
vineyards. Researchers, pest control advisors, and farmers have developed relatively good controls that target
exposed vine mealybugs (i.e., those on the leaves or canes). However, controlling the more protected mealybug
population found under the bark of the trunk or on the roots has been more difficult. Our objectives are to improve
pre- or post-harvest controls that target the winter-spring vine mealybug population and better determine the
spring emergence of vine mealybug crawlers to better time foliar applications. In 2016, research focused on the
field application bioassays and movement of Movento®, or more correctly its metabolites, in the vine, using high
pressure liquid chromatograph (HPLC) methodology. We have confirmed that spirotetramat is rapidly converted
in the leaves to a metabolite called enol-spirotetramat, and this metabolite can remain in the leaves for most of the
season. The enol can change to other metabolites such as enol-glycoside and ketohydroxy as some of the primary
metabolites found, but it is the enol metabolite that is most important for killing the mealybugs. There is a gradual
decline in the amount of enol-spirotetramat, but we found spirotetramat in leaves 184 days after application,
suggesting that this material might still yet be converted to enol-spirotetramat.

LAYPERSON SUMMARY
The vine mealybug (Planococcus ficus) has become one of the most important insect pests of California
vineyards. Researchers, pest control advisors, and farmers have developed relatively good controls that target
exposed vine mealybugs (i.e., those on the leaves or canes). However, controlling the more protected mealybug
population found under the bark of the trunk or on the roots has been more difficult. Our objectives are to improve
pre- or post-harvest controls that target the winter-spring vine mealybug population and better determine the
spring emergence of vine mealybug crawlers to better time foliar applications. In 2016, research focused on the
field application bioassays and movement of Movento®, or more correctly its metabolites, in the vine, using high
pressure liquid chromatograph (HPLC) methodology. Preparing samples and running the HPLC can be time
consuming and we have processed less than 10% of the 6,000 samples collected. We have confirmed that
spirotetramat is rapidly converted in the leaves to a metabolite called enol-spirotetramat, and this metabolite can
remain in the leaves for most of the season. The enol-spirotetramat can change to other metabolites such as enol-
glycoside and ketohydroxy, but it is the enol-spirotetramat that is most important for killing the mealybugs. There
is a gradual decline in the amount of enol-spirotetramat, but we found spirotetramat in leaves 184 days after
application, suggesting that this material might still yet be converted to enol-spirotetramat. As we process more of
the samples we will be better able to determine the metabolic pathways of spirotetramat and what influence
vineyard conditions and application methodology has on the effectiveness of Movento®.

INTRODUCTION
The vine mealybug (Planococcus ficus) has become one of the most important insect pests of California
vineyards, threatening economic production and sustainable practices in this multi-billion-dollar commodity.
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Insecticides are the primary control tool for vine mealybug (Daane et al., 2006; Prabhaker et al., 2012; Daane et
al., 2013; Bentley et al., 2014), especially when grapevine leafroll diseases (GLDs) are a concern (Daane et al.,
2013). Researchers, pest control advisors, and farmers have developed relatively good controls that target exposed
vine mealybugs (i.e., those on the leaves or canes). However, controlling the more protected mealybug population
found under the bark of the trunk or on the roots has been more difficult. The vine mealybug population is
primarily on the trunk and upper root zone near the soil line during the winter and early spring (Daane et al.,
2013). This population has a refuge from natural enemies (Gutierrez et al., 2008) and can be the most difficult to
control even with systemic insecticide applications (Daane, personal observation). Moreover, mealybugs can
remain on even the remnant pieces of vine roots after vineyard removal, hosting pathogens and infesting new
vines after replanting the vineyard (Bell et al., 2009).

Insecticides with systemic action are the best materials to control this protected population, but their proper use
can vary among vineyards and regions. Moreover, vineyards with mealybug damage typically have large
overwintering populations that are never fully regulated, and annually are the source for new generations
throughout the summer that infest leaves and fruit of that vineyard and can disperse to other vineyards. Therefore,
it is critical to develop better control programs for this overwintering population.

A delayed dormant (typically in February) application of chlorpyrifos (Lorsban®) was the standard post-harvest
or pre-season control that targeted mealybugs on the trunk and cordon (Daane et al., 2006). The best in-season
insecticide for vine mealybug that moves from the trunk and cordon to the leaves, canes, and fruit has been an
application of Movento® (Bayer Crop Science), with the active ingredient spirotetramat, which may also help
control root-feeding nematodes (Mike McKenry, personal communication). Still, the effectiveness of any
systemic material will depend on application timing, soil moisture, vine condition and age, and commodity (for
example, post-harvest application timing). Our objectives are to improve controls that target the winter-spring
vine mealybug population and to better determine the spring emergence of vine mealybug crawlers to better time
foliar applications. Specifically, we are conducting field bioassays to determine the effect of application timing,
soil moisture, vine condition and age, and commodity (for example, post-harvest application timing, wine vs.
raisin management practices) on systemic insecticide effectiveness. We plan to work with all vineyard-registered
insecticide materials, but this past year’s work has focused on field application bioassays and movement of
Movento® in the vine. To follow the movement of Movento® we are collecting vine samples and using high
pressure liquid chromatography (HPLC) to determine the amounts of different metabolites associated with
Movento® in different parts of the vine. For example, two of the questions we plan to address is whether
spirotetramat converts to the metabolite enol-spirotetramat (which is the primary toxicant) similarly under
different conditions, such as vine nutrient status or cultivar, and where on the vine the metabolites move to and in
what concentration are the metabolites found on different vine sections, such as the leaves versus the roots. We
will also use our protocols to help confirm the presence of spirotetramat metabolites in the root system, in support
of A. Westphal’s proposal.

OBJECTIVES
The project seeks to develop better controls for the overwintering vine mealybug population found primarily
under the bark of the trunk or on the roots at the soil line.

1. Bioassay
a. Investigate the population dynamics and controls for overwintering vine mealybugs.
b. Determine the temperature relationship of vine mealybug and grape mealybug to better predict spring

emergence and spray timing.
2. Using HPLC to follow the movement of Movento® in the vine:

a. Improve the protocols to determine levels of spirotetramat and its first metabolite, the enol form, in vine
tissue samples.

b Investigate the dissipation and transformation mechanisms of the active ingredient of the pesticide
Movento® after application.
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RESULTS AND DISCUSSION
Objective 1. Bioassay: Insecticide controls for vine mealybug.
During 2015 and 2016, we used bioassays (visual counts of mealybugs) to look at control effectiveness across
vineyards in different regions and with different management practices or vine structures. Commercial vineyards
were selected in the central San Joaquin Valley (Fresno County) with four vineyard blocks near Fresno (one
Thompson Seedless raisin grapes, one Crimson Seedless table grapes, and two Thompson Seedless table grapes);
the Lodi-Woodbridge wine grape region (San Joaquin County) with three vineyards near Lodi (one Cabernet
Sauvignon, one Pinot Noir, and one Chardonnay); and the North Coast wine grape region (Napa County) with two
vineyards at a site in the Carneros region of Napa (one Pinot Noir and one Chardonnay). We are also sampling
numerous ‘experimental’ vineyard blocks at the Kearney Agricultural Research and Extension Center that
represent wine and table grape blocks undergoing studies for nitrogen, irrigation, and wine grape cultivars. At
each site, we have counted mealybug densities on the vine, measured cluster damage, and taken vine fresh tissue
samples before and after Movento® applications (sections from the leaf, cane, and trunk) (Figure 1).

Figure 1. Sampling trunk live tissue, leaves and petioles, canes, cordons, trunk (above and below girdle,
when present), and roots.

Pre-treatment mealybug counts were taken using a timed count. In brief, on each sampled vine an experienced
sampler searched for mealybugs for a one-minute period. The areas of the vine searched changed with the
seasonal movement of the mealybug population (i.e., during the winter the roots and lower trunk sections are the
most likely regions to find vine mealybug). The pre-treatment mealybug density was then used to block
treatments against density because vine mealybug populations can be clumped. In 2016, the visual count of
mealybugs took place from April to October. This allowed us to monitor mealybug populations at different
phenological stages of the crop. We monitored when the grape clusters were not ready to be harvested, when they
were ready to be harvested, and after they were harvested.

We applied the insecticide Movento® at different application timings, as measured by calendar date as well as by
weeks before or after harvest (Movento® has a seven-day pre-harvest interval). We applied Movento® at the
label rate and determined the percentage kill of mealybugs on different sections of the vine during the summer,
fall (completed), and will continue this in the coming spring (Figure 2). A standardized application method was
used across all vineyards so that surfactant and application rate would not be an influence. At each site there are
15 replicates (individual vines) per treatment per vineyard, with treatments placed in a complete randomized
design.

We also have completed a measurement of economic damage on five clusters on each vine using a 0 to 3 scale:
0 means no mealybug damage, 1 means honeydew present but the bunch is salvageable, 2 means honeydew and
mealybugs present but at least part of the bunch is salvageable, and 3 means a total loss. The economic damage of
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clusters took place from June 2016 through harvest. We evaluated the clusters when the grape clusters were not
ready to be harvested and when they were ready to be harvested.

Figure 2. Applying Movento®.

Taking into consideration all the sample areas, approximately 600 vines were sampled for mealybug counts and
for cluster evaluation. Together, the treated vineyards include several factors that could be affecting the pesticide
efficiency, such as the age of the vineyards, irrigation type, commodity (table, raisin, and wine grapes), the
presence of a girdle, and geographical area.

Much of the data remains to be analyzed, especially the late season (just before harvest) and post-harvest sprays
that will need additional sampling in spring and summer 2017 to determine treatment impact. Moreover, in our
commercial fields the overall density of the mealybug was very low, making treatment comparisons difficult. One
clear result was that vines sprayed with Movento® in May (the recommended standard treatment would be eight
ounces in April or May) had less fruit damage compared to the untreated and the mid-July spray treatments
(Figure 3; Chi Square P < 0.001). Even though mealybugs were found in low numbers throughout all the
sampling areas, combining these same treatments across the different vineyards sampled in the Central Valley
indicated that the spray treatment had a statistically significant effect on the numbers of individuals found in each
developmental stage (F2,2 = 5.3586, P = 0.004).

We have yet to analyze the post-harvest treatments, but by the end of the season vines treated from mid- to late-
May had fewer vine mealybugs compared to untreated vines; however, there was no significant difference
between May and mid-July treatments (Figure 4). These results indicate that the metabolites of Movento® are
moving through the vine and killing mealybugs even in the pre-harvest application treatment, but the earlier
treatments are killing the mealybugs before they get into the fruit.

In our bioassay studies the low number of mealybugs found in all the monitoring sites and the low constant
damage recorded suggest that visual counts and cluster damage evaluation alone were not sufficient tools to
evaluate details of the vine mealybug population’s response to pesticide applications. One problem is their
clumped distribution in the host plant, which requires a great number of samples to get an accurate estimate of
population response. There was also a repeated issue of grower overspray on the control plots, reducing our
number of control replicates.

Data from the Napa Valley and Lodi Woodbridge vineyards has not yet been analyzed.
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Figure 3. In the sampled San Joaquin Valley vineyards, results show that the May treatment (farmer standard
treatment) had significantly less fruit damage than the control or pre-harvest (mid-July) treatment, as would be
expected (the smaller graph includes “0 - no damage” fruit and is included to show that more than 90% of all fruit
was clean across all treatments).

In the San Joaquin Valley vine treatments, what is interesting is that while there was more fruit damage in the pre-
harvest treatment, there was some reduction in the number of adult vine mealybugs as compared to the control.
Figure 4 shows the average number of nymphs, adults, and ovisacs on vines treated in mid- late-May (farmer
standard treatment), pre-harvest, and a no-spray control. There was significant difference between the mid-May
and pre-harvest (mid-July) treatments in total numbers of mealybugs during the sample periods.

Figure 4. Average number of nymphs, adults, and ovisacs on vines treated in mid- late-May (farmer
standard treatment), pre-harvest, and a no-spray control.
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Objective 2. HPLC to follow the movement of systemic insecticides.
To study how the pesticide Movento® moves through the vines the pesticide uptake and movement of key
metabolites in the plant was followed by means of high pressure liquid chromatograph (HPLC) methodology. To
better understand our purpose a description of how Movento® works to kill mealybugs is needed. Spirotetramat is
sprayed onto the leaves, where it has translaminar activity and gets absorbed. It is not the spirotetramat that
primarily kills the mealybug, but the first breakdown product or metabolite called “enol” (Figure 5, from Bayer
CropScience). The enol can change to other metabolites such as enol-glycoside and ketohydroxy as some of the
primary metabolites found, but it is the enol metabolite that is most important for killing the mealybugs. The
change from spirotetramat to enol appeared to be most effective in the leaf tissue, as described in Bayer-sponsored
studies in apple, cotton, and other crops. Whereas some translaminar pesticides remain in the leaves, spirotetramat
and its metabolites can be transported by the phloem (and to some extent the xylem) to other plant parts, and this
is key in moving the product to where the mealybugs are.

Figure 5. Breakdown products and metabolites of spirotetramat (from Bayer CropScience).

We used the HPLC to obtain the concentration of the active ingredient of Movento® (spirotetramat) and its three
primary metabolites (spirotetramat-enol) and enol-glycoside and ketohydroxy (the latter two metabolites are not
active against mealybugs as far as we know). To analyze the quantity of spirotetramat, enol, and other metabolites
in leaves, the extraction method “QuEChERS” (Quick Easy Cheap Effective Rugged Safe) was followed. This
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methodology allows the preparation and analyses of several samples at one time and provides extracts of several
structurally different substances with good efficiencies.

We are currently adapting this QuEChERS extraction methodology to our samples to achieve the most trustful
results. Adapting this method includes trying different solvents and mobile phases to clean and extract the desired
compounds and testing various elution times. Afterwards the obtained results are compared to a standard curve for
the desired compound (Figures 6 and 7). In this process, the most appropriate and reproducible cleaning and
extraction process was determined for leaves, canes, and roots. We are still perfecting a process for smaller bark
samples (<10 g) that can be completed without the addition of a “mass spectrophotometer” (MS).

Figure 6. Example of known “standards” of spirotetramat-enol
(SPTA-enol) and spirotetramat (SPTA) elution time. These
compounds were eluted at 6.14 minutes and 27 minutes,
respectively, and are compared with vine tissue samples.

Figure 7. Example of a leaf sample processed by
HPLC showing a peak that eluted at 6.14 minutes,
matching the standard for SPTA-enol (see Figure 5)
and indicating its presence in the sampled leaf.

Our analyzed samples are collected in association with our field bioassays. After counting mealybugs (see
bioassay above), the following five portions of the vine were sampled for living tissue: leaves and petiole, trunk
above and below the girdle, cane, and arm. If girdle is not applicable, samples from the bottom and middle part of
the trunk were taken. If arm is not applicable, an upper part of the trunk was sampled. This fresh tissue sampling
effort in 2016 resulted in approximately 6,000 samples being collected, which are being analyzed using the HPLC
technology.

Results from leaf tissue analyses show that spirotetramat is quickly converted into enol (remember that enol is the
metabolite responsible for killing the mealybugs), and a portion of the enol is also rapidly converted to enol-
glucoside (we found this within five hours after spraying) (Figure 8). Note that the Y-axis is using a log scale so
there are great differences in the amounts of metabolites. Most important was that some spirotetramat and enol
was found in the leaf tissue up to 184 days after treatment. It is still unclear from our studies if the spirotetramat
found long after the application will eventually convert to enol or if this conversion process slows, as it is
surprising that the initial conversion to enol and enol-glycoside is so rapid but we still find spirotetramat
unconverted five months after spray treatments. These tested vines will continue to be sampled until leaf drop,
and other vine tissue (e.g., bark) will be sampled up to a year after the spray application. What surprised us in
these leaf tissue analyses was that enol-glycoside was the most abundant and consistent (over time) of the four
metabolites tested (Figure 8). It has been reported that under the right circumstances the enol-glycoside can revert
to enol, although how common this occurs in vines is not known. At his point we assume that enol found after
three to five months is from either relatively stable enol remaining in the leaves or spirotetramat that in the leaves
is much later (in time) converted to enol. Note also that we found the ketohydroxy metabolite only on the last
sample date, and at a very low amount (Figure 8).

When looking closer at the amount of spirotetramat and enol in leaf tissue over the sampling period it’s clear that
the amount of spirotetramat is reduced quickly, from about 100 parts per billion (ppb) five hours after spray to
about 40 ppb after one to three days, and less than five ppb after one month (Figure 9A). There is not a
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corresponding increase in enol, which is lower than spirotetramat initially but shows a more stable presence
during the five-month sampling period (around 20 ppb; Figure 9B). Note that on two sample dates (1 and 110
days) we did not detect any enol; this analysis will be repeated with stored samples to determine if this unusual
finding (especially at one day) was a data entry error. What is needed now is a field bioassay on the amount of
enol in the plant that is toxic to mealybugs, and for how long the mealybug must feed to acquire this lethal dose.

Figure 8. Mean concentration (parts per billion) of spirotetramat and three of its metabolite in leaf
samples from five hours after spray to five months after spray.

Figure 9. Spirotetramat (A) and Enol (B) content in samples leaves (in parts per billion) at different time after being
treated with a label rate (8 oz per acre) of Movento® in May.
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Our initial results from the trunk tissue analyses show that spirotetramat is found soon after spray application in
the bark tissue. Here we looked at samples from six to seven days after spraying, and it was found 37 days later as
well (Figure 10). In these samples the enol (the primary mealybug killing metabolite) was not found, whereas
enol-glucoside and ketohydroxy were found after six days of spraying. These are preliminary results because only
a relatively few bark samples (n = 70) have been processed, and these came from a single site. Still, it shows that
the metabolites are moving with the phloem from the leaves to other vine sections. One question this does raise is
whether the spirotetramat found in the trunk is easily converted to enol. We assume that the metabolites flow
passively in the phloem and so it is possible that, depending on vine needs, the metabolites could be carried back
to the leaves.

Figure 10. Mean concentration (ppb) of spirotetramat and three of its metabolite in leaf samples from six to
seven and 37 days after Movento® was applied to the leaves at label rate (eight ounces per acre).

Temperature development of vine mealybug.
These data have not yet been analyzed.
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ABSTRACT
Brown marmorated stink bug (Halyomorpha halys; BMSB) was found in increasing numbers in vineyards in
Oregon from 2013 to 2016. In California, BMSB was found in areas closely bordering vineyards, but not in any
vineyards to date. Temperatures above and below feeding thresholds (Low = 6°C, High = 26°C) result in
cessation of feeding. Older life stages such as adults were found to result in a significant increase in feeding
damage on winegrape berries. The feeding activity in relation to berry quality parameters is given for 2015.
Increased feeding activity resulted in a significant increase in stylet sheaths per berry. There was a numerical
reduction in berry weight and diameter with increasing feeding levels. The number of stylet sheaths in relation to
degree days (DD) per day was used to create a feeding factor for BMSB. This feeding factor was significantly
correlated with the number of stylet sheaths per berry. Feeding data collected during 2015 and 2016 in Oregon,
combined with weather data collected from California will be used to create a BMSB risk index for each of the
grape growing regions. These findings are preliminary pending additional analysis and data collection.

INTRODUCTION
Brown marmorated stink bug (Halyomorpha halys; BMSB) is becoming increasingly prevalent in Oregon and is
rapidly becoming an economic concern for western vineyards (Oregon Department of Agriculture, 2011; Wiman
et al., 2014a). This pest can feed on vegetative tissues, grapes, and can potentially cause contamination of the
crop, leading to wine quality losses. Studies funded by a USDA Specialty Crop Research Initiative (SCRI)
Coordinated Agricultural Project (CAP) grant confirmed spread and increased population levels of BMSB in
important viticulture regions of Oregon (Walton et al., unpub.). BMSB was first found on the west coast in 2004
in Portland (Oregon Department of Agriculture, 2011), and the pest is now common in urban and natural areas.
Found on high-value specialty crops and non-economic alternate host plants alike, BMSB is increasingly causing
agricultural issues for growers (Figure 1). Since 2012, BMSB has increasingly been encountered by growers and
can be found in wine grape vineyards of the Willamette Valley during the harvest period (Wiman et al., 2014a).
Winemakers have recently reported finding dead BMSB in fermenting wines and infestation of winery buildings
by BMSB.

Immature and adult BMSB feed on reproductive plant structures such as fruits, and they may also feed on
vegetative tissues such as leaves and stems, sometimes piercing through bark (Martinson et al., 2013). Fruit
feeding by adult BMSB may cause direct crop loss due to berry necrosis. Berry feeding may also result in
secondary pathogen infection and provide entry points for spoilage bacteria. Vectoring and facilitation of
pathogen proliferation by BMSB is not unrealistic because true bugs (Heteroptera) such as BMSB share feeding
behaviors with homopterans implicated as disease vectors in vineyards (Cilia et al., 2012; Daugherty, 1967;
Mitchell, 2004; Wiman et al., 2014a). BMSB itself is a demonstrated vector of at least one phytoplasma disease
(Hiruki, 1999; Weintraub and Beanland, 2006), while leaf-footed bugs (Heteroptera: Coreidae) and other
pentatomids have also been implicated in transmission of pistachio stigmatomycosis (Michailides et al., 1998). It
is clear that BMSB feeding intensity and associated pathogen infection is directly related to temperature (Wiman
et al., 2014b), potentially making this pest more damaging in western production regions than on the east coast.
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BMSB can develop on a wide range of host crops, meaning that it can find refuge or reproduce on non-crop hosts
and then spread to cultivated crops such as wine grapes (Nielsen et al., 2008; Nielsen and Hamilton, 2009; Leskey
et al., 2012a; 2012b; Pfeiffer et al.; 2012). However, unlike other pentatomids, BMSB are also capable of
completing development on crop plants. As a result, crop damage from nymphs is more common than it is for
other stink bugs. In the Willamette Valley, wine grapes are among the last crops to be harvested and this may
increase the potential for late-season infestation and damage by BMSB.

Contamination of grape clusters by BMSB at harvest is a major concern. Adult BMSB have been observed to
lodge themselves between the grapes during harvest. Other researchers are evaluating physical removal of BMSB
from clusters, as well as removal by chemical cleanup sprays, blowers, and electronic sorters. However, some
BMSB may remain in grape clusters and release defensive compounds during processing, causing taint in finished
wine (E. Tomasino, pers. comm.). These taints are persistent, and may result in major market losses. Work
conducted on Pinot noir has shown that trans-2-decenal, a defense compound produced by BMSB, is a
contaminant present in wine that is processed with BMSB.

As in Oregon, many important wine grape growing regions of California are in close proximity to major urban
centers where BMSB populations tend to increase and become sources for further spread. Little is known about
BMSB seasonal phenology, voltinism, and distribution in these environments. Oregon research has documented
rapid colonization and significant increases in populations between seasons, in part because two full generations
of BMSB are occurring (Wiman, unpublished). In Oregon, BMSB has dispersed from Portland to northern
Willamette Valley vineyards within a short period. It is important to survey the wine grape growing regions of
Napa, Sonoma, and Lodi because these regions are geographically close to San Francisco and Sacramento, both
areas with known BMSB infestation.

Feeding intensity of different life stages of BMSB in vineyards has not been fully determined. To date, most
studies have focused on adults, even though nymphs are potentially more damaging. When BMSB egg masses are
laid in vineyards the nymphs are more confined to feeding on the vines than the adults, which may fly back and
forth between vineyards and borders. Thus, the feeding damage from nymphs may be more concentrated as the
nymphs disperse from egg masses to feed on the host plant. No information is available, however, on the impact
and severity of feeding by nymphs on grape berries and vines. Spatial distribution of BMSB in vineyards and
feeding intensity may reflect environmental suitability. An observation from orchard crops is that the worst
BMSB damage tends to occur on the borders (Joseph et al., 2014). Similarly, vineyard borders appear to be more
susceptible to BMSB infiltration from surrounding vegetation. Grapevines located close to vineyard borders may
provide a better environment for the bugs due to microclimate effects of shading by surrounding vegetation.

This study will help determine the potential for BMSB to cause direct damage to wine grape crops, as well as
indirect damage through facilitation and vectoring of spoilage bacteria or vine diseases. Controlled damage
studies to assess direct feeding damage by BMSB have been conducted in Oregon (Oregon State University), and
New Jersey (Rutgers). These studies showed an increasing number of stylet sheaths in grape berries as the
numbers of BMSB test populations increased. Increased numbers of stylet sheaths were associated with decreases
of berry counts, premature raisining, and increased berry necrosis, but this work focused on adult feeding and was
conducted for one-week periods only. Direct crop impact may be more pronounced under more optimal
temperature regimes with different varietals, and with longer feeding periods by nymphs to more realistically
simulate crop infestation by reproductive BMSB, as is found in vineyards in Oregon and presumably California.

OBJECTIVES
1. Survey key Oregon and California viticulture areas for BMSB presence.
2. Determine BMSB temperature-related field feeding intensity, impact, and regional risk index.
3. Provide Extension for identification, distribution, and importance of BMSB in western vineyards.

RESULTS AND DISCUSSION
Objective 1. Survey key Oregon and California viticulture areas for BMSB presence.
Methods. Surveys focused on high-risk regions containing vineyards and wineries in close proximity to high
traffic areas such as highways, urban centers, throughways, and railroad lines. Initial beat sheet sampling in the
aforementioned areas and in California included Sonoma, Napa, and Lodi. Pheromone-baited pyramid traps
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(Khrimian et al., 2014) were used in conjunction with monitoring using beat sheets. The BMSB pheromone traps
were placed in the center of each row selected for beat sheet sampling. BMSB were additionally sampled from
study vineyards using beat sheet sampling every two weeks, starting in August, from two rows, once on the
vineyard edge and once in the center of the same block. Our goal was to start surveys of California vineyard
regions before the reported movement of BMSB into commercial vineyards. The vineyard regions sampled were
California’s north coast wine grape region (Mendocino, Napa, and Sonoma counties), Lodi-Woodbridge wine
grape region, and San Joaquin Valley (Fresno County). All vineyard surveys were conducted in concert with other
ongoing studies, with outreach to participating farmers on BMSB description and potential presence. At each site,
about 100 vines were visually sampled every two to four weeks. Specifically, in Mendocino County, six vineyard
sites around Ukiah and Hopland (four Chardonnay, one Merlot, and one Grenache) were sampled as part of a
leafhopper project. In Napa County, seven vineyard sites (two Cabernet Sauvignon near St. Helena, one Cabernet
Sauvignon near Oakville, one Chardonnay near Yountville, one Merlot near Carneros, and one Pinot noir and one
Chardonnay near Carneros) were sampled as part of a red blotch or vine mealybug study. In Stanislaus and San
Joaquin counties (Lodi Woodbridge wine grape region) three vineyards were sampled (one Cabernet Sauvignon,
one Pinot noir, and one Chardonnay), and in Fresno County five table grape blocks (two Thompson Seedless and
three flame seedless) were sampled. An additional sampling protocol was followed in three vineyard blocks in
Sacramento, Yolo, and Amador counties for all Hemipteran insects, but have yet to find any BMSB at any of
these sites. Sampling at these sites has been conducted by visual observations and sweeping of grape foliage and
other vegetation present in and adjacent to the vineyards. To date, no BMSB were found during these field visits
in California.

Sampling in Oregon included seven vineyards in the northern Willamette Valley. There were no clear differences
between sampling sites, and data from all vineyards were pooled for the respective seasons. Work in Oregon is
currently being completed for the 2016 season. This was the fourth year of sampling in these vineyards and data is
presented as BMSB per pyramid trap over a two-week period (Figure 1; 2016 data not shown).

Figure 1. Number of BMSB per trap (seven traps) per two-week period in the northern Willamette Valley, Oregon,
during 2013-2015.

Results. In all of the seven locations, BMSB was found in low numbers during the early part of summer in
Oregon. The number of BMSB increased to ca. 30 BMSB per trap per two-week period during September through
October of 2014 and 2015. The total cumulative number of BMSB trapped per trap during the whole period
increased from 34 (2013) to 101 (2015) BMSB per trap collected during the respective seasons. Data collection
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for 2016 is not yet complete for the Oregon trial sites. Preliminary information from 2016 data indicates similar
population trends to that of 2015.

In California, at the UC Berkeley lab (Daane Laboratory) starting in October 2015 we began monitoring the farms
and gardens by utilizing traps containing aggregation pheromones as well as sweep net collections of the
landscape. In Fresno County we have sampled five farming operations, each about three to seven acres in size.
Sampling consisted of utilizing a d-vac to collect insects from three different crops (eggplant, long beans, peppers,
tomatoes, peas, bitter melon, or squash) at each site every other week. From these samples no BMSB were found,
but Say’s stink bug (Chlorochroa sayi) and bagrada bug (Bagrada hilaris) were collected. There was one report
of a possible BMSB find from a home garden in Napa County during 2016, but the identification of the specimen
needs to be confirmed.

UC Davis (Zalom Laboratory) BMSB sampling was initiated in fall 2015 by making visual observations and
collections of stink bugs from community gardens and vineyards in Sacramento, Yolo, San Joaquin, and Amador
counties. BMSB have previously been captured in the cities of Sacramento, Davis (Yolo County), and Stockton
(San Joaquin County), but none have been captured in agricultural situations to date. We continued more
intensive sampling of community gardens in Sacramento and Davis, and have also sampled community gardens in
Galt (Sacramento County) and Lodi (San Joaquin County). Six species of stink bugs were collected from these
gardens including Eushistus conspersus, Thyanta pallidovirens, Chlorochroa uhleri, Chlorochroa ligata,
Murgantia histronica, and Nezara viridula, but BMSB was only found in community gardens in Sacramento
where it was also observed feeding on grapes that were growing there. We have yet to sample gardens elsewhere
in these counties, but we have met with UCCE Farm Advisor Jhalendra Rijal to discuss plans for collaboratively
sampling community gardens and landscape plantings in the vicinity of previous finds in Stockton (San Joaquin
County) and Modesto (Stanislaus County) in the coming year. We intend to use findings of BMSB breeding
populations at such sites as an indicator of where we might target sampling in nearby vineyards. The Zalom lab
has obtained a permit to maintain a BMSB colony that we initiated during 2015 with bugs collected from
community gardens in Sacramento, and is presently using the colony in various behavior and control studies.

Objective 2. Determine BMSB temperature-related field feeding intensity, impact, and regional risk index.
Methods - Feeding intensity. In Oregon, we deployed portable electronic feeding monitors (Wiman et al.,
2014b) during 2016 in order to determine in-vineyard feeding intensity. Portable feeding monitors consisting of
an open circuit enclosed onto a section of the grapevine will be located within 20 meters of the pheromone traps.
Four electronic feeding monitors were placed in each of the two rows in a partially-shaded vineyard border, and a
fully sun-exposed location within the center of each vineyard. Each feeding monitor was used to determine
feeding frequency, duration, and time. Each portable feeding monitor logged feeding for five individual BMSB.
The insects were replaced once per week. The relative risk and intensity of BMSB feeding damage were
determined by creating a feeding index of insect-days (Ruppel, 1983) for each of the vineyard regions using
standard methods as described by Wiman et al. (2014b). Additionally, these feeding patterns were verified by
counting the number of stylet sheaths and plant damage within the monitored feeding area.

Results. Data from this work showed clear feeding activity patterns on a daily basis (Figures 2a and 2b) with a
decrease in feeding at temperatures below and above 6°C and 26°C, respectively. These data support the
estimated lower (3°C - 6°C) and upper (26°C - 29°C) threshold ranges of temperature-related feeding activity of
BMSB (Wiman et al 2014).

Feeding impact. Feeding exclusion sleeves (48.0 cm x 39.5 cm, Premier Paint Roller, Richmond Hill, NY, item
60597) were placed over wine grape clusters in a commercial vineyard with known BMSB infestation in the
northern Willamette Valley. The trial was maintained for a four and three-week period, respectively, from
August 21 to September 21, 2015, and August 22 to September 21, 2016. There were four treatments: 1) no
BMSB; 2) a partial egg mass with 10 hatching eggs; 3) three BMSB nymphs; 4) three adult BMSB. All treatments
were enclosed in a single sleeve. Ten replicates of each treatment were established in a randomized block design.
Forty sleeves (ten of each treatment) were placed in a partially-shaded vineyard border row, and forty sleeves
were placed in a fully sun-exposed vineyard row in each vineyard (80 sleeves total). BMSB insects were exposed
to clusters during the period when BMSB are typically found in vineyards in the Willamette Valley. Dead insects
were replaced every week with BMSB of the same life stage during the exposure period. At the end of the
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experimental period, all clusters were removed and taken to the laboratory for further inspection. Feeding activity
of BMSB was determined by counting the number of stylet sheaths per berry at the end of the exposure period.
Additional key quality parameters were determined, including berry weight, pH, sugar, raisining, cracking and
presence or absence of spoilage bacteria or fungi such as Botrytis using the slip-skin method (Crisosto et al.,
2002). These data, together with weather data (five data-loggers per vineyard location), feeding intensity, and
direct impact on crop can be used to develop a relative risk model for BMSB damage in different vineyard regions
(Ruppel, 1983; Froissart et al., 2010; Wiman et al., 2014a; 2014b).

Figure 2. Adult BMSB feeding activity on Pinot noir winegrapes during cool (a) and warm (b) days in Corvallis,
Oregon during 2016 using electric feeding monitors (adapted from Wiman et al., 2014b).

Results. During 2015 there were significantly higher temperatures recorded in locations that received higher
temperature exposure levels compared to 2016 (Figures 3a and 3b). Mean temperatures ranged from 12.3°C -
23.8°C during the experimental periods. Temperatures ranged from 23.5°C - 28.2°C on days when there was full
sun exposure to virtually indistinguishable on cloudy days. These trends were, however, not found during 2016
where the mean sunny (18.0°C) and shady (18.4°C) regimes were statistically similar (F2, 53 = 0.01, p = 0.99).

Figure 3a. Mean daily-recorded temperatures from each of shady and sun-exposed locations on Pinot noir preceding
the harvest period on vines in Corvallis, Oregon during 2015 and 2016.
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Figure 3b. Mean temperatures recorded in each of two sun-exposed locations on Pinot noir vines
in Corvallis, Oregon during 2015 for a one-month period. Different letters indicate significantly
different temperatures.

During 2015 there were significantly higher levels of stylet sheaths between sunny and shady locations in vines
(F1, 4074 = 45.079, p<0.01; Figure 4), and there were higher levels of stylet sheaths in treatments with adults
compared to immature BMSB life stages. Feeding activity of BMSB still needs to be determined for 2016, but the
trends found during 2015 appeared consistent with those found during 2016.

Figure 4. Number of stylet sheaths per berry on Pinot noir in Corvallis, Oregon during 2015. Bars
with no, one, and two asterisks (*) are significantly different from other bars.



 
  

 
 
 

 
  

           
        

          
        

 
 
 
 
 
 
 
 

 
  

  
  

 
   

   
  

 
 

In order to determine if there were differences in BMSB feeding days (insect-days, Ruppel, 1983) between sunny 
and shaded locations during 2015 we determined the mortality rates over the four-week period of the feeding trial. 
There were, however, no clear differences in cumulative mortality rates between locations where BMSB were 
placed on vines. For 2015, the winegrape quality parameters (Tables 1 and 2) showed statistically lower berry and 
cluster weights, lower berry diameter, less berries per cluster, and more stylet sheaths per berry (Table 1) between 
climate regimes. There was a numerical decrease in berry and cluster weights and lower berry diameter with 
increasing age of BMSB life stage, as well as warmer temperatures (Table 2). 

Table 1. Mean berry characteristics of Pinot noir grapes and BMSB feeding activity (±SE) for temperature regimes 
(N = 40) and life stage treatments (N = 20) during 2015 in Corvallis, Oregon. 

Group 
Berry 

Weight 
(Grams) 

Cluster 
Weight 
(Grams) 

Berry 
Diameter 

(mm) 

Berries/ 
Cluster 

Stylet 
Sheaths/ 

Berry 
°Brix 

Shady 1.3±0.03a 90.0±4.9a 12.1±0.1a 72.4±3.9a 6.8±3.0b 21.6±0.04a 

Sunny 1.1±0.03b 56.7±4.9b 11.6±0.1b 50.2±3.9b 12.8±3.0a 
22.0±0.04a 

Control 1.2±0.005a 75.9±5.8a - - 0.009±0.006b 21.5±0.3a 

Eggs 1.1±0.002a 69.7±6.5a - - 0.047±0.012b 22.0±0.3a 

Nymphs 1.2±0.003a 80.8±9.2a - - 0.060±0.018b 21.6±0.2a 

Adults 1.2±0.013a 67.1±9.4a - - 0.781±0.177a 22.1±0.5a 

Table 2. Mean grape berry characteristics of Pinot noir and BMSB feeding activity (±SE) for 
temperature regimes and life stage treatments (N = 10) during 2015 in Corvallis, Oregon. 

Treatment 
Cluster 
Weight 
(Grams) 

Stylet 
Sheaths/ 

Berry 
°Brix 

Shady Control 87.1±5.2a 0.013±0.013c 21.3±0.4a 

Shady Egg 89.0±6.3a 0.028±0.012c 22.2±0.5a 

Shady Nymph 94.0±14.4a 0.072±0.031c 21.9±0.2a 

Shady Adult 89.9±14.6a 0.335±0.092b 21.1±0.6a 

Sunny Control 64.8±9.4a 0.006±0.004c 21.7±0.5a 

Sunny Egg 50.3±7.4a 0.066±0.200c 21.9±0.5a 

Sunny Nymph 67.6±10.5a 0.047±0.018c 21.3±0.4a 

Sunny Adult 44.3±6.8a 1.226±0.282a 23.0±0.5a 

BMSB feeding was correlated based on BMSB life stage and temperature (Ruppel, 1983). For life stages, a factor 
of 1 was attributed to control treatments, 5.22 for eggs, 6.67 for nymphs, and 86.78 for adults. These factors were 
obtained by dividing the number of stylet sheaths found for each life stage by the number of stylet sheaths found 
in the control treatments (0.009) over the two seasons. We assume, based on the electronic feeding monitors, that 
no stylet sheaths are found in situations where temperatures are below 6°C and above 26°C respectively. These 
zero values of feeding were used in the fitting of a non-parametric curve in order to describe the lower and upper 
thresholds of BMSB feeding. The effect of temperature was determined by estimating the number of degree-days 
(DD) per day for each temperature regime. The DD/day were estimated using the lower and upper thresholds of 
14°C and 34ºC (Nielsen et al., 2008), respectively. Based on the relative number of DD/day in each regime, the 
corresponding factor was attributed to each of the regimes. The life stage factor was multiplied by DD/day to 
create a feeding factor (Table 3). 
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Table 3. BMSB feeding factor based on life stage, and number of Degree-Days/day (DD/day). BMSB
feeding activity was acquired using an electronic feeding monitor as well as over two seasons on Pinot noir
during 2015 and 2016 in Corvallis, Oregon.

BMSB life
stage Year Temperature

regime

Numerical
BMSB life
stage factor

DD/day Feeding
factor

None 2015 Shady 1 7.07 7.07
None 2015 Sunny 1 10.03 10.03
None 2016 Shady 1 7.115 7.115
None 2016 Sunny 1 8.59 8.59
Eggs 2015 Shady 5.22 7.07 36.9054
Eggs 2015 Sunny 5.22 10.03 52.3566
Eggs 2016 Shady 5.22 7.115 37.1403
Eggs 2016 Sunny 5.22 8.59 44.8398

Nymphs 2015 Shady 6.67 7.07 47.1569
Nymphs 2015 Sunny 6.67 10.03 66.9001
Nymphs 2016 Shady 6.67 7.115 47.45705
Nymphs 2016 Sunny 6.67 8.59 57.2953

Adults Feeding
monitor Cold 86.78 0 0

Adults 2015 Shady 86.78 7.07 613.5346
Adults 2015 Sunny 86.78 10.03 870.4034
Adults 2016 Shady 86.78 7.115 617.4397
Adults 2016 Sunny 86.78 8.59 745.4402

Adults Feeding
Monitor Hot 1 86.78 10.88 944.1664

Adults Feeding
Monitor Hot 2 86.78 12.33 1069.9974

For the BMSB feeding correlation, the regression of stylet sheaths/berry on the feeding factor resulted in a
significant fit using the function y = (0.0000089)*x*(x-(143.717))*((1028.8)-x)*exp(1/(-0.12867) (R2 = 0.71;
F = 6.33; df = 1, 4; p < 0.003, Figure 5).

Figure 5. BMSB stylet sheaths per berry over feeding factor. The feeding factor was estimated
based on life stage and number of Degree-Days/day (DD/day). BMSB feeding activity was acquired
using an electronic feeding monitor during 2016 and also on Pinot noir wine grapes during 2015 and
2016 in Corvallis, Oregon.
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Objective 3. Provide Extension for identification, distribution, and importance of BMSB in western
vineyards.
Methods. Because BMSB may first be seen in small organic gardens and ornamental trees we also began
outreach to or surveys of small organic farms (Napa and Sonoma counties) and Southeast Asian vegetable farms
(Fresno County). In the north coast region we have partnered with Master Gardener groups in Napa and Sonoma
counties to gain access to home gardens in which we may find desirable host source plants. Additionally, contacts
have been made, in partnership with the Napa Agricultural Commissioner, allowing us access to survey and
sample small diversified farms. No BMSB have been found at these sites.

Results. In Oregon we presented results of earlier and work for this grant to growers in five locations:
McMinnville, Oregon (63 attendees); Milton Freewater, Oregon (30 attendees); Roseburg, Oregon (50 attendees);
Medford, Oregon; (48 attendees); and Rickreal, Oregon (211 attendees). Several extension meetings were held in
the San Joaquin Valley and coastal winegrape regions as represented by the sampled regions mentioned above.

CONCLUSIONS
In California’s north coast wine grape region, Lodi-Woodbridge wine grape region, and San Joaquin Valley
(Fresno County) vineyards and small vegetable farms, no BMSB were found. While this is only the initial study,
BMSB have been found in the Lodi-Woodbridge region in ornamental trees, but have yet to be found near the
vineyards sampled. During 2016 there was a report of BMSB found in Napa in a home garden. In Oregon, BMSB
were found in increasing numbers from 2013 to 2016 (2016 data not shown) in each of the seven vineyards
sampled.
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ABSTRACT
Grapevine red blotch-associated virus (GRBaV) is a newly identified vineyard pathogen causing vine damage
similar to other grape leafroll diseases (GLDs). There has been some initial laboratory evidence that leafhoppers
are potential vectors of GRBaV; however, there have been mixed reports of possible vector-borne movement in
vineyards. Our goal is to identify and test potential vectors to provide concrete evidence that organisms can or
cannot move GRBaV among vines. This work must be completed to develop a control program for “red blotch”
and develop accurate information on the epidemiology of this newly reported pathogen. To date, we have tested
leafhoppers (Erythroneura elegantula, E. variabilis, E. ziczac), grape whitefly (Trialeurodes vittatas), mealybugs
(Planococcus ficus and Pseudococcus maritimus), blue-green sharpshooter (Graphocephala atropunctata), and
foliar-form grape phylloxera (Daktulosphaira vitifoliae). So far none of these insects have moved the pathogen
from an infected plant or plant material to a clean plant in laboratory studies. More recently there has been
evidence that a membracid may transmit GRBaV (Bahder et al., 2016) and transmission experiments evaluating
the three-cornered alfalfa hopper (Spissistilus festinus) are still in progress. Our field studies have surveyed
insects and potential non-crop reservoirs in vineyards with suspected movement of red blotch. None of the
herbivores in this survey have tested positive for the virus responsible for red blotch, although many samples are
still being tested in the laboratory. We have also conducted detailed mapping of red blotch in vineyards where
movement of the virus is suspected in order to evaluate spatial trends related to virus spread. Similarly, we are
also mapping GRBaV titers levels within the vine itself to help with the identification of novel vectors which may
preferentially feed on regions of the vine where the virus is localized.

LAYPERSON SUMMARY
Grapevine red blotch-associated virus (GRBaV) is a newly identified vineyard pathogen causing vine damage
similar to other grape leafroll diseases (GLDs). There has been some initial laboratory evidence that leafhoppers
are potential vectors of GRBaV; however, there have been mixed reports of possible vector-borne movement in
vineyards and recent work at UC Davis identified an insect called a treehopper as a likely vector. Our goal is to
identify and test potential vectors to provide concrete evidence that organisms can or cannot move GRBaV among
vines. This work must be completed to develop a control program for red blotch and develop accurate information
on the epidemiology of this newly reported pathogen. To date, we have tested many leafhoppers (which are
common in vineyards), grape whitefly, mealybugs (which are also commonly found in vineyards), blue-green
sharpshooter, and foliar-form grape phylloxera. None of these insects have moved the pathogen from an infected
plant or plant material to a clean plant in laboratory studies. We have begun transmission experiments evaluating
a treehopper (three-cornered alfalfa hopper) to determine its efficiency. Our field studies have surveyed insects
and potential non-crop reservoirs in vineyards with suspected movement of red blotch. None of the herbivores in
this survey have tested positive for the virus responsible for red blotch, although many samples are still being
tested in the laboratory. We have also conducted detailed mapping of red blotch in vineyards where movement of
the virus is suspected in order to evaluate spatial trends related to virus spread. Similarly, we are also mapping
GRBaV titer levels within the vine itself to help with the identification of novel vectors which may preferentially
feed on regions of the vine where the virus is localized.
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INTRODUCTION
In 2006 an increase in grapevine leafroll disease (GLD) and vines with “red leaf” symptoms was observed by
growers in vineyards located within the Napa Valley, California. Symptoms were also observed at the Oakville
Experimental Vineyard (OEV) by Jim Wolpert (UC Davis Viticulture Extension Specialist), Ed Weber (former
UC Cooperative Extension Viticulture Farm Advisor), and Mike Anderson (UC Davis Staff Research Associate).
Tissue samples were collected from symptomatic vines and tested by commercial laboratories and UC Davis
Foundation Plant Services. Test results were most often negative for known grapevine leafroll-associated viruses
(GLRaVs).

The increasing awareness of blocks containing vines with grapevine leafroll disease symptoms, primarily in Napa
and Sonoma counties, but testing negative for grapevine leafroll-associated viruses resulted in a renewed focus on
virus species and strains causing GLD. New GLRaV-3 strains have been discovered (e.g., Sharma et al., 2011);
however, this did not fully explain all of the observed symptomatic vines. In 2010, next generation sequencing
analyses identified a new pathogen (Al Rwahnih et al., 2013). Soon after a circular DNA virus, similar to
members of the family Geminiviridae, was isolated (Krenz et al., 2012) and, concurrently, polymerase chain
reaction (PCR) primers were developed (Al Rwahnih et al., 2013) for this pathogen now known as grapevine red
blotch-associated virus (GRBaV). GRBaV has since been isolated from vines throughout North America and in
Switzerland (Krenz et al., 2014), highlighting either a rapid dissemination or, more likely, its long hidden
presence (e.g., misidentified as GLD).

This project focuses on possible vectors of GRBaV. Multiple viruses in the Geminiviridae are insect transmissible
(Ghanim et al., 2007; Chen and Gilbertson, 2009; Cilia et al., 2012), and there has been some initial evidence that
leafhoppers may transmit GRBaV (Poojari et al., 2013) and better evidence that a membracid may transmit the
pathogen (Bahder et al., 2016). However, there has been mixed evidence of GRBaV field spread in association
with leafhoppers. Concern for the spread of GRBaV led to an off-cycle project in summer 2013, funded by the
Napa County Winegrape Pest and Disease Control District to initiate appropriate scientific studies of possible
insect vectors of GRBaV. The work was continued in 2014 with American Vineyard Foundation (AVF) and Napa
County funds.

Our goal is to test potential vectors to provide concrete evidence that organisms can or cannot move GRBaV
among vines. Determining field epidemiology of GRBaV is critical in the development of a control program,
whether the pathogen is moved via infected nursery material, mechanically, or, as with the focus of this study, by
a vector. There are ample California vineyard sites where the pathogen is present but does not appear to have
moved from infected vines over a period of many years, but in a few vineyards vine-to-vine movement has been
recorded. This difference ‒ whether there is no vector movement and disease presence is exclusively from
infected nursery material, or there is a vector ‒ completely changes the needed control programs.

Our proposed work will screen all common vineyard arthropods as well as the “long shots” that are potential
GRBaV vectors, thereby providing the proper target for control. Table 1 provides a partial list of the common
vineyard insect species that should be screened as potential vectors of GRBaV, based on their incidence and
distribution in California vineyards.

Once tested organisms are either identified as vectors or our work shows that they are either not vectors or that
they are so inefficient that spray programs are not needed, this information will be disseminated to farmers, Pest
Control Advisors, and extension personnel, thereby having a practical, direct, and immediate impact on control
decisions to “spray or not to spray.”

OBJECTIVES
The overall objective is to screen potential vectors for their ability to acquire and transmit grapevine red blotch-
associated virus (GRBaV) and, if a vector is discovered, to determine vector efficiency. Objectives for this
research program are as follows:
1. Screen common vineyard insects and mites as potential vectors of GRBaV.
2. Screen uncommon organisms that feed on vines as potential vectors of GRBaV.
3. Follow disease progression in established vineyard plots to collect preliminary data on field epidemiology.
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Table 1. Arthropods targeted for GRBaV tests
Common name Scientific Name Common Distribution
western grape leafhopper Erythroneura elegantula North Coast (north of Tehachapi Mtns.)
variegated leafhopper Erythroneura variabilis Central Valley (San Joaquin Co. to So. Cal.)
Virginia creeper leafhopper Erythroneura ziczac Northern CA
potato leafhopper Empoasca sp. Sporadic vineyard populations
vine mealybug Planococcus ficus California vineyards
grape mealybug Pseudococcus maritimus North Coast and San Joaquin Valley
obscure mealybug Pseudococcus viburni Central and North Coast
blue-green sharpshooter Graphocephala atropunctata Northern CA
European fruit lecanium scale Parthenolecanium corni North Coast
grape phylloxera Daktulosphaira vitifoliae North Coast, Sacramento Delta, Foothills
grape whitefly Trialeurodes vittatas California
mites Tetranychus spp. California

RESULTS AND DISCUSSION
Objective 1. Screen common vineyard insects and mites as potential vectors of GRBaV.
2013-2014: Initial transmission trials with potted vines.
In 2013 and 2014 we prioritized the screening of leafhoppers (western grape leafhopper and Virginia creeper
leafhopper), grape whitefly, mealybugs (vine mealybug and grape mealybug), and blue-green sharpshooter
because of the published work by Poojari et al. (2013), their prevalence in California vineyards, and/or their
phloem feeding (this category of viruses [Geminiviridae] are phloem-limited, although the biology and ecology of
GRBaV is not fully understood).

In both years, canes were collected from Cabernet Sauvignon (clone 6) and Cabernet Franc (clone 04) vines in
vineyard blocks where vines are known to have tested positive for GRBaV and negative for all known GLRaVs
and other known grapevine viruses. PCR test results for these vines were made and canes negative for all viruses
except GRBaV and rupestris stem pitting (RSP) (UC Berkeley and Foundation Plant Services test results) were
transferred to UC Berkeley Oxford Tract Greenhouse and established in pots on a mist bench. Vines were
maintained in the greenhouse, strictly treated to be insect and mite-free, and isolated from other vines that may
have harbored viral pathogens. As indicators for these studies, we used Cabernet Sauvignon vines propagated
from material provided by Foundation Plant Services and maintained under similar conditions.

Initial tests were conducted using the most mobile stages of key species, including adults of the Erythroneura
(leafhopper) species and the grape whitefly, and crawlers of vine mealybug and grape phylloxera. We employed
standard transmission protocols to evaluate the potential of these insects to transmit GRBaV, as has recently been
done for GLRaVs (Tsai et al., 2008; Tsai et al., 2011) and Pierce’s disease (Almeida and Purcell, 2003 a, b). We
used a standard Acquisition Access Period (AAP) and Inoculation Access Period (IAP) of 120 hours (five days)
each for all tested insect species except the more delicate grape whitefly, which was allowed to feed on plants for
an AAP and IAP of 48 hours (two days) each. In the “controlled trials,” known infected source plants or
uninfected control plants in pots (one-liter size) were inoculated with 30-50 insects for the AAP, and surviving
insects were then transferred to uninfected plants for the IAP. Field-collected leafhopper adults and blue-green
sharpshooter adults were taken from an insectary colony and released on plants that were placed singly in 61 x 61
x 61 cm BugDorm cages. Grape whitefly adults reared from pupae were collected in Napa County vineyards and
then released into nylon bags enclosing five leaves on potted grape plants. Mealybug crawlers were moved onto
individual grape leaves (three leaves per plant) using a brush, and grape leaves were then enclosed with white
paper bags. Following the IAP all vines were treated with a contact insecticide to kill any remaining insect
species. All insects were collected and tested for GRBaV within 48 hours after the AAP period. Every four
months thereafter, three petioles were collected from each host plant and assayed for GRBaV infection. A total of
20 test vines were inoculated for each of the above insect species in the 2014 trials.

Results from the 2013/2014 trials have not indicated that any of these insects (i.e., leafhoppers [western grape
leafhopper and Virginia creeper leafhopper], grape whitefly, mealybugs [vine mealybug and grape mealybug],
and blue-green sharpshooter are capable of transmitting GRBaV to uninfected grapevines. Inoculated vines from
these trials are being held for a two-year period, during which petioles are tested for GRBaV every four months
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and vines are visually evaluated for symptoms every fall. All insects that fed on infected plant material in these
trials have tested negative as well. That said, we have recently begun to redesign our insect testing procedures in
order to improve the sensitivity and accuracy of these laboratory tests. Insects from the 2013/2014 trials are being
re-tested using new protocols that have been developed and verified.

2015 – Improved “bouquet” transmission trials.
In 2015 and 2016 protocols for these transmission experiments were modified due to concerns about
(a) potentially low virus titer levels in the potted vines grown from cuttings of GRBaV-positive vines at vineyard
field sites, and (b) the small number of insects per trial. Our concern is that candidate vector ability to transmit
GRBaV is confounded by low titer levels in the GRBaV-positive vines used in previous trials and/or inadequate
insect sample size.

The new approach involves using “bouquets” of mature grape leaves collected from GRBaV-positive vines at
vineyard field sites that were not sprayed with insecticides. Each bouquet consists of ten mature grape leaves held
in a 16-ounce plastic container that contains moist perlite. Ten leaves were collected from each of ten GRBaV-
positive vines (nodes one to five) in an established vineyard in Napa County (100 leaves total). Each bouquet
consisted of one leaf from each of the ten vines, totaling ten leaves per bouquet and ten total bouquets (i.e., one
bouquet per replicate). Bouquet degradation was initially evaluated by testing petioles for GRBaV six to 48 hours
after collection. Results indicated no degradation of the petioles. Finally, each trial now contains at least 100
insects/replicate (when possible) and 10 replicates per treatment.

Since July 2015 we have completed trials using the bouquets with Virginia creeper leafhopper adults, vine
mealybug crawlers, and foliar-form grape phylloxera crawlers. Due to concerns about bouquet degradation, these
experiments used an AAP of 48 hours (two days) and an IAP of 72 hours (three days). Clip-cages (7 cm diameter
x 2 cm height) were used to confine 10 insects/leaf to each bouquet (100 insects/bouquet). Bouquets with insects
were placed in a 61 x 61 x 61 cm BugDorm cage and there were a total of 10 replicates per treatment. After the 48
hour AAP, clean potted vines were introduced into the cages. The clip cages were then removed, thus allowing
the insects to move onto the clean vine. Bouquets were also removed at this time, after ensuring that they were
free of the candidate vectors. Petioles from the bouquets were then collected for GRBaV testing as well as a sub-
sample of the candidate vectors (10-50 insects per replicate). After the 72 hour IAP, another subsample of the
candidate vectors was collected for testing (10-50 insects per replicate) and the potted vines were then treated
with a contact insecticide to kill any remaining insects. Three petioles were sampled from each vine (nodes 1-5)
for immediate testing. Vines are now being maintained for a two-year period and petioles tested for GRBaV every
four months.

Bouquet experiments with grape phylloxera were initially unsuccessful due to their rejection of the bouquet
material. Following the 48 hour AAP it was observed that none of the phylloxera crawlers had settled on the
leaves and instead were mostly desiccated inside the cages. As such, we reverted to the previous experimental
approach utilizing potted vines that were confirmed to be GRBaV positive. This time, two-year-old GRBaV-
positive vines were used in these trials to possibly provide vines having elevated virus titer levels. Negative
control source vines were one years old. Vines were placed in 61 x 61 x 61 cm BugDorm cages and inoculated by
pinning ten leaf discs containing a large number of galls (>15) on each vine. The galls on these discs had been cut
open with a razor in order to encourage movement of the crawlers onto the vine. After 25 days all of the potted
vines exhibited >50 galls (i.e., 25 day AAP). At this point, clean vines were introduced into the cages and sub-
samples of grape phylloxera adults, eggs, and crawlers were collected for testing. Acquisition and inoculation
vines remained together in the cages until the inoculation vines had >50 galls/vine, which resulted in a 38-day
IAP. At this point vines were treated with both a contact and systemic insecticide. As before, vines will be held
for a two-year period and tested every four months. So far, our 2015 and 2016 “bouquet” trials have shown no
transmission of GRBaV by either the Virginia creeper leafhopper or the vine mealybug. Similarly, the trial with
foliar-form grape phylloxera on two-year-old GRBaV-positive vines did not show any transmission.

Testing plant material for GRBaV.
For all plant material, a standard DNA extraction protocol was used in order to extract DNA from grapevine
petioles potentially infected with red blotch disease (Sharma et al., 2011). Three petioles were randomly selected
from nodes one to five, and 0.1 g of tissue was macerated in 1.8 ml Grape ELISA grinding buffer in Mo-Bio
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2.0 ml tough tube containing a Boca chrome steel ball bearing (Sharma et al., 2011). Using a Precellys 24 Tissue
Homogenizer at 6,500 Hz for two 10-second cycles with a 30-second intermission between cycles, the samples
were centrifuged for 10 minutes at 13,200 rpm at 20C. One ml of the supernatant was pipetted into 1.5 ml
Eppendorf tubes and stored at -20C. After briefly vortexing, the DNA extracts were denatured prior to
performing qPCR; 8 uL of extract was denatured in 99 uL of GES Denaturing Buffer plus 1 ul 1% beta-
mercaptoethanol, by incubating at 95C for 10 minutes and 4 C for five minutes (Sharma et al., 2011).

The qPCR was performed using Promega GoTaq qPCR Master Mix (Al Rwahnih et al., 2013). Two ul of each
denatured sample were added to 12.5 ul Promega GoTaq master mix, 2.5 ul of 10 uM primers GVGF1, and
GVGR1 (Al Rwahnih et al., 2013), or with 10 uM primers RB-F and RB-R  (developed by the lab for this study),
0.25 ul CXR reference dye, and eight ul water (Al Rwahnih et al., 2013). An Applied Biosystems qPCR machine
with 7500 Fast System SDS Software was used for qPCR and to analyze the results. Thermocycling conditions
include one cycle of 95C for two minutes; forty cycles of 95C for 15 seconds, 58C for one minute; and one
cycle of 72C for 10 minutes, followed by a final dissociation cycle. The PCR product was analyzed by the 7500
Fast System SDS Software, accounting for the Ct values, melting temperatures, and component curves.

Testing insects for GRBaV.
All insects used in these studies were frozen (-80ºC) and later tested for GRBaV. The Qiagen DNeasy Blood and
Tissue Kit was used for extractions and the bench protocol was followed to prepare the insect samples for the
QIAcube; 25 mg of insect were used for each extraction. The New England Biolabs Phusion High Fidelity kit was
used for PCR. For each sample, 10 µL 5x Phusion buffer, 1 µL of 10 mM dNTP, 2.5 µL of 10 uM forward
primer, 2.5 µL of 10 uM reverse primer, 100 ng of DNA, and 0.5 µL of Phusion DNA polymerase were used and
diluted to 50 ul total reaction volume with water. After the samples were prepared, they were briefly centrifuged
before being placed in a thermal cycler (DNA Engine Peltier, Biorad) with a heated lid. The thermal cycler
conditions were as follows: 1) Initial Denaturation at 98oC for 30 seconds, 2) Cycle of denaturing step at 98oC for
10 seconds, annealing step at 62oC for 30 seconds, and extension step at 72oC for 30 seconds, repeated 30 times,
and 3) Final Extension at 72oC for 10 minutes. To visualize PCR product, a 2% agarose gel was used in 1x TAE
buffer. A Qiagen GelPilot100bp Plus ladder was used. The gel was stained with ethidium bromide, and visualized
on a GelDoc XR using the Quantity One program under UV light.

Conclusion ‒ No transmission observed to date.
We have evaluated a total of seven vector candidates: grape leafhopper, Virginia creeper leafhopper, grape
whitefly, vine mealybug, grape mealybug, blue-green sharpshooter, and foliar-form grape phylloxera. In 2015 and
2016 we modified experimental protocols that were designed to overcome perceived limitations in previous
transmission experiments from 2013-2014. This led to the re-evaluation of two candidates, Virginia creeper
leafhopper and vine mealybug, as well as evaluation of a new candidate, foliar-form grape phylloxera.

To date, none of the candidate vectors have tested positive for GRBaV and no transmission has been observed,
although testing of insect and plant material from these experiments is ongoing. In summer and fall 2016 we plan
to continue testing other candidate vectors listed in Table 1 as well as novel vectors identified from field
collections in objective 2 (see below).

Objective 2. Screen uncommon organisms that feed on vines as potential vectors for GRBaV.
Vineyard insect survey.
We used the same methodologies described for objective 1 to screen lesser known vineyard organisms or unlikely
vectors. Insects were collected 1x/month from five established vineyards where movement of GRBaV has been
observed or reported (assumed to have happened). Samples were collected from grapevines, groundcovers, and
non-crop vegetation in the surrounding landscape using a combination of sweep-nets (on groundcovers, five
samples per site, 30 sweeps per sample) and a D-Vac type suction sampling machine (on grapevines and non-crop
vegetation), which consisted of a 25 cc gas blower/vacuum (Craftsman) fitted with a 5-gallon (18.9 liter) bucket
on the vacuum tube to create a 1 ft2 (0.093 m2) sampling cone. Each D-Vac sample consisted of five thrusts with
the D-Vac running at full speed (five samples of grapevine per site, 5-10 samples of non-crop vegetation). All
samples were held in a cooler and brought to the laboratory for immediate processing. Specimens were
incapacitated using CO2 gas, sorted and identified to species or genus, and then stored in 95% EtOH and stored at
-80o C until testing. So far we have collected leafhoppers in the genera Aceratagallia sp., Acinopterus sp.,
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Alconeura sp., Colladonus sp., Empoasca spp., Macrosteles sp., Osbornellus sp., Scaphytopius spp., as well as the
species Deltocephalus fuscinervosus, Dikrella californica, and Euscelidius schenki. Other organisms include
members of the families Acanaloniidae, Cixidae, Membracidae, Miridae, Lygaeidae, Psyllidae, and Tingidae.

Many novel insects have been collected from vineyard sites where movement of GRBaV is suspected, but to date
none have tested positive for GRBaV, although many specimens are still in the process of being tested, and as
mentioned above, we are still in the process of refining our laboratory techniques to improve sensitivity of
detection for insect material.

Non-crop plant survey.
As a complement to the insect collection and testing, plant material was also collected from non-crop vegetation
and tested for GRBaV in order to identify plant species that serve as reservoirs of GRBaV outside of the vineyard.
Plant material was sampled from maple (Acer sp.), California buckeye (Aesculus californica), alder (Alnus
rhombifolia), madrone (Arbutus menziesii), manzanita (Arctostaphylos sp.), coyotebrush (Baccharis pilularis),
Oregon ash (Fraxinus latifolia), English ivy (Hedera helix), toyon (Heteromeles arbutifolia), California walnut
(Juglans californica), wild cucumber (Marah macrocarpa), olive (Olea europaea), plum (Prunus sp.), coast oak
(Quercus agrifolia), blue oak (Q. douglasii), valley oak (Q. lobata), wild rose (Rosa californica), blackberry
(Rubus spp.), willow (Salix sp.), elderberry (Sambucus sp.), California bay (Umbellularia californica), periwinkle
(Vinca major), wild grape (Vitis californica) and various vineyard groundcovers and weedy vegetation (Artemisia
douglasiana, Avena fatua, A. sativa, Brassica spp., Calendula officinalis, Conium maculatum, Convolvulus
arvensis, Foeniculum vulgare, Malva parviflora, Raphanus sativa, Taraxacum officinale, Vicia fava, and Vigna
sp.). To date, most of this plant material has tested negative for GRBaV, with the exception of wild grape which
has tested positive fairly consistently across multiple sites. It should be noted that “wild grape” at these sites may
actually be a hybrid form Vitis californica x V. vinifera due to its proximity to commercial vineyards.

Vineyard insect and plant survey ‒ Preliminary findings.
The insect and non-crop plant survey concluded in May 2016, marking one full year of monthly insect and plant
sampling in five vineyards with suspected spread of GRBaV. As mentioned, testing of plant and insect material is
ongoing, but here we present some preliminary summaries of the data based on findings to date. In our surveys,
the only non-crop plant species to test positive for GRBaV has been wild grape (V. californica x V. vinifera),
indicating a potential role of this plant in the spread of GRBaV into commercial vineyards. Here we present a
summary of the insect community found on wild grapes in our survey (Table 2). Diptera (flies) and western grape
leafhopper make up >50% of the insects found on wild grape and >90% of organisms are represented when we
include the parasitic Aprocita (parasitoid wasps), spiders, Formicidae (ants), Empoasca spp., Coleoptera (beetles),
Chrysoperla sp. (green lacewings), variegated leafhopper, Osbornellus sp., Psocoptera (book lice), Trichoptera
(caddisflies), aphids and Miridae. From this group, only western grape leafhopper, Empoasca spp., variegated
leafhopper, Osbornellus sp., aphids, and the Miridae are likely to feed directly on wild grape tissue and only
western grape leafhopper and variegated leafhopper are known to successfully reproduce on it.

Evaluating insect community overlap between wild and wine grape could help identify novel insect vectors of
GRBaV. Organisms that were found on both wild and wine grape include aphids, Berytidae, Chrysoperla sp.,
Coleoptera, Deltocephalus fuscinervosus, Diptera, Empoasca spp., western grape leafhopper, variegated
leafhopper, Formicidae, Galerucinae, parasitic Aprocrita, Lepidoptera, Lygaeidae, three-cornered alfalfa hopper
(Spissistilus festinus), Miridae, Orius sp., Psocoptera, Psyllidae, Scaphytopius spp., spiders, Thysanoptera,
Trichoptera, and a small number of unknown Ciccadellids. Of these organisms that co-occur on both wild and
wine grape, Deltocephalus fuscinervosus, Empoasca spp., western grape leafhopper, variegated leafhopper,
Lygaeidae, Miridae, Psyllidae, Scaphytopius spp., three-cornered alfalfa hopper, Thysanoptera, and the unknown
Ciccadellids will likely feed directly on grape plant tissue and only western grape leafhopper and variegated
leafhopper are known to reproduce on these species. The most commonly encountered organism on cultivated
wine grape was wester grape leafhopper (35%), followed by variegated leafhopper (11%), Thysanoptera (5%),
aphids (2%), and Lygaeidae (1%). All other organisms represented <1% of the community found on wine grapes.
From this group of likely feeders that occur on both wild and wine grape, we have conducted GRBaV
transmission experiments with western grape leafhopper and variegated leafhopper, which represent some of the
commonly encountered organisms on both wild and wine grape. Results from these trials have not indicated any
ability of these insects to transmit the virus.
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Table 2. Arthropod community on wild grapes and cultivated wine grapes. Data shows mean annual abundance per
sample ± SEM and percentage of total arthropods found on the plant.

Order Family Genus/Species Wild Grape Wine Grape
Abundance % Abundance %

Araneae 0.39 ±0.12 6% 0.02 ±0.02 2%

Coleoptera
Galerucinae 0.02 ±0.02 <1% 0.01 ±0.01 <1%
Cantharidae - - <0.01 <1%
Other 0.18 ±0.09 3% 0.08 ±0.02 2%

Dermaptera 0.04 ±0.03 1% - -

Diptera Syrphidae - - <0.01 <1%
Other 2.80 ±0.68 41% 1.24 ±0.14 28%

Hemiptera

Acanaloniidae 0.02 ±0.02 <1% - -
Alydidae - - <0.01 <1%
Anthocoridae Orius sp. 0.04 ±0.04 1% 0.03 ±0.01 <1%
Aphididae 0.08 ±0.05 1% 0.09 ±0.02 2%
Berytidae 0.04 ±0.03 1% <0.01 <1%

Cicadellidae

Acinopterus angulatus - - 0.01 ±0.01 <1%
Deltocephalus fuscinervosus 0.02 ±0.02 <1% 0.02 ±0.01 <1%
Dikraneura rufula - - <0.01 <1%
Dikrella sp. 0.02 ±0.02 <1% - -
Empoasca spp. 0.22 ±0.13 3% <0.01 <1%
Erythroneura elegantula 0.80 ±0.43 12% 1.51 ±0.44 35%
Erythroneura variabilis 0.14 ±0.07 2% 0.47 ±0.19 11%
Graphocephala atropunctata - - <0.01 <1%
Macrosteles quadrilineatus - - <0.01 <1%
Osbornellus sp. 0.12 ±0.10 2% - -
Scaphytopius spp. 0.02 ±0.02 <1% 0.02 ±0.01 <1%
Sophonia sp. - - <0.01 <1%
Unknown 0.04 ±0.03 1% 0.01 ±0.01 <1%

Geocoridae Geocoris sp. - - <0.01 <1%
Lygaeidae 0.06 ±0.05 1% 0.06 ±0.04 1%
Membracidae Spissistilus festinus 0.02 ±0.02 <1% 0.02 ±0.01 <1%
Miridae 0.08 ±0.05 1% <0.01 <1%
Psyllidae 0.02 ±0.02 <1% 0.02 ±0.01 <1%
Rhopalidae 0.02 ±0.02 <1% - -
Tingidae - - 0.01 ±0.01 <1%

Hymenoptera

Apoidea (non-Apis) - - 0.02 ±0.01 <1%
Aprocrita (parasitic) 0.57 ±0.17 9% 0.17 ±0.03 4%
Formicidae 0.37 ±0.12 6% 0.01 ±0.01 <1%
Vespidae 0.02 ±0.02 <1% - -

Ixodida Ixodidae 0.04 ±0.04 1% - -
Lepidoptera 0.04 ±0.04 1% <0.01 <1%
Neuroptera Chrysopidae Chrysoperla sp. 0.14 ±0.12 2% 0.01 ±0.01 <1%
Orthoptera 0.02 ±0.02 <1% - -
Psocoptera 0.08 ±0.05 1% 0.07 ±0.02 2%
Thysanoptera 0.04 ±0.03 1% 0.22 ±0.08 5%
Trichoptera 0.08 ±0.05 1% <0.01 <1%

While it is notable that three-cornered alfalfa hopper, a known vector of GRBaV (Bahder et al., 2016), was found
on both wild and wine grapes, on both plant species they represented <1% of total organisms. Regardless of the
overall low populations encountered in vineyards, data on host plant associations of three-cornered alfalfa hopper
(Figure 1) provides new information on population dynamics in vineyards. This species was primarily found in
the late spring on groundcovers in and around the vineyard, which included various weedy grasses as well as
overwintering grass/legume cover crops. As groundcovers died down, three-cornered alfalfa hopper was
intermittently found in low abundance on wild grape, wine grape, toyon (Heteromeles arbutifolia) and coast oak
(Quercus agrifolia) throughout the growing season. These are not necessarily reproductive hosts for this species
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and further work is needed to better understand the life cycle of three-cornered alfalfa hopper on the non-crop
habitats in and around vineyards.

Figure 1. Seasonal host plant associations of S. festinus in North Coast vineyards. High densities of S. festinus were
found on groundcovers in the late spring and then intermittently on wild grape, wine grape, coast oak and toyon. Plant
species shown are not necessarily reproductive hosts. Right Y-axis denotes abundance on groundcovers, left Y-axis
denotes abundance on all other plants.

Establishing colonies of novel vectors.
Due to the low abundance of novel candidate vectors (e.g. Empoasca spp., three-cornered alfalfa hopper,
D. fuscinervosus), we have been working to establish colonies of these insects at the UC Berkeley greenhouse
facilities in order to rear a large enough population suitable for GRBaV transmission experiments, which typically
require >200 individuals per trial. Data is scant for many of these species and information on reproductive hosts is
limited. As such, this spring we collected candidate species from vineyards and introduced them into cages
containing various potential host plants. So far we have seen successful reproduction of Aceratagallia sp. and
Euscelidius schenki on select host plants. We also collected large populations of three-cornered alfalfa hopper
from alfalfa fields and are now seeing reproduction in our colonies.

Transmission experiment with three-cornered alfalfa hopper.
A GRBaV transmission experiment was conducted with field collected three-cornered alfalfa hoppers in July
2016. Individuals were collected from an organic alfalfa field and introduced into cages with GRBaV positive or
negative vines. Each cage contained a single potted vine (11 cages each with a single GRBaV-positive vine and
nine cages each with a single GRBaV-negative vine) and received 20 three-cornered alfalfa hopper adults. Adults
were allowed to feed for 48 hours (AAP), after which the GRBaV-positive/negative vine was removed and a
GRBaV-negative vine was introduced into each cage. The adults were allowed to feed on the negative vine for 48
hours (IAP) and were then removed from the vine. As with previous transmission experiments, the vines are now
being held for a two-year period and will be tested for GRBaV every four months. While it has been demonstrated
that three-cornered alfalfa hopper can vector GRBaV (Bahder et al., 2016), our goal is to first confirm these
findings and then begin evaluating transmission efficiency of this species under laboratory and field conditions.

Objective 3. Follow disease progression in established vineyard plots to collect preliminary data on field
epidemiology.
Large block mapping (one site, 2009-present).
We have been studying grapevine leafroll disease (GLD) movement at one particular site in Napa Valley,
beginning in 2009. The block is a 20 hectare newly planted (in 2008) block of Cabernet Sauvignon. Each year in
September, incidence of GLD and more general “red leaf” symptoms were mapped at this site and location
recorded with GPS. As early as 2009 many of the vines displayed “red leaf” symptoms but tested negative for
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grapevine leafroll-associated virus (GLRaV). In our subsequent surveys these symptoms appeared to spread
through the vineyard, although a majority of these “red leaf” symptom vines continued to test negative for
GLRaV over this period. We began testing vines for both GLRaV and grapevine red blotch-associated virus
(GRBaV) in 2014 and found that 136 vines tested positive for red blotch, nine tested positive for leafroll, and 11
tested positive for both red blotch and leafroll. Plant material from the 2015 survey is still in the process of being
tested, but we recorded about 250 “red leaf” symptomatic vines, all of which had tested negative for GLRaV in
2014. With the development of new and more complete primers for both leafroll and red blotch, we are now in the
process of re-testing plant material from the 2009-2013 survey to verify whether or not GRBaV is present in the
“red leaf” symptom vines that previously tested negative for GLRaV.

Small block mapping (five sites, 2015-present).
Additionally, in September 2015 we began to map and test for GRBaV (using the protocols described previously)
at the same five established vineyards mentioned in objective 2. At each site, an area consisting of six rows by 20
vines per row (120 vines/site total) was visually evaluated for GRBaV and petiole samples collected from each
vine for diagnostic testing. The idea is to return to these same blocks in September 2016 and 2017 to repeat this
detailed mapping in order to evaluate if the virus appears to be spreading from vine to vine. In October 2015 we
learned that one of these established vineyard sites was going to be removed due to intolerable levels of GRBaV
incidence. In November 2015 we located an alternate site to replace the lost site and conducted the same detailed
mapping protocol. Results from this new mapping effort will not be available until follow-up mapping in fall
2016.

Red blotch titers survey.
Concerns about the possibility of low GRBaV titer levels in potted vines used in the transmission trials (see
objective 1) led us to initiate a broader survey to quantify GRBaV titer levels throughout grapevines over the
course of the year. Starting in April 2015 plant material is collected each month from various parts (roots, trunk,
canes, etc.) of at least 10 GRBaV positive vines at each of three vineyard sites in Napa Valley. The goal is to
understand whether or not the virus localizes in certain regions of the grapevine during the year. If this is the case
it could improve the focus of our search for novel vectors (i.e., vectors that preferentially feed on parts of the vine
with high GRBaV titer levels).

CONCLUSIONS
Findings from this research help improve our understanding of GRBaV transmission and field epidemiology in
order to develop better recommendations and control programs for commercial growers. Greenhouse trials to
evaluate GRBaV transmission by both suspected and novel insects aim to clarify which, if any, insects can
transmit this virus and, if so, how efficiently they do so. Similarly, screening insects from field sites with
suspected spread of GRBaV allows us to identify additional novel vectors for subsequent evaluation in
greenhouse trials. Testing plant material from non-crop species in the natural habitats surrounding vineyards
provides new information on potential reservoirs of GRBaV outside of the vineyard. Closer evaluation of the
insects associated with non-crop reservoirs of GRBaV will further reinforce efforts to identify novel vectors.
Detailed mapping of GRBaV at multiple sites where spread of this virus has been suspected will allow us to
confirm if this is actually the case as well as evaluate spatial trends of infected vines relative to pertinent
landscape features, such as riparian habitats or adjacent vineyard blocks with high levels of GRBaV infection.
Finally, quantifying GRBaV titer levels throughout the vine will aid in the search for novel vectors that may feed
on specific areas of the vine where the virus is concentrated.
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ABSTRACT
Grapevine red blotch-associated virus (GRBaV) is present in diseased grapevines affected by red blotch disease, a
newly recognized threat to the grape and wine industry (Cieniewicz et al., 2016b; Sudarshana et al., 2015). By
producing and using a full-length infectious clone of a representative isolate of each of the two phylogenetic
clades previously identified (Krenz et al., 2014; Al Rwahnih et al., 2015), we showed systemic GRBaV infection
in healthy grapevines following agroinoculation and the manifestation of typical disease symptoms, i.e.,
interveinal reddening on red-berried cultivars Cabernet Sauvignon, Cabernet franc, Syrah, and Pinot noir, and
chlorotic and necrotic leaf areas on the white-berried cultivar Chardonnay. Infection was latent in rootstocks 110R
and 3309C, except in SO4, which exhibited foliar chlorosis and cupping. This work demonstrated that GRBaV is
the etiological agent of red blotch disease. Analysis of the spatiotemporal incidence of GRBaV in a selected
vineyard of Cabernet franc in California over two consecutive years was consistent with the occurrence of virus
spread. Clustering of diseased vines was confirmed by ordinary runs analysis. In contrast, no evidence of virus
spread was obtained by monitoring a diseased Merlot vineyard in New York. GRBaV isolates spreading in
California corresponded to phylogenetic clade II. A survey of riparian areas in proximity to the diseased Cabernet
franc vineyard showed that free-living grapevines are infected with GRBaV (Perry et al., 2016). The GRBaV
isolates from free-living grapevines, including hybrids of Vitis californica x Vitis vinifera cv. Sauvignon blanc,
belonged to phylogenetic clade II, as did most of the GRBaV-infected vines in adjacent Cabernet franc and Merlot
vineyards (Perry et al., 2016). The presence of GRBaV in free-living grapevines close to diseased commercial
vineyards suggested the existence of a hemipteran vector. Insect sticky traps placed in the section of the Cabernet
franc vineyard with extensive clustering of diseased vines from April to November showed a diversity of insect
species that visited the vineyard, among which, the majority of specimens of four species consistently tested
positive for GRBaV in PCR. These four species are vector candidates and their potential at transmitting GRBaV
in controlled conditions in the greenhouse is investigated. Among the four vector candidates, the three-cornered
alfalfa hopper (Spissistilus festinus) was shown to transmit GRBaV from infected to healthy vines in the
greenhouse (Cieniewicz et al., 2016a). This finding revealed the potential of this treehopper as a vector of
epidemiological significance in vineyards.

LAYPERSON SUMMARY
Red blotch is a newly recognized viral disease of grapevines that is widely distributed in U.S. vineyards. We
showed that grapevine red blotch-associated virus (GRBaV) causes red blotch disease, regardless of its genetic
makeup and variability. Limited information is available on the spread of this virus. Similarly, limited information
is available on the association between virus variability and pathogenicity. Studying changes in virus prevalence
over time in selected vineyards in California and New York revealed increased virus incidence in the California
vineyard but not in the New York vineyard. Free-living grapevines proximal to diseased vines in the California
vineyard were found infected with GRBaV, suggesting their potential role as virus reservoirs. Among insects
visiting the California vineyard four species were found to carry the virus, suggesting a potential role as vectors.
Subsequent work in the greenhouse showed that one of these vector candidates, the three-cornered alfalfa hopper
(Spissistilus festinus), transmits GRBaV from infected to healthy vines, revealing that this treehopper is a vector
of epidemiological importance in vineyards.

INTRODUCTION
Red blotch is a recently recognized disease of grapevines (Calvi 2011; Cieniewicz et al., 2016b; Sudarshana et al.,
2015). It was described for the first time on Cabernet Sauvignon at the University of California Oakville Research
Field Station in 2007 (Calvi, 2011). Leaves of GRBaV-infected vines of red wine grapes show red specks and
blotches first on old leaves at the bottom of the canopy in late June or July. Symptoms progressively appear
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upward in the shoots over time. Veins underneath the leaf blade often turn partly or fully red. For white wine
grapes foliar symptoms are less conspicuous; they correspond to localized and generalized foliar discoloration or
chlorosis, sometimes combined with necrotic areas at the edge of leaf blades (Sudarshana et al., 2015). Diagnosis
based on specific symptoms can be challenging because of several confounding factors, including striking
similarities between foliar symptoms elicited by red blotch and leafroll. There are also similarities between foliar
symptoms of red blotch and abiotic factors such as poor root health, or physical injuries due to trunk or shoot
girdling, mite damage, mineral deficiencies, or even the presence of Xylella fastidiosa or Agrobacterium
tumefaciens in young vines. Because symptom variation makes visual diagnosis of GRBaV-infected vines
difficult, only DNA-based assays such as polymerase chain reaction (PCR) are reliable for accurate diagnosis
(Sudarshana et al., 2015).

GRBaV is isolated from grapevines affected by red blotch disease (Cieniewicz et al., 2016b; Sudarshana et al.,
2015). This virus is a putative member of a new genus tentatively named Grablovirus (Zerbini, personal
communication) in the family Geminiviridae (Cieniewicz et al., 2016b; Sudarshana et al., 2015; Varsani et al.,
2014). GRBaV has a single-stranded DNA genome that codes for seven open reading frames (Al Rwahnih et al.,
2013; Krenz et al., 2012; Perry et al., unpublished; Poojary et al., 2013; Seguin et al., 2014).

GRBaV was documented in major grape-growing U.S. States (Krenz et al., 2014). The virus was also reported in
British Columbia and Ontario (Poojari et al., 2016) in Canada, and in a Vitis germplasm collection (Al Rwahnih et
al., 2015a), indicating its widespread presence in North America. GRBaV was found in table grapes, wine grapes,
French-American interspecific hybrids, and rootstocks (Al Rwahnih et al., 2015a; Sudarshana et al., 2015). The
widespread occurrence of GRBaV and its wide geographic distribution in North America suggest that propagation
material has played a significant role in its dissemination. The virus was also found in an archival sample
collected in Sonoma County in the 1940s (Al Rwahnih et al., 2015b). Analysis of the genetic diversity among
isolates of GRBaV indicated the existence of two groups (clades) of genetic variants (Krenz et al., 2014). The
majority of isolates belong to the predominant clade II and recombination is underlying some of the variation seen
among GRBaV genomes within clade I.

Most vineyard managers and vintners report ripening issues with GRBaV-infected wine grapes. Reductions of 1-
6°Brix have been consistently documented in fruits of infected vines, as well as lower berry anthocyanin and skin
tannins, particularly in red wine grapes such as Cabernet franc and Cabernet Sauvignon (Calvi 2011; Cieniewicz
et al., 2016b; Sudarshana et al., 2015). Based on the effect of GRBaV on fruit quality and ripening, several
growers are culling infected vines and replacing them with clean, virus-tested ones.

Free-living grapevines proximal to vineyards were found infected with GRBaV (Bahder et al, 2016a; Perry et al.,
2016). The GRBaV isolates in free-living grapevines were genetically related to clade II isolates in proximal
Cabernet franc and Merlot vineyards (Perry et al., 2016). The presence of the virus in an alternate host that is at
least 150 feet away from the natural host suggested the existence of a hemipteran vector. The Virginia creeper or
ziczac leafhopper (Erythroneura ziczac) was claimed to transmit GRBaV from vine to vine in the greenhouse
(Poojari et al., 2013); so was the three-cornered alfalfa hopper (Spissistilus festinus) (Bahder et al., 2016), but a
vector of GRaBV of epidemiological significance in vineyards remains to be identified.

OBJECTIVES
The overarching goal of this project is to advance our understanding of red blotch disease and its causal agent,
GRBaV, with a major emphasis on horizontal spread in vineyards and optimized detection methodologies. Our
specific objectives are to:
1. Investigate spread of GRBaV in selected vineyards in California and New York.
2. Improve diagnostics for GRBaV.
3. Determine if either of the two groups of GRBaV isolates show greater virulence and pose an increased threat

to vineyard production.
4. Disseminate research results to farm advisors and the industry.

RESULTS AND DISCUSSION
To address objective 1 and study the spread of GRBaV two vineyards of Cabernet franc were selected, one in
California and one in New York. The California and New York vineyards were planted in 2008. In 2013 and 2014
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virus prevalence was determined in the two selected vineyards. This information served as a baseline to determine
the spatio-temporal incidence of GRBaV. A comparative analysis of the infection rate of GRBaV as measured by
the number of symptomatic vines in the selected vineyard in California between 2014 and 2015 indicated a 1.5%
increase, suggesting the possibility of virus spread (Figure 1). In addition, an investigation of the spatial
distribution of symptomatic vines through an ordinary runs analysis, a statistical test for randomness of infected
plants, revealed disease clustering in the majority of rows within the selected vineyard (–Z > 1.64 in 32/44 rows).
These data confirmed the occurrence of GRBaV spread in the California vineyard as a result of either vine-to-vine
transmission within the selected vineyard or of an influx from adjacent vineyards (Cieniewicz et al., 2016a).
Characterizing 10 randomly selected GRBaV isolates in the selected Cabernet franc vineyard in California by
PCR followed by sequencing indicated that they all correspond to the phylogenetic clade II that was previously
reported (Krenz et al., 2014).

Figure 1. Spatial distribution of vines showing red blotch symptoms (in red) in a Cabernet franc vineyard
in California in 2014 (left) and 2015 (right).

Spread of GRBaV was further studied in the vineyard area with extensive clustering of symptomatic vines (top
middle area of the maps in Figure 1). This area consists of 10 consecutive rows of 25 vines each (Figure 2).

Symptomatic and asymptomatic vines were mapped in this area in 2013, 2014, and 2015. In addition, the presence
or absence of GRBaV was confirmed in individual vines by PCR in spring and winter by using leaf and cane
material, respectively (Figure 2). Data showed an increase of symptomatic vines from 47% (118 of 250 vines) in
2014 to 67% (168 of 250) in 2015. The presence of GRBaV was confirmed in all symptomatic vines. Similarly,
the absence of GRBaV was confirmed in most of the asymptomatic vines with a few exceptions (7 of 250 vines).
Based on our monitoring of vines in 2014 and 2015, it is anticipated that the seven asymptomatic vines that tested
positive for GRBaV will become symptomatic in 2016. Altogether, these results further support the occurrence of
short distance spread of GRBaV in the California vineyard (Cieniewicz et al., 2016a).



- 280 -

A spatio-temporal analysis of a Cabernet franc vineyard in New York in 2013-2015 did not provide any evidence
of an increased prevalence of GRBaV over time. These findings suggested that a GRBaV vector does not exist in
the New York vineyard ecosystem or it eventually exists at a very low population density or it exists but does not
visit the vineyard. Alternatively, the plant protection program used by the vineyard manager in New York is
effective at reducing the vector population.
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Figure 2. Distribution of GRBaV in a select area of a Cabernet franc vineyard in California. Each cell indicates
a single vine. (+) indicates that a vine tested positive for GRBaV by PCR, (-) indicates a PCR-negative result.
Salmon colored cells were symptomatic in 2014 and 2015, red cells were newly symptomatic in 2015, and
white cells are asymptomatic.

Close to 100 sentinel vine (i.e., healthy vines for which the mother stocks from which scion budwood and
rootstock canes were collected tested negative for GRBaV) were planted in the Cabernet franc vineyard in
California in spring 2015. These vines will be used to gain direct evidence of insect-mediated GRBaV spread if
they become infected. Sentinel vines replaced existing vines that were weak, regardless of their GRBaV infection
status. The presence of GRBaV will be tested in sentinel vines in fall 2016. The fact that extensive clustering of
diseased vines occurred in one area of the selected vineyard in California (see top middle area of the maps in
Figure 1) provided an incentive to investigate the existence of potential vectors.

Insect sticky traps were placed in the area of the selected vineyard in California where extensive clustering of
diseased vines is occurring. Traps were placed on diseased and healthy grapevines from early April to late
November in 2014 and 2015 with the goal of catching insects visiting the vineyard (Cieniewicz et al., 2016a).
Traps were rotated on a weekly basis. Each trap was analyzed for the presence of insects to establish a census
population and identify them at the species level, if possible, by using morphological parameters. Then, a subset
of each insect family, genus, or species that was caught was removed from the traps and tested for the presence of
GRBaV by PCR. Results indicated that specimens of four species, among more than 50 species of Diptera,
Apocrita, Coleoptera, Cicadellidae, Thysanoptera, Aphidae, Fulgoroideae, Phylloxera, Aleyrodidae,
Membracidae, Blissidae/Lygaeidae, Psyloidea, Psocoptera, and Miridae that were caught on sticky traps,
consistently carried genetic elements of GRBaV (Table 1).

These four species are members of the Membracidae (three-cornered alfalfa hopper), Cicadellidae (Colladonus
reductus and Osbornellus sp.), and Cixiidae (unidentified species) (Table 1). These findings suggest that these
four species can acquire GRBaV in the vineyard (Cieniewicz et al., 2016a). Populations of the four insect vector
candidates were very low compared to populations of some typical grape pests, such as phylloxera, western grape
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leafhopper, variegated leafhopper, and thrips. The vector candidate populations peaked in July (three-cornered
alfalfa hopper and Cixiidae species) and September (Colladonus reductus and Osbornellus sp.) (Figure 3). The
four vector candidates are phloem-feeders, as would be expected for a GRBaV transmitter. Of the four species
that are able to acquire GRBaV in the vineyard, none is considered a pest of grapevines. Testing the capacity of
these hemipteran insects at transmitting the virus to healthy grapevines in the greenhouse is critical to ascertaining
their role as vectors.

Table 1. Detection of GRBaV by PCR in insects from 2015 sticky card survey in Napa Valley, California.

Figure 3. Specimen counts of GRBaV insect vector candidates from sticky cards during the 2015
growing season in a California vineyard.
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The vectoring capacity of the four vector candidates in the greenhouse was initiated with the three-cornered
alfalfa hopper (Cieniewicz et al., 2016). First, specimens of three-cornered alfalfa hopper from alfalfa fields in
Yolo County and Fresno County in California were collected and established on alfalfa seedlings at Cornell.
Then, groups of five to ten individuals were deposited on GRBaV-infected potted vines that were obtained by
agroinoculation. After one to eight days of acquisition, groups of two to four individuals were transferred to
healthy potted vines and allowed to feed for five to six days. Transmission assays were replicated three times with
groups of 10-25 recipient plants. Subsets of three-cornered alfalfa hoppers were tested for the presence of GRBaV
after the acquisition and transmission steps.

Data showed that all three-cornered alfalfa hopper specimens tested positive for GRBaV in multiplex PCR after
the acquisition step (100%, 19 of 19) whereas those from alfalfa tested negative for GRBaV (0%, 0 of 17). Also,
some specimens tested positive for GRBaV two to three weeks after the transmission step (80%, 12 of 15),
indicating that the three-cornered alfalfa hopper can acquire the virus from infected vines in the greenhouse and
keep it for extended time after acquiring it. This is consistent with a persistent transmission of GRBaV, as
expected. In addition, three to six months post-transmission, recipient plants (6 of 42) became infected with
GRBaV, supporting the capacity of the three-cornered alfalfa hopper at acquiring and transmitting GRBaV
(Cieniewicz et al., 2016). These results, based on the use of a colony of three-cornered alfalfa hoppers established
in the laboratory, confirmed the recent findings of Bahder et al. (2016b) who used vineyard specimens. The
recipient vines are being monitored for disease symptom development. Together with our insect trap studies, the
control transmission experiments revealed the three-cornered alfalfa hopper as a vector of epidemiological
importance for GRBaV.

To address objective 2 and improve diagnostics for GRBaV, a robust real-time PCR methodology was developed
using infected and healthy vines grown in the greenhouse and in vineyards. This assay is useful for characterizing
the titer of the virus in infected plants and determining the optimal plant tissue and time of the year to collect
samples for a reliable diagnosis. In parallel, strategies to produce an antiserum are refined through RNAseq
approaches. This work is critical in providing insights into the expression strategies of the GRBaV genome during
the infection process. It is anticipated that this knowledge will help us understand how viral genes are expressed
in infected plants because efforts to develop an antiserum useful for diagnosis by using synthetic peptides directed
against the coat protein or by overexpressing the coat protein coding region in bacteria cells failed so far (Perry
and Fuchs, unpublished). In parallel, we contributed to the development of an AmplifyRP® Acceler8® assay for
GRBaV. This is a rapid amplification and detection platform designed for testing of grapevine samples for
GRBaV using a crude sample extract (Li et al., 2016). Amplified products are tested in a detection chamber where
test outputs are read visually on a lateral flow strip. The entire testing process is specific and sensitive, and can be
completed in as little as 30-60 minutes (Li et al., 2016).

To address objective 3 and determine if either of the two groups of GRBaV isolates are pathogenic in grapevines,
we engineered infectious clones of a representative GRBaV isolate of each of the two phylogenetic clades. Partial
dimer constructs of the genome of GRBaV isolates NY358 and NY175 were engineered and cloned into a binary
plasmid for mobilization into Agrobacterium tumefaciens. Isolate NY175 from V. vinifera cv. Merlot and isolate
NY358 from V. vinifera cv. Cabernet franc belong to GRBaV phylogenetic clades I and II, respectively (Krenz et
al., 2014). These clones were used in agroinoculation experiments using healthy, tissue culture-grown vines of
V. vinifera cvs. Cabernet Sauvignon, Cabernet franc, Syrah, Chardonnay, Pinot noir, and Pinot gris, as well as
vines of rootstock genotypes SO4, 110R, and 3309C that tested negative for GRBaV by PCR. Tissue culture-
micropropagated grapevines (30-40 per genotype) showing four to six leaves (Alzubi et al., 2012) were selected
for agroinoculation experiments using vacuum-assisted infiltration. Alternatively, grapevine tissue was gently
pricked with needles dipped in a solid Agrobacterium culture grown on a Petri plate. Aglucuronidase gene
construct containing an intron was used as control to optimize conditions for agroinfiltration-mediated delivery of
DNA in grapevine tissue. Constructs of both genomic RNAs of Grapevine fanleaf virus (GFLV) were used as
negative control in agroinfiltration experiments. Following agroinfiltration and/or pricking, plants were
maintained at 25±2°C and 33-45 mEm-2sec-1 (16-hr photoperiod) in a tissue culture growth room for two to three
months prior to establishment in a greenhouse for symptom observations and testing. The presence of GRBaV
was tested by PCR in newly developed leaves of agroinoculated grapevines by using a multiplex PCR (Krenz et
al., 2014). Plants were tested three to ten months post-agroinfiltration and some of them were also tested after one
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or two dormancy periods. The full-length genomic sequence of some of the GRBaV progeny was determined in a
few selected agroinfected plants by rolling circle amplification, cloning, and sequencing.

Several Cabernet Sauvignon, Cabernet franc, Syrah, Pinot noir, Pinot gris, and Chardonnay vines showed red
blotch-like symptoms at one to three months post-treatment. Foliar symptoms consisted of interveinal reddening
in red-berried cultivars and chlorotic spots in the white-berried cultivar Chardonnay. Agroinoculated SO4 became
symptomatic (chlorosis and cupping) only after one dormancy period, whereas agroinoculated 3309C and 110R
remained asymptomatic (Fuchs et al., unpublished). Some of the vines agroinfiltrated with the NY358 construct
(28-76%) tested positive for GRBaV by PCR. All the PCR-positive plants were symptomatic, while the negative
plants were asymptomatic. None of the plants treated with GFLV-derived constructs (0 of 476) or untreated plants
(0 of 56) exhibited red blotch-like symptoms, nor did they test positive for GRBaV in PCR. Sequencing the
progeny in some infected vines indicated a 99.6% to 99.9% nucleotide sequence identify with the partial dimer
construct used as inoculum in agroinfection assays, indicating that the recovered GRBaV variant is nearly-
identical to the engineered inoculum. Similar results were obtained from agroinfiltration experiments with the
NY175 construct (Fuchs et al., unpublished). These findings were consistent with our hypotheses that GRBaV is
the causal agent of red blotch disease and that GRBaV isolates from the two phylogenetic clades are equally
infectious. In agroinfiltrated plants, the detection of GRBaV correlated with symptoms and virus progeny nearly
identical in sequence to the inoculated partial dimer genomic construct was obtained from agroinfiltrated plants.

To address objective 4 and disseminate information to farm advisors and the industry, research results were
communicated to farm advisors, extension educators, crop consultants, researchers, vineyard managers, and
regulators at winter school meetings in California, New York, Oregon, New Jersey, and Virginia. The targeted
venues were (i) the Virginia Vineyards Association on February 6, 2015 in Charlottesville, VA (250 participants);
(ii) the Grape Expectations on February 28, 2015 in Cranberry, NJ (150 participants); (iii) the Eastern Winery
Exposition on March 19, 2015 in Syracuse, NY(120 participants); (iv) the Rogue Valley Grape Growers
Association on August 25, 2015 in Central Point, OR (50 participants); (v) the North American Grape Breeders
Meeting on August 29, 2015 in Geneva, NY (60 participants); (vi) the Cornell Recent Advances in Viticulture and
Enology conference on November 4, 2015 at the IRL Conference Center in Ithaca, NY (60 participants); (vii) the
Napa Continuing Education Class Series 3 on November 10, 2015 in Yountville, CA (250 participants); (viii) a
webinar on Grapevine Red Blotch Disease: What You Need to Know organized by Regional IPM Centers on
February 26, 2016 (participants = 310); (ix) the Business, Enology and Viticulture New York conference on
March 5, 2016 in Rochester, NY (160 participants); (x) a webinar on Viral Diseases Transmitted through Nursery
Stock in the East: Grapevine Leafroll Disease, Tomato Ringspot, and Grapevine Red Blotch; Clean Plants for the
Future of the Eastern Wine and Grape Industry, organized by Cornell University on March 17 in Geneva, NY
(250 participants); and (xi) Long Island Grape Growers Association on March 4, 2016 in Riverhead, NY (15
participants).

CONCLUSIONS
Isolates of each of the two phylogenetic clades of GRBaV cause red blotch disease symptoms in Vitis vinifera
following agroinoculation, confirming their etiological role, while infection is latent in rootstocks with the
exception of SO4. Analysis of the spatiotemporal distribution of symptomatic, infected vines documents spread of
GRBaV in a vineyard of Cabernet franc in California but not in New York. Some free-living grapevines proximal
to the diseased vineyard in California are infected with GRaBV. The analysis of a subset of insect species caught
on sticky traps for the presence of GRBaV enabled us to identify four vector candidates, among which the three-
cornered alfalfa hopper was shown to acquire the virus from infected vines and transmit it to healthy vines. This
finding suggests the three-cornered alfalfa hopper is a GRBaV vector of epidemiological importance.
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ABSTRACT
The goal of this project is to determine when grapevine red blotch associated virus (GRBaV) is spreading in the
vineyard. Knowing when the virus is spreading will provide important information on effective management of
GRBaV and help focus the efforts to identify additional vectors. This information will also help target control
measures to times of the season when the virus is being transmitted in the field. Three vineyards where GRBaV
has been spreading are being used in this study. One vineyard has a riparian zone adjacent to it, with most virus
spread occurring near the edge of the vineyard nearest the riparian zone. In this case the trap plants are placed in a
grassy area between the riparian zone and the vineyard. The second vineyard has an alfalfa field adjacent to it and
since the one vector reported to transmit the virus is the three-cornered alfalfa hopper (Spissistilus festinus), the
plants were placed perpendicular to the alfalfa field and within vineyard rows. The third vineyard has most
disease spread adjacent to a recently disturbed wooded area. In each vineyard, every plant has a unique number
and the location of each plant is being mapped so that where virus spread occurs in each vineyard can be
determined. Fifteen plants are placed in each vineyard each month starting April 15 and going through
September 15. After one month in the field the plants are returned to Corvallis, treated with a systemic insecticide,
and maintained in a screenhouse. All 300 plants will be tested for GRBaV in late October and then the plants will
be overwintered and retested in the spring of 2017 and 2018.

LAYPERSON SUMMARY
The goal of this project is to determine when grapevine red blotch-associated virus (GRBaV) is spreading in the
vineyard. Knowing when the virus is spreading will provide important information on effective management of
GRBaV and help focus the efforts to identify additional vectors. This information will also help target control
measures to times of the season when the virus is being transmitted in the field. Three vineyards where GRBaV
has been spreading are being used in this study. One vineyard has a riparian zone adjacent to it, with most virus
spread occurring near the edge of the vineyard nearest the riparian zone. In this case the trap plants are placed in a
grassy area between the riparian zone and the vineyard. The second vineyard has an alfalfa field adjacent to it, and
since the one vector reported to transmit the virus is the three-cornered alfalfa hopper (Spissistilus festinus), the
plants were placed perpendicular to the alfalfa field and within vineyard rows. The third vineyard has most
disease spread adjacent to a recently disturbed wooded area. In each vineyard, every plant has a unique number
and the location of each plant is being mapped so that where virus spread occurs in each vineyard can be
determined. Fifteen plants are placed in each vineyard each month starting April 15 and going through
September 15. After one month in the field the plants are returned to Corvallis, treated with a systemic insecticide,
and maintained in a screenhouse. All 300 plants will be tested for GRBaV in late October and then the plants will
be overwintered and retested in the spring of 2017 and 2018.

INTRODUCTION
In 2012, a new virus was identified in Cabernet Franc grapevines in New York’s Finger Lakes region and also in
Cabernet Sauvignon grapevines in the Napa Valley. These plants exhibited leafroll-like symptoms but tested
negative for leafroll viruses. At a meeting of the International Committee on the Study of Viruses and Virus-like
Diseases of Grapevine in October 2012, the name grapevine red blotch-associated virus (GRBaV) was agreed
upon for this new virus.

This research aims to determine when GRBaV is spreading in the field. So far, the three-cornered alfalfa hopper
(Spissistilus festinus) has been shown to transmit GRBaV, but this vector is very minor in many vineyards where
the virus is spreading. Movement of GRBaV in vineyards after planting has been documented and can be quite
rapid, which clearly indicates the presence of an efficient vector, or a vector that is present in very high numbers.
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An increase in the incidence of GRBaV over time in young, healthy vineyards that are adjacent to infected
vineyards also suggests the existence of a vector. There has been much work done on trying to identify the
vector(s) of GRBaV. Efforts looking at suspected vectors in California have resulted in the identification of the
three-cornered alfalfa hopper as a vector early in 2016. Regardless, if this is the only vector or one of multiple
vectors, the timing of transmission will be important information in developing a vector management plan.

If we know when the virus moves, efforts at vector control can be targeted to a specific timeframe rather than
throughout the growing season. Also, knowing when the virus is moving in the vineyards will help focus on
transient insects, which may be present in vineyards for only a short period of time, or insects that feed on
grapevines but have other preferred hosts. In either case these vectors could escape detection and identification in
standard insect surveys. If transmission is more efficient in riparian areas adjacent to vineyards it will provide
clues as where one should look to identify potential vectors.

This project was started in March using in-house (USDA ARS) funds to ensure we could get the first year of field
work done in 2016. Funding from the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board became
available July 1, 2016 and is being used for the remainder of the project. Three hundred grapevines (Merlot on
3309 rootstock) were obtained (donated) from Duarte nursery, repotted into three-gallon pots, and held in a
screenhouse until being used in the field, or held in a canyard near Corvallis that is isolated from vineyards. Plants
were tested for GRBaV prior to use in the field experiment. All plants tested negative for GRBaV in PCR assays
using two sets of primers. Beginning April 15 plants were placed in each of three vineyards for a one-month
period (45 plants each month total). Then in mid-May these plants were returned to Corvallis, treated with a
systemic insecticide, and stored in a screenhouse. The second set of plants was taken to the vineyards in mid-May,
and the process was repeated each month through September. The last set of plants will be collected from the
vineyards in mid-October. There was a total of six sets of plants in each vineyard for a total of 270 trap plants,
with an additional 30 plants that have not been taken to a vineyard and remained in the screenhouse or canyard
during the summer. After the last set of plants is collected all 300 plants will be tested for GRBaV in mid-
October. The plants will be retested in the spring of 2017.

OBJECTIVES
The objective of this project is to determine the timing of field transmission of GRBaV.

RESULTS AND DISCUSSION
Three hundred plants were provided by Duarte Nursery for this work. All plants were tested for GRBaV prior to
the start of the experiment. Plants were potted in three-gallon pots and maintained in a canyard prior to taking
them to the field. When plants were brought back to Corvallis from the fields they were treated with a systemic
insecticide and maintained in a screenhouse.

The three vineyards were selected because of documented spread of GRBaV in these vineyards in previous years.
Vineyard #1 was near Jacksonville in southern Oregon and has a small riparian area adjacent to the east edge of
the vineyard. The trap plants were placed in a grassy area between the riparian zone and the vineyard. Vineyard
#2 was near Medford in southern Oregon with the trap plants placed within the vineyard between every third plant
in three rows near the west edge of the vineyard. There was an alfalfa field along the west edge of the vineyard.
The third vineyard is in the Willamette Valley near Yamhill, Oregon. In this vineyard the spread is occurring
throughout the vineyard, with high rates of spread along the east edge of the vineyard where there has been recent
removal of adjacent woodlands. In this case the trap plants were place between plants in a single row of the
vineyard near the edge of where symptoms were observed.

Each plant was numbered, 1-300 and the location of each plant and the month it was in the vineyard has been
recorded. Thus, if GRBaV spread is happening from the alfalfa field, we will know which plants were nearest the
source as well as which month the plants were in the field and exposed to potential GRBaV transmission.

All plants will be tested for GRBaV in late October of 2016 and held in a screenhouse over winter for retesting in
the spring of 2017 and again in the fall of 2017. The experiment will be repeated in 2017, with new trap plants.
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The experimental setup went according to plan and plant rotation went smoothly. We had feeding damage similar
to that observed with three-cornered alfalfa hopper in one vine during the course of exposure in the vineyards. We
placed sticky cards in the vineyard in the Willamette Valley and did not catch any three-cornered alfalfa hoppers.
The last set of plants will be collected from the field the week of October 11. All 300 plants will be tested for
GRBaV during the second half of October.
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ABSTRACT
Virus diseases of plants are deleterious to California agriculture and can be introduced and propagated in a
production system via planting material. The California Grapevine Registration and Certification Program was
established in the 1950s in order to offer the voluntary option to growers of virus-screened planting material
(nursery stock) (Alley and Golino, 2000). Because vectored viruses such as grapevine leafroll-associated virus 3
can also be spread within and between grape blocks by their vectors, in addition to being transmitted by
propagation, there is uncertainty in some cases as to the source of viruses detected in production blocks. In
addition, nursery increase blocks may become contaminated by vectors arriving from outside the nursery over
time. These factors combine to increase the level of uncertainty in the industry as to the meaning and value of
certification. The aim of this project is to provide a focused outreach effort and grower education on the topic of
virus disease management, the use of clean plant material, and the function of the Registration and Certification
Program. The core of the outreach will be evidence-based professional development materials built on the last
five years of research and outreach by our team with both nurseries and grape production commodity groups in
California. Our aim is to raise the overall level of knowledge among the grower population as to the value of
clean plant material and help growers understand the functioning of the Registration and Certification Program,
manage their expectations accordingly, and help to restore and build confidence in the program.

LAYPERSON SUMMARY
Upon initiation, when detrimental viruses in grapevines were thought to only be distributed via propagative
material, the California Grapevine Registration and Certification Program intended to provide “virus free”
material to growers. Since that time some regulated viruses have been shown to be transmitted by vectors, and
additional viruses have been discovered. Although the California Grapevine Registration and Certification
Program no longer uses the terminology “virus-free,” the industry still does, which can lead to mistrust in the
supply chain between growers and plant nurseries. An example of this occurred recently due to the discovery of
grapevine red blotch-associated virus and its presence in some certified material. Extension and outreach
programs are needed to provide the appropriate explanation of the certification program, as well as demonstrate
its value to the consumer. Additionally, further study is needed in terms of demonstrating the background
infection as well as the reinfection rate in registered increase blocks where certified material is sourced from in
order to provide protocols appropriate to disease spread.

INTRODUCTION
Certified grapevine nursery stock consumers (i.e., grape producers) are concerned that the quality of the product
they are purchasing from the clean plant program does not meet the standard they believe it should. Much of this
concern stems from the expectation that certification offers something greater, in terms of freedom from virus
contamination, than it scientifically can. With the discovery that grapevine leafroll-associated virus 3 is spreading
in California, in addition to the discovery of grapevine red blotch-associated virus (Al Rwahnih et al., 2013;
Golino et al., 2008), grape producers question the quality of certified vines. There is good evidence that clean
plant programs work and that they have large economic benefits that can be shared by all actors in the supply
chain (Fuller et al., 2015), but, as with all supply chains, in order for clean plant programs to work well they
require mutual trust among the actors in the chain. By defining the term “certified” according to the scientific
sampling procedure and educating growers of the meaning of this term, we can bridge the current gap in
perceptions that exists between the clean plant system and the purchasers of its products. However, because some
viruses can be spread, unless a complete census of all certified vines is carried out every year, it is impossible for
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any certification program to reduce virus incidence to zero. The meaning of the term “certified” must be defined
in relation to the statistical performance of the actual sampling plan used. In order for grower trust in the system
to build, that meaning must be clearly articulated and appropriate expectations established for disease incidence in
planting material emerging from a program using the definition. Additionally, it is unclear at this time what level
of background infection per year occurs in nursery increase blocks, and there is a lack of understanding of the
potential reinfection of increase blocks between sampling rotations. The intentions of this project are to provide
quantifiable outreach and extension involving the certification program while addressing the background infection
in nursery increase blocks and the potential reinfection in increase blocks between sampling bouts.

OBJECTIVES
1. Develop a grower information packet and slide presentation to summarize the California Grapevine

Registration and Certification Program.
2. Hold grower meetings in key grape-growing regions of California to explain the functioning, efficacy, and

limitations of the certification program.
3. Quantify the impact of education and outreach by issuing pre-test and post-test surveys at grower meetings.
4. Assess the level of potential contamination or reinfection in newly-established vineyard blocks when material

is sourced from increase blocks.
5. Assess the level of reinfection of leafroll 3 and red blotch viruses in increase blocks between certification

sampling bouts.

RESULTS AND DISCUSSION
Since the project’s initiation in October of 2016 efforts have been made to collaborate with farm advisors and
industry-related personnel across California. Because the project began only two months ago there are no results
to discuss at this time.

CONCLUSIONS
Because this project began in October of this year, no conclusions can be made at this time.
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ABSTRACT
Extensive blue-green sharpshooter (Graphocephala atropunctata) trapping in Napa and Sonoma during 2016 and
2017 has indicated that populations are currently low, and follow spatial and temporal patterns somewhat
expected based on previous surveys. Insects occur more frequently near source habitats such as riparian zones.
However, the data showed significant differences in trends between Napa and Sonoma valleys. In addition, due to
the observation of Pierce’s disease hotspots away from blue-green sharpshooter habitat, we have initiate
surveillance efforts targeting spittlebugs. This work was initiated in 2017, so there is limited data for any
conclusion. One question raised by reviewers of this project was associated with the possibility of a novel Pierce’s
disease genotype/strain being responsible for the recent epidemic on the North Coast and elsewhere. We collected
and sequenced over 100 Xylella fastidiosa isolates from five grape-growing regions in California. The results
show clustering of isolates based on region, indicating absence of a sweep through the state; these are based on
preliminary data.

LAYPERSON SUMMARY
A Pierce’s disease epidemic emerged in Napa and Sonoma counties. Very high Pierce’s disease prevalence was
reported throughout the region, with a large number of stakeholders reaching out to University of California
Cooperative Extension Farm Advisors. In summer 2015, the project team held a series of joint meetings/field
visits with the Farm Advisors. Two observations have been made that raised our concern about the problem. First,
high prevalence of Pierce’s disease in the North Coast is usually below 1-2% per vineyard; several vineyards
visited had over 25% of vines symptomatic. Second, historically Pierce’s disease is closely associated with
riparian zones in the North Coast; we have visited several vineyards where Pierce’s disease does not appear to be
associated with riparian zones. We have observed these greater rates of disease incidence and dissociation with
riparian areas throughout Napa and Sonoma counties; they are not district specific. The goal of this proposal is to
determine what factors are driving this epidemic, so that ecology-based disease management strategies can be
devised and immediately implemented, as was successfully done in the past when disease drivers appear to have
been different.

INTRODUCTION
Pierce’s disease of grapevine has reemerged in Napa and Sonoma counties, where disease incidence has been
much higher than usual and the distribution of sick vines within vineyards often does not fall within expectations.
These field observations taken together with the very high number of vineyards affected in the region indicate that
a Pierce’s disease epidemic is emerging. The goal of this proposal is to determine what factors are driving this
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epidemic, so that ecology-based disease management strategies can be devised and immediately implemented, as
was successfully done in the past when disease drivers appear to have been different. This report summarizes
activities associated with Pierce’s disease ecology and Xylella fastidiosa (Xf) population genomics. We present
Results and Discussion sections together addressing each original objective. Furthermore, we note that limited
amount of data analyses has been done, primarily because efforts have focused on collecting data, and not
spending time generating/interpreting preliminary results.

OBJECTIVES
1. Vector, pathogen, and host community surveys to inform the development of a quantitative model to assess

future Pierce’s disease risk and develop integrated management strategies.
2. Xf colonization of grapevines and the role of overwinter recovery in Pierce’s disease epidemiology.
3. Determine the role of spittlebug insects as vectors of Xf.
4. Data mine and disseminate existing information on vector ecology, vegetation management, and efficacy of

pruning.
5. Develop a larger extension and outreach footprint with additional seminars, extended interviews made

available on the web, and an update to the Xf website, the main online resource for Pierce’s disease
information.

RESULTS AND DISCUSSION
This report will focus on recent results obtained for Objective 1. Prior results are available in previous reports. As
part of Objective 1, we have now conducted two years of Pierce’s disease surveys in 32 vineyards throughout
Napa and Sonoma counties, in the fall of 2016 and again the fall of 2017. As a first step toward understanding the
condition changes that may have triggered the recent Pierce’s disease epidemic in the North Coast, we have
initiated a set of spatial analyses to describe the patterns of disease at each site at the outset of the study. Here, we
summarize the results of those analyses for four representative vineyards in the fall of 2016 (Figure 1). Two sites
are located in Napa County (“CDV” and “TREF”), have no nearby riparian habitat, and were estimated to have
less than 5% Pierce’s disease (Table 1). Two other sites located in Sonoma County (“NEWS” and “V7”) are
adjacent to riparian corridors, with Pierce’s disease prevalence ranging between approximately 8 and 20%
(Table 1).

Figure 1. Mapping results for Pierces disease at four representative sites in the fall of 2016. Red pixels
denote vines with Pierce’s disease, yellow are dead, missing, or replant vines, and green denotes apparently
healthy vines. Sites (L to R) are: CDV, TREF, NEWS, V7. Maps are on the same approximate scale, but
each is oriented arbitrarily. For NEWS and V7, riparian habitat is located to the left and above, respectively.
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In the fall of 2016 we surveyed all of the vineyards, inspected each vine in the block, noted the status of each vine
as: apparently healthy, Pierce’s disease, dead, replant, or missing, and collected tissue samples from up to 20
Pierce’s disease vines to confirm infection by Xf. The mapped distributions of initial disease prevalence
(Figure 1) were then subjected to a suite of analyses to look for (1) non-random distribution (i.e. clustering) of
Pierce’s disease cases, (2) spatial association between Pierce’s disease cases and other non-healthy disease
categories (i.e. dead, missing, or replant vines), and (3) non-uniform distribution of Pierce’s disease cases over the
block (i.e. anisotropic gradients in disease).

For the first two analyses, we used a pair of point pattern analyses to look at the strength and scale of clustering in
non-healthy vines (Dale and Fortin 2014). In the first, we used an L means test on just vines showing evidence of
Pierce’s disease (Brunson and Comber 2015). The tests were significant for all four of the sites (Table 1). This
suggests significant clustering of Pierce’s disease cases at all sites, though the scale of clustering varied from
below 5 vine spaces for site TREF to over 15 vine spaces at site NEWS. Next, a similar L means test was used for
Pierce’s disease vines versus other non-healthy vines to look for co-clustering (Brunson and Comber 2015). This
second set of tests indicated variability among the sites, with three sites showing significant co-clustering while
the fourth (TREF) was non-significant (Table 1). In other words, at the three significant sites (CDV, NEWS, V7),
Pierce’s disease vines are more likely to be found near dead, missing, or replant vines than expected by chance.

Table 1. Summary statistics for Pierce’s disease at four representative sites in the fall of 2016, including
whether they are adjacent to riparian habitat, total number of vines surveyed, percent of vines showing
Pierce’s disease symptoms, L means test for clustering of Pierce’s disease cases, L means test for co-
clustering between Pierce’s disease cases and missing, dead, or replant vines, and test for uniformity in the
distribution of Pierce’s disease cases across the vineyard block (i.e. no disease gradient).

PD clustering Co-clustering Uniformity
Site Riparian # vines % PD u P u P χ2 df P

CDV N 7406 2.85 144.17 0.01 6.670 0.01 1.0172 2 0.6013
TREF N 2220 4.68 37.158 0.01 5.050 0.12 1.7144 2 0.4243
NEWS Y 6608 20.11 256.4 0.01 17.832 0.01 9.6049 2 0.0082
V7 Y 3355 8.29 107.45 0.01 0.5741 0.01 21.663 2 <0.0001

In the third analysis of Pierce’s disease patterns at each site, we used Guan’s test for uniformity (package spTest()
in the R programming language; Weller 2016) to determine whether there were gradients in Pierce’s disease
across the vineyard block. For this test, a significant value (i.e. P<0.05) indicates anisotropy, which was followed
up with a generalized linear mixed-effects model (GLMM) to quantify the nature of that gradient. Specifically, we
used a GLMM binomial error, a fixed effect of distance from potential vector source habitat (i.e. nearby riparian
habitat), and a random effect of vine number nested within row number to account for spatial autocorrelation. The
results of the test for uniformity showed evidence of significant gradients at the two riparian sites, but not the non-
riparian sites (Table 1). For the two riparian sites the likelihood of a vine having Pierce’s disease declined
significantly at greater distances, with most cases within approximately 60 m of the riparian corridor but with still
a handful of cases at much greater distances (Figure 2).

In addition to mapping Pierce’s disease, we have been monitoring vector populations at each of the vineyards on a
regular basis. This monitoring is intended to address aspects of Objectives 1 and 3, but clarifying the diversity,
abundance, and distribution of vector populations. Our monitoring includes using yellow sticky traps primarily for
blue-green sharpshooter (Graphocephala atropunctata). In addition, this season we used sweep-net sampling to
track populations of other potential vectors (i.e. leafhoppers and spittlebugs) on the vineyard floor. Starting
toward the end of winter, every two weeks we conducted 15 sets of sweeps at each site on ground vegetation
located along the border of the vineyard or between vineyard rows. All collected insects were identified,
preserved in ethanol, and will be tested for the presence of Xf. Sweep net sampling continued through the end of
the spring or longer if sufficient live vegetation was present.
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Figure 2. Gradients in Pierces disease prevalence as a function of distance from riparian habitat. Sites: (A)
NEWS, (B) V7. Points reflect proportions of vines with Pierce’s disease of 50-100 vines at different binned
distances. Dashed lines denote model fit.

Over the season a total of 331 potential vectors were collected in sweep-net sampling at Sonoma sites, and 256 in
sampling at Napa sites. Notably, the composition differed substantially among sites and between the two counties.
At Sonoma sites, blue-green sharpshooter was the most common (44.4% of insects), the red-headed sharpshooter
(Xyphon fulgida) was nearly as common (31.4%), followed by meadow spittlebug nymphs or adults (Philaenus
spumarius; 18.1% total), and an unidentified leafhopper species (Pagaronia sp.) was rarer (2.7%). Meanwhile at
Napa sites no blue-green sharpshooters or red-headed sharpshooters were collected, while meadow spittlebug and
especially the Pagaronia sp. were relatively more common (36.3% and 62.9%, respectively). There is also a clear
effect of surrounding habitat type on vector abundance in the sweep-net sampling, with substantially greater
abundance at riparian sites compared to non-riparian sites, especially after late spring (Figure 2).

A B

A B

Figure 3. Total number of leafhoppers and spittlebugs collected in sweep net sampling at riparian and non-
riparian sites in (A) Sonoma and (B) Napa counties. Scale of axes differ between panels.
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Another component of this report is associated with our effort to address one question: was the current epidemic
due to the emergence of a new Xf genotype? To answer this question we collected isolates from grapevines with
Pierce’s disease symptoms from five regions in 2016; Napa, Sonoma, Bakersfield, Temecula, and Santa Barbara.
Approximately 120 Xf genomes were cultured from plants, triple-cloned in the laboratory, and had their genomes
sequenced. Preliminary analyses indicate that isolates from each region sampled clustered together, with a few
exceptions, providing no evidence to support the hypothesis of an emerging genotype of Xf causing Pierce’s
disease. Analyses are ongoing to better understand factors affecting the structuring of populations in California.

CONCLUSIONS
Our ongoing analysis of patterns of Pierce’s disease at the vineyard sites has shown three notable results thus far.
First, there is significant spatial clustering of Pierce’s disease cases within vineyard blocks. Such clustering is not
an uncommon feature of infectious diseases, including some vector-borne pathogens. The scale of that clustering
is helpful for guiding future investigations of the nature of pathogen spread at these sites. Second, there appears to
be significant co-clustering of Pierce’s disease cases nearby other dead, missing, or replant vines. This result
suggests that other non-healthy vines may reliably reflect older cases of Pierce’s disease, meaning that the total
losses due to Pierce’s disease are more substantial than just those vines showing evidence of disease at any given
time. Third, thus far analyses of disease patterns at riparian sites, as expected, show gradients in disease over
fairly substantial distances from vector sources. Meanwhile non-riparian sites exhibit clustering of Pierce’s
disease cases without any evidence of gradients from an obvious vector source, suggesting the potential for other
mechanisms (e.g, alternative vectors, reservoir hosts) to contribute to Pierce’s disease hotspots in certain contexts.
Finally, in addition to documenting the distribution and abundance of known important vectors at each site, such
as blue-green sharpshooter, we’ve begun to document the diversity and abundance of alternative vectors at each
site. Such information on the broader vector assemblage may yield insights into why certain sites show high
Pierce’s disease prevalence despite not having obvious blue-green sharpshooter source habitat nearby. The next
step for analysis, after describing the initial spatial patterns of disease at all 32 vineyard sites, is to quantify
interannual change in Pierce’s disease prevalence (i.e. 2016 to 2017) to better understand the factors driving
Pierce’s disease incidence (e.g. surrounding plant community composition, blue-green sharpshooter abundance
and dispersal, other vector abundance).
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ABSTRACT
Resistant cultivars of agricultural crops are integral to sustainable integrated disease management strategies. Our
previous work indicated that grapevines that express the PdR1 gene exhibit resistance against Xylella fastidiosa
(Xf) and are likely to slow the spread of Xf among vineyards. In the current project we are testing the generality of
our previous results by testing multiple PdR1 resistant and susceptible genotypes in our vector transmission
experiments and integrating greater biological detail into our epidemic modeling work. While PdR1 resistant
grapevines provide promising resistance, it remains unclear how growers may incorporate these hybrid plants into
their production. Growers may be able to benefit from PdR1 resistant cultivars without planting all of their
acreage to them. We will explore the implications for Xf spread and Pierce’s disease severity from planting
adjacent blocks of PdR1 resistant and susceptible grapevines through bio-economic modeling. Finally, our
modeling efforts rely on assumptions on insect vector dispersal within and among vineyards, yet our knowledge
of sharpshooter dispersal has been limited by the difficulty of experimentally measuring dispersal. We will use
large spatio-temporal data sets of vector abundance for both blue-green sharpshooter (Graphocephala
atropunctata) and glassy-winged sharpshooter (Homalodisca vitripennis) and hierarchical statistical models to
estimate dispersal directly from field data. Taken together, our project will provide clearer recommendations for
disease management strategies using PdR1 and related resistant grapevines.

LAYPERSON SUMMARY
Sustainable management of Pierce’s disease will rely on developing grape cultivars that are resistant to Xylella
fastidiosa (Xf). We found previously that grape cultivars that express the PdR1 gene exhibit intriguing levels of
delayed resistance against Xf that reduced transmission rates by vector insects. We propose to expand on this
work by testing multiple lines of PdR1 resistant grapes for transmission rates by vector insects. We will then use
statistical models to estimate vector movement into vineyards. Finally, we will integrate vector transmission and
movement information to predict Xf spread through PdR1 and susceptible cultivars using mathematical models.

INTRODUCTION
Resistance against pathogens in agricultural crops is one of the more successful strategies to effectively manage
agricultural diseases (Mundt 2002). This includes vector-borne pathogens. Though insecticide suppression of
vectors is a common practice, previous research has called into question the efficacy of insecticides and
highlighted the risks of evolved resistance against them (Perring et al. 2001, Erlanger et al. 2008).

However, while plant resistance traits are often effective at suppressing pathogen spread, this is certainly not the
case with tolerance traits. Where resistance traits alleviate disease symptoms by reducing pathogen burden,
tolerance traits alleviate symptoms with negligible effects on pathogen burden (Roy and Kirchner 2000). For
vector-borne pathogens, the influence of resistance traits on pathogen spread and disease prevalence can differ
dramatically from tolerance traits (Zeilinger and Daugherty 2014, Cronin et al. 2014). Introducing resistance traits
into a host population will generally reduce pathogen spread, whereas tolerance traits can have the opposite effect.
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Specifically, when vectors of a pathogen avoid feeding on diseased (i.e. symptomatic) hosts, introducing tolerant
hosts will enhance pathogen spread (Zeilinger and Daugherty 2014). Because the primary sharpshooter vectors of
Xylella fastidiosa (Xf) in California (blue-green sharpshooter and glassy-winged sharpshooter) preferentially
avoid feeding on Pierce’s disease symptomatic plants (Daugherty et al. 2011), tolerance traits in grapevines could
increase the risk of Xf spread within and among vineyards.

Ongoing efforts to identify resistance to Xf in native Vitis spp. has resulted in hybrid plants that express the PdR1
locus (Walker and Tenscher 2016). These hybrid vines do not suffer from Pierce’s disease symptoms to the same
extent as susceptible lines (Krivanek and Walker 2005, Krivanek et al. 2006). Furthermore, from our previous
results, PdR1 resistant grapevines appear to reduce insect vector transmission rates. As such, they are likely to
reduce spread of Xf within and among vineyards.

OBJECTIVES
The overall goal of this project is to assess the epidemiological consequences of managing Pierce’s disease with
resistant grapevines expressing the PdR1 locus (Walker and Tenscher 2016). Specifically, we ask, under what
conditions and spatial arrangements will the use of PdR1 vines reduce Xf spread and maximize economic benefits
to growers? The research consists of three objectives:
1. Test the effects of PdR1 resistant plants on vector feeding preference and transmission of Xf.
2. Model the optimal mixture of PdR1 and susceptible grapevines to reduce Xf spread and maximize economic

return.
3. Estimate dispersal of insect vectors from field population data.

RESULTS AND DISCUSSION
As the project recently began, we have no results to report at this time.

CONCLUSIONS
Conclusions are pending, concomitant with results.
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ABSTRACT
Xylella fastidiosa (Xf) is an important phytopathogen that infects a number of important crops including citrus,
almonds, and coffee. The Xf Temecula 1 strain infects grapevines and induces Pierce’s disease. We deleted the Xf
PD1311 gene and found that the mutant strain was avirulent. Based on sequence analysis, PD1311 is predicted to
encode an acyl-CoA synthetase, which is a class of enzymes involved in numerous processes including secondary
metabolite production. We characterized ΔPD1311 and found that it expresses in vitro phenotypes that are
consistent with reduced virulence, is avirulent in grapevines, and reduces the virulence of wild-type Xf. Therefore,
we propose that the ΔPD1311 has potential as a biological control for Pierce’s disease.

LAYPERSON SUMMARY
We discovered that deleting the Xylella fastidiosa (Xf) gene, PD1311, resulted in a strain that does not induce
Pierce’s disease. Additionally, we have evidence that the PD1311 mutant has potential as a biological control.
When grapevines were inoculated with the mutant prior to wild-type Xf, disease development became
significantly reduced. Given the agricultural importance of Pierce’s disease, it is critical to understand how
PD1311 exerts its effects. Options for managing Pierce’s disease are limited, so developing new control strategies
are critically important. Our results expand the understanding of Pierce’s disease and provide information in
relation to controlling the disease.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram-negative, xylem-limited bacterium that causes Pierce’s disease in grapevines
(Chatterjee et al. 2008). Xf is transmitted to plants by insect vectors and once in the xylem, Xf is postulated to
migrate, aggregate, and form biofilm that clogs the vessels leading to Pierce’s disease. We, and others, have
studied Xf proteins and genetic mechanisms involved in these steps (Guilhabert and Kirkpatrick 2005, Meng et al.
2005, Feil et al. 2007, Li et al. 2007, Shi et al. 2007, da Silva Neto et al. 2008, Cursino et al. 2009, Cursino et al.
2011, Cursino et al. 2015) with the goal of better understanding Pierce’s disease virulence and for development of
prevention strategies.

We deleted the Xf PD1311 gene (ΔPD1311), a putative acyl-CoA synthetase (ACS), as we were interested in
genes potentially involved in secondary metabolite production. ACSs catalyze long-chain fatty acyl-CoAs (Black
et al. 1992), and they are involved in numerous processes including pathogenicity (Barber et al. 1997). We
recently published our work on this gene, which includes showing it has potential to function as a Pierce’s disease
biocontrol (Hao et al. 2017).

We found that PD1311 is a functional enzyme (data not shown), and that ΔPD1311 grows in PD2 and Vitis
vinifera sap (Figure 1) (Hao et al. 2017). In addition, motility, aggregation, and biofilm production are key
behaviors of Xf that are associated with Pierce’s disease (Chatterjee et al. 2008). ΔPD1311 is reduced in type IV
pili-mediated motility on periwinkle wilt (PW) plates and is non-motile on sap agar (Figure 2) (Hao et al. 2017).
In comparison to wild-type cells (Temecula 1), ΔPD1311 is reduced in aggregation and biofilm production. We
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therefore hypothesized that ΔPD1311 is less virulent in plants, as mutants with similar phenotypes have been
shown to have reduced virulence or be avirulent (Cursino et al. 2009, Cursino et al. 2011, Guilhabert and
Kirkpatrick 2005, Killiny et al. 2013). We found that ΔPD1311 was avirulent and was not able to cause Pierce’s
disease, even at 24 weeks post-inoculation (Figure 3).

The weakly virulent Xf elderberry strain EB92-1 has been studied as a potential Pierce’s disease biological control
(Hopkins 2005, Hopkins 2012). Other approaches towards controlling Pierce’s disease include resistant rootstocks
(Cousins and Goolsby 2011) and transgenic vines (Dandekar 2014, Gilchrist et al. 2014, Gilchrist and Lincoln
2014, Kirkpatrick 2014, Lindow 2014, Powell and Labavitch 2014). Continued research of Pierce’s disease
controls is warranted. We had initial results that ΔPD1311 lowered the incidence of wild-type-induced Pierce’s
disease. Given the avirulent phenotype of ΔPD1311 and its ability to limit wild-type-induced Pierce’s disease, this
strain provides potential for development of a new biological control.

Figure 1. ∆PD1311 growth and survival in rich
medium and grape sap. Shown are growth curves of
TM1 (solid line, square), ∆PD1311 (dotted line,
triangle) and C-∆PD1311 (dashed line, circle) in
PD2 broth (A) and 100% Chardonnay sap (B). Six
replicates were included for each experiment and the
assays were repeated three times. Error bars
represent standard deviations. Three replicates were
included for each experiment and the assay was
repeated twice. TM1 = wild-type Xf Temecula 1,
∆PD1311 = Xf Temecula 1 deleted of the PD1311
gene, C-∆PD1311 = ∆PD1311 complement strain.

Figure 2. ∆PD1311 was defective in motility,
aggregation, and biofilm. (A) Representative images
of colony fringes of TM1, ∆PD1311 and C-
∆PD1311on PW-BSA plates at day 1 (top) and 8
(bottom) days post-inoculation (d.p.i.). (B) Mean
percentage of aggregation and (C) biofilm
quantification of wild-type, ∆PD1311, and C-
∆PD1311 strain in PD2 broth 5 d.p.i.. Error bars
represent standard errors. Twenty-four replicates were
included for each experiment and the assay was
repeated three times. * represents a significant
difference of p<0.01. TM1 = wild-type Xf Temecula
1, ∆PD1311 = Xf Temecula 1 deleted of the PD1311
gene, and C-∆PD1311 = ∆PD1311 complement strain.
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Figure 3. ∆PD1311 is avirulent on grapevines. Shown are weekly mean disease ratings of vines
inoculated with TM1 (solid line with squares), ∆PD1311 (triangles), C-∆PD1311 (open circles), and
buffer (dotted line on x-axis), respectively. Error bars represent standard errors. Ten plants were
included for each experiment and the assay was repeated twice. * represents a significant difference
of p<0.01. TM1 = wild-type Xf Temecula 1, ∆PD1311 = Xf Temecula 1 deleted of the PD1311 gene,
C-∆PD1311 = ∆PD1311 complement strain.

OBJECTIVES
The overall goal is to optimize ΔPD1311 as a biological control for Pierce’s disease and to understand the
mechanisms of disease inhibition that will facilitate commercialization.
1. Examine aspects of ΔPD1311 Temecula 1 strain as a biological control of Pierce’s disease.

a. Optimize application timing and conditions for the ΔPD1311 strain.
b. Determine if over-wintered ΔPD1311 inoculated plants maintain Pierce’s disease resistance.
c. Explore leafhopper transmission of the ΔPD1311 strain.
d. Develop a clean deletion strain of ΔPD1311 that would be suitable for commercialization.

2. Determine the function of the PD1311 protein and the mechanism by which ΔPD1311 acts as a biological
control.
a. Elucidate the role of PD1311 protein.
b. Examine impact of the ΔPD1311 strain on wild-type Xf in vitro and in planta.

RESULTS AND DISCUSSION
Objective 1. Examine Aspects of ΔPD1311 Temecula 1 Strain as a Biological Control of Pierce’s Disease
Objective 1a. Optimize Application Timing and Conditions for the ΔPD1311 Strain
To examine if the Xf ΔPD1311 Temecula 1 strain could act as a potential biocontrol, we inoculated V. vinifera cv.
Cabernet Sauvignon vines per standard procedures (Cursino et al. 2011) and recorded development of Pierce’s
disease using the five-scale assessment (Guilhabert and Kirkpatrick 2005). We created three different inoculation
conditions: i) wild-type Xf after a two-week pre-treatment with ΔPD1311 [following procedures used in Xf
elderberry EB92.1 strain biocontrol studies (Hopkins 2005)], ii) wild-type and ΔPD1311 co-inoculated, and
iii) controls (wild-type-only, ΔPD1311-only, buffer). We previously found that inoculating ΔPD1311 after a two-
week pre-treatment with the wild-type strain did not limit Pierce’s disease (data not shown). Our controls included
vines inoculated with wild-type Temecula 1, ΔPD1311, or buffer (Hopkins 1984). We found that pre-treatment
with ΔPD1311 inhibited Pierce’s disease, while co-inoculation did not alter disease development (Figure 4)
(Hao et al. 2017).



Figure 4. ∆PD1311 inoculation to grape prior to TM1 suppressed Pierce’s disease development. A. Weekly mean
disease ratings of vines inoculated with TM1-only (triangles), TM1 and ∆PD1311 simultaneously (circles), ∆PD1311
two weeks prior to TM1 (diamonds), ∆PD1311-only (squares) and buffer (x marks) respectively. Error bars represent
standard errors. Ten plants were included for each experiment and the assay was repeated twice. B. Disease rating for
each vine at 24 w.p.i. 1 = TM1-only, 2 = ∆PD1311-only, 3 = co-inoculation with TM1 and ∆PD1311 simultaneously,
4 = ∆PD1311 two weeks before TM1, and 5 = buffer. TM1 = wild-type Xf Temecula 1, ∆PD1311 = Xf Temecula 1
deleted of the PD1311 gene.

In 2016 (May to October), we investigated the effectiveness of ΔPD1311 as a Pierce’s disease biological control.
To test the impact of inoculation timing, we inoculated vines with ΔPD1311 at two days, one week, and two
weeks (previous conditions successful in disease inhibition as described in Figure 4) prior to inoculation with
wild-type at the same inoculation point. To determine if inoculation location impacts Pierce’s disease control, we
inoculated the base of selected green shoots (~ 50 cm tall plant) with ΔPD1311 as described above and then two
weeks later with wild-type Xf into vines at 5 cm or 30 cm above the initial inoculation site. Our control treatments
included the above treatments except with buffer instead of ΔPD1311, in order to exclude any possible effects on
plants caused by wounding prior to wild-type. In addition, vines inoculated with wild-type-only, ΔPD1311-only,
and buffer (Hopkins 1984) were also included as disease positive and negative controls. The results from these
trials are shown and discussed in the Conclusion section.

Objective 1b. Determine If Overwintered ΔPD1311 Inoculated Plants Maintain Pierce’s Disease Resistance
In 2014 we had V. vinifera plants infected with wild-type Xf or ΔPD1311 two weeks prior to wild-type Xf. These
vines were cut back and placed in nursery storage for the 2015 winter. The plants were then grown in the
greenhouse in spring 2015 to follow potential Pierce’s disease development. Preliminary results showed that wild-
type Xf could overwinter and cause Pierce’s disease in the following year. Plants treated with ΔPD1311 followed
by wild-type Xf did not show symptoms either year and enzyme-linked immunosorbent assay (ELISA) did not
detect Xf (Temecula 1 or ΔPD1311) in year 2 (Table 1). This data suggests that ΔPD1311 protection may last
overwintering. However, we did not explore whether biocontrol treatment in year 1 would protect against a fresh
wild-type inoculation in year 2. If found, this result would indicate that the ΔPD1311 biocontrol may have long-
lasting protection in the field. If symptoms do develop in year 2 in the ΔPD1311-treated plants, this result would
indicate that reapplication of the biocontrol will be necessary to maintain Pierce’s disease suppression.

The 2015-treated plants were stored in a cold-room overwinter. These included wild-type-only, ΔPD1311-only,
ΔPD1311 two weeks before wild-type, and buffer-only plants. Half of the overwintered plants were regrown
without further treatment to determine if symptoms appear. The other half were allowed to grow for 1.5 months
and then received new wild-type Xf inoculations at the base of the re-growing shoots. These results are shown and
discussed in the Conclusions section.

Objective 1c. Explore Leafhopper Transmission of the ΔPD1311 Strain
Xylem-sap feeding leafhopper vectors transmit Xf from plant to plant (Chatterjee et al. 2008). The bacterium
utilizes adhesins, such as FimA, HxfA, and HxfB, to attach and form biofilms on insect foreguts, which then
becomes a source of inoculum for further disease spread (Killiny and Almeida 2009, Killiny et al. 2010). This
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interaction with insects is a known key step for Xf to accomplish its life cycle. For development of ∆PD1311 as a
commercially viable biological control agent and for future field studies, it will be necessary to understand its
insect transmissibility. Because ∆PD1311 has reduced aggregation and biofilm (Figure 2), we hypothesized that
∆PD1311 is altered in its ability to be insect vectored. As an initial assay, we wanted to examine the adhesion of
the mutant strain to the hindwing of the leafhopper vector, as this assay has been found to mimic adhesion to the
foregut region owning to similar chitinous nature of the cuticles (Killiny et al. 2010). Our preliminary data
showed that ∆PD1311 attached to insect wings at a level similarly to the wild-type strain (Figure 5).

Table 1. Xf ELISA results in overwintered plants.a
Treatment

Year 1b
Symptoms

Year 1c
Symptoms

Year 2c 0 cm cd 30 cm cd 150 cm cd

wild-type + + +/1e +/1 +/1
- -/3 -/3 -/3

ΔPD1311 then
wild-type - - -/2 -/2 -/2

a Plants overwintered in cold storage between year 1 and 2.
b Plants were given no further inoculations in year 2.
c “+” = Pierce’s disease symptoms; “-” = no Pierce’s disease symptoms.
d Sample distance up from inoculation point in year 2.
e “+” or “–” indicated positive or negative for Xf, respectively / “number” is the number of plants tested

by ELISA in year 2.

Figure 5. The ∆PD1311 strain attached to leafhopper hind wings similarly to the wild-
type strain. The attachment assay was performed as described previously (Baccari et al.
2014). The experiment was performed once with eight replicates included for each strain.

Objective 1d. Develop a Clean Deletion Strain of ΔPD1311 that Would Be Suitable for Commercialization
Construction and deletion of a mutant of gene PD1311 was halted once it was noted that results in 2016 were not
consistent with previous years. This would be an important step once the status of current ΔPD1311 and wild-type
strains are determined.

Objective 2. Determine the Function of the PD1311 Protein and the Mechanism By Which ΔPD1311 Acts
as a Biological Control
Objective 2a. Elucidate the Role of PD1311 Protein
The Xf PD1311 gene has motifs suggesting it encodes an ACS protein (acyl- and aryl-CoA synthetase) (Chang et
al. 1997, Gulick 2009). ACS metabolite intermediates are involved in beta-oxidation and phospholipid
biosynthesis. ACS proteins have also been implicated in cell signaling (Korchak et al. 1994), protein
transportation (Glick and Rothman 1987), protein acylation (Gordon et al. 1991), and enzyme activation (Lai et
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al. 1993). Importantly, ACSs are involved in pathogenicity (Banchio and Gramajo 2002, Barber et al. 1997, Soto
et al. 2002).

ACS proteins metabolize fatty acids through a two-step process to form a fatty acyl-CoA precursor utilized in any
downstream metabolic pathways (Roche et al. 2013, Watkins 1997, Weimar et al. 2002). To confirm enzymatic
activity, we expressed and purified a PD1311-His tag protein, and we tested it for ligase activity using acetate as
the substrate. Acetate is the simplest substrate for fatty acid synthetase reaction, as a two-carbon (C2) chain length
molecule. We used a standard colorimetric assay that measures acyl-CoA production (Kuang et al. 2007). The
PD1311 protein exhibited a functional ATP/AMP binding domain that performed the following reaction: ATP +
acetate + CoA is converted to AMP + pyrophosphate + acetyl-CoA (data not shown). Therefore we confirmed
that the protein is functional.

The deletion of the PD1311 gene is non-lethal, suggesting that it has a role in non-essential fatty acid metabolism.
One possibility is that PD1311 plays a role in diffusible signal factor (DSF) production, however, our preliminary
results do not support that role (data not shown). An alternative potential role for the PD1311 protein is in
precursor production of lipopolysaccharide (LPS). LPS is found on the outer membrane of Gram negative bacteria
and is composed of a lipid A innermost component, a core saccharide, and an outermost O-antigen. Upstream of
PD1311 are three genes annotated as LPS-associated enzymes: Lipid A biosynthesis N-terminal domain protein
(PD1312), dolichol-phosphate mannosyltransferase (Dpm1) (PD1313), and WbnF nucleotide sugar epimerase
(PD1314) (Simpson et al. 2000). Dolichol-phosphate mannosyltransferase proteins are involved in N-linked
oligosaccharides in the LPS core (Kapitonov and Yu 1999), while nucleotide sugar epimerases are involved in O-
antigen synthesis (Lam et al. 2011). LPS is a known major virulence factor of Xf, and changes in LPS integrity
renders bacteria more susceptible to environmental stress and defective in virulence (Clifford et al. 2013).

Considering the avirulent phenotype of ∆PD1311 on grapevines, PD1311 may be involved in lipid A biosynthesis
or membrane production. Therefore, the ∆PD1311 cells may be more sensitive to environmental stresses such as
oxidative stress and cationic antimicrobial peptide polymyxin B (PB). When wild-type and ΔPD1311 cells were
exposed to hydrogen peroxide on agar plates in a Kirby-Bauer type assay, the zone of inhibition was greater for
the mutant strain than wild-type cells (Figure 6A) (Hao et al. 2017). In addition, ∆PD1311 cells were more
sensitive to PB than wild-type or ∆PD1311 complement cells. While both wild-type and ∆PD1311 complement
cells grew on plates supplemented with 16 µg/mL PB, almost all ∆PD1311 cells were killed when plated on PW
agar supplemented with 1 ug/mL PB (Figure 6B).

Figure 6. Relative sensitivity of ∆PD1311 to H2O2 and polymixin B (PB). A. Mean diameters of inhibition zones
of TM1 (empty bars), ∆PD1311 (dotted bars), and C-∆PD1311 (dashed bars) exposed to 100 or 500 mM of H2O2 on
PD2 agar plates. Error bars represent standard deviations. Three replicates were included for each experiment and
the assay was repeated twice. * represents a significant difference of p<0.01. B. Growth of TM1 and C-∆PD1311 on
PD2 plates amended with 16 µg/mL PB and growth of ∆PD1311 on PD2 plates with 1 µg/mL PB. Images were
taken under a Stemi-2000C dissecting microscope with a magnification of 3.2X. The assay was repeated four times
with similar observations. TM1 = wild-type Xf Temecula 1, ∆PD1311 = Xf Temecula 1 deleted of the PD1311 gene,
C-∆PD1311 = ∆PD1311 complement strain.
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Objective 2b. Examine Impact of the ΔPD1311 Strain on Wild-Type Xf In Vitro and In Planta
To have better grounding on why ΔPD1311 acts as a biological control, we needed to explore the mechanism by
which the mutant strain impacts wild-type cells. We have results showing that the wild-type induced disease can
be limited only when ΔPD1311 was inoculated two weeks before the pathogen (Fig. 4). Therefore, we wanted
know how the two strains spread through the plant when both are inoculated. ΔPD1311 does not secrete a toxin
that affects wild-type populations (Table 2); we grew wild-type cells in supernatant from ΔPD1311 cells and
found no growth changes (data not shown). Understanding how the mutant cells impact wild-type Xf is important
for understanding not only how the biological control is achieved but also how the treatment would be most
effectively applied in the field.

Table 2. Wild-type Xf detection by ELISA in petioles 24 w.p.i.a

Treatment PD
Symptom Trial Distance above inoculation point (cm)

0 30 150

∆PD1311 then TM1b
- 1 -c/3d -/3 -/3

2 -/5 -/5 -/5

+ 1 n.d.e n.d. +/6
2 n.d. n.d. +/4

TM1 + ∆PD1311 + 1 n.d. n.d. +/5
2 n.d. n.d. +/4

TM1 only + 1 n.d. n.d. +/5
2 n.d. n.d. +/4

Shown are results of TM1 detection in petioles by ELISA 24 weeks post-inoculation. Each trial
contained 10 plants total of which a subset was tested.
a w.p.i. = weeks post-inoculation.
b TM1 = wild-type; TM1 was inoculated two weeks after ∆PD1311.
c “+”or “–” indicates positive or negative for Xf, respectively
d Number is the number of plants tested by ELISA.
e n.d. = not assessed as no petioles left due to disease.

CONCLUSIONS
Concerning objective 1, results from the 2016 inoculation experiments are shown in Figure 7. Although
ΔPD1311 was again confirmed as avirulent, we were unable to further verify the Pierce’s disease suppression by
ΔPD1311. Plants inoculated with wild-type Xf-only developed about 40% infection which was much lower than
in past years where infection level was close to 100%. The reason for this difference is unknown. We do not
expect conditions in the greenhouse were involved as the grapevines were growing well and the internal climate
was similar to past years. For treatments where ΔPD1311 was applied prior to wild-type the level of disease was
frequently higher than the inoculation with wild-type alone. No disease developed when ∆PD1311 was applied
alone. Differences were mostly observed when ΔPD1311 was applied two weeks prior to wild-type and was
inoculated 30 cm above the wild-type inoculation point. For that treatment Pierce’s disease was less than when
ΔPD1311 was inoculated at the point of wild-type inoculation of 5 cm above. We had not attempted the
treatments of 5 cm or 30 cm previously. Disease suppression was observed over the past three years when wild-
type was applied at the same inoculation site as ΔPD1311.

The significant differences that were observed in 2016 with regard to Pierce’s disease suppression by ΔPD1311
could also be due to a modification in the ΔPD1311 strain. Before going ahead with research on ΔPD1311 it
would be essential to explore the possibility that the strain became altered in storage. Initially it would be
important to test previously reported ΔPD1311 phenotypes including biofilm formation, aggregation, and motility
on synthetic media and sap agar. If it appears that the strain has changed from its original behavior, we would
check additional stocks or remake the mutant. This research was not funded in 2015, however, we were able to
conclude the experiments because of being granted a no-cost extension of funds that remained from 2015.
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Figure 7. Effect of ΔPD1311 on Pierce’s disease development, 2016. Specific methods and
conditions used for the different treatments are explained in the text above.

The experiments to test the effect of ΔPD1311 on Pierce’s disease development in overwintered plants was
inconclusive because there was great variability in disease across all categories of plants. Some that showed
disease during the summer of 2015 did not develop disease in 2016 regardless of being treated with ΔPD1311 or
not. It would be necessary to repeat the experiments on overwintered plants once factors that were involved in
overall reduced disease and reduced inhibition of ΔPD1311 in the 2016 experiments were determined.

Preliminary data suggests that ΔPD1311 attaches to insect hindwings at an equal level as observed for wild-type
cells. Therefore, in nature ΔPD1311 could possibly be distributed by the vector.

For objective 2, our preliminary results showed that the mutant had greater sensitivity to chemical environments
(hydrogen peroxide, antimicrobial peptides), which may contribute to its avirulent phenotype and help explain the
role of the protein in the bacterium. Much of our work in relation to this grant has been recently published (Hao et
al. 2017). Overall, this work will help further our understanding of disease development and prevention. It has
also identified a key Pierce’s disease virulence factor, PD1311, that will be important in future research to
understand the mechanism by which Xf causes Pierce’s disease. Additional work on this essential putative enzyme
is highly warranted.
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ABSTRACT
This research is a continuation of the field evaluation of chimeric anti-microbial protein (CAP; Dandekar et al.
2012a) and polygalacturonase-inhibiting protein (PGIP; Agüero et al. 2005, 2006) expressing rootstocks that
enable trans-graft protection of scion varieties of grapevine from developing Pierce’s disease after infection with
Xylella fastidiosa (Xf). Rootstocks (Thompson Seedless, TS) expressing these proteins individually were
evaluated in the field; this part of the study was concluded in winter 2017. TS rootstock lines expressing either
CAP or PGIP show promise in their ability to transgraft protect a scion variety (also TS) against Pierce’s disease,
validated with in-field inoculations. The lines expressing CAP showed the highest efficacy in protecting grafted
transgenic grapevines from developing Pierce’s disease. The ongoing testing involves evaluating novel CAP lines
in commercially relevant rootstocks 101-14 and 1103 (Christensen 2003). The original neutrophil elastase –
cecropin B (NE-CB) CAP construct (Dandekar 2012a) was improved by identifying grapevine-derived
components (Chakraborty et al. 2013, 2014b). The surface binding NE component was replaced with P14a protein
from Vitis shuttleworthii that also displays serine protease activity (Chakraborty et al. 2013, Dandekar et al.
2012c, 2013). The antimicrobial component CB was replaced with HAT52 and/or PPC20 that were identified
using novel bioinformatics tools developed by us (Chakraborty et al. 2013, 2014a) and the efficacy of the selected
peptides were verified for their ability to kill Xf cells (Chakraborty et al. 2014b). In addition to the original NE-
CB CAP (CAP-1), five additional CAP constructs included in the current round of testing are VsP14a (CAP-2),
VsP14a-CB (CAP-3), VsP14a-HAT52 (CAP-4), VsP14a-PPC20 (CAP-5), and 35s OM/RAMY/Flag CAP (CAP-
6; Dandekar et al. 2012c, 2013, 2014). Transformation of these six CAP constructs into the 101-14 and 1103
rootstock backgrounds was initiated in 2015 and greenhouse testing was started in fall 2016, with field
introductions planned for spring of 2018. The field introduction of these rootstocks is aimed at evaluating
different lines to identify those with good efficacy in protecting the grafted, sensitive scion cultivar Chardonnay
from developing Pierce’s disease.

LAYPERSON SUMMARY
This project is a continuation to evaluate the field efficacy of transgenic grapevine rootstocks expressing a
chimeric anti-microbial protein (CAP) or a polygalacturonase-inhibiting protein (PGIP) to provide protection to
the grafted scion variety from developing Pierce’s disease. We concluded a field evaluation where four CAP and
four PGIP expressing Thompson Seedless (TS) were tested as rootstocks to protect grafted wild-type TS scions.
These plants were infected with Xylella fastidiosa in 2012, 2013, 2014, and 2015 and evaluated each year for their
ability to provide resistance to Pierce’s disease. Our conclusion is that the transgenic rootstocks were able to
provide transgraft protection to the scion. They showed less symptoms, higher survival, and harbored a lower titer
of the pathogen than grafted untransformed controls. Since TS is not a commercially relevant rootstock we have
now begun testing the field efficacy of this strategy by expressing different CAP proteins in the commercially
relevant rootstocks 110-14 and 1103. Greenhouse evaluations were initiated in 2018 and field evaluations will
begin in spring of 2018. Elite rootstock lines identified in this project will be good candidates for
commercialization.

INTRODUCTION
The focus of this study is to evaluate the rootstock-based expression of chimeric antimicrobial proteins (CAP;
Dandekar et al. 2012a) and polygalacturonase-inhibiting protein (PGIP; Agüero et al. 2005, 2006) to provide
transgraft protection of the scion grapevine variety against Pierce’s disease. Rootstocks (Thompson Seedless, TS)
expressing these proteins individually are currently being evaluated in the field; this part of the study was
concluded this year. Since TS is not a rootstock these genes must be tested in a commercially relevant rootstock.
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Methods to successfully transform two commercially relevant rootstocks (101-14 and 1103; Christensen 2003)
were successfully developed (Dandekar et al. 2011, 2012b) and the method was further improved by David
Tricoli in the UC Davis Plant Transformation Facility. The original neutrophil elastase - cecropin B (NE-CB)
CAP construct (Dandekar 2012a) was improved by identifying grapevine-derived components (Chakraborty et al.
2013, 2014b). The surface binding NE component was replaced with P14a protein from Vitis shuttleworthii that
also displays serine protease activity (Chakraborty et al. 2013, Dandekar et al. 2012c, 2013). The antimicrobial
component CB was replaced with HAT52 and/or PPC20 that were identified using novel bioinformatics tools
developed by us (Chakraborty et al. 2013, 2014a) and the efficacy of the selected peptides was verified for their
ability to kill Xylella fastidiosa (Xf) cells (Chakraborty et al. 2014b). In addition to the original NE-CB CAP
(CAP-1), five additional CAP constructs were developed that contained VsP14a (CAP-2), VsP14a-CB (CAP-3),
VsP14a-HAT52 (CAP-4), VsP14a-PPC20 (CAP-5), and 35s OM/RAMY/Flag CAP (CAP-6; Dandekar et al.
2012c, 2013, 2014). These transgenic CAP-expressing rootstocks testing in the greenhouse and field started in fall
2016. The additional CAP constructs that will be tested are aimed at addressing the concern that the protein
components of the present CAP-1 have a non-plant origin. Transformation of these five CAP constructs into the
101-14 and 1103 rootstock backgrounds was initiated in 2014. Greenhouse testing was initiated in 2016, with
field testing 2018 onward. The field introduction of these rootstocks is aimed at evaluating different lines to
identify those with good efficacy in protecting the grafted, sensitive scion cultivar Chardonnay from developing
Pierce’s disease.

OBJECTIVES
1. Complete the efficacy testing of the current round of in planta expressed chimeric NE-CB and PGIP

proteins to inhibit and clear Xf infection in xylem tissue and through the graft union in grapevines grown
under field conditions.
Activity 1. Complete and conclude testing of the current round of plants in the field.
Activity 2. Conduct greenhouse and field evaluation of CAP-expressing 110-14 and 1103 rootstocks.

RESULTS AND DISCUSSION
Activity 1. Complete and Conclude Testing of the Current Round of Plants in the Field
At the Solano County field trial site half of the non-grafted transgenic lines were manually inoculated as
described (Almeida et al. 2003) on July 13, 2011, and the rest on May 29, 2012. Half of the grafted
transgenic lines were also manually inoculated on a later date. Nongrafted and grafted grapevines at the
Solano County field trial site that were not previously inoculated were manually inoculated on June 17, 2013,
completing the inoculations of all grapevines at this location. On May 27, 2014 and May 27, 2015, following
the recommendation of the Product Development Committee of the Pierce’s Disease and Glassy-winged
Sharpshooter Board, at least four new canes per year from all grafted transgenic and control plants at this site
were mechanically inoculated with Xf. Inoculation dates from 2011 to 2015 are shown in a color-coded map
(Figure 1, Table 1).

Figure 1. Left: Solano County field trial grafted transgenic grapevines inoculated in spring 2014 and spring
2015 (photo taken in fall 2016). Right: Terminated Solano County field trial (photo taken in spring 2017).



- 22 -

Table 1. Solano County field trial grape field map, color-coded by Xf inoculation date, from 2012 to 2015.

On July 22, 2014 and September 15, 2015, one 2014-inoculated cane from each grafted transgenic plant was
harvested for quantification of Xf by quantitative polymerase chain reaction (qPCR) using an Applied
Biosystems SYBR green fluorescence detection system. Xf DNA was extracted using a modified hexadecyltri-
methyl-ammonium-bromide (CTAB) method that allowed us to obtain DNA of a quantity and quality suitable
for qPCR. The Xf 16s primer pair (forward 5’-AATAAATCATAAAAAAATCGCCAACATAAACCCA-3’ and
(reverse 5’-AATAAATCATAACCAGGCGTCCTCACAAGTTAC-3’) was used for Xf quantification. qPCR
standard curves were obtained using concentrations of Xf ranging from 10

2
to 10

6
cells per 0.1 gram tissue. Xf

was detected in grafted transgenic vines, but Xf titers were lower than in grafted control grapevines (Figure 2).

Figure 2. Xf quantification by qPCR of Solano County field trial grafted individual transgenic
canes inoculated in spring 2014 and harvested in summer 2014 and fall 2015.
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Severity or absence of Pierce’s disease symptoms was assessed for all Solano County field trial grafted
transgenic grapevines inoculated from 2012 to 2015 in fall 2015 using the Pierce’s disease symptom severity
rating system 0 to 5, where 0 = healthy vine, all leaves green with no scorching; 1= first symptoms of disease,
light leaf scorching on one or two leaves; 2 = about half the leaves on the cane show scorching; 3 = the majority
of the of the cane shows scorching; 4 = the whole cane is sick and is declining and 5 = the cane is dead. Pierce’s
disease symptom severity scores were lower in most grafted inoculated transgenic lines from each strategy (CAP
or PGIP) than in grafted untransformed controls (Figure 3).

Figure 3. Severity or absence of Pierce’s disease symptoms for all Solano County field trial grafted
inoculated grapevines in fall 2015.

Grapevine survival of grafted transgenic grapevines that were inoculated in 2014-2015 was assessed on
October 6, 2016 using a 1 to 5 score, where 1 = very healthy and vigorous grapevine, 2 = healthy grapevine
and slightly reduced vigor, 3 = slightly reduced spring growth, 4 = much reduced spring growth, and 5 = dead
grapevine (Figure 4). The grapevine survival rate was greater in most grafted inoculated transgenic lines using
either strategy than in grafted untransformed controls, with the greater efficacy seen in CAP lines. The Solano
County field trial was terminated in the summer of 2017.

Activity 2. Conduct Greenhouse and Field Evaluation of CAP-Expressing 101-14 and 1103
Rootstocks
This activity focused on greenhouse and field testing of six vector constructs that are in the plant transformation
pipeline on two commercially relevant rootstocks, 101-14 and 1103 (Christensen 2003). The components present
in these constructs are shown in Figure 5 below. The construction of CAP-1 was described earlier (Dandekar et
al. 2012a), and the components, mostly from grapevine, and construction of CAP-2, CAP-3, CAP-4, CAP-5, and
CAP-6 shown in Figure 5 have been previously described (Chakraborty et al. 2014b, Dandekar et al. 2012c,
Dandekar et al. 2013, Dandekar et al. 2014a). The grapevine transformation methods for the 101-14 and 1103
rootstocks have been described previously (Dandekar et al. 2011, Dandekar et al. 2012b) but were further
improved by David Tricoli at the UC Davis Plant Transformation Facility, who did the transformation of all of the
binary vector constructs shown inFigure 5. The transgenic plants obtained from the facility and propagated for
testing are described in detail below. The transformation of the two rootstock species with all six CAP constructs
was initiated in 2014 and the selection and regeneration of plants is ongoing. The field testing of these rootstocks
is aimed at evaluating their efficacy in protecting the grafted sensitive Chardonnay grapevine variety from
developing Pierce’s disease.
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Figure 4. Grapevine survival of Solano County field trial grafted transgenic grapevines
inoculated in 2013-2015 (upper right) and all inoculated grafted transgenic grapevines (lower
right), scored in fall 2016 using a scale of 1 to 5 (left).

Figure 5. CAP vectors testing of the original and grapevine components, used to create transgenic
101-14 and 1103 rootstocks that will be verified in greenhouse and field.
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Transformation of the first construct (CAP-1) yielded thirty 101-14 and four 1103 derived transgenic lines. Since
the yield for 1103 lines transformed with CAP-1 was low a new transformation was initiated back in August
2015. In addition, in summer 2016 we began receiving 110-14 and 1103 lines transformed with the other
constructs (CAP-2 to CAP-6) and the numbers and distribution of these lines is indicated in Table 2.

Table 2. Pierce’s disease resistance greenhouse testing of CAP-expressing transgenic rootstocks.

CAP
Binary Vector

Transgenic Plants
Received Greenhouse Testing Advancing For Field

Testing
Designation 101-14 1103 101-14 1103 101-14 1103
CAP-1 pDU04.6105 30 4 30 4 6 0
CAP-2 pDP13.35107 8 2 8 In progress
CAP-3 pDP13.36122 6 1 6 In progress
CAP-4 pDP14.0708 11 6 10 2
CAP-5 pDP14.0436.03 8 6 8 In progress
CAP-6 pDU12.0310 10 10 In progress

A propagation/testing pipeline has been successfully developed to test the efficacy of both 101-14 and 1103
grapevines and the transgenic lines for Pierce’s disease resistance in the greenhouse. The 101-14 and 1103
transgenic rootstocks lines are first screened for the presence of CAP transgene using PCR. Those 101-14 and
1103 plants that are PCR-positive are clonally propagated for greenhouse testing. The clones are trained into a
two-cane system and inoculated on one of the canes with Xf. Plants are inoculated with 20 uL of Xf at roughly
three nodes above the fork in the canes and eight leaves below the top of the cane. Then the plant is turned over
and inoculated with another 20 uL of Xf directly behind the first inoculation. The Xf inoculum is prepared as
described earlier (Dandekar et al. 2012a).

The transgenic rootstocks successfully inoculated as described above are evaluated for Pierce’s disease symptoms
12 weeks post inoculation when the first disease symptoms appear, and subsequently every two weeks thereafter
until 18 weeks post inoculation. A scoring system of 1 to 5 was used with values of 1 = no visible disease
symptoms (Good); 2 = disease symptoms on less than four leaves (Good/OK), 3 = disease symptoms exhibited on
50 percent of the cane (four leaves, OK); 4 = disease symptoms exhibited on 75 percent of the cane (six leaves,
OK/Bad) and 5 = symptoms stretching the entire length of the inoculated cane (eight leaves, Bad).

All 34 CAP-1 transgenic lines have been analyzed and six have been identified for field testing. All six were 110-
14 transgenic. Of the six 110-14 transgenic lines selected one was an elite line, presented no Pierce’s disease
symptoms, and got a score of 1. The remaining five 101-14 plant lines got a score of 2, which look very
promising and were considerably less sick than the untransformed 101-14 control which was scored a 5
(Figure 6). All 1103 lines scored bad and received a score of 5. The six 101-14 transgenic rootstocks expressing
CAP-1 that scored a 1 or 2 have been clonally propagated from the uninfected mother plants.

Nine out of ten CAP-4 transgenic events expressing VsP14a-VsHat22 in the 101-14 background that screened
PCR positive were clonally propagated and infected with Xf, and two have been identified for field testing. All
other plants in the 101-14 and 1103 backgrounds that have been confirmed PCR positive are in the cloning-
growing-inoculating pipeline for inoculation with Xf (Figure 7). Plants of each background continue to be
produced at the UC Davis Plant Transformation Facility; as plants emerge they are propagated for greenhouse and
field testing.

A more detailed scoring system was recently developed for the analysis of Pierce’s disease symptoms during
greenhouse screening. A scoring system of 0 to 5 was used to score each leaf with values of 0 = no visible disease
symptoms, 1 = disease symptoms just appearing with < 10% of the leaf scorched, 2 = 10-25% of the leaf
scorched; 3 = 25-50% of the leaf scorched, 4 = 50-75% of the leaf scorched, and 5 = 75-100% of the leaf scorched
or only the petiole remaining (Figure 8). Pierce’s disease symptoms for the CAP-4 plants in the 101-14
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background were scored using the detailed score system. Results of the screening process of CAP-4 plants in the
101-14 background are shown in Figure 9.

Figure 6. Infected two-cane vines with the left uninfected and the right infected. (A) WT 101-14 grapevines
with disease symptoms running the entire length of the infected cane. (B) The elite CAP-1 transgenic line of
110-14 that showed no symptoms 18 weeks post inoculation.

Figure 7. Transgenic 110-14 and 1103 lines expressing CAP-2 to CAP-6 are in the cloning-growing-
inoculating pipeline for greenhouse inoculation with Xf.

Figure 8. Pierce’s disease symptoms scoring system of 0 to 5. Top left to right: 0, 1, and 2; Bottom left to
right: 3, 4, and 5.
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Figure 9. Last data point collected while screening the 101-14 transgenic rootstocks expressing CAP-4.
Plants are scored weekly after the Pierce’s disease symptoms begin to show.

CONCLUSIONS
We have successfully concluded field-testing of Thompson Seedless (TS) as a rootstock expressing CAP or PGIP.
Grapevine survival of grafted transgenic grapevines inoculated between 2012 and 2015 was assessed and the
survival rate of most grafted inoculated transgenic TS lines using both strategies was greater than in untransform-
ed controls, with the CAP lines most efficient in protecting against Pierce’s disease. The phenotypic disease data
corresponded to the bacterial titer estimations using qPCR, which revealed lower bacterial titers in transgenic
plants as compared to the wild-type susceptible TS plants. Severity or absence of Pierce’s disease symptoms on
all Solano County field trial grafted transgenic grapevines inoculated between 2012 and 2015 was also assessed
and Pierce’s disease symptom severity scores were lower in most grafted inoculated transgenic lines using either
strategy than in grafted untransformed controls. The field-testing data confirm that TS rootstock lines expressing
either CAP or PGIP are able to provide protection against Pierce’s disease. We have developed a successful
propagation and two-cane testing pipeline to evaluate sixty-two 101-14 and fourteen 1103 transgenic rootstocks
expressing various CAP constructs. Field testing will be initiated in spring of 2018.
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ABSTRACT
This field project began in 2010 to evaluate grapevines expressing potential Pierce’s disease suppressive
transgenes under field conditions. The second phase of this project will evaluate transgenic rootstocks for
protection of untransformed scions against Pierce’s disease. The new rootstocks with two transgenes each will be
evaluated first in the laboratory and then in the greenhouse before moving to the field. The highest expressing
rootstocks will be grafted to susceptible non-transgenic Chardonnay scions to assess potential cross graft
protection against Pierce’s disease by the respective transgenes. All plants will be located in a secured, USDA
APHIS approved area in Solano County. The disease will be introduced into the cordon trained plants by
mechanical injection of Xylella fastidiosa into stems after the first year of growth beginning in 2018. The plants
are to be monitored regularly for quantity and movement of the bacteria, along with symptoms of Pierce’s disease.
Test plants include transgenic plants expressing genes from Dandekar, Powell, Lindow, and Gilchrist projects,
compared with non-transgenic Pierce’s disease susceptible Thompson Seedless and Freedom rootstock plants as
controls. In addition, transgenic rootstocks expressing some of the test genes grafted to untransformed Pierce’s
disease susceptible scions were introduced in 2011 and 2012. The results in 2016 indicated that the mechanical
inoculations introduced the bacteria into the plants, with subsequent appearance of classic foliar symptoms and
cane death within 24 months in susceptible controls. There is no evidence of spread of the bacteria to
uninoculated and uninfected susceptible grape plants adjacent to infected plants, confirming tight experimental
control on the pathogen and symptoms. Each of the transgenes tested suppress the symptoms of Pierce’s disease
inoculated vines to varying degrees, including protection of untransformed scions on the grafted plants. This first
phase of field research has been terminated and is now moving forward with the a second generation of two new
transgenic rootstocks (1103 and 101-14) expressing pairs of the disease suppressive genes in a gene stacking
approach, with the genes paired together by differential molecular function.

LAYPERSON SUMMARY
This first phase field project begun in 2010 to evaluate grapevines expressing potential Pierce’s disease
suppressive transgenes under field conditions was terminated in 2017. A second phase field experiment will
continue evaluation of resistance to Pierce’s disease in transgenic grape and grape rootstocks by expressing dual
combinations of five unique transgenes under field conditions. The evaluation continues in a USDA APHIS
regulated Solano County site where the plants are mechanically injected with Xylella fastidiosa. Pierce’s disease
symptoms, including classical foliar symptoms and cane death, occur within 24 months. The initial field tests
have shown positive protection against Pierce’s disease by five different DNA constructs. A new planting is in
progress that will consist of untransformed Pierce’s disease susceptible scions grafted to transgenic rootstocks
(1103 and 110-14) expressing the paired constructs of the five genes to assess cross-graft protection of a non-
transformed scion that is otherwise highly susceptible to Pierce’s disease.
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INTRODUCTION
Genetic strategies for disease suppression and information characterizing the bacterial-plant interaction are high
priority areas in the Pierce’s disease research program. Projects from laboratories of Dandekar, Powell, Lindow,
and Gilchrist have been tested extensively under greenhouse and field conditions in USDA APHIS approved field
environments in Riverside and Solano counties. Two types of genetically modified plants bearing single
constructs of test genes have been evaluated under disease conditions: Whole plant transgenics and graft-
transmissible transgenes in which transgenic rootstocks were grafted to non-transformed Pierce’s disease
susceptible scions. Positive and promising results from both types of transgenic strategies provided the necessary
impetus to move this program forward to the next logical step in which combinations of the transgenes will be
introduced into individual rootstocks adapted to California grape growing regions.

The anticipated research and implementation timeline is shown below (Figure 1). The individual laboratories of
the principal investigator and co-principal investigators have established transgenic plants and field tested the
following genes as transgenes in a commercial grape rootstock and a commercial grapevine variety. Each of the
genes were selected based on laboratory, greenhouse, and field data to address and disrupt known functions
related to virulence of the bacteria or key factors triggering the susceptible response in the grape host. There is
strong evidence that each of these genes can protect, but to differing levels, as transgenes, and each appears to be
able to exert suppressive action on the symptoms of Pierce’s disease in cultivated grapes.

Figure 1. Anticipated timeline for evaluation, propagation, and planting of dual construct/susceptible scion
combinations, fully transformed rootstock control, and untransformed susceptible control plants.

OBJECTIVES
1. Destruction of existing planting was begun in the fall of 2016. All posts and wires were removed in

November but early rains prevented the removal of the plants. Mechanical undercutting of the base of the
plants and roots was followed by moving the plant material to piles. Final burning occurred on June 6, 2017
and the ashes scattered prior to disking and leveling (Figure 2). Following the complete destruction, the field
will be fumigated to ensure no living grape vegetative material remains, which will complete the USDA
APHIS requirements for removal and destruction of all transgenic material.

2. Establish a new planting area within the current USDA APHIS approved site (Figure 3) to contain a new set
of lines bearing paired, Pierce’s disease suppressive DNA constructs, referred to as stacked genes. The
stacked genes have been transferred to two adapted rootstocks (1103 and 101-14). These rootstocks will be
grafted to an untransformed Pierce’s disease susceptible Chardonnay scion prior to field planting. The goal is
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to assess the potential of cross graft protection against Pierce’s disease of a non-transgenic scion. Planting is
to begin in 2018 and be completed by 2019.

RESULTS AND DISCUSSION
In conjunction with the investigators, the Product Development Committee of the Pierce’s Disease and Glassy-
winged Sharpshooter Board in October 2015 approved the decision to terminate the field evaluation of current
transgenics as originally planned and move to the second phase of transgenic Pierce’s disease resistance
evaluation. Field data over the course of this experiment has been collected by all investigators and can be found
in their individual reports from in the 2012-2016 Pierce’s Disease Research Symposium reports (Gilchrist et al.
2016).

The field experiment that began in 2010 was terminated under objective 1 of this proposal according to the
regulations specified in the USDA APHIS permit (Figure 2). This will be followed by establishment of the
second phase approved by the Product Development Committee to develop transgenic rootstocks incorporating
stacked genes (dual constructs) to be grafted to non-transformed Pierce’s disease-susceptible Chardonnay scions
to test for potential cross-graft protection against Pierce’s disease (objective 2).

Destruction of the existing planting was begun in the fall of 2016. All posts and wires were removed in November
but early rains prevented the removal of the plants. The plant removal, burning of the plants, and fumigation of
the area to permit future use was accomplished as soon as the field dried in the spring.

Figure 2. Final destruction of the plants at the Solano County field trial site by burning on June 7, 2017
following removal of poles and wires, undercutting, and piling of plants.

Establishment and management of new planting in relation to the 2010 planting is shown in Figure 3 and will be
guided by Josh Puckett and Deborah Golino of Foundation Plant Services at UC Davis, working with principal
investigator Gilchrist to produce clones for grafting non-transgenic scions, grafting the scions, field planting,
trellising, and plant management to reflect commercial production standards. The design will enable experimental
Xylella fastidiosa (Xf) inoculations and pathogen and disease assessments, as well as grape yield. Land
preparation and planting of the experimental area will be sufficient to accommodate and manage 900 new plants.
Row spacing will be nine feet between rows with six feet between plants. This spacing permits 32 rows of 28
plants each (up to 896 plants total) and includes a 50-foot open space around the planted area as required by the
USDA APHIS permit. The planting pattern will permit a two-bud pruned bilateral cordon system of sufficient
lengths for inoculation, real time sampling of inoculated tissue, and determination of the fruit yield by the
untransformed Chardonnay scions. Total fenced area occupied by plants and buffer zones as required by the
USDA APHIS permit will be ~ 3.4 acres (Figure 2). All plants will be maintained under a newly installed drip
irrigation system. An example of row spacing and drip irrigation is shown in Figure 4.
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The development of the stacked gene rootstock transgenics is in progress, with a preliminary greenhouse
evaluation of the transgenic rootstocks for expression of the transgenes and response of the rootstocks to
inoculation with Xf prior to grafting and establishment in the new field area.

Figure 3. Solano County planting area. Future area (green box) available to plant the next generation of
transgenic plants expressing the dual constructs or new single genes. This area is 300 ft x 470 ft for planting,
which equals 1.8 acres accommodating up to 38 new rows (excluding the 50-ft buffer areas surrounding the
plots). The new area will accommodate ~ 900 new plants in 2016-18. Current area (rows) now planted to
grapes: 300 ft x 370 ft, equaling 1.6 acres, including the 50-ft buffer areas surrounding the plots.

Figure 4. Planting configuration for the dual constructs. The design follows the description in the
objectives section. The insert illustrates the new plantings, which will be watered by drip
irrigation, as shown.

Protocols to Be Followed as the Planting Proceeds
a. Experimental design will be a complete randomized block with six plants per each of five entries

(replications), including all controls. Each plant will be trained as a single trunk up the wood stake as with the
existing planting. When the shoot tip reaches about 12 inches past the cordon wire it will be topped to just
above a node that is about two to three inches below the wire. Then, the laterals that push will be used to
establish the bilateral cordons. The plants will be allowed to grow vertically, or close to vertical, rather than
tying them while green, which reduces their elongation and tends to force more lateral growth. Metal nine-
foot highway stakes, inserted three feet into the ground every 18 feet, will support the wires, including catch
wires. A single 11-gauge wire will be used for the cordons and 13-gauge wire for the catch wires. Two pairs
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of moveable catch wires will be installed to tuck and position the shoots vertically for optimizing bacterial
inoculation, bacterial analysis, and fruit production. The catch wires will be installed initially or after the first
year of growth using 13-gauge wire to support the drip irrigation wire, about 18 inches off the ground.

b. After the first year, the canes will be tied down during the dormant season and trimmed to the appropriate
length or shorter if the cane girth is not over 3/8 inches in diameter. The shoots that push will be suckered to
remove double shoots and to achieve a shoot (and hence spur position) spacing of about four to five inches
between them.

c. Grape fruit yield will be measured after the second or third year depending on the fruit set.

d. Evaluation of the experimental plants for plant morphology, symptoms of Pierce's disease infection, and the
presence of the bacteria will follow past protocols. Each parameter will be determined over time by visual
monitoring of symptom development and detection of the amount and movement of the bacteria in plant
tissues (mainly leaves and stems) by quantitative polymerase chain reaction (qPCR) assays. The analysis will
be done in the Gilchrist lab by the same methods and laboratory personnel as has been done with the current
planting. A comparative quantitative determination by qPCR of the presence of Xf in non-transgenic scions
and grape rootstocks will be compared with conventional grape and grape rootstocks.

e. Both symptom expression and behavior of the inoculated bacteria will provide an indication on the level of
resistance to Pierce's disease infection and the effect of the transgenes on the amount and movement of the
bacteria in the non-transgenic scion area.

f. The area is adjacent to experimental grape plantings that have been infected with Pierce’s disease for the past
two decades, with no evidence of spread of the bacteria to uninfected susceptible grape plantings within the
same experiment. Hence, there is a documented historical precedent for the lack of spread of the bacteria from
inoculated to uninoculated plants, an important consideration for the experiments carried out for this project
and for the granting of the USDA APHIS permit. The field area chosen has never had grapes planted therein,
which is to avoid any potential confounding by soil-borne diseases, including nematodes.

g. Irrigation and pest management, primarily for powdery mildew, weeds, and insects, will be coordinated by
principal investigator Gilchrist and conducted by Bryan Pellissier the field superintendent employed by the
UC Davis Department of Plant Pathology. The field crew work closely with Gilchrist to determine the timing
and need for each of the management practices, including pruning and thinning of vegetative overgrowth as
necessary.

h. Regular tilling and hand weeding will maintain a weed-free planting area. Plants were pruned carefully in
March of each year, leaving all inoculated/tagged branches and numerous additional branches for inoculation
and sampling purposes in the coming year. All pruning material was left between the rows to dry, then flail
chopped and later rototilled to incorporate the residue per requirements of the USDA APHIS permit.

i. Application of the fungicides Luna Experience and Inspire will be alternated at periodic intervals to maintain
the plants free of powdery mildew. Leafhoppers and mites will be treated with insecticides when needed.
Neither powdery mildew nor insect pressure was has been observed with these ongoing practices throughout
the past five growing seasons.

Research Timetable for the New Planting of Dual Constructs and Untested Single Constructs
Four years beginning with the initial planting in 2018 (Figure 4) to be followed by additional plantings as
experimental plants become available in the second and third years. Inoculation and evaluation will begin when
the plants have been in the ground for one year, and will continue annually until the field planting is terminated.
Funding for completion of the fourth and any following years will be proposed in the 2018-2020 funding cycle
and will depend on the results of the field evaluation up to that point. The field area has been designated legally
available for planting the specified transgenic grapes by USDA APHIS under permit number 7CFRE340 that is
held by co-principal investigator Dandekar. The protocols for managing the existing and the new plantings with
the dual constructs have been used successfully over the past five years (Gilchrist 2016). These protocols include
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plant management, inoculation with Xf, development of classical symptoms of Pierce’s disease exhibiting the
range from foliar symptoms to plant death, and the assessment of protection by a set of transgenes selected by
molecular techniques to suppress the symptoms of Pierce’s disease and/or reduce the ability of the pathogenic
bacteria to colonize and move within the xylem of the grape plant.

CONCLUSIONS
The current planting of transgenic grapes was fully terminated in the spring of 2017 per the USDA APHIS
agreement by dismantling trellising, uprooting the plants, and burning all grape plant material on site. The
complete removal of the plants was followed by cultivation, and the area will be fumigated when conditions
permit to ensure no living grape vegetative material remains. The field research using Pierce’s disease suppressive
transgenes is moving forward with the generation of new transgenic rootstocks expressing pairs of the disease
suppressive genes in a gene stacking approach, with the genes paired together by differential molecular function.
The new rootstocks with two transgenes each will be evaluated first in the laboratory and then in the greenhouse
before moving to the field. The highest expressing rootstocks will be grafted to susceptible non-transgenic scions
to assess potential cross graft protection against Pierce’s disease. The field area has been permitted by the USDA
APHIS for this experiment. The protocol for constructing the rootstocks and grafted scions and planting and
management of the vines is in place and will be coordinated by Josh Puckett and Deborah Golino. Initial planting
will begin in 2018 and will be followed by additional plantings as experimental plants become available in the
second and third years. Inoculation and evaluation will begin when the plants have been in the ground for one
year and will continue annually until the field planting is terminated. Funding for completion of the fourth and
any following years will be proposed in the 2018-2020 funding cycle and will depend on progress of the field
evaluation up to that point.

REFERENCES CITED
Gilchrist D, et al. 2016. Field evaluation of cross-graft protection effective against Pierce’s disease by dual and
single DNA constructs. Proceedings of the 2016 Pierce’s Disease Research Symposium. California Department of
Food and Agriculture, Sacramento, CA, pp. 54-58.

FUNDING
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board,
and by the Regents of the University of California.



- 35 -

TRANSGENIC ROOTSTOCK-MEDIATED PROTECTION OF GRAPEVINE SCION BY
INTRODUCED SINGLE AND DUAL STACKED DNA CONSTRUCTS

Principal Investigator:
David Gilchrist
Department of Plant Pathology
University of California
Davis, CA 95616
dggilchrist@ucdavis.edu

Co-Principal Investigator:
James Lincoln
Department of Plant Pathology
University of California
Davis, CA 95616
jelincoln@ucdavis.edu

Co-Principal Investigator:
Abhaya Dandekar
Department of Plant Sciences
University of California
Davis, CA 95616
amdandekar@ucdavis.edu

Collaborator:
David Tricoli
Plant Transformation Facility
University of California
Davis, CA 95616
dmtricoli@ucdavis.edu

Collaborator:
Bryan Pellissier
Department of Plant Pathology
University of California
Davis, CA 95616
bpellissier@ucdavis.edu

Reporting Period: The results reported here are from work conducted April 1, 2017 to October 30, 2017.

ABSTRACT
Collectively, a team of researchers (S. Lindow, A. Dandekar, J. Labavitch/A. Powell, and D. Gilchrist) identified,
constructed, and advanced to field evaluation five novel DNA constructs that, when engineered into grapevines,
suppress symptoms of Pierce’s disease by either (a) reducing the titer of Xylella fastidiosa (Xf) in the plant, (b)
reducing systemic spread of the bacteria, or (c) blocking Xf’s ability to trigger Pierce’s disease symptoms. Each of
the five transgenes, when expressed as single genes, reduced the disease levels under field conditions, both as full
plant transgenics and in transgenic rootstocks grafted to a non-transformed Pierce’s disease susceptible scion.
This initial field trial consisting of single gene constructs was discontinued at the end of the 2016 growing season,
to be replaced with a second field trial designed to evaluate untransformed scion protection by rootstocks bearing
paired combinations of the five constructs. If successful, the obvious benefit would be that any unmodified (non-
transgenic) varietal winegrape scion could be grafted to and be protected by transformed rootstock lines. This
approach involves “stacking” a combination of distinct protective transgenes in a single rootstock line, which is
intended to foster not only durability but also more robust protection of the non-transformed scion against
Pierce’s disease.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) is the causative agent of Pierce’s disease. Collectively, a team of researchers (S. Lindow,
A. Dandekar, J. Labavitch/A. Powell, and D. Gilchrist) has identified five novel genes (DNA constructs; Table 1)
which, when engineered into grapevines, suppress symptoms of Pierce’s disease by reducing the titer of Xf in the
plant, reducing its systemic spread in the plant, or blocking Xf’s ability to trigger Pierce’s disease symptoms.
These projects have moved from the proof-of-concept stage in the greenhouse to characterization of Pierce’s
disease resistance under field conditions, where current data indicate that each of the five transgenes, introduced
as single constructs, reduces the disease levels under field conditions. Importantly, preliminary data indicates that
each of the five DNA constructs, when incorporated into transgenic rootstock, has shown the ability to protect
non-transformed scion, with obvious benefit: Any of many unmodified varietal scions can be grafted to and be
protected by any of a small number of transformed rootstock lines. The ability of transgenic rootstock to protect
all or most of the scion, even at a distance from the graft union, is currently being tested. The objective described
herein addresses the issue of durability, the capability of genetic resistance to avoid being overcome by evolving
virulent versions of the Xf pathogen, a critical factor for a long-lived perennial crop such as grapevine. This
approach involves “stacking” a combination of distinct protective transgenes in a single rootstock line, which is
intended to foster not only durability but also more robust protection of the non-transformed scion against
Pierce’s disease.

INTRODUCTION
Briefly, we describe information on the history and impact of the genes deployed as single transgenes that were in
the initial field study in USDA Animal and Plant Health Inspection Service (APHIS) approved field trials, where
test plants were mechanically inoculated with Xf. The experimental materials of this project are five specific DNA
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constructs (Table 1) that were shown to be effective in Pierce’s disease suppression under field conditions as
single gene constructs, and also appear to have potential in cross-graft-union protection described by S. Lindow,
A. Dandekar, and D. Gilchrist in previous reports and noted in the references.

Table 1. Genes selected to evaluate as dual genes in the second generation field evaluation for suppression
of Pierce's disease in grape (gene names, abbreviation used, and presumed function).

Gene Code Function
CAP C Xf clearing/antimicrobial
PR1 A Grape cell anti-death
rpfF F Changing quorum sensing of Xf (DSF)

UT456 B Non-coding microRNA activates PR1 translation
PGIP D Inhibits polygalacturonase, suppressing Xf movement

Chimeric Antimicrobial Protein and Polygalacturonase-Inhibiting Protein (Abhaya Dandekar)
The Dandekar lab has genetic strategies to control the movement and to improve clearance of Xf, the xylem-
limited, Gram-negative bacterium that is the causative agent of Pierce’s disease in grapevine (Dandekar 2013). A
key virulence feature of Xf resides in its ability to digest pectin-rich pit pore membranes that connect adjoining
xylem elements, enhancing long-distance movement and vector transmission. The first strategy tests the ability of
a xylem-targeted polygalacturonase-inhibiting protein (PGIP) from pear to inhibit the Xf polygalacturonase
activity necessary for long distance movement (Aguero et al. 2006). The second strategy enhances clearance of
bacteria from Xf-infected xylem tissues by expressing a chimeric antimicrobial protein (CAP) that consists of a
surface binding domain that is linked to a lytic domain. The composition and activity of these two protein
components have been described earlier (Dandekar et al. 2012).

rpfF and Diffusible Signal Factor (Steven Lindow)
The Lindow lab has shown that Xf uses diffusible signal factor (DSF) perception as a key trigger to change its
behavior within plants (Lindow 2013). Under most conditions DSF levels in plants are low, since cells are found
in relatively small clusters, and hence they do not express adhesins that would hinder their movement through the
plant but which are required for vector acquisition. Instead, they actively express extracellular enzymes and
retractile pili that are needed for movement through the plant (Chatterjee et al. 2008). Accumulation of DSF in Xf
cells, which presumably normally occurs as cells become numerous within xylem vessels, causes a change in
many genes in the pathogen, but the overall effect is to suppress its virulence in plants by increasing its
adhesiveness to plant surfaces and also suppressing the production of enzymes and genes needed for active
movement through the plant.

PR1 and microRNA UT456 (David Gilchrist)
The Gilchrist lab is focused on the host response to Xf through identifying plant genes that block a critical aspect
of grape susceptibility to Xf, namely the inappropriate activation of a genetically conserved process of
programmed cell death (PCD) that is common to many, if not all, plant diseases. Blocking PCD, either genetically
or chemically, suppresses disease symptoms and bacterial pathogen growth in several plant-bacterial diseases
(Richael et al. 2001, Lincoln et al. 2002, Harvey et al. 2007). In the current project with Pierce’s disease, a
functional genetic screen identified novel anti-PCD genes from cDNA libraries of grape and tomato (Gilchrist and
Lincoln 2011). Two of these grape sequences (PR1 and UT456), when expressed as transgenes in grape,
suppressed Pierce’s disease symptoms and dramatically reduced bacterial titer in inoculated plants under
greenhouse and field conditions. Assays with various chemical and bacterial inducers of PCD confirmed that the
PR1 was capable of blocking PCD in transgenic plant cells due to the ability of the 3’UTR of PR1 to bind to a
region in the PR1 coding sequence to prevent translation. Sequence analysis of UT456 revealed a strong sequence
complementarity to a region in the PR1 3’UTR that released the translational block of PR1 translation. Hence, the
mechanism of suppression of Pierce’s disease symptoms depends on translation of either the transgenic or the
endogenous PR1 message in the face of Xf-trigger cell stress.
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OBJECTIVES
The primary objective for expressing genes in combination is to create durable resistance, resistance to Xf that will
last the life of the vine. Since at least several of the five DNA constructs (Table 1) have biochemically distinct
mechanisms of action, having two or more such distinctly acting DNA constructs “stacked” in the rootstock
should drastically reduce the probability of Xf overcoming the resistance. With multiple, distinct transgenes, Xf
would be required to evolve simultaneously multiple genetic changes in order to overcome the two distinct
resistance mechanisms.

Additionally, there could be favorable synergistic protection when two or more resistance-mediating DNA
constructs are employed. There are data indicating synergism in other crops. For example, the paper, “Field
Evaluation of Transgenic Squash Containing Single or Multiple Virus Coat Protein Gene Constructs for
Resistance to Cucumber Mosaic Virus, Watermelon Mosaic Virus 2, and Zucchini Yellow Mosaic Virus” (Tricoli
et al. 1995), describes the stacking of several genes for virus resistance in squash. [Note: David Tricoli, the lead
author in this paper, will be doing the stacking transformations in this project.] Additionally, the Dandekar
laboratory has successfully stacked two genes blocking two different pathways synergistically to suppress crown
gall in walnut (Escobar et al. 2001). Experiments proposed here will evaluate potential synergism in suppression
of Pierce’s disease symptoms and in reducing Xf titer for inoculations distant from the graft union.

1. Complete introduction pairs of protective paired constructs via the dual insert binary vector into adapted
grapevine rootstocks 1103 and 101-14 for a total of 20 independent transgenic lines to be evaluated with at
least 10 paired combinations from each rootstock line delivered by the transformation facility.

2. Conduct extensive analysis, both by Northern analysis and polymerase chain reaction (PCR) and reverse
transcription quantitative PCR (RTqPCR) experiments, of each transgenic plant to verify the presence of the
two stacked genes in the genome, the full RNA sequence, and the expression level of each of the mRNAs
expected to be produced by the inserted genes, before they are subjected to grafting and greenhouse assays for
transgene movement and resistance to Pierce’s disease.

3. The second major step in the process after verification of the genotypic integrity of the transgenic plants is
production of the clonal ramets of each plant line to enable two cane growth development of the rootstocks
and grafting of the Chardonnay scions. [Note: this step is being eliminated once it was clear that the PCR
confirmation of successful dual transformation, but not foliar symptoms, was successful. There were
discernable differences among the individual plants in preliminary pathogenicity tests based on bacterial
counts within each of the 10 dual combinations.]

4. A total of five independent transgenic lines of each dual construct in the two rootstocks will be advanced to
the lathe house for overwintering. Early spring, cuttings will be made, rooted, and bud-grafted with non-
transformed Chardonnay. Up to six copies of each rootstock/scion combination will be prepared for field
planting in the spring of 2018 at the USDA APHIS approved site in Solano County.

RESULTS AND DISCUSSION
Construction of Dual Gene Expression Binaries
The strategy is to prepare dual plasmid constructs bearing a combination of two of the protective genes on a single
plasmid with single selectable marker, as described previously (Gilchrist and Lincoln 2016). The binary backbone
is based on pCAMBIA1300 (Hajdukiewicz et al. 1994). Binaries were constructed to express two genes from two
35S promoters. The DNA fragments containing transcription units for expression of the transgenes are flanked by
rare cutting restriction sites for ligation into the backbone. The nt-PGIP used in these constructs is a modified
version of the Labavitch PGIP that was constructed in the Dandekar laboratory to include a signal peptide
obtained from a grapevine xylem secreted protein (Aguero et al. 2006). Binary plasmids capable of expressing
two genes from the same TDNA were constructed by James Lincoln (Gilchrist et al. 2016).

All plasmids were transformed into Agrobacterium strain EHA105, the preferred transformation strain for grape
plants. As a check on the integrity of the dual binary plasmid the plasmid was isolated from two Agrobacterium
colonies for each construct, and the plasmid was used to transform Escherichia coli. Six E. coli colonies from
each Agrobacterium-isolated plasmid (for a total of 12 for each construct) were analyzed by restriction digest to
confirm that the plasmid in Agrobacterium is not rearranged. Table 2 shows transformations by the UC Davis
Plant Transformation Facility. To ensure optimum recovery of the transgenic embryos two versions of the
plasmid, with different antibiotic selectable markers, were delivered to the transformation facility. Hence, the dual
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inserts can now be subjected to two different selections that enable transformation to move forward in the fastest
manner, depending on which marker works best for each dual or each rootstock. Each plasmid containing the dual
protective DNA sequences is introduced into embryogenic grapevine culture in a single transformation event,
rather than sequentially as would normally be the conventional strategy at the transformation facility. The new
transgenic dual-gene-expressing grape plant lines exhibit a phenotype indistinguishable from the untransformed
wild-type rootstock (Figure 2). The transformation progress, following verification of insert integrity, for each
line is shown in Table 2.

Table 2. Transcript profiling of the dual construct transformed transgenic rootstocks.

Genotype Construct
Code Construct # Plants Both

Transcripts
Dual Transcript

Analysis
1103 AB pCA-5oP14HT-5oUT456 8 Complete

101-14 AB pCK-5oP14HT-5oUT456 8 Complete
1103 AC pCA-5fCAP-5oP14HT 10 Complete

101-14 AC pCK-5fCAP-5oP14LD 0
1103 AD pCA-5PGIP-5oP14HT 10 Complete

101-14 AD pCK-5PGIP-5oP14LD 9 Complete
1103 AF pCA-5oP14HT-5orpfF 0

101-14 AF pCK-5oP14LD-5orpfF 4
1103 BC pCA-5fCAP-5oUT456 10 Complete

101-14 BC pCA-5fCAP-5oUT456 1
1103 BD pCA-5PGIP-5oUT456 0

101-14 BD pCK-5PGIP-5oUT456 12 Complete
1103 BF pCA-5oUT456-5orpfF 1

101-14 BF pCK-5oUT456-5orpfF 4
1103 CD pCA-5PGIP-5FCAP 4

101-14 CD pCK-5PGIP-5FCAP 4
1103 CF pCA-5fCAP-5orpfF 10 Complete

101-14 CF pCK-5ofCAP-5orpfF 0
1103 DF pCA-5PGIP-5orpfF 12 Complete

101-14 DF pCK-5PGIP-5orpfF 12 Complete

Analysis of the Transgenic Rootstocks to Confirm Dual Insertions Transcripts
This analysis is performed by isolating the RNA from transgenic grape leaves and purifying by a modification of
a cetyl trimethylammonium bromide (CTAB) protocol, and includes LiCl precipitation. The RNA is converted to
cDNA by oligo dT priming and reverse transcriptase. PCR reactions are set up using the synthesized cDNA as
template and specific pairs of primers designed against each of the five putative transgenes. The goal is to identify
five independently transformed lines bearing the dual sets of the five transgenes to confirm the genotype of each
rootstock to be placed in the field, with six replications of each line. The aforementioned analysis indicated that
the successful insertion of two genes into a given transgenic plant was 64 percent of the total plants provided by
the transformation facility (Table 3). This underscores the need for dual transcript verification prior to moving
plants forward to grafting and subsequent analysis for product movement across a graft union and symptom
suppression of the untransformed Chardonnay. These assays, while time consuming and tedious, will ensure that
each plant will have a full phenotypic and genotypic analysis prior to inoculating them in the field.

Table 3. Frequency of dual gene transcripts as confirmed in transgenic plants delivered by the UC
Davis Plant Transformation Facility by reverse transcription and PCR analysis.

Transgene
Transcripts

Number of
Plants

Percent of
Plants

2 169 64
1 84 32
0 11 4
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Production of Two-Cane Growth Development of Each Plant Line to Enable Collection of Rootstock
Cuttings for Grafting of the Chardonnay Scions
Following verification of the genotypic integrity of the transgenic rootstock plants, clonal copies of each plant line
were made to enable two-cane growth development for production of rootstocks to be grafted with Chardonnay
scions (Figure 2 and Figure 3).

Preliminary inoculations were initiated in the greenhouse and selections made based on qPCR analysis of Xf titre
in the tissue above the inoculation site. These tests will be repeated after the scions are inoculated in the field. In
total, over the two years of transgenic rootstock delivery and greenhouse evaluations, there will be approximately
7,000 molecular analyses conducted to minimize time and maximize the likelihood correlating the field results on
bacterial dynamics with Pierce’s disease symptom scoring. The timeframe from receipt of plants, analysis, and
selection of the individuals for field planting has been 9 to 13 months. The total number of plants to screen if all
plants are verified transgenics will be at least 1,070, including 70 untransformed control plants.

The following images illustrate the status of the dual construct transgenic plants as they are managed in the
greenhouse (Figures 1 and 2). Each plant is staked to support vegetative growth for inoculation, symptom
expression, and sampling. Each pot is individually irrigated with a nutrient solution, and plants are trimmed as
necessary to avoid excessive branching under these growth conditions. Xf Inoculation of the first transgenic lines
of 1103 in the greenhouse are illustrated in Figure 3. Within the inoculation experiment, samples are taken to
determine the population of bacteria at the inoculation site and 10 cm and 30 cm from the inoculation site.
Unfortunately the foliar symptoms are not reliably diagnostic of relative bacterial titer in the inoculated canes.
Hence, we have found the more reliable indicator was the insert-dependent suppression of bacterial titre. Table 4
and Figure 4 show the selected lines now in the lathe house for final stem development prior to rooting of the
transformed rootstock and prior to grafting.

Figure 1. Transgenic grape plants growing in
the greenhouse. Left side of image shows
plants right before inoculation with Xf and
cuttings are taken.

Figure 2. Transgenic grape plants growing in
the greenhouse. Image shows newly-potted
cuttings.
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Figure 3. Results of Xf inoculation of greenhouse grown grapes containing inserts of dual DNA constructs
capable of expressing suppression of Pierce’s disease symptoms. Symptom expression was not reliable but
bacterial population analysis was differential and used under these controlled conditions to select transgenic
rootstocks for grafting and field evaluation.

Figure 4. Plants selected as rootstock source material. Image shows selected dual construct containing
plants in lath house as final site to produce material for rootstock development, for grafting of non-
transgenic scions and field evaluation.

Table 4. Dual construct transformed 1103 and 101-14 rootstocks now in a lathe house for making rooted
cuttings prior to grafting.

1103 Rootstocks 101-14 Rootstocks
AB15-01 AC35-01 AD13-04 BC36-03 CF07-02 DF108-03 BD23-05 DF85-01
AB15-02 AC62-01 AD13-06 BC36-05 CF07-03 DF108-07 BD58-01 DF85-02
AB15-04 AC62-02 AD13-07 BC36-06 CF07-04 DF108-08 BD58-02 DF85-04
AB15-05 AC62-04 AD33-01 BC36-09 CF07-05 DF108-09 BD58-08 DF85-06
AB15-06 AC62-06 AD33-02 BC36-11 CF07-06 DF108-10 BD80-05 DF85-08
AB 15-03 AC35-05 AD13-02 BC36-13 CF07-12 DF108-04 BD23-01 DF85-10
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The timeline for completing the delivery of the transgenic rootstock plants, the greenhouse and laboratory
analyses, and the field planting of the selected rootstocks grafted to the non-transgenic Chardonnay scions is
presented in Figure 5.

Figure 5. Anticipated timeline for evaluation, propagation, and planting of dual construct/susceptible scion
combinations, fully transformed rootstock control, and untransformed susceptible control plants.

CONCLUSIONS
Our capacity to achieve all the objectives is essentially assured based on prior accomplishments and the fact that
we are exactly where we are projected to be within the timeline indicated in Figure 5. All techniques and
resources are available in the lab and have proven reliable, informative, and reproducible. This project has
consolidated a full time research commitment for this team of experienced scientists to Pierce’s disease. Each of
the senior personnel, including J. Lincoln, have been with this project since 2007. Collectively the team brings a
full range of skills and training that complement changing needs of this project in the areas of molecular biology,
plant transformation, and analysis of transgenic plants.

The scope of research includes both greenhouse and field evaluation of the transgenic rootstocks for suppression
of Pierce’s disease in the non-transgenic scions. Commercialization of the currently effective anti-Pierce’s disease
containing vines and/or rootstocks could involve partnerships between the UC Foundation Plant Services,
nurseries, and potentially a private biotechnology company. As indicated above, the dual constructs have been
assembled and forwarded to D. Tricoli at the UC Davis Plant Transformation Facility. The transgenic plants are
being delivered to J. Lincoln as indicated in Table 2 and evaluations have begun as indicated in Table 3 and
Figure 4. The first step in the analysis of the transcribed RNA is to verify that each plant contains both of the
intended constructs. The timeline shown in Figure 5 for both transformation and analysis is on track. If
successful, the stacking of genes is the next logical step toward achieving commercialization of transgenic
resistance.
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ABSTRACT
Type IV pili of Xylella fastidiosa (Xf) are regulated by pilG, a response regulator protein putatively involved in
chemotaxis-like operon sensing stimuli through signal transduction pathways. To elucidate the role of pilG in the
pathogenicity of Xf, the pilG-deletion mutant XfΔpilG and complemented strain XfΔpilG-C were generated.
Results demonstrated that XfΔpliG showed significant reduction in cell-matrix adherence and biofilm production
compared with wild-type Xf and XfΔpilG-C. In planta experiments showed that no Pierce’s disease symptoms
were observed in grapevines inoculated with XfΔpilG, whereas grapevines inoculated with the wild-type Xf and
complemented strain of XfΔpilG-C developed typical Pierce’s disease symptoms. These results indicate that pilG
has a role in Xf virulence. To evaluate the effect of anti-virulence molecules on the target gene, a chemical library
consisting of putative small molecular inhibitors and their analogs was screened. Our preliminary results indicate
that some of the small molecules exhibit effective suppression on twitching motility and virulence traits under in
vitro and in planta evaluation. This study provides a new target-basis strategy to combat Pierce’s disease of
grapevines.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) causes Pierce's disease of grapevines. To understand pathogenicity of Xf genetic analyses
were conducted to compare phenotypes of wild-type and a mutant strain of Xf with defective pilG, a virulence
gene that is predicted to play a key functional role for Pierce’s disease. Greenhouse experiments indicated that
grapevines inoculated with the mutant strain showed no Pierce’s disease symptoms compared to grapevines
infected with Xf wild-type. This study confirms that pilG is a key virulence gene that is required to develop
Pierce’s disease in grapevines. Anti-virulence molecular screening identified some anti-virulence molecules that
effectively suppressed virulence traits of Xf, suggesting that this approach could provide a new target-basis
strategy to combat Pierce’s disease of grapevines.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram-negative non-flagellated bacterium and is limited to the water-conducting xylem
vessels. Pierce’s disease of grapevines results in the blockage of xylem vessels, water stress, and nutritional
deficiencies (Hopkins 1989). The twitching motility of Xf, a means of flagellum-independent bacterial movement
through extension, attachment, and retraction of the polar type IV pili (Mattick 2002), has been microscopically
characterized in a fabricated microfluidic chamber (Li et al. 2007, Meng et al. 2005). The colonization of xylem
vessels is dependent on the ability of Xf to move within xylem vessels (Meng et al. 2005). The pilB, pilQ, and pilR
mutants resulting in the defect of type IV pili and non-twitching phenotypes showed reduced disease symptoms in
grapevines (Li et al. 2007, Meng et al. 2005). These suggest that twitching motility provides Xf not only a means
for long-distance intra-plant movement and colonization, but also contributes toward virulence.

The activity of twitching motility of Xf is controlled by a chemotaxis-like regulatory system (Cursino et al. 2011),
Pil-Chp operon, similar to that in Pseudomonas aeruginosa and Escherichia coli (Ferandez et al. 2002, Fulcher et
al. 2010). Like the P. aeruginosa CheIV (Pil-Chp) cluster, Xf possesses a single predicated chemosensory system,
Pil-Chp operon that regulates the twitching motility of type IV pili (Fulcher et al. 2010, Simpson et al. 2000). The
Pil-Chp operon of Xf encodes proteins involved in signal transduction pathways including pilG, pilI, pilJ, pilL,
chpB, and chpC as in P. aeruginosa and E. coli (Cursino et al. 2011, Fulcher et al. 2010). Upon binding of the
chemical stimuli in the periplasmic domain, the transmembrane chemoreceptors activate a signalling cascade in
the cytoplasmic portions and ultimately control bacterial twitching motility (Cursino et al. 2011). A phospho-
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shuttle protein, PilG, in the Pil-Chp operon of Xf is homologous to CheY, a response regulator in chemotaxis
systems of P. aeruginosa and E. coli, in which CheY interacts with the flagellar motor proteins (Ferandez et al.
2002, Fulcher et al. 2010). Recent studies indicated that the homologue of the chemotaxis regulator PilG is
required for the twitching motility of Xf, since the pilG-deleted Xf strain was deficient in twitching motility (Shi
and Lin 2016). The critical roles of the Pil-Chp operon in the virulence of Xf were examined recently (Cursino et
al. 2011). However, the contributions of pilG in Pil-Chp chemotaxis operon toward the pathogenicity of Xf are not
clear. In this project, the functional roles of the chemotaxis regulator PilG involving biofilm, cell adherence, and
pathogenicity are discussed.

The mobility mediated by pili genes was reported to play important roles in the pathogenicity of animal and
human bacterial pathogens including Vibrio cholera, Neisseria meningitides, and alkalophic Bacillus strains
(Hung et al. 2005, Mehta et al. 2015, Sugiyama et al. 1998). Recently, small molecule inhibitors targeting
bacterial motility were reported (Hung et al. 2005, Mehta et al. 2015, Sugiyama et al. 1998). These molecules
specifically bind target domains and suppress virulence factors. For example, a small molecule amiloride was
found to be able to target the extracellular Na+-driven flagellar motor, resulting in the inhibition of the motility of
alkalophic Bacillus strains (Sugiyama et al. 1998). Rasmussen et al. (2011) demonstrated that the small molecule
quinazoline and its analogs effectively inhibited the expression of cholera toxin and toxin-coregulated pilus
responsible for motility, but did not affect the cell growth in vitro. In Xf, the twitching motility mediated by type
IV pili contributes toward virulence via long-distance intra-plant movement and colonization. Thus, the
disruptions of the functions of the type IV pilus genes via small molecule inhibitors to block the twitching
motility of Xf could be a promising strategy to disarm pathogenicity and prevent and/or block disease
development. Here we functionally characterized the effect of the small molecule inhibitors on the twitching
motility and pathogenicity of Xf on the plant. The goal of this project is to identify (characterize) potent small
molecule inhibitors against Xf.

OBJECTIVES
1. Functional characterization of the roles of pilG in cell growth, attachment, biofilm formation, and

pathogenicity.
2. Evaluation of the effects of small molecular inhibitors on the twitching motility and pathogenicity of Xf.

RESULTS AND DISCUSSION
Objective 1. The Roles of pilg in Cell Growth, Attachment, Biofilm Formation, and Pathogenicity
pilG-knock-out strain XfΔpilG and complemented strain XfΔpilG-C were obtained as described previously (Shi
and Lin 2016). The expression of pilG was not detected in XfΔpilG but was detected in complemented XfΔpilG-C
(data not shown). XfΔpilG showed a similar growth curve as wild-type when both were grown in PD2 medium
(Figure 1), indicating that the pilG mutant does not affect cell growth. Results from in vitro studies showed that
deletion of pilG caused significant reductions in cell attachment and biofilm formation, whereas the
complemented strain XfΔpilG-C restored wild-type phenotypes (Figures 2a and 2b). In planta pathogenicity
assessment further confirmed that grapevines inoculated with XfΔpilG-C developed typical Pierce’s disease
symptoms with severity comparable to wild-type. In contrast, grapevines inoculated with XfΔpilG exhibited no
visible symptoms in greenhouse experiments (Figure 3). The titers of three strains of Xf were well correlated with
the severity of disease symptoms (Figure 4). Previous reports showed that XfΔpilG was deficient in IV pilus-
dependent twitching motility (Shi and Lin 2016). Twitching motility is one of the important virulence factors.
Several Xf twitching motility-associated mutants have been reported (Li et al. 2007, Meng et al. 2005). Most of
these were associated with only partial reductions in virulence and Pierce’s disease symptoms (Cursino et al.
2009, Meng et al. 2005). More recently, Cursino et al. (2009) reported that tonB1 mutant showed about 30% of
reduction in virulence when compared to its wild-type Xf, although the tonB1 mutant caused motility deficiency.
In this study, however, we found that the pathogenicity was completely knocked-out in XfΔpilG. To this regard,
based on our in vitro and in planta data, we conclude that pilG could have critical roles involving multiple
regulatory functions and pathogenicity. Therefore, it is a central virulence factor in mediating Pierce’s disease
development.
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Figure 1. Growth curves of Xf wild-type, XfΔpilG mutant, and XfΔpilG-C complement strains in PD2 broth
were measured over nine days with a spectrophotometer. Data are the average of three replications. The
experiments were repeated three times.

Figure 2. Cell attachment and biofilm formation analysis of Xf wild-type, XfΔpilG, and XfΔpilG-C in PD2 broth.
(a) Xf cells attached to the inside wall of the glass tubes forming a ring. (b) Quantitative measurement of biofilm
formation of Xf wild-type, XfΔpilG and XfΔpilG-C trains. Data are the average of three replications, with error bars
indicating standard deviation. Bars with the same lowercase letter are not significantly different (P< 0.01). The
experiments were repeated three times.

Objective 2. Evaluation of the Effects of Small Molecular Inhibitors on the Twitching Motility and the
Pathogenicity of Xf
Previous studies showed that several small molecule inhibitors had functional roles in inhibiting the pilus
assembly and suppressing bacterial motility (Rasmussen et al. 2011, Syed, et al. 2009, Mehta et al. 2015). For
example, the inhibition of motility with phenamil in V. cholera has been shown to have effects on virulence gene
expression (Hase 2001) and mitigation of disease development (Syed et al. 2009). These findings suggest that
small molecule inhibitors could exert antimicrobial action on virulence traits of pathogenic bacteria. We have
previously demonstrated that pilG mutant exhibited deficiency in twitching motility, reduction in biofilm
formation, and virulence (Shi and Lin 2016). In this study we constructed a custom chemical library consisting of
putative small molecule inhibitors and evaluated the effect of inhibitors (anti-virulence compounds) on the
twitching motility and virulence traits of Xf. Since the peripheral fringe is indicative of type IV pilus-mediated
twitching motility by the bacteria (Shi and Lin 2016), in this study we assessed the inhibitory effect of small
molecules on the peripheral fringe morphologies of Xf. Among the small molecular screenings we have identified
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several compounds that showed promising inhibition effects on bacterial twitching motility. For example, one of
the small molecular compounds, SM01, exerts effective inhibition on peripheral fringes at a concentration of as
low as 5 µM (Figure 5). A time-lapse microfluidic chamber recording system was used to further confirm the
suppression of twitching motility with anti-virulence molecule supplemented in flow PD2 medium (data not
shown).

Figure 3. Pathogenicity assays on Chardonnay grapevines inoculated with phosphate-buffered
saline (negative control), Xf wild-type, XfΔpilG, and XfΔpilG-C 20 weeks post-inoculation in the
greenhouse. Grapevines inoculated with wild-type and XfΔpilG-C developed typical Pierce’s
disease systems. The experiments were repeated three times.

Figure 4. Populations of Xf wild-type, XfΔpilG, and XfΔpilG-C from Chardonnay grapevine petioles were
estimated by quantitative polymerase chain reaction 20 weeks post-inoculation. Data represent the means
from five replications. Different letters indicate statistical significance at P < 0.05.
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Figure 5. The peripheral fringes were observed in Xf colonies grown on PD2 agar. pilG mutant Xf∆pilG
showed smooth colony morphology. When PD2 medium was supplemented with 5 µM, 10 µM, 20 µM,
and 25 µM of small molecular inhibitor (SM01), no peripheral fringes were observed on Xf colonies. In
contrast, the effective concentration on suppression of peripheral fringe structure was observed on medium
supplemented with at least 25 µM kanamycin. The experiments were repeated three times.

To further evaluate the effect of small molecular inhibitors on the pathogenicity of Xf, greenhouse-grown Xf-
infected tobacco plants were foliar-sprayed with selected inhibitor compounds including SM01. Chlorosis and
necrosis developed on the tobacco leaves infected with Xf wild-type, while plants treated with SM01 alleviated
the effects of Xf infection (Figure 6A). SM01 treatment also resulted in lower bacterial titers compared to
untreated tobacco plants (Figure 6B).

(A) (B)

Figure 6. Pathogenicity assays on tobacco plants inoculated with Xf. (A) Progressive development of leaf symptoms
on the experimental tobacco plants five weeks and 12 weeks after inoculation with Xf and foliar-sprayed with water,
SM01, or the antibiotic kanamycin, respectively, by foliar spray, once per week at 50 μM for four weeks in the
greenhouse. Tobacco from each treatment demonstrates disease symptoms ranging from healthy to severe.
Greenhouse experiments were repeated three times. (B) Xf concentrations from tobacco plant leaves were estimated
by enzyme-linked immunosorbent assay two months post-inoculation. Data are means from five replications.
Different letters indicate statistical significance (P < 0.05).
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CONCLUSIONS
We have demonstrated that pilG plays a critical role involving regulatory hierarchy governing the pathogenicity
of Xf. In vitro experiments have characterized anti-virulence molecules that have potent inhibition on virulent
traits of Xf. The preliminary results presented here suggest that this strategy could provide a new approach to
manage Pierce’s disease.
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ABSTRACT
Paraburkholderia phytofirmans strain PsJN1 was found to be capable of extensive growth and movement within
grape after both needle or spray inoculation. The population size of Xylella fastidiosa (Xf) is greatly reduced in
plants in which P. phytofirmans is either co-inoculated at the same time and location, inoculated at the same time
but at other nearby locations, and even inoculated at other locations either three weeks before or after that of the
pathogen. The dramatic reductions in population size of Xf are observed in all grape varieties tested. Reductions in
pathogen population are similarly large when P. phytofirmans is inoculated by spraying in a suspension
containing 0.2% Break-thru, an organosilicon surfactant with very low surface tension, as when directly
inoculated into plants using a needle. While P. phytofirmans can achieve quite large population sizes in inoculated
grape within three to four weeks after inoculation, and spread up to one meter away from the site of point
inoculation, its population size then often decreases with further time after inoculation. The very large decrease in
population size of Xf in plants inoculated with P. phytofirmans even after that of the pathogen is suggestive of a
mechanism by which this antagonistic microorganisms sensitizes the plant to the presence of the pathogen,
thereby initiating a plant disease resistance reaction. Support for such a model was provided by evidence of up-
regulation of the expression of the PR1 and ETR1 genes in grapes inoculated both with P. phytofirmans and Xf
but not that of the pathogen alone.

LAYPERSON SUMMARY
A naturally occurring Paraburkholderia strain capable of production of diffusible signal factor-like molecules that
is also capable of growth and movement within grape has been found that can confer increased resistance to
Pierce's disease. We are exploring the biological control of disease using this strain. The movement of Xylella
fastidiosa (Xf) within plants and disease symptoms are greatly reduced in plants in which this Paraburkholderia
strain was inoculated either simultaneously with, prior to, or even after that of Xf. The biological control agent can
be applied either by direct introduction into the xylem by droplet puncture or by spray application to foliage using
a penetrating surfactant. These results are quite exciting in that they reveal that biological control of Pierce’s
disease using P. phytofirmans is both robust and may be relatively easy to employ by various ways of inoculation.

OBJECTIVES
1. Determine how the temporal and spatial interactions of Paraburkholderia and Xylella fastidiosa (Xf) in grape

inoculated in different ways with this biological control agent lead to disease control.
2. Identify the mechanisms by which Paraburkholderia confers biological control of Pierce’s disease.
3. Evaluate biological control of Pierce’s disease in field trials in comparison with other strategies of pathogen

confusion.

RESULTS AND DISCUSSION
Objective 1. Biological Control with Paraburkholderia phytofirmans PsJN1

While the biological control of Pierce’s disease with endophytic bacteria that would grow within grape and
produce diffusible signal factor (DSF) has been an attractive strategy, until recently we have been unable to find
bacteria capable of exploiting the interior of grape. All of hundreds of strains isolated from within grape by our
group as well as that of Bruce Kirkpatrick exhibited no ability to grow and move beyond the point of inoculation

1 Burkholderia. phytofirmans strain PsJN has recently been renamed Paraburkholderia phytofirmans due to the recognition
that it is genetically unrelated to other Burkholderia strains which are potentially human or plant pathogens, and is thus
genetically similar to a variety of environmental strains known not to be plant pathogens.
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when re-inoculated. We have recently, however, found that Paraburkholderia phytofirmans strain PsJN, which
had been suggested to be an endophyte of grape seedlings, multiplied and moved extensively in mature grape
plants (Figure 1). Its population size and spatial distribution in grape within six weeks of inoculation was similar
to that of Xf itself, suggesting that it is an excellent grape colonist. Furthermore, DSF production has been
demonstrated in certain other Paraburkholderia species and the genome sequence of P. phytofirmans revealed
that it has a homologue of Xf rpfF. While we have no evidence for its production of a DSF species to which Xf
could respond, the promiscuous nature of RpfF in Xf and other species suggested that it might make DSF species
to which Xf would respond under some circumstances, such as when growing within plants. Preliminary results
suggest that co-inoculation of Xf and P. phytofirmans resulted in greatly reduced disease symptoms compared to
plants inoculated with Xf alone. Whereas the number of infected leaves of plants inoculated with Xf alone
increased rapidly after week 12, very little disease was observed in plants inoculated with Xf and P. phytofirmans
(Figure 1).

Figure 1. (Left). Population size of Paraburkholderia (formerly Burkholderia) phytofirmans in Cabernet Sauvignon
grape at various distances from the point of inoculation after six weeks incubation. (Right). Severity of Pierce’s
disease of Cabernet Sauvignon at various times after inoculation with Xf alone (blue) or when co-inoculated with
P. phytofirmans (gray) or when inoculated with P. phytofirmans alone (red).

While the droplet puncture method used in Figure 1 to introduce P. phytofirmans is an effective way to introduce
bacteria into the xylem, we have investigated the potential to introduce P. phytofirmans into the vascular tissue by
topical application to leaves using 0.2% Break-thru, an organo-silicon surfactant with sufficiently low surface
tension that spontaneous invasion of plant tissues can be achieved. The population size of P. phytofirmans in the
petioles of leaves distal from the leaf on which cell suspensions in Break-thru (108 cells) have been applied were
used as a measure of growth and movement potential from such an inoculation site. Substantial numbers of cells
of P. phytofirmans could be recovered from petioles within one or two weeks after topical application to leaves in
the presence of Silwet L-77 or Break-thru (Figure 2). Very few cells were present within petioles when the
bacterium was applied without a penetrating surfactant. Topical application of such an endophyte thus appears to
be a very practical means of inoculating plants in the field.

Given the promising results of the reduction of severity of Pierce’s disease in grape treated with P. phytofirmans
we performed additional experiments in which Xf was co-inoculated with P. phytofirmans as well as when
P. phytofirmans both preceded or followed inoculation of plants with Xf by 30 days. As observed before, the
severity of Pierce’s disease of plants co-inoculated with P. phytofirmans and Xf was greatly reduced at all times
after inoculation compared to that on plants inoculated with the pathogen alone (Figure 3). Importantly, the
severity of Pierce’s disease was also substantially less on plants in which inoculation with P. phytofirmans
followed inoculation with the pathogen by 30 days than on control plants inoculated only with the pathogen
(Figure 3). Almost no disease was observed on plants inoculated with P. phytofirmans 30 days after inoculation
with the pathogen (Figure 3), These results are quite exciting and confirmed that P. phytofirmans can confer high



levels of disease resistance in grape, both when co-inoculated with the pathogen and also when inoculated into
plants already infected with Xf. It might have been anticipated that pre-inoculation of plants with P. phytofirmans
would have yielded the largest degree of disease resistance. However, this and other studies have shown that
disease incidence and severity is reduced whenever P. phytofirmans and Xf are present together in the plant.
Inoculation of plants with P. phytofirmans after that of the pathogen would, by definition, place them both in the
plant together while pre-inoculation could result in a situation where the biological control agent may not be
present in a plant, particularly if it did not continuously colonize the plant.

Figure 2. Population size of P. phytofirmans in petioles of Cabernet Sauvignon of plants sprayed with this
strain alone (blue line) or this strain applied with 0.2% Break-thru (red line).

Figure 3. Severity of Pierce’s disease symptoms (number of symptomatic leaves/vine) on Cabernet
Sauvignon plants needle inoculated only with P. phytofirmans (dark blue line), only with Xf (medium blue
line), or co-inoculated with Xf and P. phytofirmans (yellow line). Also shown is disease severity on plants
needle inoculated with P. phytofirmans 30 days before inoculation with Xf (light blue line) or sprayed with
P. phytofirmans in a solution of 0.2% Break-thru 30 days before inoculation with Xf (orange line ), as well
as on plants needle inoculated with Xf 30 days after inoculation with P. phytofirmans (maroon line). The
vertical bars represent the standard error of the determination mean disease severity.
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P. phytofirmans was able to inhibit Pierce’s disease development in all grape varieties in which it was evaluated.
When inoculated simultaneously into different grape varieties (although not at the same location, but within about
one cm of the site of inoculation with the pathogen), the progression of Pierce’s disease was greatly suppressed
compared to that of plants inoculated with Xf alone (Figure 4). While the greatest reduction in disease severity
was conferred in Cabernet Sauvignon, a variety somewhat more resistant to Pierce’s disease than either
Thompson Seedless or Cabernet, P. phytofirmans conferred a very high level of disease resistance (Figure 4). It
thus appears that the beneficial effect of P. phytofirmans is not variety specific, and that it should confer high
levels of resistance in all grape varieties.

Figure 4. Severity of Pierce’s disease observed in different grape varieties needle inoculated at the same
time but at different locations with Xf and P. phytofirmans (blue line) compared to that inoculated only with
Xf (orange line), or with P. phytofirmans alone (gray line). The vertical bars represent the standard error of
the determination mean disease severity.

While the mechanism by which P. phytofirmans reduces the severity of Pierce’s disease remains somewhat
unclear, the biological control activity conferred by this bacterium is associated with its ability to reduce the
population size of Xf in inoculated plants. Relatively high population sizes of Xf were recovered from stem
segments collected from 30 to 300 cm away from the point of inoculation in plants inoculated only with the
pathogen (Figure 5). As expected, the highest population sizes were seen within the first 120 cm, but population
sizes greater than 100 cells per gram were observed as much as 200 cm away from the point of inoculation. In
contrast, the population size of Xf was much lower at a given distance away from the point of inoculation in plants
co-inoculated with Xf and P. phytofirmans (Figure 5). Whereas population sizes of the pathogen were usually in
excess of 104 cells per gram in stem segments within 120 cm of the point of inoculation in plants inoculated with
the pathogen alone, the pathogen population sizes were much lower, decreasing from a high of 102.5 to less than
10 cells per gram in plants co-inoculated with P. phytofirmans (Figure 5).
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Figure 5. (Top). Population size of Xf in the stems of grapes at various distances from the point of
inoculation of the pathogen alone when measured 12 weeks after inoculation. (Bottom). Population size of
Xf in the stems of grapes at various distances from the point of inoculation of the pathogen when co-
inoculated with P. phytofirmans (blue) or populations of P. phytofirmans (orange).The vertical bars
represent the standard error of the mean population size/g.

Surprisingly, we have frequently observed that while P. phytofirmans rapidly achieves high population sizes and
spreads extensively with plants after inoculation, when assessed several weeks after inoculation its population
sizes in inoculated plants, irrespective of whether Xf was also inoculated into the grape plants, is often quite low.
These results suggest that the interactions of P. phytofirmans with either the plant or Xf occur early in the
infection process. The fact that the effect of inoculation of plants with P. phytofirmans reduces population sizes of
Xf most at sites distal to the point of inoculation suggest that it had reduced the motility of the pathogen. Such an
effect would be expected if it stimulated DSF-mediated quorum sensing. That is, the behavior of Xf in plants
treated with P. phytofirmans was similar to that seen in transgenic plants harboring Xf rpfF that produce DSF. It is
curious, however, that the population size of Xf is often lower even near the point of inoculation in plants also
treated with P. phytofirmans (Figure 6). This suggests that in addition to any effect that P. phytofirmans has on
changing the signaling behavior of Xf, possibly by altering DSF signaling, that it might also be either directly
antagonistic to the pathogen in the plant or, more likely, triggering a host defensive reaction that inhibits the
growth or survival of the pathogen. Experiments are under way to distinguish these different possibilities.



Figure 6. Population size of Xf three weeks after inoculation of plants with the pathogen alone (yellow
line), plants sprayed with P. phytofirmans on the same day that it was needle inoculated with the pathogen
(gray line), plants needle inoculated with P. phytofirmans on the same day that it was needle inoculated
with the pathogen at a nearby site (orange line), and plants needle inoculated with P. phytofirmans three
weeks prior to being needle inoculated with the pathogen at a nearby site (blue line). The vertical bars
represent the standard error of the determination of log-transformed population sizes.

The dramatic reductions in both the population size of Xf as well as Pierce’s disease symptoms, both in plants in
which the pathogen and P. phytofirmans were simultaneously inoculated (either together as a mixture or in close
proximity) as well as when inoculated at different times relative to one another in grape, raise the question as to
whether the pathogen and P. phytofirmans had to be coincident for biological control to occur or whether the
presence of P. phytofirmans was mediating a distal effect in the plant. That is, could the presence of
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P. phytofirmans in the plant be having an effect on Xf even at a distance, perhaps by initiating a host- mediated
defense against the pathogen, perhaps on a systemic level? Experiments were conducted to provide evidence to
distinguish between these possibilities. In this experimental design, the pathogen and P. phytofirmans were
inoculated simultaneously but at spatially distant locations in the plant to ascertain whether a systemic resistance
to the growth and movement of Xf or disease symptoms could be conferred by P. phytofirmans inoculated many
centimeters away from the pathogen. The two bacteria, Xf and P. phytofirmans, were either co-inoculated or
inoculated in the same grape plant at the same time but 30 centimeters from each other. The experiment used
rooted cuttings of Cabernet Sauvignon inoculated when the plants were approximately 50-70 cm tall. Grapes were
either needle droplet puncture inoculated with P. phytofirmans alone, with Xf alone, or with an equal mixture of
the two bacteria as in earlier studies. However, in addition, in one treatment plants were inoculated at their base
with Xf while P. phytofirmans was inoculated 30 cm towards the distal portion of the stem at the same time. In the
converse treatment, P. phytofirmans was inoculated at the base of the plant while Xf was inoculated at the same
time 30 cm distal along the stem. The population size of both P. phytofirmans and Xf was determined at eight
weeks post inoculation in petioles collected at various points on the plant, as well as at various locations in the
stem. As has been seen in all experiments, the population size of the pathogen was greatly reduced at all locations
in the plant when co-inoculated with P. phytofirmans (compare Figure 7 and Figure 8). While Xf reached
population sizes of over 104 cells/g in the stem even at distances of 130 cm from the point of inoculation when
inoculated alone in plants (Figure 7), its populations were undetectably low at all stem locations when co-
inoculated with PP (Figure 8). It is noteworthy that P. phytofirmans populations were low at most locations in the
plants when measured eight weeks after inoculation (Figure 8), although much higher populations were detected
earlier in the experiment (data not shown). In contrast to the great reduction in populations of Xf seen when co-
inoculated with P. phytofirmans, population sizes of the pathogen were only modestly reduced when
P. phytofirmans was inoculated either 30 cm towards the base or 30 cm towards the apex of the grape plant
relative to that of the pathogen (Figure 9 and Figure 10). In both cases, however, the population sizes of Xf were
reduced greatly at locations furthest from the point of inoculation of the pathogen (Figure 9 and Figure 10),
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indicating that the growth and movement of the pathogen was strongly influenced by P. phytofirmans but that
such inhibition was context-dependent in that it apparently was maximal in locations distal from the point of the
separate inoculations, where these two strains would have been expected to have been coincident in the plant.
These preliminary results suggest that inoculation of grape with P. phytofirmans does not lead to a strong,
systemic resistance to the colonization of the plants by Xf, and thus to symptom development. Instead, it suggests
a plant response may be occurring. Studies to test this hypothesis will be discussed below.
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Figure 7. Population size of Xf in grape plants inoculated only with the pathogen. The solid red line
represents the bacteria populations in the stem while the dashed line represents pathogen populations in the
petioles in samples taken at different centimeter locations from the point of inoculation shown on the
abscissa. The vertical bars represent the standard error of log transformed population size per gram.
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Figure 8. Population size of Xf (red lines) and P. phytofirmans (blue lines) in grape plants co-inoculated
with the pathogen and P. phytofirmans at the same location. The solid lines represent bacteria populations
in the stem while the dashed lines represent populations in the petioles in samples taken at different
centimeter locations from the point of inoculation shown on the abscissa.



- 56 -

0

1

2

3

4

5

6

7

POI POI 30 80 130

B
ac

te
ri

a 
p

o
p

u
la

ti
o

n
 l

o
g(

cf
u

/g
r)

stem

petiole

stem

petiole

Figure 9. Population size of Xf (red lines) and P. phytofirmans (blue lines) in grape plants inoculated at
their base with the pathogen while P. phytofirmans was inoculated 30 cm distal to the point of inoculation
at the same time. The solid lines represent bacteria populations in the stem while the dashed lines represent
populations in the petioles in samples taken at different centimeter locations from the point of inoculation
shown on the abscissa. The vertical bars represent the standard error of the determination of log-
transformed population sizes per gram.

Figure 10. Population size of Xf (red lines) and P. phytofirmans (blue lines) in grape plants inoculated at
their base with P. phytofirmans while Xf was inoculated 30 cm distal to the point of inoculation at the same
time. The solid lines represent bacteria populations in the stem while the dashed lines represent populations
in the petioles in samples taken at different centimeter locations from the point of inoculation, shown on the
abscissa. The vertical bars represent the standard error of the determination of log-transformed population
sizes per gram.

We have observed in the many experiments in which grape has been inoculated with P. phytofirmans that
population sizes of this biological control agent are maximal in plants within a few weeks after inoculation, but
that populations in the plant seem to decrease thereafter. For example, when measured four to six weeks after
inoculation, very large P. phytofirmans populations are often observed a meter or more away from the point of
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inoculation (Figure 1). However, we have often observed that when measured many weeks after inoculation, such
as in the experiments described in Figures 7-10, P. phytofirmans population sizes throughout the plant are much
lower than they had been earlier. Intensive experiments are under way to systematically examine the temporal and
spatial dynamics of P. phytofirmans populations in grape. We will be testing the hypothesis that P. phytofirmans
is a very efficient colonizer of grape, but one that may be self-limiting. Specifically, we hypothesize that the plant
may locally recognize and respond to the colonization of P. phytofirmans in a way that leads to a reduction in its
population size. In fact, it may be this response of the plant to P. phytofirmans that is also responsible for the
dramatic reductions in Xf populations in plants inoculated with P. phytofirmans. If, as we hypothesize, such a host
response is relatively local to the plant region colonized by P. phytofirmans, the patterns of biological control that
we have observed could be explained. Specifically, biological control of Pierce’s disease would be expected if
P. phytofirmans was applied either before or after that of the pathogen (such as was seen in experiments described
in Figure 3) if the rapid movement of P. phytofirmans throughout the plant mediated a defensive reaction either
before the plant had been colonized by Xf or before the pathogen had achieved population sizes sufficient to incite
disease symptoms. In this model, the spatial movement and persistence of P. phytofirmans in the plant would be
of great importance to the efficacy of biological control (Figure 11). Our ongoing studies to investigate the spatial
movement and temporal persistence of P. phytofirmans in plants after inoculation relative to that of the pathogen
when inoculated at different times and locations are central to our understanding of how to optimize biological
control of Pierce’s disease.

Figure 11. A model describing the expected temporal growth and persistence of P. phytofirmans in grape
plants after inoculation (green line) and the expected effects on population sizes of Xf inoculated at various
times relative to that of P. phytofirmans (blue, pink, and red lines) based on the hypothesis that
P. phytofirmans mediates a local inhibitory effect on pathogen populations.

Objective 2. Mechanisms of Biological Control
As discussed in objective 1, it seemed possible that P. phytofirmans may alter the behavior and survival of Xf by
inducing changes in grape plants themselves, such as by stimulating innate plant immunity. Plant innate immunity
serves as an important mechanism by providing the first line of defense to fight against pathogen attack. While
grape apparently does not successfully recognize and therefore defend against infection by Xf, it might be possible
that plants could be “primed” to mount a defense against Xf by another organism such as P. phytofirmans. Certain
beneficial microorganisms such as P. phytofirmans PsJN have been shown to prime innate defenses against
various pathogens in model plant system such as Arabidopsis, and a recent study suggest that it could also do so
in grapevine. Further, the bacterium induces plant resistance against abiotic stresses, apparently by changing
patterns of gene expression in host plants. We are thus exploring whether the reduced disease symptoms and
lower pathogen population seen in plants inoculated with P. phytofirmans either before or after that of Xf is
mediated by the activation of plant innate immunity. To test this hypothesis we measured the expression of
several defense related genes in three groups of plants: (1) Control plants with no treatment, (2) plants injected
with the P. phytofirmans strain alone, (3) plants injected with both P. phytofirmans and Xf strains simultaneously,
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and (4) plants inoculated only with Xf. A comparison of gene expression patterns in grape from these three
treatments should enable us to determine whether P. phytofirmans alone can alter gene expression patterns in
grape or, instead, may “prime” the plant to respond to Xf. Tissue samples were collected every week for five
weeks and included stem segments, petioles, and a leaf blade tissue starting from the point of inoculation and
continuing every 10 cm up to 50 cm from the point of inoculation.

As we had seen in previous experiments, the population size of P. phytofirmans increased rapidly with time at the
site of inoculation and quickly could be detected as much as 40 cm away from the point of inoculation, although
at somewhat lower population sizes that also tended to increase with time (Figure 12 and Figure 13). As we have
consistently seen, Xf could not be detected in plants that were co-inoculated with P. phytofirmans at any time
(Figure 12 and Figure 13). In contrast, the population size of Xf increased rapidly with time and by three and five
weeks could be detected 40 cm away from the point of inoculation (Figure 12 and Figure 13). Because of the
design of this experiment it was possible to systematically examine the population dynamics of P. phytofirmans as
a function of time after it was inoculated into plants. An examination of Figure 12 and Figure 13 reveal that its
population size at a given site in the plant typically increased for two to three weeks before dropping by week five
(Figure 14). This pattern is most apparent when one considers its population size at the point of inoculation as a
function of time (Figure 15). It thus appears that P. phytofirmans increases rapidly within the plant but its
population sizes then drop thereafter, suggesting that it may be somewhat self-limiting in its colonization capacity
of grape. Its population and dynamics are quite different from that of Xf, which increased continually with time at
a given site within the plant (Figure 14 and Figure 15). The study is being repeated so as to allow us to monitor
population sizes of the pathogen and PP in plants for a longer period of time after inoculation.

Figure 12. Population size (log cells/gram) of P. phytofirmans in plants inoculated only with this strain (light blue
lines), P. phytofirmans in plants co-inoculated with Xf (dark blue lines), Xf alone inoculated (orange lines), and Xf in
plants co-inoculated with P. phytofirmans (yellow lines). Samples were collected at the different times shown on
each graph in stem segments at the point of inoculation (POI) as well as at different distances (in cm) distal to the
point of inoculation shown on the abscissa. Samples were also collected from petioles (pet) located 10 cm distal
from the point of inoculation (pet at 10).



- 59 -

Figure 13. Population size (log cells/gram) of P. phytofirmans in plants inoculated only with this strain
(light blue line), P. phytofirmans in plants co-inoculated with Xf (dark blue line), Xf alone inoculated
(orange line), and Xf in plants co-inoculated with P. phytofirmans (yellow line). Samples were collected
five weeks after inoculation in stem segments at the point of inoculation (POI) as well at different distances
(in cm) distal to the point of inoculation shown on the abscissa. Samples were also collected from petioles
located 10 cm distal from the point of inoculation (pet at 10).

Figure 14. Population size (log cells/gram) of P. phytofirmans in plants inoculated only with this strain
when sampled three days (light blue line), one week (orange line), two weeks (gray line), three weeks
(yellow line), and five weeks (dark blue line) from stem segments collected at the point of inoculation
(POI) as well as at different distances (in cm) distal to the point of inoculation shown on the abscissa.
Samples were also collected from petioles located 10 cm distal from the point of inoculation (pet at 10).
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Figure 15. Population size (log cells/gram) of P. phytofirmans in plants inoculated only with this
strain (light blue line) or with Xf alone (orange line) in stem segments collected at the point of
inoculation at the various times shown on the abscissa.

Figure 16. PCR amplification products obtained after PCR amplification of cDNA obtained from RNA that
had been subjected to reverse transcriptase that was isolated from grape plants that were (C) not inoculated,
(B) inoculated with P. phytofirmans alone, (BX) inoculated with both P. phytofirmans and Xf , and (X)
inoculated with Xf alone. Shown are bands corresponding to amplification products of PR1, Jaz1, ETR1,
and EF1a from RNA sampled from plants harvested at the various times shown above each panel.

Not only were populations of P. phytofirmans and Xf measured in each of the samples, but total RNA was
extracted and semi-quantitative reverse transcription polymerase chain reaction (RT-PCR) performed to measure
the expression of several key genes in the defense-signaling network of grape. Among them are PR1 (salicylic
acid related), Jaz1 (Jasmonic acid related), and ETR1 (ethylene related) genes. EF1α was used as an internal
control, as it is typically constitutively expressed in plants. While the expression of these various genes involved
in plant defense were typically very low and not influenced by inoculation by P. phytofirmans alone, Xf alone, or
co-inoculation with P. phytofirmans and Xf (data not shown), we did find evidence of induced expression of PR1
and ETR1 within one to three weeks after inoculation in plants co-inoculated with P. phytofirmans and Xf but not
in plants inoculated with either of these strains alone, especially those petioles near the point of inoculation
(Figure 16). We interpret these results to suggest that the presence of P. phytofirmans somehow primed a host
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defense reaction toward Xf, but that the pathogen alone was not capable of inducing such defenses. The induction
of defense in such a successful pathogen would not have been expected. Because of the different anatomical
structure of stem tissue compared to petiole tissue, it may be that there was less living tissue in contact with either
of these bacteria than in petioles, thus limiting our ability to measure such a defense reaction even if it had
happened in the stem tissue. Given that we did not see evidence of induction of PR1 and ETR1 at distances distal
from the point of inoculation, it suggests that host defenses are induced primarily locally in the presence of both
P. phytofirmans and Xf. We will be repeating these results to confirm that at least one of the effects of inoculation
with P. phytofirmans is to induce host defenses. It is possible that such an induction of host defenses is also
leading to its own demise in the plant with time.

Objective 3. Field Efficacy of Biological Control of Pierce’s Disease
While we have already obtained strong evidence of effective biological control of Pierce’s disease in the
greenhouse, and further details of how this process can be exploited will be addressed in objective 1, it will be
important to demonstrate that the process of biological control is robust under field conditions, since greenhouse
plants and field plants could differ. Therefore, we are evaluating the extent to which the factors which control the
efficacy of biological control in the greenhouse are directly applicable to a field setting. The study would also
allow us to evaluate the effectiveness of spray application of P. phytofirmans relative to that of direct needle
inoculation. An extensive field study has been initiated in which we will (1) challenge plants of three different
grape varieties (Chardonnay, Cabernet Sauvignon, and Pinot Noir) with Xf relatively soon after needle inoculation
or topical treatment with P. phytofirmans, (2) challenge plants with Xf several weeks after inoculation with
P. phytofirmans in different ways, (3) inoculate P. phytofirmans into plants in different ways only after challenge
inoculation with Xf to assess the potential for “curative effects” after infection has occurred, and (4) challenge
inoculate plants treated with P. phytofirmans with Xf on multiple occasions, spanning more than one growing
season, to reveal the persistence of the biological control phenomenon. Greenhouse studies in our current project
have indicated that topical applications of a DSF-like molecule, palmitoleic acid, with a penetrating surfactant can
also confer disease resistance. This treatment will therefore be compared with biological control treatments.
Studies are being done in a replicated field site managed by the Department of Plant Pathology at the University
of California, Davis. Each treatment consists of 10 plants for a given grape variety. The experimental design is as
follows:

May 2018 June 2018 July 2018 May 2019
Needle Paraburkholderia Xf
Spray Paraburkholderia Xf

Xf control
Needle Paraburkholderia
Spray Paraburkholderia
Needle Paraburkholderia Xf
Spray Paraburkholderia Xf

Xf control
Needle Paraburkholderia Xf Xf Xf
Spray Paraburkholderia Xf

Xf
Xf
Xf

Xf
Xf
Needle Para
Spray Para

Xf
Xf

Needle Paraburkholderia Xf
Spray Paraburkholderia Xf

Xf control
Paraburkholderia rootstock Xf
Rootstock control Xf
10 mM palmitoleic acid +
0.2% Break-thru Xf
0.2% Break-thru control
Uninoculated control
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So-called “Uber” plants for the study were generously provided by Duarte Nurseries and were planted in late
April 2017 (due to the presence of wet soils) at the UC Davis field site. These large “Uber” plants are growing
rapidly and should allow for rapid establishment of plants in the field trial, enabling experimentation to proceed as
planned starting in the spring of 2018. A permit from the USDA Animal and Plant Health Inspection Service to
allow the field use of P. phytofirmans apparently will require us to demonstrate the presence of microorganisms
closely related to P. phytofirmans in California and nearby states. We thus are in the process of collecting plant
and soil samples which will be interrogated for the presence of full-length 16S ribosomal RNA genes identical to
or very closely related to that of P. phytofirmans.

CONCLUSIONS
The studies under way directly address practical strategies of control of Pierce’s disease. Our results reveal that
Paraburkholderia phytofirmans continues to provide levels of biological control under greenhouse conditions that
are even greater than what we would have anticipated, and the encouraging results of practical means to introduce
this strain into plants such as by spray applications as well as the fact that it seems to be active even when not co-
inoculated with the pathogen is a very promising result that suggests that this method of disease control might
also be readily implemented. Given that this well-studied biological control agent is a naturally occurring strain
recognized as a beneficial organism, the regulatory requirements for its commercial adoption should be relatively
modest.
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ABSTRACT
Transgenic plants of several different winegrape and rootstock varieties in which the rpfF gene encoding the
diffusible signal factor (DSF) synthase from Xylella fastidiosa is expressed under the control of a strong
constitutive promoter, as well as a variant of rpfF encoding a protein with sequences that should direct the
enzyme to the chloroplast of plants, are being made in an effort to produce significant levels of DSF in plants. The
presence of high concentrations of DSF should cause abnormal behavior of the pathogen such that its virulence to
plants will be greatly reduced. The majority of the transgenic plants have now been produced, and most of these
plants have now been tested for disease resistance in greenhouse studies. A greenhouse malfunction has delayed
the testing of the remaining plants, although all testing should be completed by early 2018. Initial planting of
these transgenic grape varieties should commence in early 2018, with most planted by the end of 2018.

LAYPERSON SUMMARY
Xylella fastidiosa coordinates its behavior in plants in a cell density-dependent fashion using a diffusible signal
factor (DSF) molecule which acts to suppress its virulence in plants. Artificially increasing DSF levels in grape by
introducing the rpfF gene which encodes a DSF synthase reduces disease severity in greenhouse trials. We are
generating and testing five different DSF-producing grape varieties both as own-rooted plants as well as
rootstocks for susceptibility to Pierce’s disease. The majority of these transgenic grape varieties have now been
produced at the Plant Transformation Facility at the University of California, Davis and are under evaluation
under greenhouse conditions at UC Berkeley to determine those particular transgenic lines that have the highest
disease resistance. Additional gene constructs will be made to generate transgenic plants in which the DSF
synthase is directed to a cellular environment in which higher levels of DSF production can be expected in those
few grape varieties in which such expression has not yet been successful. While some of the transgenic varieties
will be available for establishment in the field plot as own-rooted plants or as rootstocks of plants with a normal
Cabernet Sauvignon scion in spring 2018, most of the remaining plants for the field trial will not be available for
planting until later in 2018. Disease severity and population size of the pathogen will be assessed in the plants
after their establishment in the field as a means of determining their susceptibility to Pierce’s disease after
artificial inoculation.

OBJECTIVES
1. Determine the susceptibility of diffusible signal factor (DSF)-producing grape as own-rooted plants as well as

rootstocks for susceptible grape varieties to Pierce’s disease.
2. Determine population size of the pathogen in DSF-producing plants under field conditions.

RESULTS AND DISCUSSION
This is a continuing project that exploits results we have obtained in the project 14-0143-SA titled “Comparison
and Optimization of Different Methods to Alter DSF-Mediated Signaling in Xylella fastidiosa in Plants to
Achieve Pierce’s Disease Control” which was funded by the CDFA Pierce’s Disease and Glassy-winged
Sharpshooter Board. One of the major objectives of that project was to compare DSF production and level of
disease control conferred by transformation of Xylella fastidiosa (Xf) RpfF into several different grape cultivars.
This and other projects in the previous eight years had described a cell density-dependent gene expression system
in Xf mediated by a family of small signal molecules called diffusible signal factor which we have now
characterized as 2-Z-tetradecenoic acid (hereafter called C14-cis) and 2-Z-hexadecenoic acid (C16-cis). The
accumulation of DSF attenuates the virulence of Xf by stimulating the expression of cell surface adhesins such as
HxfA, HxfB, Xada, and FimA that make cells sticky and hence suppress its movement in the plant while down-
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regulating the production of secreted enzymes such as polygalacturonase and endogluconase which are required
for digestion of pits and thus for movement through the plant. Artificially increasing DSF levels in transgenic
plants expressing the gene for the DSF synthase from Xf was found to be highly effective in reducing disease
severity of inoculated plants when used as scions and to confer at least partial control of disease when used as
rootstocks. Nearly all of the work had been done in the Freedom rootstock variety, and the goal of project 14-
0143-SA was to transform a variety of other winegrape and rootstock varieties to determine the robustness of this
strategy of disease control. The majority of these transgenic plants have now been generated and extensive
greenhouse testing to identify the most persistent lines is getting closer to completion. The work of this new
continuing project is to establish field trials in 2018 and subsequent years where these lines can be compared with
each other for Pierce’s disease control when used as both scions and rootstocks.

Objective 1. Disease Susceptibility of Transgenic DSF-Producing Grape in Field Trials
As part of a continuing part of project 14-0143-SA, the grape variety Thompson Seedless as well as the advanced
rootstock varieties 1103, 101-14, and Richter were transformed with the rpfF gene from Xf. In addition to un-
targeted expression of RpfF, we produced plants in which RpfF is targeted to the chloroplast of grape by fusing
the small subunit 78 amino acid leader peptide and mature N-terminal sequences for the Arabidopsis ribulose
bisphosphate carboxylase (which is sufficient to target the protein to the chloroplast) to RpfF. This RpfF fusion
gene product should be directed to the chloroplast, where it presumably has more access to the fatty acid
substrates that are required for DSF synthesis (chloroplast-targeted). While the genetic constructs were made at
UC Berkeley, transformation of the various grape varieties is being conducted at the Ralph M. Parsons
Foundation Plant Transformation Facility at UC Davis.

Our goal was to obtain between five and ten individual transformants for each variety/construct combination. As
will be summarized below it has been both slow and difficult to obtain sufficient numbers of transformants for
certain of these combinations. Because the expression of rpfF in a given transformant of a given plant line will
vary due to the chromosomal location of the randomly inserted DNA it is necessary to identify those lines with
the highest levels of expression. To determine the disease susceptibility of each line they were grown to a
sufficiently large size that vegetative clones could be produced (three months) and then each cloned plant was
propagated and assessed for disease susceptibility (five additional months). At least 12 vegetative clones each of
the lines were produced from green cuttings of plants developing from each transgenic plant selected in the assays
above. These plants, as well as an untransformed control plant of a given variety (ca. 30 cm high), are being
inoculated with Xf by droplet needle puncture as in earlier studies. Disease severity is being assessed visually
weekly after inoculation. In this process we are able to identify the transformant from each variety/construct
combination that is most highly resistant to Pierce’s disease, and thus suitable for field evaluation.

The following table (Table 1) indicates the number of individual independently transformed plants of each
combination that have been delivered to UC Berkeley. Nearly all have been successfully propagated and
vegetative clones produced to enable testing for disease susceptibility. Disease susceptibility has been completed
from the majority of the transgenic lines, although a few of the lines have been inoculated but disease assessments
are still being made under greenhouse conditions at UC Berkeley.

Table 1. Number of individual independently transformed plants delivered to UC Berkeley.

Variety Untargeted
RpfF

Gene Introduced
Chloroplast-targeted RpfF

Thompson Seedless 23 2
Richter 110 6 none
Paulsen 1103 6 none
Milardet et de Grasset 101-14 13 none

Certain of the varieties such as Chardonnay could not successfully be transformed at UC Davis. Furthermore,
others such as Richter 110 and Paulsen 1103 have proven to be somewhat more difficult to transform than other
varieties, yielding fewer transformants than other grape varieties. Although the reason is unclear, the kanamycin
resistance determining construct in which the chloroplast targeted RpfF is being delivered has yielded relatively
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few transformants, with none being recovered for three of the varieties being investigated. These transformations
will again be repeated with a fresh Agrobacterium/vector combination. A modification of this vector is also being
developed to determine if it will be more successful. As noted above, screening for disease resistance of the non-
targeted RpfF plants already delivered is underway. Unfortunately, there was a major greenhouse malfunction in
August 2017 which blocked watering of the plants for a couple of days. This malfunction unfortunately also
happened during a relatively warm period in Berkeley, and the plants suffered substantial damage. The plants had
been inoculated for a period of about 10 weeks at that point and were on the verge of being assessed for visual
symptoms of disease severity. Because the plants were so severely damaged they had to be cut back to the soil
level and the newly emerging tissues have now been re-inoculated. This unfortunate setback will delay the final
assessment of the disease resistance of these plants until early 2018. We might also expect complications with
assessing disease symptoms during the winter months of 2017 and 2018, as we typically have the best results for
disease assessment studies during spring and summer months. Overall the process of evaluating the various lines
for disease resistance has proved to be slower than expected because the plants obtained from UC Davis often
arrived during winter months and thus were both very small and very slow to grow under these winter growing
conditions. This has lengthened the time needed to obtain the vegetative clones required for disease susceptibility
testing. We have however now obtained sufficient number of plants from each of the four newly-transformed
grape varieties to evaluate the relative efficacy of expression of RpfF, and thus DSF production to achieve disease
resistance in these various varieties. Not only will this provide us evidence for the relative effectiveness of DSF
production as a disease control strategy in the different grape varieties, but it will allow us to identify the most
highly resistant variety for a given variety. Our goal is still to produce enough self-rooted plants of the most
resistant lines for field testing, as well as to generate grafted plants, with these plants serving as rootstocks for
field testing that will begin in 2018, although the delays in assessments of portions of the plants due to the
greenhouse malfunction as noted above may delay the introduction of some of the plants until late 2018. The
grafting process will add an additional three months to the process of generating plants for use in field studies, but
we hope to be able to complete this for these grafted plants before the end of 2018.

Field tests will be initiated beginning in 2018 with the various grape variety/genetic construct combinations
discussed above. Given the difficulty of producing chloroplast-targeted rpfF constructs of certain of the varieties,
it is however unlikely that they will be available for planting in 2018. We will continue to evaluate such
transformed lines as success in their transformation is achieved at the UC Davis Plant Transformation Facility.

Table 2.

Variety Untargeted
RpfF

Gene Introduced
Chloroplast-targeted RpfF

Untransformed
Plants

Thompson Seedless + + +
Richter 110 + + +
Paulsen 1103 + + +
101-14 + + +
Freedom + +

These transgenic grape varieties will be tested as both own-rooted plants as well as rootstocks to which the
susceptible grape variety Cabernet Sauvignon will be grafted. Thus, a maximum of 14 different treatments will
assess each grape variety/gene construct on own-rooted plants. Additional (up to 14) treatments will evaluate each
grape variety/gene construct as a rootstock onto which Cabernet Sauvignon will be grafted as a scion.

Twelve plants of each treatment will be established in a randomized complete block design with four blocks of
three plants each for each treatment that will be inoculated with Xf after establishment. In addition, four plants in
each treatment (one plant per block) will be left un-inoculated with Xf as a control to observe plant development
and yield to determine whether DSF production had any effect on plant development under field conditions. No
such effects have been observed in field studies conducted to date or in greenhouse studies. Half of the plants will
be own-rooted plants and the other half will be grafted plants with a normal Cabernet Sauvignon scion. Half of
the plants will be inoculated with Xf. Twelve of the plants from each treatment will be inoculated by needle
puncture with drops of Xf of about 109 cells/ml, as in previous studies. Disease symptoms in continuing studies
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will be measured bi-weekly starting at eight weeks after inoculation (inoculation will be done about May 1).
Leaves exhibiting scorching symptoms characteristic of Pierce’s disease will be counted on each occasion, and the
number of infected leaves for each vine noted as in our other studies. An additional 0 to 5 rating scale will also be
applied which accounts for both the number of vines on a plant that are symptomatic as well as the degree of
symptoms on a given plant. This scale will be most important in the third year of the study (two years after
inoculation) when spread through the plant will be assessed. Analysis of variance (ANOVA) will be employed to
determine differences in severity of disease (quantified as the number of infected leaves per vine) that are
associated with each treatment. As noted above, the majority of the plants are anticipated to be available for
planting by early 2018, and inoculation and disease assessment will be initiated only in 2019.

Objective 2. Assess Population Size of Xf in Transgenic Plants
To ensure that the symptoms of Pierce’s disease in objective 1 above are associated with Xf infection and to
document the limited extent of excess colonization in transgenic DSF-producing vines inoculated with Xf
compared to that of the corresponding non-transgenic vines, five petioles from each inoculated vine will be
harvested (at approximately 40 cm intervals, depending on the length of the vine for a given variety) at monthly
intervals starting eight weeks after inoculation. Petioles will be surface sterilized and then macerated and
appropriate dilutions of the macerate applied to periwinkle wilt gelrite (PWG) plates containing the fungicide
natamycin. Colonies characteristic for Xf will then be counted and the population size of Xf determined. While
this method is a bit more work than the polymerase chain reaction (PCR) method, it provides a more sensitive
assay method and avoids some issues with false negative discovery rates associated with field sampling of grape
tissues. ANOVA will be employed to determine differences in population size of Xf (quantified as log
cells/petiole) that are associated with treatment. The non-parametric Sign test will also be performed to determine
differences in the incidence with which any detectable Xf occurs in these petioles at a given sampling distance
from the point of inoculation. This strategy will quantify disease to test the assumption that many petioles,
especially on DSF-producing plants and at the distal ends of vines, will be free of any detectable cells of Xf. As
only a few plants are available to establish in the field plot in 2017, and most will be available only by early 2018,
inoculation and disease assessment will be initiated only in 2019.

CONCLUSIONS
Since we have shown that DSF accumulation within plants is a major signal used by Xf to change its gene
expression patterns, and since DSF-mediated changes all lead to a reduction in virulence in this pathogen, we
have shown proof of principle that disease control can be achieved by a process of “pathogen confusion.” These
field trials are direct demonstration projects to test the field efficacy of plants producing DSF to alter pathogen
behavior in a way that symptom development is minimized. Results from earlier field trials in which only a
limited number of grape varieties were evaluated in Solano County and Riverside County provided solid evidence
that pathogen confusion can confer high levels of disease control, both to plants artificially inoculated (Solano
County) and especially to plants infected naturally with infested sharpshooter vectors (Riverside County). The
earlier work therefore has provided solid evidence that this strategy is a useful one for managing Pierces disease.
The current ongoing studies therefore are designed primarily to evaluate the robustness and general applicability
of this strategy of disease control in a wide variety of grape varieties.

FUNDING AGENCIES
Finding for this project was provided by the CDFA Pierces Disease and Glassy-winged Sharpshooter Board.
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MAPPING PIERCE'S DISEASE AND VECTOR POPULATIONS IN THE SOUTHERN SAN JOAQUIN
VALLEY AND DEVELOPING A DYNAMIC MODEL TO ASSESS MANAGEMENT STRATEGIES
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Reporting Period: The results reported here are from work conducted July 2017 to October 2017.

ABSTRACT / LAYPERSON SUMMARY
The resurgence of Pierce’s disease in table grapes in the southern San Joaquin Valley over the last four to five
years highlighted the need for the area-wide glassy-winged sharpshooter (Homalodisca vitripennis; GWSS)
control program to remain responsive to changing conditions in the region. GWSS development is driven by heat
availability, and because of variations in the timing and quantity of warming available in different seasons, the
timing and number of GWSS generations in a season can change. The annual seasonal cycle of warming and
cooling gives a level of predictability to the timing of GWSS generations each year, but prolonged divergence of
weather from the typical climatic averages can lead to a sufficiently large shift away from typical behavior, to
cause mistiming between standard pesticide application dates and the generations of GWSS they are supposed to
target. As has happened with the most recent outbreak of Pierce’s disease, the industry can always respond to that
type of issue retroactively and incorporate lessons learned from outbreaks into disease management plans for the
future. Incorporating new information from experience into disease management plans is a good idea, but it
involves learning the lesson the hard way. The aim of the current project is to give the industry tools to have some
look-ahead capacity so that potentially beneficial changes to the Pierce’s disease and GWSS management actions
for the southern San Joaquin Valley can be investigated in advance.

INTRODUCTION
Reports of increasing incidence of Pierce’s disease in the southern San Joaquin Valley in recent years have
prompted concern among growers. Well-established, and previously successful, area-wide management practices
of glass-winged sharpshooters (Homalodisca vitripennis; GWSS) do not appear to be controlling the disease.
Understanding how and why transmission by GWSS of the causative pathogen, Xylella fastidiosa (Xf), is
changing over time and space is essential in order to efficiently and effectively interrupt transmission.

Controlling Pierce’s disease hinges on controlling GWSS. GWSS and grapes are not, however, a closed system.
Citrus and grapes both act as GWSS hosts and as Xf reservoirs, although citrus does not manifest disease. Further,
windbreaks are believed to provide havens for GWSS. These three groups exist in close proximity in the General
Beale area outside of Bakersfield in Kern County. This enclosed, well-described area presents a unique
opportunity to elucidate population-level Xf transmission dynamics in a multi-use scenario. Findings will benefit
not only local growers but may be generalized to make evidence-based recommendations in other California
vineyards that are adjacent to citrus, windbreaks, or other potential GWSS and/or Xf harbors. Identifying a spatial
risk gradient regarding proximity to citrus (even assuming citrus growers were taking GWSS control measures) in
particular would be of immediate use to growers.

Pierce’s disease incidence is believed to be increasing despite orchestrated area-wide management of GWSS, as
mentioned above. It may not be realistic, however, to expect static management tactics to consistently return
positive results in a dynamic system. For example, environmental changes in degree days may affect GWSS
development and activity in ways that permit the insect to evade set spray schedules. A dynamic response to a
dynamic system requires that we: (1) identify and define observable processes, and (2) use those observations as
building blocks to predict what might happen in the system under further changes. To that end, the overarching
goal of this research project is to identify time-varying spatial patterns of Pierce’s disease incidence and GWSS
abundance in the context of General Beale, and to incorporate these findings into a dynamic model that can be
used to evaluate prospective disease incidence.
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OBJECTIVES
1. Compare spatio-temporal patterns of Pierce’s disease-affected grapevines and GWSS populations in the

southern San Joaquin Valley.
a. Analyze historical data for Pierce’s disease and GWSS from the southern San Joaquin Valley to identify

persistent areas of high risk of high vector pressure combined with frequent incidence of disease
inoculum.

b. Generate risk maps for Pierce’s disease spread risk based on data analysis and transfer the information to
the industry.

2. Develop a dynamic simulation model of GWSS and Pierce’s disease levels across the southern San Joaquin
Valley to evaluate prospects for disease management under changing conditions.
a. Analyze the relationship between long-term GWSS populations and degree-day availability to determine

correlation between GWSS population size and incidence, and heat, to assess the need for safeguarding
against calendar-based treatments missing GWSS generations.

b. Summarize available information in a simulation model to allow industry to do scenario analysis looking
at prospects for sustainable Pierce’s disease and GWSS control in the future.

RESULTS AND DISCUSSION
An initial analysis of the historical GWSS count database and the UC Cooperative Extension annual Pierce’s
disease survey was completed. The analysis of the GWSS data confirmed anecdotal reports that there are
relatively stable hotspots of GWSS in Kern County bordering the northern side of the Tehachapi range (see
Figure 1).

The qualitative results obtained from mapping out GWSS populations will be investigated further by quantitative
analyses in the coming year.

Analysis of the annual Pierce’s disease survey data revealed several issues with the data in relation to their
usefulness for detailed analysis, but these same issues have been important in helping to devise better sampling
plans for coming years. Because the Pierce’s disease survey has always been to some extent a sample of
opportunity, there is a wide variation in the time of year that blocks are surveyed. In addition, in the past, the UC
Cooperative Extension surveyors purposely only surveyed a portion of each block, to encourage growers to
complete the survey themselves. As a consequence there is a large sampling error in the Pierce’s disease estimates
for individual blocks. While the survey, as conducted previously, served a useful purpose in giving table grape
growers a reasonable snapshot of Pierce’s disease intensity each year, for more detailed analysis a more
standardized sampling approach is needed. The main findings of our results were reported to the directors of the
Consolidated Central Valley Table Grape Pest and Disease Control District and we have discussed changes to the
sampling protocol with David Haviland of UC Cooperative Extension so that the data collected in future years
will be more standardized and more useful for risk analysis.

CONCLUSIONS
There are no conclusions at this time.

REFERENCES CITED
Daugherty M. 2015. The Riverside County glassy-winged sharpshooter program in the Temecula Valley.

Research Progress Reports: Pierce’s Disease and Other Designated Pests and Diseases of Winegrapes.
December 2015. California Department of Food and Agriculture, Sacramento, CA, pp. 36-39.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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Figure 1. An example of stability of GWSS population hotspots in time. Two localized hotspots on the
eastern side of the Kern County citrus area show persistently high GWSS counts over two seasons [2015
(top) and 2016 (bottom)].
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ABSTRACT / LAYPERSON SUMMARY
The bacterium Xylella fastidiosa (Xf) is the cause of Pierce’s disease in grapes and is a major threat to fruit, nut,
olive, and coffee groves. The most damaging effect of Pierce’s disease other than death of the vine is the
reduction of production and shriveling of fruits. Obvious symptoms in grapevine are characteristic bands/rings of
anthocyanin (red pigment) accumulation in distal zones adjacent to necrotic leaf blades. Anthocyanins can reduce
insect feeding, and induction in vegetative tissues may serve as antagonists to feeding by the glassy-winged
sharpshooter (Homalodisca vitripennis; GWSS) and to colonization by Xf. The etiology of pleiotropic Pierce’s
disease symptoms such as 'matchstick petioles' and 'green cane islands' is not understood. In this context it is
noted that grapevine red blotch and leafroll-associated viruses cause similar pleiotropic symptoms because their
genomes encode small RNA suppressor proteins evolved to disrupt host microRNA (miRNA) biogenesis and/or
activity. Prior work by Leonardo De La Fuente showed that Xf infection causes a significant decrease in leaf
elemental phosphorus (P) content, but the bioavailable form of P (e.g. phosphoproteins, lipids, nucleic acids,
subcellular compartmentation, etc.) underlying this phenomenon is unknown. The myriad host responses to Xf are
hypothesized to be due to deranged host inorganic phosphate (Pi) -regulated miRNA activities (both Pi and
miRNAs are diffusible signals in plants). The data generated in two years of support is compelling and supports
our testable model of phosphate-regulated miRNAs synergizing with MIR828/TAS4 to regulate anthocyanin
levels. Deep sequencing of miRNAs and their targets in Xf-infected leaves, petioles, and cane bark is ongoing to
comprehensively understand gene functions in etiology of Pierce’s disease. A clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 genome-editing approach is underway to directly test the model by
disrupting host MIR828 or four downstream effector genes for anthocyanin regulation to determine their roles in
susceptibility to Xf, and whether they function to impact GWSS feeding preferences. We are also testing a
corollary of the working hypothesis: Whether a durable, affordable, and environmentally sound 'safener/
protectant' analogue of Pi (phosphite; reduced Pi), which alters host and/or microbe phosphate homeostasis, can
impact Xf growth and host Pierce’s disease etiology. This aspect could result in development of a novel
management tool for Pierce’s disease complementary to the primary high-priority genome editing approach to
engineer Pierce’s disease resistance. Genome editing is akin to breeding in that it can produce non-"genetically
modified organism" (GMO) grapevines and rootstocks after outcrossing the transgene locus. These proof-in-
principle experiments could result in a new paradigm for Pierce’s disease management with potential translational
benefits for other crops.

INTRODUCTION
Our working model of Pierce’s disease etiology postulates miR828 and evolutionarily-related Trans-Acting
Small-interfering locus4 (TAS4) activities silence MYeloBlastosis (MYB) transcription factor targets
VvMYBA6/A7 and other homologous MYB expression in response to Xylella fastidiosa (Xf) infection, mediated
through inorganic phosphate (Pi) and plant stress hormone abscisic acid (ABA) signaling crosstalk. We are
currently testing the Xf infection/spread hypothesis directly by “knocking out” the key hypothesized genes using a
new genome editing technology: Clustered regularly interspaced short palindromic repeats (CRIPSR/Cas9) [1, 2]
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that was mentioned in research priorities developed by the CDFA Pierce’s Disease and Glassy-winged
Sharpshooter Research Scientific Advisory Panel. A direct test of the model in grapevine by genome editing of
the positive and negative anthocyanin effector loci is well grounded now, based on our deep sequencing evidence
for miR828/TAS4 roles in Pierce’s disease.

We are taking a complementary "overexpression" approach to the long-term grapevine MYB target gene
knockout/editing approach to test the anthocyanins-as-Xf-effectors hypothesis. The surrogate tobacco Xf infection
system developed by De La Fuente [3] can quickly assess susceptibility to Xf infection of a transgenic tobacco
line [4] (Myb237) that over-expresses the Arabidopsis orthologue of VvMYBA6/A7: PRODUCTION OF
ANTHOCYANIN PIGMENT2/MYB90. We have generated strong data-driven evidence from our mRNA-Seq,
sRNA-Seq and degradome datasets from Xf-infected grape and tobacco materials, quantitation of cane xylem sap
and leaf Pi in Pierce’s disease infected field materials, and disease severity correlations with molecular
phenotypes from greenhouse Xf challenge experiments. Results support a refined model that Xf is using host small
RNAs as a 'trojan horse' that could serve as a paradigm to understand not only Pi (and miRNAs) as diffusible
signals for synthesis of host polyphenolic anti-bacterial metabolites in Pierce’s disease etiology, but also the
pleiotropic traits of "green islands" and "matchstick petioles," among others. Our results to date for Xf
differentially regulated miRNAs in tobacco are completely novel, and what emerges is a highly correlated
network of miRNA/phased small-interfering RNA-producing and TAS noncoding loci known to function in plant
immunity across plant taxa.

We summarize in Table 1 a chronological list of prior efforts and conclusions drawn from experiments
documented in progress reports from July 2015 to July 2017. These studies have leveraged a systems approach,
building on the miRNA candidate leads to discover etiological effectors/reporters of Pierce’s disease and network
analyses of gene interactions affecting primary and secondary metabolism. A direct test of the model in grapevine
(objective 1) by genome editing of the positive and negative effector loci is well grounded now, based on our
deep sequencing evidence for miR828/TAS4 roles in Pierce’s disease.

Table 1. Timeline of project activities and results since inception (July 2015), reported previously.
Report Venue Activity Experimental Results
Dec. 2015
Research Progress
Reports ^

- Methods development for quantitation of
anthocyanins.

- Collect field samples from GA and Temecula,
CA.

- Engineered five binary T-DNA
Agrobacterium CRISPR vectors [1]; phytoene
desaturase extra target vectors.

Mar. 2016 progress
report*

- Initiate grapevine transformations.
- Characterize expression of TAS4 in transgenic
tobacco over-expressing AtMYB90 in response to
Xf infection; correlate with disease symptom
severity and Xf titre.

- Spectroscopic quantitation of anthocyanins in
Pierce’s disease grapevines from GA and CA
fields.

- Initiate grapevine and tobacco small RNA
libraries.

- Transformation problem noted; solved later
by using different Agrobacterium strain.
Homozygous tobacco MYB90 over-
expression line more susceptible to Xf;
correlated with TAS4 induction by RNA blot.

Jul. 2016 progress
report*

- Repeat grapevine transformations.
- Showed by immunoblot binary T-DNA CRISPR
vector effector Cas9 expressed in N.
benthamiana.

- Transformed tobacco with CRISPR vectors.
- Initiate RNA-seq libraries of grapevine.

- Small RNA libraries show strong (~5-fold)
induction of TAS4 by Xf infection of
grapevine and tobacco; induction degree
correlates with phenotypic severity of
symptoms in tobacco genotypes.

Jul. 2016 one year
project renewal

- Added objective 3: xylem sap and leaf Pi
quantitation; phosphite effects on Xf.

- Co-PI De La Fuente opts for Cooperator role.
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Report Venue Activity Experimental Results
Dec. 2016
Research
Symposium
Proceedings^

- Develop polyacrylamide gel electrophoresis
(PAGE) heteroduplex genotyping assay.

- Repeat tobacco Xf challenge experiment.
- DESeq2 statistical analysis of differential
miRNA expression by Xf on 2015 CA libraries.

- Complete RNA-Seq libraries and initiate
degradome libraries on 2015 CA samples.

- In vivo nuclear magnetic resonance spectroscopy
of subcellular [Pi] on leaf 2016 samples from
Temecula, CA.

- Collected xylem sap from Napa vineyard
severely stunted 'sucker' rootstock 2016 samples;
quantified Pi, sulfate, and nitrate by ion
chromatography-flame ionization detection.

- Methods development for anthocyanin
quantitation by high performance liquid
chromatography-mass spectrometry/photodiode
array detection.

- Tobacco vector transformations showed
issue, but restriction-mapped vectors showed
no re-arrangements; concluded the Agro strain
suspect. RNA blot evidence for miR828 up-
regulation by Xf infection in CA samples.
AtMYB75 and SPX DOMAIN (positive
regulator of Pi starvation) strongly down-
regulated by Xf infection in Arabidopsis [5].
TAS4c and disease resistance leucine-rich-
repeat receptors differential expression by Xf
provides evidence as causal effectors.
Preliminary results of rootstock-derived Xf-
infected cane Pi show significant differences
from control.

Dec. 2016
Research
Symposium

- Oral and poster presentations. - Southern blot of Agrobacterium and E. coli
CRISPR vectors show no host re-
arrangements.

Mar. 2017 progress
report*

- Completed degradome libraries 2015 CA
samples.

- Second attempt at grapevine rootstock 101-14
transformation initiated Feb. 2017.

- Qualify disease symptoms and quantify
anthocyanins as significantly different in
transgenic tobacco MYB90 repeat experiment.

- Statistical analyses of differential expression of
miRNAs and phasiRNAs in replicate transgenic
MYB90 tobacco Xf challenge experiments.

- Statistical analyses of Xf infection effects in 2015
CA samples by deep sequencing of small RNA
and mRNA libraries confirms prior observation
[6] in grapevine (eight weeks post-Xf infection)
for down regulation of target phosphate
transporter VvPHT2;1 and homologs, shown here
inversely correlated with effector miR399
induction (which is phosphate-regulated). Similar
results for phosphate-regulated miR827 and two
SPX targets.

- MAPMAN analysis of small RNA-Seq and
mRNA-Seq CA 2015 libraries show inverse
correlation between small RNAs and
expression of template biotic stress genes,
signaling receptor kinases (including
candidate PdR1 locus VIT_14s0171g00180)7,
pathogenesis-related proteins and
Pentatricopeptide repeat proteins, very
strongly supporting the working model that Xf
infection results in compelling differential
expression of mRNAs AND their derived
phasiRNAs for ontology bins known to
control pathogen resistance. RNA blot shows
AtMYB90 overexpression in tobacco induces
the endogenous negative siRNA regulator
NtTAS4-3'D4(-) and its trigger miR828,
supporting deep conservation of
autoregulatory loop [8] and Pierce’s disease
model. RNA blot analysis of transgenic
tobacco corroborates statistical analysis of
differential expression by deep sequencing
that Xf suppresses (down-regulates)
MYB90 TAS autoregulation activity and
Nta-MIR828ab and TAS4ab, strongly
supporting model. Successful production of
transgenic tobacco harboring grapevine
CRISPR vectors, demonstrating
Agrobacterium host strain likely responsible
for initial grapevine transformation problem.
Repeat experiment of tobacco MYB90
challenge with Xf successful.
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Report Venue Activity Experimental Results
Jul. 2017 progress
report*

- No cost extension granted until 12/31/2017.
- New Pierce’s disease field samples collected
from Temecula (high quality, fully expanded
leaves and canes) and St. Helena. CA.

- Attempt to verify tobacco genome editing using
grapevine synthetic guide vectors (long shot, due
to low homology).

- Quantification of Xf titres by quantitative reverse
transcription polymerase chain reaction (qRT-
PCR) for repeat tobacco Xf challenge experiment
shows experiment successful, validating prior
results.

- Further statistical analyses with DESeq2 [9],
ShortStack [10], and PhaseTank [11] of tobacco
2015 and 2016 libraries. Many novel miRNA
candidates revealed.

- Sleuth/kallisto [12] statistical analysis of 2015
CA mRNA-Seq libraries for stress- and auxin-
inducible miR156, miR398, miR167, and miR393
grapevine targets reveal top leads for significantly
down-regulated effectors of Xf etiology upstream
of miR828 and other Pi-regulated miR399 and
miR827.

- Initiate replicate small RNA and degradome
libraries from 2017 Temecula field Pierce’s
disease samples and tobacco transgenic Xf
challenge experiments for more statistical power.

- Quantify Pi, sulfate, and nitrate in 2017 stunted
rootstock 'sucker' Napa Pierce’s disease samples
and 2017 fully expanded Pierce’s disease
Temecula scion samples by ion chromatography-
flame ionization detection [13].

- Quantify by 31P nuclear magnetic resonance the
Aug. 2016 leaf Pierce’s disease samples.

- Quantify by mass spectrometry anthocyanins in
2017 Temecula xylem sap and leaves by visible
wavelength spectroscopy.

- Visit De La Fuente lab to learn best practices re:
Xf microbiology. Initiate plate growth Xf assays
for phosphite.

- Grapevine somatic embryo regeneration
proceeding well; some concern for MYBA6
transgenic regeneration. Principal Component
Analysis of technical and biological replicate
small RNA libraries made from 2015 and
2016 tobacco Xf challenge experiments
demonstrated that biological variables of
genotype and condition were reproducible.
Statistically significant mis-regulated
miRNAs in replicate Xf challenged transgenic
tobacco libraries further documented; Nta-
miR399, miR828, and TAS4ab changes
correlate (down in Xf) with prior RNA blot
and preliminary statistical results, showing
MIR828/TAS4 autoregulatory loop effects.
Nta-miR827 and miR156 up-regulated,
consistent with working model where SPL
targets of miR156 down regulate anthocyanin
biosynthesis in Arabidopsis [14], providing a
direct link/mechanism for how VvMYBA6/7
and other miR828 MYB targets in grapevine
are deranged by Xf infection resulting in
anthocyanin accumulation.
- Results of Pi quantitation by two methods of
fully expanded leaves and canes in 2016 and
2017 Temecula Pierce’s disease samples
support hypothesis that Xf infection results in
significantly lower [Pi] (about 60% decrease)
in host leaf and xylem sap. Correlates with
elevated anthocyanins quantified in Pierce’s
disease xylem sap by mass spectrometry and
leaves by spectrophotometry. Further
substantiated by prior results for other grape
cultivars 15,16], supporting working model.

^ available at https://www.cdfa.ca.gov/pdcp/Research.html
* available at http://www.piercesdisease.org/reports

OBJECTIVES
1. Demonstrate the efficacy of CRISPR/Cas9 transgenic technology for creating deletion mutants in MIR828,

TAS4, and target MYBA6/7. When validated, future experiments will critically test these genes' functions in
Pierce’s disease etiology and Xf infection and spreading.

2. Characterize tissue-specific expression patterns of TAS4 and MIR828 primary transcripts, small RNAs, and
MYB targets in response to Xf infections in the field, and in the greenhouse for tobacco transgenic plants
overexpressing TAS4 target gene AtMYB90/PRODUCTION OF ANTHOCYANIN PIGMENT2.

3. Characterize the changes in (a) xylem sap and leaf Pi, and (b) polyphenolic levels of Xf-infected canes and
leaves, and (c) test on tobacco in the greenhouse and Xf growth in vitro the Pi analogue phosphite as a durable,
affordable, and environmentally sound protectant/safener for Pierce’s disease.
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RESULTS AND DISCUSSION
Objective 1. Test the miR828, TAS4, and Target MYBA6/7 Functions in Pierce’s Disease Etiology and Xf
Infection and Spreading By Genome Editing Using CRISPR/Cas9 Transgenic Technology
Ongoing regeneration of somatic embryos from rootstock 101-14 grape transformations with five CRISPR binary
T-DNA vectors (plus empty vector control) in the lab of David Tricoli were previously responding as expected, as
documented in the July 2017 interim progress report, with the caveat that the MYBA6 experiment was showing
higher necrosis than others, which were characteristically normal. Figure 1 shows the current status of these
materials. p201N-Cas9-MybA6 was re-transformed in August 2017 because resistant embryos were not
recovered. A few plants may be delivered after working through the amounts of attrition observed.

Figure 1. Progress of regeneration of grapevine transformants of p201-N-Cas9 vector constructs harbored in
Cooperator-sourced EHA105 Agrobacterium strain, initiated February 2017.

Validation of editing events going forward will be by PCR cloning and sequencing of target genes, and
polyacrylamide gel electrophoresis-based genotyping [17].

Objective 2. Characterize Tissue-Specific Expression Patterns of TAS4 and MIR828 Primary Transcripts,
siRNAs, and MYB Targets in Response to Xf Infections in the Field
We are in the process of completing Illumina libraries for complete sets of biological replicates for small RNAs,
stranded mRNAs, and degradome from the 2017 Calle Contento Temecula field leaf samples, and the 2016
replicated greenhouse Xf tobacco MYB90 overexpression experiment. In addition, we are preparing indexed
libraries for 'green island' cane bark and 'matchstick petiole' samples from the 2017 Temecula field expedition for
discovery of differential miRNA expressions associated with diagnostic yet pleiotropic Pierce’s disease traits
hypothesized to be due to deranged small RNA activities. We will submit them to the UC Riverside Institute for
Integrative Genome Biology for two runs of HighSeq500 (400 m reads per run) in the next few weeks. There are
eight small RNA libraries to be pooled and indexed with 18 degradome samples, and 12 stranded mRNA-Seq
libraries sequenced separately. This level of complexity will result in ~12 million reads per small RNA library,
and ~25 million reads per transcriptome library. All workflow processes and yields have been verified now as
optimal/appropriate through the data analysis and genome annotation stages. Thus the statistical power from
multiple replicates across years will allow defensible claims at the publication stage, which will commence when
the sequencing is complete in the next couple of months.

Objective 3. Characterize the Changes in (a) Xylem Sap and Leaf Pi, and (b) Polyphenolic Levels of Xf-
Infected Canes and Leaves, and (c) Test the Pi Analogue Phosphite on Tobacco in the Greenhouse and Xf
Growth In Vitro as a Durable, Affordable, and Environmentally Sound Protectant/Safener for Pierce’s
Disease
(a) Xylem Sap [Pi]
In May 2017 the Principal Investigator collected Pierce’s disease samples from Malbec rootstock sucker canes
from Napa County Phelps vineyard (1109 Silverado Trail South, River Ranch Farm Workers Housing, St. Helena,
CA) and healthy control scion canes under the supervision of UC Cooperative Extension agent Monica Cooper,
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and Merlot variety Pierce’s disease and control samples in June 2017 from the Calle Contento vineyard in
Temecula, CA. The Merlot variety leaves and canes from Temecula Pierce’s disease symptomatic scion samples
were not developmentally stunted, allowing appropriate side-by-side controlled genotype and developmental state
comparisons. We reported in the July 2017 interim progress report the results from both 31P nuclear magnetic
resonance from 2016 Temecula leaf samples and ion chromatography of 2017 Temecula xylem sap samples that
support the working hypothesis that Pierce’s disease infected canes and leaves have significantly lower Pi (~60%)
concentrations than healthy controls. We plan to collect more material in 2018 to further substantiate and verify
our results.

Compound retention (min)
cyanin 15.3'
cyanidin-monoglycoside 16.5'
cyanidin-aglcyone 19.1'
malvin 16.5'
malvidin-monoglycoside  17.5'
malvidin-aglycone 20.4'

A B C

17.23'

16.49'

18.17'
19.13'

Figure 2. High performance reverse phase liquid chromatography for quantitation of anthocyanins cyanin and
malvin and aglycone species in leaf samples. (A) Standard curve for cyanin. Structure inset. (B) Chromatogram of
unhydrolyzed Temecula 2017 Pierce’s disease leaf sample extract, showing major peaks of malvin and/or cyanidin-
monoglycoside (retention times ~16.5'), possibly malvidin-monoglycoside (~17.23') and uncharacterized
anthocyanin (18.17'). (C) Chromatogram of acid hydrolyzed Pierce’s disease extract supports cyanin identification
(peak 22 in panel B) by detecting aglycone species (19.13'), and peak 19 possibly as monoglycoside (see panel B,
peak 25).

(b) Polyphenolics in Xf-Infected Canes and Leaves
We reported in the July 2017 interim progress report preliminary results for mass spectrometric quantification of
cyanin and malvin in xylem sap from the Temecula June 2017 field samples, and anthocyanins in leaves. We are
in the process of quantifying Xf titers in concordant petioles samples from these leaf and cane samples by real
time PCR. The results directly support the hypothesis that Xf infection results in accumulation of anthocyanins in
xylem sap and leaves. Similar results have been reported for procyanidins and other polyphenolics in xylem sap
two months post-Xf infection in Thompson Seedless and several winegrape cultivars [15,16]. Phenolic levels in
Merlot xylem sap correlate with Pierce’s disease severity compared to other cultivars [18]. Taken together, these
results support our working hypothesis that the xylem sap anthocyanins and other polyphenolics are important for
Pierce’s disease disease progression.

In an effort to characterize the anthocyanin complexity in 2017 Temecula leaf samples we have conducted pilot
experiments to develop quantitative high performance liquid chromatography-spectroscopic methods for malvin
(a di-O-methylated anthocyanidin [less polar]) and cyanin, and their hydrophobic aglycones malvidin and
cyanidin generated after acid + heat hydrolysis. We employed an Acclaim Pepmap RSLC 75 μm x 15 cm
nanoViper C18 2 μm reverse phase column coupled to a photodiode array detector (530 nm)19 with 95%
water:formic acid as stationary phase and 100% acetonitrile as mobile phase, linear gradient from 5-100% mobile
in 40'. Figure 2A shows a standard curve derived for cyanin, and chromatogram traces of unhydrolyzed
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(Figure 2B) and mono-/di-aglycone (hydrolyzed, Figure 2C) Pierce’s disease leaf samples. There are other
abundant peaks eluting at later times (18.07'), which are likely other anthocyanins but some peaks (e.g. ~19.1') are
concordant with single- and/or double-aglycones of cyanin and malvin, based on hydrolysis timecourse
experiments with standards (data not shown). We are in the process of quantifying the anthocyanin species in
Pierce’s disease xylem sap.

Figure 3. Physiological concentrations of phosphite (structure inset) inhibit plate growth of Xf. Asterisk (*) indicates
significantly different than 0-5 mM treatments, P < 0.004 (Student's two-sided t test, equal variance assumed). ^: not
significantly different than 0.1-5 mM treatments. Error bars are s.e.m. (n = 3, except 0 and 0.1 mM treatments, n = 2).

(c) Pi Analogue Phosphite as Effector of Xf Growth and Safener of Disease Symptoms
Figure 3 reports results of a baseline study on Xf growth on PD2 potato starch plates [20] (Pi component omitted
and 2 g/L potato starch substituted for bovine serum albumin) as a function of physiological concentrations of
phosphite added to Xf minimal growth medium. This experiment has been repeated at lower growth densities and
including standard medium Pi concentration (16 mM) to facilitate more quantitative and physiologically relevant
results normalized to colony-forming units. Figure 4 reports convincing evidence that phosphite can function as
an active competitor of physiological concentrations of Pi influencing Xf plate growth, with a LD50 ~ 5 mM.
(application concentration for lethal dose). Future work will focus on testing phosphite as safener for tobacco
plants challenged with Xf in the greenhouse.

Figure 4. Phosphite has an LD50 of ~5 mM for plate growth of Xf. Error bars are s.e.m. (n = 7-9).
Asterisk (*) indicates significantly different than zero phosphite control, P < 10-6 (Student's two-
sided t-test, equal variance assumed).
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CONCLUSIONS
We are on track to achieve our objectives within the timeframe of two years' funding (plus six month no cost
extension). We have generated compelling evidence supporting our working model for MIR828/TAS4 genes,
identified new lead target genes, and presented evidence that phosphite impacts Xf growth. This latter result
underscores the practical value of the project to develop a durable management tool while generating new
knowledge about Pierce’s disease etiology and engineered resistance.
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ABSTRACT
The goal of this research is to identify biological control agents and natural products antagonistic to Xylella
fastidiosa (Xf) that could be implemented as prophylactic and/or curative treatments for Pierce’s disease. We
showed in in vitro bioassays that several fungal endophytes isolated from grapevine wood possess anti-Xf
properties due to the production of natural products. We purified radicinin produced by Cochliobolus sp. and
demonstrated that this natural product was an effective inhibitor of Xf. In collaboration with the private sector, we
successfully developed an emulsion of radicinin and treated vines inoculated with Xf. In addition, we showed that
the fractions from the crude extracts of three additional fungal endophytes (i.e. Eurotium, Geomyces, and
Ulocladium) also possess activity against Xf in the in vitro bioassay. Active fractions from the crude extracts of
these three fungal cultures are being examined using nuclear magnetic resonance spectroscopy and mass
spectrometry to identify their chemical structures and properties. We also showed that one grapevine endophytic
fungus (Cryptococcus sp.) and bacterium (Achromobacter sp.) was able to mitigate Pierce’s disease symptom
development and Xf bacterial titer in in planta bioassays and could be used as a biological control agent. Finally,
using a next generation sequencing approach to study the microbiome of Pierce’s disease affected and escaped
grapevines we were able to identify bacteria (Pseudomonas sp. and Achromobacter sp.) as additional potential
biological control agents. These are currently being evaluated in in planta bioassays. These molecules and
formulation are currently under review for patentability by the Executive Licensing Officer in the UC Riverside
Office of Research.

LAYPERSON SUMMARY
The goal of this project is to identify biological control agents and their natural products that are antagonistic to
Xylella fastidiosa (Xf) that could be implemented as prophylactic and curative treatments for Pierce’s disease. We
had previously isolated several fungi naturally inhabiting grapevines that were antagonistic to Xf in in vitro
bioassays. We have been extracting, purifying, and characterizing the compounds that they produced and have
identified one promising molecule (radicinin) that is strongly inhibitory to the bacterium. We have now developed
an emulsion of radicinin in a concerted effort with the private sector and we are currently testing the efficacy of
this formulation on Pierce’s disease infected grapevines in the greenhouse. In addition, we recently showed that
the fractions from the crude extracts of three additional fungal endophytes inhibited Xf in a disc bioassay. We are
now in the process of characterizing the chemical structure and property of these molecules so they can be further
tested in grapevine. Using traditional microbial techniques and novel molecular approaches we have identified
one fungus (Cryptococcus sp.) and two bacteria (Pseudomonas sp. and Achromobacter sp.) as potential biological
control agents for Pierce’s disease. Those are currently being tested in the greenhouse. These natural products and
formulations of these products are currently under review for patentability by the Executive Licensing Officer in
the UC Riverside Office of Research and, hence, their names cannot always be disclosed in this report.

INTRODUCTION
Xylella fastidiosa (Xf) is a Gram negative, xylem-limited, insect-vectored bacterium and is the causal agent of
Pierce's disease of grapevine (Hopkins and Purcell 2002). Pierce’s disease is endemic to California but the recent
introduction of a more effective vector, the glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) to
southern California shifted the epidemiology of Pierce’s disease from a monocylic to a polycyclic disease. This
led to a Pierce’s disease epidemic with severe economic consequences for the southern California grape industry.
GWSS has move to the San Joaquin Valley and has impacted table grape production and it now threatens to
become established in the heart of the winegrape production area, including Napa and Sonoma Counties. Current
Pierce’s disease management guidelines largely rely on vector control through the use of insecticides.



 

  

 
 

    
   

  
    

 

  

 

  
 

  

      
        

 
 

   
   

    
 

  

In this project we explore the use of grape endophytic microorganisms as a practical management tool for Pierce’s 
disease. Our research adds to the ongoing integrated pest management efforts for discovery of biological control 
agents to Xf (Das et al. 2015, Hopkins 2005). Our strategy is to couple culture-dependent and culture-independent 
approaches to identify novel biological control agents and active natural molecules. Control of bacterial plant 
diseases with commercial biological control agents has been an active area of research (Stockwell and Stack 2007, 
Stockwell et al. 2010, Yuliar et al. 2015). In addition, fungi and bacteria are receiving increasing attention from 
natural product chemists due to the diversity of structurally distinctive compounds they produce that have 
potential for use as antimicrobial compounds to cure plant diseases (Aldrich et al. 2015, Ben Abdallah et al. 
2015). Our research team has made substantial progress in the past years and identified several potential 
biological control agents and natural products that could be used as prophylactic and curative treatments for 
Pierce’s disease. Our goals are to evaluate in in planta bioassays those biological control agents and natural 
products before field testing. 

OBJECTIVES 
1. Evaluate a single organism-based approach for Pierce’s disease management. 
2. Evaluate natural products and derivatives for their potential as curative treatments for vines already infected 

with Pierce’s disease. 

RESULTS AND DISCUSSION 
Objective 1. Evaluate a Single Organism-Based Approach for Pierce’s Disease Management 
The goal of this objective is to evaluate individual fungal and bacterial grapevine endophytic strains for 
management of Pierce’s disease. Pierce’s disease escaped and symptomatic grapevine tissues (cane, sap, spurs) 
were previously sampled from several commercial vineyards in Riverside and Napa (Figure 1) Counties and were 
analyzed by culture-dependent and culture-independent approaches. A Pierce’s disease escaped vine is defined as 
a grapevine located in a Pierce’s disease hot spot (with high disease pressure) that is infected with Xf but 
expresses no to little Pierce’s disease symptoms. 

Figure 1. Pierce’s disease symptomatic (red arrow) and Pierce’s disease escaped (blue arrow) 
grapevines in a vineyard located close to a riparian area in the Napa Valley, California. 

Using an Illumina-based culture-independent approach we were able to identify Achromobacter sp. and 
Pseudomonas sp. as the two most abundant bacteria inhabiting grapevine xylem that correlated negatively with Xf 
titer (Table 1; Deyett et al. 2017). In other words, those two bacteria were present in higher abundance in Pierce’s 
disease escaped grapevines than in Pierce’s disease symptomatic grapevines, suggesting that those may be good 
biological control agent candidates. In addition, using a culture-dependent approach we isolated eight fungi and 
one bacterium that showed Xf-growth inhibition in our in vitro-bioassay (Figure 2; Rolshausen et al. 2013). 
Interestingly, the bacterium isolated was identified as Achromobacter sp. We further evaluated those fungi and 
Achromobacter sp. in in planta bioassays and demonstrated that Cryptococcus sp. was the best biological control 
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agent candidate, as it mitigated Pierce’s disease symptom development and Xf titer in grapevines and also
provided some increased immunity against Pierce’s disease (Figure 3, Figure 4; Rolshausen et al. 2013).
Achromobacter sp. also reduced disease rating and Xf titer, but not significantly.

Table 1. Correlations (r) between Xf (as expressed by the number of Illumina reads) and the
abundance (%) of individual taxa (Operational Taxonomic Units). Statistical P and FDR corrected
values are presented.

OTU P
FDR

Corrected
r Abundance %

Pseudomonas sp. 0.000 0.00 -0.84 82.2

Achromobacter sp. 0.043 0.043 -0.25 3.9

Figure 2. In vitro inhibition assay used to evaluate fungal activity towards Xf. Xf cells were plated in top
agar and agar plugs containing fungi were placed on top. Inhibition was evaluated after eight days of
incubation at 28˚C. (A) Xf-only control; (B) No Xf inhibition; (C) Mild Xf inhibition; (D) Total Xf
inhibition.

Figure 3. Greenhouse bioassay used to evaluate efficacy of biocontrol fungi and fungal natural products for
control of Pierce’s disease. The progression of Pierce’s disease in vines infected with Xf is scored on a
disease severity rating scale ranging from 0 = healthy to 5 = dead or dying.
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Figure 4. Xf titer and Pierce’s disease severity in grapevines (n = 10) inoculated with five grapevine
endophytes or 1X PBS alone (control) and challenged with Xf (ACH = Achromobacter; COC =
Cochliobolus; CON = Control; CRY = Cryptococcus; EUR = Eurotium; GEO = Geomyces). (A) Box plots
illustrate the distribution of Xf titer in all six treatments. Asterisks (*) indicate significance at P<0.05. Xf
titer was measured by quantitative polymerase chain reaction. Xf titer was significantly decreased in vines
that were pre-treated with Cryptococcus as compared to vines that were pre-treated with 1X PBS only. In
addition, Xf titer was also decreased (just above statistical significance) in vines that were pre-treated with
Achromobacter as compared to those inoculated with 1X PBS only. (B) Pierce’s disease severity average as
measured by our disease rating scale (0-5; Figure 3). Error bars represent standard deviation.

Cryptococcus is a yeast commonly associated with plants and is also a known biological control agent of other
plant pathogens (Schisler et al. 2014, Ulises Bautista-Rosales et al. 2014). Our Illumina sequencing results
confirmed its presence in grapevine xylem, although its abundance was low (below 1%) compared to both
Achromobacter sp. and Pseudomonas sp. (Table 1). Achromobacter sp. is a known plant endophyte and plant
growth promoting bacteria (Soares et al. 2016, Abitha et al. 2014). Pseudomonas sp. is both a plant growth
promoting bacteria and a known biological control agent (Loper et al. 2012). These organisms are currently being
tested further in in planta bioassays to determine which is better suited to be evaluated under natural field
conditions.
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Objective 2. Evaluate Natural Products and Derivatives for Their Potential as Curative Treatments for
Vines Already Infected with Pierce’s Disease
The goal of this objective is to identify fungal natural products produced by endophytes that can be used as
curative treatments for control of Pierce’s disease. We previously identified eight fungal specimens inhabiting
grapevine tissues (xylem sap, shoot, petioles, and spur) that were able to inhibit Xf in a bioassay. Thus far, we
have purified and characterized the chemical structure of three molecules (radicinin, alteichin, and cytochalasin)
that are active against Xf growth in vitro. Radicinin is produced by Cochliobolus sp., altechichin is produced by
Ulocladium, and cytochalasin is produced by Dreschlera sp. However, cytochalasin showed to be toxic to
mammals so we decided to discontinue this research axis. In addition, we pursued our efforts for the bioassay-
guided isolation of natural products from the remaining fungi able to inhibit Xf in our lab bioassay, including
Cryptococcus sp., Eurotium sp., and Geomyces sp.

Cochliobolus Natural Product
Radicinin showed great potential in vitro (Aldrich et al. 2015). Hence, in an in vitro dose response assay, where Xf
cells are submitted to an increasing concentration of a fungal molecule, radicinin was able to inhibit Xf growth
(Figure 5). We have now developed a more efficient procedure for isolating radicinin from Cochliobolus sp. This
is a critical step, as it will allow us to produce substantial amounts of derivatives and further test them in planta.
Radicinin is not commercially available, and we had been employing a multistep isolation procedure involving
liquid-liquid extraction of Cochliobolus cultures followed by an expensive and time-consuming chromatography
step to obtain pure radicinin for all our studies to date. Recently we developed a procedure for purifying radicinin
by recrystallization instead of chromatography. In this way we were able to increase our yield of radicinin from
60.5 mg/liter of culture to 150 mg/liter of culture. This procedure also makes scaling up of the isolation for
commercial use much more practical. In addition, the radicinin obtained by this new procedure is significantly
purer, as observed by nuclear magnetic resonance spectroscopy.

Figure 5. Dose response assay to evaluate in vitro Xf inhibition at increasing concentration of radicinin, a
natural compound produced by Cochliobolus sp. (A) 0 µg molecule radicinin (control); (B) 50 µg molecule
radicinin; (C) 100 µg molecule radicinin; (D) 250 µg molecule radicinin (Aldrich et al. 2015).

Now that we have figured out how to scale up radicinin production and purification, the next step was to prepare
water-soluble semisynthetic derivatives of radicinin to facilitate testing in planta. We determined the solubility of
radicinin in water to be 0.15 mg/mL, which is considered very slightly soluble. We have shown that
acetylradicinin, which was modified at the hydroxyl group of radicinin, retains its anti-Xf activity (Aldrich et al.
2015). This result suggests that modification of this position may provide a viable strategy for increasing the
water-solubility of radicinin without loss of activity. Adding ionizable groups is a commonly employed strategy
for improving the water-solubility of bioactive molecules (Kumar and Singh 2013), so we had proposed to add
two such groups at the hydroxyl position of radicinin (Scheme 1). The carbamate (2) is weakly basic and should
form a water-soluble salt in low pH solutions, while the phosphate (3) is acidic and should form a water-soluble
salt at high pH. Both carbamates and organophosphates are commonly found in pesticides, so we had good reason
to believe that one or both of these compounds would be able to move into the xylem of grapevines. However,
attempts to prepare the weakly basic carbamate and the acidic phosphate were unsuccessful. Specifically, the
reaction with diethylcarbamoyl chloride (i) did not go to completion, while the phosphate reaction (ii) gave a
mixture of products that we were unable to purify.
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Scheme 1. Xf-inhibitory natural product radicinin (1), and semisynthetic derivatives (2-4). Reagents: (i) N,N-
diethylcarbamoyl chloride, triethylamine (Vougogiannopoulou et al. 2008). (ii) 1. Cl3CCN, 2. (n-Bu)4NH2PO4,
CH3CN, 3. DOWEX 50WX8, NH4HCO3.

We then attempted to make two alternate ionizable radicinin derivatives: a glycine-derivative (4, Scheme 2), and
radicinin pyridinium sulfate (5, Scheme 3). The failure of reactions to form either 2 or 4 suggested that the
alcohol group of radicinin is much less nucleophilic than we originally expected. We attempted to increase the
nucleophilicity of this group by first deprotonating with sodium hydride to give an alkoxide (6, Scheme 2). We
isolated 6 and found it to be more than a thousand-fold more water-soluble than radicinin, at 218 mg/mL (which
is considered freely soluble). However, the high pH of the alkoxide solution leads us to be concerned about
possible nonspecific toxicity. We also doubt that this high water solubility would be maintained in a cellular
environment, which is buffered at neutral pH. Despite the increased nucleophilicity of 6 we never observed any
formation of carbamate 2 and observed only minimal formation of the boc-glycine derivative 4. Under the
reaction conditions to form 4 radicinin appeared to undergo tautomerization and ring-opening to give isomer 7
(Scheme 2). We successfully prepared a sulfate of radicinin, as the pyridinium salt 5. Salt 5 maintained its activity
against Xf in our disc assay (Figure 2). This reaction proceeded to completion and the product proved easy to
isolate. Unfortunately the water solubility of 5 was only about twice that of radicinin: 0.28 mg/mL, lower than we
had hoped. Recently we were able to successfully replace the pyridinium counterion with potassium to give salt 9
(Scheme 2), which we hope will be more water soluble than 5, while retaining activity.

Scheme 2. Attempts to form the Boc-Gly derivative of radicinin using traditional peptide coupling
methodology (top) or deprotonating first with sodium hydride (middle) gave the desired derivative as only a
minor product, along with a ring-opened isomer of radicinin (7). We next plan to try activating Boc-glycine
to the acid chloride (8) using oxalyl chloride, prior to reaction with radicinin (bottom).
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Scheme 3. We prepared the pyridinium sulfate of radicinin (5), which was roughly twice as water-soluble as
radicinin. Recently we were able to exchange the pyridinium counterion for a more polar potassium ion in the
potassium sulfate 9.

After a series of mostly unsuccessful attempts at preparing water-soluble radicinin derivatives we decided to
explore another strategy for getting radicinin into grapevines, namely, using surfactants. We tested the solubility
of radicinin in a variety of organic solvents that are compatible with agriculture, including o-xylene, canola oil,
castor oil, mineral oil, and cyclohexanone. Radicinin was completely soluble in cyclohexanone but was not
soluble in any of the other solvents. We have been working with a private company (Evonik Corporation;
http://www.break-thru.com/product/break-thru/en/Pages/default.aspx) to help us get the radicinin in the plant.
Following their recommendation we dissolved radicinin in cyclohexanone plus one of Evonik's emulsifiers to
prepare a water-cyclohexanone emulsion for application on grapevine leaves. These are currently being evaluated
in greenhouse biossays.

Cryptococcus Natural Product
Although live cultures of Cryptococcus sp. inhibited Xf in vitro, previous attempts to extract the active compound
from liquid cultures failed to yield an active organic extract, either because the activity is not due to a small
molecule natural product or because the particular strain of Cryptococcus failed to produce the compound in
liquid monoculture in potato dextrose broth (PDB). We tried to stimulate the production of any active
metabolite(s) by growing three Cryptococcus strains (the original strain CRY1, along with two more recently-
isolated strains CRY3 and CRY4) in PDB, PDB with added Vitis sp. leaves (lyophilized and autoclaved with the
media), and PD3 medium (the medium used for the in vitro Xf-inhibition assay). After 14 days of fermentation
with shaking at room temperature each culture was centrifuged to separate the cell pellet from the culture broth.
The broths were extracted twice with ethyl acetate and the pellets were lyophilized, ground in a mixture of 1:1
dichloromethane:methanol, and filtered to give a crude extract. Extracts were evaporated and submitted for the
disc diffusion assay for activity against Xf (Figure 5). We are currently waiting for the results.

Ulocladium Natural Product
We previously observed a compound in the ethyl acetate extract of Ulocladium sp. which high-resolution mass
spectrometry revealed to have a molecular formula of C10H8Cl2O4. This compound has consistently been found in
the active fractions from repeated fermentations and separations of Ulocladium. In an effort to produce enough of
this compound we fermented 5.5 L of Ulocladium sp. and fractionated the organic extract by silica gel
chromatography. This yielded 23.4 mg of a semi-purified fraction containing the compound of interest. This was
enough material to permit collection of two-dimensional nuclear magnetic resonance spectral data (including
gdqCOSY, gHMBC, HSQC, and NOESY experiments). We identified the active molecule as alteichin (Figure 6).

Figure 6. Xf-inhibitory natural product alteichin produced by Ulocladium
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Geomyces Natural Product
Previous active fractions from Geomyces sp. strain GEO1 revealed weak activity and no major small molecules.
However, the active fraction of a more recently isolated Geomyces sp. strain (GEO3) showed strong activity in the
in vitro Xf-inhibition assay. We fractionated this extract by silica gel chromatography and submitted the six
fractions for bioassay. We are currently waiting for the results.

CONCLUSIONS
We aim to investigate prophylactic and curative measures for the management of Pierce’s disease as part of a
sustainable Pierce’s disease management program. Our strategy is to utilize both the microbes associated with
grapevines and their anti-Xf natural molecules. The commercialization of biological control agents and/or novel
chemistries will provide a solution for the grape industry to manage Pierce’s disease and, if successful, could also
be expanded beyond grapevine. To date, we have discovered three potential biological control agents for Xf
(Pseudomonas, Achromobacter, and Cryptococcus) and two active anti-Xf fungal natural products with practical
application (radicinin and alteichin). In a concerted effort with industry partners we successfully developed an
emulsion of radicinin that was sprayed on Pierce’s disease infected vines and are currently waiting for the results.
In addition, we are also searching for additional active natural anti-Xf compounds. The three biological control
agents are also being challenged in in planta bioassays to ensure their ability to mitigate Pierce’s disease. The
next phase will be to evaluate those biological control agents and natural products under natural vineyard settings.
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ABSTRACT
Xylella fastidiosa (Xf) is a gram-negative, fastidious xylem-limited bacterium that causes Pierce’s disease of
grapevine. Lipopolysaccharide (LPS) covers the majority of the cell surface of Gram-negative bacteria and is a
well-described pathogen-associated molecular pattern (PAMP) that can elicit host basal defense responses in
plants. To understand the portions of the LPS molecule that mediate host-pathogen interactions during the Xf
infection process in grapes we performed transcriptome profiling and histological analysis of grapevines
inoculated with either Xf containing a wild-type LPS molecule, or a wzy mutant that possesses an LPS with a
truncated O antigen. From these data we deduce that the outermost exposed portion of the O-antigen serves to
shield the bacterium from initial recognition by the grapevine defense system, and this camouflaging strategy
allows for successful infection. Furthermore, we investigated defense priming of grapevine by pre-treating plants
with the Xf LPS PAMP and then challenging with live Xf cells. Pierce’s disease symptoms are significantly less
severe when grapevines are pre-treated with LPS, showing that the LPS molecule can prime defenses against Xf.
Finally, we have solved the chemical structure of the Xf wild-type O antigen and describe the main linear α1-2
linked rhamnan.

LAYPERSON SUMMARY
Successful plant pathogens must overcome plant immune responses to establish themselves and cause disease.
Although there has been extensive research identifying factors inherent to the bacterium that allow it to be
pathogenic in grapes, the mechanisms utilized by this pathogen to combat the plant immune responses have
remained largely obscure. We demonstrate that Xylella fastidiosa covers its own surface with an abundant sugar
to shield itself from the grapevine immune system, effectively delaying recognition long enough for the bacteria
to circumvent the plant’s defenses and establish itself in the plant. These results provide unique insight into the
molecular mechanisms underlying this host-pathogen interaction.

INTRODUCTION
Xylella fastidiosa (Xf), a Gram-negative fastidious bacterium, is the causal agent of Pierce’s disease of grapevine
(Vitis vinifera) and several other economically important diseases (Chatterjee et al. 2008, Varela 2001). Xf is
limited to the xylem tissue of the plant host and is transmitted by xylem-feeding insects, mainly sharpshooters.
Extensive xylem vessel blockage occurs in infected vines (Sun et al. 2013), and symptoms include leaf scorch,
raisining of berries, stunting, and vine death. Pierce’s disease has devastated some viticultural areas in California,
implicating it as a major threat to the industry.

We have demonstrated that lipopolysaccharide (LPS) is a major virulence factor for Xf. LPS comprises
approximately 75% of the Gram-negative bacterial cell surface, making it the most dominant macromolecule
displayed on the cell surface (Caroff and Karibian 2003, Foppen et al. 2010, Madigan 2012 ). LPS is a tripartite
glycolipid that is generally comprised of a highly-conserved lipid A, an oligosaccharide core, and a variable O-
antigen polysaccharide (Whitfield 1995) (Figure 1). We demonstrated that compositional alterations to the
outermost portion of the LPS, the O antigen, significantly affected the adhesive properties of Xf, consequently
affecting biofilm formation and virulence (Clifford et al. 2013). Depletion of the 2-linked rhamnose in the O
antigen locks Xf in the initial surface attachment phase and prevents biofilm maturation (Clifford et al. 2013). In
addition, we demonstrated that truncation of the LPS molecule severely compromises insect acquisition of Xf
(Rapicavoli et al. 2015). We coupled these studies with quantification of the electrostatic properties of the
sharpshooter foregut to better understand the interface between the Xf cell and the insect. This project tested our
additional hypothesis that the Xf LPS molecule acts as a pathogen-associated molecular pattern (PAMP), and the
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long chain O-antigen serves to shield Xf from host recognition, thereby modulating the host’s perception of Xf
infection (Rapicavoli et al., under review).

Contrary to the role of LPS in promoting bacterial survival in planta, the immune systems of plants have also
evolved to recognize the LPS structure and mount a basal defense response to counteract bacterial invasion (Dow
et al. 2000, Newman et al. 2000). LPS is considered a PAMP. PAMPs, also known as microbe-associated
molecular patterns (MAMPs), are conserved molecular signatures that are often structural components of the
pathogen (i.e. LPS, flagellin, fungal chitin, etc.). These PAMPs are recognized by the host as "non-self" and can
be potent elicitors of basal defense responses. This line of defense against invading pathogens is referred to as
PAMP-triggered immunity (PTI) and represents the initial layer of defense against pathogen ingress (Nicaise et al.
2009). PTI is well studied in both mammalian and plant hosts. However, little is known about the mechanisms
involved in perception of LPS in grapevine, particularly the Xf LPS PAMP. Xf is introduced by its insect vector
directly into the xylem, a non-living tissue, which cannot mount a defense response on its own. However, in other
systems profound changes do occur in the adjacent living parenchyma cells upon infection, suggesting that these
cells communicate with the xylem and can recognize the presence of a pathogen (Hilaire et al. 2001). The plant
immune system can recognize several regions of the LPS structure, including the conserved lipid A and core
polysaccharide components (Newman et al. 2007, Silipo et al. 2005). Bacteria can also circumvent the host’s
immune system by altering the structure of their LPS molecule. Clearly, Xf has evolved a mechanism to
circumvent the host basal defense response as it successfully colonizes and causes serious disease in grapevine.
Our working hypothesis is that during the compatible interaction between Xf and a susceptible grapevine host the
bacterium's long chain, rhamnose-rich O-antigen shields the conserved lipid A and core-oligosaccharide regions
of the LPS molecule from being recognized by the grapevine immune system, providing an opportunity for it to
subvert basal defense responses and establish itself in the host.

To explore the role of LPS as a shield against basal defense responses in grapevine we investigated elicitation of
an oxidative burst, an early marker of basal defense responses, ex vivo in V. vinifera Cabernet Sauvignon leaf
disks exposed to either wild-type Xf or wzy mutant cells. When we examined reactive oxygen species (ROS)
production in response to whole cells, wzy mutant cells (in which lipid A-core is exposed) induced a stronger and
more prolonged oxidative burst in grapevine leaf disks than did wild-type Xf. Specifically, ROS production
peaked at around 12 minutes and lasted nearly 90 minutes. Wild-type Xf cells (in which lipid A-core would be
shielded by O-antigen) failed to produce a sharp peak as compared with the wzy mutant, and ROS production
plateaued much sooner (around 60 minutes) (data not shown).
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To better understand the contribution of LPS to the dynamics of the infection process we have completed the
global RNA-seq-based transcriptome profiling facet of this project, where we sequenced the transcriptomes of
grapevines treated with wild-type, wzy mutant cells, or 1x phosphate buffered saline (PBS) buffer. PTI usually
causes major transcriptional reprogramming of the plant cells within hours after perception (Dow et al. 2000, Tao
et al. 2003), so our initial experiments were targeted toward early time points during the infection process (0, 8,
and 24 hours post-inoculation). Thus far the RNA-seq data demonstrate that the grapevine is activating defense
responses that are distinct to each treatment and time point (Figure 2A). For example, enrichment analysis of
wzy-responsive genes at eight hours post-inoculation identified predominant biological processes associated with
cellular responses to biotic stimulus and oxidative stress (Figure 2B). This included a significant increase in the
production of thioredoxins, glutaredoxins, and other ROS-scavenging enzymes involved in antioxidant defense. In
addition, there was high expression of genes involved in the production of phytoalexins (e.g. stilbene synthase),
antimicrobial peptides (e.g. thaumatin), and pathogenesis-related genes. In contrast, wild-type responsive genes at
this time point were enriched primarily in responses to abiotic or general stresses (i.e. drought, oxidative,
temperature, and wounding stresses) and were not directly related to immune responses (Figure 2B). Notably, by
24 hours post-inoculation, overall transcriptional profiles of both wzy and wild-type inoculated vines shifted
dramatically. Grape genes in wzy mutant-inoculated vines were no longer enriched for immune-specific
responses, and we speculate that this is due to the effective O-antigen-modulated oxidative burst. In contrast,
genes of wild-type-inoculated plants were strongly enriched for immune responses (Figure 2C). We hypothesize
that at eight hours the high molecular weight O antigen is still effectively shielding wild-type cells, therefore
causing a delay in plant immune recognition. However, by 24 hours post-inoculation, the production of ethylene-
induced plant cell wall modifications, compounded by progressing bacterial colonization and the potential release
of damage-associated molecular patterns (DAMPs) via bacterial enzymatic degradation of plant cell walls, has
triggered grapevine immune responses, and the plant is now fighting an active infection. This indicates that the O
antigen does, indeed, serve to shield the cells from host recognition, allowing them to establish an infection
(Rapicavoli et al., under review).

OBJECTIVES
1. Examination of the temporal response to Xf lipopolysaccharide.
2. Examination of Xf lipopolysaccharide-mediated defense priming in grapevine.
3. Linking Xf lipopolysaccharide structure to function.

RESULTS AND DISCUSSION
Objective 1. Examination of the Temporal Response to Xf Lipopolysaccharide
In addition to initiating PTI, PAMPs are known to induce systemic resistance (Erbs and Newman 2003, Mishina
and Zeier 2007). Moreover, when used as a pre-treatment, LPS can systemically elevate resistance to bacterial
pathogens in Arabidopsis thaliana (Mishina and Zeier 2007), a phenomenon known as defense priming. It has
been documented that a pathogen does not necessarily have to cause a hypersensitive response to elicit systemic
resistance in the form of systemic acquired resistance (Mishina and Zeier 2007). There is substantial experimental
evidence indicating that Xf must achieve systemic colonization in the xylem to elicit Pierce’s disease symptoms.
In fact, mutants that stay localized at the original point of infection do not cause disease (Roper et al. 2005), and
those that can move more rapidly throughout the xylem are hypervirulent (Newman et al. 2004, Guilhabert and
Kirkpatrick 2005). Because we have observed a decrease in Pierce’s disease symptom severity following
exposure to Xf LPS, we hypothesize that LPS may be involved in eliciting a downstream systemic defense
response that prevents movement of Xf within the xylem network. This objective is testing this hypothesis as well
as further exploring the spatial persistence of the observed tolerance to Pierce’s disease in grapevines exposed to
wild-type vs. wzy mutant cells using transcriptional profiling of petioles distal to the initial inoculation site. This
will provide much sought after information about which defense pathways, and possibly defense-related
hormones, are induced by the Xf LPS PAMP in grapevine and, most importantly, may identify facets of those
pathways that can be manipulated for Pierce’s disease control.

Objective 1a. Relative Expression of Early Response Genes in LPS Treated Plants
To validate and further support our findings in our RNA-seq data from grapevine responses to early infections by
wzy mutant and wild-type Xf cells (Figure 3), we examined expression fold-changes (log2) of early response
genes observed in grapevines treated with two μg of wild-type or wzy mutant LPS (lipid A-core exposed in both
types of LPS) or diH2O at 24 hours post-inoculation. We chose nine genes that were enriched during early
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infection in grapevines treated with wzy mutant and wild-type cells to perform quantitative reverse transcription
polymerase chain reaction on grapevines treated with wild-type or wzy mutant LPS at 24 hours post-inoculation.
Eight of nine genes were up-regulated in both wild-type and wzy mutant LPS treatments. Interestingly, grapevines
responded similarly to wild-type and wzy LPS. Our results validate our previous RNA-seq data and support our
hypothesis that the highly-conserved lipid A and the oligosaccharide core but not the O antigen act as a PAMP to
elicit early plant immunity (Figure 3).

Figure 2. Grapevine responses to early infections by wzy mutant and wild-type Xf. (A) Up-regulated grape genes
(P < 0.05) in response to wzy mutant or wild-type bacteria at 8 and 24 hours post-inoculation (hpi) when compared
to the wounded control (c). Genes are classified into nine groups (I - IX) based on their expression pattern. The
colors in the heat map represent the Z score of the normal counts per gene, and black boxes represent gene groups in
each treatment that exhibited the most pronounced differences in expression at each time point. (B) Enriched grape
functional pathways (P < 0.05) among genes up-regulated during wzy (Group I) or wild-type (Group IV) infections
at eight hpi. (C) Enriched grape functional subcategories (P < 0.05) among genes up-regulated during wzy (Group II)
or wild-type (Group V) infections at 24 hpi. Colored stacked bars represent individual pathways. Red boxes
highlight functions of interest (*) that are enriched in one treatment, but not enriched in the other at each time point.
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Figure 3. Expression fold-changes of early response genes in LPS treated plants. Expression fold-changes of
early response genes observed in V. vinifera Cabernet Sauvignon grapevines treated with wild-type or wzy mutant
LPS or diH2O. Genes 1-9 correspond to: VIT_11s0052g01780 (1-deoxy-D-xylulose-5-phosphate synthase),
VIT_00s0253g00040 (monocopper oxidase), VIT_08s0040g02200 (peroxidase ATP2a), VIT_01s0127g00400
(polygalacturonase), VIT_14s0060g00480 (S-adenosylmethionine synthetase 1), VIT_13s0067g02360 (peroxidase,
class III), VIT_11s0052g01650 (pathogenesis-related protein 1 precursor), VIT_04s0008g00420 (clavata1 receptor
kinase), and VIT_11s0052g01150 (nicotianamine synthase), respectively.

Objective 1b. Transcriptome Profiling
The application of transcriptome profiling approaches using next generation RNA sequencing (RNA-seq) allows
us to profile the expression of nearly all genes in a tissue simultaneously and monitor the activation or
suppression of specific defense pathways at the genome scale. In this objective we shifted our focus to
characterize the grapevine transcriptional response at systemic locations distal to the point of inoculation and at
longer time points than our previous study, where we looked at early time points of 0, 8, and 24 hours post-
inoculation. This tests our hypotheses that (i) truncated Xf O antigen is more readily perceived by the grapevine
immune system, allowing the plant to mount an effective defense response to Xf, and (ii) that the initial perception
of the truncated LPS, belonging to the wzy mutant, is propagated into a prolonged and systemic response.

In the summer of 2015, individual vines were inoculated with either wild-type Xf, the wzy mutant, or with 1x PBS
buffer (Clifford et al. 2013). We inoculated three vines for each treatment. The cells were delivered mechanically
by inoculating a 40 µl drop of a 108 colony-forming unit/ml bacterial cell suspension into the main stem near the
base of the plant. Petioles were harvested at two different locations on the plant: at the point of inoculation (local),
and five nodes above the point of inoculation (systemic). We harvested at four different time points post-
inoculation: time 0 = petiole harvested just before pre-treatment, 48 hours, one week, and four weeks post-
inoculation. All harvested petioles were immediately frozen in liquid nitrogen, prior to RNA extraction. RNA was
extracted from the harvested petioles and sequencing libraries were generated from the polyadenylated plant
messenger RNA and sequenced using the Illumina HiSeq 2000 platform. Transcript expression levels were
determined by alignment of the sequencing reads using the spliced transcripts alignment to a reference (STAR)
aligner (Dobin et al. 2013) onto the PN40024 grape genome reference. Unmapped reads were de novo assembled
using Trinity (Grabherr et al. 2011) to identify transcripts that were not present in the reference genome.
Statistical inference using DESeq2 (Anders and Huber 2010) was applied to determine with confidence the subset
of genes that were up- or down-regulated by LPS treatment (Cantu et al. 2011b). Grape genes with significant
differential expression were grouped into 26 clusters according to their patterns of expression across time points
(Figure 4). Local tissue of wzy-infected plants induced genes enriched in cell wall metabolism pathways,



- 93 -

specifically pectin modification, at four weeks post-inoculation (Figure 4A). This is a stark contrast with wild-
type-inoculated vines, in which these pathways were up-regulated as early as eight hours post-inoculation. This
likely explains why this pathway is not enriched in local tissue of wild-type inoculated vines at these later time
points. The induction of salicylic acid (SA)-mediated signaling pathways in wzy-inoculated vines was further
supported by the presence of four genes, including two enhanced disease susceptibility 1 (EDS1) genes,
VIT_17s0000g07370 and VIT_17s0000g07420. EDS genes are known defense genes associated with the SA
pathway and have been implicated in grapevine defenses against powdery mildew. The consistent enrichment and
up-regulation of SA-associated genes (and thus, the maintenance of the signal), including the presence of PR-1
and other SA-responsive genes at eight hours post-inoculation, strongly suggests that the plant is preventing the
development of infections by wzy cells via an SA-dependent pathway. In wild-type vines, consistent enrichment
of jasmonic acid (JA)-associated genes was further supported by the presence of nine genes functioning in the
metabolism of alpha-linolenic acid, which serves as an important precursor in the biosynthesis of JA (Figure 4A).

Figure 4. Transcriptomic analysis of late grapevine responses to Xf wild-type and wzy mutant strains in local and
systemic tissue. Enriched grape functional pathways (P < 0.05) in differentially expressed (DE) gene clusters
representing local (A) or systemic (B) responses to Xf inoculation. Only enriched pathways related to grapevine
immune responses and unique to wild-type (wt) or wzy mutant inoculations are depicted. Colored stacked bars
represent individual pathways. (C) Patterns of expression of gene clusters enriched in functional pathways with
biological relevance. Lines represent the medoids for each cluster. Dots represent expression fold-changes of each
medoid (log2) at a given time point post-inoculation (in order: 48 hours, one week, and four weeks) when compared
to the wounded control.
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Enrichment analyses of wzy-responsive genes in systemic tissue included drought stress response pathways,
namely genes enriched in abscisic acid signaling (seen at 48 hours post-inoculation) (Figure 4B). Subsequently at
one week post-inoculation, the enrichment of lignin metabolism genes is likely part of the vine’s stepwise
response to this abiotic stress. This is in contrast with wild-type inoculated vines in which these pathways were
enriched at eight hours post-inoculation. Enrichment analysis of wild-type responsive genes in systemic tissue
included regulation and signaling pathways, including mitogen-activated protein kinase (MAPK) and guanine
nucleotide-binding (G) protein signaling (Figure 4B). Furthermore, genes enriched in ethylene responsive factor
(ERF) transcription factors were up-regulated at four weeks post-inoculation, demonstrating that activation of
ethylene-mediating signaling is perpetuated during the infection process. Notably, beginning at one week, genes
enriched in JA-mediated signaling pathways were up-regulated in systemic tissue, and expression continued to
increase at four weeks post-inoculation. This consistent enrichment and up-regulation provides further support for
the role of JA in grapevine responses to wild-type Xf. Our findings establish that this phytohormone pathway is
initiated within the first 24 hours post-inoculation, and the signal is consistently maintained in both local and
systemic tissue. A total of seven genes enriched in callose biosynthesis were up-regulated at four weeks post-
inoculation, in response to wild-type cells, which is over half of the total callose-related genes in the genome. The
consistent up-regulation of these genes (beginning at 24 hours post-inoculation) establishes this structural barrier
as an important plant defense response to Xf infection.

We hypothesize that the intense wzy-induced oxidative burst during the first 24 hours post-inoculation, in
combination with other pathogenesis-related responses, had a profound antimicrobial effect on invading wzy cells.
These responses likely eliminated a large majority of wzy mutant populations, and the plant no longer sensed
these cells as a biotic threat. In contrast, following recognition of wild-type Xf cells at 24 hours post-inoculation,
grapevines began responding to an active threat and initiated defense responses, such as the production of
phytoalexins and other antimicrobial compounds. Furthermore, these vines were actively trying to prevent
systemic spread of the pathogen through the production of structural barriers, such as tyloses and callose.

Objective 1c. Histological Examination of Grapevines Inoculated with Xf Wild-Type or the O Antigen
Mutant
We performed histological examination of stem tissue in grapevines inoculated with Xf wild-type or wzy mutant
or 1x PBS control to corroborate the enrichment of plant cell wall metabolic pathways seen in the transcriptomic
data. Vascular occlusions are commonly produced by plants in response to infection with vascular pathogens.
Tyloses are outgrowths of the xylem parenchyma cell into the vessel lumen, and are abundant in Pierce’s disease-
susceptible grapevines. In fact, in susceptible grape genotypes tyloses can occur in over 60% of the vessels in a
transverse section of vascular tissue (Sun et al. 2013). Tylose formation is considered a late response to Xf. Thus,
we examined tylose formation in grapevines at 18 weeks post-inoculation with wild-type or wzy mutant Xf cells,
compared with 1x PBS control vines. Wzy mutant-inoculated vines rated a 2 or below, representing a few leaves
exhibiting marginal necrosis; wild type-inoculated vines rated over 3, representing over half of the vine exhibiting
foliar necrosis; and 1x PBS controls rated 0, showing no Pierce’s disease symptoms. We observed pronounced
differences in the abundance of tyloses in response to wild-type vs wzy mutant-inoculated plants. In wild-type
inoculated vines tyloses were present in nearly all xylem vessels, and vessels were often completely occluded
with multiple tyloses. In contrast, wzy mutant-inoculated vines contained very few tyloses. In the case where a
tylose was present, it was often one large tylose that only partially occluded the vessel (data not shown). All
control vines, inoculated with 1x PBS, were free of occlusions. In addition to tyloses, the plant vascular tissue can
initiate additional reinforcement of the cell walls to limit bacterial growth in infected plants. This includes callose
and suberin deposition. Light microscopy of infected stems revealed widespread deposition of callose in the
phloem tissue of Xf wild-type infected plants (Figure 5, arrow), suggesting communication between the xylem
and phloem regarding the presence of Xf. This is the first evidence of callose production in grapevine in response
to Xf. In addition, we also provide the first evidence of a pronounced deposition of suberin, associated specifically
with tylose-occluded vessels (Figure 5*). In contrast, wzy mutant-infected plants showed little to no evidence of
either callose or suberin in the vascular tissue, and these plants looked similar to 1x PBS control plants.
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Figure 5. Callose and suberin deposition in Pierce’s disease infected grapevines. Images represent
grapevines at 18 weeks post-inoculation, treated with wild-type Xf cells, wzy mutant cells, or 1x PBS
buffer. Wild-type inoculated plants exhibited widespread callose deposition in the phloem tissue (appears
as blue color, indicated by arrow). In addition, there was pronounced deposition of suberin in xylem vessels
(indicated by gold color), especially in vessels with multiple tyloses (*). No callose or suberin was present
in the stems of 1x PBS-inoculated vines.

Objective 1d. Global sRNA Profiling
This portion of the study is being conducted in close collaboration with Hailing Jin (UC Riverside), a renowned
expert in the field of plant sRNAs and their role in plant defense against pathogen attack. We propose to
characterize the endogenous grapevine sRNAs that are elicited by Xf invasion in an LPS-mediated fashion. Our
goal is to identify sRNAs in grapevines that are up-regulated during Xf invasion. More specifically, we are
focusing our study on sRNAs that are a part of propagating the defense response elicited by the Xf LPS PAMP.
sRNAs have been shown to be long range signals involved in plant defense against pathogens (Sarkies and Miska
2014) and can cross graft unions (Goldschmidt 2014). We envision that, in a future study, the identified sRNA(s)
could potentially be exploited for disease control by transforming rootstocks to produce the sRNA for delivery
into the scion.

Construction and Sequencing of sRNA Libraries
We have isolated sRNAs from the petioles harvested from the same plants that were inoculated in objective 1a,
using an optimized Trizole extraction protocol that allows for isolation of mRNA as well as of sRNAs, for RNA-
seq and small RNA-seq analyses, respectively (Cantu et al. 2010). sRNA libraries were produced using the
TruSeq Small RNA Sample Preparation Kit and subjected to multiplex sequencing using an Illumina HiSeq2500
platform. Adapters were trimmed using CLC Genomics Workbench. Approximately 116 million RNA reads with
length ranging from 18 to 26 nucleotides (nt) were obtained. In all samples, reads showed a similar and expected
pattern of size distribution with peaks at 21 and 24 nt. These reads corresponded to an average of one million of
unique small RNA sequences per sample. Protein coding gene targets in the V. vinifera PN40024 genome could



- 96 -

be identified unambiguously for 20% of the small RNA sequences. An average of 4,557 gene targets per sample
were identified. The small RNA sequences included 134 of the known Vitis microRNAs. As recently reported by
Kullan et al. (2015 http://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-015-1610-5), the vvi-miR166
family was the most abundant, representing about 94% of the total expression counts. Further work will be carried
out to identify small RNAs that accumulate differentially in plants inoculated with the different Xf strains.

Objective 2. Examination of Xf Lipopolysaccharide-Mediated Defense Priming in Grapevine
Pre-treatment of plants with LPS can prime the defense system, resulting in an enhanced response to subsequent
pathogen attack. This phenomenon is referred to as priming, and stimulates the plant to initiate a more rapid and
robust response against future invading pathogens (Conrath 2011). In this objective, we hypothesize that pre-
treatment with LPS isolated from Xf O antigen mutants results in a difference in the grapevine's tolerance to Xf by
stimulating the host basal defense response.

Objective 2a. Temporal Persistence of LPS-Mediated Defense Priming
In the summer of 2015, we inoculated 20 grapevines/treatment/time point with 50 µg/ml of either wild-type or
wzy mutant LPS re-suspended in diH20. Vines inoculated with diH20 alone served as the negative controls for the
experiment. Based on our previous greenhouse trials, we have found that 50 µg/ml is a suitable concentration to
elicit an oxidative burst and to potentiate defense priming in grapevines. This is also in agreement with studies
performed in A. thaliana (Zeidler et al. 2004). Thus, we used the same LPS concentration for this objective. The
LPS was delivered by needle-inoculating a 40 µl drop of the LPS preparation into the main stem at the base of the
plant. We then challenged 15 of the vines for each treatment by inoculating a 40 µl of a 108 colony-forming
unit/ml suspension of live wild-type Xf cells in 1x PBS at either four hours, 24 hours, 48 hours, one week, or four
weeks post-LPS treatment. The remaining five vines/treatment/time point were inoculated with 1x PBS to serve
as negative controls. We included the additional later time points (48 hours, one week, and four weeks) because
we also wanted to establish the duration of the priming effect following treatment with LPS. These inoculations
were performed using the pin-prick method as previously described (Hill and Purcell 1995). The live wild-type
cells were inoculated near the point of the original LPS inoculation. Plants were visually examined for Pierce’s
disease symptom development throughout the infection process and rated on an arbitrary disease rating scale of 0-
5 where 0 = healthy and 5 = dead or dying (Guilhabert and Kirkpatrick 2005). Data was consistent with the
previous year for the four and 24 hour time points, but we did not see significant attenuation of Pierce’s disease
symptoms in the remaining later points. This indicates that the primed state may be transient, and it is possible
that these plants may need repeated applications of LPS throughout the trial to help maintain the primed state.

Objective 3. Linking Xf Lipopolysaccharide Structure to Function
We have obtained structural data for both wild-type and the truncated wzy mutant LPS, particularly the structure
of O-chain by using gas chromatography-mass spectrometry (GC-MS) and nuclear magnetic resonance (NMR)
spectroscopy. These experiments were conducted in close collaboration with the Complex Carbohydrate Research
Center (CCRC) at the University of Georgia, Athens, GA. Through glycosyl composition analysis [trimethylsilyl
methyl glycosides (TMS); alditol acetates (AA)] (York 1985) of the LPS and composition and linkage analysis
[partially methylated alditol acetates (PMAA)] (Ciucanu and Kerek 1984) of O-specific polysaccharide, the
CCRC has confirmed that the Xf wild-type high molecular weight O-antigen is comprised primarily of 2-linked
rhamnose, verifying previously reported Xf LPS compositions (Clifford et al. 2013). We have also confirmed that
the wzy mutant LPS is lacking the high molecular weight O antigen present in wild-type cells and appears to be
capped with a single rhamnose residue (Figure 6A). The CCRC has recently completed extensive isolation and
purification of core and O-chain polysaccharides. Knowledge of the structure of the LPS is critical to
understanding which portions contain the elicitor activity. The carbohydrate portion of LPS (core + O-chain) was
released from lipid A by mild acid hydrolysis, and the O-chain was purified by size exclusion and other
chromatography techniques. A structure of the polymer was determined via NMR spectroscopy and mass
spectrometry, and absolute configuration of sugars (d-, l-) in the polymer was determined by GC-MS (Gerwig et
al. 1978).

To describe structural properties of O antigen in wild-type and wzy mutant LPS, the polysaccharide moiety (O
antigen + core) was liberated from LPS (lipid A) and resolved based on molecular size. Comparative analysis of
size-exclusion chromatography (SEC) profiles indicated different distributions of polysaccharides in both strains.
In the wild-type strain, most of the polysaccharide (40.8% total column load) was eluted in Fraction III (average
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molecular mass of approximately 10-20 kD) and a remainder (24.8% of total column load) in Fraction IV
(Figure 6B). In contrast, most of the wzy polysaccharide (55.0% total PS column load) was eluted in Fraction IV
(average molecular mass below 10 kDa), which was only present in low quantity in the wild-type parent. This
fraction likely represented different molecular size forms of core oligosaccharide or truncated core-O antigen
polysaccharide. Fraction I that was eluted in void (Vo) column was due to traces of unhydrolyzed, intact LPS.
Monosaccharide analysis, including the determination of absolute configurations of O antigen polysaccharides
from the wild-type strain (SEC fraction III), confirmed the presence of L-rhamnose and D-xylose in an 8:1 molar
ratio. Based on methylation analysis and 1D/2D NMR data, we present the first evidence that the major
polysaccharide present in Xf wild-type O antigen is a linear α1-2 linked rhamnan (Figure 6 C1). We also have
evidence that Xf wild-type cells maintain a heterogeneous population of O polysaccharides. Combining all
analytical data, a repeat unit of the second polymer consists of -L-rhamnan backbone substituted with either two
or one β-d-Xyl residues (Figure 6 C2, C3). Additional analysis will need to be conducted to determine if these
substitutions are autonomous LPS molecules on the cell surface or if they are linked to the same core
oligosaccharide as the primary linear α1-2 linked rhamnan structure.

Figure 6. LPS composition and structure analysis. (A) DOC-PAGE analysis of LPS isolated from Xf wild-type and
wzy mutant. Lane S = Salmonella enterica s. Typhimurium, S-type LPS; Lane 1 = wild-type; Lane 2 = wzy mutant.
Red arrow indicates the presence of high molecular weight O antigen that is not observed in the wzy mutant LPS.
(B) SEC chromatograms of polysaccharides liberated from LPS of Xf wild-type (black) and wzy mutant (red).
Standard dextrans of 40,000, 10,000, and 1,000 Da were used for calibration of the Superose 12. (C1) The structure
of Xf wild-type O antigen polymer is composed primarily of a linear α1-2 linked rhamnan. A repeat unit of the
second polymer consists of --L-rhamnan backbone substituted with either one (C2) or two (C3) β-D-Xyl residues.
O antigen from the wzy mutant is predicted to contain a single rhamnose residue.

CONCLUSIONS
RNA-seq and histological analysis show the grapevine defense system can recognize a truncated LPS molecule,
resulting in a strong oxidative burst and a small production of tyloses. Grapevines produce many tyloses,
phytoalexins, and other antimicrobial compounds when inoculated with Xf wild-type. In addition, Pierce’s disease
symptoms are attenuated when grapevines are challenged with Xf after LPS treatment, showing that the LPS
molecule can prime defenses against Xf. Finally, we present the first evidence that the major polysaccharide
present in Xf wild-type O antigen is a linear α1-2 linked rhamnan. We show Xf high molecular O antigen is a
critical virulence factor in Pierce’s disease. Our results provide unprecedented insight into the molecular
mechanisms underlying host-pathogen interaction in Pierce’s disease.
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ABSTRACT
Xylella fastidiosa (Xf) is a xylem-limited, fastidious bacterium that causes Pierce’s disease in grapevine. The
xylem is arranged as a series of separate vessels that are connected via paired pits. Each pit contains a pit
membrane comprised of a meshwork of cellulose, hemicellulose, and pectin. Xf cannot passively traverse these pit
membranes and must rely on its consortia of cell wall-degrading enzymes (CWDEs) to digest the membrane in
order to move to the next xylem vessel. In response, the grapevine host enacts defense measures to try to disrupt
pathogen movement in the xylem, including the production of tyloses. Indeed, there is a strong correlation
between Pierce’s disease severity and excessive tylose formation. The damage-associated molecular patterns that
trigger tylose formation are not currently understood, and we hypothesize that specific small chain
oligosaccharides (OGs) generated by CWDE digestion of pit membranes may induce tylose production.
Furthermore, differences in pit membrane structure and modification among Vitis vinifera varieties may yield
particular OG profiles when degraded, and thus may account for varying degrees of tylose formation.
Consequently, the induction of tylose formation by OGs may be linked to susceptibility and tolerance of Xf
among different varieties. Accordingly, the disruption of Xf CWDE production could serve to limit both pathogen
movement and detrimental tylose formation. Bacterial CWDEs are secreted into the environment via the Type II
secretion system (T2SS). Xf maintains a functional T2SS and likely relies on it to secrete CWDEs into xylem
vessels. Therefore, inhibition of the T2SS may disrupt CWDE dispersion, thus limiting Xf mobility in the xylem
and preventing excessive xylem blockage.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) relies on degradation of the plant cell wall to move within the grapevine, which occurs
through cooperation between at least two classes of enzymes that target different carbohydrate components of the
complex scaffold of the plant cell wall. A major goal of this project is to elucidate the mechanisms that lead to
disassembly of the plant cell wall that eventually leads to systemic colonization of Xf in grapevines. Here we
propose experiments designed to better understand what facilitates movement of the bacterium and the subsequent
clogging of the water-conducting cells that worsens Pierce’s disease severity. In addition, we also outline
experiments that inhibit the secretion machinery responsible for delivering the Xf enzymes that are involved in Xf
movement throughout the plant, thus, providing a comprehensive approach to restriction of Xf and disease
development rather than targeting individual enzymes.

INTRODUCTION
Xylella fastidiosa (Xf) is the causal agent of Pierce’s disease of grapevine, a serious and often lethal disease
(Hopkins and Purcell 2002, Chatterjee et al. 2008, Purcell and Hopkins 1996). This xylem-limited bacterial
pathogen colonizes the xylem, and in doing so must be able to move efficiently from one xylem vessel element to
adjacent vessels (Roper et al. 2007). Xylem conduits are separated by pit membranes that are composed of
primary cell wall and serve to prevent movement of air embolisms and pathogens within the xylem (Buchanan
2000). More specifically, pit membranes are composed of cellulose microfibrils embedded in a meshwork of



 
  

  
  

  
 

 

  
   

   

  

  
  

    
  

  
   

 

  
  

   

pectin and hemicellulose (Buchanan 2000). The pore sizes within that meshwork range from 5 to 20 nM, which 
will not allow passive passage of Xf cells whose size is 250-500 x 1,000-4,000 nM (Perez-Donoso et al. 2010, 
Mollenhauer & Hopkins 1974). Based on functional genomics and in planta experimental evidence, Xf utilizes 
cell wall-degrading enzymes (CWDEs), including three putative endoglucanases (EGases) and one 
polygalacturonase, to actively digest the polymers within the pit membranes, thereby facilitating its movement 
throughout the xylem network (Simpson et al. 2000, Roper et al. 2007, Perez-Donoso et al. 2010). It is known that 
polygalacturonase is a major pathogenicity factor for Xf (Roper et al. 2007) and that it acts in concert with at least 
one EGase to breach the pit membrane barrier (Perez-Donoso et al. 2010). EGases are implicated in virulence and 
colonization of the xylem in other bacterial phytopathogens, such as Pantoea stewartii subsp. stewartii, Ralstonia 
solanacearum, and Xanthomonas campestris pv. campestris (Gough 1988, Roberts et al. 1988, Saile et al. 1997, 
Mohammadi et al. 2012). In our previous study (project # 14-0144-SA), we tested the role of the Xf EGases in 
planta by constructing deletion mutants in two of the EGases (ΔengXCA1 and ΔengXCA2) and mechanically 
inoculating the modified Xf lines into Vitis vinifera cv. Cabernet Sauvignon and cv. Chardonnay grapevines. 
Interestingly, both ΔengXCA1 and ΔengXCA2 achieved the same titers (data not shown) in the Cabernet 
Sauvignon vines as wild-type Xf, yet they were significantly less virulent and elicited fewer Pierce’s disease 
symptoms (Figure 1). 

Figure 1: Pierce’s disease development in Cabernet Sauvignon grapevines after
inoculation with A) the Xf wild-type and ΔengXCA1 mutant strains over 20 weeks, and
B) the Xf wild-type and ΔengXCA2 mutant strains over 21 weeks. 1X PBS served as
the negative control in both experiments. All vines were rated on a disease scale of 0-5,
with 0= healthy 5= dead or dying. Both the ΔengXCA1 and the ΔengXCA2 mutant
strains maintained lower average disease scores per week relative to the wild-
typestrain. Data are the means of three independent assays with ten replicates each.
Bars represent the standard error of the mean.

Pierce’s disease symptom development is tightly correlated with the ability of Xf to degrade specific 
polysaccharides, namely fucosylated xyloglucans (part of the hemicellulosic component) and weakly esterified 
homoglacturonans (part of the pectin portion), that make up the intervessel pit membranes (Sun et al. 2011). In 
general, pectin is one of the first targets of cell wall digestion for invading pathogens and the resulting 
oligogalacturonides which are smaller pieces of the pectin polymer, that are released are likely used as a carbon 
source for the invading pathogen. In addition, specific oligogalacturonides with a degree of polymerization in the 
size range of 10-15 residues can also serve as signals that trigger host defense responses (Benedetti et al. 2015). 
These responses include accumulation of reactive oxygen species, expression of pathogenesis-related proteins, 
deposition of callose, and activation of mitogen-activated protein kinases, among other defense related processes 
(Boller & Felix 2009, Benedetti et al. 2015). 

Tyloses are outgrowths of parenchyma cells that emerge through vessel-parenchyma pits into vessel lumen, and 
are common in a wide range of species (Bonsen and Kučera 1990, Esau 1977, Tyree and Zimmermann 2002). 
Tyloses impede fluid penetration (Parameswaran et al. 1985) and induce a permanent state of reduced hydraulic 
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conductivity, and are triggered by abiotic and biotic stresses, such as pathogen infection (Aleemullah and Walsh
1996, Collins et al. 2009, Dimond 1955, Parke et al. 2007). Tylose formation is the predominant vascular
occlusion associated with Xf infection (Figure 2), and excessive tylose development has been linked to the
extreme susceptibility of V. vinifera winegrapes to Pierce’s disease (Fritschi et al. 2008, Sun et al. 2013).
Importantly, rates of tylose development in V. arizonica, a resistant species, are much lower than those in
V. vinifera, which may reflect differing innate immune responses to the presence of Xf in the xylem. To our
knowledge, no one has looked at the molecular mechanisms underlying the differences in response to Xf among
different V. vinifera cultivars. Thus, we propose to better understand this difference in cultivar response to Xf in
the context of host cell wall degradation and the elicitation of specific defense responses that lead to tylose
formation in grapevines. Interestingly, a preliminary analysis of tylose formation in Cabernet Sauvignon vines
inoculated with the ΔengXCA1 mutant using a high resolution microCT technique (a kind of computerized axial
tomography scan) by the McElrone laboratory determined that these vines exhibited fewer tyloses than those
inoculated with wild-type Xf (Figure 3). Therefore, our hypothesis is that enzymatic degradation of the plant cell
wall by Xf CWDEs is generating cell wall fragments that elicit damage-associated molecular pattern signaling
defense pathways, which leads to downstream tylose production and Pierce’s disease symptom development in
certain grape cultivars.

Given that Xf CWDEs are important for the degradation of pit membranes (thus allowing systemic colonization)
and their potential role in inducing tylose formation, it is imperative that these virulence factors are targeted for
inhibition. However, inhibiting each CWDE individually as a commercial strategy for controlling Xf is difficult.
Interestingly, these CWDEs are predicted (using SignalP software) to be secreted via the Type II secretion system
(T2SS). The T2SS is a molecular nanomachine that transports pre-folded proteins from the periplasm across a
dedicated channel in the outer membrane (Cianciotto 2005, Korotkov et al. 2012). The T2SS systems of many
plant and animal pathogens are either known or predicted to secrete proteins, namely polymer degrading enzymes,
which are involved in nutrient acquisition (Jha et al. 2005). The Xf CWDEs being studied in this project are
predicted (using SignalP software) to be secreted through the T2SS. Proteins destined for secretion by the T2SS
are first delivered to the periplasm via the Sec or Tat-dependent secretion pathway where they are folded
(Slonczewski 2014). Xf appears to only possess the Sec-dependent secretion pathway. Because of our interest in
host CWDEs and their mechanism of secretion, we created a mutation in the xpsE gene which encodes the
putative ATPase that powers the T2SS. Grapevines inoculated with the xpsE mutant never developed Pierce’s

Figure 2. Xylem vessels of V. vinifera grapevines inoculated
with Xf. A) Longitudinal section B) cross-section. Grapevine
petiole sections were stained with  toluidine blue O (0.05%).
White arrows and bracket indicate vessels that are completely
occluded with tyloses and yellow arrow indicates a partially
occluded vessel. Images taken by J. Rapicavoli (Roper lab).
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disease symptoms and remained healthy, a phenotype similar to the grapevine response to the Xf pglA mutant
(Figure 4). We hypothesize that this is due to the pathogen’s inability to secrete the CWDEs necessary for xylem
colonization.

Figure 4. The Xf T2SS is necessary for Pierce’s disease development in grapevine. The ΔxpsE
mutant does not incite Pierce’s disease symptoms in V. vinifera grapevines. Disease severity was
based on a visual disease scale from 0 (no disease) to 5 (dead). Vines inoculated with 1x
phosphate buffered saline (PBS) did not develop Pierce’s disease symptoms.

WT ΔengXCA1

Figure 3. Images of grapevine xylem obtained using
microCT. Vines inoculated with wild type Xf had substantial
vascular occlusions, whereas, vines inoculated with
ΔengXCA1 had very few tyloses similar to the 1X PBS
inoculated controls (not shown). Top panels are cross-
sectional views and bottom panels are longitudinal views.
White brackets highlight occluded vessels and black bracket
highlights open vessel.
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Thus, we have compelling in planta and in vitro preliminary data indicating that Xf has a functional T2SS system
and the proteins secreted by T2SS are critical for the infection process. From this we reason that the T2SS
represents an excellent target for disease control, because disrupting this system would provide comprehensive
inhibition of secretion of polygalacturonase (the major pathogenicity factor for Xf) and the other auxiliary
CWDEs (Roper et al. 2007, and recent results discussed above). Therefore, identifying molecules that can inhibit
T2SS function is an excellent avenue of research to pursue to develop strategies that mitigate Pierce’s disease by
preventing pathogen ingress.

OBJECTIVES
1. Qualitative analysis of the effect of cell wall degradation on the grapevine response to Xf.
2. Quantitative analysis of plant defense pathways induced by Xf cell wall degrading enzyme activity:

Biochemical and transcriptional studies.
3. Inhibition of the Type II secretion system using natural products produced by grapevine microbial

endophytes.

RESULTS AND DISCUSSION
We are examining the effects that different Xf CWDE mutants [ΔengXCA1, ΔengXCA2, egl (all EGases and
EGase/expansin hybrid) and pglA (a polygalacturonase)] have on integrity and carbohydrate composition of
grapevine pit membranes using both microscopic and immunological techniques coupled with fluorescence (Sun
et al. 2011) and/or electron microscopy (Sun et al. unpublished). Finally, we will couple these microscopic
observations with macroscopic studies of the spatial distribution of tyloses and other vascular occlusions, such as
plant-derived gels and bacterial aggregates using high resolution micro-computed tomography (microCT). This
non-destructive method technique uses x-rays to create cross-sections of an object that can be used to recreate a
virtual model (3D model). These experiments will allow us to match degradation of specific host cell wall
carbohydrates with spatiotemporal patterns of production of tyloses in three dimensions. We will do these
experiments in two different V. vinifera cultivars, Cabernet Sauvignon and Chardonnay, because of the difference
in Pierce’s disease severity we have observed, thus far, in their response to our EGase mutants in these varieties.

Wild-type Xf, ΔengXCA1, ΔengXCA2, and ΔpglA mutants have been used to inoculate Cabernet Sauvignon and
Chardonnay grapevines in the greenhouse. PBS-inoculated vines were used as negative controls. Each Xf strain
was inoculated into 27 plants and Pierce’s disease symptoms were rated each week using the 0 to 5 Pierce’s
disease rating index (Guilhabert and Kirkpatrick 2005). Vine tissue samples from 2016 and 2017 have been
collected for each of the three experiments: Stem and petiole tissue for RNAseq, stem tissue for microCT
analysis, and stem explants for electron microscopy analysis. Samples from three biological replications
(consisting of three technical replications) per treatment have been collected at three time points covering early
infection, mid-infection, and late infection based on the Pierce’s disease rating index (early infection = 1-2, mid-
infection = 2-3, late infection = 3-4).

Early time point samples from Chardonnay (2016) were analyzed using scanning electron microscopy to study
vascular occlusion, pit membrane integrity, and presence/absence of Xf in the xylem tissue after inoculation with
wild-type Xf, the PBS negative control, the ΔengXCA1 mutant, or the ΔpglA mutant. Our results indicate that no
vascular occlusions have been observed in the vines inoculated with PBS (Figure 5), wild-type (Temecula 1,
Figures 6A and 6B), and ΔpglA (Figure 8A) Xf, respectively. Tyloses were found in very few vessels of the vine
inoculated with ΔengXCA1 Xf (Figures 7A and 7B), but were at the early developmental stages and did not
occlude the vessels where they occurred. Xf cells were not observed in all the vines except those inoculated with
ΔengXCA1 Xf (Figure 7D). Vessel-parenchyma pit membranes were intact in the vines with the four different
inoculums (Figures 5B and 6C). Some broken (degraded) intervessel pit membranes were observed in the vine
inoculated with either wild-type (Figures 6C and 6D) or ΔengXCA1 Xf (Figures 7C and 7D), but were rare or
absent in the vine inoculated with either PBS or ΔpglA Xf (Figure 8C). This electron microscopy data is only a
small subset of the dataset, as the rest of the samples are still being analyzed.
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Figure 5. Vessel structural features in a Chardonnay stem inoculated with PBS buffer only. (A) Transverse
section of secondary xylem showing absence of vascular occlusion in the vessels. (B) Tangential
longitudinal section of secondary xylem, showing three transected vessels that have intact vessel-
parenchyma pit membranes and do not contain vascular occlusions.

Figure 6. Vessel structural features in a Chardonnay stem inoculated with wild-type Xf (Temecula 1).
(A) Transverse section of secondary xylem showing absence of vascular occlusion in the vessels.
(B) Tangential longitudinal section of secondary xylem. Vessels do not contain vascular occlusions.
(C) A transected vessel, showing oval vessel-parenchyma pit pairs and intact pit membranes (short arrows)
and scalariform intervessel pit pairs (long arrows). (D) Broken intervessel pit membranes.
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Figure 7. Vessel structural features in a Chardonnay stem inoculated with ΔengXCA1 Xf. (A) Transverse
section of secondary xylem. Most vessels have empty lumens but few vessels are filled with tyloses
(arrow). (B) Tangential longitudinal section of secondary xylem, showing a transected vessel with
developing tyloses inside. (C) Scalariform intervessel pit pairs in a vessel lateral wall. (D) Enlargement of
several intervessel pit pairs in a vessel lateral wall. Broken intervessel pit membranes (long arrows) are
seen from a pit aperture and Xf cells (short arrows) are present on the lateral wall.

Figure 8. Vessel structural features in a Chardonnay stem inoculated with ΔpglA Xf. (A) Transverse section
of secondary xylem. All the vessels are free of vascular occlusions. (B) Tangential longitudinal section of
secondary xylem, showing several transected vessels without vascular occlusion. (C) Surface view of a
vessel’s lateral wall. Whole intervessel pit membranes are visible after removal of secondary wall borders
of intervessel pits. Intervessel pit membranes are intact and are horizontally elongated, and they have a
ladder-like arrangement along the vessel axial direction.
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In addition to samples imaged via electron microscopy, samples from the early and middle time points in both
Chardonnay and Cabernet Sauvignon have also been analyzed by microCT. This technique is particularly
resource-intensive, and thus, imaging all nine samples per treatment was not feasible. Instead, three samples per
treatment were chosen randomly, and singular midslice images were analyzed to determine if tyloses formed in
the xylem in response to Xf infection. Of the analyzed stems, both Chardonnay and Cabernet Sauvignon vines
(2016) inoculated with wild-type (Temecula 1) exhibited the most blocked vessels by tyloses, whereas the
ΔengXCA1 and ΔengXCA2 mutants exhibited fewer tyloses (data not shown). Additionally, vines inoculated with
the wild-type Fetzer strain and the ΔpglA mutant exhibited very few tyloses, and vines inoculated with PBS
(negative control) displayed no tyloses. Transverse and longitudinal images slices of the selected samples from
the early time point in Chardonnay were also performed to visualize tylose formation (Figure 9). Several vessels
from vines inoculated with wild-type (Temecula 1) displayed tyloses, while fewer vessels were occluded in vines
inoculated with the ΔengXCA1 mutant (Figure 10). Vessels from vines inoculated with the PBS negative control
were occlusion-free and displayed no tylose formation. Analysis of transverse and longitudinal images slices from
the other time points in both varieties is expected soon.

Figure 9. Improved tyloses detection/quantification. Colored outlines in (A) (xy-axis) and (B) (yz-axis) correspond
with (C) to help orient the viewer. Tyloses (highlighted in yellow) are relatively small and rare features relative to
empty vessels on the xy-axis, and can easily be confused with interconnected vessels, yet appear more distinctly in
the yz-axis.

Quantitative Analysis of Plant Defense Pathways Induced By Xf Cell Wall Degrading Enzyme Activity:
Biochemical and Transcriptional Studies
Pit membrane degradation by Xf CWDEs likely results in the release of small chain carbohydrates into the xylem.
These oligosaccharides have been known to act as elicitors of plant immunity (i.e. damage-associated molecular
patterns). It is possible that oligosaccharides released from pit membrane degradation are being recognized by
associated parenchyma cells, triggering defense responses such as tylose production. To test this hypothesis, we
are using RNAseq to analyze the grapevine transcriptome to determine if pit membrane degradation products act
as elicitors of plant immunity and trigger tylose production. All tissue samples used for RNA extraction were
collected from the same plants and time points as used for the qualitative experiments so that we can determine
correlations between defense gene expression, pit membrane degradation, and/or tylose production. As these
samples come from the same plants used in the qualitative experiments, all treatments, grapevine varieties, sample
sizes, and time points used are the same as in the previous section. Currently, stem and petiole tissue for all
treatments from each time point and variety (2016 and 2017) have been collected, and are being prepared for
RNAseq analysis.
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Figure 10. ImageJ orthogonal views of tyloses in Chardonnay (early time point) vines inoculated with wild-type
(Temecula 1), ΔengXCA1, or PBS (negative control). Colored arrows on tranverse image slices (top) correspond to
highlighted vessels of same color on the longitudinal image slices (bottom), cut from the vertical green line in the
transverse image. Empty vessels appear dark gray, while tyloses appear as highly branched membranes within vessel
elements. PBS buffer treatment exhibits no tylose formation.

CONCLUSIONS
All samples from 2016 and 2017 have been collected and are currently being analyzed by electron microscopy,
microCT, and RNAseq. As most of the data analysis is still underway, we cannot draw any definitive conclusions
at this time. However, preliminary results from the 2016 samples suggest that some of the CWDEs (EngXCA1,
EngXCA2, and PglA) have an effect on host tylose production post-infection. Additionally, we speculate that the
differences in tylose production between vines inoculated with the mutant strains and vines inoculated with the
wild-type strain (Temecula 1) become more apparent as disease progresses. Once our analysis is completed, we
hope to provide some insight into the role of host-pathogen interactions in the progression of Pierce’s disease.
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ABSTRACT
The UC Davis Plant Transformation Facility has previously developed a method for genetically modifying 101-14
and 1103P, two important grape rootstocks for the California grape industry. This technology allows researchers
to introduce genes useful in combating Pierce’s disease into the rootstocks of grape, allowing researchers to test
whether a modified rootstock is capable of conferring resistance to the grafted scion. If rootstock-mediated
resistance strategies are to be successfully deployed throughout California additional rootstocks will need to be
modified in order to adequately address the rootstock requirements of the diverse winegrape growing regions in
California. To that end, we plated anthers from grape rootstocks 110R (clone 01), 140Ru (clone 01), 3309C,
Freedom (clone 1), GRN-1(clone 1.1), Harmony, MGT 420A (clone 04), and Salt Creek, as well as scion
genotypes Cabernet Sauvignon (clones 07 and 08), Chardonnay (clone 04), French Colombard (clone 04), and
Merlot (clone 03). Embryogenic cultures have been generated from anther filaments for 110R, 140Ru, Freedom,
GRN-1, Harmony, MGT 420A, Cabernet Sauvignon, Chardonnay, French Colombard, and Merlot. In addition,
we have successfully established suspension and stored embryo cultures for these grape genotypes.
Transformation experiments using DsRed were initiated on stored embryo cultures in order to access the utility of
our existing transformation technologies in transforming these additional genotypes. To date, we have
successfully generated transgenic plants for 101-14, 110R, 1103P, Freedom, MGT 420A, and French Colombard.
DsRed embryos have been generated for 140Ru, GRN-1, Harmony, and Merlot, and we are attempting to convert
these embryos into whole plants. Acclimatization of grape plantlets to soil has been problematic in the past.
However, by altering the soil composition used and the stage of development of the rooted plantlet we have
significantly improved survival in soil. To date, we have generated over 500 transgenic grape lines for Pierce’s
disease researchers.

LAYPERSON SUMMARY
The UC Davis Plant Transformation Facility has previously developed a method for genetically modifying 101-14
and 1103P, two important grape rootstocks for the California grape industry. This technology will allow us to
introduce genes useful in combating Pierce’s disease into the rootstocks of grape and allow us to test whether a
modified rootstock is capable of conferring resistance to the grafted scion. This strategy is commonly referred to
as rootstock-mediated resistance. If rootstock-mediated resistance strategies are to be successfully deployed
throughout California additional rootstock genotypes in addition to 101-14 and 1103P will need to be modified, in
order to adequately address the rootstock requirements of the diverse winegrape growing regions in California.
We therefore are currently testing if our method for genetically modifying grape rootstocks can be used
successfully on eight additional rootstock genotypes used in California winegrape production. These include
110R, 140Ru, 3309C, Freedom, GRN-1, Harmony, MGT 420A, and Salt Creek. Since it is not yet known if a
rootstock-mediated disease resistance strategy will prove to confer durable, commercially-viable levels of
resistance to the grafted scion, we are also testing our method for modifying grapes on a select group of scions,
including Cabernet Sauvignon, Chardonnay, French Columbard, Merlot, Pinot Noir, and Zinfandel. We have
made significant progress in establishing embryos in tissue culture for a wide range of scions and rootstocks,
including genotypes 110R, 140Ru, Freedom, GRN-1, Harmony, MGT 420A, Cabernet Sauvignon, Chardonnay,
French Colombard, and Merlot. We are testing our transformation strategy for its utility in genetically modifying
these additional genotypes. To date, we have demonstrated that in addition to 101-14 and 1103P, the rootstocks
110R, 140Ru, Freedom, and MGT 420A and the scion genotype French Colombard can be included in the list of
grape genotypes that we can successfully transform. To date, we have produced over 500 genetically modified
grape plants across four different varieties to enable investigators to study strategies that may be effective against
Pierce’s disease. In addition to its utility in producing genetically modified grape plants for testing strategies to
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combat Pierce’s disease, this work has established a germ bank of cell suspension cultures and a repository of
somatic embryos for rootstock and scion genotypes used in California, which can be made available to the grape
research community for a wide variety of research purposes.

INTRODUCTION
The purpose of this project is to apply the progress that has been made in grape cell biology and transformation
technology of rootstock genotypes 101-14 and 1103P to additional grape rootstock genotypes in order to expand
the range of genotypes amenable to transformation. The research will apply the pre-existing technical expertise
developed for rootstocks 101-14 and 1103P at the UC Davis Plant Transformation Facility to additional rootstock
germplasm important for the California wine industry. For this project we are testing eight additional rootstocks
for their amenability to transformation, including 110R (clone 01), 140Ru (clone 01), 3309C (clone 05), Freedom
(clone 1), GRN-1, Harmony, MGT 420A (clone 04), and Salt Creek (clone 8). This work will expand the range of
rootstocks that can be effectively transformed, which will allow rootstock-mediated disease resistance technology
to be employed across the major winegrape growing regions in California. Although a rootstock-mediated
resistance strategy is the preferred mechanism for achieving resistance to Pierce’s disease in grape, investing in
the development of transformation technology for scions will serve an important fallback position should
rootstock-mediated resistance fail to confer adequate levels of resistance to the scion and direct transformation of
scion varieties be required. Therefore, in addition to testing the utility of our tissue culture and transformation
protocols on eight additional grape rootstocks, we will also screen six important California scion genotypes for
their amenability to transformation, including Cabernet Sauvignon (clone 07), Chardonnay (clone 04), French
Colombard (clone 02), Merlot (clone 03), Pinot Noir (clone 2A), and Zinfandel (clone 01A). The results of this
work will allow for the establishment of grape tissue culture and transformation technologies that can be utilized
by the Pierce’s disease research community. It will also establish a germplasm bank of cell suspension cultures
and a repository of somatic embryos for rootstock and scion genotypes, which can be made available to the
research community. We have made significant progress in establishing somatic embryos, suspension cultures,
and stored embryo germplasm banks for many of the targeted genotypes. We have now successfully established
suspension and stored somatic embryo cultures for grape genotypes 101-14, 110R, 140Ru, 1103P, Freedom,
GRN-1, Harmony, MGT 420A, Cabernet Sauvignon, Chardonnay, French Colombard, and Merlot. Based on
transformation experiments using DsRed we have produced transgenic embryos for 101-14, 110R, 140Ru, 1103P,
Freedom, GRN-1, Harmony, MGT 420A, French Colombard, and Merlot. We have now demonstrated that in
addition to 101-14 and 1103P we can generate transgenic plants for rootstock genotypes 110R, 140Ru, Freedom,
and MGT 420A, along with the scion variety French Colombard.

OBJECTIVES
1. Develop embryogenic cultures from anthers of eight rootstock genotypes and six scion genotypes for use in

establishing embryogenic suspension cultures.
2. Develop embryogenic suspension cultures for eight rootstock genotypes and six scion genotypes, which will

provide a continuous supply of somatic embryos for use transformation experiments.
3. Establish a germplasm bank of somatic embryos for seven rootstock genotypes and six scion genotypes by

plating aliquots of the cell suspension culture on high osmotic medium.
4. Test transformation efficiencies of eight rootstock genotypes and six scion genotypes using our established

somatic embryo transformation protocols.
5. Test direct cell suspension transformation technology on seven rootstock genotypes and six scion genotypes.
6. Secure in vitro shoot cultures for seven rootstock genotypes and six scion genotypes using indexed material or

field material from Foundation Plant Services at UC Davis and establish bulk meristem cultures for all 13
genotypes for use in transformation.

7. Test Mezzetti et al. 2002 bulk meristem transformation system for seven rootstock genotypes and six scion
genotypes as an alternate to somatic embryo transformation.

RESULTS AND DISCUSSION
Objective 1. Develop Embryogenic Cultures from Anthers of Seven Rootstock Genotypes and Six Scion
Genotypes for Use in Establishing Embryogenic Suspension Cultures
This spring (April 2017) we collected anthers from genotypes for which we were not successful in generating
embryos in 2015 or 2016, which include 3309C and Salt Creek. We also harvested anthers from 101-14, 110R,
and 1103P since we needed to generate fresh somatic embryo cultures to replace our aging cultures for these
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genotypes. The media we used included Nitsch and Nitsch minimal organics medium (1969) supplemented with
60 g/liter sucrose, 1.0 mg/liter 2,4-dichlorophenoxyacetic acid (2,4-D), and 2.0 mg/liter benzylaminopurine
(BAP) (PIV), MS minimal organics medium supplemented with 20 g/liter sucrose, 1.0 mg/liter 2,4-D, and 0.2
mg/liter BAP (MSE), MS minimal organics medium supplemented with 30 g/liter sucrose, 1.0 mg/liter 2,4-D, and
1.0 mg/liter BAP (MSI), or one half strength MS minimal organics medium supplemented with 15 g/liter sucrose,
1.0 mg/liter NOA, and 0.2 mg/liter BAP (NB). This year we added Chee and Poole minimal organics medium
with 30 g/liter sucrose supplemented with 2.0 mg/liter 2,4-D and 0.2 mg/liter BAP (AIM) to the list of media
tested. Based on previous year’s results, we plated 1103P on MSI and MSE media, 110R on NB medium, and
101-14 on PIV medium since these genotype/medium combinations resulted in the highest frequency of embryo
formation in the past. Freedom and 3309C were plated on PIV and AIM media formulations, and Salt Creek was
plated on all five media (Table 1). Flowers were harvested on April 6 and April 14. We are getting a very high
percentage of embryos developing for 1103P this year, very soon after plating (Figure 1, Table 2). We are also
seeing embryogenic callus formation for 101-14, 110R, and Freedom that will be used to establish fresh stock
cultures of these genotypes. To date, no embryogenic callus has developed for 3309C or fSalt Creek.

Table 1. Number of flowers from which anthers were extracted for each genotype and media combination tested.
Number of Flowers Plated for Each Genotype on Each Medium

Grape Anther
Culture PIV MSI MSE NB AIM Total #

Plated
2017 2017 2017 2017 2017

1103P 325 325 650
110R 200 200 400

101-14 600 600
3309C 200 200 400

Salt Creek 100 100 100 100 100 500

Table 2. Number (percentage) of embryogenic callus developing for each genotype and media combination tested.
Number (%) of Embryogenic Callus Developing Per 

Plated for Each Genotype on Each Medium
Flowers

Grape Anther
Culture PIV MSI MSE NB AIM

1103P 39/325 47/325
110R 1/200 0/200

101-14 1/600
3309C 0/200 0/200

Salt Creek 0/100 0/100 0/100 0/100 0/100

Objective 2. Develop Embryogenic Suspension Cultures for Seven Rootstock Genotypes and Six Scion
Genotypes, Which Will Provide a Continuous Supply of Somatic Embryos for Use in Transformation
Experiments
By transferring somatic embryos into liquid culture medium composed of woody plant media (WPM)
supplemented with 20 g/liter sucrose, 1 g/liter casein hydrolysate, 500 mg/liter activated charcoal, 10 mg/liter
Picloram, and 2.0 mg/liter meta-topolin we have established suspensions for rootstock genotypes 101-14, 110R,
140Ru, 1103P, Freedom, GRN-1, Harmony, and MGT 420A, and scion genotypes Cabernet Sauvignon,
Chardonnay, French Colombard, Merlot, and Pinot Noir. Occasionally the suspensions are sieved through a 520-
micron screen to eliminate large embryos and cell clusters. Alternatively, the smaller fraction of the suspension is
drawn up into a wide-bore 10 ml pipet and transferred to a new flask, leaving the larger embryos and cell
aggregates behind. We have established new suspension cultures for 1103P in 2017. We also are increasing
embryogenic callus of 101-14 generated from anthers collected in 2017, in order to initiate fresh suspensions later
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in the year. These will replace our current suspension cultures, which were initiated from embryos produced in
2015.

Objective 3. Establish a Germplasm Bank of Somatic Embryos for Seven Rootstock Genotypes and Six
Scion Genotypes By Plating Aliquots of the Cell Suspension Culture on High Osmotic Medium
We have established a germplasm bank of somatic embryos by plating aliquots of the suspension cultures onto
agar solidified WPM supplemented with 20 g/liter sucrose, 1 g/liter casein hydrolysate, 500 mg/liter activated
charcoal, 0.5 mg/liter BAP, 0.1 mg/liter NAA, 5% sorbitol, 1 mM MES, and 14 g/liter phytoagar (BN-sorb). A
stored embryo germplasm bank has been established for rootstock genotypes 101-14, 110R, 140Ru, 1103P,
Freedom, GRN-1, Harmony, and MGT 420A, as well as scion genotypes Cabernet Sauvignon, Chardonnay,
French Colombard, and Merlot (Figure 1). The GRN-1 and Harmony suspension cultures have improved
significantly and we can now produce high quality stored somatic embryos by plating these suspension. Although
we have plated aliquots of suspension cultures of Pinot Noir on this medium, the suspensions, unlike other
genotypes, do not form embryos.

101-14 1103 140Ru MGT 420A 110R

GRN-1 Harmony Freedom

Merlot Thompson Seedless Chardonnay Cabernet Sauvignon French Colombard

Figure 1. Germplasm bank of embryos established from grape suspension cultures plated on sorbitol
containing medium.

Objective 4. Test Transformation Efficiencies of Seven Rootstock Genotypes and Six Scion Genotypes
Using Our Established Somatic Embryo Transformation Protocols
Transformation experiments were initiated using somatic embryos for rootstock genotypes 101-14, 110R, 140Ru,
1103P, Freedom, GRN-1, Harmony, and MGT 420A, and scion genotypes Cabernet Sauvignon, Chardonnay,
French Colombard, and Merlot using a construct containing the DsRed florescent scorable marker. Thompson
Seedless is being included as a positive control. DsRed expression was scored three months post-inoculation
(Table 3) and has shown that significant numbers of transgenic somatic embryos can be generated for 101-14,
110R, 140Ru, 1103P, GRN-1, Harmony, MGT 420A, and French Colombard. Very little DsRed expression was
seen in Chardonnay somatic embryos. The relative transformation efficiency based on recovery of whole plants is
higher for 110R than that seen for 1103P and equal to or greater than that seen for 101-14. We have also
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demonstrated that we can generate transgenic plants for MGT420A and French Colombard (Figure 2). We are in
the process of determining if we can regenerate whole plants from transgenic DsRed-expressing embryos of
140Ru, GRN-1, Harmony, and Merlot. A visual examination of DsRed expression was done to determine the
percentage of embryos expressing DsRed for each genotype (Table 3). Transformation efficiencies based on
DsRed expression are very low for both Chardonnay and Merlot. Images of DsRed-expressing Freedom, GRN-1,
Harmony, and Merlot are shown in Figure 3.

Table 3. Transformation experiments to access the amenability of transformation of stored grape embryos
for a range of rootstock and scion genotypes using the scorable fluorescent marker gene DsRed.

Genotype Number of
Experiments

Estimate of the % of tissue
expressing DsRed

110R 5 60%
101-14 2 25%
140Ru 5 21%

MGT 40A 5 15%
1103 2 8%

TS-14 4 36%
Colombard 5 22%
Chardonnay 4 <1%

Freedom 3 25%
GRN-1 3 40%

Harmony 3 20%
Merlot 5 1.0%

MGT 420 French Columbard 101-14 1103P

Figure 2. Transgenic plantlets.

Freedom GRN-1 Harmony 140Ru Merlot

Figure 3. Transgenic embryos expressing DsRed.
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Using the stored somatic embryo-based transformation system, to date we have produced 535 genetically
modified grape plants across five different genotypes using 90 constructs for principal investigators studying
strategies to combat Pierce’s disease (Figures 4 and 5).

UCB
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1103

110R
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TS P14
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68

Figure 4. (Left) The number of constructs transformed into grape for testing various strategies to study
Pierce’s disease. (Right) The number of transgenic grape plants produced to date for testing various
strategies to study Pierce’s disease.

A summary table of our transformation progress with all the rootstock and scion genotypes is presented at the end
of this report in Table 5.

Acclimation of Plants to Soil
We have improved our protocol for acclimatizing transgenic grape plants to soil. Historically, we have allowed
transgenic embryos to germinate on the primary root that develops from the embryos. However, this often results
in the production of callus at the shoot-root interface, and we speculated that this might be detrimental to survival
of the plants during acclimatization to soil. We are now removing the shoot from the germinating embryo and re-
initiate roots on the excised shoot. This has resulted in the development of a stronger root system with no
associated callus tissue, as well as a healthier plant which acclimates better to soil (Figure 5). In addition, we
were previously transferring large (six cm or larger) rooted shoots to soil. However, we have recently been
rooting smaller shoots and transferring them to soil as soon as roots emerge, while the shoots are under six cm
tall. This has also resulted in better survival in soil.

Figure 5. (Left) Transgenic grape plant from somatic embryos germinated on its own root. Note callus at
the shoot/root interface. (Right) Transgenic grape shoot re-rooted as an in vitro cutting.
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Rootstock genotypes 101-14 and especially 1103P have been difficult to acclimate to soil from tissue culture.
Significant leaf necrosis develops rapidly as relative humidity is reduced from culture conditions to soil. To avoid
this plants must be maintained at 100% relative humidity for a minimum of one week upon transfer to soil. To
improve drainage we have modified the soil mix to include one part supersoil to two parts vermiculite. We have
also employed an additional culture step prior to transplanting the plantlet to soil. We are aseptically removing the
shoot tips from each transgenic plant before transfer to soil and culturing the shoot tip in fresh rooting medium in
order to establish a backup clone for each transgenic plant. These backup clones can be used should the original
plantlet die upon transfer to soil.

Objective 5. Test Direct Cell Suspension Transformation Technology on Seven Rootstock Genotypes and
Six Scion Genotypes
We tried to leverage the progress we have made in developing high quality cell suspensions that can rapidly
regenerate whole plants when plated onto agar-solidified medium by directly transforming our grape cell
suspension cultures with the scorable marker gene DsRed. Ten ml of a grape cell suspension grown in liquid
Pic/MT medium and containing pre-embryogenic masses or small globular embryos are collected in a 15 ml
conical centrifuge tube and pelleted by centrifugation at 1,000 x G for three minutes. The cells are subjected to
heat shock by placing the conical tube in a 45ºC water bath for five minutes. After heat shock the supernatant is
removed and replaced with five ml liquid BN medium containing 200 uM acetosyringone and the Agrobacterium
strain and appropriate vector at an OD600 of 01.-0.2. The suspension is centrifuged at 1,000 x G for five minutes
and allowed to incubate for 25 minutes at room temperature. After 25 minutes all but 0.5 ml of the supernatant is
removed. The grape and Agrobacterium cells are then re-suspended and transferred to sterile Whatman filter
paper in an empty 100 x 20 mm petri dish. Any excess fluid is carefully blotted up with a second sterile filter
paper. The plates are co-cultured in the dark for two to three days at 23 ºC and then transferred to selection
medium consisting of WPM supplemented with 20 g/liter sucrose, 1 g/liter casein, 1 mM MES, 500 mg/liter
activated charcoal, 0.5 mg/liter BAP, 0.1 mg/liter NAA, 400 mg/liter carbenicillin, 150 mg/liter timentin, 200
mg/liter kanamycin, 50 g/liter sorbitol, and 14 g/liter agar. The filter paper is transferred to fresh medium every
two weeks. Within eight weeks resistant embryos develop. Developing embryos are transferred to WPM
supplemented with 20 g/liter sucrose, 1 g/liter casein, 1 mM MES, 500 mg/liter activated charcoal, 0.1 mg/liter
BAP, 400 mg/liter carbenicillin, 150 mg/liter timentin, 200 mg/liter kanamycin, and eight g/liter agar for
germination. We tested this protocol on 101-14, 110R, 140Ru, 1103P, MGT 420A, Colombard, and Chardonnay
using a construct containing the DsRed transgene. We have been able to recover transgenic plants using this
protocol for 1103P and 101-14 at very low frequency. For example, only two of the twenty–one putatively
transformed embryos that formed from one experiment with 101-14 germinated into plants after transfer to
medium lacking sorbitol. We are observing germinating embryos of MGT 420A (Figure 6). However, currently
the transformation frequency using this protocol is too low to be practical for routine transformations and we will
not pursue this approach in the future. A summary of the experiments and the transformation frequency is given in
Table 4.

Figure 6. (Left) Twenty-one embryos from transformation of cell suspension cultures of 101-14 cultured
on WPM supplemented with 20 g/liter sucrose, 1 g/liter casein, 1 mM MES, 500 mg/liter activated
charcoal, 0.5 mg/liter BAP, 0.1 mg/liter NAA 50 g/liter sorbitol, and 14 g/liter agar and transfer to WPM
supplemented with 20 g/liter sucrose, 1 g/liter casein, 1 mM MES, 500 mg/liter activated charcoal, 0.1
mg/liter BAP, and eight g/liter agar for plant regeneration. Only two of the twenty-one putatively
transformed embryos on this plate germinated after transfer to medium lacking sorbitol. (Middle and Right)
DsRed-expressing embryos of MGT 420A.
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Table 4. Number of embryogenic colonies forming after inoculating approximately one to two ml of cell
suspension with Agrobacterium and plating onto selection medium.

Genotype Number of
Experiments

# of Putative Transgenic
Embryos/ml of Plated

Suspension

# of Putative
Transgenic Plants

Produced
101-14 17 54 2
1103 20 30 2
110R 5 1 0

140Ru 2 0 0
MGT 420a 2 7 4
Colombard 2 0 0
Chardonnay 2 0 0

Objective 6. Establish In Vitro Shoot Cultures for Seven Rootstock Genotypes and Six Scion Genotypes
Using Indexed Material or Field Material From Foundation Plant Services at UC Davis and Establish Bulk
Meristem Cultures for All 13 Genotypes for Use in Transformation
We are maintaining disease free in vitro stock plants of 101-14, Cabernet Sauvignon, and Chardonnay that we
received as in vitro cultures from Foundation Plant Services (FPS). For material that was not available through
FPS, we have collected shoot tips from field material grown at FPS. This includes genotypes 110R, 140Ru,
1103P, 3309C, Freedom, MGT 420A, and Salt Creek, and scion genotypes Cabernet Sauvignon, French
Columbard, Pinot Noir, and Zinfandel. We have collected shoot tips for three additional genotypes (Harmony,
MGT 420A, and Merlot) with which we were not successful in establishing shoot cultures last season. Four-inch
shoot tips were collected and transferred to 50 ml centrifuge tubes and surface sterilized in 0.526% sodium
hypochlorite for 15 minutes, followed by three rinses in sterile distilled water. The shoot tip was cut into nodal
sections and any tissue damaged by sterilization was removed. The nodal sections were transferred onto agar
solidified Chee and Poole C2d Vitis medium containing 5 mg/liter chlorophenol red or agar solidified MS
minimal organics medium supplemented with 1.0 mg/liter BAP, 0.1 mg/liter IBA, 0.1 mg/liter GA3, and
5 mg/liter chlorophenol red. Aseptic shoot cultures have been established and maintained on Chee and Poole
minimal organics medium supplemented with 0.01 mg/liter IBA (Figure 7).

101-14 1103 140Ru 3309C Freedom

Cabernet Colombard Pinot Noir Chardonnay Zinfandel

Figure 7. Shoot cultures established for rootstock and scion genotypes.

Objective 7. Test Mezzetti et al. 2002 Bulk Meristem Transformation Methodology for Seven Rootstock
Genotypes and Six Scion Genotypes as an Alternate to Somatic Embryo Transformation
Shoot-tips were collected and plated onto Mezzetti medium with increasing levels of BAP in order to establish
bulk meristem cultures. We have produced good quality bulk meristem cultures for scion genotypes Chardonnay,
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French Colombard, Pinot Noir, and Zinfandel. However, rootstock genotypes do not readily produce bulk
meristems in our hands, but instead produce elongated shoots with a significant amount of non-organized callus,
making them unsuitable for bulk meristem transformation (Figure 8). Bulk meristems of Cabernet Sauvignon,
Chardonnay, and Thompson Seedless were sliced into thin, two mm slices and inoculated with Agrobacterium
strain EHA105 and co-cultures on Mezzetti medium supplemented with three mg/liter BAP in the dark at 23ºC.
After three days the thin slices were transferred to Mezzetti medium supplemented with three mg/liter BAP,
400 mg/liter carbenicillin, 150 mg/liter timentin, and 25 mg/liter kanamycin sulfate. After three weeks tissue was
transferred to the same medium formulation, but the kanamycin level was increased to 50 mg/liter. After an
additional three weeks the tissue was transferred to medium of the same formulation but the kanamycin level was
increase to 75 mg/liter. Subsequently, tissue was subcultured every three weeks on medium containing 75 mg/liter
kanamycin. Since the construct used to transform the bulk meristems contained the DsRed gene we were able to
monitor transformation efficiencies in real time. To date, we have only been successful producing transgenic
shoots from bulk meristems of Thompson Seedless. Twenty-four of the 75 thin sliced sections of Thompson
Seedless produced DsRed sectors (Figure 9 and Table 5) and three of these sectors regenerated into shoots. We
were able to produce DsRed-expressing callus on Cabernet Sauvignon and Chardonnay, but none of this tissue
regenerated into shoots. In our hands, the use of kanamycin at 75mg/liter appears to be suboptimal for selection.
Although we did identify a limited number of DsRed shoots for Thompson Seedless, many additional shoots that
developed on selection medium containing 75 mg/liter kanamycin were non-transgenic based on DsRed
expression. If not for the use of the scorable marker DsRed we would not be able to distinguish the true transgenic
shoots from the non-transgenic escape shoots until they were transferred to rooting medium with kanamycin.
Based on the difficulty of generating bulk meristems for rootstock genotypes and the limited success we have had
with transforming thin slices of bulk meristems compared to our standard somatic embryo-based transformation
(see below), we are no longer pursuing this strategy. This technique may have utility for scion genotypes if
somatic embryo-based transformations are unsuccessful.

Cabernet Chardonnay Colombard Pinot Noir Zinfandel

140Ru 3309c Freedom 110R Salt Creek

Figure 8. Initiation of bulk meristem cultures for rootstock and scion germplasm.

Figure 9. DsRed-expressing shoot developing from inoculated thin slice of a Thompson Seedless bulk
meristem culture. (Left) Bright field. (Right) fluorescence.
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Table 5. Results of bulk meristem transformation using the scorable marker gene DsRed.

Genotype Number of
Experiments

Number (%) Explants
Generated DsRed Callus

Number (%) Explants
Generated DsRed Shoots

Cabernet Sauvignon 2 1/36 (3) 0/36 (0)
Chardonnay 2 2/38 (5) 0/38 (0)
Thompson Seedless 2 24/75 (32) 3/75 (4)

Table 6. Summary table providing the progress for each objective for each of the grape rootstock and scion
genotypes.

Genotype
Somatic
embryos

established
from anthers

Suspensions
established

from somatic
embryos

Establishment of
stored somatic

embryo cultures

Production
of transgenic

somatic
embryos +

Production
of transgenic

plants

Relative
Transform-

ation
efficiency*

Rootstocks
1103 + + + + + 3
101-14 + + + + + 5
110R + + + + + 5
140Ru + + + + - ND**
3309C - - - - - ND
GRN-1 + + + + - ND
MGT 420A + + + + + ND***
Freedom + + + + + 5
Harmony + + + + - ND
Salt Creek - - - - - ND
Scions
Cabernet Sauvignon + + + - - 0
Chardonnay + + + + + <1
French Colombard + + + + + 4
Merlot + + + + - ND
Pinot Noir + + - - - ND
Thompson Seedless + + + + + 10
Zinfandel - - - - - ND

+ Based on DsRed expression.
* Relative transformation efficiency on a scale of 0 = worst, 10 = best, with 10 reflecting the transformation efficiency
for Thompson Seedless.
** ND = not determined.
*** Not enough data has been accumulated yet to compare the relative transformation efficiencies compared to
Thompson Seedless.
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ABSTRACT
Xylella fastidiosa (Xf) causes Pierce’s disease in grapevine. The Stag’s Leap strain is known for its high virulence
level and is a model for Pierce’s disease research. Research on Xf has been difficult due to its nutritional fastidi-
ousness. One difficult research issue is the low copy number plasmid. Plasmids are circular extrachromosomal
genetic elements associated with bacterial environmental adaptation, including virulence. In this study, a low copy
number plasmid, pXFSL21, was identified and characterized using a next-generation sequencing (NGS) approach.
Plasmid pXFSL21 (21,665 bp) contains 27 annotated genes including two predicted antibiotic resistance genes,
acrA/B, encoding a multidrug efflux pump system. Under the experimental conditions in this study, pXFSL21
likely existed as a single copy and is capable of integration into the host chromosome. These results set the base
for further studies on Xf-host interactions.

LAYPERSON SUMMARY
To combat Pierce’s disease of grapevine, we must first understand the causal organism Xylella fastidiosa (Xf).
Despite extensive research on Xf in the past decade, many biological properties of the bacterium remain unclear.
Plasmids are known to carry advantageous or pathogenic genes that may allow bacteria to adapt to new
environments and increase the level of virulence. In Xf, plasmids can transfer between subspecies. For low copy
number plasmids, identification through traditional DNA isolation methods can be difficult. However, next-
generation-sequencing (NGS) technology has opened a new venue to resolve the problem. In this study, we
applied an NGS technology (MiSeq) to identify a 21,665 bp low (single) copy plasmid, pXFSL21, from the whole
genome sequencing effort of Xf strain Stag’s Leap. The pXFSL21 plasmid has 27 predicted genes, including two
antibiotic resistance genes. These results provide new information on Xf biology.

INTRODUCTION
Xylella fastidiosa (Xf) is a xylem-limited, fastidious bacterial plant pathogen that causes Pierce’s disease of grape
(Hopkins & Purcell 2002). In the past decade there has been considerable effort to research the bacterial
pathogenicity and the genetic diversity. One contribution of genetic diversity in Xf is from plasmids, a group of
extrachromosomal genetic elements, capable of moving between strains within and across subspecies. Plasmids
carry genes that may be beneficial for bacterial survival or adaptability under new environments (Retchless et al.
2014). A plasmid may transfer through conjugation, a process known to occur in plasmids containing conjugative
transfer genes (Burbank and Van Horn 2017) and/or other means. Plasmid copy number is also an interesting
research topic. Chen et al. (1992) first observed and characterized a 1.3 Kb plasmid with 60 copies in Xf based on
gel electrophoresis of total bacterial DNA. However, for low copy number plasmids, traditional DNA extraction
and gel visualization methods are often not sensitive enough for identification. Recently, next-generation-
sequencing (NGS) technology has been utilized to sequence the whole genome of over 30 Xf strains. Analyses of
NGS data revealed the presence of many plasmids previously unknown, suggesting that NGS analyses could be a
powerful tool for plasmid detection and research.

The Xf strain Stag’s Leap was first isolated from grapevine in the Stag’s Leap district of Napa Valley, California
(Buzkan, Kocsis, and Walker 2005). This strain has been widely used as a model for Pierce’s disease research due
to its high virulence level and dramatic disease symptoms seen in grapevine (Burbank and Stenger 2016,
Krivanek and Walker 2005). A draft whole genome sequence of Stag’s Leap was obtained in 2016, in which 6.59
x 106 paired-end reads were assembled into 15 contigs representing the 2.5 Mb genome (Chen et al. 2016).
Previous attempts for plasmid detection in strain Stag’s Leap using traditional methods were unsuccessful
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(Hendson et al. 2001). This study continues the effort of plasmid searching in strain Stag’s Leap. By utilizing
NGS technology, a single copy number plasmid was identified and characterized.

OBJECTIVES
1. Identify plasmid in Xf Stag’s Leap strain using NGS technology.
2. Characterize the genetic structure and content of the Stag’s Leap plasmid.

RESULTS AND DISCUSSION
Objective 1. Identify Plasmid in Xf Stag’s Leap Strain Using NGS Technology
An NGS platform, Illumina MiSeq, was used to generate a total of 6,590,000 short sequence reads with 301 bp
each from Stag’s Leap DNA extracted from pure culture. The MiSeq reads were used to map to two published Xf
plasmids, pXFSA01 from Xf strain M23 and pXF51 from Xf strain 9a5c. Partial coverage to pXFSA01 (47.8%)
and pXF51 (15%) were observed (Figure 1). These suggested the possible presence of a plasmid in strain Stag’s
Leap.

Figure 1. MiSeq read mapping of Xf strain Stag’s Leap to the sequences of plasmids pXFSL21, pXFAS01, and
pXF51. Annotated genes are indicated by the arrow boxes. Numbers above are nucleotide positions. Plasmid names
are on the left. Coverage graphs are under each sequence (pink), scaling from 0x (bottom) to 1,614x (top). Identical
genes (> 85% identity and 90% length coverage) are represented by the same color, excluding grey colored genes.
The trb conjugative transfer genes are blue. Antimicrobial resistance genes are red. DNA primase genes are green.
Toxin/antitoxin genes are orange.

Using Xylella plasmid sequences available in GenBank database to BLAST search the published Stag’s Leap draft
genome sequence (with 15 contigs), contig_15 (21,665 bp) showed a bit score result > 8,000, significantly greater
than that of the next contig (contig_7) with a bit score of 2,422. Sequence extension of contig_15 from both 3’
and 5’ ends using MiSeq read walking enclosed contig_15 to a circular plasmid (Figure 2). However, a segment
of DNA (1,200 bp) in pXFSL21 overlapped a region in contig_2, presumably of chromosomal origin, suggesting
a possible chromosomal integration site. Circularity of the plasmid was further confirmed using CLC Genomics
Workbench (version 10) by manually reorganizing the linear sequence, in which 5,000 bp from the 5’ end was
moved to the 3’ end, followed by read mapping of the MiSeq reads to show the continuous read overlap of the 5’
and 3’ ends (Figure 3). The circular contig connection was further confirmed by polymerase chain reaction (PCR)
and Sanger sequencing. The identified plasmid was designated as pXFSL21 with the size of 21,665 bp (Figure 2).
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Figure 2. Circular map of pXFSL21. The open reading frames are colored per presumed function: green, DNA
primase; yellow, hypothetical and recombination gene region; orange, toxin/antitoxin module; red, antimicrobial
resistance region; blue, conjugative transfer region (trb). Numbers indicate nucleotide position.
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Figure 3. Circularity evaluation of pXFSL21 plasmid through MiSeq read mapping. Left: The first 5,000 bp
sequence (A region) of pXFSL21 plasmid was cut and attached to the end of the pXFSL21 sequence to make the
pXFSL21_B-A sequence. Right: As a control, the sequence region from nucleotide position 564,797 to 569,797 bp
(contig_1) of the Stag’s Leap strain chromosome was cut and attached to the end of the pXFSL21 sequence to make
the pXFSL21_B-C sequence. Both the pXFSL21_B-A sequence and the pXFSL21_B-C sequence were used as the
reference for Stag’s Leap MiSeq read mapping. The lower panels are magnified regions of the grey boxes above.
Numbers indicate nucleotide positions. Green lines represent forward reads. Pink lines represent reverse reads.
Vertical red lines indicate continuum (left) or break (right) of read mapping.

Objective 2. Characterize the Genetic Structure and Content of the Stag’s Leap Plasmid
Annotation of pXFSL21 identified 27 open reading frames (ORFs) and a GC content of 50.2%. The plasmid
contains eight genes belonging to the trb conjugative transfer operon, two pairs of toxin-antitoxin genes, two
resolvase/integrase genes, three genes annotated as DNA primase, four genes associated with a multidrug efflux
pump system, possibly providing resistance to acriflavine, and five hypothetical protein genes most closely
related to Xf through BLASTn searches (Table 1).

The antimicrobial resistance region located upstream of the trb operon contains four genes (tetR, acrA, acrB, and
oar1) representing a multidrug efflux pump system, that may confer resistance to the antimicrobial agent,
acriflavine. Some multiple drug resistant efflux pumps, including AcrA/B-TolC in Escherichia coli, contribute to
the intrinsic antimicrobial resistance of the bacteria when expressed at basal levels (Kumar, Kaur, and Kumari
2012). It has been reported that Erwinia amylovora, an enterobacterium that causes fire blight on species of the
Rosaceae family, contains the genes AcrA/B encoding an efflux pump capable of targeting phytoalexins (Blanco
et al. 2016). These multiple drug resistant efflux pump genes in E. amylovora are necessary for successful
colonization of the plants and for bacterial virulence (Kumar et al. 2012).

The copy number analysis between plasmid and chromosome is summarized in Table 2. The average nucleotide
coverage, determined through MiSeq read mapping, was 727x for the pXFSL21 and 743x for the Stag’s Leap
chromosomal region. The plasmid/chromosome ratio was 1.02. The quantitative PCR (qPCR) analysis of plasmid
and chromosomal gene copy number supports the in silico plasmid copy number estimation using CLC genomics
workbench. Relative copy number estimates of plasmid and chromosomal located genes obtained by qPCR and
measured against an internal reference gene, GAPDH, showed no difference in copy number, estimating the
plasmid copy number to be one, equal to that of the chromosome. These results confirm that the pXFSL21
plasmid is present at a very low copy number, if not a single copy.
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Table 1. Annotation of pXFSL21 based on RAST server and results of BLASTn searches.
ORF
coordinates

Annotation
Gene product Related taxon Accession e value

129 – 1202 DNA primase (dnaG) X. fastidiosa M23 NC_010577.1 0.0
1318 – 1773 Hypothetical protein (hypP) X. fastidiosa Fb7 NZ_CP010051.1 0.0
2042 – 2596 Hypothetical protein (hypP) X. fastidiosa Hib4 NZ_CP009885.1 0.0
2628 – 3092 Hypothetical protein (hypP) X. fastidiosa Ann-1 NZ_CP006696.1 0.0
3571 – 3684 Nickase (nik) X. fastidiosa Ann-1 NZ_CP006696.1 7e-50

3814 – 4281 Hypothetical protein (hypP) X. fastidiosa Ann-1 NZ_CP006696.1 0.0
4505 – 4657 Hypothetical protein (hypP) X. fastidiosa Ann-1 NZ_CP006696.1 3e-69

4856 – 5050 DNA invertase (invA) X. fastidiosa CO33 NZ_LJZW00000000.1 4e-94

5054 – 5437 DNA resolvase (rsvB) X. fastidiosa CO33 NZ_LJZW00000000.1 7e-97

5593 – 5775 PCD antitoxin (ydcD) X. fastidiosa CO33 NZ_LJZW00000000.1 9e-89

5884 – 6198 PCD toxin (ydcE) X. fastidiosa CO33 NZ_LJZW00000000.1 8e-162

6865 – 7671 3-oxoacyl-reductase (oar1) X. fastidiosa CFPB8072 NZ_LKDK00000000.1 0.0
7717 – 10779 Acriflavine resistance protein (acrB) X. fastidiosa CO33 NZ_LJZW00000000.1 0.0
10776 – 11882 Component of multidrug efflux system (acrA) X. fastidiosa CFPB8072 NZ_LKDK00000000.1 0.0
11964 – 12581 Transcriptional regulator (tetR) X. fastidiosa Ann-1 NZ_CP006696.1 0.0
12834 – 13124 HigA antitoxin protein (higA) X. fastidiosa Ann-1 NZ_CP006696.1 2e-145

13142 – 13420 HigB toxin protein (higB) X. fastidiosa Ann-1 NZ_CP006696.1 3e-136

13479 – 13685 Conjugative transfer protein (trbJ) X. fastidiosa Ann-1 NZ_CP006696.1 7e-91

13698 – 14546 Conjugative transfer protein (trbI) X. fastidiosa Ann-1 NZ_CP006696.1 0.0
14608 – 15324 Conjugative transfer protein (trbF) X. fastidiosa CO33 NZ_LJZW00000000.1 0.0
15321 – 17132 Conjugative transfer protein (trbE) X. fastidiosa CFPB8073 NZ_LKES00000000.1 0.0
17714 – 17884 Conjugative transfer protein (trbE) X. fastidiosa CFPB8073 NZ_LKES00000000.1 6e-84

17872 – 18138 Conjugative transfer protein (trbD) X. fastidiosa CO33 NZ_LJZW00000000.1 3e-134

18195 – 18587 Conjugative transfer protein (trbC) X. fastidiosa CFPB8073 NZ_LKES00000000.1 0.0
18600 – 19481 Conjugative transfer protein (trbB) X. fastidiosa CFPB8073 NZ_LKES00000000.1 0.0
19512 – 19886 DNA primase (dnaG) X. fastidiosa CFPB8073 NZ_LKES00000000.1 0.0
19966 - 20769 DNA primase (dnaG) X. fastidiosa CFPB8073 NZ_LKES00000000.1 0.0

Table 2. Stag’s Leap plasmid, pXFSL21, copy number estimation by in silico read mapping and in vitro qPCR.
in silico in vitro

Sequence Size (bp)
Average

nucleotide
coverage (x)

Estimated
plasmid copy

number

Average Ct
value

Estimated
plasmid copy

number
pXFSL21 21,665 726.6 1.02 14.89 ± 0.02 1.0

Stag’s Leap* 1,489,133 742.8 n/a 14.88 ± 0.02 n/a
* This represents the Stag’s Leap genome with the 21,665 bp plasmid sequence removed.

The evolutionary relatedness of four genes (16S rRNA in contig_2, acrA, acrB, and trbE in pXFSL21) were
analyzed using MEGA v.7 (Figure 4). Phylogenetic trees were constructed with genes having > 80% identity and
> 95% coverage from BLASTn searches of the nr and WGS databases in GenBank. The trees were constructed
using the maximum-likelihood method (Hall 2013). While the 16S rRNA gene tree clustered all Xf strains in the
same group, each of the three plasmid genes clustered Xf strains into two groups (Figure 4). Further phylogenetic
research is underway for this plasmid.
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Figure 4. Molecular phylogenetic analysis by Maximum Likelihood method of the 16SrRNA gene and three
pXFSL21 plasmid genes. The evolutionary history was inferred by using the Maximum Likelihood (1000
bootstraps) method based on the Tamura 3-parameter model (Tamura 1992). The tree with the highest log likelihood
is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches.
Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms
to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach, and then
selecting the topology with superior log likelihood value. The trees are unrooted and drawn to scale, with branch
lengths measured in the number of substitutions per site. Evolutionary analyses were conducted in MEGA7 (Kumar,
Stecher, and Tamura 2016). Colors correspond to different Xf subspecies: red, fastidiosa; fuchsia, sandyi; green,
multiplex; blue, pauca; black, closest related taxa.
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CONCLUSIONS
Using whole genome sequence data from Xf strain Stag’s Leap, we identified a novel, low copy number plasmid
pXFSL21. The plasmid harbored predicted multidrug efflux pump genes that may confer resistance to the
antimicrobial agent, acriflavine. This plasmid shares sequence similarity to many known Xylella plasmids,
primarily in the trb conjugative transfer gene region, indicating the potential for this plasmid to be shared across
strains and subspecies (Burbank & Van Horn 2017). pXFSL21 also contains genes not previously found in other
Xylella plasmids, but present in the whole genome sequence of multiple subspecies. This could suggest the
presence of unidentified plasmids or chromosomal integration events in these strains. Further research is
necessary to understand the phylogenetic and biological function of this plasmid.
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ABSTRACT
Breeding Pierce’s disease resistant winegrapes continues to advance, accelerated by aggressive vine training and
selection for precocious flowering, resulting in a seed-to-seed cycle of two years. To further expedite breeding
progress we are using marker-assisted selection for the Pierce’s disease resistance genes to select resistant
progeny as soon as seeds germinate. These two practices have allowed us to produce four backcross generations
with elite Vitis vinifera winegrape cultivars in 10 years. We have screened through about 2,000 progeny from the
2009, 2010, and 2011 crosses that are 97% V. vinifera with the PdR1b resistance gene from V. arizonica b43-17.
We select for fruit and vine quality and then move the best to greenhouse testing, where only those with the
highest resistance to Xylella fastidiosa, after multiple greenhouse tests, are advanced to multi-vine wine testing at
Davis and other test sites. The best of these have been advanced to field testing with commercial-scale wine
production, the first of which was planted in Napa in June 2013. To date 19 scion and three Pierce’s disease
resistant rootstocks have been advanced to Foundation Plant Services at UC Davis for certification. Stacking of
PdR1b with Pierce’s disease resistance from b42-26 (an alternative form of Pierce’s disease resistance controlled
by multiple genes) has been advanced to the 96% V. vinifera level using marker-assisted selection to confirm the
presence of PdR1 as well as the recently discovered (see companion report) Pierce’s disease resistance locus on
chromosome 8 from b42-26, PdR2. Initial selections for release will begin in 2018. Other forms of V. arizonica
are being studied and the resistance of some will be genetically mapped for future efforts to combine multiple
resistance sources and ensure durable resistance. Pierce’s disease resistance from V. shuttleworthii and BD5-117
are also being pursued, but progress is limited by their multigenic resistance and the absence of associated genetic
markers. Very small scale wines from 94% and 97% V. vinifera PdR1b selections have been very good and have
been received well at public tastings in Sacramento (California Association of Winegrape Growers), Santa Rosa
(Sonoma Winegrape Commission), Napa Valley (Napa Valley Grape Growers and Winemakers Associations),
Temecula (Temecula Valley Winegrape Growers and Vintners), and Healdsburg (Dry Creek Valley and Sonoma
Grape Growers and Winemakers).

LAYPERSON SUMMARY
One of the most reliable and sustainable solutions to plant pathogen problems is to create resistant plants. We use
a classical plant breeding technique called backcrossing to bring Pierce’s disease resistance from wild grape
species into a diverse selection of elite winegrape backgrounds. To date we have identified two different
chromosome regions that house very strong sources of Pierce’s disease resistance from grape species native to
Mexico and the southwestern United States (Vitis arizonica). Because we were able to locate these resistance
genes/regions - PdR1 (Krivanek et al. 2006) and PdR2 (Riaz et al. in press) - we have been able to use marker-
assisted selection to screen for DNA markers associated with both PdR1 and PdR2, allowing us to select resistant
progeny shortly after seeds germinate. Marker-assisted selection and aggressive training of the selected seedling
vines have allowed us to produce new Pierce’s disease resistant high quality winegrape selections that are more
than 97% V. vinifera in only 10 years. We have evaluated thousands of resistant seedlings for horticultural traits
and fruit quality. The best of these are advanced to greenhouse testing, where only those with the highest
resistance to Xylella fastidiosa, after multiple greenhouse tests, are advanced to multi-vine wine testing at Davis
and at Pierce’s disease hot spots around California. The best of these are advanced to field plots where
commercial-scale wines can be produced. We have sent 19 advanced selections to Foundation Plant Services at
UC Davis over the past four winters to begin the certification and release process. Three Pierce’s disease resistant
rootstocks were also sent to Foundation Plant Services for certification. Other wild grape species are being
studied, and the resistance of some will be genetically mapped for future efforts to combine multiple resistance
sources and ensure durable Pierce’s disease resistance. Very small-scale wines made from our advanced PdR1
selections have been very good and have been received well at professional tastings throughout California.
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INTRODUCTION
We continue to make rapid progress breeding Pierce’s disease resistant winegrapes. Aggressive vine training and
selection for precocious flowering have allowed us to reduce the seed-to-seed cycle to two years. To further
expedite breeding progress we are using marker-assisted selection for the Pierce’s disease resistance loci, PdR1
and PdR2, to select resistant progeny as soon as seeds germinate. These two practices have greatly accelerated the
breeding program and allowed us to produce four backcross generations with elite Vitis vinifera winegrape
cultivars in 10 years. We have screened through about 2,000 progeny from the 2009, 2010, and 2011 crosses that
are 97% V. vinifera with the PdR1b resistance gene from V. arizonica b43-17. Seedlings from these crosses
continue to fruit and others are advancing to small scale wine trials. We select for fruit and vine quality and then
move the best selections to greenhouse testing, where only those with the highest resistance to Xylella fastidiosa
(Xf), after multiple greenhouse tests, are advanced to multi-vine wine testing at Davis and other test sites. The best
of these have advanced to field testing with commercial-scale wine production, the first of which was planted in
Napa in June 2013. To date, 19 scion and three Pierce’s disease resistant rootstocks have been advanced to
Foundation Plant Services at UC Davis for certification. Stacking of PdR1b with b42-26 Pierce’s disease
resistance has been advanced to the 96% V. vinifera level using marker-assisted selection to confirm the presence
of PdR1, as well as the recently discovered (see companion report) Pierce’s disease resistance locus on LG8 from
b42-26, PdR2. Initial selections for release will begin in 2018. Five of these have been pre-released to grapevine
nurseries to build up the amounts available for grafting. Greenhouse screening is still used to select for
advancement of only those genotypes with the highest possible levels of Pierce’s disease resistance. Other forms
of V. arizonica are being studied, and the resistance of some will be genetically mapped for future efforts to
combine multiple resistance sources and ensure durable resistance. Pierce’s disease resistance from
V. shuttleworthii and BD5-117 are also being pursued, but progress is limited by their multigenic resistance and
the absence of associated genetic markers. Very small scale wines from 94% and 97% V. vinifera PdR1b
selections have been very good and have been received well at public tastings in Sacramento (California
Association of Winegrape Growers), Santa Rosa (Sonoma Winegrape Commission), Napa Valley (Napa Valley
Grape Growers and Winemakers Associations), Temecula (Temecula Valley Winegrape Growers and Vintners),
and Healdsburg (Dry Creek Valley and Sonoma Grape Growers and Winemakers).

The Walker lab is uniquely poised to undertake this important breeding effort, having developed rapid screening
techniques for Xf resistance (Buzkan et al. 2003, Buzkan et al. 2005, Krivanek et al. 2005a, 2005b, Krivanek and
Walker 2005, Baumgartel 2009) and having unique and highly resistant V. rupestris x V. arizonica selections, as
well as an extensive collection of southwestern grape species, which allows the introduction of extremely high
levels of Xf resistance into commercial grapes. We genetically mapped and identified what seems to be a single
dominant gene for Xf resistance in V. arizonica/candicans b43-17 and named it PdR1. This resistance has been
backcrossed through four generations to elite V. vinifera cultivars (BC4) and we now have 97% V. vinifera
Pierce’s disease resistant material to select from. Individuals with the best fruit and vine characteristics are then
tested for resistance to Xf under our greenhouse screen. Only those with the highest levels of resistance are
advanced to small-scale winemaking trials by grafting them onto resistant rootstocks and planting six to eight vine
sets on commercial spacing and trellising at Pierce’s disease hot spots around California, where they continue to
thrive. We have made wine from vines that are at the 94% V. vinifera level from the same resistance background
for eight years and from the 97% V. vinifera level for six years. They have been very good and don’t have typical
hybrid flaws (blue purple color and herbaceous aromas and taste) that were prevalent in red wines from the 87%
V. vinifera level. b43-17 is homozygous resistant to Pierce’s disease. We have named its resistance region/locus
PdR1 and the two forms/alleles of that locus PdR1a and PdR1b. Screening results reported previously showed no
significant difference in resistance levels in genotypes with either one or both alleles. We have primarily used
PdR1b in our breeding, but retain a number of selections at various backcross (BC) levels with PdR1a in the event
that there is an as yet unknown Xf strain-related resistance associated with the PdR1 alleles. We also identified a
Pierce’s disease resistance locus from V. arizonica b40-14 (PdR1c) that maps to the same region of
chromosome 14 as PdR1 from b43-17. In the absence of an understanding of gene function and given the very
disparate origins of the b43-17 and b40-14 resistance sources, differences in preliminary DNA sequence data
between them, and differences in their Pierce’s disease symptom expressions, we have continued to advance the
PdR1c line as a future breeding resource. Our companion research project is pursuing the genetic basis of these
differences between PdR1b and PdR1c. In 2005, we started a Pierce’s disease resistant breeding line from another
Mexican accession, b42-26. Markers linked to this resistance proved elusive but strong resistance was observable
in our greenhouse screens as we advanced through the backcross levels. In 2011, we started stacking resistance
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from PdR1b with that of b42-26 using marker-assisted selection to select for PdR1b and a higher than usual
resistance in our greenhouse screen to move the b42-26 resistance forward. Late last year our companion project
identified the location of a significant Pierce’s disease resistance locus from b42-26 on chromosome 8, which we
have called PdR2. Three years ago, in 2014, we advanced our PdR1 x PdR2 line to the 92% vinifera level and last
spring made crosses to advance it to the 96% vinifera level. Marker-assisted selection was used to advance only
genotypes with both PdR1b and PdR2 for the first time on these crosses. The resistance from southeastern United
States species is being advanced in other lines. However, the resistance in these latter lines is complex (controlled
by multiple genes) and markers have not yet been developed to expedite breeding. The breeding effort with
alternative resistance sources and the complexing of these resistances is being done to broaden Xf resistance and
address Xf’s potential to overcome resistance.

OBJECTIVES
1. Identify unique sources of Pierce’s disease resistance with a focus on accessions collected from the

southwestern United States and northern Mexico. Develop F1 and BC1 populations from the most promising
new sources of resistance. Evaluate the inheritance of resistance and utilize populations from the most
resistant sources to create mapping populations.

2. Provide support to the companion mapping/genetics program by establishing and maintaining mapping
populations and using the greenhouse screen to evaluate populations and selections for Pierce’s disease
resistance.

3. Develop advanced lines of Pierce’s disease resistant winegrapes from unique resistance sources through four
backcross generations to elite V. vinifera cultivars. Evaluate and select on fruit quality traits such as color,
tannin content, flavor, and productivity. Complete wine and fruit sensory analysis of advanced selections.

4. Utilize marker-assisted selection to stack (combine) different resistance loci from the BC4 generation with
advanced selections containing PdR1. Screen for genotypes with combined resistances, to produce new
Pierce’s disease resistant grapes with multiple sources of Pierce’s disease resistance and high quality fruit and
wine.

RESULTS AND DISCUSSION
To date, over 293 wild accessions have been tested for Pierce’s disease resistance with the greenhouse screen,
most of which were collected from the southwestern United States and Mexico. Our goal is to identify accessions
with the most unique Pierce’s disease resistance mechanisms. To do so we evaluate the genetic diversity of these
accessions and test them for genetic markers from chromosome 14 (where PdR1 resides) to ensure that we are
choosing genetically diverse resistance sources for population development and greenhouse screening efforts.
Over the last five years, 15 of the most unique accessions were used to develop F1 populations with V. vinifera to
investigate the inheritance of Pierce’s disease resistance in their F1 progeny and the degree to which they resist
Xf. We have reported previously the surprising result from our companion Pierce’s disease mapping project that
most of the resistance lines we have explored from the southwestern United States have Pierce’s disease
resistance associated with chromosome 14, the same region as our primary resistance line PdR1b. From that same
project we identified PdR2 on chromosome 8 from b42-26. PdR2 resistance, although significant, generally
doesn’t confer as strong a resistance as PdR1. Preliminary results indicate that most of the non-PdR1 resistance
sources appear to also have at least some of their resistance derived from chromosome 8. Until we better
understand the nature of chromosome 8 Pierce’s disease resistance and explore additional resistance loci in these
lines, it is important to continue advancing multiple sources of chromosome 8 resistance.

Table 1 gives details of crosses made this spring to finish the expansion of our mapping populations. Group 1a
crosses will complete the ANU67 and most of the T 03-16 mapping populations. The b41-13 population was
completed with crosses made in 2016. In Group 1b we expand the number of T03-16 progeny used in full sib F1
intercrosses in an attempt to recover the strong resistance of the parent. In Group 1c we broadened the elite
vinifera parents used to advance the ANU67 and T03-16 lines and used a different promising F1 selection from
the b41-13 line.
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Table 1. 2017 Crosses made to finish the expansion of the new F1 Pierce’s disease mapping populations
and advance breeding lines to the next backcross level: vinifera parents, # crosses, actual # seeds produced.

Group Cross PDR
Source

%
vinifera vinifera Parents No. of

Crosses
Act. No. 

Seeds
of

1a
ANU67 50% F2-35 1 68
T 03-16 50% Palomino 1 73

1b T 03-16 50% Palomino 10 717

1c
ANU67 75% Montepulciano, Palomino,

and Sauvignon Vert 3 123

b41-13 75% F2-35 1 1061
T03-16 75% F2-35, LCC 2 184

Crosses made in 2017 in Table 2 represent our primary focus of 96% vinifera backcrosses to a diverse selection
of elite vinifera wine varieties to three of our most resistant parents carrying both PdR1b and PdR2. This will
expand and broaden the vinifera representation initiated by the seedlings planted earlier this year from crosses
made in 2016. The most promising selections would then be advanced to Foundation Plant Services (FPS) for
certification and eventual release as the next iteration of our Pierce’s disease resistant winegrape breeding efforts.

Table 2. 2017 crosses of elite vinifera cultivars to three resistant genotypes that have both the
PdR1b and PdR2 loci. Progeny will be 96% vinifera.

Resistant Parent vinifera Parent Act. No. 
Seeds

of Resistant Parent
Total Est. No. of

Seeds
14309-002 Alvarelhao 119

3,501

Dolcetto 917
Fiano 5
Matero 111
Montepulciano 169
Palomino 310
Pedro Ximenez 222
Pinot Noir FPS32 156
Pinot Noir FPS77 320
Refosco 271
Sauvignon Vert 480
Touriga Nacional 421

14309-111 Dolcetto 619

1,390

Fiano 75
Matero 341
Montepulciano 11
Morrastel 82
Pinot Noir FPS32 34
Refosco 225
Touriga Nacional 3

14388-029 Arneis 178

1,300

Montepulciano 49
Morrastel 272
Pedro Ximenez 315
Pinot Noir FPS32 75
Pinot Noir FPS77 67
Refosco 48
Sauvignon Vert 296
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We also completed the final BC4 generation in the PdR1c, b40-14 line (Table 3, Cross 3a). In Crosses 3b and 3c
we take two different approaches for combining PdR1b and b42-26 Pierce’s disease resistance. In the former, we
take an approach similar to that in Table 2 but from different initial backcross generations and selections. This
approach serves as insurance should we find b42-26 resistance resides significantly in genomic locations other
than chromosome 8. Rather than backcrossing in the PdR1b x b42-26 line as in Cross 3b, the resistance line
profiled in Cross 3c was backcrossed a second time to a different relatively resistant b42-26 progeny. This is with
the expectation that carrying more b42-26 minor resistance factors deeper into the backcross generations may
contribute a genetically wider base of Pierce’s disease resistance.

The remaining crosses in Table 3 (Crosses 3d-3h) combine Pierce’s disease resistance, either from PdR1b alone
or in combination with b42-26 resistance with various sources of powdery mildew resistance loci. We have
genetic markers for powdery mildew resistance derived from V. vinifera (Ren1), V. romanetii (Ren4), V. piasezkii
(Ren6), and two forms from Muscadinia rotundifolia (Run1 and Run2.1). Some of our most advanced lines in
crosses represented here should be candidates for release. In Cross 3d we have advanced single PdR1b Pierce’s
disease resistance with Ren1 and/or Ren4 powdery mildew resistance. Crossing to these diverse elite vinifera
should result in a wide range of possible selections. The challenges for the rest of the Table 3 Pierce’s disease x
powdery mildew (PD x PM) crosses are both practical, as required for rapid advance of stacking and for
inheritance of typical vinifera characteristics, and perceptual in terms of easier market acceptance, and they,
unlike those in Cross 3d, don’t have a most recent elite vinifera parent to differentiate them. These factors will
require a longer period of horticultural and enological evaluation than has been our experience to date with the
crosses bred for Pierce’s disease resistance alone. For the first time, some of the crosses in 3e and 3f integrate
powdery mildew resistance from Ren6 from V. piasezkii and Run 2.1 from Muscadina rotundifolia into our
Pierce’s disease resistant lines. Crosses in 3h are similar in result to those made last year, however, we have
selected for parents with better germination and anticipate a higher percentage of progeny with desirable marker-
assisted selection results. In addition to the 2017 crosses presented in Tables 2 and 3, we also made crosses in the
b46-43 line to advance to the BC2 level using Alvarelhao and Muscat Blanc as elite vinifera parents with 222
seeds produced.

Table 3. 2017 advanced Pierce’s disease (PD) and Pierce’s disease x powdery mildew (PD x PM) resistant
crosses with vinifera heritage, # crosses, and estimated # of seeds produced. Ren1, Ren4, and Ren6 are
powdery mildew resistance loci from V. vinifera, V. romanetii, and V. piasezkii, respectively. Run1 and Run
2.1 powdery mildew resistance loci are from Muscadina rotundifolia.

Cross PDR Type Cross PM Type vinifera Parent...Grandparents %
vinifera

No. of
Crosses

No. of
Seeds

3a. b40-14 None

Dolcetto, Fiano, Grenache Noir 224,
Malvasia Bianca, Montepulciano,
Morrastel, Pedro Ximenez, Touriga
Nacional

97% 8 1,004

3b. PdR1bxb42-26 None Arneis, Morrastel, Palomino, 
Ximenez

Pedro 97% 4 235

3c. PdR1bxb42-26^2 None
Arneis, Dolcetto, Malvasia Bianca,
Montepulciano, Morrastel, Pedro
Ximenez

93% 6 1,556

3d. PdR1b Ren1 & Ren4 Alvarelhao, Malvasia Bianca, 
Sauvignon Vert

Morrastel, 98% 4 505

3e. PdR1bxb42-26 Ren4 or Ren6 F2-35,…Cab, Chard, Zin 90%, 98% 4 1,404

3f. PdR1bxPdR2 Ren1xRen4 or
Ren1xRun2.1 ...Cab, Chard, Zin 93%, 94% 5 300

3g. PdR1bxb42-26 Ren1xRen4 or
Ren1xRun1 ...Cab, Chard, Zin 95%-98% 6 1,251

3h. PdR1bxb42-26 Ren1xRen4xRun1 ...Cab, Chard, Zin 96% 3 446

Our rapid greenhouse screen is critical to our evaluation of Pierce’s disease resistance in wild accessions, new F1
and BC1 mapping populations, and for selection of advanced late generation backcrosses for release. Table 4
provides a list of the Pierce’s disease greenhouse screens analyzed, initiated, and/or completed over the reporting
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period. In Group 4A we tested 127 individuals from the PdR1b x PdR2 stacked line (92% vinifera level) as well
as 24 Pierce’s disease x powdery mildew stacked genotypes at about the 90% vinifera level. This test was low in
severity and was the first screen to implicate the critical temperature relationship between the first 14 days
following inoculation and greenhouse screen severity. In Group 4B we tested 136 and 67 genotypes in the T03-16
and b41-13 F1 populations, respectively, as part of Pierce’s disease resistance gene discovery work being done in
our companion Pierce’s disease resistance mapping project. In addition, we confirmed the relative resistance of
the genotypes used in the 2016 Pierce’s disease and Pierce’s disease x powdery mildew crosses. A mechanical
failure of the greenhouse heater during the first 14 days post-inoculation in 4C resulted in low greenhouse screen
severity and confirmed what we suspected from 4A.

This year was also our most extensive Pierce’s disease x powdery mildew screen to date, and we evaluated 98
genotypes from eight different crosses (4D). Pierce’s disease resistances included PdR1b either alone or with b42-
26 resistance and the Ren1, Ren4, and Run1 powdery mildew resistance loci. In previous reports we have reported
some negative effect on Pierce’s disease resistance when Pierce’s disease and powdery mildew resistance loci
were combined. In this trial, the percent of highly resistant progeny ranged from 9% to 75%. Sample sizes were
too small to make a definitive conclusion, but it appeared the selection of the Pierce’s disease resistant parent
played a more important role in the resistance of a cross progeny than whether the cross was to a powdery mildew
resistant parent.

Part of Group 4D was the testing of 50 genotypes in an alternative PdR1b x b42-26 line at the 93% vinifera level.
Fifty percent were promising and one was used as a parent in 2017 crosses. The main focus in 4E was to refine
resistance in the b42-26 line primarily associated with chromosome 8. Similarly, in this same group, we retested
eight genotypes in the b46-43 line that had anomalous greenhouse screen results relative to their chromosome 14
markers, and provided the results to our companion Pierce’s disease mapping project. Promising parents for
breeding in novel PdR lines including b40-14, b46-43, and ANU5 were retested, as were remnants of our BD5-
117 lines (another multigenic resistance source from a Florida breeding program). One female genotype in the
BD5-117 line has tested highly resistant in all three screens, offering the possibility of creating outcrosses to our
other lines or crossing to one of the few other BD5-117 line highly resistant genotypes. This latter strategy,
however, doesn’t allow us to increase the vinifera level.

In addition to testing additional Pierce’s disease x powdery mildew crosses in Group 4F, we tested 20 accessions
of V. berlandieri for the first time to evaluate Pierce’s disease resistance in this Texas grape species. High
enzyme-linked immunosorbent assay (ELISA) results and severe Pierce’s disease symptoms suggest that these
aren’t promising candidates for creating additional Pierce’s disease resistant lines. Screening in Group 4G focused
on the b47-32 V. arizonica-monticola line to identify if resistance is unique or segregates with either chromosome
8 or chromosome 14 markers. Thirty-seven genotypes were tested, with results provided to our companion
Pierce’s disease mapping project. Only one individual would be a candidate for advancing this as a new Pierce’s
disease resistance line. In addition, we tested 75 genotypes in the 92% vinifera PdR1 x PdR2 line to confirm
previous tests and identify potential parents. Fully a third were promising, showing the benefit of stacking and
careful parent selection.

Testing in Group 4H supports graduate student research in our companion mapping/genetics program looking for
non-chromosome 14 Pierce’s disease resistance loci in b46-43, which may have additional resistance loci. Four
promising parents were identified from the 24 Pierce’s disease x powdery mildew genotypes also tested. In Group
4I, we continue to test the F1 progeny of the new T03-16 and b41-13 lines to facilitate genetic mapping of their
Pierce’s disease resistance. We also included 33 genotypes that should complete the extensive testing of the 92%
vinifera PdR1b x PdR2 stack group and allow further evaluation of the resistance derived from combining
chromosome 14 and chromosome 8 loci as well as minor resistance factors.

We continue to explore Pierce’s disease resistance from Muscadinia rotundifolia with the testing of 54 genotypes
in Group 4J. In the same group we test 75 F1 genotypes to improve the map of the b41-13 resistance source, as
well as a confirmatory test of the 2017 parents. On September 28, 2017, cuttings of the first 80 genotypes in the
96% vinifera PdR1 x PdR2 stack line were taken to initiate the greenhouse screening of this next iteration of our
Pierce’s disease resistant candidates for release.
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Table 4. Greenhouse Pierce’s disease screens analyzed, completed and/or initiated during the reporting
period. Projected dates are in italics.

Group Test Groups No. of
Genotypes

Inoculation
Date

ELISA
Sample Date

PD Resistance
Source(s)

4A SRs 2014 Recomb, PdR1xb42-26
Stack 2nd tests 170 8/11/2016 11/10/2016 PdR1b,b42-26

4B T 03-16,b41-13,2016 parents 259 9/13/2016 12/13/2016 b41-13, b42-
26,PdR1b, T 03-16

4C PdR1b x b42-26 stack & recent
promising 115 10/11/2016 1/10/2017 PdR1b, b40-14, b42-

26
4D 2015 PD & PD-PM Crosses 155 1/5/2017 3/23/2017 PdR1b, b42-26

4E
b42-26 BC1 & BC2 locus
refinement, 2014 Cross highly rated;
b46-43, BD5-117

262 3/14/2017 6/15/2017 b42-26, b46-43,
BD5-117

4F Addn PDxPM HW & V. berlanderi 113 3/30/2017 6/29//2017 PdR1b, b42-26,
berlandieri

4G b47-32 & low severity screen retests 170 5/25/2017 8/29/2017 PdR1b, b42-26, b47-
32

4H 14-399 b46-43 BC1 Mapping 262 8/1/2017 10/31/2017 b46-43

4I T 03-16 & b41-13 F1,PdR1bxb42-
26Stack 92 8/17/2017 11/16/2017 T 03-16, b41-

13,PdR1xPdR2

4J 2017 Parents, Rot, b41-13 F1s 159 10/12/2017 1/11/2018 PdR1b, PdR2,
rotundifolia, b41-13

Tables 5a through 5c detail the vine, fruit, and juice characteristics for the 15 Pierce’s disease resistant selections
used to make wine lots in 2017. 03182-084 is 75% vinifera with multigenic resistance from the Florida cultivar
BD5-117 crossed with a pure vinifera Cabernet Sauvignon x Carignane genotype. 07355-075 is 94% and thirteen
97% (starting with 09311-160 and ending with 10317-035) vinifera PdR1b selections represented the majority of
wines made. Selection 12351-03 is our most advanced PdR1a selection and is also 97% vinifera most recently
crossed to a selfed Zinfandel selection 08319-62. In addition, we made wines from a number of vinifera controls
and Blanc du Bois and Lenoir as reference Pierce’s disease resistant cultivars. All were made from Davis grown
fruit.

Table 5a. The 15 Pierce’s disease resistant selections used in small scale winemaking in 2017. Background and fruit
characteristics.

Genotype* Parentage 2017 Bloom
Date

2017 Harvest
Date

Berry
Color

Berry
Size (g)

Ave
Cluster
Wt. (g)

Prod
1 = v low,
9 = v high

03182-084 F2-7 x BD5-117 05/16/2017 09/07/2017 B 1.8 393 6

07355-075 U0505-01 
Syrah

x Petite 04/30/2017 08/22/2017 B 1.9 329 7

09311-160 07371-20 x 
Sauvignon

Cabernet 05/7/2017 08/29/2017 B 1.6 377 5

09314-102 07370-028 x
Cabernet Sauvignon 05/20/2017 08/31/2017 W 1.3 388 9

09330-07 07370-039 
Zinfandel

x 05/30/2017 09/12/2017 B 1.7 533 8

09331-047 07355-020 
Zinfandel

x 05/16/2017 08/29/2017 B 1.7 402 5

09331-133 07355-020 
Zinfandel

x 05/14/2017 08/29/2017 B 2.2 398 6

09333-370 07355-020 x
Chardonnay 05/16/2017 08/31/2017 B 1.6 497 6

09338-016 07371-20 x 
Sauvignon

Cabernet 05/30/2017 09/05/2017 W 1.2 390 6

09356-235 07371-19 x Sylvaner 05/30/2017 09/05/2017 B 1.5 368 7
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Genotype* Parentage 2017 Bloom
Date

2017 Harvest
Date

Berry
Color

Berry
Size (g)

Ave
Cluster
Wt. (g)

Prod
1 = v low,
9 = v high

10302-178 07370-028 x Riesling 05/11/2017 08/15/2017 W 1.3 136 4
10302-293 07370-028 x Riesling 04/29/2017 08/15/2017 W 1.0 99 7
10302-309 07370-028 x Riesling 04/27/2017 08/15/2017 W 1.7 262 8
10317-035 07370-028 x Riesling 05/09/2017 08/15/2017 W 1.2 157 7

12351-03 08319-62 
064

x 10312- 05/20/2017 09/07/2017 B 1.4 266 7

* Turquoise highlight = pre-released to nurseries in winter/spring 2017.

Table 5b. Juice analysis of Pierce’s disease resistant selections used in small scale winemaking in 2017.

Genotype* °Brix TA
(g/L) pH

L-malic
acid
(g/L)

potassium
(mg/L )

YAN
(mg/L, as

N)

catechin
(mg/L)

tannin
(mg/L)

Total antho-
cyanins
(mg/L)

03182-084 20.9 6.1 3.50 1.7 2,190 151 45 350 558
07355-075 27.7 6.3 3.63 1.5 2,390 265 20 408 1219
09311-160 26.0 5.9 3.75 2.5 2,530 276 29 263 887
09314-102 23.3 8.6 3.68 6.6 2,840 432
09330-07 23.6 5.7 3.73 1.9 2,540 249 26 769 1293
09331-047 27.0 5.1 3.83 1.5 2,230 300 18 470 1191
09331-133 24.8 5.2 3.66 1.6 1,960 251 10 718 929
09333-370 24.9 4.4 3.71 1.6 1,880 196 20 583 848
09338-016 23.8 5.2 3.79 2.4 2,250 280
09356-235 25.2 5.4 3.81 2.7 2,800 278 50 375 1414
10302-178 23.4 7.3 3.48 2.2 2,200 273
10302-293 24.5 5.6 3.53 1.1 2,050 112
10302-309 21.6 5.7 3.40 1.4 1,680 65
10317-035 22.3 4.9 3.56 1.4 1,730 76
12351-03 23.5 5.4 3.60 1.4 2,140 141 14 338 323

* Turquoise highlight = pre-released to nurseries in winter/spring 2017.

Table 5c. Pierce’s disease resistant selections used in small scale winemaking in 2017. Berry sensory analysis.

Genotype* Juice
Hue

Juice
Intensity Juice Flavor Skin Flavor

Skin
Tannin

Intensity
(1 = low,
4 = high)

Seed
Color

(1 = gr,
4 = br)

Seed
Flavor

Seed
Tannin

Intensity
(1 = high,
4 = low)

03182-084 pink light strawberry,
raspberry

neutral, slight
hay, slightly

canned
1 4 woody,

nutty 4

07355-075 red-pink medium+ fruity, berry,
cherry

fruity, slight
hay 2 3 woody,

nutty 2

09311-160 green pale apple, spice
spice, red

fruit, slight
grass

2 4 woody,
spicy, hot 3

09314-102 green light apple, pear hay, straw 1 3.5 woody,
spicy, hot 2

09330-07 red medium cherry,
strawberry

jam, hay,
plum 2 4

woody,
bitter,
salty

3
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Genotype* Juice
Hue

Juice
Intensity Juice Flavor Skin Flavor

Skin
Tannin

Intensity
(1 = low,
4 = high)

Seed
Color

(1 = gr,
4 = br)

Seed
Flavor

Seed
Tannin

Intensity
(1 = high,
4 = low)

09331-047 pink-
orange medium- cherry, berry fruity, plum 2 4

ashy,
slightly
bitter

2

09331-133 red-pink medium- raspberry,
spice

fruity, 
hay

slight 3 4 buttery,
woody 3

09333-370 pink-
orange medium- berry, plum,

spice fruity, plum 2 4 hot, spicy,
bitter 1

09338-016 green-
yellow medium- green apple,

slight spice
neutral, slight

hay 1 4
woody,
nutty,
spicy

3

09356-235 red, tech
orange medium Berry, plum,

spice fruity, plum 4 4
woody,
nutty,
spicy

1

10302-178 green-
yellow pale green apple,

slight spice

neutral,
straw, vs

veg?
3 4

spicy, hot,
acrid,
bitter

1

10302-293 green-
white very pale pear, melon,

rutabaga
neutral,

melon, hay 1 4 woody,
smoky 3

10302-309 yellow
brown medium ripe apple spicy, neutral 2 3

warm,
woody,
buttery

3

10317-035 green-
yellow light pear, melon,

sweet spice veg, hay 3 3 warm,
bitter 1

12351-03 orange medium hay, dust,
chlorine

neutral, slight
hay 1 4 woody,

spicy 3

* Turquoise highlight = pre-released to nurseries in winter/spring 2017.

To determine the field resistance of our various Pierce’s disease resistant varieties we have established field trials
for the last 16 years at Pierce’s disease hotspots around California and in several southern states where Pierce’s
disease is endemic. Our resistant selections in all field trials continue to be free of Pierce’s disease symptoms. For
example, this fall we scored a trial along the Napa River with Silverado Vineyards planted in the summer of 2014.
This site has extreme Pierce’s disease incidence and pressure and we relied on natural infection to assess Pierce’s
disease resistance in the trial. Of the 79 Chardonnay control vines, 53 (67%) had obvious visual Pierce’s disease
symptoms in this, their fourth leaf. Most of these vines were severely stunted and dying (Figure 1). In contrast,
none of the 193 vines of our Pierce’s disease resistant selections had Pierce’s disease symptoms. Shown in
Figure 2 is a typical vine of 09314-102, one of the 97% vinifera Pierce’s disease resistant selections in the trial.
ELISA results to confirm observations from both Chardonnay control and Pierce’s disease resistant test vines are
pending.

We continue to host wine tastings of our Pierce’s disease resistant selections [almost all 97% with the exception
of 07355-075 (94%)] for grower and vintner groups. Some of these tastings are at UC Davis with industry and
student tasters, and others are at various industry gatherings. On August 24, 2017, wines from the 2016 vintage of
three of our 97% vinifera PdR1b resistant selections were tasted by about 60 attendees at the North American
Grape Breeders Meeting held at UC Davis. All were well received, with particular accolades given to the 09314-
102 wine which many thought was a fine Pinot Blanc. On May 6, 2016, a tasting was held at UC Davis to
evaluate the 2015 vintage wines from our new Pierce’s disease resistant varieties. A total of 17 tasters comprised
of winemakers, viticulturists, faculty, staff, and students rated the wines on a hedonic quality scale from 1 = poor
to 5 = very good. All wines were produced from grapes grown in Davis. The tasters didn't assess the wines
uniformly, however, no taster rated every wine as poor, and most wines were considered “very good” or nearly so
by at least one taster. Considered together, all eight of the UC Davis Pierce’s disease wines and the Chardonnay
and Cabernet Sauvignon control wines were perceived as being of average quality. This is significant praise from
a group of professionals familiar with evaluating some of the finest vinifera wines in the world, especially
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considering that the wines were produced from grapes grown in Davis, were made at a three to five gallon scale,
were less than a year old, and had no oak treatment.

Figure 1. Silverado Vineyards field trial shown
in its fourth leaf on September 18, 2017. The
obviously stunted and diseased vines in the
foreground are the Chardonnay controls.
Healthy 97% vinifera UCD test vines are in the
background.

Figure 2. A typical healthy vine of the UCD
Pierce’s disease resistant selection 09314-102
shown in its fourth leaf on September 18, 2017 at
Silverado Vineyards along the Napa River.

I also conducted tastings at Driftwood, west of Austin, Texas, at the American Society of Enology and Viticulture
East Section meetings in Charlottesville, Virginia, and will be conducting a tasting at the January 2018 meeting of
the Georgia Wine Producers in Gainesville, Georgia. There were about 125 people at the Texas tasting and I
presented the five Pierce’s disease resistant selections that have been pre-released (see Table 5). The wines were
very well received and generated a lot of discussion and excitement. We have three trials with 88% and 94%
vinifera selections in Texas (in cooperation with Jim Kamas of Texas A&M) and they presented small-scale
wines from their trials. Three 88% vinifera selections are planted in Alabama have been expanded to 1,000 vines
each. This plot is in cooperation with Randall Wilson of White Oak Cellars. The vines are thriving and
commercial scale wines are being made.

New trials established this year in Pierce’s disease hot spots include 400 each of the five selections on pre-release
planted in Ojai with Adam Tolmach, 350 buds each of 07355-075 and 09331-047 for a field-budded vineyard
with Ashley Anderson at Cain Vineyards in Napa, and 1,000 bench-grafted vines on 101-14 for an early spring
2018 Napa planting with Daniel Bosch at Constellation. We are now testing our resistant selections in multiple
Napa sites, Sonoma, Temecula, Ojai, Texas (three sites), Alabama, and Florida. The resistant selections are not
showing Pierce’s disease symptoms and are thriving under very diverse environments and under what must be a
wide diversity of Xf strains.

CONCLUSIONS
We continue to make rapid progress breeding Pierce’s disease resistant winegrapes through aggressive vine
training, marker-assisted selection, and our rapid greenhouse screen procedures. These practices have allowed us
to produce four backcross generations with elite V. vinifera winegrape cultivars in 10 years. We have screened
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through thousands of seedlings that are 97% V. vinifera with the PdR1b resistance gene from V. arizonica b43-17.
Seedlings from these crosses continue to crop, and others are advanced to greenhouse testing. We select for fruit
and vine quality and then move the best to greenhouse testing, where only those with the highest resistance to Xf,
after multiple greenhouse tests, are advanced to multi-vine wine testing at Davis and in Pierce’s disease hot spots
around California. The best of these are being planted in vineyards at 50 to 1,000 vine trials with enough fruit for
commercial-scale winemaking. We have sent 19 advanced scion selections to Foundation Plant Services (FPS)
over the past four winters to begin the certification and release process. Three Pierce’s disease resistant rootstocks
were also sent to FPS for certification. Pierce’s disease resistance from V. shuttleworthii and BD5-117 is also
being pursued, but progress and effort is limited because their resistance is controlled by multiple genes without
effective resistance markers. Other forms of V. arizonica are being studied, and the resistance of some will be
genetically mapped for future efforts to combine multiple resistance sources and ensure durable resistance. Very
small-scale wines from 94% and 97% V. vinifera PdR1b selections have been very good and have been received
well at tastings in the campus winery and at public tastings throughout California, Texas, and Virginia.
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ABSTRACT
The aims of this project are to identify new sources of Pierce’s disease resistance, genetically map their resistance
loci, and enable the development of DNA markers that can be used in marker-assisted selection to expedite our
breeding program. This project is also physically mapping and cloning candidate Pierce’s disease resistance genes
from grape, with native promoters, to understand how the genes function. We continue to achieve success on all
fronts. A wide range of southwestern United States and northern Mexico Vitis species accessions was screened
and 14 resistant accessions were selected to develop breeding populations. We employed a limited mapping
strategy to verify that the new resistances were genetically different from the previously identified locus PdR1 by
ensuring the new resistances were from different genomic regions. This approach identified three new resistant
accessions, T03-17, b41-13, and ANU67, all of which have Pierce’s disease resistance on different chromosomes.
We also identified a second resistance locus PdR2 on chromosome 8 in the resistant V. arizonica accession b42-
26. The identification of this new locus and the new sources of resistant germplasm bring us much closer to
stacking resistance from multiple backgrounds so that we can broaden resistance, making it more durable. We
continue to develop and expand breeding populations from new promising resistant lines. Physical maps were
completed for b43-17 (PdR1a and PdR1b) and for the PdR1c locus (from V. arizonica b40-14). Upstream and
downstream sequences, as well as the gene sequences of two candidate genes, open reading frame (ORF)14  and
ORF18 from PdR1b, were verified, and constructs were developed with native promoters. We generated and
maintain embryogenic callus of V. vinifera cvs. Chardonnay and Thompson Seedless and V. rupestris St. George
for use in verifying that the loci we map do control Pierce’s disease resistance. Transgenic lines with both
candidate genes, and their native promoters, were developed, propagated, and are now being greenhouse screened
to validate their function. These efforts will help us characterize and validate candidate resistance genes by
complementation and allow us to better understand how they function. Such efforts could also lead to genetically
engineering V. vinifera cultivars with grape Pierce’s disease resistance genes. A large-scale, multiple time point
gene expression project was completed in the greenhouse and RNA extractions were finished for over 400
samples. Quantitative polymerase chain reaction experiments were used to test the expression of the two
candidate resistance genes. The molecular genetic tools developed in this project are used to expedite our Pierce’s
disease resistant winegrape breeding program and are crucial for its success.

LAYPERSON SUMMARY
Our main focus is to identify and genetically characterize unique Pierce’s disease resistance sources from
southwestern United states and Mexican Vitis species collections. In order to carry out the task we create genetic
maps that associate regions of chromosomes with Pierce’s disease resistance. These regions (markers) are used to
expedite screening for resistance, since they can be used to test seedlings for resistance as soon as they sprout.
Markers developed from different sources of resistance allow us to combine multiple resistance forms and
therefore produce offspring with more durable resistance. These markers also allow us to identify resistance genes
and engineer them into susceptible grapes, which we are doing to better understand the genes and the resistance.
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INTRODUCTION
This project continues to provide molecular support to the Pierce’s disease resistant grape breeding project
(“Breeding Pierce’s Disease Resistant Winegrapes”) by acquiring and testing a wide range of resistant
germplasm, tagging resistance regions with markers by genetic mapping, and functionally characterizing the
resistance genes from different backgrounds. To meet five key objectives of the program we have surveyed over
250 accessions of Vitis species growing in the southern United States and Mexico in an effort to identify new
Pierce’s disease resistant accessions. Analysis using population genetics tools allowed us to better understand
gene flow among resistant species and their taxonomic and evolutionary relationships. Twenty resistant
accessions were identified from screening of more than 250 accessions of germplasm collected from Mexico and
the southwestern United States. Markers were used to determine the diversity and relationships of these
accessions to each other. Small breeding populations were developed and more than 700 seedlings were marker
tested to ensure correct parentage and identity. We used a limited mapping strategy by utilizing markers from
chromosome 14, in conjunction with greenhouse screen data of the small breeding populations, to determine if
resistance to Pierce’s disease is different from the previously identified resistance locus PdR1. Three new unique
resistance sources (T03-16, ANU67, and b41-13) were identified as having a different resistance region than
chromosome 14 (Riaz et al. submitted). More crosses were made in spring 2016 to expand these breeding
populations for map-based identification of genomic regions that contribute to resistance. We are continuously
developing and expanding breeding populations from new promising resistant lines.

The identification and characterization of resistance genes and their regulatory sequences will help determine the
basis of resistance/susceptibility in grape germplasm. In addition, these genes and their promoters could be
employed in production of ‘cisgenic’ plants. Cisgenesis is the transformation of a host plant with its own genes
and promoters (Holmes et al. 2013). Alternatively, other well characterized vinifera-based promoters, either
constitutive (Li et al. 2012) or activated by Xylella fastidiosa (Xf) (Gilchrist et al. 2008), could be utilized. We
have completed the physical mapping for b43-17 to clone and characterize resistance genes (PdR1a and PdR1b,
see earlier reports). The physical map of the PdR1c locus (from b40-14) is also now complete. Development of
V. vinifera plants transformed with our Pierce’s disease resistance genes and grape promoters might work more
effectively and allow us to better understand the PdR1 resistant gene’s function.

Upstream and downstream sequences as well as gene sequences of two candidate genes, open reading frame
(ORF)14 and ORF18 from PdR1b, were verified, and constructs were developed. Transformation experiments
with the PdR1 resistance gene with a native grape promoter were completed with ORF18, and transgenic lines are
being developed and maintained for later resistance verification. A large-scale multiple time point gene
expression project was completed in the greenhouse and RNA extractions were completed for over 400 samples.
We used quantitative polymerase chain reaction to test the expression of candidate genes. Embryogenic callus
cultures of V. vinifera cvs. Chardonnay and Thompson Seedless and V. rupestris St. George are being maintained.
These efforts will help us to identify candidate resistance genes by complementation and better understand how
they function.

OBJECTIVES
The specific objectives of this project are:
1. Provide genetic marker testing for mapping and breeding populations produced and maintained by the

Pierce’s disease resistance-breeding program, including characterization of novel forms of resistance.
2. Complete a physical map of the PdR1c region from the b40-14 background and carry out comparative

sequence analysis with b43-17 (PdR1a and b).
3. Employ whole genome sequencing (50X) of recently identified Pierce’s disease resistant accessions and a

susceptible reference accession, and use bioinformatics tools to identify resistance genes, perform
comparative sequence analysis, and develop single nucleotide polymorphism (SNP) markers to be used for
mapping.

4. Clone PdR1 genes with native promoters.
5. Compare the Pierce’s disease resistance of susceptible grapevines transformed with native vs. heterologous

promoters.
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RESULTS AND DISCUSSION
Objective 1. Provide Genetic Marker Testing for Mapping and Breeding Populations Produced and
Maintained By the Pierce’s Disease Resistance-Breeding Program, Including Characterization of Novel
Forms of Resistance
Greenhouse testing was completed for over 250 southwestern and northern Mexico Vitis, which included
accessions collected from multiple collection trips across the southwestern States bordering Mexico or previously
collected from Mexico by Olmo. Both simple sequence repeat (SSR) and chloroplast markers were used to
establish relationships with known sources of resistance currently being used in the breeding program (Riaz and
Walker 2013). Small breeding populations were developed with 14 of the most promising resistant accessions by
crossing to highly susceptible V. vinifera. In spring 2016 we extracted DNA from the 704 individuals obtained
from these breeding populations that were also greenhouse screened. We carried out a limited mapping strategy
by utilizing markers from chromosome 14 that are linked to the PdR1 locus (see previous reports for details of the
PdR1 locus). This strategy allowed us to identify resistance sources whose resistance is similar to PdR1 and
sources that are different among the newly identified accessions. Twelve SSR markers that cover a 3.5 megabase
region including the PdR1 locus and genotypic data with 22 markers from 19 chromosomes was used to analyze
how genetically distinct the resistant accessions were from each other. Based on the polymorphic markers for
each breeding population, a genetic map was created to determine the relative marker order and then quantitative
trait locus (QTL) analysis for each population was carried out. The results from this study identified nine
accessions with a major resistance locus within the genetic window where the PdR1 locus from accession b43-17
was mapped. Results were not conclusive for two accessions, A14 and b47-32, due to small population size
and/or lack of polymorphic markers. The phenotypic data of three accessions, ANU67, b41-13, and T03-16, did
not correlate with the resistance markers from chromosome 14. These three accessions were identified as
candidates for further work to develop a framework map with larger populations to detect new unique loci for
Pierce’s disease resistance breeding. The small breeding populations used in this study effectively identified the
presence or absence of a major resistance locus. This approach is being used to enhance the Pierce’s disease
resistant winegrape breeding program by rapidly identifying new resistance loci and broadening the genetic base
of resistance. The major findings of this work are submitted for publication in a peer-reviewed journal.

Accession T03-16 from the Big Bend region in Texas and b41-13 from Tamaulipas state in Mexico are strong
candidates that do not possess PdR1. These accessions have great potential for use in the Pierce’s disease
grapevine breeding program. In order to identify the genomic regions in these two accessions, crosses were made
in spring 2016 to expand population sizes. In three backgrounds we were not able to determine if resistance is
different than PdR1 due to the small population size (Table 1). We plan to expand the number of individuals in
those backgrounds, greenhouse test them for Pierce’s disease resistance, and carry out analysis next year to
determine whether they possess PdR1. These results will get us one step closer to finding a new mechanism of
Pierce’s disease resistance that we can use in our breeding program. Table 1 presents the breeding populations
that were developed with new resistance sources (for details, see previous reports). We completed propagation of
four to five replicates for the subset of crosses mentioned in Table 1. These plants were inoculated with Xf in
September and the results of the assay will be available in winter 2018.

We have also identified a new locus, PdR2, in the V. arizonica/girdiana b42-26 background. To create a genetic
map of the F1 population 05347 (F2-35 x b42-26) we expanded the population to 352 seedling plants and tested
more than 1,000 markers. The level of polymorphism in b42-26 is very low, likely because of its geographic
isolation and resulting inbred genetic background. The genetic map was developed with 163 markers grouped to
17 chromosomes. Chromosomes 10 and 19 were not represented. We carried out analysis with this map and
identified resistance on chromosome 8, which was also verified on the basis of linked alleles in the pBC1 and
pBC2 populations. The resistance locus is called PdR2, and it resides between markers FAM82 and VMC 7h2. In
spring 2017 we began using closely linked markers to assist the breeding program with the use of marker-assisted
selection to stack the PdR1b and PdR2 loci together. Additional markers from chromosomes 10 and 19 were also
tested to get complete representation of the genome for the final genetic map and QTL analysis. A manuscript
detailing genetic mapping in b42-26 and b40-14 is approaching publication.

This project also provides molecular support to the companion Pierce’s disease resistance winegrape breeding
project by marker testing seedling plants. In spring 2017 we marker tested 1,895 seedling plants, from 23 different
crosses, for PdR1 and PdR2 loci. A total of 1,380 seedlings were tested for both loci and 515 seedlings were
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tested for PdR1 locus only. A total of 902 seedling plants from 14 different crosses were tested for veracity. In
total, we extracted DNA from 2,797 seedling plants for different Pierce’s disease resistance breeding projects.

Table 1. Resistant accessions used for the 23 breeding populations.

Resistance
Source Species Description Populations

Tested

Number of
Screened

Genotypes

Results of Limited
Mapping Strategy*

ANU5 V. girdiana 12-314 60 LG14

b40-29 V. arizonica, brushy 12-340, 
14-367, 

12-341,
14-368 29 LG14

b46-43 V. arizonica, 
monticola?

glabrous hybridized with V. 12-305, 
14-321, 
14-324, 

14-308,
14-322,
14-336

159 LG14

b41-13 V. arizonica-mustangensis and champinii
hybrid, red stem with hairy leaves 13-355 47 Inconclusive

b47-32 V. arizonica glabrous 
clusters, red stem

with monticola, small 13-344 13 Inconclusive

SC36 V. girdiana 13-348 35 LG14
T03-16 V. arizonica glabrous 13-336 62 Inconclusive
A14 V. arizonica 14-313 25 Inconclusive
A28 V. arizonica 14-347, 14-364 42 LG14
ANU67 V. arizonica glabrous 14-362 28 Inconclusive
ANU71 V. arizonica-riparia hybrid 14-340 30 LG14
C23-94 V. arizonica glabrous and brushy 14-303 44 LG14

DVIT 2236.2 V. 
wi

cinerea like, long cordate leaves, short
de teeth, small flower cluster 14-360 30 LG14

SAZ 7 V. arizonica 14-363 52 LG14
* Resistant accessions with different sources of resistance are marked as Not 14 in the last column. Accessions marked
as LG14 possess the PdR1 locus. Resistance affinity to chromosome 14 could not be determined for the accessions that
are marked as Inconclusive due to small population size and less informative markers.

Objective 2. Complete a Physical Map of the PdR1c Region from the b40-14 Background and Carry Out
Comparative Sequence Analysis with b43-17 (PdR1a and b)
QTL analysis with the SSR-based genetic map of V. arizonica b40-14 identified a major Pierce’s disease
resistance locus, PdR1c, on chromosome 14 (see previous reports for details). The genomic location of the PdR1c
locus is similar to the PdR1a and PdR1b loci. An additional 305 seedlings were marker tested to identify unique
recombinants using new SSR markers developed from the b43-17 sequence to narrow the genetic mapping
distance. Four recombinants were identified between chromosome 14-81 and VVIn64, and one recombinant
between the chromosome 14-77 and chromosome 14-27 markers. The new markers position the PdR1c locus in a
325 kilobase (kb) region based on the sequence of b43-17.

A bacterial artificial chromosome (BAC) library from b40-14 genomic DNA (see details in previous reports) was
screened and 30 BAC clones were identified with two probes, chromosome 14-56 and chromosome 14-58. BAC
clones that represent PdR1c were separated from the other haplotype and four overlapping BAC clones, VA29E9,
VA57F4, VA30F14, and VA16J22, were selected for sequencing. Common probes between the PdR1c and
PdR1b region were used to align the sequences. The assembly of four BAC clones is presented in Figures 1A and
1B that represents the sequence analysis of PdR1b and reference grape genome PN40024 region. A manuscript
titled “The Physical Map of Pierce’s Disease Resistance Locus, PdR1c” is in preparation.

The assembly of H43-I23 from the b43-17 BAC library that represents the PdR1a haplotype (F8909-17) was also
completed. The length of assembled sequence was 206 kb. The ORFs of the PdR1b region and the BAC clone
H69J14 were used to make comparisons. There was complete homology between the over-lapping BAC clone
sequences that reflect two different haplotypes. The BAC clone H43I23 has ORF16 to ORF20, and all five ORFs
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have identical sequences to the PdR1b haplotype. Based on these results we concluded that there is complete
sequence homology between haplotype a and b of the PdR1 locus. Therefore, cloning and functional
characterization of genes from any one haplotype will be sufficient for future work. Complete sequence homology
also reflects that the parents of b43-17 must be closely related and may have a first-degree relationship and
acquired resistance from shared parents. This also explains why we observed complete homozygosity of SSR
markers for the PdR1 locus in the resistant accession b43-17.

(A)

(B)

Figure 1. (A) BAC library was developed from genomic DNA of b40-14 and screened with probes. Four
over-lapping clones were selected for sequencing the complete region. (B) The sequences of four BAC
clones were assembled and full-length open reading frames were identified. Sequences were compared with
the reference genome and checked for synteny in that region.
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Objective 3. Employ Whole Genome Sequencing (50X) of Recently Identified Pierce’s Disease Resistant
Accessions and a Susceptible Reference Accession, and Use Bioinformatics Tools to Identify Resistance
Genes, Perform Comparative Sequence Analysis, and Develop SNP Markers to Be Used for Mapping
In this project and as detailed in previous reports, we proposed to use whole genome sequencing to genetically
map two new resistant accessions, b46-43 and T03-16, which have very strong Xf resistance in repeated
greenhouse screens. Next generation sequencing using IIlumina HiSeq and MiSeq platforms to carry out SNP
discovery and identification of SNP markers linked to resistance would only be used with those resistant lines for
which we have strong greenhouse screen information, information on the heritability of their Pierce’s disease
resistance, and the potential to screen the population using a limited mapping strategy.

The V. arizonica accession b46-43 is homozygous resistant to Pierce’s disease. Multiple crosses to V. vinifera
were made to develop BC1 populations in 2014 and 2015. Breeding populations were tested with markers to
verify the integrity of the crosses. Greenhouse screening of the BC1 populations with b46-43 and other resistant
sources was completed (see companion project report) and results were used in conjunction with markers from
chromosome 14 to evaluate the correlations between markers and resistance. Preliminary results indicate that
there is a major Pierce’s disease resistance locus on chromosome 14. However, our breeding program has already
identified two other accessions that have a major Pierce’s disease resistance locus on this chromosome. In order to
optimize the development of broadly resistant Pierce’s disease winegrapes we need to use Pierce’s disease
resistance sources that map to different regions, so that we have the greatest chance of stacking resistance genes
from multiple and diverse sources. Test results suggest that b46-43 is not a unique source of Pierce’s disease
resistance since it maps to the same location as PdR1, although it does have very strong resistance to Xf. In the
light of these results, we will not pursue whole genome sequencing to map in the b46-43 background.

We completed the map of only chromosome 14 for the BC1 mapping population (14399) and completed
greenhouse screening for 121 seedling plants. QTL analysis results indicated that the identified locus explains
only ~42% of the phenotypic variation, indicating that there might be another locus on a different chromosome
(Figure 2).

Figure 2. QTL analysis results of interval mapping of the pBC1 14399 population for chromosome 14. The
arrow represents the maximum logarithm-of-odds (LOD) for marker ch14-78 and the percent-explained
variation for Pierce’s disease resistance. The red dotted line is LOD threshold for a significant QTL call.
All mapped markers are on the x-axis.
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Figure 3 presents the correlation of different phenotypic parameters we have used to screen the pBC1 population.
We are currently repeating the greenhouse screen and expanding the mapping effort to develop a framework map
of all chromosomes to identify any other genomic region(s) that contribute to the resistance.

Figure 3. Comparison between resistant (R) and susceptible (S) genotypes in each measured phenotypic
parameter. Significant differences with Tukey’s test are indicated with letters a and b. The letter ‘n’ denotes
the number of genotypes screened.

Objective 4. Cloning of PdR1 Genes with Native Promoters
We employed PAC BIO RSII sequencing approach to sequence H69J14 and three other overlapping BAC clones
containing both markers flanking the PdR1b resistance locus. The assembled sequence data generated a 604 kb
long fragment without any gaps. Multiple ORFs of the Leucine-Rich Repeat Receptor Kinase gene family were
identified. These genes regulate a wide range of functions in plants, including defense and wounding responses
for both host and non-host specific defense. With the help of molecular markers we limited the genetic region to
82 kb, with five ORFs associated with disease resistance and other plant functions described above. ORF
sequences found outside the 82 kb window are also highly similar. Two ORFs, V.ari-RGA14 and V.ari-RGA18,
within the resistance region boundaries, are the most likely candidates for PdR1b. The other three sequences,
V.ari-RGA15, 16, and 17, are shorter and contain a large number of transposable elements.

Both resistance gene analogs (RGA) 14 and 18 have a very similar sequence profile except that RGA18 is 2,946
base pairs in size and lacks the first 252 base pairs of sequence that is part of RGA14. Functional analysis of the
protein sequence of both RGAs revealed that RGA14 lacks a signal peptide in the initial part of the sequence.
This result was verified using 3’ rapid amplification of cDNA ends (RACE) to specifically amplify RNA from
grapevines transformed with V.ari-RGA14 under the 35S promoter. The results found that mature mRNA does
not contain a signal peptide, necessary for proper membrane localization, at the beginning of the sequence thus
leaving RGA18 as the strongest candidate. Sequence verification for RGA14 and RGA18 and flanking sequences
were completed and fragments that contain the entire coding region plus ∼3 kb upstream and ∼1 kb downstream
sequences were synthesized and cloned into pCLB2301NK at Genewiz, Inc. pCLB2301NK is an optimized vector
(Feechan et al. 2013), capable of carrying large DNA sequences, thus allowing us to insert the candidate genes
plus surrounding sequences.
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New plasmids, called pCLB2301NK-14 and pCLB2301NK-18, were verified by restriction analysis in our lab
(Figure 4). Besides the corresponding 7 kb fragment, containing RGA14 or RGA18, these plasmids contain a
35S:mGFP5-ER reporter cassette and a kanamycin-selectable marker gene with the nopaline synthase promoter.

(A) (B) (C)
1   2   3   4 5   6   7

Figure 4. (A) Restriction analysis of plasmids pCLB2301NK-14 (lanes 2, 3, 4) and pCLB2301NK-18
(lanes 5, 6, 7) after digestion with Nhe1 (lanes 2, 5), Sac1 (lanes 3, 6), and Sal1 (lanes 4, 7). Gel image
includes a 1 kb ladder (lane 1) with the 3 kb fragment having increased intensity to serve as a reference
band. The results on the gel match the predicted sizes inferred from the plasmid information.
(B) pCLB2301NK-14 restriction map. (C) pCLB2301NK-18 restriction map.

We sequenced genotype U0505-22, which is used as a biocontrol in our greenhouse screenings. This genotype
was originally selected for the presence of PdR1b markers in our breeding program. However, U0505-22 is
susceptible to Pierce’s disease despite being positive for the markers, which then offers the opportunity to explore
the changes that could explain this behavior at the DNA level. Primers were designed to produce three kb
fragments that include sequences upstream and downstream of RGA14 or RGA18, in order to increase the
specificity of the amplification and facilitate cloning. Results obtained with U0505-22 showed the amplification
of fragments of the predicted size, but with sequences that differ from RGA14 and RGA18 in several bases. On
the other hand, sequencing of cDNA from b43-17, the original source of resistance, 16 days after inoculation
resulted in the amplification of fragments with sequences identical to RGA14 and RGA18 with a 500 base pair
deletion close to the 5’ end.

A large experiment with resistant and susceptible plants using multiple replicates and time points for control
(uninoculated) and inoculated plants (see details in previous report) was completed. To date, we have completed
RNA extractions from 450 samples in the above-mentioned experiment. We have also designed primers and
determined primer efficiency for gene expression studies with both RGA14 and RGA18. Two different primer
pairs with efficiencies of greater than 90% were selected to carry out preliminary analysis with uninoculated and
inoculated samples of Chardonnay and F8909-17 (source of PdR1). Preliminary results with samples from six
time points indicates that the expression level of both RGA14 and RGA18 in F8909-17 increases after day eight
in comparison to uninoculated, which peaks at day 23 and then decreases. Uninoculated and inoculated
susceptible Chardonnay did not show any expression. Gene expression and cDNA sequence analysis is underway.

Objective 5. Comparing the Pierce’s Disease Resistance of Plants Transformed with Native vs. Heterolo-
gous Promoters
We have established an Agrobacterium mediated transformation system followed by regeneration of plants from
embryogenic callus. We have streamlined the protocol and have established cultures of pre-embryogenic callus
derived from anthers of V. vinifera Thompson Seedless, Cabernet Sauvignon, Chardonnay, and the rootstock
V. rupestris St. George (Agüero et al. 2006). In an earlier phase of this project we transformed these varieties with
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five candidate genes containing the 35S cauliflower mosaic virus promoter, the nopaline synthase terminator, and
an hptII-selectable marker gene (see previous reports for details). We completed testing and found that the
transgenic plants did not confer Pierce’s disease resistance or tolerance. These results are in accordance with the
latest assembly obtained using PAC BIO SRII system. They show that only one of the sequences tested, V.ari-
RGA14, lays within the more refined resistance region of 82 kb. The 3’RACE technique was used to amplify
RNA from V.ari-RGA14 transformed grapevines and results showed that mature mRNA does not contain the
signal peptide, necessary for proper membrane localization, at the beginning of the sequence. However, this could
result from a lack of effect of 35S on splicing.

In addition to the embryogenic calli of Thompson Seedless, Chardonnay, Cabernet Sauvignon, and V. rupestris
St. George (SG) we have available for transformation, we developed meristematic bulks of these genotypes plus
101-14 Mgt for transformation via organogenesis (Figure 5). Slices of meristematic bulk can regenerate
transformed shoots in a much shorter period of time than somatic embryos. We have tested different media and
selective agents and established protocols for the initiation, maintenance, and genetic transformation of
meristematic bulk from these five genotypes (Xie et al. 2016). Meristematic bulk induction in non-vinifera
genotypes is less efficient but still high, with about 80% of the explants producing meristematic bulk after three
subcultures in medium containing increasing concentrations of cytokinins.

Figure 5. Embryogenic cultures (top) and meristematic bulks (bottom) of Chardonnay (CH), Thompson
Seedless (TS), Cabernet Sauvignon (CS), V. rupestris St. George (SG), and 101-14.

In order to include native promoters and terminators in constructs for future genetic transformations, we verified
sequences upstream and downstream of V.ari-RGA14 and 18, the two most likely PdR1b candidates. Sequence
verification was completed up to four to six kb in the upstream region and one kb in the downstream region. In
silico analysis of the upstream regions with PlantCare, a database of plant cis-acting regulatory elements, showed
that upstream sequences contain several motifs related to drought and defense responses.

Previous transformations with Agrobacterium tumefaciens carrying binary plasmids that contain hygromycin
(pCLB1301NH) or kanamycin (pCLB2301NK) selectable marker genes showed that both antibiotics are effective
selection agents for embryogenic calli. However, meristematic bulk regeneration has mainly occurred in selection
with kanamycin, confirming our previous observation that meristematic bulks are highly sensitive to hygromycin.
Thus, pCLB2301NK was chosen to carry RGA14 and RGA18 expanded sequences and named pCLB2301NK-14
and pCLB2301NK-18 thereafter.

Agrobacterium tumefaciens strain EHA 105 pC32 was chemically transformed with pCLB2301NK-14 or
pCLB2301NK-18 and subsequently used to transform embryogenic calli of V. vinifera cvs. Chardonnay,
Thompson Seedless, and the rootstock V. rupestris St. George. Transformation experiments with pCLB2301NK-
18 and pCLB2301NK-14 were initiated in March and July 2016, respectively, after synthesis and cloning was
completed. In addition, Agrobacterium was used to transform meristematic bulk of Pierce’s disease susceptible
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genotypes selected from the 04-191 population, which are 50% vinifera, 25% b43-17, and 25% V. rupestris A. de
Serres (as in the original population used for PdR1b mapping). These genotypes can provide an additional genetic
background for analysis of expression of PdR1 candidate genes. Two of these genotypes, designated 29-42 and
47-50, exhibited great potential for the development of meristematic bulks (Figure 6) and transformation
experiments with Agrobacterium have been initiated.

Table 2 shows the number of independent lines regenerated up to date, while Figure 6e shows the most advanced
cultures growing in the greenhouse. V.ari-RGA18 lines in the greenhouse were multiplied from green cuttings and
were inoculated with Xf in August 2017. It is expected that V.ari-RGA14 lines will be tested in January 2018.
Lines in the greenhouse have tested positive for the presence of transgene by polymerase chain reaction.
Transgene expression will be analyzed two months after inoculation.

A B C D E

Figure 6. (A) Embryo regeneration from embryogenic callus in Thompson Seedless. (B) Embryo
regeneration from embryogenic callus in St. George. (C) Shoot regeneration from meristematic bulks in St.
George. (D) Meristematic bulk development in genotype 47-50 from the 04-191 population. (E) First group
of independent lines inoculated with Xf.

Table 2. Number of independent lines regenerated after transformation with Agrobacterium
carrying pCLB2301NK-18 or pCLB2301NK-14.

Genotype No. Lines
In Vitro

No. Lines in
Greenhouse

pCLB2301NK-18
Chardonnay 13 10
T. Seedless 30 11
St. George 4 -

pCLB2301NK-14
Chardonnay 20 10
T. Seedless 18 10
St. George 4 -

CONCLUSIONS
We completed greenhouse screening, marker testing, and QTL analysis of breeding populations from 15 new
resistance sources including b46-43 and T03-16. We identified T03-16 and b41-13 as possessing resistance on a
different region than chromosome 14. Crosses were made to expand these breeding populations for framework
map development in order to identify other genomic regions of resistance. Our primary goal is to identify new
sources of resistance that do not reside on chromosome 4 so we can facilitate stacking of these resistance sources
with PdR1 from b43-17, since the incorporation of multiple resistances should make resistance more durable. We
have also identified a new resistance locus (PdR2) from the b42-26 background and closely linked markers are
being used in marker-assisted selection to stack resistance loci from these different backgrounds. We have
completed the genetic and physical mapping of Pierce’s disease resistance from b40-14. This resistance source
maps within the PdR1b locus, but it may be an alternative gene within this complex replicated locus. Finally, we
verified the sequence of two candidate genes from the PdR1b locus, completed transformations with ORF18 and
ORF14, and obtained transgenic lines for complementation tests in the greenhouse, scheduled to complete in fall
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2017 to spring 2018. This effort is also identifying the promoters of these genes, so that we can avoid the use of
constitutive non-grape promoters like CaMV 35S.
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ABSTRACT
One hundred eighty three hybrids of advanced breeding parent N18-6 crossed with Flame Seedless (Vitis
vinifera) were evaluated for Pierce’s disease (PD) under greenhouse growing conditions. N18-6 is genetically
inherited from PD resistant sources derived from the cross DC1-56 (W1521 x Aurelia) x Orlando Seedless (D4-
176 x F9-68). N18-6 possesses several desirable horticultural traits such as high yield, good flesh texture, flavor,
and PD resistance. It is one of the few germplasms that could survive under high disease pressure environments in
Florida. Results showed that while most Xylella fastidiosa-infected hybrid lines developed typical PD symptoms,
about 15 lines showed partial resistance with mild or no PD symptoms and significantly lower bacterial titers
compared to PD-susceptible progeny. To further identify the molecular basis of PD resistance, a molecular marker
assisted approach has been developed to facilitate mapping resistance loci linked to PD resistant traits. This study
adds new PD resistance breeding lines for PD management.

FUNDING AGENCIES
Funding for this project was provided by the Consolidated Central Valley Table Grape Pest and Disease Control
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ABSTRACT
The introduction of the glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) to California resulted in
epidemics of Pierce’s disease in the Temecula Valley and the southern San Joaquin Valley in the late 1990s and
early 2000s, respectively. In response, an area-wide suppression program was initiated that successfully
suppressed GWSS populations from 2002-2011. Since 2011, population levels of GWSS have been high in some
locations in the southern San Joaquin Valley, resulting in increased levels of Pierce’s disease. A field study was
initiated in the spring of 2016 to identify the time of year that GWSS are most likely to acquire and transmit
Xylella fastidiosa (Xf). To accomplish this, four citrus orchards and four vineyards were sampled every three
weeks beginning in April 2016. On each visit the abundance of GWSS on five to ten citrus trees or five to ten
grapevines was assessed. In addition, GWSS were collected and tested for the presence of Xf by quantitative
polymerase chain reaction (qPCR). Finally, plant samples were collected at vineyard sites from chronically
infected grapevines to determine seasonal changes in Xf population densities in plants. In 2016 the abundance of
GWSS was high at vineyard and citrus sites. Specifically, 536 sharpshooters were collected from citrus locations
and 146 sharpshooters were collected from vineyards during 2016, with 74 (14%) and 28 (19%) testing positive
for Xf. The number of Xf-positive sharpshooters in 2016 was low from April to late July and markedly increased
in late July through early September. The timing of the increase in Xf-positive sharpshooters occurred
simultaneously with an increase in qPCR detection in grapevines chronically infected with Xf. At citrus sites, the
highest percentage of Xf-positive sharpshooters was observed in fall and winter. In 2017, the abundance of GWSS
had declined at collection locations, presumably due to area-wide insecticide treatments. During 2017, 314
sharpshooters were collected from citrus sites and no sharpshooters were observed at vineyard sites. At citrus
sites, 36 (11%) of sharpshooters were Xf-positive, with the highest percentage of Xf-positive sharpshooters
observed in late winter and early spring. Sampling is ongoing and will end in fall of 2018.

FUNDING AGENCIES
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District, and by the USDA Agricultural Research Service, appropriated project 2034-22000-012-00D.
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ABSTRACT
Different strains or subspecies of Xylella fastidiosa (Xf) cause different diseases when various hosts become
infected, ranging from mild diseases such as bacterial leaf scorch of hardwoods to Pierce’s disease of grapevines.
Although strains and subspecies of Xf have been well characterized by genotyping, complementary studies are
needed to decipher phenotypic differences among isolates. Therefore, studies were conducted to characterize the
fatty acids that comprise Xf cell membranes, which could mediate interactions between this bacterial pathogen and
its hosts. Additionally, studies to observe the ability of Xf to survive on media supplemented with phenolic
compounds were also conducted, as xylem is rich in plant-produced phenolic compounds. So far, seven different
Xf isolates had fatty acid profiles collected: Dixon, M12, M23, Mulberry, 5A (isolated from olive in California),
Stag’s Leap (SL), and Temecula. For each isolate, the twelve most abundant fatty acids were selected for further
analyses. Cluster analyses (both with furthest neighbor linkage using Pearson’s correlations and nearest neighbor
linkage using squared Euclidean distances) and principal component analyses were conducted using fatty acid
profile data to identify differences and similarities among isolates. These analyses determined that M23 and SL,
both of which are ssp. fastidiosa, consistently grouped together; Dixon and 5A, both of which are ssp. multiplex,
consistently grouped together; Mulberry and Temecula consistently grouped together; and M12 was separate from
the other isolates. Regarding phenolic-amended growth media studies, the spp. fastidiosa strain SL grew better on
media amended with quercetin, polydatin, and coumaric acid than standard non-amended PD3 media. However,
the ssp. multiplex strain Dixon did not have observable changes of growth on phenolic-amended media compared
with that on non-amended PD3 media. These results suggest differences between Xf subspecies in the ability to
utilize plant phenolic compounds, albeit results from additional isolates to verify are still pending. For both the
fatty acid and phenolic-amended media studies, additional strains and replication will be necessary to verify and
expand results. Completion of these studies should yield greater information about phenotypic differences among
Xf subspecies and strains.

FUNDING AGENCIES
Funding for this project was provided by the USDA Agricultural Research Service, appropriated project 2034-
22000-012-00D.
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ABSTRACT
For over 15 years the Temecula Valley has been part of an area-wide control program for an invasive vector, the
glassy-winged sharpshooter (Homalodisca vitripennis; GWSS). The goal of this program is to limit Pierce’s
disease spread by suppressing vector populations in commercial citrus, an important reproductive host for this
insect, before they move into vineyards. To achieve effective GWSS control, spring applications of the systemic
insecticide imidacloprid to citrus have been made in years past. As part of this program there is ongoing
monitoring of GWSS to ensure that its populations are being adequately suppressed. Notably, since 2013
reimbursements to citrus growers have not been made. As a result, over the past several seasons no Temecula
Valley citrus acreage was treated specifically for GWSS, although it is likely that some treatments are occurring
to target important citrus pests. Nearly 135 yellow sticky traps were inspected on a biweekly basis throughout
2017 to monitor GWSS in citrus, the results of which were shared regularly with local grape growers. The results
over the past season show a marked increase in GWSS abundance, with a total of nearly 4,000 GWSS caught
during the summer peak (July through September). This total is more than 50% higher than previous highs dating
back nearly 15 years. The mechanism driving this rebound in GWSS abundance is not knwn. As a result, it is
unclear whether this past season represents an acute spike in GWSS abundance or a more chronic resurgence.

LAYPERSON SUMMARY
The glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) constitutes one of the primary threats to the
wine, table grape, and raisin industries in California, owing to its ability to spread the bacterial pathogen that
causes Pierce’s disease. In the Temecula Valley an area-wide control program has been in place for more than 15
years, which until recently relied on insecticide applications in citrus groves to control GWSS before they move
into vineyards, and still entails regular monitoring of GWSS populations throughout the region. This program is
important for guiding management decisions for vineyards in the area. This year the GWSS catch was the highest
seen in over ten years. It is not yet clear whether the pattern this year indicate a resurgence in GWSS populations,
as has occurred in other parts of California, or simply reflects a single, anomalous season.

INTRODUCTION
The winegrape industry and its associated tourism in the Temecula Valley generate $100 million in revenue for
the economy of the area. Following the invasion of the glassy-winged sharpshooter (Homalodisca vitripennis;
GWSS) into southern California from the southeastern United States, a Pierce’s disease outbreak occurred. This
outbreak resulted in a 30% loss in overall vineyard production over a few years, with some vineyards losing 100%
of their vines during the initial years of the outbreak. An area-wide GWSS management program initiated in the
spring of 2000 saved the industry from even more dramatic losses. Since the initiation of the Temecula Valley
GWSS area-wide management program, several hundred new acres of grapes have been planted and multiple new
wineries have been built.

GWSS has the potential to develop high population densities in citrus. Fortunately, GWSS is also highly
susceptible to systemic insecticides such as imidacloprid. Insecticide treatments in citrus groves, preceded and
followed by trapping and visual inspections to determine the effectiveness of these treatments, have been used to
manage this devastating insect vector and disease. In addition, parasitoid wasps that attack GWSS egg masses are
also contributing to management in the region.

As part of the area-wide treatment program, monitoring of GWSS populations in citrus has been conducted since
program inception. This monitoring data has been used to guide treatment decisions for citrus, to evaluate the
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efficacy of the treatments, and to guide vineyard owners, pest control advisors, and vineyard managers on the
need for supplementary vector control measures within vineyards.

In 2013 the decision was made by state and federal regulators not to reimburse citrus growers for insecticide
applications intended to target GWSS in the Temecula Valley. This change was motivated by the expectation that
citrus growers would likely be treating already for the Asian citrus psyllid (Diaphorina citri), an invasive vector
of the pathogen associated with huanglongbing or citrus greening disease. Sharpshooter and psyllid integrated
pest management rely on largely the same insecticides. However, the timing of applications differ slightly,
depending on the focal pest. Therefore, monitoring of sharpshooter populations continues to be important for
determining whether GWSS populations, which already show substantial interannual variability, appear to be
rebounding. This is particularly true given the notable resurgence of GWSS in other areas of the state.

OBJECTIVES
1. Monitor regularly GWSS populations in citrus groves throughout the Temecula Valley to evaluate the

effectiveness of prior insecticide applications and to provide a metric of Pierce’s disease risk for
grapegrowers.

2. Disseminate a newsletter for stakeholders on GWSS seasonal abundance in citrus throughout the region.

Double-sided yellow-sticky cards (14 cm x 22 cm; Seabright Laboratories, Emeryville, CA) are being used to
monitor for adult sharpshooters in citrus. Approximately 135 such traps have been placed in citrus groves
throughout the Temecula Valley. All traps are labeled, numbered, and georeferenced with a handheld global
positioning system monitor. Most traps are placed at the edge of the groves at the rate of approximately one per
ten acres. Traps are attached with large binder clips to wooden stakes around the perimeter of the grove. For large
groves, traps are also placed in the interior. The total number of traps depends on the size of the orchard block.

The yellow-sticky cards are collected, inspected under a dissecting microscope, and replaced every two weeks
from late spring through early fall (May through October) and monthly the rest of the year. At each census the
number of adult GWSS and smoke-tree sharpshooters (Homalodisca liturata) are recorded, along with the
abundance of common generalist natural enemy taxa (i.e. lacewings, lady beetles).

After collecting all data for a given census date, the data are collated into a newsletter showing the number of
sharpshooters caught, where they were caught, and the seasonal phenology of sharpshooter populations relative to
years past. This newsletter is disseminated to stakeholders via e-mail and on a blog hosted by UC Riverside’s
Center for Invasive Species Research (http://cisr.ucr.edu/temeculagwss/).

RESULTS AND DISCUSSION
The results for 2017 are shown in Figure 1. This includes monthly censuses of GWSS in citrus through April,
then biweekly censuses from May through October. Results for the remainder of 2017 are pending. Census
results, thus far, show GWSS abundance and activity levels substantially higher than is typical for the Temecula
region. GWSS catch was higher than usual for pre-season activity (February through early June) and then
increased significantly in late spring and early summer, then dropped in late July through September. As of late-
October, GWSS populations appear to have declined substantially.

Figure 2 shows the GWSS catch in 2017 relative to other years. 2017 had a higher overall catch compared to
recent years over most of the season. Indeed, the peak GWSS catch in 2017 was more than 50% higher than prior
year peaks dating back to at least 2003.



- 155 -

Figure 1. Seasonal total GWSS catch in 2017 for approximately 135 traps throughout the Temecula Valley.

Figure 2. Seasonal total GWSS catch in the Temecula Valley in 2017 compared to the previous eight years.
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CONCLUSIONS
The observed trapping results for GWSS in the Temecula Valley represent a sizeable increase in GWSS activity
after approximately a decade of modest GWSS populations and low Pierce’s disease pressure. As a result of this
observed increase in GWSS activity the researchers ramped up extension efforts, including holding workshops for
vineyard managers and a small winegrowers group on Pierce’s disease identification and disease management.
Temecula Valley grape growers were cautioned to remain vigilant and consider alternative steps to managing
Pierce’s disease pressure in their vineyards, particularly if this season ends up being the beginning of a sustained
resurgence in GWSS populations.

FUNDING AGENCIES
Funding for this project was provided by the California Department of Food & Agriculture Pierce’s Disease
Control Program.
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ABSTRACT
Monitoring for resistance to insecticides continued in 2017 with a series of insecticide bioassays conducted on the
glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) in Kern County. Two organic and two
conventionally-treated citrus sites were chosen for monthly monitoring from July through October based on high
densities of GWSS determined in the CDFA trapping program. These sites were located in two different regions
of the county, Edison Highway and Highway 65. Bioassays were conducted solely with imidacloprid as its use in
citrus and grapes remains high, and previous studies have found seasonal increases in GWSS resistance to this
material. This trend of increasing resistance over the season continued again this year. In the conventional plots,
GWSS pesticide resistance increased from July through September, and in organic plots resistance increased from
July through October. For the September bioassays, resistance was significantly higher in treated citrus than in
organic citrus with LC50s of 51.5 and 7.7, respectively. To address additional objectives, spray records and
GWSS trap counts from previous years are being input into our geographic information system for evaluation of
historical GWSS population dynamics. Insecticide treatment records and GWSS numbers from 2015, 2016, and
2017 have been recorded. Our current bioassay studies combined with historical spray records and trap counts
will contribute to a better understanding of insecticide use for the management of GWSS.

LAYPERSON SUMMARY
By reducing the number of glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) vectors in the field,
insecticides are key to the management of Pierce’s disease. High numbers of GWSS in California from 2012-
2015, despite continued monitoring and treatment, suggested a change in the pest’s susceptibility to commonly
used products. Research in our lab during 2015 demonstrated high levels of resistance to insecticides in GWSS in
Kern County, with declining susceptibility as the season progressed. Fortunately, there was no further reduction in
susceptibility in 2016, but the levels of susceptibility were still much lower than in 2000-2001 when the area-wide
GWSS program was initiated. Further work in 2017 focused solely on imidacloprid, the insecticide that has been
used most frequently in citrus and grapes. Selecting citrus blocks near conventional (insecticide-treated) groves
and organic groves for GWSS sampling, we found an increase in resistance for both field types as the season
progressed and a much higher level of resistance in the conventional plots compared to the organic plots. These
data suggest that local use of imidacloprid contributes to an increase in imidacloprid resistance in Kern County.

INTRODUCTION
Chemical management of glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) populations within
citrus orchards and vineyards in Kern County is informed by the CDFA Pierce’s Disease and Glassy-winged
Sharpshooter Area-wide Management Program. From its initiation in 2001, this program managed to dramatically
reduce and then maintain low numbers of GWSS within Kern County fields through 2008, and Pierce’s disease
incidence in grapes remained low. In 2009, GWSS numbers increased and eventually lead to extremely high
densities in 2012, alarming the industry and leading experts to hypothesize that insecticide resistance had
developed in Kern County GWSS populations. Despite continued insecticide usage, high densities of GWSS from
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2012-2015 existed and the numbers in 2012 and 2015 surpassed the 2001 density (Figure 1). At the same time,
surveys of Pierce’s disease infected vines indicated an increase in disease incidence in the General Beale region of
Kern County (Haviland 2015).

Figure 1. Total number of GWSS caught on CDFA traps in Kern Co. from 2001-2015 (from Haviland 2015).

The systemic neonicotinoid insecticide, imidacloprid, has been used preferentially for GWSS suppression over the
course of the management program. In addition, other insect pests in grapes (Daane et al. 2006) and citrus
(Grafton-Cardwell et al. 2008) have been treated with this material. With the selection pressure that has resulted
from the use of imidacloprid across citrus and grape acreages over the past 16 years there is reason to believe that
the resurgence of GWSS is related to imidacloprid resistance. Resistance to imidacloprid has been documented for
numerous insects (Liu et al. 2005, Nauen and Denholm 2005, Karunker et al. 2008, Fewkes 1969). Although
Rosenheim et al. (1996) argues that sap feeding insects might be less prone to resistance than leaf-chewing
insects, the possibility of pesticide resistance development remains in any organism that is subjected to a specific
mortality factor over time. Pesticides are an integral part of the citrus and grape pest management, and
understanding the levels of resistance to insecticides is critical to the future selection of materials that are used to
manage GWSS and Pierce’s disease.

This project was initiated in July 2015. In that year we used laboratory bioassays on field-collected GWSS to
evaluate eight commonly used compounds. These studies showed that GWSS were much less susceptible to the
tested insecticides than they were in 2001 and 2002 (Prabhaker et al. 2006), when the area-wide management
program was initiated (Perring et al. 2015). For some insecticides, the studies showed LC50 values to be much
higher in 2015, an indication of resistance in the populations. These results were similar to those obtained by
Redak et al. (2015) in the same geographic region.

In the same study we documented variation in the relative toxicities at different times and locations throughout the
2015 season (Perring et al. 2015). In particular, there was a 79-fold increase in the LC50 for imidacloprid from
the first bioassay of the season to the last, and there were differences in susceptibility of sharpshooters collected
from different fields and geographic areas. This study suggested that toxicity was related to factors in the local
context.
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The research was continued in 2016 and, despite low numbers of sharpshooters, we evaluated two pyrethroids and
three neonicotenoids on two dates from table grapes and one date from citrus. The data from 2016 showed similar
resistance levels to those from 2015 for all five chemicals (Perring et al. 2016). Even so, resistance levels in 2015
and 2016 were higher than in 2001-2002, indicating a declining susceptibility over the years. Since GWSS
numbers were limited in 2017, and considering that imidacloprid has been used extensively in citrus (Grafton-
Cardwell et al. 2008) and grapes (Daane et al. 2006), our 2017 bioassays were focused on imidacloprid testing.

OBJECTIVES
1. Conduct laboratory bioassays on field-collected GWSS from Kern County to document the levels of

resistance at the beginning of the 2016 and 2017 field seasons, and to document changes in susceptibility as
each season progresses.

2. Document differences in insecticide susceptibility in GWSS collected from organic vs. non-organic vineyards
(grapes) and/or orchards (citrus) and from different locations in Kern County.

3. Obtain and organize historic GWSS densities and treatment records (locations, chemicals used, and timing of
applications) into a Geographic Information System (GIS) for use in statistical analyses.

4. Determine the relationship between insecticide susceptibility of different GWSS populations and treatment
history in the same geographic location and use relationships to inform future insecticide management
strategies.

RESULTS AND DISCUSSION
Objectives 1 and 2
In 2017, we conducted bioassays on GWSS collected in citrus on July 24, August 8, August 29, September 12,
and October 9. All collections were made in citrus fields because we observed consistently higher GWSS counts
in citrus than in grapes this year. Collections were made from four sites in Kern County throughout the season.
Two treated and two non-treated (organic) sites were chosen from two different zones of the Kern County area-
wide trapping map (Figure 2). The 2017 spray records were placed into our GIS, and sites were selected based on
two primary criteria: (1) proximity to recent imidacloprid-treated regions; and (2) GWSS population densities.
Treated areas were considered those in which imidacloprid was applied in the 2017 growing season within 0.75
miles of the collection site. Organic sites were defined as those in which imidacloprid had not been applied this
season within at least one mile of the collection site. The four sites were spread throughout Kern County with the
treated 1 (T1) and organic 1 (O1) sites located in the Edison region in Zone 3 and the treated 2 (T2) and organic 2
(O2) sites occurring along Highway 65 in Zone 1 (Figure 2). The CDFA GWSS trap counts were used to
determine the sites from which to collect GWSS on each collection date. Totals of 750, 600, 100, 420, and 510
GWSS were collected on each aforementioned date, respectively.

Bioassays conducted on organic versus treated sites throughout the 2017 season demonstrated different levels of
resistance as the season progressed. The results from the two organic sites were combined, as were the bioassays
from the two treated sites. This enabled us to assess the overall resistance rates at organic sites versus treated sites
throughout the season (Table 1). The August 8 and August 29 bioassay results also were combined for our treated
sites because of the low GWSS population densities at Site T1 on August 29. For organic and treated locations we
observed an increase in resistance levels as the season progressed. In the organic locations this increase was not
statistically different than earlier in the season in July as indicated by overlapping 95% confidence intervals.
However, in the treated locations there was a significant increase in resistance, approximately 35-fold, from July
to September. Comparing the organic versus treated September bioassays, resistance is significantly higher in
treated sites than in organic sites. Unfortunately, there were not enough GWSS available at sites T1 or T2 in
October, so we could not evaluate if the resistance levels increased in treated sites past September.
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Figure 2. Four Kern County locations chosen for GWSS collection and imidacloprid bioassays. (A) Treated Site 1
(T1), (B) Organic Site 1 (O1), (C) Treated Site 2 (T2), and (D) Organic Site (O2). Citrus or grapes treated with
imidacloprid in 2017 are represented by the yellow areas. Orange circles indicate collection sites. Green lines
represent distances between collection sites and treated areas that are less than 0.75 miles. Blue lines represent
distances between collection sites and treated areas of one mile or more.

Table 1. Probit statistics for imidacloprid tested against GWSS adults from organic and treated sites in
Kern County from July to October 2017.

Site Date
Mortality Over 2017 Season

LC50 (µg/ml) 95% C.I. Slope (± SE)

Organic

July 24 1.253 0.367 – 5.354 1.253 (0.187)
August 8 0.845 0.163 – 3.133 1.003 (0.090)

September 12 7.724 3.421 – 20.062 1.031 (0.167)
October 9 8.710 2.932 – 27.277 0.894 (0.093)

Treated
July 24 1.429 0.720 – 2.360 1.678 (0.333)

August 8 & 29 0.335 0.014 – 1.271 1.028 (0.204)
September 12 51.525 21.334 – 204.985 0.534 (0.111)
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To get an estimate of the overall levels of imidacloprid resistance in Kern County over the 2017 season, we
combined the mortalities observed at all sites per collection date. Again, data from August 8 were combined with
those from August 29. This analysis demonstrated an overall increase in GWSS resistance to imidacloprid as the
season progressed (Table 2). With overlapping 95% confidence intervals, the LC50 values for July and August
levels were not statistically different from each other. However, from August to mid-September there was a
significant increase in LC50s. In October, the LC50 decreased but was not statistically different than in
September, nor than earlier in the season. This is likely because only the O2 (organic site) was sampled on this
day, due to a lack of GWSS at the treated sites. As we showed in Table 1, LC50s the month before were
significantly lower in organic orchards than in treated orchards, which we hypothesize would have been the case
for October as well. If a treated location could have been tested in October, the overall LC50 value likely would
have been higher. This trend of increasing resistance to imidacloprid over a season is consistent with our 2015
bioassays (Perring et al. 2016). The results of our bioassays over the past three years suggest that resistance
increases within each season, although it appears to revert back to a susceptible state at the beginning of the next
growing season. Overall, there was little difference in GWSS susceptibility to imidacloprid this year versus the
previous two years, but susceptibility remains lower than levels determined in 2001-2002.

Table 2. Probit statistics for imidacloprid tested against GWSS adults on five dates from July to October 2017.
Date LC50 (µg/ml) 95% C.I. Slope (± SE)

July 24 1.710 0.613 – 3.480 1.362 (0.155)
August 8 & 29 0.684 0.037 – 3.614 1.003 (0.084)
September 12 22.122 12.046 – 40.887 1.068 (0.188)

October 9 8.710 2.932 – 27.277 0.894 (0.093)

Objectives 3 and 4
Our GIS now has the crop coverages from Kern County, and we are creating attribute layers for the neonicotinoid
sprays for each year since the area-wide program was initiated. To date we have 2015, 2016, and 2017 data in the
GIS, and we continue to work on previous years. At the same time we are working to input the GWSS trap data
from the past 16 years. This has turned out to be more difficult than we anticipated because the trap data from the
thousands of traps that have been counted every two weeks do not reside in a GIS database format. Thus, we are
determining the best way to analyze the data so that we can gain an understanding of how spray sites may have
impacted subsequent number of GWSS near those sites.

CONCLUSIONS
GWSS resistance to imidacloprid appears to build within one season, particularly within regions
immediately surrounding areas that are treated with imidacloprid. While we have observed this trend in
previous years, further monitoring should be conducted over the next couple years to provide a complete
understanding of how resistance to imidacloprid varies geographically and temporally. This year, Kern
County pesticide use records aided our evaluations of imidacloprid resistance in organic versus
conventionally treated citrus orchards. Pairing our annual bioassay results with historical analyses of
pesticide use patterns will provide essential information for understanding the basis of GWSS resurgence
in Kern County.
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ABSTRACT
Having confirmed in 2016 that glassy-winged sharpshooters (Homalodisca vitripennis; GWSS) in the General
Beale Road citrus-growing area were exhibiting high levels of imidacloprid resistance, our focus in 2017 was to
broaden the geographical range of our resistance monitoring program, and to determine levels of cross-resistance
to the neonicotinoid insecticide acetamiprid and the pyrethroid fenpropathrin. In 2017, we established
toxicological profiles for a population of GWSS collected from an organic citrus grove in the Temecula Valley in
Riverside County, where there were extraordinarily high numbers of insects during the summer. The Temecula
insects exhibited a slight shift in toxicological response to imidacloprid compared with our historical (2003) data
for Riverside County, but were similar in response to the Tulare 2016 population that also originated from organic
citrus. The Temecula and Tulare populations represent the most susceptible insects that we have encountered
during our recent monitoring. GWSS numbers at our General Beale Road collection sites were lower in 2017 due
to enhanced control efforts using pyrethroids, but the CDFA GWSS mapping database alerted us to other sites
within the region where we could monitor for resistance. Resistance to imidacloprid was also expressed in these
populations, and the insects were cross resistant to acetamiprid but not to fenpropathrin. Based on our current
data, the GWSS insects that are expressing resistance to imidacloprid are not showing high levels of cross
resistance to fenpropathrin. The lack of cross resistance accounts for the continued effectiveness of the
pyrethroids in the management of field populations of GWSS.

We are using biochemical and molecular techniques to investigate putative resistance mechanisms to the
neonicotinoid, pyrethroid, and organophosphate (OP) insecticide classes. Thus far we have not identified any
acetylcholinesterase (AChE) insensitivity, indicating that there is no target site resistance to OPs (or carbamates,
which share the same AChE target site as OPs). Esterase levels in susceptible and resistant populations are also
very homogeneous, confirming that elevated esterase levels are unlikely to play a significant role in conferring
imidacloprid resistance. The similarity in esterase levels between populations also concurs with the similarity of
responses to fenpropathrin in bioassays. The genomics data have thus far not identified any specific markers for
resistance that could be utilized for field monitoring, but we are continuing to evaluate RNAseq data for
susceptible and resistant populations to determine the likely involvement of cytochrome P450s in conferring
resistance to imidacloprid. As part of that effort we have also collected GWSS insects from nursery locations, so
that we can compare cDNA sequence data for sodium channel (pyrethroid target site) and nicotinic acetylcholine
receptor (neonicotinoid) genes in insects from broad geographical and host plant ranges to determine whether
mutations known to confer insecticide resistance in other arthropod species occur in GWSS.
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LAYPERSON SUMMARY
The goal of this research is to investigate the potential for the development of insecticide resistance in glassy-
winged sharpshooters (Homalodisca vitripennis) to chemicals in the carbamate, pyrethroid, and neonicotinoid
classes of insecticides, and to determine mechanisms where differences in susceptibility between populations are
identified. Additionally, we wish to simultaneously evaluate the development of resistance in various populations
of these insects that have been undergoing different levels of chemical control in grapes, citrus, commercial
nursery, and urban environments. Using topical application bioassays we have now detected substantial
differences in response to imidacloprid (neonicotinoid) between populations collected from citrus groves in Kern,
Tulare, and Riverside Counties. Our data suggest that imidacloprid resistance confers strong cross resistance to
acetamiprid (neonicotinoid) and mild cross resistance to fenpropathrin (pyrethroid). At this time the imidacloprid
resistance appears to be directly related to usage, with the highest levels of resistance occurring in populations
receiving conventional insecticide treatments and no resistance in those under organic management.

INTRODUCTION
Systemic imidacloprid treatments have been the mainstay of glassy-winged sharpshooter (Homalodisca
vitripennis; GWSS) management in citrus, grapes, and commercial nursery operations. The treatments in citrus
groves are generally applied post-bloom to suppress the newly emerging spring populations. The use of winter or
early spring foliar treatments of pyrethroid or carbamate treatments were introduced to the management program
to suppress overwintering adults and reduce the first early season cohort of egg-laying adults. The combination of
early season foliar treatments combined with the more persistent systemic treatments has effectively managed
GWSS populations in Kern County for many years.

In Kern County, GWSS populations have been monitored since the area-wide treatment program was instigated
by the CDFA following an upsurge in GWSS numbers and an increase in the incidence of Pierce’s disease. The
data shows an interesting pattern of sustained suppression of GWSS populations throughout most of the 2000s,
following the implementation of the area-wide treatment program, until 2009 when numbers began to increase
again, culminating in a dramatic flare-up in numbers in 2012. In 2012, a single foliar treatment with either
Lannate® (methomyl: carbamate insecticide class), Assail® (acetamiprid: neonicotinoid insecticide class) or
Baythroid® (cyfluthrin: pyrethroid insecticide class) was applied in groves in late March, while systemic
treatments with imidacloprid (neonicotinoid insecticide class) were applied mid-March to early April. The
application of systemic imidacloprid during 2012 mirrored the strategy used in 2001 when the imidacloprid
treatments were highly effective in suppressing the GWSS populations. Despite the additional foliar treatments in
2012, the insecticide treatments failed to suppress the insect population to a level that had occurred previously.
There were concerns that in the two years prior to 2012 there was a steady increase in total GWSS numbers, an
early indication that the predominant control strategy might be failing. The consequence of the increase in GWSS
populations has been an increase in the incidence of Pierce’s disease. In the Temecula area this worrisome
increase in GWSS has not occurred; however, the selection pressure in this area remains high as similar
management approaches are in use here as in Kern County.

There is also significant concern for the development of insecticide resistance arising from the management of
GWSS in commercial nursery production. The majority of commercial nurseries maintain an insect-sanitary
environment primarily through the use of regular applications of soil applied imidacloprid or other related
systemic neonicotinoids. For nursery materials to be shipped outside of the southern California GWSS quarantine
area additional insecticidal applications are required. Applications of fenpropathrin (pyrethroid insecticide class)
or carbaryl (carbamate insecticide class) must be applied to all nursery stock shipped out of the quarantine area.
As with citrus and vineyard production, the potential for the development of insecticide resistance in nursery
populations of GWSS to these three classes of materials (neonicotinoids, pyrethroids, and carbamates) is high.

The focus of this study is to investigate the role of insecticide resistance as a contributing factor to the increased
numbers of GWSS that have been recorded since 2009 in commercial citrus and grapes in Kern County. Although
the primary focus of our research to date has been in Kern County, we will broaden the scope of our
investigations to include populations from agricultural, nursery, and urban settings. This broader approach will
result in a more comprehensive report on the overall resistance status of GWSS within southern California and
will contribute to more effective resistance management plans.
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OBJECTIVES
1. For commonly used pyrethroid, carbamate, and neonicotinoid insecticides, determine LC50 data for current

GWSS populations and compare the response to baseline susceptibility levels generated in previous studies.
2. Define diagnostic concentrations of insecticides that can be used to identify increased tolerance to insecticides

in insects sampled from other locations (where numbers are relatively low).
3. Monitor populations for known molecular markers of resistance to pyrethroids.
4. Monitor populations for target-site insecticide resistance, by testing enzymatic activity against carbamates

using the acetylcholinesterase (AChE) biochemical assay.
5. Monitor populations for broad-spectrum metabolic resistance, by comparing esterase levels in current

populations of GWSS to baseline susceptibility levels we previously recorded.
6. Develop assays for additional resistance mechanisms not previously characterized in GWSS.

RESULTS AND DISCUSSION
Imidacloprid Bioassays
During 2017, an extensive bioassay program was undertaken that evaluated the responses of different Central
Valley and southern California GWSS populations to imidacloprid, acetamiprid, and fenpropathrin. The data
generated from topical application bioassays were compared with similar bioassays from studies conducted in
2003 with Riverside County populations, and from data generated during our resistance monitoring effort in 2016.
The 2003 data serve as a useful historical reference against which current populations can be compared. In
bioassays, insecticide is topically applied to the abdomen of adult GWSS and mortality is assessed at 24 hours and
48 hours post-treatment (Byrne and Toscano 2005). Although imidacloprid is used systemically under field
conditions to target GWSS feeding on citrus and other host plants, topical application of insecticide to individual
insects ensures that the insect receives a uniform dose and eliminates any behavioral factors that might occur
when the insect encounters the insecticide (either through direct contact or during feeding). Imidacloprid is one of
the most important insecticides used for the control of GWSS, and this insecticide has been shown to elicit anti-
feedant effects in several pest species (Nauen et al. 1998).

In 2016, we were unable to generate full dose-response lines in bioassays with Temecula Valley GWSS due to the
low numbers of insects available (Redak et al. 2016). The only data we were able to obtain was with
discriminating doses of imidacloprid, and they indicated that the Temecula insects were susceptible to
imidacloprid. In 2017, the extremely high numbers of GWSS in the region facilitated full evaluations of
imidacloprid and other insecticides in bioassays.

The response of the Temecula population (TEM 2017) to imidacloprid mirrored that of the Tulare 2016
population, with a noticeable shift in response compared with the Ag-Ops 2003 data. The location of the
TEM2017 population was well removed from the site where the 2016 insects were collected, so the data suggest
some degree of variation in Temecula Valley populations in their response to imidacloprid (Figure 1). In the
Central Valley’s Edison 2017 population, insects exhibited strong resistance to imidacloprid. Interestingly, the
500 ng/insect dose did elicit a response in this population, whereas in the GBR 2016 population that was collected
from the General Beale Road area, there was no effect. Again, these data demonstrate the variable expression
levels of resistance in GWSS populations.

Pyrethroid Bioassays
In bioassays with the pyrethroid fenpropathrin, the response of TEM2017 was similar to Ag-Ops 2003 and Tulare
2016, indicating that these three populations were highly susceptible to the insecticide (Figure 2). In contrast, the
insects collected from conventionally managed citrus (Edison 2017) exhibited slight tolerance to the pyrethroid.
Although the marginal shift in response does not seem to have compromised the efficacy of the insecticide under
field conditions, where it has been effectively used to suppress GWSS populations, it is imperative to continue
monitoring for resistance to this insecticide to ensure that it remains an effective chemistry for use by growers in
the region. An effective rotational strategy will help achieve this goal.
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Figure 1. Dose response of GWSS adults to imidacloprid applied topically to the abdomen. Mortality was
assessed at 48 hours post-treatment. Data for Ag-Ops (black symbols) were generated in 2003 and are
included for comparison. Tulare 2016 (green symbols) was collected from an organic grove in Tulare
County during the 2016 monitoring program. The Edison 2017 population (pink symbols) originated from
conventionally managed groves west of Bakersfield in Kern County. TEM2017 (red symbols) was
collected from an organic grove in Temecula Valley. For the latter, three separate collections of insects
were evaluated by bioassay to generate the full dose-response line.

Figure 2. Toxicological response of GWSS adults to the pyrethroid fenpropathrin applied topically to the
abdomen. Mortality was assessed at 48 hours post-treatment. Data for Ag-Ops (black symbols) were
generated in 2003 and are included for comparison. Tulare 2016 (green symbols) was collected from an
organic grove in Tulare County and tested during the 2016 monitoring program. The Edison 2017
population (pink symbols) originated from conventionally managed groves west of Bakersfield in Kern
County. TEM2017 (red symbols) was collected from an organic grove in Temecula Valley. For the latter,
three separate collections of insects were evaluated by bioassay.
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Acetamiprid Bioassays
Acetamiprid is a neonicotinoid insecticide and belongs to the same insecticide class as imidacloprid. Acetamiprid
is used exclusively as a foliar treatment, in contrast to imidacloprid which is most commonly used as a systemic
treatment. In 2017 we were interested in determining whether resistance to imidacloprid conferred cross-
resistance to acetamiprid, as this is an important consideration when developing resistance management strategies
and in evaluating resistance mechanisms. The TEM2017 population exhibited a similar dose-response to
acetamiprid as Ag-Ops 2003 (Figure 3), indicating that it was fully susceptible to the insecticide. The response of
HWY65 2017 and Edison 2017, both Central Valley populations, indicated some degree of resistance. We were
unable to generate full dose-response lines for the Edison 2017 population due to dwindling insect numbers late in
September, but the shift in response at the doses tested is a clear indication of cross-resistance likely caused by the
widespread use of imidacloprid in the region. The response of the HWY65 2017 was intermediate between those
of the Ag-Ops/TEM and Edison 2017 populations, and this is likely a reflection of the mixed management
systems that occur in the area, located north of Bakersfield, where the HWY65 insects originated.

Figure 3. Toxicological response of GWSS adults to the neonicotinoid acetamiprid applied topically to the
abdomen. Mortality was assessed at 48 hours post-treatment. Data for Ag-Ops (black symbols) were
generated in 2003 and are included for comparison. The Edison 2017 population (pink symbols) originated
from conventionally managed groves west of Bakersfield in Kern County. TEM2017 (red symbols) was
collected from an organic grove in Temecula Valley, Riverside County. The HWY65 2017 insects (orange
symbols) were collected from a grove north of Bakersfield in Kern County.

Genetic Analyses
Based on the study of the aphid Myzus persicae, the mutation R81T in the loop D region of the nicotinic
acetylcholine receptor beta subunit is associated with resistance to neonicotinoid insecticides. In sequence
analysis of GWSS from Riverside and Kern Counties, the R to T mutation was not detected (Figure 4).
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Figure 4. Comparison of amino acid sequence data for loop D of the nACh receptor between GWSS 
populations and several insect species, including Myzus persicae which expresses target site resistance to 
neonicotinoids conferred by the R81T mutation. 

The classic leucine to phenylalanine (L to F) mutation in the domain II region of the sodium channel gene that 
confers kdr resistance in houseflies and other species was not detected in the HWY65 or GBR 2016 populations, 
despite the expression of resistance in bioassays. Also, the L to F mutation was not detected in insects tested from 
Riverside County (Figure 5). We are currently evaluating several synonymous and non-synonymous mutations 
that have been found in individuals from these populations to determine whether they play a significant role in 
conferring resistance. 
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Figure 5. Comparison of amino acid sequence data in domain II of the sodium channel between GWSS 
populations and several insect species, including Musca domestica which expresses target site resistance to 
pyrethroids conferred by the L1014F mutation. Although the L1014F mutation was not detected in GWSS, 
additional mutations (highlighted in red) were identified, and the significance of these to pyrethroid 
resistance has yet to be evaluated. 
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CONCLUSIONS
We have confirmed the variable levels of resistance to imidacloprid in Central Valley populations of the GWSS.
The dramatic shift in susceptibility is based on a comparison with bioassay data generated in 2003 for a
population in Riverside County that we regard as a reliable reference susceptible, and a comparison with 2016
bioassay data for a population collected from an organic grove in Tulare County. Of major concern is the cross
resistance between imidacloprid and acetamiprid. The presence of cross resistance to acetamiprid should preclude
the use of this insecticide as an alternative management option for insects where imidacloprid resistance has been
identified. In addition to imidacloprid resistance, we have also identified low levels of resistance to the pyrethroid
fenpropathrin. The pyrethroids appear to work effectively against imidacloprid-resistant GWSS. However,
continued monitoring for pyrethroid resistance should be a high priority if this important insecticide class is to
remain effective. Finally, based on our bioassay data, resistance does not appear to have been a contributing factor
to the high numbers of GWSS recorded during the 2017 season in the Temecula Valley.

The genomic work is becoming increasingly important as a tool for identifying resistance mechanisms. In
particular, we are confident that the RNA-seq analysis of populations expressing different levels of resistance to
imidacloprid, acetamiprid, and fenpropathrin will identify specific enzymes that are involved in conferring
resistance.
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ABSTRACT
Electropenetrography (EPG) is the most rigorous, quantifiable means of observing and measuring sharpshooter
feeding, and has recently been shown to reveal the mechanism and real-time tracking of Xylella fastidiosa (Xf)
inoculation by sharpshooter vectors. In EPG, a small signal is applied to the plant; when a gold wire-tethered
insect inserts its mouthparts into the plant, a circuit is closed and variable-voltage waveforms are displayed on a
computer. These waveforms represent electrical conductivity of fluids flowing through the mouthparts. Over the
50 years since its invention, EPG has undergone three major electronic transformations. The newest, third
generation of electropenetrograph, the AC-DC EPG monitor, offers the researcher a selection of settings so that
recordings can be tailored to the precise characteristics of the insect being studied. Any of six different amplifier
sensitivity (input impedance) levels (106, 107, 108, 109, 1010 and 1013 Ohms) can be chosen, combined with either
alternating current (AC) or direct current (DC) applied voltage to the plant. Different types of information about
feeding can be revealed by each type of setting. Waveforms gradually “morph” into one another with each setting,
with varying proportions of information from either of two electrical origins: biopotentials (which indicate
membrane breakages, or direction of fluid flow) or electrical resistance (which indicate valve and pump
movements, or salivation). Thus, it is possible to develop a library of waveform appearances for each of the 12
settings. A waveform library allows a researcher to identify, for any insect species, the most informative
setting(s), revealing the largest number of waveforms from a balance of electrical origins.

Waveforms of the blue-green sharpshooter (Graphocephala atropunctata) have been previously published using
the first generation, AC EPG monitor (with fixed AC voltage at 106 Ohms), but not updated with the new AC-DC
monitor. The present study recorded blue-green sharpshooter feeding using all 12 amplifier settings with varying
applied voltage levels to develop the first, complete waveform library for any sharpshooter species. DC applied
signals, especially at higher applied voltages, apparently prevented the insects from initiating stylet probing, until
the signal was switched to AC or the insects were very hungry. On the other hand, high AC voltages seemed to
cause insects to probe longer. Thus, quantitative testing of effects of AC versus DC, low versus high voltages was
begun. The first of two, 2 x 2 factorial tests was completed. This test compared feeding of eight blue-green
sharpshooters per treatment, exposed to AC applied signals at low voltage (50 mV) or high voltage (200 mV) at
input impedances of 107 or 109 Ohms; a future test will use the same experimental design but with DC applied
signals. Waveforms from the AC experiment were recorded, measured, and statistically analyzed via mixed model
analysis of variance (ANOVA) and least significant difference (LSD) pairwise comparisons. Results showed that
AC voltages are relatively benign, with few significant differences. Interestingly, the differences found were in
the X wave, the biopotential-dominated waveform representing salivation and egestion of mixed fluids from the
anterior foregut. X waves are repetitively performed after first penetration of a xylem cell. The X wave represents
the inoculation behavior for Xf, whereby dislodged bacterial cells are injected into xylem shortly before onset of
sustained ingestion. High voltage (200 mV) caused longer overall performance of X waves. Thus, experiments
using EPG to study the Xf inoculation behavior should use low AC voltages. Results from the library and AC
quantitative studies identified the best settings to use for future EPG studies of blue-green sharpshooter. Low AC
voltages (<50 mV) at 108 (for host plant resistance studies emphasizing pathway waveforms) or 109 Ohms (for
transmission studies emphasizing the X wave).
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ABSTRACT
To date, the most successful example of classical grapevine breeding for resistance to Xylella fastidiosa (Xf) is the
PdR1 gene, which mediates resistance to Xf multiplication and spread in the host grapevine. During 15 years of
breeding studies at the University of California, Davis by A. Walker, PdR1 was introgressed into Vitis vinifera
cultivated genotypes from wild grape species such as V. arizonica. During all of these breeding studies, no effort
was made to determine whether resistance of PdR1 or its parent wild Vitis species affects the feeding of vectors,
or their transmission (i.e, acquisition, retention, and inoculation) of Xf during feeding. Use of electropenetrogra-
phy (EPG) to study sharpshooter vector feeding in relation to Xf transmission has recently facilitated discovery
that the EPG X wave represents the Xf inoculation behavior. That is, the X wave represents a mixture of plant
fluid and insect saliva being taken up into the insect’s mouth (buccal) cavity, swished around, and spit back out
(thereby injecting it and any suspended Xf loosened from the cuticle of the mouth cavity) into a xylem cell. With
this knowledge, it is now possible to determine whether wild grapes or their PdR1-containing offspring might be
resistant to vector behaviors that control Xf inoculation, in addition to bacterial multiplication and spread. A
quantitative EPG study was performed to test this hypothesis. Stylet probing behaviors of 80 blue-green
sharpshooters (Graphocepha atropunctata) were EPG-recorded for about 10 hours each; 20 insects on each of
four treatments of a 2 x 2 factorial experimental design. Host plants were either V. arizonica or V. vinifera
Chardonnay. Sharpshooters had putatively acquired Xf (via a 4-day acquisition access period [AAP] on
symptomatic leaves of Chardonnay grapevines previously mechanically inoculated with Xf strain ‘Stags Leap’) or
had not acquired Xf (although allowed a 24-hour acclimation period on healthy Chardonnay grapevines, to reduce
variability in feeding by grape-naïve, basil-reared insects). Of the 20 insects recorded per treatment, waveforms
from six per treatment have now been completely measured and analyzed using mixed model analysis of variance
(ANOVA) and least significant difference (LSD) pairwise comparisons via SAS. It should be noted that quantita-
tive polymerase chain reaction (qPCR) verification of Xf infection of symptomatic leaves used for the AAP has
not yet been performed. Nonetheless, tentative conclusions based on statistically significant differences (α = 0.05)
among treatments for these 24 insects are quite suggestive. Overall, inoculative sharpshooters feeding on both
host genotypes spent more than twice as much time performing X wave behaviors as did clean insects. This
finding supports that Xf biofilm formation in the mouth cavity causes inoculative insects to more actively taste
and swish fluids around in their mouth cavities (to remove clogging deposits of biofilm) than do clean insects.
One X wave component, C1, is the most important for Xf inoculation, because it represents discharging egestion,
the direct expulsion of fluid (probably containing saliva-loosened bacteria) from the mouth cavity. C1 was
performed two to seven times more often by inoculative insects on V. arizonica, compared with all other insects.
However, each C1 event was four to 13 times shorter, compared with those of all other insects, causing the overall
duration of C1 to be shorter. These preliminary findings suggest that, despite unusually frequent and repeated
attempts to spit up bacteria, inoculative sharpshooters on V. arizonica are prevented from doing so for the typical
long durations seen on Chardonnay. Some structural (narrow cell diameter?), physical (low xylem tension?), or
chemical feature of the xylem cells may present an impediment to fluid injection. If analysis of feeding by all 80
insects continues to support these findings, then EPG can be used to identify previously unknown mechanisms of
resistance to Xf inoculation by its sharpshooter vectors. Such evidence would support use of EPG to identify novel
resistance traits to pyramid with the PdR1 traits, for more durable field resistance to Xf in the future.
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ABSTRACT
The glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) is a vector of Xylella fastidiosa, an important
bacterial pathogen of several crops in the Americas and Europe. Mating communication of this and many other
cicadellid pests involves the exchange of substrate-borne vibrational signals. Exploitation of vibrational signals to
interfere with GWSS communication and suppress populations could prove to be a useful tool, but knowledge of
the mating behavior was insufficient to initiate development of control methods. In this 2.5-year study, different
GWSS communication signals were identified and described, candidate disruptive signals (natural and synthetic)
were designed and tested in the laboratory via playback to individuals and male-female pairs, and efficacy of
candidate signals in disrupting GWSS mating were validated under field conditions via playback of signals
through wires used in vineyard trellises. Data support application of vibrational mating disruption as a novel
method to control GWSS populations.
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ABSTRACT
This project involves the use of high throughput sequencing (HTS) to identify and characterize additional genetic
variants of grapevine leafroll-associated virus 3 (GLRaV-3), construct a representative library of GLRaV-3
genome sequences, and apply this information to the design of a reverse transcription quantitative polymerase
chain reaction (RT-qPCR) assay that will detect all known GLRaV-3 variants. Previous attempts to design a
sensitive and robust GLRaV-3 RT-qPCR have been unsuccessful because GLRaV-3 is genetically highly diverse
(eight distinct subclades) and not all GLRaV-3 isolates have been fully sequenced. To streamline the HTS
analysis, a newly developed enzyme-linked immunosorbent assay (ELISA) test will be used for prescreening
symptomatic vines from different locations for new potentially divergent GLRaV-3 variants in the fall when the
virus titer is highest.

LAYPERSON SUMMARY
Using sensitive polymerase chain reaction (PCR)-based methods to reliably detect grapevine leafroll-associated
virus 3 (GLRaV-3), the most important virus associated with grapevine leafroll disease (GLD), requires the
identification of diverse isolates and the acquisition of sequence data that can be used to inform assay design.
High throughput sequencing (HTS) analysis can efficiently characterize all viruses present in infected grapevines.
In this project, we use prescreening [enzyme-linked immunosorbent assay (ELISA) test] of select populations
followed by HTS to identify additional genetically diverse GLRaV-3 isolates, generate a representative collection,
and use this information to design a highly reliable reverse transcription quantitative PCR (RT-qPCR) assay.

INTRODUCTION
Grapevine leafroll-associated virus 3 (GLRaV-3; genus Ampelovirus, family Closteroviridae) is the most
important virus pathogen of grapevine, causing issues in wine, juice, table grape, and rootstock cultivars (Burger
et al. 2017). The long-distance spread of GLRaV-3, caused by the movement of infected vines, can be controlled
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effectively if clean stock is made available to growers. The economic benefits from the provision of GLRaV-3
certified virus-free planting stock is valued at $53.5 million annually for the north coast of California alone
(Fuller et al. 2013). However, the control and management of GLRaV-3 in planting stock depends on accurate
identification of the virus.

To date, designing a sensitive and robust GLRaV-3 reverse transcription quantitative polymerase chain reaction
(RT-qPCR) assay has been complicated by the fact that GLRaV-3 is genetically highly diverse. Recent studies
based on genome-wide phylogenetic analyses demonstrated that the species can be divided into eight distinct
subclades (Groups I-VIII; Maree et al. 2015). Assay design has also been hindered by incomplete sequence data
in the GenBank. No complete genome sequences exist for group IV and V isolates (Maree et al. 2013) and the
partial sequence data available for New Zealand variants (Chooi, et al. 2013a, 2013b) was not included in the
most recently designed GLRaV-3 assays by Bester et al. (2014), which opens the possibility of missing such
isolates employing the current standard detection test. We hypothesize that additional diverse isolates exist and
propose that a more complete characterization of GLRaV-3 diversity is a prerequisite for the design of a reliable
RT-qPCR assay that detects all known variants.

Multiple studies have demonstrated that high throughput sequencing (HTS) is a very useful new research tool for
detecting viruses present in grapevines independent of high sequence identity (reviewed in Hadidi et al. 2016). In
this project we prescreen different grapevine populations via enzyme-linked immunosorbent assay (ELISA), and
later analyze select vines using HTS. The GLRaV-3 antibody for the ELISA, developed by Adib Rowhani
(Cooperator), has been able to detect new variants in preliminary studies. While potentially not as sensitive as RT-
qPCR, it will be used in this project, along with our current GLRaV-3 RT-qPCR assay, to prescreen for divergent
isolates.

OBJECTIVES
The overall goal of this research project is to design a reliable and robust RT-qPCR assay that detects all known
variants of GLRaV-3. The specific objectives are:
1. Screen select grapevine populations for new variants of GLRaV-3.
2. Incorporate new genetic data into a more complete characterization of genetic variation across the GLRaV-3

genome to inform assay design.
3. Construct improved assays utilizing multiple primer sets for detecting all existing GLRaV-3 variants.
4. Empirically test and validate proposed assay designs using GLRaV-3 positive controls.
5. Disseminate research progress and results.

RESULTS AND DISCUSSION
In order to accomplish objective 1 we contacted several collaborators from main grape-growing areas of
California to identify vineyards with observably high grapevine leafroll disease (GLD) symptoms. Hence, we
visited 16 potential fields in the Central Sierra region and Napa County.

In collaboration with Hans J. Maree (Cooperator) we imported nine grapevine selections (cuttings) from South
Africa, which represent the different GLRaV-3 groups present in that country. Such plants are currently being
propagated at Foundation Plant Services, University of California, Davis. Additionally we received a selection
from Australia, a plant infected with GLRaV-3 that shows mild leafroll symptoms. We have been also in contact
with Karmun Chooi from the New Zealand Institute for Plant and Food Research Limited, where several new
GLRaV-3 isolates have been reported recently. We are planning to exchange both plant material and our GLRaV-
3 antibodies. Similar collaboration involving exchange of plant material is in progress with Sebastian Gomez
Talquenca from the Instituto Nacional de Tecnología Agropecuaria in Argentina.

Finally, we are currently scouting for symptomatic plants at the UC Davis Virus Collection (DVC) and the USDA
National Clonal Germplasm Repository (NCGR), Davis. The NCGR contains about 5,900 living grapevine
selections collected from around the world, which represents a wide geographical distribution.

We plan to start collecting and testing by both ELISA and RT-qPCR, samples from symptomatic vines from the
NCGR, DVC, and any sample collected from a commercial vineyard and sent by cooperators from select
California regions or from abroad.
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CONCLUSIONS
There are no conclusions at this stage of the project.
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ABSTRACT
Although there is a substantial body of research concerning how plants defend and respond to virus infection,
there is limited characterization of the molecular determinants of grapevine leafroll-associated virus (GLRaV)
susceptibility, responses, and symptoms specifically. GLRaVs cause an array of symptoms that include impaired
ripening. This report summarizes current work undertaken to characterize the effects of different GLRaVs,
combinations of GLRaVs, and given different rootstocks, on gene expression, metabolite accumulation, and
hormones during grape berry ripening. Preliminary analyses, consistent with earlier studies, indicate that the
effect of virus infection on total soluble solids was related to the combination of viruses present and the rootstock.
The transcriptomic and metabolite experiments undertaken as part of this study are ongoing.

LAYPERSON SUMMARY
Grapevine leafroll-associated viruses (GLRaVs) are the most widespread and economically damaging viruses
affecting viticulture (Goheen, Hewitt, and Alley 1959, Maree et al. 2013, Naidu, Maree, and Burger 2015).
GLRaVs are sometimes present as mixed infections with other viruses (Fuchs, Martinson, Loeb, and Hoch 2009,
Prosser, Goszczynski, and Meng 2007). The severity of GLRaV symptoms is influenced by host genotype
(Guidoni, Mannini, Ferrandino, Argamante, and Di Stefano 2000), which virus or combination of viruses is
present, scion-rootstock pairings (Golino, Sim, and Rowhani 2003, Lee and Martin 2009), and environmental
factors (Cui et al. 2017). The effects of GLRaVs can include poor color development in red grapes, non-uniform
or delayed ripening, reduced sugar content in berries, curling leaves, reddening or chlorotic interveinal areas, and
high crop loss (Atallah, Gomez, Fuchs, and Martinson 2012, Guidoni et al. 2000, Vega, Gutiérrez, Peña-Neira,
Cramer, and Arce-Johnson 2011). The purpose of these experiments is to determine the effects of individual and
dual GLRaV infections on ripening in Cabernet Franc vines grafted to different rootstocks. This information can
be used to develop vineyard management strategies to improve berry quality despite viral infection. Our core
hypotheses are that (1) GLRaVs disrupt berry development and the accumulation of flavor and aroma metabolites
by altering hormone networks, and (2) the differences in symptoms associated with different GLRaVs are due to
non-uniform impacts on some metabolite and gene regulatory pathways.

INTRODUCTION
Grapevine leafroll-associated viruses (GLRaVs) are the most consequential viruses affecting grapevine (Atallah et
al. 2012, Maree et al. 2013, Naidu et al. 2015). Plants’ responses to viruses generally include a multitude of
changes in metabolism, gene expression, and gene regulation (Alazem and Lin 2014, Bester, Burger, and Maree
2016, Blanco-Ulate et al. 2017, Moon and Park 2016). In berries, GLRaV infection has been associated with
depressed or asynchronous ripening and affects the accumulation of diverse metabolites including sugars, tannins,
pigments, and acids (Alabi et al. 2016, Lee and Martin 2009, Lee and Schreiner 2010, Vega et al. 2011). There is
a growing body of knowledge concerning the molecular and hormonal controls of plant virus responses generally
(Alazem and Lin 2014). However, there remains a gap in knowledge concerning the specific regulation of the
response to GLRaVs and which pathways determine the GLRaV symptoms and their severity. This study is using
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RNA sequencing and metabolite profiling to explore the effects of individual and mixed infections of GLRaVs on
ripening and to identify which pathways are involved in responses and symptoms.

The rootstocks, scions, and infections used in this study were selected to improve the likelihood of generating
commercially transferable knowledge. The vineyard used for this study consists of Cabernet Franc grapevines
grafted to different rootstocks and carrying commercially consequential GLRaVs. Cabernet Franc was used
because it produces clear symptoms to GLRaVs. Among the treatments established in the vineyard, vines carrying
GLRaV-1, GLRaV-3, GLRaV-5, GLRaV-1 + GLRaV-2, and GLRaV-1 + GLRaV-3 were included in this study
because these infections are associated with a range of symptoms and symptom severities. Among the rootstock-
scion pairings planted in the experimental vineyard, Cabernet Franc grafted to Kober 5BB and MGT 101-14
rootstocks were used because these rootstocks are commonly used in California. GLRaV infections (or their lack
of in control vines) as well as the specific strains involved were confirmed by molecular testing at Foundation
Plant Services (FPS; University of California, Davis) prior to sampling. Berries were collected at four distinct
developmental stages (pre-véraison, véraison, post-véraison, and harvest) from Cabernet Franc grapevines grafted
to MGT 101-14 and Kober 5BB rootstocks. Twenty berries were picked from each of six vines at each sampling
date and from each viral treatment. Berries were sampled evenly throughout the plant. Following their sampling,
berries were crushed and their total soluble solids (TSS) were measured. The preparation of RNA sequencing
libraries is underway. The RNA-sequencing data to be generated will provide a quantitative, comprehensive view
of the changes in gene expression due to GLRaVs associated with primary and secondary berry metabolism.
Changes in the expression of hormone biosynthesis and signaling genes may reveal mechanisms that underlie
impaired berry metabolism. The same samples used for RNA sequencing will be also used for further metabolite
measurements: hormones, sugars, organic and amino acids, flavonoids, tannins, terpenoids, and anthocyanins.
This will enable an association between changes in gene expression and metabolite abundance.

OBJECTIVES
1. Profile transcriptome changes caused by individual and dual GLRaV- infections during fruit development.
2. Identify the metabolic pathways altered by GLRaV infection that explain changes in fruit composition.
3. Determine whether infection(s) are associated with changes in the dynamics of ripening-associated hormones

and other metabolites.

RESULTS AND DISCUSSION
Differences in TSS were observed both three weeks before and two weeks after véraison that were dependent on
the combination of infections and rootstock. TSS in berries from both sampling dates were significantly higher in
plants grafted to Kober 5BB with GLRaV-1 + GLRaV-2 dual infections than in healthy, single infection, and
GLRaV-1 + GLRaV-3 dual-infection plants on the same rootstock (Figure 1). In plants with the GLRaV-1 +
GLRaV-2 dual infection, TSS were significantly higher in plants grafted on Kober 5BB than on MGT 101-14
(Tukey HSD test, p-value < 0.05). Though surprising, this might be associated with visibly poorer fruitset on
these plants (Figure 2). Furthermore, the fruits on these plants were visibly beginning to desiccate by harvest.
Berries from plants grafted on Kober 5BB and with GLRaV-1, GLRaV-3, and GLRaV-1+GLRaV-3 dual
infections appeared to have lower TSS than healthy plants on the same rootstock, though these differences were
not significant. Differences in TSS relative to healthy plants and between treatments were not observed among
berries from plants grafted to MGT 101-14 rootstock. These results suggest that rootstock may impact the severity
of disease symptoms, though how is unclear. Further, it appears that different leafroll viruses or different
combinations of viruses disparately impact ripening. Why this occurs is also not clear, but its investigation is
ongoing.

CONCLUSIONS
The results presented show differential impact of virus combination on the accumulation of total soluble solids
and berries. In conjunction with the forthcoming RNA sequencing and metabolite analyses, the data generated
may be used in the future to develop strategies to mitigate the detrimental effects of these viruses on ripening.
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Figure 1. The effects of single and dual leafroll-associated virus infections on berry TSS three weeks before (top)
and two weeks after (bottom) véraison. TSS is reported for fruits from vines grafted to two different rootstocks,
Kober 5BB and MGT 101-14.
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Figure 2. Photographs of grapevines and berries. Plants are grafted to Kober 5BB. Top two,
Healthy; Bottom two, GLRaV-1 + GLRaV-2. The top-most photo is rotated counterclockwise.
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ABSTRACT
Vine mealybug (Planococcus ficus) is a destructive phloem-feeding pest in California vineyards. Vine mealybug
can reach very large population densities; feeding activity can debilitate vines while excrement and the associated
sooty mold can contaminate clusters, making them unsuitable for harvest. Vine mealybug’s cryptic habits --
populations are typically found under the bark -- complicate management, particularly with contact insecticides.
An integrated pest management program that relies on several tactics (insecticides, mating disruption, and
biological control) can provide sustainable control of vine mealybug populations. Argentine ants (Linepithema
humile) may disrupt integrated pest management programs by interfering with the activity of biological control
agents. Baits are an effective means to control ant populations and minimize their disruptions. We evaluated
broadcast applications of a commercial ant bait and an experimental ant bait in northern California vineyards and
measured the effects on Argentine ant populations. Pre- and post-application, Argentine ant populations were
measured indirectly via feeding activity, assessed as the number of ants present on cotton balls (Fisher Scientific)
soaked in 25% sucrose solution. Both baits reduced feeding activity, although the effect was more sustained in the
experimental bait treatment, suggesting the potential of this bait to provide long-term control of Argentine ants in
coastal California vineyards.

LAYPERSON SUMMARY
Vine mealybug (Planococcus ficus) is a destructive pest in California vineyards; it contaminates fruit and reduces
vine health and productivity. Grape growers may use multiple tactics (integrated pest management) including
insecticides, mating disruption, and biological control to achieve control of vine mealybug populations. Argentine
ants (Linepithema humile) are invasive insects common in coastal California vineyards. Ants disrupt integrated
pest management programs for vine mealybug because they interfere with the activity of a small parasitic wasp
that attacks vine mealybugs. Ant baits are an effective approach to manage ant populations while minimizing
impacts on non-target organisms. We are investigating the potential of commercial and experimental baits to
control Argentine ants in vineyards. Both baits reduced ant activity in the treated areas, although the effect was
more sustained with the experimental bait, suggesting its potential as a component of sustainable vine mealybug
management in coastal California vineyards.

INTRODUCTION
Vine mealybug (Planococcus ficus) is a destructive vineyard pest that contaminates fruit, debilitates vines, and
vectors plant pathogens such as grapevine leafroll-associated virus-3 (Daane et al. 2012). First reported from
vines in the Coachella Valley (Gill, 1994), vine mealybug soon spread throughout California, likely on infested
nursery stock (Haviland et al. 2005). It is currently found in most California grape-growing regions (Godfrey et
al. 2002, Daane et al. 2004a, 2004b) and has the potential to spread throughout the western United States.

Management of vine mealybug populations can prove challenging and often requires the use of multiple tactics,
including biological control, mating disruption, and insecticides (Daane et al. 2008). Management can be
particularly complicated in coastal winegrape growing regions where vine mealybug populations are tended by
Argentine ants (Linepithema humile). In the presence of tending ants biological control of mealybugs can be
significantly interrupted, resulting in large vine mealybug populations that may be more easily spread to new
areas. These populations also contaminate the fruit, causing yield losses and decreased fruit quality. In vineyards
where Argentine ants are prevalent, management of ant populations is a critical part of an integrated pest
management program for vine mealybug and necessary for containment of insect populations (Nyamukondiwa
and Addison, 2011, Mgochecki and Addison, 2009).
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Liquid ant baits adapted from the urban environment (Klotz et al. 2002) for use in vineyards (Cooper et al. 2008)
significantly reduce mealybug populations in vineyards by contributing to increases in biological control (Daane
et al. 2007). The costs associated with the manufacture, deployment, and maintenance of bait stations have been
prohibitive to widespread adoption of Argentine ant management in vineyards, despite the benefits that could
result from such programs (Nelson and Daane, 2007). There is continued interest among coastal grape growers in
the development of a simpler and more economical bait program that could be widely implemented. Baits
formulated as granular products or polyacrylamide gels that can be broadcast with a fertilizer spreader could be
distributed more quickly and frequently over a large area, and would not require the manufacture and maintenance
of bait stations. The sustained use of the granular or polyacrylamide baits could lead to longer-term containment
and control of Argentine ant populations (Boser et al. 2014, Krushelnycky et al. 2004). We are evaluating
granular and polyacrylamide ant baits that can be broadcast to reduce populations of Argentine ant. Ant control
would in turn contribute to the sustainable control of vine mealybug populations. In the absence of an economical
bait program, ant suppression must be achieved with the broad-spectrum insecticide chlorpyrifos that can affect
water quality, disrupt populations of beneficial insects, and pose vertebrate health risks.

OBJECTIVES
The broad goal of this research is to increase the efficacy and adoption of integrated pest management programs
for vine mealybug, a destructive pest of grapevines in California. Our specific objective is:
1. Evaluate the efficacy of two bait formulations to reduce Argentine ant populations as part of an integrated

pest management program for vine mealybug.

RESULTS AND DISCUSSION

2015 Field Season

Granular Bait Trial
In 2015 our experiment was established in two vineyard blocks in Napa, California [Carneros American
Viticultural Area (AVA)]. Both blocks were planted in 1999 and are a mix of Chardonnay clones [17 on Robert
Young and six on SO4 rootstock (Vitis berlandieri x. V. riparia)]. We used a randomized complete block design
and established six, 6-row replicates of each treatment. The treatments were three commercial granular bait
products (Table 1).

Table 1. Ant bait products applied in trial blocks in a Napa County vineyard.

Treatment Active Ingredient (Concentration) Rate Per
Acre

Bait Applications
(2015)

Altrevin metaflumizone (0.063%) 1.5 lb.
March 14 & 15;
April 15 & 16;
June 15 & 16

Altrevin & powdered
sugar metaflumizone (0.063%) 1.5 lb.

Extinguish hydramethylnon (0.365%) & methoprene (0.25%) 1.5 lb.
Seduce Spinosad (0.07%) 20 lb.
Untreated none none none

In March, April, and June 2015 the cooperating vineyard manager applied the bait in the vine row with a modified
broadcast spreader mounted on an all-terrain vehicle (ATV). Because Altrevin and Extinguish are formulated with
a protein attractant specifically for control of red imported fire ant (Solenopsis invicta), we included one Altrevin
treatment in which the bait was coated with powdered sugar before application to make it more attractive to
Argentine ants. The spinosad bait, Seduce, is formulated with a carbohydrate attractant (sugar) specifically to
target the Argentine ant (Figure 1B). Additionally, Seduce has been approved for use in organic vineyards. Since
there are a limited number of insecticides approved for vine mealybug management in organic vineyards, ant bait
can be an essential component of an integrated pest management program in these vineyards.
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Ant densities were determined indirectly as a measure of feeding activity, assessed as the amount of nontoxic
sucrose water removed from 50-milliliter (ml) polypropylene centrifuge tubes (Corning Inc., Corning, NY) tied to
the vine trunk (Klotz et al. 2002, Daane et al. 2008a) in the center two rows of each plot. The 50-ml tubes are
henceforth referred to as monitoring tubes. A two centimeter (cm) hole was drilled in the cap and a square of
permeable plastic mesh (Weedblock, Easy Gardener Inc., Waco, TX) was placed between the cap and the filled
tube, covering the hole. The mesh is fine enough to retain the liquid when the tube is inverted but coarse enough
to allow ants to remove the liquid on contact. A second lid was fixed to the original lid and covered with a
permanent mesh to discourage feeding by honeybees and wasps. Before the tubes were deployed in the vineyard
each tube was filled to 45 ml with 25% sucrose water and the weight of each tube was recorded. Tubes were
inverted on a vine trunk for four to seven days depending on ant activity at a density of 12 tubes per plot, or a total
of 72 tubes per treatment. At the end of the monitoring period the tubes were brought back to the laboratory and
the new weights were recorded. One additional monitoring tube per plot was attached to an ant-excluded bamboo
stake to measure the amount of water lost to evaporation; this amount was averaged across all plots and used to
adjust the final weight.

(A) (B)

(C) (D)

Figure 1. (A) Broadcast spreader with polyacrylamide bait mounted on ATV; (B) Seduce bait
(reddish pellets) under the vine row; (C) Argentine ants feeding on polyacrylamide bait; (D)
Argentine ants feeding on cotton ball used for monitoring ant activity. Photo credits: (A) C.
Bianucci; (B) M. Cooper, UC Cooperative Extension (UCCE); (C) & (D): M. Hobbs, UCCE.

Ant feeding activity is reported as grams (g) of sugar water removed from monitoring tubes per day (Figure 2).
During the February and March monitoring periods (pre-treatment and 10 days after the first treatment,
respectively) ant feeding activity was not significantly different across all treatments. This is not surprising since
we blocked for consistent ant populations prior to treatment; also, and most importantly, baits have delayed
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toxicity and would not be expected to control populations so quickly (10 days) after application. During the April
24 to 28, 2015 monitoring period, feeding activity was significantly reduced in the Seduce bait treatment (Tukey’s
pairwise comparison, p = 0.0099); this is roughly six weeks after the first bait application and one week after the
second. From May 26 to June 3, 2015, feeding activity in the Seduce treatment (-0.007 +/-0.12 g per day) was
reduced compared to other treatments (0.52 to 0.92 +/- 0.35 to 0.55 g per day), although the difference was not
statistically significant due to the high variability in ant feeding -- particularly in the Altrevin and untreated
blocks. During the July and August monitoring periods, ant feeding was low to none in all treatments. In other ant
bait trials we have detected similar feeding lulls at our monitoring tubes during the summer (Daane et al. 2006,
2008a). We did not see any differences in population suppression between the powdered sugar-coated bait and
those protein-based baits without powdered sugar. Since the sugar is not an inert ingredient of the bait, it may not
adhere well to the bait. It could have been removed during the application process or not durable in the field. At
this point there does not appear to be a measurable improvement in bait performance through the addition of the
powdered sugar under these conditions. Also, adverse effects were noticed as the sugar heated (and melted) in the
spreader, thereby clogging the mechanisms of the spreader that impacted application efficiency and necessitating
additional disassembly / cleaning time. Overall, the Seduce bait was the easiest to apply. We attributed this to
weight and consistency of the bait as well as application rates (higher rates made the applied bait more visible,
and therefore easier to calibrate the spreader and adjust drive speeds).

Figure 2. Average sucrose water removed (grams per day) from monitoring tubes by Argentine ants during six
monitoring periods in a Chardonnay vineyard (Carneros AVA) in 2015. Results are reported for each bait treatment
and the untreated control. During the April 24 to 28, 2015 monitoring period feeding activity was significantly
reduced in the Seduce bait treatment (Tukey’s pairwise comparison, p =0.0099). On all other dates, there were no
significant differences among treatments.

2016 Field Season

Granular Bait Trial
Based on the results of our 2015 trials we eliminated both Altrevin and Extinguish ant baits from our 2016 trials,
focusing solely on Seduce (0.07% spinosad), the product that was most efficacious in preliminary trials. We
selected five experimental blocks (Oakville and Rutherford appellations of Napa Valley AVA), and established
split-plot design (bait and untreated) in all blocks. In two of those blocks (designated I1 and I2) Seduce ant bait
was applied at a rate of 20 lbs per acre on April 15 and 16, 2016. In the remaining three blocks (designated T1,
T2, and F1) Seduce ant bait was applied at a rate of 28 lbs per acre (slightly higher than the target rate due to
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challenges with calibration and the spreader equipment) on May 19 and 20, 2016. A second application at the rate
of 20 lbs per acre was applied in blocks T1, T2, and F1 on June 25 and 27, 2016. The spreader equipment was the
same as that used in the 2015 trial. The cooperating vineyard managers made all the bait applications.

We monitored ant activity pre- and post-application using cotton balls (Fisher Scientific) soaked in 25% sucrose
solution (Figure 1C). Ant activity was measured once every two weeks. Forty-five or fifty vines per treatment per
block were selected as monitoring vines. One saturated cotton ball was deployed on each monitoring vine, either
on the ground (early season) or on the vine (after fruit set), depending on where the ants were predicted to be most
active. After 2.5 to 3 hours cotton balls were retrieved from each monitoring vine and ant activity on the cotton
balls was assessed using a 0 to 3 scale, where ‘0’ equals no ants, ‘1’ equals the presence of 1 to 10 ants, a value of
‘2’ is assigned to cotton balls with 11 to 50 ants, and a rating of ‘3’ is assigned for the presence of greater than 50
ants.

Due to some challenges with site selection the first bait applications in blocks T1, T2, and F1 occurred later (May
19 and May 20, 2016) than would be desired to optimize results. In blocks I1 and I2 bait applications were
initiated early in the growing season (April 15 and 16, 2016) and within 14 days of when ants were detected and
temperatures were adequate for foraging to occur. We tested for significant differences between baits and control
at each sampling date using Mann-Whitney U tests (Table 2). Our analyses suggest that (1) the dry bait treatment
at sites I1 and I2 was only significantly different from control on one date after treatment. Given that ant levels
were near zero pre-treatment, it seems unlikely this was due to the treatment. (2) Dry bait in block F1 was no
different from control until after the second treatment. After the second treatment ant levels were significantly
lower than the control but were not statistically different on the last sampling date (October 7). (3) Dry bait in
blocks T1 and T2 was significantly lower than control at every sampling date. As ants were significantly lower
than control pre-treatment and actually increased after the first treatment, there is no convincing evidence that the
bait had an effect. In conclusion, this study did not generate convincing evidence that dry bait (Seduce) reduced
ant levels in two vineyards (I and T). At vineyard F, the dry bait treatment was lower than control after the second
treatment but ant levels were not actually reduced until October when they also had decreased in the control. At
best there was a very limited effect of dry bait in only one vineyard in this study. These results are not
encouraging with regards to the efficacy of Seduce ant bait for controlling Argentine ants in commercial
vineyards. Future studies should evaluate a higher product rate and / or more applications to determine whether
improved control can be achieved. More applications were not explored during the current study as the
cooperating vineyard managers did not find this to be an economically attractive strategy.

Table 2. Results of Mann-U tests comparing dry bait vs. control for each sampling date.

Sampling
Trial

Blocks I1/I2 Block F1 Blocks T1, T2
Trial Date p value Trial Date p value Trial Date p value

1 8-Mar .55 1 6-May .19 1 6-May .01*

2 23-Mar .56 TREATMENT
20-MAY

TREATMENT
19-MAY

3 6-Apr .45 2 27-May .70 2 27-May <.01*
TREATMENT 15, 16-APR 3 10-Jun .86 3 10-Jun <.01*

3 19-Apr 1.0 TREATMENT
20-JUN

TREATMENT
25-JUN

4 6-May <.01* 4 24-Jun <.01* 4 24-Jun <.01*
5 3-Jun .53 5 8-Jul <.01* 5 8-Jul <.01*
6 10-Jun .23 6 22-Jul <.01* 6 22-Jul <.01*
7 24-Jun .02 7 7-Oct .82 7 7-Oct <.01*
8 8-Jul .97
9 22-Jul .68
10 11-Oct .04
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Polyacrylamide Gel Bait Trial
Based on a pilot study that eliminated >99% of ants from treated plots in the California Channel Islands (Boser et
al. 2014) and a preliminary vineyard study conducted by the Principal Investigators in 2015 (unpublished data),
we are evaluating the efficacy of a polyacrylamide gel bait formulation in vineyards. We established three
experimental blocks (split-plot design: treated and untreated treatments); two of these blocks (designated C1 and
C2) are located in the Carneros appellation (Napa Valley AVA) and one (designated M1) is located in the St.
Helena appellation. Blocks C1 and C2 are populated with the invasive vine mealybug; block M1 is populated with
the native grape mealybug (Pseudococcus maritimus). In addition to the economic damage sustained by vine
mealybug populations, the spread of grapevine leafroll-associated virus 3 (GLRaV-3) is a major concern in all of
these blocks.

The bait solution consists of 0.0006% thiamethoxam (Platinum insecticide, Syngenta US) in 25% sucrose
solution, deployed at a rate of 10 gal per acre in polyacrylamide Water Storing Crystals (MiracleGro®)
(Figure 1C). These crystals absorb water and water-soluble chemicals, and when hydrated present a thin layer of
liquid bait solution on the surface for 24 to 72 hours following application. To allow sufficient time for the
crystals to absorb the bait solution they were added to the mixture 24 hours prior to the application. The hydrated
crystals were deployed using an 85 lb tow spreader (Agri-Fab, model #45-0315) pulled with an all-terrain vehicle
(ATV) (Figure 1A). Bait applications were initiated once foraging ants were detected at sugar-soaked cotton
balls. The cooperating vineyard manager made the bait applications on March 16 and April 14, 2016 in blocks C1
and C2, and on April 15 and May 26, 2016 in block M1. Because block M1 is in a more northerly location within
Napa County, ants did not become active until later in the season [ant foraging is reduced below 60º F (15º C)].
Ant monitoring pre- and post-application followed the method described previously, using cotton balls soaked
with a 25% sucrose solution (Figure 1D).

We tested for significant differences between baits and control at each sampling date using Mann-Whitney U tests
(Table 3). In summary, pre-treatment ant ratings were no different between the bait and control vines at either
vineyard. After the first treatment the bait treatment had significantly fewer ants (near zero) than the control in
vineyard M1; this continued throughout the season until the final sampling date on October 7, 2016. In the C1 and
C2 blocks there were significantly fewer ants on the first sampling date following the first treatment. From one
month after the second bait application until the end of the season (October 11, 2016) ant populations in the baited
blocks in vineyards C1 and C2 remained significantly lower than in the untreated control. In summary, our trials
indicate that the polyacrylamide bait laced with thiamethoxam nearly eliminated ants for 1.5 months and provided
sustained control of ants for up to six months after the second bait treatment.

Sam

Table 3. Results of Mann-U tests comparing polyacrylamide bait vs. control for each sampling date.

pling
Trial

Blocks C1, C2 Block M1
Trial Date p value Trial Date p value

1 26-Feb .29 1 8-Mar 1.0
2 8-Mar .16 2 23-Mar .06

TREATMENT 16th MAR 3 6-Apr .49
3 23-Mar <.01* TREATMENT 15th APR
4 15-Apr 1.0 4 19-Apr <.01*

TREATMENT 15th APR 5 6-May <.01*
5 28-Apr 1.0 TREATMENT 25th MAY
6 11-May <.01* 6 3-Jun <.01*
7 30-May <.01* 7 10-Jun <.01*
8 14-Jun <.01* 8 27-Jun <.01*
9 30-Jun <.01* 9 8-Jul <.01*

10 11-Jul <.01* 10 27-Jul <.01*
11 25-Jul <.01* 11 7-Oct .026
12 11-Oct <.01*
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2017 Field Season

Polyacrylamide Bait Trial
These trials are a continuation of our 2016 trials with polyacrylamide crystals laced with six ppm thiamethoxam
(Platinum insecticide, Syngenta US). We are also evaluating bait laced with boric acid (0.5%) as an option for
organic growers. The bait was mixed and applied as described previously (Figure 1C). Because ants re-invaded
the treated areas in 2016 (split-plot design), in 2017 we designated entire blocks as either treated or untreated and
paired the treated and untreated blocks. We have two pairs of blocks in the Carneros region and two pairs in the
Oakville region. We also continued our trial in one split-plot block in St. Helena. The Carneros blocks were
treated with thiamethoxam-laced bait on May 3 and June 9, 2017, the Oakville blocks were treated with boric
acid-laced bait on May 4 and May 26-31, 2017, and the St. Helena block was treated with thiamethoxam-laced
bait on May 5 and June 10, 2017. Ant monitoring pre- and post-application followed the method described
previously, using cotton balls soaked with a 25% sucrose solution (Figure 1D).
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Figure 3. Mean ant level rating for St. Helena vineyard block. Ants were rated on a 0 to 3 scale,
where a value of ‘0’ was assigned to cotton balls with no ants, a value of ‘1’ assigned for the
presence of 1 to 10 ants, a value of ‘2’ assigned for 11 to 50 ants, and a value of ‘3’ assigned for
greater than 50 ants. Vertical lines represent dates of two bait applications.

The polyacrylamide gel bait reduced ants at all sites; however, the extremely variable ant populations in the
untreated blocks made it more challenging to attribute an explanation to the effects than in previous years. In the
treated blocks in Oakville, ant numbers decreased significantly only after the second treatment (within two
weeks), where they remained close to (or at) zero for up to two months. This appeared to show an effect of the
bait treatment. However, the control did not show much variation in ant numbers, remaining just above zero for
the study period and ending at the same level as the bait blocks (despite some significant fluctuation). In the first
Carneros site ant numbers in the bait block were significantly reduced after the first treatment and remained at
zero until the end of the study period, two months after the second treatment. Ants in the control block were low
generally with little increase (if any) from March to August. However, they were almost always significantly
higher than the control block after the first treatment. In the second Carneros site, ant numbers in the control block
were low but there was an overall small increase from March to August. In comparison, ant numbers were
initially higher in the bait block but crashed to zero immediately after the first treatment, only rising to match the
control two months after the second treatment. This provides evidence that the thiamethoxam-laced
polyacrylamide bait reduced ants. At the St. Helena site ant numbers in the control block started at zero in March
and increased over the season until August (Figure 3). In comparison, ant populations in the bait block were low /
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zero pre-treatment and continued at this low level for the entire study period, becoming significantly lower than
the control within two weeks of the first bait application. This is evidence that the wet bait suppressed ant
numbers from first treatment, although it should be noted that a decline in ant numbers due to the bait was not
measured because of the lack of ants pre-treatment.

CONCLUSIONS
We evaluated two baits (one commercial and one experimental product) to reduce Argentine ant populations in a
coastal California vineyard. Because Argentine ants disrupt biological control of vine mealybug by interfering
with the activity of predators and parasitoids, control of Argentine ants can be an essential component of
integrated pest management programs for vine mealybug. Handling and distribution of baits that can be broadcast
is simpler and more efficient than liquid baits that must be contained within bait stations. Additionally, Argentine
ant nests are typically multiple and widely dispersed throughout agricultural ecosystems in the spring, summer,
and fall (Markin, 1970) so multiple point-sources make bait more accessible to all nests within an infested area
(Boser et al. 2014). Our results suggest that an experimental bait treatment (0.0006% thiamethoxam in
polyacrylamide crystals) has the potential to reduce populations of Argentine ant, whereas a commercially
available spinosad-laced bait (Seduce) was less effective in our trials. Future studies may explore the use of
multiple applications or higher rates of Seduce to obtain adequate control of Argentine ant populations. Two
applications of a thiamethoxam-laced polyacrylamide bait reduced ant populations for two to six months after
treatment. Because ants may reinvade from untreated areas, large-scale, regional treatments such as those
conducted in the California Channel Islands (Boser et al. 2014)) could be more successful and future studies
should concentrate in this area.

REFERENCES CITED
Boser CL, Hanna C, Faulkner KR, Cory C, Randall JM, and Morrison SA. 2014. Argentine ant management in

conservation areas: Results of a pilot study. Monographs of the Western North American Naturalist 7: 518-
530.

Cooper ML, Daane KM, Nelson EH, Varela LG, Battany MC, Tsutsui ND, and Rust MK. 2008 Liquid baits
control Argentine ants sustainably in coastal vineyards. California Agriculture 62: 177-183.

Daane KM, Weber EA, and Bentley WJ. 2004a. Vine mealybug—formidable pest spreading through California
vineyards. Practical Winery & Vineyard. May/June. www.practicalwinery.com.

Daane KM, Malakar-Keunen R, and Walton VM. 2004b. Temperature development of Anagyrus pseudococci
(Hymenoptera: Encyrtidae) as a parasitoid of the vine mealybug, Planococcus ficus (Homoptera:
Pseudococcidae). Biol. Control 31: 123-132.

Daane KM, Sime KR, Fallon J, and Cooper ML. 2007. Impacts of Argentine ants on mealybugs and their natural
enemies in California’s coastal vineyards. Ecol. Entomol. 32: 583-596.

Daane KM, Cooper ML, Triapitsyn SV, Walton VM, Yokota GY, Haviland DR, Bentley WJ, Godfrey KE, and
Wunderlich LR. 2008. Vineyard managers and researchers seek sustainable solutions for mealybugs, a
changing pest complex. California Agriculture 62: 167-176.

Daane KM, Almeida R, Bell VA, et al. 2012. Biology and Management of Mealybugs in Vineyards in N. J.
Bostonian et al. (eds.), Arthropod Management in Vineyards: Pests, Approaches, and Future Directions.
Springer Science and Business Media B.V. pgs. 271-307.

Gill R. 1994. Vine mealybug. California Plant Pest and Disease Report, January-June. California Department of
Food and Agriculture, Sacramento, CA.

Godfrey KE, Daane KM, Bentley WJ, Gill RJ, and Malakar-Kuenen R. 2002. Mealybugs in California vineyards.
UC ANR Publ. 21612. Oakland, CA.

Haviland DR, Bentley WJ, and Daane KM. 2005. Hot water treatments to control Planococcus ficus (Hemiptera:
Pseudococcidae) in grape nursery stock. J. Economic Entomology 98: 1109-15.

Klotz JH, Rust MK, Costa HS, et al. 2002. Strategies for controlling Argentine ants (Hymenoptera: Formicidae)
with sprays and baits. J. Agric. Urban Entomology 19: 85-94.

Krushelnycky PD, Loope LL, and Joe SM. 2004. Limiting the spread of a unicolonial invasive insect and
characterization of seasonal patterns of range expansion. Biological Invasions 6: 47-57.

Markin GP. 1970. The seasonal life cycle of the Argentine ant, Iridomyrmex [Linepithema] humilis [humile]
(Hymenoptera: Formicidae), in southern California. Annals of Entomol. Soc. of America 63(5): 1238-1242.



- 191 -

Mgochecki N, and Addison P. 2009. Interference of ants (Hymenoptera: Formicidae) with biological control of
the vine mealybug, Planococcus ficus (Signoret) (Hemiptera: Pseudococcidae). Biological Control 49: 180-
185.

Nelson EH, and Daane KM. 2007. Improving liquid bait programs for Argentine ant control: Bait station density.
Environmental Entomology 36(6): 1475-1484.

Nyamukondiwa C, and Addison P. 2011. Preference of foraging ants (Hymenoptera: Formicidae) for bait
toxicants in South African vineyards. Crop Protection 30(8): 1034-1038.

FUNDING AGENCIES
Funding for this project was provided by the Napa County Winegrape Pest and Disease Control District, and by
the CDFA Pierce’s Disease and Glassy-winged sharpshooter Board, with in-kind support from cooperating
vineyards.

ACKNOWLEDGMENTS
We wish to acknowledge our industry cooperators for their support in applying the bait products. B. Strode and
M. Hobbs provided support for monitoring efforts, and M. Hobbs for photography.



- 192 -

IMPROVING VINE MEALYBUG WINTER AND SPRING CONTROLS:
I. BIOASSAYS. II. USING HIGH PRESSURE LIQUID CHROMATOGRAPHY TO FOLLOW

INSECTICIDE MOVEMENT IN THE VINE

Principal Investigator:
Kent Daane
Dept. Environ. Sci., Policy, & Mgmt.
University of California
Berkeley, CA 94720
kdaane@ucanr.edu

Co-Principal Investigator:
Sonet Van Zyl
Dept. of Viticulture & Enology
California State University
Fresno, CA 93740
svanzyl@csufresno.edu

Co-Principal Investigator:
Monica L. Cooper
Cooperative Extension
University of California
Napa, CA 94559
mlycooper@ucanr.edu

Cooperator:
Andreas Westphal
Department of Nematology
University of California
Riverside, CA 92521
andreas.westphal@ucr.edu

Postdoctoral Researcher:
Valeria Hochman Adler
Dept. Environ. Sci., Policy, & Mgmt.
University of California
Berkeley, CA 94720
vhochman@ucanr.edu

Staff Researcher:
Geoffrey Dervishian
Dept. of Viticulture & Enology
California State University
Fresno, CA 93740
gdervishian@csufresno.edu

Reporting Period: The results reported here are from work conducted March 2017 to September 2017.

ABSTRACT
The vine mealybug (Planococcus ficus) has become one of the more important insect pests of California
vineyards, threatening economic production and sustainable practices in this multi-billion-dollar state industry.
This work has begun to better understand and optimize registered insecticides used to control the vine mealybug
in the winter and spring periods, when the mealybug population is located primarily under the bark on the trunk
and cordons. In the initial work we selected vineyards in three regions and have taken spring through fall samples.
We applied treatments of Movento and monitored commercial spray applications in vineyards for different
commodities (e.g. wine vs. table grapes) and with various management practices (e.g. trellis systems). We
monitored mealybug densities but found little difference among the plots, in part because of the low mealybug
populations. We collected approximately 6,000 tissue samples at vineyards being used for the field bioassays, as
well as from vineyards with unusual vine mealybug densities, or where we can manipulate spray application to
test movement of key metabolites of Movento. For analyses, we have developed protocols for tissue analysis
using high pressure liquid chromatography, and verified that the procedure is accurate.

LAYPERSON SUMMARY
The vine mealybug (Planococcus ficus) has become one of the most important insect pests of California
vineyards. Researchers, pest control advisors, and farmers have developed relatively good controls that target
exposed vine mealybugs (those on the leaves or canes). However, controlling the more protected mealybug
population found under the bark of the trunk or on the roots has been more difficult. Our objectives are to improve
pre- or post-harvest controls that target the winter-spring vine mealybug population and to better determine the
spring emergence of vine mealybug crawlers to better time foliar applications. In 2016 research focused on
bioassays (e.g. the number of live or dead mealybugs) and the movement of Movento (or, more correctly, its
metabolites) in the vine, using high pressure liquid chromatography methodology.

INTRODUCTION
The vine mealybug (Planococcus ficus) has become one of the most important insect pests of California
vineyards, threatening economic production and sustainable practices in this multi-billion-dollar commodity.
Insecticides are the primary control tool for vine mealybug (Prabhaker et al. 2012, Daane et al. 2013, Bentley et
al. 2014), especially when grapevine leafroll diseases (GLDs) are a concern (Daane et al. 2013). Researchers, pest
control advisors, and farmers have developed relatively good controls that target exposed vine mealybugs (those
on the leaves or canes). However, controlling the more protected mealybug population found under the bark of the
trunk or on the roots has been more difficult. The vine mealybug population is primarily on the trunk and upper
root zone near the soil line during the winter and early spring (Daane et al. 2013). This population has a refuge
from natural enemies (Gutierrez et al. 2008) and can be the most difficult to control even with systemic
insecticide applications (Daane, pers. obsrv.). Moreover, mealybugs can remain on even the remnant pieces of

mailto:mlycooper@ucanr.edu
mailto:an@ucanr.edu
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vine roots after vineyard removal, hosting pathogens and infesting new vines after replanting the vineyard (Bell et
al. 2009).

Insecticides with systemic action are the best materials to control this protected population, but their proper use
can vary among vineyards and regions. Moreover, vineyards with mealybug damage typically have large
overwintering populations that are never fully regulated, and annually are the source for new generations
throughout the summer that infest leaves and fruit of that vineyard and can disperse to other vineyards. Therefore,
it is critical to develop better control programs for this overwintering population.

A delayed dormant (typically in February) application of chlorpyrifos (Lorsban) was the standard post-harvest or
pre-season control that targeted mealybugs on the trunk and cordon (Daane et al. 2006). The best in-season
insecticide for vine mealybugs that move from the trunk and cordon to the leaves, canes, and fruit has been an
application of Movento (Bayer Crop Science), with the active ingredient spirotetramat, which may also help
control root feeding nematodes (Mike McKenry, pers. comm.). Still, the effectiveness of any systemic material
will depend on application timing, soil moisture, vine condition, age, and commodity (for example, post-harvest
application timing). Our objectives are to improve controls that target the winter-spring vine mealybug population
and to better determine the spring emergence of vine mealybug crawlers to better time foliar applications.
Specifically, we are conducting field bioassays to determine the effect of application timing, soil moisture, vine
condition, and age and commodity (for example, post-harvest application timing, wine vs. raisin management
practices) on systemic insecticide effectiveness. We plan to work with all vineyard-registered insecticide
materials, but this past year’s work has focused on the field application bioassays and movement of Movento in
the vine, timing of Applaud (buprofezin) treatments, and mating disruption.

To follow the movement of Movento, we are collecting vine samples and using high pressure liquid
chromatography (HPLC) to determine amounts of different metabolites associated with Movento in different parts
of the vine. For example, two of the questions we plan to address is whether spirotetramat converts to the
metabolite spirotetramat-enol (which is the primary toxicant) similarly under different vines condition, such as
nutrient status or cultivar, and where on the vine the metabolites move to and in what concentration are the
metabolites found on different vine sections, such as the leaves versus the roots. We will also use our protocols to
help confirm the presence of spirotetramat metabolites in the root system, in support of Andreas Westphal’s
proposal.

OBJECTIVES
This project seeks to develop better controls for the overwintering vine mealybug population found primarily
under the bark of the trunk or on the roots at the soil line.
1. Bioassay

a. Investigate population dynamics and controls for overwintering vine mealybug.
b. Determine the temperature relationship of vine mealybug and grape mealybug to better predict spring

emergence and spray timing.
2. Using HPLC to follow the movement of Movento in the vine.

a. Improve the protocols to determine levels of spirotetramat and its first metabolite, the enol form, in vine
tissue samples.

b. Investigate the dissipation and transformation mechanisms of the active ingredient of the pesticide
Movento after application.

RESULTS AND DISCUSSION
Objective 1. Bioassay
Objective 1a. Insecticide Controls for Vine Mealybug
Movento Applied in Different Regions
We used bioassays (visual counts of mealybugs) to look at control effectiveness across vineyards in different
regions and with different management practices or vine structures. Commercial vineyards were selected in the
central San Joaquin Valley (Fresno County), with four vineyard blocks near Fresno (one Thompson Seedless
raisin grapes, one Crimson Seedless table grapes, and two Thompson Seedless table grapes); the Lodi-
Woodbridge winegrape region (San Joaquin County), with three vineyards near Lodi (one Cabernet Sauvignon,
one Pinot Noir, one Chardonnay); and the North Coast winegrape region (Napa County), with two vineyards at a
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site in the Carneros region of Napa (one Pinot Noir, one Chardonnay). We are also sampling numerous
‘experimental’ vineyard blocks at the Kearney Agricultural Research and Extension Center that represent wine
and table grape blocks undergoing studies for nitrogen, irrigation, and winegrape cultivars. At each site we have
counted mealybug densities on the vine, measured cluster damage, and taken vine fresh tissue samples before and
after Movento applications (sections from the leaf, cane, and trunk) (Figure 1). Together, the treated vineyards
include several factors that could be affecting the pesticide efficiency, such as the age of vineyards, irrigation
type, commodity (table, raisin, and wine grapes), the presence of a girdle, and geographical area.

Figure 1. Sampling different vine sections (leaves and petioles, low and high trunk sections, and roots)
using both (A) timed (one minute) visual counts for the bioassay, and (B) taking leaf or bark chip samples
for HPLC analyses.

The areas of the vine searched change with the seasonal movement of the mealybug population (i.e. during the
winter the roots and lower trunk sections are the most likely regions to find vine mealybug). The pre-treatment
mealybug density was then used to block treatments against density, because vineyard mealybug populations can
be clumped. In 2016, the visual count of mealybugs took place from April to October. This allows us to monitor
mealybug populations at different phenological stages of the crop. We monitored when the grape clusters were
not ready to be harvested, when they were ready to be harvested, and after they were harvested.

We applied the insecticide Movento as a single insecticide treatment at different application timings, as measured
by calendar date as well as by weeks before or after harvest (Movento has a seven-day pre-harvest interval). We
applied Movento at the label rate and determined the percentage kill of mealybugs on different sections of the
vine during the summer and fall (completed), and will continue this in the coming spring (Figure 2).

Figure 2. Applying insecticides.
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Results from the studied commercial fields found overall mealybug density to be low, making treatment
comparisons difficult throughout all the sampling areas and spray treatments. Spray treatments did not affect
mealybug density or percentage mealybug life stage at any of the vineyard sites sampled in either Napa Valley or
the Lodi Woodbridge region (winegrapes). In most of these sites we found it difficult to make comparisons
among bioassay treatments, including the control treatments, because the levels of mealybugs were too low.

To account for this we pooled data across all sites sampled in the Central Valley. Using this analysis, we showed
that the mid-May and post-harvest (the previous year) application of Movento lowered mealybug numbers more
than the control or pre-harvest applications (F = 3.816, df = 3,4280, P = 0.009; Figure 3). These results are
similar to previously published results, where April to May is the best time period to apply Movento. Our tests of
a pre-harvest application did not show any impact the following year.

Figure 3. Average number of nymphs, adults, and ovisacs on vines treated in mid-to-late May (farmer
standard treatment), pre-harvest and post-harvest, and a no-spray control.

We also measured economic damage on five clusters on each vine using a scale of 0 to 3, with 0 = no mealybug
damage, 1 = honeydew present but the bunch is salvageable, 2 = honeydew and mealybugs present but at least
part of the bunch is salvageable, and 3 = a total loss (Figure 4). The economic damage of clusters took place from
June through harvest in 2016 (we did not take similar measurement in 2017 because of the low mealybug
densities).

Results of cluster damage were similar to those of mealybug density. Data from winegrapes in Napa Valley and
Lodi Woodbridge showed no difference among treatments using mid-May, July, or pre-harvest Movento
applications. However, mealybug densities were too low to make any strong statements. Note that all of the
selected vineyards had mealybug populations that were considered to be economically damaging to the vineyard
managers when the study began.

There were higher mealybug densities at some sites in the Fresno area, where we found the May application of
Movento had less fruit damage compared to untreated, mid-July (pre-harvest), and post-harvest (the previous
season) spray treatments (Chi Square = 65,659, P < 0.001).
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Figure 4. A visual rating of 0 to 3 cluster economic damage for mealybug infestation in the fruit clusters.

In our two-year field bioassay studies, the low number of mealybugs found at the monitored sites and the low
cluster damage recorded was a frustration with these trials. We suspect that the mealybug’s clumped distribution
on the host plant necessitated a great number of samples to get an accurate estimate of population response, but
there was also a repeated issue of grower overspray on the control plots that we suspect happened at some sites.

Delayed Dormant Comparison
In a second trial, we used a 25-year-old raisin field (cv. Thompson Seedless) in the Fresno area to compare
different spring applications with the May application of Movento (Table 1). Applaud (buprofezin, Nichino) is an
insect growth regulator that is typically applied in season against early stage mealybugs. In this trial we tested
Applaud as an alternative delayed-dormant spray to Lorsban-4E (chlorpyrifos, Dow Chemical). The insecticides
were applied at different rates and timings (Table 1). Note that the insecticides have different modes of action,
such that we expected combinations to provide additive control (Movento is classified in group 23, Applaud is
group 16, and Lorsban is group 1B by the Insecticide Resistance Action Committee, IRAC). A standardized
application method was used for each material so that surfactant and application rates would not be an influence.
At each site there were 15 replicates (individual vines) per treatment per vineyard, arranged in a complete
randomized design.

Table 1. Schedule of spray treatments investigating novel insecticide combinations for a delayed dormant
to spring application to control overwintering mealybugs. In all trials, Movento was applied at the full label
rate (for a single application) of eight ounces per acre.

Spray
Treatment Insecticide, Application Rate, and Application Timing

1 Applaud, 12 fl oz, 1 March 2017
2 Applaud, 24 fl oz, 1 March 2017
3 Applaud, 12 fl oz, 22 March 2017
4 Applaud, 24 fl oz, 22 March 2017
5 Applaud, 12 fl oz, 22 March 2017 AND Movento, 4 May 2017
6 Applaud, 24 fl oz, 22 March 2017 AND Movento, 4 May 2017
7 Movento 8 fl oz, 4 May 2017
8 Lorsban 4E, 4 pts, 1 March 2017
9 Untreated control

Results from the delayed dormant spray trial comparing Applaud applied at different times (and with or without a
Movento spray in May) with the standard Lorsban delayed dormant treatment showed significant effect on the
numbers of individuals found per vine sample (F = 6.258; df = 8,531; P < 0.001; Figure 5). There was no
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difference between Applaud applied at 12 ounces as a late dormant (22 March) and the control (treatments 3 vs.
8). However, Applaud applied 1 March (treatments 1 and 2) was similar to the Lorsban treatment (8). As
described above, Applaud applied just three weeks later (22 March) was similar to the control at the 12 ounces per
acre rate, but lower at the off-label 24 ounce rate.

The three Movento treatments had the lowest counts, and the Movento treatments that included Applaud at the 24
ounce rate as a delayed dormant had the lowest counts (Figure 5).

Figure 5. Average number of mealybugs on vines treated with different pesticides (Table 1) at different
rates and timings (samples were taken during a timed count).

Objective 2. Using HPLC to Follow the Movement of Systemic Insecticides in the Vine
Data were presented in the previous report and the latest data have not yet been analyzed.

Objective 3. Temperature Development of Vine Mealybug
Insect and Vine Cultures
All experiments were conducted with vine mealybugs obtained from insectary cultures, originally established
with mealybugs collected in vineyards located near Sanger, CA (Fresno County) and maintained at the University
of California Kearney Agricultural Research and Extension Center near Parlier, CA (Fresno County). Mealybugs
were reared on butternut squash (Cucurbita moschata) which was cleaned in a 0.5% bleach solution to reduce
mold growth and then triple rinsed. Each squash was inoculated with 5 to 10 gravid female mealybugs, which
resulted in an initial infestation level of 600 to 1,000 mealybugs. Cultures were held at 22 ± 2°C, with 12:12
light:dark photoperiod.

The grape plants (Vitis vinifera) were two year old Thompson Seedless, originally obtained from cuttings from
vines at the UC Kearney Research and Extension Center. Cuttings were rooted in 3.8 liter pots filled with a sandy
loam soil and watered and fertilized throughout the experiment as needed.

Temperature-Dependent Development
The effect of constant rearing temperatures on vine mealybug development time was determined at 12, 16.5, 19,
23, 26, 30 and 34°C. Temperature cabinets maintained temperatures at ± 1.5°C, as recorded by HOBO data
recorders (Onset, Bourne, MA) placed in each cabinet. There was a light:dark regime of 16:8, with grow lights
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used to maintain vine health. Humidity was not controlled, and ranged between 60 to 90%. To begin each trial,
seven to ten adult vine mealybug females which were beginning to produce ovisacs were placed on each vine,
which was then held at 25°C for a 24 hour inoculation period, after which the vines were checked for freshly
deposited eggs still in the ovisac, and the adults and excess eggs were removed. In this manner each plant was
inoculated with 30 to 120 eggs. Barriers of petroleum jelly were added at the base of the vine to restrict mealybug
movement off the vine.

Inoculated plants were then randomly assigned to temperature treatments. Thereafter, plants were checked every
one to two days for mealybug development and survival. After two weeks this period was extended to three to six
days, depending on the development rate at each temperature. Mealybug density was recorded by the following
developmental stages: Egg, first instar, second instar, third instar female (pre-oviposition), third instar male
(prepupa), adult female (producing an ovisac), male pupa, ovisac with eggs, and adult male (male pupa with an
emergence hole).

Towards the end of each generation adult females were individually numbered for future identification (after the
ovisac deposition begins, there is very little movement of adult females) and to record eggs per individual female.
For each ovisac deposited eggs were collected on each observation date and placed in a gelatin capsule, which
was then returned to the respective temperature treatment for 30 days or until egg hatch was complete. After this
period egg production and the proportion of hatched eggs were recorded for each female.

Statistical Analyses
Results are presented as means per temperature treatment (± standard error of the mean; SEM). Development
times were estimated as the number of days spent in each life stage, based on peak densities for each life stage. As
will be discussed later, individual development times were not collected because there was too much movement
on the vine and the individual mealybugs could not be marked. Mortality rates are the number of individuals
entering each development stage divided by the number of individuals dying in each stage. Adult male and female
stages were excluded from calculations of the mortality rates as these stages concluded the lifecycle. Fecundity
rates are the number of eggs produced per female, captured and isolated at the end of the development period for
each tested temperature. Egg viability rates are the number of hatched eggs divided by the total (hatched and
unhatched) number of eggs per female. For all analyses, mealybugs lost due to escape or injury were omitted.

Results for Temperature-Dependent Development
Vine mealybugs completed development from egg to adult (with ovisac) at temperatures from 16.5–30.0C, but
failed to complete development at the lowest (12C) or highest (34C) temperatures tested (Figure 6). The
estimated development times from egg to adult, based on the production of adults with ovisacs, were fit to the
nonlinear model. There are a number of nonlinear models commonly used to describe temperature development
(reviewed in Roy et al. 2002). We selected the Brière et al. (1999) temperature development rate model, which
provided lower, optimal and upper temperature thresholds and is described as:

r(T) = aT(T – TO)(TL – T)1/b

where T is the rearing temperature (C), TO is the lower temperature threshold, TL is the lethal (upper) temperature
threshold, and a and b are empirical constants. The optimum temperature (Topt ) is calculated as:
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where TL, TO, a, and b, are obtained from equation 1.

The low threshold temperature was also determined using simple linear regression (r(T) = T+β) with data from
temperature treatments 16.5 to 23°C, which most closely resembles a straight line. The development rate is a
linear function of temperature, and  and β are regression parameters fitted to the data. The low development
threshold is calculated as TL = -/β, and the thermal constant (k) from birth to adult, in required degree-days, is
calculated as k = 1/β (Liu and Meng 1999).



Figure 6. Development for each life stage of vine mealybug at six constant temperatures.

Results show development times decreased as temperatures increased (Figure 7), ranging from about 140 days at
16.5°C to about 25 days at 30°C (Figure 7). The estimated lower and upper temperature thresholds were 14.55°C
and 35.41°C, respectively, while the optimum developmental temperature was 26.93°C. Using linear regression
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with mid-range temperatures (19 to 30°C) a lower temperature threshold of 14.6°C was estimated (y = 0.00362x -
0.053; F1,2 = 156.84; P < 0.0507; R2 =0.987). The thermal constant is 276.31 degree-days.

Figure 7. Vine mealybug stage development times at different temperatures (development time defined as the
number of days required for 50% of the population to move beyond a given stage). N1, N2, N3, and A1 refer to
first, second, and third instar nymphs and pre-reproductive adults, respectively. Most error bars are obscured by
symbols. Estimates were not possible for some stages at some temperatures (12, 30, and 34°C).

Reproductive Parameters
The net reproduction rate (Ro) was greater than zero at all temperatures that permitted complete development,
indicating positive population growth. The maximum Ro (433.34) was obtained from data collected at 26°C. The
lowest estimated Ro (82.61) occurred at 16.5°C. The female:male ratio of offspring, which impacts Ro, also varied
among temperatures, ranging from 10.25:1 at 19°C to 5.10:1 at 16.5°C.

Mean generation times (T) values estimated for each of the trialed temperatures decreased with increasing
temperatures, with a gradual decrease in mean generation time as temperatures increased between 16 and 30°C.
The shortest generation time (T) was also recorded at this temperature. This decrease was more pronounced
between 16, 19, and 23°C, and reached a plateau between 23 and 30°C. The largest T-value was recorded at
16.5°C. These values decreased to 32.19 at 26°C, after which there was a slight increase.

Intrinsic rate of natural increase (rm) values were positive at temperatures ranging from 16.5 to 30°C, indicating
positive population growth. The lowest estimated rm value was 0.037 at 16.5°C; the highest was 0.26 at 26°C. At
30°C the rm values dropped to 0.195. The fitted model was y = (0.000000161) × x(x-(34.04632)) × ((15.8684)-x)
× exp(1/0.151912)) (F 1, 4 = 41.76; P = 0.11; R2 = 0.9864; Figure 6). Using these rm values, the lower, upper, and
optimal temperatures for population increase are estimated at 15.87, 34.05, and 26.47°C, respectively.

Fecundity and Egg Viability
Across all temperatures at which ovisacs were produced (16.5 to 30C) average life time egg production was
220.8  15.5 eggs per female. Temperature influenced egg production, which ranged from a maximum of 364.4 

0.8 eggs per female at 26°C to a minimum of 155.25  0.1 eggs per female at 16.5°C. There was a decrease in egg
production at lower and higher temperatures, indicated by a good fit (R2 = 0.94) to the Briere et al. (1999) model
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modified for fecundity (Figure 7). The lower, upper, and optimal temperatures for egg laying were determined at
11.59, 34.08, and 25.22°C, respectively. Egg viability was highest at 16.5°C, similar between 19 to 26°C, and
significantly lower at 30°C; F4, 2185 = 383.49, P < 0.0001).

We have worked with two entomologists who are very qualified to model data (Mark Sisterson and Mathew
Daugherty). One aspect of this study that failed was our inability to track the development time of individual
mealybugs. With our design, we expected more uniform development times for each life stage at each of the
tested temperatures. We suspect that feeding on different parts of the vine may have added to mixed development
times. The end result is that we used the “average” development based on peak population densities. This
produced an informative figure showing life stage development and mortality. However, without being able to
produce standard errors around each mean, we cannot complete a statistically accurate development model. For
this reason we have begun a simpler temperature development trial, counting only development from egg to
ovisac.
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ABSTRACT
Grapevine red blotch-associated virus (GRBaV) is a newly identified vineyard pathogen causing vine damage
similar to other grape leafroll diseases (GLD). There has been some initial laboratory evidence that leafhoppers
are a potential vector of GRBaV; however, there have been mixed reports of possible vector-borne movement in
vineyards. Our goal is to identify and test potential vectors to provide concrete evidence that organisms can or
cannot move GRBaV among vines. This work must be completed to develop a control program for “red blotch”
and develop accurate information on the epidemiology of this newly reported pathogen. To date, we have tested
leafhoppers (E. elegantula, E. variabilis, E. ziczac), grape whitefly (Trialeurodes vittatas), mealybugs
(Planococcus ficus and Pseudococcus maritimus), blue-green sharpshooter (Graphocephala atropunctata), and
foliar form grape phylloxera (Daktulosphaira vitifoliae). So far none of these insects have moved the pathogen
from an infected plant or plant material to a clean plant in laboratory studies. More recently there has been
evidence that a membracid may transmit GRBaV (Bahder et al. 2016) and transmission experiments evaluating
the three-cornered alfalfa hopper (Spissistilus festinus) are still in progress. Our field studies have surveyed
insects and potential non-crop reservoirs in vineyards with suspected movement of red blotch. None of the
herbivores in this survey have tested positive for the virus responsible for red blotch, although many samples are
still being tested in the laboratory. We have also conducted detailed mapping of red blotch in vineyards where
movement of the virus is suspected in order to evaluate spatial trends related to virus spread. Similarly, we are
also mapping GRBaV titer levels within the vine itself to help with the identification of novel vectors which may
preferentially feed on regions of the vine where the virus is localized.

LAYPERSON SUMMARY
Grapevine red blotch-associated virus (GRBaV) is a newly identified vineyard pathogen causing vine damage
similar to other grape leafroll diseases (GLD). There has been some initial laboratory evidence that leafhoppers
are a potential vector of GRBaV; however, there have been mixed reports of possible vector-borne movement in
vineyards and recent work at the University of California, Davis identified an insect called a ‘treehopper’ as a
likely vector. Our goal is to identify and test potential vectors to provide concrete evidence that organisms can or
cannot move GRBaV among vines. This work must be completed to develop a control program for “red blotch”
and develop accurate information on the epidemiology of this newly reported pathogen. To date, we have tested
many leafhoppers (which are common in vineyards), grape whitefly, mealybugs (which are also commonly found
in vineyards), blue-green sharpshooter, and foliar form grape phylloxera. None of these insects have moved the
pathogen from an infected plant or plant material to a clean plant in laboratory studies. We have begun
transmission experiments evaluating a treehopper (three-cornered alfalfa hopper) to determine its efficiency. Our
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field studies have surveyed insects and potential non-crop reservoirs in vineyards with suspected movement of red
blotch. None of the herbivores in this survey have tested positive for the virus responsible for red blotch, although
many samples are still being tested in the laboratory. We have also conducted detailed mapping of red blotch in
vineyards where movement of the virus is suspected in order to evaluate spatial trends related to virus spread.
Similarly, we are also mapping GRBaV titer levels within the vine itself to help with the identification of novel
vectors which may preferentially feed on regions of the vine where the virus is localized.

INTRODUCTION
In 2006 an increase in grapevine leafroll disease (GLD) and vines with “red leaf” symptoms was observed by
growers in vineyards located within Napa Valley, CA. Symptoms were also observed at the Oakville
Experimental Vineyard (OEV) by Jim Wolpert (UC Davis Viticulture Extension Specialist), Ed Weber (former
UC Cooperative Extension Viticulture Farm Advisor), and Mike Anderson (UC Davis Staff Research Associate).
Tissue samples were collected from symptomatic vines and tested by commercial laboratories and UC Davis
Foundation Plant Services. Test results were most often negative for known grapevine leafroll-associated viruses
(GLRaVs).

The increasing awareness of blocks containing vines with grapevine leafroll disease symptoms, primarily in Napa
and Sonoma counties, but testing negative for grapevine leafroll-associated viruses resulted in a renewed focus on
virus species and strains causing GLD. New GLRaV-3 strains have been discovered (e.g., Sharma et al. 2011);
however, this did not fully explain all of the observed symptomatic vines. In 2010, next generation sequencing
analyses identified a new pathogen (Al Rwahnih et al. 2013). Soon after a circular DNA virus, similar to members
of the family Geminiviridae, was isolated (Krenz et al. 2012) and, concurrently, polymerase chain reaction (PCR)
primers were developed (Al Rwahnih et al. 2013) for this pathogen now known as grapevine red blotch-associated
virus (GRBaV). GRBaV has since been isolated from vines throughout North America and in Switzerland (Krenz
et al. 2014), highlighting either a rapid dissemination or, more likely, its long hidden presence (e.g., misidentified
as GLD).

This project focuses on possible vectors of GRBaV. Multiple viruses in the Geminiviridae are insect transmissible
(Ghanim et al. 2007, Chen and Gilbertson 2009, Cilia et al. 2012), and there has been some initial evidence that
leafhoppers may transmit GRBaV (Poojari et al. 2013) and better evidence that a membracid may transmit the
pathogen (Bahder et al. 2016). However, there has been mixed evidence of GRBaV field spread in association
with leafhoppers. Concern for the spread of GRBaV led to an off-cycle project in summer 2013, funded by the
Napa County Winegrape Pest and Disease Control District to initiate appropriate scientific studies of possible
insect vectors of GRBaV. The work was continued in 2014 with American Vineyard Foundation (AVF) and Napa
County funds.

Our goal is to test potential vectors to provide concrete evidence that organisms can or cannot move GRBaV
among vines. Determining field epidemiology of GRBaV is critical in the development of a control program –
whether the pathogen is moved via infected nursery material, mechanically or, as with the focus of this study, by a
vector. There are ample California vineyard sites where the pathogen is present but does not appear to have
moved from infected vines over a period of many years, but in some vineyards, vine to vine movement has been
recorded. This difference – whether there is no vector movement and disease presence is exclusively from
infected nursery material or there is a vector – completely changes the needed control programs.

Our proposed work will screen all common vineyard arthropods, as well as the “long shots” that are potential
GRBaV vectors, thereby providing the proper target for control. Table 1 provides a partial list of the common
vineyard insect species that should be screened as potential vectors of GRBaV, based on their incidence and
distribution in California vineyards. Once tested, organisms are either identified as vectors or our work shows that
they are either not vectors or that they are so inefficient that spray programs are not needed. This information will
be disseminated to farmers, pest control advisors (PCAs), and extension personnel, thereby having a practical,
direct and immediate impact on control decisions to “spray or not to spray.”
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Table 1. Arthropods targeted for GRBaV tests.
Common name Scientific Name Common Distribution
western grape leafhopper Erythroneura elegantula North Coast (north of Tehachapi Mtns.)
variegated leafhopper Erythroneura variabilis Central Valley (San Joaquin Co. to So. Cal.)
Virginia creeper leafhopper Erythroneura ziczac Northern CA
potato leafhopper Empoasca sp. Sporadic vineyard populations
vine mealybug Planococcus ficus California vineyards
grape mealybug Pseudococcus maritimus North Coast and San Joaquin Valley
obscure mealybug Pseudococcus viburni Central and North Coast
blue-green sharpshooter Graphocephala atropunctata Northern CA
European fruit lecanium scale Parthenolecanium corni North Coast
grape phylloxera Daktulosphaira vitifoliae North Coast, Sacramento Delta, Foothills
grape whitefly Trialeurodes vittatas California
mites Tetranychus spp. California

OBJECTIVES
To screen potential vectors for their ability to acquire and transmit GRBaV and, if a vector is discovered, to
determine vector efficiency. Objectives for this research program are as follows:
1. Screen common vineyard insects and mites as potential vectors for GRBaV.
2. Screen uncommon organisms that feed on vines as potential vectors for GRBaV.
3. Follow disease progression in established vineyard plots to collect preliminary data on field epidemiology.

RESULTS AND DISCUSSION
Objective 1. Screen Common Vineyard Insects and Mites as Potential Vectors of GRBaV
2013-2014: Initial Transmission Trials with Potted Vines
In 2013 and 2014, we prioritized the screening of leafhoppers (western grape leafhopper and Virginia creeper
leafhopper), grape whitefly, mealybugs (vine mealybug and grape mealybug), and blue-green sharpshooter
because of the published work by Poojari et al. (2013), their prevalence in California vineyards, and/or their
phloem feeding (this category of viruses [Geminiviridae] are phloem-limited, although the biology and ecology of
GRBaV is not fully understood).

In both years, canes were collected from Cabernet Sauvignon (clone 6) and Cabernet Franc (clone 04) vines in
vineyard blocks where vines are known to have tested positive for GRBaV, and negative for all known GLRaVs
and other known grapevine viruses. PCR test results for these vines were made and canes negative for all viruses
except GRBaV and rupestris stem pitting (RSP; UC Berkeley and UC Davis Foundation Plant Services [FPS] test
results) were transferred to UC Berkeley’s Oxford Tract Greenhouse and established in pots on a mist bench.
Vines were maintained in the greenhouse, strictly treated to be insect and mite-free, and isolated from other vines
that may have harbored viral pathogens. As indicators for these studies, we used Cabernet Sauvignon vines
propagated from material provided by FPS and maintained under similar conditions.

Initial tests were conducted using the most mobile stages of key species, including adults of the leafhopper
species and the grape whitefly, and crawlers of the vine mealybug and grape phylloxera. We employed standard
transmission protocols to evaluate the potential of these insects to transmit GRBaV, as has recently been done for
GLRaVs (Tsai et al. 2008, Tsai et al. 2011) and Pierce’s disease (Almeida and Purcell 2003a, b). We used a
standard Acquisition Access Period (AAP) and Inoculation Access Period (IAP) of 120 hours (five days) each for
all tested insect species except the more delicate grape whitefly, which could feed on plants for an AAP and IAP
of 48 hours (two days) each. In the “controlled trials,” known infected source plants or uninfected control plants
in pots (one-liter size) were inoculated with 30-50 insects for the AAP, and surviving insects were then
transferred to uninfected plants for the IAP. Field-collected leafhopper adults and blue-green sharpshooter adults
were taken from an insectary colony and released on plants that were placed singly in 61 x 61 x 61 cm BugDorm
cages. Grape whitefly adults reared from pupae were collected in Napa County vineyards and then released into
nylon bags enclosing five leaves on potted grape plants. Mealybug crawlers were moved onto individual grape
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leaves (three leaves per plant) using a brush, and grape leaves were then enclosed with white paper bags.
Following the IAP, all vines were treated with a contact insecticide to kill any remaining insect species. All
insects were collected and tested for GRBaV within 48 hours after the AAP period. Every four months thereafter,
three petioles were collected from each host plant and assayed for GRBaV infection. A total of 20 test vines were
inoculated for each of the above insect species in the 2014 trials.

Results from the 2013-2014 trials have not indicated that any of these insects (i.e. leafhoppers [western grape
leafhopper and Virginia creeper leafhopper], grape whitefly, mealybugs [vine mealybug and grape mealybug],
and blue-green sharpshooter) are capable of transmitting GRBaV to uninfected grapevines. Inoculated vines from
these trials are being held for a two-year period, during which petioles are tested for GRBaV every four months
and vines are visually evaluated for symptoms every fall. All insects that fed on infected plant material in these
trials have tested negative as well. That said, we have recently begun to redesign our insect testing procedures to
improve the sensitivity and accuracy of these laboratory tests. Insects from the 2013-2014 trials are being re-
tested using new protocols that have been developed and verified.

2015: Improved “Bouquet” Transmission Trials
In 2015 and 2016 protocols for these transmission experiments were modified due to concerns about
(a) potentially low virus titer levels in the potted vines grown from cuttings of GRBaV-positive vines at vineyard
field sites and (b) small number of insects per trial. Our concern is that candidate vector ability to transmit
GRBaV is confounded by low titer levels in the GRBaV-positive vines used in previous trials and/or inadequate
insect sample size.

The new approach involves using “bouquets” of mature grape leaves collected from GRBaV-positive vines at
vineyard field sites that were not sprayed with insecticides. Each bouquet consists of ten mature grape leaves held
in a 16 oz. plastic container that contains moist perlite. Ten leaves were collected from each of ten GRBaV-
positive vines (nodes 1-5) in an established vineyard in Napa County (100 leaves total). Each bouquet consisted
of one leaf from each of the ten vines, totaling ten leaves per bouquet and ten total bouquets (i.e. one bouquet per
replicate). Bouquet degradation was initially evaluated by testing petioles for GRBaV 6-48 hours after collection.
Results indicated no degradation of the petioles. Finally, each trial now contains at least 100 insects/replicate
(when possible) and 10 replicates per treatment.

Since July 2015 we have completed trials using the bouquets with Virginia creeper leafhopper adults, vine
mealybug crawlers, and foliar form grape phylloxera crawlers. Due to concerns about bouquet degradation, these
experiments used an AAP of 48 hours (two days) and an IAP of 72 hours (three days). Clip-cages (7 cm diameter
x 2 cm height) were used to confine 10 insects/leaf to each bouquet (100 insects/bouquet). Bouquets with insects
were placed in a 61 x 61 x 61 cm BugDorm cage and there was a total of 10 replicates per treatment. After the 48
hour AAP, clean potted vines were introduced into the cages. The clip cages were then removed, thus allowing
the insects to move onto the clean vine. Bouquets were also removed at this time, after ensuring that they were
free of the candidate vectors. Petioles from the bouquets were then collected for GRBaV testing as well as a sub-
sample of the candidate vectors (10-50 insects per replicate). After the 72 hour IAP, another subsample of the
candidate vectors was collected for testing (10-50 insects per replicate) and the potted vines were then treated
with a contact insecticide to kill any remaining insects. Three petioles were sampled from each vine (nodes 1-5)
for immediate testing. Vines are now being maintained for a two-year period and petioles tested for GRBaV every
four months.

Bouquet experiments with grape phylloxera were initially unsuccessful due to their rejection of the bouquet
material. Following the 48 hour AAP it was observed that none of the phylloxera crawlers had settled on the
leaves and instead were mostly desiccated inside the cages. As such, we reverted to the previous experimental
approach utilizing potted vines that were confirmed to be GRBaV positive. This time, two-year-old GRBaV-
positive vines were used in these trials to possibly provide vines having elevated virus titer levels. Negative
control source vines were one year old. Vines were placed in 61 x 61 x 61 cm BugDorm cages and inoculated by
pinning ten leaf discs containing a large number of galls (>15) on each vine. The galls on these discs had been cut
open with a razor to encourage movement of the crawlers onto the vine. After 25 days all of the potted vines
exhibited >50 galls (i.e. 25 day AAP). At this point clean vines were introduced into the cages and sub-samples of
grape phylloxera adults, eggs, and crawlers were collected for testing. Acquisition and inoculation vines remained
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together in the cages until the inoculation vines had >50 galls/vine, which resulted in a 38 day IAP. At this point
vines were treated with both a contact and systemic insecticide. As before, vines will be held for a two-year
period and tested every four months. So far, our 2015 and 2016 “bouquet” trials have shown no transmission of
GRBaV by either the Virginia creeper leafhopper or vine mealybug. Similarly, the trial with foliar form grape
phylloxera on two-year-old GRBaV-positive vines did not show any transmission.

Testing Plant Material for GRBaV
To test for the presence of GRBaV in grapevine petioles potentially infected with red blotch disease (Sharma et al.
2011), whole genomic DNA was extracted from three randomly selected petioles (nodes 1-5) from each target
grapevine using the ISOLATE II Plant DNA Extraction Kit (Bioline Corp.). Briefly, 0.1 g of each petiole tissue
was homogenized in Mo-Bio 2.0 ml tough tube containing a Boca chrome steel ball-bearing using a Precellys 24
Tissue Homogenizer set for two 10-second cycles at 6,500 Hz for with a 30-second intermission between cycles.
DNA was then extracted following the manufacturers protocols. The presence of GRBaV clade 1 and/or clade 2
viruses were then determined using quantitative polymerase chain reaction (qPCR). Duplicate qPCR reactions
were run for each petiole with both either primers specific to clade 1 or clade 2 (in total four qPCR reactions were
run for each sample). Reactions were conducted on an Applied Biosystems 7500 Fast Real-Time PCR System
with SDS Software used for analysis with the following reaction conditions: 12.5 μl Promega GoTaq master mix,
2.5 μl of 10 μM primers (either GVGF1 and GVGR1 to test for the presence of clade 1 or GVGF2 and GVGR2 to
test for the presence of clade 2), 0.25 μl CXR reference dye, 8 ul water, and 2 μl of each target sample (Al
Rwahnih et al. 2013). Thermocycling conditions included one cycle of 95°C for 2 minutes; forty cycles of 95°C
for 15 seconds, 58°C for 1 minute; and one cycle of 72°C for 10 minutes, followed by a final dissociation cycle.
Results were then analyzed by the 7500 Fast System SDS Software, accounting for the Ct values, melting
temperatures, and component curves, with infected samples scored as those with positive amplification curves
prior to 30 cycles (See Figure 1 for an example). All reactions were run with positive and negative controls.

Figure. 1. Example results from GRBaV plant petiole testing. Samples with amplification curves present
prior to 30 cycles (x-axis) are scored as infected (first eight curves) and those with amplification after 30
cycles are scored as uninfected (final four curves).
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Testing Insects for GRBaV
After field collection, insects were frozen at -80°C prior to testing for the presence of GRBaV. Whole genomic
DNA was extracted from individual insects using the Qiagen DNeasy Blood and Tissue Kit (Qiagen Corp.) based
on the manufacturer’s protocol. Prior to extraction, insects were homogenized using the same method as above.
Recently, Bahder et al. (2016) found that that digital PCR (dPCR) may be an effective tool for identifying the
presence of GRBaV virus in insect vectors. The development of digital droplet PCR (ddPCR), however, now
allows us to build upon the increased sensitivity of the dPCR system, with the added benefit of being able to
directly quantify gene copy numbers (i.e. virus infection loads) for each insect. Therefore, we developed two
directly labeled primer-probe sets that can be used to simultaneously determine whether collected insects are
infected with both GRBaV clades 1 and/or clades to GRBaV and to quantify the infection. Digital droplet PCR
reactions were conducted on a Bio-RAD QX200 ddPCR system with 12.5 μl of BioRad ddPCR 2x MasterMix
(BioRad, Inc.), 1.25 μl of each primer-probe pair, and 10 μl of extracted DNA, with the following thermocycler
conditions: one cycle of 95°C for 1 minute; forty cycles of 94°C for 30 seconds, 56°C for 1 minute; followed by a
final hold at 12°C prior to quantification with the Bio-RAD QuantaSoft™ software. All reactions were run in
duplicate, with an example of the results for infected and uninfected insects presented in Figure 2.

Figure 2. Results for ddPCR analysis of infected (left) and uninfected (right) insects. Each blue dot represents
a copy of GRBaV, and the total infection level for each insect is calculated as the ratio of droplets containing
amplified GRBaV and the number of droplets without amplified GRBaV. The infected sample has a GRBaV
concentration of 88 copies per 20 μl of sample, and the uninfected sample has a GRBaV concentration of 0
copies per 20 μl of sample.
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Conclusion: No Transmission Observed to Date
We have evaluated a total of seven vector candidates, which includes grape leafhopper, Virginia creeper
leafhopper, grape whitefly, grape mealybug, vine mealybug, blue-green sharpshooter, and foliar form grape
phylloxera. In 2015 and 2016 we modified experimental protocols that were designed to overcome perceived
limitations in previous transmission experiments from 2013-2014. This led to the re-evaluation of two candidates,
Virginia creeper leafhopper and vine mealybug, as well as evaluation of a new candidate, foliar form grape
phylloxera. To date, none of the candidate vectors have tested positive for GRBaV and no transmission has been
observed, although testing of insect and plant material from these experiments is ongoing. Transmission vines
from these experiments were most recently tested in October 2016.

Objective 2. Screen Uncommon Organisms that Feed on Vines as Potential Vectors for GRBaV
Vineyard Insect Survey
We used the same methodologies described for objective 1 to screen lesser known vineyard organisms or unlikely
vectors. Insects were collected once per month from five established vineyards where movement of GRBaV has
been observed or reported (assumed to have happened). Samples were collected from grapevines, groundcovers,
and non-crop vegetation in the surrounding landscape using a combination of sweep-nets (on groundcovers, five
samples per site, 30 sweeps per sample) and a D-Vac type suction sampling machine (on grapevines and non-crop
vegetation), which consisted of a 25 cc gas blower/vacuum (Craftsman) fitted with a five-gallon (18.9 liter)
bucket on the vacuum tube to create a 1 ft2 (0.093 m2) sampling cone. Each D-Vac sample consisted of five
thrusts with the D-Vac running at full speed (5 samples of grapevine per site, 5-10 samples of non-crop
vegetation). All samples were held in a cooler and brought to the laboratory for immediate processing. Specimens
were incapacitated using CO2 gas, sorted and identified to species or genus, and then stored in 95% EtOH and
stored at -80o C until testing. So far we have collected leafhoppers in the genera Aceratagallia sp., Acinopterus
sp., Alconeura sp., Colladonus sp., Empoasca spp., Macrosteles sp., Osbornellus sp., and Scaphytopius spp., as
well as the species Deltocephalus fuscinervosus, Dikrella californica, and Euscelidius schenki. Other organisms
include members of the families Acanaloniidae, Cixidae, Membracidae, Miridae, Lygaeidae, Psyllidae, and
Tingidae.

Many novel insects have been collected from vineyard sites where movement of GRBaV is suspected, but to date
none have tested positive for GRBaV, although many specimens are still in the process of being tested, and as
mentioned above, we are still in the process of refining our laboratory techniques to improve sensitivity of
detection for insect material.

Non-Crop Plant Survey
As a complement to the insect collection and testing, plant material was also collected from non-crop vegetation
and tested for GRBaV in order to identify plant species that serve as reservoirs of GRBaV outside of the vineyard.
Plant material was sampled from maple (Acer sp.), California buckeye (Aesculus californica), alder (Alnus
rhombifolia), madrone (Arbutus menziesii), manzanita (Arctostaphylos sp.), coyotebrush (Baccharis pilularis),
Oregon ash (Fraxinus latifolia), English ivy (Hedera helix), toyon (Heteromeles arbutifolia), California walnut
(Juglans californica), wild cucumber (Marah macrocarpa), olive (Olea europaea), plum (Prunus sp.), coast oak
(Quercus agrifolia), blue oak (Q. douglasii), valley oak (Q. lobata), wild rose (Rosa californica), blackberry
(Rubus spp.), willow (Salix sp.), elderberry (Sambucus sp.), California bay (Umbellularia californica), periwinkle
(Vinca major), and wild grape (Vitis californica) as well as various vineyard groundcovers and weedy vegetation
(Artemisia douglasiana, Avena fatua, A. sativa, Brassica spp., Calendula officinalis, Conium maculatum,
Convolvulus arvensis, Foeniculum vulgare, Malva parviflora, Raphanus sativa, Taraxacum officinale, Vicia fava,
and Vigna sp.). To date, most of this plant material has tested negative for GRBaV, except for wild grape which
has tested positive fairly consistently across multiple sites. It should be noted that “wild grape” at these sites may
be a hybrid form Vitis californica x V. vinifera due to its proximity to commercial vineyards.

Vineyard Insect and Plant Survey: Preliminary Findings
The insect and non-crop plant survey concluded in May 2016, marking one full year of monthly insect and plant
sampling in five vineyards with suspected spread of GRBaV. As mentioned, testing of plant and insect material is
ongoing, but here we present some preliminary summaries of the data based on findings to date. In our surveys,
the only non-crop plant species to test positive for GRBaV has been wild grape (V. californica x V. vinifera),
indicating a potential role of this plant in the spread of GRBaV into commercial vineyards. Here we present a
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summary of the insect community found on wild grapes in our survey (Table 2). Diptera (flies) and western grape
leafhopper make up >50% of the insects found on wild grape and >90% of organisms are represented when we
include the parasitic Apocrita (parasitoid wasps), spiders, Formicidae (ants), Empoasca spp., Coleoptera (beetles),
Chrysoperla sp. (green lacewings), E. variabilis (variegated leafhopper), Osbornellus sp., Psocoptera (book lice),
Trichoptera (caddisflies), aphids, and Miridae. From this group, only E. elegantula, Empoasca spp., E. variabilis,
Osbornellus sp., aphids, and the Miridae are likely to feed directly on wild grape tissue and only E. elegantula and
E. variabilis are known to successfully reproduce on it.

Table 2. Arthropod community on wild grapes and cultivated wine grapes. Data shows mean annual abundance per
sample ± SEM and percentage of total arthropods found on the plant.

Order Family Genus/Species Wild Grape Wine Grape
Abundance % Abundance %

Araneae 0.39 ±0.12 6% 0.02 ±0.02 2%

Coleoptera
Galerucinae 0.02 ±0.02 <1% 0.01 ±0.01 <1%
Cantharidae - - <0.01 <1%
Other 0.18 ±0.09 3% 0.08 ±0.02 2%

Dermaptera 0.04 ±0.03 1% - -

Diptera Syrphidae - - <0.01 <1%
Other 2.80 ±0.68 41% 1.24 ±0.14 28%

Hemiptera

Acanaloniidae 0.02 ±0.02 <1% - -
Alydidae - - <0.01 <1%
Anthocoridae Orius sp. 0.04 ±0.04 1% 0.03 ±0.01 <1%
Aphididae 0.08 ±0.05 1% 0.09 ±0.02 2%
Berytidae 0.04 ±0.03 1% <0.01 <1%

Ciccadellidae

Acinopterus angulatus - - 0.01 ±0.01 <1%
Deltocephalus
fuscinervosus 0.02 ±0.02 <1% 0.02 ±0.01 <1%

Dikraneura rufula - - <0.01 <1%
Dikrella sp. 0.02 ±0.02 <1% - -
Empoasca spp. 0.22 ±0.13 3% <0.01 <1%
Erythroneura elegantula 0.80 ±0.43 12% 1.51 ±0.44 35%
Erythroneura variabilis 0.14 ±0.07 2% 0.47 ±0.19 11%
Graphocephala
atropunctata - - <0.01 <1%

Macrosteles quadrilineatus - - <0.01 <1%
Osbornellus sp. 0.12 ±0.10 2% - -
Scaphytopius spp. 0.02 ±0.02 <1% 0.02 ±0.01 <1%
Sophonia sp. - - <0.01 <1%
Unknown 0.04 ±0.03 1% 0.01 ±0.01 <1%

Geocoridae Geocoris sp. - - <0.01 <1%
Lygaeidae 0.06 ±0.05 1% 0.06 ±0.04 1%
Membracidae Spissistilus festinus 0.02 ±0.02 <1% 0.02 ±0.01 <1%
Miridae 0.08 ±0.05 1% <0.01 <1%
Psyllidae 0.02 ±0.02 <1% 0.02 ±0.01 <1%
Rhopalidae 0.02 ±0.02 <1% - -
Tingidae - - 0.01 ±0.01 <1%

Hymenoptera

Apoidea (non-Apis) - - 0.02 ±0.01 <1%
Apocrita (parasitic) 0.57 ±0.17 9% 0.17 ±0.03 4%
Formicidae 0.37 ±0.12 6% 0.01 ±0.01 <1%
Vespidae 0.02 ±0.02 <1% - -

Ixodida Ixodidae 0.04 ±0.04 1% - -
Lepidoptera 0.04 ±0.04 1% <0.01 <1%
Neuroptera Chrysopidae Chrysoperla sp. 0.14 ±0.12 2% 0.01 ±0.01 <1%
Orthoptera 0.02 ±0.02 <1% - -
Psocoptera 0.08 ±0.05 1% 0.07 ±0.02 2%
Thysanoptera 0.04 ±0.03 1% 0.22 ±0.08 5%
Trichoptera 0.08 ±0.05 1% <0.01 <1%
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Evaluating insect community overlap between wild grapes and wine grapes could help identify novel insect
vectors of GRBaV. Organisms that were found on both wild and wine grape include aphids, Berytidae,
Chrysoperla sp., Coleoptera, Deltocephalus fuscinervosus, Diptera, Empoasca spp., E. elegantula, E. variabilis,
Formicidae, Galerucinae, parasitic Apocrita, Lepidoptera, Lygaeidae, Spissistilus festinus (three-cornered alfalfa
hopper), Miridae, Orius sp., Psocoptera, Psyllidae, Scaphytopius spp., spiders, Thysanoptera, Trichoptera and a
small number of unknown Ciccadellids. Of these organisms that co-occur on both wild and wine grape,
Deltocephalus fuscinervosus, Empoasca spp., E. elegantula, E. variabilis, Lygaeidae, Miridae, Psyllidae,
Scaphytopius spp., Spissistilus festinus, Thysanoptera, and the unknown Ciccadellids will likely feed directly on
grape plant tissue and only E. elegantula and E. variabilis are known to reproduce on these species. The most
commonly encountered organism on cultivated wine grape was E. elegantula (35%), followed by E. variabilis
(11%), Thysanoptera (5%), aphids (2%) and Lygaeidae (1%). All other organisms represented <1% of the
community found on wine grapes. From this group of likely feeders that occur on both wild and wine grape, we
have conducted GRBaV transmission experiments with E. elegantula and E. variabilis, which represent some of
the commonly encountered organisms on both wild and wine grape. Results from these trials have not indicated
any ability of these insects to transmit the virus.

While it is notable that S. festinus, a known vector of GRBaV (Bahder et al. 2016), was found on both wild and
wine grapes, on both plant species they represented <1% of total organisms. Regardless of the overall low
populations encountered in vineyards, data on host plant associations of S. festinus (Figure 3) provides new
information on population dynamics in vineyards. This species was primarily found in the late spring on
groundcovers in and around the vineyard, which included various weedy grasses as well as overwintering grass /
legume cover crops. As groundcovers died down, S. festinus was intermittently found in low abundance on wild
grape, wine grape, toyon (Heteromeles arbutifolia), and coast oak (Quercus agrifolia) throughout the growing
season. These are not necessarily reproductive hosts for this species and further work is needed to better
understand the life cycle of S. festinus on the non-crop habitats in and around vineyards.
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S. festinus Seasonal Host Plant Associations

Toyon

Wild Grape

Wine Grape

Groundcovers

Figure 3. Seasonal host plant associations of S. festinus in North Coast vineyards. High densities of S. festinus were
found on groundcovers in the late spring and then intermittently on wild grape, wine grape, coast oak and toyon.
Plant species shown are not necessarily reproductive hosts. Right Y-axis denotes abundance on groundcovers, left
Y-axis denotes abundance on all other plants.

Establishing Colonies of Novel Vectors (2015-Present)
Due to the low abundance of novel candidate vectors (e.g. Empoasca spp., S. festinus, D. fuscinervosus), we have
been working to establish colonies of these insects at the UC Berkeley greenhouse facilities in order to rear a large
enough population suitable for GRBaV transmission experiments, which typically require >200 individuals per
trial. Data is scant for many of these species and information on reproductive hosts is limited. As such, this spring
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we collected candidate species from vineyards and introduced them into cages containing various potential host
plants. So far, we have seen successful reproduction of Aceratagallia sp. and Euscelidius schenki on select host
plants. We also collected large populations of S. festinus from alfalfa fields and are now seeing reproduction in
our colonies.

Transmission Experiment with S. festinus (2016)
A GRBaV transmission experiment was conducted with field collected S. festinus in July 2016. Individuals were
collected from an organic alfalfa field and introduced into cages with GRBaV positive or negative vines. Each
cage contained a single potted vine (11 cages each with a single GRBaV-positive vine and nine cages each with a
single GRBaV-negative vine) and received 20 S. festinus adults. Adults could feed for 48 hours (AAP), after
which the GRBaV-positive/negative vine was removed and a GRBaV-negative vine was introduced into each
cage. The adults could feed on the negative vine for 48 hours (IAP) and were then removed from the vine. As
with previous transmission experiments, the vines are now being held for a two-year period and will be tested for
GRBaV every four months. While it has been demonstrated that S. festinus can vector GRBaV (Bahder et al.
2016), our goal is to first confirm these findings and then begin evaluating transmission efficiency of this species
under laboratory and field conditions.

Evaluating S. festinus Overwintering Habitat and Seasonal Activity in Vineyards (March-October 2017)
With the confirmation of S. festinus as a known vector of GRBaV, new information is needed on the seasonal
ecology of this organism in vineyards.

Overwintering Habitat
Groundcovers and other non-crop plants in natural habitats adjacent to vineyards will be sampled in March to
identify S. festinus overwintering habitat use. Sampling will take place in the natural habitats adjacent to Napa and
Sonoma county vineyards. There will be at least four sites sampled each month. Natural habitat will consist of
patches of riparian and/or oak woodland habitat > 400 m2. Sweep-nets will be used to sample groundcovers and
perennial plant species in the natural habitats and at the periphery of adjacent vineyards. At each site, 10 sets of
30-sweeps will be collected from groundcovers using a 30.5 cm diameter sweep-net (BioQuip Products, Rancho
Dominguez, CA). Groundcover species composition will be recorded. Sweep-nets will also be used to sample the
canopy of at least 10 non-crop plant species at each site. For each sample, the sweep-net is held beneath the
canopy while vigorously shaking the plant for 30 seconds to dislodge insects into the net.

Seasonal Activity
In February 2017 we established a study in five Napa and Sonoma county vineyards to evaluate the activity of
S. festinus populations along transects that extend out from large patches of natural habitat into vineyards. At each
site insects will be sampled along five parallel transects (positioned 20 meters apart) that extended out from the
riparian or oak woodland habitat (i.e. “natural habitat”) into the vineyard. Each transect will be 160 meters long,
10 meters outside of the vineyard at the edge of the natural habitat and 150 meters into the vineyard. Along each
transect samples will be taken at the edge of the natural habitat (0 meters) as well as at the vineyard edge (10
meters) and interior (150 meters).

Densities of S. festinus and other membracids, as well as Erythroneura leafhoppers and other hemipterans, will be
monitored along the transects approximately every two weeks using a combination of yellow sticky-traps, sweep-
nets and beat-sheet sampling. Two yellow sticky-traps (16 x 10 cm, Seabright Laboratories, Emeryville, CA) will
be placed at each transect point. In the vineyard one trap will be placed in the vine canopy (approximately 3.5 feet
above the ground surface) and another trap will be hung from irrigation lines (approximately 1.5 feet above the
ground surface). In the natural habitat two sticky-traps will be hung from a pole at each transect point at a height
equal to those in the vineyard (i.e. one trap 3.5 feet and the other 1.5 feet above the ground surface). Traps will be
replaced approximately every two weeks from March to October. Sweep-nets will be used to sample
groundcovers. At each transect point a set of 30-sweeps will be collected from the groundcovers using a 30.5 cm
diameter sweep-net (BioQuip Products, Rancho Dominguez, CA). Groundcover species composition and
percentage cover will be recorded. A modified beat-sheet will be used at each transect point to sample the canopy
of grapevines (in the vineyard) and non-crop species (in the natural habitat). The beat-sheet consists of a one m2

nylon funnel that feeds into a detachable one gallon plastic bag. For each sample the funnel is held beneath the
canopy while vigorously shaking the plant (or vine) for 30 seconds to dislodge insects into the funnel and plastic



- 212 -

collection bag. Each month, vines along each vineyard transect point will be evaluated for signs of S. festinus
feeding damage (i.e. girdling of leaf petioles). Each month at each vineyard transect point one shoot on 10
randomly selected vines will be visually inspected for leaf girdling. The total number of leaf nodes and girdles per
shoot will be recorded.

Objective 3. Follow Disease Progression in Established Vineyard Plots to Collect Preliminary Data on Field
Epidemiology
Large Block Mapping (One Site, 2009-2015)
We have been studying grapevine leafroll disease (GLD) movement at one particular site in Napa Valley,
beginning in 2009. The block is a 20 hectare newly planted (in 2008) block of Cabernet Sauvignon. Each year in
September the incidence of GLD and more general “red leaf” symptoms were mapped at this site and location
recorded with GPS. As early as 2009 many of the vines displayed “red leaf” symptoms but tested negative for
grapevine leafroll-associated virus (GLRaV). In our subsequent surveys these symptoms appeared to spread
through the vineyard, although most of these “red leaf” symptom vines continued to test negative for GLRaV over
this period. We began testing vines for both GLRaV and grapevine red blotch-associated virus (GRBaV) in 2014
and found that 136 vines tested positive for red blotch, nine tested positive for leafroll, and 11 tested positive for
both red blotch and leafroll. Plant material from the 2015 survey is still in the process of being tested, but we
recorded about 250 “red leaf” symptomatic vines, all of which had tested negative for GLRaV in 2014. With the
development of new and more complete primers for both leafroll and red blotch we are now in the process of re-
testing plant material from the 2009-2013 survey to verify whether or not GRBaV is present in the “red leaf”
symptom vines that previously tested negative for GLRaV.

In 2016, the “large block mapping” program was replaced with a “small block mapping” program (see below).
Monitoring spread of GRBaV in small plots at multiple sites will allow for the comparison of spread patterns
across multiple locations, each with their own unique set of features (variety-rootstock combination, environmen-
tal factors, insect communities, relation to natural habitats etc.). This type of multi-site comparison could
potentially provide novel insights into the spatial and temporal dimensions of GRBaV spread. Smaller blocks
does not necessarily mean less data, as the overall number of vines being monitored for GRBaV under this new
“small blocks” program is actually greater than in the “large blocks” program.

Small Block Mapping (Eight Sites, 2015-Present)
In September 2015 we began to map and test for GRBaV (using the protocols described previously) at the same
five established vineyards mentioned in objective 2. At each site an area consisting of six rows by 20 vines per
row (120 vines/site total) was visually evaluated for GRBaV and petiole samples collected from each vine (three
petioles/vine) for diagnostic testing. At some sites canes were sampled instead of petioles because samples were
collected after vines had dropped their leaves. Cane samples consisted of a composite sample of three canes per
vine. Each piece of cane material was taken from between nodes 1-5.

The idea is to return to these same blocks in September 2016 and 2017 to repeat this detailed mapping in order to
evaluate if the virus appears to be spreading from vine to vine. In October 2015 we learned that one of these
established vineyard sites (Napa - Yountville) was going to be removed due to intolerable levels of GRBaV
incidence. In December 2015 we located an alternate site (Napa - Oakville 2) to replace the lost site and
conducted the same detailed mapping protocol. Unfortunately this site was also subsequently replanted at the end
of 2016, as was the Napa - Oakville 1 site. A new site has been located to replace these lost sites (Napa - Mt.
Veeder). In fall 2016 additional sites in the Sierra Foothills were added to the mapping effort. See Table 3 for a
summary of the sites sampled over the past two years. Sampling in 2016 was expanded to include separate
samples of three and six petioles from each vine to evaluate the sensitivity of virus detection. Visual evaluations
were eliminated in 2016 as well, since it is now well-known that symptom expression does not correlate with
GRBaV infection. Sampling in 2017 is now underway. Mapping sites in the Sierra Foothills have been sampled
but the North Coast sites are currently inaccessible due to the recent wildfires.
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Table 3. Sites sampled in the small block mapping program.

Site (County – Area)
Year Mapped

2015 2016 2017
Napa – Carneros 3 petioles 3 + 6 petioles

Napa – Mt. Veeder 3 + 6 petioles

Napa – Oakville 1 3 petioles 3 + 6 petioles replant; sampling
terminated

Napa – Oakville 2 3 canes replant; sampling
terminated

Napa – St. Helena 3 petioles 3 + 6 petioles
Napa – St. Helena 3 petioles 3 + 6 petioles

Napa – Yountville 3 petioles replant; sampling
terminated

Amador – Sutter Creek 3 canes 6 petioles + 3 canes
El Dorado – Placerville 3 canes 6 petioles + 3 canes

Red Blotch Titers Survey
Concerns about the possibility of low GRBaV titer levels in potted vines used in the transmission trials (see
objective 1) led us to initiate a broader survey to quantify GRBaV titer levels throughout grapevines over the
course of the year. Between April 2015 - May 2016 plant material was collected each month from various parts
(roots, trunk, canes, etc.) of at least 10 GRBaV positive vines at each of three vineyard sites in Napa Valley. The
goal is understanding whether the virus localizes in certain regions of the grapevine during the year. If this is the
case it could improve the focus of our search for novel vectors (i.e. vectors that preferentially feed on parts of the
vine with high GRBaV titer levels).

CONCLUSIONS
Findings from this research help improve our understanding of GRBaV transmission and field epidemiology in
order to develop better recommendations and control programs for commercial growers. Greenhouse trials to
evaluate GRBaV transmission by both suspected and novel insects aim to clarify which, if any, insects can
transmit this virus and, if so, how efficiently they do so. Similarly, screening insects from field sites with
suspected spread of GRBaV allows us to identify additional novel vectors for subsequent evaluation in
greenhouse trials. Testing plant material from non-crop species in the natural habitats surrounding vineyards
provides new information on potential reservoirs of GRBaV outside of the vineyard. Closer evaluation of the
insects associated with non-crop reservoirs of GRBaV will further reinforce efforts to identify novel vectors.
Detailed mapping of GRBaV at multiple sites where spread of this virus has been suspected will allow us to
confirm if this is actually the case as well as evaluate spatial trends of infected vines relative to pertinent
landscape features, such as riparian habitats or adjacent vineyard blocks with high levels of GRBaV infection.
Finally, quantifying GRBaV titer levels throughout the vine will aid in the search for novel vectors that may feed
on specific areas of the vine where the virus is concentrated.
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ABSTRACT
The vine mealybug (Planococcus ficus) is a severe vineyard pest that contaminates fruit, debilitates vines, and
transmits plant pathogens such as grapevine leafroll-associated virus-3. First reported in California from vines in
the Coachella Valley, vine mealybug soon spread throughout much of the state, likely on infested nursery stock. It
is currently found in most California grape-growing regions and its range continues to expand, making this pest a
serious threat to other grape-growing regions of the United States. The ongoing expansion of vine mealybug in
California and continued risk of its introduction into new areas necessitate better understanding of the factors
driving its invasion. Here we use survey data on 2012-16 vine mealybug occurrence to characterize the factors
associated with vine mealybug establishment and spread in Napa County, California. This work also identifies
factors underlying hot spots in vine mealybug activity, quatifies spatiotemporal patterns in vine mealybug
occurrence, and clarifies pathways that contribute to vine mealybug spread. All analyses are ongoing or pending.
Ultimately, results of this investigation can improve understanding of the educational and regulatory steps needed
to mitigate vine mealybug impact in Napa vineyards.

LAYPERSON SUMMARY
The invasive vine mealybug (Planococcus ficus) is an aggressive pest in California vineyards, where it reduces
vine health and contaminates fruit. Vine mealybug management is challenging and costly ($300 to $500 per acre
per year). Since vine mealybug has proven difficult to eradicate once established, these costs are often incurred
yearly for the life of the vineyard. Vine mealybug distribution is still expanding within California, and there is
continued risk of introduction to other grape-growing regions of the United States. Although vine mealybug
biology and management have been intensively studied, the factors governing its invasion and spread are poorly
characterized. Analyzing the patterns of vine mealybug occurrence in surveys conducted in Napa County from
2012 to 2016 will help explain why certain areas are heavily infested by this pest and what areas are most at risk
of infestation in the future. An improved understanding of the pathways by which this insect disperses naturally or
is moved by human activity also will inform regulatory steps and direct educational efforts toward mitigating
spread by targeted risk reduction strategies. Ultimately, such information is critical for developing a statewide
response to this important vineyard pest.

INTRODUCTION
Geospatial analyses and niche-based/species distribution modeling have previously been used to characterize
plant, aquatic invertebrate, amphibian, and insect invasions. Results of these and similar investigations have been
applied, with varying degrees of success, to develop early detection strategies, identify and prioritize management
in high risk areas, and minimize monitoring expenditures (Thuiller et al. 2005, Bradley et al. 2010, Venette et al.
2010, Jiménez-Valverde et al. 2011, Vincente et al. 2016). An intriguing possibility is that information gained
from geospatial analyses of invader spread and niche-based/species distribution modeling of suitable habitat for
invaders may be used to simulate invader dispersal and predict invader distributions. Ensuing predictions of
invader distributions could then guide detection and management efforts, as well as be evaluated and refined using
field-collected data on invader occurrence. Here we use such tools to improve response to an important invasive
insect in California vineyards, the vine mealybug (Planococcus ficus).

The vine mealybug is a severe vineyard pest that contaminates fruit, debilitates vines, and transmits plant
pathogens such as grapevine leafroll-associated virus-3 (Daane et al. 2012, Almeida et al. 2013). Vine mealybug
was first reported in California from vines in the Coachella Valley (Gill 1994) and soon spread throughout much
of the state, likely on infested nursery stock (Haviland et al. 2005). It is currently found in most California grape-
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growing regions (Godfrey et al. 2002, Daane et al. 2004a, 2004b). Despite the continued expansion of vine
mealybug distributions in California, its current distribution in Napa County and areas at risk of vine mealybug
introduction in this region are not well characterized.

Management of vine mealybug has proven challenging and often requires the use of multiple tactics, including
biological control, mating disruption, and insecticides (Daane et al. 2008). Management can be particularly
complicated in coastal winegrape growing regions where climatic conditions are favorable and Argentine ants
(Linepithema humile) disrupt biological control (Daane et al. 2007, Gutierrez et al. 2008). Given that vine
mealybug may complete three to ten generations per year under California climatic conditions, the insects have the
capacity to develop large populations that contaminate fruit, causing yield losses and decreased fruit quality and
presenting a serious risk of spread to new regions. Management costs may range from $300 to $500 per acre per
year, and due to the aggressive nature of vine mealybug populations, these practices cannot be neglected.

OBJECTIVES
Given the ongoing expansion of the vine mealybug in California and continued risk of its introduction into new
areas, a better understanding is needed of what is driving its invasion. The overall goal of this research is to
characterize the factors associated with vine mealybug establishment and spread in northern California vineyards,
which will be addressed via the following objectives:
1. Quantify the spatiotemporal patterns in vine mealybug occurrence to identify invasion hot spots and patterns

of spread.
2. Characterize the landscape, climatic, and anthropogenic factors associated with current vine mealybug

occurrence to predict areas at risk of invasion.
3. Validate and update predictions of vine mealybug risk via in-field monitoring.

RESULTS AND DISCUSSION
Survey data on 2012-16 vine mealybug occurrence have been received from the Napa County Agricultural
Commissioner’s Office and cleaned (i.e. removal of duplicate records, identifying missing information, rectifying
data inconsistencies, etc.). Traps in each trapping year have been georeferenced relative to grid cells in the CDFA
Statewide Grid System. Both the greatest number of traps recording captures and number of male vine mealybugs
captured were recorded in 2016, but the number of male vine mealybugs caught varied considerably among
trapping years (Table 1). A total of 4,004 traps were deployed in 2016; vine mealybug captures in this year
appear to be highly clustered in grid cells located in the south-central region of Napa (Figure 1). Analyses on
spatiotemporal trends in vine mealybug occurrence and abundance from 2012-16 are underway.

Table 1. Summary of 2012-16 cumulative trapping effort for vine mealybug in Napa County, California.

Year # traps recording
VMB captures

# male VMB
captured

2012 577 49,327
2013 327 16,488
2014 296 43,444
2015 841 26,577
2016 1,415 49,785
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Figure 1. 2016 trapping effort for vine mealybug in Napa County, with red cells denoting
locations where vine mealybug was detected and black cells denoting where traps did not detect
vine mealybug.

CONCLUSIONS
Data cleaning of 2012-16 vine mealybug trapping effort has been completed and these data have been
summarized. Our next step(s) will be to conduct spatial analyses to quantify spatiotemporal trends in vine
mealybug occurrence and abundance, followed by analyses to identify environmental, climatic, or anthropogenic
factors governing these spatiotemporal trends. Conclusions from these analyses are pending.
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ABSTRACT
Grapevine red blotch virus (GRBV) is a new threat to the industry. Limited information is available on the
ecology of GRBV although the three-cornered alfalfa hopper (Spissistilus festinus) is a recognized arthropod
vector of epidemiological importance. Building on past studies on the spread of GRBV in a diseased vineyard, we
characterized the transmission mode of GRBV by S. festinus. Gut clearing experiments on alfalfa, a nonhost of
GRBV, following controlled feeding on GRBV-grapevines suggested a circulative transmission mode. This result
was confirmed with localization experiments of GRBV in dissected organs of viruliferous S. festinus. Analyzing
the seasonal abundance of vector candidate populations in a diseased vineyard for which spread is limited
revealed an extremely low population of viruliferous S. festinus compared to a substantially higher population in a
vineyard where spread is readily occurring. This result suggested that the rate of spread could be related to the
dynamics of S. festinus populations. Surveys of legumes in cover crop species sown within middle rows of 10
diseased vineyards for GRBV and S. festinus did not reveal the occurrence of infected plants or vector specimens
in spring 2017. These preliminary results suggested that legumes are unlikely to contribute to spread of GRBV in
vineyard ecosystems. Nonetheless, this work needs to be replicated, particularly knowing that efforts to determine
the experimental host range of GRBV via agroinoculation with infectious clones showed that bean can become
infected with GRBV and S. festinus can transmit GRBV from infected to healthy bean plants. Research progress
on the ecology of GRBV was disseminated to growers, farm advisors, and service providers at various winter
grower conventions.

LAYPERSON SUMMARY
Grapevine red blotch virus (GRBV) is a new threat to the grape industry. This virus causes red blotch disease.
Limited information is available on the ecology of red blotch disease. By investigating the localization of GRBV
within isolated organs of viruliferous three-cornered alfalfa hoppers (Spissistilus festinus), experimental evidence
in favor of a circulative transmission mode was obtained. These preliminary results will need to be confirmed. By
contrasting the population and diversity of previously identified insect vector candidates in two vineyards with a
differential spread of GRBV (one with limited spread and the other with efficient spread), a 25-fold reduction in
the number of viruliferous S. festinus was observed on sticky traps in the vineyard with limited spread, while no
Melanoliarus planthoppers were caught. These results suggest that the rate of spread could be related to S. festinus
population dynamic attributes. In addition, surveying legume species used as middle row cover crops in diseased
vineyards indicated that none of them hosted S. festinus or GRBV. However, agroinoculation experiments showed
that bean and eventually vetch could be alternate hosts of GRBV. Thus, their role in the epidemiology of GRBV
remains to be elucidated.

INTRODUCTION
Red blotch was described for the first time on Cabernet Sauvignon at the University of California Oakville
Research Field Station in 2008 (Calvi 2011, Cieniewicz et al. 2017a, Sudarshana et al. 2015). Diagnosis based on
symptoms can be challenging because of several confounding factors, including striking similarities between
foliar symptoms elicited by red blotch and leafroll diseases, as well as several other biotic and even abiotic
factors. Because symptom variation makes visual diagnosis of diseased vines difficult, only DNA-based assays
are reliable for accurate diagnosis (Cieniewicz et al. 2017a, Sudarshana et al. 2015).

Fruit ripening issues have been documented with diseased winegrapes. Reductions of one to six degrees Brix have
been consistently reported, as well as lower berry anthocyanin and skin tannins, particularly in red winegrapes
such as Cabernet Franc and Cabernet Sauvignon (Calvi 2011, Cieniewicz et al. 2017, Reynard et al. 2017,
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Sudarshana et al. 2015). Based on the effect of the virus on fruit quality and ripening, numerous vineyard
managers are culling infected vines and replacing them with clean, virus-tested ones. The economic cost of
grapevine red blotch virus (GRBV) is estimated to range from $21,833 (for a 5% initial infection in year three and
a 25% price penalty for infected grapes) to $169,384 (for a 60% initial infection in year three and a 100% price
penalty for the proportion infected grapes) per acre in Napa Valley; from $12,023 to $93,067 per acre in Sonoma;
and from $5,468 to $39,140 per acre on Long Island in New York (Ricketts et al. 2017). These estimates highlight
the economic impact of red blotch disease in different grape-growing regions in the United States.

GRBV is a member of the genus Grablovirus in the family Geminiviridae (Varsani et al. 2017). It has a circular,
single-stranded DNA genome that codes for six open reading frames (Al Rwahnih et al. 2013, Cieniewicz et al.
2017a, Krenz et al. 2012, Sudarshana et al. 2015). We recently showed the causative role of GRBV in the etiology
of red blotch disease using agroinoculation of tissue culture-grown grapevines with partial dimer or bitmer
constructs of the GRBV genome (Fuchs et al. 2015).

GRBV was documented in all major grape-growing states in the USA. (Krenz et al. 2014). GRBV was also
isolated from numerous table grape accessions at the USDA germplasm repository in Davis, California (Al
Rwahnih et al. 2015) and in Canada (Poojari et al. 2017, Xiao et al. 2015). The widespread occurrence of GRBV
in North America suggests that propagation material has played a significant role in its dissemination. The virus
was also described in Switzerland (Reynard et al. 2017), South Korea (Lim et al. 2016) and India (GenBank
accession number KU522121). The Virginia creeper leafhopper (Erythroneura ziczac) (Poojari et al. 2013) and
the three-cornered alfalfa hopper (Spissistilus festinus) (Bahder et al. 2016a) have been shown to transmit GRBV
from infected to healthy vines under greenhouse conditions. The epidemiological significance of these findings is
unknown, stressing the need to carry out studies in diseased vineyards for vector identification. Interestingly, the
transmission ability of E. ziczac was refuted (Bahder et al. 2016ba), highlighting the need for additional studies,
particularly to determine the role of S. festinus in GRBV transmission in vineyards and assess whether any other
insects can vector GRBV. Recently, attributes of GRBV spread (Cieniewicz et al. 2017b) and the epidemiological
role of S. festinus (Cieniewicz et al. 2017c) were documented.

The overarching goal of our research was to advance our understanding of the ecology of red blotch disease and
its causal agent GBRV, with a major emphasis on transmission attributes and the epidemiological role of vineyard
cover crops.

OBJECTIVES
1. Characterize the spread of grapevine GRBV.

a. Describe the transmission mode of GRBV by S.festinus.
b. Test sentinel vines established in a diseased vineyard where spread is documented for the presence of

GRBV.
c. Investigate the seasonal diversity and distribution of vector candidate populations in a diseased vineyard

for which there is no evidence of spread.
2. Determine if vineyard cover crops can host GRBV and/or S. festinus.

a. Survey cover crops in Napa Valley vineyards for S. festinus
b. Survey cover crops in Napa Valley vineyards for GRBaV.

3. Determine the experimental host range of GRBV and S. festinus.
a. Agroinoculate commonly used vineyard cover crop species with infectious GRBV clones and assess virus

infection.
b. Examine the reproductive potential of S. festinus on commonly used vineyard cover crop species.

4. Disseminate research results to farm advisors and to the grape and wine industry.

RESULTS AND DISCUSSION
Objective 1. Characterize the Spread of Grapevine Red Blotch Virus (GRBV)
Limited information is available on the attributes of GRBV spread in vineyards although substantial progress was
recently made (Cieniewicz et al. 2017b). Nonetheless, limited information is available on the transmission mode
and dynamics of dissemination. To investigate the transmission mode of GRBV by S. festinus, a colony of
S. festinus was established on alfalfa in a growth chamber with controlled temperature, humidity, and photoperiod
(Figure 1). Alfalfa is a host of S. festinus but not of GRBV (Cieniewicz et al. unpublished). Conditions to rear
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S. festinus colonies were optimized so that a full development cycle, including oviposition, and the production of
nymphs and adults, could be completed within two months.

Figure 1. Colony of Spissistilus festinus in a growth chamber with nymphs on stems of on alfalfa.

The transmission mode of GRBV by S. festinus is hypothesized to be circulative. To validate this hypothesis,
specimens from the S. festinus colony were allowed to feed on GRBV-infected grapevines for 48 to 72 hours.
Then, groups of two to four individuals were transferred to alfalfa and allowed to feed for two weeks. These
assays were duplicated. Subsets of S. festinus were tested for the presence of GRBV after the virus acquisition
step on infected grapevines and subsequent alfalfa feeding steps. After the acquisition period, six out of eight
S. festinus in the first experiment, and three of five S. festinus in the second experiment were positive for GRBaV
in multiplex polymerase chain reaction (PCR), confirming that S. festinus can ingest GRBaV. After feeding on
alfalfa, most specimens tested (12 of 20) in the first experiment and 6 of 11 in the second experiment were
positive for GRBaV. These results revealed that S. festinus is capable of keeping the virus even after a gut-
clearing episode on a nonhost plant of GRBV. These findings revealed a circulative transmission of GRBaV.
Additional experiments are underway to validate this observation.

To further characterize the transmission mode of GRBaV, the gut and salivary glands (Figure 2) were dissected
and the hemolymph was collected from S. festinus individuals that were allowed to feed on GRBV-infected
grapevines. Organs and the hemolymph were tested for GRBV by multiplex PCR (Krenz et al. 2014). Preliminary
results indicated that 14 out of 14 gut organs tested positive for GRBV and 13 out of 14 hemolymph tested
positive for GRBV. In addition, eight out of 14 salivary glands tested positive for GRBV in multiplex PCR. These
results revealed that GRBV localizes in organ tissue of viruliferous S. festinus, including in salivary glands,
demonstrating a circulative transmission mode. Additional experiments are ongoing to confirm these preliminary
data.

To advance our understanding of the dynamics of GRBV spread in vineyards, sentinel vines, i.e. healthy Cabernet
Franc on healthy 3309C, were established in spring 2015 in a diseased Cabernet Franc vineyard where spread of
GRBV was extensively documented (Cieniewicz et al. 2017b,c) from 2014 to 2017 (Figure 3).
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(A) (B) (C)

Figure. 2. Description of Spissistilus festinus alimentary canal morphology. (A) Gut dissected in phosphate-
buffered saline buffer and stained with toluidine blue dye with (B) alternative view, and (C) salivary glands.
Organs are not shown to scale.

Figure 3. Spatiotemporal incidence of GRBV in a five-acre Cabernet Franc vineyard. Each cell represents
the location of a vine. Colored cells represent diseased vines in 2014 (red, left panel), 2015 (green, left
central panel), 2016 (blue, right central panel), and 2017 (purple, right panel).

Disease incidence increased from 3.9% in 2014 to 9% in 2017 in the study vineyard (Figure 3). Diseased vines
were primarily aggregated throughout the vineyard and some were isolated (Cieniewicz et al. 2017). An increased
aggregation of diseased vines was prominent at the bottom right corner of the vineyard (Cieniewicz et al. 2017b).
In this corner, disease incidence increased from 30% to more than 80% in 2014-2017. In this area of the vineyard,
approximately 100 sentinel vines were established in spring 2015. Visual observations and testing of GRBV using
leaf samples collected in October 2017 indicated no red blotch infection. Identical data were obtained in 2016.
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The fact that none of the sentinel vines became infected with GRBV in 2016 and 2017 while established in a
vineyard area with a high rate of spread suggests that S. festinus might not be attracted to young vines or that the
latency period for disease symptom expression in young vines and for GRBV to reach detectable levels following
exposure to virulifeous S. festinus is at least two years. It will be interesting to continue monitoring the sentinel
vines for GRBV infection in 2018.

To investigate the seasonal diversity and distribution of vector candidate populations in a diseased vineyard for
which there is limited evidence of spread, a four-acre Cabernet Sauvignon vineyard was selected. This vineyard
was established in 2008 with Cabernet Sauvignon clones 4 and 169. In 2011-2012, disease symptoms were
apparent in the vineyard section with clone 4 vines, while the section with clone 169 vines was asymptomatic.
This Cabernet Sauvignon vineyard is adjacent to the Cabernet Franc vineyard (to the southwest), 60 feet apart.
Our hypothesis for a differential rate of GRBV spread in the Cabernet Franc and Cabernet Sauvignon vineyards
are distinct S. festinus population dynamic attributes.

Analysis of the spatial distribution of GRBV-infected vines in October 2017 revealed that the majority of clone 4
vines were symptomatic (right) whereas only a few randomly dispersed clone 169 vines were diseased (left)
(Figure 4). Previously, visual monitoring of vines in 2015 and 2016 followed by PCR testing did not document
the existence of infected clone 169 vines. However, in October 2017, a few diseased clone 169 vines were
identified in the Cabernet Sauvignon vineyard (Figure 4). Infected vines of clone 4 and 169 were primarily
infected with GRBV clade 1 variants but also by GRBV clade 2 variants.

Figure 4
majority of clone 4 vines are symptomatic (right) while only a few randomly dispersed clone 169 vines are
diseased (left). Diseased vines are in red.
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Insect yellow sticky traps were placed at the top of the selected Cabernet Sauvignon vineyard, spanning six rows
of clone 4 vines and six rows of clone 169 vines (Figure 5). Traps were positioned on the middle trellis wire
throughout the sampling area that spanned 12 rows, and six four-4-vine panels per row. In each row, a sticky card
was placed in every other panel in alternating rows, such that each of the twelve rows contained three sticky cards
(Figure 5). Sticky cards were removed weekly, placed in plastic bags, and shipped overnight from the vineyard to
the laboratory in Geneva, New York for evaluation. Removed cards were replaced with new sticky cards. The
survey was conducted from March to November 2017 to span the entire growing season. The same approach was
used in a previous study in the Cabernet Franc vineyard to identify GRBV vector candidates (Cieniewicz et al.
2017c). This study led to the identification of S. festinus (Membracidae), Melanoliarus sp. (Cixiidae), Osbornellus
borealis (Cicadelliade), and Colladonus reductus (Cicadellidae) as vector candidates (Cieniewicz et al., 2017c).

Figure 5. Sticky card traps in the Cabernet Sauvignon study vineyard in May 2017.

Insects caught on sticky card traps in the Cabernet Sauvignon were identified to genus and species where possible
based on morphological characteristics. Specimens were identified and counted while still impacted on sticky
cards. The number and identity of specimens was recorded for each sticky card to evaluate the abundance and
diversity of S. festinus, Melanoliarus sp., Osbornellus borealis, and Colladonus reductus, the four previously
identified vector candidates (Cieniewicz et al. 2017c).

Preliminary results revealed only three S. festinus, no Melanoliarus sp., only six Osbornellus borealis, and over
60 Colladonus reductus (Table 1). These specimens were individually removed from sticky cards using Goo
Gone liquid degreaser to dissolve the adhesive and loosen the specimens for GRBV testing by multiplex PCR
(Krenz et al. 2014). Preliminary results obtained so far indicate only one out of the three S. festinus being
viruliferous (Table 1). This is in contrast to the data obtained in the Cabernet Franc vineyard for which 12 (48%)
and 13 (52%) out of 25 S. festinus tested positive for GRBV in 2015 and 2016, respectively (Cieniewicz et al.
2017c). For O. borealis and C. reductus, no substantive differences were noticed between the Cabernet Sauvignon
and Cabernet Franc vineyards, except that many more C. reductus were caught in the Cabernet Sauvignon
vineyard. For example, for O. borealis, 13 (42%) and four (36%) specimens out of 31 and 11 in 2015 and 2016,
respectively, tested positive for GRBV in the Cabernet vineyard (Cieniewicz et al. 2017c), and 67% (four of six)
tested positive in 2017 (Table 1). For C. reductus, 14 (61%) and 12 (29%) specimens out of 23 and 41 in 2015
and 2016, respectively, tested positive for GRBV in the Cabernet vineyard (Cieniewicz et al. 2017c), and 30% (19
of 63) tested positive in 2017 (Table 1). It will be interesting to pursue this line of investigation to validate our
hypothesis on the association between the rate of GRBV spread and S. festinus population dynamic attributes.
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Table 1. Diversity and abundance of insects caught on sticky card traps placed from March to November in a Cabernet
Sauvignon vineyard in which spread of GRBV is limited.

Family/Order Species Common Name # Tested # Positive % Positive

Membracidae Spissistilus festinus three-cornered alfalfa
hopper 3 1 33

Cicadellidae

Colladonus reductus 63 19 30
Osbornellus borealis 6 4 67
Scaphytopius sp. sharp-nosed leafhopper 50 10 20
Euscelis sp. 7 1 14
Empoasca sp. potato leafhopper 18 0 0
Erythroneura variabilis variegated leafhopper 25 0 0
Erythroneura elegantula western grape leafhopper 15 0 0
Deltocephalinae 8 0 0
Xestocephalus spp. 1 0 0

Japananus hyalinus Japanese maple
leafhopper 2 0 0

Erythroneura ziczac Virginia creeper
leafhopper 2 0 0

Delphacidae nd delphacid planthopper 2 0 0
Psyllidae nd psyllids 6 0 0
Thysanoptera nd thrips 13 0 0
Aphididae nd aphids 28 1 4
Miridae nd plant bugs 12 0 0
Lygaeidae nd seed bugs 2 0 0
Hymenoptera nd wasps, bees, ants 6 0 0
Diptera nd true flies 10 0 0
Coleoptera nd beetles 6 0 0
Psocoptera nd barklice 8 0 0
Aleyrodidae nd whiteflies 8 0 0
Phylloxeridae nd phylloxera (foliar-form) 8 0 0

Objective 2. Determine if Vineyard Cover Crops Can Host GRBV and/or S. festinus
The preferred host range of S. festinus, a recognized vector of GRBV, includes species in the family Fabaceae.
S. festinus is not generally considered a vineyard pest, but can cause yield loss in fabaceous crops, which are
commonly sown as cover crops between vineyard rows. Therefore, it is important to determine whether some of
the commonly used vineyard cover crop species can act as reservoir of the virus and host of S. festinus, and
contribute to disease epidemics.

Preliminary 2016 survey results of vineyard cover crop species within and adjacent to the Cabernet Franc
vineyard where spread of GRBV was documented in 2014-2016 (Cieniewicz et al. 2017b,c) did not yield any
positive findings of GRBV. This work was repeated in 2017 with a special emphasis on legumes (Fabaceae)
including vetch, peas, bean, and clover. Cover crop species in 10 vineyards of Cabernet Franc, Merlot, Cabernet
Sauvignon, and Sauvignon Blanc were surveyed in March 2017 for S. festinus by sweep netting. The occurrence
of GRBV was previously confirmed in these study vineyards by visual disease symptom observations and by PCR
testing. In spite of extensive sweep netting (more than 15 hours) over three weeks, no S. festinus were caught on
any cover crops within vineyard middle rows. Similarly, none of the more than 400 samples of vetch, pea, bean,
and clover collected in March 2017 in 10 red blotch-infected vineyards tested positive for GRBV in multiplex
PCR. This preliminary work seems to indicate that legumes, which are part of conventionally used cover crop
seed mixes, are (i) not natural hosts of S. festinus, and (ii) unlikely to become infected with GBRV in vineyard
ecosystems.

Objective 3. Determine the Experimental Host Range of GRBV and S. festinus
It is important to complement surveys of vineyard cover crop species with inoculation experiments in the
greenhouse to accurately determine if GRBV can infect legume cover crop species. Our GRBV infectious clones
(Yepes et al. 2017) were used to agroinoculate clover, vetch, bean, and peas by needle pricking. Individual plants
were agroinoculated and tested for the accumulation of GRBV at local and systemic sites. Virus replication was



- 226 -

verified by reverse transcription (RT) PCR at seven days post-inoculation in locally infected leaves. Systemic
movement of the virus was detected by multiplex PCR at 14 days post-inoculation in apical tissue. An
Agrobacterium tumefaciens strain containing the reporter gene β-glucuronidase (GUS) with an intron
(Vancanneyt et al. 1990) was used to test the efficacy of DNA delivery needle pricking.

Preliminary results revealed bean and possibly vetch as alternate hosts of GRBV with more than half of the 20
agroinoculated plants of each species becoming infected, as shown by PCR and RT-PCR. In contrast, none of the
20 agroinoculated clover and pea plants became infected with GRBV, in spite of GUS histochemical staining of
agroinoculated tissue (Cieniewicz et al. unpublished).

Agroinoculated bean plants infected by GRBV were used in transmission assays with S. festinus. Two to four
specimens were deposited on GRBV-infected bean in insect-proof cages and allowed to feed for 48 to 72 hours.
Then, individual S. festinus were transferred to healthy bean plants and maintained for 72 hours in insect-proof
cages in the greenhouse. Bean tissue was tested by PCR and RT-PCR for GRBV two weeks post-transmission.
Data indicated that eight of 20 bean plants became infected by GRBV following S. festinus-mediated
transmission, revealing that GRBV can be transmitted from bean to bean by S. festinus. These preliminary results
will need to be confirmed in replicated experiments to ascertain the experimental host range of GRBaV.

Objective 4. Disseminate Research Results to Farm Advisors and the Industry
Research findings were communicated to the industry via regular communications with extension educators.
Presentations at winter grower conventions were also used to disseminate information, as follows:
 Cieniewicz E, Fuchs M. 2017. Grapevine red blotch virus in free-living Vitis sp. Cornell Recent Advances in

Viticulture and Enology (CRAVE) conference, Nov. 14, Ithaca, NY (participants = 60).
 Fuchs M. 2017. Update on the ecology of red blotch virus. Sustainable Ag Expo, Nov. 14, San Luis Obispo,

CA (participants = 500).
 Fuchs M. 2017. Viruses: Biology, ecology and management. Sustainable Ag Expo, Nov. 13, San Luis Obispo,

CA (participants = 550).
Together, we reached out to over 1,200 growers.

CONCLUSIONS
S. festinus is an arthropod vector of GRBV of epidemiological importance in a diseased vineyard (Cieniewicz et
al. 2017c). Limited information is available on the ecology of GRBV. S. festinus gut clearing experiments in
combination with localization experiments of GRBV in dissected organs of viruliferous S. festinus indicated a
circulative transmission mode. These results need to be validated. The abundance of viruliferous S. festinus was
found substantially lower in a diseased vineyard for which spread is low, suggesting an association between the
rate of spread and vector population dynamics. Legume cover crops in diseased vineyards are not likely to
contribute to the spread of GRBV; however, additional studies are needed to confirm this observation. Research
on the ecology of GRBV is anticipated to improve disease management in vineyards.
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ABSTRACT
Grapevine fanleaf virus (GFLV) causes fanleaf degeneration and is responsible for severe losses. Fanleaf
management primarily relies on prophylactic measures and the use of rootstocks with resistance to the dagger
nematode (Xiphinema index), the vector of GFLV. No source of resistance to GFLV has been identified in wild or
cultivated Vitis species. Therefore, we are exploring RNAi to confer resistance to GFLV in rootstocks. We
developed several RNAi constructs from conserved genomic regions of GFLV, including from the recently
recognized viral suppressor of silencing, and tested their anti-GFLV potential in transient assays with Nicotiana
benthamiana, a systemic herbaceous host. A few promising RNAi constructs were transferred into embryogenic
calli of grapevine rootstock genotypes 101-14 MGT, 110R, 3309C, and 5C via Agrobacterium tumefaciens-
mediated transformation. Some putative transgenic plants of 101-14 MGT were obtained and transferred to soil in
the greenhouse. Once putative transgenic rootstocks are well established, they will be characterized for transgene
insertion and expression, and subsequently for resistance to GFLV. Disseminate information to stakeholders
through presentations at conventions and workshops.

LAYPERSON SUMMARY
Grapevine fanleaf virus (GFLV) is one of the most devastating viruses of grapevines worldwide. The virus is
transmitted by the dagger nematode (Xiphinema index) and is primarily managed in diseased vineyards through
the use of rootstocks that are resistant to X. index. Such rootstocks delay the debilitating effect of GFLV on vine
health and production but do not prevent GFLV infection. Since no source of resistance to GFLV is known in
wild or cultivated Vitis species (Oliver and Fuchs 2011), we explored the anti-viral pathways of RNA interference
(RNAi), an innate plant defense system, to confer resistance to GFLV infection in grapevine rootstocks. Several
RNAi constructs derived from different conserved regions of the GFLV genome, including a recently recognized
viral suppressor of RNAi, were identified and engineered for expression in planta. These constructs were
concatenated to substantially reduce the probability that genetically diverse GFLV variants from vineyard
populations would defeat the resistance (Fuchs 2017). These constructs were used in transformation experiments
of rootstocks and some putative transgenic 101-14 plants were established in the greenhouse. These plants will be
characterized for transgenic insertion and expression as well as for resistance to GFLV. Research progress on the
development of fanleaf-resistant rootstocks was disseminated to grape growers, farm advisors, and service
providers at various venues.

INTRODUCTION
Fanleaf is one of the most devastating viral diseases of grapevines (Andret-Link et al. 2004). It causes serious
economic losses by reducing vigor and yield, altering fruit juice chemistries, shortening the productive life of
vineyards, or causing vine death. The causal agent, grapevine fanleaf virus (GFLV), is specifically transmitted
from vine to vine by the soil-borne, ectoparasitic dagger nematode (Xiphinema index) (Andret-Link et al. 2004,
Fuchs et al. 2017).

GFLV belongs to the genus Nepovirus in the family Secoviridae. It has a bipartite, positive-sense single-stranded
RNA genome. The two genomic RNAs are expressed as a polyprotein that is cleaved into individual proteins at
specific proteolytic cleavage sites. RNA1 (7,342 nucleotides) codes for five proteins: 1A (unknown function),
1BHel (putative helicase), 1CVPg (viral protein genome-linked), 1DPro (proteinase), and 1EPol (putative RNA-
dependent RNA polymerase). These proteins are involved in proteolytic processing and replication (Andret-Link
et al. 2004, Fuchs et al. 2017). RNA2 (3,774 nucleotides) codes for three proteins: 2AHP (homing protein), 2BMP

(movement protein), and 2CCP (coat protein) that are involved in RNA2 replication, movement, and virion
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formation, respectively. Both GFLV RNA1 and RNA2 are required for systemic plant infection (Andret-Link et
al. 2004, Fuchs et al. 2017).

Fanleaf management primarily relies on prophylactic measures through sanitation and certification that facilitate
the production of planting material derived from clean, virus-tested stocks. Control of the nematode vector
X. index is another component of the GFLV management portfolio, however, this approach can be challenging
due to the relative lack of effective nematicides and to harsh environmental consequences related to their use.
Prolonged fallow periods (up to 10 years) can reduce nematode populations in infested soils, but lengthy fallow
periods are not practical in high-value grape-growing areas (Andret-Link et al. 2004). Grapevines with resistance
to X. index have been identified and rootstocks resistant to this dagger nematode have been developed (Andret-
Link et al. 2004, Oliver and Fuchs 2011).

Fanleaf is primarily managed in diseased vineyards by the use of rootstocks that are resistant to X. index. These
rootstocks are extensively used in grape-growing regions where GFLV is a major threat to productivity, including
the Central Coast, North Coast, Sacramento Valley, and San Joaquin Valley in California. They substantially
delay the debilitating effect of GFLV on vine health and production but do not prevent GFLV infection (Andret-
Link et al. 2004, Oliver and Fuchs 2011). As a result, vines become infected through translocation of the virus
from rootstocks to scions and the productive lifespan of vineyards is substantially reduced. In addition to
conferring a limited long-term protection of grapevines from GFLV, some of the X. index-resistant rootstocks
have undesirable viticultural characteristics such as high vigor and poor rooting ability or susceptibility to lime-
induced chlorosis (Oliver and Fuchs 2011). Resistance to GFLV in rootstocks would be desirable for fanleaf
control; however, no source of resistance to this virus has been identified in wild or cultivated Vitis species
(Oliver and Fuchs 2011).

Exploiting the anti-viral pathways of RNA interference (RNAi), an innate plant defense system, and using RNAi
constructs derived from conserved regions of the GFLV genome to transform some of the most popular grapevine
rootstocks is an elegant approach to engineer resistance. RNAi is an innate immune defense mechanism against
plant viruses. It is a post-transcriptional process that is triggered by double-stranded (ds) RNA for the silencing of
gene expression in a nucleotide sequence-specific manner through the production of small dsRNAs called small
interfering (si) RNAs, for which the guide strand is incorporated into the RNA-induced silencing complex to find
mRNAs that have a complementary nucleotide sequence, resulting in their endonucleolytic cleavage. Silencing is
associated with the production of 21 to 24 nucleotide dsRNA duplexes (siRNAs) and are generated from dsRNA
precursors by ribonuclease III-type Dicer-like enzymes. The siRNAs are then incorporated and converted to
single stranded RNAs (ssRNAs) in an Argonaute-containing RNA induced silencing complex. This complex
targets RNA for cleavage, in particular mRNAs that are complementary to siRNAs, i.e. viral RNAs of an invading
virus, by inducing their post-transcriptional gene silencing processing through endonucleolytic cleavage. As a
result, viral RNAs are chopped and nonfunctional, hence resistance to virus infection. The formation of dsRNAs
by hairpin (hp) RNAs facilitates the silencing of target viral mRNAs via RNAi, resulting in the accumulation of
virus-specific siRNAs that guide the destruction of complementary viral RNA.

Viruses encode proteins that act as suppressors of RNA silencing. Their role is to counteract the innate defense
system of the plant by interfering with critical steps of the antiviral pathways of RNA silencing. Thus, an RNAi
strategy designed against viral RNA silencing suppressors (VRS) should be optimal to confer resistance to virus
infection in plants. In the case of GFLV, a VRS remains elusive. Thus, research is needed to identify and
characterize a VRS for GFLV and translate the corresponding information to engineer resistance against GFLV in
rootstock.

Single or multiple virus gene sequences can be used to develop resistant plants (Fuchs 2017). However,
pyramiding sources of resistance is essential for achieving broad-spectrum and durable resistance. Stacking
resistance-conferring gene sequences into single crop genotypes is paramount for protection against commonly
occurring infections by genetically diverse virus strains across diverse ecosystems. In addition, pyramiding
sequences from different viral coding regions, particularly highly conserved segments that are involved in various
steps of the virus infectious cycle, i.e. replication, cell-to-cell movement, virion assembly, and/or acquisition by a
vector, will favor broad-spectrum and durable resistance (Fuchs 2017). Indeed, by stacking polygenic resistance
sources into a single crop genotype, the probability of genetically diverse virus variants overcoming multiple
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resistance-conferring gene sequences is substantially reduced compared to monogenic resistance sources (Fuchs
2017). This is because many mutations with a low probability of occurrence and a high fitness penalty would be
required for virus adaptation to pyramided resistance genes. As a result, populations of viruses are less likely to
defeat the resistance (Fuchs 2017).

OBJECTIVES
The major objective of our research was to explore RNAi to confer resistance to GFLV in rootstocks. Our
hypothesis is that silencing several GFLV-encoded genes, including a VRS, in rootstocks will confer practical
resistance to GFLV. The specific objectives of our research were to:
1. Develop RNAi constructs from conserved genomic regions of GFLV.
2. Test RNAi constructs for reduction of GFLV accumulation in transient assays.
3. Transfer promising RNAi constructs into grapevine rootstock embryogenic calli and develop transgenic

clones.
4. Initiate phenotyping of transgenic RNAi grapevine rootstock clones by agroinfiltration with infectious GFLV

constructs.
5. Disseminate information to stakeholders through presentations at conventions and workshops.

RESULTS AND DISCUSSION
Objective 1. Develop RNAi Constructs from Conserved Genomic Regions of GFLV
The goal was to mine the GFLV genome sequence and identify highly conserved genomic nucleotide sequence
regions for the engineering of RNAi constructs.

The complete GFLV nucleotide sequences available in GenBank were downloaded and mined for short conserved
nucleotide regions. Search parameters were 25 nucleotide stretches in length for which 85% of the positions were
conserved amongst at least 95% of the sequences. Search outputs revealed 10 conserved regions throughout the
GFLV genome (Figure 1).

Figure 1. Mapping of conserved nucleotide sequences on the GFLV genome. Conserved sequences are
represented with light brown stripes. Fragments used for the production of concatenate RNAi constructs are
circled and labeled 1-10. RNA1 coding regions are: 1A? (unknown function), 1BHel? (putative helicase),
1CVPg (viral genomic-linked protein), 1DPro (protease), and 1EPol (RNA dependent-RNA polymerase).
RNA2 coding regions are: 2AHP (homing protein), 2MMP (movement protein), and 2CCP (coat protein).

These conserved nucleotide stretches of 100-300 nucleotides in size are located on RNA1 (five conserved
regions) and RNA2 (five conserved regions) (Figure 1). The conserved RNA1 regions are located in the 1A,
1BHel, and 1EPol coding regions. The conserved RNA2 regions are located in the 2AHP, 2BMP, and 2CCP coding
regions, as well as in the 3’untranslated region (Figure 1).
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Individual conserved regions were amplified by polymerase chain reaction (PCR) using specific primers and full-
length cDNAs of GFLV RNA1 and RNA2 as template. Then, concatenate constructs resulting from the ligation of
PCR products from different coding regions were produced (Table 1). Most concatenates were generated with
fragments from different GFLV coding regions rather than from within a single coding region. This was done in
expectation of broad-spectrum and durable resistance (Fuchs 2017).

Table 1. Concatenate constructs (100-300 nucleotides in size) designed in conserved regions of the GFLV
genome.

Concatenate Gene Letter
5+8+2 2BMP+2CCP+1EPol A
7+1+4 2CCP+1EPol+2AHP B
4+6+3 2AHP+2CCP+1EPol C
3+7+5+1+6+8 1EPol+2CCP+2BMP+1EPol+2CCP+2CCP D
2+4+5 1EPol+2AHP+2CCP E
1+6+8 1EPol+2CCP+2CCP F
6+7+8 2CCP+2CCP+2CCP G
3+7+5 1EPol+2CCP+2BMP H
1+2+3 1EPol+1EPol+1EPol I

For example, fragment 245 encompasses conserved fragments of 1EPol (conserved region #2 on Figure 1), 2AHP

(conserved region #4 on Figure 1), and 2BMP/2CCP (conserved region #5 on Figure 1). Similarly, fragment 375
encompasses conserved fragments of 1EPol (conserved region #3 on Figure 1), 2CCP (conserved region #7 on
Figure 1) and 2BMP/2CCP (conserved region #5 on Figure 1). These fragments were cloned into the plasmid
pEPT8 - a plasmid derived from pUC19 that contains the cauliflower mosaic virus 35 promoter sequence and
nopaline synthase terminator sequence - and subsequently in binary plasmid pGA482G for mobilization into
Agrobacterium tumefaciens strain C58 for plant transformation. The integrity of all cloned concatenate constructs
was verified by restriction digestions and by sequencing at the Cornell Biotechnology Resource Center.

Advancing our understanding of GFLV-host interactions will undoubtly provide new insights into how the virus
highjacks the plant machinery and which viral protein domains are key to the plant-virus interactome. Along this
vein, three additional RNAi constructs were engineered. These RNAi constructs were designed in the RNA1-
encoded 1A and 1BHel coding regions. The impetus for the RNAi constructs is that parallel research revealed that
each of these coding regions has a weak VRS function while the fusion product 1A-1BHel acts as a strong VRS
(Figure 2).

The VRS activity of GFLV 1A-1BHel is also illustrated by fluorescence measurement of detached leaves of
transgenic Nicotiana benthamiana expressing green fluorescent protein (GFP) under ultraviolet illumination
(Figure 3).

The VRS activity of GFLV 1A-1BHel was as strong as p24, the VRS of GLRaV-2 (Figures 2 and 3). It is
anticipated that RNAi 1A-1BHel will have a strong anti-GFLV effect by interfering with RNAi silencing. Similar
VRS features were assigned to the 1A, 1BHel, and 1A-1BHel fusion product of GFLV strains F13 and GHu
(Figure 3).

Objective 2. Test RNAi Constructs for Reduction of GFLV Accumulation in Transient Assays
The goal of this objective is to use a transient assay to screen the potential of RNAi constructs at interfering with
GFLV multiplication. The development of grapevine rootstocks and the screening for resistance to GFLV is time
consuming. Therefore, resistance to GFLV was evaluated first in the systemic herbaceous host N. benthamiana
prior to its application to grapevines. Herbaceous hosts such as N. benthamiana offer the benefits of mechanical
inoculation for resistance evaluation, short time to achieve systemic infection, and more expedient and high-
throughput options to streamline the screening for resistance.
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Figure 2. Expression of GFP from the jellyfish Aequorea victoria in transgenic N. benthamiana expressing
GFP that were agroinoculated first with a chimeric tobacco rattle virus (TRV) containing GFP and then
with different GFLV constructs. Measurements of GFP expression were taken at six days post-agroinocula-
tion with GFLV constructs. P24: silencing suppressor of grapevine leafroll-associated virus 2 (GLRaV-2);
1AB: a fusion construction of GFLV 1A-1BHel; 1A; GFLV RNA-encoded 1A; 1B; GFLV RNA1-encoded
1BHel; 1E: GFLV RNA1-encoded RNA-dependent RNA polymerase; TRV-wt: wild-type TRV; wt: wild-
type N. benthamiana expressing GFP; and control: unagroinoculated transgenic N. benthamiana expressing
GFP. Measurements were taken with a fluorescence spectrophotometer (BioTeK, Winooski, VT, USA)
using an excitation wavelength of 485 nm and an emission wavelength of 510 nm. Average values
represent measurements from 5-10 plants per treatment. Error bars are shown.

Figure 3. Expression of GFP from the jellyfish Aequorea victoria in transgenic N. benthamiana expressing
GFP that were agroinoculated first with a chimeric tobacco rattle virus (TRV) containing GFP and then
with different GFLV constructs, including GFLV-F13 1A-1BHel fusion product, the GFLV-GHu 1A-1BHel

fusion product, the GFLV-F13 1EPol, the GFLV-F13 1A, and the GFLV-F13 1BHel. Controls were p24 of
GLRaV-2, 16c agroinoculated with TRV-GFP, and wild-type 16c. Detached leaves of transgenic
N. benthamiana expressing GFP were photographed under ultraviolet illumination.
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Agroinfiltration was explored as a high-throughput and fast system for testing the capacity of RNAi constructs to
interfere with GFLV multiplication following their transient expression. Infiltration was carried out using a
needleless syringe in two lower true leaves per N. benthamiana plant, one of which received a control treatment
[enhanced GFP (eGFP)] and the other of which received a GFLV RNAi construct. Other plants receiving eGFP
treatments to both lower leaves were used for control comparisons. Experiments were repeated at least three
times. Five days after lower leaves were agroinfiltrated, upper leaves of N. benthamiana plants were mechanically
inoculated with GFLV using 1:50 dilutions of crude extracts of infected N. benthamiana leaves. Six days after
mechanical inoculations with GFLV, leaf samples were collected and tested for GFLV accumulation by double
antibody sandwich (DAS) enzyme-linked immunosorbent assay (ELISA) using specific antibodies. Thirteen days
post-GFLV infection an additional leaf sample consisting of a single apical leaf was tested by DAS-ELISA to
verify systemic infection.

Results suggested relatively reduced levels of GFLV accumulation in agroinfiltrated leaves receiving the RNAi
construct, particularly RNAi constructs A, F, G, and H, versus those agroinfiltrated with A. tumefaciens
containing an eGFP construct at six days post-inoculation (Figure 4). Plants that were not infiltrated with
A. tumefaciens, but infected with GFLV, indicated the highest virus titers in all experiments. The next highest
relative virus titers were observed in leaves receiving the eGFP control treatment, as expected. In contrast, several
GFLV RNAi constructs, including A, F, G, and H, showed relatively lower virus titers versus control treatments.
Particularly, construct H had potent anti-GFLV activity in repeated experiments (Figure 4).

Figure 4. Relative GFLV titer measured by ELISA at six days post-inoculation in leaves agroinfiltrated
with varied GFLV RNAi constructs. Absorbance value averages obtained across four experiments with five
plants each are shown. Significant differences compared to control treatments are indicated * (P<0.05) and
** (P<0.01).

Among the RNAi constructs tested so far, those with a consistent high anti-GFLV effect were H and G followed
by A. Interestingly, RNAi construct H showed no detectable virus in any of the plants in all four experiments
(Figure 4). The effect of RNAi construct F on GFLV accumulation was not significant. These results were
consistent with the fact that some GFLV RNAi constructs suppressed virus accumulation in agroinfiltrated leaf
patches. Nonetheless, GFLV was detected in apical leaves at 13 days post-inoculation, regardless of the level of
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interference with GFLV accumulation in agroinfiltrated leaves. This suggested that expression of GFLV RNAi
constructs should be stable in order to confer resistance.

Semi-quantitative reverse transcription (RT) PCR was carried out on total RNA extracted from leaf disks of
agroinfiltrated N. benthamiana leaves to further analyze the effect of RNAi constructs on GFLV accumulation.
The ribulose 1,5-biphosphate carboxylase gene (Rcb1) was used as a housekeeping gene. A reduced GFLV RNA2
abundance was revealed in leaves that received RNAi constructs as compared to eGFP-infiltrated leaves from the
same plant (Figure 5). These results confirmed the trend observed with the DAS-ELISA testing. It should be
noted that primers used to detect GFLV were designed to bind within GFLV RNA2 in such a way that they did
not yield a product in RT-PCR from the transgene constructs, allowing for specific detection of viral transcripts
only. The transient assays will be further used to screen additional GFLV RNAi and hp RNAi constructs,
particularly the RNAi 1A-1BHel construct. In any event, agroinfiltration was validated as a high-throughput and
fast system for testing the capacity of RNAi constructs to interfere with GFLV multiplication following their
transient expression. These assays highlighted the potential of RNAi constructs H, G, and A at interfering with
GFLV multiplication.

Figure 5. Semi-quantitative RT-PCR showing (A) lower relative GFLV RNA2 abundance in a
N. benthamiana leaf agroinfiltrated with constructs A (two left lanes) versus a control infiltrated leaf at six
days post-inoculation (two right lanes), (B) Rcb1 internal RT-PCR control.

Objective 3. Transfer Promising RNAi Constructs into Grapevine Rootstock Embryogenic Calli and
Develop Transgenic Clones
The goal of this objective is to transform embryogenic cultures with GFLV RNAi constructs and regenerate
putative transgenic plants. Embryogenic cultures of rootstock genotypes 101-14 MGT, 3309C, 110R, and 5C
were used for stable transformation experiments. GFLV RNAi constructs H, G, and 1A-1BHel were transferred
into rootstock embryogenic cultures (Figure 6).

Figure 6. Embryogenic calli of rootstock genotype 101-14 MGT following exposure to A. tumefaciens
strain C58 containing GFLV RNAi construct H (left), elongating in the dark on a specific medium
(middle), and regenerating into small plantlets (right).
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Following transformation with A. tumefaciens, different degrees of elongation of embryogenic cultures were
observed with the highest efficacy obtained with 101-14 MGT followed by 110R and 3309C. No elongation was
observed yet for 5C. Additional transformation experiments of the four rootstocks are underway.

Objective 4. Initiate Phenotyping of Transgenic RNAi Grapevine Rootstock Clones by Agroinfiltration
with Infectious GFLV Constructs
The goal of this objective is to characterize the insertion and expression of RNAi constructs in putative transgenic
rootstocks, and agroinfiltrate transgenic plants with GFLV to identify resistant lines. This objective will be met
once putative transgenic rootstocks are developed, established in soil in the greenhouse, and available for
resistance screening. A few plants of the rootstock genotype 101-14 MGT were recently transferred to soil in the
greenhouse (Figure 7).

Figure 7. Plant of a putative transgenic rootstock genotype 101-14 MGT established in soil in the
greenhouse.

Once putative transgenic rootstocks are well established in the greenhouse, they will be characterized for
transgene insertion and expression, and subsequently for resistance to GFLV.

Objective 5. Disseminate Information to Stakeholders Through Presentations at Conventions and
Workshops
Research progress on the development of fanleaf-resistant rootstocks was disseminated to grape growers at
various venues, as follows:
 Fuchs M. 2017. Viruses: Biology, ecology, and management. Sustainable Ag Expo, Nov. 13, San Luis

Obispo, CA (participants = 250).
 Fuchs M. 2017. Innovations and insights in plant breeding. Cornell Center for Technology Licensing,

Innovations in Food Systems: Feeding a Growing World. May 7, Ithaca, NY (participants = 100).
 Fuchs M. 2016. Genetically modified organisms. Finger Lakes Forum, Jan. 18, Geneva, NY (participants =

60).
Together, dissemination efforts on the research progress reached over 400 growers, extension educators, and
service providers in California and New York.

CONCLUSIONS
Progress is made toward the development of grapevine rootstocks expressing RNAi constructs derived from
conserved regions of the GFLV genome. Several RNAi constructs were engineered and stacked to facilitate
durable and broad-spectrum resistance against vineyard GFLV populations. A few putative transgenic rootstocks
were obtained and established in the greenhouse. Their evaluation for transgene insertion and expression as well
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as resistance to GFLV will be the next important steps of our study. This research is anticipated to provide
innovative solutions to manage grapevine fanleaf virus in diseased vineyards.
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ABSTRACT
Grapevine leafroll-associated virus 3 (GLRaV-3) is the dominant virus causing leafroll disease, a devastating and
widespread viral disease of grapevine. GLRaV-3 is primarily transmitted by the grape mealybug (Pseudococcus
maritimus). Management of GLRaV-3 and grape mealybug remains challenging in diseased vineyards, essentially
because there is no recognized host resistance. We are applying RNA interference (RNAi) to interfere with
GLRaV-3 multiplication and down-regulate key genes involved in osmoregulation of the phloem sap diet of grape
mealybug. The grape mealybug osmoregulatory genes aquaporin and sucrase were characterized by reverse
transcription polymerase chain reaction (RT-PCR) using total RNA isolated from grape mealybugs and
degenerate primers followed by sequencing. Corresponding sequences were used to engineer specific RNAi
constructs. We also developed a specific RNAi construct against a grape mealybug gut double-stranded RNA
(dsRNA) nuclease that was identified by RT-PCR using degenerate primers and total RNA. The stacking of these
grape mealybug RNAi constructs is under way. In parallel, we engineered RNAi constructs against the coat
protein, RNA-dependent RNA polymerase and silencing suppressor genes of GLRaV-3. Combinations of the
GLRaV-3 RNAi will be stacked. The development of a transient assay based on detached leaves of Vitis vinifera
Pixie to streamline the evaluation of the efficacy of varied RNAi constructs on grape mealybug mortality and
GLRaV-3 multiplication is under way. In addition, stable transformation experiments with GLRaV-3 RNAi
constructs were initiated. Research progress was communicated to grape growers at a winter convention.

LAYPERSON SUMMARY
Six distinct viruses are associated with leafroll, a disease that is widespread in vineyards. Grapevine leafroll-
associated virus 3 (GLRaV-3) is the dominant leafroll virus in diseased vineyards. This virus is primarily
transmitted by mealybugs, which are sap-sucking insects and pests of grapes. The grape mealybug (Pseudococcus
maritimus) is the most common vector of GLRaV-3. Since no source of resistance to GLRaV-3 or grape
mealybug is known in cultivated or wild grape species, we are exploring RNA interference (RNAi) to achieve
resistance in grapevine genotypes by activating an innate immune system against GLRaV-3 and by down-
regulating key genes involved in osmoregulation of the sugar rich phloem sap diet of grape mealybug. We
identified the grape mealybug osmoregulatory genes aquaporin and sucrase and engineered specific RNAi
constructs. We also developed a specific RNAi construct against a grape mealybug gut double-stranded RNA
(dsRNA) nuclease. In parallel, we engineered RNAi constructs against the coat protein, RNA-dependent RNA
polymerase and silencing suppressor genes of GLRaV-3. Combinations of these RNAi will be stacked and their
effect on grape mealybug mortality and GLRaV-3 multiplication will be evaluated first in transient assays, and
subsequently in stable transformants. Research progress was communicated to grape growers at a winter
convention.

INTRODUCTION
Leafroll is one of the most devastating and widespread viral diseases of grapevines. It reduces yield, delays fruit
ripening, increases titratable acidity, lowers sugar content in fruit juices, modifies aromatic profiles of wines, and
shortens the productive lifespan of vineyards. Leafroll can affect Vitis vinifera, V. labrusca, interspecific hybrids,
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and rootstocks (Naidu et al. 2014). The economic cost of leafroll is estimated to range from $12,000 to $92,000
per acre in California (Ricketts et al. 2015) and from $10,000 to $16,000 in New York (Atallah et al. 2012).

Six viruses named grapevine leafroll-associated viruses (GLRaVs), e.g. GLRaV-1, -2, -3, -4, -7, and -13 have
been identified in diseased vines (Fuchs et al. 2017, Naidu et al. 2014). These viruses belong to the genera
Ampelovirus (GLRaV-1, -3, -4 and -13), Closterovirus (GLRaV-2), and Velarivirus (GLRaV-7) in the family
Closteroviridae. GLRaV-1, -3 and -4 are transmitted by mealybugs while no vector is known for GLRaV-2 and -
7. GLRaVs are phloem-limited and GLRaV-3 is the dominant leafroll virus in vineyards, including in California
(Naidu et al. 2014).

The genome of GLRaV-3 consists of 12 open reading frames (ORFs) (Figure 1). It encodes a characteristic core
of replication-associated genes, referred to as the replication gene block (RGB), at the 5’ terminal portion of the
genome and a more variable array of genes encoding structural and other proteins downstream of the RGB toward
the 3’ terminus (Naidu et al. 2015). The RGB proteins are expressed directly from the virion RNA and other
proteins are expressed from a nested set of the 3’ co-terminal subgenomic RNAs. The last set of ORFs includes
proteins involved in suppression of host RNA silencing, in particular p19.7 or p20B (Gouveia et al. 2012).
Distinct genetic variants of GLRaV-3 have been identified in diseased grapevines. They are referred to as genetic
variant groups I to VI; they often exist in mixed infections although the biological significance of their genetic
variability is unknown (Maree et al. 2013, Naidu et al. 2015).

Figure 1. Schematic representation of the genome organization for GLRaV-3. Blocks represent predicted
ORFs. The replicase protein is shown in grey with the papain-like protease (Pro), methyltransferase (Met),
alkB domain (AlkB) helicase (HEL), and RNA-dependent RNA polymerase (RdRp). Small transmembrane
proteins (p6 and, p5) are shown in pink, the heat shock protein 70 homolog (HSP70h) in red, the coat
protein (CP) in salmon, and the minor coat protein (CPm) in orange. The silencing suppressor p19.7 or
p20B is shown in light brown.

The transmission of GLRaV-3 by mealybugs is semi-persistent, with acquisition and inoculation occurring within
one-hour access period of feeding by immature stages (Almeida et al. 2013). A single mealybug is sufficient to
transmit the virus and initiate infection (Naidu et al. 2014). There is no significant effect of host plant tissue on
transmission efficiency; nor is there specificity of transmission (Almeida et al. 2013, Naidu et al. 2014),
indicating that all mealybug species may disseminate all transmissible strains of GLRaV-1, -3 and -4, and likely
GLRaV-13.

Mealybugs are sap-sucking insects in the family Pseudococcidae. They are pests of grapes and many other
important crops. At high densities, mealybugs can cause complete crop loss, rejection of fruit loads at wineries,
and death of spurs, although small infestations may not inflict significant direct damage. In the feeding process on
plant sap, mealybugs excrete honeydew that often becomes covered with a black sooty mold, which additionally
damages fruit clusters. Several mealybug species feed on vines but the grape mealybug (Pseudococcus maritimus)
is the most abundant and widespread in U.S. vineyards (Almeida et al. 2013).

Unassisted, mealybugs have limited mobility, but first instar immature mealybugs (crawlers) can be dispersed
over long distances by wind and other means (Almeida et al. 2013). The grape mealybug is the most common
vector of GLRaV-3 in diseased vineyards.

Current leafroll disease management options are essentially preventive and based on the use of planting material
derived from clean, virus-tested certified stocks. In vineyards where infected vines are present, management
strategies rely on the elimination of virus-infected vines and the reduction of mealybug populations to limit
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vector-mediated spread through the application of systemic insecticides, e.g. spirotetramat. The level of mealybug
control needed to limit virus spread is not known, although encouraging results were recently reported
(Wallingford et al. 2015).

Management of leafroll viruses and their mealybug vectors remains challenging due to a lack of recognized host
resistance (Oliver and Fuchs 2011). Innovative technologies to breed resistant grapevine material are needed to
complement current strategies and address their limitations. Resistance can be achieved by applying RNA
interference (RNAi), a relatively new paradigm for crop protection from pathogens and arthropod pests. The
approach relies on the development of RNAi constructs targeting specific pathogen or insect genes and their use
to specifically down-regulate the expression of the target genes in plants. The RNAi approach is highly specific
and anticipated to reduce hazards of chemical pesticides. Conserved regions in the viral genome, including p19.7,
the viral silencing suppressor, would be ideal for targeted RNAi-based control of GLRaV-3. Silencing the
expression of p19.7 would enable the antiviral pathways of RNA silencing to be highly active against the virus.

The fact that mealybugs transmit leafroll viruses offers an opportunity to explore a two-pronged approach to
simultaneously target the virus and its vector. Our research is to develop grapevines resistant to GLRaV-3 and the
grape mealybug using RNAi. Our strategy is to combine RNAi against targets of the virus and the insect vector,
providing for greater efficacy in disease management and greater opportunities in impeding the development of
virus and insect vector populations capable of overcoming the resistance. The overarching goal of this research is
to explore innovative approaches to develop GLRaV-3- and grape mealybug-resistant grapevine genotypes by
activating an innate immune system against the virus and by down-regulating key genes involved in
osmoregulation of the sugar rich phloem sap diet of grape mealybug.

OBJECTIVES
There are four specific research objectives:
1. Optimize RNAi constructs against grape mealybug.
2. Develop a high throughput transient expression system to test the efficacy of RNAi constructs.
3. Characterize stably transformed RNAi grapevines.
4. Disseminate information to stakeholders through presentations at conventions and workshops.

RESULTS AND DISCUSSION
Objective 1. Optimize RNAi Constructs Against Grape Mealybug
Perturbing the expression of osmoregulatory genes required for water balance, specifically aquaporin and sucrase
genes, in the gut of phloem-feeding insects causes the insects to lose water from the body fluids and dehydrate,
dying within two to three days (Karley et al. 2005, Shakesby et al. 2009, Tzin et al. 2015). Genes coding for
aquaporin and sucrase are key osmoregulatory genes in the gut of phloem-feeding insects. Amplicons of
aquaporin (AQP1) and sucrase (SUC1) genes have been obtained by reverse transcription polymerase chain
reaction (RT-PCR) using total RNAs isolated from grape mealybug crawlers and degenerate primers. Amplicons
of the expect size were successfully obtained for AQP1 and SUC1 and their nature was validated by sequencing.
The sequence of AQP1 and SUC1 was used to design RNAi constructs.

Non-specific nucleases are expressed in the gut of insects and are known to degrade ingested double-stranded
RNA (dsRNA) (Arimatsu et al. 2007, Christiaens et al. 2014, Luo et al. 2013). To further improve RNAi efficacy
against AQP1 and SUC1, RNAi constructs targeting dsRNA nucleases (NUC) are considered to improve grape
mealybug mortality. This is because we hypothesize that delivery of NUC RNAi in combination AQP1 and SUC1
RNAi will result in higher killing of grape mealybugs, as shown previously for psyllid and whitefly pests (Luo et
al. 2017, Tzin et al. 2015). A non-specific grape mealybug dsRNA nuclease was identified by RT-PCR with
degenerate primers designed from databases and total RNA isolated from grape mealybugs. Amplicons of the
expected size were obtained and validated by sequencing. RNAi constructs against NUC were developed. The
stacking of RNAi AQP1, SUC, and NUC constructs is under way with the objective to co-target two molecular
functions with linked physiological function. Subsequently, these constructs will be cloned in a binary plasmid for
expression in planta. We will engineer two types of constructs: the first will use the general promoter from
cauliflower mosaic virus (CaMV) 35S; and the second will use the phloem-specific sucrose-H+ symporter
(SUC2) promoter, to target RNAi expression in the preferred feeding sites of grape mealybug.
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Objective 2. Develop a High Throughput Transient Expression System to Test the Efficacy of RNAi
Constructs Against Grape Mealybug or GLRaV-3
Several RNAi against GLRaV-3 and grape mealybug as well as stacked RNAi against grape mealybug and
GLRaV-3 will be developed. Handling numerous RNAi constructs in stable transformation can be challenging.
Therefore, we develop a transient expression system to test the efficacy of RNAi constructs. This high throughput
approach should help streamline the identification of the most promising RNAi constructs for stable
transformation of grapevine genotypes.

Agroinfiltration assisted by vacuum was initially considered to deliver RNAi constructs to tissue culture -grown
grapevines for transient expression. Preliminary experiments with tissue culture-grown grapevine plants indicated
that feeding and survival of grape mealybugs on such material that was kept in sterile containers in a growth
chamber was unexpectedly very low. Therefore, tissue culture-grown grapevines are not adapted to transient
assays for evaluating their efficacy of RNAi. Therefore, we decided to develop a transient assay based on
detached leaves of Pixie grapes. Pixie is a dwarf grape derived from Vitis vinifera cv. Pinot Meunier. It is used to
maintain a colony of grape mealybugs that was established from populations collected in New York vineyards. To
test the idea of a bioassay based on detached Pixie tissue, leaves and petioles were dissected and placed in
microfuge tubes containing a food dye (Figure 2).

Figure 2. Development of a bioassay to test the efficacy of RNAi using detached leaves of the Pixie grape.
The picture was taken 18 hours after exposure.

Red pigment was visible in the veins of treated Pixie leaves within one hourr and more pigment continued to
disperse in subsequent hours. This suggested that delivering RNAi to grape tissue via simple absorption is
technically doable. Validation experiments with RNAi are under way. In addition, grape mealybug crawlers were
feeding on detached leaves and their survival was minimal when deposited on detached leaves. These results are
encouraging for the optimizing of a transient bioassay based on detached Pixie leaves for determining the efficacy
of RNAi constructs against grape mealybug and GLRaV-3. This work will be continued because it is critical to
develop a highly needed high throughput transient assay.

Objective 3. Characterize Stably Transformed RNAi Grapevines
RNAi constructs against GLRaV-3 CP and VSR were used in stable transformation experiments via
Agrobacterium tumefaciens-mediated transfer to embryogenic cultures of rooststock 1014 MGT and V. vinifera
cv. Cabernet franc. Transformed embryogenic cultures are maintained in a growth chamber at 28°C in the dark for
elongation and subsequent regeneration into plantlets.
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Objective 4. Disseminate Information to Stakeholders Through Online Resources and Presentations at
Conventions
Research findings were communicated at a winter growers convention (Fuchs M. 2017. Viruses: Biology,
ecology, and management. Sustainable Ag Expo, Nov. 13, San Luis Obispo, CA (participants = 550).

CONCLUSIONS
The osmoregulatory AQP1 and SUC1 were characterized by RT-PCR using total RNA isolated from whole grape
mealybug specimens and by sequencing. Sequences were used to engineer specific RNAi constructs. A dsRNA
nuclease NUC was also characterized by RT-PCR using total grape mealybug RNA and sequencing, and a
specific RNAi construct was developed. The stacking of these grape mealybug RNAi constructs is under way. In
parallel, we engineered RNAi constructs against CP, POL, and VSR of GLRaV-3. Combinations of the GLRaV-3
RNAi will be stacked. We are developing and optimizing a transient assays to test the efficacy of varied RNAi
constructs on grape mealybug mortality and GLRaV-3 multiplication based on detached leaves of V. vinifera
Pixie. This assay is critical to streamline the evaluation of RNAi constructs. Finally, stable transformation
experiments with GLRaV-3 RNAi constructs are under way.
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ABSTRACT
The goal of this project is to determine when grapevine red blotch virus (GRBV) is spreading in the vineyard.
Knowing when the virus is spreading will provide important information on effective management of GRBaV and
help focus the efforts to identify additional vectors. This information will also help target control measures to
times of the season when the virus is being transmitted in the field. Three vineyards where GRBV has been
spreading are being used in this study. One vineyard has an adjacent riparian zone, with most virus spread
occurring near the edge of the vineyard nearest the riparian zone. In this case the trap plants are placed in a grassy
area between the riparian zone and the vineyard. The second vineyard has an alfalfa field adjacent to it, and since
the one vector reported to transmit the virus is the three-cornered alfalfa hopper (Spissistilus festinus), the plants
were placed perpendicular to the alfalfa field and within vineyard rows. The third vineyard has most spread
adjacent to a recently disturbed wooded area. In each vineyard, every plant has a unique number and the location
of each plant is being mapped so that where virus spread occurs in each vineyard can be determined. Fifteen
plants are placed in each vineyard each month starting April 15, 2016 through September 15, 2016. After one
month in the field the plants are returned to Corvallis, treated with a systemic insecticide, and maintained in a
screenhouse. All 300 plants will be tested for GRBV in late October 2016 and then the plants will be
overwintered and retested in the spring of 2017 and 2018.

LAYPERSON SUMMARY
The goal of this project is to determine when grapevine red blotch virus (GRBV) is spreading in the vineyard.
Knowing when the virus is spreading will provide important information on effective management of GRBV and
help focus the efforts to identify additional vectors. This information will also help target control measures to
times of the season when the virus is being transmitted in the field. Three vineyards where GRBV has been
spreading were used in 2016 and four vineyards are being used in 2017. One vineyard has an adjacent riparian
zone, with most virus spread occurring near the edge of the vineyard nearest the riparian zone. In this case the trap
plants are placed in a grassy area between the riparian zone and the vineyard. The second vineyard has an alfalfa
field adjacent to it, and since the one vector reported to transmit the virus is the three-cornered alfalfa hopper
(Spissistilus festinus), the plants were placed perpendicular to the alfalfa field and within vineyard rows. This
vineyard was removed after the 2016 season, and another nearby vineyard with GRBV was substituted for the
2017 field trials. The third vineyard has most spread adjacent to a recently disturbed wooded area. In 2017 a
fourth vineyard was added to the study, adjacent to a grassy-wooded area, where GRBV movement has been
observed. In each vineyard every plant has a unique number and the location of each plant is being mapped so that
where virus spread occurs in each vineyard can be determined. Fifteen plants are placed in each vineyard each
month starting April 15, 2016 and continuing  through September 15, 2016, and starting May 2, 2017 and
continuing until October 2017. After one month in the field the plants are returned to Corvallis, treated with a
systemic insecticide, and maintained in a screenhouse. All 300 plants were tested for GRBV in November 2016
and were negative for GRBV in polymerase chain reaction (PCR) testing. After overwintering a set of 90 plants
that represented trap plants for the 2016 growing season were tested by PCR in May 2017. Again, all plants were
negative for GRBV. The entire set of 300 plants will be tested in September 2017 and again in September 2018.
The plants from the 2017 trial will be tested in 2018 and 2019.

INTRODUCTION
In 2012 a new virus was identified in Cabernet Franc plants in New York‘s Finger Lakes region and also in
Cabernet Sauvignon plants in the Napa Valley. These plants exhibited leafroll-like symptoms but tested negative
for leafroll viruses. At a meeting of the International Committee on the Study of Viruses and Virus-like Diseases
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of Grapevine in October 2012, the name grapevine red blotch-associated virus (GRBaV) was agreed upon for this
new virus. The name was changed to grapevine red blotch virus (GRBV) in spring 2017.

This research aims to determine when GRBV is spreading in the field. So far the three-cornered alfalfa hopper
(Spissistilus festinus) has been shown to transmit GRBV, but this vector is very minor in many vineyards where
the virus is spreading. Movement of GRBV in vineyards after planting has been documented and can be quite
rapid, which clearly indicates the presence of an efficient vector or a vector that is present in very high numbers.
An increase in the incidence of GRBV over time in young, healthy vineyards that are adjacent to infected
vineyards also suggests the existence of a vector. There has been much work done on trying to identify the
vector(s) of GRBV. Efforts looking at suspected vectors in California have resulted in the identification in early
2016 of the three-cornered alfalfa hopper as a vector. Regardless of whether this is the only vector or one of
multiple vectors, the timing of transmission will be important information in developing a vector management
plan.

If we know when the virus moves, efforts at vector control can be targeted to a specific timeframe rather than
throughout the growing season. Also, knowing when the virus is moving in the vineyards will help focus on
transient insects which may be present in vineyards for only a short period of time, or insects that feed on
grapevines but have other preferred hosts. In either case these vectors could escape detection and identification in
standard insect surveys. If transmission is more efficient in riparian areas adjacent to vineyards it will provide
clues as to where one should look to identify potential vectors.

This project was started in March 2016 using in-house (USDA Agricultural Research Service) funds to ensure we
could get the first year of field work done in 2016. Funding from the CDFA Pierce’s Disease and Glassy-winged
Sharpshooter Board became available July 1, 2016 and is being used for the remainder of the project. Three
hundred grapevines (Merlot on 3309 rootstock) were obtained via donation from Duarte nursery, repotted into
three-gallon pots, and held in a screenhouse until used in the field, or held in a canyard near Corvallis isolated
from any vineyards. Plants were tested for GRBV prior to use in the field experiment and all plants tested
negative for GRBV in polymerase chain reaction (PCR) assays using two sets of primers. Beginning April 15,
2016, plants were placed in each of three vineyards for a one-month period (45 plants each month total). Then in
mid-May 2016 these plants were returned to Corvallis, treated with a systemic insecticide, and stored in a
screenhouse. The second set of plants was taken to the vineyards in mid-May 2016, and the process was repeated
each month through September 2016. The last set of plants was returned to the greenhouse in Corvallis in mid-
October 2016. There are a total of six sets of plants in each vineyard for a total of 270 trap plants, with an
additional 30 plants that have not been taken to a vineyard and remained in the screenhouse or canyard during the
summer. After the last set of plants was collected all 300 plants were tested for GRBV in November 2016. A
subset of the plants were tested in May of 2017 and all will be tested in September 2017 and September 2018. The
trap plants for the 2017 study will be tested in the fall of 2018 and 2019. In 2017 four vineyards are being used in
the study: two in southern Oregon and two in the Willamette Valley. Again, 15 plants are being used per vineyard
per month.

OBJECTIVES
1. Determine the timing of field transmission of GRBV.

RESULTS AND DISCUSSION
Three hundred plants were provided by Duarte Nursery for this work in 2016, AND 450 plants were provided in
2017. All plants were tested for GRBV prior to the start of the experiment in 2016 and a subset of the plants was
tested for the trial prior to potting in 2017. Plants were potted in three-gallon pots and maintained in a canyard
prior to taking them to the field. When plants were brought back to Corvallis from the fields they were treated
with a systemic insecticide and maintained in a screenhouse.

The three vineyards were selected because of documented spread of GRBV in these vineyards in previous years.
Vineyard #1 was near Jacksonville in southern Oregon and has a small riparian area adjacent to the east edge of
the vineyard. The trap plants were placed in a grassy area between the riparian zone and the vineyard. Vineyard
#2 was near Medford in southern Oregon, with the trap plants placed within the vineyard between every third
plant in three rows near the west edge of the vineyard. There was an alfalfa field along the west edge of the



- 245 -

vineyard. This vineyard was removed after the 2016 season, and the second vineyard used in southern Oregon in
2017 was also near Medford, Oregon, with documented spread of GRBV. The third vineyard is in the Willamette
Valley near Yamhill, Oregon. In this vineyard the spread is occurring throughout the vineyard, with high rates of
spread along the east edge of the vineyard where there has been recent removal of adjacent woodlands. In this
case the trap plants were place between plants in a single row of the vineyard near the edge of where symptoms
were observed. A fourth vineyard was added in 2017, another vineyard in the Willamette Valley, with spread of
GRBV based on discussions with the grower.

Each plant was numbered (1-300 in 2016, and 1-400 in 2017) and the location of each plant and the month it was
in the vineyard has been recorded. Thus, if GRBV spread is happening from the alfalfa field, we will know which
plants were nearest the source as well as which month the plants were in the field and exposed to potential GRBV
transmission.

All plants were tested for GRBV in November 2016 by PCR and all were negative for GRBV. A subset of 90
plants representing one vineyard in southern Oregon was tested in May 2017 and all were negative for GRBV. All
plants from 2016 were tested in October 2017 and all were negative for GRBV. The last set of plants from the
2017 field experiments were brought back from the fields in mid-October. A subset of the 2017 plants (25% of
the plants from the field) were tested the first week of November 2017, and all were negative for GRBV. In all
cases the nucleic acid extracts were tested for the amplification of a plant gene to ensure the quality of the nucleic
acid was such that it did not inhibit the enzymatic reactions of the PCR testing. All samples tested positive for the
plant gene. Based on recent work from Marc Fuchs’ lab at Cornell University showing the unreliability of testing
for GRBV until two years after infection, the plan is to keep these plants for two full years after coming back
from the field. The plants from 2016 and 2017 will be tested in the spring and fall of 2018 and 2019.

The experimental setup went according to plan and plant rotation went smoothly. We had feeding damage similar
to that observed with three-cornered alfalfa hopper in one vine during the course of exposure in the vineyards. We
placed sticky cards in the vineyard in the Willamette Valley and did not catch any three-cornered alfalfa hoppers.
Recent work by entomologists Frank Zalom (University of California, Davis) and Vaughn Walton (Oregon State
University) suggests that sticky cards are not effective for monitoring membracid insects. The entomologists will
be doing the insect monitoring in 2017. Based on recent information from Marc Fuchs (May 2017 GRBV
workshop in Davis, CA) it appears that detection of GRBV is very unreliable for the first two years after a plant is
infected. Thus, the plan now is to maintain the trap plants for two full years after the end of the field part of the
study and test them after one and two years.

The entomologists working on membracids in Oregon (Vaughn Walton and Rick Hilton) did catch several species
of membracids in Oregon vineyards in 2016 and 2017, and feeding damage has been observed in the fields where
we had our trap plants in 2017. Work on transmission by the membracid species identified from Oregon vineyards
is ongoing by Vaughn Walton’s group at Oregon State University.
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ABSTRACT / LAYPERSON SUMMARY
Grapevine viruses and other internal pathogens have been related to vineyard problems long before we ever knew
they were there. Many issues troubling growers in the 1930s were later attributed to Pierce’s Disease, fanleaf, and
leafroll (Bioletti 1931, Matthews 2012). Likely due to the immediate destructive nature of Pierce’s Disease as
well as extensive outreach programs, growers in citrus and grapes combined their efforts to facilitate regional
control of the vectors spreading the disease and the pathogen responsible for the disease decades ago. This type of
effort has only recently been supported by industry for virus-related issues like leafroll. For many years viruses
were perceived by growers as non-problematic. This false perception is likely attributed to the fact that many
vineyards were previously established on rootstocks like AXR#1 and St. George (Wolpert et al. 1994), both of
which are associated to the reduction of virus symptom expression (Golino 1993). After the failure of AXR#1,
alternative rootstocks with varying levels of disease tolerance were grafted onto infected budwood from existing
fields which led to many virus-related issues. It has taken decades since this turn in material to help growers
understand the problems associated to certain viruses in vineyards in part due to the fact that virus symptoms are
variable depending upon the season and different viruses cause different symptoms. Additionally, leafroll, a virus
which reduces yield and limits sugar accumulation in the berry, easily spreads from one vineyard block to the next
via its primary vector, common mealybugs. Decades after the failure of AXR#1, a pilot workgroup began in Napa
with the intentions of managing leafroll regionally due to the rigorous efforts of our team (those mentioned in the
heading as well as Monica Cooper, the farm advisor of Napa County). After five years of monthly meetings
where growers shared the challenges and successes of their endeavors, growers in Napa feel they have leafroll
under control. With the consistent extension and outreach explaining these work groups, growers across
California have grown interested in replicating these efforts in their region. The overall intention of this project is
to provide this opportunity to all grape/wine grape growing regions in California so that in the future, our
investment in certified, virus tested material does not end at establishment. Additionally virus survey work will be
completed in order to update protocols performed by the program.

INTRODUCTION
Certified grapevine nursery stock consumers (grape producers) are concerned that the quality of the product they
are purchasing from the clean plant program does not meet the standard they believe it should. Much of this
concern stems from the expectation that certification offers something greater, in terms of freedom from virus
contamination, than it scientifically can. With the discovery that grapevine leafroll-associated virus 3 is spreading
in California, in addition to the discovery of grapevine red blotch-associated virus (Al Rwahnih et al. 2013,
Golino et al. 2008), grape producers question the quality of certified vines. There is good evidence that clean plant
programs work and that they have large economic benefits that can be shared by all actors in the supply chain
(Fuller et al. 2015), but, as with all supply chains, in order for clean plant programs to work well, they require
mutual trust between the actors in the chain. By defining the term “certified” according to the scientific sampling
procedure and educating growers of the meaning of this term, we can bridge the current gap in perceptions that
exists between the clean plant system and the purchasers of its products. However, because some viruses can be
spread, unless a complete census of all certified vines was carried out every year, it is impossible for any
certification program to reduce virus incidence to zero. The meaning of the term “certified” must be defined in
relation to the statistical performance of the actual sampling plan used. In order for grower trust in the system to
build, that meaning must be clearly articulated and appropriate expectations established for disease incidence in
planting material emerging from a program using the definition. Additionally, it is unclear at this time what level
of background infection per year occurs in nursery increase blocks, as well as a lack of understanding of potential
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reinfection of increase blocks between sampling rotations. The intentions of this project are to provide
quantifiable outreach and extension involving the certification program while addressing the background infection
in nursery increase blocks and the potential reinfection in increase blocks between sampling bouts.

OBJECTIVES
1. Develop a grower information pack and slide presentation to summarize the Grape Certification and

Registration Program.
2. Hold grower meetings in key grape-growing regions of California to explain the functioning and efficacy and

limitations of the certification program.
3. Quantify the impact of education and outreach by issuing pre-test and post-test surveys at grower meetings.
4. Assess the level of potential contamination or reinfection in newly established vineyard blocks when material

is sourced from increase blocks.
5. Assess the level of reinfection of leafroll-3 and red blotch viruses in increase blocks between certification

sampling bouts.

RESULTS AND DISCUSSION
Since the project’s initiation in October of 2016, efforts have been made by the above cooperators and the
principal investigator to collaborate with farm advisors and industry related personnel across California. Meetings
and presentations have been provided in order to notify the public of the potential for grower work group
meetings in various parts of the state including the foothills, Bakersfield, Fresno, Paso Robles, Tulare, Lodi, San
Diego, and Davis, California. Work group meetings have been scheduled and accomplished in Bakersfield and
Fresno and field days have been provided in Mendocino and Carneros. Additionally we participated in the
Calaveras Wine Alliance Vineyard Tour in order to spread the word about education, outreach, and vineyard
sampling provided by this program. Collaboration with Mark Battany in the Central Coast is underway.
Additionally, requests for vineyard blocks which are to be sampled for red blotch and leafroll have been made and
contact with Joshua Kress has been established in order to analyze data provided by the certification program.
Because the project recently began in October, there are no results to discuss at this time.

Objective 1. Develop a Grower Information Pack and Slide Presentation to Summarize the Grape
Certification and Registration Program
Multiple slide presentations have been produced and presented in numerous parts of the state, including
Bakersfield, Fresno, Paso Robles, Tulare, Lodi, San Diego, Davis, and Calaveras, California.

Objective 2. Hold Grower Meetings in Key Grape-Growing Regions of California to Explain the
Functioning and Efficacy and Limitations of the Certification Program
Work group meetings were held in Bakersfield, Fresno, Mendocino, Carneros, and Calaveras.

Objective 3. Quantify the Impact of Education and Outreach by Issuing Pre-Test and Post-Test Surveys at
Grower Meetings
While discussing collaborative projects with Lynn Wunderlich, the farm advisor for Central Sierra Cooperative
Extension, Lynn mentioned previous education and outreach presentations provided by Katherine Webb-
Martinez, the current Associate Director of Program Planning and Evaluation in the UC Division of Agriculture
and Natural Resources. Lynn and I contacted Katherine for more information on quantifying the impact of
education and outreach. Her advice provided us the opportunity to more appropriately plan to assess impacts by
way of a combination of retrospective pre-tests and post-tests. We are currently guiding our questions for the
survey in that direction.

Objective 4. Assess the Level of Potential Contamination or Reinfection in Newly Established Vineyard
Blocks When Material Is Sourced from Increase Blocks
Samples have been collected from multiple vineyard locations in Mendocino, Bakersfield, Fresno, Calaveras, and
Carneros.
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Objective 5. Assess the Level of Reinfection of Leafroll-3 and Red Blotch Viruses in Increase Blocks
Between Certification Sampling Bouts
Joshua Kress at the California Department of Food and Agriculture has been contacted in order to access the
diagnostic information when it becomes available.

Publications and Presentations
 Arnold KL, Golino D, McRoberts N. 2016. A synoptic analysis of the temporal and spatial aspects of

grapevine leafroll disease in an historic Napa vineyard and experimental vine blocks. Phytopathology.
http://dx.doi.org/10.1094/PHYTO-06-16-0235-R.

 Arnold, KL, McRoberts N, Golino DA. North coast virus survey reveals improving health of vineyards over
decades. California Agriculture (in press).

 Virus Workshop -- Utilized as a backbone to the workshop discussions for both the Bakersfield and Fresno
groups on May 16 and 17. Both meetings were well attended and discussion ensued ranging from basic
information to in depth management decisions. Attendees expressed their appreciation for the direction and
atmosphere provided.

 Working with Work Groups -- Presented at the Red Leaf Disease Research Review Board meeting for
PD/GWSS funding in Davis, California.

 Grapevine Certification: Viruses in Grapevines -- Presented at the Calaveras Winegrape Alliance educational
meeting in Murphys, California.

 Attended Vineyard Tour in Calaveras in order to answer questions involving certification.
 Viruses in Grapevines -- Handout provided at field days in Mendocino, Calaveras, and Carneros (Figure 1).

Figure 1. Handout provided at field days in Mendocino, Calaveras, and Carneros.
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ABSTRACT
Vine mealybug (Planococcus ficus), an insect pest capable of causing direct and indirect damage to grape
vineyards, costs California growers millions of dollars annually. Insecticide sprays used to manage the pest
provide inconsistent results, and sustainable methods of control are needed. A previous study identified a single
grape accession with resistance to other mealybug species, but did not evaluate vine mealybug. This work aims to
evaluate the susceptibility of grape cultivars, rootstocks and species to vine mealybug.

LAYPERSON SUMMARY
Vine mealybug (Planococcus ficus) is quickly becoming a major pest to the California grape industry. Growers
spend an estimated $123 to $500 per acre each year to manage mealybugs, with losses still being observed.
Insecticide sprays often provide inconsistent control due to problems associated with spray timing and poor
contact with the insect. As concerns about the development of insecticide resistance increase, alternate systems
for controlling mealybug are essential. Naturally resistant grape cultivars, though necessary, are not currently
available and could take more than a decade to breed. In the interim, resistant rootstocks could provide sufficient
control either alone or in combination with insecticide applications. A single source of resistance to at least one
species of mealybug has been identified in lab tests, but has not been tested against vine mealybug. Further work
to identify new sources and test existing sources of resistance against vine mealybug in the lab and field is
needed. This work will identify and evaluate grape material with natural resistance to vine mealybug in the lab
and field for use as rootstocks and cultivar development. These materials will be made available to nurseries,
researchers, and grape breeders.

INTRODUCTION
Mealybugs are soft-bodied, sap-sucking insect pests of grapevines and other plants. Besides the direct losses
attributed to damaged leaves and fruit in grape, mealybugs can transmit the economically important grapevine
leafroll-associated virus (GLRaV). It is estimated that grapevine leafroll disease control costs growers $12,106 to
$91,623 per acre annually in California (Ricketts et al. 2015). Of that expenditure mealybug control costs are
estimated at $50 per acre in vineyards with small mealybug populations and many natural predators, to $500 per
acre for vineyards with moderate populations and few parasitoids (Ricketts et al. 2015). Vine mealybug
(Planococcus ficus) is one of six mealybug species that threaten the California grape industry. This introduced
(ca. 1994) pest can rapidly reproduce and spread, outcompeting other mealybug species and making it the most
important mealybug pest of grapes in California (Daane et al. 2012).

Vine mealybug development is temperature dependent, and the insect can complete its life-cycle during winter
months if days are warm (Figure 1). This season-independent development leads to high population numbers,
which has contributed to the difficulty of controlling this insect. For vine mealybug, up to seven generations per
year have been observed in California vineyards compared to the two observed in grape mealybug (Geiger and
Daane 2001, Gutierrez et al. 2008). Females reach maturity as soon as 30 days from egg, and once mature can
produce 50 to 800 viable offspring, depending on nutrient availability (Waterworth et al. 2011, Berning et al.
2014). Even using a low estimate of 50 viable offspring, a single mealybug could produce millions of individuals
over the course of a growing season.

Insecticides are the main form of control. Mating disruption and parasitoids have been implemented with success
in vineyards, however, these forms of control are more expensive (Daane et al. 2007, Mansour et al. 2011, UC
IPM Pest Management Guidelines: Grape). Optimization of insecticide control strategies (application timing and
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efficacy) have garnered much attention. However, the vine mealybug spends much of its life and development on
the roots and under the bark, protecting it from chemical sprays (Daane et al. 2012). This makes contact
insecticides often ineffective, and systemic insecticides difficult to time. An effective complement to insecticides
is the use of resistant grapes. Resistant grapes, and specifically resistant rootstocks, could directly reduce
mealybug populations developing or overwintering under the bark and on roots in the vineyard.

Few sources of natural resistance to mealybug have been identified in grape. In Brazil, one study identified a
single rootstock with lab-based resistance to mealybug (Filho et al. 2008, Figure 2). This resistance was described
as a reduction in the number of viable offspring produced per female compared to susceptible cultivars (Cabernet
Sauvignon and Isabel; Filho et al. 2008). This was later confirmed in a similar lab experiment performed by a
different lab group (Bertin et al. 2013). These results, while promising, were based on mealybug species
(Dysmicoccus brevipes and Planococcus citri) of minor importance to California. The only other report of
mealybug resistance in grape comes from observations by Michael McKenry and David Ramming (unpublished),
suggesting that rootstock RS-3 has resistance to an unknown species of mealybug in addition to nematode
resistance. While early work has shown that these two sources are likely to be resistant to mealybugs, further
work is needed to confirm their use against vine mealybug outside of lab conditions, in addition to identifying
new sources of resistance.

OBJECTIVES
This project seeks to develop a novel control strategy for vine mealybug using host resistance as part of an
integrated management program. This will be accomplished by identifying grape material with resistance to vine
mealybug that can be used as rootstocks and a source of resistance for traditional cultivar breeding.
1. Develop a method to evaluate mealybug host resistance and identify grape material with leaf resistance to

vine mealybug.
2. Evaluate grape materials with identified resistance to vine mealybug.
3. Determine multi-season sustainability of resistance to vine mealybug in identified grape rootstocks and

cultivars.

RESULTS AND DISCUSSION
Objective 1
Potted grapevines of four accessions (Table 1) were planted into pots and are currently being grown in a growth
chamber for detached and attached leaf assays for mealybug resistance.

Table 1. Grape accessions evaluated in objective 1.
Line Type Species Special notes
Cabernet Sauvignon Wine Grape V. vinifera Susceptible
Chardonnay Wine Grape V. vinifera Susceptible
Flame Seedless Table Grape V. vinifera Susceptible
17-01 Wild species V. champinii Potential resistant
IAC572 Rootstock V. caribbeae Potential resistant

Objectives 2 and 3
In the summer of 2017, potted grapevines of seven accessions (Table 2) were placed into screen cages and
evaluated for mealybug severity. Southern fire ants were detected among cultivars and were visibly maintaining
mealybug colonies. Differences in mealybug severity and ant presence were detected among cultivars. The study
is ongoing.
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Table 2. Grape accessions evaluated for mealybug resistance in objectives 2 and 3.
Line Type Species Special notesA

10-17A Rootstock Nematode resistance
IAC 572 Rootstock V. caribbeae Mealybug resistance
Cabernet Sauvignon Wine grape Known susceptible
17-01 Wild species V. champinii
17-02 Wild species V. candicans
PCO-349-11 Rootstock Nematode resistance
17-03 Wild species V. australis

CONCLUSIONS
The current study is ongoing, but early results suggest differences among grape cultivars in susceptibility to
mealybugs and plant attractiveness to southern fire ants.

REFERENCES CITED
Berning D, Dawson G, Foggia M. 2014. Planococcus ficus (On-line), Animal Diversity Web. Accessed

December 28, 2016 at http://animaldiversity.org/accounts/Planococcus_ficus/.
Bertin A, Bortoli LC, Botton M, Parra JRP. 2013. Host plant effects on the development, survival, and

reproduction of Dysmicoccus brevipes (Hemiptera: Pseudococcidae) on grapevines. Annal Ent Soc Amer
106:604-609.

Daane KM, Almeida RPP, Bell VA, Walker JTS, Botton M, Fallahzadeh M, Mani M. 2012. Chapter 12: Biology
and Management of Mealybugs in Vineyards in Arthropod Management. Pages 271-307 in Bostanian NJ,
Vincent C, Isaacs R (Eds) Vineyards: Pests, Approaches, and Future Directions. Springer, Dordrecht.

Daane KM, Sime KR, Fallon J, Cooper ML. 2007. Impacts of Argentine ants on mealybugs and their natural
enemies in California’s coastal vineyards. Ecol Ent 32:583-596.

Filho M, Grutzmacher AD, Botton M, Bertin A. 2008. Biology and fertility life table of Plannococcus citri in
different vegetative structures of grape cultivars. Pesq. agropec. bras Brasilia 43:941-947.

Geiger CA, Daane KM. 2001. Seasonal movement and distribution of the grape mealybug (Homoptera:
Pseudococcidae): Developing a sampling program for San Joaquin Valley vineyards. J Econ Entomol 94:291-
301.

Gutierrez AP, Daane KM, Ponti L, Walton VM, Ellis CK. 2008. Prospective evaluation of the biological control
of vine mealybug: Refuge effects and climate. J Appl Ecol 45:524-536.

Mansour R, Suma P, Mazzeo G, Lebedi KG, Russo A. 2011. Evaluating side effects of newer insecticides on the
vine mealybug parasitoid Anagyrus sp. near pseudococci, with implications for integrated pest management in
vineyards. Phytoparasitica 39:369 doi:10.1007/s12600-011-0170-8.

Ricketts KD, Gomez MI, Atallah SS, Fuchs MF, Martinson TE, Battany MC, Bettiga LJ, Cooper ML, Verdegaal
PS, Smith RJ. 2015. Reducing the economic impact of grapevine leafroll disease in California: Identifying
optimal disease management strategies. Am J Enol Vitic 66:2 pp 138-146.

Waterworth RA, Wright IM, Millar JG. 2011. Reproductive biology of three cosmopolitan mealybug (Hemiptera:
Pseudococcidae) species, Pseudococcus longispinus, Pseudococcus viburni, and Planococcus ficus. Annal Ent
Soc Amer 104:249-260.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board, and
by the Consolidated Central Valley Table Grape Pest and Disease Control District.



- 254 -

INTEGRATIVE STUDIES OF VECTOR-RELATED FIELD EPIDEMIOLOGY FOR
GRAPEVINE RED BLOTCH-ASSOCIATED VIRUS

Principal Investigator:
Vaughn Walton
Department of Horticulture
Oregon State University
Corvallis, OR 97331
vaughn.walton@oregonstate.edu

Collaborator:
Rick Hilton
Southern Oregon Res. & Exten. Ctr.
Oregon State University
Central Point, OR 97502
richard.hilton@oregonstate.edu

Collaborator:
Mysore Sudarshana
USDA ARS & Dept. of Plant Pathol.
University of California
Davis, CA 95616
mrsudarshana@ucdavis.edu

Collaborator:
Frank Zalom
Dept. of Entomology & Nematology
University of California
Davis, CA 95616
fgzalom@ucdavis.edu

Collaborator:
Clive Kaiser
Umatilla County Extension Service
Oregon State University
Milton-Freewater, OR 97862
clive.kaiser@oregonstate.edu

Reporting Period: The results reported here are from work conducted July 2017 to October 27, 2017.

ABSTRACT / LAYPERSON SUMMARY
Red blotch is spreading. More information is needed on insect vectors. The current project aims to gain this
information, in order to optimize future control strategies.

INTRODUCTION
Grapevine virus diseases are of serious concern for vineyard managers and winemakers in all western production
regions. Grapevine leafroll-associated virus (GLRaV) and grapevine red blotch-associated virus (GRBaV) impact
grape berry quality. Growers and scientists alike have noticed a consistently lower Brix at harvest of infected
vines (Al Rwahnih et al. 2013, 2015), resulting in removal of symptomatic vines from vineyards. GRBaV is
spreading; ecological mapping of GRBaV-positive vines, as verified by quantitative polymerase chain reaction
(qPCR) during 2013-2016, showed a significant trend of virus increase in two of three areas studied in Oregon
(Table 1; Figure 1). The spread of GRBaV is alarming, with doubling and 10x increases from 2014-2016
(Table 1). These viruses likely have separate insect vectors, and in-field distribution of the two viruses is
independent of one another (Figure 1). Treehoppers (Membracidae) are the most likely vectors of GRBaV.
Already one species, Spissistilus festinus, has been identified as a possible vector in California (Bahder et al.
2016a). During 2016 the treehopper species Tortistilus wickhami and T. albidosparsus were found feeding on
grape shoots and leaves. Evidence of treehopper feeding (girdles) was predominantly found on vineyard edges
(Figure 2) and mirrored in-field GRBaV distribution, strongly suggesting that these insects are vectors of
GRBaV. Feeding observations were not conclusive, and we therefore initiated controlled transmission biology
experiments adapted from Bahder et al. (2016a) during summer 2016.

Table 1. Red blotch virus infection in three Oregon grape-growing regions as determined by PCR
from 2013 to 2016. Vines sampled in 2013-14 were re-tested for GRBaV through 2016.

Location Year Positive Vines Assayed Vines % Infection

Willamette Valley
(Vineyard 1)

2013 & 2014 133 374 35.6%
2015 172 374 46.0%
2016 185 293 62%

S. Oregon
(Vineyard 2)

2014 11 194 5.7%
2015 58 194 29.9%
2016 121 194 62.4%

S. Oregon
(Vineyard 3)

2014 55 193 28.5%
2015 33 193 17.1%
2016 37 189 19.6%

E. Oregon
(Vineyard 4)

2013 & 2014 4 396 1.0%
2015 0 396 0.0%
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Figure 1. Distribution of leafroll and distribution and spread of red blotch in a vineyard in Oregon
(2013-2016). Data were generated using qPCR analysis and plotted using spatial distribution
software. Light and dark-colored areas indicate presence and absence of virus.

Figure 2. Suspected insect vectors of red blotch: (A) Tortistilus wickhami, and (B) T.
albidosparsus. These insects feed on canes and create girdles resulting in characteristic red leaves
(C, red cultivars). (D) Feeding distribution symptoms are on vineyard edges.
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The pathogen-vector-host complex is of significant economic importance, and available evidence indicates that
only plants of the genus Vitis are hosts of GRBaV (Bahder et al. 2016b). In Oregon, eight vineyards were selected
for virus-vector studies in 2010. Three blocks have since been fully removed due to perceived losses of fruit
quality. We propose in-depth vector-related studies with particular focus on the two Tortistilus species as
potential vectors of GRBaV in grapevines. The proposed work will build on currently available information on
potential insect vectors, with focus on their seasonal presence and spatial distribution. Information from this
project will direct and support future control programs for GRBaV both regionally and nationally.

A coordinated extension and outreach is an essential and integral part of industry involvement. Without industry
involvement, we would not have made the progress during 2016. We also believe that the basis of vineyard health
from an industry perspective is to help growers make informed decisions regarding practices to minimize risk of
virus. To this end we used multiple channels to disseminate the newest and relevant information to growers
regarding red blotch epidemiology. During 2016 we reached ~800 growers though the different channels (see
2016 report). We strongly believe that extension serves two purposes: To inform industry, and to work with
growers to make progress on important crop production issues.

The proposed study is focused on filling the gaps in knowledge and extending information to the industry. The
goal of this proposal strongly focuses on increasing knowledge of red blotch epidemiology by looking at virus
spread and the role of potential vector insects. The planned methods have the goal of gathering needed knowledge
on vector biology and potential non-crop hosts. One of the key objectives is to share information from this work
with industry through various extension activities, and to work with growers to enhance the quality of industry-
relevant information.

OBJECTIVES
1. Follow insect vector distribution, and disease progression in relation to management.
2. Conduct controlled transmission biology experiments.
3. Obtain baseline information on current levels and extent of red blotch.
4. Extension of information on grapevine red blotch-associated virus, and insect vectors.

RESULTS AND DISCUSSION
Our studies are coordinated with other research groups dealing with vector transmission biology (Kent Daane,
Sudarshana Mysore, Frank Zalom), virology and non-crop hosts (Sudarshana Mysore, Frank Zalom), and
viticulture (Anita Oberholster, Rhonda Smith). The proposed procedures will create clearer knowledge of the
regional and national epidemiology of GRBaV. We will coordinate our viral transmission work with California
collaborators. With assistance from our California collaborators (Frank Zalom and Sudarshana Mysore), the work
will be complemented by PCR analysis of the gut contents of insect specimens collected in Oregon vineyards with
high incidence of GRBaV.

Objective 1. Follow Insect Vector Distribution, and Disease Progression in Relation to Management
This work is essential to better understand the role of vectors, surrounding vegetation, and spread of GRBaV in
vineyards (Perry and Dixon 2002, Al Rwahnih et al. 2013).

i. Follow Insect Vector Distribution and Incidence
Six vineyards representing Southern Oregon (2), the Willamette Valley (2), and Eastern Oregon (2) will be
visually surveyed for treehoppers, and beat sheet sampling will be conducted. At each site we will focus insect
collections on Membracidae. We will sample a gridded pattern to include a minimum of 60 locations equally
divided to include the riparian habitat, the interface between the riparian habitat and the vineyard, and the
vineyard. Plants within the riparian habitat will include known perennial non-crop alternate hosts for T. wickhami
and T. albidosparsus including coastal white oak (Quercus garryana), manzanita (Arctostaphylos patula), Pacific
madrone (Arbutus menziesii), wild hazelnut (Corylus cornuta) seedling apple (Malus domestica), and seedling
pear (Pyrus spp.) (Yothers 1934, Gut 1985, Valenti et al. 1997, Swieki et al. 2006). The interface between the
riparian habitat and the vineyard will include Cirsium arvense (Canada thistle), C. californicum (California
thistle), C. occidentale (cobwebby thistle) and C. proteanum (red thistle). Both T. wickhami and T. albidosparsus
have commonly been found on these thistle species in past studies (Goeden and Ricken 1985, De Smet-Moens
1982).
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The sampling methodology will allow spatial analysis and ecologically relevant association or dissociation of
potential vectors with virus-infected vines and potential alternate hosts (Perry 1995, 1996, Perry and Dixon 2002).
Sampled vineyards will contain at least 20 rows and 10 pole-to-pole “bays” (Charles et al. 2009) containing three
to six vines per bay. Data collected during 2017-19 will be combined with earlier collected data of all potential
insect vectors and analyzed using standard analysis of variance (ANOVA) in order to compare the seasonal
presence of insects (Walton et al. 2013). Data will be compared using both ANOVA (insect species, alternate
hosts, and location as variables) and correlation analyses to determine whether there is a pattern to GRBaV spread
as compared to the distribution of potential vectors and alternate hosts (see Figure 1 and Figure 2).

ii. Tortistilus spp. Reproduction on Host Plants
We will determine the reproduction and life cycle of Tortistilus spp. on Vitis vinifera. We will additionally place
T. wickhami and T. albidosparsus adults on various cover crops, annual weed species, and perennial plants that
commonly occur in West Coast vineyards (see previous section). These studies will be conducted in order to
determine the importance of the alternate host plants in the lifecycle of the treehopper species.

iii) Disease Incidence and Progression Coupled with Vector Feeding
During 2016 we mapped all vines (similar protocol as described above) in a vineyard block showing symptoms of
GRBaV (Figure 2), together with signs of T. albidosparsus feeding. We systematically analyzed vines for
GRBaV using qPCR analysis. In 2017 and 2018 the rate of GRBaV increase for vines with treehopper feeding
damage in 2016 will be compared to vines without treehopper feeding damage. Information from this experiment
will provide a clearer understanding of field correlations of virus infection and feeding symptoms.

In addition, in 2016 we selected four samples on each of a subset of 36 vines with a total of 41 sample
comparisons (i.e. five vines had two sets of four samples per vine) that showed treehopper feeding symptoms but
were visually asymptomatic of GRBaV. Locations of samples were designated as: (1) above girdle, (2) below
girdle, (3) opposite side of the vine at same height as the area above the girdle, and (4) opposite side of the vine at
same height as the area below the girdle. Tissue samples from the girdled areas of the plants will be compared to
tissues of the same vines far from girdles. This experiment will show if pruning of vine tissues soon after feeding
damage will result in lower rates of virus acquisition, and will continue during 2017-2018. This work is coupled
with the planned controlled greenhouse experiments to show the period of virus latency before appearance of
symptoms.

iv. Key Plant Material and Insect Management Techniques
This proposed activity focuses on setting a low tolerance for virus-infected plants and insects that may vector
GRBaV. All known virus-infected vines, as well as vines growing in non-crop regions, will be removed in order
to minimize possible sources of virus infection. Insect populations will be minimized using integrated control
techniques. We will work closely with managers in two affected vineyards to minimize the presence of
treehoppers and other possible vectors.

These experiments will (a) investigate the impact of insecticide controls on pest and beneficial insects, and
(b) assess the disease progression of the virus between seasons as described under (ii) above. We will determine
the effect of the systemic insecticide spirotetramat (Movento, Bayer CropScience) on scale insects, aphids, and
treehopper populations. These applications may be combined with additional applications of Applaud or Venom if
insect populations are found to increase. Movento will be applied early in the season to minimize treehopper
numbers and prevent insect vector buildup during the first part of the growing season.

Objective 2. Conduct Controlled Transmission Biology Experiments
Standard transmission biology tests have consistently resulted in the most reliable results to determine the vectors
of viruses. Previous tests conducted on adults of Erythroneura leafhopper species involved low numbers of insect
individuals (30-50) and acquisition access periods up to five days (Tsai et al. 2008, 2010, Blaisdell et al. 2015).
During 2016 we initiated controlled experiments to determine successful transmission of GRBaV virus by both
T. wickhami and T. albidosparsus. The initial virus status of all plant material was verified using qPCR. Field-
collected live insects were placed on known GRBaV virus-infected plant material for 48 hours and were then
transferred to plants confirmed to be without GRBaV for another 48 hours. All surviving insects were
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subsequently transferred at one-week intervals to a new set of plants with no virus infection. This process was
repeated weekly until all insects had died. Plants from the initial transmission biology experiments are currently
being kept under greenhouse conditions and are tested at regular intervals using qPCR to determine the
epidemiology of GRBaV. These experiments will be repeated during 2017 in order to create a robust dataset.

Objective 3. Obtain Baseline Information on Current Levels and Extent of GRBaV
In order to characterize the prevalence of GRBaV in Oregon vineyards we will complete the planned survey work
(see progress report data) among the three major growing areas: Southern Oregon, Willamette Valley, and Eastern
Oregon. An additional ~120 GRBaV samples will be collected in Southern Oregon during 2017. Northern
Willamette Valley surveys will include an additional 50 samples, and in Eastern Oregon we will collect 200
samples in the Milton-Freewater region. Sampling will occur in blocks that have not been sampled for GRBaV to
date but where infection is suspected. Three sites in Southern Oregon, two in the Willamette Valley, and three
sites in Eastern Oregon will be sampled. The sampling for each site will total a minimum of 25 plants, consisting
of 20 symptomatic plants and an additional five asymptomatic plants. If fewer than 20 symptomatic plants are
found at a given site, then all symptomatic vines will be sampled and the balance of the sample will be taken from
asymptomatic vines. From each sampled vine, five leaves will be removed and placed into a cooler and
transported to the laboratory for processing and analysis.

Objective 4. Extension of Information on the Importance of Vectors, GLRaV, and GRBaV in Oregon
Vineyards
Results will be provided to growers, grape industry representatives, and Oregon State University Cooperative
Extension personnel through webinars, grower reports, seminars, and national webinars. We plan to organize a
regional vineyard workshop on vectors and vineyard disease transmission for growers and industry in 2017.
Vaughn Walton, Frank Zalom, Clive Kaiser, and Rick Hilton are the statewide and regional extension agents in
the affected regions. They have given numerous presentations on grape insect pests at grower and research
symposia. Results will also be published in popular and scientific journals (see report for the list of applicable
publications from 2008-2016). Walton, Kaiser, and Hilton are strongly committed to the grape industry and have
a good relationship with growers, consultants, and industry personnel that will aid in research and extension.

In Oregon, we presented results of earlier and work for this grant to growers in two locations, Salem, Oregon (25
attendees), and Milton Freewater, Oregon (30 attendees).
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ABSTRACT
This project is in its first year, beginning July 1, 2017. It builds upon studies initiated earlier by the Zalom and
Sudarshana labs at UC Davis, and the Daane lab at UC Berkeley. Results presented to date include monitoring the
population dynamics of three-cornered alfalfa hopper (Spissistilus festinus; 3CAH) in vineyards and surrounding
landscapes over the 2017 season in vineyards and along transects from vineyards to natural areas, preliminary
field transmission studies, and greenhouse studies of the feeding and reproductive status of various weeds and
cover crops found in vineyards as they relate to 3CAH feeding and reproduction. Methods and present status for
additional studies proposed as objectives of this project are described.

LAYPERSON SUMMARY
The results of this project are expected to better define the role of the three-cornered alfalfa hopper (Spissistilus
festinus; 3CAH) in the epidemiology of grapevine red blotch virus (GRBV), and to examine the role of
grapevines, cover crops, and non-crop vegetation in and around vineyards in sustaining 3CAH populations.
Possible transmission by other treehoppers found in vineyards where GRBV is spreading will also be confirmed.
This essential information will contribute to the management of red blotch disease by cultural methods such as
reducing plant hosts favorable to sustaining vector populations or precise treatment timings based on treehopper
biology in vineyards where nearby GRBV source are known to occur.

INTRODUCTION
In 2007, a grapevine disease with symptoms that resembled those of leafroll in Napa County vineyards was found
to be a distinct malady displaying red veins and blotches (Calvi 2011). The disease was named red blotch disease
and further investigations revealed a new DNA virus initially named grapevine red blotch-associated virus
(GRBaV), tentatively grouped in the family Geminiviridae (Al Rwahnih et al. 2013, Sudarshana et al. 2015). A
similar virus was also found in grapevines in New York, Oregon, and Washington state (Krenz et al. 2012,
Poojari et al. 2013, Seguin et al. 2014). The virus is now known to be widely distributed in the United States and
has been found in Canada, China, India, and South Korea. California vineyards with the disease, especially those
planted to red varieties, are known to impact quality of the grapes and the value of these grapes are substantially
reduced.

Details of red blotch disease epidemiology are not well known. Although some researchers initially believed that
the virus did not spread to or within established vineyards, observations by growers, consultants, and other
researchers strongly suggested spread was occurring in some vineyards that was consistent with that of an insect
vector. The virus was discovered in wild grapevines, mainly open-pollinated Vitis californica, (Bahder et al. 2016,
Perry et al. 2016), even at a considerable distance from commercial vineyards. Among the many insect species
found in commercial vineyards with red blotch disease, the three-cornered alfalfa hopper (Spissistilus festinus;
3CAH) was found capable of transmitting grapevine red blotch virus (GRBV) under laboratory conditions by
Bahder et al. (2016). Subsequently, other treehoppers of the genus Tortistilus were observed feeding on
grapevines with red blotch disease in California, Southern Oregon, and the Willamette Valley (Zalom and
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Sudarshana, unpublished; Walton, unpublished), but the status of these species as GRBV vectors is not known.
Although some aspects of 3CAH biology is mentioned in the scientific literature, the majority of this information
comes from annual cropping systems where it is considered to be a pest of leguminous crops such as soybeans,
peanuts, and of course, alfalfa. The biology of 3CAH and more especially the other treehoppers in vineyards is
little known. A better understanding of their seasonal biology in and around vineyards and their role in virus
transmission is essential for developing management guidelines to prevent spread of red blotch disease within
vineyards and to uninfected vines. This research began in 2016 with grant funding from the CDFA Specialty
Crops Block Grant Program (Sudarshana and Zalom), USDA Agricultural Research Service National Program
funds (Sudarshana), and American Vineyard Foundation (Daane), all of which ended in June 2016. We finally
received funding for this grant from the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board on
October 10 due to complications in contracting between UC and CDFA. However, we pursued many elements of
the proposed research initiated prior to July 2017 in anticipation of receiving the funds so some of the results
reported hereafter chronologically precede the initiation of this grant.

OBJECTIVES
The long-term objectives of this proposed study address a better understanding of the ecology and epidemiology
of GRBV in California vineyards so that appropriate measures for preventing infection and spread of red blotch
disease can be developed. The primary goal is to document the prevalence of treehoppers, focusing on 3CAH and
Tortistilus species, in California vineyards and the surrounding landscape, and to understand their role in the
spread of GRBV between grapevines and regionally.

The specific objectives of this project are:
1. Monitor the population dynamics of 3CAH in vineyards and surrounding landscapes over the season.
2. Conduct GRBV transmission studies using treehoppers collected from vineyards with red blotch disease, and

detect GRBV in the salivary glands of insects collected. Monitor field transmission by 3CAH.
3. Determine the transmission efficiency of 3CAH to identify virus acquisition periods and persistence in the

insect.
4. Evaluate the role of cover crops on the 3CAH in vineyards.
5. Determine the status of common weed and cover crops as feeding and reproductive hosts for 3CAH.

RESULTS AND DISCUSSION
Objective 1. Monitor the Population Dynamics of 3CAH in Vineyards and Surrounding Landscapes Over
the Season
This objective was addressed by both the Zalom and Sudarshana labs at UC Davis, and by the Daane Lab at UC
Berkeley.

In the study by the Zalom and Sudarshana labs and primarily conducted by Ph.D. student Cindy Preto, ground
cover located in and around a 53-row Cabernet Sauvignon block at the UC Davis Oakville Research Station and
the perimeter of the reservoir pond at that site was sampled weekly by sweep net since March 2016. The vineyard
block consists of 53 rows. All odd-numbered rows were tilled late March and were therefore not sampled. Each
even-numbered row was subdivided corresponding to the six proximal vines on each row border and the middle
18 vines, and ground cover within these areas was sampled separately for treehopper adults and nymphs, and
adults were sexed. Sampling will continue through March 2018 when the vineyard is scheduled for removal due
to increasing red blotch disease incidence. The first 3CAH adult collected for the current season was on
February 15, 2017. We now believe that this marks the return of the overwintering generation to the vineyard.
Bud break occurred on April 6, seven weeks after the first 3CAH adult was found in the vineyard. The first
nymphs were collected on May 23, coinciding with an increase in adult 3CAH captures (Figure 1) and the
phenological marker of bloom. Increase in captures of later-instar nymphs increased in concert with adult
captures, and we posit that this indicates the first in-field generation of 3CAH. Subsequent 3CAH generations
overlap one another. Veraison was noted on August 3 and vineyard weeds, which constitute the ground cover
sampled at Oakville, started to noticeably dry by August 10, corresponding with a drop in adult 3CAH. The weeds
in the vineyard and surrounding the irrigation pond were mowed by August 31 and no 3CAH adults were
collected from ground cover thereafter. Vineyard floor weeds have not regrown since mowing, probably due to
lack of rain.
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Figure 1. Weekly sweep net sampling of vineyard ground cover for 3CAH at Oakville in 2017.

Salivary glands were extracted from the 3CAH collected at the Oakville vineyard to test for presence of GRBV
biweekly beginning March 3, 2017, just prior to bud break. A total of 96 usable samples were collected. Salivary
glands from 3CAH reared from eggs were dissected on each collection date, and served as negative controls. The
salivary glands were removed, placed in 180 uL ATL and 20 uL proteinase K incubated four hours at 56oC, and
are currently stored in a -80oC freezer at UC Davis awaiting GRBV detection (Figure 2).

Figure 2. 3CAH salivary gland dissections showing salivary glands within head capsule (left) and
removed from head capsule (right).

In a related study conducted by Houston Wilson of the Daane lab, changes in 3CAH populations and crop damage
along transects that extend out from natural habitats into vineyards were evaluated at approximately two-week
intervals between March and October 2017 using a combination of yellow sticky traps, sweep-nets, and beat-sheet
sampling. Field sites consisted of vineyard blocks >2 acres in size adjacent to riparian and/or oak woodland
habitat located in Napa and Sonoma counties. At each site, insects were sampled along five parallel transects
(positioned 20 meters apart) that extended out from the riparian or oak woodland habitat (i.e. “natural habitat”)
into the vineyard. Each transect was 160 meters long – going 10 meters into the natural habitat and 150 meters
into the vineyard. Along each transect samples were taken at the interior of the natural habitat (10 meters into the
habitat) as well as at the edge and interior of the vineyard (10 and 150 meters into the vineyard, respectively).
There were five total study sites in all, and all vineyard blocks were red varietals that were at least five years old
and located on level ground with similar trellis and irrigation systems. All plots were maintained insecticide free
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throughout the course of the study. Two yellow sticky traps (16 x 10 cm, Seabright Laboratories, Emeryville, CA)
were placed at each transect point in the vine canopy and on the drip irrigation line at ~ 0.3 meters above the soil
surface. In the natural habitat, two sticky traps were hung from a pole at each transect point at a height above the
ground surface equivalent to those in the vineyard. On each sampling date, proportion of ground cover to bare soil
was recorded along with species composition and ground cover status. At each transect point, a set of 30 sweep
net samples were used to sample the ground cover. A modified beat-sheet was used at each transect point to
sample the canopy of grapevines (in the vineyard) and non-crop species (in the natural habitat). The beat-sheet
consisted of a one meter2 nylon funnel that fed into a detachable one gallon plastic bag. For each sample, the
funnel was held beneath the canopy while vigorously shaking the plant (or vine) for 30 seconds in order to
dislodge insects into the funnel and plastic collection bag.

Each month, vines along each vineyard transect point were evaluated for signs of 3CAH feeding damage (i.e.
girdling of leaf petioles). At each vineyard transect point, one cane from each of 10 randomly selected vines was
visually inspected for leaf girdling. Total leaf nodes and leaf girdles per cane were recorded for each vine. Petiole
girdling became apparent in August 2017 with a higher proportion of girdles located at the vineyard interior. This
increase in girdling in August follows increased 3CAH densities observed in the vine canopy between June and
August.

Preliminary findings indicate that 3CAH activity showed a strong temporal trend, with densities generally
increased between June and August along with some activity observed in March (Figure 3). While there was no
clear gradient of 3CAH activity across the transect points, densities on the yellow sticky traps were slightly
elevated in natural habitats in early June just prior to increases observed in the vine canopy at both the vineyard
edge and interior in the following round of sampling (Figures 3c and 3d). Comparing the different sampling
techniques for 3CAH from the vine canopy and natural habitat, the highest 3CAH densities were recorded on
yellow sticky traps, followed by sweep-nets and beat sheets. Changes in 3CAH densities between the ground
covers and vine canopy were not always clearly reflected in the data. While densities in the vine canopy did
increase as the proportion of healthy/green ground covers diminished (Figure 4a), some 3CAH could still be
found on the little bit of ground cover that remained later in the season (Figure 4b). Surprisingly, these late
season 3CAH adults were most frequently encountered on ground covers in the vineyard interior (Figure 3b).

Changes in 3CAH densities along these transects may provide evidence of seasonal movement of the insect
between natural habitats and vineyards, while differences in 3CAH abundance on ground covers and in the crop
canopy, along with petiole girdling, may indicate the timing of vine colonization and feeding.

Figure 3. 3CAH densities sampled along the transect using (3a) beat sheet in the vine canopy or perennial
vegetation canopy; (3b) sweep-net on ground covers; (3c) yellow sticky traps in the vine canopy or at vine
canopy height; and (3d) yellow sticky traps at ground cover height (~ 0.3 meters).



- 264 -

Figure 4. 3CAH densities in the vine canopy increased as the proportion of healthy/green ground covers
diminished (4a), although some 3CAH persisted on ground covers late into the season (4b).

Objective 2. Conduct GRBV Transmission Studies Using Treehoppers Collected from Vineyards with Red
Blotch Disease, and Detect GRBV in the Salivary Glands of Insects Collected. Monitor Field Transmission
by 3CAH
Michael Bollinger of the Zalom lab at UC Davis has been collecting Tortistilus treehoppers in Napa and Sonoma
County vineyards where GRBV has been occurring since May 2016, when we became aware of a large
population of adults present and actively feeding on grapevines, but we have been unable to establish a
reproducing colony in the laboratory. We attempted GRBV greenhouse transmission studies with field-collected
‘horned’ and ‘unhorned’ Tortistilus during 2016 that have yet to confirm transmission by quantitative polymerase
chain reaction (qPCR). A larger study was initiated on May 24, 2017, when a very large population of wild
Tortistilus was found feeding on vines in a Pope Valley vineyard. Tortistilus collected on that date and for several
weeks thereafter were separated into ‘horned’ and ‘unhorned’ morphs, and individuals of each were placed onto
qPCR GRBV confirmed positive Ghv-24-392 (clade II) and onto Ghv-32-377 (clade I) Cabernet Sauvignon
source vines. qPCR confirmed test healthy Ghv-37 Cabernet Sauvignon source vines served as a negative control.
Transmission was attempted both by placing individuals of both morphs that had fed on GRBV infected source
vines into clip cages on the uninfected vines or in large cages containing eight uninfected vines and 20 male and
20 female Tortistilus of each morph. qPCR analysis of these plants will begin shortly. Also, in order to test
acquisition in a more natural environment, field captured Tortistilus collected on May 30, 2017 were placed inside
cages wrapped around separate qPCR confirmed positive and negative Cabernet Sauvignon field vines located at
the Pope Valley vineyard and similarly on qPCR GRBV confirmed wild grapevine located in the vicinity for an
acquisition access period of six days, then transferred to qPCR confirmed healthy Cabernet Sauvignon recipient
vines and allowed an inoculation access period of six days. The GRBV testing of these plants will begin at about
five months post-inoculation. All qPCR testing for these studies is being done by the Sudarshana lab at UC Davis.

All Tortistilus removed from the grapevines post-inoculation were placed inside 1.5 ml tubes filled with 95%
ethanol for salivary gland removal and GRBV testing. Salivary glands from Tortistilus collected from the test
positive Cabernet Sauvignon in the field have not yet been tested for presence of the virus, but 15 salivary glands
removed and ran from the test positive wild grapevine have been tested with only one of the 15 testing positive.
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At three intervals during summer and fall 2016, ten adult 3CAH that were allowed to feed on clade 1 or clade 2
GRBV infected vines for at least three days were caged on each of five virus free Cabernet Sauvignon grapevines
that had been planted on the UC Davis Plant Pathology Field Station in 2015 by the Sudarshana lab (Figure 5, left
photo). Testing of these vines for GRBV presence during 2017 had not documented transmission to date, but
testing will continue through 2018. We have also been monitoring the vines for 3CAH girdles during 2016 and
2017, and many girdles were found in the planting. If transmission was successful from the caged inoculation
attempts during 2016, we anticipate that this site will provide a controlled model for studying details of GRBV
spread.

Figure 5. Cabernet Sauvignon grapevines on Freedom planted in 2015 at the UC Davis Plant Pathology
Field Station.  Above left: Caged grapevines for 3CAH release. Above right: Grapevines showing
treehopper feeding damage with girdled shoots that turned red.

Objective 3. Determine the Transmission Efficiency of 3CAH to Identify Virus Acquisition Periods and
Persistence in the Insect
Studies related to this objective have not yet been initiated.

Objective 4. Evaluate the Role of Cover Crops on the 3CAHs in Vineyards
In 2016-17, common cover crops were planted in replicated plots at three vineyard locations by Ph.D. student
Cindy Preto of the Zalom lab at UC Davis, and sampled by sweep net for presence of treehoppers. Figure 6
shows an example of a grass (left) and legume (right) cover crop replicate at one of the sites. In 2017-18, we will
compare overwintering success of 3CAH on five cover crops, bell beans, Magnus peas, blando brome, California
red oats, mustard, and unplanted resident. Each type of ground cover vegetation will be replicated four times in a
randomized block design at the Armstrong Tract D2 block located south of Davis, and were planted on October
24, 2017. In January 2018, three plants in each replicate (12 plants per variety) will be caged with three male and
three female 3CAH, and this will be repeated in February and March. Destructive sampling of all caged plants
will take place in April, documenting girdling, oviposition, nymphs, and adults (alive and dead).

Objective 5. Determine the Status of Common Weed and Cover Crops as Feeding and Reproductive Hosts
for 3CAH
Feeding and reproductive weed and cover crop hosts of 3CAH were determined in the greenhouse in a series of
no-choice experiments that began in late 2016 and are still in progress. This study is part of the dissertation
research of Cindy Preto in the Zalom lab at UC Davis. Three female and three male 3CAH were caged onto
individual pots of weeds or cover crops (Figure 7). The cages were opened weekly for four weeks to determine
adult survival, girdling, oviposition, and nymph emergence. Purple vetch was used as a positive standard in each
run of the no choice experiment because of our previous laboratory and field observations of successful feeding
and oviposition. The common vineyard weeds evaluated as feeding and reproductive hosts of 3CAH to date are
presented in Table 1. The common cover crops that have been evaluated to date or are currently being evaluated
for status as feeding or reproductive hosts are presented in Table 2. The relative reproductive success of 3CAH on
each host will be compared to its success on purple vetch at the conclusion of all no choice tests.
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Figure 6. A grass (left) and legume (right) cover crop plot from our winter 2016-17 study.

Figure 7. Weeds and cover crops caged with 3CAH in a greenhouse study at UC Davis.

Table 1. Status of common vineyard weeds as feeding and reproductive hosts for 3CAH
in a laboratory study.

Weeds as Feeding and Reproductive Hosts
Host Non-host
Spanish Clover *Wild Carrot
Birdsfoot Trefoil Bermuda Grass
Field Bindweed Sharppoint Fluvellin
Dandelion Buckhorn Plantain
Common Groundsel *Kentucky Bluegrass
*Feeding host only
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Table 2. Status of common vineyard weeds as feeding and reproductive hosts for 3CAH
in a laboratory study, and cover crops being evaluated at present..

Cover Crop as Feeding and Reproductive Hosts
Host Non-host Current study
Crimson clover Mustard Zorro fescue
Purple vetch CA red oats Red fescue
Bell beans Annual ryegrass
Magnus peas Merced rye
Blando brome Barley
Subterranean clover Daikon radish
Woollypod vetch
Black medick

In an effort to evaluate preference of 3CAH to confirmed reproductive cover crop and weed reproductive hosts
when presented a choice, three groups of five plants containing four known reproductive hosts from the
completed no-choice experiment will be randomly arranged in a large dome-shaped cage in the greenhouse and
replicated three times (Table 3). Purple vetch will be included in each evaluation as a standard. Ten male and ten
female 3CAH will be released into each cage and allowed to freely feed and oviposit. All adults will be removed
from the cages after one week. Nymphs will be counted and collected from individual plants on weeks two and
three. Destructive sampling of all plants and collection of nymphs will be conducted at week four. The four plant
varieties with the most 3CAH nymphs collected from the first run of the experiment, plus the purple vetch
standard, will be evaluated again in a subsequent repetition of the experiment.

Table 3. Cover crops and weeds identified as reproductive hosts of 3CAH that will be compared
in an anticipated preference study.

Group One Cover Crops Group Two Cover Crops Group Three Weeds
Purple vetch Purple vetch Purple vetch
Black medick Blando brome Field bindweed
Dutch white clover Crimson clover Spanish clover
Subterranean clover Bell beans Birdsfoot trefoil
Woollypod vetch Magnus peas Dandelion

CONCLUSIONS
This newly-funded project is intended to address important gaps in the knowledge of the transmission and spread
of GRBV in California vineyards that were identified in our earlier studies. Members of our team confirmed
transmission of the virus by 3CAH, and this current project hopes to confirm transmission in the field as well as
details of the transmission process. Observations by our team and researchers at Oregon State University suggest
that other treehopper species may also transmit the virus, but transmission has not been confirmed to date. This is
being addressed by our project as well. Studies on alternate feeding and reproductive hosts of 3CAH in the
greenhouse and field that were initiated in the last year will be completed as a result of this project. This
information will be directly applicable to management of red blotch disease in California vineyards.
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ABSTRACT
Resistant cultivars of agricultural crops are integral to sustainable integrated disease management strategies. Our
previous work indicated that grapevines expressing the PdR1 gene exhibit resistance against Xylella fastidiosa
(Xf), and are likely to slow the spread of Xf among vineyards. In the current project, we are testing the generality
of our previous results, by testing multiple PdR1 resistant and susceptible genotypes in our vector transmission
experiments and integrating greater biological detail into our epidemic modeling work. Our preliminary
experimental results suggest that vector transmission from PdR1 grapevines follows our theoretical predictions
and exhibits non-linear dynamics. Specifically, while PdR1 resistant grapevines provide promising resistance,
under some conditions, we see greater transmission rates from PdR1 resistant vines than from susceptible vines.
This may be caused by an interaction between the resistance trait and vector feeding preference. These results,
while preliminary, complicate integration of PdR1 grapevines into Pierce’s disease management strategies for
growers. Moreover, growers may be able to benefit from PdR1 resistant cultivars without planting all of their
acreage to them. We are exploring tradeoffs between disease resistance and economic profit of PdR1 plants
through bio-economic modeling, with the ultimate goal of developing management recommendations for the
optimal planting of PdR1 grapevines. Finally, our modeling efforts rely on assumptions on insect vector dispersal
within and among vineyards, yet our knowledge of sharpshooter dispersal has been limited by the difficulty of
experimentally measuring dispersal. We will use large spatio-temporal data sets of vector abundance - for both
blue-green sharpshooter (Graphocephala atropunctata) and glassy-winged sharpshooter (Homalodisca
vitripennis) - and hierarchical statistical models to estimate dispersal directly from field data. Taken together, our
project will provide clearer recommendations for disease management strategies using PdR1 and related resistant
grapevines.

LAYPERSON SUMMARY
Sustainable management of Pierce’s disease will rely on developing grape cultivars that are resistant to Xylella
fastidiosa (Xf). Our research confirms previous findings that PdR1 grapevines are partially resistant to Xf
colonization. While deployment of PdR1 traits represent a promising management strategy, they will have to be
deployed as part of an integrated management strategy, involving additional actions to slow the spread of Xf
within and among vineyards. Moreover, growers may be able to benefit from PdR1 resistant cultivars without
planting all of their acreage to them. Our work is integrating biological information about how Xf spreads within a
vineyard with economic scenarios on how grower profits may be impacted by growing PdR1 grapevines. Our
work will provide growers with recommendations on the optimal mixtures of PdR1 resistant and susceptible
grapevines for effective disease management, based on particular environmental conditions.

INTRODUCTION
Resistance against pathogens in agricultural crops is one of the more successful strategies to effectively manage
agricultural diseases (Mundt, 2002). This includes vector-borne pathogens. Though insecticide suppression of
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vectors is a common practice, previous research has called into question the efficacy of insecticides and
highlighted the risks of evolved resistance against them (Perring et al., 2001; Erlanger et al., 2008).

However, while plant resistance traits are often effective at suppressing pathogen spread, this is certainly not the
case with tolerance traits. Where resistance traits alleviate disease symptoms by reducing pathogen burden,
tolerance traits alleviate symptoms with negligible effects on pathogen burden (Roy and Kirchner, 2000). For
vector-borne pathogens, the influence of resistance traits vs. tolerance traits on pathogen spread and disease
prevalence can differ dramatically (Zeilinger and Daugherty, 2014; Cronin et al., 2014). Introducing resistance
traits into a host population will generally reduce pathogen spread, whereas tolerance traits can have the opposite
effect. Specifically, when vectors of a pathogen avoid feeding on diseased (i.e., symptomatic) hosts, introducing
tolerant hosts will enhance pathogen spread (Zeilinger and Daugherty, 2014). Because the primary sharpshooter
vectors of Xf in California – blue-green sharpshooter (Graphocephala atropunctata; BGSS) and glassy-winged
sharpshooter (Homalodisca vitripennis) - avoid feeding on Pierce’s disease symptomatic plants (Daugherty et al.,
2011), tolerance traits in grapevines could increase the risk of Xf spread within and among vineyards.

Ongoing efforts to identify resistance to Xf in native Vitis spp. has resulted in hybrid plants that express the PdR1
locus (Walker and Tenscher, 2016). These hybrid vines do not suffer from Pierce’s disease symptoms to the same
extent of susceptible lines (Krivanek and Walker, 2005; Krivanek et al., 2006). Furthermore, from our previous
results, PdR1 resistant grapevines appear to reduce insect vector transmission rates. As such, they are likely to
reduce spread of Xf within and among vineyards.

OBJECTIVES
The overall goal of this project is to assess the epidemiological consequences of managing Pierce’s disease with
resistant grapevines expressing the PdR1 locus (Walker and Tenscher, 2016). Specifically, we ask, under what
ecological conditions and spatial arrangements will the use of PdR1 vines reduce Xf spread and maximize
economic benefits to growers? The research consists of three objectives:
1. Test the effects of PdR1 resistant plants on vector feeding preference and transmission of Xf.
2. Model the optimal mixture of PdR1 and susceptible grapevines to reduce Xf spread and maximize economic

return.
3. Estimate dispersal of insect vectors from field population data.

RESULTS AND DISCUSSION
Objective 1. Test the Effects of PdR1 Resistant Plants on Vector Feeding Preference and Transmission of
Xf
In 2017, we investigated the interplay between vector feeding preference and transmission of Xf from PdR1
resistant and susceptible grapevine genotypes. We inoculated two PdR1 resistant genotypes (labeled 094 and 102)
and two susceptible genotypes (007 and 092) with Xf STL strain. At 2, 5, 8, and 14 weeks post-inoculation, we
introduced eight BGSS into a cage with one inoculated plant (from one of the four genotypes) and one Xylella-
free test plant, of either susceptible genotype. We included eight replicates of each combination of week since
inoculation and genotype, and each replicate was independent - using different plants and vectors in each trial. We
recorded which plant the vectors were feeding on at regular intervals over a four-day period, estimated Xylella
populations in the source plants using culturing, assessed Pierce’s disease symptoms in the source plants, and
assessed transmission by culturing from Xylella-free test plants three months after the trials. We are in the process
of estimating Xylella populations in vectors using quantitative polymerase chain reaction (qPCR.)

We estimated attraction rates and leaving rates of the BGSS by fitting data collected on the number of insects on
each plant to the Consumer Movement Model described in Zeilinger et al. (2014). We used generalized linear
models with quasi-Poisson or Poisson link functions to test for differences in genotypes and time since
inoculation (2, 5, 8, and 14 weeks) in Xf populations in source plants, Xf populations in vectors, and in Pierce’s
disease symptom severity. For Pierce’s disease symptom severity, we used the index described in Guilhabert and
Kirkpatrick (2005). To test for differences in the percent of test plants infected with Xf, we combined data for the
resistant genotypes and the susceptible genotypes then fit these data to multiple linear and non-linear ecological
models.
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Linear model: 𝑦𝑦 = 𝑎𝑎𝑎𝑎 + 𝑏𝑏

Ricker: 𝑦𝑦 = 𝑎𝑎𝑎𝑎𝑒𝑒−𝑏𝑏𝑏𝑏

Holling Type IV: 𝑦𝑦 = 𝑎𝑎𝑏𝑏2

𝑏𝑏+𝑐𝑐𝑏𝑏+𝑏𝑏2

Logistic growth: 𝑦𝑦 = 1
1+𝑒𝑒−(𝑎𝑎+𝑏𝑏𝑏𝑏)

Michaelis-Menten: 𝑦𝑦 = 𝑎𝑎𝑏𝑏
𝑏𝑏+𝑏𝑏

In these equations, y is the proportion of test plants infected, x is the weeks post-inoculation, and a, b, and c are
model-specific parameters. The non-linear models were selected based on a priori hypotheses on the dynamics of
infection in our experiment. The Ricker and Holling Type IV models exhibit a unimodal or “humped” functional
response, whereas the Logistic Growth and Michaelis-Menten models exhibit an asymptotic or saturating
functional response (Bolker, 2008). The model that fit the data best was selected for the PdR1 resistant and
susceptible genotypes separately using Aikake’s Information Criterion corrected for small sample size (AICc).

BGSS vectors showed significant preference for Xylella-free test plants compared to inoculated susceptible plants
(007 and 092 genotypes) at 14 weeks post-inoculation. Likewise, BGSS vectors showed a preference for Xylella-
free test plants at eight weeks post-inoculation (Figure 1). Both of the susceptible genotypes exhibited
deteriorating Pierce’s disease symptoms over time and were significantly worse than the resistant genotypes
(Figure 2A; week x genotype interaction: F3, 102 = 9.83, P < 0.0001). For population sizes of Xf in the inoculated
source plants, the two susceptible genotypes had significantly greater populations than the resistant genotypes
(Figure 2B, F3, 115 = 23.70, P < 0.0001) and populations increased over time across genotypes (F1, 115 = 4.92, P <
0.03). To date, we have assayed, using qPCR, 610 out of 917 total BGSS recovered from our experiment for Xf
infection. Preliminarily, the proportion of vectors in each trial that acquired Xf increased over time; vector
acquisition also appears to be greater from susceptible genotypes than resistant genotypes (Figure 2C).
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The proportion of Xylella-free test plants that became infected exhibit clear non-linear dynamics over time post-
inoculation (Figure 2D). The best model for the resistant genotypes was the Holling Type IV whereas the best
model for the susceptible genotypes was the Ricker model, suggesting significant differences in the transmission
dynamics between the resistant and susceptible genotypes (Table 1). These models suggest distinct biological
processes underlying these dynamics, which we are exploring using additional modeling.
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Table 1. Results from model selection for transmission dynamics. The model that bests fits the
data has the lowest ∆AICc value. df = degrees of freedom (i.e., number of parameters).

Model AICc ∆AICc df
Resistant genotypes

Holling Type IV 17.0 0 3
Linear 19.9 2.9 2
Ricker 19.9 2.9 2
Michaelis-Menten 20.1 3.1 2
Logistic Growth 22.5 5.6 2

Susceptible genotypes
Ricker 16.4 0 2
Michaelis-Menten 17.0 0.6 2
Linear 17.9 1.6 2
Logistic Growth 18.0 1.7 2
Holling Type IV 18.7 2.3 3

Objective 2. Model the Optimal Mixture of PdR1 and Susceptible Grapevines to Reduce Xf Spread and
Maximize Economic Return
We have built a preliminary economic extension to our vector-susceptible-infected (SI) epidemic model,
described in our proposal. We have included Box 1 from our proposal, which describes the epidemic model that
we previously developed.

We consider a scenario where two vineyards are grown adjacent to each other - one composed of a grape cultivar
susceptible to Pierce’s disease, Patch 1, and another composed of PdR1 resistant grapevines, Patch 2. Then we
can define the state variables in Box 1 for each patch, such that Sj, Ej, HC,j, and HI,j, where j = 1, 2, to represent
hosts in either Patch 1 or Patch 2, respectively.

For the preliminary economic model, we followed the framework of Macpherson et al. (2017) and assumed that
yield is proportional to the density of healthy or asymptomatic hosts at harvest time (t = τ). In our epidemic model
(Box 1), hosts in the compartments Sj, Ej, and HC,j are healthy, whereas hosts in HI,j are diseased. Then total yield,
Y, is defined as:

𝑌𝑌 = 𝑐𝑐1𝑀𝑀1(𝑡𝑡 = 𝜏𝜏) + +𝑐𝑐2𝑀𝑀2(𝑡𝑡 = 𝜏𝜏)

where Mj = Sj + Ej + HC,j and represents the total density of healthy hosts. The parameters cj modulate the relative
value of the two cultivars. For instance, if the resistant cultivar has a lower value per unit of harvested grapes,
then we set c2 < c1. We set τ = 500 to ensure that the epidemic model dynamics reach equilibrium. In addition, as
a first approximation, we assume that all healthy hosts produce the same yield and all diseased hosts produce no
yield.

We first explored the sensitivity of our bioeconomic model to variation in economic value of resistant grapevines
and the area planted to resistant grapevines. We varied the value of the c2 parameter between 0.01 and 10, while
setting c1 = 1 constant. For the epidemic model parameters, we used the mean values from our 2016 experimental
results, as described in Box 1. Given our epidemic model parameters, the value of grapes from the resistant
cultivar has a strong effect on total yield, indicating that yield from the susceptible patch is relatively poor and
unimportant (Figure 3A). Unsurprisingly then, there is much higher yield when the resistant patch is larger.

In the initial simulation, we used epidemic parameter estimates from our experimental results. We also sought to
explore the effects of uncertainty in the parameter estimates. Again, increasing the area planted to PdR1 resistant
grapevines increases the total expected yield (Figure 3B). At the same time, we see a large amount of uncertainty
in the results as well, with a slight increasing in the 95% confidence intervals with increasing area planted to
resistant grapevines.
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Figure 3. (A) Contour plot showing the expected total yield from varying the area of the Resistant patch
(relative to the Susceptible patch area), and the relative value of grapes from the Resistant cultivar (c2).
Note that we varied c2 from 0.01 to 10 and log10 transformed the y-axis. The colors indicate total yield, Y.
(B) Median expected total yield (solid line) increases with increasing area planted to Resistant grapevines,
but so too does uncertainty increase (95% confidence intervals, dashed lines). Confidence intervals were
calculated from 600 Monte Carlo simulations of epidemic parameter values derived from our PdR1
transmission experimental results. For these simulations, c1 = 1, c2 = 0.1.

Overall, our preliminary economic analysis suggests that planting PdR1 resistant grapevines at high densities
would be the most economically efficient strategy under epidemiological conditions measured in our 2016
experiments (data not shown). Our next steps will be to simulate economic outcomes from our 2017 experimental
results (above), which appear more robust than our 2016 experiment.

We are also exploring different mathematical forms of transmission of Xf within the model. Our model in Box 1
assumes a frequency-dependent form of transmission. Preliminary explorations of alternative forms of
transmission suggest that the economic outcome may be quite different. Specifically, if we use a density-
dependent form of transmission instead, a mixture of PdR1 resistant and susceptible grapevines appears to
produce the greatest economic return (results not shown). We are working to assess the robustness of these results
and explore the effects of additional epidemiological and economic aspects of the model.

Objective 3. Estimate Dispersal of Insect Vectors from Field Population Data
Work on Objective 3 is ongoing and will be informed by results in Objectives 1 and 2. There are no results to
report at this time.

CONCLUSIONS
Overall, our results confirm previous work in that PdR1 resistant plants exhibit partial resistance to Xf, resulting in
reduced bacterial populations and reduced Pierce’s disease symptom severity. However, because Xf is able to
reach moderate population sizes in resistant plants, there is still significant vector transmission from these plants.
Importantly, because of reduced symptom severity and vector feeding preference for healthy grapevines,
transmission dynamics are complex - transmission from resistant plants can be worse under some conditions (e.g.,
eight weeks post-inoculation within our experiments). These results suggest that there may be a window of time -
during disease progression - where PdR1 grapevines could act as reservoir hosts, amplifying vector transmission.

A critical question remains, under what ecological conditions, and for how long, could PdR1 vines amplify
transmission? We are working to address this question through epidemiological modeling (Box 1). We also are
working to describe conditions under which different mixtures of PdR1 resistant and susceptible grapevines
would maximize economic return for growers. While there is some concern that PdR1 vines could enhance Xf

A

B
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spread in the field, our results suggest that these partially resistant vines hold promise to greatly improve Pierce’s
disease management. The key question remains to develop strategies to optimize their use in vineyards.
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ABSTRACT
In this report we summarize recent activities in this project. We show that the Xylella fastidiosa (Xf) infection rate
of the blue-green sharpshooter (Graphocephala atropunctata) in Napa/Sonoma populations fluctuates during the
year, being higher in late fall/winter. A population genomics study indicated that California grape-growing
regions have genetically distinct populations of Xf, although the biological meaning of these findings remains to
be determined. A data mining effort led to a publication demonstrating that severe pruning of Pierce’s disease-
infected plants does not lead to healthy plants. Finally, data on the biology of the meadow spittlebug (Philaenus
spumarius), a vector of Xf commonly found in northern California vineyards, is presented.

LAYPERSON SUMMARY
A Pierce’s disease (PD) epidemic emerged in Napa and Sonoma Counties. Very high PD prevalence was reported
throughout the region, with a large number of stakeholders reaching out to University of California Cooperative
Extension Farm Advisors. In the summer of 2015 the project team held a series of joint meetings/field visits with
the Farm Advisors. Two observations have been made that raised our concern about the problem. First, high
prevalence of PD in the North Coast is usually below 1-2% per vineyard, but several vineyards surveyed had over
25% of vines symptomatic. Second, historically, PD is closely associated with riparian zones in the North Coast,
but we have visited several vineyards where PD does not appear to be associated with riparian zones. We have
observed these greater rates of disease incidence and dissociation with riparian areas throughout Napa and
Sonoma Counties - they are not district specific. The goal of this project is to determine what factors are driving
this epidemic, so that ecology-based disease management strategies can be devised and immediately
implemented, as was successfully done in the past when disease drivers appear to have been different.

INTRODUCTION
Pierce’s disease (PD) of grapevine has reemerged in Napa and Sonoma Counties, where disease incidence has
been much higher than usual and the distribution of sick vines within vineyards often does not fall within
expectations. These field observations, taken together with the very high number of vineyards affected in the
region, indicate that a PD epidemic is emerging. The goal of this project is to determine what factors are driving
this epidemic, so that ecology-based disease management strategies can be devised and immediately
implemented, as was successfully done in the past when disease drivers appear to have been different. In this
report we summarize progress made recently, covering some but not all objectives of this project.
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OBJECTIVES
1. Vector, pathogen, and host community surveys to inform the development of a quantitative model to assess

future PD risk and develop integrated management strategies.
2. Xylella fastidiosa (Xf) colonization of grapevines and the role of overwinter recovery in PD epidemiology.
3. Determine the role of spittlebug insects as vectors of Xf.
4. Data mine and disseminate existing information on vector ecology, vegetation management, and efficacy of

pruning.
5. Develop a larger extension and outreach footprint with additional seminars, extended interviews made

available on the web, and an update to the Xf website, the main online resource for PD information.

RESULTS AND DISCUSSION
We provide a summary of work that has been performed, as well as novel preliminary data when available. This
section is not a complete summary of all activities; please refer to previous reports or contact the Principal
Investigator or Cooperators for additional information. For example, in Objective 1 we report on the most recent
data we have, which has not been included in previous reports, and provide the first estimates of the Xf infection
rate of blue-green sharpshooter (Graphocephala atropunctata; BGSS) for Napa and Sonoma Counties. On the
other hand, we do not report on BGSS populations.

Objective 1. PD Patterns
As part of Objective 1, we have now conducted two years of PD surveys in 32 vineyards throughout Napa and
Sonoma Counties, in the fall of 2016 and again in the fall of 2017. As a first step toward understanding the
condition changes that may have triggered the recent PD epidemic in the North Coast, we have initiated a set of
spatial analyses to describe the patterns of disease at each site at the outset of the study. Here, we summarize the
results of those analyses for four representative vineyards in the fall of 2016 (Figure 1). Two sites are located in
Napa County (“CDV” and “TREF”), have no nearby riparian habitat, and were estimated to have less than 5% PD
(Table 1). Two other sites located in Sonoma County (“NEWS” and “V7”) are adjacent to riparian corridors, with
PD prevalence ranging between approximately 8 and 20% (Table 1).

Figure 1. Mapping results for PD at four representative sites in the fall of 2016. Red pixels denote vines
with PD, yellow are dead, missing, or replant vines, and green denotes apparently healthy vines. Sites (L to
R) are: CDV, TREF, NEWS, V7. Maps are on the same approximate scale, but each is oriented arbitrarily.
For NEWS and V7, riparian habitat is located to the left and above, respectively.
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In the fall of 2016 we surveyed all of the vineyards, inspected each vine in the block, noted the status of each vine
as apparently healthy, PD, dead, replant, or missing, and collected tissue samples from up to 20 PD vines to
confirm infection by Xf. The mapped distributions of initial disease prevalence were then subjected to a suite of
analyses to look for (1) non-random distribution (i.e., clustering) of PD cases, (2) spatial association between PD
cases and other non-healthy disease categories (i.e., dead, missing, or replant vines), and (3) non-uniform
distribution of PD cases over the block (i.e., anisotropic gradients in disease).

For the first two analyses, we used a pair of point pattern analyses to look at the strength and scale of clustering in
non-healthy vines (Dale and Fortin, 2014). In the first, we used an L means test on just vines showing evidence of
PD (Brunson and Comber, 2015). The tests were significant for all four of the sites (Table 1). This suggests
significant clustering of PD cases at all sites, though the scale of clustering varied from below five vine spaces for
site TREF to over 15 vine spaces at site NEWS. Next, a similar L means test was used for PD vines versus other
non-healthy vines to look for co-clustering (Brunson and Comber, 2015). This second set of tests indicated
variability among the sites, with three sites showing significant co-clustering while the fourth (TREF) was non-
significant (Table 1). In other words, at the three significant sites (CDV, NEWS, V7), PD vines are more likely to
be found near dead, missing, or replant vines than expected by chance.

Table 1. Summary statistics for PD at four representative sites in the fall of 2016, including whether they
are adjacent to riparian habitat, total number of vines surveyed, percent of vines showing PD symptoms, L
means test for clustering of PD cases, L means test for co-clustering between PD cases and missing, dead,
or replant vines, and test for uniformity in the distribution of PD cases across the vineyard block (i.e., no
disease gradient).

PD clustering Co-clustering Uniformity
Site Riparian # vines % PD u P u P χ2 df P
CDV N 7,406 2.85 144.17 0.01 6.670 0.01 1.0172 2 0.6013
TREF N 2,220 4.68 37.158 0.01 5.050 0.12 1.7144 2 0.4243
NEWS Y 6,608 20.11 256.4 0.01 17.832 0.01 9.6049 2 0.0082
V7 Y 3,355 8.29 107.45 0.01 0.5741 0.01 21.663 2 <0.0001

In the third analysis of PD patterns at each site, we used Guan’s test for uniformity (package spTest() in the R
programming language) (Weller, 2016) to determine whether there were gradients in PD across the vineyard
block. For this test, a significant value (i.e., P<0.05) indicates anisotropy, which was followed up with a
generalized linear mixed-effects model (GLMM) to quantify the nature of that gradient. Specifically, we used a
GLMM binomial error, a fixed effect of distance from potential vector source habitat (i.e., nearby riparian
habitat), and a random effect of vine number nested within row number to account for spatial autocorrelation. The
results of the test for uniformity showed evidence of significant gradients at the two riparian sites, but not the non-
riparian sites (Table 1). For the two riparian sites the likelihood of a vine having PD declined significantly at
greater distances, with most cases within approximately 60 meters of the riparian corridor but with still a handful
of cases at much greater distances (Figure 2).

Vector Natural Infectivity in Napa and Sonoma. As part of our monitoring activities, we regularly collected BGSS
on nearly 400 sticky traps and tested them via quantitative polymerase chain reaction (qPCR) to determine the
fraction that were positive for Xf. Thus far more than 1,800 unique BGSS have been assayed from collections
made at more than 30 vineyard sites between December 2016 and April 2018.

Of the insects tested, overall, approximately 14% (256 of 1,812) were positive for Xf, with a range between sites
of approximately 2% to over 25% (Figure 3). We compared the fraction of samples testing positive in two related
analyses. First, we analyzed the overall differences in infectivity in a GLMM, which included fixed effects of site
type (i.e., sites with riparian habitat nearby vs. non-riparian sites) and trap location (i.e., traps within the vineyard
vs. bordering the vineyard), a random effect of site identity to account for autocorrelation stemming from repeated
measurements made at each site over time, and binomial error. A second GLMM was conducted on just those 11
sites at which there were sufficient samples over the season to estimate an effect of time (month irrespective of
year; as a fixed effect), a fixed effect of trap location, a random effect of site identification to account for
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autocorrelation, and binomial error. In both analyses, model selection (via Akaike Information Criterion [AIC]
rankings) was used to identify the minimum adequate model.

Figure 2. Gradients in PD prevalence as a function of distance from riparian habitat. Sites: left = NEWS,
right = V7. Points reflect proportions of vines with PD of 50-100 vines at different binned distances.
Dashed lines denote model fit.

Figure 3. Overall proportion of BGSS testing positive for Xf between (A) trap locations, and (B) site types.

For the first analysis, the preferred model included only a non-significant effect of trap location (χ2 = 0.782, df =
1, P = 0.3765). Although, overall, the fraction of BGSS collected from traps bordering vineyards (i.e., nearby
riparian habitat or other source habitat) testing positive for Xf was higher than those BGSS collected within
vineyards, the difference was not significant. Similarly, although the overall fraction of BGSS testing positive at
riparian sites was slightly higher than at non-riparian sites, the difference was not significant. These results
suggest that Xf infectivity within BGSS populations is pretty well mixed, at least with respect to these relatively
crude categories of site type and trap location at a site.
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For the second analysis, the preferred model included only a significant effect of time (χ2 = 173.67, df = 11,
P<0.0001). The fraction of BGSS testing positive varied from a low of approximately 1% in May to a high of
50% in November (Figure 4). These results suggest there is substantial variability in BGSS infectivity, with low
infectivity over much of the growing season and far higher infectivity during the late and dormant seasons.

Figure 4. Seasonal variability in the fraction of BGSS testing positive for Xf.

Xf Population Genomics. We also surveyed Xf populations in California to determine if the recent epidemic was
the consequence of a newly virulent strain. Populations from five regions were sampled. Below (Figure 5) is a
phylogenetic tree based on genomic sequences of 122 Xf isolates collected from grapevines expressing PD
symptoms in California. Each point represents one sample; colors represent different regions in the state. Xf
isolates were region specific, with a few exceptions.

Figure 5. Phylogenetic tree based on genomic sequences of 122 Xf isolates collected from grapevines
expressing PD symptoms in California
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Objective 2. Estimating the Importance of Climatic Conditions for Driving PD Incidence
As a first step toward understanding whether climatic conditions in recent years have contributed to the ongoing
PD resurgence in the North Coast, we compared historic data from 11 weather stations from throughout the grape-
growing regions of Napa and Sonoma Counties, which include up to 70 years of data. All else being equal, a lack
of cold conditions over the winter and early spring should contribute to PD incidence, by reducing the fraction of
vines recovering from infection (Feil and Purcell, 2001) and potentially contributing to greater vector population
densities (Gruber and Daugherty, 2012). To address this prediction, we compared historic averages with more
contemporary observed dormant season (i.e., November through April) temperatures between 2011 and 2016,
focusing on two metrics: (1) mean daily minimum temperature and (2) number of days with winter temperatures
below 4.4ᵒC (Lieth et al., 2011).

For each of the 11 sites, we calculated historic averages for both of the temperature metrics, and the
corresponding values for each of the seasons between 2011 and 2016, a span of time that conservatively captures
the onset of the most recent PD epidemic in the North Coast. Next, to facilitate comparisons among sites, the
contemporary year estimates were standardized by dividing by the historic average for that site. Thus, values of
relative daily minimum temperature greater than 1 correspond to a dormant season that is warmer than the historic
average, whereas values of the relative frequency of days with minimum temperatures below 4.4ᵒC of greater than
1 indicate conditions colder than the historic average (Figure 6).

Figure 6. Relative (A) daily minimum temperature and (B) number of days with minimum temperatures
below 4.4ᵒC over the dormant season (November - April) compared to historic averages at 11 sites in Napa
and Sonoma Counties. *Denotes yearly means that are significantly different than the historic average.

Objective 3. Ecology of Spittlebug Vectors
In 2016, 2017, and 2018 we surveyed sites in Napa and Sonoma Counties for nymphs of the meadow spittlebug
(Philaenus spumarius). At the site in Sonoma two vineyards were surveyed, while at the Napa site only one
vineyard was surveyed. Except in cases of extreme weather, the vineyard sites were surveyed biweekly. These
surveys consisted of randomly selecting 10 plots in each vineyard during each sampling period. Each plot
consisted of two vine-rows and one inter-row and had an approximate area of 7 x 15 ft2.

Nymph sampling consisted of randomly tossing six 2 x 2 ft2 quadrats in each plot and collecting all nymphal
spittle masses within each quadrat. Nymphs were removed from spittle masses and individually counted back in
UC Berkeley. Associated nymphal host plants were identified in the field and any unknown host plants were
collected and preserved for identification back at UC Berkeley. For 2017 and 2018, we summarized the most
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common nymphal host plants across all sites by counting the number of survey plots where meadow spittlebug
nymphs were found on a given host plant (Figure 7).
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Figure 7. Number of survey plots with nymphs of the meadow spittlebug present, by most common hosts.

In late March to early April of each field season, biweekly surveys for the adult meadow spittlebugs began at our
two sites in conjunction with observations of this species’ phenological development. In each of the 10 plots, the
two vine-rows and the inter-row were each subjected to 25 sweeps with a sweep net. Additionally, a yellow sticky
trap (Seabright Labs) was hung on the middle trellis wire of each plot’s two vine-rows and checked biweekly
(weather permitting) for captured adults of meadow spittlebug. Below (Figure 8) we present preliminary data that
has not been analyzed.

Objective 4. Data Mining of Unpublished Data
Our efforts for this objective focused on one particular project, which asked if severe pruning of Xf-infected
grapevines would cure plants from infection (Figures 9 and 10). This has remained a major question for vineyard
managers, where the practice is still attempted, primarily because there were no studies available on the topic
demonstrating the fact the concept is likely not viable. A large effort to mine data associated with 20-year old
experimental data led to a publication: Daugherty MP, Almeida RPP, Smith RJ, Weber EA, Purcell AH. 2018.
Severe pruning of infected grapevines has limited efficacy for managing Pierce’s disease. American Journal of
Enology and Viticulture 69:289-294. The conclusion of that work is: “These results suggest that severe pruning
does not clear Xf infection from grapevines to an extent that would justify its adoption for disease management.”

CONCLUSIONS
Information generated in this project is shedding light onto old questions. First, natural infectivity of BGSS
appears to fluctuate during the year, being higher during the winter. Xf infecting grapevines in California is
diverse and geographically structured. Details of the biology of the meadow spittlebug vector are reported,
although the role of this species on PD epidemics remains to be determined. Severe pruning of plants with PD
does not cure plants from Xf infection.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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Sonoma site 1

Sonoma site 2

Napa site 1

Figure 8. Average number of meadow spittlebug adults and spittle masses per plot at three sites in 2016 - 2018.



- 19 -

Figure 9. Return of PD symptoms in severely pruned or control (conventionally pruned) vines from three disease-
severity categories after (A) one year or (B) two years. Each column represents the average proportion of vines with
symptoms, for groups of 101 to 133 vines spread among six vineyard blocks. Error bars denote 95% confidence
intervals.

Figure 10. Return of PD symptoms after severe pruning of vines in the most severe disease category, for
the six vineyard plots. Some plot symbols offset slightly for clarity. Points represent the overall proportion
of vines that showed symptoms for up to 67 replicate severely pruned vines per block.
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ABSTRACT
This project was only recently approved, as such there are no results to present or discuss. Below we summarize
the rationale for this project, as well as its goals.

LAYPERSON SUMMARY
Recent research by our group is aimed at understanding why Pierce’s disease has recently reached historically
high levels of prevalence in the North Coast. It is evident that traditional spatial patterns of Pierce’s disease
distribution in vineyards continue to occur. However, there are also disease distribution patterns that do not follow
expectations. Furthermore, data suggest that there are key components of Pierce’s disease epidemiology that may
have changed over time, leading to the large losses due to Pierce’s disease in recent years. The goal of this project
is to target three specific topics we have identified as the most urgent current knowledge gaps in Pierce’s disease
epidemiology.

OBJECTIVES
This research project has three objectives, which were identified as pressing issues that need to be addressed to
improve our understanding of Pierce’s disease epidemiology.
1. Role of spittlebugs in Pierce’s disease epidemiology.
2. Mathematical modeling of Pierce’s disease spread.
3. Xylella fastidiosa (Xf) population genomics.

Objective 1. Role of Spittlebugs in Pierce’s Disease Epidemiology
Our previous work on spittlebugs focused on the meadow spittlebug (Philaenus spumarius), which was found in
vineyards with unique Pierce’s disease spatial distribution patterns. This insect has previously been studied in
California as a vector of Xf. However, in addition to P. spumarius, it has become evident that species of
Aphrophora (spittlebugs that lack a common name) and Pagaronia (a leafhopper) are associated with vineyards.
These species have not been studied in vineyards, or in the context of Pierce’s disease, but their ubiquity in
vineyards in Napa and Sonoma where neither P. spumarius nor the blue-green sharpshooter (Graphocephala
atropunctata) have been observed raised their profile as insects to be studied as vectors of Xf.

Objective 2. Mathematical Modeling of Pierce’s Disease Spread
The current hypothesis explaining Pierce’s disease spread in the North Coast is that blue-green sharpshooters
overwinter as adults in riparian zones, where these insects acquire Xf from host plants and then migrate to the
vineyard to infect vines within close proximity to the riparian vegetation. This conceptual model implies that
disease in vineyards does not increase exponentially and is, in several ways, largely independent of Pierce’s
disease prevalence during the prior year. However, disease patterns and incidence rates observed in field plots
(monitored in Napa and Sonoma counties since 2016) suggest there may be gaps in this model. Specifically, it is
plausible that Pierce’s disease prevalence during the prior year may be linked to rates of Pierce’s disease spread in
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the following year. If so, this could elevate the importance of vine removal as a component of Pierce’s disease
management, a strategy that is not currently recommended. It could also lead to alternative timing of vector
management programs. Because this alternative hypothesis on Pierce’s disease spread would, if correct, lead to
fundamental changes to Pierce’s disease management, we propose to first approach the problem from a
mathematical perspective, prior to executing future field trials.

Objective 3. Xf Population Genomics
It has been assumed that Xf populations causing Pierce’s disease in California, and elsewhere, were genetically
and phenotypically homogenous. This assumption has both theoretical and practical implications, as well as
potential impacts on the transportation of plant material through the state. We used a population genomic
approach to demonstrate that Xf populations infecting grapevines in California are region specific. In other words,
Xf populations causing Pierce’s disease in Napa County are, for example, genetically distinct from Xf causing
Pierce’s disease in Sonoma County. Our goal in this objective is to identify and study these genetic differences in
more detail. Another goal is to continue following Xf infections of mature commercial vines over time, to
determine how the pathogen evolves as well as how it moves within plants. Evaluation of symptom development
is a primary goal of this study, as it has implications for disease management.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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ABSTRACT
This project is a continuation of previously funded projects to evaluate the field efficacy of transgenic grapevine
rootstocks expressing a chimeric antimicrobial protein (CAP) or a polygalacturonase inhibitory protein (PGIP) to
provide protection to the grafted scion variety from developing and succumbing to Pierce’s disease (PD). A total
of 120 independent lines corresponding to seven versions of CAP and five versions of PGIP exploiting
components optimized and tested in previously funded projects have been introduced successfully and expressed
in Thompson Seedless (TS) as well as in commercially relevant rootstocks 101-14 and 1103. One-half or 60 lines
each with six plant replicates for a total of 379 plants were planted in the field in August 2018, as transgenic
rootstocks grafted to Chardonnay as scion. Next spring (2019) the remaining 60 lines will be planted to conclude
the field planting stage of this project. Once expressed in the rootstock these proteins will move into the grafted
PD sensitive scion variety Chardonnay and this study aims at evaluating the ability of these proteins to control the
development of the disease. These two proteins CAP and/or PGIP control the spread and severity of the disease
by controlling the bacteria-plant interaction but do so by disrupting different interacting surfaces. The CAP
proteins disrupt the bacterial surface that includes the lipopolysaccharide layer while, the action of PGIP is
indirect by preventing/ interfering with the disruption of the plant pectin layers found in the plant middle lamella
and exposed in pit membranes in xylem tissues. In this project, we will evaluate in the field the effectiveness of
rootstocks expressing either these two proteins in limiting the disease development in the scion while maintaining
vine health and productivity. Elite rootstock lines identified in this project will be good candidates for
commercialization.

LAYPERSON SUMMARY
This project continues the field efficacy evaluation of standard grapevine rootstocks expressing individually,
seven chimeric antimicrobial proteins and five polygalacturonase inhibitory proteins to provide protection to the
grafted scion variety from developing Pierce’s disease. A total of 120 rootstock lines expressing these proteins
individually have been created with six plant replicates each to give a total of 720 plants to be tested in the field
grafted to Chardonnay scion that is sensitive to Pierce’s disease. We have planted this summer (2018) half of
these, 60 lines represented in 379 plants in the field; the remaining 348 plants corresponding to ~60 lines will be
planted in the spring of 2019. Once planting and training have been completed the vines will be challenged by
infection with Xylella fastidiosa to identify rootstock lines that can protect the scion from developing Pierce’s
disease while maintaining their productivity. Elite rootstock lines identified in this project will be good candidates
for commercialization.

INTRODUCTION
The focus of this study is to evaluate the rootstock-based expression of chimeric antimicrobial proteins (CAP;
Dandekar et al., 2012a) and polygalacturonase inhibitory protein (PGIP; Agüero et al., 2005, 2006) to provide
transgraft protection of the scion grapevine variety against Pierce’s disease (PD). A field trial testing four lines of
CAP-1 and four lines of PGIP corresponding to PGIP-1, PGIP-2, PGIP-3 and PGIP-4 was recently concluded
(Dandekar et al., 2018). Twelve plants corresponding to each of the eight lines (independent transgenic events)
were planted in 2011 as transgenic rootstocks grafted to wild-type scion with both rootstock and scion being
Thompson Seedless variety (TS). We had previously demonstrated that both PGIP and CAP-1 are secreted into
the xylem where they were able to protect the vines from developing PD (Agüero et al., 2005; Dandekar et al.,
2012a). The purpose of the field trial was to evaluate the ability of the transgenic rootstock to transgraft protect
the wild-type scion from developing and/or succumbing to PD. The inoculations were performed yearly starting
in 2012 and from 2013 till 2015 all 12 replicates of each of the transgenic lines were inoculated only in the grafted
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scion portion at a point at least 100 cm above the graft union. Disease symptoms, vine death, and other parameters
were evaluated each year and the field trial was concluded in 2017. The data generated over the four seasons of
evaluation clearly indicated that both rootstocks (CAP and PGIP) were able to transgraft protect the scion at a
point that was at least 100 cm above the graft union. A significant decrease in vine mortality was observed for
vines grafted to transgenic CAP or PGIP expressing rootstock as compared to wild-type rootstocks. Vines grafted
to transgenic rootstocks harbored lower pathogen titers compared to those grafted to wild-type rootstocks. Spring
bud break, a parameter of vine health, was much higher for vines grafted to either transgenic rootstock or much
lower for the wild-type rootstock. This present study builds on earlier work and incorporates advances in
transformation of commercially relevant grapevine rootstocks as well as incorporates improvements in individual
components present in CAP and PGIP constructs. A method to successfully transform two commercially relevant
rootstocks, 101-14 and 1103 (Christensen, 2003), was successfully developed (Dandekar et al., 2011, 2012b) and
the method was further improved by David Tricoli in the Plant Transformation Facility at UC Davis. The original
CAP-1 construct (Dandekar, 2012a) was improved upon by identifying grapevine-derived components
(Chakraborty et al., 2013, 2014b). The surface interacting component (neutrophil elastase) was replaced with
P14a protein from Vitis shuttleworthii that also displays serine protease and antimicrobial activity (Chakraborty et
al., 2013; Dandekar et al., 2012c, 2013) and more recently with PrtA that displays serine protease and
antimicrobial activity (Gouran et al., 2016). The antimicrobial peptide component (cecropin B; CB) was replaced
with HAT52 and/or PPC20 that were identified using novel bioinformatics tools developed by us (Chakraborty et
al., 2013, 2014a) and the efficacy of their antimicrobial activity of the selected peptides were verified by their
ability to kill Xylella fastidiosa (Xf) cells (Chakraborty et al., 2014b). Improvements in the secretion of PGIP were
also made based on an earlier study on the characterization of xylem sap proteins, whose signal peptides could be
identified and have been used instead of the natural one expressed in the peel tissue of pear fruit (Agüero et al.,
2005, 2008). The field introduction of these transgenic rootstocks is aimed at evaluating different lines to identify
those with good efficacy in protecting grafted, sensitive scion cultivar Chardonnay from developing PD.

OBJECTIVES
The goal of this project is to field-test transgenic rootstocks expressing CAP and/or PGIP proteins to determine
their ability to transgraft protect a sensitive scion grapevine from developing and succumbing to PD.
1. Develop commercially relevant transgenic rootstock lines expressing CAP and/or PGIP.
2. Field test the efficacy of commercially relevant transgenic rootstock lines expressing CAP and/or PGIP

proteins to transgraft protect a sensitive grapevine cultivar from developing and spreading PD.

RESULTS AND DISCUSSION
Objective 1. Develop Commercially Relevant Transgenic Rootstock Lines Expressing CAP and/or PGIP
This objective translates the results of two previously funded projects (11-02040-SA and 12-0130-SA). Project
12-0130-SA, titled “Building a Next Generation Chimeric Antimicrobial Protein to Provide Rootstock-Mediated
Resistance to Pierce's Disease in Grapevines,” led to the development of additional CAP proteins with
components derived from grapevine and other proteins (Dandekar et al., 2013). Project 11-0240-SA, titled
“Engineering Multi-Component Resistance to Pierce's Disease in California Grapevine Rootstocks,” led to the
development of a method to transform commercially relevant rootstocks 101-14 and 1103 (Dandekar et al., 2011,
2013). David Tricoli at the Plant Transformation Facility at UC Davis has further improved upon the grapevine
rootstock transformation protocol and carried out all of our transformations. Shown in Figure 1 are all of the CAP
vectors being field tested in this project. CAP-1 is the original vector that was field tested in TS rootstocks and
several lines showed efficacy (Dandekar et al., 2016, 2018). CAP-2 has the original components as described
earlier (Dandekar et al., 2012a), however, the expression of the CAP has been improved by including a
translational enhancer (omega), an efficient secretion sequence (Ramy3D), and the CAP-2 protein has an epitope
tag (FLAG) to enable detection of the protein in transgenic tissues. CAP-3 to 6 are four vector constructs to test
the Vitis derived components (Figure 1). The CAP-3 and CAP-4 are designed to test the Vitis component
replacing protease from CAP-1. The CAP-3 vector, pDP13.35107, tests the VsP14a protein by itself. The VsP14a
component is present in Vitis shuttleworthii (Vs) and has a similar function to the CAP-1 protease (Dandekar et
al., 2014; Chakraborty et al., 2013). Expression of VsP14a by itself confirmed its protease and antimicrobial
activity against Xf (Dandekar et al., 2014). The fourth vector, pDP13.36122 (CAP-4), expresses VsP14a linked to
CB, the antimicrobial peptide domain used successfully in CAP-1 (Dandekar et al., 2012a). The fifth, CAP-5,
pDM14.0708.13 (Figure 1), links the VsP14a to a 52-amino acid segment of the HAT protein from Vitis vinefera
that displays a moderate clearance activity against Xf (Chakraborty et al. 2014b; Dandekar et al. 2013). The sixth,

http://www.piercesdisease.org/projects/326
http://www.piercesdisease.org/projects/326


- 24 -

CAP-6, pDM14.0436.03 (Figure 1), links the VsP14a to a 20-amino acid segment of the PPC protein from Vitis
vinifera that has very good antimicrobial activity against Xf (Chakraborty et al. 2014a; Dandekar et al. 2013). The
seventh and final, CAP-7, pDG14.01 (Figure 1), expresses PrtA, a protease that displayed antimicrobial action
against Xylella in a tobacco system (Gouran et al., 2016). All of these seven vectors, CAP-1 to CAP-7, were
transformed in the Plant Transformation Facility and transgenic grapevine rootstocks have been obtained.

Figure 1. CAP vectors used in this study to develop transgenic rootstocks that will be evaluated in the field.

In addition to the seven CAP constructs we will also be evaluating the five PGIP constructs shown in Figure 2.
The PGIP-1, pDU94.0928 (Figure 2) construct is the original pear PGIP expressed in grapevine and shown to
provide resistance/tolerance to PD (Aguero et al., 2005). PGIP-2, pDU05.1002, encodes a pear PGIP sequence
with its native signal peptide deleted and is referred to as mPGIP as it is similar in sequence to the mature form
of PGIP found in plant tissues. PGIP-3, pDU05.1910 (Figure 2), contains a pear PGIP coding sequence fused to
the signal peptide from the nt-protein of grapevine whose sequence was reported by Aguero et al., (2008). PGIP-
4, pDU06.0201 (Figure 2), contains the mPGIP coding sequence fused to the signal peptide from the chi protein
from grapevine whose sequence was reported by Aguero et al., (2008). PGIP-5, pDA05.XSP (Figure 2),
contains the mPGIP coding sequence fused to the signal peptide from a xylem abundant protein from cucumber,
and PGIP-6, pDU05.0401 (Figure 2), links the mPGIP sequence to the Ramy3D signal peptide from the rice
alpha-amylase protein.



- 25 -

Figure 2. PGIP vectors used in this study to develop transgenic rootstocks that will be evaluated in the field.

Table 1. List of transgenic lines in the greenhouse generated from the vectors shown in Figures 1 and 2.

No Construct Binary Vector Transgene
Number of novel lines No of

Events101-14 1103 TS
1 CAP-1 pDU04.6105 NE-CB 6 6
2 CAP-2 pDU12.031 NNE-CB 9 9
3 CAP-3 pDP13.35107 VsP14a 24 1 25
4 CAP-4 pDP13.36122 VsP14a-CB 24 1 25
5 CAP-5 pDM14.0708 VsP14a-VvHAT52 3 4 7
6 CAP-6 pDM14.0436 VsP14a-VvPPC20 7 4 11
7 CAP-7 pDG14.02 XfPrtA 9 14 23
8 PGIP-2 pDU05.1002 mPGIP 4 4
9 PGIP-3 pDU05.1910 nt-PGIP 4 4
10 PGIP-4 pDU06.0201 chi-PGIP 4 4
11 PGIP-5 pDA05.XSP xsp-PGIP 4 4
12 PGIP-6 pDU05.0401 Ramy-PGIP 4 4
13 WT 1 1 1 3

Total number of lines 129

All seven of the CAP and five PGIP constructs have been successfully transformed into grapevine by the Plant
Transformation Facility and transgenic plants have been steadily appearing. It takes 18 months to get back
transformed plantlets. This task has been completed and Table 1 (above) lists all of the lines that we have
obtained so far. It is quite a challenge to transform 101-14 lines and more so for 1103 (Table 1). Two types of
analysis are carried out with each of the transformed lines as they emerge from the Plant Transformation Facility
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to confirm that they are transgenic and that they express the protein. DNA and proteins are extracted from leaves
obtained from each plantlet. The extracted DNA is used to confirm integration of transfer DNA (T-DNA) through
positive polymerase chain reaction (PCR) amplification of the Kan/Hyg gene present in all of our CAP and PGIP
vector constructs as previously described (Dandekar et al., 2012a). The extracted proteins are separated on a gel
and then a western blot analysis is carried out using antibodies raised against FLAG, an epitope that is present in
CAP proteins 2-7 but not CAP-1. In some cases we also isolate RNA to confirm expression of the CAP transgene,
first as a positive PCR product using complementary DNA (cDNA) copied from the RNA and then to quantitate
the amount of expression using quantitative real-time (qRT) PCR as described (Dandekar et al., 2012a). Lines
with no PCR product for the Kan/Hyg genes are not propagated and are discarded.

Table 2. List of constructs and lines that were planted in the field in August 2018.

No Construct Binary Vector Transgene
Number of novel lines Plants in

Field101-14 1103 TS
1 CAP-1 pDU04.6105 NE-CB 6 47
2 CAP-2 pDU12.031 NNE-CB 9 53
3 CAP-3 pDP13.35107 VsP14a 7 42
4 CAP-4 pDP13.36122 VsP14a-CB 3 12
5 CAP-5 pDM14.0708 VsP14a-VvHAT52 1 3 24
6 CAP-6 pDM14.0436 VsP14a-VvPPC20 7 4 63
7 PGIP-2 pDU05.1002 mPGIP 4 24
8 PGIP-3 pDU05.1910 nt-PGIP 4 24
9 PGIP-4 pDU06.0201 chi-PGIP 4 24
10 PGIP-5 pDA05.XSP xsp-PGIP 4 24
11 PGIP-6 pDU05.0401 Ramy-PGIP 4 24
12 WT 1 1 1 18

Total number of lines and plants 60 379

Objective 2. Field Test the Efficacy of Commercially Relevant Transgenic Rootstock Lines Expressing CAP
and/or PGIP Proteins to Transgraft Protect a Sensitive Grapevine Cultivar From Developing and
Spreading PD
This objective focuses on the field-testing of all seven CAP and five PGIP lines shown in the last column of
Table 1. Table 2 shows the lines that were propagated last fall (2017) to create mother plants that were
transferred to the lath house. Foundation Plant Services (FPS) at UC Davis helped with creating the grafted plants
for the field planting. First cuttings were harvested from mother plants in the lath house after the plants went
dormant. In the spring of 2018 these cuttings were rooted to make plants that were later budded with the scion
variety Chardonnay, creating the vines that were planted in the field. FPS was able to successfully propagate and
graft 70% of our lines (Table 2); the remaining 30% were successfully propagated and bud grafted by us. Shown
in Table 3 below is the map of the field planting of 379 plants. There are currently 11 gaps that remain, and these
plants are being generated and will be planted in the spring of 2019. On August 1, 2018, we planted the first batch
of plants that were grafted by FPS and which constituted 70% of the planting, and on August 19, 2018, we planted
the remaining 30% that were grafted by us. We are currently maintaining stock or back-up plants of all of the
plants indicated in Table 2, so we can replace any plants that are lost in the field. We are currently evaluating 66
remaining lines that have emerged from the Plant Transformation Facility and that are transitioning from the lab
to the greenhouse. These vines are being tested for protein expression and for the presence of the selectable
marker gene. The remaining lines will be propagated to create grafted plants for field introduction next year.
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Table 3. Field-planting map of the 60 lines shown in Table 2. The row number appears on the top and the
vine number on the side

R/V 21 22 23 24 25 26 27 28 29 30 31 32 33
30 P4.78 C2.6 C1.182 P6.33 P2.29 C5.6 P6.32 C3.3 C1.183 P3.08 P5.23 P6.33 C6.2
29 P4.78 C2.6 C1.182 P6.33 P2.29 C5.6 P6.32 C3.3 C1.183 P3.08 P5.23 P6.33 C6.2
28 P4.78 C2.6 C1.182 P6.33 P2.29 C5.6 P6.32 C3.3 C1.183 P3.08 P5.23 P6.33 C6.2
27 C3.3 C1.186 C5.3 P5.21 C6.9 C3.1 C2.5 C2.2 P2.22 C5.5 C3.5 C2.4 P3.27
26 C3.3 C1.186 C5.3 P5.21 C6.9 C3.1 C2.5 C2.2 P2.22 C5.5 C3.5 C2.4 P3.27
25 C3.3 C1.186 C5.3 P5.21 C6.9 C3.1 C2.5 C2.2 P2.22 C5.5 C3.5 C2.4 P3.27
24 C6.12 P4.7 P3.16 P2.27 M-WT C5.6 C6.4 C6.1 P4.7 P6.4 C5.1 **** C6.11
23 C6.12 P4.7 P3.16 P2.27 M-WT C5.6 C6.4 C6.1 P4.7 P6.4 C5.1 **** C6.11
22 C6.12 P4.7 P3.16 P2.27 M-WT C5.6 C6.4 C6.1 P4.7 P6.4 C5.1 C3.4 C6.11
21 C1.187 C6.8 C1.184 P3.07 C2.7 C6.1 **** P4.56 **** C1.185 C3.6 P4.77 P5.21
20 C1.187 C6.8 C1.184 P3.07 C2.7 C6.1 C2.9 P4.56 C6.9 C1.185 C3.6 P4.77 P5.21
19 C1.187 C6.8 C1.184 P3.07 C2.7 C6.1 C2.6 P4.56 C6.9 C1.185 C3.6 P4.77 P5.21
18 C6.3 P5.27 P2.35 C6.3 P3.08 P6.32 **** C1.182 C6.7 P4.78 C6.12 C6.8 C2.6
17 C6.3 P5.27 P2.35 C6.3 P3.08 P6.32 C1.187 C1.182 C6.7 P4.78 C6.12 C6.8 C2.6
16 C6.3 P5.27 P2.35 C6.3 P3.08 P6.32 C1.187 C1.182 C6.7 P4.78 C6.12 C6.8 C2.6
15 C6.6 C6.4 C2.8 C1.186 C2.2 P2.22 P3.27 P2.35 T-WT C6.3 M-WT C6.1 P5.02
14 C6.6 C6.4 C2.8 C1.186 C2.2 P2.22 P3.27 P2.35 T-WT C6.3 M-WT C6.1 P5.02
13 C6.6 C6.4 C2.8 C1.186 C2.2 P2.22 P3.27 P2.35 T-WT C6.3 M-WT C6.1 P5.02
12 C6.1 C2.1 C1.185 C4.3 C3.3 C2.3 P-WT P2.27 C1.184 P-WT C1.186 C3.1 C2.3
11 C6.1 C2,1 C1.185 C4.3 C3.3 C2.3 P-WT P2.27 C1.184 P-WT C1.186 C3.1 C2.3
10 C6.1 C2.1 C1.185 C4.3 C3.3 C2.3 P-WT P2.27 C1.184 P-WT C1.186 C3.1 C2.3
09 P4.77 T-WT P6.4 P5.23 C3.7 C4.2 P6.3 P6.3 P2.29 **** C5.6 **** ****
08 P4.77 T-WT P6.4 P5.23 C3.7 C4.2 P6.3 P6.3 P2.29 **** C5.6 **** ****
07 P4.77 T-WT P6.4 P5.23 C3.7 C4.2 P6.3 P6.3 P2.29 C3.3 C5.6 C6.6 P3.7
06 C2.9 C2.5 C3.6 C1.182 C3.5 C3.4 C3.2 C4.3 C2.8 P3.16 P3.07 C5.3 C3.2
05 C2.9 C2.5 C3.6 C1.182 C3.5 C3.4 C3.2 C4.3 C2.8 P3.16 P3.07 C5.3 C3.2
04 C2.9 C2.5 C3.6 C1.182 C3.5 C3.4 C3.2 C4.3 C2.8 P3.16 P3.07 C5.3 C3.2
03 C6.2 C5.1 C1.183 C2.4 P4.56 C6.11 P5.02 P5.27 C1.182 C2.7 C4.2 C2.1 C1.186
02 C6.2 C5.1 C1.183 C2.4 P4.56 C6.11 P5.02 P5.27 C1.182 C2.7 C4.2 C2.1 C1.186
01 C6.2 C5.1 C1.183 C2.4 P4.56 C6.11 P5.02 P5.27 C1.182 C2.7 C4.2 C2.1 C1.186

Figure 3. View of field planting (August 2018).

Table 4. Lines currently in the lab and greenhouse that are being evaluated and propagated for field
introduction in 2019.

No Construct Binary Vector Transgene Number of novel lines Plants101-14 1103 TS
1 CAP-3 pDP13.35107 VsP14a 17 1 108
2 CAP-4 pDP13.36122 VsP14a-CB 21 1 132
3 CAP-5 pDM14.0708 VsP14a-VvHAT52 2 1 18
4 CAP-7 pDG14.02 XfPrtA 9 14 138

66 396
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CONCLUSIONS
The goal of this project is to field-test transgenic rootstocks expressing CAP and/or PGIP proteins to determine
their ability to transgraft protect a sensitive scion grapevine from developing and succumbing to PD. We have
successfully introduced 60 independent events corresponding to 11 constructs of CAP and PGIP yielding 379
plants. These plants are composed of transgenic rootstock grafted to a wild-type Chardonnay scion planted in the
field in August 2018 in 13 rows of 30 plants in each row. We have 11 gaps that remain where the plants need to
be planted. We are currently evaluating and propagating the remaining 66 lines corresponding to four constructs
that will be used to create the remaining plants to complete the field introduction in the summer of 2019.
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ABSTRACT
Genetic strategies for disease suppression and information characterizing the bacterial-plant interaction are high
priority areas in the Pierce’s disease research program. Plants bearing transgenes from the laboratories of
Dandekar, Powell, Lindow, and Gilchrist were tested extensively under greenhouse and field conditions in USDA
APHIS approved field environments. Two types of genetically modified plants bearing single constructs of test
genes have been evaluated under Xylella fastidiosa inoculated disease conditions: whole plant transgenics, and
transgenic rootstocks that were grafted to non-transformed Pierce’s disease (PD)-susceptible scions. Positive and
promising results from both types of transgenic strategies provided the necessary impetus to move this program
forward to the next logical step in which paired combinations of the transgenes will be introduced into individual
rootstocks adapted to California grape growing regions to which are grafted PD-susceptible Chardonnay scions.

LAYPERSON SUMMARY
The first phase of field testing to evaluate grapevines expressing potential Pierce’s disease (PD) suppressive
transgenes under field conditions began in 2010 and was terminated in 2017. A second phase field experiment
will continue evaluation of resistance to PD in transgenic grape and grape rootstocks by expressing dual
combinations of five unique transgenes under field conditions. The evaluation continues in a USDA APHIS
regulated Solano County site where the plants are mechanically inoculated with Xylella fastidiosa. PD symptoms
including classical foliar symptoms and cane death occur within 24 months. The initial field tests have shown
positive protection against PD by five different DNA constructs. A new planting is in progress that will consist of
untransformed PD-susceptible scions grafted to transgenic rootstocks (1103 and 110-14) expressing the paired
constructs of the five genes to assess cross-graft protection of a non-transformed scion that is otherwise highly
susceptible to PD. This research also will address the ability of the pathogenic bacteria to colonize and move
within the xylem of the grape plant downward from the inoculated scion to the transgenic rootstock. The latter
analysis will determine if the transgenic rootstock is differentially protected against Xylella-induced death of the
rootstock. The grafting, planting, and training of the vines will be guided by Josh Puckett and Deborah Golino
(Foundation Plant Services, University of California, Davis) for trellising and plant management to reflect
commercial production standards.

INTRODUCTION
The individual laboratories of the principal investigator (PI) and co-princial investigators established transgenic
plants and field tested the genes listed in Table 1 as transgenes in a commercial grape rootstock and a commercial
grapevine variety. Each of the genes were selected based on laboratory, greenhouse, and field data to address and
disrupt known functions related to virulence of the bacteria or key factors triggering the susceptible response in
the grape host. There is strong evidence that each of these genes can protect, but to differing levels, as transgenes
and each appears to be able to exert suppressive action on the symptoms of PD in cultivated grapes. The new
rootstock combination with paired transgenes each were evaluated first in the laboratory and then the greenhouse
before moving to the field. The highest expressing rootstocks will be grafted to susceptible non-transgenic
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Chardonnay scions to assess potential cross-graft protection of the scion. The primary objective for expressing
genes in combination is to create durable resistance, resistance to Xylella fastidiosa (Xf) that will last the life of
the vine. Since at least several of the five DNA constructs (Table 1) have biochemically distinct mechanisms of
action, having two or more such distinctly acting DNA constructs “stacked” in the rootstock should drastically
reduce the probability of Xf overcoming the resistance. With multiple, distinct transgenes, Xf would be required to
evolve simultaneously multiple genetic changes in order to overcome the two distinct resistance mechanisms (1-
10).

Table 1. Genes selected to evaluate as dual genes in the second generation field
evaluation to evaluate cross-graft suppression of PD in grape.

Gene Code Function
CAP C Xf clearing/antimicrobial
PR1 A grape cell anti-death
rpfF F changing quorum sensing of Xf (DSF)
UT456 B non-coding microRNA activates PR1 translation
PGIP D inhibits polygalacturonase, suppressing Xf movement

OBJECTIVES
1. Complete the current field evaluation of transgenic grape and grape rootstocks expressing PD suppressive

DNA constructs in the USDA APHIS regulated field site in Solano County through the spring of 2016.
2. Remove the current planting per the USDA APHIS agreement by dismantling trellising, uprooting the plants,

and burning all grape plant material on site following the final July 2016 data collection, followed by
cultivation and fumigation to ensure no living grape vegetative material remains.

3. Establish a new planting area within the current USDA APHIS approved site to contain a new set of lines
bearing paired, PD suppressive, DNA constructs, referred to as stacked genes, in two adapted rootstocks
(1103 and 101-14). These rootstocks will be grafted to a PD-susceptible Chardonnay scion prior to field
planting. The goal is to assess the potential of cross-graft protection against PD of a non-transgenic scion.
Planting to begin in 2016 and completed by 2018.

RESULTS AND DISCUSSION
Objective 1. Complete the Current Field Evaluation of Transgenic Grape and Grape Rootstocks
Final field evaluations of this planting were completed in June 2016.

Objective 2. Destruction of Existing Planting
The field experiment that began in 2010 was terminated under Objective 2 of this proposal according to the
regulations specified in the USDA APHIS permit (Figure 1). This has now been followed by establishment of the
second phase of field testing approved by the Product Development Committee to develop transgenic rootstocks
incorporating stacked genes (dual constructs) to be grafted to non-transformed PD-susceptible Chardonnay scions
to test for potential cross-graft protection against PD (Objective 3).

Figure 1. Final destruction of the plants at the Solano County field site by burning on
June 7, 2017. Following removal of poles and wires, undercutting, and piling of plants,
the material was burned and the ashes incorporated by disking.
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Destruction of the existing planting was begun in the fall of 2016. All posts and wires were removed in November
but early rains prevented the removal of the plants. The plant removal, burning of the plants, and incorporation of
the ashes was completed as soon as the field dried in the following spring. The entire field was then cross-disked
multiple times and leveled in preparation for future planting.

Objective 3. Establishment and Management of New Planting with Stacked Gene Transgenic Rootstocks
Figure 2 shows the physical location of the new planting in relation to the 2010 planting. Total fenced area
occupied by plants and buffer zones as required by the USDA APHIS permit will be ~3.4 acres (Figure 2). All
plants will be located in a secured, USDA APHIS approved area in Solano County. The disease will be introduced
into the cordon trained plants by mechanical injection of Xf into stems after the first year of growth beginning in
2018. The plants are to be monitored regularly for quantity and movement of the bacteria along with symptoms of
PD. Test plants included transgenic plants expressing genes from Dandekar, Powell, Lindow, and Gilchrist
projects compared with non-transgenic PD-susceptible Thompson Seedless and Freedom rootstock plants as
controls. The results through 2016 indicated that the mechanical inoculations introduced the bacteria into the
plants with subsequent appearance of classic foliar symptoms and cane death within 24 months in susceptible
controls. There is no evidence of spread of the bacteria to uninoculated and uninfected susceptible grape plants
adjacent to infected plants, confirming tight experimental control on the pathogen and symptoms. Each of the
transgenes tested suppress the symptoms of PD inoculated vines to varying degrees, including protection of
untransformed scions on the grafted plants. This first phase of field research has been terminated and is now
moving forward with the second generation of two new transgenic rootstocks (1103 and 101-14) expressing pairs
of the disease suppressive genes in a gene stacking approach with the genes paired together by differential
molecular function.

Figure 2. Future area (green box) available to plant the next generation of transgenic plants expressing the
dual constructs or new single genes. This area is 300 x 470 feet for planting, which equals 1.8 acres
accommodating up to 32 new rows (excluding the 50-foot buffer areas surrounding the plots). The new area
will accommodate ~900 new plants in 2018-19. Current area (red box) equaling 1.6 acres including the 50-
foot buffer areas surrounding the plots is the area that is now cleared of plants and all plant material burned
as shown in Figure 1.

The grafting, planting, and training of the vines will be guided by Josh Puckett and Deborah Golino (Foundation
Plant Services, University of California, Davis) working with PI Gilchrist for grafting the scions and field
planting. They also will provide guidance for trellising and plant management to reflect commercial production
standards. The field plot design will enable experimental Xf inoculations, pathogen and disease assessments, as
well as grape yield. Land preparation and planting of the experimental area is sufficient to accommodate and
manage 900 new plants. Row spacing will be nine feet between rows with six feet between plants. This spacing
permits 32 rows of 28 plants each (up to 896 plants total) and includes a 50-foot open space around the planted
area as required by the USDA APHIS permit. The planting pattern will permit a two-bud pruned bilateral cordon
system of sufficient lengths for inoculation, real time sampling of inoculated tissue, and determination of the fruit
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yield by the untransformed Chardonnay scions. All plants will be maintained under a newly installed drip
irrigation system. An image of the completed phase 1 of the field planting is shown in Figure 3.

Figure 3. Planting configuration for the dual constructs. This image illustrates the new planting of the dual
construct transformed rootstocks grafted with an untransformed scion of Chardonnay. This first phase of
the planting (left image) was completed August 1, 2018. Image on the right shows growth on October 10,
1018.

The Following Protocols Are Being Followed as the Planting and Management Proceed:
a. Experimental design will be a complete randomized block with six plants per each of five entries

(replications), including all controls. Each plant will be trained as a single trunk up the wood stake as with the
existing planting. When the shoot tip reaches about 12 inches past the cordon wire it will be topped to just
above a node that is about two to three inches below the wire. Then, the laterals that push will be used to
establish the bilateral cordons. The plants will be allowed to grow vertically, or close to vertical, rather than
tying them while green, which reduces their elongation and tends to force more lateral growth. Metal nine-
foot highway stakes, inserted three feet into the ground every 18 feet will support the wires, including catch
wires. A single 11-gauge wire will be used for the cordons and 13 gauge for the catch wires. Two pairs of
moveable catch wires will be installed to tuck and position the shoots vertically for optimizing bacterial
inoculation, bacterial analysis, and fruit production. The catch wires will be installed initially or after the first
year of growth using 13-gauge wire to support the drip irrigation wire, about 18 inches off the ground.

b. After the first year, the canes will be tied down during the dormant season and trimmed to the appropriate
length or shorter if the cane girth is not over 3/8-inch in diameter. The shoots that push will be suckered to
remove double shoots and to achieve a shoot (and hence spur position) spacing of about four to five inches
between them.

c. Grape fruit yield will be measured after the second or third year depending on the fruit set.
d. Evaluation of the experimental plants for plant morphology, symptoms of PD infection, and the presence of

the bacteria will follow past protocol. Each parameter will be determined over time by visual monitoring of
symptom development and detection of the amount and movement of the bacteria in plant tissues (mainly
leaves and stems) by quantitative polymerase chain reaction (qPCR) assays. The analysis will be done in the
Gilchrist lab by the same methods and laboratory personnel as has been done with the current planting. A
comparative quantitative determination by qPCR of the presence of Xylella in non-transgenic scions and
grape rootstocks will be compared with conventional grape and grape rootstocks.

e. Both symptom expression and behavior of the inoculated bacteria will provide an indication on the level of
resistance to PD infection and the effect of the transgenes on the amount and movement of the bacteria in the
non-transgenic scion area.

f. The area is adjacent to experimental grape plantings that have been infected with PD for the past two decades
with no evidence of spread of the bacteria to uninfected susceptible grape plantings within the same
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experiment. Hence, there is a documented historical precedent for the lack of spread of the bacteria from
inoculated to non-inoculated plants, an important consideration for the experiments carried out for this project
and for the granting of the USDA APHIS permit. The field area chosen has never had grapes planted therein,
which is to avoid any potential confounding by soil borne diseases, including nematodes.

g. Irrigation and pest management, primarily for powdery mildew, weeds, and insects, will be coordinated by PI
Gilchrist and conducted by Bryan Pellissier, the Field Superintendent employed by the Department of Plant
Pathology. The field crew work closely with PI Gilchrist to determine timing and need of each of the
management practices, including pruning and thinning of vegetative overgrowth as necessary.

h. Regular tilling and hand weeding will maintain a weed-free planting area. Plants will be pruned carefully in
March of each year, leaving all inoculated/tagged branches and numerous additional branches for inoculation
and sampling purposes in the coming year. All pruning material will be left between the rows to dry, then flail
chopped and later rototilled to incorporate the residue per requirements of the USDA APHIS permit.

i. Application of the fungicides Luna Experience and Inspire will be alternated at periodic intervals to maintain
the plants free of powdery mildew. Leafhoppers and mites will be treated with insecticides when needed.
Neither powdery mildew nor insect pressure has been observed with these ongoing practices throughout the
past five growing seasons.

Research Timetable for the New Planting of Dual Constructs and Untested Single Constructs
Four years beginning with initial planting in 2018 (Figure 4) to be followed by additional plantings as
experimental plants become available in the second and third years. Inoculation and evaluation will begin when
the plants have been in the ground for one year and will continue annually until the field planting is terminated.
Funding for completion of the fourth and any following years will be proposed in the 2018-2019 funding cycle
and will depend on the results of the field evaluation up to that point. The field area has been designated legally
available for planting the specified transgenic grapes by USDA APHIS under permit number 7CFRE340 that is
held by Co-PI Dandekar. The protocols for managing the existing and the new plantings with the dual constructs
have been used successfully over the past five years (1-9). These protocols include plant management, inoculation
with Xf, development of classical symptoms of PD exhibiting the range from foliar symptoms to plant death, and
the assessment of protection by a set of transgenes selected by molecular techniques to suppress the symptoms of
PD and/or reduce the ability of the pathogenic bacteria to colonize and move within the xylem of the grape plant
downward from the inoculated scion to the transgenic rootstock.

CONCLUSIONS
The current planting of transgenic grapes was fully terminated in the spring of 2017 per the USDA APHIS
agreement by dismantling trellising, uprooting the plants, and burning all grape plant material on site. The
complete removal of the plants was followed by cultivation and the area will be fumigated when conditions
permit to ensure no living grape vegetative material remains. The field research using PD suppressive transgenes
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is moving forward with the generation of new transgenic rootstocks expressing pairs of the disease suppressive
genes in a gene stacking approach with the genes paired together by differential molecular function. The new
rootstocks with two transgenes each were evaluated first in the laboratory and then the greenhouse before moving
to the field. The dual gene expressing rootstocks were grafted to susceptible non-transgenic PD-susceptible
Chardonnay scions to assess potential cross-graft protection against PD. The field area has been permitted by the
USDA APHIS for this experiment. The protocol for constructing the rootstocks and grafted scions, planting, and
commercial style management of the vines is in place and will be coordinated by Josh Puckett and Deborah
Golino. Beginning with initial planting in 2018 and followed by additional plantings as experimental plants
become available in the second year. Inoculation and evaluation will begin when the plants have been in the
ground for one year and will continue annually until the field planting is terminated. Funding for completion of
the fourth and any following years will be proposed in the 2018-2019 funding cycle and will depend on progress
of the field evaluation up to that point.
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ABSTRACT
Collectively, a team of researchers (Lindow, Dandekar, Labavitch/Powell, and Gilchrist) identified, constructed,
and advanced to field evaluation five novel DNA constructs (Table 1) that, when engineered into grapevines,
suppress symptoms of Pierce’s disease (PD) by either a) reducing the titer of Xylella fastidiosa (Xf) in the plant,
b) reducing systemic spread of the bacteria or c) blocking Xf’s ability to trigger PD symptoms. Each of the five
transgenes, when expressed as single genes, reduced the disease levels under field conditions both as full plant
transgenics and as transgenic rootstocks grafted to a non-transformed PD-susceptible scion. This initial field trial
consisting of single gene constructs was begun in 2010 and evaluated until discontinued at the end of the 2016
growing season. The field experiment is to be replaced with a second field trial designed to evaluate
untransformed scion protection by rootstocks bearing paired combinations of the five constructs. This approach
involves “stacking” a combination of distinct protective transgenes in a single rootstock line, which is intended to
foster not only durability but also more robust protection of the non-transformed scion against PD.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) is the causative agent of Pierce’s disease (PD). Collectively, a team of researchers (Lindow,
Dandekar, Labavitch/Powell, and Gilchrist) has identified five novel genes (DNA constructs) (Table 1) which,
when engineered into grapevines, suppress symptoms of PD by reducing the titer of Xf in the plant, reducing its
systemic spread in the plant, or blocking Xf’s ability to trigger PD symptoms. These projects have moved from the
proof-of-concept stage in the greenhouse to characterization of PD resistance under field conditions where current
data indicate that each of the five transgenes, introduced as single constructs, reduces the disease levels under
field conditions. Importantly, preliminary data indicates that each of the five DNA constructs, when incorporated
into transgenic rootstock, has shown the ability to protect non-transformed scion, with obvious benefit: any of
many unmodified varietal scions can be grafted to and be protected by any of a small number of transformed
rootstock lines. The ability of transgenic rootstock to protect all or most of the scion, even at a distance from the
graft union, is currently being tested. This approach involves “stacking” a combination of distinct protective
transgenes in a single rootstock line, which is intended to foster not only durability but also more robust
protection of the non-transformed scion against PD.

INTRODUCTION
Briefly, this report will describe information on the history, likely function, and impact of each of the genes
deployed as single transgenes in fully-transformed plants in the initial field study in USDA APHIS approved field
trials wherein test plants were mechanically inoculated with Xf to induce Pierce’s disease (PD). The experimental
materials of this project are five specific DNA constructs (Table 1) that were shown to be effective in PD
suppression under field conditions as single gene constructs, as described by Lindow, Dandekar, and Gilchrist in
previous reports. They will now be evaluated for potential cross-graft-union protection. The objective described
herein addresses the issue of durability, the capability of genetic resistance to avoid being overcome by evolving
virulent versions of the Xf pathogen, a critical factor for a long-lived perennial crop such as grapevine. If
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successful, the obvious benefit would be that any unmodified (non-transgenic) varietal wine grape scion could be
grafted to and be protected by transformed rootstock lines.

Table 1. Genes selected to evaluate as dual genes in the second generation field
evaluation to evaluate cross-graft suppression of PD in grape.

Gene Code Function
CAP C Xf clearing/antimicrobial
PR1 A grape cell anti-death
rpfF F changing quorum sensing of Xf (DSF)

UT456 B non-coding microRNA activates PR1 translation
PGIP D inhibits polygalacturonase, suppressing Xf movement

PGIP and CAP (Abhaya Dandekar)
The Dandekar lab has genetic strategies to control the movement and to improve clearance of Xf, the xylem-
limited bacteria. The first strategy tests the ability of a xylem-targeted polygalacturonase-inhibiting protein
(PGIP) from pear to inhibit the Xf polygalacturonase activity necessary for long distance movement (Aguero et
al., 2006). The second strategy enhances clearance of bacteria from Xf-infected xylem tissues by expressing a
chimeric antimicrobial protein (CAP) that consists of a surface binding domain that is linked to a lytic domain.
The composition and activity of these two protein components have been described earlier (Dandekar et al.,
2012).

rpfF, DSF (Steven Lindow)
The Lindow lab has shown that Xf uses diffusible signal factor (DSF) perception as a key trigger to change its
behavior within plants (Lindow, 2013). Accumulation of DSF in Xf cells causes a change in many genes in the
pathogen with the overall effect of suppressing its virulence in plants by increasing its adhesiveness to plant
surfaces, and also suppressing the production of enzymes and genes needed for active movement through the
plant.

PR1 and microRNA UT456 (David Gilchrist)
The Gilchrist lab is focused on the host response to Xf through identifying plant genes that block the inappropriate
activation of a genetically conserved process of programmed cell death (PCD) common to many, if not all, plant
diseases. Blocking PCD, either genetically or chemically, suppresses disease symptoms and bacterial pathogen
growth in several plant-bacterial diseases Two of these grape sequences (PR1 and UT456), when expressed as
transgenes in grape, suppressed PD symptoms and dramatically reduced bacterial titer in inoculated plants under
greenhouse and field conditions (Lincoln, Sanchez, and Gilchrist, 2018).

OBJECTIVES
The primary objective for expressing genes in combination is to create durable resistance, resistance to Xf that will
last the life of the vine. Since at least several of the five DNA constructs (Table 1) have biochemically distinct
mechanisms of action, having two or more such distinctly acting DNA constructs “stacked” in the rootstock
should drastically reduce the probability of Xf overcoming the resistance. With multiple, distinct transgenes, Xf
would be required to evolve simultaneously multiple genetic changes in order to overcome the two distinct
resistance mechanisms.

Additionally, there could be favorable synergistic protection when two or more resistance-mediating DNA
constructs are employed. There are data indicating synergism in other crops. For example, Tricoli et al., 1995
describes the stacking of several genes for virus resistance in squash (note: D. Tricoli will be doing the stacking
transformations in this project). Additionally, the Dandekar laboratory has successfully stacked two genes
blocking two different pathways synergistically to suppress crown gall in walnut (Escobar et al., 2001). This
project will evaluate potential synergism in suppression of PD symptoms and in reducing Xf titer for inoculations
distant from the graft union.
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1. Complete introduction pairs of protective paired constructs via the dual insert binary vector into adapted
grapevine rootstocks 1103 and 101-14 for a total of 20 independent transgenic lines to be evaluated.

2. Conduct extensive analysis, both by Northern analysis and polymerase chain reaction (PCR) and reverse
transcription quantitative PCR (RTqPCR) experiments, of each transgenic plant to verify the presence of the
two stacked genes in the genome, the full RNA sequence, and the expression level of each of the messenger
RNAs (mRNAs) expected to be produced by the inserted genes, before they are subjected to grafting and
greenhouse inoculation assays for transgene movement and resistance to PD.

3. The second major step in the process after verification of the genotypic integrity of the transgenic plants is
production of the clonal ramets of each plant line to enable two cane growth development of the rootstocks
and grafting of the Chardonnay scions.

4. Evaluate the resulting lines for efficacy by inoculation with Xf in a preliminary greenhouse experiment to
identify the most protective lines from each combination of genes. A total of three independent transgenic
lines of each dual construct in each rootstock with be selected to be bulked up to five copies of each for field
planting at the USDA APHIS approved site in Solano County. (note: the greenhouse inoculation step was
eliminated once it was clear that greenhouse-based foliar symptoms did not provide a reliable indicator of
disease response. There were discernable differences among the individual plants based on bacterial counts
within each of the10 dual combinations but spurious leaf burn symptoms were confounding and not
characteristic of PD. However, the PCR confirmation of dual transformation was successful and was carried
forward as the selection criteria.)

RESULTS AND DISCUSSION
Construction of Dual Gene Expression Binaries
The strategy is to prepare dual plasmid constructs bearing a combination of two of the protective genes on a single
plasmid with a single selectable marker as described previously (Gilchrist and Lincoln, 2016). The binary
backbone is based on pCAMBIA1300 (Hajdukiewicz et al., 1994). Binaries were constructed to express two
genes from two 35S promoters. The DNA fragments containing transcription units for expression of the
transgenes are flanked by rare cutting restriction sites for ligation into the backbone. The nt-PGIP used in these
constructs is a modified version of the Labavitch PGIP that was constructed in the Dandekar laboratory to include
a signal peptide obtained from a grapevine xylem secreted protein (Aguero et al., 2006). Binary plasmids capable
of expressing two genes from the same transfer DNA (T-DNA) were constructed by J. Lincoln (Gilchrist et al.,
2016).

All plasmids were transformed into Agrobacterium strain EHA105, the preferred transformation strain for grape
plants. As a check on integrity of the dual binary plasmid, the plasmid was isolated from two Agrobacterium
colonies for each construct and the plasmid was used to transform Escherichia coli. Six E. coli colonies from each
Agrobacterium isolated plasmid (for a total of 12 for each construct) were analyzed by restriction digest to
confirm that the plasmid in Agrobacterium is not rearranged. Table 2 shows successful transformations by the UC
Davis Plant Transformation Facility. To ensure optimum recovery of the transgenic embryos, two versions of the
plasmid with different antibiotic selectable markers were delivered to the transformation facility. Hence, the dual
inserts can now be subjected to two different selections that enables transformation to move forward in the fastest
manner depending on which marker works best for each dual or each rootstock. Each plasmid containing the dual
protective DNA sequences is introduced into embryogenic grapevine culture in a single transformation event
rather than sequentially as would normally be the conventional strategy at the transformation facility. The new
transgenic dual gene expressing grape plant lines exhibit a phenotype indistinguishable from the untransformed
wild-type rootstock (Figure 1). The transformation progress, following verification of insert integrity, for each
line is shown in Table 3.

Table 2. Frequency of dual gene transcripts as confirmed in transgenic plants delivered by
the Plant Transformation Facility by reverse transcription and PCR analysis.

Transgene
Transcripts

Number of
Plants

Percent of
Plants

two 230 67
one 99 29

none 12 4
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Analysis of the Transgenic Rootstocks to Confirm Dual Insertions Transcripts
This analysis is performed by isolating the RNA from transgenic grape leaves and purified by a modification of a
cetyl trimethylammonium bromide (CTAB) protocol and includes LiCl precipitation. The RNA is converted to
complementary DNA (cDNA) by oligo dT priming and reverse transcriptase. PCR reactions are set up using the
synthesized cDNA as template and specific pairs of primers are designed against each of the five putative
transgenes. The goal is to identify five independently transformed lines bearing the dual sets of the five transgenes
to confirm the genotype of each rootstock to be placed in the field with six replications of each line. The
aforementioned analysis indicated that the successful insertion rate of two genes into a given transgenic plant was
67 percent of the total plants provided by the transformation facility (Table 2). This underscores the need for dual
transcript verification prior to moving plants forward to grafting, subsequent analysis for product movement
across a graft union, and symptom suppression of the untransformed Chardonnay. These assays, while time
consuming and tedious, will ensure that each plant will have a full phenotypic and genotypic analysis prior to
inoculating them in the field.

Following verification of the genotypic integrity of the transgenic rootstock plants, clonal copies of each plant line
were made to enable two-cane growth development for production of rootstocks to be grafted with Chardonnay
scions (Figures 2 and 3).

Evaluation of the Lines by Inoculation with Xf in the Greenhouse
Preliminary inoculations were initiated in the greenhouse and selections made based on qPCR analysis of Xf titre
in the tissue above the inoculation site under original objective 4. The qPCR tests will be repeated after the scions
are inoculated in the field, which our experience deems more reliable. In total, over the two years of transgenic
rootstock delivery and greenhouse evaluations, there will be approximately 7,000 molecular analyses conducted
to minimize time and maximize the likelihood correlating the field results on bacterial dynamics with PD
symptom scoring. The time frame from receipt of plants, analysis and selection of the individuals for field
planting has been 9-13 months. Total number of plants to screen if all plants are verified transgenics will be at
least 1,070 including 70 untransformed control plants.

Table 3. Transcript profiling of the dual construct transformed transgenic rootstocks. The totals do not
include whole transformed and untransformed PD susceptible controls (200 plants).

Genotype Construct code Construct # lines grafted 2018 # plants to field 2018

1103 AB pCA-5oP14HT-5oUT456 6 36

101-14 AB pCK-5oP14HT-5oUT456 4 24

1103 AC pCA-5fCAP-5oP14HT 6 36

101-14 AC pCK-5fCAP-5oP14LD 0 0
1103 AD pCA-5PGIP-5oP14HT 6 36

101-14 AD pCK-5PGIP-5oP14LD 6 36

1103 AF pCA-5oP14HT-5orpfF 0 0

101-14 AF pCK-5oP14LD-5orpfF 1 6

1103 BC pCA-5fCAP-5oUT456 6 36

101-14 BC pCA-5fCAP-5oUT456 0 0

1103 BD pCA-5PGIP-5oUT456 0 0

101-14 BD pCK-5PGIP-5oUT456 6 36

1103 BF pCA-5oUT456-5orpfF 4 24

101-14 BF pCK-5oUT456-5orpfF 0 0
1103 CD pCA-5PGIP-5FCAP 0 0

101-14 CD pCK-5PGIP-5FCAP 0 0
1103 CF pCA-5fCAP-5orpfF 6 36

101-14 CF pCK-5ofCAP-5orpfF 0 0
1103 DF pCA-5PGIP-5orpfF 6 36

101-14 DF pCK-5PGIP-5orpfF 6 36

63 378
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Table 4. Dual-construct transformed 1103 and 101-14 rootstocks grafted to untransformed Chardonnay for
planting in the USDA APHIS regulated field on August 1, 2018.

1103 rootstocks 101-14 rootstocks
AB15-01 AC35-01 AD13-04 BC36-03 CF07-02 DF108-03 BD23-05 DF85-01
AB15-02 AC62-01 AD13-06 BC36-05 CF07-03 DF108-07 BD58-01 DF85-02
AB15-04 AC62-02 AD13-07 BC36-06 CF07-04 DF108-08 BD58-02 DF85-04
AB15-05 AC62-04 AD33-01 BC36-09 CF07-05 DF108-09 BD58-08 DF85-06
AB15-06 AC62-06 AD33-02 BC36-11 CF07-06 DF108-10 BD80-05 DF85-08
AB 15-03 AC35-05 AD13-02 BC36-13 CF07-12 DF108-04 BD23-01 DF85-10

Initially each of the first transgenic lines of 1103 were inoculated with Xf in the greenhouse per the original
Objective 4. Within the inoculation experiment, samples were taken to determine the population of bacteria at the
inoculation site and 10 cm and 30 cm from the inoculation site. Unfortunately, the foliar symptoms under these
greenhouse conditions were not reliably diagnostic of the disease severity nor related to the relative bacterial titer
in the inoculated canes. Hence, we have found the more reliable indicator of the integrity of the transformation
was the insert-dependent transcript analysis. Hence, the greenhouse inoculations were discontinued and molecular
analysis was used to select the transgenic rootstocks to be moved forward to grafting. After verification of dual
inserts the selected lines were moved to a lath house for final stem development prior to rooting of the
transformed rootstock prior to grafting (Figure 1).

Figure 1. Plants selected as rootstock source material. Image shows selected dual construct
containing plants in the lath house as the final site to produce material for rootstock development,
for grafting on non-transgenic scions and field evaluation.

Figure 2. J. Puckett harvesting transgenic rootstock canes for bud grafting to untransformed Chardonnay.
Packet tag indicates rootstock and paired gene combinations expressed in this rootstock.
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Figure 3. Bud grafting of wild-type PD-susceptible Chardonnay to the dual construct transformed rootstocks
and planting of the grafted individuals in the USDA APHIS regulated field.

Figure 4. Planting of the dual constructs. This image illustrates the new planting of the dual construct
transformed rootstocks grafted with an untransformed clone of Chardonnay. This first phase of the
planting was completed August 1, 2018.
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CONCLUSIONS
Our capacity to achieve all the objectives is essentially assured based on prior accomplishments and the fact that
we are exactly where we are projected to be within the timeline indicated in Figure 5. All techniques and
resources are available in the lab and have proven reliable, informative, and reproducible. This project has
consolidated a full-time research commitment for this team of experienced scientists to PD. Each of the senior
personnel, including J. Lincoln, have been with this project since 2007. Collectively the team brings a full range
of skills and training that complement the changing needs of this project in the areas of molecular biology, plant
transformation, and analysis of transgenic plants.

The scope of research includes both greenhouse and field evaluation of the transgenic rootstocks for suppression
of PD in the non-transgenic scions. Commercialization of the currently effective anti-PD containing vines and/or
rootstocks could involve partnerships between the UC Foundation Plant Services, nurseries, and, potentially, with
a private biotechnology company. As indicated above the dual constructs have been assembled and forwarded to
D. Tricoli at the UC Davis Plant Transformation Facility. The transgenic plants are being delivered to J. Lincoln
as indicated in Table 2 and evaluations have begun as indicated in Table 3 and Figure 4. The first step in the
analysis of the transcribed RNA is to verify that each plant contains both of the intended constructs. The timeline
shown in Figure 5 for both transformation and analysis is on track. If successful, the stacking of genes is the next
logical step toward achieving commercialization of transgenic resistance.
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ABSTRACT
Burkholderia phytofirmans strain PsJN was found to be capable of extensive growth and movement within grape
after both needle and spray inoculation. B. phytofirmans strain PsJN has recently been renamed Paraburkholderia
phytofirmans due to the recognition that it is genetically unrelated to other Burkholderia strains which are
potentially human or plant pathogens, and is thus genetically similar to a variety of environmental strains known
not to be plant pathogens. The population size of Xylella fastidiosa (Xf) is greatly reduced in plants in which
P. phytofirmans is either co-inoculated at the same time and location, inoculated at the same time but at other
nearby locations, and even inoculated at other locations either three weeks before or after that of the pathogen.
The dramatic reductions in population size of Xf are observed in all grape varieties tested. Reductions in pathogen
population are similarly large when P. phytofirmans is inoculated by spraying in a suspension containing 0.2%
Break-Thru, an organosilicon surfactant with very low surface tension, as when directly inoculated into plants
using a needle. While P. phytofirmans can achieve large population sizes in inoculated grapes within three to four
weeks after inoculation, and spread up to one meter away from the point of inoculation, it’s population size then
often decreases with further time after inoculation. The very large decrease in population size of Xf in plants
inoculated with P. phytofirmans, even after that of the pathogen, is suggestive of a mechanism by which this
antagonistic microorganism sensitizes the plant to the presence of the pathogen, thereby initiating a plant disease
resistance reaction. Support for such a model was provided by evidence of up-regulation of the expression of the
PR1 and ETR1 genes in grapes inoculated both with P. phytofirmans and Xf, but not of the pathogen alone.
Substantial control of Pierce’s disease in Cabernet Sauvignon was seen in field trials. The largest reductions in
disease severity were observed in plants treated with P. phytofirmans applied by droplet puncture or by spray
application in a penetrating surfactant either at the same time as, or up to three weeks after, that of the pathogen.

LAYPERSON SUMMARY
A naturally occurring Paraburkholderia strain that is capable of extensive growth and movement within grape has
been found that can confer increased resistance to Pierce's disease. We are exploring the biological control of
disease using this strain. The movement of Xylella fastidiosa (Xf) within plants and disease symptoms are greatly
reduced in plants in which this Paraburkholderia strain was inoculated either simultaneously with, prior to, or
even after that of Xf in both greenhouse studies as well as field studies. The biological control agent can be
applied either by direct introduction into the xylem by droplet puncture or by spray application to foliage using a
penetrating surfactant. These results are quite exciting in that they reveal that biological control of Pierce’s
disease using P. phytofirmans is both robust and may be relatively easy to employ since plants can be relatively
easily inoculated by various methods.

INTRODUCTION
As the extensive movement of Xylella fastidiosa (Xf) through the plant is essential for both symptom development
and successful transfer between plants by insect vectors, the pathogen has adapted a cell density-dependent
transcriptional modulation system based on accumulation of fatty acid signal molecules known as diffusible
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signal factor (DSF) to coordinate expression of opposing traits required for growth and movement in the plant and
those enabling acquisition by insect vectors, since the phenotypes required for these two processes are somewhat
incompatible. A novel disease control strategy aimed at achieving “pathogen confusion” based on production of
DSF in transgenic plants harboring the pathogen DSF synthase yielded plants of much lower susceptibility to
Pierce’s disease (PD). Alternative strategies of producing DSF in plants that did not require the use of transgenic
plant varieties and which could be employed in currently existing crops would be an attractive procedure. One
such scheme could employ naturally-occurring endophytic microorganisms into which the genes from Xf
encoding DSF synthesis could be added. A variety of endophytic bacteria recovered from surface-sterilized, field-
grown grapes and other plant species have been described. Most of these reports are rather qualitative, with the
simple presence of a given taxon noted. Moreover, the population sizes of such bacteria within the aboveground
parts of various woody plants were typically rather low (< 103 cells/g). A relatively large and well distributed
population of any such organism to be used in biological control would probably be needed. In contrast to the
apparently low population sizes achieved by many bacteria that gain entrance into woody plants,
Paraburkholderia phytofirmans PsJN (formerly known as Burkholderia phytofirmans and Pseudomonas sp.
PsJN) has been reported to achieve large population sizes in plants, including grape. Nearly all studies of P.
phytofirmans, however, have been qualitative studies of seedling plants, often inoculated via application to roots.
We report here the extensive colonization of mature grapevines with strain PsJN, documenting its exceptional
ability to grow and move within this woody plant. Furthermore, we report the unexpected results of the striking
efficacy of P. phytofirmans PsJN itself, without addition of Xf DSF synthase, in blocking colonization of grape by
Xf and dramatically reducing symptoms of PD. Studies of the population dynamics of this strain, as well as of Xf
in co-inoculated plants suggests a likely, DSF-independent, mechanism by which P. phytofirmans inhibits Xf in
plants and also reveals practical means by which plants can be inoculated with this biological control agent to
achieve control of PD.

OBJECTIVES
1. Determine how the temporal and spatial interactions of Paraburkholderia and Xf in grape inoculated in

different ways with this biological control agent lead to disease control.
2. Identify the mechanisms by which Paraburkholderia confers biological control of PD.
3. Evaluate the biological control of PD in field trials in comparison with other strategies of pathogen confusion.

RESULTS AND DISCUSSION
Objective 1. Biological Control with P. phytofirmans PsJN
While the biological control of PD with endophytic bacteria that would grow within grape and produce diffusible
signal factor (DSF) has been an attractive strategy, until recently we have been unable to find bacteria capable of
exploiting the interior of grape. All of hundreds of strains isolated from within grape by our group as well as that
of Bruce Kirkpatrick exhibited no ability to grow and move beyond the point of inoculation when re-inoculated.
We have recently, however, found that P. phytofirmans strain PsJN, which had been suggested to be an endophyte
of grape seedlings, multiplied and moved extensively in mature grape plants (Figure 1). Its population size and
spatial distribution in grape within six weeks of inoculation was similar to that of Xf itself, suggesting that it is an
excellent grape colonist. Furthermore, DSF production has been demonstrated in certain other Paraburkholderia
species and the genome sequence of B. phytofirmans revealed that it has a homologue of Xf rpfF. While we have
no evidence for its production of a DSF species to which Xf could respond, the promiscuous nature of RpfF in Xf
and other species suggested that it might make DSF species to which Xf would respond under some
circumstances, such as when growing within plants. Our studies have shown that co-inoculation of Xf and
B. phytofirmans resulted in greatly reduced disease symptoms compared to plants inoculated with Xf alone;
whereas the number of infected leaves of plants inoculated with Xf alone increased rapidly after week 12, very
little disease was observed in plants inoculated with Xf and B. phytofirmans (Figure 1).

P. phytofirmans was able to inhibit PD development in all grape varieties in which it was evaluated. When
inoculated simultaneously into different grape varieties (although not at the same location, but within about one
cm of the site of inoculation with the pathogen) the progression of PD was greatly suppressed compared to that of
plants inoculated with Xf alone (Figure 2). While the greatest reduction in disease severity was conferred in
Cabernet Sauvignon, a variety somewhat more resistant to PD than either Thompson Seedless or Chardonnay,
P. phytofirmans conferred a very high level of disease resistance (Figure 2). It thus appears that the beneficial
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effect of P. phytofirmans is not variety specific, and that it should confer high levels of resistance in all grape
varieties.

Figure 1. Left: Population size of B. phytofirmans in Cabernet Sauvignon grape at various distances from
the point of inoculation after six weeks incubation. Right: Severity of PD of Cabernet Sauvignon at various
times after inoculation with Xf alone (blue) or when co-inoculated with B. phytofirmans (gray) or when
inoculated with B. phytofirmans alone (red).

Figure 2. Severity of PD observed in different grape varieties needle inoculated at the same time
but at different locations with Xf and P. phytofirmans (blue line) compared to that inoculated only
with Xf (orange line), or with P. phytofirmans alone (purple line). The vertical bars represent the
standard error of the determination mean disease severity.
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The large reductions in the severity of disease when Xf was co-inoculated with P. phytofirmans PsJN was
associated with the apparent elimination of viable cells of the pathogen both at the point of inoculation as well as
at various distances distal to the point of inoculation either four or eight weeks after inoculation (Figure 3). In
contrast, the population size of Xf increased progressively after its inoculation into grape in the absence of
P. phytofirmans, reaching population sizes of approximately 106 cells at all sites within about 60 cm from the
point of inoculation, and moved to at least 120 cm from the point of inoculation within eight weeks after
inoculation (Figure 3). Such large populations throughout the plant were associated with a high severity of
disease, which increased between 11 and 14 weeks after inoculation (Figure 4). In contrast, no viable cells of Xf
were detected at any location in these plants either four or eight weeks after inoculation together with
P. phytofirmans (Figure 4), and no evidence of PD was observed even by 14 weeks after inoculation (Figure 4).
By four weeks after inoculation, population sizes of P. phytofirmans of about 104 cells/g were observed at all
points up to 60 cm distal to the point of inoculation (Figure 3). Curiously, while readily detected up to 90 cm or
more from the point of inoculation when assessed eight weeks after inoculation, P. phytofirmans population sizes
were consistently about 10-fold lower at a given distance from the point of inoculation than at four weeks
(Figure 3). P. phytofirmans population sizes were often slightly lower at a given sampling time and location when
co-inoculated into plants with the pathogen compared to when it was inoculated alone (Figure 3). Large
reductions in population sizes of Xf, often to undetectably low numbers, in plants inoculated with P. phytofirmans
at various times, and in various ways, was always observed in the many experiments undertaken.

Figure 3. Population size of P. phytofirmans PsJN in Cabernet Sauvignon grape stems when needle
inoculated alone (triangles, blue line) or together with Xf (squares, black line), and Xf when inoculated
alone (X’s, orange line), or together with PsJN (circles, purple line) at various distances from the point of
inoculation after four weeks incubation (top panel) or after eight weeks incubation (bottom panel). The
vertical bars represent the standard error of mean log-transformed bacterial population sizes.
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Figure 4. Severity of PD symptoms on Cabernet Sauvignon grape (experiment also described in Figure 5)
inoculated only with Xf (circles, green line), needle inoculated with a mixture of Xf and P. phytofirmans
PsJN (X’s, orange line), inoculated with Xf immediately after spray inoculation of PsJN in 0.2% Break-
Thru (diamonds, purple line), or needle inoculated only with PsJN (squares, blue line). The vertical bars
represent the standard error of the mean number of symptomatic leaves at a given assessment time.

To determine whether the inhibitory effects of P. phytofirmans on the process of PD was dependent on any direct
interactions between it and Xf that might have occurred because of their mixture together at the point of
inoculation, we compared the dynamics of disease process in plants in which the pathogen and strain PsJN were
applied as a mixed inoculation in the same site with that in plants in which they were inoculated separately up to
10 cm apart but at the same time. As previously observed, the severity of PD in plants in which the pathogen and
strain PsJN were applied as mixed inoculum in the same site in the plant was greatly reduced at a given time after
inoculation compared to plants inoculated only with the pathogen (Figure 5). Importantly, disease severity for
plants inoculated at the same time but at different locations with these two strains was usually only nearly as low
as that in plants receiving a mixed inoculum. Both treatment schemes resulted in very large reductions in disease
severity compared to that of control plants inoculated only with the pathogen (Figure 5).

Given that close physical proximity of Xf and P. phytofirmans at the time of inoculation of the pathogen is
apparently not required to achieve large reductions in disease, we explored methods of inoculation of plants with
strain PsJN that might ultimately prove more practical for implementation under field conditions than injection
into stems. Spray application of bacterial inoculum might readily be adoptable by growers because of similarities
in methodology and equipment used in other pest management procedures. Topical application of suspensions of
P. phytofirmans of 108 cells/ml in buffer alone resulted in only very low internalized population sizes of this strain
within either petioles or leaf lamina when assessed at different times after spray application (Figure 6). In
contrast, the population size of strain PsJN applied in buffer containing 0.2% Break-Thru, an organo-silicon
surfactant conferring extremely low surface tension to aqueous solutions (similar to that of Silwet L77), were
about 1,000-fold higher than that within leaves sprayed with bacterial suspensions in buffer alone (Figure 6).
Furthermore, the population size of strain PsJN was about 100-fold higher within the lamina of the leaf compared
to that within the petioles. Not only were large internalized populations of P. phytofirmans achieved immediately
after inoculation (> 103 to 105 cells/g), but these endophytic bacterial population sizes increased with time for at
least nine days after spray inoculation (Figure 6). In many other experiments in which strain PsJN was topically
applied with 0.2% Break-Thru, the population size of strain PsJN within leaves immediately after inoculation was
as high as 105 cells/g (data not shown). The leaves sprayed with bacterial suspensions containing this surfactant
immediately acquired a water-soaked appearance, indicative of water infiltration into the leaf (Figure 7). The
number of bacteria introduced into the plant by such sprays appeared to be influenced by the water status of the
plant and whether stomata were fully open, both of which influenced the degree of water infiltration. It thus
appears that P. phytofirmans can be readily inoculated into grape by simple spray application when appropriate
surfactants are used.
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Figure 5. Severity of PD symptoms on Cabernet Sauvignon grape inoculated only with Xf (filled circles,
green line), needle inoculated with a mixture of Xf and P. phytofirmans PsJN at the same site (X’s, light
blue line), needle inoculated at the same time with Xf and P. phytofirmans PsJN but at different sites on the
base of the plant (filled triangles, gray line), inoculated with Xf immediately after spray inoculation of PsJN
in 0.2% Break-Thru (filled diamonds, purple line), needle inoculated with PsJN 30 days before inoculation
with Xf (open squares, light blue line), sprayed with PsJN in 0.2% Break-Thru 30 days before inoculation
with Xf (filled squares, brown line), sprayed with PsJN in 0.2% Break-Thru 30 days after inoculation with
Xf (filled diamonds, green line ), needle inoculated with PsJN 30 days after inoculation with Xf (open
triangles, blue line), needle inoculated only with PsJN (vertical slash, light blue line), or on uninoculated
plants (open circles, red line). The vertical bars represent the standard error of the mean number of
symptomatic leaves assessed on each of 15 replicate plants for each treatment at a given assessment time.

Figure 6. Population size of P. phytofirmans PsJN within leaves (squares, orange line) or petioles
(triangles, black line) when sprayed onto Cabernet Sauvignon grape with 0.2% Break-Thru, or
within leaves (circles, blue line) or petioles (diamonds, yellow line) when sprayed onto plants in
buffer alone, when sampled at various times shown on the abscissa after inoculation. The vertical
bars represent the standard error of the mean of long-transformed population sizes.
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Figure 7. Water-soaked spots in leaves of Cabernet Sauvignon grape 10 minutes after topical
applications of a suspension of P. phytofirmans PsJN suspended in 0.2% Break-Thru.

The severity of PD on plants sprayed with P. phytofirmans immediately before inoculation with Xf was
significantly lower than on control plants inoculated with the pathogen alone (Figures 4, 5, and 8). While the
disease severity of plants sprayed with P. phytofirmans at the same time as inoculation with the pathogen was
often slightly higher than that on plants that were puncture-inoculated with this strain at the same time as the
pathogen when assessed at a given time, the degree of disease severity in both treatments was always much less
than that of control plants inoculated only with the pathogen, and often did not differ significantly. It appears that
topical application of P. phytofirmans with a surfactant that allows spontaneous stomatal infiltration is nearly as
effective in mediating control of PD as direct inoculation of this biological control agent into xylem tissue.

While Xf and P. phytofirmans apparently do not need to be entirely spatially coincident at the time of inoculation
of the pathogen in order to achieve suppression of PD symptoms, and substantial disease control was inevitably
obtained when the two strains were inoculated at the same time into plants by various ways, insights as to the
possible mechanisms contributing to disease control were obtained by inoculating strain PsJN into plants at
various times relative to that of the pathogen. Surprisingly, the extent to which the severity of PD was reduced
when P. phytofirmans was inoculated into plants either by injection or spray application four weeks prior to
inoculation with Xf was invariably less than when the two strains were applied at the same time when made by the
same method of PsJN application. For example, in some experiments, PD severity in plants treated with
P. phytofirmans, either by needle inoculation or spraying four weeks before that of the pathogen, did not differ
from that of plants inoculated with the pathogen alone, while simultaneous inoculation with strain PsJN by either
method conferred very large reductions in disease severity compared to control plants (Figure 5). In other
experiments, pre-treatments of plants with P. phytofirmans either by needle inoculation or spraying conferred
significant reductions in disease severity compared to that of control plants, yet the extent of disease control was
substantially less than that conferred by corresponding needle or spray inoculation at the same time as the
pathogen (Figure 8). Disease severity in plants sprayed with P. phytofirmans was, however, consistently less than
that in plants to which strain PsJN had been inoculated by puncturing before the pathogen (Figures 5 and 8).
Even more surprising, however, was the observation that disease control achieved by puncture or spray
inoculation of P. phytofirmans into plants three to four weeks after inoculation of the pathogen was as great as,
and often greater than, that achieved by simultaneous inoculation by a given method (Figures 5 and 8). Given
that population sizes of Xf typically increase and spread extensively in inoculated plants within four weeks
(Figure 3), it was remarkable to find, as in other experiments, very low or undetectable population sizes of Xf
subsequent to such treatments with P. phytofirmans, even though it was applied four weeks after that of the
pathogen (data not shown).

Insight as to the surprising observation that pre-treatment of plants with P. phytofirmans inevitably reduced its
efficacy in biological control of PD compared to simultaneous or post inoculation treatments was provided by
analysis of the temporal patterns of colonization of plants by strain PsJN. We frequently observed that while
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relatively large population sizes of P. phytofirmans could be detected throughout grape within a few weeks after
inoculation, this population size often subsequently decreased, often dramatically so (Figure 3; data not shown).
A more systematic examination of P. phytofirmans populations when co-inoculated with Xf in grape as a function
of time revealed that its population size and distribution distal to the point of inoculation both increased for at
least three weeks after inoculation, but then started to decrease by five weeks (Figure 9). As in most other
experiments, viable cells of P. phytofirmans often became undetectably low within 10 weeks after inoculation
(data not shown). As in all experiments, when inoculated in the absence of P. phytofirmans both the population
size and extent of distribution of Xf distal to the point of inoculation tended to increase with time (Figure 9) while
viable cells of the pathogen were not detected at any time or distance from the point of inoculation when co-
inoculated with strain PsJN (Figure 9).

Figure 8. Severity of PD symptoms on Cabernet Sauvignon grape inoculated only with Xf (circles, dark
blue line), needle inoculated with a mixture of Xf and P. phytofirmans PsJN (filled triangles, gray line),
inoculated with Xf immediately after spray inoculation of PsJN in 0.2% Break-Thru (filled squares, purple
line), needle inoculated with PsJN 30 days before inoculation with Xf (X’s, light blue line), sprayed with
PsJN in 0.2% Break-Thru 30 days before inoculation with Xf (open squares, orange line ), inoculated with
Xf 30 days after needle inoculation with PsJN (open triangles, red line), or needle inoculated only with
PsJN (diamonds, dark blue line), or on uninoculated plants (filled circles, green line). The vertical bars
represent the standard error of the mean number of symptomatic leaves at a given assessment time.

Objective 2. Mechanisms of Biological Control
As discussed in Objective 1, it seemed possible that Paraburkholderia may alter the behavior and survival of Xf
by inducing changes in grape plants themselves, such as by stimulating innate plant immunity. Plant innate
immunity serves as an important mechanism by providing the first line of defense to fight against pathogen attack.
While grape apparently does not successfully recognize and therefore defend against infection by Xf, it might be
possible that plants could be “primed” to mount a defense against Xf by another organism such as
Paraburkholderia. Certain beneficial microorganisms such as P. phytofirmans PsJN have been shown to prime
innate defenses against various pathogens in model plant system such as Arabidopsis, and a recent study suggest
that it could also do so in grapes. Further, the bacterium induces plant resistance against abiotic stresses,
apparently by changing patterns of gene expression in host plants. We thus explored whether the reduced disease
symptoms and lower pathogen population seen in plants inoculated with Paraburkholderia either before or after
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that of Xf is mediated by the activation of plant innate immunity. To test this hypothesis, we measured the
expression of various genes in grape that are responsible for, or reflective of, responses to pathogens and
mechanical and abiotic stresses in (1) control plants with no treatment, (2) plants injected with the
Paraburkholderia strain alone, (3) plants injected with both Paraburkholderia and Xf strains simultaneously, and
(4) plants inoculated only with Xf.

Figure 9. Population size of P. phytofirmans PsJN in Cabernet Sauvignon grape stems when
needle inoculated alone (diamonds, light blue line) or together with Xf (triangles, dark blue line),
and Xf when inoculated alone (squares, orange line), or together with PsJN (X’s, purple line) at
various distances from the point of inoculation. Each panel shows population sizes at a given time
after inoculation.

The abundance of PR1 indicative of induction of salicylic acid-mediated host defenses, JAZ1 indicative of
jasmonic acid-mediated host defenses, and ETR1 reflecting ethylene-dependent responses were determined in
RNA isolated from petioles collected from near the point of inoculation of plants by semi-quantitative reverse
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transcription polymerase chain reaction (RT-PCR). The abundance of EF1a, expected to be constitutively
expressed, was used as an internal control to account for the efficiency of RNA isolation. The abundance of these
indicator transcripts was compared in plants inoculated only with P. phytofirmans, Xf, or co-inoculated with the
pathogen and strain PsJN weekly after inoculation as well as in mock-inoculated plants. Little expression of JAZ1
was detected in any of the plants, irrespective of the sampling time after inoculation (Figure 10). In contrast,
some PR1 transcript was seen soon after inoculation of plants only with P. phytofirmans, with lesser amounts
subsequently detected. Low levels of PR1 transcript were also observed within one week of inoculation of plants
only with Xf, with reductions thereafter. Most notably, the highest levels of PR1 transcript were observed in plants
co-inoculated with P. phytofirmans and Xf, with the apparent abundance of this transcript increasing with time up
to three weeks (Figure 10). The abundance of PR1 transcript in these plants decreased rapidly thereafter (data not
shown). Very low levels of ETR1 transcript were observed in all plants except those co-inoculated with P.
phytofirmans and Xf (Figure 10). This suggests that an interaction between P. phytofirmans and Xf induces both
the SA- and ethylene-dependent signal transduction pathways in grape to levels higher than that mediated by
either strain alone.

Figure 10. Products obtained after PCR amplification of complementary DNA (cDNA) obtained from
RNA that had been subjected to reverse transcriptase that was isolated from petioles of Cabernet Sauvignon
grape near the point of inoculation of plants that were inoculated only with buffer (C), inoculated with
P. phytofirmans PsJN alone (B), inoculated with both PsJN and Xf (BX), or were inoculated with Xf alone
(X). Shown are bands corresponding to amplification products of PR1, Jaz1, ETR1, and EF1a from RNA
sampled from plants harvested at the various times shown above each lane.

We have observed in the many experiments in which grape has been inoculated with Paraburkholderia that
population sizes of this biological control agent are maximal in plants within a few weeks after inoculation, but
that populations in the plant seem to decrease thereafter. We are continuing work to test the hypothesis that
Paraburkholderia is a very efficient colonizer of grape, but one that may be self-limiting. Specifically, we
hypothesize that the plant may locally recognize and respond to the colonization of Paraburkholderia in a way
that leads to a reduction in its own population size. In fact, it may be this response of the plant to
Paraburkholderia that is also responsible for the dramatic reductions in Xf populations in plants inoculated with
Paraburkholderia. If, as we hypothesize, such a host response is relatively local to the plant region colonized by
Paraburkholderia, the patterns of biological control that we have observed could be explained. Specifically,
biological control of PD would be expected if Paraburkholderia was applied at the same time as or even after that
of the pathogen if the rapid movement of Paraburkholderia throughout the plant mediated a defensive reaction
either before the plant had been colonized by Xf or before the pathogen had achieved population sizes sufficient to
incite disease symptoms. In this model, the spatial movement and persistence of Paraburkholderia in the plant
would determine the efficacy of biological control (Figure 11). Our ongoing studies to investigate the spatial
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movement and temporal persistence of Paraburkholderia in plants after inoculation relative to that of the
pathogen when inoculated at different times and locations are central to our understanding of how to optimize
biological control of PD.

Figure 11. A model describing the expected temporal growth and persistence of Paraburkholderia in grape
plants after inoculation (green line) and the expected effects on population sizes of Xf inoculated at various
times relative to that of Paraburkholderia (blue, pink, and red lines) based on the hypothesis that
Paraburkholderia mediates a local inhibitory effect on pathogen populations.

Objective 3. Field Efficacy of Biological Control of PD
Large-scale field studies in a replicated field site managed by the Department of Plant Pathology at the University
of California, Davis were initiated in 2018 that evaluated the extent to which the factors which we found to
control the efficacy of biological control under greenhouse conditions were directly applicable to the control of
PD in a field setting. The study was also designed to enable us to evaluate the effectiveness of spray applications
of Paraburkholderia relative to that of direct needle inoculation. A large planting of Chardonnay, Cabernet
Sauvignon, and Pinot noir were established from so-called “Uber” plants generously provided by Duarte
Nurseries. The grapevines were planted in late April 2017 and were sufficiently large by the spring of 2018 to
inoculate with the pathogen and Paraburkholderia. In 2018 both Cabernet Sauvignon and Pinot noir were
inoculated, while Chardonnay will be inoculated in 2019. The overall experimental design involves the following
treatments: (1) challenge plants with Xf relatively soon after needle inoculation or topical treatment with
Paraburkholderia; (2) challenge plants with Xf several weeks after inoculation of plants with Paraburkholderia in
different ways; (3) inoculate Paraburkholderia into plants in different ways only after challenge inoculation with
Xf to assess the potential for “curative effects” after infection has occurred; and (4) challenge inoculate plants
treated with Paraburkholderia with Xf on multiple occasions, spanning more than one growing season, to reveal
the persistence of the biological control phenomenon. Greenhouse studies in our current project have also
indicated that topical applications of a DSF-like molecule, palmitoleic acid, with a penetrating surfactant can also
confer disease resistance. This treatment was therefore compared with the various biological control treatments.
Each treatment consisted of 10 plants for a given grape variety. For individual vines, one on each of the four
cordon arms for a given plant were inoculated. The details of the experimental design are shown in Figure 12.
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Figure 12. Experimental design and treatment listed for field trials conducted in 2018. Columns represent
treatments made at a given time indicated in the headings. Note that on some occasions more than one
treatment was applied at a given inoculation time. Unless otherwise noted, all inoculations were made at
the base of the vines. Xy or Xylella = inoculation made with Xf strain STL via droplet puncture. B needle =
inoculation made with P. phytofirmans PsJN via droplet puncture. B and Xy mix = inoculum of both
P. phytofirmans and Xf were mixed and inoculated as a single droplet puncture. Bspray = inoculation made
by spraying P. phytofirmans PsJN in 0.2% Break-Thru. B trunk = inoculation of the trunk of vines (ca. 30
cm from soil level) made with P. phytofirmans PsJN via droplet puncture. Soap = spray application of 2%
palmitoleic acid. Year 2 = challenge inoculation with Xf to be made in spring 2019 in plants that were
inoculated in spring 2018 with P. phytofirmans in different ways.

As was observed under greenhouse conditions, topical applications of P. phytofirmans with 0.2% Break-Thru to
leaves was found to be an efficient way to introduce this bacterium into grape tissues under field conditions.
Water-soaking was quite apparent within one minute after application to leaves (Figure 13). Despite the fact that
the water suspensions dried relatively rapidly on the leaves under the relatively warm and often windy conditions
in which they were applied, water-soaking was quite extensive and persisted for approximately 15 minutes after
inoculation. Large population sizes of strain PsJN were immediately introduced into leaves in this process, and
these populations remained high for many days after inoculation (Figure 13).

Substantial levels of disease control were conferred by application of P. phytofirmans PsJN in various ways to
both Cabernet Sauvignon and Pinot noir grapevines, either before or after challenge inoculations with Xf
(Figure 14). At the time of this report, statistical analyses of disease assessments of Pinot noir were still
underway, and so disease control obtained in Cabernet Sauvignon will be discussed. Disease severity was
measured as the proportion of the total leaves on a given inoculated shoot that exhibited symptoms of leaf
scorching. Disease severity was measured approximately every three weeks beginning in mid-August; three
separate assessments of disease severity were made. Differences in disease severity were determined after
calculating the area under the disease progress curve (AUDPC) for disease measured over time. Very high levels
of disease were observed in control vines in which Xf was inoculated a single time (treatment #6) or on two
occasions (treatment #17), or when treated only with the surfactant Break-Thru after inoculation (treatment #12).
As expected, no symptoms of PD were observed on control plants that were not inoculated with Xf (treatments #7,
8, and 9). Very high levels of disease control were observed in plants treated with P. phytofirmans applied in
different ways. While the greatest degree of disease control was achieved when both P. phytofirmans and Xf were
co-inoculated together at a single site into vines (treatment #2), a very high degree of disease control was also
observed when P. phytofirmans was either injected or sprayed onto plants several weeks after inoculation with Xf



- 55 -

(treatments #10 and #11, respectively), or inoculated at the same time as, but at different locations within, a vine
(treatments #1 and #3). Surprisingly, disease control conferred by a single inoculation of P. phytofirmans made
after that of the pathogen provided higher levels of disease control than multiple such applications (compare
treatments # 10 and #11 with treatments #13 and #14). In contrast to what had been observed in greenhouse
studies, injection of P. phytofirmans into plants three weeks before they were inoculated with Xf also led to high
levels of disease control (treatment #4). Given that field-grown plants have a large trunk on which cordons on the
vines are borne, unlike the single stems resulting from rooted cuttings in greenhouse studies, we evaluated the
direct injection of P. phytofirmans into the base of the trunk to determine if a systemic and distal effect on disease
control could be conferred. Disease reductions from trunk injection were similarly large as those made directly
into the vines in which Xf was inoculated (compare treatment #18 with treatments #1 and #10). Repeated topical
application of palmitoleic acid also appeared efficacious for disease control (treatment #19).

Figure 13. Left: water-soaking appearance of Cabernet Sauvignon leaves approximately two minutes after
topical application of a suspension of P. phytofirmans PsJN in 0.2% Break-Thru in a field trial. Right:
population size of P. phytofirmans PsJN recovered from surface sterilized lamina of spray-inoculated
leaves (blue line) or surface sterilized petioles (red line) at various times after spray inoculation. The
vertical bars represent the standard error of log-transformed viable bacteria recovered per gram of plant
tissue.

In addition to measuring the severity of disease as the proportion of symptomatic leaves on a given inoculated
shoot (as shown in Figure 14), we also assessed the extent to which the pathogen moved from each of the four
inoculated shoots on a given plant to infect and cause symptoms on adjacent shoots. We thus counted the number
of additional shoots on a given plant that exhibited symptoms of PD (Figure 15). Even within the short time since
plants were inoculated with the pathogen alone (Treatments #6, 12, and 17), symptoms could be observed on a
large number of adjacent vines on a given plant (Figure 15). In contrast, many fewer adjacent vines exhibited any
symptoms of PD on plants treated with P. phytofirmans in various ways. Generally, those treatments such as
treatment #2 that conferred the greatest reduction in disease severity on inoculated vines also conferred the
greatest reduction in spread of disease symptoms to adjacent vines on a given plant (Figure 15). It was
noteworthy that the direct inoculation of P. phytofirmans into the trunk of these mature plants also greatly reduced
any spread of disease symptoms away from the inoculated vines (treatment #18), suggesting that it’s basal
inoculation site may have maximized any potential systemic induction of disease resistance that is postulated as a
mechanism of action of P. phytofirmans. The high levels of disease control seen after inoculation with
P. phytofirmans are exciting and suggest that even higher levels of disease control could be conferred after further
exploration of practical questions of optimum timing and application methods.
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Figure 14. Disease severity of Cabernet Sauvignon grapevines shown as the area under the
disease progress curve for disease assessments made on three occasions in the summer of 2018.
The treatment numbers refer to the treatments described in Figure 12.

Figure 15. The number of additional shoots on a given plant that were not directly inoculated with
Xf that exhibited symptoms of PD by late September 2018. Shown is the total number of shoots on
plants inoculated with Xf on the 10 plants receiving a given treatment (described in Figure 12) that
exhibited symptoms of PD.

CONCLUSIONS
The studies directly address practical strategies of control of PD. Our results reveal that P. phytofirmans continues
to provide levels of biological control under greenhouse conditions that are even greater than what we would have
anticipated, and encouraging results were obtained of practical means for introducing this strain into plants such
as by spray applications. In addition, the fact that it seems to be active even when not co-inoculated with the
pathogen is a very promising result that suggests this method of disease control might also be readily
implemented. The high levels of disease control seen after inoculation with P. phytofirmans are exciting and
suggest that even higher levels of disease control could be conferred after further exploration of practical
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questions of optimum timing and application methods. Given that this well-studied biological control agent is a
naturally occurring strain recognized as a beneficial organism, the regulatory requirements for its commercial
adoption should be relatively modest.
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ABSTRACT
Transgenic plants of several different winegrape varieties, as well as rootstock varieties, have been made in an
effort to produce significant levels of diffusible signal factor (DSF) in plants to achieve “pathogen confusion.” In
these plants, either the unmodified rpfF gene encoding the DSF synthase from Xylella fastidiosa is expressed
under the control of a strong constitutive plant promoter, or a variant of rpfF encoding a protein with sequences
that should direct the enzyme to the chloroplasts in plants is expressed. The presence of high concentrations of
DSF should cause abnormal behavior of the pathogen, such that its virulence to plants will be greatly reduced.
The majority of the transgenic plants have now been produced, and most of these plants have now been tested for
disease resistance in greenhouse studies. Several greenhouse malfunctions have delayed the testing of the
remaining plants, although all testing should be completed by the end of 2018 and clones of the plants prepared
for field planting by early 2019.

LAYPERSON SUMMARY
Xylella fastidiosa coordinates its behavior in plants in a cell density-dependent fashion using a diffusible signal
factor (DSF) molecule which acts to suppress its virulence in plants. Artificially increasing DSF levels in grape by
introducing the rpfF gene which encodes a DSF synthase reduces disease severity in greenhouse trials. We are
generating and testing five different DSF-producing grape varieties, both as own-rooted plants as well as
rootstocks, for susceptibility to Pierce’s disease. The majority of these transgenic grape varieties have now been
produced at the Plant Transformation Facility at UC Davis, and are under evaluation under greenhouse conditions
at UC Berkeley to determine those particular transgenic lines that have the highest disease resistance. Additional
gene constructs will be made to generate transgenic plants in which the DSF synthase is directed to a cellular
environment in which higher levels of DSF production can be expected in those few grape varieties in which such
expression has not yet been successful. The transgenic varieties will be available for establishment in the field
plot as own-rooted plants or as rootstocks of plants with a normal Cabernet Sauvignon scion in spring 2019.
Disease severity and population size of the pathogen will be assessed in the plants after their establishment in the
field as a means of determining their susceptibility to Pierce’s disease after artificial inoculation.

OBJECTIVES
1. Determine the susceptibility of diffusible signal factor (DSF)-producing grapes as own-rooted plants as well

as rootstocks, for susceptible grape varieties to Pierce’s disease.
2. Determine the population size of the pathogen in DSF-producing plants under field conditions.

RESULTS AND DISCUSSION
This is a continuing project that exploits results we have obtained in project number 14-0143-SA titled
“Comparison and Optimization of Different Methods to Alter Diffusible Signal Factor Mediated Signaling in
Xylella fastidiosa in Plants to Achieve Pierce’s Disease Control,” which was funded by the CDFA Pierce’s
Disease and Glassy-winged Sharpshooter Board. One of the major objectives of that project was to compare DSF
production and level of disease control conferred by transformation of Xf RpfF into several different grape
cultivars. This and other projects in the previous nine years had described a cell density-dependent gene
expression system in Xylella fastidiosa (Xf) mediated by a family of small signal molecules called diffusible
signal factor (DSF) which we have now characterized as 2-Z-tetradecenoic acid (hereafter called C14-cis) and 2-
Z-hexadecenoic acid (C16-cis). The accumulation of DSF attenuates the virulence of Xf by stimulating the
expression of cell surface adhesins such as HxfA, HxfB, Xada, and FimA (that make cells sticky and hence
suppress its movement in the plant), while down-regulating the production of secreted enzymes such as
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polygalacturonase and endogluconase which are required for digestion of pits and thus for movement through the
plant. Artificially increasing DSF levels in transgenic plants expressing the gene for the DSF synthase from Xf
was found to be highly effective in reducing the disease severity of inoculated plants when used as scions, and to
confer at least partial control of disease when used as rootstocks. Nearly all of the work had been done in the
Freedom rootstock variety, and the goal of project number 14-0143-SA was to transform a variety of other
winegrape and rootstock varieties to determine the robustness of this strategy of disease control. The majority of
these transgenic plants have now been generated and extensive greenhouse testing to identify the most persistent
lines is getting close to completion. The work of this new continuing project is to establish field trials in Solano
County in 2019 and subsequent years where these lines can be compared with each other for Pierce’s disease
control when used as both scions and rootstocks.

Objective 1. Disease Susceptibility of Transgenic DSF-Producing Grape in Field Trials
As part of a continuing part of project number 14-0143-SA grape variety Thompson Seedless as well as the
advanced rootstock varieties 1103, 101-14, and Richter were transformed with the rpfF gene from Xf. In addition
to untargeted expression of RpfF, we produced plants in which RpfF is targeted to the chloroplast of grape by
fusing the small subunit 78 amino acid leader peptide and mature N-terminal sequences for the Arabidopsis
ribulose bisphosphate carboxylase (which is sufficient to target the protein to the chloroplast) to RpfF. This RpfF
fusion gene product should be directed to the chloroplast, where it presumably has more access to the fatty acid
substrates that are required for DSF synthesis (chloroplast-targeted). While the genetic constructs were made at
UC Berkeley, transformation of the various grape varieties is being conducted at the Plant Transformation Facility
at UC Davis.

Our goal was to obtain between 5 and 10 individual transformants for each variety/construct combination. As will
be summarized below, it has been both slow and difficult to obtain sufficient numbers of transformants for certain
of these combinations. Because the expression of rpfF in a given transformant of a given plant line will vary due
to the chromosomal location of the randomly inserted DNA, it is necessary to identify those lines with the highest
levels of expression. To determine the disease susceptibility of each line, they were grown to a sufficiently large
size that vegetative clones could be produced (three months) and then each cloned plant was propagated and
assessed for disease susceptibility (five additional months). At least 12 vegetative clones each of the lines were
produced from green cuttings of plants developing from each transgenic plant selected in the assays above. These
plants, as well as an untransformed control plant of a given variety (ca. 30 cm high), are being inoculated with Xf
by droplet needle puncture as in earlier studies. Disease severity is being assessed visually weekly after
inoculation. In this process, we are able to identify the transformant from each variety/construct combination that
is most highly resistant to Pierce’s disease, and thus suitable for field evaluation.

Table 1 indicates the number of individual independently transformed plants of each combination that have been
delivered to UC Berkeley. Nearly all have been successfully propagated, and vegetative clones produced to enable
testing for disease susceptibility. Disease susceptibility has been completed for the majority of the transgenic
lines, although a few of the lines have been inoculated but disease assessments are still being made under
greenhouse conditions at UC Berkeley.

Table 1. Number of individual independently transformed plants of each
combination that have been delivered to UC Berkeley.

Variety
Gene Introduced

Untargeted Chloroplast-
RpfF targeted RpfF

Thompson Seedless 23 2
Richter 110 6 none
Paulsen 1103 6 none
Milardet et de Grasset 101-14 13 none

Certain of the varieties such as Chardonnay could not successfully be transformed at UC Davis. Furthermore,
others such as Richter 110 and Paulsen 1103 have proven to be somewhat more difficult to transform than other
varieties, yielding fewer transformants than other grape varieties. Although the reason is unclear, the kanamycin
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resistance determining construct in which the chloroplast targeted RpfF is being delivered has yielded relatively
few transformants, with none being recovered for three of the varieties being investigated. As noted above,
screening for disease resistance of the non-targeted RpfF plants already delivered is mostly complete.
Unfortunately, there have been a series of mishaps in the greenhouses harboring these plants that have delayed our
progress. A major greenhouse malfunction in August 2017 blocked watering of the plants for a couple of days.
This malfunction unfortunately also happened during a relatively warm period in Berkeley, and the plants
suffered substantial damage. The plants had been inoculated for a period of about 10 weeks at that point, and were
on the verge of being assessed for visual symptoms of disease severity. Recently, a series of plants for which
clones had been laboriously produced were in the process of being evaluated for disease control when a pesticide
application in the greenhouse caused severe damage to the leaves, making it impossible to assess disease severity.
Because the process of testing plants for disease severity is such a long one, spanning 30 weeks or more from the
time plants are initially propagated until disease assessment is complete, there have been numerous opportunities
for pest damage to interfere with disease assessments, or more commonly, for unintentional damage from
pesticides that are needed to maintain the health and vigor of these plants under greenhouse conditions for such a
long period of time to occur. Overall, the process of evaluating the various lines for disease resistance has proved
to be slower than expected. We have, however, now obtained sufficient number of plants from each of the four
newly-transformed grape varieties to evaluate the relative efficacy of expression of RpfF, and thus DSF
production, to achieve disease resistance in these various varieties, and disease testing is now nearly complete.
The most highly-resistant transformants for each of these grape varieties has now been identified, and we are in
the process of producing sufficiently large numbers of rooted cuttings and grafted plants for establishment in the
field in 2019. The grafting process will add an additional three months to the process of generating plants for use
in field studies, but we expect to be able to complete this for these grafted plants before the end of 2018.

Field tests will be initiated beginning in 2018 with the various grape variety/genetic construct combinations
discussed above. Given the difficulty of producing chloroplast-targeted rpfF constructs of certain of the varieties
it is, however, unlikely that they will be available for planting in 2018. We will continue to evaluate such
transformed lines as success in their transformation is achieved at the UC Davis Plant Transformation Facility.

Table 2.

Variety
Gene Introduced Untransformed

PlantsUntargeted
RpfF

Chloroplast-
targeted RpfF

Thompson Seedless + + +
Richter 110 + + +
Paulsen 1103 + + +
101-14 + + +
Freedom + +

These transgenic grape varieties will be tested as both own-rooted plants as well as rootstocks to which the
susceptible grape variety Cabernet Sauvignon will be grafted. Thus, a maximum of 14 different treatments will
assess each grape variety/gene construct on own-rooted plants. An additional up to 14 treatments will evaluate
each grape variety/gene construct as a rootstock onto which Cabernet Sauvignon will be grafted as a scion.

Twelve plants of each treatment will be established in a randomized complete block design with four blocks of
three plants each for each treatment, that will be inoculated with Xf after establishment. In addition, four plants in
each treatment (one plant per block) will be left uninoculated with Xf as a control to observe plant development
and yield, to determine whether DSF production had any effect on plant development under field conditions. No
such effects have been observed in field studies conducted to date or in greenhouse studies, however. Half of the
plants will be own-rooted plants and the other half will be grafted plants with a normal Cabernet Sauvignon scion.
Half of the plants will be inoculated with Xf. Twelve of the plants from each treatment will be inoculated by
needle puncture with drops of Xf of about 109 cells/ml, as in previous studies. Disease symptoms in continuing
studies will be measured bi-weekly starting at eight weeks after inoculation (inoculation will be done about
May 1). Leaves exhibiting scorching symptoms characteristic of Pierce’s disease will be counted on each
occasion, and the number of infected leaves for each vine noted as in our other studies. An additional 0 to 5 rating
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scale will also be applied, which accounts for both the number of vines on a plant that are symptomatic as well as
the degree of symptoms on a given plant. This scale will be most important in the third year of the study (two
years after inoculation), when spread through the plant will be assessed. Analysis of variance (ANOVA) will be
employed to determine differences in severity of disease (quantified as the number of infected leaves per vine)
that are associated with treatment. As noted above, the majority of the plants are anticipated to be available for
planting by early 2018, and inoculation and disease assessment will be initiated only in 2019.

Objective 2. Assess Population Size of Xf in Transgenic Plants
To ensure that the symptoms of Pierce’s disease observed in Objective 1 above are associated with Xf infection
and to document the limited extent of excess colonization in transgenic DSF-producing vines inoculated with Xf
compared to that of the corresponding non-transgenic vines, five petioles from each inoculated vine will be
harvested (at approximately 40 cm intervals, depending on the length of the vine for a given variety) at monthly
intervals starting eight weeks after inoculation. Petioles will be surface sterilized and then macerated, and
appropriate dilutions of the macerate applied to PWG plates containing the fungicide natamycin. Colonies
characteristic for Xf will then be counted and the population size of Xf determined. While this method is a bit
more work than the method of polymerase chain reaction, it provides a more sensitive assay method and avoids
some issues with false negative discovery rates associated with field sampling of grape tissues. ANOVA will be
employed to determine differences in population sizes of Xf (quantified as log cells/petiole) that are associated
with treatment. The non-parametric Sign test will also be performed to determine differences in the incidence with
which any detectable Xf occurs in these petioles at a given sampling distance from the point of inoculation. This
strategy will quantify disease to test the assumption that many petioles, especially on DSF-producing plants and at
the distal ends of vines, will be free of any detectable cells of Xf. As only a few plants are available to establish in
the field plot in 2017, and most will be available only by early 2018, inoculation and disease assessment will be
initiated only in 2019.

CONCLUSIONS
Since we have shown that DSF accumulation within plants is a major signal used by Xf to change its gene
expression patterns, and since DSF-mediated changes all lead to a reduction in virulence in this pathogen, we
have shown proof of principle that disease control can be achieved by a process of “pathogen confusion.” These
field trials are direct demonstration projects to test the field efficacy of plants producing DSF to alter pathogen
behavior in a way that symptom development is minimized. Results from earlier field trials in which only a
limited number of grape varieties were evaluated in Solano County and Riverside County provided solid evidence
that pathogen confusion can confer high levels of disease control, both to plants artificially inoculated and
especially to plants infected naturally with sharpshooter vectors. The earlier work, therefore, has provided solid
evidence that this strategy is a useful one for managing Pierce’s disease. The current ongoing studies therefore are
designed primarily to evaluate the robustness and general applicability of this strategy of disease control in a wide
variety of grape varieties.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.
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ABSTRACT
Xylella fastidiosa (Xf) subsp. fastidiosa, the causal agent of Pierce’s disease, costs California grape growers an
estimated $56 million annually in management costs. Sources of resistance have been identified and a single
source from Vitis arizonica is being incorporated into new breeding materials for wine, table, and raisin grape
markets. This source of resistance has been evaluated against a small set of isolates from California, but its
durability has not been evaluated. In California, the genetic diversity of Xf is low, but virulence diversity is
unknown. Regional differences among isolates appear likely, based on preliminary work. This project will
evaluate the variability of Xf diversity in California and the potential sustainability of Pierce’s disease resistant
material.

LAYPERSON SUMMARY
Pierce’s disease (PD), caused by Xylella fastidiosa (Xf), has economically impacted the California grape industry
since the 1990s. Growers lose an estimated $56 million annually in decreased production and vine replanting.
Breeding efforts have resulted in new wine grape cultivars using a single source of PD resistance. This source has
been effective against a few strains of Xf, but its durability in the field is unclear. The range in virulence (amount
of disease a given isolate can cause) of Xf in California is not known, and regional differences appear likely.
Research is needed to better understand the variability of Xf in California and how this might impact PD resistant
grape breeding. This proposal will evaluate Xf virulence and the sustainability of PD resistant material.

INTRODUCTION
Plant pathogens with broad host ranges, like Xylella fastidiosa (Xf) if considered at the species level, often rely on
multiple virulence and growth factors to colonize their diverse hosts. Though Xf was the first plant pathogenic
bacterium to have its full genome sequenced (8,15,16), only a small number of studies have looked at virulence
variation (3,5,7,10,13,14). One small study in alfalfa, found significant correlation between genetic relatedness
and virulence among 15 strains of Xf subsp. fastidiosa (3). In grape, virulence studies are lacking, but preliminary
data suggest that virulence differences exist in California.

Virulence comparisons among Xf strains are also useful to understand the biology of this pathogen. In Nicotiana
tabacum (tobacco), different subspecies of Xf are capable of colonizing and causing leaf scorch symptoms (1,10),
and show differences in host colonization and symptomatology (9,18). Tobacco has been used as a model system
to understand changes in host mineral and nutrient composition caused by Xf infection (6,11), bacterial gene
function (2,12), and the impact of new DNA acquired from natural competence and recombination (10). Tobacco
assays could be a useful tool to predict isolate virulence on grapevine. Using tobacco to test multiple strains saves
considerable greenhouse space and time, as it can take half the time of a grape experiment.

Pierce’s disease (PD) resistance has been identified in multiple Vitis species (Figure 1). How these sources differ
in durability (sustainability of resistance when exposed to multiple strains) of resistance is unclear. A single
source of resistance PDR1 from a V. arizonica, a wild southwestern grape, accession has been used to develop
high quality wine grapes with PD resistance (breeding efforts by Andy Walker, UC Davis). Table grape breeding
efforts also use this same source. Plants with PDR1 have no disease symptoms and low bacterial populations
when inoculated with Xf. PDR1 has maintained efficacy in field trials in Texas and northern California, but its
durability to individual isolates is unclear. Other sources of resistance or tolerance have been identified, but their
efficacy against multiple isolates of Xylella has not been evaluated.
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Figure 1. Wild species and hybrids with potential PD resistance.

OBJECTIVES
The objective of this project is to determine the virulence (level of disease caused by a given individual isolate)
diversity of Xf subsp. fastidiosa in California in order to enhance host resistance to PD.
1. Evaluate the virulence diversity of Xf strains from California.
2. Evaluate known sources of PD resistance against diverse strains of Xf.

RESULTS AND DISCUSSION
Funding was received by the PI in September 2018, and projects are currently in process. A brief description and
expected outcomes for each objective are as follows.

Objective 1. Evaluate the Virulence Diversity of Xf Strains from California
For this objective, each year 40 Xf strains will be selected from the collection of cooperator R. Almeida and will
be assessed for virulence in both tobacco (sub objective a) and a subset on grape (sub objective b). We anticipate
that ~120 strains will be assessed for virulence in tobacco during the course of this project. Virulence assessments
in tobacco (‘Petite Havana’) (6) will be conducted in the greenhouse facilities at Auburn University. During two
time-points (at the beginning and full onset of leaf scorch symptoms) petiole samples will be collected at different
positions in plants and Xf populations will be quantified by qPCR (4,6,7) to assess movement inside the xylem.
Differences in virulence as evidenced by symptom development or bacterial spatial movement will determine
phenotypic groups that will be used to select strains to be tested in grapevines (Subobjective b).

In grapevine, virulence assessments will be conducted in a greenhouse at the USDA ARS San Joaquin Valley
Agricultural Sciences Center (SJVASC) in Parlier, CA. Plants will be evaluated weekly to monitor disease
progression using a 0 to 5 based scale indicating disease severity for 25 weeks. An area under the disease
progression curve (AUDPC) will be calculated for each line to determine the rate and severity of disease
progression for each isolate. At the end of the experiment, petioles will be collected from each plant and bacterial
populations will be estimated using qPCR. Differences in isolate virulence will be used to detect geographic
variability among Xf strains in grape. Virulence data collected will be shared with the cooperator (Dr. Almeida)
and evaluated for potential genetic/virulence associations using genetic pipelines currently employed in his lab.
While the small sample size would not allow for conclusive association of genetic markers with virulence, it
could serve as preliminary data for more in-depth studies.

Objective 2. Evaluate Known Grape Sources of PD Resistance Against Diverse Strains of Xf
Grape breeding for Pierce's Disease resistance uses on a single source of a resistance (V. arizonica) to Xf. The
ability of this and other sources of resistance to maintain an acceptable level of resistance to multiple, diverse
strains of Xf is unknown. A panel of ten Xf strains with virulence and genetic variability determined in Objective
1a will be used to determine the durability of resistance for each grape line. Plants will be evaluated weekly to
monitor disease progression using a 0 to 5 based scale indicating disease severity for two growing seasons.
Symptoms will be evaluated until plants become dormant in the fall, and will resume after bud break the



- 64 -

following season. An area under the disease progression curve (AUDPC) will be calculated for each line to
determine the rate and severity of disease progression for each isolate. At the end the first and second growing
seasons, petioles will be collected from each plant and bacterial populations will be estimated using quantitative
PCR. Differences in durability of resistance will be determined for each source of resistance/tolerance and
information will be provided to public and private breeding programs on which sources of resistance will be most
durable or should be combined to improve resistance durability.

Table 2. Grape lines with resistance to Xylella fastidiosa subsp. fastidiosa used for testing durability
against diverse strains of Xylella.

Line Species Type of
Resistance

8909-08 V. arizonica x V. rupestris PDR1
Norris Interspecific hybrid multigenic
IAC 572 V. caribbeae Unknown
B43-17 V. arizonica PDR1
BD5-117 Interspecific hybrid multigenic
Tampa V. aestivalus multigenic
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ABSTRACT / LAYPERSON SUMMARY
The bacterium Xylella fastidiosa (Xf) is the cause of Pierce's disease (PD) in grapes and is a major threat to fruit,
nut, olive, and coffee groves. The most damaging effects of PD other than death of the vine is the reduction of
production and shriveling of fruits. Obvious symptoms in grapevine are characteristic bands/rings of anthocyanin
(red pigment) accumulation in distal zones adjacent to necrotic leaf blades. Anthocyanins can reduce insect
feeding, and induction in vegetative tissues may serve as antagonists to feeding by the glassy-winged
sharpshooter (Homalodisca vitripennis; GWSS) and to colonization by Xf. The etiology of pleiotropic PD
symptoms such as 'matchstick petioles' and 'green cane islands' is not understood. Prior work showed that Xf
infection causes a significant decrease in leaf elemental phosphorus (P) content, but the bioavailable form of P
(e.g., phosphoproteins, lipids, nucleic acids, subcellular compartmentation, etc.) underlying this phenomenon is
unknown. The myriad host responses to Xf are hypothesized to be due to deranged host inorganic phosphate (Pi) -
regulated microRNA (miRNA) activities (both Pi and miRNAs are diffusible signals in plants). The data
generated in three initial years of research support resulted in a new award in 2018. Results continue to strengthen
support of our testable model of phosphate-regulated miRNAs synergizing with MIR828/TAS4 to regulate
anthocyanin levels. Deep sequencing of miRNAs and their targets in Xf-infected leaves and petioles has been
completed from three years of field collection and the datasets quality-assured. Further analysis of the sequence
data and new samples collected in 2018 will allow a systematic and comprehensive view of gene activities and
their roles in the etiology of PD. A clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9
genome-editing approach has generated transgenic grapevine plants to directly test the model of anthocyanin
regulation to determine the effector genes' roles in susceptibility to Xf, and whether they function to impact
GWSS feeding preferences. We are also testing a corollary of the working hypothesis: whether a durable,
affordable, and environmentally sound 'safener/protectant' analogue of inorganic phosphate (Pi) (phosphite [Phi];
reduced Pi), which alters host and microbe phosphate homeostasis, can impact Xf growth and host PD etiology.
This aspect could result in development of a novel management tool for PD complementary to the primary high-
priority genome editing approach to engineer PD resistance. Genome editing is akin to breeding in that it can
produce non-"genetically modified organism" (GMO) grapevines and rootstocks after outcrossing the transgene
locus. These proof-in-principle experimental results offer a new paradigm for PD management with potential
translational benefits for other crops.

INTRODUCTION
The overuse of phosphorous (P) fertilizer results in severe environmental pollution. As natural and
anthropogenically-induced climatic changes occur, increased P limitation is expected to hinder biological
productivity1. The Pi analogue phosphite (Phi) reduces populations of several insect species in the field2 making it
a potentially good fit for integrated pest management programs, although this aspect has not been developed, nor
tested for Pierce’s disease (PD), since its discovery3. There is evidence for host plant stress physiology (e.g.,
visual and/or olfactory cues related to host metabolites) associated with glassy-winged sharpshooter
(Homalodisca vitripennis; GWSS) deterrence4. A few studies have determined that some anthocyanin and
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derivative tannic compounds can reduce insect feeding5, including sap-sucking insects6, 7, which provides a
plausible basis for observed PD infection susceptibility differences between anthocyanless and red cultivars8-11.
However, similarity in GWSS PD transmission rates among cultivars harboring different bacterial populations in
petioles12 suggests that variability in pathogen distribution within-plant13 or phase of the life cycle (biofilm versus
motile) may be important for vector transmission and/or disease etiology. Quality improvements depend on
applying new genetic insights and new technologies to accelerate breeding through improved genotyping and
phenotyping methods, and by increasing the available diversity in germplasm14-16. The genetic identity of
traditional cultivars used for wine discourages breeding approaches because markets and statutes dictate cultivar
choice, thus varieties lack recombination and the resultant opportunity to select/screen for adaptability, e.g., PD
resistance and P metabolism.

MicroRNAs (miRNAs) and small interfering RNAs (siRNAs) are the specificity “guide” for nucleases of the
ARGONAUTE (AGO) class which cleave or otherwise repress protein-coding transcripts in a nucleotide
sequence-specific manner17, 18. Evidence shows that miRNAs and siRNAs operate systemically by moving
through vasculature, raising prospects of genetic engineering of grapevine rootstocks for PD resistance in non-
genetically modified organism (GMO) scions19-21. Microbes and viruses utilize plant miRNAs to facilitate
pathogenesis, and plants have co-opted miRNAs for plant innate immunity22-27. Although the molecular
mechanisms of RNA interference in plant-microbe interactions are poorly understood, there is mounting evidence
that plant immunity to microbial pathogens requires post-transcriptional gene silencing (PTGS) pathways28-35.
This suggests broader roles for plant and pathogen small RNAs (sRNAs) in environmental responses and
evolutionary adaptations36, 37, which may include microbe and/or vector feeding processes.

The general research objective of this project is to continue to test a coalescent model that specific siRNAs,
namely Trans-Acting small-interfering locus4 (TAS4) and miR828 produced by the host, are key regulators of PD
etiology subject to P modulation38. The long-term goal is to establish a new technology in grapes that will allow
genetic manipulations that will not carry the negative connotation of “GMO.” This is because the transgenes are
removed by conventional backcrosses of the transgenics, resulting in only mutated endogenous effector genes,
analogous to breeding approaches to introgress dwarfing or pathogen resistance genes that was the basis of the
Green Revolution of the 1960s.

Understanding the molecular mechanisms of miR828/TAS4 in biotic stress responses will provide cogent (e.g.,
miRNA-based) strategies for engineering stress-tolerance and productivity by increasing P uptake without
increasing fertilizer application. We previously put forward a model and summarized the evidence for a role of
deranged Pi, altered source-sink distributions of sucrose, and the stress hormone abscisic acid (ABA)39 in
regulating phytoalexin polyphenolic accumulations via miR828, TAS4, and their target MYB transcription factors
(viz. MYBA6/7 and close homologues) important for PD. As an independent, partial test of the hypothesis, we
initiated work on transgenic tobacco that overexpresses the Arabidopsis target of TAS4 siRNA; AtMYB90/
PRODUCTION OF ANTHOCYANIN PIGMENT2/PAP2. Transgenic plants have a dominant phenotype of purple
leaves40 and functional endogenous genes for Nta-miR82841 and NtTAS4ab42 hypothesized to interact with the
over-expressed MYB effector43. Results presented at the 2016 Pierce's Disease Research Symposium and in the
2017 Research Progress Reports and other project progress reports provided compelling confirmation, as
previously shown in Arabidopsis38, 39, for functional conservation of an autoregulatory loop where target
AtMYB90/PAP2 overexpression induces expression of the endogenous negative siRNA regulator NtTAS4-3'D4(-)
and its upstream trigger Nt-miR828. The inverse correlations observed between both Nt-TAS4-3'D4(-), Nt-
miR828, and Xylella fastidiosa (Xf) infection status in PAP2-overexpressing tobacco is strong evidence in support
of our model. An unexpected result consistent with the causative Xf model is that Xf-infected transgenic
genotypes show NtTAS4-3'D4(-) and Nt-miR828 reductions correlate with disease symptom severity.

In addition to the phased, small interfering RNAs (phasiRNAs) generated from TAS4-3'D4(-) targeting of
VvMYBA6/A7, we have shown an inverse correlation44 of abundances of phasiRNAs significantly up-regulated by
Xf infection and significant down-regulation of their cognate mRNA targets, namely disease resistance loci
Pentatrico-Peptide Repeat (PPR) and Nucleotide-Binding Sequence/Leucine-rich Repeat Receptors (LRRs). Over
150 LRRs out of the 341 such genes annotated in grapevine45 were differentially regulated by Xf infection in our
datasets and produced phasiRNAs in inverse proportion to their target mRNA abundances. Such clustering of
gene ontology in our RNA sequencing (RNA-Seq) and sRNA data very strongly support the working model that
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Xf infection results in amplification of phasiRNAs for loci known to control pathogen resistance by silencing
target genes. The diversity and conservation of phasiRNA loci across plant taxa46-49 revealed by our results
encompasses orthologues of MYBs triggered by miR828 in many species50-58, including grape59; TAS effectors
Suppressor of Gene Silencing3 (SGS3), DCL254, 60, and AGO2 targeted by miR40361, and the huge families of LRR
and PPRs targeted by miR48248, 50, 54 and TAS1-3/miR390/3627/4376/712258, 62, respectively. The collective loss
of miRNAs targeting PTGS effectors, PPRs, and LRRs in bacteria-infected tissues that results in susceptibility48, 63

demonstrates their functions as master regulators of defense and targets of pathogen virulence effectors.

In addition to the compelling evidence thus far generated that supports the working model, we generated novel
results that Phi impacts Xf growth, which underscores the practical value of the project to develop a durable
management tool while generating new knowledge about PD etiology and engineered resistance. In the first
CDFA award #15-0214-SA (July 2015-Dec. 2017) we initiated production of clustered regularly interspaced short
palindromic repeats (CRISPR)-edited grapevine genotypes targeting VvMIR828, TAS4a, TAS4b, MYBA6, and
MYBA7 and described independent evidences64-71 directly supporting the P stress modulation model (Final Report,
https://static.cdfa.ca.gov/PiercesDisease/reports/2018/rock_CDFA_final_report_15-0214SA_submit.pdf). We
achieved our initial objectives within the time frame of two-and-a-half years' funding, and report here our ongoing
progress in calendar year 2018 on characterization of the genome-editing effector transgenic grapevine materials
for VvMYBA6, MYBA7, and TAS4b.

OBJECTIVES
1. Test the miR828, TAS4, and target MYBA6/7 functions in PD etiology and Xf infection and spreading by

genome editing using CRISPR/Cas9 transgenic technology.
2. Characterize tissue-specific expression patterns of TAS4, MIR828 primary transcripts, sRNAs, and MYB and

other miRNA target genes in response to Xf infections in the field and in edited genotypes.
3. Characterize the changes in control versus edited genotypes for (a) xylem sap [Pi], and (b) polyphenolic levels

of Xf-infected canes and leaves. If results are conclusive based on greenhouse studies, in the future we will
conduct field trials and collaborate to carry out insect diet preference/behavioral modification/fitness assays
on defended transgenic materials. (c) Test the Pi analogue Phi as a durable, affordable, and environmentally
sound protectant/safener for PD.

RESULTS AND DISCUSSION
Objective 1. Test the miR828, TAS4, and Target MYBA6/7 Functions in PD Etiology and Xf Infection and
Spreading by Genome Editing Using CRISPR/Cas9 Transgenic Technology
Successful regeneration of plantlets from somatic embryos produced from rootstock 101-14 grape transformations
for five CRISPR binary transfer DNA vectors (plus empty vector control) in the lab of Cooperator David Tricoli
was documented in the 15-0214-SA Final Report (https://static.cdfa.ca.gov/PiercesDisease/reports/2018/rock_
CDFA_final_report_15-0214SA_submit.pdf). We have received said regenerant transgenic plantlets for six
MYBA6, six MYBA7, two TAS4b, and two empty-vector (control) events from the Cooperator under duly issued
USDA-APHIS-BRS permit # 17-342-101m, and transplanted them in the greenhouse. More regenerants,
including for the remaining MIR828 and TAS4a effectors, are outstanding, and two more TAS4b events are
forthcoming in the next month from a third round of transformations initiated in late 2016.

CRISPR editing of grapevine L-idonate dehydrogenase gene (VvIdnDH), phytoene desaturase (VvPDS), and
VvWRKY52 transcription factor genes has been recently reported72-74. The VvWRKY52 knockout transgenics
showed increased resistance to Botrytis cinerea, whereas the observed ratio of mutated cells for PDS was higher
in older leaves compared to new upper leaves, suggesting that efficiency of double strand break (DSB) production
in grapevine by Cas9 is time-dependent, or in cells of older leaves DSB repair may be decreased.

Figure 1 shows the results of molecular characterization for those events that have grown to sufficient size to
harvest tissue samples. Genomic Southern blot evidences (Figure 1bc) support at least six independent events for
MYBA6, five of six tested MYBA7 events, and both TAS4b tested events evidenced with unique restriction
fragment lengths when probed with either the selectable marker nptII and the effector cas9 genes (panels b,c,
respectively). Interestingly, MYBA7.2 and 7.3 events are clones based on restriction fragment length patterns in
the Southern blot. These clones are likely the result of secondary embryos that can develop off the primary
transformed embryo, which break free from the primary transformant early in the process of regeneration and then



   

  

 
  

     
  

  

 
   

 
 

germinate into a plant that is a clone of the primary event. Further characterization of these and other lines is 
ongoing, including for immunoblot validation of Cas9 protein expression. Further characterization of genome 
editing events of target genes by polymerase chain reaction (PCR) amplification and sequencing is in process. 

nptII 
probe 

Cas9 
probe 

Figure 2 shows the results of polyacrylamide gel electrophoresis-based genotyping75 for evidence of genome 
editing of target genes in the transgenic events. PAGE heteroduplex analysis is based on the rationale that DNA 
heteroduplexes migrate at a slower rate than homoduplexes in polyacrylamide gels. PCR amplification of target 
sequences results in mixture of amplicons including the edited allele harboring nucleotide deletions. 
Denaturation and renaturation of PCR products result in homo- and heteroduplexes with different migration 
rates. There is evidence of one candidate editing event for TAS4b, four editing events for MYBA6, and at least 
two editing events for MYBA7. The sequencing of PCR amplicons of target loci as an independent validation of 
editing events is in process. 

Objective 2. Tissue-Specific Expression Patterns of TAS4, MIR828, sRNAs, and MYB and Other Targets 
We received three NextSeq500 (~400 million reads per run) datasets in early 2018 for samples submitted in late 
2017 to the Institute of Integrative Genome Biology, University of California, Riverside comprised of Illumina 
libraries with biological replicates for small RNAs, stranded mRNAs, and degradome samples from the 2017 
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'Calle Contento' Temecula field leaf samples, the 2016 replicated greenhouse Xf tobacco MYB90 overexpression
experiment, and for 'matchstick petiole' samples from the 2017 Temecula field expedition. The latter experiment
has scope for discovery of differential miRNA expressions associated with a diagnostic, yet pleiotropic and
enigmatic PD symptom (abscission of the leaf blade but not at the typical petiole/cane junction) hypothesized to
be due to deranged small RNA activities. There are six sRNA libraries and 18 degradome pooled samples, and 12
stranded mRNA-Seq transcriptome libraries sequenced separately. Table 1 lists the cumulative grapevine sRNA
and degradome library quality control parameters through data pre-processing to remove ribosomal RNAs,
transfer RNAs, and small nucleolar RNAs (snoRNAs)76 and genome77 annotation stages of samples characterized
to date. The statistical power from multiple replicates across years will drive defensible claims at the publication
stage, which will be completed this year contingent upon sufficient statistical power manifesting from the
multiple biological replicates for three years, 2015- 2017.
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Table 1. Quality control parameters* of sequenced sRNA libraries from 2015-2017 Temecula PD-infected
samples.

sRNA libraries.
Sample/Year

raw reads
(million)

%rRNA,
tRNA %snoRNA

trimmed,
clean reads

(million)
%MIRNAs$

Leaf, PD2015 7.83 66.29 5.76 3.22 13.30
Leaf, Con2015 2.91 65.27 6.18 1.22 34.49
Leaf, PD2016.1 16.13 81.76 4.41 4.67 29.62
Leaf, PD2016.2 54.08 82.46 4.21 15.56 39.44
Leaf, Con2016.1 5.16 48.08 6.05 2.39 47.89
Leaf, Con2016.2 8.70 46.20 5.64 4.39 35.11
Leaf,PD2017.1 4.54 85.29 2.59 0.53 18.49
Leaf,PD2017.2 10.97 69.26 3.63 3.05 22.18
Leaf, Con2017.1 37.55 65.59 5.64 15.45 14.80
Leaf, Con2017.2 16.38 56.41 3.65 7.83 21.03
Petiole,PD2017 15.51 45.52 4.60 8.34 17.25
Petiole,Con2017 10.31 81.72 5.81 3.45 6.15
Degradome libraries. Sample/Year
Leaf, PD2016 23.69 72.70 0.08 9.33 trace
Leaf, Con2016 27.49 46.85 0.03 16.04 trace
Leaf, PD2017.1 19.82 0.75 0.05 19.49 trace
Leaf, PD2017.2 21.82 54.09 1.12 11.27 trace
Leaf, Con2017.1 36.40 0.13 0.05 36.00 trace
Leaf, Con2017.2 24.16 5.80 0.38 22.48 trace
Petiole, PD2017 23.11 1.12 0.08 22.63 trace
Petiole, Con2017 25.58 1.21 0.04 25.03 trace
RNA-Seq transcriptome libraries. Sample/Year†
Leaf, PD2016.1 38.67 1.10 0.33 38.24 trace
Leaf, PD2016.2 33.96 0.69 0.15 33.73 trace
Leaf, Con2016.1 39.52 0.79 0.06 39.21 trace
Leaf, Con2016.2 26.07 11.28 0.08 23.13 trace
Leaf, PD2017.1 17.68 3.14 0.01 17.46 trace
Leaf, PD2017.2 45.12 7.39 0.04 37.63 trace
Leaf, Con2017.1 29.42 1.23 0.01 28.49 trace
Leaf, Con2017.2 24.91 16.56 0.07 23.06 trace
Petiole, PD2017 36.30 0.07 0.03 36.26 trace
Petiole, Con2017 37.30 0.58 0.02 37.07 0.01

* Datasets mapped to Vitis vinifera 12X genome sequence, version NCBI RefSeq GCF_000003745.3 [77] with
bowtie [89] after trimming adapter with fastx-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/).

$ Mapped to miRBase22 plant MIRNA hairpins (http://www.mirbase.org/).
† Mapped to ref transcriptome with kallisto-sleuth [84].

A fourth set of PD-infected and candidate control samples (> four biological replicates) was collected from the
'Calle Contento' vineyard in Temecula, CA on July 23-25, 2018. Table 2 shows results of anthocyanin quantita-
tions for these samples, which have significantly higher anthocyanin concentrations than healthy controls sampled
from the same vineyard. These samples can be characterized by Illumina sequencing and included in a manuscript
in preparation at the publication stage, if warranted based on results in process for three consecutive sample years.

Table 2. Anthocyanin quantitation of Xf-infected candidate Merlot leaves from
'Calle Contento' vineyard, Temecula, CA, July 2018.

Condition
μmoles cyanidin-O-
glucoside equiv/mg s.e.m. pval*

fresh weight
control healthy 8.5 0.9
PD symptoms 22.7 3.3 0.02

* Significantly different than control, two-sided Student's t-test,
unequal variance assumed (n = 4).
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In a prior Progress Report (July 2017), we documented the down-regulation of miR398, miR399, miR828, and
TAS4ab expressions from two independent Xf challenge experiments with transgenic tobacco over-expressing
AtPAP2/MYB90 (target of TAS4 siRNA) and evidence for the importance of the miR828/TAS4/MYB
autoregulatory module39 in response to Xf. We also reported preliminary evidence from grapevine PD 2015
libraries for concordant down-regulation of miR156 SBP targets, miR162 target DICER, SUPPRESSOR OF
GENE SILENCING3, miR168 target ARGONAUTE, miR399 target VvPHTs, and PdR1 candidate Leucine-Rich
Repeat receptor (2017 March Progress report) in strong support of the model. The tobacco-as-surrogate model
system component of the study is mostly completed except degradome validation of miRNA activities on target
mRNAs, which will be completed in parallel with ongoing grapevine miRNA/mRNA/degradome library analysis
on multiple years of field samples. Here we report current analysis of differentially expressed (DE) MIRNAs and
phasiRNA-producing loci from three years of PD and control sample Merlot field materials to date. Figure 3
shows principal component analysis (PCA) of the differences in PD field samples versus controls across three
years for 200,000 phasiRNA loci and 219 MIRNA loci called de novo by ShortStack and validated for all
annotations in miRBase2278. The good clustering of PD versus controls for dimensions of treatment and replicates
across years that encompass >60% of all variation demonstrates a robust experimental design for statistical
inference.

, by color

Figure 3. Principal component (PC) analysis of seven grape leaf libraries from Temecula, CA field
samples representing sRNA-generating loci subjected to differential expression analysis. The percentage of
variation is depicted in the PC1 and PC2 axes. Based on clustering of samples, PC1 represents the major
dimension of PD symptoms that was the basis for sample collection and PC2 is inferred to capture the
environmental variation across years.

Previous studies in soybean, tobacco, and Arabidopsis documented an association with Leucine-Repeat Receptor
phasiRNA production by miR482/2118/TAS5 and miR6019/6020 modules that correlate with virus
susceptibility48, 54, 63, 79, 80, but the broader functional significance of phasiRNA production in general, and in biotic
stress and PD in particular, is unknown. We have obtained evidence that phasiRNA production from novel PHAS
protein-coding genes and ncRNA loci is strongly correlated with PD infections: the percentage of PHAS loci
(ShortStack Dicer phase scores > 30) for well-expressed grape mRNAs and ncRNAs is ~6.3% (n = 1,200 out of
99k moderately expressed clusters), but for multiple-test corrected differentially expressed loci in PD
symptomatic leaves the percentage is ~10% (p < 0.0008; data not shown). The significance of this observation
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will become clearer as we mine those PHAS loci for their biology and by discovering their miRNA effectors by
running PhaseTank81 on the degradome libraries. This observation establishes a key role of phasiRNAs in PD host
response and supports our working model of PD etiology mediated by sRNAs.

Table 3 lists in descending order of statistical significance (false-discovery rate < 0.05) the top MIRNAs and
select phasiRNA-producing loci differentially expressed in field samples manifesting PD symptoms. Their known
biological functions and previous reports64, 82, 83 of up-regulation in Xf-infected grapevine corroborates our
preliminary results presented in previous progress reports and strongly establish the validity of our working
model. The top DE miRNAs in our analysis are miR397 and miR408, which independently target laccases
important for lignin biosynthesis, a novel finding that provides insight into the molecular mechanism underlying
the enigmatic textbook symptom of 'green-island bark' on Xf-infected canes. Also relevant is the finding that
miR858, which has been shown in Rosids and cotton to target other homologous MYBs than those MYBs
targeted by miR828 involved in lignin and secondary metabolite biosynthesis52, 53, 56, is also differentially
expressed in response to Xf. This compelling result is consistent with observed down-regulation of miR408 with
concordant increase in target PLANTACYANIN, and deranged expression of miR399 and miR827 that
independently target phosphate transporters and phosphate homeostasis F-box effectors in Arabidopsis66 and
citrus infected with bacterial pathogens25, 70, 71 including Xf65. An interesting observation that warrants further
study is that TAS4c is up-regulated by Xf infection. We have observed in degradome analyses of ultraviolet light-
mediated induction of miR828 and TAS4 activities that TAS4c 3'-D4(-), which has a divergent nucleotide
sequence from TAS4ab D4(-) species, shows slicing activity against TAS4ab primary transcript (data not shown).
Thus, the up-regulation of TAS4c in response to Xf may be evidence of a homeostatic feedback loop by TAS4c to
negatively control TAS4ab activities that antagonize anthocyanin effectors MYBA5/6/7 (Sunitha et al., submitted).
This would fit with the model that Xf pathogenicity towards its host is via sRNAs targeting anthocyanin and lignin
metabolism.

Table 3. Differential expression of phasi sRNAs from select protein-coding genes and MIRNAs clusters in
PD symptom field leaf samples, Temecula, CA, 2015-2017. Up-regulated loci in bold.

Locus Annotation baseMean
expression

log2Fold
Change P value PhaseScore

21nt register
Phe-Ammonia Lyase VIT_06s0004g02620 323 6.11 0§ NA†
Raffinose synthase VIT_11s0016g05770 [see 80] 861 6.10 0§ NA
Anthocyanidin synthase VIT_02s0025g04720 287 6.89 4.4E-11 NA
Chalcone synthase3 VIT_05s0136g00260 230 5.43 3.5E-08 NA
Xylella fastidiosa genome sRNAs 2731 3.70 1.7E-04 NA
TAS4b, targets MYBA5/6/7 triggers phasiRNAs 5815 -2.96 6.7E-03 16018.6
vvi-miR397a-3p, targets laccases 29 -3.31 7.1E-03 828.7
vvi-miR408-3p, targets laccases 117 -2.32 7.2E-03 817.9
vvi-miR391-5p, targets TAS3, pentatricopeptide rpt 86 -2.65 8.1E-03 599.7
vvi-miR858, targets MYBs associated with lignin 9 -3.45 1.0E-02 14.6
MYB VIT_14s0066g01220, target of 

triggers phasiRNAs
miR828 39 -3.08 1.1E-02 4416.8

vvi-miR399i, targets phosphate transporters 104 -3.13 1.3E-02 307.3
vvi-miR394c-5p, targets F-box 19 -3.36 1.4E-02 189.6
MYBA6 VIT_14s0006g01290, target of

TAS4 3'-D4(-) tasiRNA triggers phasiRNAs 6 -3.49 1.9E-02 69.0

vvi-miR827-3p, targets phosphate signaling F-box 807 -1.68 6.3E-02 547.6
TAS4c, targets MYBA5/6/7 triggers phasiRNAs 230 0.19 n.d.§ 4060.5
vvi-miR828-star (mature below detection limit) 1 -1.44 0.38 16.6
TAS4a, targets MYBA5/6/7 triggers phasiRNAs 23428 -0.51 0.59 29108.5

† These clusters of sRNAs were not called by ShortStack as having a dominant DICER activity size class.
§ Not determined by DESeq2 due to independent filtering of assumed outliers defined by Cook's distance [84].

RNA-Seq data was mapped to the reference transcriptome with kallisto-sleuth84. We obtained 1,329 differentially
expressed genes (793 up, 536 down; data not shown) with expression above a threshold (>30 reads mapped to a
transcript per library on average), a log2-fold-change (LFC) of > |2|, and multiple-testing Bonferroni-adjusted
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p < 0.05 for statistical significance. This is comparable to the 1,240 (977 up, 263 down) DE genes reported for a
similar greenhouse Xf challenge experiment by the Dandekar group82. For the 13 genes claimed differentially
regulated by Xf infection and quantification validated by real-time (RT)-PCR (in Figures 3 and 6B of Dandekar's
FPS paper)82, we observe a good concordance with our results (correlation coefficient = 0.75, p < 0.05), however,
only eight of our results are statistically significant, suggesting differences exist between the published
greenhouse results and our field and/or leaf samples, read depths of libraries (see Table 2), and/or methods
(Table 4). When the Dandekar group Supplemental Datasets are made available by the publisher in due course
(the paper is only just published, while the supplemental materials are not yet available), we will be able to
conduct a genome-wide correlation of our results with the published claims using our independent methods84 to
ascertain whether those methods and results are comparable to ours or otherwise, which will shed light on
questions about sample/experimental variability. Table 5 compares our MapMan44 RNA-Seq Gene Ontology
classification results of 1,240 top Xf DE genes with the top 1,240 DE genes reported by the Dandekar group for
greenhouse Xf challenge RNA-Seq82. Another recently published RNA-Seq transcriptomic analysis of early
grapevine petiole responses to Xf at eight and 24 hours post-inoculation85 will be useful for genome-wide analysis
of concordance with our and others' results and integration into an epidemiological model of disease dynamics86.

Table 4. Comparison between recently reported DE of 14 genes in Xf-challenged greenhouse leaves versus our RNA-
Seq DE calculations on four Temecula, CA field sample biological replicates harvested in 2016/17. Significant LFC
values in bold. Note the sole discordant result for Fold Change sign (line in italics) is for a very low-expressed gene
and is therefore discounted.

Annotation GeneID Dandekar
LFC

our
LFC*

Mean
expressed our padj

PR-2/beta1,3-glucanase VIT_06s0061g00100 6.64 6.43 4659 2.75E-21
PR-1 VIT_03s0088g00810 5.32 2.03 635 1.27E-01
PR-8; chitinase VIT_05s0094g00200 1.58 2.30 21 4.68E-02
HSP18 VIT_08s0058g00210 4.32 4.21 6 2.60E-04
HSP17 VIT_04s0008g01520 3.58 4.97 50 5.51E-14
HSP4 VIT_07s0031g00670 2.32 1.90 303 9.23E-04
Nucleoredoxin-1 VIT_01s0127g00520 2.81 1.58 91 3.23E-02
Peroxidase VIT_00s1677g00010 1.14 -0.10 4 9.58E-01
ferritin5 VIT_13s0067g01840 -1.00 -0.58 1066 4.17E-01
Sucrose synthase VIT_07s0005g00750 3.46 1.62 7345 4.40E-02
Pectin lyase VIT_14s0066g01060 1.72 0.23 24 8.25E-01
UDP-glycosyltransferase VIT_17s0000g04750 1.07 0.37 857 6.13E-01
Xyloglucan-endotransglucosylase VIT_06s0061g00550 2.32 4.71 174 4.31E-04
thaumatin-like protein VIT_18s0001g14480 2.00 0.76 589 6.58E-01

Pearson of LFCs, R = 0.75 Binomial
p-val† 0.05

* Kallisto-sleuth method [84].
† Bionomial distribution probability of 13 successful LFC values being the right sign in 13 tests when DE up-regulated =

79% probability (true for 12 of 13 genes; a conservative estimate) based on results reported in [82].

Objectives 3a,b. Xylem Sap Pi and Polyphenolic Changes
We previously reported in the July 2017 Interim Progress Report results for mass spectrometric quantification of
cyanin and malvin in xylem sap from the Temecula June 2017 field samples, and anthocyanins in leaves, showing
significant differences between infected and control samples for the latter. These results are further substantiated
by prior results for other grape cultivars87, 88, supporting the working model. Spectrophotometric quantification of
anthocyanins in leaves of 2018 field samples from Temecula are shown above in Table 2 and consistent with
prior results.

We also showed conclusively in the Final Report for 15-0214-SA higher anthocyanin concentrations in infected
xylem sap, and previously Pi quantifications by two methods of fully expanded leaves and canes in 2016 and 2017
Temecula PD samples that support the hypothesis that Xf infection results in significantly lower [Pi] (about 60%
decrease) in host leaves and xylem sap that correlate with elevated anthocyanins quantified in PD xylem sap by
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mass spectrometry and leaves by spectrophotometry. Thus, we have accomplished Objective 3a and will publish
the results in due course.

Table 5. Comparison of Gene Ontology over-represented terms metrics of project field sample PD RNA-Seq versus
published greenhouse Xf challenge RNA-Seq results [82].

MapMan Gene
Ontology term

MapMan fold over-
represented field

RNA-Seq

Field expt
MapMan

pval

Greenhouse RNA-Seq
PANTHER Gene

Ontology term

Greenhouse
PANTHER fold

enrichment

Greenhouse
expt

PANTHER
pval

phenylpropanoid
metabolism 576 0.00001 phenylpropanoid

metabolic process 5.85 0.0012

flavonoid
metabolism 2610 0.049 flavonoid biosynthetic

process 5.23 0.0016

TCA/organic acid
transformation 6.3 0.002 carboxylic acid transport 4.95 0.016

cell wall 124 0.15 cell wall organization or
biogenesis 2.68 0.0035

glycolysis 5.4 0.002 carbohydrate catabolic
process 3.56 0.034

UDP glucosyl and
glucoronyl
transferase

28 0.014 UDP-glucosyltransferase
activity 4.73 0.037

transport -p and v-
ATPase H+
exporting ATPase

20 0.009 transmembrane
transporter activity 2.16 0.008

Table 6. Quantification of Xf titers by quantitative real-time (qRT) PCR and RNA-Seq in 2016 greenhouse replicated Xf
challenge experiment with AtMYB90-overexpressing transgenic tobacco, and Temecula, CA 2017 field samples.

Sample
Log10, cfu/gfw

qRT-PCR
Leaf Xf RNA-
Seq Reads/106 P- value

(± s.e.m.) host reads
Control leaf petioles,
2017 Temecula

5.21
(0.17)

1.8
(n=2) ---

PD symptom leaf petioles,
2017 Temecula

6.82
(0.40)

10.2
(n = 1) 0.006*

SRI non transgenic-Buffer control 7.30 3.0
Hemizygous transgenic-Buffer 7.30 0
Homozygous transgenic-Buffer 7.32 0.8
SRI non transgenic-Xf infected 12.4 88
Hemizygous transgenic-Xf infected 12.0 129
Homozygous transgenic-Xf infected 12.1 299 0.03†

* Significantly different from qRT-PCR control, Student's two-sided t-test, n = 5, equal
variance assumed.

† Significantly different from RNA-Seq buffer controls, Student's one-sided t-test.

We have obtained preliminary results for Xf titers by RT-PCR in concordant petiole samples from field leaf
samples, as well as for the 2016 replicated greenhouse Xf tobacco MYB90 overexpression experiment. Table 6
shows the results correlated with digital abundances of Xf transcriptome reads from Objective 2 new results
quantified by bowtie89. These results together directly support the hypothesis that Xf infection results in
accumulation of anthocyanins in xylem sap and leaves. Thus, we have accomplished Objective 3b and will
publish the results in due course. Similar results have been reported for procyanidins and other polyphenolics in
xylem sap two months post-Xf infection in Thompson Seedless and several winegrape cultivars87, 88. Phenolic
levels in Merlot xylem sap correlate with PD severity compared to other cultivars90.
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Objective 3c. Pi Analogue Phi as a Protectant/Safener for PD
Supporting our previous results (March 2017 Progress Report) that Xf infection induces miR828 and TAS4
expression in tobacco, Figure 4 shows results of an RNA blot for samples extracted from the 2016 repeat
greenhouse Xf challenge experiment, probed with the PAP2/MYB90 transgene. The significance of this result is
further evidence for the importance of the autoregulatory feedback loop responsive to Pi

38 in Xf host response
based on two observations: (i) PAP2/AtMYB90 induction upon Xf infection, and (ii) in the absence of the
transgene (the SR1 non-transgenic control line) the endogenous PAP2/MYB90 orthologue Nt-ANTHOCYANIN2
is inferred to hybridize with the homologous PAP2/MYB90 probe, clearly showing that AN2 is up-regulated
several fold in the SR1-treated sample in response to Xf infection.

Results presented in the 2017 Final Report provided additional validation of preliminary results showing that the
LD50 < 3 mM [Phi] for inhibition of plate growth of Xf. Based on these pilot experiments we conducted a
greenhouse Xf challenge experiment from April until July 2018 with phosphite treatments as test. We encountered
technical problems with (1) plant growth in the absence of fertigation (we did not want phosphite effects to be
confounded by excess nutrient conditions, and thus withheld application of NPK fertigation), and (2) with the
third time point (experiment endpoint) RT-PCR Xf titer assay that requires us to repeat the experiment. Table 7
shows the preliminary results for five tobacco plants of each genotype (SR1 non-transgenic, HMI heterozygous
transgenic, and HMO homozygous transgenic overexpressing AtPAP2/MYB9040, 43) challenged with Xf in the
greenhouse. The evidence of Xf titers demonstrates the technical methods and experimental procedures give
reproducible results in our hands, because we validated and extended the prior results documented in the
February 2016 Progress Report that the transgenic lines have lower Xf titers that correlate with transgene copy
number, yet higher leaf scorch symptom severity in the homozygous transgenic line (data not shown). We will
conduct a larger phosphite test for Xf antagonism going forward by bracketing the parameters of phosphite
concentrations and interaction with amounts of fertigation supplement during post-inoculation growth and
development.

Table 7. Results of Xf challenge of greenhouse-grown transgenic tobacco plants (n = 5)
overexpressing AtPAP2/MYB90 assayed at two and seven weeks post infection (WPI)
for bacterial titer by RT-PCR.

Genotype
2 WPI 7 WPI p value† vs

control,
2 WPIcfu/gfw

SR1 non transgenic 2.3E+07 3.0E+09 --
HMI heterozygous transgenic 6.4E+06 2.1E+07 0.07
HMO homozygous transgenic 5.6E+06 9.4E+06 0.05

† Two-sided Student's t-test, unequal variance assumed.

4
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CONCLUSIONS
Our novel results demonstrating that Phi impacts Xf growth underscore the practical value of the project to
develop a durable management tool while generating new knowledge about PD etiology and engineered
resistance. Research on knocking out genes involved in diffusible signals and host chemical specificity for PD
etiology by CRISPR has been suggested, and this is what this project is pursuing. Knocking out any host gene
(e.g., PD resistance or P stress effector) may result in increased susceptibility to infections. Thus, engineer-ing PD
resistance is likely to be by incremental advances from characterizing hypothesized and modeled molecular
mechanisms.
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ABSTRACT
Xylella fastidiosa (Xf) is a gram-negative, fastidious xylem-limited bacterium that causes scorching diseases in
many economically important plant species like Pierce’s disease of grapevine, the most valued fruit crop in the
U.S. Lipopolysaccharide (LPS) covers most of the cell surface in Gram-negative bacteria and is a well-described
pathogen-associated molecular pattern that elicits host basal defense responses plants. Xf LPS-mediated elicitation
of the basal defense response in grapevine leads to systemic and prolonged activation of defense pathways related
to Xf perception. In addition, this molecule can induce plant defense priming against Xf resulting in enhanced
Pierce’s disease tolerance. Our objectives explore the persistence of Xf LPS-mediated defense priming in
grapevine and the molecular mechanisms underlying the defense priming phenomenon. Ultimately, our studies
will result in fundamental knowledge about grapevine immune response genes that will be utilized to create
Pierce’s disease resistant grapevines.

LAYPERSON SUMMARY
Successful plant pathogens must overcome plant immune responses to establish themselves and cause disease.
Xylella fastidiosa (Xf) utilizes the prominent O antigen surface carbohydrate found in the lipopolysaccharide
(LPS) molecule to shield bacterial cell surface elicitors from the grapevine immune system, effectively delaying
pathogen recognition. Xf LPS elicits strong immune responses in the grapevine and conditions grapevines for
enhanced defense against Xf. We will employ this knowledge to better understand the mechanism of this
enhanced response, test if we can maintain the primed state, and apply these results to create Pierce’s disease
resistant grapevines.

INTRODUCTION
Xylella fastidiosa (Xf), a Gram-negative fastidious bacterium, is the causal agent of Pierce’s disease (PD) of
grapevine (Vitis vinifera) and several other economically important diseases (Chatterjee et al., 2008). Xf is limited
to the xylem tissue of the plant host and is transmitted by xylem-feeding insects, mainly sharpshooters. Extensive
xylem vessel blockage occurs in infected vines (Sun et al., 2013), and symptoms include leaf scorch, raisining of
berries, stunting, and vine death. PD has devastated some viticulture areas in California, and research on devising
effective control is an active area of research.

Our previous study confirmed that lipopolysaccharide (LPS) is a major virulence factor for Xf. LPS comprises
approximately 70% of the Gram-negative bacterial cell surface, making it the most dominant macromolecule
displayed on the cell surface (Caroff and Karibian, 2003). LPS is a tripartite glycolipid that is generally comprised
of a highly-conserved lipid A, an oligosaccharide core, and a variable O antigen polysaccharide (Whitfield, 1995)
(Figure 1). We demonstrated the Xf O antigen is a linear α1-2 linked rhamnan and compositional alterations to the
O antigen significantly affected the adhesive properties of Xf, consequently affecting biofilm formation and
virulence (Clifford et al., 2013). In addition, we demonstrated that truncation of the LPS molecule severely
compromises insect acquisition of Xf (Rapicavoli et al., 2015). We coupled these studies with quantification of the
electrostatic properties of the sharpshooter foregut to better understand the interface between the Xf cell and the
insect. We then sought to test our additional hypothesis that the Xf LPS molecule acts as a pathogen-associated
molecular pattern (PAMP), and the long chain O antigen serves to shield Xf from host recognition, thereby
modulating the host’s perception of Xf infection (Rapicavoli et al., 2018).
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Figure 1. Schematic of a single LPS molecule containing lipid A, core polysaccharide, and
the O-antigen (O-polysaccharide). Adapted from Microbiology, An Evolving Science.

Contrary to the role of LPS in promoting bacterial survival in planta, the immune systems of plants have also
evolved to recognize the LPS structure and mount a basal defense response to counteract bacterial invasion (Dow
et al., 2000; Newman et al., 2000). LPS is considered a PAMP. PAMPs, also known as microbe-associated
molecular patterns (MAMPs), are conserved molecular signatures that are often structural components of the
pathogen (i.e., LPS, flagellin, fungal chitin, etc.). PAMPs are recognized by the host as "non-self" and can be
potent elicitors of basal defense responses. This line of defense against invading pathogens is referred to as
PAMP-triggered immunity (PTI) and represents the initial layer of defense against pathogen ingress (Nicaise et
al., 2009). PTI is well studied in both mammalian and plant hosts. However, little is known about the mechanisms
involved in perception of LPS in grapevine, particularly the Xf LPS PAMP. Xf is introduced by its insect vector
directly into the xylem; a non-living tissue, which cannot mount a defense response on its own. However, we
observe profound changes that occur in the xylem that are linked to the presence of Xf. These include an oxidative
burst and suberin deposition, as well as tyloses production (Rapicavoli et al, 2018). Interestingly, we also observe
significant defense response to Xf in the phloem tissue, a tissue historically overlooked in the context of this
xylem dwelling pathogen that mainfest in the form of callose deposition. The plant immune system can recognize
several regions of the LPS structure, including the conserved lipid A and core polysaccharide components
(Newman et al., 2007; Silipo et al., 2005). Bacteria can also circumvent the host’s immune system by altering the
structure of their LPS molecule. Clearly, Xf has evolved a mechanism to circumvent the host basal defense
response as it successfully colonizes and causes serious disease in grapevine. We tested our hypothesis that the
bacterium's long chain, rhamnose-rich O antigen shields the conserved lipid A and core-oligosaccharide regions
of the LPS molecule from being recognized by the grapevine immune system, providing an opportunity for it to
subvert basal defense responses and establish itself in the host (Rapicavoli et al., 2018).

To explore the role of LPS as a shield against basal defense responses in grapevine, we investigated elicitation of
an oxidative burst, an early marker of basal defense responses, ex vivo in V. vinifera Cabernet Sauvignon leaf
disks exposed to either wild-type Xf or wzy mutant cells. When we examined reactive oxygen species (ROS)
production in response to whole cells, wzy mutant cells (in which lipid A-core is exposed) induced a stronger and
more prolonged oxidative burst in grapevine leaf disks than did wild-type Xf. Specifically, ROS production
peaked at around 12 minutes and lasted nearly 90 minutes. Wild-type Xf cells (in which lipid A-core would be
shielded by O antigen) failed to produce a sharp peak as compared with the wzy mutant, and ROS production
plateaued much sooner (around 60 minutes) (data shown in Rapicavoli et al, 2018).

In addition to the role of LPS in promoting bacterial infection, pre-treatment of plants with LPS can prime the
defense system resulting in an enhanced response to subsequent pathogen attack. This defense-related memory is
called “priming” and stimulates the plant to initiate a faster and/or stronger response against future invading
pathogens (Conrath, 2011; Newman et al., 2000). We demonstrate that pre-treatment with LPS isolated from Xf
would result in an increase in the grapevine's tolerance to Xf by stimulating the host basal defense response. Our
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ex vivo data showing that both wild-type and wzy mutant LPS elicit an oxidative burst, an early marker of defense
that can potentiate into systemic resistance, in grapevine leaf disks support this hypothesis. To determine if the
primed state affects the development of PD symptoms, we documented disease progress in plants that were pre-
treated with either wild-type or wzy LPS and then challenged with Xf either 4 or 24 hours later. Notably, we
observed a decrease in PD severity in vines pre-treated with Xf LPS and then challenged with Xf (Figure 2)
(Rapicavoli et al, 2018).

Figure 2. PD symptom severity in grapevines primed with purified Xf LPS. Average disease ratings of
V. vinifera Cabernet Sauvignon grapevines pre-treated with wild-type or wzy mutant LPS (50 μg/mL), then
challenged at 4 hours or 24 hours post-LPS treatment with live Xf cells. Disease ratings were taken at 12
weeks post-challenge. The LPS pre-treated plants are significantly attenuated in symptom development,
compared with plants that did not receive pre-treatment (P < 0.05). Graph represents the mean of 24
samples per treatment. Bars indicate standard error of the mean.

Previously, we completed a global RNA-sequencing (RNA-seq)-based transcriptome profile where we sequenced
the transcriptomes of grapevines treated with wild-type, wzy mutant cells, or 1 x phosphate buffered saline (PBS)
buffer (Rapicavoli et al, 2018). The goal was to identify genes that are differentially expressed when plants are
inoculated with either wild-type or the wzy mutant while using mock-inoculated plants as the controls. PTI usually
causes major transcriptional reprogramming of the plant cells within hours after perception (Dow et al., 2000; Tao
et al., 2003), so our initial experiments were targeted toward early time points during the infection process (0, 8,
and 24 hours post-inoculation). The RNA-seq data demonstrate that the grapevine is activating defense responses
that are distinct to each treatment and time point (Figure 3A). For example, enrichment analysis of wzy-
responsive genes at eight hours post-inoculation identified predominant biological processes associated with
cellular responses to biotic stimulus and oxidative stress (Figure 3B). This included a significant increase in the
production of thioredoxins, glutaredoxins, and other ROS-scavenging enzymes involved in antioxidant defense. In
addition, there was high expression of genes involved in the production of phytoalexins (e.g., stilbene synthase),
antimicrobial peptides (e.g., thaumatin), and pathogenesis-related (PR) genes. In contrast, wild-type responsive
genes in this time point were enriched primarily in responses to abiotic or general stresses (i.e., drought,
oxidative, temperature, and wounding stresses) and were not directly related to immune responses (Figure 3B).
Notably, by 24 hours post-inoculation, overall transcriptional profiles of both wzy and wild-type-inoculated vines
shifted dramatically. Grape genes in wzy mutant-inoculated vines were no longer enriched for immune-specific
responses, and we speculate that this is due to the effective O antigen-modulated oxidative burst. In contrast,
genes of wild-type-inoculated plants were strongly enriched for immune responses (Figure 3C). We hypothesize
that at eight hours, the high molecular weight O antigen is still effectively shielding wild-type cells, therefore
causing a delay in plant immune recognition. However, by 24 hours post-inoculation, the production of ethylene-
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induced plant cell wall modifications, compounded by progressing bacterial colonization and the potential release
of damage-associated molecular patterns (DAMPs) via bacterial enzymatic degradation of plant cell walls, has
triggered grapevine immune responses, and the plant is now fighting an active infection. This indicates that the O
antigen does, indeed, serve to shield the cells from host recognition, allowing them to establish an infection
(Rapicavoli et al., 2018). Complete RNA-seq data can be found in the supplementary information in Rapicavoli et
al, 2018.

Figure 3. Grapevine responses to early infections by wzy mutant and wild-type Xf. (A) Up-regulated grape genes
(P < 0.05) in response to wzy mutant or wild-type bacteria at eight and 24 hours post-inoculation when compared to
the wounded control (c). Genes are classified into nine groups (I - IX) based on their expression pattern. The colors
in the heat map represent the Z score of the normal counts per gene, and black boxes represent gene groups in each
treatment that exhibited the most pronounced differences in expression at each time point. (B) Enriched grape
functional pathways (P < 0.05) among genes up-regulated during wzy (Group I) or wild-type (Group IV) infections
at eight hours post-inoculation. (C) Enriched grape functional subcategories (P < 0.05) among genes up-regulated
during wzy (Group II) or wild-type (Group V) infections at 24 hours post-inoculation. Colored stacked bars
represent individual pathways. Red boxes highlight functions of interest (*) that are enriched in one treatment, but
not enriched in the other at each time point.
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In addition to exploring early defense response, we also characterized the transcriptional response at systemic
locations distal to the point of inoculation and at longer time points: 48 hours, one week, and four weeks. This
tested our hypotheses that (i) truncated Xf O antigen is more readily perceived by the grapevine immune system,
allowing the plant to mount an effective defense response to Xf, and (ii) that the initial perception of the truncated
LPS, belonging to the wzy mutant, is propagated into a prolonged and systemic response. Local tissue of wzy-
infected plants induced genes enriched in cell wall metabolism pathways, specifically pectin modification, at four
weeks post-inoculation (Figure 4A). This is a stark contrast with wild-type-inoculated vines, in which these
pathways were up-regulated as early as eight hours post-inoculation. This likely explains why this pathway is not
enriched in local tissue of wild-type-inoculated vines at these later time points. The induction of salicylic acid
(SA)-mediated signaling pathways in wzy-inoculated vines was further supported by the presence of four genes,
including two enhanced disease susceptibility 1 (EDS1) genes. EDS genes are known defense genes associated
with the SA pathway and have been implicated in grapevine defenses against powdery mildew. The consistent
enrichment and up-regulation of SA-associated genes (and thus, the maintenance of the signal), including the
presence of PR-1 and other SA-responsive genes at eight hours post-inoculation, strongly suggests that the plant is
preventing the development of infections by wzy cells via an SA-dependent pathway. In wild-type vines,
consistent enrichment of jasmonic acid (JA)-associated genes was further supported by the presence of nine genes
functioning in the metabolism of alpha-linolenic acid, which serves as an important precursor in the biosynthesis
of JA (Figure 4A).

Enrichment analyses of wzy-responsive genes in systemic tissue included drought stress response pathways,
namely genes enriched in abscisic acid signaling (seen at 48 hours post-inoculation) (Figure 4B). Subsequently at
one week post-inoculation, the enrichment of lignin metabolism genes is likely part of the vine’s stepwise
response to this abiotic stress. This is in contrast with wild-type-inoculated vines in which these pathways were
enriched at eight hours post-inoculation. Enrichment analysis of wild-type-responsive genes in systemic tissue
included regulation and signaling pathways, including mitogen-activated protein kinase and G protein signaling
(Figure 4B). Furthermore, genes enriched in ethylene response factor transcription factors were up-regulated at
four weeks post-inoculation, demonstrating that activation of ethylene-mediating signaling is perpetuated during
the infection process. Notably, beginning at one week, genes enriched in JA-mediated signaling pathways were
up-regulated in systemic tissue, and expression continued to increase at four weeks post-inoculation. This
consistent enrichment and up-regulation provides further support for the role of JA in grapevine responses to
wild-type Xf. Our findings establish that this phytohormone pathway is initiated within the first 24 hours post-
inoculation, and the signal is consistently maintained in both local and systemic tissue. A total of seven genes
enriched in callose biosynthesis were up-regulated at four weeks post-inoculation, in response to wild-type cells,
which is over half of the total callose-related genes in the genome. The consistent up-regulation of these genes
(beginning at 24 hours post-inoculation) establishes this structural barrier as an important plant defense response
to Xf infection. Overall, the RNA-seq data strongly indicate that during the days and weeks post-inoculation with
wzy mutant cells, grapevines are no longer fighting an active infection. We hypothesize that the intense wzy-
induced oxidative burst during the first 24 hours post-inoculation, in combination with other pathogenesis-related
responses, had a profound antimicrobial effect on invading wzy cells. These responses likely eliminated a large
majority of wzy mutant populations, and the plant no longer sensed these cells as a biotic threat. In contrast,
following recognition of wild-type Xf cells at 24 hours post-inoculation, grapevines began responding to an active
threat and initiated defense responses, such as the production of phytoalexins and other antimicrobial compounds.
Furthermore, these vines were actively trying to prevent systemic spread of the pathogen through the production
of structural barriers, such as tyloses and callose.
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Figure 4. Transcriptomic analysis of late grapevine responses to Xf wild-type and wzy mutant strains in local and
systemic tissue. Enriched grape functional pathways (P < 0.05) in differentially expressed (DE) gene clusters
representing local (A) or systemic (B) responses to Xf inoculation. Only enriched pathways related to grapevine
immune responses and that were unique to wild-type (wt) or wzy mutant inoculations are depicted. Colored stacked
bars represent individual pathways. (C) Patterns of expression of gene clusters enriched in functional pathways with
biological relevance. Lines represent the medoids for each cluster. Dots represent expression fold changes of each
medoid (log2) at a given time point post-inoculation (in order: 48 hours, one week, and four weeks) when compared
to the wounded control.

OBJECTIVES
1. Characterization of the temporal aspects of the primed state in grapevine.
2. Characterization of the molecular mechanisms underlying the grapevine immune response to Xf.
3. Functional genomics of grapevine immunity to Xf.

RESULTS AND DISCUSSION
Objective 1. Characterization of the Temporal Aspects of the Primed State in Grapevine
We have previously shown pre-treatment of plants with LPS can induce plant defense priming against Xf resulting
in enhanced PD tolerance (Figure 2) (Rapicavoli et al, 2018). To explore if the primed state can be extended over
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time, we have tested if additional LPS applications following elicitation of the plant defense priming can increase
PD tolerance. Grapevines were treated with wild-type LPS (50 µg/ml) and challenged with Xf four hours later.
After 48 hours or one week, grapevines received an additional LPS treatment (50 µg/ml). Appropriate controls
received diH2O instead of LPS and 1 x PBS instead of Xf cells. All plants are currently under examination for PD
symptom development using a disease rating scale of 0 to 5, where 0 is a healthy and 5 is a dead vine (Guilhabert
and Kirkpatrick, 2005). Thus far at 12 weeks post-inoculation, average disease scores for plants that received an
additional LPS dose, ‘LPS-Xf-LPS (48h)’ and ‘LPS-Xf-LPS (1w),’ are lower than the scores of plants that did not
receive an additional dose, ‘LPS-Xf-H2O (48h)’ and ‘LPS-Xf-H20 (1w)’ (Figure 5). We will continue to monitor
these plants until 20 weeks post-inoculation and determine values for ‘area under the disease progress curve’ for
all treatments and perform statistical analyses to determine any significant difference between the treatments. In
addition to observing disease progression, we will collect petioles at the point of inoculation and 20 nodes above
the point of inoculation to quantify bacterial titer.
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Figure 5. PD symptom severity in LPS-primed grapevines treated with an additional dose of LPS. Average
disease ratings of V. vinifera Cabernet Sauvignon grapevines primed with wild-type LPS (50 μg/mL) and
challenged with Xf cells following an additional LPS treatment. Disease ratings were taken at 12 weeks
post-challenge. Graph represents the mean of 13 samples per treatment. Bars indicate standard error of the
mean.

Objective 2. Characterization of the Molecular Mechanisms Underlying the Grapevine Immune Response
to Xf
The molecular mechanisms underlying defense priming and its importance in enabling heightened immunity to
pathogen ingress are poorly understood. To better understand the changes occurring in gene expression patterns
that potentiate the priming phenotype in grapevine, we will perform a series of RNA-Seq experiments that will
highlight genes and pathways induced during priming in both local and systemic tissue. For this objective, we
repeated the LPS priming experiment in our previous study (Rapicavoli et al, 2018) and harvested petioles for
RNA-Seq. Grapevines were treated with wild type LPS (50 µg/ml) and challenged with Xf cells 4 hours later.
Petioles for RNA-Seq were harvested at 4 h, 24 h, and 48 h post-Xf challenge from the point of inoculation and 20
nodes above the point of inoculation. RNA has been extracted from the samples and sequencing libraries are
under preparation. In addition to collecting plant tissue for transcriptome analysis, we monitored plants for disease
progression and collected petioles for quantification of bacterial titer.
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Figure 6. PD symptom severity in LPS-primed grapevines used to harvest petioles for RNA-seq. Average
disease ratings of V. vinifera Cabernet Sauvignon grapevines primed with wild-type LPS (50 μg/mL) and
challenged with Xf cells four hours post-LPS treatment. Disease ratings were taken at 12 weeks post-
challenge. Graph represents the mean of 27 samples per treatment. Bars indicate standard error of the mean.

Objective 3. Functional Genomics of Grapevine Immunity to Xf
In our previous study, we determined that LPS-mediated early elicitation of the basal defense response leads to
systemic and prolonged activation of defense pathways related to Xf perception in grapevine. Our experiments
identified several genes involved in plant defense that were enriched in response to wzy cells (Rapicavoli et al,
2018). For Objective 3, we will create transgenic grapevines overexpressing these genes and test resistance to Xf.
We will also incorporate candidate genes from our transcriptome analysis results in Objective 2.

CONCLUSIONS
Our ongoing work demonstrates that pre-treatment with purified LPS primes the grapevine immune system and
this immune activation results in reduced disease severity when these primed plants are challenged with Xf cells.
We plan to characterize the temporal persistence of Xf LPS-mediated defense priming in grapevine. We will also
conduct in-depth transcriptome analyses of grapevines treated with the LPS molecule. The overall outcome will
result in fundamental knowledge about grapevine immune responses at the molecular level that we will utilize to
test novel gene targets for creating PD-resistant grapevines.
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ABSTRACT
Xylella fastidiosa (Xf) is the causal agent of Pierce’s disease of grapevine. This xylem-limited bacterial pathogen
systemically colonizes the xylem by using cell wall degrading enzymes (CWDEs) to dismantle the pit membrane
barriers that separate xylem vessels. Tylose formation is the predominant vascular occlusion associated with Xf
infection, and excessive tylose development has been linked to the extreme susceptibility of Vitis vinifera
winegrapes to Pierce’s disease. Thus, we sought out to better understand this host defense response in the context
of Xf-mediated cell wall degradation. By using visual evidence (scanning electron microscopy and micro-
computed tomography), coupled with transcriptome analyses of inoculated grapevines, we determined that
endoglucanase-deficient Xf mutants differentially induce tylose production relative to the wild-type Xf strain.
These findings indicate that Xf endoglucanases play a role in facilitating host tylose production. Given these
findings and that Xf CWDEs are important for the degradation of pit membranes (thus allowing systemic
colonization), it is imperative that these virulence factors are targeted for inhibition. However, inhibiting each
CWDE individually as a commercial strategy for controlling Xf is both impractical and costly. As these CWDEs
are predicted to be secreted by the type II secretion system, we are currently searching for natural products that
block the type II secretion system, thus preventing the secretion of CWDEs, and subsequently minimizing both Xf
systemic colonization and excessive host tylose production.

LAYPERSON SUMMARY
Xylella fastidiosa (Xf) relies on degradation of the plant cell wall to move within the grapevine, which occurs
through cooperation between at least two classes of enzymes that target different carbohydrate components of the
complex scaffold of the plant cell wall. A major goal of this project is to determine the mechanisms that lead to
disassembly of the plant cell wall that eventually leads to systemic colonization of Xf in grapevines. Here we have
performed experiments designed to better understand what facilitates movement of the bacterium and the
subsequent clogging of the water-conducting cells that worsens Pierce’s disease severity. In addition, we are
designing experiments to inhibit the secretion machinery responsible for delivering the Xf enzymes that are
involved in Xf movement throughout the plant, thus, providing a comprehensive approach to restriction of Xf and
disease development rather than targeting individual enzymes.

INTRODUCTION
Xylella fastidiosa (Xf) is the causal agent of Pierce’s disease (PD) of grapevine, a serious and often lethal disease
(Hopkins and Purcell, 2002; Chatterjee et al., 2008; Purcell and Hopkins, 1996). This xylem-limited bacterial
pathogen colonizes the xylem, and in doing so must be able to move efficiently from one xylem vessel element to
adjacent vessels (Roper et al., 2007). Xylem conduits are separated by pit membranes (PMs) that are composed of
cellulose microfibrils embedded in a meshwork of pectin and hemicellulose and prevent the movement of air
embolisms and pathogens within the xylem (Buchanan, 2000). The pore sizes within that meshwork range from 5
to 20 nM, which will not allow passive passage of Xf cells whose size is 250-500 x 1,000-4,000 nM (Perez-
Donoso et al., 2010; Mollenhauer and Hopkins, 1974). Based on functional genomics and in planta experimental
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evidence, Xf utilizes cell wall degrading enzymes (CWDEs) to actively digest the polymers within the PMs,
thereby facilitating its movement throughout the xylem network (Simpson et al., 2000; Roper et al., 2007; Perez-
Donoso et al., 2010). It is known that polygalacturonase (PG) is a major pathogenicity factor for Xf (Roper et al.,
2007) and that it acts in concert with at least one EGase to breach the PM barrier (Perez-Donoso et al., 2010).
EGases are implicated in virulence and colonization of the xylem in other bacterial phytopathogens, such as
Pantoea stewartii subsp. stewartii, Ralstonia solanacearum, and Xanthomonas campestris pv. campestris (Gough,
1988; Roberts et al., 1988; Saile et al., 1997; Mohammadi et al., 2012). In our previous study (project # 14-0144-
SA), we tested the role of the Xf EGases in planta by constructing deletion mutants in two of the EGases
(ΔengXCA1 and ΔengXCA2) and mechanically inoculating the modified Xf lines into Vitis vinifera cv. Cabernet
Sauvignon grapevines. Interestingly, both ΔengXCA1 and ΔengXCA2 achieved the same titers (data not shown) in
the Cabernet Sauvignon vines as wild-type Xf, yet they were less virulent and elicited fewer PD symptoms
(Figure 1).

PD symptom development is tightly correlated with the ability of Xf to degrade specific polysaccharides, namely
fucosylated xyloglucans (part of the hemicellulosic component) and weakly esterified homoglacturonans (part of
the pectin portion), that make up the intervessel PMs (Sun et al., 2011). In general, pectin is one of the first targets
of cell wall digestion for invading pathogens and the resulting oligogalacturonides (OGs), which are smaller
pieces of the pectin polymer, that are released are likely used as a carbon source for the invading pathogen. In
addition, specific OGs with a degree of polymerization in the size range of 10-15 residues can also serve as
signals that trigger host defense responses (Benedetti et al., 2015). These responses include accumulation of
reactive oxygen species (ROS), expression of pathogenesis-related proteins, deposition of callose, activation of
mitogen-activated protein kinases (MAPKs), among other defense related processes (Boller & Felix, 2009;
Benedetti et al., 2015).

Figure 1. Pierce's disease development over 15 weeks in Cabernet Sauvignon grapevines after
inoculation with wild-type Temecula 1 (blue), and the ΔengXCA1 (red) or ΔengXCA2 (orange) mutant
strains. 1X phosphate buffered saline (green) served as the negative control. All vines were rated on a
disease scale of 0-5, where 0 = healthy, 1-4 = increasing degrees of scorching, and 5 = vine death. Data
are the means of three independent assays with ten replicates each. Bars represent the standard error of
the mean.

Tyloses are outgrowths of parenchyma cells that emerge through vessel-parenchyma pits into vessel lumen, and
are common in a wide range of species (Bonsen and Kučera, 1990; Esau, 1977; Tyree and Zimmermann, 2002).
Tyloses impede fluid penetration (Parameswaran et al., 1985) and induce a permanent state of reduced hydraulic
conductivity, and are triggered by abiotic and biotic stresses, such as pathogen infection (Aleemullah and Walsh,
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1996; Collins et al., 2009; Dimond, 1955; Parke et al., 2007). Tylose formation is the predominant vascular
occlusion associated with Xf infection (Figure 2A, B), and excessive tylose development has been linked to the
extreme susceptibility of V. vinifera winegrapes to PD (Fritschi et al., 2008; Sun et al., 2013).

Figure 2. Xylem vessels of V. vinifera grapevines inoculated with Xf. A. Longitudinal section
B. Cross-section. Grapevine petiole sections were stained with toluidine blue O (0.05%). White
arrows and bracket indicate vessels that are completely occluded with tyloses, and yellow arrow
indicates a partially occluded vessel. Images taken by J. Rapicavoli (Roper Lab).

Importantly, rates of tylose development in V. arizonica, a resistant species, are much lower than those in
V. vinifera, which may reflect differing innate immune responses to the presence of Xf in the xylem. To our
knowledge, no one has looked at the molecular mechanisms underlying the differences in response to Xf among
different V. vinifera cultivars. Thus, we sought out to better understand this difference in cultivar response to Xf in
the context of host cell wall degradation and the elicitation of specific defense responses that lead to tylose
formation in grapevines. Interestingly, a preliminary analysis of tylose formation in Cabernet Sauvignon vines
inoculated with the ΔengXCA1 mutant using a high resolution micro-computed tomography (microCT) technique
(a kind of CAT scan) by the McElrone laboratory determined that these vines exhibited fewer tyloses than those
inoculated with wild-type Xf (data not shown). Therefore, our hypothesis is that enzymatic degradation of the
plant cell wall by Xf CWDEs is generating cell wall fragments that elicit damage-associated molecular patterns
(DAMPs). DAMP signaling defense pathways, which leads to downstream tylose production and PD symptom
development in certain grape cultivars.

Given that Xf CWDEs are important for the degradation of PMs (thus allowing systemic colonization), it is
imperative that these virulence factors are targeted for inhibition. However, inhibiting each CWDE individually as
a commercial strategy for controlling Xf is both impractical and costly. Interestingly, these CWDEs are predicted
(using SignalP software) to be secreted via the type II secretion system (T2SS). The T2SS is a molecular
nanomachine that transports pre-folded proteins from the periplasm across a dedicated channel in the outer
membrane (Cianciotto, 2005; Korotkov et al., 2012). The T2SS of many plant and animal pathogens are either
known or predicted to secrete proteins, namely polymer degrading enzymes, which are involved in nutrient
acquisition (Jha et al., 2005). Proteins destined for secretion by the T2SS are first delivered to the periplasm via
the Sec or Tat-dependent secretion pathway, where they are folded (Slonczewski, 2014). Xf appears to only
possess the Sec-dependent secretion pathway. Because of our interest in Xf CWDEs and their mechanism of
secretion, we created a mutation in the xpsE gene, which encodes the putative ATPase that powers the T2SS.
Grapevines inoculated with the xpsE mutant never developed PD symptoms and remained healthy, a phenotype
similar to the grapevine response to the Xf ΔpglA mutant (Figure 3).

We hypothesize that this is due to the pathogen’s inability to secrete the CWDEs necessary for xylem
colonization. In addition, we have indirect experimental evidence that Xf utilizes the T2SS to secrete PG. We
observed that the ∆xpsE mutant produces visibly less extracellular polymeric substances (EPS) on XFM minimal
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medium containing pectin as the sole carbon source, resulting in a much less mucoid phenotype (data not shown).
However, when wild-type Xf and ∆xpsE are grown on XFM+galacturonic acid (i.e., the monomeric sugar that
makes up the pectin polymer) or on XFM+glucose, both strains produce similar amounts of EPS. We infer from
this that the breakdown of the pectin substrate is necessary to produce EPS, and when the T2SS is disrupted, this
prevents secretion of PG and the subsequent breakdown of pectin.

Thus, we have compelling in planta and in vitro preliminary data indicating that Xf has a functional T2SS and the
proteins secreted by T2SS are critical for the infection process. From this, we reason that the T2SS represents an
excellent target for disease control, because disrupting this system would provide comprehensive inhibition of
secretion of PG (the major pathogenicity factor for Xf) and the other auxiliary CWDEs (Roper et al., 2007, and
recent results discussed above). Therefore, identifying molecules that can inhibit T2SS function is an excellent
avenue of research to pursue to develop strategies that mitigate PD by preventing pathogen ingress.

Figure 3. The Xf T2SS is necessary for PD development in grapevine. The ΔxpsE mutant does not induce
PD symptoms in V. vinifera grapevines. Disease severity was based on a visual disease scale from 0 (no
disease) to 5 (dead). Vines inoculated with 1X phosphate-buffered saline (negative control) did not develop
PD symptoms.

OBJECTIVES
1. Qualitative analysis of the effect of cell wall degradation on the grapevine response to Xf.
2. Quantitative analysis of plant defense pathways induced by Xf CWDE activity: Biochemical and

transcriptional studies.
3. Inhibition of the T2SS using natural products produced by grapevine microbial endophytes.

RESULTS AND DISCUSSION
Objective 1. Qualitative Analysis of the Effect of Cell Wall Degradation on the Grapevine Response to Xf
In the context of plant cell wall degradation, we examined the effects that different Xf endoglucanase mutants
(ΔengXCA1, ΔengXCA2, and ΔengXCA1/ΔengXCA2) have on the integrity and carbohydrate composition of
grapevine PMs using both microscopic and immunological techniques coupled with fluorescence (Sun et al.,
2011) and/or electron (Sun et al., unpublished) microscopy. We coupled these microscopic observations with
macroscopic studies of the spatial distribution of tyloses and other vascular occlusions, such as plant-derived gels
and bacterial aggregates, using high resolution microCT. This non-destructive method/technique uses x-rays to
create cross-sections of an object that can be used to re-create a virtual model (3D model). These experiments will
allow us to match degradation of specific host cell wall carbohydrates with spatiotemporal patterns of production
of tyloses in three dimensions.
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Wild-type Xf (Temecula 1) and Xf endoglucanase mutant strains have been used to inoculate Cabernet Sauvignon
grapevines in the greenhouse. Phosphate-buffered saline (PBS)-inoculated vines were used as negative controls.
Each Xf strain was inoculated into 27 plants (three biological replicates with nine technical replicates each) and
PD symptoms were rated each week using the 0-5 PD rating index (Guilhabert and Kirkpatrick, 2005). Vine
samples (stem and petiole) were collected at three time-points covering early-, mid-, and late-infection based on
the PD rating index (early infection = 1-2, mid-infection = 2-3, late-infection = 3-4). Each sampling consisted of
three biological replications (each with three technical replications) per treatment. All stem samples were
analyzed using RNA sequencing, microCT, and electron microscopy to determine host response when challenged
with either wild-type Xf or the Xf mutant strains.

Modifications of Different Xf Strains on Xylem Structures of Cabernet Sauvignon Vines. Late time-point stem
samples of Cabernet Sauvignon vines that were inoculated with PBS, wild-type Xf, or the Xf endoglucanase
mutant strains were analyzed using scanning electron microscopy. We found that at the late time-point of PD
symptom development, certain Xf strains display differences in vascular occlusion, intervessel PM integrity, and
Xf cell presence.

In the vines inoculated with PBS, vascular occlusion and Xf cells were not observed, and intervessel PMs
remained mostly intact at the late time-point (Figure 4). Vines inoculated with wild-type Xf also displayed
significant xylem structural modifications at the late time-point. Over 50% of the vessels in the transverse section
of a stem were occluded by tyloses, Xf cells occurred as large clusters in addition to individual occurrence or
small clusters, and intervessel PMs were completely degraded (Figure 5). In late time-point samples from
ΔengXCA2-inoculated vines, 30% of the total vessels were occluded with tyloses (Figure 6A, B). Several broken
intervessel PMs were present, and clusters of ΔengXCA2 cells were seen near these broken PMs (Figure 6C, D).
However, late time-point samples from ΔengXCA1-inoculated vines showed relatively few tyloses despite several
instances of significant intervessel PM degradation (Figure 7). Interestingly, in the late time-point samples
inoculated with the ΔengXCA1/ΔengXCA2 double mutant, tyloses occurred in very few vessels (Figure 8A, B),
intervessel PMs were mostly intact, and ΔengXCA1/ΔengXCA2 cells were not observed (Figure 8C, D).

Figure 4. Xylem structural features in PBS-inoculated Cabernet Sauvignon vine at the late time-point.
A. Transverse section of stem secondary xylem, showing absence of occluded vessels. B. Longitudinal
section of stem secondary xylem, showing vessels free of tyloses.
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Figure 5. Xylem structural features in wild-type Temecula 1-inoculated Cabernet Sauvignon vine at the
late time-point. A. Longitudinal section of stem secondary xylem, showing abundant presence of wild-type
cells in a vessel. B. A longitudinally transected vessels, showing that intervessel PMs have completely
disappeared.

Figure 6. Xylem structural features in ΔengXCA2-inoculated Cabernet Sauvignon vine at the late time-
point of PD symptom development. A. Transverse section of secondary xylem, showing occlusion in some
vessels. B. Longitudinal section of secondary xylem, showing two transected vessels fully occluded by
tyloses. C. A longitudinally transected vessel, showing an abundant presence of ΔengXCA2 cells.
D. ΔengXCA2 cells on some partially degraded intervessel PMs (arrows indicate pores or cracks in the
PMs).
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Figure 7. Xylem structural features in ΔengXCA1-inoculated Cabernet Sauvignon vine at the late time-
point of PD symptom development. A. Longitudinal section of stem secondary xylem, showing open
vessels. B and C. Longitudinally transected vessels, showing intervessel PM degradation.

Figure 8. Xylem structural features in ΔengXCA1/ΔengXCA2-inoculated Cabernet Sauvignon vine at the late
time-point of PD symptom development. A and B. Transverse section of stem secondary xylem, showing
vessels free of occlusions. C. Longitudinal section of secondary xylem, showing empty vessels with mostly
intact PMs. D. A longitudinally transected vessel, showing pores of different sizes in intervessel PMs.

In addition to samples imaged via electron microscopy, samples from inoculated Cabernet Sauvignon have also
been analyzed by microCT for all time-points. Singular midslice images were analyzed to determine if tyloses
formed in the xylem in response to Xf infection (Figure 9A, B, C). Cabernet Sauvignon vines inoculated with
wild-type Xf, ΔengXCA1, or ΔengXCA2 exhibited a similar number of vessels containing tyloses and both early
and middle time-points. However, at the late time-point, ΔengXCA2-inoculated vines had more vessels with
tyloses than vines inoculated with wild-type Xf, and vines inoculated with ΔengXCA1 had relatively few vessels
with tyloses. Vines inoculated with the ΔengXCA1/ΔengXCA2 double mutant had fewer vessels with tyloses
relative to all other treatments across all time-points (Figure 9D).
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Figure 9. Improved tyloses detection/quantification. Colored outlines in A (xy-axis) and B (yz-axis)
correspond with C to help orient the viewer. Tyloses (highlighted in yellow) are small and rare features
relative to empty vessels on the xy-axis, and can easily be confused with interconnected vessels, yet appear
more distinctly in the yz-axis. D. Manual midslice analysis of %-tyloses (occluded vessels/total vessels) per
treatment in Cabernet Sauvignon. Vessels with tyloses were manually counted on midslices of microCT
scans.

The McElrone lab recently developed a method to measure starch content in ray and axial parenchyma (RAP) in
vivo using microCT and machine learning algorithms (Earles, 2018). In microCT images, x-ray absorption
corresponds to the distinct molecular structure of air, water, starch, and cell wall material, which enables the
visualization of RAP, which are located in xylem tissue between radial files of vessels. While microCT images
pictured here are of dried stems, patterns of full/empty RAP reflect those found in vivo in grapevine rootstocks,
and the method has implications for tracking starch utilization over the course of Xf infection. RAP in Cabernet
Sauvignon vines inoculated with wild-type Xf show patterns of starch depletion at the early time-point, with
significant depletion at the late time-point. RAP in ΔengXCA1-inoculated vines are full of starch at the early time-
point and moderately depleted at the late time-point (Figure 10). RAP in PBS-inoculated vines remain full of
starch at all time-points.
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Figure 10. Visual classification of RAP regions as full (magenta) or empty (yellow) in Cabernet Sauvignon vines
inoculated with either wild-type Temecula 1, ΔengXCA1, or PBS (negative control). Longitudinal slices of outlined,
late-timepoint RAP emphasize a spatial pattern of starch depletion, with empty cells (dark airspace and light cell
walls indicated with corresponding triangles) near the periphery bark (Ba) layer progressing towards the pith (Pi).

Objective 2. Quantitative Analysis of Plant Defense Pathways Induced by Xf CWDE Activity: Biochemical
and Transcriptional Studies
PM degradation by Xf CWDEs likely results in the release of small chain carbohydrates into the xylem. These
oligosaccharides have been known to act as elicitors of plant immunity (i.e., DAMPs). It is possible that
oligosaccharides released from PM degradation are being recognized by associated parenchyma cells, triggering
defense responses such as tylose production. To test this hypothesis, we used RNA sequencing to analyze the
Cabernet Sauvignon transcriptome to determine if PM degradation products act as elicitors of plant immunity and
trigger tylose production. So far, we have counts of differentially expressed genes (DEGs, p-value < 0.05) from
the early and middle time-points in 2016 and the early time-point in 2017. When compared to PBS-inoculated
vines, the transcriptomes of vines inoculated with either wild-type Xf or any of the endoglucanase mutant strains
differed significantly (Table 1). When compared to wild-type Xf-inoculated vines, the transcriptomes of all vines
inoculated with any of the Xf endoglucanase mutant strains differed significantly, though there were less DEGs in
ΔengXCA1- and ΔengXCA2-inoculated vines and more in ΔengXCA1/ΔengXCA2-inoculated vines (Table 2).

Table 1. Summary of the DEGs (P-value < 0.05) between the Cabernet Sauvignon vines inoculated with Xf
strains (wild-type, ΔengXCA1, ΔengXCA2, or ΔengXCA1/ΔengXCA2) and PBS.

Year Time-
point Number of DEGs Wild-type

vs. PBS
ΔengXCA
1 vs. PBS

ΔengXCA2
vs. PBS

ΔengXCA1/
ΔengXCA2

vs. PBS

2016

Early
Up-regulated 2,831 2,335 469 -
Down-regulated 1,805 1,446 240 -
Total 4,636 3,781 709 -

Middle
Up-regulated 1,791 4,495 1,263 -
Down-regulated 471 2,566 325 -
Total 2,262 7,061 1,588 -

2017 Early
Up-regulated 4,567 1,356 3,272 449
Down-regulated 3,114 638 1,789 259
Total 7,681 1,994 5,061 708
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Table 2. Summary of the DEGs (P-value < 0.05) between the Cabernet Sauvignon vines inoculated with
the endoglucanase mutant strains and the wild-type Xf strain.

Year Time-
point Number of DEGs ΔengXCA1

vs. WT
ΔengXCA2

vs. WT

ΔengXCA1/
ΔengXCA2

vs. WT

2016

Early
Up-regulated 215 1,214 -
Down-regulated 260 1,695 -
Total 475 2,909 -

Middle
Up-regulated 486 29 -
Down-regulated 255 89 -
Total 741 118 -

2017 Early
Up-regulated 1,717 300 2,866
Down-regulated 2,965 507 4,068
Total 4,682 807 6,934

CONCLUSIONS
Excessive tylose production has been well-documented in grapevines displaying PD symptoms, and is likely one
of the factors causing these symptoms. However, the mechanism by which Xf triggers tyloses has not been
elucidated. Our scanning electron microscopy and microCT data indicate that tylose production differs in vines
inoculated with Xf endoglucanase mutants when compared to vines inoculated with the wild-type Xf strain. Tylose
production increases in vines inoculated with ΔengXCA2, while it decreases in vines inoculated with ΔengXCA1.
Interestingly, tylose production is severely reduced in vines inoculated with the endoglucanase double mutant,
ΔengXCA1/ΔengXCA2. The DEG counts from our RNA sequencing analysis also show that vines inoculated with
either ΔengXCA1 or ΔengXCA2 behave somewhat similarly to vines inoculated with wild-type Xf. Conversely,
vines inoculated with the ΔengXCA1/ΔengXCA2 double mutant behave similarly to vines inoculated with PBS.
Therefore, we propose that Xf endoglucanases play a role in facilitating tylose production in grapevines. How they
facilitate tylose production remains unclear, though we hypothesize that the oligosaccharide byproducts of PM
degradation trigger a DAMPs response that culminates in the sealing of xylem vessels. We are currently testing
this hypothesis by analyzing the specific genes that are differentially expressed in vines inoculated with wild-type
Xf and vines inoculated with the Xf endoglucanase mutants, and we suspect that several of these genes will be
linked to DAMPs signaling pathways. Additionally, we are analyzing the xylem sap of vines inoculated with all
Xf strains to determine if oligosaccharide profiles differ in vines inoculated with wild-type Xf and vines inoculated
with the Xf endoglucanase mutants.

In light of these findings, it appears that Xf CWDEs may be triggering host defense responses that exacerbate PD
symptoms. For this reason the inhibition of these CWDEs may alleviate excessive tylose production, allowing
more xylem vessels to remain open and minimize drought-stress symptoms. However, the inhibition of each
individual CWDE is neither practical nor economical. As these CWDEs are predicted to be T2SS-secreted,
inhibition of this secretion system will likely prevent both PM degradation (and subsequent systemic
colonization) and minimize excessive host defense responses. Therefore, we will continue on into the final phase
of this project, looking for natural products that can inhibit the T2SS and block the proliferation of Xf CWDEs.
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ABSTRACT
The clustered regularly interspaced short palindromic repeats (CRISPR)-Cas gene editing technology allows for
precise alterations in plant genomes. Given the revolution occurring in gene editing technology, protoplast culture
provides one of the best avenues for producing non-chimeric gene edited plants for clonally propagated species.
Although non-protoplast-based gene editing techniques are being developed for many crops, recovery of non-
chimeric gene edited plants is still problematic. In seed propagated crops, gene editing technology can be
introduced via Agrobacterium tumefaciens or biolistic-mediated DNA delivery systems. Once gene editing has
been accomplished, the CRISPR-Cas insert can be segregated out of the population in the next generation with the
null segregant, containing only the desired gene edit and advanced using traditional plant breeding. However, for
clonally propagated plants like wine grapes, it is not possible to use breeding to eliminate the CRISPR-Cas insert
and still maintain the fidelity of the clonal germplasm. CRISPR-Cas has been introduced into plant protoplasts
using polyethylene glycol or electroporation and expressed transiently without integration of the CRISPR-Cas
DNA. Cell walls re-form on the protoplast in 48 to 72 hours and the edited cells can be stimulated to form mini
callus colonies and subsequently regenerated into whole plants. We plan to utilize advances we have made in
grape cell biology to develop a method to isolate plant protoplasts from grape suspension cultures, generate mini
callus colonies from the protoplast and regenerating whole plants from the callus. The UC Davis Plant
Transformation Facility has developed cell biology capability in grape culture, which includes the establishment
of suspension cultures, formation of somatic embryos from those cultures, and regeneration of whole plants from
the somatic embryos. This project will explore whether these advances in grape cell biology can be utilized to
facilitate the recovery of whole plants from suspension-derived grape protoplasts.

LAYPERSON SUMMARY
Clustered regularly interspaced short palindromic repeats (CRISPR)-Cas is a gene editing technology that allows
one to make precise changes in a plant’s genome. There are a number of methods for delivering CRISPR-Cas into
the animal cell. However, unlike animal cells, plant cells are encased in cell walls that prevent easy introduction
of DNA into the cell. This makes the utilization of CRISPR-Cas or other gene editing approach more difficult for
plant cells. Protoplasts are plant cells which have had their cell walls removed. These cells are very delicate and
require careful manipulation of the solution in which they are grown. If the pressure of the solution outside the
protoplast is not adjusted to match the pressure of the conditions within the cell, the protoplast will implode or
burst. However, if protoplasts can be stably maintained in solution they allow for gene editing delivery techniques
that are used in animal cells to be employed for plant cells. The purpose of this work is to develop a robust
method to generate protoplasts from grape embryo suspension and then stimulate the protoplasts to reform a cell
wall and divide. Once the cells divide, we will test different growth factors to try to stimulate the small cell
colonies to form into embryos and germinate into plants. These techniques will provide a valuable tool for
deploying gene editing techniques to produce non-chimeric gene edited plants.

INTRODUCTION
The development of a system that allows the isolation of grape protoplast, formation of mini calli, and the
ultimate regeneration of protoplast-derived plants has significant relevance to the Pierce’s disease research
community and the winegrape industry. It provides an excellent vehicle for deploying non-Agrobacterium-
mediated non-integrating gene editing technology for fundamental research and product development. Even if the
goal of regeneration of plants from protoplasts is not achieved, efficient formation of protoplast-derived mini calli
can be used for high throughput testing of potential gene editing guide RNAs. If regeneration of whole plants can
be achieved, it will allow for the production of non-chimeric gene edited plants, which is critical for clonally
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propagated crops such as grape. Recently, the United States Department of Agriculture announced that it does not
regulate or have any plans to regulate plants generated using gene editing techniques that could otherwise have
been developed through traditional breeding techniques as long as they are not plant pests or developed using
plant pests.

Protoplast technology was actively researched in the 1980s and early 1990s, but the advent of transgenic
technology resulted in this cell culture technique falling out of favor. Although there are published reports in the
literature demonstrating successful isolation of protoplasts from grapes, production of mini calli from grape
protoplasts has historically proven to be inefficient, with less than 5% of the isolated protoplasts forming calli (Xu
et al., 2007). In addition, to my knowledge, regeneration of grape plants from protoplasts has not yet been
achieved. We believe that utilizing rapidly dividing grape suspension cultures may provide advantages over other
tissue sources. Encapsulating protoplasts in alginate beads and culturing in conditioned medium or nurse cultures
may enhance the frequency of protoplast division. It will also allow us to test many different media components
by culturing beads in a 24-well plate format. Given that our suspension cultures are highly efficient in
regenerating embryos and plants, and given that the protoplasts will be produced directly from these suspensions,
we believe these suspensions give us the best possibility of regenerating embryos and plants from protoplast-
derived callus. However, it should be mentioned that protoplast technology has a number of challenges that will
affect its utility for broad-based use in gene editing technology. The major challenges include the low transfection
rates of DNA into protoplasts by polyethylene glycol (PEG) or electroporation, poor survival of PEG or
electroporated protoplasts, low plating efficiency of protoplasts, and low frequency of regeneration of plants from
protoplast-derived mini calli. In addition, even for systems that are amenable to protoplast culture like lettuce,
regeneration of plants from protoplast can be highly genotype dependent. This project is focused on the isolation
of grape protoplasts, reformation of their cell walls, development of mini calli, and regeneration of whole plants.

OBJECTIVES
1. Develop protoplast isolation techniques for grape using actively dividing grape suspension cultures.
2. Culture grape suspension protoplasts in calcium alginate beads and stimulate the formation of mini calli.
3. Stimulate plant regeneration from protoplast-derived mini calli.

RESULTS AND DISCUSSION
Objective 1. Develop Protoplast Isolation Techniques for Grape Using Actively Dividing Grape Suspension
Cultures
For 2018, we have established new somatic embryogenic cultures for Merlot, 1103P, and Thompson Seedless
from anther filaments harvested from immature flowers collected from the UC Davis Foundation Plant Service’s
vineyards (Figure 1).

Figure 1. Somatic embryos of Merlot clone 3 generated from anther filaments and increased in vitro.

We have used these somatic embryo cultures to establish new 2018 embryogenic suspension cultures. Somatic
embryos from anther filaments were transferred from agar-solidified plates to liquid woody plant medium (WPM;
Lloyd and McCown, 1981) supplemented with 20 g/l sucrose, 1 g/l casein hydrolysate, 10.0 mg/l Picloram, 2.0
mg/l metatopolin, 2 g/l activated charcoal, 100 mg/l ascorbic acid, and 120 mg/l reduced glutathione (Pic/MTag)
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and grown in 125 ml shake flasks on a gyratory shaker at 90 rpms in the dark. (Figure 2). These suspensions are
being used as a source of embryogenic cells for protoplast isolation.

Figure 2. Fine suspension cultures of 1103P growing in WPM, 1 g/l casein, 1 mM MES, 1,000 mg/l
activated charcoal, 10 mg/l picloram, and 2 mg/l meta-topolin.

When aliquots (0.5ml) of these suspensions are plated onto the appropriate agar-solidified medium, (WPM
supplemented with 20 g/l sucrose, 1 g/l casein, 1 mM 2-(N-morpholino)ethanesulfonic acid (MES), 500 mg/l
activated charcoal, 0.1 mg/l BAP and 8 g/l agar) and cultured in the light, these suspensions exhibit a high
frequency of regeneration into whole plants. These suspension cultures should serve as an excellent potential
source of tissue for protoplast isolation and plant regeneration (Figure 3).

Figure 3. Chardonnay culture after plating 0.2 ml of suspensions onto grape embryogenesis medium (left).
Somatic embryos of Chardonnay developing from plated cell suspensions (middle). Regeneration of whole
plants of Chardonnay after transferring embryos to regeneration medium and culturing in the light (right).

Protoplast Isolation. Aliquots of rapidly dividing embryogenic grape suspension cultures of 1103P were collected
and centrifuged to harvest 3-5 ml packed cell volume. The supernatant was removed and replaced with 10 ml of
protoplast isolation solution and transferred to a 60 x 15 mm petri dish. The enzyme solution consisted of filter
sterilized 0.5% Onozuka Cellulase R10, 0.25% pectinase, 0.25% macerozyme R10, 0.4 M mannitol, 5 mM CaCl2,
10 g/l bovine serum albumin (BSA), and 5 mM MES. The enzyme solution containing the suspension culture was
subjected to vacuum infiltration under house vacuum for three, two-minute exposures, incubated in the dark at
25ºC, and agitated at 50 rpms. After approximately 16 hours incubation, the protoplast containing solutions were
filtered through a 40 µm screen and the protoplasts collected by pelleting under centrifugation at 2,000 rpm for 10
minutes. The protoplasts were washed twice in an osmotically adjusted wash solution containing 0.4 M mannitol,
2 mM CaCl2, 1 g/l BSA and 1,191 mg/l 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). We
initially tried to purify the protoplast using a dextran gradient consisting of 4 ml of a 13% dextran solution,
overlaid with 2 ml of a 9.1% dextran solution, overlaid with 1 ml of 0.4 M wash solution. We have successfully
used this dextran gradient to isolate lettuce and soybean mesophyll protoplast. However, when this gradient was
used for grape suspension cultures and centrifuged at 2,000 rpm for eight minutes we found that the activated
charcoal that is used in the suspension culture layers at the same band as the protoplast; the interface of the 9.1%
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dextran and the wash solution. We therefore modified the dextran gradient by adding a third dextran layer. The
new gradient consists of 4 ml of a 13% dextran solution, overlaid with 3 ml of a 9.1% dextran solution, overlaid
with 2 ml 4.05% dextran solution, overlaid with 1 ml of wash solution. When centrifuged at 2,000 rpm for eight
minutes the protoplast layer at the interface of the 4.05% dextran layer and the wash solution effectively separate
the protoplast with minimal contamination from the activated charcoal. Protoplasts were readily harvested from
this layer with a sterile Pasteur pipette, and transferred to 60 x 15 mm petri dishes. Yields of protoplasts from 5 ml
packed cell volume ranged from 2.5-6 x106 cells per ml (Figure 4).

Figure 4. Dextran gradient separates protoplast from charcoal and debris (left). Harvested grape protoplast
prior to encapsulation in calcium alginate beads (middle and right).

Objective 2. Culture Grape Suspension Protoplasts in Calcium Alginate Beads and Stimulate the
Formation of Mini Calli
The Plant Transformation Facility has developed a method for encapsulating and culturing protoplasts in alginate
beads with or without an osmotically conditioned feeder suspension culture. The feeder suspension is used to
stimulate the protoplast to divide to form mini-calli even at low protoplast culture density. This system was
demonstrated to be efficacious in soybean (Tricoli et al., 1986) and lettuce protoplasts (Tricoli, unpublished).
Osmotically adjusted grape feeder suspensions are being generated by gradually increasing the osmotic potential
of the suspension medium over time. During the biweekly subcultures of the suspension cultures, one-half of the
medium is removed and replaced with grape suspension medium containing 72.87 g/l mannitol, 1,191 mg/l
HEPES, and 1 g/l BSA, pH 5.7 along with the appropriate plant growth regulators. During subsequent biweekly
subcultures, one-half of the old medium is again removed and replaced with an equal volume of medium
containing 72.87 g/l mannitol, 1,191 mg/l HEPES, and 1g/L BSA, pH 5.7. This process is repeated biweekly
allowing cells to gradually acclimate to the high osmotic medium over time. Once suspensions are actively
growing on high osmoticum medium, conditioned medium can be harvested on a biweekly basis by centrifugation
at 2,000 rpm for 10 minutes. The supernatant is collected and stored at 4ºC or used immediately to culture the
bead-encapsulated protoplasts. Alternatively, encapsulated protoplasts are cultured in conditioned suspension
cultures as opposed to conditioned medium lacking cells, but great care must be taken to ensure that suspension
cells are completely removed prior to the alginate bead being dissolved.

We have begun creating cell suspension cultures acclimated to growing under high osmoticum conditions. The
media we are using are formulations used to stimulate somatic embryo development from isolated grape anther
filaments. These include:
• Nitsch and Nitsch minimal organics medium (1969) supplemented with 60 g/l sucrose, 1.0 mg/l 2,4-

dichlorophenoxyacetic acid (2,4-D), and 2.0 mg/l benzylaminopurine (BAP) (PIV);
• MS minimal organics medium supplemented with 20 g/l sucrose 1.0 mg/l 2,4-D and 0.2 mg/l BAP (MSE);
• MS minimal organics medium supplemented with 30 g/l sucrose 1.0 mg/l 2,4-D and 1.0 mg/l BAP (MSI); or
• WPM medium supplemented with 20 g/l sucrose 10 mg/l Picloram and 2.0 mg/l thidiazuron (TDZ)

(Pic/TDZ).
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In order to generate the protoplast containing alginate beads, the protoplast density is adjusted to two times the
desired final density with 0.4 M mannitol/buffer solution. The protoplast solution is mixed with an equal volume
of 6.4% Na alginate solution (adjusted to pH 5.7). Beads are formed by drawing up the solution into a 12 ml
sterile syringe and expelling the solution dropwise through a 23-gauge needle into an osmotically adjusted 50 mM
CaCl2 solution. After 30 minutes in the CaCl2 solution, beads are rinsed one time in 0.4 M mannitol/buffer wash
solution (Figure 5). The size of the beads can be increased or decreased depending on the gauge of the needle.

Figure 5. Diagram of the production of protoplast encapsulated in alginate beads and cultured in
conditioned medium.

In addition to allowing one to test various media formulation, embedding protoplasts in calcium alginate beads
also insures that each protoplast derived callus colony is from single cell descent. This will be important for gene
editing experiments since if protoplasts are not fixed in a matrix they will rapidly clump together, making
determining single cell descent impossible. Normally when cultured at low density, protoplasts fail to divide.
However, culturing embedded protoplast in conditioned medium or with feeder suspensions has been shown to
stimulate protoplasts division in other species even at very low cell densities. Since the alginate matrix is
permeable to nutrients, the conditioned medium serves as a nurse culture. Previously, we have demonstrated that a
single protoplast encapsulated in a 3-4 mm alginate bead could be stimulated to divide using this nurse culture
system for both soybean and lettuce (Figure 6). Recently, we have successfully embedded grape protoplast in
calcium alginate beads and they have survived the embedding process (Figure 7).

We will begin testing various conditioned media for their ability to stimulate cell division of the grape protoplasts.
Embedded protoplasts are re-suspended in the conditioned osmotically adjusted grape suspension culture medium
with or without cells, transferred to shake flasks, and incubated at 100 rpm and 25ºC. Viable protoplasts are
expected to begin dividing in four to seven days. After twelve days, the 0.4 M mannitol conditioned medium is
replaced with grape suspension culture medium without mannitol, thereby reducing the starting mannitol
concentration to 0.2 M.

We will also culture encapsulated protoplasts in 24-well culture plates, which will allow us to test multiple
hormone and media formulations using a factorial design. This system of alginate bead encapsulated protoplasts
and the use of 24-well culture dishes will allow us to test a wide range of media and hormone combinations for
their ability to stimulate cell division.
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Figure 6. Alginate encapsulated mesophyll protoplast of lettuce (top) and soybean (bottom) dividing to
form mini callus colonies when grown in conditioned medium.

Outside edge of
calcium alginate
bead

Figure 7. Grape protoplast encapsulated in calcium alginate bead.

Objective 3. Stimulate Plant Regeneration from Protoplast-Derived Mini Calli
Once mini callus colonies develop, the calcium alginate matrix is dissolved by transferring the beads to an
osmotically adjusted 0.05 M potassium phosphate solution and agitating at 125 rpm for 120 minutes. The
resulting solution is diluted and plated onto agar-solidified media of various formulations for further callus
development and ultimately plant regeneration. For lettuce, we have previously demonstrated protoplast isolation,
encapsulation, division, and mini-calli formation in calcium alginate beads and have dissolved the alginate matrix
and regenerated whole plants (Figure 8).
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Figure 8. Lettuce protoplast derived mini-callus colonies plated onto agar-solidified medium after
dissolving the alginate bead in an osmotically adjusted 0.05 M potassium phosphate solution (left). Early
shoot regeneration from protoplast-derived callus (middle), and regeneration of whole plants (right).
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ABSTRACT
Breeding Pierce’s disease (PD) resistant winegrapes continues to advance, accelerated by aggressive vine training
and selection for precocious flowering that has resulted in a seed-to-seed cycle of two years. To further expedite
breeding progress, we are using marker-assisted selection (MAS) for PD resistance genes to select resistant
progeny as soon as seeds germinate. These two practices have allowed us to produce four backcross generations
with elite Vitis vinifera winegrape cultivars in 10 years. We have screened through about 2,000 progeny from the
2009, 2010, and 2011 crosses that are 97% V. vinifera with the PdR1b resistance gene from V. arizonica b43-17.
We select for fruit and vine quality and then move the best to greenhouse testing, where only those with the
highest resistance to Xylella fastidiosa, after multiple greenhouse tests, are advanced to multi-vine wine testing at
Davis and other test sites. The best of these have been advanced to field testing with commercial-scale wine
production, the first of which was planted in Napa in June 2013. To date 20 scion and three PD resistant
rootstocks have been advanced to Foundation Plant Services at UC Davis for certification. Five of these selections
are now in pre-release to nurseries. Stacking of PdR1b with PD resistance from b42-26 (an alternative form of PD
resistance controlled by multiple genes) has been advanced to the 96% V. vinifera level using MAS to confirm the
presence of PdR1, as well as the recently discovered (see companion report) PD resistance locus on Chromosome
8 from b42-26, PdR2. Other forms of V. arizonica are being studied and the resistance of some will be genetically
mapped for future efforts to combine multiple resistance sources and ensure durable resistance. Pierce’s disease
resistance from V. shuttleworthii and BD5-117 are also being pursued, but progress is limited by their multigenic
resistance and the absence of associated genetic markers. Very small-scale wines from 94% and 97% V. vinifera
PdR1b selections have been very good and have been received well at public tastings in Sacramento (California
Association of Winegrape Growers), Santa Rosa (Sonoma Winegrape Commission), Napa Valley (Napa Valley
Grape Growers and Winemakers Associations), Temecula (Temecula Valley Winegrape Growers and Vintners),
Healdsburg (Dry Creek Valley and Sonoma Grape Growers and Winemakers), and UC Davis.

LAYPERSON SUMMARY
One of the most reliable and sustainable solutions to plant pathogen problems is to create resistant plants. We use
a classical plant breeding technique called backcrossing to bring Pierce’s disease (PD) resistance from wild grape
species into a diverse selection of high quality winegrapes. To date we have identified two different chromosome
regions that house very strong sources of PD resistance from grape species native to Mexico and the southwestern
United States (Vitis arizonica). Because we were able to locate these resistance genes/regions - PdR1 (Krivanek et
al., 2006), and PdR2 (Riaz et al., 2018) - we have been able to use marker-assisted selection (MAS) to screen for
DNA markers associated with both PdR1 and PdR2, allowing us to select resistant progeny shortly after seeds
germinate. MAS and aggressive training of the selected seedling vines have allowed us to produce new PD
resistant high quality winegrape selections that are more than 97% V. vinifera in only 10 years. We have
evaluated thousands of resistant seedlings for horticultural traits and fruit quality. The best of these are advanced
to greenhouse testing, where only those with the highest resistance to Xylella fastidiosa, after multiple greenhouse
tests, are advanced to multi-vine wine testing at Davis and at PD hot spots around California. The best of these are
advanced to field plots where commercial-scale wines can be produced. We have sent 20 advanced selections to
Foundation Plant Services (FPS) over the past six winters to verify their virus-free status. Five of these selections
are now in pre-release to nurseries. Three PD resistant rootstocks were also sent to FPS for certification. Other
wild grape species are being studied and the resistance of some will be genetically mapped for future efforts to
combine multiple resistance sources and ensure durable PD resistance. Very small-scale wines made from our
advanced PdR1 selections have been very good and received well at professional tastings throughout California.
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INTRODUCTION
We continue to make rapid progress breeding Pierce’s disease (PD) resistant winegrapes. Aggressive vine training
and selection for precocious flowering have allowed us to reduce the seed-to-seed cycle to two years. To further
expedite breeding progress we are using marker-assisted selection (MAS) for the PD resistance loci PdR1 and
PdR2 to select resistant progeny as soon as seeds germinate. These two practices have greatly accelerated the
breeding program and allowed us to produce four backcross (BC) generations with elite Vitis vinifera winegrape
cultivars in 10 years. We have screened through about 2,000 progeny from the 2009, 2010, and 2011 crosses that
are 97% V. vinifera with the PdR1b resistance gene from V. arizonica b43-17. Seedlings from these crosses
continue to fruit and others are advancing to small-scale wine trials. We select for fruit and vine quality and then
move the best selections to greenhouse testing, where only those with the highest resistance to Xylella fastidiosa
(Xf), after multiple greenhouse tests, are advanced to multi-vine wine testing at Davis and other test sites. The best
of these have advanced to field testing with commercial-scale wine production, the first of which was planted in
Napa in June 2013. To date 20 scion and three PD resistant rootstocks have been advanced to Foundation Plant
Services (FPS) at UC Davis for certification. Five of these have been pre-released to grapevine nurseries to build
up the amounts available for grafting. Stacking of PdR1b with b42-26 Pierce’s disease resistance has been
advanced to the 96% V. vinifera level using MAS to confirm the presence of PdR1 as well as the recently
discovered (see companion report) PD resistance locus on LG8 from b42-26, PdR2. Initial selections for release
will begin in 2018. Greenhouse screening is used to advance only genotypes with the highest possible levels of
PD resistance. Other forms of V. arizonica are being studied and the resistance of some will be genetically
mapped for future efforts to combine multiple resistance sources and ensure durable resistance. PD resistance
from V. shuttleworthii and BD5-117 are also being pursued, but progress is limited by their multigenic resistance
and the absence of associated genetic markers. Very small-scale wines from 94% and 97% V. vinifera PdR1b
selections have been very good and have been received well at public tastings in Sacramento (California
Association of Winegrape Growers), Santa Rosa (Sonoma Winegrape Commission), Napa Valley (Napa Valley
Grape Growers and Winemakers Associations), Temecula (Temecula Valley Winegrape Growers and Vintners),
and Healdsburg (Dry Creek Valley and Sonoma Grape Growers and Winemakers).

The Walker lab is uniquely positioned to undertake this important breeding effort, having developed rapid
screening techniques for Xf resistance (Buzkan et al., 2003; Buzkan et al., 2005; Krivanek et al., 2005a, 2005b;
Krivanek and Walker, 2005; Baumgartel, 2009), and having unique and highly resistant V. rupestris x
V. arizonica selections, as well as an extensive collection of southwestern grape species, which allows the
introduction of extremely high levels of Xf resistance into commercial grapes. We genetically mapped and
identified what seems to be a single dominant gene for Xf resistance in V. arizonica/candicans b43- 17 and named
it PdR1. This resistance has been backcrossed through four generations to elite V. vinifera cultivars (BC4) and we
now have 97% V. vinifera PD resistant material to select from. Individuals with the best fruit and vine
characteristics are then tested for resistance to Xf under our greenhouse screen. Only those with the highest levels
of resistance are advanced to small-scale winemaking trials by grafting them onto resistant rootstocks and
planting six to eight vine sets on commercial spacing and trellising at PD hot spots around California, where they
continue to thrive. We have made wine from vines that are at the 94% V. vinifera level from the same resistance
background for ten years and from the 97% V. vinifera level for seven years. They have been very good and don’t
have typical hybrid flaws (blue purple color and herbaceous aromas and taste) that were prevalent in red wines
from the 87% V. vinifera level. b43-17 is homozygous resistant to PD. We have named its resistance region/locus
PdR1 and the two forms/alleles of that locus PdR1a and PdR1b. Screening results reported previously showed no
significant difference in resistance levels in genotypes with either one or both alleles. We have primarily used
PdR1b in our breeding, but retain a number of selections at various backcross levels with PdR1a in the event that
there is an as yet unknown Xf strain-related resistance associated with the PdR1 alleles. We also identified a PD
resistance locus from V. arizonica b40-14 (PdR1c) that maps to the same region of Chromosome (Chr) 14 as
PdR1 from b43-17. In the absence of an understanding of gene function and given the very disparate origins of
the b43-17 and b40-14 resistance sources, differences in preliminary DNA sequence data between them, and
differences in their PD symptom expressions, we have continued to advance the b40-14 (PdR1c) resistance line as
a future breeding resource. Our companion research project is pursuing the genetic basis of these differences
between PdR1b and PdR1c. In 2005, we started a PD resistant breeding line from another Mexican accession,
b42-26. Markers linked to this resistance proved elusive but strong resistance was observable in our greenhouse
screens as we advanced through the backcross levels. In 2011, we started stacking resistance from PdR1b with
that of b42-26 using MAS to select for PdR1b and a higher than usual resistance in our greenhouse screen to
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move the b42-26 resistance forward. Late in 2016 our companion project identified the location of a significant
PD resistance locus from b42-26 on Chr 8, which we have called PdR2. In 2014, we advanced our PdR1 x PdR2
line to the 92% V. vinifera level and in spring 2016 made crosses to advance it to the 96% V. vinifera level. MAS
was used to advance only genotypes with both PdR1b and PdR2 for the first time on these crosses. The resistance
from southeastern United States species is being advanced in other lines. However, the resistance in these latter
lines is complex (controlled by multiple genes) and markers have not yet been developed to expedite breeding.
The breeding effort with alternative resistance sources and the complexing of these resistances is being done to
broaden Xf resistance and address Xf’s potential to overcome resistance.

OBJECTIVES
1. Identify unique sources of PD resistance with a focus on accessions collected from the southwestern United

States and northern Mexico. Develop F1 and BC1 populations from the most promising new sources of
resistance. Evaluate the inheritance of resistance and utilize populations from the most resistant sources to
create mapping populations.

2. Provide support to the companion mapping/genetics program by establishing and maintaining mapping
populations, and using the greenhouse screen to evaluate populations and selections for PD resistance.

3. Develop advanced lines of PD resistant winegrapes from unique resistance sources through four backcross
generations to elite V. vinifera cultivars. Evaluate and select on fruit quality traits such as color, tannin
content, flavor, and productivity. Complete wine and fruit sensory analysis of advanced selections.

4. Utilize MAS to stack (combine) different resistance loci from the BC4 generation with advanced selections
containing PdR1. Screen for genotypes with combined resistances, to produce new PD resistant grapes with
multiple sources of PD resistance and high-quality fruit and wine.

RESULTS AND DISCUSSION
We reached the 97% V. vinifera level in the PdR1b line in 2009 and finished planting out additional crosses at that
level in 2011. A total of 2,911 genotypes were planted in the 2010-12 period. Subsequently, thousands of plants
were subjected to our rapid greenhouse screen and rigorous field evaluations, and a select few chosen for small-
scale winemaking. At this time, five selections at this level are in pre-release to California grapevine nurseries for
expansion of graftable material and sale to growers as early as 2020. A dozen others are also at FPS and
completing late stage winemaking evaluations for possible future release.

Another area of focus, and one that should produce our next line of PD resistant winegrape selections for release,
are those that stack PdR1b resistance from b43-17 and PdR2 resistance from b42-26. In 2017 we planted 126
seedlings from four different crosses that are 96% V. vinifera and have both resistance loci. Table 1 shows the
distribution of greenhouse resistance ratings for each cross for the first 77 genotypes tested. Although promising
in that we see some genotypes with R-ratings above their parental means, we don’t see genotypes scoring in the
most resistant 10 category. Scores of five are adequate for release as they have enzyme-linked immunosorbent
assay (ELISA) titer values statistically the same as uninoculated Chardonnay. However, genotypes in this
category do have more PD symptoms in our greenhouse screen than we like to see but the greenhouse screen is
much more severe than what the plants experience in the field, and plants scoring five should perform well there.

Table 1. Greenhouse screen results from the first screening of 77 genotypes at the 96% V. vinifera level
with both PdR1b and PdR2.

Female
Parent Male Parent Parental mean R-

rating

PD R-rating category Count of Genotypes
tested-1 =

S
1 =
R

5 = Very
R

10 =
Immune

14309-111 Primitivo 2.2 9 12 1 22

14309-111 Cabernet
Sauvignon 2.2 1 11 3 15

14388-029 Chardonnay 3.6 1 13 2 16
F2-35 14309-016 3.3 3 19 2 24
R-rating totals 14 55 7 0 77
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Fruit evaluations were conducted this fall and three of the seven most resistant also demonstrated promising fruit
and horticultural characteristics. Results of these are shown in Tables 2a-c and Figure 1. These and other
selections are currently being retested (Table 8g) in the greenhouse to verify the high level of PD resistance.

Table 2a. Three promising 96% V. vinifera PdR1b x PdR2 PD resistant selections: Background and fruit characteristics.

Genotype Parentage
2018

Bloom
Date

2018
Harvest

Date

Berry
Color

Berry
Size (g)

Ave
Cluster
Wt. (g)

Prod
1 = v low,
9 = v high

16353-072 14388-029 x Chardonnay 05/25/2018 08/30/2018 W 1.0 160 6
16329-015 14309-111 x Primitivo 05/29/2018 08/30/2018 B 1.3 199 8
16333-022 14309-111 x Cab Sauvignon 05/22/2018 08/30/2018 B 1.3 286 4

Table 2b. Juice analysis of three promising 96% V. vinifera PdR1b x PdR2 PD resistant selections.

Genotype °Brix TA (g/L) pH
L-malic

acid
(g/L)

potassium
(mg/L)

YAN
(mg/L,
as N)

catechin
(mg/L)

tannin
(mg/L)

Total antho-
cyanins
(mg/L)

16353-072 25.4 8.2 3.28 2.4 1,780 167
16329-015 25.6 6.4 3.64 3.3 2,060 260 97 649 2,344
16333-022 23.4 6.6 3.53 3.5 2,020 223 146 589 1,618

Table 2c. Three promising 96% V. vinifera PdR1b x PdR2 resistant selections: Berry sensory analysis.

Genotype Juice
Hue

Juice
Intensity Juice Flavor Skin

Flavor

Skin Tannin
Intensity (1 =
low, 4 = high)

Seed Color
(1 = gr,
4 =  br)

Seed
Flavor

Seed Tannin
Intensity (1 =
high, 4 = low)

16353-072
Green
tech

yellow
Med-

Green apple,
pear, slight

spice

spicy,
slight
green
hay

2 4
Spicy,
woody,
warm

3

16329-015 Red Dark-
Strawberry
jam, sweet

spices

Berry,
fruity 1 3 Spicy, hot 2

16333-022 Red-
orange Light+ Fruity, like

PN

spicy,
slight
grass

2 2 Woody,
spicy 3

Figure 1. Three promising 96% V. vinifera PdR1b x PdR2 PD resistant selections (l – r): 16353-072,
16329-015, and 16333-022.
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In 2017 we expanded the diversity of elite V. vinifera parents used in the 96% V. vinifera PdR1 x PdR2 breeding
line (Table 3). These will give us varieties with a wide range of fruit and horticultural characteristics to present to
the industry. A total of 328 MAS tested seedlings were planted from 1,095 seedlings tested. This may appear low
relative to previous MAS efficiencies but is the result of screening for two dominant resistance loci rather than
our more typical single locus. The expected seedlings retained should be about 25%. Overall for this group we
averaged approximately 30% retained, with a range among the crosses from 5% to 43%. Clearly some crosses
experienced significant segregation distortion, both positive and negative. Initial greenhouse screening will begin
over the winter. These should fruit for the first time in 2019.

Table 3. 2017 Crosses of elite V. vinifera cultivars to three PD resistant genotypes that have both
the PdR1b and PdR2 loci. Progeny are 96% V. vinifera.

Resistant
Parent V. vinifera Parent Seeds

Planted
Seedlings

Saved
Seedlings

MAS Tested
Seedlings
Planted

14309-002

Alvarelhao 119 56 50 16
Dolcetto 201 56 50 11
Mataro 111 32 30 10
Montepulciano 169 80 75 10
Pinot noir FPS32 156 56 50 13
Pinot noir FPS77 199 56 50 9
Refosco 150 56 50 12
Touriga Nacional 431 80 75 26

14309-111

Dolcetto 200 80 75 32
Mataro 337 128 125 49
Morrastel 80 56 50 13
Refosco 223 128 120 48

14388-029

Arneis 173 56 50 9
Morrastel 271 80 75 25
Pedro Ximenez 316 56 50 16
Pinot noir FPS32 75 32 25 2
Refosco 48 24 20 1
Sauvignon vert 296 80 75 26

Over the duration of our PD breeding program, more than 322 wild accessions have been tested for PD resistance
with the greenhouse screen, most of which were collected from the southwestern United States and Mexico. Our
goal is to identify accessions with the most unique PD resistance mechanisms. Thus, we evaluate the genetic
diversity of these accessions and test them for genetic markers from Chr 14 (where PdR1 resides) to ensure that
we are choosing genetically diverse resistance sources for population development and greenhouse screening
efforts. Fifteen of the most unique accessions were used to develop F1 populations with V. vinifera to investigate
the inheritance of PD resistance in their F1 progeny and the degree to which they resist Xf. Most of the resistance
lines we have explored from the southwestern United States have PD resistance associated with Chr 14, the same
region as our primary resistance line PdR1b (Riaz, 2016). Our mapping project identified PdR2 on Chr 8 from
b42-26. PdR2 resistance, although significant, generally doesn’t confer as strong a resistance as PdR1.
Preliminary results indicate that most of the non-PdR1 resistance sources appear to also have at least some of their
resistance derived from Chr 8. Until we better understand the nature of Chr 8 PD resistance and explore additional
resistance loci in these lines, it is important to continue advancing multiple sources of Chr 8 resistance.

Three particularly promising and diverse accessions of the 15 were chosen for more extensive testing. Table 4
presents the greenhouse screen resistance distribution of the F1 progeny of these three possible new PD resistant
sources. In contrast to our LG14 resistance sources, few genotypes are seen to manifest the highest levels of
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resistance. With PdR1 lines we breed with genotypes in the 10 and occasionally 5 categories. For the b42-26 lines
we have typically had to use genotypes in the 5 category as parents. Should further testing in these F1 populations
fail to yield satisfactory parental material, we will approach the problem either by adding an intercross generation
to regain resistance, cross to a wide range of V. vinifera parents looking for fortuitous combinations, or expand
populations and look for transgressive segregants.

Table 4. Greenhouse screen results on 328 F1 genotypes from three new PD resistance sources. PD
rating categories are based on both Xf titer by ELISA and degree of PD symptom expression: -1 = Xf
titer statistically higher than our U0505-01 88% PdR1b resistant biocontrol; 1 = R with Xf titer
statistically the same as our U0505-01 biocontrol; 5 = Very R with Xf titer the same as the
uninoculated Chardonnay control but having some phenotypic symptoms of PD; 10 = Immune - Xf
titer below ELISA detection threshold and no PD symptoms.

PDR Source
PD Rating Category PDR Source

Totals-1 = S 1 = R 5 = Very R 10 =
Immune

ANU67 21 9 30
b41-13 68 56 21 7 152
T 03-16 58 79 9 146
Category Total 147 144 30 7 328

Early on we noticed the very limited number of highly resistant progeny in the T 03-16 line. Thus, in 2016 and
2017 we made small trial populations comprised of nine intercrosses and three selfs using eight of the more
resistant T 03-16 F1 progeny as parents (Table 5). We have only completed greenhouse screens on 27 genotypes
from three different crosses. Results are shown in Table 6. Admittedly, the numbers tested are small but the fact
that the self of 13336-018 didn’t increase resistance in the progeny while the cross of 13336-046 x 13336-018 did
appears promising and warrants a more complete testing of these and the rest of the cross combinations. Should
further greenhouse testing validate these results and reveal other crosses that have progeny in the 5 and 10
categories, larger mapping populations can be created to identify resistance loci for future MAS. Crosses were
made in 2018 to further expand these F1 populations as well as the ANU14 line with an estimated total of 940
seeds.

Table 5. Small test populations of the T 03-16 resistance source made by intercrosses and selfs. Decimal
numbers are mean parental PD R-rating, while whole numbers are number of genotypes in the field for that
cross combination made in 2016 and 2017. Highlight colors correspond to the same cross in Table 6.

Female x Male
Female
Ave R-
Rating

13336-018 13336-025 13336-034 13336-068

M Ave R-Rating 1.0 1.0 2.3 3.0
13302-10 3.0 2.7 30 3.0 8
13302-19 2.0 2.3 50
13336-018 1.0 1.0 30
13336-034 2.3 2.3 35
13336-046 1.7 1.3 19 1.3 11 2.0 30 1.7 12
13336-068 3.0 2.3 12
13336-108 5.3 5.3 50 3.8 12
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Table 6. Greenhouse PD R-rating for 27 genotypes tested from two intercross and one selfed population in
the T 03-16 resistance background. Highlight colors correspond to the same cross in Table 5.

Female Male
Parental
Mean R-
Rating

PD R-rating Category Count of
Genotypes

Tested-1 = S 1 = R 5 =
Very R

10 =
Immune

13336-046 13336-018 1.3 8 3 1 1 13
13336-046 13336-025 1.3 2 4 6
13336-018 13336-018 1.0 5 3 8
PD R-rating Category Total 15 10 1 1 27

A focus of our PD breeding efforts in 2018 was to stack PD resistance, either from PdR1b alone or in combination
with b42-26 resistance, with one or more powdery mildew (PM) resistance sources in elite V. vinifera
backgrounds. We have genetic markers for PM resistance derived from V. vinifera (Ren1), V. romanetii (Ren4),
V. piasezkii (Ren6, Ren7), and two forms from Muscadinia rotundifolia (Run1 and Run2.1). As usual we use
MAS to advance only those progeny with resistance markers, the greenhouse screen to select only the most PD
resistant, and field and in vitro testing for PM resistance. Crosses in the 91-93% V. vinifera range were made with
the goal of creating highly resistant breeding lines stacked with multiple resistances to cross one last time to a
final elite V. vinifera cultivar resulting in progeny between 96-98% V. vinifera. Those in the 95-97% V. vinifera
range would be candidates for release. With the exception of 7d where crosses were made directly to elite
V. vinifera cultivars, the challenge of the other crosses in Table 7 are both practical, as required for rapid advance
of stacking and for inheritance of typical V. vinifera characteristics, and perceptual, in terms of easier market
acceptance, since they, unlike those in Table 7d, don’t have a most recent elite V. vinifera parent to differentiate
them. These factors will require a longer period of horticultural and enological evaluation than has been our
experience to date with the crosses bred for PD resistance alone, where the most recent parent has always been a
V. vinifera cultivar.

Table 7. Estimated number of seeds produced from PD x PM crosses made in 2018. PdR1b (F8909-08) is from
Monterrey V. arizonica/candicans PD resistance b43-17; b42-26 is the Baja California V. arizonica/girdiana PD
resistance source. Ren1 and Ren4 are PM resistance loci from V. vinifera and V. romanetii respectively. Run1 and
Run2.1 are PMR loci derived from Muscadinia rotundifolia.

Resistances Recent V. vinifera Parents in Background Percent V. vinifera Total91% 93% 95% 97%

7a. PD - PdR1b. PM - Run1 Cabernet Sauvignon, Nero d'Avola, Zinfandel, 4
UCD PdR1b releases 445 445

7b. PD - PdR1b. PM - Ren1
& Run2.1

Airen, Cabernet Sauvignon, Riesling, 2 UCD
PdR1b releases 550 550

7c. PD - PdR1b. PM - Ren1,
Ren4 & Run1

Cabernet Sauvignon, Riesling, 2 UCD PdR1b
releases 325 325

7d. PD - PdR1b with b42-
26. PM - Ren4

Alvarelhao, Bonarda, Carmenere, Cortese, Fiano,
Gouveio, Melon, Pinot blanc, Teroldego, Tinta
Amarella, Tinta Cao, 3 UCD PdR1b releases

575 1,241 1,816

7e. PD - PdR1b with b42-
26. PM - Run1 with either
Ren1 or Ren4

Cabernet Sauvignon, Grenache, Touriga Nacional,
Zinfandel, 1 UCD PdR1b release 100 295 395

7f. PD - PdR1b with b42-
26. PM - Ren1, Ren4 &
Run1

Cabernet Sauvignon, F2-35, Grenache, Zinfandel 256 256

Our rapid greenhouse screen is critical to our evaluation of PD resistance in wild accessions, new F1 and BC1
mapping populations, and for selection of advanced late generation backcrosses for release. Table 8 provides a
list of the PD greenhouse screens analyzed, initiated, and/or completed over the reporting period.
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The first 79 genotypes from the 96% V. vinifera PdR1 x PdR2 stack line were tested in Group 8a, and represent
the first multiple gene more broadly PD resistant candidates for release (Table 1). This group also included 50 PD
x PM resistant genotypes from 2015 and 2016 crosses, which have PdR1b and various combinations of three
powdery mildew resistance genes (Ren1, Ren4 or Run1). From this we identified some of the parents used in 2018
PD x PM crosses (Table 7). Tested for the first time were 28 intercross selections at the 50% V. vinifera level in
the T 03-16 line to check for possible complementary loci (see Tables 5 and 6). Results of testing 63 BC1
selections in the b41-13 and T 03-16 lines showed an R/S ratio of 25/17 for the former and 9/11 for the latter. No
genotypes tested as immune and only three of the b41-13 line were scored very R. We also have another 29 BC1
genotypes crossed to a third b41-13 resistant F1 genotype and following greenhouse screening of those we'll
consider further testing or whether to wait for marker results before pursuing this line any further into BC
generations.

In Group 8b we retested for the second or third time 93 promising selections that have scored well in previous
greenhouse tests to confirm marker efficacy and PD resistance. Twenty-two were identified as very resistant and
nine as immune. V. vinifera percentage in the latter group ranged from 86 to 94%; two were parents of one of the
8h groups and another was used as a parent in the Table 7 crosses. We also retested six of the nine double
homozygous potential breeding parents mentioned in previous reports. Only one of the six was highly resistant
and unfortunately it didn’t fruit in 2018.

Table 8. Greenhouse PD screens analyzed, completed, and/or initiated during 2017-18 (projected in italics).

Group Test Groups No. of
Genotypes

Inoculation
Date

ELISA
Sample Date

PD Resistance
Source(s)

8a
2017 Parents, 96% vin PD Stack, 2015-16
PD x PM crosses; T 03-16 F1, Intercross
and BC1; b41-13 BC1

254 12/19/2017 3/16/2018
PdR1b, PdR2,
T 03-16, b41-
13

8b 2016 PD crosses, SWUS BC1s,
homozygous PD Stack test 2 114 2/8/2018 5/10/2018 PdR1b, PdR2,

b42-26

8c PdR1bxPdR2^2, b41-13 F1s 171 3/22/2018 6/19/2018 PdR1b, PdR2,
b46-43, b41-13

8d Xf strain trial (3 strains, 7 BC genotypes, 3
time points) 7 5/24/2018

7/19/2018,
8/2/2018,
8/21/2018

b43-17, SEUS,
PdR1b

8e SWUS PD species, b41-13, 2017 parents 133 5/24/2018 8/21/2018 Species, b41-
13, PdR1b

8f Mapping Pops, 2015 PD x PM untested 115 6/23/2018 9/25/2018 T 03-16, b41-
13, PdR1b

8g 92 & 96% PD stack, retest of recent
promising 170 8/23/2018 11/22/2018 PdR1xPdR2

8h 2017 PD x PM, PD Species, 2018 parents 241 10/9/2018 1/8/2019 Species, PdR1b
x b42-26

In Group 8c we tested 30 selections that carry PdR1b and are homozygous carriers of PdR2 to identify alternate
potential parents that will, when backcrossed to elite V. vinifera, result in half the progeny having both PdR1 and
PdR2. Eight were identified as very resistant and two as immune. They will be retested to confirm these
promising findings. In this same screen we tested 32 BC1 selections in the b46-43 line looking at a different
resistant parent to see if inheritance of the resistant phenotype is similar to the 14-399 line being studied by one of
the graduate students. The 14-399 results are still being analyzed. To facilitate marker discovery in our
companion mapping project, an additional 74 F1 genotypes in the b41-13 line were tested.

The trial in Table 8d was a three x three factor matrix testing genotype, Xf isolate, and sample date. The
genotypes tested were our standard seven southeastern United States (SEUS) and PdR1b biocontrols. The Xf
isolates came from the SEUS cultivar Blanc du Bois, U0505-35 (our intermediate PdR1b biocontrol), and
Chardonnay, our standard culture source. These were sampled at 8, 9, and 13 weeks to see how Xf titer and
phenotype scores compare across genotype, strain, and sample date. The goals are twofold: to see if pathogenicity



- 116 -

increases when the culture comes from a resistant plant, and to see if our screen can be shortened to allow us to
conduct more screens in a set period of time. ELISA is complete and data analysis is underway.

In Group 8e we tested 81 untested PD species accessions to better characterize our collection and elucidate PD
resistance performance by geographical provenance and species. Also tested were twenty-six more F1 genotypes
in the b41-13 mapping populations for marker discovery, five promising PD x PM accessions from crosses made
in 2015, and the second testing of 2017 PD parents. ELISA results were just completed and analysis is underway.
Group 8f continued testing F1 mapping populations with 50 and 27 genotypes, respectively, in the b41-13 and T
03-16 populations. Also tested were 11 untested genotypes from 2015 PD x PM crosses and retests on 20
genotypes identified as highly promising in recent greenhouse screens. Results are expected soon.

In 8g, thirty 96% PdR1b x PdR2 hermaphrodite genotypes are being tested for resistance. Should these have
sufficient resistance and have adequate fruit and wine quality, they would be candidates for release similar to the
selections presented above in Tables 1 and 2 and Figure 1. An additional 55 genotypes homozygous at either
PdR1 or PdR2 and having the other resistance source are being tested to see if there is a pattern to high levels of
resistance inheritance. Second or third screens are being conducted on 54 genotypes with PD or PD x PM to
validate previous results. Confirming screens are being conducted on five 2018 genotypes used as parents that
didn't already have three completed screens.

In 8h two main groups are being examined: 78 untested species to better characterize our collection and further
elucidate PD resistance performance by geographical provenance and species; and 148 PD x PM crosses from
2017. The latter is of interest as the lines involved have, in the previous two generations, conferred an
exceptionally high level of resistance on an exceptionally large percentage of their progeny. Resistance comes
from PdR1b and b42-26 but with genotypes not having PdR2.

Tables 9a through 9c detail the vine, fruit, and juice characteristics for the 16 PD resistant selections used to
make wine lots in 2017. 03182-084 is 75% V. vinifera with multigenic resistance from the Florida cultivar BD5-
117 crossed with a pure V. vinifera Cabernet Sauvignon x Carignane genotype. 07355-075 is 94% and thirteen
97% (starting with 09311-160 and ending with 10317-035) V. vinifera PdR1b selections represented the majority
of wines made. Selection 12351-03 is our most advanced PdR1a selection and is also 97% V. vinifera most
recently crossed to a selfed Zinfandel selection 08319-62. In addition, we made wines from a number of
V. vinifera controls and Blanc du Bois and Lenoir as reference PD resistant cultivars. Except for the two lots with
Napa designations, the wines were made from Davis grown fruit. The Napa lots were brought in to compare
analytically and sensorially these two accessions grown in the two locations made at the same scale in the same
winery.

CONCLUSIONS
We continue to make rapid progress breeding Pierce’s disease resistant winegrapes through aggressive vine
training, marker-assisted selection, and our rapid greenhouse screen procedures. These practices have allowed us
to produce four backcross generations with elite V. vinifera winegrape cultivars in 10 years. We have screened
through thousands of seedlings that are 97% V. vinifera with the PdR1b resistance gene from V. arizonica b43-17.
Seedlings from these crosses continue to crop and others are advanced to greenhouse testing. We select for fruit
and vine quality and then move the best to greenhouse testing, where only those with the highest resistance to Xf,
after multiple greenhouse tests, are advanced to multi-vine wine testing at Davis and in Pierce’s disease hot spots
around California. The best of these are being planted in vineyards at 50- to 1,000-vine trials with enough fruit for
commercial scale winemaking. We have sent 20 advanced scion selections to Foundation Plant Services (FPS)
over the past five winters to begin the certification and release process. Three Pierce’s disease resistant rootstocks
were also sent to FPS for certification. Pierce’s disease resistance from V. shuttleworthii and BD5-117 is also
being pursued, but progress and effort is limited because their resistance is controlled by multiple genes without
effective resistance markers. Other forms of V. arizonica are being studied and the resistance of some will be
genetically mapped for future efforts to combine multiple resistance sources and ensure durable resistance. Very
small-scale wines from 94% and 97% V. vinifera PdR1b selections have been very good, and have been received
well at tastings in the campus winery and at public tastings throughout California, Texas, Georgia, and Virginia.
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Table 9a. The 16 PD resistant selections used in small-scale winemaking in 2018. Background and fruit character-
istics. Those with turquoise highlight were pre-released to nurseries in winter/spring 2017.

Genotype Parentage
2018

Bloom
Date

2018
Harvest

Date

Berry
Color

Berry
Size (g)

Ave
Cluster
Wt. (g)

Prod
1 = v low,
9 = v high

03182-084 F2-7 x BD5-117 05/22/2018 09/18/2018 B 1.5 136 6
07355-075 U0505-01 x Petite Syrah 05/05/2018 08/28/2018 B 1.4 279 7
07355-075 N U0505-01 x Petite Syrah 05/11/2018 09/18/2018 B 1.3 250 7
09311-160 07371-20 x Cab Sauvignon 05/12/2018 09/11/2018 B 1.2 253 5
09314-102 07370-028 x Cab Sauvignon 05/25/2018 08/23/2018 W 1.6 315 9
09330-07 07370-039 x Zinfandel 05/29/2018 09/04/2018 B 1.6 375 8
09331-047 07355-020 x Zinfandel 05/22/2018 08/28/2018 B 1.6 208 5
09331-047 N 07355-020 x Zinfandel 05/29/2018 09/18/2018 B 1.8 280 5
09331-133 07355-020 x Zinfandel 05/19/2018 09/04/2018 B 1.5 211 6
09333-370 07355-020 x Chardonnay 05/22/2018 09/11/2018 B 1.2 318 6
09338-016 07371-20 x Cab Sauvignon 05/29/2018 09/04/2018 W 1.2 255 6
09356-235 07371-19 x Sylvaner 05/29/2018 08/30/2018 B 1.2 467 7
10302-178 07370-028 x Riesling 05/16/2018 08/14/2018 W 1.0 184 4
10302-238 07370-028 x Riesling 05/04/2018 08/28/2018 W 1.4 210 7
10302-293 07370-028 x Riesling 05/04/2018 08/09/2018 W 0.9 110 4
10302-309 07370-028 x Riesling 05/02/2018 08/21/2018 W 1.2 124 6
10317-035 07370-028 x Riesling 05/15/2018 08/21/2018 W 1.0 134 5
12351-03 08319-62 x 10312-064 05/25/2018 09/06/2018 B 1.3 237 7

Table 9b. Juice analysis of PD resistant selections used in small-scale winemaking in 2018.

Genotype °Brix TA
(g/L) pH

L-malic
acid
(g/L)

potassium
(mg/L)

YAN
(mg/L,
as N)

catechin
(mg/L)

tannin
(mg/L)

Total antho-
cyanins
(mg/L)

03182-084 22.0 4.6 3.48 1.2 1,520 133 48 312 671
07355-075 27.3 5 3.67 2.0 2,340 111 12 621 1,285
07355-075 N 26.4 6.8 3.51 3.3 1,980 154 5 468 1,632
09311-160 23.9 5.8 3.58 2.5 2,100 171 36 205 815
09314-102 24.0 6.1 3.74 4.2 2,440 191
09330-07 24.2 5.1 3.86 2.4 2,440 231 40 536 1,248
09331-047 26.3 4.9 3.67 1.4 2,080 248 18 540 1,530
09331-047 N 25.9 5.9 3.62 2.0 1,820 325 8 386 1,287
09331-133 24.2 5 3.62 1.5 1,900 137 6 764 1,413
09333-370 22.8 4.5 3.56 1.3 1,760 118 3 459 948
09338-016 21.5 5.8 3.41 1.5 1,740 84
09356-235 24.2 7 3.53 3.9 2,040 166 120 450 2,074
10302-178 23.2 7.2 3.27 1.7 1,700 149
10302-238 21.7 4.5 3.53 1.9 1,640 66
10302-293 23.2 7.5 3.22 1.8 1,720 57
10302-309 21.6 5.4 3.42 1.8 1,480 58
10317-035 22.8 3.9 3.67 1.2 1,620 57
12351-03 22.2 5.5 3.46 1.2 1,760 92 33 342 1,078
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Table 9c. Berry sensory analysis of PD resistant selections used in small-scale winemaking in 2018.

Genotype Juice
Hue

Juice
Intensity

Juice
Flavor

Skin
Flavor

Skin
Tannin

Intensity
(1 = low,
4 = high)

Seed
Color

(1 = gr,
4 = br)

Seed
Flavor

Seed
Tannin

Intensity
(1 = high,
4 = low)

03182-084 Brown Light
Strawberry
jam, sweet

spices

Slight hay,
plum 1 4 Woody 4

07355-075 Red Med

Cherry,
cinnamon,

white
pepper

Cherry,
slight plum 3 4

Woody,
nutty,

slightly
bitter

2

07355-075 N Red Dark- Spice, jam jam, hay,
plum 2 3

warm,
woody,
buttery

3

09311-160 pink Light Cherry,
berry

neutral,
slight fruit 2 4

Smokey,
woody,
warm

4

09314-102 Green Light Green
apple, spice

neutral,
apple, hay 2 3 Woody,

spicy 1

09330-07 Red Med+ Plum, spice,
dark cherry

jam, hay,
plum 2 4 woody,

bitter, salty 3

09331-047 Red Med+

Plum,
cherry,
black

pepper

Plum,
slight

strawberry
3 4

Hot, bitter,
terribly
drying

4

09331-047 N Red Med+ Plum, jam,
dried fruit

Berry,
fruity 3 3

Woody,
nutty,
spicy

2

09331-133 Red Med-
Raspberry,

spice,
cherry

Fruity,
slight hay 3 4 buttery,

woody 3

09333-370 Red Med Plum, jam,
dried fruit Hay, fruity 2 4

Woody,
nutty,
warm

4

09338-016
Green
touch

yellow
Light+ Green

apple, spice
neutral,

slight hay 1 4
Woody,
nutty,
spicy

3

09356-235 Red Med+
Cherry,

berry, dried
cranberry

Fruity,
plum 3 4 Woody,

bitter 1

10302-178
White-
touch
brown

Med Green
apple, spice Neutral 2 4 Clay,

green, hot 2

10302-238
Yellow-

touch
brown

Med Pear, spice Slight grass 1 3 Acrid,
bitter 1

10302-293 Green-
white Pale pear, green

apple
neutral,

apple, hay 1 3 Woody,
spicy 3

10302-309
Green,
some
brown

Med Green
apple, spice

spicy,
neutral 2 3

warm,
woody,
buttery

3

10317-035 Yellow-
brown Med+ Pear, spice Veg, hay 3 3 Warm,

bitter 1

12351-03
Pink,
touch

orange
Light Cherry, hint

of herbs
Hay, spice,
dandelion? 2 4

woody,
slightly
bitter

4
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ABSTRACT
Greenhouse screening, marker testing, and quantitative trail locus analysis of breeding populations was completed
for 15 new resistance sources, including b46-43 and T03-16. Pierce’s disease resistance in T03-16 and b41-13
were both identified as having resistance on a different region than PdR1 on chromosome 14. Crosses were made
to expand seedling populations from these new resistances for framework map development in order to identify
where their resistance resides. Given that the incorporation of multiple resistances should make resistance more
durable, our goal is to identify new sources of resistance that do not reside on chromosome 14 and facilitate
stacking of these resistance sources with PdR1 from b43-17 using genetic markers. A new resistance locus PdR2
from the b42-26 background was located and closely linked markers are being used in marker-assisted selection
to stack resistance loci from these different backgrounds. The genetic and physical mapping of the Pierce’s
disease resistance from b40-14 was also completed. This resistance source maps within the PdR1b locus, but it
may be an alternative gene within this complex replicated locus. In addition, we verified the sequence of two
candidate genes from the PdR1b locus, completed transformations with resistance gene analog (RGA)18 and
RGA14, and obtained transgenic lines for complementation tests in the greenhouse. This effort was undertaken to
verify that these potential resistance genes provide resistance to Pierce’s disease. Although some transgenic lines
responded better than untransformed plants to Xylella infection, none reached the level of the resistant biocontrols.
Testing of RGA14 and RGA18 in a genetic background other than Vitis vinifera, as well as more information
about RGA15, RGA16, and RGA17, will help to clarify the meaning and importance of these results.

LAYPERSON SUMMARY
Our main focus is to identify and genetically characterize unique Pierce’s disease resistance sources from the
southwestern United States and Mexican Vitis species collections. In order to carry out this task, we create
targeted genetic maps that associate regions of chromosomes with Pierce’s disease resistance. These regions
(markers) are used to expedite screening for resistance, since they can be used to test seedlings for resistance as
soon as they germinate. Markers developed from different sources of resistance allow us to combine multiple
forms of resistance and therefore produce offspring with the likelihood of having more durable resistance. These
markers also allow us to identify candidate resistance genes and study how they function by engineering them into
susceptible grape varieties to better understand the genes and the resistance.

INTRODUCTION
This project provides molecular support to the Pierce’s disease (PD) resistance grape breeding project “Breeding
Pierce’s Disease Resistant Winegrapes” by acquiring and testing a wide range of resistant germplasm, tagging
resistance regions with markers by genetic mapping, and functionally characterizing the resistance genes from
different backgrounds. To meet the key objectives of the program, we have surveyed over 250 accessions of Vitis
species growing in the southern United States and Mexico in an effort to identify new PD resistant accessions.
Analysis using population genetics tools has allowed us to better understand gene flow among resistant species
and their taxonomic and evolutionary relationships. Fourteen promising resistant accessions were identified from
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this germplasm. Markers were used to determine their genetic diversity and relationships to each other. Small
breeding populations were developed and more than 700 seedlings were marker tested to ensure that they had the
correct parentage and identity. We used a limited mapping strategy by utilizing markers from chromosome
(Chr) 14 in conjunction with greenhouse screen data of small breeding populations to determine if the resistance
to PD in these 14 accessions is different from the previously identified locus PdR1 (Riaz et al., 2018). Three
unique resistance sources (T03-16, ANU67, and b41-13) were identified as having a different resistance region
than Chr14. More crosses were made in spring 2016-2017 to expand these breeding populations for map-based
identification of genomic regions that contribute to resistance.

The identification and characterization of resistance genes and their regulatory sequences will help determine the
basis of resistance/susceptibility in grape germplasm. In addition, these genes and their promoters could be
employed in production of ‘cisgenic’ plants. Cisgenesis is the transformation of a host plant with its own genes
and promoters (Holmes et al., 2013). We have completed the physical map of PdR1a and PdR1b locus for b43-17
to clone and characterize resistance genes (see earlier reports). The physical map of the PdR1c locus (from b40-
14) is also complete. Development of V. vinifera plants transformed with our PD resistance genes and grape
promoters might work more effectively and allow us to better understand how the PdR1 resistant gene functions.

Upstream and downstream sequences, as well as the gene sequences of two candidate genes, open reading frame
(ORF) 14 and ORF18, from PdR1b were verified, and constructs were developed to test their function.
Transformation experiments with the PdR1 resistance gene with a native grape promoter were completed with
ORF18, and transgenic lines are being developed and maintained for later resistance verification. A large-scale
multiple time point gene expression project was completed in the greenhouse, and RNA extractions were
completed for over 400 samples. We used quantitative polymerase chain reaction (qPCR) to test the expression of
candidate genes. Embryogenic callus cultures of V. vinifera cvs. Chardonnay and Thompson Seedless and V.
rupestris St. George are being maintained to test the function of gene sequences. These efforts will help us
identify candidate resistance genes by complementation, and better understand how they function.

OBJECTIVES
1. Provide genetic marker testing for mapping and breeding populations produced and maintained by the PD

resistance breeding program, and carry out genetic mapping of two new highly resistant lines (b41-13 and
T03-16) for use in stacking PD resistance genes.

2. Complete a physical map of the PdR2 region from the b42-26 background and carry out comparative
sequence analysis with b43-17 (PdR1a and b) and b40-14 (PdR1c).

3. Employ RNA sequencing to understand genome-wide transcriptional changes of the pathways regulated by
defense-related genes in b40-14.

4. Clone PD resistance genes with native promoters.
5. Compare the PD resistance of plants transformed with native vs. heterologous promoters.

RESULTS AND DISCUSSION
Objective 1. Provide Genetic Marker Testing for Mapping and Breeding Populations Produced and
Maintained by the PD Resistance Breeding Program, and Carry Out Genetic Mapping of Two New Highly
Resistant Lines (b41-13 and T03-16) for Use in Stacking PD Resistance Genes
We completed screening of over 250 southwestern United States and northern Mexico Vitis, which included
accessions, collected from multiple collection trips from states bordering Mexico or previously collected from
Mexico by Olmo. Both simple sequence repeat (SSR) and chloroplast markers were used to establish relationships
with known sources of resistance currently being used in the breeding program (Riaz and Walker, 2013). Small
breeding populations were developed with 14 of the most promising resistant accessions by crossing to highly
susceptible V. vinifera. A total of 704 individuals obtained from these breeding populations were greenhouse
screened and a limited mapping strategy with markers from Chr14 that are linked to the PdR1 locus (see previous
reports for details of the PdR1 locus) were used. This strategy allowed us to identify resistance sources whose
resistance is similar to PdR1, and sources that are different. The results from this study identified nine accessions
with a major resistance locus within the genetic window where the PdR1 locus from accession b43-17 was
mapped. Results were not conclusive for two accessions, A14 and b47-32, due to small population size and/or
lack of polymorphic markers. The phenotypic data of three accessions, ANU67, b41-13, and T03-16, did not
correlate with the resistance markers from Chr14 (Table 1). These three accessions were identified as candidates
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for further work and the development of framework maps with larger populations to detect new unique loci for
PD resistance breeding. The major findings of this work were recently published (Riaz et al., 2018).

Accession T03-16 from the Big Bend region in Texas and b41-13 from Tamaulipas state in Mexico are strong
candidates that do not possess PdR1. In order to identify the genomic regions housing PD resistance in these two
accessions, crosses were made in spring 2016 and 2017 to expand population sizes. A total of 295 seedling plants
of the F1 population from b41-13 are established in the field. We have completed the greenhouse screening of 122
F1 seedling plants. An additional 150 seedlings from a 2016 cross are in different stages of greenhouse screening
and the results will be available by November 2018. SSR markers from Chr8 and Chr14 were tested on a small set
of parents and progeny, and 35 polymorphic markers were run on the entire population of 295 seedlings. Further
marker testing is in progress to develop a framework map and quantitative trait locus (QTL) analysis to identify
genomic regions linked to PD resistance. Thus far we have completed marker screening with 320 SSR markers.
Fifty-three percent of the markers are polymorphic, and they will be added to the set of 295 seedling plants to
develop a framework map. Crosses were also made with T03-16 and 285 seedling plants from the F1 population
were established in the field. Multiple replicates of seedling plants were propagated for greenhouse screening, and
173 seedling plants are now in different stages of greenhouse testing, with results expected by the end of 2018.

Table 1. The 14 resistant accessions used to create 23 breeding populations in an effort to identify PD
resistance sources that differ from PdR1. Resistant accessions with different sources of resistance are
marked as Not 14 in the last column. Accessions marked as LG14 possess the PdR1 locus. Resistance
affinity to Chr14 could not be determined for the accessions that are marked as “Inconclusive” due to small
population size and less informative markers.

Resistance
Source Species Description Populations Tested

Number of
Screened

Genotypes
PD Resistance

ANU5 V. girdiana 12-314 60 LG14

b40-29 V. arizonica, brushy 12-340, 12-341, 14-367,
14-368 29 LG14

b46-43 V. arizonica, glabrous with V.
monticola

12-305, 14-308, 14-321,
14-322, 14-324, 14-336 159 LG14

b41-13 V. arizonica-mustangensis and
champinii hybrid, 13-355 47 Inconclusive

b47-32 V. arizonica glabrous with
monticola, 13-344 13 Inconclusive

SC36 V. girdiana 13-348 35 LG14
T03-16 V. arizonica glabrous 13-336 62 Inconclusive
A14 V. arizonica 14-313 25 Inconclusive
A28 V. arizonica 14-347, 14-364 42 LG14
ANU67 V. arizonica glabrous 14-362 28 Inconclusive
ANU71 V. arizonica-riparia hybrid 14-340 30 LG14

C23-94 V. arizonica glabrous and
brushy 14-303 44 LG14

DVIT 2236.2 V. cinerea like, 14-360 30 LG14
SAZ 7 V. arizonica 14-363 52 LG14

We identified a new locus PdR2 in the V. arizonica/girdiana b42-26 background. To create a genetic map of the
F1 population 05347 (F2-35 x b42-26) we expanded the population to 352 seedling plants and tested more than
1,000 markers. The level of polymorphism in b42-26 is very low, likely because of its geographic isolation and
resulting inbred genetic background. The genetic map was developed with 202 markers, which grouped to 18
chromosomes. Chr19 was not represented. We tested more than 50 SSR markers that have been mapped on Chr19
in other breeding populations, and none of them were polymorphic for b42-26. Table 2 represents the genetic
maps of both susceptible vinifera F2-35 and accession b42-26, and the consensus map. We carried out QTL
analysis with this map and identified resistance on Chr8 and Chr10 (Figure 1). The resistance from Chr8 was also
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verified on the basis of linked alleles in the pBC1 and pBC2 populations. Using the Cabernet Sauvignon genome
sequence, we developed nine new SSR markers for Chr8 and added them to the genetic map. In spring 2017 and
2018 we began using closely linked markers to assist the breeding program with marker-assisted selection to stack
the PdR1b and PdR2 loci together. A manuscript detailing genetic mapping in b42-26 and b40-14 is approaching
publication.

This project provides molecular support to the companion PD resistance winegrape breeding project by
conducting marker-assisted selection on seedling populations. In spring 2018 we extracted DNA and marker
tested 3,102 seedling plants from 59 different crosses for the PdR1 (b and c) and PdR2 loci (Table 3). Marker
screening is a time intensive process, but extremely important, and makes our breeding program extremely
efficient and successful. Each year we spend 12 to 14 weeks in the spring to support the breeding program.
Planting only resistant plants saves us huge amounts of time and resources in the field.

Table 2. Description of the genetic maps of susceptible vinifera parent, resistant accession b42-26
and consensus map.

F2-35 b42-26 Consensus

Chromosome Mapped
Markers

Map Length
(cM)

Mapped
Markers

Map Length
(cM)

Mapped
Markers

Map Length
(cM)

Chr1 11 37.70 16 43.50 19 59.90
Chr2 0 0.00 4 9.50 4 9.50
Chr3 6 28.10 7 43.40 9 44.90
Chr4 12 53.70 12 53.30 14 53.10
Chr5 6 22.20 10 29.20 12 33.10
Chr6 7 45.90 9 54.20 9 45.00
Chr7 3 15.80 9 37.80 9 37.30
Chr8 12 54.90 22 74.10 20 74.40
Chr9 3 21.40 6 27.50 7 28.20

Chr10 9 48.20 10 55.20 10 51.80
Chr11 4 33.90 5 34.80 5 34.40
Chr12 4 5.40 12 40.00 12 39.10
Chr13 8 30.20 13 33.00 15 32.20
Chr14 12 66.20 22 61.50 23 61.80
Chr15 2 31.80 4 48.90 4 51.10
Chr16 8 46.80 9 55.50 10 53.90
Chr17 5 28.90 6 29.70 6 30.10
Chr18 8 61.50 13 94.40 14 95.00
Chr19 0 0.00 0 0.00 0 0.00
Total 120 632.60 189 825.50 202 834.80

Avg. marker
distance 2.92 4.37 4.13

Objective 2. Complete a Physical Map of the PdR2 Region from the b42-26 Background and Carry Out
Comparative Sequence Analysis with b43-17 (PdR1a and b) and b40-14 (PdR1c)
We completed the physical maps of the PdR1a, PdR1b, and PdR1c loci from the b40-14 and b43-17 backgrounds.
In summary, a bacterial artificial chromosome (BAC) library from b40-14 genomic DNA (see details in previous
reports) was screened and 30 BAC clones were identified with two probes, Chr14-56 and Chr14-58. BAC clones
that represent PdR1c were separated from the other haplotype and four overlapping BAC clones, VA29E9,
VA57F4, VA30F14, and VA16J22, were selected for sequencing. Common probes between the PdR1c and
PdR1b region were used to align the sequences. The assembly of four BAC clones is presented in Figure 2 and 3
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and represents the sequence analysis of PdR1b and the reference grape genome PN40024 region. A manuscript
titled “The Physical Map of the PD Resistance Locus, PdR1c” is in preparation.

Figure 1. QTL analysis results for Chr8 and Chr10 using the greenhouse screening results for
the 05347 population, which segregates for PD resistance from V. arizonica b42-26.

Table 3. Summary of marker testing completed in spring 2018
to support our PD resistance breeding program.

PD Locus Number
of Crosses

Number of
Seedlings

PdR1b 24 1,350
PdR1b x PdR2 28 1,450
PdR1c 7 302
Total 59 3,102
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Figure 2. A BAC library was developed from genomic DNA of b40-14 and screened with probes. Four
over-lapping clones were selected for sequencing the complete region. Marker names in red were developed
from the sequence of accession b43-17.

Figure 3. The sequences of four BAC clones were assembled and full-length ORFs were identified. Sequences were
compared with the reference genome and checked for synteny in that region. Currently, analysis is being carried out
with the Cabernet Sauvignon genome sequence.

The assembly of H43-I23 from the b43-17 BAC library that represents the PdR1a haplotype (F8909-17) was also
completed. The length of assembled sequence was 206 Kb. The ORFs of the PdR1b region and the BAC clone
H69J14 were used to make comparisons. There was complete homology between the over-lapping BAC clone
sequences that reflect two different haplotypes. The BAC clone H43I23 has ORF16 to ORF20 and all five ORFs
have identical sequences compared to the PdR1b haplotype. Based on these results we concluded that there is
complete sequence homology between haplotypes PdR1a and PdR1b of the PdR1 locus; therefore, cloning and
functional characterization of genes from any one haplotype will be sufficient for future work. Complete sequence
homology also reflects that the parents of b43-17 must be closely related and may have a first-degree relationship
and acquired resistance from shared parents. This also explains why we observed complete homozygosity of SSR
markers for the PdR1 locus in the resistant accession b43-17.
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In regards to the physical map of b42-26, first we need to refine the position of the PdR2 locus and narrow the
region to less than 1 cM. For this purpose we developed new markers using the Cabernet Sauvignon genome
sequence (described in Objective 1) and added them to the genetic map. We are developing more markers to fill
gaps around the resistance QTL on Chr10 as well, so that library screening can be used to identify BAC clones
that represent both resistance regions.

Objective 3. Employ RNA Sequencing to Understand Genome-Wide Transcriptional Changes of the
Pathways Regulated by Defense-Related Genes in b40-14
RNA sequencing is a powerful approach to identity transcripts and quantify gene expression while combined with
a single high-throughput sequencing assay. A good RNA sequencing study relies on experimental design (library
type, sequencing depth, and number of replicates) and a careful execution of the sequencing experiment to ensure
that data acquisition is not contaminated with unnecessary biases. We completed a time course experiment to
monitor the bacterial level in control and inoculated resistant and susceptible plants to design an experiment
capable of answering our biological questions with the maximum statistical power. For this purpose, three
resistant and three susceptible plants from the 07744 population with resistance from b40-14 PD (PdR1c) were
used. Plants were propagated and a time course experiment was carried out in growth chambers with temperature
and humidity control to reduce the variance. Stem samples were collected from positions 10 cm, 20 cm, 30 cm,
and 40 cm above the point of inoculation and weekly RNA extractions were performed. Samples were also
collected from 30 cm above the point of inoculation for enzyme-linked immunosorbent assay (ELISA) screening.
We have completed RNA extractions of 400 samples, and the remaining 96 samples are in the pipeline. Analysis
is underway to determine when and where gene expression is optimized.

Objective 4. Cloning PD Resistance Genes with Native Promoters
We employed a PAC BIO RSII sequencing approach to sequence H69J14 and three other overlapping BAC
clones containing both markers that flank the PdR1b resistance locus. The assembled sequence data generated a
604 Kb long fragment without any gaps. Multiple ORFs of the Leucine-Rich Repeat Receptor Kinase gene family
were identified within this region. These genes regulate a wide range of functions in plants, including defense and
wounding responses for both host and non-host specific defense. With the help of molecular markers we limited
the genetic region to 82 Kb, with five ORFs associated with disease resistance and other plant functions described
above. ORF sequences found outside the 82 Kb window are also highly similar. Two ORFs, V.ari-RGA14 and
V.ari-RGA18, within the resistance region boundaries, are the most likely candidates for PdR1b. The other three
sequences, V.ari-RGA15, 16, and 17, are shorter and contain a large number of transposable elements.

Both resistance gene analog (RGA) 14 and 18 have a very similar sequence profile except that RGA18 is 2,946 bp
in size and lacks the first 252 bp of sequence that is part of RGA14. Functional analysis of both RGAs revealed
that RGA14 lacks a signal peptide in the amino terminal of the protein. This result was verified using 3’ rapid
amplification of cDNA ends (RACE) to specifically amplify RNA from grapevines transformed with V.ari-
RGA14 under the 35S promoter. The results found that mature messenger RNA (mRNA) does not contain an N-
terminal signal peptide necessary for proper membrane localization, thus leaving RGA18 as the strongest
candidate. However, this could result from a lack of effect of 35S on splicing. In addition, sequencing of
complementary DNA (cDNA) from b43-17, the original source of resistance, inoculated with Xylella fastidiosa
resulted in the amplification of fragments that comprise sequences identical to RGA14 but different from RGA18.
In silico analysis of the upstream regions with PlantCare, a database of plant cis-acting regulatory elements,
showed that upstream sequences contain several motifs related to drought and defense responses.

Sequence verification for RGA14 and RGA18 and flanking sequences was completed and fragments that contain
the entire coding region plus ∼3 Kb upstream and ∼1 Kb downstream sequences were synthesized and cloned
into pCLB2301NK at Genewiz Inc. pCLB2301NK is an optimized vector (Feechan et al., 2013) capable of
carrying large DNA sequences, thus allowing us to insert the candidate genes plus surrounding sequences.

New plasmids, called pCLB2301NK-14 and pCLB2301NK-18, were verified by restriction analysis in our lab
(Figure 4). Besides the corresponding 7 Kb fragment, containing RGA14 or RGA18, these plasmids contain a
35S:mGFP5-ER reporter cassette and a kanamycin-selectable marker gene with the nopaline synthase (NOS)
promoter.
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(a) (b) (c)
1  2   3   4 5   6  7

Figure 4. (a) Restriction analysis of plasmids pCLB2301NK-14 (lanes 2, 3, 4) and pCLB2301NK-18 (lanes 5, 6,
7) after digestion with Nhe1 (lanes 2, 5), Sac1 (lanes 3, 6) and Sal1 (lanes 4, 7). Gel image includes a 1Kb ladder
(lane 1) with the 3 Kb fragment having increased intensity to serve as a reference band. The results on the gel
match the predicted sizes inferred from the plasmid information; (b) pCLB2301NK-14 restriction map;
(c) pCLB2301NK-18 restriction map.

Objective 5. Comparing the PD Resistance of Plants Transformed with Native Vs. Heterologous Promoters
We have established an Agrobacterium mediated transformation system followed by regeneration of plants from
embryogenic callus. We have streamlined the protocol and have established cultures of pre-embryogenic callus
derived from anthers of V. vinifera Thompson Seedless (TS), Cabernet Sauvignon, Chardonnay (CH), and the
rootstock V. rupestris St. George (SG) (Agüero et al., 2006). In an earlier phase of this project we transformed
these varieties with five candidate genes containing the 35S cauliflower mosaic virus promoter, the nopaline
synthase terminator, and an hptII-selectable marker gene (see previous reports for details). We completed testing
and found that the transgenic plants did not confer PD resistance or tolerance. These results are in accordance
with the latest assembly obtained using the PAC BIO SRII system. They show that only one of the sequences
tested, V.ari-RGA14, lays within the more refined resistance region of 82 Kb.

We have also developed meristematic bulks (MB) (Xie et al., 2016), which we are using as an alternative explant
for genetic transformation of PD susceptible genotypes selected from the 04-191 population, which are 50%
vinifera, 25% b43-17, and 25% V. rupestris A. de Serres (as in the original population used for PdR1b mapping).
These genotypes can provide an additional genetic background for analysis of expression of PdR1 candidate
genes. Two of these genotypes, designated 29-42 and 47-50, exhibited great potential for the development of
meristematic bulks and transformation experiments with Agrobacterium have been initiated.

Transformations with Agrobacterium tumefaciens carrying binary plasmids that contain hygromicin
(pCLB1301NH) or kanamycin (pCLB2301NK) selectable marker genes showed that both antibiotics are effective
selection agents for embryogenic calli. However, meristematic bulk regeneration has mainly occurred when
selecting with kanamycin, confirming our previous observation that meristematic bulks are highly sensitive to
hygromicin. Thus, pCLB2301NK was chosen to carry RGA14 and RGA18 expanded sequences and named
pCLB2301NK-14 and pCLB2301NK-18 thereafter.

Agrobacterium tumefaciens strain EHA 105 pC32 was chemically transformed with pCLB2301NK-14 or
pCLB2301NK-18 and subsequently used to transform embryogenic calli of V. vinifera cvs. Chardonnay,
Thompson Seedless, and the rootstock V. rupestris St. George. Transformation experiments with pCLB2301NK-
18 and pCLB2301NK-14 were initiated in March and July 2016, respectively, after synthesis and cloning was
completed. In addition, Agrobacterium is being used to transform meristematic bulks of PD susceptible genotypes
selected from the 04-191 population. Table 4 shows the number of independent lines regenerated so far.
Transformation was checked through PCR, and transformed plants were transferred to the greenhouse. Primers
that bind the promoter and coding regions of RGA14 or RGA18 were used for amplification. DNA fragments
amplified successfully in all the lines tested (Figure 5). Transformation was also verified by fluorescence



- 128 -

microscopy to visualize green fluorescent protein (GFP), since pCLB2301NK-18 and pCLB2301NK-14 also
contain a 35S:GFP5-ER cassette (Figure 6).

Table 4. Number of independent lines regenerated after transformation with
Agrobacterium carrying pCLB2301NK-18 or pCLB2301NK-14.

Genotype No. Lines
in vitro

No. Lines in
Greenhouse

pCLB2301NK-18
Chardonnay 13 11
Thompson Seedless 30 11
St. George 4 4
29-42 1 -

pCLB2301NK-14
Chardonnay 20 11
Thompson Seedless 18 10
St. George 4 4

Figure 5. Transgene detection of RGA18 and 14 through PCR (UN: untransformed Chardonnay
or Thompson Seedless, 1-10 or 11: transgenic lines). Gel image includes a 1 Kb ladder (left lane)
with the 3 Kb fragment having increased intensity to serve as a reference band. The results on the
gel match the predicted sizes inferred from the sequence information.

Screening of Transgenic Lines. Chardonnay and Thompson Seedless transgenic lines in the greenhouse were
multiplied from green cuttings and were inoculated with the Beringer strain of Xylella fastidiosa in August 2017
(RGA18 lines) and March 2018 (RGA14 lines). Twelve weeks after inoculation, PD symptoms were evaluated
using a 0-5 score for leaf scorch-leaf loss (LS-LL) and a 0-6 score for cane maturation index (CMI). For ELISA,
plants were sampled by taking 0.5 g sections of stem tissue from 30 cm above the point of inoculation (Krivanek
and Walker, 2005; Krivanek et al., 2005). For gene expression analysis, plants were sampled by taking 0.5 g
sections of stem tissue from 50 cm above the point of inoculation. Testing of St. George started in August 2018.

Tables 5 and 6 demonstrate that transgenic lines displayed disease symptoms with different degrees of intensity.
On the one hand, lines CH 18-2 and CH 18-7 showed low cane maturation index. On the other, most CH 14 lines,
especially CH 14-1 and CH 14-2, exhibited low leaf scorching (Figure 7). Bacteria concentration in CH 18-2, CH
18-7, and CH 18-10 was lower than in the untransformed control, but not as low as the resistant biocontrols
(Table 3). However, significant differences were found between CH 18-2 and CH 18-7 and untransformed CH.
Thompson Seedless was considerably more susceptible than Chardonnay.
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Figure 6. GFP fluorescence in untransformed Chardonnay (CH UN), Thompson Seedless (TS UN), and
RGA18 and RGA14 transgenic lines (1-10 or 11).

qPCR analysis to determine the correlation between the level of transgene expression and GFP fluorescence/PD
symptoms/bacteria concentrations has been inconclusive. Untransformed Chardonnay infected with Xylella
fastidiosa also exhibits low cycle threshold (Ct) numbers (Figure 8, primers 14.3 and 18.5) and cDNA
sequencing has revealed that genes with high homology with RGA14 and RGA18 are being expressed.
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Table 5. Greenhouse screen results for Chardonnay and Thompson Seedless transformed with V.ari-
RGA18. Top six genotypes correspond to negative control and resistant biocontrols. CH 0 and TS 0 are
untransformed Chardonnay and Thompson Seedless, respectively.

Genotype cfu/ml ln
cfu/ml

Std Error
(cfu/ml)

CMI
Mean

CMI
Std Err

LS-LL
Mean

LS-LL
Std Err

CH uninoc 10,034 9.2 0.00 0.0 0.00 0.0 0.00
b43-17 23,416 10.1 0.32 2.1 0.48 2.9 0.48
U0505-01 37,499 10.5 0.62 0.3 0.15 1.8 0.41
U0505-35 100,798 11.5 0.83 0.3 0.33 1.5 0.43
Blanc du Bois 194,385 12.2 0.46 2.1 0.49 1.9 0.49
Roucaneuf 245,426 12.4 0.78 0.3 0.33 0.8 0.40
U0505-22 760,190 13.5 0.27 2.3 0.71 2.6 0.43
CH 0 6,119,118 15.6 0.42 3.6 0.60 1.6 0.53
CH 18-1 4,636,369 15.3 0.18 1.0 0.63 1.8 0.20
CH 18-2 2,078,921 14.5 0.42 0.8 0.58 2.4 0.51
CH 18-3 6,152,629 15.6 0.04 2.6 0.81 2.4 0.40
CH 18-4 4,686,410 15.4 0.06 3.4 0.82 0.9 0.11
CH 18-5 5,562,260 15.5 0.10 1.6 0.24 2.8 0.58
CH 18-6 4,888,719 15.4 0.18 1.0 0.55 3.0 0.32
CH 18-7 1,786,455 14.4 0.60 0.0 0.00 1.8 0.58
CH 18-8 6,500,000 15.7 0.00 2.2 0.58 3.2 0.37
TS 0 6,500,000 15.7 0.00 4.2 0.20 5.0 0.00
TS 18-1 6,500,000 15.7 0.00 4.6 0.40 4.6 0.40
TS 18-2 6,500,000 15.7 0.00 4.0 0.32 5.0 0.00
TS 18-3 6,500,000 15.7 0.00 4.0 0.32 4.4 0.24
TS 18-4 6,500,000 15.7 0.00 5.0 0.45 4.8 0.20
TS 18-5 6,500,000 15.7 0.00 4.0 0.00 4.6 0.24
TS 18-6 6,500,000 15.7 0.00 4.2 0.66 4.2 0.20
TS 18-7 6,500,000 15.7 0.00 3.6 0.75 4.6 0.24
TS 18-8 6,500,000 15.7 0.00 5.0 0.45 5.0 0.00
TS 18-9 6,500,000 15.7 0.00 4.2 0.37 4.8 0.20
TS 18-10 6,500,000 15.7 0.00 4.6 0.40 5.0 0.00
TS 18-11 6,500,000 15.7 0.00 4.2 0.73 4.8 0.20

Table 6. Greenhouse screen results for Chardonnay and Thompson Seedless transformed with V.ari-
RGA14. Top three genotypes correspond to resistant biocontrols. CH-0 and TS-0 are untransformed
Chardonnay and Thompson Seedless, respectively.

Genotype cfu/ml ln cfu/ml Std Error
(cfu/ml)

CMI
Mean

CMI
Std Err

LS-LL
Mean

LS-LL
Std Err

b43-17 29,269 10.3 1.5 1.5 0.5 2.0 1.0
Blanc du Bois 239,720 12.4 1.8 0.5 0.5 2.0 1.0
Roucaneuf 412,439 12.9 3.2 1.4 1.0 0.7 0.5
CH 0 3,927,940 15.2 0.8 1.9 0.46 3.1 0.29
CH 18-9 3,283,644 15.0 0.9 2.4 0.51 3.6 0.37
CH 18-10 2,034,341 14.5 0.8 0.7 0.70 2.7 0.41
CH 18-11 4,463,678 15.3 0.5 1.7 0.62 2.1 0.37
CH 14-1 2,840,069 14.9 0.8 1.7 0.37 1.3 0.25
CH 14-2 2,996,840 14.9 1.1 1.6 0.64 2.0 0.16
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Genotype cfu/ml ln cfu/ml Std Error
(cfu/ml)

CMI
Mean

CMI
Std Err

LS-LL
Mean

LS-LL
Std Err

CH 14-3 2,516,781 14.7 1.0 1.2 0.72 2.5 0.59
CH 14-4 3,293,318 15.0 0.8 3.2 0.58 2.3 0.34
CH 14-5 4,278,523 15.3 0.6 3.7 0.60 3.1 0.29
CH 14-6 3,183,492 15.0 0.7 2.5 0.94 2.2 0.25
CH 14-7 3,785,181 15.1 0.6 2.7 0.80 1.4 0.46
CH 14-8 2,726,498 14.8 0.8 1.4 0.48 1.8 0.30
CH 14-9 3,480,812 15.1 0.6 2.5 1.04 2.0 0.16
CH 14-10 3,656,052 15.1 0.8 3.3 0.46 1.7 0.60
CH 14-11 5,029,740 15.4 0.4 1.8 0.54 1.8 0.41
TS 0 4,549,700 15.3 0.5 4.8 0.20 4.7 0.20
TS 14-1 5,588,848 15.5 0.3 4.7 0.30 4.8 0.20
TS 14-2 6,500,000 15.7 0.0 4.4 0.10 4.5 0.27
TS 14-3 6,500,000 15.7 0.0 4.3 0.20 5.0 0.00
TS 14-4 6,500,000 15.7 0.0 4.7 0.20 4.9 0.10
TS 14-5 4,085,304 15.2 1.0 3.8 0.40 4.8 0.20
TS 14-6 5,846,462 15.6 0.2 4.1 0.33 4.9 0.10
TS 14-7 6,027,879 15.6 0.2 4.2 0.37 4.1 0.37
TS 14-8 6,103,502 15.6 0.1 5.1 0.24 4.8 0.20
TS 14-9 4,418,184 15.3 0.7 4.7 0.20 4.7 0.20
TS 14-10 5,430,851 15.5 0.3 4.4 0.24 5.0 0.00

Figure 7. Left: lignification observed in nodes collected 40 cm above the point of inoculation, three months
after inoculations in transgenic lines CH 18.2, CH 18.7, and untransformed Chardonnay (CH UN). Right:
scorching observed in basal leaves, three months after inoculations in transgenic lines CH 14.1, CH 14.7,
and untransformed Chardonnay (CH UN).
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Figure 8. RGA18 and RGA14 expression in transgenic lines CH 18.4, CH 18.7, CH 14.1, CH 14.7, untransformed
CH, and b43-17. Error bars represent standard deviation of the mean (n = 3). UN: Untransformed. Primers 18-5 and
14-3 amplify a fragment in the 3’ region of the RGA18 and RGA14 respectively, while P1Q1 amplifies a fragment
in the first 252 bp of RGA14. Higher Ct values correspond to lower expression levels. Actin is used as reference
gene.

CONCLUSIONS
We completed greenhouse screening, marker testing, and quantitative trait locus analysis of breeding populations
from 15 new resistance sources including b46-43 and T03-16. We identified T03-16 and b41-13 as possessing
resistance on a different region than Chr14. Crosses were made to expand these breeding populations for
framework map development in order to identify other genomic regions of resistance. Given that the
incorporation of multiple resistances should make resistance more durable, our goal is to identify new sources of
resistance that do not reside on Chr14 and facilitate stacking of these resistance sources with PdR1 from b43-17
using genetic markers. We have identified a new resistance locus, PdR2, from the b42-26 background, and closely
linked markers are being used in marker-assisted selection to stack resistance loci from these different
backgrounds. We have completed the genetic and physical mapping of PD resistance from b40-14. This resistance
source maps within the PdR1b locus, but it may be an alternative gene within this complex replicated locus.
Finally, we verified the sequence of two candidate genes from the PdR1b locus, completed transformations with
RGA18 and RGA14, and obtained transgenic lines for complementation tests in the greenhouse. Although some
transgenic lines responded better than untransformed plants to Xylella infection, none reached the level of
resistant biocontrols. Testing of RGA14 and 18 in a genetic background other than vinifera, as well as more
information about RGA15, 16, and 17, will help to clarify the meaning and importance of these results.
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ABSTRACT
Several different subspecies of Xylella fastidiosa (Xf) have been described worldwide, causing disease in a variety
of economically important crops. Numerous molecular detection protocols are available for quarantine screening,
surveillance, and research applications, but most cannot differentiate between strains or subspecies of the
pathogen. In areas such as California where more than one subspecies is present, it is important to be able to
determine subspecies affiliation. This study describes quantitative polymerase chain reaction (qPCR) and loop-
mediated isothermal amplification assays (LAMP) which can rapidly identify Xf isolates belonging to the
fastidiosa and multiplex subspecies. The TaqMan qPCR primers described here are used to differentiate Xf strains
by subspecies in plant and insect tissue in a single reaction, with the inclusion of a general amplification control
probe to identify potential false negative samples. Sensitivity of the TaqMan qPCR protocol is between 103 and
104 colony-forming units (cfu) per ml concentrations of Xf in a variety of sample types. Additionally, LAMP
targets were designed for faster detection of Xf subspecies fastidiosa and multiplex, which could be modified to
use in a field setting. These assays are effective for strain differentiation in artificially and naturally inoculated
plant material, and in field collected insect vectors.
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ABSTRACT
Innate Immunity LLC, established in 2016, focuses on developing and marketing peptide and protein therapy for
the treatment and prevention of human and plant diseases. Peptides and proteins enhance immunity and enable the
host to clear deadly pathogens that otherwise compromise host immunity. In this project, we focus on the
application of peptide and protein therapy for clearance of Xylella fastidiosa (Xf), the causative agent of Pierce’s
disease (PD) in grapevines.

The peptide therapy is applied for treatment of grapevines infected with Xf, which will suppress or cure PD and
increase the productive years of grapevines. The therapeutic peptides are helix-turn-helix (HTH) scaffolds. The
single helices in the scaffold are derived from the grape proteome and they show bactericidal activity (albeit low).
We have performed molecular dynamics simulations in model membrane to predict that the HTH scaffolds should
possess higher bactericidal activity than the single helix because they are more efficient in attaching to, inserting
into, and rupturing the bacterial membrane. Indeed, bactericidal assays validate our prediction in that the HTH
peptides are more active on Xf than the single endogenous helix. We have performed in vitro toxicity assays to
select HTH peptides that are nontoxic to grape protoplasts and human lung cells, red blood cells, and neutrophils.
We have also evolved in vitro bacterial strains resistant to a single endogenous helix, performed comparative
genomics/transcriptomics of the two strains susceptible and resistant to a single endogenous helix, and shown that
multiple mutations in the resistant strain decrease attachment, insertion, and rupture of the bacterial membrane by
the single endogenous helix. We have shown that our design strategy increases attachment, insertion, and rupture
of the bacterial membrane by the HTH peptides and consequently enables them to overcome bacterial resistance.
Interestingly the HTH peptides also reduce Xf biofilm formation, a critical process in PD pathogenesis. Finally,
we have selected HTH peptides based on anti-Xf activity, lack of human/plant toxicity, and the ability to
overcome bacterial resistance, and shown that these HTH peptides are capable of clearing Xf from the infected
leaves collected from the field. We are currently planning and implementing field efficacy studies on the topical
delivery of the anti-Xf HTH peptides in collaboration with the wine and grape industry.

The protein therapy is designed for prevention of PD by the generation of transgenic grape rootstocks expressing
protein chimeras with Xf recognition and lysis domains, both of which are derived from grape proteome. The
recognition domains are selected respectively from grape subtilisin and the bacterial permeability increasing/lipid
binding protein (BPI/LBP) family. Specific subtilisins are selected/engineered to respectively cleave the Xf outer-
membrane protein MopB, whereas specific BPI/LBPs are selected/engineered to bind the Xf lipopolysaccharide
(LPS). The lysis domain is chosen and engineered from the grape thionin family to lyse the Xf membrane. We
have used SR1 tobacco, which can be infected by Xf, as a model plant. We have constructed transgenic SR1
tobacco lines expressing various chimeras. Also, we have been able to screen the chimeras from SR1 tobacco
transgenic lines that are the most effective in clearing Xf and blocking PD. We will construct transgenic grape
rootstocks expressing the most efficient anti-Xf chimeras, graft on them scions from white and red wine cultivars,
propagate them, and perform greenhouse and field efficacy studies.

Innate Immunity LLC is working on both short-term solutions (i.e., PD treatment by anti-Xf peptides) and long-
term solutions (i.e., PD prevention by transgenic grape expressing anti-Xf protein chimeras). Not only have we
developed PD therapies that are viable, but also formulated strategies to turn our inventions into marketable
products that would be beneficial to the wine and grape industries.
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Reporting Period: The results reported here are from 2017 Pierce’s disease surveys and include references to
previous years.

ABSTRACT
For more than a decade the University of California (UC) and the Consolidated Central Valley Table Grape Pest
and Disease Control District have partnered to monitor the development and spread of Pierce’s disease (PD) in
Kern County. These efforts have complemented work by the California Department of Food and Agriculture to
monitor populations of glassy-winged sharpshooter (GWSS) during the same period of time. The goal of these
monitoring programs has been to use trapping and monitoring data to coordinate growers’ efforts to remove PD-
infected vines and control GWSS. The success of these programs is based on the premise that in the absence of
the disease, the vector is not a concern, yet in the absence of the vector, the disease can’t spread. Therefore, by
controlling both the disease and the vector there can be a synergistic benefit to protect the San Joaquin Valley
table grape industry.

In the 2000s, highly effective insecticides for the vector coupled with aggressive roguing programs for the disease
led to very low levels of PD in the General Beale region. As a reference, PD surveys within 15 vineyards during
2011 found a total of 44 PD-positive vines out of more than 115,000 vines surveyed (three positives per 10,000
vines surveyed). In contrast, during 2017 we found more than 9,000 PD-positive vines out of approximately
183,000 vines surveyed (496 positives per 10,000 vines surveyed). However, 90.6% of those vines were located
within the eight most infected sites, whereas the remaining 9.4% were spread out over the other 21 vineyards
surveyed. The increase in PD-positive vines has been attributed to a period from 2012 to 2015 where insecticide
programs for GWSS had reduced efficacy, presumably due to neonicotinoid resistance, during a period where not
all table grape growers were diligent at roguing infected vines.

Following 2017 surveys table grape growers made a significant effort to remove infected vines. With minor
exceptions, all vines marked as PD-positive in UC surveys were either removed individually or by removing the
entire vineyard prior to 2018. UC employees also trained representatives of table grape growers in the region to
identify and remove PD-positive vines beyond the scope of UC efforts. The year 2018 was also a record low year
for GWSS due to the adoption of dormant pyrethroid treatments to citrus. In previous years pyrethroid use was
discouraged by citrus growers in their efforts to preserve natural enemies. This attitude has changed since the
introduction of Asian citrus psyllid.

At the time of writing, 2018 PD surveys are underway. Initial indications are that roguing efforts in 2016 and
2017, coupled with improved GWSS control, have led to a significant reduction in the number of PD-positive
vines in 2018. A full report of 2018 survey efforts should be available by mid-December.
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Reporting Period: The results reported here are from work conducted October 2017 to September 2018.

ABSTRACT
Backcrosses (BC) made in 2015 combined Pierce’s disease resistance from Vitis arizonica with powdery mildew
(PM) resistance from V. romanetii. This advanced BC population was derived from BC3 population (F8909-08 x
b42-26) previously developed by the USDA Agricultural Research Service, Parlier, CA. Seeds were obtained and
germinated. Of those, 120 seedlings were selected and grown in a greenhouse. Pathogenicity tests identified 46
resistant progeny with no foliar PM symptoms, while 44 progeny showed severe PM symptoms. Thirty plants
were moderately susceptible to PM. Dormant cuttings have been prepared from 46 PM resistant progeny for
Pierce’s disease resistance screening. To further identify the molecular basis of dual resistance, functional
genomic and genotyping by sequence approaches have been implemented to facilitate mapping resistance loci
linked to resistant traits.

FUNDING AGENCIES
Funding for this project was provided by the Consolidated Central Valley Table Grape Pest and Disease Control
District.
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ABSTRACT
Pierce’s disease of grapevines is caused by Xylella fastidiosa (Xf) and transmitted by glassy-winged sharpshooters
(Homalodisca vitripennis; GWSS). Xf is a foregut-borne, xylem-limited and non-flagellated, gram-negative
bacterium. This bacterium is propagative and noncirculative in its insect vectors. The putative functions of
virulence genes of Xf have been characterized by creating deletion mutants and complemented strains via
mechanical inoculation of grapevines followed by in planta pathogenicity assays. However, information
regarding the functional roles of virulence genes involved in transmission of Xf by GWSS is very limited. To
further understand their roles involved in transmission by GWSS, several mutant strains including Xf-ΔrpfA, Xf-
ΔgacA, Xf-ΔpilG, Xf-ΔpopP, and Xf-ΔpilH were investigated via artificial diet acquisition and subsequent
inoculation to grapevines. Thirty plants were inoculated for each mutant and were maintained in the greenhouse
for symptom development and further analyses. Functional confirmation of key virulence genes responsible for
transmission through GWSS will facilitate the development of target basis for therapeutic control of Pierce’s
disease.

FUNDING AGENCIES
Funding for this project was provided by the USDA Agricultural Research Service, appropriated project 2034-
22000-010-00D.
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EPIDEMIOLOGY OF PIERCE’S DISEASE IN THE GENERAL BEALE AREA OF KERN COUNTY

Reporting Period: The results reported here are from work conducted April 2016 to September 2018.

ABSTRACT
Introduction of the glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) to California resulted in
epidemics of Pierce’s disease in the Temecula Valley and the southern San Joaquin Valley (Kern County) in the
late 1990s and early 2000s, respectively. In response, an area-wide suppression program was implemented that
primarily relied on application of insecticides. Analysis of trapping data from seven vineyards, two conventional
citrus orchards, and two organic citrus orchards located in Kern County indicated that the area-wide program
suppressed sharpshooter populations from 2002 to 2008. However, GWSS abundance increased in 2009 and
peaked in 2015. In association, incidence of Pierce’s disease rose. GWSS populations persisted in monitored
vineyards and conventional citrus orchards through much of 2016, declining to undetectable levels in 2017 and
2018. Sharpshooter populations persisted in monitored organic citrus orchards in 2017 and 2018. From spring of
2016 to fall of 2018, GWSS adults were collected (if present) every three weeks from four vineyards, two
conventional citrus orchards, and two organic citrus orchards and subjected to quantitative polymerase chain
reaction to determine if Xylella fastidiosa (Xf) was present in sharpshooter mouthparts. In conjunction, petiole
samples were collected from systemically infected grapevines every three weeks from two vineyards to quantify
seasonal changes in Xf abundance in plants. In 2016, GWSS testing positive for Xf were first observed in July and
the percentage of sharpshooters positive for Xf increased through the summer. A low percentage of petiole
samples collected from chronically infected grapevine tested positive for Xf in May, with the percentage testing
positive peaking in August/September. No sharpshooters were collected from vineyards in 2017 and 2018. In
vineyards, the period during which GWSS appear most likely to transmit Xf is between July and September.

FUNDING AGENCIES
Funding for this project was provided by the Consolidated Central Valley Table Grape Pest and Disease Control
District, and by USDA Agricultural Research Service appropriated project #2034-22000-012-00D.
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Reporting Period: The results reported here are from work conducted June 2016 to September 2018.

ABSTRACT
During 2016 and 2017, glassy-winged sharpshooters (Homalodisca vitripennis; GWSS) collected from vineyards
or nearby citrus orchards in the General Beale area of Kern County were assessed for Xylella fastidiosa (Xf)
infection by real-time polymerase chain reaction (PCR) using total DNA samples extracted from GWSS heads. Of
1,031 insects, 154 (15%) tested positive for Xf. A subset of Xf-positive GWSS DNA samples were subjected to
multi-locus sequence typing (MLST) to determine Xf genotypes associated with GWSS. Conventional PCR
products for three Xf genes (petC, leuA, and holC) were cloned and sequenced. Cloned sequences were assigned
to Xf subspecies based on single-nucleotide polymorphism (SNP) signatures (7-12 polymorphic sites per gene that
differentiate reference genomes of subspecies fastidiosa and multiplex). Of 1,914 MLST clones sequenced, 1,412
were genotyped as subspecies fastidiosa and 491 as subspecies multiplex. Of cloned subspecies fastidiosa
sequences, 98% had SNP signatures identical to the corresponding gene present in 24 Xf subspecies fastidiosa
strains cultured from Pierce’s disease affected vines sampled in 2016 and 2017. Presence of SNP signatures
representing both subspecies in one or more cloned genes was commonly observed within individual GWSS. This
observation indicates that genetic complexity of Xf in many insects was greater than one due to mixtures of two
subspecies or mixtures of two genotypes of one subspecies (in which a proportion of the population was derived
from a lineage with a history of horizontal gene transfer and homologous recombination). Inferences drawn from
these conclusions suggest that (1) individual GWSS visit multiple host species (inoculum sources); (2) sequential
acquisition events may lead to co-infection of insect vectors; (3) competitive exclusion of Xf in the foregut is
weak or not operating; and (4) the vector foregut represents a potential arena for exchange of genetic material
among sympatric Xf subspecies.

FUNDING AGENCIES
Funding for this project was provided by the Consolidated Central Valley Table Grape Pest & Disease Control
District, and by USDA Agricultural Research Service appropriated project 2034-22000-012-00D.
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Reporting Period: The results reported here are from work conducted October 2017 to September 2018.

ABSTRACT
Xylella fastidiosa (Xf) causing Pierce’s disease (PD) of grapevine is known to interact with microorganisms in the
plant endosphere during the course of infection and pathogenicity development. Yet, in planta study of Xf has
been highly challenging due to the lack of efficient technology. The increase of Xf genetic resources in online
databases, along with improved sequencing and genetic analysis technology, has provided a framework to study
this economically important bacterium within the host plant endosphere. A particular interest in this study was the
composition and variation of microbial community in planta. DNA was extracted from three samples: 1) PD
symptomatic grapevine inoculated with Xf strain Stag’s Leap in greenhouse (Greenhouse Grape - GG); 2) a non-
symptomatic ragweed (Ambrosia trifida) inoculated with Xf strain Temecula in greenhouse (Greenhouse Ragweed
- GR); and 3) PD symptomatic grapevine from a vineyard in Bakersfield, California in July of 2017 (Field Grape -
FG). All three samples were subjected to next generation sequencing (NGS). Illumina HiSeq was used on samples
GG and FG and generated 190 M and 316 M 100-base pair (bp) short sequence reads, respectively. Illumina
MiSeq was used on sample GR and generated 39 M 250-bp short sequence reads. Percentages of Xf reads were
1.7 for GG, 0.5 for FG, and 4.0 for GR. These in planta Xf genome data were analyzed for similarities to the
available sequenced Xf genomes as well as for plasmids and other unique genetic content. Genomic variations of
Xf under different conditions (field, greenhouse, sampling time, plant host) were studied. Additionally, the
microbial community of each plant sample was analyzed to determine the major taxonomic groups of bacteria and
fungi through metagenomic approach with the help of Kaiju software. The most abundant bacterial genera present
in the greenhouse plant samples were Xylella, followed by Enterococcus and Staphylococcus for both GG and
GR. The most abundant bacterial genera present in the field plant sample was Paenarthrobacter, with Xylella
ranking-the third in abundance. The most abundant fungal genera present in all three plant samples was
Rhizophagus. These results provide new information on the microbial community of plants associated with Xf
infection under different environments.
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ABSTRACT
The mechanism of Xylella fastidiosa (Xf) inoculation by sharpshooter vectors has been hypothesized for nearly 50
years to be due to egestion from the functional foregut. Recently, combined egestion plus salivation was
demonstrated conclusively as the mechanism of bacterial ejection from the vector’s stylets. However, bacteria
were ejected into/onto artificial diets, not plants. It has been hypothesized that (1) egestion plus salivation inject
Xf bacterial cells into grape xylem cells, and 2) electropenetrography (EPG) can be used to observe and quantify
vector behaviors in real time because the sharpshooter X wave represents combined salivation and egestion. Once
these hypotheses are definitively supported, EPG can be used to search for novel avenues of disease resistance.
This report updates progress in analyzing data from a four-year project to conclusively test these hypotheses.
Results to date support that the XN portion of the X wave represents the Xf inoculation behaviors, and that (under
certain circumstances), a single stylet probe with at least two XN events can initiate a quantitative polymerase
chain reaction (qPCR)-positive, systemic (both close to and distant from the site of probing), symptomatic
Pierce’s disease infection.

LAYPERSON SUMMARY
Electropenetrography (EPG) passes a tiny amount of electricity through an insect to visualize the insect’s feeding
as electrical waveforms. Research to biologically define the EPG waveforms from sharpshooter feeding detected a
waveform called the X wave, which is associated with the insect’s mouth parts in the xylem. Evidence supports
that part of the X wave occurs when a mixture of fluid food and insect saliva previously secreted into the food is
taken up into the insect’s mouth cavity, swished around, then spit back out (egested). It has been hypothesized
that these actions chemically and mechanically loosen Xylella fastidiosa (Xf) cells from the walls of the vector’s
mouth cavity and then inject them into a xylem cell. This report updates the latest findings from a four-year
project to conclusively test whether part of the X wave, performed by vectors carrying Xf bacteria in their mouth
cavities, represents Xf inoculation into xylem sufficient to cause a systemic Pierce’s disease infection in
grapevines. Results to date conclusively supported this idea, by showing that vectors performing X waves had a
much greater likelihood of inoculating Xf that was later detectable by polymerase chain reaction. If future analysis
of completed experiments continues to support this idea, it will make possible research using the EPG X wave as
a diagnostic tool to identify grape accessions resistant to the vector’s Xf inoculation behaviors. This would be a
new and novel mechanism of Pierce’s disease resistance for grape, which can be combined with other sources of
resistance for improved durability.

INTRODUCTION
Xylella fastidiosa (Xf) cells colonize the cuticular walls of a sharpshooter’s functional foregut or mouth (buccal)
cavity. Recently, it was demonstrated that Xf bacteria are ejected from vector stylets by combined egestion and
salivation during stylet probing [1]. In other words, a mixture of fluid food and insect saliva is taken up into the
insect’s mouth cavity, swished around, then spit back out (egested). It has been hypothesized that these actions
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cause Xf cells to be loosened from the cuticle of the mouth cavity and inoculated into a xylem cell [2]. This
hypothesis has yet to be proven. Correlational evidence supports that the XN portion of the sharpshooter X wave,
detected by electropenetrography (EPG), represents the Xf inoculation behaviors [2]. This report updates progress
in analyzing data from a four-year project to definitively test these hypotheses.

OBJECTIVES
1. To test whether the XN portion of the EPG X wave represents Xf inoculation behaviors leading to systemic

infection, by detecting the presence or absence of bacteria in stylet-probed grapevines.

RESULTS AND DISCUSSION
Experimental Design
Blue-green sharpshooters (Graphocephala atropunctata) were caged on young Chardonnay grapes for 24 hours to
acclimate them to feeding on grape. Sharpshooters then were wired and individually fed, each on its own artificial
diet sachet (containing approximately 107 Xf colony-forming units [cfu]) for 2.5 to seven hours. Each insect then
was allowed to make a single, EPG-recorded stylet probe on the petiole of the second leaf on a small (three to
four inch), vegetatively propagated, two-leaf grape plantlet (one plantlet per insect). Probing was artificially
stopped either (1) before XN (termed ‘pathway treatment’) or (2) after performance of two to four XN events in
the same xylem cell (termed ‘X wave treatment’). Four to 11 insects were recorded per day for eight to 25 days
per year. Xf strains used and total number of insects recorded per year were: green fluorescent protein (GFP)-
expressing Temecula, 67 (2015), Stag’s Leap, 75 (2016), and wild-type Temecula for both 2017 and 2018, 140
and 65, respectively. Each probe site was marked, then the petiole was cut ~2 mm above the mark. The remaining
petiole and its leaf (termed the ‘probed leaf’) was frozen at -20 oC. The rest of the grape plantlet was held in the
greenhouse for five to six months for growth and symptom development. Multiple leaves that were not probed yet
apparently symptomatic (termed ‘held’ leaves) were sampled (at 14, 16, 18, and 20 weeks post-EPG) per plant
and frozen (-20 oC). Frozen leaves were later lyophilized, DNA-extracted, then quantitative polymerase chain
reaction (qPCR) tested.

qPCR
In the past two years, many steps have been taken to optimize qPCR methods to remove suspected non-specific
binding that could have accounted for uncertain, preliminary findings reported at the 2016 Pierce’s Disease
Research Symposium. Optimizations included improved standards (plant + Xf DNA) and comparisons of various
extraction methods (DNEasy kit, cetyl trimethylammonium bromide (CTAB), and lyophilized tissue extraction
modified from [3]). For the 2015-2016 probed leaf samples, primers targeting the Xf 16S rRNA gene plus SYBR
green were used, with quantification of standards using either cfu/ml (mostly probed leaves) or ng/µl DNA
(mostly held leaves). PCR runs had a mean R2 of 99.8% for standards, mean efficiency of 88.1%. A CT of ≤ 30.4
was considered qPCR positive. Further optimization is underway to use HL5/6 primers plus TaqMan for the
2017-2018 samples, to further improve sensitivity and support credibility of results.

Findings
Preliminary results from the 2015-2016 experiments were reported at the 2016 Pierce’s Disease Research
Symposium and are updated herein. Partial results from 2017-18 experiments may be presented at the 2018
Pierce’s Disease Research Symposium.

For the 2015 Experiment. qPCR revealed that none of the negative (healthy) control plants (not insect-probed but
reared alongside experimental plants; N = 11) or insect-acclimation plants (fed upon by clean colony insects; N =
18) had detectable Xf. In contrast, out of the 67 insect-probed plants, 19 (28%) were positive for Xf (Figure 1). Of
these 19 plants, 14 positives were held leaves, four were probed leaves, and one plant had both held and probed
leaves positive (Figure 2). The mean CT value for positive samples was 27.7, with a range of 20.4 to 30.4. While
Xf copy numbers of 2232 and 109 cfu/ml were detected in two samples (both held leaves), all others had <100 Xf
cfu/ml (range 6.5 to 91.6) detected. Of the X wave-exposed plants, 18/44 (41%) were PCR-positive, from both
held (14/18) and probed (4/18) leaves. In contrast, only one plant (out of 10) exposed to the pathway treatment
was PCR-positive (a probed leaf); thus, 95% of positive plants were exposed to X waves.
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Figure. 1. Percentage of 2015 plants that were insect-inoculated with and subsequently
became infected with qPCR-detectable titers of Xf.
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Figure 2. Numbers of 2015 held versus probed leaves from PCR-positive versus PCR-negative plants for
each of the two experimental treatments.

It is likely that many more held leaves would have been positive except for a problem with the 2015 protocol. In
an attempt to examine the salivary sheath via confocal microscopy, 34/67 plants were cut under paraformaldehyde
fixative, rather than in air. All probed leaves survived this treatment, but all 34 plantlets died within three weeks
of cutting under fixative. Apparently, paraformaldehyde was pulled into the remaining plant tissues by cavitation
(see below), killing the plants. Unfortunately, the fixed tissues were too fragile to survive processing, so fixation
was not used for subsequent experimental years; all other plants were cut in air.

EPG waveforms have not yet been analyzed for all 2015 insects; however, preliminary EPG findings probably
explain the lone positive pathway-treated plant. Durations of pathway phase varied greatly in probes terminated
before the X wave. Some insects made atypically long (>1 minute) pathway phases, especially after being on the
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diets for >4 hours. In those cases, insects often performed one or more events of the B2 pathway waveform. B2
has been correlated with salivary sheath branching after the insect has briefly encountered a small, immature
xylem cell that was tasted/tested (i.e., egested/spit up into) but rejected for sustained sap ingestion [4]. Behavior
of the insect on the PCR-positive, pathway-only plant was extremely unusual; it performed pathway activities for
nearly five minutes (292 seconds), especially an extraordinary 19 B2 events. It is likely this insect tasted/egested
into numerous immature xylem cells before its probe was artificially terminated. Even only a few bacteria egested
into so many (although immature) xylem cells could eventually develop a sufficient titer to be detected via PCR
of a probed leaf; no bacteria were detected in held leaves distant from the site of probing. Therefore, under very
rare circumstances, the X wave might not be the sole indicator of Xf inoculation. Egestion and salivation are
known to occur during pathway waveforms also, but usually occur in non-xylem or immature xylem cells. This
hypothesis will be tested further in 2017-2018 samples.

For the 2016 Experiment. We attempted to use Stag’s Leap Xf to shorten the holding time in the greenhouse. This
strain of Xf, however, clumped severely in the artificial diet, making it difficult for the insects to suck up bacteria.
We also attempted to pull more bacteria into the probed leaf by putting stylet-probed plantlets under bright, hot
sodium vapor lamps for 30 minutes before cutting in air. This may have worked because only 3/75 held leaves
were PCR-positive. However, the 2016 probed leaves have not yet been PCR-tested.

Additional Thoughts. Bacteria detected in any 2015 probed leaf were those injected into a xylem cell at the probe
site and then were transported systemically further than two mm above the insect’s probe site within two minutes
after the termination of the probe. Bacteria detected in the held leaf were injected into xylem during probing but
not transported above the site of the cut. When the petiole cut was made, instantaneous cavitation would pull
bacteria above the cut further into the petiole-leaf intersection; bacteria below the cut would be pulled into the
stem and, ultimately, into the remainder of the tiny plantlet. These cells then initiated an infection that was later
detectable in leaves many cm away, five to six months later. The more numerous detections of bacteria in held
leaves suggests that most cells remained close to the probe site; fewer were pulled above the cut site into the
probed leaf. Bacteria injected into immature xylem cells during pathway treatment were pulled >2 mm above the
probe site.

CONCLUSIONS
Results to date continue to support the hypothesis that the XN portion of the X wave represents egestion and
salivation behaviors sufficient to inoculate Xf into xylem and initiate a systemic infection. If this finding continues
to be supported in future analyses, the EPG X wave can be used to detect grape resistance to the vector
inoculation behavior, a new Xf resistance trait.
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ABSTRACT
For more than 15 years Temecula Valley has been part of an area-wide program for an invasive vector, the glassy-
winged sharpshooter (Homalodisca vitripennis; GWSS). The goal of this program is to limit Pierce’s disease
spread by suppressing vector populations in commercial citrus, an important reproductive host for this insect,
before they move out into vineyards. The area-wide program originally consisted of applications of typically
systemic insecticides to citrus groves along with monitoring of GWSS populations – both to evaluate the
effectiveness of the treatments and to guide grape grower treatment decisions. The treatment element of the
program was halted in 2013, though it is likely that similar chemical control is occurring to target important citrus
pests – particularly the Asian citrus psyllid (Diaphorina citri). Monitoring of GWSS populations continues to
occur, with 176 yellow sticky traps placed throughout Temecula citrus and select vineyards being inspected on a
biweekly basis. Compared to 2017, which saw the highest GWSS catch since at least 2003, overall GWSS catch
in 2018 is down to more typical levels. 2018 trapping results exhibit typical seasonal patterns for this pest in the
region, with a modest winter peak in catch, and a total of approximately 812 GWSS caught during the summer
peak (July through September). Thus far, there is no apparent late summer peak, which occurs in some years.

LAYPERSON SUMMARY
The glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) constitutes one of the primary threats to the
wine, table grape, and raisin industries in California owing to its ability to spread the pathogen that causes
Pierce’s disease. In the Temecula Valley, an area-wide control program has been in place for more than 15 years,
which until recently relied on insecticide applications in citrus groves to control GWSS before they move into
vineyards and still entails regular monitoring of GWSS populations throughout the region. This program is
important for guiding management decisions for vineyards in the area. Last year’s extremely high trap catch
warned of a resurgence in GWSS populations, as has occurred in some parts of the Central Valley. However,
results for 2018 don’t support that conclusion in that GWSS catch was substantially lower and more in line with
what has been observed in years past.

INTRODUCTION
The wine grape industry and its associated tourism in Temecula Valley generate an estimated $100 million in
revenue for the economy of the area. Following the invasion of the glassy-winged sharpshooter (Homalodisca
vitripennis; GWSS) into Southern California, from the Southeastern United States, a Pierce’s disease outbreak
occurred. This outbreak resulted in a 30% loss in overall vineyard production over a few years, with some
vineyards losing 100% of their vines during the initial years of the outbreak. An area-wide GWSS management
program initiated in the spring of 2000 saved the industry from even more dramatic losses. Since the initiation of
the Temecula GWSS area-wide management program several hundred new acres of grapes have been planted and
multiple new wineries have been built.

GWSS has the potential to develop high population densities in citrus. Fortunately, GWSS is also highly
susceptible to systemic insecticides such as imidacloprid. Insecticide treatments in citrus groves, preceded and
followed by trapping and visual inspections to determine the effectiveness of these treatments, have been used to
manage this devastating insect vector and disease. In addition, parasitoid wasps (Cosmocomoidea spp.) that attack
GWSS egg masses are also contributing to management in the region.

As part of the area-wide treatment program, monitoring of GWSS populations in citrus has been conducted since
program inception. This monitoring data has been used to guide treatment decisions for citrus, to evaluate the
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efficacy of the treatments, and to guide vineyard owners, pest control advisers, and vineyard managers on the
need for supplementary vector control measures within vineyards.

In 2013, the decision was made by state and federal regulators not to reimburse citrus growers for insecticide
applications intended to target GWSS in Temecula Valley. This change was motivated, in part, by the expectation
that citrus growers would likely be treating already for the Asian citrus psyllid (Diaphorina citri), an invasive
vector of the pathogen associated with huanglongbing or citrus greening disease. Sharpshooter and psyllid
integrated pest management rely on largely the same insecticides. However the timing of applications differs
slightly depending on the focal pest. Therefore, monitoring of sharpshooter populations continues to be important,
to identify for grape growers those vineyards most at risk to GWSS and Pierce’s disease.

OBJECTIVES
1. Monitor regularly GWSS populations in citrus groves throughout Temecula Valley to evaluate the

effectiveness of prior insecticide applications and to provide a metric of Pierce’s disease risk for grape
growers.

2. Disseminate a newsletter for stakeholders on sharpshooter seasonal abundance in citrus throughout the region.

Double-sided yellow-sticky cards (14x22 cm; Seabright Laboratories, Emeryville, CA) are being used to monitor
for adult sharpshooters in citrus. 176 such sticky traps have been placed in citrus groves (primarily), vineyards,
and select residential areas with citrus trees throughout the Temecula Valley. All traps are labeled, numbered, and
bar coded to identify the site within the management program. Each trap is then georeferenced with a handheld
global positioning system (GPS) monitor. Most traps are placed at the edge of the groves at the rate of
approximately one per ten acres. Traps are attached with large binder clips to wooden stakes around the perimeter
of the grove. For large groves traps are also placed in the interior. The total number of traps depends on the size of
the orchard block. Sharpshooters found on the traps are counted and then removed from the trap.

The yellow cards are inspected and replaced every two weeks during the summer and fall (May through October)
and monthly the rest of the year. At each inspection the number of adult GWSS and smoketree sharpshooters
(Homalodisca liturata) are recorded, and the abundance of common generalist natural enemy taxa.

After collecting all data for a given sharpshooter census date, these data are collated into a newsletter that shows
the number of sharpshooters caught, where they were caught, and the seasonal phenology of sharpshooter
populations to date. This newsletter is disseminated to stakeholders via e-mail and on a blog hosted by UC
Riverside’s Center for Invasive Species Research (http://cisr.ucr.edu/temeculagwss/).

RESULTS AND DISCUSSION
The results of the 2018 monitoring are shown in Figure 1, relative to prior years. These data consist of monthly
censuses of GWSS through April, then biweekly censuses from May through October. Results for the remainder
of 2018 are pending. Thus far, 2018 trapping shows seasonal patterns of GWSS activity or abundance that are
typical for the region. GWSS catch was low for much of the year, then increased dramatically at the beginning of
the summer before dropping off through August and September. Thus far, no late summer peak in GWSS activity
has been observed, which occurs in some years. Notably, despite a greater number of traps being deployed this
year (176) compared to the prior six years (~140), the overall 2018 catch appears to be intermediate compared to
past years. Although GWSS were more abundant than in the lowest census years (e.g., 2010, 2011), peak count in
July 2018 was just 20% of that observed in 2017, which was the highest observed in at least 15 years.

This year we began monitoring GWSS in select vineyards that are nearby citrus groves that had shown high
GWSS activity in past years. GWSS counts on citrus traps were slightly higher than on vineyard traps, but the
seasonal patterns of GWSS abundance appear to closely track each other in the two habitats (Figure 2).
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Figure 1. Seasonal total GWSS catch in 2018 compared to prior years.

Figure 2. Seasonal GWSS catch in Temecula Valley citrus versus vineyards.
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CONCLUSIONS
The sizeable increase in GWSS activity seen in Temecula in 2017 prompted concerns of a chronic resurgence in
GWSS populations as has occurred in other areas of California over the last few years. Results for 2018 seem to
suggest last year’s results could represent an acute spike in activity. Even so, the driver of last year’s high
numbers is not known definitively and there is clearly potential for substantial interannual variability in GWSS
abundance in the region. As a result, Temecula grape growers are encouraged to remain vigilant with respect to
the monitoring and management activities for GWSS and Pierce’s disease in their vineyards.
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ABSTRACT
Populations of the glassy-winged sharpshooter (Homalodisca vitripennis: GWSS), a vector of Xylella fastidiosa,
causal agent of Pierce’s disease, sharply increased in 2012 in Kern County, California. Despite continued
management with insecticides, persistently high populations over the next few years suggested that resistance had
developed in the region. Tests of susceptibility to eight different chemical insecticides began in the 2014 growing
season and were repeated through 2016. These early bioassays revealed significantly lowered susceptibility of
GWSS to acetamiprid (7-fold) and bifenthrin (152-fold) and a trend of decreasing susceptibility to the
neonicotinoids from early to late season. In 2017, bioassays of imidacloprid susceptibility levels in four different
populations over the growing season were conducted. These four locations, with unique patterns of proximate
imidacloprid field applications, were monitored monthly from July through October. Two of the sites maintained
high populations of GWSS from early (July) to late (September/October) season months and demonstrated
significantly decreased imidacloprid susceptibility over that time. GWSS collected at the South Highway 65 site,
which had fewer imidacloprid applications within a 1.5-mile radius, demonstrated an 11-fold decrease in
susceptibility, while those at the North Highway 65 site, with earlier and more frequent applications,
demonstrated a 29-fold decrease in susceptibility to imidacloprid. With access to 17 years of insecticide treatment
records and GWSS trap counts in Kern County, current work is focused on evaluating GWSS population
dynamics in response to pesticide applications. Applications of all formulations of acetamiprid, bifenthrin,
chlorpyrifos, dimethoate, fenpropathrin, flupyradifurone, and thiamethoxam to GWSS hosts have been identified
for Kern County CDFA zones 1 and 3, the regions with high GWSS populations currently and historically.
Pairing tests of current versus past insecticide susceptibility levels with historical application records and GWSS
trap counts can contribute to a better understanding of population dynamics and resistance development
corresponding to insecticide use for the management of GWSS.

LAYPERSON SUMMARY
Insecticides remain the most frequently used tool for the management of glassy-winged sharpshooter
(Homalodisca vitripennis: GWSS) and Pierce’s disease. Our interest in this project was due to the high GWSS
numbers from 2012-2015, despite continued monitoring and treatments. This suggested that the populations may
be changing with respect to their susceptibility to commonly used products. Our studies in 2015, 2016, and 2017
showed varying levels of resistance to insecticides in Kern County populations of GWSS. Compared to similar
studies conducted in 2001 and 2002, we found resistance to the chemicals acetamiprid and bifenthrin. We also
found that as the season progressed, the insects were less susceptible to one of the most widely used materials,
imidacloprid. In 2017, we documented that insects collected near fields that had been treated early and often with
imidacloprid were less susceptible later in the season than insects collected near fields that had not been treated
early and often. This suggests that timing and frequency of imidacloprid impacts the season-long susceptibility of
GWSS to this material.
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INTRODUCTION
Initiated in July 2016, this project is an extension of a pilot study that was conducted in 2014 and 2015 with
support from the Consolidated Central Valley Table Grape Pest and Disease Control District and the CDFA
Pierce’s Disease and Glassy-winged Sharpshooter (PD/GWSS) Board. Despite continued efforts in the Area-wide
GWSS Management Program, numbers of sharpshooters sharply increased after 2011 and remained high through
2015, causing concern among the industry. At the same time, surveys of PD-infected vines indicated an increase
in disease incidence in the General Beale region of Kern County (Haviland 2015).

In the 2015 study, we evaluated eight commonly used compounds (Table 1), in both systemic uptake and foliar
bioassays. We collected GWSS on three dates in July and August from an organic citrus grove in the Edison area
and three dates in September and October from the General Beale area. These studies showed that GWSS
collected in 2015 were much less susceptible to some of the tested insecticides than they were in 2001 and 2002
(Prabhaker et al., 2006) when the Area-wide GWSS Management Program was initiated (Perring et al., 2015). For
some insecticides, the studies showed LC50 values to be significantly higher in 2015, an indication of resistance in
the populations. These results were similar to those obtained by Redak et al. (2015) in the same geographic
region.

Table 1. Insecticides tested on adult GWSS bioassays in 2015.

These high levels of resistance may explain the upsurge in GWSS number in the region. At the same time, we
documented variation in the relative toxicities at different times and locations throughout the 2015 season (Perring
et al., 2015). In particular, there was a 79-fold increase in the LC50 value for imidacloprid from the first bioassay
of the season to the last, and there were differences in susceptibility of sharpshooters collected from different
fields and geographic areas. This study suggested that toxicity was related to factors in the local context.

In 2016, these studies were repeated. Despite a reduced number of sharpshooters compared to 2016, we evaluated
two pyrethroids and three neonicotinoids on two dates from table grapes and one date from citrus. The data from
2016 showed susceptibility levels similar to those in 2015 for all five chemicals (Perring et al., 2016),
demonstrating that resistance levels in 2015 and 2016 were higher than in 2001 and 2002, again indicating that
susceptibility had declined over the years. The data also showed declining susceptibility to the systemic
neonicotinoids imidacloprid and thiamethoxam over the course of the season, revealing a trend repeated from the
2015 bioassays and similar to Redak et al. (2016).

With limited numbers of GWSS available for collection in 2016 and because imidacloprid has been used
extensively in citrus (Grafton-Cardwell et al., 2008) and grapes (Daane et al., 2006), our 2017 bioassays focused
on imidacloprid testing. As previously mentioned, bioassays with imidacloprid in 2015 and 2016 demonstrated a
trend of declining susceptibility from early season (June/July) bioassays to late season (September/October)
bioassays. We followed up on this discovery by choosing four different sites with unique patterns of nearby field
applications of imidacloprid (Admire® Pro) and similar mode of action compounds, acetamiprid (Assail® 70 WP)
and thiamethoxam (Actara®) for monthly testing to determine if seasonal reduced susceptibility occurred within
different Kern County regions (Figure 1). We called two sites ‘organic’ and two sites ‘treated’ based on distance,

Insecticide Class Active Ingredient Product Application Manufacturer

Neonicotinoid
Imidacloprid Admire® Pro Soil Bayer

Thiamethoxam Platinum® 75 SG Soil Syngenta
Acetamiprid Assail® 70 WP Foliar United Phosphorus

Butenolide Flupyradifurone Sivanto™ 200 SL Foliar Bayer

Pyrethroid
Bifenthrin Capture® 2 EC Foliar FMC

Fenpropathrin Danitol® 2.4 EC Foliar Valent

Organophosphorus
Chlorpyrifos Lorsban® 4E Foliar Dow
Dimethoate Dimethoate® 2.67 EC Foliar Loveland
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greater than 1 mile and less than 0.5 miles, respectively, from imidacloprid applications during the season. We
found that seasonal reduced susceptibility did occur in both the ‘organic’ and ‘treated’ sites and that the degree of
reduction was likely due to nearby field applications.

Figure 1. Four Kern County locations chosen for GWSS collection and imidacloprid bioassays.
(A) Treated Site 1 (T1), (B) Organic Site 1 (O1), (C) Treated Site 2 (T2), and (D) Organic Site (O2). Citrus
or grapes treated with imidacloprid in 2017 are represented by the yellow areas. Orange circles indicate
collection sites. Green lines represent distances between collection sites and treated areas that are less than
0.5 mile. Blue lines represent distances between collection sites and treated areas of over 1 mile.

The purpose of this project was to determine if GWSS has become less susceptible to various insecticides over the
last 15 years and if resistance development possibly contributed to the recent resurgence of GWSS in Kern
County. Additionally, we aimed to determine how patterns of GWSS resurgence (areas and timing) were related
to historical insecticide applications. Increasing our understanding of the factors contributing to reduced
resistance, both seasonal and over the years, may help growers in their selection of GWSS management materials
and application timings in their areas.

OBJECTIVES
1. Conduct laboratory bioassays on field-collected GWSS from Kern County to document the levels of

susceptibility at the beginning of the 2017 field season and document changes in susceptibility as the season
progresses.

2. Document differences in insecticide susceptibility in GWSS collected from organic versus non-organic
vineyards (grapes) and/or orchards (citrus) and from different locations in Kern County.
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3. Obtain and organize historic GWSS densities and treatment records (locations, chemicals used, and timing of
applications) into a geographic information system (GIS) for use in statistical analyses.

4. Determine the relationship between insecticide susceptibility of different GWSS populations and treatment
history in the same geographic location and use relationships to inform future insecticide management
strategies.

RESULTS AND DISCUSSION
Objectives 1 and 2. Conduct Lab Bioassays on Field-Collected GWSS and Document Differences in GWSS
Insecticide Susceptibility from Organic vs. Non-Organic Vineyards and Orchards
The 2017 bioassays with imidacloprid were conducted on GWSS collected monthly from four different Kern
County sites from July through October. Initially our bioassays were grouped and analyzed according to the
‘organic’ versus ‘treated’ site designations as reported in Perring et al. (2017). We have since analyzed each site
individually to determine if susceptibility reduction over the season was related to the distance of the collection
sites from field applications of imidacloprid. The previously named ‘organic’ sites included the East (E) Edison
(O1) and South Highway (S Hwy) 65 (O2) locations, and the ‘treated’ sites included the West (W) Edison (T1)
and North Highway (N Hwy) 65 (T2) locations (Figure 1). We created a new map of our four sites which
includes the timing of nearby imidacloprid applications (all formulations) applied to surrounding perennial hosts
(grape, grapefruit, lemon, orange, pistachio, tangelo, and tangerine; listed in CDFA Plant Quarantine Manual,
Section 454; http://pi.cdfa.ca.gov/pqm/manual/pdf/454.pdf) from January 1 through October 9, 2017 (Figure 2).

Figure 2. Locations of GWSS collections in 2017. Orange dots represent the exact collection sites. In the
upper left quadrant is site W Edison; upper right is E Edison; lower left is N Hwy 65; and lower right is
S Hwy 65. Each quadrant contains the approximately 3 mi2 region surrounding each site. The legend
indicates the months in which imidacloprid applications were made to field near the collection sites (from
Andreason et al., 2018).
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Each GWSS collection site had a unique situation of proximate imidacloprid applications and treatment timings.
The two ‘treated’ sites, W Edison and N Hwy 65, had applications early in the growing season (April and May,
respectively) whereas the previous ‘organic’ sites,’ E Edison and S Hwy 65, had the earliest applications in June
and July, respectively. There also were more frequent applications within a 1.5-mile radius around the W Edison
and N Hwy 65 collection sites as well as applications closer to these sites. Collections from citrus orchards and
subsequent bioassays began in July and were repeated at each site in August (Table 2). Resulting LC50 values
were similar to those determined at the beginning of 2016 and 2015 tests, indicating that the reduced
susceptibility levels at the end of the previous year do not continue into the next year and that LC50 values revert
back to previous years’ early season levels. The LC50 values also were not significantly different among sites nor
were they different from July to August. Unfortunately, E and W Edison could not be tested into late season as
GWSS numbers were significantly lower in September. N and S Hwy 65 collections were assayed in mid-
September, but then only S Hwy 65 could be tested in October. Analyzing these sites individually, we found that
susceptibility of the GWSS collected at the N and S Hwy 65 sites decreased significantly from July to September
and July to October, respectively (Table 2). At N Hwy 65, where imidacloprid was applied early and often,
susceptibility dropped 29-fold. At S Hwy 65, with applications later and less frequent, susceptibility decreased
11-fold. These results suggest that seasonal reductions in susceptibility to imidacloprid occur and that differential
proximity to field applications likely contributes to the degree of reduction.

Table 2. Toxicities of imidacloprid to GWSS determined in uptake bioassays in multiple locations in Kern
County, California, USA in 2017.

Year Date Location n LC50 µg/ml (95% FL) Slope ± SE χ2 (df)

2017

Jul. 24

E Edison 270 4.01 (0.63-11.31) 1.26 ± 0.23 3.15 (3)
W Edison 140 *0.38 (0.02-12.49) 0.88 ± 0.13 9.12 (3)
S Hwy 65 150 0.80 (0.13-2.07) 1.29 ± 0.36 2.46 (3)
N Hwy 65 150 1.79 (0.54-3.98) 1.50 ± 0.37 1.73 (3)

Aug. 8

E Edison 238 1.27 (0.26-4.73) 0.95 ± 0.12 4.71 (3)
W Edison 50 *1.12 (0.03-22.72) 0.90 ± 0.20 3.57 (3)
S Hwy 65 237 0.56 (0.09-2.09) 1.11 ± 0.15 5.48 (3)
N Hwy 65 59 *0.13 (0.08-0.18) 1.37 ± 0.58 0.09 (3)

Sep. 12 S Hwy 65 150 *8.99 (1.00-47.78+) 1.15 ± 0.25 6.48 (3)
N Hwy 65 150 51.53 (21.33-204.99) 1.02 ± 0.27 2.50 (3)

Oct. 9 S Hwy 65 504 8.71 (2.93-27.28) 0.89 ± 0.09 5.62 (3)
* LC50 determined by probit analysis using PoloSuite because of high variability in dose responses.
+ 90% fiducial limit (FL) reported in place of indeterminable 95% FL.

Further analysis of our bioassay results using a generalized linear mixed model (GLMM) corroborated the
significance of the observed seasonal decreases. With all sites combined, there was a significant decrease from an
average 50.5% mortality in July to 23.7% and 29.6% in September and October, respectively (Table 3). When the
sites were analyzed separately, mortalities at S Hwy 65 significantly decreased from 61.3% to 29.6%, while
mortalities at N Hwy 65 significantly decreased from 53.3% to 20.0%.

Table 3. Imidacloprid-induced mortality of GWSS collected in 2017 at different locations in Kern County,
CA analyzed by a generalized linear mixed model (GLMM) (from Andreason et al. 2018).

Year Date Combined
Mortality (%)

S Hwy 65
Mortality (%)

N Hwy 65
Mortality (%)

2017

Jul. 24 50.5 (147) a 61.3 (30) a 53.3 (30) a
Aug. 8 46.4 (120) b 47.5 (48) b 62.1 (12) a
Sep. 12 23.7 (60) c 27.3 (30) c 20.0 (30) b
Oct. 9 29.6 (101) c 29.6 (101) c --------

Values within the same column followed by the same letter are not significantly different,
Tukey’s test (P < 0.05). The number of replicates (clip cages containing five insects) on
each date are given in parentheses.
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Comparing this study’s results to the baseline susceptibility levels determined in 2001 and 2002 (Prabhaker et al.,
2006), all data from the yearly bioassays conducted on imidacloprid, thiamethoxam, acetamiprid, bifenthrin, and
fenpropathrin were used to calculate an overall LC50 value for each chemical (Table 4). We did not include data
from some previously tested compounds (flupyradifurone, chlorpyrifos, and dimethoate) because of a lack of
adequate bioassay replicates resulting from few GWSS in 2016, and because of high variation in the responses of
the tests we were able to conduct. For each of the neonicotinoid and pyrethroid compounds, the annual LC50

values were not significantly different from 2015 to 2016.

Table 4. Toxicities of various insecticides to GWSS collected from multiple locations in Kern County, CA
from 2015 through 2017 as determined by uptake and leaf dip bioassays. Average 2001, 2002, 2003 values
calculated from Prabhaker et al. (2006).

Compound Year n LC50 µg/ml (95% FL) Slope ± SE χ2 (df)

Imidacloprid

2015 1,171 2.51 (0.98-5.29) 0.77 ± 0.06 53.68 (13)
2016 575 3.43 (0.61-17.76) 0.74 ± 0.07 10.02 (3)
2017 2,098 2.90 (1.05-6.45) 0.88 ± 0.05 11.59 (3)

Overall 3,844 2.91 (1.93-4.21) 0.82 ± 0.04 47.27 (15)
2001 312 1.27 (0.68-2.54) 1.1 ± 0.30 6.24 (4)
2002 295 0.36 (0.09-0.51) 1.2 ± 0.35 4.76 (4)

Thiamethoxam
2015 775 0.74 (0.35-1.50) 0.93 ± 0.07 15.53 (6)
2016 563 1.48 (0.35-4.94) 1.02 ± 0.08 11.33 (3)

Overall 1,338 1.03 (0.54-1.87) 0.97 ± 0.05 20.67 (6)

Acetamiprid

2015 450 2.88 (1.06-8.13) 0.77 ± 0.07 4.41 (3)
2016 450 0.94 (0.15-3.59) 0.59 ± 0.07 4.23 (3)

Overall 900 1.78 (1.11-2.75) 0.67 ± 0.05 2.36 (3)
2001 315 0.44 (0.18-0.56) 2.0 ± 0.14 4.85 (4)
2002 320 0.08 (0.02-0.14) 1.4 ± 0.11 3.87 (3)

Bifenthrin

2015 746 0.54 (0.21-1.15) 0.74 ± 0.06 3.15 (3)
2016 302 1.03 (0.29-3.72) 1.09 ± 0.11 6.73 (3)

Overall 1,048 0.67 (0.30-1.29) 0.82 ± 0.06 4.00 (3)
2001 312 0.0005 (0.0002-0.0038) 1.4 ± 0.24 3.76 (4)
2002 320 0.0126 (0.0085-0.0347) 1.7 ± 0.32 2.88 (4)
2003 285 0.0001 (0.00009-0.0004) 2.9 ± 0.27 2.64 (4)

Fenpropathrin

2015 735 0.33 (0.19-0.54) 0.60 ± 0.05 3.46 (4)
2016 150 0.80 (0.32-1.70) 1.13 ± 0.20 1.13 (3)

Overall 885 0.40 (0.19-0.77) 0.66 ± 0.05 4.45 (4)
2001 306 0.064 (0.045-0.205) 1.2 ±0.21 5.82 (4)
2002 215 0.020 (0.007-0.060) 1.1 ± 0.25 4.76 (4)

For imidacloprid, the overall LC50 value of 2.91 µg/ml represented a 3.5-fold decrease in susceptibility compared
to the average values from 2001 and 2002 (average LC50 = 0.82 µg/ml). However, with a 95% FL overlapping
with one of the previous years (2001), this decrease was not significant. The thiamethoxam LC50 value determined
in 2001/2002 could not be compared to the current value because the compound was previously tested as a foliar
insecticide and we used a systemic bioassay in our studies. Thus, the present study establishes the baseline
susceptibility level of GWSS to thiamethoxam applied systemically. For acetamiprid, the present overall LC50 of
1.78 µg/ml showed a seven-fold decrease in susceptibility from the previous assays (2001/2002 average LC50 =
0.26 µg/ml). With no overlap in 95% FL between the earlier and present bioassays, this was a significant decrease
in susceptibility. GWSS susceptibility to bifenthrin significantly decreased as well. The current 2015/2016 overall
LC50 was 0.67 µg/ml which is a 152-fold decrease from the 2001/2002/2003 average LC50 of 0.0044 µg/ml. The
lack of overlapping 95% FLs indicate that these values are significantly different. Finally, for fenpropathrin the
2015/2016 overall LC50 of 0.40 µg/ml was 9.5 times higher than the average 2001/2002 LC50 value of 0.042
µg/ml, but the overlap in 95% FLs indicates that this was not a significant increase. Overall, of the five
compounds tested, acetamiprid and bifenthrin were determined to be significantly less toxic to GWSS, indicating
that resistance to these compounds has likely developed over the last 15 years.
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Objectives 3 and 4. Obtain and Organize Historic GWSS Densities and Treatment Records into a GIS and
Determine the Relationship Between GWSS Insecticide Susceptibility and Treatment History
After the recent publication of our findings related to Objectives 1 and 2 (Andreason et al., 2018), we have shifted
our focus to Objectives 3 and 4. To explore the relationships between historical pesticide applications and GWSS
resurgence in different areas, we have obtained the Kern County pesticide application records and identified all
applications of the eight compounds of interest to GWSS hosts from 2001 through 2017. These filtered records
include applications of every formulation of each compound to all reported hosts of GWSS, both annual and
perennial, within Kern County zones 1 and 3 over the last 17 years. These data have been compiled into an excel
spreadsheet which can be imported into our GIS. Currently, we are determining patterns of GWSS abundance as
determined by CDFA trap data relative to application dates of the various chemicals.

CONCLUSIONS
Repeated bioassays in 2015 and 2016 with three neonicotinoids, imidacloprid, acetamiprid, and thiamethoxam, as
well as two pyrethroids, bifenthrin and fenpropathrin, were conducted to determine if GWSS susceptibility levels
had shifted since 2001 and 2002. We found the toxicity of acetamiprid and bifenthrin to GWSS in Kern County
was significantly reduced, suggesting resistance development to these insecticides. The toxicity of the three other
materials was not significantly changed from past studies. In the third year of our bioassays, we focused on the
observed reduction of susceptibility to imidacloprid from early summer to early fall, when GWSS are at their
peak populations in Kern County. These tests demonstrated that in at least two separate locations, susceptibility
significantly drops from July to September and October. This understanding of current versus past toxicity levels,
and seasonal changes in susceptibility, combined with our present work on GWSS population dynamics in
relation to insecticide use can be helpful to growers in their selection of materials for GWSS management.
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ABSTRACT
Having confirmed in 2016 that glassy-winged sharpshooters (Homalodisca vitripennis; GWSS) in the General
Beale Road citrus-growing area were exhibiting high levels of imidacloprid resistance, our focus in 2017 was to
broaden the geographical range of our resistance monitoring program, and to determine levels of cross-resistance
to the neonicotinoid insecticide acetamiprid and the pyrethroid fenpropathrin. In 2017, we established
toxicological profiles for a population of GWSS collected from an organic citrus grove in Temecula Valley in
Riverside County, where there were extraordinarily high numbers of insects during the summer. The Temecula
insects exhibited a slight shift in toxicological response to imidacloprid compared with our historical (2003) data
for Riverside County, but were similar in response to the Tulare 2016 population that also originated from organic
citrus. The Temecula and Tulare populations represent the most susceptible insects that we have encountered
during our recent monitoring. GWSS numbers at our General Beale Road collection sites were lower in 2017 due
to enhanced control efforts using pyrethroids, but the CDFA GWSS mapping database alerted us to other sites
within the region where we could monitor for resistance. Resistance to imidacloprid was also expressed in these
populations, and the insects were cross resistant to acetamiprid, but not to fenpropathrin. Based on our current
data, the GWSS insects that are expressing resistance to imidacloprid are not showing high levels of cross
resistance to fenpropathrin. The lack of cross resistance accounts for the continued effectiveness of the
pyrethroids in the management of field populations of GWSS. Synergism bioassays with piperonyl butoxide
suggest that the causal mechanism of imidacloprid resistance is due to metabolism by cytochrome P450 enzymes.

We are using biochemical and molecular techniques to investigate putative resistance mechanisms to the
neonicotinoid, pyrethroid, and organophosphate (OP) insecticide classes. Thus far, we have not identified any
acetylcholinesterase insensitivity, indicating that there is no target site resistance to OPs (or carbamates, which
share the same acetylcholinesterase target site as OPs). Esterase levels in susceptible and resistant populations are
also very homogeneous, confirming that elevated esterase levels are unlikely to play a significant role in
conferring imidacloprid resistance. The similarity in esterase levels between populations also concurs with the
similarity of responses to fenpropathrin in bioassays. The genomics data have thus far not identified any specific
markers for resistance that could be utilized for field monitoring, but we are continuing to evaluate RNA
sequencing data for susceptible and resistant populations to determine the likely involvement of cytochrome
P450s in conferring resistance to imidacloprid. As part of that effort, we have also collected GWSS insects from
nursery locations, so that we can compare complementary DNA sequence data for sodium channel (pyrethroid
target site) and nicotinic acetylcholine receptor (neonicotinoid) genes in insects from broad geographical and host
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plant ranges to determine whether mutations known to confer insecticide resistance in other arthropod species
occur in GWSS.

LAYPERSON SUMMARY
The goal of this research is to investigate the potential for the development of insecticide resistance in glassy-
winged sharpshooters (Homalodisca vitripennis) to chemicals in the carbamate, pyrethroid, and neonicotinoid
classes of insecticides, and to determine mechanisms where differences in susceptibility between populations are
identified. Additionally, we wish to simultaneously evaluate the development of resistance in various populations
of these insects that have been undergoing different levels of chemical control in grapes, citrus, commercial
nursery, and urban environments. Using topical application bioassays, we have now detected substantial
differences in response to imidacloprid (neonicotinoid) between populations collected from citrus groves in Kern,
Tulare, and Riverside Counties. Our data suggest that imidacloprid resistance confers strong cross resistance to
acetamiprid (neonicotinoid) and mild cross resistance to fenpropathrin (pyrethroid). At this time, the imidacloprid
resistance appears to be directly related to usage, with the highest levels of resistance occurring in populations
receiving conventional insecticide treatments, and no resistance in those under organic management. Our current
data indicate that the basis for the imidacloprid resistance appears to be metabolic.

INTRODUCTION
Systemic imidacloprid treatments have been the mainstay of glassy-winged sharpshooter (Homalodisca
vitripennis; GWSS) management in citrus, grapes, and commercial nursery operations. The treatments in citrus
groves are generally applied post-bloom to suppress the newly emerging spring populations. The use of winter or
early spring foliar treatments of pyrethroid or carbamate treatments was introduced to the management program to
suppress overwintering adults and reduce the first early season cohort of egg-laying adults. The combination of
early season foliar treatments combined with the more persistent systemic treatments has effectively managed
GWSS populations in Kern County for many years.

In Kern County, GWSS populations have been monitored since the area-wide treatment program was instigated
by the CDFA following an upsurge in GWSS numbers and an increase in the incidence of Pierce’s disease. The
data shows an interesting pattern of sustained suppression of GWSS populations throughout most of the 2000s,
following the implementation of the area-wide treatment program, until 2009 when numbers began to increase
again, culminating in a dramatic flare-up in numbers in 2012. In 2012, a single foliar treatment with either
Lannate® (methomyl: carbamate insecticide class), Assail® (acetamiprid: neonicotinoid insecticide class) or
Baythroid® (cyfluthrin: pyrethroid insecticide class) was applied in groves in late March, while systemic
treatments with imidacloprid (neonicotinoid insecticide class) were applied mid-March to early April. The
application of systemic imidacloprid during 2012 mirrored the strategy used in 2001 when the imidacloprid
treatments were highly effective in suppressing the GWSS populations. Despite the additional foliar treatments in
2012, the insecticide treatments failed to suppress the insect population to a level that had occurred previously.
There were concerns that in the two years prior to 2012, there was a steady increase in total GWSS numbers, an
early indication that the predominant control strategy might be failing. The consequence of the increase in GWSS
populations has been an increase in the incidence of Pierce’s disease. In the Temecula area, this worrisome
increase in GWSS has not occurred; however, the selection pressure in this area remains high as similar
management approaches are in use here as in Kern County.

There is also significant concern for the development of insecticide resistance arising from the management of
GWSS in commercial nursery production. The majority of commercial nurseries maintain an insect-sanitary
environment primarily through the use of regular applications of soil applied imidacloprid or other related
systemic neonicotinoids. For nursery materials to be shipped outside of the southern California GWSS quarantine
area, additional insecticidal applications are required. Applications of fenpropathrin (pyrethroid insecticide class)
or carbaryl (carbamate insecticide class) must be applied to all nursery stock shipped out of the quarantine area.
As with citrus and vineyard production, the potential for the development of insecticide resistance in nursery
populations of GWSS to these three classes of materials (neonicotinoids, pyrethroids, and carbamates) is high.

The focus of this study is to investigate the role of insecticide resistance as a contributing factor to the increased
numbers of GWSS that have been recorded since 2009 in commercial citrus and grapes in Kern County. Although
the primary focus of our research to date has been in Kern County, we will broaden the scope of our
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investigations to include populations from agricultural, nursery, and urban settings. This broader approach will
result in a more comprehensive report on the overall resistance status of GWSS within southern California and
will contribute to more effective resistance management plans.

OBJECTIVES
1. For commonly used pyrethroid, carbamate, and neonicotinoid insecticides, determine LC50 data for current

GWSS populations and compare the response to baseline susceptibility levels generated in previous studies.
2. Define diagnostic concentrations of insecticides that can be used to identify increased tolerance to insecticides

in insects sampled from other locations (where numbers are relatively low).
3. Monitor populations for known molecular markers of resistance to pyrethroids
4. Monitor populations for target-site insecticide resistance, by testing enzymatic activity against carbamates

using the acetylcholinesterase biochemical assay
5. Monitor populations for broad-spectrum metabolic resistance, by comparing esterase levels in current

populations of GWSS to baseline susceptibility levels we previously recorded.
6. Develop assays for additional resistance mechanisms not previously characterized in GWSS.

RESULTS AND DISCUSSION
Imidacloprid Bioassays
2018 Monitoring Data. In 2018, bioassays were conducted on insects collected from four locations in
Kern and Tulare Counties. Resistance to imidacloprid was confirmed in populations in the General
Beale Road (GBR) area (Figure 1). While the resistance in the GBR region is not new, in 2018 we
detected a highly resistant population in Tulare County. In previous work, we tested insects from an
organic grove where GWSS numbers are consistently high (using the CDFA maps as indicators of
numbers) during the summer season. During our monitoring work in 2018, we sampled insects from a
grove under conventional management located three miles from the organic site, and detected levels
of imidacloprid resistance that were comparable with those measured in the Edison and GBR
populations. Full details are provided in the caption to Figure 1.

Figure 1. Toxicological response of GWSS adults to the neonicotinoid imidacloprid applied topically to the
abdomen. Mortality was assessed at 48 hours post-treatment. Data for Ag-Ops at UC Riverside (black symbols)
were generated in 2003 and are included for comparison. Tulare 2016 (green triangles) was collected from an
organic grove in Tulare County and tested during the 2016 monitoring program. A discriminating dose bioassay
with insects from this same location (green circle) was conducted in 2018, and confirmed that the population was
still susceptible. Bioassays were also conducted with insects from the Edison (orange symbols) and General Beale
Road (blue triangle) areas, located east of Bakersfield, and confirmed a high degree of resistance at both sites. The
Tulare_Imid_2018 population (red squares) was collected from a conventional grove within three miles of the
Tulare_Organic_2018 site, and exhibited levels of resistance close to those of the GBR and Edison insects.
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Synergism of Imidacloprid Toxicity with Piperonyl Butoxide. Bioassays with synergists can assist with the
elucidation of potential resistance mechanisms that occur in insects. In an attempt to identify the mechanism
conferring insecticide resistance to imidacloprid in the Central Valley populations, we conducted discriminating
dose bioassays on the Tulare resistant strain (Tulare_Imid_2018). Pre-treatment of insects with piperonyl
butoxide, a known inhibitor of cytochrome P450 oxidase activity, had a significant effect on the efficacy of
imidacloprid (Figure 2). We are conducting further synergism studies on this strain, to determine the extent of the
synergistic effect. Thus far, the synergist effect was evaluated with a dose of 0.5 µg piperonyl butoxide applied at
one hour prior to treatment with imidacloprid.

Figure 2. Synergism of imidacloprid toxicity with piperonyl butoxide. The Tulare_Imid_2018 population
was pre-treated with 0.5 µg piperonyl butoxide/insect at one hour before treatment with imidacloprid at a
discriminating dose of 50 ng/insect. Treatment with piperonyl butoxide did not result in any mortality. Fifty
insects were treated at each dose.

Acetamiprid Bioassays
Acetamiprid is a neonicotinoid insecticide and belongs to the same insecticide class as imidacloprid. Acetamiprid
is used exclusively as a foliar treatment, in contrast to imidacloprid which is most commonly used as a systemic
treatment. In 2017, we confirmed that resistance to imidacloprid conferred cross-resistance to acetamiprid.
However, datasets were not completed for several populations during the 2017 monitoring program, due to
dwindling insect numbers late in September. The priority for 2018 was to complete the toxicological profiles for
the Edison and Highway (HWY) 65 populations.

A discriminating dose bioassay with insects from the Tulare organic grove (Tulare_Organic_2018) showed it had
the same response as the Ag-Ops data from 2003 (Figure 3). Both the Edison and GBR populations exhibited
cross-resistance between imidacloprid and acetamiprid; however, acetamiprid was more toxic than imidacloprid
to these insects, and enabled us to derive complete dose-response curves. As with imidacloprid, the response of
the HWY65 insects to acetamiprid was intermediate between the Tulare/Ag-Ops insects and the GBR/Edison
insects.

Genetic Analysis
The analysis of RNA sequencing data generated for the Tulare, HWY65, and GBR populations is
underway. The bioassay data show the likely involvement of cytochrome P450s as a potential mechanism
conferring imidacloprid resistance. This information will help guide our interpretation of the genetic data,
and shows the advantage of using a multi-disciplinary approach to addressing resistance issues.
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Figure 3. Toxicological response of GWSS adults to the neonicotinoid acetamiprid applied topically to the
abdomen. Mortality was assessed at 48 hours post-treatment. Data for Ag-Ops (black symbols) were
generated in 2003 and are included for comparison. A discriminating dose bioassay with insects from the
Tulare organic site (green circle) confirmed that the population was susceptible. Bioassays conducted with
insects from the Edison (pink symbols) and GBR (blue triangle) areas, located east of Bakersfield,
confirmed a high degree of resistance at both sites. Insects from HWY65 (orange symbols) expressed
resistance levels that were intermediate between the Tulare and GBR locations.

CONCLUSIONS
We have confirmed the variable levels of resistance to imidacloprid in Central Valley populations of the GWSS,
and confirmed with the most recent monitoring data that the resistance extends into Tulare County. The dramatic
shift in susceptibility is based on a comparison with bioassay data generated in 2003 for a population in Riverside
County that we regard as a reliable reference susceptible, and a comparison with 2016 and 2017 bioassay data for
a population collected from an organic grove in Tulare County. Of major concern is the cross resistance between
imidacloprid and acetamiprid. The presence of cross resistance to acetamiprid should preclude the use of this
insecticide as an alternative management option for insects where imidacloprid resistance has been identified. In
addition to imidacloprid resistance, we have also identified low levels of resistance to the pyrethroid
fenpropathrin. The pyrethroids continue to work effectively against imidacloprid resistant GWSS. However,
continued monitoring for pyrethroid resistance should be a high priority if this important insecticide class is to
remain effective.

The genomic work is becoming increasingly important as a tool to identify resistance mechanisms. In particular,
we are confident that the RNA sequencing analysis of populations expressing different levels of resistance to
imidacloprid, acetamiprid, and fenpropathrin will identify specific enzymes that are involved in conferring
resistance.
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ABSTRACT
The most successful example of classical grapevine breeding for resistance to Xylella fastidiosa (Xf) (to date) is
the PdR1 gene, which mediates resistance to Xf multiplication and spread in the host. PdR1 originated from wild
grapes such as Vitis arizonica and was introgressed into V. vinifera cultivated genotypes. Electropenetrography
(EPG) makes it possible to study whether vector feeding behaviors that control Xf transmission (acquisition,
retention, and inoculation) could be affected by wild grapes or their PdR1-containing offspring. If so, then PdR1
might confer resistance to Xf transmission, in addition to bacterial spread. The sharpshooter EPG X wave is
diagnostic for such a behavioral resistance mechanism because it likely represents Xf inoculation. The X wave
represents mixed plant fluid and insect saliva being taken up into the insect’s mouth cavity, swished around, then
spit back out into a xylem cell (thereby injecting any Xf loosened from the cuticle of the mouth cavity).

Last year, it was reported that X waves of blue-green sharpshooters (Graphocephala atropunctata) were
strikingly different for inoculative versus clean insects, and those on resistant versus susceptible grape. Stylet
probing behaviors of 80 sharpshooters were EPG-recorded; 20 insects on each of four treatments in a two by two
factorial experimental design. Host plants were either wild, V. arizonica b43-17 or V. vinifera Chardonnay.
Sharpshooters had putatively acquired Xf strain Stag’s Leap (i.e., were inoculative) or had not acquired Xf (were
clean). Overall, inoculative sharpshooters feeding on both host genotypes spent more than twice as much time
performing X wave behaviors as did clean insects. This finding supports that Xf biofilm formation in the mouth
cavity causes inoculative insects to more actively taste and swish fluids around (to remove clogging deposits of
biofilm) than clean insects do. In addition, one of the most important X wave components, C1, was performed for
shorter overall durations by inoculative insects on V. arizonica than on Chardonnay, despite X waves being
attempted more frequently. Some feature of V. arizonica xylem may present an impediment to fluid injection,
such as a structural (narrow cell diameter?), physical (low xylem tension?), or chemical (bad taste?) feature.

This year, preliminary findings from a second study of blue-green sharpshooter feeding continue to support a
behavioral component to PdR1 resistance. Stylet probing behaviors of 80 sharpshooters were EPG-recorded; 20
each on four, non-factorial treatments. All sharpshooters had putatively acquired Xf Stag’s Leap. Host plants were
either Chardonnay or one of three PdR1 accessions (8909-8, 8909-17, and A81-139) resulting from offspring of
V. arizonica b43-17 x V. vinifera, then backcrossed to V. vinifera. Preliminary results from four out of 20 insects
per host plant were statistically compared (α = 0.05). Sharpshooters on Chardonnay made more frequent but
shorter probes, thus more X waves, than did insects on all three PdR1 siblings. In addition, xylem sap ingestion
was significantly longer on all three PdR1 siblings than on Chardonnay. It is possible that, while sharpshooters
might acquire more bacteria (during xylem sap ingestion, if Xf were present) on the PdR1 siblings, they would be
less likely to inoculate it to clean PdR1 plants than to susceptible Chardonnay. If completed analysis of feeding
continues to support these findings, then EPG can be used to demonstrate previously unknown mechanisms of
resistance to Xf inoculation by its sharpshooter vectors. Such novel resistance traits could be pyramided with the
PdR1 traits, for more durable field resistance to Xf in the future.
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ABSTRACT
Glassy-winged sharpshooter (Homalodisca vitripennis; GWSS) transmits Xylella fastidiosa (Xf) that causes
Pierce’s disease of grapevine. Insects are known to harbor endosymbionts/microorganisms that can confer various
fitness advantages on the host including nutritional upgrading and enhancement of pathogen resistance.
Knowledge on GWSS microbial communities may help elucidate many biological processes in GWSS and
provide the baseline information needed to develop new control strategies. However, research on GWSS
microbial communities remains limited, particularly in characterization of insect prokaryotic communities
through next generation sequencing (NGS) technology. Adult GWSS from a laboratory colony established in
2018 with individuals originated from Bakersfield, California, were allowed a two-month acquisition access
period (AAP) on a grapevine infected with Xf (strain Stag’s Leap). After the AAP, total DNA was extracted and
subjected to NGS (Illumina HiSeq3000, 2x100). A total of 316,193,544 short sequence reads (101 base pairs (bp)
per read), or 31,935,547,944 bp, were generated. De novo assembling was performed and generated 550,712
contigs ranging from 500 to 341,870 bp. The circular GWSS mitochondrial genome (15,301 bp) was identified.
The whole genome sequence of Xf was assembled through reference mapping. Besides Xf, preliminary
metagenomic analysis (BLASTn against GenBank nr database and Kaiju software) confirmed the presence of
“Candidatus Baumannia cicadellinicola” and “Candidatus Sulcia muelleri” in high abundance. In addition, other
prokaryotic bacteria (tentatively at genus level) supported by >100,000 sequence reads were: Wolbachia,
Acinetobacter, Chryseobacterium, Comamonas, Sphingobacterium, and Vibrio. Further research will refine the
taxonomy nature of these bacteria and possibly more previously unknown bacteria, along with the generation of a
draft genome sequence of GWSS from California.
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Reporting Period: The results reported here are from work conducted October 2017 to October 2018.

ABSTRACT
Three economically important viruses – leafroll, red blotch, and fanleaf – are devastating the winegrape industry
by decreasing yields, lowering fruit quality, inhibiting cluster ripening, and decreasing the lifespan of vineyards.
The Lodi Grapevine Virus Research Focus Group (Virus Focus Group), formed in October 2017, has begun to
provide detailed, real-world advice on virus management topics such as how to rogue, how to economically test
for viruses, how to replant after leafroll, and how to order clean grapevines. By taking into consideration a
thorough review of virus management in the literature (previous studies), current virus research projects, regional
perceptions of viruses, and management of viruses internationally (especially in South Africa and New Zealand),
the Virus Focus Group is producing practical advice for growers while demonstrating why it is of utmost
importance financially to manage viruses now. Additionally, the Virus Focus Group will serve as a
communication network between growers, pest control advisors, nurseries, laboratories, extension personnel,
County Agricultural Commissioners, the California Department of Food and Agriculture, Foundation Plant
Services, and researchers, ensuring a long-term sustainable strategy for virus management in California. The
overall objective is to learn how to best manage and prevent grapevine virus disease in the 110,000 acres of Crush
District 11, providing outreach tools and strategies to be shared with other regions across California.
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LAYPERSON SUMMARY
Grapevine viruses pose a severe threat to the sustainability of California viticulture. Unfortunately, there is little
faith in virus prevention at any level. Growers are losing contract dollars as wineries reject grape loads due to
virus-induced ripening problems. The good news is that there are virus management strategies which growers can
implement right now in the short-term, which can be taught through real-world, hands-on integrated outreach
from a team of growers, extension personnel, pest control advisors, and scientists. With the right communication,
a long-term cooperative virus strategy can save the California winegrape industry from devastating future losses.

INTRODUCTION
Three main viruses – grapevine red blotch virus, grapevine leafroll-associated viruses, and grapevine fanleaf virus
– are currently resulting in not only a great deal of confusion but also significant economic losses for winegrowers
throughout California. Each of these viruses can cause general vine decline, decreased yields, difficulty ripening,
poor fruit quality, shortened vineyard life spans, and decreased ability of a vine to handle other stresses (Martelli,
2014; Sudarshana, 2015). Virus infections have resulted in the loss of grape contracts, the need to rogue infected
vines, and the need to remove an entire vineyard (if the infection is greater than 26-30% of vines, depending on
which economic model a grower chooses to follow) (Atallah, 2012; Ricketts, 2017). One recent study found that
for red blotch disease alone, a high infection rate costs up to $27,741 per acre (Ricketts, 2017). For leafroll, a
study in New York found the economic impact of ignoring the virus to be between $10,117 to $16,188 per acre
(Atallah, 2012). Vine mealybugs (Planococcus ficus) complicate the virus challenge as they are an extremely
efficient vector of at least five leafroll-associated viruses (Engelbrecht and Kasdorf, 1990; Tsai et al., 2010). It
only takes one mealybug to infect a vine, and virus transmission can occur in as few as 1-24 hours (Golino et al.,
2002; Tsai et al., 2008). Circumstantial evidence points towards a carryover effect with leafroll virus caused by
mealybugs, where clean vines planted in the space where leafroll-infected vines existed previously can readily
become infected (Pietersen, 2016). It is imperative to combine outreach on vine mealybugs with management of
leafroll-associated viruses via collaboration between Lodi’s Mealybug Biocontrol Research Focus Group (funded
by the American Vineyard Foundation and the Lodi Winegrape Commission) and the Lodi Grapevine Virus
Research Focus Group (Virus Focus Group).

In fact, it will take a joint effort by all sectors of the industry to find a sustainable solution which will allow
growers to continue profitably farming winegrapes. Growers need more education to make responsible virus
management decisions. Even when responsible growers plan ahead and pay extra for CDFA-certified material,
viruses and/or mealybug vectors are too often slipping through registered nursery doors. Preliminary case study
collections are uncovering a lack in formal reporting procedures for when this scenario occurs, making it difficult
for the industry to know there is need for improvement in virus prevention protocols. When 300-acre vineyards
must be ripped out due to a virus infection after being in the ground for less than four years, there is a problem.
The best way to learn is by doing, and Lodi growers are learning the hard way that ignoring grapevine viruses –
either individually or as an industry – is one expensive mistake.

Despite many costly experiences with virus-infected grapevines, it has been surprising to discover that no one in
Lodi has a working “virus best management protocol” in place. A true protocol would need to include nursery
ordering, replanting following a leafroll infection, employee education, mealybug and ant control, scouting and
roguing procedures, economic thresholds, sampling and testing procedures, mapping, and a great deal of
organized record-keeping. For a grower or even a large vineyard operation to have the depth of knowledge and
time required to create such a management protocol for viruses would be nearly impossible. Luckily, the Virus
Focus Group is investing the time and skills of an entire team to learn everything they can about viruses and their
management, and then distribute this knowledge in the form of easily understandable, integrated outreach.

Growers need answers on how to manage viruses now, and they need to hear economically relevant stories to
decide for themselves why they should care about viruses. Even many well-educated growers are left thinking, “Is
it worth it for me to worry about viruses if they are everywhere? Even if I knew how to manage for them, I
couldn’t afford it.” Add in a general lack of knowledge about the different viruses – leafroll, red blotch, and
fanleaf – and it is easy to see that an integrated, extensive virus outreach program is needed immediately. On the
flip side, the California winegrape industry needs stronger communication between growers, nurseries,
laboratories, researchers, and government programs to find a long-term strategy for lowering the state’s inoculum
and reducing the spread of viruses.
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OBJECTIVES
The overall objective is to learn how to best manage and prevent grapevine virus disease in the 110,000 acres of
Crush District 11, providing outreach tools and strategies to be shared with other regions across California. This
main objective will be accomplished by the following sub-objectives:
1. To investigate the current status of grapevine virus knowledge, both at the academic level and at the regional

grower level. This ongoing investigation will include a grapevine virus literature search and the collection of
case studies about grapevine viruses locally, statewide, and internationally.

2. To learn how to best test and rogue infected grapevines for virus management, developing and incorporating
economic thresholds into outreach materials.

3. To learn best practices for replacement of an existing leafroll-infected vineyard.
4. To formulate a long-term management plan for economically feasible and impactful virus control strategies in

Lodi and California.
5. To develop and deliver timely, relevant educational materials and approachable outreach for best virus

management practices for growers.
6. To establish priorities for further grapevine virus research projects.

RESULTS AND DISCUSSION
Grapevine virus management has been established as a top outreach and research priority for Lodi, due to severe
economic losses from region-wide virus infections and a general lack of knowledge about viruses. Lodi’s
winegrowing community is fully committed to learning more about viruses in general and to discovering
sustainable, economically viable management options to allow for profitable grape growing.

Objective 1. To Investigate the Current Status of Grapevine Virus Knowledge, Both at the Academic Level
and at the Regional Grower Level. This Ongoing Investigation Will Include a Grapevine Virus Literature
Search and the Collection of Case Studies About Grapevine Viruses Locally, Statewide, and Internationally
Monthly meetings of the Virus Focus Group, monthly pest management network breakfast meetings, a large
Mealybug & Virus Outreach meeting, as well as numerous personal conversations with local growers and other
regional grower groups has revealed a great lack of knowledge about viruses in the California winegrape industry.
Although the majority of growers are experiencing virus symptoms (red leaves or trouble ripening grapes), they
have yet to understand the differences between the three main economically important viruses or to begin to
manage for them. A significant amount of misinformation exists in all industry sectors from the nursery to the
vineyard to the winery.

We’ve collected scientific articles, textbooks, online information, and a grower workbook on leafroll virus from
sources in the USA and internationally. All information is shared within the Virus Focus Group and discussed at
length during the monthly meeting, trying to understand how each piece of information applies locally in
California. Information concerning leafroll from South Africa and New Zealand has been extremely useful and
has allowed us to develop an overall virus strategy (Figure 1) at a faster pace. We’ve been able to share and
discuss our findings and materials with other interested regional grower groups (including The Vineyard Team,
the Monterey County Vintners & Growers Association, the Contra Costa Winegrowers Association, the California
Association of Winegrape Growers, and the Washington Winegrowers Association) so that we all may learn and
work together.

Case studies regarding the economics of virus management and individual virus-related situations are being
collected and used in research and outreach. The financial losses experienced due to viruses are much greater than
our local winegrowing community had realized. For example, one 70-acre block planted in 2012 was infected
with leafroll virus and had to be removed in 2018, at a total loss (including revenues) of at least $2.5 million. The
collection and sharing of local case studies is helping influence growers towards learning more about viruses and
how to manage them.
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Figure 1. A visual representation of the overall virus strategy for California to guide the outreach initiatives
of the Virus Focus Group. Created by Bolton for the 2018 Mealybug & Virus Outreach Meeting.

Objective 2. To Learn How to Best Test and Rogue Infected Grapevines for Virus Management,
Developing and Incorporating Economic Thresholds into Outreach Materials
Research into virus testing procedures revealed that there is no standard protocol for virus testing in California,
nor is there a virus-specific accreditation available for laboratories. Virus testing is expensive (in the range of
$150-300 per sample or vine) and directions for sample collection need to be followed carefully for the most
accurate results. On April 4, 2018, the Lodi Winegrape Commission hosted the first meeting where all seven
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grapevine testing laboratories came together with growers, nurseries, and pest control advisors (PCAs). At this
meeting it was decided that a third-party ring test would help improve the accuracy and reliability of California
virus testing. Dr. Bob Martin at the USDA Agricultural Research Service in Oregon is orchestrating the ring test
for fall 2018 with samples donated by Dr. Maher Al Rwahnih from Foundation Plant Services (FPS) at UC Davis.
All seven California laboratories will be invited to participate. The Virus Focus Group will also work with FPS to
help teach growers how to properly take virus testing samples for each laboratory.

Efficient use of $22,000 worth of CDFA grant money awarded for regional virus testing will allow us to meet the
following goals:
1. To experience virus testing with all seven laboratories as a grower would for improved, real-world

educational materials on “how to test.”
2. To determine if leafroll 3, red blotch, and/or fanleaf virus play a role in a regional mystery vine collapse

disease.
3. To create a Leafroll Virus Demonstration Vineyard with scouting and training opportunities.
4. To gather virus case studies and photographs from across the Lodi American Viticultural Area (AVA) which

are verified by testing and can be used in educational materials.
5. To teach growers and PCAs how to sample and test for viruses (each sampling is an opportunity to teach the

grower and/or his or her PCA how to test).
6. To show growers, especially those in virus denial, how widespread grapevine viruses are across the Lodi

AVA.
7. To determine which leafroll 3 virus strains exist in the Lodi AVA (M. Al Rwahnih will be testing selected

samples to the strain level).

Objective 3. To Learn Best Practices for Replacement of an Existing Leafroll-Infected Vineyard
Grapevine root remnants remain alive for several years after the removal of a vineyard, and the results below
show that these root pieces can test positive for leafroll virus (Figure 2). Cooperators are experimenting with
methods to kill grapevines, to remove as much root material as possible, and to best prepare the soil following the
removal of a leafroll-infected vineyard. Methods used in New Zealand with imidacloprid drenches are being
evaluated.

Figure 2. Wonderful Nurseries performed a complimentary virus test on root remnants to show growers
that leftover root pieces can be an inconspicuous source of leafroll 3 virus inoculum. (Slide created by
Bolton for 2018 Mealybug & Virus Outreach Meeting.)
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Objective 4. To Formulate a Long-Term Management Plan for Economically Feasible and Impactful Virus
Control Strategies in Lodi and California
As viruses are costing everyone a good deal of money, people have been more than willing to work together to
find long-term strategies for virus control statewide. The first step is to get all the entities (nurseries, laboratories,
extension personnel, County Agricultural Commissioners, scientists, the National Clean Plant Network, and the
CDFA) talking to each other, with informed growers as part of these conversations. Thus far, we have had
discussions with every group listed. All entities are being invited and encouraged to work with the Virus Focus
Group, and as mentioned earlier, teamwork with other grower groups has begun as well.

Objective 5. To Develop and Deliver Timely, Relevant Educational Materials and Approachable Outreach
for Best Virus Management Practices for Growers
The Lodi Winegrape Commission has multiple established channels for communicating with growers and the
industry. The 750 growers and 200 supporting members of the winegrowing community (as well as the additional
LODI RULES community, reaching ten other Crush Districts, and a network of Lodi wineries) receive
information about virus educational workshops via mailings (postcards advertising events and a newsletter), email
(a list-serve of over 800 people), twitter (@LodiGrower), a website (lodigrowers.com), and a blog
(lodigrowers.com). Each method of communication listed provides an opportunity not only for educational
outreach, but also for a conversation to begin between the recipient and the Virus Focus Group.

The Integrated Outreach Strategy
Open Communication Virus Meetings for Growers. The Lodi Winegrape Commission hosts monthly pest
management network breakfast meetings where anyone in the Commission network (growers, PCAs, winemakers,
etc.) can stop in and ask questions about grapevine pests and diseases. Beginning in April 2018, we devoted a
portion of these roundtable meetings to viruses and their vectors so that the community has a consistent,
approachable place to come with virus questions. At least three members of the Virus Focus Group are always in
attendance. (Impact: 1,000+ industry members invited to meetings; free and open to the public.)

Virus Management Demonstration Vineyards. Two Virus Management Demonstration Vineyards are being
established in Lodi, where growers can observe virus management in practice, learning symptom identification
and how to mark and rogue vines during annual tailgate talks. The financials of the vineyards in terms of virus
management, along with successes and failures, will be discussed openly. Demo Vineyard #1 will be an example
of moving from >60% leafroll infection to effective leafroll control. Demo Vineyard #2 will be an example of
<25% leafroll infection managed with roguing. Virus testing will be conducted to show results over time and to
aid in a hands-on virus symptom identification workshop. In addition, red delta mealybug traps will be
demonstrated as a tool for vector monitoring. Every fall, there will be a tailgate talk at each vineyard to discuss
virus management. (Impact: 1,000+ industry members invited to annual tailgate talks; free and open to the
public.)

Annual Virus Workshop (in spring of every year). Every year, the Lodi Winegrape Commission hosts a Virus
Workshop with updated information and case studies from growers. This workshop provides timely, relevant
information on nursery ordering, the CDFA Grapevine Registration & Certification Program, red blotch virus,
leafroll virus, fanleaf virus, virus management, mealybugs, ants, and replanting after a virus infection. The first
Workshop hosted by the Virus Focus Group (along with a similar team, the Mealybug Focus Group) was held on
April 4, 2018 and over 150 people from all over California attended the half-day meeting (Figure 3). Attendees
received two complimentary mealybug traps (courtesy of Suterra) along with instructions on how to use them.
Several attendees also received a draft version of a Nursery Ordering 101: Viruses booklet (see Grapevine Virus
Workbook section). A follow-up workshop with Suterra helped people learn how to identify the male mealybugs
in their traps, and the Lodi Winegrape Commission has since served as a resource for male mealybug
identification. All seven virus testing laboratories in California attended the outreach meeting and six stayed in the
afternoon for a break-out session on how to improve virus testing. This was the first time that all virus testing
laboratories came together. Another afternoon break-out session discussed mealybug biocontrol trials.
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Figure 3. The 2018 Mealybug & Virus Outreach Meeting in Stockton, CA.

In 2019, the Workshop will include roundtable meetings for nurseries, laboratories, Agricultural Commissioners,
regional grower associations, and extension personnel to discuss short- and long-term strategies. Also in 2019,
South African Gerhard Pietersen (leafroll expert) and Cornell University’s Dr. Marc Fuchs (red blotch expert)
will be invited as keynote speakers and to consult with nurseries, CDFA, and growers. (Impact: 1,200+ industry
members invited to annual workshops; free and open to the public.)

Grapevine Virus Grower Workbook. A Grapevine Virus Grower Workbook is being created which teaches
growers why they need to care about viruses (using financial examples and case studies), where to start if their
vineyard is sparsely or completely infected, how to identify/sample/test vines, how to rogue, the differences
between red blotch, leafroll, and fanleaf viruses, and how to order CDFA-certified virus tested rootstock and scion
from a nursery – plus why that is financially and socially important. The Workbook will include plentiful, recent
photographs, case studies, myth-busters, question & answer sections, industry interviews, and very importantly
sections where the grower can record pertinent virus management information for each vineyard. Instead of
waiting until the entire Workbook is ready for publishing (which will be too late), we will publish four to five
small booklets as the information is verified and available, starting with a nursery ordering instructional booklet
(Nursery Ordering 101: Viruses; draft released in April 2018). Other booklet topics will potentially be how to tell
if you have grapevine viruses, what to do if you have an infected vineyard (both sporadic and total infection), how
to replant after a total leafroll infection, and how to manage a vineyard for viruses in general. These small
booklets will undergo a grower test run in Lodi, then we will publish all the improved small booklets together
after grower input as a Virus Workbook. The Workbook will be worked through with growers at neighborhood
“kitchen table” meetings with members of the Virus Focus Group. The Workbook will also be available
electronically on flash drives along with further virus educational materials, including a 15-20-minute virus video
featuring growers speaking candidly about virus management. (Impact: distributed through Lodi Winegrape
Commission to 800+ community members; available to the public and other winegrowing regions.)

LODI RULES Sustainability Standards: Viruses. The Virus Focus Group along with the Lodi Winegrape
Commission’s LODI RULES Committee will write new grapevine virus management standards for consideration
in the LODI RULES Sustainable Winegrowing Program. (Impact: 46,000+ acres in California/Israel and 200+
growers.)
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These new standards will be shared with the Sustainability in Practice (SIP) and the California Sustainable
Winegrowing Alliance (CSWA) certification programs.

Objective 6. To Establish Priorities for Further Grapevine Virus Research Projects
Thus far, it appears that research on the following topics is much needed:
1. An effective and efficient ant bait for use on large (50+ acre) blocks to control ants which tend mealybugs.
2. The depth that mealybugs can be found on vine roots during the overwintering period (research is planned

with Dr. Kent Daane).
3. A prevention strategy for leafroll replants (both individual vines and entire vineyard blocks).
4. The role of viruses in complexes with other biotic and abiotic stresses.
5. Rootstock and scion combinations which are more or less prone to virus disease symptoms.
6. How to determine the percent of a vineyard which is infected with virus in a cost-effective manner.
7. Cost-effective methods of virus testing.

CONCLUSIONS
Establishing the Virus Focus Group and developing an agreed-upon outreach strategy has brought new energy and
momentum towards solving the virus challenge and has opened communication between all sectors of the industry
to openly discuss successes and failures in virus management. The collaborative nature of this community, along
with the immense experience of the Cooperators and openness of expert consultants Gerhard Pietersen and Marc
Fuchs, sets the stage for quickly discovering and implementing both short- and long-term virus management
strategies first in Lodi and then statewide. There is a common recognition now that viruses are not just a nursery
problem or that one neighbor’s bad luck. Grapevine viruses are everywhere and are thus everyone’s problem –
creating a unifying goal of finding real-world solutions so that everyone can stay in business.

These coordinated efforts directed by the Lodi Winegrape Commission, a trusted source for real-world grower
education, will reach over 1,000 winegrape growers and PCAs to quickly and effectively implement virus
management initiatives while establishing priorities for future research. Cooperators are willing to invest their
time and money into discovering virus management strategies for the greater good, and they are very capable of
comparing management techniques due to the large number of acres they cover. Demonstration vineyards will be
managed by experienced growers in the LODI RULES sustainable winegrowing program, ensuring farming
practices which are environmentally responsible and economically feasible. Outreach materials created,
workshops and meetings hosted, and the communication channels which are opening between industry sectors
will be of utmost importance for the winegrape industry across the state of California, as we collectively develop
a long-term strategy for lowering the state’s inoculum and reducing the spread of viruses.
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ABSTRACT
This ongoing study used RNA sequencing and metabolite profiling to explore the effects of individual and mixed
infections of grapevine leafroll-associated viruses (GLRaVs) on ripening and to identify which pathways are
involved in responses and symptoms. The rootstocks, scions, and infections used in this study were selected to
improve the likelihood of generating commercially transferable knowledge. The vineyard used consists of
Cabernet Franc grapevines grafted to Kober 5BB or MGT 101-14 rootstocks and carrying consequential GLRaVs.
Cabernet Franc was used because it produces clear symptoms to GLRaVs. Among the treatments established in
the vineyard, vines carrying GLRaV-1, GLRaV-3, GLRaV-5, GLRaV-1 + GLRaV-2, and GLRaV-1 + GLRaV-3
were included because infections with one or more of these viruses are associated with a range of symptoms of
varying severities. The data generated may be used in the future to develop strategies to mitigate the detrimental
effects of these viruses on ripening.

LAYPERSON SUMMARY
Our previous reports described that the 2017 samples had been crushed, total soluble solids measured, hormone
detection and quantification methods were developed, the RNA sequencing libraries were sequenced, and the
initial statistics were generated to determine which genes were impacted by each individual or dual infection and
how rootstock might influence these effects. We also confirmed the infection status of the experimental vines for
the 2018 sampling season. Currently, more detailed analyses of the 2017 RNA sequencing data are ongoing, as
are the hormone and metabolite extractions and analyses from that year. We also completed the sampling for the
2018 sampling year and the samples are currently being crushed.

INTRODUCTION
Grapevine leafroll-associated viruses (GLRaVs) are the most widespread and economically damaging viruses
affecting viticulture (Goheen et al.,1959; Maree et al., 2013; Naidu et al., 2015, Atallah et al., 2012). Plants’
responses to viruses generally include a multitude of changes in metabolism, gene expression, and gene regulation
(Alazem & Lin, 2014; Bester et al., 2016; Blanco-Ulate et al., 2017; Moon & Park, 2016). However, there is a gap
in knowledge concerning the specific regulation of the response to GLRaVs and which pathways determine
GLRaV symptoms and their severity. The effects of GLRaVs can include poor color development in red grapes,
non-uniform or delayed ripening, reduced sugar content in berries, altered tannins, pigments, and acids, curling
leaves, reddening or chlorotic interveinal areas, and high crop loss (Atallah et al., 2012; Guidoni et al., 2000;
Vega et al., 2011; Alabi et al., 2016; Lee & Martin, 2009; Lee & Schreiner, 2010). The severity of GLRaV
symptoms is influenced by host genotype (Guidoni et al., 2000), which virus or combination of viruses is present,
scion-rootstock pairings (Fuchs et al., 2009; Prosser et al., 2007; Golino et al., 2003; Lee & Martin, 2009), and
environmental factors (Cui et al., 2017). The experiments proposed will test our hypotheses that (1) GLRaVs
disrupt berry development and the accumulation of flavor and aroma metabolites by altering hormone networks
and (2) the differences in symptoms associated with different GLRaVs are due to non-uniform impacts on some
metabolite and gene regulatory pathways.
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OBJECTIVES
1. Profile genome-wide transcriptional changes as a result of individual and combinations of GLRaV infections

during grape berry development.
2. Identify secondary metabolic pathways that underlie the altered biochemical composition of GLRaV infected

berries.
3. Determine changes in plant hormone biosynthesis, accumulation and signaling that are associated with the

abnormal ripening of GLRaV-infected berries.

RESULTS AND DISCUSSION
Pre-Objectives
Sampling and Sample Preparation 2017. GLRaV infections (or their lack of in control vines) as well as the
specific strains involved were confirmed by molecular testing at Foundation Plant Services (FPS) prior to
sampling. Photographs were taken and berries were collected at four distinct developmental stages (pre-véraison,
véraison, post-véraison, and harvest) from Cabernet Franc grapevines grafted to MGT 101-14 and Kober 5BB
rootstocks. Twenty berries were picked from each of six vines at each sampling date and from each viral
treatment. Berries were sampled evenly throughout the plant. Following their sampling, berries were crushed and
their total soluble solids (TSS) were measured.

Measurement of Brix 2017. Differences in TSS were observed at each time point in the experiment that were
dependent on the combination of infections and rootstock.  These results were reported previously.

Sampling and Sample Preparation 2018. The Golino group oversaw re-testing of the experimental vines for
viruses to ensure the same conditions in 2018 as in 2017. The grapevines were monitored throughout June in
order to best estimate the beginning of samplings in 2018. Fruits were sampled at the same four developmental
stages as in 2017. As in 2017, plants were photographed to monitor the onset of leafroll symptoms. Berries were
deseeded and frozen at -80°C; these samples are currently being crushed and their TSS are being measured.

Objective 1. Profile Genome-Wide Transcriptional Changes as a Result of Individual and Combinations of
GLRaV Infections During Grape Berry Development
Justification. The RNA-sequencing data to be generated will provide a quantitative, comprehensive view of the
changes in gene expression due to GLRaVs associated with primary and secondary berry metabolism.

Selection of Samples for RNA-seq 2017. Following the collection, crushing, and measurement of TSS in six
biological replicates, four of six were selected for the preparation of RNAseq libraries.

Library Preparation and Sequencing 2017. RNA extractions, library preparation, and sequencing are complete.
Libraries with fewer than 12 million reads were re-sequenced. Following resequencing, the median number of
reads sequenced for the 192 libraries was 17,256,960. The minimum and maximum number of reads sequenced
among the 192 libraries were 12,007,531 and 34,591,412, respectively.

Statistical Analysis and Differential Expression 2017. The library normalization and differential gene expression
analysis is complete and we are exploring the results. Among these results were as many as approximately 5,000
genes differentially expressed in berries given identical virus infections but from plants grafted to different
rootstocks.

Objective 2. Identify Secondary Metabolic Pathways That Underlie the Altered Biochemical Composition
of GLRaV Infected Berries
Justification. Changes in the expression of secondary metabolism-associated genes can reveal mechanisms that
underlie impaired berry metabolism and accumulation of commercially significant metabolites.

Overrepresented Gene Ontological Categories. To summarize the disparate impact of the viruses and rootstocks
on gene expression during ripening, an overrepresentation test was used to identify overrepresented groups among
differentially expressed genes, as well as disparately affected metabolite pathways.
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Objective 3. Determine Changes in Plant Hormone Biosynthesis, Accumulation, and Signaling That Are
Associated with the Abnormal Ripening of GLRaV-Infected Berries
Justification. Hormones play a major role in regulating ripening, disease responses, and the metabolic changes
associated with both. Changes in the abundance of hormones will show which hormone pathways regulate
GLRaV responses.

Hormone Identification by Liquid Chromatography - Mass Spectrometry (LC-MS) Using an In-House Dataset.
Pre-existing datasets were used by the Ebeler group to identify the correct signatures of several hormones of
interest. The same samples used for RNA sequencing are being used for the measurement of hormones and other
metabolites. We optimized our extraction method and these extractions are ongoing, as is analysis of the samples
by LC-MS. We are also preparing extracts for the targeted measurement of commercially important phenolic
metabolites, including anthocyanins and other flavonoids.

CONCLUSIONS
Leafroll viruses are among the most consequential pathogens affecting grapevines. In 2017 and 2018, berries were
sampled from Cabernet Franc grapevines grafted to different rootstocks and infected with individual or
combinations of leafroll viruses. RNA sequencing and LC-MS were used to better understand the impact of
infections on hormones, secondary metabolites, and signaling pathways during ripening. Preliminary results
indicate significant differences in the impact of infections related to rootstock and results of the metabolite
analyses are forthcoming.

REFERENCES CITED
Alabi OJ, Casassa LF, Gutha LR, Larsen RC, Henick-Kling T, Harbertson JF, Naidu RA. 2016. Impacts of

grapevine leafroll disease on fruit yield and grape and wine chemistry in a wine grape (Vitis vinifera L.)
cultivar. Plos One, 11(2), e0149666. http://doi.org/10.1371/journal.pone.0149666.

Alazem M, Lin N-S. 2014. Roles of plant hormones in the regulation of host-virus interactions. Molecular Plant
Pathology 16(5):529–540. http://doi.org/10.1111/mpp.12204.

Atallah SS, Gomez MI, Fuchs MF, Martinson TE. 2012. Economic impact of grapevine leafroll disease on Vitis
vinifera cv. Cabernet Franc in Finger Lakes vineyards of New York. American Journal of Enology and
Viticulture 63(1):73–79. http://doi.org/10.5344/ajev.2011.11055.

Bester R, Burger JT, Maree HJ. 2016. Differential expression of miRNAs and associated gene targets in
grapevine leafroll-associated virus 3-infected plants. Archives of Virology 162(4):987–996.
http://doi.org/10.1007/s00705-016-3197-9.

Blanco-Ulate B, Hopfer H, Figueroa-Balderas R, Ye Z, Rivero RM, Albacete A, et al. 2017. Red blotch disease
alters grape berry development and metabolism by interfering with the transcriptional and hormonal
regulation of ripening. Journal of Experimental Botany 68(5):1225–1238. http://doi.org/10.1093/jxb/erw506.

Cui Z-H, Bi W-L, Hao X-Y, Li P-M, Duan Y, Walker MA, et al. 2017. Drought stress enhances up-regulation of
anthocyanin biosynthesis in grapevine leafroll-associated virus 3-infected in vitro grapevine (Vitis vinifera)
leaves. Plant Disease 101(9):1606–1615. http://doi.org/10.1094/PDIS-01-17-0104-RE.

Fuchs M, Martinson TE, Loeb GM, Hoch HC. 2009. Survey for the three major leafroll disease-associated viruses
in Finger Lakes vineyards in New York. Dx.Doi.org, 93(4):395–401. http://doi.org/10.1094/PDIS-93-4-0395.

Goheen AC, Hewitt WB, Alley CJ. 1959. Studies of grape leafroll in California. American Journal of Enology
and Viticulture 66(2):112–119. http://doi.org/10.5344/ajev.2014.14055.

Golino D, Sim ST, Rowhani A. 2003. The role of rootstock genotype in the effects of single and mixed infection
of grapevine viruses. Proceedings of the 14th International Congress on Virus and Virus-Like Diseases of
Grapevine. Locorotondo, Italy, pp. 246-247.

Guidoni S, Mannini F, Ferrandino A, Argamante N, Di Stefano R. 2000. Effect of virus status on leaf and berry
phenolic compounds in two wine grapevine Vitis vinifera cultivars. Acta Horticulturae (526):445–452.
http://doi.org/10.17660/ActaHortic.2000.526.49.

Lee J, Martin RR. 2009. Influence of grapevine leafroll associated viruses (GLRaV-2 and -3) on the fruit
composition of Oregon Vitis vinifera L. cv. Pinot noir Phenolics. Food Chemistry 112(4):889–896.
http://doi.org/10.1016/j.foodchem.2008.06.065.

Lee J, Schreiner RP. 2010. Free amino acid profiles from “Pinot noir” grapes are influenced by vine N-status and
sample preparation method. Food Chemistry 119(2):484–489. http://doi.org/10.1016/j.foodchem.2009.06.045.



- 183 -

Maree HJ. et al. 2013. Grapevine leafroll-associated virus 3. Frontiers in Microbiology 4(82).
http://doi.org/10.3389/fmicb.2013.00082.

Moon JY, Park JM. 2016. Cross-talk in viral defense signaling in plants. Frontiers in Microbiology 7(307):904.
http://doi.org/10.3389/fmicb.2016.02068.

Naidu RA, Maree HJ, Burger JT. 2015. Grapevine leafroll disease and associated viruses: A unique pathosystem.
Annual Review of Phytopathology 53(1):613–634. http://doi.org/10.1146/annurev-phyto-102313-045946.

Prosser SW, Goszczynski DE, Meng B. 2007. Molecular analysis of double-stranded RNAs reveals complex
infection of grapevines with multiple viruses. Virus Research 124(1-2):151–159.
http://doi.org/10.1016/j.virusres.2006.10.014.

Vega A, Gutiérrez RA, Peña-Neira A, Cramer GR, Arce-Johnson P. 2011. Compatible GLRaV-3 viral infections
affect berry ripening decreasing sugar accumulation and anthocyanin biosynthesis in Vitis vinifera. Plant
Molecular Biology 77(3):261–274.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.

ACKNOWLEDGEMENTS
We would like to acknowledge all Cantu lab members for participating in the sampling process and especially
Eric Tran, Rosa Figueroa, Jadran Garcia Navarrete, Daniela Quiroz Larrain, Lucero Espinoza, and Diana Liang
for preparing samples and extracts for downstream applications.



- 184 -

SEASONAL ECOLOGY AND TRANSMISSION EFFICIENCY OF THREE-CORNERED ALFALFA
HOPPER AND OTHER NOVEL INSECT VECTORS OF GRAPEVINE RED BLOTCH VIRUS

Principal Investigator:
Kent Daane
Dept. Environ. Sci., Policy, & Mgmt.
University of California
Berkeley, CA 94720
kdaane@ucanr.edu

Co-Principal Investigator:
Houston Wilson
Department of Entomology
University of California
Riverside, CA 92521
houston.wilson@ucr.edu

Cooperator:
Monica Cooper
Cooperative Extension
University of California
Napa, CA 94559
mlycooper@ucanr.edu

Post-Doctoral Researcher:
Jeremy Anderson
Dept. Environ. Sci., Policy, & Mgmt.
University of California
Berkeley, CA 94720
jandersen@berkeley.edu

Laboratory Technician:
Armand Yazdani
Dept. Environ. Sci., Policy, & Mgmt.
University of California
Berkeley, CA 94720
armand.yazdani@berkeley.edu

Laboratory Technician:
Kei-Lin Ooi
Dept. Environ. Sci., Policy, & Mgmt.
University of California
Berkeley, CA 94720
keilinooi@berkeley.edu

Reporting Period: The results reported here are from work conducted July 2018 to October 2018.

ABSTRACT
Grapevine red blotch virus (GRBV) is a circular, single-stranded DNA virus (Geminiviridae: Grablovirus)
associated with red blotch disease in winegrapes (Vitis vinifera) which negatively impacts crop vigor, yield, and
quality. Surveys over the past five years have identified cultivated and wild grape (Vitis spp.) as the only known
host plant reservoirs of this virus. While insect surveys in vineyards have shown that a limited number of insects
can carry the virus (primarily Cicadellidae and Membracidae), so far only the three-cornered alfalfa hopper
(Spissistilus festinus; TCAH) has been shown to transmit GRBV between grapevines. We are now entering a
second phase of research about this virus and its insect vectors, in which knowledge of the ecology and
transmission efficiency of the known vector TCAH will be refined and a short list of remaining candidate vectors
will be evaluated. The goal of this newly-funded research program will be to not only improve our understanding
of GRBV epidemiology, but to translate this knowledge into actionable management strategies for growers to
adopt.

LAYPERSON SUMMARY
Grapevine red blotch virus (GRBV) is associated with red blotch disease in winegrapes (Vitis vinifera) and
negatively impacts crop vigor, yield, and quality. Surveys have revealed that the virus only infects grapes (Vitis
spp.). While multiple insects have tested positive for GRBV, only the three-cornered alfalfa hopper (Spissistilus
festinus; TCAH) has been shown to actually transmit the virus between grapevines. We are now in the process of
developing a better understanding of the seasonal ecology and transmission efficiency of TCAH in vineyards.
Additionally, we plan to test the ability of any remaining candidate insect vectors to transmit GRBV. Our goal is
to use this information to develop actionable management strategies for commercial grape growers to help reduce
the incidence and spread of GRBV in vineyards.

INTRODUCTION
Grapevine red blotch virus (GRBV) is a circular, single-stranded DNA virus (Geminiviridae: Grablovirus) and is
associated with red blotch disease in winegrapes (Vitis vinifera) (Krenz et al., 2012; Varsani et al., 2017).
Symptoms of red blotch include reddening of leaf veins and the appearance of blotchy red areas on the leaf
surface and/or at the leaf margin. Red blotch disease negatively impacts crop vigor, yield, and quality. Diseased
vines typically exhibit reduced photosynthesis and stomatal conductance, delayed fruit maturation, decreased
accumulation of sugars and anthocyanins, and lower pruning and berry weights (Al Rwahnih et al., 2013;
Sudarshana et al., 2015; Blanco-Ulate et al., 2017).

While this disease was first reported in 2008 in a Napa County vineyard, subsequent surveys found GRBV to be
widespread throughout North America (Krenz et al., 2014) and testing of archival plant material revealed the virus
has been present in California since at least 1940 (Al Rwahnih et al., 2015). The wide geographic distribution of
GRBV implicates that this virus was likely distributed via infected nursery material, although many have also
reported in-field spread of red blotch disease. While increased incidence of red blotch disease over time within
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vineyards and/or clustering of symptomatic vines gave reason to believe in the existence of one or more vectors, it
could be argued that such trends were the result of environmental factors leading to latent expression of symptoms
in some GRBV-positive vines. Yet the argument for an insect vector was strengthened by surveys that revealed
the presence of GRBV in wild Vitis spp. naturally established outside of vineyards (Bahder et al., 2016a; Perry et
al., 2016) and shortly thereafter it was shown that a treehopper, the three-cornered alfalfa hopper (Spissistilus
festinus; TCAH) could successfully transmit GRBV between grapevines (Bahder et al., 2016b).

All characterizations of GRBV to date have placed it within the Geminiviridae (Krenz et al., 2012; Al Rwahnih et
al., 2013; Sudarshana et al., 2015; Varsani et al., 2017). The only known vectors of viruses in this family are
hemipterans, in particular leafhoppers, treehoppers, and whiteflies (Briddon and Stanley, 2015; Bahder et al.,
2016b). Key vineyard hemipterans that are known to regularly feed on grapevines include Erythroneura
leafhoppers (Cicadellidae: E. elegantula, E. variabilis, and E. ziczac), mealybugs (Pseudococcidae: Planococcus
ficus, Pseudococcus maritimus, Ps. viburni, and Ferrisia gilli), blue-green sharpshooter (Cicadellidae:
Graphocephala atropunctata), and to a lesser extent phylloxera (Phylloxeridae: Daktulosphaira vitifoliae), grape
whitefly (Aleyrodidae: Trialeurodes vittatas), and lecanium scale (Coccidae: Parthenolecanium corni). While
many of these candidate vectors are frequently encountered and/or in high abundance in vineyards, so far
experiments have shown that only TCAH can successfully transmit GRBV between grapevines (Daane et al.,
2017).

While the ecology and management of TCAH has been well defined for multiple leguminous crops like alfalfa,
soybeans, and peanuts (Meisch and Randolph, 1965; Mueller and Dumas, 1975; Moore and Mueller, 1976;
Mitchell and Newsom, 1984; Wilson and Quisenberry, 1987; Johnson and Mueller, 1989; Wistrom et al., 2010;
Beyer et al., 2017), very little is known about this insect in vineyards. Facing a lack of information, growers
concerned about the spread of GRBV in their vineyards may be inclined to preemptively apply chemical controls
for TCAH. As such, new information on TCAH population dynamics, transmission efficiency, and economic
thresholds in vineyards will be critical to the development of sustainable integrated pest management programs.

In addition to TCAH, broad testing of numerous non-economic insects in vineyards has revealed a number of
potentially novel candidate vectors, including Melaniolarus sp. (Cixiidae), Osbornellus borealis (Cicadellidae),
and Colladonus reductus (Cicadellidae) (Cieniewicz et al., 2017; Fuchs et al., 2017). Like TCAH, these
organisms are typically found in low abundance in vineyards but are none-the-less present in and around these
systems (Wilson et al., 2016; Daane et al., 2017).

While we know that TCAH can reproduce on certain leguminous annual ground covers found in vineyards
(Zalom et al., 2017), the role of perennial non-crop plants found outside of or adjacent to vineyards is less clear.

Recent work has demonstrated that TCAH densities in vineyards do not appear to be influenced by proximity to
natural habitats such as oak woodland and riparian areas (Zalom et al., 2017). While many of the perennial plants
found in such habitats can likely serve as suitable overwintering sites, or even reproduction sites (less likely), the
TCAH do not appear to have an obligate relationship with any particular perennial species. That said, they do
appear to make some use of these plants, and more information on this will contribute to a better understanding of
their seasonal ecology and movement between vineyards and natural habitats.

OBJECTIVES
1. Identify TCAH overwintering and reproduction sites.
2. Determine timing of vineyard colonization by TCAH, including movement into the vine canopy and cane

girdling.
3. Evaluate novel insect vector candidates.
4. Quantify TCAH transmission efficiency.

RESULTS AND DISCUSSION
Objective 1. TCAH Overwintering Sites and Reproduction on Non-Crop Perennial Plants
Initial efforts to identify TCAH overwintering sites and reproductive hosts outside of vineyards have been
inconclusive (Daane et al., 2017). A previous survey of non-crop plants conducted between March and November
2015/2016 recovered TCAH adults on toyon (Heteromeles arbutifolia), wild grape (Vitis spp.), and various
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ground covers, primarily legumes. While TCAH is known to reproduce on legumes, it is unclear, but probably
unlikely, that toyon and wild grape play any role in their reproductive cycle. A similar survey of non-crop plants
was conducted between December and February 2017/2018 that yielded no TCAH. This effort will be expanded
to include more sample sites and increased diversity of habitats in winter 2018/2019 and beyond.

Objective 2. Timing of TCAH Colonization, Movement into the Vine Canopy, and Cane Girdling
In February 2017 we established a study in Napa County and Sonoma County vineyards to evaluate the activity of
TCAH populations along transects that extend out from large patches of natural habitat into vineyards. Field sites
consist of vineyard blocks >2 acres adjacent to riparian and/or oak woodland habitat. There are five total study
sites. All vineyard blocks are red varietals that are at least five years old and located on level ground with similar
trellis and irrigation systems. All plots are maintained insecticide free throughout the course of the study.

At each site insects are sampled along five parallel transects (positioned 20 meters apart) that extend out from the
riparian or oak woodland habitat (i.e., “natural habitat”) into the vineyard. Each transect is 160 meters long, going
10 meters into the natural habitat and 150 meters into the vineyard. Along each transect samples are taken at the
interior of the natural habitat (10 meters into the habitat) as well as at the edge and interior of the vineyard (10 and
150 meters into the vineyard, respectively). The edge of the vineyard and natural habitat are typically separated by
a roadway or path that is about five meters wide. Densities of TCAH, Erythroneura leafhoppers, and other
hemipterans are being monitored along the transects approximately every two weeks using a combination of
yellow sticky traps, sweep nets and beat sheet sampling. Two yellow sticky traps (16 x 10 cm, Seabright
Laboratories, Emeryville, CA) are placed at each transect point. In the vineyard, one trap is placed in the vine
canopy (approximately four feet above the ground surface) and another trap is hung from irrigation lines
(approximately one foot above the ground surface). In the natural habitat, two sticky traps are hung from a pole at
each transect point at a height equal to those in the vineyard (i.e., one trap four feet and the other one foot above
the ground surface). Traps are replaced approximately every two weeks between March 2017 and March 2019.
Sweep nets are used to sample ground covers. At each transect point, a set of 30 unidirectional sweeps are
collected from the ground covers using a 30.5 cm diameter sweep net (BioQuip Products, Rancho Dominguez,
CA). Proportion of ground cover to bare soil is recorded, along with species composition and ground cover status
(i.e., proportion of cover that was still green/healthy). A modified beat sheet is used at each transect point to
sample the canopy of grapevines (in the vineyard) and non-crop species (in the natural habitat). The beat sheet
consists of a one meter2 nylon funnel that feeds into a detachable one-gallon plastic bag. For each sample, the
funnel is held beneath the canopy while vigorously shaking the plant (or vine) for 30 seconds to dislodge insects
into the funnel and plastic collection bag. Each month, vines along each vineyard transect point are evaluated for
signs of TCAH feeding damage (i.e., girdling of leaf petioles). At each vineyard transect point, one cane from
each of 10 randomly selected vines is visually inspected for leaf girdling. Total leaf nodes and leaf girdles per
cane were recorded for each vine.

Here, we are reporting preliminary findings on TCAH adult densities observed in this study to date. TCAH
activity showed a strong temporal trend, with densities generally increased between June and August along with
some activity in March and October/November. Comparing the different sampling techniques, the highest TCAH
densities were recorded on yellow sticky traps, followed by sweep nets and then beat sheets. While there was no
clear gradient of TCAH activity across the transect points, densities on the yellow sticky traps and in the sweep
samples were slightly elevated in natural habitats in early June just prior to increases observed in the vine canopy
at both the vineyard edge and interior in the following round of sampling. Changes in TCAH densities between
the ground covers and vine canopy were not always clearly reflected in the data. While densities in the vine
canopy did increase as the proportion of healthy/green ground covers diminished, some TCAH could still be
found on the little bit of ground cover that remained later in the season. Surprisingly these late season TCAH were
most frequently encountered on ground covers in the vineyard interior. Finally, petiole girdling became apparent
in August, with a higher proportion of girdles located at the vineyard interior. This increase in girdling in August
follows increased TCAH densities observed in the vine canopy between June and August.

Objective 3. Evaluation of Novel Insect Vector Candidates
Candidate vectors are those insects collected in a previous survey that tested positive for GRBV, which includes
Melaniolarus sp. (Cixiidae), Osbornellus borealis (Cicadellidae), Colladonus spp. (Cicadellidae), and
Scaphytopius spp. (Cicadellidae). While these species can be found in vineyards, they are generally very low in
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abundance. As such, robust colonies of each species will need to be established in order to conduct adequate
transmission experiments, and this will be the focus of our efforts in 2019.

Objective 4. TCAH Transmission Efficiency
Previous transmission experiments (2015 to 2017) were conducted under greenhouse conditions using potted
grapevines. Candidate vectors evaluated included western grape leafhopper (Erythroneura elegantula), Virginia
creeper leafhopper (Erythroneura ziczac), grape whitefly (Trialeurodes vittatas), vine mealybug (Planococcus
ficus), blue-green sharpshooter (Graphocephala atropunctata), and foliar form grape phylloxera (Daktulosphaira
vitifoliae). To date, none of these candidates have been able to move GRBV between potted vines.

While Bahder et al. (2016b) demonstrated that TCAH can transmit GRBV between potted grapevines in a
greenhouse, it remains unclear how well TCAH can move this virus under field conditions. As such, we are
currently evaluating TCAH transmission using field vines for virus acquisition. That is, TCAH are caged on
known positive vines in commercial vineyards for a 48-hour period and then moved to clean potted vines in the
greenhouse. We would eventually like to place infected TCAH onto uninfected field vines >5 years old, pending
that a field site can be located for this.

CONCLUSIONS
Over the past five years we have drastically improved our understanding of GRBV epidemiology, host plants, and
insect vectors. We have effectively defined a narrow list of non-crop reservoirs for this virus and whittled down
the range of candidate insect vectors. While it has been demonstrated that TCAH can transmit GRBV between
vines, many questions remain about transmission efficiency, especially under field conditions and, more
generally, TCAH seasonal ecology in vineyards. Additional candidate vectors remain to be tested as well,
including Colladonus spp. and Scaphytopius spp. As we enter this second phase of research, our goal is to better
characterize TCAH activity in vineyards and adjacent natural habitats, quantify transmission efficiency, and test
any remaining candidate vectors.
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ABSTRACT
The vine mealybug (Planococcus ficus; VMB) is a severe vineyard pest that contaminates fruit, debilitates vines,
and transmits plant pathogens such as grapevine leafroll-associated virus-3. First reported in California from vines
in the Coachella Valley, VMB soon spread throughout much of the state, likely on infested nursery stock. It is
currently found in most California grape-growing regions and its range continues to expand, making this pest a
serious threat to other grape-growing regions of the United States. The ongoing expansion of VMB in California
and continued risk of its introduction into new areas necessitate better understanding of the factors driving its
invasion. Here we use survey data on 2012-17 VMB occurrence to characterize the factors associated with VMB
establishment and spread in Napa County, California. This work also identifies factors underlying hotspots in
VMB activity, quantifies spatiotemporal patterns in VMB occurrence, and clarifies pathways that contribute to
VMB spread. All analyses are ongoing or pending. Ultimately, results of this investigation can improve
understanding of the educational and regulatory steps needed to mitigate VMB impact in Napa vineyards.

LAYPERSON SUMMARY
The invasive vine mealybug (Planococcus ficus; VMB) is an aggressive pest in California vineyards, where it
reduces vine health and contaminates fruit. VMB management is challenging and costly - $300 to $500 per acre
per year. Since VMB has proven difficult to eradicate once established, these costs are often incurred yearly for
the life of the vineyard. VMB distribution is still expanding within California, and there is continued risk of
introduction to other grape-growing regions of the United States. Although VMB biology and management have
been intensively studied, the factors governing its invasion and spread are poorly characterized. Analyzing the
patterns of VMB occurrence in surveys conducted in Napa County from 2012 to 2017 will help explain why
certain areas are heavily infested by this pest and what areas are most at risk of infestation in the future. An
improved understanding of the pathways by which this insect disperses naturally or is moved by human activity
also will inform regulatory steps and direct educational efforts toward mitigating spread by targeted risk reduction
strategies. Ultimately, such information is critical for developing a strategic response to this important pest.

INTRODUCTION
Geospatial analyses and niche-based/species distribution modeling have previously been used to characterize
plant, aquatic invertebrate, amphibian, and insect invasions. Results of these and similar investigations have been
applied, with varying degrees of success, to develop early detection strategies, identify and prioritize management
in high risk areas, and minimize monitoring expenditures (Thuiller et al. 2005, Bradley et al. 2010, Venette et al.
2010, Jiménez-Valverde et al. 2011, Vincente et al. 2016). An intriguing possibility is that information gained
from geospatial analyses of invader spread and niche-based/species distribution modeling of suitable habitat for
invaders may be used to simulate invader dispersal and predict invader distributions. Ensuing predictions of
invader distributions could then guide detection and management efforts, as well as be evaluated and refined using
field-collected data on invader occurrence. Here we use such tools to improve response to an important invasive
insect in California, the vine mealybug (Planococcus ficus; VMB).

VMB is a severe vineyard pest that contaminates fruit, debilitates vines, and transmits plant pathogens such as
grapevine leafroll-associated virus-3 (Daane et al. 2012; Almeida et al. 2013). Management of VMB has proven
challenging and often requires the use of multiple tactics, including biological control, mating disruption and
insecticides (Daane et al. 2008). Management can be particularly complicated in coastal wine grape-growing
regions where climatic conditions are favorable and Argentine ants (Linepithema humile) disrupt biological control
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(Daane et al. 2007; Gutierrez et al. 2008). Management costs may range from $300 to $500 per acre, per year, and
due to the aggressive nature of VMB populations, these practices cannot be neglected.

VMB was first reported in California from vines in the Coachella Valley (Gill 1994) and soon spread throughout
much of the state, likely on infested nursery stock (Haviland et al. 2005). It is currently found in most California
grape-growing regions (Godfrey et al. 2002; Daane et al. 2004a, 2004b). However, despite the continued
expansion of VMB in California, its current distribution in Napa County and areas at risk of VMB introduction in
this region are not well characterized.

OBJECTIVES
Given the ongoing expansion of VMB in California and continued risk of its introduction into new areas, a better
understanding is needed of what is driving its invasion. The overall goal of this research is to characterize the
factors associated with VMB establishment and spread in Northern California vineyards, which will be addressed
via the following objectives:
1. Quantify the spatiotemporal patterns in VMB occurrence to identify invasion hot spots and patterns of spread.
2. Characterize the landscape, climatic, and anthropogenic factors associated with current VMB occurrence to

predict areas at risk to invasion.
3. Validate and update predictions of VMB risk via in-field monitoring.

RESULTS AND DISCUSSION
Survey data on 2012-17 VMB occurrence were acquired from the Napa County Agricultural Commissioner’s
Office and cleaned (i.e., removal of duplicate records, filling in missing information, correction of data
inconsistencies, etc.). Traps in each year were georeferenced relative to grid cells in the CDFA Statewide Grid
System. Both the greatest number of traps recording captures and number of male VMB captured were recorded
in 2017, but the number of male VMB caught varied considerably among trapping years (Table 1). The reported
total number of male VMB caught in 2017 is likely a conservative reflection of actual abundance as all
individuals were not counted in traps that captured more than 100 individuals. A total of 4,148 traps were
deployed in 2017; VMB captures in this year appear to be highly clustered in grid cells located in the south-
central region of Napa (Figure 1).

Table 1. Summary of 2012-17 cumulative trapping effort for VMB in Napa County, California.

Year # traps
deployed

# traps recording
VMB captures

Total # male
VMB captured

2012 4,021 577 49,327
2013 3,437 327 16,488
2014 3,580 296 43,444
2015 3,479 841 26,577
2016 4,004 1,415 49,785
2017 4,148 1,602 >55,723

Objective 1. Quantify the Spatiotemporal Patterns in VMB Occurrence to Identify Invasion Hot Spots and
Patterns of Spread
Analyses of spatiotemporal trends in VMB occurrence in 2012-17 are complete. More specifically, we evaluated
the strength of spatial autocorrelation (SAC) among VMB trap detections, identified hotspots in VMB occurrence,
and quantified both the directionality and rate of VMB spread in Napa for each study year.

We first analyzed the strength of SAC among traps that recorded VMB captures in an effort to characterize the
scale of VMB movement. Pair correlative functions were used to estimate the strength of SAC for each study
year; larger values indicate stronger SAC. In all years, SAC was greatest at the distance between traps (~250 m).
This trend in the spatial scale and strength of SAC is attributable to the regular spacing between traps in each
year, and because of this regular spacing, we are unable to quantify SAC at finer spatial scales. However, the
strength of SAC varied across study years; SAC was greatest in 2013 and weakest in 2016 (Figure 2).
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Figure 1. 2017 trapping effort for VMB in Napa County, with red cells denoting locations where VMB was
detected and black cells denoting where traps did not detect VMB.

Figure 2. Estimates of the strength of spatial autocorrelation (SAC) as a function of distance. The strength
of SAC was greatest in 2013 (solid black line) and weakest in 2016 (dashed red line). Grey shaded areas
around each estimate represent 95% confidence intervals.

Hotspots in VMB occurrence are areas where a statistically greater numbers of traps recorded VMB captures
relative to the rest of Napa County. Hotspots were identified by aggregating all traps recording VMB captures in
each year within 1 km2 grid cells. A Getis-Ord statistic was then used to compare the total number of traps
recording captures in each grid cell to all other grid cells within Napa County. Hotspots of VMB occurrence were
identified in each study year (Figure 3). Generally, the locations of hotspots were consistent between years,
though there was also a greater amount of area that qualified as a hotspot in later years.

The rate of VMB spread was quantified via distance regression, square-root area regression, and boundary
displacement methods (Tobin et al. 2015). For each method, traps recording VMB captures in each year were
subset by three different thresholds (presence-only, 10, or 100 VMB). Mean estimates of yearly VMB spread, and
their associated errors, varied substantially among the three methods used (Table 2). The distance regression and
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boundary displacement methods produced the most conservative and liberal estimates, respectively. The boundary
displacement method also quantifies the directionality of VMB spread. In general, there was considerable
variation in the magnitude and directionality of VMB spread within and between study years, as well as the
imposed thresholds of VMB abundances.

Figure 3. Hotspots (red) of VMB occurrence in Napa County, 2012-17.

Table 2. Mean estimates and standard errors (in meters) of yearly VMB spread generated via distance
regression, square-root area regression, and boundary displacement methods.

Distance Square-root area Boundary
displacement

Threshold Mean Error Mean Error Mean Error
Presence-only 365.9 31.0 779.8 261.2 832.6 41.0

10 310.1 39.9 572.8 230.1 848.1 41.0
100 299.5 87.8 94.9 257.3 890.3 62.6

Objective 2. Characterize the Landscape, Climatic, and Anthropogenic Factors Associated with Current
VMB Occurrence to Predict Areas at Risk to Invasion
Analyses of the landscape, climatic, and anthropogenic factors associated with current VMB occurrence were also
completed. All 2012-17 records of VMB presence and absence were compiled by considering unique traps that
recorded VMB detections in at least one year (presence, n = 2,208) or were deployed in at least one year but never
recorded a VMB detection (absence, n = 2,318). Variables of interest include 19 climate variables (WorldClim
layers), elevation, percent impervious surface, and trap distance to nearest road and nearest winery. We also
employed spatial eigenvector filtering to generate spatial predictors that reduce the signature of spatial
autocorrelation among our presence-absence data. The final, Akaike Information Criterion (AIC)-informed model
was used in conjunction with generalized linear models, boosted regression trees, and random forest algorithms to
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assess the relative importance of each predictor variable, quantify the magnitude and directionality of each
predictor-VMB relationship, and generate predictions of habitat suitability for VMB throughout Napa County.

All modeling and ensemble methods employed to predict habitat suitability for VMB in Napa County performed
well (all Receiver Operating Characteristic (ROC) values > 0.8 and True Skill Statistic (TSS) values > 0.6). The
boosted regression tree and random forest algorithm methods slightly outperformed the generalized linear
modeling method. The grand ensemble method was the best-performing method employed (ROC = 0.953, TSS =
0.753).

The relative importance of our selected anthropogenic, climatic, and environmental predictor variables varied
among the modeling and ensemble methods employed (Figure 4). In general, the amount of precipitation in the
driest month, elevation, and trap distance to nearest winery were identified as the most important predictors of
VMB occurrence. Precipitation in the driest month and trap distance to nearest winery were negatively associated
with VMB occurrence whereas the probability of VMB occurrence increased slightly with increasing elevation
(Figure 5). Conversely, trap distance to nearest road was the least important predictor across all modeling and
ensemble methods and exerted little effect on the probability of VMB occurrence.

Figure 4. Relative importance of selected climatic, environmental, and anthropogenic variables in
explaining VMB occurrence in Napa County. Note the different y-axis scale between panels.
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Figure 5. Mean fitted responses (solid black line) and 95% confidence interval (grey dashed line) of select
landscape, climatic, and anthropogenic varaibles from grand ensemble predictions of habitat suitability.

Habitat suitability in the grand ensemble model was predicted to be greatest surrounding Napa and St. Helena,
and the central-eastern portion of Napa County (Figure 6). Regions of Napa County where viticulture is largely
absent, such as the northeastern portion of the county, are generally predicted to be of poor suitability.
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Figure 6. TSS-weighted grand ensemble prediction of habitat suitability for VMB in Napa County.

Objective 3. Validate and Update Predictions of VMB Risk Via In-Field Monitoring
Work on Objective 3 has commenced and will leverage the results of Objectives 1 and 2 to evaluate the accuracy
of predictions of habitat suitability and risk of VMB infestation via in-field monitoring. Currently, we are working
with grapegrowers and vineyard managers to identify vineyards that remain uninfested by VMB as well as
vineyards where novel VMB infestations were recently identified. Within-vineyard data on pesticide application,
use of mating disruption, and prevalence of infestation are being collected. These vineyards will be surveyed in
Summer 2019, to evaluate the infestation status relative to predicted habitat suitability, VMB management, and
the distance of each surveyed vineyard to the nearest prior VMB detection. This analysis will allow us to assses
the explanatory power of VMB habitat suitability predictions and invasion kernels from prior detections, and to
refine predictions for the areas most at risk to VMB infestation in the near future.

CONCLUSIONS
Our findings indicate that VMB invasion of Napa County is well beyond the initial invasion stages and is actively
spreading throughout this region. Future VMB spread may continue to occur via natural and/or human-assisted
pathways at rates upwards of 850 meters per year. We detected substantial heterogeneity in both the distribution
of statistically significant hotspots of VMB detections and estimated habitat suitability for VMB over the study
region. The amount of precipitation in the driest month, elevation, and trap distance to nearest winery were
identified as the most important and strongly associated predictors of habitat suitability for VMB.
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ABSTRACT
Leafroll is one of the most devastating and widespread viral diseases of grapevines. It causes economic losses by
reducing yield, delaying fruit ripening, increasing titratable acidity, lowering sugar content in fruit juices,
modifying aromatic profiles of wines, and shortening the productive lifespan of vineyards. Among the viruses
associated with leafroll disease, grapevine leafroll-associated virus 3 (GLRaV-3) is dominant in vineyards. This
virus is transmitted by several species of mealybugs, including the grape mealybug (Pseudococcus maritimus),
which is its most abundant and widely-distributed vector, and a pest of grapes. Management of leafroll viruses
and their mealybug vectors remains challenging due to a lack of recognized host resistance. Our research is
exploring RNA interference (RNAi), a technology that has been successfully applied against viruses of fruit crops
and phloem-feeding insects, to achieve resistance against GLRaV-3 and the grape mealybug. For RNAi against
the grape mealybug, the osmoregulation genes AQP1 and SUC1 were characterized by reverse transcription
polymerase chain reaction (RT-PCR) using total RNA from specimens from a colony maintained in the
greenhouse, with overlapping degenerate primer pairs designed in conserved regions of the genes of interest based
on alignments of similar sequences of other hemipterans. The cloned AQP1 fragment is 490 base pairs (bp) in size
and the cloned SUC1 fragment is 394-bp in size. For RNAi efficacy, a nonspecific nuclease (NUC) was
characterized from the grape mealybug to prevent the degradation of double-stranded RNA (dsRNA) constructs,
using overlapping degenerate primer pairs designed in highly-conserved regions of similar sequences of other
hemipterans, and used in RT-PCR with total RNA from the colony population. The cloned NUC fragment is 877-
bp in size. Sequence analysis of the cloned PCR amplicons validated the nature of the AQP1, SUC1, and NUC
products obtained. To evaluate the performance of dsRNA constructs against the grape mealybug, a transient
assay based on detached Pixie grape leaves is developed. Preliminary results on dsRNA uptake using excised
leaves are encouraging. In parallel, conserved nucleotide regions within the open reading frame coding for protein
p19.7 (p19.7), a viral RNA silencing suppressor, the coat protein (CP), the RNA-dependent RNA polymerase
(RdRp), and the heat shock 70 homolog (HSP70h) of GLRaV-3 were identified. Sets of overlapping primer pairs
covering conserved regions of p19.7, CP, RdRp, and HSP70 were designed and used in RT-PCR. Amplicons of
the expected size were obtained, cloned, and validated by sequencing. One inverted-repeat p19.7 construct was
engineered and transferred into embryogenic calli of rootstock 110R via Agrobacterium tumefaciens-mediated
transformation for the production of transgenic grapevines. It is anticipated that a pyramided approach for the
simultaneous engineering of resistance against GLRaV-3 and the grape mealybug will protect grapevines against
GLRaV-3 and the grape mealybug.

LAYPERSON SUMMARY
Leafroll disease affects yield, fruit ripening, and aromatic profiles of wines. Grapevine leafroll-associated virus 3
(GLRaV-3) is the predominant virus associated with leafroll disease in vineyards. This virus is transmitted by
several species of mealybugs, including the grape mealybug (Pseudococcus maritimus), which is its most
abundant and widely-distributed vector, as well as a pest of grapes. Management of leafroll viruses and their
mealybug vectors is challenging due to a lack of recognized host resistance. We explore RNA interference
(RNAi) technologies to achieve resistance against GLRaV-3 and the grape mealybug by simultaneously
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interfering with the expression of key genes of the virus and its major vector. For RNAi against the grape
mealybug, our targets are osmoregulatory genes that are expressed in the gut and required for water balance and
survival. Two osmoregulation genes from the grape mealybug, as well as another gene that is essential for RNAi
efficacy, were isolated and characterized. In parallel, a transient assay based on detached Pixie grape leaves was
examined to evaluate the performance of double-stranded RNA (dsRNA) constructs against the grape mealybug.
Preliminary results on dsRNA uptake using this assay are encouraging. For RNAi against the virus, conserved
nucleotide sequence regions within four coding viral regions were identified and characterized. Among these four
regions, an inverted-repeat p19.7 construct was engineered and used for the production of transgenic grapevines
via Agrobacterium tumefaciens-mediated transformation. It is anticipated that an approach combining resistance
against GLRaV-3 and the grape mealybug will protect grapevines against the major virus of leafroll disease and
its widely distributed insect vector.

INTRODUCTION
Leafroll is one of the most devastating and widespread viral diseases of grapevines. It reduces yield, delays fruit
ripening, increases titratable acidity, lowers sugar content in fruit juices, modifies aromatic profiles of wines, and
shortens the productive lifespan of vineyards (Almeida et al., 2013; Naidu et al., 2014). The economic cost of
leafroll is estimated to range from $12,000 to $92,000 per acre in California (Ricketts et al., 2015) and from
$10,000 to $16,000 per acre in New York (Atallah et al., 2012).

Six major viruses named “grapevine leafroll-associated viruses” (GLRaVs), e.g., GLRaV-1, -2, -3, -4, -7, and -13,
have been identified in diseased vines (Ito and Nakaune, 2016; Naidu et al., 2014; Naidu et al., 2015). Among
these viruses, GLRaV-3 is the dominant leafroll virus in vineyards, including in California (Maree et al., 2013;
Naidu et al., 2014; Naidu et al., 2015). This virus is phloem-limited and semi-persistently transmitted by several
species of mealybugs, with acquisition and inoculation occurring within a one-hour access period of feeding by
immature mealybug stages (Almeida et al., 2013). There is no significant effect of host plant tissue on
transmission efficiency; nor is there specificity of transmission (Almeida et al., 2013; Naidu et al., 2014),
indicating that many mealybug species may disseminate all transmissible strains of GLRaV-3.

Mealybugs are sap-sucking insects in the family Pseudococcidae. They are pests of grapes and many other
important crops. At high densities, mealybugs can cause complete crop loss, rejection of fruit loads at wineries,
and death of spurs, although small infestations may not inflict significant direct damage. In the feeding process,
mealybugs excrete honeydew that often becomes covered with a black sooty mold, which additionally damages
fruit clusters. Several mealybug species feed on vines but the grape mealybug (Pseudococcus maritimus) is the
most abundant and widespread in U.S. vineyards (Almeida et al., 2013). Unassisted, mealybugs have limited
mobility, but first instar immatures (crawlers) can be dispersed over long distances by wind and other means
(Almeida et al., 2013).

In diseased vineyards, management strategies rely on the elimination of virus-infected vines and the reduction of
mealybug populations through the application of systemic insecticides, primarily spirotetramat. However,
managing leafroll viruses and their mealybug vectors remains challenging due to several factors, including a lack
of recognized host resistance (Oliver and Fuchs, 2011). Resistance can be achieved by applying RNA interference
(RNAi) technologies. The approach relies on the development of double stranded RNA (dsRNA) constructs
targeting specific pathogen or insect genes and their use to specifically down-regulate their expression upon
infection or feeding. The RNAi approach is highly specific, and is anticipated to reduce hazards of chemical
pesticide applications. The fact that mealybugs transmit leafroll viruses offers an opportunity to explore a two-
pronged approach to simultaneously target virus and vector (Fuchs, 2017).

The goal of our research is to develop a robust RNAi-based strategy against GLRaV-3 and the grape mealybug.
The basis for our approach is three-fold. First, mealybug survival depends on two gene functions localized to the
gut that prevent osmotic collapse and dehydration of the insect, as it feeds on its sugar-rich diet of plant phloem
sap. These genes are the water channel aquaporin AQP1 and the sucrase-transglucosidase SUC1 (Jing et al.,
2016), with evidence that insect mortality is enhanced by co-targeting these two genes with different molecular
function but related physiological role (Tzin et al., 2015). Perturbing the expression of osmoregulatory genes
required for water balance, specifically AQP1 and SUC1, in the gut of phloem-feeding insects causes the insects
to lose water from the body fluids and dehydrate, dying within two to three days (Karley et al., 2005; Shakesby et
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al., 2009; Tzin et al., 2015). Second, the functions of AQP1 and SUC1 can be targeted by in planta RNAi, with
evidence from related phloem-feeding insects that RNAi efficacy is enhanced by stacking these RNAi constructs
with RNAi against the gut nuclease (NUC1) (Luo et al., 2017). Third, RNAi has been being successfully applied
against viruses of fruit crops such as papaya (Gonsalves et al., 2008) and plum (Hily et al., 2004). The proposed
research is to develop grapevines resistant to GLRaV-3 and the grape mealybug using RNAi by pyramiding
dsRNA constructs against several targets of the virus and the insect vector, providing for greater efficacy in
disease management and greater opportunities in impeding the development of virus and insect vector populations
capable of overcoming the resistance.

OBJECTIVES
Our specific objectives are to:
1. Optimize RNAi constructs against the grape mealybug.
2. Develop a high throughput transient expression system to test the efficacy of RNAi constructs against the

grape mealybug.
3. Characterize stably transformed RNAi grapevines.
4. Disseminate information to stakeholders through presentations at conventions and workshops.

RESULTS AND DISCUSSION
Objective 1. Optimize RNAi Constructs Against the Grape Mealybug
To optimize RNAi constructs against the grape mealybug, AQP1 and SUC1 have been characterized by reverse
transcription polymerase chain reaction (RT-PCR) using total RNAs isolated from crawlers of a grape mealybug
colony maintained on Pixie grapes in the greenhouse and overlapping primers. The cloned AQP1 fragment is 490
base pairs (bp) in size, and the cloned SUC1 fragment is 394-bp in size. The sequences of AQP1 and SUC1 were
used to design dsRNA constructs which were cloned in a binary plasmid for expression in planta. Their
expression is driven by the phloem-specific promoter sucrose-H+ symporter (SUC2) to target RNAi expression to
the preferred feeding sites of the grape mealybug.

To enhance the efficacy of RNAi against the grape mealybug, dsRNA constructs against the osmoregulation
genes AQP1 and SUC1 were stacked. Additionally, we identified NUC1, a non-specific nuclease that is expressed
in the gut and functions to degrade ingested dsRNA (Christiaens et al., 2014; Luo et al., 2013), by RT-PCR using
overlapping primers and total RNA from crawlers. A dsRNA NUC1 construct should protect dsRNA against
degradation and dramatically increase insect mortality by stacking dsRNA against the osmoregulation genes with
dsRNA against the nuclease, as recently documented (Luo et al., 2017). The NUC1 dsRNA construct will be
stacked with dsRNA constructs to AQP1 and SUC1. The feasibility of this approach is assured by our previous
research, in which up to five dsRNA constructs for in planta delivery were used with no effect on plant growth or
development but with high mortality of psyllid and whitefly pests (Luo et al., 2017; Tzin et al., 2015).

For GLRaV-3, dsRNA0 constructs to the suppressor of RNA silencing p19.7 and the coat protein (CP) open
reading frame were engineered. Additional dsRNA constructs from conserved regions of the viral genome were
developed by analysis of aligned virus nucleotide sequences available in GenBank and identification of short
stretches of conserved regions. Emphasis was placed on the RNA-dependent RNA polymerase (RdRp) and the
heat shock protein 70 homolog (HSP70h) open reading frames of GLRaV-3. Conserved regions were identified
for RdRp and HSP70h. We retrieved full-length GRLaV-3 genome sequences available in GenBank and analyzed
them to identify highly conserved nucleotide sequence regions. Search outputs revealed conserved nucleotide
stretches of 100-300 nucleotides in size for CP, RdRp, and HSP70h. Individual conserved regions were amplified
by RT-PCR using specific primers and total RNA from GLRaV 3-infected grapevines as template. The integrity
of these constructs was verified by restriction digestions and sequencing. Each of these fragments was cloned into
the plasmid pEPT8 - a plasmid derived from pUC19 that contains the cauliflower mosaic virus 35S promoter
sequence and nopaline synthase terminator sequence - and subsequently into binary plasmid pGA482G for
mobilization into Agrobacterium tumefaciens strain C58 for plant transformation. DsRNA constructs to GLRaV-3
RdRp and HSP70h will complete the CP and p19.7 dsRNA constructs previously engineered.

Anticipating the engineering of stacked dsRNA constructs to the grape mealybug and GLRaV-3 for combined
resistance to the virus and its most abundant vector, targeting the viral silencing suppressor p19.7 (Gouveia et al.,
2012) is not optimal. This is because RNAi should be fully effective and no silencing suppressor should be used
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for maximal efficacy. Therefore, dsRNA constructs of GLRaV-3 CP, RdRp, and HSP70h will be stacked first, and
these constructs will then be stacked with dsRNA constructs of AQP1, SUC1, and NUC1 from the grape
mealybug. The GLRaV-3 dsRNA construct pGA482G-LR3p19.7-4 (against the viral silencing suppressor p19.7)
will continue to be used, but only for resistance against GLRaV-3.

Objective 2. Develop a High Throughput Transient Expression System to test the Efficacy of RNAi
Constructs Against the Grape Mealybug
To develop a high throughput transient expression system to test the efficacy of RNAi constructs against the grape
mealybug, optimizing the delivery of dsRNA constructs to grape tissue was a priority. This work is critical for the
future development of RNAi transient bioassays to identify the most promising dsRNA constructs against the
grape mealybug. Efforts included the monitoring of the behavior of the grape mealybug on tissue culture grown
grape plantlets, anticipating that transient assays will be carried out on this type of plant material, perhaps via
vacuum-assisted infiltration (Yepes et al., 2018). Crawlers were deposited on leaves and stems of tissue culture
grown plantlets and observed over time (Figure 1). Unfortunately, this new habitat was not optimal for crawlers,
as the majority of specimens did not survive the transfer from Pixie grapes onto stems or leaves of tissue culture
grown grapevines, regardless of the nature of the plant material, i.e., Vitis vinifera cultivars or rootstock genotype,
as shown by repeated counts within two to three weeks.

Figure 1. Grape mealybug crawlers on a stem of a tissue culture-grown V. vinifera
cv. Syrah grape plantlet.

Since tissue culture grape material was shown to be suboptimal for transient assays with dsRNA constructs based
on the behavior of the grape mealybug, the use of detached leaves of Pixie grapes was investigated. Pixie is a
natural dwarf grapevine derived from the periclinal chimera of V. vinifera cv. Pinot Meunier. It has short
internodes and is a preferred host of the grape mealybug. To test the feasibility of a detached leaf assay, we
excised young Pixie leaves and placed them in microfuge tubes containing distilled water or a red food dye
(10%). Red pigmentation was visible in the veins of Pixie leaves within one hour, and more pigment continued to
disperse in subsequent hours (Figure 2). This initial work revealed that a food dye spreads from the stem of a
detached Pixie grape petiole throughout the leaf, particularly to its very small veins. This result is very
encouraging for the delivery of dsRNA constructs against the grape mealybug in transient assays.

Next, grape mealybugs from a colony maintained on potted Pixie vines in the greenhouse were deposited on
detached Pixie leaves to evaluate their behavior on this new habitat. A high survival rate (more than 80%) of
grape mealybugs was consistently obtained in replicated assays, even after two weeks of exposure (Figure 3).

Such conditions are anticipated to be well adapted to evaluate the effect of stacked AQP1, SUC1, and NUC1
dsRNA constructs against the grape mealybug in a transient assay based on excised Pixie leaves. The next step
was to determine if a dsRNA construct can be administered to an excised petiole of a Pixie leaf. We used a
dsRNA construct to the green fluorescent protein (GFP) as a proxy for dsRNA constructs to the grape mealybug.
First, we tested the stability of the GFP dsRNA construct in water over time. No degradation was observed for the
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GFP dsRNA construct over the course of the experiment (0 to 24 hours), as shown by electrophoresis on an
agarose gel (Figure 4).

Figure 2. Absorption of red food coloring by detached leaves of Pixie grape. Left panel: A subset of leaves are
exposed to red food coloring (top) vs. distilled water (bottom). Middle and right panels: Close-up of primary,
secondary, and tertiary veins of leaves exposed to water (left) versus red food coloring (right). Pictures were taken
18 hours after exposure.

Figure 3. Close-up of an excised Pixie leaf with its petiole immersed in water
and mealybug adults feeding on secondary veins.

Figure 4. Analysis of the stability of a GFP dsRNA construct kept in water after
0 (lane 2), 0.5 (lane 3), 1 (lane 4), 2 (lane 5), 6 (lane 6), 12 (lane 7), and 24 (lane
8) hours by electrophoresis on an agarose gel.
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Then, the GFP dsRNA construct (0.05 µg/µl in 200 µl solution) was added to the microfuge tubes containing
excised Pixie leaves and its presence was tested by Northern blot hybridization in tissue collected from Pixie
leaves at 24 hours post-soaking using a specific 32P-labled probe (Figure 5). Analysis of the Northern blot image
showed an uptake of the GFP dsRNA construct by excised Pixie leaves. Results were also consistent with the
integrity of the GFP dsRNA detected in leaf tissue and some degradation possibly due to the plant RNAi
machinery, since several DNA products of lower molecular mass than the 0.4kb full-length GFP dsRNA construct
were detected.

1 2 3

Figure 5. Northern blot hybridization of total RNA extracted from excised Pixie
leaves for which the petiole was immersed into a GFP dsRNA solution for 24
hours (lane 2) or water (lane 3). Lane 1 is the GFP dsRNA construct in water as
positive control.

Recently we initiated Northern blot hybridization experiments to determine whether the GFP dsRNA construct
can be detected in grape mealybugs exposed to excised Pixie leaves soaked in a GFP dsRNA construct for 24-48
hours. This analysis is critical for determining whether the intact dsRNA construct is delivered to the insect and
diced by the RNAi machinery of the insect to 21 nucleotide (nt) small interfering RNA (siRNA), with minimal
nonspecific degradation. Optimizing such conditions is vital prior to running separate experiments with dsRNA
constructs to AQP1, SUC1, and NUC and testing their effect on the survival of grape mealybugs.

Objective 3. Characterize Stably Transformed RNAi Grapevines
To characterize stably transformed RNAi grapevines, an inverted-repeat p19.7 construct was engineered and used
for the production of transgenic grapevines via A. tumefaciens-mediated transformation. Embryogenic cultures of
rootstock genotypes 110R and 101-14 were used for stable transformation experiments. Following transformation
with A. tumefaciens elongation of embryogenic cultures was observed, with the highest efficacy obtained with
110R followed by 101-14. A few plants of the rootstock genotypes 110R that were subjected to transformation
experiments were regenerated and micropropagated in tissue culture. Some putative transgenic plantlets were
transferred to soil in the greenhouse by removing them from test tubes or polylethylene tissue culture bags using
forceps, rinsing roots in water, and trimming roots to about one third in length to stimulate growth prior to transfer
to Cornell mix in individual plastic pots. Plants were covered with plastic bags to avoid dehydration. Plastic bags
were gradually opened following active growth in the greenhouse. In the near future, transgene insertion will be
characterized by PCR and Southern blot hybridization using total plant DNA isolated from leaves of actively-
growing putative transgenic plants. Additionally, RT-PCR and Northern blot hybridization will be carried out to
confirm transgene expression and the accumulation of siRNA, respectively. Additional putative transgenic 110R
and 101-14 rootstock plants will be transferred from tissue culture to the greenhouse for characterization of
transgene insertion and expression. Efforts to transform V. vinifera cvs. Cabernet franc and eventually Pinot noir
will be pursued.

Additional efforts to produce stable grapevine transformants with GLRaV-3 dsRNA constructs will focus on
stacked dsRNA constructs of CP, RdRp, and HSP70h. These dsRNA constructs are vital for combining resistance
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to the virus and the grape mealybug, as a dsRNA p19.7 construct, which is coding for a silencing suppressor,
would not be optimal for inclusion as one of the stacked constructs. Efforts to pyramid CP, RdRp, and HSP70h
are under way. Pyramided GLRaV-3 dsRNA constructs will be stacked with dsRNA AQP1, SUC1, and NUC
constructs as soon as the dsRNA constructs to the grape mealybug are validated in transient assays.

Objective 4. Disseminate Information to Stakeholders Through Presentations at Conventions and
Workshops
To disseminate information to farm advisors and the industry, research results were communicated to farm
advisors, extension educators, crop consultants, researchers, vineyard managers, and regulators at winter school
meetings in California and New York. The targeted venues were (i) Sustainable Ag Expo in San Luis Obispo,
California (550 participants), (ii) the Innovations and Insights in Plant Breeding Conference in Ithaca, New York
(100 participants), and (iii) The Finger Lakes Forum in Geneva, New York on January 18, 2018 (60 participants).

CONCLUSIONS
Leafroll is one of the most devastating and widespread viral diseases of grapevines. GLRaV-3 is the dominant
virus in leafroll diseased vineyards. This virus is transmitted by several species of mealybugs, including the grape
mealybug, which is its most abundant and widely distributed vector in vineyards, and a pest of grapes. We are
exploring RNAi to protect grapevines against GLRaV-3 and the grape mealybug. For RNAi to protect against
GLRaV-3, conserved nucleotide sequence regions of p19.7, CP, RdRp, and HSP70 were used to engineer dsRNA
constructs. A few putative transgenic plants of the rootstock genotype 110R were obtained following A.
tumefaciens-mediated transformation with a dsRNA p19.7 construct, and established in the greenhouse. For the
grape mealybug, key osmoregulatory genes AQP1 and SUC1 and the nonspecific nuclease NUC were obtained
from crawlers of a grape mealybug colony established on Pixie grapes in the greenhouse. A bioassay using
excised leaves of the Pixie grape is investigated to test the effect of dsRNA constructs on the survival of the grape
mealybug. Ongoing efforts and preliminary results are encouraging. It is anticipated that pyramiding dsRNA
constructs against GLRaV-3 and the grape mealybug will confer durable protection of grapevines.
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ABSTRACT
Limited information is available on the ecology of grapevine red blotch disease, a new threat to the grape and
wine industry. We characterized attributes of spread of grapevine red blotch virus (GRBV) in three distinct
vineyards, a five-acre Cabernet franc vineyard in California with a 14% disease incidence 10 years post-planting,
an adjacent four-acre Cabernet Sauvignon vineyard in California with a 2% disease incidence 10 years post-
planting, and a two-acre Merlot vineyard in New York with a 60% disease incidence 10 years post-planting.
Analysis of the spatiotemporal distribution of infected vines from 2014 to 2018 was consistent with a 2.5%, 0.5%,
and 0% increase of infected vines annually in the Cabernet franc, Cabernet Sauvignon, and Merlot vineyards,
respectively. An analysis of populations of the three-cornered alfalfa hopper (Spissistilus festinus; TCAH), the
only known vector of GRBV of epidemiological importance so far, over two consecutive growing seasons
indicated a 10-fold difference in abundance between the Cabernet franc and Cabernet Sauvignon vineyards, with
50 and five specimens caught on insect traps, respectively, including 25 of 50 (50%) and only one of five (20%),
respectively, that had ingested GRBV, as shown by polymerase chain reaction. In contrast, no TCAH was found
in the Merlot vineyard. Since legumes, not grapes, are preferred hosts of the TCAH and are often used in vineyard
middle-row cover crops, we tested the potential of vineyard cover crops as hosts of GRBV and/or the TCAH.
None of the cover crop samples collected in diseased vineyards in 2014 to 2018 tested positive for GRBV and no
TCAH were observed in middle row cover crops, suggesting no major role of legumes in vineyard cover crops in
disease epidemiology. Among artificially inoculated herbaceous plants with infectious GRBV clones in the
laboratory, Phaseolus vulgaris, tomato (Solanum lycopersicum), and Nicotiana benthamiana were identified as
local hosts, and TCAH was able to establish on Phaseolus vulgaris. To characterize the transmission mode of
GRBV by TCAH, gut cleansing experiments revealed that the majority of TCAH that fed on infected grapevines
tested positive for GRBV following a two-week feeding period on alfalfa, suggesting a circular transmission. This
research is providing a strong foundation for disease management recommendations based on a careful selection
of the planting material and reduction of the virus inoculum in vineyards through roguing and vineyard removal.

LAYPERSON SUMMARY
Red blotch is a recently recognized viral disease of grapevines that is widely distributed in vineyards in the United
States. Limited information is available on the spread of grapevine red blotch virus (GRBV), its causal agent.
Studying changes in disease incidence over time in selected vineyards in California and New York revealed an
increase of virus infections in the two California vineyards, although at different rates (2.5% versus 0.5% annual
increase of infected vines), but not in the New York vineyard. The differential dynamic of GRBV spread in two
vineyards in California is associated with a 10-fold lower abundance of the three-cornered alfalfa hopper
(Spissistilus festinus; TCAH), the only known vector of GRBV so far, in the vineyard where spread is limited
compared to the vineyard where spread is readily occurring. This indicates that spread dynamics can be related to
the TCAH population density. No TCAH was found in the New York study vineyard where GRBV spread is not
occurring. Surveys of vineyard middle-row cover crops revealed that none of the plants tested in the spring of five
consecutive years, especially legume species, were positive for GRBV, and no TCAH were found, suggesting no
major role of vineyard cover crops in virus spread. Together, these findings stress the need to reduce the virus
inoculum for effective red blotch disease management.

INTRODUCTION
Red blotch was described for the first time on Cabernet Sauvignon at the University of California Oakville
Research Field Station in 2008 (Al Rwahnih et al., 2013; Calvi, 2011; Cieniewicz et al., 2017a; Sudarshana et al.,
2015). Fruit ripening issues have been documented with diseased winegrapes. Reductions of 1-6°Brix have been
consistently reported, as well as lower berry anthocyanin and skin tannins, particularly in red winegrapes such as
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Cabernet franc and Cabernet Sauvignon (Calvi, 2011; Cieniewicz et al., 2017a; Sudarshana et al., 2015). Poor
fruit quality results from interference with the transcriptional and hormonal regulation of ripening (Blanco-Ulate
et al., 2017). Based on the effect of the virus on fruit quality and ripening, numerous vineyard managers are
culling infected vines and replacing them with clean vines derived from virus-tested stocks. The economic cost of
the disease is estimated to range from $21,833 per acre (for a 5% initial infection in year three and a 25% price
penalty for infected grapes) to $169,384 per acre (for a 60% initial infection in year three and a 100% price
penalty for the proportion of infected grapes) in Napa Valley; from $12,023 to $93,067 per acre in Sonoma; and
from $5,468 to $39,140 per acre on Long Island in New York (Ricketts et al., 2017). These estimates highlight the
economic impact of red blotch disease in different grape-growing regions in the United States.

Grapevine red blotch virus (GRBV) was documented in all major grape-growing U.S. States (Krenz et al., 2014).
GRBV was also isolated from numerous table grape accessions at the USDA germplasm repository in Davis,
California (Al Rwahnih et al., 2015), in Canada (Poojari et al., 2017; Xiao et al., 2015) and in Mexico (Gasperin-
Bulbarela and Licea-Navarro, 2018). The widespread occurrence of GRBV in the Americas and Mexico suggests
that propagation material has played a significant role in its dissemination. The virus was also described in
Switzerland (Reynard et al., 2018), South Korea (Lim et al., 2016) and India (GenBank accession number
KU522121).

GRBV is a member of the genus Grablovirus in the family Geminiviridae (Varsani et al., 2017). It has a circular,
single-stranded DNA genome that codes for seven open reading frames (Cieniewicz et al., 2017a). We recently
showed the causative role of GRBV in the etiology of red blotch disease using agroinoculation of tissue culture-
grown grapevines with infectious clones of GRBV (Yepes et al., 2018).

The three-cornered alfalfa treehopper (Spissistilus festinus; TCAH) has been shown to transmit GRBV from
infected to healthy vines under greenhouse conditions (Bahder et al., 2016a). The epidemiological significance of
this finding was recently documented in a diseased vineyard in California (Cieniewicz et al., 2017b). Nonetheless,
limited information is available on the ecology of red blotch disease, stressing the need to carry out studies in
diseased vineyards. The overarching goal of our research is to advance our understanding of the ecology of red
blotch disease with a major emphasis on attributes of GRBV spread and the potential epidemiological role of
vineyard cover crops.

OBJECTIVES
Our specific objectives are to:
1. Characterize the spread of GRBV.
2. Investigate attributes of the spread of GRBV by TCAH.
3. Assess if vineyard cover crops can host GRBV and/or TCAH.
4. Determine the experimental host range of GRBV and TCAH.
5. Disseminate research results to farm advisors and to the grape and wine industry.

RESULTS AND DISCUSSION
Objective 1. Characterize the Spread of GRBV
To characterize the spread of GRBV, three distinct vineyards, a five-acre Cabernet franc vineyard in California,
an adjacent four-acre Cabernet Sauvignon vineyard in California, and a two-acre Merlot vineyard in New York
were selected. The three study vineyards were planted in 2008. Foliar symptoms were first noticed in 2012 in the
Cabernet franc vineyard, in 2009 in the Cabernet Sauvignon vineyard, and in 2011 in the Merlot vineyard. The
presence of GRBV was confirmed in the three study vineyards in 2013 and 2014, providing a foundation to
investigate the spatiotemporal increase in incidence of GRBV.

In the Cabernet franc vineyard in California, an analysis of the number of symptomatic vines showed a disease
incidence of 4% (305 of 7,691 vines) in 2014, 6% (461 of 7,691 vines) in 2015, 7% (547 of 7,691 vines) in 2016,
9% (696 of 7,691 vines) in 2017, and 14% (1,058 of 7,691 vines) in 2018 (Figure 1). These results were
consistent with a 10% increase in disease incidence from 2014 to 2018 and a 2.5% annual increase in disease
incidence over five consecutive years, likely as a result of TCAH-mediated transmission.
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An investigation of the spatial distribution of symptomatic vines through an ordinary runs analysis, a statistical
test for randomness of infected plants, revealed disease clustering in the majority of rows in the study area within
the Cabernet franc vineyard (Cieniewicz et al., 2017b).

Figure 1. Red blotch disease progress in a five-acre Cabernet franc vineyard in California. Each cell
represents a single vine that is asymptomatic (blank) or symptomatic (red in 2014, green in 2015, blue in
2016, purple in 2017, and peach in 2018).

The area of the Cabernet franc vineyard with highly aggregated GRBV-infected vines is proximal to a riparian
area. An analysis of the distribution of diseased vines across rows illustrated a distinct dynamic of spread in the
area of the Cabernet franc vineyard proximal to a riparian area versus the remainder of the vineyard (Figure 2). In
the area proximal to the riparian area, disease incidence increased from 30% in 2014, 46% in 2015, 48% in 2016,
52% in 2016 and 71% in 2018. In contrast, in the remainder of the vineyard, disease incidence increased from 4%
in 2014 to 6% in 2018. This represents a 10% and 0.5% annual increase of virus infected annually in the area of
the vineyard close to the riparian area versus the remainder of the vineyard.

Probability-based modeling using the Markov Chain Monte Carlo algorithm, which integrates the spatial pattern
and distance between newly infected vines to determine whether new infections are due to the influx of inoculum
from within- or outside-vineyard sources of inoculum, suggested that spread in the Cabernet franc vineyard was
primarily due to localized, within-vineyard sources (Cieniewicz et al., 2017b). Characterizing the genetic
variability of GRBV isolates from infected vines in the aggregated area of the Cabernet franc vineyard by
polymerase chain reaction (PCR) and sequencing indicated that most of them were nearly identical and grouped
with phylogenetic clade 2 isolates (Krenz et al., 2014), validating within-vineyard spread (Cieniewicz et al.,
2018a).

Close to 100 sentinel vines, i.e., healthy vines for which the mother stocks from which scion budwood and
rootstock canes were tested and shown to be negative for GRBV, were planted in spring 2015 in the area of the
Cabernet franc vineyard where infected vines are highly aggregated. These vines were used to gain direct
evidence of insect-mediated GRBV spread. Sentinel vines replaced existing vines that were weak, regardless of
their GRBV infection status. The presence of GRBV was tested in sentinel vines in 2015 to 2018 by PCR. None
of the sentinel vines tested positive for GRBV in 2015 to 2017. However, a single asymptomatic vine tested
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positive for GRBV in 2018. This suggested that three years were necessary for a sentinel vine to become infected,
likely as a result of a TCAH-mediated transmission of GRBV, in an area of the vineyard where infected vines are
highly aggregated and the annual increase of disease incidence is 10%.

Figure 2. GRBV spread in a five-acre Cabernet franc vineyard in California over five years. The top graph
shows the entire study vineyard with individual cells representing a single vine that is asymptomatic
(blank) or symptomatic (colored). The bottom graph shows the distribution of diseased vines in five-vine
panels across rows.

Figure 3. Populations of vector candidates in (a) a Cabernet franc vineyard where GRBV is readily
spreading, and (b) an adjacent Cabernet Sauvignon vineyard where limited spread of GRBV is occurring.

The fact that extensive clustering of diseased vines occurred in one area of the selected Cabernet franc vineyard in
California (Figures 1 and 2) provided an incentive to investigate the presence of potential vectors, particularly of
TCAH. Insect sticky traps were placed in the area of the selected vineyard in California where extensive
clustering of diseased vines is occurring. Traps were placed on diseased and healthy grapevines from early April
to late November in 2014 and 2015 with the goal of catching insects visiting the vineyard (Cieniewicz et al.,
2016a). Traps were rotated on a weekly basis. Each trap was analyzed for the presence of insects to establish a
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census population and identify them at the species level, if possible, by using morphological parameters. Then, a
subset of each insect family, genus, or species that was caught was removed from the traps and tested for the
presence of GRBV by PCR. Results indicated that specimens of four species, among more than 40 species/taxa of
Diptera, Apocrita, Coleoptera, Cicadellidae, Thysanoptera, Aphidae, Fulgoroideae, Phylloxera, Aleyrodidae,
Membracidae, Blissidae/Lygaeidae, Psyloidea, Psocoptera, and Miridae that were caught on sticky traps,
consistently carried GRBV (Cieniewicz et al., 2018a). The four species that consistently tested positive for GRBV
were TCAH (currently the only known vector of GRBV), two leafhoppers (Colladonus reductus and Osbornellus
borealis), and a planthopper (Melanoliarus spp.) (Cieniewicz et al., 2018a).

Populations of the four insect vector candidates caught on sticky traps were very low (~5-40 individuals per year)
compared to populations of some typical grape pests, such as phylloxera, western grape leafhopper, variegated
leafhopper and thrips (~500 to 1,500 individuals per year) (Cieniewicz et al., 2018a). The vector candidate
populations peaked in July (TCAH and Cixiidae species) and September (Colladonus reductus and Osbornellus
sp.) (Figure 3a). The four vector candidates are phloem-feeders, as would be expected for a GRBV transmitter.
Of the four species that are able to acquire GRBV in the vineyard, none are considered a pest of grapevines.

Figure 4. Map of GRBV incidence in the Cabernet Sauvignon vineyard in California. Almost all vines of
clone 4 are symptomatic (bottom). Vines of clone 169 that became infected in 2017 and 2018 are shown in
red and green, respectively (top).

The Cabernet Sauvignon vineyard selected for this study in California is adjacent to the Cabernet franc vineyard.
The Cabernet Sauvignon vineyard is established with clones 4 and 169. Most vines of clone 4 were symptomatic
following establishment, as observed by the vineyard manager and confirmed by mapping of diseased vines
(Figure 4). This is clearly suggesting that the planting material was heavily infected with GRBV. In contrast,
vines of clone 169 were clean when the vineyard was established and remained clean for several years, according
to the vineyard manager. An analysis of the infection rate of GRBV in the section of the vineyard established with
clone 169 showed a disease incidence of 1% (25 of 1,819 vines) in 2017 and 2% (36 of 1,819 vines) in 2018
(Figure 4). This is consistent with a 1% increase in disease incidence in the Cabernet Sauvignon vineyard from
2017 to 2018, likely as a result of TCAH-mediated transmission of GRBV.

The Merlot vineyard selected for this study in New York showed a high incidence (60% overall incidence) of red
blotch disease following establishment, suggesting that the plant material was highly infected with GRBV. A
spatiotemporal analysis of diseased vines in the Merlot vineyard in 2014 to 2018 did not provide any evidence of



- 210 -

an increased prevalence of GRBV over time. Over the five years of sampling and GRBV testing in this vineyard,
negative vines consistently tested negative, with no vines that tested negative one year testing positive in a
subsequent year. This indicated that, although GRBV is prevalent in this vineyard with a 60% overall incidence,
no evidence of secondary spread was obtained. This suggested that a GRBV vector does not exist in the Merlot
vineyard, or it eventually exists in the ecosystem at a very low population abundance, or it exists but does not visit
the vineyard. Alternatively, the plant protection program used by the vineyard manager in New York is effective
at reducing the vector population.

Research carried out in three distinct vineyards showed a difference in spread dynamic of GRBV. A relatively
high rate of spread was documented in a Cabernet franc vineyard in California, a limited rate in the Cabernet
Sauvignon vineyard in California, and no spread in the Merlot vineyard in New York. This prompted us to ask
why there is a differential spread of GRBV in the study vineyards. In other words, why is GRBV readily
spreading in the Cabernet franc vineyard but not much in Cabernet Sauvignon, in spite of the availability of a very
low inoculum source (1%) in the former and a very high inoculum source (40%) in the latter following vineyard
establishment? And, why is GRBV apparently not spreading in the Merlot vineyard in New York? Since GRBV
shows equally striking symptoms in both Cabernet franc, Cabernet Sauvignon, and Merlot, we hypothesized that a
difference in population or behavior of the TCAH vector (or other potential vectors) in these vineyards could
result in the observed differential GRBV spread. To address this issue, a sticky card survey was conducted in
2017 and 2018 in the Cabernet Sauvignon vineyard (Figure 5) and the Merlot vineyard. The objective was to get
a census of the TCAH populations that visited these two vineyards during the growing season and compare the
population levels to those that visited the Cabernet franc vineyard.

Figure 5. Landscape view of the Cabernet franc and Cabernet Sauvignon vineyards in
California. White grids indicate areas of survey for insects in the Cabernet franc vineyard
in 2015-16, and in the Cabernet Sauvignon vineyard in 2017-18.

Insect vector surveys showed that, although many of the same insects were present in the Cabernet franc and
Cabernet Sauvignon vineyards in California, and the four insect species of interest peaked more or less at the
same period during the growing season (Figure 3), the relative abundance of many of the species/taxa differed.
For example, 25 TCAH were found in the Cabernet franc vineyard both in 2015 and 2016, but only 3 and 2
TCAH were found in the Cabernet Sauvignon vineyard in 2017 and 2018, respectively (Figure 3b). Similarly,
there were fewer Osbornellus borealis and Melanoliarus spp. in the Cabernet Sauvignon vineyard compared to
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the Cabernet franc vineyard, however, there was a greater abundance of Colladonus reductus in the Cabernet
Sauvignon vineyard compared to the Cabernet franc. Additionally, 25 of 50 (50%) of the TCAH caught in the
Cabernet franc vineyard (Cieniewicz et al., 2018a) and one of five (20%) of the TCAH caught in the Cabernet
Sauvignon vineyard carried GRBV, as shown by PCR. A difference in insect vector community dynamics,
particularly of the TCAH, including specimens carrying GRBV, could explain the differential spread of GRBV in
the two study vineyards in California. Looking at the vineyard ecosystem, there is no major difference between
the two study vineyards, except that the Cabernet franc vineyard is proximal to a riparian area and the Cabernet
Sauvignon is about 800 feet from the riparian habitat (Figure 5). Could the degree of proximity to the riparian
area explain a difference in the TCAH population that is visiting the two study vineyards? More work is needed to
address this hypothesis.

Insect vector surveys in the Merlot vineyard in New York revealed several phloem-feeding leafhoppers and
treehoppers, but not the TCAH, and none of them tested positive for GRBV. As expected, most species/taxa of
leafhoppers and treehoppers in the New York vineyard were distinct from those in the California vineyards. This
suggested that the absence of potential vectors of GRBV in this vineyard likely explains a lack of spread.

Objective 2. Investigate Attributes of the Spread of GRBV by TCAH
To characterize attributes of the TCAH-mediated spread of GRBV, TCAH were allowed to feed on GRBV-
infected grapevines for five to eight days and were then transferred onto alfalfa, a non-host of GRBV. These gut
cleansing experiments revealed that the majority of TCAH (18 of 28) tested positive for GRBV following a two-
week feeding period on alfalfa, suggesting a persistent, circular transmission.

TCAH specimens were dissected under a stereoscope to isolate different organs (gut, salivary glands, and
hemolymph) for testing by PCR following a one-week feeding period on GRBV-infected grapevines in the
greenhouse (Figure 6). Results showed GRBV present in the salivary glands (4 of 4), hemolymph (7 of 8), and
gut (8 of 8) of dissected TCAH. None of the TCAH that fed on healthy vines tested positive for GRBV in PCR.
These observations support the hypothesis that GRBV is transmitted in a circulative mode. Additional
experiments to confirm a circular transmission mode are under way.

Figure 6. Dissected salivary glands (left) and gut (right) of TCAH, the only known
vector of GRBV so far. The scale bar represents 200 µm.

Objective 3. Assess if Vineyard Cover Crops Can Host GRBV and/or TCAH
To determine if vineyard cover crops can host GRBV and/or TCAH, we surveyed vineyard middle row cover
crop species for GRBV and TCAH in March of 2016 to 2018. The TCAH is a generalist feeder found throughout
North America. While known to occur in vineyards, this insect is not considered a pest of grapevines. In addition,
it does not complete its reproduction cycle on grape (Preto et al., 2018). However, the TCAH does infest legumes
(Fabaceae) like alfalfa, peanut, and soybean. Legumes such as vetch, peas, bean, clover, and Medicago sp. are
often sown in vineyard row middles as cover crops. Determining the capacity of legumes in and around vineyards
to serve as sources of GRBV inoculum is critical for optimal disease management, including cover cropping
strategies and weed management. Our 2017 and 2018 surveys of legume cover crop species within and adjacent to
red blotch diseased vineyards showed that none of the 518 cover crop samples collected in diseased vineyards of
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Sauvignon blanc, Cabernet Sauvignon, Cabernet franc, and Merlot in California tested positive for GRBV.
Similarly, no TCAH were caught by extensive sweep netting vineyard middle-row cover crops in 2017 and 2018.
Together with similar work carried out in 2014 to 2016, these results indicate that vineyard cover crops do not
have a major role, if any, as reservoirs of GRBV and hosts of the TCAH; thus, cover crops, particularly legumes,
are not involved in red blotch disease epidemics.

Objective 4. Determine the Experimental Host Range of GRBV and TCAH
To determine the experimental host range of GRBV and TCAH, and complement surveys of vineyard cover crop
species, we agroinoculated a few legume species such as clover, vetch, bean, and peas with infectious clones of
GRBV (Yepes et al., 2018) in the greenhouse. Plants were assayed for GRBV two weeks post-agroinoculation via
pricking or vacuum-assisted infiltration by PCR and reverse transcription (RT)-PCR (Yepes et al., 2018). The RT-
PCR assay is critical to detect the accumulation of spliced transcripts, as a proxy for GRBV replication. Our
results showed that bean (Phaseolus vulgaris), tomato (Solanum lycopersicum), and Nicotiana benthamiana
sustain the replication of GRBV in inoculated leaves. Similar work with other legumes is inconsistent, although
preliminary data suggested that clover, vetch, and pea do not act as alternate hosts of GRBV. If confirmed, these
results will provide compelling evidence that legume species used in vineyard cover crop mixes are unlikely
involved in red blotch disease epidemiology. Additionally, TCAH can be maintained on beans.

Objective 5. Disseminate Research Results to Farm Advisors and to the Grape and Wine Industry
To disseminate information to farm advisors and the industry, research results were communicated to farm
advisors, extension educators, crop consultants, researchers, vineyard managers, and regulators at winter school
meetings in California, New York, and Missouri. The targeted venues were (i) Sustainable Ag Expo in San Luis
Obispo, California (500 participants), (ii) the Show Me Grape and Wine Conference in Columbia, Missouri
(52 participants), (iii) Cornell Recent Advances in Viticulture and Enology Conference in Ithaca, New York
(60 participants), and (iv) the Summer Grape Conference and Field Day in Dunkirk, New York (75 participants).

CONCLUSIONS
Characterizing the spatiotemporal distribution of infected vines in two vineyards in California and one vineyard in
New York documented distinct spread patterns, ranging from a relatively high rate of spread (an average of 10%
increase in infected vines annually) to no spread. TCAH was documented as a vector of epidemiological
importance. Populations of TCAH peaked in July in the two study vineyards in California, but their abundance
was relatively low. Higher populations of TCAH were found at the edge of a California vineyard proximal to a
riparian area, where spread is readily occurring compared to more within the vineyard, highlighting the likely
importance of riparian areas as habitat of the TCAH. In addition, an association was found between the rate of
GRBV spread in the two California vineyards and the abundance of TCAH populations, with high rates of spread
correlated to high TCAH populations. No TCAH were found in the New York vineyard, where spread is not
occurring. Preliminary work suggests that the transmission mode of GRBV by the TCAH is circulative. Surveys
of vineyard cover crops, particularly of legumes, for GRBV in spring from 2016 to 2018 revealed that none of the
species tested were infected with the virus. Similarly, no TCAH was found in vineyard cover crops by sweep
netting, suggesting that cover crops, including legumes, have limited, if any, role in disease epidemiology.
Research findings were communicated to the wine and grape industry during winter grower conferences.
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ABSTRACT
The goal of this project is to determine when grapevine red blotch virus (GRBV) is spreading in the vineyard.
Knowing when the virus is spreading will provide important information on effective management of GRBV and
help focus the efforts to identify additional vectors. This information will also help target control measures to
times of the season when the virus is being transmitted in the field. Three vineyards where GRBV has been
spreading are being used in this study. One vineyard is adjacent to a riparian zone, with most virus spread
occurring near that edge of the vineyard nearest the riparian zone. In this case the trap plants are placed in a grassy
area between the riparian zone and the vineyard. The second vineyard is adjacent to an alfalfa field, and since the
one vector reported to transmit the virus is the three-cornered alfalfa hopper (Spissistilus festinus), the plants were
placed perpendicular to the alfalfa field, and within vineyard rows. The third vineyard has most spread adjacent to
a recently disturbed wooded area. In each vineyard, every plant has a unique number and the location of each
plant is being mapped so that where virus spread occurs in each vineyard can be determined. Fifteen plants are
placed in each vineyard each month starting April 15 and going through September 15. After one month in the
field the plants are returned to Corvallis, treated with a systemic insecticide, and maintained in a screenhouse. All
300 plants from the 2016 field trials were tested for GRBV in late October 2016 and in October 2017, and will be
retested in the fall of 2018. Given the lack of positive results in the 2016 trials, 25% of the 400 plants from the
2017 field trials were tested in early November 2017. These plants will be tested again in the fall of 2018 and
2019.

LAYPERSON SUMMARY
The goal of this project is to determine when grapevine red blotch virus (GRBV) is spreading in the vineyard.
Knowing when the virus is spreading will provide important information on effective management of GRBV and
help focus the efforts to identify additional vectors. This information will also help target control measures to
times of the season when the virus is being transmitted in the field. Three vineyards where GRBV has been
spreading were used in 2016 and four vineyards are being used in 2017. One vineyard is adjacent to a riparian
zone, with most virus spread occurring near that edge of the vineyard nearest the riparian zone. In this case the
trap plants are placed in a grassy area between the riparian zone and the vineyard. The second vineyard is adjacent
to an adjacent alfalfa field, and since the one vector reported to transmit the virus is the three-cornered alfalfa
hopper (Spissistilus festinus), the plants were placed perpendicular to the alfalfa field, and within vineyard rows.
This vineyard was removed after the 2016 season, and another nearby vineyard with GRBV was substituted for
the 2017 field trials. The third vineyard has most spread adjacent to a recently disturbed wooded area. In 2017 a
fourth vineyard was added to the study, adjacent to a grassy/wooded area, where GRBV movement has been
observed. In each vineyard every plant has a unique number, and the location of each plant is being mapped so
that where virus spread occurs in each vineyard can be determined. Fifteen plants are placed in each vineyard
each month starting April 15 and going through September 15 in 2016, and starting May 2 in 2017 and continuing
until October. After one month in the field the plants are returned to Corvallis, treated with a systemic insecticide,
and maintained in a screenhouse. All 300 plants were tested for GRBV in November 2016 and were negative for
GRBV in polymerase chain reaction (PCR) testing. After overwintering, a set of 90 plants that represented trap
plants in the 2016 growing season were tested by PCR in May 2017. Again, all plants were negative for GRBV.
The entire set of 300 plants was tested in October 2017 and will be tested again in September 2018. Twenty-five
percent of the plants from the 2017 trial were tested in November 2017 and were negative for GRBV. All 400 of
the test plants from the 2017 field trial will be tested in the fall of 2018 and 2019.
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INTRODUCTION
In 2012, a new virus was identified in Cabernet franc in New York’s Finger Lakes region and also in Cabernet
Sauvignon plants in the Napa Valley. These plants exhibited leafroll-like symptoms but tested negative for
leafroll viruses. At a meeting of the International Committee on the Study of Viruses and Virus-like Diseases of
Grapevine in October 2012, the name “grapevine red blotch-associated virus” (GRBaV) was agreed upon for this
new virus (later changed to “grapevine red blotch virus”; GRBV).

This research aims to determine when GRBV is spreading in the field. So far, the three-cornered alfalfa hopper
(Spissistilus festinus; TCAH) has been shown to transmit GRBV, but this vector is very minor in many vineyards
where the virus is spreading. Movement of GRBV in vineyards after planting has been documented and can be
quite rapid, which clearly indicates the presence of an efficient vector, or a vector that is present in very high
numbers. An increase in the incidence of GRBV over time in young, healthy vineyards that are adjacent to
infected vineyards also suggests the existence of a vector. There has been much work done on trying to identify
the vector(s) of GRBV. Efforts looking at suspected vectors in California have resulted in the identification of
TCAH as a vector early in 2016. Regardless if this is the only vector or one of multiple vectors, the timing of
transmission will be important information in developing a vector management plan.

If we know when the virus moves, efforts at vector control can be targeted to a specific time frame rather than
throughout the growing season. Also, knowing when the virus is moving in the vineyards will help focus on
transient insects, which may be present in vineyards for only a short period of time, or insects that feed on
grapevines but have other preferred hosts. In either case these vectors could escape detection and identification in
standard insect surveys. If transmission is more efficient in riparian areas adjacent to vineyards it will provide
clues as to where one should look to identify potential vectors.

This project was started in March using in-house (USDA-ARS) funds to ensure we could get the first year of field
work done in 2016. Funding from the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board became
available July 1, 2016 and is being used for the remainder of the project. Three hundred grapevines (Merlot on
3309 rootstock) were obtained from (donated by) Duarte Nursery, repotted into three-gallon pots, and held in a
screenhouse until being used in the field, or held in a canyard near Corvallis isolated from any vineyards. Plants
were tested for GRBV prior to use in the field experiment and all plants tested negative for GRBV in polymerase
chain reaction (PCR) assays using two sets of primers. Beginning in April 2016, 15 plants were placed in each of
three vineyards for a one-month period (45 plants each month total). Then, in mid-May, these plants were
returned to Corvallis, treated with a systemic insecticide, and stored in a screenhouse. The second set of plants
was taken to the vineyards in mid-May, and the process was repeated each month through September. The last set
of plants was returned to the greenhouse in Corvallis in mid-October. There are six sets of plants in each vineyard
for a total of 270 trap plants, with an additional 30 plants that have not been taken to a vineyard and remained in
the screenhouse or canyard during the summer. In 2017, four vineyards were used in the study, two in southern
Oregon and two in the Willamette Valley, again with 15 plants per vineyard per month. After the last set of plants
was collected, all 300 plants were tested for GRBV in November 2016. A subset of the plants was tested in
May 2017 and all were tested in October 2017 and October 2018. A subset (25%) of the trap plants from the 2017
study were tested in October 2017, and all 400 will be tested in the fall of 2018 and 2019.

OBJECTIVES
1. Determine the timing of field transmission of GRBV.

RESULTS AND DISCUSSION
Three hundred plants were provided by Duarte Nursery for this work in 2016 and 450 plants were provided in
2017. All plants were tested for GRBV prior to the start of the experiment in 2016 and a subset of the plants was
tested for the trial prior to potting in 2017. Plants were potted in three-gallon pots and maintained in a canyard
prior to taking them to the field. When plants were brought back to Corvallis from the fields, they were treated
with a systemic insecticide and maintained in a screenhouse.

The three vineyards were selected because of documented spread of GRBV in these vineyards in previous years.
Vineyard #1 was near Jacksonville in southern Oregon and has a small riparian area adjacent to the east edge of
the vineyard. The trap plants were placed in a grassy area between the riparian zone and the vineyard. Vineyard
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#2 was near Medford in southern Oregon with the trap plants placed within the vineyard between every third plant
in three rows near the west edge of the vineyard. There was an alfalfa field along the west edge of the vineyard.
This vineyard was removed after the 2016 season, and the second vineyard used in southern Oregon in 2017 was
also near Medford, Oregon, with documented spread of GRBV. The third vineyard is in the Willamette Valley
near Yamhill, Oregon. In this vineyard the spread is occurring throughout the vineyard, with high rates of spread
along the east edge of the vineyard where there has been recent removal of adjacent woodlands. In this case the
trap plants were place between plants in a single row of the vineyard near the edge of where symptoms were
observed. A fourth vineyard was added in 2017, another vineyard in the Willamette Valley, with spread of GRBV
based on discussions with the grower.

Each plant was numbered (1-300 in 2016, and 1-400 in 2017) and the location of each plant and the month it was
in the vineyard has been recorded. Thus, if GRBV spread is happening from the alfalfa field, we will know which
plants were nearest the source as well as which month the plants were in the field and exposed to potential GRBV
transmission.

All plants were tested for GRBV in November 2016 by PCR and all were negative for GRBV. A subset of 90
plants representing one vineyard in southern Oregon was tested in May 2017 and all were negative for GRBV. All
plants from 2016 were tested in October 2017 and all were negative for GRBV. The last set of plants from the
2017 field experiments was brought back from the fields in mid-October. A subset of the 2017 plants (25% of the
plants from the field) were tested the first week of November 2017, and all were negative for GRBV. In all cases,
the nucleic acid extracts were tested for the amplification of a plant gene to ensure the quality of the nucleic acid
was such that it did not inhibit the enzymatic reactions of the PCR testing. All samples tested positive for the plant
gene. Based on recent work from Marc Fuchs’ lab at Cornell showing the unreliability of testing for GRBV until
two years after infection, the plan is to keep these plants for two full years after coming back from the field. The
plants from 2016 and 2017 will be tested in the fall of 2018 and 2019. The plants are being treated with systemic
insecticides and treated for powdery mildew. The plants are not being pruned, since there is not good information
on how quickly the virus moves systemically throughout the plants. Next testing of the 700 plants will be in
October 2018.

In 2018, insects were collected in a vineyard with a high incidence of GRBV and sorted into groups by J. Lee,
entomologist. Each group of insects was then placed on infected vines in separate cages for a six-day acquisition
access feeding period. Then, four healthy plants were added to each cage and allowed a six-day inoculation access
period. After the inoculation access period the insects were fumigated and the healthy plants were removed,
treated with a systemic insecticide, and held for observation. This was repeated every two weeks from early June
through mid-October. The plants used in the 2018 trials will also be tested in late October.

The experimental setup went according to plan and plant rotation went smoothly. We had feeding damage similar
to that observed with TCAH on one vine during the course of exposure in the vineyards. We placed sticky cards
in the vineyard in the Willamette Valley and did not catch any TCAHs. Recent work by entomologists Frank
Zalom (University of California, Davis) and Vaughn Walton (Oregon State University) suggests that sticky cards
are not effective for monitoring the membracid insects. The entomologists have been working on insect
monitoring in vineyards in Oregon in 2016 and 2017. Based on recent information from M. Fuchs (May 2017
GRBV workshop in Davis, CA) it appears that detection of GRBV is very unreliable for the first two years after a
plant is infected. Thus, the plan now is to maintain the trap plants for two full years after the end of the field part
of the study and test them after one and two years.

The entomologists working on membracids in Oregon (V. Walton and R. Hilton) did catch several species of
membracids in Oregon vineyards in 2016 and 2017, and the feeding damage has been observed in the fields where
we had our trap plants in 2017. Work on transmission by the membracid species identified from Oregon vineyards
is ongoing by V. Walton’s group at Oregon State University and, as of meetings we had in January 2018, they had
not obtained any positive transmissions in the greenhouse using these two membracids.

The plants from the 2016, 2017, and 2018 trials are being tested in late October 2018 and the results will be
reported at the annual conference in December.
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ABSTRACT / LAYPERSON SUMMARY
Disease-inducing viruses of grapevine are believed to have been around since the crop’s earliest cultivation,
following the spread of the plant around the world (Reynolds, 2017). In California, most growers did not perceive
virus diseases of grapevine as very important until several decades ago, likely because rootstocks that were
previously widespread, particularly AXR1 and St. George, reduced the expression of certain virus symptoms
(Golino, 1993; Golino et al., 2008). The shift to diverse new rootstocks in the 1980s, accelerated following the
failure of AXR1 due to new pest pressure, brought new focus on grapevine viruses, such as those causing leafroll
disease and fanleaf degeneration, that were present but asymptomatic or of little impact in older vineyards (Golino
et al., 2008; Reynolds, 2017). Grafting of infected budwood collected from existing vineyards onto new rootstock
varieties with varying levels of virus tolerance often resulted in more significant disease with impacts on yield,
quality, and vineyard longevity. In this context, the value of certified stock that has been screened and produced
with protections against virus infection has gained greater appreciation. However, the certification program in
California has certain limitations and is confronted by the fact that certain viruses, in particular, grapevine
leafroll-associated virus 3, are readily spread by mealybugs from vine to vine and from vineyard to vineyard,
often spreading disease to vineyards only recently planted with certified stock or even to vineyard blocks used for
propagation of certified material. This has led to the impression with some growers that the certification process is
not adequate or reliable. The spread of leafroll viruses by mealybugs, however, depends on the presence of
infected vines, and therefore a coordinated effort to reduce the incidence of the viruses on the landscape locally or
regionally can significantly reduce the chances of newly-established vineyards becoming subsequently infected.
Over time, less effort is required to protect new plantings. The success of this kind of coordinated effort was first
exemplified by a workgroup in Napa County. The aim of this project is to facilitate other winegrape growing
regions to pursue similar coordinated management through outreach about California’s Grapevine Registration
and Certification Program, the nature of grapevine virus diseases, how they spread, management options, and the
benefits of coordinating efforts. Additionally, a field survey has been conducted to evaluate baseline incidence
and migration of grapevine viruses into blocks recently established using certified stock.

INTRODUCTION
Certified grapevine nursery stock consumers (grape producers) are concerned that the quality of the product they
are purchasing from the clean plant program does not meet the standard they believe it should. Much of this
concern stems from the expectation that certification offers something greater, in terms of freedom from virus
contamination, than it scientifically can. With the discovery that grapevine leafroll-associated virus 3 (GLRaV-3)
is spreading in California, in addition to the discovery of grapevine red blotch virus (GRBV) (Al Rwahnih et al.,
2013; Golino et al., 2008), grape producers question the quality of certified vines. As with all supply chains, in
order for clean plant programs to work well, they require mutual trust between the actors in the chain. By defining
the term “certified” according to the scientific sampling procedure and educating growers of the meaning of this
term, we can bridge the current gap in perceptions that exists between the clean plant system and the purchasers of
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its products. However, because some viruses can be spread by vectors, unless a complete census of all certified
vines was carried out every year, it is impossible for any certification program to reduce virus incidence to zero.
The meaning of the term “certified” must be defined in relation to the statistical performance of the actual
sampling plan used. In order for grower trust in the system to build, that meaning must be clearly articulated and
appropriate expectations established for disease incidence in planting material emerging from a program using the
definition. Additionally, it is unclear at this time what level of background infection per year occurs in nursery
increase blocks, and there is a lack of understanding of potential reinfection of increase blocks between sampling
rotations. The intentions of this project are to provide quantifiable outreach and extension involving the
certification program while addressing the background infection in nursery increase blocks and the potential
reinfection in increase blocks between sampling bouts.

OBJECTIVES
1. To develop a grower information pack and slide presentation to summarize the Grapevine Registration and

Certification Program.
2. To hold grower meetings in key grape-growing regions of California to explain the functioning, efficacy, and

limitations of the certification program.
3. To quantify the impact of education and outreach by issuing pre-test and post-test surveys at grower meetings.
4. To assess the level of potential contamination or reinfection in newly-established vineyard blocks when

material is sourced from increase blocks.
5. To assess the level of reinfection of GLRaV-3 and GRBV in increase blocks between certification sampling

bouts.

RESULTS AND DISCUSSION
Grapevine virus diseases represent a complex challenge that require the consideration of many factors for
effective planning and management. While most grape growers will not have the opportunity to become experts,
informed discussions with nursery and diagnostic laboratory representatives, pest control advisors, and farm
advisors can lead them to more realistic expectations and practical strategies. Over the last year meetings with
nursery and laboratory representatives, tours of facilities and operations, participation with grower groups focused
on virus disease management, and discussions with farm advisors were used to gather perspectives and to refine
and focus outreach and educational materials. Growers in Monterey County and Lodi have initiated organized
efforts to manage the spread of GLRaVs and there is widespread interest in learning more about disease-tested
and certified planting stock. The role of the project has been to support these efforts while making new
connections to develop interest in other regions.

Objective 1. To Develop a Grower Information Pack and Slide Presentation to Summarize the Grapevine
Registration and Certification Program
Outreach material has been focused on facilitating and enhancing informed discussions between growers and
viticulturists with nurseries, diagnostic labs, and other supporting industries. Meetings with such representative
stakeholders, as well as with other industry and extension professionals including farm advisors, have informed
further development and refining of educational materials to provide accessible education to growers about the
value of the California Grapevine Registration and Certification Program, its technical structure, and limits.
Outreach about grapevine virus disease management has been focused primarily on leafroll disease, which poses
the greatest risk for spread in production and propagation vineyards. This information is structured around major
concepts in the integrated management of grapevine leafroll disease, describing key tools and practices in
detection and monitoring, removal of infected vines (roguing), management of mealybugs, and the importance of
coordinated regional management. Additional outreach material addresses the latest science on GRBV and its
management. This structure has been adapted to existing outreach material and used in presentations to the
Monterey County Vintners and Growers Association (MCVGA) and Temecula Small Growers Association. A
written format of the material is also under development.

Objective 2. To Hold Grower Meetings in Key Grape-Growing Regions of California to Explain the
Functioning, Efficacy, and Limitations of the Certification Program
Regular participation in meetings of various regional management groups have included the Lodi Winegrape
Commission Virus Research Focus Group, coordinated by Stephanie Bolton, and the MCVGA, coordinated by
Kim Stemler and Greg Gonzalez. A working relationship with Craig MacMillan of the Vineyard Team
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organization continues to explore possibilities in the Central Coast, and includes participation in the Sustainable
Agriculture Expo in November 2018. An initial presentation to the MCVGA in July anticipated a proposed series
of presentations in the winter of 2018/2019 on the California Grapevine Registration and Certification Program
and integrated management of leafroll disease and other grapevine virus diseases. A presentation to the Temecula
Small Growers Association was coordinated by farm advisor Carmen Gispert, and Greg Pennyroyal.

Objective 3. To Quantify the Impact of Education and Outreach by Issuing Pre-Test and Post-Test Surveys
at Grower Meetings
Following previous leads in the development of surveys, informative and practical surveys to assess both the
needs and the interest of stakeholders with respect to grapevine virus diseases and to evaluate the impact of
outreach are under development.

Objective 4. To Assess the Level of Potential Contamination or Reinfection in Newly-Established Vineyard
Blocks When Material Is Sourced from Increase Blocks
Samples were collected in the fall of 2017 from 18 vineyards established with certified planting stock in the
previous one to three years in diverse viticultural areas in the state. These included vineyards in Napa, Sonoma,
Mendocino, San Joaquin, Kern, Fresno, San Luis Obispo, Santa Barbara, El Dorado, and Placer counties. Twenty
vines in groups of four (two by two facing in adjacent rows) were sampled from each block, and the vines tagged
for repeat sampling in the following year. The samples were analyzed for 11 graft-transmissible grapevine viruses
by total nucleic acid extraction and quantitative polymerase chain reaction. In addition to testing for the agents of
grapevine virus diseases of greatest concern in California (GLRaV-3 and GRBV), samples were also tested for
GLRaVs -1, -2, and -4, and grapevine vitiviruses, grapevine viruses A and B, nepoviruses, grapevine fanleaf
virus, grapevine fleck virus, and grapevine Pinot Gris virus. The unregulated grapevine rupestris stem-pitting-
associated virus (GRSPaV) was also included to establish the baseline presence of this virus in new vineyards
planted with certified stock.

Ten of the 18 vineyards had no detections of regulated grapevine viruses. Two had a single incidence of GLRaV-
3, and two others of GRBV. In all cases the same virus species was present in neighboring blocks. GRSPaV was
frequent in eight of the 18 blocks. Overall the results suggest that, in general, vineyards planted with certified
stock are free from important viruses in the first three years, with occasional occurrence of vectored viruses such
as GLRaV-3 and GRBV, where the contexts suggest they may have spread to the new block from the neighboring
infected vines.

Most sites sampled in 2017 were sampled again in 2018, with the addition of a few new blocks in the Temecula
Valley, San Diego County, and in Sonoma County. Analysis of the samples is in process.

Objective 5. To Assess the Level of Reinfection of Leafroll-3 and Red Blotch Viruses in Increase Blocks
Between Certification Sampling Bouts
Joshua Kress at the California Department of Food and Agriculture (CDFA) has been contacted in order to access
the diagnostic information when it becomes available.
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ABSTRACT
Vine mealybug (Planococcus ficus) is the primary mealybug pest on grapes in California. This pest costs the
industry an estimated $126 - $500/acre in pesticides and replant costs annually. In addition, this insect can
transmit the economically important grapevine leafroll-associated virus, which costs growers $12,106 to $91,623
per acre annually in California. Mealybug resistant cultivars are not available, but will be integral for long-term
management of this pest. Ten grape cultivars, breeding lines, and species were evaluated for mealybug resistance
in two potted plant field trials. Grape species and rootstocks had lower mealybug incidence than the Cabernet
Sauvignon when evaluated in 2017 and 2018. In the second study, fewer mealybugs were observed on inter-
specific hybrid rootstocks RS-3 and IAC 572 than on the Vitis vinifera cultivars evaluated. Overall, grape
rootstocks IAC 572, RS-3, and 10-17A had fewer mealybugs on average than any of the grape cultivars evaluated
and may serve as potential sources of resistance or tolerance.

LAYPERSON SUMMARY
Vine mealybug (Planococcus ficus) is a major pest to the California grape industry. Insecticide sprays provide
inconsistent control due to problems associated with timing and poor contact with the insect. As concerns about
the development of insecticide resistance increase, alternate systems for controlling mealybug are essential.
Resistant grape cultivars are not currently available and could take more than a decade to breed. In the interim,
resistant rootstocks could provide sufficient control either alone or in combination with insecticides. Six grape
cultivars were evaluated bi-weekly for susceptibility to vine mealybug including potentially resistant rootstocks
10-17A and IAC 572. Plants were evaluated for the total number of visible mealybugs and egg sacs. Greater
numbers of mealybugs and egg sacs were observed on the grape cultivar Cabernet Sauvignon compared to each of
the other species evaluated. Potential sources of resistance, IAC 572 and 10-17A, had few mealybugs present on
most, but not all, of the plants evaluated in 2017 and 2018 compared to Cabernet Sauvignon. In a separate outdoor
cage study, rootstocks IAC 572 and RS-3 had few to no mealybugs compared to the four scion cultivars
evaluated. From our results, RS-3, IAC 572, and 10-17A are all good potential candidates for breeding mealybug-
tolerant cultivars. These materials are currently available to nurseries, researchers, and grape breeders through
Foundation Plant Services at the University of California, Davis.

INTRODUCTION
Mealybugs are soft-bodied, sap-sucking insect pests of grapevines and other plants. Besides the direct losses
attributed to damaged leaves and fruit in grape, mealybugs can transmit the economically important grapevine
leafroll-associated virus (GLRaV). Mealybug control costs are estimated at $50 per acre, in vineyards with small
mealybug populations and many natural predators, up to $500 per acre for vineyards with moderate populations
and few parasitoids (Ricketts et al., 2015). Vine mealybug (Planococcus ficus) is one of six mealybug species that
threaten the California grape industry. This introduced (ca. 1994) pest can rapidly reproduce and spread,
outcompeting other mealybug species and making it the most important mealybug pest of grape in California
(Daane et al., 2012).

Insecticides are the main form of mealybug control. Mating disruption and parasitoids have been implemented
with success in vineyards, however these forms of control are more expensive or can be impeded by Argentine ant
populations which “tend” the mealybugs (Daane et al., 2007; Mansour et al., 2011; UC IPM Pest Management
Guidelines: Grape). Resistant grapes, and specifically resistant rootstocks, could directly reduce mealybug
populations developing or overwintering under the bark and on roots in the vineyard.
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In Brazil, one study identified a single rootstock with lab-based resistance to citrus mealybug (Filho et al., 2008).
This resistance was described as a reduction in the number of viable offspring produced per female compared to
susceptible cultivars, Cabernet Sauvignon and Isabel (Filho et al., 2008). This was later confirmed in a similar lab
experiment performed by a different lab group (Bertin et al., 2013). These results, while promising, are based on
mealybug species (Dysmicoccus brevipes and Planococcus citri) of minor importance to California. The only
other report of mealybug resistance in grape comes from field observations by Michael McKenry and David
Ramming (unpublished), suggesting that rootstock RS-3 may have resistance to an unknown species of mealybug
in addition to nematode resistance.

OBJECTIVES
The objective of this project is to develop a novel control strategy for vine mealybug using host resistance as part
of an integrated management program. Identified grape material with resistance to vine mealybug will be further
evaluated for use as rootstocks and traditional cultivar breeding.
1. Develop a method to evaluate mealybug host resistance and identify grape material with leaf resistance to

vine mealybug.
2. Evaluate grape materials with identified resistance to vine mealybug.
3. Multi-season sustainability of resistance to vine mealybug in identified grape rootstocks and cultivars.

RESULTS AND DISCUSSION
Objective 1. Develop a Method to Evaluate Mealybug Host Resistance and Identify Grape Material with
Leaf Resistance to Vine Mealybug
A vine mealybug colony was established in the lab on butternut squash as per K. Daane’s recommendations, and
clip cages were constructed to complete Objective 1. Grape plants were propagated for Flame Seedless, Autumn
King, IAC 572, Tampa, and Cabernet Sauvignon in the greenhouse. Three first or second stage mealybug
crawlers were placed into a clip cage (Figure 1) on a single leaf from each cultivar. Three leaves per cultivar were
evaluated. Surviving mealybugs and life stage were evaluated after three and six weeks. High crawler mortality
was observed for each cultivar, making statistical comparisons impractical.

Figure 1. Insect clip cages on grapes.

Detached leaves from each of the listed cultivars were placed into petri dishes in the lab and ten first or second
stage mealybug crawlers were placed on each leaf. Five leaves were evaluated for each cultivar. Similar to clip
cages, high mortality rates among crawlers were observed.

Objective 2. Evaluate Grape Materials with Identified Resistance to Vine Mealybug
Rooted cuttings of grape cultivars Flame Seedless, Cabernet Sauvignon, IAC 572, Autumn King, Valley Pearl,
and Chardonnay were grown in pots in outdoor cage studies. One hundred stage one and two crawlers were
placed onto each plant, with a second set inoculated onto the plant a week later. Five replicate plants were used
for each cultivar. Plants were evaluated bi-weekly for mealybug colony growth. Greatest mealybug numbers were
observed on cultivars Chardonnay and Cabernet Sauvignon. Rootstocks IAC 572 and RS-3 had the lowest number
of mealybugs.
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Table 1. Cultivars and species evaluated for mealybug resistance.
Cultivar Species Features
Flame Seedless V. vinifera Table grape control
Cabernet Sauvignon V. vinifera Wine grape control
IAC 572 Interspecific hybrid Citrus mealybug resistance
RS-3 Interspecific hybrid Mealybug resistance (anecdotal)
Autumn King V. vinifera Table grape
Chardonnay V. vinifera Wine grape
Valley Pearl V. vinifera Table grape

Objective 3. Multi-Season Sustainability of Resistance to Vine Mealybug in Identified Grape Rootstocks
and Cultivars
Six Vitis genotypes were evaluated for susceptibility to vine mealybug (Table 2). Two mealybug ovisacs (average
of 10-20 crawlers per ovisac) were placed onto each plant to promote colonization by the insect. Visible
mealybugs, ovisacs, predators, and ants were counted every two weeks (July - Sept.) on each plant. During the
winter, plants were pruned and visible mealybugs removed from above ground tissues. Mealybug evaluations
began in June and continued through September in year two.

Table 2. Cultivars and species currently being evaluated for mealybug colonization and overwintering.
Cultivar Species
USDA 1-1 V. champinii
PCO-349-11 Interspecific hybrid
IAC 572 V. caribbea
10-17A Interspecific hybrid
USDA 1-2 V. australis
USDA 1-3 V. candicans
Cabernet Sauvignon V. vinifera

In year one, highest numbers of mealybugs were observed in mid-August, with visible mealybug numbers
decreasing into September. Initial results suggest that mealybug colonization was higher on Cabernet Sauvignon
than the other species evaluated (Figure 2). High variability was observed among replicate plants, with most
plants having few to no visible mealybugs. Cabernet Sauvignon was the exception, with moderate to high levels
(10-50) of mealybugs visible on most replicates. Cultivars IAC 572, USDA 1-1, and 10-17A had low numbers of
mealybugs detected throughout the season. In year two, mealybug numbers steadily increased across all cultivars
compared to year one. Numbers peaked in August, and steadily decreased throughout September.

Figure 2. Adult vine mealybugs on Cabernet Sauvignon grape.
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CONCLUSIONS
Clip cages were a better method for evaluating mealybug survival and growth than detached leaf assays for grape,
however, whole plant assay was the best method. Six grape cultivars were evaluated biweekly for susceptibility to
vine mealybug including rootstocks 10-17A and IAC 572 in 2017 and 2018. Plants were evaluated for the total
number of visible mealybugs, egg sacs, and ants. High variability in the number of mealybugs was observed
between plants, but differences among cultivars was evident. Greater numbers of mealybugs, ants, and mealybug
egg sacs were observed on the grape cultivar Cabernet Sauvignon compared to each of the other species
evaluated. This was also consistent between the first and second years of evaluation. In a separate outdoor cage
study, rootstocks IAC 572 and RS-3 had few to no mealybugs compared to grape cultivars Chardonnay, Cabernet
Sauvignon, Flame Seedless, Valley Pearl, and Autumn King. Based on these data, rootstocks RS-3, IAC 572, and
10-17A have greater tolerance to vine mealybug than scion cultivars and may be useful within a breeding program
to incorporate insect tolerance.

REFERENCES CITED
Bertin A, Bortoli LC, Botton M, Parra JRP. 2013. Host plant effects on the development, survival, and

reproduction of Dysmicoccus brevipes (Hemiptera: Pseudococcidae) on grapevines. Annal Ent Soc Amer
106:604-609.

Daane KM, Almeida RPP, Bell VA, Walker JTS, Botton M, Fallahzadeh M, Mani M, et al. 2012. Chapter 12:
Biology and Management of Mealybugs in Vineyards. Arthropod Management in Vineyards: Pests,
Approaches, and Future Directions. Bostanian NJ, Vincent C, Isaacs R. (eds.). Springer, Dordrecht, pp. 271-
307.

Daane KM, Sime KR, Fallon J, Cooper ML. 2007. Impacts of Argentine ants on mealybugs and their natural
enemies in California’s coastal vineyards. Ecol Ent 32:583-596.

Filho M, Grutzmacher AD, Botton M, Bertin A. 2008. Biology and fertility life table of Planococcus citri in
different vegetative structures of grape cultivars. Pesq. Agropec. Brasileira 43:941-947.

Mansour R, Suma P, Mazzeo G, Lebedi KG, Russo A. 2011. Evaluating side effects of newer insecticides on the
vine mealybug parasitoid Anagyrus sp. near Pseudococci, with implications for integrated pest management
in vineyards. Phytoparasitica 39:369 doi:10.1007/s12600-011-0170-8.

Ricketts KD, Gomez MI, Atallah SS, Fuchs MF, Martinson TE, Battany MC, Bettiga LJ, Cooper ML, Verdegaal
PS, Smith RJ. 2015. Reducing the economic impact of grapevine leafroll disease in California: Identifying
optimal disease management strategies. Am J Enol Vitic 66:2 pp 138-146.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board, and
by the Consolidated Central Valley Table Grape Pest and Disease Control District.

ACKNOWLEDGEMENTS
The authors would like to acknowledge Alanna Burhans and Marcos Alvarez for technical support during this
project.



- 226 -

INVESTIGATION OF THE IMPACT OF GRAPEVINE RED BLOTCH VIRUS
ON GRAPE RIPENING AND METABOLISM

Project Leader:
Anita Oberholster
Dept. of Viticulture & Enology
University of California
Davis, CA 95616
aoberholster@ucdavis.edu

Cooperator:
Mysore Sudarshana
USDA-ARS & Dept. of Plant Pathol.
University of California
Davis, CA 95616
mrsudarshana@ucdavis.edu

Cooperator:
Larry Lerno
Dept. of Viticulture & Enology
University of California
Davis, CA 95616
lalerno@ucdavis.edu

Reporting Period: The results reported here are from work conducted July 2018 to October 2018.

ABSTRACT
Red blotch is a recently identified disease caused by grapevine red blotch virus (GRBV). Since its discovery in
2011, its widespread presence has been confirmed in 14 states in the U.S. as well as in Canada, and it has been
found in white and red winegrape varieties, table and raisin grapes, interspecific hybrids, and rootstocks. Prior to
our research little was known about the impact of red blotch disease (RBD) on grape and wine composition. After
four years of study across multiple varieties and sites we have good baseline data about the range of impact.
Results indicate mostly a substantial impact on berry ripening in all varieties studied (Oberholster, 2015, 2016),
along with variable impacts on primary and secondary metabolites depending on site and season which had a
larger impact than variety (Oberholster 2015, 2016; Eridon 2016). However, the impact of RBD on metabolic
pathways remains to be explored in depth. Limited previous research indicated transcriptional suppression of
primary and secondary metabolic pathways by GRBV when studied in Zinfandel for one season. The current
project aims to expand this research to other varieties and sites over multiple seasons to determine any potential
varietal, as well as environmental, impact on RBD expression. Only after virus functioning is well understood can
tools be developed to mitigate the impact thereof.

LAYPERSON SUMMARY
Prior to the Oberholster lab research over the past four years, little was known about the impacts of grapevine red
blotch virus on grape composition and the resulting wine quality. Through our research, it was found that there
are variable impacts on primary and secondary metabolite levels, depending on the variety, season, and rootstock.
In addition, research performed by Blanco-Ulate et al. in 2017, observed changes in transcriptional factors and
regulatory networks relating to an inhibition of berry ripening in infected fruit. The current project aims to further
this research across varieties, seasons, sites, and rootstocks to understand the potential variable impacts the
disease has on berry ripening. By doing so, a deeper knowledge of the virus functioning will be gained, and
possible mitigation strategies can be achieved.

INTRODUCTION
Grapevine red blotch virus (GRBV), a causative agent for red blotch disease (RBD), is a recently discovered virus
that has been identified in vineyards in 14 states across the U.S., as well as in Canada. Symptoms of GRBV
include red blotches on leaves as well as reddening of primary and secondary veins for red varieties and chlorotic
regions within leaf blades and marginal burning similar to potassium deficiency on white varieties (Sudarshana,
Perry et al., 2015). Over the past four years, the Oberholster group has researched the impacts of GRBV on grape
development and composition and the resulting impact on wine quality across varieties, sites, seasons, and
rootstocks. Results indicate mostly a substantial impact on berry ripening in all varieties studied (Oberholster
2015, 2016), along with variable impacts on primary and secondary metabolites depending on site and season
(Oberholster 2015, 2016; Eridon 2016). Through transcriptomics and metabolomics, the present study aims to
investigate the impact GRBV has on transcriptional factors and regulatory networks. Previous research
investigated the impact of GRBV on Zinfandel infected fruit for one season, and found that there was an
inhibition of the phenylpropanoid metabolic pathway along with other regulatory networks responsible for berry
ripening (Blanco-Ulate, Hopfer et al., 2017). This research needs to be expanded across varieties, sites, seasons,
and rootstocks to determine any potential varietal, as well as environmental, impact on GRBV and RBD
expression. Only once understanding of virus functionality is obtained, can tools be developed to mitigate the
impact of GRBV other than the removal of infected vines.
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OBJECTIVES
The main objectives of this project are the following:
1. To determine the impact of GRBV on grape metabolism during ripening.
2. To determine the impact of GRBV on hormone abundances and enzymatic activity.
3. To determine the potential impact of variety, rootstock, site, and season on GRBV functioning.

The first step is to understand GRBV and grapevine interaction. How does GRBV infection influence grape
metabolism and thus ripening? What potential synergy exists between environmental stresses and RBD
expression? Answers to these questions are the first step in developing an RBD management strategy. Outcomes
from this study will add much needed information to understand the influence of GRBV on grape metabolism and
development. This can be used to develop a measurement tool to determine disease impact as well as vineyard
management recommendations to mitigate potential impact on grape quality and guide judicious removal of
grapevines.

RESULTS AND DISCUSSION
We establish a protocol for RNA extraction and quality assurance in consultation with cooperator Mysore
Sudarshana and the Expression Analysis Core Facility at the UC Davis Genome Center. Test samples have been
utilized to determine the optimal sample treatment and RNA sequencing method. The next few months will be
spent using the Qiagen RNeasy Plant MiniKit to extract RNA from grape tissue in conjunction with the Qiagen
RNase-Free DNase Set. Finally, the isolated RNA will be purified using the RNeasy Kit. Once the RNA is
isolated, we will test the integrity and purity of the RNA using a 2100 Bioanalyzer and NanoDrop 2000c
Spectrophotometer, respectively. Subsequently, the samples will be sent to the Expression Analysis Core Facility
for library preparation and sequencing using 3’-Tag RNA sequencing. Sample preparation for targeted
metabolomics will commence with completion of RNA extraction.

CONCLUSIONS
The first portion of this project was method validation. Based on sample throughput and cost, we decided to
perform RNA extraction, DNA clean up, and RNA purification using Qiagen RNeasy Plant MiniKit.  This will
extract total RNA instead of mRNA for the Expression Analysis Core to use for building the library. In addition, a
quality assurance method was decided upon, ensuring the purity and integrity of the total RNA sent to the
Expression Analysis Core. Next, RNA isolation will commence on the 2015-2016 and 2016-2017 samples.
Results will help us determine the impact of GRBV on grape berry ripening across varieties, seasons, sites, and
rootstocks. By doing so, a deeper knowledge of virus functioning will be gained, and possible mitigation
strategies can be achieved.
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ABSTRACT
Grapevine red blotch virus (GRBV) is a serious threat to North American vineyards that the Pierce’s Disease and
Glassy-winged Sharpshooter Board is addressing by investing in applied research focused on vectors, epidemi-
ology, ecology, and field transmission. An understanding of the molecular mechanisms evolved by GRBV to
mount successful infection is essential to develop resistance strategies against the virus. Towards this end, to date
five GRBV open reading frames were polymerase chain reaction amplified from field-infected samples from
Temecula and Cloverdale, California, and Jacksonville, Oregon, and cloned under the 35S cauliflower mosaic
virus promoter. The cassettes will be cloned in a binary vector for identifying the viral suppressor protein(s) by
transient assays in Nicotiana benthamiana transgenic line expressing green fluorescent protein.

LAYPERSON SUMMARY
Understanding how grapevine red blotch virus (GRBV) causes disease can provide cogent strategies for
combating this threat to a multibillion-dollar industry. The etiology of GRBV effects on the host plant is
completely unknown but is hypothesized to involve derangement of host small RNAs (sRNAs), which function as
negative regulators of growth and development. It is likely that microRNAs (miRNAs) and trans-acting small-
interfering RNAs (tasi-RNAs) operate systemically by moving through vasculature, raising prospects of genetic
engineering of grapevine rootstocks for GRBV resistance in non-genetically modified organism (GMO) scions1-4

using combinatorial RNA interference strategies5. The Pierce’s Disease and Glassy-winged Sharpshooter Board
has suggested investment in research on genetic modification of genes involved in diffusible signals (here, applies
to viral sRNA suppressor proteins) and host chemical specificity for disease etiology (here applies to host target
sRNAs). The Principal Investigator has characterized in many dicot species including grape a sugar-, inorganic
phosphate (Pi)-, and stress hormone (abscisic acid, ABA) regulatory network controlling expression of
microRNA828 (miR828), its targets MYeloBlastosis viral oncogene-like (MYB) transcription factors (a class of
regulatory gene found in all animals and plants) and Trans-Acting-Small RNA locus4 (TAS4) that down-regulate
anthocyanin biosynthesis by targeting related MYB genes for post-transcriptional gene silencing (PTGS). This
regulon is hypothesized as the mechanism by which GRBV and grapevine leafroll viruses cause symptoms by
virtue of encoding sRNA silencing suppressor proteins. The novel miR828/TAS4 target MYB transcription factors
(VvMYBA6/A7 in grape) are known effectors of anthocyanin accumulation and hypothesized to be the specific
targets of GRBV novel silencing suppressor genes of unknown function encoded in the virus. We are directly
testing this hypothesis by expressing cloned GRBV genes in a facile transient PTGS assay system.
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INTRODUCTION
Geminiviruses are single-stranded (ss) DNA viruses that cause major losses to a number of economically
important crops throughout the world6-8 and encode suppressors of post-transcriptional gene silencing (PTGS)9,
which is the grounds for the Principal Investigator’s claim that red blotch host symptoms are the direct
consequence of grapevine red blotch virus (GRBV) suppression of microRNA828 (miR828) biogenesis and/or
action. Geminiviridae constitutes the second largest family of plant viruses. Geminiviruses are characterized by
small, circular, ssDNA genomes encapsidated in twinned (hence, the name Gemini) icosahedral particles10-12.
They are vector-transmissible and infect both monocotyledonous and dicotyledonous plants13. The genomes are
either monopartite or bipartite with circular DNA molecules of 2.5 to 3 x 103 nucleotides. Geminiviruses possess a
highly conserved common region (CR) of ~200 nucleotides. An inverted repeat within this region forms a hairpin
loop and within the loop is the invariant 9-nt sequence 5’-TAATATT↓AC-3’. The viral gene products are required
for its replication and transmission. Successful commercialization of engineered viral resistance of crops to date14-

17 (examples are papaya, squash, tomato, and potato) includes strategies for blocking virus replication.

Koch's postulates have been established for GRBV as the cause of red blotch disease in grapevine18, which was
first observed in California in 200819 and has been reported extant in numerous Vitis species and germplasms19b,c,
including the European Agroscope grapevine virus collection19d. GRBV is a single-stranded DNA virus of
genome size 3.2 -3.6 kb. It infects grapevines and has a high resemblance to monopartite geminiviruses20-25.

Recent work by Bahder et al.26 identified the three-cornered alfalfa hopper (Spissistilus festinus) as a vector of
GRBV under laboratory conditions. Tortistilus spp. treehoppers are also proposed as vectors because infestation
of virus-infected grapevines with T. albidosparsus and T. wickhami is correlated with acquisition and persistence
of virus in the insect, associated with leaf petiole girdling (characteristic damage by insect feeding) in the field.
However, the ability of Tortistilus spp. to transmit the virus to non-infected plants has yet to be demonstrated26b,c.
Additionally, preliminary results indicate GRBV is persistent for at least five weeks after acquisition in
greenhouse-infected treehoppers26c, and genomic analysis over successive years confirms GRBV spread in
Oregon vineyards26c,d. Notwithstanding, it is likely that propagation materials have played a significant role in
GRBV dissemination. Disease symptoms of viral infection initiates as red patches in the middle of the grapevine
leaf, veins, and petiole which then coalesce at the end of the season resulting in a red leaf25. GRBV infection
results in delayed and uneven berry ripening and higher titratable acid, reduced sugar, and reduced anthocyanin
content in the berry27. The reduced fruit quality adversely affects both the table grape and wine industries28.

Consistent with geminiviruses, GRBV possesses the conserved nonanucletide sequence, and open reading frame
(ORF) predictions confirm transcription is bidirectional25. GRBV encodes three ORFs in the virion strand (V1,
V2, and V3) and three in the complementary strand (C1, C2, and C3; Figure 1). Similar to mastrevirus (a
monopartite geminivirus), GRBV complementary-sense ORF C1 encodes RepA, the replication protein. Another
spliced transcript encompassing the C1 and C2 ORFs encodes Rep, the replication protein22, 25, 29, 30. GRBV virion-
sense strand ORFs V2 and V3 are predicted to encode movement proteins whereas V1 ORF encodes coat protein.

Figure 1. Genome organization of GRBV.
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The functions of the predicted GRBV ORFs are yet to be elucidated experimentally. Understanding the molecular
mechanisms by which the virus mounts a successful infection is fundamental and essential to developing cogent
engineered resistance strategies. The geminivirus genome encodes a small number of proteins which act in an
orchestrated manner to infect the host. However, the practical issue is that the few proteins encoded by the virus
are multifunctional and modulate several host regulatory genes, a mechanism uniquely evolved by the viruses to
balance the genome size-constraint emplaced by the capsid. A comprehensive analysis of host transcriptome
profiles during berry development and select metabolite and enzyme quantitation for GRBV-infected berries from
two different vineyards suggest several host regulatory pathways are modulated by the virus31. The induction of
pathways associated with early berry development and repression of ripening and phenylpropanoid pathways was
documented for GRBV-infected post-veraison berries. GRBV infection results in deranged expression of post-
transcriptional machinery, transcription factors, and several hormone biosynthesis and response pathways. PTGS
processes involving miRNAs and small interfering RNAs (siRNAs) are known to regulate immune responses to
viruses and microbes, as well as normal plant development and hormonal signaling32. Hence, we postulate GRBV
manifests disease by specifically targeting the host PTGS machinery, thereby driving the observed reprogram-
ming of multiple host regulatory and metabolic pathways for its successful replication and transmission.

PTGS has evolved as a major host defense mechanism against invasive pathogens, including viruses. miRNAs
and siRNAs are the specificity “guide” for nucleases of the ARGONAUTE (AGO) class which cleave or
otherwise repress protein-coding transcripts in a nucleotide sequence-specific manner33, 34. The presence of a
robust viral counter defense mechanism is underscored by the ubiquitous presence of one or more silencing
suppressor proteins in the genomes of many plant viruses. The arms race between host silencing of pathogen
transcripts and silencing suppression by pathogen gene products results in resistance or susceptibility to the
pathogen. Geminiviruses encode silencing suppressor proteins that target PTGS, transcriptional gene silencing
(TGS), and/or cellular regulatory genes (Figure 2). Mungbean yellow mosaic virus (MYMV) AC2 suppress
PTGS by inducing the expression of host suppressor protein WEL1, a homologue of Werner-like exonuclease
(WEX)35 (Figure 2a). AC2 of tomato golden mosaic virus (TGMV) and L2 of beet curly top virus (BCTV)
suppress PTGS by inactivating adenosine kinase36, 37 (Figure 2b). Beet severe curly top virus (BSCTV) C2
suppresses PTGS by stabilizing S-adenosyl methionine decarboxylase1 (SAMDC1)38 (Figure 2c). TGMV and
cabbage leaf curl virus (CaLCuV) AC2 and BCTV L2 suppress TGS by inactivating adenosine kinase and
stabilizing SAMDC139 (Figure 2b and c) and also by inhibiting the histone methyltransferase SUVH4/KYP40,
which can bind to viral chromatin and control its methylation to combat virus infection (Figure 2g). AC2 of
TGMV and L2 of BCTV have been shown to interact and inactivate a serine-threonine kinase. SNF1-related
kinase (SnRK1) is a key regulator of cellular stress responses and a component of innate antiviral defense41

(Figure 2d). Suppression is mediated by elevation of cellular cytokinin levels by TGMV AC2 and C2 of spinach
curly top virus (SCTV)42 (Figure 2e). Tomato yellow leaf curl virus (TYLCV) C2 interacts with host CSN5 and
interferes with the cellular ubiquitination machinery and inhibits jasmonate signaling43 (Figure 2f). AC4 of
African cassava mosaic virus (ACMV) binds ss-miRNAs44 and Rep of wheat dwarf virus (WDV) binds ss-and
duplexed 21 and 24 nt siRNAs45 (Figure 2h) and suppress PTGS.

Previous work on the model plant Arabidopsis in the Principal Investigator’s (PI’s) lab showed altered source-
sink distributions of sucrose and the stress hormone abscisic acid (ABA)46 interact to regulate anthocyanin
accumulation via miR828, Trans-Acting Small-interfering locus4 (TAS4), and their target MYeloBlastosis viral
oncogene-like (v-MYB) transcription factors, viz. Vvi-MYBA6/7 and close homologues targeted by miR828 in
grapevine47, 48. The transcriptome profiling study of GRBV host berries identified significant repression of ABA
biosynthesis loci NCED2 and NCED3 (first described by the PI49) in infected berries31.

Our working model (Figure 2i) is that GRBV infection interferes with the normal PTGS pathways of the host by
the activity of viral-encoded suppressor proteins. miRNAs/tasi-RNAs/phasi-RNAs (phased siRNAs) regulate a
large array of host gene expression at the post-transcriptional level and transcriptional level. Viruses utilize plant
miRNAs to facilitate pathogenesis, and plants have co-opted miRNAs for plant innate immunity50-55. Under Pi

starvation, reduced ABA and sugar regulate the expression of miR399/827 and miR156 and facilitate anthocyanin
biosynthesis by MYB-bHLH-WD40 complexes. Increases in MYB-bHLH-WD40 transcription factors result in
up-regulation of miR828 via the conserved auto-regulatory loop46 involving miR828/TAS4 to regulate MYBA6/A7
levels and thereby anthocyanin levels (Figure 2i). We hypothesize the red blotch phenotype observed in GRBV-
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infected grape leaves is a consequence of viral suppressor proteins targeting the miR828/TAS4/MYBA6/A7
autoregulatory loop which keep a check on the anthocyanin levels.

Figure 2. Model of GRBV mechanisms of action in grapevine to derange anthocyanin and
hormone regulatory pathways.
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We hypothesize the mis-regulation of anthocyanin in GRBV-infected plants might be a visual cue for the three-
cornered alfalfa hopper, which has been shown to carry and is able to transmit GRBV in a lab setting26. Short
distance dispersal within vineyards suggestive of spread by an insect vector has been observed in some areas56,
and while several other insects carry GRBV it is not yet clear whether one of those insects, a nematode, or some
other method of transmission exists57, 58. A report from researchers at Washington State University suggests that
the Virginia creeper leafhopper (Erythroneura ziczac) can be a vector for GRBV under greenhouse conditions23,
but this claim has yet to be independently verified59. In the future, beyond the scope of one year, transgenic
GRBV resistance plants will be developed using hairpin suppressors or Agrobacterium virE2 as transgene. We
will test the transgenic plants for GRBV resistance by agroinoculation. In the future there is scope for
collaboration and best practices sharing to develop vector transmission and feeding preference assays once the
vector(s) is/are validated in the field (potentially in collaboration with Rodrigo Almeida). We hypothesize green
leaves may not be a preferred diet by vectors compared to red-leafed GRBV-infected plants. This would provide
critical evidence for the role of anthocyanins in disease transmission and potentially suggest strategies (e.g., leaf-
specific transgenic suppression of anthocyanin biosynthetic pathways) for combating spread.

Prior work has reported GRBV effects on berry development31. Table 1 provides preliminary evidence drawn
from this publicly available berry transcriptome data supporting our model. As per our hypothesis, we observe a
near-statistically significant downregulation of Vvi-TAS4c at veraison and post-veraison, indicating the miR828-
TAS4-MYB pathway is a specific target of GRBV. This is supported by the strong up-regulation of MYBA6 at
harvest, the target of a deeply conserved TAS4c tasi-RNA 3'D4(-), and several other MYBs known to function in
the phenylpropanoid/flavonol pathway targeted by miR828. Interestingly, we observe up-regulation of AGO,
DCL, and SGS3 proteins, all major proteins of the post-transcriptional machinery and themselves subject to PTGS
and spawning of amplified phasi-RNAs. It will be very interesting to determine if transitivity of these loci is
deranged by GRBV infection; we hypothesize a repression of silencing machinery upon virus infection but the
evidence is the host is compensating by overexpressing PTGS effector pathways, setting the stage for discovery of
a novel host homeostatic mechanism for PTGS effectors in response to infection, and/or differential effects of
hypothesized virus silencing suppressors. This unexpected observation could be because the data we analyzed is
from different developmental stages of berry ripening. Berry ripening is also under post-transcriptional regulation
and hence an interaction between the virus infection and berry ripening could result in up-regulation of compo-
nents of silencing machinery. These preliminary results underscore the need to perform transcriptome and small
RNA analysis from different parts of the infected grapevine including girdled petioles at the sites of vector
feeding to decipher the targets of GRBV.

target; sRNA effector
developmental stage: pre-veraison veraison

gene ID Phase Score beta ~LFC pval beta~LFC
post-veraison harvest

pval beta~LFC pval beta~LFC pval
GRBaV genome JQ901105.2 n.d. 6.26 1.91E-15 NA NA NA NA 6.76 3.47E-32
Vvi-TAS4c; miR828 chr1:2961251:2961747 3375 NA NA -1.01 0.13 -1.01 0.13 0.38 0.53
AGO1a; miR168/530 VIT_17s0053g00680 n.d. 0.06 0.55 0.17 0.04 0.17 0.04 0.16 0.05
AGO1b; miR168/530 VIT_19s0014g01840 n.d. 0.26 0.47 0.43 0.04 0.43 0.04 0.08 0.75
MYBA6, TAS4 VIT_14s0006g01290 22.2 NA NA NA NA NA NA 1.25 0.09
MYBPAL1; miR828 VIT_00s0341g00050 476 0.52 0.01 0.12 0.39 0.12 0.39 0.13 0.31
MYB; miR828 VIT_17s0000g08480 1330 0.62 0.09 0.33 0.35 0.33 0.35 NA NA
MYB; miR828 VIT_04s0079g00410 24.6 0.39 0.01 0.17 0.04 0.17 0.04 -0.06 0.46
AGO2a; miR403 VIT_10s0042g01180 50 0.61 0.02 0.36 0.07 0.36 0.07 0.82 0.02
AGO2b; miR403 VIT_10s0042g01200 n.d. 0.04 0.81 0.03 0.81 0.03 0.81 -0.16 0.29
DCL2; unknown VIT_04s0023g00920 33.8 0.39 0.25 0.47 0.03 0.47 0.03 0.11 0.57
SGS3; unknown VIT_07s0130g00190 177.4 0.04 0.69 0.23 0.01 0.23 0.01 0.16 0.06
DCL1; miR162 VIT_15s0048g02380 n.d. -0.05 0.62 0.05 0.54 0.05 0.54 -0.21 0.15

Table I. Analysis of publicly available transcriptome data^ for GRBaV-infected berries across development

 ̂Oakvil le vineyard dataset (ref. 25 ) analysed by kall isto/sleuth.31
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OBJECTIVES
1. Characterize hypothesized silencing suppressor protein(s) encoded by GRBV to establish the molecular

mechanism by which GRBV (and grapevine leafroll-associated virus, by inference) cause disease by
derangement of host miRNAs, tasi-RNAs, and phased-tasi-RNAs (phasi-RNAs).

2. Identify the host grapevine targets of GRBV suppressor proteins.
3. Create model system transgenics for future characterization of the host targets of GRBV suppressor proteins.

RESULTS AND DISCUSSION
Objective 1. Characterize Hypothesized Silencing Suppressor Protein(s) Encoded by GRBV to Establish
the Molecular Mechanism by Which GRBV (and Grapevine Leafroll-Associated Virus, by Inference)
Cause Disease by Derangement of Host miRNAs, tasi-RNAs, and Phased-tasi-RNAs (phasi-RNAs)
Earlier work by S. Sukumaran has established that geminivirus mungbean yellow mosaic virus (MYMV) AC2
and AC4 function as suppressors of silencing35, 60. Hence, MYMV AC2 and AC4 will be used as positive controls
in the ongoing experiments. To prove which of the GRBV protein(s) act as a silencing suppressor and gain further
insights into the molecular mechanisms of GRBV interactions with the host, a facile transient expression assay in
Nicotiana benthamiana line 16c61 is being employed. In this system, RNA silencing of the stably integrated
jellyfish green fluorescent protein (GFP) transgene is induced by transient co-expression of another GFP(trigger)-
expressing vector. When a silencing suppressor protein construct is co-infiltrated with GFP(trigger), the infiltrated
zone recovers fluorescence as an indication of suppression of silencing mediated by the test construct (i.e., GRBV
protein-coding sequences). Five days post infiltration, local GFP silencing of infiltrated leaf will be observed
under long wave ultraviolet light as mild red (chlorophyll, no GFP) fluorescence. RNA blot analysis of
agroinfiltrated leaf tissues will be performed using a gfp probe. Red fluorescence, absence of GFP transcript, and
presence of GFP siRNAs will validate PTGS. Green fluorescence, presence of GFP transcript, and absence of
GFP siRNAs will validate suppression of PTGS by the candidate GRBV gene product(s).

The GRBV ORF genes V3, C1, and C3 have been successfully polymerase chain reaction (PCR)-amplified from
genomic DNA extracted from GRBV-infected grape leaf tissue (Figure 3). Field-collected samples from 2016
and 2018 were tested for viral presence using V2 primers, verifying prior results (Figure 3a).

Figure 3. PCR amplification of 516 bp viral ORF V2 from validated GRBV-infected vines collected in July 2018
from counties of Sonoma and Riverside, CA and Jackson, OR. (a) Genomic DNA was extracted from various field
leaf samples from 2016 and 2018 collections, which were validated by sRNA library sequencing or PCR results and
tested for viral presence using V2 primers. (b) PCR amplification of C1, C3, and V3 ORF with HindIII/SacI
restriction sites and C2 and V2 with HindIII/EcoRI restriction sites from validated genomic DNA from Temecula,
CA Merlot 2016 field sample "19B." (Lane legend for (a): 0 1.1: Cabernet Franc, Cloverdale, CA; 46-5: Pinot Noir,
Jacksonville, OR; 46-12: Pinot Noir, Jacksonville, OR; E: empty lane; 46-22: Pinot Noir, Jacksonville, OR; 46-31:
Pinot Noir, Jacksonville, OR; 19B: Merlot, Temecula, CA; 46-3: negative control, Pinot Noir, Jacksonville, OR.)
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Viral ORFs C1 (795 bp), C3 (483 bp), and V3 (372 bp) were amplified by introducing HindIII/SacI restriction
sites in the primers and C2 (435 bp) and V2 (516 bp) were amplified by introducing HindIII/EcoRI restriction
sites in the primers and cloned in the corresponding site of pJIC-35S vector62. The clones were initially screened
by PCR using primers flanking the 35S promoter and 3' polyA signal sequence (Figure 4).

Figure 4. Colony PCR assay for screening the clones for presence of inserts using primers flanking the 35S promoter
and polyA signal.

Four positive clones from each transformation were subjected to diagnostic restriction digestion analysis of
engineered sites flanking the ORF inserts and digested with EcoRV which has sites flanking the 35S: polyA
signal cassette and an internal site at nt 96 of ORF V3, to verify the recombinant chimaeras (Figure 5).

- doublet
V3 bands

Figure 5. Restriction fragment digestion patterns of independent candidate pJIC-35S:C1, pJIC-35S:C2, pJIC-
35S:V2, pJIC-35S:C3, and pJIC-35S:V3 constructs mapped with multiple restriction enzymes.

Going forward, the 35S cassette including the 35S promoter-viral ORF-35S polyA transcription termination
sequence will be excised as an EcoRV fragment and cloned into the SmaI site of T-DNA binary vector
pCAMBIA2300 and propagated in Escherichia coli. The constructs will be electroporated into Agrobacterium
tumefaciens strain EHA105 obtained under duly-issued USDA APHIS permit P526-180523-008. To identify the
suppressors of silencing, the 16c plants will be agroinfiltrated with P35S-gfp alone as positive control for non-
silencing and in parallel a 1:1 test mixture of the A. tumefaciens strains harboring P35S-V1/ P35S-V2/P35S-V3/
P35S-C1/ P35S-C2/ or P35S-C3, respectively, pairwise with P35S-gfp silencing trigger.

Objective 2. 2. Identify the Host Grapevine Targets of GRBV Suppressor Proteins
We hypothesize GRBV suppressor proteins target host miRNA/siRNAs and alter the expression of their target
genes. Prior work reported GRBV effects on the host berry transcriptome31. Deep sequencing of GRBV-infected
and control healthy grapevine leaf sRNA libraries and mRNA transcriptome libraries can reveal the specific host
genes in vegetative tissues deranged by the pathogen and provide leads for understanding the underlying
mechanisms, e.g., specific miRNA effectors of host gene regulatory networks controlling plant immunity. We
have in hand GRBV-infected and control samples from the 'Calle Contento' vineyard (cv. Merlot) in Temecula,
California collected in 2016 and July 2018, the former validated by sequencing data. We also have GRBV-
validated Pinot Noir leaf samples (A. KC, pers. comm.) from the DeBoer vineyard in Jacksonville, Oregon
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collected in July 2018, and GRBV-validated26 (R. Smith, pers. comm.) Cabernet Franc leaf samples (Figure 6,
left) collected in Cloverdale, California.

Figure 6. Left: July 18, 2018 Cabernet Franc leaf sample from Cloverdale, CA vineyard showing GRBV
symptoms. Right: July 25, 2018 Merlot leaf samples from Temecula, CA 'Calle Contento' vineyard
showing GRBV symptoms.

Table 2 shows the results of anthocyanin quantitation of Temecula and Cloverdale 2018 samples, supporting the
disease state of vines previously validated for GRBV infection. Small RNA libraries will be prepared using
purified small RNA as input (50 ng) according to the instructions provided by TruSeq Small RNA Sample
Preparation Kit (Illumina®). To validate the targets of differentially expressed sRNAs, a degradome and RNA
sequencing analysis of the corresponding GRBV-infected and control samples will be done in the coming months.

Table 2. Anthocyanin quantitation of GRBV-infected leaves from Cloverdale and Temecula, CA, July 2018.

Location/Genotype Condition

μmoles cyanidin-
O-glucoside

equiv/mg fresh s.e.m. pval†

weight

Cloverdale/Cab Franc control healthy 2.2 0.2
GRBV infected* 14.2 1.2 0.008

Temecula/Merlot control healthy 8.5 0.9
GRBV infected§ 19.2 1.1 0.002

* based on PCR assay results coordinated by Cooperator Rhonda Smith.
† significantly different than control; two-sided Student's t-test, unequal variance assumed (n = 3).
§ provisional until sequencing confirms; 2016 sample '19B' confirmed GRBV positive (Figure 3a).

Objective 3. 3. Create Model System Transgenics for Future Characterization of the Host Targets of
GRBV Suppressor Proteins
We have yet to initiate experiments for Objective 3 and describe below the future planned work to validate if the
differential expression of putative targets is caused by suppressor protein(s) identified in Objective 1. Towards
this end, the suppressor protein(s) will be over-expressed in Arabidopsis and tobacco. The constructs shown to be
functional in transient expression assays will be in hand, and thus will be used for stable transformation and
regeneration of transgenics for future characterization, beyond the scope of one year of support. The high degree
of evolutionary conservation of miRNAs and targets44 would allow future characterizations of small RNA and
RNA sequencing transcriptome profiles in suppressor protein-overexpressing Arabidopsis and tobacco
transgenics. For example, sRNA blots and total RNA blots of the putative targets in the over-expressing lines. The
hypothesized concordance in expression profiles of putative targets in over-expression lines with that of
sequencing data (Objective 2) could independently validate the sRNA targets of GRBV suppressor proteins. Also
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beyond the scope of one year of funding is to test if the mechanism of silencing suppression is by binding
miRNA/siRNA. Labelling of probe and in vitro binding assay would be performed as described by Chellappan et
al.44 to discover host proteins that bind physically to GRBV suppressor proteins.

In the future, we will identify host proteins that physically interact with suppressor proteins by yeast-two-hybrid
cloning. We plan to make transgenic grapevine rootstocks expressing short hairpin cassettes directed against
GRBV suppressor protein transcripts, or that overexpress VirE2, and test transgenic grapevine plants for GRBV
resistance via GRBV agroinoculation, and to test the plants for GRBV resistance by vector transmission assay in
collaboration with Rodrigo Almeida at the University of California, Berkeley.

CONCLUSIONS
The comprehensive approaches involving structure-function studies on GRBV proteins (Objective 1), and sRNA,
mRNA, and degradome host sequencing (Objective 2) will provide candidate viral effector and host sRNA targets
of hypothesized GRBV suppressor proteins. The molecular approaches proposed here can have significant
impacts on viticulture by: (i) applying deep knowledge from model plant species and other viral diseases to
grapes; (ii) facilitating optimal selection of parents for breeding and immediate selection of elite progeny with
multiple desirable traits, e.g., specific MIR828/TAS4/MYB haplotypes; (iii) accessing abundant genetic variation63

(grape varieties currently face severe pathogen pressures, and the long-term sustainability of the industry relies on
the exploitation of natural genetic diversity); (iv) understanding other viral pathogen etiologies like grapevine
leafroll-associated virus; and (v) advancing genetically modified organism (GMO) technologies for mobile
sRNAs engineered to confer viral resistance in the scion without the presence of transgenes. This approach to
controlling a plant virus can reduce use of sprays to control arthropod vectors while not altering how the crop is
grown.
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ABSTRACT
Grapevine red blotch disease is an important virus of grapevine that has become of major concern for the U.S.
wine industry, in part because of the concerns about reduced fruit and wine quality that results with infected
vines. Much of the information about the virus has been shared from virus biology and insect vector work that has
been conducted in recent years, but information is lacking on how the virus impacts grapevine growth,
productivity, and fruit composition. We designed a two-year study to evaluate the impacts of grapevine red blotch
associated virus on grapevines in the Willamette Valley of Oregon. This study determines the impacts of the virus
on vine growth, photoassimilation, water status, vine nutrient status, and fruit composition. To date we have found
limited impact on vine water status or photoassimilation based on virus status. There was limited impact on vine
nutrient status or vine growth. Further work in this project will help determine if the disease can be managed, and
if so, suggest potential vineyard management practices to be evaluated in the future.

LAYPERSON SUMMARY
Grapevine red blotch disease is a newly identified virus of grapevines that is causing substantial concern for
commercial grape producers, as it is thought to reduce fruit and wine quality. Many producers fear that infected
vineyards will require removal and replacement which comes at a substantial cost and may not be feasible
economically. This research is being conducted to better understand how the virus impacts vine growth and fruit
composition. This is an important first step towards understanding how to manage the virus and whether it can be
managed. Results will help determine ways for producers to manage vines in infected vineyard to remain
profitable and avoid having to rogue and replant entire vineyard blocks.

INTRODUCTION
Grapevine red blotch disease (RBD) has recently become a major concern for winegrape producers in Oregon and
other areas of the U.S. The causal agent of the disease, grapevine red blotch-associated virus (GRBaV), was first
identified by researchers in California and New York (Al Rwahnih et al., 2013; Krenz et al., 2014). The disease
has been at the forefront of industry concern during a time of significant industry expansion (vineyard planting)
since spread has primarily been through infected nursery stock (NCPN, 2017).

Anecdotal evidence from industry indicates that fruit stops ripening in the most severe cases. Studies indicate that
sugar levels can lag by 1 to 2.7 °Brix (Shudarshana et al., 2015), and that fruit lack normal ripening as a result of
altered secondary metabolite production that is important for wine quality (Blanco-Ulate et al., 2017). The lack of
fruit ripening is a major concern for premium winegrape producers in cool climate regions such as the Willamette
Valley, where ripening is a challenge in typical years due to the limited season length and heat units.

There is significant research underway to understand the virus biology and to identify insect vectors of the virus.
While researchers in virology and entomology have made great strides in a matter of a few years to understand the
virus-insect complex (Bahder et al., 2016), there is little definitive evidence of the impacts of the virus on vine
physiology, and few research projects are focused on understanding the growth effects on grapevines.

As we seek to provide management options for growers, we need information about how the virus may be
influencing vine growth and fruit ripening. We have observations from GRBaV-infected vineyards in Oregon that
range from having little to no impact while others are claiming that their vineyards are no longer economically
viable. The best advice to date is to remove vines that are infected and replant with “clean” plant material, but the
cost of removal and replacement may not be economically feasible (Ricketts et al., 2017).
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OBJECTIVES
1. Determine vine growth and physiology effects related to RBD in vineyards in Oregon’s Willamette Valley.
2. Determine the effects of RBD on fruit ripening for vineyards in Oregon’s Willamette Valley.

RESULTS AND DISCUSSION
Two vineyards were monitored during summer 2018 for symptoms, and vine physiological measures were taken
to understand the impacts of the virus on grapevine growth and productivity. Vineyard 1 is located in the Eola-
Amity Hills American Viticultural Area (AVA) near Amity, Oregon and is planted (in 2007) to Pinot Noir clone
828 grafted to Riparia Gloire. Vineyard 2 is located in the Dundee Hills AVA near Lafayette, Oregon and is
planted (in 2002) to Pinot Noir clone 777 grafted to 101-14. This report will contain information from Vineyard 1,
as the virus status was pre-determined in a preliminary trial during 2017 so that all 2018 data were collected
earlier in the reporting period based on virus and symptomology status. Vineyard 2 was new for 2018 and virus
detection results lagged and vineyard data were collected based on symptoms only until the virus testing results
were received (Sep. 28, 2018) and data are still undergoing statistical analysis.

Objective 1. Vine Growth and Physiological Effects
Leaf single-photon avalanche diode (SPAD) data (an indicator of chlorophyll) was monitored in Vineyard 1 from
July 17, 2018 through August 22, 2018 and first began to show lower SPAD in RBD+ compared to RBD- vines
by August 7, 2018 (berry touch stage) in basal leaves only and was consistent through the following sample date
(August 22, 2018). Leaves in the mid- to upper- canopy did not differ in SPAD readings, indicating a similar level
of leaf greenness throughout the summer. In general, SPAD readings were high, averaging ~41, and the minimum
value reported (of basal leaves) was 26. The vines were vigorous and healthy with sufficient canopy greenness
throughout the summer. Vine leaf blade nitrogen was high (2.4-2.5%N) for both RBD+ and RBD- vines, and
there were no differences by virus status. Leaf blade potassium differed by symptom status but not virus status,
with asymptomatic vines having higher K than symptomatic vines at 0.99 and 0.79 % K, respectively. There were
no other nutrient differences for macro- or micronutrients for leaf blades analyzed at veraison.

The first virus-associated symptoms in Vineyard 1 were observed in leaves at veraison (late August 2018),
starting with interveinal reddening of the most basal leaves. There was little to no leaf chlorosis during the pre-
veraison or post-veraison time period. A slight chlorosis of leaves was visible by harvest (September 28, 2018),
but only on some of the basal leaves of RBD+ vines. By harvest, the symptoms were visible primarily in basal
leaves with some occasional mid- and upper-canopy leaves having interveinal reddening (Figure 1).

Leaf photoassimilation and stomatal conductance was measured on 20 individual vines on seven dates from
July 5, 2018 to September 6, 2018 to detect any potential differences based on virus or symptom status. Leaves in
two zones were measured on each vine, including basal leaves and mid-upper canopy leaves. Photoassimiilation
and stomatal conductance gradually declined as the season advanced, as expected with increasing soil moisture
deficit and vine water stress. There was rarely a difference in photoassimilation or stomatal conductance of the
mid-upper canopy leaves. However, vines without virus symptoms had higher basal leaf photoassimlation and
stomatal conductance than those that were asymptomatic for two of the seven dates that this was measured
(Figure 2). There was no difference in photoassimilation or stomatal conductance based on virus status for any of
the dates measured (Figure 3), suggesting that vines differentially express virus symptoms and the symptoms
may influence physiology more than the virus status alone.
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Figure 1. A Pinot noir vine in Vineyard 1 that is positive for GRBaV. This vine shows symptoms on the
day of harvest (September 28, 2018). The entire canopy remained green with primarily basal leaves having
interveinal reddening (somewhat purplish in color). Some mid- and upper-canopy leaves also show
symptoms but at lower incidence.

*

*

0

5

10

15

20

25

Ph
ot

oa
ss

m
ili

at
io

n 
(u

m
ol

 C
O

2/
m

2/
s) No Yes

Figure 2. Single leaf photoassimilation (mean + SE) measured on basal leaves of vines that had RBD
symptoms (yes = symptomatic, no = asymptomatic). *indicates a difference in means at p<0.05.
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Figure 3. Single leaf photoassimilation (mean + SE) measured on basal leaves of vines that tested positive
(Pos) or negative (Neg) for GRBaV. There were no statistical differences in the means shown above for
any date.

Leaf and stem water potential were also measured on vines during three dates in August (pre-veraison and at
veraison). There were no differences in leaf or stem water potential based on virus or symptom status. This is an
irrigated vineyard and drip irrigation was applied judiciously only when vines experienced stress late season.
Across the three dates measured, mean leaf water potential was -0.74, -1.3, and -0.96 on August 1, August 8, and
August 20, respectively.

With sufficient canopy growth, vine nutrient status, and leaf greenness and the lack of differences in vine water
status, leaf photoassimilation and stomatal conductance, suggest that vines should have sufficient capacity to
ripen fruit. Fruit ripeness has recently been assessed. Although the data have not yet been fully analyzed, there
appear to be no differences in total soluble solids, pH, or titratable acidity at harvest.

Objective 2. Fruit Ripening and Composition
Fruit composition analysis of total phenolics, including total anthocyanins, total phenolics, and total tannins will
be analyzed during the final quarter of 2018. Fruit analysis is currently underway after harvest, as the research
blocks were recently harvested on September 28, 2018 and October 1, 2018.

CONCLUSIONS
At this stage of the research it is too early to draw clear conclusions. However, when we combine the current
2018 data from Vineyard 1 with our 2017 preliminary data, we find that it is possible for infected vines to have
limited visual symptoms and minimal or no impact on fruit quality at harvest. Vine water status and
photoassimilation were not reduced based on virus status. Given that there were few, if any, differences in
nutrient status, suggests that the virus may not be ameliorated by a specific nutrient fertilization program. Further
analysis of fruit from 2018 and the second vineyard site will help clarify differences in the symptom expression
and physiology of the virus within another vineyard that may have greater environmental stress.

REFERENCES CITED
Al Rwahnih M, Dave A, Anderson M, Rowhani A, Uyemoto JK, Sudarshana MR. 2013. Association of a DNA

virus with grapevines affected by red blotch disease in California. Phytopathology 103:1069-1076.
Bahder BW, Zalom FG, Jayanth M, Sudarshana MR. 2016. Phylogeny of geminivirus coat protein sequences and

digital PCR aid in identifying Spissistilus festinus as a vector of grapevine red blotch-associated virus.
Phytopathology 106:1223–30.



- 245 -

Blanco-Ulate B, Hopfer H, Figueroa-Balderas R, Ye Z, Rivero RM, Albacete A, Perez-Alfocea F, et al. 2017. Red
blotch disease alters grape berry development and metabolism by interfering with the transcriptional and
hormonal regulation of ripening. J. Exp. Bot. 14.

Krenz B, Thompson JR, McLane HL, Fuchs M, Perry KL. 2014. Grapevine red blotch-associated virus is
widespread in the United States. Phytopathology 104:1232-1240.

NCPN- Fact Sheet: Grapevine Red Blotch Disease. National Clean Plant Network.
Ricketts KD, Gómez MI, Fuchs MF, Martinson TE, Smith RJ, Cooper ML, Moyer MM, Wise A. 2017.

Mitigating the economic impact of grapevine red blotch: Optimizing disease management strategies in U.S.
vineyards. Am. J. Enol. Vitic. 68:127–35.

Sudarshana MR, Perry KL, Fuchs MF. 2015. Grapevine red blotch-associated virus, an emerging threat to the
grapevine industry. Phytopathology 105:1026-1032.

FUNDING AGENCIES
Funding for this project was provided by the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board.

ACKNOWLEDGEMENTS
We thank Fruit Grower’s Lab, Inc. for donating the mineral nutrient analysis for leaf and petiole samples.



- 246 -

INTEGRATIVE STUDIES OF VECTOR-RELATED FIELD EPIDEMIOLOGY
FOR GRAPEVINE RED BLOTCH VIRUS

Principal Investigator:
Vaughn Walton
Department of Horticulture
Oregon State University
Corvallis, OR 97331
vaughn.walton@oregonstate.edu

Cooperator:
Kent Daane
Dept. Environ. Sci., Policy, & Mgmt.
University of California
Berkeley, CA 94720
kdaane@ucanr.edu

Cooperator:
Daniel Todd Dalton
Department of Horticulture
Oregon State University
Corvallis, OR 97331
daniel.dalton@oregonstate.edu

Cooperator:
Rick Hilton
Southern Oregon Res. & Exten. Ctr.
Oregon State University
Central Point, OR 97502
richard.hilton@oregonstate.edu

Cooperator:
Achala N. KC
Southern Oregon Res. & Exten. Ctr.
Oregon State University
Central Point, OR 97502
achala.kc@oregonstate.edu

Cooperator:
Clive Kaiser
Umatilla County Extension Service
Oregon State University
Milton-Freewater, OR 97862
clive.kaiser@oregonstate.edu

Cooperator:
Mysore Sudarshana
USDA-ARS & Dept. of Plant Pathol.
University of California
Davis, CA 95616
mrsudarshana@ucdavis.edu

Cooperator:
Frank Zalom
Dept. of Entomol. & Nematol.
University of California
Davis, CA 95616
fgzalom@ucdavis.edu

Reporting Period: The results reported here are from work conducted February 14, 2018 to October 4, 2018.

ABSTRACT
Distribution, non-crop host plants, and seasonal phenology of candidate vector insects were confirmed during
2017 and 2018. Treehoppers primarily oviposit in perennial suitable host plants surrounding vineyards. These
plants include oak, apple, and pear. Hatching nymphs move to vetch and wild carrot, to develop to adults. Adults
move to perennial green plant tissues as soon as annual plant tissues dry out during the latter portion of the
growing season. Adults feed on host plants, including grapevines, potentially spreading red blotch virus. These
trends are confirmed by D-Vac sampling, sweep netting, sticky traps, and feeding symptoms on vines. Controlled
transmission trials showed persistence of virus in the candidate insect vector species up to five weeks after
acquisition. Transmission biology experiments were conducted during both 2017 and 2018. Virus testing of plants
receiving virus-infected vector insects is needed in order to confirm transmission with these insects.

Regionally, we found candidate vector insect species in all production regions. Earlier work showed spread of
virus over successive years using genomic analysis. Red blotch virus can be found in all of the winegrape
production regions, indicating the significant magnitude of this problem. Several extension outreach activities
were conducted during both 2017 and 2018.

Growers can use this information because we successfully identified host plants and the lifecycle of candidate
insect species. This information will help growers identify the risk of their vineyard surroundings hosting
potential vector insects. The seasonal vector distribution and presence were highlighted and described. This
information will help growers to determine of insects are present in high risk vineyards, simply by being able to
look in specific vineyard locations, and by looking at areas on the vineyard edges, close to surrounding
vegetation. We additionally demonstrated that the virus is persistent in the candidate insects for up to five weeks,
strongly pointing towards these insects being vectors of the virus.

LAYPERSON SUMMARY
Distribution, non-crop host plants, and seasonal phenology of candidate vector insects of grapevine red blotch
virus (GRBV) were confirmed during 2017 and 2018. Adult treehopper insects (Hemiptera: Membracidae) feed
and lay eggs in the fall on suitable perennial host plants, including grapevines. These insects overwinter as eggs in
oak, apple, and pear. Nymphs hatch from eggs, move to annually growing vetch and wild carrot plants as soon as
temperatures become suitable for development in the spring, and develop to adults. Late instar nymphs move to
perennial host plants as soon as annual plants dry out in mid-late summer. This life cycle was observed in 2017
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and 2018 by a combination of collection techniques including vacuum sampling, sweep netting, sticky trap
monitoring, and observing feeding symptoms on vines.

Feeding damage and distribution of treehoppers is concentrated on vineyard edges in close proximity to suitable
wild habitat. Feeding on grapevines typically can be found on green canes with a diameter of up to 0.08 inches.
This information will help growers identify potential host plants, assess whether the vineyard landscape is
favorable to candidate vector insects, and determine whether such vectors are present.

The candidate insect vector treehopper species Spissistilus festinus (three-cornered alfalfa hopper), Tortistilus
albidosparsus, and T. wickhami showed persistence of GRBV for at least five weeks after acquisition in
greenhouse transmission trials. Additional transmission biology experiments were conducted in the greenhouse in
2017 and 2018. Additional virus testing of the greenhouse plants is currently being conducted in order to confirm
if these insects are indeed vectors of the virus.

Regionally, we found treehoppers in southern Oregon, the Willamette Valley, and Columbia Gorge. Earlier work
showed spread of virus over successive years of genomic analysis (Dalton et al., submitted). GRBV can be found
in all winegrape production regions of the Pacific coast, indicating the significant magnitude of this problem.

Several extension outreach activities were conducted during both 2017 and 2018.

INTRODUCTION
Grapevine virus diseases are of serious concern for vineyard managers and winemakers in all western production
regions. Grapevine red blotch virus (GRBV) infection impacts grape berry quality, resulting in berries with lower
°Brix at harvest (Al Rwahnih et al., 2013: Sudarshana et al., 2015) and necessitating the removal of symptomatic
vines from vineyards. GRBV is spreading in many Oregon vineyards; ecological mapping of GRBV-positive
vines, as verified by quantitative polymerase chain reaction (qPCR) during 2013-2016, showed a significant trend
of virus increase over time in two of three areas studied in Oregon (Dalton et al., submitted). The role of an insect
vector has not been confirmed in the field, and the available information from greenhouse studies implicates
treehopper insects as the most likely vectors.

OBJECTIVES
1. Follow insect vector distribution and disease progression in relation to management.
2. Conduct controlled transmission biology experiments.
3. Obtain baseline information on the current levels and extent of red blotch.
4. Extension of information on grapevine red blotch virus and insect vectors.

RESULTS AND DISCUSSION
Objective 1. Follow Insect Vector Distribution and Disease Progression in Relation to Management
Follow Insect Vector Distribution and Incidence. In 2017, vineyards in seven locations were surveyed for the
presence of treehoppers (Hemiptera: Membracidae). Additional sites where treehoppers were trapped included
Southern Oregon University Sustainability Farm (SOU) and Southern Oregon Research and Extension Center
(SOREC). In 2018, five sites were surveyed in the Willamette Valley, and nine sites were surveyed in southern
Oregon. Site WV1 was a natural area removed from agricultural production and did not contain Vitis plants. Site
WV3 was a research vineyard managed by Oregon State University (OSU). All other sites were in commercial
vineyards. Nymphs from Willamette Valley sites that survived to the adult stage were tentatively identified to
species. Adults of three treehopper species (Spissistilus festinus, Tortistilus albidosparsus, and T. wickhami) were
found in OSU surveys. The taxonomic identification of the two Tortistilus species is tentative. For the purposes of
this report, all adult Tortistilus treehoppers without pronotal horns are considered to be T. wickhami and all
horned individuals are T. albidosparsus.

Several surveying techniques were used based on the time of season and host plant in order to improve collection
efficiency (Table 1). The most effective methods during early season collection were microscopic examination of
dormant tissues allowing determination of the presence of younger life stages (eggs and first instar nymphs),
caging (young instars), visual surveys coupled with hand collection (second and third instar nymphs, adults),
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vacuum sampling (fourth and fifth instar nymphs), sweep netting (adults), and deploying sticky cards (adults).
Beat sheeting was ineffective and only yielded three insects across all sites during 2017.

Table 1. Treehopper collection method and species from AV (southern Oregon) during 2017 and from nine
southern Oregon sites in 2018.

2017 2018
Sampling
Method

S. festi-
nus

T. albido-
sparsus

T. wick-
hami

S. festi-
nus

T. albido-
sparsus

T. wick-
hami

Hand 0 20 3 1 74 340
Sweep 0 51 3 33 53 28
Vacuum 2 1 0
Beating 0 0 2
Sticky cards 0 52 2 0 0 76
Total 2 124 10 34 127 444

Seasonal Observations of Treehoppers in the Willamette Valley, Oregon. YV is a commercial vineyard in the
Willamette Valley and was surveyed in 2017 every 14 days from spring through fall and was surveyed in 2018
every 14-21 days. Several vineyard blocks are at YV, ranging in age and size. The primary study area was a block
of Pinot Noir grapevines and the adjacent surrounding habitat. To the west of the vineyard block was a mix of
riparian habitat at the bottom of steep, heavily vegetated slopes. Riparian habitat was dominated by Oregon ash
(Fraxinus latifolia) and wild blackberry (Rubus armeniacus). Dominant woody species above the riparian areas
included seedling apple (Malus domestica), Oregon white oak (Quercus garryana), wild plum (Prunus
domestica), wild blackberry, bigleaf maple (Acer macrophyllum) and hawthorn (Crataegus spp.). Minor species
included wild rose (Rosa spp.), poison oak (Toxicodendron diversilobum), and wild hazelnut (Corylus cornuta).
Herbaceous species in the adjacent habitat included wild carrot (Daucus carota), vetch (Vicia spp.), Canada thistle
(Cirsium arvense) and unidentified grasses. Alleys between grapevine rows were maintained as wild-growing
grass with occasional seedling blackberry and oak plants. Infrequent mowing and herbicide applications were
used to control weeds in 2017, but routine mowing in 2018 effectively minimized interrow vegetation. No
irrigation or insecticide sprays were applied to the vineyard study block. CRV is an experimental vineyard
managed by OSU and was surveyed in October 2017 and April 2018. Habitat adjacent to a young planting of
winegrapes (planted in 2015) was primarily grass, and 10-15 yards to the east and southeast of the block was a
stand of oak trees (Quercus spp.) that contained rose and blackberry. Heirloom apple, cherry (Prunus avium), and
plum trees were to the northeast of the study block.

T. albidosparsus lays its eggs behind the bud scales of woody hosts (Yothers, 1934). Collection of woody
materials from study vineyards and surrounding habitat 2017 and 2018 provided a reading of the percent of buds
infested with treehopper eggs. Treehopper eggs collected from the Willamette Valley field sites were found only
behind the bud scales of deciduous trees. In 2017 eggs from greenhouse-infested plants were found either behind
bud scales (insects of Willamette Valley origin, putatively T. albidosparsus) or in slits along mature wood (insects
of southern Oregon origin, T. wickhami).

At CRV, treehopper eggs were found only on samples of the two respective oak species in 2017. Oak, heritage
apple, cherry, and plum trees were recorded growing 30 yards away from the vineyard edge and 5-50 yards from
woody surrounding habitat. Rose, Oregon white oak, and red oak were the dominant species immediately adjacent
to the vineyard block. Nymphs were observed in April 2018, and only eggs were found at CRV during October
2017. Nymphs surviving to the adult stage from CRV resembled T. albidosparsus found at YV, and all eggs were
laid under bud scales. At CRV, eggs were found on red oak, Oregon white oak, and mock orange (Philadelphus
lewisii) in spring of 2018. Across both years, eggs from YV were found from the highest to lowest proportion of
infested buds on oak, apple, hawthorn, and plum. Overall, buds that did contain eggs tended to host a single egg.

The YV site was surveyed repeatedly from spring through fall of 2017 and 2018 in order to track the phenology
of treehoppers. A clear seasonal progression of the T. albidosparsus lifecycle was recorded (Figure 1). Collected
nymphs of all instar stages developed into adult T. albidosparsus in the laboratory. First instar treehopper nymphs
emerged from apple wood cuttings and rose cuttings held in a walk-in cold room (44 ºF) in 2017. First instar



nymphs were found in the field in 2018 and also emerged from woody cuttings collected in late April. Second
instar nymphs appeared around the same time as the first instar nymphs, indicating that egg hatch likely occurred
over a period of several weeks. Significant overlap of insect instar stages was observed in 2018 from mid-June to
early July. By July 10, the first adult T. albidosparsus was collected at YV and all nymphs were in advanced
instar stages. The first adult field collection of T. albidosparsus in 2017 was two weeks later in the season. Wild
carrot hosted the majority of the fourth and fifth instar nymphs. The above observations can be summarized as
follows to describe the seasonal lifecycle of T. albidosparsus treehoppers at YV (Figure 2). Insects overwinter in
woody vegetation as eggs and start to emerge in early May. Immature nymphs molt five times (juvenile instar
stages 1-5), eventually giving rise to winged adults. The early instar stages may remain on the woody host for a
period of time but will eventually drop to the understory vegetation. Juvenile insects feed on lush green tissue
such as vetch until the host plant dries out in early summer. Later instar nymphs will migrate to drought-hardy or
evergreen perennial plants, including grapevines, which can provide a nutritional or water resource. Adults mate
toward the latter portion of the season and females lay eggs on suitable perennial woody host plants. Treehopper
feeding produces characteristic girdling damage on affected leaves and stems. In addition to surveying for
phenology of T. albidosparsus, feeding damage was documented at YV on the edge rows in summer and fall.

- 249 -

(A) (B)

Figure 1. Proportion of T. albidosparsus life stages observed throughout the growing season at YV during
2017 (A) and during 2018 (B).

In 2017 the two outer-most rows of the study block were surveyed six times, and the incidence of girdling was
noted. In the lab, the caliper of the damaged tissue was measured above the girdling point (Figure 3). In 2018, the
same rows were surveyed two times. The average number of girdles per vine is depicted across seasons. Most
vines (91.2%) in Row 1 nearest the field edge had at least one girdle, whereas 69.0% of the vines in Row 2 were
affected. Up to 10 girdles were found on individual grapevines over the course of the season in 2017, whereas in
2018 the highest number of girdles on a vine was five. Girdling consistent with treehopper feeding damage was
also observed on other woody and herbaceous hosts, including hawthorn, apple, wild carrot, and vetch.
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Surveys occurred in fall 2016 and were repeated in 2018. A survey to document symptomatic vines was
conducted in a separate block at YV in 2016 and in 2018. Between the two seasons, visual surveys produced
consistent findings in 777/958 vines (81.1%). In total, 37.5% of the surveyed vines appeared to have symptoms of
GRBV, whereas 43.3% of surveyed vines appeared to be asymptomatic. Several vines showed questionable
symptoms. In 2016 a subset of asymptomatic vines was sampled for GRBV analysis using qPCR. Collections
were made from the same vines in 2018, but the samples have not been analyzed to date.

Seasonal Observations of Treehoppers in Southern Oregon. In 2017, a total of 19 S. festinus (three-cornered
alfalfa hopper; TCAH) adults were found in southern Oregon and were either associated with vineyards or from
sampling in alfalfa fields. Most of the TCAH were collected by sweeping the groundcover vegetation. Sampling
in alfalfa fields resulted in TCAH collected on a single date in two adjacent alfalfa fields. In 2018, TCAH was,
with a sole exception, found in sweep net samples in one vineyard and comprised just over 5% of the total
treehoppers found (see Table 1). All but one of the 125 T. albidosparsus collected in southern Oregon in 2017
were from AV and a mixed orchard adjacent to the vineyard. Both the orchard and vineyard were farmed
organically. In 2018 T. albidosparsus was detected in five of the nine vineyards and made up 21% of the sampled
treehoppers. This species was found primarily in visual searches (see Table 2). The one location where it was
found in sweep net sampling was the organic vineyard/orchard where it was often found in the orchard floor
vegetation. The most abundant treehopper collected (n = 804) in southern Oregon 2017 and 2018 was T. wickhami
(Table 1). Most specimens were collected at CJV, and collections indicated a strong edge effect of treehopper
distribution. Most of the T. wickhami were found by visual searching; however, in 2018, 17% of the total T.
wickhami were trapped in sticky cards and about 6% with the sweep net. T. wickhami was the only treehopper
trapped in the yellow sticky cards. The visual searching and sweep netting were not done in a systematic fashion
so those results should be considered qualitative. However, in 2018 the sticky traps were deployed and checked
on a fairly uniform and regular basis beginning at the end of June and extending through September. At the end of
the season each trap location was examined, and the degree of treehopper girdling activity was assessed on the
vine where the sticky trap was placed, along with the two neighboring vines. Girdling was observed both on leaf
petioles and on shoots. In very rare instances girdling was observed on the fruit rachis. The results of the 2018
girdle assessment and the number of T. wickhami per sticky card are shown in Table 2.
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Table 2. Treehopper activity in nine southern Oregon vineyards as evidenced by trap
catch and associated girdling activity.

Vineyard
Mean Number Per Vine

Mean Number
of T. wickhami

Per Yellow
Sticky CardPetiole Girdles Shoot Girdles Total Girdles

SO1 0.24 0.43 0.67 0
SO2 0.46 1.26 1.72 0.31
SO3 0 0 0 0
SO4 0.64 2.64 3.28 0
SO5 1.61 3.06 4.67 0.75
SO6 0.15 0.08 0.23 0
SO7 0.38 0.63 1.01 0.24
SO8 1.06 1.24 2.30 1.62
SO9 0.28 1.14 1.42 0

Two trials were conducted to test the effects of imidacloprid systemic insecticide application and organic
deterrent sprays on treehopper distribution within a vineyard. On August 1, 2018, a grower made a foliar
treatment of imidacloprid. TCAH were collected and caged on the treated foliage the day after treatment and a
comparable number of individuals were placed on untreated grapevines located at the SOREC research station.
T. albidosparsus were collected the following day from the same alfalfa field primarily from one edge that was
bordered by a hedgerow, and again comparable numbers of T. albidosparsus were caged on treated and untreated
foliage. Four sleeve cages were used for TCAH and three cages for T. albidosparsus in each of the treated and
untreated areas with four to six treehoppers being placed in all of the cages. An initial assessment of mortality was
made in the field on August 6, 2018. The cages were removed on August 10, and a final determination of
mortality was made in the lab. Mortality of TCAH was 94.7% on the initial evaluation date but decreased to
84.2% after the insects had been exposed to the treated foliage for eight days. The degree of intoxication was
variable, and observation of some moribund individuals complicated the final evaluation. The mortality of
T. albidosparsus was 30.8% on the initial sample date but increased to 100% after seven days exposure to the
treated foliage. Mortality in untreated vines was appreciably higher for TCAH than for T. albidosparsus. In this
small-scale study, exposure to grapevines freshly treated with imidacloprid resulted in treehopper mortality but
the effect on TCAH was not as clear-cut as the effect on T. albidosparsus (Table 3).

Table 3. Results of caging TCAH and T. albidosparsus on vineyard foliage treated with imidacloprid
on 08/01/2018 in comparison to caging on untreated vines.

Date
Evaluated

% Treehopper Mortality
TCAH caged on 8/2 T. albidosparsus caged on 8/3

Treated vines Untreated vines Treated vines Untreated vines
(n = 19) (n = 21) (n = 13) (n = 14)

8/6 94.7 19 30.8 0
8/10 84.2 28.6 100 6.7

The organic crop protectant Surround®, a sprayable formulation of kaolin clay, was applied to vines in a certified
organic vineyard where considerable treehopper activity and girdling damage to vines had been observed in 2017.
Treatments were applied to the outside row of the vineyard where the girdling damage had been most evident.
The product was applied according to label instructions and was applied at either a two-week interval (sprays
applied on 6/27, 7/11, 7/26, and 8/10), or a four-week interval (sprays applied on 6/27 and 7/26), and both
treatments were compared to an untreated control. The treatments were replicated five times and each replicate
consisted of three vines with the middle vine being evaluated for treehopper activity. The vines were inspected on
two dates, 8/16 and 9/27. The results of the vine inspections (Table 4) yielded fairly consistent evidence of
treehopper activity in the untreated vines while there was no treehopper activity in the vines that had been treated
with Surround® every two weeks. Just two leaf petioles with girdling were observed on the first evaluation date
in the treatment where the vines had been treated twice with kaolin, but no girdling damage was seen on the
subsequent evaluation. Most of the girdling damage in the untreated vines was on the shoots, while no shoot
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girdling was seen in any of the treated vines. One treehopper was observed on an untreated vine during the second
evaluation. The data were analyzed using a randomized complete block analysis of variance (ANOVA), and the
difference in degree of girdling among treatments was not statistically significant on the first evaluation date but
was on the second date, with the untreated vines having a significantly higher level of damage than either of the
Surround treatments. This small-scale study showed that treehoppers were effectively deterred by repeated
applications of Surround®, which is Organic Materials Review Institute (OMRI) certified for use in certified
organic production. This trial was essentially a choice test, and follow-up testing on a large scale is needed to
determine if the repellent effect of the compound would still occur when entire blocks are treated.

Table 4. Girdles and treehopper capture following treatment of vines in an organic vineyard with
Surround® sprayable kaolin clay.

Treatment
Mean Number Per Vine

Petiole Girdles Shoot Girdles Total Girdles Treehoppers
on 8/16 on 9/27 on 8/16 on 9/27 on 8/16 on 9/27 on 8/16 on 9/27

Untreated check 0.2 0.6 2.8 2.2 3.0 2.8 0 0.2
14-day interval 0.6 0 0 0 0 0 0 0
28-day interval 0 0 0 0 0 0 0 0

Objective 2. Conduct Controlled Transmission Biology Experiments
Greenhouse GRBV Transmission Bioassays. We initiated controlled greenhouse trials in 2016 to determine
whether GRBV could be successfully transmitted by T. wickhami or T. albidosparsus. The initial virus status of
all plant material was verified using qPCR. Field-collected live insects were placed on known GRBV-infected
plant material for a 48-hour acquisition access feeding period (AAFP) and single insects were then transferred to
GRBV-free plants for a 48-hour inoculation access feeding period (IAFP). All surviving insects were
subsequently transferred individually at one-week intervals to new plants with no virus infection. This process
was repeated weekly until all insects had died. In total, 113 initially GRBV-free grapevines were infested with
T. wickhami in 2016, and 90 vines were infested with T. albidosparsus. Control vines (n = 120) that were not
infested with treehoppers were also maintained. Plants were tested periodically with qPCR in 2017, and no plants
from the 2016 greenhouse transmission bioassay had tested positive for GRBV by that time. Leaf collections from
the same vines were collected in fall 2018 and qPCR analysis of the latest tissue collection is ongoing at the
present time.

The greenhouse bioassay was repeated in 2017 with modified methodology. In August 2017, rooted cuttings of
GRBV-infected plants were infested with T. wickhami and T. albidosparsus adults. Following a six-day AAFP,
cohorts of five insects of the same species were put onto disease-free vines. The IAFP was seven days, after
which all insects of each cohort were placed onto previously uninfested GRBV-negative vines. At the end of each
IAFP, one cohort of each species was collected directly from a randomly selected infested vine and stored in 95%
ethanol at -9 ºF until genetic analysis. Grapevines were infested with T. albidosparsus (n = 62 vines) and with
T. wickhami (n = 53 vines) over a six-week period. In addition, control plants (n = 60 vines) were never infested
with treehoppers. All vines used in the 2017 greenhouse bioassay were tested in the fall of 2018 for presence of
GRBV.

Cohorts of insects used in the 2017 greenhouse bioassay were tested for the presence of GRBV using qPCR to
evaluate whether virus particles can be taken up by the treehopper species under examination, as well as to
determine the persistence of the virus in the insect body. Laboratory-reared insects of TCAH, a confirmed
treehopper vector of GRBV (Bahder et al., 2016), served as a positive control and were placed onto GRBV-
positive material for a six-day AAFP, at which point they were collected and frozen at -112 ºF until genetic
analysis. Insects were prepared for genetic analysis as per Bahder et al. (2015) and then tested by qPCR for the
presence of GRBV using primers F1580 and 1693R to amplify virus DNA. The results showed that treehoppers
provided an AAFP of six days will uptake GRBV particles. The virus persisted within the tested treehopper
species for the entire five-week period in both T. albidosparsus and T. wickhami.

Because greenhouse infestation trials in 2016 and 2017 used insects in the adult stage, a study took place in
summer 2018 to test transmission of GRBV by immature treehoppers. T. albidosparsus nymphs were collected
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from the field on June 26 and were placed onto GRBV-positive rooted grapevine cuttings in the greenhouse on
June 28. Following a six-day AAFP, the instar stages of all nymphs were estimated, and cohorts of five nymphs
were transferred onto GRBV-negative grapevines to provide a seven-day IAFP. Nymphs that had died were
collected into 70% ethanol for later genetic analysis. Surviving nymphs were removed from grapevines on
July 11, and their instar stages were estimated. Fifth-instar nymphs were then placed onto cover crop species
maintained in small containers in a growth chamber.

Cover Crop Trials. Surviving fifth instar nymphs from the greenhouse bioassay were selected for placement on
cover crops. Cover crops included frosty berseem clover (Trifolium alexandrinum), ‘GO-MOB’ red clover
(Trifolium pratense), ‘Oregon Trail’ snap pea (Pisum sativum), ‘Lonestar’ annual ryegrass (Lolium multiflorum),
and ‘Carlinda’ turnip rape (Brassica rapa). Three replicates of each cover crop were used. Five nymphs were
placed on the vegetation in each pot on July 11. Each pot was secured within an organza mesh bag that was tied
closed at the top to prevent escape. Every two days the cover crops were examined for surviving insects. The
majority of nymphs had died on turnip rape by July 17, and all specimens on this cover crop species had died by
July 29. At the end of the observation period, most nymphs had emerged as adults in all other cover crop species
(Figure 4). On August 6 only adults were remaining, and mating pairs were established on previously uninfested
potted grapevines. When possible, females were paired with males that had fed on the same cover crop species.
The remaining females were paired with males that had fed on a different cover crop species. Emergence of
treehoppers will be tracked in spring 2019 to test the effect of late-instar feeding source on reproduction.

Figure 4. Emergence of adult T. albidosparsus following placement on cover crop species Lolium multiflorum
‘Lonestar,’ Brassica rapa ‘Carlinda,’ Trifolium pratense ‘GO-MOB,’ Trifolium alexandrinum ‘Frosty berseem,’ and
Pisum sativum ‘Oregon Trail.’
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Virus Movement Within Vine. A trial testing migration of virus particles within the grapevine was conducted
beginning in September 2018. Adults of T. albidosparsus were placed onto field-grown GRBV-positive
grapevines in small clip cages to provide a six-day AAFP. Insects were then individually caged onto petioles of
GRBV-negative grapevines for a 24-hour IAFP or a 72-hour IAFP. Representative insects were collected directly
into 70% ethanol for further genetic analysis for presence of GRBV. The area of petiole tissue that was directly
exposed to the insect within a clip cage was collected, and five additional samples from different areas of the
infested grapevine were also collected. The procedure was repeated in October 2018 using TCAH. These samples
will be assessed for presence of GRBV particles to determine the dynamics of within-plant movement of GRBV.

Results to date have not shown evidence of GRBV infection mediated by Tortistilus species in the tested
grapevines. Genetic analyses of insect samples and previously infested grapevine materials are currently in
process. However, persistence of GRBV within the insects provides indirect support that they may be vectors of
the virus. Our trials in 2018 will help to confirm the ability of TCAH to transmit GRBV to greenhouse-grown
grapevines and will help to elucidate the potential role of other treehopper species to vector GRBV.

Objective 3. Obtain Baseline Information on Current Levels and Extent of GRBV
In 2018 we collected grapevine samples from plants at YV that had previously tested negative for GRBV in 2016.
While visual symptoms were largely unchanged from the 2016 field survey, a small number of grapevines had
become symptomatic by 2018. The samples originated from a separate block at the same vineyard than had been
previously assessed for spread of GRBV (Dalton et al., submitted).

Limited samples were received in 2017 from a grower in eastern Oregon. These samples tested negative for
GRBV. Additional samples were received in October 2018 from eastern Oregon. These samples have not been
analyzed to date for presence of GRBV.

Objective 4. Extension of Information on Grapevine Red Blotch Virus, and Insect Vectors
In 2017, results were presented a total of 13 times in-person to growers, grape industry representatives, and OSU
Cooperative Extension personnel through grower reports, seminars, and national webinars. We organized a
regional vineyard workshop on vectors and vineyard disease transmission for growers and industry in 2017. In
2018 outreach activities continued, primarily targeting local grower groups. Vaughn Walton, Clive Kaiser and
Rick Hilton are the statewide and regional extension agents in the affected regions. They have given numerous
presentations on grape insect pests at grower and research symposia. A recently submitted manuscript documents
the spread of virus over successive years of genomic analysis. Several extension outreach activities were
conducted during 2017. Additional results will be published in popular and scientific journals. Walton, Kaiser,
and Hilton are strongly committed to the grape industry and have a good relationship with growers, consultants,
and industry personnel that will aid in research and extension. Several presentations have been given at scientific
meetings and public research expositions (see report for the list of applicable publications).

CONCLUSIONS
Objective 1. Follow Insect Vector Distribution and Disease Progression in Relation to Management
Distribution, non-crop host plants, and seasonal phenology of candidate vector insects was determined in 2017
and confirmed in 2018. The complete treehopper lifecycle was identified. The insects overwinter as eggs in
perennial host plants. Nymphs hatch from eggs, move to plants including vetch and wild carrot, and develop to
adults. Adults use woody hosts such as oak, apple, and grapevine for reproduction in the fall. Insects were
captured in 2017 by a combination of collection techniques including vacuum sampling, sweep netting, sticky trap
monitoring, and observing feeding symptoms on vines. In 2018, collections were best carried out by visual
searches for nymphs and adults.

Objective 2. Conduct Controlled Transmission Biology Experiments
Greenhouse transmission trials showed persistence of GRBV in the candidate insect vector species for at least five
weeks after acquisition. Additional transmission biology experiments were conducted in the greenhouse in 2017
and in 2018. Testing of greenhouse materials is ongoing. It is anticipated that grapevines infested in 2018 with
virus-containing treehoppers will be tested in summer 2019 for the presence of GRBV. To date, successful
transmission of GRBV by Tortistilus treehoppers remains elusive.
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Objective 3. Obtain Baseline Information on the Current Levels and Extent of Red Blotch
Vineyards in southern Oregon were surveyed for symptoms of GRBV and GLRaV. Genetic testing of
symptomatic vines is ongoing to determine degree of co-infection of the two viruses. Plant samples from eastern
Oregon tested negative for GRBV. Field materials from southern Oregon and the Willamette Valley are currently
being retested.

Objective 4. Extension of Information on Grapevine Red Blotch Virus and Insect Vectors.
A manuscript was submitted in 2017 documenting the spread of GRBV over successive years of genomic
analysis. Several extension outreach activities were conducted during 2017 and 2018. Several presentations have
been given at scientific meetings and public research expositions.
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ABSTRACT
Funding for this project from the CDFA Pierce’s Disease and Glassy-winged Sharpshooter Board was approved
effective July 1, 2017, but work on the objectives had been initiated earlier by the Zalom and Sudarshana labs at
UC Davis, and by the Daane lab at UC Berkeley. Results presented summarized our monitoring of the population
dynamics of the three-cornered alfalfa hopper (Spissistilus festinus; 3CAH) in vineyards and surrounding
landscapes from the time when these studies began during the 2016 season and continued over the 2017 season
and into spring 2018 in vineyards and along transects from vineyards to natural areas. Results of field
transmission studies, greenhouse studies of the feeding and reproductive status of various weeds and cover crops
found in vineyards as they relate to 3CAH feeding and reproduction, and the status of grape as a reproductive host
of 3CAH are also reported.

LAYPERSON SUMMARY
The results of this project are intended to better define the role of the three-cornered alfalfa hopper (Spissistilus
festinus; 3CAH) in the epidemiology of grapevine red blotch virus (GRBV), and to examine the role of
grapevines, cover crops, and non-crop vegetation in and around vineyards in sustaining 3CAH populations.
Studies to determine possible transmission by other treehoppers found in vineyards where GRBV is spreading
were initiated. This essential information will contribute to the management of red blotch disease by cultural
methods such as reducing plant hosts favorable to sustaining vector populations or precise treatment timings
based on treehopper biology in vineyards where nearby GRBV source are known to occur.

INTRODUCTION
A grapevine disease with symptoms that resembled those of grapevine leafroll was found in Napa County
vineyards in 2007 (Calvi, 2011). The disease was named grapevine red blotch disease and further investigations
revealed a new DNA virus initially named grapevine red blotch-associated virus (GRBaV), tentatively grouped in
the family Geminiviridae (Al Rwahnih et al., 2013; Sudarshana et al., 2015). The virus was also found
independently in grapevines in New York, Oregon, and Washington (Krenz, et al., 2012; Poojari et al., 2013;
Seguin et al., 2014), and it is now known to be widely distributed in the U.S. Consultants and researchers working
in California vineyards infected with the virus, especially those planted to red varieties, report substantial impact
to grape quality, substantially reducing their value.

Red blotch disease epidemiology is not well known. Although some researchers initially believed that the virus
did not spread to or within established vineyards, observations by growers, consultants, and other researchers
strongly suggested spread was occurring in some vineyards in a pattern that was consistent with a motile insect
vector. The virus has been isolated from wild grapevines, mainly open-pollinated Vitis californica (Bahder et al.,
2016; Perry et al., 2016), even at a considerable distance from commercial vineyards. After surveying many of the
hemipteran insect species found in commercial vineyards where there was evidence that red blotch disease was
spreading, the three-cornered alfalfa hopper (Spissistilus festinus; 3CAH) (Hemiptera: Membracidae) was found
capable of transmitting grapevine red blotch virus (GRBV) under laboratory conditions by Bahder et al. (2016).
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Subsequently, other treehoppers of the genus Tortistilus were observed feeding on grapevines where red blotch
disease was believed to be spreading in California, southern Oregon, and the Willamette Valley (Zalom and
Sudarshana, unpublished; Dalton and Walton, unpublished), but the status of Tortistilus treehoppers as GRBV
vectors has yet to be confirmed. Although some aspects of 3CAH biology is mentioned in the scientific literature,
the majority of this information comes from legume cropping systems such as soybean, peanut, and alfalfa where
it is considered to be a pest (Wildermuth, 1915; Beyer et al., 2017). The biology of 3CAH and more especially the
other treehoppers that are found in vineyards is little known. A better understanding of their seasonal biology in
and around vineyards and their role in virus transmission is essential for developing management guidelines to
prevent spread of red blotch disease within and between vineyards. The research objectives addressed through this
Pierce’s Disease and Glassy-winged Sharpshooter (PD/GWSS) Board sponsored research began in 2014 with
funding from the CDFA Specialty Crops Block Grant Program (to Sudarshana and Zalom), USDA-ARS National
Program funds (to Sudarshana), and the American Vineyard Foundation (to Daane). Funding for this PD/GWSS
Board grant was finally received on October 10, 2017, due to complications in contracting between UC and
CDFA, however, we continued the proposed research prior to formally receiving funding in order to avoid
temporal gaps in the ongoing research during critical parts of the growing season.

OBJECTIVES
The long-term objectives of this study address improved understanding of the ecology and epidemiology of
GRBV in California vineyards so that appropriate measures for preventing infection and spread of red blotch
disease can be developed. The primary goal is to document the abundance of treehoppers, focusing on the 3CAH
and Tortistilus species, in California vineyards and the surrounding landscape, and to understand their role in the
spread of GRBV between grapevines and regionally.

The specific objectives of this project are:
1. Monitor the population dynamics of 3CAH in vineyards and surrounding landscapes over the season.
2. Conduct GRBV transmission studies using treehoppers collected from vineyards with red blotch disease, and

detect GRBV in the salivary glands of insects collected. Monitor field transmission by 3CAH.
3. Determine the transmission efficiency of 3CAH to identify virus acquisition periods and persistence in the

insect.
4. Evaluate the role of cover crops on the 3CAHs in vineyards.
5. Determine the status of common weed and cover crops as feeding and reproductive hosts for 3CAH.

RESULTS AND DISCUSSION
Objective 1. Monitor the Population Dynamics of 3CAH in Vineyards and Surrounding Landscapes Over
the Season
This objective was addressed by both the Zalom and Sudarshana labs at UC Davis, and by the Daane Lab at UC
Berkeley.

In the study by the Zalom and Sudarshana labs and primarily conducted by Ph.D. student Cindy Preto, ground
cover located in and around a 53-row Cabernet Sauvignon block at the UC Davis Oakville Research Station and
the perimeter of the reservoir pond at that site was sampled weekly by sweep net for two years starting March
2016 through March 2018. The vineyard block consists of 53 rows. All odd-numbered rows were tilled late March
of both years and were therefore not sampled. Each even-numbered row was subdivided corresponding to the six
proximal vines on each row border and the middle 18 vines, and ground cover within these areas was sampled
separately for treehopper adults and nymphs. Captured adults were sexed. The vineyard was removed due to
increasing red blotch disease incidence following the last sampling date in March 2018. Similar late winter
capture patterns were observed each year (2016-2018). We now believe that this marks the initiation of activity of
the overwintering generation into the vineyard. Bud break occurred in early April of both 2016 and 2017, about
seven weeks after the first 3CAH adult was found in the vineyard. The first nymphs were collected on May 16
and May 23 of those years, coinciding with an increase in adult 3CAH captures (Figure 1) and the grapevine
phenological marker of bloom. Increase in captures of fourth and fifth instar nymphs increased in concert with
adult captures, and we posit that this indicates the first in-field generation of 3CAH. Subsequent 3CAH
generations overlap one another. Vineyard weeds, which constitute the ground cover sampled at Oakville, started
to noticeably dry in early August of both years, corresponding with a drop in adult 3CAH. This also corresponded
to an increase in the number of girdles on vines (Figure 2). Girdles were only sampled in 2017, but we are
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counting girdles weekly again in 2018 in three vineyards to see if the pattern remains similar and across locations.
Data from the 2018 girdle counts will be summarized at the conclusion of the 2018 season.

Spissistilus festinus at Oakville Station 2016-

Figure 1. Weekly sweep net sampling of vineyard ground cover for 3CAH at Oakville, 2016-2018. Red
arrows indicate bud break and purple arrows indicate time when ground cover was completely dried.

Figure 2. Weekly sweep net sampling of vineyard ground cover for 3CAH and weekly number of girdles
on 30 study vines at Oakville in 2017.

Salivary glands were extracted from the 3CAH collected at the Oakville vineyard to test for the presence of
GRBV biweekly beginning March 3, 2017, just prior to bud break, and throughout the season. A total of 96 usable
samples were collected. Salivary glands from 3CAH reared from eggs were dissected on each collection date, and
these served as negative controls. The salivary glands were removed, placed in 180 uL ATL and 20 uL proteinase
K, incubated four hours at 56oC, and stored in a -80oC freezer until they were analyzed by quantitative polymerase
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chain reaction (qPCR) for GRBV detection in February 2018. None of the salivary glands tested positive for
GRBV.

Figure 3. 3CAH salivary gland dissections showing salivary glands within head capsule (left) and removed
from head capsule (right).

In a related study conducted by Houston Wilson of the Daane lab, 3CAH populations and crop damage were
sampled along transects that extend out from natural habitats into vineyards. At each sampled point along the
transect, 3CAH densities were measured on both ground covers and in the crop canopy along with petiole
girdling. Densities were evaluated at approximately two-week intervals beginning in March 2017 using a
combination of yellow sticky-traps, sweep-nets and beat-sheet sampling. Field sites consisted of five vineyard
blocks greater than two acres in size adjacent to riparian and/or oak woodland habitat located in Napa and
Sonoma counties. All vineyard blocks were red varietals that were at least five years old and located on level
ground with similar trellis and irrigation systems. All plots were maintained insecticide free throughout the course
of the study. At each site, insects were sampled along five parallel transects (positioned 20 meters apart) that
extended out from the riparian or oak woodland habitat (i.e., “natural habitat”) into the vineyard. Each transect
was 160 meters long, going 10 meters into the natural habitat and 150 meters into the vineyard. Along each
transect, samples were taken at the interior of the natural habitat (10 meters into the habitat) as well as at the edge
and interior of the vineyard (10 and 150 meters into the vineyard, respectively). The edge of the vineyard and
natural habitat are typically separated by a roadway or path that is about five meters wide. Two yellow sticky-
traps (16 x 10 cm, Seabright Laboratories, Emeryville, CA) were placed at each transect point in the vine canopy
and on the drip irrigation line at approximately 0.3 meters above the soil surface. In the natural habitat, two
sticky-traps were hung from a pole at each transect point at a height above the ground surface equivalent to those
in the vineyard. On each sampling date, proportion of ground cover to bare soil was recorded along with species
composition and ground cover status. At each transect point, a set of 30 sweep net samples were used to sample
the ground cover. A modified beat-sheet was used at each transect point to sample the canopy of grapevines (in
the vineyard) and non-crop species (in the natural habitat). The beat-sheet consisted of a one-meter2 nylon funnel
that fed into a detachable one-gallon plastic bag. For each sample, the funnel was held beneath the canopy while
vigorously shaking the plant (or vine) for 30 seconds in order to dislodge insects into the funnel and plastic
collection bag.

Each month, vines along each vineyard transect point were evaluated for signs of 3CAH feeding damage (i.e.,
girdling of leaf petioles). At each vineyard transect point, one cane from each of 10 randomly selected vines was
visually inspected for leaf girdling. Total leaf nodes and leaf girdles per cane were recorded for each vine.
Findings to date (March 2017 – May 2018) indicate that 3CAH activity showed a strong temporal trend, with
densities generally increased between June and August along with some activity observed in March and again in
October and November (Figures 4A-D). While there was no clear gradient of 3CAH activity across the transect
points, densities on the yellow sticky traps and in sweep net samples were slightly elevated in natural habitats in
early June just prior to increases observed in the vine canopy at both the vineyard edge and interior in the
following round of sampling (Figures 4C and 4D). Comparing the different sampling techniques for 3CAH from
the vine canopy and natural habitat, the highest 3CAH densities were recorded on yellow sticky traps, followed by
sweep-nets and beat sheets. Changes in 3CAH densities between the ground covers and vine canopy were not
always clearly reflected in the data. While densities in the vine canopy did increase as the proportion of
healthy/green ground covers diminished (Figure 5A), some 3CAH could still be found on the little bit of ground
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cover that remained later in the season (Figure 5B). Surprisingly, these late season 3CAH adults were most
frequently encountered on ground covers in the vineyard interior (Figure 4B). Finally, petiole girdling became
apparent in August, with a higher proportion of girdles located at the vineyard interior (Figure 6). This increase in
girdling in August follows increased 3CAH densities observed in the vine canopy between June and August.

Figure 4. 3CAH densities sampled along the transect using (A) beat sheet in the vine canopy or perennial vegetation
canopy; (B) sweep-net on ground covers; (C) yellow sticky traps in the vine canopy or at vine canopy height; and
(D) yellow sticky traps at ground cover height (~ 0.3 meters).

Changes in 3CAH densities along these transects may provide evidence of seasonal movement of the insect
between natural habitats and vineyards, while differences in 3CAH abundance on ground covers and in the crop
canopy, along with petiole girdling, may indicate the timing of vine colonization and feeding.

Objective 2. Conduct GRBV Transmission Studies Using Treehoppers Collected from Vineyards with Red
Blotch Disease, and Detect GRBV in the Salivary Glands of Insects Collected. Monitor Field Transmission
by 3CAH
Michael Bollinger of the Zalom lab at UC Davis has been collecting Tortistilus treehoppers in Napa and Sonoma
county vineyards where GRBV has been occurring since May 2016, when we became aware of a large population
of adults present and actively feeding on grapevines, but despite considerable effort, we have been unable to
establish a reproducing colony in the laboratory. We attempted GRBV greenhouse transmission studies with field-
collected ‘horned’ and ‘unhorned’ Tortistilus during 2016, and we continue to test the grape plants for
transmission using qPCR. A larger study was initiated on May 24, 2017, when a very large population of wild
Tortistilus was found feeding on vines in a Pope Valley vineyard. Tortistilus collected on that date and for several
weeks thereafter were separated into ‘horned’ and ‘unhorned’ morphs, and individuals of each were placed onto
qPCR GRBV confirmed positive Ghv-24-392 (Clade II) and onto Ghv-32-377 (Clade I) Cabernet Sauvignon
source vines. qPCR confirmed test healthy Ghv-37 Cabernet Sauvignon source vines served as a negative control.
Transmission was attempted both by placing individuals of both morphs that had fed on GRBV infected source
vines into clip cages on the uninfected vines or in large cages containing eight uninfected vines and 20 male and
20 female Tortistilus of each morph. Subsequent qPCR analysis of these plants has failed to detect presence of
GRBV. We also attempted to conduct a transmission assay in a more natural environment using field-captured
Tortistilus collected on May 30, 2017 were placed inside cages wrapped around separate qPCR confirmed
positive and negative Cabernet Sauvignon field vines located at the Pope Valley vineyard and similarly on qPCR
GRBV confirmed wild grapevine located in the vicinity for an acquisition access period (AAP) of six days then
transferred to qPCR confirmed healthy Cabernet Sauvignon recipient vines and allowed an inoculation access
period (IAP) of six days. Testing of these plants began in July 2018, but preliminary results are not presented in
this report.
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Figure 5. 3CAH densities varied according to sampling technique across the (A) natural habitat;
(B) vineyard edge; and (C) vineyard interior. Generally, the yellow sticky traps picked up more
3CAH than sweep-nets or beat sheets.

Figure 6. Petiole girdling became apparent in late July and early August 2017, with a higher pro-
portion of girdles located at the vineyard interior.
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All Tortistilus removed from the grapevines post-inoculation were placed inside of 1.5 ml tubes filled with 95%
ethanol for salivary gland removal and GRBV testing. Salivary glands from Tortistilus collected from the test
positive Cabernet Sauvignon in the field have not yet been tested for presence of the virus. In addition, 15 salivary
glands removed from Tortistilus collected from test positive wild grapevine have been tested with only one of the
15 testing positive.

In winter 2018, we collected cuttings from Zinfandel grapevines in an Amador County vineyard that tested
positive for GRBV and have rooted and potted the cuttings for transmission studies that will begin in summer
2018. We have been working in the Amador County vineyard for the past three years and have documented
GRBV spread. It is particularly interesting since no known grape viruses other than GRBV have been found in the
vineyard. One concern that we have is that perhaps the GRBV in the source plants that we had been using are no
longer capable of being transmitted via a vector. We have initiated transmission tests using these new source
plants in August 2018 with both 3CAH and Tortistilus treehoppers to test that hypothesis.

The Sudarshana lab planted a Cabernet Sauvignon vineyard planted on Freedom rootstock using nursery plants
that were determined to be free of GRBV by qPCR at the UC Davis Plant Pathology Field Station (Armstrong
Tract) in 2015 for the purpose of documenting transmission and spread (Figure 7, left photo). At three intervals
during summer and fall 2016, ten adult 3CAH that were allowed to feed on clade 1 or clade 2 GRBV-infected
vines for at least three days were caged on each of five grapevines. A three-meter-wide alfalfa strip was planted
on the edge of the vineyard nearest the ‘infected’ vines in summer 2016, and 3CAH were found in the alfalfa
planting by mid-summer. Testing of the recipient vines for GRBV presence during 2017 though June 2018 has
not documented GRBV presence in any of the vines, but testing will continue through 2018. In July 2018, we
planted 15 source vines produced from cuttings from the aforementioned Amador County Zinfandel grapevines
within one of the vine rows of our Armstrong Tract vineyard near the alfalfa strip that has since become infested
naturally by 3CAH in order to determine if spread of this GRBV genotype is occurring at that site.

A survey of the vineyard for 3CAH girdles conducted during 2017 indicated the presence of girdles in the
Armstrong Tract block from August through fall (Figure 8). Sampling is continuing during 2018. If transmission
was successful from the caged inoculation attempts in fall 2016, we anticipate that this site will provide a
controlled model for studying details of GRBV spread by both clades. The introduction of the new Amador
County source plants into the block in 2018 is intended to provide similar information, but using the different
GRBV source material.

Figure 7. Cabernet Sauvignon grapevines on Freedom planted in 2015 at the UC Davis Plant Pathology
Field Station. Above left: Caged grapevines for 3CAH release. Above right: Grapevines showing
treehopper feeding damage with girdled shoots that turned red.
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Figure 8. Weekly 3CAH girdle counts in a Cabernet Sauvignon vineyard at the UC
Davis Plant Pathology Field Station (Armstrong Tract) in 2017.

Objective 3. Determine the Transmission Efficiency of 3CAH to Identify Virus Acquisition Periods and
Persistence in the Insect
Studies related to this objective that were proposed to be conducted by the Daane lab have been initiated, but no
results are available as yet in part because the length of time required to initiate a study and then obtain results is
beyond the timeframe of this project.

Objective 4. Evaluate the Role of Cover Crops on the 3CAHs in Vineyards
In 2016-17, common cover crops were planted in replicated plots at three vineyard locations, and sampled by
sweep net for presence of treehoppers. Unfortunately, most of the cover crop species we planted at the two
commercial sites in Napa and Yolo counties only produced a very sparse stand that was largely indistinguishable
from resident vegetation. At the third site at UC Davis we were able to successfully establish cover crops
(Figure 9), but we did not capture any 3CAH adults or nymphs in our weekly sweep sampling of the ground
cover from January through April 2017. Given that experience, for 2017-18 we decided to concentrate the study at
UC Davis where we had the option of establishing the cover crops with irrigation and maintaining them better,
and intended to cage adult 3CAH on twelve individual plants in each plot three times during the winter to assess
overwintering success and reproduction. On October 24, 2017, we planted five cover crops (bell beans, magnus
peas, blando brome, California red oats, and mustard) in a randomized block design with four replicates in a
Syrah vineyard at UC Davis. A resident vegetation plot within each replicate served as a control. However, the
source of the 3CAH for the study, a colony that we had established the previous summer, crashed, so we did not
have a source of insects for the study.

Objective 5. Determine the Status of Common Weed and Cover Crops as Feeding and Reproductive Hosts
for 3CAH
Feeding and reproductive common vineyard weed and cover crop hosts of 3CAH were determined in the
greenhouse in a series of no-choice experiments. This study represented part of the dissertation research of Cindy
Preto in the Zalom lab at UC Davis. Three female and three male 3CAH were caged onto individual pots of weeds
or cover crops (Figure 9). The cages were opened weekly for four weeks to determine adult survival (defined as
percent survival on caged plants for two weeks), girdling, oviposition, and nymph emergence. Purple vetch was
used as a positive standard in each run of the no-choice experiment because of our previous laboratory and field
observations of successful feeding and oviposition. The weeds and cover crops evaluated as feeding and reproduc-
tive hosts of 3CAH are presented in Tables 1 and 2. This study identified plant species in the families Asteraceae,
Convolvulaceae, Fabaceae, and Poaceae that are capable of serving as feeding and reproductive hosts. Plants in
the family Fabaceae were previously reported as their preferred hosts in the southern U.S. (Wildermuth, 1915;
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Mueller and Dumas, 1987). Spanish clover, dandelion, birdsfoot trefoil, common groundsel, field bindweed,
magnus peas, bell beans, blando brome, purple vetch, black medick, subterranean clover, crimson clover, and
woollypod vetch were all found to be reproductive hosts in our study. Our results also indicate that buckhorn
plantain, Kentucky bluegrass, wild carrot, mustard, oats, and Bermuda grass are poor feeding hosts, not
reproductive hosts, and likely would not be of significance for maintaining 3CAH populations in vineyards where
more suitable hosts are present.

Figure 9. Weeds and cover crops caged with 3CAH in a greenhouse study at UC Davis.

In an effort to evaluate preference of 3CAH to confirmed reproductive cover crop and weed reproductive hosts
when presented a choice, three groups of five plants (four known reproductive hosts from the completed no-
choice experiment) were randomly arranged in a large dome-shaped cage in the greenhouse and replicated three
times (Figure 10). Purple vetch was included in each evaluation as a standard. Ten male and ten female 3CAH
were released into each cage and allowed to freely feed and oviposit. All adults were removed from the cages
after one week. Nymphs were counted and collected from individual plants on weeks two and three. Destructive
sampling of all plants and collection of nymphs were conducted at week four. The plant species that exhibited the
greatest nymph emergence in each of the three groups tested were all in the family Fabaceae (Figure 11).
Interestingly, while the five plant species tested in cover crop group 1 were all in the family Fabaceae there were
differences among them, suggesting that even within the Fabaceae reproductive preference exists, with the two
vetch species tested being preferred over the two clover species (Figure 11A). Cover crop group 2 consisted of
four plants in the Fabaceae family and one in the Poaceae family. Two of those Fabaceae had significantly greater
nymph emergence than did the plant species in the family Poaceae (Figure 11B). Group 3, which consisted of
vineyard weeds, included three species in the family Fabaceae, one in the family Asteraceae, and one in the
family Convolvulaceae. The three Fabaceae plant species yielded significantly more nymphs than did the plants in
the other two families (Figure 11C). These results further support a hypothesis that plants of the family Fabaceae
are preferred hosts of 3CAH. The results of this study have been published (Preto et al., 2018).
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Table 1. Weed species tested as feeding and reproductive hosts for 3CAH.

Scientific Name Common Name Family Girdles Nymphs %
Survivalª

Acmispon americanus Spanish clover Fabaceae Yes Yes 92
Taraxacum officinale Dandelion Asteraceae Yes Yes 71
Lotus corniculatus Birdsfoot trefoil Fabaceae No Yes 58
Poa pratensis Kentucky bluegrass Poaceae Yes No 25
Senecio vulgaris Common groundsel Asteraceae Yes Yes 21
Plantago lanceolata Buckhorn plantain Plantaginaceae No No 8
Daucus carota Wild carrot Apiaceae Yes No 4
Convolvulus arvensis Field bindweed Convolvulaceae Yes Yes 4
Kickxia elatine Sharppoint fluvellin Plantaginaceae No No 0
Cynodon dactylon Bermuda grass Poaceae No No 0

ª Survival of adults for first two weeks on plants.

Table 2: Cover crop species tested as feeding and reproductive hosts for Spissistilus festinus.

Scientific Name Common Name Family Girdles Nymphs %
Survivalª

Pisum sativum Magnus Peas Fabaceae Yes Yes 92
Vicia faba Bell beans Fabaceae No Yes 83
Bromus hordeaceus Blando brome Poaceae Yes Yes 33
Vicia benghalensis Purple vetch Fabaceae Yes Yes 30
Medicago lupulina Black medick Fabaceae Yes Yes 25
Trifolium subterraneum Subterranean clover Fabaceae Yes Yes 17
Trifolium incarnatum Crimson clover Fabaceae Yes Yes 13
Vicia villosa ssp. varia Woollypod vetch Fabaceae Yes Yes 13
Brassica sp. Mustard Brassicaceae No No 0
Avena sativa California red oats Poaceae No No 0

ª Survival of adults for first two weeks on plants.

Figure 10. Four reproductive hosts plus purple vetch as a standard caged with 3CAH in a
greenhouse preference study at UC Davis.
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Figure 11. Results of post-hoc pairwise comparisons of mean number (±SEM) of 3CAH nymphs emerging
from (A) cover crop - group 1 (purple vetch, black medick, woollypod vetch, white Dutch clover,
subterranean clover), (B) cover crop - group 2 (purple vetch, blando brome, crimson clover, bell beans,
magnus peas), and (C) weeds (purple vetch, field bindweed, Spanish clover, birdsfoot trefoil, dandelion).
Means followed by the same letter are not significantly different (Tukey HSD test, P ≤ 0.05).

CONCLUSIONS
The studies of the seasonal population dynamics of 3CAH in vineyards and surrounding landscapes presented in
this report represents the first extensive study of timing of vineyard colonization, movement between ground
covers and the crop canopy, and seasonal occurrence of girdling. Sampling data are presented both from an
intensive sampling of a vineyard from 2016-2018, and from transects that extend out from vineyards into natural
habitats. The transect sampling also allowed for comparison of different sampling methods that could prove
useful in establishing guidelines for 3CAH monitoring by consultants and growers in the future. We have also
initiated studies to identify the role, if any, of Tortistilus treehoppers that occur in vineyards where GRBV spread
is confirmed and 3CAH are not found or occur at very low densities. Studies using T. albidosparsus were initiated
in 2017, but have not yet indicated successful GRBV transmission. However, we do not know the timeframe
necessary to first detect the presence of new infections in the field. Our results on the association of 3CAH in
relation to cover crops and resident vegetation expands the confirmed list of feeding and reproductive hosts, and
represents the first study evaluating common plant species used as cover crops or present as weeds in California
vineyards. An associated preference study based on results of this no-choice test confirmed that plants of the
family Fabaceae are preferred hosts of 3CAH. Knowledge of plant species present in vineyards that serve as
alternative hosts for 3CAH is an additional contribution in understanding the relationship of GRBV and its
presumed vector 3CAH. Our studies will provide a needed and sound foundation for developing management
strategies for 3CAH to mitigate GRBV spread.
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ABSTRACT
Mating disruption (MD) is a relatively new technique with the potential to improve integrated pest management
programs for vine mealybug (Planococcus ficus; VMB). Mating disruption works by inundating the vineyard with
artificially-produced VMB pheromone. This inhibits the ability of males to find females. If females do not mate
they are unable to produce offspring. Likewise, delays in mating can result in decreased offspring.

A new method of applying pheromone to disrupt mating of VMB became available in 2016. The new product is
called CheckMate VMB-F (Suterra). This new formulation contains pheromone that is contained within tiny
capsules (microencapsulated) contained within a liquid. The product is poured into a standard spray tank with
water and applied to the vines. This results in millions of tiny capsules on the leaves that slowly release
pheromone into the vineyard.

Research in 2016 and 2017 using 10-acre plots compared to no-MD controls showed that an application of
CheckMate VMB-F at a rate of five gallons of active ingredient per acre can inhibit the ability of male VMB to
find pheromone traps for approximately 30 days. This time period is similar to the length of one generation of
VMB during summer months. When multiple applications were made at monthly intervals, trials showed
reductions in male captures of 93 to 95% from June through the end of October. At one research site, plots treated
aggressively with insecticides plus mating disruption every 30 days had no mealybug-infested clusters compared
to 0.08% infested clusters in plots receiving only the insecticides. At a second research site plots treated
aggressively with insecticides plus mating disruption every 30 days had 0.58 and 0.67% infested clusters
compared to 1.20% in clusters in plots receiving only the insecticides. At a third site there were significant
reductions in male mealybug captures in traps, but no mealybugs in the clusters at harvest in any plots.

During 2018 trials are underway to evaluate sprayable pheromone compared to two new commercial MD systems
that use passive dispensers that are hung on the vine at the beginning of the year. Mealybug populations were
monitored throughout the spring and summer and harvest evaluations were completed in September 2018.
Evaluation of data is underway and should be available for presentation in December 2018.
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Funding for this project was provided by table grape growers through the Consolidated Central Valley Table
Grape Pest and Disease Control District.
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COMPARISON OF GRAPEVINE LEAFROLL-ASSOCIATED VIRUS 3 AND GRAPEVINE RED
BLOTCH VIRUS EFFECTS ON FOLIAR AND STEM PHENOLIC COMPOUND LEVELS
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ABSTRACT
Grapevine leafroll-associated virus 3 (GLRaV-3) and grapevine red blotch virus (GRBV) are of emerging concern
to vineyard production in California and elsewhere. Key to management is early detection. One potential early
detection strategy involves monitoring changes in host physiology that occurs in viral infected grapevines, either
by assessing key compound levels in the field with portable technologies or looking for indirect signatures via
remote sensing. One compound class associated with viral infection is phenolics. Although foliar phenolics were
observed to increase after symptom development in GRBV-infected grapevines, little is known about how levels
change in leaves and stems throughout the growing season. Likewise, it is unknown whether GLRaV-3 affects
phenolic levels. Therefore, research was untaken to monitor phenolic levels in leaves and stems of GLRaV-3 or
GRBV Cabernet franc or Cabernet Sauvignon grapevines on either 101-14MG or St. George rootstocks in May,
July, and September. Results from May, July, and September of 2018 are pending completion of extractions.
However, results from an initial trial in September of 2017 determined that GLRaV-3 had significantly greater
foliar phenolic levels than controls and plants infected by GRBV (F = 5.835; P = 0.011). Rootstocks did not have
significant effects on foliar phenolic levels. Stem phenolic levels were unaffected by viral infection, but the 101-
14MG rootstock was observed to have greater phenolic levels than St. George. Results from 2018 are pending,
and the experiment will be repeated in full in 2019. Conclusions should reveal the specificity of using phenolics to
identify infections by either GLRaV-3 or GRBV via changes in plant physiology, with implications for remote
sensing techniques.
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22000-012-00D.
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ABBREVIATIONS

3CAH three-cornered alfalfa hopper
AAFP acquisition access feeding period
AAP acquisition access period
ABA abscisic acid
ACMV African cassava mosaic virus
AIC Akaike information criterion
ANOVA analysis of variance
APHIS Animal and Plant Health Inspection Service
ARS Agricultural Research Service
AUDPC area under the disease progress curve
AVA American Viticultural Area
BAC bacterial artificial chromosome
BAP benzylaminopurine
BC backcross
BCTV beet curly top virus
BGSS blue-green sharpshooter
bp base pair
BPI bacterial permeability increasing
BSA bovine serum albumin
BSCTV beet severe curly top virus
CAP chimeric antimicrobial protein
CAT computed tomography
CDFA California Department of Food and Agriculture
cDNA complementary DNA
cfu colony forming unit
Chr chromosome
cM centimorgan
CMI cane maturation index
CR common region
CRISPR clustered regularly interspaced short palindromic repeats
CSWA California Sustainable Winegrowing Alliance
Ct cycle threshold
CTAB cetyl trimethylammonium bromide
CWDE cell wall degrading enzyme
DAMP damage-associated molecular pattern
DE differentially expressed
DEG differentially expressed gene
DNA deoxyribonucleic acid
DSF diffusible signal factor
dsRNA double-stranded RNA
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ELISA enzyme-linked immunosorbent assay
EM electron microscope
EPG electropenetrography
EPS extracellular polymeric substances
FL fiducial limit
FPS Foundation Plant Services
GBR General Beale Road
GFP green fluorescent protein
GIS geographic information system
GLMM generalized linear mixed-effects model
GLRaV grapevine leafroll-associated virus
GMO genetically modified organism
GPS global positioning system
GRBV grapevine red blotch virus
GRSPaV grapevine rupestris stem-pitting-associated virus
GWSS glassy-winged sharpshooter
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HTH helix-turn-helix
HWY highway
IAFP inoculation access feeding period
IAP inoculation access period
JA jasmonic acid
Kb kilobase
LAMP loop mediated isothermal amplification
LBP lipid binding protein
LC liquid chromatography
LPS lipopolysaccharide
LRR leucine-rich repeat receptors
MAMP microbe-associated molecular pattern
MAPK mitogen-activated protein kinase
MAS marker-assisted selection
MCVGA Monterey County Vintners and Growers Association
MD mating disruption
microCT micro-computed tomography
miRNA microRNA
MLST multi-locus sequence typing
mRNA messenger RNA
MS mass spectrometry
MYMV mungbean yellow mosaic virus
NGS next generation sequencing
NOS nopaline synthase
nt nucleotide
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OG oligogalacturonide
OMRI Organic Materials Review Institute
OP organophosphate
ORF open reading frame
OSU Oregon State University
P phosphorus
PAMP pathogen-associated molecular pattern
PBS phosphate buffered saline
PCA principal component analysis  -or-  pest control advisor
PCD programmed cell death
PCR polymerase chain reaction
PD Pierce’s disease
PEG polyethylene glycol
PG polygalacturonase
PGIP polygalacturonase inhibitory protein
Phi phosphite
PI principal investigator
PM pit membrane -or-  powdery mildew
PPR pentatrico-peptide repeat
PR pathogenesis-related
PTGS post-transcriptional gene silencing
PTI PAMP-triggered immunity
qPCR quantitative PCR
QTL quantitative trait locus
RAP ray and axial parenchyma
RBD red blotch disease
RGA resistance gene analog
RNA ribonucleic acid
RNAi RNA interference
RNA-seq RNA sequencing
ROC receiver operating characteristic
ROS reactive oxygen species
RT-PCR reverse transcription PCR  -or- real-time PCR
SAC spatial autocorrelation
SE standard error
SEM scanning electron microscopy
SEUS southeastern United States
SIP Sustainability in Practice
siRNA small interfering RNA
SJVASC San Joaquin Valley Agricultural Sciences Center
snoRNA small nucleolar RNA
SNP single-nucleotide polymorphism
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SOREC Southern Oregon Research and Extension Center
SOU Southern Oregon University
SPAD single-photon avalanche diode
sRNA small RNA
ss single-stranded
SSR simple sequence repeat
STL Stags’ Leap
T2SS type II secretion system
tasi-RNA trans-acting small-interfering RNA
TCAH three-cornered alfalfa hopper
T-DNA transfer DNA
TDZ thidiazuron
TE transposable element
TGMV tomato golden mosaic virus
TGS transcriptional gene silencing
TSS total soluble solids -or- true skill statistic
TYLCV tomato yellow leaf curl virus
UC University of California
U.S. United States
USDA United States Department of Agriculture
VMB vine mealybug
WDV wheat dwarf virus
WPM woody plant medium
Xf Xylella fastidiosa
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	Figure 1.Temporal pattern of imidaclopridtiters in Valencia orange treesduring 2001 and 2002.  Each sampling date gives a scatter of pointsrepresenting titers of individual trees with the range of imidacloprid titersidentified by the verticallines.  The mean titer for each date is defined bythe intersection of the traversing line with each vertical line.
	Figure 2.  Within-tree distributions of imidacloprid in Valencia orangesaccording to height (a) or directional location (b).  (Explanatory details forthis figure are the same as Figure 1).
	a)
	Figure 3.Comparison of GWSS nymphal (top) and adult (bottom)densities on imidacloprid-treatedand untreated Valencia oranges.
	b)
	Figure 4.an (±SEM) titers of imidacloprid in Cabernet grapevines inTemecula treated with either 16 oz/16 oz (01 May and 26 July) or 32 oz  on01 May 2002.  Note the higher titers in grapes compared to oranges as wellas the difference between 16 oz and 32 oz rates.
	Figure 5.Imidacloprid titers in 1-year-old grapevines treated at 3 ratesand measured 8 weeks post-application.
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	Figure 2.Number of dissections completed per month (July 2001 to September 2003) of femaleH. coagulata
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	this reason, we will change methodologies in 2003 to determine firstX. fastidiosapresence in resident host plants, and thencage and collect GWSS on these plants.
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	Figure 1.Average densities (±SEM) of GWSS (nymphsand adults) were significantly different among perennialhost plants, Tukey’s HSD atP< 0.05.
	Figure 2.Average densities (±SEM) of GWSS adultswere significantly different among perennial host plants,Tukey’s HSD atP< 0.05.
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	Figure 4
	Figure 3.Average densities (±SEM) of GWSS eggmasses were significantly different among perennial hostplants, Tukey’s HSD atP< 0.05.
	Figure 4.Average densities (±SEM) of GWSS nymphswere significantly different among perennial host plants,Tukey’s HSD atP< 0.05.
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	Figure 6
	Figure 5.Average densities (±SEM) of GWSS separatedby development stages, Tukey’s HSD atP< 0.05.
	Figure 6.Average densities (±SEM) of spiders weresignificantly different among perennial host plants, Tukey’sHSD atP< 0.05.
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	Figure 2.Insect on plant, Admire treated only.
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	avg. location changes
	choice(+/-)
	2.81 (± 0.47)
	no-choice (+/+)
	4.38 (± 0.52)
	no-choice (-/-)
	2.5 (± 0.45)
	Table 1.  GWSS movement.
	BGSS No-choice:  The average mortality rates were about 10% for both of the plant combinations.  The numbers of BGSS onplants were similar throughout the day (Figures 4 and 5).  In contrast to GWSS, the frequency of the insects moving arounddid not differ among the plant combinations, and BGSS moved less frequently than GWSS (data not shown).
	BGSS Choice:The mortality rate was similar to the no-choice arenas.Within the choice arenas, there was no differencebetween the number of BGSS on the Admire-treated and untreated plants(Figure 6).  The location change of the insects didnot differ from that of the no-choice arenas (data not shown).
	time
	BGSS location: no choice (+/+)
	Figure 5.Insect on plant, treated only.
	BGSS location: no choice (-/-)
	time
	Figure 4.Insect on plant, untreated only.
	BGSS location : choice (+/-)
	time
	Figure 6.Insect on plant, treated and untreated.
	BGSS location: no choice: control
	Figure 7.Insect on plant, untreated only.
	BGSS location: choice
	Figure 9.Insect on plant, treated and untreated.
	BGSS location: no choice: Surround
	Figure 8.Insect on plant, Admire-treated only.
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	plus acetamiprid plus kaolin significantly reduced the number of egg masses deposited on plants.  All other treatments werenot different from the control with respect to oviposition.  None of the treatments significantly affected egg parasitism byMymarid parasites relative to the control (Figure 2).
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	Figure 3.Profiles of imidacloprid titers in the xylem sap of 2-year old and20-year old grapevines treated with16 oz. per acre Admire on June 19th,2003
	In Vineyard II (Chardonnay grapes) vines were at least 20years old.  Similar rates were applied as in Vineyard I,and the progressive increases in application rates resultedin a concomitant rise in imidacloprid levels within thexylem sap.  Although the initial rate of uptake was slowerfor all three rates in Vineyard II, the overall degree ofprotection attained from the 8 and 16 oz. rates were better.In both vineyards, the 32 oz. rate resulted in titers ofimidacloprid within the xylem sap that were far inexce
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	Not collected.  In Autumn 2003, all plants were too young tocollect stem tissue.  In Winter 2004, California grape was
	In progress.
	Table 2.Summary of up-regulated and down-regulated transcripts between resistant and susceptiblegenotypes among three tissues following ofXfinfection
	Stem8
	Leaf1
	Shoot16
	Stem8
	Leaf3
	Shoot7
	Genotypes
	Tissue
	Up Regulated
	Down regulated
	Resistant(9621-67)
	6
	2
	3
	Susceptible(9621-94)
	5
	2
	2
	Figure 1.Functional category of putative genes of among 63 differentially expressed transcripts.
	Figure 2.Taq-Man gene expression analysis wasused to analyze expression during PD development.Here is an example of the putative pathogenesis-related gene, which increased more than 10 times thetranscriptional levels in the 8th week afterinoculation in the susceptible genotype (9621-94) ascompared to the resistant genotype (9621-67).
	FUNDING AGENCIES
	Figure 1.Vineyards (red) in the Coachella Valley,and sites where PD was confirmed in 2002, 2003, and2004.
	Spatial and temporal abundance of sharpshooters
	We discuss the trap data in two distincttime periods.  The first, from May 2001through January 2003, preceded the CDFAtreatment program in citrus while the second period from February 2003 to the present has been during the implementation ofthis areawide program.  During the early part of this period, GWSS vastly outnumbered STSS (Figure 2A).  While averagedensities did not exceed 3 GWSS per week, some sites had veryhigh GWSS catches; up to 160 insects per week weretrapped (Figure 2B).  During the second pe
	Figure 2.(A) Average number of GWSS (pink) and STSS (blue) trapped per week from2001 - 2004 in the Coachella Valley.  (B)Maximum number of GWSS (pink) and STSS(blue) trapped per week.
	Figure 4.Sites with PD and maximum GWSS numbers inthe Coachella Valleyfrom 2001-2004.
	Figure 5.Vineyards (red) in the Coachella Valley, andsites where PD was confirmed in 2002,2003,and 2004.
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	Table 2B.
	Figure 1
	Figure 1.The seasonal average for host plant preferenceGWSS adults and nymphs was clearly towards oleanderand Xylosma at this sampling site.  Data of the seasonalaverage are skewed by the large spring GWSSpopulation density.
	Figure 2.Average densities (±SEM) of GWSS(nymphs and adults) were significantlydifferent among perennial host plants, Tukey’sHSD atP< 0.05.  Data are seasonal averages,and biased towards host species preferred inJune and July, when GWSS densities were thehighest.
	Figure 2.Theefficacy of the internal (left graph) and external marking procedure (right graph) (n=8 to 16 per treatment). Allof the GWSSs assayed 3, 5, and 7 days after marking yielded positive ELISA responses for the presence of rabbit IgG.  All ofthe unmarked GWSSs yielded negative ELISA responses.
	Results indicate that the protein markingprocedure works for at least 7 days after marking GWSS.  The next phase of ourresearch (in progress) will be to mark individual GWSSs using the methods described above.  Specifically, 10 individualGWSSs will be marked, each witha unique protein (see Table 1).  The 10GWSSs will then be placed in a field cagecontaining various predator species. The predator assemblageexamined will represent those predators commonly found inareas inhabited by GWSS (JRH, pers. obs.).  A 
	Table 1.A listing of the proteins that will be
	used to mark 10 individual GWSS.
	Individual GWSSProtein marker
	1RabbitIgG
	2
	Guinea pig IgG
	3EquineIgG
	4Mouse
	IgG
	5Dog
	IgG
	6Pig
	IgG
	7Bovine
	IgG
	8Cat
	IgG
	9Rat
	IgG
	10Sheep
	IgG
	Table 2.A listing of the arthropod assemblage to be examined.
	SpeciesStage\1
	Classification\2
	Likely GWSS prey\3
	Adult/immatureCarnivoreEgg
	Zelus renardii
	Adult/immatureCarnivoreNymph/Adult
	Geocoris punctipes
	AdultOmnivoreEgg/early instar nymph
	Adult/immatureCarnivoreNymph/Adult
	Earwig
	Adult/immatureOmnivoreEgg, nymph, adult
	Chrysoperla carnea
	ImmatureCarnivoreEgg
	Preying mantis
	Adult/immatureCarnivoreNymph, adult
	Syrphid fly
	ImmatureCarnivoreEgg
	Coccinella septempunctata
	Ad
	Egg
	ult/immatureCarnivore
	3/The most likely GWSS life stage that will be attacked.
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	BGSS NBGSS nymphs + parasitoidsymph and Parasitoid
	Number Trapped
	Sample Period
	Two-week sample period
	Number Emerged
	60
	Percentage
	40
	GWSS
	STSS
	Survivorship ofH. coagulata
	Days
	Table 1.Meanadevelopmental duration and size of three biometric parameters of immature stages of GWSS reared onexcised cowpea leaves.
	InstarImmature duration ± SE (days)Biometric parameter ± SE (mm)
	N
	FemaleMale
	N
	HCWBDLHTL
	Table 2.Fecundity and life table parametersof GWSS reared on excised cowpea leaves.
	Parameter
	nFecundity*rm
	R
	GDT
	λ
	Mean193.7
	0.044
	33.6
	79.3
	15.6
	1.045
	15
	95% LCI95% UCI
	Figure 2.Distribution of head capsule widths of GWSSnymphs and adults.
	Storage time (d)
	Storage time (d)
	Storage time (d)
	% Emergence
	Storage time (d)
	Development time (SE) at age:
	Density
	1d3d5d7d9d
	No. parasitoid / host% Emergence
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	Parasitoid-host ratio
	N
	Mean ±SEN2
	Mean ±SEN3
	Mean±SE
	FUNDING AGENCIES
	timed might drive the GWSS population below its critical density, thus leading to its local extinction.  To fulfill this goal,wepropose the following objectives:
	Valencias
	Lemons
	Figure 1.Actual adult GWSS densities (solid line)and newly produced adults per date (dotted line) in anuntreated Valencia grove.
	Figure 2.Actual adult GWSS densities (solid) andnewly produced adults per date (dotted) in anuntreated Lemon grove.
	Figure 3.Actual adult GWSS density since Fall 2003in an untreated Tangerine grove.
	Tangerines
	Figure 4.Actual adult GWSS density since Fall2003 in an untreated Grapefruit grove.
	A more interesting analysis using the population samples from Valencia and Lemon trees is presented in Figures 5 and 6.  Weplotted the total adult and the newly emerged (red-veined) adult density using a logarithmic scale. We then used a forecastingtechnique on these data for Valencia and Lemons separately, i.e. the lines in Figures 5 and 6 which show what would happenif the current trend is extrapolated untilit reaches zero.  Although it is unlikely thatGWSS will ever reach zero, we use theseplots to estim
	Figure 5.Logarithm of total and new adults in
	Valencias with trend lines showing expected “zerodensity” dates.
	Figure 6.Logarithm of total and new adults in
	lemon with trend lines showing expected “zerodensity”  dates.
	If the current trend continues for severalyears the adult GWSS will reach their minimum densities within the next three to sixyears.  However, as new data are collected and plotted on these graphs a more refined minimum density will be obtained butit is extremely unlikely that the GWSS densities will becomeextinct.  A second and even more powerful technique can beused to analyze the GWSS dynamics (figures 7 and 8).  These figures need some explanation. What they show is a plot ofGWSS adult densities at any 
	Parasitism 2004
	% parasitism
	Julian Date
	From March-May, each tower averaged 16.4BGSS.  Of these, 88.3% were caught at 15feet or lower.For the entire season,each tower averaged 23.5 BGSS.  Of these, 89.7% were caught at 15 feetor lower.  The patterns of trap catches for the earlypart of the season and the fullseason were nearly identical.
	BGSS Flight Height
	Trap height (ft.)
	02468
	Ave. BGSS catchesAll towers except #10  (n=10)
	BGSS Flight Height
	Trap height (ft.)
	24
	20
	15
	10
	5
	0
	5
	10
	Ave. BGSS catchesAll towers except #10  (n=10)
	15
	Figure 2.
	Figure 3.
	The Coast Live oak tree adjacent to Tower 10 was apparently a preferred host plant at this time.  If BGSS commonly residein tall trees during the spring, then the effectiveness of barriers will likely be reduced.  Additional studies are needed to betterelucidate the early spring host preferences of BGSS in riparian zones, especially at higher elevations in the riparian canopy.
	BGSS Flight Height
	BGSS Flight Height
	REFERENCES
	Nielson, M. W. 1968. The leafhopper vectors of phytopathogenic viruses (Homoptera, Cicadellidae) taxonomy, biology, andvirus transmission. USDA Technical Bulletin 1382.
	Ann-1BajaBakersfieldDixonFresnoOak 92-8PD 1 FDR 65R 76rc75 OliveTemecula
	Figure 1.Left. Biofilm formation bycsrA-Ecoliis suppressed byX. fastidiosa rsmAand(Right),rsmAmutant ofX.fastidiosaform more biofilm than their wilt typersmA+parents.
	Gene name
	Function
	Volume Ratio(A19/A05)
	several species; however, additional studies must be completedto further elucidate the role of this pathogen in causingwidespread disease in the urban setting as well oncrops of agronomic importance in California.
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